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ABSTRACT

Measurements of neutrino oscillations have confirmed that neutrinos are massive, but

other questions remain: What are the absolute neutrino masses? Which neutrino is the

lightest? Answers to these questions don’t only provide all of the remaining unknown

quantities in The Standard Model. They also have consequences for our understanding

of how fundamental particles acquire mass. One way to investigate neutrino mass is to

determine whether or not the neutrino is its own anti-particle, or Majorana in nature.

This can be done experimentally by measuring neutrinoless double-beta decay. Once

the SNO+ experiment is loaded with natural tellurium, containing 34% 130Te, it will be-

gin to look for this hypothetical process. This dissertation describes a log-likelihood

approach to quantifying current background levels in the SNO+ detector, as well as a

toy Monte-Carlo study to calculate the experiment’s projected sensitivity to neutrino-

less double beta decay after 5.25£10¡2 ton-years of exposure. This work also describes

the additional background rejection achieved by KamNet, A novel deep neural network

developed by the KamLAND collaboration. At 90% confidence, the deployment of this

tool increases the projected neutrinoless double beta decay half-life limit of SNO+ by

98.5%, from T 0”
1/2 ¨ 3.41 £ 1025 years to T 0”

1/2 ¨ 6.67 £ 1025 years. Additionally, Asimov
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datasets were used to project the decay half-life limit for different tellurium exposures.

At a benchmark of three years of livetime, KamNet is projected to achieve a limit of

T 0”
1/2 ¨ 1.63 £ 1026 years. This limit represents a savings of two years for a traditional

analysis of the same tellurium loading. And, although 1.5% tellurium loading is pro-

jected to achieve this sensitivity in just under two years, it does so at an extra cost of

roughly $2.6M.
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Chapter 1

Introduction

One of the most profound and unresolved questions in physics is how our universe

came to exist in its present form, particularly the origin of its matter content. Accord-

ing to our current understanding, the universe began with the Big Bang, an event that

marked the start of an extremely hot and dense state where energy was continuously

transformed into particles of matter and antimatter, and vice versa. In this primordial

soup, the laws of physics, as we know them, dictate that matter and antimatter should

have been created in perfectly equal amounts. However, when we observe the universe

today, we �nd it overwhelmingly dominated by matter, with antimatter conspicuously

absent. This asymmetry poses a signi�cant puzzle: what caused the imbalance that

allowed matter to prevail?

This observation challenges the long-held assumption in particle physics that mat-

ter and antimatter are always produced symmetrically in particle interactions. Pro-

cesses that break this symmetry, known as charge-parity (CP) violation, are key to

understanding the matter-antimatter imbalance. Although CP violation has been ob-

served in certain interactions involving quarks, the degree of violation in the Standard

Model is far too small to account for the universe's pronounced asymmetry. This dis-

crepancy strongly suggests the existence of new physical processes or particles that go

beyond the Standard Model and amplify CP violation to the levels required to explain

the matter-dominated universe.

An essential candidate for such mechanisms involves leptogenesis, a theoretical
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framework tied to neutrinos. Leptogenesis posits that the asymmetry originated from

CP-violating decays of heavy right-handed neutrinos in the early universe. These de-

cays would have created an excess of leptons over antileptons, which was then con-

verted into a baryon asymmetry (i.e., an excess of matter over antimatter) through pro-

cesses governed by the Standard Model. For this scenario to work, neutrinos must be

Majorana particles (their own antiparticles), a hypothesis that can be directly tested

by searching for neutrinoless double beta decay (0 º¯¯ ). Observing this hypothetical

nuclear decay would provide crucial evidence for the Majorana nature of neutrinos

and bolster the case for leptogenesis as the mechanism behind the matter-antimatter

imbalance.

The search for this decay starts 6,800 ft underground inside the Vale Creighton Nickle

Mine in Sudbury, Ontario. This mine is home to SNOLAB, the world's cleanest and

deepest underground laboratory. Within SNOLAB, the SNO+ experiment has been

constructing a world-class neutrinoless double beta decay detector with 130Te as the

target isotope. SNO+ was recently �lled with approximately 780 metric tons of ultra-

pure liquid scintillator and plans to initially load 1.3 tons of 130Te (in the form of 3.9

tons natural tellurium) into the liquid scintillator in late 2025. My thesis focuses on our

recent data taken with pure liquid scintillator and provides one of the �rst comprehen-

sive analyses of the scintillator backgrounds in the 0 º¯¯ region-of-interest of SNO+. I

also explore the application of a new deep learning algorithm on the SNO+ scintillator

data to improve the rejection of backgrounds and, in turn, boost SNO+ sensitivity to

0º¯¯ . To get us started, I brie�y describe the fundamental physics of neutrinos and

double beta decay in Chapters 2 and 3. Chapter 4 gives an overview of the SNO+ ex-

periment and its various subsystems. Chapter 5 describes the makeup of the SNO+

liquid scintillator, its various chemical properties, and the planned tellurium loading.

Chapter 6 describes how physics events are modeled and reconstructed in SNO+ and

Chapter 7 describes the backgrounds for the neutrinoless double beta decay search.
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The culmination of my thesis work on SNO+, the application of deep learning classi-

�cation on the data and a comprehensive analysis of the 0 º¯¯ backgrounds, is pre-

sented in Chapters 8 and 9. Chapter 10 summarizes my 0 º¯¯ sensitivity predictions

for SNO+ as the experiment approaches tellurium deployment.
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Chapter 2

Neutrino theory

Eighty-�ve years before neutrinos became the subject of the 2015 Nobel Prize in Physics,

they were one of three competing theories behind ¯ decay. After Becquerel's discovery

of radioactivity in 1896, Rutherford and Villard identi�ed the decay products of ura-

nium: ®, ¯ , and ° . In 1914, Chadwick discovered that, unlike uranium's discrete ® and

° spectra, its ¯ spectrum was continuous. Instead of always emerging with an energy

E¯ Æm M ¡ mD ÆQ (for masses m M and mD of the mother and daughter nuclei), most

of the ¯ 's appeared to emerge with less. Where was the missing energy?

One possibility, proposed by Meitner, suggested that the ¯ 's were initially emitted

with E¯ ÆQ. Then, before reaching the detector, they underwent secondary interac-

tions that depleted their kinetic energy, like collisions with other atomic electrons, or

the emission of an accompanying ° . Another possibility proposed by Bohr was that

the electrons were emitted at exactly these de�cient energies, up to and including Q.

