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Abstract

Searches for physics beyond the Standard Model increasingly rely on ultra-sensitive detec-
tors operating at the intensity frontier, where the discovery potential is driven by the ability
to observe extremely rare events in the presence of background signals. One of the most com-
pelling targets of this approach is neutrinoless double beta decay, whose observation would
establish the Majorana nature of neutrinos and demonstrate the violation of lepton number.
The proposed nEXO experiment aims to reach world-leading sensitivity to this process, tar-
geting half-lives of order 10?® years using a tonne-scale liquid xenon detector enriched in
the isotope!?°Xe. Achieving such sensitivity requires exceptional control of detector back-
grounds and a detailed understanding of detector response, particularly for scintillation light
detection.

This thesis focuses on the characterization and modelling of light transport and detection
in ultra-low background liquid xenon detectors employing silicon photomultipliers (SiPMs),
using the R&D experiment known as, light only liquid xenon (LoLX) at McGill University.
This work presents the first in-liquid measurements of correlated secondary light emission
from SiPMs relevant to the nEXO design. To enable future measurements, the LoLX exper-
iment was comprehensively upgraded, including its cryogenic systems, detector geometry,
data acquisition, and analysis and simulation frameworks. These upgrades support precision
measurements essential for validating optical models and informing the design of discovery-
oriented experiments.

By combining improved experimental characterization with upgraded optical simulations,
this work delivers a detailed description of the light detection system for nEXO. The results
presented here provide critical input for performance projections and design optimization, and
contribute to the broader effort of enabling next-generation rare-event searches with liquid

xenon detectors.



Abrégé

Les recherches de physique au-dela du Mod¢le standard reposent de plus en plus sur des
détecteurs ultrasensibles opérant a la frontiére de ’intensité, ou le potentiel de découverte
dépend de la capacité a observer des événements extrémement rares en présence de bruits
de fond considérables. L’une descibles les plus prometteuses de cette approche est la dou-
ble désintégration béta sans émission de neutrinos, dont I’observation établirait la nature de
Majorana des neutrinos et démontrerait la violation du nombre leptonique. L’expérience pro-
posée nEXO vise a atteindre une sensibilité de premier plan mondial a ce processus, ciblant
des demi-vies de I’ordre de 10%® années a ’aide d’un détecteur au xénon liquide a I’échelle de
la tonne, enrichi en isotope 13¢Xe. L’atteinte d’une telle sensibilité exige un contrdle excep-
tionnel des bruits de fond du détecteur ainsi qu’une compréhension détaillée de la réponse du
détecteur, en particulier pour la détection de la lumicre de scintillation.

Cette theése porte sur la caractérisation et la modélisation du transport et de la détection de
la lumiere dans les détecteurs au xénon liquide a trés faible bruit de fond utilisant des photo-
multiplicateurs au silicium (SiPM), au moyen de I’expérience de recherche et développement
Light only Liquid Xenon (LoLX) a I’Universit¢ McGill. Ce travail présente les premiéres
mesures en milieu liquide de I’émission de lumiére secondaire corrélée provenant des SiPM,
pertinentes pour la conception de nEXO. Afin de permettre de futures mesures, 1’expérience
LoLX a fait I’objet d’une mise a niveau compléte, incluant ses systémes cryogéniques, la

géométrie du détecteur, 1’acquisition de données, ainsi que les cadres d’analyse et de simula-
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tion. Ces améliorations soutiennent des mesures de précision essentielles a la validation des
modeles optiques et a la conception d’expériences orientées vers la découverte.

En combinant une caractérisation expérimentale améliorée a des simulations optiques
mises a niveau, ce travail fournit une description détaillée du systéme de détection de la lu-
miére pour nEXO. Les résultats présentés ici constituent un apport essentiel aux projections
de performance et a I’optimisation de la conception, et contribuent a I’effort plus large visant
a rendre possibles les recherches d’événements rares de prochaine génération avec des dé-

tecteurs au xénon liquide.
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butions to components of the Chroma simulation used for the work presented in this chapter.
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Chapter 7 - Discussion and Conclusions
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Introduction

The science of fundamental physics has continued to push detector technologies to evolve
and grow, to reach the precision necessary for the discovery of physics beyond our current
understanding of the Universe. At the so-called “intensity frontier” of the search for new
physics, we push the sensitivity of instruments to the ultimate limit, searching for extremely
rare events, with rates as low as a single event detection per year in a tonne-scale experiment.
To achieve this, we need ultra-low background detectors, coupled with precise modelling and
accurate characterizations. The proposed nEXO experiment is one such detector, and aims
to reach world-leading sensitivity for the rare hypothetical nuclear decay mode, neutrinoless
double beta decay, for half-lives up to ~10%® y. nEXO will employ liquid xenon as both

detector media, and target, enriched to 90 % in the double beta decaying isotope *6Xe. It will



measure both the scintillation light and ionization electrons produced from incident radiation
in liquid xenon, and combine the two signals to achieve its ultimate performance goals. To
reach such unprecedented sensitivities, it is critical to develop a detailed understanding of the
experiment using validated simulation tools that can be bench-marked against prototypes and
existing detectors. Here we reach the goals of this thesis: to develop a detailed understanding
of light transport for an ultra-low background liquid xenon detector that employs state-of-the-
art single-photon light sensors (SiPMs), and to characterize the performance of these light
sensors in a liquid xenon experiment. In order to achieve these goals, we must develop more
sophisticated analysis and simulation tools. To this end, we employed the R&D experiment
“Light only liquid xenon” (LoLX), located at McGill University, to perform the first in-liquid
characterization of the correlated detection of secondary light emission from the light sensors
being considered for use in the nEXO experiment. To go beyond the limitations of the earlier
design, we upgraded the LoLX experiment in every aspect: cryogenics and control, detector
design and data acquisition, as well as the tools used for analysis and simulations. These
upgrades will enable the critical measurements needed for a discovery-oriented experiment
like nEXO. By combining upgrades to simulations with our improved understanding of light
transport and detection with SiPMs in liquid xenon from LoLX, we can, for the first time,
fully characterize the light detection system of the proposed nEXO experiment.

This thesis is separated into 3 main parts. First, an introduction to neutrino physics and
neutrinoless double beta decay, its motivation, and detection considerations. This is followed
by a three-chapter part on our R&D experiment LoLX: an overview of the experiment, includ-
ing all relevant systems and tools upgraded as part of this work, the measurement of SiPM
secondary light emission in liquid xenon, and the preliminary commissioning of the upgraded
LoLX experiment. The final part is dedicated to nEXO, with an introduction to the experi-
ment and its current design, followed by an overview of the upgraded optical simulations and

updated estimates of the performance of the light detection system.



1.1 A Brief History of Neutrinos

Neutrinos were first evoked to explain the reported continuous beta radiation energy spec-
trum, initially observed in 1911 by Lise Meitner and Otto Hahn [1], later confirmed through
calorimetry in 1927 by Ellis and Wooster [2]. Beta radiation, in contrast to alpha radiation,
that was observed to be emitted in discrete energy lines, followed a continuum. This apparent
“missing” energy created a minor crisis in physics, calling into question a fundamental law, the
conservation of energy. This worrying observation remained unexplained until 1930, when a
letter from Wolfgang Pauli' proposed the existence of a light neutral spin 1/2 particle (which
he called neutrons) [3]. Shortly after, the neutrino received its name from Enrico Fermi 2, who
in 1933 derived the first theoretical framework for beta radiation. The energy in this decay
was not truly missing, only carried away by the neutrino, that, at the time, was undetectable.
With the keen postulations of Fermi and Pauli, and supporting work by experimentalists, the
crisis in physics was resolved, re-establishing the law of conservation of energy.

Fermi’s theory led to many more developments, including the proposition of a so-called
“double” beta decay by Maria Goppert-Mayer in 1935 [4]. In Goppert-Mayer’s theory of
double beta decay, she considered the consequences of a nucleus with forbidden beta decay
transitions, possible in the so-called “even-even” nuclei with equal numbers of neutrons and
protons. These isotopes were expected to be more strongly bound than neighbouring odd-odd
nuclei. Shortly afterwards, while developing an extension of Dirac’s groundbreaking work on
anti-electrons, called “positrons” [5], Ettore Majorana developed a theory for real-valued solu-
tions to a modified version of Dirac’s theory [6]. This insight posited the existence of neutral
fermions, which are their own anti-particle, in contrast to the Dirac anti-particle formulation.

Neutrinos are an example of neutral fermions. We now refer to these hypothetical particles as

"Pauli’s letter was sent to scientists at the Gauverein meeting in Tiibingen, and was famously addressed
“Dear Radioactive Ladies and Gentlemen”.

2In the meantime, what we now call the neutron was discovered, hence neutrino or “little neutral one” from
the Italian.



“Majorana” fermions, in honour of Ettore’s contributions. The connection to Mayer’s double
beta decay formulation was made in 1939 by Wendel Furry, by demonstrating that if neutrinos
are Majorana particles, double beta decay could occur without the emission of neutrinos [7].
This would violate the conservation of a quantity known to be preserved in all observed inter-
actions, called lepton number, and provide an experimental test of Majorana neutrino nature.
We refer to this hypothetical decay mode as “neutrinoless double beta decay”, and searching
for it experimentally is the motivation of this thesis work. The work led by these pioneers
blazed the trail for modern experimental searches into neutrino properties, however, concrete
estimates of the rate of these hypothetical decay events were not possible at the time, and the
prospect of ever detecting neutrinos at all was bleak [8].

The 1930’s were a very active time for research into the fundamentals of particle physics
and its mathematical framework in quantum mechanics. It would take another two decades
before we obtained the first direct evidence of the existence of neutrinos, through their capture
in the inverse process of beta decay. The experiment, aptly known as “Project Poltergeist™,
led by Clyde Cowan and Frederick Reines in 1956, was the first to confirm the existence of
neutrinos. The experiment used a large tank of proton-rich liquid scintillator [9], loaded with
cadmium to detect anti-neutrinos from a nearby nuclear reactor. The experiment depended
on the delayed-coincidence signature from the inverse-beta decay capture of neutrinos, pro-
ducing a prompt signal from the emitted positron annihilation, with the delayed signal from
the neutron being captured on the added cadmium. This was a major milestone in the story
of the neutrino, providing the first direct experimental evidence of its existence, confirming
the theory of inverse-beta decay, and establishing a technological strategy for their detection
using massive volumes of sensitive media *.

Following from the first detection by Reines and Cowan, there was critical work into

30wing to the neutrinos “ghostly” weakly-interacting nature.
“Frederick Reines was awarded the Nobel Prize in Physics in 1995 for the detection of the neutrino. Clyde
Cowan had passed away in 1974 and was therefore ineligible [10].



the foundation of neutrino interactions by Chien-Shiung Wu in 1957, establishing the chi-
ral nature of neutrinos [11]. Afterwards, experimentalists turned their attention to the most
abundant source of neutrinos expected, the Sun. Neutrinos were estimated to be produced
in massive quantities from nuclear fusion reactions in the core. The Homestake experiment,
led by Ray Davis® and John Bahcall, began in 1965 and ran from 1970 — 1994, counting neu-
trino captures on chlorine (in the form of a giant tank of dry-cleaning fluid) by measuring
the gaseous argon produced by the capture reaction [13]°. The initial results confirmed that
nuclear fusion reactions in the core of the sun drove energy production. The second main
result of this experiment was puzzling, as the measured flux of neutrinos from the sun was
significantly lower than predicted by Bahcall, roughly 1/3 of the expected signal [14]. This
would come to be known as the “solar-neutrino problem”, and its resolution would require
another two decades of experimentation.

Early interpretations of the discrepancy focused on uncertainties in solar models or exper-
imental systematics. However, Bruno Pontecorvo had earlier proposed that neutrinos might
undergo flavour transformations during propagation, which would result in a fraction of so-
lar neutrinos being undetectable by experiments such as Homestake [15]. This idea gained
support as improved solar models continued to predict higher fluxes than observed, and inde-
pendent experiments consistently confirmed the deficit [16]. Definitive evidence for neutrino
flavour change, which would come to be known as neutrino oscillation, was found at the
end of the 1990s. The Super-Kamiokande experiment observed a deficit of atmospheric neu-
trinos passing through the Earth, dependent on zenith angle, providing the first compelling
demonstration of neutrino oscillations [17]. The Sudbury Neutrino Observatory (SNO) di-

rectly measured both the electron-neutrino component (the signal measured by Homestake),

SRay Davis was awarded the Nobel Prize in Physics in 2002, shared with Masatoshi Koshiba and Riccardo
Giacconi, for pioneering contributions to astrophysics, in particular for the detection of cosmic neutrinos [12].

%This radio-chemical detection method was originally proposed by Bruno Pontecorvo in 1946, while work-
ing at the Canadian Nuclear Laboratories. Pontecorvo’s prescience was firmly established through his 1956
prediction of the oscillating neutrino hypothesis. This would come to explain the results of the Homestake
experiment, that wouldn’t begin until 10 years later.



and the total neutrino flux from the Sun, demonstrating that the missing solar neutrinos were
present in other flavours after transforming states [18]. Together, these results resolved the
solar-neutrino problem and established that neutrinos have non-zero mass, the first confirmed
experimental evidence for physics beyond the Standard Model [19]".

While incomplete, we have covered the history of the neutrino, from its conception, and
the first discovery, to its confounding nature that still eludes us. Much has been omitted, and
we recommend the reader consider the third edition of Kai Zuber’s seminal text “Neutrino
Physics” for a more complete review [21]. We will now move onto a high-level overview
of the Standard Model of particle physics. This will be followed by a description of neu-
trino theory, especially those points relevant to Majorana neutrinos and their mass generation

mechanisms.

1.2 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a crowning achievement of 20" century
physics. The model is based in quantum field theory and describes all elementary particles
and three of the four fundamental forces of nature, excluding gravity. Over decades of ex-
perimentation, the model has been tuned to exceptional precision, and provides a framework
for understanding a broad range of phenomena from radioactive decays to collisions in par-
ticle colliders [22]. Importantly, the model predicted the existence of several particles, most
notably the Higgs boson, which was discovered in 2012 [23].

Symmetry plays an essential role in modern particle physics theory, building on the contri-
butions of Emmy Noether. In 1918, Noether proved that every continuous and differentiable
symmetry of the action of a physical system, has a corresponding conservation law [24]. For
example, a physical process that produces the same outcomes regardless of choice of location,

is said to be invariant under translation in space, and corresponds to the conservation of linear

"Takaaki Kajita and Arthur B. McDonald were awarded the Nobel Prize in Physics in 2015 for the discovery
of neutrino oscillations, which demonstrated that neutrinos have mass [20].



momentum.

Going from fundamental symmetries at a global level to local transformations gives addi-
tional constraints on a physical theory. Maintaining invariance under these local symmetries
requires the introduction of gauge fields, which manifest physically as the interactions be-
tween particles. This provides a framework in which forces arise from symmetry principles.
The high energy gauge symmetry group of the SM is:

SU@B)e x SU(2)L x U(1)y, (1.1)
and represents the allowed interactions between fundamental particles in the SM. Each term
corresponds to a fundamental force, with SU(3)¢ representing the strong nuclear interaction,
and SU(2)., x U(1)y representing the electroweak interaction, which at low energies breaks
into electromagnetism and the weak nuclear interaction through a process called electro-weak
symmetry breaking [25]. Matter fields are given conserved quantities (quantum numbers),
which under these symmetries, determine how they interact with force carriers. In this struc-
ture, the observed patterns of particles and interactions emerge from the principles of symme-
try, rather than being imposed ad-hoc.

The fundamental constituents of matter in the SM are fermions, which obey the Pauli
exclusion principle and have half-integer spins. They are organized into three generations,
each containing two quarks and two leptons. In contrast, bosons are integer-spin particles that
mediate the fundamental forces: the photon, W and Z bosons, gluons, and the Higgs boson.
The distinction between fermions and bosons comes from the allowed quantum statistics and
interactions in the theory, and their roles are illustrated in Figure 1.1. In the SM we have two
subclasses of fermions, one that feels the strong nuclear interaction, quarks, and one that does
not, leptons. There are charged leptons (electron, muon, tau), that interact electromagnetically
and weakly, and neutral leptons (neutrinos), which only interact weakly. In SM interactions,
the total number of leptons does not change, an observation known as the conservation of

lepton number. For example, in ordinary beta decay (n — p + S~ + 7.), the creation of an



electron (L = +1) is accompanied by an antineutrino (L = —1), keeping the total lepton

number zero.

Standard Model of Elementary Particles

interactions / force carriers

three generations of matter

(fermions) (bosons)
I II III
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Figure 1.1: Overview figure highlighting all elementary particles in the SM, reproduced from
[26]. Particles are categorized into matter (fermions) and interactions (bosons), and further
separated by matter generation.

While the symmetry structure of the SM successfully describes a broad range of experi-
mental data, it predicts neutrinos to be massless, which is in direct conflict with the observa-
tion of neutrino oscillations [18]. This discrepancy provides one of the clearest indications of

physics beyond the SM.

1.3 Neutrinos

Neutrinos exist in three flavour states; electron, muon, and tau, corresponding to the three

mass generations of fermions shown in Figure 1.1. We have introduced the impact of neutrino
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oscillations in the historical context of the solar neutrino problem, where electron flavoured
neutrinos from nuclear fusion reactions in the sun are transformed into muon and tau flavours
on their way to earth, causing a deficit in the observed neutrino flux. This happens because
neutrinos are created and captured through weak interactions as well-defined flavour eigen-
states corresponding to the lepton involved in the process. Neutrino flavour eigenstates are
superpositions of mass eigenstates with differing masses (v1, 15, 3). Meanwhile, as neutri-
nos travel through space their individual mass eigenstates evolve differently in time due to
the different masses, causing a corresponding evolution in the flavour state of the travelling
neutrino. This phenomenon is what we call “neutrino oscillation”, and the mixing between
neutrino mass states and flavour states is represented by the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix [27]. The mixing can be written as,

Ve 141
v, | =Upmns - | 1 | (1.2)
UV, Vs
—i0,
C12C13 S12C13 S13€6 P
Upmns = —S812C23 — 01282381361561” C12C23 — 312823813625“’ $23C13 ) PM/Du (1.3)

5 5
512523 — C12C23513€"°P  —C12893 — S12C23513€"°P C23C13

where, ¢;; is a shorthand for cos 6;;, s;; is a shorthand for sin 6,;, with i,j € {1, 2, 3}, the neu-
trino mass eigenstates. d., is a complex phase term that allows for CP violation in neutrino
oscillations [28], as a non-trivial value of d,, results in differing oscillation probabilities for
neutrinos and antineutrinos due to the conjugate phases acquired by their respective ampli-
tudes. The matrix Py, p, is the identity matrix in the case of Dirac neutrinos, or in the case

of Majorana neutrinos:

ez 0 O
Py = 0 em72 01 (1.4)
0 0 1



where /2, are the two Majorana phases. These Majorana phases are additional CP-violating
terms and do not appear in neutrino oscillation observables, because the oscillation probabil-
ities depend on combinations of the terms where the phases cancel. They will play a role in
lepton-number violating processes such as 0v[33.

To better understand this, we will relate the probability that a neutrino (v, = ve/,/-)
produced at time ¢ = 0, is observed in a different flavour state v4 at a later time ¢. First we

write the neutrino state at ¢ = 0:

v (t =0)) = |va) Z i v, (1.5)
where, U}, is the conjugate of the PMNS matrix element at flavour o and mass-state 7. Re-

calling that mass eigenstates evolve in time through the Hamiltonian operator, e ~*£i! [28], at

later times this becomes:

vi(t)) = e

for each mass eigenstate, ‘i’. Coming together, the probability F,_,z is:
2

Possg = [(vlva(t) ZZ iUsj (vilvi(0))| - (1.7)

If we take the relativistic limit, the distance travelled by the neutrino is L ~ ct, where c is

A(t =0)), (1.6)

the speed of light, and p; ~ p; = p ~ E. Then the energy of a neutrino mass state is then

= /p? +m? ~ p+ m?/2E. Using this approximation, we can re-write Equation 1.7 as:

Pacvs = 3 Ul Uage ™25 17, (1.8)

where, Amfj = m? — mi are the mass-squared differences between mass eigenstates m;,

and m; [29]. From this representation, we can draw some inferences. The first is that at
least two neutrinos mass states, 1m;, must be non-zero, otherwise the mass-squared differences
vanish. The second is that the oscillation probability is proportional to L/F, a fact exploited
by modern oscillation experiments to sample different parts of the probability spectrum [30].
The third inference is critical for our case with 0v[3[3, oscillation experiments are insensitive

to Majorana phases, and only measure the mass-squared differences between neutrino mass
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eigenstates. Therefore, in oscillation measurements, we are insensitive to the absolute scale
of neutrino masses. Because of this, the ordering of mass states is not currently known and
allows two configurations, referred to as hierarchies. The first, called the “Normal Ordering”
(NO), assumes m; < mg < mgs, and the second, called the “Inverted Ordering” (I0) assumes
ms < my < mg. The mass-squared differences are determined by measuring neutrino rates
from specific sources, and are typically referred to by those sources. Am?Z, is called the
“solar” mass splitting, and Am?Z, is the “atmospheric” mass splitting. Both are measured
simultaneously with the mixing angles 6;; of the PMNS matrix. The observed value of Am3;
is 2 orders of magnitude smaller than Am?,, indicating that m; and m are close in value
compared to m3, and motivating the two possible configurations [31]. J,, is constrained by

comparing the measured probabilities for neutrino to anti-neutrino oscillations [32].

1.3.1 Neutrino Mass Theories

With non-zero neutrino masses established by neutrino oscillation experiments, we can con-
sider how they may obtain this mass as extensions to the SM. Here we consider two options,
a Dirac mass, and a Majorana mass.

To generate a Dirac mass, analogous to other fermions, we require a Yukawa coupling
between the left and right-handed neutrino states. This requires us to invoke the existence of
right-handed neutrinos and left-handed anti-neutrinos, which interact through the Higgs mech-
anism. In order to preserve the tiny masses of left-handed neutrinos, we require a vanishingly
small Yukawa coupling constant [33].

In contrast, if neutrinos are Majorana particles, we generate their mass through a cou-
pling term between neutrino and anti-neutrino states. For a left-handed neutrino field, we can

include the Lagrangian [33]:
1 _
Liiaj. = —émMVEVL + h.c., (1.9)

where the superscript c represents a charge conjugate state, 1m; is the Majorana mass, and h.c.
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is shorthand for Hermitian conjugate terms. Notably, this interaction violates lepton number
by 2 units, as Ov/3 produces two electrons (AL = +2) from an initial state with L = 0. In
this formalism, we have no need to introduce a right-handed neutrino.

To explain the observed tiny neutrino masses® we can combine these two mass terms
in what is known as the type-I see-saw mechanism [35], [36]. Because the right-handed
neutrinos are singlets under the SM gauge group, they can carry a Majorana mass m, that is
not tied to the electroweak scale and can be very large [37]. Combined with a Dirac mass mp
from the usual Higgs Yukawa coupling, this generates naturally small left-handed neutrino

masses for an order-unity Yukawa coupling. For mp < my,, this is approximately:
2
m
mp = —D, mo = My (110)

my
for two mass eigenstates, m;, associated with a light neutrino that interacts with SM particles,
and m., associated with a heavy right-handed Majorana neutrino that does not interact and is
referred to as sterile. With a large m,, this naturally produces very small observable neutrino

masses without fine-tuning [28], [35].

With our understanding of neutrino masses, we will now move onto an overview of beta
decay, double beta decay, and Ov[33. This is followed by essential experimental considera-

tions, including the potential detection mechanisms and main background sources.

1.4 Neutrinoless Double Beta Decay

Neutrinoless double beta decay (0v{3[3), is a rare hypothetical nuclear decay mode, only ob-
servable in a handful of candidate isotopes where double beta decay is accessible. In this
section we will differentiate beta decay, double beta decay, and the hypothetical neutrinoless

variant.

8So far we only have limits on neutrino masses, which constrain them below 0.45 eV, we can also get a
rough estimate by taking the square root of the mass-squared differences observed in oscillations, which are of
similar scale [34].
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1.4.1 Beta and Double Beta Decay

In beta decay, an unstable atom decays radioactively, emitting a beta particle and a neutrino.
This can be described as:

B~: n —> p+p +1, or (1.11)

Bt: p = n+pT 4+, (1.12)
where n, p are neutron or proton, respectively, inside a nucleus. As a result of the decay pro-
cess, the parent atom is transmuted into the daughter isotope. The atomic number Z increases
by one in beta-minus decay and decreases by one in beta-plus decay, while the nucleon num-
ber A is unchanged. In both cases, we conserve lepton number through the emission of a
corresponding neutrino. The distribution of beta energies observed in this decay mode is a
broad continuum, as the neutrino carries away the balance of the available decay energy, and
is practically undetectable.

In isotopes with even numbers of protons and neutrons, we observe a stronger nuclear
binding due to the spin-pairing of nucleons [38], where nucleons of the same type couple their
spins antiparallel to form J = 0 pairs, lowering the nuclear energy and increasing binding
energy relative to odd-mass or odd-odd nuclei. Isotopes with odd numbers of both protons
and neutrons are referred to as odd-odd isotopes, and have reduced binding energy due to
two unpaired nucleons. For some even-even isotopes, such as '*°Xe, ordinary beta decay
is energetically forbidden because the neighbouring odd-odd isobar (3°Cs) is higher in rest
mass. This is illustrated in Figure 1.2 for the A = 136 isobars. The difference in mass-energy
between the parent isotope and the daughter isotope is known as the ()-value. In beta and
double beta decay, the end-point energy of the continuum of measured beta energies is equal
to the (-value, less m,. Being a second-order weak process, 233 decay has an extremely
low rate, with half-lives ranging from 10%-102! yr [39].

There are only 35 known isotopes that match the conditions necessary for double beta
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Figure 1.2: Illustration of forbidden and allowed decays for '*¢Xe and neighbouring isotopes.

decay to happen, i.e. where single beta decay is energetically forbidden, of which only 14
have been measured [40]. A list of double beta decay isotopes relevant for Ov[3[3 is shown
in Table 1.1, with experimentally relevant parameters. The corresponding current and next-
generation experiments and their projected half-life sensitivities are summarized in Table 1.2.

The natural abundance of an isotope is an important consideration in terms of experiment
cost and viability, however, it is not completely indicative. We must also include the base ma-
terial cost, enrichment process considerations, alongside detection technology. For example,
with its high Q-value, and the low cost of natural calcium, calcium-48 is an excellent choice,
with established technology in calcium fluoride scintillating crystals. However, this is offset
by the very low abundance and the difficulty and cost associated with enriching. Similar cost-

benefit analysis can be carried out for all the isotopes listed in Table 1.1, including additional
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Table 1.1: Summary of selected isotopes considered for Ov[33 searches, highlighting Q-
values, natural isotopic abundance from [41], measured 2v[33 half-lives from [42], and cur-
rent best Ov[33 half-life limits at 90 % C.L.

Isotope | Natural Qss MeV) | 2v[33 half-life Best Tlo/”2 limit (yr,
Abundance (10%° yr) 90 % C.L.)
(%)
8Ca 0.187 4.263 0.53 > 5.6 x 10?2 [43]
Ge 7.8 2.039 18.8 > 1.9 x 10%6 [44]
100Mo 9.8 3.035 0.071 > 1.8 x 10%* [45]
130Te 34.08 2.527 7.91 > 3.5 x 10% [46]
136Xe 8.9 2.459 21.4 > 3.8 x 10?0 [47]

Table 1.2: Summary of selected Ov[(33 candidate isotopes with current experiments and next
generation experiments and their projected Ov 33 half-life sensitivities.

Isotope Current Generation Next Generation Exper- | Next-Gen Proj.

Experiment iment Tlo/"2 Sens. (yr,
90 % C.L.)

Ge LEGEND-200 [44] LEGEND-1000 [48] > 1.6 x 10%®

100Mo CUPID-Mo [45] CUPID-1T [49] > 1077

130Te CUORE [46] SNO+ [507° > 1.8 x 10%¢

136X e EX0-200 [51] nEXO [52] > 1.35 x 10%®
NEXT-100 [53] NEXT [54] > 10%7
KamLAND-Zen [47] KamLAND2-Zen [55] > 2.0 x 10%7

considerations on background mitigation techniques, detector technology scalability, nuclear

matrix element and phase-space factor magnitudes, and more [56].

1.4.2 0v[(33 decay process

In the case of Ov[3[3, in contrast to standard double beta decay, we have the emission of two

beta particles without the corresponding neutrinos. This process would violate the conserva-

tion of lepton number and is possible only if neutrinos are Majorana fermions [40]. We can

9SNO+ is an existing neutrino observatory at SNOLAB, which in 2025 completed refilling with liquid
scintillator and plans to dissolve tellurium salts to study 0v(33 [57].
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compare double beta decay and 0v[33 as:
2vR R (A Z) —» (A Z+2)+25" + 20, (1.13)
oV B : (AZ) — (A Z+4+2)+257, (1.14)
where the parent isotope (A,2), is transmuted into a daughter isotope 2 units of Z away, with
the emission of two betas and two electron anti-neutrinos. As in ordinary beta decay, where
both electron and positron emissions are possible, double beta-plus and neutrinoless double-

beta plus decay is also considered, as well as double electron-capture and neutrinoless double

electron capture [58], [59].

1.4.3 Experimental Signatures of Ov[33

There are two essential characteristics of Ov[3[3 that differentiate it from the ordinary double
beta decay mode, and enable detection. During ordinary double beta decay, momentum is
shared between the two emitted betas, two anti-neutrinos, and the recoiling nucleus, producing
a broad energy spectrum and distribution of emitted particle angles. In Ov(3[3 decay at rest,
the two electrons carry away the full Q-value, since the recoiling nucleus absorbs momentum
while taking up negligible energy. Their relative angle is not fixed by momentum conservation
but is set by the weak-interaction dynamics, which mildly favour back-to-back emission [60].
The mean energy of the outgoing electrons is roughly half the Q-value, with a mean opening
angle (0, between electrons) of around 100°-110°, while the cos 6 distribution peaks at back-
to-back emission. This signature is illustrated in Figure 1.3, with a conceptual sketch of the
expected measured beta energy distribution. In the case of 0v {33, the smoking-gun signature
is a small peak-like excess above background signals at the Q-value of the decay. The width
of the peak is determined by the resolution of the instrument, typically O(%) [39], and with
higher resolutions the signal could be unresolvable below the end-point of the much more
frequent ordinary double beta decay mode.

A detector that can image particle tracks directly could also take advantage of the opening-

17



Double Beta Decay

A Neutrinoless
Double Beta Decay
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Figure 1.3: Illustration of the experimental signatures of standard and neutrinoless double beta
decay. Only electron energies are measured in the detector, resulting in a broad energy con-
tinuum for standard double beta decay up to the end-point energy or Q-value. For Ov[3[3 we
expect a sharp line at the Q-value, broadened by the energy resolution of the instrument. The
relative heights of the signals are purely for illustration, and the expected Ov[3[3 intensity is
greatly exaggerated here.

angle distribution of the two beta tracks alongside the energy measurement to provide addi-

tional discrimination power against the ordinary double beta decay mode [60].

1.4.4 Experimental Limits and Interpretations

At the time of writing, 0v {33 remains undetected, despite decades of experiments [39]. With-
out a clear signal, experiments searching for 0v33 place limits on the minimum half-life
of 0v3f3, inferred from non-observation of the signal. The current world-leading limit is

from the KamLAND-Zen experiment in Japan, which uses a liquid scintillator detector with
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a low-background interior region loaded with ~785 kg of **Xe. The current limit is 777, >
3.8 x 10%0 yr at a 90 % C.L, from their full-dataset [47].

In order to compare experiments and isotopes, the standard convention is to convert an
experimental limit on the half-life to the effective Majorana mass, mgg. The simplest model
that is widely used to perform this calculation is called “light Majorana neutrino exchange”
[7]. In the case of light neutrino exchange, we assume Majorana neutrinos and that no other
lepton-number violating processes contribute to the effective neutrino mass [40]. This process

is illustrated in Figure 1.4, reproduced from [61].
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Figure 1.4: Feynman diagram of Ov[3{3 through light Majorana neutrino exchange, figure
reproduced from [61].

The effective Majorana mass, which enters the O0v3( half-life expression, is a coherent
sum of the previously mentioned PMNS matrix, U, ;, with the neutrino mass eigenstates, m;

[40],

(mgg) = : (1.15)

3
2
D>_Uim
i

where, because the U, ; terms are squared amplitudes rather than the |U, ;| in neutrino oscil-

lation, interference between terms is allowed, and a vanishing mgg is possible. While many
other theories describing 0v[33 are possible, it has been postulated that any process creating

0v[33 necessarily implies Majorana neutrinos, known as the “black-box” or Schechter-Valle

19



theorem [62]. Inversely, any observation of Ov[3[3, necessarily implies Majorana neutrinos,
regardless of the underlying mechanisms, and correspondingly, lepton number violation.
The half-life for Ov33 , under light neutrino exchange can be expressed as:

(Ti) ™" = (mgp)” G¥ M, (1.16)
where, G% is the phase-space factor that depends on the Z transition and the Q-value, cal-
culated analytically with high precision [63]. M is the nuclear matrix element (NME) and
quantifies the overlap between initial and final nuclear states that represents the many-body
nuclear physics involved 0v(33 [39]. The NME is not accessible in experiments and must
be calculated using nuclear modelling frameworks, which have substantial disagreements de-
pending on model and method [39]. This represents the largest source of variance between
limits on mgg from experimental half-life limits [39], [52].

Experimentally, the half-life enters into the equation through an estimate of the number
of decays expected in a detector, Ny, 3. If we assume the exposure time is much shorter than

the decay lifetime, so that the number of decays grows linearly with ¢, the number of expected

decays is:
emNy t
Novgs = In(2) ——— =, (1.17)
Mg TYY,

where, ¢ is the exposure time, € is the enrichment fraction (what % of mass is composed of the
33 isotope), m is the sensitive mass being exposed, V4 is Avogadro’s constant, and Mg 1s
the molar mass of the (33 isotope. We can compare the current best limit on effective Majorana
mass, and available phase-space for Ov[3[3 as shown in Figure 1.5, known colloquially as the
“Lobster” plot. The effective Majorana mass is plotted against the lightest neutrino mass (m;
in NO, mj in 10), and the bands are computed using measured PMNS matrix elements with
the currently unconstrained Majorana phases, as the lightest neutrino mass is varied in either
hierarchy. The width of the KamLAND-Zen limit band represents the combined uncertainty

from the experiment and NME model variances [47]. Uncertainties on individual PMNS
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matrix elements are omitted, but are typically at the level of a few percent for the mixing

angles [28].
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Figure 1.5: Lobster plot showing available phase-space for 0v[33 in effective Majorana mass
vs the lightest neutrino mass. The inverted mass ordering (IO) is shown as a purple band,
and normal mass ordering (NO) in red. Overlaid are the current best limits for mgs from
KamLAND-Zen [47], and the best limit for m g from KATRIN [34] for comparison. The width
of the bands comes from the unknown Majorana phases (Equation 1.4). Note, mg cannot be
directly translated to mjghest Without knowledge of the mass orderings, and is overlaid purely
to compare Ov[3[3 constraints with the best limit from direct neutrino mass measurements.

Future Ov[33 experiments will push the sensitivity to mgs another order of magnitude,
aiming to cover the entire IO phase space indicated in Figure 1.5, down to ~ 15meV [52], [64],
[65]. This will require innovation in signal extraction techniques, advances in background
reduction, and most significantly, much more isotope exposure. In the following section,
we will review these details and the varied considerations necessary to achieve this order of

magnitude increase in sensitivity to 0v[3 3.
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1.5 Experimental Considerations for Ov[33 Searches

When searching for Ov[3 3, we must be aware of the key limitations in obtaining our desired
experimental signal. In Section 1.4.3, we introduced the key parameters of interest for identi-
fying Ov[3 3 from conventional 2v{33. We will address the two key limitations, the extremely
low rate of events, and the abundance of diverse background signals.

To put this into our context, with a sensitive mass of 3.2 tonnes of xenon, enriched to 90 %
in 135Xe, we should expect ~1 event per year of live exposure at a half-life of 10?8 yr. At
the same time, we should expect a continuous ~10 mHz rate of ordinary double beta decay

events.

