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Abstract

SNO+ is a multi-purpose neutrino detector located 2 km underground in Sud-
bury, Canada. The inside of the detector is currently being filled with liquid
scintillator, which will then be loaded with tellurium-130 in order to search for
neutrinoless double beta decay (0vSp).

This thesis concerns itself with ways to improve the sensitivity of SNO+ to this
process and achieves it in two ways. Firstly, it is demonstrated that an increase
of the light output of 15 — 20% can be achieved with the addition of an amine
to the tellurium-loaded scintillator mixture. The higher light output results in
better energy resolution of the detector, which conversely translates in higher
sensitivity to OvBB. Furthermore, it is demonstrated that this addition is import-
ant for stabilisation of the tellurium-loaded scintillator with regards to water
exposure. Secondly, the application of multi-site event classification techniques
in signal extraction in SNO+ is discussed. A likelihood analysis including topo-
logical and timing pulse shape discrimination (PSD) parameters as additional
observables is presented. These PSD parameters differentiate between interac-
tions with point-like and multi-site energy depositions. Their use can therefore
break the degeneracy between any "point-like" Ovpp signal and more distrib-
uted energy depositions from radioactive background decays involving -s, such
as from cosmogenic or external sources. The resulting expected lower limit on
OvBp half-life is 1.80 x 10%° years at 90 % confidence after 3 years of data taking.
Furthermore, it is demonstrated that this analysis would allow for a genuine
OvBp observation for effective Majorana mass of 75 — 181 meV at 99 % confid-
ence after 3 years, which is 40 — 50 % lower than what is achievable without the
inclusion of PSD.
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Chapter 1

Introduction

Neutrinos are one of the least understood of the known elementary particles
and could provide an insight into questions such as dark matter or the ratio of
matter and anti-matter in the Universe. The discovery of neutrino oscillations
by the Sudbury Neutrino Observatory and SuperKamiokande experiments [1}2]
confirmed that neutrinos are massive particles and gave the only direct evidence
of physics beyond the Standard Model to date. Since then, vast progress has
been made in the measurement of the neutrino mixing angles and square mass
differences. Despite that, our knowledge about neutrinos is still limited. The
absolute mass scale, the neutrino mass ordering, and the role that neutrinos
played in the early Universe remain unknown.

One of the biggest questions in fundamental particle physics is whether neut-
rinos are Dirac fermions, with distinct anti-particles, or Majorana fermions, for
which the particles and anti-particles are identical. The best available probe of
the neutrino nature is neutrinoless double beta decay (OvBp), a hypothetical pro-
cess that require massive Majorana neutrinos. The discovery of Ovpp would not
only confirm the Majorana nature of neutrinos, but also provide a measurement
of the absolute neutrino mass scale and bolster various theories that seek to go

beyond the Standard Model [3-5].
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The focus of this thesis is the study of OvBp sensitivity in the SNO+ experi-
ment, which will use natural tellurium for this search. In particular, methods of
improving the sensitivity to this process through both detector target R&D and
signal extraction developments are explored.

A brief introduction to neutrino physics, the process of neutrinoless double
beta decay and the experimental searches that seek to detect this process is given
in Chapter 2l The SNO+ experiment is introduced in Chapter

Chapter |4 focuses specifically on the SNO+’s liquid scintillator mixture into
which tellurium is incorporated and the improvements of its stability and light
output that are achieved with the addition of an amine. Chapter 5 then de-
scribes particle interactions inside the scintillator volume, their detection and
reconstruction. Classification of interactions based on their timing and topolo-
gical distributions is also described there.

A likelihood analysis for the neutrinoless double beta search is presented in
Chapter [6| Particular attention is paid to the improvements achieved by includ-
ing the classification parameters from previous chapter as additional observables
in the signal extraction.

Finally, the findings from this work are summarised in Chapter [7]



Chapter 2

Neutrinoless Double Beta

Decay

The existence of neutrinoless double beta decay (Ovpp) is presently one of the
main subjects of investigation in particle physics with a number of scientific
collaborations devoting their attention to the search for this process. A brief
introduction of neutrinos is provided here, together with the open questions
surrounding their mass, which motivate the search for OvBp. This hypothesised
process is then described, including the expected experimental signature and
decay half-life. The later sections provide an overview of the current state of

Ovpp research and considerations for experiment design.

2.1 The Neutrino

Neutrinos are elementary particles and their existence was confirmed in 1956 by
F. Reines and C. Cowan [6]. They form a part of the Standard Model of Particle
Physics (SM), where they belong to the category of leptons - spin % particles that
do not participate in the strong interaction. There are three families of leptons

in the SM: ¢, u and 7, each containing a charged lepton (¢~, ~, 77) and an
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associated neutrino (v, v, v¢). The family to which a lepton belongs is said to
determine its "flavour".

While charged leptons participate in electromagnetic interactions, neutrinos
have no charge and only interact weakly. The weak force is mediated by massive
gauge bosons, namely W*, W™~ and Z. It is the high mass of these bosons that
lead to a steep decrease in the strength of this force over distance. Consequently,

0~38 cm? per nucleon

the cross-section of neutrinos with matter is very small (O(1
per GeV of neutrino energy) [7]), which makes them particularly difficult to
detect.

On the other hand, neutrinos are abundant in the Universe and are produced
in a variety of processes, such as: thermonuclear reactions in stars, fission in
nuclear reactors, decays of naturally occurring radioactive isotopes, supernova
explosions and interactions of cosmic rays in the Earth’s atmosphere. In these
interactions, neutrinos are created in a 3-prong vertex between the neutrino, a
weak gauge boson and a charged lepton. The flavour of the neutrino is determ-
ined by the charged lepton as the weak interaction conserves lepton flavour in
the SM. A lepton number, L, is defined to have a value of 1 for leptons and -1
for anti-leptons. It is also thought to be conserved in the SM and no interactions
violating this number have been observed to date. However, there is no funda-
mental reason for this symmetry and various new theories propose its violation.

In the SM, neutrinos are massless. Furthermore, the weak force only interacts
with particles of left-handed chirality and anti-particles of right-handed chirality.
Helicity and chirality are equivalent for relativistic particles and, therefore, only
neutrinos of left-handed helicity and right-handed anti-neutrinos exist in the

model [8].
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2.1.1 Evidence of Neutrino Mass

The discovery of neutrino oscillations [1,2] proved that neutrinos have mass and,
thus, provided the first laboratory observation of physics Beyond the Standard
Model (BSM). In this process, neutrinos change their flavour as they propag-
ate and, therefore, can be detected with a flavour different to the one in which
they were created. This is possible because the neutrino favour eigenstates |vy)
(x = e, 1, T) are a superposition of mass eigenstates |v;) (i = 1,2,3). The rela-
tion between these eigenstates is described by the Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix, U:

uel ue2 ue3
|va) = ZUM|V1‘> u= U U Uy | - (2.1)
1
U U Ug

If the mass eigenvalues are distinct from each other, the mass eigenstates propag-
ate through space with different phases. As a result, the superposition of these
states changes over time and, therefore, the neutrino can be detected as a dif-
ferent flavour. The probability of such event is the described by the oscillation
probability, P, 5, approximated as:

. . .Aml-sz
Py_4(E, L) :lemllﬁiuajuﬁjexp —i—— | (2.2)
L

where L is the distance between the place where the neutrino was created and
2 — .2 2 s
ij = mj —mj is

the squared-mass difference between eigenstates v; and v;. The derivation of

where it is detected. E is the energy of the neutrino and Am

equation 2.2| can be found in [8].
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2.1.2 Size of Neutrino Mass and Mass Hierarchy

Many of the components of the PMNS matrix have now been precisely meas-
ured in various neutrino oscillation experiments [9]. Importantly, the existence
of neutrino oscillations means that at least two out of the three neutrinos are
massive and the squared-mass differences have also been measured.

By convention, Am3, is defined to be the smaller of the squared-mass differ-
ences. With vy set to have the largest contribution to v,, the difference has been
measured to be positive with my > my [10]. The measurement of this quant-
ity comes from solar neutrino and reactor anti-neutrino measurements and is
sometimes referred to as Am? ;. The other independent squared-mass difference,

AmZ,, which is an order of magnitude larger than AmZ,, is measured mostly

2

from atmospheric neutrinos and, hence, it is denoted as Am,,,.

Unfortunately,

2

“im|, can be measured and, there-

only the absolute value of this difference, |Am
fore, there are two possible neutrino mass orderings: m; < my < mj3 referred to
as "normal hierarchy" (NH) and m3 < my < mj referred to as the "inverted hier-

archy" (IH). The two scenarios are also graphically depicted in Figure It is

2

2, | corresponds to |Am3,| in the NH case and

noted, that strictly speaking, |Am
to |Am3;| in the IH case, however the uncertainties on these measurements are
much larger than Am3, and, therefore, |Am3,| ~ |Am%|.

Despite a vast amount of data collected by oscillation experiments, the ab-
solute values of the neutrino masses remain unknown as these experiments are
not sensitive to it E Upper limits on the mass of the electron neutrino come
from direct neutrino mass experiments undertaking kinematic studies of weak-
processes, but the precision of these measurements is not high enough to give
the absolute value for the mass. The current best limit comes the measurement

of B decay energy spectrum endpoint of *H and constrains the mass to < 1.1 eV

at 90 % confidence level [12].

lapart from a lower limit, which can be obtained by setting the lowest mass eigenvalue to 0
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EE— (Am,)? (Am,)” ——
(Am2)501
(Am;)? —"
B p
) g
(Am )atm - V“ %D
(And),, | &
A =
[ B (Am,)?
(AmQ)sol
I (Am,)? (Am;)* E—
Normal Hierarchy Inverted Hierarchy

Figure 2.1: The two possible neutrino mass orderings, with NH on the left and
IH on the right. Mass is increasing in the direction towards the top edge of the
tigure and the different colours depict the favour content of each mass eigenstate
taken from the current best measurements of the PMNS matrix components.
Figure modified from [11].

Finally, as neutrinos from the Big Bang played a crucial role in the formation
of large scale structures in the Universe, constraints on neutrino masses can, in
principle, be obtained from cosmological observations. In this case, the sum of
the neutrino masses is measured and a recent result constrained this quantity
to < 1.2 eV [13]. Tighter constraints are expected in the future. However, the
results of cosmological surveys are highly dependent on the cosmological model

used in the data analysis.

2.1.3 Neutrino Nature

Another puzzle surrounding the neutrino mass is its origin. In the SM model,
fermions gain mass through the Higgs mechanism [8]. Here, mass is generated

by the Higgs field interacting with both right-handed and left-handed chiral
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components of the particle. The corresponding term in the Lagrangian is

‘Cr%zss = _% (l/J_RlIJL + 1/)_Lll)R) ’ (2.3)

where ¢ is the given particle field, subscripts denote the left and right chiral
components of that field and bar denotes an adjoint of the field component. g
is a constant describing the coupling of the particle field to the Higgs field and
v is the vacuum expectation value of the Higgs field. The resulting mass of the
particle is given by

mp = 82 (2.4)

V2

Particle species that gain their mass through this mechanism and are distinct
from their anti-particles are called Dirac particles. It is clear from equation
that in order for a neutrino to be Dirac and gain mass in the same way as the
other fermions, both right and left-handed chiral states must exist. As only left-
handed neutrinos couple to the weak force, a right-handed "sterile" neutrino is
introduced, which only interacts through gravity and, hence, has never been
observed. This addition to the SM, treating neutrinos as massive Dirac particles,
is known as the "minimal extension of the SM".

A problematic aspect of giving neutrinos mass as described above is its small
size. The neutrino is at least 5 orders of magnitude lighter than the next lightest
fermion, which means that the Higgs coupling to neutrinos would have to be
extremely small compared to the couplings for other particles.

An alternative mechanism was proposed in 1937 by E. Majorana [14], who

suggested that for some particles

YC =9, (2.5)

where ¢¢ = iy2y* is the charge conjugate of ¢ and 7? is one of the four-

dimensional Dirac gamma matrices. As the charges of ¢ and ¥* have opposite
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magnitudes, the above equation can only hold for neutral particles. Neutrinos
are the only known neutral fermions and, therefore, a good candidate to obey
Majorana’s proposed equality. If the condition from equation [2.5[is applied, the
right-handed neutrinos appear as charge-parity conjugates of left-handed anti-

neutrinos. A Majorana mass term can be added to the SM Lagrangian:

[’anass = —mL <IP_LC1~PL + QELIPE> ’ (2.6)

where my is the Majorana mass of left-handed neutrino. This term provides
direct coupling between the neutrino and anti-neutrino fields, which can be in-
terpreted as neutrinos being their own anti-particles. In this case, neutrinos are

called Majorana particles as opposed to Dirac particles.

2.1.4 The See-Saw Mechanism

The existence of neutrino Majorana mass term, does not prohibit the presence
of Dirac mass and right-handed neutrino fields. In fact, the most general Lag-
rangian contains both of these contributions. This way, the neutrino would gain
mass by both coupling to the Higgs field and through the mixing of the particle
and anti-particle fields. This again requires right-handed neutrino fields and,
therefore, the right-handed equivalent of equation [2.6|is also present in the gen-
eral neutrino mass Lagrangian. The right-handed neutrinos emerging from this
combined Lagrangian are, however, different from the sterile light neutrinos ne-
cessary to generate neutrino mass purely by the Higgs mechanism. One of the

simplest theories assumes

mp < Mg mp =0, (2.7)
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which gives rise to two particles: a light left-handed neutrino (v) and a heavy

right handed neutrino (N) with their respective masses
My ~ —= my ~ Mg . (2.8)

This procedure is known as the "see-saw mechanism" E| and a more in-depth
description of it can again be found in [8]. Importantly, the small neutrino mass
is explained by the large size of mg, which is related to high-energy scale of new
physics beyond the SM. The Dirac mass, mp, can be of the same order as for the
same fermions without the need for "unnaturally" small coupling. Therefore, the
see-saw mechanism provides a compelling explanation for the neutrino mass
scale. In order to confirm it, however, the Majorana nature of neutrinos must
tirst be experimentally established.

The most promising strategy for resolving whether neutrinos are Dirac or
Majorana particles would be the observation of neutrinoless double beta decay
[16]. This process and the implications of its discovery are described in the

following section.

2.2 Double Beta Decay

In some nuclear isotopes, with a proton number Z and a nucleon number A, a
single B decay
(Z,A) > (Z+1,A)+e +7, (2.9)

is energetically unfavourable because the combined mass of the daughter nuc-

leus and the electron are larger than the mass of the parent. A double  decay

(Z,A) = (Z+2,A) +2¢ +2v, (2.10)

2other versions of this mechanism with m; # 0 are also discussed in literature [15]
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might, however, be allowed. In this process, two neutrons from the same nucleus
simultaneously undergo a  decay, each resulting in the production of a proton,
an electron and an anti-neutrino. This decay is referred to as two neutrino double
B decay (2vpBp). It was first proposed by M. Goeppert-Mayer [17] in 1935 and has
now been observed in a number of isotopes where single 8 decay is forbidden
or strongly suppressed [7].

A typical double B candidate is a nucleus with even number of both protons
and neutrons. Such even-even nuclei have strong bonding between the paired
nucleons, which is responsible for a comparatively lower mass of these nuclei.
The daughter nucleus that would be crated by a single  transition is an odd-
odd nucleus and, hence, it is less likely to have a lower mass than the parent
due to this pairing energy. On the other hand, a double B decay changes the
nucleon number by two units and again creates an even-even nucleus. Some of
the isotopes in which 2vBf was observed are discussed further in section

Double B decay is a second order weak process and, therefore, the observed
half-lives are long (O(10'® — 10?! years)) [7]. The total kinetic energy released
during the transition from the parent nuclei ground state to the daughter ground
state is the Q-value, Qgg. In a 2vBp, part of this energy is carried away by the two
anti-neutrinos, which are not detected in an experiment. Therefore, the visible

energy of this process is a continuous spectrum with an endpoint at the Qgg.

2.2.1 Neutrinoless Double Beta Decay Process

Unlike 2vBpB, neutrinoless double B decay (0vBp),

(Z,A) = (Z+2,A) +2¢~ (2.11)

is a hypothetical process that has never been observed [16]. While 2vpp is al-

lowed in the Standard Model, OvBg violates lepton number conservation by two
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units and requires neutrinos to be Majorana particles. In this case, there are no
anti-neutrinos emitted from the nucleus during the decay as shown in Figure
ﬂ Instead, the process is mediated by a virtual Majorana neutrino. It can
be thought of as an anti-neutrino emitted at one vertex and a neutrino absorbed
at the other, which is only possible if the particle and anti-particle are not dis-
tinct, as is the case for Majorana particles. Furthermore, in order to conserve
momentum, the virtual neutrino must flip its helicity between the two vertices,

which is only achievable for particles with non-zero mass.

- p
WL_LLL_»
o
v vy
. .
W
- p

Figure 2.2: Feynman diagrams for 2vB8 and OvBp. The 2vBp process is shown on
the left and results in the production of a daughter nucleus (with proton number
increased by 2), 2 electrons and 2 anti-neutrinos. On the right, Ovp, where no
neutrinos are produced, is depicted. The latter is only allowed if neutrinos are
Majorana particles.

2.2.2 Ov303 Half-life

The half-life of OvpBg, Tlo}’z,

is directly related to the effective Majorana mass,
(mpp). by

-1
<T?72> = <mﬁﬁ>2 X [ Moy |* x Goy , (2.12)

3There is a number of possible OvBB mechanisms, which can also involve yet undiscovered
particles [18}[19]. In this work, only the light neutrino exchange, which is shown in the figure,
is discussed.
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where My, is the nuclear matrix element of the given isotope and Gy, is the

phase-space factor [20]. The effective Majorana mass is defined as

(mgg) =| Y milly; |, (2.13)

with i being the number of neutrino mass eigenstates, m; the mass eigenvalues
and U is the PMNS matrix transforming between mass and flavour eigenstates
from equation The sum over the matrix elements comes from the fact that
the electron (anti-)neutrino is a superposition of mass eigenstates and, hence, the
probability of a W boson in the OvBf to interact with a mass m; is proportional
to UZ. The factor of m; in equation arises from the aforementioned helicity
flip, which is less likely to happen for lower masses. It is due to this helicity
suppression that the half-life of OvBg is expected to be even longer than in the
two neutrino case, which makes the detection of this process very difficult. In-

deed, the current best lower limit on T{)}’Z is 1.07 x 10%¢

years at 90 % confidence,
corresponding to (mgg) = 61 — 165 meV [21]]. Figure 2.3 shows the effective Ma-
jorana mass as a function of the lightest neutrino mass eigenstate together with
this limit. A large portion of the allowed values of (mgg) remains unprobed.
My, and Gy, in equation are both nuclear factors. Notably, Gy, depends
on both Z and the Q-value, which is important when choosing a suitable isotope
for a OvpBp search, as is further discussed in section It is crucial to state that
the nuclear matrix elements are a source of large uncertainty and their theoretical

values depend on the nuclear model used. Therefore, when converting between

Tfyz and (mpgg), the used value of the matrix element must always be stated.

2.2.3 Experimental Signature of Ov33

In contrast to the two neutrino case, the entire energy that is released in OvB

is detected, because no portion of it is carried away by neutrinos. As a result,
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Figure 2.3: Effective Majorana mass as a function of the lightest neutrino mass in
the case of 3 active neutrinos. Blue and green regions show the allowed values in
the case of inverted and normal hierarchy, respectively. The current best upper
limit on (mgg) from is shown in orange. Figure modified from .

the signature of this process is a peak in the energy spectrum centred at the Q-
value as illustrated in Figure In principle, the peak is a delta function, but
in any realistic experiment it will be smeared by the detector resolution as also
demonstrated in Figure In addition to the overall observed energy, Ovpp
can also be distinguished by two electrons emerging from the same vertex. The
strategies employed by various experiments to detect this process are discussed

further in section 2.3

2.24 Implications of Ov33

If OvBp is discovered, the Majorana nature of neutrinos, required by many BSM
theories, will be confirmed. The neutrino mass generation will be explainable
without the need of fine tuning of the Higgs coupling to neutrinos. The effect-
ive Majorona mass will also be measured. Even though this cannot be directly

translated to the absolute masses of neutrinos, it might be possible to distinguish
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Figure 2.4: Modelled energy spectra of 2vpp (dashed line) and OvBg (full line).
The rate of OvBp signal is simulated as 1 % of 2vpp rate. In reality, the signal is
expected to be smaller. Figure taken from [20].

between the normal and inverted hierarchies depending on the value. Addition-
ally, this process would provide the first evidence of lepton number violation.
Finally, the discovery would hint at the existence of heavy Majorana neutri-
nos, which could explain the predominance of matter in our Universe through
process called leptogenesis [3]. It is assumed that equal amounts of matter and
anti-matter were created in the Big Bang. However, with the current understand-
ing of physics, all the matter and anti-mater would annihilate to create photons.
Cosmological surveys have established that only a small excess of quarks over
anti-quarks (1 part in 10° [23]) must have been present in the early Universe.
Nevertheless it allowed for the formation of all the stars, galaxies and other cos-
mic structures. How this asymmetry was created is one of the biggest questions
in modern physics. If neutrinos are Majorana particles, two Majorana phases
will be present in the PMNS matrix, which can be a source of charge-parity (CP)
violation. If these phases are non-zero, the heavy right-handed neutrinos can
decay preferentially to charged leptons rather than anti-leptons. This would cre-
ate an asymmetry between leptons and anti-leptons that can be then transferred

into the baryon sector [24].
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All these potential implications of Ovpp provide a compelling reason to look
for this process. The rest of this chapter is dedicated to the experimental tech-

niques used for this search.

2.3 Ov33 Experiments

The experiments striving to discover OvBf search for a rare peak at the expected
Q-value on top of a continuous energy spectrum. This background spectrum
comes from variety of sources: the tail of 2vBf, natural radioactivity from inside
and outside of the detector as well as any other interactions that can be mistaken
for OvpBp signal. Therefore, the most important consideration in designing a Ov 3
experiment is optimising the signal with respect to the background.

Assuming Poisson distribution of the background, negligible systematic un-
certainty, and a set energy range, the uncertainty on the number of background
counts, B, is v/B. The sensitivity of a background limited experiment can then
be estimated in terms of the number of standard deviationsasc =S/ \/E, where
S is the number of signal counts. Given a number of double g nuclei Ngg, signal
detection efficiency €, experiment runtime t and OvSp half-life T; /,, the expected

number of observed signal counts is

In(2)
Ty )2

Furthermore, with a constant background rate b, B = bt. The expected half-life

sensitivity at confidence c is therefore

In(2)
TC,, = —eNga\/'t. 2.15
2= BB (2.15)

Hence, to achieve significant sensitivity, the following is needed: large amount

of isotope, good detection efficiency, long data taking time and low background
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rates. Moreover, the background rate depends on the considered energy region
of interest (ROI), with wider regions resulting in more background counts. The
width of the OvpBp peak and, hence, the ROI depends on the energy resolution.
The "spill-over" of the steep edge of 2vBp spectrum into the ROI also increases as
resolution worsens. As a result, the increase in b scales non-linearly with energy
resolution. Therefore, the achievable energy resolution is also a crucial factor in
designing a OvBp experiment.

In general, OvpBp experiments are conducted deep underground to avoid cos-
mic ray backgrounds and strive to use materials with extremely low radioactive
contamination. Smaller experiments tend to have lower background rates and
better energy resolution. Spatial resolution is also typically better, which can
help in background rejection. However, smaller detectors typically contain less
double  isotope. On the other hand, it is difficult to maintain good resolution
in large detectors and scaling up experiments made up from smaller modules is
often expensive. Cost, safety and technical feasibility also play important roles
in experiment design.

Various scientific collaborations take different experimental approaches to
achieve the best sensitivity. The current best lower limits on OvBp half-life are
listed in Table H The existing and planned experiments searching for Ovpp
can be classified either by the double § isotope or the experimental design. The

latter approach is employed in the non-exhaustive summary of the field below.

