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ABSTRACT

THE SEARCH FOR MEV-SCALE NEUTRINOS IN TEMPORAL COINCIDENCE WITH O4
GRAVITATIONAL WAVE EVENTS USING THE SNO+ EXPERIMENT

Amanda Bacon

Joshua Klein

This dissertation presents a search for low-energy neutrinos in temporal coincidence with gravita-
tional wave events reported by the LIGO-Virgo-KAGRA collaboration during the fourth observing
run (O4), using 499.0 days of data collected during the liquid scintillator phase of the SNO- exper-
iment. The search uses inverse beta decay (IBD), which is primarily sensitive to electron antineu-
trinos, and neutrino-proton elastic scattering, a complementary neutral current channel providing

sensitivity to all neutrino flavors.

Candidate events were identified using optimized reconstruction and event-selection criteria devel-
oped with Monte Carlo simulations and validated with background-only data. The IBD background
rate was measured directly from data, naturally incorporating reactor antineutrinos, geoneutrinos,
radioactive backgrounds, cosmogenic backgrounds, and accidental coincidences present during detec-
tor operation. A model-independent framework was developed using flat spectrum neutrino Monte
Carlo samples, allowing the detector response to be evaluated as a function of neutrino energy and

applied to different theoretical emission models.

As part of this work, improvements were made to the SNO+ Monte Carlo simulation, including
modifications to the IBD generator to produce a true flat neutrino spectrum and corrections to the
implementation of the neutrino-proton elastic scattering cross section. Detector characterization
studies, including measurements of the deployed scintillator light yield and investigations of detector
timing and electronics performance, were also performed to validate the detector response used

throughout the analysis.

The final gravitational wave-coincident dataset contained 143 candidates overlapping stable SNO+
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data-taking periods. After excluding candidates classified as terrestrial or unknown by the LIGO-
Virgo-KAGRA collaboration, the final astrophysical sample used for compact binary merger fluence
limits contained 126 gravitational wave candidates. No statistically significant neutrino excess was

observed in either the IBD or neutrino-proton elastic scattering channels.

The IBD search observed no coincident candidates in the final astrophysical gravitational wave
sample, consistent with an expected background of 1.25+0.09 events. The corresponding Feldman-

Ngkack = 1.47 signal events. Stacked average (per grav-

Cousins 90% confidence level upper limit is
itational wave) upper limits on the electron antineutrino fluence were derived for both monoener-
getic neutrino emission and model-dependent spectra, including thermal neutrino and core-collapse

supernova-inspired models used as detector sensitivity benchmarks.

The neutrino-proton elastic scattering search represents the first application of this all-flavor channel
to a gravitational wave-coincident neutrino search. Using an optimized 50 s coincidence window,
108424 candidate events were observed, consistent with the expected background of 108345 4 786
events estimated from local sidebands. The observed 0.24¢ fluctuation is consistent with the
background-only hypothesis. For the final astrophysical gravitational wave sample, the Feldman-
Cousins method gives a 90% confidence level upper limit of Nk = 1479.6 signal events. These
results are used to derive the first all-flavor neutrino-proton elastic scattering fluence limits associ-

ated with compact binary merger candidates.

The resulting SNO—+ IBD fluence limits improve upon previous liquid scintillator gravitational wave-
neutrino searches by approximately an order of magnitude in the few-MeV energy region, primarily
due to the larger fiducial target mass, increased gravitational wave sample size, and low background
rate achieved in SNO+. The neutrino-proton elastic scattering results establish the first all-flavor
MeV neutrino search through this interaction channel in coincidence with gravitational wave events.
Together, these analyses extend previous multi-messenger searches performed by Borexino, Kam-
LAND, and Super-Kamiokande and demonstrate the capability of SNO+ to search for weak neutrino

signals associated with astrophysical transients.
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CHAPTER 1

INTRODUCTION

“It’s not a question, but a lesson learned in time”

— “Good Riddance (Time of Your Life),” Green Day

The direct detection of gravitational waves in 2015 opened a new observational window on the Uni-
verse and established gravitational wave astronomy as a major branch of modern astrophysics. The
subsequent discovery of the binary neutron star merger GW170817 and its associated electromag-
netic counterpart demonstrated the power of multi-messenger observations for studying compact
binary mergers. Despite these successes, no statistically significant detection of MeV neutrinos in

temporal coincidence with gravitational wave events has been reported to date.

The LIGO-Virgo-KAGRA collaboration has reported approximately 302 candidate gravitational
wave events during the joint fourth observing run (O4), the longest observing campaign to date,

spanning from May 24, 2023 to November 18, 2025.

This dissertation presents a search for MeV neutrinos in temporal coincidence with gravitational
wave events using data from the SNO+ experiment. The analysis considers two complementary
interaction channels: inverse beta decay (IBD), which is primarily sensitive to electron antineutrinos,
and neutrino-proton elastic scattering (ES), which is sensitive to neutrinos of all flavors through
the neutral current interaction. By searching for neutrino signals associated with gravitational
wave events, this work probes models predicting low-energy neutrino emission from compact binary

mergers and contributes to the growing field of multi-messenger astronomy.

In addition to the physics analysis, this dissertation includes several detector and software de-
velopments that improved the SNO+ experiment. These include measurements of the deployed
scintillator light yield, implementation and testing of an electronics baseline monitoring system,
characterization of the detector’s absolute timing for gravitational wave coincidence studies, im-

provements to the IBD Monte Carlo generator, and the correction of the neutrino-proton elastic



scattering cross section used in the detector simulation.

Chapter 2 reviews the history of the neutrino and its role within the Standard Model of particle
physics. Topics include neutrino oscillations, propagation decoherence, neutrino masses, and the

principal natural and artificial sources of neutrinos.

Chapter 3 presents a detailed description of the SNO-+ experiment, including the detector design,
photomultiplier tubes, electronics, data acquisition system, and calibration methods. Detector char-
acterization studies performed as part of this dissertation are also presented, including measurements
of the deployed scintillator light yield, studies of the electronics baseline monitoring system, and

characterization of the detector’s absolute timing for gravitational wave coincidence analyses.

Chapter 4 discusses the SNO-+ simulation and analysis tools. This includes a description of the
RAT software package and the reconstruction methods used to infer the properties of events in the
detector. Modifications to the IBD event generator and corrections to the neutrino-proton elastic

scattering cross section for this work are described in Chapter 6.

Chapter 5 provides an overview of gravitational wave physics and modern gravitational wave de-
tectors. The chapter reviews compact binary mergers, multi-messenger astronomy, the expected
production of MeV neutrinos from gravitational wave sources, and previous experimental searches

for neutrinos coincident with gravitational wave events.

Chapter 6 presents the search for neutrinos in temporal coincidence with gravitational wave events.
The chapter describes the data sets, event selection criteria, signal efficiencies, background estima-
tion, statistical methodology, and the resulting upper limits on the neutrino fluence from compact

binary mergers.

No statistically significant neutrino signal was observed in temporal coincidence with gravitational
wave events. Consequently, new upper limits on the MeV neutrino fluence from compact binary

mergers are established using the SNO+ detector.



CHAPTER 2

THE HISTORY OF THE NEUTRINO

“Wish we could turn back time to the good old days
When our mama sang us to sleep, but now we’re stressed out

We're stressed out”
— “Stressed Out,” Twenty One Pilots
The neutrino has a rich history, from its initial postulation to the present day, as physicists continue
to investigate its fundamental properties. It has been the subject of extensive theoretical and
experimental study for many decades. Its elusive nature, resulting from its weak interaction with
matter, makes its detection and full understanding challenging. The following sections describe the
development of neutrino physics, from its conception and eventual discovery to the many questions

and challenges that remain today.
2.1 The Proposal of the Neutrino

The history of the neutrino begins not with the neutrino itself, but with a radioactive process known
as beta decay. Beta decay is the process by which an unstable nucleus releases energy through the
emission of an electron or a positron, while converting a neutron into a proton (or a proton into
a neutron) as depicted in Equations 2.1 and 2.2. In both cases of 3~ (Eq. 2.1) and 8 (Eq. 2.2)
decay, however, the emitted electron or positron does not exhibit a well-defined energy. Instead, it
displays a continuous energy spectrum, shown in Figure 2.1, which appeared to violate the law of
conservation of energy.

n—pt+e + U (2.1)
p—onte +u (2.2)
A solution to this apparent violation was proposed in 1930 by Wolfgang Pauli. After considering

the problem, Pauli suggested a radical explanation. Perhaps the beta particle (electron/positron)

was not the only particle emitted in beta decay. This tertiary particle would have to be extremely
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Figure 2.1: Beta particle’s continuous energy spectrum with endpoint energy noted as the expected
observation [5].

elusive, as it had not been observed experimentally. Pauli proposed that this particle would have no
electric charge, be nearly massless, and interact only weakly with matter [31]. With the inclusion

of this particle, the continuous energy spectrum observed in beta decay could be explained.

Pauli initially referred to this hypothetical particle as a “neutron,” at least until 1932, when the
neutral counterpart to the proton was discovered and given that name. The particle proposed by
Pauli was later renamed the “neutrino” by Enrico Fermi, who developed a comprehensive theory of

beta decay in 1934 [32]. At the time, Pauli believed the neutrino would be impossible to detect.

From the 1930s to the 1950s, Pauli’s assertion held true: the neutrino remained undetected.
2.2 The Discovery of the Neutrino

It was not until 26 years after Pauli’s proposal that the neutrino was experimentally observed for
the first time. Frederick Reines and Clyde Cowan undertook one of the most challenging tasks
in experimental physics: detecting the neutrino. As nuclear physicists, their initial idea involved
placing a detector in free fall down a shaft as a bomb was detonated, as depicted in Figure 2.2.
This approach was ultimately deemed impractical, and they instead turned to a more controlled

and sustained source: the Savannah River nuclear reactor.

Although a nuclear reactor produces a neutrino flux approximately 1,000 times weaker than that
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Figure 2.2: Reines and Cowan’s initial proposal to detect the neutrino using a nuclear explosion [6].

of a nuclear bomb [33], it offers the key advantage of providing a continuous and stable source over

extended periods, making detection feasible.

Using antineutrinos emitted from the Savannah River nuclear reactor, Reines and Cowan successfully
achieved the first experimental detection of the neutrino, as reported in their paper titled “The

Neutrino” [34].

Their experiment used a cadmium-doped water target placed between two liquid scintillator de-
tectors just outside a nuclear reactor core. Detection relied on observing the coincidence between
the positron produced in inverse beta decay (see Subsection 2.8.4) and the v rays emitted during

neutron capture.
2.3 Neutrinos in the Standard Model

The Standard Model of particle physics was developed in the 1960s and 1970s to classify all known
elementary particles and describe their interactions. It includes three of the four fundamental forces
of nature: electromagnetism, the strong force, and the weak force. Gravity is not included in the
Standard Model. In addition, the Standard Model succeeds in categorizing the known elementary
particles according to their intrinsic spin and the interactions in which they participate. A summary

of the Standard Model, including the known elementary particles and force-carrier bosons, is shown
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Figure 2.3: Diagram of the elementary particles in the Standard Model [7].

in Figure 2.3.

A large number of measurements have been performed testing the accuracy of the Standard Model,
nearly all of which have been found to agree with its predictions to high precision. However, there
are still a few observations that cannot be explained by the Standard Model. Several of these
unresolved questions involve neutrinos. In the Standard Model, neutrinos are neutral leptons with
three different flavor states (ve, vy, v7), which only interact via the weak force and gravity. As a
result, neutrino cross sections are small and their interactions are rare. The detection and study of

neutrinos are challenging, which leaves many open questions about their fundamental properties.

For example, neutrinos produced as one flavor can later be detected as another flavor. This phe-
nomenon is referred to as neutrino oscillation (see Section 2.4) and implies that neutrinos have mass.
This feature is not included in the Standard Model, which describes neutrinos and antineutrinos as
massless neutral fermions, with only left-handed neutrinos and right-handed antineutrinos partici-
pating in weak interactions. Many experiments over the years have set out to measure the mass of

the neutrino. Current experiments have established that neutrino masses are extremely small, but



the absolute value remains unknown. The mechanism that governs how neutrinos obtain their mass

is also unknown. The following sections discuss the properties of neutrinos in more detail.
2.4 Neutrino Oscillation

Unless otherwise stated, this section uses natural units (A = ¢ = 1). In these units, energy,
momentum, and mass are expressed in electronvolts (V) and their derived units, while length and
time have units of inverse energy. SI forms of commonly used oscillation formulas are provided

where appropriate
2.4.1 Oscillations in Vacuum

Neutrinos are produced through weak interactions in one of three flavors, known as flavor eigenstates,
|Ve,u,r) and propagate according to their three mass eigenstates |v123). The relationship between

these eigenstates is described by Equation 2.3:

3
Vo) =Y Ukilvi), a=ep,7 (2.3)
=1

where « is the flavor states (e, p,7) and i is the mass eigenstates (1,2,3). The flavor states are
superpositions of the mass eigenstates, and only mass eigenstates propagate simply. U, ; are the
elements of a 3x3 unitary matrix referred to as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix. The PMNS matrix (Equation 2.4) is parameterized by the following three mixing angles:

012, 013, and a3, along with a charge-parity (CP) violating phase d¢p:

c12€13 512€13 s13e”0cr
523C13 (2~4)

C23C13

J— '6 6
U= | —s12ca3 — C12523513€°CP  c1ac23 — $12523513€°°CF

dcp dcp

512523 — C12C23513€" —C12593 — 512C23513€"
where ¢;; = cos 6;; and s;; = sin 0;;. If U was diagonal (i.e., #12, 013, and 3 = 0), the flavor
eigenstates would map directly to the mass eigenstates. The PMNS matrix could be written into a
product of three matrices (under three separate rotations) involving only one mixing angle 6;; each,

as shown in Equation 2.5.



1 0 0 c13 0 3136_“501’ c12 S12 0
U= 0 C23 S923 0 1 0 —S19 c12 O (2'5)

0 —s23 cCo3 —813677;5013 0 Cc13 0 0 1

Each angle controls mixing between one pair of mass states, where 615 is traditionally referred to as
the solar sector, #13 connects 1 and 3 and allows CP phase effects, and 653 is traditionally referred
to as the atmospheric sector. The propagation of the neutrino is governed by the time-dependent

Schrédinger equation:
.d
i—

SI(t) = Hlw () (26)

For neutrinos in vacuum, the mass eigenstates are energy eigenstates of the free Hamiltonian:

Hlv;) = Ej|v;) (2.7)

Schrodinger’s equation (Equation 2.6) can be solved knowing that for a mass eigenstate, since

Equation 2.7 is true, a time-dependent state can be written as:

wi(t)) = fi(t)[vi) (2.8)

where f;(t) is a complex-valued function that describes the time evolution of the mass eigenstate
and |v;) is now used as the time-independent eigenstate at ¢ = 0. Substituting this expression into
Equation 2.6 gives:

P 0) = H()) (2.9)

Because the mass eigenstate |v;) is time-independent, the time derivative acts only on f;(t), yielding:

.d
i (fi®)lvi)) = fi(t) Hvi) (2.10)



Applying Equation 2.7, the Hamiltonian acting on the mass eigenstate produces a factor of E;.

Since |v;) appears on both sides of the equation, it can be divided out, resulting in:

dfi(t)
= FE;fi(t 2.11
i = B (2.11)
Rearranging this expression gives:
df;(t .
fdff ) = —ZEZ'fZ‘(t) (2.12)

The solution to this first-order differential equation is:

filt) = e7"Fit (2.13)

Substituting this result back into Equation 2.6 yields the time evolution of a mass eigenstate:

(1)) = e~ P ) (2.14)

A neutrino produced as a flavor eigenstate is a superposition of mass eigenstates, each of which

evolves according to Equation 2.3. The time-dependent flavor state is therefore given by:

[Va(t) Z e Eit|y;) (2.15)

The amplitude for a neutrino produced in flavor state a to be detected later as flavor state 3 is

obtained by projecting the evolved state onto (vgl|:

Aa—p(t) = (vslva(t)) (2.16)

with

) = 3 Usyl) (2.17)



Taking the Hermitian conjugate gives:

(vg| = Z Us; (vj] (2.18)

Substituting these expressions into Equation 2.16 gives:

Aasslt (Z Us; (v )(Z ) (2.19)

Expanding the sums yields:

Aqp(t Z UpiUsie Bt (i |u;) (2.20)

where the orthonormality of mass eigenstates is:

(vjlvi) = ;i (2.21)

Using the orthonormality of the mass eigenstates, only terms with j = ¢ survive, resulting in:

a%ﬁ Z UB'L 7' Eit (222)

The transition probability is given by the modulus squared of the amplitude:

2
Pl/a—)Vﬁ( ) |Aa—>6

Z UﬁzU*ief’L’Eit

(2.23)

This expression can be written explicitly as the product of the amplitude and its complex conjugate:

Va—>l//3 <Z Uﬁz *ie_iEit) (Z UE] Uaje—‘riEjt) (224)
J

10



Multiplying the sums and combining the exponential factors gives:

I/a%l/ﬁ ZU,& U/B] aj€ TiBit g bkt (2.25)

Thus, the probability that a neutrino produced in flavor eigenstate « is later detected as flavor
eigenstate 3 is:

Py (t E: i UsiUa;Ugje” BBt (2.26)

This probability being non-zero for « # [ is known as neutrino oscillation. Equation 2.3 showed
that if U were diagonal, each flavor state would correspond to a unique mass eigenstate. In that
case, Uy = 0q4i, and the off-diagonal terms («a # () vanish identically. Therefore, Py —vs =0 for

a # 3, and neutrino oscillations would not occur.