In this picture, energy is only statistically conserved.

Chadwick's original experiment used a Geiger counter and magnetic spectrometer

to measure the energies of ¯ 's from 210Bi, which has a Q-value of 1161.0 keV. To test

Meitner's hypothesis, Chadwick and Charles Ellis independently performed calorime-

try experiments on 210Bi. A calorimeter measures the energy of an entire process, start

to �nish, including any secondary processes. If Meitner's hypothesis was correct, these

experiments would always measure 1161.0 keV.

Ellis measured 344 § 34.4 keV, and Meitner 337 § 20.2 keV. These results seemed to
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support Bohr's theory of broken energy conservation, but there was yet one more prob-

lem neither hypothesis addressed: spin statistics. Parent and daughter nuclei in beta

decay differ by one unit of spin, meaning there has to be one additional spin-1/2 par-

ticle accompanying the electron in the �nal state. To resolve both the missing energy

and spin, Pauli did "something no theorist should ever do", and proposed a new, elec-

trically neutral, and undetectable spin-1/2 particle to carry away the missing energy.

Pauli's hypothesis led Fermi to develop a theory of ¯ decay that successfully predicted

the shape of 64Cu's ¯ spectrum – the �rst of several experimental results supporting

the neutrino's existence.

Today, neutrinos are a well-established component of the Standard Model of Par-

ticle Physics, with known masses (albeit very small), three �avors, and a rich phe-

nomenology that includes oscillations and potential connections to physics beyond

the Standard Model. This chapter provides a theoretical overview of neutrinos and

their properties within the framework of the Standard Model.

2.1 Neutrinos in the Standard Model

The Standard Model of Particle Physics is a foundational theory that describes all known

fundamental particles and their interactions. In this framework, particles fall into two

categories: spin-1/2 fermions (matter particles) and spin-1 bosons (force carriers).

Fermions consist of six quarks and six leptons. Leptons are made up of three charged

particles: e¡ , ¹ ¡ , and ¿¡ . Each charged lepton comes with a corresponding neutrino:

º e, º ¹ , and º ¿. Measurements of Z 0 decays have given clear proof that these are the

only active neutrino �avors [ 1]. All charged fermions have a corresponding antiparti-

cle with opposite electric charge. Neutrinos and their corresponding antiparticles are

electrically neutral.

Particles interact with each other according to a gauge theory that follows the sym-
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metry group SU(3)C £ SU(2)L £ U (1)Y . Quantum chromodynamics governs the quark

sector, and is described by the SU(3)C (color) symmetry group. The eight generators

of this group correspond to the eight massless gluons. The SU(2)L £ U (1)Y group de-

scribes electroweak interactions, and has four generators corresponding to four bosons,

the massive W § and Z , and the massless ° . We note that leptons have no color charge,

meaning that they do not interact with gluons. Hence, we only need to consider the

SU(2)L £ U (1)Y group when describing lepton interactions.

The symmetry group SU(2)L is referred to as weak isospin and has three corre-

sponding operators I Æ(I1, I2, I3). The symmetry group U (1)Y is referred to as weak

hyperchargeand has one corresponding operator YW . The Gell-Mann-Nishijima equa-

tion relates the third component of weak isospin I3 and the weak hypercharge YW to

the electric charge Q as follows:

Q ÆI3 Å
YW

2
. (2.1)

To obtain the correct phenomenology for weak interactions we choose a representa-

tion where the left-handed chiral components of the fermion �elds are grouped into

weak isospin doublets:

Le Æ
µ
º eL

eL

¶
L¹ Æ

µ
º ¹ L

¹ L

¶
L¿ Æ

µ
º ¿L

¿L

¶
(2.2)

This choice �xes the generators of the SU(2)L to I a Æ¿a /2, where the ¿a (a Æ1,2,3) are

the three Pauli matrices. The weak isospin and hypercharge operators act on the weak

isospin doublets in the following way:

I LL Æ
�
2

LL and YW LL Æ ¡LL (2.3)

Within this isospin space all leptons have total weak isospin I Æ1/2, the charged lep-

tons have third component of weak isospin I3 Æ Å1/2, and left-handed neutrinos have

I3 Æ ¡1/2. From Equation 2.3we see that weak hypercharge YW Æ ¡1 for all left-handed

leptons, such that when these eigenvalues are plugged into Equation 2.1 we end up
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with electrically neutral neutrinos and charged leptons with Q Æ ¡1, as required. To ac-

commodate the observation of parity violation (discussed in Section 2.2) right-handed

fermions are assigned singlet representations in SU(2)L £ U (1)Y , resulting in I Æ0 and

I3 Æ0. This means that right-handed charged leptons must have YW Æ ¡2 to obtain

the correct charge of Q Æ ¡1. On the other hand, electrically neutral right-handed

neutrinos must have YW Æ0 meaning that they do not participate in the weak interac-

tion. The existence of right-handed neutrinos is currently an open question in particle

physics.

2.2 The Weak Interaction

In a �rst attempt to describe nuclear ¯ decay, the weak interaction was originally for-

mulated as four fermions (neutron, proton, electron, neutrino) at a single vertex by

Enrico Fermi in 1933 [ 2]. To explain earlier experimental observations of a continuous

spectrum of electron energies, Fermis theory allowed the neutrino carried any remain-

ing energy that was not carried by the emitted electron.

This initial formulation of weak interactions was followed by a landmark discovery

in 1957 where Chien-Shiung Wu and collaborators �rst observed parity violation in the

¯ -decay of polarized 60Co, which proceeds as:

60Co ! 60 Ni ¤ Å e¡ Å º e (2.4)

Cooled near absolute zero, the nuclei align with spin parallel to the magnetic �eld,

and remain almost thermally still. Were parity conserved, ¯ ¡ particles would emanate

equally along both ends of the spin axis. Instead, Wu and collaborators measured an

excess emission against the direction of the nuclear spin, indicating that ¯ ¡ emission

by polarized 60Co is not equal to that of its mirror image.

Parity violation is a key component of the uni�ed framework of electroweak inter-

actions developed by Sheldon Glashow, Abdus Salam, and Steven Weinberg [ 3], which
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successfully describes a large collection of experimental results. We now know that

weak interactions are mediated by three massive vector bosons, the W Å , W ¡ , and Z 0.

