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Abstract

Direction reconstruction can be used as a powerful background rejection tool in
neutrino experiments, notably for the isolation of highly directional sources such
as the Sun. While the high light-yield of scintillator detectors leads to precise
energy resolution suitable for low energy studies, the light emission is isotropic
with no directional information. However, directionality might be provided
by Cherenkov light, if it could be sufficiently isolated from the overwhelming

scintillation signal.

The SNO+ detector is a large multipurpose neutrino detector, housed 2 km un-
derground at SNOLAB in Sudbury, Ontario. During commissioning, the target
medium of the detector was gradually changed from ultra-pure water to liquid
scintillator, creating an interface between the two materials. The concentration
of the primary fluor (PPO) was gradually increased as the detector was filled.
There were two stable periods of data acquisition during commissioning where
the concentration of PPO was 0.6 g/L, lower than the intended target of 2.2 g/L.
This lower concentration created a slower scintillation profile. As time-based
separation of Cherenkov light had already been demonstrated in slow scintillat-
ors on a bench-top scale, these data sets were examined for directional inform-
ation. This thesis presents the first demonstration of event-by-event direction
reconstruction in a high-yield large-scale liquid scintillator detector using data

from these periods, with a significance of > 5.7c.

Future prospects of directionality in scintillator will benefit from multiple Cher-
enkov separation techniques. However, simulated studies of 0.6g/L PPO in
the solvent LAB show that significant improvements can be made only by using
modern photon-detection capabilities, without reducing the detected light yield.
By prioritising improvements to photon-sampling, the next generation of liquid
scintillator neutrino detectors may be able to effectively reject directional back-
grounds at low energies, improving the sensitivities of studies such as reactor
anti-neutrinos, CNO solar neutrinos, and the search for neutrinoless double beta

decay.
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Chapter 1

Introduction

“There is no point in using the word ‘impossible’ to describe something that has clearly

happened.”
- Dirk Gently’s Holistic Detective Agency, Douglas Adams

After Wolfgang Pauli first posited the existence of the neutrino in 1930 as a
solution to the B-decay spectrum [1], he supposedly stated "I have done a terrible
thing. I have postulated a particle that cannot be detected." [2]. 1956 would see
him proved both right and wrong as Cowan and Reines detected the antineutri-
nos emitted from beta decays in a nuclear reactor through observations of inverse
beta decay in a liquid scintillator detector [3,4]. Over the decades not only did
neutrino detection become commonplace, new experimental techniques were
rapidly developed. The first use of a neutrino beam at the Brookhaven Altern-
ating Gradient Synchrotron led to the discovery of the muon neutrino [5]. The
Homestake detector used neutrino capture conversion of v, 4 3’Cl — 3Ar™ + e~
to detect solar neutrinos [6,7]. This measurement of the solar neutrino flux
disagreed with leading solar models, leading to the Solar Neutrino Problem
(SNP) [8]. This was later solved by utilising a combination of charged current,
neutral current and elastic scattering of neutrinos to demonstrate the existence
of neutrino oscillations [9-11], proving the existence of neutrino mass. New de-
tector technologies paved the way for new discoveries, allowing us to learn more
about one of the most enigmatic fundamental particles.

Today there are many types of neutrino detector, each utilising different

1
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strengths to continue pushing the frontier of Beyond the Standard Model (BSM)
physics. Many solar neutrino detectors use Cherenkov ring imaging, mainly in
water, in order to use the incoming direction of a neutrino for background reduc-
tion. Large scintillator detectors are utilising the benefits of the improved energy
reconstruction that can be achieved with higher light yields to do precision low
energy studies, including the search for neutrinoless double beta decay (0vBp).
However, while directional Cherenkov rings can be present in any medium, in
scintillator the Cherenkov photons are overwhelmed by the dominant high-yield
scintillation photons. This means that directional information is hard to extract,
as scintillation itself is emitted isotropically. If the Cherenkov ring could be suffi-
ciently isolated, there would be the potential to combined the benefits of precise
energy reconstruction with directional background rejection.

The goal of directionality in scintillator has been explored in the community
for many years and remains prominent in discussions of the future of the field
[12]. Directional reconstruction using time separated Cherenkov signals has been
investigated in simulations of large scale experiments [13,14]. Studies to sep-
arate Cherenkov photons have been done on a table top scale in a variety of
scintillators using cosmic muons [15-18|] and electrons [19+21]], implementing a
range of technologies. Statistical separation of directional sub-MeV solar neut-
rino events has been shown by the Borexino experiment [22]. LSND [23]] and
MiniBooNE [24] have shown directional reconstruction at high energy scales (10s
MeV - 1 GeV) using low-yield scintillator to allow for a dominant Cherenkov sig-
nal. Future "hybrid" experiments have been planned that use water-based liquid
scintillator (WbLS), where liquid scintillator is diluted in water to reduce the
yield of photons and allow a more dominant Cherenkov signal, in combination
with wavelength separation of Cherenkov and scintillation photons [25}26]].

So far, no large-scale high-yield scintillator experiment has so far been able to

reconstruct direction on an event by event basis. In this thesis, a method for such
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reconstruction will be presented which uses the timing separation between the
Cherenkov and scintillation signals. Event-by-event directional reconstruction
will be demonstrated in data using solar neutrinos at the MeV energy scale in
the SNO+ detector.

Neutrino properties and interactions are described in Section providing
motivation for the methodologies contained within this thesis. Section [1.2| de-
scribes the production of neutrinos by nuclear interactions in the Sun. In Section
the physical processes behind scintillator and Cherenkov detectors are out-
lines, explaining the differences in timing that can be used to extract directional
information from a scintillator detector. Additionally, potential methods of Cher-
enkov /scintillation hybridisation are discussed.

In order to increase the time separation, slower scintillators can be used. Sev-
eral slow fluors are explored in Chapter 2l An adapted single photon method for
measuring the timing parameters of a scintillator is described, and the emission
time profiles of liquid scintillator containing slow primary and secondary fluors
are presented.

The SNO+ experiment is described in Chapter 3l The geometry of the de-
tector and the data acquisition systems are explained, followed by a timeline
of experimental phases from the past, present and future. The simulation and
reconstruction software of the detector are also described.

The methods and results of directional reconstruction in the SNO+ exper-
iment are detailed in Chapter @ A 2D probability density function is intro-
duced, containing both time and topological information for individual detected
photons in a given physics event. This is then used in a maximum likelihood
reconstruction algorithm to find the most probable direction of electron travel
through the scintillator. The effectiveness of this method is demonstrated in sim-
ulations and major limiting factors are discussed. The method then applied to

high energy data of ®B solar neutrino events.
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The future of directional reconstruction in scintillator is discussed in Chapter
A method for combined direction-position reconstruction is explored. The
effectiveness in simulation is presented with explanations of the limits of such
methods in the SNO+ detector. The use of directional information to reduce
biases in position reconstruction is demonstrated. Additionally, the possibilities
of direction reconstruction in future detectors is investigated by simulating a
SNO+-like detector with modern photon detection capabilities. Conclusions of

this thesis can then be found in Chapter |6

1.1 Neutrino Physics

Neutrinos are neutral spin-% leptons. There are three generations, named after
the corresponding charged-lepton flavours: v, v, and v;. Neutrinos only in-
teract through the weak force and gravity. They are known to violate charge-
symmetry (as there is no detectable right-handed neutrino) and parity-symmetry
(as there is no detectable left-handed antineutrino). Neutrinos are unique within
the Standard Model (SM) for many reasons.

Neutrinos offer one of the most prominent windows to BSM physics available
to physicists today. Multiple open questions in neutrino physics have implica-
tions across the entirety of physics, and so their properties and interactions have
attracted decades of study. However, due to their weak interactions they re-
main difficult to detect, requiring significant investment in the development and
commissioning of large neutrino detectors.

This section will give an overview of the properties of the neutrino, emphas-

ising some of the open questions in neutrino physics.

1.1.1 Neutrino Oscillations

Neutrino oscillations were proposed as a solution to the SNP [27-29], after the

measured solar neutrino flux was found to be significantly lower than that pre-
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dicted by leading solar models (discussed further in Section [1.2). The theory
of neutrino oscillation proposed that the expected electron neutrinos may have
oscillated into a different type of neutrino, causing discrepancies between the
measured and predicted flux. The discovery of neutrino oscillations by SNO [9]
and SuperK [11] opened a wide ranging area of BSM physics for study.
Neutrino oscillations are caused by the fact that the three flavour eigenstates
(|Ve,u,r)) are a superposition of the three mass eigenstates (|vq2,3)). While the
flavour eigenstate of a given neutrino dictates the interaction paths available
to the neutrino, the mass eigenstate dictates how the neutrino will propagate
through space. The transformation between the flavour and mass eigenstates

occurs using the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix, U, as in

Equation [L.1.1]
|Vx> = Zua,x|va> (1.1.1)
o

where o =¢,u, T and x = 1,2,3. U is used to describe the three-flavour neutrino
oscillation probabilities. As will be discussed further in Subsection neutri-
nos have the possibility of being Majorana particles. U can be expressed as the
product of two matrices, U = UPUM, where UP is the Dirac matrix and UM

is the Majorana matrix. If neutrinos are in fact Majorana particles, UM has the

form
1 0 0
uM= 1|0 c»n o (1.1.2)
0 0 ¢

where ¢; » are the Majorana phases. If neutrino are not Majorana particles, ¢, =

0 and UM = [. UP can be expressed as a combination of three two-flavour
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oscillation matrices, as in Equation [1.1.3]

1 0 0 C13 0 513€_i5 c12 s12 O
UP =10 3 so3 0o 1 0 —s1p c1p O
0 —sp3 C23 —513671'5 0 C13 0 0 1
(1.1.3)
U Uep Ue
- LI,A Uyz Uyg
uTl ur2 u’l’3

where ¢,y = cos(fyy), sxy = sin(fry), Oxy is the mixing angle between mass
states x and y, and ¢ is the CP violation term. The probability of observing
a neutrino oscillation from flavour « to flavour B after travelling a distance L

through vacuum is given by Equation [30].

L 'AmijL
P(va%vﬁ):ZUakUﬁkUajUﬁjexp —i—7F (1.1.4)
kj

) 2
where Amk]. = my — m;

i is the difference in mass squared between the mass

eigenstates k and j, and E is the energy of the neutrino. Oscillation experiments
continue to improve precisions of the measurements of the mixing parameters
present in the PMNS matrix, as well as the Am? between the neutrinos.
Neutrino oscillation in vacuum requires no interaction with matter, and is an
inherent property of neutrinos themselves. However, matter can affect the detec-
tion probability of neutrino flavours through the Mikheyev-Smirnov-Wolfenstein
(MSW) effect. In matter, neutrinos can interact with particles via the weak force.
While all three neutrino flavours are able to interact with electrons and nuc-
leons via the Neutral Current (NC), only v, are able to interact with electrons
via the Charged Current (CC) (further explanation of neutrino interactions will
be described in Subsection [I.1.4). Because of this, propagating through matter

changes the effective potential for v, differently to the other flavour states, cre-
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ating a potential that is dependent on electron density. This leads to an altered
mixing angle, and also creates sensitivity to the sign of Am?, which is not present
in vacuum oscillations. This effect becomes prominent in solar neutrino meas-
urements, where the neutrinos must traverse the dense electron cloud in the Sun
before travelling through the vacuum of space.

A notable implication of neutrino oscillations is the existence of a neutrino
mass. In the SM, the neutrino is massless and does not couple to the Higgs
Boson. However, neutrino oscillations require a non-zero value for Am?, meaning

neutrinos must have mass. This opens the question of how that mass is possible.

1.1.2 Neutrino Mass

While the discovery of neutrino oscillations provided proof for neutrino masses,
there are still significant open questions on the topic. While the sign of Am?,
is known from solar neutrino measurements [10], only the absolute values are
known for the other mass squared differences. This leads to the possibility for
two different hierarchies of mass ordering, known as the normal and inverted
hierarchy, demonstrated in Figure

Additionally, while the Am? of neutrinos are measured through oscillation
experiments, this does not provide a measure of the absolute masses of the neut-
rinos. Direct measurements of the mass of the neutrino are still under investiga-
tion, such as the KATRIN experiment [32]], which investigates the effect neutrino
mass has on beta decay kinematics.

However, one of the biggest questions raised by the existence of the neutrino
mass is the mechanism by which that mass could be possible. In the SM, neutri-
nos are not able to couple to the Higgs boson. This is because the general mass

term of the SM Langrangian has the form shown in Equation [33].

Lp = mp(Pryr + PrYL) (1.1.5)
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Figure 1.1: A diagram comparing the normal and inverted mass hierarchies for
neutrinos. Each mass eigenstate is colour coded using approximate proportions
for each flavour state. The Am? are labelled as "atmospheric" and "solar", indicat-
ing the experimental regime in which they are typically measured. Figure taken
from [31]

Where mp is the Dirac mass of the particle (proportional to the coupling to the
Higgs), ¥ is a particle field, and L/R are the left/right chiral components. This
Lagrangian requires both the left and right handed components of a particle to
exist for it to have mass. However, in the SM a neutrino can only be left-handed,
as only left-handed neutrinos are able to couple to the weak force. This means
in order to have a neutrino with a Dirac mass, a sterile right-handed neutrino
must be added that does not couple to the weak force but only interacts through
gravity. While this solution is possible, it does not offer an explanation for the
large difference in scale between neutrino masses and the other SM particles.
However, this is not the only option for the mass mechanism of neutrinos.
Fermions in the SM are assumed to be Dirac fermions — they have a distinct
particle and anti-particle. For charged fermions, this must be the case as the
anti-particle has the opposite charge, so is fundamentally different to the particle.

However, neutrinos are neutral, and therefore there is the possibility that there
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is no difference between the neutrino and the anti-neutrino.
In 1937, Ettore Majorana presented a theoretical framework for a different

type of particle [34]. The Majorana particle is defined by Equation [35].

pe=Cpl =y C = ivo72 (1.1.6)

Where © is the charge conjugate of i, C is the charge conjugation matrix, and
Yo, 72 are Dirac matrices. This condition can only apply to neutral particles.
It can be shown that under the Majorana condition, g = ¢ [36], and a new

Majorana mass term can be formed as in Equation [35].

Lhi = 5 (Fye + Pryf) (1.17)

Where m is the mass of the left-handed neutrino. If neutrinos are Majorana
particles, this would allow for neutrinos masses without the introduction of
sterile right-handed neutrinos, while also providing an explanation for the dif-
ferent mass scales of neutrinos and the other SM particles.

So far, no evidence has been found to either prove or disprove neutrinos as
Majorana particles. However, many current and future experiments are search-
ing for a phenomena that could confirm the Majorana nature of neutrinos: neut-

rinoless double beta decay.

1.1.3 Neutrinoless Double Beta Decay

Beta decay is a well understood process, where a neutron within a nucleus de-
cays into a proton, emitting an electron and an anti-neutrino. Double beta decay
is the process of a nucleus undergoing two simultaneous beta decays [37], as in

Equation [I.1.§]
(Z,A) = (Z+2,A) +2¢ +27, (1.1.8)
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The reason this occurs can be explained using the mass parabolas of isobaric

nuclei (nuclei with a constant atomic number) as shown in Figure
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Figure 1.2: The mass parabolas of isobaric nuclei with an even atomic number.
The pairing term in the binding energy splits the even-even nuclei from the odd-
odd nuclei. B~ decay can occur between the parabola, changing Z by 1, as in
(a.i) and (a.ii). In (b), the daughter nucleus would have a larger mass, so the S~
decay is forbidden. However, the nucleus can still decay via =B, changing Z
by 2, as in (c). Processes that reduce Z are also possible through the emission of
BT, though not shown on this diagram.

When a nucleus has an even atomic number, it can have N and Z be both
even or odd. It is energetically favourable for like nucleons to pair, leading to an
additional term in the binding energy that reduces the mass of even-even nuc-
lei [38], leading to two split mass parabolas. A B~ decay can occur between the
parabolas as shown in (a.i) and (a.ii) in Figure where the daughter nucleus
has a smaller mass than the parent. The B~ decay in (b) would create a daughter
nucleus with a larger mass than that of the parent, meaning this process is for-
bidden. However, the parent nucleus is not the most stable state, and can instead

decay through two simultaneous B~ decays, as shown in (c). Double beta decay
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has been experimentally observed in multiple isotopes [39].

If neutrinos are Majorana particles, there is another possibility for double
beta decay. Rather than producing two antineutrinos, it is possible that the anti-
neutrinos could annihilate, as they are their own anti-particle [40]. This process
is known as neutrinoless double beta decay (0vf). The Feynman diagrams of

both two neutrino double beta decay (2vBg) and OvBp are in Figure

n P n P
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n p n p
(a) 2vpp (b) OvBB

Figure 1.3: Feynman diagrams of double beta decay. In @, two antineutrinos are
emitted as expected. In (b), the antineutrinos annihilate due to their Majorana
nature.

OvBp has not yet been observed. Many experiments, both current and planned,
have the search for Ovpp as a primary physics goal [41]. The detection of Ovpp
would prove that neutrinos are Majorana particles, and would demonstrate a
lepton number violating process. This discovery would have wide ranging im-
plications throughout particle physics.

The main physics goal of SNO+ is to observe OvBp. This search will look for
the distinct energy signal of OvBp as a delta peak at the Q-value of the 2vpp, as
seen in Figure [1.4]

The separation between the OvBpB peak and the 2vBf8 spectrum end point is

due to the mass of the neutrinos, which reduces the available energy given to
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0vpp

Qpp

Total electron energy

Figure 1.4: Energy signature of Ovpp as compared to the 2vBB spectrum. The
spectrum is given as a function of the total energy of the two emitted electrons.
There is a separation in energy between the end of the 2vBp spectrum and the
OvBp peak, corresponding to the neutrino mass. Figure taken from [42].

the electrons in 2vpp. This means that the detection of OvB could also provide
a method of measuring the Majorana mass of the neutrino. However, detector
resolution effects smear both the signal and the background, reducing the sep-
aration. Because of this, there is a high importance placed on precise energy

reconstruction in OvBp experiments for the ability to resolve the peak.

1.1.4 Neutrino-Electron Elastic Scattering

Neutrinos are detected through their interactions with matter. Because of this,
neutrino interactions need to be well understood for any investigation of neut-
rino properties to be successful. The type of neutrino interaction used in each
experiment is determined by the energy scale of the neutrinos being detected.
Neutrinos can scatter off nuclei, nucleons, or even partons at a high enough
energy. In a detector like SNO+, the incoming neutrinos are usually not of a
high enough energy for the rebounding nucleus to emit a significant scintillator

signal. Antineutrinos are detectable through Inverse Beta Decay (IBD), as in



Chapter 1. Introduction 13

Equation [1.1.9

To+p—n+e (1.1.9)

However, the majority of detected neutrino interactions in SNO+ come from
neutrino electron (v — e) elastic scattering (ES).

There are two leading order channels that v — ¢ ES can take. One is medi-
ated by the Z boson, called the Neutral Current (NC) interaction. The other is
mediated by the W boson, called the Charged Current (CC) interaction. The CC
interaction is only available to v, as the incoming energies of the neutrinos are
not high enough to produce either a muon or a tau. The Feynman diagrams of

these interactions are shown in Figure

Vi Vi Ve e

A W

(a) NC (b) CC

Figure 1.5: Feynman diagrams for v — e ES. The NC interaction @) is available to
all neutrino flavours. The CC interaction (b) is only available to v, due to energy
contraints.

The differential cross-section of v — e ES in the laboratory frame (where the
initial momentum of the electron is 0) is shown in Equation [1.1.10| [36].
do 2G%m,

d_Tg(EV’ Te) -

T.\* m, T,
S+ (1—E—V) ~ 8182 ] (1.1.10)

Where T, is the kinetic energy of the outgoing electron, Gr is the Fermi coupling
constant, and E, is the energy of the incoming neutrino. The values of g; and ¢,
are dependent on the neutrino flavour, and are defined as in Table [36].

Radiative corrections must be introduced when measuring solar neutrinos
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Neutrino Flavour 21 82
Ve T +sin?(6w) | sin?(fy)
Vit — 1 +sin?(Ow) | sin®(Ow)

Table 1.1: Values of g; and g» in the differential cross-section for v — e ES for
different neutrino flavours. 0y is the weak mixing angle, or Weinberg angle.

with a high flux [43]. When investigating neutrinos with energies >5MeV, these
corrections to the cross section reduce the probability of an electron recoil by
~ 4%.

Of particular interest to the work in this thesis is the angular correlation
between the incoming neutrino and the outgoing electron. While the direction
of the incoming neutrino is important for background rejection of solar neut-
rinos, only the direction of the outgoing electron can be studied, meaning an
understanding of the kinematics is crucial to setting limits on the accuracy of
a possible reconstruction-based signal selection. By treating the interaction as
a perfectly elastic scatter using relativistic kinematics (and assuming a massless

neutrino), it’s possible to show the angle between the incoming neutrino and the

outgoing electron is given by Equation (1.1.11] [44].

E, [E.—
cos(6y_c) = me; V‘/EZ+ZZ (1.1.11)

Where 6,_, is the scattering angle, m, is the electron mass, E, is the incoming

energy of the neutrino and E, is the outgoing energy of the electron. This means
the scattering angle is determined by the outgoing energy of the scattered elec-

tron.
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1.2 Solar Neutrinos

Solar neutrinos have long provided experimental motivation for physicists. The
Sun produces neutrinos through nuclear processes, meaning that study of the
neutrino flux from the Sun can provide information about the elemental com-
position and energetic processes within the Sun itself. Solar neutrinos were
therefore an area of high interest for physicists in the latter half of the twentieth
century. Initial investigations of this flux led to what became commonly known
as the Solar Neutrino Problem (SNP).