To obtain a more useful form of the oscillation probability, several approximations can be made.

Assuming the neutrino is highly relativistic and using natural units (¢ = A = 1), the energy of the

i*" mass eigenstate may be expanded as

2

2 m2 e p ot i (2.27)

E; =/p; ; %

where the neutrino masses are small compared with their momenta and all mass eigenstates are

assumed to have approximately the same momentum p. For relativistic neutrinos, p ~ F, giving

E —Bj~—2" (2.28)

where the mass-squared differences are defined as Am?j = m? — m? Since relativistic neutrinos

travel at approximately the speed of light (v & ¢), the propagation time and distance are related

11



by t ~ L'. Substituting Equation 2.28 into Equation 2.26 yields

2
Amij[‘

Pyusig(L B) = ) UpiUpiUajUpje™ 28 (2.29)
1,7

From Equation 2.29, it can be seen that the magnitude of the transition probability depends entirely
on the elements of U, while the phase depends on the mass-squared differences (Am?j), the distance
traveled by the neutrino (L), and the energy of the neutrino (F). The real and imaginary parts can

be separated as:

Am?2.L
Proia (L B) = bag = 43 Re [UaiU5,Us;Us,] Sin2< i )
1<j

(2.30)

‘ Am?l}
49 Zlm [UaiU3:Us;Ug;] sin ( 2E] )

1<j

For massless neutrinos, which make up the Standard Model, Am?j = 0 and the sine terms in
Equation 2.30 are zero. Thus, oscillation requires massive neutrinos (as well as mixing). Also of
note is that the oscillation probability depends only on the mass-squared differences of the neutrino
masses. Despite requiring massive neutrinos, oscillation cannot be used to determine the absolute

neutrino masses.

The same derivations can be performed for antineutrinos, but with the relationship between the
flavor and mass eigenstates defined by the complex conjugate of U. Equation 2.4 shows that the
only way to obtain a non-zero, imaginary component for any U,; is through a non-zero value for dcp.
The difference between U and U*, and therefore the difference between neutrino and antineutrino

oscillation (in vacuum), is determined by d¢cp.

The simplified two-neutrino case is also shown as an example for comparison to the more complicated

'In natural units, L is measured in inverse energy (eVﬁl). Restoring SI units gives the commonly used oscillation
phase 1.27 Amj;[eV?]L[m]/E[MeV].

12



result accounting for matter effects. The mixing matrix for this case is given by:

0 cos(f) sin(6) (2.31)
—sin(f) cos(0)

and the oscillation probability is given by:

(2.32)

Am?L
P, (L, E) = sin?(26) sin2< m )

4F

2.4.2 Oscillations in Matter

In addition to neutrino propagation in vacuum, it is important to understand how neutrinos oscillate
while traveling through matter. As neutrinos propagate through matter, they undergo both neutral
current (NC) and charged current (CC) interactions with electrons (e™), protons (p), and neutrons
(n). NC interactions affect all three neutrino flavors equally and therefore do not alter the oscillation
probabilities. CC interactions occur only for electron neutrinos () interacting with electrons (e™).
This additional interaction introduces a flavor-dependent potential that modifies the oscillation

probabilities.

The effective matter potential arising from CC interactions of v, is given by:
Voo = £V2G pn. (2.33)

where G is the Fermi constant and n. is the electron number density of the medium. The potential
is positive (+) for neutrinos and negative (-) for antineutrinos. Electron neutrinos experience both
CC and NC interactions with electrons, whereas muon neutrinos and tau neutrinos experience only
NC interactions. For antineutrinos, the CC contribution changes sign, producing an effective matter
potential of opposite sign. Since NC interactions contribute equally to all active flavors, they cancel

from the oscillation probabilities.

13



In the flavor basis, the total Hamiltonian is the sum of the vacuum and matter contributions:

H = Hvacuum + Hmatter (234)

The matter contribution can be written in the matrix form as:

Acce 0 0
A= 0O 0 0 (2.35)
0 00
with Acc = 2EVc.
In the mass basis, it is the matrix M:
0 0 0
M=o Am2, 0 (2.36)

0 0 Am3,

Converting to the flavor basis can be done using:

1
Hyacuum = ﬁUMUT (2.37)

The full Hamiltonian in the flavor basis can therefore be written as:

_ L

H=
2F

(UMUT + A) (2.38)

For simplicity, two-flavor mixing between v, and v, is considered to illustrate the essential features

14



of matter-enhanced oscillations. In this approximation, the vacuum Hamiltonian is:

Am?2 [ —cos(260) sin(20
Hvacuum = % ( ) ( ) (2.39)
sin(26)  cos(26)

The corresponding matter contribution is:

1 [Acc O
Hmatter = 2F (240)
0 0

Combining the vacuum and matter terms yields the evolution equation:

.d PYee 1 —Am? COS(29) + Acco Am? Sin(29) Yee (2 41)
i— = — :
dt Yeu 4B Am? sin(26) Am? cos(20) — Acc Vep
Diagonalizing this Hamiltonian gives:
1 —Amg 0
H=— T (2.42)

This defines the effective mass-squared difference, Amgﬁ. The transformation to the diagonal basis
is accomplished using the effective mixing matrix:
cos(fer)  sin(fesr)

Umatter - (243)
—sin(fer) cos(Oegr)

Comparing the matrix elements yields the effective mixing angle:

sin?(26)

sin®(20) =
(20t (cos 20 — Acc/Am?2)? + sin®(20)

(2.44)

15



Because the matter potential changes sign for antineutrinos, the effective mixing parameters differ

between neutrinos and antineutrinos. The oscillation probability in matter is then:

Am?. L
Py, (L, E) = sin® (20 ) sin® (4?) (2.45)
This expression has the same form as the vacuum oscillation probability (Equation 2.32), but with
the vacuum mixing angle and mass-squared difference replaced by their effective values in matter.
An analogous calculation can be performed for the three-neutrino case, which results in a similar

substitution of effective mixing angles and mass-squared differences (as shown in [35]).

A notable feature of matter-enhanced oscillation is that sin?(26.¢) = 1 when cos 20— Acc/Am? = 0.
Under this resonance condition, oscillations become maximal even when the vacuum mixing angle
(determined by sin?(26)) is small. For neutrinos, this occurs at a specific electron density or neutrino

energy:
B Am? cos 20 B Am? cos 26

o _ Am7cos20 9.46
Ne T S BEGE N2n.Gp (246)

This resonant enhancement of neutrino oscillations is known as the Mikheyev-Smirnov-Wolfenstein
(MSW) effect and plays a central role in the flavor conversion of solar neutrinos. As solar neutrinos
propagate from the dense core toward the lower-density surface, the electron density changes con-
tinuously. Consequently, the effective mixing angle evolves continuously until the neutrinos emerge

into vacuum.
2.5 Neutrino Decoherence

As discussed in the previous section, neutrino flavor eigenstates are quantum mechanical superpo-

sitions of the three mass eigenstates,

3
‘Voz> = ZUai‘Vi> (2.47)

During coherent propagation, the probability of a flavor transition is given by Equation 2.23. The

16



oscillation probability arises from interference between the different mass eigenstates and depends

upon the relative phase accumulated during propagation.

The relative phase between two mass eigenstates is

Am%jL
Adij = (2.48)
where
Am?j = m? — m? (2.49)

One complete oscillation occurs when the relative phase advances by 2mw. Setting Equation 2.48

equal to 27 gives the oscillation length,

Lose = (2.50)

For a representative neutrino energy of £ = 10 MeV and the atmospheric mass splitting Am§2 =
2.5 x 1073 eV?,
Lose =~ 10 km (2.51)

Compact binary mergers detected through gravitational waves typically occur at distances of hun-

dreds of Mpc. Consequently, MeV neutrinos from these sources undergo approximately

L

osc

Nose ~ ~ 10% (2.52)

oscillation cycles before reaching Earth. Since neither the neutrino source nor the detector pos-
sesses sufficient energy resolution to resolve individual oscillations over such enormous baselines,

the oscillatory interference terms average to zero.

Amg
<e—1 2EJL> =0 (2.53)
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Equation 2.23 therefore reduces to the oscillation-averaged probability

Pl;a:illg = Z ‘Uﬁi‘leaiF (254)

(2

which is the practical limit for astrophysical distances. The oscillation-averaged probability accu-
rately describes essentially all astrophysical neutrino observations. In practice, the oscillatory terms
are first washed out by the finite energy resolution of the detector together with the intrinsic energy
spread of the emitted neutrinos. Over sufficiently long propagation distances, however, the loss of
coherence becomes physical as the individual mass eigenstate wave packets separate in space. Once
the wave packets no longer overlap, quantum interference is no longer possible. Unlike coherent
oscillations, the oscillation-averaged probability no longer depends explicitly on the propagation

distance or the oscillation phase.

For an electron neutrino produced at the source, the probabilities that the electron neutrino occupies

each mass eigenstate is

|Ue1]? = 0.67 (2.55)
[Uez|? ~ 0.30 (2.56)
Ues3)? ~ 0.02 (2.57)

Thus, an electron neutrino is produced predominantly as 17, with smaller contributions from vs,
and only a few percent in v3. After oscillations have averaged out, these fractions remain constant

with distance because the three mass eigenstates propagate independently.

In natural units (¢ = 1), the group velocity of mass eigenstate i is

m?2

v;~1— 2E32 (2.58)
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The spatial separation between two mass eigenstates after propagating a distance L is

‘Am?j
L (2.59)

ACCZ']' ~ AvijL ~ 2E2

Decoherence occurs when this separation exceeds the wave packet spatial width o,:

Al’ij 2 O (2.60)

Combining Equations 2.59 and 2.60 gives the order-of-magnitude coherence length

2F%0
Lcoh,ij ~ 2w (2.61)
‘Amij
More generally, this may be written as
E?o
Lcoh,i] ~ K = (262)
‘Am?j

where k is a numerical factor of order unity whose precise value depends on the definition and shape

of the wave packet.

For a 10 MeV neutrino propagating over a distance of 1 Mpc, assuming Am%l =25 x 1073 eV?

and Am3, = 7.5 x 107° V2, Equation 2.59 gives

Aﬂfgl ~~ 385.7 km (263)

Azgy ~ 11.6 km (2.64)

Maintaining coherence over this distance would therefore require emitted neutrino wave packets with
spatial widths of tens to hundreds of kilometers, far larger than expected for realistic production
processes. The mass eigenstate wave packets are consequently expected to separate well before

reaching Earth. Neutrinos produced in supernovae and compact binary mergers therefore arrive at
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Earth as an incoherent mixture of mass eigenstates.

The same velocity differences responsible for wave packet separation also produce measurable arrival-
time delays. To express these delays in conventional SI units, the factors of ¢ are restored in the

following equations. Starting from the relativistic energy relation,

E? = p* + m2c (2.65)

the neutrino velocity for m < E is

2 4
ve~e <1 — T;LECQ ) (2.66)

The resulting arrival-time delay relative to a massless particle is

Lm?c3

For astrophysical sources, it is convenient to denote the propagation distance by D, emphasizing

that it corresponds to the distance from the source to Earth. The arrival-time delay may then be

m \2 /10 MeV\?/ D
At—5.l4ms(1ev> < - > (10kpc> (2.68)

For a representative binary black hole merger located at D = 410 Mpc, an emitted neutrino energy

written as

of E = 10 MeV, and adopting the current direct limit m, < 0.45 eV [36], the maximum expected

arrival-time delay is

At < 43 s (2.69)

This delay is significantly smaller than the +50 s and +1000 s coincidence windows used in this
dissertation, ensuring that all three mass eigenstates would remain within the search window even
for neutrino masses near the current experimental upper limit. This also demonstrates that neutrino

arrival times can, in principle, probe the absolute neutrino mass over cosmological baselines.
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The different mass eigenstates therefore also arrive at slightly different times,

DAm%
J (2.70)

Aty = 2E?c

where Am?j is the experimentally measured mass-squared difference, conventionally quoted in units

of eV? (equivalently (mc?)?).

For the same representative source,

Atgl ~ 16 ms (2.71)

Atgg ~0.5s (272)

These arrival-time differences reflect the same velocity differences that produce wave packet sep-
aration. Over cosmological baselines, the individual mass eigenstate wave packets are therefore

expected to arrive independently at Earth rather than as a coherent quantum superposition.

Although no coincident neutrino events were observed in the present analysis, a future high-statistics
observation of MeV neutrinos coincident with gravitational waves could provide a unique probe of
neutrino propagation over cosmological distances. Measurements of the relative arrival times of
the detected neutrinos and the associated gravitational wave signal could constrain the absolute
neutrino mass, test wave packet decoherence, and potentially distinguish between the normal and

inverted neutrino mass orderings, described in Subsection 2.6.1.
2.6 Neutrino Mass
2.6.1 Neutrino Mass Hierarchy

Section 2.4 described neutrino interactions and neutrino oscillations in both vacuum and matter.
Neutrino oscillations in vacuum depend only on the magnitudes of the mass-squared differences
between the neutrino mass eigenstates, not on their signs. Matter effects within the Sun have
allowed solar neutrino experiments to determine that Am3, is positive. The magnitude of Am2,

has been measured to be significantly larger than that of Am3;. At the time of writing, the sign of
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Figure 2.4: Diagrams of the normal hierarchy (left) and inverted hierarchy (right). The colors

show the relationships between the flavor eigenstates and the mass eigenstates. Am2, . corresponds

to Am%Q, where “atm” traditionally denotes measurements using atmospheric neutrinos. Amgol
corresponds to Am3;, where “sol” traditionally denotes measurements using solar neutrinos [8].

Am§2 has not yet been determined. As a result, two possible mass orderings remain: mi; < mo < mg
or m3 < m1 < ma. These scenarios are known as the Normal Hierarchy and the Inverted Hierarchy

and are illustrated in Figure 2.4.
2.6.2 Absolute Neutrino Mass

As discussed in Section 2.4, neutrino oscillations depend only on the mass-squared differences be-
tween the neutrino mass eigenstates and not on their absolute masses. As a result, oscillation
experiments provide little information about the absolute neutrino masses; only lower limits can be

placed under the assumption that the lightest mass eigenstate is massless.

The absolute neutrino masses have not yet been measured directly, despite extensive experimental
efforts. Several experiments have attempted to determine the neutrino mass through precise mea-
surements of the 8 decay energy spectrum. One such experiment, KATRIN, currently provides the
world’s leading direct upper limit on the neutrino mass, with m, < 0.45 eV at 90% confidence level
(CL) [36]. Indirect constraints on the sum of the neutrino masses have also been obtained from
cosmological observations. Several analyses place limits of > m, < ~0.1 eV [37-40], although these

constraints depend strongly on the underlying cosmological model.
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2.6.3 Neutrino Mass Mechanism

As discussed in Section 2.3, neutrinos are massless in the Standard Model. One way to generate
neutrino masses is to apply the same mechanism used for the other fermions in the Standard Model:

the Higgs mechanism. In this approach, a Dirac mass term is added to the Lagrangian:

L =—mp (Yr¥r + YrYL) (2.73)

where v, and g represent the left and right chiral states of the neutrino. The Higgs mechanism

is given in:
14
_ %V

V2

where V' is the Higgs vacuum expectation value and g} is the Yukawa coupling of the neutrino to

(2.74)

mp

the Higgs field. This expression gives the Dirac mass of the neutrino. Although this mechanism can

generate neutrino masses, it is unsatisfactory for several reasons.

First, Equation 2.73 implies the existence of both left- and right-handed chiral states for neutrinos
and antineutrinos. In the Standard Model, only left-handed neutrinos and right-handed antineutri-
nos couple to the weak force. However, only left-handed neutrinos and right-handed antineutrinos
have been observed experimentally. As a result, this mechanism requires the introduction of a
right-handed neutrino field for each generation. These states are sterile with respect to the Stan-

dard Model gauge interactions and therefore do not participate in the weak interaction.

