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Abstract

A significant proportion of the Universe is believed to be composed of some unknown substance
known as dark matter. The leading candidate for this dark matter are weakly interacting
massive particles (WIMPs). The LUX-ZEPLIN (LZ) experiment, housed one mile underground
in the Sandford underground research facility (South Dakota, USA), is currently searching for
these particles using a 7 tonne liquid xenon target. In this thesis the evidence for dark matter is
presented alongside how liquid xenon time projection chambers are expected to detect WIMP
dark matter via low energy nuclear recoils. This methodology is brought to life through LZ’s
first WIMP search. This analysis, which found no WIMP candidates in its 5.5 tonne - 60 day
exposure, imposes the most stringent upper limits to the spin-independant WIMP-nucleon

cross-section to date.

The calibration of the PMTs to VUV light using ®™Kr is detailed alongside a comparison to
previous dedicated measurements performed at Imperial. This in-situ calibration is exploited
as part of a ®B sensitivity study which uses the double photoelectron emission (DPE) effect
and the time profile of xenon scintillation to reduce the scintillation threshold of LZ, improving

its sensitivity to low energy interactions such as CEvNS.

Alternatively, liquid xenon (LXe) detectors can completely forgo scintillation signals in an
effect to explore even lower energy phenomena. A current limitation of these "S2-only” analyses
is our ability to calibrate detectors in this ultra-low energy regime. Several methods to calibrate

this region using existing sources are studied assuming a 50-150 eV region of interest.

Finally, measurements of the xenon luminescence spectra are presented for warm gas, saturated
vapour, and liquid states. These results, which include the first measurement of saturated
xenon vapour spectra and the first simultaneous measurement of liquid and vapour spectraq,

observe that Sl light is consistently of longer wavelength than S2 light.
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Chapter 1. Introduction

From measurements at the astronomical and Cosmological scales it is apparent that a signi-
ficant fraction of the Universe is composed of some unknown substance. This “dark matter”,
present in the early Universe, interacts gravitationally with conventional matter and was
instrumental in creating the Universe in its present form. A natural question to ask of such
a substance is ‘what is it made of?. Extensions to the Standard Model of particle physics
provide multiple candidates for dark matter including weakly interacting massive particles
(WIMPs). This thermal relic from the early Universe should interact with normal matter via
some interaction at or below the weak scale. The hunt for such a dark matter particle, once a
fringe area of research, has developed into a compelling and wide-ranging field of research in

the particle physics community.

The majority of this thesis is dedicated to searching for WIMPs as part of the LUX-ZEPLIN
(LZ) experiment. Additional R&D work measuring the luminescence spectra of xenon, the

target medium of LZ, is also presented.

Chapter 2 outlines the motivation for dark matter at the astronomical and Cosmological scales.
With the foundations set, the required properties of a dark matter candidate are described
and possible detection methods outlined. An introduction to WIMPs is provided detdailing the
expected detection mechanism via coherent elastic scatter off nuclei. This detection mechanism
is compared to neutrino coherent elastic neutrino-nucleus scattering (CEVNS) scattering, an
irreducible background for any experiment searching for WIMPs. With the expected signal
described, the liquid xenon (LXe) time projection chamber (TPC) detector design is outlined
including details of the signal production mechanism. This chapter culminates with a review of

the field prior to the current generation of experiments.

Chapter 3 describes the design, operation, and calibration of the LZ experiment. Specific
empbhasis is placed on the operation of the photomultipler tube (PMT) photosensors used in
the TPC due to their relevance to Chapters 4 and 6. A review of LZ's offline computing is
provided alongside a study comparing UK and US computing resources from the perspective

of analysers.

Chapter 4 details the in-situ measurement of the double photoelectron emission (DPE)
probability for LZ's TPC PMTs using 3*™Kcr. In the process of this calibration, a measurement

of the half-life of the intermediate state encountered in 3™Kr's two-stage decay is presented.
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Finally, the results of these in-situ measurements are compared to dedicated measurements

performed at Imperial College London.

Chapter 5 encompasses LZ's first WIMP search using the SR1 dataset. Using LZ's significantly
larger target mass this is the most sensitive WIMP dark matter analysis to date with a total
exposure of 5.5 tonne - 60 days. This analysis, the key-note work of the experiment, was centrally
orchestrated by senior members of the collaboration. My primarily contribution to this analysis
was the in-situ calibration of the LZ TPC PMTs as described in Chapter 4. During this analysis
| also studied scintillation backgrounds at threshold, not discussed here, and contributed to

the development of parts of the core analysis framework.

Chapter 6 describes a study of LZ's sensitivity to ®B neutrinos from the sun using analytic
methods. These methods simplify the computation of signal and background PDFs and allow
for greater exploitation of the full detector response model. The signal and background models
are then augmented though the addition of two discriminating parameters, the interaction

depth and ionisation signal (S2) strength, improving signal-background discrimination.

In addition to the above study, measurements of the PMT timing offsets are performed both
within and between the two PMT arrays using waveforms from a-decay. The results of these

measurements are then extrapolated for the 3 m detector proposed by the XLZD consortium.

Chapter 7 details several methods to calibrate LZ TPCs at the ultra-low energies relevant for
ionisation-only (S2-only) analyses. The first two methods investigate whether photo-nucleus
coherent gamma elastic-scattering (CGES) or Compton scattering could produce interaction
of the required energy and rate for calibration. Orbital electron capture is studied in detail to
investigate how '?’Xe electron capture should be interpreted and exploited in this ultra-low

energy regime.

Chapter 8 presents spectral measurements of xenon luminance using the proto-Xenia chamber
housed at Imperial. Using a LXe TPC design, these measurements provide the first simultaneous
measurement of liquid xenon scintillation and xenon vapour electroluminescence, with the

latter also the first measurement of its kind.

Chapter 9 provides a review of the work and results presented in this thesis.
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Chapter 2. Detection of Dark Matter and Neutrinos

From astrophysical and cosmological observations there is strong evidence for the existence of
an as yet unobserved dark matter component of the Universe. This dark matter is expected to
account for approximately 85% of the matter density of the Cosmos. Whilst there have been
numerous observations from the astrophysical to cosmological scales consistent with the dark
matter hypothesis, no convincing evidence of a particle compatible with dark matter has yet
been observed. A dark matter candidate of particular interest to the physics community is the
weakly interacting massive particle (WIMP). These hypothesised thermal relics from the early
Universe provide a solution to the dark matter problem and have been the preferred candidate
for direct detection dark matter experiments for several decades. The most successful detection
technology for WIMPs, in the mass range 10 GeV to 10 TeV, has been two-phase (liquid/gas)

xenon time projection chambers.

In this chapter astrophysical and cosmological evidence for dark matter will be reviewed
and the required characteristics of a dark matter particle outlined. Focusing exclusively on
WIMP dark matter, the coherent elastic nuclear scattering mechanism used for the detection
of WIMPs and neutrinos will be described. Subsequently, the physics of liquid xenon as a
detector medium will be discussed including its use in the highly successful two-phase time
projection chamber (TPC) design. Finally, the state of the field, prior to the current generation

of tonne-scale liquid xenon (LXe) experiments, will be presented.

21 Dark Matter

In this section several pieces of evidence for the existence of dark matter at the astrophysical
and then cosmological scale will be provided, roughly in chronological order. Here only a few
specific results will be described focusing on key or otherwise standard examples. For a much
more thorough monograph of the history of evidence for dark matter the reader is referred to

the following review [1].

211 Astrophysical evidence

The first evidence for dark matter originates from astrophysical observations. Here a very brief
description of evidence for dark matter at the galaxy and galaxy cluster scales is provided
focusing on galaxy cluster rotations, galaxy rotation curves, and gravitational lensing of galaxy

clusters.
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Chapter 2. Detection of Dark Matter and Neutrinos

In 1933, Zwicky used the virial theorem, which states that the time-averaged kinetic energy
of a system in equilibrium should equal minus one-half of the time-averaged gravitational
potential energy of the system, to compare the visible and inferred masses of galaxy clusters.
Using this relationship Zwicky observed that the quantity of visible matter within the Coma
Cluster was insufficient to support the velocities of its constituent galaxies. To replicate these
observations, Zwicky proposed that the Coma Cluster had approximately 400 times more mass

than can optically observed [2, 3].

Through the mid-to-late 20 century the observation and study of individual galaxies led to
many measurements of galactic rotation curves. These curves, measured as the rotational
velocity of galaxies as a function of radius, consistently observe a constant rotational velocity
out to large radii [4, 5]. According to Newtonian dynamics, in these outer regions the rotational
velocity should decrease as square root of the radius. The observed deviation from this law
hints that there is non-visible matter following a different spatial distribution to normal matter,

suggesting it must also interact differently to normal matter. Freeman went as far to say [5]:

“[If the results are correct then] there must be in these galaxies additional matter
which is undetected, either optically or at [a wavelength of] 21 cm. lts mass must be
at least as large as the mass of the detected galaxy, and its distribution must be

quite different from the exponential distribution which holds for the optical galaxy.”

The most recent measurement of the galactic rotation curve for the Milky Way, the galaxy
in which we live, using data from GAIA [6, 7], WISE [8], APOGEE [9], and 2MASS [10], are
shown in Figure 2.1. The observed rotation curve is fitted using a model composed of normal
matter components alongside dark matter following an Einasto density profile [11]. The best fit
parameters of this model finds a local dark matter density of 0.425 + 0.004 GeV/cm® equivalent

to one proton per two cubic centimetres [12].

In conclusion, it is clear that ordinary matter cannot explain the observed dynamics of galaxies,
including our own. To reconcile the above observations with our current understanding of
physics requires an additional component of dark matter in quantities far exceeding that of

ordinary matter.

In 2004, non-visible matter which interacts very differently to ordinary matter was observed in

the Bullet Cluster [15]. Produced from the collision of two galaxy clusters, the cluster was studied
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Figure 2.1: The Galactic rotation curve of the Milky Way as measured by Ref [12] using datasets from the
GAIA [6, 7], WISE [8], APOGEE [9], and 2MASS [10] experiments. A previous measurement,
Ref [13], is shown as black circles. A model of the Milky Way galactic rotation curve is shown
(red line), using the baryon model from Ref [14] and a substantial dark matter component
following an Einasto dark matter profile [11]. Figure reproduced from Ref [12] by permission of
Oxford University Press on behalf the Royal Astronomical Society who retain the copyright of
this reproduced figure.
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using optical imaging, x-ray astronomy and weak gravitational lensing. The x-ray images
provide the location of the galaxies and gas, which contains most of the visible mass, of the
two constituent galaxy clusters. Weak gravitational lensing, where the potential well produced
by mass bends light around said mass, was used to locate and “weigh” the total mass between
the source and observer. When the two galaxy cluster collided to form the Bullet Cluster, the
galaxies passed one another without interaction whereas the gas of the two systems slowed
down due to ram pressure. This led to the majority of the visible mass density, which originates
from the gas, being close to the collision point. Weak gravitational lensing measurements
instead demonstrated that the majority of mass of the Bullet Cluster was surrounding the
galaxies that passed though the collision unimpeded. This observation demonstrated that
there is a significant non-visible dark matter component with a low interaction cross-section

both with itself and with normal matter.

This observation was, and remains, the most striking example of a system where the dark and

baryonic components of a galactic object can be spatially resolved and distinguished.

21.2 Cosmological evidence

The cosmological evidence for dark matter is strongly coupled to the understanding of the
early Universe and how it has evolved to the present day. For this reason a brief review of the

early Universe is provided prior to a discussion of the evidence for dark matter arising from it.

2121 The early Universe

At the end of the radiation-dominated era (371,000 years after the Big Bang), the cosmos
was filled with a hot charged plasma of baryons, photons and dark matter. Any over-density
fluctuations in this plasma would lead to gravitational potential wells which would attract the
massive baryons and dark matter. The photons, which are largely ignorant of the gravitational
potential, undergo frequent scattering on the charged (baryon) constituents within the opaque
plasma, leading to an outward radiation pressure acting on the baryons. The combination of
the inward (restoring) gravitational potential and outward (driving) radiation pressure leads
to the baryon component of the plasma acting as a driven oscillator. A consequence of the
oscillating plasma are waves of baryon over-densities, analogous to sound waves, known as

baryon acoustic oscillations (BAOs).
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The shape (relative and absolute heights) of the BAO modes contains information on the
relative abundances of dark matter and baryons. As a simplification, if the Universe has more
dark matter then the oscillator would have a stronger gravitational restoring force leading
to smaller oscillations overall, whereas if the Universe had more baryons then the amplitude
of the oscillations would be larger. In particular the odd modes, which originate from the
compression of the plasma, are particularly sensitive to the relative amounts of baryons and

dark matter [16].

As the Universe cooled though expansion the charged plasma eventually neutralised forming
hydrogen in what is known as decoupling or recombination.' In the absence of the charged
plasma, the photons, which contain information about the Universe at the time of decoupling,
are free to propagate through the now transparent Universe. This decoupling led to the
cessation of the radiation pressure and by extension the end of baryon acoustic oscillations.
The photons from the surface-of-last-scattering, the radiation emitted at decoupling, should be
detectable ’roday, with substantial red shift, and would contain information about the Universe

at the point of decoupling, including the relevant energy and matter densities and BAOs.

2122 Observing the relics of the early Universe

In 1965, the hypothesis of the surface-of-last-scattering existing as a black-body spectrum was
proposed alongside an unexpected measurement of just such a spectrum with a temperature
of 3.5 +1.0K which came to be known as the cosmic microwave background (CMB) [17, 18].
Successive experiments improved their measurements of the CMB, including the addition of
spatial sampling with increasingly precise angular resolution and most recently the inclusion
of polarisation maps, with the most recent results obtained by the Planck experiment [19]. The
results from Planck demonstrate remarkable homogeneity in the universe, (-A T | < 300 pK)
at the time of decoupling, and provide high-quality measurements of BAOs, as can be seen in

Figures 2.2 and 2.3 respectively.

By analysing the observed BAO spectrum, Figure 2.3, Planck was able to measure the dark

'Strictly speaking, this is not recombination as the proton and electron were never previously bound.
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Figure 2.2: A map of

the temperature anisotropies in the CMB as observed by Planck in their 2018

analysis. Figure provided by ESA and the Planck Collaboration [19].
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multidimensional best fit of the base-ACDM model is shown in blue. Figure from Planck
Collaboration, A&A, volume 641, A6, 2020, reproduced with permission © ESO [20].
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matter and baryon energy densities in the early Universe as

Qp = 0.022,33 + 0.000,15 (baryons)
(2.1)

Q. =0.119,8 + 0.001,2 (cold dark matter)

where Q is the energy density normalised to the critical density of the Universe Pes the energy

density required for a flat Universe in the absence of dark energy [20].

Through the cosmological inference of dark matter in the early Universe, it is clear that dark
matter is not only unlikely to originate from an unaccounted for astrophysical effect but that
it has existed within the Universe over its life-time. Any convincing candidate/model for dark

matter must then be valid over the life-time of the Universe and exist within the early Universe.

2.1.3 Dark matter candidates

From the evidence described previously over a wide range of scales it is clear that there is dark
matter in the Universe. Nd’rura”y, the next question is, what is it? Within constraints derived
from the observed evidence numerous dark matter models can be made. Here a brief overview
of these constraints will be given alongside a detailed description of the weakly interacting
massive particle (WIMP) dark matter model most relevant to this thesis. For a more general

overview of dark matter candidates the reader is referred to Refs [21, 22].

The first key assumption made within this thesis is that the astrophysical/cosmological dark
matter originates from an as-of-yet undiscovered particle outside the Standard Model of
particle physics. If such a particle existed in the early Universe, as might be expected in the
high-energy plasma, and then decoupled from it with some relic abundance, it could explain

both the current astrophysical and the primordial cosmological observations.

Electric charge: As no evidence of dark matter has been obtained via the electromagnetic
interactions it is commonly assumed that dark matter is electrically neutral. However, if the
electrical millicharge of dark matter was suitably small it is possible that the effect of the
dark matter charge would be insufficient to be detected in previous measurements. From
astrophysical observations and experimental exclusions limits it has been shown that dark
matter of mass 1GeV (10 TeV) must have a millicharge less than 10° (10#) relative to the

charge of an electron. From the same calculations it is also expected that any such charged

26



Chapter 2. Detection of Dark Matter and Neutrinos

dark matter particle would have been ejected from the Galactic disc due to the Galactic

magnetic field and shockwaves from supernova explosions [23].

Self interactions: The observations from the Bullet Cluster impose some limitation on the

dark matter self-interaction cross-section. If the dark matter is treated as a particle of mass m,

self

self then oy

with some self-interaction cross-section oy

must be suitably low such that the two

dark matter halos, one for each galaxy cluster, passed through one another without significant

self

» | can be calculated as [24]

impediment. Using this logic an order of magnitude limit on &

self )]
(¢}
A Y [ﬂ] . (22)

My
Non-baryonic: Observations from the CMB using the ACDM model demonstrate that the
dark matter component should be non-baryonic in nature and therefore not interact via the

strong force.

Low interaction strength with Standard Model: For the dark matter to remain in the
configuration expected from galactic rotation curves and the Bullet Cluster requires the dark
matter particle to have a low interaction cross-section with Standard Model particles. If the
dark matter frequently scattered on normal matter its spatial distribution would be significantly
altered. If the dark matter interacted with the gas during the Bullet Cluster collision then the
dark matter would have settled within a similar spatial distribution to the gas and not the

constituent galaxies.

Stable: Dark matter is required to explain both recent astrophysical observations and cosmo-
logical observations of the early Universe. For a particle to explain both observations requires

the particle to either stable or at least long-lived over the lifetime of the Universe.

2131 Thermally produced WIMPs

Arguably the most popular class of dark matter candidates are known as weakly interacting

massive particles (WIMPs) which exist as thermal relics from the early Universe [25].

Consider a particle y of mass m, which is in equilibrium with the plasma in the hot early

x

Universe. If this particle were to decouple from the plasma, such that it could no longer
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annihilate, it would provide a dark matter relic density py in the early Universe. The density of

this species would decrease as the Universe expands with the energy density obeying
Py =myny = —35 =P, (23)

where R is the cosmological scale factor distance, n,, (n, ) is the time-evolving (current) particle
number density, p_ is the critical energy density required for a flat (zero-curvature) universe,
and Q, is the ratio of the dark matter energy density to the critical energy density. Using
this equation the relationship between the abundance of dark matter particles, of some fixed
mass, and the energy density is clear. To explain the observed dark matter energy density
requires the correct particle number density 13.7 GYr after y leaves thermal equilibrium with

the plasma. This number can be calculated by solving the following Boltzmann equation:
. 2 9
n, = =3Hn, - (ov) (nX - nX’eq.) , (2.4)

where H = R/R is the Hubble parameter, R is the first time derivative of R, (ov) is the
thermally-averaged total annihilation cross-section and n, ., is the equilibrium number density.
An approximate solution to Equation 2.4 is shown in Figure 24. As the Universe expands,
eventually it becomes impossible for the y particles to find one another to annihilate. This

process, known as freeze-out, is fulfilled when
H(t) > n, (ov). (2.5)

As the co-moving number density of ¥ can no longer increase via production (as the temperature
is too low) nor can it decrease (y can no longer find one another) the number of y in the

Universe will remain constant; The present abundance of this thermal relic is given by

_24x107

2
Q h% =~ W, (2.6)

%

where h is the dimensionless Hubble constant, when ignoring the mass dependence in several
parameters for a non-relativistic ¥ [26]. From Equation 2.6 we can see that the final relic
abundance is, to first-order, inversely proportional to the self-annihilation cross-section. This

is expected since higher self-annihilation cross-sections leads to the decoupling of the y at a
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Figure 2.4: The temperature (time) evolution of the y dark matter relic abundance. Plot created from

relic abundance calculations and results Refs [26, 27] a|ongside the observed dark matter
density observed by Planck [20].

later time at which point the relic abundance is lower. If one chooses a cross-section at the
weak scale, a reasonable first guess for a particle with a low interaction cross-section, a relic
abundance approximately equal to the observed value from cosmological measurements is

obtained, this is sometimes referred to as the 'WIMP miracle’.

22 Detecting Dark Matter

Dark matter can be detected though three detection channels, shown in Figure 2.5 which
are called direct detection, indirect detection, and collider produc’rion.Q This thesis focuses

exclusively on direct detection, but the other two methods are briefly outlined here.

Direct detection (y+SM — 3y +SM) is where a dark matter particle scatters off, or otherwise
interacts with, a Standard Model particle. Using this methodology particle physics observations
are intrinsically connected to astrophysical dark matter, allowing direct statements of its particle
nature to be made alongside measurements of some galactic dark matter halo parameters.

Examples of experiments looking for dark matter is this way include two-phase time projection

2The definitions of the “direct” and “indirect’ channels differ from those used in the collider community.
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Figure 2.5: Schematic of the three methods by which dark matter could interact with the Standard Model.

chambers (TPCs), such as the ZEPLIN-III experiment [28], cryogenic bolometers, for example
CRESST [29], scintillating crystal detectors, which includes the DAMA/LIBRA experiment [30],

and directional detectors such as DRIFT [31].

Indirect detection (y +y — SM + SM) is where experiments search for Standard Model
products from dark matter annihilation. Examples of experiments looking for dark matter is
this way include gamma-ray telescopes, such as the large area telescope (Fermi/LAT) [32],
and neutrino detectors, such as the lceCube experiment [33]. See Ref. [34] for a thorough

review on indirect detection.

Collider production (SM+SM — y +y) is where two Standard Model particles produce dark
matter pqr’ric|es which, like neutrinos, exfiltrate the detector without detection. A standard
methodology to study such interactions is to look for missing transverse momentum from
proton-proton collisions at the Large Hadron Collider (LHC). If dark matter particles could be
created in this way precision measurements of the particle mass and interaction cross-sections
could be studied, but these dark matter consistent particles could never unequivocally be
connected to the astrophysical dark matter observations unlike the above processes. Examples
of experiments searching for dark matter at colliders include the LHC general purpose detectors,
ATLAS [35] and CMS [36]. See Refs. [37, 38] for detailed reviews of dark matter production in

particle colliders.
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221 Dark matter scattering kinematics

The computation of recoil spectra and scattering rates of galactic WIMPs on targets such as
xenon are relativity straight forward under certain assumptions. Here the key results of the

aforementioned calculations are made using the conventions outlined by Smith and Lewin [39].

To compute the recoil spectrum and rate of WIMPs elastic scattering on a xenon target requires
two components: a velocity distribution of the incoming dark matter particles (astrophysics)
and a kinematic model for the WIMP-nucleus interaction (particle physics). Using these two

components the differential WIMP nuclear recoil spectrum can be calculated as

Particle Physics Astrophysics
I 1T 1
dR GyA Vmax £(V) 3
P, [T (27)
r 2 My By A Vonin v

where o, is the WIMP-nucleus cross-section, p, is the energy density of dark matter, p, A is
the WIMP-nucleus reduced mass, F2(q) is the scattering form-factor for a momentum transfer
g, and (V) is the velocity distribution of the dark matter with respect to the Earth reference

frame.

Dark matter velocity profile: a common model of the dark matter velocity profile is the
standard halo model (SHM). In the galactic reference frame the dark matter vector velocity
obeys a 3D Gaussian profile centred about the origin and truncated at the galactic escape
velocity v [40]. In the laboratory (Earth) frame the velocity profile is boosted by vg: the
sum of the velocities of the sun around the galactic centre and the Earth around the Sun.
Using these assumptions the un-normalised velocity probability-density function (PDF), in the
laboratory frame, can be written as

> o 2
| V+ Vg |

F(v | vg» Vesc) < exp (— ) XO(|V+Vg | —Vesc) » (2.8)

QVO

where vg is the modal circular rotational speed and 0 is the Heaviside step function. Recent
observation of localised dark matter structures in the Milky Way by Gaiaq, have led to the
proposal of an updated SHM++ dark matter velocity distribution [41, 42]. This update model
better represents our current understanding of the velocity profile of our Galaxy but is not

commonly used in the dark matter community.
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WIMP scattering kinematics: The kinetic energy of non-relativistic WIMPs can be written as

1
E, = §mxv§, (2.9)
with the most probable WIMP kinetic energy Eq occurring for |v| = vg. By treating the WIMP-

nucleus interaction as a classical elastic scattering process the recoil energy of the nucleus can

be written

(210)

E, = Exr(ﬂ)

2

where 0 is the scattering angle in the centre-of-mass frame and r = 4 meA/(mX + mA)Q, where
my is the mass of the target nucleus. Assuming isotropic WIMP-nucleus scattering this recoil

energy is uniformly distributed with 0 < E, < Exr.

WIMP scattering rate: By ignoring the velocity of the Earth, the Galactic escape velocity,

and the WIMP-nucleus form-factor the differential recoil rate can be approximated as

Ve =0
dR ™" Ro e /Eor

d_E, ] * Eor (211)

esc =

where Ry is the total integrated-rate and Eg is the most probable WIMP energy. The WIMP-
nucleus differential recoil rate for argon and xenon targets is displayed in Figure 2.6. Here we
can see how the choice of target nucleus affects the recoil rate with a heavier target having a

quicker decay in the recoil rate as a function of recoil energy.

Using Equation 210 the maximum nucleus recoil energy encountered in backscattering interac-
tions can be calculated as E"™ = E, r. In the detection of dark matter there are two important
limits: what is the fastest (the highest energy) WIMP within the Galaxy?, and what is the lowest
energy recoil we can detect? For a WIMP to be detected it must be gravitationally bound to
the Galaxy requiring the WIMP to have a speed less than the escape velocity with respect to
the galactic rest frame. In the boosted earth frame this allows a WIMP to have a maximum
velocity of

with respect to the detector. The energy threshold of the detector E,j,.,, the lowest energy
detectable recoil, is a detector parameter independent of the hypothetical dark matter particle.

The combination of these two limits defines the lowest mass WIMP that can be detected. If a
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recoil must be above E,,,. to be detected and largest recoil is from a WIMP with a velocity of

Vmax then the lowest mass WIMP that can be detected is

E /2
m)r(ninA — ( 'rhrer mA) (2]3)
QVmuX
in the limit that m, < mu. This m;‘i"' o m:,l/2 dependence highlights that a lighter target

nucleus is kinematically preferential for searching for lower mass WIMPs in the absence of

detector efficiency considerations.

WIMP interaction cross-section: The interaction cross-section of WIMPs on atoms can be
split into two main categories: spin-dependant (SD) and spin-independent (Sl), here only the
spin-independent case will be discussed. The WIMP-nucleus spin-independent cross-section

Os| 0 is partitioned into proton and neutron components

2

4 2
Osl,0 = % (Z x f + (A - Z) X fneufron) > (2]4)

proton

where f 100 (Freutron) describes the WIMP-proton (WIMP-neutron) coupling strength. Often
WIMP’s are assumed to couple equally to protons and neutrons (f,,510n = freutron) leading
WIMPs to scatter coherently off all the target nucleons resulting in the total cross-section

scaling as the square of the target's atomic number. The above expression of the scattering

cross-section is often simplified as

pr

2
Osio ® AQ X ( ) X Gpucleon» (2]5)

ux,nucleon

where 1, 1. cleon is the WIMP-nucleon reduced mass. An advantage of this formalism is that is
allows the WIMP-nucleus cross-section to be written in terms of a WIMP-nucleon cross-section.
Using the 6,,cjcon WIMP-nucleon cross-section results from different experiments using with

different targets can be easily compared.

The approximation that the WIMP coherently scattering off the entire nucleus is only true at
low momentum transfer g = 4/2m,E,. To take into account the non-zero momentum transfer

the full scattering cross-section is often written as

osi(E,|A) = o510 X F*(a. 1), (2.16)
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where r, is the effective nuclear radius and F%(q,r,) is the momentum-transfer dependant
form-factor. There are several choices for the form-factor, a common form-factor used in dark

matter direct detection is the Helm form-factor

Flaur,) = 3000 | (a2, (217)

ar,

where s is a numerical constant and j; is the spherical Bessel function of the first kind [43].
The effect of the Helm form-factor reducing the scattering cross-section, and thus also the
observed recoil rate, can be seen in Figure 2.6. For low-energy recoils (E, < 100 keV) this can
have a significant effect on the recoil rate for heavier nuclei, such as xenon, but has less impact

on lighter targets, such as argon.

Different targets: The choice in target medium affects the rate of interactions, due to the
A? scaling, and the shape of the expected recoil spectrum, from the nuclear form factor and
WIMP-target kinematic conservation laws. Two common targets for direct dark matter searches
are argon and xenon. In Figure 2.6 the expected observable recoil rates of xenon and argon

detectors are compared for several WIMP masses.

The first observation is that xenon has a much higher recoil rate per unit mass compared to
argon, this is due to xenon having a much higher atomic number. The decay in recoil rate for
xenon is much quicker than argon due to the heavier target quickly becoming kinematically
unfavoured by the e term in Equation 2.11. For this reason the sensitivity of a xenon target is
much more dependent on the detection threshold that of an argon experiment. One of the
most striking differences between the two targets is the effect of the nuclear form factor. In the

xenon this leads to a substantial reduction in recoil rate for recoils of approximately 90 keV.