Weak interactions involving the W Å or W ¡ bosons are referred to as charged cur-

rent (CC) interactions and involve an exchange of electric charge between initial and

�nal state leptons. To accommodate parity violation, the charged current Lagrangian

is constructed as a mixture of vector ( V) and axial vector ( A) currents of the form ( V ¡

A) in the following manner:

L CC Æ ¡
g

2
p

2
º ®° ¹ (1 ¡ ° 5)l ®W Å

¹ Å h.c. (2.5)

where º ® is the adjoint neutrino spinor of �avor ®, l ® is the lepton spinor of �avor ®,

° ¹ Æ
¡
° 0,° 1,° 2,° 3

¢
are the Dirac matrices, ° 5 Æi ° 0° 1° 2° 3, and g is the weak coupling

constant associated with the symmetry group SU(2). The �elds that create/annihilate

W § bosons are de�ned as a linear combination of the �rst two massless vector gauge

boson �elds A1
¹ and A2

¹ associated with SU(2)L group as: W §
¹ Æ

³
A1

¹ ¨ i A2
¹

´
/
p

2. The

CC interactions for leptons can be represented by four vertices shown in Figure 2¢1.

Weak interactions mediated by the Z 0 boson are referred to as neutral current (NC)

interactions and leave the charges of the initial and �nal state leptons intact. The NC

interactions of leptons are described by the following Lagrangian:

L NC Æ ¡
g

2cosµW

n
º ®L° ¹ º ®L ¡

¡
1¡ 2sin2 µW

¢
eL° ¹ eL Å 2sin2 µW eR° ¹ eR

o
Z¹

Å g sin µW e° ¹ e A¹ (2.6)

Figure 2 ¢1: Charged current weak interaction vertices involving leptons.
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Figure 2 ¢2: Neutral current weak interaction vertices involving leptons.

where Z¹ is the vector boson �eld representing Z 0 and A¹ is the electromagnetic �eld

representing the photon. Both Z¹ and A¹ are expressed in terms of linear combina-

tions of the third vector gauge boson �eld A3
¹ of the SU(2)L group and the vector gauge

boson �eld B¹ of the U (1)Y group in the following way:

A¹ Æsin µW A¹
3 Å cosµW B¹ (2.7)

Z ¹ ÆcosµW A¹
3 ¡ sin µW B¹ (2.8)

The angle µW is called the weak mixing angle . The weak mixing angle is connected to

the coupling constants g from SU(2)L and g0from U (1)Y such that g sin µW Æg0cosµW .

The NC interactions of leptons can be represented by two distinct vertices shown in

Figure 2¢2.

2.3 Neutrino Oscillations

One of the most important milestones in particle physics was the discovery of neutrino

oscillations for which Art McDonald of the SNO collaboration and Takaaki Kajita of the

Super-K collaboration were awarded the 2015 Nobel Prize in Physics [ 4]. The concept

of �avor oscillations was �rst proposed by Bruno Pontecorvo in the late 1950s when

looking for a lepton phenomenon analagous to K 0 $ K
0

oscillations [ 5]. Neutrino

oscillations arise due to the fact that neutrino �avor states are not mass eigenstates.

During a weak interaction, a neutrino is generated in a de�nite �avor eigenstate along
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with its associated charged lepton. The �avor ( ® Æe, ¹ , or ¿) eigenstates are related to

the mass (k Æ1, 2, and 3) eigenstates as follows:

jº ®i Æ
X

k
U ¤

®k jº k i (2.9)

which can also be written in matrix form as:

0

@
º e

º ¹

º ¿

1

AÆ

0

@
Ue1 Ue2 Ue3

U ¹ 1 U ¹ 2 U ¹ 3

U¿1 U¿2 U¿3

1

A

0

@
º 1

º 2

º 3

1

A (2.10)

The weights U®k are elements of the Pontecorvo-Maka-Nakagawa-Sakata (PMNS) ma-

trix, characterized by three angles of rotation ( µ12, µ23, and µ13), a CP-violating phase

±CP, and two Majorana phases »1 and »2. The most common parameterization of the

PMNS matrix is given by:

U Æ

0

@
1 0 0
0 cosµ23 sin µ23

0 ¡ sin µ23 cosµ23

1

A

0

@
cosµ13 0 sin µ13e¡ i ±CP

0 1 0
¡ sin µ13ei ±CP 0 cosµ13

1

A

£

0

@
cosµ12 sin µ12 0

¡ sin µ12 cosµ12 0
0 0 1

1

A

0

@
1 0 0
0 ei »1 0
0 0 ei »2

1

A (2.11)

The last 3 £ 3 matrix with the Majorana phase component drops out when perform-

ing the inner product. It is not necessarily an important aspect of neutrino oscillation

experiments, since the Majorana phase component drops out when performing the in-

ner product to calculate oscillation probabilities. However, it could play an important

role in future neutrinoless double beta decay experiments.

To provide some context as to how neutrino oscillation parameters are measured

by experiments, a derivation of neutrino oscillation probabilities in a vacuum is pre-

sented here. Unlike the quarks, which are only ever observed in bound systems of two

or more, neutrinos can propagate through space as free particles. One can generally
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assume the massive neutrino states ( º k ) evolve in time as plane waves making them

solutions of the Schrödinger equation. The plane wave solution and corresponding

energy eigenvalues Ek can be written as:

jº k (t )i Æe(¡ iEk t ) jº k i , and Ek Æ
q

m 2
k Å ~p2 (2.12)

where jº k i is a mass eigenstate with eigenvalue mk at rest, and momentum pk . If we

now consider the �avor state jº ®(t )i which describes a neutrino created with a de�nite

�avor ® at time t Æ0, the time evolution of this state is given by:

jº ®(t )i Æ
X

k
U ¤

®k e¡ iEk t jº k i (2.13)

We can now invoke the unitary relation:

U †U Æ1 ()
X

®
U ¤

®kU®j Æ± j k (2.14)

This allows us to substitute Equation 2.9 into Equation 2.13 and write the time evolu-

tion of a �avor state in terms of another �avor state at a later time:

jº ®(t )i Æ
X

¯ Æe,¹ ,¿

Ã
X

k
U ¤

®k e¡ iEk t U ¯ k

!

jº ¯ i (2.15)

Using Equation 2.15, the probability that neutrinos generated in one �avor state º ®

will be detected in another º ¯ , can be calculated as:

P(º ® ! º ¯ ) Æ jhº ¯ jº ®(t )i j 2 Æ
X

k , j
U ¤

®kU ¯ kU®j U
¤
¯ j e

¡ i (Ek ¡ E j )t (2.16)

Let us now focus on the phase in exponent in Equation 2.16. Since neutrinos are ultra-

relativistic particles and the neutrino masses are much smaller than their momentum

(mk ¿ j ~pj), an approximation can be used for the energy-momentum relation:

Ek ' pk Å
m 2

k

2pk
¼E Å

m 2
k

2E
(2.17)

The indice k disappears in this approximation since it is assumed that neutrinos with



12

the same momentum propagate in the same direction ( pk Æp ¼E). Our original phase

can now be modi�ed as follows:

Ek ¡ E j Æ
¢ m 2

k j

2E
, where ¢ m 2

k j ´ m 2
k ¡ m 2

j (2.18)

For neutrino oscillation experiments the propagation time t is not a measured quan-

tity. Instead it is the distance, L, between the source and the detector that is known,

and the ultra-relativistic approximation t ' L can be used. This allows us to write Equa-

tion 2.16 in terms of the total neutrino energy E and source-detector distance L:

P(º ® ! º ¯ ) Æ
X

k , j
U ¤

®kU ¯ kU®j U
¤
¯ j e

¡ i (¢ m 2
k j )L/2 E (2.19)

Another useful way to write the oscillation probability in Equation 2.19 is to separate

the real and imaginary parts U ¤
®kU ¯ kU®j U ¤

¯ j :

P(º ® ! º ¯ ) Æ±®¯ ¡ 4
X

kÈ j
Re

h
U ¤

®kU ¯ kU®j U
¤
¯ j

i
sin2

Ã
¢ m 2

k j L

4E

!

Å 2
X

kÈ j
Im

h
U ¤

®kU ¯ kU®j U
¤
¯ j

i
sin

Ã
¢ m 2

k j L

2E

!

(2.20)

The PMNS matrix terms determine the amplitude of the oscillation, and the phase in

the argument this expression is responsible for the oscillation itself and its frequency.

The phase is currently written in the form of natural units ( ß Æc Æ1), but is more

useful for experimentalists when written, for example, in terms of L[km], E[GeV], and

¢ m 2
jk [eV2]:

¢ m 2
jk L

2E
¼1.27

¢ m 2
jk [eV2] L[km]

E[GeV]
(2.21)

Experimentalists will build their neutrino detectors at a well de�ned distance from a

source of neutrinos from which the neutrino energy is well known. We can see that

an experiment can maximize its sensitivity to oscillation frequency if the argument

in the sinusoidal terms in Equation 2.20 are close to unity. For example, if we desire
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sensitivity to oscillations with a frequency driven by ¢ m 2
jk » 10¡ 3 eV2, then we would

aim to build our detector at a distance of L Æ1,000 km from a source of roughly E Æ

1 GeV neutrinos. On the other hand, if an experiment was to choose values such that

¢ m 2
jk L/2 E À 1, then they would only be sensitive to the average transition probabil-

ity, and hence, only the mixing angles of the PMNS terms. This is due to the frequency

of the oscillations becoming so rapid that they are essentially incoherent. If an ex-

periment chooses values such that ¢ m 2
jk L/2 E ¿ 1, then they wouldn't observe any

oscillations at all due to the oscillation probability being close to zero.

It is important to note that we have not included a proper description of neutrino

oscillations in matter, which becomes critically important for neutrinos that propagate

through the most dense regions of the core of our Sun or neutrinos that travel a signi�-

cant distance through the Earth. Matter oscillations, as they are called, are beyond the

scope of this work but the general theory is described in detail by Reference [ 6].

Within the last 25 years, most of the neutrino oscillation parameters ( µ12, µ23, µ13,

¢ m 2
21, and ¢ m 2

31) have been measured to several percent uncertainty or better. This

has been accomplished with a wide range of different neutrino detectors measuring

oscillations from neutrino sources such as the Sun, the Earth's atmosphere, nuclear

reactors, and particle accelerators. Only two big questions remain with respect to

neutrino oscillations, mainly, the value of ±CP and the ordering of the neutrino mass

eigenstates. Since past and current experiments haven't been able to determine the

sign of ¢ m 2
31 (or ¢ m 2

32), there remain two possible neutrino mass orderings: normal

(m3 È m2 È m1) and inverted ( m2 È m1 È m3). The uncertainty around the mass order-

ing arose due to the inability of past and current experiments to determine the sign of

¢ m 2
13. Future experiments such as JUNO [ 7], Hyper-Kamiokande [ 8], and DUNE [ 9] are

positioned to shed light on these remaining mysteries in the very near future. Table 2.1

is recreated from NuFIT version 6.0 in Reference [ 10] and provides a summary of all the

best-�t data for neutrino oscillation parameters coming from a global �t that includes
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Oscillation parameter Normal Inverted

¢ m 2
21[10¡ 5 eV2] 7.49Å0.19

¡ 0.19 7.49Å0.19
¡ 0.19

¢ m 2
3k [10¡ 3 eV2] Å2.513Å0.021

¡ 0.019 ¡ 2.484Å0.020
¡ 0.020

sin2 µ12 0.308Å0.012
¡ 0.011 0.308Å0.012

¡ 0.011

sin2 µ23 0.470Å0.17
¡ 0.13 0.550Å0.012

¡ 0.015

sin2 µ13 0.02215Å0.00056
¡ 0.00058 0.02231Å0.00056

¡ 0.00056

±CP[±] 212Å26
¡ 41 274Å22

¡ 25

Table 2.1: Best-�t values § 1¾from a global analysis of neutrino oscillation parameters
reproduced from NuFIT version 6.0 in Reference [ 10]. Note that ¢ m 2

3k ´ ¢ m 2
31 È 0 for

normal ordering and ¢ m 2
3k ´ ¢ m 2

32 Ç 0 for inverted ordering.

atmospheric neutrino data from the Super-Kamiokande experiment. A graphical rep-

resentation of the neutrino mass ordering and �avor composition of the mass eigen-

states is shown in Figure 2¢3, where ¢ m 2
sol refers to ¢ m 2

21 and ¢ m 2
atm refers to ¢ m 2

32 or

¢ m 2
31. This labeling is quite common in literature as solar neutrino (and some reac-

tor neutrino) experiments were generally sensitive to ¢ m 2
21 and atmospheric neutrino

experiments were generally sensitive to j¢ m 2
32j ¼ j¢ m 2

31j.