Second, current limits on neutrino masses are much smaller than the mass of the electron, the
lightest charged fermion. If neutrinos obtain mass through the Standard Model Higgs mechanism,
their Yukawa couplings would need to be at least six orders of magnitude smaller than the electron

Yukawa coupling, making them by far the smallest Yukawa couplings in the Standard Model.

Because neutrinos are electrically neutral, they may acquire mass through a different mechanism.

Majorana’s proposal that the neutrino is its own antiparticle implies that ¥¢ = 1). The mass term
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in the Lagrangian becomes:

L=—myg (UYL + vrf) (2.75)

This Majorana mass term addresses the two shortcomings of the Dirac mass term. However, the
existence of a Majorana mass term does not exclude the presence of a Dirac mass term. Including

both contributions in the Lagrangian gives:

L=-mp (YL +9ryf) —me (VYR +vrYE) —mp (Yrir + ¥rir) (2.76)

Diagonalizing the resulting mass matrix yields two mass eigenvalues. An important limiting case is
the Type-I “seesaw” mechanism, which explains the smallness of the observed neutrino masses and
occurs when my, = 0 and mpg >> mp. Other realizations of the seesaw mechanism exist, including

Type-II and Type-III seesaw models. In this limit, the mass eigenvalues become:

m2

~ D ~
Mlight ~ — Mheavy ~ TR (277)
mpg

The Type-I seesaw mechanism yields one light and one heavy neutrino mass eigenstate. The seesaw
is a ratio where the higher the mass of the right-handed neutrino, the lower the mass of the left-
handed neutrino. These metaphorical right-handed neutrinos would be massive. In the Type-
I seesaw mechanism, the heavy mass eigenstate is predominantly composed of the right-handed
neutrino field and is Majorana in nature when the Majorana mass term mpg is present. Because the
heavy neutrino states are expected to have masses far above current experimental energies and mix

only weakly with the active neutrinos, they have not yet been observed experimentally.

If neutrinos are Majorana particles, two important consequences follow. First, neutrinos have a
lepton number of 1 and antineutrinos have a lepton number of -1. If neutrinos are their own

antiparticles, total lepton number is no longer conserved. In addition, the PMNS matrix would
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acquire two additional Majorana phases. These phases can be represented by the matrix:

et 0 O
Py = 0 e (2.78)
0 0 1

which multiplies the PMNS matrix on the right, as shown in Equations 2.4 and 2.5. These phases
do not affect neutrino oscillation probabilities and appear only in lepton number violating processes.
Searching for these lepton number violating processes is a test of the Majorana nature of neutrinos.

The most prominent example of such a process is neutrinoless double beta decay.
2.7 Neutrinoless Double Beta Decay

The Dirac and Majorana parameterizations of the PMNS matrix cannot be distinguished through
neutrino oscillation experiments. The most direct way to determine whether neutrinos are Dirac or
Majorana particles is to search for lepton number violating processes. If neutrinos are Majorana
particles, the virtual neutrino emitted at one weak-interaction vertex can be absorbed at the second
vertex. Because a non-zero neutrino mass allows the required helicity flip during propagation, the
process can proceed without neutrinos appearing in the final state, giving rise to neutrinoless double

beta decay (0v3/53).

Beta decay occurs when a nucleus lowers its energy by changing its atomic number by AZ = =+1,
where a neutron is converted into a proton (or a proton is converted into a neutron. See Equations
2.1 and 2.2). For some nuclei, changing Z by only +1 raises its energy due to the difference between
even and odd pairing energies. In some nuclei, a change of AZ = 42 leads to a more stable, lower-
energy configuration, allowing double beta decay (2v3/) to occur, though it is a rare process. For

B~ decay, the double beta decay process is:

(Z,A) = (Z£2,A) +2¢~ + 2u, (2.79)

The only readily detectable products are the emitted electrons (or positrons), since the nuclear recoil
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Figure 2.5: Feynman diagrams of double beta decay (left) and neutrinoless double beta decay (right)
19]-

is negligible and the neutrinos escape undetected. The electrons (or positrons) exhibit a continuous
energy spectrum dependent on the energy taken away by the neutrinos. If neutrinos are Majorana
particles, the two virtual neutrinos exchanged in this process can effectively cancel, as illustrated in

Figure 2.5.

In Ovfp3 decay (Equation 2.80), essentially all of the released energy is carried by the two electrons
(or positrons). As a result, the summed electron energy forms a monoenergetic peak at the endpoint
of the 2v3p3 spectrum.

(Z,A) = (Z+2,A) + 2~ (2.80)

For double beta decay to occur, the isotope must satisfy two conditions: 1) The initial nucleus and
final nucleus differ by two units of charge (Z — Z + 2). 2) The intermediate nucleus with charge
Z + 1 must be energetically forbidden or strongly suppressed from undergoing ordinary single beta
decay. If the nucleus could undergo a fast one-step beta decay, then the double beta decay mode
would be irrelevant because the nucleus would decay predominantly through the faster first-order

weak process.

Nuclei that undergo double beta decay typically exhibit the mass pattern summarized in Table 2.1.

Thus, (Z,A) — (Z+1, A) is energetically forbidden or strongly suppressed and (Z, A) — (Z +2, A)
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Nucleus Type Relative Mass
Parent (Z, A) even-even low
Intermediate (Z 4+ 1,A) | odd-odd high
Final (Z +2,A) even-even lower

Table 2.1: Typical mass pattern for nuclei that undergo double beta decay.

is energetically allowed. This makes double beta decay the only viable decay path. To date, 20
isotopes have been observed to undergo 2v33 decay [1], of which the eight most relevant are listed
in Table 2.2. Because of its high natural abundance, 3°Te was selected as the double beta decay

isotope for SNO+. The dominant decay mode is:

1306 130 Xe + 2¢™ 4 20, (2.81)

The intermediate nucleus, '3°I, is not accessible through a favorable single beta transition, so or-
dinary beta decay does not dominate. As a result, *Te can only decay through the much rarer
double beta process. With 39Te, a low energy detection threshold, high energy resolution, and low

backgrounds are required to measure the 2.5 MeV decays.

Nuclide Q-value (MeV) Isotopic Abundance (%) Half-life (10?! years)

1BCa 4.27 0.187 0.064
6Ge 2.04 7.8 1.93
82Ge 3.00 9.2 0.096
1000\ fo 3.03 9.6 0.69
H6Cq 2.81 7.5 0.028
130Te 2.53 34.1 0.82
136K q 2.46 8.9 2.17
150Nd 3.37 5.6 0.11

Table 2.2: List of eight isotopes known to undergo double beta decay. Isotopes with a higher Q-value
(total kinetic energy released) and longer 2v3 half-life are most desirable as they allow detectors
to achieve lower backgrounds. Additionally, higher isotopic abundance means larger isotope mass
can be deployed without requiring expensive enrichment. Information for this table was partially
taken from [1].

2.8 Neutrino Sources and Experiments

Neutrino experiments have detected neutrinos from six primary sources: the Sun, the atmosphere,

human-made beams, nuclear reactors, radioactivity within the Earth’s crust, and supernovae. Most
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of these sources and the experiments used to study them are discussed in the following subsections.
The sources most relevant to this dissertation are described in Subsections 2.8.4 and 2.8.5. Beam

neutrinos are not discussed in this dissertation.
2.8.1 Solar Neutrinos

Following the discovery of the neutrino by Reines and Cowan (see Section 2.2), efforts to understand
the fundamental properties of neutrinos accelerated, leading to the construction of increasingly so-
phisticated neutrino experiments. The Sun is a natural fusion reactor and therefore produces an
enormous flux of neutrinos. Solar neutrinos are generated through two sets of thermonuclear reac-
tions: the proton-proton (pp) chain and the carbon-nitrogen-oxygen (CNO) cycle. These reactions
produce neutrinos with energies extending up to approximately 10-20 MeV. The predicted energy

spectra and fluxes of these neutrinos are shown in Figure 2.6.

One of the most successful theories in modern astrophysics is the Standard Solar Model (SSM),
which accurately predicts the Sun’s luminosity, radius, and surface heavy-element-to-hydrogen ratio
[41]. In the late 1960s, the Homestake experiment in Lead, South Dakota, detected only about one-
third of the solar neutrino flux predicted by the SSM. Similar results were later obtained by the
Kamiokande experiment in 1988. This discrepancy became known as the Solar Neutrino Problem
(SNP) and remained one of the major unresolved problems in particle physics and astrophysics for

several decades. The deficit was subsequently confirmed by other experiments, including SAGE

[42], GALLEX [43], and GNO [44].

The solution to the SNP was established experimentally by the Super-Kamiokande and Sudbury
Neutrino Observatory (SNO) experiments in 1998 and 2001, respectively. SNO provided the most
definitive evidence that neutrino oscillations were responsible for the observed deficit by using heavy
water (D20) to measure solar neutrinos through CC, NC, and elastic scattering (ES) interactions
[11]:

CC:ve+d—e +p+p (2.82)

NC:v,+d—vy+n+p (2.83)
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ES:ve+e —vp+e (2.84)
where z = (e, u, 7).

The Sun produces only electron neutrinos (1), so the detection of v, and v, provides direct evidence
for neutrino flavor transformation. The CC interaction on deuterium is sensitive exclusively to v,
and provides a direct measurement of the electron neutrino flux. The NC interaction is equally
sensitive to all neutrino flavors and therefore provides a model-independent measurement of the
total solar neutrino flux. The ES interaction is sensitive to all flavors, but the cross section for v,

is approximately six times larger than that for v, and v;.

SNO measured a ratio of CC to NC fluxes, ¢cc/dnc, of approximately 0.34, indicating that only
about one-third of the original solar electron neutrinos remained as v, upon reaching Earth. At
the same time, the total flux measured through the NC channel was consistent with the prediction
of the SSM. Figure 2.7 summarizes the SNO results, where the flux is decomposed into electron
neutrino (¢.) and non-electron neutrino (¢, -) components and compared with the SSM prediction.
These measurements provided compelling evidence that neutrinos oscillate and therefore possess

NoN-zero mass.
2.8.2 Atmospheric Neutrinos

Cosmic rays are highly energetic particles, composed primarily of protons and atomic nuclei, that
originate from the Sun and other astrophysical sources. When these particles strike the Earth’s
atmosphere, they interact with nuclei in the upper atmosphere and produce cascades of secondary
particles. Atmospheric neutrinos are generated predominantly through the decay of mesons, such
as pions (7) and kaons (K), produced in these interactions. The principal decay chains responsible

for atmospheric neutrino production are:

5 = uF () (2.85)

K* = p* +v,(7,) (2.86)
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Figure 2.6: Predicted solar neutrino energy spectra for the various components of the pp chain and
CNO cycle [10].
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Figure 2.7: Results from SNO showing the measured ®B solar neutrino flux decomposed into electron
neutrino (¢.) and non-electron neutrino (¢, ) components and compared with the SSM prediction
[11].
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pt et v+, (2.87)

The corresponding charge-conjugate process for ;= decay produces 7, and v,. As a result, atmo-
spheric neutrinos consist primarily of muon and electron neutrinos and antineutrinos. Their energies
typically range from approximately 100 MeV to 10 GeV, although higher-energy atmospheric neu-

trinos are also observed.

In 1986, the Kamiokande experiment measured atmospheric neutrinos and found that the ratio of
CC v, to v, interactions was significantly smaller than predicted [45]. The observed ratio of the

measured to expected muon-to-electron neutrino interaction rates was:

Roje = 0607038 (289

This deficit indicated that a substantial fraction of muon neutrinos disappeared before reaching the
detector. The most natural explanation is neutrino oscillation, primarily through the transformation
vy — vr. This interpretation was confirmed conclusively by the Super-Kamiokande (Super-K)
experiment in 1998 [46], providing some of the first compelling evidence for atmospheric neutrino

oscillations.
2.8.3 Geoneutrinos

Geoneutrinos are electron antineutrinos produced within the Earth by radioactive decays that con-
tribute to the planet’s radiogenic heat. They originate primarily from the 8~ decay chains of
long-lived isotopes with half-lives comparable to or longer than the age of the Earth, most notably

2387, 232Th, and 4°K. The total energy released in these decay chains is:

2387 206 Ph + 8a + 6e” + 67 + 51.698 MeV (2.89)
232Th 208 Ph 4 6 + 4e™ + 47, + 42.652 MeV (2.90)
WK 19 Ca+e™ + 7 + 1.311 MeV (2.91)
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Figure 2.8: Energy spectra of antineutrinos emitted in the decay chains of 238U, 235U, 232Th, and
40K [12].

Only geoneutrinos from the 233U and 23?Th decay chains can be detected through inverse beta
decay, since some of their emitted antineutrinos have energies above the 1.8 MeV threshold. In
contrast, antineutrinos from 4°K decay are below this threshold and are therefore inaccessible to

this detection channel. Inverse beta decay is discussed in more detail in Chapter 6.

As shown in Figure 2.8, geoneutrinos have relatively low energies, and only a small fraction of the
2387 and 232Th spectra lie above the inverse beta decay threshold. Consequently, geoneutrinos are
challenging to detect. Assuming a representative geological model, approximately 30 geoneutrino

events are expected to be observed in SNO+ each year [47].

Reactor antineutrinos, discussed in the next subsection, constitute the dominant background in
geoneutrino searches.

2.8.4 Reactor Neutrinos

Nuclear reactors provided the source of antineutrinos used in the first experimental detection of

the neutrino by Reines and Cowan (see Section 2.2). They also constitute one of the dominant
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backgrounds in the primary analysis presented in this dissertation.

Nuclear reactors produce enormous fluxes of electron antineutrinos (7,) with energies extending up
to approximately 10 MeV. These antineutrinos are produced in the beta decays of neutron-rich fission
fragments generated during the fission of isotopes such as 23°U, 238U, 239Pu, and ?*'Pu. Reactor

antineutrinos are most commonly detected through the inverse beta decay (IBD) interaction:

Ue+p—et4+n (2.92)

In this process, an electron antineutrino (7,) interacts with a free proton (p) (a hydrogen nucleus) in
the detector, producing a positron (e*) and a neutron (n). The positron deposits its kinetic energy
and subsequently annihilates with an electron, creating a prompt signal. The neutron thermal-
izes and is captured after a characteristic delay, producing a delayed signal. This prompt-delayed
coincidence provides a distinctive signature that is widely used to identify reactor antineutrino

interactions.

Reactor antineutrino experiments have played a central role in measuring neutrino oscillation pa-
rameters by observing the disappearance of U, as they propagate from the reactor core to the
detector. This disappearance occurs because 7, oscillate into 7, and 7, which do not produce CC
interactions at reactor antineutrino energies. Using the currently measured oscillation parameters,

the expected rate of reactor IBD events in SNO+ is approximately 100 events per year [47].

Geoneutrinos constitute an important background in reactor antineutrino measurements, while both

reactor antineutrinos and geoneutrinos are backgrounds in the analysis presented in Chapter 6.
2.8.5 Supernovae & Exotics

In January 1987, the Kamiokande-II experiment began routine observations of solar neutrinos. Just
one month later, on February 23, 1987, Kamiokande-II detected a burst of neutrinos from Super-
nova 1987A (SN1987A) [48], located in the Large Magellanic Cloud at a distance of approximately

50 kpc from Earth. This observation marked the first detection of neutrinos from an astrophysical
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source beyond the Solar System and provided the first direct evidence that core-collapse supernovae

(CCSN) release a substantial fraction of their gravitational binding energy in the form of neutrinos.

The neutrino burst from SN1987A, shown in Figure 2.9, was also observed by the Irvine-Michigan-
Brookhaven (IMB) [49], Baksan Scintillator Underground Telescope (BUST) [50], and Liquid Scintil-
lator Detector (LSD) [51] experiments. In total, fewer than 25 neutrino interactions were recorded
over a period of approximately 13 s, yet these events confirmed the basic theoretical picture of
CCSN. In this picture, the collapsing core of a massive star forms a proto-neutron star (PNS) and
releases approximately 1053 erg of gravitational binding energy, of which roughly 99% is emitted as
neutrinos and antineutrinos of all flavors over a timescale of several seconds [13]. Although CCSN
emit neutrinos and antineutrinos of all flavors, the SN1987A detectors were primarily sensitive to

electron antineutrinos via IBD.

The detection of SN1987A demonstrated that neutrinos can be observed from distant astrophysical
sources and established neutrino astronomy as a powerful tool for studying extreme environments
in the Universe. Since neutrinos escape from dense regions that are opaque to electromagnetic
radiation, they provide a unique probe of the physical processes occurring deep within stellar cores.

SNO-, among other neutrino detectors, are waiting for another supernova.

