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ABSTRACT

MEASUREMENT OF REACTOR ANTINEUTRINO OSCILLATION WITH SNO+

Anthony Zummo

Joshua Klein

This thesis presents a few topics all related to the SNO+ experiment: improvements to the trigger

system, measurements of backgrounds to a potential neutrinoless double beta decay (0���) signal,

and a measurement of neutrino oscillation parameters using reactor antineutrinos.

Two background analyses performed during the water and partial scintillator phases of SNO+

are presented. The first analysis measures the radioactive backgrounds from the external compo-

nents of the detector in the SNO+ water phase. The second analysis investigates all backgrounds

to a potential neutrinoless double beta decay signal in the SNO+ partial scintillator fill phase.

Both analyses find backgrounds consistent with expectation. These background analyses also mo-

tivated improvements to the SNO+ trigger system. This includes additional trigger functionality

and improvements minimizing the deadtime in the SNO+ trigger system.

Finally, an analysis of reactor antineutrinos detected in 134.4 days of SNO+ data is presented.

A fit of reactor antineutrino event candidates provides a measurement of �m2
21 = 7:96+0:48

�0:41 �

10�5 eV2 with local minima above and below the best fit value at < 2� significance. Combining

this result with the existing global constraint from KamLAND gives a new value of �m2
21 =

7:59+0:18
�0:17 �10�5 eV2, slightly higher than the previous best fit. In addition, the flux of geoneutrinos

is measured to be 64 � 44 TNU, consistent with expectation. The future sensitivities of these

measurements with additional data are also presented. It is concluded that SNO+ expects to reach

the current sensitivity in its measurement of �m2
21 with �4-5 years of livetime.
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Chapter 1

INTRODUCTION

This thesis presents a few topics all related to the SNO+ experiment: improvements to the trigger

system, measurements of backgrounds to a potential neutrinoless double beta decay signal, and a

measurement of neutrino oscillation parameters using reactor antineutrinos.

Chapter 2 begins with a brief history of the neutrino, focused on the aspects most relevant

to this thesis, and a brief description of the neutrino's place in the Standard Model of particle

physics. The physics of neutrino oscillation and massive neutrinos are then presented with ad-

ditional comments on neutrinoless double beta decay (0��� ), the primary focus of SNO+. The

existing methods used to measure the parameters describing neutrino oscillation are then described

with a focus on those most relevant to the SNO+ measurement using reactor antineutrinos. The

slight tension between measurements of� m2
21 using solar neutrinos and reactor antineutrinos is

then highlighted as the SNO+ experiment is capable of making an additional measurement of this

parameter.

Chapter 3 then gives a detailed description of the SNO+ experiment. A special focus is given

to the trigger system, which determines when to save the data, and several improvements made to

this system. A description of new auxiliary triggers is given showing improvements in the ability

to trigger on speci�c event signatures relevant to SNO+. In addition, a detailed study of the time
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between events in which data is lost is presented with improvements minimizing this time.

The simulation and analysis tools of SNO+ are then discussed in Chapter 4. This includes a

description of the RATsoftware package and the reconstruction methods used to infer the properties

of events in the detector. The many steps taken to calibrate the SNO+ detector are then detailed,

including an energy calibration performed using intrinsic radioactivity. This calibration was also

used to estimate the systematic uncertainties most relevant to the following analysis of reactor

antineutrinos.

Chapter 5 then describes the SNO+0��� background model, along with two analyses per-

formed measuring these backgrounds in SNO+ prior to deployment of the0��� isotope. The �rst

of these analyses uses data taken during the SNO+ water phase to measure the radioactive back-

grounds from the external components of the detector. The second of these analyses uses data

taken during the SNO+ partial scintillator �ll phase to investigate all potential backgrounds to a

potential 0��� signal. A comparison of both results to the nominal predicted background rates

used in SNO+ sensitivity projections is presented.

Finally, Chapters 6-9 present an analysis of reactor antineutrinos detected in 134.4 days of

SNO+ data. These chapters include a detailed description of all the factors that determine the

rate of reactor antineutrino interactions in the SNO+ detector as well as the expected rate of

background events that can mimic the antineutrino signal. A likelihood based method used to

select these events and its e�ciency is then described. An extended maximum likelihood �t is

then applied to determine the best �t values for the neutrino oscillation parameters � m2
21 and � 12.