1.5.1 Background Signals

Background events can be divided by origin into internal and external backgrounds. Internal
backgrounds are intrinsic to the detector itself, with ordinary two-neutrino double beta decay
being the most important example for 0v {33 searches. External backgrounds originate outside
the detector volume but produce signals within.

The dominant sources of external backgrounds are primordial uranium and thorium decay
chains, present at varying concentrations in most materials, along with radiogenic isotopes
such as 19K and ®*Co commonly found in detector components [56]. Of particular concern is
214Bi, which has one of the highest energy beta-decays in the uranium chain at a Q-value of
3.27 MeV, overlapping with the Q-values of most 0v 33 candidate isotopes (Table 1.1). Radon
contributes to both categories: as an external background through decay-daughter deposition
onto detector materials during fabrication, and as an internal background when carried into
detector volumes through gas handling systems.

Cosmogenic backgrounds arise from cosmic-ray muons and their secondaries. On Earth’s
surface, muon fluxes are untenable for rare-event searches, and so experiments are operated

in deep underground laboratories where muon rates are suppressed by O(10°) [66]. Residual
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high-energy muons can still activate detector materials through spallation, producing long-
lived radioactive isotopes. Additional external backgrounds include gammas from surround-
ing rock and detector infrastructure [67], and neutrons from spontaneous fission and («,n)
reactions in the cavern walls, which produce both prompt capture signals and long-lived acti-

vated backgrounds.

1.5.2 Background Mitigation

Background mitigation techniques are divided into passive and active categories. Passive
mitigation prevents background signals from entering the detector or signal region, while
active mitigation uses supplementary information to discriminate against background events.

Passive mitigation is primarily achieved through radiopurity screening, where every detec-
tor component must satisfy strict radioactivity requirements, often at the part-per-billion level
and beyond, using techniques including surface and underground HPGe counting, neutron ac-
tivation analysis, mass spectrometry, and coincidence gamma counting [68], [69]. Shielding
with high-Z materials such as lead attenuates gamma radiation, while hydrogen-rich materials
such as water or polyethylene moderate neutrons [40]. Radon emanation screening and ac-
tive radon removal suppress radon and its progeny [70]. In Ov[33 searches, energy resolution
itself acts as a passive mitigation tool: sharper resolution reduces overlap between the signal
peak and the tail of the two-neutrino double beta decay spectrum, enabling “cut-and-count”
analyses over a narrow signal window [39].

Active mitigation techniques exploit additional detector information to veto or reject back-
ground events. Passive water shields can be instrumented as muon Cherenkov vetoes, flag-
ging events coincident with through-going muons [71]. Position reconstruction enables fidu-
cialization, removing surface-proximate events where backgrounds are elevated. Particle
identification exploits differing signal properties between event types; in liquid xenon, the

ionization-to-scintillation ratio differs between signal-like 3 and background-like o events
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[72], and topological reconstruction or inter-event timing coincidences provide further han-
dles [40], [60].

A uniquely powerful active technique available in xenon-based 0v[3 3 searches is barium
tagging, where following a double-beta decay event the barium daughter ion is individually
identified within the detector volume. High-specificity tagging provides a direct signature of
double-beta decay, rejecting all non-double-beta backgrounds at the single-event level [73],
[74]. This approach is enabled by the homogeneous liquid or gaseous xenon target, which
permits extraction and identification of the stable barium daughter ion. This capability is un-
available in solid-state detectors where the daughter isotope remains embedded in the matrix.

In this chapter, we have introduced the historical and theoretical motivation for Ov[3[3,
outlined the characteristics of the expected signal, and explored the experimental considera-
tions for building a rare-event search detector. 0v{3 3 remains one of the priority experimental
searches for physics beyond the standard model, highly motivated by the non-zero mass of
neutrinos confirmed in oscillation experiments [75]. If discovered, 0v[33 is an unambiguous
indication of lepton number violation, and would be the first observed process where matter is
created in excess of anti-matter, pointing towards a potential solution to the observed baryon
asymmetry problem [40].

In the following part, we will transition to detector characterization work in the context
of a next-generation xenon-based 0v {33 search experiment, such as nEXO. This work is split
into three chapters, with the first introducing our prototype detector at McGill University
and upgrades carried out as part of this thesis work. The second chapter will cover a novel
measurement technique and first detailed characterization of secondary light emission from
solid-state photosensors in liquid xenon. In the third chapter, we will review commissioning

measurements carried out with our upgraded experiment and outline future work.
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Part 11

Characterizing SiPM Performance in

Liquid Xenon
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The Light Only Liquid Xenon

Experiment

2.1 Motivation

The Light Only Liquid Xenon experiment (LoLX) is a small-scale modular liquid xenon (LXe)
detector located at McGill University. The LoLX experiment has three main physics goals;
developing a detailed understanding of SiPM performance in LXe (1), study and characterize
LXe light emission properties (2), and improve the modelling of light transport and detector
response in LXe detectors (3). In this chapter, we will give a detailed introduction to xenon

scintillation, SiPM operation and their key performance metrics, and considerations for light
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transport within a LXe detector. This information will be helpful for the subsequent overview
of the LoLX detector, its design considerations, and supporting infrastructure. We will then
conclude with an introduction to the analysis and simulation tools used for the LoLX experi-

ment, developed as a part of this work.

2.1.1 Xenon Scintillation

A material that produces light proportionally to the energy deposited into it by the passage of
ionizing radiation is known as a “scintillator” and the light produced is called “scintillation”.
Scintillation is a subclass of luminescence, the phenomenon of characteristic light emission
of a material through the absorption of energy. All noble gases exhibit scintillation, and lig-
uid noble gases are used in many applications as scintillators for calorimetry [76], positron
emission tomography (PET)[77], [78], and tracking detectors [79]. In its liquid state, xenon
scintillation light has a mean emission wavelength of ~175 nm, in the vacuum ultraviolet
(VUV) range of light [80]. The high energy of the VUV photons restricts the choice of com-
patible detector support materials significantly because of strong attenuation and very low
reflectivities (for example in air, with the linear attenuation coefficient 4 = 1072 cm™1). For-
tunately, LXe is transparent to its own scintillation light, thanks to the molecular processes
involved in the scintillation light production.

When ionizing radiation passes through LXe, collision and ionization occur with xenon
atoms. The relative fraction of ionization to collisional excitation varies significantly by the
linear energy transfer (LET) of the incident particle [81]. Xenon scintillation is produced
by the decay of xenon excimers, molecules bound only in their excited state that dissociate
back into two free atoms as they emit a photon. These excimers (Xe?) can be formed through
both excitation and ionization interactions, producing varying populations in either singlet or
triplet meta-stable states [82]. An example of xenon scintillation and the pathways for xenon

excimer formation are illustrated in Figure 2.1.
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The overall LXe scintillation emission time profile depends strongly on the applied elec-
tric field, influencing the relative populations of singlet and triplet excimer states [83], through

the recombination channel.
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Figure 2.1: Illustration of liquid xenon scintillation production and decay pathways. Incident
radiation ionizes and excites xenon atoms which produces direct excimers, or recombination
excimers that decay back to ground state xenon, emitting vacuum ultra-violet (VUV) light.
The two decay channels (singlet/triplet spin configurations) have different half-lives, corre-
sponding to meta-stable states of the xenon excimer molecule. The measured scintillation
time profiles will also depend on applied electric fields by drifting away electrons that would
have combined and populated the recombination branch.

A key feature of LXe detectors is the anti-correlation between charge and light signal fluc-
tuations [84]. When an electric field is applied across the LXe volume, ionization electrons
can be drifted to charge collection detectors, while scintillation light from direct excitation
and recombination is still collected. By measuring both the charge and the light signal simul-

taneously, energy resolutions as good as ~1 % (o/u) are achievable due to the suppressed
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variance from recombination effects [85].

The Noble Element Simulation Technique or “NEST” is a tool used by the LXe detec-
tor community for calculations of light and charge yields from interactions with LXe [82].
The NEST model is empirical and informed by a large variety of LXe detector measurements
across a range of scales and applied electric fields. At zero-field there are a limited num-
ber of measurements [86], leading to larger uncertainties in the estimated light yield and its
resolution. The NEST software is available for direct use, integration into particle transport
simulations like Geant4, and through a python library binding, nestpy. The estimated light
yields at zero-field from NEST model 2.0 through nestpy, are shown in Figure 2.2, which is
approximated in the NEST model using 10 V/ecm. Figure 2.2 includes the response for beta-
like (including gamma), nuclear recoils, and alpha particle radiation. The range of the nuclear
recoil response is limited to the range of accessible nuclear recoil energies from calibration
neutron sources.

Noble liquid scintillators are exceptionally bright, with light production yields of ~40 ph
per keV of energy deposited. This light level is much brighter than plastic scintillators at
~1-10 ph/keV [87], and nearly as bright as the best crystal scintillators, such as thallium
doped sodium iodide (Nal:Tl) at ~60 ph/keV [88]. Noble liquids also have O(ns) scintillation
response times [89], appropriate for fast timing applications, and are flexible in application

owing to its liquid state.
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Figure 2.2: LXe scintillation yields, in photons per keV of deposited energy of the incident
radiation, versus incident particle kinetic energy. Data is shown from NEST at an applied
electric field of 10 V/cm (the approximation for zero-field in the model), using nestpy (2.0).
Three different LET regimes are shown through different incident radiation types, [3, recoiling
nuclei (NR or nuclear recoil), and .

Not all energy deposited into LXe will produce a measurable signal, and there are sev-
eral pathways of energy loss that are possible through differing mechanisms. Some of these
losses are avoidable, while others are not, and the main mechanisms are illustrated in Fig-
ure 2.3. Nuclear quenching, also known as Lindhard quenching [90], is the energy lost during
primary collisions of the recoiling xenon nuclei with nearby xenon nuclei, heating the xenon.
Biexcitonic quenching, where excited atoms in a dense track region collide with one another,
resulting in ionization and a net loss of one quanta (a quanta is either an ionization electron
or scintillation photon here) for every collision of two excited atoms. The amount of biexci-
tonic quenching depends on the LET of the primary particle and structure of its track through
the material. While biexcitonic and nuclear quenching are unavoidable loss mechanisms, the
remaining mechanisms outlined in Figure 2.3 are dependent on the character and quantity of
non-xenon impurities in the liquid. Electronegative impurities are contaminants that exhibit

a high electron affinity, or electronegativity, and act as trapping sites for ionization electrons.
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Their presence leads to more variance in recombination fluctuations as impurity levels vary,
and to a loss of measurable charge and light signal. The two main electronegative impuri-
ties found within LXe detectors are water and oxygen, commonly out-gassed from materi-
als within the detector volume [91]. Photoabsorption impurities absorb scintillation photons
while they are travelling through the medium, and the impact of this channel depends on
concentration and detector geometry. Water and oxygen will also act as photoabsorption im-
purities. Penning quenching, where an excited xenon atom ionizes an impurity molecule, and
collisional dissociation, where molecular impurities are broken apart by excited xenon dimers,
both require energy level compatibility with the impurity [92]. This criterion is not met for
any other noble gases, which are commonly found in xenon, while it is possible for molecu-
lar gases such as CO, [93]. These pathways are essential to understand for diagnosing LXe
detector performance, with each pathway having its own energy, particle, and concentration
dependence. Excellent xenon purity is required to reduce the avoidable energy loss channels,

and will constrain material selection during detector design.
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Energy Loss Mechanisms in LXe
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Figure 2.3: Illustration of energy loss pathways in LXe. Where nuclear and biexcitonic
quenching represent unavoidable losses, all other energy losses are correlated with the xenon
purity level. Energy loss due to material heating is represented by the fire icon.

Operationally, LXe detectors require continuous purification to remain a high quality scin-
tillation media. This is typically achieved through the use of a heated purifier or “getter”,
which employs a large surface area material with irreversible chemical bindings to most chem-
ical impurities, such as zirconium [94].

To monitor the detector purity level, electron lifetime measurements are routinely car-
ried out in LXe TPCs. The electron lifetime is very sensitive to electronegative impurities,
where electron loss from attachment on impurities attenuates the signal. High lifetimes of
up to O(10 ms) are attainable with continuous purification [95]. One draw-back of this tech-
nique is that the lifetime measurement cannot separate specific contaminants and is difficult

to translate to concentrations of impurities [96]. However, it is a representative measurement
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that is directly correlated to detector light and charge yields, and can be compared between
experiments.

In addition to scintillation light, Cherenkov radiation can be produced in a LXe detector
from both 3 and ~y interactions (v’s scatter or photoabsorb and produce electrons). Cherenkov
radiation is the optical equivalent of a shock-wave, and is produced when a charged particle
is travelling faster than the speed of light in a dielectric medium (v > ¢/Neq4iq)- The passage
of the charged particle excites the material and creates a polarization gradient as it travels,
exciting the material which subsequently relaxes and releases this energy as light, known as
“Cherenkov Radiation”, named after its discoverer Pavel Cherenkov [97].

Cherenkov emission is characteristically prompt, emitted very quickly during the passage
of the incident charged particle, broad-band in energy with a peak at high energies, and pro-
duced in a conical wavefront. An illustration of the Cherenkov cone is shown in Figure 2.4.
The opening angle of the cone is related to the refractive index of the medium, n, and the ve-
locity of the charged particle (represented by 3 the dimensionless velocity factor), is given as,
cosf = % The full description of Cherenkov radiation was given by physicists Ilya Frank
and Igor Tamm, and is represented by the eponymous relation, the “Frank-Tamm Formula”

(in wavelength units) [98], [99]:

d’N  2na 1
= (U ) D

Particle Path

Nmedium \‘\ \

Figure 2.4: Illustration of a Cherenkov cone from incident particle moving with relativistic
velocity 3 in a dielectric medium.
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2.1.2 Silicon Photomultipliers

The light sensors employed in LoLX and planned for the nEXO experiments are silicon pho-
tomultipliers (SiPMs). SiPMs are single photon sensitive light detectors, used in many fields
of applications [100]. They have many advantages over the traditional technology for single-
photon counting, photomultiplier tubes (PMTs). In the context of our cryogenic low back-
ground experiment beneficial features of SiPMs include: their intrinsically low concentrations
of primordial uranium and thorium, high detection efficiencies, and low power requirements
[101]. The operational principle of SiPMs is the avalanche, or Geiger, process, where a sin-
gle photon can liberate O(10°) charge carriers. Avalanches occur within the thousands of
individual diodes that make up the SiPM, known as single-avalanche photo-diodes (SPADs).

Each SPAD operates as a binary counter, and has a characteristic reset time, which can be
understood as an RC' time constant of the diode circuit with the SPAD as a capacitor, alongside
the quenching resistor. Individual SPADs are P-N junctions with a reverse bias voltage applied
until a breakdown condition is reached. This point is aptly called the “breakdown voltage”,
and is illustrated in Figure 2.5. The strength of the avalanche signal is directly proportional
to the applied voltage across the device, up to the saturation voltage. Once the breakdown
voltage has been reached, the sensor no longer responds linearly to incident light, and a single
photon is sufficient to create an avalanche of charge carriers.

The sensitive region for photon detection is called the depletion region, at the interface
between the n-doped and p-doped layers of the SPAD. The location of the depletion region is a
key consideration in SPAD design for different regimes of photon wavelengths, as penetration
depths vary significantly [102]. This operational mode is called “Geiger” mode, and the
applied voltage in excess of the breakdown voltage is known as “overvoltage”. Once Geiger
mode has been reached, the SiPM operates as a proportional counter, where a fraction of

the incident light on the device will trigger avalanches in individual SPADs, and the number
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of incident photons may be determined by estimating the number of fired SPADs from the
resulting signal. SiPMs are designed such that each SPAD has the same gain, and so by
measuring the current of the SiPM signal, we may “count” the number of SPADs that have
fired. This allows us to perform a proportional measurement of the incident light on the
sensor. The estimated number of fired SPADs is often referred to as N,,, or sometimes Npg
for anachronous reasons .
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Figure 2.5: Illustration of the SiPM operational principle. As photodiodes, SiPMs respond
linearly to light when biased with low applied voltage, gain increases significantly as the bias
voltage increases until the breakdown voltage is reached.

The responsivity of SiPMs to incident light is characterized by the “Photon detection effi-
ciency” (PDE). The PDE is quantified as the probability of the SiPM to trigger an avalanche
when a photon of a given wavelength is incident upon it. The PDE of'a SiPM can be described

functionally as depending on several key factors, while more detailed parameterizations are

'PE or Photoelectrons, are the quanta counted by PMTs, where an incident photon on the photocathode of
the PMT liberates a photoelectron, triggering the dynode avalanche process. It is common for this jargon to be
applied to SiPMs, which as solid-state sensors, can have avalanches triggered by holes or electrons in the silicon
lattice.
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possible [103]. A common approach is to break the PDE into transmission effects, geometric

effects, and intrinsic responsivity:

PDE(N6,t,V,n) =T(n,t,0) x FF x P,(\V,t), (2.2)
where the first of three main contributions is the transportation probability, 7", which depends
on the refractive index of the external media, n, the temperature ¢, and the incident angle 6.
The second term F'F' is the geometric fill factor, related to the SPAD packing efficiency within
the SiPM. The third term is the avalanche initiation probability, P,,, which incorporates the
quantum efficiency, depending on the incident wavelength of light A, the applied electric field
strength, proportional to reverse bias voltage V', and the operational temperature ¢.

A key consideration when employing SiPMs as light sensors is the presence of correlated
noise. Correlated SiPM noise is a source of excess signal, that is proportional to the number
of triggered SPADs, but does not originate from initial photons. There are several classes of

correlated SiPM noise, and we will discuss the four main types as illustrated in Figure 2.6.

Legend Amplitude iSiPM Across Detector
»* Primary Avalanche 3¢ Correlated Avalanche Wb Tin
\/\/\/'> Cross-talk Photon ~ 1==== Charge Carrier

Amplitude Amplitude Amplitude Amplitude

- A ~600-1000 nm
Primary Signal

a) Afterpulsing b) Direct Cross-talk c) Delayed Cross-talk d) External

SiPM Cross-Section Silicon

Figure 2.6: Illustration of SiPM correlated noise pathways with expected SiPM waveform
readout signals. External crosstalk can be considered a subclass of optical crosstalk, where
the correlated hit SPAD is in a SiPM in a different device.

(a) Afterpulsing (AP) - Charge carriers liberated in the primary avalanche (blue) are trapped

by defects and impurities within the silicon lattice, and released with characteristic de-
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(b)

(c)

(d)

cay times with lifetimes O(1-100 ns) [102]. These subsequent correlated avalanches
occur within the same SPAD, and often before the SPAD has fully recovered from
the primary avalanche. This leads to a correlation between the time since primary
avalanche (4;), and the amount of charge contributed by the afterpulse. As A; ap-
proaches the SPAD reset time, the excess charge contributed by the afterpulse tends

towards the single avalanche charge.

Direct Optical Cross-talk (DiCT) - Optical photons created in the avalanche transmit
through the bulk silicon to a neighbouring SPAD, inducing an additional avalanche.
These photons have been shown to be in the near-infra-red (NIR) regime [102]. DiCT
will predominantly be localized to the neighbouring SPADs, with a photon transit time

of O(ps), and appears as two SPADs firing in coincidence.

Delayed Optical Cross-talk (DeCT) - Differing slightly from DiCT, DeCT is produced
by charge carriers liberated near the depletion region of the SiPM which randomly walk
back into the depletion region, triggering an avalanche [104]. The characteristic of
this correlated noise source is a primary avalanche, with a delayed single avalanche
equivalent signal. This differs from AP, which has a delayed avalanche within the
same SPAD, resulting in a less-than-single avalanche signal. The delay time structure
of DeCT is defined by diffusion of the charge carriers within a sensitive region around

the depletion region.

External Cross-talk (ExCT) - In a small fraction of cases, the cross-talk photons can
leave the device entirely and be detected by a distant SiPM [105]. This source of noise
is of particular importance for detector designs employing large surface coverage, with
SiPMs facing one-another. This is characterized by a primary avalanche on one SiPM,
with a time coincident signal present on another sensor. Developing an understanding

of SiPM ExCT in a LXe detector is the subject of the subsequent chapter (Chapter 3),
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and will be discussed in detail therein.

In addition to correlated noise, SiPMs experience uncorrelated noise, known as “dark
noise” or “dark current”. They typically exhibit very large rates of dark noise, up to MHz/mm?
at room temperature [106], and can be a limiting factor for SiPM operation in some applica-
tions (low energy threshold experiments for example). Dark noise in SiPMs is largely driven
by thermally generated charge carriers, as such, a significant Boltzmann suppression occurs
as the devices are cooled and operated at lower temperatures. Below 100 K, thermal dark
noise becomes secondary to quantum tunnelling noise [107]. At LXe operating temperatures
of ~170 K, the dark noise is O(Hz/mm?) [101], and is a negligible consideration for many

analyses.
Photomultiplier Tubes

When light is incident on a photomultiplier tube (PMT), electrons are ejected from the thin
photocathode through the photoelectric effect, and subsequently amplified by successive dyn-
ode impacts within the evacuated tube to produce an avalanche of O(10°) electrons. In the
context of LXe detectors for rare-event searches, PMTs carry two main drawbacks relative
to SiPMs: a higher baseline radioactivity from primordial uranium and thorium within the
PMT glass [108], and higher voltage and power requirements leading to increased heat dissi-
pation in the cryogenic fluid. Both PMTs and SiPMs have comparable efficiencies for LXe
scintillation light (~20 %), fast intrinsic timing resolution, and signal linearity, though SiPMs
offer superior single-photon resolution at low light levels while PMTs maintain linearity over
a larger dynamic range. In LoLX phase-2, a VUV-sensitive PMT is included alongside the
SiPM arrays to provide an independent cross-check of the light detection and a broader dy-

namic range for calibration data-taking.
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2.2 LoLX Support Infrastructure

Operating a liquid xenon detector requires significant supporting apparatuses, equipment and
monitoring capabilities. In particular, for the LoLX experiment, we have two additional re-
quirements: running autonomously, and running remotely. The two main categories of sup-
porting infrastructure for the LoLX experiment are the gas handling and recovery system, and

the cryogenics and detector monitoring system.

Figure 2.7: Photo of the LoLX experiment at McGill University from November 2024. The
LoLX gas handling system valve board is visible on the left, and the cryostat and DAQ are
on the right.

2.2.1 Gas Handling and Recovery System

The LoLX gas handling and recovery system, referred to internally as the “XGHS”, is shown

on the left side of Figure 2.7. The XGHS is used to transfer gaseous xenon from the storage
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bottles, installed behind the valve board, to the LoLX cryostat during operations, with flow
control and gas-phase purification, and to ultimately recover the xenon in the storage bottles
at the end of a LXe campaign.

The XGHS is controlled by a custom LabView program, developed by former McGill
Postdoctoral Fellow Chris Chambers, who led the design of the XGHS. The LabView con-
trol program operates the pneumatic valves for automated and remotely controllable recovery
of xenon. While recovery is automated and remote controllable, xenon deployment requires
in-person monitoring and valve control. Deployments require pre-heating of the purifier and
opening of the manual bottle valves. A simplified illustration of the XGHS Piping and Instru-
mentation Diagram (P&ID), with key components highlighted for a conceptual understanding,
is shown in Figure 2.8. This illustration excludes most monitoring sensors and valve control.
Highlighted in purple is the flow of xenon into LoLX during liquefaction, with recovery flow
highlighted in orange. All xenon gas flow is controlled by thermal gradients in the gas system,
using a technique known as “cryopumping”. This method is simple and ensures no contam-
ination in the GXe from oils or other contaminants commonly found in commercial pumps.
There are two main storage bottles employed in the XGHS, and one emergency recovery
bottle to provide additional capture capacity in the event of a critical system failure during

operation.
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Figure 2.8: Illustration of xenon flow into LoLX in a simplified version of the LoLX XGHS
P and ID. Gas flow during deployment (purple) is a single pass-through of the purifier, no
recirculation is currently employed. During recovery, gas flow (orange) is directed to the
storage bottles which are cryopumped by a dewar of LN as shown.

The key XGHS components, shown in Figure 2.8, are:

» Heated Purifier - Heated zirconium-alloy getter purifier. Removes non-noble gas im-

purities through chemical bonds and large surface area (Model MonoTorr PS3-MT3).

* Cold Purifier - In-line purifier. Removes residual gasses after heated getter, also acts

as a particulate filter (Model SAES 902).

* Mass Flow Controller (MFC) - Controls and monitors xenon gas flow. Typically up to

~5 standard litres per minute (slpm) (Model MKS GM50A).

* Residual Gas Analyzer (RGA) - Vacuum compatible probe with electronics control unit.
Analyzes gas composition through mass spectroscopy using a quadrupole probe and ion

detector (Model SRS RGA200).
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2.2.2 Cryogenics System and Upgrades

To condense xenon into LXe at near atmospheric pressures (0.8-1.2 atm), the stable temper-
ature range is 166-172 K, requiring precise control over thermal conditions. This is clearly
illustrated in the xenon phase diagram Figure 2.9, from [109], with optimal conditions away
from the triple point of ~161 K at ~82 kPa. An important consideration when operating the
LXe system is the vapour pressure, which determines when condensation will begin. The
LoLX cryostat operates by condensing GXe into LXe on the interior walls of the cryostat,
cooled by the cryogenics system. In order to reach stable conditions within the LXe cell, the
cryogenic system must provide stable cooling power in steady-state conditions, in addition to

sufficient power during condensation.
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Figure 2.9: Phase diagram of xenon from [109]. LoLX operates near 1 atm of pressure during
LXe campaigns.

During condensation, heat is expelled due to the phase transition. This is the inverse of
the enthalpy of vaporization, called the enthalpy of condensation. For xenon, the enthalpy of

condensation is 12.6 kJ/mol (at boiling point or 165 K) [110]. More conveniently we can write
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this as ~96 kJ/kg of xenon. In LoLX. we operate with approximately 5 kg of xenon, meaning
we require a ~500 kJ condensation fee, in addition to the steady-state heat load of the system.
Each filling cycle takes on average ~6 hours to complete, translating to an additional ~22 W
of cooling power required for a filling cycle. This is an important consideration in the design
of the upgraded system, which also requires an estimated ~20 W of steady-state cooling
power. The estimated steady-state cooling power comes from early estimates of the heat load

in LoLX during initial commissioning, from simulations, and conservative estimations.
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Figure 2.10: LXe vapour pressure vs temperature. Stable liquid states are above the curve,
while stable vapour states are below.

The earlier iteration of the LoLX cooling system had several shortcomings which ulti-
mately lead to its failure. The previous cooling system employed an open-loop LNj circuit,
which was controlled by a custom program using a solenoid valve that ran with a duty cycle
tuned to the desired cryostat settings. The LN, flowed from the supply dewar through the

solenoid valve and through a copper block at the base of the cryostat. The block had a serpen-
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tine path to increase surface area, and the LN, was expected to vaporize completely in this
block, extracting the heat from LoLX, to vent out of the cryostat as GNj.

Two main issues in this system prevented stable operating conditions, leading to its even-
tual failure and replacement. The first critical issue was the variation of LN, flow rate as the
supply dewar was drained. Using a duty-cycle control system, the system’s cooling rate de-
creased as the supply decreased. This was partially mitigated by applying a constant pressure
to the supply dewar with an external GN, bottle and regulator. However this introduced addi-
tional challenges. By pressurizing with GNo, when the supply dewar was empty and needed
to be replaced, there would be a brief period of cooling power loss, and the system instability
was exacerbated by the introduction of warm GNs. The cooling power loss driven by supply
dewar replacements created instability in the cryostat environment, sometimes leading to LXe
freezing or rapid boiling. Each dewar replacement would introduce several hours of dead time
for data taking.

The second major shortcoming in the earlier iteration of the cooling system was a severe
underestimation of the heat transfer coefficient between the serpentine block and LN,. The
expectation that all LNy would boil in the block was never met, and at high LN, flow rates
there was significant liquid flow out of the gas venting port. It is likely that film boiling [111],
driven by the large temperature difference between LN, at 77 K and the serpentine block at
~180 K, was the culprit. The non-evaporated LN, introduced significant thermal strain to
the welded gas ports through the insulation vacuum into the room temperature exhaust line.
This was mitigated moderately through insulation and the addition of a heat exchanger at the
exhaust to warm up the cold exiting GN, using the warm water supply from the building.
Eventually, the stress was too much and the connection snapped off on the room side, and a
cryogenic redesign was initiated. While the cooling system challenges necessitated significant
work, the redesign was also motivated by the need to perform longer duration LXe campaigns

for extended data taking periods.
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Figure 2.11: MIDAS Slow control temperature readout of the LoLX phase-1 October 2021
LXe run. Overlaid highlights show pre-run cooldown, LXe filling and data-taking periods.
Extensive instability is clear during the filling cycle, with additional spikes during LN, re-fill
cycles, shown as dead-time windows.

During the October 2021 LXe campaign, shown in MIDAS readout in Figure 2.11, ~40
hrs was the duration of pre-run cooldown, filling and re-stabilization, which resulted in ~24
hrs of stable conditions for data-taking, with an additional ~20 hrs of dead-time. Ignoring
the pre-run duration, this results in ~55 % up-time.

The upgraded cooling system replaced the open loop LN, and serpentine block with a SHI
CH-104 cryocooler and helium compressor. The SHI CH-104 cryocooler is a single-stage
Gifford-McMahon cryocooler, designed for LN, operations. The cryocooler is specified for
a 42 W heat load at 77 K and 60 Hz. During operation in LoLX, the cold head is stable at
~110 K, with a heat load capacity of ~60 W. The upgraded cooling system was outfitted with
6100 W cartridge heaters, and 4 temperature sensors (PT-110, Resistive Temperature Detec-
tor or RTD) for monitoring. The cartridge heaters and RTDs are read out using a Lakeshore

model 350 cryogenic temperature controller. The cryostat is now controlled using the built-in
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Proportional-Integral-Derivative (PID) functions of the Lakeshore controller, configured by a
custom control program over the ethernet interface. An illustration of the upgraded cryogenics

and controls is available in the upcoming Section 2.4.
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Figure 2.12: Temperature and pressure conditions of the LoLX phase-2 cryostat with up-
graded cooling system during January 2025 commissioning run. The inset plot shows the
O(mK) stability on the PID control sensor over a 24 h period of data-taking.

We can compare the last LoLX phase-1 run in Figure 2.11 with the most recent LXe run
with the upgraded cryostat shown in Figure 2.12. While operation of the upgraded cryostat
is vastly improved over the previous version, the operating conditions and pre-run cooldown
have also significantly improved. Comparing this to our last LXe run with the previous cryo-
stat, we have ~100 % up-time for data-taking once pre-run filling and stabilization is achieved.

Taking ~24 hrs for initial cooldown and filling compared to ~40 h from the last phase-1 run.
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2.3 LoLX Detectors

2.3.1 Phase-1 Detector

During the first phase of LoLX operations from 2019-2022, the first LoLX phase detector
was operated in the LXe cryostat. The phase-1 detector shown in Figure 2.13 during a test
assembly, was fabricated out of a 3D printed resin cage with 24 Hamamatsu Photonics K.K
(HPK) VUV4-Q SiPM packages, for 96 individual SiPMs. The majority of the SiPM surface
area in LoLX phase-1 was covered in optical filters, with 22/24 packages covered by a long-
pass (LP) optical filter with a cut-off of 220 nm. One of the remaining packages was covered
by a bandpass (BP) optical filter with a band centered on LXe scintillation at ~175 nm. The
last remaining packages was left unfiltered and is referred to as the “bare” SiPM package. A
9Sr needle source () was installed from the bottom of the detector pointing into the middle

region and used as the calibration source.

Figure 2.13: The LoLX Phase-1 detector during test assembly, photo by Thomas McElroy.

The decay pathway of “°Sr is shown in Figure 2.14, °Sr decays to *°Y, which has a rela-
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tively short half-life of 64 hours compared to the 28-year half-life of °Sr. As the half-life of
the parent isotope is much longer than the progeny (°°Y), we can safely assume the source has
reached secular equilibrium. *°Sr was selected because of its simple decay path which covers
the range of J energies of interest for a 0v{33 search in LXe, from a few hundred keV to ~1
MeV. LoLX phase-1 also included a UV optical fibre, with an exposed end inserted into the
top of the cage. The UV optical fibre is connected through the top of the Conflat feedthrough
to a PicoQuant-PDL 800-D laser with a pulsed diode head (A ~405 nm).

9OSI'
Qgs~ 0.5 MeV \
T,,~28yrs \
N 90y
Q ~23MeV
t 64 hrs \
12 \‘ 9OZI‘
stable

Figure 2.14: Decay pathway for *°Sr from [112].

The main physics goals of the LoLX phase-1 experiment can be summarized as follows:

* Characterize and improve the understanding of SiPM performance in a LXe environ-

ment.
* Validate photon transport simulations through data-simulation comparisons.

 Investigate the potential in separating Cherenkov and scintillation light in a LXe de-
tector, towards improved background discrimination for future Ov(33 LXe detectors,

among other applications [113].

The investigation into LXe scintillation and Cherenkov light separation motivated the de-

tector design. By covering most of the photosensor surface area with optical filters to select
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for > 220 nm light we isolate this contribution to specific channels. This increases our target

area for the relatively weak Cherenkov emission, removing most of the dominant VUV emis-

sion from LXe. In LoLX phase-1 events, the expected ratio of LXe scintillation to Cherenkov

was ~150 to 1. The optical properties of the BP and LP filters used in LoLX phase-1 are

shown in Figure 2.15, overlaid with the spectra of the principal light emissions observed.

LXe scintillation is centred at 175 nm with a full-width at half-maximum (FWHM) of 10 nm

[114]. This is selected in LoLX-1 with the BP filter with a peak transmission of ~20 %. The

expected Cherenkov distribution from a 2 MeV /3 travelling through LXe (normalized to 1) is

selected for by the LP filters, with a flat transmission of ~90 % above 220 nm. The detector,

illustrated unwrapped to highlight the filtering, is shown in Figure 2.16.
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Figure 2.15: Transmission of LoLX-1 filters, overlaid with light emission spectrums of
Cherenkov, LXe Scintillation and SiPM external crosstalk (ExCT).

In addition to these two expected light production mechanisms, we also observed the cor-
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related light production from SiPM ExCT. The wavelength distribution shown in Figure 2.15
originates from the ex-situ measurements by our collaborators at TRIUMF [115]. We also
observed significant luminescence from the 3D printed cage of LoLX during LXe operations
induced by the VUV scintillation photons. The luminescence was observed to exhibit a short
time constant (O(ns)) fluorescence component and a longer lived 7 ~1 pus component. The
spectrum shown in Figure 2.15 was measured ex-situ with a 265 nm exciting light source at
room temperature, taken by former undergraduate summer intern Guangiao Li, under super-

vision by myself and Professor Thomas Brunner.
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Figure 2.16: Illustration of LoLX detector unwrapped to show positions of optical filters,
reproduced from [116].

The addition of a significant visible component from fluorescence of the cage material
made resolving the subdominant Cherenkov signal in LoLX phase-1 intractable. Another

point of uncertainty in LoLX phase-1 data was the observation of a significantly lower than
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expected SiPM efficiency in LXe. As reported in [117], when comparing simulations of *°Sr
events to the reconstructed energy, agreement was found with PDE ~12 % in the VUV band.

The final challenge encountered in LoLX phase-1 was the precise modelling of the energy
distribution of the “’Sr source. Due to the degeneracy between light production, transport,
and detection effects, the lower light yield seen in the LoLX data could be due to impurities
in the LXe, or to absorptive build-up on the SiPM windows, such as water outgassed from
surrounding components. Simulation and data energy spectral shapes were not in agreement
even after extensive tuning [117], which we suspected were due to the idealized geometry of
the °Sr in the Geant4 simulations. During decommissioning our suspicions were confirmed
with microscope images of the needles source showing significant cracking and flakes in the

plated coating.