Detector and analysis effects also have a significant affect of the detectable recoils rate
and spectrum. For this reason the expected observable recoil rate of the LZ (xenon) and
DEAP-3600 (argon) experiments are shown. Due to LZ's substantially lower detection threshold
it is much more sensitive to low mass WIMPs when compared to DEAP-3600. This is unexpected

from the purely kinematic comparison of xenon and argon targets above.
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Figure 2.6: The expected differential recoil spectra of 10 GeV, 30 GeV, 100 GeV, and 1000 GeV WIMPs on
argon and xenon targets assuming a WIMP-nucleon cross-section of 6.5 x 1078 cm?. Here the
lighter dashed (darker solid) lines denote the cross-section before (after) applying the Helm
form-factor correction. The filled regions show the expected observed rate from the LZ (xenon)
and DEAP-3600 (argon) experiments which include detector efficiencies and region-of-interest
(ROI) cuts [44, 45]. The rates prior to the application of the Helm form-factor (cq) are
calculated using code from Ref. [46].
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2.3 Solar Neutrinos

Solar neutrinos can interact with target nuclei via coherent elastic neutrino-nucleus scattering
(CEVNS). In this process the neutrino coherently scatters off all the nucleons within the nucleus,
similar to the coherent scattering expected for WIMPs. This process was recently observed for
the first time by the COHERENT collaboration, who detected man-made neutrinos from the
Spallation Neutron Source in the Oak Ridge National Laboratory, using both Csl and liquid

argon targets [47, 48].

Solar neutrinos are produced via nuclear fusion process occurring within the sun. The high-flux
component produced by the proton-proton (PP) chain is shown in Figure 2.7. These neutrinos
scatter off target nuclei via a similar kinematic process as WIMPs and thereby constitute an

irreducible background.
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Figure 2.7: Production mechanism for solar neutrinos via the proton-proton (PP) chain alongside associ-

ated ranching fractions. Figure adapted from Ref [49].

The differential rate of this irreducible CEVNS background can be calculated as

Astrophysics  Particle physics

d_R—LX‘/ I(dN )I XIdG(EV’Er)I
dE, My dE, E,

where the neutrino flux is a fixed astrophysical quantity and the cross-section is a calculable

dE,, (218)
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particle physics quantity described by the Standard Model. The CEUNS scattering cross-section

can be calculated as

do (E,.E,) _ G

T = Qim, (1 - ’“——f) F2(E,), (219)

12

where G is the Fermi coupling constant; Q,, = N — (1 — 4sin?0,,) Z where N (Z) is the number
of neutrons (protons); and 0,, is the weak mixing angle [50]. The differential and integrated
detection CEVNS rates, calculated using the method above, are calculated for a xenon target

and displayed in Figure 2.8.

The addition of these WIMP-like interactions impairs an experiment's ability to claim discovery
though statistical inference, known as being within the “neutrino fog”, and is primarily quantified
by the reduction in the rate of improving sensitivity per unit time. In principle an extremely
sensitive detector could still detect WIMPs below the CEUNS scale by either: slowly traversing
through the neutrino fog and observing WIMPs as an excess on the neutrino background, or
by observing annual modulation consistent with the Earth traversing the dark matter halo. In
reality the requirements and scale of such a liquid noble gas detector is impractical. For this
reason, in practise the ultimate liquid noble gas dark matter detector is one that is sensitive

enough to discover dark matter up to the neutrino fog.

A particularly interesting source of astrophysical neutrinos are those from ®B decay. Due to
the high energy and flux of these neutrinos these will be the first neutrinos detected by a
WIMP detector. The differential rate of these neutrinos closely matches that of a 6 GeV WIMP,
as shown in Figure 2.8. Because of this, the detection of ®B neutrinos acts as a validation
that the detector should be able to detect WIMPs if they have a suitably high interaction
cross-section. The detection of 8B via CEUNS is interesting in its own right as this would be the
first observation of astrophysical neutrinos via CEvNS. The current generation of tonne-scale
LXe are expected to be sensitive to these interactions and such a search is a central analysis

of these detectors secondary only to a WIMP search.
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Figure 2.8: The differential recoil spectra of solar and atmospheric neutrinos on xenon. The most interesting
neutrino spectrum to two-phase noble gas TPC detectors, like LZ, is 8B, due to its relatively
high differential rate above/near nominal detector thresholds. To demonstrate the accessibility
to ®B interactions in xenon detectors the differential recoil rate of 6 GeV WIMPs is also plotted.
Figure created using fluxes and formalisms from Billard et al. [50]. For ease of comparison

the colours match those in the proton-proton chain diagram above (Figure 2.7).
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2.4 Signal Generation in Liquid Xenon Detectors

2.41 Excitation, ionisation and heat

The elastic scattering of liquid noble gas nuclei deposits energy into the liquid. This energy
is partitioned into excitation, ionisation, and sub-excitation electrons® as described by the
Platzman equation [51]:

E = n;E; + nE., + n;e, (2.20)

ex —ex

where n; (n,,) is the number of ionised (excited) atoms, each of which requires a mean energy
of E; (E,,) to produce, and € is the mean energy of the liberated sub-excitation energy electrons.
As the sub-excitation electrons cannot be detected this term is usually ignored, leaving the
more familiar

E =nE; + nE.,. (2.21)
Signal production in LXe is controlled by two processes, impact excitation and recombination.
A schematic of these two processes, including how they relate to one another, is shown in
Figure 2.9. In this section a brief review of these two processes is given based upon the more

complete reviews provided by Refs [52, 53].

Impact excitation of xenon atoms (A) leads to the production of excited dimers, known as
excimers, which can exhibit electronic (A}) or electronic-and-vibrational (A;’v) excitation. The
electronic excitation can be of either the singlet or triplet state. The relaxation of the A"
excimer is the source of vacuum ultraviolet (VUV) emission in LXe and is defined by a 3 ns
(27 ns) time constant for the singlet (triplet) state. The full chain of interactions for primary

VUV emission can be written as:

e +A o At +e” (impact excitation)

A"+ A > A;’v (excimer formation)
(2.22)

AV +A > AT +A (relaxation)

A;’(") —A+A+y (VUV emission)

where A* (A**) denotes a weakly (strongly) excited atom.

3These are electrons with insufficient energy to ionise the target and are thus an end stage of the energy deposition
process
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Figure 2.9: Diagram of quanta (optical photons vy, ionisation electrons e™) production via excitation and

%175 nm
(VUV)

recombination of recoiling xenon atoms. The energy partitioned into heating the target via
nuclear scatters cannot be observed in xenon detectors and is thus not detailed here and
must be accounted for during energy reconstruction. Blue represents Xe atoms, red represents
Xe ions and dimers, purple represents Xe excimers, yellow represents scintillation, and green

represents ionisation electrons.

If the ionisation electrons are unable to escape the interaction site they will recombine with
the surrounding xenon ions leading to VUV emission. Specifically, these electrons can combine
with molecular xenon ions (A;) to produce strongly excited xenon atoms. These excited xenon
atoms can then produce VUV photons via thermionic de-excitation, excimer formation, and

finally VUV emission as described by

e +A—>A"+e +e”  (impact ionisation)
A"+A+A S AJ+A
e  +A; 5 A A (recombination)
(2.23)
A+ A — A"+ A+ heat
A*+A+A — AS + A+ heat

A > A+A+y (VUV emission)

Recombination influences how many of the initial ionisation electrons are detected as electrons
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or photons. This effect can be succinctly written as

n, = ng, +n;r

(2.24)

=
Il

e (] _r) n;,

where ny (ne) is the number of pho’rons (elecfrons) that are able to escape from the interaction
site. In the absence of a drift fields ultimately most of the electrons will recombine. Using
Equations 2.21 and 2.24 the interaction energy in noble liquids can be written in terms of the

number O'F observcb|e qUanG:

E=W(n,+n), (2.25)

where W is the W-value to produce either a photon or an electron in the noble liquid. The
above equation does not take into account energy lost to heat; insignificant for electronic
recoils but significant for nuclear recoils. To take into account this missing energy the full

energy partition formula can be written as

E = % (my +1e). (2.26)

where L(E) is the Lindhard factor [54]. This additional consideration leads to an ambiguity
when reconstructing energy from the total number of observed quanta as the reconstruction
depends on whether the interaction is deemed to be electron recoil (ER) or nulcear recoil (NR)
in nature. For this reason reconstructed energy in LXe is sometimes quoted in units of keVnr
and keVee which explicitly denote the reconstructed energy under the NR and ER hypothesis

respectively.

242 lonisation and scintillation yields in LXe

In the previous section we established the physics behind quanta production in liquid xenon.
Experimentally the metrics of interest are the energy dependant charge and lights yields,

defined as the quanta produced per unit energy

=]

L(E)=—= (light yield)
E (2.27)
ne
E

Q,(E) = (charge yield)
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which are displayed in Figure 210 for NR and ER interactions. The anti-correlation in the
average number of photon and electron quanta produced is present within these two yield

models, with the total ER yield constrained to 1/W and the total NR constrained to L(E)/W.

25 Two-phase noble element time-projection chambers

The most successful noble gas detectors for dark matter searches have been two-phase TPCs.
These detectors are able to locate interactions in (x, y, z) and measure both the ionisation
electrons and scintillation photons from interactions. Using these two signals two-phase TPCs

are able to discriminate between NR and ER interactions.

25.01 The TPC design

Single-phase liquid noble gas detectors have been, and indeed continue to be, used to search
for dark matter, with examples including the 3.7 kg (fiducial) ZEPLIN-I and 97 kg (fiducial)
XMASS.-| detectors [65-67]. One difficulty with such scintillation-only detectors is their limited

ability to discriminate between ER and NR events.

To improve the discrimination and background rejection capabilities of the single phase
detectors, the two-phase TPC design developed in the early 1970s [68]. By reading out signals
from both scintillation photons and ionisation electrons, two-phase xenon TPCs are able to
effectively discriminate between NR (signal) and ER (background) events using the difference
in their yields, as seen in Figure 2.10. The first two-phase xenon detector used to search for dark

matter was the ZEPLIN-II detector [69] which was developed in parallel with ZEPLIN-III [70].

Two-phase TPCs use a liquid noble gas (usually argon or xenon) as the bulk target alongside a
thin gaseous vapour for electroluminescent amplification of ionisation electrons. The extraction
and amplification of the ionisation electrons requires the application of a strong external
electric field. To produce the required electric fields a three or four electrode grid configuration
is often used. To detect both the primary scintillation and the secondary electroluminescence
photons a pair of photomultipler tube (PMT) arrays located at the top and bottom of the

detector are often used. A schematic diagram of this design is displayed in Figure 2.11a.

The three key electrodes used in electric field production are the cathode, gate, and anode

grids. The cathode-gate pair is used to generate an O(100 V/cm) E-field to drift ionisation
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Figure 2.10: Charge and light yields for B-particle ER interactions (top) and NR interactions (bottom) in
LXe as calculated using the Noble Element Simulation Technique (NEST) framework [53,
55-57]. Measurements from multiple experiments, operating at different drift fields, are also
plotted for comparison with the NEST model. ER data includes results from LUX [58-60]
and Xurich [61]. NR data includes results from LUX [62, 63] and LLNL/TUNL [64]. The
E-field dependant yields are shown assuming a drift-field of 50 V/cm, 180 V/cm (black), and
500 V/cm, where the charge (light) yield is (inversely) proportional to the electric field. The
central 180 V/cm line was chosen for comparison with the tritium data which was acquired at

180 V/cm.
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electrons to the liquid surface. The gate-anode pair is used to generate an O(kV/cm) E-field
for the extraction and electroluminescent amplification of the ionisation electrons. In addition
to the above electrodes, an additional fourth bottom grid is often added to protect the bottom

PMT array from the strong electric field generated by the cathode.

25.0.2 Quanta detection in two-phase TPCs

The generation and observation of quanta from a WIMP interactions in a two-phase liquid
noble -gas detector is illustrated in Figure 2.11b. This single scatter event topology is the
expected signal from a WIMP interacting with the target due to the low interaction cross-
section. If an event is detected with multiple scatters this is a sign of a non-WIMP particle

such as a neutron.

Scintillation photons from the interaction site, produced both by impact excitation and recom-
bination, can be directly detected using the two PMT arrays. This signal, detected by the PMTs
as a short pulse, is known as a Sl pulse. Due to detector effects, such as geometry, photon
interactions, and the PMT quantum efficiency (QE), only some fraction of the generated
photons are detected. These effects are usually absorbed into a single scintillation gain, known

as g;, allowing the observed S1 signal to be written as

Sl=g;n,. (2.28)

lonisation electrons are drifted by the drift electric field upwards to the liquid surface. As the
electrons drift they have some probability of being captured on electronegative impurities
leading to only a fraction of the electrons reaching the liquid surface. This can be modelled by
an exponential decay

1
Ne(tyify) = N (0) x —efart/ (2.29)
T

where tg,s is the time over which the electrons drifted, known as the drift-time, and < is
known as the free electron lifetime. At the liquid surface the electrons are extracted into
the vapour with some probability P, . Within the vapour the ionisation electrons produce
electroluminescence thorough repeated impact ionisation and recombination which is detected

by the TPC PMTs as a broad pulse known as an S2 signal.

44



Chapter 2. Detection of Dark Matter and Neutrinos

PMT Array
7 cm
Vapour
7 G— :::,::0 Anode
Extraction X5
Region 08 cm

o
o
n
3
@
8
5

145.6 cm
B —— ‘ Cathode
Reverse
il 13.75 cm
T ‘ Bottom
lcm

PMT Array

Outgoing

Incoming ¥ particle
particle ~

Photons
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Figure 2.11: LXe-TPC design and operation

45



Chapter 2. Detection of Dark Matter and Neutrinos

The S2 pulse is detected at a time ty,;; after the S1 pulse and is localised in the (x, y) plane
within the top array, as seen in Figure 2.11b. This time delay allows the z position of the
interaction to be reconstructed as z = /(;d”Ft v, (X(t)) dt. The (x, y) localisation of the S2 pulse in
the upper array allows the (x, y) position of the interaction to be reconstructed. The absolute
size of the S2 pulse is defined as

S2 =gy n,, (2.30)

where gyis the charge gain. This charge gain is a detector parameter which can be modelled
by

| I
9= e Farft/ T S P et X SsE (2.31)

where Sqe is the signal from a single extracted electron, which is also a detector parameter.

The combination of the S1 and S2 pulses provides additional information about the primary
interaction which can be used for signal/background discrimination. In the S2-S1 parameter
space NR and ER interaction produce two distinct bands with the ER band having a higher S2
for a given S1. Using these bands the discrimination power of a detector can be qualified as the
percentage of ER events that leak below the NR band median. In this parameter space LXe
TPCs provide excellent discrimination, with LUX and ZEPLIN-III rejecting 99.9% and 99.99%

respectively [28, 73].

The backgrounds in liquid noble gas detector originate from radioactive isotopes within the
target liquid and detector components alongside external radiation including y-rays from the
environment and interactions induced by cosmic rays. These backgrounds can be mitigated

via: detector siting, detector design, material selection, target purification and data analysis.

To reduce the rate of muons passing though the detector WIMP detection experiments are
usually located deep underground within mines or under mountains. Housing a detector within
such a facility can reduce the muon flux by a factor of a million or more. Several facilities exist
around the world to house such experiments, including Boulby Underground Laboratory [UK],
Sanford underground research facility (SURF) [US], Laboratori Nazionali del Gran Sasso
(LNGS) [IT], SNOLAB [CA] and China Jinping Underground Laboratory (CJPL) [CN].

The liquid’s non-noble contaminants can be removed via chemical processes. Any noble

contaminants, such as krypton, must be removed using other means such as charcoal chroma-
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tography [74]. Even after this processing radioactive isotopes of the desired noble gas can be
present in the liquid due to cosmogenic activation. In xenon a key activation isotope is the
short-lived '7Xe isotope (719 = 36.4 day) which decays away quickly during detector commis-
sioning and operation [59]. For argon detectors the long-lived **Ar isotope (19 = 268 year)
from atmospheric argon is more problematic lingering in the detector almost indefinitely. The
argon dark matter community is planning to use argon from underground sources which is

naturally lower in *?Ar to remove this background contamination [75].

The finite interaction lengths of neutrons and y-rays leads to the external and detector
component backgrounds scattering near the TPC walls and not near the centre. This self-
shielding of the central TPC volume leads to a much quieter environment for a WIMP search.
Using the detectors 3D reconstruction capabilities the analysis (fiducial) volume can be

optimised to maximise WIMP sensitivity with respect to these backgrounds.

2.6 The WIMP dark matter landscape prior to LZ

The search for a particle consistent with dark matter has been of great interest to the particle
physics community. Several technologies have been used for dark matter searches, as shown in
Figure 212, with the most successful being two-phase xenon detectors. Experimental exclusion
limits, driven by threshold at low masses and constrained by the measured dark matter density

p, at high masses, have steadily excluded WIMPs at increasingly feeble cross-sections.

The current generation of tonne-scale LXe detectors, LUX-ZEPLIN (LZ) and XENONRNT, are
expected to begin probing the neutrino fog at the ®B ridge but will remain firmly outside the
fog for most WIMP masses. A future LXe detector, proposed by the XLZD consortium [76],
is being designed to test the WIMP hypothesis up to the neutrino fog; this detector, likely
the last, would have adequate sensitivity to observe WIMPs at 36 up to the neutrino fog for

masses greater than ~6 GeV.
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Figure 2.12: (left) The pre-LZ WIMP dark matter exclusion curves are shown alongside the neutrino
fog for xenon. (top right) The improvement in sensitivity as a function of exposure from
position (a) to (b) in the left plot's parameter space. A steeper gradient effectively indicates
that an experiment will exclude more parameter space per unit time. The flat dark region,
encountered as the detector has sufficient exposure to detect CEVNS interactions, indicates
a plateau of diminishing returns which must be endured until sufficient exposure it obtained
such that WIMP interactions can be observed as an excess over the CEvNS background.
(bottom righf) the number of neutrino events detected between points (a) and (b) in the
parameter space. This plot shows that the rate of excluding parameter space is minimal
between O(100) and O(107) 8B CEVNS interactions. Figure reproduced from Ref [77] using
code modified under a MIT licence [78] with experimental limits taken from Refs [76, 79-89].
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2.7 Conclusion

In this chapter the evidence for dark matter, a missing component of the Universe, at as-
trophysical and cosmological scales is presented. To explain these observations an as-of-yet
undetected particle, known as a WIMP, which could exist in the Cosmos as a thermal relic
from the early Universe is described. Using classical scattering kinematics the differential
recoil spectra of such a particle is calculated assuming a spin-independent interaction. The
relative performance of argon and xenon detectors to detect WIMPs is naively compared for
serval WIMP masses by computing their relative interaction cross-sections and recoil spectra
including DEAP-3600's and LZ’s measured signal efficiencies. The CEVNS process by which
neutrinos can coherently scatter of nuclei is discussed focusing on its presence as an irreducible
background and how it can be used to validate the performance of WIMP detectors through

the observation of ®B solar neutrinos.

With the presence of dark matter established and the physics goals of WIMP detectors outlined,
the two-phase noble gas TPC detector is introduced, focusing on its design and operation.
This discussion focuses on the scintillation (S1) and ionisation (S2) signals produced in these
detectors, culminating in a discussion of the charge and light yields of xenon detectors, their

ability to discriminate nuclear and electronic recoils, and how they can reconstruct events in

3D.

Finally, the state of the field prior to the current generation of tonne-scale LXe TPCs is
presented alongside a discussion of how the neutrino fog will affect ever larger and more

sensitive detectors.
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Chapter 3. The LUX-ZEPLIN (LZ) Experiment

This chapter gives a general overview of the design, operation and current status of the LZ
experiment including the recent world-leading WIMP result. Topics of broad relevance, such as
those outlined above, are on|y outlined whereas areas connected to, or necessary for, the work
detailed later in the thesis (such as PMT operation, software, and ca|ibrc|1'ions) are described

in greater detail.

Naturally this section details work carried out by the whole LZ collaboration. | contributed
to the skimming framework outlined within this chapter, performed the double photoelectron
emission (DPE) calibration discussed here, and is the focus of Chapter 4, and was responsible

for designing and performing the Data Centre study in Section 3.3.

31 The LZ experiment

LZ is a currently operating direct detection dark matter experiment hosted by SURF. The
successor of the highly-successful LUX and ZEPLIN-IIl experiments [70, 90], LZ is a multi-tonne
two-phase xenon TPC and is the largest such detector to date. LZ has been designed to search
for WIMP dark matter but is also sensitive to other physics including neutrinoless double-f

decay (0vBp), axion-like particles (ALPs), and astrophysical neutrinos [91-95].

To reduce the muon flux reaching LZ, the experiment is situated 4850 ft underground within
the Davis cavern. At this depth the vertical overburden of 4.3 £ 0.2 km w.e reduces the muon
flux by a factor of 3 x 10° relative to that at the surface [72]. Recent measurements by the
Majorana demonstrator experiment, also at the 4850 ft level, have observed a muon flux of

(5.31 +0.17) x107? p/s/cm? which is similar to previous calculated rates [96, 97].

The experiment is composed of three detector systems: the inner LXe TPC, the LXe skin, and
the gadolinium-loaded liquid scintillator (GdLS) outer-detector (OD), shown in Figures 3.1a
and 3.1b. The TPC is used to detect WIMPs scattering off xenon atoms whereas the skin and
OD are anti-coincidence veto systems for background mitigation and characterisation. To
optimise LZ's sensitivity to WIMPs significant effort was made to reduce the background rate
originating from detector components though material assay and selection. This campaign
facilitated the use of low background materials in construction and informed the expected

background model of the detector [98].
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The operation and monitoring of the LZ experiment requires several additional subsystems
including xenon circulation, xenon purification, detector calibration, high-voltage equipment,

conduits, data acquisition equipment, and detector cooling apparatus.

311 TPC design and operation

The xenon detector system is composed of a LXe TPC housed within an ultrapure titanium
vessel, henceforth referred to as the inner cryostat vessel (ICV). To maintain the detector at the
low temperatures (~175 K/—100°C) required to liquify xenon, the ICV is thermally decoupled
from the environment. This decoupling is achieved by operating the ICV within a vacuum

space inside an outer cryostat vessel (OCV), also built from ultrapure titanium.

The central TPC contains approximately 7 tonnes of active LXe within a ~1.5m tall x ~1.5m
diameter cylinder. The design of LZ is most similar to its predecessor LUX: with a large bulk
volume; Polytetrafluoroethylene (PTFE) walls, which are highly reflective to VUV light [99]; two
arrays of ultra low-background PMTs; and four custom-made woven stainless steel electrode

grids.

The upper pair of grids (anode, gate), which define the extraction region, are used to generate
a strong electric field to extract ionisation electrons across the liquid surface and produce
electroluminescence in the vapour. To maintain the position of the liquid surface between the
gate and anode, a weir system is used which spills any excess xenon into an external xenon
handling system for purification. The middle pair of grids (gate, cathode), which define the
drift region, generate an electric field to drift electrons to the liquid surface. The final (bottom)
grid provides a grounding plane above the bottom array PMTs to negate the electric field
across the photosensors. More details of the design, construction, and testing of these electrode

grids can be found in Ref [71].

To maintain the xenon target in the liquid state the TPC is operated at approximately 172 K
(—101°C). To maintain this temperature the thermally decoupled ICV is cooled using a set
of thermosyphons mounted at the liquid level. These syphons remove heat from the ICV to
a liquid nitrogen bath housed above the water tank. The nitrogen boil-off from the bath,
produced from the added heat, is condensed using a cryocooler thereby storing the heat into

a chilled water system.
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(a) CAD visualisation of the LZ TPC, skin, OCV, and GdLS filled acrylic tanks. To connect the heavily shielded
TPC to the lab control systems (Data Acquisition (DAQ), high-voltage power supplies) and deuterium-
deuterium (D-D) neutron generator requires several interfaces and conduits including the HV and acdd

conduits labelled here.
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(b) CAD visualisation of the LZ experiment highlighting the external water tank and the gadolinium loaded
liquid scintillator outer detector. This GALS filled acrylic vessels’ acts as a neutron veto system by detecting
y-rays produced during neutron capture on hydrogen and gadolinium using PMTs mounted on the water

tank walls. The rest of the OD is composed of a water tank which provides extra shielding.

Figure 3.1: CAD visualisations of the LZ experiment focusing on the central TPC detector system and
its interfaces to the detector control and operating systems and the outer detector which is

employed primarily as a neutron veto system.
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Due to electrostatic considerations, a dielectric stand-off is required between the TPC and
grounded ICV. In LZ, this volume, known as the skin, is filled with liquid xenon due to its high
density and purity. The xenon within the skin will produce scintillation light from particles such
as neutrons and y-rays. To improve external background rejection of such particles, the skin

was instrumented with 131 PMTs to act as an anti-coincidence veto system.

Research grade xenon is usually contaminated with 100 parts-per-billion of 8°Kr, a radioactive
fission product present within natural Kr. To remove the contaminants, the xenon is purified using
a charcoal chromatography system operated at the SLAC National Accelerator Laboratory
(SLAC). Using this krypton removal system the xenon was purified to a ®*Kr contamination of

0.3 parts-per-trillion [72, 100].

The xenon can also be contaminated with electronegative impurities such as H,O and O,.
These impurities capture drifting electrons leading to a reduction in the S2 signal size as a
function of drift time/length, as described in Equation 2.29. If the electron lifetime, the mean
electron capture length, is short low energy signals, with small S2s, may be completely captured

and never detected.

To improve the electron lifetime in LZ the xenon is purified continuously of electronegative
impurities with a circulation time of around 2.4 days for the total 10 tonnes xenon payload. In
LZ this is accomplished by recirculating the xenon though a zirconium getter, operated at
400 °C, which captures impurities with a single-pass efficiency of greater than 99% (depending
on flow rate and temperature) though chemical bonding [101]. Recirculation is achieved by
removing liquid the detector via the top of the TPC using a weir system. The liquid, now outside
the detector, is then passed through a two-phase heat exchanger coupled to a zirconium
getter used to purify the vaporised xenon. The purified vapour is then condensed by the
heat exchanger and injected into the TPC and skin with the flow to each system controlled

independently.

Detector components, such as PMT cables and feedthoughs, within the detector will emanate
222Rn, the progenitor of the dominant backgrounds in LZ. As the zirconium getter, outlined
above, removes contaminants via chemical bonding it has no power to remove inert noble
e|emen1‘s, such as 222Rn, from the xenon. In LZ an activated carbon trap is used to remove

radon, with a design efficiency of 90%, from gaseous xenon, via physical adsorption, using the
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methodology demonstrated by XMASS [74]. This in-situ radon removal is applied to gaseous
xenon syphoned from the xenon vapour at the top of the TPC. The syphoned gaseous xenon is
passed though the charcoal trap and into the recirculation system, outlined above, before the

zirconium getter and injected back into the detector via the recirculation system.

As the TPC resides within several layers of material designed to shield the detector from
external backgrounds several calibration systems are required to access the central detector.
Calibration sources in LZ exist in four categories: internal, radioactive isotopes mixed into
the liquid; calibration source deployment (CSD), y-ray and neutron sources deployed between
the inner and outer cryogenic vessels; external, sources situated outside the water tank; and

optical, LED located within the TPC, skin, and OD to monitor PMT performance.

The internal sources are injected into the xenon circulation line and allowed to mix with the
xenon inside the TPC. These calibration sources are used to map out the entire TPC geometry

to develop the LZ detector response model. Injected sources include tritiated methane (CH;T),

83mKr and 22°Rn.

The external sources in LZ are composed of two types: a deuterium-deuterium (D-D) generator
and a YBe photo-neutron source. The D-D source, which sits outside the water tank, is primarily
used to calibrate LZ's NR response model. To permit neutrons to travel from outside the
water tank to the TPC two conduit systems were built. Each conduit system connects the water
tank wall to the OCV and during WIMP search (D-D calibration) the conduits are filled with
(evacuated of) water. Two conduit systems are built to calibrate different parts of the TPC: the
first connects horizontally to the TPC just below the liquid surface, and the second connects to
the TPC at a greater depth at a shallow inclination angle. Each of these conduit systems has
two input tubes with different diameters allowing optimisation of neutron flux or collimation.
The photo-neutron source is used to perform low-energy (at threshold) neutron calibrations
of the detector. Housed within a tungsten alloy ‘pig’, the source is deployed directly above
the OCV by evacuating the water in a small volume above the detector. Due to the short
mean free path of low energy neutrons this source can only be used to calibrate the top of the

detector.

The CSD sources are deployed between the OCV and ICV using three conduits accessible from

above the upper deck of the Davis cavern. Operated using a stepper motor controlled cable
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and laser range finder, the CSD tubes are used to deploy neutron and y-ray sources including
AmLi, 22Na and ?2®Th. Applications of these sources include calibrating the OD energy scale,
synchronising the skin and TPC detectors, performing high-energy calibration of the TPC for

OvBp searches, and performing neutron calibrations at any height relative to the TPC.