This result is compared to the existing measurements of these oscillation parameters and additional

results with constraints from these existing measurements are also presented. In addition, comments

are given on the �ux of geoneutrinos, which is treated as a nuisance parameter in the �t, but is also

an interesting signal. This thesis concludes by giving potential improvements for this analysis and

sensitivity estimates for the oscillation parameters and geoneutrino �ux as a function of livetime

as the SNO+ experiment continues to take more data.
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Chapter 2

NEUTRINO PHYSICS

2.1 Neutrino History

The neutrino was originally hypothesized in 1930 by Pauli to explain the measured energy spectrum

of electrons emitted in � decay [1]. These measurements found that the electrons were emitted with

a continuous energy spectrum. Pauli proposed a neutral, weakly interacting particle that was not

detected in order to maintain conservation of energy in the decay. When Fermi produced a more

detailed theory of � decay a few years later [2], he proposed that the particles were created during

the decay: n ! p+ e� + � , proposing a 4 point interaction vertex whose strength was characterized

by what we now call the Fermi constant GF . He named the new particle produced in this decay

the "neutrino".

The inverse beta decay process:� + p ! n + e+ was proposed by Bethe and Peierls in 1934

[3]. At the time, the predicted cross-section was far too small to allow detection of the neutrino.

However, with the development of nuclear reactors, which produce an enormous �ux of neutrinos,

and liquid scintillator, which allowed the creation of large detector volumes, the neutrino was

�rst detected in 1956 by Cowan and Reines [4]. Their experiment used a Cd doped water target

placed between two liquid scintillator detectors just outside of a nuclear reactor core to detect the
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coincidence of the produced positron and the
 emitted in the capture of the produced neutron. In

principle, this method is not so di�erent from those used by several modern neutrino experiments,

including SNO+. The existence of the two additional �avors of neutrinos ( � � and � � ) would later

be �rst demonstrated by Lederman, Schwartz, and Steinberger [5] in 1962 and by the DONUT

experiment [6] in 2000 respectively.

The �rst proposal of neutrino oscillation was made in 1957. Motivated by the discovery of

oscillation in Kaons (K 0 $ �K 0), Pontecorvo proposed similar oscillation between neutrinos and

antineutrinos [7] before it was known that there were multiple �avors of neutrino. His work was later

developed into a more detailed theory of neutrino �avor oscillation by Maki, Nakagawa, and Sakawa

[8]. The �rst evidence for this oscillation was produced when measurements of solar neutrinos in

the 1960s made by the Homestake experiment [9] showed fewer detected neutrinos than expected

by the solar models created by Bahcall [10] [11].

It was not until � 2000 that the SNO [12] and Super-Kamiokande [13] experiments de�nitively

solved the solar neutrino problem and observed neutrino oscillation. The use of heavy water allowed

SNO to detect all three neutrino types from the Sun, demonstrating that the total neutrino �ux

was consistent with expectation and that � e had oscillated to the previously undetectable �avors

� � and � � . Super-K used atmospheric neutrinos to demonstrate that the observed �ux of� � was

dependent on their energy and distance traveled to reach the detector due to oscillation. These

experiments �rmly established neutrino oscillation as a reality and began an era of measurements

of the parameters describing this phenomenon.

In addition, in 1937 Majorana proposed a modi�cation to Fermi's theory in which the neutrino

and antineutrino are equivalent [14]. A few years later, it was proposed that under these conditions,

the known rare double beta decay (2��� ) could occur without the emission of two neutrinos [15].

At the time, it was believed that this neutrinoless double beta decay (0��� ) could actually be

much more common than2��� . In fact, in 1949, experimental evidence potentially supporting this

claim was produced [16]. With additional knowledge of the neutrino's coupling to the W boson, it

is now known that if neutrinos are Majorana, 0��� is expected to be much more rare than2��� .
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Figure 2.1: Diagram of the fundamental particles in the Standard Model [17].

Furthermore, no experiment has replicated the short double beta decay half-life claimed in 1949.

More than 80 years after Majorana's original proposal, the question of whether the neutrino is

its own antiparticle has still not been answered. In addition, the most promising method of proving

this fact is still through the detection of 0��� . A large number of experiments, including the focus

of this thesis, SNO+, are using a variety of detector technologies and isotopes to search for this

rare decay.

2.2 Neutrinos in the Standard Model

The Standard Model of particle physics was developed in the 1960s and 70s to classify all known

subatomic particles and describe their interactions. It unites three of the four known fundamental

forces of nature: electromagnetism, the strong force, and the weak force. In addition, it succeeds

in categorizing the known fundamental particles according to the spin statistics that they obey

and the forces by which they interact. A diagram of all the fundamental particles described by

the Standard Model is shown in Figure 2.1. An enormous number of measurements have been

performed testing the accuracy of the Standard Model, nearly all of which have been found to

agree with its predictions to high precision. However, there are still a few observations that cannot
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be explained by the Standard Model.