Figure 2 ¢3: Diagram of the neutrino mass orderings and the �avor composition of each
mass eigenstate.
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As seen from Equation 2.20, neutrino oscillation experiments are only sensitive to

the squared mass differences ¢ m 2
jk and have no sensitivity to the values of the indi-

vidual mass eigenstates. Therefore, determining the absolute masses of neutrinos re-

quires a different experimental approach. One such technique, employed by the KA-

TRIN experiment, is to directly measure the amount of energy carried away by the neu-

trino during the ¯ decay of tritium with a Q-value of 18.6 keV. In principle, a massive

neutrino must carry away a very small part of the total energy released during the ¯

decay. This means that the difference between the emitted ¯ energy and the Q-value

places a limit on the effective mass of the electron �avor neutrino, which exists as a

combination of mass eigenstates:

m º e Æ
r X

i
jUei j2m 2

i (2.22)

A successful measurement is extremely challenging and requires exquisite energy res-

olution of order single electron-volts or better. To date, the best limit on the effective

electron neutrino mass set by KATRIN is m º e Ç 0.8 eV at 90% C.L. [11]. Another future

experiment, called Project 8, aims to improve on this measurement using a technique

called Cyclotron Radiation Emission Spectroscopy (CRES) [ 12].

An alternative, indirect approach for measuring neutrino masses comes from cos-

mological measurements, due to the fact that neutrinos play an important role in the

evolution and shaping of large-scale structure that we observe in our universe. A com-

bination of one or more measurements of the Cosmic Microwave Background (CMB),

Baryon Acoustic Oscillations (BAO), and Redshift Space Distortions (RSD), are com-

monly used to set a limit on the sum of the mass eigenstates
P

m i Æm1 Å m2 Å m3. At

present, the most stringent cosmological bound on the sum of neutrino masses comes

from Reference [ 13], where
P

m i Ç 0.09 eV at 95% C.L.

There is yet another very interesting and extremely sensitive method for measuring

the absolute mass scale of neutrinos, which involves a hypothetical nuclear process



16

called neutrinoless double beta decay (0º¯¯ ). Before jumping into the topic of 0 º¯¯

decay, which is discussed in further detail in Chapter 3, we will �rst review some theo-

retical aspects of neutrino mass in the following Section.

2.4 Neutrino Mass

The discovery of neutrino oscillations provided experimental proof that at least two out

of three neutrino mass states must have non-zero mass. This is in direct con�ict with

the original formulation of the Standard Model where it was assumed that neutrinos

are massless. Hence, the discovery of massive neutrinos indicates the existence of new,

undiscovered physics. What follows is a brief review of some necessary modi�cations

of the Standard Model that allow for massive neutrinos.

2.4.1 Dirac Neutrino Masses

In the Standard Model, all fermions gain mass via the Higgs mechanism [ 14, 15, 16]

which invokes spontaneous symmetry breaking of the SU(2)L £ U (1)Y gauge group. To

do this, we construct a mass term that is invariant under SU(2)Y £ U (1) by using the

complex Higgs doublet:

Á Æ
1

p
2

µ
0

v Å h

¶
(2.23)

which is written in the unitary gauge thereby setting the Goldstone boson components

to zero. Here, v is the Higgs vacuum expectation value and h is the Higgs �eld. This

doublet, and its conjugate Ác, can be coupled to the fermion �elds to form a Dirac

mass term Lagrangian. This can be seen if we look at the following example for the

SU(2)L doublet containing the electron:
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L D
e Æ ¡

ye
p

2

·
¡
º e , e

¢
L

µ
0

v Å h

¶
eR Å eR (0 , v Å h)

µ
º e

e

¶

L

¸

Æ ¡
ye
p

2
v

¡
eLeR Å eReL

¢
¡

ye
p

2
h

¡
eLeR Å eReL

¢

Æ ¡
ye
p

2
vee¡

ye
p

2
hee (2.24)

where we've introduced the constant ye representing the Yukawa coupling of the elec-

tron to the Higgs �eld. We can choose to write this coupling constant in a way that is

consistent with the observed electron mass:

me Æ
yev
p

2
(2.25)

Upon inspection, we see that the �rst term in Equation 2.24 gives the electron mass

by coupling it to the Higgs �eld through a non-zero vacuum expectation value. The

second term gives rise to a coupling between the electron and the Higgs boson itself.

To give mass to fermions in the upper part of the SU(2)L doublet, like the u, c, and

t quarks, we can simply replicate the procedure for the electron but instead use the

conjugate Higgs doublet (also written in the unitary gauge):

Ác Æ ¡i ¿2Á¤ Æ ¡
1

p
2

µ
v Å h

0

¶
(2.26)

If we step back for a moment, we'll notice that our approach for creating Dirac mass

terms requires a coupling between the left-handed and right-handed Dirac spinors.

However, we know that the neutrinos (anti-neutrinos) are left(right)-handed in na-

ture [ 17]. By original design, right-handed neutrino singlets º R don't exist in the Stan-

dard Model. If the neutrino is a Dirac fermion, and also gains mass in the same way

that the other fermions do, then we're required to add right-handed (sterile) states into
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Figure 2 ¢4: Diagram adapted from Reference [ 18] showing the relative sizes of fermion
masses in the Standard Model.

the Standard Model. This is sometimes referred to as a `minimal' extension.

Even if we go along with the idea that right-handed neutrinos exist in nature and

neutrinos are Dirac fermions, we are left without an explanation for the relative mag-

nitude of the neutrino mass. As far as we know, neutrinos are roughly six orders of

magnitude less massive than electrons. The bizarre rift between masses of neutrinos

and the other matter particles is illustrated in Figure 2¢4. The idea that neutrinos have

Dirac mass terms would require them to have a very different Higgs-Yukawa coupling

than the other fermions. This is also very unsettling and motivates our search for other

possible mass-generating mechanisms.

