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Sumario

As propriedades e natureza dos neutrinos tém alimentado a curiosidade cientifica durante anos,
especialmente desde a observacao do fendmeno de oscilacdo de neutrinos que provou que estes
possuem massa. Hsta descoberta, em conjunto com outras, motivou o aprofundamento da
investigacao sobre este tema e a possibilidade de os neutrinos serem fermides do tipo Majorana.
O decaimento duplo beta sem neutrinos é um dos processos hipotéticos através dos quais é
possivel explorar este problema, ja que a observacao deste decaimento significaria que existe
violagao da conservacao de de leis fundamentais da fisica de particulas.

A medida que as experiéncias de matéria escura que utilizam Xénon liquido evoluem e se tornam
mais sensiveis, surge a oportunidade de estudar outros fenémenos fisicos raros. A experiéncia
LUX-ZEPLIN ¢ a maior ciAmara de projecdo temporal alguma vez construida, contendo 10
toneladas de Xénon natural, tornando-a uma excelente candidata para o estudo do decaimento
beta duplo sem neutrinos no 36 Xe. No entanto, as experiéncias de Xénon liquido atualmente
em curso nao foram otimizadas para detetar estes decaimentos, visto que estas sdo desenhadas
para procurar candidatos & matéria escura como os WIMPs (particulas massivas de interagao
fraca), os quais se espera que produzam interacoes de baixa energia, ao contrario da energia da
ordem dos MeV esperados para o decaimento sem neutrinos.

Durante esta tese foram estudadas as propriedades dos neutrinos, a fisica e a importancia
inerente ao decaimento duplo beta sem neutrinos, bem como os requisitos experimentais para
diferentes formas de detecdo. Aprofundaram-se os conhecimentos sobre a especificidade das ca-
maras de projecao temporal, o seu principio de funcionamento e como o seu design e tecnologia
pode ser melhorado para reconstruir a energia e a posi¢ao de decaimentos raros. O decaimento
sem neutrinos deixa um rastro de aproximadamente 1.5 mm de comprimento no 3% Xe com duas
zonas de alta densidade de deposicao energética em cada extremidade do trajeto, e de forma a
ser possivel distinguir um sinal de um evento de fundo, um requerimento chave é atingir uma
resolucao espacial proxima de 100 ym. Um novo protétipo desenvolvido para detetores futuros
¢é apresentado sob o nome de Xenia, e demonstramos a optimizagdo do seu design de modo a
atingir ~124 um de resolucéo espacial para uma energia de Q = 2.458 MeV, correspondente ao
decaimento duplo beta sem neutrinos no 26 Xe. Finalmente, descrevemos o funcionamento de
uma ferramenta de simulacao desenvolvida para estudar a resposta do detetor Xenia a inter-
acoes, e demonstramos a sua viabilidade com exemplos de eventos simulados.

Palavras-Chave: Camara de Projegao Temporal, Xénon, Decaimento Beta Duplo Sem Neu-
trinos, Eventos Raros, Fotomultiplicadores de Silicio
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Abstract

The properties and nature of neutrinos have fueled scientific curiosity for years, especially since
the observation of neutrino oscillations proved that neutrinos have mass. This discovery, along
with others, motivated further research on this subject and the possibility that neutrinos could
be Majorana fermions. Neutrinoless double beta decay is one hypothetical process by which it
is possible to explore this problem since its observation would signify the non-conservation of
fundamental laws in particle physics.

As liquid Xenon (LXe) experiments for dark matter searches evolve and become more sensitive,
with it comes the opportunity to study other rare physics phenomena. The LUX-ZEPLIN ex-
periment is the largest time projection chamber (TPC) ever built, housing 10 tonnes of natural
Xenon, hence making it a great candidate to study neutrinoless double beta decay in 36 Xe.
However, current LXe experiments are not optimised to detect such decays as they are designed
to search for dark matter candidates such as WIMPs (weakly interacting massive particles),
which are expected to produce low energy interactions, contrasted by the MeV energy range of
the neutrinoless decay.

In the work presented in this dissertation, neutrino properties, the physics and importance be-
hind neutrinoless double beta decay were studied, along with the experimental requirements for
different detection options. We delve into the specifics of LXe TPCs, their working principle
and how its design and technology can be elevated to reconstruct energy and position of rare
decays. The neutrinoless decay leaves a track of approximately 1.5 mm in length in 36 Xe with
two high density energy deposition spots at each end of the path, and in order to distinguish a
signal from a background event, a key requirement is to achieve a spatial resolution close to 100
pm. A newly developed prototype for future detectors is presented under the name of Xenia,
and we demonstrate the optimisation of its design to reach ~124 pm spatial resolution at a
Q-value = 2.458 MeV for the neutrinoless double beta decay in 36 Xe. Finally, we describe the
operation of a simulation tool developed to study the detector response of Xenia to interactions,
and demonstrate its feasibility with examples of simulated events.

Keywords: Time Projection Chamber, Xenon, Neutrinoless Double Beta Decay, Rare Events,
Silicon Photomultipliers
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IH Inverted Hierarchy

LCE Light Collection Efficiency

LXe Liquid Xenon

MWPC Multi-Wire Proportional Counter
NH Normal Hierarchy

NR Nuclear Recoils

PMNS Pontecorvo-Maki-Nakagawa-Sakata
PSP Phase-Space Factor

SiPM Silicon Photomultiplier

TPC Time Projection Chamber

WIMP Weakly Interacting Massive Particle

CL Confidence Level

CvB Cosmic Neutrino Background
DM Dark Matter

ELR Electroluminescence Region
GXe Gaseous Xenon

ISW Integrated Sachs-Wolfe

LS Liquid Scintillator

LZ LUX-ZEPLIN

NDBD Neutrinoless Double Beta Decay
NME Nuclear Matrix Element
PDE Photon Detection Efficiency
PM Photomultiplier

ROI Region of Interest

SM Standard Model

V-A Vector minus Axial vector

LET Linear Energy Transfer

xiii






Contents

[Acknowledgements|

Suma

ACronyms

(1 _Introductionl

[1.1  Motivation and Objectives|

(1.2 Structure of this document]

2 Neutrinos|

p1

Neutrino Physics|

2.1.1 Sources of neutrinos|

[2.1.2  Helicity and Chirality]|
[2.1.3  (C)(P) symmetry|
2.1.4 B and L symmetries|
215 T Tationd
[2.1.6  Mass hierarchy|

R.2

Double Beta Decay (2v55))

[2.2.1  Neutrinoless Double Beta Decay (0vS53)|

[3 Experimental searches for Ov55 decay|

B.1

Experimental Considerations|

[3.1.1  Signature ot OvS0|
13.1.2  Isotope choice)
13.1.3  Background|
[3.1.4  Sensitivity parameters|
13.1.5  Detection Techniques|

B2

3.2.5 LUX-ZEPLINI
3.2.6  Other mentions

12

Xenon Properties|

4.3

Working Principle]

XV

vii

ix

xi

xiii

11
11
12
12
14
16
17

21
21
21
23
24
25
26
29
29
30
31
32
32
34



xXvi

5.2 Key characteristics of the prototype]

2.1

Silicon Photomultipliers|

[5.2.2  Xenon doping with light elements|

0.2.3  Collimator]

5.3 Simulation Strategy|

b.31  Geantd
5.3.2 ANTS2

[6 Collimator and SiPM Array Studies|

6.1 Optical optimisation|

BI1

Simulation procedurel . . . ... ... ...

6.1.2

Parameters under study|

7 An End-io-Fud Simulation Tool

[7.1  Event Processing|

[r.1.1 Particle sources|

[7.1.2  Clustering of energy depositions|

713

Identification of bremsstrahlung interactions|

[7.1.4 Light and charge Yields|

[r.1.5 Diffusion of electrons|

[7.1.6  Signals from SiPMs and PM'T|

7.2 Wavetorm Examples|

(2.1 Ovpp

[7.2.2  Single Electron of 2.5 MeV|

[7.2.3  Downsampling|

8 Conclusions|

[List of Figures|

IList of Tables|

[References]

CONTENTS

87
91
97

98



“Science makes people reach selflessly for truth and objectivity; it teaches
people to accept reality, with wonder and admiration, not to mention the

deep awe and joy that the natural order of things brings to the true
scientist.”

- ELISE MEITNER (NOVEMBER 7, 1878 — OCTOBER 27, 1968)

xvii






Chapter 1

Introduction

1.1 Motivation and Objectives

This work is part of a wider R&D study for the next generation of dark matter detectors
which plan to become competitive in the study of other rare physics processes. The 3™ gen-
eration of detectors will join several current experiments such as LUX-ZEPLIN, DARWIN and
XENONNT in a larger collaboration with the aim to improve the technology currently being
used in two-phase xenon (liquid-LXe and gas-GXe) time projection chambers (TPCs) and pos-
sibly implement these changes in future detectors to improve their sensitivity to study neutrino
properties and rare decays such as neutrinoless double beta decay (0v303).

Double beta decay (2v(f3) is a process that has been observed in various isotopes (including
136 X'e) and by which the nucleus emits two electrons and two electron antineutrinos. This is
distinct from the neutrinoless decay which is an hypothesised process by which a nucleus emits
two electrons but no neutrinos; this would only be possible if the neutrino is revealed to be
its own antiparticle (Majorana particle) and its observation would break the conservation of
baryonic and leptonic number symmetry, implying new physics beyond the Standard Model.
The study of neutrinoless double beta decay can be used to delve into the fundamental nature
of neutrinos, their mass scale and mass hierarchy. Moreover, the observation of this decay could
help explain the matter-antimatter asymmetry observed in the Universe, which would change
our understanding of the subatomic world.

In order to study these rare processes, we need to improve the performance of this type of
detectors at MeV energies, namely the spatial resolution which is crucial to resolve two electron
events. This can be done by exploring some new techniques with a prototype detector, such
as: introducing a new chamber with Hs-doped xenon, installation of a VUV SiPM (silicon pho-
tomultipliers for detection of visible ultra-violet light) array with with the frontend electronics
installed inside the TPC, installation of a collimator for better positional resolution and devel-
opment of a tailored data acquisition system.

The main goal of this thesis is to design, simulate and optimise a prototype LXe TPC to be
used in R&D studies intended to maximise the sensitivity to Ov3j3 in 36 Xe for this type of
detectors. The chamber design is required to be optimised for an energy of Qg3 = 2.458 MeV,
position resolution of ~ 100 pum and low radioactivity levels per unit readout area (~ mBq).
This encompasses characterisation of the prototype through simulations, evaluation of VUV
SiPM behaviour, using digitised time resolved signals from photosensors to obtain light maps
and perform energy and position reconstruction of events in the region of interest. These studies
should be supported by Geant4 and ANTS2 for simulation and calibrations.
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Outside the scope of this work, but still included in the long term goals for this project are
event topology studies, exploring Machine Learning techniques for position reconstruction and
to discriminate signal/background events and simulation of internal and external calibration
sources. After the prototype is ready to begin acquiring data, it will also be necessary to anal-
yse the behaviour of electrical components under cryostatic conditions, study correlated noise
in SiPM (afterpulsing, optical cross talk, cryogenic noise) and there are also plans for detecting
the fast Cherenkov ring in LXe for additional discrimination power.

This project is being developed within the Laboratory of Instrumentation and Experimental
Particle Physics (LIP) research group in the University of Coimbra, in collaboration with the
Imperial College of London. The design and simulations for the prototype were done in LIP-
Coimbra and the construction and operation will take place in the laboratories at Imperial.

1.2 Structure of this document

This dissertation is organised as follows.

Chapter [2] begins with a brief history of neutrinos since their discovery until the present day,
followed by a breakdown of different neutrino sources and description of neutrino properties
such as helicity, chirality, symmetries, flavour oscillations and mass hierarchy. Double beta
decay and the neutrinoless decay possibility are discussed in detail as well as the importance
and implications of its discovery in the Standard Model.

Chapter [3| delves into the main characteristics to consider when designing an experiment to de-
tect NDBD, namely the signature of the event, sensitivity parameters and detection techniques,
followed by an overview of several state of the art experiments on this subject.

Chapter [ opens with a summary of time projection chambers and the remainder of the chap-
ter focuses on the characteristics of the prototype dual-phase liquid xenon TPC that is being
developed and constructed at Imperial. An overview of the detector components is given, along
with a description of xenon properties and an explanation of the working principle and relevant
physical variables.

Chapter [p| introduces the Xenia prototype in the context of the next generation of detectors, by
identifying its key features (silicon photomultipliers, collimator and xenon-doping) and portray-
ing how this was implemented in the simulation. The overall simulation strategy and software
tools used are also introduced here.

The details of the optical optimisation simulation for improved position reconstruction are given
in Chapter [6] along with the results and discussion.

The inner workings of the end-to-end tool developed to simulate events of interest in Xenia are
explained in detail in Chapter [7] along with some examples of simulated waveforms.

Final conclusions are presented in Chapter



Chapter 2

Neutrinos

"The neutrino — if there was one
particle that was going to break
the rules it was this one."

Professor Marcus du Sautoy

For several years, studies on beta decay suggested that the sum of the energy of the recoiling
nucleus and the emitted electron was lower than the one of the initial nucleus, implying that this
radioactive decay violated the principle of conservation of energy. This gave rise to many queries
among physicists; it could either mean that the theory was flawed and adjustments had to be
made to account for these findings, or that there could be something missing experimentally to
align with the theory. While Niels Bohr proposed a statistical version of the conservation laws
to justify the experimental data, in 1930 Wolfgang Pauli proposed the existence of the neutrino.
This tiny, electrically neutral particle could carry the missing energy in the decay, restoring the
conservation principle |[Lan13].

The existence of the electron neutrino () in beta decaym was experimentally confirmed in
1956 by Cowan and Reines |[Cow-+56] within the scope of Project Poltergeist. Since then, the
discovery of the muon neutrino (v,) followed in 1962 with the efforts of Lederman, Schwartz
and Steinberger [Dan+-62], which earned them the 1988 Nobel Prize. Later recognition was also
given to Reines for the first neutrino detection when he was awarded the 1995 Nobel Prizd?
Finally, the neutrino sector was completed when the tau neutrino (v,) was detected by the
DONUT collaboration in the year 2000 [Kod+01].

Today, the Standard Model of Particle Physics comprises six leptons, divided in three genera-
tions (Table [2.1)). Neutrinos are part of this lepton family, and each neutrino flavour is named
after the subatomic particle it is most likely to interact with: electron, muon or tau |[AHO02].

Table 2.1: Lepton sector of the SM, showing the division of the three generations and their respective
electromagnetic charge (Q) and colour charge (C).

1st 2nd 3rd Q C

e w71 -1 none
Ve Vv, vy 0 none

LAt this point in time, there was still no distinction between the neutrino and antineutrino.
2Unfortunately Cowan passed away years prior and so could not share the award.

3
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Albeit exceptionally small, neutrinos were proven to have mass through the observation of their
oscillations between flavours, having an upper mass limit of m, = Y ; m,, < 0.120 eV (with
95% C.L.)E| [Mer16]. They are about six orders of magnitude lighter than the electron, the
next lightest particle. They are also the only type of fermion to not possess electromagnetic
charge (Q) or colour charge (C), meaning they do not participate in the electromagnetic and
strong interactions, nor do they interact with the Higgs field (Table . Interaction through
the weak force (and gravitational force as well - hypothetical sterile neutrinos), makes these
fleeting particles notoriously difficult to detectﬁ thus they have intrigued scientists for decades.

Unlike all other known particles, their characteristics hint at the possibility that neutrinos could
be Majorana fermions. This refers to a fermion which is its own antiparticle, and such discovery
would have a serious impact in our understanding of nature (see Figure .

One of the few ways scientists can test this Majorana hypothesis is by searching for processes
which do not obey conservation laws. The most sensitive probe for this purpose is studying
neutrinoless double beta decay (OvS5 or NDBD) - a decay in which two neutrons in a nucleus
simultaneously transform into protons, releasing two electrons but without the emission of an-
tineutrinos. This hypothetical process is forbidden by the formulations of the Standard Model
(SM), as the difference between baryonic and leptonic number (B-L) is a known fundamental
symmetry |[Carl8|, and it is violated by two units in this decay. Observing lepton number viola-
tion could confirm the Majorana nature of neutrinos, and would imply their masses are possibly
a consequence of a new fundamental energy scale in physics [Gou+13|. Although the neutrino
mass scale is still unknown, establishing the absolute value of neutrino masses is a crucial step
towards understanding their mass generation mechanism |[Merl16|.

The study of the nature and properties of neutrinos, such as their mass generation mecha-
nism, mass hierarchy, magnetic moment and oscillation parameters, is a thriving field of study
with many on-going dedicated experiments, as it presents an opportunity to study new physics
beyond the SM. Current experiments are focused on testing the three-flavour paradigm with
precision neutrino oscillation experiments, searching for neutrinoless double beta decay and
finding the absolute values of the neutrino masses [Gou+13|.

Dirac massive particle | Majorana massive particle
Figure 2.1: On the left, the 4 states of the Dirac massive field are represented: the arrows indicate the
possible directions of spin and the charges distinguish particles from antiparticles. On the right, the 2

states of the Majorana massive field: there are two directions of spin and no electromagnetic charge,
meaning particles and antiparticles coincide. Figure from [Del+16].

3This value was obtained from limits based on a combination of cosmological probes [Pal415].
4Tt would take a lead wall with a thickness of about 2 light-years to stop a beam of neutrinos!
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2.1 Neutrino Physics

2.1.1 Sources of neutrinos

Besides only being able to interact via the weak nuclear force and gravitational force, neutrinos
have a small cross section, which makes their detection a difficult feat. These elusive particles
haul important information on the astrophysical objects which produced them, and their study
is possible thanks to sources that guarantee a high incoming flux of these particles. Figure
[2.2] illustrates some of these sources which give off neutrinos with energies ranging over 20 or-
ders of magnitude, including a list of experiments that aim to detect each of these neutrino types.

Cosmic

MINDS+

X Atmospheric

NOwA

II ll II II Il II Il
10 10° 10* 10" 102 10" 10" 10"

Neutrino Energy (eV)

Figure 2.2: Neutrino-electron scatter cross section as a function of the neutrino energy. The graph also
depicts various neutrino emitters and a number of experiments for each emitter which aim to study the
neutrinos within a determined energy range. Figure from |[Gou+13]|.

Big Bang

Cosmology models predict that neutrinos were created in abundance just after the Big Bang.
Only one second afterward, the temperature had lowered enough for the weak force to lose
strength and allow neutrinos to escape absorption by matter. The cosmic neutrino background
(CvB) is the result of this decoupling of neutrinos from matter. They are also known as relic
neutrinos because they act as a fingerprint: the remains of the first moments after the Big Bang
which are still travelling through the cosmos today, just like the Cosmic Microwave Background
(CMB) [Kut03] [Giu+14]. Figure[2.3]illustrates the timeline of appearance of these backgrounds.

These neutrinos are estimated to currently have a thermal energy of 1.7 x 1075 eV (T, = 1.95
K) as a result of the expansion and cooling of the Universe [Gou+13]. Although there is an
abundance of them, detection of these thermal neutrinos is even more challenging than their
higher energy counterparts (up to the PeV range). At the moment there is only indirect evidence
from cosmological observables to support the theory behind relic neutrinos. Experiments that
have performed precision measurements of the relic abundances of light elements indicate the
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number of degrees of freedom should include not only photons, but also an additional three,
consistent with the three neutrino species |Gou+13] [Aba+15].

Observation of CvB would be a major milestone as it would give us a glimpse of the first sec-
ond after the Big Bang, it could provide important information on primordial nucleosynthesis,
anisotropies of the CMBE] and on the nature of neutrinos themselves [Gou+13|. Several methods
have been proposed to this end, but the most promising one is neutrino capture on a S-decaying
nucleus. This is the strategy behind the PTOLEMY project (PonTecorvo Observatory for Light
Early-universe Massive neutrino Yield), whose primary goal is the detection of relic neutrinos,
as well as the direct search for neutrino masses [Bet+13] [Bar+18].

379'000
years after
the Big Bang

Figure 2.3: Representation of the first moments after the Big Bang. Around 10732 - 10735 seconds,
relic gravitational waves spread through the cosmos, and 1 second after, neutrinos decouple from matter
forming the CvB. About ~ 380,000 years later is the time of last scattering, when the temperature had
decreased enough to allow the formation of hydrogen atoms, making the universe nearly transparent to
radiation, known today as the CMB. Figure adapted from [Fis12].

Solar

For a detector placed on Earth, the most prominent and continuous source of neutrinos is our
Sun. The integrity and structure of stars is maintained by the fusion reactions at its core, where
4 protons are converted into a *He nucleus through the proton-proton chain (pp chain) (for
stars of mass < 1.3 M@lﬂ) or the Carbon-Nitrogen-Oxygen cycle (CNO cycle) (dominant in stars
with > 1.3 M), which are summarized in Table Subsequently the fusion process continues
to get increasingly more complex as the star fuses heavier elements. During these series of
fusion reactions, positrons, gamma-rays and neutrinos carry away the energy produced. While
the other particles are responsible for heating the gas, the photons suffer absorption and re-

5By considering neutrinos a component of cold dark matter, their mass would influence early structure
formation. At the time of decoupling, neutrinos are relativistic hence repressing the formation of structures
at small scales [Gou+13]. The biggest influence on the CMB caused by neutrino masses is due to the early
Integrated Sachs-Wolfe effect (ISW) |[Giu+14]. This is a process in which photons from the CMB interact with a
gravitational field with density fluctuations, causing them to be redshifted, creating uneven areas in the spectrum
[Wri07].

® Mg represents the mass of the Sun.
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emission 1repeatedly|2|7 and the neutrinos escape the star completely [Kut03].

Table 2.2: Solar fusion cycle according to the Standard Solar Model and typical neutrino energies for
each reaction |[Cle+9§].

Reaction Timescale E, (MeV)
Proton-proton Chain:
Phase I
(pp) p+p—d+et +v, 109 years <0.42
(pep) p+e  +p—d+re - 1.442
p+d—3 He+ry 1 second -
3He 43 He —* He + 2p 10° years -
(hep) *He +p —* He+ et + v, - < 18.8
Phase 11
3SHe +* He —" Be + v 108 years -
"Be+e =T Li+ v, 0.3 years 0.861
"Li+p—* He+* He 90 years -
Phase II1
3He +* He =" Be +~ 10 years -
"Be+p -8B+~ 90 years -
8B -8 Bex +et + 1, 1078 seconds <15
8Be* —4 He +* He + vy 10716 seconds -

Carbon-Nitrogen-Oxygen Cycle:

P20 SN 4y ) )
BN B CO+et + 1, - <1.20
pHBC SN 4y } }
p+AN =04y - -
50 515 N4 et 4+, - <1.73
p+P N =12C +4 He - -

Neutrinos are a gateway to look into the solar core as they are the only particles capable of
traversing through all layers of the Sun, reaching us about 8.5 minutes after their creation. The
proximity of the Earth relative to the Sun and the fact that neutrinos account for 2% of the total
solar energy output, contribute to a high flux of these particles and offer a perfect opportunity to
test the accuracy of stellar models. Figure[2.4]illustrates the energy spectrum of solar neutrinos.

The first solar neutrino experiment was carried out by R. Davis between 1967 and 1994 |Cle+98]
with the goal of measuring the flux of neutrinos passing through Earth and comparing it to the
theoretical rate predicted by solar models. This was achieved by shielding a tank underground
at the Homestake Gold Mine, and filling it with 615 tonnes of tetrachloroethylene (C2Cly). The
neutrinos created from 8B decay could be absorbed by the 37Cl atoms present in the liquid,
transforming some into radioactive isotopes of Argon, which would subsequently be collected
[DP1§|. The reaction is an inverse S-capture, given by Equation .

STC1 4 ve =37 Ar +e” (2.1)

This experiment, along with Kamiokande (1987)[Hir+87a], published identical results in re-
gards to the rate of solar neutrino interactions, agreeing on 2.55 4+ 0.25 SNUEL The predicted

"Their energy can take up to 107 years to reach the surface of the star.
8Solar Neutrino Units - one neutrino interaction per second for every 10°¢ atoms.
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values by theorists were higher, pointing to 8.5 + 1.8 SNU, which became known as the solar
neutrino problem |[Lanl3|. This inconsistency was settled in 2001, after the SNO (Sudbury
Neutrino Observatory) experiment showed strong evidence that neutrinos can change flavours
[Ahm+02]. This is further explained in Subsection 2.1.5.
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Figure 2.4: Solar neutrino flux as function of neutrino energy. The flux in the vertical axis is defined in
em ™2 s71(10% keV) ™! for the continuous spectra, and in em~2 s~! for the mono-chromatic lines [Bel+14].
Even though the neutrino flux from hep, 8B and pep reactions is evidently lower than the ones created
in the pp chain, the higher energies up to tens of MeV makes their detection easier.