2.3.2 LoLX Phase-2 Detector

In the second phase detector for LoLX (LoLX phase-2), we have endeavoured to account for
all the main challenges in the phase-1 detector design. The LoLX phase-2 detector employs
40 HPK VUV-4 SiPMs, as well as 40 Fondazione Bruno Kessler (FBK) HD3 VUV sensitive
SiPMs, the two candidate SiPMs for the nEXO experiment [101]. In addition to the FBK
SiPMs for cross-comparison, a 1” VUV sensitive PMT (Hamamatsu R8520-406) is installed
in the first stage of LoLX phase-2. The heat load from the PMT was considered negligible,
and no special measures were taken to mitigate it. The addition of this calibrated light sensor
allows for relative measurements of the efficiency of the SiPMs employed in LXe conditions.

We can summarize the challenges of phase-1 and the interventions taken in phase-2 as

follows:
1. LoLX Detector Cage Fluorescence - Limiting non-VUYV sensitivity.

* Replaced 3D printed cage with open non-polymer based PCB to inhibit any fluo-

rescence from traditional FR4-type boards, non-utilized surface have an exposed
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copper layer for enhanced reflection of VUV light.

2. Low light yield in LXe - Isolate the possibility of degraded HPK SiPM performance in

LXe.

* Two VUV SiPM types employed, alongside a calibrated reference PMT with a

known VUV sensitivity.

3. Uncertain source geometry - Difficulties in energy reconstruction and simulation data

comparison due to the peculiarities of the source surface.

* During commissioning, we employed external gamma sources for calibration. In
parallel, internal gaseous calibration sources and neutron activated sources are

being developed.
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Figure 2.17: Upside-down photo of LoLX Phase-2 detector during assembly. SiPMs are tiled
with one HPK VUV-4-Q and 4 FBK HD3’s in a 2 x2 array for each row, resulting in 16 HPK
and 16 FBK SiPMs per tile face. The PMT, shown at the bottom replaces the top tile of the
cube, and the laser calibration fibre passes through the spaces between tiles.

The LoLX phase-2 detector design is highly modular, and each tile may be outfitted with
optical filters to enable wavelength selection as in LoLX phase-1. However, during commis-
sioning runs covered in this work, no optical filters were used. Not shown in Figure 2.17 is

the optical fibre connected to the pulsed diode laser used for SiPM and PMT calibration.
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2.4 LoLX Data Acquisition and Slow Control

In this section, we review the functional aspects of the LoLX experiment, including the data
acquisition (DAQ) system and the slow control system for experiment monitoring. The LoLX
slow control and DAQ systems are built with the MIDAS framework [118], developed by
TRIUMF in Vancouver, Canada, and PSI in Wiirenlingen, Switzerland. MIDAS, or the Max-
imum Integrated Data Acquisition System, is a general purpose control software designed for

particle physics experiments [118].

2.4.1 Slow Control with MIDAS

The LoLX slow control system has several components, some of which interface with the
XGHS described previously. Here, the “slow” in slow control refers to any components of
the detector monitoring and control system which are not time-critical and are run at a lower
priority. In our case, this means all pressure and temperature monitoring, cryogenic control
settings, and (planned) liquid level sensors.

An illustration of LoLX highlighting temperature sensors and heater positions is shown
in Figure 2.18. All temperature sensors and the four pressure sensors (not shown) are readout
through a custom MIDAS front-end (FE) program. There are high pressure (Pirani) and vac-
uum pressure gauges (Cold-cathode) in the vacuum and xenon-wetted spaces. The custom
slow control FEs are written in Python or C++, and communicate with the sensors directly,
or through single-board computers which are reading serial data from the sensors. Remote
controllable and online monitoring tools are essential for longer duration LXe campaigns with
LoLX, allowing us to extend the physics reach of the experiment.

The main slow-control FEs including a brief description are:

» Lakeshore Control - Communicates with the Lakeshore 350 control board, sets PID

settings and controls heater outputs. Reads back RTD temperature values.
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Figure 2.18: Illustration of LoLX phase-2 cooling system and slow control readout variables.
Heaters distributed throughout the cooling system are controlled by PID using a Lakeshore
350 temperature controller to maintain stable LXe conditions. The main readout temperature

sensor for PID is I-RTD4.
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Reads pressure sensor values, thermocouples and external RTD-2.

* LLSensor - Communicates with liquid level sensor Arduino via a serial interface, and

reads back capacitance values to convert into liquid level with a configured offset value.

» nanoPI O# - Six identical frontends that communicate with nanoPI preamplifier and

voltage supply boards. Reads back voltage and current on SiPM channels, and sets bias

voltages.
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2.4.2 Data Acquisition System

The LoLX DAQ has undergone two major stages, called phase-1 and phase-2. The phase-1
DAQ was in use from the initial commissioning stages in 2019 until early 2022. The phase-2
DAQ was commissioned in 2022 and has been in use since. The two DAQ systems and the
key components are outlined in Figure 2.19. The major difference between the two systems
was the upgrade from the CAEN V1740 digitizer, which was limited to 62.5 Mega Samples
per Second or MSPS, to the WaveDAQ or WDAQ system from the MEG-II experiment [118].
This upgrade enables much finer timing, with up to 80x faster digitization rates (5 gigasamples

per second).
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Figure 2.19: Overview illustration of the LoLX phase-1 and phase-2 DAQ data flow. Both
DAQ systems use the MIDAS framework, while phase-1 used a commercial CAEN V1740
digitizer, the phase-2 DAQ was loaned to us through a partnership with the MEG-II collabo-
ration.

The high-speed phase-2 WDAQ enables fast-timing studies of LXe scintillation and the
investigation into Cherenkov separation using photon arrival times. While the WDAQ may

operate at much faster rates, each waveform is limited to 1024 entries, trading off a shorter
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event window for faster timing. Both the WDAQ and V1740 are 2 V dynamic range digitizers
with 12 bit resolution.

There are a variety of trigger settings that are employed during operation, we highlight
the primary triggers used with LoLX. Trigger thresholds are configured for each channel

individually using the estimated SPE amplitudes.

» External Trigger — Trigger supplied by external signal from waveform generator, the

same signal drives the laser for calibration.

» SiPM Majority Trigger — Trigger supplied when a given majority level (number of

channels where the trigger condition is met) is reached on the SiPM channels.

* Phase-1 Group Triggers — Triggers on each filter group individually, typically with
majority = 1 (Unfiltered, VUV Filtered, VIS filtered).

» Phase-2 PMT Trigger — Triggers on the PMT signal when threshold is met (Typically

set between 2.5-4.5 photon equivalent amplitude).

The DAQ was created with the MIDAS framework, and consists of several key custom
and built-in programs for operation. A brief description of the key DAQ programming and

their function is given.

* mlogger — MIDAS Logging program, manages writing/reading from online data-base

(ODB) and writing of output data files.

» mserver — MIDAS Server program, controls remote access to main DAQ and manages

client programs.

* mhttp — MIDAS interactive web client program, creates HTTP server which enables

interactive MIDAS experimental control.
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* Digitizer FE - Communicates data and settings to front-end electronics, including de-
sired trigger and digitizer settings from ODB. This program creates MIDAS databanks
from the input waveforms to be stored in binary data files when triggered events are

returned.

* MERCI Online — Online version of analysis software, reads data stream in real-time

to enable live data quality checks.

* Trigger Control — Python scripting client to configure DAQ, used to streamline trigger

setting application to the large number of ODB locations, to avoid human input errors.

In addition to the MIDAS DAQ software described here, and the custom analysis code de-
scribed in the subsequent section, there is an additional tool used during DAQ operations. In
phase-2 of LoLX, the MEG-I1 WDAQ was shipped with an inspection and calibration utility,
“wavedag-scope” (WDS) . WDS has firmware upgrade options, overriding control for DAQ
boards during troubleshooting, timing and voltage calibration tools, and board synchroniza-
tion. Before each data-collection period, the timing, voltage, and synchronization between

the two digitizer boards in LoLX is carried out.

2.5 Analysis and Simulation Software

The following section provides an overview of our LoLX data analysis and simulation soft-
ware programs. The online/offline analysis software outlined here was a substantial effort,
with significant contributions from TRIUMF collaborators, as explained in the Statement of

Contributions section.

2.5.1 Online/Offline Analysis Software

The analysis framework used by the LoLX experiment is called MERCI (Modular onlinE

multi-thReaded C++ based waveform toolklIt). The analyzer takes as input the output of the
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MIDAS DAQ system, MIDAS files (.mid), and produces .root output files using the ROOT C
framework. MERCI is developed around the manalyzer framework using an optimized C++
methodology with Flow Queue and Flow Events. Each module included a Flow Analyzer
method, which takes in the Flow Queue with Flow Events and can modify or append the
flow objects. This allows for significant performance improvements through multi-threading,
where each module runs independently.

For example, once Event#0 has been unpacked by the unpacker module, it will be passed
to the baseline module to analyze the ADC Flow event, and simultaneously Event#1 will
begin unpacking. Through this infrastructure, the entire analysis pipeline may be as fast as its
slowest module, rather than the sum of the modules in series.

An overview of the LoLX MERCI analysis flow is illustrated with a flowchart in Fig-
ure 2.20, with key components illustrated. There are two operational modes for MERCI:
online and offline.

In the offline MERCI analysis, the program takes in the MIDAS output files and performs
the binary decoding, waveform correction, pulse-finding and high level analysis methods be-
fore writing to a ROOT TTree within an output ROOT file. In online MERCI, the program
is connected to the MIDAS mserver and is run as a worker program under the central DAQ
server. Running in online mode requires the MERCI program to be installed on a MIDAS
DAQ server, while the offline MERCI program can be executed with an independent mana-
lyzer installation that is fetched by CMake during installation.

While running in online mode, a ROOT THttp server is created in place of the TreeWriter
module, and the MIDAS data buffer is sampled periodically. The sampled binary data events
are sent through the MERCI analysis flow and are analyzed identically to the offline events.
In the online THttp server, all waveforms and a large selection of analysis plots are available,
created by the Histogram module, to allow for live data quality checks by LoLX data taking

shifters. One significant advantage of the MERCI online/offline implementation is running
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Figure 2.20: MERCI LoLX Analysis flow overview. Flow analysis modules are shown with
brief descriptions of their function, flow event objects are shown above in coloured arrows.
Each subsequent module has access to previous flow events added to the flow queue for a
given event.

the same offline analysis pipeline during live data analysis for quality checks.
SiPM Pulsefinding

The most critical part of our analysis pipeline is the extraction of photon information from
the raw waveforms recorded by the digitizer. All quantifiable information about the event
is encoded in the SiPM pulses present within the waveforms. An example of SiPM pulse
waveforms comparing the phase-1 digitizer (CAEN V1740) and the phase-2 WDAQ is shown
in Figure 2.21, where the WDAQ is operated at its nominal rate of 1 giga-samples per second
(GSPS).

As seen in Figure 2.21, there is a significant improvement in timing and shape information
in the phase-2 digitizer (WDAQ) waveform. This improvement comes with a downside of
higher input bandwidth, leading to a lower signal-to-noise (SNR) as a result of the increased

fast baseline noise. This is a key consideration in the change between pulse-finding techniques

60



CAEN V1740 Digitizer (62.5 MS/s)

Amplitude [ADC Counts]

I|II|I|III[|HII l[Hl[[H I Hll %
.
' ]

1

1000
Time [ns]

I
400 600 800

|
=]
S

MEGII WDAQ Digitizer (1 GS/s)

0.005

oS —0.005

-0.01

0,015 =

-0.02

-0.025

Jf
¥

-0.03

Amplitude [V]
o
HIHH T[T Hll]l Il g

-0.035

600 800

=}
n
Q
S

1000
Time [ns]

Figure 2.21: Comparison of LoLX Phase-1 DAQ digitizer (top) and Phase-2 DAQ digitizer
(bottom). Both SiPM waveforms show single pulses with ~2 PE, by pulse height.

used for LoLX phase-1 and LoLX phase-2 analysis.

In LoLX phase-1, pulse-finding was implemented using an algorithmic approach to wave-
form analysis. Each waveform is analyzed individually, traversing from the beginning of the
waveform to the end. The LoLX phase-1 pulse-finding algorithm is an extension of the al-
gorithm developed by myself from another project [119]. Pulses are identified using rolling
thresholds in amplitude, and by threshold in the first derivative of the waveform (numerically
calculated using Newtons method). This effectively selects pulses in a high SNR regime, as
in LoLX phase-1. The first derivative is used to identify compound pulses, which contain
“sub-peaks”, i.e. subsequent photon induced avalanches within the same SiPM, at later times.

Before pulse-finding can occur, the waveforms are first corrected for baseline shifts and
distortion. Zeroing baselines for waveform analysis is standard, however, the distortion cor-
rection requires a more thorough approach. The distortion is induced by the amplifier circuit
in the readout chain, and manifests as a positive overshoot after a large signal in the SiPM.

Correction is necessary for accurate photon information reconstruction from the waveform,
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and follows the same procedure described in [119].

After baseline reconstruction, phase-2 analysis proceeds to pulse-finding as outlined in
Figure 2.20. The LoLX phase-2 SiPM pulse-finding analysis differs from the traditional ap-
proach used in phase-1 by employing matched filtering for pulse identification, with custom

SiPM pulse templates.
Matched Filter SiPM Pulsefinding

The “Matched Filter” is a linear transformation to the waveform, that with perfect template
matching, produces the maximum SNR in the output filtered waveform [120]. As the litera-
ture of matched filtering techniques is extensive, we will restrict ourselves to describing the
necessary details for SiPM pulsefinding.

To reach the performance requirements for LoLX, where for each data-taking campaign
we collect O(10%) waveforms, we take advantage of Fast Fourier Transform techniques (FFTs)
to accelerate the analysis [121]. The templates used are a key consideration, and for LoL.X
phase-2 we have three different sensor types, each with unique pulse-shapes. The templates
were optimized by manually fitting a sample of single and 2-PE pulse waveforms for each
SiPM vendor (FBK and HPK) to the Single-Avalanche-Response-Function (SARF) devel-
oped by TRIUMF’s photodetector development group. A simple Gaussian template was se-
lected for the PMT signal. The SARF model has the form of a doubly-exponentiated Gaussian
function. Each exponential component has its own independent time constant, related to the
fast and slow discharge of avalanches from SiPMs [122].

The SARF Function can be written as:

vio-a- (G v+ £ i), 23)

- Ty 27
where A is the amplitude of the template, while V; and V; are defined as:

o2 t—t o t—to
Vin(t) = ex — —— | -erfc — , 2.4
n®) P (27—32/1 Ts/l \/§Ts/z V20 @4)

with short and long exponential time constants 7, and 7; respectively, gaussianity parameter
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o, initial time ¢y, and &, which represents the sharing fraction between short and long time
constants.

A modified version of SARF was used to model the HPK pulse-shape, which as seen
in Figure 2.21, has a rounded-top that the SARF could not reproduce. The modified SARF
function used for the HPK SiPM includes a sigmoid term, allowing for a gentle turning-on of

t > to components using an effective time constant for the sigmoid (¢):

V() = A- (“ ) ~vs<t>+ﬁ-vz<t>) ~ (%) . 2.5)

2.7, 27, 1+ exp(=22

By taking the FFT of the waveform and of the template waveform, we can take advantage of
the Cross-Correlation Theorem [123] to reduce the computational complexity from O(N?) to
O(N logaN) [124]. The cross-correlation of f(t) and ¢(t), given here as h(t), may be written

as:

he) = (F9)® = [ 1®)g(t~r)dr 2.6)
Using the cross-correlation theorem, we relate the complex conjugates of the FFT of f(¢), and

g(t), here f(f) and (&), using:

~

h(&) = £(6) - 4(e). 2.7)
Then by applying the inverse FFT to A(£) we recover the cross-correlation k(t), which results
in a correlation waveform that is shifted by +¢, relative to the start of the raw signal waveform.
This is illustrated in the top two panels of Figure 2.22.

While the correlation waveform contains valuable information about the probability of
finding a template-matched signal at a given location, the photon information in the wave-
form still needs to be reconstructed accurately. The reconstruction or “pulse extraction” hap-
pens using information combined from the baseline corrected waveform, and the correlation

waveforms. The analysis procedure is described at a high level as:
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Figure 2.22: LoLX phase-2 wave form analysis overview outlined. 1) Example of a base-
line corrected signal waveform, and pulse finder results shown in pink with pulse template
overlaid. Pulsefinder results have reconstructed pulse timing shown via box edges, and re-
constructed amplitude in box height. 2) Shifted and SNR normalized Correlation Waveform
(nCWF), 3) first derivative of n"CWF (nCWF’) with relative and absolute thresholds overlaid,

4) Second derivative of nCWF (nCWEF”).

1. Correlation waveform preparation

» Template waveform setup - Using user-defined parameter values, define the tem-

plate function and create the template waveform for each device.

» Matched Filter with template in Fourier space - Take the FFT of both Template

and Baseline Corrected waveforms and perform matched filtering using cross-

correlation theorem.

* Correcting Correlation waveform - Take the Inverse FFT of the matched filter

results to create the raw correlation waveform, then cut and shift waveform to

recover the original timing, and align with estimated ¢, of the Baseline Corrected
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waveform.
2. Peak finding setup with Correlation waveform

» Low variance region identification - Using the baseline corrected waveform, we
identify a low variance region by measuring baseline RMS with a rolling window.

Low variance regions are assumed to be pulse-free and are used for normalization.

* Normalize Correlation waveform to SNR - Using the low variance region, take
the offset and RMS of the baseline of the Correlation waveform and then shift and

normalize the Correlated waveform (nCWF).

— This is done to allow for inter-waveform data cleaning cuts with a normalized

scaling by using the “significance” of a pulse as the criteria.

 First derivative of Correlation waveform - Take the numerical first derivative of
the normalized Correlation waveform, used to evaluate the absolute slope in sig-

nificance units (nCWF).

» Second derivative of Correlation waveform - Again take the numerical derivative,
of the first derivative in the previous step, to constrain the polarity of pulse peaks
(nCWF”). As the SiPM produces negative polarity peaks, positive polarity peaks

are identified as noise.
3. Pulse region identification and peak extraction.

* Peak locating - Using a rolling absolute (significance) and a relative threshold (to
baseline RMS), identify peak locations in the first derivative of the normalized

Correlation waveform.

* Peak selection - Check second derivative for peak polarity, SiPM peaks in LoLX
have negative polarity, while radio-frequency interference (RFI) pickup may ap-

pear in either polarity, also find the pulse peak location from inflection point.
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* Pulse end determination - Find the end of the pulse region using proximity to

pre-pulse baseline of the normalized Correlation waveform.
4. Pulse analysis for sub-peak extraction

* True Minima - Using the baseline corrected input waveform and pulse region

information, evaluate the true minimum for pulse amplitude and peak time.

 Charge Integration - Integrate the baseline corrected waveform within the pulse
region using trapezoidal integration, also evaluate the “gate” charge in a sub-
region’.

» Sub-peak Extraction - Using the second derivative of the normalized Correlation

waveform, identify sub-peak candidates and zero-crossings positions within the

pulse-region using a relative threshold (in nCWF” RMS units).

— Within the main pulse region, significant spikes in n"CWF” followed by zero-
crossings are evidence for subsequent pulses piling up in the primary pulse

region.

2.5.2 LoLX Geant4 Simulations

The standard tool for particle physics radiation transport simulations is Geant4 (formerly an
acronym for GEometry ANd Tracking or GEANT) [125], developed at CERN by the Geant
collaboration over the past five decades. For phase-1 of LoLX, we employed a fully detailed
Geant4 simulation with a detailed optical transport simulation. As part of the work in the
following chapter on characterizing SiPM ExCT in LoLX, the default Geant4 optical trans-
port physics was modified to enable the addition of a custom physics process for SiPM ExCT.
The details of the ExCT simulation are described in Chapter 3. The Geant4 simulation frame-

work is a complete toolkit for the radiation transportation simulations relevant to LoLX. It

2Gate integration for improved charge estimation is explained in Chapter 4.
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allows for implementation of detector geometry, custom radiation particle sources, extensive
physics processes employing catalogued tables of interaction cross-sections, and energy loss
and transport with customized scoring for tracking of analysis relevant parameters. Simula-
tion analysts prepare “macro” files (.mac) which use standard and custom methods to send
instructions to the Geant4 run manager. This includes toggles for physics lists and methods,
selection of simulation sources, and output control.

The phase-1 LoLX Geant4 simulation, 1o1x-sim, was initially developed by postdoctoral
fellow Thomas McElroy, and subsequently developed by myself and fellow PhD Student
Bindiya Chana [117]. 1olx-sim was built with the Geant4 framework, based on the advanced
examples for standalone simulations.

In 1olx-sim, we have modelled the phase-1 LoLX detector in detail using CADMesh [126]
to handle the import of the complex cage geometry shown in Figure 2.13. The remainder of the
geometry (cryostat and support components) is modelled with standard solids in the Geant4
framework. All relevant optical surfaces have been modelled with built-in and custom optical
physics. One major component of this work was the implementation of dichroic surfaces by
Bindiya Chana [117], which correctly models the optics of the longpass filters.

As part of our work in modelling SiPM ExCT we have implemented a fully detailed SiPM
model for the HPK VUV4 devices used in LoLX phase-1. The °Sr calibration source is
modelled and the full decay spectrum has been implemented as a custom particle source.

The physics list employed in LoLX phase-1 simulation, 1olx-sim, is as follows:

» G4EmStandardPhysics - Standard electromagnetic physics (v, [, ions, hadrons) up to
100 TeV.

* G4EmLowEPPhysics - Low energy electromagnetic physics (v, /3, ions, hadrons) from

10 eV to 1 GeV, including polarized processes and atomic de-excitation.
* G4DecayPhysics - Decay of particles in flight and at rest.
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* G4RadioactiveDecayPhysics - Decay in flight and at rest of radioactive nuclei

(a’/g”Y’EC)'

* G4OpticalPhysics - Optical interactions for A > 10 nm photon energies, including
Rayleigh scattering, absorption and boundary effects (Default G4OpBoundary and

G4Scintillation are replaced by custom versions).

* NESTScintillation - Replacement of G4Scintillation with NEST toolkit Geant4 bind-

ings using a modified NEST v2.2.4 model.

* LOLXMuonPhysics - Custom ModularPhysicsList including all relevant muon interac-

tions.

* LOLXExtendedOpticalPhysics - Custom ModularPhysicsList which includes

customized LoLXOpBoundaryPhysics and the External CrossTalkPhysics methods.

Hardonic physics processes are not enabled for the majority of particles, except muons,
which can reach relevant energies.

In phase-2 of LoLX we have moved to a serial heterogenous simulation strategy. The
simulation is broken into two stages, a traditional CPU-based Geant4 simulation for particle
transport followed by a light transport simulation using a GPU accelerated light transport
simulation framework known as Chroma [127]. In the first stage of the simulation, called
G4LoLX, we have modelled the LoLX cryostat with an oversized custom sensitive scoring
volume representing the LoLX phase-2 cubic detector geometry. The phase-2 visualization

is shown in cross-section in Figure 2.23.
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Figure 2.23: LoLX phase-2 Geant4 simulated geometry, G4LoLX. The sensitive scoring vol-
ume is highlighted in magenta within the LXe volume, within the surrounding xenon volume.

Departing from the design of the phase-1 LoLX simulations, we only model the radiation
transport and energy loss with G4LoLX, while optical transport and production processes are
handled by a subsequent stage of the simulation. This next stage produces a custom simulation
input table, necessary for the second stage of the simulation, by G4LoLX in a custom ROOT
TTree. The output of the G4LoLX stage includes the following necessary information for the

following simulation stages, for each “step” in the simulation, we write the variables shown
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in Table 2.1.

Table 2.1: List of step-level Geant4 output variables for Chroma simulations.

- Particle Type - Starting energy at this step

- Particle ID - Deposited energy at this step

- Track ID - Remaining energy at this step

- Parent Track ID - Position (X,Y,Z) at the end of the
step

- Momentum (Z, ¢/, Z) at the end of - Time at this step

the step

This set of information is required for sorting tracks based on parent/daughter structure,
producing scintillation light with the NEST model, and Cherenkov radiation using a custom
implementation of G4Cerenkov in the GPU simulation.

Primary particle and radiation sources are modelled using the standard GPS or “General
Particle Source” tool, however custom source implementation is possible and may be required

for future simulation development.

2.5.3 GPU-based Light Transport Simulations

The major change in simulation strategy between LoLX phase-1 and 2 is the transition to
heterogeneous computing with the application of GPU accelerated photon transport. The
reason for the significant change is to align the LoL X simulation and data comparisons with
the nEXO simulation framework, to enable cross-validation. For LoLX we use Geant4 for
particle transport simulations, and Chroma [127] for photon transport simulations. Chroma is
a GPU accelerated photon transportation framework developed by Stan Seibert [127], and is
also in use by the nEXO collaboration. Simulations in phase-2 of LoLX use G4LoLX for the
initial radiation transport and energy loss calculations, and the second stage of the simulations
occur within the Chroma simulation framework. The second stage includes light production,
transportation and detection, and detailed detector modelling. The phase-2 detector is shown

in Figure 2.24 using the built-in visualizer tool from the Chroma framework.
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Figure 2.24: Ray-tracing rendering of LoLX phase-2 detector in the Chroma simulation de-
tector viewer.

Chroma is an open-source high performance optical photon simulation tool developed
for particle physics detectors. It uses a surface-based geometry modelling paradigm, distinct
from the solid-based paradigm used by Geant4 [127]. The surface-based geometry uses tri-
angle meshes in the form of STL (Standard triangle language) files to represent bodies in
the simulation. One key advantage to this methodology is the simplification of geometry de-
sign and maintenance for experimentalists. As STL files can be readily prepared by CAD
softwares, existing models of the detector used in design and production may be exported to
mesh files for direct application in the Chroma simulation [127].

In contrast, the solid-based geometry paradigm used by Geant4 requires strict hierarchy
of mother-daughter volumes which is achieved by Geant4 with a tree structure of solids. In
the solid-based design one must define the geometry of the detector using primitive solid
shapes such as: spheres, cylinders, boxes, and some polyhedra. This implementation may
lead to performance trade-offs, where sophisticated models required for some geometries lead

to complex implementation and lower performance in tracking due to the denser geometry tree
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traversal. With a triangular mesh, Chroma can apply optical surface properties to each triangle
individually for fine-grained control, however, it is typical to implement a common optical
surface for each mesh.

Beyond implementation simplicity and performance differences with a surface-based ge-
ometry implementation, the main advantage of Chroma over traditional tools is the use of
GPU acceleration for photon transport. Each signal event (Ov{33) in nEXO produces ~70k
photons. This requirement introduces computational roadblocks quickly as several decades
of simulated detector exposure are required for some analyses. The speed of the simulation
is a combination of the efficiency of algorithm implementation, software design choices, and
hardware. Driven by advances in graphics in video game industries, and general purpose
GPU computing from Artificial Intelligence (Al) industries, GPU hardware has grown ex-
ponentially in capability. The Chroma simulation toolkit takes advantages of some of these
developments, by implementing the fully detailed optical physics core code in CUDA-C us-
ing NVIDIA GPUs, with its own implementation of photon ray casting. This development
was several years ahead of the development of dedicated ray casting hardware and API imple-
mentations in modern GPUs, so further performance upgrades are still accessible. However,
as photon transportation is a highly parallelizable process, even without dedicated hardware,
Chroma reports a 200x speed-up over traditional CPU photon transport for an equivalent
simulation in Geant4 [127].

The Chroma source code [127], has been integrated into a complete simulation package
for the nEXO experiment, which we call “chroma-simulation” to differentiate. In the full
simulation package, we have developed a separate detector simulation for the LoLX phase-2
detector. This development required some significant upgrades to the core code of chroma-
simulation, in order to generalize detector building, event and photon production, and event
variable saving. These changes were necessary to expand the chroma-simulation tool be-

yond nEXO specifications, to be generalized for any LXe detector within the nEXO collabo-
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ration network, and are described in Chapter 6. The Chroma simulation toolkit also includes a
simplified DAQ and scoring implementation, where meshes are assigned as “detectors” with
a wavelength dependent detection efficiency. We have recently expanded on this capability
to include 2D wavelength and incident angle detection efficiencies for surfaces.

With our overview of LoLX and the upgraded components for the second phase of the
experiment completed, we move onto the measurement of SiPM ExCT in LXe carried out with
LoLX phase-1. In Chapter 3 we present an expanded reproduction of the recent publication
in European Physical Journal C [116]. This will be followed by the initial commissioning of

the LoLX phase-2 experiment.
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Measuring SiPM ExCT

3.1 Motivation

For experiments using SiPMs for light detection, understanding and characterizing all sources
of correlated noise is essential. This is especially true for next generation detectors looking for
evidence of physics beyond the Standard Model, such as the nEXO experiment. In order to
make precision measurements beyond the state of the art, all sources of variances in detector
response should be well understood, and, if possible, reduced to negligible levels.

In this chapter we discuss the measurement, simulation, and modelling of SiPM optical
crosstalk between distant sensors. This correlated noise source, introduced in the previous

chapter as “SiPM external crosstalk” (ExCT), is of particular importance due to its geometry
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dependence and the gap in the current literature of understanding this phenomenon. These
measurements were carried out with the LoLX phase-1 detector system in October 2021 with

analysis and modelling conducted over the following years.

3.1.1 SiPM Optical Crosstalk

As discussed in Chapter 2, SiPMs detect light by inducing an avalanche of charge carriers in a
Gieger-mode SPAD, with an avalanche releasing between 10°-107 electrons. This avalanche
process also produces secondary emission of photons, known as optical cross-talk (OCT).
The emission of secondary photons is correlated with several factors, such as the electric
field, impurity concentration, doping profiles, and the geometry of the SPAD [128].

These secondary photons can induce several types of correlated noise within SiPMs. This
includes internal cross-talk, optically induced after-pulsing, and external crosstalk. Under-
standing the fluctuations in these sources of noise and their impact on future particle physics
experiments that employ SiPMs is an ongoing field of study. For the case of SiPM ExCT in
particular, experimental measurements have been carried out in a variety of settings, which
we can classify into two broad categories: DC measurements of SiPM light emission charac-
teristics, and idealized geometry analogues for SiPM ExCT.

Briefly, in DC-mode measurements of light emission characteristics from SiPMs, such as
those done by our collaborators at TRIUMF in [105], [115], the emitted light from SiPMs
is collected by microscopes with cameras and spectrometers that integrate the signal from
many avalanches. These measurements are performed in vacuum at operational temperatures,
and employ detailed modelling to estimate the light transfer function from the SiPM to the
narrow field-of-view (FOV) light integration optics. These measurements are essential for
understanding the fundamental processes involved in secondary light emission from SiPMs,
but translating this information to detector-specific noise estimations is challenging.

In contrast to DC-mode measurements, idealized geometry analogues for SiPM ExCT
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studies use small-scale geometries, often in operational conditions (LXe or LAr), with SiPMs
directly facing each other [129]-[131]. In this measurement methodology the test detectors
are sensitive to the optics and conditions expected in full-scale detectors, however, they are
limited by the narrow FOV of the mirrored SiPM geometry. Moreover, the measurement
techniques used by these apparatuses rely on sweeping over OVs on one SiPM tile, while using
the opposite facing SiPMs as detectors, to work out the expected “cross-talk” probabilities.
For our measurement of SiPM ExCT in LXe, we aimed to develop simulation and an-
alytical models of cross-talk for use in other detector geometries. To accomplish this, we
developed a novel measurement technique using timing coincidences between SiPM pulses
to estimate the levels of EXCT observed in the LoLX detector. By using the LoLX phase-1
detector described in the previous chapter, we cover a much larger FOV and solid-angle than
those used previous measurements, with a geometry similar to the large cylindrical barrel
of the nEXO photodetector system [52]. Using our simulated model of SiPM ExCT we are
also able to better understand the effect of optical surfaces in the detector on SiPM ExCT,
as photon transport considerations differ greatly between VUV and NIR for many materials.
In developing these models, we move away from describing SiPM ExCT as something with
a distinct “probability” specific to a SiPM model, into a more broadly applicable model of
SiPM secondary photon emission, measured in avalanche photon yields. By describing SiPM
ExCT in this way, we hope to be more precise in our estimations of the impact of SiPM
ExCT, and its peculiar environmental and geometric relationships. Every measurement of
SiPM ExCT will depend on the optical media in which the SiPM is contained, and the geom-
etry in which they are configured. To go beyond this, our simulation and analytical models
may be applied to arbitrary detector systems employing SiPMs, to answer specific questions
about resolution, trigger thresholds, and other confounding detector response eftects to which

SiPM ExCT contributes.
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3.2 Measurement Technique

The measurement of SiPM ExCT in LXe was performed using the LoL.X phase-1 detector
and cryostat, described in Section 2.3. LoLX phase-1 used a *°Sr needle source to induce
scintillation events within the detector volume, Figure 3.1 shows an illustration of the in-
verted LoLX phase-1 detector with SiPM ExCT. This figure highlights SiPM ExCT signatures
within LoLX, under consideration in our study. At step 1) the 3 from a *°Sr decay induces
primary LXe scintillation light, in step 2) the primary or “seed” photons travel to SiPMs on the
walls of LoLX, inducing an avalanche in the unfiltered or “bare” SiPM. In step 3) the seeded
avalanche from 2) produces NIR secondary photons that travel to a nearby LP filtered SiPM
and induces a correlated avalanche, which is referred to as ExCT. SiPM ExCT produced in
the unfiltered SiPMs, that is detected by any surrounding LP filtered SiPM channel, is called
“forward” ExCT. Similarly, in step 4) secondary photons produced by seeded avalanches in
the LP filtered channels, that are then detected by the unfiltered SiPMs are called “backward”
ExCT. This distinction is necessary for our analysis, and the classification is motivated by the
analysis strategy employed here. The LP filtered channels make up the majority of the light
sensitive surface area within LoLX (22/24 packages), and filter the majority of scintillation

light. As such, they are the ideal search channel for the ExCT analysis.
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Figure 3.1: Visualization of primary scintillation and ExCT signatures in an inverted LoLX
phase-1 detector. 1) Primary scintillation light is produced by ?°Sr 3 emission, 2) Photons
travel across detector to SiPMs and “seed” ExCT emission, 3) NIR photon emission from
the avalanche escapes the unfiltered device and travels to a nearby LP filtered SiPM. 4) Seed
photons detected by a LP SiPM create subsequent emission of NIR secondary photons, which
are detected by the unfiltered SIPM. ExCT coincidences from 3) are classified as “forward”
and those from 4) as “backward” correlations. The illustration shown here is inverted relative
to the installed orientation, and is reproduced from [116].

The experimental signature of EXCT we are looking for in LoLX is a single photon equiv-
alent pulse in the LP channel group and the unfiltered groups in time coincidence. When
two pulses are observed in coincidence, the direction is ambiguous, and can either be forward
(unfiltered—LP) or backward (LP—unfiltered). The expected secondary emission photon
travel time within LoLX is ~200 ps, nearly three orders of magnitude lower than the sam-
pling rate of the LoLX phase-1 DAQ. The timed analysis approach is illustrated in Figure 3.2.
After the initial burst of scintillation light, we look late in the event waveform for delayed
pulses. These “seed” photons, induce the primary SPE pulse on the source SiPM and are pri-
marily from the fluorescence of the cage, late after-pulsing and stray scintillation light. When

a candidate pulse is identified in the unfiltered channels, all LP channels are searched for
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single PE pulses in a coincidence-candidate window surrounding the initial source candidate

pulse on the unfiltered channel.

Search Window

Intensity
— —>Time
Unfiltered
Channel
ExCT Source
Candidate

A e ma S R
Longpass V

Channel AN

ExCT Detection
Candidate

Candidate Window

Figure 3.2: Illustration of SiPM ExCT search method with candidate pulses. Coincidences
between two pulses in the search window are recorded as the time difference between the
source candidate in the unfiltered channel, and the detection candidate in the LP channel, this
process is repeated for all pairs of channels. Figure reproduced from [116].

The LP <— unfiltered pairing was selected for the large sensitive surface area of the
LP channels, which maximizes the statistics for “successful” ExXCT events (meaning a NIR
photon produced in one avalanche successfully triggers an avalanche in another sensor), and
has a high solid angle coverage to the unfiltered package. The filtering of the LP filtered

SiPM group reduces the contribution of uncorrelated background pulses.