To measure each PMT's single photoelectron (SPE) response and to monitor any degradation
in PMT performance each detector has a blue (470nm) LED calibration system. The TPC
contains 48 LEDs with 24 located in each array each of which points to the opposite array.
The skin contains 25 LEDs with 12 in the top side array and 13 in the bottom side array. The
OD contains 35 LED driven optical fibres, known as the Optical Calibration System (OCS),
split between the PMT support structs (30 fibres) and below the bottom tank (5 fibres). To
enable triggered analysis of LED data the synchronised LED trigger is passed to the Data
Acquisition (DAQ) to be recorded alongside the PMT data.

312 PMT Design and Operation

Photomultipler tubes (PMTs) are used as the sole photosensor LZ. Between the three detector
systems (TPC, Skin, and OD) four PMT models are used. In this section a brief overview of the

LZ TPC PMTs is given including a description of photon detection using PMTs.

31.21 Choice of TPC PMT and their design

The TPC PMTs used in LZ are custom Hamamatsu R11410-22 PMTs which are based upon
the commercially available R11410-20 model designed for radiopurity and operation at low
temperature [102]. This PMT has been popular in the field having been used in XENONIT
and acts as the base for XENONRT’s R11410-21 PMTs [103, 104]. The R11410-20 base model
was chosen for LZ due to its ultra-low background design and high (32 + 3%) QE for VUV
at LXe temperatures [72, 105]. To achieve this the R11410-20 PMTs are fitted with quartz
windows, which provide good sensitivity to VUV light, and bialkali photocathodes optimised for
operation at low temperatures [106]. The LZ specific R11410-22 model, developed in partnership
with Hamamatsu, was designed for minimal radioactive contamination (factor of 1,000 less
radioactivity than the base model) and to reduce spurious photon emission from internal
structures [72]. For these reasons the XENONIT and XENONNT experiments’ also based their
R11410-21 PMTs on the R11410-20 model. Between the LZ and XENON experiments the R11410-

20 derivatives PMTs have been subject to a variety of quality control and characterisation
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measurements including: after-pulsing, gain, single photoelectron (SPE) resolution, double
photoelectron emission probability, dark rate, and background rate measurements at both

ambient and LXe temperatures [104, 105, 107-109].

31.22 Detection Principles of PMTs

Figure 3.2 shows several detection topologies for PMTs. The standard detection topologies for
PMTs are SPE and DPE emission, where a single photon is detected though the production of
one or two photoelectrons from the photocathode. Sometimes the photon can miss the PMT's
photocathode and strike a dynode or the photoelectron can scatter within the PMT, these rare
topologies cause non-standard detection responses and are normally ignored in most analyses.
Finally, it is possible for PMTs to record signals without an incident photon, called dark counts,
or from ions of residual gases within the PMT; called afterpulsing. These effects are measured

and accounted for in LZ analyses.

In the next few sections the standard response of PMTs to photons (SPE and DPE) are detailed

alongside the dark count and afterpulsing topologies.

31.2.3 Single photoelectron emission response

PMTs detect photons using the photoelectric effect. When a photon hits the photocathode it
can produce a photoelectron with some QE, here denoted by 1. Using a series of dynodes the
initial photoelectron is amplified via secondary electron emission. At the end of the dynode
chain, the amplified signal is read out from the anode. Standard methods to quantify the
observed signal include quoting the integrated charge of the signal or to return the voltage

as a function of time at some fixed sampling rate.

The measured integrated charge from SPE detection in R11410-22 PMTs can be modelled as a

positively truncated normal PDF, f(x|pspg, 65pg), which can be written as

1

X N (x|pspg, ospg) x =0
) (3.1)

f(x|uspe. ospe) = { " (@,SPE
(0] x <0

where N(x, pspg, ospg) is the normal distribution PDF, pgpg is the mean integrated charge

of an SPE response, and ospg is the standard deviation of the integrated charge. Typically,
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though not in LZ, the PMT pulse area (integrated charge) is quoted in units of photoelectrons

(phe), where pspg = 1phe, and not integrated charge (pVs).

3124 Double photoelectron emission response

Whilst it is commonly assumed that a single photon striking the photocathode will produce
zero or one photoelectrons, this is not universally true. In 1988, it was observed that single VUV
photons incident on multialkali photocathodes can lead to the emission of two electrons in
what is now called the DPE effect [111]. The first photoelectron is produced via the photoelectric
effect, as is the case for SPE production, and the second “photoelectron™ is produced by impact
ionisation

e +A—> AT +e e (3.2)
where a charged particle imparts enough energy to liberate a bound electron.

This process, which occurs with a probability Pppg, was largely unnoticed by the HEP community
until it was recently observed in Hamamatsu's R8778, R8520, and R11410 PMT; these models
have or will be used in the LZ, LUX, Panda-X, XENON10, XENONI100, XENONIT, and
XENONNT experiments PMTs [112]. With knowledge of this process, dedicated measurements
of the DPE probabilities of several LZ R11410-22 PMTs operated at LXe temperature, were

performed at Imperial [108].

If a photon is detected via DPE emission, the two photoelectrons will be emitted almost
simultaneously from the same point on the photocathode leading to simultaneous detection.
The observed signal from a PMT DPE detection has, on average, twice the amplitude and
integrated area of a SPE detection. This leads to a more complicated double truncated normal

pdf for the PMT single photon response

g(x|pspe, 6spes Pope) = (1= Pppe) X f(x|spe. 0spe) + Pppe X F(x|2pspe, Y20spE), (3.3)

where the first (second) term denotes the SPE (DPE) response. The DPE term is defined as
having double the mean and variance of the SPE response. As the DPE effect breaks the
one-to-one correspondence of detected photon to photoelectron this effect should be taken

into account to when reconstructing the number of detected and initial quanta. In LZ this is

'This electron is not truly a photoelectron as it is not produced though the photoelectric effect
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accomplished by quoting pulse areas in units of the mean integrated charge of an incident

photon. This areq, in units of photons detected (phd), is defined as

Alphd] = %, (3.4)

where 1+ Pppg is the mean number of photoelectrons emitted per photon.

Measurements of the DPE probability as a function of wavelength were performed at Berkeley
for three PMT models, including the R11410-20 design adapted for LZ. This study, conducted
using a single PMT of each model, demonstrated a smooth transition between SPE-only and

SPE-DPE responses for wavelengths below ~250 nm [109].

Due to the DPE effect there is ambiguity in Hamamatsu's quoted QE measurements. Hama-
matsu define QE as the 'number of photoelectrons emitted from the photocathode divided by
the number of incident photons’ [113]. By this definition the probability of detecting an incident
photon is not the Hamamatsu QE (ny) but is instead

NH
= —. 35
1+ PDPE ( )

Because of this the Hamamatsu quoted QE must be corrected for use in LZ and other LXe
detectors. In the absence of the DPE effect, which is the standard case in most experiments,

these two definitions are equivalent.

During the LZ quality control programme, a dedicated measurement of the DPE probability
for a subset of 35 LZ PMTs was performed at Imperial. Each PMT had its DPE probability
measured both at room temperature and at —94.4°C (LXe temperature). The DPE probability

of each PMT, at low temperature, was found to |oose|y follow a linear mode|,
Pope = a+ B X ny (3.6)
where €=0.048 £ 0.003 and p=0.54 £ 0.01, with a sample mean 22.6 £ 0.2% [108].

31.25 Afterpulsing

Afterpulsing occurs when a photoelectron ionises residual gas atoms inside the PMT. lons

produced close to the input optics drift along the electric field and strike the photocathode
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producing many “photoelectrons”. These coincident “photoelectrons” are amplified back down
the dynode chain producing a very large, ion dependant, pulse with the same shape and width
as photon detection. In the LZ PMTs the time between the atom being ionised and striking
the photocathode is a constant dependent on the mass/charge ratio of the ion [114]. Using
these characteristic ion dependant time delays, O(ps), and pulse areas, afterpulsing events

can be selected, characterised, and sepqrd’red from the initial detected pho’ron.

3126 Dark Counts

Dark counts are the random emission of single photoelectrons, with some rate ry, from the PMT
photocathode without an incident external photon. Sources of dark counts include thermionic
emission and scintillation from internal PMT components [113]. Dark counts perfectly mimic
photon detection via SPE emission, but cannot mimic DPE emission. If several dark counts are

detected in coincidence they will mimic an S1 pulse.

If a fake S1 pulse from dark count pile-up across several PMTs is accidentally paired with an
unrelated S2 the event will be reconstructed as an accidental single scatter. The number of
these accidental events within a specific time-window can be calculated using Poisson and
binomial statistics. If there are N PMTs each with a dark rate ry of O(10 Hz), then each
PMT should on average observe ryt events over a time period t. This ryt term defines Poisson
distribution P(n|s = ryt), where the probability of detecting at least one dark count within a
time t is

P(DClt) =1-P(O|s=rqt) =1—se™". (3.7)

By treating the event window as M contiguous blocks of time 1, the probability of observing
one-and-only-one fake S1, with a coincidence of at least K PMT hits, within one drift length

before an S2 can be calculated, using a binomial model.

The probability of producing a fake S1 from dark count pile-up before an isolated S2, assuming
three different full drift-lengths, is shown in Figure 3.3. By assuming an isolated S2 rate of 1 mHz,
consistent with the 0.5 mHz and 2.6 mHz observed in LUX [115] and XENONIT [116] respectively,
the expected rate of fake single scatters can be calculated. Using a 3-fold S1 requirement we
expect less than one event per 1000 live-days from dark count pile-up accidentals for all but

the most pessimistic and unrealistic of models.
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Figure 3.3: (Top panel) The probability of a fake single scatter event due to Sls from dark count pile-up
per S2 pulse. Calculated assuming 482 operational LZ PMTs each with a dark rate of 18 Hz for
0.5 ms (yellow circle), 1 ms (blue bar), and 2 ms (green square) full drift-lengths. By multiplying
by an assumed isolated S2 rate of 1mHz the rate of fake single scatter events is calculated
alongside the number of fake events in 1000 live days. (Bottom panel) The probability of
genuine single scatter event not being contaminated by a fake S1 which would exclude the

event from being a WIMP candidate.

32 Particle Detectionin LZ

As detailed in Section 2.5, two-phase xenon TPCs detect interactions via two signals: scintillation
and ionisation. Both of these signals are detected using the amplified readout voltage of the
TPC PMTs housed in the two PMT arrays. To improve the dynamic range of the LZ TPC PMTs
they are readout using a dual-gain system. The low gain amplifies the signal by a factor of
four with a 30 ns shaping-time constant; whilst the high gain amplifies the signal by a factor
of 40 with a 30 ns shaping-time constant. The amplified PMT signals are constantly written to
circular buffers at a rate of 100 MHz (10 ns sampling) at a resolution of 14-bits. The current
contents of these circular buffers can be written to disk on request if a trigger condition is met.
The most common trigger employed in LZ is an S2 filter trigger which activates for S2 signals
larger than a few electrons. Other triggers include a periodic (1Hz) and random triggers which

enable the study of the background behaviour of the detector.

To reduce the amount of data written to disk LZ, like LUX [117], only writes out PMT responses

from the circular buffer above some threshold in what is known as pulse-only digitisation
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(POD). In LZ this reduces the data volume by a factor of 50 [72]. For analysis and visualisation
the sum of all PMT POD waveforms are used, though channel level PODs are available for

analyses if required.

Figure 3.4 shows a 14keV single scatter event from tritium decay inside the TPC. Column A in
Figure 3.4 shows the raw TPC signals observed by LZ. The top panel shows the characteristic
S1-S2 single scatter pattern alongside the time separation between the two pulses which is the
drift time of ionisation electrons from the interaction site to the liquid surface. The bottom
panel focuses on the individual summed S1 and S2 pulses. Here the difference in shape between
the two types of pulse is obvious: the S1 pulse defined by a sharp rise time followed by a long
tail; the S2 pulse defined by a broad symmetric pulse produced by the convolution of the
electroluminescence region response(approximately a rectangular pulse) with the normally
distributed longitudinal diffusion of the ionisation electrons. In columns B and C, the ability
to reconstruct the position of the event in 3D is demonstrated. Column B shows the spread
of the detected S2 light across both PMT arrays. Using the distribution of light in the upper
array the (X, Y) position of the event can be reconstructed using the PMT weighted centroid
position or using the Mercury algorithm originally developed for ZEPLIN-III [118]. In column C,
the drift-time (Z) and S2 (X, Y) reconstructions are used to locate the interaction vertex in (X,

Y, Z) for the purpose of background rejection via financialisation.

321 Offline Software

Data taken by the LZ DAQ system is stored as raw digitised POD waveforms in units of ADC
counts. The offline software handles the conversion of the data into more analyser-friendly

formats which includes the application of various software-level corrections.

3211 LZap

LZap is an event processing tool built on the Gaudi [119] framework and is used to convert raw
LZ waveform data into analyser friendly observables called reduced quantitys (RQs). First,
each channel POD waveform has time and amplitude/area corrections applied. The former is to
time align every PMT, the latter converts the waveform amplitude from units of ADC counts to
mV and then into phd/ns using calibration values. With each POD in phd/ns the pulse finder is
applied returning contiguous POD samples that pass an S1 or S2 filter. The pulse parameteriser

then calculates various pulse level quantities (amplitude, widths, integrated areas etc.) and
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then classifies the pulse as one of six classifications: SPE, multiple photoelectron (MPE), single
electron (SE), S1, S2 and other. Using these parameterised pulses the event builder constructs
single and multiple scatters events. If an event has one significant S1 and one significant
S2 then the event is a single scatter. If there is one significant S1 and multiple S2s then the
event is a multiple scatter. The event builder then applies event level corrections including
position-dependant S1 and S2 area corrections alongside more sophisticated corrections using

the Mercury algorithm originally developed for ZEPLIN-III [118].

322 Computing centres

LZ data is stored and processed at two data centres: The United Kingdom data-centre (UKDC),
hosted at Imperial, and the United States data-center (USDC), hosted by the national energy
research scientific computing center (NERSC) at the Lawrence Berkeley National Laboratory
in the USA. The two centres are based on different computational models: the UKDC uses
grid computing where analyses are spread over many remote non-interactive compute nodes
and sometimes spread over a large geographical area (e.g., across a country) and the USDC
uses a high-performance computing (HPC) system where many compute nodes are directly
attached to a login node. To provide computational redundancy, in case of shutdown (expected
or otherwise) or degraded performance, all LZ analysis and data processing software has
been designed to run at either data centre. In practice the two data centres are generally used
for different purposes. The USDC is responsible for storing LZ's raw data to tape (long term
storage), performing prompt (real time) LZap processing of data transferred from SURF, and
most user data analyses. The UKDC is responsible for large-scale data reprocessing (running
a new version of LZap over all acquired data) and large scale simulations however does also

support user analysis.

3221 UKDC

Using the UK’s existing GridPP infrastructure, the UKDC is based upon the highly successful
distributed (grid) computing model [120, 121]. In this model the data is stored on an Imperial
managed server, within a commercial data centre, and can be streamed from anywhere in the
world using the XROOTD protocol and GridPP certificate authentication [122]. This storage

solution had provided excellent uptime enabling continuous access to LZ data.

In addition to data-storage, GridPP enables users to perform large scale computations easily
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and efficiently across the UK's GridPP compute nodes, including some dedicated nodes owned
by LZ, via a job submission interface. To submit these jobs to GridPP compute nodes the
DIRAC grid middleware is used [123]. Because the UKDC data-storage and computational
nodes can be accessed from anywhere in the world the UKDC works on a bring-your-own basis

where researchers will use their local university computing resources or computer to access and

use the UKDC.

3222 USDC

For US computing needs, LZ uses the NERSC computing facility which maintains several HPC
systems. During operations LZ has used the now decommissioned Cori and recently launched
Perlmutter systems. As HPC systems are designed to run a wide variety of software for many
research communities some virtualisation software is required to use standard high-energy
physics (HEP) computing workflows on HPC systems. The uptime of the USDC has proved
problematic at points with users experiencing frequent and sometimes unplanned outages

validating LZ’s support of two independent data centres.

3.2.3 Software distribution

As these two data centres use significantly different models there is the potential for significant
differences in software deployment between the two centres. To minimise any difference
LZ designed its software to work within a CENTOS-7 environment, common in the HEP
community, and distribute official software releases using the CERN virtual machine file system
(/evmfs/) [124]. Using these systems users of UK computing resources can easily run official
software without installing any software or requiring a specific local environment beyond
CENOTS-7. The USDC cannot natively access /cvmfs/ nor is it compatible with any LZ
software deployments built against a CENTOS-7 system. To provide a comparable environment
virtualisation software packages such as Shifter or Singularity/Apptainer are used to run a
CENTOS-7 docker image with /cvmfs/ access thereby mimicking the more standard setup
found in the UK.
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3.3 Data Centre and User Analysis Study

At the end of LZ's first science run (SR1), detailed in Chapter 5, a study of the UK computing
resources was commissioned to better understand and compare the two centres from an
analysers’ perspective. This study, conducted in 2022, had two purposes: to document any and
all differences in usability between the two data-centres and to benchmark the performance
of interactive computing across LZ institutions in the UK. Interactive computing in this context
refers to using a remote cluster’s login node, rather than using the GridPP compute nodes via
the DIRAC middleware. This workflow is common for the tuning and development of analyses
and does not describe the workflow for large scale analyses using the UKDC and its GRID
computing model. For current datasets LZ complete datasets can be analysed in an interactive
mode at the USDC but not at the UKDC. As LZ collects data it is likely that US analyses will

also have to use the local batch system bringing it in line with the UKDC.

Due to LZ's use of /cvmfs/ there is only one difference in running software at each data centre;
on the UKDC users must have a valid grid proxy whilst on the USDC users must be within
the required docker image. The real separation in user experience between these two data
centres arises when scaling up analyses to larger datasets. In the USDC analysers are limited
to using the same batch system whereas in the UKDC you can either use your local batch
system or the GridPP compute nodes via Dirac. The extra steps required for the UKDC, either
learning a batch system unique to your instruction or the Dirac middleware, has lead to some
frustration for UK analysers. During in-person analysis workshops designed it became clear
that a significant reason for users choosing to use one data centre over the other is their

institutions local induction, with users staying with whatever they used first.

With the emergence of python as the language of choice amongst analysers an important
aspect of a user’s perception of usability is the ease of running Jupyter notebooks. The USDC
provides an online portal to access Jupyter notebooks via Jupyter hub. Using this it is very
easy for analysers to start working as soon as they join the experiment with almost no training.
In contrast, users of the UKDC mostly have to run their own Jupyter lab server and forward
the port to their computer. This extra step, whilst trivial provided the necessary experience,
creates a significant barrier for new users thereby deterring users from using the UKDC more
generally. The introduction of native Jupyter support within modern integrated development

environments (IDEs) even across a secure shell (SSH) connection should lead to a natural
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reduction of this barrier with time.

The simplest method to quantify UK interactive performance was to run the WIMP search data-
selection and data processing steps at various sites, including NERSC, using CH;T calibration
data. This tested several pieces of the LZ software stack and benchmarked the actual time
taken to perform each part of the WIMP search analysis. The specific workflow for this study

is shown in Figure 3.5.

First the list of files to be analysed was found using LZ's data catalogue. Next the first science
run (SR1) WIMP analysis (skimmer) is run over the input file-list producing two files: The first
file, known as a skim file contains the RQs (IDs) of all events passing the science-run one (SR1)
WIMP-search cuts; the second file contains the raw file path and IDs of all events passing the
cuts and can be used as an input for LZap to generate a new RQ file with the most recent
LZap version. By using these two file the affect of any change in LZap can be easily studied

using a Python script.

To execute this workflow on multiples clusters across the UK, at NERSC and in Coimbra
(Portugal), the snakemake workflow management system was used [125, 126]. Snakemake
allows the organisation of complicated workflows using a simple YAML description file and
can produce benchmark statistics. Subjects in this study were required to: clone the analysis
code, run the snakemake execu’rqb|e, and report the results for their cluster. There were on|y
two differences between running this workflow at NERSC and at UK clusters: first, NERSC
requires users to use Shifter to emulate a CENTOS-7 system; second, streaming data from the

UKDC requires users to have a valid GRID proxy.

The results of the benchmarking study are shown in Figure 3.6. The Imperial cluster using
XROOTD streaming and the NERSC facility (specifically the now decommissioned CORI
computer) performed similarly for all tests. This is to be expected as both computer systems are
accessing the data locally. The other UK and Portugal based clusters performed worse than
Imperial when streaming data via XROOTD. This reduction in performance is approximately
proportional to the distance from the Imperial cluster, located in a commercial data centre

west of London.

The reduction in performance with distance from Imperial is more pronounced for the skimming

framework than for LZap. This is attributed to the skimmer processing many low data-volume
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Figure 3.5: A standard LZ workflow used for benchmark tests. First tritium (CH3T) calibration data is first
found using the data catalogue and saved into a file. Next the filelist is analysed using the SI
WIMP search skimmer which produces two files a skimmed ROOT file and a LZap sparse list.
This sparse list is then processed using LZap to produce a version of the ROOT skim file using
the latest LZap version. Finally, the two versions of the skim files are compared in Python.
For UK tests the analysis skimmer was also applied to data copied locally to investigate the
effect of streaming data via XROOTD. To automate this workflow easily and efficiently on

multiple computing clusters the snakemake package was used [125, 126]
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Figure 3.6: The results of the LZ benchmarks for several UK institutions, NERSC and Coimbra (Portugal).
In the left plot the skimmer execution time is plotted for each site when accessing the data
locally (black hatch) or via XROOTD from Imperial (blue) for the UK institutions and Coimbra.
All the sites, apart for Imperial, are slower when streaming via XROOTD due to the slower
network link to the DIRAC storage element than to the local high-volume network file system.
In the right plot the execution time of the LZap stage is shown. For LZap the execution time
varies less due to LZap being CPU dominated.

events, which quickly leads to the skimmer becoming network I/O limited. In contract, LZap
spends far more time in significantly more complicated C++ analysis code limiting the impact
of 1/O on the execution time. When comparing the performance of different UK-based clusters
using the skimmer with local data it is clear any differences in computation speed, due to local

hqrdware cmd ne’rwork speeds, are minor.

In this study it was demonstrated that there is only one minor difference for interactively
running official LZ software between the two data centres. This was expected due to LZ's
software deployment strategy but is none-the-less an import conclusion. Any difference in a
user’'s perception of each data centres usability thereby originates from their initial training
with analysers tending to use whatever centre is being used within the local group. When it
comes to non-LZ software, the most significant difference in user experience is the ease of
using Jupyter at each site. Currently, this is much easier at the USDC with its Jupyter hub

deployment though modern IDEs should reduce this difference in time.

The raw (local data) performance of each UK cluster was found to be slightly slower than
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the USDC but not enough to meaningful slowdown analysis. However, it is clear that some
members of LZ in the UK encounter significantly worse performance when using streaming
the data to their local computing resource. To improve the interactive analysis environment for
these users located far away from London, LZ requested access to the Rutherford Appleton
laboratory (RAL) cluster which provides a significantly quicker interactive environment than
some of the more distance clusters. Using this cluster users are able to more efficiently perform
data exploration to inform large scale computations using either Dirac or the USDC and have

a contingency platform for analysis when the USDC is offline.

3.4 Conclusion

In this chapter the design and operation of the LZ experiment was described. Particular
emphasis was placed on the TPC including details of the detector construction, xenon circulation
and purification systems, and calibration systems. The TPC PMTs are described in greater
detail with particular focus given to the possible photon detection topologies within PMTs.
The DPE effect was described in particular detail due to its relevance to Chapters 4 and 6.
With the detector described, the single scatter (S1-S2) event topology was discussed using a

14 keVee tritium decay as an example.

In addition to the physical detector and its operation, LZ's offline computing infrastructure is
outlined, including relevant pieces of software, alongside a study comparing and contrasting
UK and US computing resources. This study, designed and implemented by the author,
demonstrates how LZ has managed to support both the HPC and GRID computing paradigms
using /cvmfs/ and containerisation. In addition, this study established the core analysis software
can become |/O limited when streaming data interactively. A recommendation of this study,
which has since be implemented, was the procurement of interactive nodes at the Rutherford

Appleton laboratory for specific institutions.
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41 The DPE effect

It is usually the case that the response of a PMT to low light levels involves at most one
photoelectron per incident photon. Each of these photoelectrons will produce a signal with
some integrated area X sampled from some distribution D (i, ) of mean p and standard
deviation 6. This function depends on the PMT model and has previously been approximated
using Gaussian and Crystal Ball functions [108]. The number of photons detected by a PMT
can be estimated as

g K X[pVs]

N, = N_,.. = X[phe] = —P¥=]_
ohe = X[phe Hspe[PVs]

, (41)

where pigpg is the mean response for SPE detections, and X[phe] is the integrated pulse area
measured in units of pgpg. Because of the above one-to-one correspondence the integrated
area of a signal is often quoted as X[phe] as this directly provides the estimator of the number

of detected photons.

When detecting VUV photons with PMTs this one-to-one relationship breaks down with Pppg
of photons simultaneously producing two “photoelectrons” in what is known as the double
photoelectron emission (DPE) effect [109]. In this mechanism, the first electron is a true
photoelectron produced via the photoelectric effect, whilst the second electron is produced
via impact ionisation (e + A — A" +e” +e7) and it thus not a true photoelectron. With the
addition of this effect the average number of photoelectrons emitted from the photocathode

per N, detected photons is
<Nphe> = NY X (] + PDPE)' (42)

By combining Equations 4.1 and 4.2, the estimator of the number of detected VUV photons

can be written as

< _ Nohe _ Xiphe]
Y 1+Pppe 1+ Pppe

= X[phd]. (4.3)

In this form integrated areas quoted in units of “phd” naturally provide the estimator of the
number of detected photons, analogous to using “phe” for detecting photons outside the VUV.

For this reason LZ quotes all TPC and skin signals in units of “phd".

Like any other PMT parameter, Pppg can vary significantly from one PMT to the next, even
for PMTs of the same make, model, and batch. This sample variation means the increase

in the number of detected photoelectrons cannot be absorbed into a single detector level
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correction, such as increasing the g; and g, parameters without some smearing of the detector
response. Thus, event reconstruction must correct for this effect on a PMT-by-PMT basis.
Unfortunately, PMT manufacturers do not measure this parameter during quality control, they
instead measure an inflated quantum efficiency, nyq4u = (1 + Pppg) X Ntrues only appropriate

for photons below YUV energies.

To remedy these issues, the DPE probability has to be directly measured for all TPC and skin
PMTs. Prior to installation all LZ PMTs underwent quality control assessment. For a subset of the
TPC PMTs, henceforth referred to as the “golden” PMTs, this assessment included a dedicated
measurement of the DPE probability at Imperial College London. This study observed a sample
mean DPE probability of 22.6 £ 20% for PMTs operated at LXe temperatures (—97.4°C) using
recombination light from a-particle interactions in xenon gas [108]. As part of this study
the DPE probability measured was observed to loosely depend on the manufacturer’s, room
temperature measured, QE as

Ppope =mn +¢, (4.4)

where m = 0.45 £ 0.03 and ¢ = 48 £ 0.1 %. This model enabled LZ to correct for the DPE effect
in a reasonable manner prior to the in-situ measurement presented here. The remainder of
this chapter will detail the in-situ measurement of the DPE probability for the TPC PMTs. All
quantities in units of “phd” contained within this chapter use DPE probabilities calculated using

Equation 44.

The simplest method to measure the DPE probability is to fit the magnitude of a PMTs response
to single VUV photons using some model based upon Equation 4.7. In principle, either the
amplitude or integrated area of the PMT response can be used: in practice, integrated area is
almost always used as it suffers less from DAQ digitisation as integration averages out signal
fluctuations. Naively, the simplest option would be to use pulses where only one PMT registers
a response, however such detections are overwhelmingly originate from dark counts which
do not produce DPE responses. The next best option is to use pulses which can be positively
attributed to interactions in the xenon that produce few photons. For an interaction which

produces some number of photons there is a probability P that multiple photons are

pile-up

detected at once. As the integrated area of two coincident SPE responses would perfectly

mimic a DPE response, P must be both minimised and well understood.

pile-up
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411 Modelling photon detection as a Poisson process

Pile-up and the calculation of Pppg can be best discussed using a hypothetical “standard
candle” source which always produces the same number of scintillation photons from exactly
the same location. For a given PMT observing this candle, the number of photons detected
within a time interval T is a random variable sampled from a Poisson distribution P(n|v), where
v is the mean number of detected photons for that specific PMT. This parameter v, a proxy
of the photon flux through the PMT, is proportional to the number of scintillation photons
produced per event and the solid-angle containing the PMT window, effectively the proximity

of the candle to the PMT.