An experiment that has been focused on studying neutrinos from the Sun as well as from other
astrophysical sources is Borexino |Ali+09]. It is a low background, large liquid scintillator de-
tector, and was initially designed to perform solar neutrino spectroscopy, but over the years it
has accomplished other relevant studies. Namely, they reported the first direct observation of
neutrinos produced by the CNO cycle in the Sun and quantified the contibution of CNO fusion
to be about 1% [Col20].

Supernovae

A supernova forms when a massive star can no longer fuse light elements, causing an imbalance
between the inward gravitational force and the outward pressure from thermonuclear fusion.
When all of the mass in the stellar core is converted to stable heavy elements (°° Fe and % Ni),
fusion ceases to occur, the temperature decreases, and the thermal pressure is no longer sufficient
to support the core. The core then collapses, releasing gravitational potential energy which is
used up in reactions with iron and nickel. The protons released in this process can combine
with electrons (p + e~ — n + 1) to form neutrons and neutrinos. The core quickly becomes
very dense, culminating in an explosion, where even heavier elements are created and the shock
wave spreads out material into interstellar space [Lanl13].

This is one of the most highly energetic events in the Universe, in which 99% of the emitted
energy is released in the form of neutrinos and antineutrinos, escaping almost unimpeded from
the core, with energies spanning over a few tens of MeV [Sch12].

The first strong evidence to support the theory of supernova collapse arose in 1987, when a
number of observatories, including Kamiokande-II, reported an excess of neutrino interactions
over a 13 second time interval. This became known as the SN1987A event, which was confirmed
to be a neutrino burst from a supernova in the Large Magellanic Cloud and demonstrated the
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baseline model of core collapse |[Hir+87b]. However, since the rate of core collapse supernovae
is estimated to be a few per century, it is more efficient to also investigate events that provide
a regular, low signal, such as supernova relic neutrinos which provide a higher rate of events
in the long term (~10 events per kilotonne per year) [Sch12|. The newer Super-Kamiokande
experiment is a large water Cherenkov detector which was built to observe astrophysical, at-
mospheric and anthropogenic neutrinos. This collaboration has achieved the best sensitivity to
the diffuse supernova neutrino background (DSNB) and set the most stringent upper limit on
extraterrestrial 7 flux, for energies below 31.3 MeV |[Abe+21].

Atmospheric

Our atmosphere is constantly being hit by high energy cosmic rays (from a few GeV up to
hundreds of PeV) which produce mesons, and through subsequent interactions create showers
of unstable secondary particles such as pions, kaons and muons. During their path towards the
surface, they leave behind a trail of o and [ particles, as well as v and 7. These neutrinos
cover a wide range of energies from 100 MeV to over 100 GeV, and travel distances from tens to
thousands of kilometres before their detection |[Gou+13]. The most common production mech-
anisms for atmospheric neutrinos [DP18] are described through Equation and illustrated
in Figure [2.5

7 1 o+ ,(7)

pt = et Fv(Te) + 7u(1y) (2.2)

According to this, each pion decay produces two muon antineutrinos and one electron antineu-
trino, so one would expect to have a flux of muon neutrinos which is double the one of electron
neutrinos, but this does not correspond to the findings taken from experimental observations,
where they found a deficit of muon neutrinos. This atmospheric neutrino anomaly was cleared
up by the Super-Kamiokande experiment, in which they measured the ratio of neutrinos coming
from the top and bottom of the detector. They concluded that the anomaly was due to the
fact that neutrinos produced in particle showers on the other side of the Earth need to travel
through ~ 1.3 x 10* km of matter, making it more likely for a large flavour mixing to occur;
in contrast to the neutrinos produced above the detector which do not cover a large enough
distance to manifest oscillations [Fuk+98a].

The first measurement of the atmospheric muon neutrino spectrum at high energies (100 GeV
to 400 TeV) was performed by the IceCube observatory in 2010 |[Abb+11|. This experiment
makes use of one cubic kilometre of Antarctic ice as a Cherenkov detector to probe the most
violent astrophysical events in an attempt to provide answers on dark-matter, sterile neutrinos
and neutrino properties. They have also detected anisotropies in the arrival directions of atmo-
spheric muons [Abb+10], and in collaboration with several other observatories, made the first
identification of a source of extragalactic neutrinos |Aar+18|.
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.'\ 1
\ Cosmic ray

Figure 2.5: Tllustration of the most common processes responsible for production of neutrinos in the
atmosphere. The cylinder represents an underground detector. Figure from [KAJ10].

Geological

Geoneutrinos are a product of the natural radioactivity of Earth, and their energy ranges be-
tween 10° < E,, geo < D X 10 MeV (Figure . Uranium-238, Thorium-232 and Potassium-40
are among the most abundant elements which undergo 8 decay, producing antineutrinos. The
levels of geoneutrinos carry valuable information about the abundances of these elements, ra-
diogenic heat and the geodynamics inside our planet. Experiments like Borexino, KamLAND),
SNO-+ and Hanohano have contributed to test models of the Earth by predicting geoneutrino
interactions in the crust and mantle and by measuring neutrino flux and spectral information
[Dye+14].

Artificial Sources

Neutrinos can also originate in anthropogenic sources such as particle accelerators, reactors and
nuclear weapons.

Nuclear reactors are a powerful, very pure source of neutrinos with energies between a few and
several MeV. Daughter nuclides from fission are rich in neutrons and decay mostly via « and
decays. From the total energy produced, a small percentage is radiated away as antineutrinos
since they easily escape the reactor. Reactors have been used to study neutrino properties as
they provide a stable high flux of neutrinos at a fixed distance from the detector. Some of them
like JUNO [Bal+13] and the Daya Bay experiment [An+12] are designed to measure neutrino
oscillation parameters with high levels of precision and may be sensitive to the neutrino mass
hierarchy [Gou+13].

Particle accelerators are often used to generate neutrino beams. Low energy beams can be
obtained from pion decay at rest, resulting in a steady flux of mono-energetic v,,. High energy
beams are the standard used for neutrino oscillation experiments, they can be produced from
boosted pion decay and it is possible to select their charge and energy, yielding a beam of mostly
v, or U, |Gou+13|. The technique consists in accelerating protons towards a material target
which will produce kaons and pions. These will then be magnetically focused into a collimated
beam and propagated through a vacuum tube until they naturally decay, similarly to what
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happens in the atmosphere. The muons from the decay have large lifetimes but are eventually
removed from the beam through collisions along the path to the detector, hence resulting in a
beam of muon neutrinos [Bral6].

2.1.2 Helicity and Chirality

For a Dirac fermion, helicity (or handedness) is the projection of the spin vector onto the linear
momentum vector of a particle, as described by Equation (2.3]). This is not an intrinsic property,
but rather a state that relates to the physical properties of spin and momentum, since it can
change depending on the reference frame of the observer [Pov408].

heg. 2 (2.3)

Chirality is a fundamental property which does not depend on motion. It appears for two dif-
ferent representations of Lorentz groups, and it determines if the particles can interact via the
weak nuclear force. It is defined through the operator 4° and the projection operators are given
by 1/2(1 4+ +°), where v is the Dirac matrix [AH04].

For massless particles, helicity and chirality are indistinguishable from one another because it
is not possible to have a real observer in a reference frame travelling faster than the speed of
light. Thus, the observed particle will always appear to spin in the same direction as the axis of
motion. In this situation, helicity is a relativistic invariant which always matches the chirality
of the particle. Contrarily, in the case of massive particles, an observer in a reference frame
moving faster than the particle would see the direction of its linear momentum reversed, as well
as its helicity, regardless of the direction of its intrinsic chirality [Pov+-08].

Every particle in the Standard Model has been verified to have a left-handed and right-handed
version of chirality, with the exception of neutrinos and antineutrinos, as shown in Figure [2.6
Since the weak interaction only affects left-chiral fermions and right-chiral anti-fermions, this
means it has only been possible to observe the neutrinos which interact through nuclear decay
(left-chiral v and right-chiral 7). The remaining two with opposite chirality would be sterile
neutrinos (right-chiral v and left-chiral 7) which should only interact gravitationally and thus,
are virtually impossible to detect [Pov+08].

15 particle per matter family

¢
q).u

direction of motion

°0 ¢¢
09164
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Figure 2.6: Helicity of elementary massless matter particles, according to the SM. In this case, helicity
and chirality coincide, and since there is no record of right-handed neutrinos, only the left-handed v is
represented. Figure from [Del+16].

2.1.3 (C)(P) symmetry

Charge conjugation and Parity inversion symmetry states that the laws of physics should remain
unchanged when a certain experiment involving a particle can be replicated with its antiparticle
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whilst its spatial coordinates are mirrored. This implies that the equations in particle physics
are invariant under the two transformations.

While P-symmetry appears to be valid for situations involving electromagnetism and strong in-
teractions [LY56], tests conducted over beta decay [Wu+57] demonstrated that parity violation
is a unique characteristic of weak interactions. For instance, an interaction which depends on
helicity is not invariant under parity inversion because even though spin orientation is main-
tained, the momentum is not. On the other hand, if the helicity of neutrinos were fixed, and
one applied the charge conjugation operator, then C-symmetry would be immediately violated
as a left handed v would be transformed into a left handed 7, which have never been confirmed
to exist.

For neutrinos, and in general for all weak processes, C-symmetry and P-symmetry are violated
separately, but the combination of both operators, CP, transforms a left handed v into a right
handed 7 interacting with equal strength - CP conservation property of the weak interaction
[Pov+08].

2.1.4 B and L symmetries

In weak current interactions mediated by W~ and W™ bosons, the antineutrinos present are al-
ways associated with the respective lepton [Pet16] [AH02|. This guarantees the leptonic number
(L) is conserved through Equation (2.4)), in which n;/n; is the number of leptons/antileptons.
Baryonic number (B) is also conserved for all interactions in the SM through Equation (2.5)),
where n,/ng is the number of quarks/antiquarks.

L= Z L= Z (n1 — ny) = const. (2.4)

I=e,pu,7 I=e,pu,7

1
B = g(nq — ng) = const. (2.5)
So far, no process has been observed where B and L numbers are not conserved, leading scientists
to believe these may be symmetries of the SM. However, there is no justification as to why these
quantities cannot vary, so these are usually called "accidental symmetries". On the other hand,
(B-L) is a global conserved quantity which would not be broken by chiral or gravitational

anomalies [FHLO09].

2.1.5 Flavour oscillations

Following the solar neutrino problem observed by Davis, in 1969 Pontecorvo and Gribov pro-
posed the solution that a neutrino could transform into a different type, therefore escaping
detection. Years later, in an experiment which was only sensitive to electron neutrinos, con-
firmation followed that the reason for this discrepancy was indeed due to the neutrino being
described by a combination of 3 quantum states, allowing them to change properties while they
travel, i.e. they oscillate between statesﬂ [Lan13].

The observation of neutrino oscillations by the Super-Kamiokande (1996) [Fuk+98b] and SNO
(2001)|Ahm-+02] experiments, showed that a neutrino in a well defined flavour state has a non-
zero probability of being observed in a different flavour than the one it originally had, after
travelling away from its source [Gou+13]. Proof of these oscillations suggests two important
properties: neutrinos have non-zero mass and the flavour eigenstates are a superposition of the
mass eigenstates. This phenomenon is also referred to as "neutrino-mass-induced flavour oscil-
lations". The probability of an oscillation depends on the neutrino energy, distance travelled,

In order to paint a picture of these abstract oscillations, an analogy by Emily Conover featured on a Fer-
milab/SLAC publication is available at: www.symmetrymagazine.org/article/june-2013/cinderellas-convertible-
carriage.
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neutrino squared mass differences and the elements of the leptonic mixing matrix #. [Gou+13].

Considering v, where a = e, u, 7 as the flavour eigenstates and v; with ¢ = 1,2,3 as the mass
eigenstates, the relation between the two is given by Equation ({2.6):

3
va) =D Usilvi) (2.6)
i=1

Ve Ut Uer Ues 4!
vy | = U, ul U, 2 U, 3 1%0]
vr UTl UT2 U’T‘3 V3

where Uy, are matrix elements of the Pontecorvo-Maki-Nakagawa-Sakata matrix (Upprng).

If neutrinos interact as predicted by the SM and there are only 3 mixing flavours, then U is
unitary. It is parameterized with three mixing angles 612, 613, 623 and a complex CP violating
phase d, defined as followq"| [Gou+13]:

tan2012 = |U62‘2

Uyus)?
tan2023 = =
|Uel‘2 |U7'3’2

Equation ([2.8) describes the mass eigenstates as a function of time, where ¢ = 1,2,3 and
E; = (m} + p).

sin0y3e~" = Ug (2.7)

vi(t)) = e 5 us) (2.8)

For example, by using Equation (2.8) along with Upyns elements, the weak eigenstate of
electron flavour would show that after it propagates from its source, there is a certain amount
of muon and tau flavour mixed in, and thus a finite probability of it being detected in those

flavours (see Figure [2.7).

Oscillation probabilities for an initial electron neutrino Oscillation probabilities for an initial electron neutrino
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Figure 2.7: Graphs representing the oscillation probability of each flavour, for an initial electron neutrino,
after propagating long distances (left) and short distances (right), considering normal mass hierarchy
(see Subsection 2.1.6). The black line corresponds to v., the blue is for v, and the red line is for v;.
Figure from [Mes].

10T here are possibly two additional phases, £ and ¢, which are related to the Majorana hypothesis, but these
are not responsible for the interchange of flavours.
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2.1.6 Mass hierarchy

In the SM, neutrinos are massless and all other elementary particles obtain their mass by in-
teracting with the Higgs field |[Orgl2]. Neutrino masses are extremely small when compared
to other fermions; and there is no apparent explanation as to why there is such a large gap
in the mass scale between the neutrino and the electron (see Figure . Non-zero neutrino
masses along with these odd characteristics are an indicator that we do not fully understand
the mechanism of the Higgs mass scale. It may open a new path for a completely new mecha-
nism unrelated to electroweak symmetry breaking, or mean that the current mechanism is more
complex than dictated by the standard model [Gou+13].

masses of matter particles
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Figure 2.8: Comparative view of fermion masses in the Standard Model. Here are depicted neutrino
masses assuming a normal hierarchy (see main text for details) with an upper bound m; < 1 €V, for all
1 =1,2,3. Figure from [Gou+13]|.

Although neutrino oscillation experiments are not sensitive to the absolute mass values nor
to the § phase, they have allowed us to obtain the square mass difference between neutrino
eigenstates [Del+16].

In order to relate the matrix elements to experimental observables, it is crucial to define and
limit the neutrino mass eigenstates: m3 > m? and Am3; < |[Am3,|. The mass related oscillation
observables are Am3,, |Am3;| and the sign of Am3;.

The mass splitting between eigenstates v and vs is represented by ém?, which is obtained from
solar neutrino oscillation data; and Am? is the separation between v3 and the mid-point of
vy and v, and is measured from atmospheric neutrino data [Gou+13|. These parameters are
described through Equation (2.9).

Experimental data confirms the solar mass difference is positive (6m? > 0) but the sign for the
atmospheric mass difference (Am?) is still unknown, which means it is necessary to find the
relation between the mass eigenstates. Is 3 more or less massive than v; and 15?7 There are
two possible scenarios [Del+-16]:

o If Am? is positive = m3 > m3 and neutrinos have a normal mass hierarchy (NH).
o If Am? is negative = m% < m? and neutrinos have an inverted mass hierarchy (IH).

Figure[2.9|illustrates the difference in hierarchies and the probability of finding one of the flavour
eigenstates if the neutrino is in a certain mass eigenstate.
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Figure 2.9: The two possible arrangements for the neutrino mass hierarchy. Normal hierarchy predicts
two light neutrinos and a heavier one. In inverted hierarchy the prediction accounts for a light neutrino
and two heavy neutrinos. The coloured bars show the fraction |Uai|2 of each flavour v,, contained in
each mass eigenstate v;. For example, |Uegs|? corresponds to the red (v,) portion of the (msg)? bar. Figure

from |Gou+13|.
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2.2 Double Beta Decay (2v30)

Theorised by Maria Goeppert Mayer in 1935 |Goe35], double beta decay (DBD) is a transition
between isobaric nuclei in which two neutrons decay into protons with the emission of two
electrons and two electron antineutrinos, as shown in Equation (2.10)).

(A, Z) = (A, Z +2) +2¢ + 27, (2.10)

This is one of the rarest known decays as it is a second-order weak interaction process. It only
occurs in isotopes in which single beta decay is forbidden either by a negative mass difference
between the parent and daughter nuclei or suppressed by selection rules. Thus it is observable
in even-even nuclei (even atomic number Z, even neutron number N), as summarised in Figure

[Bial7].

The first observation of DBD is attributed to Inghram and Reynolds as a result of the first geo-
chemical experiment [[R50], which consisted in separating xenon from ancient minerals and
analysing the isotopes present in the sample in search of an excess amount of 39Xe. In
1950, they successfully detected the transition of 3°Te into 39 Xe and calculated a half-life
of TIQ/”2 = 1.4 x 10! yearﬂ [Bar11], close to the current best value of TIQ/”2 = 8.2 x 10% years

[Mes+02].

Since then, several experiments have detected it, and over 30 nuclei have been observed to
exhibit this decay. This process has half-lives ranging from 10'® — 10?* years and the Q-values
vary from 2.4 — 3 MeV [Carl§].
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Figure 2.10: Nuclear mass as a function of the atomic number Z for a DBD decay candidate with an
even and odd mass number A. [Left plot] Considering an even A nuclei (A, Z), the double 5 decay
from an even-even nucleus is possible because the resulting (A, Z+2) nucleus is lighter. In contrast, the
single 8 decay from an odd-odd nucleus creates a heavier (A, Z41) daughter nucleus and is therefore
kinematically forbidden. [Right plot] In the case of an odd A nuclei (A, Z), if it theoretically can decay
through both single and double 8 decay, the branching ratio for double § decay is too small and difficult
to observe due to the dominant branch of single 8 decay. Figure from [Del+16].

1 Actually, the discovery of DBD is more commonly credited to the group of Michael Moe from UC Irvine,
as they observed it in laboratory in 1987 [Moel4]. It only became clear after many years that DBD decay was
indeed observed for the first time in 1950.
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2.2.1 Neutrinoless Double Beta Decay (0v30)

In 1937, Ettore Majorana discussed the possibility that the neutrino could be its own antiparti-
cle by demonstrating the results of beta decay theory were unchanged in this situation [Maj08].
Later, in 1939, Wendell Furry studied this hypothesis |[Fur39] and concluded that, if neutrinos
were in fact "Majorana particles", then DBD would be more likely to occur without the emission
of neutrinos - neutrinoless double beta decay (NDBD). He described the process as follows: the
nucleus would emit one electron and transit to a virtual intermediate state along with a virtual
7 and then this virtual neutrino (v = 7) would be absorbed by the intermediate nucleus and
induce its decay, emitting a second electron |[Barll].

Between 1935 and 1939, DBD and NDBD were estimated to have lifetimes of TIQ/”2 ~ 10?1 — 10?2

years and T10”2 ~ 101 — 1016 years, respectively.

Considering the two distinctive estimates, as the lower value was relative to NDBD, it was likely
that this decay would have been observed by detectors existing at that time, corroborating the
Majorana neutrino hypothesis [Barll]. Nonetheless, the first few experiments on the search for
this decay ended up being unsuccessful. Between 1948 and 1949, Edward Fireman conducted
experiments to detect the decay of '?4Sn, and thought he had confirmation of NDBD when he
obtained T} 5 = (4 — 9) x 10'® years [Fir49]. But his results were disproved by more sensitive
experiments years later, as the best limit for this isotope was T1/2(124Sn) > 2x10'7 years [KL52].

Furthermore, after the discovery of space parity violation and the V-A (vector minus axial vec-
tor or left-handed) nature of weak interactions [AHO4], it was evident that the probability of
observing NDBD was much smaller than that of DBD. Since no experiment has given positive
results for the neutrinoless process, the half-life lower limit keeps increasing. Nowadays, dedi-
cated experiments are searching for NDBD with Tlo/”2 ~ 10%6 — 10?8 years [Barll].

There are different proposals for extensions of the SM which attempt to explain this process,
and one of the most appealing is the exchange of a light, massive Majorana neutrino. This can
be represented by Equation , and in the light neutrino exchange model by the Feynmann
diagram in Figure [2.11

(A, Z) = (A, Z +2) + 2¢~ (2.11)
d dp
n
d— u
v €
W~ €
dr— u
n.d dp
u u

Figure 2.11: Diagram of the Ov33 process due to the exchange of massive Majorana neutrinos |[Del+16].

The observable of NDBD is its half-life, which can be expressed by Equation (2.12)) [Del+16]:

(r05) " = 6%1Q.2)- LM (i) (2.12)
1/2 ) viy Ve .

where G is the lepton phase-space factor (PSF), M® is a nuclear matrix element (NME), and
the last term, f(m; U), quantifies the intensity of the lepton number violating process underlying
the decay that represents New Physics |Carl8]. In the light neutrino exchange model, the factor
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f(my,; Ug) is simply (mgg)/me and the expression can be written as Equation (2.13]), with
(mgg), the effective Majorana mass, being given by Equation (2.14]) [Car1§].

(Tl%)f1 = G"(Q,Z2) - |IM>)? <<n:fﬂ>>2 (2.13)

e

1 2

= \uzleia my + uﬁQeia me + u§3m3\ (2.14)

2
<mﬁﬁ> = Z Ueimw
i
In this equation, m,, are the neutrino mass eigenvalues, U,; are parameters of the PMNS ma-
trix, and oy 2 are the two Majorana phases [Carl§].

In Equation , the PSF can be calculated with great precision given the description of
the nuclear Coulomb effect on the emitted electrons. The NME term describes the transition
between the initial and final nuclear states and obtaining its value is more troublesome. The
reason is that there are several possible approaches to calculate therﬂ, with each model ren-
dering results for the predicted NME which have a spread of a factor 2-3 as shown in Figure
2.12] introducing uncertainty on the limits of the decay half-life [Car18]. Thus, NDBD also
presents an opportunity to test and refine these nuclear models.

Many theories have come up on the pursuit to explain Ov 35 decay. Currently, the most appealing
one is the exchange of a light massive Majorana neutrino, but among the alternatives are:
introducing higher dimensional operators, a heavy neutrino exchange and models with right-
handed (RH) currents [Del+16].
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Figure 2.12: Comparison of recent NMEs calculations for NDBD in different nuclei, achieved with 3
distinct models. Figure from [Del+16].

OvBp decay and the SM

The fact that (B-L) is a symmetry conserved non-perturbatively is a sufficient condition to
forbid NDBD within the formulations of the SM. It is clear that without the emission of an-
tineutrinos, (B-L) would be 2 values lower than in the DBD regular transition. This would
immediately motivate changes to the current SM of particle physics. Furthermore, the SM was
initially developed considering neutrinos to be massless particles, which we know they are not,
as their flavour oscillations are a manifestation of their massive nature. The connection be-
tween these symmetries and the mass mechanism of neutrinos is therefore already an unsolved

12A summary on different NMEs models can be found in [Del4-16]
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problem in the SM [Del+16].

Although CP violation has been discovered in 1964 by Cronin and Fitch |[Chr+64], this has only
been observed for a specific set of parameters. It is allowed in the SM if a complex phase appears
in the CKM matrix which describes quark mixing. However, the available data from neutrino
oscillation experiments indicates the PMNS matrix - which descibes neutrino mixing - could
be a completely new source of CP violation: if the probabilities for neutrinos to oscillate are
fundamentally different from those of antineutrinos, then they violate CP invariance [Gou+13].

Importance of 0vj35 searches

Observation of NDBD would be the first evidence that Majorana particles exist, meaning the
current models for elementary particles would have to be re-evaluated and modified in order to
agree with the new findings. This would prove the existence of processes which do not conserve
leptonic number L, as well as violation of conservation of (B-L) number, which would no longer
be considered fundamental symmetries [Carl8|. On the other hand, NDBD could help us un-
derstand the matter/antimatter asymmetry in our Universe and would provide us insight into
the mass mechanism of neutrinos and their properties [Gou+13].