3.2.1 Analysis Criteria

The data in this analysis was collected in October and November of 2021, with applied OVs
of 4V and 5 V. The waveforms collected for each channel are processed through MERCI and

pulse-finding is carried out, saving the pulse and sub-pulse information, for each run individ-
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ually. To apply single-photon equivalent (SPE) thresholds for the analysis, SPE calibration is
carried out for each run individually, setting analysis thresholds on a run-by-run basis. The
run specific SPE and analysis cuts corrects for minor temperature induced gain variations
from run to run.

There are two main stages of analysis selection criteria that are applied. The first stage is
applied at event selection, which removes confounding events from the analysis dataset. The
second stage is at the pulse level, using reconstructed pulse information for ExCT candidate
pulse pair selection. This data was taken for >3 photon equivalent ADC threshold on any of
the 4 channels in the unfiltered group, to prevent an excess of noise triggers present at the
single photon equivalent level.

The first stage of event selection criteria is as follows:

* No channels in the event may saturate the digitizers dynamic range.

— This cut removes high energy events, such as muons passing through LoLX.

All channels must have stable pre-trigger baselines.
— This cut removes events that follow saturated or clipped preceding events.
* An event must have only one trigger candidate.

— This cut removes accidental pileup and events with significant coherent RFI noise

pickup. Trigger candidacy is based on the run DAQ settings.
* An event must have a well-defined start time.

— This cut removes events with significant pre-trigger light, which may be in other

channel groups.

The second stage of analysis criteria is to select candidate pulse pairings between the

unfiltered and LP channel groups. The criteria for candidate pulses is as follows:
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* Candidate pulses must occur within the low-occupancy search window. This window is
defined by the post-trigger time window with less than 0.2 pulses on average per event.

The window is shown in Figure 3.3 as a highlighted red band.

» Candidate pulses are SPE-like from charge-based estimation. This cut ensures that
pulses produce approximately constant secondary photon emissions, known to be gain

dependent [105].

+ Candidate pulses have no additional sub-peaks. In combination with the previous cri-
teria, this ensures that delayed secondary photons from after-pulsing do not contribute

to the signal.

The low-occupancy search window was defined by first measuring the total average rate
of pulses on all channels within LoLX, as a function of time since the beginning of the event.
This is shown in Figure 3.3 for all 4 V OV runs in the dataset. The occupancy distribution

has 16 ns bins, set by the sampling rate of the digitizer in phase-1 of LoLX.
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Figure 3.3: Occupancy of all SiPMs within LoLX for 4 V OV data collections. Low-
occupancy search window is highlighted in red and spans [800,1500] ns from the start time
(t0) of the event. The broad dip in the distribution between 200-600 ns is an artifact of the
pulse-finding conventions used. Pulses that follow the primary scintillation burst will be clas-
sified as sub-peaks, until the signal reaches baseline. The occupancy distribution uses the
leading edge of primary rather than sub-peaks. Figure reproduced from [116].

The low-occupancy window spans [800,1500] ns after the initial time of the event. An
additional search window, the candidate search window, is defined as =296 ns relative to the
pulse time of an initial candidate ExCT pulse in the unfiltered channel group. This window
is much larger than the O(10 ns) timing resolution of LoLX phase-1, and will include both
random uncorrelated backgrounds and ExCT coincidences.

The SPE pulse selection criterion is based on the estimated pulse charge, from waveform
integration. An example of an unfiltered SiPM SPE distribution is shown in Figure 3.4, with
a highlighted SPE selection region. The selection region is the one-sided 95 % confidence
interval for the Gaussian fit to the 1-PE peak of the SPE distribution. This region was selected

to capture the majority of variance in the 1-PE peak, while removing any events with after-
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pulsing, which may not have been flagged from sub-peak information.
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Figure 3.4: SPE charge distribution and selection window for an unfiltered SiPM channel in
LoLX. The highlighted SPE pulse selection region is a one-sided 95 % confidence interval of
the fitted SPE Gaussian model.

3.2.2 SiPM ExCT Correlation Probability

Through this analysis, we aimed to estimate the SiPM ExCT correlation probability in LoLX.
That is, the probability, given a single-photon avalanche on any unfiltered SiPM, of finding a
time-correlated SPE pulse on any LP filtered SiPM above the uncorrelated background. This
was carried out following the analysis criteria in the previous subsection.

When an SPE pulse that passes selection cuts is found in the low-occupancy search win-
dow in any unfiltered SiIPM channel we search all LP filtered channels for correlated pulses in
the candidate search window fixed about the leading-edge pulse time of the unfiltered candi-
date pulse. When a correlated SPE pulse is found, the time difference to the unfiltered pulse,
At, is calculated and stored in a histogram for post-analysis. We sum the paired pulse time

differences for all unfiltered and LP channels into a single histogram of At for each run indi-
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vidually. The summed At distribution for all 5 V OV runs is shown in Figure 3.5. The time

bins are 16 ns wide, set by the digitization rate.

20

Combined 5V Data
18

——~ Linear Background Fit

16

Intensity (counts)

o ~
LI ‘ T f LI ‘ T T T ‘ T T T | T T T 45‘
1<%
| 1
g i ]

14

-0.4 H i ; ‘ ‘ ; ; ; ;
-200 -150 -100 -50 0 50 100 150 200 250

LP Filtered - Unfiltered Pulse Time (ns)

Figure 3.5: 5 V OV dataset delta-time distribution, with linear fit overlaid. The fit function
shown is the linear background component of the combined signal+background fit, with resid-
uals showing random fluctuations in background regions, and a signal excess in the correlation
region about A ¢ = 0 as expected from SiPM ExCT. Figure reproduced from [116].

The distribution in Figure 3.5 has two main features, a peak centred at At = 0, and a
flat falling background. The peak at zero is the expected signal of correlated pulses that we
attribute to SiPM ExCT, and the falling background is composed of randomly correlated back-
ground pulses from accidental coincidences between the unfiltered and LP filtered channels.

The background components of Figure 3.5 are fit to a first-order polynomial. The result
of this fit is used as the constrained prior for a combined fit of the linear background and a
Gaussian signal peak with a fixed mean of zero. The linear background fit shown in Figure 3.5
is the linear component of the combined fit, to emphasize the signal from ExCT in residuals.
The width of the signal peak is influenced by the digitizer timing, DAQ jitter, and pulse-
finding time resolution. The residuals of the linear background and correlation data are shown

in the bottom panel, normalized to the data rate.
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Using the data from Figure 3.5, we calculate the probability for a correlated pulse pair
between the LP and unfiltered channels. Critically, this differs from the true ExCT probability
in either direction, as this distribution includes both “forward” and “backward” correlations.

The correlation probability is expressed by:

Ncor'related - Nbackground (3 1)
Np ’ '

where the denominator /N is the total number of unfiltered (bare) candidate pulses found, and

Pcorr,B =

the numerator is the excess of correlated pulses found above the background. The first numer-
ator term, Nioqreiateq 18 the sum of the three signal bins about At = 0, from [-24 ns, 24 ns].
The second numerator term, Ny,ckground 1 €stimated by evaluating the linear component of
the combined fit at the bin centres of the three signal bins.

The term FP,,,, p represents the probability of observing a time-coincident SPE pulse in
the LP filtered SiPMs, given an SPE pulse in an unfiltered SiPM. This observable includes
contributions from both directions of time correlations, forward and backward, as illustrated
in Figure 3.1. Because of the prompt nature of EXCT and the considerably slower timing
resolution in LoLX phase-1, it is not possible to differentiate between forward and backward
correlations with timing information alone. One important consideration is the normaliza-
tion of P, g, which includes only the trials for forward correlations, and does not include
“failed” backward correlated pulses. Failed backward correlated pulses are SPE pulses in the
LP filtered SiPM group, that do not “successfully” trigger a correlated coincident pulse in an
unfiltered SiPM. This is a key contribution to extracting the so-called “true” ExCT probabili-
ties between channel groups. Since we include only “successful” trials in the numerator from
the backward correlations, we account for this in our effective model.

In the following subsection we will describe the SiPM ExCT Geant4 simulations and
simulation analysis technique. This will be followed by a description of our effective model

for SiPM ExCT, in Section 3.4, followed by results and discussion.
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3.3 Simulating SiPM ExCT

The LoLX phase-1 simulations, introduced in Section 2.5, are Geant4 based with NEST in-
tegration for LXe scintillation light production. The optical transport and photon detection
components of the simulation are the key inputs in this study, and all relevant optical surfaces
have been defined across the full wavelength range under consideration (150—1000 nm).

These optical data are summarized in Figure 3.6.
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Figure 3.6: Wavelength dependence of LoLX phase-1 ExCT simulation parameters. Top
panel: Distributions of optical filter transmission and expected ExCT wavelength distribu-
tion from [115], also shown is the measured room temperature (RT) emission spectrum from
fluorescence of the 3D printed LoLX cage. Bottom panel: Summary of SiPM reflectivity
and detection efficiency data used in this study. Three SiPM reflectivity curves are shown;
in purple is the default reflectivity calculated by Geant4 Fresnel relations using SiO, refrac-
tive index data, in brown is the effective Geant4 reflectivity used in nominal simulations, and
in grey is the upper limit on SiPM reflectivity from LXe measurement matching, overlaid
with the reported value at LXe scintillation wavelengths from [132]. Figure reproduced from
[116].
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We implemented the SiPM ExCT process as a custom physics process in Geant4. This
was combined with customized versions of the built-in optical transportation codes, and func-
tions similarly to a fluorescence simulation. In our simulation framework and modelling, we
assume every avalanche in a SiPM produces some amount of secondary photons. From those
avalanches, light may be emitted into the surrounding environment. The simulation process

and input information can be summarized as:

 During initialization, the wavelength dependent emission spectrum shown in Figure 3.6,
from [115], is loaded into the custom physics process. Look-up tables are read-in for

all optical surfaces.

* Photons that pass through the optical boundary of a SiPM detector surface trigger the
modified G40pBoundaryProcess. This only triggers for photons that are “detected”,

after efficiency checks.

» After the successful detection of a seed photon, secondary photons are produced within
the bulk silicon at the detection vertex. The emission intensity (in photons/avalanche)
is a tuneable simulation parameter, and each avalanche samples from a Poisson distri-
bution with the input intensity as the mean. The secondary photons are emitted isotropi-

cally in the outgoing hemisphere (w.r.t the surface normal) with a random polarization.

 Before exiting the SiPM, photons must pass a transmission check. The transmission
probability from bulk Si to LXe was calculated by collaborators at TRIUMF using an
ANSYS Lumerical™ far-field Maxwell’s equation solver. This was done to accurately
model the microstructures within a SPAD, at a level of detail that is computationally
infeasible within a full-scale Geant4 simulation. The transmission is both direction and

wavelength dependent due to dispersion, and is shown in Figure 3.8.

* Photons that pass the transmission check are manually refracted and placed into LXe
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just in-front of the SiPM surface. This was done to avoid built-in optical photon trans-
portation through the SiPM volume, handled already by the transmission check. The
emitted secondary photons are flagged as ExCT and are added to the stack of secondary
particles for standard transport through the detector, producing secondary and even
tertiary avalanches. The outgoing photon distribution after transmission checks, with

refraction into LXe is shown in Figure 3.9 for reference’.

These steps are illustrated in Figure 3.7 for the reader’s understanding.

surface
normal

LXe

Figure 3.7: Illustration of the Geant4 SiPM ExCT simulation method with labelled steps.
In step 1) a photon is detected at a given location, 2) a number of photons are produced
isotropically, photons in the lower hemisphere (as defined by the surface normal) are killed. In
step 3) photons must pass a transmission check for emission into LXe from Si—SiOy —LXe.
In step 4) photons surviving the transmission check are refracted into LXe manually according
to Snell’s law using input optical data. The minor x/y displacement from within Si is negligible
and not included. The resulting photon distribution is shown in Figure 3.9. Figure reproduced
from [116].

'A high density version of this emission map is stored locally for applications in our Chroma simulations,
which will be described in the subsequent chapters.
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Figure 3.8: Transmission probability for secondary photons within Si to enter into LXe. The
data used for this map comes from our collaborators at TRIUMF and was created as part of
a complimentary study of SiPM ExCT in vacuum [115]. Photons in the ExCT simulation are
subject to a transmission probability check, with a probability determined by their incident
angle and wavelength.

The 2D distribution of transmission probabilities for secondary photon emission high-
lights the critical angle across the wavelength range (~20°), where total internal reflection
dominates. Totally internally reflected photons are killed in simulation to avoid double count-
ing direct cross-talk contributions, which are applied at the end of the event during photon hit

summation.
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Figure 3.9: Secondary photon distribution for ExCT into LXe from Geant4 simulation. This
distribution is normalized to the total number of emitted photons in a forward hemisphere,
and is the resulting distribution from the ExCT Geant4 simulation process. Figure reproduced
from [116].

The emitted photon distribution in Figure 3.9 has a broad emission profile, centred at 45°
with respect to the SiPM surface normal. This differs significantly from an isotropic profile,
due to the strong refractive index change from silicon into LXe, and the effect of total internal
reflection.

The ExCT simulation is directly embedded as a physical process within our 1lolx-sim
Geant4 simulation and is used in conjunction with the existing optical photon processes.
SiPM ExCT simulations can be enabled by standard Geant4 macro commands, implemented
through custom messenger classes. Additionally, macro commands allow for toggling which
SiPMs have the process enabled, the mean emission intensity for ExCT avalanches, and alter-
native emission profiles. The EXCT process can be enabled for nominal physics simulations,
and ExCT correlated hits are flagged and collected separately from primary photon detections

to aid analyses. In the following subsection we will discuss the detailed SiPM optics simula-
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tion, which was developed in collaboration with TRIUMF PhD candidate Austin de St. Croix

as a necessary extension to the simplified Geant4 optics for simulation accuracy.

3.3.1 Simulating SiPM Surface Optics

The optical simulation for photons that reach SiPM surfaces submerged in LXe is a key con-
sideration in this analysis. The SiPM PDE and reflectivity are coupled directly to the ExCT
measurement described here, so we must employ a more sophisticated surface simulation.
This method provides the expected coupling to the LXe medium using available optical data
(n,k, for wavelength and angular dependence). This depends on using additional directional
surfaces to scale the total reflectivity to align with existing literature data for vacuum and
LXe measurements of SiPMs surfaces [132], [133]. A directional surface in Geant4 defines
different properties for incoming and outgoing optical photons. We use a so-called “inter-
nal” SiPM PDE, defined as the net PDE after factoring out optical transport effects, to agree
with the HPK datasheet [134]. This simulation method, with optical surfaces, is illustrated in

Figure 3.10 reproduced from [116].
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Figure 3.10: Cross-section illustration of HPK SiPM surface for optical simulation. A degen-
erate (overlapping) volume of LXe, labelled “LXe Buffer” is defined above the SiPM surface
to circumvent limitations in Geant4 optics. This volume has directional surface properties,
diffusely reflecting photons on the ingoing surface, and absorbing excess reflected photons
on the outgoing surface. The absorption (A) is used to match Geant4 optics to measured
reflectivities. Overall SiPM efficiency is matched using an internal PDE that depends on
transmission into the SiPM. Figure reproduced from [116].

Before photons reach the physical SiPM, incoming photons are reflected diffusely from
the first directional surface. The surface, referred to as the “LXe” buffer, is a degenerate
volume of LXe containing the SiPMs, within the mother volume of LXe. Incoming photons
are reflected off the top with a wavelength independent R ~ 18 % [133]. We attribute the
diffuse reflectivity to SiPM surface microstructures (resistors, trenches, etc...), which are not
reflected in the simplified Geant4 SiPM model. The SiPMs are simulated as a flat stack
of silicon-Si0O5-medium, where in our circumstances the “medium” is LXe, while reference
measurements are primarily within vacuum. Fresnel ray optics are applied at each interface,
with input n and & data from [135], [136]. Some datasets are incomplete across the entire
wavelength range, so a combination of measurements is used where necessary. The total
combined specular reflectivity of the stack is captured in Rz, and is applied at the SiO, surface

as shown in Figure 3.10.
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Using ray optics neglects some possible thin-film effects, while the shape of Ry, (see
Figure 3.6) follows that of vacuum reflectivity, with a scaling factor. The higher specular
reflectivity can be partially attributed to the lack of insensitive, non-specular SiPM surfaces.
We reduce the overall specular reflectivity in simulations using another directional optical
surface. This surface is the outgoing LXe buffer top surface, shown in Figure 3.10. The
overall specular reflectivity is reduced by adding an absorption probability, A, to this outgoing
directional surface. The effective parameter A is tuned to set the overall reflectivity of the
SiPM, and is physically related to absorption on microstructure, surface absorption on SiO»
and non-sensitive surfaces.

The transmission probability for an incident photon is proportional to the diffuse and spec-
ular reflectivity as (1-R;)(1-R,). The PDE data from Hamamatsu, PDE; p -, was normalized
by the transmission probability to produce the “internal efficiency”, :PDE, with Rp, from
vacuum data with normal incidence to match the experimental conditions of the measurement.
The internal efficiency is not angular dependent.

We have defined i PDFE as:
. PDEyupk
IPDE = . 3.2
(1-Rp)(1 — Rpg,) (3-2)

The effective specular reflectivity is prepared similarly. For nominal reflectivity, the absorp-

tion term is tuned such that the effective specular reflectivity, Rz,.(1-Rp)(1-A), is equal to the
vacuum reflectivity from [133] (R, using Ry, from vacuum data). The nominal absorption
probability is given for the range of data in [133] (120—280 nm), with A fixed to 0.45 for

longer wavelengths,
_ Ry
Rp (1 — Ry)’

In nominal simulations in the ExCT wavelength band (600—1000 nm), this results in a spec-

Apom = 1 (3.3)

ular reflectivity that is fairly flat, with ~10 % in vacuum and ~15 % in LXe. This was taken

as the nominal value for simulations, and as the lower bound on SiPM reflectivity when eval-
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uating simulation systematic uncertainties.

We also estimated a systematic upper-limit for reflectivity in the ExCT wavelength band.
For this, we estimated that the diffuse reflectivity is attributed entirely to SIPM microstructure
(proportional to 1 minus the fill factor, F'F’), and the active area was assumed to be purely
specular with Rp,.. We used these assumptions to rescale the effective specular reflectivity
(Rp-(1-Rp)(1-A)) and rearranged for A.

This resulted in an absorption probability, A, of 0.27. When taken together, this resulted
in a specular reflectivity in LXe at LXe scintillation wavelengths of ~33 %. We see that this
estimate is in good agreement with the values of specular reflectivity in LXe of 28-34 % from
[133]. The nominal, upper bound systematic, [132] and Geant4 Fresnel reflectivity curves
are shown in the bottom panel of Figure 3.6.

Using this methodology, we determine an upper limit on LXe reflectivity that agrees with
measurements at LXe wavelengths [132], and a nominal reflectivity that agrees with [133]
in vacuum. In all cases, the simulated PDE matches the data-sheets provided by HPK at
normal incidence. We do not include any shadowing or angular dependence effects from SiPM
surface structure, however the shadowing of the geometry in LoLX and VUV-Q-4 packaging
restricts viewing angles to ~65° (with respect to surface normal), which we expect to be

dominant over surface structures.

3.3.2 Simulation ExCT Analysis

With a detailed simulation model in hand, we can move onto simulations of SiPM ExCT
in the LoLX detector. The primary goal of these simulations was to estimate the combined
transportation and detection probability of SiPM secondary photon emission in the LoLX
phase-1 detector geometry, with conservative uncertainties that reflect the input optical data.

To differentiate between the forward and backward ExCT processes (see Figure 3.1), two

distinct simulations are required. For each of the simulations, we simulated mono-energetic
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beta decays at the centre of the detector volume to seed ExCT processes.

In the first simulation, SiPM ExCT emission is artificially restricted to the unfiltered
SiPMs, which produces a map of the combined probability from unfiltered—LP channels.
Conversely, in the second simulation, emission is restricted to the LP filtered SiPMs, produc-
ing a map of the combined probability from LP—unfiltered channels.

We refer to these combined transportation and detection probabilities as P_, and P,_, for
the forward and backward processes, respectively. They are single-valued parameters, as the
entire EXCT emission spectrum (Figure 3.6, top-panel) is sampled for each photon from a sim-
ulated avalanche. Since we have the Monte-Carlo (MC) truth information about the creator
process of every detected photon, the combined ExCT transport and detection probabilities
are the ratio of ExCT photons in the detector set of channels, to the number of emitted ExCT
photons on the emission source channels, which is recorded separately for each simulation,

represented as:

1 1

Pa= 5 ‘Z Nesori P = 5 .Z Neacr; (34)
i€LP i€Bare

where [V, is the total number of emitted ExCT photons in the simulation. We sum over chan-

nels, ¢, in the bare and LP filtered groups for the number of detected ExCT hits (Ng.or)
individually. The combined transport and detection probabilities in either direction, P_, and
P, , are averaged over wavelength and individual channels. These are highly detector-specific
quantities, and they are not sensitive to the energy or incident particle type simulated. Since
the backward simulation allows for ExCT emission from all LP channels, it will contain the
contribution of second and higher order ExCT. Second order ExCT in the backward direction
occurs when one LP ExCT detection produces more secondary emission, leading to another
LP ExCT detection. At sufficiently high emission intensities this can induce a runaway effect,
however, in real detector systems SiPMs are never operated with the overvoltage required to
reach such intense emissions.

We explicitly do not include SiPM DiCT in these simulations. DiCT enhances ExCT
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by producing additional SPAD avalanches, leading to more secondary photon emissions en
masse. This omission is supported by the analysis method described in this chapter, where
only SPE avalanches are selected, and the model introduced in the following section takes

this into account.

3.4 Modelling ExCT Coincidence Probability in LoLLX

In order to estimate the number of emitted secondary photons per avalanche from SiPMs in
the LXe environment, an effective modelling framework was developed. The model encodes
the forward and backward contributions to the correlated probability, P, 5, measured from
LoLX data, and ultimately estimate the number of emitted photons, N x.. This parameter is
especially important, as it is detector independent, and can be used to inform correlated noise
studies for other detector configurations.

The strategy is then, to derive an analytical expression for P, 5, that depends on the
emission yield, Nx., the simulated transport and detection efficiencies in both directions, P,
and P, , alongside other detector specific parameters. The final relationship depends on the
rate of candidate pulses in the LP and unfiltered channel groups, also a function of Nx., which
we represent analytically. This produces a pair of nested relations, both dependent on Nx.,
which are solved numerically.

First, we define the probability for a single successful correlated SiPM ExCT hit in the
forward direction, Pp,.,, from secondary photon emission. This is defined as a weighted
sum over the Poisson distribution for an avalanche generating a mean number of photons,

Nx., and each term (photon) has a binomial probability of being successfully transported and

detected:
e’} NN,YefNXe
Propw = ) =X Ny Po(1— Po)"" '~ Ny, P, (35)
Ny=1 v

For the backward direction, Pg,.x, we replace the simulated probability to the equivalent term,

P, for the resulting expression, Pp,.x ~ Nx.P. . The simplifying approximation here is
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correct to within ~3 % for the low values of N, expected (Figure 3.11).

Comparison of exact and approximate Prory at P =4.1%

0.20 4 —— Summation Pgyry(N = 200)
Approx. NxeP-,

0.15 -

PForw
o
=
o

0.05

0.00 -

NXe

Figure 3.11: Comparison of full summation versus approximate relation for ExCT probabili-
ties. Using the simulated forward combined transport and detection probability of 4.1 %, at
the estimated N x. level around ~0.5 photons, produces a relative difference of ~3 % between
the two relations.

The relationship for P, 5 in Equation 3.1, is normalized to the number of all candi-
date SPE pulses in the unfiltered channels only, while the numerator includes all successful
ExCT coincidences. In this case, we are explicitly accounting for all trials in the forward
(unfiltered—LP) direction, but only successful trials in the backward (LP—unfiltered) direc-
tion. To account for this effect, we have introduced two additional terms. N; ;p and N, g,
the number of seed SPE pulses in the unfiltered (bare) and LP filtered channels without ExCT

contributions, represented as:
(ProrwN1,B + PpackN1,p)(1 — Ppicr)
Ni.g + PpackN1..p(1 — Ppicr)

This relationship 1s simplified by introducing the ratio of N, ;p and NV, , as a ratio of rates,

(3.6)

Pcor’r,B =

Rr = Ry 1p/R1.5 = N1,.p/ N1 5. However, the observed rate ratio is influenced by the pres-

ence of EXCT between the LP and unfiltered groups. We can correct for this by representing

98



the observed rate ratio as a function of the unperturbed ratio, with the confounding effect of

the ExCT process. This is:

o Ri.1p + Ri,58Prorw(1 — Ppicr)
R — 3
Ry + Ri.1.pPpack(1 — Ppict)

and if we rearrange and use our simplifying approximation from Equation 3.5, we arrive at

(3.7)

the relationship:

Rr — Prorw(1 = Ppict) Rp — Nx.P.(1 - Ppicr)

1 — RrPpack(1 — Ppicr) 1 — RrNx.P—(1— Ppicr)
While the relationship for P,,,, g is simplified to:
P orw P ac R P R P
Pcorr,B - ( Fl [ Back R) ~ : + R L . (39)
(I-PpicT) + Ppack Rir Nxc(1-PpicT) + Rp Pe

Equations 3.8 and 3.9 form a pair of relations, both functions of Ny, that are solved simulta-
neously using numerical methods. The effect of ExXCT on the measured rate ratio is shown in

Figure 3.12, for a range of Ny, values.

Measured vs Unperturbed Rg for Nxe=1..5

16 Nxe=0.0
Nxe =0.5
Nye=1.0
Nyxe=1.5
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Nxe=2.5
Nxe =3.0
Nye =3.5
Nxe =4.0
Nxe =4.5
Nxe=5.0

Rr
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Figure 3.12: Plot of unperturbed channel rate (R y) ratio versus measured rate ratios (RNR) for
arange of N, values. Increasing the emission of secondary photons increases the measured
ratio of SPE pulse rates between LP and unfiltered channels, due to the larger sensitive area
of the LP group.

Using simulations, we estimated the directional transport and detection probabilities, P,
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and P,_ . The observed rate ratio, ]/%;, is measured from data, and P p;r from literature [101].
The relations described here are solved numerically to determine the value of Ny, that is
in agreement with the observed F.,,, z. This estimation method can be applied to arbitrary

detector systems, given that estimates of P_, and P, are available.

3.5 Results

In this section, we will present the results of the data and simulation analysis, and their com-
parison with the effective model of ExCT described in the previous section. Afterwards, we
will discuss the main systematic considerations for this analysis, and their impact on our main
observables, the correlated ExCT probability, P, 5, and the estimate of the secondary pho-
ton emission yield in LXe, Nxe..

We estimated P, g for both OV datasets using Equation 3.1, with the fitting procedure
described earlier. The excess in the A ¢ distribution, about A ¢t = 0, above the combinatoric
background of uncorrelated pulses is ascribed to SiPM ExCT between the unfiltered and LP
channel groups, consisting of “forward” and “backward” correlations (see Figure 3.1). The
excess is normalized to the number of pulses in the unfiltered channels, Ng. For the 5 V
dataset, the correlated probability is, P, g = 5.2 %, for4 V OV, this probability is, P..r 5 =
3.8 %. The A t distribution for the 4 V dataset is shown in Figure 3.13, for comparison to

Figure 3.5.
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Figure 3.13: 4 V OV dataset delta-time distribution, with linear fit overlaid. The fit func-
tion shown is the linear background component of the combined signal+background fit, with
residuals showing random fluctuations in background regions, and a signal excess in the cor-
relation region about A ¢ = 0 as expected from SiPM ExCT.

From the functional dependence in Equation 3.9 we can see that P,,,, g, is not directly
proportional to ExCT between the two groups. For large Ry, corresponding to a very high
SPE rate in the LP channels compared to the unfiltered, this will exceed 1 even for small
values of Nx.. The linear falling background in Figure 3.13 and Figure 3.5 originates from
stray LXe scintillation light, very late afterpulsing, dark noise, and predominantly the slow
luminescence of the 3D printed cage structure. Measurements of the cage luminescence under
UV excitation at room temperature were carried out ex-situ at McGill in 2022, the emission
spectrum is shown in Figure 3.6. In-situ measurements of the photoluminescent lifetimes from
the cage showed a dominant prompt component that could not be resolved from the prompt
LXe emission, and a delayed component with a lifetime of 1026 4 88 ns [117]. We expect
that the low intensity delayed photoluminescence constitutes the majority of seed photons in

the ExCT measurement.

101



Table 3.1: Systematic uncertainties considered, based on data and simulations. Simulation
uncertainties are evaluated by comparison to a reference simulation with nominal inputs, and
the combined 4 V dataset for data-driven uncertainties. The symbol ‘-’ indicates negligible
uncertainties. First block corresponds to simulation uncertainties on P_, /., the second block
corresponds to the data analysis systematics on P, p

Name Nominal Value(s) Variation Relative Uncertainty
(%)on P_, /. or
PCOTT,B
NIR SiPM PDE ~5% (See Figure 3.6) | +10%, -30% relative | +9,-29 (— / <)
NIR LP Transmit- ~90% (See Fig- +10% relative +4.4 (=), £0.5 (+)
tance ure 3.6)
Cage Reflectivity ~95% (Varies, calcu- | Set to 50% for all A -30 (=), -40 (+)
lated by Geant4 from | (-45 % absolute)
n(A))
SiPM Reflectivity ~15% (See Fig- Upper limit from 3(=),—(+)
ure 3.6) vacuum data (-5%
absolute)
Total Simulation +11, -40 (—)
Uncertainty
+9, -49 (+)

Pile-up Algorithm
Threshold

Low Occupancy Win-
dow Selection

At fit range

>3 photon equivalent
[800,1500] ns

[-200,250] ns

+1 photon equivalent
+200 ns

+80 ns

+127 -7 (PCOTT,B)

Total Data Uncer-
tainty

+12, -7

3.5.1 Systematic Study

We investigated the main systematic uncertainties in the measurement of LXe secondary

photon emission yield, Nx.. All systematics considered, including negligible contributions,

are summarized in Table 3.1. Systematics on the measurement from LoLX data, impacting

P.orr, B, were subdominant compared to the simulation uncertainties, impacting P, and P,_.

We also include uncertainties from literature values used in evaluation of the effective model

described in the previous section, summarized in Table 3.2. Our primary sources of sys-

tematic uncertainties are due to the lack of measurements of detector optical properties, due
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to different measurement conditions, or incident wavelength ranges. Simulated systematics
are evaluated by re-running the simulations and corresponding analysis described previously,
with the described systematic variations, with one systematic per simulation set. The cor-
responding variations to P_, and P, are captured as asymmetric relative uncertainties with
respect to the nominal simulations.

The first key systematic is the simulated SiPM PDE in the NIR range, for which supple-
mentary measurements, beyond the Hamamatsu datasheet, are sparse. We varied the NIR
PDE by a relative +10 % and —30 % with respect to the datasheet values. We ran a larger
negative variation on the PDE to conservatively capture a lower than expected PDE observed
in the Hamamatsu SiPMs in LoLX in the LXe scintillation band [117]. At the applied OVs
used in this measurement, the SiPM PDE is approaching saturation, and the nominal 4 V OV
SiPM responsivity in the Hamamatsu datasheets is used for all simulations. The SiPM PDE
variation is expected to cover any potential increases in SiPM PDE at 5 V compared to the
4V datasheet values.

The second key systematic originates from the custom 3D printed cage of the LoLX phase-
1 detector. The cage is made of a proprietary plastic blend, Formlabs Durable Resin [137],
and is stated to be acrylate based. In the simulations of this work, the 3D printed cage is mod-
elled with a refractive index from acrylic plastic, which Geant4 uses to compute reflectivity
and transmittance based on the Fresnel relations. To conservatively account for the acrylic
approximation in optical response, we vary the absolute reflectivity of the cage by 50 %. This
is the largest individual contribution to the total simulation systematic uncertainty. This sys-
tematic is simulated by overriding the Fresnel calculations with a fixed 50 % reflectivity of
the cage surface at all wavelengths.

The last key simulation systematic relates to the reflectivity of the SiPM surfaces. Us-
ing the model described in Section 4.1, we have defined the upper and lower limits on the

SiPM reflectivity. Summarizing Section 4.1, the nominal values used in simulations for P_,,
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and P, , representing the lower-limit on SiPM reflectivity reproduces the measured vacuum
reflectivities. The upper limit represents a scenario where the entire photosensitive area of
the SiPM has a reflectivity derived from Fresnel relations using literature values of the SiO,
refractive index. This gives agreement with measurements of UV reflectivity in LXe [132].
The nominal and variational reflectivities are shown in Figure 3.6 for reference. Finally, a
systematic on the NIR transmittance of the LP filters was investigated by applying a relative
variation of 10 % to the nominal data-sheet value of ~90 % in the NIR band. The effect of
this variation is subdominant compared to the cage reflectivity and SiPM PDE.

Systematic effects from the event selection and candidate selection were considered for
their impact on the observable, F,,,, 5. The analysis depends on the low-occupancy assump-
tion stated previously, and so there must be a sufficiently low probability of observing two
uncorrelated pulses in accidental coincidence. This is needed in order to resolve the small con-
tribution of correlated pulses from ExCT. This correlation is restricted to the small window
about A t = 0, encompassing [-24 ns, 24 ns]. We have optimized the event and candidate
selection to remove any sources of truly coincident light late in the event window. One poten-
tial source of coincidence is pile-up, from the °°Sr source, which had an activity of ~330 Bq
at the time of data taking. If we assume secular equilibrium between *°Sr and Y, we can
estimate the pile-up probability in the 3 us DAQ window. From this we expect pile-up in
~1 in 1000 events. This contribution is small compared to the dominant source of false late
time coincidences from radio frequency interference (RFI). RFI was present in significant
quantities for the entirety of the data collection period used in this analysis, and was approxi-
mately coherent across all channels when observed. The most troublesome RFI spikes were
~SPE level wavelets that occurred randomly through the event window, and when observed
in the low-occupancy search window, can contribute to false ExCT coincidences. To prevent
this contribution, a pile-up rejection algorithm was implemented. The algorithm searches

for trigger candidates in the summed and aligned waveform from all channels by evaluating

104



the waveform against the trigger condition and identifying crossing points. Coherent RFI
pickup across multiple channels late in the event window was strongly suppressed by this al-
gorithm, as events with more than one trigger candidate are excluded from the event selection
for this analysis. To estimate a systematic effect from missed false coincidences, we varied
the threshold of the pile-up algorithm by 1 SPE equivalent ADC units. This resulted in a
~10 % change to the measured F,,,, g values. We include this systematic as an asymmetric
uncertainty in the final results.

Lastly, we investigated several other sources of systematic uncertainty for their impact on
the observables reported here. The linear uncorrelated background fitting range was varied
by up to 100 ns with no effect. Other negligible sources of systematic uncertainty include: the
location and length of the low-occupancy window, the energy of preceding trigger events, and
temperature variations within a run. The fit range of the Gaussian peak was varied by up to
80 ns with miniscule impact, subdominant by a factor of 10 to the main sources of systematic

uncertainty and is not considered in the final evaluation.

3.5.2 ExCT probabilities and secondary emission yields

Table 3.2: Input parameters for ExCT model with 1-sigma uncertainties considered in the
analysis. R} is the ratio of the rates of candidate pulses between the LP and unfiltered chan-
nels. Pp;cr is the probability of internal cross talk. P, and P, are the forward (bare — LP)
and backward (bare <— LP) transport efficiencies, respectively.

Input Parameter | 4V Value 5V Value Source

Rp 6.3 +0.9 77 +1.2 Measured

Ppicr 50+£05% | 7.0 £ 0.7 % [101]

P, 4.1 %05 9% | Same as 4 V | Evaluated from simulation
P_ 0.6 702 % | Same as 4 V | Evaluated from simulation

To estimate the key observable of this work, the secondary emission yield in LXe (Nx.),
we combined the experimentally measured parameters, simulation inputs, and literature in-

puts, detailed in Table 3.2, and Table 3.2. Following the methodology described in Section 3.4,
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we solve Equation 3.9, and Equation 3.8, together numerically to estimate the value of Nx,
that agrees with the measured F,,, 5. The effective model of F,,, 5 and the measured values
for the 4 V and 5 V OV datasets are overlaid in Figure 3.14. The intersection of the central
value of the experimentally observed value of F,,,, 5 and the model curve at the correspond-
ing OV represents the best-fit value of N, for each measurement, respectively. The observed
secondary emission yield in LXe, Nx., which is the average number of photons emitted into
LXe per avalanche, is estimated to be 0.51 for 4 V and 0.64 for 5 V OV. Summaries of mea-
sured values and their respective uncertainties are included in Table 3.3 for reference.