2.3.1 Semiconductors

Semiconductor detectors are an established and sensitive technique for the de-
tection of ionising radiation. The small energy band gap between valence and
conduction electrons in semiconductors provides a good signal-to-noise ratio

upon particle passage and an excellent energy resolution. Germanium semi-

“However, it has to be noted that these limits translate to different values of (mgg) due to the
different nuclear factors for the various isotopes, further discussed in section
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Isotope Tf}/z 2I;imit Experiment Isotope Isotope
[10° y] Exposure [kg-y] Mass [kg]
48Ca 5.8 x1073[25] ELEGANT VI 0.36 0.175
76Ge 9 [26] GERDA 82.4 35.6
82Ge 3.6 x 1072 [27] NEMO-3 3.5 0.9
%7r 92 x107*[27] NEMO-3 0.035 0.009
100Mo 0.11 [28] NEMO-3 34.7 6.9
HeCd 1.0 x 1072 [29] NEMO-3 2.16 0.410
130Te 3.2 [30] CUORE 3725 206
136Xe 10.7 [21] KamLAND-Zen 504 344
10Nd 2.0 x 1073 [31] NEMO-3 0.19 0.037

Table 2.1: Current best limits on OvBg half-life for different isotopes. All results
are quoted at 90% confidence. Last two columns give the isotope exposure and
mass with which these limits were measured, respectively.

conductor detectors are particularly useful for OvB8 searches, because 7°Ge is a
double B isotope. Therefore, germanium can serve as a detector and source ma-
terial simultaneously, which results in high signal efficiency. Taking advantage of
the well-tested technology, the Heidelberg-Moscow and IGEX experiments were
the first ones to achieve sensitivity to the OvBg half-life of O(10% y) [32,33].
The currently operating experiment with the best limit on T{% in 7°Ge, GERDA
[34], uses germanium detectors enriched in this isotope to 86 — 88%. The de-
tector array has a total mass of 35.6 kg, and is immersed in liquid argon to
provide passive shielding from ionising radiation originating outside of the de-
tectors [35]. Furthermore, liquid argon scintillates and, hence, can be used to
actively veto backgrounds that deposit energy inside this shield. The GERDA
collaboration also employs a digital analysis of the detector signal pulses to dis-
criminate between single-site energy deposition, such as the one expected from

the OvBB daughter electrons, and more distributed deposition from background
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events involving -ys. The combination of high radiopurity of the detector mater-
ial, good shielding, active background rejection through liquid argon and pulse
shape discrimination results in an exceptionally low background count in the
ROL

Another currently running experiment, the Majorana Demonstrator [36], op-
erates germanium detectors enclosed in two copper vacuum cryostats. The col-
laboration was able to achieve energy resolution of ~ 0.05% at Qgg, the best
resolution achieved in any Ovpp experiment so far.

The drawbacks of using semiconductors are the high cost of detector fab-
rication and difficult scalability inside the cryostat. Furthermore, the technology
dictates the choice of the double § isotope. Nevertheless, a next generation exper-
iment, LEGEND [37], will combine developments by the GERDA and Majorana
collaborations and is expected to use one tonne of germanium detectors.

There are also ongoing efforts in alternative semiconductor technologies for
OvBp studies with other isotopes, such as CdZnTe diodes [38]]. However, in terms
of competition with other leading experiments, they are currently in early stages

of development.

2.3.2 Crystal Bolometers

Bolometric detectors operate at very low temperatures (~ 10 mK) and use calori-
metric approach for measuring energies of nuclear interactions [39]. The temper-
ature of the absorber material containing the double  isotope is constantly mon-
itored by a thermometer. When a nuclear decay happens inside the absorber, its
temperature rises as the daughter particles deposit energy in the material. Crys-
talline materials have particularly low heat capacity at cryogenic temperatures,
resulting in measurable temperature changes induced by small energy deposits
(~ 0.1 mK/MeV) [39].

Contrary to semiconductor technology, it is in principle possible to use a



Chapter 2. Neutrinoless Double Beta Decay 20

variety of crystals as absorbers and search for OvBf in a number of different
isotopes. To date, however, bolometers have mainly been used to search of 0v S
in 139Te by the CUORE experiment and its prototypes [40]. CUORE uses cubic
TeO, absorber crystals with 5 cm sides. With 988 such crystals enclosed inside
a multi-layer cryostat cooled with helium, the total mass of the double B isotope
is 206 kg.

CUORE has demonstrated the excellent energy resolution of this technique
of ~ 0.1% at Qg [41], which is comparable to germanium diodes. As it is
possible to increase the isotope mass by simply adding more crystal units, the
scalability is mostly limited by the size of the cryostat. The main drawback of
crystal bolometers is the lack of reliable particle identification (i.e. distinguishing
between &, B and vy particles), which leads to poor background rejection. The
absorber crystals can be grown with high radiopurity. However, radioactive
decays from the 233U and 23?Th chain contamination on the surface of the crystals
and other parts inside the cryostat are problematic and limit the sensitivity of
these experiments.

The planned next generation experiment, CUPID [42], proposes to address
this issue with scintillating crystals. In this approach, passage of charged particles
results in photon emissions in addition to the aforementioned temperature in-
crease. The shape of the recorded light pulse can be used for particle identifica-

tion.

2.3.3 Experiments with Tracking Detectors

One approach to reject backgrounds is to reconstruct the two daughter elec-
trons from the double B decay emerging from a single vertex. This strategy
is employed by the NEMO-3 experiment [43] and its successor SuperNEMO
[44], both of which contain large tracking detectors to record the trajectories

of charged particles. The trackers are wire drift chambers filled with a he-
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lium/argon/ethanol gas mixture that is ionised upon particle passage. The
double B isotope is localised on a source foil and sandwiched between the track-
ing detectors, which are in turn surrounded by plastic scintillator calorimeter
blocks to measure the energy of the electrons. As a result, the NEMO-3 and Su-
perNEMO posses modest energy resolution and excellent background rejection
through vertex reconstruction.

Another advantage of the modularity of these detectors is the possibility of
exchanging the double B isotope by simply replacing the source foil. This was
indeed exploited in NEMO-3, which consisted of 20 modules taking data with 7
different isotopes. Despite no observed Ovpp signal, it still holds the best limit
on the OvBpB half-life for 5 out of these 7 isotopes. Importantly, it was the first
experiment to obtain precise measurements of 2vBp half-lives for many of these
isotopes [45-47,31]], which provided useful input for other experiments.

The disadvantage of this technology is that the source foil has to be as thin
as possible (~ 0.02 — 0.3 mm depending on the isotope [48]) to avoid scatter-
ing of the electrons inside it. Therefore, large area is needed to achieve high
isotope exposure making this technology expensive compared to others. The Su-
perNEMO "demonstrator module" has dimensions 4 x 6 X 2 m and many copies
of this detector would be needed to reach the sensitivity of other next-generation
OvBp experiments. However, should a Ovpp signal be detected in another exper-
iment, SuperNEMO can use its unique vertex reconstruction to unambiguously
confirm the discovery. Furthermore, SuperNEMO would be able to shed light on
the OvBB mechanism by measuring the kinematic distributions of the outgoing

electrons.

2.3.4 Time Projection Chambers

A time projection chamber (TPC) consists of a detector volume placed inside

an electric field. Charged particles ionise the detector material and the resulting
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electrons drift in the electric field towards a read-out system, typically consisting
of anode multi-wire planes [49]]. The total number of electrons collected on the
anode is related to the energy of the particle and the locations of signal collection
on the wire planes give a 2D image of the particle trajectory.

In some cases, the material filling the TPC can also be selected to have scin-
tillating properties (i.e. emit light upon the passage of ionisation radiation) and
the resulting photons can then be detected using light detectors. The scintilla-
tion signal appears before the anode pulse, which is delayed proportionally to
the distance the ionisation electrons have to drift to reach the anode. The timing
between the two signals supplements the 2D wire plane image to create a 3D
reconstruction of the particle passage. Additionally, the relative amplitudes of
the two signal pulses provides information about the type of the particle in the
detector, with low ionisation to scintillation ratio for a particles and high ion-
isation to scintillation for B and y particles. The ability to distinguish between
particle types using the signal ratios as well as spatial imaging leads to excellent
background rejection capabilities of TPCs. The energy resolution of the current
TPC technology is worse compared with semiconductors and bolometers, but is
compensated by better scalability.

For OvBpB searches, xenon enriched in the double B isotope **Xe is a con-
venient choice of detector material that also serves as a source. Xenon is an
inorganic scintillator. Furthermore, it is chemically inert, which ensures that the
ionisation electrons can drift sufficient distances in the electric field to reach the
anode. Good results have been achieved by the EXO-200 experiment [50] using
a liquid xenon TPC. EXO-200 set a T{h//z limit of 1.8 x 10% years with O(100 kg)
of xenon [51]. The next generation experiment, nEXO [52], is planning to deploy
5 tonnes of this element in a single TPC.

A slightly different approach is taken by another future Ovpp experiment,
NEXT [52], which aims to build a TPC filled with high-pressure xenon gas.
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Compared with liquid xenon, electron trajectories are longer in xenon gas, which
might enable identification of the two electrons from a double 8 decay.
Additionally, both the nEXO and NEXT collaborations are investing signific-
ant effort into developing a technique for tagging the '3Ba nuclei that are left
over after the double B decay of '3¢Xe [53}/54]. Identification of barium would

result in elimination of all backgrounds apart from the tail of 2v 8.

2.3.5 Organic Liquid Scintillators

Another strategy for obtaining good sensitivity to Ovp is to maximise the expos-
ure using large homogeneous detectors with hundreds of kilograms of isotope.
Organic liquid scintillators are a convenient choice, because they can be purified
to a high degree to reduce radioactive background contaminants [55]. Further-
more, the purification can be performed even during data taking by recirculating
the organic scintillator through a purification system. Similarly, the circulation
can be used to gradually mix ("load") the isotope into the scintillator. Should a
Ovpp signal be observed, the scaling of the signal peak with isotope mass will be
crucial in confirming the discovery.

In large liquid scintillator detectors, energy deposits from primary particles
result in emission of light, which is then detected by photomultiplier tubes sur-
rounding the scintillator volume. The number of detected photons is propor-
tional to the energy deposited by the particle. Typically, there are O(10% — 10%)
photons emitted per 1 MeV of energy deposited in the scintillator [56//57], which
leads to high signal efficiency. Contrary to solid state detectors, these experi-
ments have exceptional isotope mass scalability and modest energy resolution.

A currently operating OvBg liquid scintillator detector is KamLAND-Zen [58].
It uses liquid scintillator loaded with 136X e-enriched xenon, enclosed in a nylon
balloon. This volume containing the double B isotope is located in the centre

of a larger balloon with 13 m diameter filled with xenon-free scintillator, which
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acts as an active background veto. Approximately 2000 photomultiplier tubes,
responsible for the detection of scintillator light, are mounted on a stainless
steel spherical vessel outside both of the balloons in a non-scintillating oil. The
KamLAND-Zen experiment achieved the current best limit on Tfyz of 1.07 x 10%°
years [21]. This result was accomplished with 380 kg of enriched xenon. Since
then, the collaboration has increased the inner balloon volume to double this
amount and the data taking is ongoing. In the future, KamLAND2-Zen aims
to have an improved energy resolution compared with its predecessor and will
incorporate one tonne of enriched xenon [59].

The SNO+ experiment [60] will study OvBB in 3°Te in a liquid scintillator
detector, repurposed from the SNO experiment [61]. The search for this decay in

SNO-+ is the subject of the following chapters of this thesis.

2.4 Choice of Double Beta Isotope

As discussed in section there are multiple naturally occurring even-even
nuclei that can undergo double B decay. However, some are more suitable for a
Ovpp search than others. The choice of the double f isotope is an important part
of detector design and influences the sensitivity of the experiment to the Ovpp
process. When selecting which isotope to use for this search, one has to consider

the following factors:

e Firstly, high Q-value is desired. The phase-space factor from equation 2.12]
scales with the decay endpoint and, hence, higher Qgg typically improves
the chances of OvBB detection by lowering the half-life of the process. Fur-
thermore, many natural radioactive decays produce energies in the range
of a few MeV, but the situation is especially bad below 2 MeV. With larger
Qpp, the ROI lies above many of these radioactive backgrounds. Finally,

signal efficiency is generally better for larger energy releases.
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e The natural abundance of an isotope gives the relative amount of that
isotope in the naturally occurring element. It is advantageous to select a
double f isotope with high natural abundance in order to maximise Ngg
for a given element mass. The abundances of the popular OvpBp isotopes

are shown together with Qgg in Figure

e Alternatively, elements can be enriched in the required isotope, but the
enrichment cost tends to be high and considerably increases the overall

procurement cost.

e Especially for experiments that plan to incorporate several hundreds of
kilograms of a given element, availability on world market must also be
taken into account. Ultimately, depending on the (mgg) chosen by nature,
it might be needed to design experiments with sensitivities reaching far
into the normal hierarchy. This will likely require tonnes of an isotope
and, therefore, the concern of availability is relevant for any experiment

that might hope to scale up in the future.

e Long 2v B half-life improves the experiment’s sensitivity by reducing this
background. This is especially important for detectors with worse energy

resolutions. Figure 2.6{shows le}/z for various candidate isotopes.

e The nuclear factors, My, and Gy,, are specific for the candidate nuclei
and determine the OvBpB half-life, with larger factors resulting in a better
prospect of observation for the same (mgg). Additionally, the uncertainty

on the nuclear matrix is smaller for some isotopes compared to others.

e Any technological limitations must be considered. As discussed in section
some detector designs allow for variety of isotopes, whereas for others

the choice is restricted.

As a result of the above criteria, the experimental efforts focus mostly on

the following isotopes with Qﬁﬁ larger than 2 MeV: 48Ca, 7°Ge, 825¢, %071, 100\ o,
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Figure 2.5: Double B decay Q-values as a function of natural abundance for
selected double § nuclei. Data from [63] and [64].

16y, 130Te, 136Xe and °Nd. As shown in Figure 130Te has by far the largest
natural abundance (34%) out of the candidate nuclei, which mitigates the need
of enrichment and makes it very cost effective. 13°Te also has the longest le]/jz
after 13¢Xe and 7°Ge, both of which are a lot less affordable, have lower Qpp and
are not produced in high enough annual amounts to support a potential future
multi-ton experiment [62].

For these reasons, '*Te was selected as the double B isotope of choice for
SNO+, the organic liquid scintillator experiment considered in this thesis. The
method for loading natural tellurium into organic scintillator has been demon-

strated and is discussed in Chapter 4l The SNO+ experiment is described in

more detail in the following chapter.
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Chapter 3

The SNO+ Experiment

SNO-+ is a kilo-tonne scale low background neutrino detector, located 2 km un-
derground in an active nickel mine in Sudbury, Canada [60]. The experiment has
3 phases, distinguished by different material filling the main detector volume.
Although its physics programme is diverse, the main goal of SNO+ is the search
tor OvBpB. For this purpose, approximately 4 tonnes of natural tellurium will be
deployed into a liquid scintillator volume using a loading procedure described
in Chapter 4l SNO+ benefits from its size, allowing for large isotope exposure
per year. The substantial size combined with low background rates gives SNO+
good expected sensitivity for OvBB. This chapter provides an overview of the
detector hardware, software and calibration as well as the explanation of the

various physics phases of the experiment.

3.1 Detector Overview

A schematic of the SNO+ detector is shown in Figure Located in the centre,
is a transparent spherical acrylic vessel (AV) with a radius of 6 m and a thickness
of 5.5 cm. The physics analyses in SNO+ concern particle interactions occurring

within this volume. The AV and its content are viewed by ~ 10* photomultiplier

28
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tubes (PMTs) mounted on a stainless steel support structure (PSUP) with an
average radius of 8.9 m. The outside of the AV, including the PMTs, is immersed
in ultra-pure water (UPW) to shield the central detector region from cavity rock
and PMT radioactivity.

Two sets of high purity Tensylon ropes are installed to hold the AV in place.
The hold-up ropes (HUR), 19 mm in diameter, suspend from the top of the
cavity and are hooked to ridges in the AV around its equator. The hold-down
ropes (HDR) are 38 mm in diameter, wrap around the top of the vessel and
are anchored to the cavity floor. The latter set has been installed in order to
compensate for the buoyancy of the liquid scintillator relative to the surrounding
water.

The barrel-shaped cavern and large hardware structures, such as the acrylic
vessel, PSUP as well as the PMTs, were inherited from the SNO experiment ,

which was decommissioned in 2007.

~9300 PMTs

Hold-up and

Acrylic vessel hold-down rope

5 cm thick, 12 m

. systems
diameter Y

780 t liquid scintillator

with 0.5 % Te - PMT support structure

stainless steel, ~18 m
diameter

7 kt ultra pure water
shielding

Figure 3.1: Schematic of the SNO+ detector. Modified from .

The experiment is hosted in SNOLAB, a clean room CLASS 2000 laboratory,

accessible from shaft 9 of VALE’s Creighton mine. The deep underground loca-
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tion provides SNO+ with rock overburden of 5890 4= 94 m.w.e. [66]], minimising

background from cosmic rays and their spallation products.

3.2 PMTs and Electronics

Interactions inside the SNO+ detector yield photons, which, depending on the
phase, are either produced from Cerenkov or scintillation radiation. All inform-
ation about events inside the detector come from detection of this light by the
PMT array. For each triggered event, the PMT electronics output charge and

timing data from each PMT that registered at least one photon.

3.21 PMTs

The bulk of SNO+ PMTs are 8” Hamamatsu R1408 SNO photomultiplier tubes
[61]. The PSUP has space for 9522 PMTs. Over 75% of the ~ 800 PMTs that failed
during the SNO data taking period were repaired and re-installed for SNO+,
however, some were deemed unrepairable [65]. Furthermore, some of the PSUP
PMT positions are not filled to provide space for the hold-down ropes. Finally, a
small fraction of PMTs is continuously lost to high-voltage problems and at the
rate of ~ 6.8 per month. At the time of writing, there were approximately 9200
fully functional PMTs facing towards the centre of the AV.

There are also 91 PMTs mounted on the outside of the PSUP pointed away
from the AV. These outward looking PMTs serve as a veto for muons and other
events originating in the external water.

A schematic of a SNO PMT is shown in Figure The photoelectrons are
created on the photocathode, which lies just underneath the round PMT glass
envelope. These are then accelerated in the electric field permeating the vacuum
inside the tubes and, subsequently, multiplied by a cascade of secondary emis-

sions in a stack of 9 parallel dynodes. Finally, the photoelectrons generate a
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measurable signal when they are collected on an anode at the base of the PMT.

.
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Figure 3.2: A schematic of the Hamamatsu R1408 PMT as used in SNO+ [61].
The round PMT glass is shown on the top, the solid horizontal lines depict the
dynode stack and the anode is the small dip near the bottom. The waterproof
enclosure is also shown around the anode. Dimensions are in cm.

3.2.1.1 Transit time

The time between a photon arriving on the photocathode and the peak of the
signal pulse registering on the anode is called the transit time and is defined by
the path of the photoelectron within the PMT. A typical probability distribution
of the transit time is shown in Figure The main "prompt" peak (at 0 ns)
corresponds to an ordinary path described above and its width is determined by
the electron optics within the PMT geometry.

The two peaks later in time are formed by the late and double pulsing effects,
which arise when the photoelectron is backscattered off the dynode stack. For
late pulsing, this process is elastic and the cascade of secondary electrons is
only created when the electric field returns the photoelectron to the dynodes
~ 10 — 40 ns later. In the case of double pulsing, scattering is inelastic and, hence,
cascading occurs both times the photoelectron arrives on the stack. Therefore,

these photoelectrons produce two pulses: one arriving at the same time as the
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prompt pulse and one contributing to the broadening of transit time spread
towards later times.

The earliest peak found at ~ —18 ns is from pre-pulsing. In this case, the
incident photon is transmitted through the glass and photocathode and a pho-

toelectron is created on the first dynode.

107 g

Probability
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Figure 3.3: Transit time probability distribution for a R1408 PMT plotted using
values saved in the SNO+ simulation software. Originally measured by the SNO
Collaboration.

3.2.1.2 Wavelength efficiency

The total PMT signal efficiency describes the probability of an incident photon
of a given wavelength to produce a signal on the anode. Quantum and collection
efficiencies are the two contributions to the overall signal probability. The former
gives the ratio of photoelectrons leaving the photocathode to incident photons.
The latter is defined as the ratio of photoelectrons reaching the first dynode to
the photoelectrons leaving the photocathode. Figure (3.4 shows the measurement
of the combined effect for SNO PMTs.
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Figure 3.4: Measured wavelength efficiencies for 4 R1408 PMTs [67]. Each symbol
corresponds to a different PMT.

3.2.1.3 PMT Concentrators

Each inward looking PMT is also equipped with a truncated Winston cone-
shaped reflective concentrator with an outer diameter of 27 cm [68]. These in-
crease the effective photomultiplier coverage of the detector by focusing photons
on the active area of the photocathode. At the start of the SNO experiment data
taking, the concentrators ensured an effective coverage of 54% [69]. Since then,
the reflectivity of the concentrators has degraded and the number is now closer
to ~ 50%. The PMTs and their concentrators are housed in plastic hexagonal
boxes, which enable their installation in groups to the PSUP. Figure shows

the complete PMT unit including the concentrator and housing.

3.2.2 Electronics

The electronics are responsible for the read out, analogue processing and digit-
alisation of the PMT signals. A trigger system is responsible for distinguishing
which signals from the detector are likely to correspond to real physics events

and are worth saving. In order to provide enough information about the physics
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Figure 3.5: Drawing of a PMT in its housing including a concentrator [61]]. Di-
mensions are in cm.

inside detector for the purpose of data analysis, the electronics must produce
nanosecond-level timing resolution and be able to handle sustained frequencies
of several kHz.

Every PMT is coupled to a waterproof coaxial cable, used to both supply the
high voltage (HV) and send the anode pulse to the front-end electronics located
on an access deck above the SNO+ cavity. There, it connects to a PMT Interface
Card (PMTIC), which controls the HV for the corresponding PMTs. One PMTIC
has 32 channels, each potentially connected to a PMT. From the PMTIC, the
anode signal continues to a Front End Card (FEC), where it is processed.

To distinguish between real signals and electronic noise, the pulse enters
a discriminator on the FEC, which only fires if the pulse amplitude is higher
than the discriminator threshold. The threshold is usually set to around 0.25
of an average photoelectron charge for the relevant channel [65]. This value is
determined from a single photoelectron charge spectrum as the value where the
signal is more likely to be caused by an incident photon rather than noise. As a
result, about a quarter of genuine PMT signals are falsely identified as noise. A

PMT is considered hit if the discriminator threshold has been crossed.
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Sets of 16 FECs and PMTICs make up "crates", which are located in elec-
tronics racks on the deck above the detector. There are 19 crates altogether, in-
side 11 racks, creating capacity for 9728 channels. The discriminator pulses are
tirst summed within each crate and these crate sums are then passed to seven
MTC/A (Master Trigger Card/Analog) boards, each corresponding to a particu-
lar physics trigger type. Each MTC/A board performs an analog sum of the crate
signals and issues a trigger if that sum exceeds some pre-determined threshold.
As an example, one MTC/ A is responsible for the NHIT100 trigger, which is one
of the most used for physics analyses. The amplitude of the NHIT100 MTC/A
pulse is proportional to the number of hit PMTs within 100 ns.

Finally, MTC/A trigger pulses are sent to the MTC/D (Master Trigger
Card/Digital). MTC/D can be programmed to acknowledge or ignore (i.e.
mask in or out) individual trigger types. Provided the received trigger pulse is
masked in, the Global Trigger (GT) is sent back to the FECs and the detector is
triggered. When this occurs, all PMT data are collected from a period 180 ns
before the GT happened and 220 ns after. This 400 ns period is called the "event
window", as it would typically contain information about one interaction event
inside the detector. Conversely, the word "event" is henceforth used to refer to
detector information recorded within a single event window.

If required, it is also possible to force the MTC/D to generate a global trigger
externally, regardless of the PMT channels. The EXTA (External Asynchronous)
trigger is issued by many of the calibration sources described in section (3.4|and
is used to prompt the PMT data acquisition during calibration campaigns.