From Equation ([2.13)), it is evident that an experimental limit on the NDBD half-life constrains
the value of the effective Majorana mass, as described by Equation (2.15]), which can provide
some information on the absolute values of neutrino masses and how they are ordered |[Del416].

m

e
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In Figure the plot shows the effective Majorana neutrino mass as function of the lightest
neutrino (myightest = m1 for NH and myigntest = ms for IH). If masses are ordered according to
the inverted hierarchy, it is expected that mgg ~ 15 — 50 meV, and mgg < 5 meV if they have
normal hierarchy [Carl8]. The current best limit on mgg is attributed to the KamLAND-Zen
experiment with a value of mgg < 61 — 165 meV, in the quasi-degenerate region (see Subsection
3.2.1 for details) |Gan+16]. As experimental values for T’ P/Vz increase, the upper limit on mgg
decreases. Thus, it a value below the IH region is achieved, it would be a strong indicator that
neutrino masses follow a NH instead.

mgg < (2.15)
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Figure 2.13: Predictions on the effective Majorana neutrino mass mgg as function of the lightest neutrino
mass Myightest for each hierarchy type (green for NH and pink for IH). The darker coloured regions are the
predictions based on best-fit values and the lighter coloured areas correspond to the 3¢ ranges calculated
from uncertainties on oscillation parameters. Figure from [Del+16].
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Chapter 3

Experimental searches for 0v3s3
decay

3.1 Experimental Considerations

Searching for NDBD is very challenging. The energy range of electrons released from DBD
lies in a region where many types of background appear and hinder their detection, the long
lifetimes call for large amounts of emitter material to increase the probability of detection, and
separating the signal of NDBD from DBD requires excellent energy resolution. A detector for
this purpose needs to fulfil certain requirements to have a chance of being successful, which will
be discussed in this section.

There are four forbidden processes regarding neutrinoless decay modes, corresponding to the
allowed processes of double beta decay (Equation , double positron emission (Equation,
double electron capture (Equation , and electron capture with positron emission (Equation
[Del—i—16]. Different types of experiments are underway or planned to explore each of them,
although this work focuses only on the first of this list, neutrinoless double beta decay, which
is the most widely studied.

(A, Z) = (A, Z+2)+ 2 +20, (0B B7) (A, Z) = (A, Z+2)+2 (0vB=B~) (3.1)

(A, Z) = (A, Z —2) + 2 + 20, (2vBTBT)  (A,2) = (A, Z —2)+2e" (OvBTBT) (3.2)
(A, Z) +2¢~ — (A, Z —2) +2v. (2vECEC) (A, Z)+2¢” — (A, Z —2) (WECEC) (3.3)
(A, Z)+e — (A, Z—2)+et +2u, (UECBT) (A, Z)+e” — (A, Z—2)+e (OWECBT) (3.4)

3.1.1 Signature of Ovgg

The DBD spectrum covers a wide range of energies because the neutrinos released in the transi-
tion carry a variable fraction of the total energy, while the electrons share the remaining energy.
In a hypothetical NDBD, we are interested in detecting the two emitted electrons that carry
most of the kinetic energy of the transition, considering the energy from the recoiling nucleus is
negligible. Although there is a probabilistic distribution for the energies and angles of emission
of electrons [Tay20|, in a simplified scenario, if we were to observe it, we would see the two
electrons emitted back to back and each depositing roughly half the energy at the end of their
path, as shown in Figure Moreover, the signal produced by NDBD is a monochromatic
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peak at Q-value as represented in Figure |Del+4-16].

The DBD spectrum extends to (Qgg, having excellent energy resolution is crucial to differenti-
ate the two decay modes (see inset of Figure . Since the hypothetical NDBD signal is so
rare, the detector should process signals fast, meaning good temporal resolution and minimal
dead time are required, as it will be looking for an excess rate of events in the region of Q4g,
comparatively to the tail of DBD decay spectrum. Finally, the technology chosen for event
discrimination should be able to reject interactions that could be mistaken for NDBD .
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Figure 3.1: Schematic view of DBD (dotted line) and hypothetical NDBD (solid line) spectra. The
spectra illustrates the sum of the electron kinetic energies (K.) scaled with the total energy of the decay
(Q), convolved with an energy resolution of 5% FWHM. The areas of the curves do not represent the
expected relative rates . The inset shows the zoom around the Q-value, normalised to 107°.

Figure from [Car18].
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Figure 3.2: Monte Carlo simulation of the topology of a 13¢Xe NDBD signal (left), contrasted by a
similar topology in a background event (right), as shown by the NEXT collaboration. The background
signal is a single electron produced by a 2! Bi v of 2.44 MeV. A NDBD event in the conditions of the
NEXT detector (gaseous xenon at ~10 bar) would produce a long track with two identical "blobs" at
each end of the track, qualitatively corresponding to the energy deposited by each electron from the
decay. The event topology on the right would be rejected and considered background because there is a
significant ionisation density only at one end of the travelled path. Figure from .



3.1. EXPERIMENTAL CONSIDERATIONS 23

3.1.2 Isotope choice

Since not many isotopes can decay via NDBD and this is such a slow transition, it would make
sense to choose an isotope with the shortest predicted neutrinoless half-life to maximise chances
of observation. However, it has been confirmed that when combining the PSFs and NMEs, there
is no isotope more advantageous than the other, they all have qualitatively the same decay rate
per unit mass of isotope for any given value of mgg [ROB13]. Table lists some relevant
isotopes that undergo DBD along with the experimental half-life values.

Table 3.1: List of some DBD emitters, their respective isotopic abundance, Q-values and measured
half-life values from several state-of-the-art experiments [Saal3].

Isotope Abundance (%) Qpg (MeV) Tf/yf P (years)
BCa 0.187 4.268 6477500 x 101 [Arn+16b)
6Ge 7.8 2.039 (1.925 4 0.094) x 10?7 [Agol5)|
100770 9.6 3.035 71251500 x 101 [Arm-+20)
1307 34.08 2.527 7900 koot x 102 [Nut-+20)
136 X'¢ 8.9 2.458 9.21F002stal) 1021 [Gan+16]

*2740.07(syst.)

150 \ ¢ 5.6 3.371 9.34°t0-22(stat.)

"7 10.62(syst.) x 10'® [Arn+16a]

There are a few criteria to take into account when deciding what 58 emitter to use for an
experiment |Del+16|:

o High isotopic abundance: experiments with large emitter masses, depend either on the
abundance of the chosen isotope, or on the ease of enrichment. It is difficult to get large
amounts of a material with high Q-value, so there is a trade-off between the energy and
the enrichment that can be achieved.

e High Q-value: ideally, the emitter should have a Q-value high enough from the energy
range of natural # and v radioactivity. The 2.614 MeV of 2087 is effectively the end point
of natural radioactivity, although there is a rarer decay at 3.270 MeV from 2 Bj.

e Scalability: this determines how easy it would be to recreate the experiment with a higher
amount of emitter mass and increased exposure to check previous results and improve
future statistics. In order to possibly observe a few decays and explore the IH region, the
amount of source material used in the experiment should be around hundreds of kilograms
up to tonnes (depending on the abundance of the material). Not all technologies are
suitable to create such large scale experiments, which makes this a decisive factor.

e Detection technique: there are two different approaches when planning the construction
of the detector. One is to make the detector coincide with the source of NDBD which
facilitates the collection of the two emitted electrons. The other is to separate the detector
and source which in turn grants better topological reconstruction of events. This is further
explained in section 3.1.5.

e Availability and cost: as experiments increase in size and number, there is a higher demand
for the production of certain isotopes. This also raises the prices, making the race for
obtaining the best results even tougher.
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There is a strong dependence of the PSF on Qg3 and it can be shown that G% Qgﬁ which
in turn influences the neutrinoless decay half-life as T {)/”2 x QE[;) [Saal3]. At the moment many

experiments choose the 136 Xe isotope for its high (g, ease of enrichment, and it places the
energy search region above many common backgrounds.

3.1.3 Background

The long lifetimes complicate the detection of the two electrons due to background events that
occur at higher rates in the region of interest (ROI) and can mask the NDBD signal. Any
interaction producing a signal similar to that of NDBD is detrimental to the sensitivity of the
experiment and worsens the signal-to-background ratio (SNR). Background originates mainly
from cosmic rays, internal and external radioactivity, neutrinos and DBD itself, although the
relevance of each of these backgrounds and how they will affect the observations depends on
the detector type and technology employed.

The search for rare events is incompatible with using a surface detector, as the flux of cosmic
muons is too great and would dominate over any interactions of interest. Therefore, the first
step towards reducing background is building laboratories underground, where detectors are
protected from cosmic rays. Depending on the depth, this can reduce the cosmic muon flux up
to ~6 orders of magnitude or more (as is the case with the SNOLAB experiment) [MHO06].

The most common background comes from natural «, 8, and ~ radioactivity, which can arise
from the long-lived isotopes of 23U and 232ThEL ~ rays can interact via photoelectric effect,
Compton scattering, or pair production, and give an energy spectrum that overlaps the DBD
signal. o« particles from decay chains usually have higher energies than those of QQgg, but
electrons released from [ decays are more likely to mimic a 83 event. The natural radioactivity
cut-off is an exponential drop in the spectrum which occurs after the 2.614 MeV line of 2% from
the 232T'h chain, so isotopes with Qg higher than that benefit from a region with a significant
reduction in background, although this is not the case for 136 Xe which has Qpp = 2.458 MeV.
The presence of Radon is troublesome, stemming from the decay chains of 233U and 232Th,
which produce ??2Rn and ??°Rn, respectively. Radon gas can diffuse from the bedrock and
detector surfaces into the detector, conditioned by the permeability of materials used. These
Radon isotopes can further decay into two other background sources, that present high Qg,
24pj — 214Po at 3.27 MeV, and 29871 — 298 Pp [stable] at 4.99 MeV [Saal3| (see decay chain
diagrams in the Appendix).

One of the most limiting backgrounds for NDBD comes from neutrons from natural radioac-
tivity. After suffering thermalization through collisions, the slow neutrons can be captured by
other nuclei of the detecting medium with emission of s and subsequent 5 decay, which in turn
will interact with the detector and its surroundings. This background produces a flat energy
spectrum, that makes it more troublesome at higher energies where one might expect neutrino-
less events at Qg[Saal3].

As background can emerge from the detector itself as well, all rare event experiments select
only materials with high levels of radiopurity and often perform cleaning campaigns to minimise
traces of long-lived radioactive contaminants.

Being underground also brings the disadvantage of being in the proximity of radioactive material
present in bedrocks, which implies shielding the detector with multiple layers. The first few
layers are usually passive shields made of high-Z materials to protect the detector against

!Uranium and Thorium are usually the main concern, but there are others contributing to this type of
background such as °Co and "°K.
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external «-rays (or water for neutrons). These are followed by a layer of low-Z material intended
to moderate fast neutrons which will then participate in (n,~) reactions. The resulting s are
absorbed by the former shields.

Active shielding (vetoing) is also useful to tag cosmic muons and rule out external background
events or even interactions from inside the detector that match with events in the active shield.
This type of shielding can be achieved with a scintillator medium and photodetectors surround-
ing one of the passive layers [Saal3]. There are other active methods to improve SNR during
the stage of data analysis, such as reconstruction of event topology, pulse-shape discrimination
and combination of those detection signatures [GM15].

In some detectors, it is also possible to use the detection medium as a form of self-shielding. If
the detection medium coincides with the emitter, one can use a large amount of a dense, high-Z
material and, in data analysis, define two separate volumes. The outer layer helps scatter some
types of radiation and prevents it from entering the "quiet" inner layer of the fiducial volume
with lower background [Mou+17].

To study Majorana neutrino masses in the IH region (mgg ~ 15 — 50 meV), even the best on-
going experiments need to achieve high exposures of over 100 kg.year, and have their background
level reduced to reach values of about 10~ 3counts/(kg.year) in the neutrinoless ROI. Exploring
neutrino masses in the NH region (mgg < 15 meV) will only be possible with massive, nearly
background-free experiments |[GM15].

3.1.4 Sensitivity parameters

Sensitivity quantifies the detector’s ability to observe a characteristic neutrinoless signal above
the background, and in this context, it is defined as the total decay half-life with respect to
the smallest detectable signal at a given confidence level, usually 90%. It can be expressed by
Equation , where ;¢ is the live time of the experiment, € is the detection efficiency, Ngg
is the number of nuclei decaying through 83 and Nje. is the number of decays in the region
of interest [Del+16]:

] BB
Ti/0 =1In(2) - tiipe - € 3.5
1/2 n( ) live * € Npeak ( )

If no peak is detected, the sensitivity is instead defined as the decay half-life of the maximum
signal that could be hidden behind background fluctuations np, at confidence level n,. This
is also known as the "detector factor of merit" S% |[CP13], and to calculate it, it is required
that the neutrinoless signal exceeds the standard deviation of the total detected counts in the
region of interest. Assuming Poisson statistics, this follows that for a confidence level of n,, the
relation is ngg > ne+/ngg + np. Thus, the sensitivity can now be written as Equation (3.6]) in
which ngg is the number of NDBD events [Del+16]:

SO Tlljgck.fluct. —In(2) - tjge - € - % (3.6)
Considering that the background scales up with the amount of source mass, one can write
Np = B - tjive - A+ M and ng = /N = /B - tjiye - A - M. Additionally, Ngg can be rewritten
as Ngg =a -1+ Na- M/M 4, and sensitivity then follows Equation .
These variables correspond to background rate per unit mass, time and energy (B), the FWHM
energy resolution (A), the mass of the detector (M), the molecular mass (M 4), the number of
BB atoms (z), the isotopic abundance of the NDBD candidate (7), and finally, the Avogadro
number (N4) |CP13].

Ov __ mBack. fluct. . i . anA M - Liive
SV =T, =1n(2) ¢ M \/ A (3.7)
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There are two statistical regimes that help compare different experiments according to the
product of their performance (P) and scale (S). The scale is measured in number of moles of
detectable isotope (including efficiencies and isotopic abundance) times years of live time, and
performance has the dimensions of background counts per mole of detectable isotope per year
[Bial7].

The first regime is the case of finite background, when P x S > 1, the signal of interest can
be hidden by background events, described by Equation . On the other hand, experiments
generally strive for the zero background regime (ZB), when P x S < 1, sensitivity will depend
only on the signal magnitude and its fluctuations. Thus, the former Equation is no longer
valid, and ZB sensitivity is expressed by Equation , where Ng is the number of observed
events in the region of interest [Del4-16]. The feature of this regime is that it does not depend on
background level or energy resolution and can be achieved by having a large amount of source
mass and acquiring data for extended periods of time |[CP13].

Ov __ Back fluct. anA M - tiive
M tijpe - B-A>1— Sg' =T)5 =1In(2) e- Mo \/ BA (3.8)

Nao M-t
M-ty -B-A < 1 —s SZB _ 1Z/c;"o back. fluct. ln(2) e xj\?/lAA N;we (39)

In order to fully explore the IH mass region, sensitivity must reach the orders 1026 — 1028 years.
Several research collaborations have projected sensitivities for their experiments reaching this
goal, as discussed in section 3.2.
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Figure 3.3: Comparison of experiments and published limits (filled circles) on the total half-life according
to a P-S plane. Figure from |Bial7|.

3.1.5 Detection Techniques

As aforementioned, there are a few critical characteristics desired for detectors across the board,
despite the chosen technique: good energy resolution, low background, a large isotope mass,
and high detection efficiency for the two electrons. However, it is impossible to optimise all of
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these simultaneously in a single detector. So one must choose a detection technique with an
acceptable trade-off, pondering with its other characteristics [Saal3].

The observation of rare decays can derive from indirect or direct methods. In the study of DBD,
an indirect technique could be working with materials containing an isotope in its composition
that can undergo DBD, and then look for an excess of its daughter isotopes. The daughter nuclei
can be analysed and accounted for, often by extracting accumulated gas in the material, as was
the idea behind geochemical experiments ; or by using counters to detect the radioactive
daughters of DBD in radiochemical experiments, such as the « particles released in the decay
of 238 Py . The purpose of a direct method is to observe the two emitted electrons
and retrieve information on the energy, timing and location of the event, and these detectors
can be broadly classified in two categories: calorimeters, in which the source is encapsulated in
the detector itself, and topological detectors in which the source and the detector are separate

[Del+16).

Calorimeter Detectors

These include semiconductor detectors, low temperature bolometers, liquid or gaseous noble
gas detectors, and liquid scintillators (LS) loaded with a 53 isotope. Some examples are illus-
trated in Figures[3.4to[3.6] The main observable in calorimeters is the energy deposited by the
electrons, and their detection is intrinsically highly efficient. They also offer excellent energy res-
olution, especially when using semiconductors or bolometers as they can reach ~ 0.1% FW HM
. However, the energy readout is insufficient for particle identification and event topol-
ogy reconstruction, meaning some experiments rely heavily on achieving low background levels
. In contrast, liquid/gaseous noble gas detectors have some ability to reconstruct event
topology, at the cost of having lower energy resolution . The feature of having the
source coincide with the detection medium can also become a constraint when choosing which
isotope to study. This is more relevant in the case of liquid noble gas detectors and semiconduc-
tors like HPGe (high-purity germanium) or CdZnTe (cadmium-zinc-telluride) because there
has to be a big enough production and supply for the detector material .

o S
o=

Figure 3.4: Example of a semiconductor detector, as implemented in the GERDA experiment, briefly
discussed in section 3.2. Vertical arrays of HPGe detectors are arranged in seven strings and placed
inside a LAr veto system. A bottom view of a single detector module is also shown. For reference of
scale, the detector module on the right containing the Ge diode has ~73 mm in diameter and ~30 mm
in height. Figure from [Coll7].
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Figure 3.5: Example of a liquid noble gas de-

tector, more specifically, a time projection cham-  Figure 3.6: Setup example of a detector using LS
ber (TPC) with arrays of photomultiplier tubes loaded with a 5§ isotope. The schematic is from
(PMTs) at both ends of the chamber. This the KamLAND-Zen experiment, discussed in the

schematic is from the LZ experiment, discussed  section 3.2 |[Gan+16].

in section 3.2 [Mou+17].

Topological Detectors

The most promising sensitivities for the NDBD half life derive from the calorimetric methods,
and they have proven to deliver the best experimental results as well, so topological detectors
will most likely not be the approach used in future neutrinoless experiments. Nevertheless,
detectors with an external source are a valuable tool for DBD studies, and include solid state
detectors, gas chambers, and scintillators . Figure shows an experimental setup of
the latter.

Usually the 88 source is surrounded by an array of detectors capable of identifying and recon-
structing the individual tracks of electrons, which poses a great advantage for rejecting false
NDBD interactions. This setup typically means the detectors are larger, have lower detection
efficiency (around 30%), and a poor energy resolution (~ 10% FW HM) which does not fa-
vor separation between the DBD spectrum and possible NDBD events [Del+16]. The energy
deposition in the source itself causes DBD to be the most limiting background, but this is com-
pensated by the event reconstruction which improves SNR significantly [Saal3].Having a large
isotope mass in this type of detector is a challenge due to self absorption, which is a major
disadvantage as it decreases the amount of exposure of the experiment.
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4m

Figure 3.7: Example of a detector with scintillators. This setup belongs to the CANDLES-III experiment
(side view and top view), featuring 96 C'aF5 crystal modules, a LS, a water tank, 62 PMTs, and external
shields. More information on this can be found ahead in subsection 3.2.6. Image from [Aji+21].

3.2 Current and Future Experiments

In this section a review of current state of the art experiments is presented, highlighting the
main features and sensitivities.

3.2.1 KamLAND-Zen

The KamLAND-Zen (KamLAND Zero-Neutrino Double-Beta Decay) experiment is an upgrade
of the previous KamLAND detector which is looking for NDBD in 36 Xe. It is located in the

Kamioka mine in Japan and it currently holds the title for the collaboration with the best
results on the NDBD half-life.

The detection environment consists of an outer balloon (OB) and an inner balloon (IB) which
is suspended inside the former by film straps. The OB is filled with 1 kton of LS and acts as a
shield from exterior v rays and as a detector for internal radiation. The IB is the main detection
environment, containing 13 tons of xenon-loaded LS with an enrichment of ~ 2.9% by weight
in xenon gas. The balloon apparatus is surrounded by a containment tank and a Cherenkov
water detector for cosmic-ray identification, and PMTs installed all around the balloon collect
scintillation light (see Figure for more detail). Even though this type of experiment design
and setup has lower energy resolution when compared to others, and does not provide informa-
tion on event topology, it has the largest amount of the isotope of interest .

The experiment ran in three phases in order to improve sensitivity, material purity and elim-
inate some backgrounds. Phase I was completed after an exposure of 89 kg.year of 36 Xe as
sensitivity was limited by an unexpected background of 19" Ag, so a campaign of purification
and calibrations ensued during 18 months. In Phase II the measured isotopic abundances were
90.77% for 36 Xe and 8.96% for 134 X e which translates to a total amount of 380 kg of enriched
xenon (345 kg of 136 X¢) 0016[]. This run lasted 535 days and they obtained an exposure of 504
kg-year of 136 Xe. Aside from 11 Ag, other backgrounds worth noting were '3*C's attributed to
the Fukushima reactor accident, 2! Bi on the IB film, muon spallation products such as '°C and
137X e, and DBD itself (Figure . The energy resolution at @ gg increased from 9.9% F'W H M
(Phase I) to 11% FW HM (Phase II) due to an increase in dead PMTs. Combining Phase I and
Phase II results, gives a lower limit of Tlo/”2 > 1.1 x 10?0 years at 90% C.L. |\ making
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it the first experiment to reach the limit of the quasi-degenerate mass region.

During Phase III, the collaboration rebuilt the IB with even cleaner materials to increase its
capacity, now holding 745 kg of enriched xenon and an exposure of 970 kg.year of 135 Xe. The
first data search of this phase obtained a sensitivity of TIO/”2 > 2.3 x 10?6 years at 90% C.L,
which corresponds to a limit on the neutrino mass mgg of 36-156 meV [Zen22].

An upgrade to the detector is predicted for the future, KamLAND2-Zen will feature over 1 tonne
of enriched xenon, and in order to improve energy resolution to be better than 6% FW HM,
light concentrators, a brighter scintillator, and PMTs with higher quantum efficiency will be
installed |[OO16]. After 5 years of data taking the experiment will hopefully cover the full IH
mass region |Gan+16].
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Figure 3.8: KamLAND-Zen results from data acquired during Phase IT, which was divided into two equal
time periods, each corresponding to one average lifetime of 119 Ag. On the left, the energy spectrum of
selected 8 candidates within a spherical volume of 1 m radius in Period 2, drawn together with best
fit backgrounds. The DBD decay spectrum (solid pink line) and 90% C.L. upper limit for NDBD decay
(solid light blue line) are also represented . On the right, a close-up energy spectra of the ROI, comparing
both Periods. In the neutrinoless ROI, the background rate (solid red line) is very low and its reduction
is clear from Period 1 to 2. Figure from [Gan+16].

3.2.2 EXO0-200

The Enriched Xenon Observatory is located in a salt mine in New Mexico, USA. The detector
is a cylindrical LXe time projecton chamber (TPC) with capacity for ~ 200 kg of enriched
xenon (~ 81% is 3% Xe), where 110 kg are in the active volume. The cathode is installed in the
centre of the chamber and each end has avalanche photodiodes (APDs) and anode wire grids to
collect scintillation light and ionisation charge from the interactions, respectively. Each event
has a two-signal signature which allows for better energy resolution compared to each channel
individually and the energy of the event is retrieved by combining the information of these two
signals [Coll4].