The total uncertainties (combined statistical and systematic) on data and the effective mod-
els are shown as shaded bands in Figure 3.14, representing the 1-0 uncertainty regions. All
non-negligible systematic sources of uncertainty were added in quadrature, with total uncer-
tainties and individual contributions to P_, and P, summarized in Table 3.1. The uncertainty
on R; was determined from the variance observed across individual runs, and the uncertainty
on the literature input, Pp,;cr, was taken from the reported measured uncertainties in [101].

We also estimated the combined uncertainty arising from the effective model and data-
driven uncertainties including statistical uncertainty. This was done numerically by adding
in quadrature the observed differences from evaluating the effective model at the upper and
lower bounds of the measured data values, together with the differences from evaluating the
central data values with the upper and lower bounds of the effective model uncertainty bands.

Earlier in this chapter, we discussed the difference between the measured correlation prob-
ability, P, g, and the so-called “true” ExCT probabilities in either direction, Py, and
Pgacr. Since the simulated transport and detection probabilities, P_,, and P, , preserve the
angular and wavelength character of the ExCT process, we use these to estimate the true prob-
abilities for ExCT in LoLX. This is represented by Equation 3.5 in the previous section, when
we substitute our measured values of Nx., and P_,, the forward probability is obtained. In

plain terms, this is the probability that an avalanche in the unfiltered SiPM group will cause
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a correlated ExCT secondary avalanche in any LP filtered SiPM. This value is 2.1 % and
2.6 % at4 V and 5 V OV respectively. As the simulations of P_, and P, are highly detector
geometry dependent, these estimates are specific to the LoLX phase-1 detector in LXe, while
the measurement of /Ny, may be used to inform other experimental settings and apparatuses.

Lastly, we estimated the secondary photon yield within the bulk silicon of the SiPM. As
stated previously, the vast majority of secondary photons are not expected to leave the SiPM
due to the large refractive index mismatch (~3.78 vs ~1.46 for Si and SiO,, at 700 nm for
reference) resulting in mostly internal reflections. The fraction of internally reflected photons
under the isotropic emission approximation is 94.7 % in the outgoing hemisphere, or 97.4 % in
47, evaluated using the simulation method described in Section 3.3, averaged over wavelength
and emission angles. To estimate this so-called “internal secondary photon yield” we divide
Nx., the observed estimate of secondary photons in LXe, by the simulation-driven estimate of
the escape fraction in 47. This results in an internal silicon secondary photon yield of 20 and
25 photons/avalanche on average for 4 V and 5 V OV, respectively. Just as in the secondary
LXe photon yield, the secondary internal yield may be used for modelling the effect of SiPM

ExCT in different media, such as liquid argon, for example.
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Figure 3.14: LoLX SiPM ExCT comparison of effective ExXCT model and data. Using the
intersection of the data bands (green/blue) with the model of ExCT at the respective over-
voltages (pink/orange), the LXe secondary photon emission yield, Ny, is estimated. Shaded
regions represent the 1-0 confidence intervals, with statistical and systematic uncertainties
added in quadrature. Figure reproduced from [116].

Table 3.3: External cross-talk probabilities from the time correlation analysis, and the result-
ing mean number of photons emitted per avalanche within silicon and into LXe.

Overvoltage| Observable P, p | EXCT probability Emission Emission into
(%) (Prorw) (%) within Si LXe, Nx.
(/Av.) (/Av.)
4V 3.9 £ 0.2 (stat.) 2.1773 2074t 05703
05 (sys)
5V 5.2 4 0.2 (stat.) 2.6+ 1.4 25732 0.6705
08 (sys)

3.5.3 Discussion

We have measured ExCT between SiPMs submerged in LXe using the LoLX phase-1 detector.
These measurements were done at two operating voltages, under nominal detector conditions,

with a standard triggering scheme. The measurement methodology developed here is novel
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and can be replicated by other experiments aiming to characterize SiPM ExCT in their systems.
To better understand the impact of SiPM ExCT, and the effect of optical transport effects on it,
we developed a dedicated Geant4 model of EXCT emission using custom physics processes.
To separate the two contributing components of SiPM ExCT correlations measured using our
technique, so-called “forward” and “backward” correlations, we developed a model of our
expected signal using a combination of measured, simulated and literature data inputs. By
combining these contributions, we estimate the secondary photon emission yield in LXe, Nx.,
a detector independent parameter that can be compared to other measurements. The measured
emission intensities, reported in Table 3.3, show the expected gain-dependent relationship of
SiPM ExCT. The measured intensity increased by ~1.25, when increasing the overvoltage on
all SiPMs from 4 V to 5V, a 25 % increase.

The measured secondary emission intensity in LXe, and the corresponding estimate in-
ternal emission intensity (/Vg;) measured here are in tension with the intensities reported by
Hamamatsu for VUV4 SiPMs [115]. In [115], the reported yield at 4 V OV is 48.5 + 9.5
ph/avalanche, with an estimated 1.55 4 0.62 photons emitted into LXe. Compared to 203"
in silicon, and 0.517037 in LXe, a factor of ~3 difference. The two main differences between
our measurement and the TRIUMF measurement are angular acceptance and measurement
conditions. As introduced at the start of the chapter, LoLX phase-1 is sampling a much
larger solid angle than the limited FOV microscope measurement (NA=0.45) in [115], and
importantly, it is a measurement in vacuum at cryogenic temperatures and not in LXe. When
correcting for optical effects, we assume a perfectly flat surface of the SiPM, ignoring surface
and microstructures within the SPAD, and any absorption of photons during emission. These
differences may lead to an over estimation of the large-angle emission profile here, when ex-
trapolating from ex-situ measurements. Another source of discrepancy could arise from the
assumption of isotropic emission profile in silicon used in both works. The LoLX phase-1

detector is sensitive to a much broader angular acceptance, and is natively sensitive to the
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effects of being submerged in LXe, further efforts are required to isolate sources of tension.
Follow-up measurements will constrain the angular emission profile using angular correla-
tions between different SIPMs in the LoLX phase-2 detector, with larger statistics. The data
taken for this measurement was from the last operational run of LoLX phase-1, and was statis-
tically limited when investigating angularly resolved SiPM ExCT measurements. The main
systematic limitations of this analysis originated from the lack of measurements of the nec-
essary optical properties in LXe operating conditions, motivating a strategic need for in-LXe
optical property measurements of detector-relevant materials.

In Chapter 6, we evaluate the impact of ExCT on the nEXO detector, building on the
simulations developed here. Using our measurements of SiPM ExCT in LXe, we find that
SiPM ExCT constitutes a percent-level and non-negligible contribution to correlated noise in
a detector with photocoverage comparable to that of nEXO. We then examine the impact of

SiPM ExCT on the energy resolution of nEXO, and contribution to other analyses.
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LoLX Phase-2 Commissioning

The LoLX phase-2 detector is a significant change from the phase-1 detector employed for
the measurement of SiPM ExCT in LXe. With this upgraded detector design, we addressed
a number of challenging design elements of the phase-1 detector. By removing superfluous
materials, selecting non-polymer based components for the structure, and including the ability
to place optical filters over each tile/face, we have reduced significantly the presence of non-
VUYV fluorescence light compared to the first phase of the experiment. With a reference PMT
installed and two varieties of VUV sensitive SiPMs, we are able to isolate and validate the
SiPM relative efficiency to VUV light through cross-referencing. With substantial upgrades
to detector monitoring, cryogenics, and autonomous operations we have prepared the system

for future long-term behaviour monitoring, an essential validation step before deploying ~46k
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SiPMs in the nEXO detector for 10 years of operation.

These upgrades reflect the primary goals of the second phase of LoLX experimentation:
detailed characterization of SiPM performance and light transport in LXe, long-term perfor-
mance and efficiency studies in LXe for nEXO photodetector candidate SiPMs, and the mea-
surement and characterization of Cherenkov radiation in LXe for future background rejection
capability studies, with additional applications in medical physics [113]. This chapter de-
scribes the commissioning data runs taken to-date, with preliminary MC and data analysis
comparisons for the January 2025 commissioning run. We describe the external calibration
procedure and its limitations, and conclude with an overview of an internal calibration source
using 8'Hf produced through neutron activation of natural hafnium that has been prepared

for future LoLX runs.

4.1 LXe Commissioning Runs

4.1.1 Run Overviews

The LoLX phase-2 detector was installed in the upgraded LoLX cryostat in June 2023, after
assembly and preliminary bench testing of SiPMs in May 2023. The first commissioning run
occurred in August 2023, with initial cooldown on August 15th, and LXe recovery on August
19th.

In the initial LXe commissioning run, we encountered significant challenges originating
from the custom UHV coaxial cables. All cables from the tiles to the feedthrough of the
cryostat were custom-made at TRIUMF and McGill, with only crimped connections. Several
channels which behaved normally at room temperature lost connections after cooldown, due
to poor contact between intermediate connections.

During the first commissioning run, data was taken with a fixed PMT voltage of 750 V, and

SiPMs were operated at 3 V, 4 V and 5 V OV. Before external source calibration data-taking,
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internal calibration is carried out with a pulse diode laser. Laser illumination is used to provide
sufficient photocurrent for breakdown voltage measurements from reverse IV curves, and low-
intensity laser calibration is used to perform SPE calibration of the SiPMs and PMTs. Detector
calibration was performed with three different y-sources, placed on the outside of the cryostat,
at approximately the same height as the LoLX phase-2 detector. These sources were selected
for their intermediate energies, as < 100 keV sources have insufficient energy to penetrate the
stainless steel, copper and LXe layers, and > 1 MeV sources experience much higher rates
of Compton scattering in LXe, complicating event reconstruction considerably. The three
sources used were 3*Ba, ??Na, and '*"Cs, with dominant ~-line energies of approximately
356 keV, 511 keV, and 661 keV, respectively. Most data were taken while triggering on a PMT
signal with > 3 photons equivalent in amplitude, with some sample datasets taken with global
OR trigger on SiPM signals with varying amplitude thresholds. Several hundred thousand
events were taken for each source, and longer background-only data were taken overnight to
reach equivalent event counts for background subtraction.

The second commissioning run took place in January 2025, after interventions and mod-
ifications during October and November 2024. During this intervention period, we repaired
several connectors, and replaced a non-functioning HPK VUV-4-Q package with a window-
less replacement from a separate production batch. With the comparison to a windowless
device we aimed to decouple the in-LXe performance differences for the HPK SiPMs from
any batch-specific deficiencies, or unexpected absorption of VUV light from outgassing com-
ponents freezing out on the quartz windows. Additionally, a prototype LXe capacitive level
sensor was installed in the cryostat, alongside a LXe purity monitor using electron drift life-
times [138]. For the second commissioning run, we installed a remote controllable high volt-
age PMT power supply to allow for autonomous PMT control, which was limited in the first
commissioning run due to the use of a bench top analog HV supply.

In the second run we prioritized **Ba with 4 V OV to increase statistics significantly
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over the data taken during the first commissioning run. During runs with a '3*Ba calibration
source, approximately ~30M events were taken over four days, compared to the O(500k)
in the first commissioning run. The focus on barium was motivated by the detector perfor-
mance evaluated from the first commissioning run, where the 2?Na, and '*"Cs runs had a large
proportion of saturated and clipped events, making event reconstruction challenging. In the
January 2025 run, we had a total of twelve unplugged SiPM channels. Of these, five were
non-functioning FBK SiPMs, two were non-functioning HPK SiPMs, and the remaining five
were unplugged due to a non-functioning SiPM present in the same summation group for read-
out. We unplugged functioning channels in the same summation group as non-functioning
channels because of excess noise arising from electrical cross-talk. Of the non-functioning
channels, only one FBK SiPM response was consistent with a completely dead device. The
remaining six non-functioning channels all showed signatures of poor connectivity from the
readout cabling chain. These signatures include an unreasonable photovoltaic voltage for
SiPMs, a significantly lower readout capacitance than expected, and DC current in reverse IV
scans, consistent with an open electrical circuit before the SiPM device.

As described in Section 2.5, the analysis techniques used for pulse-finding and event re-
constructuion were upgraded substantially over the previous implementations used in LoLX
phase-1. Using the commissioning data, we will show the results of this upgraded analysis
for SiPM calibration, and its impact on energy reconstruction for simulation-data comparisons
with our combined Geant4—Chroma simulation pipeline.

To further support analysis efforts, we created an offline event display for LoLX phase-
2 data inspection. An example event is shown in Figure 4.1, from a 4 V !33Ba calibration
run. This tool is essential for standardizing data quality checks, where questionable sub-
populations of events can be flagged by event and run number for manual post-inspection.
Problematic events can include clipped waveforms from saturated detector events, signifi-

cant pre-trigger artifacts from preceding events, and large light asymmetries in SiPM response
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from surface-events among other causes.
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Figure 4.1: LoLX phase-2 detector offline event-display example event. Left: Unwrapped
LoLX phase-2 detector cube with FBK channels highlighted in red, and unplugged (non-
functional) channels hatched out. The estimated PE level for each channel is overlaid in
text, with a single-colour saturating scaling for relative PE scale within an event. Right: Nor-
malized stacked raw waveform display plot (polarity flipped).

4.1.2 Results

SiPM Calibration

The first stage of data-taking for LoLX phase-2 is for SiPM calibration, needed to balance
the gains of the sensors before physics data taking. Since the detection efficiency and readout
signal size are both strongly coupled to the applied OV, it is essential to match OVs across all
channels for data collection. This is a required step to preserve the symmetry of the detector
response. We begin by taking laser calibration runs for SiPM breakdown voltage with high
illumination to produce sufficient current while devices are at LXe temperatures.

We reverse bias every SiPM individually at fixed voltages, while reading back the current
from the built-in current readout capability of the front-end nanoPI board’s. This is done on

the board level, where each board has 16 SiPMs from a single vendor type (from two faces of
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the detector). We do not mix SiPM types on readout boards, because the maximum voltage
difference between channels for a board is 4 V, while HPK and FBK SiPMs have breakdown
voltages that differ by more than that. The reverse-IV curves for a selection of FBK SiPMs
on readout board #03 are shown in Figure 4.2. We overlay the curves at R.T for comparison,
as well as the fitted breakdown voltage (BDV) for each channel at LXe temperatures. We see
that in future calibration runs, we must take finer voltage steps during the breakdown region

to capture the full shape, which will improve the stability of the breakdown voltage estimates.
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Figure 4.2: Example of a selection of FBK SiPM channel reverse IV curves at room tem-
perature (RT) in red and in-LXe at 170 K in blue. Overlaid are the calculated breakdown
voltages for in-LXe measurements using a pulse laser diode. We observed significant scatter
in estimated BDV compared to the underlying IV curves, signalling a need for finer voltage
increments in the breakdown voltage region for future measurements.

Once we have determined the breakdown voltages for every SiPM, we must calibrate the
gain of the devices at the applied overvoltage. This is required to convert from raw estimates
of pulse charge and amplitude from pulse finding into estimates of PE, and ultimately detected

photons. To calibrate the SPE amplitude and charge for the devices, we take additional low-
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intensity laser calibration runs where each channel should receive a few photons on average
per event. Due to the geometry of the detector, the bottom tile SiPMs receive much more
illumination, and secondary very-low illumination runs are needed to accurately estimate their
SPE gains. An example of the SPE calibration data is shown in Figure 4.3, where we highlight
our pulse charge reconstruction estimates.

We encountered a new challenge in LoLX phase-2 detector operations, a result of the
lower single-PE SNR described in Section 4.2. The estimate of an individual pulse’s charge,
or integral, is highly dependent on the estimated end-position of the pulse. With the observed
baseline voltage RMS of ~3-4 mV we reach the “noise-floor” before we reach the end of the
pulse. This makes estimates of the pulse-end especially difficult, more-so for FBK SiPMs
which have a strongly bi-exponential decay shape at cryogenic temperatures (see Figure 2.22
for an example).

To mitigate this effect, we take advantage of our knowledge of the underlying SiPM SPE
pulse-shape from template fitting, and we construct a secondary charge estimate to compli-
ment the so-called “raw charge”. To estimate SPE-level pulse charges with poor information
about the end of the integration window, we instead integrate in a “gate” that begins at the
pulse start and ends at a fixed time relative to the pulse start. For FBK the window is 0t =
60 ns. We then normalize our clipped estimate of the pulse charge by the fraction of the pulse
template in the gate region, to estimate the full pulse charge. This charge estimate is only
used for SPE pulse charge calibration, since for physics data most signal pulses are much
larger than the SPE level and the pulse end is clear relative to the peak amplitude and baseline
noise. This gate correction only works for pulses coherent in time, and is therefore not appro-

priate for normalizing pulses from LXe signals, where the photon arrival time is exponential
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in nature. The relationship for the two pulse charge estimators are:
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where V;, is the signal in waveform bin ‘2>, At is the bin width, and Niemplate, 18 the normal-

ization factor from integrating the SiPM pulse template (7s;pps) in the gate region and to

infinity:
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Figure 4.3: FBK channel SiPM ID#7 SPE calibration plots. Left: Gated pulse charge (blue)
and raw charge estimates (orange). Right: Pulse amplitude vs gate charge estimate. We see
substantial recovery of pulse charge resolution when correcting gate charge estimates with a
template normalization factor.

We see in Figure 4.3 the improvement in pulse charge resolution and accuracy of SPE
charge estimates by switching to the gate integration. When we look at the 2D projection
versus pulse amplitude (right panel of Figure 4.3), we clearly see the 1 PE, and 2 PE signatures,

while the 3 PE signal is smeared due to the presence of afterpulsing and delayed cross-talk,
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which are not included in the template for normalization.

For run preparation, we fit 1-D Gaussian functions to every channel for SPE charge and
amplitude, and where fits fail to converge because of poor charge resolution or sub-optimal
laser illumination we estimate the SPE charge and amplitude based on the 2D distribution, and
the mean values from successful fits. For the January 2025 run, we observed 3-5 % relative
variance in the HPK SiPM gain, while the FBK channels had up to 10 % relative variance
between channels. This points towards the need for longer calibration runs, ideally with im-
proved baseline noise and finer binning in reverse-I'V curves for more consistent overvoltages,
as these effects are coupled.

The PMT calibration is done using the baseline corrected waveforms collected during
low-illumination SiPM calibration data-taking, where the number of PMT pulses on per event
average are much less than 1. For each trigger, we integrate in a fixed window near the trigger,
where we expect the PMT signals to appear. This produces a large “pedestal”, when there is
no signal, and a small SPE signature from ~1 SPE PMT pulses. To subtract the “pedestal”,
i.e. the mean baseline integration when there are no PMT pulses, we use the same method for
a run where the PMT was turned off. This gives us estimates of the PMT SPE amplitude for
trigger configuration and charge for signal integration in data analysis.

All SiPM and PMT gains for SPE amplitude and charge are loaded into the configuration
for the online/offline MERCT analysis. The estimated charge and amplitude signals are normal-
ized to SPE estimates to provide estimates of light signal intensity using either pulse charge

or pulse amplitude.
External Barium-133 Source Data

In the January 2025 commissioning run, our largest dataset was for the external *3Ba calibra-
tion run, taken with a PMT trigger, equivalent to approximately 8 photons in amplitude. The
data shown here is for the 4 V OV runs, runs 31 - 43.

We begin by looking at the position dependence of interactions in the LoLX phase-2 de-
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tector cube. We can project the position dependence by leveraging the cubic symmetry of
our detector, i.e. by summing the total signal in each SiPM tile, and the PMT. By taking
the weighted mean of the tiles relative to their opposite face we get an estimator for how

“symmetric” the light distribution inside the detector is. We define this tile-tile asymmetry as:

A — w;Q; — w;Q;
T wiQi + w;Q;

where w;/; 1s the weight for a direction pair (e.g. N-S), based on sensitive area for SiPM

(4.4)

tiles (taking into account unplugged channels), relative sensitivity and effective area for the
PMT in top-bottom calculation. ();/; is the sum of the signal reconstructed for channels on
that face. We have 4 cardinal directions in the X-Y plane (N-S,E-W), and the Z-direction is
referred to as “top-bottom”. The distribution of events along the three main axes of the cube
are shown in projections in Figure 4.4. We highlight the Top-Bottom asymmetry individually,
which shows two main populations of events, one concentrated near the PMT surface, and
one near the bottom of the detector volume. The estimates of asymmetry are degenerate with
the overall light production and collection efficiency in the detector, and only serve as a crude

position estimate for events.
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Figure 4.4: LoLX phase-2 light asymmetry distributions for 1*3Ba 4 V OV data runs. We see
two main populations of events, a large excess at high and low positions along the height of
the detector (Z-axis or top-bottom axis). These are fairly aligned in X-Y direction, as seen in
the left panel, which shows an extended region for events from the North-East corner of the
detector.

With the rough position estimation from asymmetry, we identify a set of data selection
cuts along asymmetry directions, Top-Bottom, North-South and East-West. We apply the
following selection criteria: Ar_p < 0.3, Ay_s > 0.1, and Ag_w < —0.1. These cuts
should help isolate events from the external source, from scatters, and backgrounds from
directly in-front of the PMT.

Next, we look at the total signal sensor contributions to the total signal per event in the
energy distributions shown in Figure 4.5, and compare these to the distributions of rough
position-selected cuts. We see very broad features with no clearly identifiable y -like peak
features. This was initially unexpected as preliminary simulations of LoLX phase-2 indicated
a higher resolution was possible. We will revisit this point when we compare this data with
detailed simulations in the following section. An additional observation present in Figure 4.5,
but not in the previous August 2023 dataset, is the lack of a low-energy peak in the distribution.
This is likely due to the combination of the higher relative trigger threshold used in 2025, and
the O(10x) higher activity barium source used for calibration, leading to some DAQ buffer

overflow.
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Figure 4.5: Energy spectrum comparison of external *3Ba source data and background-only
data from the 4 V OV January 2025 LoLX phase-2 commissioning. Top: Live-time normal-
ized rate of events per 10 PE bin, for source and background data with and without position-
ing cuts. Bottom: Background subtracted source data compared with background subtracted
position-cut data. We see a very poor resolution in total signal integration, which was unex-
pected.

To compare the sharing of the total signal between the three types of light sensors, in-
cluding FBK SiPMs, HPK SiPMs, and the PMT, and to assess their relative performance, we
projected the channels against each other in 2D distributions and compared them to simulated
estimates. These projections are shown in Figure 4.6, for the position-cut dataset for external
133Ba source calibration data at 4 V OV. We use the position-cut data set to remove spurious
and background-like contributions to the distribution for clarity. However, by restricting to
the bottom-half of the detector, we are introducing a bias in light collection efficiency that
will reduce the overall PMT signal. Because the SiPMs are uniformly distributed, they do not

experience the same level of bias in collection efficiency.
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Figure 4.6: 2D light channel signal projections of external '*3Ba source data with LoLX, with
position-cuts applied, for all sensors. Left: Total SiPM detected PE, summing all sensors for
both vendors vs total PMT detected PE from position selected events. Right: Comparison of
summed HPK and summed FBK SiPM signals.

As we see clearly in the right panel of Figure 4.6, the HPK SiPMs significantly under-
perform compared to the FBK devices. The suspected cause of this discrepancy is discussed
in the recently submitted manuscript [139] by collaborator Alex Li. For completeness, we
briefly comment on it later in the comparison with simulations. In the left panel of Figure 4.6,
the light collection in the LoLX phase-2 data shows that the PMT and SiPM signals are anti-
correlated due to the detector geometry: when the PMT receives the most light, the SiPMs

receive less, and vice versa.

4.2 Simulation Comparison

4.2.1 Geant4 Input

We simulated the 3*Ba decays using the G4LOLX simulation described in Section 2.5, to com-
pare to the data taken during the second commissioning run of LoLX phase-2. The simulated
position is approximately located where the source was positioned during data-taking, and the
Global Particle Source (GPS) was used to simulate decay ys with a piece-wise user-defined

energy histogram, with relative intensities scaled to the data from online IAEA NDS tables
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[140].

The resulting total event energy deposition and position of energy depositions in the LXe
scoring volume are shown in Figures 4.7 and 4.8, respectively. The skewed position dis-
tribution for energy depositions is consistent with the observed signal asymmetry shown in
Figure 4.4. The position distribution appears clipped due to the limited extent of the LXe scor-
ing volume used in GALOLX. The simulated energy deposition positions, shown in Figure 4.8,
are displayed in the Chroma frame of reference, which has a -283.0 cm Z-position offset with

respect to the GALOLX positions.
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Figure 4.7: Total event energy of *3Ba decay events that deposited energy in the LoLX Geant4

LXe scoring volume. The dominant y lines are apparent, with the most dominant line at
~356 keV.
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Figure 4.8: External '3*Ba decay events energy deposition positions in LoLX phase-2 detector
scoring volume, in the LoLX phase-2 Chroma frame of reference. The source was simulated
at (7.5 cm, 0 cm, 30 cm) with respect to the GALOLX geometry, and we see significant source-
side bias in X-position of deposits, and a milder bias towards lower Z positions.

We can see clearly that the source energy deposition positions are biased towards the
lower Z and +X direction, similar to what we saw previously with the barium source data
asymmetry projections in Figure 4.4. We can deduce that the relative orientation of the LoLX
phase-2 detector in the cryostat is likely rotated by ~45°, compared to its position in the
simulation. This may lead to some differences in the propagation of light for data-simulation
comparisons, and motivates the need for a specific clocking to be used during installation so

that the simulated source positions are known a priori.

4.2.2 Chroma Simulations in LoLX phase-2

LoLX Phase-2 Light Map

To better understand the propagation of light within the LoLX phase-2 detector, we can mea-
sure the total light collection efficiency as a function of simulated position. This is shown for
20k “scintillation photon-bombs”, where we use the NEST model in Chroma to produce LXe

scintillation-like photons with fluctuations driven by the chosen source (356 keV [3s here).
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The light collection efficiency is the ratio of detected to created photons per event, averaging
over multiple events for each position voxel (volume pixel). This is shown as the X vs Z
position, with projections averaging over either X or Y in Figure 4.9. The projections are
displayed as profile histograms, where the mean value for each projection is averaged over
X or Y versus Z, and the uncertainty on each point represents the 1-o standard deviation of
the estimates. For the sake of comparison, we include the projections and 2D lightmap for a
more realistic detector, removing detected photons from the list of non-functioning SiPMs in
the calculations of efficiency. These channels are fairly evenly distributed in the detector, as
shown in Figure 4.1, and when averaging over the entire detector, we move from an average
light collection efficiency in the ideal case of ~7.6 % to ~6.6 % in the realistic case, a ~13 %

decrease in overall light collection efficiency.
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Figure 4.9: Light collection efficiency map for scintillation events in LoLX phase-2 detector,
with idealized and estimated response side-by-side. Left panels: “Perfect” detector, with all
working SiPM channels, and projections using profile histograms of X/Y versus Z position.
Right panels: “Realistic” detector, with unplugged channels from January 2025 LXe run ex-
cluded from detected photon counts. Simulated SiPM PDE is for 3 V OV operation for both
device types.

Barium-133 Response

To compare the simulated Geant4—Chroma barium events to our data, we must first apply
some minor corrections. The simulated photon detection efficiency is for nominal 3 V OV
data-taking, which requires us to scale up the collected light by a small amount. The scaling
is derived from [103], a ~7.5 % relative increase in efficiency for VUV photons driven by the

increase in avalanche initiation probability from 3—4 V. Additionally, we remove detected
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photons from any channels that were unplugged in the January 2025 commissioning run, for
comparison to the source data from the previous section. Lastly, we smear the perfect de-
tected photon count by the SiPM response expectation from [101]. The smearing is done by
randomly sampling a normal distribution with parameters from [101] for mean excess charge
and excess charge variance. For each detected photon count in a given SiPM group we mul-
tiply by the randomly sampled noise factor from the prescribed distribution for each group
individually. Total smeared counts and PMT detected photon counts are summed at the end
to produce the orange curve in Figure 4.10, which we compare to the pure detected photon
distribution and the PMT detected photon distribution. We can also do an approximate re-
scaling of the simulated data to better match what we observed in LoLX phase-2 January

2025 commissioning runs, shown in Figure 4.5.
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Figure 4.10: Pure detected photon and estimated PE spectra comparison for simulated external
133Ba source events, normalized. The detected “PE” spectrum includes smearing from the
expected excess charge distribution from [101] for FBK and HPK SiPMs. The re-scaled
distribution has been downsampled by the observed data-simulation yield difference, with

f =10.7. SiPM channels which were unplugged in the January 2025 run are excluded from
the summation here.
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As seen in Figure 4.5, while the initial detected photon distribution still contains some
peak-like features, once we include the effect of re-scaling to a lower overall light yield, and
introduce the variance from SiPM correlated noise, there is a significant loss in resolution.
This effect was initially unexpected and we have been pursuing a neural-net based position
reconstruction algorithm to recover resolution in combination with a detailed lightmap like
the one shown in Figure 4.9.

We can also compare the simulation and the data energy spectrum qualitatively, by over-
laying and normalizing the data and simulation to the same amplitudes. This is shown in
Figure 4.11 with the non-cut and not-background subtracted '**Ba source data overlaid with

the smeared and re-scaled distributions from simulation.
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Figure 4.11: Comparison of simulated and measured external '*3Ba source energy spectrum,
in total detected PE. By applying an overall down-scaling of the detected PE in simulation
with a factor, f = 0.7, we get a fair shape agreement between data and simulation.

While the overall shape of the down-scaled and smeared simulation energy spectrum
agrees roughly with the measured data, there are a number of differences. The first is the

narrower peak, and broader tail of the energy spectrum above 1500 PE. This is likely an ar-
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tifact of clipped pulses, since we observe for a significant fraction of events at full-energy
that one or more sensors have clipped the dynamic range of the readout electronics. This
contributes to the broadening in the distribution of high-energy events. The second signifi-
cant difference is the lack of the low-energy peak in the data. While some of this loss can be
attributed to overflow in the DAQ buffer (as the majority of events expected are high energy,
as seen in Figure 4.7), we can model our detector’s trigger efficiency for a more quantitative
comparison. This is shown in Figure 4.12, using the simulated external barium source dataset
shown here. Barium calibration data was taken with a -25 mV threshold on the PMT signal,

approximately 8 photons equivalent in amplitude.
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Figure 4.12: Profile distribution of simulated trigger efficiency for LoLX phase-2 commis-
sioning data with external *3Ba source events. An event is considered “triggered” when 8
photons are detected in the PMT. Each point represents the mean trigger efficiency for events
with the corresponding total simulated light level, an analogue for energy, while the error-bars
are the 1-0 standard deviations of the trigger efficiency distribution for each bin.

As we see in the profile distribution shown in Figure 4.12, there is a very large variance
in trigger efficiency even for high light levels in the detector, due to the geometric effects in
light collection as shown in Figure 4.9. The trigger efficiency seems to stabilize above ~2000
created photons, and begins again increasing at ~8000 photons. For events in the bottom half

of the detector, which make up most of our simulated vertices, we expect a light collection

130



efficiency of ~6 %. Converting to these values to detected photons, we estimate the trigger
threshold to be approximately 200 PE for '**Ba. The efficiency increases above roughly
500 PE, which corresponds to the low-energy cutoff observed in simulations, as shown in
Figure 4.12.

We also project the simulated results across channels in 2D to compare to the distributions
from data measurements, shown in Figure 4.6. The simulated external '**Ba dataset used here,

with the data driven rescaling, but without ECF smearing, is shown in Figure 4.13.
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Figure 4.13: 2D light channel simulation projections for external *3Ba source in LoLX phase-
2. The overall light-yield has been down-scaled by f = 0.7 to match the overall yield in data.
Left: Detected PMT photons vs detected SiPM photons, without noise. Right: Simulated
HPK channel vs FBK channel response, with January 2025 run channels omitted from photon
summation in the respective groups.

By comparing the simulation projection in Figure 4.13 with the data in Figure 4.6 we can
make some additional observations. We see that the overall shape in SiPM vs PMT signals is
reproduced, although the branch extending to high PMT signals occurs at a higher SiPM light
level. Comparing the HPK and FBK projections shows that the HPK devices underperform
relative to simulation expectations. Because the total light yield was scaled by matching the
total PE, this procedure does not account for the HPK underestimation, leading to the branch
at high-PMT in the simulated SiPM vs PMT projection, to be shifted relative to the data. The

simulations could be better described by a specific down-scaling of the HPK simulated per-
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formance, with an absolute yield difference from the PMT-only energy spectrum. However,
this would be contingent on correcting for PMT clipping to accurately estimate the end-point
in energy.

Finally, we can compare the timing response of the detector to the expected LXe timing
pulse-shape from the simulated data that uses the NEST model. This is done by summing the
time-aligned baseline corrected PMT waveforms, we write to the output .root file in full for
one barium calibration dataset, run# 43. Because the PMT signal is very prompt, without the
long decay tails in the SiPM waveforms, we can estimate the pulse-shape by summing many
PMT waveforms [141]. The average PMT waveform is compared to the simulated photon
travel time data in Figure 4.14. For a more accurate comparison, we also overlay a simulated
spectrum that includes a Gaussian smearing with width 0 = 7 ns, tuned to match the rise-time
of the data profile, which includes contributions from DAQ jitter, PMT response width, and
event misalignment. The simulated spectrum comes from Chroma simulation results, and was

shifted to match the trigger offset in data.
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Figure 4.14: Comparison of simulated and measured LXe time profiles in LoLX phase-2 for
external 1*3Ba source calibrations. The simulated time profile without SiPM correlated noise
is shown in blue, and a Gaussian smeared simulation (¢ = 7 ns), is overlaid in orange for a
more realistic comparison with the summed PMT waveform from data. The residual panel
shows the relative residuals for data versus the smeared simulation profile. We observe an
intermediate time excess and late time deficit when comparing the shapes of the simulated
and measured time profiles for LXe scintillation.

The observed deficit of late time LXe photons, shown in Figure 4.14, is understood to
be an effect of scintillation quenching from impurities in the liquid [142]. We have indepen-
dently measured O(100 ppm) nitrogen contamination in the GXe during inspection with a
residual gas analyzer, probing Xe gas samples of the LoLX gas handling system. We have
also observed an overall quenching of the total light yield of the data when comparing to
simulations, which is only partially explained by a lower than expected HPK performance in
LXe compared to vacuum measurements. These observations motivated the inclusion of the
purity monitor in the January 2025 commissioning run.

Preliminary modelling of the PMT LXe profile, shown in Figure 4.14, indicated an effec-

tive triplet life-time lower than expected from simulations and reported measurements [143].
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This effect is consistent with nitrogen-driven quenching through collisional de-excitation,
shown earlier in Figure 2.3. Longer lived triplet excimers, formed primarily through the ion-
ization channel, will disassociate through collisions, and begin forming new excimers with
nearby neutral xenon. This populates singlet states primarily by forming through excitation
channel, and promptly de-exciting through the singlet decay mode (7, ~4 ns) [142]. We con-
sider this effect together with an unknown level of electronegative impurities in the bulk LXe.
These impurities predominantly quench the late-light by absorbing ionization electrons be-
fore dimers can form. As a result, a significant reduction in the overall light yield is expected,
consistent with the scales observed in LoLX phase-2 commissioning data. Preliminary mod-
elling of the measured pulse-shape indicated fair agreement with a modified 2-exponential
model that included an intermediate “recombination” term with a negative contribution, as
described in [142], with input from [144]. This negative contribution could be interpreted
as a quenching term from collisional de-excitation, which has an interaction rate roughly the
same order as free recombination (Xej + e~ — Xe*™* + Xe). However, more work and a fully
constrained model are needed as the individual fit contributions are highly coupled, and the

measured fit y? are incompatible with a good fit.