There are four numbers output for each PMT hit. The most important is the
TAC (Time to Analog Converter), which gives the time between the hit (PMT
crossing its threshold) and the GT reaching its PMTIC. Hence, the TAC indicates
the relative time within the event window that a particular PMT fired, which

is important for event reconstruction. The remaining three numbers associated
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with a PMT hit all relate to charge, but differ in the gain and the time over
which the charge was integrated; there is QHS (High gain Short integration),

QHL (High gain Long integration) and QLX (Low gain Long integration).

3.3 SNO+ Target and Phases

The central target for physics interactions in the SNO+ experiment, is the li-
quid inside the AV. One of the advantages of SNO+ is that this liquid can be
exchanged or modified relatively easily, which gives the potential to study a
wide range of physics topics. Furthermore, the detector model and many ex-
perimental backgrounds for the analyses, such as the search for OvBp, can be
studied prior to introducing the isotope.

Each time the inner AV material is modified, start of a new phase of the
experiment is defined. This section gives an overview of the planned phases and

describes each of their purposes.

3.3.1 Water Phase

The HV in the detector was first ramped up in December 2016 and the water
phase officially started in May 2017 after an initial commissioning period. In this
phase, the AV was filled with 905 t of ultra-pure water.

The main physics analysis carried out in this phase was the search for invis-
ible nucleon decay. In this hypothetical process [70-72], a nucleon decays into
neutrinos or other particles that leave the detector without any direct energy
deposition (inv). However, if the decay occurs in an oxygen atom in the SNO+
water, the nucleus is left in an excited state and subsequently decays into its

ground state. For neutron decay:

160 — BO* + inv

150* 5 150 4«
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and proton decay:

160 — BN* + inv

N* —» BN+ .

In more than 45 % of cases, the de-excitation 7s have energies in excess of 6 MeV,
which are easily detectable in SNO+ [73]. During almost 8 months of data taking,
lower limits on the neutron and proton lifetimes were set to be 2.5 x 10%° and
3.6 x 10% years, respectively [74].

Furthermore, the flux of 8B solar neutrinos was measured [75]. This result
was found to be consistent with the measurements by other experiments [10,76]
and demonstrated low levels of backgrounds. The background measurements
are further discussed in Chapter

The optical properties of the external water and the AV, the response of the
PMTs and the performance of the data acquisition system were also measured
over this period. Finally, the backgrounds originating from outside of the AV,

such as the support ropes, external water and PMTs, were measured [74].

3.3.2 Unloaded Scintillator Phase

One main factor that can impact an experiment’s sensitivity to Ov g is the level of
radioactive background contamination from U/Th chains in the detector volume.
Organic liquid scintillators (LS) can have very low amounts of backgrounds as
most impurities are ionic and, hence, do not dissolve in non-polar organic li-
quids. This has been ultimately demonstrated by the Borexino experiment,
which reached contamination levels of less than 107! g/g for both 2U and
232Th chains [55]. Furthermore, LS is easily and economically scalable. For these
reasons, SNO+ will use a LS as a solvent and detection target for the Ovpp search.

The radiopurity of the SNO+ scintillator will be first measured in the
unloaded scintillator phase with no double B isotope present. The LS is

based on linear alkylbenzene (LAB), a long chain aromatic molecule, with
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2,5-diphenyloxazole (PPO) as the primary fluor [60]. PPO reduces self-
absorption by LAB and also shifts the emitted photon energies to a spectral
range where the SNO+ PMTs have higher sensitivity [77]. Properties of the
scintillator mixture are discussed in detail in Chapter [4

In order to replace the ultra-pure water inside the AV with scintillator, the
LAB+PPO is filled from the top via the neck, with water being removed by a
pipe at the bottom of the vessel. The scintillator mixture has lower density than
the ultra-pure water, which allows it to float on top. Moreover, the two liquids
are immiscible, which results in clear interface between them during filling as
shown in Figure This displacement approach also minimises air (and, hence,

radon) contact with the AV.

PMT array
AV neck

Acrylic vessel

Scintillator /water

interface Hold-down

rope

Figure 3.6: Photo of the neck and top part of the AV during scintillator fill.
Taken on 24th July 2019 using one of the under-water cameras mounted on the
PSUP. The mass of the scintillator in this photo is ~ 20 tonnes. Photo modified

from .

Filling of LAB began in October 2018. Once finished, the unloaded scintillator
phase will commence and last for a few months. During this time, the optical
model and detector response will be verified, along with the evaluation of the
radioactive background levels of the scintillator mixture.

The physics goals in this phase include the observation of low energy solar
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neutrinos, reactor and geo anti-neutrinos and potential supernova neutrinos.

3.3.3 Tellurium Phase

The OvpBp search will be conducted in the tellurium phase. Four tonnes of natural
tellurium will be gradually loaded into the LS for this phase. The scintillator
from the AV will be recirculated though a processing plant underground, where
it will be mixed with the tellurium compound. The loading technique is detailed

in Chapter 4

3.4 Detector Calibration

A good understanding of the detector properties is needed in order to translate
the PMT information into physical variables, such as the time and energy of
the interaction that caused the detector to trigger. The purpose of calibration is
to measure these properties and, hence, constrain all the free parameters in the
detector model.

The main quantities to calibrate are summarised below:

e The time of each PMT hit has to be corrected for channel-dependent tim-
ing offset due to variable lengths of the PMT cables. Additionally, smaller
amplitude pulses take longer to cross discriminator thresholds than larger
pulses. This is called the time walk effect, which must also be measured

and taken into account during the hit time calculation.

e The PMT signal efficiency includes the quantum and collection efficien-
cies, as described in section To determine the probability of detect-
ing a single photon of a given wavelength, the signal efficiency has to be
multiplied by the individual channel efficiencies due to the discriminator

threshold settings.
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e The angular response of the PMTs and their concentrators modifies the

detection probability for photons incident from different angles.

e The scattering and absorption lengths of the liquid contained in the AV,
external water and the AV itself are needed to model the propagation of

light though the detector.

e The reflectivities of the various materials in the detector also contribute
to the optical model. Most importantly, the concentrator reflectivity de-
termines the effective photocathode coverage of the detector. Furthermore,
the differences in refractive indices between scintillator, acrylic and water
causes reflection/refraction at boundaries. These need to be taken into ac-
count when calculating the time-of-flight of photons from their origin to

the PMT.

e The scintillator light yield determines how many photons are emitted per
1 MeV of energy deposited in the scintillator. The light yield therefore plays
a crucial role in energy reconstruction. Monitoring of the light yield over

time is needed to verify its stability.

e Time response of the scintillator is important for position reconstruction

as well as particle identification as it varies with particle type.

Some of these detector parameters, such as the scintillator properties or PMT
response, can be determined ex-situ to provide an initial measurement. How-
ever, a number of the properties can change with time. For example, the PMT
concentrator reflectivity was measured on a benchtop before installation, but has
changed since then due to ageing and their immersion in UPW. Similarly, it is
impossible to precisely mimic the detector environment for a small sample of the
scintillator over multiple years. Therefore, in-situ calibration is needed, which is

achieved using optical and radioactive sources inside the detector.
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3.4.1 Calibration Using Radioactive Sources

Deployed radioactive sources can be used to introduce particles of known
type and energy into the detector in order to calibrate the detector response to
primary particle interactions. In particular, the energy scale and resolution, as
well as systematic errors on reconstructed quantities can be obtained using this
method. For this purpose, sources are lowered into the detector through the
neck using a system of ropes, with each source enclosed in a leak-tight housing
to prevent contamination.

In the water phase, the systematic uncertainties for the nucleon decay and
solar flux analyses were obtained using the °N source. In this case, the § decay
of N produces a 7 at 6.1 MeV, which escapes the source container and inter-
acts in the detector target material. The B from the decay interacts inside the
container, where it is detected in a thin layer of plastic scintillator coupled to
a calibration PMT. This signal is used to tag the 7 events. For future phases,
sources of other energies will be deployed to reduce the systematic errors across
the energy spectrum. A list of radioactive sources considered for future deploy-

ment in scintillator is shown in Table

3.4.2 Optical Calibration

In optical calibration, LEDs and lasers are coupled to optical fibres to direct
photons of fixed wavelengths into the detector. Optical sources are the ideal tool
for measuring the PMT response and optical properties of the detector target.
Furthermore, these systems can trigger the detector asynchronously, making it
possible to measure timing offsets. The two optical calibration systems for SNO+

are described below.
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Source Particle type Visible energy [MeV] Calibrated quantity
AmBe n, y 22,44 neutron capture response
8Li  optical photons - Cerenkov light response
Co v 0.1 energy reconstruction
137Cs 04 0.7 energy reconstruction
46Sc 7 (2x) 09,11 energy reconstruction
85c v (3x) 1.0,1.0,13 energy reconstruction
16N v 6.1 energy reconstruction

Table 3.1: Radioactive calibration sources in SNO+, available or in preparation.
The second column indicates the type of particles that deposit energy in the
detector material, i.e. particles that do not escape the source container are not
included.

Laserball

The laserball is a quartz light-diffusing sphere of diameter 10.9 cm and was ori-
ginally designed for the SNO experiment [79]]. The sphere is filled with silicone
gel containing small hollow glass beads. Light from a short-pulse nitrogen dye
laser is brought into the sphere via an optical fibre, where it is reflected and
refracted by the beads. This results in an approximately isotropic distribution of
light coming from the laserball. The intrinsic wavelength (337 nm) can be shifted
to five higher values (369, 385, 420, 505 and 619 nm) using laser dyes.

The laserball can be deployed either into the liquid inside the AV or into the
water region between the AV and the PSUP. It is deployed in the same way as
the radioactive sources, via a set of ropes. The laserball is one of the primary
calibration sources used for the optical model of the detector. By fitting the
laserball data taken over a range of wavelengths and at various positions in the
detector, it is possible to extract the attenuation parameters for the different de-
tector regions [80]. Furthermore, the laserball is used to determine the individual

PMT/channel efficiencies and, using asynchronous triggering of the detector, the
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channel timing offsets and time walk.

ELLIE System

The radiopurity requirements of SNO+ are more stringent when compared to
SNO. Every effort is made to mitigate the risk of contaminating the detector
material by the introduction of deployed instrumentation. Even though extensive
cleanliness protocols for the calibration sources are in place, the easiest way
to avoid contamination is to reduce the frequency with which the sources are
immersed into the detector. For this purpose, the Embedded LED/Laser Light
Injection Entity (ELLIE) was designed for SNO+ [81]. This calibration system
consists of optical fibres permanently mounted at various points of the PSUP,
which inject LED or laser light across the detector volume at different angles.

The ELLIE system has three modules:

e The timing module (TELLIE) injects wide angled LED beams of a single
wavelength from 91 different positions on the PSUP to provide timing and

gain calibration.

e The scattering module (SMELLIE) consists of 15 fibres delivering collim-
ated beams of laser light at 5 wavelengths to measure scattering properties

of the materials inside the detector.

e The attenuation module (AMELLIE) shines wide angled beams of LED

light at multiple wavelengths to measure attenuation lengths.

With this set up, ELLIE calibration campaigns do not require any instrument-
ation to be moved into the detector and the downtime is minimised. In addition,
this easy operation allows ELLIE to take data frequently and, hence, monitor the

stability of the measured variables over time.
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3.5 Software

Reactor Analysis Tool (RAT) is used by SNO+ for both data analysis and simu-
lation of physics events in the detector. It is a C++ framework that makes use
of Geant4 [82] and GLG4sim [83] libraries for detailed Monte Carlo simulation
(MC). Geant4 is used to model the detector geometry including all the com-
ponents. Various particle generators enable the simulation of Ovpp, solar and
geo neutrinos, anti-neutrinos, muons and the decays of the expected radioactive
background isotopes. Optical photons are generated via Cerenkov and scintilla-
tion processes from GLG4sim. The propagation of photons through the detector is
tully modelled including reflection, scattering, absorption and re-emission. The
effects of PMT response and front-end electronics are also simulated. Further-
more, analysis algorithms, such as event reconstruction, are incorporated into
the framework. Finally, an interface with ROOT is provided for data storage and

handling.
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Tellurium-Loaded Scintillator

Tellurium-130 was selected to serve as the double p isotope for the Ovpp search
in SNO+. This chapter focuses on the method to combine tellurium with
the liquid scintillator in the AV, a process generally referred to as tellurium-
loading. In particular, increasing the stability and light yield of the resulting
tellurium-loaded scintillator through the addition of a stabilising compound,
N,N-dimethyldodecylamine (DDA), is investigated here.

The topics concerning the scintillation process, as well as the composition of
the scintillator prior to tellurium loading, are also discussed at the beginning of

this chapter.

4,1 Scintillation Process

During the scintillation process, light is emitted as a result of ionising radiation
passing through a material. The molecules of the scintillator are excited by the
through-going particles and the subsequent relaxation to the ground state is
responsible for the photon emission. Therefore, scintillation light has a charac-
teristic wavelength profile that is dictated by the chemical structure of the given

scintillator.

45



Chapter 4. Tellurium-Loaded Scintillator 46

o bonds o bonds

7 electrons 1t electrons

Figure 4.1: Schematic representation of 7t electrons in benzene. Carbon atoms
are represented as red spheres. ¢ bonds are depicted as black lines and hydrogen
atoms are omitted for simplicity. On the left, six individual p orbitals are shown
in blue. These 7t orbitals overlap and form clouds of delocalised charge as shown
on the right.

Scintillation occurs in many types of materials, including organic and inor-
ganic, solid, liquid and gaseous, crystalline and amorphous [84]. For the pur-
pose of large-scale neutrino detectors, organic liquid scintillators are a conveni-
ent choice due to their ease of purification, scalability and their low cost. These
are typically hydrocarbon molecules that contain one or more aromatic benzene
rings. Benzene has planar geometry and molecular orbitals with sp? hybridisa-
tion, which connect each carbon to two adjacent carbons and one hydrogen at
120°. The electrons involved in bonding the atoms through the overlap of these
molecular orbitals in the plane of the ring are the ¢ electrons. Three electrons
per carbon contribute to the o bonds. The last electron of each carbon is left in a
p orbital oriented perpendicularly to the plane. The p orbitals of neighbouring
carbons overlap and form secondary 7 bonds. As a result, there is a cloud of de-
localised charge above and below the ring, meaning that the electrons are shared
between all the carbon atoms, as shown in Figure Furthermore, molecules
with delocalised charge can have energy levels with separation corresponding
to energies of optical photons. It is the excitation of these 7t orbitals that is

responsible for scintillation.
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In particle detectors, the excitation of the 7t cloud can happen though elastic
scattering or ionisation followed by recombination into the excited state [85].
The subsequent de-excitation results in the emission of isotropic scintillation
light. Only spin singlet states can be created via direct excitation from elastic
scattering because the ground state is also a spin singlet. With ionisation and
recombination, however, both singlet and triplet states are allowed. While the
former can de-excite immediately (O(1078 s)), the triplet states are metastable,
which results in slower scintillation light emission. It follows that a higher ratio
of ionisation to direct excitation (and, hence, heavier ionising particles) leads to
a larger slow component of the overall emission timing profile.

Finally, in order to prevent the scintillation photons from being absorbed
by the material again, there must be a shift between the absorbed and emitted
energy spectra. To some extent, this is taken care of by vibrational relaxation:
the molecule can be excited to any vibrational state of the electronic state, which
is then (non-radiatively) relaxed to the lowest one and only decays radiatively
from there. Therefore, the energy of the photon emitted from this state is lower

than the absorbed energy and, hence, cannot cause the same excitation.

41.1 Fluors

Fluors (also called fluorophores) are compounds capable of absorbing energy
and re-emitting it as a photon with wavelength corresponding to a lower energy.
Therefore, the addition of fluors can also be used to prevent self-absorption of
scintillation light [84]. Moreover, de-excitation of scintillator by a non-radiative
process is undesirable, but also possible. The fraction of excitations resulting in
radiative emission is called the quantum yield of the scintillator. Fluors can have
higher quantum yield than the solvent and, hence, their addition can improve
the light output of the overall mixture.

Primary fluors are those to which energy can be transferred directly from the
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solvent scintillator. The typical concentrations of primary fluors is g/L, where
the energy transfer from scintillator to fluor is mostly non-radiative. Secondary
fluors, to which energy is usually transferred radiatively from the primary fluor,
can also be used to further adjust the resulting emission spectrum to the detector

requirements.

4.1.2 Light Yield

One important property of a scintillator mixture is its light yield (LY), defined as
the number of emitted photons per quanta of energy absorbed by the scintillator.

It is described by the Birks” law:

dL dE/dx

dx %1 fkpdE/dx’ (4.1)

where L is the light yield, Ly is its value at a specific low ionisation density and
dE/dx is the energy deposit by the particle per unit length [84]. The second term
in the denominator describes the fact that for heavier ionisation particles the
light output for the given energy is decreased due to "ionisation quenching" (this
is distinct from chemical quenching discussed in section 4.4.2). Birks ascribes
this to the interactions between excited molecules leading to non-radiative de-
excitations. The effect is empirically described by a larger value of the Birks’
constant, kg, for heavier particles compared to light radiation for a given scintil-
lator.

In SNO+, PMT hits are detected rather than individual photons. Therefore,
LY is often given in hits/MeV, despite the fact that the relationship between

photons and hits is not perfectly linear (see section |5.2.2).
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4.2 Scintillator in SNO+

The main component of the scintillator mixture in SNO+ is linear alkylbenzene
(LAB), which is used as the primary solvent. LAB is liquid at room temperat-
ure and has a long hydrocarbon chain attached to an aromatic benzene ring, as
shown in Figure 2,5-Diphenyloxazole (PPO) will be used as the primary
fluor. The concentration of PPO has been chosen to be 2 g/L to provide a good
scintillator LY (~ 600 PMT hits/MeV) for a reasonable cost.

Linear Alkylbenzene

O

2,5-Diphenyloxazole

@ /@/@

1,4-Bis(2-methylstyryl)benzene

Figure 4.2: The chemical structures of LAB, PPO and bisMSB.

Finally, 1,4-bis(2-methylstyryl)benzene (bisMSB) will be used as the second-
ary fluor in the tellurium phase. The exact concentration is yet to be optimised,
but even several mg/L of bisMSB shifts the wavelength of the scintillation light
to a region closer to the PMT efficiency maximum. It can also help to move the
emission spectrum away from potential absorption associated with the tellurium
loading method. The energy transfer to bisMSB is radiative, and therefore, the

intrinsic light yield, i.e. the number of initially produced photons, is not affected.
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Figure 4.3: The inverse absorption lengths of LAB (blue full line), PPO (green
tull line), and bisMSB (orange full line) as a function of wavelength as used in
RAT. Originally measured in [86,87]. The emission spectrum of the LAB+PPO is
modelled to be that of PPO alone (green dashed line). The emission spectrum of
bisMSB is shown in orange dashed line.

The number of photons reaching the PMTs is reduced according to the quantum
yield of bisMSB (~ 0.95), but the overall detection efficiency is improved. As
the addition of bisMSB is not expected to change the intrinsic light yield or the
scintillator stability, no bisMSB was used for the studies shown in this chapter
for simpler sample preparation. However, the effects of this secondary fluor
have been tested and its addition is assumed in the work shown in subsequent
chapters.

The absorption coefficients of the above components are shown in Figure
As the light absorbed by LAB is non-radiatively transferred to the fluor, the
emission spectrum of the LAB+PPO mixture is identical to that of PPO, which is

also plotted.
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4.3 Requirements on Tellurium Loaded Scintillator

In order to search for OvBp in tellurium-130, natural tellurium will be introduced
into the LAB+PPO mixture. The resulting loaded scintillator cocktail has to

comply with the following requirements:

e In order to maintain good energy resolution, the loaded scintillator must
retain high light yield of O(10?> PMT hits/MeV). In general, the higher

the light yield, the better the experimental sensitivity is to OvSp.

e The tellurium phase considered in this work will last for multiple years (at
least three and up to five). Therefore, long-term stability of the mixture of
at least five years and compatibility with materials inside the detector is

required.

e The loading should not hinder good optical properties of the scintillator.
For example, it should not significantly increase scattering nor introduce
absorption lines into the wavelength region where the PMTs are most effi-

cient.

e Any material put inside the SNO+ detector has to have an excellent ra-
diopurity to allow for rare event searches. The target contamination level
of the Te-loaded scintillator is O(10~1> g/g) for both 2U and 2*’Th chain

contaminants [88].

e Due to its location in an active mine, all chemicals used in SNO+ have to

satisfy stringent safety requirements.

o Affordable cost of the all chemical compounds used for the preparation of

the final scintillator cocktail is required.
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4.4 Tellurium Loading

Inorganic tellurium compounds are generally immiscible in organic solvents
such as LAB and, unfortunately, typical organic compounds tend not to fulfil
the above criteria on several counts. Hence a new compound, tellurium butane-
diol (TeBD), had to be synthesised for SNO+ [89]. TeBD can be simply mixed
with LAB in any required concentration, though light yield limits the practical
loading to a few percent level. For the tellurium phase of SNO+, the target is

0.5% of natural tellurium by weight.

4.4.1 Tellurium Butanediol Synthesis

The synthesis of TeBD involves two main reactants: telluric acid (TeA), an
inorganic molecule with a Te atom surrounded by six hydroxyl groups, and
1,2-butanediol (BD), a small organic compound with two hydroxyl groups and
a short tail. Telluric acid is a white powder at room temperature and is first
dissolved in water. 1,2-Butanediol is a colourless liquid and is poured directly
into the aqueous solution of TeA.

Nuclear magnetic resonance (NMR) and mass spectrometry measurements
of the solution after mixing the reactants show that the BD attaches to the TeA at
the hydroxyl group positions as shown in Figure 4.4{[90]. There are six hydroxyl
groups on the TeA and, hence, space for three BD molecules, each attaching
with two bonds. However, a compound with such a configuration has not been
observed. Instead, one or two (as in the figure) BD molecules are attached per
Te nucleus at this stage. These molecules that contain one Te atom and at least
one BD substituted OH group are the precursors of TeBD.

The precursors are still not soluble in organic solvent, likely due to the num-
ber of exposed OH groups. Furthermore, the synthesis of these compounds
happens in aqueous environment and more water is created in the process. Not

only is the water itself immiscible with LAB, its presence also makes it possible
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Figure 4.4: Condensation reaction of telluric acid with 1,2-butanediol giving a
TeBD precursor molecule with two substituted BDs.

for the reaction in Figure to proceed in the backward direction. Therefore,
if the reactants are mixed at room temperature, the condensation reaction is in
equilibrium with hydrolysis.

To remove the water, drive the reaction towards condensation, and obtain
a LAB soluble compound, the mixture is sparged with nitrogen gas, heated to
70 — 80°C and maintained at this temperature until majority of water is evapor-
ated. The heat also promotes further BD attachments and polymerisation of the
precursors into molecules with more than one Te atom. Figure 4.5{shows some of
the possible chemical structures of the resulting molecules. NMR measurements
show that these multiple forms are present simultaneously. TeBD complex is
a term describing the mixture of these molecules, dominated by forms with at
least two Te atoms surrounded by short organic hydrocarbon tails. It contains
fewer OH groups per Te atom compared to the precursors. As a result, the TeBD

complex is soluble in LAB.

4.4.2 TeBD Loading Effect on Scintillator LY

The TeBD complex is a transparent, highly viscous liquid. It does not have
any absorption lines in the visible wavelength range and its addition does not
significantly worsen the scattering properties of the scintillator [86].

However, the tellurium loading quenches the scintillator light to some extent,

which results in an overall decrease in light yield compared to unloaded scin-
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Figure 4.5: Examples of possible structures of molecules inside the TeBD com-
plex. Forms with more than two Te atoms might also be present at lower con-
centration.

tillator. The term "fluorescence quenching" is commonly used to describe any
process that results in the decrease of LY of scintillators. Quenching can arise
due to molecular and electronic re-arrangements, transfer of energy between the
molecules, collisions of the molecules or preferential excitation to triplet states
in the presence of a heavy atom. In this case, it can be for example a result of
the large electronegativity of the TeBD complex, which partially immobilises the
7t electrons in the aromatic rings, preventing the creation of scintillation light.
The overall decrease in scintillation light is likely a result of a combination of the
possible quenching processes and is a subject of ongoing studies.

