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Abstract

The SNO+ experiment is a large liquid scintillator detector deep underground,
with the main goal of measuring the speculative neutrino-less double-beta decay.
It is the successor to the original Sudbury Neutrino Observatory (SNO), and, just
like its predecessor, is also used to study long baseline neutrino oscillation. How-
ever, unlike SNO, it can do so by measuring inverse beta decays (IBD) induced by
electron antineutrinos from nearby nuclear reactors. Detection of these has already
been demonstrated when SNO+ was filled with ultra-pure water, and when half
of this was replaced with liquid scintillator. The analysis presented here uses the
currently largest available dataset from SNO+, harnessing 134.5 days of livetime
from a detector fully loaded with liquid scintillator. A detailed review of the pre-
dictions of the IBD flux and its backgrounds is performed, teasing out any sources
of uncertainty and constraining them where possible. The signal is then purified
from these backgrounds with various cuts and coincidence tagging, followed by a
new pulse shape discrimination classifier based on the Fisher discriminant. In sim-
ulations, this classifier achieves a selection e Lciehcy of the primary background -
(c, n) induced proton recoils — of 11.2%, while only sacrificing 3.9% of the total
reactor IBD signal. The coincidence tagging produces 57 candidate events from the
134.5 days of data, of which 13 are removed by the classifier in a way consistent
with predictions. An oscillation analysis is performed on both these datasets, using
an e Lcieht fitting framework allowing both shape and normalisation systematics
to be floated alongside the oscillation parameters. This oscillation is realised via a
novel algorithm which accounts for the full e [edt of three-flavour neutrino oscilla-
tion while propagating through matter of a constant density. The total expected
flux is corrected by 0.6% compared to the vacuum case, while achieving competi-
tive computational e [Ciehcy. A measurement of m3, = 8.06%33 10 %V? is
reported, making SNO+ hold the world’s second most precise measurement behind
KamLAND. Meanwhile, the measurement of sin®d;, = 0.43*333 is found to be in
agreement with previous results. The geo-neutrino flux at SNO+ was simultane-
ously fit to 70*33 TNU, making it tentatively the third location such a measurement
has been performed worldwide. The («, n)-IBD classifier is found to not improve the
oscillation analysis at this stage due to the limited sample size. However, a sensi-
tivity analysis demonstrates that it is expected to play a critical role in producing a
world leading measurement of m3, in the coming one to two years, while enabling
far more accurate measurements of the geo-neutrino flux as data accumulates.



“It’s a dangerous business, Frodo, going out your door. You step onto the road,
and if you don’t keep your feet, there’s no knowing where you might be swept o []
to.”
Bilbo Baggins — The Lord of the Rings, J.R.R. Tolkien

To my cat.
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Chapter 1

Introduction

It's the job that's never started as takes longest to nish.
Samwise Gamgee The Lord of the Rings J.R.R. Tolkien

The neutrino was rst proposed by Wolfgang Pauli in 1930 as a massless, parity-
conserving, weakly interacting fermion, to maintain energy conservation in the face
of the continuous -decay energy spectrum measured earlier that century. Originally
called neutron before the neutron's discovery, Pauli stated | have done a terrible
thing, | have postulated a particle which cannot be detected : the neutrino [4]. In
the decades since, however, the re-branded neutrino was measured by F. Reines
and C. L. Cowan [5] from a nuclear reactor, and later found to be parity-violating,
massive, and to exist in (at least) three avours which oscillate between one-another
as they propagate. A whole eld of particle physics has developed around these
barely existing particles, skirting the boundaries of the Standard Model. Since
then, such neutrino oscillation has been proven, and most of the involved parameters
determined to varying levels of accuracy [6], as the age of high precision neutrino
physics is dawning.

However, questions remain to be answered and measurements to be improved,
such as the extent of neutrinos' charge-parity (CP) violation or their mass ordering.
One such puzzle is the neutrino masses being several orders of magnitude smaller
than any other known massive particle. As the only electrically neutral fermion in
the Standard Model, Ettore Majorana proposed a novel mechanism for the neutrino
to gain mass, which would make them Majorana fermions unlike all the others
being Dirac fermions. If this were true, the small mass could be explained by a so-
called see-saw mechanism, which would imply physics beyond the Standard Model,
and produce lepton number violating processes with far-reaching consequences [4].

The SNO+ detector was thus designed to prove the neutrino’'s Majorana nature
by measuring a process called neutrinoless double-beta decay (0), or at the least
set limits on this decay's half-life. SNO+ is the inheritor of the Sudbury Neutrino
Observatory (SNO), seated 2 km underground in an active mine in the Canadian
Shield. 1t is a large liquid scintillator detector achieving the incredibly low conso-
mogenic and radioactive background levels needed for such a sensitive measurement
[7]. 1t also happens to be ideally situated relative to the nuclear reactors in Ontario
to measure their electron antineutrinos undergo neutrino oscillation. SNO+ was
already the rst to measure reactor antineutrinos in water [8], before being lled
with liquid scintillator. A preliminary measurement of neutrino oscillation was then
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CHAPTER 1. INTRODUCTION

carried out in the so-called partial- Il phase [9] (in the process of publication),
where the detector was lled with half ultra-pure water and half liquid scintillator.
An improved measurement in the full- Il scintillator phase is now also approaching
publication, where all the water has been replaced with liquid scintillator. It is this
measurement with which the present analysis concerns itself. Indeed the result is
largely based on work presented herein. As such, while the text is kept as general as
possible to serve as a useful resource for all future reactor antineutrino and related
analyses at SNO+, it focuses, where necessary, on the particular full- Il dataset
to be published: 134.5 days of live-time from 30/04/2022 to 05/03/2023.

The presented work is separated into di erent chapters, owing with a progress-
ing logic, where possible. First, a brief but fundamental overview of the theory of
neutrino physics in the Standard Model is laid out, focusing on how the Majorana
neutrino arises, and how it leads to 0 . The emergence of neutrino oscillation
from the Standard Model whether Majorana or Dirac is also described, though
stopping short of any phenomenology which is saved for a later chapter. The SNO+
detector is then presented, with its overall design, novel Tellurium loading technique,
its data acquisition and simulation, and calibrations. While these are all primarily
motivated by a O measurement, they also enable reactor antineutrino detection,
needed for the analysis presented herein. With the context laid, the author's work
starts to be presented with the calculation of the expected reactor antineutrino
ux, and a detailed uncertainty analysis. A chapter is then dedicated to neutrino
oscillation modifying this ux. It focuses on neutrino phenomenology, describing
the historical and current best measurements of various oscillation parameters, and
the sensitivity of SNO+ to the so-called long-baseline ones. It also covers a novel
algorithm by the author, to compute neutrino oscillation in constant matter den-
sity, achieving high computation speeds without sacri cing accuracy [10]. Next, the
expected backgrounds to this reactor antineutrino signal are reviewed, with their
rates, spectra and uncertainties computed for the relevant dataset. The cuts and
tagging employed to reduce these to manageable levels are also described. A sepa-
rate chapter is dedicated to a new classi er, achieving a high degree of puri cation
from the most troublesome remaining backgroundC( , n)*®O events, expected to
appear in a technical paper in the near future and to be an important part of future
analyses. Finally, the oscillation analysis itself is presented, reviewing all the models
in play, a new tting framework developed for the task, and nally the results of
the analysis.
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Chapter 2

Neutrino Theory

The wide world is all about you: you can fence yourselves in, but you cannot
forever fence it out.
Gildor The Lord of the Rings J.R.R. Tolkien

2.1 Introduction

An overview of the theory of neutrino physics is presented here, using the stan-
dard model (SM) of particle physics as a starting point. Beyond the SM features

are then explored, showing how they lead to neutrino masses and oscillation, and
potentially neutrinoless double-beta decay. Implications of these are only brie y dis-

cussed throughout. In this way, the theoretical motivation for the SNO+ experiment

is touched upon, while laying the groundwork for neutrino oscillation phenomenology

and neutrino-matter interactions, all three being covered in subsequent chapters.

