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No thinking being lives who, at some luminous point of his life of thought,
has not felt himself lost amid the surges of futile efforts at understanding,

or believing, that anything exists greater than his own soul.

— Edgar Allan Poe, Eureka (1848)



Abstract

The fundamental nature of dark matter stands as one of the greatest mysteries in
physics. A compelling body of evidence indicates that dark matter accounts for
84% of the total matter density of the universe, and yet the detection of its con-
stituent particles remains elusive. Stationed deep underground, the LUX-ZEPLIN
(LZ) experiment utilises several tonnes of xenon in a dual-phase time projection
chamber to conduct direct searches for particle dark matter. A world-leading limit
was recently set by the LZ experiment for interactions between nucleons and weakly
interacting massive particles, the most promising dark matter candidate. The work
of this thesis leverages the unprecedented sensitivity and versatility of the LZ de-
tector to expand the scientific programme to searches for rare phenomena beyond
dark matter.

A comprehensive background model of detector materials is constructed in this
work, using a combination of real data and simulations within a novel approach,
as informed by expectations from an extensive radioassay campaign. This result is
primarily applicable to searches for hypothesised neutrinoless double beta decays,
the observation of which would shed light on the underlying properties of massive
neutrinos, and is tied to the matter-antimatter asymmetry of the universe. With
a large quantity of xenon, an ultra-low background environment, and excellent en-
ergy resolution, LZ is projected to achieve a sensitivity that is competitive with
dedicated experiments.

The first LZ measurement of '2*Xe decay through the process of two-neutrino
double electron capture is also presented here. This is the rarest nuclear decay
observed to date, with a half-life that significantly exceeds the age of the uni-
verse. The dominant '?°T background is constrained with a detailed neutron acti-
vation model, and the exposure is maximised with an optimised fiducial volume.
A half-life of (1.09 £ 0.18a & 0.034ys) x 10%? years is observed with a statistical
significance of 7o. In future runs, the discovery of even rarer ?*Xe decay modes,
namely two-neutrino electron capture with associated positron emission, will be

within the physics reach of LZ.
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Introduction

The Standard Model of particle physics has successfully described a variety of
precise experimental measurements, and represents the culmination of over a cen-
tury of innovation, collaboration, and discovery. However, many questions are left
unanswered, and a substantial part of the universe remains unknown. There is
compelling astrophysical evidence that points to the existence of dark matter —
a non-luminous substance that accounts for 84% of the total mass density of the
universe. A worldwide experimental effort has been involved in the search for par-
ticle dark matter, and thus far it has eluded detection. The LUX-ZEPLIN (LZ)
experiment conducts direct searches for dark matter through scatters with ordinary
matter, utilising seven active tonnes of xenon in a dual-phase time projection cham-
ber stationed deep underground. The focus of the work presented in this thesis is
on leveraging the high sensitivity and versatility of the LZ detector to probe for
rare physics beyond the primary dark matter search. A breakdown of the content

structure is given below.

Chapter 1 motivates the existence of dark matter with a summary of the key
pieces of observational evidence, and lists particle candidates with desirable prop-
erties for dark matter. This is followed by an overview of complementary dark
matter searches, with a focus on direct detection. The main detector technologies

are reviewed along with the current status of the field.

Chapter 2 briefly introduces the theoretical motivation for studies of second-order

weak decays, and how their measurement is linked to the fundamental nature of
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massive neutrinos. Processes such as double beta decays and double electron cap-
tures are highlighted, as well as hypothetical neutrinoless interactions in which
neutrinos behave as their own antiparticles. The experimental strategy for the de-
tection of such rare nuclear decays is discussed, and recent results are summarised

for a range of isotopes and experiments.

Chapter 3 outlines the operational principles, detector systems, analysis proce-
dures, and recent results of the LZ experiment. The underlying mechanisms for
signal production in a xenon medium are covered in the context of the dual-phase

xenon time projection chamber detector technology.

Chapter 4 describes the construction of a background model of detector materials,
as informed by an extensive radioassay campaign. This features numerous compo-
nents, which translates into an inflated number of parameters. A novel sub-volume
approach and a component grouping algorithm are developed to reduce the level of
complexity, whilst still exploiting the full set of assay measurements. A modified
energy calibration is performed to enhance the fit robustness, along with additional
data-driven corrections to optimise the energy reconstruction and resolution. The
impact of the fit results is evaluated for the LZ sensitivity to neutrinoless double

beta decays of ¥5Xe.

Chapter 5 delves into a self-contained analysis of 12#Xe decay through the process
of two-neutrino double electron capture. This is the rarest nuclear decay observed
to date, with a half-life that significantly exceeds the age of the universe. The first
LZ measurement of the half-life is conducted, which establishes the foundations for

searches of even rarer exotic decays in future runs of the experiment.

The final chapter provides a summary of the key themes and findings of this thesis,
and concludes with an outlook on future work, both in the context of LZ and the

next generation of dark matter detectors.



]_ Dark matter

Humankind has studied the skies and motions of celestial bodies throughout his-
tory, seeking to comprehend the nature of its existence within a vast universe. With
each scientific era, technological advancements enabled the discovery of phenom-
ena that were previously imperceptible. The term ‘dark matter’ is not exclusive
to the modern definition — it was used by astronomers as early as the 19th cen-
tury to describe objects that were effectively invisible, such as dark planets, stars,
and nebulae [1]. Over the course of the 20th century, collections of astrophysical
observations hinted at the presence of an intrinsically non-luminous substance, dis-
cernible only by its gravitational influence on surrounding objects. The key pieces
of evidence motivating the dark matter hypothesis are discussed in this chapter,
along with a formal definition of its properties and its role in cosmology. A sum-
mary of the main dark matter candidates is also given, as well as a brief overview

of the current state of experimental searches for dark matter.

1.1 Motivation and evidence for dark matter

With mounting observational evidence supporting the existence of dark matter,
it has become established as a core ingredient of modern cosmology. As covered
in the next few sections, these observations span a range of scales, and provide

insight into some of the properties of dark matter.
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1.1.1 Velocity dispersions

In the 1930s, Zwicky produced an estimate for the mass of the Coma Cluster using
the virial theorem, which relates the time-averaged kinetic energy and potential
energy of a given system [2, 3]. Similar dynamical estimates of the mass con-
tained by galaxies had already been previously attempted in order to interpret the
anisotropic distribution of stars in the sky [4-8], though it was initially concluded
that the amount of dark matter was less than that of visible matter, and that
it predominantly consisted of faint stars. With a measured velocity dispersion of
700km/s and a few simplifying assumptions for the number of galaxies and their
luminosities, Zwicky obtained a remarkably high mass-to-light ratio of ~500 for
the Coma Cluster, which suggested that there exists a significantly larger propor-
tion of non-luminous mass driving the high velocity dispersion. This result was
eventually followed by a number of publications reporting elevated mass-to-light

ratios for more galaxy clusters [9], leaving the astronomical community divided.

1.1.2 Galactic rotation curves

The consensus began to shift during the 1970s, with refined measurements for
the rotation curve of the Andromeda Galaxy (M31). For a galaxy with a mass
distribution M (r), the orbital velocity v(r) of the stars and gas comprising it is

described by Newtonian dynamics as

v(r) = : (1.1)

where (G is the gravitational constant and r is the radial distance from the
galactic centre. With a spherical mass concentration of radius R and constant
density p(r) = p as an approximation for M (r), the velocity is expected to grow
linearly as v(r) o< r for (r < R), and then subsequently decay as v(r) oc r~/2
for (r > R), beyond the region where most visible matter is situated. However,
Rubin and Ford demonstrated with precise spectroscopic measurements that v(r)

approaches a constant value at high radii for M31 [10], in agreement with previ-

ous radio measurements by Roberts [11] and initial observations by Babcock [12].
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The same behaviour was soon documented for numerous galaxies [13-15], and ul-
timately provided a strong case for the presence of great amounts of additional

non-luminous mass in the outer regions of galaxies [16, 17].

To reproduce constant orbital velocities at large radii, as exemplified by the galac-
tic rotation curve for NGC 3198 in Figure 1.1, the mass distribution must vary
as M(r) o r, which requires that the density varies as p(r) oc r~2; this contribu-
tion can be introduced in the form of a spherical dark matter halo surrounding
the galaxy [18]. Since the formation of flat galactic disks depends on radiative
cooling processes, an assumed spherical distribution for the halo implies that dark
matter does not cool efficiently, which suggests that it is electrically neutral and

effectively collisionless [19].

NGC 3198

175}

v(r) [km/s]

% 10 20 30 40 50

Radius [kpc]

Figure 1.1: Galactic rotation curve for NGC 3198, a barred spiral galaxy in the
Virgo Supercluster, with the modelled optical disk and dark matter halo compo-
nents included. Data points and curves were digitised and reproduced from [20].
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1.1.3 Gravitational lensing

General relativity predicts the deflection of light along curvatures in spacetime
induced by massive objects — a phenomenon referred to as gravitational lensing
[21]. Manifestations of this effect range from minute distortions to arcs and du-
plicates in astronomical images. The total mass of intervening objects along the
path of observed light can be inferred by analysing the extent of these distortions
[22]. This enables estimates of the mass-to-light ratio without relying on dynamical

measurements [23], as well as mapping of large-scale dark matter structures [24, 25].

A prominent case study is that of the Bullet Cluster, which features the aftermath
of a collision between two galaxy clusters [26, 27]. As visualised by the image
in Figure 1.2, the event resulted in spatial separation of the dense intergalactic
plasma as mapped by corresponding X-ray emission, whereas the stars and galaxies
essentially passed by each other unimpeded. Weak gravitational lensing reveals
that the expected distribution of mass does not coincide with the centroid from
visible baryonic matter — it is more consistent with the presence of two dominant
populations of collisionless dark matter. Similar configurations have been observed

for other merging cluster systems, such as Abell 2146 [28] and A1758 [29].

1.1.4 The cosmic microwave background

Approximately 380,000 years after the Big Bang, the universe reached the end of the
recombination epoch; it had cooled sufficiently from expansion to allow for the for-
mation of neutral light elements. After this transition from a radiation-dominated
era—in which photons were trapped by Thomson scattering in an opaque plasma—
to a matter-dominated one, the universe became transparent for the first time as
photons decoupled from the newly-formed atoms [30]. Remnant free-streaming
photons from this surface of last scattering are observed today as the cosmic mi-

crowave background (CMB), the earliest known snapshot of the universe [31].
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Figure 1.2: Map of the Bullet Cluster imaged by the Chandra X-ray Observatory.
X-ray emission by the hot intergalactic gas is indicated with a red colour map. The
contour lines denote the weak lensing signal reconstruction, with the inferred mass
distribution highlighted in blue. A 200kpc white bar is included for scale. This
diagram was obtained from [27].

In the early universe, the interplay between radiation pressure and gravitational
attraction induced density waves in the photon-baryon plasma known as baryon
acoustic oscillations. These produced fluctuations in the matter density, which
manifest as temperature anisotropies in precise measurements of the CMB black-
body spectrum [32, 33]. The anisotropies are studied by decomposing the CMB
map of the sky into spherical harmonics to separate it into various angular scales.
The observed temperature fluctuations are displayed in a power spectrum as shown
in Figure 1.3, with a larger multipole moment ¢ representing a smaller angular scale
and vice versa. The peak positions and relative heights are related to various cos-
mological parameters; the curvature of the universe can be determined from the
angular scale of the first peak, whereas the ratio of odd and even peaks provides
information about the baryonic and dark matter densities [34, 35]. With lower
proportions of dark matter, reduced baryon drag would enhance the odd acoustic

peaks associated with compression [36].
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Figure 1.3: The angular power spectrum of temperature anisotropies in the cos-
mic microwave background, as a function of angular scale expressed in terms of
the spherical multipole moment ¢. Larger values of ¢ correspond to smaller an-
gular scales, with the primary peak at ¢ ~ 225 corresponding to 1°. The data is
well-matched by a fit of the standard model of Big Bang cosmology. These mea-
surements were conducted by the Planck collaboration, with a level of precision
down to one part in 10°. The plot was sourced from [35].

Dark matter is hypothesised to play an important role in the formation of large-
scale structures in the universe. In the radiation era, whilst small-scale fluctuations
in the baryonic matter density were erased by photon pressure, dark matter over-
densities would have already begun to cluster, creating gravitational wells that
would seed the growth of structures after decoupling [37-39]. This requires that
dark matter is both collisionless and non-relativistic (cold), such that its ability
to accumulate is not hindered. Understanding the contribution of dark matter
to structure evolution has been mainly driven by N-body numerical simulations,
which generally display hierarchical clustering through a range of scales, spanning
from condensation of galaxies within halos to filament networks of dark matter

woven into a cosmic web [40, 41].
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1.1.5 The ACDM model

The Lambda cold dark matter (ACDM) model, commonly referred to as the stan-
dard model of cosmology, successfully provides a reasonable account for observed
astrophysical phenomena such as the aforementioned baryon acoustic oscillations
and large-scale structure formation, as well as the measured abundances for hydro-
gen, deuterium, and helium [42, 43]. It also describes the accelerating expansion of
the universe with the inclusion of the cosmological constant A, which is associated
with dark energy. Key assumptions of the standard ACDM model include the cos-
mological principle—the homogeneous and isotropic distribution of matter at large
scales—and that there exist five basic cosmological constituents: dark energy, dark
matter, baryonic matter, CMB radiation, and relic neutrinos that decoupled from
matter very shortly after the Big Bang. Violations of the core assumptions, such
as that of homogeneity by observation of enormous structures like the ~310 Mpc-
long Sloan Great Wall [44], are usually sources of shortcomings; the development
of model extensions to address these challenges is an active area of research [45].
Fits of ACDM models involve six independent free parameters, from which relative
density parameters for dark energy €25, dark matter 2., and baryonic matter {2,

can be derived [46]. The latest constraints from the Planck collaboration are:

2, = (0.68890 % 0.00560),
2. = (0.26070 £ 0.00199),

2, = (0.04898 + 0.00031),

which imply dark matter accounts for approximately (83.8 £ 1.6)% of the total

mass density of the universe [35].

1.2 Dark matter candidates

The conclusions outlined in the previous sections paint a basic picture of the ex-
pected properties of particle dark matter; proposed candidates must adhere to a

minimal set of model-independent criteria in order to maintain consistency with
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observations across different astronomical scales [47]. The main requirements are

that dark matter particles must be:

m Cold — the evolution of density perturbations in the early universe, and
hence the onset of structure formation around the resulting gravitational
wells, depends on the free-streaming length of dark matter particles. Al-
though N-body simulations effectively reproduced large-scale structures with
non-relativistic dark matter, several discrepancies also emerged, such as the
overestimated proportion of subhalos — known as the missing satellites prob-
lem [48, 49]. Such features nudge towards alternative models like warm dark

matter [50] or self-interacting dark matter [51].

m Long-lived — although there is no formal motivation for the absolute stability
of dark matter, it appears to persist over cosmological timescales with a

lifetime that is comparable to or greater than the age of the universe [52].

» Non-baryonic — in combination with precision measurements of the CMB,
predictions from Big Bang nucleosynthesis models suggest that baryonic mat-
ter comprises only ~5% of the total energy density of the universe [53]. This
is closely tied to the measured abundance of deuterium in particular, which is
highly sensitive to the baryon density in the early universe, and necessitates

that most of the matter density must be non-baryonic [54].

m Dissipationless — dark matter cannot cool by radiating photons, and hence
it is intrinsically dark. Moreover, this implies that it is electrically neutral,
with constraints on its millicharge informed by CMB fluctuation measure-

ments [55, 56].

m Collisionless — interactions between dark matter particles or with ordinary
matter must be mediated by gravity, and possibly by the weak force. Upper
bounds on the dark matter self-interaction cross section are placed from clus-
ter mergers at o/mpy < 0.47 cm? /g, with larger values expected to facilitate

dissipation and hence result in the disruption of halo sphericity [57, 58].

10
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There is no shortage of hypotheses for what dark matter could be, from exotic
particles beyond the Standard Model to modified theories of gravity. It is also worth
noting that dark matter does not necessarily consist of exclusively one particle type,
and in fact some formulations like mirror dark matter [59] propose the existence
of several species. A brief overview of the most popular candidates is given in
the following sections, though this is by no means comprehensive and only lightly

touches upon other contenders such as supersymmetry and Kaluza-Klein states [60].

1.2.1 Axions

The axion is a pseudo-Nambu-Goldstone boson produced by the Peccei-Quinn
mechanism, postulated to explain the absence of expected CP-symmetry viola-
tion in the strong interaction [61]. Although the original axion was ruled out [62],
this led to a broader definition of axion-like particles, which share properties with
the standard axion except without a presumed relationship between the mass and
coupling strength [63]. This class of particles presents suitable dark matter can-
didates for the 11eV/c? < m, < 10meV/c? mass range, with the lower bound
required to reproduce an appropriate relic density, and the upper bound set by
observations of stellar cooling [64, 65]. In addition, axions are cold despite their
low mass as their production is non-thermal. Axions may be detected by their
weak coupling with ordinary matter, through either the inverse Primakoff effect
[66], whereby conversion to photons occurs in the presence of a strong magnetic
field, or the axioelectric effect [67], which is analogous to the photoelectric effect

and results in the ionisation of an atomic electron.

1.2.2 Neutrinos

Standard Model neutrinos were an early candidate for dark matter as they sat-
isfy most of the necessary criteria, with the main exception being that they are
ultrarelativistic (hot); primordial perturbations would have been washed out, im-
plying a top-down formation hierarchy in which large structures would emerge

first, rather than the bottom-up clustering route described by the ACDM model

11
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[68]. Considering the Gerstein-Zeldovich limit Q,h? = S m, /(94 eV /c?) for three
neutrino flavours [69], along with the latest result from the KATRIN experiment
m, < 0.8eV/c? [70], the upper bound on the total neutrino relic density is roughly
Q,h?* < 0.026. Therefore, given the value of Q.h% = (0.120 & 0.001) measured by
the Planck collaboration [35], neutrinos could only account for <21.7% of the total
dark matter density, and hence their abundance is not sufficient to constitute a

dominant component of dark matter.

A proposed extension is sterile neutrinos — heavier right-handed neutrinos that are
weakly coupled to the left-handed Standard Model active neutrinos, and otherwise
only interact through gravity [71]. Their production occurs through mixing with
active neutrinos, which is non-thermal if the oscillations are slower than the rate
of expansion. As such, sterile neutrinos are mainly viable as a warm dark matter

candidate for a mass at the keV/c? scale [72].

1.2.3 Weakly interacting massive particles

It is assumed that dark and baryonic matter were in thermodynamic equilibrium
in the very early universe, with equal rates of production and annihilation. As
the temperature dropped with the expansion of the universe, dark matter pro-
duction became suppressed and annihilation dominated. Consequently, the dark
matter density decreased exponentially up until the Hubble expansion rate ex-
ceeded the annihilation rate, after which the density approached a constant value
— this moment of chemical decoupling is referred to as the freeze-out point [73].
For non-relativistic species, the dark matter relic density is approximately related

to the thermally-averaged annihilation cross section by

NI 3x 102" cm?/s (1.2)
c ~ <O'A'U> 9 .

such that a higher annihilation cross section translates into a later freeze-out

point and hence a lower density.

12
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Various extensions to the Standard Model predict the existence of heavy and stable
particles that interact only through the weak force and gravity, such as neutralinos
in the Minimal Supersymmetric Standard Model and the lightest Kaluza-Klein par-
ticle in theories of universal extra dimensions; candidates with these characteristics
are termed weakly interacting massive particles (WIMPs) [74]. For particles cou-
pled to the weak interaction and possessing a GeV /c?-scale mass, the annihilation
cross section (o4v) ~ Gzpmf< naturally reproduces the correct thermal relic density.
This apparent coincidence, commonly known as the “WIMP miracle’, has estab-
lished WIMPs as the leading dark matter candidate and prompted an expansive

experimental programme designed for their detection [75].

1.2.4 Massive astrophysical compact halo objects

It is still expected that some portion of dark matter may exist in the form of non-
luminous baryonic matter such as large planets, white dwarfs, and neutron stars,
all of which are encompassed within the class of massive astrophysical compact
halo objects (MACHOs) [76, 77]. Searches for gravitational microlensing in the
Large Magellanic Cloud place the MACHO halo content at approximately 20%,
and with a typical mass of around 0.15-0.90 M, [78]. A distinct sub-category of
MACHOs is primordial black holes (PBHs), which are theorised to have formed
from the gravitational collapse of overdense regions induced by perturbations in
the very early universe [79]. These are both microscopic and macroscopic in na-
ture, spanning a vast range of masses; although PBHs with mppy < 10718 M, are
expected to have evaporated due to Hawking radiation, larger ones could continue
to grow through accretion or merging with other PBHs [80]. Recent limits pri-
marily relying on gravitational microlensing techniques generally point towards a
low fraction of PBHs as dark matter, with Qppg/Q. < 1072 [81]. Observations of
gravitational waves generated by PBH merger processes could be used to further

constrain their abundance [82], as facilitated by large interferometry experiments

such as LIGO, Virgo, and the future LISA probe.

13
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1.2.5 Modified gravity

Alterations to theories of gravity offer an alternative to the dark matter hypothesis.
The earliest form of this is referred to as modified Newtonian dynamics (MOND),
which introduced adjustments to Newton’s second law of motion in the regime of
very small accelerations [83]. Following this, a relativistic generalisation known as
tensor-vector-scalar (TeVeS) gravity was developed to accommodate phenomena
such as gravitational lensing, whilst adhering to conservation laws violated by the
initial version of MOND [84]. Although these models have been primarily success-
ful in application to galactic rotation curves [85], they struggle to simultaneously

reconcile all anomalous observations associated with dark matter [86].

1.3 Searches for dark matter

As depicted in Figure 1.4, three complementary strategies are available to probe
for the extensive list of dark matter candidates: missing energy from production in
particle colliders, indirect detection through astronomical observations of secondary
radiation from pair annihilation, and direct detection of scatters with atomic nuclei
in ultra-low background environments. In the following sections, the concepts and

status of each approach are briefly outlined, with a focus on direct detection.

direct 3
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Figure 1.4: A pseudo-Feynman diagram of the interactions that underpin each of
the three approaches to dark matter searches. Dark matter and Standard Model
particles are represented by y and ¢, respectively. This type of diagram is often
accompanied by the colloquial phrase ‘make it, break it, shake it’.

14



CHAPTER 1. DARK MATTER

1.3.1 Dark matter production

In collider experiments, the presence of invisible particles produced in high-energy
collisions is inferred from missing transverse momentum (p). Although invisible
particles are expected to predominantly consist of outgoing neutrinos, they could
also result from the pair production of dark matter. The real-time selection of such
events from a barrage of proton-proton collisions is tricky; whereas model-agnostic

miss

triggers broadly preserve events with substantial p7'**, some assumptions must be
made for models that predict a low ps| which can complicate comparability with
direct and indirect detection modes [87]. The model dependence of collider searches
can be reduced by requiring that Standard Model processes govern the recoil of vis-
ible particles, such as through the emission of initial state radiation in the form
of hadronic jets [88, 89], Z bosons [90, 91], or Higgs bosons [92, 93|. In addition,
exceedingly precise measurements of the Z decay width paired with robust Stan-
dard Model predictions are also sensitive to contributions from invisible channels
[94-96]. Stringent limits have been set for various model parameter spaces by the

ATLAS and CMS experiments at the Large Hadron Collider, though evidence for

the production of dark matter at colliders has yet to emerge.