To properly monitor and control photon pile-up requires the measurement of v. Due to their
limited resolution, PMTs are unable to accurately count the number of individual photoelectrons
emitted from the photocathode purely from a signal’s integrated area. However, they are
very successful at distinguishing between the presence and absence of photoelectric emission.
Mathematically, this means the probability P(n = O|v), and its complement P(n > O|v), can be
calculated but any other probability P(n # O|v) cannot be accurately obtained. Fortunately,
the probability of zero detections,

P(Olv) =e™", (4.5)

is sufficient to calculate the estimator of the mean number of detected phofons,
M
7 = -In (P(O|v)) = —In (ﬁ) , (4.6)

for a population of N trials sampled from a “standard candle” source where M trials observe

zero photoelectrons.

As Equation 4.6 is valid only for standard candle populations great care must be made to select
a source of events with a small systematic variation in v. This in combination with minimising
pile-up means that this analysis requires a low-energy source within a small volume far away
from the PMT in question. Here, the low energy and far away volume minimise v whilst the
choice of a small volume minimises the spatial variation of v. This standard candle would
enable photon detection to be treated as a Poisson process where for each event a single PMT

sees either one or zero photons with the higher coincidence component heavily suppressed.
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The best available calibration source to fulfil these requirements is CH;T. This suitability was
demonstrated in LUX where CH;T was used to measure the DPE probability after this effect
was understood towards the end of operations [127]. Unfortunately, at the time of this study
no CH;T calibrations had been performed and none were planned for the near future. The

next best option available for this study was the 83Kt source which was used for this work.

42 Calibrating with #™Kr

8mKy is 41.9keV monoenergetic calibration source which, when mixed throughout the LXe
volume, permits the study of spatially dependent detector response at low energies near the
WIMP signal region [128]. The LUX collaboration made prodigious use of this source using it
to study the electric field; the relationship between the S2 reconstructed and real interaction
vertices; and measure S1 and S2 spatially dependent correction maps [129]. The dispersed,
monoenergetic, and low-energy nature of this source allows 83mKr to approximate a standard

candle when using spatial data-selection cuts to minimise the magnitude and spatial variation

in v on a PMT-by-PMT basis.

The #™Kr source, produced by the decay of ®Rb, is added to the xenon circulation line by
injecting xenon gas through a radon-pure charcoal infused with Rb. As a noble gas the *™Kr
passes though the circulation system unimpeded whereas any contaminants, including ®Rb,

will be rejected by the getter.

8mK ¢ decays via a two-stage process, as shown in Figure 4.1. The initial state decays with a
1.83 h half-life and deposits 32.1keV as conversion electrons, Auger electrons and x-rays. The
intermediate state has a half-life of 154 ns and deposits 9.4keV via a pair of conversion and
Auger electrons or via a y-ray. Due to the short half-life of the intermediate state, the two
de-excitations occur within the same event window with the two SI signals often overlapping
and the S2 signals always merged. For the fraction of events in which the two Sls can be
time-resolved the first, higher energy, Sl is called S1, and second, lower energy, S1is called Si,.
In LZ the mean Sl signal has an integrated area of 70 phd which when spread over the 482

PMTs leads to a naturally low v per PMT.

To prevent ¥™Kr events beings split into two datasets, one with one S1 and another with two

Sls, the LZ analysis chain treats both cases (2 Sls & 1 S2 and 1 S1s & 1 S2) as single scatter
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events. For standard analyses, in the absence of #™Kr, the double S1 population can be trivially

removed.

83Rb IC ” Auger ” X-ray ” y-ray |
smKy | 76% 15% 9%
[ 3\
|
|
12
keV |
|
2ol | |321keV | ¢
o (1.83 h) a
12
keV keV
2 keV
2 keV 4
7.6 keV |9'4 9.4 keV S.Ib
83K ¢ T, eVl (154 ns)‘
95% 5%

Figure 4.1 83mr's two-stage decay scheme including transition types, energies, and probabilities. Figure
adapted from Ref [129].

Waveforms from the decay of a ®™Kr radioisotope in LZ are shown in Figure 4.2. In this event
the two Sls can be clearly time resolved. For each of the Sis the coloured individual PMT
waveforms demonstrate that the majority of PMTs detect no more than one photon per S,

substantiating that 8™Kr is an eligible source for this study.

421 Detector conditions

During this #™Kr calibration the detector was under stable operating conditions. At this time
the average temperature of the top (bottom) PMT array was stable at —95°C (—99°C) with a
full range variation of 0.04°C (0.4°C) as seen in Figure 4.3. The increased variation associated
with the bottom array is due to the injection of warmer xenon into the bottom of TPC when

deploying the ®™Kr source.

4292 Pulse-level event selection

The spatial distribution of 83mK\ events used in this work, within a central volume of the TPC,
is shown in Figure 44. In this calibration the 3*™Kr remained close to the TPC walls throughout
deployment with comparably few decays occurring within the central volume. This effect is
in part due to the liquid flow configuration established early in operations and to the short

half-life of 8™Kr leading to atoms decaying prior to reaching the centre of the detector.

78



Chapter 4. Measurement of double photoelectron PMT response using &™Kr

S1, ~ 321 keV
Sl, ~ 9.4 keV

Ampltiude [mV]

T T 77 T T T T T T T T T 1
-149 -148.5 -35 -30 -25 -20 -15 -1.0 -05 0.0 05 10

Time [ps]

Figure 4.2: Summed (black) and individual channel-level (coloured) waveforms for a 83my decay in
LZ. Within the two S1 pulses the individual PMTs observe single photons which are used to

characterise each PMT's single photon detection response.
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Figure 4.3: The temperature of the LZ top and bottom PMT arrays during the 83mKy calibration, alongside

the Imperial measurement’s operation temperature.
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Figure 4.4: Spatial distribution of 83mKy events used in this work. The region shown here is a central
volume of the TPC. The spatial distribution observed here, with the events predominantly
located at the large radii and in a band between 200 ps and 400 ps, is due to the physical
distribution of the injected source. Whist the light detection efficiency does vary in position in
LZ for interactions of these energies this only changes the relative size of detected signals and

is insufficient to effect the overall S1 detection efficiency and measured spatial distributions.

As the majority of events are located at the bottom of the detector near the TPC wall, most of
the S2s in this dataset require a maximal drift-time correction from the finite electron life-time
and a large (X, Y) correction due to charge loss and reduced electroluminescence amplification
at large radii. The S1 signals also have relatively large corrections due to the specific geometric

effects originating from being near the corner of the TPC.

The half-life of the metastable state can be measured from the time between the S1, and S1,
pulses as shown in Figure 4.5. This distribution obeys the exponential decay of the intermediate
state’s half-life multiplied by the efficiency of resolving the two pulses. Events with a separation
less than 500 ns were removed from this analysis to remove any systematic effect originating
from the pulse finding algorithm. By fitting this distribution the half-life of the intermediate
state was measured as 154.5 £ 0.2 ns. This result, which only quotes a statistical error, agrees

with previous measurements as shown in the right panel of the same figure.

The corrected and uncorrected S1,, Sl and S2 signals from 83mMK ; events are shown in Figure 4.6.
For each population the distribution is fitted using a 2D Gaussian model shown in black. The
uncorrected population represents the average number of photons detected per event. From

this 0.14 (0.38) were detected on average per PMT for an S1, (S1,) pulse. This spatially and
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Figure 4.5: (Left panel) Fitted distribution of the 1545 £ 0.2 ns half-life of the ®*™Kr meta-stable state as
measured by the separation between the S1, and SI,, pulses. (Right panel) Comparison of

LZ's measurement of the intermediate state’s half-life (red) to previous results [128, 130, 131].

PMT averaged v demonstrates than only 0.9% of PMTs are expected to detect more than one

photon per Sl, pulse according to the simple Poisson model.

Through the application of data-driven S1 and S2 correction maps the energy resolution of
the ™Kr population can be improved through the reduction of S1 and S2 variances. These
more compact populations, also fitted using a 2D Gaussian model, enable a superior selection

criterion for 3™Kr events.

To select the 3™Kr population two event-level data selection cuts were applied. First, an event
must have two Sls and one S2, the corrected areas of which must reside within the all three
populations shown in Figure 4.6. Second, the two Sls must be fully resolved with minimal
overlap to produce a constant number of photons per pulse. This was achieved by requiring the

two pulses to be separated by at least 300 ns and that the width of the S1, was near maximal.

On inspecting the S1,, PMT level waveforms it was quickly apparent that many of the channels
which where listed as having detected a photon (measuring an integrated channel area
greater than 0.1 phd) had in fact detected nothing. This is somewhat surprising as PODded
readout should only write out PMTs which observe a signal above the baseline noise. On closer

inspection all of these fake detections were in PMTs which had detected a photon within the
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Figure 4.6: Distribution of S1, (blue), S1y (red), Sl;,4, (green), and S2 corrected pulse areas for 83my,

decay events. The left set of panels show uncorrected pulse areas and represent the number
of photon detected by the PMTs, whereas the right panels show the corrected areas taking
into account geometric and other effects. The small Sl signals, located to the far left, are
from the incorrect splitting of merged S1 pulses leading to much shorter, and smaller, S1

pulses.

preceding S1, pulse, suggesting that the baseline after detecting photons occasionally remains
at some elevated value for some modest time period. The only guaranteed method to remove
such reconstruction errors was to only use PMT signals from S1,, pulses if the PMT observed
nothing in the preceding Sl pulse. This leads to a sizable, though not overwhelming, reduction

in statistics for each PMT.

Through the application of the additional stringent data-selection cuts on decay vertex position
the value of ¥ could be reduced to acceptable levels. However, due to the limited dataset a
reasonable large selection volume was required to achieve the necessary statistics required
for least-squares fitting. Over this volume a variation in ¥ sufficient to produce a 1% absolute
systematic variation in P(2|V) was observed, with the effect more pronounced for the bottom
array where the light detection efficiency is higher. This variation in v leads to an anti-correlated
variation in any estimate of Pppg, thereby preventing this Poisson pile-up model from being
used for this study. Instead, a cut specially targeting photon pile-up was devised as described

in the next section.
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Figure 4.7: The channel amplitude and area parameters for one of the LZ PMTs alongside the measured

channel area distribution used to perform the DPE measurement.

423 PMT-level event selection

To design a cut to preferentially remove photon pile-up the distributions of zero, one, two,
and three photon occupancy signals, classified by a peak-finding algorithm, were investigated.
This was done in the (channel area, channel amplitude) parameter space, shown in Figure 4.7.
In this space zero occupancy channels were found to produce baseline noise, as expected,
and time-resolvable multiple occupancy signals were found to produce signals with a smaller
amplitude per unit areq, consistent with the response of several smaller SPE peaks rather than

one large DPE peak.

To remove the photon pile-up populations a linear model was developed for each photon
occupancy dataset, see Figure 4.7. This model describes the linear relationship between pulse
amplitude and pulse area in each PMT. PMT responses from multiple photons that are not
exactly coincident should be wider than single photon detection, irrespective of SPE or a
DPE response, leading to a shorter amplitude per unit area. Using this logic, single-photon
detections were selected by requiring the difference between a PMT's measured and expected

amplitude, according to its measured integrated area and the linear model, be less than TmV.
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(a) Fit to the SPE response with a single Gaussian model. (b) Fit to the single photon (SPE & DPE) distribution with
a two Gaussian model. The best fit value for Pppg was
22.7%.

Figure 4.8: Fitted single photon distribution for PMT 419. (Top panel) The observed distribution (black)
and fitted model (red). (Bottom panel) The residuals of this fitted model to the data.

4.3 Fitted DPE probabilities and their comparison with previ-

ous measurements

Using the definitions outlined in Sections 3.1.2.3 and 3.1.2.4, the single photon response can be

written as

g(x—p, 6, Pppg) = (1 - Pppg) X F(x—p, 6) + Pppg x f(x-241, V20), (47)

where the first (second) term denotes the SPE (DPE) response and p (o) is the mean (standard

deviation) of the SPE response.

The measurement of the DPE probability was performed from a PMTs area distribution in three
steps. First, the low area region of the channel area distribution was excluded as the lower
detection efficiency for small signals distorts the distribution’s shape. Second, the channel area
distribution was fitted using a single truncated Gaussian model about the first peak to measure
the SPE mean and variance. Finally, using the DPE model value and SPE parameters as initial
guesses the double truncated-Gaussian model was fitted over a wider region encompassing
both the SPE peak and DPE shoulder. As cuts were applied specifically to remove channel

responses from photon pile-up no coincident term is included in this model. The application of
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this fitting procedure to PMT 419 is shown in Figure 4.8 and was repeated for all operational
PMTs in the TPC.

The above procedure worked for the vast majority (476/480) of active TPC PMTs. The remaining
four PMTs exhibited responses which could not be adequately fitted: two of these PMTs had
an abnormal SPE response shape post cuts and the other two produced distributions with the
expected shape which could not be fitted using the algorithm above. For these four PMTs the
DPE probabilities calculated using the linear model developed at Imperial, Equation 4.4, were

used.

The measured DPE probabilities for all active TPC PMTs, including those with unsatisfactory fits,
are shown as a spatial map in Figure 4.9 alongside the associated PMT quantum efficiencies.
The pattern visible in the DPE map is consistent with QE pattern placed intentionally across

the arrays for optimum sensitivity.

The measured DPE probabilities are mostly in good agreement with model developed from the
Imperial measurements, as shown in Figure 4.10. The large variance in LZ results compared to
the model is unsurprising as similar behaviour was observed in the data used to create this

model at Imperial.

A direct comparison of the measured DPE probabilities for the golden PMTs operated at LXe
temperatures at Imperial and within LZ is displayed in Figure 4.11 separated by array. For
both arrays the mean DPE probability agrees with the previous measurement within errors,

with the upper (lower) array 0.6 ¢ (0.4 ) above (below) the Imperial result on average.

As the temperature of two PMTs arrays, top = —95°C and bottom =—99°C, were slightly
different to that present at Imperial (—97.6°C) some small systematic effect on the DPE
probability is expected. The polarity of this effect will be opposite for each of the arrays as

the top (bottom) array is warmer (cooler) than the temperature used at Imperial.

The results presented within this work are used in all LZ analyses including, but not limited to,
the core WIMP search [132], low-energy electron recoil [133], background determination [134],

and effective field theory [135] publications.

Since the conclusion of this work several high statistic tritium calibrations have been performed.

It would be advantageous to repeat this analysis using the low-energy component of these
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Figure 4.9: Measured DPE probabilities from 83my, S1y, light (top) and quantum efficiencies (bottom).
The geometric pattern visible within the DPE measurements is consistent with that of the
quantum efficiency, as expected. Disabled PMTs are not shown in these maps. The large black

circle represents the full radius of the TPC.
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Figure 4.10: Measurements of the DPE probability for every active TPC PMT (blue), previous meas-
urements performed at Imperial College London (red) and the expected DPE probability

expected from the linear model found at Imperial.
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Figure 4.11: Comparison of DPE probabilities as measured at Imperial (blue), in LZ (red), and according
to the linear model observed at Imperial (yellow). The left (right) panel contains PMTs

mounted in the upper (lower) array.
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calibrations to reduce the systematic uncertainties present within the Poisson modelling and
better constrain the measurement of the per-PMT DPE probability. It would also be interesting
to measure the DPE probability for S2 light. Due to the large number of photons produced
per electron emitted into the saturated vapour, this measurement would be best performed

using a population of single electron pulses to measure the DPE for the bottom array only.

4.4 Conclusion

In this chapter a procedure to measure the DPE probability using a hypothetical “standard
candle” source was outlined. The number of photons detected by a given PMT using this source,
which produces a low and fixed number of scintillation photons, would follow a Poisson model.
The dispersed 83mKr source is then suggested as a candidate for such a candle due to the low
scintillation yield of the S1, produced in the two-stage decay process. Whilst characterising
this source, the half-life of the meta-stable state was measured at 154.5 £ 0.2 ns, in agreement

with previous measurements.

Whilst studying individual PMT responses from this source it became apparent that the
reconstructed PMT response of S1, PMT pulses were being contaminated by signals induced
from the preceding S1, pulse. This contamination was removed during this study by only using

PMTs which did not detect a photon in the preceding S1, pulse.

Unfortunately limited statistics coupled with an O(%) spatial systematic on the measured DPE
probability precluded the use of the Poisson model method. Instead, a simpler model which
selects single photon responses using the PMT area v.s. amplitude parameter space was used.
By fitting the resulting PMT area distribution for each PMT using a double truncated-Gaussian
model the DPE probability was obtained for 476 of the 480 active TPC PMTs. The remaining
PMTs could not be fit using this method and instead use the linear model developed at Imperial

to calculate their DPE probabilities.

The measured DPE probabilities were found to be in reasonable agreement with the linear
model developed at Imperial. It should be noted that the linear model does not fully capture the
broadness of the measured DPE probabilities in either the LZ or Imperial measurements. Finally,
a direct comparison of the Imperial and LZ measurements was performed for the “golden”

PMTs present in both datasets. Good agreement was found between both measurements
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though a systematic effect between the two arrays was observed. The sample mean of the
upper array golden PMTs was found to be 0.4 ¢ below the Imperial average for the same
PMTs, whilst the lower array average was 0.6 6 above the equivalent Imperial sample mean
for the same PMTs. This effect is not wholly unexpected as the probability is known to increase
at lower temperatures and the upper (lower) PMTs are operated a couple of degrees above

(below) the temperature used in the Imperial measurements.

These measurements are important for accurately reconstructing the energy of interactions
within the detector and improving the energy resolution of the detector by reducing the system-
atic error inherent from different PMT having slightly different response models. Measuring
the DPE probability for a PMT is also important when developing cuts based on the measured
channel response as this can affect the signal efficiency for a given PMT. For example, if a cut
is developed which requires the integrated area of a PMT response be less than some global
constant defined as a function of the SPE response, then a PMT with a larger DPE probability
will have a lower signal efficiency than a PMT with a lower DPE probability as the average

signal is proportional to the DPE probability.

The measured DPE probabilities presented in this chapter are used within all LZ analyses
including, but not limited to, the core WIMP search [132], low-energy electron recoil [133],

background determination [134], and effective field theory [135] publications.
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This chapter details LZ’s first WIMP search using data taken during the first science run
(SR1). This discussion encompasses the commissioning of LZ, its calibration, its first science
run, and the WIMP search result. This analysis was directed and managed by senior members
of the LZ experiment as it was both the first and primary analysis of the experiment. My
chief contribution to this analysis was the in-situ calibration of the LZ TPC PMTs, described in
detail in Chapter 4, alongside work investigating scintillation (S1) backgrounds at threshold
with particular focus on waveform analyses, not discussed here, and developing and validating

parts of the data analysis framework.

51 Commissioning

LZ was commissioned during the second half of 2021. Whilst full of low pressure xenon gas the
TPC PMTs were calibrated and characterised, including measurements of afterpusling, before
having their gains matched and regularly monitored. During this commissioning 482/494 of
the TPC PMTs, 129/131 of the skim PMTs, and 120/120 of the OD PMTs were operational and
suitably stable for LZ's requirements, a pass rate above the minimum requirement of 96% set

for the TPC and skin.

Between August and September the detector was filled and levelled ensuring the liquid surface
was perpendicular to the TPC's vertical axis. In October the grids were biased with the first
S1-S2 events observed on the sixth of October. The main S2 trigger logic was then tuned with

100% efficiency achieved for pulses of at least six extracted electrons.

Initial calibrations where performed (AmLi, ™K, QQOIRn YBe, *’Co, and #?Na) to understand
the detector response, develop spatial light correction maps for the S1 and S2 signals, and to
tune the position reconstruction which achieved a 4 mm planar resolution and 0.7 mm depth

resolution for S2 signals of 30 electrons.

52 Science run 1 (SRI)

The first science run was designed to fulfil two purposes: to facilitate the full characterisation
of the detector over an extended period, and ,if possible, achieve world-leading sensitivity to

WIMPs. Sensitivity studies suggested a 60 day exposure to reliably achieve this goal.
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Data for LZ’s first science run was acquired between the 23 of December 2021 and the 18™
of April 2022, totalling 116 days. In January, 8™Kr calibrations were performed to update the
S1 and S2 light correction maps. Later the same month, four days of D-D calibrations data
was acquired to measure the NR response of the detector including characterisation of the
NR band. In February and April, LED calibrations were performed to measure the evolution
in PMT gains. Excluding the above calibrations, detector maintenance, DAQ dead-time and
period of anomalous conditions the total live-time, prior to data quality cuts, was 89 live days.
Acquired over 804 separate runs, this dataset comprises approximatly 110 million events spread

across 441,000 raw data files and totals just under 150 TiB of disk space.

Immediately after SR1 a more intense calibration campaign was conducted. Two rounds of
8mKy calibrations were performed to measure the S1 and S2 correction maps. A week of CH;T
calibrations (~ 7million events) was performed to measure the ER band to high accuracy. This
was followed by more D-D calibrations to measure the NR band. Finally, six days of AmLi

data was acquired, totalling approximately 21 million events, as an alternative NR dataset.

53 WIMP Search Methodology

The core methodology of a WIMP search with a two-phase LXe-TPC can be split into six
components: detector operations, WIMP data selection, detector modelling, signal model
generation, background model generation, and performing the statistical analysis of choice.

These components and how they relate to one another are shown in Figure 5.1.

5.3.1 Detector Operations

To acquire a dataset to perform a WIMP search analysis requires operating the detector in
stable conditions for extended periods of time. This requires in-person and remote detector
monitoring, including performing periodic calibrations, such as the LED calibrations, and

maintenance of detector components.

5.3.2 Data Processing & Selection

To effectively analyse LZ data requires processing the raw POD waveforms into simple user-
friendly data structures called RQs. For LZ this requires: finding and classifying pulses,

parametrising pulses (calculating pulse areas and widths etc.), applying detector corrections,
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Figure 5.1: Simplified schematic of the first WIMP search. The analysis is split into six sections: detector
operations, WIMP data selection, detector response modelling, signal modelling, background
modelling and the final PLR statistical analysis. Note: some of these sections are more closely
connected than shown here; for instance, the detector model is used as part of the in-situ

measurement 0{ chkgrounds.

and building physically-motivated events such as single and multiple scatters. The LZap

software, detailed in 3.211, was written to perform these data processing tasks.

To analyse these RQ files a data analysis, selection, and skimming framework, henceforth know
as the ALPACA was written. This framework, designed to consolidate all data selection cuts,

was used to perform all data selection cuts for the primary WIMP analysis.

5.3.3 Detector Model & Simulations

To be able to perform statistical tests comparing experimental observations to various physical
models requires detailed simulations based upon a tuned and accurate detector model. For a
detailed description of the detector model and simulation framework used in LZ the reader is
referred to Ref [136]. Here, only the parts of the simulation framework required for the SR1
WIMP search will be outlined.

To produce accurate simulations of TPC requires three steps. One, an analytic or Monte-Carlo
(MC) energy deposition model. Two, a yield model which details how many scintillation photons

and ionization electrons are produced from energy deposition in the target. Three, a detector
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model including optical transport, photon detection, electron-lifetime and pulse clustering of

simulated signals.

5.3.3.1 Signal model

The WIMP differential recoil spectrum are calculated numerically using the procedure as
described by Smith and Lewin in Ref [39] and briefly outlined in Section 2.2.1. For the LZ
signal model the standard halo model (SHM) from Ref [42] was chosen as agreed in Ref [137].
Using this model the WIMP signal recoil energy PDF is approximately exponential with a decay

contestant of —:—i, where m,, is the dark matter mass and m, is the target atoms mass.

x

5.3.3.2 Background model

The background models are primarily generated using BACCARAT [136], an internal Geant4 [138,
139] based simulation framework, which records the energy deposits within all the detectors

systems. Using this software a variety of radiogenic and external backgrounds can be simulated.

5.3.4 Simulating the detector response

The LXe-specific element of simulations in LZ use the Noble Element Simulation Technique
(NEST) framework [53, 55-57]. Using NEST, energy depositions are used to generate primary
quanta (photon & electrons) using scintillation and ionisation yields models tuned on calibration
data from a variety of experiments. See section 2.4 for a brief overview of LXe physics and
Figure 2.10 for details on the NEST yield models. The NEST framework has the ability to
perform quick and accurate simulations out-of-the-box, however LZ chose to write a simulation
package, using NEST as a library, called LZIama. This package provides greater flexibility
when tuning the detector model, for instance running clustering algorithms and using observed
correction maps, and allows simulation results to be written out in a RQ-like data format,

facilitating seamless comparison between data and simulation.

5.3.5 Statistical Analysis

To search for WIMPs LZ employs the profile likelihood ratio (PLR) method [140-142], following

the conventions outlined in Ref [137]! Specifically LZ uses S1-Log,o(S2) template PDFs

'Some conventions in this white paper were applied incorrectly and have been corrected in LZ implementation.
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generated using the LZlama package to calculate signal and background likelihoods for the
PLR.

No software-level bias mitigation was applied in science-run one (SR1). This was to allow the
proper diagnostic study of the TPC. The tuning of data selection cuts was based on either
sidebands of WIMP search data or calibration data so as not to bias the analysis. In future
science runs LZ plans to embed fake signal events into the raw data stream. These fake events,
known as “salt”, will be generated by stitching together S1 and S2 pulses from calibration data.
Using salting as a bias mitigation has been successfully applied using software and hardware
injection methods in the LUX [87] and the laser interferometer gravitational-wave observatory

(LIGO) experiments [143].

5.3.6 Detector Operations

LZ’s first science run was conducted between the 23™ of December 2021 and the 12" of May
2022, totalling 141 days. During this period the drift (extraction) field was maintained at
193 V/cm (7.3kV/vm), and the temperature and pressure of the detector were stable, within
0.2%, at 174.1K and 1.791 bar(a) respectively. The electron lifetime varied between 5000 pys and
8000 ps over the course of SRI far in excess of the 951 s maximum drift time. Prior to SR1
twelve of the TPC and two of the skin PMTs were disabled due to them exhibiting excessive

noise or other malfunctioning behaviour during detector commissioning.

5.3.7 Detector Calibration

LZ uses a variety of calibration sources including internal dispersed sources, closed external
sources and a neutron generator. Here three of the calibration sources relevant to or directly
used in this thesis are outlined: LED calibration used periodically calibrate the PMTs; CH;T,
a dispersed ER source, used to tune the detector model to replicate the observed ER band;
and D-D, used to observe and characterise the NR band response, crucial for observing the
NR interactions expected from WIMPs. The ®™Kr source, discussed in detail during previous

chapter, has been omitted from this discussion in the interests of brevity and to avoid repetition.
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5.3.71 LED calibration

Blue (470 nm) LEDs are used to measure the SPE response of the PMTs and monitor any
degradation in PMT performance, for example increased afterpulsing. Due to the comparably
long wavelength LED photons cannot be used to measure the DPE effect as this does not

occur at these wavelengths.

Each detector system has its own LED calibration system each driven using pulsers located
in the cavern. The TPC contains 48 LEDs with 24 located in each array each of which point
towards the opposite array. The skin contains 25 LEDs with 12 in the top side array and 13
in the bottom side array. The OD contains 35 LED driven optical fibres, known as the OCS,
split between the PMT support structs (30 fibres) and below the bottom tank (5 fibres). To
enable triggered analysis of LED data the synchronised LED trigger is passed to the DAQ to
be recorded alongside the PMT data.

5.3.7.2 Electronic recoil band (tritium) calibration

The ideal ER calibration source for a LXe TPC is one that: has a low mean energy, is spatially
uniform and poses no risk to future operations. Tritium B-decays provides a solution to the
first two points: tritium has the second lowest known B-emission energy (18.6 keV), after '*/Re
(2.5keV) [144, 145]; and exists in a molecular form which can be injected into the detector and
allowed to mix into the xenon [146]. Unfortunately, molecular tritium (T,) adsorbs onto surfaces
and is liable to embed itself into the detectors plastic components via diffusion, effectively
poisoning the detector [58]; tritium’s long half-life (T%=]Q..’> years) necessitates the moderation
of both effects. Even in the absence of these effects molecular tritium will linger within the
xenon, its noble nature making it immune from the getter. LUX overcame these impediments
by bonding tritium into a methane (CH,) molecule which can be efficiently removed by the
getter. Using this triturated methane (CH;T), LUX pioneered the low energy calibration of the
ER band in LXe [58].

Even using this validated methodology there are still risks. The PandaX-2 experiment success-
fully calibrated their detector with CH;T but was unable to completely remove the CH;T. In
an attempt to expunge the remaining CH;T, the PandaX collaboration removed and distilled
the xenon from their detector and flushed the detector with warm xenon gas prior to refilling;

after this process PandaX-1l was left with a residual CH;T contamination of 40 nBqg/kg [147].
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Due to the potential risks of poisoning the detector with tritium both the LZ and LUX ex-
periments approached such calibrations with caution. For LZ this required both the careful
purification of the CH;T source, to remove any T, contaminants, and validation of the deploy-
ment procedure. This validation included injecting the TPC with pure methane to prove that
the stable carrier molecule could be removed as expected by the getter, performing table-top
validations of the procedure in the lab, and performing a low activity calibration to validate

that the getter removed the contaminants as expected.