2.2 Neutrinos in the Standard Model

In the SM, after the electroweak symmetry breaking, the three generations of neu-

trinos ( ¢, , ) are massless left-handed (LH) chiral spinor elds (_), only inter-
acting via the weak force
X
L= L@L+gZLZL+g%ILW L+3%LW+|L (2.1
=e;;
wherele=¢e ,| = || = are the associated charged leptons. The equations of

motion of all three are thus described by three independent massless Dirac equations
@. =0; 2fe;; g (2.2)

to zeroth order in the small coupling constantg; and gy . Perturbatively adding

in the higher order interactions from theZ and W bosons leads to neutral-current
(NC) and charged-current (CC) interactions respectively. However, these interac-
tions are only ever among either same- avour neutrinos, or same- avour neutrinos
and charged leptons. The equations of motion for the three avours are clearly
decoupled in this case.
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2.3. BEYOND THE STANDARD MODEL CHAPTER 2. THEORY

2.3 Beyond the Standard Model

However, the phenomenon of neutrino oscillation was demonstrated by baseline-
dependent disappearance of atmospheric muon neutrinos with the Super-Kamiokande
experiment [11, 12], and by the avour transition of solar neutrinos observed by the
SNO collaboration. This suggested two things: neutrinos must have mass in or-
der to evolve, and there must be neutrino avour mixing. More on the history of
these measurements is presented in chapter 5. Meanwhile, these two changes can be
realised in either one of two straightforward additions to the SM.

2.3.1 Dirac Fermions

The rst method is adding a right-handed (RH) neutrino eld for each avour and
constructing a Yukawa term, which reduces to a Dirac mass term after the elec-
troweak symmetry breaking. This leads to avour mixing in exactly the same way
as for quarks and the Cabbibo-Kobayashi-Maskawa (CKM) matrix, since diagonal-
ising the mass terms leaves all other terms invariant, except for the weak CC terms

X

Lo = fi@f+mef+g—Zfi21 >
f=1;2;3 X 2
+i2$% SIW LS WR L S g
X -
= Uf fi
f=1;2;3

so that Greek indices represent the avour eigenstates (de ned according to the
associated charged leptons), and Latin indices represent the mass eigenstaies.
is the Dirac mass,U is the (unitary) Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix,and = [+ randP. = %(1 %) = _ allows one to introduce
the so-called V-A structure above. V-A structure will be further explained in chapter
4. Focusing on the PMNS matrix, anN N unitary matrix can be parametrised
as [4]

#
Y
U=D(W ) Wab(ab; abt a b) D( );
a<b

W®( ap; ap) = 1+(C0Sqp 1) A%+ A™ +sin o, € *AP e ' 2AP ; (2.4)
[Aab]rs = ar bs

D( )= diag € ;€ 2 v

where ., an, W and ; are the N2 free real parameters. , and , can be
chosen so as to cancel out wittN 1 of the IN (N 1) g, factors, leaving
1+%(N 3) independent. Next, notingthat i @ = i@, + ri@randmp =
mp (L R+ Rr L), the neutrino and charged lepton elds can be rede ned so as to
absorb the diagonal phase matrice ( ) ! |,D( ) r! r (and likewise for
charged leptons and? (w )), without changing the Lagrangian. Therefore, the
PMNS matrix, for Dirac neutrinos, can be parametrised according twa° ( 4, ab)
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only, which for a3 3 matrix can be written as

10 1
1 0 0 Ci3 0 S13€ I3 Cio S;» O

UD = @0 Co3 Sng @ 0 1 0 A @ S12 Ci2 OA ; (25)
0 Soz Cp3 Slgei 130 Ci3 0 0 1

depending only on three mixing angles; = cosj, s; = sinj and one complex
(CP-violating) phase 3. The rede nition of the elds above e ectively eliminated
ve complex phases (all threew;'s, and two of the three ,'s), leaving one inde-
pendent complex phase. Note that the choice of parametrisation is rather arbitrary
(particularly which complex phase to keep), but the one above is the most widely
used, resembling a rotation matrix. Nevertheless, combining these together, this is

0 .
C12C13 S12C13 Size ' B
D _ ' ' )
UP = @ s5C3  CipSpsS13€ ¥ CioCos  S12523513€ @ SpsCis A; (2.6)
S12S23  C12C23S13€ 2 C12S23  S12C23S13€ ©*  C3Ci3

clearly leading to a mismatch of avour and mass states.

This classic addition to the standard model is thus the most straightforward.
However, it does not explain why the neutrino masses turn out to be so much smaller
than any other mass, and it requires adding three extra particles that can otherwise
not interact or be measured in any way: right-handed neutrinos.

2.3.2 Majorana Fermions

The second straightforward way of giving the neutrinos mass and avour mixing
was rst proposed by Majorana in 1937 [4, 13]. One would think that both LH and
RH components are needed to produce a mass term, just like all the other fermions
of the SM. However, this turns out to be false for an electrically neutral fermion.
To see this, rst one de nes a spinor © as the charge-conjugate of

0)!1C Cx)= <C ()

_ S (2.7)
0% 0= ¢ TC;
with C the charge conjugation operator, obeying
gc=ce¢=1,C=cC;c( )Co= ;
(2.8)

C Pi=r To= Pir; j cj®=1:
c Is the charge conjugation phase associated to each eld, and is often ignored.
Recall that the spinors can be written in terms of their Fourier decomposition in
the framework of Quantum Field Theory (QFT) as

"(x) = a(Pus(pe P+ H(pve(PeL* 1 (2.9)

whereu)(p) and v (p) are spinor elds associated with spirs. &s(9) and Bg(p) are
the associated particle annihilation and anti-particle creation operators respectively,
since

J(P1; S1); 5 (P Sn); (G 1) 1255 (O P i) =ﬂazl(m):::azn(mﬁn(q):::ﬁrm(qn)J?i; |
2.10
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for an n-particle, m-anti-particle state (remembering these operators all anti-commute
with each other), andj0i is the vacuum state. Notice that performing the charge
conjugation (2.7) e ectively ips & $ B switching particles with antiparticles and
vice-versa. Therefore € is the antiparticle of . Now, setting the Majorana condi-
tion

€= (2.11)

one can construct the exact same Lagrangian as for the Dirac neutrinos (2.3), with
the constraint r = . This reduces the four independent components ofto two
independent components, like for a Weyl spinor, and the two coupled Dirac equations
toonei@_. = my C. The same diagonalisation can thus be performed, leading to
avour mixing for the weak CC sector, given by the PMNS matrix. However, it
turns out this matrix cannot be parametrised in exactly the same way. Recall
the diagonal phase matrices in (2.4) were eliminated by redenin@ ( ) ! |,
D( ) r! r,andsimilarly for the charged leptons. For Majorana neutrinos this
is not possible since the rst condition impliesD ( )’ ! C, which clearly does
not leave the Majorana mass term invariant
my _ My _

C
v = _1 Lo+

2 2 C

Lo (2.12)
The extra factor of% is due to the two elds not being independent anymore, so
that the equations of motion are the same. Also note that’ is RH and transforms
like g under Lorentz transformations, so that the Lagrangian is a Lorentz scalar, as
required. Back to the parametrisation, the inability to rephase the elds correctly
means that only thew;'s can be absorbed (by the charged leptons, as before). There-
fore, there are two extra complex phases {, ;) in the Majorana parametrisation

of the PMNS matrix compared to the Dirac case, which one can choose as

0 1
1 0 0

UM = u°DM; DM=@p d: O0A: (2.13)
0 0 €:

It will turn out that this di erence has no impact on neutrino oscillations, which are
covered in the next section. First however, note the mass term above (2.12) must
be the post symmetry-breaking form of a term invariant under the SM'SU(3)
SU(2) U(1)y symmetries, just like the Yukawa terms are for the Dirac mass term.
It turns out that the Majorana constraint again means that the weak hypercharges
of every eld are already set to satisfy other conditions, so no combination of elds
with energy dimension of 4 [E]*) or less can produce such a term (recalling that
spinors  [E]¥? and scalars [E]). Any terms that do not satisfy this end up
being non-renormalisable [4, 14]. Therefore, the presence of a Majorana mass term
is a clear indication of physics beyond the SM. Just like Fermi theory was a (non-
renormalisable) low-energy limit to the weak force, this could be a low-energy limit
to a larger theory. For example, the lowest dimensiorfE]°) term one can construct,
that satis es the SM symmetries, is (with only one avour for simplicity)

Ls= N%L[ , O T L+ he: (2.14)
where h.c. means the Hermitian Conjugate of the previous term; is the second
Pauli matrix, L, =( ;I ) and = pl—i(';v + H)' is the scalar eld that contains
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2.4. NEUTRINO OSCILLATIONS CHAPTER 2. THEORY

the Higgs eld H. M mustdwave dimensions of energy so thdt [E]%, and just

as for Fermi theory G = = 2 (gw=2Mw)?), it may be of the energy scale of the
uni cation into the higher theory, which could explain the smallness of the neutrino
massmy = ngz This is a type of see-saw mechanism, one of a plethora of schemes
to explain the small mass [15].