2.4.2 Majorana Neutrino Masses

An alternative theory of spin-1/2 particles, where particles and antiparticles enter sym-

metrically into the Dirac equation, was created by Ettore Majorana [ 19]. Majorana

made a very crucial assumption, mainly:

Ã R ÆCÃ T
L , C Æi ° 2° 0 (2.27)

This statement allows the Dirac equation to be written only in terms of left-handed

�eld Ã L and also implies that we can write a Majorana �eld as:
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Ã ÆÃ L Å Ã R ÆÃ L Å CÃ T
L ÆÃ L Å Ã c

L (2.28)

where we've de�ned the charge-conjugated �eld as Ã c
L ÆCÃ T . Notice that this implies

the following must be true:

Ã c Æ(Ã L Å Ã c
L)c ÆÃ c

L Å Ã L ÆÃ (2.29)

Equation 2.29requires that Ã is its own antiparticle. Obviously, this can only be applied

to fermions that are electrically neutral, and the neutrino is the only such particle. The

neutrino being a Majorana fermion has profound consequences. For example, Dirac

neutrinos are assigned a lepton number of L Æ Å1 and Dirac antineutrinos are assigned

L Æ ¡1, but particle processes involving Majorana neutrinos can't possibly conserve

lepton number as there's no way to distinguish a neutrino from an antineutrino.

At this point we might be tempted to form a Majorana mass term for our Lagrangian

analogous to the Dirac mass term without introducing right-handed neutrino states.

We could write this as:

L M
º Æ ¡

1

2
M º c

Lº L Å h.c. (2.30)

where we have written the mass M in place of the Yukawa coupling constant ( M Æ

yº v/
p

2). Unfortunately, such a term is does not end up being gauge invariant with

the Higgs doublet Á that we introduced before. One would have to add something

like a Higgs triplet with I3 Æ ¡1 and Q Æ0 into the mix. However, there's still no clear

experimental evidence that a Higgs triplet exists in nature.

Another approach is to write down a mass term that only includes right-handed

Majorana neutrino �elds, which would preserve gauge invariance with a Higgs dou-

blet. This can be done in a very general form with a combination of Dirac and Majo-

rana terms including right-handed neutrino �elds:
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L M ÅD
º Æ ¡

1

2

³
mD º Lº R Å mD º c

Rº c
L Å M º c

Rº R

´
Å h.c. (2.31)

where we note that º Lº R Æº c
Rº c

L has been used for the middle term. Equation 2.32 is

often written in a matrix form:

L M ÅD
º Æ ¡

1

2

³
º L , º c

R

´ µ
0 mD

mD M

¶µ
º c

L
º R

¶
Å h.c. (2.32)

We can �nd the physical states of this system from the basis where the mass matrix is

diagonalized the usual way when solving eigenvalue problems. Solving the character-

istic equation yields:

m§ Æ
M § M

q
1Å 4m 2

D / M 2

2
(2.33)

This gives us two physical solutions for the neutrino mass. Things get really interesting

if we assume that the Majorana mass is much greater than the Dirac mass: M À mD .

We then �nd one solution representing a light neutrino state m º and another solution

representing a very heavy state m N :

m º ¼
m 2

D

M
and m N ¼M (2.34)

This result is what is known as a seesaw mechanism(Type-I). The m º is the familiar

mass of a very light left-handed Majorana neutrino, and the m N is the mass of a very

heavy right-handed (sterile) neutrino. Suppose the Dirac mass of the neutrino is close

to the value of the top quark mass ( mD » 170 GeV). If the mass of the heavy right-

handed partner is around 10 15 GeV (comparable to the GUT scale), then the mass of

the light neutrino will be O(10) meV and consistent with our best estimates to date.

This is a very interesting hypothesis to explain the small mass of neutrinos relative

to the other matter particles without the need for an unusually small Higgs Yukawa

coupling. It requires that the neutrino be a Majorana particle, and that there exists

an extremely heavy partner to the neutrino with a mass too large to be easily created
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in a laboratory setting. The possibile existence of these heavy neutrinos are an im-

portant component in another intriguing idea called leptogenesiswhich is intimately

linked to the question of the matter-antimatter asymmetry of the universe [ 20]. Lepto-

genesis proposes that as the universe cooled, extremely heavy Majorana neutrinos de-

cayed into lighter left-handed neutrinos or right-handed antineutrinos, accompanied

by Higgs bosons, which subsequently decayed into quarks. If the decay probabilities

of these heavy neutrinos favored left-handed neutrinos over right-handed antineutri-

nos, an imbalance would emerge, leading to a surplus of quarks over antiquarks and

resulting in a matter-dominated universe. The process is closely tied to the conserva-

tion of the quantum number B¡ L (baryon number minus lepton number). A violation

of lepton number L in the decays of heavy Majorana neutrinos would translate into a

baryon number B violation, offering a possible explanation for the absence of anti-

matter. While CP violation in heavy neutrinos is not directly linked to CP violation in

light neutrinos, the possibility of such effects continues to drive experimental efforts

to measure CP violation in long-baseline neutrino experiments today [ 8, 9, 21].
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Chapter 3

Double Beta Decay

As discussed in Chapter 2, the fact that neutrinos are massive provides strong theo-

retical arguments for new physics beyond the Standard Model. One of the most excit-

ing possibilities is that the neutrino is a Majorana particle. This chapter describes the

best experimental probe of the Majorana nature of neutrinos: neutrinoless double beta

decay. A brief overview of two-neutrino double beta decay and neutrinoless double

beta decay is provided, while highlighting important theoretical considerations in the

search for neutrinoless double beta decay. A general guide for maximizing an experi-

ment's sensitivity in the search for neutrinoless double beta decay is outlined near the

end.

3.1 Two-neutrino Double Beta Decay ( 2º¯¯ )

Most nuclei are unstable due to the weak interaction and decay via the emission of a

single electron (single ¯ ¡ decay) or single electron capture (EC). These decays produce

�nal nuclei that more tightly bound and with the same number of nucleons. In ¯ ¡

decay a neutron turns into a proton, while the opposite occurs in EC, so that electric

charge is conserved. In addition, either neutrinos (in EC) or antineutrinos (in ¯ ¡ de-

cay) are emitted to conserve energy, momentum and lepton number. In some nuclei,

¯ Å decay can turn a proton into a neutron, but this is often disfavored relative to EC

because it produces a positron and reduces the available energy: Q¯ Å ÆQEC ¡ 2me.