1.3.2 Indirect detection

Indirect searches for dark matter seek to observe the products of its self-annihilation
or decay. In particular, the focus is on the detection of anomalous flux originating
from regions with an enhanced dark matter concentration, such as spheroidal dwarf
galaxies, the galactic core and halo of the Milky Way, and the core of the Sun [97].
Tight constraints have been set on the annihilation cross section of dark matter into
neutrinos [98], as well as the flux of high-energy neutrinos, primarily by ANTARES
[99, 100], IceCube [101, 102], and Super-Kamiokande [103, 104]. Astrophysical
gamma-ray sources have also been studied by several projects, most notably the
Fermi Gamma-ray Space Telescope [105], the AMS-02 module on the International
Space Station [106], and the terrestrial HESS [107]. This led to the discovery

of an excess of ~1-3 GeV gamma rays around the galactic centre [108], initially
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attributed to possible dark matter annihilation, though the same behaviour has
not been seen for other galaxies [109] and hence alternative explanations point to
unresolved pulsars [110]. In addition, an excess of positrons has been observed by
PAMELA [111] and AMS-02 [112], as well as a higher ratio of antiprotons to protons

[113], which are likely due to large uncertainties in the background model [114].

1.3.3 Direct detection

Laboratory-based direct detection experiments aim to observe the exchange of en-
ergy between dark matter—primarily WIMPs—and Standard Model particles, in
the form of low-energy nuclear recoils. The relevant scattering formalism is dis-
cussed here, along with a review of the different detector technologies and the

present state of the field.

Velocity distribution

To model the kinematics of WIMP-nucleus scattering, it is necessary to consider
the local velocity distribution of incident dark matter particles. As it is not pos-
sible to characterise this directly, it is deduced from studies of halo formation
in cosmological N-body simulations. The standard halo model is conventionally
adopted, which assumes that the Milky Way dark matter halo is an isotropic and
isothermal sphere with a density described by the Navarro-Frenk-White profile as
p(r) oc r=2 [115]. This yields a Maxwell-Boltzmann distribution for the WIMP

velocity v in the galactic rest frame [116]:

N 2 j92
) = { @rozpac e ol < (13)
0, |U| > Vese
which is truncated at the escape velocity of the Milky Way ves. = 544 km/s
[117]. The normalisation factor Nsmy converges to 1 at high values of ves., and the
radial velocity dispersion o, is related to the local circular velocity by o, = vo/v/2,
where v9 = 220 km /s [118]. Although the standard halo model is a suitable approx-

imation, recent refinements have been made to account for a radially anisotropic

population known as the ‘Gaia sausage’ [119].
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For practical purposes, this must be reframed to account for the motion of the Earth
around the Sun, which concurrently orbits the galactic centre. This is accomplished
with the Galilean transformation v — v + vg(t) such that f(v,t) = f,(v+vg(t)).
The Earth’s velocity with respect to the galactic centre, vg(t), is composed of three
components: the local standard of rest (LSR) vyggr, the peculiar motion of the Sun

relative to the LSR v, and the orbit of the Earth around the Sun v () [120].

Scattering formalism

For elastic scattering between a WIMP and nucleus of respective masses m,, and

my, the differential rate is expressed as

dR Po > doy
= t)—d 14
dEr  mympy /vmm vf(v, >dER v (1.4)

where v = |v|, oy is the WIMP-nucleus cross section, and py = 0.3 GeV /cm?
is the canonical local WIMP density [120]. The lower limit of integration vy,

corresponds to the minimum WIMP velocity required to induce a nuclear recoil

E
T mN2 i3 (1.5)
2y

with the reduced mass of the system denoted by puy = m,my/(m,+my). Since

of energy Eg, given by

experiments are only sensitive to interactions beyond a specific energy threshold,
only part of f(v,t) is ever probed for a given WIMP mass. In combination with
the upper limit set by we, this imposes a limitation for the detection of lower
WIMP masses — the recoil spectrum is restricted to a narrow window between the

threshold and a low maximum FEx.

The WIMP-nucleus differential cross section encodes the details of non-relativistc
interactions between WIMPs and nuclei. This fundamentally depends on the un-
derlying coupling of WIMPs to quarks, often modelled at specific scales using
effective field theories [121]. In practice, the cross section is generally separated

into two contributions: spin-independent (SI), which arises from scalar and vector
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couplings in the effective Lagrangian, and spin-dependent (SD), which originates

from axial-vector couplings. The differential cross section is thus defined as follows:

dO’N . my
dEr  2u3v?

(o5 F&(ER) + 5P FEy(ER)) | (1.6)

where o5! and o3P denote cross sections in the limit of zero momentum transfer.
While WIMPs undergo coherent scattering with the entire nucleus for low momen-
tum transfers ¢ = /2myFg, nuclear substructure can be resolved at high ¢ due
to the shorter de Broglie wavelength, resulting in a loss of coherence and hence a
suppressed rate for heavy WIMPs. This momentum dependence is parametrised

by the nuclear form factors F&(FEr) and FZ,(ER).

The SI WIMP-nucleus cross section is expressed in terms of the mass number A

and atomic number Z of the target nucleus as
st Ak 2
0 =~ |Zf+ (A= 2)fu], (1.7)

with f, and f, representing the WIMP coupling to protons and neutrons, re-
spectively. It is normally assumed that there is minimal distinction between these
couplings, such that f, ~ f,. Within this approximation, o3’ is commonly trans-
lated into a WIMP-nucleon cross section o5 to maintain complementarity between
experiments with different target materials:
2
of = M—JQVA2021, (1.8)

n

where p, is the corresponding WIMP-nucleon reduced mass [122]. The A? term
presents a coherent enhancement to the cross section, and therefore motivates the
utilisation of heavy elements for the detector target. However, it is important to
emphasise that this presents a trade-off with respect to the low-energy detection
threshold—which scales with my—as well as suppression from the nuclear form
factor. These effects are evident in Figure 1.5 for several typical target elements,

as well as a range of WIMP masses scattering in xenon.
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Figure 1.5: The differential rate of SI interactions as a function of the nuclear recoil
energy, for a ~40GeV /c? WIMP scattering in various materials (left), as well as
for a set of WIMP masses scattering in xenon (right). Rates are conventionally
measured in differential rate units (dru), normalised by the detector mass and ex-
posure time. A value of 1x 107%% cm? is assumed for oS! in both plots. Calculations
for these curves were performed using the wimprates package [123].

For SD interactions, on the other hand, the cross section is given by

55D _ 32GE % (J+1)

0 - 7 [ap(Sp) + an<Sn>]2- (1.9)

in which a, and a, represent coupling constants, (S,) and (S,) describe the
spin content of the target nucleus, and J is the total nuclear spin [116]. In this
case, the cross section depends on the spin structure of the nucleus rather than
its mass number. Consequently, only odd-proton or odd-neutron isotopes provide
sensitivity in the SD case due to the cancellation of spin contributions between
nucleon pairs. Therefore, the key distinction is that WIMPs couple to the mass of
the nucleus in SI interactions, whereas they couple to the net nuclear spin in SD
interactions. Although both modes are considered, the SI component dominates

for heavy target nuclei [120].

Detector designs

There exists a diverse range of direct detection experiments, typically constructed
from radiopure materials to minimise backgrounds, and located deep underground

to shield from cosmic rays. In addition to background mitigation, key design drivers
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to enhance sensitivity generally include maximising the detector mass, and pushing
the detection threshold to very low energies [124]. The six main detector technolo-

gies, along with some relevant experiments, are summarised below:

» Inorganic crystal detectors — scatters in high-purity germanium (CDEX-
10 [125]) or silicon (DAMIC-M [126], SENSEI [127]) semiconductor devices
produce electron-hole pairs, which are subsequently drifted to electrodes
under the influence of an electric field. These operate with an extremely
low threshold, though they are limited to kg-scale masses due to quickly
growing levels of electronic noise and signal readout times. Alternatively,
larger arrays of thallium-doped Nal (ANAIS-112 [128], COSINE-100 [129],
DAMA/LIBRA-II [130]) or CsI (KIMS [131]) crystals are used, with scin-
tillation light measured by photomultiplier tubes (PMTs), as illustrated in
Figure 1.6 (a). Despite the enhanced sensitivity to SI couplings provided by
the elements with high mass numbers, intrinsically elevated background levels
and a lack of background discrimination capabilities makes such crystals un-
suitable for event-by-event dark matter detection. Instead, they are deployed
in long-term searches for annual modulation; as it orbits the Sun, the Earth
moves along and against an effective dark matter wind from the direction of
the Cygnus constellation, which would manifest as periodic behaviour in the

observed rate [132].

m Cryogenic solid-state detectors — heat is generated by interactions in di-
electric crystals held at mK temperatures, and subsequently measured by a
change in the resistivity of transition edge sensors. The temperature change
is detected alongside an ionisation signal in high-purity germanium or silicon
(CDMSLite [133], SuperCDMS [134], EDELWEISS [135]) as in Figure 1.6
(b), or a scintillation signal in CaWO, (CRESST [136, 137]). The simultane-
ous readout of generated heat and either an ionisation or scintillation channel
enables background rejection and excellent energy resolution. Moreover, ow-

ing to their very low energy thresholds, these devices are mainly sensitive
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to lighter WIMPs. However, the target mass is restricted by a low specific
heat capacity requirement, as well as the limited size of dilution refrigerators,

which are necessary to deliver sufficient cooling power.

Noble liquid detectors — scatters in the liquid target generate scintillation
light from atomic de-excitation, which is detected by a PMT layout with
41 coverage as depicted in Figure 1.6 (c¢). The position of the interaction
is inferred from the photon arrival times at each PMT, as well as the signal
distribution. Single-phase noble element detectors rely heavily on pulse shape
discrimination; the singlet and triplet states exhibit different lifetimes, and
since their relative population depends on the interaction type and energy,
this facilitates background rejection. Although these lifetimes are similar in
xenon, as explained in Section 3.2, they advantageously differ by O(1) s
in the case of argon. Nevertheless, such detectors have utilised both argon

(DEAP-3600 [138]) and xenon (XMASS [139]) in experiment.

Dual-phase time projection chambers — in addition to the primary scin-
tillation light collected in single-phase noble detectors, ionised electrons are
also extracted into a gaseous phase under strong electric fields, producing a
secondary scintillation signal via electroluminescence. As portrayed in Figure
1.6 (d), these detectors are usually cylindrical, with PMT arrays mounted at
the top and bottom. Event positions are reconstructed from hit patterns
on the top array, along with the time difference between the primary and
secondary signals. Furthermore, the relative size of these signals varies with
energy and interaction type, and hence provides a powerful means for back-
ground rejection. Both argon (DarkSide-50 [140]) and xenon (LUX [141],
LUX-ZEPLIN [142], XENONnT [143], PandaX-4T [144]) have been success-
fully employed, with the latter explored in more detail in Chapter 3. In
particular, dual-phase xenon detectors currently dominate in sensitivity to SI

interactions for WIMP masses above ~ 5GeV /c?.
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m Bubble chambers — energy depositions in a superheated liquid target—
normally refrigerants such as CF3I and C3Fg—induce a local phase transition,
resulting in the formation of a bubble as shown in Figure 1.6 (e) (PICASSO
[145], PICO [146]). These effectively operate as threshold detectors, with the
bubble nucleation energy threshold tuned by making adjustments to the pres-
sure and temperature. Three-dimensional position reconstruction is achieved
by means of cameras in a stereoscopic arrangement. One major advantage
of bubble chambers is that they are versatile; the liquid target can be ex-
changed with other compositions often containing the isotope °F, which is

highly sensitive to SD WIMP-proton couplings.

® Wire chambers — ionisation tracks are produced by particles traversing a
low-pressure gaseous target. Charge is drifted under a static electric field
and subsequently collected by multi-wire proportional chamber planes, as
visualised in Figure 1.6 (f). Discrimination of signals from backgrounds is
based on the ionisation density and length of the observed tracks. A CFy
target is most commonly used, though it is also often mixed with other gases
such as CSy (DRIFT-II [147]) to maintain sensitivity to both SD and SI
interactions. As opposed to the point-like deposits in solid and liquid targets,
the directional information from track reconstruction provides an additional
layer of background rejection; analyses may assert that the directionality of
a candidate event should be consistent with that of the dark matter wind
at a given time. Such a feature is especially important for the reduction of

backgrounds from nearly indistinguishable neutrino scatters [116, 148].

The above list is not fully comprehensive — more specialised detector technologies
exist, including searches for axions using a resonant microwave cavity within a su-
perconducting magnet (ADMX [149]), and a copper spherical proportional counter
that can be filled with different gas compositions (NEWS-G [150]). Other promis-
ing technologies have also been proposed, such as using superfluid helium as a
detector medium [151], as well as augmentations to existing experiments, namely

H, doping [152] or crystallisation in dual phase xenon detectors [153].
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Figure 1.6: Diagrams of six different designs and technologies deployed in dark
matter direct detection experiments. In each instance, the scatter of a dark matter
particle x is indicated by a dashed red arrow. All graphics obtained from [124].

23



CHAPTER 1. DARK MATTER

Current status

The direct detection of dark matter is a relatively young field, and has under-
gone rapid development since first attempts began in the late 1980s [154]. At
present, the LUX-ZEPLIN experiment has set the most stringent limits, exclud-
ing SI WIMP-nucleon cross sections above 9.2 x 107%® cm? for 36 GeV /c? WIMPs
at the 90% confidence level [142]. This is presented along with the other current

exclusion limits in Figure 1.7.
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Figure 1.7: Current exclusion limits for the spin-independent WIMP-nucleon cross
section as a function of WIMP mass, along with the neutrino fog for xenon targets.
The difficulty of claiming an observation within the neutrino fog is quantified by the
gradient of discovery limit, whereby n = 2 represents a resemblance to the original
neutrino floor as a departure from Poissonian background subtraction. This plot
was reproduced and updated from [155].

Ongoing experiments are on track to reach an irreducible background posed by
coherent neutrino-nucleus scattering, which closely mimics expected WIMP sig-
nals. Traditionally, this stage is considered a hard boundary and referred to as the

‘neutrino floor’, defined by the interpolation of arbitrary choices of experimental
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exposures and thresholds [156]. More recently, the interpretation of this boundary
has shifted towards a softer ‘neutrino fog’, in which such backgrounds become dis-
tinguishable in the limit of high statistics, owing to the inexact matching of WIMP
and neutrino spectral features [155]. The extent of this statistics requirement is
quantified by a more consistent definition for the neutrino fog, using the gradient
of the discovery limit n as a metric analogous to the difficulty of claiming an ob-
servation; a higher n is associated with a greater requisite number of events N,
and vice versa. The impact of the neutrino background may also be alleviated by

improvements to neutrino flux uncertainties and directional detection techniques.

The search for dark matter remains one of the main science drivers on the cosmic
frontier. A thorough strategy has been developed by the wider community as part
of the 2021 Snowmass process, which outlines many promising prospects on the
horizon [157]. In the context of xenon-based detectors, comprehensive research
and development has already started for the planning and design of a much larger
next-generation detector as part of the XLZD consortium between XENON, LUX-
ZEPLIN, and DARWIN [158].
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2 Rare nuclear decays

The field of neutrino physics has grown significantly over the past century, owing
to a worldwide collaborative effort. Despite this, several important questions re-
garding the properties of neutrinos remain open, some of which have implications
for dark matter searches. Proposed answers mainly hint towards new physics be-
yond the Standard Model, which can be probed through searches for extremely
rare nuclear decays. This chapter covers the key concepts for such interactions and
how they are tied to the fundamental nature of neutrinos, along with experimental

approaches for their detection.

2.1 Massive neutrinos

The observed phenomenon of neutrino oscillations, whereby the lepton flavour of
a propagating neutrino can transition over large distances, has established that
neutrinos possess mass [159]. The underlying formalism assumes the decomposi-
tion of three neutrino flavour eigenstates |v,) into a linear superposition of three

mass eigenstates |vg) as

|Va) = kz_: Uak|VE) (2.1)

where a denotes one of three lepton flavours (e, p, 7), and U represents the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) unitary transformation matrix, which
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is parametrised by three mixing angles (612, 013, f23) and a single complex phase

dcp. The mass eigenstates evolve with time ¢t as plane waves of the form
(1)) = e M ERtPRX)| Y (2.2)

for a given energy Fjy = \/m3 + |px|? and momentum py, over a distance x. The

resulting flavour transition probability P(ac — ) = |(v|va(t))]> depends on the

differences between the squared masses Amg; = (mi —mj

), and the occurrence
of neutrino flavour oscillations therefore implies the existence of non-degenerate

masses for the mass eigenstates.

This description successfully explains observations made in a variety of dedicated
experiments, with which the neutrino oscillation parameters have been precisely
measured and constrained [160]. Nonetheless, a number of questions pertaining
to the neutrino mass are left unanswered. For one, the relative ordering of the
neutrino masses is ambiguous, with two potential scenarios: a ‘normal hierarchy’
(my; < mg < mg) in analogy with that of charged leptons, and an ‘inverted hi-
erarchy’ (ms < m; < mgy). Moreover, flavour oscillation measurements are only
sensitive to Am? ; and hence they do not provide constraints for the overall neutrino
mass scale. As mentioned in Section 1.2.2, upper limits on the absolute neutrino
mass are obtained through other means instead; at m, < 0.8¢V/c? from studies of
the endpoint of the tritium beta decay spectrum in the KATRIN experiment [70],
and with Y m, < 0.12eV/c? from cosmological measurements [35]. The absolute
neutrino mass scale may also be directly accessible from searches for neutrinoless

double beta decays, introduced in the following section.

Whilst the masses of neutrinos are not known, it is evident that they must be
considerably smaller than those of other fermions — by at least a factor of 10° with
respect to the electron mass, for instance. This poses a peculiar situation if the

neutrino masses are associated with the Higgs mechanism, and hence suggests that
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a different mechanism could be at play. The most straightforward way to accom-
modate massive neutrinos within the Standard Model Lagrangian is through the
addition of a Dirac mass term, which includes right-handed neutrinos and left-
handed antineutrinos that do not participate in the weak interaction. It is also
possible to introduce a Majorana mass term without breaking local gauge invari-
ance, which takes advantage of the fact that neutral fermion fields are invariant
under charge conjugation — this is known as the Majorana condition [161]. A
striking consequence of this is that there is a direct coupling between particles
and antiparticles, and that Majorana neutrinos would therefore be their own an-
tiparticles. Furthermore, a general and renormalisable extension to the Lagrangian
containing both Dirac and Majorana mass terms gives rise to a light neutrino state
v and a heavy neutrino state N, with masses
2

m
|m,, | ~ m—D and my ~ myy, (2.3)

M

where the Majorana mass m); is assumed to be much greater than the Dirac
mass mp. This hypothesis for the manner in which neutrino masses are generated is
referred to as the ‘seesaw mechanism’, due to the imbalance between m, and my.
In particular, the seesaw mechanism predicts that there exists a very light neu-
trino as well as a very heavy neutrino for each of the three neutrino generations,
with a very large Majorana mass of my; = 10'° GeV/c? necessary to reproduce

m, < 0.1eV/c?, given a typical fermion mass of O(1) GeV for mp [162, 163].

An additional feature of the seesaw mechanism is that it facilitates processes that
would have contributed to the observed matter-antimatter asymmetry of the uni-
verse. In general, this asymmetry must arise from the fulfilment of Sakharov’s con-
ditions for baryogenesis: baryon number violation, C-symmetry and CP-symmetry
violation, and interactions out of thermal equilibrium [164]. If neutrinos are Ma-
jorana particles, then interactions that violate lepton number conservation are
possible. Moreover, it has been postulated that leptonic asymmetries originating
from the decays of heavy Majorana neutrinos could produce baryogenesis through

sphaleron processes — a mechanism known as leptogenesis [165].
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2.2 Second-order weak decays

In 1935, it was proposed by Goeppert-Mayer that certain isotopes could undergo

two beta decays simultaneously through the process of two-neutrino double beta

(2vBf3) decay, as per

(A, Z) — (A, Z+2) +2e + 20, (2vBp), (2.4)

where the two antineutrinos escape and a detectable signal is formed by the
two electrons [166]. Such a process can only occur for nuclei with both even A
and even Z, in cases where a single beta decay is energetically forbidden or highly
suppressed. As illustrated in Figure 2.1, even-even (A, Z — 2) nuclei exhibit a lower
nuclear binding energy than neighbouring odd-odd nuclei along the (A, Z — 1)
isobar, promoting 2v/3( as the more viable decay route. This is a consequence of
the positive pairing term in the liquid-drop model, in which nuclei with an even

number of nucleons are more stable due to spin coupling [167].

Nuclear binding energy —

Z-2 Z-1 Z Z+1 Z+2

Atomic number

Figure 2.1: Diagram of nuclear binding energies and possible decay modes for even-
A nuclei. The binding energy is defined as the deficit between the nuclear mass and
the sum of the constituent nucleon masses. Forbidden transitions are represented
by hatched markers, and the symbol NV is used to denote the neutron number for a
given isotope. For odd-even nuclei, ordinary beta decays are dominant and 2v343
is highly suppressed. This diagram is based on a figure from [168].
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2.2.1 Two-neutrino double electron capture

Since 2v(40 is a second-order weak decay, it is tremendously rare and has a typical
half-life of > 10'® years [169], hence it was only first observed directly within a
laboratory setting in 1987, for 32Se [170]. This is also the case for a similar set
of second-order processes, namely two-neutrino double electron capture (202EC),
two-neutrino electron capture with coincident positron emission (2vECS7), and

two-neutrino double positron emission (2v5731), given by the reactions

2+ (A7) — (A, Z — 2) + 2, (2v2EC), (2.5)
e+ (A, 2) — (A, Z —2)+2v,+e" (2vECB™), (2.6)
(A, Z) — (A, Z — 2) + 2v, + 2T (2vptBT), (2.7)

where each of the above modes is progressively rarer due to decreases in the
Q-value associated with the requirements for positron emission. The 202EC decay
mode is thus the most probable of the three; its half-life measurement for '24Xe
is the subject of Chapter 5. The other two modes may be discovered in the near
future, as their experimental signature is enhanced by unique topologies produced

by annihilation from the outgoing positrons.