Experimental measurements of the solar neutrino flux demonstrated a defi-
cit when compared to leading solar models. In 1998, the Homestake Chlorine
Detector published a rate of 2.56 + 0.16(stat) + 0.16(syst) SNU (Solar Neutrino
Units; 1SNU = 10736 events/atom/sec) [7]. Predictions from theory at the time
indicated an expected flux in chlorine detectors between 6.4 +1.4SNU [45] and
9.34_’%:%x SNU [46]]. Deficits in observed solar neutrino flux were also found in gal-
lium detectors [47,48] and water Cherenkov detectors [49], although the discrep-
ancy differed in different target media due to the different energy thresholds.
Additionally, a study of atmospheric neutrinos using the Kamiokande-II detector
saw a deficit in v, flux, detecting only 58+7% of the predicated flux from MC
studies [50], demonstrating that the SNP went beyond that of a solar model
issue. The SNP was solved by the discovery of neutrino oscillations (handled
mathematically in Section [I.1I), by both the Super-Kamiokande experiment for
atmospheric neutrinos [11] and the SNO experiment for solar neutrinos [9,10].

In the years since the solution to the SNP was found, solar neutrinos have con-
tinued to be studied at neutrino detectors, both for the measurement of neutrino
oscillation parameters and to study solar models. They also provide a directional
source with which to study directionality within a scintillator detector. This sec-

tion will outline the types of processes within the Sun that produce neutrinos.
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1.2.1 The Proton-Proton Chain

The Proton-Proton (PP) chain is named as such because it starts with two pro-
tons. There are several variations and paths [51], but all versions involve the
creation of Helium from Hydrogen via 4'H* +2e~ — *He** +2v,. The PP

chain begins as follows (where E, is the emitted neutrino energy [52]):

p+p—H+e +v, E, < 0.420MeV (1.2.1)

A second less common process (0.4% [51]) for the fusion of two protons is

also possible, in the form:
ptp+e —2H+v, E, = 1.442MeV (1.2.2)
The formation of *He then follows through the reaction:

H+p — *He + v (1.2.3)

From this point, the PP chain has multiple paths that it can undergo. The
relative probabilities of each path are dependent on temperature [53]. In the Sun,

PPI is the most common path (85% [51]), and involves one further interaction:
SHe + °He — *He + p+p (1.2.4)
PPII (14.98% [51]]) involves the fusion of a 3He with a preexisting “He:

SHe + *He — "Be + v (1.2.5)
0.862 MeV (89.7%)

‘Be+e~ — "Li+ 1. E, = (1.2.6)
0.384 MeV (10.3%)

Li+p — *He + ‘He (1.2.7)
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PPIII (0.02% [51]) involves the creation of ®B from ”Be:

3He + “He — "Be + 7y (1.2.8)
Be+p — B+ (1.2.9)
8B — 8Be et + 1, E, < 15MeV (1.2.10)
8Be — “He + *He (1.2.11)

A final path is PPIV (2 x 107°% [51]), where “He is formed directly from the

fusion of *He with a proton:
SHe+p — “He +e™ + v, E, < 18.773MeV (1.2.12)

There are a total of five interactions that emit neutrinos within the variations
of the PP chain: pp , pep , "Be , 5B and Hep .
While there has been experimental evidence for the detection of pp [54,51], pep
[55,551], “Be [56,551] and B [6,51] neutrinos, Hep neutrinos have not yet been

detected despite their high energies, implying that PPIV is very subdominant.

1.2.2 The CNO Cycle

The other nuclear reaction chain that emits neutrinos is the Carbon-Nitrogen-
Oxygen (CNO) Cycle. As with the PP chain, there are multiple paths for the
CNO cycle to take, all of which create Helium from Hydrogen in the net reaction
of 4TH" +2e~ — *He*t + 2v,. Unlike the PP chain, the reactions in the CNO

cycle use carbon, oxygen, nitrogen or fluorine as catalysts.
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The first path available in the Sun is CNOI (99.95% [57]):

UN+p— PO+ 9 (1.2.13)
50 = PN +et + v, E, < 1.732MeV (1.2.14)
BN+ p — 2C 4 *He (1.2.15)
2Crp— BN+oy (1.2.16)
BN - BC+et +v, E, < 1.199 MeV (1.2.17)
BCrp - UN++ (1.2.18)

The second variation on the cycle is CNOII (0.05% [57]):
UN+p = PO+1y (1.2.19)
50 = BN +et + 1, E, < 1.732MeV (1.2.20)
PN+4+p— %0+ 9 (1.2.21)
%O+ p— VEF+q (1.2.22)
VE 5704t + v, E, < 1.740 MeV (1.2.23)
Y70+ p - N+ *He (1.2.24)

There are other variants of the CNO cycle that are possible, but due to the

temperatures and elemental composition of the Sun, their contribution is neg-

ligible [53]. Experimental evidence has been shown for the detection of CNO

neutrinos from the Sun [57]], within an energy range of 780 keV to 885 keV where

all three neutrino emitting processes (>N, 1°0 and ”F) are present.

1.2.3 Solar Neutrino Energy Spectrum

The emitted neutrinos from each of these interactions have distinct energy spec-

tra. The prominence of each variation of the chains and cycles would be reflected

in the relative fluxes of neutrinos at different energies detected on Earth. This
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information can then be used for updated solar models as more precise meas-
urements become possible with larger, more sensitive detectors.

The energy spectra of solar neutrinos, emitted as part of both the PP chain

and the CNO cycle, can be seen in Figure
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Figure 1.6: Energy spectrum of solar neutrinos from both the PP chains and the
CNO cycle. Figure taken from [51], and made using data from [58] and fluxes
from [59].

1.3 Photon-Based Neutrino Detection

Neutrino experiments utilise a variety of technologies to detect the products
of neutrino interactions in matter. The detection method used will be chosen
based on the requirements of the neutrino study being conducted. The energy
range, interaction products, and precision requirements must all be accounted
for when selecting technologies for a new detector. While Time Projection Cham-
bers (TPCs) are quickly becoming more common in neutrino beam experiments,

photon-based detection is still used for many large scale solar neutrino detectors

and OvpBp searches.



Chapter 1. Introduction 20

Photon-based detectors largely fall into one of two categories: Cherenkov and
scintillator. Cherenkov and scintillator detectors do not tend to have the preci-
sion readout of position found in noble gas TPCs, which means that track recon-
struction is rarely available. However, there are still many benefits to photon-
based detection. The technology does not require the large voltages used in
TPCs, making it cheaper to run and more easily scalable to large volumes. Many
photon-based detectors do not require cryogenic temperatures to function, as is
needed for the use of liquid noble gases, as is common in TPCs. Both Cherenkov
and scintillator detectors have their own advantages and disadvantages. This
section describes the processes behind both Cherenkov and scintillation light

emission, and the possible methods for combining the detection techniques.

1.3.1 Cherenkov Detectors

Cherenkov detectors have contributed significantly to neutrino physics over the
past decades. Both the SNO detector [9] and the Super-Kamiokande detector [11]
used Cherenkov detection to measure neutrino oscillation. Some experiments
even take advantage of the natural abundance of water and ice on earth, placing
Cherenkov neutrino detectors in the ocean, such as ANTARES [60] and KM3NeT
[61], or in the antarctic ice, such as IceCube [62].

Cherenkov radiation is emitted when charged particles travel through a dielec-
tric material faster than the speed of light in that material [63]. This phenomenon
was originally observed by Pavel Cherenkov [64,65], and later formalised the-
oretically by Ilya Frank and Igor Tamm [66,/67]. As the charged particle moves
faster than the electromagnetic field around it, it creates an asymmetric polar-
isation of the dielectric medium according to the direction of motion. The ele-
mentary electro-magnetic waves emitted from the individual points along the
electron’s track combine coherently, causing a wave front and the emission of

light from the medium. This can be seen diagrammatically in Figure
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Figure 1.7: Diagrams showing the mechanism for the emission of Cherenkov
radiation. In each diagram, the black points represent an individual point on the
particle’s trajectory, and the circles show the emitted electromagnetic wave from
each point. In (a), the particle is moving with v < £, so the elementary electro-
magnetic waves do not coherently combine. In (b), v > & and the elementary
waves combine to form the red wave front.

The wavefronts are emitted at an angle according to the movement of both
the charged particle and the speed-of-light reaction of the polarised material.
This can be seen in Figure and leads to the expression of the Cherenkov
angle, 6., found in Equation [67].

cos(f.,) = %ﬂ = — (1.3.1)

where ¢, is the speed of light in the medium, v is the speed of the particle, n is

the refractive index of the medium and B is v/c.

Figure 1.8: Derivation of the Cherenkov angle. In a time t, the particle moves
vt between the black dots. The elemental wave travels a distance c,t from the
original position of the particle. This allows for the calculation of 6.
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The energy loss of the electron through Cherenkov emission is defined by

Equation [67,68].

dE _ 1
dx 2 Jpn>1

wdw <1 1 ) (1.3.2)

N B2n2

Where dE is the energy loss, dx is the distance travelled and g is the charge of
the particle. The number of photons (N) emitted between wavelengths A; and

A; can then be given by Equation [67].

iN 11 1\ 11\ .,

Where « is the fine structure constant. Frank and Tamm used this to show that
a typical fast electron at the Cherenkov threshold for water (8 ~ 3/4, equivalent
to an energy of ~262keV) will emit ~10 Cherenkov photons, consistent with
experimental observations by Cherenkov [67].

These features of Cherenkov radiation create specific advantages and disad-
vantages for use in neutrino detectors. Advantages include the fact that Cher-
enkov radiation is emitted in any clear dielectric medium, including water. This
leads to relatively low cost associated with the target medium of the detector.
Cherenkov radiation also offers the ability to reconstruct a direction of a particle,
due to the signature Cherenkov ring around the direction of motion. These
rings can also be used for particle identification between electrons and muons.
Electrons, being the lighter particle, are more easily scattered while travelling
through the water, meaning electron Cherenkov rings appear "fuzzier" [69].

However, Cherenkov detectors also suffer from some disadvantages. Cher-
enkov radiation has a minimum energy threshold, requiring that B > i. Cher-
enkov radiation also has a comparatively low photon-yield, only emitting ~10s
of photons per MeV. This leads to a low precision for energy reconstruction in

Cherenkov detectors.
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Cherenkov detectors are well suited to neutrino studies where the neutrino
source has a known direction, particularly solar neutrino studies. Flux measure-
ments do not depend as rigidly on energy precision, and backgrounds can be
rejected based on the travel direction of the scattered electron. However, very
low energy neutrino studies, or searches that rely on a high precision of energy,

are better suited to scintillator detectors.

1.3.2 Scintillator Detectors

Scintillator detectors have a similarly solid foundation already in neutrino phys-
ics. Liquid scintillator targets were used in the Cowan-Reines experiment [4]
for the initial discovery of neutrinos, although they were not used to detect the
products of a neutrino interaction. Instead they were used as a detection mech-
anism for the photons produced by electron-positron annihilation and neutron
capture. Liquid scintillator detectors have been used for low energy solar neut-
rino studies, such as Borexino [70], low energy reactor anti-neutrino measure-
ments, such as KamLAND [71] and Daya Bay [72], and Ovpp searches, such as
KamLAND-Zen [73].

Unlike Cherenkov radiation, scintillation emission cannot occur in all media,
but requires a scintillator. The molecules are excited as a charged particle tra-
verses and deposits energy into the scintillator. The molecules then relax back
to the ground state by emitting a photon [74]. This deexcitation energy will be
individual to a given molecule, leading to a unique emission spectrum.

Scintillation emission corresponds to one of two luminescent phenomena:
fluorescence or phosphorescence. For fluorescence, this process is a simple trans-
ition between states of the same multiplicity (AS = 0), whereas phosphores-
cence involves the forbidden transition between states of different multiplicity
(AS # 0) [75]. This means the phosphorescence occurs over a much longer

time scale, with lifetimes ranging between the milliseconds scale to hundreds
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of seconds [76]. Typical fluorescence lifetimes range between nanoseconds and
microseconds [76}77]. The phosphorescence can create a long-lived contribution
to the emitted light, but is a rarer phenomenon in scintillators, as the molecule
must first have been excited in a way that allowed for a AS # 0 transition from
the ground state — for example, ionisation. This is more common with heavier
charged particles, creating a different time profile response to different types of
ionising radiation in scintillators.

Large-scale detectors often use organic liquid scintillators due to the ability to
create large quantities at the required purity levels [78]. These organic scintillat-
ors frequently contain benzene rings, such as linear alkyl-benzene (LAB) used in
the SNO+ experiment. While three of the carbon valence electroncs are required
for o bonds between the carbon and hydrogen atoms, the one remaining electron
is found in the perpendicular p-orbital. These orbitals overlap, and a 7t orbital

of delocalised electrons is formed [74]. This can be seen in Figure

o0 bonds o bonds

Tt electrons

(a) (b)

Figure 1.9: The electron orbitals present in a benzene ring. The individual p-
orbitals in (a) overlap to form a delocalised band of electrons in the 77 orbital, as
seen in (b). Figure taken from [79].

Tt electrons

The delocalised ring of electrons has energy levels that correspond to the
emission of optical photons, causing the scintillation used in large-scale particle

detectors [74].
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Once a photon is emitted, it can have a high probability of reabsorption into
the scintillator to excite another molecule. This is not a desirable quality for a
large-scale detector, as it means light will not reach the light detection techno-
logy placed around the outside of the scintillating target medium. There is a
natural shift in emission compared to absorption spectra in scintillators due to
vibrational relaxation [80], meaning that the use of a single pure scintillator is
not impossible, but it is often desired to increase the detected light-yield further
by using an additional wavelength shifter.

In a typical scintillator cocktail, there will be a solvent and a primary fluor,
which acts as a wavelength shifter. While the solvent is excited by the charged-
particles, it does not relax to the ground state by emitting a photon. Instead, it
non-radiatively transmits the energy to the primary fluor, causing that to enter an
excited state [74]. The fluor then deexcites by emitting a photon, which will be at
a shifted wavelength compared to the solvent’s emission spectrum. This process
can be repeated through an additional secondary fluor, bringing the emitted
photon’s wavelength even further from the peak absorption of the solvent. The
addition of fluors can also improve light yield due to their improved quantum
yield — the proportion of their deexcitations that are undergone radiatively, and
therefore the number of photons emitted. Individual detectors will tune the
exact scintillator cocktail to the needs of the experiment, with considerations
including the method of light detection and the size of the detector.

The light yield of a scintillator is given by Birks” Law [81], as seen in Equation

134 dE
%\f = Oﬁ (1.3.4)
x
Where N is the number of emitted photons, L is the efficiency of the scintillator,
and ‘;—5 is the energy loss per unit length of the particle. The Birks” constant,
kg, is the product of two constants: the proportionality constant between con-

centration of ionised molecules and the energy loss, and the probability of an
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ionised molecule being excited instead of an unionised one. However, as these
two constants only appear as a product and are both dependent on the scintil-
lator, they are considered to be a single constant. This means the Birks” Law
indicates that light yield will be quenched due to the ionisation of molecules in
the scintillator. This effect is more prominent for high values of ‘é—g, where the
light yield plateaus to a constant ,f—g Light yield varies significantly between scin-
tillator cocktails. The scintillator cocktail used for SNO+ (described in Section
showed yields of > 10000 photons per Mev [82].

This high light yield of scintillators constitutes the major advantage of scintil-
lator detectors. The large number of detected photons provides a precise recon-
struction of both energy and position. For searches such as 0vBg, good energy
resolution is crucial for the ability to distinguish signal from background (as
discussied in Section [I.1.3). Good position resolution also contributes to back-
ground rejection, as many backgrounds come from "external" sources around the
target medium and as such can be removed with a fiducial volume cut. Scintil-
lators also do not have an energy threshold for photon emissions, meaning very
low energy studies of sources such as solar neutrinos are possible.

The primary disadvantage of scintillator detectors is the lack of directional
information in the scintillation signal. Scintillation light is emitted isotropically,
and for most particle interactions the resolution is not sufficient to reconstruct
particle tracks. This means that background rejection cannot be done on the
basis of incoming neutrino direction. Not only does this impact solar neutrino
studies where the source has a single known direction, but also any studies for
which solar neutrinos are a background. For example, in the OvBp search in the
SNO+ detector, 8B solar neutrinos are an irreducible background in the region
of interest [79]. These neutrino experiments could benefit greatly from the direc-

tional information present in Cherenkov-based detectors, if the two technologies

could be used simultaneously.



Chapter 1. Introduction 27

1.3.3 Hybrid Detectors

The topic of combining Cherenkov and scintillation detection techniques has
attracted significant interest from the neutrino physics community in recent
years [12]. Several methods have been proposed, with table-top scale proto-
types already demonstrating the ability to distinguish between Cherenkov and
scintillation signals. This subsection will offer an overview of the state of the

tield on hybrid Cherenkov/scintillation technologies and future detectors.

1.3.3.1 Correlated and Integrated Directionality

The Correlated and Integrated Directionality (CID) method was developed for
use in the Borexino detector [22,83], with results first published in March 2022. In
CID, individual events are not investigated for directional information. Instead,
a large dataset is integrated over to find the angular distribution of individual
photons, correlated with the direction of the sun. Cherenkov light is emitted
instantaneously compared to the excitation and relaxation time of a scintillator.
Therefore, only the first and second detected photons in a given event are used
(after corrections are applied for time of flight across the detector). This creates
the highest probability that the photons are Cherenkov, and therefore contain
information about the direction of travel of the electron.

Angular information is measured in terms of &, the angle between the emitted
photon direction and the solar direction, as shown in Figure [1.10}

Data from Phase 1 (May 2007-May 2010) of the Borexino experiment was
used to test this method. 19904 events were selected with reconstructed electron
energies between 0.5MeV and 0.8 MeV. In this region, the dominant solar sig-
nal originates from “Be neutrinos, with small contributions from pep and CNO
neutrinos. The distribution in « for the first detected photon from each event
can be seen in Figure This distribution is compared to simulated Monte

Carlo (MC) distributions for solar neutrinos and isotropic electron background.
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Figure 1.10: Definition of &, the angular parameter used in CID in the Borexino
experiment. While scintillator light (blue) is not correlated to the solar direction,
Cherenkov light (red) is emitted in a cone around the direction of travel. Only
the first two detected photons are used for CID, displayed with angles & and
ay. Figure taken from [83].
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Figure 1.11: Distribution in « of the first detected photons for Phase 1 of the
Borexino experiment. Distributions for simulated MC of solar neutrinos (red)
and isotropic electron background (blue) are also included. The best fit distribu-
tion (pink) contained 10887 solar neutrinos. Figure taken from .
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By performing a x? fit over the distributions of the first and second detected
photons (the details of which can be found in [22]), the number of solar neutri-
nos within the dataset was found to be Ny, = 108873‘;’82(51}%) + 947 (syst).
A pure background hypothesis, with no detection of solar neutrinos, was rejec-
ted with a > 5¢ significance.

This result constitutes the first measurement of sub-MeV solar neutrinos us-
ing directional information from Cherenkov light in scintillator. This method
could be used in combination with other event information (most prominently
energy and position) to statistically separate solar events in large liquid scintil-
lator detectors. However, for CID to produce result with large significance, it
requires a large dataset to integrate over. It also cannot produce directional in-
formation for a single event. CID offers a method to determine the flux of solar
neutrinos in a detector using the sun’s direction, but cannot be used to reject
solar neutrinos as backgrounds from other studies on an individual basis. In

order to do this, methods of further separating the Cherenkov light are desired.

1.3.3.2 Wavelength Separation and Dichroicons

One method of hybridisation utilises the fact that the emitted wavelength of scin-
tillation light is determined by the scintillation cocktail chosen and falls within
a relatively narrow band, while Cherenkov light has a wide spectrum of emis-
sion [84]. This creates the opportunity for spectral sorting, where photons are
labelled as scintillation or Cherenkov based on their wavelength. An example of
a comparison between Cherenkov and scintillation spectra can be seen in Figure
It can be seen that long wavelength photons can be assumed to be Cheren-
kov, opening the possibility of separating Cherenkov photons for directionality
within a scintillator detector.

While simple wavelength filters could allow some photon-detectors to be des-
ignated as purely for scintillation or Cherenkov, this would reduce the effective

coverage of the detector as a whole, reducing the achievable energy resolution.
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Figure 1.12: A comparison of Cherenkov and scintillation spectra, using the
common fluors 2,5-Diphenyloxazole (PPO) and p-terphenyl (PTP). The scintilla-
tion spectra are relatively narrow at short wavelengths, whereas the Cherenkov
spectra continues up to longer wavelengths. Photons with wavelengths above
~460nm are primarily Cherenkov photons. Figure taken from [85].

It would be desirable to sort the photons by wavelength, while still ensuring the
majority are detected. One method of doing so is the "dichroicon" [21]. Dichro-
icons are based on Winston cones [86], a maximal-concentration reflector used in
many photon-based detectors. Dichroicons replace the standard reflective mir-
ror with wavelength filters, concentrating long wavelength photons to a primary
photon-detector, while short wavelength photons are allowed to pass through
to a secondary photon-detector. Multiple designs of dichroicon have been sug-
gested involving different configurations of secondary detection mechanisms. A
schematic of a prototype is shown in Figure which uses two photomultiplier
tubes (PMTs) and a long-pass filter.

The dichroicon allows short wavelength photons to pass through to a R1408
8-inch Hamamatsu PMT. The long wavelength photons, assumed to be Cheren-
kov, are instead concentrated down to a R7600-U20 Hamamatsu 1-inch square
PMT. This allows directional information to be derived by only investigating

information from the smaller primary PMT, while the high yield scintillation
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Figure 1.13: Schematic of a prototype dichroicon. The short-pass filter allows
short wavelength photons through to a R1408 8-inch Hamamatsu PMT. Long
wavelength photons (assumed to be Cherenkov) are instead concentrated down
to a R7600-U20 Hamamatsu 1-inch square PMT. Figure adapted from [21]].

light is still collected by the larger secondary PMT. Investigations of the pro-
totype [21] showed the Cherenkov light could be identified with a 90% purity.
The efficiency for detecting the short wavelength light was shown to be ~30%,
but it is expected that with adjustments to the reflector system this could be im-
proved. Additionally, pulse-shape discrimination between  and a particles was
demonstrated.