The CH;T calibration was performed after SR1 with the aim of calibrating the ER band with
approximately 5500 events between 2keV and 8keV within the 5.6 tonne fiducial volume.
This quantity of events, 20 times the background observed within SR1's ER band, requires
19,600 decays accounting for an overall selection efficiency of 28%. To achieve this an initial
activity of 65 mBq was required which was approximatly 340 times the measured background

rate.

5.3.7.3 D-D (NR band) calibration

Arguably the most important calibration is the characterisation of the NR band as this is where
WIMP signals will be observed. Using this calibration the signal PDF for WIMP interactions
and neutron backgrounds can be generated and the signal acceptance of the detector to

WIMPs, the most important metric for such a detector, can be assessed.

In LZ the NR band is measured using a D-D neutron generator which emits monoenergetic
2.45MeV neutrons. These neutrons, emitted by the generator in the cavern, traverse the water
tank and OD via one of two conduits which link the cavern and the TPC outer-vessel (OV)
specially at a height just below the liquid surface. Within the TPC these neutrons produce a
continuum of nuclear recoils up to a maximum energy of approximately 74 keV, well above the
region-of-interest (ROI) considered in LZ. The distribution of these recoils peaks towards low
energies well within the ROl and provides good coverage of the entire WIMP signal region for

most candidate particle masses.

5.3.8 Characterising the ER and NR bands

The ER and NR bands, as measured with CH;T and D-D, are shown alongside simulated

percentile bands in Figure 5.2. From this a clear separation between the two bands is observed.
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The detector response, the solid lines, was tuned using the tritium dataset to reproduce the
median, 10% percentile, and 90% percentile bands and then validated against the D-D dataset
achieving a better than 1% agreement in the mean and 4% in the width. The resulting detector

model has been made publicly available as part of the NEST software [148].
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Figure 5.2: Calibration of the ER and NR bands, within the WIMP ROI, during SR1. The NR (ER) band,
shown as pink (blue) points was observed using a D-D (CH3T) source. The NEST detector
response, plotted as 10%, 50% and 90% percentiles, was tuned to the CH3T ER band and
then validated against the D-D NR band. Figure adapted from Ref [45].

A nuance of these bands is that they are not universally applicable to all ER and NR interactions.
Due to the energy dependent anti-correlation between the S1 and S2 signals, PDFs is this
parameter space implicitly depend on the underlying energy spectrum. By deriving the above
bands using the known CH;T and D-D spectra the underlying model parameters obtained
above can be applied to the WIMP spectra to create a signal PDF however the D-D "NR" band

itself it not truly applicable to the signal model of any WIMP candidate.

5.3.9 Data Selection

To produce the final WIMP search datasets requires numerous data selection cuts. These can
be split into five main categories: ROl selection, fiducial volume selection, exclusion period

removal, data quality cuts, and anti-coincidence veto rejection.

The ROl is defined as all single scatter events with a corrected Sl area between 3 phd and
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80 phd and a corrected S2 area between 600 phd and 1x10° phd. The fiducial volume is
approximately defined as the volume at least 4cm from the TPC walls, 22.8 cm below the gate,
and 2.2 cm above the cathode. Three additional volumes exhibiting elevated background rates
were removed: regions less than 5.2cm from the top (drift-times < 200 ps) wall; regions less
than 5cm from the bottom (drift-times > 800 ps) wall; and a 6 cm radius about the field-cage
resistor chain embedded in the at the 9 o'clock position. The heightened background rate
near the TPC corners is expected due to greater ingress of external backgrounds due to the
higher surface area to volume ratio whilst the resistor chain activity is attributed to radioactive

emission from detector components.

Whilst SR1 was a very stable campaign there are nevertheless periods which cannot be used
due to transient operational anomalies and periods of elevated background rate. The most
significant operational exclusion period is due to elevated rates of localised grid emission
which are removed using simple time exclusion periods totalling 3.1% of the total livetime. The
single largest contributor to the exclusion periods is the delayed emission of electrons, and
their associated S2s, from large S2 signals; high energy S2s affect the following O(100 ms)
whilst muons affect the following O(10 s) [149, 150]. These periods of elevated activity are
excluded by applying an energy dependent hold off period after large S2 signals leading to a

29.8% livetime loss in SRI.

To reject events with anomalous S1 and S2 shapes a battery of pulse level cuts are applied to
the S1 and S2 pulses individually. The majority of these cuts focus on the shape of the pulses
for instance checking if two S2 pulses have been merged into one pulse or checking if the
time profile of the S1is consistent with xenon scintillation. To reject accidental events, where
isolated S1 and S2 pulses happen, by chance, to be detected within a drift time of one another,
further cuts are applied to test if the S1 and S2 pulses are consistent with the reconstructed
single scatter. Examples of such cuts include: checking that the fraction of SI light detected
an array, which is inversely proportional to the propagation distance, is consistent with the
measured drift time and seeing if the diffusion of the S2, as inferred |:>y its width, is consistent
with drifting for measured drift time. These cuts were created and tuned using calibration
data and events with an unphysical drift time (drift time > maximum drift length) which can

only arise from accidental coincidence.

Finally, an anti-coincidence cut is applied using the skin and OD detectors to remove y-ray and
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Table 5.1: The number of events remaining in the SR1 WIMP search dataset after the accumulation of

each cut.

Accumulated cuts Remaining events | Percentage
all events 11x10% 100%

& exclusion periods 6.0 x 10’ 54.25%

& single scatters 1.0 x 10’ 9.10%

& region-of-interest 18 x 10° 0.17%

& S2 quality cuts 35 x 10* 0.03%

& S1 quality cuts 31x10* 0.03%

& fiducial volume 416 0.0004%
& vetoes 335 0.0003%

neutron interactions. To reject y-rays events with a skin (OD) signal within 0.3 ps (0.5 ps) of the
S1 are rejected. Similarly, to reject neutrons, any event which has an OD signal consistent with
neutron capture on hydrogen or gadolinium less than 1.2 ps after the S1is vetoed. The position
averaged efficiency of this neutron veto was measured to be 89 + 3% using an AmLi source
deployed using the three CSD tubes at several heights [132]. The majority of the events in
removed by this cut in the SR1 dataset were located outside the fiducial volume, as expected
from external backgrounds. The minority of events rejected within the fiducial volume are

removed by the skin veto and are located near fiducial volume perimeter.

The accumulated application of these cuts on the SR1 dataset is tabulated in Table 5.1. From
the initial 110 million events only 10 million are single scatters. Of these single scatters only
0.03% are within the ROl and pass the battery of S1 and S2 cuts. The final dataset, after

applying the fiducial volume and veto cuts, contains only 335 events.

5.310 Result

The distribution of the remaining 335 events remaining in the SR1 WIMP search dataset are
displayed in Figure 5.3 using the S1-S2 and radius-drift-time parameter spaces. The majority
of the events present originate from Rn daughter f-decays and electron capture of *’Ar. The
*Ar contamination was expected due to cosmogenic activation and will be suppressed in

future campaigns due to the isotopes short half-life [151] .

Using the PLR statistical test the upper limit of the spin-independent WIMP-nucleon cross-

section was calculated at the 90% confidence level for several WIMP masses. The result of
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Figure 5.3: The events remaining after all data quality cuts for SR1 alongside relevant signal and
background PDFs. Here the background model is the total weighted PDF from detector ERs,
detector NRs, v ERs, B-decay, 124Xe, ]27Xe, ]36Xe, and 7 Ar. (Left) The S1-S2 distribution used
in the PLR analysis. (Right) Position of the surviving events and the definition of the fiducial
volume (blue). Figures adapted from Ref [45].

these calculations is shown in Figure 5.4 alongside limits from other experiments. LZ has set
the strongest limits on the spin-independent WIMP-nucleon interaction cross-section to date
for masses above 9 GeV reaching a minimum cross-section of 9.2 x 107 cm? for a 36 GeV/c?

WIMP.

When quoting the exclusion limits for LZ a power constrained limit (PCL) at the —1¢ level was
used. Power-constrained limits, part of the 'Recommended conventions for reporting results
from direct dark matter searches’ [137], prevent statistical tests from excluding parts of the
parameter space where an experiment’s power to reject the null hypothesis is limited [152]. In
practise this is designed to prevent the test from rejecting hypotheses where the expected signal
is suitably small compared to the background that the detector effectively is not sensitive to
the signal. In this case the power constrained limit will return a weaker limit of some predefined

power instead of the erroneous overly ambitious limit naively returned by the test.

Unfortunately the procedure contained in the agreed recommended conventions incorrectly
constrained the discovery-power and not rejection-power leading to a lack of consensus on the
“correct” power constraint to use when publishing results. LZ chose to publish limits constrained

at the —c (16%) level whereas XENONNT have published their limits constrained to the median
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Table 5.2: Expected and best fit number of events for signal and background components for the
60 days-5.5 tonne exposure. The expected number of 37Ar events were assumed to be between
zero and three times the calculated value owing to large uncertainties in this calculation. Each
of these results was used as a constraint within the combined fit, with all components having a
Gaussian prior apart from the uniform *TAr and asymmetric detector neutron priors. Table
reproduced from Ref [132].

Component Expectation Best fit
B-decay + Detector (ER) 215 + 36 29292 + 16
v (ER) 271+16 27216
7 Ar [0, 288 ] 525758
124X e 5014 52+ 14
127% e 92:038 93+08
136X e 15124 152924
8B CEVNS 014001 | 01500l
Accidentals 12+0.3 12203
Detector neutrons 0.0%02 0.0%02
WIMP (30 GeV) - 0.0%°¢
Total - 33317

(50%) level [153].

The background PDFs considered in this analysis are p-decay, detector ER, *’Ar, '**Xe,
127X e, **Xe, 8B (CEVNS), accidentals, and detector neutrons. Here the B-decay compon-
ent refers to 22Pb, 2Pb, and 3°Kr decays. The estimated Pb activity (??Pb = 0.14 uBqg/kg,
24pb=3.96 iBq/kg) was estimated by fitting energy spectra outside the ROl whist the Kr
activity was calculated assuming a 144 * 22 ppq concentration of "'Kr as measured from in
situ mass spectroscopy. The *’Ar, produced by cosmogenic activation of the xenon whilst above
ground, was expected to produce 96 events during SR1 [151]. The expected number of counts

for each component was computed using assay measurements and/or sideband datasets.

The sharp dip in LZ's observed exclusion limit is because LZ observed fewer events than
expected in low-energy low-S2 region of the ER band, as can be seen in Figure 5.3. To prove this
is a genuine statistical fluctuation, and not an analysis bias, this quiet region was investigated
using CH;T and D-D calibration data. This study found no evidence for any unexpected

analysis bias preferentially removing events within this region demonstrating that the stronger
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limit for 30 GeV WIMPs is simply a statistical fluctuation.
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Figure 5.4: Current limits on the WIMP-nucleon cross-section. The power-constrained exclusion limit
observed by LZ in its first science run, described in this chapter, is plotted as a solid red line
with the unconstrained limit shown by the red double-dashed line [45]. The median sensitivity
is represented by the black dot-dashed line and its accompanying 1 6 error band. The exclusion
limits of several other xenon experiments, LUX [87], PandaX-Il [89], XENONIT [116], and
XENONRNT [153], are displayed alongside DEAP-3600, a single phase, scintillation-only argon
experiment [154]. Projections of the full LZ exposure (1000 live-days) [91] and the xenon
detector proposed by the XLZD consortium (1000 tonne-years) [76] are shown as dashed
lines. The "neutrino fog”, where experiments start observing neutrinos via CEUNS, is shown for

xenon detectors by the solid black line and the blue contours using the calculations performed

in Ref [77].
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5.4 Conclusion

In this chapter the LZ SR1 WIMP search analysis was motivated, outlined and described. This
short engineering run, designed to study and characterise the detector over a 116 calender-day
period, produced world-leading upper limits on the spin-independent WIMP-nucleon cross-
section for WIMP masses above 9 GeV/c? at the 90% confidence level using a 60 days-5.5 tonne

exposure. This analysis achieved a peak sensitivity of 9.2 x 107*8 cm? for a 36 GeV/c? WIMP.

To achieve this result required: a stable detector state over the 116-day run duration; reliable
data processing; rigorous calibration of the detector's ER and NR responses; the careful tuning
of the detector model to said detector response; a well understood background model informed

by side-band analyses and assays; and finally the application of a statistical test, in this case

a PLR.

With the understanding developed during this short run, encompassing only 6% of the expected
1000 live-day dataset, LZ can continue to operate and eat into new parameter space as its

strives to achieve its projected sensitivity of 1.4 x 107* cm? for a 40 GeV/c2 WIMP.

My most significant contribution to this analysis was the in-situ measurement of the DPE
probabilities for all of LZ's TPC PMTs alongside validating these measurements against
dedicated measurements performed at Imperial. These measurements were, and remain,
instrumental in taking into account the DPE effect and are important for minimising the
systematic error during energy reconstruction, particularly at threshold. Using my expertise of
studying low energy signals and the PMT response | also studied scintillation backgrounds
encountered at threshold, more notably backgrounds from Cherenkov emission in the PMT
windows. This work is not presented within this thesis. Finally, | contributed to the development

of the core analysis framework which was integral to performing this analysis.
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Boron-8 solar neutrinos scattering via CEUNS produce events close to, if not below, the
nominal scintillation threshold achieved in the current generation of tonne-scale LXe TPCs.
This threshold, driven by the presence of Sls from dark-count pile-up, can be reduced by
including parameters that discriminate between Xe scintillation and dark-count pile-up. In this
chapter a sensitivity study is described which exploits Xe scintillation characteristics and the
LZ detector response to reduce the scintillation threshold from three-fold Sis, defined by three

PMTs registering a response, to two-fold.

This technique was successfully applied in the LUX experiment, where the coincidence require-
ment was reduced from two-fold Sls to single-fold S1s [127]. A sensitivity study evaluating
the sensitivity of such an analysis in LZ, where the coincidence requirement in reduced from
three-fold to two-fold, has previously been performed and can be found in Ref [95]. In that work
the discriminating variables were limited to the largest of the two PMT response (integrated

area), henceforth called X,,,,, and the time-seperation between the two photon detections.

max/

Here, a study similar in scope to the aforementioned work is presented with two noteworthy
modifications. Firstly, the PDFs of the two discriminating variables were calculated analytically
trivialising the computation of the signal and background PDFs. By treating the X,,,,'s PDF
analytically this new method can include the variation in PMT parameters—mainly the mean,
standard deviation, and DPE probabilities—for all 121524 unique PMT pairs, whereas the
previous study was limited to using an average PMT response for all photon detections.
Secondly, several additional discriminating variables, electron drift-time and S2 area, were

added, increasing the median sensitivity for detecting ®B neutrinos in LZ.

These analytic PDFs can be directly used within the Flamedisx framework being developed
within the LXe dark matter community [155, 156]. By using explicit profile likelihoods, opposed
to MC generated template PDFs, Flamedisx can perform statistical tests multidimensional
parameters spaces without the curse of dimensionality experienced by standard Monte Carlo
methods. By adding in the additional parameter spaces outlined above Flamedisx should be

an ideal method to exploit the observations described within chapter for a ®B search in LXe

TPCs such as LZ.
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6.1 Analytic reanalysis of previous study

6.1 Discriminating with DPE

Dark counts are unlikely to produce DPE responses in a single PMT, thus if any two-fold S1
has a large PMT response consistent with DPE in one channel then this two-fold S1 is more
likely to be from VUV light produced from a Xe interaction. The simplest metric to quantify
the "VUV-ness” of a two-fold S1is the largest PMT integrated area response. As the signal and
background models are based on the same fundamental process, with the background model
effectively a special case of the signal model (Pppg = 0), the PDF of the metric of interest for

both can be calculated simultaneously.

The PMT response is a random variable (RV), X;, sampled from some PDF g(x|;, 6;, p;). For each
event there are two RVs, X5 and X, each sampled from a different PMT distribution function.
The metric of interest, the maximum of the two responses, is computed as X, = max (Xq, X))

and is itself a RV sampled from

Pmcx(X“‘ll’ O15 P1» Hos O, Pg) 291(X|I~l1,<’1’ P1) Go (x| g, G2, Pg) (6.1)

+go(x|Hg, 09, o) Gy (x| 1y, 61, 1), (6.2)

where g; is the PDF of a PMT integrated areq, as described in Equation 4.7, and G; is the
corresponding cumulative-density function (CDF). Using this equation, the distribution of X,
under either the signal (p = Pppg) or background (p = 0) hypotheses can be easily computed
for any of the 121524 unique PMT pairs. The PDFs of X, ., for signal (VUV photons) and
background (SPEs) events are shown in Figure 6.1 alongside MC estimates of the PDFs. The
shape of each distribution is similar to the underlying PMT response PDF with a bias towards

larger values, as expected from the application of the maximum operator.

6.1.2 Discriminating with time separation

The fundamentally different production mechanisms for signal (Xe scintillation) and background
(dark-count pile-up) events leads to very different photon detection timing PDFs. The simplest
metric to describe the underlying distributions of the detected signals is the absolute time
separation between the two PMTs: 8T = |To — T,|, where T, is a RV sampled from the detection

time PDF. Because of their fundamentally different production mechanisms the signal and
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Figure 6.1: Distribution of the largest channel area metric using MC (solid colour) and analytic (black
line) methods. Due to the selecting the largest of the two PMT responses the mean of the

distribution are biased to the right.

background models are very different, Xe scintillation versus accidental coincidences, meaning

the signal and background PDFs must be computed independently.

First let us consider the dark-count pile-up. Dark-counts within a PMT are randomly distributed
in time with no-correlation with preceding dark-counts or detected photons and occur inde-
pendently of any interaction in any other PMT. Such processes are known to follow a Poisson

model where the time difference between responses follows
fgark(t) = Re ™™ (6.3)

for uniformly distributed random variables of mean detection rate R. Assuming uniform dark

rate of 18 Hz, as used in the previous study, leads to an O(100 ms) exponential decay function.

Now let us consider the more complicated Xe scintillation case. The time profile of Xe scintillation
produced in low-energy interactions, where there is negligible recombination, follows a double

exponential model

1 1
f=oa-—e1 4 (1-a) —e™, (6.4)
T T3

where 1,=3.27 ns (13=23.91ns) is the decay constant for the singlet (triplet) state occupied

with a probability of 37% (63%) [157].
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The PDF of the time statistic of interest at two-fold, 8T = [Tg — T;| can be computed as

1
Ty + T3

{rs(xQ + T (2<x - aQ)} TE-HT] + {‘51 (1- ot)2 + T3 (l - ocQ)} Ti-”ﬁ} (6.5)
1

3

'FXe(f) =

which upon simplification reveals essentially the same double exponential PDF with a different
singlet-triplet ratio

fye () =P - Tle-f/ﬁ +(1=p)- Tle.r/r_,,’ (6.6)
1 3

where the singlet exponential occurring with a probability of =19.3%. This result is not as
surprising as it may first appear. Consider the second photon from the biased perspective of the
first photon, the second must occur later and must be sampled from either the singlet or triplet
exponential. This means that the time difference between the first and second photons must
be the sum of the singlet and triplet components each occurring with an updated probability

accounting for each photon being emitted by either the singlet or triplet state.

6.1.3 Optimising median sensitivity in a counting experiment

The search for ®B neutrinos undergoing CEUNS in LZ can be treated as a counting experiment.
In this experiment we observe a total number of events N equal to the sum of signal (S) and
background (B) components. Each separate trial of such an experiment will observe a different
number of signal and background events, with each being sampled from a Poisson distribution.
To encapsulate the typical sensitivity of such an experiment to the signal process the Asimov
dataset, which best represents the underlying statistical process, is used; more formally this
dataset will always return the true values of the underlying parameters using the method of

maximum likelihood [140].

For a counting experiment where the number of background events is known the median

2= |2

which returns the typically quoted result Z = S/VB when S << B.

sensitivity is given by

, (6.7)

(S+B)|n(l+§)—$

To optimise the sensitivity of this analysis, cuts on 8T and X, are used. As the PDF of these
parameters are independent, we can construct the joint signal and background PDFs as the

product of the two separate PDFs. The independence of these parameters similarly allows the
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use of orthogonal cuts on each parameter,

ST < AT, (6.8)

Xinax > Xeuts (6.9)

with no sensitivity loss.

The signal efficiency and background leakage as a function of the cut parameters in this 2D

space are shown in Figure 6.2. The shapes of the two distribution are qualitatively similar,
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Figure 6.2: Signal efficiency (left) and background leakage (right) for a two-fold analysis using the

maximum channel area and difference in PMT response times as discriminating parameters.

greater efficiency for a longer AT, and smaller X_,;. as expected. By weighting these 2D
spaces by the number of expected events and using them as input values to Equation 6.7 the

median sensitivity can be calculated and optimised.

For a live-time of 1000 days we assume that before cuts we will observe the expected number
of events according to the Poisson processes. For this study we assume 960 accidental events
and 100 two-fold B events as was considered in the previous study. The Z-score in the 2D
space, shown in Figure 6.3, prefers a large X_,; and short AT ;. Using the iminuit minimisation
package [158] an optimum median sensitivity of Z = 10.3 was found for X_,; = 2.2 phe and
AT 4 = 57.3ns.
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Figure 6.3: Optimisation of the Asimov test-statistic for detecting ;] neutrinos using a two-fold coincidence.

The optimal event selection, A > 22 phe and AT < 64.9ns, is shown in red.

6.1.4 Adding variables

To further increase the sensitivity of this analysis additional discriminating parameters can
be added. Two of the most useful are the electron drift-time and the corrected S2 area. Here
the signal and background models for each parameter are discussed after which an improved

projected sensitivity is calculated.

6.1.41 Adding depth (electron drift-time) information

The light detection efficiency (LDE), the probability of detecting a photon from some position
X, in LZ is not spatially uniform and can differ significantly between the two arrays. For medium
to high-energy interactions, where the S1 detection probability is approximately 100%, this
leads to a spatial variation in the size (integrated area and amplitude) of S1 signals. At low
energies, such as those expected from 8B, the spatial variation in LDE leads to a similar spatial
variation in S1 detection efficiency. Simply put, low-energy events at the scintillation threshold
are more likely to be detected in regions of high LDE, leading to these uniformly distributed

interactions being observed to follow a spatially dependant PDF.

A detector's LDE map is most easily measured using a dispersed monoenergetic calibration
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source which produces a known number of scintillation photons. By taking the ratio of S1
integrated area per array, measured in phd, with the known number of primary scintillation
photons the LDE per array can be calculated. The measured LDE per array in LZ measured

using the total S1 from 83™Kr decay is shown in Figure 6.4a.
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(a) Photon detection probability. (b) 2-fold 8B detection probability.

Figure 6.4: The photon and 8B detection probabilities calculated per array.

LZ's spatially averaged LDE is much higher in the lower array—this effect chiefly originates
from total internal reflection at the liquid-vapour boundary at the top of the detector. The
spatial variation in the bottom array’s LDE has a much larger absolute dependence on electron
drift-time (depth) than that of the top array. From this measurement it is clear that ®B events

are more likely to be detected near the bottom of the detector by the bottom array.

To better capture the variation of the signal PDF with electron drift-time, the probability of
detecting two-fold events via BB, TB, BT, and TB combinations, where T (B) represents detecting
a photon in the top (bottom) array, should be used. This probability can be computed by
summing the binomial probability of successfully detecting two photons from Ny scintillations
photons, where the mean probability of producing Ny photons from 8B is calculated using
NEST:

P= Z B(2IN,, Parray) X P(N, [°B). (6.10)

By using the LDE shown in Figure 6.4a the ®B signal PDF in Figure 6.4b was produced. We

observe that the detection probability in the bottom array is both significant higher and has
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significantly greater spatial variation than any other detection topology.

In contrast, accidental backgrounds, the most significant background at low energies, should
not exhibit the same spatial dependence and will exhibit a different top-bottom asymmetry
profile. These occur for two reasons depending on the source of the accidental S1 pulse. If
the accidental S1is from genuine xenon scintillation will have a different detection profile
than would be expected for the observed interaction depth. If the accidental S1 originates
from PMT effects, such as dark counts, it will have a much more uniform distribution across
the PMT arrays compared to scintillation light. For these reasons, the inclusion of this spatial
dependence and the fraction of light detected in each array should reduce the dominant

accidental backgrounds in this analysis.

By performing this analysis using only the bottom array without position dependence reduces
the number of dark-count pile up events from 960 to 240 (75% rejection) whilst retaining
53% of the 100 ®B events leading to an improvement in the expected median sensitivity. By
including spatial signal and background PDF the strong variation in the ®B signal with depth
against the uniformly distributed accidental background should lead to further improvements

in median sensitivity.

6142 Adding corrected $2 area information

Low-energy °B interactions will produce small S2 signals, whereas LZ's observed accidental
background S2 spectrum which extends to larger S2s, as seen in Figure 6.5. By selecting event
with an S2 smaller than a given size the signal/background ratio can be further improved with

a 52 < 10*% selection achieving 100% signal efficiency with ~65% background rejection.

6.15 Re-evaluation of the sensitivity

The optimal median sensitivity for ®B neutrinos against an accidental background driven by
dark-count pile-up, using the (maximum channel areq, channel time separation, corrected S2,

electron drift-time) parameter space in the bottom array is Z = 13.7, as shown in Figure 6.6.

The addition of the corrected S2 area produces a highly selective cut against accidental
backgrounds. From this study the addition of an electron drift-time cut has limited impact, the
sensitivity preferring to maximise signal acceptance. A more sophisticated PLR analysis may

be able to make better use of the electron drift-time parameter and combine the three TT, BB,
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Figure 6.5: Marginalised S2 PDFs for simulated 8B events and observed accidental events. By selecting

events with smaller S2 signals the signal/background ratio can be further increased.

and TB/BT combinations instead of only using BB as done here, to attain a greater median

sensitivity.

6.2 Improving LZ's photon timing reconstruction

Using the difference in PMT detection times to select ®B neutrinos requires all the TPC PMTs
to be well synchronised and the photon time-of-flight (TOF) accounted for as a function
of interaction vertex position. In this section measurements of the depth dependant TOF
corrections are presented alongside PMT timing offsets both between and within the arrays.
These measurements were performed using high-energy a-particle waveforms which allow for

the study of spatially dependant systematic effects.

6.2.1 Inter-array difference in photon time-of-flight

It takes a small, but non-negligible, amount of time for scintillation photons to reach a PMT
from the interaction site. This TOF can be modelled assuming a YUV photons velocity of 0.6,
this value has been calculated assuming a refractive index of 1.69 within the VUV and measured

experimentally in Refs [159, 160]. Due to the compact design of LXe TPCs the difference in
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Figure 6.6: The Asimov test statistic for a two-fold ®B discovery against a dark-count S accidental

background. This result includes electron drift-time and integrated S2 area as discriminating

parameters to the result shown in Figure 6.3.
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photon TOFs between the two PMT arrays is often ignored. With the emergence of tonne-scale
detectors the difference in TOF across the TPC can be noticeable; in LZ the inter-array photon
TOF can be clearly seen for high energy interactions, such as those produced in a-decay, as
shown in Figure 6.7. By modelling the shape of the summed waveforms with an exponentially
extended chssicn], the TOF correction can be measured with a greater resolution than the

10 ns (100 MHz) sampling used in LZ.
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Figure 6.7: An a-decay single scatter observed near the top of LZ. The per array summed waveforms are
shown in blue (lower array) and red (upper array) alongside the total TPC summed waveform
in black. The points represent LZ observed amplitudes whilst the lines represent a fitted model.
Here the difference in photon TOF (At) can be observed with the upper array detecting the

photons before the lower array.

This difference in photon arrival time is expected to grow linearly with vertical displacement
from the midpoint between the two PMT arrays. By fitting multiple a-decay events with the
aforementioned model the relationship between the TOF correction and the depth of an
interaction can be mapped, as shown in Figure 6.8. By fitting the relationship between the Z

coordinate and the difference in photon arrival times a correction factor of

electron drift-time[ps] — 652.14
14.30

At [ns] = (6.11)

is obtained. In LZ this leads to a maximum At between the two arrays of approximately 40 ns,
which can be ignored for most analyses but should be taken into account when exploiting pulse-
shape discrimination (PSD), and a global offset of 7.3 ns between the two arrays attributed

to the difference in signal cable lengths. An interesting application of this result is the depth

'This model is not physically motivated but is adequate to parametrise the pulse shape.
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reconstruction of large isolated S1 pulses using the At between the two arrays. Using this
reconstruction accidental events can be removed by comparing the observed At to that expected

from Equation 6.11.

—— dt [ps] = 14.30 At [ns] + 65214 [ps]
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Figure 6.8: The relationship between electron drift-time and the difference in photon arrival time between
LZ's two PMT arrays. The scatter points, coloured by the local data density, are observations
in LZ, the purple line is the optical centre of the TPC, the yellow line in the depth at which
the two arrays observe the light simultaneously. By fitting the observations a linear model,
visualised by the red line, was observed which demonstrates a 7.3 ns offset between the two

arrays.