In the Standard Model, neutrinos are uncharged leptons with three di�erent �avor states

(� e; � � ; � � ) which only interact via the weak force and gravity. As a result, neutrino cross-sections

are small and their interactions are rare. This makes the detection and study of neutrinos di�cult,

leaving many open questions about their properties. For example, neutrinos produced as one �avor

can later be detected as another �avor. This phenomenon is referred to as neutrino oscillation and

implies that neutrinos have mass, a feature not included in the Standard Model. This mass has

been determined to be too small to measure by current experiments and the ordering of the three

neutrino masses is still unknown. In addition, the mechanism by which neutrinos obtain their mass

is also still unknown. The following sections discuss these properties of the neutrino in more detail.

2.3 Neutrino Oscillation

2.3.1 Oscillation in Vacuum

Neutrinos are produced in interactions as one of three �avor eigenstatesj� e;�;� i , however, they prop-

agate according to their three mass eigenstatesj� 1;2;3i . The relationship between these eigenstates

can be described by:

j� � i =
3X

i =1

U �
�i j� i i ; � = e; �; � (2.1)

whereU�;i are the elements of a 3� 3 unitary matrix referred to as the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix. The PMNS matrix is typically parameterized by three mixing angles � 12,

� 13, and � 23 as well as a CP violating phase� CP as follows:

U =

0

B
B
B
B
@

c12c13 s12c13 s13e� i� CP

� s12c23 � c12s23s13ei� CP c12c23 � s12s23s13ei� CP s23c13

s12s23 � c12c23s13ei� CP � c12s23 � s12c23s13ei� CP c23c13

1

C
C
C
C
A

(2.2)

wherecij = cos � ij and sij = sin � ij . It can be seen that if U was diagonal (i.e. � 12 = � 13 = � 23 = 0 ),

the �avor eigenstates would map directly to the mass eigenstates. The PMNS matrix can also be

6



decomposed into three components involving only one mixing angle� ij each:

U =

0

B
B
B
B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
C
C
C
A

0

B
B
B
B
@

c13 0 s13e� i� CP

0 1 0

� s13e� i� CP 0 c13

1

C
C
C
C
A

0

B
B
B
B
@

c12 s12 0

� s12 c12 0

0 0 1

1

C
C
C
C
A

(2.3)

Propagation of a neutrino is then governed by the Schrödinger equation:

i
d
dt

j� i (t)i = H j � i (t)i (2.4)

which can be solved to obtain:

j� i (t)i = e� iE x t j� i i (2.5)

A neutrino created as a �avor eigenstate can then be decomposed into the mass eigenstates and

then its propagation is given by:

j� � (t)i =
X

i

U �
�i U�j e� iE i t (2.6)

This neutrino which was produced in �avor eigenstate � can later interact as �avor eigenstate �

with a probability given by:

P� � ! � � (t) = j h� � j� � (t)i j 2 =
X

i;j

U �
�i U�i U�j U �

�j e� i (E i � E j )t (2.7)

This probability being non-zero for � 6= � is referred to as neutrino oscillation. Equation 2.1

showed that if U was diagonal, the �avor and mass eigenstates would map to each other directly.

Equation 2.7 then shows that under these circumstancesU �
�i U�i U�j U �

�j = 0 ; unless� = � = i = j .

Thus, P� � ! � � (t) = 0 for � 6= � . It is therefore a necessity that the �avor and mass eigenstates

di�er for neutrino oscillation to occur. Now, a few approximations can be made assuming that the

momentum of each mass state is nearly the same, the rest mass of the neutrino is small, and the

momentum of the neutrino is nearly equal to its energy. The di�erences in energy can then be
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approximated as:

E i � E j =
q

p2
i + m2

i �
q

p2
j + m2

j �
� m2

ij

2E
(2.8)

where the mass-squared di�erences are de�ned as� m2
ij = m2

i � m2
j . In addition, the neutrino can

be approximated to be traveling at the speed of light allowing time to be converted to distance.

This gives the probability:

P� � ! � � (L; E ) =
X

i;j

U �
�i U�i U�j U �

�j exp
�

� i
� m2

ij L

2E

�
(2.9)

It can now be seen that the magnitude of the transition probability depends entirely on the elements

of U, while the phase depends on the mass-squared di�erences,� m2
ij , the distance traveled by the

neutrino, L , and the energy of the neutrino,E . Separating the real and imaginary parts of Equation

2.9 gives:

P� � ! � � (L; E ) = � �;� � 4
X

i<j

Re[U�i U �
�i U �

�j U�j ] sin2
�

� m2
ij L

4E

�
(2.10)

+ 2
X

i<j

Im[U�i U �
�i U �

�j U�j ] sin
�

� m2
ij L

2E

�
(2.11)

For massless neutrinos,� m2
ij = 0 and the sin terms in Equation 2.10 are zero. Thus, oscillation

requires massive neutrinos. Another notable fact is that the oscillation probability depends only

on the squared di�erences of the neutrino masses. As a result, despite requiring massive neutrinos,

oscillation can not be used to determine the absolute neutrino masses.