2.4 Neutrino Oscillations

Whether the neutrino masses and mixing are generated by the Dirac or Majorana
frameworks, they lead to the e ect known as neutrino oscillation, in the following
way. Neutrinos are produced in CC interactions in pure avour stateg i; 2
fe; ; g, which as was established above, are composed of a superposition of the
mass stateg «i; k2 f 1;2;3g
X
j i= Uej «i: (2.15)
k

This is assuming the mass di erences between the mass states are negligible, so
that the kinematics does not constrain some states over others. The normalisation
conditions are also chosen asj ;i = y, which leads toh j i = , from the
unitarity of U. In a vacuum, it is the mass states that are eigenstates of the free
Hamiltonian (Ho), and so whose evolution can be computed

@j «(X)i = By «(X)i = ipj «(X)i; (2.16)

where If}0 is the (free) spacetime translation operatorl%0 = I%). Assuming plane-
wave solutions, this is solved with

j k(X)i = e PXj i (2.17)

wherej i J (0)i. Now consider a neutrino created in a pure avour state at

an eventx = 0,0 :
X

j X)i= U, e PXji; (2.18)
k
reusing (an inverted version of) (2.15) to write the RH side in terms of avour
states, and multiplying on the left byh |, gives the transition amplitudeh | (x)i.
Therefore, the transition probability of detecting avour state from an initial
production of avour state isP , (x)=jh j (X)ij?, or explicitly [4, 11]
X .
P (x)=  UgUgUjue i pix (2.19)
Kij

Now, due to the extremely small neutrino mass, one can approximate that for neu-
trinos with detectable energiest = L (the distance travelled), and so

E2 p? m? m?
= E,t = (E L = =k T = kL —XL: (2.20
P X K B X (Ex ) Ev + P Ex + pr oF ( )
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so that as a result, the transition probabilities depend on the mass dierences
2 2 2
Mg~ M m
P L;E X U UgU; U [ % -
| JE) = i U. ex i

(2.21)

Finally, using the unitarity of U (which meansP , [k $ j]= P , ), and

P, (0= , one can arrive at the common and useful form
X m2 L
P, (LE)= 4 < UUUp sin? 4£
« k_>J | mﬁj . (2.22)
+2 = U UxU; U sin oE

k>j

For antineutrinos, the PMNS matrix elements in (2.15) are simply complex con-
jugated, meaning the same derivation can be performed, and only the imaginary
component changes sign

X ) mEJ'L
P-, - (LE) = 4 < U UxUj U; sin AE
k>j
X : . (2.23)
_ : i .
2 = U Uy, Uj sin oE X

k>j

where for Majorana neutrinos, positive helicity ones act like Dirac antineutrinos,
while negative helicity ones like Dirac neutrinos. Therefore, when antineutrinos are
mentioned, it is conventionally understood to refer to either Dirac antineutrinos or
positive helicity Majorana neutrinos, which are thus both described by the latter
equation (2.23) [4]. For survival probabilities (where = ), the imaginary term
obviously vanishes, leaving

X m2 L
Py (LE)=1 4 U U, JPsif — 2=

k>j

(2.24)

applying equally to neutrinos and antineutrinos.

Notice that all these probabilities are una ected by the presence of the extra
Majorana phasesDM™ in the PMNS matrix parametrisation, since under rephasing
Uy ! e Uk e kK,

U UcUj U P U UUj Uy (2.25)

is invariant. Therefore, oscillation experiments cannot be used to distinguish Dirac
and Majorana neutrinos as stated previously even accounting for matter e ects.
This will be demonstrated in chapter 5, where oscillation in constant matter density,
and speci ¢ application to long baseline™e survival probability will be covered in
detail.

On a nal note, a few subtle assumptions were made and details ignored in this
derivation, such as the correspondence of the production and detection states with
avour states, the negligible impact of mass di erence on the created mass states,
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and their di erent group velocities and propagation as wavepackets being negligible.
These turn out to either be good approximations, or unimportant in oscillation
experiments, but to show this a full derivation using wavepackets in the framework
of QFT, rather than plane waves, must be used. See for example [4, 16, 17, 18, 19].
Essentially, there is a localisation term that is unimportant due to the detector
region being much smaller than the oscillation wavelength, and a coherence length
due to the mass eigenstates decohering from their di erent group velocities. This
can also be ignored for our purpose$ ( Lcon)-

2.5 Neutrinoless Double Beta Decay

The Dirac and Majorana parametrisations of the PMNS matrix cannot be distin-
guished via oscillation experiments, and both types are equivalent kinematically
since their masses are not constrained. Therefore the only way to test this is via
direct evidence of the lepton number violating Majorana interactions, introduced by
the associated mass term (2.12). More simply, since they are their own antiparticles,
they can annihilate, leading to processes such as neutrinoless double bé&a ()
decay. Standard decays occur when an atomic nucleus can lower its energy by
changing its atomic number by Z = 1, so that a proton is converted to a neutron,
or vice-versa, with the corresponding electron (positron) - antineutrino (neutrino)
pair being emitted. However for some nuclei, changing by only 1 raises its en-
ergy, due to the di erence between even and odd pairing energies, while the rarer
change by Z = 2 simultaneously can still sometimes lead to a more stable (lower
energy) con guration. This is standard double beta decay ) [20]

(Z;A)! (Z 2,A)+2e +2"; (2.26)

where the only reliably detectable products are the electrons (positrons), since the
recoil on the nucleus is negligible, and neutrinos are obviously hard to detect. There-
fore the detectable products exhibit a continuous energy spectrum dependent on the
energy taken away by the neutrinos. Now, if neutrinos are Majorana fermions, the
two produced by this process can annihilate in the associated Feynman diagram,
shown in gure 2.1. ThisisO , and means that e ectively all the energy is car-
ried away by the electrons. If this process occurs, one would expect a detection peak
right at the highest energy of the energy spectrum - at the Q-value of the process

[7]

23



2.5. NEUTRINOLESS DOUBLE BETA DECAY CHAPTER 2. THEORY

/

Figure 2.1: Neutrinoless double beta decay.

(Z;A)! (Z+2;A)+2e ; (2.27)

For 2 decays to be measurable, isotopes are needed where this is possible,
while single decay is forbidden or heavily suppressed. These are nuclei with even-
even! even-even transitions, and 20 such isotopes have been measured to undergo
2 [21, 20]. Due to its high natural abundance®*Te was chosen as the target
isotope for SNO+. As such, a low energy detection threshold, high energy resolution,
and low backgrounds are required to measure its 2.5 MeV decays, described in the
next chapter. These requirements also make the reactor antineutrino measurements,
the focus of this analysis, possible.
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Chapter 3
The SNO+ Experiment

| am old, Gandalf. | don't look it, but I am beginning to feel it in my heart of
hearts.
Bilbo Baggins The Lord of the Rings J.R.R. Tolkien

3.1 Introduction

SNO+ is a large underground neutrino detector, based on the original Sudbury Neu-
trino Observatory (SNO), which operated between 1999 and 2006 [20, 22, 7]. Its
measurments ofB solar neutrinos helped resolve the solar neutrino problem, culmi-
nating in Arthur McDonald of the SNO experiment being jointly awarded the 2015
Nobel Prize in Physics, along with Takaaki Kajita of the Super-Kamiokande exper-
iment [23, 24]. To achieve the primary goal of detecting neutrinoless double-beta
decay 0 ), SNO+ has been upgraded and changed from the original detector:
primarily a change of detector medium from heavy water to tellurium-doped liquid
scintillator. This allows for physical events, such as thé&*°Te's double beta decays,
to be measured down to lower energies and with higher energy resolution, while
sacri cing directionality information.

A general overview of the design of SNO+ is presented, followed by a focus on
its novel Te-loading method, and its data acquisition system. A brief explanation is
then given about the data quality checks put in place, and some of the calibration
systems at SNO+. Finally a few of the physics goals enabled by the experiment are
listed.