Whilst this effect can still be mostly ignored in LZ the effects is expected to be much more
significant in the 3m TPC proposed by the XLZD consortium [76]. Extrapolating the result
sound in Figure 6.7 leads to a projected maximum |At| of approximately 80 ns at the top or
bottom of the TPC. By applying this projected offset to LZ data the expected S1 pulse shape for

interactions near the top and bottom arrays in a 3m can be calculated, as shown in Figure 6.9.

The distortion of the S1 shape at maximal TOF difference in LZ leads to a minor broadening
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Figure 6.9:
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Summed waveforms for the top (red) and bottom (blue) arrays alongside the total TPC
summed waveform (black) for several interaction depths. The singular top panel shows how an
Slin the centre of a TPC will be observed with the two arrays detecting photons simultaneously
leading to a new narrow pulse width. The bottom two-by-two grids shows how the total Si
shape is distorted by the maximal difference in photon TOF, with the left columns displaying
measured LZ (1.5m) waveforms and the righf column showing waveforms exfropo|qfed for
XLZD (3 m). The S1 pulses shown in the top (bottom) row show events near the top (bottom)
of the TPC. The difference in array amplitudes between the top and bottom panels originate
from the measured top-bottom asymmetry measured in LZ which exists due to geometric

effects and reflection at the liquid surface.
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of the S1 pulse. When this effect is scaled up to a 3m detector the S1 response from pulses
near the top array become so malformed as to become unrecognisable as xenon scintillation,
without correction this will lead to difficulties in pulse classification. The distortion experienced
near the bottom array, which adds a shoulder to S1 tails, is much weaker as the majority of Si
light is detected in the bottom array, assuming XLZD has the same top-bottom asymmetry
(TBA) as LZ's. From these observations it is clear that these corrections must be applied for all
analyses in a future 3 m detector whereas they are only needed in LZ for analyses exploiting

PSD, such as the ®B analysis discussed previously.

6.2.2 Measuring individual PMT timing offsets with a-decays

The timing offset between individual PMTs can be obtained using the above fitting methodology
applied to the individual PMT signals. A photon emitted at some true time ¢ is detected by
some PMT, labelled i, at a time

=0+ 5 + T s (6.12)
\'4

where L, is the distance the photon travels before being detected by the PMT, v is the photon
velocity, and t; is the temporal offset of the PMT to some other reference PMT labelled k.

The difference in photon detector time between two PMTs can be written as:

L, - L,
b=t =(b-¢)+ ( J) + (Ti,k - Tj,k) (613)

v

allowing the PMT timing offset to be written as

L - L AL,
TS T T = (fi’k ~ ) - ( ) = At — — (6.14)

Using this equation, the offset between PMTs i and j, 7;, can be measured for each event

using the 3D vertex reconstructed afforded by the S1-S2 pair.

For this measurement three considerations were made: firstly, only PMT housed in the same
array will be compared due to the inter-array offset observed in Figure 6.8; secondly, event near
the TPC walls were rejected as these would have a maximal difference in TOF between PMTs
housed in the same array and could lead to anomalous waveform shapes due to geometric

effects; and finally, the offset between PMTs i and j will be calculated as the average of the
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offsets measured for all other PMTs housed in the same array to account for any minor errors

in the TOF correction.
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Figure 6.10: Average of the measured intra-array PMT timing offsets with respect to arrays central PMT.

Using this method the PMT timing offsets, shown in Figure 6.10, were calculated. These results
demonstrate that the asynchronicity of the PMTs within each array is minimal with most offsets
being less than one 10 ns sample. Some spatial dependence was observed in the upper array.
The origin of this is not yet known but has been observed in LED timing measurements and is

currently attributed to the difference in PMT signal cable lengths.

6.3 Conclusion

In this chapter a sensitivity study of LZ's ability to observe ®B neutrinos via CEvNS is presented.
This study investigates the reduction of the scintillation threshold from three-fold Sis to two-fold
using the DPE effect and detected photon times to reject dark count pile-up. First the outline
of a previous study was re-evaluated using analytic methods, simplifying the computation of
the signal and background PDFs and facilitating the exploitation of the detector response at

the individual PMT level.

122



Chapter 6. Using the DPE effect to improve °B sensitivity

This study is then augmented through the inclusion of electron drift-time and S2 pulse area
parameters; the former exploiting the observed signal PDF's dependence on the light detection
efficiency, and the latter exploiting the difference in S2 pulse areas between the 8B and isolated
S2s. A particularly interesting observation of this study is the significant electron drift-time
dependence of the signal PDF for events where both photons are detected in the bottom array.
The inclusion of these two parameters increases the median sensitivity calculated using an

Asimov dataset lasting 1000 live-day by ~30%.

To understand the detector timing response, measurements of the inter and intra array PMT
timing offsets were performed using waveforms from a-decay. By fitting the offset between
the summed upper and lower array waveforms, the bottom array was found to detect photons
from the optical centre of the TPC 7.3 ns (0.73 PMT samples) earlier than the top array. By
repeating this fitting procedure with individual PMT waveforms grouped by array, the timing
offset between PMTs housed in the same array was calculated. The vast majority of these
offsets are less than 10 ns (1 PMT sample) with the largest offsets located in the upper array
at large radii. The measurement of these timing offsets is critical to enhancing LZ's ability to
detect time resolvable backgrounds, for example S1 signals from Cherenkov emission in the
windows of displayed PMTs, and has been implicitly employed in the 2B sensitivity presented

here.

Finally, the linear TOF model developed above was applied to a 3 m detector, as proposed
by the XLZD consortium, demonstrating that the TOF in such a detector would significantly
distort observed S1 pulses, particularly those near the top of the detector, and would require

correction.
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Chapter 7. Low Energy Calibration in Liquid Xenon Detectors

7.1 Introduction

Whilst primarily designed for detecting heavy WIMPs, liquid noble-gas detectors have demon-
strated world-leading sensitivity to lower mass dark matter candidates. A substantial gain in
sensitivity is achieved by removing the scintillation threshold and studying interactions purely
from substantial ionisation (52) signals [83, 161]. Whilst LXe TPCs are sensitive to individual
extracted electrons, S2-only analyses are limited to signals larger than a few extracted electrons

to remove grid-emission backgrounds.

To date few calibrations have been performed at the lower energy frontier attainable using such
analyses (taken to be 50 eV to 150 eV for this study), leading to systematic uncertainties of the
ionisation yield in this regime. The propagation of these uncertainties leads to uncertainties on
the modelled signal and background PDFs and the final analysis sensitivity or measured cross-
section. To better understand the sensitivity of such analyses requires additional calibration

close to the ionisation threshold.

This chapter describes several studies using existing calibration sources to perform yield
measurements at ultra-low energies within LXe TPCs. The interaction considered within these
studies are: photon-atom (coherent gamma elastic-scattering) scattering, photon-electron
(Compton) scattering, and unexplored electron capture decay paths of 127Xe. These potential

calibrations are not specific to LZ and could be applied to both current tonne-scale experiments

and kg-scale R&D TPCs.

72 Coherent Gamma Elastic Scattering

By exploiting scattering kinematics from D-D neutrons, LUX was able to probe the low energy
frontier in LXe detectors [62]. Multiple scattering events, where the scattering angle can be
reconstructed, allow precise reconstruction of the deposited energy. Here the feasibility of
using multiple scatter events where a photon scatters coherently off an entire xenon atom is

investigated.

Typically, photon-atom scatterings are split into two categories: photo-nucleus (nuclear Thom-
son), and photo-electron (Rayleigh and Delbriick). If the detection mechanism is only observable

in terms of the initial and final states with no information on which specific process occurred
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then the scattering amplitude is the sum of the possible processes, this is termed coherence [162].
If the total kinematic cross-section is constant within the centre-of-mass (zero momentum)

frame then the process is elastic.

Coherent gamma elastic-scattering (CGES) has a total scattering amplitude of
Afofc| = Aqu. + AThom. + ADe|.’ (7])

where Ag., Athom. and Ap,| represent the Rayleigh, nuclear Thompson, and Delbriick scatter-

ing amplitudes, leading to a total scattering cross-section of [163]

(7.2)

2
Gtotal X Atofql .

With this model of the CGES process, theoretical predictions of the differential scattering
cross-section can be produced with the predictions for xenon displayed in Figure 7.1 alongside

data for 59.54 keV photons.
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Figure 7.1: Theoretical differential cross-sections for CGES on xenon [164]. For validation measured values

for 59.54 keV photons scattering on xenon are plotted in red [165].

In this process a photon of energy E, will scatter coherently off an entire atom of mass M4

leading to an atomic recoil of energy

-1
E, [GeV]=E,[GeV]x [1-|1+ i X (1 - cos (9))] ) (7.3)
Ma
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where the miniscule electron mass is ignored and natural units used. For a given target and
incident photon energy, the recoil energy of the target atom is singularly dependent on the

scattering angle, allowing the maximum recoil energy to be computed as

2E. /M
= y( ! A) (7.4)

1+ QEV/MA
for back-scattering (6 = & rad.) interactions. By exploiting the interaction vertex reconstruction
available in LXe detectors it should be possible to infer the recoil energy of such interactions

allowing for specific yield measurements to be performed, similar to the D-D yield measurements

performed by LUX [62].

To evaluate the feasibility of using this process to calibrate LXe detectors, such as LZ, the
CGES process was simulated using the Geant4 simulation toolkit. To optimise this simulation for
CGES dll other photon interactions, including incoherent scattering from CGES'’s constituent
processes outlined in Equation 7.1, were disabled so that only this comparably rare process was

simulated. The results of these simulations for several photon energies are shown in Figure 7.2.
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Figure 7.2: Results from a Geant4 simulation of CGES on LXe for several photon energies alongside the
calibration range of interest (50-150 eV) shown in pink. (Left) Xenon recoil spectra due to
CGES plotted alongside the maximum recoil energy produced though backscattering. (Right)
the 10, 25, 60, 75, 95, and 99 percentiles of the xenon recoil spectra.

The recoil energy and forwardness of the scattering process are both proportional to the
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incident photon energy. For the majority of photons (E, < 2MeV) the energy deposition is
insufficient to calibrate LXe detectors. A 2MeV photon would produce sufficiently energetic
recoils for LXe detectors, with the back scatter energy within the region of interest as seen in
Figure 7.2. Unfortunately, the strong forward nature of this process makes such interactions so
unlikely as to be impractical. When taking into account the other, much more likely, scattering
topologies disabled in this study it is clear CGES cannot reasonably be used as a calibration
source for LXe detectors. There is the possibility of this process being of interest to other, much

lighter, targets but no study of any such applicability or lack there of was performed here.

7.3 Compton Scattering

An alternative photon scattering process that can be used to calibrate at low energies is
Compton scattering. This process, where the photon scatters off a single orbital electron, can
lead to a continuum of recoil energies, which like CGES can be tagged by measuring the
scattering angle. This process produces ERs which are useful for producing ionisation-only

signals applicable to S2-only searches of low-mass WIMPs.

Observations by Compton in 1923 demonstrated that x-rays scattered off atomic electrons
have a longer wavelength than the incident x-ray. This change in the x-ray wavelength is a

function of the scattering angle and obeys

AN =

thsinQ(e/Q) (7.5)

e

where AML is the shift in x-ray wavelength, 0 is the scattering angle, and m, is the mass of the
electron [166]. In a particle scattering context this one-to-one mapping of scattering angle to
recoil energy is more naturally expressed as

E/ E !

L =1+ L [1-cos0]]| , (7.6)
E, .

where E, (E}) is the energy of the original (scattered) photon and natural units have been
used. If we assume the electron is free and that it undergoes elastic scattering, the electron

will recoil with an energy equal to the energy loss of the incident photon. Using Equation 7.6
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this can be expressed as

, k(0)
(ER) _ _ _
E-" =E,-E,=E, (l+k(9))’ (7.7)
where
E,
k(0) = m—(l —cos 0). (7.8)

The angular differential cross-section for a single electron undergoing Compton scattering is
described by the Klein-Nishina cross-section [167] and obeys

2
E El E
don _ 1 (—y) (—y +— + sinQB) , (7.9)

=ale 7
do 2" |E | \E,TE

where r, is the classical electron radius. This cross-section can be seen in Figure 7.3 as a
function of photon energy and scattering angle. A key observation of this process is that the

backscatter probability is inversely proportional to the incident photon energy.
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Figure 7.3: The Klein-Nishina (angular) differential cross-section as a function of scattering angle for
several photon energies. The key observation of this calculation is that Compton scattering

increasingly prefers shallow scattering as the photon energy increases.

Using Equations 7.7 and 7.9 the cross-section for recoils within a specific energy range (E;..

Emax). for a photon of energy E, scattering between 6. and 6/, degrees, can be calculated
as
Omax (By) [ d
E ! OKN
GKNl mex = QTC/ ( )de (7]0)
Emin emin<Ey) CIQ

where 0, (E,) is the scattering angle required to produce an electron recoil of E,,, computed
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as
E, - E - (E/E,) m,

E, - E,

(7.1)

0,(E,) = cos!

This process can provide a source of almost arbitrarily energetic electrons, within the energy
scales relevant to LXe detectors, as long as the incoming photon is of sufficient energy. Recoils
via Compton scattering can be tagged using the known relationship of the incoming photon
energy (from a calibration source) and the (measured) scattering angle. To evaluate the
feasibility of this calibration method for a LXe target the same 50eV to 150 eV range of

interest used previously is employed.

In Figure 7.4 the electron recoil energy is plotted as a function of scattering angle for several
photon energies alongside the energy ROl and its associated scattering angles. The Klein-
Nishina cross-section over this angular range is calculated with the fraction of events within
this energy region displayed in the accompanying table. From these calculations we observe
that the percentage of events in the ROl is inversely proportional to the photon energy, and is

driven by higher energy photons preferring to forward scatter.
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Figure 7.4: The Compton electron’s recoil energy as a function of scattering angle for several photon
energies (block colours). The yellow-green gradient coloured line shows the Klein-Nishina
cross-section for a 20 keV photon with the colour representing the differential cross-section.
The two scattering angles that define the E, € (50 keV,150 keV) are shown by blue and
red circles respectively. The table on the right contains the fraction of the interactions that
will deposit energy between 50eV and 150 eV, as calculated by integrating the differential

Klein-Nihsina cross-section between the blue and red circles.

Considered in isolation Compton scattering appears an attractive form of calibration par-
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ticularly by using low energy photons already present in LZ from LXe x-rays emission. To
better understand the feasibility of such a calibration the cross-section for interactions in
the ROl was compared to the total Compton and photo-electric cross-sections in Figure 7.5.
The Compton cross-section was computed using the analytic formulas above, Geant4, and
quoted from the NIST's XCOM database whilst the photo-electric cross-section is solely from

the XCOM database [168].

From these calculations and simulations it is clear that such a calibration is difficult. At high
energies, where we could employ y-ray sources and thus be able to reconstruct the scattering
angle from the known photon origin, we would struggle to get the required statistics due to the
comparably low cross-section for the required forward facing Compton scatters. Alternatively,
if we use low-energy xenon x-rays from within the xenon target we would have a higher total
cross-section however, we would still face a similar low interaction probability due to the
increased total Compton cross-section and would have difficulties in tagging the origin of the

photon which is required for reconstructing the scattering angle and energy.
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Figure 7.5: The cross-sections for photons interacting with liquid xenon. The photoelectric and Compton
cross-sections are from the XCOM database [168]. The cross-section for Compton scattering
depositing between 50 eV and 150 eV calculated using the Klein-Nishina formula and Geant4

are shown in red and blue.
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7.4 '7Xe Orbital Electron Capture

Here a general overview of the electron capture (EC) processes alongside a more thorough
description of '7Xe electron capture. This isotope, of interest to LZ both as a calibration

source and as a source of background, decays into '?’| with a 36.4 day half-life.

Electron capture is interesting within the context of two-phase xenon TPCs for two reasons:
Firstly, EC provides a source of monoenergetic low-energy events which can be used for detector
calibration as demonstrated by LUX [59] and XENONNRT [169]; Secondly, due to its connection
to the very rare double EC process. In double EC two orbital electrons interact with two
nuclear protons to produce two neutrons and either two or zero neutrinos, with the neutrino-less
case requiring neutrinos to Majorana in nature. The two neutrino case has been observed
in *2Ba [170], "®Kr [171], and most recently in '**Xe by the XENONIT experiment which this

decay being the rarest decay processes observed to date [172].

7.41 The orbital electron capture process

Isotopes with a superabundance of protons can decay via two processes: positron emission
and EC of an orbital electron. Electron capture, first observed in 1922 [173], is where an orbital
electron interacts with a nuclear proton producing a neutron and an electron-neutrino which

at the particle level can be written as
I+ e = on* 43 .. (7.12)

In the atomic context this transforms an atom '; A into Z,j A (*), which is normc1||y in an
excited nuclear state, with a hole in one of the atomic orbitals

Np_ O _— N
PA+S e - AAY 4, (7.13)

The probability of capturing an electron from a particular state can be most simply thought
of as being proportional to the volume integral of the orbital wavefunction within the nucleus;
for a more complete description of the electron capture calculations the reader is referred the
review in Ref [174]. Electron capture, like other atomic transitions, obeys selection rules which

determine how “forbidden” a particular transition is, in this case the selection rule requires that
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m, = =1, where

-(1+1) if j= l+s
m. = . (7.14)

I if j= I-s
Using this rule we observe that EC is only “allowed” for the nS,/, and nP,,, orbitals leading to
electron captures from other orbitals being suppressed and thus less likely, though they are

not forbidden in the classical sense [175].

Electron capture in 127X e has been observed for the K, L, M, and N shells with probabilities of
827 £2.4%,141 2 0.7%, 2.6 £ 0.2% and 0.6 £ 0.1% respectively, though capture from the O-shell
is also expected [59]. This is in reasonable agreement with calculations using the BetaShape
package [176-178]. To validate the BetaShape's calculations the software was compared to

calculations for ' [174] which demonstrated good agreement.
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Figure 7.6: The expected per shell EC probabilities for '2° and '?”Xe. The coloured bars (crosses) represent
results for the first (second) excited nuclear state as calculated using BetaShape [176-178],
circles represent values calculated by Sevestrean et al. [174] and squares represent results

measured by the LUX experiment [59].
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742 Relaxation of the daughter atom

The relaxation of the daughter atom to the ground state has two components: atomic de-
excitation and nuclear de-excitation, which can be thought of independently.! The former
produces the low-energy interactions of interest, while the latter allows us to tag such events.
An interesting case arises if the nucleus is left in the ground state, here the decay will be
detected purely from atomic de-excitation. Recent measurement of EC in “°K has observed
such a decay and constituents the first observation of a third order forbidden transition [179].

This previously unobserved process has been proposed to challenge the dark matter hypothesis

for results published by the DAMA/LIBRA experiment [81, 180].

7.421 Atomic de-excitation

After the electron has been captured the daughter atom is left in an electrically excited state
with a hole in the orbital of the captured electron. To relax the daughter must demote electrons
via x-ray emission or Auger electron emission. Diagrams of these two processes, alongside the
primary electron capture, are shown in Figure 7.7.

Auger Auger
electron

N
O 7 A

Electron Capture Valence Atom

Electron

Fluorescence

Proton

DA

Figure 7.7: The electron capture decay mechanism including the Auger [173, 181] and fluorescence relaxa-

tion processes.

'The final nuclear and atomic states are related, as seen in Figure 7.6, but for this brief description of the physics
this will be overlooked.
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In the case of x-ray emission, where the vacancy in the e, orbital is filled by an electron from
some higher orbital ej_, the energy of the emitted x-ray can be calculated as

S (7.5)

1 ! J

where ¢ is the x-ray energy and €(¢;) is the ionisation energy of the i(j) orbital. As each x-ray
transition transfers all the potential energy out of the atom the total detectable atomic energy

for a hole in e;” can be written as

j=valance

Efofal = Z Eij ~ €valance (7]6)

i=hole,j>i
where the summation is over all transitions required to expunge the hole from the atomic
structure. When quoting the total cascade energy for EC x-ray emission the final valence

energy level € is often ignored as its normally negligible compared to the total emitted

va|qnce

energy.

Auger emission was first observed by Meitner and Auger in 1922 and 1925 respectively [173,
181]. In this process a hole in the (n,l,m), orbital is filled by an electron from the (n,|,m)j orbital
causing the simultaneous emission of a (n,|,m), orbital electron,

A** N A*+ +e—

" (717)

where A** is the initial highly-excited atom and A** is the resulting less excited singularly-

ionised atom. The observable from this process is the Auger electron, e with an energy

of

en=(e-¢) - e (718)

where ¢, is the ionisation energy of the (n,,m), orbital and where €/ is the ionisation energy of
the (n,l,m); orbital with a single vacancy. The modification in the binding energy of the (n,|,m)E

orbital due to atomic ionisation is often ignored but is included in the above for completeness.

The electrons orbitals of '¥Xe and '?’| are displayed in Figure 7.8. For the xenon isotope the
allowed EC orbitals are highlighted. Using this table the total energy deposition from fluoresce

can be approximately calculated as the difference in energy between the hole orbital and the
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outermost valence orbital.
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Figure 7.8: The atomic structures and energies of 127%e and 1. The orbitals which permit EC are
displayed as dark solid lines whilst forbidden orbitals are displayed as light dashed lines.
The quoted '?’| energy levels are assuming the atomic ground state and not the electrically

excited state produced in EC. lonisation energies quoted from Refs [182-184].

It is difficult to accurately predict the total Auger cascade energy, EAuge,, as the atomic energy
levels become increasingly distorted as the atom becomes more ionised though the ejection of
Auger electrons. Recent developments in this areq, such as the Jena Atomic Calculator (JAC),
should make such calculations easier improving our modelling of these cascades [185, 186].

Assuming that EAuger can be calculated, or at least well estimated, the number of photons and
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electrons produced by the EC can be written as

N, = Z Y, (EAuger) X Epuger

Ne = D" Ve (Enuger) % Enuger + Nauger

Target scintillation/ionisation

(7.19)

where N, (NY) is the number of ionisation electrons (scintillation photons) and Y, (Yy) is
the target's charge (light) yield. In the absence of xenon luminescence and ionisation at
low energies EC produces only Ny, electrons from the Auger cascade. This should allow
extremely low energy decays, including those below the target's nominal fluorescence/ionisation
threshold, such as O-shell EC of '?’Xe, to be observed purely though their Auger electron

response.

7.422 Nuclear interactions

If the nucleus is left in an excited state it will de-excite to the ground state though the
competing y-ray and internal electron conversion processes. Using these characteristic high-
energy interactions it is possible to tag low-energy interactions which otherwise could not be
associated with a given process or energy; this technique was the basis of LUX's 186 eV charge

yield measurement using N-shell EC of 'Xe [59].

An often overlooked part of electron capture decay is the emitted neutrino and recoiling
nucleus. Assuming the total decay energy is equal to the mass difference of the parent and
daughter isotopes and that the total energy is split between the nucleus and neutrino which
together conserve linear momentum we can calculate the nuclear recoil energy as

2 2
p, _ Ey

E ~
QmA QmA

(7.20)

recoil =

for a massless neutrino. The maximum nuclear recoil energy from EC occurs for 'Be at
57 eV [175]. This effect has been observed in *’Ar decay [187], however the expected energy

for xenon is simply too low, O(eV), for detection in LXe TPCs.

7.43 LUX's measurement of '’ Xe

LUX observed electron capture probabilities of 82.7 £ 2.4%, 14.1 £+ 0.7%, 2.6 + 0.2% and 0.6 £ 0.1%
for the K, L, M, and N shells with no observation of O-shell decay [59]. The lack of any O-shell
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observation is expected due to the low expected energy deposition (E < 14eV) and the low
expected capture probability ~0.1% leading to LUX expecting approximately 5 events for the

published exposure.

The LUX experiment measured a charge yield of 753 £ 6.5 £52n,/keV at 186eV using the
N-shell EC of ' Xe, which is still the lowest energy calibration performed in the medium to
date [59]. LUX achieved this by tagging the small S2 signal from the low energy cascade

using the high energy y-ray emitted from the nuclear de-excitation.

Through this study of the atomic de-excitation processes occurring after EC, it has become
clear that the treatment of atomic cascade’s made in LUX's interpretation of '?’Xe may not
have been wholly correct. The two assumptions of contention are: that the presence of the
Auger cascades and the associated ejected electrons were ignored, and that the cascade

energy from a hole in a given orbital equals the ionisation energy of said hole.

The LUX result refers to all low-energy atomic signals as being x-rays with occasional references
to Auger electrons in the introduction. Not modeling the process as an Auger cascade, which
for the N-shell is by far the most likely process with a fluorescence yield of 0(10_5), and
ignoring the associated ionisation energy can lead to a potentially significant overestimation
of the energy deposition. For example, if we capture from the innermost energy N-shell
orbital (186 eV) and fill the vacancy with from the outermost N-shell orbital (49 eV) by ejecting
an O-shell electron of binding energy X eV we will produce an Auger electron of energy
186 eV — 49 eV — X or more simply 137 eV — X; this is the upper limit of the N-shell Auger
energy transition when filling from an N-shell orbital [188]. In addition, by ignoring the Auger
cascade the emitted Auger electrons are erroneously included as ionisation quanta inflating

the measured charge yield.

To evaluate the bias encountered by these two simplifications we shall compare the expected
result of the measured yield with and without these assumptions for some general hypothetical
decay. This decay directly produces Ndecay iONisation electrons (Auger electrons, f-particle, etc.)
and Ntarget electrons from the energy deposited into the target. The total deposited energy in

this target E can be overestimated as E' = E + SE.
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From these two statements the total number of produced photons can be written as

Niotal = Ntarget T Ndecay = Qy(E)E *+ Ndecay (7.21)

in the absence of these two assumptions and as

Niotal = n‘farget = Q'y(El) E (722)

when applying them.

To quantify the bias of the charge yield estimator from the application of these two assumptions

the fractional bias

Q,-Q
B¢(Q,) = % (7.23)
y
is used, which can be written as
1 1
BF(QY) = (] - ndecay/nfofcﬂ) (] + 6E/E) . (724)

If the energy of the process is known (8E = 0), for instance during calibration, the bias can be

written as

ndecq ndeca
B{(Q,) = L = Y (7.25)

Niotal ~ Ndecay Ntarget

In the case of B-decay, where n =1, this bias is negligible even at low energies, (1% at

primary
approximately 2keV). Unfortunately low energy Auger cascades can emit several Auger
electrons with comparatively electrons produced from energy deposition within the xenon. In
LUX's measurement of N-shell electron capture if '¥Xe, where a mean response of 14 electrons

was observed, this bias could be more significant though a more detailed understanding of

Auger cascades in '?’Xe will be required to make any robust statements.

7.5 Conclusion

To extend the reach of LXe detectors to ever lower detection thresholds requires a better
understanding of ultra-low energy light and charge yields. This requires either deployment of

new calibration sources or contriving new calibration methods using existing sources. In this
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chapter several methods to calibrate a LXe detector between the 50 and 150 eV were explored,

namely coherent gamma elastic-scattering, Compton scattering, and electron capture.

Coherent gamma elastic-scattering, where a photon coherently scatters off an entire atom,
was found to produce recoils of insufficient energy for photons below 2MeV. For photons
above 2MeV the process became dominated by shallow scattering making the required
backscattering process vanishingly rare. For these reasons this method of calibration is deemed

impractical for LXe detectors.

Compton scattering, where a photon scatters of atomic electrons, was explored using Geant4
and analytic methods. By tagging interactions by their scattering angle it should be possible to
select events within a given energy range. Whilst it is possible to get a reasonable acceptance
for low energy recoils, 4.5% within 50-150 eV using 30 keV x-rays, the photons in this energy

regime are dominated by photoionisation making this calibration impractical.

Electron capture, the most promising of the methods considered owing to its use in LUX, was
studied in detail to see how this process could be exploited in LZ. Recent developments in
the calculation of the EC probabilities have demonstrated that '¥’Xe should undergo O-shell
capture with a probability of 0.1%. This below threshold process, assumed to be undetectable
in LXe detectors, could be observed in LZ by an excess of small S2s from Auger emission in

coincidence with y-rays from the excited iodine daughter.

From studying electron capture, it is apparent that LUX may have overestimated the charge
yield for '7Xe N-shell electron capture. By omitting auger emission, the dominant de-excitation
mechanism for this isotope, LUX ignored the energy lost to Auger ionisation and failed to

subtract the primary Auger electrons which are not associated with ER response.
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This chapter details measurements of S1 and S2 light using a LXe TPC operated at Imperial
College London. Produced by the relaxation of Xe; excimers, xenon VUV luminescence, which
peaks at approximately 175 nm, is expected to have some dependence on the mean interatomic
separation between xenon atoms. The peak emission wavelength in dense states (saturated
vapour, liquid, solid), is driven by the location and slope of the potential well of the second

continuum.

Current measurements appear to suggest that the peak wavelength of gaseous xenon is shorter
than that of the liquid. These measurements, acquired over the past half-century, are not in
total agreement with one another varying by up to several nanometres. One explanation for
these discrepancies is the presence of different systematic effects between measurements that

have not been correctly accounted for.