Dichroicons provide a very promising technology for the hybridisation of
Cherenkov and scintillation detection mechanisms, maintaining a high detected
light yield while still identifying Cherenkov photons to a high purity. However,
many Cherenkov photons are still short wavelength, and so the number of detec-
ted Cherenkov photons is decreased. Additionally, dichroicons require a more
sophisticated photon detection system, increasing costs in order to gain good
coverage of a large-scale detector. The potential for investigation of dichroicons
in a large-scale detector will be possible in the Eos demonstrator (a 4 ton detector
with the ability to deploy various target media, with data taking planned to be-
gin in 2024) [25] and the Theia detector (a prospective detector design planned
to be filled with water-based liquid scintillator, with a potential target mass of

up to 100kt) [26].
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1.3.3.3 Scintillation Suppression and Water-based Liquid Scintillator

Another method to extract directional Cherenkov information from a scintillator
is to reduce the number of scintillation photons emitted, increasing the ratio of
Cherenkov to scintillation photons. This method was used in the LSND [23]
and MiniBooNE [87] detectors. LSND deployed mineral oil with a low concen-
tration of fluor, using 0.031 g/L butyl-phenyl-bipheny-oxydiazole. For particles
Niso

with B = 1, this led to a ratio of

Cher

~ 5 where N is the number of photoelec-
trons generated, iso refers to all isotropic light (including scintillation light and
Cherenkov light that was absorbed and remitted isotropically), and Cher refers
to directly detected Cherenkov light. For electrons with energies >20MeV, an
angular spread of 12° in reconstructed direction was reported. MiniBooNE used
pure mineral oil, deploying no additional fluor, and reported angular resolutions
<5° for both electrons and muons with energies >100MeV [24]. Both detectors
used the presence of low level scintillation light for improved energy resolution
and particle identification.

Scintillation suppression can also by achieved through the use of Water-
based Liquid Scintillator (WbLS) [88]. By putting a low concentration of scintil-
lator (1-10%) into water, Cherenkov light can be allowed to dominate while still
maintaining the emission of scintillation light for particles below the Cherenkov
threshold. However, organic liquid scintillators are generally immiscible in wa-
ter. In order to introduce the scintillator into the water, the scintillator cocktail
is contained within spherical "micelles", shells made of compounds known as
surfactants. The surfactants are chain molecules, with a hydrophilic end and a
hydrophobic end. The structure of a micelle can be seen in Figure [I.14]

With the liquid scintillator incorporated into the water, it is possible to in-
vestigate the possibility for Cherenkov separation and directionality in WbLS.
Multiple studies have been conducted on this topic [18,89-91], with develop-

ment ongoing [12]. Several demonstrators have been proposed for testing WbLS
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Figure 1.14: The structure of a micelle as used in WbLS. The micelle is made
of surfactants, chain molecules with one hydrophobic end and one hydrophilic

end. The surfactants create a shell, containing the liquid scintillator within the
external water.

at the tonne-scale [12}25,92], and the THEIA detector will use WbLS as part of
its hybrid detector program [26]. Predictions indicate that THEIA could have
the capacity to outperform existing neutrino detectors in the search for the dif-
fuse supernova neutrino background [93]. However, simulated studies have not
shown an improvement in potential searches for CNO neutrino flux or Ovpp
when using WbLS compared to conventional liquid scintillator. There is the
potential for this to be improved by the introduction of additional Cherenkov
separation techniques [14].

WbDLS and other methods of scintillation suppression obtain directional in-
formation by operating as a Cherenkov-dominated detector, while benefitting
from scintillation light for particle identification and detection of particles be-
low the Cherenkov energy threshold. However, by suppressing the scintillation
emission, the precise energy resolution that searches such as OvpBp rely on is lost.
With a significant development program planned in the coming years, the exact
capabilities of different WbLS cocktails will be thoroughly examined, leading to

a new type of large scale neutrino detector.
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1.3.3.4 Time Separation

As discussed in Section scintillation light originates from the excitation
and relaxation of the molecule to emit light. This process takes a characteristic
lifetime, dependent on the exact combination of fluors used. Cherenkov light,
however, is emitted instantly as the charged particle travels. This means that
another way to separate Cherenkov light from scintillation is by timing, where
Cherenkov light should be detected earlier than scintillation light. Additionally,
dispersion in large-scale detectors can increase the time separation due to long
wavelength light being primarily Cherenkov. Simulated studies of large-scale
detectors often use time separation to select for "early" photons, using the aniso-
tropy in the early Cherenkov light to reconstruct direction using methods similar
to those used in Cherenkov detectors [13].

Typical scintillator cocktails currently used in neutrino detectors have rise
times up to 1ns, with primary fall times in the range of several nanoseconds
[70,82,94]. In order to effectively separate the Cherenkov photons from the scin-
tillation for use in direction reconstruction, fast photon detectors can be used.
Modern 8inch PMTs can have transit time spreads (TTSs) of under 700 ps [95].
Smaller PMTs can have much narrower TTSs. The CHESS experiment [96] used
26.2mm Hamamatsu H11934-200 PMTs with a TTS of 0.27ns [97] to demon-
strate Cherenkov separation in linear alkylbenzene (LAB) with 2 g/L PPO [16],
the scintillator cocktail used in the SNO+ experiment. However, smaller PMTs
come with higher costs for large detectors when maximising coverage. Another
tfast photon detection technology is the Large Area Picosecond Photodetector
(LAPPD). Commercially available LAPPDs [98] are 20 cm x20cm square tiles
comprised of two layered microchannel plates (MCPs) [99]. The LAPPD offers
millimetre-scale spatial separation of detected photons and a time resolution of
50 ps [100]. LAPPDs are not yet economically viable for large-scale neutrino de-

tectors, but continued development is underway to investigate the potential for
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use in Cherenkov separation in scintillator [12].

Alternatively, instead of speeding up the response of the photon detection
technology, time separation of Cherenkov light could be achieved by slowing
down the emission of scintillator light. Fast scintillators are often used in scin-
tillator detectors as they offer more precise reconstruction of a position-time
vertex. However, if the scintillator is slowed, fast photon detection would not
be necessary to resolve the difference between "early" Cherenkov light and "late"
scintillation light. Simulated studies of slow scintillators show that direction re-
construction could be possible in a large-scale neutrino detector, using realistic
photon detection capabilities [101,{102]. In order to confidently project the po-
tential for slow scintillator directionality, the characteristics of the fluors must be
carefully measured. Chapter [2| details the measurements of the time parameters
of four slow fluors, including the clear demonstration of time-based Cherenkov

separation.
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Slow Fluors for Cherenkov

Separation

“Nothing travels faster than the speed of light with the possible exception of bad news, which

obeys its own special laws.”
- Mostly Harmless, Douglas Adams

Direction reconstruction in scintillator through the use of timing separation
is a technique well suited to low-energy studies, especially those that require
high energy precision such as the search for OvBB. Time separation does not
reduce the total light detected, as high-yield scintillators can still be used and no
photons are lost to wavelength filtering. However, standard scintillator cocktails
currently used in large LS neutrino detectors often have timing profiles faster
than standard PMT response times. Fast scintillator emission allows increased
precision of position-time reconstruction, as well as the ability to have a short
trigger window. However, it decreases the effectiveness of directionality within
the detector due to the inability to effectively separate early Cherenkov light. If
future detectors wish to prioritise direction reconstruction for background rejec-
tion in low energy studies, slower fluors would be desirable.

To properly investigate the possibility of time separation of Cherenkov light
in slow scintillators, the emission time profile of the scintillating material must

be well known. This will allow the ability to distinguish which photons are

36
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detected "early"”, and are therefore more likely to be Cherenkov photons for use
in directional reconstruction. This chapter will present the measurement and
characterisation of the time profiles for several slow scintillator mixtures, and
demonstrate the possibility of directionality using these mixtures.

This analysis — including all figures presented in this chapter — was origin-
ally published in [20], along with measurements of spectral characteristics and
light yields of each mixture. The time parameter measurements presented in
the publication were conducted by the author of this thesis, including contribu-
tions to the creation of the experimental equipment, acquisition of the data, and

development of the analysis methods and computational framework.

2.1 Method of Time Profile Measurement

Emission time spectra measurements were conducted using an altered version
of the single photon technique first suggested in [103]. A diagram of the experi-
mental set up can be seen in Figure and a photograph of the equipment can
be seen in Figure All equipment was contained within a sealed dark-box to
exclude external light sources.

A 9Sr source was used to excite the scintillator. The *°Sr B decays to *°Y, with
a Q-value of 545.9keV [104]. The *°Y then undergoes a subsequent B decay with
a Q-value of 2278.5keV [104]. Before reaching the scintillator, the electron must
pass from the source through a 2 mm-diameter scintillating fibre, and then 1 mm
of glass vial wall. Through these materials, the electron will lose approximately
1MeV [105]. This means only the 8 decay from the 0y will reach the scintillator,
with typical energy depositions within the scintillator below 1 MeV.

Information about each event was stored using three photomultiplier tubes
(PMTs). The first was the trigger PMT, a Hamamatsu R9880U-210 (UBA) PMT.
This PMT was optically coupled to a 2 mm-diameter Saint-Gobain BCF-12 scin-

tillating fibre using index matching gel. This fibre was threaded through the
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Figure 2.1: Diagrams of the experimental set up of the emission time profile
measurement in the "towards" configuration. Figures taken from [20]
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Figure 2.2: Photograph of the apparatus used for time profile measurements
in the "away" configuration. The vial of scintillator rests on a stand with the
large charge collection PMT placed close to it. The trigger PMT can be seen to
the lower left of the charge collection PMT, with a black-coated scintillating fibre
threaded through the base of the stand and optically coupled to the trigger PMT.
The measurement PMT can be see on the left, which would be placed inside a
masking box for data taking.

sample base plate to sit between the *°Sr source and the vial of fluor sample.
Light was detected in the trigger PMT as the electron passes through the fibre
before it reaches the scintillator. The trigger PMT therefore acts as an independ-
ent trigger start for the timing measurement.

The second PMT was the charge collection PMT, a Hamamatsu R6594 PMT.
This was placed ~1cm away from the vial. The charge collected on this PMT
for each event was recorded, which is approximately proportional to the number
of scintillation photons emitted by the scintillator. This measurement creates a
relative scale of energy deposited in the scintillator by the electron. This was
used to place a selection cut for events with high energy deposits in order to get
rid of "tail" events — events with low energy depositions which may have less

clearly defined time profiles.
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The third PMT was the measurement PMT, another Hamamatsu R9880U-210
(UBA) PMT. This PMT was positioned inside a masking box with an adjustable
iris, and placed at a distance from the scintillator sample that would allow a less
than 10% occupancy (usually 10-20 cm, dependent on yield). The occupancy was
defined as the percentage of hits in the trigger PMT that are coincident with a
hit in the measurement PMT. A 10% maximum occupancy was chosen to reduce
the probability of "multiple hits". When the occupancy is too high, there is a
high probability that the measurement PMT will detect more than one photon
for a given electron event. This will bias the time profile measurement, as only
the first photon hit will be measured, leading to a loss in late-time photon hits
in the measured profile. At a 10% occupancy, the probability of multiple hits is
considered negligible. The masking box is used to reduce the effect of reflections
and scattering of photons within the apparatus.

An additional experimental configuration was also considered. In the set up
shown in Figure the *°Sr source is pointed towards the measurement PMT.
This means a significant Cherenkov signal would be expected alongside the scin-
tillator profile. To quantify this, the measurements were also performed using
a configuration where the source is pointed away from the measurement PMT
(placed on the same side of the vial as the measurement PMT). Cherenkov light
in this configuration would result from electron scattering, photon scattering and
reflections. This configuration was used as a comparison for the observation of
the Cherenkov peak.

For the measurement of the time profile, events were selected using a time-
based trigger. An event was triggered on a coincidence between the trigger and
measurement PMTs within an 800 ns window. The time profile was then built
using offline analysis which calculated the AT between the digitised measure-
ment and trigger signals, and charge cuts were applied to select for events with

a high energy deposition. Details of the digitisation process and AT calculation
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can be found in [20]. The impact of time resolution from the digitisation pro-
cess was considered negligible and was accounted for by measuring the Impulse

Response Function.

2.1.1 Time Resolution Measurement

The time resolution of the experimental set up was quantified by measuring the
Impulse Response Function (IRF) — the time response of the equipment to an in-
stantaneous impulse of light. The scintillator sample was replaced by a sample
of distilled water, meaning that only a Cherenkov signal would be emitted. The
time profile was built in the same way as described above for scintillation pro-

files, and can be seen in Figure

w T T T T T
I= 1 i 1
>
8 107
S 08F
') 1072
2 102 R
(U06_ 4 2 0 2 4 6 8 10
€ "
) L
C |-
v 041 -
o] L
(O]
o
0.2r -
0 | 1
) -2 — 0 1 2 3
Time (ns)

Figure 2.3: The impulse response function of the time profile measurement set
up, measured using a Cherenkov signal from distilled water, with an inset show-
ing the profile on a logarithmic scale. Figure taken from [20].

A Gaussian fit to the IRF provides a time resolution of approximately 390 ps.
However, due to the non-Gaussian shape, the function was used in its entirety
during the analysis of the scintillators. By measuring and building the IRF with
the same method as the scintillation profiles, time resolution effects from all

stages of the data taking process are accounted for.
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2.2 Analysis of Scintillator Time Profiles

To characterise the timing profile of the fluors, an empirical model of the scintil-

lation emission time spectrum was used, as seen in Equation [2.2.1]
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(2.2.1)

This equation contains a sum of n components (n = 1 or 2, dependent on
fluor), each with an exponential fall time (7;), a common rise time (7;), and a
weighting (A;). For the majority of the scintillator cocktails (with the exception
of some pyrene configurations), fitting was improved by the inclusion of an ad-
ditional component with an instantaneous rise time, and a fall time 7/ on the
order of 7,. This has been attributed to emission of LAB, which occurs at a high
wavelength that is not absorbed by most of the candidate fluors.

The scintillation emission profile is then combined with a Cherenkov emis-
sion component. The Cherenkov signal is assumed to be emitted instantan-
eously, as the travel time of the electron through the scintillator (~10719s) is on
the same order of magnitude as the timing response resolution of the experi-
mental set up. The fraction of emitted light comprised of Cherenkov photons
is floated as the parameter F.;. The optical emission spectrum of the scintillator

cocktail is then defined as in Equation [2.2.2]

fo(t) = (1 - FCheren) 'fS(t) + Fcperen - (S(t) (22.2)

This optical emission spectrum is then convolved with the IRF described pre-
viously to create the full response model, as seen in Equation which can

be used to characterise the data.

fr(t) = fo(to —t) ® IRF(t) (2.2.3)
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A summary of the parameters for this model can be found in Table

Parameter Description
T Common rise time of scintillator
T Decay time for ith component
Aj; Fraction of scintillation light in ith component
A Fraction of instantaneous component
T Fall time of instantaneous component
Feneren Fraction of Cherenkov photons
to Start time for scintillation profile

Table 2.1: Parameters used in response function fitting.

The resulting function was scaled to the number of measured events in the
given dataset. The fit was conducted by minimising the negative log-likelihood
using a Minuit minimiser. The fit was conducted simultaneously over both the
towards and away configurations. Time constants of the scintillator were re-
quired to be common between the two configurations, with F,;, and t( allowed to
tit separately. This provided a more robust fit for the scintillator timing paramet-
ers, especially 7,. The Cherenkov component can obscure the rising edge of the
scintillator in the towards configuration, leading to a degeneracy in fitting for
F., and 7. Fitting both measurements simultaneously reduced the covariance

between the Cherenkov component and the rise time.

2.3 Candidate Fluors

Four candidate fluors were chosen for this analysis. All suggested scintillator
cocktails use linear alkylbenzene (LAB) as the primary solvent as it is already the
solvent of choice for many liquid scintillator experiments, including SNO+ [82].

All scintillator cocktails were deoxygenated using nitrogen before use to reduce
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the quenching caused by oxygenation. Work completed in [20] also measured
the relative light yield of the scintillator cocktails, as well as the absorption and
emission spectra. These properties are also to be considered for the purpose of a
future large-scale neutrino detector as a high measured light yield is desirable.

Acenaphthene (C;,H,,) was selected for use as a primary fluor. It was used at
a concentration of 4 g/L in LAB. It was noted that the peak emission wavelength
of the solution was ~335nm. A wavelength shifting secondary fluor may be
required to use acenaphthene in a large scale experiment, as at this wavelength
there is non-negligible absorption in LAB [20].

Pyrene (C; H;,) was also selected as a primary fluor. Pyrene emits scintilla-
tion light in one of two states: excimer and monomer. The monomer emission
occurs through the usual scintillation process detailed in Section where a
single molecule de-excites through the emission of a photon. The excimer state,
however, is created through the interaction between two pyrene molecules, one

excited and one in the ground state [106], as in Equation 2.3.1}

M+ M* = (MM)* - M+ M+ (2.3.1)

Where M is a pyrene molecule, *

indicates an excited state, and -y is an emit-
ted photon. The resulting dimer state has a lower excitation energy than the
monomer state, and as such emits a longer wavelength photon than that released
by the monomer. This provided a simple method of studying the two states sep-
arately. The monomer state was selected by placing a short pass 400 nm filter
in the optics mount at the front of the masking box, and the excimer state was
selected by using a long pass 450nm filter. The excimer state is sensitive to
concentration. The pyrene molecules become closer in proximity as the concen-
tration increases, increasing the likelihood of the formation of an excimer state.

Pyrene was used at multiple concentrations in LAB, ranging from 1g/L to 8g/L

in order to investigate this effect. Above 2g/L the monomer state becomes neg-
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ligible and only the excimer state was measured.

9,10-Diphenylanthracene (DPA) (C,,H,g) was selected for measurement as
both a primary and secondary fluor. As a primary fluor, a concentration of 5g/L
was used. As a secondary fluor, a concentration of 0.3 g/L was used alongside
2g/L 2,5-Diphenyloxazole (PPO). While a higher light yield was achieved using
DPA as a primary fluor, it was noted that (alongside the high cost of DPA com-
pared to PPO) at high concentrations there may be significant reabsorption due
to the relative absorption and emission spectra [20].

1,6-Diphenyl-1,3,5-hexatriene (DPH) (C,3H;,) was selected for used as a sec-
ondary fluor. It was used at a concentration of 0.1 g/L alongside 2g/L PPO. It
was noted that the emission spectrum of DPH extends to longer wavelengths
than the other fluors, with a significant proportion of the emitted light above
450nm. At these wavelengths, bialkili photocathodes as used in large PMTs
become less efficient, so the potential observed light yield is reduced.

A summary of the selected scintillator cocktails can be found in Table

Primary Fluor | Concentration(s) (g/L) | Secondary Fluor | Concentration (g/L)
Acenaphthene 4 — —
Pyrene 1,2,4,8 — —
DPA 5 — —
PPO 2 DPA 0.3
PPO 2 DPH 0.1

Table 2.2: Summary of scintillator cocktails selected for timing characterisation.
All fluors were used in a solvent of LAB.
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2.4 Results

The time profiles for the different candidate scintillator cocktails are presented,
including both the binned AT profiles and the best fit response model paramet-
ers. A plot showing the difference between the measured data points and the
tit curve is also provided. The results of the time parameter measurements are
summarised in Tables 2.3]and

The time profiles of acenaphthene are presented in Figure The measured
profiles for both the towards and away configurations are shown, with a fit value
for the rise time of 2.1 £0.2ns and a fall time of 45.4 + 0.3ns. Investigations of
acenaphthene in a solvent of cyclohexane have measured a fall time of 46 ns [107],
comparable to the value found here. In the towards configuration, a significant
Cherenkov peak is visible at t = 0. This peak is almost entirely removed in
the away configuration, with a Fcjere, Value consistent with 0 within uncertainty.
There is visible directionality within this scintillator cocktail at these time scales.

The time profiles of pyrene are shown in Figure The measured fall times
were found to be comparable to previous measurements conducting using cyc-
lohexane as a solvent [108]. However, the rise times of the scintillators were
found to be different, indicating the effect of solvent on the rising edge of the
scintillation emission. Again, there is a clear Cherenkov peak visible in the to-
wards configuration for all pyrene measurements. However, Fcj.;, is not always
consistent with 0 in the away measurements, with the peak still visible. Cher-
enkov light in this configuration can be due to photon reflections off the vial,
or scattering within the scintillator. This is more easily visible in the slowest
scintillator cocktails, where even the reflected or scattered Cherenkov signal is
not overwhelmed by the scintillation light. At 1g/L pyrene, the monomer and
excimer state are both presented. The excimer state has a very long rise time

of 60.1 £ 1.2ns, leading to extremely low levels of scintillation light contamina-
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tion in the Cherenkov peak. The excimer emission component is concentration
dependent, both in likelihood of emission and in its timing parameters. It can
be seen that at 8 g/L pyrene, where the monomer component has become negli-
gible, the scintillation time profile of the excimer state has become faster, with a
rise time of 17.6 + 0.5ns and a fall time of 50.6 + 0.6 ns.

Time profiles are presented for DPA as both a primary and secondary fluor
in Figure While the rise times of the two cocktails are consistent (3.2 + 0.3 ns
and 3.4 £ 0.3 ns for the primary and secondary fluor configurations respectively),
the primary fall time of DPA as a primary fluor is slightly longer (13.0 £0.2ns
compared to 11.2 £ 0.3 ns). However, the Cherenkov peak is more easily visible
when using DPA as a secondary fluor. This is because the light yield of DPA
when used as a secondary fluor is ~20% lower than when used as a primary
fluor [20], leading to a higher fraction of Cherenkov light and a more visible
Cherenkov peak.

Time profiles for DPH as a secondary fluor are presented in Figure A
rise time of 2.2 + 0.2ns and a primary fall time of 11.4 £ 0.4 ns are found. In the
towards configuration, there is a visible Cherenkov peak on the rising edge of

the scintillator profile.
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measured in both the towards (a) and away (b) configurations. The Cherenkov
peak can be clearly seen separated from the scintillation light in the towards
measurement. Figures originally published in [20].
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urements due to scattering. Figures originally published in [20].