The field of neutrino astronomy has since expanded beyond the MeV regime. The IceCube Neutrino
Observatory, a cubic-kilometer Cherenkov detector embedded in the Antarctic ice, is primarily
sensitive to neutrinos with energies from several GeV to beyond the PeV scale. IceCube has observed
a diffuse astrophysical flux of high-energy neutrinos and identified individual astrophysical neutrino
sources, establishing high-energy neutrino astronomy as a complementary branch of multi-messenger
astrophysics. Although IceCube is optimized for high-energy neutrinos rather than individual MeV
interactions, it is also sensitive to a Galactic core-collapse supernova through a collective increase
in photomultiplier counting rates, complementing dedicated low-energy detectors such as SNO+,

Super-Kamiokande, KamLLAND, and Borexino.

In addition to supernovae, many other astrophysical and exotic phenomena have been proposed
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Figure 2.9: Neutrino signal from SN1987A at IMB, Kam-II, BUST, and LSD [13].
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as potential sources of neutrinos. These include neutron star mergers, black hole accretion disks,
gamma-ray bursts, and other transient events associated with the emission of gravitational waves.
If such sources produce detectable neutrino bursts, coincident observations of neutrinos and grav-
itational waves would provide a powerful multi-messenger probe of the underlying astrophysical

mechanisms.

Although no neutrino counterpart has yet been conclusively associated with a gravitational wave
event, many of the systems observed through gravitational waves are expected to produce neutrinos
through radioactive decays, thermal processes in hot dense matter, and particle interactions in
relativistic outflows. Searches for neutrinos in temporal coincidence with gravitational wave events
therefore provide a promising multi-messenger probe of these sources and motivate the analysis

presented in Chapter 6.
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CHAPTER 3

THE SNO+ DETECTOR

“Ain’t lookin’ for nothin’ but a good time and it don’t get better than this”

— “Nothin’ but a Good Time,” Poison

As detailed in Section 2.8.1, the Sudbury Neutrino Observatory (SNO) was a heavy water Cherenkov
detector operating from April 1999 to November 2006 [15]. The purpose of SNO was to study the
mass and mixing parameters of neutrinos. It primarily detected neutrinos produced by fusion
reactions in the Sun. At the time, several neutrino experiments measured solar neutrinos and found
that the observed flux was too low; indicating that far fewer neutrinos were detected than expected
based on the known energy output of the Sun. This discrepancy became known as the Solar Neutrino

Problem (SNP).

SNO'’s heavy water target uniquely enabled the simultaneous measurement of charged current (CC),
neutral current (NC), and elastic scattering (ES) interactions. The CC interaction is sensitive only
to electron neutrinos, while the NC interaction is equally sensitive to all neutrino flavors. By
comparing these interaction rates, SNO demonstrated that electron neutrinos produced in the Sun
transform into muon and tau neutrinos during propagation to Earth. The measurement of 8B solar
neutrinos provided definitive evidence for neutrino flavor oscillations and resolved the SNP. This
work ultimately led to the 2015 Nobel Prize in Physics being awarded to Arthur McDonald (SNO)
and Takaaki Kajita (Super-Kamiokande) [52].

The SNO+ experiment builds upon the infrastructure of SNO, described in detail in [15], with the
primary goal of searching for neutrinoless double beta decay. The following sections describe the
detector, the phases of data taking, and the goals of the experiment. In addition to providing an
overview of the detector, this chapter presents several detector characterization and calibration stud-
ies performed as part of this dissertation. Subsection 3.2.3 describes a measurement of the deployed

scintillator light yield, Section 3.4 describes the development and implementation of an electronics
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baseline monitoring system, and Section 3.6 describes the characterization of the detector’s absolute

timing and the timing corrections implemented for this analysis.

3.1 SNO+

The SNO+ experiment is an optical neutrino detector located at SNOLAB, a Class 2000 clean
room facility 2 km underground in Creighton Mine near Sudbury, Ontario, Canada. The site has
a rock overburden of 5890 meters water equivalent (m.w.e.), resulting in a very low muon flux of
0.27 muons/m?/day [53|, which corresponds to approximately 3 muons per hour in the detector
volume. The combination of a clean environment and a low cosmic ray flux makes SNOLAB an

excellent location for low background experiments such as SNO-+.

An artist’s depiction of the detector is shown in Figure 3.1. A 20 m diameter cavity containing
approximately 5.3 ktonnes of ultra-pure water (UPW) acts as a massive shield against radioactiv-
ity from the surrounding norite rock. Around 9300 photomultiplier tubes (PMTs) are mounted
on a stainless steel geodesic sphere, approximately 9 m in radius, called the PMT Support Struc-
ture (PSUP). The PMTs face inward towards the acrylic vessel (AV). There are approximately 90

outward-looking (OWL) PMTs used as a veto to reject events originating in the outer volume.

Between the PSUP and the AV is an additional 1.7 ktonnes of UPW | which provides further shielding
from radioactivity originating in the surrounding PMTs. The AV is 5 cm thick, has a radius of 6 m,

and holds the target volume of 780 tonnes of liquid scintillator.

The AV is held in place by Tensylon “hold-up” and “hold-down” ropes to counteract gravity and
buoyant forces arising from the density difference between scintillator and UPW. The hold-up ropes
are secured at the top of the cavity and at the “belly plates” on the AV. The belly plates are
acrylic slabs bonded to the AV at equidistant intervals around the equator, with a U-shaped groove
machined into each to secure the rope. The hold-down ropes are anchored at the bottom of the
cavity and wrap around the top of the AV at the neck. The belly plates and hold-up and hold-down

ropes are shown in Figure 3.2.

The neck is a 7 m tall cylindrical structure extending upward to the deck above, allowing access to
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the inner AV volume. The deck houses the electronics and calibration systems for the experiment.
Also located on the deck, within a clean room, is an interface that provides access to the detector
volume for calibration source deployment. A sealed cover-gas system protects the detector from

radon ingress through this interface.

Acrylic Vessel (AV) ~9300 PMTs
12 m diameter
780 tonnes of liquid PMT Support Structure (PSUP)
scintillator 18 m diameter
7 kt UPW Hold-down ropes
shielding

Figure 3.1: An illustration of the SNO+ detector modified from [14].

SNO+ has taken a phased approach to deploying the target medium inside the AV. As a result,
several processing plants are used for the purification, deployment, and recirculation of the liquid
media filling the detector. The water plant was inherited from SNO, while the scintillator and tel-
lurium plants were constructed specifically for SNO+. The scintillator plant has been commissioned
and used to fill the detector, while commissioning of the tellurium plant is ongoing at the time of

writing.

At the time of the writing of this thesis, the detector was filled with liquid scintillator in two stages
(corresponding to the addition of two fluors). The analysis presented in this thesis uses data taken

during the scintillator-filled phase.
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Figure 3.2: A schematic of the SNO+ experiment depicting the hold-up ropes and belly plates (left).
The same experiment, but with the inclusion of the PSUP in green, the AV in blue, the hold-up
ropes in pink, and the hold-down ropes in red (right). Adapted from [15] and [4].

3.2 Phases of SNO-+

SNO-+ is a multi-purpose detector that will operate in four distinct phases, enabling the study of
different physics topics in each configuration. The first phase employed UPW as the target medium.
During the COVID-19 pandemic, the filling of liquid scintillator was temporarily suspended after
approximately 365 tonnes had been deployed, resulting in a partial fill scintillator phase. The
third phase employs a full liquid scintillator target, enabling a broad neutrino physics program.
The final phase will load '39Te into the scintillator to search for neutrinoless double beta decay.
The following subsections describe the underlying physics principles and goals of each phase. The

detector configurations and corresponding timelines are summarized in Figure 3.3
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Water Phase Partial Fill Phase Scintillator Phase  Tellurium Phase

905t of UPW 365 t of scintillator 780 t of 780 t of
May 2017 - LAB +0.6 g/ scintillator LAB + scintillator LAB +
June 2019 PPO 22g/LPPO+22 22g/LPPO+22
April - November  mg/L bisMSB mg/L bisMSB +
2020 April 2022 - DDA +0.5%
Present 3%Te loading

Figure 3.3: An illustration of the SNO+ detector phases. This analysis uses data from the scintillator
phase.

3.2.1 Water Phase

The first phase of SNO+ was the water phase. During this phase, the AV was filled with 905 tonnes
of UPW, and data were collected from May 2017 to June 2019. The primary goals of the water
phase were to commission the electronics and data acquisition (DAQ) system, calibrate the detector

response, and measure backgrounds.

In water Cherenkov detectors, interactions are detected via Cherenkov radiation, which is observed
by the PMTs. Cherenkov radiation is produced when a charged particle travels through a medium
at a speed greater than light in that medium, ;. The corresponding kinetic energy threshold for

electrons in water is 265 keV. There are several useful properties of Cherenkov light that SNO+

uses to reconstruct an event’s position, direction, and energy.

Cherenkov light is emitted along a cone in the direction of the particle’s motion. The majority of
the light travels directly to the PMTs. The timing of the light reaching the PMTs can be used to

determine the position of the event.
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Since the light is emitted along a cone, the half-angle of this emission cone is given by:

1
.= — 3.1
Cos e (3.1)

where n is the index of refraction of the medium and 8 = 7. For relativistic particles in water,

B =~ 1 and n = 1.33, resulting in a Cherenkov angle of 6, ~ 41° in water. This emission angle is

used to reconstruct the direction of travel of the particle.

The amount of Cherenkov photons produced in an interaction scales approximately linearly with
energy. The number of detected photons will, thus, be approximately proportional to energy. In

the water phase, roughly 7 photons are detected per MeV of deposited energy.

Several calibration sources were deployed during the water phase: 6N, which provides a tagged
6 MeV ~, Americium-Beryllium (AmBe), which produces 4.4 MeV +’s and neutrons, and several
LED /lasers with intensity controlled by trained operators. Analyses completed with these sources
include the energy, position, and direction reconstruction calibration using the °N source [54], a
measurement of the neutron capture cross section and neutron detection efficiency with the AmBe
source [55], and a calibration of the water attenuation, effective attenuation of the acrylic vessel,
and the angular response of the PMTs across various wavelengths with the laser calibration source

[56].

SNO-+ published several physics results using the water phase data. Alongside the calibration
analyses above, a measurement of the 8B solar neutrino flux [57] and the first ever detection of

reactor antineutrinos in a water Cherenkov detector [58].

As briefly mentioned previously, an important aspect of Cherenkov light is the directionality of the
photons created in the interaction. This is contrasted in the next subsection in the discussion of the
isotropically emitted scintillation light. The Cherenkov spectrum is proportional to 1/A?, meaning
that the majority of the light is emitted in the ultraviolet (UV) spectrum, but with a significant
fraction emitted in the visible spectrum between 350 nm and 600 nm. Because the UV light is

often absorbed by the detector medium, the visible light is critical to detect with a high efficiency.
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Cherenkov light is emitted in scintillator as well, it is just saturated by the scintillation light, which

is orders of magnitude more intense.
3.2.2 Partial Scintillator Fill Phase

The COVID-19 pandemic forced a temporary pause in filling operations after 365 tonnes of scintilla-
tor had been deployed. As a result, several months of stable data taking were collected from April to
November 2020. This dataset enabled analyses and background measurements relevant to both the
pure scintillator phase and future tellurium-loaded phase of SNO+. A measurement of Am2; with

limited sensitivity was performed during the partial fill phase using reactor antineutrinos [59, 60].
3.2.3 Scintillator Phase

The next phase of SNO+ involved replacing the 905 tonne UPW target with 780 tonnes of liquid
scintillator. Scintillator filling began in late 2019 and continued until the detector was fully filled in
2022. After filling was completed, additional compounds were added to the scintillator cocktail to

increase the light yield.

Liquid Scintillator

In the scintillator phase, interactions are detected using the isotropically emitted scintillation light
produced by charged particles. The process is as follows: a charged particle interacts with the
surrounding medium, which excites the surrounding molecules to a continuum state by ionizing
radiation. Upon de-excitation to the ground state, the molecule fluoresces, emitting a relatively
large number of photons. The wavelength distribution of the emitted photons is determined by the

chemical structure of the scintillator.

In the case of SNO+, the primary solvent is linear alkylbenzene (LAB), which does not fluoresce on
its own and requires a fluorophore (fluor). When an LAB molecule becomes excited, the purpose of a
fluor is to allow non-radiative energy to transfer from LAB to the fluor before the fluorescence occurs
for the LAB molecule. The primary fluor in the SNO-+ cocktail is 2,5-diphenyloxazole (PPO). PPO
shifts the emitted distribution to wavelengths more optimal for detection. A secondary fluor, 1,4-

bis(2-methylstyryl) benzene (bisMSB), was added in July 2023. This further shifts the wavelength
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closer to the quantum efficiency (QE) of the PMTs and improves the light yield. Figure 3.4 shows
the emission spectra of PPO and bisMSB and the SNO PMT efficiency curve is also included.

The bisMSB emission spectrum has better overlap with the PMT efficiency compared to the PPO

emission.
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Figure 3.4: Absorption and emission spectra for the PPO and bisMSB components in the SNO+
scintillator cocktail. The left y-axis shows the probability of emission, the right y-axis corresponds
to the sparse dotted lines showing absorption in units of mm™'. The black fine dotted line shows
the R1408 Hamamatsu PMT measured total detection efficiency (divided by 10 to fit on the graph).
Plot adapted from [16].

The amount of scintillation light produced by an interaction is much larger than the amount of
Cherenkov light produced. Scintillation light has ~50 times more detected photons per MeV. Aside
from the intensity of light produced in scintillator, the time profile of the emission is on the order

of tens to hundreds of nanoseconds. Cherenkov light emission is on the order of picoseconds.

A charged particle interacting with the scintillator will create scintillation and Cherenkov light. The
most common particles SNO+ detects are a’s, ’s, 7’s, protons (p), and neutrons (n). Different
particles of the same energy can produce different amounts of photons; this is known as quenching.
Quenching is the reduction of light output per unit of deposited energy. In an interaction, a particle

deposits energy E. A naive expectation is for the number of photons produced to be proportional
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to E. In reality, heavily ionizing particles produce less light than expected because some of the

excitation energy is lost through non-radiative processes instead of producing scintillation photons.

Low ionization density particles like electrons (e™), positrons (e*), and y-induced electrons, produce
excitations that are relatively spread out due to their light masses. These interactions produce
predominantly scintillation light, and the light yield is nearly linear with deposited energy. Highly
ionizing particles, such as protons, nuclear recoils, and « particles, by contrast produce excitations
that are closely packed together due to their heavier masses (i.e., they move more slowly for the
same kinetic energy). Because they move more slowly, they deposit their energy over a much shorter

distance, producing a much larger stopping power (dE/dx).
The reduction in scintillation light due to quenching is described empirically by Birks’ law:

dL . dE/dx

-9 3.2
dx 1+ kpdE/dx (32)

where L is the total number of photons produced, S is the scintillation efficiency (in units of photons
per unit energy), kp is Birks’ constant, an empirical parameter describing the quenching response
of the scintillator, dL/dz is the light output per unit distance, and dE/dz is the energy deposited

per unit distance.

As shown by Equation 3.2, particles with larger values of dF/dz, such as protons and « particles,
produce proportionally less scintillation light. Notably, « particles produce approximately ten times

fewer photons than g particles of the same energy.

For different particles that produce the same amount of light, the scintillation time profiles also
differ. The time profile of an « particle, for example, tends to be broader than that of a 8 particle.

This difference provides an additional means of particle identification.

SNO-+ Scintillator Cocktail
As discussed above, the primary solvent in the SNO+ scintillator cocktail is LAB. LAB was cho-

sen due to its high light yield and its lack of naturally occurring radioactive contaminants (such
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as Uranium, Thorium, and Potassium) within the material, otherwise known as radiopurity, its
compatibility with the SNO+ acrylic, and its reasonable cost. The chemical structure of LAB con-
sists of a benzene ring connected to a long hydrocarbon chain. It has a chemical composition of

CeHsC,Hopt1, where n ranges from 9 to 13.

PPO is used as the primary fluor and has a chemical composition of C15H11NO. In April 2022, PPO
was loaded into the detector at a concentration of 2.2 g/L in April 2022, increasing the scintillation

light yield relative to lower PPO concentrations.

BisMSB is used as a secondary fluor to shift the wavelength of the scintillation light, improving
detection efficiency and further improving the light yield. The final concentration of 2.2 mg/L of
bisMSB was added into the detector in December 2024. This addition resulted in an increase in the

light yield by ~50%.

Light Yield Measurements

The light yield, scintillation time profile, and optical properties of the SNO+ scintillator cocktail
directly determine the detector’s energy resolution, particle identification capabilities, and overall
sensitivity. The SNO- collaboration has performed extensive measurements to characterize these
properties. As part of this detector characterization program, I performed a measurement of the
light yield of the deployed LAB + 2.2 g/L. PPO scintillator. The measured light yield was used to

validate the scintillation model employed throughout this dissertation.