This LY decrease due to Te loading is demonstrated in Figure which
shows a comparison of unloaded LAB + PPO and 0.5 % Te samples measured
by a LY monitoring setup in Oxford. The setup uses a *°Sr source to produce
particles, which pass through a cylindrical cuvette with outer diameter of 1 cm

containing 3 g of the scintillator sample. The scintillator light is detected by
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Figure 4.6: The charge intensity spectra of LAB + 2 g/L PPO with no (blue) and
0.5 % (orange) tellurium added in the form of TeBD. The analog-to-digital con-
verter (ADC) units are arbitrary, but sufficient for relative comparison between
samples. Two different samples (dashed and solid line) of the same concentra-
tion are plotted to show sample to sample variation.

a Hamamatsu H11432 PMT and a spectrum of collected charge is output by a
multichannel analyser in arbitrary analog-to-digital converter (ADC) units. Data
is recorded for 5 min for each sample. A photo and a block diagram of the LY
measuring setup are shown in Figures [4.7]and respectively.

The energy deposited in the scintillator sample depends on the B particle’s
energy and length of trajectory through the material. Therefore, both the un-
derlying energy deposit and the recorded charge spectrum are continuous dis-
tributions. The shape of the charge spectrum depends on the full geometry of
the setup as well as homogeneity of the sample itself. However, regardless of
the shape, the endpoint of the spectrum corresponds to the maximum deposited
energy during the data taking window. Thus, with identical exposure time for

each sample, the endpoint is a reliable measure for relative light yield compar-
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Figure 4.7: A photo of the LY monitoring set-up. The *’Sr source is located
below the cuvette stage and shielded from all sides apart from ~ 4 mm aperture
on which the vial containing the scintillator mixture is centred. A monitoring

PMT is fixed ~ 2 cm from the cuvette.
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Figure 4.8: A block diagram of the LY monitoring set-up [91]. The signal from
the PMT is first preamplified and then sent to an amplifier with a Timing Single
Channel Analyzer (TSCA) unit, which produces a shaped amplified pulse (Amp-
litier OUT) together with a square pulse (TSCA OUT). The square pulse is
made longer and used as a gate to initialise a 8k channel Multichannel Ana-
lyser (MCA). The shaped pulse is delayed in order to arrive on the MCA after
the gate, where a spectrum of collected charge in ADC units is read out using
the MAESTRO software.
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ison between the samples.

A non-parametric estimation of the endpoint is employed throughout this
work, taking the last 40 counts in the charge spectra. This method is robust
against spectrum shape changes due to sample heterogeneity and has been
tested to yield consistent results with absolute LY measurements at University
of Pennsylvania and elsewhere [92].

The spectra shown in Figure [4.6/ reveal a ~ 40% decrease in light yield upon
loading the LAB+PPO mixture with 0.5% Te. The comparative LY measurements
are also converted to PMT hits inside the SNO+ detector for various loading
concentrations in Figure The PMT hits for the unloaded scintillator were
obtained from a RAT 6.15.6 simulation of 1 MeV electrons in the centre of the
detector. The simulation used unloaded LY measured in fully calibrated setup
described in [86]. The number of hit PMTs from 500 simulated electrons was
confirmed to follow a Poisson distribution and therefore, Poisson error bars are
shown in the figure. To plot the LY as a function of Te-loading, the PMT hits for
the unloaded scintillator from simulation were then scaled down based on the
relative LY measurement in Oxford for the given tellurium concentration. It is
shown that the light yield falls significantly as more TeBD is added.

As the energy resolution in SNO+ improves with higher number of PMT
hits, the sensitivity to Ovpp half-life increases with the exposure to the isotope
(in kg-year) while also increasing with the LY. Therefore, the quenching limits

the loading and affects the potential of the experiment.

4.4.3 TeBD Loading Effect on Scintillator Stability

In addition to impacting the light output, tellurium loading can also affect the
scintillator stability. While scintillator mixtures with higher (>10 %) Te concen-
trations appear to be stable over long periods of time, deterioration of some

samples with lower loading was observed in the form of flake formation. This
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Figure 4.9: Effect of loading tellurium in the form of TeBD into LAB+2 g/L PPO
on light yield. PMT hits/MeV were obtained from a SNO+ RAT simulation with
unloaded scintillator and scaled according to LY measurements in Oxford. Two
samples synthesised, mixed, and measured on different days are shown for each
loading (blue squares and green circles) for sample variation estimation. Poisson
error bars reflect statistical fluctuations.

"crash" is shown in Figure [4.10]

It was concluded by the SNO+ collaboration that the crashing is a result of
Te-loaded scintillator being susceptible to water exposure. This is of a special
concern in SNO+, because the scintillator will fill the inner volume of the SNO+

AV directly succeeding currently present water.

4,5 Amine Addition

It was proposed by a group at the Brookhaven National Laboratory (BNL) that a
long chain amine could reduce quenching and potentially improve stability. Pos-
itive results were shown with octylamine at BNL and elsewhere [93]. However,

octylamine is classified as severely toxic and flammable with a flash point of
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Figure 4.10: Photos of uncompromised 0.5 % Te-loaded scintillator sample on
the left and an example of flake formation on the right.

only 60°C [94]. Therefore, the deployment of octylamine underground and thus
in SNO+ is unfeasible due to safety restrictions and an alternative was sought.

A variety of amines has been tested and the list of them is provided in Ap-
pendix B} In the end, N,N-Dimethyldodecylamine (DDA) was selected due to its
non-biogenic origin, good miscibility with LAB, LY boost, and stability improve-
ment. Moreover, it has a flash point of 118°C and lower toxicity than octylam-
ine [95].

DDA is a tertiary amine with a long hydrocarbon chain and its structure is

shown in Figure The effects of the DDA addition are discussed below.

N,N-Dimethyldodecylamine

Figure 4.11: The chemical structure of N,N-dimethyldodecylamine (DDA).
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Figure 4.12: Effect of adding DDA to 1% Te-loaded LAB + 2 g/L PPO on light
yield. PMT hits/MeV were obtained from a SNO+ RAT simulation with unloaded
scintillator and adjusted according to comparative LY measurements in Oxford.
Duplicate samples (blue squares and green circles) are shown for each concen-
tration for sample variation estimation. Poisson error bars are shown.

4.5.1 LY Improvement with DDA

Figure shows the LY comparison of 1% Te-loaded scintillator sample with
and without the addition of DDA at various DDA:Te molar ratios (MR). The
measurements were obtained using the method described in section It is
demonstrated that an improvement of 15 — 20% in LY can be achieved with DDA
at concentrations between 0.1 — 0.5 DDA:Te MR. The uncertainty is dominated
by sample to sample variation most likely arising from weighing error during
sample preparation.

This result was subsequently confirmed by an independent LY measurement

at University of Pennsylvania of samples prepared at Laurentian University [92].
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4.5.2 Stability Improvement with DDA

To test the stability of the scintillator cocktail, samples were exposed to humid
conditions. Various amounts of DDA were added into identical samples of 1%
Te LAB with 2 g/L PPO. The 3 g sample cuvettes were then opened, placed into
a large beaker with ~1 cm of water, and covered with plastic wrap, where they
were left for a predetermined amount of time. Typically a 48 hour long exposure
was chosen in order to induce a crash in a non-protected (without any amine)
loaded sample within a few weeks.

The humidity exposed samples were kept at a constant temperature of 10°C
and monitored visually over the course of 3 years. Furthermore, it is shown

below that LY change over time can be used as a diagnostics of sample stability.

4.5.2.1 Visual Inspection

The increased tolerance to humidity exposure of Te-loaded scintillator with DDA
has been tested in tens of samples and is illustrated in Figure which shows
photos of the exposed samples over time. While vials without DDA develop vis-
ible signs of deterioration after less than 2 months following a 48 hours humidity
exposure, there has been no flake formation observed in samples with DDA:Te
MR >0.25 after 3 years of testing. Therefore, it is concluded that the addition of
DDA can dramatically increase the tolerance of Te-loaded scintillator to humid-
ity exposure by at least a factor of 18 (samples with DDA stable for more than
36 months compared with 2 months for samples without DDA).

The tests were also repeated with different durations of humidity exposure
and yielded consistent results. Furthermore, extensive tests using visual inspec-
tion were set up at Queen’s University with material synthesised at Laurentian
University and also confirmed the positive effect of DDA on humidity resistance
of Te-loaded scintillator. To date, no flake formation was ever observed in DDA

protected samples (DDA:Te MR > 0.25 ) with tests lasting up to 3 years in a
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Figure 4.13: Photos of humidity exposed 1% Te samples with variable amounts
of DDA. Each row shows the samples after a different amount of time following
a 48 h humidity exposure. Significant flake formation is visible in the sample
with no amine added (far left column). Sample with 0.1 DDA:Te MR (second
column from left) developed flakes after < 12 months and samples 0.25 (second
column from right) and 0.5 (far right column) DDA:Te MR remain intact after 3
years. While only one set of samples is shown, equivalent behaviour is observed
with duplicate samples. Furthermore, samples with higher concentrations of
DDA than 0.5 MR also remain stable, but are not shown.
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variety of environmental conditions.

4.5.2.2 LY Monitoring as a Measure of Stability

If no structural changes are present, the LY of a given sample is expected to re-
main constant over time. A gradual light yield increase over time was previously
observed in some samples that eventually developed flakes. It is hypothesised
that the flakes are formed from long Te polymers and that the LY increase is
a result of an effective decrease of tellurium concentration in the solution and,
thus, decreased quenching. It was indeed confirmed that the flakes have crystal-
line structure and high tellurium content [90].

In some cases, LY increase can be an early indicator of "phase separation”
rather than flake formation. In this case, an abundance of water drives the hy-
drolysis reaction and results in immiscibility of the complex in LAB. Visually this
manifests as an interface between the organic layer on top and aquatic on bottom.
The tellurium concentration in the scintillator layer and, hence, the quenching, is
decreased. Common to phase separation and flake formation, increase in LY is a
sign of segregation of tellurium from the solvent and can be used as an early in-
dication of instability. It is noted that in this case a gradual LY increase over time
following a humidity exposure is discussed as a monitoring tool, which is differ-
ent to the immediate LY increase after DDA addition described in section
For monitoring, the LY of the sample is measured repeatedly and compared to
previous measurements for the same sample.

Figure shows the light yield change of humidity exposed samples, which
were periodically measured in addition to visual inspection. On the left, the light
yield of these samples is shown in the arbitrary ADC units. It is demonstrated
that while the samples with DDA have higher LY prior the exposure (time = 0
days), samples without any amine have steeper LY increase over time. This relat-

ive LY change of each sample is better seen on the plot on the right, where each
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Figure 4.14: Light yield change after humidity exposure of 1% Te samples with
no DDA (oranges), 0.25 (greens) and 0.5 (blues) DDA:Te MR. Both absolute LY in
ADC units (left) and LY at the given time divided by an initial LY measurement
of the sample prior to humidity exposure (right) are shown. Duplicate samples
(A and B) are shown for error estimation.

measurement was divided by the initial LY of the given sample. It is observed
that samples without any amine have significantly greater LY change indicating
instability compared to samples with DDA as early as 3 days after humidity

exposure.

4.5.3 Mechanism

The mechanism by which the amine protects the scintillator cocktail from water
exposure and ensures higher LY is a subject of ongoing studies. However, it
was confirmed by NMR that DDA forms an ionic association with the TeBD in
water [90]. In LAB, studies hint towards hydrogen bonding between DDA and
TeBD. The tellurium compounds are acidic and, hence, the OH groups are de-
protonated. On the other hand, the amine is a base with a protonated site at the
nitrogen atom. Hence, it is believed that the amine associates with the free OH
groups of the TeBD and prevents further polymerisation (and thus crashing).

In the case of DDA, a long hydrocarbon chain is also associated to the com-
plex, which further improves the solubility in the organic solvent. Moreover, it

is possible that the presence of the tail prevents hydrolysis by sterically blocking
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water molecules from accessing the bonds between Te and BD.

The reduction of scintillator light quenching with DDA can also be attributed
to the neutralisation of the TeBD acidity. It is hypothesised that the distortion of
7t electrons of LAB aromatic rings decreases as the TeBD complex is neutralised.
Alternatively, the decrease in quenching can be a result of the aforementioned
steric blocking, reducing the interaction between the TeBD complex and the scin-

tillator molecules.

4.6 Underground Processing

Great care has to be taken in order to ensure high radiopurity of all the compon-
ents of the Te-loaded scintillator. In particular, cosmic ray spallation on tellurium
can lead to the production of daughter nuclei with long half-lives and decay en-
ergies close to the Q-value of 130Te.  For this reason, the tellurium has been
shipped underground in the form of telluric acid and it has been stored there
since 2015. During this "cool down" period in a low cosmic ray environment, the
nuclei activated on surface have a chance to decay before the scintillator loading
with tellurium commences.

Two chemical processing plants have been built in the SNOLAB underground
laboratory for the purpose of tellurium treatment: the TeA purification plant
and the TeBD synthesis plant. The former will be used to remove K, U and
Th chain impurities as well as remaining isotopes from cosmic ray spallation.
The purification process consists of filtration followed by two recrystallisations
(thermal and acidic) to remove both water soluble and insoluble contaminants.
The procedure is described fully in [96]].

The aqueous solution of the purified TeA will subsequently be transported
to the TeBD plant, where it will be used for synthesis as described in section
1,2-Butanediol, purified in the underground system used for LAB distilla-

tion, will be combined with TeA in the reaction chamber of the TeBD plant. A
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recirculation loop will be responsible for passing the mixture through a heater
and water vapour from the reaction will be collected in the condenser above
the chamber. Once synthesised, the TeBD complex will be diluted at a 1:1 ratio
with the scintillator mixture from the AV and then returned back to the detector.

DDA can be added directly to the AV either before or after the loading process.

4.7 Summary

The composition and synthesis of Te-loaded scintillator for Ov B search in SNO+
was described in this chapter. It was reported that by adding DDA, the LY
of the tellurium loaded scintillator mixture can be increased by 15 — 20% with
respect to samples with the same concentration of tellurium and no DDA. It
follows that introducing this amine is expected to result in improved sensitivity
to the OvBp half-life for a given loading amount. Furthermore, it was shown
that long-term stability of the loaded scintillator is improved by more than an
order of magnitude when combined with the same ratio of DDA. Therefore, the
inclusion of DDA into the scintillator cocktail is highly desirable and the SNO+
collaboration now plans its addition at a concentration of 0.5 DDA:Te MR.

In the next chapters, a Te-loaded scintillator mixture consisting of LAB +
2 g/L PPO + 0.5 % Te + 15 mg/L bisMSB + 0.5 MR DDA:Te with light yield of

480 PMT hits/MeV is assumed unless stated otherwise.
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Events in SNO+

Once the detector is filled with Te-loaded scintillator, the search for OvBB will
start. In order to apply statistical analyses on the collected data, the primary
particle interactions inside the scintillator have to be understood, along with
how to translate the PMT hits recorded in a given event into physical variables,
such as the initial energy of the particle.

This chapter first lists the different interactions that can trigger the detector
and lead to the creation of an event. Next, the algorithms responsible for recon-
structing the event’s energy and position inside the detector are described. The
performance of these tools is outlined as they are a source of uncertainty for the
Ovpp search.

Finally, event classification techniques can be employed to distinguish
between the various event types using the differences in their timing profile,
topology, coincidence with other events or in the path lengths of the primary
particles responsible for the events. The last parts of this chapter focus on
the implementation of two such techniques to help discriminate between Ovp

events and radioactive decays involving <y emission.

67
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5.1 Types of Events in SNO+

The passage of particles through the scintillator inside the acrylic vessel of SNO+
is detected via optical photons emitted as scintillation or Cerenkov radiation.
However, the number of detected Cerenkov photons is < 3% of the number of
detected scintillation photons for a given event at energies close to the '30Te
Q-value. The event generating this light will typically belong to one of the cat-

egories below.

Electrons

Electrons are produced in single B decays of radioactive backgrounds and neut-
rino interactions as well as 2vBp and OvBp processes. They travel distances of

~ 0.5 cm/MeV in liquid scintillator and emit scintillation light according to

equation

o Particles

Like electrons, « particles scintillate as they propagate through the scintillator,
but their energy deposit per unit length is larger. Higher ionisation density leads
to smaller light output than expected, which is parametrised by a larger Birk’s
constant in equation As a result, for a given kinetic energy, the light output
of an « particle is reduced compared to an electron. Furthermore, the ionisation
density also affects the scintillator emission time as described in section 4.1} This

creates a potential for pulse shape discrimination between « and B particles [97].

YS

Uncharged particles do not scintillate directly. However, 7y radiation produces
secondary electrons as it undergoes Compton scattering and pair production in

the scintillator. In contrast to electrons and as, the average path length of a
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1 MeV 7 is ~ 30 cm, along which it would typically undergo multiple Compton

scatters.

Positrons

Positrons scintillate as they travel through the scintillator inside the AV in the
same way as electrons. However, at the end of their trajectory, they annihilate
with surrounding electrons, producing two 7s. Consequently, the energy depos-
ited in the scintillator is ~ 1 MeV larger than in the case of an electron of the

same kinetic energy.

Neutrons

Neutrons in SNO+ are produced in inverse double beta decay (7, + p — et + n),
hadronic showers after a muon passage, and (a,n) reactions, where an « interacts
with a nucleus, leading to a neutron emission. Free neutrons scatter off protons
along their trajectory, causing the protons to scintillate as they recoil. Once
slowed down, the neutron captures on a hydrogen atom in > 99% cases, which

then de-excites via a 2.2 MeV y emission [60].

Muons

In the deep location of SNOLAB, the expected rate of cosmic muons passing
through the central 8.3 m of the detector is 2.6 per hour [98]. Muons deposit
energy along their path through the detector, producing large number of photons
and triggering the detector multiple, consecutive times. Furthermore, compared
to events contained inside the detector volume, muons entering from and exiting
to the outside of the PSUP trigger the outward looking PMTs. As a result, events
involving muons can be easily recognised and rejected. Hence, these events are

not considered further in this work.
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Radioactive Decays

In many cases, there are events that involve more than one primary particle. In
particular, radioactive decays are of interest as they act as a background to rare
event searches. Often, the initial decay particle, which converts the nucleus into
a daughter isotope, is followed by emission of one or more 7s as the daughter
nucleus de-excites. As an example, the radioactive isotope 2Tl undergoes a -
decay to 2%Pb. Depending on the excited state of the daugther nucleus, this is
immediately followed by a cascade of 2-5 s. Similarly, ®°Co isotope decays to
ONi via By emission in 99.8% of cases. The decay schemes of these two isotopes
are shown in Appendix |C} Importantly, the emission of the s makes it possible
to distinguish these decays from the signal, which only involves electrons, as is
further discussed in section The full list of radioactive isotopes relevant for

OvBp search is presented in section

Instrumental Events

Additionally, the detector can be triggered by events associated with the PMTs
and electronics, rather than the passage of a primary particle through the de-
tector itself. These events are referred to as "instrumental". A common example
is a PMT "flasher", a static discharge inside the PMT leading to the emission of
light into the detector. Another frequent source of instrumental events is elec-
tronic pick up, usually resulting from disturbances due to human activity near
the crates. Instrumental events can be identified from the time, charge and spa-
cial distributions of the PMT hits. Consequently, these events are removed from
the data prior to analysis by a set of algorithms called data-cleaning, which only

relies on the low-level PMT information (PMT time, charge and location).
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5.2 [Event Reconstruction in Liquid Scintillator

In order to convert PMT hits into meaningful physical quantities, such as energy
and position of the original interaction that caused the detector to trigger, re-
construction algorithms have been developed. The reconstruction in SNO+ uses
Cartesian coordinate system with origin in the centre of the PSUP. The XY plane
is horizontal, while the positive Z axis points up through the neck. Due to the
mostly spherical geometry of the detector, the radial distance from the origin,
R = VX2 + Y2+ 72, is also often used. Additionally, polar angle 6, measured
from the Z axis, is occasionally employed. This is particularly useful for situ-
ations where the use of spherical geometry is practical and where it is necessary
to account for the asymmetry in Z due to the presence of the neck.

The SNO+ collaboration developed a set of algorithms incorporated into RAT
called ScintFitter for energy, position and time reconstruction of events in both
unloaded and Te-loaded scintillator. Due to the isotropic emission of scintillator
light, observed signals are not sensitive to the directions of the original particles.
All events are reconstructed under the assumption that the particle was an elec-
tron. This does not typically impact the interpretation of event’s position, but
it can change the interpretation of the reconstructed energy. Therefore, it is im-
portant to note that this reconstructed parameter is expressed in terms of the
equivalent electron energy. The two main components of ScintFitter are de-

scribed below.

5.2.1 Position and Time Reconstruction

The position and time of an interaction vertex are reconstructed first, as they are
required as input to the energy reconstruction algorithm. For this purpose, a
maximum likelihood fitter, called PositionTimeLikelihood, is employed [77].

For each event, the PMT hits are converted into time residuals, defined as
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follows:

tres = thit — tfit - ttof/ (5.1)

where tp;; is the time when the PMT was hit as recorded by the electronics and
trit is the reconstructed time of the underlying interaction, which resulted in the
creation of photons. While t;,;; and t,,s are different for each triggered PMT, ¢ Fit
has a global value for all the hits as it reflects the event time. #;,¢ is the time of
flight of the photon from the reconstructed event vertex to the PMT and acts as
a correction to ty;; for the distance the photon must have travelled to reach the
particular PMT. Straight line paths between the vertex and PMTs are assumed
and the variable photon speed in the different materials (scintillator, acrylic and
water) is taken into account when calculating the time of flight. With perfect
reconstruction, detector response, and no re-emission and scattering, the time
residuals would give the emission time profile of a point-like event.

Time residuals are a useful concept utilised throughout the experiment. In
the context of PositionTimeLikelihood, a hypothesised vertex (in space and
time) is first proposed in the given fitter step and then used to calculate f,; and

tres. The log-likelihood is then calculated as:

Nyits

log L= Y logP(t,), (5.2)
i=0

where P(t,,) is the probability of a hit having time residual t/,, and Ny is the
number of PMT hits in the event. The probability is taken from a probability
distribution function (PDF) that is saved in the RAT database. This time residual
PDF is the combination of the scintillator timing profile and detector effects. It
is obtained from Monte Carlo simulation by calculating the time residuals using
the true position and time of the event in the time residual calculation. The fit
result of PositionTimeLikelihood maximises the agreement of the time resid-

uals between the reconstructed vertex and the PDF using the Powell optimisation
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method [99].

The performance of this fitter is demonstrated in Figure which was ob-
tained from comparison between true and reconstructed positions of events sim-
ulated with RAT version 6.16.3. To obtain the performance as a function of the
radial distance of the interaction, 2.5 MeV electrons were simulated in 15 spher-
ical shells of the same thickness. Conversely, for the energy dependence of the
reconstruction quality, 1 — 10 MeV electrons were simulated homogeneously in
the AV within a 5.5 m radius. For each radial shell, energy, and position co-
ordinate (X,Y or Z), a histogram of reconstructed minus true position was made
and fitted with a Gaussian distribution using MINUIT in ROOT. The mean of the
Gaussian is defined as the bias and the standard deviation as the resolution.

Resolutions of 6 — 8 cm are observed in all 3 directions, resulting in overall
position resolution of 10 — 14 cm. The best results are achieved at ~ 3 MeV, be-
cause the time residual PDF used by the fitter is produced using electrons of that
energy. This choice was made so that the optimum lies close to the 13Te Q-value.
The main requirement on position resolution comes from its impact on energy
resolution. The results in the next section demonstrate that this requirement is
satisfied with the described position reconstruction. The mean position bias is of
the order of mm in X and Y and 2 cm in Z due to the asymmetry of the detector
in this coordinate. In all cases, this is much smaller compared to the resolution
and, therefore, not problematic. The bias in Z can also be decreased by simply

applying a correction to it, but this has not been explored here.