Two-phase TPC's typically use a liquid-vapour design, as described in Section 2.5. The saturated
vapour, here exclusively referring to cold xenon gas in liquid equilibrium, is approximatly
twice as dense as warm gas in typical operation conditions. This denser state is expected to
produce luminescence that peaks as a wavelength between the warm gas and liquid modes.
No measurement of xenon vapour electroluminescence spectra has been preformed to date

and represents a notable omission for understanding detectors such as LZ.

The missing and sometimes conflicting xenon spectra measurements limit our ability to model
the detector response of two-phase xenon detectors. Several detector and physics parameters
vary as a function of wavelength: the mean scattering distance of photons is proportional
to wavelength with the Rayleigh scattering length changing by 20% (or more) over a 4nm
range [189-191]; the reflectivity of detector materials, mostly PTFE in the current generation of
experiment, vary as a function of wavelength and sometimes exhibit sharp absorption edges;
a PMT’'s QE varies as a function of wavelength with the Hamamatsu R11410-10's changing
by approximately 3% over a 4 nm range [114]; and photoelectric absorption by impurities and
the QE of material surfaces, such as the electrode grids, both vary with wavelength affecting

expected low-multiplicity electron emission backgrounds.

In two-phase xenon detectors the production mechanism for S1 and S2 luminescence is very
different; S1 light is produced by particles interacting with xenon atoms in the liquid whereas

S2 light is produced from electron impact electroluminescence in the saturated vapour. Mod-
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elling interactions in these two-phase detectors to a sub-percent level requires additional
measurements of xenon spectra as a function of state and pressure. These values are similarly
required to accurately generate the S1 (LXe) and S2 (gaseous xenon (GXe)) scintillation
quanta separately within an experiment's simulation framework. In particular the lack of any
measurement of the emission spectra of saturated xenon vapour, outstanding over several
decades, limits the accuracy of any detector model of S2 amplification signals of two-phase

xenon detectors commonly employed to detect dark matter.

Here the first simultaneous measurements of xenon luminescence spectra in liquid and cold
saturated vapour states are presented for several pressures (1.3 bar, 1.7 bar, 2.1bar). These
measurements using time-resolved photon-counting spectroscopy are the first measurement
for cold saturated xenon vapour. By measuring the spectra simultaneously the majority of
systematic effects are expected to affect the two measurements equally providing a more robust
comparison between the observed spectra of the two states. In addition, several measurements
for gaseous xenon are performed at high (22bar) and low (0.3 bar) pressures to study the

effect of density on emission spectra and observe the atomic line.

81 Xenon luminescence spectra

Xenon scintillation is produced by the relaxation of excimers (excited dimers) produced by
the collision of excited and ground-s’rq’re xenon atoms, see Section 2.4 for a review of these
processes. When scattered xenon atoms produces Xeé excimers at some energy level up to and
including the conduction band far above those relevant to VUV emission. The excimer then
cascades towards the ground-state leading to the emission of broad spectrum infrared (IR)
light, centred at 1.3 um, before reaching the lowest energy Xej excimer [192]. The relaxation of
this excimer to the ground state is the origin of the VUV luminance detected in LXe experiments
such as LZ. This chapter solely details the current understanding and measurement of this
VUV emission, for measurements of IR excimer emission in LXe the reader is referred to

reference [192].

The potential energy contained within an excimer depends on the inter-atomic distance between

the two atoms. This relationship obeys the Morse potential

V(r) — De (e-QO(r*Re) _ Qe'q(l’*Re)) + Te, (8,])
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where D, is the bond's disassociation energy, T, is atomic excitation of the dimer, wg is the
oscillation frequency, R, is the equilibrium separation, and the constant a is mO\IQJtQp/De for
a system of reduced mass p [193]. Like the quantum harmonic oscillator, the well of the Morse

potential creates several bound energy states

1\ h’el 1\?

E, =T, +haog (v+§) ~ D, v+—) (8.2)
defined by a vibrational quantum number v, which due to the disassociation energy at large
distances, is truncated from O to (2D, /hwg —1) [194]. Using these four parameters (R, D,, T,
and wg) the state of a dimer can easily be modelled and the expected emission wavelength

calculated.

The Morse potentials for the lowest energy Xe; excimers and ground state dimer are shown in
Figure 8.1. The potential energy of the excimers have three regimes: the long range (r > 5A)
where excimers are effectively unpaired free atoms, the medium range (3.5A > r > 5A) where
the potential varies significantly within the well, and the equilibrium region (r ~ 3.5A) at the
bottom of the well. The two most interesting excimers for this work are the Al; and BO,* states
which are the singlet and triplet states respectively. The shallow dissociative ground-state
dimer leads to the dissociation of xenon dimers into two independent xenon atoms. In the
absence of long-lived ground-state dimers, xenon, and other noble gases, are transparent to

their own luminescence making them good scintillators.

At large separations, encountered at the low density limit where excimers are effectively free
atoms, the excimer luminescence is simply atomic fluorescence (146.96 nm). If the excimer is
allowed to relax slightly via atomic collisions but is still in the long range limit the photon will
be of slightly longer wavelength (~150 nm) and are said to be from the first continuum. Finally,
if the excimer relaxes further into the potential well before it de-excites the photon emitted

will be at much longer wavelengths (~175nm) and are said to be of the second continuum.

According to this model the triplet state produces photons with wavelengths ~2 nm longer
than the singlet state. This means that photons detected earlier in an S1 pulse are expected to

be of shorter wavelength than those detected closer to the end.

In addition to excimer luminescence, gaseous xenon has been demonstrated to produce photons
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Figure 8.: (Top panel) Morse potential curves of Xej as a function of interatomic separation. The
potentials of three excimers are shown (coloured lines) alongside the dissociative ground-
state potential (black dot-dashed line). From the shape of the excimer potential three main
spectral regions can be identified: the atomic line where atoms are effectively uncoupled; the
first continuum where a dimer relaxes before reaching its minimum energy; and the second
continuum where the dimer relaxes within the potential well minimum. For the Xe;(BO:) state
a subset of non-contiguous discrete energy levels are plotted. (Bottom panel) The wavelength
of light produced from the de-excitation of a given state calculated purely from the Morse

potential. Figure produced using Morse parameters from Ref. [195]
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via neutral bremsstrahlung (NBrS). In this process electrons emitted into the vapour scatter
off the atomic electric dipole generated in response to an external electric-field. Unlike VUV
excimer luminescence, neutral bremsstrahlung produces a broad spectrum up to and possibly
including the infrared. This process, first detected as visible electroluminescence at low external
fields in 1969, had been largely ignored within the community who focused primarily on excimer
luminescence. Recently there has been renewed interest in this process with measurements
of NBrS performed in argon and xenon detectors [196, 197]. NBrS’ broad spectrum has
limited impact on xenon detectors, optimised for the VUV, but does directly affect argon
detectors, traditionally optimised to detect visible (420 nm) light though the use of wavelength
shifter [198-200]. The apparatus and methodology described within this chapter to measure
VUV xenon luminescence are also being applied to observe and measure this process using
dedicated gas-only datasets. This ongoing work will not be explored or detailed within this

thesis.

82 Triggered Time-Resolved Photon Counting Spectroscopy

An elegant solution to make spectroscopic measurements, known as photon counting spectro-
scopy, is to count the number of photons detected as a function of wavelength. Photon counting
spectroscopy requires three components: a light source, in this case is xenon scintillation and
electroluminescence; a photo-sensor that can time-resolve single photons to a high accuracy,
such as a PMT; and a device to select specific wavelengths of light, known as a monochromator.
By setting the monochromator to a specific wavelength and counting number of detected
photons the observed scintillation flux can be calculated. By measuring the observed flux as a

function of wavelength the emission spectrum can be obtained.

Two-phase xenon TPC detectors, described in detail in Section 3.11, permit simultaneous
observation of liquid scintillation and vapour electroluminescence as time-resolved S1 and
S2 pulses. By using one PMT within the TPC to observe interactions (S1 and S2 pulses) and
another PMT to detect photons behind the monochromator the emission spectrum of xenon can
be measured. Using the time resolved S1, S2 and monochromator signals, shown in Figure 8.2,
separate spectra for S1 (scintillation) and S2 (electroluminescence) spectra can be constructed.

The narrow width of the S1 (~40ns) and S2 (~1200 ns) pulses lead to a negligible accidental

. 1 1 .
rates in the monochromator PMT, 3555555 and j5ga05 respectively.

148



Chapter 8. Xenon Luminescence Spectroscopy

e el D 1 A AN
1000
) Wég% - 90% ¢ Wé;b - 90% >
__ 800+
>
€
‘;’ 600+
E S1 S2 M
o
=5 400
€
<
2004
0+ T T
~92500 -2000 ~1500 ~1000 ~500 0 500 1000

Time [ns]

Figure 8.2: Averaged waveforms for a-particle interactions alongside a photon detected in coincidence
with the S2 by the monochromator PMT. This event would be used to construct the xenon

vapour electroluminescence spectra PDF.

8.3 Proto-Xenia

To measure the emission spectra of warm GXe, cold GXe in liquid equilibrium, and LXe states
a two-phase xenon TPC known as proto-Xenia, displayed in Figure 8.3, was used. The 2.6 L TPC,
which when full contains 7.7 kg of LXe at a depth of 14.5cm, is primarily defined by its two
extraction region grids (gate, anode) which are each operated at O(kV) generating a strong
electric-field across an 11mm region spanning the liquid surface, four pairs of optical viewports,
and one internal 2-inch quartz-windowed ETEL D730/9829Q PMT. To produce localised high-
energy events a thin 22Th a-source was attached to the centre of the gate. To maintain a
liquid target the chamber the inner vessel was cooled to ¥—100°C using a Gifford-McMahon
cryocooler. A key element of proto-Xenia's design is the installation of four optical viewports
enabling scintillation light to be detected outside the TPC and outer-vessel. The central TPC,
housed within an inner-vessel (IV) and OV, is an update of a chamber previously used as
a prototype for the ZEPLIN program and later to perform cathodic grid-wire studies for

LZ [201].

The four viewport pairs, vertically centred around the liquid surface, facilitate two observations:

the optical confirmation of the liquid height and the observation of S1, S2 and calibration light
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Figure 8.3: CAD diagram of proto-Xenia. The detector, in this configuration, comprises three core parts:
a central LXe TPC with four viewports and a single internal PMT; a monochromator mounted
with a PMT optimised for VUV light; and a low-pressure mercury lamp for calibrating the
monochromator PMT. The top-down view, displayed in the top right, shows the optical path of
photons (blue) from either the Hg lamp or the xenon to the monochromator PMT. In addition to
this diagram sketches of the two operation modes, a Hg atomic line being detected convolved
with the detector response and a xenon continuum being having a particular wavelength

sampled, are displayed.
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from outside the detector. The former requires at least one pair of visibly transparent viewport
between the TPC and the environment. The latter requires two diametrically opposed MgF,2

viewports transparent to VUV light.

]
el —

N

nJnJ mmmng

Liquid
Surface

Figure 8.4: CAD cross-section of proto-Xenia. Here the gate (pink) and anode (green) grids are shown
with the 2287}, source braced to the gate. The liquid surface (blue) is shown with its height set
at the centre of the viewports and extraction region. The internal PMT, located above the
TPC, is highlighted alongside the monochromator PMT. Note: the PTFE field shaping rings
(white) are part of the complete Xenia detector and were not in-place of at the time of the

measurements discussed in this thesis.

One of the MgF,2 viewports looks towards a Princeton Instruments Acton YM-502 vacuum
monochromator mounted with a single MgF, windowed ET-9406B PMT [202]. To prevent
absorption of YUV photons, the monochromator is operated within its own vacuum space. This
vacuum space was stable during operations at 1.4 x 107® bar measured by a gauge 1m from

the photon line-of-sight.

Using a concave holographic grating only light of a specific wavelength A can pass through the
monochromator. By rotating the grating using a sine drive screw the wavelength can be selected
inearly with angle. To have repeatable fine-tuned control of the device a stepping-motor was

mounted on the device where each motor position x corresponds to some wavelength A(x).

The input port of the monochromator has a pair of horizontal baffles which control the quantity
of light entering the device. In this work the baffles were set at 4 mm. To control the resolution
and efficiency of the monochromator a pair of horizontal slits attached to the input port can be
adjusted. In this work three slit-widths (0.10 mm, 0.18 mm, and 0.25 mm) were used with thinner
slits leading to a finer detector resolution and a lower photon flux. The detector response from
the monochromator was found to be largely Gaussian with some coma aberration, with the

degree of aberration proportional to the slit-width.
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The bi-alkali monochromator PMT, sensitive between 110 nm and 630 nm, was operated at
—1450V achieving an electron gain of 100 million. During operations, the measured dark-rate
(~ 8 Hz) was substantially lower than the manufacturer quoted value of 100 Hz and increased

slightly during the significant light exposure encountered during calibration.

The diametrically opposite viewport looks towards a low-pressure mercury (LP Hg) pencil lamp,
providing a clear line-of-sight between the Hg lamp and the monochromator PMT enabling
in-situ calibration of the monochromator-PMT system. The lamp, housed within a ConFlat’
T-piece, was attached to and operated within the OV’s vacuum space to prevent absorption of
VUV light. Unable to dissipate heat to the atmosphere the lamp risks overheating, to prevent
this the lamp was thermally coupled to the OV using a thin copper plate. The high photon flux
produced by the lamp requires moderation to stop the monochromator PMT's photocathode
charging. To limit the photon flux an oxygen-free copper plate with a § mm pin-hole aperture
was used in place of the copper gasket. The chosen size of the aperture was validated by
calibrating the system in vacuum with a 0.10 mm horizontal slit-width, which was the width

proposed for this work prior to operation.

8.31 Wavelength dependant corrections

To accurately measure the shape of spectral continua requires a good understating of the
materials present in the optical path of the detected photons. Any variation in the detector’s
optical properties as a function of wavelength will distort the observed shape of broad spectra;
monochromatic light, such as the LG Hg lamp used in this work, are immune to this distortion
due to their almost infinitesimal width. For broad spectra, such as xenon luminance, these
effects much be corrected for. Usually this correction can be applied by dividing by the
detector’s total wavelength-dependant efficiency. Several of these wavelength-dependant

efficiencies are displayed in Figure 8.5.

The dominant detection efficiency for proto-Xenia is the PMT's QE. To both maximise the
high-frequency QE and minimise its variation as a function of wavelength, a MgF, windowed
PMT was chosen. By dividing by the PMT's QE, in this case measured by the manufacturer for
a different PMT of the same model, the total PMT efficiency can be corrected for. Some care
must be made to account for the DPE effect which exaggerates the QE in the VUV when using

the photon counting method. An absolute calibration of the PMT used in these measurements

152



Chapter 8. Xenon Luminescence Spectroscopy

100%
MgF; transmittance
8%
80% -
7% =1
f
s
' 6%
g 60% &
c i
o 5%
=)
o+ 4% T T T T T T
o 40%A 170 172 174 176 178 180
Grating X [nm]
reflectance
| 1
20% =1
PMT QE
2
0% T T T T
165 170 175 180 185

X [nm]

Figure 8.5: The wavelength-dependant transmission efficiencies of several materials in photons optical
path alongside the QE of the monochromator PMT. MgFy and monochromator values are
taken from Ref [189]. The PMT QE, displayed using a spline generated using values supplied
by the manufacturer, is for a different PMT of the same model. The total efficiency of the

system, calculated as the product of the coloured |ines, is shown in black.

will be performed by the manufacturer at a later date with a higher granularity in the VUV.

The QE of the PMT, as approximated by a spline, was found to be reasonably flat in the region
of interest for this work. Similarly, the DPE probability was found to have little effect within

the known xenon luminescence region.

The transmission probability of the monochromator grating was found to be largely flat over
the region of interest. The resolution of the quoted measurements does lead to a noticeable
step in the transmission probability, but this should be insignificant for the measurements

presented here.

Some small fraction of luminescence photons are expected to undergo reflection prior to
detection. The most common reflections are expected to be off the gates, the liquid surface,
and the 2%Th source. The magnitude of this effect is expected to small from geometric

considerations and has been ignored for the purposes of this work.

Whilst no significant changes in the wavelength-dependent efficiency are observed, the effects
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outlined above are corrected for when quoting xenon spectra measurements.

8.3.2 Detector operations

To fill and empty the TPC a gas system built for ZEPLIN-III was used. This system allows
the xenon to be released from two storage bottles into the TPC; purified via recirculation
through a zirconium (Zr) getter; captured into a large volumed called the “dump” in case of
an emergency / excess xenon pressure; and to be recovered back into the storage bottles at

the end of operations though cryopumping the xenon with a liquid nitrogen vacuum jacket.

The gas system, designed to operate at modest pressures, has two physical control systems to
relieve excess pressure: pressures exceeding 2.75 bar(a) will engage the motorised leak-valve
(MLV) releasing some xenon into the dump, whilst pressures exceeding 3 bar(a) will rupture the
gas-system’s burst-disc rapidly expelling the xenon into the dump. If the full 7kg LXe volume

vaporises and ruptures the bust-disc the dump will reach a safe pressure of 0.6 bar(a).

To remove any contaminants from the detector the IV was evacuated to vacuum and cooled
achieving a pressure of 1x 1072 mbar. The presence of electronegative impurities would lead to
a reduction in the number of extracted electrons thereby reducing number of photons produced
in the xenon vapour. An additional consequence of impurities is that some contaminants can
capture VUV photons in the xenon ROI. Water vapour is a particular contaminant of concern
as H,O's absorption spectra peaks at 166 nm, with a tail that extends upwards towards the
previously measured peak xenon luminescence wavelength of 175 nm [203]. An H,O-LXe
partial pressure of 100 ppb would lead 14% of xenon luminescence being absorbed assuming a

5cm path length.

A residual gas analyser (RGA) was attached to the OV for real-time monitoring of any
contaminants in the vacuum space and to detect any xenon leaks from the TPC. No excess of
atmospheric contaminants consistent with a leak from the environment were observed during
operations. A small leak of xenon gas from the IV was observed though this should have no

effect on measured spectra.

The TPC was filled by condensing the gaseous xenon at approximately —100°C. To provide
the necessary cooling power a Gifford-McMahon cryocooler, which circulates cold helium (He)

around a copper cold-head attached to the chamber’s baseplate, was used. The chamber's
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initial design had inadequate thermal coupling between the baseplate and the top of the
chamber preventing full liquefaction of the vessel volume. To remedy this, two copper braids
where added coupling the baseplate to the top of the chamber and three copper rods where
attached to the top of the chamber protruding downwards into the liquid surface. Even with

these additions there remains an O(K) thermal gradient across the length of the TPC.

To monitor the thermal state of the detector several Pt 100 thermometers, designed and built
for LZ, were used. The two main sensors used in this measurement are located ~2 cm above
and below the liquid surface independently monitor the temperature of the liquid surface. To
regulate the temperature of the detector a commercial proportional-integral-derivative (PID),
hence forth known as the LFS, was used. By controlling the dissipated heat from resistors
located around the baseplate the LFS was able to maintain the detector temperature within

0.1°C event for the longest measurements lasting several days.

The chamber is operated using only the extraction (gate-anode) region. Using two power
supplies the gate (anode) grid can be biased to a voltage of —4500V (4500 V). Treating the
grids as two infinite parallel plates equidistant to the liquid surface (5.5 mm stand-off distance)
and liquid xenon as a dielectric with a relative permeability 1.96, the electric fields in the gas

and liquid states can be approximated as E; = 108kV/cm and Ej = 0.55kV/cm.
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8.4 Internal radioactive source — 222Th

To generate high-energy interactions within the TPC an

0O(kBq) 28Th a-source was used. Part of the thorium

a (543 & 552 MeV)

chain (Figure 8.6), 22Th produces several 55-9MeV «-
lines alongside p and y radiation. The a-particles, with
their short ~100 pm range, produce localised interactions
with a large scintillation yield (O(10%) photons). This high
scintillation yield is necessary to maximise the probab-

ility of at least one S1 photon being detected by the

a (690 MeV) : a (895 MeV)
Bismuth

monochromator. The comparatively low charge yield of

a-interactions is easily mitigated by the large electrolu-

S

minescence gain, O(500) photons/electron, achievable

in proto-Xenia [72]. The tight localisation of these in- Figure 86:  Decay diagram for the

228 . -
. . . Th source used in proto-Xenia. Dia-
teractions leads to a reduction on any systematic effect

gram edited from Ref [204] under a

CC BY-SA 3.0 licence [205], a energies
variation in E-field) or photon propagation path (e.g., from Refs. [206, 207].

originating from either interaction vertex (e.g., spatial

angle of reflectance from the liquid surface). The -
decays are ignored for the purpose of this analysis due to their comparatively long track

structures from non-monoenergetic interactions leading to greater systematic uncertainties.

The 22Th, supplied by Eckert & Ziegler, was supplied as a very thin 5mm diameter layer
electroplated onto a thin (0.127-0.254 mm) platinum foil housed within a plastic housing. The
source was deployed in proto-Xenia by mounting the foil onto a metal washer which was
then braced to the centre of the gate using the grid wires. Some effort was made to raise
the source such that it faced the monochromator window to improve the line-of-sight to the
monochromator. The top of the source is highly reflective, this will lead to a small fraction of

S1 and S2 photons being detected after reflecting off the source.

8.5 Computing and software infrastructure

The computing resources, software, and sensors used in this work, shown in Figure 87, are

split over four computing systems each performing a specific task: the slow-control computer
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monitors and controls the detector; the DAQ computer acquires raw data from the PMTs and
slow-control; the Imperial HEP cluster provides long-term data storage, raw data processing
and the Imperial HPC cluster is used for data storage redundancy and analysis of processed

data.

The significant quantity of computing resources is driven by the large data sets required for
this work. If the probability of detecting a single luminescence photon in the monochromator
is 1% then only 1% of the acquired data is useful. Data could have been acquired using a
coincidence trigger on both PMTs but this could lead to a bias in the acquired datasets. By

using the HEP and HPC clusters the full datasets could be acquired without compromise.
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Figure 87: The structure of the laboratory software, detectors and monitoring systems organised over
four computing resource. Each computing system: the slow-control computer (red), the DAQ
computer (green), the Imperial HEP cluster (blue), and Imperial HPC cluster fulfil distinct
roles. The slow-control monitors and controls the detector state; the DAQ computer writes the
PMT signals and detector conditions, including monochromator positions, to disk; the HEP
cluster provides long-term data storage, raw data processing; and the HPC cluster is used for

data storage redundancy and user analysis.

8.5.1 Slowcontrol and Detector Monitoring

Proto-Xenia is monitored and controlled by a variety of software packages; collectively these

pieces of software, called the slow-control, are the principal method of understanding the
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current detector state. The slow-control system used for proto-Xenia is an updated version of
the ZEPLIN-III slow-control and operates/monitors the high-voltage power-supplies (PMTs

and grids), vacuum systems, pressure monitors and thermometers.

85.2 Data Acquisition (DAQ)

The signals from the two PMT's are each amplified using a Phillips Scientific model 770 ten-
times gain amplifier NIM module. The amplified signals are then connected to an Acgqiris
CC108 PCI crate, henceforth referred to as the DAQ or Acgqiris, mounted with two Acqiris

DC270 quad-channel digitisers recording at 500 MHz (2 ns sampling).

The DAQ is controlled using MIDAQ, a software developed as part of the MIGDAL project [208],
and digitises the waveforms from both PMTs at a fixed rate over a pre-defined full-range
voltage. These waveforms, in contrast to LZ, are stored for the entire event window. The full
range of the monochromator PMT was chosen such that the full SPE/DPE distribution of the
PMT could be recorded. The full range of the chamber PMT was chosen such that the S1 from
the highest energy a-line were recorded with minimal clipping. The DAQ can be triggered
using any of the digitisation channels or using an external (non-digitising) channel mounted
on each module. Whilst writing out a triggered event there is a short time-period, known as
the dead-time, during which the DAQ is unable to detect or record events. This dead-must be

measured for each DAQ configuration separately.

The DAQ embeds the detector state, according to the slow-control, and monochromator motor
positions, as retuned by a C++/python server, into the DAQ data stream. The querying of
each of these systems was performed on a separate threads to the core MIDAQ process to
prevent blocking of the DAQ thread. Both systems were queried at a sufficiently high rate to
capture any variation in their reading with slow-control queried once every ten seconds and

the monochromator queried every millisecond.

In this work, all calibration and xenon spectra datasets were acquired by triggering on the
monochromator PMT. The efficiency in this mode is estimated at close to 100% owing to the
high gain of the monochromator PMT. To measure the DAQ dead-time and monitor the electron

lifetime several datasets were acquired using a chamber PMT trigger.

158



Chapter 8. Xenon Luminescence Spectroscopy

85.3 Dead-time

The DAQ system used for this measurement suffers from non-paralysing dead-time. This leads
to the DAQ being unable to trigger for some constant time t4,,4 after the previous trigger.
Because of this any observed event rate from a random process will be an underestimation of
the true event rate. For the case of non-paralysing dead-time, where missed triggers do not

reset the dead-time, the true rate can be approximated as

n= (;) X m, (8.3)

1- MTdead

where m is the observed rate and n is the true rate [209]. For low observed rates this correction
is minor but for high rates, such as those encountered during calibration, this can lead to a

substantial (orders of magnitude) corrections.

The dead-time is a constant proportional to the data quantity and must be measured for each
DAQ configuration. To measure the dead-time requires knowledge of the real and observed
rate. In proto-Xenia the dead-time was measured by acquiring data triggered on the chamber
PMT from a-decays. As a random process the time between contiguous events in a random
variable sampled from an exponential distribution. By fitting the difference in time between
successive events with an exponential the true event rate can be calculated and compared to
the observed rate, as seen in Figure 8.8. By inverting Equation 8.3 the dead-time is calculated
for all DAQ configurations with the measured dead-time closely matching the observed cut-off
in the time difference between events. The dead-time of the DAQ was found to be 1412 s for
calibration data and 333 us for xenon spectroscopy data. Whilst 333 us may at first sound like
a long dead-time, taken in context of the peak detected event rate for xenon luminescence,

O(10 Hz), this is a tiny correction.

85.4 Data processing

After acquisition this “raw data” is transferred to the Imperial HEP and HPC clusters. Using
these two computers provides data redundancy in case of failure at either site and provides
a more user-friendly analysis environment than the very stable and utilitarian DAQ and

slow-control computers.
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Figure 8.8: The time-separation between contiguous events triggered on the internal a-source. The true
event rate is found by inverting the mean time found from fitting the exponential decay of
the radioactive decay modelled as a Poisson process. By comparing the true and observed
event rate the not-paralysing dead-time of the DAQ has been determined and visually agrees

with sharp cut-off observed in the data.

As MIDAQ is only designed to write out the raw data to disk the output is not very “analyser-
friendly”. To process this raw data into a user analysable format a data processing framework
called MIDAS, also part of the MIGDAL project, was used. Using this package unwieldy PMT
traces are processed using several algorithms, based on those used in LZ, including: baseline
subtraction, pulse finding, pulse parameterisation, and pulse matching between PMTs, to
produce output files analogous to LZ RQ files. These processed files can easily be read in
Python using the “uproot” package and analysed using the variety of other packages available

within the scikit-HEP software stack [210, 211].

The pulse finder setting were efficient at selecting S1/52 pulses in the chamber PMT and
SPE/DPE pulses in the monochromator. In both cases some level of non-signal pulses originating
from noise or splitting of genuine pulses were found. These “fake” pulses were dealt with in the
specific post-processing analyses as this is preferable to over-tuning the pulse finder which

could lead to biases in analysis.
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8.6 In-situ Calibration Using an LP Hg lamp

To be able to measure wavelengths using the stepper motor controlled monochromator the
system must be calibrated. This requires a model relating the stepper motor position, and thus
grating angle, to the sampled wavelength and a light source with known spectral lines. The
relationship between the motor position and wavelength is known to be linear for the Acton
VM-502 monochromator used in this work. As for the calibration source, a low-pressure Mercury
(LP Hg) pencil-lamp, discussed previously, was chosen due its strong 184.95 nm spectral line

which is in close proximity to xenon’s VUV scintillation light.

Calibration was performed before the first xenon spectra dataset and intermittently between
subsequent datasets particularly if there was a significant change in the detector conditions or
monochromator configuration. During calibration the detector remained in its current state,
e.g., grids would remain biased, but with the internal PMT disabled to prevent the large photon
flux charging photocathode. It was observed that turning off the internal PMT reduced the
temperature of the xenon gas/vapour and by extension the liquid necessitating that the concise

calibrations be performed.

Two schemes of moving the monochromator motor were using in this study. The first, known as
the sweeping method, uniformly sampled the LP Hg light over the VUV and visible regions
in fixed steps. The second, known as the leaping method, used previous calibration results to
only sample the observed strong lines of mercury enabling a quicker calibration with higher
statistics. In this mode the motor sampled a line uniformly, using the same fixed step size as

the first method, and on completion would jump to the beginning of the next spectral line.