3.2 Overall Design and Upgrades from SNO

SNO+'s primary objective is the detection of neutrinoless double-beta decay® ( )

[7]. To this end, the SNO detector was re-used, being based at SNOLAB in Sudbury,
Canada, in an active mine with 2070 m of at rock overburden to shield against cos-
mic muons. It is composed of a large 6 m radius acrylic vessel (AV) surrounded
by photomultiplier tubes (PMTs), and lled with liquid organic scintillator (speci -
cally Linear Alkylbenzene (LAB) doped with 2 gL * of PPO (2,5-diphenyloxazole)
wavelegnth shifter), which is non-polar, allowing puri cation of up to 1000 times
less radio-impurities than water [20, 23, 25, 26]. Additionally, scintillators produce
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far more photons per energy deposited, leading to about two orders of magnitude
more light in the PMT sensitivity region, which translates to a lower trigger thresh-
old (sub-MeV) and a higher energy resolution [27, 28]. More details on scintillator
physics are presented in chapter 7. This is a big change from the predecessor SNO,
which relied only on the Cherenkov light produced by charged particles moving
through its heavy water. Cherenkov light is also produced in liquid scintillator, but

is completely dominated by the scintillation light. *°Te will be added to the scin-
tillator mix in the near future to actually (and hopefully) produce the O decays.
This isotope was selected for the experiment due to its lody ~ half-life (7:71 10°
years [29], to not overwhelm thé® signal), lack of inherent absorption lines in the
visible light range (produced by scintillators), and high natural abundance34%,
making enrichment unnecessary [7]. More information on the innovativé®Te pu-

ri cation and deployment technique is provided in the next section. Overall this
setup enables the very low backgrounds and large scalability necessary to attempt
ao measurement.

In order to deploy this particular Te-loaded scintillator cocktail, the SNO+ de-
tector medium was and still is being modied in stages, assessing radiogenic
backgrounds and detector performance each time. These lead to di erent so-called
phases, where data taken within one phase has broadly consistent detector condi-
tions. SNO+ was originally lled with ultra-pure water (UPW) during its commis-
sioning, until mid-2019, making up the water phase . The water was then gradually
replaced with LAB (doped with 0.6 g/L PPO), though the process was halted due
to COVID lockdown restrictions, leaving the detector with roughly half UPW and
half liquid scintillator. This partial- Il phase lasted for most of 2020, until scin-
tillator lling resumed. With lling complete, the full- Il phase began in 2021,
though the PPO concentration was increased incrementally, reaching the target 2.2
g/L value at the start of 2022. It is this 2.2 g/L PPO full- Il phase that is of inter-
est in this work, and all data is taken from this 2022-2023 period unless otherwise
stated. Other additives (bis-MSB and BHT, discussed later) have since been added
in mg/L quantities from around mid to end 2023, though they do not enter this
work. Tellurium loading itself has not begun as of the writing of this text. Note
that the nomenclature of the full- Il phase(s) is currently under discussion and will
likely in future work.

The other primary upgrades and developments are hold-down ropes to coun-
teract the buoyancy of the AV due to the scintillator's lower density with respect
to the surrounding water, a scintillator puri cation system, and an upgrade to the
electronics and data acquisition system (DAQ) to deal with the increased event rate.
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Figure 3.1: The SNO+ detector, as an artistic impression on the left and a photo-
graph from inside the detector on the right [7].

The AV is surrounded by 9362 inward-looking PMTs, each surrounded by a light
concentrator to increase coverage, all mounted on a PMT support structure (PSUP)
encompassing the AV at abouB:35m from its centre. SNO had about a 54% total
coverage, including the concentrator re ectivity, which has since partly reduced for
SNO+ due to aging [30]. PMTs can also be taken o ine temporarily due to elec-
tronics issues. In the dataset of interest, roughly 80-90% of the originally installed
PMTs are online. 91 outward looking PMTs (OWLs) are also mounted (without
concentrators), to pick up light from incoming muons and other light sources from
outside the PSUP. This all sits in 7000 tonnes of ultra-pure water, lling up the
cavity outside the AV to shield it from radioactive sources in the PSUP and cavity
walls [7, 22, 20]. Other concerns over background levels include radon leaching from
the AV walls, since it was exposed to radon-rich air during refurbishment - requiring
regular recirculation of the water and scintillator - and further radon contamina-
tion from the mine air - mitigated with cover gas systems, ushed periodically with
highly puri ed nitrogen. The backgrounds will be covered in more detail in chapter
6, along with e orts to reduce their impact.

3.3 Tellurium Loading

Another primary advantage of using liquid scintillator is that one can dissolve heavy
metals such as*°Te in it, with long term stability and good optical properties [7].
However, the loading process needs to minimize the quantity of isotopes present in
the scintillator cocktail with decays around the*Te Q-value (2.527 MeV). As such,
the requirement of O(10 °)g/g concentration of uranium (U) and thorium (Th)

in the mix was chosen, meaning 10 ** g/g and < 5 10 % g/g of U and Th
respectively in the tellurium itself [7, 31].
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The tellurium was procured as telluric Acid (TeA) in crystallised form and is
stored underground in SNOLAB since 2015 to allow radioactive cosmic ray prod-
ucts to decay away. Even so, the U and Th concentrations still need to be reduced
by a factor of roughly 200 and 600 respectively. Two chemical plants were built
underground for this purpose: the TeA puri cation plant and the butanediol (BD)
synthesis plant. All wetted surfaces and equipment were also treated to avoid any
leaching or contamination. The TeA is puried in the TeA plant by 3 cycles of
dissolution in hot UPW, passing through a ne particle lIter, recrystallisation (by
reducing temperature and pH), and rinsing with clean nitric acid. It is then recrys-
tallised one last time and cleaned with only UPW [7, 32].

The result is then transfered to the BD synthesis plant, where it is heated under
vacuum and mixed with 1,2-butanediol, to produce a LAB-soluble product referred
to as tellurium butanediol (TeBD). This is mixed with liquid scintillator extracted
from the AV at a 1:1 ratio and then transferred to the scintillator plant for further
dilution [7].

3.4 Electronics and Data Acquisition

The electronics of the detector are made up of 19 crates, each containing 16 front-
end cards (FECs) and 16 PMT interface cards (PMTICs). Four daughterboards
(DBs) are attached to each FEC, and contain custom integrated circuits for 8 PMT
channels that perform the important signal processing [22]. A schematic of the
SNO+ electronics is shown in gure 3.2a. Each crate thus deals with the trigger
creation and analogue data processing for 512 PMT signals, roughly covering a
vertical slice of the detector like the example in gure 3.2b, except for crate 19
which deals only with the 91 OWLs. The PMTs are typically held at a high voltage
of around 2000 V, varying from 1800 V to 2350 V across the crates. To deal with
the increased data rate from using liquid scintillator, the readout system from the
crates was upgraded from that used by SNO, as described in detail in Ref. [7].

The data acquisition system (DAQ) needs to be able to handle the large data-
ow caused by photons hitting the PMTs nearly continuously, while only outputting
potentially interesting physics in a tractable quantity for further treatment. This
is achieved by recording the time and charge of PMT hits, and grouping them into
events. Any PMT hit above a certain charge threshold is bu ered into its FEC's
memory, while two square waves (one 100 ns and one 20 ns long) are sent to a series
of analog master trigger cards (MTC/A+, upgraded from SNO's MTC/A). These
MTC/A+'s sum over the 100 ns and 20 ns pulses from all PMTs detector-wide, and
issue a global trigger (GT) when a (programmable) threshold is passed. The 100 ns
pulses are the standard signal used for this triggering, called the N100 trigger. The
PMT hit time and charge information are then collected from all the FECs, and
sent to be digitized as an event with a unique label: its global trigger ID (GTID)
[22, 20, 7]. In this way, most low-level random noise is ltered out at the gate .
Meanwhile, most physical events of interest will produce light that is picked up by
PMTs around the whole detector, with very roughly one photon expected to be
detected per PMT per event, as will be discussed in section 3.6.2.