5.2.2 Energy Reconstruction

Energy is the primary observable for all of the physics searches in liquid scintil-
lator in SNO+ and, therefore, event energy reconstruction is a crucial step in data
analysis. The algorithm responsible for energy reconstruction in ScintFitter,

EnergyRThetaFunctional [100], is described below.
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Figure 5.1: Position resolution and bias of electron event reconstruction in Te-
loaded scintillator as a function of electron’s radial position (top) and energy
(bottom). Each point represents the result of a Gaussian fit to a histogram of the
difference between true and reconstructed position. Vertical error bars on the
bias and resolution arise from errors of the Gaussian fit for the mean and the
standard deviation, respectively.

For the liquid scintillator mixture in SNO+, the Birk’s constant introduced
in equation is of the order 10~* m/MeV for both electrons and a particles
[57]. Therefore, the relation between energy deposited in the scintillator and the
number of photoelectrons created in the PMTs is very close to linear for energies
of a few MeV. Unfortunately, the SNO PMT charge information is insufficient to
accurately establish how many photoelectrons were created in a PMT and caused
it to trigger. For most events, the number of triggered PMTs in the event, Ny,
is relied upon to indicate the number of photoelectrons.

The relation between Npj;; and energy of simulated electrons is shown in

Figure The deviation from linearity is caused by hits with more than one
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photon incident on a PMT. To overcome this, EnergyRThetaFunctional uses a

multi-hit correction to obtain a linear energy estimator, H, as:

S
H=-—

. Nt
Nppr log(1 — %) , (5.3)

i=1 PMT

where the detector is divided into S segments containing PMTs with approx-
imately equal solid angle with respect to the event position [101]. Ni . are the
number of triggered PMTs in segment i and N5, is the total number of PMTs in
that segment. The multi-hit correction uses the fact that the number of photons
hitting a PMT follows a Poisson distribution centred around a mean common
to all PMTs in a segment. A full description can be found in [101]. The result-
ing estimator has a linear dependence on energy, as shown in Figure The
constant of proportionality between energy and H in the centre can be obtained
from Monte Carlo simulation and verified using calibration sources.

The average number of photoelectrons also depends on the position of the
event vertex due to variation in solid angle and photocathode coverage at the
top of the detector. Moreover, absorption, scattering and total reflection probab-
ilities depend on the photon path length. Therefore, to extend the reconstruction
to other positions in the detector other than the centre, a correction to is applied
to translate the observed H at the vertex position to the one in the centre. A
piecewise (inside and outside the AV) functional form in R is used in combin-
ation with a look up table in the polar angle . Again, the parameters of the
functional form and table entries are determined from simulation.

Additionally, the number of operational PMTs and their thresholds are con-
stantly fluctuating. As the fitter parameters are obtained from Monte Carlo with
a fixed status of each PMT, the fit result has to be corrected for the variation in
this setting. Appendix D] describes the implementation of this correction and its
validity.

The resulting performance of energy reconstruction with ScintFitter is



Chapter 5. Events in SNO+ 76

T 5000 F
T [
ZI + NHits
4000 |-
Energy Estimator, H
3000 |-
2000 |-
1000 -
Ve
L ;/
0 = L L L 1 L L L 1 L L L 1 L L L 1 L L L 1
0 2 4 6 8 10

Energy [MeV]

Figure 5.2: Number of triggered PMTs as a function of energy (blue) for electrons
simulated at the centre of the detector. At higher energies, the probability of hits
involving more than one photoelectron increases and, hence, the departure from
linear relationship is more pronounced. A linear energy estimator H shown in
orange.

summarised in Figure Fractional resolution and bias are shown, defined
as standard deviation and mean of the (E,.constructed —Etrue)/ Etrue distribution,
respectively. Similarly to section the dependence on R was obtained with
2.5 MeV electrons, whereas a uniform distribution of 1 — 10 MeV electrons filling
a 5.5 m radius was used to show energy dependence.

The energy resolution is ~ 3% for energies around 13°Te Q-value. Given the
light yield of the Te-loaded scintillator described in the previous chapter, 480
PMT hits/MeV are expected. Therefore, the Poisson limit on the resolution at

the OvBp energy is

1/+/Npits = 1 /\/ 2.5 MeV x 480 MeV ! = 2.9%. (5.4)

It is hence concluded that the energy resolution of ScintFitter is very close to
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Figure 5.3: Energy resolution and bias of electron event reconstruction in Te-
loaded scintillator as a function of electron’s radial position (top) and energy
(bottom). Each point represents the result of a Gaussian fit to a histogram of
(Eyeconstructed — Etrue) / Etrue, Where E,oconstructed and Eppy e are the reconstructed and
simulated energy, respectively. Vertical error bars on the bias and resolution
arise from errors of the Gaussian fit for the mean and the standard deviation,
respectively.

the achievable limit. The energy bias is smaller than the resolution across the

tested range of energies and positions.

5.3 Event Classification

Once the position and energy of an event are reconstructed, additional al-
gorithms can be used to distinguish between different event types. In particular,
the differences between primary particle behaviour inside the detector described

in section can be used to distinguish between them. In this section, the



Chapter 5. Events in SNO+ 78

focus is on distinguishing between events with point-like and multi-site energy
deposition. This is of particular interest for distinguishing between Ovpp
electronic events and radioactive background events involving < rays. For
this work, two classifiers (jointly referred to as the multi-site classifiers) were
added into the RAT framework based on the work in [102] on this topic and are

described below.

5.3.1 Timing Classifier

As the distance travelled by a single electron is shorter than the position res-
olution, its energy deposition can be considered point-like. The same is true
for two electrons created simultaneously such as in the case of double B decay
events. On the other hand, this description is not accurate for many radioact-
ive backgrounds as they typically involve s with O(1 MeV) energies. In these
events, there would typically be an energy deposit at the place where the decay
happened from the =, B or a. Additionally, energy will be deposited along
the trajectory of the y(s) coming from the multiple Compton scatters.

The position reconstruction, however, treats every event as an electron and
only one position vertex is output for each event. The fitted position can then be
used to calculate time residuals as defined in equation again assuming that
all the photons originated at a single vertex. If this assumption is not valid and
the energy deposition in the scintillator is more spread out, the t,,s distribution
will appear wider than expected. This effect of time residual broadening is the
basis for classifying these events.

Two radioactive backgrounds that are particularly important for the Ovpp
search are considered here to demonstrate the technique: ®°Co decays from
within the scintillator volume and "external" 2%TI from outside of the scintillator
volume. In the former decay, two s of 1.2 and 1.3 MeV are produced 99.8% of
time in addition to a B~ with Q-value of 0.3 MeV (decay scheme in Figure
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Figure 5.4: Probability distribution of reconstructed energy for 0Co (green) and
OvBpB (orange, dashed) events in the scintillator and 2Tl (blues) decays origin-
ating outside of the scintillator: in the acrylic vessel (AV) wall, in the hold-down
ropes (HDR) and the external water. Only events with reconstructed distance
< 5.5 m from centre of the AV are plotted. Distributions were created with 10%
simulated events and error bars reflect the statistical fluctuations.

of Appendix [C). The mean overall reconstructed energy is only ~ 30 keV away
from the OvBB peak at 2.527 MeV. The situation is different in the case of 2%TI,
where the Q-value of the decay is 5.0 MeV. Therefore, when these decays happen
in the scintillator volume, a broad energy spectrum is detected, which can pose
a statistical background to the search, but not mimic the signal peak. However, if
208T] decays outside of the scintillator volume, there is a chance of some of the 7s
from the decay to penetrate into the scintillator volume and deposit their energy
there. In particular, there is a 2.6 MeV <y produced in 99.8% of decays (decay
scheme in Figure of Appendix [C). Given the energy resolution of ~ 3%, if
this 7y reconstructs inside the scintillator it can appear as the OvpBp signal.

The reconstructed energy of these two event types are compared to OvBf in

Figure The 2%T] events were simulated in three places outside the scintillator
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volume: inside the AV wall, in the water surrounding the AV and inside the
hold-down ropes (HDR). Only the small proportion of events that reconstructed
within the inner 5.5 m radius of the AV is plotted. It is clear that both of these
backgrounds can be mistaken for Ov B if the search is only based on energy and,
hence, the ability to discriminate between these events by other means is of high
importance to the experiment.

Figure [5.5 shows the time residuals of simulated 2.5 MeV e~, OvBg and ®Co
events, calculated using their reconstructed position. Hits with time residuals
below or above the axis range, were placed into the first (underflow) and last
(overflow) bins, respectively. The broader peak of the ®°Co decays compared to
e~ interactions is caused by the fact that the former results in multi-site energy
deposition. It is also shown in the plot that there is no significant difference
between Ovpp events and single electrons of the same energy. Only events with
reconstructed radius < 4.2 m and with energies between 2.438 and 2.602 MeV
are included in this plot. This is region surrounds the expected OvBp peak in
energy and contains a larger detector volume than what is typically considered
in a counting analysis (3.3 or 3.5 m), where additional rejection of external back-
grounds is expected to have the biggest impact on the sensitivity to Ovpp. For
Figure the number of simulated events passing the selection is ~ 10* for
each event type. The same selection of events is used throughout the remainder
of this chapter.

A similar effect is seen with external 2Tl events reconstructing inside the
given radius, as shown in Figure In addition to the time residual peak
broadening, there is also a more prominent excess of PMT hits in the underflow
bin for the 2°®T1 events corresponding to early hit PMTs. In both 2%T] and ®Co
events, the early hits are attributed to light coming from the decay p particle or
early Compton scatters. However, in the case of 2°®Tl, the selection only includes

events that travelled far enough to reach the inner parts of the detector and,
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Figure 5.5: Time residual spectra for 0Co decay (blue), OvBpB (orange, dashed)
and 2.5 MeV e~ events (yellow, full) inside 4.2 m radius. First and last bins
are underflow and overflow, respectively. Distributions obtained from 10* MC
events, but are normalised to one event. Error bars arising from statistical fluc-
tuations are smaller than the line width of the histograms and, hence, are not
shown.

hence, reconstructed far away from the initial decay (in both time and space). As
a result, the light from the initial decay appears even earlier relative to the main
peak than in the case of °Co. Even though O(108) of external 28Tl events were
simulated, only ~ 300 events of each external source reconstructed close enough
to the detector centre to pass the event selection and be included in Figure
The timing classifier calculates the time residuals for each event using the
reconstructed position and uses them to evaluate how point-like or multi-site the
event appears. This has been implemented as a linear classifier, which assigns a

discriminant value to each event. The discriminant is calculated as
D=a-T, (5.5)

where T is the vector of bin contents from the time residual histogram for the
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Figure 5.6: Time residual spectrum for OvpBp events (orange) compared to 28Tl
backgrounds from the AV wall (purple), hold-down ropes (blue) and water sur-
rounding the AV (green). Only events that reconstructed within 4.2 m radius
and with energy between 2.438 and 2.602 MeV are shown. First and last bins are
underflow and overflow, respectively. Distributions obtained from multiple MC
events (104 for OvBp and ~ 300 for each 20811 source), but are normalised to one
event. Error bars arising from statistical fluctuations are smaller than the line
width of the histograms and, hence, are not shown.

event to be classified and @ are weights that can be obtained from Monte Carlo
simulation. The framework allows freedom in the choice of weights and two

types are considered for this work. A simple choice is

o' =lo (—”6V> 5.6
- g i ’ ( . )
Hokg

with Vé)v,bkg being the probability of a PMT hit in time residual bin i for a signal
and background, respectively. fi;, vk, are therefore simply vectors of bin contents

obtained from time residual PDFs such as those in Figures 5.5 and [5.6] This way,



Chapter 5. Events in SNO+ 83

the discriminant becomes simply the log-likelihood ratio:

NHits i

D = Alog L = Zlog@. (5.7)

i=0 Hokg
According to the Neyman-Pearson lemma, the log-likelihood discriminant
is the most powerful technique under the assumption that the two hypotheses,
signal and background, are described completely by the PDFs [103]. However,
especially for the multi-site events, it is not guaranteed that the average PDF
provides a good characterisation of individual events. For example, some multi-
site events travel further than others and as a result have more hits in the later
bins and fewer in the peak. Therefore, there is a correlation between the bins
which is ignored by the log-likelihood. An alternative is to use the Fisher dis-
criminant [104], which takes into account these correlations by including the

covariance matrix in the calculation. In this case the weights are calculated as

@ = (Zpkg + Zov) "+ (Flov — Hikg) » (5.8)

where jig, prq are again the vectors of mean PMT hit probability from the PDFs
and X, pre are the covariance matrices with dimensions equal to the number
of bins in the PDFs. For both signal and backgrounds, the elements of those
matrices give the covariance between the bins in the time residual spectra and

are calculated as

N vents .
2= Y (T =) (T ), (5.9)
NEvents — 1 n=0

where NEgyents is the number of events of the relevant type (signal or background)
and T is the content of the i*" bin of the individual time residual spectrum of an
event 1. As before, 1i' is the content of bin i in the mean time residual spectrum

for the given event sample.
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Figure 5.7: Discriminant values for OvBg (orange), °Co (green) and external 28Tl
(blue) events. Alog L is plotted on the left and Fisher discriminant on the right.
Histograms have been normalised to unity and give the probability of an event
of the specific type being assigned the given discriminant value. Poisson errors
are shown.

Both log-likelihood and Fisher weights were obtained using Monte Carlo gen-
erated external 2%T1 decays. Multiple sets, each obtained using events simulated
in different part of the detector, were made available in the RAT database from
where they could be simply accessed by the classifier. The timing classifier was
then run over an independent sample of simulated 0v38, external 2%8T1 and ®°Co
events.

Figure5.7|shows the discriminant values assigned to these events and demon-
strates a clear difference between the three populations. For the results presented
in this work, the classifier was set to use weights calculated from 2%8T1 events in
the AV wall. This choice is motivated by the fact that out of the 2Tl external
background sources, these events are expected to have the largest contribution to
the ROI used in Chapter @ The separation between ®°Co and 0vBf demonstrates
that it is not necessary to use specific weights for each background in order to
be able to discriminate between them to a reasonable extent. This discrimina-
tion largely comes from the shared features of multi-site event time residuals.
The effect of using weights calculated with different types of multi-site events is

explored in more detail in Appendix
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Ideally, one would like to find a value of the discriminant such that, by re-
jecting events this way, all the background would be eliminated with no loss
of signal. It is clear that this "event-by-event" classification is not possible as
there is a non-zero overlap between the curves in Figure However, it is
possible to cut a significant proportion of the background with minimal loss in
Ovpp events. Figure shows the fraction of accepted background events as
a function of signal efficiency, which was obtained by placing cuts at different
values of D. The log-likelihood weights perform better than Fisher ones apart
from the region with low signal efficiency for 2%®T1. It is hypothesised that the
Fisher discriminant is not fulfilling its potential due to limited statistics (O(10?
events)) available for the creation of the background covariance matrix. With
the log-likelihood discriminant, ~ 15% of ®*Co and ~ 60% of 28Tl events that
penetrate into the inner 4.2 m of the scintillator volume can be rejected with a
signal loss of < 1%. More importantly, the discriminant distributions allow for

good statistical separation, which is discussed later in this work.

5.3.2 Topological Classifier

On top of the timing differences, the topology of background events coming
from outside the AV volume is also different compared to Ov S events inside the
scintillator. The probability of the 2.6 MeV + travelling the distance x through
a material falls off approximately as e~**, where k is a constant. Therefore, the
s with the largest chance of reaching the scintillator volume are those travel-
ling directly towards the detector centre from the original decay, as depicted on
Figure Consequently, the early hits on PMTs in proximity to the original
decay are most likely to be in the direction of a vector from the detector centre to
the reconstructed vertex. Figure shows the probability distribution of early
PMT hits (time residuals between —2 and 20 ns) as a function of cos 6 for signal

and external 2%®T1 decays. 0 is the angle between the hit PMT position vector and
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Figure 5.8: Fraction of ®°Co (green circles) and 2%TI events from the AV wall
(blue squares) passing the timing classifier cut at a given discriminant value
as a function of fraction of accepted signal events. Curves showed for Alog L
(dashed line) and Fisher (full line) weights, both tuned on an independent MC
simulation of 2%®T1 decays in the AV.

the reconstructed event position vector as marked in Figure 5.9, As expected, the
background PMT hit distribution is strongly peaked towards cos § = 1, whereas
the signal distribution is approximately flat as the events are isotropic within
the AV. The slight slope of the OvBp distribution is believed to be due to optical
effects. The topological classifier exploits the difference in the cos 8 distributions
to help discriminate between signal and external backgrounds.

The implementation of the topological classifier is analogous to the timing
case, with the main difference that the event’s PMT hit distribution in cos®,
rather than time residuals, is used. In addition, there is now a cut that selects

only early hits to be used in the classification. The discriminant is calculated as:

. N;Jits )Li
D=wp-0=) log| 2|, (5.10)
i=0 Abkg
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Figure 5.9: A schematic of an external background event originating inside the
AV wall. The two concentric black circles represent the AV and the PSUP and the
small blue circles individual PMT hits. The reconstructed position of the event
is given by the grey vector 7 pointing away from the origin at the centre of the
detector. For each PMT hit, 0 is defined as the angle between 7 and the PMT
position vector (green). PMTs with cosf ~ 1 are most likely to register early
hits.

where Nj,... is the number of early hit PMTs, w}, are the topological weights and
@ is the bin contents of the hit distribution in cos # for the event to be classified.
Although the implementation still allows the freedom to add different type of
weights, only Alog £ weights are considered here. These are again calculated
from the average probability, Ag, yke, for signal and background in the corres-
ponding cos 6 bin.

Figure shows the values output by the classifier for a sample of Ov and
external 2%T1 decays. As with the timing classifier, events with radius < 42 m
and energy between 2.438 and 2.602 MeV are included and the weights were
calculated taking 2Tl events originating in the AV wall as background. The
efficiency of the classifier in rejecting the background events is plotted as a

function of signal acceptance in Figure The graph also shows rejection
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Figure 5.10: Angular distribution of early PMT hits for simulated OvpS (orange)
and external background events from the AV wall (purple), hold-down ropes
(blue) and water surrounding the AV (green). The horizontal axis represents the
cosine of angle between each early hit PMT position and the reconstructed event
vertex as measured from the centre of the detector. Distributions obtained from
multiple MC events (10* events for OvB8 and ~ 300 events for each 28Tl source),
but are normalised to unity. Error bars reflect the statistical fluctuations.

potential for ®°Co for reference. As expected for events originating inside the
scintillator volume, ®°Co cannot be distinguished using the topological classifier
as the events are isotropic. For external 208T] however, about 60% can be rejected
with minimal signal loss using the topological classifier alone.

Inevitably, the topological classifier will cut many of the same events as the
timing one. To assess whether there is a benefit of using both classifiers in
combination, the two discriminant values were plotted simultaneously for each
208T] AV event in Figure Not surprisingly, there is a correlation between the
two discriminant values for 2%8Tl, owing to the fact that external events detected
further from their origin have wider time residuals and are more likely to have
7vs travelling directly towards the detector centre. On the other hand, there is

no correlation between the two discriminants for the signal events. Therefore, it
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Figure 5.11: Discriminant values output by the topological classifier for OvS
and 2%TI events from AV wall. Histograms have been normalised to unity and
give the probability of an event of the specific type being assigned the given
discriminant value. Poisson errors are shown.

should be possible to use this correlation to further improve the discrimination
between signal and external backgrounds compared with what can be achieved

with either of the classifiers alone.

54 Summary

SNO+ data is split into events, each corresponding to one detector trigger. There
is a number of processes, including mostly primary particle interactions and
radioactive isotope decays, that can cause an event. For each event in Te-loaded
liquid scintillator, energy and position is reconstructed under the assumption
that the underlying particle was an electron. The algorithms responsible for this
reconstruction have been described above.

In some cases, it is also possible to use the PMT hit information to distinguish

the type of the event, i.e. the original interaction. For this work, two linear classi-
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Figure 5.12: Fraction of ®°Co (green circles) and 2%Tl events from the AV wall
(blue squares) passing the topological classifier cut at a given discriminant value
as a function of fraction of accepted signal events. Curves showed for Alog L
weights tuned on an independent MC simulation of 2®T1 decays in the AV.

tiers were implemented into the SNO+ software, discriminating between multi-
site and point-like events based on timing and topological parameters. This is
particularly useful for rejection of radioactive backgrounds involving photons in
the OvBpB analysis, where the signal can be considered as point-like. It has been
demonstrated that about 60% of external and 15% of internal background events
can be rejected with minimal signal loss with the use of a single classifier. The
inclusion of the classifiers in a OvBB analysis and the impact on sensitivity of

SNO+ to the given process is explored in detail in the following chapter.
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Chapter 6

Likelihood Analysis for
Neutrinoless Double Beta

Decay

After reconstruction and classification of events from the detector, the final step
in obtaining a physics measurement from the tellurium phase of SNO+ will be
the extraction of the OvBp signal from the data. At the time of writing this work,
the experiment has not commenced data taking with the tellurium isotope. Nev-
ertheless, the signal extraction for Ov can be tested on Monte Carlo simulation
and the expected sensitivity to this process can be obtained.

In this chapter, a likelihood analysis for Ovf is presented. First, the various
backgrounds to this search are discussed, which provides an important input
for the analysis design. Next, the signal extraction framework is described. Par-
ticular attention is paid to extending a two-dimensional analysis (in energy and
radius) by including the classifier discriminants from the preceding chapter as
additional observables. The analysis builds significantly on previous work that

developed the two-dimensional signal extraction framework [101]. Finally, the

92
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sensitivity of the experiment is estimated with regards to both setting a lower
limit on OvppB half-life and discovery of the process. The improvements achieved
due to the inclusion of timing and topological observables are discussed in de-

tail.

6.1 Backgrounds for Ov 33

There are multiple sources of potential backgrounds for the OvBB search in
SNO+, all of which can be divided into two categories. Internal backgrounds
are non-signal events originating inside the AV volume. Conversely, external
backgrounds originate outside of the AV or inside the acrylic itself. This section
details the different sources of both these background categories and possible

mitigation strategies.

6.1.1 2vB03

The introduction of natural tellurium into the liquid scintillator will inevitably
lead to the detection of a number of 2vBB events from 3'Te nuclei. As the two
anti-neutrinos do not leave any signal in the detector, this decay looks exactly
like the desired signal; the only difference is the energy deposited in the scintil-
lator by the two daughter electrons. Due to finite energy resolution, however, a
portion of these events will be smeared into the ROL

The current best measurement of the 2vB8 half-life in 13°Te comes from the
CUORE experiment [41]. Based on this value of le‘/’z = 7.9 £ 0.1(stat.) &= 0.2(sys.)
years, 5.4 x 10° 2vBB events per year are expected in the SNO+ detector con-
taining 0.5% natural tellurium by weight. Even though only a small number of
these events will reconstruct with energy inside the ROI, the 2vpp is still a major
contribution to the overall background rate.

The sharp falling edge of the 2vB spectrum close to the Qgg value means that
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this background quickly dominates at the lower edge of the signal region. As a
result, counting analyses that simply compare the number of detected events to
the expected background rate typically set a narrow and asymmetric energy ROI
around the expected Ovpp peak. However, in case of spectral analyses, where
shapes of individual backgrounds are fitted based on Monte Carlo predictions,
it is beneficial to widen the energy signal region. This way, the falling edge of
the 2vBB spectrum actually helps constrain the number of background events of

this type.

6.1.2 Solar Neutrino Scattering

Another important background comes from elastic scattering of solar neutrinos
off electrons inside the scintillator material. These interactions produce a single
recoil electron that scintillates and can act as a background for the OvBp search.
The two tree-level Feynman diagrams of the vy +e~ — vy + e~ process are
shown in Figure The neutral current interaction is available for all three
neutrino flavours. On the other hand, the energies of solar neutrinos reaching
the Earth are insufficient to produce a p or T charged lepton in the detector.
Therefore, the charged current interaction is only available for electron neutrinos
in the case of solar neutrino scattering.