4.3 Calibration Sources and Future Runs

From our commissioning data runs, we have seen the limitations of using an external 'y-source
for energy calibrations of LoLX phase-2. In order to improve the precision of detector re-
sponse calibration for improved data-simulation comparisons, and to enhance energy resolu-
tion for future studies of LXe scintillation response, we must move to an internal calibration
source. We have the following requirements for an internal source: low enough mean ener-
gies to avoid saturation and clipping artifacts, a point-like geometry for reconstruction sim-
plicity and to avoid shadowing effects, and suitability for a cryogenic noble liquid environ-

ment. While the first requirement can be addressed partially from more advanced triggering
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by requiring single-photon sensitivity, we are limited by the minimum gain required to have
sufficiently high SNR for SPE pulse identification. The second requirement is motivated by
experience with LoLX phase-1 where an extended *°Sr needle source was used, introducing
both shadowing effects and artifacts from local energy loss in the needle volume. The final
requirement is partially motivated by nominal LXe detector component requirements already
discussed, with additional consideration from the observed flaking of the %°Sr coating used in

LoLX phase-1 operations.

4.3.1 Hafnium-181 Internal Calibration Source

I81Hf was chosen as a calibration source for several reasons: it is readily available, its pro-
duction is relatively straightforward, and it satisfies the experimental constraints outlined pre-
viously. During private communications with Professor Dominic Ryan (McGill), we were
recommended to use natural hafnium activated through thermal neutron activation to produce
I81Hf. This occurs through the reaction *°Hf +n — ®Hf and was carried out at the MacMas-
ter University research reactor. Activated hafnium is an attractive source for our needs, the
absence of long-lived activation isotopes other than '8'Hf, and an energy range for 3 and y
emissions that is well matched with the needs for LoLX phase-2. ®'Hf decays via 3~ decay.
The dominant branch (~93 % B.R.) has an endpoint energy () =404 keV and a mean emission
energy of 120.7 keV [145].

The full decay scheme of '8! Hf is shown in Figure 4.15 reproduced from [146]. There are
several dominant 7y lines useful for LoLX phase-2 calibration, including the two main lines,
from the primary 3~ channel, of 133 keV followed by a delayed 482 keV emission with a
decay constant of 7 ~1.8 x 10! us. In LoLX phase-2 we expect to be able to correlate these
delayed emissions through coincidence tagging. With a decay half-life of 42.4 d, the quantity
of 181 Hf in our activated source will decay over time, but is easily “refreshed” with subsequent

activations.
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Figure 4.15: Decay schematic for '8! Hf reproduced from [146].

As an activated all-metal source, '8'Hf is suitable for use in a LXe cryostat. For our prelim-
inary source preparation we purchased >95 % purity natural hafnium wire with D = 0.5 mm
from Goodfellow advanced materials, and prepared three samples for activation. For activa-
tion the reactor used was the McMaster Reactor Rabbit activation system [147], a fast pneu-
matic deployment system for small-sample short (< 1 h) activations at the 5 MW reactor
facility. Samples must be < 5 cm in length and fit within a 1.8 cm diameter polyethelyne
sample tubes. The three samples we activated are pictured in Figure 4.16 in a sealed quartz
ampule'. The three samples were: a ~3 cm hafnium wire, a ~3 ¢m zirconium rod witness
sample, and the prepared source sample, a ~3 cm zirconium rod also from Goodfellow, with
a spot-welded hafnium “nub”. We attempted to spot-weld hafnium to its sister metal, zirco-
nium, which is a widely used material in nuclear reactors due to its low neutron absorption
[148]. After production, each sample was cleaned by hand with degreaser, sonicated for 30
minutes in acetone, then ethanol, and finally rinsed in ethanol then dried. All three samples
were then sealed in a quartz ampule packed with quartz wool, following guidance from the

McMaster reactor manager. Unfortunately, the spot-welded hafnium “nub” delaminated dur-

'"Many thanks to Dominic Ryan for his assistance in preparing and sealing the samples.
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ing transport, leaving the activated hafnium wire as our source for upcoming runs.

Figure 4.16: Sealed hafnium source and witness samples before irradiation at McMaster in
March 2025.

Activation estimates were carried out using the online NIST neutron activation analysis
estimator [ 149], to provide a guide for selecting activation times. The source was irradiated for
60 s in a ~5x 102 n/cm?/s thermal neutron flux at one of the Rabbit sites without a cadmium
foil-lined container. This was estimated to produce a total 'y activity of ~175 kBq after 24 h
of cooling for all materials in the sample container, which was very close to the 2-day post-
irradiation measured total activity of ~170 kBq?. The wire sample will still have an estimated
~440 Bq of activity remaining after one year, suitable for calibration purposes in LoLX phase-
2 where the nominal DAQ event rate maxes out at ~400 Hz.

After activation on May 13th 2025, we recieved the samples back the following week and
proceeded with unpacking and cursory inspection using the departmental high purity germa-
nium (HPGe) gamma spectroscopy setup available in the undergraduate physics labs. This

work was carried out by undergradute summer research intern Ethan Coulthard, under the

ZPrivate communication, McMaster Nuclear Reactor facility manager, 2024.
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supervision of Thomas Brunner and myself. The HPGe inspections were carried out for all
samples, with the wire sample and background spectrum shown in Figure 4.17, reproduced
with data shared by Ethan. We do not observe any higher energy y lines, our primary concern

for activated isotope contamination due to saturation effects in LoLX phase-2.
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Figure 4.17: HPGe spectrum of ''Hf wire sample overlaid with HPGe background, displayed
in MCA channel number. Both samples are normalized to their rates in the shaded normal-
ization region for visualization and qualitative inspection. Only hafnium emission lines are
observed in the activated '8'Hf sample. The highest energy feature represents the transition of
B-decay daughter, '8! Ta* from +5/2—+7/2 ground state of ~482 keV. HPGe data was taken
by undergraduate research intern Ethan Coulthard.

Future LoLX phase-2 calibration will be performed using the installed *® Hf source, which
will be mounted inside the LoLX detector volume in a source holder designed to expose the
hafnium wire tip while shielding the rest of the wire. This source will be used to better estimate
the intrinsic energy resolution of LoLX phase-2, constrain LXe scintillation leakage through
optical filters that will be installed, and improve modelling constraints for optical transport

and SiPM detection efficiency measurements.
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4.4 Conclusion and Next Steps

We showed and discussed the results from the second commissioning run of LoLX phase-2,
with a comparison to simulations for key parameters. We demonstrated that the SiPM SPE
charge calibration can be recovered in a low SNR regime by employing pulse template fitting
to inform charge corrections. We observed that the performance of the LoLX phase-2 detector
has broad agreement with simulations in measured energy response shape, if not scale, and in
timing and positioning response through weighted charge averaging. More modelling work is
needed to prepare for future runs with LoLX phase-2, which will include an internal calibra-
tion 8'Hf source. The inclusion of the hafnium calibration source is expected to address our
key challenge points from these commissioning runs. By using a low-energy internal source,
we aim to improve detector energy resolution, and fully constrain source position knowledge
for more precise simulation-data validations in the future.

Through three independent measurements, we observed phenomena that could contribute
to the observed deficit of scintillation light in LoLX. These include N, detected in the GXe
processing system by a residual gas analyzer, a light yield deficit relative to simulations that
cannot be attributed to sensor performance, and a marked reduction of triplet light in the LXe
scintillation profile. While none of these alone are conclusive, we have also installed an elec-
tron drift lifetime monitor to establish a baseline LXe purity measurement, sensitive to all
electronegative impurities except nitrogen [95]. The design is based on a version developed
by nEXO collaborators at the University of Massachusetts [138], using a xenon flashlamp to
produce photoelectrons on a gold-coated photocathode. During the January 2025 commission-
ing run, we did not observe any signals in the purity monitor when submerged in LXe, while
operation was nominal during GXe testing. During GXe measurements, we saw significant
purity degradation from outgassing, during the room temperature calibration measurements.

Follow-up testing and the inclusion of a higher power flashlamp are being carried out to better
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understand the source of signal loss when submerged in LXe. Independently, we have begun
the design of a xenon recirculation system, expected to significantly improve the purity of
the xenon for operations. Improved purity is a requirement for any future measurements of
xenon scintillation properties or timing behaviour.

We omitted the discussion on the LXe responsivity of the SiPMs relative to the VUV PMT,
which is the subject of a recently submitted manuscript lead by collaborator Alex Li [139]. In
brief, these characterizations, which required the development of light-only position recon-
struction for improved detector resolution, show that by modelling the surface features and
shadowing of light from oblique angles on the HPK SiPMs, we can reproduce the measured
relative performance of FBK and HPK in LXe. However, this work still requires the inclusion
of a global light-yield quenching to match the absolute light levels observed in LoLX phase-2
data.

With a much more stable system, a better understood detector, and improved source and
hardware calibration for future runs, LoLX is poised to perform more detailed and critical
detector R&D for LXe based detectors, such as nEXO, XLZD and PIONEER [150], [151],
and to further our understanding of xenon light production and transport through dedicated
studies. These studies include: long-term stability performance of SiPMs in LXe for weeks-
month-long operations, angle resolved measurements of SiPM ExCT, and SiPM ExCT from
FBK SiPMs in LXe, measurements of zero-field light yield in LXe for 3, «, and y radiation,
and the characterization of Cherenkov production from low energy [3’s, alongside other fast-
timing measurements such as the LXe scintillation time profile at zero-field.

Future work could also include a physics-informed model of light quenching from impu-
rities in LXe in order to improve on the poorly constrained data shown from our commission-
ing run. This would be significantly improved by dedicated timing resolution and response
measurements of the PMT, afterpulsing constrains for the PMT from dark and cold laser cali-

bration data, combined with benchmark purity estimates from electron drift lifetime measure-
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ments. Since Ny contamination is known to affect the measured timing response, but is only
marginally sensitive in electron drift lifetime monitors, characterizing in detail the effect of
nitrogen contamination in LXe would provide valuable insight to its impact on LXe detector
performance.

Shortly after the January 2025 commissioning runs explored here, we experienced a crit-
ical component failure during gas transfer operations. The high-pressure regulator used to
separate the gas storage bottles from the low-pressure deployment side of the system formed
a leak. Dedicated characterization and preliminary purification through xenon distillation is
underway to return the xenon to a sufficiently pure state. While this additional purification
and characterization continue, we prepare for future runs, including the development of a
re-circulation system and the installation of upgraded readout electronics boards to improve

baseline noise and readout SNR.
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The nEXO Experiment

The nEXO experiment is a next-generation 0v {33 search experiment that builds on the founda-
tion of the successful predecessor experiment EXO-200 [152]. The Enriched Xenon Observa-
tory (EX0O-200), ran from 2011 until 2018 [152]. EXO-200 performed the first measurement
of the two neutrino decay mode, 2v33 in 13¢Xe [153], and set world leading limits in 0v{33,
with a final half-life limit of 71 o > 3.5 x 10% yr [152]. The EXO-200 experiment employed
a low-background LXe time projection chamber (TPC) with ~200 kg of LXe, and combined
charge and light readouts with an energy resolution of ~1.2 % of the FWHM at the '*Xe end-
point energy [152]. The 0v half-life limit in *°Xe from EXO-200 was recently surpassed
by the KAMLAND-Zen experiment [47].

The nEXO experiment aims to improve significantly on the EXO-200 results, with an up-
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graded detector design, a greatly increased xenon mass, and a reduced background level. To
meet these ambitious goals, the nEXO design has been developed over the past decade [154],
taking advantage of technological advances in the field, such as VUV-sensitive SiPMs [101].
nEXO seeks to constrain the entire inverted mass hierarchy with an ultimate projected sensi-
tivity to 0VBR of 712 >1.3 x 10?® yr at the 90 % confidence level after ten years of running
[52].

The nEXO design is composed of two detector systems, the outer detector (OD) a 1.5 kt
Water-Cherenkov muon-veto and radiation shield, and the inner detector, a 5 t LXe TPC
(~3.7 t active). Time projection chambers are an excellent technology choice for 0v{33
searches, driven by two main criteria: energy resolution and background suppression. The
large monolithic LXe volume surrounded by light sensors along the barrel, and charge col-
lection tiles at the anode top-plane allows for fiducialization of an analysis volume at the
innermost part of the detector. This fiducial volume will have excellent signal purity, i.e.
with very few contributions from background signals. In order to reach its sensitivity goals
required for Ov33 discovery, we must address the main challenges of the EXO-200 exper-
iment, and increase the isotope mass significantly. To reduce the cosmogenic activation of
detector components, especially 3" Xe, nEXO will be located at SNOLAB, the deepest under-
ground science site in North America [155]. SNOLAB, host of the eponymous SNO experi-
ment, is located in Sudbury, Ontario, and boasts a dense overburden of Canadian Shield rock
with a water equivalent depth of ~6000 m [155]. This shielding is more than three times the
overburden of EXO-200, which had a water equivalent depth of ~1600 m [156].

In this chapter, we will review the nEXO detector systems in Section 5.1, the main data
analysis methodologies for the Ov33 search in Section 5.2, and nEXO’s sensitivity to Ov{3[3

in Section 5.3.
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5.1 nEXO Overview

The nEXO experiment will be composed of a 5 t LXe TPC inner detector, nested within the
outer detector, a 1.5 kt water Cherenkov veto, planned to be housed within the SNOLAB

Cryopit. The cross-section of the conceptual nEXO design is shown in Figure 5.1.

Underground
cavern

12.8 m

Access tunnel '/

Figure 5.1: Sketch of the nEXO detector concept from the 2018 Pre-conceptual design report
[154]. The illustration shows the LXe TPC located inside the insulated cryostat filled with
HFE-7000 refrigerant, all enclosed within the outer detector water tank, filled with 1.5 kt of
ultrapure water. A cartoon person is included in the access tunnel for scale.

5.1.1 Outer Detector

To reach the sensitivities required for nEXO, we employ the techniques described briefly in
Section 1.5.2. The nEXO outer detector (OD) serves the dual purpose of passive background

shielding and active muon veto.
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The outer detector is a 1.5 kt water-Cherenkov detector instrumented with 125 PMTs. The
large water volume provides passive shielding against the v and neutron radiation flux from
the Cryopit walls, with hydrogen-rich water being particularly effective for neutron modera-
tion. The OD dimensions are constrained by the SNOLAB Cryopit geometry, and meet the
minimum shielding requirements for ~ radiation [71].

Beyond passive shielding, the primary objective of the OD is to tag all through-going
muons with efficiency >95 %. In particular, muons passing within 3.5 m of the cryostat vessel
produce the vast majority of 1*"Xe atoms expected in the LXe TPC [71]. For muons passing
within 4 m of the TPC, a conservative veto window of 25 minutes is applied to effectively
remove 3"Xe decays (7 /2 ~4 min), adding only 1.3 days of dead-time over the ten-year
experiment lifetime [71]. Additional synergies are possible by combining muon and TPC
signals to tag 13"Xe de-excitation radiation, potentially reducing the required veto window

length.

5.1.2 Inner Detector

The heart of the nEXO experiment is the inner detector, the LXe TPC containing xenon en-
riched to 90 % of the 0v3 isotope '*°Xe. The inner detector is a 1.3 m right-cylindrical
copper vessel. The vessel will be made of electroformed copper, formed underground at SNO-
LAB to reduce cosmogenically activated backgrounds [52]. A rendering of the nEXO inner

detector with TPC is shown in Figure 5.2 reproduced from [52].
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Figure 5.2: Visualization of the Geant4 simulated nEXO TPC from [52]. This 2/3 projection
shows the main components of the TPC, including charge and light detection locations and

E-field shaping rings.

nEXO’s detector key components, highlighted in Figure 5.2, include the charge collection

system, the light collection system and the electric field shaping rings.

Liquid Xenon Time Projection Chambers

The operational principle of a LXe TPC is illustrated in Figure 5.3. When incident radia-
tion (for example 2v[33) interacts with LXe is within the TPC, the ionization electrons and
scintillation photons are produced in an anti-correlated manner [157]. Additionally, the short
~-attenuation length of LXe (~8.5 cm at 2.5 MeV), induces a self-shielding effect. The centre

of nEXO will be ~8 radiation lengths away for the critical background +’s near the Ov[3{3 re-

gion of interest.
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Figure 5.3: Illustration of LXe TPC operational principles. When radiation interacts with LXe,
ionization electrons are drifted to the charge collection tiles on the anode in a 2D grid. The drift
field is modified by the field shaping rings (orange) to produce a linear field within the fiducial
volume. Scintillation photons are detected by SiPMs surrounding the barrel. The interaction
3D position is estimated by combining the (x,y) position of the interaction estimated from
the 2D charge grid signal, with the z position, estimated using the time difference between
scintillation and charge signals.

The ionization electrons are drifted by the electric field produced by the potential differ-
ence between the anode and cathode planes, accented by the field shaping rings along the
length of the cylindrical chamber. The field cage is configured so that a static electric field is
present throughout the bulk of the detector volume, essential for event position reconstruction.
During the drift of ionization electrons to the charge collection tiles on the anode top-plane,
scintillation photons travel promptly from the point of origin of the interaction, to be detected

by the SiPMs along the barrel of the chamber. By combining the detected charge and light sig-
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nals, the estimated energy of the interaction is reconstructed. nEXQO’s energy resolution target
at Qpp is <1 % (o /1), while 0.67 % has been demonstrated in a similar configuration [158].
The reconstructed 3D position of the interaction from the TPC is a key input in background
discrimination. This is because the anticipated signal (0v[33) would be distributed volumet-
rically within the bulk LXe, and most backgrounds are concentrated at the detector surfaces
[52].

The (x,y) position is easily extracted from the charge collection pads, which are oriented
in a 2D grid. Lastly, the z-position can be estimated from the time difference between the
scintillation and charge signals. The scintillation signal is produced promptly, and is trans-
ported in O(ns), while the charge signal takes O(100 ps) to arrive. When light and charge
information is combined, the 3D position vertex can be estimated within ~1 cm? [159].

With the 3D position vertex of the interaction site in-hand, we can define one of our key
background discrimination variables, standoff distance. We define standoff distance as the
Euclidean distance between the interaction site, and the nearest detector surface.

By combining the light and charge signals together, we can extract an energy estimator,
referred to as “rotated energy”. The linear combination is selected to maximize linear response
for 3-like events, which incidentally provides effective discrimination against a-like events
due to their significantly different ionization fractions [160]. Figure 5.4 shows the rotated
energy spectrum in charge vs light space for simulated backgrounds from [52]. The rotated
energy can be represented by Equation 5.1, where the scintillation and charge constants (cp,

cq) are selected for optimal combined energy resolution:

Er = cp Np +co No, (5.1)
where, Np and NQ are the reconstructed light and charge signals from the event, correcting
for detector non-uniformities using a lightmap and expected charge attenuation loss, respec-

tively. In this representation, cp and c¢ are obtained from calibration and encode the detector
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response to photons and charge per unit energy.
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Figure 5.4: 2D plot of charge vs light energy from nEXO simulations. Rotated energy axis
overlaid. By inspecting the reconstructed light (/NVp) and charge (Ng) signals of simulated
232Th background decays from the TPC vessel. Figure reproduced from [52].

nEXO Charge Collection System

The charge collection system consists of two main components, the E-field shaping cage and
charge collection tiles. The nEXO field shaping cage has been designed to provide a sta-
ble 400 Vcm™! electric field region within the fiducial volume of the LXe TPC, containing
~3300 kg of LXe with the remaining LXe in the so-called “skin” region. The TPC will have
a ~1.2 m drift volume, and the fiducial volume is set by a minimum of 2 cm of standoff
distance for uniform fields from simulations [52]. At this field strength, the electron drift ve-
locity is ~0.2 cm/us. The field cage will consist of 58 field shaping rings (FSRs) of 113.4 cm

inner diameter, supported by Ultem™ (PEI) rods and fused silica spacers. The cathode will
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be coated with a reflective MgFs/aluminum stack to enhance light collection efficiency.

The drifted charge will be collected at the anode by an arrangement of segmented charge
readout tiles. Each tile will be ~10x 10 cm?, made of fused silica with gold and SiO, coatings.
They will have 30 ‘X’ and 30 or ‘Y’ strips, arranged diagonally with ~3 mm pads, with
strips separated by thick layers of SiOs at crossing points to electrically isolate channels [161].
The geometry was chosen to optimize charge collection, while minimizing charge build-up
and capacitance. The final design and arrangement of the charge collection system is being

finalized, but will consist of ~120 tiles, covering the majority of the anode.
nEXO Light Collection Subsystem

The nEXO scintillation light collection subsystem plays a central role in background reduction
and improving energy resolution. The main design goal of the nEXO light collection system
is to detect more than 3 % of the total light produced from scintillation within the fiducial
xenon volume [154]. There are two additional requirements: the photodetectors should not
introduce more than 1 % of the total background in the region of interest, and the total detector
energy resolution (/1) should be less than 1 % [162].

Additionally, nEXO’s photodetectors must be suitable for long-term operation in LXe at
cryogenic temperatures, and in order to reach the energy resolution and light collection targets,
must have low correlated noise and high detection efficiency for LXe scintillation. The base-
line light system design includes five integration tiers are illustrated Figure 5.5 reproduced

from [162] described according to label:
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Figure 5.5: Overview of nEXO light collection system components from [162]. a) Basic unit
of 1x1 ¢cm? SiPM, b) Image of a proto-type sub-array with 6 SiPMs, each sub-array is read
out as a single channel c¢) Back-view of prototype tile-module, each tile-module has 16 sub-
arrays. d) SiPM stave, the largest unit in nEXO PD system, each stave has 20 tile-modules.
e) Full light collection barrel of nEXO with 24 staves for a total of 46080 SiPMs and 7680
readout channels.

a)

b)

d)

SiPMs — The 1 x 1 cm photosensor is the base unit of the light collection system. Two
main vendors are being considered for nEXO: FBK HD3 SiPMs and HPK VUV4 multi-

pixel photon counters (MPPCs).

SiPM sub-array — 6 SiPMs are arranged in a “3P2S” configuration (3-parallel and 2
series) to minimize noise and maximize sensor granularity while optimizing for readout

capacitance.

SiPM Tile — 16 sub-arrays are readout by a single tile module, equipped with an FeA-
SIC for fast analogue analysis, performing shaping and amplification. SiPMs on the

tile module are connected to the FeASIC through a fused silica interposer.

Photodetector Stave — 20 tiles are arranged in a 2x 10 configuration, each stave is
equipped with an ADCTX ASIC connected to the tile modules by radiopure Kapton
cabling [163], placed at the top of the stave to reduce LXe boiling in critical areas.

This ASIC performs analogue-to-digital conversion for each tile and passes along the
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waveform snippets to the DAQ system.

e) The full light collection barrel with 24 staves, for a total of 46080 SiPMs and 7680

readout channels.

Both FBK and HPK SiPM vendors are still under consideration for the nEXO photode-
tector system (PD), and as mentioned in Chapter 2, LXe testing is underway to help inform
vendor selection. We have some additional considerations for vendor selection which include:
dark noise rates, long term performance stability in LXe, and the capacity for through-hole
vias. The high granularity of the light collection system will aid with background reduction
by enabling hit-pattern based analyses, especially helpful for surface and skin-volume back-
grounds.

Detailed optical characterization of in-situ components is required in order to produce
accurate simulations of the nEXO light collection system, and extensive R&D has been un-
derway to support these efforts [101], [132], [164]. In the following chapter, we will discuss
the past and current state of nEXQO’s optical simulations, and work underway to improve mod-

elling and understanding of the essential scintillation light collection system.

5.2 nEXO Multiparameter Data Analysis

nEXO builds on the multi-parameter profile likelihood developed for the EXO-200 exper-
iment [152]. By employing profile likelihoods, rather than using a simple cut-and-count
method, nEXO will optimize its sensitivity to 0v3 3, while minimizing the contribution from
background fluctuations [52]. The profile likelihood analysis uses input profile density func-
tions (PDFs) weighted proportional to the background contribution exposures in the analysis
dataset (total activity and acceptance dependent). These background PDFs are 3-dimensional
(energy, standoff distance, and event topology) and bounded by the first-pass analysis cuts

with non-uniform binning. Input PDFs are required for each key background contributions
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[52]. The fits are completed using MC techniques, minimizing the negative-log-likelihood
(NLL) to estimate the best fit PDF weights for each toy dataset.

Each input PDF is generated by high statistics Geant4 simulations of background radiation
from nEXO detector components, with estimated activities from extensive radio-assay cam-
paigns [52], [165]. All key detector components have been assayed to determine their intrinsic
levels of U/Th contamination, and the measured activities are used to scale the background
PDFs by detector component mass in the profile likelihood analysis.

There are three high-level analysis variables that serve as the input parameters for the
multi-parameter likelihood analysis. These three variables are selected for their discrimina-
tion power, and relevance to the Ov[(33 search, and are illustrated in Figure 5.6. In the top
insets of Figure 5.6, the categories of “background-like” and “signal-like” are included for
illustrative purposes, as the profile likelihood uses the entire input PDF for fitting and estima-

tion.
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Figure 5.6: nEXO’s multi-parameter likelihood analysis illustrated overview. Simulated back-
ground radiation spectra (1D projections) are overlaid with illustrations describing each pa-
rameter. The simulated 0v(33 assumes a half-life of 7.4 x 10?" y. Left: Energy near Qg with
orange signal and grey background. Middle: Standoff distance in mm, with background-like
components peaking near zero. Right: Machine learning estimator to identify charge clusters,
0v(33-like at 1, and background-like at 0.

The first parameter is the reconstructed energy of the event. This has clear importance
as we are searching for the evidence of Ov33 , which appears as an excess bump at ()p.
This figure emphasizes the importance of energy resolution for nEXO, which is essential for
constraining the leakage of 2v[33 into the Ov[33 region of interest.

The second parameter was introduced in the previous section, the “standoff” distance. As
seen in the simulated distributions in the bottom panel (middle) of Figure 5.6 the standoff
distance distributions are significantly different between signal and background. The dou-
ble beta decay signal is uniform per unit volume, whereas most backgrounds originate from
outside the detector and concentrate at small standoff distances. Note that a volume-uniform
signal is not flat in standoft distance, since the volume at a given standoff is set by the detector
geometry.

The final input parameter is related to the “topology” of each event’s charge readout sig-
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nal. As Compton scattering dominates for y’s at ~2.5 MeV, background-like events tend to
produce multiple spatially separated energy deposition sites that sum to the full energy. In
contrast to this, the 0v[3 3 signal is expected to be localized to a single-site energy depositions.
We can take advantage of this by employing a Deep Neural Network (DNN) to analyze the
charge readout signals for clusters. Events with single-site charge clusters are scored as 33-
like approaching one, and multi-site events are scored approaching zero [52]. This technique
was successfully applied for the EXO-200 full data-set analysis [152], and has been further

developed, leveraging developments in machine learning analysis techniques.

5.3 nEXO Sensitivity to Neutrinoless Double Beta Decay

The nEXO experiment is projected to be sensitive to 0v3 B decay in 3°Xe. The following
section outlines the expected sensitivity based on background estimates, with the discovery
potential under the inverted mass ordering discussed in Chapter 1.

The key background components for the 0v(33 search with nEXO are radon-induced,
cosmogenic, and 7-like backgrounds. Radon daughter 2'“Bi is of particular concern, being
a [3-emitter with a Q-value extending beyond Qgg (~3.2 MeV [166]), and is expected to
accumulate on the cathode and field shaping rings from drifting radon daughter ions. Intrinsic
~-radioactivity from U/Th in detector materials makes up another substantial background
contribution, targeted through the use of electroformed copper for the TPC vessel [52] and
a low-radioactivity nickel cryostat [167]. Cosmogenic '3"Xe, with an endpoint of ~4 MeV
[168] overlapping the 0v[33 region, is the primary target of the OD muon veto described in
Section 5.1.1.

The key metric used to evaluate the design and material selection for nEXO is the half-
life sensitivity for Ov[33, and the corresponding discovery potential. This is evaluated using
a frequentist binned profile likelihood method. Simulated datasets are generated from the

background distributions and signal model for a given half-life, then fitted with the same
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models to determine the confidence intervals. These datasets are generated with Poisson
fluctuations, informed by the evaluated uncertainties on each component. While some non-
Poissonian fluctuations may be introduced from cosmogenic background sources, these are
considered negligible here due to their small contribution to the overall background.

Using this approach, we can estimate the sensitivity of nEXO to Ov(33 and evaluate it
along experimentally relevant variables such as the live-time of the experiment. Shown in
Figure 5.7, reproduced from [52] is the sensitivity projection versus detector live-time over

the expected duration of the nEXO program.
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Figure 5.7: nEXO Sensitivity to Ov3[3 versus detector live-time [52]. Both 90 % C.L sensi-
tivities at 74, =1.35 x 10%® yr and the 3-o discovery level at 71 5 =7.45 x 10%" yr are overlaid
with the final sensitivity from EXO-200 [152].

We can translate our sensitivities into an isotope-agnostic metric, the effective Majorana
mass mgg, introduced in Chapter 1, allowing for direct comparison between 0v[33 searches
across isotopes. The nEXO projection is compared with that from EXO-200 in Figure 5.8,

alongside the allowed ranges of mgp derived from neutrino oscillation measurements [169],
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shown as solid contours for unconstrained Majorana phases and dashed contours otherwise.
There is large variation in technique and results for evaluating the nuclear matrix elements

(NME) for 0v[3f3, required to estimate the half-life from the measured rate (or limit). This

variance is reflected in the horizontal bands in Figure 5.8, where the solid band represents

~68 % of the NME models considered.
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Figure 5.8: Plot of 90 % CL exclusion sensitivity for effective Majorana mass (mgg) versus
the lightest neutrino mass in the normal and inverted hierarchy, figure reproduced from [52].
The width of the nEXO horizontal bands is dependent on the variance from nuclear matrix
element calculations.

nEXO is being designed with a projected half-life sensitivity at 90 % CL of 1.35x10%
y. As a discovery-oriented experiment, nEXO requires precise characterization of detector
response and rigorous background mitigation, both of which are central to the work presented
in this thesis. In the next chapter, we will explore how our work with the LoLX experiment
plays a key role within nEXO through optical simulations of the light collection subsystem.

We will use the models of SiPM ExCT developed in this work to estimate the currently un-
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constrained impact of SiPM ExCT on nEXO’s light channel energy resolution, and how this

correlated noise may affect other physics searches beyond 0v[3[3 .
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nEXO Light Simulations

The successful detection of Ov(33 with nEXO depends on the achievable energy resolution
of the experiment. Therefore, the collection of scintillation light must be optimized to reach
this goal. This is achieved in two ways: maximizing the scintillation collection efficiency and
minimizing the variance introduced by correlated noise during the detection process.

The simulation of scintillation light within the nEXO LXe TPC is the topic of this chapter.
We will outline the past and current simulation strategies for light collection with nEXO in
Section 6.1, followed by a revisit of previous assumptions relating to the TPC design, includ-
ing updating and extending the range of optical parameters in Section 6.2. In Section 6.3, we
will outline the implementation, simulation, and results of SiPM ExCT within nEXO, and in

Section 6.4 we will describe the SiPM correlated noise simulation model, and combining all
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of these efforts together, we will give an updated estimate of the nEXO light channel energy
resolution including SiPM ExCT in Section 6.5. Finally, we conclude with a discussion of
the current reach of these simulations and the work required to further optimize and improve

the modelling of light transport in the nEXO TPC.

6.1 nEXO Light Simulations

nEXO simulations are carried out using the Geant4 framework for particle transport and rely
on dedicated optical simulations performed with Chroma. To estimate the scintillation signal
for an energy deposit within the nEXO TPC, the NEST LXe model is first called to produce
an estimate of the number of scintillation photons produced for the energy deposited in the
surrounding region. The average photon transport efficiency (PTE) for that region is retrieved
from a look-up-table (LUT) called the “light map”. By combining the PTE with the mean
photodetection efficiency (PDE) of the SiPMs at VUV wavelengths (175 nm), and including
the estimated excess charge from SiPM correlated noise (quantified as the excess charge, EC),
we arrive at an estimate of the total photodetector signal for that event. This relationship can

be expressed as:

Qsemt. = Ny x PTE(R, Z) x PDE x (1 + EC), (6.1)
where the estimated reconstructed light channel energy, Q;c;t,, depends on N, the sum of
photons produced in this event (N, = Y Eq, x LY (E, |E|), where the NEST light yield
(LY), carries units of photons/keV, and depends on the energy and electric field strength at
that position). The lightmap used in the most recent nEXO 0v[33 sensitivity estimate [52], is

shown in Figure 6.1. This lightmap is the result of 5.0 x 10! photons simulated uniformly

within the nEXO TPC.
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Figure 6.1: Simulated light collection efficiency map of nEXO TPC from [52]. Photon trans-
port efficiency, or PTE, does not include the detection effects, but does include reflections
from SiPM surfaces, which is factored from the PDE for reconstruction.

The production of the lightmap in Chroma offers a significant computational advantage,
with speed-ups of up to ~200x expected by using the GPU-based software over the CPU-
based Geant4. The map will critically depend on the simulation input optical parameters,
and the level of physical detail included in the meshed model used for the simulation. In Ta-
ble 6.1, reproduced from [52], are the nominal input optical simulation parameters used for
nEXO sensitivity estimates, and to produce Figure 6.1. The lightmap is a key observable for
the nEXO photodetector system, and can be monitored and estimated with experimental data
by dissolving radioactive calibration material into the TPC [170]. Both 2??Rn and 2" Xe are
being considered for this calibration source, which would be circulated into the LXe purifica-
tion system periodically for continuous monitoring of the detector light collection efficiency

[170]. The lightmap production and initial Chroma simulation development was carried out
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Table 6.1: Reproduced table from [52], nominal simulated input optical parameters and val-
ues.

Parameter Value (unit)

LXe Refractive Index 1.69

LXe Absorption Length 20 m

LXe Scattering Length 30 cm

TPC Reflectivity (specular) 0%

Cathode Reflectivity (specular) 80 %

Anode Reflectivity (specular) 20 %

Field shaping ring Reflectivity (specular) 80 %

Stave and FSR Support Reflectivity (specular) 0%

SiPM Reflectivity (specular) 25-28 % (6 dependent)

by former Yale PhD student Ako Jamil [171], whose work focused on variations of the nEXO
design and the corresponding constraints on optical parameters required to reach the sensitiv-
ity goals. This work also explored the optimization variations on design aspects, including:
reflective coatings for interior components, photodetector coverage and channelling, and ge-
ometry variations.

Using the simulation method described in this section, nEXO is able to make accurate and
fast estimates of the light channel energy contribution, without requiring the computationally
expensive simulation of optical photons in Geant4. However, by replacing the full optical
simulation with the lightmap LUT, we lose significant information about the events, and their
correlations with the charge signals. Additionally, the conservative and slightly ad-hoc optical
input parameter values do not reflect the full picture of light transportation within nEXO. In the
following section, we will revisit the key input parameters for the nEXO Chroma simulations,
and expand their range beyond 175 nm to the full range of wavelengths expected for light in
nEXO. While the lightmap in Figure 6.1 uses uniform photon levels sampled uniformly in
the detector, the actual scintillation light production will depend on the specific electric field
strength at that location. By combining simulations of the TPC field with Chroma simulations

of light transport, we can investigate the variance in reconstructed energy estimates for varying
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positions within the TPC.

This is especially important for the so-called “skin” region of the TPC, the area between
the FSRs and the SiPM staves, where the field changes the most rapidly. This region is also
of significant importance for calibration near (Jgg. Energy calibration of the TPC near Qgp
is an important performance metric for the detector, and ties directly into the experimental
sensitivity to Ov[33. This will be done with dedicated regular thorium y-source calibrations
from the exterior of the inner detector, and due to the short attenuation length for y’s in LXe,
a large fraction of these calibration events will deposit energy in the skin region. SiPM satura-
tion and exposure effects from the high light levels are under investigation, and by upgrading

our simulation tools we will be able to model these effects in appropriate detail.