In 1935, Maria Goeppert-Mayer proposed and calculated the transition probability
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for the simultaneous emission of two electrons and two neutrinos (2 º¯¯ ) [22]:

(A,Z ) ! (A,Z Å 2)Å 2e¡ Å 2º e (3.1)

This lepton-number-conserving process occurs through two simultaneous ¯ ¡ decays

is allowed by the Standard Model regardless of the neutrino's Dirac or Majorana nature.

In addition to the Goeppert-Maiers proposed 2 º¯¯ decay, there are three additional

second-order transitions are allowed in the Standard Model that depend on the relative

numbers of protons and neutrons in the nucleus:

Double ¯ Å decay : (A,Z ) ! (A,Z ¡ 2)Å 2eÅ Å 2º e

Double EC decay : (A,Z ) Å 2e¡ ! (A,Z ¡ 2)Å 2º e

ECÅ ¯ Å decay : (A,Z ) Å e¡ ! (A,Z ¡ 2)Å eÅ Å 2º e (3.2)

The energy released in these three processes is smaller compared to the double ¯ ¡ de-

cay in Equation 3.1. In turn, they have lower probabilities due to the smaller available

phase space and are much more challenging to experimentally observe. When dis-

cussing 2º¯¯ decay, the double ¯ ¡ process in Equation 3.1 will always be the standard

reference unless otherwise noted.

The 2º¯¯ decay process changes the nuclear charge Z by two units and leaves the

atomic mass number A unchanged. This process can occur only if the conversion of

two protons into two neutrons leads to a more tightly-bound nuclear system, with a

positive 2 º¯¯ decayQ-value, Q¯¯ . The Q¯¯ is de�ned to be the available kinetic energy

for the two ejected electrons and can be calculated using the mass difference between

the initial and �nal products:

Q¯¯ Æm N
¡A

Z X
¢
¡ m N ¡ 2

¡A
Z Å2X 0¢¡ 2me (3.3)

Here, me is the electron mass in the rest frame, m N
¡

A
Z X

¢
is the mass of the mother nu-

cleus in the rest frame, and m N ¡ 2
¡

A
Z Å2X 0

¢
represents the mass of the daughter nucleus
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in the rest frame.

To understand why some nuclei are able to undergo 2 º¯¯ decay, we can look at the

formula used to describe the mass of an atomic nucleus M in terms of atomic number

A and proton number Z :

M ÆZm p Å (A¡ Z )mn ¡ E(A,Z ) (3.4)

The constants m p and mn are the rest masses of the proton and neutron, and E is the

binding energy given by the semi-empirical mass formula [ 23]:

E Æav A¡ asA2/3 ¡ aC
Z (Z ¡ 1)

A1/3
¡ aA

(N ¡ Z )2

A
Å ±(N ,Z ) (3.5)

The �rst term in Equation 3.5 is the volume term, which scales linearly with the num-

ber of nucleons and accounts for the strong force between nucleons and their nearest

(and second nearest) neighbors. The second term, is referred to as the surface term, is a

correction to the volume term to account for surface nucleons being less tightly bound.

The third term accounts for the Coulomb repulsion between protons. The fourth term

results from the Pauli exclusion principle, which imposes states of increasing energy

for increasing number of nucleons. The �nal term, ±(N ,Z ), is the pairing energy pa-

rameterized by the constant ap » 12 MeV and captures the effect of spin coupling. It's

exact form is constrained by experimental data and is de�ned as:

±p Æ

8
>>>>>><

>>>>>>:

¡ ap A¡ 1/2 even-even nuclei

0 even-odd and odd-even nuclei

Åap A¡ 1/2 odd-odd nuclei

(3.6)

Nuclei with odd mass numbers have vanishing pairing energy, and thus one stable iso-

bar. Those with even mass numbers have two possible pairing energies, separated by

2±p . Although an even-even nucleus has access to its lowest-energy isobar, some-

times single ¯ ¡ decay is energetically forbidden or forbidden due to a large mismatch
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Figure 3 ¢1: Ground state mass parabolas for nuclear isobars with even (left) and odd
(right) mass number A.

in angular momentum between initial and �nal states. Nuclei with this restriction will

decay directly to the next-available con�guration through simultaneous emission of

an additional ¯ ¡ , which is illustrated by the mass parabolas in Figure 3¢1.

The 2º¯¯ decay rate (inverse half-life) can be calculated following Fermis golden

rule. This can be written as:

¡ 2º Æ(T 2º
1/2 )¡ 1 ÆG2º (Q¯¯ , Z )

¯
¯
¯
¯
¯
M 2º

GT Å
g2

V

g2
A

M 2º
F

¯
¯
¯
¯
¯

2

(3.7)

where G2º (Q¯¯ , Z ) is the phase-space factor obtained by integrating over the phase

space of the four �nal-state leptons, gV is the vector coupling constant, gA is the axial-

vector coupling constant, M 2º
F is the Fermi matrix element, and M 2º

GT is the Gamow-

Teller matrix element. The M 2º
F describes decays with no change in nuclear spin (a

vector-type interaction) and the M 2º
GT describes decays with a change in spin of one

unit (an axial-vector-type interaction). For the two-neutrino case, Fermi transitions

are strongly suppressed, since the transition proceeds through a state with different

isospin, 0Å ! 1Å .

While the phase-space factor G2º (Q¯¯ , Z ) can be calculated rather accurately [ 24,
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25], the matrix element rely on wave functions of the initial and �nal nuclear states,

meaning that these calculations are often complex and require sophisticated nuclear

models to determine. Given that the 2 º¯¯ is a second-order weak process, typical half-

lives are on the order of 10 19 - 1022 years [26]. It should also be noted that theoretical

calculations of M 2º
GT are typically not in agreement with experimental measurements.

Therefore, a kind of “renormalization" is often used to bring them into agreement.

This is usually done in the form of M 2º ,eff
GT Æ(geff

A / gA)2M 2º
GT , where ge f f

A is the effec-

tive vector-axial coupling which is quenched relative to the free nucleon value gA. This

quenching value differs widely among models and theoretical calculations and its ori-

gin is an active area of research in nuclear theory [ 27].

3.2 Neutrinoless Double Beta Decay ( 0º¯¯ )

Soon after Maria Goeppert-Mayer's landmark work on 2 º¯¯ decay, Wendell Furry pro-

posed the process known as 0º¯¯ decay [28]:

(Z , A) ! (Z Å 2, A) Å 2e¡ (3.8)

Unlike the two-neutrino mode of double beta decay, the neutrinoless mode violates

total lepton number conservation by two units and is therefore forbidden in the Stan-

dard Model. The 0 º¯¯ process is one of the best experimental probes for the Majorana

nature of the neutrino since 0 º¯¯ decay can only occur if the neutrino is a Majorana

particle.