In the laboratory frame, the differential cross-section of these diagrams is

do 2G2m,
d_Te (EU/ TE) —

T.\? meT,
&+ (1—E—i> — 8182 Eze , (6.1)

where T, is the kinetic energy of the recoil electron, ¢ is the interaction cross-
section, Gr is the Fermi constant and m, is the electron mass [§]. The values g1
and g, are constants, but depend on the neutrino flavour, with larger values for
ve than for v, . Finally, E, is the incoming neutrino energy. Figure [6.2|shows the

energy spectra of solar neutrinos reaching the Earth. The energy distribution of
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Figure 6.1: Tree-level Feynman diagrams for neutrino elastic scattering on elec-
trons. Charged current interaction (left) is only available to electron solar neut-
rinos due to low solar neutrino energies and lepton flavour conservation in the
weak interaction. The neutral current interaction (right) is observed with all
three neutrino flavours, i.e. x =e™~, yu~, 7.

Flux [cm™ s7

=
o
[

10%

2o
2 o o
L B E

iz}
13N

— 7

— pep

pp
- .10

— Be

107" 1 10
Neutrino Energy [MeV]

Figure 6.2: Flux of solar neutrinos upon reaching Earth as a function of energy.
Data taken from [105].

the observed electron, T,, is the convolution of the differential cross-section from
equation and the neutrino energy spectrum.

The interactions that contribute to OvBB background will produce electrons
with T, ~ 2.5 MeV, which is only possible for neutrinos with energies above this
value. As seen in Figure the dominant contribution to the solar neutrino flux

at such energies is from the B neutrinos, which are produced in the Sun in the
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Figure 6.3: The energy distribution of recoiled electrons from B solar neutrino
elastic scattering as output by RAT. Insert in top right corner zooms in on the
energy region around 13°Te Qpp-

following reaction:

5B =8 Be+e" 4 v,. (6.2)

The energy of the recoil electrons from ®B neutrino elastic scattering is plot-
ted in Figure This distribution was obtained from RAT, which performs the
convolution of the ®B neutrino spectrum and the differential cross-section by
Monte Carlo sampling. It is shown that around the ROI, the contribution to the
background from these interactions is relatively flat in energy compared to other
backgrounds. The total flux of ®B neutrinos was measured by multiple exper-
iments [10,76,]106] and theoretical predictions are available from solar models.
Based on the theoretical value from [9], around 1300 B neutrino interactions are
expected per year in the SNO+ AV volume across all energies [88]. However, the
tinite error on the flux measurements and predictions as well as the theoretical
uncertainty on the shape of the ®B spectrum results in some uncertainty on the
exact number of events that are be expected in the Ov ROL

As discussed in section the position resolution is insufficient to distin-
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Source Target Concentration [g/g] Decays per Year
238U chain 13x1071 39.52 x 10%
#2Th chain 5.6 x 10716 5.57 x 10

Table 6.1: Expected internal U/Th background rates in Te-loaded scintillator
cocktail. The assumed purity level of LAB is O(10~g/g) as achieved by other
liquid scintillator experiments [55,109]. Level of O(10~13g/g) is expected for
telluric acid after the purification procedure described in section

guish between two electrons from OvBg and a single electron of the same energy.
Therefore, there is no observable difference in the scintillation light from the
desired signal and ®B neutrino scattering events in the ROIL. One distinction of
the solar neutrino scattering events is the Cerenkov light, which is emitted in a
cone around the direction of travel of the electron. For 8B events, the direction
of the scattered electrons (and, hence, the Cerenkov light) is correlated with the
Sun’s position. However, there have been multiple studies deeming the discrim-
ination between solar neutrino scattering and Ovp events using directionality of

Cerenkov light unfeasible in SNO+ || [107,(108].

6.1.3 Internal U/Th Natural Radioactivity

The presence of natural radioisotopes inside the scintillator cocktail also results
in events that can act as background for the OvBg search. The main contributions
come from daughters of the 2U and 2%Th chains. The target levels of these
contaminants in the Te-loaded scintillator are listed in Table It is assumed
that the decay chains are in equilibrium, i.e. the production rate of each daughter
isotope is equal its decay rate. Therefore, the same number of events per year is
expected for all the isotopes belonging to the same chain.

Figure |6.4 shows the 28U and ?*Th decay chains, with the most worrisome

isotopes highlighted in orange. The difference in timing between « and S scintil-

lwith the scintillator composition that will be used for the initial tellurium phase
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lator excitations described in section 4.1/ means that it is possible to reject events
involving a particles. Therefore, only natural radioisotopes that undergo  decay
(denoted by diagonal arrows in the figure) are of major concern. In particular,
the OvBB ROI is dominated by 2'2Bi and ?!*Bi B decays with Q-values of 2.25
and 3.27 MeV, respectively. Luckily, both of these decays result in production of
short-lived polonium isotopes. 2!2Po and 2!*Po a decay with released energies of
8.95 and 7.83 MeV, which are quenched down to ~ 0.9 and ~ 0.8 MeV equivalent
electron energies, respectively. The half-lives of the 21?Po and 2!4Po isotopes are
0.3 us and 164 us respectively, and therefore, the a decay follows very shortly
after the bismuth decay in both cases. Such short delay between two decays is
uncommon and results in an easily recognisable signature in the detector. As a
result, this coincidence between the polonium and bismuth decays can be used
to identify and eliminate these backgrounds. Additionally, the rate of these co-
incidences provide a valuable measure of the contamination of the scintillator by
the 228U and 23?Th chain isotopes.

The 212/214Bi and 212/214Po decays can either be registered as two distinct
events ("out-of-window") or fall into the same event window ("in-window"). In
the former case, the two events will appear close to each other in both time and
reconstructed position. A cut proposed in [110] rejects any pair of events where

for the second trigger

Nyir >=50 and At < 500 ns
(6.3)

or Npyi >=50 and 500 ns < At <3936 ms and AR < 1.5m,

where At and AR are the differences in time and reconstructed position com-
pared to the previous trigger. Reflected light produced in Ov S events can some-
times cause the detector to trigger again, creating an event with low number of
hit PMTs. The Npg;; condition in equation ensures that signal events with

re-triggers are not rejected. In the Monte Carlo simulation used throughout this
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Figure 6.4: The 238U (left) and 2%2Th (right) radioactive decay chains. Vertical
and diagonal arrows represent & and B~ decays respectively. Black numbers
underneath isotopes give the half-lives and green numbers along the arrows give
ground state to ground state Q-values of the decays in MeV. Decays of isotopes

in orange boxes pose a potential background for the OvBp search. Data taken
from [64].

chapter, the cut above removes 6.4 % and 99.8 % of the out-of-window 212Bipo
and 2!*BiPo events inside the ROI, respectively.

In the case where the bismuth and polonium decays are registered as
single event, a double peak structure is seen in the event’s time resid-
uals. To reject these in-window coincidences, two classifiers, BiPoCumul and
BiPoLikelihood214 [111], are used.

Figure shows the energy distribution of the 212/214BiPo decays and the
effect of both in-window and out-of-window coincidence cuts. Jointly, these
cuts are responsible for reduction of the 2!2/214BiPo backgrounds in the ROI by

3-4 orders of magnitude. Due to the difference in 2!2Po and 2'*Po half-lives,
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Figure 6.5: Reconstructed energy of 212/214Bi g and 212/214Po a (left/right) de-
cays. Histograms obtained from RAT6.16.3, which generates the two decays
in conjunction to simulate the coincidence. Only events reconstructed within
a 5.5 m radius inside the AV and with valid ScintFitter result are included.
Histograms are normalised to expected counts per year.

comparatively more 212BiPo events are removed by the in-window classifiers,
whereas the dominant reduction of 24BiPo events come from the out-of-window
cuts. It has been demonstrated that the signal loss from these cuts is negligible
[112,113].

Other contributions to the background for OvBB search come from 2!°T] and
208T]. However, these isotopes are created by a decays of 212Bi and 2!Bi, which
have smaller branching ratio compared to the B decay (0.021% and 36% respect-
ively [64]). Thus the expected number of these nuclei in the detector at any
given time is smaller compared to isotopes higher in the decay chain (especially
in the case of 2!°Tl). Finally, a small portion of ?*™Pa and ?*Ac B decays will
be smeared to the signal region by energy resolution. All these decays are ac-
companied by the emission of s and, therefore, in addition to purification and
coincidence tagging, internal backgrounds can also be reduced by the multi-
site background discrimination technique, which was explicitly demonstrated

in [102].
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6.1.4 Cosmogenic Isotopes

Cosmogenic isotopes (or "cosmogenics" for short) are created via cosmic ray spal-
lation, a reaction of cosmic rays with an atomic nucleus that leads to a creation
of a daughter nucleus different from its parent. The resulting isotope can be
radioactive and its decay can act as a background in SNO+.

For the OvBp search, these backgrounds are produced by spallation reaction
on tellurium [60]. This makes them particularly dangerous as they scale with
tellurium loading in the same way as is expected from the signal. Furthermore,
decays of some of these isotopes can appear as a single energy peak in the vicin-
ity of the signal region.

The low cosmic ray flux in SNOLAB means that the production of cosmo-
genics in the laboratory is very small. However, the telluric acid used in SNO+
was produced and transported on the Earth’s surface and, therefore, presence
of cosmogenic nuclides in the material is expected. As described in section
the strategy for mitigation of cosmogenic backgrounds is the combination of
underground storage of the telluric acid prior to deployment and removal of re-
maining contaminants through purification. Consequently, less than one event
per year is expected in the ROI due to cosmogenic background. However, the
aforementioned worrisome properties of these backgrounds require additional
caution in case of unexpected contamination, which is not removed by the puri-
fication process. Isotopes that decay on the timescale of years or are fed by
long lived-parents are of particular concern. A list of potentially problematic
isotopes that can be produced by cosmogenic neutron and proton spallation was
compiled in [114]. Table|6.2|lists these isotopes with Q-value > 2.3 MeV together
with their half-lives. In addition, *'T and its excited states can be created by solar
neutrino capture on natural tellurium [115]. These isotopes are relatively short-
lived, but can be created inside the detector during data taking as the neutrino

flux is not significantly affected by the underground location.
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Isotope Q-value [MeV] Half-life [days] (parent)
2Na 2.84 950.6
26 A1 4.00 2.62 x 108
2K 3.53 0.51 (1.2 x 10%)
4se 3.65 0.17 (2.16 x 10%)
465¢ 2.37 83.79
%6Co 4.57 77.2
BCo 231 70.9
0Co 2.82 1925.27 (5.48 x 108)
8Ga 2.92 4.7 x 1072 (271)
8 2Rb 4.40 8.75 x 10~* (25.35)
84Rb 2.69 32.8
88y 3.62 106.63 (83.4)
102mRh 2.32 1366.77
102Rh 2.46 207.3 (1366.77)
106Rh 3.54 3.47 x 1074 (371.8)
10m A o 3.01 249.83
0Ag 2.89 2.85 x 107% (249.83)
124gh 2.90 60.2
126mg, 3.69 0.01 (8.4 x 107)
126gp, 3.67 12.35 (0.01)
130m1 2.99 6.1 x 1073
13071 2.95 0.515

Table 6.2: Potential cosmogenic backgrounds with Q-value > 2.3 MeV. Only iso-
topes produced by proton and neutron spallation with direct half-life > 20 days
are considered or ones that are daughters of longer-lived parents (half-life in
brackets in the last column). On top of the isotopes identified in [114], 3T,
which is produced by neutrino capture on tellurium, was added to this table.
Data taken from [64].
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Figure shows the reconstructed energy distribution of the cosmogenics
listed in Table |6.2| together with the OvpBp peak. It is noted that the decays most
similar to the signal are the ones of 22Na, #4S¢, 99Co, 88Y, and 124Sb, which have
energy peaks close to Qgg. Other listed isotopes can still contribute to the back-
ground, but the energy resolution is sufficient to distinguish between the signal
and an unexpected contamination by these isotopes.

Decays of cosmogenic isotopes can be identified using the timing classifier as
demonstrated in section It is shown later in this work (section that
with this pulse shape discrimination as an additional observable in the signal
extraction, cosmogenic contamination cannot be mistaken for a OvBS discovery

even if the energy and position distributions are alike.

6.1.5 External Backgrounds

The PMTs, external water, hold-down and hold-up ropes, and the AV itself all
have lower radiopurity compared to the detector target. The products of ra-
dioactive decays happening outside of the scintillator volume can enter the AV,
deposit their energy there and imitate Ovpp signal. Alternatively, the detector
position resolution may cause them to reconstruct inside the scintillator even if
all the energy was deposited outside of it.

Due to the different mean path length of the various primary particles, it
is predominantly the s accompanying radioactive decays that penetrate and
reconstruct deep inside the scintillator volume. The main contributions to the
external backgrounds are 2%°T1 and ?!Bi decays. The former produces a 2.6 MeV
v that can mimic the Ovpp signal, while the latter results in multiple ys, whose
energies can combine and reconstruct near the Qpgg.

As the path length of the -y in scintillator is attenuated exponentially, the
probability of an external event reconstructing at a certain radial position also

talls exponentially towards the detector centre. This is demonstrated in Figure
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Figure 6.6: The reconstructed energy distributions of the potentially problem-
atic cosmogenic isotopes from Table as simulated by RAT. The investigated
Ovpp peak at Qgg = 2.527 MeV is shown in black for comparison. Curves are

normalised to unity.
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Figure 6.7: Radial distributions of external 208T] (green) and 214Bi (blue) decays.
Horizontal axis gives the volume-corrected reconstructed radius, where Rieco
and Ray are the event’s reconstructed radial position and the radius of the AV,
respectively. Only events with reconstructed energies between 1.8 and 3 MeV are
shown. Contributions from the hold-down and hold-up ropes, the external wa-
ter, the AV acrylic and the AV dust are included. Histograms are normalised to
expected counts per year. The expected contribution from ®B neutrino scattering
events (orange) is also plotted for comparison.

6.7

Typically, the main strategy for external background mitigation is fiducialisa-
tion, where only events inside certain "fiducial volume" are used in the analysis.
However, decreasing this volume also decreases the isotope exposure and, there-
fore, the fiducial cut needs to be carefully optimised. For counting analyses,
this volume is traditionally set to be within the radius, where the external back-
ground rate is equal to the rate of ®B neutrino elastic scattering background.
However, for spectral analyses, such as the one presented in this chapter, the
dependence of external background rate on radius can be used to constrain this
background. For this reason, the radial distance from the detector centre is one

of the core observables in this work and the selected fiducial volume is larger

(5.5 m).
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Importantly, the external backgrounds can also be mitigated using the timing

and topological discrimination described in sections 5.3.1and [5.3.2]

6.1.6 AV Leaching and (a-n) Reactions

After the SNO experiment finished data taking, the cavity and the AV were
drained and exposed to air for several years before being repurposed for SNO+.
During this time, radon daughters from air were embedded into the AV surface.
As shown in Figure 222Rn decays to 21°Pb, which has a half-life of 22 years
and, hence, a significant portion of it will have remained in the material to this
day. When the acrylic is put in contact with a liquid, the heavy metals can
leach into the liquid. Consequently, there is an additional radioactivity source,
feeding the scintillator with 2°Pb and its daughters. The specific rate of leaching
is highly dependant on the type of materials in contact and the temperature [65].
Various leaching models are investigated and will ultimately be measured in
situ. Luckily, all decays following 2!°Pb in the 233U chain either have Q-values
significantly below the ROI or, in the case of a decays, have the visible energies
quenched below this level. Therefore, the leaching backgrounds are unlikely to
pose as a direct background to OvBg.

However, AV leaching is expected to be a major source of as, particularly
from 21°Po decay, which can give rise to («, n) reactions. In these processes, an
« interacts with a nucleus to produce a free neutron. In organic scintillator, the

most common such reaction is
v+83C-%0+n. (6.4)

An («, n) interaction produces two signals in the SNO+ detector. The prompt
signal consists of the scintillation light produced by the « before it captures and

by the daughter neutron scattering off of protons in the material. Once the neut-
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Figure 6.8: Reconstructed energy distribution of («, n) interactions before (blue)
and after (orange) coincidence cut. Histograms are normalised to expected
counts per year taken from [88].

ron is thermalised, it captures on another nucleus, which is left in an excited
state. The subsequent de-excitation through < emission happens on the times-
cale of O(100 us) and creates the delayed signal [60]. In SNO+, the neutron
captures on hydrogen nuclei in 99% of cases, which de-excites via a 2.2 MeV 1.
Consequently, either the prompt or delayed signal can reconstruct in the OvSf
ROL Due to the two signals, however, («, n) reactions can be rejected using a co-
incidence tag similar to the one used for rejection of 212/214BiPo out-of-window
events. In this work, a selection described in [116] was applied, removing every
pair of subsequent events separated by less than 1 ms and with individual recon-
structed energies > 1 MeV. Figure 6.8/ shows the reconstructed energy spectrum
of («, n) interactions before and after the cut. The number of («, n) counts per
year will depend on 21°Po contamination in tellurium and LAB, the leaching
rate, duration of the water and unloaded scintillator phases as well as how often
is the scintillator recirculated through the purification plant. In this work, the

rate calculated in [88] is used.
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6.2 Analysis Framework

The purpose of the signal extraction analysis discussed in this chapter is to ob-
tain the most probable value of OvBB half-life given a dataset. In the Bayesian
interpretation of statistics, this probability represents the degree of belief in a
hypothesis, which in this case is the half-life value or a limit on it. The Bayes’

theorem states

P(hypothesis|dataset) o« P(dataset|hypothesis) - P(hypothesis) . (6.5)
posterior‘;;‘obability likeﬁﬁood prior p;c;)ability

The posterior is a conditional probability of a hypothesis with certain parameter
values given the experimental data. The set of parameters that maximise the
posterior is the result of the analysis. In this case, the desired parameter is
the number of Ovpp counts, but other parameters are also floated in the fit as
described below. The likelihood is the probability of observing the data given the
hypothesis and the prior contains any existing knowledge about the parameters
before the measurement.

In order to fit a hypothesis to the SNO+ data, a Monte Carlo simulation is
used to obtain the expected distributions of the individual backgrounds and the
signal in the desired observables (energy, position, classifier values etc.). These
are the probability distribution functions (PDFs). The parameters optimised in
the fit are the numbers of events assigned to each of the backgrounds and the
signal, i.e. the normalisations of the PDFs. In this work, ~ 30 parameters are
allowed to vary in the fit, which includes the normalisations for all backgrounds
with expected rates > 1 count/year after passing the analysis cuts, as well as the
potentially problematic cosmogenics (®°Co, 8Y, Na) and the signal. The full
list of fit parameters is included in Appendix

The analysis uses the 0X0 signal extraction software discussed in [101]. This

code is responsible for optimising a test statistic given a dataset, PDFs and a
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set of parameters and cut values. Both the dataset and PDFs must have the
same dimensionality and axes, meaning the distributions must be in the same
observables. The selected test statistic is the extended binned log-likelihood

function:

. Npar Npin Py
log L(ji) = = Y_ pi+ Y _ nllog uif! ), (6.6)
i=1 j=1 1

i=
where ji is a vector of Ny, parameters with y; giving the number of events of
type i [103]. With both the dataset and PDFs having N;, bins, n is the number
of observed events in bin j and flj is the content of bin j of the PDF corresponding
to event class i.

Prior probabilities (simply priors) are useful for including constraints from
other measurements, analyses and calibration. Where such constraints are not
available, uniform priors are used, which is the case in this work. The only
exception is the normalisation of ®B solar neutrino scattering, where a Gaussian
prior calculated in [101] was used, centred on the value coming from the flux
measurement by the SNO experiment [10]. The priors are added directly to the
log £ in 0XO0.

The likelihood has dimensionality equal to the number of parameters (~ 30)
and, therefore, a robust optimisation algorithm is needed for the fit. 0X0 of-
fers a choice of optimisation routines, including an implementation of Hamilto-
nian Dynamics Markov Chain Monte Carlo (HMC). As any other Markov Chain
Monte Carlo (MCMC), it obtains the posterior distribution by sampling the prob-
ability space and accepting or rejecting each step depending on the posterior
value at the proposed step relative to the current one. In this case, it is sampling
the likelihood space including any non-uniform priors. The acceptance condi-
tions are set so that the samples with higher posterior probability value have
higher chance of being accepted. Compared to other versions of MCMC, HMC
uses Hamiltonian dynamics to propose the steps in the chain, which results in

taster convergence in multi-dimensional probability spaces with correlated para-
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meters. A more detailed description of the algorithm can be found in [117].

Finally, it is necessary to extract the posterior probability for OvBp signal from
the overall multi-dimensional distribution. This is done by simply integrating
the posterior probability over all parameters except for OvBp normalisation. The
process is called marginalisation and is also included in the framework. With
OvBp counts as random variable and only flat or Gaussian priors, the marginal-
ised posterior probability is expected to follow a Gaussian distribution. However,
non-Gaussian tails can arise due to correlation with other parameters.

The creation and choice of the components that are input into the analysis
(datasets, PDFs, cuts and observables) are described in the following four sec-

tions.

6.3 Monte Carlo Simulation and Fake Datasets

The studies in this chapter use an official SNO+ Monte Carlo production simu-
lated and reconstructed with RAT 6.16.3 with 0.5 % Te-loaded scintillator cock-
tail including DDA as described in Chapter ] Additional simulation was run
locally on a computer cluster at University of Oxford with the same version of
the software to increase the statistics on the following backgrounds: internal
2087, 234mpy, 214BiPo and most of the external backgrounds. All background
sources listed in section which are expected to contribute to the reconstruc-
ted energy spectrum around Qpgg, are simulated separately with the exception of
212/214BiPo and (a, n) interactions. In these cases, the entire interaction or part
of the decay chain is simulated. The 212/214BiPo and (a, n) coincidence cuts were
applied as described in sections and as a first step of the analysis.
The SNO+ experiment has not started its tellurium phase at the time of writ-
ing of this work. Therefore, the studies presented here use datasets from MC
rather than real data. Two types of datasets are used in this chapter: Asimov

and standard sample datasets.
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Asimov datasets are a convenient way for obtaining the median sensitivity
of an experiment [118]. They are representative datasets, which are created with
a large event sample and are scaled down to the expected normalisation. As a
result, an Asimov dataset does not include fluctuations in its distribution. In-
stead it is the sum of the average distributions of the individual backgrounds.
To scale each of these contributions, the average distributions are normalised to
the counts expected in the full detector for the particular background during a
set data taking period.

The standard sample datasets, on the other hand, are created simply by draw-
ing only the expected number of events for the given event type (including Pois-
son fluctuation in this case). As a result, these datasets are individually not
representative of the experiment’s sensitivity and include bin to bin fluctuations.
An ensemble of individual sample datasets can be used to serve the same pur-
pose as an Asimov dataset, however, this technique is computationally more
demanding as a lot of MC is required and each dataset must be fitted individu-
ally. Nevertheless, a small ensemble of 16 such datasets is used in this work in
order to verify the robustness of the analysis.

In order to ensure independence of the datasets and PDFs, the simulation
was always split into two parts: one used for obtaining the PDFs and one for
creating fake datasets. For studies with Asimov datasets, the MC was split into
two independent halves and one of them is used entirely to create one Asimov
dataset. For the standard sample datasets, the situation is more complicated due
to lower statistics on the external backgrounds. In total, 16 standard sample data-
sets were created. Four datasets are fully independent with no event repetition.
The remaining 12 datasets have external background events drawn randomly
from the same pool of events used in the first four datasets. Therefore, these are
considered "semi-independent” from each other as well as the first four datasets.