The data acquisition stage was divided in two phases, spanning from 2011 to 2018, with an in-
terruption between 2014-2016 due to an incident at the Waste Isolation Pilot Plant. Combining
Phase I and II, they attained an exposure of 234.2 kg.year of 136 Xe and an energy resolution of
1.15%/E in the NDBD ROI. The detection efficiency for NDBD reached 97.8% thanks to relax-
ation of selection criteria and deep neural network algorithms were used for signal discrimination
[Ant+19]. As for backgrounds, the external most relevant observed isotopes were 232Th, 2380
The backgrounds coming from inside the TPC were 222Rn, °Co, 137 X e, neutron spallation s
and DBD decay [0O16]. The total combined limit for NDBD half-life is 77, > 3.5 x 10” years
at 90% C.L. [Ant+19].
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The next phase of the experiment, nEXO [Col+18], will operate with 5 tonnes of isotopically
enriched LXe and the median 90% C.L. sensitivity is projected to reach T’ 10/”2 > 1.35x 10?8 years,

and a 30 discovery potential of 0.74 x 10?® years after a 10 year run (Figure [Adh+21].
The bigger size of the experiment is a major advantage to reduce external backgrounds through
self-shielding, and nEXO is also planned to be deployed to a deeper location, which will help
reduce the 137 Xe background produced cosmogenically [Col+17]. Some other upgrades to the
detector will include moving the cathode to the end of the TPC, work on the radiopurity of
components and improve energy resolution to avoid DBD from hindering the detection of a
neutrinoless signal. To enhance the resolution, silicon photomultipliers (SiPMs, operated in
Geiger mode) with a higher gain than the APDs (operated in the linear regime) used in EXO-
200, will be installed in the lateral walls of the TPC which significantly improve light collection
and reduce noise [OO16]. In the future, they also plan to use the technique of "Barium-tagging"
through Single Molecule Fluorescent Imaging, to identify individual 3% Ba atoms produced in
the B8 decay of '35 Xe to reduce the background even further |[Carl§].

3.2.3 NEXT

NEXT (Neutrino Experiment with a Xenon TPC) operates at the Canfranc Underground Lab-
oratory in Spain, and is currently working under the stage called NEXT-WHITE or NEW, with
the goal to assess the background model of the detector and study DBD. The detector is a high
pressure gaseous xenon time projection chamber: a pressurized vessel at 10-15 bar holds a drift
chamber inside with an active volume with capacity for 5 kg of xenon (and fiducial mass of 3.5
kg), where the electroluminescence light generated near the anode is recorded by a "tracking
plane" of SiPMs and by an "energy plane" of PMTs behind the cathode [Alv+12]. Although it
is difficult to reach a large exposure due to the low density of GXe, it has a smaller Fano factor
than LXe, thus offering better energy resolution of < 1% FW H M at Q-value, and the choice to
have separate detection systems for tracking and calorimetry provides access to the topological
signature of the event. Under these pressure conditions, a NDBD can create a track up to ~ 15
cm long (in contrast to ~ 2 mm in LXe), and deposit most of their energy at both ends of the
track, meaning the 2 electrons can clearly be set apart from backgrounds like 29877 and 2™ Bi,
in which the bulk of ionisation density is seen only at one end of the track (as shown in Figure

[0016)[Col+16].

During NEW, the measurement of the DBD half-life was calculated using a novel approach of
direct background subtraction. There were two periods of data acquisition, one using 36 Xe-
depleted xenon and the other with '36Xe-enriched natural xenon, followed by two types of
analysis. A background model-dependent analysis based on best fit values showed T12/”2 =

(2.03 & 0.56) x 10%! years, and a background model-independent evaluation was done by di-
rectly subtracting the 26 Xe-depleted data from the 136 Xe-enriched data, arriving at T12/”2 =

(1.93 £ 0.47) x 102! years. The values from both analysis are consistent, and combining them
gives a half-life for DBD of T12/l’2 = 2.34708% (stat) 039 (sys) x 102! years, compatible with results
from other experiments [Col+21].

The near future of the experiment lies in the NEXT-100 stage, that will be dedicated to scale
up the detector to employ 100 kg of xenon at 10 bar (or 150 kg of xenon at 15 bar) and
study the NDBD of 36Xe. According to NEW results, the expected background level is
4.29 x 10~* (counts/(keV.kg.year)). Considering 5 years of data-taking, this places the sen-
sitivity at Tlo/”2 > 5.9 x 10?5 years, or in terms of Majorana neutrino mass, mgg < 70 — 130 meV
at 90% C.L. [Alv+12].
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Figure 3.9: The Separate Optimized Functions (SOFT) concept in the NEXT experiment. The electro-
luminescence light collected by the plane of SiPMs is used for tracking particles, and the PMTs at the
other end use the light signal for a precise energy measurement. Image from [Alv+12].

3.24 SNO+

SNO-+ (Sudbury National Observatory) explores the facilities of its precursor experiment (the
SNO neutrino experiment), at SNOLAB, inside a canadian mine in Sudbury. The detector con-
sists of a 12 m diameter acrylic vessel filled with ~ 780 tonnes of liquid scintillator, surrounded
by a geodesic PMT support structure (~ 36 m in diameter), equipped with 9362 inward-facing
PMTs and 91 facing outwards, to detect light from events inside the detector medium and ex-
ternal background events, respectively. The volume external to the acrylic vessel is filled with
7000 tonnes of ultra-pure water, providing shielding against external radiation [Pat19].

There are 3 stages to the experiment, each using a different detection medium and targeting
different physics goals. The final phase is the one intended to study the NDBD of 3Te, in which
the scintillator will be loaded with 0.5% of "Te, corresponding to about 1.3 tonnes of 307.
The internal background consists mainly of elastic scattering of solar neutrinos from B, DBD,
23817 /232Th chains and external vs. Under these conditions, the estimated sensitivity to NDBD
is T f/”Q > 2.1 x 10%® years, which probes the Majorana neutrino mass between mgg < 37 — 89
meV, considering a 5 year run and a 3.3 m fiducial volume. The decision on this isotope is
supported by the fact that 139Te has a high natural abundance, which eliminates the need
for enrichment. The technique for loading the scintillator is also easily scalable, and a future
increase in Tellurium concentration (up to 3%) could push the sensistivity to 10?7 years [Fis18]
[Alb+21].

3.2.5 LUX-ZEPLIN

Dedicated NDBD experiments are costly, and since there are already on-going highly sensitive,
fully funded experiments studying other phenomena, it is practical to join two in a bigger syn-
ergetic collaboration which can provide competitive results [OO16).

One of the most promising candidates for this purpose is the LZ (LUX-ZEPLIN) experi-
ment, which focuses on dark matter searches, specifically weakly interactive massive particles
(WIMPS), and is located at the Sanford Underground Research Facility in South Dakota, USA.
The detector is a dual-phase (with liquid and gas) xenon TPC, with a total of 494 PMTs
distributed between the top and bottom of the chamber which collect the light from prompt
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scintillation (S1 signal) and secondary electroluminescence (S2 signal), as depicted in Figure
[3:5] This setup allows for 3D position reconstruction and the deposited energy is retrieved from
both S1 and S2 signals. Besides the internal background reduction due to xenon self shielding,
the chamber is surrounded by two veto detectors from the innermost to outermost shield, start-
ing with an instrumented xenon skin to veto y-rays, followed by a Gadolinium-loaded LS outer
detector with additional PMTs, which are crucial tools to reject interactions from radioactive
backgrounds like neutrons and muons. The whole apparatus lives inside a water tank that
serves as an instrumented shield from external backgrounds. The TPC features 7 tons of active
nat X e, which amounts to ~623 kg of 136 Xe in the active region without enrichment [Mou+17].

The extremely low background levels and large emitter mass grant good conditions for the study
of NDBD. For the profile likelihood analysis to calculate the sensitivity of LZ, a low background
fiducial volume was defined containing 5.6 tonnes of xenon in the centre of the TPC. The mea-
sured energy resolution is 0.65%(c) at Qgg [Per22al, but 1% is assumed for a conservative study.
Sensitivity also depends on the discrimination between multiple scatter (MS) and single scat-
ter (SS) events, and is dictated by the detectors’ ability to spatially separate two interactions.
NDBD events in LXe are almost point-like as the electron path is very short (~2 mm), so a SS
is expected. The minimal vertex separation needed to reject MS events is assumed to be 3 mm
in the z direction, and this effect on the (z,y) plane was not considered. Under these conditions,
the background model points to 35.66 counts/(kg.day) in the ROI [Ake+20Db].

Depicted in Figure is the projected 90% C.L. sensitivity of LZ, TIO/”2 > 1.06 x 10% years,
corresponding to a Majorana neutrino effective mass of mgg < 53 — 164 meV for 1000 days of
data acquisition, or 1360 kg-year of exposure to 3 Xe. In the future, a dedicated search run
with 90% enrichment in 3% Xe and the same amount of exposure could push the sensitivity up
by an order of magnitude Tlo/”2 > 1.06 x 10?7 years and mgg < 17 — 52 meV [Ake+20b)].
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Figure from [Col+17].

3.2.6 Other mentions

o The CANDLES-III experiment (CAlcium fluoride for the study of Neutrinos and Dark

matters by Low Energy Spectrometer) is located in the Kamioka observatory in Japan.
It uses 96 CaF, crystals with "*Ca, which amounts to 305 kg in total and corresponds
to 350 g of “8Ca. The detector consists of a water tank protected by an outer shield
made of lead and Si sheets; inside the tank, the emitter crystals are immersed in a LS
vessel, surrounded by an array of PMTs (see Figure . Even though “8Ca has one of
the lowest isotopic abundances from all NDBD candidates, it has the highest Q-value of
them all, at 4.268 MeV, which places the signal above most backgrounds. The measured
background rate was ~ 1073 events/(keV.(kg of "®Ca).years) in the ROIL The estimated
detection efficiency is 35.7% and the energy resolution 2.4% FWHM at Qgg. After a
run of 130.4 days, the results obtained for the lower bound on the NDBD half-life were

T7}, > 5.6 x 107 at 90% C.L. [Aji+21] [ID18].

The GERDA experiment (GERmanium Detector Array) operates in Italy at the Gran
Sasso Laboratory, and uses HPGe detectors isotopically enriched in "Ge to 87% [Ago-+20].
During phase-I of the experiment, it reached an exposure of 23.5 kg-year while using 17.67
kg of mass of reprocessed detectors. This technique provided an energy resolution between
0.20% and 0.28% FW HM, a background rate of 11 x 1072 counts/(keV.kg.year) at Qgp
and a limit on the half-life of 77, > 2.1 X 10% years at 90% C.L.. Phase-II of the
experiment included an upgrade to BEGe (broad energy germanium) detectors which
have a better resolution of 0.13% FWHM, and a LAr veto system, as seen in Figure
[0016] [Ago+13]. This provided a decrease in the background rate to 5.2 x 10~%
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counts/(keV.kg.year) in the ROI, making GERDA the first experiment to reach the ZB
regime, and the lower bound was set at 77,5 > 1.5 x 10%6 years at 90% C.L. Combining
the results of phase-I and phase-II, the total exposure amounts to 127.2 kg-year and the
half-life of NDBD in "%Ge is estimated to be Ty > 1.8 % 10%6 years at 90% C.L., which
coincides with the sensitivity assuming no signal was observed . GERDA, along
with the Majorana Demonstrator (an experiment which also used a similar approach with
Ge diodes), joined to form a bigger collaboration and work on the LEGEND experiment
(Large Enriched Germanium Experiment for Neutrinoless 55 Decay). It will operate in
two stages, the first being LEGEND-200 featuring 200 kg of source mass, and the second
LEGEND-1000 to reach 1 tonne of mass .

o AMOoRE-II (Advanced Mo-based Rare process Experiment) will be the third phase of a
korean experiment which aims to study the NDBD of 1% Mo, with a fairly high Q-value of
3.035 MeV. Its operation is based on metallic magnetic calorimeters (MMCs) which mea-
sure temperature variations induced by energy depositions in CaM 0O, crystals, operated
at very low temperatures (~ 10 mK), as represented in Figure In the future it will
employ 200 kg of crystal mass, that should grant an energy resolution < 10 keV in FWHM,
and the background level in the ROI is expected to be < 10~* counts/(keV.kg.year). The
projected sensitivity of a 5 year run is TPVQ ~ 1 x 10?7 years, and it is expected to reach
the mgg limit of 20 meV [Bha+12| [Luq+17] [Kim+17].
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Figure summarises the fundamental sensitivity parameters for the experiments discussed
in this chapter and many more, including future experiments as well.

Research on atmospheric v so far point to the region of interest being below the IH band,
meaning the mass hierarchy would be Normal, assuming the mechanism for NDBD is in indeed
the exchange of a light neutrino. However, these experimental limits depend strongly on the
theoretical model behind it, so it is important to develop the theory even further in order to
avoid discrepancies between models and uncertainties in calculations .
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Chapter 4

Xenon Dual-Phase Time Projection
Chambers

In 1967, proportional scintillation in LXe was observed for the first time by Dolgoshein, Lebe-
denko and Rodionov |[AD10]. Using a gas filled spark chamber, they looked to assess if it was
possible to record the trajectory of ionizing particles in a noble gas, and noted that electrons
produced by a charged particle passing through LXe had a sufficient long lifetime and could be
accelerated by an electric field to energies high enough to excite the xenon atoms [DLR67].

In the following year, the development of the first multiwire proportional counter (MWPC) by
Georges Charpak was of the utmost importance in the field of particle physics as this detec-
tor was the predecessor to drift chambers and later on time projection chambers, and he was
awarded the Nobel Prize for his work on MWPCs in 1992. The MWPC consisted of an array
of equally spaced and grounded anode wires placed between two cathode planes with negative
potentials. The chamber was filled with an argon-heptane mixture between the two cathodes
and the strong electric field allowed to amplify the signal and collect charges to obtain positional
information by tracking the trails of gaseous ionization. The detector was directly connected to
a computer which was crucial to significantly improve the speed of data collection, resulting in
counting rates higher than 10 per second per wire [CHa+68].

Building on the work mentioned in the previous paragraphs, in 1974 Nygren proposed a detec-
tor capable of measuring momentum and position which he called the time projection chamber
[Nyg74]. In 1977, Carlo RubbiaE] extended this concept to be used with a liquefied noble gas,
which resulted in the first liquid argon projection chamber [Rub77]. The first major application
of a TPC was the PEP-4 detector which studied electron-positron collisions at SLAC (Stanford
Linear Accelerator) [MN78] and the use of TPCs for DM studies was originally proposed by
Barabash and Bolozdynya [BB89).

Time projection chambers use a sensitive volume that can be solid, liquid or gaseous to retrieve
information on the (z,y,z) coordinates of the event from the combination of light and charge
signalﬂ The previous detector technologies offered a (z,y) plane picture of the event meaning
that it was only possible to reconstruct a few interactions, whereas the concept of a TPC allowed
to break the event degeneracy in the z direction making it possible to distinguish particles with
different linear energy transfer (LET) [Hil10].

The interaction volume of a TPC can be filled with an inert noble gas (e.g. xenon or argon)
or liquid scintillators. If the detection medium is the same throughout the chamber then the

'Rubbia and Van der Meer received the Nobel Prize in 1984 for their decisive contributions through the UA1
experiment which led to the discovery of the W and Z bosons at CERN.
2The original TPC was operated with argon gas and recorded charge signals only.

37
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detector is said to be single-phase, but if it has different states then it is called a dual-phase TPC
which can be identified by two distinct phases (i.e. liquid/gas or solid/gas). A characteristic
of TPCs that is crucial in particle identification is the use of electric fields, sometimes com-
bined with a perpendicular magnetic field (E L B). The light/charge signals can be collected
by using photosensors or electrode wires connected to RC circuits or even a composition of both.

TPCs are now a leading technology in particle physics as they provide a 3D picture of the
interactions. Through event topology discrimination algorithms and position reconstruction
capabilities, TPCs achieve excellent energy resolution and background rejection |[AD10]. Dual-
phase (liquid and gas) xenon TPCs have been particularly successful due to the vast amount of
information encompassed in their signals, therefore this chapter focuses on this detector model,
described with the technological choices that will be implemented in the prototype from Chapter
Bl

4.1 Overview

These TPCs consist of a liquid noble gas target where an interaction can occur, above it is a
gaseous phase where signal amplification takes place, and one or two photosensor arrays rest at
each end of the chamber for signal detection. There are three main electrode grids woven from
thin metal wires which are set at high voltages, these are responsible for applying electric fields
in different regions of the chamber. The TPC walls are composed of field shaping rings that
keep the field uniform in the longitudinal direction, and are covered by polytetrafluoroethylene
(PTFE) reflector panels to improve light collection. An example of a TPC with this design,
that of the LZ detector, is shown in Figure

The field between the cathode grid at the bottom and the gate grid below the liquid surface
defines the drift region (DR), where after an interaction, scintillation photons are created and
ionisation electrons are released and transported towards the liquid surface. When they reach
the LXe interface, the electrons are extracted to the GXe by a stronger electric field created
between the gate and anode grids. This is the electroluminescence region (ELR), where a sec-
ondary light signal occurs only if electrons traverse to the gas. An additional two grids can
be implemented if the photosensors are PMTs in order to protect them from high fields, one
at the bottom below the cathode grid and another at the top located above the anode. The
volume between the cathode and bottom grids is called the reverse field region (RFR) [Mou+17].

The photosensors installed on TPCs are commonly PMTs specifically targeted for cryogenic
working conditions, recently SiPMs have also been considered as their characteristics have be-
come increasingly competitive. These devices are manufactured with low radioactivity materials
and the average quantum efficiency for the xenon scintillation light is usually between 30-40%
for PMTs [Par+18] and 20-30% for SiPMs [Jam+18|[Bau+1§|. This is why the use of PTFE
is extremely important, as it has a reflectivity of > 97% for xenon scintillation VUV photons
when immersed in LXe |[Nev+17].

These TPCs are housed inside a vacuum insulated cryostat vessel to maintain the low tem-
peratures, the chamber also is connected to a purification system to remove electronegative
impurities from xenon and there are systems in place to reduce radioactive contaminants such
as 222Rn, 8 Kr and 3% Ar, for instance through activated charcoal traps and gas charcoal chro-
matography [Mou-+17].
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Figure 4.1: Schematic view of the LZ LXe TPC and its main components. Figure taken from [Mou+17].

4.2 Xenon Properties

Noble gases can be purified relatively easily and can be obtained in large quantities from the
steel industry, as a result of liquid oxygen production since it needs to be separated from other
gases present in the atmosphere . Xenon, in particular, can be enriched with the
isotope of interest to increase the exposure of the experiment and has several advantageous
properties which makes it a suitable detection medium for ionisation detectors.

The high atomic number and relatively high density of LXe (see Table allow for higher
interaction rates and this also makes it a very efficient material to stop penetrating radiation
[Apr+06b]. Figure shows the stopping power of xenon for electrons as a function of energy,
from which can be asserted that from the 0.8 MeV mark the stopping power increases rapidly,
meaning that electrons with higher or lower energies will deposit their energy faster as they
travel. Highly purified LXe is transparent to its own scintillation light, having a photon atten-
uation length in excess of 360 mm , but it also shields the detector from high energy
photons. Figure [£.3] depicts the mean interaction length of photons in LXe, calculated from
mass attenuation coefficients.

The self-shielding and high compressibility of xenon are great advantages as this means a LXe
detector can be quite compact while still reducing the amount of backgrounds from neutrons
and gammas in the central region of the detector (fiducialisation) [Mou+17]. Since the detector
has ability to resolve interactions in 3D, if its size is larger than the mean interaction lengths
for MeV ~-rays and neutrons, when these particles penetrate more than a few centimetres they
scatter multiple times and are rejected in analysis. For example, y-rays of 1 MeV have a mean
interaction length of 6 cm in LXe, meaning that from that radial distance inwards, the detector
is mostly "quiet" to photons of that energy.

Table lists the natural isotopes of xenon with their respective abundances. The various
isotopes undergo different processes making them appealing to many physics applications, for
instance, 124 Xe is used to study double electron capture, '3 Xe (synthetic) is a common neutron
poison in fission reactors, and double beta decay can be studied with 36 Xe and ®*Xe. Addi-
tionally, all natural isotopes are stable with the exception ?4Xe, 134 Xe and '35 Xe, and since
their combined isotopic abundances are only about 20%, a detector that uses natural xenon
should have very low radioactivity levels.
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Figure 4.3: Mean interaction length of photons in
LXe, for Compton scattering, pair production and
photoelectric processes [Ber+10].

Figure 4.2: Stopping power of xenon as a function
of electron energy [Ber+17].

Understanding the electronic structure of noble gases is useful for studying the ionisation and
scintillation processes that occur in TPCs. Absorption spectroscopy done on LXe, LAr and
LKr has shown that these noble gases have an electronic band structure with considerable band
gap energies (E,), making them excellent insulators; LXe having the smallest gap energy of the
three at 9.28 eV [Apr+06b|. Out of the rare gases used in experimental settings, LXe has the
smallest W—ValueE| at 15.6 eV and, as consequence, it features the highest ionization yield. Its
th-valutﬂ has been measured to be W), = 13.8 eV for LXe, giving it the highest scintillation
yield[AD10]. It is also the fastest scintillator as the de-excitation of the dimer Xezﬂ decays into
a singlet in 79 = 4.1 ns and triplet state in 7p = 21 ns.

The electron mobility (ue) in LXe is high and comparable to that of Silicon, about 2000
cm?/(V-s), which is important if one is interested in minimising the diffusion of charges in
the drift region, which is discussed in the following sections [AD10].

The photoelectron yield in GXe depends on the extraction probability of ionization electrons,
the electroluminescence gain, and light collection efficiency of photons generated in the ELR.
For a small number of electrons extracted to the gas phase which produces a small secondary
light signal, a photon yield of at least 50 photoelectrons per emitted electron is needed to ac-
curately reconstruct the event [Mou+17|. Important physical properties of GXe and LXe are
summarised in Table [£.2]

3 Average energy expended to produce an ion pair.
4 Average energy expended per scintillation photon.
5This dimer arises from direct excitation of xenon atoms and recombination.
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Table 4.1: General information about xenon [AD10].

Xenon

Isotopes

Atomic Number Z
Atomic Mass A

124 Xe (0.09%); 126 Xe (0.09 %)
128 Xe (1.92%); 12 Xe (26.44%)
130Xe (4.08%); 11 Xe (21.18%)
132 Xe (26.89%); 34 Xe (10.44%)
136 Xe (8.87%)
54
131.30

Table 4.2: Physical properties of LXe and GXe as a detection medium [AD10].

Property ‘

Value

Gaseous Xenon

Density (at boiling point)

0.0169 g/cm?

Tonisation potential 12.13 eV
W-value 22.0 eV
Liquid Xenon
Density (at boiling point) 2.942 g/cm?
Gap energy 9.28 eV
W-value 15.6 eV
Scintillation wavelength () 177.6 nm (6.93 eV)
Dielectric const. 1.95
Refraction index (at As) 1.69 [Sol+04]

Thermal conductivity
Heat capacity
Electron mobility
Ton mobility
Threshold E for electron multiplication
Threshold E for electroluminescence

16.8 x 107% cal/s cm K
10.65 cal g/mol K
2000 cm?/(V-s)
3.6x1073 cm?/(V-s)
1-2x10% V/cm
4-7x10° V/cm

LXe detectors have been impactful in many areas of research, including gamma ray astrophysics,
dark matter detection, particle physics and medical imaging [AD10|. Some applications include
Compton telescopes [Apr+00], direct detection of dark matter, neutrinoless double beta de-
cay searches, study of neutrino properties, ionisation calorimeters, study of the # — pv~y decay
[Car+-96] and p — ey decay |Gal+14], Compton positron emission tomography (PET) [Che+02]
and time-of-flight PET [Fer18].
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4.3 Working Principle

Figure [£.4] summarises how deposited energy in xenon is partitioned and Figure illustrates
the process of signal formation in a LXe TPC, described in this section. In the active volume
of a TPC, a particle can interact with a xenon nucleus or with an atomic electron, producing a
nuclear recoil (NR) or electronic recoil (ER) respectively. Part of the energy excites the medium
generating scintillation light and the remaining is spent on ionisation, although a fraction goes
to heat. The prompt scintillation light is released by excited dimers with a characteristic
wavelength in the VUV region and it is detected by the top and bottom photodetectors, creating
the S1 signal. In the absence of an electric field, most electrons recombine near the interaction
site. Meanwhile, even in the presence of an electric field some ionisation electrons recombine
with the xenon ions which subsequently suffer de-excitation, contributing to the S1 signal.
The electrons that escape recombination are removed from the interaction site and drifted in
the opposite direction parallel to the field, following the drift field lines. During their journey
electrons can be captured by electronegative impurities (e.g. oxygen and water) in the liquid,
thus the electron lifetime dictates the amount of charge that reaches the surface.

When the charges reach the gate grid where the field is stronger, they are accelerated towards the
LXe surface where a fraction of them is extracted into the gas phase and then further accelerated
by the high electric field. As the electrons move through the gas, energy is deposited leaving
a trail of excited xenon atoms along their path which in turn emit photons in a phenomenon
called electroluminescence. This produces a large amount of light that constitutes the S2 signal
and it is proportional to the number of extracted electrons. As a consequence of total internal
reflection in the liquid-gas interface, the majority of the S1 light is detected by the bottom
array, and the top array mostly collects the S2 light.