For antineutrinos, the same derivation can be performed but with the relationship between

the �avor and mass eigenstates de�ned by the complex conjugate ofU. Equation 2.2 shows that

the only way to obtain a non-zero imaginary component for anyU�i is through a non-zero value

for � CP . The di�erence between U and U � , and therefore the di�erence between neutrino and

antineutrino oscillation (in vacuum), is thus determined by � CP .

The two-neutrino case is shown here as an example to allow comparison to the more compli-
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cated result accounting for matter e�ects. The mixing matrix in this case is given by:

U =

0

B
@

cos(� ) sin(� )

� sin(� ) cos(� )

1

C
A (2.12)

and the oscillation probability is given by:

P� e ! � � (L; E ) = sin 2(2� ) sin2
�

� m2L
2E

�
(2.13)

2.3.2 Oscillation in Matter

Neutrinos propagating through matter undergo neutral and charged current interactions with elec-

trons, protons, and neutrons as they travel. The neutral current interactions a�ect all three neutrino

�avors equally and thus do not contribute to oscillation. The charged current interactions, how-

ever, only occur between� e and electrons. This produces an asymmetry in how the di�erent �avors

interact, a�ecting the oscillation probability.

The e�ective potential from the charged current interactions of � e is given by:

VCC = �
p

2GF ne (2.14)

whereGF is the Fermi constant and ne is the number density of electrons in the medium. The value

is positive for neutrinos and negative for antineutrinos. Inclusion of this term in the Hamiltonian

gives:

H =
1

2E
(UM 2Uy + A) (2.15)

where

M =

0

B
B
B
B
@

0 0 0

0 � m2
21 0

0 0 � m2
31

1

C
C
C
C
A

and A =

0

B
B
B
B
@

ACC 0 0

0 0 0

0 0 0

1

C
C
C
C
A

(2.16)

with ACC = 2EVCC . For simplicity, the case of an electron neutrino in two neutrino oscillation is
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considered to demonstrate important features of matter oscillation. In this scenario, the propagation

of the neutrino is governed by the equation:

i
d
dt

0

B
@

 ee

 e�

1

C
A =

1
4E

0

B
@

� � m2
21 cos(2� 12) + ACC � m2

21 sin(2� )

� m2
21 sin(2� ) � m2

21 cos(2� 12) � ACC

1

C
A

0

B
@

 ee

 e�

1

C
A (2.17)

The Hamiltonian can then be diagonalized to obtain:

H =
1

4E

0

B
@

� � m2
e� 0

0 � m2
e�

1

C
A (2.18)

where � m2
e� =

p
(� m2 cos(2� ) � ACC )2 + (� m2 sin(2� ))2 is the e�ective squared mass di�erence.

The unitary mixing matrix can then be written as:

U =

0

B
@

cos(� e� ) sin(� e� )

� sin(� e� ) cos(� e� )

1

C
A (2.19)

where

sin2(2� e� ) =
sin2(2� )

(cos 2� 12 � ACC =� m2)2 + sin 2(2� )
(2.20)

The oscillation probability is then given by:

P� e ! � � (L; E ) = sin 2(2� e� ) sin2
�

� m2
e� L

2E

�
(2.21)

This is the same as the two neutrino case in vacuum (Equation 2.13) but with the e�ective mixing

angle and mass squared di�erences rather than the vacuum values. An analogous calculation can

be performed for three neutrino oscillation resulting in a similar substitution of e�ective mixing

angles and squared mass di�erences (e.g. as shown in [18]).

Another notable feature is that sin2(2� e� ) = 1 when cos 2� 12 � ACC =� m2 = 0 . Thus, maximal

oscillation can occur even when the expected oscillation in vacuum (determined bysin2(2� )) is
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Figure 2.2: Diagrams of the normal and inverted hierarchies. The colors show the relationships
between the �avor eigenstates and the mass eigenstates. Adapted from [19].

small. For, neutrinos this occurs at a speci�c electron density or neutrino energy:

ne =
� m2 cos 2�

2
p

2EGF
; or E =

� m2 cos 2�

2
p

2neGF
(2.22)

This maximal mixing is referred to as the Mikheyev-Smirnov-Wolfenstein (MSW) e�ect and is

particularly relevant for solar neutrinos.