For a given isotope, the 2v2EC half-life is calculated as

<T12/1/22EC)_1 GO ‘mec2 M) 2’ (2.8)

where g4 is the weak axial-vector coupling strength, m, is the electron mass,
M) is the nuclear matrix element (NME) common between the three modes, and
the phase space factor G2E© is proportional to the Q-value taken to the fifth power
[171]. Comparisons between theoretical predictions of NMEs and those obtained
from experimental measurements are used to validate nuclear models, which can
subsequently contribute towards improved calculations for NMEs of undiscovered

decays. Input from 202EC is particularly valuable as it informs the proton-rich

side of the binding energy parabola for even-even isobars.
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2.2.2 Neutrinoless decays

Soon after the theory of Majorana fermions was first developed, it was proposed
that double beta decays could occur without the emission of neutrinos if they are
Majorana particles [172] — a process referred to as neutrinoless double beta (0v30)
decay. The simplest mechanism for this is through the exchange of a virtual light
neutrino as visualised in Figure 2.2 (a), which requires that neutrinos are their own
antiparticles [173]. In addition to confirming that the neutrino mass is generated
by the seesaw mechanism, and hence that neutrinos are Majorana particles, the
discovery of Qv decay would also provide evidence for lepton number violation
(AL = 2). Searches for neutrinoless decays are therefore strongly motivated as

a potential source of new physics.

U U U U
nid > > d P pid > > din
d > > U U >JJJJ_,J > d
W‘:LLLL\—}— e~ e~ —P—] W_

Vm Vm
W- & > ¢ e TPy W
nyd > > d P Pid > > din
U > > U U > > U
(a) OvB (b) 0v2EC

Figure 2.2: First-order Feynman diagrams for neutrinoless double beta decay (a)
and neutrinoless double electron capture (b), both mediated by the exchange of a
virtual light Majorana neutrino v,;. The cross indicates the equivalence of neutri-
nos and antineutrinos along with an inherent chirality flip.

The half-life of a O35 process is expressed as

2

v -1 v
(1089) ™ = G32 | M©] (52, (2.9)

where Ggf and M) respectively denote the phase space factor and NME,

akin to Equation 2.8. More importantly, the half-life is sensitive to the neutrino

31



CHAPTER 2. RARE NUCLEAR DECAYS

mass scale, the mass hierarchy, and oscillation parameters, through the effective

Majorana mass term (mgg), given by

3
(mpg) = Uere|* my, (2.10)
k=1

with U, representing the first row of the PMNS matrix, where two additional
complex Majorana phases are also involved [174]. The relationship between (mgg)
and the lightest neutrino mass my is visualised in Figure 2.3 for the two possible
hierarchies, along with some experimental limits. The dependence on the mass
hierarchy is evident; an inverted mass hierarchy results in higher Ov3/ rates than a
normal hierarchy, which produces a relative difference of approximately one order
of magnitude in (mgg). Moreover, there is a 2-5meV interval in m, where (mgg)
vanishes for the normal mass hierarchy. The overlap in the m, > 0.1eV region
corresponds to the quasi-degenerate regime, in which the neutrino masses would

be approximately equal [175].
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Figure 2.3: Distribution of the effective Majorana neutrino mass (mgg) as a function
of the lightest neutrino mass my, for both mass hierarchy scenarios. Neutrino oscil-
lation parameters were referenced from a global fit [160], and uniformly-distributed
Majorana phases were assumed. Shaded regions outline both the best-fit parame-
ters as well as +30 intervals for the mixing parameters. A dotted line is used to
indicate the upper limit on the sum of the three neutrino masses obtained from
cosmological constraints. Experimental limits for four different target materials are
also included [176-179]. Code for creating this plot was based on [180].
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It is worth emphasising that there exist other Ov5f8 mechanisms aside from light
Majorana neutrino exchange, such as heavy neutrino exchange, or left-right sym-
metric theories that are independent of mixing parameters [181]. In order to trans-
late Ovf35 decay measurements into a neutrino mass, the underlying mechanism
must also be understood. The wide range of compatible (mgg) values for a given
measurement are also an indication of the large theoretical uncertainties associated

with the NME calculations.

Neutrinoless modes have also been hypothesised for the set of similar second-order
processes described in Equations 2.5-2.7, with the Feynman diagram for neutri-
noless double electron capture (0v2EC) shown in Figure 2.2 (b), for example. As
such decays pertain to proton-rich isotopes, they provide complementary informa-
tion to Ovf3[ decay on the neutron-rich side of the binding energy parabola. This
is especially valuable as it offers an alternative approach for probing the underly-
ing mechanism responsible for the neutrino mass, as well as to verify methods

for obtaining NMEs [182].

2.3 Experimental strategies

For 2v/ decay, the energy deposited by the outgoing electrons produces a contin-
uous beta spectrum due to loss of momentum to the escaping neutrinos, with an
endpoint at the Q-value (Qpg). In contrast to this, the Ov3f experimental signa-
ture manifests as a monoenergetic peak at (Jgg, as all of the energy is transferred

to the electrons.

Although OvS33 decay has yet to be discovered, stringent experimental limits have
been set on the half-life for a range of isotopes. In general, for a target mass of
My and an exposure time ¢, the observation of N, candidate signal events within
a background-free experiment corresponds to a half-life of

y NNAMp\ te
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where N4 is Avogadro’s constant, 7 is the isotopic abundance of the parent
isotope, M4 is the molar mass, and € is the signal detection efficiency [181]. The
term in the brackets encompasses the number of target atoms for the isotope of
interest. In reality, the signal is often obscured by a Poissonian background of
N, events, such that N, > /N, events would be required to overcome a lo up-
ward fluctuation of the background [175]. For a background rate of R; over an
energy region of interest (ROI) AFE, the estimated number of background events
is approximately N, = R,MrAFEt, where R, is quantified in differential rate units.
This results in a lower limit for the half-life given by

A b

In2. (2.12)

The above expression highlights several key factors that influence detector design
choices for Ov3[-decay searches, most of which are also broadly applicable to other
rare event searches. The most straightforward way to maximise sensitivity is to
increase the exposure through a combination of longer run times and a larger tar-
get mass. The choice of isotope heavily influences this; from the small selection
of isotopes to study, the ease of procurement highly impacts the scalability of
M. Moreover, the sensitivity strongly depends on the isotopic abundance, which
may be enhanced with enrichment. In addition, a high detection efficiency for
the two-electron signal is crucial, which can be accomplished through sophisti-
cated background rejection techniques, such as exploiting single-track information
from precise position reconstruction. The sensitivity can also be improved through
reductions to the background rate, which can be achieved by utilising radiopure
materials for construction of the detector and shielding it from cosmic rays by op-
erating underground. Furthermore, optimisation of the energy resolution allows for
the definition of a narrower search window AFE, as well as for better discrimination

from gamma-ray peaks within proximity of the signal.

In practice, it is not possible to optimise all of these aspects, and experiments thus

focus on a subset of parameters instead. As the ultimate goal is to detect rare
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events, there are many parallels between searches for O35 decay and the direct
detection of dark matter. In particular, detector designs share several elements
and fall under some of the categories described in Section 1.3.3. The status of
relevant Ov (3 decay searches is summarised by the list of past and present results
in Table 2.1. An overview of the specific detector technologies, as well as projected

sensitivities of upcoming experiments, can be found in recent reviews [181, 183].

Table 2.1: List of OvB3/ decay experiments with reported 90% confidence level
lower limits on the half-life, for a range of different isotopes. A variety of detector
technologies are employed: organic scintillators (OSs), inorganic scintillators (ISs),
semiconductor devices (SDs), cryogenic calorimeters (CCs), tracking calorimeters
(TCs), and time projection chambers (TPCs). Q-values quoted from QCalc [184].

Isotope  Qpp [MeV] Experiment  Detector T/ [y] Ref.

CANDLES-III IS >08x102 [185]
48Ca 4268  ELEGANT-VI IS >58x102 [186]
NEMO-3 TC  >20x102 [187]
GERDA SD  >1.8x10% [177]

76
Ge 2039 NMajorana D. SD >83x 10 [18§
CUPID-0 CC  >35x10% [189]

82
Se 2.998 NEMO-3 TC  >25x10% [190]
9067y 3.356 NEMO-3 TC  >92x102 [191]
CUPID-Mo CC > 18x10* [192]

100
Mo 3034 NEMO-3 TC  >1.1x10* [176]
16Cd 2813 NEMO-3 TC  >1.0x10% [193]
130 2,528 CUORE CC  >22x10% (17§
EX0-200 TPC  >3.5x10% [194]
136X e 2.458 KamLAND-Zen 0S > 2.3 x 10%¢  [179]
NEXT-White ~ TPC > 1.3 x 10 [195]
ONd 3371 NEMO-3 TC  >20x102 [196]

With tonne-scale active masses, future experiments such as LEGEND-1000 [197]
are expected to reach a sensitivity of >10?® years, and to probe the mass hierarchy
more effectively at (mgs) < 1072eV/c?. As explored in the following chapters, dark
matter experiments are also equipped with sufficient sensitivity to make competi-

tive measurements of the rare processes outlined here.
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3 The LUX-ZEPLIN
experiment

LUX-ZEPLIN (LZ) is a dark matter direct detection experiment, with a world-
leading sensitivity to GeV/c?*-scale WIMPs and a broad physics reach ranging from
light dark matter candidates to Ov33 decay. In this chapter, the ability of LZ to
achieve a diverse science program is described with an overview of the operational
principles and detector subsystems, along with a discussion of xenon as a detec-
tor medium, and a summary of the main backgrounds, calibration sources, and

analysis techniques.

3.1 The LUX-ZEPLIN detector

The LZ detector is situated 1478.3 m (4850 ft) underground within the Davis Cav-
ern, where its predecessor LUX was operated between 2012 and 2016, at the San-
ford Underground Research Facility (SURF) in South Dakota, USA. As depicted
by the cutaway drawing in Figure 3.1, the detector is shielded in 238 tonnes of
ultra-pure water, and is comprised of several subsystems, each of which is de-

tailed in the following sections.

3.1.1 The time projection chamber

At the core of the LZ detector is a dual-phase xenon time projection chamber
(TPC), nested within two ultra-radiopure titanium cryostats [198]. The inner cryo-

stat vessel (ICV) holds 10 tonnes of liquid xenon (LXe), and is vacuum insulated
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593 m

7.62 m

Figure 3.1: A cross-section view of the LZ detector. Working outwards from the
centre, the diagram visualises the time projection chamber (1) and liquid xenon
skin (2) enclosed within two titanium cryostat vessels, surrounded by the outer
detector system acrylic tanks (3) and PMT ladders (4), all submerged in the water
tank (5). Various cable feedthroughs and conduits are also rendered.

within the outer cryostat vessel (OCV). The TPC is a cylinder with a diameter
of 145.6 cm, containing approximately 7.7 tonnes of LXe. A set of four electrode
grids is used to establish vertical electric fields within the TPC, with each grid
constructed as a fine mesh woven from stainless steel wires [199]. These divide the
TPC into three field regions, as visualised in Figure 3.2: the extraction field region,
drift field region, and reverse field region (RFR). The extraction field is generated
between the anode grid, which is located in the thin gaseous xenon (GXe) phase

at the top, and the gate grid, which sits 5mm below the liquid level. The gate
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and cathode grids are set 145.6 cm apart, thus defining a 7-tonne equilateral cylin-
der as the active LXe volume. The TPC walls consist of polytetrafluoroethylene
(PTFE) layers, which exhibit a reflectivity of > 97% for xenon scintillation light
and hence maximise the light collection efficiency [200]. To maintain uniform elec-
tric fields towards the walls, the layers are embedded with titanium field-shaping

rings connected by a ladder of resistors [201].

top PMTs

7.0 cm

R anode grid

* —_—= "',':" = = - = extraction region ]:0.8 cm

«—— liquid level
0.5 cm

gate grid

N 1 === : | B 145.6 cm

cathode grid

I

13.75 cm

_— o T s = bottom grid
e 1 |12 - I 1.0 cm

bottom PMTs

Figure 3.2: A schematic of the TPC nested inside the ICV and OCV, with a
diagram of the relative heights between the grids and the liquid surface level. The
bottom grid was implemented to protect the bottom array PMTs from the strong
fields above, which results in the RFR below the cathode grid. This diagram is
based on a figure from [199].

Interactions in the LXe generate a primary scintillation signal (S1) and ionisa-

tion electrons. The electrons travel upwards under the influence of the drift field,
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where they are pulled into the GXe by the stronger extraction field and produce a
secondary scintillation signal (S2) via electroluminescence. The underlying mecha-
nisms of these processes are discussed in Section 3.2. Light in the TPC is detected
by two arrays of 3-inch Hamamatsu R11410-22 PMTs, with 253 at the top and 241
at the bottom [202, 203]. For position reconstruction, the (x,y) coordinates of an
event are inferred from the S2 hit pattern on the top array, whereas the depth (z)

is indicated by the time separation between the S1 and S2.

The TPC is also instrumented with various specialised sensors to enable continu-
ous and precise monitoring of the detector during commissioning and operation.
Position sensors mounted on and around the top array measure displacements from
the thermal expansion or contraction of the TPC. Level sensors near the extraction
region track the liquid surface level and assist with the alignment of the TPC. Nu-
merous thermometers attached to the ICV and the PMT arrays are used to record
their thermal properties. Loop antennae installed on the PMT trusses detect in-

stabilities in the electrostatic environment such as sparking [204].

3.1.2 Veto detectors

To enhance background rejection, the experiment is equipped with two veto de-
tectors. These serve as anti-coincidence systems that flag multi-site interactions

beyond the TPC, which would be uncharacteristic of rare WIMP events.

The innermost veto consists of a thin, optically-isolated LXe skin between the TPC
and ICV. The skin contains roughly 2tonnes of LXe, with a thickness of 4 cm at
the top that gradually widens to 8cm at the bottom to provide a high voltage
stand-off distance [201]. With only a liquid phase and a tight geometry, the skin
veto is much less sensitive than the TPC as it can only detect primary scintilla-
tion and exhibits a reduced light collection efficiency. However, this information is
sufficient to tag scatters from gamma rays, as well as deposits made by neutrons.

Light in the side skin region is viewed by 93 1-inch Hamamatsu R8520-406 PMTs
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from above and by 20 2-inch Hamamatsu R8778 from below, spread around the
circumference of the TPC. In addition, 18 2-inch R8778 PMTs are mounted in the
dome region below the bottom TPC PMT array.

The outer detector (OD) is comprised of a near-hermetic enclosure of 10 acrylic
tanks surrounding the OCV, which are filled with 17.3 tonnes of gadolinium-doped
liquid scintillator. The primary role of the OD is to tag neutrons, which capture on
gadolinium after thermalising, subsequently releasing a gamma-ray cascade with
a total energy of 7.9-8.5MeV. Alternatively, captures on hydrogen in the liquid
scintillator and acrylic tank walls can occur 5-10% of the time, and generate a
single 2.2 MeV gamma ray. The timing of these bursts is predominantly within
a 500 s window of the S1, enabling a neutron tagging efficiency of > 95% [205].
Scintillation light in the OD is observed by 120 8-inch Hamamatsu R5912 PMTs
arranged on 20 ladders encircling the detector, submerged in the water tank. All
exposed surfaces are covered with highly reflective sheets of Tyvek to improve

the light collection efficiency.

3.1.3 Xenon circulation system

The outgassing of detector materials can introduce impurities into the xenon bulk.
These include krypton and radon, which contribute backgrounds to LZ, as well
as electronegative elements such as oxygen and nitrogen, which can subsequently
impact the charge collection efficiency of the TPC. To maintain a high level of
purity, the 10-tonne xenon inventory is continuously circulated through an online
purification system using a pair of gas compressors, with an average timescale of

approximately 3 days per cycle [201].

As illustrated in Figure 3.3, LXe first enters the TPC and skin from inlets at the
bottom of the ICV. As it reaches the top of the active volume, contaminated xenon
spills over three uniformly-spaced weirs, which set the liquid surface level in the

TPC. This xenon flows into the weir reservoir — part of a collection of four vessels

40



CHAPTER 3. THE LUX-ZEPLIN EXPERIMENT

referred to as the LXe tower. Prior to passing through the hot zirconium getter,
where electronegative impurities are removed [206], LXe is vaporised within a two-
phase heat exchanger (HX) by transferring heat from purified GXe returning from
the getter. The condensation of GXe is then controlled using a combination of
liquid nitrogen thermosyphons and electric heaters at the subcooler stage, before

being redelivered to the detector via vacuum-insulated transfer lines [204].

« ‘ storage & recovery

7'y
—-’—' getter Rn removal '
compressors cable breakout i cable breakout
< C -
LXe
tower Xe vapour

two-phase HX

subcooler

vacuum space

Weir reservoir
weir drain pipe

cathode HV
phase

sep.

cryovalves

water tank

Figure 3.3: Simplified diagram of the LZ online xenon purification system. LXe
from the detector flows along weir drain lines and into the LXe tower, where it
is evaporated within a two-phase HX, purified in a hot zirconium getter, then
subsequently condensed and returned to the cryostat. The OD acrylic tanks are
omitted for clarity. This schematic is based on a similar figure from [201].

Since noble element impurities are not extracted by the getter, GXe present in the
cable conduits is treated by an in-line radon reduction system (iRRS) as part of the
circulation loop. This utilises a gas chromatography technique within a column of
cold synthetic charcoal traps, whereby the slower propagation of radon with respect

to xenon allows its sequestration for several half-lives [207, 208].
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3.2 Particle interactions in xenon

A particle traversing through LXe can deposit energy by interacting with atomic
electrons or elastically scattering off xenon nuclei — these processes are referred to
as electronic recoils (ERs) and nuclear recoils (NRs), respectively. Since WIMPs
exhibit a larger interaction cross section with xenon nuclei, NRs are typically con-
sidered signal-like, whereas ERs are background-like as they are primarily induced
by betas or gammas from radioactive backgrounds. The energy F(, deposited by
a scatter is distributed across three channels: excitation, ionisation, and heat.

This is summarised as
Ey = N, FE.. + N;E; + heat, (3.1)

where FE., and E; denote the average excitation and ionisation energies per
atom, V., is the number of excited atoms, and N; represents the number of electron-
ion pairs [209]. Scintillation light produced by de-excitation is detected as the S1
signal, and extracted ionisation electrons form the S2 signal. However, since the
TPC is not sensitive to heat, energy transferred to atomic motion or below the ex-

citation or ionisation threshold of electrons is undetected and dissipates in the LXe.

A dependency on the interaction type is observed in the excitation to ionisation
ratio N, /N; — a value of ~0.06-0.2 is observed for ERs [210], whereas this is ~1
for NRs [211, 212]. The underlying physical mechanism responsible for this effect
is not definitively known, though some hypotheses are discussed in [212, 213].
Nonetheless, this behaviour offers a powerful means to distinguish between NRs

and ERs, and hence enables background discrimination.

3.2.1 Primary scintillation (S1)

Primary scintillation light is emitted by the relaxation of excited diatomic xenon

molecules Xej (excimers), which are produced by two distinct mechanisms [214].
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The first results directly from the impact of an incoming particle x:

X + Xe — x + Xe* (3.2)

Xe* + Xe — Xey” (3.3)

where the superscript labels indicate whether the nature of the excitation is
electronic (%) or vibrational (v). Whereas vibrational de-excitation occurs via col-
lisions with neighbouring atoms and is non-radiative, electronic relaxation involves
the emission of a scintillation photon v, followed by dissociation of the molecule

due to a repulsive ground state potential:

Xey’ + Xe — Xeh + Xe (3.4)

Xe; — 2Xe + 7. (3.5)

On the other hand, excimers are also formed through the recombination of elec-

trons with Xe' ions, as per

X+ Xe — x + Xe" +e” (3.6)
Xe" + 2Xe — Xed + Xe (3.7)
Xef +e” — +Xe™ + Xe (3.8)
Xe™ + Xe — Xe* + Xe + heat (3.9)
Xe* + 2Xe — Xej + Xe + heat (3.10)
Xe; — 2Xe + vy (3.11)

where the amount of recombination is strongly dependent on the applied ex-
ternal field and the surrounding ionisation density. In general, the presence of an
electric field reduces the probability of recombination and thus increases the charge
yield, whereas charged species such as alpha particles raise the local ionisation den-
sity and hence induce more recombination [214]. Moreover, recombination can also
be affected by the energy scales involved. For instance, MeV-scale interactions can
introduce additional processes such as bi-excitonic quenching, which lead to a de-

creased light yield [215].
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In both mechanisms, the scintillation photons are emitted with a mean vacuum
ultraviolet (VUV) wavelength of 175nm in transitions to the molecular ground
state 'XF, from either the singlet state 'S} or triplet state *X} with respective
lifetimes of (3.14£0.7) ns and (2441) ns [202, 216]. The process of recombination is
slower than direct excitation, as it depends on the thermalisation time of the ionised

electrons, which introduces a third component with a lifetime of (33 £ 1) ns [217].

3.2.2 Secondary scintillation (S2)

Ionised electrons that avoid recombination are drifted towards the liquid surface,
where they must overcome a potential barrier to enter the GXe phase. This is
enabled by the extraction field, with which the electrons are then accelerated and
undergo electroluminescence: secondary scintillation light emitted according to the
same mechanism as primary scintillation, with the excimers formed by collisions
with the electrons. The electroluminescence yield Ngp,, defined as the number
of scintillation photons emitted per electron propagating through a path length

x in GXe, is parametrised as

dNgy,
dx

=ak, — P —7, (3.12)

where £, is the electric field strength in GXe held at a pressure of P, and
the empirically determined constants are a = 0.137/V, = 177/bar/cm, and
v = 45.7/cm [214]. The S2 signal is orders of magnitude larger than the S1; for
nominal values of E, = 10.2kV/cm and P = 1.8bar, a single extracted electron
would generate O(10%) VUV photons over the 0.8 cm liquid surface-anode distance.

This level of amplification provides sensitivity to interactions at very low energies.

3.2.3 Signal yields

The measured number of photons, n,, and number of electrons, n., are related to

N, and N; from Equation 3.1 by the recombination probability 7:

Ny = Neg + 1N, (3.13)

ne = N;i(1 —1), (3.14)
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and it is worth emphasising that recombination does not affect the total number

of quanta — only the relative proportions between the light and charge yields, such
that

Ny +ne = Ney + N;. (3.15)

The efficiency of producing scintillation light can be quantified with the factor
W, = Ey/n,. The maximum number of primary scintillation photons would be
generated for an electric field strength of zero, in which case r ~ 1 and essentially
all electron-ion pairs recombine, such that n, = N, + INV; and

: E
Wmll’l _ 0

. 3.16
7 Nem—i_Ni’ ( )

where W,;ni“ = W corresponds to the minimum energy required to generate a
single scintillation photon. This factor is a constant under the assumption that
the ratio N, /N; is independent of energy. In general, the measured (13.7+0.2) eV
W-value is commonly adopted [212], though a conflicting value of (11.5 + 0.6) eV
has emerged in recent years [218, 219]. By re-arranging the expression above and

invoking Equation 3.15, a combined energy formula is obtained:
Ey=W (ny,+n.), (3.17)

which leverages the anti-correlation between light and charge quanta to reduce
the impact of statistical fluctuations from recombination, hence leading to an im-
proved energy resolution in comparison with considering each signal individually

[220).