The time window of a recorded event is 400 ns long, and is followed by a 420
ns dead-time [2], which is compensated for by an automatic re-trigger of events
extending beyond the standard 400 ns [7]. As such, one long event is split into two
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(b) An example crate's cov-
erage of the SNO+ detector,
highlighted in red. This crate
is connected to the PMTs in-
stalled on the highlighted pan-
els of the PMT support struc-
ture (PSUP), in a vertical slice
(a) Electronics sketch, where upgrades from SNO are of the detector. Not accurate,
highlighted in grey-blue [7]. for illustration purposes only.

Figure 3.2: Schematics of the SNO+ detector's electronics layout.

shorter events separated by roughly 400 ns or less.

3.5 Data Quality

Thanks to all the hardware and software deployed at SNO+, it is an incredibly
sensitive detector. This, however, means that it is sensitive to signals that are
clearly not interesting physics, but e ectively noise. It is also very ne-tuned and
can be prone to electronics or data- ow mishaps at times. As such, a slew of data
guality checks were developed, broadly divided into two categories: data cleaning
and run-selection.

Data cleaning consists of a series of checks to ag any events that are clearly not
physics events, which are run during the processing of recorded data. In particular,
MeV-scale events caused by the detector's so-called intrumentals can occur, such
as ashers: the static discharge PMTs, which are held at high voltage, producing a
ash of light. Unwanted physics events can also be agged, such as muons, though
their e ectiveness is insu cient at the time of writing. The problems posed my
muons and how they are mitigated are covered later, in section 6.3.1. Neverthe-
less, all these bad events can then be easily ignored by analysers. This is always
performed for any data studied in this analysis.

Run-selection takes a broader view, judging the suitability of an entire run of
data; all data is recorded in manageable chunks called runs, which are generally
about an hour long, though sometimes less if a run was cut short. Run-level infor-
mation is collected from a variety of sources. Processors run through all the data
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to estimate quantities such as the number of bit- ips, whether the internal clocks
ran as expected, etc. The state of the detector is an important factor: a minimum
number of online crates and PMT coverage are required for instance. Any human
activity on deck (just above the detector) deemed disruptive also discounts a run,
since the SNO+ detector can be sensitive to extra light, static discharge or physical
shocks. Various run-selection criteria are applied to the runs, with di erent levels of
restrictiveness tailored to di erent analyses. Automation of this process was carried
out by the author, with information now displayed online for the SNO+ collabora-
tion. The data used throughout this analysis is a subset of only the highest quality
runs: the gold list, which requires all crates to be online for instance. However, work
is currently underway to show that less high quality runs can also be included, and
checks improved to accommodate this, which is expected to increase the e ective
livetime in the near future.

3.6 Event Simulation and Reconstruction with RAT

The digitised events that pass the above data quality checks are then further pro-
cessed, in order to reconstruct higher level quantities of the originphysics event
which caused themeasured eventHowever, event simulation is rst discussed, since
both real and simulated events are subject to the exact same reconstruction to
ensure consistency between them. Data processing, simulation and analysis is all
performed by RAT (Reactor Analysis Tool), which is a software package originally
developed for the Braidwood reactor experiment [7], based on the physics simulator
GEANT4, and using ROOT classes irC++[7, 33, 34].

3.6.1 Event Simulation

RAT simulates the SNO+ setup with data saved in run-specic tables from the
custom RATDB database, which is updated based on calibrations and other infor-
mation. Monte Carlo simulations are performed by creating an initial event vertex
containing the particle type(s), energy(ies), position(s), direction(s) and time(s),
based on some initial model such as the reactor antineutrino ux and inverse beta
decay (IBD) interaction. RAT then hands this over to GEANT4, to simulate the
propagation and production of photons and secondary particles. For example, IBD
events (covered in chapter 4) are generated by RAT, and the resulting positron
and neutron are initialised in GEANTA4, with appropriate properties. It simulates
physics at randomly sampled intervals based on the mean free path of each particle.
GEANT4 has base classes to deal with electromagnetic and hadronic physics, as
well as for handling particle decays. RAT then takes the emitted photons, and mod-
els their interactions with the di erent detector components (scintillator, AV, PMT,
water, etc), whose properties are all calibrated. PMTs are simulated as "grey discs",
with position-dependent chances to absorb or re ect photons, depending on their
wavelength, and based on wavelength sensitive calibrations of the PMTs' quantum
e ciencies (both in-situ and ex-situ). If a photon is absorbed, the resulting photo-
electrons (PEs) are simulated in the pseudo-DAQ, which emulates the process real
data goes through, including electronic e ects such as noise, nite rise times and
trigger windows. Trigger signals are then simulated, producing the same informa-
tion output as for real data, but with the particle’'s Monte-Carlo (MC) history and
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true MC quantities also attached [22, 20, 7].

3.6.2 Event Reconstruction

Reconstruction then works the same for both real and simulated data. The only
information available is the total number of recorded PMT hits during the event
(Nhit), and the relative timing and position of these. All higher level quantities,
such as original event's deposited energy, position and time, must be inferred from
this.

Energy

The deposited energy is perhaps the most straightforward quantity to reconstruct.
As will be explained in section 7.2.3, the liquid scintillator emits a number of photons
roughly proportional to this energy. The number of these photons leads to an
expectation of less than one photon hitting each PMT during an event, for the MeV-
scale energies of interest. As such, they; is roughly proportional to the event's
original energy. More speci cally, a ratio of roughly 300N ; per MeV is observed for
electrons with kinetic energy up to around 2 MeV or so. Note that other particles or
processes may have di erent proportionality constants, due to the di erent amounts
of light production induced in the liquid scintillator an example of an e ect known

as scintillator quenching, and described further in section 7.2.3. However, energy
reconstruction always assumes that of the electron. As such, the reconstructed
energy of certain particle types may di er from their true energies, particularly for
heavier particles such as's. Nevertheless, the vast majority of events detected by
SNO+ are well modeled by this assumption, and so these reconstructed quantities
are used anyway.

However, this proportionality begins to break down at higher energies, as the
number of photons increases, and thus so too does the likelihood of some PMTs
being hit by more than one photon. Events occurring closer to the detector's edge
also increase this likelihood, since more photons are concentrated onto fewer PMTs.
If more than one photon strikes a PMT in such a short time, the photo-electrons can
pile up, recording only one hit where multiple should have been recorded. Therefore,
the Ny of higher energy events can be lower than one would expect. A way around
this is to observe the statistical properties of ensembles of similar PMTs. The ex-
pected number of times a single PMT was hit can be determined from the ratio of
the mean number of recorded PMT hits per PMT to the total number of recorded
PMT hits in that ensemble. Finding this for every PMT ensemble in the detector
allows one to adjust the rawNy,;; to the correctedNy;;, which is the number of PMT
hits that should have been measured. This is then used in the proportionality re-
lationship described above, enabling energy reconstruction to a good approximation
[20].

Position and Time

While the number of PMT hits is used to determine the event energy, the position
and time of and event are instead reconstructed from the relative timing of the PMT
hits, and where these PMTs are located the PMT hit pattern.
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First, consider a short burst of photons Q(1) ns) emitted from the scintillator
during an event located in the centre of the detector. The resulting distribution of
the hit times of each PMT ty;; (recall each PMT will almost always record either
zero or one hit during an event) thus also exhibits a concentrated burst of PMT
hits around the same time, since the time-of- ighttror from the event to the PMT
is roughly the same for all the photons. This burst, or peak, is followed by a tail
of later PMT hits from various e ects such as delayed scintillation light, absorption
and reemission, and re ections. The peak of thé,; distribution thus provides
information on the event time, based on the time-of ight from the detector's centre
to the PMTs. Now, if the exact same event were to happen away from the detector's
centre, closer to the detector edge, the peak of PMT hits would be more spread out
in time, since some photons have further to travel than others before hitting a PMT.
The spread of thet,; peak therefore contains information on the radial distance of
the event from the detector's centre, while the PMTs with the earliest hit times
indicate which edge the event is closest to. Therefore, one can use the distribution
of the PMT hit times to determine the event's time and position.