2.4 Neutrino Mass

2.4.1 Neutrino Mass Hierarchy

In Section 2.3, it was shown that neutrino oscillation in vacuum depends only on the magnitude

of the squared mass di�erences of the neutrino mass states, not the sign. Matter e�ects within

the Sun have allowed solar neutrino experiments to determine that� m2
21 is positive. The value

of � m2
32 has been measured to be signi�cantly larger than� m2

21, however, the sign of� m2
32 has

not yet been determined. This means two possible mass orderings are allowed:m1 < m 2 << m 3

or m3 << m 1 < m 2. These "mass hierarchies" are referred to as the "Normal Hierarchy" and the

"Inverted Hierarchy" and are depicted in Figure 2.2.
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2.4.2 Neutrino Absolute Mass

In Section 2.3, it was also shown that neutrino oscillation depends only on the squared mass di�er-

ences of the neutrino mass states and not the absolute masses. As a result, oscillation experiments

give little information about the absolute masses of the neutrino mass states. Only lower limits

can be set by assuming that the lightest state is massless.

The absolute neutrino masses have not yet been measured by any experiment. Several ex-

periments currently attempt to measure the neutrino mass through precise measurements of the�

decay energy spectrum. The KATRIN experiment currently holds the world leading upper limit on

the neutrino mass for direct measurements at:m� < 0.8 eV (90% CL) [20]. In addition, indirect

constraints on the sum of the neutrino masses come from cosmological measurements. Several

measurements place limits of
P

i mi < � 0.1 eV [21] [22] [23] but depend on cosmological models.

2.4.3 Neutrino Mass Mechanism

Neutrinos in the Standard Model are massless and thus have no prescribed way to include their

mass. The most straightforward way to do this is to use the same method as all other fermions in

the Standard Model, the Higgs mechanism. This is done by including a Dirac mass term in the

Lagrangian:

L = � mD ( � L  R + � R  L ) (2.23)

where R and  L represent the left and right chiral states of the neutrino. The mass of the neutrino

would then be given by:

mD =
y�

i V
p

2
(2.24)

where V is the Higgs vacuum expectation value andy�
i are the Yukawa couplings of the neutrino

to the Higgs �eld. This method of generating the neutrino mass is valid but unsatisfying for two

reasons.

First, Equation 2.23 implies that both neutrinos and antineutrinos have both left and right

chiral states. However, only left-handed neutrinos and right-handed antineutrinos couple to the

12



weak force and have been detected. This method would therefore require the existence of two

additional "sterile" neutrinos which would only interact via gravity. These sterile neutrinos would

likely be at a similar mass scale as the neutrinos and could a�ect oscillation probabilities. However,

no de�nitive observations of these sterile neutrinos have yet been made.

Second, current limits on the neutrino mass are much smaller than the next lightest fermion.

As a result, the Yukawa couplings for the neutrinos would have to be at least 5 orders of magnitude

smaller than for other particles. The lack of a physical explanation for the large discrepancy in size

makes this mass mechanism less appealing.

Because neutrinos are neutral, a di�erent mechanism can be used to generate their masses.

This results from Majorana's proposal that the neutrino could be its own antiparticle which would

imply that  C =  . Its mass term in the Lagrangian would then be:

L = � mL ( � C
L  L + � L  C

L ) (2.25)

A Majorana mass term conveniently solves both of the previous unsatisfying aspects of the Dirac

mass term. The existence of a Majorana mass term does not preclude a Dirac term and including

both in the Lagrangian gives the mass terms:

L = � mL ( � C
L  L + � L  C

L ) � mR ( � C
R  R + � R  C

R ) � mD ( � L  R + � R  L ) (2.26)

The mass eigenvalues can then be found. An interesting case wheremL = 0 and mR >> m D is

referred to as the see-saw mechanism. In this case the mass eigenvalues become:

mlight �
m2

D

mR
; mheavy � mR (2.27)

Several di�erent versions of this mechanism exist but the basic idea is the same. There exists a

heavy right-handed neutrino with a mass at the scale of new physics not currently accessible by

existing experiments and the mass of the light left-handed neutrino is driven to a low value despite
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having a similar Yukawa coupling as the other fermions. Thus, both the small neutrino masses and

the lack of evidence for sterile neutrinos are explained naturally.

There are two additional notable consequences of Majorana neutrinos. First, as neutrinos have

lepton number of 1 and antineutrinos have lepton number of -1, a Majorana neutrino where the

two are one and the same would inherently violate lepton number conservation. Also, an additional

term would be added to the PMNS matrix with two new Majorana phases. There are several

equivalent ways of parameterizing this matrix including:

PM =

0

B
B
B
B
@

ei� 1 0 0

0 ei� 2 0

0 0 1

1

C
C
C
C
A

(2.28)

which would be multiplied on the right side of the PMNS matrix in Equations 2.2 and 2.3. This

term would not a�ect the observed oscillation probabilities and would only enter in lepton number

violating processes. Searching for these lepton number violating processes is then a test of the

Majorana nature of neutrinos.