Experimental Setup

The light yield measurements were performed using a benchtop setup consisting of a UV-transparent
(UVT) acrylic cube containing the scintillator sample and a 0.1 uCi ?°Sr button source. The acrylic
cube was fabricated from the same UVT acrylic used for the SNO acrylic vessel and contained a
cylindrical cavity filled with approximately 15 mL of scintillator. The °Sr source was mounted

beneath the cavity so that the emitted § particles traversed the scintillator volume.

The acrylic cube was optically coupled to a 1-inch square Hamamatsu R7600-U200 PMT, which

served as the trigger PMT. A Hamamatsu R1408 8-inch SNO PMT was positioned approximately

46



0.5 cm from the cube to detect the scintillation light. The trigger PMT has a transit time spread
(TTS) of approximately 250 ps, making its contribution to the overall timing resolution negligible.

A photograph of the setup is shown in Figure 3.5.

Figure 3.5: Experimental setup used for the light yield measurements. The UVT acrylic cube
containing the scintillator sample is optically coupled to a Hamamatsu R7600-U200 trigger PMT. A
Hamamatsu R1408 SNO PMT is positioned approximately 0.5 cm away to detect the scintillation
light. The %°Sr source is mounted beneath the acrylic cube and is not visible in the photograph.

The °Sr source undergoes 3 decay to °Y with a half-life of 28.9 years. The daughter nucleus
subsequently decays to stable 9°Zr with a half-life of 64.1 hours. The decay scheme is shown in Figure
3.6. Electrons emitted in both decays produce scintillation light within the liquid scintillator as well
as a small amount of Cherenkov light. The Cherenkov emission provides a prompt optical signal

with a well-understood wavelength spectrum that assists in characterizing the detector response.
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Figure 3.6: Decay scheme of the ?OSr source used in the light yield measurements.

The setup was housed inside a light-tight dark box lined with Finemet magnetic shielding to reduce
the influence of the Earth’s magnetic field. Black felt was used to suppress stray optical reflections.
High voltage was supplied to the PMTs using an ISEG NHS six-channel NIM module [61]. The

trigger and SNO PMTs were operated at -800 V and 2000 V, respectively.

Signals from both PMTs were digitized using a Teledyne LeCroy WaveSurfer 4104HD oscilloscope
[62]. The trigger PMT initiated the oscilloscope readout, and waveforms with a duration of 200.2 ns
were recorded using 400 ps sampling intervals. The 12-bit digitized waveforms were acquired using

the LeCrunch software package [63], which also stored the data in hdf5 format for offline analysis.

Measurement Procedure

Prior to each measurement, the scintillator sample was stripped with nitrogen gas for approximately
30 minutes to remove dissolved oxygen, which quenches scintillation light and reduces the measured
light yield. The deoxygenated scintillator was then transferred into the acrylic cube by filling
along the wall of the cavity to minimize trapped air bubbles before being sealed with a microscope

coverslip.

To account for long-term variations in the detector response, a standard LAB + 2.0 g/L PPO

scintillator sample was measured immediately before the 2.2 g/L. PPO sample. Using a reference
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sample measured on the same day minimizes systematic effects associated with gradual changes in
the electronics, PMT response, and experimental setup. The relative light yield of the 2.2 g/L. PPO
scintillator was determined by comparing its measured response to that of the contemporaneous

2.0 g/L PPO reference sample.

Approximately 10° waveforms were recorded for each scintillator sample. The charge collected by
the SNO PMT was integrated event-by-event to produce a charge spectrum. The relative light yield
was determined from the charge-weighted integral of this spectrum relative to that obtained from

the reference scintillator.

Results

Figure 3.7 shows the measured relative light yields for prepared LAB+PPO samples (red circles) and
the siphoned SNO+ AV scintillator (gold stars). The measurements are normalized to a 2.0 g/L PPO
reference sample, previously determined to have an absolute light yield of 11920 4+ 630 photons/MeV
through comparison with Geant4-based RAT simulations. Also shown are published measurements
from Brookhaven National Laboratory (blue) [64], normalized to the same 2.0 g/L PPO reference

concentration.
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Figure 3.7: Relative light yield of prepared LAB+PPO samples (red circles) and SNO-+ scintillator
(gold stars) as a function of PPO concentration. Published measurements from Brookhaven National
Laboratory are shown in blue for comparison. Adapted from [2].

A two-exponential fit of Lr = ae?* B 4 ce?*CB was performed on the measurements of LAB+PPO,
where Cpg is the PPO concentration and Lg is the relative light yield normalized to Cg = 2.0. The

resulting fit parameters and x? value are listed in Table 3.1.

a b ¢ d %
0.8419 0.0603 -0.5063 -2.696 0.02647

Table 3.1: Parameters for the two-exponential fit. Adapted from [2].

The measured relative light yield of the LAB + 2.2 g/L PPO scintillator was

Ly = 0.9906 (3.3)

corresponding to a light yield of

11808 + 630 photons/MeV (3.4)

This measured value is consistent with previous measurements of LAB+PPO scintillators and con-
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firms that the deployed SNO+ scintillator achieved the expected optical performance. The measured
light yield was subsequently incorporated into the detector simulation, improving the agreement be-

tween Monte Carlo predictions and the detector response.
3.2.4 Tellurium Phase

In late 2027, the SNO+ collaboration expects to be in the final phase of scintillator. The 780 tonne
liquid scintillator target will be loaded with 1.3 tonnes of *°Te. The primary goal of this phase
is to search for neutrinoless double beta decay (0v33). Figure 3.8 shows the Q-value of 10 double
beta decay isotopes. Emphasis should be placed on ¥°Te, which has a Q-value of 2.5 MeV. SNO+

aims to reach a sensitivity to the '39Te (0v33) half-life of 2 x 10?0 years in 3 years of data taking.
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Figure 3.8: Double beta decay isotopes. Plot adapted from [17].

3.3 PMTs, Electronics, and DAQ

Particle interactions produce photons. Although the mechanisms of photon production differs be-
tween the various phases of SNO+-, the underlying method of photon detection remains the same.
The detection of these photons by the PMTs allows information about the processes that produced

the light to be inferred. A custom electronics chain is used to digitize and read out the signals from
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the PMTs. This process is described in the following subsections.
3.3.1 Photomultiplier Tubes

Photon detection can be accomplished using various types of photodetectors, SNO+ uses PMTs.
PMTs have a glass tube that is coated with a metallic film called a photocathode. When a photon
reaches the photocathode, it may produce a photoelectron (p.e.) via the photoelectric effect. A
voltage of approximately 2000 V is applied across the PMT, which accelerates the p.e. to several
layers of dynodes which when struck, emit more electrons. This process amplifies the signal from

the initial photon to a detectable current of electrons often referred to as a “hit.”

The SNO-+ detector utilizes approximately 9300 8-inch Hamamatsu R1408 PMTs, which were also
used in the original SNO detector. Between the end of SNO operations and the start of SNO- data
taking, PMTs that were no longer operational were removed. The removed PMTs had their bases
repaired or replaced and were then reinstalled in the detector. Several hundred working PMTs were

recovered for use in SNO- as a result.

The SNO PMTs were originally selected due to their relatively low dark rate (approximately 500 Hz
at 16° C), reasonable charge resolution, and relatively good timing. At the time of writing this thesis,
advances in photodetector technology have produced improved PMTs as well as alternative devices

such as Silicon Photomultipliers (SiPMs) and Large Area Picosecond Photodetectors (LAPPDs).

The PMT base distributes high voltage (HV) to the dynode stack, which must be protected from
the surrounding environment to operate reliably. Because the PMTs are submerged in UPW, a
waterproof housing was developed using silicone gel encapsulation. The Hamamatsu R1408 PMT

with this waterproof housing is shown in Figure 3.9.
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Figure 3.9: A schematic of the Hamamatsu R1408 PMT and its waterproof enclosure (left). The
same PMT mounted in a hexagonal ABS cell, which also forms the housing for the light concentrator.
Adapted from [15]. Dimensions are in cm.

The PMTs are mounted within 27 cm diameter light concentrators, shown in Figure 3.10, with
schematics provided in Figure 3.9. The light concentrators consist of reflective, aluminum-coated
petals arranged in the shape of a Winston cone, an ideal non-imaging light collector [65]. These con-
centrators increase the effective photocathode coverage by redirecting photons that would otherwise
miss the PMT photocathode. Over the operational lifetime of SNO and SNO-, the concentrator
petals have aged and dulled, reducing their overall reflectivity. During SNO data taking, the effective
photocathode coverage, including the enhancement provided by the concentrators, was 54%. The
effective coverage in SNO+ is slightly lower due to the reduced reflectivity of the aging concentrator

petals.
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Figure 3.10: A SNO light concentrator imaged in 2019, showing visible aging of the reflective petals.
Image adapted from [18].

Of the “normal” inward-facing PMTs, 49 have the last dynode tapped to provide a second, low-
gain readout channel. These low-gain channels extend the dynamic range of SNO-+ at high light
intensities by approximately a factor of 100 [15]. There are approximately 90 OWL PMTs, which are
not equipped with concentrators and are mounted facing outward to detect light from muons and
other sources in the region exterior to the PSUP. Four High Quantum Efficiency (QE) Hamamatsu
R5912 PMTs were installed to better understand the performance of future SNO+ phases. In
addition, four neck PMTs are located in the gas volume above the neck of the AV. These PMTs are
used to identify and reject events caused by static electrical discharge in the gas region above the

detector [66].

Accurate measurement of the properties of PMT hits is necessary to reconstruct information about
the events. PMTs must efficiently detect when a photon reaches the photocathode, and accurately
measure the time the hit occurred and the charge deposited. The SNO+ PMTs have timing reso-

lution of approximately 1.5 ns.
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3.3.2 Electronics and DAQ

After a photon produces a signal in a PMT, the signal is converted into usable data through the
custom electronics chain designed to read out and trigger on signals from the PMT array. Together,
these electronics form the data acquisition (DAQ) system. The system was built by Penn and
inherited from SNO, with several notable upgrades, described in Section 3.4, to handle the higher
rates associated with the increased light in the liquid scintillator phase. The electronics measure
the time and charge of each PMT that detects a photon and packages these measurements into

“events,” consisting of all hits occurring within an approximately 420 ns window.

The SNO+ electronics system consists of 19 crates (numbered 0-18; crate 19 is known as the test
stand). Each crate contains 16 Front End Cards (FECs), 16 PMT Interface Cards (PMTICs)
(numbered 0-15), one Crate Trigger Card (CTC), and one XL3, as well as high and low voltage
backplanes. Each FEC contains four daughterboards (DBs), for a total of 64 DBs per crate. The
DBs contain custom integrated circuits that perform signal processing for eight PMT channels
each. Thus, each crate is responsible for the analog processing and trigger generation of 512 PMT
signals. The entire electronics chain services approximately 9730 PMT channels. High and low
voltage power supplies provide the necessary voltages for the PMTs and electronics in each crate.
All crates are housed in electronics racks on the deck above the detector, with most racks holding
two crates. An image of a rack containing two crates is shown in Figure 3.11. In addition, a
central (timing) electronics rack reads out global event information and receives inputs from each
crate to determine when data should be saved. The timing rack consists of seven Master Trigger
Cards/Analog (MTC/A+), one Master Trigger Card/Digital (MTC/D), one Trigger Latch board,
two Trigger Utility Boards (TUB and TUBIi), and one CAEN v1720 digitizer. An image of the
timing rack is shown in Figure 3.11 and a schematic of the full trigger system is shown in Figure

3.12.
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(a) Crates (b) Timing Rack

Figure 3.11: Rack 8 containing crates 12 and 13 (left). Timing rack containing the MTC/D,
MTC/A-+’s, TUB and TUBIi, and the CAEN. Both located on the deck above the SNO+ detector.
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Figure 3.12: The SNO+ trigger system adapted from [18].
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The PMTs in each crate are powered by a single HV supply, which provides approximately 60 mA
of current across the 512 channels. The HV supply connects directly to the SNO+ HV backplane,
which distributes HV to the PMTICs. Each PMTIC contains four Paddle Cards (PCs). There are
32 7582 waterproof RG51 coaxial cables (grouped in sets of eight on each PC) that connect the
PMTICs to the PMTs. These cables travel approximately 32 m down to the PMTs, carrying HV to
the PMT base, where it is distributed to the dynode stack. Approximately 2000 V is supplied to

the PMTs, though the operating voltage varies from 1800 V to 2350 V across the crates.

When an interaction in the detector produces light, the resulting analog PMT signal travels back
along the same cables to the PMTICs, where an HV-blocking capacitor removes the DC component.
The PMTIC also provides additional features, including disconnect relays that allow experts to
disconnect eight channels at a time, as well as overvoltage and breakdown protection diodes. Flexible
feed-through resistors allow tunable HV adjustments for each PMT. The HV setting at the supply
and the values of the feed resistors are tuned such that the gain of the PMTs on the crate is close to
1 x 107. The mapping from HV to gain for each PMT was measured in dedicated setup at Queen’s
University, which characterized more than 9800 PMTs for SNO [67].

The signal from the PMT is then passed directly from the PMTIC onto the FEC via two 90-pin
connectors, bypassing the HV and low voltage (LV) backplanes. On the FEC, the signals are
distributed to one of the four DBs, depending on the location of the PMT connection. On the DBs,
the signals are passed into two four-channel custom discriminators (SNOD), where each channel
is compared against programmable thresholds. Typically, these “channel thresholds” are set to
correspond to approximately one-quarter of the peak voltage of an average single photoelectron
(SPE) signal. For channels that cross threshold, a PMT “hit” is created. The total number of PMT

hits in a triggered event is often referred to as the Ng;; of the event.

Each PMT signal that crosses threshold is passed to two custom integrator (SNOINT) chips, where
the signal is integrated along three paths to produce three charge values. These correspond to:
charge integrated under high gain over a long integration window (approximately 400 ns, capturing

pulses due to late light, reflections, and scattering) (QHL); charge integrated under high gain over
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a short integration window (approximately 60 ns) (QHS); and low gain, short integration (QLS).
The low gain path can also operate with long integral (QLL); nominally, this path is referred to
as QLX. The SNOINT also shapes the input PMT signal and outputs two versions with different
gains for triggering: ESUMH (high gain) and ESUML (low gain), which are basically copies of the

PMT pulse along the high and low gain paths.

Simultaneously, on custom CMOS chips (eight single-channel chips per DB), a time-to-amplitude
converter (TAC) is started on the leading edge of the SNOD signal. The TAC is stopped by
a centrally generated global trigger (GT). The CMOS chip also creates two fixed-current square
pulses used for triggering: one approximately 100 ns long (N100) and one approximately 20 ns long
(N20). The N100 and N20 can be disabled at the channel level for broken channels. The CMOS
chip also provides 16 analog memory cells per measurement per DB for storage. If these cells fill

before being read out, a missed count flag is set high in the PMT bundle.

The time from the TAC, the three charge values, the crate number, FEC slot number, channel
number, cell number, and associated error flags constitute the entirety of the analog-processing
information stored by the SNO electronics. A direct map of the crate/card/channel/cell to PMT

location is stored in a database and used to identify the physical origin of each signal.

The N100, N20, and ESUM signals represent the primary trigger signals for the detector. Separate
trigger signals exist for the OWL PMTs that are handled equivalently. Each trigger signal generated
on the DBs is passed to the FECs, where the bottom and top 16 channels are summed and sent
onto the LV backplane. The LV backplane provides a path to the CTC, where each trigger signal is
summed separately for the entire crate. Thus, each crate produces crate-level sums of N100, N20,

ESUMH, and ESUML.

The signals for the seven triggers (N100, N20, ESUMH, ESUML, OWLEHI, OWLELO, and OWLN)
from each of the 19 CTCs are then passed to the MTC/A+ boards in the central timing rack. Each
MTC/A+ performs a detector-wide analog sum of its trigger signal with three different gain paths,

each compared against a programmable threshold. When a trigger sum crosses threshold, a 20 ns
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digital “raw trigger” is produced. Details about the MTC/A+ are described in Subsection 3.4.2.
There are a seven MTC/A-+’s in total, one for each trigger type. In principle, all MTC/A+’s are
identical. The high gain path is referred to as the N100L or N20L, where “L” is for low-threshold.

The medium gain path is N100M or N20M, and the low gain path is N100H or N20H.

The raw trigger produced by the MTC/A+’s are created for each individual gain path that crosses
threshold. These raw triggers are sent to the MTC/D. The MTC/D has a trigger mask that decides
which raw trigger signals to accept as a valid trigger signal. For triggers that are masked in, the
MTC/D generates a global trigger (GT), which ends the trigger cycle and indicates that the detector

should read out its data.