6.2 Simulation Upgrades and Validation Testing

To increase confidence in our simulation results, we validate the input data and simulation
tests. The ultimate test for any simulation is a direct comparison with an equivalent measure-
ment in an experimental setup. In Chapter 4, we have demonstrated broad agreement for light
transport simulations with the LoLX phase-2 commissioning data, showcasing the physical
accuracy of the Chroma simulation toolkit. These essential simulation-data validation tests
require robust simulation tools which are flexible for a variety of experimental apparatuses
within the nEXO collaboration. Spurned by this need, and the desire for simulation cross-
validation with the LoL X phase-2 detector and nEXO, we have dedicated substantial efforts

in upgrading the chroma-simulation framework used by nEXO and collaborators.

6.2.1 Refactored chroma-simulation Codebase

Building on the work by former nEXO PhD Student Ako Jamil, who lead the initial devel-
opment work for chroma-simulation, we have further developed the package to generalize

beyond nEXO-specific applications. These developments focused on flexibility, abstraction,
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and standardizing input and output data streams. Code base refactoring is a substantial un-
dertaking and should only be carried out once the potential benefits are clearly recognized.
The primary goals in our refactoring were: future upgradability, experiment genericisim, and
simulation standardization.

The pre-existing chroma-simulation codebase made extensive use of global hard-coded
variables specific to the nEXO experiment, and with the exception of the geometry building
utility, was written in a procedural and monolithic fashion. The primary simulation script was
extended ad-hoc with if-else statements for new simulation methods, with minimal modular-
ity. We have replaced this script-based implementation with a modular class-based design,
standardizing concepts for I/O, position generators, and photon generators. Both previous
and updated chroma-simulation’s make use of the human-readable data serialization file
format, YAML!. The YAML files are used for simulation specifications, geometry details,
and optical data inputs. Simulation specifications include the type of position generator to
use, the photon production/emission choice, number of events and photons per event, and the
output file components and format. Users have the option to select which branches of the
simulation results they would like: photon level, detector level, or high level. Photon level
information includes the details for every photon simulated and is not often required for anal-
ysis. Detector level information includes information for detected photons and their channel
distributions. High level information includes summary variables describing an entire event.

An overview schematic outlining the upgraded architecture is shown in Figure 6.2. Ad-

ditionally, a high-level comparison between the original and updated implementations is out-

lined in Table 6.2.

'YAML originally stood for “Yet another markup language”, but was rebranded as the recursive acronym
“Yaml ain’t a markup language”, to emphasize the data oriented nature.
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Figure 6.2: Schematic diagram outlining the modular components of the updated
chroma-simulation architecture. Users run the primary simulation executable with a simu-
lation specification YAML table. Modular classes generalize the concepts of: the geometry of
the simulation, input events, output events, position generators and photon generators. The
main controller delegates tasks to each module, transferring data back and forth to the central
class. The modular class-based architecture increases the software complexity and number of
files, in exchange for abstraction that enables flexible and extensible simulations.

The photon generation mechanisms have been extended in the Photons . py module, us-
ing nestpy for scintillation light production, and a custom re-implementation of the Geant4
Cherenkov radiation methods into dedicated python functions. The scintillation and
Cherenkov implementation may be used as standalone simulations (assuming minimum ion-
izing particles for Cherenkov production) or in conjunction with an input Geant4 simulation.
With expanded position generation and input file reading, we use the upR0OO0T package to read
output Geant4 files with a specified tabular format (outlined in Table 2.1). Each primary
and secondary particle track are sorted, with locational energy depositions and momentum
information provided to Photons.py for (optional) concurrent scintillation and Cherenkov

generation. Producing a large quantity (O(107)) of events in Geant4 with secondary pho-
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Table 6.2: High-level comparison of chroma-simulation architecture before and after refac-
toring, emphasizing improvements in use and simulation fidelity.

Characteristic Original Upgraded Outcomes
Implementation Implementation

Code organization Long, nested Modular, class-based Improved readability
scripts with ad- architecture and maintainability
hoc logic

Event/position Monolithic Dedicated Easier to extend

generation routines generator classes and test individual

components
Input+Output Manual parameter  Dedicated Reader & Writer ~ Reliable, reproducible
handling parsing classes for standardized configuration

Simulation control

Central script
orchestrating all
steps

YAML parsing and output
preparation
Controller class delegating
to modules

Clear separation of
responsibilities,
simplified upgrades

Extensibility Difficult to modify ~ Well-defined interfaces Facilitates upgrades
without breaking between modules & future development
code

ton and ionization electron production disabled is very computationally efficient, decoupling
the more expensive photon transport simulation. The input Geant4 simulation file can be
sampled repeatedly, with indexed or random events while fine-tuning simulation parameters.
This is a significant advantage during the preliminary stage of simulation and development,
as program start-up times for Geant4 are much longer.

Beyond the core simulation code upgrades, we have also created a number of helper scripts
to support specific simulations. One such helper script is a tool for converting .csv opti-
cal data tables to the required .yaml format to help avoid user input errors. Other helper
scripts include: example G4 — Chroma table generation scripts, E-field interpolator produc-
tion scripts, benchmarking and simulation validation scripts, and more. We have also prepared
the groundwork for continuous integration/deployment and validation for nEXO optical sim-
ulations, which will be implemented when simulations, and detector design are in their final

stage.
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6.2.2 Updated Simulation Optical Parameters

To simulate SiPM ExCT within nEXO (among other things), we must first extend the simple
single-valued optical simulation parameters used in [52], and described previously, to the full

wavelength range.
LXe Refractive Index and Scattering Length

One of the key inputs for the optical simulation in Chroma are the optical properties of the bulk
LXe that surrounds all detectors components. Within the Chroma framework, this is specified
as the “outside” material for all imported meshes of detector components. In this role, photons
cast from within a component mesh into the bulk LXe undergo refraction governed by the
Fresnel equations, based on the wavelength-dependent refractive index curve applied to the
LXe material. For accurate simulations, we require a wavelength-dependent refractive index
curve in the range 160-1000 nm. Another important input is the attenuation length, which is
represented in Chroma with two components, a Rayleigh scattering length, and an absorptive
attenuation length. In Rayleigh scattering, light scatters elastically, changing directions and
polarization but preserving energy. Conversely, absorptive attenuation in LXe is determined
by the purity level achieved, as the scintillation light is absorbed by impurities in the liquid.
We use the nominal 20 m absorption length from earlier nEXO studies for all wavelengths.

The refractive index of LXe at scintillation wavelengths has been measured several times,
with varying results. A value of n=1.69 + 0.02 was measured in 2004 by Solovov etal. [172],
at 170 K with a simultaneous measurement of the attenuation length of 369 + 18 mm. Previ-
ous measurements at the triple point, with A = 180 nm, indicated a lower value of n =~ 1.56
[173].

To harmonize the refractive index over the entire wavelength range, we stitched together
two datasets from empirical modelling of refractive index, based on the approach from [174],

with LXe refractive index data from [175]. The LXe refractive index optical input data curve
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shown in Figure 6.3a is a combination of the 178 K fit data from [174], with the Sellmeier
equation,

2 2
7’L2—a i CLUV/\ CL[R)\
— o
2 _ )2 2 _ )27

used to extrapolate beyond the maximum reported range (~650 nm), where aqg, ayvy, arg,

(6.2)

Auv, and A\;g are material-dependent Sellmeier coefficients describing the contributions of
UV and IR resonances to the refractive index dispersion. We use the fitted values from Table 2
of [174] as inputs to the Sellmeier equation, but opt to smooth over the estimated IR resonance,
which has not been measured to-date.

The produced LXe refractive index curve, shown in Figure 6.3a, is used to generate the
Rayleigh scattering length distribution shown in Figure 6.3b. The thermodynamic parameters
used in the model: density (p), and isothermal compressibility (x7), were not included in [174]
and were instead determined using the reported Rayleigh scattering length at scintillation

wavelengths. The Rayleigh scattering length according to [174] is calculated as:
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Figure 6.3: LXe optical simulation input data distributions.
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Table 6.3: VUV Reflective coating material stack design, used in POCAR thin-film simula-
tions to determine optical behaviour of VUV reflective coating.

Material | Extent
LXe Exterior
MgF, 100 nm
Aluminum | 100 nm
MgF, 20 nm
Copper Interior

Cathode and FSR VUV Reflective Coating

One major design choice, already established in [52], is to coat the TPC cathode and FSR
surfaces with a custom reflective coating, optimized for VUV light. The nEXO requirement
of 80 % reflectivity for this surface is based on the targeted light-channel energy resolution of
the inner detector (< 1 % FWHM/p). The reflective coating planned for nEXO is a stack of
MgF,-Al-MgF, deposited on the copper surfaces of the TPC. The thicknesses of each layer are
given in Table 6.3. Preliminary validation measurements of the planned coatings have already
been carried out by collaborators [176], with total reflectivities in GN5 in the range of 84-92 %
at VUV wavelengths for different substrate surface treatments. The initial measurements
show the viability of the reflective coating for increased light collection in nEXO at VUV
wavelengths. However, for the optical simulations we require a full wavelength-dependent
description. As Chroma does not currently support thin-film effects, we use a standalone thin-
film simulation tool, POCAL (Python Optical Coating Analysis Library [177]), to estimate
the full wavelength range (160-1000 nm) total reflectivities of the coating stack. POCAL
offers a flexible python implementation of the thin-film simulation needed to estimate the
total reflectivity of the coatings.

Using input refractive index curves for MgF, [178], Al [179], Cu [180] and LXe, we run
a wavelength sweep from 160 nm to 1000 nm. Chroma does not currently support 2D LUTs

for optical properties with angular and wavelength dependence, so we must produce a single
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wavelength-dependent curve that is representative. The input curves are shown in Figure 6.4a,
for a variety of polarizations and incident angles, with significant variations. We average the
different polarization curves in Figure 6.4a, assuming random polarization of light from LXe
scintillation, and combine the incident angle curves with a sin § weighting, which accounts
for the solid-angle distribution of isotropic light impacting the surface. The resulting average
polarization and incident angle distribution is shown in Figure 6.4b, with the inset plot show-
ing the values in the VUV range. This procedure is intended as a place-holder until witness
samples of the final nEXO coatings are available for measurements, and broadly agrees with
the values from [176] in the VUV range. The measurements in [176] report significant varia-
tions between specular vs diffusive reflectivity, depending on surface preparation. For nEXO
simulations we assume only specular reflectivity and provide a complementary absorption

probability curve to prevent transmission into the coating volume.
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Figure 6.4: Total reflectivity of MgF,-Al-MgF, coatings modelled using POCAL [177].

Extending Optical Parameters & Test Environment

The final design of the nEXO experiment is still under development, including components
that have significant impact for light simulations. One of these components is the charge read-

out tiles that are suspended below the anode plane. The current design, outlined in Chapter 5,
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has a surface that is primarily gold, with SiO, spacers and substrate. We aim to maintain high
performance in the optical simulations with Chroma, where ray casting computational time
scales with the number of triangles in the geometry, requiring careful management of mesh
file complexity. Modelling the O(10 pm) details of each anode tile would increase simulation
time substantially?. To circumvent this constraint, we studied the optical transport properties
of the anode tile in a stand-alone test environment. The test environment is shown in a CAD
rendering in Figure 6.5 containing only three components. The outer sphere serves as the
“detector”, collecting all photons with 100 % efficiency. Inside centred at (0,0,0) cm is an
anode tile, with all gold pad coatings, and all SiO, treated as separate optical surfaces. These
three components were loaded into Chroma in a “Testing” experimental configuration, and

two different test simulations were carried out.

Figure 6.5: Simplified Chroma simulation test and validation geometry. With the anode tile
centred at the origin, light sources are generated within the spherical detector volume that
records the position, incident angle, and time of each photon reaching the surface of the inner
shell. This geometry was used to validate Chroma simulation physics, and characterize optical
transport properties of materials.

The first simulation was to determine if the initial non-angular dependent parametrization

(wavelength-dependent or otherwise) was sufficiently detailed. In this simulation, a “laser”

2How much is hard to say, during testing of the geometry with full anode tiles, the program crashed my
workstation during geometry building after consuming +200 GB of VRAM.
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photon source was used, beaming a ~1 cm spot at the centre of the anode tile from varying
positions on the sphere for a representative set of wavelengths. This allows us to estimate the
angular dependence of the tile reflectivity, with a large enough spot to average over any sur-
face feature effects. For these tests, we use the complex refractive index data for gold [180]
over the wavelength range 160—1000 nm, while SiO, is modelled as a dielectric material with
real-valued refractive indices. The results of these simulations for three representative wave-
lengths are shown in Figure 6.6. We can see that a large variation for different wavelengths is
apparent, necessitating a full wavelength description of the anode’s reflectivity. We also see
good agreement with the theoretical expectation from the Fresnel relations at 175 nm, which

also agrees with the nominal value of 20 % at normal incidence.
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Figure 6.6: Geometry Chroma simulation testing for anEXO anode tile model. Incident angles
are with respect to the surface normal of the anode tile. Blue simulation data-points are for
the simplified anode design and single-valued 20 % reflectivity implemented in [52]. Yellow
points for 175 nm incident light are overlaid with the expected results from Fresnel relations
using the same input data, showing good agreement for the simulation. A large variation in
expected reflectivity across incident angles and wavelengths is apparent.
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The second simulation test was to estimate the effective surface coverage for the gold and
Si0, materials individually. This was done using an isotropic photon source (photon-bombs)
with wavelength of 175 nm, positioned distant from the anode tile to sample a large range
of incident angles, similar to the conditions within nEXO. From these tests the effective sur-
face coverage for gold was ~95 %, and ~5 % coverage for SiO,. Based on these two test
simulations, we conclude two things: the fully complex Frensel representation for gold is re-
quired to capture the full behaviour of the anode tile optics, and the small effective coverage
of SiO, has a negligble contribution to the surface properties at this stage. A full treatment of
the optical properties of the anode will require samples to be measured with broad spectrum
light sources to cover the range of wavelengths within nEXO, ideally within LXe in opera-
tional conditions. This will also require a completed implementation of 2D LUTs for optical
properties in Chroma.

Lastly, the input to Chroma for optical simulations is the full wavelength range of gold
complex refractive indices from [180]. These distributions, while sparse, are shown in Fig-
ure 6.7, with VUV data range shown in the inset. Chroma will linearly interpolate between

points for optical parameters, but does not extrapolate.
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Figure 6.7: Full wavelength-dependent gold anode surface refractive indices.

In addition to extending the optical properties for the anode, we also relax the assumption

that the copper components within the inner detector are fully absorptive. The reflectivity data
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for copper was taken from vacuum measurements [181], [182], stitched together for a com-
plete dataset. We also translated the SiPM optical and PDE implementation from Section 3.3
into Chroma. This method, described in detail in [103], relies on recent Chroma developments
by nEXO and LoLX collaborator, Alex Li, who implemented the 2D LUT (6,)\) efficiency
data loader. This technique provides the expected SiPM detection efficiency, and reflectivi-

ties, for the full range of photon wavelengths.
Incorporating E-field Simulations in chroma-simulation

For completeness of our optical simulations, we would like to incorporate the position depen-
dent electric field strength within nEXO. As discussed earlier in Chapter 2, the scintillation
light yield depends strongly on the local electric field strength. Within the fiducial volume
(FV) of the nEXO TPC, the field varies only marginally by design, but changes quickly out-
side the FSRs. To model this effect, COMSOL Multiphysics® simulations of the TPC with
a 1/4 azimuthal projection were performed by collaborators at Pacific Northwest National
Laboratory (PNNL). A high density map of the field strength and direction at 3D positions
within the TPC was used to create the two projections shown in Figure 6.8. The field data
is normalized to 400 V/cm, and displayed on a power-scale to emphasize the homogeneity
within the TPC FV regions (R < 0.56 m) and, the exaggerated field strength outside the FSRs.
While the field map has a high density of points near the rings, there are voids in the interior
of the xenon volume which require us to smooth and interpolate the data for use in optical
simulations. A smoothed version of Figure 6.8b, averaged over ¢ and restricted to the FV,
was used for subsequent simulations of light production variability within the nEXO TPC in

Chroma.

3E-field simulation data provided by Luca Pagnini (PNNL), private communication.
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Figure 6.8: nEXO 1/4 TPC E-field simulation in COMSOL Multiphysics® shown in radial
and cylindrical projections. *

6.3 Simulating SiPM ExCT in nEXO

With upgraded simulations, and a fully detailed optical input dataset, we can now prepare for
simulations of SiPM ExCT in the nEXO detector using Chroma. These simulations will be
used to evaluate the average amount of excess charge induced by ExCT in the nEXO inner
detector. We also investigated the spatial dependence on the transport probability of NIR

secondary photons in nEXO.

6.3.1 ExCT Implementation in chroma-simulation

To simulate ExCT with Chroma, we need a dedicated position generator to create event ver-
tices, and a dedicated photon generator to produce the anisotropic light emission. As outlined
in Chapter 3, we make use a high-density map of in-LXe secondary photon emission proba-
bilities from our simulations of SiPM ExCT in LoLX, shown in Figure 3.9, to generate the

emitted photon distribution. Since we require the position vertex generation to work for any
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detector configured in chroma-simulation, we take a generic approach for vertex gener-
ation. Added as an additional method to Generator.py, we first define a case-switch
method for the physical extent of different SiPM board designs. For nEXO, the base simula-
tion photodetector unit is a (20 x20) cm? “tile” (modelled as a perfectly flat rectangular prism
in simulation). This defines a plane of “avalanche positions” which is randomly sampled for
vertices based on the requested number of avalanches in the ExCT simulation. For each sim-
ulation, the user may request a single photodetector channel for emission based on its unique
ID. We then sample from the prescribed plane to create vertices. Afterwards, we must trans-
late and rotate these positions into the global coordinate system set by the detector geometry.
This is done by flagging all meshes that are configured as “detectors”, and using the triangle-
level information to identify the centre and surface normal of the detector. The results of this
procedure are illustrated in Figure 6.9, for all nNEXO chroma-simulation channels. Once
the global detector centre and surface normal are defined for the requested channel, we use
Euler’s method to rotate the generated vertices into the global coordinate system, and encode

the channel’s surface normal in metadata for use by the photon generation algorithm.
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3D nEXO channel center locations
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Figure 6.9: 3D visualization of all nEXO chroma-simulation channels, with centres and
surface normals illustrated. Each SiPM channel is a “tile” in the simulation, and may be
requested individually for ExCT simulations. ExCT is generated about the centre positions

(blue) with emission profile dependent on the direction of the surface normal for that channel
(red).

The ExCT photon generator was created as an additional option in the photon genera-
tor module class as ExtCrosstalk. The input map that was converted into a 3D data-table
(0,\,P.pi¢) 1s first converted into a 1D cumulative array ordered by probability. Next, the
cumulative array is converted into a cubic spline interpolator for sampling. Every simulation
request specifies the number of photons to be emitted per “avalanche” vertex, V., and the
algorithm samples the input ExCT map interpolator N, times. The output of this algorithm

is compared to the input data and shown in Figure 6.10.
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Figure 6.10: ExCT emission profile input data, sampling method, and validation test. Left:
Input data for emission profile of secondary photons into LXe from [116]. Middle: Results of
random sampling method implemented, normalized. Right: Ratio of Sampled/Input data for
each bin in the left and middle panels, values are distributed primarily around 1, indicating
good agreement for the implemented sampling routine. The edge effects visible at high and
low emission angles are artifacts of the extremely low emission probabilities in those regions.

6.3.2 Validation Testing and Spatial Dependencies

Initial validation testing for the implemented ExCT simulation was carried out with the op-
tional “photon-tracking” functionality of the chroma-simulation package. With photon-
tracking enabled, every step for every photon is saved during ray-casting propagation, which
quickly becomes untenable at large photons numbers. Running ExCT simulations with photon-
tracking readout enabled allows us to validate the emission directions to independently vali-
date the anisotropic emission profile implementation. Additionally, we can propagate a large
quantity of photons (O(10 M)) to produce an “ExCT lightmap”, which is unique to a sin-
gle SiPM tile in nEXO. Each tile will produce its own unique lightmap, but owing to the
azimuthally symmetric design of nEXO, we should expect significant symmetries for tiles
in any row of the detector. An example EXCT lightmap is shown in Figure 6.11, from the
easterly tile on the middle band of the nEXO barrel. We see several interesting features in
Figure 6.11. First an intense spot centred about the origin position, driven by reflections of

the secondary NIR photons off the field cage back onto the emissive and neighbouring tiles.
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Secondly, we can see two large features from direct emission detection, centred around the
~45° mode of the emission distribution in Figure 6.10, and several low-intensity spots from

shadowing by field cage components.
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Figure 6.11: EXCT hit pattern in nEXO, projected in z-¢ from mid-plane SiPM tile. Average
detected photon position from ExCT on tile ID#584, easterly (+X) position in the centre-plane
of the stave barrel. The labelled origin is the position of the first sampled photon location on
the emissive tile.

A second validation step for the ExCT generation simulation is through inspection of pho-
ton travel times through the TPC. Due to the long scattering length (O(100 m)) in the NIR
band for LXe, shown in Figure 6.3b, we expect a “beat” pattern in the arrival time distribu-
tion, representing the travel time across the TPC barrel. For reference, the round-trip time
for a 650 nm photon across the nEXO TPC barrel with a diameter of ~1.2 m is ~5.5 ns. We
observe this effect clearly in the simulation. In Figure 6.12, a zoomed-in travel time distribu-
tion for ExCT within nEXO is shown. We also observe a unique timing feature arising from
the prompt and uninterrupted light propagation from SiPM ExCT. For event vertices within
~120 mm of a stave, VUV scintillation light will travel to the nearest tiles, producing sec-

ondary NIR photons which will propagate uninterrupted to the far side of the TPC, arriving
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before the initial VUV photons. This is mainly driven by the significant difference in refrac-
tive index between the NIR secondary photons and VUV scintillation light (~1.35 vs ~1.69
respectively). This unique feature could potentially be taken advantage of for analyses that
require very low thresholds, such as in DM detectors [ 130], but is inaccessible in the baseline

nEXO electronics readout design, with sampling times longer than the separation.
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Figure 6.12: Prompt photon travel time distribution for EXCT photons in nEXO. The peak
at ~1 ns corresponds to reflections by field cage components directly in-front of the SiPM
tile, and subsequent ~6 ns and ~12 ns peaks align with the round-trip time for NIR photons
across the nEXO TPC diameter.

By comparing the photon travel time and mean detection efficiencies for SiIPMs across the
azimuth and height of the nEXO TPC, we can look for potential symmetries. In Figure 6.13,
the photon travel time for detected photons from different tile positions are overlaid, with

representative samples. The chosen positions are the four cardinal directions around the centre
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plane of the nEXO staves, and 4 additional positions across the height of the northernmost

stave.
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Figure 6.13: 2-panel comparison of detected ExCT photon travel time distributions in nEXO
TPC. Left: Comparison of travel times for detected photons at four positions around the az-
imuthal axis at the centre-plane of the nEXO TPC. Right: Comparison of travel times for
detected photons at five positions along a single stave. No significant travel time differences
are present, and a minor difference is observed only for the lowest tile, indicating a minor
Z-dependence.

In order to model the ExCT noise contribution for nEXO without a dedicated wavelength-
dependent transport map for each SiPM position, we investigate the Z and wavelength depen-
dence of the NIR ExCT transport. In these simulations, the internal PDE for all wavelengths
are set to unity, capturing only the transport effects of the detector (including SiPM optics).
The results are shown below in Figure 6.14, for five tile positions along the northern SiPM
stave. We can observe the expected minor variation in transport efficiency, with a larger vari-
ance near the bottom of the TPC due to the large expected variation in the VUV reflective
coating (shown in Figure 6.4b). We also observe a ~2-3 % absolute variation in wavelength
averaged ExCT transport probabilities along the height of the stave. The observed U-shape is

likely driven by the higher NIR reflectivities near the cathode and anode, while the anode is
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only moderately reflective in the VUV. It is highly reflective in the NIR as seen in Figure 6.6.

Additionally, PTE variation for tiles about the azimuth in-plane are negligible, cementing the

expected azimuthal symmetry in the cylindrical TPC.
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Figure 6.14: Simulating wavelength and Z-dependence of SiPM ExCT transport in nEXO.
Left: ExCT PTE versus emission wavelength for five positions along a single stave in the
nEXO TPC. Right: Bar plot of wavelength averaged PTE (%) versus position. A mild wave-
length dependence in transport efficiency is observed, and a non-monotonic change in average
PTE versus Z position is observed, with an absolute variation of ~2 %.

We have demonstrated and validated SiPM ExCT simulations for the nEXO experiment,
informed by our work for the LoLX experiment. We can make the following conclusions
relevant for including EXCT in a SiPM noise model: 1) SiPM ExCT transport is azimuthally
symmetric in nEXO. 2) A wavelength-dependent efficiency is necessary to capture the dis-

persion expected from simulations. 3) A minor non-symmetric Z-dependence is present, ne-
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cessitating a position-dependent parametrization of the transport efficiency. While there is
significant dispersion in the detected positions of EXCT emission, as seen in Figure 6.11, we
opt to omit this in modelling the excess charge from ExCT. This is because of computational
constraints, with hundreds of tiles, each with their own wavelength-dependent transport effi-
ciencies, adding in the second order effect of hit photon locations is untenable. This simpli-
fication will only mildly affect second-order ExCT, or Seed Photon—+ExCT—ExCT events,

which are at the O(0.01 %) contribution level.

6.3.3 ExCT Induced Correlated Noise in nEXO

To evaluate the impact of EXCT in nEXO we have parametrized the average transport and
detection efficiency (Collection Efficiency or CE) over avalanche Z-position and secondary
photon emission wavelengths. The average CE as a function of height and wavelength are
shown in Figure 6.15. For application in subsequent simulations, we apply a Gaussian kernel
smoothing, to produce a version of this map as an interpolator for subsequent SiPM response
simulations, described in the following section. This is also shown in Figure 6.16 as profile
histogram projections, averaging over Z-position or wavelength. In these projections, we see
the expected behaviour seen from earlier, with a bimodal distribution of collection efficiency
as a function of height in the TPC, we also observe that this dependence is much weaker for

NIR photons above ~800 nm.
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Figure 6.15: nEXO SiPM ExCT average collection efficiency in Z and A. This distribution
is smoothed with Gaussian kernel smoothing to produce a 2D RegularGridInterpolator
for ExCT CE sampling in subsequent analysis.
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Figure 6.16: Profile histogram projections of nEXO SiPM ExCT collection efficiency.
Left: Avalanche Z-position dependent CE, averaged over wavelengths. Right: Emission

wavelength-dependent CE averaged over Z-position. Uncertainty bands are 1-o standard de-
viation from simulated datasets.

We can combine the map of collection efficiency versus wavelength, with the emission
profile of ExCT secondary photons in LXe from Figure 3.6, and the expected emission yield
from Chapter 3 to estimate the SiPM ExCT “Correlation probability”. The correlation prob-
ability is the probability that, given a SiPM avalanche in nEXO (dependent on OV), we de-

tect an emitted correlated photon anywhere else in the detector. We can model the emission
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strength as a linear response with gain, and so overvoltage, using our two different data-points
from [116]. This gives us an expected yield of ~0.13 photons per volt of OV. Putting this
together with the Z-position averaged emission collection efficiency from Figure 6.16 (as-
suming uniform avalanches as a function of Z) we get the expected correlation efficiency as

function of overvoltage in nEXO, shown in Figure 6.17.
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Figure 6.17: Expected correlation probability per avalanche for HPK SiPM ExCT in nEXO as
a function of SIPM OV. Y-axis represents the mean probability for a SIPM avalanche anywhere
in nEXO to produce a correlated avalanche anywhere else. Uncertainty on data points is the
relative uncertainty on the expected yield per volt of OV from [116].

As we can see in Figure 6.17, the level of ExXCT correlation probability is quite low over-
all, resulting from low emission, and only moderate collection efficiency. The overall level
of correlation probability is roughly 1/4 of that from [116], reflecting the presence of much
more obstruction in the near-field of view of the SiPMs (in particular from FSRs). This places
SiPM ExCT at approximately 1/10th of the direct optical cross-talk contribution, similar to
measurements for LAr-based DM experiments [129], where external-to-internal crosstalk ac-

ceptance ratios of 9-15 % are obtained across various detector geometries and estimation
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methods (estimated from Table 1 of that work).

6.3.4 nEXO Light Collection Efficiency Map

With our expanded and upgraded optical model for light transport in nEXO, we revisit the
lightmap from Figure 6.1. As we now include all major effects impacting detection in the
optical simulation with Chroma, we can not trivially factor in or out a single-valued PDE es-
timate, as it has both strong angular and wavelength dependencies. In this case, just as we
did for SiPM ExCT emission, we combine the transport and detection effects together into
the parameter “Collection Efficiency”, which represents the average probability that a photon
from a specific generation source, for example SiPM ExCT, is transported and detected, as a
function of position within the detector. This collection efficiency lightmap is required to re-
construct the estimated number of scintillation photons produced using the estimated number
of detected photons in a given event. Since the total light collected in an event is degener-
ate between its emission intensity and its position within the nEXO TPC, this is an essential
step to avoid biased energy estimates. We use the nominal simulated SiPM response of 3 V
overvoltage input data for both HPK and FBK configurations in the Chroma simulations.

To produce the collection efficiency lightmap, we use the stand-alone NEST generator in
Chroma to produce “scintillation photon-bombs”, from 1.2 MeV {3’s. This produces events
with the light yield variance expected from real detector events, and a timing and wavelength
distribution for LXe scintillation. We perform a biased position sampling, oversampling in
the low radius region to have sufficient samples for the entire fiducial volume. The whole
simulation has O(1 x 10° ) positions sampled within the TPC FV, each producing O(1.0 x 10%)
photons, giving an estimated ~2 x 10° photons in a lightmap. This procedure is repeated for
both SiPM vendor configurations. The collection efficiency maps in 2D, restricted within
the FV, are shown in Figure 6.18, with projections in R and Z shown in Figure 6.19. The

projection averages were restricted within the FV for this study. The 2D collection lightmaps
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are generated first as 2D heatmaps, then smoothed with a narrow Gaussian kernel smoothing
to produce a RegularGridInterpolator for post-analysis evaluations.
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Figure 6.18: nEXO Light collection efficiency maps for FBK and HPK SiPM configurations.
Simulated scintillation photon bombs are generated through the nEXO FV, and efficiency is
determined by the ratio of collected (transported + detected) to produced photons per event,
for each location. With sufficient statistics, a 2D heatmap is produced, then Gaussian kernel
smoothed to produce the lightmaps shown here.

w
o

w

o

—— HPK -3V OV ’ —— HPK-3V OV
—— FBK-3V OV

—— FBK-3V OV

N

8]
N
8]

N

o
[ng
o

\
r‘
[

—
o
!
|
|
|
|
|
|
/
/ |
|
|
|
|
|
|
/

-
[

Avg. Collection Efficiency (%) [F.V]
-
=)

Avg. Collection Efficiency (%) [F.V]

o
0

o

w

—600 —400 -200 0 200 400 ~o 100 200 300 400 500
Z (mm) R (mm)

Figure 6.19: R and Z projections of the average light collection efficiency in nEXO for 3
scintillation at 1.2 MeV, for FBK and HPK SiPM configurations at 3 V OV.

As shown in Figure 6.19, the nEXO FV target for light collection of efficiency of 3 % is
not met at 3 V OV for either SiPM configuration. We carried out exploratory simulations to

better understand the significantly lower estimated light collection efficiency in the updated
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simulations compared to earlier projections. We identified two main contributors to transport
light loss, surface absorption on the gold-coated charge collection tile at the anode surface,
and bulk attenuation in LXe. A side-by-side comparison of absorption locations for bulk
and surface absorbed processes is shown in Figure 6.20 for the FBK configuration, with the
updated simulations. The effect of increased light loss during transport is combined with the
updates to the SiPM response using 2D LUT’s for more accurate in-LXe response, resulting

in lower effective PDE than expected from normal incidence vacuum testing [139].
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Figure 6.20: Absorbed photon positions in R-Z with the updated nEXO simulations for the
FBK SiPM configuration. Left: Heat map of bulk absorption flagged photon locations. Right:
Heat map of surface absorption flagged photon locations. On the left we see a uniform distri-
bution from LXe absorption with a small excess at the field rings due to the shorter attenuation
length of the Si05 spacers. On the right we see the excess of surface absorption at the anode
tiles at high Z. The total fraction of created photons absorbed by the bulk process is ~78 %,
and surface absorption is ~20 %.

These are the first full-wavelength simulations of the nEXO light detection system and
require independent validation. A potential explanation for the increased bulk absorption
fraction is the enhanced reflectivities in the updated model. In earlier simulations, non-SiPM
surfaces were treated as perfectly absorbing, meaning photons were killed on first contact
with any non-SiPM surface, reducing the impact of bulk absorption as a loss channel for
photons. Collection efficiency was estimated using an average PDE correction based on

normal-incidence measurements in vacuum, which underestimates the angular dependence
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of reflectivity at the SiPM surface. Introducing physical reflectivities, including at the SiPM
surface itself, increases the mean photon path length substantially. Now a significant fraction
of photons that would otherwise have been counted as lost to non-SiPM surfaces instead sur-
vive additional reflections only to be bulk-absorbed in LXe before reaching a SiPM. We can
consider this together with the now wavelength-dependent treatment of Rayleigh scattering
length, which is ~35 cm at 177 nm, and follows a \* scaling. Previous estimates assumed
mono-chromaticity for LXe scintillation, while we now sample the emission spectrum for
each photon [183], leading to ~25 % of emitted light experiencing < 30 cm scattering lengths.
The consequence of a short scattering length compared to the O(m) detector size leads to scin-
tillation photons “random walking” out to the surrounding surfaces. The gain in collection
efficiency from reflective surfaces is now partially offset by enhanced bulk attenuation, an ef-
fect suppressed in the absorbing-surface approximation. The exploratory simulations suggest
targeted R&D is necessary to validate simulations with independent testing setups, ideally in
LXe, and emphasize the need for robust full wavelength-dependent treatment of optical sur-
faces. One key input is the LXe absorption length which is experimentally challenging due
to the much shorter scattering length, and strong purity dependence [184].

We also investigated the impact of the TPC E-field variance on scintillation production.
Using the 2D field-map interpolator and the Chroma nestpy scintillation model, we simulated
~1 MeV beta energies and compared the produced distributions of created photons to a static
field estimate of 400 V/cm. With ~10 k positions sampled throughout the TPC FV, we see
no significant variance added from the varying E-field as expected in the baseline design.
Employing a 2-sided KS-test, we saw a maximum difference of ~0.02, corresponding to a
p-value of 0.77 for the sampled distributions to come from the same prior. While this is true
within the FV where the E-field only varies by ~15 V/cm at most, the ability to simulate skin
region events, where E-field variances are much larger, is now possible. This will be used for

detailed studies of SiPM saturation during external gamma calibration in the future.
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6.4 SiPM Response Modelling

With our parametrized SiPM ExCT model prepared, we have all the ingredients required to
estimate the impact of SiPM correlated noise on nEXO light channel resolution. We would
also like to be able to analyze the contribution of each noise individually. This is essential for
dedicated studies where photon timing information is required. Additionally, we also require
the SiPM response to be easily integrated with the Chroma simulations, and with the Python-
based detector response framework used by nEXO called Strax. To achieve all of these
aims, we developed a modular Python-based SiPM response model library (SRML), which
can easily be installed through Python package managers such as pip.

Created using test-driven development techniques, the SiPM response model library, or

SRML, has several key components:

* model.py — Central SRML class implementation, with I/O, configuration and input

data parsing, and core simulation loop code.

* noise.py — Module with each individual noise source modelled as individual functions

with the required input information outlined.

» event.py — Custom DataClass objects for “Hit” (detected photon), “Channel” (collec-

tions of “Hits”), and “Event” (collections of “Channels”).
+ efficiency.py — Models for SiPM efficiency simulations.

+ data/ and config/ — Directories for storing configuration information about detector

being simulated, and input data tables (Yaml).