Chapter 2. Slow Fluors for Cherenkov Separation 50

0 250 " r n 250 T :

= r Chi2/NDF =2282/2252 |1 < r Chi2/NDF = 2329 /2336 | ]
9 [ Nevenls =41783 ] 9 [ Nevenls =42151

S 200F Feneren = 0:012+/-0.001 | S 550[ l Feneren = 0.021 +/-0.001 |
~ r t, =67.1+-02ns || — 3 t, =67.4+/-0.2ns | ]
S o] HY E ol f
3 150:— 3 150:— [ } I ]

100

i | 100;— i

o
o
o
o
1

o
o
L e

T N E bt i
Z _ég ‘MlMWH}'N“|}|||“|ﬂ ||%|||||WIM||’UMHM"WW||¢"||}”hWﬁ!|‘|‘;”‘M’"M'"‘ulm“!H’iIJ‘ﬂ”",“'ﬂ*|\lu\¢"“)|“HW" §:23:..ww‘IH{|]klﬁIW{H|||w}ih"”{’|‘m}||’WWWw||W’“WNN"”H‘”” ||||MH|}Wﬁhﬂﬁm”ﬁM“l” Mh \}W||“\|I| mlHIWﬁME
0 5 10 15-|_ime (nSZ)O 0 5 10 15-|-Ime (nSZ)O

(a) Primary Fluor (5g/L) (b) Secondary Fluor (0.3g/L)

Figure 2.6: Time profile of DPA used as both a primary fluor at a concentration
of 5g/L in LAB @) and a secondary fluor at a concentration of 0.3g/L, with
2¢/L PPO in LAB (b)), measured in the towards configuration. Figures originally
published in [20].

g 250? g:f::: Z?J;g:; +/-0.002 7 ‘Z 2502_ I ‘- ! E;:::: :3;::54 +-0.001 _
g 200;_ I 1, =67.2+/-0.2 ns _ % =67.0 +/-0.2 ns 5
(_5; 1505— { [ I } (?:;
i f
100F }
ﬁ b | A it | bbb b
2 w““‘Ju‘!‘uWMH!|||WI|||M|‘!\WWWHW"l|"W”’”"l"ﬂﬂ”u!'dW‘||’|'|'|'w”lm"wMHll"\'m“gn‘nm'“;”‘i‘m‘l‘"ﬁH ij‘gg"'"“"'“”“”l‘ﬂhlﬁhh””'{ *'fl‘h”n\l’lnm\un'u%‘wﬁ"“hl‘h“ﬂh'ﬂm“‘”ﬂW"H VAN
0 5 10 15Time (nS§0 0 5 10 15Tlme (nS§0
(a) Towards Configuration (b) Away Configuration
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0.1g/L, with 2g/L PPO in LAB. Results were measured in both the towards @
and away (b) configurations. Figures originally published in [20].
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Fluor Conc. (g/L) T, (ns) 71 (ns) T (ns) T (ns)
Acenaphthene 4.0 21 £ 02 | 454 £ 0.3 - 09 £ 04
1.0 60.1 £ 1.2 | 838 + 1.3 - 05 £+ 2.6
2.0 509 + 38 | 65.2 + 3.6 - 05 £+ 02
Pyrene (excimer) 4.0 315 £ 10| 526 + 1.0 - 0.5 + 0.1
8.0 176 &= 0.5 | 50.6 &+ 0.6 - 24 + 135
Pyrene (monomer) 1.0 46 + 1.7 | 101.2 £ 0.6 - 21 £ 76
2.0 45 + 08 | 63.8 £ 05 - 7.0 £ 0.8
DPA 5.0 32 +£03 | 130 £ 02 | 763 £ 180 | 3.2 + 1.3
DPA + PPO 03+2.0 34 + 0.3 112 £ 03 | 490 £ 56 | 29 £ 14
DPH + PPO 0.1+2.0 22 02 | 114 £ 04 | 671 £21.0| 34 + 1.2

Table 2.3: Best fit time constants for all candidate scintillator cocktails.

Fluor Conc. (g/L) Aq (%) As (%) A’ (%)
Acenaphthene 4.0 98.6 + 0.3 - 14 £ 03
1.0 99.2 + 0.2! - 0.8 £ 0.2
2.0 99.8 £ 0.1 - 02 £ 0.1
Pyrene (excimer) 4.0 99.7 + 0.1 - 0.3 4+ 0.1
8.0 100.0 £ 0.1 - 0.0 £ 0.1
Pyrene (monomer) 1.0 99.0 £ 1.0 - 1.0 £ 1.0
2.0 96.6 + 1.9 - 34+ 19
DPA 5.0 89.7 £ 25 | 5.7 £33 |45 £+ 21
DPA + PPO 0.3, 2.0 853 + 29 | 103 £ 3.6 | 45 £ 2.2
DPH + PPO 0.1,2.0 856 £ 23 | 5.8 £ 35 | 86 £ 26

1 In [20] this value is quoted as 0.02. However, this is believed to be an
error, and the correct value is given here.

Table 2.4: Best fit scaling constants for all candidate scintillator cock-
tails.
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2.5 Conclusions

An adapted single-photon method for the measurement of time profiles was
used to investigate four fluors for the possibility of Cherenkov separation in
neutrino detectors. These fluors, measured in a variety of scintillator cocktails in
a solvent of LAB, are each characterised as slow due to the relatively long timing
constants when compared to scintillator cocktails commonly used in large-scale
neutrino detectors. As Cherenkov light is emitted instantaneously, a slow scin-
tillation emission could be separated from Cherenkov light using timing. The
investigation of these fluors could therefore be used in the design of future hy-
brid Cherenkov-scintillator detectors.

In each of the candidate scintillator cocktails, there was a visible early Cher-
enkov peak when the time profile was measured using 0.1 ns bins. This was con-
firmed by conducting measurements with a source pointed both towards and
away from the measurement PMT, allowing a comparison of Cherenkov light
present in both the forward and backward directions.

Large-scale experiments include PMTs with significantly wider timing re-
sponse curves than those used in this table top measurement, often on the order
of several ns. This must be considered alongside the effect of the dispersion that
occurs across the large distances in a neutrino experiment. The timing constants
found here, which are on the order of several tens of ns, indicate there should
still be a considerable separation power between the Cherenkov and scintillation
signals in a large-scale experiment.

Other considerations must also be taken into account when designing a hy-
brid detector using slow scintillators. The slower scintillation profile will cause a
loss in the position-time vertex resolution of a large scale scintillator experiment.
However, the performance should still remain more precise than that of a Cher-

enkov detector. Absorption profiles of the slow scintillators must be accounted
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for, with the possibility of needing to add a further fluor as a wavelength shifter
in order to ensure a sufficient light yield for high-precision energy measure-
ments. Additionally, trigger window length must be tuned in order to detect the
maximum amount of scintillation light possible, while minimising the possibility
of multiple events occurring in-window.

Further investigation has been conducted to quantify the directionality achiev-
able in a large scale experiment using acenaphthene [101], involving the simu-
lation of a SNO+-like detector containing high quantum efficiency PMTs and
the use of a simultaneous time-position-direction maximum likelihood method.
This study concluded directional information from slow scintillators could lead
to an improvement in background rejection of solar neutrinos by a factor of ten
in a Ovpp search, leading to an improvement of sensitivity (scaled as S/+/(B))
of a factor of 1.6. Additionally, the CNO solar neutrino flux rate could be con-
strained to a 10% precision within ~3 kiloton-years, assuming background rates
comparable to those of the Borexino detector. The extraction of directional in-
formation from slow scintillators offers a powerful background rejection tool for
solar neutrinos, while maintaining high performance of energy reconstruction

needed for low energy neutrino studies.
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The SNO+ Experiment

“Oh no, not again.”

- The Hitchhiker’s Guide to the Galaxy, Douglas Adams

SNO+ is a multipurpose neutrino detector situated at SNOLAB in Ontario,
Canada [109]. The detector utilises large parts of the infrastructure of the SNO
experiment, a heavy-water detector that observed neutrino oscillations from
solar neutrinos [9,/10]. SNO+ introduces several upgrades and changes to the
detector, most notably the use of liquid scintillator as the target medium.

The main physics goal of SNO+ is the search for 0vp using the isotope 3°Te,
with additional studies into solar neutrinos, reactor anti-neutrinos, supernova
neutrinos, geo-neutrinos, dark matter, and more [109,110]. The detector benefits
from very low cosmic muon rates (0.289 &£ 0.009 m—2d~! [109]) — due to its
location 2km underground — as well as its large size and and potential for
loading increasing concentrations of 3Te for higher exposure.

This chapter offers an overview of the SNO+ detector. The hardware, geo-
metry and data acquisition system of the SNO+ experiment are described in
Section The experimental phases of SNO+ are explained in Section with
details given for the data collection periods for this thesis. Section {3.3| describes
the simulation of SNO+. Section [3.4 introduces the methods used to reconstruct
the position-time vertex of events in SNO+ and the use of PMT hit information

for the estimation of energy.

54
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3.1 The SNO+ Detector

SNO+ is located within the 37200 m? class-2000 clean room at SNOLAB [111]. A
drawing of the SNO+ detector can be seen in Figure

Figure 3.1: A simplified drawing of the SNO+ detector. Figure taken from [109)].

The detector is housed within a 30m tall cavity, originally excavated for the
SNO experiment. The cavity is filled with 7000t ultra-pure water (UPW) which
acts as shielding from potential radioactive backgrounds in the surrounding
rock, as well as part of an external muon veto system.

The target volume of the detector is contained within a 6 m radius spherical
Acrylic Vessel (AV), with a thickness of 5.5 cm. This is shown in orange in Figure
A 7m high cylindrical neck extends up from the top of the AV, through
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which the liquid target medium can be loaded. The AV is held in place by a
series of Tensylon ropes. In the original SNO detector, the AV was filled with
heavy water (D,0O), requiring hold-up ropes to keep the AV suspended in place.
These ropes were attached to the AV through grooved plates around the equator
of the detector. However, in SNO+, the target mass is an LAB-based liquid
scintillator with a density less than that of water. This meant that the upgrade
to SNO+ required the additional installation of hold-down ropes, formed in a
net around the neck of the AV and attached to the bottom of the cavity. The
target medium housed within the AV has undergone multiple commissioning
and experimental phases as described in Section

The PMT Support Structure (PSUP) is a 92-sided geodesic polygon with
an average radius of ~8.35m which surrounds the AV. The PSUP holds 9362
inward-facing PMTs, each mounted with a concentrator to create a 54% effective
coverage. Additionally, 91 PMTs are mounted externally to the PSUP, known as
the the Outward Looking PMTs (OWLs). These PMTs are used for a muon veto,
as they detect Cherenkov photons emitted by the muon as it passes through the
external water before entering the target mass of the detector. The target me-
dium is shielded from the radioactivity of the PMTs by the water buffer between
the AV and the PSUP.

Both the water in the cavity and the target medium in the AV are protected
from radioactive contamination through cover gas systems. High purity nitrogen
gas is circulated through the area above the cavity water at a rate of 5L/min. In
the area of the AV neck above the target medium, high purity nitrogen gas is held
in a sealed system, with the concentration of radon within the gas continuously

monitored.
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3.1.1 Photomultiplier tubes

SNO+ uses 8-inch Hamamatsu R1408 PMTs, each equipped with a 27 cm dia-
meter truncated Winston cone concentrator [112]. Schematics of these can be

seen in Figure [3.2]

20.4 o

T

20.40:

Photocathode et i |

]

3152 ;

13.45

g

=

f—9.91

(b)

Figure 3.2: Schematic drawings of a Hamamatsu R1408 PMT, as used in SNO+,
with and without a truncated Winston cone concentrator. Round PMT glass at
the top of the PMT holds the photocathode. Dimensions are in cm. Figures
adapted from [113].

When a photon hits the photocathode on the front of the PMT, a photo-
electron is released. The internal vacuum of the PMT is held under an electric
tield. This accelerates electrons through a dynode stack, causing the electrons
to multiply as they cascade through multiple collisions. The resulting influx of
electrons causes a measurable signal on the anode, housed in the base of the
PMT.

The time taken for the electrons to transverse the PMT is known as the
"transit time". The distribution of transit time can be seen in Figure as
simulated in the SNO+ experiment. This distribution was originally measured

by the SNO collaboration, with tuning of late pulsing done by the SNO+ col-
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laboration. The peak at Ons corresponds to the typical transit path of an elec-
tron cascading through the dynode stack. A Gaussian fit of this peak returns a
standard deviation of 1.577ns. The early peak at ~—18ns is caused by photons
passing through the photocathode and instead hitting the dynode, known as
"pre-pulsing”. The later pulses at 10ns and 40ns are caused by the photoelec-
tron backscattering off the dynode stack. Either the scattering is elastic, and
the electron takes time to drift back to the dynode and start the cascade, or the

scattering is inelastic, causing two cascades.
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Figure 3.3: Probability distribution of the transit time as simulated in SNO+ for
the Hamamatsu R1408 PMT, measured by the SNO collaboration and tuned by
the SNO+ collaboration.

The response efficiency of PMTs can be separated into two components. The
first is the quantum efficiency, which is the percentage of incident photons that
create a photoelectron at the photocathode. The second is the collection effi-
ciency, which is the percentage of photoelectrons which reach the first dynode to
cause a cascade. The product of these two efficiencies define the total efficiency
of the PMT. The efficiency as a function of wavelength for the Hamamatsu R1408
PMT can be seen in Figure
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Figure 3.4: Efficiency of the Hamamatsu R1408 PMT as a function of wavelength,
measured for four example PMTs. Figure taken from [114].

3.1.2 Data Readout and Acquisition

The majority of the Data Acquisition (DAQ) hardware is housed on the deck
above the SNO+ detector. This hardware allows information about detected
photons to be read out as data files by analysers. This section provides a brief
overview of DAQ hardware and further details can be found in [113,[109]

Once a PMT has been hit by a photon and the anode has collected the electron
cascade signal, the pulse is transmitted to a Front End Card (FEC). If the signal
pulse is larger than the FEC trigger threshold, the PMT is counted as "hit", and
the FEC sends a trigger pulse to the Master Trigger Card (MTC). If the MTC
receives a sufficient number of trigger pulses in a given time window, a Global
Trigger (GT) is issued. The GT is sent back to the FECs, which calculate the time
elapsed since the initial trigger and the charged collected by the PMT. A 400ns
trigger window is set, keeping all data collected in the FECs for 180ns before
and 220 ns after the GT. The GT is given an identifying number (GTID) and the
hit time and charge information is transmitted to computers for the event to be

built and reconstructed, as described in Section 3.4
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Data is stored in "runs" of up to one hour. This allows for discrete blocks
of data for the purpose of data processing and data quality checks. Runs are
denoted as set "types", for example calibration, physics or maintenance, and

provide a simple method of tracking detector status through time.

3.2 Experimental Phases of SNO+

The main physics goal of SNO+ is the search for Ovpp, which requires a target
medium of liquid scintillator loaded with the isotope 130T, However, several
phases of commissioning are required in order to achieve this final cocktail [109].
Each phase also created the possibility for alternative physics analyses, as well
as detector calibration. Therefore, stable data acquisition phases were defined,

with each phase identified by the target medium in the detector.

3.2.1 The Water Phase

The first phase of SNO+ contained a target of 905t of UPW. The use of UPW
in the AV reduced the contamination of radon into the detector from the air,
mitigating future background once scintillator was loaded. This also allowed the
detector to operate as a Cherenkov detector, and a data acquisition period was
defined from May 2017 to July 2019.

During this time, multiple physics searches were carried out, including the
detection of solar ®B neutrinos [115], a search for invisible nucleon decay [116], a
measurement of neutron-proton capture [117], and the first evidence of antineut-
rinos from nuclear reactors in a water Cherenkov detector [118]. Additionally,
calibration tasks were undertaken in order to tune simulations of the detector,
including the optical parameters of the detector materials and the responses of
the PMTs [119]. Measurements were also conducted of the background rates of
detector components for use in future physics searches, and an improved cover

gas system was developed for background reduction.
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3.2.2 The Partial-Fill Phase

The LS used in SNO+ is PPO as a primary fluor in a solvent of LAB. The method
of scintillator deployment involved the addition of LS to the top of the detector,
while UPW was removed from the bottom. This was possible due to the differ-
ence in density of the two liquids (with LAB having a density of 0.856 g/cm?)
and the immiscibility of LAB in water, leading to an interface between the
top LAB layer and the bottom UPW layer. This interface gradually descended
through the detector, and was visible through photographs taken by cameras
mounted on the PSUP, as seen in Figure

Figure 3.5: Photograph taken of the SNO+ detector during the partial-fill phase,
using a camera mounted on the PSUP. Sections of the LS-UPW interface are
indicted by black dashed lines.

Due to the exceptional circumstances of the COVID-19 lockdown, the process
of filling the detector with LS was paused. This meant that SNO+ underwent
a stable period of data taking in which the detector contained 365t of LS, with
the interface occurring ~75 cm above the equator of the AV. This phase occurred

from March to October 2020.
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The method of scintillator deployment also involved the gradual addition of
PPO into the scintillator cocktail, with the first stages of LAB filling containing a
lower concentration than the target of 2.2 g/L. During the period of the partial-
fill phase, the scintillator cocktail contained 0.6 g/L PPO in the LAB.

During this period, background measurements and calibration tasks contin-
ued, now with the ability to assess the optical parameters of the scintillator.
The light yield was found to be ~300NHit/MeV using calibration of known
214B{214pg (BiP0214) decays. BiPo214 events are an internal background of the
detector. They can be identified due to the short half-life of 214py which creates
two coincident events in the detector of known energies and close physical prox-
imity [120]. The scintillator timing parameters were also measured in-situ by
identifying BiPo214 background events and then iteratively tuning timing para-
meters in simulation until the results of Monte Carlo (MC) simulation matched

those in data [120]. The scintillation profile was modelled as in Equation

%

e_% e
fs(t) = Z (Aiﬁ) (3.2.1)

The 0.6 g/L cocktail was found to have three exponential components (1 = 3).
The rise time (7;) was found to be 0.8ns, and the remaining tuned parameters

(A;, T;) can be found in Table

i 1 2 3

7 (ns) | 135 23 985
A; | 055 0335 0.115

Table 3.1: Tuned timing parameters of the SNO+ 0.6 g/L LABPPO scintillator
cocktail.

Additionally, initial physics searches for solar neutrinos and reactor antineut-

rinos were completed during this phase.
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3.2.3 The Full-Fill 0.6 g/L Phase

Deployment of the scintillator resumed in October 2020. In April 2021, the LAB
fill of the AV was completed. The LS target remained at the lower concentra-
tion of 0.6g/L PPO, with plans to add the remaining PPO after a short stable
period. Data was collected in this configuration from April to June 2021. The
light yield and timing parameters for this phase were verified to be the same as
in the partial-fill phase. Further optical calibrations and background radioactiv-

ity measurements were completed in this period.

3.2.4 The Scintillator Phase

The final stage of LS deployment increased the concentration of PPO until the
target concentration of 2.2 g/L was reached. This was completed in April 2022,
and as such began the official scintillator phase of the SNO+ experiment. At the
time of writing, this is the current phase.

The scintillator phase allows for crucial detector calibrations and background
measurements. Background radioactivity, both internal and external to the AV,
must be closely constrained for a sensitive Ovpp search to be conducted, so these
studies are conducted before the addition of an isotope. This phase also offers
the opportunity for many ongoing physics analyses, including measurements of
the solar neutrino flux, the measurements of Am%l and 6,7 from the detection of
reactor anti-neutrinos, and the potential for the observation of a supernova.

Once again, the timing parameters of the scintillation emission were tuned
iteratively by comparing MC simulation to tagged BiPo214 events in data. The
2.2g/L cocktail was found to have three exponential components (n=3). The
rise time (7;) was found to be 0.85ns, and the remaining tuned parameters can
be found in Table A comparison of the tuned timing profiles in both PPO

concentrations can be seen in Figure



Chapter 3. The SNO+ Experiment 64

i 1 2 3

7 (ns) | 5.0 2446 399

A; |0.656 0.252 0.092

Table 3.2: Tuned timing parameters of the SNO+ 2.2¢g/L LABPPO scintillator
cocktail.
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Figure 3.6: Comparison of the tuned time profiles of 0.6g/L and 2.2g/L PPO
scintillator cocktails. The 0.6 g/L scintillator has a slower profile than the higher
concentration.

3.2.5 The Tellurium Phase

In order to achieve the main physics goal of SNO+ — the search for Ovgp — the
SNO+ experiment will need to be loaded with a 2v8p source. *°Te was chosen
for SNO+ due to its good optical qualities in LAB, high natural abundance, and
long 2vBpB half life [109]. The addition of tellurium does decrease the light out-
put of LABPPO, although methods of reducing this effect are being developed
[79,121]. These include the addition of the stabiliser N,N-Dimethyldodecylamine
(DDA) and the secondary fluor 1,4-bis(2-methylstyryl)benzene (bisMSB). Initial
loading will go to 0.5% by mass of natural tellurium, although there is a possib-

ility of increased loading in future stages.
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3.3 Software and Simulation

The primary software used for the SNO+ experiment is an adapted version of the
Reactor Analysis Tool (RAT) [122], originally intended for use in the Braidwood
Experiment [123]]. The software has been developed for specific use in the SNO+
experiment [109] for both the MC simulation of physics events in the detector
and the analysis of data. RAT is written in C++ and uses ROOT [124] for data
analysis, as well as storing data in a custom ROOT file named RATDS (used
for both data and simulated MC). RAT uses GEANT4 [125|(126] for simulation
of the detector, including detailed geometry adjustable to the various phases
of detector operation. The GLG4Sim package [127] is used for the generation
of Cherenkov and scintillation photons within the simulation. Parameters for
both simulation and data processing are stored in the dynamic database RATDB,
allowing for values to be updated on a run-by-run basis. This can be used
to create MC simulation with values accurate to reality for a given run number,
including detector conditions such as which channels are off and trigger statuses.

Event simulation in RAT starts with the three step generation of an initial
particle: kinematics of the physical interaction (providing an initial energy and
momentum), a position, and a time. High level event generators have been
developed for the SNO+ experiment, combining all three steps into a single
generator for a known signal or background in the detector. This includes 0vpp,
solar neutrino interactions, and particular radioactive decays. Once the initial
event has been generated, GEANT4 is used to propagate the particles throughout
the detector, including the generation of photons that are then "detected" at the
simulated PMTs. Simulated electronics and event builders then create a RATDS
file that can be run through reconstruction and analyses in the same way as a

data file, while additionally storing the MC truth information.
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3.4 Event Reconstruction in SNO+

The output data from the SNO+ detector for a given event contains two main
pieces of information: PMTs that have been hit, and the times of those hits. From
this information, physical event-level quantities can be reconstructed for use in
physics analyses. This section describes the algorithm used to reconstruct the
position-time vertex developed by the SNO+ collaboration. The reconstructed
position-time vertex will then be used in the direction reconstruction algorithms
developed by the author and described in Chapter 4f The NHit parameter is
also described, along with its correlation to energy and use in the directionality

study in this thesis.