The speci c way this information is gleaned, is by rst de ning the residual hit
time (or time residual) for each PMT hit, via

tres (tevt;'Fevt) = thit  tewr tyoF ('Fevt) ; (3-1)

where only the PMT hit time ty; is known a priori, while the reconstructed event
time te,; and position+e,; are unknown quantities that are to be determinedttor (fevt)
is the straight-line time-of- ight of a photon, computed between the event and PMT
positions'. Now, if the reconstructed event position is correctly chosen the same
as the true event position the short burst of light described in the previous chapter
will give rise to a time residual distribution with a narrow peak, followed a tail at
highert,es. This is true no matter where the event took place (so long as the position
is reconstructed accurately), since the computegor (fevt) Will eliminate the spread
caused by the di ering raw hit times (t,i;). In other words, thets distribution with

a correctly reconstruction position will resemble the; distribution of a similar
but centrally located event (i.e. with s = 0), though with some time o set. If, in
addition, the event timete,; is also correctly reconstructed, then thes distribution
will begin at around t,.s = 0 (the peak will be at zero). Bringing these two facts
together, the better the reconstruction, the more thd,.s distribution of any event
will tend towards the ty;; distribution of a centrally located event with its peak near
tres = 0. In other words, it will tend towards the following

tres, central 0;0 = thit, central tTOF 0 ; (32)

wherethit centrar @re the raw hit times of a centrally located event, andror 0 is

almost identical for every PMT, since the event is centrally located.

Therefore, ates, cenrar PDF was constructed from many event simulated in the
detector's centre. Then, for each event, the log-likelihood ratio d¢fes (tevt; fevt) and
tres, central, IS Maximised by varyingte, and f.; Simultaneously. Likelihood ratios

IThis time-of- ight calculation accounts for the the refractive indices of various traversed ma-
terials for their e ective light speeds, but otherwise assumes a perfectly straight line path from the
event to the PMT; no refraction is included.
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will be discussed in more detail in chapters 7 and 8. The values that maximise
this are the best t values, and are thus used as the event's reconstructed time and
position [2].

Lastly, various goodness-of- t parameters are also computed [22], to be used in
various higher level analyses.

3.7 Calibration

To achieve realistic PMT hit times for a given event, and robust event simulation
and reconstruction, both the detector and the RAT code must be appropriately cal-
ibrated. To this end, a suite of optical and radioactive calibrations are employed.
These rely on naturally occurring internal radioactivity, or either deployed or per-
manently installed sources, whether optical or radioactive. A brief overview of the
systems relevant to the present analysis is given here, particularly as they provide
estimates for systematic uncertainties used later on.

3.7.1 Internal Calibration: ELLIE

In order to measure internal properties of the SNO+ detector in a semi-continuous
manner, without introducing any foreign objects into it, the ELLIE system was put
in place: the Embedded LED/Laser Light Injection Entity. It consists of bre-optic
cables mounted on the PSUP, between the PMTs, which lead back up to racks on
deck, connecting to LEDs or lasers. In this way, light can be injected into the
detector with known properties, while avoiding any internal contamination.

ELLIE consists of three modules: AMELLIE, SMELLIE and TELLIE the
attenuation, scattering and timing modules, respectively, displayed in gure 3.3. The
rst two are geared towards measuring the scintillator's optical properties, while the
latter aims to perform the timing calibration of the detector's PMTs and associated
electronics [7]. Of primary interest here is the TELLIE calibration, whose goal is
to ensure that the PMT hit times recorded by the MTC/A+ are corrected to the
physical PMT hit times. All event reconstruction relies on this, as does the classi er
presented in chapter 7. A TELLIE calibration consists in successively emitting light
from all of its 96 calibrated bres, spread all around the detector, at known times,
and recording the hit times of the PMTs in each successive beam spot. The PMT hit
pattern of a typical TELLIE run, in which only one bre is red, is shown in gure
3.4. By comparing the known light emission times, the measured hit times of the
PMTs from di erent overlapping beam spots, and the calculated light travel times,
their timings can be tted and thus calibrated. The timing resolution achieved at
SNO+ with this and other calibrations is on the order of 1 ns, enabling more detailed
analysis of events through such means as pulse shape discrimination.

3.7.2 In-Situ Calibration:  21“BiPo Events

As will be covered in section 6.2.1, a very small amount of naturally occurring ra-
dioactive isotopes are present in the detector, leading to various decay chain prod-
ucts. 2'“Bi is produced as part of the?®®U decay chain, and decays into?*Po
with a Q-value of 3.27 MeV, which then decays t8'°Pb via a 7.8 MeV . While the
214Bj and the ?1°Pb have half-lives of 19.9 minutes and 22.2 years respectively, the
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214pg has a lifetime of only 237 s. Therefore, the rapid consecutivé'*Bi and 2*Po
decays make for an excellent coincidence pair, in both time and space, referred to as
214BjPo events. The prompt (rst event) has an average energy of 2.2 MeV, while
the delayed (second event) 's energy is quenched down to around an apparent 0.8
MeV. Selecting for event pairs that follow this pattern produces a very pure sample
of 214BiPo events. The prompt event can thus be used to compare MC simulations
of 214BiPos to data, in order to correctly calibrate the energy reconstruction.

However, energy reconstruction is tuned to events within the central 3.5 m du-
cial volume (FV), where the main search for 0  will take place, but becomes
poorer further out. For example, the?'*BiPo mean prompt energy deviates from 2.2
MeV for events further away from the detector's centre, as shown in gure 3.5a (left).
A tool to correct for this in the full- Il phase was thus created by Anthony Zummo
[3], by looking for prompt events in the 1.2 to 3.5 MeV range, and delayed events in
the 0.6 to 1.1 MeV range, separated by betweer and 1000 s in time and less than
0.8 m in space. A pure sample of around 60000 event pairs was selected, and used
to construct a position-dependent energy correction map. This correction improves
the reconstructed energy out to around 5.7 m, for both simulations and data, via
the scaling factor maps displayed in gure 3.5b. The data-simulation agreement is
thus equivalent for all radial positions up to 5.7 m, for events around 2.2 MeV.

Systematic uncertainties in the energy reconstruction were also established thanks
to this study. The residual di erences between the prompt energy spectra of data
and simulations in the 5.7 m FV were studied, after the above correction was ap-
plied. By computing the ratio of the mean energies of data and simulation, the
root-mean-squared (rms) of the di erence between this and unity at di erent radii
was found to be 1.8%. This can therefore take on the role of an energy scaling uncer-
tainty. Similarly, the rms of the di erence between the standard deviations of their
engrgies at di erent radii was 6.5%. Assuming the energy resolution roughly scales
as E due to the Poissonian statistics of thd\y;, and 6.5% is the uncertainty %tg.z
MeV, this provides a systematic uncertainty in the energy resolution @f£.4% E.

The prompt particles were also used to tune the scintillator timing, discussed
later in section 7.2.2, with reference to pulse shape discrimination.

3.7.3 External Calibration: the AmBe Source

The SNO+ collaboration uses an Americium-Berylium (AmBe) source, containing
a mixture of powdered?!Am and °Be inside a sealed container, as an external
calibration device. When in use, it is deployed in the external water between the
PSUP and the AV. In 2005, the neutron rate from the AmBe source was measured
by the SNO collaboration to be 67:39 0:73) Hz, which should only have changed
negligibly since then. The?**Am has a half-life of 432 years, decaying with a roughly
5.5 MeV particle, which is then captured by the®Be O (0:01%) of the time. This
9B( , n)'2C interaction produces a neutron and &°C, which is created in an excited
state 60% of the time, emitting a 4.4 MeV to de-excite. Meanwhile, the neutron
thermalises (loses almost all its energy by scattering o particles in the medium) and
is later captured, usually on a proton, which releases a 2.2 MeVas a delayed event
[7]. Since the source is deployed externally, only a small fraction of these propagate
inside the AV.

2This lower limit is to cut out the similar 212BiPo events, with a 212Po half-life of 0.3 s.
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However, the rate is high enough that the 4.4 MeV and 2.2 MeV neutron capture
event pair can be selected by coincidence tagging, just like th&¥BiPo events, and
used as another data point in energy reconstruction calibration. In particular, most
tagged events occur near the AV, where energy needs the most correcting. Such a
calibration has not yet been performed in the full- [l phase, though a basic check of
the impact of the 214BiPo energy correction at this energy was performed instead.
Figure 3.6 shows much better agreement between data and MC at both the 2.2 and
4.4 MeV peaks.

In the 40% of decays where th&C is produced in the ground state, the neutron
carries away most of the energy and can produce its own lower energy prompt
event by recoiling with protons. This latter possibility could in principle be used to
produce a sample of pure (, n)-like events, as described in section 6.3.3, though
the neutron would need to carry enough energy inside AV before recoiling to be
of use. This possibility is currently still under investigation, and future internal
deployments of the AmBe source are being planned.