The observed S1 and S2 pulse areas are measured in units of photons detected
(phd), for which the single photoelectron response of each PMT is uniquely cali-
brated. In order to maintain spatial uniformity in the detector response, the signals

are adjusted for position-dependent effects according to

Slc = Cy(x,y, 2) S1, (3.18)

S2¢ = e/ Cy(x, ) S2, (3.19)
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where Slc and S2c represent the corrected signals. The three-dimensional S1
correction map C; normalises the light collection efficiency to the centre of the
detector, whereas the two-dimensional S2 correction map C, accounts for radial
variations such as those in the extraction field as a result of deflection in the gate
and anode grids. The exponential factor in the S2 correction compensates for the
loss of drifting charge to impurities in the LXe, with a finite electron lifetime of 7,
and a drift time t4. The correction maps and 7, are obtained using mono-energetic

calibration sources that are dispersed throughout the TPC.

The numbers of emitted quanta n, and n. are related to the corrected Slc and
S2c signals by
Slc = gin., (3.20)

82C = (EeNELg%aS) Ne = galle, (321)

where ¢; is the photon detection efficiency and g, is the effective charge gain.
These are position-independent and intrinsic detector parameters, calibrated using
a set of mono-energetic sources as demonstrated in Section 4.2. The parameter g,
is composed as a product of three quantities: the electron extraction efficiency e,,
the electroluminescence yield Ngp,, and the photon detection efficiency in the GXe
phase ¢f*°. With these definitions, the reconstructed energy may be calculated as

le  S2
Eo=W (SC + SC) . (3.22)
g1 g2

Although this formulation is effective for ERs, it does not account for energy trans-
fer to heat and is hence not applicable to NRs. This can be rectified through the
inclusion of a nuclear quenching factor L:
W (Sle S2c
EMR = — ( + ) : 3.23
’ L\ ¢ 92 ( )

with L modelled using the Lindhard theory for nuclear recoils [221], which
predicts that < 25% of the energy is transferred to excitation and ionisation for

NRs of < 3MeV, and the rest is dissipated as heat.
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3.2.4 Xenon as a detector medium

Xenon possesses several attributes that make it a favourable detector medium for
rare event searches. It is inert, virtually absent of natural long-lived radioisotopes,
and readily purifiable, all three of which necessary qualities for stable long-term
operation. Moreover, the presence of the odd-neutron isotopes ??Xe and 3'Xe

facilitates searches for spin-dependent dark matter interactions [204].

In addition to a large atomic mass, which benefits from a coherent enhancement to
the WIMP-nucleus interaction cross section as discussed in Section 1.3.3, LXe ex-
hibits a high density of ~3.0 g/cm?, which leads to strong attenuation of radiation.
As shown in Figure 3.4, photons with energies of O(100) keV and below are likely
to undergo photoelectric absorption within 1 mm, whereas Compton scattering oc-
curs within a few cm for higher energies. Attenuation is even greater for electrons,
which typically travel < 1cm as they lose energy rapidly through collisions and
bremsstrahlung. This self-shielding trait—whereby external radiation is unlikely
to penetrate LXe beyond a short distance—results in an extremely low background
region towards the centre of a given LXe volume, and ultimately contributes to-
wards the scalability of xenon-based detector technologies. However, one of the
major limiting factors in constructing larger detectors is the high cost of xenon,

especially in comparison with argon.

The high light and charge yields of xenon, as displayed in Figure 3.4, provide
sensitivity to interactions at energies ranging from O(1) keV up to several MeV.
The dependency of N.,/N; on interaction type enables discrimination between
NRs and ERs, and hence facilitates efficient background rejection. Furthermore,
the ratio between singlet and triplet state populations also varies with particle type
and energy, thus presenting an additional method for particle identification using
pulse shape discrimination [222]. This characteristic is particularly pronounced in
the case of argon, where a difference of ~1.5us has been measured between the

singlet and triplet state lifetimes [223].

47



CHAPTER 3. THE LUX-ZEPLIN EXPERIMENT

—— Rayleigh scattering —— ER light yield
—— Compton scattering ---- ER charge yield
Photoelectric absorption —— NR light yield
Pair production ---- NR charge yield
102F
_ S
£ ; 3 =
S FE Y an = >
= =
g =
4] =10t
4] i) oo
t @ = S
% > \N\\
(] = \\s
= o
= \\
L L L 100 L n L \\QA.
10° 10! 102 103 10° 10! 107 103
Energy [keV] Energy [keV]

Figure 3.4: The mean free path of photons traversing LXe as a function of energy,
broken down into different electromagetic processes, with data referenced from [224]
(left); the light and charge yields of ERs and NRs in LXe for a nominal drift field
of 310 V/cm, as modelled semi-empirically by NEST [225, 226] (right). The error
bands indicate +10 and 4+20 systematic uncertainties.

3.3 Backgrounds

In order to attain unambiguous detection of new physics, it is imperative to un-
derstand and minimise sources of background; the design choices and construction
process of the detector were heavily influenced by this fact. The main expected

backgrounds in LZ are highlighted in the following sections.

3.3.1 Trace radioactivity

The presence of naturally-occurring radioisotopes embedded within the detector
components introduces a gamma-ray background. These primarily consist of the
isotopes ®°Co and “°K, along with 2**U, 232Th, and their progeny. In the case of
the 228U and 3?Th chains, neutrons are also generated by (a,n) reactions and
spontaneous fission. The impact of these sources is well-defined and minimised
by a comprehensive radioassay and material selection programme, as well as the

self-shielding property of LXe [227]. Although gamma rays from detector materials
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only form a small contribution to the WIMP signal region, they are a dominant
background in higher energy searches at > 100 keV; producing a detailed model of
this background is the focus of Chapter 4.

3.3.2 Surface and dispersed contaminants

In the construction of LZ, one major concern was the accumulation of dust on
detector surfaces and exposure to air, which lead to the plate-out of ??Rn and
its progeny. These radioisotopes can subsequently emanate from detector surfaces
and disperse throughout the LXe. Daughters that undergo alpha decay, such as
218Pg and #'"Po, can result in the emission of neutrons through (a,n) reactions,
predominantly in the PTFE [228]. Although neutrons typically scatter several
times, a single NR induced by a neutron is indistinguishable from that of a WIMP,
which poses an important background when combined with the imperfect OD tag-
ging efficiency. On the other hand, a problematic background also originates from
naked beta decays of 2*Pb daughters, whereby beta emission is unaccompanied by
a gamma ray and is hence difficult to tag [229]. Similar situations that arise from
the escape of an accompanying gamma are referred to as semi-naked beta decays.
To restrict the amount of ?2Rn, the component transport and assembly of the LZ

detector also adhered to strict quality assurance and cleanliness protocols [227].

Trace levels of ®Kr and 3°Ar present in natural xenon mixtures can also con-
tribute a flat ER background to the WIMP signal region. Since noble elements
are not removed by the getter, the concentration of these isotopes was reduced
by purifying the xenon inventory using a charcoal chromatography technique in

the early development phase [204].

3.3.3 Cosmogenic and laboratory backgrounds

Within the Davis Cavern, the exposure to cosmic rays is significantly reduced by
the rock overburden. The underground muon flux is lower by a factor of ~10°

with respect to the surface, and remaining muons are readily detected by the OD.
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Muon-induced showers in the surrounding rock can produce neutrons, though these
are moderately attenuated by the water tank [204, 230]. In addition, decays of ra-
dioisotopes in the cavern walls also contribute to the gamma-ray background; these
have been thoroughly characterised by in situ measurements with a sodium iodide

detector [231].

During storage and transport, background sources such as 2"Xe and 3"Ar were
produced by the cosmogenic activation of xenon through spallation. After the
inventory was moved underground, these gradually diminished over the course of
detector commissioning and early runs. This was accounted for with a detailed

model of the expected activation product concentrations over time [232].

3.3.4 Physics backgrounds

Due to the unprecedented sensitivity of LZ, signals from rare Standard Model
processes can form backgrounds to searches for new physics. With a half-life
of (2.17 4+ 0.08) x 10?'y, the 2vB3 decay of ¥9Xe pervades energies up until
the 2457.8keV endpoint [233]. Furthermore, low-energy signatures from the two-
neutrino double electron capture of ?#Xe can form a background to searches for
low mass dark matter candidates in addition to WIMPs. The decay of '?*Xe is

studied in Chapter 5.

A variety of neutrino sources present an irreducible background to LZ. ERs from so-
lar neutrinos mainly consist of pp neutrinos, with smaller proportions from the "Be
and CNO chains. Neutrinos can also induce NRs through coherent elastic scattering
with xenon nuclei; low-energy NRs are produced by B and hep neutrinos, whereas

atmospheric and diffuse supernova neutrinos induce higher energy NRs [229].

3.3.5 Non-standard backgrounds

A subset of backgrounds originates from irregular event topologies and features of

the detector. For instance, gamma rays with multiple interaction sites in the TPC
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can display an artificially lowered S2 size as a result of charge loss to the RFR for
vertices below the cathode. The outcomes closely resemble NRs, and are termed
multiple scatter single ionisation (MSSI) events. In addition, accidental coinci-
dence backgrounds can occur from false pairings of uncorrelated S1s and S2s. Such

backgrounds are addressed by sophisticated data quality cuts and fiducialisation.

3.4 Calibrations

A comprehensive calibration strategy was designed in order to develop a thorough
understanding of the LZ detector, ranging from tuning event reconstruction algo-
rithms and detector parameters, to quantifying the detector response to ERs and
NRs as demonstrated in Figure 3.5. This information is also critically used to
produce accurate simulations, which are an integral part of statistical analyses in
searches for new physics. A summary of the calibration sources employed by LZ

is given in Table 3.1, with a description of each category below.
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Figure 3.5: Calibration of the LZ detector response for ERs with tritium data (left)

and for NRs with DD data (right). Solid lines represent the band medians and

dashed lines indicate the 10th and 90th percentiles. Dotted lines trace contours

of constant electron-equivalent energy (keVe.) and nuclear recoil energy (keV,,).
These plots were reproduced with data presented in [142].
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Table 3.1: List of calibration sources utilised in LZ and their corresponding purpose,
categorised by method of deployment. Internal sources are injected into the LXe,
external sources are set outside the OCV, and CSD sources are lowered into the
vacuum space between the ICV and OCV. Primary source features are presented,
though in some cases additional gamma lines or subsequent decay chains are also
involved. Based on information from [201, 204].

Category Source Interacting particle  Half-life Purpose
Tritium (*H) B (Q =18.6keV) 12.3y ER band
Internal 83mKy 32.1keV v + 9.4keV v  1.8h TPC (z,y, 2)
13lmy e 163.9keV cascade 11.8d TPC (x,v, 2)
20Rn various «, 3, 10.6 h ER band
8YBe 152keV n 107d  low-energy NRs
124ShBe 22.5keV n 60.2d  low-energy NRs
External DD (direct) 2450keV n - NR yields
DD (D-ref.) 272-400keV n - NR yields
DD (H-ref.) <100keV n - NR yields
M AmLi <1.5MeV n 432y NR band
21 AmBe <11 MeV n 432y NR band
osSD BCf spontaneous fission n~ 2.65y NR efficiency
5Co 122keV ~ 0.74y  skin threshold
2Na 2x511keV v 2.61ly detector sync
228Th 2615keV 7, etc. 191y energy scales

3.4.1 Internal sources

Internal calibrations refer to instances where a given source is injected into the
LXe using a xenon carrier gas, subsequently dispersing uniformly throughout the
TPC. This form of deployment is used to overcome the self-shielding property of
xenon in the case of low-energy ER calibrations, where external sources would be
impractical. The metastable mono-energetic sources 3™ Kr and 13!™Xe are utilised
to calibrate for spatially-varying detector efficiencies, such as the light collection
efficiency and the electron extraction efficiency. As opposed to 222Rn, ?2°Rn has
no long-lived daughters and hence it offers a convenient source of large S1s due to
the high light yield associated with NRs induced by alpha decays. This is predom-

inantly applicable to calibrations of the LXe skin, as well as for studies involving
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tagging of time-coincident parent-daughter pairs [234]. Tritium, introduced in the
form of tritiated methane, generates a beta spectrum with an 18.6 keV endpoint
energy and is thus ideal for characterising the detector response to ERs down
to threshold. Although it has a considerably long half-life, tritium is effectively
removed by the getter with a time constant that is shorter than the circulation

timescale, as demonstrated in LUX [235].

3.4.2 External sources

Photoneutron (v, n) sources such as 8 YBe are useful for probing the low-energy NR
response for the < 4.6keV,, region, where depositions from ®B coherent neutrino
scattering are expected. Such sources are deployed in a tungsten vessel, which
is lowered onto the top of the OCV. On the other hand, a deuterium-deuterium
(DD) fusion source facilitates in situ calibrations of the NR response over a broad
energy range, as was originally developed for LUX [236]. This source delivers
mono-energetic neutrons at a high rate, along conduits penetrating the water tank
and OD. Along with a direct mode, two additional modes are available in which
the incident neutron energies are attenuated by scattering off a deuterium-based

(D-reflector) or hydrogen-based (H-reflector) target prior to entering the conduit.

3.4.3 Calibration source deployment

Various sources are delivered into the vacuum space between the ICV and OCV by a
calibration source deployment (CSD) system, through one of three vertical stainless
steel tubes with precise positioning along the height of the TPC. With this system,
broad-spectrum (o, n) neutron sources such as 2! AmLi are used to obtain the NR
band, whereas neutrons from the spontaneous fission of 2*2Cf can enable measure-
ments of the NR signal efficiency as well as the OD detection threshold. Gamma-ray
sources are also deployed to calibrate of the veto systems, match inter-detector and

intra-detector timings, and characterise the high energy response of the TPC.
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3.4.4 PMT calibrations

In addition to characterising the detector response with radioactive sources, the
response and performance of PMTs is monitored with intermittent LED calibra-
tions. The top and bottom TPC PMT arrays are each instrumented with 24 470 nm
LEDs, which can pulse at low voltage to track the single photoelectron gains over
time, or produce flashes with O(100) photons to check for afterpulsing, which is
caused by residual gases in the PMTs and hence serves as a measure of their vac-
uum integrity. Similarly, 12 and 18 LEDs are installed at the top and bottom of
the side LXe skin, respectively. For the OD, a dedicated optical calibration system
was implemented, with which photons are injected through duplex optical fibres

from 30 positions on the PMT ladders and 5 points below the acrylic vessels [237].

3.5 Analysis

Workflows within L.Z are heavily underpinned by an assortment of modular software
packages, with applications ranging from detector modelling and event reconstruc-
tion to standardised cut implementation and statistical inference. A brief overview
of the core frameworks utilised by LZ is given below, leading from simulations

through to exclusion limit setting.

3.5.1 Simulation and reconstruction

Monte Carlo simulations in LZ are performed with BACCARAT, which propa-
gates and tracks particles through a detailed model of the detector geometry using
GEANT4 [238, 239]. The outputs of BACCARAT can be processed with two dif-

ferent simulation chains:

m Full chain — energy deposits in each event are clustered, then translated into
scintillation photons and ionisation electrons with the Noble Element Sim-
ulation Technique (NEST), which simulates signal production mechanisms
in noble element detectors using semi-empirical models [225, 226]. Recorded

photon hits on PMTs are then passed to a detector electronics response (DER)
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package, which simulates the PMT response and electronics chain to generate
digitised waveforms, organised in the same structure as raw files from the data
acquisition (DAQ) system. The result is realistic and can be treated like real
data, enabling early development and refinement of the reconstruction frame-
work and event-by-event analyses, as well as assessments of detector design
features. However, this chain is computationally intensive due to the high

level of detail associated with optical tracking and PMT signal generation.

m Fast chain — rather than tracking individual VUV photons, clustered energy
deposits are directly converted into estimates of the S1 and S2 signals using
NEST. Detector effects are implemented in the form of averaged quantities
and parametrised models; this approach readily delivers sizeable datasets,
which is ideal for background rate measurements and sensitivity studies, but

comes at the expense of reduced accuracy.

Raw waveforms—from either the DAQ or the full simulation chain—are processed
into analysis-ready quantities by LZap, the event reconstruction package. A multi-
tude of operations are conducted at this stage, such as pulse finding, pulse classifica-
tion with machine learning [240], and pulse area corrections. Position reconstruc-
tion is performed using the Mercury algorithm, a maximum-likelihood approach
utilising light response functions that predict the response of each PMT to emis-
sion of light from arbitrary distances [241, 242]. Moreover, an interaction finder
categorises events by their topology: a single S1-S2 pair is labelled as a single
scatter (SS); an S1 followed by multiple S2s as a multiple scatter (MS); multiple
Sls and S2s in an ambiguous order as pile-up; and isolated S1s, S2s, or noise as
‘other’. These algorithms are mainly tuned with calibration data, as well as full
chain simulations and hand-labelled data inspected with an offline event viewer.
The reconstruction quality is generally limited by detector effects — for example,
the longitudinal diffusion of drifting electrons from a MS event can affect the sep-

arability of S2s, and hence the distinguishability between SS and MS interactions.

95



CHAPTER 3. THE LUX-ZEPLIN EXPERIMENT

3.5.2 WIMP sensitivity

The sensitivity of LZ is estimated with a frequentist hypothesis-testing framework
using the two-sided profile likelihood ratio (PLR) test statistic, as is commonly
employed for rare event searches [243, 244]. The PLR is evaluated in (Slc, S2c)
space to exploit the ER-NR discrimination property of xenon, with signal and
background model probability distribution functions (PDFs) generated using sim-
ulations, and associated normalisations set by expected rates following the appli-
cation of analysis cuts. A scan over cross section values—and hence the number
of signal events—is conducted for a range of WIMP masses, and repeated hypoth-
esis tests are performed to obtain a 90% confidence level median and upper limit
for each mass. The projected sensitivity curve for an exposure of 1000 live days
and a fiducial mass of 5.6 tonnes is illustrated in Figure 3.6, along with recently

2 is predicted for a

published upper limits. A peak sensitivity of 1.6 x 10~*® cm
WIMP mass of 40 GeV/c? [229]. At lower masses, the sensitivity is limited by the
detection threshold, set in part by an imposed three-fold PMT coincidence cut to
negate dark count coincidences, whereas at higher masses this is due to an inversely

proportional relationship with the signal rate, given a constant local density.

3.5.3 Science Run 1

The first official run of LZ—referred to as Science Run 1 (SR1)—spanned a to-
tal of 139 calendar days, between the 23rd of December 2021 and the 11th of
May 2022. With the removal of calibration runs and anomalous high-rate peri-
ods, as well as a 3% loss to DAQ dead time, the SR1 dataset consisted of 89.6
live days. This was accompanied by a comprehensive set of dedicated data qual-
ity cuts, comprised of: fiducialisation and vetos to reject MS events; S1 and S2
pulse shape-based cuts to suppress accidental backgrounds and misreconstructed
events; hold-offs and exclusion cuts to eliminate periods of elevated detector ac-
tivity, primarily induced by large S2s and muons. The final class of cuts further
reduced the live time to a total of 60 days, which contained a clean sample of 335

SS events after all analysis cuts [142].
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Figure 3.6: Projected LZ sensitivity to spin-independent WIMP-nucleon elastic
scattering for an exposure of 1000 live days and a fiducial mass of 5.6 tonnes, with
an assumed 99.5% discrimination and a 50% NR acceptance; curve reproduced
and updated from [229]. Recent limits from other xenon-based experiments are
also shown [141, 143, 144], along with the power-constrained limit obtained from
the first LZ WIMP search result [142]. The grey shaded region marks the onset of
backgrounds from coherent neutrino-nucleus scattering, using the definition of the
neutrino fog discussed in Section 1.3.3.

To maintain stable electric fields and tackle increased light emission in the form
of hotspots, the operating grid voltages were reduced in SR1 with respect to the
nominal settings. Moreover, a selection of 12 TPC PMTs and 2 skin PMTs were
disabled due to excessive noise. Comparisons between the predicted and measured
SR1 values are summarised for a set of key detector parameters in Table 3.2.
The main difference is the decreased charge yield as a consequence of the lower
extraction field. Nonetheless, a world-leading limit was achieved with the SR1
exposure, as demonstrated in Figure 3.6 [142]. A power constraint was applied
to the 19-26 GeV /c? mass range for this result to treat under-fluctuations in the
background rate [244]. As of writing, LZ is collecting data for a longer exposure,
which will facilitate more stringent limits and open avenues for other interesting

searches, such as the potential first detection of ®B neutrinos.
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Table 3.2: Comparison of key detector parameters between nominal values assumed
in sensitivity predictions [229], and values measured for SR1 [142].

Detector parameter Nominal value SR1 value
1 [phd/photon] 0.119 (0.114 £ 0.002)
g2 [phd/electron] 79 (47.1+1.1)
Electron lifetime [us] 850 > 5000
Anode grid voltage [kV] +5.75 +4.00
Gate grid voltage [kV] —5.75 —4.00
Cathode grid voltage [kV] —50.0 —32.0
Bottom grid voltage [kV] —1.50 —1.25
Drift field [V /cm] 310 193
Extraction field (GXe) [kV/cm] 10.2 7.3
Electron extraction efficiency [%] 95.0 80.5
Fiducial mass [tonnes] 5.6 (5.5+£0.2)
LXe temperature [K] 175.0 174.1
LXe pressure [bar] 1.80 1.79

3.5.4 OvpBp decay sensitivity

The LZ detector possesses several favourable features for conducting Ovg3-decay
searches: an ultra-low background environment, owing to meticulous selection
of radiopure materials, underground operation, and the self-shielding property
of xenon; excellent energy resolution, accomplished through the combination of
both scintillation and ionisation channels; and a large quantity of xenon, which
contains a pair of candidate isotopes to study — '**Xe and '*Xe. For the for-
mer, there is the added potential for a first observation of 2v55 decays as well,
with a predicted half-life of ~10%* years [245]. At natural isotopic abundances of
(10.436 £ 0.002)% and (8.857 & 0.004)%, the 7-tonne active LXe volume contains
approximately ~731kg and ~620kg of **Xe and !3Xe, respectively [246]. This
is comparable to the amounts deployed in dedicated experiments with isotopic en-

richment, such as KamLAND-Zen 800, which contains ~677 kg of 13Xe [179].