3.4.1 Position-Time Vertex

Within the SNO+ detector, the majority of events are considered to be single-
site, consisting of a single position-time vertex (with the exception of high en-
ergy muons that traverse the AV). Some types of events within the detector
would be more accurately considered multi-site. For example, an emitted <y
can scatter at a different location after an initial radioactive decay. Algorithms
that can distinguish between a true single-site event and a multi-site event have
be studied [128]. However, the signal considered for the purpose of this thesis is
neutrino-electron elastic scattering, a true single-site event. For this reason, only
the reconstruction of single-site position-time vertices is described here.

The reconstruction of the position-time vertex relies on a quantity known as

the time residual. The time residual is defined as:

tres = thit — tevent — tflight (3-4-1)

where ty;; is the hit time of the PMT, t,yent is the time of the event (found through

either reconstruction or MC truth data), and t;ep; is the time of flight for the
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photon between the event position and the PMT. Time of flight is calculated

assuming straight line paths, and is found by:

telight = a U_a + U_s (3.4.2)

where dy 45 is the distance travelled in water, acrylic or scintillator respectively,
and vy, 4 is the group velocity of light in that medium (approximated for 400 nm
photons). The time residual is therefore an estimation of the emission timing
spectrum of an event. Details of time residual parameter are discussed further
in Chapter 4}, including small variations dependent on position. For the purpose
of position-time reconstruction, the variations in the time residual distribution
due to event position are not considered.

A probability density function (PDF) of t,.s can be generated using one of two
methods. The first method is used in the "multiPath" reconstruction algorithm.
The PDF is formed from a table-top measurement of the time profile of the
scintillator, conducted using a single photon coincidence method [129]. The time
profile is then convolved with the impulse response function of the detector as
a whole, tuned to data using an '°N source in the water phase. This method
does not account for the changes in time response due to reemission and the
large scale of the detector. However, it also does not rely on the accurate tuning
of scintillator parameters in the simulation. This PDF is used in partialFitter,
the reconstruction algorithm used as standard for all data and MC simulation in
the partial-fill phase and the full-fill 0.6 g/L phase, and is used for all position
reconstruction in the direction reconstruction analysis detailed in Chapter {4

The second method to generate the PDF is used in the "multiPDF" reconstruc-
tion algorithm. The PDF is generated using a large number of simulated elec-
trons. A t,.s distribution is then calculated from the results of the simulations,
using a maximum event radius of 4m. This method accounts for reemission

as modelled in the simulation, but relies heavily on accurate modelling of the
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scintillator time profile and optical parameters. This PDF is used in scintFitter,
the algorithm used as standard for all data and MC simulation in the scintillator
phase. MultiPDF is used for a seed position in the combined direction-position
reconstruction and for the modern PMT studies conducted in Chapter

For either PDEF, the reconstruction of the position-time vertex is performed us-
ing a maximume-likelihood search to find the best fit position and time. The like-

lihood of a proposed position-time vertex (Fevent, tevent) i constructed as shown

in Equation 3.4.3]
N .
10g(£(7eventr tevent)) = Z log(p(tlres)) (34.3)
i

The time residual of a given hit (t.,,) is calculated for the proposed event position
and time, and the probability (p) of that time residual is found from the relevant
PDF. The log-likelihood is then found from the sum of the log-probabilities of
each PMT hit, The position-time vertex that corresponds to the maximum like-
lihood (found using the Powell optimisation method) is then returned as the
reconstructed position and time.

The performance of position-time reconstruction in simulation using both
multiPath and multiPDF can be seen in Figures and using RAT version
7.0.5. Simulations of electrons with isotropic directions were run in a perfect-
state full-fill detector containing 0.6 g/L PPO. To calculate the bias and resolu-
tion at a given energy and radius, histogram distributions of Xyecon — Xtrue Were
created from the simulation, where x is the relevant parameter, recon indicates
the reconstructed value and true indicates the MC truth value. A Gaussian dis-
tribution was then fit to each of these histograms. The bias was defined as the
mean of the Gaussian distribution, and the resolution was defined as the stand-
ard deviation.

In order to represent the reconstruction performance as a function of radius,

electrons were simulated in shells of width 400 mm. Electrons with an energy
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Figure 3.7: Performance of position reconstruction in SNO+ simulation, using
both the MultiPath and MultiPDF methods. Results are displayed for simula-
tions of a 0.6 g/L PPO scintillator cocktail. Each point represents a Gaussian fit
tO X; recon — Xi true distributions, where x; is the relevant position parameter.

of 6 MeV were used to evaluate position-time reconstruction. This is because
the directionality study conducted in this thesis uses electrons with energies
>5MeV. Analyses in SNO+ generally use a maximum radius cut of 5.5m. This
is both to reduce external backgrounds and to avoid optical effects near the
AV, where the straight line approximations or light paths are no longer valid.
In order to represent the reconstruction performance as a function of energy,
electrons were simulated across the range 1-20 MeV throughout the volume of
the detector, out to a radius of 5.5m to provide an equivalent performance for
physics analyses.

When investigating position reconstruction as a function of radius at 6 MeV,
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resolutions of ~150 mm are seen in all directions with variation across the de-
tector on the order of ~10mm. Additionally, when examining the resolution
as a function of energy, there is an optimal minimum at ~6MeV. This is be-
cause there are two competing effects that contribute to the possible precision.
The PDF created for position-time reconstruction uses 3MeV electrons, chosen
to be close to the OvBp region of interest, which should lead to more accur-
ate position reconstruction at this energy. However, more photons available at
higher energies, which allows for a more precise reconstruction. This creates
two competing effects, resulting in the minimum being at a higher energy than
expected from the PDE. For an energy range of 1-20 MeV , position resolutions
range between 140-180 mm in all directions. Within the scale of the resolution,
there are negligible biases to position reconstruction, generally <10 mm, with no
obvious trends in either energy or radius.

However, clear biases are seen in the reconstruction of time, with the two
reconstruction methods demonstrating biases in opposite directions. There are
clear negative trends in the bias of time reconstruction as a function of both
energy and radius. The time resolution at 6 MeV has a value of ~0.25ns for
radii <5m, but the biases reach up to 1ns.These biases are due to arbitrary
time offsets included in the PDFs created for both reconstruction methods. Time
offsets are intended to account for electronic response times of the detector.

The reconstructed position-time vertex is required for the reconstruction of
direction described in Chapter 4 Therefore, understanding the performance of
such reconstruction allows for estimation of the impact position-time reconstruc-
tion has on the ability to reconstruct direction. The resolution of position leads
to an uncertainty of photon travel times <1ns. The PDF used for the reconstruc-
tion of direction uses bins of width 1ns, so the impact of position resolution is
considered to be subdominant. Similarly, the resolution of time reconstruction

is not considered to be a significant factor in the reconstruction of direction. The
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Figure 3.8: Performance of time reconstruction in SNO+ simulation, using both
the MultiPath and MultiPDF methods. Results are displayed for simulations
of a 0.6 g/L PPO scintillator cocktail. Each point represents a Gaussian fit to
trecon — tirue distributions, where f is the initial time of the electron emission.

bias of time reconstruction is accounted for by ensuring that the same position-
time reconstruction algorithm is used for both the creation of the PDF and the
reconstruction of events in data. This ensures that the same arbitrary offset is
applied, largely removing the effect of this bias. There will be small changes
in the bias dependent on energy and radius, but for a data set with energies
>5MeV and radii <5.5m, these are considered negligible. Further discussions
of position-time reconstruction and its effect on directionality studies are found

in Section 4.2
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3.4.2 Energy and NHit

Reconstruction of energy in the SNO+ detector uses the relationship between
energy loss of a particle and emitted photons in a scintillator described by Equa-
tion However, not every photon emitted by the scintillator will be detected
in the PMTs. As such, a parameter called NHit is used to quantify the scintilla-
tion emission, the number of PMTs that are hit in a given trigger window. PMTs
that are not calibrated or experience electronic crosstalk are removed from the
total count of hits, leading to the parameter also being known as "NHitClean".
The relationship between energy and NHit can be seen in Figure This plot
was generated using simulations of mono-energetic electrons at the centre of the

detector in 0.6 g/L PPO.
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Figure 3.9: NHit as a function of energy for mono-energetic electrons simulated
in the centre of the detector. The AV was filled with 0.6 g/L PPO in LAB. It can
be seen that relationship ceases to be linear at higher energies. A straight line
fit to the energy range 1-4MeV is shown in red, with a slope of 306 NHit/MeV.
Each point represents the mean of a Gaussian fit to the NHit distribution, and
error bars are too small to be visible.



Chapter 3. The SNO+ Experiment 73

As expected, higher energy electrons have a higher NHit. However, the rela-
tionship is not linear at higher energies. This is because the detector "saturates",
where individual PMTs start detecting multiple photons in a single event and
the scintillator emission is no longer proportional to the number of PMTs hit.
A straight line is fit to the energy range 1-4 MeV (shown in red), with a slope
of 305.5 £ 0.1 and an intercept of 15.0 £ 0.3. The slope is often quoted as the
"NHit/MeV", despite the non-linearity, as a measure of light yield in the SNO+
detector. The non-zero intercept is due to the non-linearity of Birks” law at low
energies. Within SNO+ analyses, methods have been developed to correct the
NHit parameter and account for multiple-hits on single PMTs [130,[79]. How-
ever, as the analysis in this thesis only utilises a single energy cut and does
not rely on the energy spectrum of detected events, the NHit parameter is used
without correction.

Saturation can also occur as an event occurs closer to the AV. This is because
the PMTs on the near-side of the AV to the event will detect the majority of
the photons, leading to multiple hits in a small cluster of PMTs. The effect of
position on saturation can be seen by looking at NHit as a function of radius.
Figure shows the NHit distribution of 5MeV electrons simulated in shells
of thickness 300 mm, in an AV filled with 0.6 g/L PPO in LAB.

The NHit decrease as the radius approaches the AV, with a significant loss
in detected light when the radius becomes greater than 5.5m. For energy recon-
struction in the SNO+ detector, position-corrections are implemented to account
for the variations in NHit across the detector volume. However, it can be seen
that detected NHit is close to constant at ~1500 NHit for smaller radii, and as
such position-correction is not used for the purpose of this thesis. This cut will
remove electrons with energies close to 5MeV with radii >5m from the data
set, as the NHit will not be > 1500. While this will result in a small reduction

of data useable for reconstruction of direction, any radius-dependent effects on
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Figure 3.10: NHit as a function of radius for 5MeV electrons simulated in 0.6 g/L
PPO. The NHit decreases near the edge of the AV due to the saturation of the
nearby PMTs. Each point represents a gaussian fit to the NHit distribution, and
vertical error bars are too small to be visible.

direction reconstruction will be accounted for by applying the same NHit cut to
MC predictions.

Reconstruction of event-level parameters offers important discrimination abil-
ity between signal and background in neutrino experiments. The following
chapter describes the methods and results of direction reconstruction in SNO+,
including the impact of the other reconstructed parameters of position and time.
Chapter [5| then investigates the potential for improvements to position recon-

struction with directional components.



Chapter 4

Reconstruction of Direction 1in

Liquid Scintillator

“Solutions nearly always come from the direction you least expect, which means there’s no point

trying to look in that direction because it won't be coming from there.”
- The Salmon of Doubt, Douglas Adams

One method to extract directional information from a liquid scintillator (LS)
based experiment, such as SNO+, is to isolate the directional Cherenkov light
using time. As previously discussed, this is possible as Cherenkov light is emit-
ted instantaneously, whereas scintillation light has a characteristic rise and fall
time. As the SNO+ detector has taken data through phases of different PPO con-
centration (described in Section [3.2), it is notable that these timing parameters
can change with fluor concentration. Simulated studies of large-scale detectors
indicate that time separation could be successfully utilised to reconstruct direc-
tion [13]. By using light from the rising edge of the scintillation timing profile,
where the anisotropy from Cherenkov light can be clearly seen, direction recon-
struction could be possible in the SNO+ detector.

This chapter outlines the method used to reconstruct direction in the SNO+
detector, before demonstrating the use of the method in both simulation and
data. This demonstration is the first such event-by-event reconstruction of solar

neutrinos in a large-scale high-yield liquid scintillator neutrino detector. Lim-

75
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itations of this method are also investigated, including the reliance on accurate
position reconstruction and the degradation of direction reconstruction caused

by electron multiple scattering.

4.1 Directionality Methods

In order to reconstruct direction on an event-by-event basis, a maximum likeli-
hood fitter is used. While simpler methods (such as finding the centroid of the
Cherenkov photon vectors as used in [13]) are possible, the comparatively slow
timing response of the PMTs and lower detector coverage mean this method
is less effective. Biases in the position reconstruction (discussed in are
particularly problematic for this method. While methods to correct this position
vertex bias are investigated in Chapter 5] it is found that, in the SNO+ scintillator
mixture, these methods are only effective at energies of 10 MeV or above.

The physical parameter reconstructed is the initial direction of movement of
a charged particle (usually an electron) through the scintillator. Throughout this
section, electrons are used in simulation both for the creation of a Probability
Density Function (PDF) and for testing the effectiveness of the direction recon-
struction method. This is because elastic scattering on electrons is the interaction
through which SNO+ observes ®B solar neutrinos, as described in Subsection
The correlation between incoming neutrino direction and electron initial
direction is discussed in Section The definitions of other reconstructed para-
meters used in the reconstruction of direction can be found in Section For
the analysis outlined in this chapter, position-time reconstruction is conducted
using the partialFitter. Simulations were run using the RAT software described
in Section [3.3| using the optical parameters coordinated for 0.6 g/L PPO in LAB
(as used for the Partial-Fill and Full-Fill phases of data taking used in this study,
described in Section 3.2). Unless otherwise stated, the detector is simulated with

the AV filled with LS, and with perfect detector conditions (i.e. all channels on).
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4.1.1 Probability Density Function

A maximum likelihood fitter compares an individual event to a PDFE. Therefore,
a PDF that clearly demonstrates the anisotropy of the Cherenkov cone at early
times is required. This cone presents as a peak in "photon angle" (6.,), defined
as the angle between the true event direction and the photon direction, shown
in Figure The photon direction is estimated as the vector between the event
position and the hit PMT. This simplistic approach does not account for refrac-
tion angles between media, resulting in a potential smearing of the Cherenkov

peak as events at larger radii approach the acrylic vessel (AV).

Figure 4.1: Figure demonstrating the "photon angle" (6,), defined as the angle
between the event direction and the photon direction. Photon direction is estim-
ated as the vector between the event position and the hit PMT.

In a non-scintillating material (where all photons are Cherenkov photons),
this peak is obvious and can be used as a PDF in a likelihood fitter to find the
direction, as in Figure However, in scintillator this peak is overlaid onto
an isotropic background of scintillation light which has significantly higher light
yield. The peak is therefore difficult to isolate and the directional Cherenkov

information becomes more difficult to extract, as in Figure
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Figure 4.2: Photon distribution as a function of cos(6,) for simulations of 10°
electrons of energy 6 MeV and isotropic directions in the SNO+ detector. Dis-
tributions plotted for Cherenkov light only (a) and a combination of Cherenkov
and scintillation light (b). With only Cherenkov light, the peak is prominent at
cos(6,) =~ 0.7, the expected angle for a 6 MeV electron. The addition of scintilla-
tion light increases the light collected by a factor of ~ 15, meaning the Cherenkov
peak becomes barely visible.
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In order to isolate the Cherenkov peak, a method must be found to separate
the early Cherenkov light using time. This can be done by adding information
about the emission time of a photon to our PDF using the time residual (¢.s)
parameter (described in Equation [3.4.1). As Cherenkov light is emitted instant-
aneously, Cherenkov light should arrive at an earlier t,,s than scintillation light.
By running simulations with either Cherenkov or scintillation light turned off
individually, it is possible to see the t,.s distributions for each emission process,

as seen in Figure 4.3
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Figure 4.3: Distributions in t,,s for Cherenkov and scintillation light individually.
Cherenkov light is emitted early, within the rising edge of the scintillation profile.
Each distribution was created using simulations of 10° electrons of energy 6 MeV
at the centre of the detector.

It is clear that Cherenkov light is emitted early and t,,; could be used to
separate Cherenkov from scintillation light. However, while these distributions
have been made by simulating electrons in the centre of the detector, in reality
events will occur throughout the entire volume. t,,; estimates emission times us-

ing straight light path approximations for photons. As events approach the AV,
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causing refraction angles to become large, this estimation becomes less accurate.
To investigate this effect, time residual distributions for events both at the centre

and throughout the volume of the scintillator medium can be seen in Figure
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Figure 4.4: A comparison of the time residual plots for events in the centre
(green) and throughout the volume (red) of the AV. The difference in the width
of the peak visible in (a) and (b) is caused by the inaccuracy of the straight line
path estimation. The tail cut off visible in (b) and (c) is caused by the processed
event window. A small pre-pulsing peak is visible at early times in (b). Plots
were created using simulations of 10° electrons of energy 6 MeV.
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The first difference between the distributions is the width of the peak, caused
by the inaccuracy of the straight line estimation as the event approaches the AV.
The closer the event is to the edge of the scintillator volume, the larger the angles
of refraction will become. These refracted light paths take a shorter time for light
to traverse than the estimated straight line, meaning the calculated £ ;g is too
large, creating a t;.s that is too small. This is what leads to the narrower peak in
Figure when events are simulated through the volume. This also causes the
rising edge of the distribution to appear earlier.

Additionally, a sharp cut off can be seen in the tail for the events at the centre,
whereas the events throughout the whole volume have a smooth tail. This is due
to the event window cuts placed on the events by the detecter trigger logic.
As described in Section PMT hits are only stored as part of an event in
a window of [—180 ; 220] ns around around the global trigger. In the centre,
this event window cut is directly translated to the t,es plot as t;gp; will vary
little from photon to photon, and as such, a cut off is seen at 230ns. However,
throughout the whole volume, £ ¢4y, varies significantly between "near” and "far"
PMT hits in a single event. This means the "near" hits can be within the event
window, but have a t,,s >230ns, creating a gradual tail.

In order to represent the detector as a whole, the time residual plot created
over the entire volume of the detector could be used as the basis for a PDE.
However, as will be discussed in Section events too close to the AV will not
be used in the data set for this analysis. A fiducial volume will be used with a
radius of 5.5m from the centre of the AV. To accurately reflect this, the PDF for
the direction reconstruction will also use this fiducial volume.

It is now possible to create a 2D PDF using cos(67) and t.s in order to find
the Cherenkov peak. Keeping time information in the PDF allows the rising edge
of the scintillation profile to be used as a whole, without tuning for the fraction

of Cherenkov photons. A time window of [—5 ; 15] ns is used in order to reduce
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the impact of the distribution tail.

In order to identify the Cherenkov peak, the PDF is first generated assuming
the MC truth position-time vertex for the electron in the calculations of both
cos(67) and t,,s. This PDF was created using 6 MeV electrons within a radius of

5.5m of the centre of the AV, and can be seen in Figure
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Figure 4.5: The 2D PDF in f,s and cos(6,), assuming the MC truth position-
time vertex. At early times, a peak is visible at the expected angle of cos(6,) ~
0.7. The PDF was created using simulations of 10° electrons of energy 6 MeV
throughout the AV with a maximum radius of 5.5 m.

There is clear anisotropy on the rising edge of the scintillation light. The
Cherenkov peak is visible and, therefore, can be used as the basis for a direction
reconstruction algorithm. However, in data the position-time vertex would need
to be reconstructed. It is therefore also useful to look at this PDF using the
reconstructed position and time (as described in Section for all calculations.
This PDF was also created using 6 MeV electrons within a radius of 5.5 m of the
centre of the AV, and can be seen in Figure

There are immediately visible differences between the PDFs. Most notably,
there is an apparent peak in angle at cos(f,) = —1, meaning light detected in

the direction opposite to the electron’s direction of travel. This is more clearly
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Figure 4.6: The 2D PDF in t,s and cos(G,y), using the reconstructed position-
time vertex. While the Cherenkov peak is still visible close to the expected angle
of cos(,) =~ 0.7, there is also an apparent peak in the backwards direction of
cos(6,) = —1. The PDF was created using simulations of 10° 6 MeV electrons
throughout the detector volume, with a maximum radius cut of 5.5m.
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Figure 4.7: A comparison of photon hits with a calculated t,,; < 2 ns in cos(6,)
for the true and reconstructed vertices. It can be seen that there is a significant
peak in the backwards direction (cos(f,) = —1) when using the fitted vertex.
The Cherenkov peak has also shifted slightly. The distributions created using
simulations of 10° 6 MeV electrons throughout the detector volume, with a max-

imum radius cut of 5.5m.
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seen in a comparison of only photon hits with a calculated t,.s < 2 ns (Figure
4.7). This view also shows a slight shift in the Cherenkov peak angle to lower
cos(0,), corresponding to a wider Cherenkov angle.

This difference must be caused by inaccuracies in the reconstruction of the
position-time vertex. This will be investigated in Section However, even
with an unusual shape, the anisotropy in 0., on the rising edge of the scintillation

profile means this PDF can be used to reconstruct direction.

4.1.2 Reconstruction of Direction

Direction is reconstructed by using the histogram in Figure as a PDF in a
binned maximum likelihood fit. A grid search optimiser was chosen for robust-
ness. This involves taking equally-spaced steps along each dimension, and then
at each step calculating the likelihood using a binned likelihood sum as given by
Equation 1.1}
In(L) = Zni In(p;) (4.1.1)
i

where L is the likelihood, i is the bin number, 7 is the number of photons detec-
ted in that bin, and p is the height of the bin in the PDF.

This method maps the likelihood space to find the point with the maximum
likelihood. For the results presented in this thesis, 50 steps were taken in cos(6)
and 90 steps were taken in ¢, where 6 and ¢ are the polar and azimuthal angle,
respectively, in detector coordinates.