3.8 Other Physics Goals

Since SNO+ is a large neutrino detector0 decay is not its only objective.
Particularly since there is a long period of potential physics time before thg°Te

is loaded, where the detector was lled with ultra-pure water, and now scintillator.
Even after it is loaded, many of these measurements can carry on being performed
[7, 20].

For instance SNO+ recently joined the Supernova Early Warning System (SNEWS),
as it is capable of detecting a neutrino ux from a supernova in our galaxy. Solar
neutrinos have also been measured by SNO+ [36], hearkening back to the original
SNO detector. The energy threshold is also low enough to detect geo-neutrinos
antineutrinos produced by radioactive decays in the Earth's interior providing an
additional way to test current geological models [37].

Finally, the SNO+ detector is located roughly 240 km and 340/350 km from its
three closest nuclear reactors, which together produce the majority of its antineu-
trino ux. This provides high sensitivity to long baseline neutrino oscillations in
a di erent way to the KamLAND experiment, as described in chapter 5. There-
fore, measuring the™, survival probability is of interest, to further constrain the
measurements of long baseline oscillation parameters.

3.9 Summary

The SNO+ detector bene ts from an array of calibrated hardware and software,
producing both data and MC simulations in the form of events composed of their
constituent PMT hits. Reconstruction turns this basic information into higher level
quantities such as event times, positions and energies, while various data quality
lters ensure that only suitable data is studied. In such a way, a plethora of physics
analyses are possible, such as the primary goal of 0 decay, and the focus of the
present analysis: reactor antineutrino oscillation.

35



3.9. SUMMARY CHAPTER 3. SNO+

Figure 3.3: Sketch of the three ELLIE systems (TELLIE, AMELLIE, SMELLIE)
installed on the SNO+ PSUP (dark green grid), each ring representative beams
(shaded triangles) from three of the many injection points into the AV (blue line),
either directed at the AV's centre Q ), or slightly o -centre by a particular angle
(10 or 20) [35].

Figure 3.4: An example distribution of PMT hits from a TELLIE run during SNO+'s
water phase, showed on a panel at map, where the panels from gure 3.2b are
unfolded to a at surface. Each dot represents a PMT, with grey ones showing
o ine PMTs, and the red to yellow scale conveying the relative number of hits each
one received during the run. 2D Gaussian distributions are tted to the beam spot
(lower-right) and the near-AV re ection spot (upper left) [7].
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(a) 2“BiPo prompt energy spectrum at dierent radial positions, before position-
dependent energy correction. Taken from Ref. [3].

(b) Position dependent energy correction factors, from Ref. [3].

Figure 3.5: Energy reconstruction's position dependence froftfBiPos.

Figure 3.6: Position dependent energy correction's impact on AmBe prompt and
delayed events, from T. Kaptanoglu [3].
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Chapter 4

Reactor IBD Predictions

The dark re will not avail you, ame of Uddn.
Gandalf The Lord of the Rings J.R.R. Tolkien

4.1 Introduction

Neutrinos can only interact with other matter via the Weak Nuclear force, as dis-
cussed in chapter 2, making their detection a challenge. Inverse beta decays (IBDs)
provide a solution to this, being the preferred way of detecting reactor antineutri-
nos, and in fact enabled the very rst detection of any neutrino by F. Reines and
C. L. Cowan in 1959 [5, 38, 4]. SNO+ is in an ideal position to measure such re-
actor antineutrino induced IBDs, for the reasons laid out in this and the following
chapters.

An IBD involves the —, interacting with a proton and inducing a * decay, as
shown in gure 4.1. The signature of this interaction is relatively clear, with an initial
prompt event generated by the emitted positron, which induces scintillation light
as it slows down and annihilates with an electron. The positron energy is highly
correlated with the —¢ energy, so the prompt energy spectrum broadly preserves
the features of the™ energy spectrum, as will be discussed later. Meanwhile, the
neutron thermalises, before being captured by a proton roughly 229 later, which
produces a delayed event at a reliable 2.2 MeV [22].

Now, reactor — are produced with energies of up to around 10 MeV, as will
be discussed later. At these energies, only elastic scattering or inverse beta decays
(IBD) are likely to occur. Elastic scattering is common to both neutrinos and
antineutrinos, while IBDs can only be induced by . Combining this with the fact
that nuclear reactors are the largest source of, on Earth at these energies means
that detected IBDs are likely produced by reactors. Adding in the clear correlated
prompt-delayed signal produced by IBDs allows one to greatly reduce backgrounds,
enabling reliable detection of .

Therefore, reactor antineutrinos are used to measure the survival probability
and thus its oscillation parameters. Details on this neutrino oscillation are provided
in chapter 5, while its extraction from other background events is covered in chapter
6. The present chapter lays out the calculation of the expected ux and spectrum
of reactor produced IBDs in the SNO+ detector, largely ignoring both oscillation
and detection e ciency for now.
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4.2 Calculation Overview

The way reactor IBD events at SNO+ are predicted is a multi-step process. An
overview of the calculation is given here, before a more detailed discussion of each
component in subsequent sections. While SNO+ is closest to the three Ontario
reactors (Bruce, Darlington and Pickering), at least all the North American reactors
must be accounted for in some capacity, to get an accurate accounting of thg

ux at SNO+. In this analysis all reactor cores all over the world are included in
the calculation for completeness, and will be described in more detail in section
4.3.3. As such, the incoming reactor IBD spectrum is computed by summing over
the contributions of all these reactor cores

Nigo (E;t) = (E;t)Ny m (E;t); (4.1)

n=1

whereNy is the number of target protons in the detector volume, and(E;t) is the
detection e ciency, which may depend on energy and change over time..,)(E;t)
is the number of IBDs detected at SNO+ from coren, per unit energy, per unit
time, per target proton. This is in terms of the measured reconstructed prompt
energyE, which can be related back to the antineutrino energf via a convolution
Z 1
(E;t)= (E ;t)p(EJE )dE : (4.2)

E min

p(EJE ) is a 2-D PDF which gives the probability density of an antineutrino with
energyE leading to an IBD prompt event with reconstructed energye, normalised
to 1 for each energyE . In practice this convolution is realised by generating MC
simulations of IBD events from a known antineutrino energy spectrum, and then
using the resulting prompt energy spectrum.

One can calculate the input spectrum (E ;t) by modelling isotropic emission
of antineutrinos from the reactor core, so that

(E)

(E ;t)= P, —(E ;L)WF (E ;t); 4.3)
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with L the core-detector distance (baseline), and(E ) the IBD cross-section.
F (E ) is the reactor core's emission spectrum: the number antineutrinos emit-
ted per unit energy per unit time. The survival probability P-,, - (E ;L) is also
included here for completeness.

4.3 Outgoing Reactor Core Flux

4.3.1 Introduction

This section concerns itself with the calculation oF (E ;t), which is the number of
antineutrinos emitted per unit energy per unit time in a particular reactor core. It
is computed in a similar way as for the Daya-Bay experiment [39], via
X
FE 0= 2O fin(E)d®(E 0+ Sw(E 51; (4.4)
|
where W(t) is the core's thermal power output over time, whilef; and n;(E) are
the ssion fraction and emitted ~ spectrum for isotopei. The n;(E) spectra are
normalised to one ssion, and so integrate to the total number antineutrinos emitted
per ssion (see gure 4.2 below), whilef; are the fraction of antineutrinos emitted
from each isotope out of the total emitted. is the average energy emitted per
ssion, computed as a weighted sum of energy emitted per ssion for each isotope
i [40, 41] X
= fi i- (45)
|

Finally, ¢ (E ;t) models the non-equilibrium e ects of long-lived ssion frag-
ments, and Sg¢ (E ;t) is the contribution from spent nuclear fuel rods stored in
reactor complexes. The Daya-Bay experiment estimated their contribution from
spent fuel to be 0.3%, with an uncertainty of 100%. This is treated as negligible
in the present analysis, and thus ignored in what follows. Its contribution should
ideally be veri ed for the nearest reactors in future work.