With a Q-value of 824.2keV [184], the signal for 1¥*Xe 0v3/3 decay is located in an

energy region with a relatively flat background. However, the comparatively lower
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Q-value with respect to that of 136Xe at 2457.8keV translates into a half-life that
is ~10% times longer, and hence the focus is predominantly on *%Xe Ov33 decay.
In particular, the sensitivity of this search is most heavily impacted by the rate of
a 2447.7keV 2'Bi gamma-ray line within close proximity to the signal peak. Since
this originates from the decay chain of ?**U, a naturally occurring radioisotope that
is embedded within the detector materials, selecting an inner detector volume at-
tenuates the background rate drastically, as demonstrated in Figure 3.7. Otherwise,
this background can be rejected by tagging a coincident gamma, or alternatively
the short-lived 2'*Po daughter in the case of naked decays without an associated
gamma. The distinguishability of the two peaks also critically depends on the en-
ergy resolution at Jgg. Furthermore, given that Ov33 signals should produce SS
events, the discrimination power for MS backgrounds is tied to the depth-dependent

separability of S2s, which is limited by the vertical position resolution.
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Figure 3.7: Simulated energy spectra for backgrounds around the ROI of 3¢Xe
Ovp3p decay, within a central 967 kg volume, and following skin and OD coincidence
vetos. The background rates were modelled using assays and projections reported
in the WIMP sensitivity paper [229]. The signal spectrum is indicated by a dashed
peak, for an assumed 1% energy resolution at ()zg. This plot was reproduced from
the corresponding LZ sensitivity paper [247].
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For the sensitivity projection, the PLR method was applied for three observables —
energy, radial position, and depth (E, R? z). This was evaluated for an extended
5.6 tonne volume, with a conservative 1% energy resolution and a signal detection
efficiency of 80% assumed. The median sensitivity profile at 90% confidence level
as a function of live time is shown in Figure 3.8. At the nominal exposure of 1000
live days, the expected exclusion sensitivity to the half-life reaches 1.06 x 10%° years,
which could be upgraded to 1.06 x 10?7 years with a 90% '3¢Xe enrichment campaign
after the WIMP search programme [247]. For the SR1 exposure, the exclusion limit
would reach approximately 2.4 x 10% years. With longer runs underway, LZ is on

track to achieve a result that is competitive with dedicated Ovf3/ experiments.
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Figure 3.8: Projected median sensitivity at 90% confidence level for the half-life
of 35Xe 0v33 decay as a function of live time. The predicted sensitivity is highly
competitive with the latest results of dedicated experiments, and this is bound
to improve with refinements to the energy resolution and background rejection
techniques. This plot was reproduced and updated from the official sensitivity
paper [247].
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4 Detector background
model fitting

This chapter outlines the development of a framework for measuring the contribu-
tion of detector materials to the SR1 background model of LZ, by means of fitting
simulated energy spectra to data. To reduce the level of complexity posed by con-
sidering numerous components, a novel approach involving a series of fits within
different spatial partitions of the detector was employed. Moreover, a dedicated
energy calibration was performed, along with corrections for subtle energy recon-
struction effects to improve fit robustness. The results of this work have contributed
towards the background model of the first WIMP search results of LZ [142, 248|,

and set the foundations for background models in upcoming high energy searches.

4.1 Context and motivation

The two main sources of background in the LZ detector are expected to arise from
222Rn and its progeny, along with the fixed inherent radioactivity of the detector
materials [201]. Contributions from the former were minimised through rigorous
cleanliness and quality assurance protocols; the detector was assembled in a dedi-
cated cleanroom to ensure that accumulated surface contamination did not exceed
stringent requirements. The latter was handled with careful selection and man-
ufacture of each component prior to construction, under an extensive radioassay
campaign. The results from these measurements formed a comprehensive database

that informs background models in LZ [227].
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Contaminants embedded in the detector components and surrounding cavern rock
consist of naturally occurring radioactive materials, as well as anthropogenic iso-

topes. The most prevalent of these are:

m 2387 & 232Th - these chains radiate particles at various energies in their
decays, eventually down to stable isotopes of lead. Both chains, depicted
in Figures 4.1 and 4.2, are split by their very long-lived radium isotopes
into ‘early’ and ‘late’ segments. This helps to account for breaks in secular
equilibrium induced by chemical processes at the manufacturing stage, as

observed from differing concentrations of isotopes in the early and late chains.

m %9Co — undergoes beta decay to ®*Ni with a half-life of 5.27 years, with two
prominent gamma-ray energies of 1173.2keV and 1332.5keV. It is possible
for these to be occasionally detected in coincidence as an SS event, in which

case a summed 2505.7 keV peak is formed.

» 40K - undergoes either beta decay to “°Ca or electron capture to “°Ar, with
branching ratios of 89.28% and 10.72% respectively, and has a half-life of
1.2 x 10? years. The decay to *°Ar has an associated 1460.8 keV gamma ray

from the de-excitation of the daughter nucleus.

With the detector assembled and operational, it becomes possible to validate ex-
pectations from radioassay measurements with fits to data. This has significant
implications for setting material assay and screening requirements in the context of
larger next-generation dark matter detectors, such as the recent XLZD consortium
[158]. Although gamma rays from detector materials present a small contribution
to the WIMP ROI, characterising these backgrounds towards higher energies is
also particularly important for understanding the sensitivity of LZ to other new
physics. For instance, as part of the 233U chain, beta decays of 2!4Bi can produce a
2447.7keV gamma, which introduces a problematic background to the 2457.8 keV
signal of 3%Xe Ov33 decay searches due to the limited energy resolution [247]. In

addition, by leveraging simulations with fits to data, building a detailed model
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Figure 4.1: Diagram of the ?**U decay chain. Dashed and solid borders indicate
early and late chain segments, respectively. For brevity, stages with a < 99%
branching ratio are omitted. The data was sourced from the TAEA nuclides

database [249].
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Figure 4.2: Diagram of the ?*?Th decay chain. Dashed and solid borders indicate
early and late chain segments, respectively. The data was sourced from the IAEA
nuclides database [249].

of material backgrounds can highlight discrepancies in the detector model, hence

enabling refinements to the overall simulations chain.
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4.2 Energy calibration

Energy spectra provide a simple space for characterising backgrounds. Paired with
positional information, it becomes possible to constrain various sources throughout
different regions of the TPC. However, this critically hinges on the quality of the

energy reconstruction, especially when the energy range spans several MeV.

As the LZ detector is designed for WIMP nuclear recoils with energies of O(10) keV,
the selected dynamic range for digitisation is more suited for lower energies, despite
the TPC utilising PMTs equipped with dual-gain amplifiers to read out signals in
high-gain (HG) and low-gain (LG) channels [250]. This makes S2 pulses collected
by the top array susceptible to saturation in both gain channels for a cluster of
PMTs when exceeding energies of O(100) keV. One method to mitigate for this
attenuation is to measure S2 pulse areas exclusively with the bottom array, which
does not experience saturation in LG below 3MeV. As such, reconstructing the
energies of events using the bottom S2 signals (S2c;,.) requires calibrating for a
corresponding effective charge gain gb°. The value of g5°® is inherently lower than

that of go—Dby roughly a factor of 3—since S2 light is produced above the liquid

surface and is hence observed mainly by the top array.

In order to measure the energy reconstruction parameters g; and gb°t, the light and
charge yields of various mono-energetic sources were compared in a similar manner
to calibrations for the LUX experiment, according to a technique first reported
by Doke et al. [251, 252]. By re-arranging Equation 3.22, a linear relationship is
formed between the light yield L, and the charge yield Q:

g1 qn
L,=—21 2L 4.1
Yy gSOto + W’ ( )

where L, = (Slc) /E and Q, = (S2chot) /E. Thus, by obtaining the mean
Slc and S2cyy for a set of sources with known energies, the energy reconstruction

parameters may be extracted from the gradient and intercept of a linear fit.
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Conventionally, energy calibrations are performed using dispersed internal sources
such as injected ®¥™Kr, along with several lines from various xenon isotopes that
were cosmogenically activated during processing and transport. However, in order
to support energy reconstruction up to several MeV, a few prominent gamma-ray
peaks originating from the detector materials were also utilised — these were specif-
ically selected as sources with minimal contamination from other decays within

their proximity in energy. The set of considered peaks is summarised in Table 4.1.

Table 4.1: Mono-energetic peaks used to measure energy reconstruction parame-
ters. Note that there is a complete overlap between two peaks at 236keV. EC
denotes electron capture. Values quoted from the TAEA nuclides database [249].

Source Energy [keV] Type

SBmKy 41.5 Internal conversion (32.1keV + 9.4keV)
13Im¥e 163.9 Internal conversion

127X 208.1 L-shell EC (5.2keV) + 7 (202.9keV)
127X e 236.1 K-shell EC (33.2keV) + v (202.9keV)
129m¥ o 236.2 Internal conversion (39.6keV + 196.6 keV)
127X e 380.2 L-shell EC (5.2keV)+ v (375.0keV)
127X 408.2 K-shell EC (33.2keV) + 7 (375.0keV)
Co 1173.2

Co 1332.2

40 1460.8 7

24Bi 2204.1

208 2614.5

As illustrated in Figure 4.3, the populations associated with each source line in
(Slc, S2cpot) space were fitted with two-dimensional Gaussian functions to obtain
the mean Slc and S2c¢y. yields, with the standard errors taken as the uncertainties.
This calibration utilised the full duration of SR1, as well as 8™Kr data from an
injection in the fourth week of SR1. For simplicity, only SS events were consid-
ered; there was a sufficiently high level of statistics and the inclusion of MS events
offered no extra information. In addition, the area threshold cuts (Slc > 100 phd)
and (log,,S2c > 2.5 phd) were applied to target accidental coincidences—false pair-

ings of uncorrelated S1s and S2s—which typically straddle the axes. In accordance
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Figure 4.3: An overview of the main observable space in LZ, for SS events in SR1
data with Slc and S2c¢ thresholds as well as drift time and radial cuts applied.
Two-dimensional Gaussian fits are overlaid, with solid points marking the means
along with elliptical contours for one and two standard deviations. Anti-correlation
between Slc and S2c¢,; areas due to recombination fluctuations is evident by the
negative slope of each population.

with the SR1 fiducial volume (FV) definition, events were restricted to drift times
between 86 pis and 936.5 s, corresponding to depths of 13.2 cm below the gate grid
and 2.2cm above the cathode grid, respectively [142]. This removes events ema-
nating from the cathode or liquid surface, but more importantly misreconstructed
scatters in the gaseous phase above the anode, which would exhibit larger S2s in

the presence of a stronger field, thereby smearing populations towards the above-
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diagonal region in Figure 4.3. Analogously, a cut discarding events within 4 cm of
the TPC edge addressed cases of charge loss to drift field non-uniformities, where

the resulting reduction in S2 sizes produces events below the diagonal.

The mean light and charge yields extracted using the Doke method are plotted
in Figure 4.4, with a linear fit used to obtain the following energy reconstruction

parameters as per Equation 4.1:

g1 = (0.106 = 0.0014,; % 0.001,,,) phd/photon,

95°" = (14.76 4 0.084,, + 0.19,,5) phd/electron,

where the systematic uncertainties were estimated by considering all permuta-
tions of point pairs to produce a range of g; and gb°* values, and then taking the
standard errors of their distributions. In general, the line encapsulates the efficien-
cies in detecting light and charge quanta, whereas the position of peaks along it is
set by recombination effects. Hence, the line itself is field-independent — alterations

to the drift field would shift the position of each point along the line, with lower

fields moving them upwards due to more frequent recombination and vice versa.

4.3 The sub-volume approach

The SR1 background simulations production consisted of 1144 components, each
representing a radioisotope and detector volume pairing, ranging from bolts to
cryostat vessels. However, not all assayed materials were represented in the BAC-
CARAT detector geometry; the contributions of components that were smaller in
size and mass were absorbed into nearby larger components. Nevertheless, as en-
abled by the extensive radioassay efforts, such a high level of granularity raises the
level of complexity considerably. To complicate things further, simulated spectra
for a given decay chain varied with the geometric locations of the emitting compo-
nents, due to the differing trajectories prior to scattering in the xenon target. This

position dependence was treated in the LUX radiogenic background measurements
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Figure 4.4: Measurement of energy reconstruction parameters with the Doke
method. Error bands incorporate both statistical and systematic uncertainties.

by fitting to data after grouping components according to three regions of the de-
tector: top, bottom, and side [253]. Rather than settle for a single global fit with
coarse groups, a series of local fits within specific partitions of the active xenon
volume would exploit the information provided by radioassay measurements more

thoroughly.

At a minimum, four sub-volumes are necessary to appropriately capture the be-

haviour of backgrounds throughout the TPC:

m central — to characterise internal components, such as xenon activation prod-
ucts and beta sources, with negligible contamination from material back-

grounds below 500 keV owing to plenty of self-shielding on all sides.
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" — to constrain contributions from radially layered components, such
as the TPC and cryostat walls, field cage resistors, foam for insulation and

water displacement, and OD scintillator side tanks.

m upper — to mainly capture backgrounds from the top array, namely the top
TPC PMTs and top truss, as well as gamma rays from the surrounding cavern

rock.

m lower — similar to the upper sub-volume; constrains contributions from the

bottom TPC PMTs along with other components within their vicinity.

There are a few nuances involved with regards to the interactions between these
sub-volumes. In principle, by fitting the central sub-volume first, the measured
rates of internal sources can be subsequently extended to the rest of the TPC.
However, this does not apply to 2'4Pb and 2!2Pb, which are inhomogeneously dis-
tributed, and the activation product ?*Xe, which does not fully mix with the bulk
xenon due to its short half-life. On the other hand, there are degeneracies between
the lateral and upper sub-volumes; components such as the cryostat walls and cav-
ern gammas feature in both regions, owing in part to the reduced self-shielding
provided by the gaseous phase at the top. These sub-volumes should thus be
defined such that they maximise statistics and sensitivity to certain components,

whilst minimising degeneracies and contributions from other regions.

The exact definitions of each sub-volume are listed in Table 4.2. These were mo-
tivated by manually inspecting the unique positional distributions of simulated
components; some examples of this are shown in Figure 4.5. For instance, the
lateral sub-volume was set as an annular cylinder with a radial thickness that en-
compasses a factor of ~10 reduction in rate, whilst maintaining a 4 cm stand-off
distance from the TPC wall to minimise the effects of charge loss on energy recon-
struction and resolution. Similarly, to reduce effects resulting from non-uniformities
in the fields around grid wires, the upper and lower volumes were positioned with

moderate separation from the grids. In the case of the former, however, there was
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also a trade-off between retaining sufficient statistics whilst limiting the number
of gas phase and liquid surface events. In addition, to attempt enhancing the sen-
sitivity towards backgrounds around the rims of the TPC, such as the stainless
steel grid holders, the inclusion of ‘corner’ volumes was also considered. These
were eventually deemed unnecessary as such backgrounds were subdominant in the
SR1 FV due to the introduction of corner cut-outs. The finalised sub-volumes are
all visualised in Figure 4.6, superimposed on a collection of all simulated compo-

nents at their nominal rates.

Table 4.2: Definitions for detector sub-volumes. The masses were estimated geo-
metrically, given that the active liquid xenon volume between the cathode and gate
grids is 7 tonnes.

Sub-volume R limits [cm| 2z limits [cm] Mass [kg]

central 0.0-45.0 45.5-100.1 1003.0
lateral 61.8-68.8 50.0-90.0 331.7
upper 0.0-30.0 128.6-141.6 106.1
lower 0.0-30.0 2.0-15.0 106.1
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Figure 4.5: Example position distributions for simulated components, including
both top and bottom array TPC PMTs on the left, and a combination of bottom

OCV flange bolts and forward field cage resistors on the right. The dashed lines
indicate the boundaries of the active xenon volume.
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Figure 4.6: SS event positions for simulated detector components between 1-3 MeV,
with nominal activity normalisations. The defined sub-volumes are overlaid as
colour-coded boxes, each representing a cylinder with the exception of the annular
lateral sub-volume. The SR1 FV is outlined in grey, and the boundaries of the
active volume are demarked with dashed black lines. Projected histograms of R?
and z are included for clarity.

Folding event positions into R? implicitly assumes azimuthal symmetry in the spa-
tial distribution of background sources. To verify that this was the case in SR1 data,
the TPC was divided into four quadrants in (x,y) space, with the z and R? limits
set to match the sub-volume edges. As outlined in Figure 4.7, this approximation
is reasonable for the most part. The main deviation was observed at the 889.3 keV
gamma peak associated with 46Sc, a product of the activation of titanium in the
cryostats with a half-life of 83.8 days. The discrepancy is consistent with additional
activation from neutron calibrations; the neutron source tube is located at 9 o’clock
in (z,y), hence the elevated *6Sc rates in quadrants 1 and 3. This is most straight-

forwardly overcome by setting a lower energy limit of 1 MeV in the fitting process.
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Figure 4.7: Inspection of the azimuthal symmetry of background rates in the TPC.
The positions of SS events are shown in (R?, z) space on the top left, with a grey
dashed border to indicate the boundaries corresponding to the quadrants in the
(x,y) plot on the top right. The active volume edges are marked in both of the
top plots by dashed red lines. The energy spectra for each quadrant are presented
in the bottom histogram, with prominent gamma-ray lines above 500 keV labelled
using values quoted from the TAEA nuclides database [249]. Energies are restricted
to the 0.1-2.7 MeV range for all plots.

4.4 Spectral corrections

In fits to data, energy spectra of simulated components are essentially treated as
templates for determining the substructure of the observed spectrum. The fitting
process is thus inherently sensitive to minor mismodelling and misreconstruction
effects, which influence the shapes and features of the spectra. The following
sections address some of these effects with the goal of optimising the compatibility
between simulations and data, which ultimately improves the overall quality and

robustness of the fitting process.
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4.4.1 Peak mean corrections

With the calibrated values of g; and gb°', the positions of reconstructed peaks

agree with their expected values to within +0.8%. However, this residual offset
presents as a systematic shift, which becomes visibly apparent for high-energy
peaks. Moreover, the extent of the shift appears to be position dependent, hinting

towards subtle biases in the pulse area corrections.

To quantify this, the peak means were estimated for both simulations and data by
fitting each prominent peak with a Gaussian plus a linear background. Inspecting
the ratios of these means as a function of energy revealed a linear relationship, as
demonstrated for each of the four sub-volumes in Figure 4.8. The correct energy

E' can then be inferred by applying a linear fit and utilising the coefficients as per

cE

B=_
1—mE’

(4.2)

which improves the level of agreement to within +0.2%. In the case of the SR1
FV, a discontinuity in the 0.5-1.0 MeV range meant that a linear fit was insuffi-
cient. To adequately cover the full energy range, a smoothed linear spline fit was

used to inform the offset correction, as displayed on the left of Figure 4.9.

There are a few plausible explanations as to the origin of this systematic effect. It
is possible that the Doke method is only effective as a first-order calibration, and
that attempting to reconcile low and high energy regimes whilst maintaining reli-
able energy reconstruction is not straightforward. More specifically, the systematic
uncertainty ranges for g; and gb°t allow for a £1.1% shift in the peak means, which
could account for the offsets entirely. On the other hand, this could be partly
attributed to the inhomogenous flow conditions observed during SR1, depicted on

the right of Figure 4.9. The lower half of the TPC experienced reduced rates of

events from radon daughters, since the liquid xenon mixing timescale was longer

74



CHAPTER 4. DETECTOR BACKGROUND MODEL FITTING

than their half-lives. This may introduce a slight bias to finite electron lifetime cor-
rections for S2 areas when using a position-averaged value; higher purity towards

the bottom translates into an overcompensation to the energy, and vice versa.
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Figure 4.8: Fitted energy deviation lines for all four sub-volumes, each within their
locally considered energy range. The bottom panel showcases the effect of the
correction in the case of the upper sub-volume as an example, with expected peak
positions indicated by vertical dotted lines. Due to a low number of events above

1.7 MeV in the lower sub-volume, the correction was approximated by a flat average
of the ®°Co and “°K points.
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Figure 4.9: Peak energy deviations for the SR1 FV, fitted with a smoothed linear
spline in the 0.1-2.7MeV range (left); positional distribution of ?!®Po events as
reported in [248], illustrating non-uniform mixing in the lower half of the TPC,
with the SR1 FV contour in white (right).

4.4.2 Peak resolution matching

In order to fulfil the high statistics requirements, the SR1 background simulations
were generated using the fast parametric chain. This delivers large-scale datasets
with greater computational efficiency by compromising on the level of detail; op-
tical tracking is replaced with implementations using detector-averaged quantities
to compute signal sizes and event positions. Consequently, some detector effects
and intricacies are left unaccounted for. This can manifest in energy space as a
divergence between the simulated and observed energy resolution, which is dictated
by various effects such as recombination fluctuations and detector purity. Whereas
the previous section focused on optimising the alignment of measured peak means
with their expected positions, this section is concerned with ensuring that the sim-

ulated peak widths are comparable to those in data.

The energy resolution, defined as the ratio of a peak’s width o to its mean, is

commonly parametrised in terms of a phenomenological function:

(%) - % +, (4.3)
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where a and b are empirically determined using the means and widths from
Gaussian fits to a set of mono-energetic peaks. The peak width as a function of

energy can therefore be explicitly modelled as
o =aVE + bE. (4.4)

The relationship between o and vE for both data and simulations is shown in
Figure 4.10 (a), where the width information was taken from the same Gaussian
fits as in Section 4.4.1. As illustrated by fits in the form of the width relation in
Equation 4.4, peaks in simulated spectra are generally narrower and hence better
resolved than in data. In the absence of a tuned smearing model at the simulation

stage, this can affect the quality of spectral fits.

To compensate for this, the energy in every simulated event was re-scaled accord-
ing to a random factor, sampled from a Gaussian distribution with a mean of 1
and an energy-dependent smearing width o4(E). To derive the form of o4(E), each
simulated peak was smeared using trial values of o,, with the subsequent increases
in width Ao producing a profile as demonstrated in Figure 4.10 (b). Given this
is a stochastic process, each trial value was repeated a number of times, and the
overall profile was approximated by a quadratic polynomial fit. The ideal value
of o, for each peak was then inferred from the profile, such that the resulting Ao
matches the difference between the two width relations at the corresponding energy
of the peak. This ultimately produces the form of o4(E) in Figure 4.10 (c¢), which
is well described by an exponential curve. In this case, only peaks with pronounced
differences in width were selected to remain consistent with the width relations in

Figure 4.10 (a).

The energy resolution curves in the form of Equation 4.3 are shown in Figure
4.10 (d), for both data and simulations. The application of smearing to simulated
spectra, according to the method outlined above, leads to a close match in peak

widths with respect to data.
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Figure 4.10: An overview of the smearing procedure implemented for simulated
energy spectra. (a) Peak width relations with energy for simulations and data.
(b) An example profile of changes in peak width with different trial values of the
Gaussian smearing width o, for the 2614.5keV 2°TI peak. Each data point is an
average of 5 repeated tests, with the standard errors taken as the uncertainties.
The dotted line marks the optimal value of o, to reproduce the width observed in
data. (c) The energy dependence of o, modelled by an exponential decay, where
each point is provided by a profile for the corresponding peak, as in (b). (d) Energy
resolution curves showcasing a close overlap between smeared simulations and data.
Coefficients a and b are measured in data as 0.321keV2 and 0.001, respectively.

4.5 Component grouping

Utilising the sub-volume approach was the first step towards simplifying the model
fitting process down from over a thousand components. Apart from the central sub-
volume, where the components considered were manually selected internal back-
grounds, each component of a given source was assigned to a sub-volume based on

where it contributed the highest mass-normalised rate. As illustrated by the break-
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down of component fractions for each non-central sub-volume in Figure 4.11, this

already downsizes the number of parameters in a given fit by roughly a factor of 3.

lateral s lower I upper

0 20 40 60 80 100

Component fraction [%]

Figure 4.11: Percentage of components assigned to each sub-volume, for each
source. Internal backgrounds are omitted as they are all floated in the central
sub-volume. Cavern wall contributions are also excluded as they are allowed to
vary in both the lateral and upper sub-volumes.