Direction reconstruction was tested using electrons simulated over the volume
of the detector at energies in the range 2 MeV to 20 MeV. These simulations were
run using detector conditions from 100 runs from within the combined Partial-
Fill and Full-Fill data set (explained in more detail in Section 4.3). The use of
these conditions means the detector is simulated in the same state as the true
detector for a given run number, including the same channels being turned off

and the fill level of the detector. This is expected to reduce the effectiveness
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of the direction reconstruction, due to loss of photocathode coverage and com-
plex optics in Partial-Fill. However, this also allows a more accurate comparison
between predictions from simulation and the results from data.

Only events with a valid position-time vertex reconstruction were allowed.
A radius cut of r < 5.5m was applied to all runs to avoid the optical effects
introduced by large refraction angles and total internal reflection close to the AV.
A cut of z > 1m from the equator of the AV was also applied for Partial-Fill runs
due to the water-LS interface, which also suffers from refraction and reflection
causing inaccurate reconstruction. The results are presented in terms of cos(«),
where « is the angle between the MC true initial direction and the reconstructed

direction of the electron. These results can be seen in Figure
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Figure 4.8: Results of direction reconstruction for simulations of different elec-
tron energies, with a log plot inset. Simulations were run using representative
run conditions. It can be seen that there is a strong energy dependence for the

effectiveness of the reconstruction. There is also an interesting tail shape seen,
with small peaks at cos(a) ~ 0 and cos(x) = —1.
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In order to compare the effectiveness of the directional reconstruction, the
percentage of events with cos(a) > 0.8 is calculated. The results of this can be
seen in Table Reconstruction of the electron direction is strongly dependent
on the energy of the electron, as expected, with higher energy electrons recon-
structing more accurately. There is also an unusual tail shape observed, with
peaks at cos(w) ~ 0 and cos(«) = —1. This shape is due to position reconstruc-

tion effects, and is explored in more detail in Section #.2.1]

Energy (MeV) | % with cos(x) > 0.8
2 21.9+04
6 45.6 £ 0.6
10 64.6 =0.7
20 83.0£0.8

Table 4.1: Comparison of the directional reconstruction for simulated electrons
at different energies, based on the percentage of events that reconstruct with
cos(a) > 0.8. Uncertainties are assumed to be purely statistical.

The results of this direction reconstruction method hold significant prom-
ise. If used on high energy events, a simple cut of cos(x) > 0.8 would make it
possible to retain 45-80% (depending on energy) of the directional signal events
while rejecting 90% of an isotropic background. More sophisticated background
signal extraction, such as a likelihood comparison used in conjunction with en-
ergy, could make the efficiency of this background rejection method even higher.

However, there are phenomena that affect the ability to reconstruct direction
in SNO+. These place limits on of the accuracy of direction reconstruction that
is obtainable. In order to understand where improvements may be made to
this method, and what the maximum effectiveness would be, two major limiting

effects are explored in Section
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4.2 Effects Limiting Direction Reconstruction

There are several factors impacting the effectiveness of the direction reconstruc-
tion. The most prominent of these are the accuracy of position reconstruction

and the electron multiple scattering within the detector.

4.2.1 Effect of Position Reconstruction

In Section 3.4} the method of reconstruction of a position-time vertex in the SNO+
detector was explained. The resolution was found to be ~15 cm in each cartesian
coordinate (creating a spatial resolution of ~26 cm) with no significant biases.
However, when these reconstruction algorithms are tested, electrons are gen-
erated with isotropic directions. This means a bias related to the direction of
movement of the electron would not be seen.

In order to investigate the position reconstruction along the direction of mo-
tion of the electron, the drive parameter is used. Drive is defined as the mis-

reconstructed distance along the true direction of momentum of a particle, as

illustrated in Figure
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Figure 4.9: Figure demonstrating drive, the mis-reconstruction of the position
vertex along the particle’s true direction of momentum.

Using the same 100 simulated runs as described in the previous section, the
drive of 6 MeV electrons can be investigated. This is seen in Figure
Using a Gaussian fit to this distribution, there is a bias of 188.5 £ 0.6 mm and

a standard deviation of 84.8 £ 0.5 mm. This bias changes with energy, as can be
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Figure 4.10: The drive of simulated 6 MeV electrons in SNO+ detector. When
fit to a gaussian, this distribution has a mean of 188.5 &+ 0.6 mm and a standard
deviation of 84.8 + 0.5 mm.

seen in Figure with higher energies producing a larger drive. It does not
have a strong dependance on radius, as seen in Figure although it does
decrease slightly near to the AV.

The existence of drive is due to two causes: track length and Cherenkov light.
As explained in Section in event reconstruction in SNO+ it is assumed that
any given event is point like. However, after an electron is scattered, the electron
travels a certain distance before stopping. It is assumed that the reconstructed
point vertex will be located at an average position somewhere along the track,
which would cause a small drive effect in the direction of motion compared to
the initial scattering event position. However, by looking at the average energy
deposition in LAB (ﬁ—g ~ 2MeV /cm), it can be shown that the track should only
be a few centimetres long at these energies. This can be confirmed by turning off
Cherenkov light in simulation, which leads to a large decrease in drive, as seen

in Figure 4.12
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Figure 4.11: The drive as a function of energy and radius in simulation. The
mean was obtained by fitting drive distributions to a Gaussian. Vertical statistical
error bars are too small to be visible. Drive has a large dependence on energy,
increasing at higher energies. There is not a strong dependence on radius, but
very near to the AV drive decreases slightly.
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Figure 4.12: A comparison of drive with and without Cherenkov light present
in simulation. Statistical error bars are too small to be seen. It can be seen that
drive is significantly smaller when Cherenkov light is omitted.

It is clear that Cherenkov light adds significantly to the drive. As Cherenkov
light is both directional and "early", a position reconstruction based on t.s causes

the vertex to be pulled in the direction of the Cherenkov light, as demonstrated

in Figure [4.13]
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Figure 4.13: A simplified explanation of drive. As Cherenkov light is emitted
before scintillation light, t,.s in the forward direction is smaller than that in the
backward direction. Moving the vertex along the direction of motion decreases
the time of flight in the forward direction, increasing the time residual calculated
at the forward PMT.
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At the true vertex, a time residual is calculated in example "backward" and
"forward" directions, t,s; and t,s» respectively. As t,,s (defined in Equation
is an estimation of emission time and directional Cherenkov light is emit-
ted earlier than isotropic scintillation light, t,,s1 > t,.s2. However, position re-
construction algorithms used in SNO+ do not account for angular information
in the photon hit distribution. This means the vertex will be pulled forward,
increasing ;o in the backward direction and decreasing it in the forward dir-
ection. At the final reconstructed vertex, the calculated ¢,.; in both directions are
now the same.

Alongside there being a directional component of position reconstruction,
drive also has an impact on the effectiveness of direction reconstruction. It was
seen in Section that the PDF in cos(6) and t.s changes when using either
the MC truth or reconstructed position-time vertex. The cause of this change can
now be attributed to the effect of drive. As the reconstructed vertex is moved
forward along the direction of motion of the electron, the ¢, to PMTs located
in the backwards direction increases. This decreases the t,,;, making these hits
appear to have been emitted earlier and causing the peak at cos(6,) = —1 in
Figure The shift in cone angle seen in Figure 4.7 can be explained by the
reconstructed position being closer to the observed Cherenkov ring on the PMTs,
creating an artificially widened Cherenkov angle.

As the shape of the event is changed by drive, the results of direction re-
construction are also changed. The effect of position reconstruction inaccuracy
on direction reconstruction can be tested by running direction reconstruction as-
suming the true position-time vertex. The PDF shown in Figure is used for
the maximum likelihood search. A comparison of direction reconstruction us-
ing the true and reconstructed event vertices can be seen in Figure using
the simulation of 6 MeV electrons in the run conditions described in previous

sections.
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Figure 4.14: Results of direction reconstruction, comparing the use of reconstruc-
ted and MC truth positions. Plots generated for simulations of 6 MeV electrons.
It can be seen that using the true position gives a large improvement in direction
reconstruction. Notably, the peaks at cos(«) ~ 0 and cos(a«) = —1 are no longer
present.

The mis-reconstruction of the position-time vertex has a large impact on
the potential for directionality. The percentage of events that reconstruct with
cos(a) > 0.8 increases from 45.6 + 0.6 to 77.4 +0.7. Notably, there is also a
change to the shape of the distribution tail. The peaks in the tail disappear when
the true position is used, confirming they are caused by the drive of a recon-
structed vertex. Drive causes the "backwards" peak to appear in the early times
of an event, which creates a degeneracy in the likelihood space used to recon-
struct the direction. Finite photon sampling then causes a minority of events to
reconstruct with direction either opposite or perpendicular to the true direction.
The variation in drive also changes the individual prominences of the backwards

peak, meaning some events will not be easily reconstructed against the PDFE.
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The reconstruction of position and direction seem to be interdependent, with
each parameter affecting the ability to reconstruct the other. This opens the pos-
sibility of reconstructing a single direction-position-time vertex, with the view to
improving both parameters. This is explored in Section and the limitations
of such a method in the SNO+ detector are discussed. Improved position recon-
struction that reduces drive has scope for improving direction reconstruction,

and should continue to be investigated.

4.2.2 Effect of Electron Multiple Scattering

Electron multiple scattering (MSC) is the process of an electron undergoing sev-
eral small-angle scatters as it traverses through matter [131]. Direction recon-
struction assumes the electron travels in one direction along a straight track,
around which a Cherenkov cone is emitted. However, MSC changes the direc-
tion of travel, meaning it will impact the ability to reconstruct direction.

The magnitude of MSC can be investigated in MC by comparing an "average"
direction of travel to the initial direction of momentum for an electron. This
average direction vector can be constructed between the initial and final points
of the electron track in MC, as demonstrated in Figure In MC, the initial

point of the track is classified as the MC truth position vertex of the event.

Track End

Multiple
Scatters

Initial
Position

Initial Direction

Figure 4.15: An explanation of the angle 6,,5c. An average direction of the particle
track is defined as the vector between the MC initial position of an electron and
the final position of the MC track. 8. is then defined as the angle between this
average direction and the initial MC truth direction of the electron’s momentum.
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The distributions of cos(6s.) can be seen in Figure for electrons with
energies 2MeV, 6 MeV and 10MeV. These distributions were generated using

electrons in the run conditions described in Section
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Figure 4.16: Distributions of cos(6,s:) for simulated electrons of different ener-
gies travelling through LABPPO. It can be seen that there is a strong dependance
on energy, with higher energy electrons scattering less.

As expected, this multiple scattering angle is dependent on energy, with
higher energy electrons scattering less than lower energy electrons. In order
to examine the effect this has on the ability to reconstruct direction, Table
contains the percentages of events with cos(6,sc) > 0.8. Events that move in an
average direction substantially away from the initial direction of movement will
be difficult to reconstruct.

Even at low energies, a high proportion of events have an average direction
that is close to the true direction. This is promising for the prospect of using

direction reconstruction in lower energy studies such as OvBp. If perfect direction
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Energy (MeV) %

2 84£1
6 97 £1
10 99 +1

Table 4.2: Comparison of the magnitude of multiple scattering in LS at different
energies in simulation. This is presented using the percentage of events with
cos(Osc) > 0.8.

reconstruction was possible of the average direction travelled by an electron,
significant background rejection would still be possible at these energies.

However, the average direction is not the only effect of multiple scatter-
ing that can degrade the effectiveness of direction reconstruction. Each scat-
ter changes the direction by small angles, creating a Cherenkov cone that is ill
defined, even if it is centred around an "average" direction that is close to the
true direction. This leads to a decreased effectiveness of direction reconstruction
as the Cherenkov cone is not "clean". While this is also the case in water Cher-
enkov detectors (and often used as a method of particle identification between
electrons and muons due to their differing magnitudes of MSC), SNO+ suffers
from the additional background from isotropic scintillation photons.

In order to estimate the magnitude of the effect of multiple electron scatters
on directional reconstruction, MC simulations were run without multiple scat-
tering. This means all simulated electrons only travelled in the direction of their
initial momentum. The results can be seen in Figure once again using the
simulations of 6 MeV electrons in the run conditions described in Section

It can be seen that electron multiple scattering in the scintillator clearly has
a large effect on the ability to reconstruct initial direction. Without multiple
scattering, the peaks in the distribution are much sharper. Notably, the peaks in
the tail due to the drive effects are still present, as the drive effects discussed in

Section are not changed.
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Figure 4.17: Results comparing the effectiveness of direction reconstruction with
and without multiple scattering of simulated 6 MeV electrons in 0.6 g/L PPO. It
can be seen that multiple scattering has a large effect on the ability to reconstruct
the original direction of the electron, as the direction is changed along the elec-
tron’s path. Despite significant sharpening of the peak, the tail effects caused by
drive are still present.

Unfortunately, it is not possible to reduce the effect of electron multiple scat-
tering within the SNO+ detector. However, it is important to know the limits
placed on the ability to reconstruct direction. These studies show that the re-
construction of direction based on the likelihood of the PDF is systematically
limited by the loss in definition of the Cherenkov cone due to multiple scatters
of the electron as it travels. There is also an effect due to the average direction
of the electron — and thus the average position of the Cherenkov cone — devi-
ating from the initial direction. For use in physics analyses, the initial direction
of the electron is the desired reconstructed parameter as it has the greatest cor-
relation with the direction of an incoming neutrino (examined further in Section

4.4.1). The loss of definition of the Cherenkov cone is reduced at higher ener-
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gies, allowing more accurate directionality, as the electron scatters less and has
a longer track along which to emit a cone. The impact of multiple scattering on
the ability to reconstruct direction could be reduced in future detector designs
by prioritising higher effective photocathode coverage. This would allow a more
thorough sampling of photon angles. However, there will still be an energy-

dependent practical limit imposed by scattering.

4.2.3 Summary of Limiting Effects

Figure shows the effect of both electron multiple scattering and position
reconstruction on directionality, using the runs described above and 6 MeV elec-
trons. A comparison is included where there is no multiple scattering and the
true position vertex is used. Table shows the percentage of events with

cos(a) > 0.8 for each of these scenarios.

Scenario %

No Scattering, True Vertex | 98.2 4 0.8
With Scattering, True Vertex | 77.4 £ 0.7

No Scattering, Fit Vertex | 84.0 0.8

With Scattering, Fit Vertex | 45.6 0.6

Table 4.3: Comparison of the directional reconstruction of simulated 6 MeV elec-
trons considering the effects of multiple scattering of electrons and biases in
position reconstruction, looking at the percentage of events that reconstruct with
cos(a) > 0.8.

It is clear that both multiple scattering and position reconstruction have large
effects on the ability to effectively reconstruct direction. While multiple scatter-
ing is an unavoidable effect, there are is potential to improve position reconstruc-
tion by including a directional component, leading to the improved reconstruc-
tion of direction. However, for the purposes of direction reconstruction, these

effects can be used to set limits on the achievable directionality in SNO+, as the



Chapter 4. Reconstruction of Direction in Liquid Scintillator 98

2
= 09F £:f
;% F 3 Ij
g 08F .. ]
07F
- 10
0.6 F
F 10°
05F
E 107 |
04 » -1 —(;.8 —0..6 —0..4 —0..2 (; 0..2 0..4 0..6 0..8 1
E cos(a)
03F With Scattering, Fit Vertex
0ok — With Scattering, True Vertex
F No Scattering, Fit Vertex |_
01fF No Scattering, True Vertex __,_,_.—IJ_
N e . , . : =E|

-1 08 -06 -04 -02 0 02 04 06 08 1
cos(a)

Figure 4.18: Direction reconstruction of simulated 6 MeV electrons for cases of 1)
no multiple scattering and using the true vertex position (brown); 2) no multiple
scattering and using the fit vertex position (red); 3) with multiple scattering and
using the true vertex position (orange) 4) with multiple scattering and using the
tit vertex position (yellow). It can be seen that using the MC truth vertex removes
the peaks in the tail, whereas removing electron multiple scattering makes peaks
in the distribution sharper.

two effects combined reduce the percentage of events with cos(a) > 0.8 from

98.2% to 40.6%. Other systematic effects, such as NHit, are sub-dominant.

4.3 Dataset

In Section 3.2 the multiple data acquisition phases SNO+ underwent throughout
commissioning were outlined. Two of these phases were used for the purpose
of this analysis: the Partial-Fill Phase (Period 1) and the Full-Fill 0.6 g/L Phase
(Period 2). While the final scintillator cocktail achieved in the SNO+ experiment
contained 2.2 g/L PPO, these two stable phases contained liquid scintillator with

a concentration of 0.6g/L PPO. As described in Section primary fluors are
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used to shift the wavelength of emitted light away from the absorption length
of the solvent. The timing of the non-radiative transmission and de-excitation of
the fluor depends on its concentration in the solvent, meaning timing constants
for the emission of scintillation light can be tuned by varying concentration. The
lower concentration of the fluor PPO leads to a slower timing profile than in a
higher concentration, as seen in Figure As this analysis utilises the timing
separation of Cherenkov light, this slower timing was used as an opportunity to
investigate direction reconstruction.

As described in Section data in SNO+ is collected in runs. Period
1 spanned the run-range 257693-264716, and Period 2 spanned 270168-2717009.
When running under normal conditions, these runs are an hour long. Before
data analysis can be conducted, runs must be selected for data quality.

A run will not be denoted as a "Physics Run" if there are maintenance tasks
being performed or if there is active calibration (using sources such as LED
or laser light input, or nuclear decay sources internal or external to the AV).
Physics runs may then be rejected for several reasons, with requirements varying

between specific analyses. Examples of rejection criteria include:

e Not all crates are at high power - This criteria is particularly important for
directionality studies, where detector isotropy should be maximised for the

best results.
e Abnormal trigger rates caused by faults in the electronics.
e Abnormal rates in individual channels, including OWL PMTs.
e High number of errors in the data readout.

e Runs too short - Exact run length varies between analyses, for this data set

this was selected to be 15 min.

e Breakdowns in the detector electronics.
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e External factors such as rock blasting within the mine, storms interfering

with electrical supplies, or earthquakes.

For Period 1, data processing and simulation were completed using RAT-
6.18.9. For Period 2, data processing used RAT-6.18.11, and simulation used
RAT-6.18.15. Once "good physics" runs were selected for the purpose of this

analysis, individual events were then selected.

4.3.1 Event Selection

It is expected that higher energy events will reconstruct more accurately in direc-
tion due to both higher photon yield and reduced electron scattering (discussed
in Section . This makes the method well suited for study of B solar neut-
rinos, which have energies ranging up to 15MeV as shown in Section Cuts
were chosen to obtain a near-clean data set of °B solar neutrinos at high energies.

The first event cut aims to remove high NHit backgrounds and their follow-
ers, primarily removing muons and detector breakdowns. This was done by
cutting any event with a cleaned NHit > 5000, and then implementing a 20s
dead time afterwards.

The next cut removed events that didn’t pass the basic Data Cleaning analysis
mask. This mask was used for all data sets, and includes the following, as
defined by the RAT User Manual [132] and documentation from the Water Phase
[133]:

e zerozerocut - Tags every event where the last two hex digits of the GTID
are zero. This cut is required because of a rollover issue with the Global

Trigger that creates orphan hits with bad GTIDs that end in 00 [132].

e owlcut - Tags events with three or more hits on the outward looking tubes

[133].
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e junkcut - Tags any event where a channel has more than one triggered hit,

which should not be physically possible [132].

e pollingcut - The DAQ system has a few different measurements that are
done on a run by run basis. During those measurements the hardware can
have an increased amount of noise. This cut will tag all events during those

time periods [132].

e missingcaendata - The shape of the some trigger signals are stored over an
event [133]. This cut tags events with this data missing. This occurs when

the CAEN buffer fills before the data can be read out.

The next cut selects only events that are successfully reconstructed using
partialFitter (as described in Section and contain valid position and time
values.

Next, events with a clean NHit cut of < 1500 are removed — approximately
equivalent to a 5MeV cut based on the scaling of ~300 NHit/MeV. This cut is
the main background rejection method in this analysis, as there are negligible
backgrounds expected above 5MeV in the detector, leaving a very clean sample
of ®B v, and vy, events. Possible backgrounds at this energy include atmospheric
neutrinos and 2%®T1 decays. By using rates determined for the solar flux analysis
in Period 1 [134], these backgrounds are expected to contribute ~1 event in the
total data set.

A radius cut of r < 5.5 m from the centre of the AV was enforced to reduce the
effect of the optical mis-modelling near the AV while maintaining a large fiducial
volume. In Period 1, an additional position cut of z > 1m was also applied to
remove events that mis-reconstruct near the water-scintillator interface, where
the reconstruction performance is reduced.

After these cuts were enforced, 20 events were selected from Period 1 and 17

events were selected from Period 2.
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4.4 Application to Data, Analysis, and Results

In this section, the reconstruction of direction will be applied to the events se-
lected in Section The reconstruction algorithm can only be used on elec-
trons, rather than the ®B solar neutrinos themselves. The angular dependance of
neutrino-electron scattering is investigated and the impact on the ability to recon-
struct neutrino direction is determined. The results of direction reconstruction

in Periods 1 and 2 are then presented and analysed for significance.