Energy Deposition

| Scintillation (S1) | | Tonization |

\ Recombination (S1) ) ( Escape (S2) )

Figure 4.4: Schematic of processes that occur after energy deposition in a noble gas medium by a recoiling
species. As described in the text, an interaction can transfer energy to produce scintillation, ionisation,
and heat. After ionisation some electrons might recombine with xenon ions, forming excimers that decay
to the ground state by emitting light which contributes to the S1 signal. In the presence of an electric
field, the electrons that escaped recombination move towards the gas phase where a higher field generates
electroluminescence light, forming the S2 signal. Figure adapted from [Szy+11].

-—— '>|Heat (no usable signal)

As previously mentioned, one of the main advantages of the TPC is the ability to do 3D event
reconstruction. The intensity and distribution of light from the S2 signal throughout the top
photosensors is used to reconstruct the (z,y) position of the interaction; this can be achieved,
for example, with light response functions (LRFs) of the photosensors, further explained in
Chapter @ This light "map" (as in the PMT array from Figure translates the position of
the electron cloud that was extracted into the gas, and the initial coordinates can be inferred
from the (z,y) in the gas phase.

The z coordinate of the interaction is determined from the time difference between the S1 and
S2 signals (shown on the right of Figure, the electron drift velocity in LXe under the applied
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electric field and additional factors to correct for the possible non-uniformity of the field lines.
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Figure 4.5: Illustration of the main components in a dual-phase TPC and its operation principle. On
the right hand side is a simplified drawing of a typical signal: a small S1 peak triggered by prompt
scintillation in the liquid, and a larger and broader S2 peak is the result of electroluminescence light
from the diffused electrons which were extracted to the gas. Figure adapted from .

4.4 Scintillation and Ionisation Yields

In rare gases, the deposited energy Fg., in a single interaction is divided between excitation,
ionisation and sub-excitation electrons, described by an energy balance equation, also known

as Platzmann equation |[AD10]:

Edep = NegEey + NiE; + Nie (4‘1)

where E; is the average energy expended per pair, N; the number of electron-ion pairs, Fe;
is the energy needed to create an excimer, N, the number of excimers, and ¢ is the average
kinetic energy of sub-excitation electrons.
The W-value is the average energy required to produce an electron-ion pair and can be taken
from W = Egep/Nj:

N,

W=FE,—=+F;+¢ (4.2)

Ni
where N, /N; = « is the exciton-to-ion ratio.
Considering the fact that LXe has an electronic band structure, Equation can also be
rewritten as This ratio W/E, is about 1.6 for LXe as well as for LAr and LKr, which
supports the theory for the electronic band structure in liquefied rare gases [AD10].
Nes % E; €

+—+

Wk =N & TE E

(4.3)
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Equation [.I] can be simplified by absorbing the influence of sub-excitation electrons into an av-
erage W-value W = (aF,; + E;)/(1+«), and assuming that nearly all excimers and recombined
electrons lead to S1, results in Equation [Szy+11].

The expected number of scintillation quanta n,y, is the sum of the initial photons from excitons
and the number of electron-ion pair recombinations. The expected number of charged quanta n.
decreases by the amount that suffered recombination. These are respectively given by Equations

and [Szy+11]:

Edep = W(Nex + Nz) (44)
Nph = Nex + er' (45)
ne = Nij(1 —r) (4.6)

where r is the recombination probability which depends on electric field and on the energy loss
per unit length.

The S1 and S2 signals are measured in terms of phd (photons detected) and depend directly
on g1, the photon detection efficiency of the detector, and go, the number of photons detected
deriving from one ionisation electron removed from the interaction site (effective charge gain).
The former can be calculated from the product between the light collection efficiency of the
detector and the photodetector quantum efficiency so that S1 = ny;, - LCE - QE. The latter
is the effective charge gain and depends on the electron extraction efficiency €., on the number
of photons produced by a single electron in the gas SFEy;q and on g144s Which is the average
number of photons detected per photon that was emitted in the gas. The S2 signal can therefore
be inferred from S2 = n. €. SEyicia gigas [Bra20].

The deposited energy in the detector is related to the S1 and S2 signals, so the reconstructed
energy of the interaction can be obtained from Equation [£.7]

E:W(Sl+52> (4.7)
g1 g2

The theoretical energy resolution of a LXe detector (assuming 100% collection efficiency for
ionization electrons and scintillation photons) is given by Equation in terms of FWHM,
where F' is the Fano factor. However, the experimental resolution usually disparates from that
value, this spread is attributed to fluctuations in the number of secondary particles that are
able to continue ionising the medium |AD10).

AE(keV) = 2.35\/F - W(eV]- E[MeV] (4.8)

In order to achieve the best resolution possible, the loss of charge carriers needs to be minimised
by avoiding impurities in the medium, by applying a high enough electric field so that the
electrons and ions created have a smaller probability to recombine and by maximising the
photon detection efficiency. Figures[4.6]and [4.7] show the variation of recombination probability
at different energy ranges.

4.5 Electron drift and diffusion

The motion of charge carriers subject to a field in gas or liquid depends on their drift velocity,
diffusion, and fluctuations due to gain or loss of electrons to ionisation or electronic attachment.
This has been studied as a function of temperature, field strength and impurity concentration
by many authors [AD10].

In the absence of an electric field, electrons are in thermal equilibrium with the medium, they
move isotropically according to a diffusion coefficient D from the Einstein relation in Equation
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105 V/cm, with o = 0.2. Image from [Ake+16]. pirical models in NEST (Noble Element Simula-
tion Technique). Image from [Ake+17].

in which kp is the Boltzmann constant, T is the temperature of the medium and e is the
electron charge.

However, if an electric field is applied, the motion behaviour is anisotropic: the charges are
accelerated between collisions and drift along the electric field lines, in the same direction
(opposite direction) to the electric field in the case of positive (negative) charges. Their velocity
is almost proportional to the field with the mobility peo (for E = 0) as a constant, and is given
by Equation where m. is the electron mass and 7 is the average time between collisions
[CA13|. At fields higher than 100 V/cm, the electron mobility deviates from the nominal value
teo and the drift velocity saturates, as seen in Figure 4.8

_ kBT pieo
&

G = LB = ek (4.10)
Me

D (4.9)

As it moves, the cluster of electrons suffers diffusion in the longitudinal (Dy) and transversal
(D) directions, spreading out to form a cloud. In cold rare gases D;, < Dp under a large field,
and in LXe the ratio is Dy, /Dy ~ 0.1 for fields larger than 1 kV/cm |[AD10|. The spread of an
electron cloud can be described through a Gaussian distribution due to the random collisions
in the medium. The width of the cloud after ¢ seconds of formation and travelled distance d is
expressed by Equation valid while drift velocity is unsaturated [Hill0].

o(t) = V2Dt = 2kpTd (4.11)
e|E|
The diffusion progresses from the interaction point up to the anode, so the further away the
interaction occurs from the anode, the wider the cloud becomes. This significantly affects
spatial resolution as the light signals in the top array will be recorded over a wider number
of photosensors, making reconstruction less precise. However, the problem of diffusion can be
reduced by applying stronger fields as shown in Figure
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4.6 Discrimination of Electronic and Nuclear Recoils

Studying the discrimination power of a TPC is crucial to understand how some detector pa-
rameters affect the overall sensitivity of the detector. By combining the light and charge signals
it is possible to obtain two data populations that distinguish between ER and NR interactions,
since the « ratios are different: their values are approximately o ~ 0.06 (min.) - 0.2 (max.) for
ER and o = 1 for NR at a field of 12.7 kV/cm [Dok+02]. Overall, NR expend more energy to
the S1 signal while in ER a larger fraction of the energy contributes to the S2 signal |[Ake+20a).
In Figure there is a clear separation of the ER and NR bands, where for a large S1 the
corresponding S2 is small.

Considering that the prompt scintillation fraction for S1 is small, the partition of the electron
population between the processes of recombination and escape dictates the energy dependence
of the S1 yield. Furthermore, because an electron lost to recombination cannot escape to the
gas phase and vice-versa, the S1 and S2 signals are strongly anti-correlated [Szy-+11]. This
can be seen in Figures [£.10] as the ER charge yield increases at the same rate that the ER
light yield decreases. For a given S1 energy, the corresponding S2 can have a wide range of
energies, of which a broad region of events corresponds to ER (this is related to the energy of
the event and recombination rate) and a smaller region comes from NR. Therefore, applying
a stronger electric field would disperse electrons from atoms and ions, reducing recombination
and improving discrimination as well.
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Half-life sensitivity [x1027 yr]

Chapter 5

R&D for a 3" Generation Detector

A 37¢ generation experiment refers to the future 50 to 100 tonne-scale detectors which will have
advanced capabilities in various rare physics searches, as some discoveries lie beyond the reach
of current tonne-scale experiments |[Aal+22].

For instance, the present best sensitivity on spin-independent WIMP-nucleon scatter cross-
section is estimated to be 1.5 x 10™%8cm? for a 50 GeV/c? WIMP with a 7 tonne LXe TPC
[Ake+20c|. Nonetheless, the ultimate goal is to scan the entire range of WIMP scatter cross-
section down to the neutrino "fog" [OHa21|. This introduces a constraint on the sensitivity
since coherent nuclear scattering of v4,, with xenon atoms are indistinguishable from a WIMP
signal. A future 40 tonne detector will approach this limit, having a projected WIMP sensitivity
of 2.5x 1074 ¢cm? and at 50 GeV this neutrino background corresponds to ~ 1074 cm? [Aal+16].

Furthermore, if NDBD is not detected during the searches already in progress, it is possible
that the half-life of the decay falls above the T 10;’2 ~ 10?7 years limit. This next generation of
detectors will be competitive against other dedicated experiments searching for NDBD, which
regardless of the decay mechanism prevails as an important process to possibly study lepton
number violation, sterile neutrinos and other extensions to the SM [Ava+21].

This motivates the construction of larger detectors to house dozens of tonnes of xenon that
would enable to enhance the discovery potential and sensitivity to NDBD in 136 Xe. If possible,
it is also advantageous to conduct several physics studies in the same detector, thus the concept
of existing LXe TPCs used in dark matter experiments will be scaled up and improved to reach a
competitive sensitivity limit in the study of NDBD and the neutrino magnetic moment, without
impacting the ongoing WIMP searches [AAa21].
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Figure 5.1: Estimated half-life sensitivities as function of active mass (left) and as a function of data

acquisition live time (right), for a 3" generation detector with varying y-ray background (percentages
relative to the total amount of background in the LZ experiment) [LO22].
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In order to probe most of the allowed parameter space for NDBD, a detector should reach a
sensitivity of (mgg) ~ 1 meV, which corresponds to a half-life of 1030 years, for which it would
require several kilotonnes of target mass . For the moment, preliminary studies for a
37 generation experiment such as the one from Figure indicate that a TPC with 100 tonnes
of active mass (9 tonnes of 136 Xe) could reach a sensitivity of T 10/”2 = 8.9 x 10%7 years with a
10 year long exposure . The biggest challenge in carrying out such an experiment lies in
acquiring large amounts of xenon, which are currently unattainable since the available produc-
tion methods are limited and expensive. Xenon is usually extracted from the atmosphere via
cryogenic liquefaction followed by distillation. By pairing this with alternative techniques such
as non-cryogenic xenon adsorption (pressure, vacuum or thermal swing adsorption) it would be

possible to meet the required acquisition rates, giving good prospects to this next generation of

detectors [Ava-+21].

Hlustrated in Figure [5.2] is Xenia, a small dual-phase LXe TPC prototype being developed to
perform R&D studies towards the optimisation of a 3" generation detector for NDBD searches.
The active volume in Xenia will be a cylinder with 8 cm in diameter and 8.5 cm long, corre-
sponding to 1.2 kg of active LXe mass. Four square 1-inch PMTs will be installed at the bottom
of the chamber, and a 64 photosensor array at the top, both looking into the active volume to
detect xenon luminescence (initially a 2-inch PMT will be installed and later replaced by the
SiPM array).

Figure 5.2: Exterior and interior view of the Xenia detector in its initial stage with room for one PMT
at the top. The design of Xenia is versatile and will allow to install either a PMT or the SiPM array at
the top. CAD courtesy of E. Holtom, Rutherford Appleton Laboratory.

The discrimination of possible neutrinoless events requires a higher level of granularity in terms
of space than PMTs usually offer. The signal used for (z,y) reconstruction of events is the S2
acquired from the top array and the z coordinate is only dependent on the temporal separation
of S1 and S2; additionally the smaller S1 signal is mostly detected by the PMTs which collect
more light as they have no recovery time and are larger in area. Therefore, PMTs are used for
time performance and SiPM for spatial granularity, which is why the configuration of PMTs in
the bottom and SiPMs in the top array is preferred should SiPMs be used in a large experiment.
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5.1 Xenia Simulations

The simulated detector geometry consists of a cylindrical chamber with 114 mm outer diameter
and with a total height that will vary between 118 mm and 143 mm in the simulations, depend-
ing on the test parameters. The dimensions of the active region are 80 mm in internal diameter
and 85 mm in height. The reflectivities of the main components are mostly set to 97% (i.e.
all PTFE elements immersed into LXe) or 0% (i.e. Kapton elements and blackened copper),
unless indicated otherwise; these are good approximations for the xenon VUV luminescence.
With reference to Figure the chamber is composed by various stacked volumes which are
now described, from top to bottom.
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Figure 5.3: Full chamber geometry of the Xenia detector used in the simulations.

At the top of the chamber sits an array of 64 SiPM devices as shown in see Figure 5.4 The
sensor parameters (dimensions, number of pixels, PDE) considered in the simulation correspond
to two models: Hamamatsu S13370-3075CN or S13370-3050CN , more details on these
devices are provided in Chapter [6]

The photosensor array is supported by the structure of the collimator which has 64 apertures,
with axes aligned with the centres of the SiPM active areas. The SiPM front surfaces are located
at the exit aperture of the collimator. The collimator material has zero reflectivity (blackened
copper), and is surrounded by GXe.

Immediately below is the Top Space region, in the simulations this will be a volume of variable
height, 114 mm diameter and lateral walls are coated in a Kapton skirt. The anode grid is
located at the interface between this Top Space and the Secondary Scintillation volumes (Sec-
ondary Scint), with 20% reflectivity considered for the stainless steel wires, other grid properties
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such as the pitch, transparency and wire diameter are not fixed and will be tested in the sim-
ulations as to find the optimal parameters from commercial options. The volume denominated
Secondary Scintillation is the electroluminescence region with 5 mm height and the diameter
tapers in to 80 mm. From the Secondary Scintillation region (included) upwards, the active
area of the stacked volumes are filled with GXe; below that region all other active volumes
contain LXe. The LXe optical properties were defined at 175 nm with refractive index equal
to 1.69, Rayleigh mean free path of 300 mm, bulk absorption of 3.3 x 10 mm™!, and at the
interface with PTFE we set 97% Lambertian scattering and 3% absorption.

The drift region corresponds to the 85 mm long Primary Scintillation (Primary Scint) volume
containing LXe bounded by the PTFE fieldcage of unity reflectivity. The gate grid sits 5 mm
below the surface of the liquid, with properties to be tested.

The Bottom Space is equivalent to a reverse field region of 12 mm height and diameter of 80
mm with PTFE walls to help collect as much light as possible.

The cathode is located at the interface between the drift region and the Bottom Space and
the bottom grid is set just on top of the PMT window. There is a small volume before the
photosensors which acts as the PMT window, these are 1.2 mm thick quartz windows.

The PMT array is the last component of the chamber and contains four 1-inch Hamamatsu
R8520 phototubes [Pho2l| (see Figure and the remaining bottom surface of the chamber
is PTFE.

The simulations implement a uniform electric field inside the chamber by using the correspond-
ing electron drift velocities throughout the calculations of electron diffusion. The electric field
is divided into three regions:

o Field between cathode and gate grids (80 mm) - 380 V/cm
o Field from gate to the LXe surface (5 mm) - 5 kV/cm

o Field from the LXe surface to the anode grid (5 mm) - 10 kV/cm

The electrode grids at the top of the chamber can affect spatial resolution, so the gate and
anode were considered in the simulation. During the optical optimisation studies three grids
were tested, and their characteristics are described in Table Afterwards, only the best
combination of gate and anode grids were used throughout the remaining simulation work.
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Figure 5.4: Top view of the Xenia SiPM array and indexation of each photosensor.
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Figure 5.5: Top view of the Xenia PMT array and indexation of each device.
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The simulated
geometry is composed of several cylinders and this top view should be seen as a series of circumferences;
the apparent polygon faces in this image are simply a limitation of the visualisation software. The solid
blue circumference represents the limits of the inner chamber volume which is filled with LXe. The solid
pink circumference corresponds to the outer diameter of the Secondary Scintillation region, filled with
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5.2 Key characteristics of the prototype

5.2.1 Silicon Photomultipliers

The main function of the SiPM array is to read out the electroluminescence light (S2) generated
between the liquid surface and the anode, with the bottom PMTs mostly detecting the weaker
prompt scintillation light (S1). The time resolved data collected with the SiPM array will
be used to perform measurements of spatially-resolved tracks from MeV particle interactions,
both in pure and in hydrogen-doped liquid xenon, a candidate mixture to assess whether this is
a viable technique for background discrimination in NDBD measurements (see subsection 5.2.2).

Silicon photomultipliers are solid state devices made from an array of single photon avalanche
diodes (SPADs) each coupled with a quenching resistor and connected to a common output.
Each pair of SPAD and resistor is a microcell that operates in Geiger mode. The SiPM response
is characterised by gain, photon detection efficiency (PDE), recovery time and dynamic range.
The main sources of noise arise from thermal pulses (dark counts), cross-talk and afterpulses
[ESS12]. For the simulations in this work, only the number of pixels and PDE were considered.
SiPMs for the VUV region are improving in performance, and in some specific scenarios they
may be able to compete with traditional PMTs. The PDE at the xenon scintillation wavelength
is now comparable to that of PMTs, and the gain is also similar (~ 10) . The dark
rate per unit area is still a significant shortcoming (~ 50 times higher) even at low temperatures
(-100 °C), but progress continues to be made on this issue [Per22b]. Correlated noise such as
cross-talk and afterpulse are also problematic since they increase with overvoltageﬂ However,
there are also potential advantages as SiPMs reach high gain with bias voltages as low as 30 V
(for the SiPMs to be used in Xenia is ~ 60 V) when compared to the high voltage required for
PMTs (~ 800 V), very low radioactive backgrounds can be achieved (by moving the readout
electronics away from the detector sensitive area), they are compact devices, insensitive to

external electric and magnetic fields, and in some cases high granularity of readout is desired
and SiPMs lend themselves to that task [[nd21].

Fieldcage of
Drift Region

Figure 5.6: SiPM array (left) and array mounted on Xenia (right). The high-density PCB tape depicted
in the image will transport the SiPM signals to the electronics responsible for signal processing, outside
the main volume. CAD courtesy of E. Holtom, Rutherford Appleton Laboratory.

The development of this small SiPM array helps to prototype crucial technical aspects (Figure
, such as achievable radioactive backgrounds and readout electronics schemes, should a large
SiPM array be used to instrument a next-generation experiment. A scaled up version of the
photosensor array could be implemented by tiling multiple modules of the present design or,
more realistically, larger SIPM modules.

' The overvoltage controls the operation of an SiPM and is defined as AV = Viius — Vireakdown- The breakdown
voltage is the bias point at which the electric field strength generated in the depletion region is high enough to
sustain avalanche multiplication [Ind21].
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5.2.2 Xenon doping with light elements

Xenia will run using LXe in the active volume and some studies will feature percent-level dop-
ing with hydrogen (Hs or Ds). Additionally to the standard LXe TPC components and xenon
handling system, this involves the design and construction of an Hy delivery system. A study
of the detector response from first principles will be required, taking into account the detailed
transport properties of the doped medium, although this is outside the scope of this work.

From theoretical calculations it is expected that hydrogen doping could reduce spatial diffusion
approximately by a factor of 2, through a reduction in longitudinal and transverse diffusion
coefficients and an increase in electron drift velocity . It is possible to benefit from the
improvement in the longitudinal (z) direction by analysing the shape of the S2 signal in the
TPC (work is ongoing covering this subject by exploring deconvolution techniques as shown in
Figure ), and the new array will allow us to exploit a similar improvement in the
transverse (z,y) plane. This will be done by exploring machine learning techniques to achieve
topology based discrimination of events, which has been done for (z) separation and will
be further investigated for (z,y) discrimination as well. These algorithms allow to label each
event and separate a single recoiling electron or a double electron event from the NDBD decay
by identifying high ionization density regions and the position where the event took place.
The optical optimisation of the chamber combined with these discrimination algorithms under
development are expected to give a few hundred micrometre performance in spatial resolution
for extended electron tracks of a few millimetres. On the other hand, doping will reduce S2
yields several times , and in Chapter@lresults are presented which approximately quan-
tify how such a reduction impacts the spatial resolution.

Besides these properties, Ho doping would also be of importance in the dark matter front of a
374 generation experiment. The doping element would act as the dark matter target and LXe
as a sensor: after an interaction of a WIMP particle with hydrogen, the recoiling proton will
transfer most of the energy to the medium and produce scintillation and ionisation signals by
interacting with xenon electrons .

Given that this is a single proton and the smallest atomic mass, this is the best target for
low mass DM searches (below 10 GeV/c?) and it further allows the study of spin-independent
and spin-dependent DM interactions while LXe continues to provide the essential self-shielding
[LAH17] [DAk+21].
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Figure 5.7: Reconstruction of the ionization electron depositions from a Ov/35 event using a time-domain
deconvolution method, for the undoped detector (left) and the doped case (right). Figure from [Jac22|.
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5.2.3 Collimator

Since the standard LXe TPC design is not an "imaging system", in order to better distinguish
the two energy deposition spots corresponding to the electrons from NDBD (as discussed in
Chapter , the addition of a collimator to the photosensor array is advantageous. Collimators
are widely used in gamma cameras and medical imaging devices to produce an image by filtering
the radiation in a specific direction before it reaches the sensors [CSP12]. Moreover, in the case
of Xenia the collimator will also serve as the mechanical support for the SiPM array.

Xenia will be equipped with a copper collimator (made from a precision-machined single piece
of ultrapure copper), blackened by a coating of material with negligible reflectivity in the VUV.
It will be placed just under the SiPM array, and have 64 holes aligned with the centre of each
sensor. Its purpose is to help improve spatial resolution down to the scale of 100 yum. However,
this has a downside of reducing the detection efficiency as it blocks a considerable amount of
light coming from the source; even more so because this will be an absorptive collimator rather
than a reflective one, which means photons not travelling towards the openings will be absorbed
and only direct light will reach the photosensors. This is especially relevant for WIMP signals
which are considerably smaller than electronic recoils from NDBD signals; which is why using
a collimator in a TPC is unfavourable for WIMP interactions.

The collimator determines the overall performance of the detector, which is why this component
needs to be carefully designed. The main aspects to consider are the geometry of the holes
(shape, length and diameter), septal thickness, resolution and geometric efficiency. In Xenia
the septa are not a concern since all indirect VUV light emitted by the xenon will be absorbed
before having a chance to penetrate the walls. Collimator resolution (R.y;) can be inferred
from the FWHM of a point or linear spread function (PSF or LSP), which can be obtained by
building the light profile from a source projected by the collimator onto the detector |[CSP12].
For a parallel hole type collimator with round holes, R.,; can be estimated from Equation [5.1
where a is the aperture diameter, L is the length of the holes and d is the distance from source
to the collimator base. The constant p is a correction factor which is a function of the hole
shape, angle relative to the sensor axes and of source-detector distance [Wie+04][Wie+05].

d+ L
Reoy = p-a- T (51)

The geometric efficiency is the ratio of light transmitted through the collimator holes over the
initial amount of light emitted by the source. For the stated collimator type, it is given by
Equation where ¢ is the thickness of the material between each aperture [Wie+05|.

a? a®

T 4nL? (a + 1)

The previous equations indicate that resolution improves when the ratio a/L decreases, mean-
ing that long and narrow holes give the best spatial resolution, although it comes at the cost of
worse geometric efficiency since g « (Rgoll). Another takeaway from Equation is that the
smaller the distance between source and collimator, the sharper the image will be. Seeing that
R, and g are correlated, increasing this distance results in degraded efficiency according to
an inverse square law (1/d?); on the other hand, light is able to pass through a larger number
of holes which is proportional to d2. This can also be observed from the PSF as the maximum
height of the function decreases and the width increases in such a way that the total counting

rate remains unchanged |[CSP12].

g (5.2)



5.3. SIMULATION STRATEGY o7

The effect of using different types of collimators is further investigated in Chapter [0, where a
few variations of parallel-hole, diverging, and converging type collimators were tested.