The GT is fanned out to all crates via ribbon cables connected to each CTC. From there, it is passed
down the LV backplane to every channel on the DBs. Simultaneously, the MTC/D generates a
lockout (LO) signal lasting 420 ns, during which the MTC/D will not emit another GT. This
effectively creates a 420 ns trigger window in which to readout the PMT hits. The MTC/D records
the trigger type responsible for the GT (e.g. N100, N20), along with any additional triggers arriving
within approximately 20 ns, in a trigger word. A counter called the global trigger ID (GTID) is
incremented at the MTC/D for each generated GT. This GTID is used to ensure the entire system

remains in sync.

At the crate level, the GT is distributed to each of the channels, which stops the TAC ramps and
signals to each channel that it should read out its data (time and charge information). Channels
store their data waiting for a GT for a length of time known as GTValid. If a GT does not arrive
before GT'Valid expires, the stored charge and TAC values are cleared. Each channel independently
tracks the GTID, which is checked against the master trigger system every 216 GTIDs to ensure
the channels are in sync. A CMOS/CGT sync flag is set in the PMT bundle if the channel gets out

of sync with the rest.

When a GT arrives within the GTValid window, the channels with valid hits are buffered into FEC

memory (4 GB). The data are digitized on the FEC and transferred across the LV backplane to
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the XL3. Each crate contains one XL3, an upgraded board for SNO+ (described in Subsection
3.4.1). The XL3 sends the data to the central DAQ computer via Ethernet. The DAQ computer
runs several servers that handle data readout and speak to the hardware. The xI3-server and mtc-
server handle sending commands to and receiving replies from the XL3 and MTC respectively. The
data-server receives PMT data from the XL3s and trigger data from the MTC/D and relays that
data to any subscribed clients. The most important client is the SNO-+ Event Builder (“Builder”),
which uses the GTID stored in the PMT data and the trigger data to combine PMT and trigger
data into an “event.” Once the builder is satisfied that all PMT hits have been saved to the correct

event, the builder writes the data to disk in the custom “zdab” format.

Data are written to a file until it reaches a maximum size of 1 GB, at which point the builder will
save it, close the file, then create a new file. Files are indexed by run, typically one hour in duration
for Physics data taking. Fach run contains metadata such as run number, run type (e.g. Physics,

Calibration, Maintenance), and detector activity during the run (e.g. Recirculation, DCR Activity).

The absolute time of each event and the relative timing between events are recorded by two separate
clocks. A 10 MHz clock is distributed by a commercial GPS system previously located on surface. As
of March 4, 2025, the GPS unit and SURFBOARD are located underground. The 10 MHz clock,
synchronized to GPS, is distributed via a 4 km long fibre optic cable and relayed underground
through the UGBOARD to the MTC/D. The 10 MHz clock provides a “universal” time and is
synced to the GPS once per hour. A 100 MHz clock runs on the TUBIi (described in Subsection
3.4.3) and is plugged directly into the MTC/D, where it is converted to 50 MHz. This clock is used

for inter-event timing and provides 20 ns resolution.

An auxiliary CAEN v1720 waveform digitizer in the central timing rack digitizes summed trigger
signals. The raw triggers from the MTC/A+ are plugged into the MTC/D through a board called
the Latch board (described in 3.4.4). Figure 3.12 depicts a detailed schematic of the SNO- trigger
system. The path from the PMT to the MTC/D is shown with the new/upgraded boards from
SNO to SNO—+ highlighted in red.

60



The MTC/D also provides a pulser than can generate forced GTs at a fixed rate. This pulse GT
(PGT) produces zero-bias triggers used to measure dark noise rates and CMOS dropout rates. In
combination with the PGT, the MTC/D can issue pedestal signals to all crates in the crate pedestal
mask (set on the MTC/D) that tells the crates to read out the data for any channels in the channel
pedestal mask (set by the XL3). This bypasses the discriminators and forces channels to read
out their data. These pedestal signals are used for electronics calibration (e.g. ECAL and ECA,

described in Subsection 3.5) and by the Ny monitor for determination of the trigger efficiency.
3.4 Electronics Upgrades

SNO+ required additional boards and upgrades to the electronics chain due to the migration from
heavy water (SNO) to liquid scintillator. The updates were required due to the higher trigger
rates and expected average PMT occupancy by using liquid scintillator as the target material. The

following subsections cover these upgrades.
3.4.1 XL3

The SNO data readout system consisted of XL1s and XL2s, depicted in Figure 3.13, which provided
centralized readout of the crates. One caveat of these boards was their limitation to communicate
and receive data from one crate at a time at a maximum rate of approximately 250 kB/s. The XL1
and XL2 were replaced by the XL3, shown in Figure 3.14, which does an asynchronous, parallel
readout of the crates that drastically increases the readout speed and provides an updated interface

for control of the HV supplies that power the PMTs.

Each crate contains one (1) XL3 that provides the readout of the front-end electronics. A Xilinx
ML403 board [68| is connected to each XL3. The ML403 contains a Xilinx Vertex-4 FPGA, a
PowerPC processor, 64 MB of SDRAM, and a CompactFlash card, which stores the firmware
running on the Vertex-4 FPGA and C code that runs on the PowerPC processor. The Vertex-4
FPGA is configured to pull the readout data from the FECs across the backplane. The PowerPC
processor C code requests the data from the FPGA and buffers it into local memory. The data
is then pushed by the XL3 to a central DAQ computer over Ethernet using standard TCP/IP

protocols. This allows each XL3 to readout data at a maximum rate of around 14 MB/s, giving a
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detector wide readout rate of 266 MB/s. This is ~1000x faster than the SNO readout.

(a) XL1 (b) XL2

Figure 3.13: A picture of the SNO XL1 (left) and XL2 (right) boards. Adapted from [19].

)

Figure 3.14: A picture of the SNO+ XL3 with ML403 and Ethernet cable.
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3.4.2 MTC/A+

Another board that was upgraded from SNO was the MTC/A, which summed the analog trigger
signals from each of the CTCs and handled the triggering logic. The motivation for the MTC/A+
is the large number of expected PMT hits as it handles higher hit rates and thus higher currents.
Alongside dealing with higher hit rates, it also provides additional trigger functionality and baseline
restoration, which was designed to improve stability. The MTC/A+ has 20 inputs, which is enough
for all 19 crates and one spare. Each crate’s input is connected via a reed relay, which provides the
ability to disconnect the signal from the sum in case of instability caused by a single crate. This
allows for fast debugging with the trigger signal by identifying the problem crate. These signals are
then sent through a series of analog summing stages using operational amplifiers. At this point,
the signals are summed and split into three separate gain paths. These gain paths provide different
dynamic ranges for the same trigger signal. The final sum output for each of the three gain paths
is sent to three places: the baseline restoration functionality, the analog output, and the triggering
functionality. The baseline restoration functionality uses an integrating amplifier with a long time
constant (of order tens of seconds) to output the average voltage of the final summing stage. This
alleviates issues associated with trigger baseline shifts that can be caused by variations in the
DC-coupled analog sum baseline. The time constant is slower than the PMT signals, so it does
not integrate them. This signal is then fed back to the non-inverting input of the final summing
amplifier, removing any long term DC shifts in the baseline of the signal. The MTC/D monitors and
reads out the MTC/A+ baselines after the voltage is sent through the TUBii. The analog output
is a copy of the analog trigger sum. This is sent through TUBIi, copied, and shaped to be sent to
the CAEN digitizer, which reads out the waveforms, and sent to an oscilloscope underground (UG)
for monitoring purposes. The final place is the trigger functionality, which takes the outputs from
the final stage summing amplifiers and inputs each into a comparator with a threshold controlled
by a DAC on the MTC/A+. The signal from the comparator being high/low indicates whether
the MTC/A+ is above/below the trigger threshold. The output of these three comparators, along
with two additional signals, known as lockout and a delayed copy of the global trigger (GT), are

then sent to a Xilinx CoolRunner-II CPLD [69]. This allows for customizable logic to be applied to
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the five input signals to determine when a trigger should be emitted. The CPLD has three trigger
signal outputs, one for each gain path, which are sent to the MTC/D to trigger the detector. The
CPLD has standard trigger logic that results in a raw trigger being emitted on the output of the
corresponding gain path whenever the trigger signal crosses the comparator threshold for that gain

path.

There is additional triggering logic implemented on the CPLD that involves deadtime and retrig-

gering logic.

SNO-+ typically records triggered events at a rate of ~2 kHz, with each event spanning a 420 ns
readout window. During detector operation, only events satisfying the trigger conditions are read
out and stored. Deadtime refers to periods during which the detector electronics are temporarily
unable to accept or record additional events because they are processing a previous trigger. Events

occurring during these intervals are not recorded.
The SNO+ trigger system has two types of deadtime:

e Trigger deadtime: A period of time not read out by the detector where a trigger signal is

unable to cause a GT.

e Hit deadtime: A period of time where a PMT can be hit, but is unable to be read out as part

of an event.

The first type of deadtime exists due to the way lockout (LO) is implemented on the MTC/D. In
nominal Physics running, LO is set to 420 ns and no raw trigger signals can create a GT during
that time. There is a ~200 ns delay (primarily due to cable lengths) that is associated with sending
the analog trigger signals from the crates to the MTC/A+, the trigger logic on the MTC/A+, and
sending the GT back to the crates. As a result, the hits that cause a GT fall in the middle of the
420 ns trigger window with only ~220 ns of data saved afterward. If an event occurs ~300 ns after
the initial event and produces enough hits to create a raw trigger, the event may not trigger the

detector because LLO has not yet ended. In addition, its hits will not be read out in the initial event.
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Since there is no GT, the information would then be completely lost with no indication that it even

occurred.

Hit deadtime exists due to how the readout on the DBs is implemented. When a PMT is hit, a
signal known a GTValid is set high and the TAC ramp begins. The signal used to indicate a PMT
has a valid hit ready to be read out is GTValid. The TAC ramp is used to measure the time since
the hit occurred. The length of the TAC ramp must be longer than GTValid in order to ensure
a valid time can be read out for the event. The length of GTValid must be shorter than LO to
prevent the same hit from being read out into two events. As a result, there is a small deadtime
between when GTValid ends and when the TAC ramp resets. GTValid remains high for the full
~400 ns after a hit occurs regardless of whether a GT arrives and the channel is read out. This
means a channel that is read out <400 ns after a hit occurs is dead for the remaining amount of

the 400 ns.

Additional triggering logic is implemented on the CPLD to mitigate deadtime. After the MTC/D
emits a GT, LO prevents another GT from being emitted for 420 ns. This additional logic can be
used to emit another trigger immediately at the end of LLO based on the conditions during LO. This
logic is known as “retriggering logic” and the triggers emitted due to this logic are referred to as
retriggers. Recall that the CPLD on the MTC/A+ has access to five signals to determine when to
trigger the detector: the output of the comparator for each gain path on the MTC/A+, LO from
the MTC/D or TUBIi, and a delayed copy of the global trigger (DGT) produced by TUBii. A

diagram of the system is shown in Figure 3.15.

N100 L0

NIOOMTCIA* | 1o
Crate0 /m )
parator Raw Trig L
o | s
{ I o [
— GT
/ ‘ /
Crate 18 | DGT TUBi

Figure 3.15: Diagram of the signals input to the triggering logic on the MTC/A+. Figure adapted
from [20].



The retrigger logic was developed to emit retriggers under these three conditions (plus the standard

logic):

Standard triggers: On the rising edge of the comparator signal, a raw trigger is emitted.

LO retriggers: If the comparator signal is high at the end of LO, a raw trigger is emitted at

the end of LO (immediately).

e DGT retriggers: If a rising edge of the comparator signal occurs during LO, but after DGT,

a raw trigger is emitted at the end of LO.

Automatic retriggers: When a raw trigger caused by any of the propr three conditions is

emitted, emit another raw trigger at the end of LO.

On each of the three gain paths, each trigger logic condition can be applied independently. All three
gain paths implement the first three conditions and the low gain path implements all four. As a
result, the low gain path can be set at a high threshold, ensuring retriggers for all events above that

threshold.

This retriggering logic was designed to be as inclusive as possible to ensure no events are lost due

to trigger deadtime.
3.4.3 TUBIi

The Trigger Utility Board Mk.II (TUBIi) replaced the SNO Trigger Utility Board (TUB). TUBIi

provides additional triggering logic as well as performs the following roles:

e MTC/A+ & CAEN Interface: Analog trigger signals from the MTC/A+ are sent to TUBIi,
which copies the signal. The -5 V baseline from the MTC/A-+ is removed. Once copy of the
signal is sent to the oscilloscope (UG), while the other copy is shaped to the correct dynamic
range before being sent to the CAEN digitizer. TUBIi also provides a measurement of the
MTC/A+ baseline values. TUBIi sends GT and SYNC signals to the CAEN to read out

the waveforms and ensure synchronization with the rest of the detector. TUBIi also sends a
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delayed copy of the GT signal, mentioned in Subsection 3.4.2, to the MTC/A+ to be used in
its triggering logic and buffers the voltage of the baseline restoration on the MTC/A+. This

is sent to the MTC/D and read out for monitoring.

e Calibration Interface: (e.g., the laserball, TELLIE, and SMELLIE). It provides synchroniza-
tion with the trigger system and tunable pulser frequencies used by these systems to control
the rate of light pulsing. Additionally, TUBIi controls the triggering for calibration systems

with a tunable delay and an interface to the asynchronous trigger functionality on the MTC/D.

e Clock Interface: TUBIi has its own clock along with a clock input. It can select which clock
is sent to the required 50 MHz clock input on the MTC/D. TUBIi will automatically fall back

to the other clock if it detects the selected clock is not working.
e Logic converters (e.g., ECL to TTL)
e Audio output of the GT rate, which is still used for monitoring in SNO+-.

The TUBIi triggering logic is designed to use any of the raw trigger signals from the MTC/A+ as
input. A GT for the detector can be created from nearly any logical combination of trigger signals.
As an example, TUBIi can take an N20 raw trigger, where the threshold has been set relatively low,
and an N100 raw trigger, where the threshold has been set relatively high, as inputs. The trigger
was implemented as method for detecting gamma-rays in the external volume during the scintillator
phase, where the low energy decays of '4C make it difficult to measure the events in the external

water volume.
3.4.4 Other Upgrades

In SNO, the Analog Measurement Board (AMB) was used to measure the peak, integral, and
derivative of the analog trigger sum from the MTC/A. The AMB was replaced by a CAEN v1720
8 channel 12-bit 250 MS/s (rate corresponds to 4 ns bins in the waveform) waveform digitizer with
a dynamic range of 2 V in SNO+. As mentioned in Subsection 3.4.3, the analog sums from the

MTC/A+ are shaped to the proper dynamic range by TUBIi, then sent to the CAEN digitizer.
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TUBIi also sends the GT and SYNC signals to the CAEN, which ensures synchronization with the
rest of the detector. The CAEN reads out N100, N20, and ESUMH trigger signal waveforms during
nominal Physics running. There are 8 inputs, which allows for additional signals to be connected
and digitized (used in some calibrations to readout an additional PMT signal from the calibration

system itself).

The MTC/D records only trigger signals occurring within ~20 ns of the initial signal in the trigger
word. If triggers occur after this time, but still within the 420 ns trigger window, an additional bit
known as “Missed trigger” bit is set high. The Latch Board addresses this issue by splitting the
most important trigger signals (e.g., N100 and N20 trigger signals) before they reach the MTC/D.
It sends the additional copy to a modified FEC called the FEC/D, located in crate 17, slot 15. This
modified FEC reads out the digital trigger inputs as hit records and provides additional calibration
channels. The FEC/D Latch Board acts as a trigger fan-out for the MTC/A+, taking the three
MTC/A+ trigger signals as input and sending two ECL outputs and one negative-going pulse to
the FEC/D. Rather than determining which trigger bits fired (information already recorded by the
MTC/D trigger word), the latch board records the relative timing of the individual trigger signals.
This information is valuable for trigger diagnostics, commissioning, and calibration studies. The
FEC/D is read out through the XL3 in the same manner as a standard FEC and is also used for
calibration sources, such as the N trigger PMT, where it records the timing of the raw MTC/A +

trigger signals.

Baseline Monitoring

Baseline shifts, also referred to as drop-out, occur when the baseline value of a signal changes,
effectively lowering the trigger threshold. In extreme cases, the baseline can drop enough that the
detector will trigger even when no PMTs were hit by light. This results in a high trigger rate with
low number of PMTs hit (Ngj). The baseline restoration implemented on the MTC/A+ corrects
these shifts, although only on relatively long timescales. Aside from the baseline restoration, the

trigger electronics are DC-coupled.
To further improve system stability, the CTCs were upgraded with heat sinks on the N20 and
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N100 transistors to reduce temperature-dependent baseline drift. In addition, a baseline monitoring

system was developed to identify crates exhibiting baseline instabilities during detector operation.