4.4.1 Neutrino-Electron Scattering

While discussing the effectiveness of direction reconstruction in previous sec-
tions, results have been shown by comparing the reconstructed direction against
true electron direction. However, in a neutrino physics analysis, the desired in-
formation is the incoming direction of the neutrino. In the ®B solar neutrino
data set, it will only be possible to compare a reconstructed direction to the solar

direction. As such, the parameters 6,.. and 0s,,, are defined as in Figure

Reconstructed
Direction

Figure 4.19: Diagram showing the relationship between the angles «, 0,.. and
Osun. « is the angle between the true and reconstructed electron direction. 6.,
is the scattering angle between the neutrino and the electron. 65, is the angle
between the reconstructed electron direction and the solar direction.
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The measurable parameter is 65,,, where the reconstructed direction is com-
pared to the solar direction, which is calculated based on the reconstructed event
time. In order to determine whether neutrino-electron scattering will be a sig-
nificant effect on the ability to reconstruct direction, the parameter 6,.. must be
investigated. Neutrino-electron elastic scattering is discussed in Section [1.1.4]
where it is shown that outgoing electron direction is kinematically determined
by the incoming energy of the neutrino and the outgoing energy of the electron

(Equation [I.1.1T). This can be rearranged as in Equation [4.4.1]

Te(me + Ev)z
COS(GV_E) = \/m (441)

Where T, is the outgoing kinetic energy of the electron, E; is the incoming
energy of the neutrino, and m, is the mass of the electron. By combining this with
the differential cross section, it is possible to generate a distribution in cos(6,-)
against both the energy of the incoming neutrino and the outgoing energy of
the scattered elecron. These distributions were created using MC simulations of
8B v, interactions in the SNO+ detector, using the MC truth values for particle
energies and directions. This can be seen in Figure

It can be see that there is little relation between the neutrino incoming energy
and the scattering angle. However, there is a significant dependance on outgo-
ing electron energy for the scattering angle. Kinematically, electron recoils with
an energy close to the incoming energy of the neutrino will be more forward
scattered. This means that when selecting events with a high NHit — and as
such, only selecting high energy electrons — only events with a small scattering
angle are selected. To demonstrate this, cos(6,-¢) is plotted for all events in the
Period 1 MC simulation that pass the event selection criteria detailed in Section
including an NHit cut removing events with NHit<1500. The results of
this can be seen in Figure [4.21]
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Figure 4.20: Demonstration of the neutrino-electron scattering angle for simu-
lated ®B neutrinos. While neutrinos across the °B energy spectrum can have
wide scattering angles, reaching beyond cos(f,-.) = 0.2 as shown in (a), this
angle is dependent on the energy of the scattered particle. This leads to the
shape seen in (b), where only electrons below 2 MeV have cos(6y-) < 0.8.
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Figure 4.21: Neutrino-electron scattering angle cos(6,-.), plotted for simulated
8B solar v, events that pass event selection criteria. Due to the removal of low
energy electron events, all events scatter with cos(6,-.) > 0.95.

For the selected events, all are scattered with cos(0,..) > 0.95. To ensure this

is a subdominant effect, cos(6s,, ) bins of width 0.1 will be used in data.

4.4.2 Results in Data

The direction reconstruction described in Section 4.1| was applied to the events
selected in Section The results for Period 1 and 2 are combined into a single
dataset, as the same scintillator cocktail was present for both. The results of this
can be seen in Figure The MC expectation was generated from simulated
8B interactions across the run-lists of Periods 1 and 2. It has been normalised to
37 — the number of events in the data set.

A clear forward peak is observable, with 15 out of 37 (40.5%) events recon-
structing with cos(6su,) > 0.8. Results are presented both with and without
errors bars for ease of viewing. This data set is highly statistics limited, and
therefore uncertainties can be assumed to be entirely Poissonian. Within these
Poissonian uncertainties, the data matches the MC prediction well and provides

a significant motivation to further study into directionality in scintillators.
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Figure 4.22: Results for directional reconstruction in SNO+ data, with a simu-
lated MC expectation for comparison. Dataset includes Periods 1 and 2. A clear
forward peak is seen, corresponding to the solar direction. Results are presented
with (b) and without (a) Poissonian uncertainties.
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4.4.3 Analysis

In order to quantify the significance of these results, a binned log likelihood ratio
was computed. The null hypothesis (Hp) assumed a flat distribution (i.e. each
bin contained N /B events, where N = 37 is the number of events in the histo-
gram, and B = 20 is the number of bins). This was compared to the alternative
hypothesis (H) of the directional MC simulation seen in Figure 4.22]

Although there are only a small number of events, the significance can be

approximated using Wilk’s theorem. Defining the binned likelihoods as:

20

log(L;) = Y _ nylog (pu,p) (4.4.2)
=1

where 1;, is the number of data points in bin b, and py, ; is the probability of the

given hypothesis in that bin. Wilk’s theorem [135] states that, for a large sample:

—2log (%) ~ x> (4.4.3)
1

It can be further shown that for a Poisson distribution, this relationship holds
well even for small sample sets [136]. As a x? distribution with 1 degree of
freedom is distributed as a normal distribution squared, the number of standard
deviations away from Hj can be represented as:

Lo

-2 log(ﬁ—l) (4.44)

This quantifies the significance of the data set against an isotropic Hy. By

applying these equations, the data set shown in Figure has:

—2log (%) = 329113 (4.4.5)
1

which leads to a significance of 5.73¢ away from Hj. This can be verified by gen-
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erating samples of 37 randomly distributed values in cos(6s,,) and calculating

the likelihood ratio for each set. The distribution of —2log <%) will show the

1

significance of the value obtained for this data set. This distribution, generated

for 10!2 samples, can be seen in Figure

10° r
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Figure 4.23: Distribution of —2log (%) for randomly generated samples of 37
events. It can be seen that the distribution is not a perfect Gaussian.

It can be seen that the distribution is not a perfect Gaussian, due to the
small size of the samples. Out of the 10'> samples, 2769 had a calculated
—2log <§—(1’> > 32.9113. This indicates that the probability of the result shown
here being a fluctuation from a uniform distribution is 2.769 x 107, the equival-
ent of a significance of 5.83¢. This is slightly higher than the estimated signific-
ance from Wilk’s theorem due to the non-Gaussian nature of the small sample.

This significance shows that there is a definite demonstration of event-by-
event directionality in this dataset. This is the first such demonstration in a

large-scale high-yield LS detector.
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4.5 Conclusions

A method of direction reconstruction in large-scale LS neutrino detectors has
been demonstrated to be effective using data from the SNO+ detector. The
method relies on the time separation of Cherenkov and scintillation light. As
a lower concentration of PPO in LAB creates a slower scintillation profile, data
was selected from the experimental phases of SNO+ that contained 0.6 g/L PPO,
with corresponding MC simulation used for the creation and testing of a direc-
tion reconstruction algorithm.

By examining detected photons in simulation using the time residual and
angular information, it is possible to see clear anisotropy on the rising edge of
the scintillation profile. It is then possible to use this information to reconstruct
direction using a maximal likelihood method. This method was tested using
several electron energies, showing that higher energies (>6 MeV) display good
directionality with > 45% of events reconstructing with cos(a) > 0.8, where « is
the difference in angle of the reconstructed and true electron direction.

A bias in position reconstruction, known as drive, is found along the direc-
tion of motion of the moving electron. The effect of drive causes a double peak
structure in the PDF used for direction reconstruction, leading to a small degen-
eracy in the likelihood space. This appears as a tail structure of the reconstructed
direction with peaks around cos(a) ~ 0 and cos(a) = —1. It is shown that this
structure disappears if direction reconstruction is done using the true MC vertex
position and time. Using 6 MeV electrons, the percentage of events that recon-
struct with cos(a) > 0.8 is increased from 45.6% to 77.4% when the true position
is used. This motivates further study into improvements of the position-time
reconstruction with the inclusion of the directional component.

The effect of electron multiple scattering causes a smearing effect in direc-

tional reconstruction. This is caused by two effects: the average direction of
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travel for the electron differing from the initial direction, and the smearing of
the Cherenkov ring as the travel direction changes with each scatter. This effect
is more significant at lower energies. It can be shown that removing the process
of multiple scattering from simulations increases the percentage of 6 MeV events
that reconstruct with cos(a) > 0.8 from 45.6% to 84.0%. This effect is irreducible
in SNO+, but motivates the use of higher energy events. Lower energy events
may require different techniques and/or higher light collection to extract usable
directionality.

The use of direction reconstruction in data requires the transformation from
the electron direction to the neutrino direction, assumed to be the Solar direction.
While there is a distribution of angles in neutrino-electron elastic scattering that
ranges down beyond cos(6,..) = 0.2, where 6,., is the angle of scatter between
the electron and the neutrino, the angle of scattering is dependent on the energy
of the scattered particle. For electrons with energies above 5MeV the angle of
scatter is small, with cos(6,..) > 0.95 for all events selected for the high energy
dataset used in this analysis. This constrains the precision used when investig-
ating data, and cos(6s,,) bins of size 0.1 were chosen for this reason.

Application of direction reconstruction to data shows directional detection
of neutrinos with a significance of 5.83¢. This demonstrates the possibility of
reconstructing direction on an event-by-event basis in a large-scale high-yield
LS neutrino detector, and opens up significant possibilities in the field of neut-
rino physics. The ability to combine high-precision energy reconstruction with
directionality could lead to improved background rejection for studies such as
Ovpp searches. However, there are multiple avenues for further study that must
be explored before this will be possible, as these searches occur at low energies,

where direction reconstruction using this method becomes less effective.
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Future Directions

“Let’s think the unthinkable, let’s do the undoable. Let us prepare to grapple with the ineffable

itself, and see if we may not eff it after all.”
- Dirk Gently’s Holistic Detective Agency, Douglas Adams

The results presented in Chapter [ demonstrate the first event-by-event dir-
ectional reconstruction in a high-yield liquid scintillator detector. However, the
investigation also highlighted areas of potential improvement for directional-
ity, most notably the accuracy of position reconstruction and the capabilities of
photon sampling. Potential methods for improving these two areas will be ex-
plored in this chapter.

As seen in Figure there is a significant bias in position reconstruction
along the direction of motion of an electron within the SNO+ detector. Subsec-
tion explored the potential improvements to direction reconstruction that
would be possible with perfect position-time reconstruction. This leads to the
observation that direction reconstruction could reduce the bias of position recon-
struction, and that improved position reconstruction could in turn lead to a more
effective direction reconstruction. A combined direction-position reconstruction
algorithm would have the potential of improving both of these reconstructed
parameters. A method for this is presented in Section and the limitations in
the SNO+ experiment are explored.

The impact of electron multiple scattering was shown in Section The

ability to reconstruct direction is reduced due to the blurring of the Cherenkov

111
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ring as the electron changes direction through scattering. This effect could be
reduced by improving the photon sampling. Using modern PMTs would achieve
this, as upgrades to PMT technology have led to both faster timing and high
quantum efficiencies. To show the impact of improved PMTs in directionality, the
SNO+ experiment is simulated with Hamamatsu R5912 PMTs, and the direction
reconstruction methods described in Chapter 4| are used. The results of this

investigation are shown in Section

5.1 Combined Direction-Position Reconstruction

Direction and position reconstruction are highly interdependent, as shown by
the investigations in Section The drive bias found in position reconstruc-
tion occurs along the direction of motion of the electron due to the early timing of
the directional Cherenkov light. The inaccuracies in position reconstruction have
a negative effect on the ability to reconstruct direction, causing an unusual tail
structure. In this section, a potential method of simultaneous direction-position
reconstruction is described and the limitations within SNO+ are discussed. Ad-
ditionally, a method of drive correction is suggested for the improvement of

position reconstruction using directional information.

5.1.1 Simultaneous Direction-Position Reconstruction

As position and direction reconstruction are inherently connected, a simultan-
eous reconstruction of both parameters was attempted using a maximum like-
lihood method. For this reconstruction, the 2D PDF calculated using the true
vertex parameters (Figure was used. However, unlike in direction-only re-
construction, the entire t,,s range of -100-300ns was kept in order to maintain
good performance in the position reconstruction. To remove the possibility of
a bin with a probability of 0 in the PDF (which would cause the log-likelihood
sum in Equation to become invalid), the PDF was extrapolated as flat in
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the ranges t;,s <—20ns and t,,s >234ns. The time residual projection of the

resulting PDF can be seen in Figure

Probability

10 3
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t. (NS

Figure 5.1: A projection along the t,s axis of the 2D PDF used for simultan-
eous direction-position reconstruction. The plot is shown logarithmically in or-
der to demonstrate the flat-probability extrapolations performed for the ranges
tres <—20ns and t,,s >234ns, which removed the possibility of bins with a 0
probability in the PDF.

Given the size of the detector and the fact that there are six parameters to
reconstruct (time, position(x,y,z), direction(6,7)), the run time of a simple grid
optimisation algorithm over the entire phase space would be unusable. There-
fore, adjustments were made that would reduce the number of points tested in
the maximum likelihood search and as such reduce the time taken to reconstruct
an event.

Position reconstruction is desired to have a granularity on the order of cm.
As the AV has a diameter of 12m, it would not be reasonable to examine the
entire volume at this granularity. Instead, the range of the position parameters
required for the optimisation was reduced by using the originally reconstructed

position-time vertex (using the multiPDF algorithm described in Section as
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a seed. The optimiser was then set to search in a range around that position and
time. A range of £600 mm for each position parameter and £10ns for time was
chosen.
The grid optimisation algorithm used in direction-only reconstruction provided

a desirable robustness against local minima, which is even more vital with more
parameters added to optimise over. In order to retain some of the robustness
of the grid fitting while reducing the time taken, an optimiser known as "ad-
aptive grid" was used. In this optimiser, a coarse grid search was done over all
directions and the position-time range described above. When the maximum
likelihood point was found (using Equation and the PDF), this new vertex
was then taken as a seed for a smaller, finer grid search, with a step size equal
to the desired reconstruction granularity. The parameters of both grids can be
tuned. This method means a finer granularity can be achieved while still search-
ing a large area, without running into constraints on the run time. A simplified
visualisation of this process is provided in Figure The parameters of the

adaptive grid used for testing are shown in Table

N
N

Figure 5.2: A simplified demonstration of the adaptive grid. First, a coarse grid
(blue) is searched to find an optimum point (red circle). This point is then taken
as the centre of a finer grid (green) to find a new optimum vertex.

The adaptive grid direction-position reconstruction was tested using 6 MeV
electrons simulated in the SNO+ detector, assuming perfect conditions. The

detector was filled with 0.6 g/L PPO in LAB. The events were simulated at the



Chapter 5. Future Directions 115

Grid 1

Parameter Min Max | Step Size

Position | -600 mm | 600 mm | 100 mm

Time -10 ns 10 ns 5ns
cos(0) -1 1 0.1
¢ —mrad | 7rad {5 rad
Grid 2
Parameter Min Max | Step Size

Position | -100 mm | 100 mm | 17 mm

Time -5 ns 5 ns 2.5ns
cos(0) -0.1 0.1 0.01
¢ —fprad | qprad | qg; rad

Table 5.1: Parameters used in the adaptive grid fitting optimisation algorithm.

centre of the detector with isotropic directions. The centre of the detector was
chosen to improve the position reconstruction and create the most isotropic case.
For the purposes of initial testing, detector conditions (such as Partial-Fill level
or channels being off) were not considered. These results therefore constitute the
maximum performance achievable from the algorithm in SNO+.

In order to quantify the performance of the the direction-position reconstruc-
tion, three test cases of direction-only reconstruction were created. These test
cases each represent direction reconstruction performance for different levels of
drive correction. Each test case is defined by a PDF (made using either the recon-
structed or MC truth position-time vertex) and a position-time vertex used in the
direction reconstruction calculation (required to calculate both cos(6,) and fes).
These are then compared to the accuracy of the direction reconstruction achieved

by a simultaneous direction-position reconstruction algorithm. This provides a
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quantifiable result for the improvement made in direction reconstruction. The
improvement made in position reconstruction can be quantified by investigation
of the drive parameter.

The first test case (Test 1) used the PDF created with the reconstructed position-
time vertex (Figure and used the reconstructed position-time vertex for direc-
tion reconstruction calculations. This combination is equivalent to the direction-
only reconstruction performed in Chapter 4 The same simulated events were
used in this test case as for the direction-position reconstruction described above,
leading to a different performance of the algorithm than in the previous chapter.
The detector is in a perfect state and so maximum coverage is achieved and all
events are simulated at the centre of the AV, leading to the reduction of optical
effects near material interfaces for the most isotropic case. This test case repres-
ents the direction reconstruction performance achievable without attempting to
correct drive. A good direction-position reconstruction should outperform this
test case.

The second test case (Test 2) used the PDF created with the MC truth position-
time vertex, but used the reconstructed position when performing the direction
reconstruction calculations. This represents a "worst case scenario” for direction-
position reconstruction, where there is no correction to the drive achieved.

The third test (Test 3) case used the PDF created with the MC truth position-
time vertex, and used the MC truth position-time vertex for the direction re-
construction calculations. This is included as a "best case scenario", where the
drive has been perfectly corrected (and with no resolution effects on the posi-
tion). This is the equivalent of the investigation performed in Section with
altered performance as explained for Test 1 due to detector conditions and event

placement in the detector. The details of the three test cases are summarised in

Table



Chapter 5. Future Directions 117

Test Case | Vertex used in PDF | Vertex used in Direction Reconstruction

1 Reconstructed Reconstructed

2 MC Truth Reconstructed

3 MC Truth MC Truth

Test Case Purpose of Test

1 Equivalent to direction-only reconstruction
2 Equivalent to no drive correction, "worst case"
3 Equivalent to perfect drive correction, "best case"

Table 5.2: A summary of the test cases used for the comparison of direction-
position reconstruction. Details include the position-time vertex used for both
the creation of the PDF and the direction reconstruction calculations, alongside
the purpose of the inclusion of the test.

It is expected that a good drive correction should lead to a direction recon-
struction performance between those of Test 1 and Test 3. This would mean
an improvement to directionality as compared to a direction-only reconstruction
(where the drive is effectively "averaged" over by its inclusion in the PDF). The
results of the direction-position reconstruction, alongside the three test cases, can
be seen in Figure using the a parameter introduced in Chapter {4 (demon-
strated in Figure [£.19). As a way to numerically compare the effectiveness of the
directionality, the percentage of events that reconstructed with cos(a) > 0.8 for
each of the test cases and the direction-position fit are presented in Table

It can be seen that the direction-position reconstruction is performing less
accurately than the direction-only reconstruction. In order to investigate this,
the drive of the direction-position reconstruction is shown in Figure The

drive is also presented as a function of cos(«).
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Figure 5.3: The results of the adaptive grid direction-position reconstruction
compared to three test cases for 6 MeV electrons. It can be seen that the direction-
position reconstruction underperforms when compared to Test 1.

% with cos(«) > 0.8
Direction-Position 394 £ 0.6
Test 1 60.3 £ 0.8
Test 2 319 £ 0.6
Test 3 80.5 £ 0.9

Table 5.3: Results of direction-position reconstruction compared to three test
cases for 6 MeV electrons. The results are presented as the percentage of events
that reconstruct with a cos(a) > 0.8. It can be seen that the direction-position fit
performs only slightly better than the "worst case" Test 2 scenario.
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Figure 5.4: The drive of 6 MeV electrons reconstructed with the adaptive grid
direction-position fitter. In (a) two peaks can clearly be seen in the drive, one
close to 0mm and one close to 300mm. In (b), the drive is plotted against the
cos(a) of the reconstructed direction. This plot shows a clear correlation, where
events with cos(a) ~ 1 have a drive close to 0 mm, and the drive increases as the
reconstructed angle gets further from the truth.
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There are two clear peaks in the drive of these events, with one peak ~0 mm
and the other ~300mm. The average drive for 6 MeV electrons using the mul-
tiPDF reconstruction algorithm (as described in Section is 225.9 £ 0.8 mm.
This implies that by using a combined position-direction reconstruction, a signi-
ticant portion of events are increasing in drive.

The reason for this can be seen in Figure The drive is heavily correlated
with mis-reconstruction of direction, as expected by the interdependence of the
parameters. This is explained by the shape of the likelihood space, demonstrated
in Figure for two events, where the value of the log-likelihood is plotted
against cos(«) and drive. The space has a saddle shape with two maxima. At
one maximum, the drive is close to 0, and cos(«) is close to 1. At the other, the
drive is ~500 mm and cos(«) is close to -1. The values at these maxima are very
close, meaning there is an almost equivalent likelihood of the two positions.

The shape of the likelihood space leads to two categories of events. The
tirst are "good-fit", with an average drive close to 0mm and a reconstructed
direction close to cos(a) = 1. The second are "bad-fit" events, for which the
average drive increases as cos(w) gets further from one. For the "bad-fit" events,
the reconstruction performance is on average worse than the original position-
only and direction-only reconstructions separately. This can be demonstrated by
plotting the reconstructed direction separately for events in the "good-fit" and
"bad-fit" categories. A cut is placed at 200 mm, as the minimum between the two
peaks in Figure A comparison of these two categories of events to the three
test cases is shown in Figure

It can be seen that the "good-fit" events outperform Test 1 — the equivalent of
direction-only reconstruction — with 64.6 £ 1.0% of events reconstructing with
cos(a) > 0.8. However, the "bad-fit" events reconstruct against the true direc-
tion, performing worse than isotropically (and with only 0.8 &= 0.1% of events

reconstructing with cos(a) > 0.8).



Chapter 5. Future Directions 121

€600 20240
-
E 0
Q400 20220
o)
200 20200
0 20180
—200 20160
—400 20140
20120
-600
-1 08 -06 -04 -02 0 02 04 06 08 1
cos(a)
(a) "Good-Fit" Event
—~600
= 20580 E
E 0
[¢))
>400 20560
(@)
20540
200
20520
0
20500
-200 20480
400 20460
20440
-600

-1 -08 -06 -04 -02 0 02 04 06 08 1
cos(a)
(b) "Bad-Fit" Event

Figure 5.5: The LLH space of two events, showing the correlation between drive
and cos(a). The event mapped in (a) is classified as a "good-fit" event, with a
cos(a) ~ 1 and a drive close to 0mm. The event mapped in (b) is classified as a
"bad-fit" event, with a cos(a) ~ —1 and a drive close to 500 mm.
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Figure 5.6: The results of the adaptive grid direction-position reconstruction
for 6 MeV electrons, with events plotted separately with a drive cut, creating
categories for "good-fit" (drive < 200 mm) and "bad-fit" (drive > 200 mm) events.
The results are again compared to three test cases. It can be seen that the "good-
tit" events reconstruct with a performance better than that of Test 1. However
the "bad-fit" events reconstruct with a preference for the backwards direction.

The existence of these two categories implies there are insufficient Cheren-
kov photons and too sparse photon sampling for this likelihood maximisation
to be consistently effective. There are similar numbers of events present in each
category for 6 MeV electrons, with 55% of events in the "good-fit" category. How-
ever, at higher energies where there are more Cherenkov photons available, this
proportion changes. Results for simultaneous direction-position reconstruction
for electrons of energy 10 MeV can be seen in Figure The three test cases are
also included for comparison of direction reconstruction, and the percentages of
events reconstructing with cos(a) > 0.8 can be seen in Table The direction-
position reconstruction still underperforms compared to direction-only (Test 1),
but in this case, 70% of events reconstructed with a drive <200 mm. This shows

that more Cherenkov photons allows for a more reliable correction of drive.
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Figure 5.7: Results of simultaneous direction-position reconstruction for 10 MeV
electrons. The direction-position reconstruction underperforms when compared
to direction-only (Test 1). However, it can be seen that more events are recon-
structing with the correct position than at 6 MeV.