5.3 Simulation Strategy

The design of the chamber and optimization of its parameters were explored using three main
simulation toolkits: ANTSQE| [Mor+16], Geant4E| [Ago+03] and NESTH [Szy+11]. These pack-
ages have been developed to meet specific requirements, and the intersection of their strong suits
into one integrated tool results in a versatile mechanism for simulating dual-phase drift cham-
bers for particle physics studies.

The work presented in this thesis can be categorised into two parts: the optical optimisation
of the chamber and the the simulation of the detector response to interactions, from particle
tracking and energy depositions up to the generation of realistic waveforms. The following is
a short description of each toolkit and the role attributed to them in the simulations, this is
summarised in Figure Moreover, a detailed explanation of the development and procedure
of each simulation is presented in Chapter [6] and Chapter [7], respectively.

5.3.1 Geant4

Widely used in the scientific community, Geant4 was the first object-oriented simulation toolkit
to answer the increasing demand for software which allowed to replicate large and intricate
particle detectors (namely the LHC experiments) and the physical processes that occur within.
It focuses on the simulation of how particles interact with matter in a variety of applications
ranging from high energy physics to nuclear medicine |[Ago+03] [All4-06].

5.3.2 ANTS2

ANTS2 was created to aid in the development and optimization of Anger camera type detectors.
This software was used as the basis for the simulations in the present work, as it was used to
build the full detector geometry, define material characteristics, photosensor arrays and electrode
grids. The main code to control the flow of simulations was developed using the Python script
interface available in ANTS2 and its built-in functions.

Even though Geant4 is a comprehensive tool, for the purpose of fine-tuning detector parameters
and optimising performance, the iterative process of adapting the detector to a new configuration
and testing it can be somewhat laborious and slow. Additionally, Geant4 is not as versatile for
simulating light propagation and it does not feature position reconstruction algorithms from the
simulated depositions. These difficulties motivated the use of ANTS2 with Geant4 integrationﬂ
the geometry and particles are initially defined in ANTS2 which sends this information over
to Geant4 to perform particle propagation and the energy depositions are returned to ANTS2
which subsequently executes photon propagation and handles detection in the sensors. ANTS2
allows quick geometry adjustments and delivers results on photossensor hits, photon and particle
tracking history retrieved from Geant4 (including timing information), physical processes that
occur within detector volumes, and position and energy reconstruction of events [Mor+16|.

2 Anger-camera type Neutron detector: Toolkit for Simulations
3Geometry and Tracking

4Noble Element Simulation Technique

5Called the G4ANTS module.
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5.3.3 NEST

This package was developed for usage alongside Geant4, and as the name implies?, focuses on
simulating energy deposition microphysics in noble elements. NEST can simulate interactions
in xenon (and argon) and their detection in a TPC. It offers an exhaustive and accurate descrip-
tion of excitation, ionisation and recombination processes through the use of empirical models
for both electron recoils (ER) and nuclear recoils (NR), which were computed based on real

world data |[Szy+18|.

NEST has the ability to simulate NRs from ions, WIMPs, coherent elastic v-nucleus scattering
(solar neutrinos from ®B); as well as ERs induced by v and j rays, Compton interactions,
atmospheric and pp solar neutrinos, and other decays like 83 Kr. This tool has been shown to
accurately predict light and charge yields as a function of energy, stopping power, drift field,
particle and interaction type when compared to existing calibration data sets .

Here, NEST was used to complement the simulation potential of ANTS2 and Geant4 by adapt-
ing some crucial parts of the code to be used in the ANTS2 simulation, namely the calculation
of scintillation and charge yields, recombination fluctuations, electron diffusion and photon
emission timing information.

This implementation was possible thanks to the NESTpy package, which facilitates the imple-
mentation of NEST functions in Python based environments.

Geant4 ANTS2 NEST
. (Anger-camera type Neutron (Noble Element
Geometry and Tracking) detector: Toolkit for Simulations) Simulation Technique)

v |

k4

+ Detector properties

+ Uniform electric field velocities
+ Scintillation and charge yields
+ Recombination fluctuations

+ Electron diffusion

+ Photon emission times

+ Detector geometry and materials
e Photosensors (SiPMs and PMTs)
+ Photon propagation and detection
+ Waveforms

+ Position reconstruction

+ Particle tracking
+ Energy deposition

Figure 5.8: Overview of the toolkits used in the simulations and their purpose within the scope of this
work.



Chapter 6

Collimator and SiPM Array Studies

6.1 Optical optimisation

The chosen methodology to optimise the position resolution of the chamber consisted in running
sets of tests with different parameters which were modified gradually with each new simulation.
This allowed to assure that the results were viable before moving on to the next iteration.
The first tests were simpler, starting from point-source photon “bombs” located half-way in the
electroluminescence gap, along a regular grid in (z,y) covering the entire active area. The final
set of simulations were more realistic, using photon bombs distributed along a line segment in
the z-direction spanning the full height of the Secondary Scintillation region, and sampled in
(x,y) according to a quasi-random Sobol sequence. The SiPM hits accounted for the geometric
fill factor and photon detection efficiency (PDE) of the SiPMs; saturation of each device was
analysed and a Poisson correction was applied (see subsection 6.1.1). The anode and gate grids
were also added to the detector and were simulated in detail by ANTS2. The details of this
process are described thoroughly in the following sub-sections. The geometry being optimised
in ANTS2 is shown in Figure [6.1

i L ' SiPM Array
Collimator T - A - i rray
I — — - *— Base of
Top Space ' \ collimator

<+— Anode Grid
\4— LXe Surface

: \' <+— Gate Grid

Electroluminescence
Region (5 mm height)

(5 mm below
the surface)

Drift Region

Figure 6.1: ANTS2 simulation geometry of Xenia: top of the chamber.
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6.1.1 Simulation procedure

Using the ANTS2 simulation package, over 5000 point sources (i.e. photon bombs) were created
to simulate the photon emission in the electroluminescence region, each one defined by their
position, emission time and number of photons. These photon bombs were generated with ran-
dom (z,y) coordinates along a 5 mm vertical line, representing the electroluminescence emission
which is approximately uniform as electrons emitted from the liquid surface travel in the high
electric field up to the anode. The total electroluminescence light expected from a NDBD de-
cay event is approximately 60 million photons in nominal conditions when using undoped LXe.
Using the NEST calculatoﬂ for a B of 1.25 MeV, the number of ionisation electrons produced
is ~60 000, so the two Bs in a NDBD would produce a total of 120 000 electrons of which
110 000 would be extracted to the gas phase, considering an extraction efficiency of 92%. The
average electroluminescence yield calculated by NEST for the Xenia detector is ~ 500 photons
per electron in the gas, which amounts to a total of 60 million S2 photons. For each source in
the simulation, 6 millionﬂ S2 photons were emitted which would correspond to the amount of
photons that make up a slice of the NDBD track, if we were to divide the track into 10 parts for
analysis. The retrieved data for analysis is the number of firing pixels in each SiPM channel,
which is recorded after ANTS?2 finishes light propagation from each photon bomb.

SiPM saturation, corresponding to the occurrence of multiple photons hitting the same mi-
crocell, is a key consideration which was addressed for the two device models. The dead area
between pixels, defined by a geometric fill factor, was also implemented in the simulation. How-
ever, the characteristic pixel recovery time and crosstalk were not included and the silicon was
considered to have no reflection.

Saturation curves for the SiPM models were generated through a simple simulation in which
an increasing amount of photons is released with each new iteration. The simulation registers
the number of pixels hit and the number of photons that were able to reach the sensor in each
iteration. Fitting the saturated data with Equation E| which takes into account the Poisson
nature of the process, allowed to obtain the free fit parameter Ny, and use the function to
convert the number of activated pixels to the number of pixels expected to have fired [Gru+14].
Later this function was used to correct the light collection data from the main photon bombs
simulations.

In Figure @ Nphoton corresponds to an ideal scenario where the number of photons reaching
the sensor equals the number of detected photons and Ny;..q represents a realistic situation in
which the SiPM saturates due to the finite number of pixels El Ngeeq is the correction we want
to achieve, where we calculate the number of fired pixels if the SiPM did not saturate, only
considering the PDE limitation of the device. A concrete example of this is shown further down

in Figure

_ Nphotons reach X PDE

Nfired = Niotar X |1 —€ Niotal (61)

! Calculator available at https://nest.physics.ucdavis.edu/download/calculator.

2Due to the high use of computational resources for this simulation, the number of simulated S2 photons was
reduced to 6 million without loss of generality in the final results.

3This equation is valid for an ideal SiPM and an infinitely short light pulse.

4In reality, the SiPM response curve deviates from linearity not only because of the number of pixels as well
as their characteristic recovery time, after-pulsing, cross-talk, and dark-noise. However, these other parameters
were not taken into account here.
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Figure 6.2: Schematic of a typical calibration plot for an SiPM [Gru+14].

Corrected data from the photon bombs is then loaded back into ANTS2, and using the Re-
construction module, LRFs are fitted [Mor+16]. The LRFs parameterise the light collection
response from each SiPM as a function of distance to the sensor axis [Sol+12|, as exemplified
in Figure [6.3] A spline fit is made to the data points from each channel, according to a few
user-defined parameters, such as LRF type (which can be axial, polar, or vary in z and y). In
these studies, all LRFs were set to have axial symmetry, null derivative at the centre of the
SiPM, and have a negative derivative with increasing radial distance.

The leading algorithm for vertex reconstruction in two-phase xenon detectors is called Mercury,
a code developed by the Dark Matter group from LIP-Coimbra for ZEPLIN-III, then used in
LUX and now in LZ [Sol412|. This is a data-driven technique which is fast and very accurate;
it is based on the measurement of LRFs for each channel using calibration data for instance.
These LRFs are determined iteratively by adjusting the general spline parameters until the fit
converges for every sensor, and then used “offline” in a least-squares or a maximum likelihood
fit for the reconstruction of the (z,y) position of the S2 light pattern in each event. ANTS2
implements these algorithms on top of a fast optical code optimised for these and similar detector
arrays.
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Figure 6.3: Example of a light response function with axial symmetry for an SiPM in a central location
of the chamber (left) - refer to Figure to see the position of device number 28 - and the equivalent
plot in 3D (right). The red curve represents the fit and simulated data points follow the coloured scale.
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In these studies, the Mercury algorithm was used for event reconstruction with a maximum like-
lihood fit, and three cuts were applied to the data before reconstruction, namely defining which
sensors are passive, meaning the data for these channels is not considered when reconstruct-
ing events. The lower PMTs were defined as static passive sensors as they do not contribute
appreciably towards the S2 signal; data from dynamic passive SiPMs was discarded as these
recorded hits above a saturation threshold (chosen during saturation tests); as well as the SiPMs
with hits below a certain noise cut, where the light is so faint it does not improve reconstruction.

6.1.2 Parameters under study

The main chamber characteristics iterated in the simulation study were:

a) The device model (S13370-3050 or S13370-3075);

o

) The distance between the liquid surface and the collimator plate;
¢) The thickness of the collimator plate;

d) The shape of the collimator apertures;

e) Reflectivity of TPC fieldcage;

f) Anode and gate mesh parameters;

g) Position resolution as function of S2 photons;

h) Effect of SiPM misalignment relative to the centre of the collimator hole (z,y tolerance);

i) Effect of vertical separation between collimator and SiPM (z tolerance).

The SiPM devices which were tested in this work are Hamamatsu S13370-3050CN and S13370-
3075CN [Phol7]. Both devices have the same size 5.9x6.6 mm, with 3x3 mm active area and
are arranged in a square array of 64 photosensors. The -3050CN model features 3600 pixels
with a pixel pitch of 0.05 mm filling 60% of the entire array area. The -3075CN model has 1600
pixels and a fill factor of 70% giving a pixel pitch of 0.075 mm. Detection takes into account
the average PDE of these devices at 175 nm, which were measured to be to 28.0% for -3050CN
and 34.5% for -3075CN, respectively.

The distance between each SiPM device in the array (pitch) was set the smallest possible at
8 mm; this was not part of the optical optimisation. Keeping the array “real-estate” within a
64-mm side footprint allows the stacking of this design with no dead spaces. It was assumed
that the array itself as well as the lateral walls immediately around it would be black, since
lateral reflections will harm the position resolution. In the detector, this will be acomplished
by using a Kapton skirt around the array and the copper piece itself will be blackened.

The distance between the collimator plate and the LXe surface was varied and tested to find
which offers better results. The collimator plate is located in the gas with the SiPM array
devices at the back. The apertures of the collimator plate were varied in shape (conical and
cylindrical) and size, and are specified in Tables and Only the collimators with the best
preliminary results were chosen to be simulated several times at different distances from the
LXe surface.

The reflectivity of the Xenia fieldcage was a design parameter: this could remain as bare PTFE
(very high reflectance in the VUV) or it could be lined with Kapton (nearly black in the VUV).
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The former is strongly preferred for various reasons, but confirmation was needed that this
would not come at the expense of optimal position resolution.

Another set of critical parameters was related to the electrode grids used in Xenia, in particular
the anode (5 mm above the liquid surface) and the gate grid (5 mm below the surface). These
grids were included only in the later stages of the studies. The gate has the effect of focusing
the ionisation clouds being drifted from the active volume, and here it was considered that the
pitch of this grid is small enough as to not degrade the spatial resolution significantly; a grid
with ~ 0.100 mm pitch or less will be selected for the real chamber, although the one considered
here is somewhat coarser (this has little optical impact for this particular study). The anode
has a sizeable effect, since this grid will cast a shadow onto the SiPM array when S2 photons
emitted from below, and this does have a major effect on the achievable resolution as shown in
the next section. In this case the two finest meshes in the market were identified and studied.
Table|6.1] specifies the characteristics of the two different anode grids (a coarser and a finer one)
and one gate grid that were tested in the last stages of this study.

Table 6.1: Geometric characteristics of the electrode grids tested in the simulations.

Anode Nel Anode Ne2 Gate Nel
Shape Crossed wires Crossed wires Crossed wires
Aperture (mm) 0.83 0.111 0.077
Wire diameter (mm) 0.15 0.03 0.050
Pitch (mm) 0.98 0.14 0.127
LPI (lines per inch) 25.9 180.1 200
Open area (%) 72 62 37

For obtaining the resolution of each set of runs, it is recommended to use two different sets
of data, one for training (usually a well defined grid of photon bombs) and other for testing
(with more realistic and random photon bombs), meaning each detector setup would need to
be simulated twice as this reduces the bias in the results. However, to reduce simulation time
in this work, the same dataset was used for training LRFs and for resolution measurement.

Excluding the first set of runs, in all cases hereafter, the distributions of reconstructed positions
taken from Mercury in z and y, are approximately Gaussian and have negligible bias; examples
are given in Figures [6.6] and In the following sections, the standard deviation of the fitted
Gaussian is quoted as the linear resolution (o, and o), which typically has error in the final
significant digit. This metric is somewhat more optimistic than the RMS values for the actual
raw distributions obtained in each case, but this difference is actually small for the more central
regions in the LXe TPC, less affected by wall effects. The radial resolution in the following
tables is calculated as Ryqdgiat = (/02 + O'Z. The standard deviation of the fitted Gaussians is

the key metric here since it will be possible to select these events in the actual detector.

The vertical spacing and the misalignment of an SiPM centre relative to that of the collimator
hole was also a necessary study to take into account real conditions when assembling the de-
tector, as these can heavily influence LCE, energy and spatial resolution. The (z,y) positional
tolerance comes from the location of the silicon chip within its ceramic carrier, and the fact that
the an SiPM chip can be manually replaced if needed, thus possibly introducing a systematic
error larger than the original uncertainty quoted by the chip manufacturer.
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6.2 Results and discussion

6.2.1 First set of runs

Initially, five 4 mm thick collimators were tested, as described in Table[6.2] informed by previous
work done by an internship student . These first tests using point photon bombs were
the least realistic, using a detector geometry very similar to XemiaEl7 hence some parameters
were replaced for the correct values for the following runs. This first set was carried out with
the collimator placed at a distance of 30 mm away from the LXe surface, without any grids,
with a simple SiPM model of 2500 pixels and 100% PDE. This was a preliminary study that
only contemplated qualitative results in order to get a picture of which designs were the most
promising moving forward. Collimators number fa and 4a were excluded for being the least
favourable in terms of saturation threshold, LCE, light radius and the number of useful SiPMs
(with non-null signal and unsaturated); an example for LCE is shown in Figure The re-
maining designs moved on to the next set of simulations to test one collimator of each shape in
the accurate model of Xenia.

Table 6.2: Characteristics of the collimators studied in the preliminary simulations.

Collimator designation ‘ la 2a 3a 4a da
cone cone . inverted inverted
Shape . . cylinder . .
section section cone section cone section
Thickness (mm) 4 4 4 4 4
Exit aperture (mm) 2.54 3 3 4.3 4.3
Entry aperture (mm) 4.66 4 3 2.3 3.3

Y, mm
Y. mm

(Detected photons/Initial photons) x 100 (%)
{Detected phetons/Initial photons) x 100 (%)

I N R Ei
-40 -30 -20 -10

S

Figure 6.4: Light collection efficiency for collimator 2a (left) and collimator Sa (right). In the central
region design 2a has a LCE of 0.6% and design 3a has a maximum LCE of 0.3%.

5At the time of performing the first test runs there was lack of information on the specific geometry and
dimensions of Xenia.
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6.2.2 Second set of runs

From this point onwards, the chamber dimensions were corrected to match Xenia and the two
Hamamatsu SiPM models referred above were introduced in the simulation. The different col-
limators studied with the Xenia geometry are described in Table

Taking as reference the most promising designs from the previous runs, this set aimed to test
the effect of decreasing the collimator thickness (designs 2b, 3b and 5b), as it could improve
light collection and possibly resolution too. Three additional designs were introduced (7b, 8a
and 8b), in which the collimator apertures are wider to make use of all the pixels in the photo-
sensors. The photon sources in this run were single points spaced by 1 mm in the (z,y) plane.
During these runs the two Hamamatsu SiPM models were tested and it was found that the
S13370-3075CN model consistently offered better results for all configurations. This can be
explained by the higher PDE in this model, coming from the larger fraction of active SiPM
area, despite the smaller number of pixels.

Table 6.3: Characteristics of the collimators studied in the Xenia simulations.

Collimator | 2a 2b 3b 5b 7 Sa 8b 9a 10a
cone cone . inv. cone cone inv. cone inv. cone cone .
Shape . . cylinder . . . - . cylinder
section section section section section section section
Thickness (mm) 4 2 2 2 2 4 2 4 4
Exit aperture (mm) 3 3 3 4.3 4 6 6 4.2 4.2
Entry aperture (mm) 4 4 3 3.3 6 4 4 5.2 4.2

The conclusion after this set of simulations pointed to the best design being collimator 2a with
SiPM model S13370-3075CN at shorter distance (21 mm) to the LXe surface, as summarised
in Table Both the total and central resolution are shown, the latter being relative to the
inner part of the chamber for a radial distance smaller than 20 mm, which omits the points
in the outer 20 mm of the detector where resolution deteriorates significantly (see subsection
6.2.6). Although design 3b with the same SiPM model had a similar resolution, the choice of
the mentioned 2a design was also supported by a test to infer the LCE, which was higher for a
conical shaped collimator compared to a cylindrical one, as shown in Figure [6.4

The following figures are relative to the analysis of design 2a. For the sake of illustration, Figure
[6.5] shows the data for two different LRFS, represented as the number of detected photons as a
function of the distance from the light source to the centre of an SiPM. The spatial resolution
for each axis represented in Figure was obtained by plotting a histogram of the reconstructed
coordinate subtracted by the true simulated position and taking the sigma of the Gaussian fit.
The individual z and y resolutions are around 80 pm, giving a combined radial resolution of
122 pm for this design, fairly close to the desired value of 100 pm as mentioned in the previous
chapter.
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Table 6.4: Summary of radial resolution for the second set of ANTS2 simulations (SiPM data is not area
resolved, saturation correction and grids were not considered here).

Field cage Dist. to SiPM Light XY 7 Total Ra.dlal Central R'adlal
Col. reflectivity LXe (mm) model source  samplin samplin Resolution Resolution
Y (pixels) PHLS PHLS (mm) for r<20 mm (mm)
2b Kapton 21 1600 point 1 mm grid point 0.129 + 0.001 0.102 4+ 0.002
2b Kapton 21 3600 point 1 mm grid point 0.134 £ 0.001 0.108 &+ 0.002
3b Kapton 21 1600 point 1 mm grid point 0.124 £ 0.001 0.098 £+ 0.002
3b Kapton 21 3600 point 1 mm grid point 0.135 + 0.001 0.107 + 0.002
5b Kapton 21 1600 point 1 mm grid point 0.134 + 0.001 0.149 4+ 0.002
5b Kapton 21 3600 point 1 mm grid point 0.133 £ 0.001 0.106 £ 0.002
b Kapton 21 1600 point 1 mm grid point 0.138 + 0.001 0.112 + 0.002
7b Kapton 21 3600 point 1 mm grid point 0.141 + 0.001 0.120 4+ 0.002
8b Kapton 21 1600 point 1 mm grid point 0.132 + 0.001 0.105 £+ 0.002
8b Kapton 21 3600 point 1 mm grid point 0.133 + 0.001 0.106 £+ 0.002
2a, Kapton 21 1600 point 1 mm grid point 0.122 £ 0.001 0.089 + 0.001
8a Kapton 21 1600 point 1 mm grid point 0.153 + 0.001 0.131 &+ 0.002
2a Kapton 30 1600 point 1 mm grid point 0.149 £ 0.001 0.118 + 0.002
8b Kapton 30 1600 point 1 mm grid point 0.187 + 0.001 0.159 + 0.003
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Figure 6.5: Data of SiPM hits from all events for SiPM9 located in the edge of the chamber (left), and
SiPM28 near the centre (right). The distance in the x-axis is measured from the emission point to the
centre of each SiPM. These plots are relative to the highlighted configuration in Table[6.4] The fits made
to these data points for each channel will be the set of LRFs for each specific detector configuration.
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Figure 6.6: Resolution in the total active region of the chamber (r<40 mm) in the x-direction (left) and
y-direction with log scale (right) for the highlighted configuration from Table

6.2.3 Third set of runs

The evidence suggested that the studies should follow collimator 2a (conical), so we proceed by
examining the resolution at several distances from the LXe surface (at 15, 21, 30 and 40 mm),
and to check the effect of the fieldcage reflectivity. This was the first set of runs where the light
correction due to saturation was applied.

The test results are compiled in Table and Figure These revealed that resolution is
better overall when Kapton is used in the fieldcage walls, and that it improves for distances
closer to the LXe surface. However, at the smallest separation considered (15 mm), the use of
Kapton or PTFE ceased to have an influence, as the resolution was the similar in both cases.
The higher fieldcage reflectivity brings more advantages as it makes the detector more sensitive
to other physics studies of interest at lower energies, for this reason the decision was made to
continue with the PTFE walls.
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Figure 6.7: Linear resolution along z direction as a function of the distance between the LXe surface and
the collimator plate.
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Table 6.5: Summary of the radial resolution for the third set of ANTS2 simulations (SiPM data is not
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area resolved but light saturation correction was applied, grids are not included).