An overview of the process used for nEXO SiPM response modelling is shown in Fig-
ure 6.21, with key stages highlighted. The SRML is used to simulate stochastic SiPM corre-

lated noise on an avalanche-by-avalanche basis, and also produces the expected dark noise
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contribution if the event window length is provided. This model works under the assump-
tion that the SiPMs are in “photon-counting” mode, far away from saturation effects. Each
detected photon is first converted into a “Hit” object for simulation in the loop, where each
noise source is generated independently based on the provided input data. The input data
for nEXO SRML simulations was taken from [101]. OV dependent probabilities for DIOCT
and correlated delayed avalanches (a combination of DeOCT and AP), were scraped from
the distributions in Figures 11 and 13 from [101], with exact values for SRML calculated
with piece-wise spline interpolation. Figure 11 from [101] gives the number of correlated
delayed avalanches per primary avalanche in 1 pus, which must be converted into a probabil-
ity of at least one correlated delayed avalanche, using P cpa = 1 — e~Nepa where Nopa
is the reported mean number of correlated delayed avalanches. The inverse relationship be-
tween AP avalanche charge and time was scraped from Figure 3 from [101], combined with
the approximate exponential decay time derived from the excess charge and the underlying
charge-vs-time relationship. This is an important consideration, as the excess charge added
per avalanche for AP is typically < 1, unlike the other noise sources which produce a full gain
avalanche. In addition to proportional charge, subsequent avalanches triggered by AP parent
hits have an effective probability that scales with the avalanche gain linearly. For example,
an AP with 0.2 charge units, will reduce the nominal probability for DiOCT from 5 %—1 %.
Dark noise is added in the primary hit stage, assuming a 3 pus event window and scaling the
rates from [101] in Hzmm™? to the expected SiPM surface area of nEXO, 4.608 m?, adding

only a few dark avalanches per event on average.
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Figure 6.21: SiPM Response simulation overview flowchart for nEXO simulations. nEXO
simulations include PDE as part of the optical transport stage, and down sampling by effi-
ciency checks is omitted here. Each detected photon is converted into a primary “hit” and
structured for response simulation. Once all noise types have been checked for a given pri-
mary hit, the randomly generated noise hits are added to the stack of hits and the original
primary hit is flagged as complete. The simulation proceeds until all hits in the stack have
noise generated, allowing for run-away under some noise conditions.

To model ExCT in the SRML, we generate an emission wavelength sampler using the
inverse transform technique [185], with input data from Figure 3.6, and sample detections
using the ExCT light collection efficiency map from the previous section. Due to the lack of
in-LXe measurements of FBK SiPM ExCT, we make the simplifying assumption that the yield
and emission profiles are the same as HPK. This is likely an underestimate of the emission
yield, which in vacuum measurements from [115] shows a ~25 % higher yield for FBK com-
pared to HPK, while the absolute estimated yields are in tension with our results from LoLX
[116]. This underestimated yield is covered by the overestimate of light collection efficiency
from using the CE map from the HPK configuration, as the FBK SiPMs are only ~60-80 %

(A-dependent) as efficient at detecting the NIR SiPM ExCT emission. This will serve as a
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preliminary conservative estimate of the impact of SiPM ExCT in nEXO for an FBK vendor
selection, until follow-up measurements of SiPM ExCT from FBK are completed with LoLX
phase-2 as described in Chapter 4.

At the time of writing, the SRML contains only pseudocode for running a subsequent
frontend electronics response and noise simulation. The front-end electronics of the nEXO
photodetector readout system is still under design, so we omit some important effects at this
stage. Anideal simulation would include the single avalanche charge fluctuations, a simulated
SiPM waveform with readout noise and simulated front-end shaping effects, and digitization
effects. Future work on nEXO light channel simulations will replace the pseudocode in the
SRML with a simulated waveform generator using the measured noise and front-end electron-
ics response. For the purposes of this analysis, we represent each primary and correlated hit
as a single unit of charge (1.0), while after-pulses may have less than one unit of charge due
to SPAD resetting effects.

For comparison to our input data, we define two quantities. The excess charge factor
(ECF) is defined as ECF = 1 + A, where A is the mean excess charge from correlated
avalanches in 1 us per primary avalanche. The correlated avalanche fluctuation (CAF) is
then defined as CAF = o, /ECF, where o, is the RMS of the excess charge distribution A
per avalanche.

From the SRML we can make additional observations about the expected noise contribu-
tions to nEXO events, on a per-event basis, by increasing the number of primary hits per event.
Since we model noise on a per-hit basis, including both probabilistic contributions (like early
successes/failures in discrete Bernoulli trials) and secondary effects such as crosstalk-induced
excess hits. At low numbers of detected hits per event, this results in broad, bi-modal distri-
butions of the per-event excess charge, reflecting the stochastic nature of individual noise
realizations. As the number of hits per event increases, these independent contributions av-

erage out, and the variance of the per-event excess charge decreases. This is consistent with
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the expected 1/N scaling from the central limit theorem (CLT) effect. This behaviour is cap-
tured in Figure 6.22 and Figure 6.23, showing the evolution of the mean of the excess charge
distribution with hit counts, and in the changing shapes of the per-event charge distributions.
This is a key observation made possible by performing MC for the noise response using our
SRML, where we know the true number of primary avalanches per event. The distributions
below are simulated for nEXO, including the expected dark-noise contribution in the 3 pus
event window, this leads to much higher CAF and variance for low Ny, trials, as dark hits
may produce correlated noise hits, but are excluded from the primary hit count. This nor-
malization choice was motivated by the need to estimate the nEXO-specific single avalanche
detection fluctuation levels, useful for low-threshold and no-threshold analyses. This normal-
ization explains the higher mean ECF for low Nj;; for HPK despite lower mean noise at high
numbers of avalanches per event, as the DCR at LXe temperature for HPK is more than 2 x

that of FBK.
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Figure 6.22: FBK 3 V ECF distributions from SRML for varying number of primary hits per
event. As we increase the number of primary detections (avalanches), the per-event variance
of the ECF distribution decreases according to the CLT.
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Figure 6.23: Simulated SiPM noise mean ECF and CAF versus number of primary avalanches
per event, for 1000 toy events per configuration. Top: Mean ECF vs number of primary hits
per event for FBK and HPK SiPMs simulated with SRML, plotted error bars are 1-0 standard
deviations of the ECF distribution for each. Bottom: Correlated avalanche fluctuations. As
we increase the number of primary avalanches (hits) per event, we experience a CLT suppres-
sion of the variance per event.

The presence of bimodal noise distributions has been observed in other SiPM applications,
when considering the branching effects of the Poisson processes, where correlated noise with
low probabilities can produce a so-called “heavy-tail”, when early successful trials compound
to produce more noise [186]. This effect could have been excluded by analysis selection
conditions in the input data sources, especially if measurements were carried out at different
incident light levels.

We compare the simulated results from SRML with the measured values from [101] in
Table 6.4. We see some differences when considering mean excess charge, and the vari-
ance. When comparing CAF, we observe that SRML underestimates substantially compared
to [101], which is expected. This is partly because the results from [101] are from a full

electronics readout including shaping and digitization, and are more representative of the true
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Table 6.4: Comparison of SRML simulated excess charge factor (ECF) and correlated
avalanche fluctuations (CAF) with SiPM ExCT % contribution to ECF highlighted, with [101]
measurement results, all values are for 3 V OV. The estimates for SRML are the tangential
estimates for high Nj,;;, relevant for the large number of avalanches expected in Ov[3 3 events
in nEXO.

SiPM Type ECF CAF ExCT Contrib. (%)
SRML

HPK VUV4 1.05 0.05 8.1

FBK HD3 1.18 0.16 2.6

G2022 - [101]
HPK VUV4 | 1.06 £ 0.02 | 0.24 & 0.02 .
FBK HD3 1.23 +0.06 | 0.42 & 0.07 -

variance expected from SiPM correlated noise, but is largely driven by the high Ny;; limit
taken here. The results reported here for CAF can be interpreted as an estimate of the lower
limit on variance, driven purely from the correlated noise sources’ stochastic nature, when

approaching the high Nj;, limit, the expected conditions for Ov3[3 events in nEXO.

6.5 Revisiting nEXO Energy Resolution

With our updated optical model of the nEXO TPC, and detailed SiPM correlated noise simula-
tion, we are prepared to make an updated estimate of the nEXO light channel energy resolution.
We restrict this analysis to the most meaningful energy value for the experiment, the *5Xe

()pp, an end-point energy of 2458 keV. The MC methodology is given as follows:

1. Using the nEXO Geant4 simulation toolkit, nexo-offline, we produce 30k events
using the Ov[33 generator to simulate the expected particle transport physics, including
interactions with LXe that may produce Bremsstrahlung photons and other nuisance
effects. These simulations are run with no light or charge transport, and we record
all position dependent energy deposition information as outlined in Section 2.5, with

the addition of the nEXO specific NEST* photon production estimate for each energy

“nEXO NEST is modified from the public package to use the EXO-200 W-value estimate [160], changing
the scintillation light yield by +18 %.
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deposit.

2. After converting the nexo-offline ROOT file to the required input shape for Chroma,
we run the full optical simulation for each input Geant4 0v[33 event. This is repeated

for both Hamamatsu and FBK SiPM configurations.

3. Read in event-by-event information from optical simulation results, including: travel
time for detected photons, detected photon Z position, origin (X,Y,Z) position of 0v{3 3,

and the MC truth number of simulated photons.

4. Run SiPM response simulation for each event, looping over detected primary hits to

add correlated and dark noise.

5. Load the high statistics Ov[33 simulated dataset from the SRML results, and for each

event reconstruct the estimated number of scintillation photons produced.

To reconstruct the estimated number of produced photons ,N;C;t,, we combine the total
charge from primary photons and correlated hits, and the MC truth origin position to evaluate

the CE light map as:
Npng " 1.0
CE(R,Z) ECF’

where, N;-C;Lt_ is the estimated number of produced scintillation photons for the event from

Neint, = (6.4)

reconstruction, Npj,  is the total charge of the event, from primary photons plus excess charge
from the SRML simulation, CE(R, Z) is the collection efficiency lightmap value at event
position (R, Z), and lastly EC'F' is the mean of the excess charge distribution for the simulated
OV, in the high Ny,;; limit.

We can directly compare the intrinsic fluctuations for scintillation production, as mod-
elled by the nEXO NEST simulation, including the variance from some non-local energy

depositions, with the expected reconstructed charge distribution after correcting for transport,

detection and excess charge from correlated avalanches by fitting the simulated data set for
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each SiPM vendor configuration. This comparison is shown in Figures 6.24 and 6.25. We
observe the expected ~5 % resolution in light-only scintillation production from the nEXO

NEST model.
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Figure 6.24: Comparison of reconstructed and simulated photons for 0v[33 events in nEXO
TPC FV for the HPK configuration. We fit each distribution to a Gaussian signal model, with
parameter estimates and reduced x? shown in the legend. There is a small negative bias of
~0.3 % in the mean of the reconstructed photon count vs MC truth mean. The source of the
bias is likely from low statistics in the light-map.

We compare the simulated MC truth, the reconstructed photon count from total charge (in-
cluding SRML) and reconstructed photon count from primary VUV photon detections. With
the information from SRML, we can independently evaluate the contribution of each stage:
NEST MC truth (the variance from LXe microphysics), primary hits only reconstruction (dom-
inated by Poisson statistics from re-scaling detected photons), and total charge reconstruction
(includes primary hits plus SRML noise). We estimate the contribution to resolution at each
stage by subtracting in quadrature the variance from the previous stage. This is repeated for
both configurations, where we use the NEST MC truth mean value of 94630 photons as the
mean for resolution estimates. This was chosen to avoid the observed bias from the low-

statistics lightmap, assuming a well-calibrated lightmap has no inherent bias and will recover
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Figure 6.25: Comparison of reconstructed and simulated photons for 0v[33 events in nEXO
TPC FV for the FBK configuration. We fit each distribution to a Gaussian signal model, with
parameter estimates and reduced y? shown in the legend. There is a small positive bias of
~1.7 % in the mean of the reconstructed photon count vs MC truth mean. The source of the

bias is likely from low statistics in the light-map.

the mean of the MC prediction, but not the variance. This comparison is shown in Table 6.5.
The contribution column is the additional contribution in resolution from the added variance
from the previous stage.
Due to the limited statistics in the simulated CE lightmap, we are restricted in the conclu-
sions we can draw. We see from Table 6.5 that the additional resolution contribution intro-
duced from SiPM correlated noise is ~0.5 % for HPK and ~1 % for FBK. While the dominant
source of additional variance is due to primary hit reconstruction, at ~4% for both, increas-
ing the o/ F resolution in the light-only channel from ~5 % from the NEST MC predictions,
to ~6.4 % when reconstructing. This additional variance is dominated by Poisson counting
statistics, as we only collect ~1.5 % of the total scintillation light, with a contribution from
the coarse voxels in the simulated lightmap used here.
In order to estimate the impact on overall detector energy resolution, and the OV depen-

dence, we can use the energy resolution model from [101] (equation 22 therein), using input
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Table 6.5: Contributions of simulated nEXO light channel energy resolutions at ()gg, for both
SiPM vendor configurations at 3 V OV. Comparison of the contribution to the resolution in
o/u, using the mean of the MC Truth fit, ~94630 photons, assuming lightmap reconstruction
bias is negligible. Contribution column represents the additional resolution in % added from
the previous stage, starting from MC.

Stage ONsgene. (Ph) | Resolution (%) | Contribution (%)
NEST MC 4745 4+ 96 5.01 £0.1 -

FBK Configuration

Primary Hits 6069 £ 45 6.41 +0.05 ~4

Total Charge 6149 + 43 6.49 + 0.05 ~1

HPK Configuration

Primary Hits 6093 + 35 6.43 +0.03 ~4

Total Charge 6113 £ 37 6.46 £+ 0.04 ~0.5

parameters from table 4 of that work. This model assumes perfect anti-correlation between
charge and light signals, includes contributions from SiPM correlated noise, lightmap recon-
struction uncertainty, and collection statistics using the estimated mean light collection effi-
ciency in the nEXO TPC. The charge channel contribution includes estimated readout noise
variance and charge loss from impurities. The energy resolution is given by:

(n) (n) ’

where ¢, is the mean light collection efficiency, n, is the estimated number of scintillation

(6.5)

photons produced at ()gs, oy, is the lightmap reconstruction uncertainty, 7 is the estimated
electron lifetime, n, is the estimated number of ionization electrons produced at (Qggs, t is
the mean drift time, ¢, is the estimated mean charge collection efficiency, and o nise 1S the
expected readout charge noise in units of electrons. The energy resolution o,,/(n), with mean
total quanta produced (n), is expressed in % units.

We use the mean light collection efficiency shown Figure 6.18, averaged over R and
Z, with the expected relative increase/decrease in detection efficiency for a specific OV.
The change in efficiency is derived from the changing avalanche initiation probability from

electron-driven avalanches in VUV from [103], and varies from 0.8—1.15 from 2—5 V with
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1.0 at 3 V OV. For comparison, we model three sets of FBK/HPK energy resolution curves:
first using the updated optical MC presented here with CAF from SRML, secondly the results
from [101], using CAF input data scraped from the figures for each OV and SiPM vendor, and
lastly a hybrid version using the SRML estimated CAFs (including SiPM ExCT, omitted from
[101]) but with the nominal light collection efficiency assumed in [101]. This comparison is

shown in Figure 6.26, where all sets of curves use the assumed o0y,,, of 0.5 %.

55 ] —e— SRML FBK - Updated MC ~ -+- G2022 FBK
' FBK +10 spatial &, G2022 HPK

3 SRML HPK - Updated MC ~ —4— SRML FBK - Nominal ¢,

= o HPK +10 spatial €, SRML HPK - Nominal &,

61 .

o

[

S

5 1.5

3> . 1 e

(7] s L 4 — - s J

(V]

o

>

2 1.0

(O]

e 7 S -

g B R aranp s s s En s S e R S e e e e e e e e e e A

>

‘£ 05

OO T T T T T

2 3 4 5 6

SiPM Overvoltage (V)

Figure 6.26: Model of nEXO total energy resolution at () 35, comparing three different scenar-
ios. SRML estimated CAF with updated MC presented in this work, reproduction of model
presented in [101], and SRML estimated CAF with previous estimate of light collection effi-
ciency. The shaded regions in the updated MC represent the + 10 variance in light collection
efficiency across the fiducial volume. All three sets of curves use o, = 0.5 %, and the last
two scenarios overlap with the estimated HPK resolution from [101] (G2022).

We can observe in Figure 6.26 that the targeted energy resolution of 1 % o/E at (Qgs is
not met in the current estimations. As noted earlier, this is driven mainly by the substantially
lower overall light collection efficiency predicted from the full wavelength-dependent treat-

ment described in this chapter. These results represent the first full wavelength-dependent
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optical simulation of nNEXO. While extensive cross-checks have been performed, independent

validations and experimental measurements are essential next steps.

6.6 Conclusions

In this chapter, we have outlined the substantial efforts in refactoring and expanding the util-
ity and applicability of the nEXO light simulation framework, Chroma, and its corresponding
nEXO collaboration packaged implementation chroma-simulation. With these upgrades
in-hand, we have the ability to simulate more realistically, and more broadly than ever before,
enabling future studies using nEXO light channel information. These upgrades included ex-
panded optical simulation input data and validation efforts, and essentially a more detailed
and upgraded simulated optics model for SiPMs based on recent efforts [103]. Our primary
goal in these efforts was to expand the ability of Chroma to the LoLX phase-2 experiment, in
order to better understand the impact of SiPM ExCT on the nEXO detector energy resolution.

The impact of SiPM ExCT on nEXO was evaluated here for the first time, and in agree-
ment with other works, is a non-negligible but sub-dominant component of SiPM correlated
noise. When combined with updated optical simulation lightmaps, referred to here as col-
lection efficiency or CE lightmaps, we have estimated the contribution of SiPM correlated
noise to the resolution of the nEXO light readout system. We have also revisited the design
requirements for total light collection efficiency of 3 %. We observed that at the nominal 3 V
OV this target is not met in the full wavelength-dependent optical simulation model presented
here. When comparing the collection efficiency for the FBK and HPK detector configurations,
we see that FBK outperforms HPK. The mean light collection efficiency of 1.03 + 0.39 %
for HPK and 1.37 4 0.52 % for FBK, with uncertainties from the 1-¢ standard deviation for
events distributed throughout the fiducial volume. This performance deficit is complemented
by a much lower correlated noise level for the HPK devices, ultimately producing similar

estimates for light channel energy resolution at ()3 as shown in Table 6.5. We highlighted
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the need for independent validation of these first results, and emphasized the impact of in-
creased bulk absorption due to the increased optical path lengths from Rayleigh scattering
and enhanced reflectivities.

Future measurements with the 1 x 1 cm? devices planned for nEXO will need to be carried
out in LXe to validate their ultimate performance, a role that LoLX is poised to fulfill. This
is especially important for HPK devices, which, as indicated in Chapter 4, exhibit ~15-20 %
lower PDE (relatively) in LXe than expected from the optical models used here. It remains to
be shown if this decrease is as apparent in a nEXO-like geometry. This is because we ascribed
most of the reduction in PDE observed in LoLX phase-2 to shadowing from surface features
on the SiPM due to the large amount of oblique light in the small cubic detector geometry.
This analysis and the accompanying LoLX phase-2 simulation comparison is available as a
preprint [139] currently under review.

As is often the case for simulation studies, we are limited significantly by the quality and
applicability of input data. In many cases we make assumptions, some minor and others more
significant, about the input data distributions, and the fidelity of the simulated detector model.
Some key assumptions for the optical simulation itself include: the perfect flatness and uni-
formity of the SiPM, tile and stave surfaces, the uniform responsivity of all SiPMs in nEXO,
and the absence of surface effects, such as thin-film interference, on light transport. We have
also omitted the tile-level fill factors in photon collection efficiency calculations, which is not
currently known, but will reduce overall collection efficiency proportionally. While our in-
put data has been described in detail, we restate the importance of having subsequent in-LXe
measurements of any critical detector components, as expectations from vacuum measure-
ments may be broken when including the temperature and optical medium change. Some of
the key components for nEXO that should be measured in detail include: MgF;-Al VUV re-
flective coating witness samples from the cathode and FSRs, the ultimately selected SiPMs

themselves along with their mounting tiles (all studies so-far are for 6 mm SiPMs from HPK
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and FBK, while nEXO versions will be 1 cm devices), FSR spacers and resistive coatings,
and the anode charge collection tiles. Many of these limitations and approximations will be
updated readily once nEXO is online and taking data, using effective parametrizations, ad-hoc
applications of surface absorption, and effective reflectivities. The charge collection tiles are
also a key component that need to be measured in-LXe to inform accurate simulations, and
represent an opportunity for enhanced light collection efficiency with increased reflectivity.
With these additional inputs good agreement between data and simulation is expected to be
achieved. These efforts would be substantially eased by significant investments in testing and
characterization capabilities for important components in-LXe and at operating temperatures
if liquid measurements are untenable.

While the simulated statistics considered in the MC estimate of nEXO light channel res-
olution here are limited, we can make general statements about the relative contribution of
SiPM correlated noise fluctuations on energy measurements from an integrating detector such
as nEXO. The CE lightmaps used here will ultimately be replaced by much higher statistics
maps from dedicated data calibration runs [170], and introduce an artificial variance due to the
limited number of voxels from limited statistics. Nevertheless, we see that the reconstruction
adds ~4 %, and SiPM correlated noise, including ExCT, adds 0.5-1 % depending on vendor,
at 3 V OV. In Table 6.5 we compared the relative effect of reconstructing only primary detec-
tions versus all hits including all SiPM correlated noise, on the light channel energy resolution.
Employing the model developed by nEXO collaborators for an earlier estimate of nEXO de-
tector response in [101], we estimated the overall nEXO detector energy resolution for two
different scenarios, as a function of SiPM OV. The first scenario used the estimated variance
in SiPM correlated noise (CAF) from the SRML developed in this work, with the updated
estimate of the mean light collection efficiency in nEXO. The final scenario used the SRML
estimated CAF for each configuration, but the nominal light collection efficiency assumed in

[101]. We see an improvement due to the improved understanding of SiPM correlated noise
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fluctuations expected at ()gs, based on the SRML estimates, when comparing to the results
from [101]. Beyond the observed excess absorption in bulk LXe and at the anode surface,
an additional source of the lower light collection efficiency estimated in this work is the im-
proved SiPM surface optics and detection model employed here, based on the results from
[103]. This 2D LUT implementation handles the full wavelength and incident angle depen-
dent behaviour expected for the SiPMs in LXe conditions, and is significantly different from
the expectations based on vacuum measurements. More validation and future measurements
of in-LXe SiPM performance is needed to have full confidence in the MC strategy presented
here, while work is underway to improve our understanding [ 139], strong MC agreement with
LoLX data is a necessary next-step.

The simulation framework developed here has already been used in a recent nEXO pub-
lication estimating the sensitivity of the detector to solar neutrinos and fermionic dark mat-
ter [187]. For this work, using the models described in this chapter, I prepared input timing
PDFs for ExCT transport in nEXO, and expected transport and detection information for the
lead author’s Glenn Richardson and Brian Leonardo, and advised on simulation inputs and
modelling the detector response. For this analysis, which uses the delayed coincidence of de-
excitation y’s from previously unknown isomeric states of 13¢Cs, the distribution of detected
photon timing is a critical input. By accurately measuring the time and energy of delayed
energy emission in nEXO, it is possible to separate the primary and delayed events to per-
form particle identification. The impact of SiPM ExCT on timing resolution was studied and
determined to be subdominant to the effect of the readout timing resolution. The planned
shaping and integrating amplifier readout limits nEXO timing resolution to O(10 ns), while
the low intensity of SIPM ExCT introduces a negligible additional smearing on photon arrival
times. While SiPM ExCT is subdominant when considering the analysis in [187], it signals
the importance of having a detailed and flexible simulation toolkit for expanding the physics

reach of the detector, enabling new and unique analyses.
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In the future, expanded and further validated Chroma simulations will be used for nEXO
and other experiments in the noble liquid detector ecosystem. This has been spurned by a
recent cross-collaboration workshop on light transport simulations, where we renewed the
interest in, and importance of open-source accurate simulation tools for the use by the com-
munity. Future upgrades to the SRML will include the effects of SiPM saturation, readout
noise, simulated waveform response and other effects neglected here. This is critical for a rare-
event search experiment like nEXO, which aims to discover new physics. The gold standard
in detector response modelling is to simulate the detector in as much detail as computation-
ally feasible, making no sacrifices on accuracy, which produces a simulated event-by-event
response that can be analyzed in the exact same way as the data from the real experiment.
This would allow for critical evaluation of the readout efficiencies, including pulse-finder
losses, reconstruction errors, signal distortions, and more, by comparing the reconstructed re-
sults from simulated waveforms, where ground-truth information is known, with real detector
data, where it is not.

In the final chapter of this work, we proceed to a detailed discussion of the entire thesis
and how each part fits together, outline the remaining challenges in modelling a system as
complex and detailed as the nEXO detector, and highlight the steps that can be taken in the

future to improve upon the work presented here.
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Discussion and Conclusions

Neutrinos are at the forefront of fundamental physics research, as one of the few challenge
points of the otherwise extremely successful Standard Model of particle physics. The ori-
gin of the neutrino mass is not currently known, and is not included in the SM. Majorana
neutrinos are a natural and elegant extension of the Standard Model, capable of explaining
the origin of the neutrino mass mechanism and the several orders of magnitude separation be-
tween neutrino masses and those of other fermions. Furthermore, the lepton number violation
and CP-violation inherent to Majorana neutrinos can satisfy the Sakharov conditions required
to explain the observed matter-antimatter asymmetry of the Universe [188]. An observation
of the hypothetical decay mode, neutrinoless double beta decay, is an unambiguous signature

for Majorana neutrinos, and would be the first observation of lepton number violate and sub-
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sequent breaking of a global conservation law of the SM, while also sensitive to information
about the underlying mechanism. The search for Ov {33 has been ongoing for several decades,
and has matured beyond earlier experiments which probed initially for Ov[33 and measured
the 2v33 half-lives. The current stage of experimentation is aiming for coverage of the full
range of mgg values under the inverted mass ordering. Achieving this requires half-life sen-
sitivities of > 10?® y, which in turn demands tonne-scale isotope masses in next-generation
experiments.

The nEXO experiment is an experiment highly optimized to maximize the discovery po-
tential for Ov33, with advanced design and a robust R&D program for radioactive back-
ground control. nEXO builds on the success of the EXO-200 experiment, and will employ
a monolithic single-phase LXe TPC, capable of robust background suppression through self-
shielding and targeted analysis. The light detection system of nEXO will use SiPMs with
a large photocoverage, 4.6 m? of surface area, readout as 7680 channels. In order to miti-
gate all conceivable design risks, and to improve detector understanding, we need a complete
simulation toolkit that has been benchmarked against real detector data through the use of
validation experiments. The LoLX experiment, located at McGill University, is one such pro-
totype detector that has helped improve our understanding of light transport and detection of
LXe scintillation. The LoLX experiment has gone through two experimental phases to-date,
with upgrades to the cryogenic cooling system, control processes, DAQ and data analysis,
and simulation frameworks, between phases, all of which was a substantial part of this thesis
work.

In the first phase of LoLX operations, we were limited by several challenging design
aspects, including detector material choices, the cooling system and control, and analysis tool-
kits. The fluorescence of the 3D printed cage material represented a limitation in our physics
reach in the first phase, but resulted in a novel method for understanding SiPM ExCT in the

LXe detector. By using the late fluorescence as “seeds” for ExCT, after scintillation light has
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dissipated, we measured SiPM ExCT correlation between sensors in LoLX. By combining this
with a detailed custom Geant4 simulation of SiPM ExCT in LoLX, we were able to model
SiPM ExCT and parameterize its impact in an experiment-agnostic fashion for the first time.
We were able to confirm the expected gain-dependent behaviour of SiPM ExCT, and estimate
the number of emitted photons per avalanche in LXe to be 0.5703 and 0.61)3 at4 V and 5 V
of OV, respectively, for VUV4-Q HPK devices. This model and simulation represent a step
forward in our understanding of SiPM ExCT and highlights the dependence on robust optical
modelling across the entire wavelength range expected inside the detector. We also made
our simulation model available as an open source Geant4 example project for community
use [189]. This is important because the modelling of SIPM ExCT was a missing ingredient
in many experiments considering SiPMs as light sensors, including nEXO [101].

We invested substantial resources into upgrading the structure and organization of the
chroma-simulation framework to support prototype characterization comparisons with
LoLX and collaborators within nEXO. With our updated and more flexible simulation frame-
work we set to updating the previous conservative and ad-hoc estimates of optical properties
in the nEXO TPC, for a more realistic estimate of light transport for the scintillation readout
channel of the detector. The optical property inputs still required assumptions and modelling
due to an absence of applicable input data in the literature, highlighting the need for experimen-
tal validation of these key input parameters. With updated simulations, and an upgraded PDE
model for SiPM candidates in nEXO, and a validated ExCT simulation model from LoLX,
we were prepared to update performance estimates of the light detection system of nEXO.
We investigated the impact of SiPM ExCT in the nEXO experiment, relevant for future noble
liquid detector experiments that use SiPMs. These investigations showed that SiPM ExCT
has interesting timing and hit pattern properties, owing to the very long scattering length in
LXe at NIR wavelengths, which could be exploited by low-threshold experiments for ExCT

suppression. From the simulations of SiPM ExCT transport in nEXO we extracted a parame-
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terized light transport efficiency for SIPM ExXCT as a necessary ingredient in estimating the
level of correlated noise production for physics analyses.

We developed a SiPM Response Model Library (SRML), which uses MC techniques to
iteratively add all sources of SiPM noise onto the primary detected photon signal from scintil-
lation. Using data from earlier nEXO publications for both HPK and FBK candidate SiPMs,
with our simulations of SiPM ExCT transport in nEXO, we were able to determine that SiPM
ExCT is a non-negligible but subdominant component of excess charge at nominal operat-
ing voltages at the 5-10 % level of total excess charge. With the detailed MC-based SRML
for SiPM noise we were able to investigate its impact on the energy resolution in the light
channel for nEXO. We observed a central-limit-theorem suppression of the variance in SIPM
correlated noise when going beyond the conditions of benchtop measurements with single
SiPMs, to the conditions for Ov33 in nEXO. The expected reduction in correlated avalanche
fluctuations (CAF) was 2 X to 5 x versus expectations from single-avalanche signals in bench-
top measurements, with the caveat that this reduction does not include effects of SiPM gain
and electronics and reconstruction. The updated optical simulations for nEXO, including the
more realistic optical parameter estimates and upgraded and validated SiPM PDE model from
LoLX and TRIUMEF, led to a notable reduction in the expected light collection efficiency for
VUV photons in nEXO compared to earlier estimates. At nominal operating voltages, we
found that the FBK SiPMs will outperform the HPK devices. We found that SiPM correlated
noise, even with the inclusion of ExCT, is a subdominant component of the resolution in the
light channel, dominated by the effects of photon counting statistics. Using the o,,/(n) energy

resolution model from [101], we estimated the detector energy resolution to be 1.357532 and

1.517095 at 3 V OV using our updated optical MC for HPK and FBK SiPMs respectively. We
compared this to the estimated 0.73 £ 0.02 % and 0.76 4+ 0.01 at 3 V OV for FBK and HPK
respectively reported in [101]. The SRML developed in this work was used for the estimate

of CAF included in the resolution, and the uncertainty is derived from the £ 1o variance in
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light collection efficiency across the fiducial region of the TPC in the updated optical MC.
Under this model of resolution, the dominant source of difference is the updated estimate of
mean light collection efficiency within the TPC, which points to opportunities for optimiza-
tion of the detector design through improved photon collection rather than correlated noise
suppression. Exploratory studies indicated that the majority of the non-detected photons were
absorbed by the LXe, and surrounding surfaces, enhanced over earlier estimates because of
the more robust and detailed optical treatment used here. The literature on LXe absorption
length is limited, and available estimates indicate a strong purity dependence [184]. There is
an opportunity for future large-scale LXe experiments like nEXO and XLZD [150], to study
this effect in dedicated test setups that may be able to perform this challenging measurement,
requiring separating the independent contributions from scattering and absorption. One such
apparatus is the Xenoscope in Zurich [190], which has purity monitoring capabilities and a
2.6 m LXe column, that may be modified for measuring the achievable absorption lengths
in-LXe as a function of xenon purity.

For the second phase of the LoLX experiment, we redesigned the detector to address key
points of challenge in the first phase. These upgrades included diversifying the light sensors
to include both of nEXO’s candidate SiPMs, and the inclusion of a VUV PMT. Additionally,
we invested in upgrading and improving the cryogenic cooling system, the DAQ, and down-
stream analysis. The upgraded cooling system makes use of a GM cryocooler, with custom
copper coupling and temperature control through PID with dedicated controller hardware. By
migrating from the previous open-loop LN, system to our upgraded cryocooler system, we
have improved data-taking up-time by ~100 %, and reduced cool-down and filling times
by ~40 %, while greatly simplifying control and remote monitoring requirements. The de-
sign and implementation of the improved cooling system was a major undertaking, done in
parallel with the ExCT analysis from phase-1, led by myself. With improved conditions for

data-taking, and upgraded DAQ with faster timing, the upgraded analysis software MERCI,
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was developed. MERCI developed as a collaborative effort led by myself and TRIUMF sci-
entist Andrea Capra, with support from LoLX and TRIUMF collaborators, enables our online
data analysis, and high efficiency modular offline analysis for SiPM waveform data. For
LoLX phase-2 we further evolved this analysis toolkit with advanced matched-filter based
pulse finding for the lower SNR regime and flexible configurations for high and low light
intensity data-taking.

We carried out commissioning data-taking campaigns with the upgraded detector systems,
using external gamma calibration sources in August of 2023 and January of 2025. With our
upgraded analysis tools, we were able to carry out preliminary data-simulation comparisons
for external '?3Ba calibration data taken in January 2025. These comparisons show broad
agreement in timing, position reconstruction, and light transport, key performance metrics for
the GPU accelerated photon transport simulations. While the absolute light-yield observed
is significantly lower (~30%) than expectations for pure LXe, we observed several effects
which point towards impurity-driven quenching of the overall light production and transport.
The energy resolution achieved with the LoLX phase-2 experiment was far below expecta-
tions, due to poor containment of light and attenuation and scattering of the external gammas.
In order to address this poor performance, we designed and prepared an internal calibration
source using neutron activated natural hafnium to produce a *'Hf needle source. Combined
with planned updates to the gas handling system to allow for xenon re-circulation, for im-
proved purity, and a dedicated purity monitor, we aim to provide key measurements of LXe
light yield, production characteristics, including Cherenkov light generation, and efficiency
of SiPMs in LXe. The first stages of this work advanced, with a relative comparison of the
FBK and HPK SiPMs submitted recently to the journal Nuclear Instruments and Methods in
Physics Research A. This analysis highlighted the context-dependence of SiPM performance,
where vacuum measurements used to extrapolate to LXe require reinterpretation due to the

optical coupling between media and silicon, and with an angular dependence that will result
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in different effective efficiencies depending on the specific detector geometry.

From our work with the LoLX experiment, and with detailed simulations of the proposed
nEXO experiment, we have made substantial progress in modelling the light transport and
detection process for future noble liquid detectors. The chroma-simulation framework
upgrades developed here will be made available as an open-source GPU-accelerated photon
transport package, and have already contributed to additional nEXO physics sensitivity analy-
ses [187]. We identified a clear need for a cryogenic in-liquid optical characterization facility
capable of angle-resolved measurements of reflectivity, transmittance, and PDE for future
detector components. This is especially important for validating simulation studies, and im-
proving simulation tools for more accurate future projections of detector performance.

Unambiguous discovery of 0v3[3 requires a well-understood detector with low back-
grounds, and reproduction of any signal across multiple isotopes will be required to constrain
the underlying mechanisms given the variance in nuclear matrix element calculations [40].
The proposed nEXO experiment is positioned to either observe Ov {33 or exclude the inverted
neutrino mass hierarchy for Majorana neutrinos. The discovery of Majorana neutrinos re-
mains one of the most promising avenues for understanding physics beyond the Standard
Model, and 0v {33 provides the ideal unambiguous signature for lepton number violation.

Through detailed analysis, careful planning, and prototyping, we can build detectors with
unprecedented sensitivity and precision, extending experimental reach to probe the limits of
the Standard Model. With diligence, such efforts may bring us closer to a deeper understand-

ing of the Universe and its most fundamental properties.
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