Baseline shifts during Physics data taking can lead to significant detector instability. Prior to the
implementation of baseline monitoring, identifying the affected crate often required several minutes
to days of investigation. The baseline monitoring system identifies the offending crate, substantially
reducing the time required to diagnose and resolve these instabilities. The development, testing,

and implementation of this monitoring system is described below.

Teststand Validation

Initial testing was performed using the SNO+ electronics teststand (crate 19), which contains a
representative MTC/D, CTC, FEC + DBs, XL3, ML403, and LV backplane. The teststand provides
an isolated environment for evaluating modifications to the trigger electronics before installation

underground.

The baseline monitoring system samples the N20 and N100 trigger outputs from the CTC using
passive signal splitters and low-pass RC filter circuits. Before deployment, it was necessary to verify

that these additional components did not distort the trigger signals or degrade detector performance.

RC Filter Tests

The first study evaluated the effect of inserting a simple low-pass RC filter circuit (910 k2, 300 pF),
shown in Figure 3.16, into the N20 and N100 trigger outputs. The filter extracts the slowly varying
baseline from the fast trigger pulses, which would allow the baseline voltage to be continuously
monitored by the detector slow controls system. The RC values were chosen to provide a high-
impedance monitor of slow baseline variations while strongly attenuating the fast components of the
N20 and N100 trigger signals. A 50 £ terminator was installed on the trigger output as a precaution
to provide the expected load and proper grounding of the CTC output while the monitoring circuit

was connected.
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Figure 3.16: Schematic and picture of low-pass RC filter circuit connected to the CTC’s N20 and
N100 outputs.

Figure 3.17 compares the N20 and N100 trigger pulses before and after inserting the RC filter circuit.
The waveforms are nearly indistinguishable, demonstrating that the additional circuitry does not
significantly modify the trigger signals. In particular, the pulse amplitudes remain unchanged, no
measurable pulse broadening is observed, and no additional ringing or reflections are introduced.
These results demonstrate that the monitoring circuit can be connected to the trigger outputs

without affecting detector timing or trigger performance.
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Figure 3.17: N20 (left) and N100 (right) CTC output signals with and without the filter.

To verify its response when a baseline shift occurs, controlled baseline offsets were introduced using
a 1.5 V battery connected through the RC filter. Trigger signals were recorded with a Teledyne
LeCroy WaveSurfer 4104HD oscilloscope [62] using the 1 M€ input impedance configuration. Figure
3.18 shows that the applied offset shifted the baseline as expected. The trigger pulses remained
unchanged and no measurable increase in electronic noise was observed. These tests demonstrated

that the monitoring circuit measures baseline drift without perturbing the trigger signals.
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Figure 3.18: N20 (left) and N100 (right) CTC output signals with and without the battery simulating
a baseline shift.

Detector Installation

Following successful teststand validation, two baseline monitoring circuits were assembled and in-
stalled in rack 1, crate 0’s CTC located on the SNO+ deck. The detector was turned off at the time,
but power was supplied to a crate to test the circuit boxes. The monitoring units were connected to
the N20 and N100 trigger outputs using BNC tee connectors, allowing the trigger signals to continue

uninterrupted to the MTC/A+ while simultaneously providing a filtered copy to the slow controls
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system. An image of the low-pass RC filter box is shown in Figure 3.19.

Figure 3.19: Project box containing low-pass RC filter circuit that will be attached to the CTC’s.

Figure 3.20 is a diagram of the implementation of the project boxes into the CTC. The CTC has
seven trigger BNC outputs, the project boxes use a BNC tee connector so that the N20 and N100

trigger signals pass through the low-pass filter circuit and get passed to the MTC/A+ and the slow

controls computer.
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Figure 3.20: Diagram of the low pass filter circuit project boxes connected to N20 and N100 trigger
outputs on the CTC.
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Figure 3.21 shows the response of the baseline monitor when controlled voltage offsets were applied
to the CTC. The discrete steps correspond to changes in the applied test voltage from the auxiliary
power supply. For the N20 channel, the applied offsets produced clear positive and negative shifts
in the monitored baseline. The large spike near 09:55 is a transient associated with changing the
test configuration and does not persist as a stable baseline offset. The N100 channel shows the
same behavior: the monitored baseline follows the applied voltage steps, including the sign reversal
produced by flipping the test connections. These tests demonstrated that the slow controls readout

could identify the affected crate and distinguish baseline shifts on the N20 and N100 trigger outputs.
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Crate 0 CTC Baseline Test
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Figure 3.21: Crate 0 baseline monitor measurements of N20 and N100 trigger signals.
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After performing the preliminary tests of a low-pass RC filter with the teststand’s CTC and crate
0 on the SNO+ deck, 38 project boxes with low-pass filter circuits were stuffed and sent to site for

implementation into the detector.

Operational Performance

The installed baseline monitoring system continuously measures the baseline levels of the N20 and
N100 trigger outputs for every crate. During detector operation, developing baseline shifts can now
be rapidly associated with individual crates, substantially reducing the time required to diagnose
and correct detector instabilities. Prior to implementation, identifying the responsible crate could
require several minutes to days of investigation. Figure 3.22 shows the final installation of the

baseline monitoring project boxes on the detector electronics racks. Each monitoring unit connects

to the N20 and N100 trigger outputs of a CTC through a BNC tee connector, allowing continuous

\

monitoring while leaving the primary trigger path unchanged.

Figure 3.22: Image of SNO+ rack 8 with crates 12 and 13. The N100 and N20 baseline monitor
project boxes are visibly horizontal and connected to the CTCs (black cards on the far left).
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Figure 3.23 shows a typical slow controls display during detector operation. Each trace corresponds
to the monitored baseline voltage for a particular crate. A sudden deviation from the nominal base-
line immediately identifies the crate responsible for the instability, allowing operators to diagnose

the problem in real time rather than searching crate-by-crate.
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Figure 3.23: A screenshot of the slow control’s page depicting a baseline shift in crate 17’s N100
trigger signal.

3.5 Electronics Calibration

SNO+ performs two types of electronics calibrations: ECALs and ECAs (both short for electronics
calibrations, of course). For calibrations, the electronics were designed to produce forced triggers.
Forced channel triggers are known as “pedestal” signals. When a pedestal signal is sent to a channel,
the channel will behave as if it received a hit even when no PMT pulse was present. Another type
of forced trigger is a forced global trigger known as “pulseGT.” The MTC/D can directly trigger
the detector and readout all of the channels that the pedestal was sent to. These two forced signals

allow user controlled triggering and readout to be used for the electronics calibrations.

ECAL is responsible for setting and measuring several hardware settings on the FECs and DBs while
minimizing channel-to-channel variations across the detector. The quantities set and calibrated in

an ECAL are as follows:

e Discriminator thresholds: The DB discriminator threshold is varied. The location of the
baseline and the size of the noise is determined by the trigger rate at each discriminator

threshold. The threshold is placed just above the noise level.
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e Charge baselines: FEC DACs control the charge readout baseline. These DACs are varied to

find a similar baseline for QHS/QHL/QLX across all channels in the detector.

e Charge integration times: FEC DACs also control the slope of several voltage ramps, which
determine the length of the QHS and QHL charge integration windows. These DACs are

varied to find integration windows of ~60 ns and ~400 ns for QHS and QHL, respectively.

e Hit validity window: The length of time in which a hit is valid before being discarded (GT-
Valid). It is determined by the TAC ramp. The slope of the TAC ramp (and thus its length)
is controlled by a DAC on the FEC. This DAC is varied to ensure that GTValid is shorter
than Lockout (420 ns) for all channels. This ensures that a single PMT hit cannot be read

out in two different triggered events.

ECA is responsible for the calibration of baseline values from the measured charges (QHS/QHL/QLX)
and the relationship between readout voltage (TAC) and time for each channel. This requires send-
ing pedestals to each channel, then measuring QHS/QHL/QLX. These hits are produced with no
charge on the PMT, so the charge readout is the baseline value. To calibrate the time readout,
pedestals are sent with a known time delay between the pedestal signal and the GT signal. This
time delay is varied with the TAC value measured at each delay. The TAC ramp is approximately
linear, so a line is fit to the data for each channel to provide a conversion between TAC and hit

time.
3.6 Absolute Timing and GPS Synchronization

Precise absolute timing is essential for searches involving transient astrophysical phenomena, such as
supernova neutrinos and neutrinos in temporal coincidence with gravitational wave events. Unlike
most detector observables, the event time must be referenced to an external standard so that
observations can be compared with those made by other experiments around the world. For SNO+,
this reference is provided by the Global Positioning System (GPS), which supplies an accurate

absolute time and a stable 10 MHz clock used to synchronize the detector electronics.

Figure 3.24 shows a simplified block diagram of the SNO+ GPS timing system. A commercial GPS
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receiver located on the surface provides both an absolute time reference and a continuous 10 MHz
clock signal. These signals are transmitted through optical fibers to the underground electronics,
where they are distributed to the MTC/D via the Underground Board (UGBOARD). The MTC/D

maintains the detector clock, timestamps every trigger, and assigns a unique GTID to each event.
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Figure 3.24: GPS schematic adapted from [21].

Two custom interface boards, known as the SURFBOARD and UGBOARD, provide communication
between the surface GPS receiver and the underground trigger electronics. The SURFBOARD
relays the 10 MHz clock signal and periodic synchronization (SYNC) pulses to the underground
electronics, while the UGBOARD distributes these signals to the MTC /D and returns a confirmation

(PING/PONG) signal to verify successful synchronization. In addition to relaying timing signals,
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both boards provide diagnostic outputs for monitoring the health of the timing system and allow

manual synchronization when necessary.

Each trigger recorded by SNO+ is assigned a GPS timestamp. Internally, the detector timing is
maintained using a continuously running 10 MHz reference clock that is periodically synchronized to
the GPS receiver using a SYNC pulse. Between synchronization pulses, event times are determined
by counting successive 10 MHz clock cycles. This design allows the detector to maintain accurate
timing even if communication with the GPS receiver is temporarily interrupted, provided the local

reference clock remains stable.

During much of the water and scintillator phases, the GPS timing system experienced communica-
tion problems between the surface and underground electronics. These issues were not caused by
the GPS receiver itself, but rather by failures within the timing distribution system. Contributing
factors included damaged optical fibers, power supply failures, hardware modifications associated
with relocating components underground, labeling inconsistencies, and failures of passive electronic
components on the SURFBOARD and UGBOARD. As a consequence, the detector continued op-
erating using its internal timing reference, but the absolute offset between detector time and GPS

time could not always be determined directly.

Following repairs and upgrades, reliable GPS synchronization was restored on November 25, 2025.

Although the detector continued to record events normally during this period, the uncertainty in
the absolute timing required careful characterization for analyses relying on external astrophysical
triggers. In particular, the search presented in Chapter 6 compares SNO+ event times with gravi-
tational wave trigger times reported by the LIGO-Virgo-KAGRA collaboration. Characterizing the
detector’s absolute timing offset was therefore necessary to ensure that the coincidence windows

were correctly centered on the reported GPS times.

The detector continuously monitors the difference between the detector clock and the GPS reference.

Whenever the timing offset exceeds a predefined threshold, the DAQ records a diagnostic message
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in the run log of the form

22 Apr 03:01:02 gps * 10 MHz clock is off by 917270 ticks. (3.5)

Because the detector clock operates at 10 MHz, one clock tick corresponds to 100 ns. The reported

offsets can therefore be converted into an absolute time offset through

Loffset = Niicks X 100 ns (36)

These offsets were extracted from the DAQ logs for every available run in the scintillator phase and

are shown in Figures 3.25 and 3.26.

81



012 GPS Offset in Seconds per Run

>=0.1s

<=0.09s

0.1 s <= offset >=0.09 s
Maintenance

Retrying SYNC

Qe oo

0.10

@ee © ® @ . ®

o
(=]
©o

o

o

@
(O]

o
o
J

Offset [seconds]

o
o
=

0.05 1

0.04 1

309500 309750 310000 310250 310500 310750 311000 311250
Runs

(a) GPS Offset

GPS Offset in Seconds

175

150

= =
o N
<] ul

Count per 200 s bin

~
[

50

25

b L
0.088 0.090 0.092 0.094 0.096
Offset [seconds]

(b) GPS Offset Histogram

Figure 3.25: Plots of the GPS offset in the PPO phase. Scatter plot version (left) and histogram
version (right) depicting nominal offset of ~0.092 ms.
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Figure 3.26: Plots of the GPS offset in the bisMSB phase. Scatter plot version (left) and histogram
version (right) depicting nominal offset of ~0.092 ms.

The detector operated with a nearly constant absolute timing offset of approximately 90 ms through-

out the PPO and bis-MSB phases. Most runs cluster tightly around this value, indicating stable
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detector timing despite the absence of continuous GPS synchronization.

The larger excursions visible correspond to missed synchronization pulses. When a scheduled SYNC
pulse is not successfully received, the detector continues operating from its local clock until synchro-
nization is re-established. Once a subsequent SYNC pulse is received, the measured offset returns

to its nominal value.

Run | Number of Points | Drift [seconds/hr|
374856 14 0.09425
374857 44 0.03940
374858 6 0.09419
374859 43 0.09417

Table 3.2: Table of the bis-MSB run, number of data points with GPS timing, and the offset /drift
of the 10 MHz clock relative to the MTC/D clock per hour.

To investigate the stability of the detector clock between synchronization events, a dedicated study
was performed during the bis-MSB phase (runs 374856-374859). A monitoring script queried the
detector every two to three minutes, recording the MTC clock, GPS clock, and their relative offset.
The measured offset increased linearly with time, corresponding to a clock drift of approximately
0.0943 s/hr. A table with the results can be found in Table 3.2. The observed linear behavior, as
shown in Figure 3.27, demonstrates that the detector timing remained stable and predictable even

when operating from the local oscillator.
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Figure 3.27: Plot of the bis-MSB runs that depict the offset increasing linearly with time.

Event timestamps were reconstructed from the 10 MHz counter, where each clock tick corresponds to
100 ns. For runs in which the detector was operating from the local clock (“NOCLOCK?” asserted),
a constant correction of +90 ms was applied to the reconstructed timestamps. This value was
determined from the GPS timing studies described above and compensates for the measured offset
between the detector clock and true GPS time. No correction was applied when the detector was

synchronized to the GPS reference.
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CHAPTER 4

SIMULATION AND RECONSTRUCTION

“Ticking away
The moments that make up a dull day
You fritter and waste the hours

In an offhand way”
— “Time,” Pink Floyd
Monte Carlo (MC) simulations are used to model how particles are produced, propagate, interact
with detector materials, and generate detector signals. Simulations are essential because many
physical processes cannot be measured directly. In detectors such as SNO-, detailed MC simula-
tions are used to model the production, propagation, and interaction of particles with the detector,
as well as the detector response to these interactions. MC simulations provide a connection be-
tween the underlying physical processes and experimentally observed quantities, such as PMT hit
distributions. By generating large samples of simulated events based on known or hypothesized
physical models, MC techniques can be used to predict signal rates, estimate detection efficiencies,
characterize backgrounds, optimize event selection criteria, and evaluate sensitivities to potential

signals.

The detector does not directly measure the true energy or position of a particle interaction. Recon-
struction algorithms are employed to infer properties from interactions, such as energy deposited in
the scintillator and the position where the interaction occurred. By comparing simulated truth-level
information with reconstructed quantities, MC studies can be used to calibrate reconstruction algo-
rithms, determine energy and position resolutions, evaluate reconstruction biases, and characterize
event migration between true and reconstructed parameters. MC simulations and reconstruction are
critical for interpreting detector data and for quantifying systematic uncertainties associated with
event reconstruction. Finally, calibration data are used to verify that the simulation accurately

reproduces the detector response observed in data.
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4.1 Event Generation

The primary simulation software used by the SNO+ experiment is RAT (Reactor Analysis Tool),
a GEANT4-based [70] simulation and analysis package developed by Stan Seibert and Chris Tunnell

[71] for the Braidwood Collaboration.

RAT is written in C++ and uses custom photon tracking and a detailed detector model with full
simulation of the PMTs, electronics, and DAQ response. A database known as RATDB stores detector
information and configurable parameters, including detector geometry, optical properties, and PMT
efficiencies. RATDB contains both static tables, which describe quantities that do not change over
time (e.g., PMT locations), and dynamic tables that are updated on a run-by-run basis to reflect

the detector state during data taking.

A wide variety of physical processes can be generated in RAT. There are several dedicated event
generators created by the SNO+ collaboration to simulate commonly studied events in the detector,
such as reactor antineutrinos, solar neutrinos, various radioactive decays, and all of the calibration

sources.

Once an event has been generated, GEANT4 handles the propagation and interaction of the primary
particles and all daughter particles throughout the detector model. GEANT-4 simulates a complete
set of physics processes for interactions of particles in matter over a range of energies. Particle
tracking is performed by GEANT4 until an optical photon reaches a PMT, after which the detector

response is modeled by RAT.