In both the 2 º¯¯ and 0º¯¯ decay modes, it should be noted that the �nal state lep-

tons carry essentially all of the energy of the decay, with the nuclear recoil being negli-

gible. Both 2 º¯¯ and 0º¯¯ decay are second order weak processes, which means the

decay rates are inherently slow as they are proportional to G4
F (where Fermi's constant

is GF / g2/ m 2
W with mW being the mass of the W boson). Phase space considerations

would generally give preference to the 0 º¯¯ mode if it weren't for lepton number vi-
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olation. The 2 º¯¯ process differs from the 0 º¯¯ in the sense that the kinetic energy

of the �nal state electrons in the 2 º¯¯ process form a continuous distribution peaked

somewhat below half the endpoint energy ( Q¯¯ /2). The two electrons from 0 º¯¯ de-

cay will have exactly the endpoint energy Q¯¯ and will form a sharp peak at the end of

the 2º¯¯ energy distribution (with some smearing due to detector energy resolution).

The discussion surrounding 0 º¯¯ decay in this thesis will always directly refer to

the process shown in Equation 3.8. Other neutrinoless decay modes, such as dou-

ble positron emission ( ¯ Å¯ Å), single positron emission with single-electron capture

(¯ ÅEC), and double-electron capture (ECEC), are generally less favorable experimen-

tally due to the smaller available phase space for these processes.

In general, in theories beyond the Standard Model, there may be several sources

of total lepton number violation which can lead to 0 º¯¯ . Nevertheless, irrespective

of the mechanism, 0 º¯¯ necessarily implies Majorana neutrinos. This is called the

Schechter-Valle (or `black box') theorem [ 29]. The Schechter-Valle theorem says noth-

ing about the physics mechanism driving the 0 º¯¯ rate that is large enough to be

observable. The dominant mechanism could be directly connected to neutrino os-

cillations phenomenology, only indirectly connected, or not connected to it at all [ 30].

The case where the 0º¯¯ mechanism is connected directly to neutrino oscillation phe-

nomenology is referred to as light Majorana neutrino exchange and is the most popu-

lar mechanism that most sensitivity predictions are focused on. However, it is entirely

possible that other physics mechanisms are responsible for 0 º¯¯ decay, should it exist

in nature. Other possible physics mechanisms are outlined in Reference [ 30].

When considering the standard light Majorana neutrino exchange mechanism, 0 º¯¯

decay occurs when the parent nucleus emits a pair of virtual W bosons that exchange

a Majorana neutrino to produce the outgoing electrons. This is illustrated in Figure 3¢2

with 2 º¯¯ decay for comparison. The rate is non-zero only for massive, Majorana neu-

trinos. This can be described by the fact that the exchanged anti-neutrino is emitted
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Figure 3 ¢2: Feynmann diagrams for 2 º¯¯ decay (left) and 0 º¯¯ decay (right).

(in association with an electron) almost entirely with right-handed helicity, and its tiny,

O(m/ E), left-handed helicity component is absorbed in the other vertex by the Stan-

dard Model electroweak current.

In this case, the amplitude of the 0 º¯¯ decay is a sum over the contributions of the

three light neutrino mass states º i , which are also proportional to the PMNS matrix

elements U 2
ei . As such, we conclude that the amplitude for the 0 º¯¯ decay process

must be proportional to the effective neutrino Majorana mass de�ned as:

m ¯¯ Æ

¯
¯
¯
¯
¯

3X

i Æ1
m i ei »i U 2

ei

¯
¯
¯
¯
¯

(3.9)

where the masses m i correspond to the light neutrino mass states º i and ei »i are the

Majorana phases. In the case where light Majorana neutrino exchange is the domi-

nant contribution, the decay rate (inverse half-life) for the process can be written in a

simpli�ed form as:

¡ 0º Æ
¡
T 0º

1/2

¢¡ 1
ÆG0º ¡

Q¯¯ , Z
¢¯
¯M 0º ¯

¯2
µ
m ¯¯

me

¶2

(3.10)

where G0º is the phase space factor obtained from integrating over all possible en-

ergies and angles of emitted particles and the me is the electron mass. The nuclear

matrix element M 0º , often abbreviated (NME), contains the transition probabilities
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from the initial to �nal nuclear states. The NME for the light Majorana neutrino ex-

change is often expressed in terms of long-range and short-range contributions as

M 0º ! M 0º
light Æg4

A

³
M 0º

long Å M 0º
short

´
. As stated earlier, gA is axial-vector (long-range)

coupling of the weak interaction to nucleons and is factor out. It represents the de-

grees of freedom used by many-body methods to calculate the NMEs. Furthermore,

the short-range component of the NME is proportional to another two-nucleon cou-

pling gNN , which is not written explicitly here. Similar to the 2 º¯¯ decay case, the

phase-space factors are quite accurately known for all relevant nuclei used in 0 º¯¯

decay experiments [ 24, 25]. However, despite recent progress, NMEs for 0 º¯¯ decay

and some of their associated hadron couplings are still poorly known. This will be

summarized in the following section.

To date, the best lower limit on m ¯ ¯ , was achieved by the KamLAND-Zen experi-

ment in 2024 with a half-life limit of T 0º
1/2 È 3.8£ 1026 years at 90% con�dence [ 31]. This

corresponds to m ¯¯ in the range of 28-122 meV, where the width of the range is mostly

due to the NMEs for 136Xe, the 0º¯¯ isotope used in KamLAND-Zen. This is shown

in Figure 3¢3 where m ¯¯ is plotted versus the lightest neutrino mass state. There are

two possible regions where we would expect to see a signal, depending on whether

the mass ordering is inverted (blue) or normal (magenta). KamLAND-Zen probed the

inverted region for the �rst time but a large portion of the phase space remains unex-

plored.

3.3 0º¯¯ Nuclear Matrix Elements

The NMEs capture the effect of nuclear structure on 0 º¯¯ decay and are calculated

using models of the initial and �nal nuclei, along with nuclear many-body approaches

to evaluate the transition operator between them. When attempting to infer the value

of m ¯¯ from the measured T 0º
1/2 , the uncertainty on m ¯¯ is presently dominated the
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