Neutrinoless Double Beta Decay

The most sensitive experimental method to determine if neutrinos are Majorana is through search-

ing for a lepton number violating decay: neutrinoless double beta decay (0��� ). Beta decay is

energetically forbidden (or strongly suppressed) for certain isotopes. However, in some of these iso-

topes, a double beta decay ((Z; A ) ! (Z + 2 ; A) + 2 e� + 2�� e) may still be allowed. In double beta

decay, two neutrons simultaneously undergo beta decay resulting in the production of two protons,

two electrons, and two antineutrinos. The total kinetic energy released in the decay is referred to

as the "Q value". This decay requires two weak interactions as can be seen in its Feynman diagram

shown in Figure 2.3. As a result, it has an extremely long half-life�O (1021) years which can vary

by a few orders of magnitude depending on the isotope.

A similar process may occur but without the emission of two antineutrinos. This process is

called neutrinoless double beta decay (0��� ) and its Feynman diagram is also shown in Figure
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Figure 2.3: Feynman diagrams for double beta decay (left) and neutrinoless double beta decay
(right).

2.3. In the simplest version of this decay, a neutrino is exchanged by the W bosons in the decay.

However, this can only occur if neutrinos are Majorana. The half-life of this decay is given by:

(T0�
1=2) � 1 = G0� jM 0� j2

�
m��

me

� 2

(2.29)

where T0�
1=2 is the half-life of the given isotope, G0� is a phase space factor,M 0� is the nuclear

matrix element of the given isotope, andm�� is the e�ective Majorana mass de�ned by:

m�� =

�
�
�
�
X

i

mi U2
ei

�
�
�
� (2.30)

where the sumi is over the mass states,mi are the mass eigenvalues, andU is the PMNS matrix.

It is this e�ective Majorana mass that 0��� is sensitive to.

Because no neutrinos are emitted in0��� , all of the kinetic energy of the decay is transferred

to the two electrons. As a result, the two electrons will have a total energy equal to the Q value of

the decay. In 2��� , the electrons are emitted with a broad energy spectrum (just as in regular beta

decay) because some of the energy is carried by the neutrinos. Thus the experimental signature for

this decay is a peak in the energy spectrum at the Q value of the decay as shown in Figure 2.4.

A large number of experiments are searching for this signature using a variety of di�erent

techniques and isotopes. Figure 2.4 shows the current limits on this decay plotted as a function

of m�� vs. mlightest (the lightest neutrino mass eigenstate). The shaded regions show the allowed

values of the phase space for the Normal and Inverted Hierarchies. The KamLAND-Zen experiment
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Figure 2.4: (Left) The expected energy distributions of 2��� and 0��� decays. Figure from [25].
(Right) E�ective Majorana mass as a function of the lightest neutrino mass. The green and red
bands show the allowed values in the Inverted and Normal Hierarchies. The regions excluded by
the current best upper limit for the largest and smallest nuclear matrix elements (M 0� ) [24] are
shaded in gray. Figure from [26].

Oscillation Parameter Value
� m2

21 7:53� 0:18� 10� 5 eV2

� m2
32 2:453� 0:0033� 10� 3 eV2

sin2 � 12 0:307+0 :013
� 0:012

sin2 � 23 0:546� 0:021
sin2 � 13 0:0220� 0:0007

� CP 1:23� 0:21� � rad

Table 2.1: PDG 2021 [27] best �t oscillation parameters.

provides the current leading limit on m�� , �nding m�� < 36-156 meV (90% CL) [24] where the

range is due to uncertainties in the calculation of the nuclear matrix elementM 0� .

2.5 Neutrino Sources and Experiments

The six parameters that govern neutrino oscillation are the three mixing angles (� 12, � 13, and � 23),

the two independent mass squared di�erences (typically� m2
21 and � m2

32 are chosen), and the

CP violating phase (� CP ). All six parameters have now been measured experimentally with� CP

being the least well constrained (� CP = 0 has not yet been excluded at5� ). Table 2.1 shows the

current status of measurements and Figure 2.5 shows the precision of measurements over time for

the neutrino oscillation parameters.
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Figure 2.5: The six oscillation parameters and the precision of their measurement over time. From
[28].

While many sources and experiments have contributed to our understanding of neutrinos

and neutrino oscillation, this section gives an overview of those most relevant to the study of

reactor antineutrinos. This includes solar and reactor neutrinos which have been used to measure

the oscillation parameters � 12, � 13, � m2
21, and � m2

32. In addition, geoneutrinos, an interesting

neutrino signal and a background to reactor antineutrinos are also discussed.

2.5.1 Reactor Neutrinos

The source of neutrinos used both for their initial discovery and for the main analysis of this thesis

is nuclear reactors. Nuclear reactors produce enormous �uxes of�� e with energies of up to� 10 MeV

which can then be detected through the inverse beta decay (IBD) interaction�� e + p ! e+ + n.