Daya-Bay also state an average increase of 0.6% to their IBD ux from non-
equilibrium e ects, with uncertainty of 30% [40], based on calculations in Ref. [42].
This last paper presents a good introduction to the calculation of reactor emis-
sion spectra, including the two main methods of obtaining isotope emission spec-
tra n; (E ): ab initio, and the Institut Laue-Langevin (ILL) method. This second
method involves using reference electron spectra, measured over periods of hours
to days, to obtain the antineutrino spectra. The non-equilibrium e ects arise from
discrepancies between spectra obtained this way, and those simulated from more
realistic PWR conditions, over burn up cycles on the order of a year [42]. Daya-Bay
uses the ILL method, and therefore incorporates the non-equilibrium contributions
[40]. However, the analysis presented here will use unfolded spectra from measured
reactor antineutrino IBD interactions for its two main contributing isotopes. Com-
bining this fact with the, in any case, small overall contribution of non-equilibrium
e ects, render them negligible. They are thus also ignored here throughout.

Taking away contributions deemed negligible, the nal formula used in this anal-
ysis is »

FE = 2O fnE), (4.6)
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whose components are further discussed below.

4.3.2 Fission Fractions and Isotope Spectra
Reactor Types

Reactor antineutrinos are almost entirely produced by four ssile isotopes byprod-
ucts of the ssion process. The four isotopes, with the approximate fraction of
emitted antineutrinos from each are?*U (56%), 22U (8%), 2*°Pu (30%) and ‘U
(6%) [4]. These fractions are called ssion fractions, and their exact values depend
both on the type of nuclear reactor, and the evolution of these over time. Address-
ing the reactor types rst, the International Atomic Energy Agency (IAEA) lists six
commercial types [43]:

N

BWR: boiling water reactor.

FBR: fast breeder reactor.

GCR: gas cooled reactor (graphite moderated).

LWGR: light water (cooled) graphite (moderated) reactor.
PHWR: pressurised heavy water reactor.

PWR: pressurised water reactor.

The most common in the world are PWRs, which use enriched uranium as fuel, and
a pressurised water circuit to transport heat from the fuel to a separate second water
circuit, which then produces steam. BWRs are largely the same as PWRs, except
that there is only one water circuit, which takes heat from the fuel and produces
steam [44]. All commercial reactors in the United-States are either PWR or BWR,
which have very similar fuel content.

The four Canadian reactors (including the three Ontario reactors, closest to
SNO+) are PHWRs, comparatively uncommon [43]. These use natural uranium
as fuel, enriching the moderator (water) instead of the fuel. Pressurised heavy
water is thus used in a closed circuit, similar the PWR's inner light water circuit.
The Canadian reactors are of CANDU design (Canadian Deuterium-Uranium), and
bene t from continous refuelling, without having to shut a whole reactor core down
[44]. The three Ontario reactors (Bruce, Darlington and Pickering) make up roughly
60% of the incoming antineutrino ux, so modelling this reactor type is important.

Fission Fractions

In this analysis, the ssion fractions for all PWRs are the same, taken from the
averaged values of the PWR at Daya Bay [27]. The ssion fractions for PHWRs
were obtained via a private communication [9], and the values for both reactor types
are shown in table 4.1. All other reactor types are simply modelled as PWR, due
either to their fuel composition's similarity to PWR's (such as for BWR), or to
distance making such details irrelevant.

As mentioned previously, these can change over time for PWRs and similar
reactors, as fuel burns up between refuelling periods. Information on this time
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Table 4.1: Isotopic ssion fractions used for di erent reactor types, as used in equa-
tion (4.6).

Reactor Type 235y 2By 2py  24lpy
PWR (and others)  0.568 0.078 0.297 0.057
PHWR 0.52 0.05 0.42 0.01

PWR Uncertainty (%) 5.62 0.70 810 12.21

dependence is not readily available for nuclear reactors around the world, and more
importantly not in North America. Instead it is treated as a systematic uncertainty

in this analysis. To quantify the magnitude of ssion fraction variations, standard
deviations from each are computed using data from the Daya-Bay nuclear plant [45],
and are also shown in table 4.1. Due to conversion from one isotope to another, the
ssion fractions are correlated in particular ways [40], shown in table A.1 of the
appendix. These are combined to produce a ssion fraction covariance matrix for
PWR reactors.

However, since PHWRs are continuously refuelled forgoing the burn-up and
shutdown to refuel cycle their ssion fraction variations are far smaller than for
PWRs, though a number quantifying this is not yet available. In practice, the entire
reactor IBD ux will be treated as having a single tted normalisation for this anal-
ysis. As such, ignoring oscillation, all PHWRs will always be combined into a single
PDF for this analysis, which also averages out any potential variation, particularly
when integrated over longer time periods. All the PWR-modelled reactors will sim-
ilarly be combined into one single PDF, averaging out this variation. Therefore, the
contribution of ssion fraction variation to an overall reactor IBD ux normalisation
uncertainty is ignored here. Any future analysis with more separately oating PDFs
or high time granularity may have to account for this though.

Isotope Spectra

Until recently, semi-empirical models were used for all four isotope spectra, as de-
scribed in the ILL method previously. The Huber model [46] was used f6PU, 2%°Pu
and ?*'Pu, while the Mueller model [42] was used fo®U. These both provide the
number of ~¢ emitted per ssion, via a formula of the form
|
6 !
n(E )= exp a,E" 4.7)
n=0

wherea, are t parameters from each paper, listed in table 4.2.

However, measured reactor antineutrino uxes by short-baseline detectors con-
sistently nd a de cit of around 6% compared to predicted models. This is known
as the reactor antineutrino anomaly (RAA) [47, 45, 48], for which no explanation
has been settled on yet. In addition, an excess of about 10% has been observed
between around 4.5 and 6 MeV, dubbed the 5 MeV bump [45], with no consensus
on its origin' (see gure 4.2 below). Explaining these is not attempted in this work.

1This is not to be confused with the low energy excess observed by the MiniBooNE and LSND
experiments. These are in the 100's of MeV range, and produced by neutrino beams [49].
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Table 4.2: Isotope spectrum parameters used in equation (4.7), wid in units of
[MeV "] [46, 42].

Isotope & a a ag ay as

235y 4.367 -4.577 2.100 -0.5294  0.06186 -0.002777
238y  0.4833 0.1927 -0.1283 -0.006762 0.002233 -0.0001536
2%py 4,757 -5.392 2.563 -0.6596  0.07820 -0.003536
24py 2,990 -2.882 1.278 -0.3343  0.03905 -0.001754

Instead they are simply accounted for by taking advantage of recent measurements
of short baseline reactor IBD uxes at the Daya Bay [50] and PROSPECT col-
laborations, which enabled a joint t to be produced, with unfolded™, spectra from
the two primary isotope contributors [51]:2%°U and Z*°Pu.

More speci cally, these are the emitted IBD spectra for each isotope: the
expected number of IBD events one would detect at the source, per ssion per unit
energy, with perfect detection e ciency. It also provides the smearing matridA from
the unfolding process, that one would need in order to compare other antineutrino
spectra to this one, via

X
Nnieo (Ei) = Ain(E;)) (Ej); (4.8)
i
wherei and | label the antineutrino energy bins of the provided spectra.

Now, RAT simulates IBDs by taking in the antineutrino spectran(E ), so one
might want to compute this by unsmearing the IBD spectrum. HoweverA inverts
poorly since it is almost singular. So instead, the smeared antineutrino spectrum
is computed (E) X (E)
Niep (Ei) _ Ej).

G - MNE)Ey (4.9)
so that when the IBD cross-section is added back in by RAT, the IBD spectrum is
recovered including the smearing e ect. The smearing is also quite smalA( 1),
so its impact is minimal either way. Figure 4.2 shows a comparison of these new t
spectra with the Huber model. The small excess around 5-6 MeV is clearly visible,
and thus folded into the analysis.

The joint t paper provides covariance matrices for all the bin values in thé*°U
and 2%°Pu spectra, including between both spectra, since they were unfolded from
the same data [51]. The Mueller model paper states uncertainties and a correlation
matrix for the 238U t parameters [42], which are shown in the appendix, in table
A.2. From these, a covariance matrix for th&3®U spectrum can be computed, using
the same bins as the t?*°U and 2*°Pu spectra. Lastly, the Huber model paper does
not provide uncertainties for the?*!Pu parameters, due to high correlation making
them unsuitable for error propagation [46]. Being the smallest contributor to both
PWR ( 6%) and PHWR (1% neutrino production, the uncertainty contribution
from 241Pu is simply ignored, assumed to be negligible.

R/ (Ei)
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