Field cage  Dist. to SiPM Light XY 7 Total Ra.dial Central R'adial

Col. reflectivity LXe (mm) model source  sampling sampling Resolution Resolution
: (pixels) (mm) for r<20 mm (mm)

2a PTFE 15 1600 point 1 mm grid point 0.151 £ 0.001 0.119 £ 0.012
2a PTFE 21 1600 point 1 mm grid point 0.173 £ 0.002 0.119 £ 0.002
2a PTFE 30 1600 point 1 mm grid point 0.206 + 0.002 0.147 £ 0.002
2a, PTFE 40 1600 point 1 mm grid point 0.323 + 0.003 0.232 + 0.004
2a Kapton 15 1600 point 1 mm grid point 0.154 + 0.001 0.121 4+ 0.002
2a Kapton 21 1600 point 1 mm grid point 0.146 + 0.001 0.111 4 0.002
2a Kapton 30 1600 point 1 mm grid point 0.167 £ 0.001 0.127 + 0.002
2a Kapton 40 1600 point 1 mm grid point 0.221 + 0.013 0.176 4+ 0.003

6.2.4 Fourth set of runs

Considering that design 2a has an aperture that partially covers the photosensor, cutting down
the area of useful pixels, a final collimator similar to design 2a was tested, with the same
thickness but wider diameters, keeping the ratio between the two openings. Collimator 9a was
therefore simulated with the two previous best configurations (21 mm separation with Kapton
and 15 mm with PTFE walls) to assess if this could be the final design in lieu of collimator 2a.
An additional collimator 10a (see Table [6.3)), was simulated as well in order to confirm that a
wider cylindrical aperture was not a viable option.

At this stage, after some troubleshooting, a fault was found in the simulation, which prevented
to make the SiPM response area resolved, i.e. the geometric fill factor was not properly being
taken into account, so this was corrected from here onwards. The results in Table [6.6| confirmed
that the resolutions for collimators 2a and 9a¢ under the same conditions were similar and that
the use of Kapton enhanced resolution, as was previously found.

Table 6.6: Summary of radial resolution for the fourth set of ANTS2 simulations (SiPM data is area
resolved with light saturation correction and without grids).

Field cage  Dist. to SiPM Light XYy 7 Total Radial Central R'adial
Col. . model . . Resolution Resolution

reflectivity LXe (mm) (pixels) source sampling sampling (mm) for r<20 mm (mm)
2a PTFE 15 1600 point 1 mm grid point 0.155 £ 0.001 0.119 + 0.002
9a PTFE 15 1600 point 1 mm grid point 0.157 £ 0.002 0.113 &£ 0.002
9a Kapton 21 1600 point 1 mm grid point 0.151 + 0.001 0.102 £+ 0.002
10a PTFE 15 1600 point 1 mm grid point 0.194 £ 0.002 0.172 + 0.003

It was decided to select collimator 9a as this takes advantage of the full SiPM active area while
maximising light collection, and a PTFE fieldcage. This parallel cone collimator is often called
single-sided knife-edge pinhole in the literature. Although further research is necessary on this
type of collimators in order to clarify discrepancies between theoretical predictions and simu-
lated data [MH17], we were able to confirm the overall behaviour of each collimator type during
these optical optimisation studies.

Comparing the results obtained so far and looking back at the theoretical considerations on
collimators from section 5.2.3, we verified that for conic/diverging collimators with the same
aperture, longer and narrower holes give better results: for instance collimator 2a is longer and
better than 2b in Table and design 2a contrasted by 9a in Table shows that the wider
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aperture of design 9a diminishes the resolution slightly (possibly offset by the larger amount of
pixels receiving light).

However, in the case of inverted cones/converging collimators with the same opening, a shorter
length is more advantageous (e.g. 8a versus 8b in Table . It was also seen that for the same
collimator length, narrower apertures improve resolution although at the cost of geometric ef-
ficiency, this is observed for instance in collimators 2b and #b: even though design & grants
better resolution, design 2 has higher LCE (see Table [6.4).

Additionally, in Chapter [5] it was shown that smaller distances between source and collimator
result in sharper images, this was clear in the third set of runs (see Table , for the four
distances that were tested in both Kapton and PTFE.

6.2.5 Fifth set of runs

The next step was to assess the effect of introducing the electrode grids. The selection of gate
and anode grid meshes is critical to obtain the best resolution. In both cases the tests were
made with ultra-fine woven meshes which can be sourced commercially. The gate, which sits
a few mm below the liquid surface, “focuses” the electron clouds as they drift to the liquid
surface, and hence its pitch must be much smaller than the required spatial resolution. The
anode, which sits in the gas phase a few mm above the liquid surface, creates the strong electric
field needed to emit the drifting electrons and then to generate the large S2 response. Several
effects can be introduced by the anode in particular; these include the shaping of the field lines
followed by electrons as they approach the anode as well optical effects, for instance the casting
of a shadow onto the array which spoils the resolution significantly.

Even though it had been established that 15 mm was the ideal distance to the liquid surface, the
configurations with 15 mm and 21 mm were tested once more as it was unclear if the presence
of the grids could influence the chosen distance. Furthermore, the best configuration was also
tested with the 3600 pixel SiPM so as to verify that introducing the grids would not change the
preferred sensor model.

Finally, the point source photon bombs were altered to vertical sources composed of 20 evenly
spaced points in the 5 mm between the liquid surface and the anode. The sampling of the (z,y)
coordinate was randomised to approximate a more realistic scenario and minimise systematic
effects. The results for this set of runs are described in Table [6.7] and it was found that very fine
meshes were needed for both gate and anode to optimise the spatial resolution, having chosen
to combine Anode Ne2 with Gate Nel (see Table .

Table 6.7: Summary of radial resolution for the fifth set of ANTS2 simulations (SiPM data is area
resolved with light saturation correction).

. Dist. to  SiPM . Total Radial Central Radial

Col. Flftfldt.ca,g’te LXe model Grids Light X\; Zl. Resolution Resolution
reflectivity (mm)  (pixels) source sampling sampling (mm) for 1<20 mm (mm)

9a PTFE 15 1600 none point 1 mm grid point 0.157 £+ 0.002 0.113 £ 0.002
9a PTFE 15 1600 none linear 1 mm grid 20 even points 0.141 £ 0.005 0.105 £ 0.002
9a PTFE 15 1600 anodel linear 1 mm grid 20 even points 0.197 + 0.002 0.125 £+ 0.002
9a PTFE 15 1600 anodel+gatel linear 1 mm grid 20 even points 0.178 £ 0.002 0.119 £ 0.002
9a PTFE 15 1600  anodel+gatel linear random unif. 20 even points 0.219 £ 0.002 0.182 £ 0.003
9a PTFE 21 1600  anodel+gatel linear random unif. 20 even points 0.228 £ 0.003 0.189 + 0.003
9a PTFE 15 1600  anode2+gatel linear random unif. 20 even points 0.155 £ 0.002 0.118 £ 0.002
9a PTFE 21 1600  anode2+gatel linear random unif. 20 even points 0.229 £ 0.002 0.183 & 0.002
9a PTFE 15 3600 anode2+gatel linear random unif. 20 even points 0.175 £+ 0.002 0.147 £+ 0.002

In addition, the stainless steel used in the meshes has some VUV reflectivity and this causes
additional effects which can be detrimental for reconstruction but it also has the benefit of



70 CHAPTER 6. COLLIMATOR AND SIPM ARRAY STUDIES

increasing LCE as the presence of the gate traps more light between the electrodes, which gets

reflected repeatedly until it reaches the sensor or is absorbed (compare resolutions in lines 3
and 4 of Table [6.7)).

6.2.6 Final set of runs: best design

In conclusion, the best design was for a 4 mm thick collimator plate with 5.2-t0-4.2 mm conical
apertures, located 15 mm above from the liquid surface (i.e. 10 mm above the anode plane),
combined with the 1600-pixel SiPM model. The (z,y) sampling was switched from a random
sequence to a quasi-random Sobol sequence [JKO03] (i.e. low discrepancy between the points of
a set), which ensures a more uniform dispersion of points.

The results with this configuration are summarised in Table and the corresponding satura-
tion plots, LRFs and resolution histograms are presented in the subsequent figures from Figure
6.3 to B.161

Figure is relative to the SiPM saturation analysis. The dashed blue line is set at the total
number of pixels in the SiPM without accounting for the geometric fill factor. The data points
come from the aforementioned ANTS2 simulation: the orange points are the number of pho-
tons reaching the surface of the SiPM and the green data points are the number of fired pixels,
meaning the orange points were corrected by applying the PDE factor. The solid red line is the
Poisson fit (from Equation and as shown in Figure to the simulation points and the
inset has the optimal fit value for N;u,;. The Poisson correction was applied to the uncorrected
data points and the verification is shown in the plot on the right hand side, which is consistent
with the expected slope of fired pixels.
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Figure 6.8: Simulated saturation curves and Poisson fit (left) and corrected number of expected firing
pixels against the simulated firing pixels (right) for a central SiPM sensor. The axis scale is corrected

with the fill factor since the simulation was run with this value into account and Equation (6.1)) does not
include this.

Figure shows the number of detected photons (hits) in the entire run, with the data from
all 64 SiPMs overlapped in different colours in order to have a full picture of where the light
cuts should be made. By looking at the two plots one can note where the cuts were defined
for saturation and noise light: in this particular case to mitigate errors from non-linearity, the



6.2. RESULTS AND DISCUSSION 71

SiPMs that registered more than 850 hits could not be used for reconstruction, which corre-
sponds to a threshold of ~60% of Ny and the noise cut was defined at 30 hits. It was verified
using ANTS2 that cutting above this would start increasing the deviation instead of improving
resolution.

The dispersion and intensity of light from a vertical photon source of 6 million photons is shown
in Figure [6.10] located under SiPM number 28. To visualise the negative effect the PTFE walls
have on reconstruction bias, Figure [6.11| was made by plotting on a 2D histogram how much
the reconstructed position deviates from the true position.

Since the amount of light collected heavily influences spatial and energy resolution, two tests
were run to obtain the LCE for the best design with and without electrode grids for comparison.
Figure shows that without grids this setup allows ~0.45% of the total light to be collected
and including the gate and anode of choice (as discussed in sub-section 6.2.5), the collection
efficiency is at most ~0.25% in the central region. As expected, these results indicate that the
light collection worsens with the presence of grids, however these are a key component of the
TPC detector,so they need to be carefully chosen in order to assure the LCE is still high enough
for the physics studies of interest.
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Figure 6.9: Overlapped data of corrected SiPM hits from all events (left), the saturation cutoff at 60%
sets the threshold number of detected photons above which the data ceases to be used for reconstruction.
Same plot with log-y scale, allowing to estimate noise from faint light (right). The dashed lines indicate
the signal cuts.
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Figure 6.10: 2-D histogram showing the transversal
dispersion and intensity of detected light over the
chamber for a photon source located under SiPM28.

Figure 6.11: 2D-histogram representing the differ-
ence between true and reconstructed positions of
events throughout the radial active area.
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Figure 6.12: Light collection efficiency of best design with no grids (left) and with anode and gate grids
(right).

The resolution in the full chamber is represented in Figure where there are residual tails
that do not follow the Gaussian fit. These are a consequence of the presence of PTFE walls
which disperse the light several times before it gets detected, meaning the events occurring in
the outer regions of the chamber will not be reconstructed within a small margin of errorﬂ
Therefore, the region that ought to be considered when selecting events of interest (fiducial
volume) should not include the periphery of the chamber.

Figure [6.16] represents the resolution in radial slices of the detector, which is seen to decline
for r>20 mm outwards; this is also visible in Figure [6.15] where there is a somewhat wider
dispersion of points from linearity, this suggests the 20 mm mark is the clear choice for the
fiducial radius. The resolution histograms from Figure [6.14) were made using only events in
the inner 20 mm radius of the detector and these values are also included in Table [6.8l The
spatial resolution found for these conditions is 124 pm radially, and for each direction x and y
the Gaussian sigma reaches 87 um and 89 pm respectively. During testing resolutions improved
when the number of simulated events was increased, and considering these results were obtained
with ~6000 events only, they could possibly improve with a more extensive simulation run.

X resolution Y resolution
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Figure 6.13: Resolutions in the x-direction (left) and in the y-direction (right) for the best design option:
collimator 9a with 1600-pixel SiPM, PTFE walls and 15 mm separation to the LXe surface.

SThis can be remedied by using XY LRFs since the true LRFs of the sensors near the walls cease to be axial,
so fitting it with an axial function introduces bias in the reconstruction.
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X resolution in |r|<20 mm Y resolution in |r|<20 mm

2 H1_Xresolution_centre20 £ H1_Yresolution_centre20
§ Entries 1509 § 250 Entries 1509
250 Mean -0.001098 Mean -0.005626

Std Dev 0.0868 Std Dev 0.08911

¥/ ndi 5.036 /12 200 x2/ naf 12.6/13

200 Prob 0.9568 Prob 0.479
Constant 276.5 + 9.0 Constant 2682185

Mean -0.0009462 + 0.0022491
Sigma 0.08687 + 0.00174

Mean —0.005319 + 0.002323
Sigma 0.08905 + 0.00165
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Figure 6.14: Resolutions in the x-direction (left) and in the y-direction (right) for the best design option,
showing events only in the inner region of the LXe-TPC (r<20 mm).
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Figure 6.15: Reconstruction performance in the Figure 6.16: Variation of the resolution (x-direction)
x-direction, analysed as true simulated position from the centre of the chamber to the periphery, in
against reconstructed position. radial slices of 5 mm.

SiPM tolerances in (z,y)

To test the effect of uncertainties due to mechanical tolerances affecting the positioning of in-
dividual silicon chips, a simulation was run with an array of spatially-shifted devices behind
a perfectly aligned collimator: the centres of the sensors were shifted according to a Gaussian
with ¢ = 0.100 mm in z and in y (i.e. 0.140 mm radially) truncated at a maximum absolute
displacement of 0.300 mm for both coordinates; then the reconstruction LRFs were optimised
and position was reconstructed again. The SiPMs will only be attached to the Kapton tape so
most of the positional tolerance comes from the location of the chip within the ceramic carrier
of the array. An average for the worst case scenario indicates that misplaced SiPMs would
worsen resolution to a value of 216 pm, up from 124 pum for the same central region with r<20

mm (see Table [6.8)).

However, in principle it should be possible to correct for this in the real detector since we will be
able to change the LRFs parameters as necessary with the array already in place. During these
optimisation tests, the LRFs were trained under the assumption that each SiPM was placed
in a fixed position, and a possible solution would be to set unfixed positions for the centres of
the LRFs thus overcoming the bias. From the tolerance tests it was found that errors inherent
to the LRFs were more detrimental to the resolution rather than having a significant physical
displacement. While analysing the data from one of the runs with a random shift in (z,y), if
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reconstruction was calculated with LRFs from the shifted geometry, the resolution was 130 pm;
but reconstructing the same set of events using LRFs from an ideal geometry (SiPMs perfectly
centered with collimator apertures) lowered the resolution to 119 pm.

Additionally, a test run was made with the same systematic offset for all SiPMs, in which they
were all shifted to the right by 0.15 mm. The histograms for this case are in Figure[6.17] and the
outcome was a resolution of 130 pm, it barely declined in comparison to the ideal scenario of 124
pm. The noticeable change appeared in the mean value of the histogram, which shifted from 0
to ~0.5 mm. This bias introduced by the effect of parallax depends on the setup geometry (the
parallax decreases as the distance between the source and the collimator increases) and could
be corrected in post processing, although this was not tested.

X resolution in |r|<20 mm Y resolution in |r|<20 mm

2 H1_Xresolution_centre20 £ H1_Yresolution_centre20
3 250| Entries 1509 3 250 Entries 1509
Mean 0.4978 Mean -0.006197

Std Dev 0.09047 Std Dev 0.094

200| 7 ndf 12.23/13 200 1°/ ndf 15.28/14
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Figure 6.17: Resolution in the region of r<20 mm, in the x-direction (left) and in the y-direction (right)
for the best design option, with all SiPMs systematically displaced to the right by 0.15 mm relative to
the centre of the collimator holes.

SiPM tolerances in z

To test the effect of adding a short distance between the collimator exit and the front face of
the SiPM chips, the best configuration was retested with this distance increased from 0 mm to
1 mm. The radial resolution in the centre of the LXe-TPC increased from 124 + 2 pum to 139
+ 2 pum. If the separation was set to 0.5 mm instead, the resolution achieved would be 121 £
2 pm, which falls inside the uncertainty.

Spatial resolution with varying energy

To complete the analysis, the performance with a decreasing number of photons was tested, to
simulate the effect of "slicing" the S2 signal in time and lower S2 yield due to hydrogen doping
(see subsection 5.2.2). The resolution degrades as expected, approximately as the square-root
law expected from photon statistics as pictured in Figure [6.18} this is only partly offset by the
less severe saturation cut which is required. A reasonable expectation for the case of Hs doping
is reducing the original number of photons by a factor of 8, which would decrease the resolution
from 124 pm to 245 pm considering r < 20 mm the central region of the detector.
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Table 6.8: Summary of radial resolution for the final set of ANTS2 simulations (SiPM data is area

resolved and corrected for saturation).

Photons . XY 7 Total Ra.dlal Central R.adlal
(millions) Observations sampling sampling Resolution Resolution
(mm) for r<20 mm (mm)
6 No collimator sobol seq. 20 rand. points 0.540 + 0.007 0.376 £ 0.006
6 No grids sobol seq. 20 rand. points 0.174 + 0.002 0.103 £+ 0.001
6 - sobol seq. 20 rand. points 0.183 + 0.002 0.124 4+ 0.002
3 - sobol seq. 20 rand. points 0.220 & 0.002 0.165 & 0.002
1.5 - sobol seq. 20 rand. points 0.259 4 0.002 0.193 4+ 0.003
0.75 - sobol seq. 20 rand. points 0.324 + 0.003 0.245 + 0.003
0.375 - sobol seq. 20 rand. points 0.458 + 0.004 0.341 £ 0.005
SiPMs with (z, y) and z tolerances
6 random shift in (z,y) sobol seq. 20 rand. points 0.314 + 0.003 0.216 + 0.003
6 shift in z by adding 0.15 mm sobol seq. 20 rand. points 0.200 £ 0.015 0.130 £ 0.002
6 space in z by adding 1 mm  sobol seq. 20 rand. points 0.197 £+ 0.002 0.139 £ 0.002
6 space in z by adding 0.5 mm sobol seq. 20 rand. points 0.176 £+ 0.002 0.121 £ 0.002
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Figure 6.18: Radial resolution as a function of photon yield for r<20 mm for the best design (S13370-
3075CN device, 9a collimator, 15 mm to LXe surface, and finer gate and anode grids) and obtained

square root fit.

As stated in the beginning of this chapter, the results presented were obtained considering 6
million S2 photons, meaning the resolutions are relative to one slice of the NDBD track. From
the inverse square root fit in Figure [6.18] we can now extract the result for the total of 60
million photons corresponding to the resolution for the entire track: the radial resolution would
be 79 pum and the linear resolution for z and y would be 56 pm.
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Chapter 7

An End-to-End Simulation Tool

In order to study the detector response to different interactions, a complete simulation tool
was developed capable of generating realistic waveforms that we would expect to obtain with
Xenia. These simulated waveforms will allow us to understand other performance aspects and
predict the behaviour of the detector before its construction and operation, for instance on the
minimum vertical vertex separation of an event, test the effect that different drift velocities have
on position resolution, and even study calibration sources that might be used in the real detector.

As mentioned at the end of Chapter [p, the foundation for this was the ANTS2 software with
Geant4 integration, complemented by the use of NEST. This tool can be used to study other
dual phase TPC detectors other than Xenia by changing some physics parameters (e.g. electric
fields, temperature, pressure, factor QlEl and g9 is calculated internally by NEST from the afore-
mentioned parameters) and defining the proper geometry in ANTS2. In the following sections,
the operation of the main blocks of the simulation are explained, and a complete flowchart
summarising the code can be found in the Appendix.

7.1 Event Processing

The initial configuration of the simulation includes, for instance, the random seed generator,
number of events, primary particle specification, size of time bins for waveforms digitalisation,
the interaction type and electric field regions. To speed up the computing time for photon
propagation there is an option to choose the number of threads and an option to perform down-
sampling and rescaling on the S2 pulse.

FEach event presented here was simulated in time-resolved mode with 10 ns digitalisation and the
interaction type used for all events was ER § interactions, including Comptons. NEST requires
initialising a detector class which emulates the same characteristics of the ANTS2 geometry,
and additionally allows to add other methods and variables not contemplated in ANTS2. More
details on the function of this NEST class are given further ahead.

7.1.1 Particle sources

The user can define particle sources and choose the type, energy, position, direction and number
of particles. The information for each source is written to a file which ANTS2 uses for primary
particle generation. Afterwards, the information in the file is sent to Geant4 where the sources

'Number of photons detected per S1 photons produced.
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are propagated; the coordinates, time stamp and energy for each of the deposition sites is
recorded and returned to ANTS2 to be grouped into clusters (see next subsection).

7.1.2 Clustering of energy depositions

Clusters are determined with the DBSCANE| algorithm, which is very efficient in finding arbi-
trarily shaped clusters based on their local density. The implementation of DBSCAN used here
is from scikit-learn and takes two arguments: the minimum number of samples (n) required to
construct a cluster, and the maximum radial distance between each sample (¢). Considering
a point P from a set, if there are n or more samples within the area delineated by € centered
at P, they are considered core samples, or neighbours of P. Consequently, a cluster is a set of
core samples together with a set of non-core samples located at the edges of the high density
region [Kha+14]. The points that do not fit these conditions are labeled as noise (considered as
a cluster made of a single interaction point). Figure shows a visual representation of data
clustering by DBSCAN.

In the simulations presented here, the ¢ = 0.025 mm and n = 3 and each point is weighed by its
deposited energy. The average centre, timing and total energy of each cluster is calculated and
saved in an object, as well as the information on noise samples, so that they are all simulated
and analysed.
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Figure 7.1: Example of data clustering by DBSCAN shown in the (z,y) plane (left) and in 3D (right).
Points represented with the same colour belong together in a cluster and points with single colours are
considered noise.

7.1.3 Identification of bremsstrahlung interactions

Bremsstrahlung is a problem in NDBD and f interactions of the MeV energy range. This hap-
pens when a charged particle is deflected from its path due to the influence of another charge,
losing kinetic energy that is released in the form of a v photon. As a consequence, this leads
to the appearance of a secondary track (originating from the bremsstrahlung ~-ray capture),
disjointed from the primary track, which can increase the uncertainty when reconstructing the
event. As seen in Figure[7.2] the yields depend on the incident energy, so to obtain the correct
yields it is necessary to subtract the energy deposited in the medium from the incident energy,
doing so for all consecutive interactions. However, if there is a bremsstrahlung interaction along
the way, this breaks up the chain of calculation, so we need to distinguish which interactions
come from this process. Therefore, a method was created in an attempt to separate 5 ER from

2Density-Based Spatial Clustering of Applications with Noise
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bremsstrahlung ER before clustering.

Ideally, this could have been done by using the ANTS2 built-in functions that give information
on the particle history (retrieved from Geant4). However, this was not possible to achieve due
to the way the simulation is structured. Therefore, the solution arranged for this consisted
in searching for the minimum distance between every two clusters obtained previously. If the
minimum distance is larger than 0.2 mm, then that far away cluster is considered to be an
interaction from a bremsstrahlung photon, and another method will check if this is part of a
series of interactions by said photon by iteratively comparing if the minimum distance is smaller
than 2 mm for the remaining clusters.

These values were determined by plotting a histogram with the distances between clusters of
400 different events. There were two distinct populations, which allowed to define the distance
from a bremsstrahlung interaction to the main track and the distance between bremsstrahlung
neighbours located far from the track. The minimum distance between two clusters in the main
track cannot exceed 0.2 mm, and the distance between bremsstrahlungs close to each other
should be smaller than 2 mm. With this information it is now possible to reconstruct the tra-
jectories and calculate the energy of the particles before each interaction.

7.1.4 Light and charge Yields

After gathering all energy depositions within each cluster, the number of photon and electron
quanta as well as the emission times of photons is obtained using NEST. The final light and
charge yields for an individual cluster are calculated by subtracting the NEST yields with the
initial energy from the NEST yields with the remaining energy after an interaction.

The propagation of S1 light is done using ANTS2 methods: an optical photon is added for each
photon quanta, positioned at the centre coordinates of its parent cluster, with its characteristic
emission time. ANTS2 then runs the photon sources for one cluster, propagates light isotropi-
cally and computes the number of photons detected by SiPMs and PMTs, which constitute the
timed light signals. ANTS2 built-in functions are called to properly retrieve the time resolved
signals from each photosensor which are then summed over all the clusters. Simulation and col-
lection of S2 light is achieved in the same manner: after drift and diffusion of the electron cloud,
extraction to the gas phase and calculating the amount of photons produced per extracted elec-
tron, the emission times of photons and coordinates can be obtained and electroluminescence
can be simulated isotropically (explaned further in the next subsection).