The energy spectrum of reactor antineutrinos as well as their product with the IBD cross-section

are shown in Figure 2.6. Only �� e can undergo the IBD interaction at these energies and so reactor

neutrino experiments typically search for the disappearance of�� e to probe the neutrino oscillation

parameters.
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Figure 2.6: The energy spectrum of reactor antineutrinos before and after accounting for the IBD
cross-section.

Using Equation 2.10, the oscillation probability, P�� e ! �� e , is given by:

P�� e ! �� e (L; E ) = 1 � cos4(� 13) sin2(2� 12) sin2
�

� m2
21L

4E

�
(2.31)

� sin2(2� 13)
�

cos2(� 12) sin2
�

� m2
31L

4E

�
+ sin 2(� 12) sin2

�
� m2

32L
4E

��

This value is referred to as the "survival probability" and the terms dependent onL=E are often

rewritten in the units typically used by these experiments:

� m2
ij L

4E
= 1 :27

� m2
ij [eV2]L [m]

E [MeV]
(2.32)

The distances between the reactors and the experiments (L ) are known and the energy of the

incident neutrinos (E) can be measured, isolating the e�ect of the oscillation parameters. Figure

2.7 shows the survival probability averaged over the energy spectrum of reactor neutrinos as a

function of L . A small decrease in the survival probability can be seen atL � 2km. This decrease

is primarily due to the third and �nal term in Equation 2.31 whose maximum amplitude depends

on sin2(2� 13). This length scale is referred to as "short baseline" and is optimal for measurements

of � 13 and � m2
32.
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Figure 2.7: Survival probability averaged over the energy spectrum of reactor antineutrinos as a
function of distance (L ). Adapted from [29].

A large decrease in the survival probability can be seen at� 60 km. This decrease is primarily

due to the second term in Equation 2.31. At this length scale, the termsin2( � m2
21 L

4E ) can undergo

a few oscillations across the range of neutrino energies provided by nuclear reactors. This length

scale is referred to as "medium baseline" and is optimal for measurements of� 12 and � m2
21.

Short Baseline Reactor Neutrino Experiments

At short baselines, the survival probability can be approximated as:

P�� e ! �� e (L; E ) � 1 � sin2(2� 13)
�

cos2(� 12) sin2
�

� m2
31L

4E

�
+ sin 2(� 12) sin2

�
� m2

32L
4E

��
(2.33)

Initial measurements of � 13 from short baseline experiments found no evidence of neutrino

oscillation [30] [31]. This inspired several theoretical models with� 13 equal to or near 0. Three short

baseline reactor antineutrino experiments were then designed with the goal of precisely measuring

� 13: Double Chooz in France, RENO in South Korea, and Daya Bay in China.

The detectors used by these experiments were quite similar. All three detectors consisted of

a liquid scintillator target with photomultiplier tubes (PMTs) to detect the light produced in the

IBD interactions. The scintillator was doped with gadolinium to improve their sensitivity to the
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Figure 2.8: Measured energy spectra at the Daya Bay [32] (left), RENO [33] (middle), and Double
Chooz [34] (right) far detectors. All three experiments see�� e disappearance consistent with� 13 � 8�

and j� m2
32j � 2:5 � 10� 3 eV2.

neutron capture signal used to identify the IBD interactions. All three experiments used multiple

detectors, with at least one "near" detector placed closer to the reactor to measure the antineutrino

�ux and at least one "far" detector placed � 1 km from the reactor to observe the disappearance.

Each experiment uses the same technique to measure both� 13 and � m2
32. The �ux measured

at the near detector is used to predict the expected �ux at the far detector independent of the

modeling of the reactor. A de�cit of detected neutrinos at the far detector allows measurement of

the disappearance probability of the neutrinos. The amplitude of this disappearance is determined

by � 13 while the energy dependence of this disappearance is determined by� m2
31 and � m2

32.

The three experiments have found consistent results which were reported forsin2(2� 13):

0:0851� 0:0024for Daya Bay [32], 0:0896� 0:0048(stat) � 0:0047(syst) for RENO [33], and 0:105�

0:014for Double Chooz [34]. These results correspond to� 13 � 8� and the detected energy spectrum

for each experiment is shown in Figure 2.8. It is known that� m2
21 << � m2

32 � � m2
31 and Equation

2.33 shows that these experiments are only sensitive to the magnitude of� m2
32 so these experiments

often report their measurement asj� m2
32j or report two di�erent values dependent on the mass

hierarchy. These experiments �nd that j� m2
32j � 2:5 � 10� 3 eV2.