As mentioned in Section 4.3, the vast range of gamma-ray trajectories within the
detector geometry produced variations in spectra for any given source. To tackle
the complexities posed by this, components were grouped together and associated
with a single common parameter at the fitting stage if their spectra were judged to
be sufficiently similar in shape. The level of similarity between each pair of spectra
was quantified with a two-sample Kolmogorov-Smirnov (KS) test [254, 255]. This
test compares two empirical cumulative distribution functions (eCDFs), and defines

the test statistic D, ,, as a measure of the maximum distance between them:

Dn,m = sup |Fn(l‘) - Fm(l‘)| )

—~

45)

where each sample eCDF F(x) was obtained by approximating a normalised
spectrum as a PDF, and sup denotes the supremum function. The value of D,, ,,
therefore represents the degree of incompatibility between two spectral shapes, and
takes on values in the interval [0, 1] by definition. As showcased by an example map

of D, ,, values in Figure 4.12, this metric successfully recreates intuitive groupings.
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For instance, 4°K sources from the bottom TPC array PMTs, nearby sensors, and

the titanium plate they are mounted to, were all consolidated.
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Figure 4.12: Example map of KS test statistics D, ,,, for all combinations of “°K
components assigned to the lower sub-volume. The tile brightness corresponds
to the level of compatibility between two spectra, and red outlines indicate cases
where components pass the grouping criteria.

Another aspect to note is that, for a given source and sub-volume, a significant
portion of the rate is typically dominated by a handful of components. For example,
83.4% of K events in the lower sub-volume originate from the bottom TPC PMT
bodies, whereas this is 91.1% in an equivalent case for °Co. This motivates the
application of a proportion threshold, such that components are only considered if
they contribute a non-negligible amount towards the rates of a source in a certain
sub-volume. Such a threshold was set based on the corresponding number of groups,

which translates directly into the number of fit parameters. As informed by the
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behaviour displayed in Figure 4.13, a threshold of 10% was selected as the point at
which the number of groups drops by approximately one order of magnitude. In
the same vein, a strict threshold of 0.1 was set for D, ,, to retain some flexibility

in the available range of spectral shapes.

lateral — lower —— upper
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Number of groups
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Proportion threshold [%] Dp, m threshold

Figure 4.13: Number of groups as a function of component proportion threshold
(left) and KS test statistic threshold (right). The dotted black vertical lines indicate
where each threshold was set. To avoid bias, the other threshold was set to zero
for each plot.

For subdominant components that fail to pass the proportion threshold, there are
three main options for how to proceed: they could be appended to the least conflict-
ing group (with lowest D,, ), summed together and floated as a unique group, or
fized altogether. Since such components are under-represented, it is inherently be-
cause there is a lack of sensitivity towards them in any of the defined sub-volumes.
Continuing with the lower sub-volume example, this applies to PMTs in the skin
and the stainless steel grid holders near the rims of the TPC. Therefore, it was
deemed best to fix subdominant components at their initial estimates from assay

measurements.

Within each non-central sub-volume, components of a given source were sorted by

rate in descending order and grouped according to the algorithm outlined in Figure
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4.14. For each component in a set, D, ,, is evaluated with respect to the summed
spectrum of every pre-existing group. The component is added to the group with
which it achieves the lowest D, ,,, if its value lies below the 0.1 threshold. A new
group is created if a component is not compatible with any existing groups but
passes the event proportion threshold. Otherwise, the component is fixed if none of
these conditions are satisfied. In this process, the spectral shape takes precedence
over the event proportion; a subdominant component was still considered if its

shape was indistinguishable from others in a group.

Component

KS test statistic

A
below threshold? yes dd to group

no

Event proportion

Create new grou
above threshold? yes S

no

Fix component |

Figure 4.14: Diagram of the logic used to group to components of a given source,
for an assigned sub-volume. This is applied to a series of components sorted by
their relative event proportions in descending order.

Out of 1144 simulated components, 644 (56.3%) consisted of neutron sources,
namely (o, n) reactions of thorium and uranium, whereby alpha particles gen-
erate neutrons by interacting with the surrounding detector materials, as well as
spontaneous fission of uranium. These were excluded from the fits altogether since
their contribution as a fraction of the total expected background in the 0.1-2.7 MeV
range is O(10~7). Discounting internal backgrounds and sources with zero deposits

in the TPC, this leaves a total of 426 detector ER components under consideration.
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Applying the grouping algorithm in tandem with the sub-volume approach reduces

this down to 32 components; a detailed breakdown of this is listed in Table 4.3.

Table 4.3: Summary of the number of groups N, as a fraction of the number of
initial components N,, for each detector ER source and non-central sub-volume.

Source Lateral N,/N, Lower N,/N. Upper N,/N. | Total N,/N,
60Co 2/12 (16.7%)  1/14 (T.1%)  2/23 (8.7%) | 5/49 (10.2%)
a0 1/18 (5.6%)  1/25 (4.0%)  2/33 (6.1%) | 4/76 (5.3%)

WThoearly  2/18 (11.1%)  1/24 (4.2%)  2/34 (5.9%) | 5/76 (6.6%)
22Th-late  3/18 (16.7%)  2/25 (8.0%)  3/33 (9.1%) | 8/76 (10.5%)
BUearly  2/18 (11.1%)  2/21 (9.5%)  1/34 (2.9%) | 5/73 (6.8%)
28Ulate  3/18 (16.7%)  1/25 (4.0%)  1/33 (3.0%) | 5/76 (6.6%)
All sources  13/102 (12.7%)  8/134 (6.0%) 11/190 (5.8%) | 32/426 (7.7%)

To highlight the differences in spectral shapes captured by the KS tests, the set of
60Co group spectra are illustrated in Figure 4.15 as an example. The most apparent
variation of spectra within a region of the detector is in the relative heights between
the photopeaks and the Compton continuum, which are related by the mean free
path of the gamma rays. Moreover, the effects of MSSI events become evident for
spectra in the lower sub-volume. These are cases where MS events occurring within
the vicinity of the cathode produce only one detectable S2, due to loss of ionisation
signals to the RFR, hence appearing as SS events. In the case of ®°Co, the spectrum
extends beyond the second photopeak as one of the two characteristic gamma rays

deposits energy in the RFR, producing a broad two-peak structure near the tail.

4.6 Fit procedure

As discussed in Section 4.3, the options for constraining the rates of numerous de-
tector components typically entail a complicated fit involving many parameters, or
coarse manual grouping as was done for the LUX experiment. In order to effectively
leverage both the highly granular simulations production and extensive assay mea-

surements, whilst limiting the level of complexity, a new procedure was designed
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Figure 4.15: Normalised ®°Co group spectra for all non-central sub-volumes. The
numbering scheme included in the legend is used to distinguish between different
groups within the same sub-volume.

for the SR1 detector background model. In essence, this consisted of constrain-
ing a region-specific subset of components at a time by fitting simulated energy
spectra to data within a sequence of detector sub-volumes. The consolidated fit
parameters and errors ultimately formed the initial values and constraints for a

final fit in the SR1 FV.

4.6.1 The likelihood function

Due to the large sample sizes involved, a binned maximum likelihood approach
was adopted; executed with the iminuit package, a Python implementation of
Minuit [256, 257]. For a measured energy spectrum with N, bins, the number of
entries in each bin is treated as an independent Poisson random variable, with the
probability of observing d; counts in the ¢th bin expressed as

p(a o) = 1O o, (46)

where f;(0) represents the expected number of counts in the ith bin as a func-
tion of the model parameters 0, and is obtained by summing over N, component

or group spectra:
N.
fi(8) =" 0;pji, (4.7)
j=1

84



CHAPTER 4. DETECTOR BACKGROUND MODEL FITTING

with the ¢th bin of the jth component PDF in energy denoted by p;;, and scaled
to a specific number of counts by the corresponding ;. The joint PDF for all ob-
served counts, which forms the core term of the likelihood function, is hence the

product of independent P(d;|@) over N, bins.

The initial counts p and their uncertainties o for each component in a given fit
were informed by in situ sideband analyses and radioassay measurements, with a
conservative £50% initial uncertainty assumed for the detector components. In
principle, the fitted model parameters 6 should not deviate significantly from p.
To account for this, a Gaussian constraint term N (6x|ux, ox) was assigned to each
component to regulate their range of variability. The likelihood function was thus

constructed with the form

Nb Nc
£(d|0, u, o) = [[ P(di]6) x T] N (Ocliuw, o). (4.8)
1=1 k=1

Taking the logarithm and dropping terms that do not depend on 6 therefore pro-

duces the expression below:

N, N,

InL£(d|0,p,0) =) d;In (Z ijji) (model term)
i—1 j=1
—v(0) (extended term)

Ne 1 (60— e\’
B Z 1 ( k /~“€> (Gaussian constraint term) (4.9)

where the extended Poisson term v(8) = SN, fi(0) effectively incorporates the

observed sample size n = Y-, d; as part of the measurement. This has the effect of
reducing the variances of the maximum likelihood estimators 0 by exploiting infor-
mation from n [258, 259]. To evaluate the goodness-of-fit, the x3 statistic was used:
X2 =2 §”; (d,. %4 f6) - di> , (4.10)
iz fi(0)

which follows a y? distribution with N, — N, degrees of freedom for Poisson-
distributed histograms. This form originates from the definition of a likelihood
ratio A = £,(d|y)/L,(d|d) and taking x3 = —2In\ for a Poissonian likelihood

function £, [259, 260].
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4.6.2 Fit sequence

The sub-volume fits were conducted in the following order:
central — — lower — upper,

with components and groups fixed at their best-fit values before proceeding to
the next step. The sequence was initiated with the central sub-volume fit since
internal backgrounds pervade the whole TPC and hence contribute to the other
volumes. To eliminate contributions from internals aside from *%Xe 2033 decay,
whilst capturing the 2614.5keV 28T gamma-ray photopeak, the energy range for
non-central sub-volume fits spanned 1-2.7MeV. In general, the activity of most
components was confined to the vicinity of their assigned sub-volume, which implies
that the series of fits beyond the first step is agnostic to the sub-volume ordering.
The main exceptions to this were sources from the cryostat and cavern gamma rays,
which irradiate a broad region of the TPC and hence form a degeneracy between
the lateral and upper sub-volumes. In these cases, normalisations were constrained

using the initial fit result and allowed to re-float in a subsequent fit.

Following the series of fits, all detector components for a given source were consol-
idated within their respective sub-volumes to form side, bottom, and top groups
to be fitted in the SR1 FV, with internal backgrounds characterised in the central
sub-volume remaining fixed. These groups include both floated components, which
have been re-scaled according to the sub-volume fit results, and previously fixed
components at their nominal values. In addition, the combined parameter errors,
which iminuit returns within a covariance matrix determined from a numerically
estimated inverse Hessian, were used to set o in the Gaussian constraint terms for
the SR1 FV fit [261]. The lower energy bound of the SR1 FV fit was relaxed to
80keV to capture the rising edges of several components, without impinging on the
energy range of other ongoing searches. For reference, the number of parameters

and energy range for each fit are summarised in Table 4.4.
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Table 4.4: Summary of fit information, in chronological order. The SR1 FV fit
involved the most parameters as it featured three groups for each non-internal
source (top, bottom, side), plus two cavern gamma ray components and 3Xe.

Fit volume Fit range [MeV] Number of parameters

central 0.1-0.5 9
lateral 1.0-2.7 15
lower 1.0-2.7 8
upper 1.0-2.7 12
SR1 FV 0.08-2.7 21

4.6.3 Single-scatter cut efficiencies

For simplicity, all fits were performed for SS events. This implicitly assumes that
the ratio of SS to MS events is accurately modelled in simulations. In particu-
lar, this ratio depends on the mean free path of photons and hence the energy,
as well as the separability of S2 pulses in z, which varies as longer drift times
translate into wider S2s with more overlap. The number of SS events as a fraction
of SS+MS with energy is compared between simulations and data in Figure 4.16,
over the SR1 FV fit energy range. As the two are in agreement to within +8.5%
on average, this demonstrates that mismatches in the SS ratio are unlikely to be

a significant source of discrepancy.
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Figure 4.16: SS cut efficiencies SS/(SS+MS) for simulations and data. Improve-
ments to the position resolution are expected to shift the curve downwards, as
neighbouring vertices in MS events consequently become more separable.
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4.7 Results and discussion

All four sub-volume fits are presented in Figure 4.17, with groups combined by
source for clarity. In general, it is visually evident that the priors informed by
radioassay measurements are a reasonable first estimate, with most discrepancies
attributed to a couple of groups or components. Moreover, the reduced x3 values
for the non-central sub-volumes are indicative of high-quality fits. In the case of
the central sub-volume, the slightly elevated x3 is attributed to slight mismodelling
of the 12"Xe peaks, where mismatches in relative peak heights are apparent in the

residuals plot.

For interpretability, an effective scaling factor was calculated for each group as
the ratio of the fitted counts to the initial estimate; these are visualised for the
sub-volume fit results in Figure 4.18. Overall, the majority of scaling factors are
consistent with a value of 1, which supports the reliability of radioassay measure-
ments. In other cases, such as between the two #**?Th-early upper groups, there
are opposing scalings that average to approximately 1. A number of interesting

observations can be drawn from Figure 4.18:

» Increased ®°Co in the bottom array — when assayed between August
2016 and February 2017, the mass-weighted activity of a TPC PMT was
at (1.90 + 0.19) mBq on average. However, a subset of PMTs were unin-
tentionally exposed to DD and 2°2Cf neutron sources during storage, and
consequently exhibited elevated %°Co rates. To minimise their impact, these
activated PMTs were strategically placed around the outer edge of the bot-
tom array to exploit the additional self-shielding from the RFR. Factoring for
the 5.27 year half-life of %°Co, the total expected activity of the bottom array
PMTs is (237.23 + 23.72) mBq without activation, and (739.10 + 73.90) mBq
with activation. This produces an expected scaling of (3.12 4+ 0.44), which
manifests in the lower sub-volume fit as an increase in the bottom TPC PMT

components by a factor of (2.70 + 0.36).
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Figure 4.17: Sub-volume fits, with the initial estimates in grey for all cases except
the central sub-volume, where the adjustment is minimal. To visualise the quality
of each fit, the fractional differences between the fitted models m and the data
d are displayed in the residual plots. Groups have been combined by source in
(b)—(d) for comprehensibility.
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Figure 4.18: Effective scaling for each group as a result of the sub-volume fits. Note
that the cavern gamma rays and ICV components were fitted in both the lateral and
upper sub-volumes. For a given source, the number of groups can change between
sub-volumes due to the positional dependence of relative event proportions and
spectral shapes.
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» Decreased %°Co in the cryostat — a reduction in °Co rates for the ICV
and OCV flange bolts was noted. In particular, a scaling factor of 0.10%51”
was observed for the latter. The initial overestimation was suspected to be a
result of assaying titanium alloy material similar to that of the installed bolts

as a proxy for the activity, rather than the actual bolts themselves.

» Elevated 238U-late in the cryostat — although radioassay measurements
assumed that each chain is in secular equilibrium, this was not necessarily
the case as chemical processes at the manufacturing stage can deplete the
concentrations of late-stage daughters. Due to the long half-lives involved,
this induces a quasi-permanent break in secular equilibrium for the typical
O(10) year timescale of a dark matter experiment, and therefore leads to an
under-representation of some radionuclides [262]. This is reflected by a mean

scaling factor of (4.54 + 0.78) for 8U-late in the lateral sub-volume fit.

The final SR1 FV fit is presented in Figure 4.19. An initial underestimation in
material backgrounds is visible in the residuals plot, which is rectified by the fitted
model. Table 4.5 compares the fitted material activities with assay estimates for
each of the regional groups floated in the SR1 FV fit. To ensure these comparisons
are meaningful, the accumulated activities only included components that were
reasonably captured by the fit, as assessed according to two criteria: the compo-
nent should provide > 1% of all FV events, and > 1% of its decays should produce
hits in the TPC. Imposing these conditions discarded components that possess high

intrinsic activities and a low yield of events in the TPC, such as OD PMTs.

Inspecting the position distributions of events in simulations and data prior to fit-
ting revealed a potential mismodelling issue; more simulated events were recorded
at the side than the top of the TPC with respect to data. This may be responsible
for the observed exchange in activity between the side and top groups in Table 4.5,
for sources such as “°K. This behaviour is most directly corroborated by the contra-

dictory fitted scaling factors for cavern gamma ray contributions, with (3.5 + 1.3)
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Figure 4.19: Fitted spectra in the SR1 FV, following the prescribed sequence of
sub-volume fits. The residuals are approximately zero on average, with fluctuations
around certain peaks arising from imperfections in energy resolution matching.
Contributions from internals were fixed in this fit according to the central sub-
volume results. For clarity, groups have been combined by source and hence there
are fewer curves than the 21 total parameters involved in this fit.

for the lateral sub-volume as opposed to (0.4 £ 0.1) for the upper sub-volume fits.
The upper sub-volume result, along with the SR1 FV value of 0.679-%, are consistent
with the factor (0.65 £ 0.14) measured when the OD and water tank were empty

and the xenon target was in a gaseous phase [248].

In the case of 238U-carly however, an overall increase was recorded rather than
a trade-off in activity between groups. This behaviour is suspected as a conse-
quence of the inherently low rate and hence the lack of sensitivity to 2**U-early
sources. The systematic boost to these rates for all regions is likely a result of

correlation with other groups.
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Table 4.5: Overview of radioassay estimates and best-fit results for source activities
of groups considered in the SR1 FV fit. A general exchange between top and side
regions is indicatave of a possible mismodelling issue in the simulations. Late-stage
decays for the 238U and ?*?Th chains observe an increase due to a breakdown in
the assumption of secular equilibrium made in the radioassay measurements.

Source Region Screening estimate [Bq] Best fit [Bq] Scaling factor
Top 1.13£0.11 1.17+0.11 1.04+0.14
60, Side 1.71£0.17 0.79 £ 0.49 0.46 + 0.29
Bottom 0.81 £ 0.08 1.76 £ 0.23 217£0.35
Total 3.65 = 0.22 3.72£0.55 1.02£0.16
Top 7.63 £0.76 3.74 £2.10 0.49 £0.28
105 Side 2.56 £ 0.26 7.02+1.54 2.74 £ 0.66
Bottom 6.54 + 0.65 6.30 + 2.61 0.96 £ 0.41
Total 16.73 £1.04 17.05 £3.68  1.02+0.23
Top 0.28 = 0.03 0.51 £0.44 1.83 £1.57
22T h-early Side 0.66 £ 0.07 0.45£0.35 0.68 = 0.54
Bottom 0.22 £ 0.02 0.27+£0.19 1.23 £0.88
Total 1.16 £0.07 1.23 £0.59 1.06 £ 0.52
Top 0.25 = 0.02 0.14 £0.18 0.57£0.74
282} Jate Side 1.05£0.10 241 +£1.76 231£1.70
Bottom 0.30 = 0.03 0.23 £0.23 0.77£0.77
Total 1.59 £0.11 2.78 £ 1.78 1.75£1.13
Top 237+£0.24 241 £0.75 1.02+£0.33
2381]_arly Side 1.99 £0.20 4.46 £ 3.83 224+£194
Bottom 1.86 £0.19 2.76 £ 1.68 1.48 £0.92
Total 6.21 £+ 0.36 9.62 £4.25 1.55 £ 0.69
Top 0.84 £0.08 0.61 £0.28 0.72£0.34
2881 ]_Jate Side 0.54 £0.05 3.11 £0.64 5.78 £1.32
Bottom 0.95 = 0.09 1.27 +£0.72 1.34 £ 0.77
Total 232+£0.14 4.98 £1.00 2.14£0.45

4.8 Implications for high energy searches

These findings only had a slight effect on the WIMP search; the expected number
of detector ER background events in the WIMP ROI increased marginally from 1.2
events to 1.4 events, after accounting for cut acceptances. However, the elevated
material background rates have significant implications for high energy searches.

In particular, the doubled activity for 2*¥U-late components poses a concern to
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the search for *5Xe OvS3f decay as it translates into a larger background from the
214Bj gamma-ray line. This is counteracted by the observed improvement to the
energy resolution at gz — from 1% assumed in the official sensitivity study [247], to
0.75% as demonstrated in Figure 4.10 (d). In order to assess the overall impact on
the half-life sensitivity, the published study was repeated with an updated energy
resolution and background model. The PLR was evaluated in (E, R?, z) space for
exposures of 1000 live days within a cylindrical 5.6 tonne volume, which produced
the median sensitivity profile shown in Figure 4.20, as a function of the ?**U-late
activity. The resulting exclusion sensitivity is at a half-life of 0.98 x 10%% years, which
is slightly worse than the initial reported estimate of 1.06 x 10%¢ years. In the future,
this outcome may improve with refinements to signal non-uniformity corrections
and hence the energy resolution, as well as with the development of techniques to

enhance the vertical position resolution for better SS-MS discrimination.
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Figure 4.20: Updated projection for the median sensitivity to the *Xe 0v3/3 half-
life at 90% confidence level, as a function of the #*¥U-late activity, and over an
exposure of 1000 live days. An energy resolution of 0.75% at Qs is assumed. The
green point and dashed lines indicate the new sensitivity estimate corresponding
to a 2%U-late activity scaled up by a factor of 2.14, as per the fit results. The
framework used to produce this result was developed for the official sensitivity
study by R. Taylor [168].

95



CHAPTER 4. DETECTOR BACKGROUND MODEL FITTING

4.9 Conclusion

The measurement of detector material backgrounds in LZ has implications beyond
the vanilla WIMP search, since high-energy gamma sources impact the sensitivity
towards other searches for new physics, such as *%Xe 0v33 decay, as well as 3*Xe
Ovfp and 2vB6 decays [245, 247]. In turn, the ability to leverage radioassay mea-
surements also influences the strategies and requirements for larger next-generation

dark matter detectors.

The process of constructing a material background model for SR1 was outlined,
which involves binned maximum-likelihood fits of simulated energy spectra to data.
To treat the position dependence of various components, as well as handle the high
multiplicity of sources, an approach employing a series of fits within different par-
titions of the detector was developed to prime a final fit within the SR1 FV. The
level of complexity was further reduced by the implementation of a component
grouping algorithm. In tandem, these methods simplified the task down from over

a thousand components to <21 model parameters in a given fit.

To maximise compatibility between simulated and measured spectra, and hence
improve the overall fit quality and robustness, a dedicated energy calibration ex-
tending up to 3 MeV was performed, along with treatment of subtle energy recon-
struction effects. This included corrections to a systematic shift in the peak means
from their expected values, which improved the level of agreement from +0.8% to
+0.2%, along with the data-driven implementation of an energy-dependent smear-

ing model in simulations.