The PDFs used in fits with standard sample datasets contain all of the events
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<m BB > [meV] 0 25 50 75 100 150 200

OvpBpB counts

in SNO+ [year] 6.22 24.87 55.96 99.48 223.83 39791

Table 6.3: Number of Ovpp events in Asimov datasets per year of live-time. The
number of **Te nuclei used in the calculation is Ngg = 6.25 x 10%, correspond-
ing to 0.5 % loading of natural tellurium by weight.

not utilised for creation of the given dataset. It was ensured that at least the
equivalent of 10 years of MC is available for each event type for PDFs creation.
All of the datasets assume a live-time of 3 years. The rates assumed for
the various background contributions were taken from [88] and are listed in
Appendix [F. Cosmogenic background rates vary with time spent underground
and, therefore, the average rate of the first five years following a year of cool
down was used. For the studies presented in this chapter, variable strengths
of the OvBp signal were inserted to Asimov datasets corresponding to different
effective Majorana masses. Table gives the number of Ovpp eventﬁ in the
entire detector volume corresponding to different values of (mgg). The standard
sample datasets were created with no signal and (mgg) = 150 meV scenarios
only. The values of the phase-space factor and nuclear matrix element used for
the conversion of (mgg) to T{)}’Z were Gg, = 3.69 x 10~ years~! and My, = 4.03
[119,120]. The results presented later in this chapter in sections 6.8 and |6.9| were
converted back to half-life using the same values to provide model-independent

sensitivity estimates.

6.4 Observables

An observable is a variable measured for each event. It can either be an inform-
ation coming directly from the detector electronics or be a result of processing

the event’s data with a software routine (such as a reconstruction algorithm or

2additional datasets were created for Figure but the same calculation was used
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a classifier). As the signature for Ovpp is a peak in the energy spectrum, recon-
structed energy, E, is the primary observable for all searches for this process.
In SNO+, the energy resolution of ~ 3% demonstrated in section is suffi-
cient to reject most of internal radioactive backgrounds. To deal with external
radioactive backgrounds, which have a non-uniform radial distribution, another

observable is employed. A reconstructed volume-corrected radius,

R — RI'ECO 3 (6 7)
eff 6000 mm / ’ '

is used, where Ryeco is the distance between the event and the detector centre
in units of mm reconstructed by ScintFitter and 6000 mm is the radius of
the AV. While the signal and internal backgrounds are expected to have a flat
distribution in this observable, the external backgrounds are peaked towards
high values of Reg.

As demonstrated in Chapter 5, some multi-site backgrounds can be discrim-
inated using the timing and topological classifiers, but cannot be rejected on an
event to event basis. In particular, decays of some cosmogenic isotopes might
have distributions coincident with OvBg signal in both energy and R, but not
the timing classifier discriminant. It is shown in this work that adding the output
of the multi-site classifiers, introduced in section [5.3} into the list of observables
can break the degeneracy between the signal and the cosmogenic backgrounds.
The observables are named PSDjjye and PSDyopo for the timing and topological
classifiers, respectively. The correlation between individual backgrounds and
the signal with and without the pulse shape discrimination is discussed in more

detail in section
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Cumulative Signal

Measured Variable Accepted Values Acceptance [%]
Fit Valid True 96

Reconstructed Radius 0 - 5500 mm 74.6
Reconstructed Energy 1.8 - 3.0 MeV 74.5
BiPoCumul Classifier 0 - 0.0003 74.4
BiPoLikelihood214 Classifier 0-16 74.4
ITR Classifier 0.29 - 0.37 74.2
PSDtime —10-12 74.1
PSDtopo —-7-5 73.9

Table 6.4: Cuts used in the analysis discussed in this chapter. BiPoCumul and
BiPoLikelihood214 are the names of the two in-window 12/214BiPo classifiers
discussed in section Cuts are listed in the order in which they are applied
and the last column gives the OvBp signal acceptance after the cut.

6.5 Analysis Cuts

Cuts serve to remove parts of the data that are of no interest for the physics
analysis. These can be for example products of hardware issues or events that
were not reconstructed properly. Importantly, cuts are also used to reject back-
grounds. This section describes the "analysis cuts", i.e. cuts that are applied as
part of the analysis.

Table gives an overview of the cuts used. First, a valid result from
ScintFitter is required, meaning both position and energy fits must have con-
verged successfully. This leads to signal loss of 4%, however, it is noted that
almost all of the rejected events originated in the 0.5 m shell nearest to the AV,
where the reconstruction is worsened by complicated optics. The reconstruction
efficiency inside the inner 5.5 m is > 99%.

The boundaries on the reconstructed energy and radius define the region of

interest and the axis limits of these observables. The range of accepted values
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for both of these variables is larger than what would be used in a counting
analysis. This "extended ROI" is used in order to constrain both internal and
external backgrounds using their energy and position distributions as discussed
in section

The accepted values for the PSD parameters also define the axes for these
observables and the values were selected by requiring signal loss to not be larger
than 0(0.1%). The cut values for the in-window 212/214BiPo classifiers were
taken from [121].

Finally, the In-Time-Ratio (ITR) classifier is used as a measure of goodness
of the position fit. For each event, it gives the ratio of PMT hits falling into
a predefined range of the reconstructed time residuals (—2.5 - 5 ns). This cut
ensures that the time residuals have distribution peaked around 0 ns as expected
for a correctly reconstructed event. The cut values were again optimised based
on the ITR distribution of OvBp events and the requirement of low signal loss.

All of the analysis cuts were applied to both datasets and PDFs prior to fitting.
The resulting signal acceptance of 73.90 & 0.04% is obtained from the PDF part
of the MC, containing O(10° events). The error on the signal efficiency only

accounts for statistical fluctuations.

6.6 Probability Density Functions

The simulation used for generating the PDFs is described in section Ideally,
one would use the MC to create a full multi-dimensional PDFs with axes corres-
ponding to the selected observables. However, with increasing dimensionality,
the number of bins in the PDFs geometrically increases. Consequently, the de-
mand on the amount of MC needed to ensure sufficient statistics in each bin also
grows rapidly. This section describes the construction of the PDFs and the se-
lected strategy for dealing with higher dimensionality when including the PSD

parameters as additional observables.



Chapter 6. Likelihood Analysis for Neutrinoless Double Beta Decay 116

The energy distribution contains the principal information for distinguish-
ing the signal peak from the background and, hence, fine binning in energy is
needed. On the other hand, no additional knowledge can be gained from the
data by including bins much smaller than the energy resolution. Therefore, the
width of the energy bins was set to be of the same order as the resolution at Qgg
and the extended ROI was split into 48 bins of 25 keV width. For the remaining
observables, the bin count was intentionally kept low, while still allowing the un-
derlying distributions in these observables to be evident. The volume corrected
radius was split into 6 bins and the PSD parameters into 5 bins each.

With this binning, the full four-dimensional PDFs of the form

P(E, Regt, PSDiime, PSDiopo) (6.8)

contain 72000 bins. Unfortunately, the MC was insufficient to provide enough
statistics to obtain acceptable PDFs of this form. When tested, some bins were
empty across all of the distributions and, hence, would yield infinities in the
log-likelihood calculations. This was not remedied even by applying smooth-
ing to some of the lower-statistics PDFs. An alternative approach would be to
substitute some parts of the distributions by analytical predictions, however, this
method was not explored here. Instead, "PDF factorisation" was employed. If all
of the observables were independent from each other, the PDF in equation
would be equivalent to the product P(E) x P(Reg) X P(PSDgime) X P(PSDyopo).
However, this is not the case as the observables are correlated with each other
and simply factorising all of them could lead to biases in the fit.

It was described in section that the energy reconstruction algorithm
takes the reconstructed position as an input and that the energy bias and resol-
ution depend on position. Furthermore, both topological and timing discrimin-
ants rely on the multi-site features and, therefore, they are expected to be correl-

ated with each other. This has been shown explicitly in Figure In fact, there
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Figure 6.9: Dependence of timing (left) and topological (right) PSD discrimin-
ants on reconstructed energy for Ovfp (orange circles), ®*Co (green squares) and
external 2%8T1 events (blue triangles). Points and error bars show the mean and
standard deviation, respectively, for the discriminant distribution in each bin.

is correlation between the two classifier parameters for the external multi-site
backgrounds but not the signal, which can be helpful in breaking the degener-
acy between the background and signal normalisations. This information would
be lost if the two PSD observables were inappropriately factorised.

Figures and show the dependence of the PSD variables on E and
Reff, respectively. Again, there is a weak dependence of these multi-site discrim-
ination parameters on the other two observables. This is mainly because the
time residuals are calculated using the reconstructed position and the vertex res-
olution depends on both energy and radius. Furthermore, the classifiers were
tuned on a sample of events with a certain energy and position as described in
Appendix

For this work, the dependence of the PSD observables on energy was neg-
lected. This was justified by the reasonably small variation in the discriminant
values across the ROI energy range. The dependence on Rqs was retained in
the form of conditional PDFs. The resulting factorised four-dimensional PDF

considered in this chapter has the form:

P(E, Reg) X P([PSDtime, PSDiopo[Reft) , (6.9)
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Figure 6.10: Dependence of timing (left) and topological (right) PSD discrim-
inants on reconstructed radial position for OvBp (orange circles), ®°Co (green
squares) and external 2®T] events (blue triangles). Points and error bars show
the mean and standard deviation, respectively, for the discriminant distribution
in each bin.

where the both factors are two-dimensional distributions normalised to unity.
The latter is a 2D PDF in the classifier discriminants for the relevant radial bin.
The validity of this approximation was tested by the fit bias and pull described
in section [6.71

As the PSD observables help with discriminating the signal from back-
grounds, their use is only needed for energies around the signal peak.
Therefore, the option of applying the factorisation only in a smaller energy
region around the nglg was also explored. In this case, the PSD observables
were simply set to a normalisation constant outside of this region. However,
this treatment yielded sharp discontinuities in the PDFs at the place where
the boundary of the smaller energy region was set and prevented the fit from
converging.

For comparison, two-dimensional fits without any PSD parameters were also

performed, for which PDFs of the form

P(E, Rog) (6.10)

were used. Furthermore, the topological classifier only facilitates discrimination
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between signal and external backgrounds. Its use is expected to improve the
experiment’s sensitivity by effectively increasing the fiducial volume. However,
it cannot help break degeneracies between the signal and internal backgrounds.

Therefore, the analysis was also run with full three-dimensional PDFs:
P(E, Reffr PSDfime) - (6.11)

Removing the PSDyqpo Observable improved the statistics in each bin and granted
successful convergence of the fit. Finally, the factorised version of the 3D PDF

was also considered for completeness:
P(E, Reff) X P(PSDjjpme | Reff) - (6.12)

It is noted that in fits with both of these 3D PDFs, the hard cut of the topological

classifier parameter was still applied for external background rejection.

6.7 Verification of the Signal Extraction

Before drawing conclusions on sensitivity of SNO+ using this analysis, it is ne-
cessary to ensure the validity of the results obtained by the fit. To confirm
that the analysis successfully recovers the number of OvBp counts in the data-
set within the uncertainty, the ensemble of 16 standard sample datasets with

signal was fitted using the signal extraction with the 4 different PDF types. For

fit

each dataset, the extracted number of OvBp counts, Cy;,

and the uncertainty on

this parameter, U(f)iif, are obtained as the mean and the width of a Gaussian fit to

the posterior probability. These numbers can then be compared to the number of
OvBp events inserted into the dataset multiplied by the signal efficiency, Cgﬁpwed.

A common method for quantifying the goodness of a likelihood fit is to obtain
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the bias and the pull, defined as:

; ted fit expected
' Cflt _ Cexpec cfit _ ¢
Bias = —— o Pull = 24— (6.13)
COV Tov

In an unbiased fit with uncertainties properly described by ct, the pulls from
many sample datasets are expected to follow a normal distribution centred at 0
with standard deviation (SD) of 1.

The biases and pulls were calculated for the individual sample datasets and
the resulting means and standard deviations on these quantities are recorded in
Tables and It is seen from the large mean bias that the 2D fit underes-
timates the number of OvBp counts in the datasets. Sections and will
demonstrate that this is due to correlation between the signal and the cosmo-
genic backgrounds, which results in OvBB counts being assigned to this back-
ground. Including the PSD parameters significantly reduces the deviation of the
bias from 0. The standard deviation of the pull distribution is consistent with
unity for fits including PSD parameters. Furthermore, introduction of bias by

the factorisation of the PDFs is not observed within the statistics used.

PDF type Mean Bias Bias SD
P(E, Reff) —0.35+0.04 0.16 £0.03
P(E, Reft, PSDiime) —0.08 +0.03 0.12£0.02
P(E, Regr) X P(PSDyime | Reff) —0.05+£0.03 0.11 £0.02

P(E, Reft) % P(IPSDiime, PSDiopol | Rett)  —0.07£0.07  0.290.05

Table 6.5: Mean bias and its standard deviation (SD) from an ensemble of stand-
ard sample datasets for different versions of the fit.

A graphical representation of the fit results for the dataset ensemble is also
shown in Figure In these plots, each point represents the number of Ovpp
counts obtained as the mean of a Gaussian fit to the posterior probability. The

errors give the fitted 1o width of the distribution. It is expected that ~ 68 % of
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PDF type Mean Pull Pull SD

P(E, Ref) —15+0.2 0.7 +0.1

P(E, Ref, PSDtime) —0.7+0.2 0.9+0.2

P(E, Regr) X P(PSDgime | Refr) —0440.2 09+0.2

P(E, Ret) X P([PSDtime, PSDiopol | Refr) —0.3+0.2 0.8+0.2

Table 6.6: Mean pull and its standard deviation (SD) from an ensemble of stand-
ard sample datasets for different versions of the fit.

the these error bars should overlap with the true value, indicated by the dashed
line in each plot. While the fitted number of OvBB counts is again lower than
expected in the 2D version of the analysis, fits including the pulse shape dimen-
sions comply with the prediction well. It is concluded that within the available
statistics, the bias in the fit with PSD observables is minimal, especially when

compared to the 2D signal extraction.

6.8 Limit on Ov33 Half-life

In order to determine what limit on Tf}’gﬁ will SNO+ be able to set after 3 years
of data taking, the signal extraction was run on an Asimov dataset with no signal
counts inserted into it. The resulting marginalised posterior probability for OvS
normalisation, Cy,, is shown in Figure The four different curves correspond
to running the versions of the signal extraction, each corresponding to one of the
PDFs described in section As expected, the probability is peaked towards
Coy = 0 in all cases. However, the distribution is the widest for the 2D fit and
narrowest for 4D. Consequently, if there are no signal events in the dataset, the
4D fit is able to reject a higher values of the signal normalisation and will give a
stronger limit on OvpBp half-life at a given credible interval (C.L.).

A 90 % C.I. is quoted here. To obtain a value for the TV, limit from the

1/2

posterior probability, the distribution is integrated from zero to first obtain the
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Figure 6.11: Results from running the signal extraction on an ensemble of sample
datasets. Individual plots show results from signal extraction ran with 2D PDFs
from equation (top left), full 3D PDFs from equation (top right), fac-
torised 3D PDFs from equation (bottom left) and factorised 4D PDFs from
equation 6.9 (bottom right). Points and error bars obtained as the mean and ¢ of
a Gaussian fit to the posterior probability from each dataset.

value of OvBB normalisation that can be ruled out at the required confidence,
Cgd%. The point where the cumulative probability reaches 90 % gives this value,

which is then converted to the half-life limit using
T7/,(90 %C.1) = Memﬁﬁ, (6.14)

90%
COU

where € is the signal efficiency, t is the live-time and Npgg is the number of '*Te

nuclei inside the AV. The resulting half-life limits are reported in Table
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Figure 6.12: Marginalised posterior probability of OvBB counts from fit to As-
imov dataset with no signal. The horizontal axis gives the OvBf normalisation
parameter value, which indicates the number of events assigned to the signal.
Curves correspond to signal extraction using PDFs in equations (orange),
(green), (turquoise) and [6.9] (dark blue). Vertical line indicates the 90%
C.IL for the 4D signal extraction.

PDF TPV, at 90% C.I [yrs]
P(E, Reg) > 1.69 x 10%
P(E, Retf, PSDtime) > 1.75 x 102
P(E, Regr) X P(PSDgime | Refr) > 1.70 x 102%
P(E, Ref) X P([PSDtime, PSDtopol | Refr) > 1.80 x 102

Table 6.7: Limits on Tf}/gﬁ at 90% C.I. for various versions of the fit.
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6.9 Discovery Potential

Ideally, SNO+ would like to observe a OvBf signal rather than just set a limit
on its half-life. In order to obtain the potential of the experiment to do so, the
analysis was run on Asimov datasets with MC signal counts inserted into them.
The number of OvpBp events in each dataset was summarised in Table

Again, the signal extraction with all four versions of PDFs was run over the
datasets and the posterior probabilities from the fits are shown in Figure [6.13
Compared to the 2D fits, the posterior probability is shifted towards higher val-
ues of signal counts when PSD observables are included. This is again demon-
strating the decreased bias in the OvBf count estimation. Importantly, for some
values of <ml35> (i.e. 100 and 150 meV) that are consistent with 0 counts in the
2D fit, the posterior probability lies almost entirely above this value. As a result,
including the PSD observables make it possible to reject the no signal hypothesis
in these cases.

Figure shows an example of the fit result. Specifically, the energy pro-
jections of the PDFs scaled to the fitted normalisation values are shown for the
case of 150 meV signal and analysis with 4D factorised PDFs. Each sub-plot
corresponds to a different radial bin. The fake data is also shown. Individual
backgrounds listed in Appendix || were grouped into the relevant categories:
external backgrounds, internal 232U and 2%8Th chains, B neutrino scattering,
cosmogenic backgrounds, 2vBpB and («, n) interactions. It is demonstrated that
the dataset is well fitted and that the signal peak is the most visible in the inner
most radial bin as expected.

The energy projection in this most central radial bin is also compared with
the one resulting from fitting without using PSD in Figure It is shown
that in the 2D case, the signal counts are incorrectly assigned to the cosmogenic
background. The inclusion of the timing classifier discriminant provides the

necessary information to distinguish between the signal and the cosmogenics,
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Figure 6.13: Marginalised posterior probability of OvB8 counts from fit to Asimov
datasets with signal. Individual plots show results from signal extraction run
with 2D PDFs from equation (top left), full 3D PDFs from equation [6.11]
(top right), factorised 3D PDFs from equation (bottom left) and factorised
4D PDFs from equation (bottom right). The horizontal axis gives the Ovpp
normalisation parameter value, which indicates the number of events assigned
to the signal.

which then results in a better interpretation of the signal counts.

Similarly to the half-life sensitivity, the discovery potential is obtained from
the posterior probability. In this case, the question is whether the sensitivity of
the experiment is high enough to observe a signal of a given size at a specified
confidence. The best fit value is set to be the most probable value of the pos-
terior probability obtained as a mean of a Gaussian fit. The credible interval is
then calculated by cumulating probability bins around the best value in order of
decreasing probability. Here, the credible interval that does not include Cp, = 0

was calculated, which gives the confidence at which the experiment can make an
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Figure 6.14: An example result from a 4D fit with PDFs from equation to
an Asimov dataset with (mgg) = 150 meV (black points). Stacked distribu-
tions of different background groups were scaled to the fitted values. Each plot
corresponds to an energy projection in a different radial bin, with top left cor-

responding to the most central bin and bottom right to the bin closest to the
AV.
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Figure 6.15: Comparison of fit results in the inner most radial bin with 2D (left)
and 4D (right) signal extraction. Same dataset with with (mgg) = 150 meV (black
points) was fitted in both cases. Stacked distributions of different background
groups were scaled to the fitted values.
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Figure 6.16: Discovery potential for OvBB as a function of (mgg). Dashed and
dotted lines indicate 90 % and 99 % C.I, respectively. Individual curves corres-

pond to signal extraction using PDFs in equations (orange), (green),
(turquoise) and [6.9] (dark blue).

observation of OvBp. This credible intervals are plotted in Figure for various

signal strengths and signal extraction versions.
The values of nuclear matrix element and phase-space factor used to calcu-

late the OvBB counts in the datasets in Figure were stated in section To
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convert the results from the figure to the effective Majorana mass for different
models, the range of matrix element values from [120] was used. It is concluded,
that with timing information as an additional observable in the likelihood ana-
lysis, SNO+ is expected to have a 99% C.I. discovery potential for Ovpp with
(mgg) = 75 — 181 meV after only 3 years of data taking. Furthermore, SNO+ tel-
lurium phase is planned to run for 5 years. As the sensitivity scales with square
root of the live-time, the expected discovery potential is at the level of (mgg)
allowed by the current measurements [30}21}26].

Most importantly, the inclusion of PSD observables presents a significant
sensitivity gain of 40 — 50 % compared to signal extraction without PSD. The
improvement is mainly due to breaking the degeneracy of signal and cosmogen-

ics background PDFs, which is discussed further in the following section.

6.10 Correlation with Cosmogenic Backgrounds

It is argued that the improved sensitivity to OvBB with PSD comes primarily
from breaking the correlation between the signal and the cosmogenic back-
grounds. This correlation comes from the similarity of these event types in en-
ergy and radial observables. It is explicitly demonstrated in Figure where
two-dimensional posterior probabilities are shown for fits with and without in-
cluding the timing classifier observable. Three cosmogenic backgrounds are ex-
amined in this figure: 22Na, ®®Co and Y. These isotopes have the most similar
energy distributions to OvBB as discussed in section m 1307 and 139" nor-
malisations were also floated in the fit, but the reason for their inclusion as fit
parameters was their higher expected rate rather than their ability to mimic the
signal. Therefore, the correlation of the posterior probabilities of these two cos-
mogenics with signal is not shown, but was confirmed to be negligible.

From the three potentially problematic isotopes examined in Figure only

%0Co was found to have a significant correlation with Ovgg in the 2D analysis.
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Figure 6.17: Correlation of OvBB posterior probability with ?2Na (top), %°Co
(middle) and Y (bottom). Plots on the left are from analysis without PSD
(PDFs from equation and plots on the right are from 4D analysis with PSD
(PDFs from equation [6.9). The same Asimov dataset with signal corresponding
to (mgg) = 150 meV was fitted in each case.
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Scaling Applied Equivalent (rmgg)

to Expected %'Co Rate ®Co counts [meV]
1 3.46 x 1074 -
2 6.92 x 1074 -
10 3.46 x 1073 -
10? 3.46 x 1072 -
103 3.46 x 107! -
10* 3.46 x 10! -
2.87 x 10* 9.95 x 10! 100
6.47 x 104 2.23 x 10? 150
10° 3.46 x 102 -
1.14 x 10° 3.98 x 10? 200

Table 6.8: Datasets for studies with increased ®°Co background, each with the
rate of this background scaled by a different factor given in the first column.
The number of counts inserted into a 3 year Asimov dataset with no OvpBg signal
is indicated in the middle column. For three of these datasets, the scale factor
was selected such that the number of *°Co counts is equivalent to number of
expected signal counts for a specific (mgg); this is indicated in the last column.

Importantly, this degeneracy is significantly reduced by adding the additional
observables into the fit, which is demonstrated on the middle right plot.

To scrutinise the SNO+ sensitivity with regards to the °Co background fur-
ther, a study was carried out, where unexpected contamination with this isotope
was assumed. In this case, Asimov datasets with live-time of 3 years, no Ovpp
events and additional ®*Co counts were created as summarised in Table 6.8l As
the level of this isotope in the detector is predicted to be very low following the
purification procedure, an increase of O(10%) in the expected rate of this back-
ground is needed to create the same number of events that are expected from
OvBB with (mgg) in the range tested in this work.

Two versions of the signal extraction were performed on these datasets: a
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Figure 6.18: OvBpB half-life sensitivity with increased ®°Co background with (yel-
low) and without (purple) PSD. Horizontal axis gives the multiplication factor
applied to the expected ®°Co rate from Appendix [F, Error bars give standard
deviation from Monte Carlo sampling (length of MC chain decreased for this
study compared to section [6.8).

2D fit without any PSD and a 4D fit with two PSD observables (PDFs in equa-
tions and respectively). The OvBp half-life limit with this additional
contamination as a function of the factor used to scale the expected ®*Co counts
is shown in Figure While the achievable half-life expectedly decreases with
increasing background, the impact is less damaging when PSD is used in the
analysis.