In addition to their oscillation measurements, these experiments have also published detailed
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Figure 2.9: (Left) Survival probability for L = 240 km using both the full 3 �avor oscillation and the
approximation averaging over the high frequency oscillation. (Right) The approximated survival
probability with the current best �t oscillation parameters compared with di�erent values of � m2

21
and � 12.

measurements of the reactor antineutrino �ux which will be used for the prediction and uncertainties

of the reactor antineutrino signal in Chapter 6.

Medium Baseline Reactor Neutrino Experiments

Figure 2.9 shows the oscillation probability at L = 240 km as a function of energy across the reactor

antineutrino energy range. This is chosen because the dominant source of neutrinos reaching SNO+

(the Bruce Nuclear Generating Station) is a distance of 240 km away from the detector.

The high-frequency oscillation is due to the third term in Equation 2.31. These terms can be

averaged over to approximate the survival probability as:

P�� e ! �� e (L; E ) � 1�
1
2

sin2(2� 13) � cos4(� 13) sin2(2� 12) sin2
�

� m2
21L

4E

�
(2.34)

Figure 2.9 also shows this approximate survival probability plotted for two di�erent values of

� m2
21 and two di�erent values of � 12. The di�erence in the oscillation probabilities for di�erent

values of� m2
21 and � 12 is what allows its measurement in reactor antineutrino experiments. It can

also be seen from Figure 2.9 that the value of� 12 a�ects the amplitude of the oscillation and � m2
21

a�ects the frequency.
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Currently, the only experiment to measure reactor antineutrinos at a medium baseline is Kam-

LAND. The result from SNO+ will be just the second measurement of its type. The KamLAND

and SNO+ experiments are fairly similar in principle. Both contain � 1 kiloton of liquid scintillator

surrounded by many PMTs to detect the light produced by interactions within the detector. A

more detailed description of SNO+ is given in Chapter 3.

The KamLAND detector consists of a 13 meter diameter balloon �lled with 1 kiloton of liquid

scintillator. It is surrounded by mineral oil which provides shielding to the detector and is viewed

by 1300 PMTs at � 9 m radius which provide � 34% photocoverage of the detector. A diagram of

the KamLAND detector is shown in Figure 2.10.

The KamLAND detector is located � 1 km underground in the Kamioka Observatory in

Kamioka, Japan which results in a cosmic muon rate of� 0.3 Hz. It is surrounded by � 50 nearby

Japanese reactors with a �ux-weighted average baseline (L 0) of 180 km. These reactors provide a

rate of � 1-2 reactor antineutrino interactions per day in KamLAND.

KamLAND took data for � 7 years, and the results across its three data taking periods are

shown in Figure 2.10. This �gure also shows the survival probability plotted as a function of

L 0=E for the data after subtraction of backgrounds. KamLAND found the best �t values for the

oscillation parameters� m2
21 = 7 :53� 0:18� 10� 5 eV2 and tan2(� 12) = 0 :436+0 :029

� 0:025 [36]. This result

is the current most precise measurement of� m2
21.

Compared to SNO+, KamLAND has a slightly larger detector (13 m radius vs. 12 m radius)

and is located much closer to the surface resulting in a higher cosmic muon rate (� 0.3 Hz vs.

� 3/hour). SNO+ has more PMTs and slightly more photocoverage but the experiments have

comparable energy resolution.

For this measurement, the most signi�cant di�erence between KamLAND and SNO+ is the

distribution of reactors around the detector. Maps of nearby reactors are shown in Figure 2.11,

drawn approximately to scale. There are many more reactors near the KamLAND detector than the

SNO+ detector. This results in a � 4� larger �ux of reactor antineutrinos in KamLAND. However,
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Figure 2.10: A diagram of the KamLAND detector (top left) [35] and the most recent result from
KamLAND. The right �gure shows the observed energy spectrum of reactor antineutrinos over
three periods while the bottom left �gure shows the background subtracted survival probability as
a function of L 0=E�� e [36].
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Figure 2.11: Maps of nearby reactors for the SNO+ experiment (left) and the KamLAND experi-
ment (right) [37]. Maps are drawn approximately to scale. Reactor sizes are scaled to their design
power for the SNO+ map.

the many reactors all sit at various locations with di�erent baselines (L ). Because the oscillation

probability depends on the combination of (� m2
21 � L )=E, accounting for multiple baselines (L )

reduces the sensitivity to � m2
21.

In SNO+, � 60% of the reactor antineutrino �ux comes from just three Canadian reactor

complexes atL = 240 km, 340 km, and 350 km. The closest complex, Bruce, is the second largest

nuclear reactor complex in the world and it alone produces� 40% of the �ux at SNO+. As a result,

the features in the energy spectrum due to oscillation are more well preserved in comparison to

KamLAND. It is this advantage of SNO+ that results in a better expected sensitivity to � m2
21

than KamLAND for the same amount of livetime.

This then leads to a question of what the optimal baseline would be to measure oscillation
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