Results from the fitting process predominantly verified radioassay measurements,
with the majority of effective scaling factors for component rates at values consis-
tent with 1. Observed discrepancies between the fitted model and initial expecta-

tions were generally supported by supplementary information: rates of ®Co in the
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bottom array were raised by a factor of (2.17 + 0.35), as explained by the place-
ment of neutron-activated PMTs; and an underestimation of 2*®U-late and 23*Th-
late rates was attributed to breaks in secular equilibrium during the manufacturing
stage, in conflict with the assumptions made for radioassay measurements. Fur-
thermore, potential simulation mismodelling issues were revealed by discrepancies
between fitted activities in the sides and top of the TPC, particularly in the case

of cavern gamma components.

The fitted scaling factors, along with the measured energy resolution at ()gg, were
propagated into the official sensitivity study for 3¢Xe OvS3 decay. As a con-
sequence of the increased ?8U-late activity, the updated median half-life exclu-
sion sensitivity was slightly reduced, at 0.98 x 10%¢ years for a run exposure of

1000 live days.
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5 Two-neutrino double electron
capture of '?*Xe

First observations of the decay of 1?*Xe in LZ via two-neutrino double electron cap-
ture (202EC) are presented in this chapter. Thus far, the half-life of this extremely
rare decay has only been measured by the XENONIT experiment. However, the
SR1 exposure is sufficiently high to enable a competitive measurement of the half-

life, along with a preliminary estimate of the decay mode capture fractions.

5.1 Context and motivation

In addition to rare double beta decay searches, the advent of new detector technolo-
gies has enabled the detection of rare 2v2EC decays with half-lives that exceed the
age of the universe by several orders of magnitude. Thus far, 2v2EC decay has been
observed for 3°Ba in geochemical surveys [263, 264], ®Kr in BNO [265, 266], and
124Xe in XENONIT [267, 268]. LZ satisfies all the necessary requirements for con-
ducting this measurement for ?*Xe: a large quantity of xenon, a low-background
environment, excellent energy resolution, and long-term operation. Constraints of
the 2v2EC half-life play an important role in the development of nuclear struc-
ture models [269], and pave the way towards the detection of more exotic variants
of double positron emission (2v475%) and EC coincident with positron emission
(2vECET), as well as beyond-the-Standard-Model neutrinoless modes [270]. More-

over, understanding the rate of 20v2EC decays in LZ is crucial as it contributes a
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background to the WIMP search, as well as low-energy ER searches for light dark
matter candidates such as axion-like particles and hidden photons [142, 271, 272].

5.2 Signal model

2v2EC is a second-order weak process allowed by the Standard Model, whereby two
electrons are absorbed from atomic shells, resulting in the conversion of two protons
into neutrons and the simultaneous emission of two neutrinos. '?Xe undergoes

202EC to *1Te with a reaction Q-value of (2856.73 + 0.12) keV [273]:
24Xe +2e7 — *Te + 2u, + (X-rays & Auger electrons). (5.1)

The subsequent de-excitation of the '?*Te daughter results in the emission of a
cascade of X-rays and Auger electrons as the shell vacancies are refilled. These
form the only detectable signals as most of the energy is carried by the escaping
neutrinos, whilst the nuclear recoil energy is only O(10) eV [274]. Furthermore,
due to the sub-millimetre mean free path of these signals and the short timescales
involved, they cannot be individually resolved in the detector and are hence ex-

pected to manifest purely as SS interactions.

The energy of the experimental signature depends on the combination of atomic
shells from which electrons were captured. To date, the most sophisticated model
of the energies and relative capture fractions has been developed by the XENON
collaboration, which considers up to the N5 shell (4d5/, in atomic notation [275])
in the theoretical calculation [268]; these values are listed in Table 5.1. This model
was implemented in BACCARAT by approximating the X-ray and Auger electron
cascade as a single beta, which correctly reproduces the ~100% SS efficiency. The

associated energy spectrum is illustrated in Figure 5.1.

For an isotopic exposure of 0.87kg x y, XENONIT reports the half-life of 1%*Xe
at T 12/”22EC = (1.1 £ 0.2t £ 0.15) x 10?? years, with a statistical significance of

To [268].
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Table 5.1: Energies and capture fractions for different shell combinations in '?*Xe
double electron capture, as produced by the XENONIT model. The pair of letters
for each mode denote the atomic shells from which electrons were captured. The
LM mode energy was obtained using values from [276].

Decay mode Capture fraction [%] Energy [keV]

KK 72.4 64.3
KL 20.0 36.7-37.3
KM 4.3 32.9-33.3
KN 1.0 32.3-32.4
LL 1.4 8.8-10.0
LM 0.8 6.0
Other 0.1 <6.0
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Figure 5.1: Simulated energy spectrum of the ?*Xe 202EC signal model. Dashed
lines are used to visualise the substructure of the secondary peak. The shaded
region is excluded from the fits in this work, but encompasses peaks that pose a
background to low energy searches in LZ.

The half-life is related to the activity As,opc by

Aguorc = 112/3272{;[% In 2, (5.2)

where N4 is Avogadro’s constant, M4 = (131.293 £ 0.006) g/mol is the molar
mass of xenon [277], and 7 is the isotopic abundance of '**Xe, assumed to be
consistent with the natural composition at (0.0952 + 0.0003)% [246]. This leads to

a predicted rate of (8.72 + 2.38) nBq/kg, which translates into (5.3 & 1.4) counts/d
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within the 7-tonne active volume. Over the entire course of SR1, < 17 events
are predicted to occur from the LL and LM captures. Therefore, a 20-120 keV
interval was set as the ROI for this search; the lower bound reflects the lack of
sensitivity to these modes, whereas the upper bound encapsulates the energies of

flat backgrounds occurring below the 163.9 keV 13!™Xe activation peak.

5.3 Fiducialisation

As mentioned in Section 3.5.3, a suite of data quality cuts was developed for the
SR1 WIMP search, with a focus on suppressing accidental coincidence backgrounds.
However, within the 20v2EC ROI, the complete set of data quality cuts only ac-
counts for < 0.08% of discarded events beyond a set of four core cuts: the FV
cut, area thresholds (Slc > 100 phd) and (S2;aw > 600 phd), and vetoes from the
skin and OD. This is predominantly due to a significant overlap with the FV cut;
accidental backgrounds and misreconstructed events addressed by the data quality
cuts mainly occur within proximity to the gate grid and the TPC wall, and are
hence also removed through fiducialisation. Consequently, this places an emphasis

on the importance of a tuned FV.

The role of the FV cut in the 20v2EC measurement is primarily to limit the
background from detector materials, which is already extremely subdominant be-
low ~200keV, as well as to minimise the effects of charge loss due to field non-
uniformities, which impact the energy reconstruction and resolution. This presents
a trade-off with respect to the fiducial mass, which is directly proportional to the
number of signal events. By inspecting simulated material backgrounds in the ROI
shown in Figure 5.2, it is evident that whilst the SR1 FV with (5.5 £ 0.2) tonnes of
xenon is effective, there is more mass to be gained both radially and at the top of
the TPC. Therefore, to maximise the amount of ?*Xe and hence the sensitivity, it

was necessary to expand into a new FV.

101



CHAPTER 5. TWO-NEUTRINO DOUBLE ELECTRON CAPTURE OF '#Xe

Fiducial mass [t]
0.1 1.1 2.0 3.0 3.9 4.8 5.8

101 3 140 _l i . o .l- oG (l) - 10_1
100¢ |
'; 120 10—2 ';
-1
g 10 100+ g
) —_ -3 n
€107? c 8ot 107 2
3 & 3
~1073 N 60 1074 2
g g
g 10—4 40 _ 10—5 2
10-5 207
' e , , , 0F === , : 106
102 302 402 502 602 702 102 30240%2 50° 602 702
R2 [cm?] R2 [cm?]

Figure 5.2: The rate of simulated material backgrounds for a cylindrical volume
with (2.2cm < z < 132.4cm) and radius R (left), and their positional distribution
with the SR1 FV outlined in red (right). Both cases only consider SS events within
the 20-120 keV ROI, with area threshold cuts and vetos applied. The dashed black
border indicates the boundaries of the active xenon volume.

The fiducialisation process utilised SS events within an 80-120 keV sideband, with
area threshold cuts and vetos applied. In order to simplify the procedure, the ver-
tical and radial aspects were considered separately, since the optimal z boundaries
are expected to remain consistent across all potential F'V shapes. The suitability of

a given FV geometry was assessed according to a sensitivity metric Sy, defined as

M
v/ Ng’

which resembles the discovery significance for a counting experiment with Ng

Sy = (5.3)

background events, and the fiducial mass M substituted for the number of signal

events as they are directly related.

The z limits were optimised first by maximising Sy for a cylindrical volume with
its radius fixed at a conservative value of 68 cm, including a short stand-off dis-
tance to mitigate for charge loss at the TPC wall. This reproduced the same lower
z bound as SR1 at 2.22cm, but extended the upper z bound by 4.57cm up to
136.97cm. The fitted z bounds were then propagated into the optimisation of
three candidate FV shapes:
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m Cylinder — the simplest available choice is a cylindrical volume, as was often
assumed for sensitivity studies in LZ [229, 245, 247]. With the z limits fixed
at the values obtained above, the optimised maximum radius was Ry.x =
67.9cm. To check that this value was not biased as a consequence of fixing
the vertical bounds, all three parameters were allowed to float together, which

produced the same results.

m Superellipsoid — a more generalised form of the cylindrical volume is a
superellipsoid, commonly employed by the XENON collaboration. This is

parametrised in (R?, z) space as a semi-superellipse with the functional form
R2

a

n
Z 4+ 29

b

n

=1, (5.4)

where the first and second terms pertain to the radial and vertical aspects
of the shape, respectively. The semi-minor axis b = 67.4cm and the ver-
tical offset zp = 3.2cm were determined first by iterative means with the
other parameters fixed, such that the vertical bounds of the semi-superellipse
matched the optimised z limits. With b and 2, then fixed, maximising Sy
produced an index n = 9.1 and a semi-major axis of @ = 4742.6cm?. An
index of n = 2 corresponds to a standard ellipse, whereas values of n > 2
create a rectangle with rounded corners, eventually approaching an ordinary
rectangle as n tends to infinity. The relatively high value of n generated by
the fit suggests that there is little benefit in using a superellipsoidal volume,

hence the outcome starts to closely resemble a cylindrical volume.

m Poly-wall — to reliably capture the profile of the reconstructed TPC wall,
following the curvature of the drift field lines, a more tailored shape was also
considered. The detector volume was sliced in z between the optimised limits,
effectively creating a stack of flat cylindrical volumes. A contour of the wall
was then approximated by extracting the radius that maximises Sy for each
slice, and subsequently fitting the set of radii with a fifth-order polynomial.
Minimal differences in the final value of Sy were observed for higher order

polynomials or more than ~ 50 slices.
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All three optimised FV candidates are superimposed on data in Figure 5.3, along
with the SR1 FV for reference. To inform the choice of FV, the behaviour of Sy as
a function of M was explored by varying the radial aspect of each volume: Ry, for
the cylinder, a for the superellipsoid, and a radial offset for the poly-wall volume.
In each case, M was estimated numerically on the basis of the active detector
volume containing 7tonnes of xenon. As shown in Figure 5.4, although the three
candidate volumes perform similarly well, Sy is generally higher for the poly-wall
volume, and it peaks in sensitivity at a greater fiducial mass. Thus, the poly-wall

volume was selected as the optimal FV for this analysis.

—— SR1FV  —— Cylinder Superellipsoid  —— Poly-wall
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Figure 5.3: Optimised FV candidates overlaid on the position distribution of SS
events within the 20-120keV ROI in SR1 data, with area threshold cuts and vetos
applied. The boundaries of the active volume are marked with a dashed black line.
It is visually apparent that all candidates lead to a gain in fiducial mass, with the
poly-wall volume following the reconstructed wall shape most closely.

The fiducial mass M,y of the poly-wall FV was approximated using data from a
post-SR1 83™Kr injection. This calibration source is ideal for this purpose as it is
dispersed throughout the TPC and yields many events. Moreover, since the decay
of 83MKr consists of a two-step process with a separation of 154ns, it displays a
characteristic double-S1 signature and is hence straightforward to select [278]. By
comparing the number of 33™Kr events in the poly-wall volume as a fraction of

those within a reference cylindrical volume, which uses the same z limits and a
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Figure 5.4: Profiles of the sensitivity metric Sy as a function of the fiducial mass
M, for each of the three FV candidates. The y-axis is arbitrarily normalised to aid
in interpretability.

radius of 70 cm, the fiducial mass was measured as
Moy = (5.73 &£ 0.014a¢ £ 0.034y5) tonnes, (5.5)

where the systematic uncertainty originates from the difference with respect to
the numerical estimate; for the SR1 FV, a greater uncertainty resulted from the
combination of results from multiple methods and datasets. Overall, switching from
the SR1 FV to the poly-wall FV achieves a 3.8% gain to the overall exposure. How-
ever, although the contribution of detector materials to the background remains

minuscule, it is larger in the poly-wall FV than the SR1 FV by a factor of ~4.8.

5.4 Background model

The majority of backgrounds within the 20-120keV 2v2EC ROI, summarised in
Table 5.2, exhibit flat and continuous energy spectra, which makes them more
straightforward to model. Furthermore, their rates in SR1 have been well-constrained
by a variety of sideband studies [248]. In particular, a subset of these backgrounds
is comprised of unstable xenon isotopes, which are produced via neutron activa-

tion as a result of deploying neutron sources to calibrate the detector response to
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NRs. Aside from !33Xe, which features as a beta spectrum with a shoulder start-
ing at 81.0keV, these can deposit energies within close proximity to the secondary
124Xe signal peak. Isotopes with decays involving a single EC, namely #Xe and
127X e, involve cascades with a total deposited energy of 33.2keV for K-shell cap-
tures [279]. However, these decays are accompanied by a gamma ray, which often
gives rise to a MS topology or is tagged by the veto detectors with an efficiency
of (78.0 £ 5.0)%, and hence they are suppressed by the SS and veto cuts. Simi-
larly, 12™Xe emits a pair of 196.6keV and 39.6 keV gamma rays in its transitions
to the ground state, with a low probability of detecting the lower energy gamma

in isolation as the other escapes.

Table 5.2: Summary of backgrounds to the ?*Xe 20v2EC measurement. Reported
rate estimates are for SS events within the ROI, after the application of area thresh-
olds, vetos, and a F'V cut. Solar neutrino and detector material backgrounds consist
of a sum over all relevant ER sources. Half-lives are omitted in cases where they ex-
ceed the lifetime of the experiment, or for sources that are continuously produced.

Source ROI signature Half-life Average rate [mHz]
1251 Multiple EC peaks 59.4d (0.28 £ 0.04)
125Xe K-shell EC (33.2keV) 16.9h  (9.7+0.6) x 107°
127X e K-shell EC (33.2keV)  36.3d  (8.5+0.1) x 1073
129mX g v (39.6keV) 89d  (6.7£0.3) x 1073
133X e B+ 5.2d (10.9 £ 0.4)
136Xe 2063 continuous - (0.21 £ 0.01)
22pp continuous - (7.6 £0.8) x 1073
24ph continuous - (0.29 +0.01)
SKr continuous - (5.140.5) x 1072
Solar neutrinos continuous - (6.940.7) x 1072
Materials continuous - (4.340.4) x 1073
5.4.1 1

An especially problematic background is 12’1, which is produced by the neutron

activation of '?*Xe according to the following steps:

24%e +n — PXe + 7, (5.6)
125X e =% 1] 4y, 4 v + (X-rays & Auger electrons), (5.7)
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and decays to an excited state of 1?Te via EC:
1257 2% 12576 4y, 4 v + (X-rays & Auger electrons). (5.8)

The combination of the subsequent de-excitation cascades and the 35.5keV gamma
ray emitted by the '**Te daughter generates peaks that significantly overlap with
the 12*Xe signals. For instance, the K-shell capture mode of '?°I has an associated
total energy of 67.3keV; with a measured energy resolution of (4.5 £ 0.4)%, this
peak is within 1o of the 64.3keV KK capture combination of ?4#Xe. This is similarly

the case for the other 21 decay modes, listed in Table 5.3.

Table 5.3: Energies and capture fractions for '?°I background peaks. The capture
fractions are quoted from [280], and the X-ray transition energies are taken from
[281, 282] with uncertainties excluded as they are of O(1) eV.

Decay mode Capture fraction [%)] Energy [keV]

v+ K 80.11 +0.17 67.3 (35.5 + 31.8)
v+ L 15.61 4 0.13 40.4 (35.5 + 4.9)
v+ M 3.49 +0.07 36.5 (35.5 + 1.0)

Getter removal

Whilst '2°T has a natural half-life of 59.4d, it is efficiently removed by the LZ pu-
rification system, which employs a hot zirconium getter. To quantify the removal
rate during SR1, the 67.3keV '?°I peak was isolated by fitting the corresponding
population in (Slc,S2c.) space with a two-dimensional Gaussian, and keeping
events within the 20 elliptical contour as depicted in Figure 5.5 (a). This was
performed for a selection of SS events that passed a minimal set of cuts, namely
the area thresholds, vetoes, and FV cut, all alongside the exclusion of periods with
elevated detector activity. The effect of applying the minimal cuts, the rest of the
SR1 data quality cuts, and the elliptical contour cut on the ROI energy spectrum

in succession are illustrated in Figure 5.5 (b).
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Figure 5.5: Characterisation of '?°I removal in SR1 by the LZ purification system.
(a) Selection of K-shell EC mode of '#°T from events passing minimal cuts, by means
of an elliptical cut formed by the 20 contour of a two-dimensional Gaussian fit. (b)
ROI energy spectrum for a series of cuts, demonstrating the near-negligible impact
of applying data quality (DQ) cuts after the minimal cuts. (c¢) Fitted time profile
of 12°I rates during SR1, with neutron activation due to a DD calibration period.
The additional intermission window was caused by a circulation event, over which
the detector purity temporarily decreased. For clarity, the error band only includes
uncertainties in the getter removal half-life and the baseline rate.

SS events passing the minimal and elliptical cuts were divided into one-day bins
according to their registered trigger timestamps, with the rate calculated in each
bin taking the 80.11% capture fraction and the DAQ dead time into account.
The time profile of '*°T over the course of SR1 is presented in Figure 5.5 (c),
with a pronounced spike due to neutron activation following a ~4.5d calibration

campaign with the DD generator. To model the behaviour of rates in the post-
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DD period, the number of %1 atoms at a given time Nizs(t) was described by

a differential equation:

desI(t)

at = )\125XeN125Xe(t) — (/\1251 + )\g) N1251(t), (59)

in which the positive term represents the production of ?°I from the decay of
125X e, and )\, denotes the getter removal component of the effective decay constant,

defined as A = (Ai2s; + Ay). This equation is solved by a function of the form

25 xe
Nuzsy(t) = lesxe(to)% (e_)‘mxet — e_)‘efft) (production term)
eff 125X e
+ Nuzsy(to)e et (decay term)
+ b, (baseline term) (5.10)

where ty is defined as the point at which the neutron source is removed, and
hence no additional ?°Xe atoms are produced. A fit of Equation 5.10 to the post-
DD period, as depicted in Figure 5.5 (c), yields Nizsx,(to) = (9.143.6) x 10* atoms
and Nizsp(ty) = (6.1 £4.5) x 10* atoms, along with a getter removal half-life of

£, = (3.6 +0.2)d, (5.11)

which translates into an effective '*°T half-life of #{, = (3.4 £ 0.2)d with the
natural decay component included. For reference, LUX and XENONIT reported
values of (3.7+0.3)d and (4.6 £1.6) d for tf/z, respectively [268, 274]. In each case,
the corresponding getter removal time constant was consistent with the interval for

xenon to flow through one cycle of the circulation system.

In general, the baseline rate was expected to consist of flat backgrounds, some
contamination from the 2vKK mode of ?*Xe, and a very small amount of !?°1
from thermal neutron activation. However, a slight shift was observed between
the pre-DD and post-DD baseline rates, from (2.9 £+ 0.2) x 1073 counts/kg/d down
to (2.3 +0.2) x 1073 counts/kg/d. This was attributed to a residual '*’I popula-
tion in the pre-DD window, from activation during neutron calibrations performed

a month prior to the start of SR1. With different circulation settings used in
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the physics commissioning period leading up to SR1, such as a higher flow rate
through the getter, the '?°I removal efficiency was slightly lower and hence ex-

tended the preceding decay curve.

Depth migration

Since the '2°1 removal time constant is comparable to the timescale of one circula-
tion cycle, inhomogeneities can occur for the distribution of this background in z
as there is insufficient time to establish a mixed state. This is shown in Figure 5.6
for events passing the set of minimal and elliptical cuts, along with their average z
position over time. Calibration source neutrons are delivered to the TPC through
a conduit connected to the upper third of the cryostat, and the activated xenon
subsequently returns to the purification circuit by spilling over three weirs around
the liquid surface. Therefore, disproportionately more '?°I decays are observed
towards the bottom, where circulated xenon re-enters via inlets in the TPC and
skin. This is evident in the biased average z values immediately following the DD
calibrations. As '?*Xe events should be homogeneously distributed in position, this

behaviour offers an additional route for identifying background-like events.

DD calibrations Circulation event
0.8-: T 150 p0——————z———==—= T ————TI-————= T oo————T—————-T
g i E Eloo- MHM " | H _
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Figure 5.6: Distribution of all z positions with a guiding linear fit (left) and the
average z position over time (right), for events passing the minimal and elliptical
cuts. The active volume boundaries are indicated by black dashed lines, and the
vertical centre of the TPC is marked with a grey dotted line for reference.
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Activation model

In order to verify activation estimates from the fit of Equation 5.10, and hence
model the amount of '?°I background more confidently, the neutron activation rate
of 124Xe into ?*Xe was constrained with DD calibration data. As different trigger
conditions were set for the DD runs, it was necessary to measure the trigger effi-
ciencies in DD data with respect to background data first. For this purpose, the
380.2keV and 408.2keV pair of 1?"Xe peaks were utilised, which occur from the
coincidence of a 375.0keV gamma ray and either a 5.2keV L-shell or a 33.2keV
K-shell cascade in the decay of 1?”Xe by EC. In addition to providing a relatively
clean selection, these peaks are situated in the same energy region as '?Xe peaks,

which are ultimately used to obtain the activation rate.

The rate of 2"Xe over time was tracked by fitting a double-Gaussian function plus
a linear background to the pair of peaks within one-day bins, in the same manner
as for the 12°T population discussed previously. As demonstrated in Figure 5.7, the
127X e rate was then extrapolated into the DD window by means of an exponential
decay fit to background data, with the half-life fixed at the literature value of
36.3d [224]. This approximation is valid within the DD calibration window as the
impact of neutron activation on the amount of 2"Xe is negligible, due to the large
proportion of pre-existing 2"Xe, along with the low natural abundance of '?Xe at
(0.0890 4 0.0002)% [246], on which neutron capture can produce ?"Xe. Therefore,
the efficiency of each DD trigger type was extracted by taking the ratios of 12"Xe

rates in DD data to those predicted by the exponential curve, and then averaging:

22 = (88.6 £6.1) %, (5.12)
PRma — (90.5 + 3.3) %, (5.13)

with standard errors taken as the uncertainties.