Initially the system was calibrated using the first method however the effect of disabling the
internal PMT on the thermodynamic state of the system was deemed too large thus requiring
the quicker second method of calibration. No difference in calibration result was observed

between the two methods.

Figure 8.9 shows the observed (uncorrected) spectrum from Hg calibration for a 018 mm
slit-width taken in the “sweeping” acquisition mode. The location of several peaks were found
within this spectrum using SciPy’s find_peaks algorithm [212]. The first two peaks, which are
also the largest, are the 184.95 nm and 253.7 nm spectral lines. These very bright (high rate)

lines suffer significantly from the DAQ dead-time causing a flattening in the observed lines.
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Figure 8.9: The observed spectrum from the LP Hg lamp (black). The blue lines indicate peaks found
using SciPy’s peak finding algorithm.

To pair the remaining peaks to spectral lines a rudimentary linear calibration model was
constructed using the 184.95 nm and 253.7 nm lines. This model was then used to find the closet
strong line of mercury from NIST for each observed peak. To better estimate of the mean
position of each Hg line the spectra in the region of each peak was dead-time corrected using
Equation 8.3 and fit with a Voigt profile. For the 313 nm and 405 nm doublets the weaker lines
were missed by the find_peaks algorithm and were added by-hand to calibrate and fit with

two Voigt profiles.

The corrected spectrum of the 184.95 nm line, the most important calibration point for this
work due to its proximity to xenon luminescence, is shown in Figure 8.10 alongside the fitted
model. Whist not perfect, this fit does achieve a good estimate of peak detected wavelength.
Assuming the 184.95 nm line is infinitesimally narrow the observed shape representing the
narrow, slit-width dependqn’r, detection response model of the monochromator close to the

xenon wavelengths.

Using these data points (wavelengths and peak motor positions) a linear model was obtained
by least-squares fitting, shown in Figure 8.11. In this fit the 253.7 nm line was excluded due to
its high rate leading to difficulties in dead-time correction. This linear calibration achieves

excellent reconstruction of wavelengths, AL < 0.1nm, over the entirety of the VUV and into the

162



Chapter 8. Xenon Luminescence Spectroscopy

Hg 184.95 nm line
6,000 (Dead-time corrected)
018 mm
5,000
— 4,000+
N
=
o
5 3,000+
-4
2,000
1,000
o T T
274,000 276,000 278,000 280,000

Motor position x

Figure 8.10: Dead-time corrected rate of detected photons as a function of monochromator step position
for the LP Hg 184.95 nm line alongside a Voigt profile fit to the data. A tail originating from

coma aberration is observed in this line.

visible with no significant systematic offset in the 184.95 nm line as observed in reference [189]
which also uses a VM-502 monochromator. The modest ~0.1 nm offset in the 184.95 nm line

represents the systematic error in the xenon spectra presented in this work.

Using the above calibration the raw spectrum, Figure 8.9, can be converted into wavelength
as shown in Figure 8.12. Below the main spectrum the peaks of several fitted lines are shown
alongside their fitted model. Each of these are adequate for this calibration though like the

184.95 nm line are by no means perfect.

From comparing the various calibration performed during this work no significant change in
calibration constants (fitted line parameters) were observed. This stability spanned calibra-
tions with different slit-widths and those performed with liquid versus warm gaseous xenon

demonstrating the robustness of this method.

The monochromator’s resolution was found to be inversely proportional to the horizontal
slit-widths as seen in Figure 8.13 which displays fitted Voigt profiles of the 184.95 nm line for
0.1mm, 018 mm, and 0.25 nm slit-widths alongside their respective full-width at half-maximum

(FWHM)s.
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Figure 8.11: Calibration of the monochromator system using a linear model. The top panel shows the
calibration points (wavelength vs motor position) whilst the bottom panel shows the residual
of the data points to the fitted model. The ~0.1 nm offset observed for the 184.95 nm line
defines the systematic error quoted in this work. The 253.7 nm line was not used for this fit
due the high photon flux leading to difficulties in dead-time correction affecting the shape of

the line.
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Figure 8.12: Observed LP Hg spectrum converted to wavelength using the calibration values. Several of
the dead-time corrected peaks used for calibration are shown in the lower panels alongside

their associated fits.
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Figure 8.13: Resolution of the 184.95 nm LP Hg line, quantified by the full-width at half-maximum (FWHM),

as a function of slit-width
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8.7 Xenon YUV Luminescence Measurements

Measurements of xenon luminescence spectra were performed at a variety of pressures, both
in two-phase equilibrium (GXe/LXe) and warm single phase (GXe) conditions. Two-phase data
were acquired at several pressures in the range 1.3 bar to 2.2 bar focusing specifically on 1.3 bar,
1.7 bar, and 2.1bar. Particular emphasis was put on the 1.7 bar dataset due to its proximity to

the conditions found in the LZ and XENONNT experiments, see Figure 8.14.
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Figure 8.14: (Left) The phase diagram of xenon below the critical point. The operating point of the
LZ and XENONNRT detectors are shown in yellow and green [45, 153]. The thermodynamic
properties of proto-Xenia follow the gas-liquid line of equilibrium. (Right) The density of warm
xenon gas and cold xenon vapour. The vapour pressures studied in this work are highlighted

alongside the warm gas pressure corresponding to the same density. Figures made using

data from Air Liquide [213].

In denser media there is greater facility for collisional relaxation of xenon excimers, this will
lead to emission of longer wavelength photons. To study the effect of xenon state (gas v.s.
vapour) and density room temperature gas measurements were made at 2.2 bar and 0.3 bar.
The former allows comparison between warm gaseous xenon (22 bar) and cold saturated
vapour (1.3 bar) which have approximatly the same density', as seen in Figure 8.14. The latter

enables observation of the first continuum which is expected to be absent at higher pressures.

"Whilst a 2.3 bar warm gas measurement would have provided a more direct comparison to the 1.3 bar cold vapour
measurement we chose to measure the warm gas spectra at 2.2 bar for operational reasons
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871 Data selection

Due to the short range of alpha particles produced by 222Th in LXe and proto-Xenia's compact
design the data selection requirements for this measurement are relatively simple, with the
four cuts used to select a-decay events, shown in Figure 8.15 for a 1.7 bar dataset. To remove
noise and undersized pulses, cuts on the pulse area and width are applied. The remaining
“genuine” pulses are then classified as Si-like or S2-like using a binary classifier on pulse width,

5+h

the time between the 25™ and 75fh percentiles in integrated area, with pulses wider (narrower)

than 100 ns classified as Si-like (S2-like).
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Figure 8.15: Data selection cuts for a interactions. (Top left) events below the blue line are removed and
events to the left (right) of the red line are classified as Si-like (S2-like). (Top right) S2-like
pulses between the two black lines are classified as S2s from « interactions. (Bottom left)
Sl-like pulses between the two black lines are classified as Sls from « interactions. (Bottom
right) time difference between the S1 and S2 pulses in events with one S1 and one S2. Events

with a drift time outside the black lines are removed.
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To specifically select a-decay events further cuts are applied to these candidate pulses. The
width of well-defined S1 and S2 pulses are very consistent: Sl pulses defined by excimer
luminescence from the singlet/triplet states and recombination, and S2 pulse defined by the
thickness of the vapour between the liquid surface and anode. Due to the relatively high rate
and energy of a-decays the vast majority of detected events are a-particle interactions. To
remove anomalous S1 and S2 pulses the tails of the width distribution are rejected at the 1%
distribution amplitude level. To remove pile-up events, where multiple interactions occur within
one event window, all events without a single S1 and S2 are discarded thereby eliminating
events where an S1 can be buried within an S2. Finally, a cut on the drift-time, here defined as
the time between the 10% area percentiles of the S1 and S2, was applied again rejecting the

distribution tails at the 1% distribution amplitude level
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Figure 8.16: S1-S2 distribution of event associated with a-decays. By applying a k-means++ clustering
algorithm several peaks associated with a-particle interactions within the liquid are found
alongside a continuum of events. Using these classifications the continuum events are moved

from spectra analyses.

The S2-S1 distribution from a-particle events is shown in Figure 8.16. In this parameter space
several populations can be observed, the long continuum at low energies and several discrete
monoenergetic a-decays at high energies. The low-energy continuum is attributed to a-decays
directed into the source and associated y-ray emission. As the foil is very thin, recoils produced

within the source are still emitted into the liquid and detected above the detection threshold.
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Alternatively, y-rays associated with a-decay products are also expected to contribute to the

continuum with these events producing lower energy point-like interactions.

The a-particle events are easily selected using a simple linear cut, however to better understand
the detector and this analysis an alternative method using the k-means clustering algorithm,
implemented in scikit-learn, to select specific a-lines was used [214]. Separating out the different
lines has advantage of being robust against changes in detector conditions, which would
require manual tuning, and allows data quality cuts to be monitored for several monogenetic
populations. With each population identified the lowest energy population was removed from

the dataset to create a pure a-decay dataset.

This population of a-particle interactions is used to produce the S1 and S2 spectra. The
time-difference between detected monochromator responses and the S1/52 start time is shown
in Figure 8.17. The shape of the two populations follow the S1 and S2 signals measured by the
chamber PMT as expected. A small offset in the S2 distribution, where the monochromator
appears to detect photons before the chamber PMT, exists due to defining the pulse start-
time as the time of 10% integrated pulse-areq; this definition provides a more robust timing
metric than MIDAS’ inbuilt definition. The coincidence windows, where monochromator signals
contribute to the spectra, were manually defined for both pulses from these distributions and
are highlighted in the figure. This selection procedure was applied for each monochromator
signal thereby correctly accounting for the small probability of detecting multiple photons in

coincidence with an S1 or S2 pulse.

For the limited number of gas-only datasets, where S2 (S1) datasets were acquired using biased
(unbiased) grids, the above pulse-level cuts were applied, assuming slightly wider (150 ns)
Sls. These Sl pulses are also present in the S2 datasets but are hidden within the S2 pulse.
To remove this contamination monochromator photons within the first 150 ns of the S2 are

rejected.

872 Spectra acquisition

Prior to the first run a short dataset from 110 nm to 210 nm was used to establish that no
unexpected emission was observed outside the region expected for xenon excimer luminescence.

After this initial check, measurements were performed over a narrower 145nm to 205nm
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Figure 8.17: The SI and S2 time coincidence cuts used to measure the luminescence spectra.

window. Xenon spectroscopy data was acquired using a similar methodology to calibration
data. The DAQ triggered on the monochromator PMT with the monochromator set to step
over the narrower window in equal steps of 0.03 nm (41 motor positions), with a five-second

dwell time per step.

The experiment was originally designed for a chamber PMT trigger, with emission spectra
measured using the monochromator PMT coincidence rate. However, due to the ST's low
coincidence rate in the monochromator (2.1%) this would have proven to be impractical owing
to data storage limitations. Instead, the DAQ was triggered on the monochromator PMT,
which has a much lower background trigger rate (8 Hz) compared to the O(kHz) chamber
trigger rate. As the detection efficiency in both PMTs is approximately 100% this method still
observes the same coincident events as a chamber triggered measurement whilst using only

~1% of the disk space.

Two-phase spectroscopy datasets were taken over extended periods, with the longest datasets
lasting five days. To make the measurement robust against long timescale systematics, such
as the variation in ambient temperature, each dataset traversed the ROI mu|fip|e times, with
each scan lasting approximately l% hours. In this methodology the spectrum from each scan

was generated independently and later combined after validating detector stability.
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Four two-phase equilibrium states (21bar, 1.7 bar, 1.3 bar, and 1.1bar) were studied in this work
in order of decreasing pressure. The 1.7 bar dataset was of particular interest and studied
more carefully due to its proximity to the operation points of several dark matter detectors,
as seen in Figure 8.14; this acquisition took 97.8 hrs. The detector was found to be very stable
over the length of each acquisition, as seen by the 1.7 bar dataset shown in Figure 8.18. Over
this time period almost all detector parameters were found to be extremely stable, minimising

systematic effects.

The electron-lifetime, measured by S2 integrated area, was observed to be both high and
stable over the 2.1bar, 1.7 bar, and 1.3 bar datasets. Unfortunately, a sudden drop in purity was
observed during the 1.1bar dataset. This decline, attributed to contamination from electrical
discharge within the internal PMT or its voltage divider during operation at low pressure,
poisoned the xenon preventing further study of the liquid phase. Whilst limited statistics were

acquired at L1bar they are insufficient to perform good measurements of the S1 luminescence.

To acquire further data with warm xenon gas the chamber was emptied of contaminated xenon,
flushed with clean xenon, filled with clean xenon gas to a pressure of 2.2 bar, and allowed to
warm back up to room temperature. A measurement was performed at 22 bar to facilitate
the comparison between warm xenon gas and saturated vapour at the same density, whilst
a 0.3bar measurement was expected to observe the emergence of the first continuum, as
seen previously in Ref. [215]. For the 0.3 bar GXe dataset the chamber PMT was biased at a
reduced voltage of 800V due to the reduction in breakdown voltage at lower pressures. As
this measurement does not specifically require a high gain on the chamber PMT this has no

effect on this measurement.

88 Xenon Spectra Results

The emission spectra of xenon in liquid-vapour equilibrium at 1.7 bar, observed using a 0.18 mm
slit-width, is shown in Figure 8.19 alongside the 184.95 nm calibration line observed at the
same slit-width. The two spectra form well-defined peaks with a clear offset between the
two. By computing splines, shown in black, the peak emission wavelength was found to be
172.86 + 0.02(stat.) = O.1(sys.) nm for saturated vapour and 176.4 + O.1(stat.) + 0.1(sys.) nm for

liquid xenon. All datasets shown in this plot, and all subsequent plots, have already had photon
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Figure 8.18: The detector state and chamber signal stability during acquisition of two-phase spectra at

17 bar. The temperatures indicated are from two thermometers each located 1-2 cm either
side of the liquid surface respectively with the warmer (colder) thermometer in the (gas)

liquid phase. All detector parameters were found to stable over the entire run.
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efficiency corrections applied. No pulse size correction were applied in this and all subsequent
plots as they were found to be flat and thus unnecessary. The fine monochromator resolution
was found to have negligible effect on the measured FWHM, with the width, quoted at one

significant figure of the error, not shrinking after subtraction of the monochromator resolution.
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Figure 8.19: (Top panel) The measured luminescence spectra of liquid (blue) and vapourous (red) xenon
at 1.7 bar alongside the observed detector response to the monochromatic 185 nm mercury
line. The liquid and vapourous datasets were sampled simultaneously from S1 and S2 pulses
respectively using a vertical slit-width of 0.18 mm. (Bottom panel) The peak wavelength and
FWHM (bar) measured from the smoothed spline.

To evaluate the systematic effect of the temperature gradient and photon path on the S2
emission spectra within the xenon vapour, the spectra were constructed for the beginning and
end of the S2 separately, see Figure 8.20. As a-particle tracks are effectively point-like in the
liquid, photons emitted by the colder vapour nearer to the liquid are detected earlier in the S2
and vice versa. By comparing the peaks of the two datasets, the warmer xenon vapour was

found to emit photons with a wavelength 0.19 £ 0.04 nm shorter than that of the colder vapour.

The emission spectra of xenon in liquid-vapour equilibrium at 1.7 bar, observed using a 0.18 mm
slit-width, is shown in Figure 8.21. This measurement, the first chronologically, was performed
using a wider slit-width of 0.25 mm. At this width the photon acceptance of the monochromator
was higher but was more difficult to calibrate informing the decision to move to a 0.18 mm slit-

width. This dataset clearly shows two district peaks for S1 and S2 light at 172.68 + 0.03(stat.) +
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Figure 8.20: Spectra of electroluminescence in xenon vapour at 1.7 bar. The green (violet) histogram and
curve correspond to monochromator coincidences from photons emitted from the colder

(warmer) xenon vapour found closer to (farther from) the liquid surface.

0.1(sys.) nm and 176.4 + O.1(stat.) = 0.1(sys.) nm respectively.

The observed spectra from two-phase conditions at 1.3 bar with a 0.18 mm slit-width is shown in
Figure 8.22. This lower statistics dataset still has two clear and distinct peaks, though the S1
peak is less well-defined due to of lower coincident rate. The peak wavelengths were observed

to be 172.89 + 0.03(stat.) + O.1(sys.) nm and 176.3 + 0.3(stat.) + 0.1(sys.) nm respectively.

The comparison of warm xenon gas at 22 bar and 0.3 bar is shown in Figure 8.24. The peak
wavelength of the two spectra were found to be in good agreement demonstrating that the
peak electroluminescence wavelength does not strongly depend on pressure. As expected the

0.3bar dataset clearly observes the first continuum at shorter wavelengths.

8.9 Discussion of Observed Xenon Spectra

The measured results described above are collated in Figure 8.25. From this the proportional
relationship between peak emission wavelength and density is readily apparent with the
gas, vapour, and liquid spectra forming discrete bands. For each state the observed peak
wavelength was observed to be constant demonstrating that the peak wavelength is not
sensitive to pressure. Liquid luminescence was found to be on average 3.6 nm longer than

vapour electroluminescence for all pressures studied and appears constant within quoted
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Figure 8.21: (Top panel) The measured luminescence spectra of liquid xenon (blue) and xenon vapour
(red) 2.2 bar alongside the observed detector response to the monochromatic 185 nm mercury
line. The liquid and vapour datasets were sampled simultaneously from S1 and S2 pulses
using a vertical slit-width of 0.18 mm. (Bottom panel) The peak wavelength and FWHM (bar)

measured from the smoothed spline.
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Figure 8.22: (Top panel) The measured luminescence spectra of liquid xenon (blue) and xenon vapour
(red) 1.3 bar alongside the observed detector response to the monochromatic 185 nm mercury
line. The liquid and vapour datasets were sampled simultaneously from S1 and S2 pulses
using a vertical slit-width of 0.18 mm. (Bottom panel) The peak wavelength and FWHM (bar)

measured from the smoothed spline.
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Figure 8.23: Comparison of S1 and S2 light in warm xenon gas. The measured offset in peak emission
wavelength, measured using splines, is 0.1 £ 0.1nm and is consistent with both production
mechanisms emitting photons of the same wavelength as expected. The increased background
rate observed from this measurement is due to the longer pulse width leading to a higher
accidental rate. A small region ~172 nm was ignored when generating the spline spectra due

to a distinct drop in the measured SI spectrum.
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Figure 8.24: (Top panel) Electroluminescence spectra of warm gaseous xenon at 0.3 bar and 22bar.
The first continuum can be clearly observed in the 0.3 bar data. (Bottom panel) The peak
wavelength and FWHM (bar) measured from the smoothed spline.
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uncertainties. Electroluminescence of xenon vapour was found to peak at longer wavelengths

than warm xenon gas. A reduction in the FWHM was also observed and is attributed to lower

variance in the excimer separation as higher densities.

1 GXe (warm) I GXe (cold saturated vapour) 1 LXe
@® Electroluminescence A Scintillation
Increasing density >

- 2.2 bar (ambient) I . I (@)
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w o
2 21 b (55°C) [ ©
= 17 bor (oe-) [ ©

5 5o o) ) ©
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o 17 bar (-98°C) | - | A

(a4

1.3 bar (-104°C) | - | A
1 I 1 I 1 I 1 I 1 I
< 21 bar (-93 °C) &——03.6 £ 0.2 nm
g 1.7 bar (-98 °C) &———238 £ 0.1 nm
13 bar (-104 °C) ————0 3.4 + 0.3 nm
1 I 1 I 1 I 1 I 1 I
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Figure 8.25: Comparison of xenon spectra measured at Imperial College London. (Top panel) The

observed peak wavelength and its associated error are shown in black with the FWHM
displayed as horizontal bars. The spectra considered by state demonstrate the correlation
between peak emission wavelength and density alongside the stability of the spectra as a

function of pressure. (Bottom panel) the difference in wavelength between S1 and S2 light

was found to be consistent at 3.6 nm.

The results from this study—separated into xenon gas, liquid, and vapour—are displayed

alongside results from the literature in Figure 8.26 and tabulated in Table 8.1. Each result is

labelled by the light production mechanism (scintillation and electroluminescence), pressure (if

available) and temperature. Whilst the peak wavelengths can be directly compared it must be

noted not all results account for the detector resolution when quoting the FWHM with only

Fujii . unambiguously deconvolving the detector response.

These gas measurements presented here are in good agreement with previous results and
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reside approximately at the average of these previous results. The first-of-their-kind xenon
vapour spectra measurements have a longer wavelength but are still located within the range

of previous results for xenon gas.
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Figure 8.26: Comparison of xenon spectra measurements to results in the literature [189, 216-220].

The newly presented LXe scintillation measurements have some level of tension with recent
measurements of the liquid state, particularly with the 174.9 nm measured by Fuijii et al. [189].
The measurement presented here simultaneously observe vapour spectra consistent with
expectations from previous GXe measurements removing the possibility of most unexpected

systematic effects, notably not including geometric effects, affecting the LXe results presented
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here. None of the systematic effects either corrected for or otherwise considered could cause a
shift significant enough to match Fuijii's result. In additions, from comparing the FWHM of
all LXe results, Fujii et al. appear to preferably lose their long wavelength. The loss of the
long wavelength component could be responsible for the shift between Fujii and the results
presented here which are in good agreement with the results by Murayama. The observed
offset between liquid and vapour spectra, 3.6 nm, is consistent with the value measured by

Wahl, 2.9 + 1.0 nm, observed over the liquid-gas transition at a constant pressure of 53 bar.

The electroluminescence spectra in the cold saturated vapour (S2) was found to peak at
172.8 nm, approximatly 1nm longer than warm gaseous xenon’s 171.9nm. This direction of
this change is consistent with the expectation that excimers in the vapour undergo greater
relaxation towards the potential minimum due to more frequent scattering off neighbouring
atoms. By measuring the vapour spectrum at three pressures (1.3 bar, 1.7 bar, 21bar) and the
gas spectrum at two very different pressures (0.3 bar and 2.2 bar), we have demonstrated that

the difference in luminance between the two states is consistent irrespective of pressure.

The prompt scintillation spectra in the liquid (S1) was found to have a mean modal wavelength
of 176.4 nm. This value is within errors of the 175.9 £ 0.8 nm measured by Murayama using a
%0Co source [219]. There is some disagreement with the results from Fujii, the current standard
value used in the field, which measured a modal wavelength of 174.8 £ 0.1nm [189]. Fujii's
published FWHM is noticeably curtailed towards longer wavelengths when compared to all
other measurement, including those presented here. If Fuijii's apparatus contained some spectral
inefficiency which selectively removed longer wavelengths, such as absorption on contaminants,
it could explain their shorter wavelength compared to Murayama, Jortner [216], and this work,

however there is no basis for this hypothesis in their publication.

Very recently, new measurements have been published which measure the luminance spectra
across the gas-liquid phase transition [217]. By cooling high pressure (53 bar) gas below the
critical temperature (11.8°C) the modal wavelength was found to redshift by 2.1 £ 0.1nm from
172.0 £ 1.0 nm in the gas to 174.9 £ 0.4 nm in the liquid. This measured redshift is slightly shorter
than the value found here, 3.6 £ 0.4 nm, but is consistent with a change in modal wavelength

between the two states.

In the measurements presented here there is some variation in the FWHM of the S1 spectra.
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The width of the 1.3bar and 1.7 bar datasets are consistent but the 21bar spectra is ~2nm

narrower, this effect could arise deficiencies in the spline fitting procedure.

8.10 Conclusion

To properly model LXe TPCs requiring a good understanding of the luminance spectra produced
by S1 and S2 light. Using the proto-Xenia chamber, we present the first measurements
of emission spectra for S2 light from electroluminescence of saturated xenon vapour in
liquid equilibrium. To preform this measurement, the proto-Xenia chamber, specifically its
monochromator, was calibrated between the YUV and visible using an LP Hg lamp. This
calibration achieved excellent spectral reconstruction at all wavelengths with a 0.1 nm systematic

offset at the 184.95 nm line most relevant to xenon spectra.

By simultaneously studying the time resolved S1 and S2 signals we also present the first direct
comparison between liquid and vapour luminescence. These measurements observe that liquid
luminance is 3.6 nm longer than vapour. This result is consistent with denser media, where the
inter-nuclear separation is shorter, forming lower energy excimer’s which produce luminescence
of a longer mean wavelength. Recent measurements performed across the phase boundary at
high pressure find a shorter offset between the two states but is nonetheless consistent in its

observation of an offset and its direction.

These results are important for properly modelling the propagation and detection of S1 and S2
light in current and future LXe detectors. With regard to currently operating experiments, such
as LZ, these results will improve the accuracy of detector response models, specifically reducing
the systematic error associated with photon prorogation and the PMT response by allowing
the S1 and S2 response to differ. For example, the DPE probability of a PMT is wavelength
dependant meaning the detector model should in-principle treat the DPE probability of Si
and S2 light as distinct, though likely very similar, numbers. With regard to future detectors,
such as XLZD, the values will inform the design and optimisation of the detector. For instance
materials with sharp changes in the spectral response around these regions would have to be

reassessed in light of these measurements.
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This thesis detailed the motivation for dark matter at astrophysical and Cosmological scales,
the search for WIMP dark matter using the LZ experiment, and the measurement of xenon

luminescence spectra using a LXe chamber at Imperial.

LZ's first WIMP search, described in Chapter 5, found no evidence of WIMP dark matter using
a 5.5tonne - 60 days exposure; in doing so LZ has set the most stringent upper limits on the
spin-independant WIMP-nucleon cross-section to date, with a peak sensitivity of 9.2 x 107* cm?
for a 36 GeV/c? WIMP. Obtaining this result using only a short dataset, only 6% of the total
1000 live-day expectation, underlines the potential of LZ to observe or exclude ever more

feebly interacting WIMPs as its proceeds towards its design sensitivity of 14 x 107 cm? for a

40 GeV/c2 WIMP.

To perform the WIMP search analyses, and indeed all analyses in LZ, requires a good un-
derstanding of the detector response. Chapter 4 details the in-situ measurement of the DPE
probabilities for all TPC PMTs and their comparison to dedicated measurements performed at
Imperial. A small systematic offset between the Imperial and LZ measurements was observed
with top (bottom) array PMTs having a lower (higher) mean DPE probability than the cor-
responding Imperial measurements. This offset is attributed to the temperature dependence
of the DPE probability and the top (bottom) array PMT being operated at a higher (lower)

temperature than the Imperial measurements.

Knowledge of the DPE effect is exploited by the B sensitivity study contained in Chapter 6.
This study uses the "VUV-ness”, computed using the DPE probabilities, and time-profile of Si
signals to discriminate between signal-like and background-like interactions, thereby reducing
the scintillation threshold of LZ from three-fold to two-fold. The analytic models presented in
this chapter both greatly simplify the computation of the signal and background PDFs and
trivialises the integration of the full PMT level detector model. By augmenting this analysis
with the interaction depth, measured per-array light-detection efficiency, and S2 signal size a

~ 0(30%) improvement in sensitivity was observed using the Asimov dataset.

To use the S1 time-profile in the above study requires time-alignment of all TPC PMTs and the
correction of photon TOF. By measuring the photon TOF using waveforms from a-decay, we
observe a small (7.3 ns) timing offset between the two TPC arrays and a maximum difference

in time-of-flight between the two arrays of ~40 ns. This effect, minor for tonne-scale detectors
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such as LZ, will be problematic for the 3m detector proposed by the XLZD consortium which

will observe significant distortion of Sl signals emitted from near the top array.

The study of ultra-low energy calibration techniques in Chapter 7 found that photo-nucleus
CGES and Compton scattering are impractical for calibrating LXe detectors between 50 eV
and 150eV. In both cases scatters in the range of interest were possible but exceedingly
rare: CGES dominated by forwarding scattering for high-energy photons; Compton scattering
sub-dominant to photo-ionisation of xenon atoms. The study of ' Xe electron capture includes
predictions of O-shell capture with a probability of 0(0.1%). This sub-threshold process should
be detectable in LZ via the emission of Auger electrons in coincidence with '?l y-rays. During
this study it became apparent that LUX's interpretation of N-shell capture may be incorrect
due to their omission of Auger cascades, the dominant reaction process in this regime. By not
accounting for the reduction in the cascade energy from Auger ionisation and the presence
of Auger electrons, LUX likely overestimated the charge yield and interaction energy in their

N-shell yield measurement.

Finally, in Chapter 8 simultaneous measurements of S1 and S2 luminescence spectra are
presented. These measurements are the first simultaneous measurements of liquid-vapour
luminescence and the first measurements of saturated xenon vapour electroluminescence. The
1.7 bar results, S1 = 176.7 £ 0.1 nm and S2 = 172.8 £ 0.1 nm, are directly applicable to LXe TPC
dark matter detectors, enabling more accurate modeling of S1 and S2 signals when simulating
the detector response. A clear and consistent 3.6 nm offset is observed between S1 and S2
light during these measurements for all pressures. This offset is consistent with, though slightly
larger than, comparisons of isolated measurements of xenon as a warm gas and liquid, and

recent measurements of xenon spectra across the phase boundary at high pressure.
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