Another crucial test is whether %°Co contamination can be mistaken for Ovpp
observation. In order to examine this possibility, the posterior probability of
OvBp normalisation was examined for the datasets with increased cobalt counts.
As no signal was inserted into these datasets, the posterior is expected to be
consistent with zero. This is indeed observed in Figure for both 2D and
4D analyses. The latter results in a narrower distribution around zero, which is
again consistent with the better half-life limit from Figure In conclusion, it

has been demonstrated, that should the analysis yield a non-zero signal normal-
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Figure 6.19: Marginalised posterior probability of OvB counts from fit to Asimov
datasets with ®°Co contamination and no signal. Results from signal extraction
with 2D PDFs from equation shown on the left and factorised 4D PDFs
from equation 6.9/ on the right. The horizontal axis gives the OvBB normalisation
parameter value, which indicates the number of events assigned to the signal.

isation at a given confidence, it will be a genuine OvBf observation rather than

an unexpected cosmogenic background contamination.

6.11 Summary

In this chapter, a signal extraction for OvBS in SNO+ was presented. Specifically,
the discussion regarded the development of a likelihood analysis for this search
using Markov Chain Monte Carlo including ~ 30 background event types as
parameters and fitting over 4 observables: energy, distance from the centre of
the detector, topological and timing pulse shape discrimination parameters. The
latter two differentiate between interactions with point-like and multi-site energy
deposition and are obtained using a classification described in Chapter

The projected half-life limit and discovery potential for Ovpp using this ana-
lysis were estimated. In both cases, there was a significant improvement in the
expected sensitivity compared to an analysis not including the PSD parameters.
Particular gain is observed should there be an unexpected contamination by cos-
mogenic backgrounds. Ultimately, it was demonstrated that, by including the

PSD parameters in the analysis, SNO+ does not only have the potential to set a
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world leading limit, but also to make a discovery depending on the true value

of effective Majorana mass.



Chapter 7

Conclusions and Outlook

This thesis focused on improving the sensitivity to OvBB in *°Te in SNO+, a
liquid scintillator detector. Specifically, the sensitivity was enhanced by two
means: modification of the tellurium-loaded scintillator cocktail and the devel-
opment of a four-dimensional signal extraction including PSD parameters.

The increase of light yield through the addition of DDA was demonstrated
in Chapter [l Moreover, it was shown that DDA can prevent deterioration of the
Te-loaded scintillator due to water exposure to the extent that can be tested on a
time scale of 3 years. This is particularly important as the scintillator is directly
replacing water inside the acrylic vessel and the two liquids will remain in dir-
ect contact for a prolonged period of time. The fact that no humidity-induced
deterioration of Te-loaded scintillator samples with DDA (at concentrations of
DDA:Te > 0.25 MR) was ever observed significantly enhances the confidence in
the tellurium loading technique and the prospect of OvBpB search in SNO+. The
collaboration now plans to add DDA to the scintillator mixture together with the
tellurium loading. Furthermore, the tests presented in this thesis led to further
studies with this compound. Preliminary results show that by including DDA
during the TeBD synthesis, rather than adding it afterwards, the light yield can

be increased even further [90]. This is a promising avenue especially for future

134
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upgrades of the experiment, which would allow for higher tellurium loading.

The algorithms for event reconstruction and classification in SNO+ were dis-
cussed in Chapter |5, with a particular focus on the implementation of timing
and topological classifiers into the SNO+ software. These classifiers are now be-
ing used by the collaboration in multiple physics analyses as a tool for external
background rejection.

The outputs of the classifiers were then incorporated as additional dimen-
sions into a likelihood analysis for Ovfp search, described in Chapter [ Com-
pared to an analysis without these dimensions, significant enhancement in the
expected sensitivity to the OvBpB process was demonstrated. Additionally, it was
shown that none of the considered backgrounds can successfully mimic OvBf
when the likelihood analysis with PSD is employed. Therefore, should a signal
be observed in SNO+ using this analysis, it will be a genuine OvBp observation
rather than contamination by radioactive backgrounds. Further improvements
to the analysis, which were not explored in this work, could include removing
the correlation between the observables. This could be achieved by incorporat-
ing energy and position into the calculation of classifier discriminant as well as
the tuning of classifier weights. Alternatively, the correlation of the observables
could estimated from an independent MC dataset and a correction could be
applied to the observables to create new independent dimensions of the signal
extraction. Such treatments would permit a more extensive factorisation of PDFs,
which could in turn allow for even more observables in the signal extraction (e.g.
the time since the start of data taking, which could help further constrain the cos-
mogenic backgrounds that are expected to decay within the data taking period).
An alternative approach to deal with limited statistics would be to replace some
of the PDFs with analytical functions.

With both of the above improvements, the expected lower limit on OvBp was

estimated to reach 1.8 x 10% years at 90 % confidence after 3 years if no signal
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is observed, which is higher than any currently set limit. Furthermore, SNO+ is
expected to have 99 % C.I. discovery potential for an effective Majorana mass of
75 — 181 meV after the same data taking period. It is concluded that SNO+ will
be able to probe Ovpp at effective Majorana masses that are 40 — 50 % lower than

what is expected without the improvements presented in this thesis.



Appendix A

List of Acronyms

OvBB Neutrinoless double beta decay
2v (33 Two neutrino double beta decay
ADC Analog-to-digital converter

AV Acrylic vessel

BD 1,2-Butanediol

bisMSB 1,4-Bis(2-methylstyryl)benzene
BSM Beyond the Standard Model

C.I. Credible interval

DDA N,N-Dimethyldodecylamine
ELLIE Embedded LED/Laser Light Injection Entity
FEC Front End Card

GT Global Trigger

HDR Hold-down ropes
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HMC Hamiltonian Dynamics Markov Chain Monte Carlo
HUR Hold-up ropes

HV High voltage

IH Inverted hierarchy

ITR In-Time-Ratio

LAB Linear alkylbenzene

LS Liquid scintillator

LY Light yield

MC Monte Carlo simulation

MCMC Markov Chain Monte Carlo

MTC/A Master Trigger Card/Analog

MTC/D Master Trigger Card/Digital

MR Molar ratio

NH Normal hierarchy

NHits Number of triggered (hit) PMTs in an event

NMR Nuclear magnetic resonance

PDF Probability distribution function

PMNS matrix Pontecorvo-Maki-Nakagawa-Sakata matrix
PMT Photomultiplier tube

PMTIC PMT Interface Card

PPO 2,5-Diphenyloxazole
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PSD Pulse shape discrimination

PSUP PMT support structure

RAT Reactor Analysis Tool

ROI Region of interest

SM Standard Model of Particle Physics

TAC Time to Analog Converter

TeA Telluric acid

TeBD complex Tellurium butanediol complex

UPW Ultra pure water



Appendix B

List of Amines

Before DDA was selected for use in SNO+, a number of other amines were tested
as potential stabilisers. The list below describes these compounds along with the

tests performed and reasons for rejecting them.

Hexadecylamine (HDA) and Tetradecylamine (TDA)

Description: Primary amines with linear hydrocarbon chains of 16 and 14 car-

bons respectively. White powders at room temperature.

Chemical structures:

I N N N N N N N H
H;C N
H
Hexadecylamine

e e P e
H3C N
H
Tetradecylamine

LY improvement: Yes. 45 — 50% for 1:1 amine:Te MR.

Tests performed: Duplicate samples for both amines with 1:1 amine:Te MR

added to 0.5% Te solution. 48 hour humidity exposure.

140
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Figure B.1: Photo of precipitation formed in a sample with tetradecylamine after
humidity exposure.

Reason for rejection: Precipitation formed at the bottom of the vials within 5
days post humidity exposure (see Figure[B.1). This timescale is too short for this
to be a sign of a crash. Controls (samples with no amine added) in the same
test did not form this precipitation. Furthermore, LY is stable over time, which

suggests solubility issues of the amines rather than sample crashing.

Tris(2-ethylhexyl)amine (TEHA)

Description: Branched non-linear tertiary amine. Transparent liquid at room

temperature.

Chemical structure:
CHj

/—E/\/CHS
H3C /\/j/\N
WCHB

H;C
CH;,

LY improvement: No. Comparable ~ 10% decrease in LY for all 3 tested con-

centrations.
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Tests performed: 48 hour humidity exposure test with concentrations corres-

ponding to 0.0, 0.5, 1.0 and 1.4 TEHA:Te MR. Tested with 1% Te samples.

Reason for rejection: No signs of protection against water attack combined
with decrease in LY. Samples with TEHA developed flakes after approximately
1 month after humidity exposure, i.e. on the same time frame as unprotected
samples undergoing the same exposure. Curves of LY as a function of time also
follow the trend of unprotected samples and show signs of instability after a few

days.

Cocoamine

Description: Transparent liquid at room temperature with molecular formula

C3gHyN2Ogs.

Chemical structure: Various forms.

LY improvement: Yes. Up to 50% higher LY for 1%Te samples with 0.25 co-

coamine: Te MR.

Tests performed: 48 hour humidity exposure with 0.1, 0.25, 0.5, 1 and 2 co-
coamine:Te MR. Showed good protection against water attack from LY monitor-

ing during the first week after exposure.

Reason for rejection: Obtained from biological sources. Large *C/!2C ratio is

unacceptable radioactive contamination.
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N,N-Dimethyltetradecylamine (DMTDA)

Description: Tertiary amine with linear hydrocarbon chains of 14 carbons.

Clear liquid at room temperature.

Chemical structure:

N N N N N N CH;
H;C N
CHj

LY improvement: Yes. 5 — 10% increase for 1:1 DMTDA:Te MR.

Tests performed: Duplicate samples with 1:1 DMTDA:Te MR added to 0.5% Te

solution. 48 hour humidity exposure. Evidence of water attack protection.

Reason for rejection: Decreased transparency of samples after humidity ex-
posure, improved at lower temperature environment. Worse LY than with other

suitable candidates.

N,N-Dimethyldecylamine (DMDA)

Description: Tertiary amine with linear hydrocarbon chains of 10 carbons re-

spectively. Clear liquid at room temperature.

Chemical structure:

.CH
H3C/\/\/\/\/\N 3
CH;

LY improvement: Yes. ~ 20% LY increase for 0.25 and 0.5 DMDA:Te MR.
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Tests performed: 48 hour humidity exposure with 0, 0.1, 0.25, 0.5, 1 and 2
DMDA:Te MR. Showed good protection against water attack from both LY and

visual monitoring for over 2 years post exposure.

Reason for rejection: Flash point of 92°C [122] is lower than for DDA (113°C),
otherwise DMDA appears as suitable candidate. Given humidity exposure tests

yield similar results, DDA is selected.
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%Co and ?"*T1 Decay Schemes
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Figure C.1: ®°Co decay scheme. Green diagonal lines represent B decays and
their relative probabilities. Horizontal lines represent 7 rays, with dashed
lines for very rare de-excitations and orange for de-excitations with probabil-
ity > 10 %. The relative -y intensity is also explicitly given by purple numbers.
Data taken from [64].
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Figure C.2: 2Tl decay scheme. Green diagonal lines represent  decays and
their relative probabilities. Horizontal lines represent -y rays, with dashed black
lines for very rare de-excitations, full black lines for de-excitations with probabil-
ity between 0.1 and 10 % and orange for de-excitations with probability > 10 %.
The relative <y intensity is also explicitly given by purple numbers. Data taken
from [64].



Appendix D

Correcting for Detector State

in Energy Reconstruction

Introduction

The parameters used in EnergyRThetaFunctional to convert from Ny in an
event to energy are tuned in a process referred to as fitter coordination, which
uses Monte Carlo simulation of particles with known position and energy. This
simulation is created using a certain detector state, which specifies the number
of PMTs on high voltage, their channel thresholds and whether they are properly
calibrated. However, in reality the detector state is not fixed and can be easily
modified. In particular, PMTs can be temporarily turned off due to high voltage
problems and, hence, the number of online PMTs can change multiple times per
day. The detector operation is split into "runs”, which typically last 1 hour. The
detector state will remain fixed during that period but can change from one run
to another. To account for the different setting in runs and fitter coordination, a
detector state correction was added to the energy reconstruction algorithm and

is described below.
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Method

The energy estimator H is obtained for each event according to equation It

is also possible to write the expression as

S
H=-—

Nbyr - i, (D.1)

i=1

where ' is the Poisson mean of hits per PMT in segment i. This is distinct
from the observed N , which gives the number of triggered PMTs without
distinguishing whether the trigger was caused by one or more photoelectrons.
In turn, the estimator relates to the energy as E = aH, where a is the relevant
constant obtained during fitter coordination and saved in the RAT database.
When the detector state changes compared to what was used in coordination,
the differences in two variables must be corrected: the number of active PMTs
and the channel efficiency. The former gives the number of inward looking PMTs
that have HV on, have been calibrated properly and are flagged as functional in
the database entry for the given run. Assuming PMTs break homogeneously
throughout the detector, the difference in active PMTs in a segment i changes as

follows:

B # of active PMTs in run
~ # of active PMTs in coordination

Npyr = N'oyr = fNpyr— f (D.2)
On the other hand, the difference in channel efficiency modifies how likely is a
photoelectron to be detected and, hence, effectively scales yi:

; mean channel efficiency in run

Wy =gt g= (D.3)

mean channel efficiency in coordination '

For simplicity, only the average channel efficiency is compared here. Therefore,
an assumption is made again that the channel thresholds change approximately

by the same amount in each segment. This is generally true as the thresholds
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are usually adjusted globally.
Combining equations to the energy estimator calculated for a given

event is
S

S, . , , .

H' =—) Npyr-p#"=—-8f) Npmr 1 =gfH. (D4)
i=1 i=1

Therefore, it is possible to obtain a corrected constant of proportionality &’ that

converts H' into energy, simply by scaling the parameter a from coordination:
E=aH=da'H =d'gfH = da=—. (D.5)

EnergyRThetaFunctional has now been modified to calculate gf for each run
and apply it to a. In order to do that, the fitter coordination now saves the
number of active PMTs and average channel efficiency used in the processes into
the database along with the tuned parameters. The corresponding quantities for
the given run are obtained during reconstruction using existing functionality in

RAT.

Performance

To test the performance of the correction, electrons with a range of energies
between 1 and 10 MeV were simulated with variable numbers of the PMTs
switched off at random. The fractional bias in the reconstructed energy with
the detector state correction is plotted in Figure In all cases, the fitter was
coordinated with all PMTs online. It is shown that the bias remains < 1% even
with almost half the PMTs turned off. The energy of electrons simulated with all
PMTs switched on is plotted in purple to show the case when detector state in
coordination and run are matched.

For comparison, the energy bias of electrons simulated with no correction and
"best realistic" detector state, which only excludes ~ 500 PMTs that have been

deemed permanently damaged, is plotted in orange. Even this best achievable
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Figure D.1: Comparison of reconstructed energy bias with (blues and greens)
and without (orange) the detector state correction. Simulation with all PMTs
turned on as in coordination shown in purple. Each point represents the mean
of a Gaussian fit to a histogram of (E,cconstructed —Etrue)/ Etrue, Where E,oconstructed
and Ey,. are the reconstructed and simulated energy, respectively. Vertical error
bars arise from errors of the Gaussian fit.

state introduces a bias of ~ 2% when the offline PMTs are not accounted for.
The implementation of the correction assumes that the detector state changes
equally in each detector segment that is used in the calculation of the energy es-
timator. To examine how prone is the correction to deviations from this assump-
tion, simulations were made with one or more neighbouring electronic crates
turned off. One crate controls ~ 500 adjacent PMTs placed in a half-circular
segment along the Z axis. As shown in Figure the energy bias remains
< 1% with one entire crate off and only increases significantly as the number of
disabled crates rises. During stable data taking, runs with one or more crates
off are rare and are currently being excluded from data analysis. Therefore, all
runs used for analysis are expected to have more homogeneous distribution of

inactive PMTs and, hence, the energy correction will be valid for these runs.
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Figure D.2: Reconstructed energy bias with detector state correction and areas of
adjacent PMTs turned off (blues and greens). Bias without the correction and the
best realistic state (orange) and all PMTs online (purple) also shown. Each point
represents the mean of a Gaussian fit to a histogram of (E,¢constructed —Etrue) / Etrue,
where E,.constructed and Egrye are the reconstructed and simulated energy, respect-
ively. Vertical error bars arise from errors of the Gaussian fit.

Summary

To rectify the energy bias caused by different detector states in fitter coordin-
ation and analysed data or simulation, a correction was implemented in the
EnergyRThetaFunctional reconstruction algorithm. Corrections for both the
number of active PMTs and average channel efficiency were applied as linear
scaling. The validity of this addition was tested with both individual PMTs
turned off at random and electronics crates disabled. With the correction, the en-
ergy bias remains sub-percent level with almost half of the PMTs or one full crate
inactive. This is compared to ~ 2% bias with no correction and only 500 PMTs in-
active. The detector state is expected to continue to change once scintillator data
taking commences and, therefore, the ability of the EnergyRThetaFunctional
method to produce valid results for various detector states without the need of

coordination will be crucial.



Appendix E

Tuning Classifier Weights on

Different Backgrounds

This appendix discusses the effect of tuning the timing and topological classifi-
ers, described in section on different types backgrounds. Unfortunately, at
the time when the official simulation used in this thesis (RAT6.16.3) was being
produced, the classifiers were only assumed to serve for rejection of external
backgrounds. Therefore, all the weights were calculated with the most danger-
ous external background for the OvBB search: 29Tl

However, there are multiple locations in the detector where this isotope can
decay: the AV wall, the PMT glass, the water surrounding the AV, the dust on
AV surfaces and the hold-down and hold-up ropes. Monte Carlo simulations of
four of these sources were used to calculate Alog £ weights for both the timing
and topological classifiers. All eight resulting classifiers were then run over
independent Monte Carlo samples in order to assess the possibility of using
weights tuned with one background source to discriminate between signal and
background events of another type. Figures and display the results for
the timing and topological classifiers, respectively.

These plots show the fraction of external 2Tl event of a given type passing
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Figure E.1: Fraction of external 2%l events from various sources passing the tim-
ing classifier cut as a function of fraction of accepted OvBp events. Curves shown
for weights tuned on MC simulation of 208T] from hold-down ropes (purple), AV
wall (light blue), PMT glass (green) and water surrounding the AV (orange).

the classifier cut as function of signal efficiency. In each plot, one of the curves
was obtained with classifier tuned on the corresponding background source
(i.e hold-down rope events classified with hold-down rope weights), whereas
weights for different backgrounds were used for the remaining three curves.

In all of the plots, negligible difference in the background rejection is seen
between the various weights. Therefore, it is concluded that weights tuned on
one external 2%®T1 source can be used for rejection of other external 2%TI back-
grounds with minimal performance loss. This is due to the shared features in
time residual and angular distributions of the multi-site backgrounds described
in section and justifies the usage of only 2%®T1 AV wall weights throughout

this thesis.
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Figure E.2: Fraction of external 2%Tl events from various sources passing the to-
pological classifier cut as a function of fraction of accepted Ovpp events. Curves
shown for weights tuned on MC simulation of 2®Tl from hold-down ropes
(purple), AV wall (light blue), PMT glass (green) and water surrounding the
AV (orange).

It was also demonstrated that 2%8T1 weights can be used to cut external >14Bi
backgrounds, which is important at lower energies for solar neutrino analyses in
unloaded scintillator phase [123]. In addition, the classifiers have been used for
internal background rejection, with the most notable mention of ®°Co. Results
in section as well as Chapter [f] show that the timing classifier is valuable
in mitigation of internal multi-site events despite being tuned on external back-
grounds. However, it might be possible to improve on these results even further
if specific tuning was available for internal backgrounds.

The execution of the classifier algorithm takes 0.3 ms per call, which is 3

orders of magnitude faster than the position and energy reconstruction of the
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event. Therefore, it is not problematic to run the classifiers multiple times for
each event. As a result, the classifiers are run with all of the available weights
as a part of the ScintFitter reconstruction routine, despite the fact that there is

minimal difference in the classifier performance for the different weights.



Appendix F

Event Rates and Fit Parameters

Table F.1: Event types included in the likelihood analysis discussed in Chapter
6l Expected background rates taken from [88] are listed in second column. Third
column gives the fraction of events of a given type passing the analysis cuts
from section Whether the normalisation of a given event types is floated in
the likelihood fit is indicated in the last column. Event types are listed in order
of descending count contribution to the extended ROI after cuts. For external
backgrounds, their source is stated after the isotope name with the following
acronyms: AV = acrylic vessel, HDR = hold-down ropes, HUR = hold-up ropes,
IR = internal (calibration) ropes, EW = external water, OD = outer dust on AV,
ID = inner dust on AV. Rate of cosmogenic backgrounds was calculated as a five
year average after a one year cool down underground and purification.

Expected Yearly Rate Fraction of Counts Fit

Event Type in Full Detector Passing Cuts [%] Parameter
0vpBp - 73.90 Yes
2vBB 5.41 x 106 0.96 Yes
214Bj AV 1.28 x 107 0.18 Yes
208T] AV 1.50 x 10° 1.01 Yes
210T] HDR 1.55 x 10° 0.78 Yes
214Bi EW 4.62 x 107 0.02 Yes
PMT By ! 7.18x10% 9.16 Yes
208T1 OD 4.60 x 10° 0.98 Yes
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Expected Yearly Rate  Fraction of Counts Fit

Event Type in Full Detector Passing Cuts [%]  Parameter
208T] EW 1.96 x 10° 0.16 Yes
234mpa 3.95 x 10° 0.71 Yes
214Bi HDR 2.72 x 106 0.08 Yes
28 Ac 5.57 x 10* 3.48 Yes
21071 HUR 1.67 x 10° 0.68 Yes
2148 OD 7.75 x 10° 0.14 Yes
214B4 IR 4.97 x 103 9.38 Yes
214Bi HUR 2.92 x 10° 0.07 Yes
214BiPo 3.95 x 10° 0.04 Yes
8B solar v, 9.54 x 102 12.68 Yes
212BiPo 5.57 x 10* 0.21 Yes
208T1 ID 2.48 x 10* 0.30 Yes
(2, n) BC LS 2 3.01 x 102 21.81 Yes
214Bi ID 4.15 x 10* 0.11 Yes
8B solar vy, 3.15 x 10? 13.22 Yes
208T] 2.01 x 10* 0.14 Yes
(¢, n) 13C AVin LS ? 8.98 x 10? 1.90 Yes
(x, n) 13C AVin AV 2 6.74 x 10? 2.02 Yes
210] 8.30 x 10! 15.56 Yes
(x, n) 13C AVout AV 2 6.33 x 10? 1.56 Yes
1301 5.47 68.50 Yes
130m] 6.50 3.54 Yes
102mRh 2.71 x 1071 46.30 No
1245}, 229 x 1072 53.01 No
8y 1.89 x 1072 63.21 Yes
10m A o 9.11 x 1072 69.20 No

continued on next page
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Expected Yearly Rate Fraction of Counts Fit
Event Type in Full Detector Passing Cuts [%] Parameter

2Na 5.77 x 1073 62.50 Yes
12Rh 7.51 x 1072 4.47 No
%0Co 3.46 x 1073 67.30 Yes
465 1.90 x 1073 66.33 No
2K 3.44 x 1073 31.20 No
8Ga 3.84 x 1073 24.60 No
106Rh 9.40 x 104 27.60 No
4ge 1.55 x 1074 60.60 No
126mgp, 8.00 x 107> 60.61 No
126G}, 5.60 x 1075 46.90 No
10Ag 1.23x 1074 12.90 No
BCo 1.41 x 107 5.29 No
82Rb 1.35 x 107° 40.11 No
84Rb 4.10 x 10~ 10.90 No
26A1 7.72 x 1077 23.01 No
%6Co 1.89 x 107° 8.72 No

IPMT B includes the weighted external backgrounds from the PMTs, with the energy and radial

distributions of s and Bs generated based on the model developed by W. Heintzelman [124].

2For (a, n) interactions on 13C, the a can be either produced inside the liquid scintillator volume
(LS) or on one of the surfaces of the AV (AVin and AVout). In the latter case, the direction of
the « dictates whether it then interacts with a 13C inside the scintillator (LS) or the acrylic (AV).

This gives the total of 4 categories of this background modelled separately.
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