NEST calculates the yields through a simplified Platzmann equation Egep, = N;(aWe, + Wj),
derived from Chapter [l Since S1 and S2 yields are anti-correlated, accurately modelling the
recombination probability of ionisation electrons is crucial for simulating realistic yields. The
plots representing the yields modelled by NEST for ER S interactions are in Figure
Recombination physics is modelled in two parts: for long particle tracks and smaller LET, the
derivation of Birk’s Law [Dok+8§]| is applied; while for tracks shorter than the mean electron-ion
thermalization distance, the Thomas-Imel Box model [SD11] is more appropriate. The excep-
tion is for low energy particles (high LET), where the box model applies at all times. A detailed
explanation of the models and adjustments made can be found in [Szy+11].
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Figure 7.2: Light yield (left) and charge yield (right) as a function of incident energy for the primary
particle source. These plots are relative to ER 3 interactions in Xenon for a drift field of 380 V/cm, the
nominal conditions used in XENTA simulations.

To simulate a realistic pulse, information on the photon emission times is necessary, and NEST
models this as well. The shape of the S1 signal is limited by singlet and triplet lifetimes,
recombination time and ratio of single to triplet states. The lifetimes in the NEST model
are 3.1 £ 0.7 ns and 24 + 1 ns for singlet and triplet states respectively, and come from an
error-weighted world average of published results. The ratio between the two states has been
measured empirically [Moc+14]. The bigger the energy density per unit length transferred to
a medium, the more ionized it becomes and as a consequence, the easier it is for an electron
to recombine. This indicates that recombination time should be inversely proportional to LET,
and although this is not fully accurate, NEST ignores other effects that contribute to this as
they are not necessary to correctly adjust the data [Moc+14]. Recombination time is calculated
from , the exponential factor is introduced to accommodate the quenching effect caused by
the presence of an electric field [Moc+14]:

1+ B x LET
T = (f- X —Z » 2ET > x e 0009Es — 7 x e 0009 () (7.1)
where A and B are free parameters of the recombination probability, E; is the electric field and

7 is a normalization factor which was determined to be 3.5 ns for electron recoils.

7.1.5 Diffusion of electrons

The diffusion of electrons implemented is a simplified model adapted from the NEST code,
considering three uniform electric fields in the drift (liquid phase), the electroluminescence and
extraction regions (gas phase). NEST models the coefficients for both transversal and longitu-
dinal diffusion, in both LXe and GXe, as power law fits dependent on the applied electric field.
The longitudinal component in the drift region has a predominant effect on the shape of the S2
pulse because it dictates the temporal distribution of electrons and hence the detection time of
photons as well.

Under the 380 V/cm field, each ionisation electron is diffused from its current position on the
cluster centre upwards to the LXe surface. The new location of the electron is obtained by
adding small diffusion steps to its z, y and z coordinates as indicated in Equations (7.2)), (7.3)
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and . The travel time of each electron is updated and summed at each step, dividing the
distance travelled along the z direction by the electron drift velocity in that region, as shown in
Equation . This iterative process models a realistic spread of the electron cloud. Between
the gate and LXe surface, the same process is followed with the proper velocity and diffusion
coefficients under the 5 kV /cm electric field.

Tnew = Tprevious + DTCOS(¢) (72)
Ynew = Yprevious T+ DTSZn(¢) (73)
Znew = Zprevious + Dy, (74)
Az
larift = —— (7.5)
Vq

The time it takes for an electron to overcome the energy barrier at the liquid/gas interface, and
be extracted to the gas phase is reproduced through an exponential distribution, for which the
time constant is taken from a quantum tunnelling probability [Moc+14]. This is also added to
the electron travel time.

After recording the coordinates and times for when electrons reach the gas, the number of pho-
tons produced by each electron via electroluminescence is taken from a normal distribution with
the yield as the mean, and the Fano factoxﬂ corrected yield as the standard deviation. NEST
allows to obtain the values for gas extraction efficiency, electroluminescence yieldﬂ single elec-
tron sizeﬂ and the factor gglﬂ Once more, a new set of electron coordinates and the travel times
are determined, but now with velocity and diffusion coefficients for GXe in the 10 kV /cm field.
For drift velocity in gas, NEST uses a constant velocity provided by look-up tables from the
Magboltz package [Biall].

The emission times of S2 photons are collected from NEST, the (z,y) position where they are
emitted from corresponds to the last recorded coordinates of the electron and this information
is passed on to ANTS2 optical photon nodes. After all photon sources are recorded, the light
is propagated and the signal from the photosensors is retrieved and added iteratively until all
S2 signals have been summed, as described in subsection 7.1.4.

7.1.6 Signals from SiPMs and PMTs

After photons are emitted, ANTS2 takes care of propagating them, from their initial coordinates
and orientation, the distance to the next geometry interface is calculated. The processes taken
into account by ANTS2 during photon propagation are absorption and scattering in the bulk
volumes and absorption, specular or diffuse reflection at the material interfaces. The propaga-
tion process ends if the photon is absorbed, leaves the detector geometry, enters a photosensor
or a maximum number of tracing cycles is reached. In ANTS2, the detection probability of a
photosensor is given by the product of its quantum efficiency for the photon wavelength, the
angular dependence and area dependence of the detection probabilityﬂ The number of detected
photons is accumulated over consecutive time bins of 10 ns duration for each detector. The se-
quence of these time bins forms a time resolved waveform which is exported for each individual
photosensor as well as the sum for the top and bottom arrays.

3Calculated by NEST.

4Number of photons produced per ionisation electron.

5Number of photons detected per electron extracted to the gas phase.

SNumber of photons detected deriving from one ionisation electron removed from the interaction site.
"The angular response was not taken into account in these simulations.
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All of the information on the event is flushed to 3 main output files: one with details on inter-
action points and clusters, another with waveform data and untimed signals for light maps, and
most importantly a JSON file which contains all necessary data for analysis to be used in the
MiDAQﬂ and MiDAqﬂ tools, developed by the Dark Matter group from LIP-Coimbra |Ara+22].
The waveform can be plotted with ROO’[H [BR97| graphing tools inside ANTS2 or using a
separate script/tool to read the data in the files.

In order to assess the validity of waveforms generated by ANTS2, a few simulations were run
independently with NEST and then compared to the equivalent event simulated with ANTS2
(performed with the same chamber geometry, same particle type, energy and position). Even
though NEST allows to obtain waveforms for a specific interaction, it does not offer information
on the signal of individual photosensors, crucial for position reconstruction. The result is in
Figure [7.3] where the S2 signal for both waveforms is overlapped and shows good agreement
between the two separate runs.
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Figure 7.3: S2 signal of a 90 keV electron at the centre of the TPC, simulated by ANTS (blue) and
by NEST (red). The counts in the y axis are normalised because simulations processed only in NEST
consider PMTs as their sensors, as opposed to the SiPMs used in ANTS2.

7.2 Waveform Examples

Many events of interest to this work were simulated, and a few examples are presented here,
namely an ideal NDBD event, a NDBD with Bremsstrahlung, and a single electron of 2.5 MeV.

7.2.1 0vpp

This event was generated by simulating two electrons of 1.25 MeV each, emitted from the same
point and travelling in opposite directions. In this particular case, the event was set at the
centre of the chamber, at (z,y,z) = (0,0,0), which corresponds to a depth of 42.5 mm below
the LXe surface, and direction vectors were j@f =(0,0,1) and d_;; = (0,0,-1)).

Figure [7.4] shows the correspondent simulated pulse, in which the S2 signal displays two peaks
corresponding to the two electrons: this pulse shape occurs due to the vertical direction of
propagation as they have a large enough difference in arrival time to create separate peaks.

Figure [7.6] shows the spatial visualisation of this event, where a black star marks the initial

8Migdal data acquisition software.
9Migdal data analysis software.
'ROOT is a data analysis framework developed by CERN.
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position and the arrows indicate the directions of the two electrons along the tracks. The colour
scale shows the intensity of energy deposition.

By taking the time difference between peaks in Figure [7.4 and the velocity in the drift region
(vg = 1.69 mm/pus), we can infer that the two major depositions took place approximately 1.2
mm away from each other. This is observed in the 3D plot of Figure [7.6] where the two zones
with the densest energy depositions are at z ~ +0.6 mm.
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Figure 7.4: Waveform for a simulated NDBD event. Figure 7.5: Waveform of the S2 signal for a sim-

The inset shows the S1 signal zoomed in. ulated event of NDBD with bremsstrahlung.
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Figure 7.6: Spatial view of the simulated event for NDBD in the (z,y) plane (left) and in 3D (right).

Although a NDBD event can be easily identifiable like the one in Figure [7.4] it can also take
the shape of a single peak, as the one in Figure This event was simulated with origin
at (z,y,z) = (0,0,25) mm. The smaller peak on the right corresponds to a bremsstrahlung
interaction that occurred far from the main track, which can be seen in Figure [7.7, where there
are two outliers about 11 mm and 13 mm away from the source point. A light map of this
event is shown in Figure [7.8] this is a downward view from the top of the TPC, which displays
the number of detected photons in each SiPM (small squares) and PMT (large squares). The
SiPMs with the stronger signals (red and orange) correspond to the region where the main track
is located at (z,y) = (0,0) and the deviation of the signal intensity towards SiPM number 42
at (z,y) = (—12,—12) (in light blue) is due to the bremsstrahlung interactions.



84 CHAPTER 7. AN END-TO-END SIMULATION TOOL

L1 E

4

%

139

y (mm)

-
108 max

=

n

.
~
b
X

X (mm)

Figure 7.7: Spatial view of the simulated event of
NDBD with bremsstrahlung in the (z,y) plane. The

inset ShOWS. an expanded view of the main track in Figure 7.8: View of the light map from the simulated
the upper right corner. event of NDBD with bremsstrahlung.

7.2.2 Single Electron of 2.5 MeV

A single electron with the total energy of our ()gg of interest can also be a source of background.
An example of the S2 signal for this event is shown in Figure [7.9] simulated at coordinates
(z,y,2) = (0,0,—10) mm. A subtle bremsstrahlung peak can be seen in the waveform and
clearly identified in the 3D visualisation from Figure The (z,y) plane in the same figure
shows a cleaner track followed by a single electron.
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Figure 7.9: Waveform of the S2 signal for a simulated event with an electron of 2.5 MeV.
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Figure 7.10: Spatial view of the simulated event for an electron of 2.5 MeV in the (z,y) plane (left) and
in 3D where the dot at the top is the deposition point of the bremsstrahlung (right).

7.2.3 Downsampling

With the purpose of further testing the feasibility of the simulation tool developed here and to
produce a more complete study of the simulated waveforms, the next step would be to gener-
ate thousands of events and perform a statistical analysis. However, this was not possible to
accomplish for this work as it was found that this process was computationally intensive and
required more computational resources than currently available as well as improvements to the
ANTS2 software.

A possible solution to lighten the computational process was to reduce the amount of simulated
S2 photons for each cluster via a downsampling probability. This was implemented by deter-
mining that for a larger amount of photons produced per S2 electron, ANTS2 would simulate
a smaller number of photons, in such a way that ANTS2 would only trace a percentage of the
photon yield for each electron. This was implemented by assigning a downsampling probability
for the photons, as described in Equation E Ny, is the number of original photons and
Ngim = Npp, X Ppg is the amount of simulated photons by ANTS2. After S2 light propagation,
the waveform is rescaled to match one where all of the light would have been simulated.

Ppg = 43.04 N,0°% for Ny, > 1 x 10* (7.6)

The downsampling option was tested in a simplified geometry and it is possible to run the sim-
ulation with or without this feature. Figure shows an example of an event simulated with
both options and it is clear that the two waveforms overlap and are relative to the same event
although there is a slight offset in the amplitude during rising time, which could be investigated
by applying a smoothing function over the pulse. The biggest difference is the expected increase
in fluctuations which translates as noise.

Figure[7.12]shows the histogram of the pulse areas for a collection of 2000 events with downsam-
pling (red solid line) and 2000 without downsampling (blue solid line). The two samples clearly
belong to the same population, which indicates that the downsampling algorithm could work
and be used comfortably to reduce computational time. Although these results are promising,
similar tests such as this performed with the Xenia geometry did not show such an agreement.
Therefore, we deem these preliminary results inconclusive and in need of further investigation
and improvement of the downsampling process.

" The numeric values in the formula were obtained by making a fit to the desired values (e.g. for 1 x 10*
photons, have the downsampling be ~40%, for 5 x 10* photons reduce to ~20% and so forth).
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Figure 7.11: Comparison of an S2 pulse without downsampling (NO DS) plot in blue and cyan and with
downsampling (DS) plot in red and orange. The waveform is for a simulated electron of 1.25 MeV in the
centre of the chamber.
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Figure 7.12: Total pulse areas for the signals obtained from the top photosensor array (left) and for the
bottom array. The blue line corresponds to the sample without reducing the number of photons and the
red line represents the sample where downsampling and rescaling were performed.

Despite the drawbacks, the simulation tool is functional and was still tested within the possibil-
ities and resources at hand. For instance, the data analysis framework of MiDAQ and MiDAS
were briefly used to process data and explore pulse separation in simulated waveforms. This
was intended for studying separation of single and multiple scatters, minimum vertical vertex
separation and more. Events simulated with this tool have already been used for studies like
the one from Figure[5.7]in Chapter[5] The way this simulation is structured allows it to be used
in future works regarding LXe dual phase TPCs.



Chapter 8

Conclusions

Rare event searches such as neutrinoless double beta decay are some of the most interesting
subjects being studied in particle physics at the moment. Observation of the neutrinoless decay
would truly revolutionise Standard Model physics and shift our understanding of the Universe,
opening a path for a whole new field of study. Even though their decay lifetime is extremely slow
and the experimental requirements for a detector with enough sensitivity capable of detection
at this energy range are extremely demanding and pushing the limits of engineering, there are
promising preliminary studies that show detecting these rare events may be possible.

The state of the art experiments in the field have already reached sensitivities that are beginning
to probe the inverted mass hierarchy region such as KamILAND-Zen and in 10 years time nEXO
expects to completely exclude this region. The first science run of the dark matter experiment
LZ has achieved an unprecedented energy resolution of 0.65% on the energy region of interest
for NDBD searches in '35 Xe [Per22a). One of the 3¢ generation experiments already underway
in the planning stage is XLZD, which joins the expertise of 3 existing collaborations, XENON,
LZ and DARWIN. As mentioned in Chapter [5] their preliminary sensitivity projections indicate
that they could reach a sensitivity to NDBD of T’ 10/”2 = 8.9 x 10?7 years, ruling out the IH of
neutrinos |Lin22].

The original goal of this project was to design, simulate and optimise a dual-phase Xenon TPC
for NDBD R&D studies in 36 Xe, using SiPMs and PMTs as light detectors.

Throughout this work, an end-to-end simulation tool was developed using the ANTS2 package
with Geant4 and NEST, capable of simulating various aspects of the detector response, from par-
ticle tracking to the generation of light maps and realistic waveforms. This tool was tested with
a model geometry of Xenia (the Imperial College prototype TPC), including all relevant physics,
namely: uniform electric fields, diffusion of charges, propagation of light, bremsstrahlung iden-
tification and response of SiPMs and PMTs. The tests confirmed the tool correctly mirrors the
interactions of interest for NDBD and is ready to use in future works, albeit some adjustments
are needed to the ANTS2 software.

The Xenia TPC was also optimised for using SiPMs and a collimator in order to check the
possibility of reaching 100 um in (z,y) spatial resolution. This was tested by running sets of
simulations featuring geometries with slightly different parameters and assessing their impact
on the resolution. The results revealed that a radial resolution of ~124 um is possible with a
parallel hole collimator with 5.2 to 4.2 mm conically shaped apertures and combined with 64
SiPMs from Hamamatsu in the model S13370-3075CN in an 8x8 arrangement with 8 mm pitch,
located 10 mm above the anode plane. The electrode grids found to be more beneficial for the
resolution were very fine and dense, the gate with 0.05 mm wires and 200 lines per inch, and
the anode having 0.03 mm wires and 180 lines per inch. The resolution declines to ~ 245 pum
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in Hy-doped Xenon.

Developing the simulation tool within ANTS2 presented several challenges during this thesis,
the main one being the computational time spent to process a large number of events, even
while using multi-threading. This delayed the development and prevented gathering enough
simulated events to perform a statistical analysis of particle tracks and waveforms. This is
partly due to the high amount of information recorded by ANTS2 for a single event, which de-
mands very large memory consumption, putting a severe penalty on the computer performance.
Downsampling was introduced as a way to mitigate this, but further improvements are neces-
sary for the simulation to accurately reproduce the same waveform that would be generated
without downsampling. For instance, the time spent processing (propagation and recording
timed photosensor signals) 20 million photons in the prototype geometry takes 30 seconds but
only ~0.5 seconds with downsampling and rescaling. A larger geometry corresponding to a
37 generation detector was also tested and in this case, the same amount of photons took 10
minutes without downsampling and 5 minutes with the reduction.

Scaling the detector to a larger size is the subject of the future milestone of Xenia, along with
the use of machine learning to develop signal/background discrimination algorithms and study
event topology. The simulation tool should also be modified to include mapping of non-uniform
electric field areas, by using a multiphysics toolkit such as COMSOL or Garfield.

After the Xenia detector is fully characterised through simulations, installation and calibrations
will ensue at the Imperial laboratories, where data acquisition can finally take place and the
analysis of real data can begin.

This work presents a small contribution to the Xenia project which is a relevant study for the
enhancement of this detector technology and algorithms for data analysis. The qualifications
acquired during this dissertation are extensive and valuable for future work in the field of en-
gineering and physics, inside and outside academia. Broadly speaking, general programming
skills were improved with Python and C++, along with learning to use Docker environments
and Gitlab. Specific tools used in particle physics simulations like Geant4, NEST and ANTS2
were explored for the first time which allowed to learn how to navigate lengthy software docu-
mentation. The continuous use of ANTS2 meant that there was active participation in reporting
issues and contributing to resolve them, including giving feedback for the newest version under
development, ANTS3. There was also some experience with data processing and analysis using
ROOT and MiDAS, important for scientific training. Working within a research group which
is inserted in major scientific collaborations presented a great opportunity to develop soft skills
and participate in outreach activities, contributing to better communication skills.






90

CHAPTER 8. CONCLUSIONS



List of Figures

p1

On the lett, the 4 states of the Dirac massive field are represented: the arrows

indicate the possible directions of spin and the charges distinguish particles from

antiparticles. On the right, the 2 states of the Majorana massive field: there

are two directions of spin and no electromagnetic charge, meaning particles and

antiparticles coincide. Figure from [Del+16[.| . .. .. ... ... ... ... ...

2.2

Neutrino-electron scatter cross section as a tunction of the neutrino energy. The

graph also depicts various neutrino emitters and a number of experiments for

each emitter which aim to study the neutrinos within a determined energy range.

Figure from [Gou+13[.| . . . . . . . . . ..

2.3

Representation of the first moments after the Big Bang. Around 10~ - 10~°°

seconds, relic gravitational waves spread through the cosmos, and 1 second after,

neutrinos decouple from matter forming the CvB. About ~ 380,000 years later

is the time of last scattering, when the temperature had decreased enough to

allow the formation of hydrogen atoms, making the universe nearly transparent

to radiation, known today as the CMB. Figure adapted from |Fisl12[.|. . . . . ..

B4

oolar neutrino flux as function of neutrino energy. The flux in the vertical axis is

defined in em™* s~ 1(10° keV) ' for the continuous spectra, and in cm™* s+ for

the mono-chromatic lines [Bel+14]. Even though the neutrino flux from hep, °B

and pep reactions is evidently lower than the ones created in the pp chain, the

higher energies up to tens ot MeV makes their detection easier.| . . . . . . . . ..

25

Illustration of the most common processes responsible for production of neutrinos

in the atmosphere. The cylinder represents an underground detector. Figure from

RATIOT] . - - o o o o o o

2.6

Helicity of elementary massless matter particles, according to the SM. In this

case, helicity and chirality coincide, and since there is no record of right-handed

neutrinos, only the left-handed v is represented. Figure from |[Del+16[.. . . . . .

2.7

Graphs representing the oscillation probability ot each flavour, for an initial elec-

tron neutrino, after propagating long distances (left) and short distances (right),

considering normal mass hierarchy (see Subsection 2.1.6). The black line corre-

sponds to v, the blue is for v, and the red line is for v,. Figure from [IMes |-

Comparative view of fermion masses in the Standard Model. Here are deplcted

neutrino masses assuming a normal hierarchy (see main text for details) with an

upper bound m; < 1 eV, for all 1 = 1,2, 3. Figure from |Gou+13|.|. . . . . .. ..

2.9

The two possible arrangements for the neutrino mass hierarchy. Normal hier-

archy predicts two light neutrinos and a heavier one. In inverted hierarchy the

prediction accounts for a light neutrino and two heavy neutrinos. The coloured

bars show the fraction |U,;|* of each flavour v,, contained in each mass eigen-

state v;. For example, |Ug|? corresponds to the red (v.) portion of the (ms)*

bar. Figure from |Gou+13[| . . . . . .. .. ... oo

91



92

LIST OF FIGURES

p.10

Nuclear mass as a function of the atomic number 7Z for a DBD decay candidate

with an even and odd mass number A. [Left plot] Considering an even A nuclei

(A, Z), the double § decay from an even-even nucleus is possible because the

resulting (A, Z+2) nucleus is lighter. In contrast, the single § decay from an

odd-odd nucleus creates a heavier (A, Z+1) daughter nucleus and is therefore

kinematically forbidden. [Right plot| In the case of an odd A nuclei (A, Z), if it

theoretically can decay through both single and double 5 decay, the branching

ratio for double 5 decay is too small and difficult to observe due to the dominant

branch of single 5 decay. Figure from [Del+16[.|. . . . . . . ... ... ... ...

16

Bl

Diagram of the Qv process due to the exchange of massive Majorana neutrinos

Delt16]] . - -« o o o T

17

P12

Comparison of recent NMEs calculations for NDBD in difterent nuclei, achieved

with 3 distinct models. Figure from [Del+16[.|. . . . . ... ... ... ... ...

18

213

Predictions on the effective Majorana neutrino mass mgg as function of the light-

est neutrino mass my;gntest for each hierarchy type (green for NH and pink for IH).

The darker coloured regions are the predictions based on best-fit values and the

lighter coloured areas correspond to the 3o ranges calculated from uncertainties

on oscillation parameters. Figure from |Del4+16[.| . . . . ... .. ... ... ...

19

B1

Schematic view of DBD (dotted line) and hypothetical NDBD (solid line) spectra.

The spectra illustrates the sum of the electron kinetic energies (K. ) scaled with

the total energy of the decay (Q), convolved with an energy resolution of 5%

FWHM. The areas of the curves do not represent the expected relative rates

J]_EV02|]. The inset shows the zoom around the Q-value, normalised to 10~°.

Figure from [Carl8[.| . . . . . ... ... oo

22

3.2

Monte Carlo simulation of the topology of a 1°° Xe NDBD signal (left), contrasted

by a similar topology in a background event (right), as shown by the NEXT

collaboration. The background signal is a single electron produced by a ***Bi v

of 2.44 MeV. A NDBD event in the conditions of the NEXT detector (gaseous

xenon at ~10 bar) would produce a long track with two identical "blobs" at each

end of the track, qualitatively corresponding to the energy deposited by each
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Comparison of experiments and published limits (filled circles) on the total half-

life according to a P-S plane. Figure from [Bial7[] . . . ... ... ... .....

BA

Example of a semiconductor detector, as implemented in the GERDA exper-

iment, briefly discussed in section 3.2. Vertical arrays of HPGe detectors are

arranged in seven strings and placed inside a LAr veto system. A bottom view
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Appendix

Solar Reaction Chain

10'0
p+p > d+e +u, Nuclei available: H, some *He
1s 3
p+d— "He+y Nuclei available: H, some *He and d
Nuclei available: 86% 14%
H, some %He and 3He, / \
little d
5 R 10° yrr 4 R . 10° yr s
He+'He — "He+2p He+'He > '‘Be+y
opl 99.7% \0.3%
; B 03yr . 90 yr
Be+e” — 'Li+u, "Be+p— *B+y
, 90 37 . . s 1078y s .
Li+ p— "He+ He B —> Be+e +u,
5p 10 4
ppll Be — ‘He+'He
pplll

Summary of the pp chain reaction [Rigl8].

Decay Schemes
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The following pages contain the Code Flowchart from Chapter 7.
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