The inclusion of a position parameter in the reconstruction has created a case
where an inaccurate reconstruction of either the position or direction parameter
negatively impacts the reconstruction of the other parameter. Further investiga-
tion is ongoing on this reconstruction method, and improved photon sampling
may allow for a more reliable result. This method is showing potential, as good-

tit events have a significant decrease in drive. However, it is clear improvements
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% with cos(a) > 0.8
Direction-Position 59.3 £ 0.8
Test 1 81.5 £ 0.9
Test 2 46.7 £ 0.7
Test 3 914 + 1.0

Table 5.4: Results of direction-position reconstruction compared to three test
cases for 10 MeV electrons. The results are presented as the percentage of events
that reconstruct with a cos(a) > 0.8.

need to be made for the direction reconstruction performance to become com-

parable to a direction-only method.

5.1.2 Flat Drive Correction

While a simultaneous reconstruction does not consistently improve the direction-
position vertex, it is still possible that directional information could be used
to improve the biases in position. This is attempted using the "flat correction”
method.

First, an initial position-time vertex is reconstructed using the multiPDF method
described in Section Next, an initial direction is reconstructed using the
method described in Chapter }, where the PDF is created using a reconstruc-
ted position vertex. Next, the reconstructed position is corrected using the "flat

correction” described in Equation 5.1.1}

7}new - ?old - Dave-v’\recon (5.1.1)

where 7, is the original reconstructed position, D, is the average drive at
the given energy, and 9.co, is the unit vector of the reconstructed direction of
the event. For the purposes of this thesis, electrons with energies of 2MeV,

6 MeV and 10 MeV are considered. Using the multiPDF position reconstruction
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algorithm, the drive was found to be 179 £ 1mm at 2MeV, 2259 + 0.8 mm at
6 MeV and 252.3 & 0.6 mm at 10 MeV. Approximate average drives of Dy, =180 mm,
200mm and 250 mm were used respectively. For general use of this method, a
translation between reconstructed energy and average drive would be required.
Flat drive correction was tested using electrons with isotropic directions in the
centre of a perfect-state detector. The results of this reconstruction method can be
seen in Figure including both the drive and the performance of reconstruc-
tion along the x-axis. A summary of the performance of position reconstruction

before and after flat correction can be found in Table 5.5

Absolute Mean Drive

Energy (Mev) | Before Correction (mm) | After Correction (mm)

2 178 145
6 224.2 97.86
10 250.5 53.47

X Resolution

Energy (MeV) | Before Correction (mm) | After Correction (mm)

2 167.3£1.0 179.1£1.2
6 150.940.8 113.2+£1.4
10 152.3£0.8 73.4+0.7

Table 5.5: Results of flat drive correction on mean drive and x-axis resolution.
The absolute mean is used to account for the non-Gaussian shoulder after drive
correction. The x-axis resolution is found from a fit Gaussian.

It can be seen that, while at 2MeV there is very little change, at the higher
energies the position improves in both drive and resolution along the x-axis.
The drive correction is more effective at the higher energy as the initial direction
reconstruction is more likely to be correct. A small number of events increase

in drive, creating a shoulder in the distribution that extends beyond the original
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Figure 5.8: Results of the flat drive correction method on electrons with energies
2MeV, 6 MeV and 10MeV. At 2MeV very little change is seen. However, at the
higher energies, it can be seen the the peak in drive (left) significantly reduces,
and the x-axis resolution (right) improves.

distribution. These are events that reconstructed poorly in direction initially,

causing their drive "correction" to be in the wrong direction. For this reason,

results are quoted as the absolute mean instead of the mean of a fit Gaussian of

the peak.
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Flat drive correction offers a method to improve the position reconstruction
using directional data, but will only be effective if the direction is reconstructed
accurately. Therefore, further methods of improving direction reconstruction are

desirable.

5.2 Directionality using Improved Photodetection

The SNO detector originally began commissioning in 1990. While many up-
grades were made to the detector for the transition to the SNO+ experiment, in-
cluding the background suppression and the data acquisition, the original PMTs
were left in place. However, four additional PMTs were installed of a more mod-
ern model: the Hamamatsu R5912 [137]. This was for the purpose of testing
capabilities of future neutrino detectors that would use more modern photode-
tection technology.

The transit time distribution [95] and quantum efficiency [137] of the R5912
PMT are shown in Figure alongside those of the R1408. Pre-pulsing has not
been accounted for in the R5912. The time distribution is much narrower, and a

Gaussian fit to the peak returns a standard deviation of 0.82ns.
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Figure 5.9: Comparison of the transit time and quantum efficiency efficiency
of the R5912 and R1408 PMTs. The timing distribution of the R5912 is much
narrower, and the quantum efficiency is higher. Figures were made using the
values used to simulate both PMT types in the SNO+ experiment.
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In order to investigate the directionality capabilities of future neutrino detect-
ors, the simulation of the SNO+ experiment was altered to use the transit times
and quantum efficiency of the R5912 PMT. The remainder of the simulation was
left the same, including PMT placements and concentrators, and the detector
was simulated assuming perfect detector conditions.

The position reconstruction is expected to improve with the use of faster
PMTs. The multiPDF reconstruction algorithm PDF was updated by simulating
10° electrons of energy 3MeV and calculating a new t,,s distribution for use as

a PDF. The new position-time reconstruction performance can be seen in Figure
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Figure 5.10: Performance of position reconstruction in using the R5912 PMT,
using the MultiPDF method. Results are displayed for simulations of a 0.6 g/L
PPO scintillator cocktail. Each point represents a Gaussian fit to X; yecon — Xi true
distributions, where x; is the relevant position parameter.
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The resolution of position reconstruction has slightly improved compared
to that seen in Figure reducing to ~130mm in each direction for 6 MeV
electrons, leading to a total spatial resolution of ~23 cm. This can be improved
further by tuning the effective group velocity parameters in simulation, but this
is beyond the scope of this thesis. The drive as a function of energy can be seen

in Figure and does not significantly change with the use of improved PMTs
as compared to Figure
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Figure 5.11: Drive as a function of energy using the R5912. Drive is not signific-
antly changed by the use of improved PMTs.

The recoordinated position reconstruction was then used to create a new PDF
for direction reconstruction, created in the same way as described in Chapter {4
using 6 MeV electrons. Direction reconstruction was then performed using the
maximum likelihood grid search described in Chapter |4} using the same grid
parameters. Reconstruction performance was tested in simulation using elec-
trons of energies from 1 MeV to 10 MeV. Only events with a valid position-time
vertex were considered, and a radius cut of r <5.5m was applied. The results
can be seen in Figures and with the percentage of events reconstructing
with cos(w) > 0.8 shown in Table and Figure For comparisons to the

R1408 PMT, simulations were run with equivalent detector and event conditions.
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Figure 5.12: Results for direction reconstruction at different electron energies
using the R5912 PMT. Direction reconstruction is stronger as compared to using
the R1408 PMT.

It can be seen that the performance of direction reconstruction is significantly
improved by using PMTs with faster timing and higher quantum efficiency. The
energy range 1 MeV to 3 MeV covers the areas of interest for multiple important
neutrino studies, including CNO solar neutrinos and anti-neutrinos from react-
ors. This study shows that future neutrino detectors undertaking these studies
can achieve improved directional reconstruction from only the use of modern
PMT capabilities.

Notably, 41.6 & 0.5% of 2.5MeV electrons reconstruct with cos(x) > 0.8. The
Q-value of double beta decay for 130Te s 2.5MeV [138]. This means that the use
of R5912 PMTs could allow a directional solar background reduction of ~40%

for a 10% loss of signal in a OvBp study. For the case of event rejection for
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Figure 5.13: A more detailed look at direction reconstruction in the range 1 MeV
to 3MeV using R5912 PMTs.
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Figure 5.14: A comparison of the percentage of events with cos(a) > 0.8 for
different electron energies, using both the R5912 and R1408 PMTs.
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Energy (MeV) | % (R5912) | % (R1408)
1 226+£04 | 16.3+0.3

1.5 30.1+04 | 202+0.4

2 36.0+05 | 2324+04

25 41.6+05 | 26.8+0.4

3 46.7+0.6 | 30.0+0.4

6 71.5+0.7 | 49.0£0.6

10 89.24+0.8 | 67.6 £0.7

Table 5.6: Comparison of direction reconstruction for simulated electrons at dif-
ferent energies based on the percentage of events that reconstruct with cos(x) >
0.8, using both the R1408 and R5912 PMTs.

cos(a) > 0.9, ~30% of solar events can be rejected for a signal loss of 5%. In
SNO+, ®B solar neutrinos are expected to constitute 50% of the background for
the Ovpp search [139], so directional discrimination could allow for a significant

reduction of backgrounds.

5.3 Comparison to Slow Scintillators

Simulated studies of a large-scale detector filled with the slow fluor acenaph-
thene (characterised in Chapter [2/and [20]) were carried out by Dunger, Leming
and Biller [101] for the purpose of examining the potential for direction recon-
struction in a future slow-scintillator detector. The scintillator mixture simulated
used 4g/L acenaphthene in LAB. A simultaneous reconstruction of position-
time-direction was conducted. This investigation used a larger detector than
SNO+ — with an 8.8 m radius AV — and 21873 inward facing Hamamatsu R5912
PMTs for 77% etfective photocathode coverage.

Several variations on this configuration were also studied. The effect of

photon sampling was tested with a lowered effective coverage of 30%. Light
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yield dependance was investigated by simulating both with and without the ad-
dition of the secondary fluor bis-MSB, which would reduce reabsorption and
increase light yield. A further variation using slower PMTs was also tested, in-
dicated as the "SLOW" configuration, although the quantum efficiency of the
PMTs was not varied. A summary of the configurations used for comparison to

studies in PPO can be found in Table

Configuration | Coverage (%) | PMT FWHM (ns) | Bis-MSB Conc. (g/L)
77_FAST_1 77 1 1
30_FAST_1 30 1 1
77_SLOW_0 77 3.7 0
30_FAST_0 30 1 0

30_SLOW_0 30 3.7 0

Table 5.7: Summary of the simulated configurations of slow scintillator studies,
used in comparison to PPO directionality. Variations were used in the pho-
tocathode coverage, the full width half maximum (FWHM) of the transit time
distribution of the PMTs, and the concentration of the secondary fluor bis-MSB.
Values taken from [101].

An approximate comparison is possible with the investigation described in
the previous section, using the effective photocathode coverage of SNO+ of
~50%. The results of the slow scintillator configurations are compared to the
results achievable in 0.6 g/L PPO in LAB in Figures and

It can be seen that direction reconstruction is dependent on photocathode
coverage due to the requirement for good photon sampling. The results of re-
construction using PPO are between those of the two acenaphthene examples
that contain bis-MSB, consistent with the relative coverages. This implies that
the faster timing of the scintillator does not have a significant impact on dir-
ectionality in this detector configuration. However, PPO underperforms when

compared to slow scintillator studies that contained no bis-MSB. This is because
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Figure 5.15: Comparison of direction reconstruction in 0.6g/L PPO in LAB to
4¢/L acenaphthene in LAB with the addition of the secondary fluor bis-MSB.
All simulations used R5912 PMTs and electrons at 1.25MeV and 2.5MeV. It can
be seen that the reconstruction capabilities are dependent on coverage, and the
performance in PPO with 50% coverage lies between the two slow scintillator
examples. Figures (a) and (b) taken from [101].

the light yield of the acenaphthene is lower, allowing for a more prominent Cher-
enkov peak and easier direction reconstruction.

In the slow scintillator study, it was found that there was not a large depend-
ence on PMT timing. The ability to reconstruct direction relies on good separa-
tion of Cherenkov light, and in slow scintillator even the slower PMTs are able

to distinguish between the early Cherenkov photons and the later scintillation
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Figure 5.16: Comparison of direction reconstruction in 0.6g/L PPO in LAB to
4 g/L acenaphthene in LAB without bis-MSB. All simulations used electrons at
1.25MeV. Configurations are marked "SLOW" and "FAST" dependent on PMT
types simulated, and the percentage coverage is given. It can be seen that recon-
struction in PPO underperforms compared to acenaphthene. Figure (a) taken
from [101].

ones. This was not the case for PPO, where a significant increase in directionality
was seen when fast PMTs were used due to the faster timing of the scintillator.

The relative light yields of the scintillator mixtures should also be accounted
for, as a higher light yield allows for more precise energy reconstruction, which
is highly desirable for searches such as OvBf. The number of detected hits per
MeV of electron energy for each configuration can be seen in Table

The detected hits/MeV is approximately proportional to the photocathode
coverage of the detector (without saturation effects). This means a comparison
can be made by dividing the hits/MeV by the percentage coverage of the de-
tector, as seen in the final column of Table The addition of bis-MSB increases
the light yield of acenaphthene — reducing the ability to reconstruct direction
— but the absolute yield is still lower than that of PPO, even at the low con-
centration of 0.6 g/L. While direction reconstruction is a desirable method of
background rejection, high light yield is vital to many low energy neutrino stud-

ies, meaning that PPO may be the better candidate.
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Fluor Coverage (%) | Hits/MeV | Hits/Coverage
Acenaphthene 77 500 6.5
Acenaphthene 30 200 6.5

Acenaphthene + bis-MSB 77 1000 13
Acenaphthene + bis-MSB 30 400 13
PPO 50 750 15

Table 5.8: Detected hits per MeV for slow scintillators compared to PPO, for
simulations of PMTs with the same quantum efficiency. The detected light yield
is dependent on the scintillator cocktail and the coverage of the detector. An
approximate value for the hits per coverage is also provided, as a measure of
relative absolute yield. Values for acenaphthene taken from [101].

Slow scintillators have great potential for directionality in large scale scin-
tillator experiments. However, these studies show that if fast photon detec-
tion technology is prioritised, the use of common scintillator cocktails such as
LABPPO should still allow for comparable direction reconstruction while prior-

itising high light yield.

5.4 Conclusions

Direction reconstruction on an event-by-event basis has been achieved in a large-
scale high-yield liquid scintillator for the first time using the methods described
in Chapter 4, However, there are improvements to direction reconstruction that
could be achieved with continued work in the area. In this chapter, position
reconstruction and photon sampling were investigated.

The improvement of position reconstruction through the reduction of direction-
dependent drive could be an avenue to improving direction reconstruction, as
shown in Section Simultaneous direction-position reconstruction was im-
plemented using an adaptive-grid optimiser to decrease the computing time re-

quired for a six-dimensional optimisation. However, when testing performance
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using 6 MeV electrons, the simultaneous reconstruction underperformed com-
pared to direction-only reconstruction. It was found that there was insufficient
photon sampling to consistently distinguish between two equivalent points in
the likelihood space. At higher energies this effect was reduced, leading to an
improved average position reconstruction at 10MeV, but direction reconstruc-
tion still underperformed compared to direction-only reconstruction. Simultan-
eous reconstruction of position and direction has been shown to be effective in
a simulated study of a detector with higher photon sampling and a slower scin-
tillator [101], so efforts to use this method in future neutrino detectors should
yield more effective results.

A method of drive reduction using reconstructed direction was also attemp-
ted, known as "flat drive correction". This involved correcting the reconstructed
position by a set length — dependent on energy — opposite to the reconstruc-
ted direction. When tested using electrons at energies 6 MeV and 10 MeV, this
method successfully reduced the average drive and improved position resolu-
tion. However, at 2MeV very little effect was seen, due to the inability to ef-
fectively reconstruct direction. Continued work on the improvement of position
reconstruction using directional information is ongoing.

The use of modern PMTs would improve photon sampling in a large scale
detector due to faster timing and higher quantum efficiencies. By simulating
the SNO+ detector with Hamamatsu R5912 PMTs, future capabilities of similar
neutrino detectors can be investigated. Direction reconstruction was found to
significantly improve, with the percentage of events with cos(a) > 0.8 increas-
ing from 49.0 £ 0.6% to 71.5 £ 0.7% for 6 MeV electrons. Low energy perform-
ances also improve, leading to potential improvements to studies into CNO solar
neutrinos, reactor antineutrinos, and even Ovpp studies. By using a simple cut
on directional reconstruction compared to the direction of the sun, the ®B solar

neutrino background could be reduced by 30-40% in a OvBf search with a signal



Chapter 5. Future Directions 138

loss of 5-10%. For a SNO+-like detector, this would lead to a 15-20% reduction
in total background. By comparing these simulations of SNO+ with improved
PMTs to simulations of the slow fluor acenaphthene, a comparable direction re-
construction performance was demonstrated with a higher absolute light yield.
There are numerous methods being explored for extracting directional in-
formation from liquid scintillator detectors, many of which were discussed in
Section The field of hybrid Cherenkov-scintillation detectors is continuing
to progress with significant interest from the neutrino physics community. In
this thesis it has been shown that directionality in a liquid scintillator detector is
achievable without the inclusion of additional detector hardware or specialised
detector cocktails. If direction reconstruction is desired down to energies use-
tul for studies such as Ovpp, significant improvement can be gained just from
the use of modern photon detection technology. However, it is expected that
the combination of multiple hybridisation technologies will allow for even more
powerful directional rejection of background events, allowing for improved sens-
itivities in neutrino physics searches that may be able to answer some of the most

prominent and fundamental questions in modern particle physics.
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Conclusions

"I may not have gone where I intended to o, but I think I have ended up where I needed to be.”

- The Long Dark Tea-Time of The Soul, Douglas Adams

Direction reconstruction offers strong background rejection in large-scale neut-
rino experiments. While scintillator detectors benefit from high light-yield —
leading to good energy resolution and no minimum energy threshold — the
light emission is isotropic with no directional information. However, if Cher-
enkov light could be isolated from the dominant scintillation signal, it could be
possible to combine the strengths of the two detection techniques. In this thesis, a
method for reconstructing direction through time separation of Cherenkov light
was presented, and its effective use was demonstrated using ®B solar neutrinos
in the SNO+ detector.

Slow fluors for use in future neutrino detectors were investigated. Four can-
didate fluors were selected, and their time profiles were characterised. In each of
the measurements, a clear directional Cherenkov peak was seen separated from
the late scintillation light. Time constants of the scintillator mixtures were found
to be on the order of tens of nanoseconds, which would be easily separable for
standard large PMTs used in neutrino experiments. While additional properties
of the scintillators should also be considered, such as emission wavelength and
light yield, each of these fluors could be potentially used in a hybrid Cherenkov-

scintillation detector.

139
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The method presented for direction reconstruction in liquid scintillator in-
volved a maximum likelihood search. A 2D PDF was used, containing a dis-
tribution in time and angle of individual detected photons in an event. In a
simulation of the SNO+ detector, it was shown that the direction of 6 MeV elec-
trons could be reconstructed within cos(a) > 0.8 45.6% of the time. This method
was tested using ®B solar neutrinos with energies >5MeV in the SNO+ detector
while it contained a low concentration scintillator. A clear peak in the solar dir-
ection was seen. The resulting distribution was found to have a significance of
> 5.70, making it the first demonstration of event-by-event direction reconstruc-
tion in a large-scale high-yield liquid scintillator detector.

Finally, future prospects for directionality in scintillator detectors were ex-
plored. Two major limiting factors on the ability to reconstruct direction were
investigated: biases in position reconstruction and insufficient photon sampling.
As position reconstruction is known to have a directional bias, a method for
reconstructing position and direction simultaneously was presented. However,
this method was only found to be effective in simulations of the SNO+ detector
at high energies, requiring further improvements to be used in physics analyses.
Improved photon detection was investigated by simulating PMTs with higher
quantum efficiencies and faster timing. These simulations demonstrated signi-
ficantly better directionality. When compared with equivalent studies of slow
scintillators, it was shown that the performance of the relatively fast PPO had
a comparable effectiveness, while maintaining a higher detected photon yield.
This shows incredible potential for future neutrino detectors, as direction recon-
struction can be made possible with only minimal changes to detector infrastruc-

ture and with no loss to energy resolution.
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Glossary

OvBB Neutrinoless double beta decay

2vBB Two neutrino double beta decay

AV Acrylic vessel

bisMSB 1,4-Bis(2-methylstyryl)benzene
BiPo B decay of Bismuth followed by the a decay of the daughter Polonium
BSM Beyond the Standard Model

CID Correlated and Integrated Directionality
CNO Carbon-Nitrogen-Oxygen

DAQ Data Acquisition

DDA N,N-Dimethyldodecylamine

ES Elastic Scattering

FEC Front End Card

FWHM Full width half maximum

GT Global Trigger

IBD Inverse Beta Decay

141
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IRF Impulse Response Function

LAB Linear alkylbenzene. Main component (solvent) of the SNO+ scintillator

LABPPO Linear alkylbenzene solvent with 2,5-Diphenyloxazole primary fluor

LAPPD Large Area Picosecond Photodetector
LAfTPC Liquid Argon Time Projection Chamber
LLH Log-likelihood

LS Liquid scintillator

MC Monte Carlo simulation

MSC Multiple Scattering

MSW effect Mikheyev-Smirnov-Wolfenstein effect
MTC Master Trigger Card

NHits Number of triggered (hit) PMTs in an event
v — e Neutrino-electron

v — e ES Neutrino-electron elastic scattering

OWL Outward Looking (PMTs)

PDF Probability distribution function

PMNS matrix Pontecorvo-Maki-Nakagawa-Sakata matrix

PMT Photomultiplier tube

PP Proton-Proton chain

PPO 2,5-Diphenyloxazole. Primary fluor of the SNO+ scintillator

PSUP PMT support structure
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RAT Reactor Analysis Tool. Software used on the SNO+ experiment.

SM Standard Model of Particle Physics

SNU Solar Neutrino Units (1SNU = 1073 events/atom/sec)

TPC Time projection chamber

tres Time Residual. An estimation of emission time. Defined in equation m
TTS Transit time spread

UPW Ultra pure water

WbLS Water-based liquid scintillator
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