To measure the activation rate, the prominent 276.6 keV peak from the decay of

125Xe by EC was chosen. This is composed of a 243.4keV gamma ray emitted by
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Figure 5.7: Rates of 2"Xe in the FV over time, with equivalent values for DD
calibration data. Each bin is normalised by the DAQ live time, hence the rates
within the DD window are different primarily due to the change in trigger settings.
A few points where the double-Gaussian fits failed to converge were excluded,
mainly towards the end of SR1 where there are lower statistics. A red dashed
curve marks the exponential fit to background data.

the %51 daughter with a 32.4% branching ratio [283], alongside a 33.2keV cascade
from the K-shell vacancy with an 88.4% capture probability [284]. In addition to
these branching factors, it was important to consider the fact that 2°Xe decays
can produce MS events as well. This was accounted for with a measured SS frac-
tion of (55.2 £ 7.1)% for the 276.6 keV peak, which is consistent with the value of
(57.8 + 0.1)% from '?°Xe simulations. Since the calibration source neutrons only
irradiated the top third of the TPC, events were restricted to a small cylindrical

volume with a radius of 68.8 cm and height limits of (99.7cm < z < 132.4 cm).

To illustrate the 12*Xe population growth due to neutron activation, the rate over
time is illustrated in Figure 5.8 (a), with the trigger efficiencies compensated for.
Due to the instability of measurements with the DD plasma trigger, only runs util-
ising the DD S2 trigger were considered, with a DAQ live time of 2.1d. Therefore,
with corrections for the branching factors, SS fraction, and trigger efficiencies, the

fitted 276.6 keV peak as in Figure 5.8 (b) yielded an activation rate of

A, = (15.2 + 3.4) atoms/kg/d. (5.14)
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Figure 5.8: Formulation of the **Xe neutron activation model. (a) The rate of
125X e decays through the DD calibration window, with trigger efficiencies factored
into data points from DD runs. (b) Fit of the 276.6 keV '*°Xe peak with a Gaussian
plus a linear background, for events from DD S2 trigger runs occurring within
a cylindrical volume in the upper third of the TPC, which receives most of the
calibration source neutrons. (¢) A model of the number of '*Xe and '*T atoms
over time, with A,, set to zero beyond the DD calibration period. For reference,
both of the natural and effective (natural plus getter removal) decay schemes of
1251 are included.

As such, applying this to the top third of the TPC in conjunction with Equation
5.10, the resulting activation model is displayed in Figure 5.8 (c¢). This predicts

the following values for the number of atoms at the start of the post-DD window:
Nizsxe(to) = (3.4 £0.8) x 10" atoms and  Nuzsy(tg) = (8.5 £ 1.9) x 10" atoms.

Although these estimates are relatively close to those generated by the fit of Equa-
tion 5.10 to '?°T, the activation model implies that Nizs;(ty) > Nizsxe(to), in contrast
to what is measured. During the calibration period, the DD S2 trigger was used

for a mode in which (2450 £ 20) keV neutrons were fired directly into the conduit,

113



CHAPTER 5. TWO-NEUTRINO DOUBLE ELECTRON CAPTURE OF '#Xe

whereas the DD plasma trigger was tuned to match the high intensity D-reflector
and H-reflector modes, where neutrons were scattered off a deuterium-based or
hydrogen-based target to produce 272-400 keV or <100 keV neutrons, respectively
[204]. As '?*Xe has a higher capture cross section for lower energy neutrons, it is
likely that solely considering the DD S2 trigger points led to an underestimate in

the number of '*Xe atoms in the activation model [285, 286].

A minor amount of activation can also occur with ambient thermal neutrons orig-
inating from the cavern rock structure surrounding the LZ detector, which con-
tributes to the baseline rate observed in Figure 5.5 (c¢). The thermal neutron
activation rate A; can be expressed as

N4 M,
At:<77,4 X

M, ) Onn, (5.15)

where 0,, = (165 4+ 11) x 1072* cm? is the thermal neutron capture cross section
for 1%Xe [287], ¢, = (1.7 £0.2) x 107%/cm?/s is the thermal neutron flux in the
Davis Cavern at SURF [288], and the factor contained in the brackets represents
the number of ?>*Xe atoms in a xenon mass of Mx., with the other terms defined as
in Equation 5.2. Although a vast majority of the LZ xenon inventory is contained
within the detector, shielded from ambient radiation by the water tank, a small
portion is exposed when in circulation. At a given time, a substantial amount of
this is held in the xenon tower, where xenon is evaporated and condensed as it
flows from and to the detector; this is approximated as Mx. = (70 £ 10) kg, which
leads to a value of A; = (7.4+1.5) atoms/d. Accounting for removal by the getter,

this can be translated into an event rate R; by

Ai2s]

Ri= A1
t t)\1251+)\g;

(5.16)

which therefore predicts a '*°T rate of R, = (0.5 + 0.1) counts/d originating
from thermal neutron activation. Since this contributes < 4% of the baseline rate

in Figure 5.5 (c), it is taken as a negligible effect.
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5.5 Fit procedure

The background contributions were constrained along with the ?*Xe signal activity
by fitting simulated energy spectra to data, which leveraged the same high-statistics
simulations as those produced by the parametric chain for the work in Chapter 4.
For simplicity, reconstructed energy was selected as the fit observable since both
the signals and backgrounds produce ERs, and hence (Slc,S2cpo) space offers no

additional discrimination power.

Fits were performed according to a binned maximum likelihood approach as de-
scribed in Section 4.6.1, using the same implementation and form for the log-

likelihood defined in Equation 4.9, repeated here for completeness:

In£(d|0, p, o Zd In f;(6 (model term)

- V(O) (extended term)

Ne 1 (6 — e\
_ Z - ( kT H k) (Gaussian constraint term)  (5.17)

where the energy spectra are divided into N, bins, with d; observed counts and
fi(0) expected counts in the ith bin. For each of N. components, there is an associ-
ated energy PDF p; scaled by a corresponding model parameter 6;, which comprise
fi(0) = Z;-V:Cl 0;pji. The model parameters 8 are regularised by a Gaussian con-
straint term, which penalises significant deviations from the initial estimates of the
counts p with uncertainties o provided by sideband analyses, as listed in Table 5.2.
The extended Poisson term v(8) = YN, f;(0) serves to include information from

the observed sample size n = Y2, d;.

Furthermore, the goodness-of-fit was evaluated with the Poisson-likelihood x3 test

statistic noted in Equation 4.10:

2 _ i di )
XX = 2; (di lnm + f(0) — di) ; (5.18)

which obeys a x? distribution with N, — N, degrees of freedom [259, 260].
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Taking into account the DAQ dead time as well as the exclusion of periods with
anomalous trigger rates and deployed calibration sources, the SR1 dataset con-
sisted of 89.6 live days, with 22.0d and 67.6d as part of the pre-DD and post-DD
windows, respectively. With the assumption of natural isotopic abundance, this

corresponds to an isotopic exposure of 1.3kg x y for the poly-wall FV.

The inflated amount of #°1 immediately following the DD calibrations motivates
the definition of a post-DD exclusion period, which presents a trade-off between
high background rates and exposure. To operate with < 99% of the peak '%°1
rate, the size of this exclusion window must be > 23.7d, equivalent to at least
7.4 effective half-lives. However, proceeding with the standard fit procedure, the
resulting 1?*Xe activity displayed a strong dependence on the length of the exclusion
period. This was likely to have been caused by background contamination, with
a higher signal activity obtained for shorter exclusion windows. To overcome this,
alternative methods were devised in which the time-dependence of background

rates is included in the model:

» Simultaneous fit — as opposed to regarding SR1 as a single dataset, it
can be split into pre-DD and post-DD subsets (d4,dg). This allows for the
treatment of backgrounds affected by the DD calibrations as separate com-
ponents, and hence enables the assertion of tighter constraints as informed
by the activation model. To maintain continuity between the two subsets
for sources with constant rates, including the signal term, they must be fit

simultaneously by maximising the sum of two log-likelihoods akin to

InL(dA, dp|0,m4m5) = InL£(dA|0,1,) + In L(d5|60,m5), (5.19)

where 6 denotes model parameters shared between the two datasets, and
(n4,Mp) contain pre-DD and post-DD parameters for each time-varying back-
ground. A benefit to this approach is that it is relatively straightforward to
incorporate additional datasets into the fit, such as pre-SR2 detector moni-

toring runs and SR2 background runs.
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m Explicit time-dependence — a more complicated but comprehensive alter-
native is to explicitly include time dependence in the form of live time PDFs
t; with IV; bins. The height of each bin would represent the fraction of the
total expected counts at a given time, and the overall shape of the PDF would
be dictated by the half-life or expected behaviour of each component. This

would imply a new definition for the expected counts in each energy bin:

Ne¢
Jmi(0) = Ojtm;pji, (5.20)

j=1
where the original version of f;(0) is recovered by performing the sum over
the time bin index m. Similarly, the observed counts d would be split into
m parts. This procedure is effectively an extension of the simultaneous fit

method up to a sum of N; log-likelihoods, with a model term of the form
N: N,

In £(d]0)moder = > D dpmi In frni(6). (5.21)
m=1i=1

On the timescale of SR1, ?°I and '*3Xe rates experience the greatest variation
within the ROI; the time profiles of all other sources would be uniform, with the
exception of 1?"Xe. As such, the implementation of explicit time dependence would
provide limited benefit, and thus the simultaneous fit approach was adopted. With
212Ph and material contributions fixed due as they are comparatively subdominant,
the fit involved a total of 10 parameters: 6 shared between the two likelihoods,
along a pair for pre-DD and post-DD parameters of ?°I and *3Xe. Whereas
initial estimates for the !33Xe parameters—as well as the shared parameters—
were derived from the results of xenon activation studies [248], those of '?°T were
determined using the measurements made in Section 5.4.1. The pre-DD rate was
approximated as (2.5 4 0.2) x 1073 counts/kg/d from the mean of the flat baseline
at the start of SR1, with the standard error taken as the uncertainty. On the other
hand, the average post-DD rate of (4.7 4 0.8) x 1073 counts/kg/d was estimated
by normalising the integral of the exponential decay curve by the live time, and
equivalently for the error bands to obtain the uncertainty. These values account
for the 80.11% branching ratio in the '?°I population selection, as well as some

contamination from 2vKK with an estimated rate of (5.341.4) x 10~% counts/kg/d.
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5.6 Results and discussion

The outcome of the simultaneous fit of the pre-DD and post-DD subsets is presented
in Figure 5.9. Along with the low values of reduced x3, the residuals are indicative
of a high-quality fit, with the most significant differences occurring in the low-
statistics regions between features. Moreover, to probe the relationship between the
best-fit values @ and the constraints, a plot of parameter pulls (é—,u) /o is displayed
in Figure 5.10. This demonstrates that no significant deviations from the initial
expectations are observed, with fixed sources excluded and the signal term omitted
as it was left unconstrained. However, most pulls exhibit a negative directionality,

suggesting that the initial values pu were generally slightly overestimated.

{ Data 133xe 136xe 2088 v ERs
—— Fit —— 124Xe 2v2EC 214pp — 212pp
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Figure 5.9: Simultaenous fit of pre-DD and post-DD subsets of SR1, for SS events
in the ROI with the minimal set of cuts applied. Both 2!2Pb and the detector
material contributions were fixed as they are subdominant. Since the materials
component is a sum of many low-rate lines, a smoothing filter was applied for
clarity. Fractional differences between the fitted models m and the data d are
added as residual plots to visualise the fit quality.
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Figure 5.10: Parameter pulls for the simultaneous fit of pre-DD and post-DD peri-
ods. The unconstrained signal term is excluded, along with those associated with
the fixed 2!2Pb and material components. The band signifies a +1¢ tolerance.

To verify that the time dependence of background sources was appropriately cap-
tured by the fitted model, the best-fit values for the average rates were converted
into pre-DD and post-DD starting rates using the known half-lives, and projected
in time. As shown in Figure 5.11, the model is in agreement with the data overall,
with a minor departure in the post-DD baseline. The error band was calculated
from the parameter errors estimated by iminuit, which are extracted using a nu-

merical approximation of the inverse Hessian [261].
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Figure 5.11: Time projection of the fitted rates overlaid onto SR1 data, for SS
events in the ROI with the minimal set of cuts applied. Aside from '?°I, 33Xe, and
127X e, sources were modelled with uniform rates over the entire course of SR1.
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With a best-fit activity of As,opc = (0.28 £ 0.04) counts/kg/y, Equation 5.2 can
be used to infer the half-life:

T = (1.09 £ 0.184ar & 0.034y5) x 10* years, (5.22)

which is remarkably close to the result of (1.1 £ 0.24¢ £ 0.14ys) X 10* years re-
ported by XENONIT [268]. A breakdown of the systematic uncertainties is given
in Table 5.4. Although the simultaneous fit procedure dramatically reduced the
dependence on the length of a post-DD exclusion period, a small amount of bias
remains as shown in Figure 5.12. This forms the largest contribution to the sys-
tematic uncertainty, taken as the highest absolute difference in half-life over the
considered range of exclusion window sizes. Secondary sources of uncertainty stem
from the energy reconstruction parameters g; = (0.114 4+ 0.002) phd/photon and
g5°t = (15.1 4+ 0.4) phd/electron as calibrated for the WIMP search, as well as the
live time (89.64+1.0) d. As XENON1T observed a higher '?*Xe abundance than that
of natural xenon, it is possible that this contribution to the systematic uncertainty

is subject to change with upcoming measurements of the isotopic abundance in LZ.

Table 5.4: Summary of the systematic uncertainties on the 2*Xe 202EC half-life,
with the total calculated by summing the individual contributions in quadrature.

Contribution Uncertainty [10*2y] Relative uncertainty [%]
Exclusion period 0.03 2.8
Energy reconstruction 0.012 1.1
Live time 0.011 1.0
Fiducial mass 0.005 0.5
124X e abundance 0.003 0.3
Total 0.03 5.7

Since the x3 statistic was formulated with a likelihood ratio, the significance for a
given hypothesis test can be approximated by taking \/x3 [289]. A statistic which
tests the signal-plus-background hypothesis against the background-only hypoth-

esis may be constructed by taking the difference between the two corresponding
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X3 expressions. Therefore, the discovery significance for the half-life measurement

can be calculated according to

VARG = V3 (60) - 3(0). (5.23)

where the first term represents the background-only case, in which the max-
imum likelihood estimators @, are obtained by performing a fit with the signal
term set to zero, and the second term contains a non-zero signal term as normally
considered. By repeating the fit with the signal activity fixed at a range of sam-
pled values, a Ax3 profile was generated as depicted in Figure 5.12. The minimum
coincides with the best-fit value for a non-zero signal term, whereas the Ax3 value
at an activity of zero corresponds to the background-only scenario. The difference

between these two scenarios thus yields a significance of 7o.

Live time [days]
1689.6 84.7 79.7 74.8 69.7 64.6

XENON1T (2022)
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Figure 5.12: Outcomes for the half-life measurement over a range of post-DD
exclusion periods, with the XENONIT result highlighted in grey (left); the Ax3
profile as a function of fixed values of the signal activity, with the best-fit activity
marked by a vertical line and uncertainty band (right). For clarity, the profile
amplitudes were subtracted such that the minimum is at a Ay3 value of zero.

In order to attempt a measurement of the relative capture fractions, the signal
model was deconstructed into individual Gaussian peaks, as per Figure 5.1. This
adds three more signal terms to the likelihood expression, all of which were ini-
tialised with the expected proportions and left unconstrained. The result of this fit

is showcased in Figure 5.13, with comparisons between the modelled and measured
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capture fractions summarised in Table 5.5. Despite being in good agreement with
the XENONIT signal model, large error bars are attached to these values due to
the limited statistics provided by SR1. With upcoming science runs in LZ, the

influx of more data will enable more confident extensions to this measurement.
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Figure 5.13: Alternative version of the simultaneous fit, with the **Xe signal
broken down into four Gaussian peaks representing each EC combination. The
capture fractions were extracted from the relative proportions of each activity.

Table 5.5: Comparisons between measured capture fractions and those predicted
by the XENONIT model, for the four most dominant capture combinations.

Decay mode Model fraction [%] Measured faction [%]

KK 72.4 (72.6 & 11.4)
KL 20.0 (19.9 & 3.3)
KM 43 (4.3+0.7)
KN 1.0 (1.0£0.2)
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The measured half-life is compared with recent predictions from different theoreti-
cal frameworks and lower limits set by other experiments in Figure 5.14. The result
obtained in this work is compatible with effective theory (ET) and large-scale nu-
clear shell model (NSM) calculations [290], and is in agreement with those from
the quasiparticle random-phase approximation (QRPA) [269, 291] approach at the
20 level. Moreover, this measurement is also consistent with the 90% confidence
level lower limits set by XENON100 [292] and LUX [274]. Although a discrep-
ancy is observed with respect to the limit produced by XMASS [293], this was
attributed to ineffective removal of the dominant 2T background by their purifi-
cation system, combined with a higher thermal neutron flux in the Kamioka mine

and a substandard energy resolution.
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Figure 5.14: Comparison of the measured half-life with theoretical predictions rep-
resented by black bars and experimental lower limits indicated by dashed lines.
For instances where the reported half-life is for the KK capture mode, the value is
scaled by the 72.4% capture fraction. The result obtained in this work is depicted
as a solid horizontal line with a 10 combined statistical and systematic uncer-
tainty band, which aligns with the XENONI1T result shown in grey.

Future runs in LZ will facilitate tighter experimental constraints on the half-life
and relative capture fraction for NME calculations; independent measurements of
the 2vKL and 2vLL modes would allow the decoupling of NMEs from phase space
factors. Applying the best-fit activity, an estimated total of (394+57) 2v2EC events
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were observed within the SR1 dataset, which translates to ~4400 events over the
nominal LZ exposure of 1000 live days. Over such a timescale, direct measurements
of 12*Xe decays via 2vECA™ will be within reach, presenting approximately ~400
events for a predicted half-life of (1.7 & 0.6) x 10* years [270].

5.7 Conclusion

A first measurement of the extremely rare Standard Model decay of '?*Xe by 202EC
was performed in LZ using an SR1 dataset with a total of 89.6 live days, yielding
a half-life of T 12/”22EC = (1.09 & 0.184a¢ £ 0.034ys) X 10*? years with a statistical sig-
nificance of 7o. In addition, an early attempt at constraining the relative capture
fractions for different shell combinations yielded values consistent with the signal

model developed by XENONIT.

The exposure—and hence the sensitivity—was maximised through the optimisa-
tion of a specialised FV, for which detector material backgrounds at the TPC wall
were the limiting factor. An overall 4% increase in fiducial mass was achieved with
respect to the SR1 FV definition. In addition, thorough studies of '2°I produc-
tion via neutron activation and its removal by the LZ purification system were
conducted, as it forms the main background to this search. The rate of xenon
activation in the presence of a DD neutron calibration source was estimated at
A, = (15.2 + 3.4) atoms/kg/d. Predictions for the number of *°T atoms produced
was consistent with estimates from a fit of 12°I rates over the course of SR1. More-
over, the getter removal component of the 1?51 half-life was measured at (3.640.2) d

— drastically lower than the natural 59.4 d half-life.

Constraining the rate of 24Xe decays in LZ is critical as it contributes a background
to a variety of low energy searches, including WIMPs and light dark matter can-
didates. Furthermore, this measurement opens new avenues for the detection or
limit-setting of even rarer decay modes in upcoming science runs, namely 2vECST,

as well as the more exotic neutrinoless modes [270].
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Conclusions and outlook

With an unprecedented sensitivity to WIMPs, the LZ experiment has recently set
a world-leading limit on WIMP-nucleon interactions from its first science run. As
the dual-phase xenon TPC technology employed in LZ is highly versatile, the de-
tector also has the capacity to probe various other interesting phenomena. The
focus of the work presented in this thesis has been on leveraging this to expand the

scientific programme to rare interactions beyond the primary WIMP search.

For one, there is the Ov33 decay of 3%Xe — the observation of which would confirm
the existence of massive Majorana particles and lepton number violation. LZ is
set to make a measurement of this that is competitive with dedicated experiments,
which use xenon with isotopic enrichment. The success of such a measurement is
critically underpinned by comprehensive modelling of the dominant backgrounds
originating from detector materials. As detailed in Chapter 4, the construction of
this background model utilised the results of an extensive radioassay campaign, as
well as a large-scale simulations production. The activities of naturally occurring
radioactive materials and anthropogenic isotopes in numerous detector components
were constrained through fits of simulated energy spectra to SR1 data. A novel
approach was developed to reduce the high level of complexity associated with
this, which involved conducting fits within a series of detector sub-volumes, paired
with a specialised component grouping algorithm. To improve the fit robustness, a
modified energy calibration extending up to 3 MeV was performed, and corrections
were implemented to optimise the energy reconstruction and resolution in both

simulations and data. Although most fitted activities remained consistent with
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assay measurements, an overall increase in rates was observed and discussed. The
implications for the sensitivity to 0v33 decays of 3°Xe were assessed, producing
an updated projection for the median exclusion half-life at 0.98 x 10%° years for a

nominal exposure of 1000 live days.

In the context of future experiments, such as the recent XLZD consortium, a larger
detector size is part of the natural progression towards achieving a greater sensitiv-
ity. This is likely to incur a cost in the form of elevated detector ER backgrounds,
which are especially important in the prospect of maintaining a competitive sensi-
tivity to OvB3 decays. The capability of exploiting fine-grained assay measurements
at the analysis stage, as demonstrated here for LZ, thus informs the requirements
and procedures for future detectors. In addition, for the delivery of high statistics
simulations in future experiments, the trade-off between realism and computational
cost—as highlighted in this thesis—poses greater concerns in light of the growing
climate crisis. Along with scientific and economic incentives, the implementation of
simulation methods and computational infrastructure has the added obligation of
reducing impact on the climate [294]. Recent developments in the field of machine
learning, such as advanced generative techniques, offer means to produce realistic

simulations more efficiently, with trained models that can often be repurposed [295].

The first LZ measurement of the decay of **Xe through 202EC was presented
in Chapter 5. The dominant '2°I background was constrained with an effective
neutron activation model, as informed by studies of the removal efficiency of the
online purification system. Moreover, a gain in exposure was achieved using an op-
timised FV, with methods that will be applicable to other analyses. A half-life of
Tf/”QQEC = (1.09£0.1845¢ £0.035ys) X 10%? years was obtained with a statistical signif-
icance of 7o, as well as the first measurements of the relative shell capture fractions.
This result is consistent with recent experiments and theoretical predictions. With
future science runs, tighter constraints on the capture fractions will be made, and

the discovery of the more exotic 20vECST decay mode will be within reach.
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