RAT contains a detailed PMT model that determines whether a photoelectron is produced based
on the photon’s point of incidence, incident angle, and wavelength. A simulated PMT pulse is
generated for each photoelectron. These pulses are then passed to a full simulation of the SNO-+
trigger system to determine whether the event would result in a trigger. The pulses for each channel
are compared against a discriminator threshold. PMT pulses that pass the discriminator thresholds
enter the trigger simulation, where N20, N100, and ESUM trigger signals are generated. This trigger

simulation includes many realistic components, such as electronics noise and finite rise-times. The
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trigger signals are then summed across the detector and each trigger sum is compared against the
corresponding threshold set by the MTC/A+. The trigger simulation also includes important de-
tector effects such as the length of the trigger window and deadtime, set by lockout, and keeps track
of the GTID. If the trigger conditions are satisfied, a global trigger (GT) is generated and the event
is recorded in the same manner as real detector data. Unlike real data, simulated events contain
additional information describing the generated particle properties, such as the generated energy,
position, and direction of the simulated particles. This is known as the “MC Truth” information,
which describes the true simulated values of these parameters that would not be available in real

data.

Events generated in RAT are written to custom ROOT files using the same event structure as real
detector data. This allows the same reconstruction and analysis methods to be applied to both
simulation and data. For the analysis presented in this dissertation, flat ROOT files known as ntuples

are used.

The standard SNO+ simulation framework was used throughout this analysis to generate detec-
tor responses and reconstruct simulated events. However, several additions and modifications to
the MC framework were required to support the search for neutrinos in temporal coincidence with
gravitational wave events. These include the development of a flat-spectrum inverse beta decay
event generator for efficient reweighting to arbitrary neutrino emission models, the implementation
of supernova-inspired and thermal neutrino spectra, corrections to the neutrino-proton elastic scat-
tering interaction model, and improvements to the simulated retrigger logic. These developments

are described in Chapter 6 Subsections 6.4.2 and 6.4.3.
4.2 Event Reconstruction

Event reconstruction involves using the trigger time, the set of PMTs hit (Nyj;), the timing of each
PMT hit relative to the trigger, and the charge detected by each PMT to infer the physical properties
of the particle interaction that produced them. The most important reconstruction quantities in the
scintillator phase are the event position, energy, and time. Additional quantities, such as the event

time, particle direction, and information related to the underlying interaction process, can also be
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reconstructed. The algorithms used to reconstruct these quantities were developed by members of

the SNO+ collaboration and are described in more detail in the following subsections.
4.2.1 Position and Time

The position and time of an interaction are reconstructed simultaneously using the “hit time resid-
ual,” defined as:

tres = thit — tht — trof (4.1)

where t,qs is the hit time residual, ty,;; is the PMT hit time, tg; is the reconstructed event time, and

tiof is the photon time of flight from the reconstructed event position to the hit PMT.

In an idealized scenario (i.e., neglecting optical effects and assuming perfect PMT timing resolution),
the hit time residual distribution would match the photon emission time profile when the correct

event position and time are chosen. A plot of the scintillator emission time is shown in Figure 4.1.
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Figure 4.1: Scintillator emission time profile as modeled in RAT. Models for both full fill (2.2 g/L
B Model) and partial fill (0.6 g/L 5 Model) are shown. Adapted from [22].

A likelihood fit is then performed by comparing the observed hit time residual distribution to the

89



scintillator emission time profile:
NHits

log £ = Z log P (tl) (4.2)
i=0

where P(tl..) is the probability density associated with the i*" hit time residual and Ny is the
total number of PMT hits in the event. The reconstruction algorithm varies the hypothesized event

position and time to maximize log £, yielding the best-fit values for these parameters.
4.2.2 Energy

As discussed in Section 4.2.1, the event position and time are reconstructed using PMT timing

information. The event energy is reconstructed independently using the observed PMT occupancy.

As mentioned in Chapter 3, scintillation light is emitted isotropically and the number of detected
photoelectrons (p.e.) is roughly linear with energy. For MeV-scale events, the number of scintillation
photons produced is such that fewer than one photon is expected to reach a given PMT on average.
As a result, Ny is approximately proportional to the deposited energy. This relationship does
not hold for all particle types, as the energy reconstruction algorithm assumes that the event is
produced by a single electron. The reconstructed energy of certain particles may differ significantly
from their true energies, particularly for heavily ionizing particles such as « particles. Strongly
quenched particles, such as « particles, can have reconstructed energies that are approximately an

order of magnitude lower than their true energies.

The vast majority of events detected by SNO+ are well modeled by this assumption. A limitation
of this approach is that the proportionality begins to break down at higher energies. As the number
of photons increases, so too does the likelihood of some PMTs being hit by more than one photon.
Events occurring closer to the detector’s edge also increase this likelihood as more photons are
concentrated onto fewer PMTs. If multiple photons arrive at a PMT within a short time window,
the resulting photoelectrons can pile up, causing multiple photons to be recorded as a single hit. As a
result, the Nt of higher energy events can be lower than expectation. In addition, the PMT charge
resolution is insufficient to reliably distinguish a single photoelectron from several photoelectrons.

The relationship between the PMT hits and energy becomes non-linear as the probability of a PMT
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receiving multiple hits increases. An alternative energy estimator that remains linear with energy
is therefore required. This is accomplished by dividing the detector into segments of PMTs with

approximately equal hit probability. This value is defined as:

2 ) Nli{its

]
i=1 NPMT

where S is the number of segments, ngMT is the number of PMTs in the segment, and NIi{its is the

number of hit PMTs in the segment.

The segmentation groups PMTs with similar hit probabilities, allowing the average occupancy of
each segment to be estimated. The measured occupancy is then converted into the average number
of photoelectrons per channel before being scaled by the number of PMTs in the segment, yielding
the approximately linear H parameter. Figure 4.2 depicts the number of triggered PMTs (Npjt) as a
function of energy for simulated electrons in the SNO+ detector. As the event energy increases, the
probability of multiple photons striking the same PMT also increases, leading to deviations from

linearity in Nygjt.
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Figure 4.2: The number of triggered PMTs (Nyi) as a function of energy (blue) for electrons
simulated at the center of the detector. At higher energies, the probability of more than one hit
increases, and so too does the departure from linearity. A linear energy estimator H is depicted in
orange. Adapted from [23].

The H parameter is an estimate of the number of detected p.e., which is proportional to energy.
The constant of proportionality is determined using simulation and validated with calibration data.
One factor that affects this proportionality is the position dependence of the detector response. For
example, optical effects such as absorption and scattering depend on the path length traveled by
the photons. In addition, total internal reflection can occur for events near the AV boundary, and
the PMT detection efficiency depends on the angle of incidence of the photon. These effects are
modeled in simulation, and a correction is derived as a function of the reconstructed radius r and

polar angle 6 [72].
4.2.3 Direction

In addition to scintillation light, Cherenkov light is also produced. Because scintillation light is
emitted isotropically, it carries little information about the direction of the originating particle.
Cherenkov light, however, is emitted at a characteristic angle relative to the particle’s direction of

travel and therefore retains directional information.
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In the SNO+ water phase, only Cherenkov light is emitted. As a result, directional reconstruc-
tion is relatively straightforward. In the scintillator phase, however, the amount of scintillation
light is orders of magnitude more intense than Cherenkov light. Recovering directional information
therefore requires methods capable of separating the Cherenkov and scintillation light components.
SNO-+ is the first large-scale liquid scintillator experiment to demonstrate event-by-event direc-
tion reconstruction [73]. Directional reconstruction is not used in the analysis presented in this

dissertation.
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CHAPTER 5

GRAVITATIONAL WAVES

“Time, why you punish me?
Like a wave crashing into the shore
You wash away my dreams
Time, why you walk away?
Like a friend with somewhere to go

You left me crying”
— “Time,” Hootie & the Blowfish

On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detectors
made the first direct detection of gravitational waves created by the merger of two black holes
approximately 410 Mpc (1.3 billion light years) from Earth [25]. This discovery ended a decades-
long effort to directly detect gravitational waves and provided the first direct confirmation of a key
prediction of Albert Einstein’s theory of general relativity |74], proposed a century earlier. It also
marked the beginning of the field of gravitational wave astronomy. The subsequent observation
of GW170817 in 2017 [24] established gravitational wave multi-messenger astronomy through the
combined detection of gravitational waves and electromagnetic radiation from a binary neutron star

merger.

Because this dissertation searches for neutrinos in temporal coincidence with gravitational wave
events, the sections most relevant to the present work are Section 5.7, which discusses the phys-
ical mechanisms that may produce neutrinos in compact binary mergers, and Section 5.8, which

motivates searches for MeV neutrinos from gravitational wave sources.

The remainder of this chapter provides a brief history of gravitational waves, describing how they
are generated and detected, and discussing the astrophysical sources that produce perturbations
in spacetime. Further details on gravitational wave detector technology can be found in references

[75-81], while introductions to general relativity are available in references [82-84].
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5.1 A Brief History of Gravitational Waves

The history of gravitational waves (GWs), much like that of the neutrino, begins not with the waves
themselves, but with the development of classical electromagnetism and relativity. In 1864, James
Clerk Maxwell demonstrated that electricity and magnetism (E&M) could be unified into a single
theory that predicted the existence of electromagnetic (EM) waves propagating at the speed of light
[85]. Inspired by this analogy, Oliver Heaviside formulated a gravitational counterpart to Maxwell’s
equations in 1893 and showed that they likewise produce wave-like solutions propagating at a finite
speed [86]. Although this description was not the modern theory of gravity, it represented one of
the earliest theoretical treatments of GWs. The modern description emerged in 1915 when Albert
Einstein published the theory of general relativity (GR) [74], in which gravity is interpreted as the

curvature of spacetime.

One of the first indirect pieces of evidence for GWs came in 1974 with the discovery of the first binary
pulsar system known as PSR B1913+416 by Russell Hulse and Joseph Taylor Jr. Measurements of
the orbital decay of this system showed excellent agreement with the energy loss expected from GW
emission predicted by GR [87]. This result provided strong indirect evidence for the existence of

gravitational radiation and earned Hulse and Taylor the 1993 Nobel Prize in Physics [88].

The first direct detection of GWs occurred on September 14, 2015, when the Advanced LIGO
detectors observed GW150914, a signal originating from the merger of two stellar mass black holes

approximately 410 Mpc (1.3 billion light years) from Earth [89].
5.2 Gravitational Wave Detectors

Although resonant-mass detectors are not the focus of this dissertation, the first experimental GW
detectors were resonant-mass detectors known as Weber bars [90] in the mid-to-late 1900s. The
Weber bar utilized large cylindrical metal alloy bars held under vacuum. When a GW passes
through the detector, the bar is excited near its resonant frequency, producing a small mechanical
vibration that can be measured by sensitive transducers. Several second-generation resonant-mass

detectors were subsequently constructed and operated before the development of large-scale laser
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interferometers.

The first generation of laser interferometric GW detectors began operation during the 1990s, in-
cluding TAMA300 in Japan [91] and GEO600 in Germany [92]. GEO600, while large at the time,
has two 600 m long arms of which the light traverses each arm twice giving an effective optical path
length of approximately 1200 m. GEOG600 is able to detect GWs with a frequency range between
50 Hz and 1.5 kHz. The technologies developed and tested by GEO600 and TAMA300 contributed
significantly to the design and operation of later large-scale interferometers, including LIGO, Virgo,

and KAGRA.

Detecting GWs requires measuring extremely small transverse distortions of spacetime. Because
GWs interact extremely weakly with matter, these distortions are extraordinarily small. Typical
astrophysical signals reaching Earth produce strains of order 1072!. The dimensionless strain h
represents the fractional change in length produced by a passing GW. The following subsections
will briefly detail the main GW detectors in this analysis followed by how they detect perturbations

in spacetime.
5.2.1 LIGO

LIGO is the largest and most sensitive GW observatory currently in operation. The observatory
consists of two interferometers: LIGO-H located in Hanford, Washington and LIGO-L in Livingston,
Louisiana. Each LIGO interferometer consists of two perpendicular 4 km arms, along which the laser
beam is split and propagated. LIGO consists of two detectors for three reasons: local vibrations,

GW travel time, and source localization.

Local Vibrations

LIGO and other GW detectors are sensitive to extremely small vibrations originating from both
natural and anthropogenic sources. Many environmental disturbances can mimic or obscure a GW
signal. These include earthquakes, wind, traffic, agricultural activity, low-flying aircraft, lightning,
and numerous other environmental disturbances. LIGO-H and LIGO-L are located approximately

3000 km from each other. If they were close, they would sense the same vibrations at essentially
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the same time. This would make it difficult to distinguish a GW signal from background/noise.
Due to the separation, each detector experiences unique local vibrations. Requiring coincident
signals in multiple detectors greatly reduces the probability that a candidate event is caused by

local environmental noise.

GW Time Delay

GWs travel at the speed of light. Since LIGO-H and LIGO-L are 3000 km apart, the maximum
possible arrival time difference that can elapse between a GW’s arrival is approximately 10 ms. This
allows for the veto of any similar signal that appears in both detectors more than 10 ms apart since

it could not have been caused by a passing GW.

Localization

Placing the two detectors far apart also serves to aid in localizing the source of the GW on the
sky. At least three detectors are needed to triangulate a signal, but two can still narrow-down the
region of sky containing the source of the signal. Each detector provides independent measurements
of the signal arrival time, amplitude, and phase. These measurements are combined to reconstruct
the sky position of the source. This skymap is shared with electromagnetic astronomers to perform
optical follow up. Additional detectors improve source localization by providing more independent
measurements of the arrival time and waveform. The importance of a global detector network was
demonstrated by GW170817. LIGO and Virgo collaborated during the second observing catalog
and simultaneously detected the first GW (GW170817) from binary neutron stars in August 2017
[24].

For GW170817, LIGO’s two detectors and the Virgo detector in Italy were in operation. Simul-
taneously, the Fermi Gamma-ray Burst Monitor (GBM) and the INTEGRAL satellite detected a
coincident short gamma-ray burst. The localization information from each detector was combined
to produce a sky map identifying the probable location of the source. This skymap is shown in
Figure 5.1. This figure depicts GW170817 source localizations by LIGO alone in the long green
band and LIGO + Virgo in the smaller dark green band. The addition of Virgo dramatically re-

duced the localization region. The light blue band is the time delay between Fermi and INTEGRAL
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Figure 5.1: A skymap depicting GW170817 source localizations. Adapted from [24]

gamma-ray observatories. The dark blue band is the Fermi-GBM localization. The inset shows the
source location in host galaxy NGC 4993. The top image is 10.9 hr after the merger and the bottom

is 20.5 days prior to the merger [24].

LIGO Phases

LIGO has done a phased approach from its conception to present day. Initial LIGO operated
between 2002 and 2010 [75]. No GWs were detected during this phase. Following Initial LIGO, the
detectors underwent a series of upgrades known as Enhanced LIGO, which began after 2010 [93].
Again, no GWs were detected. Another multi-year shutdown occurred during which the detectors
were replaced by the improved Advanced LIGO [76]. These upgrades culminated in the first direct

detection of gravitational waves on September 14, 2015 [25].
5.2.2 Virgo

The Virgo project was conceived to provide an additional large-scale interferometer capable of op-
erating simultaneously with LIGO, thereby improving detection confidence and source localization.
Construction of Virgo began in the late 1990s near Pisa, Italy. The first observations began in 2007.
Virgo, like LIGO, underwent upgrades/phases from the initial stage [78] to Advanced Virgo [79].

The upgrades largely targeted the improvement in detection capabilities and occurred from 2009
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and completed in 2017.

Advanced Virgo joined the two Advanced LIGO detectors during the O2 observing run (described
in Subsection 5.3) in 2017. Virgo and LIGO observed GWs produced by the merger of a binary
system of black holes on August 14, 2017. Three days later, they observed the first GWs produced
by the merger of a binary system of neutron stars for which a precise sky localization was obtained
[24]. The addition of Virgo substantially improved the localization of GW170817, enabling rapid
electromagnetic follow-up observations. This event marked the beginning of GW multi-messenger

astronomy.
5.2.3 KAGRA

The Japanese Kamioka Gravitational Wave Detector (KAGRA) is a 3 km laser interferometer
located underground in the Kamioka mine in Japan. Unlike LIGO and Virgo, KAGRA operates in
an underground environment to reduce seismic noise and employs cryogenically cooled test masses
to reduce thermal noise. KAGRA joined the global detector network during the O3 observing
run (described in Subsection 5.3) and has continued to improve its sensitivity through ongoing

commissioning and detector upgrades.

KAGRA is the first large-scale GW detector to combine underground operation with cryogenic test

masses [81].
5.2.4 Laser Interferometry

The GW detectors described in Section 5.2 are based on the Michelson interferometer design. The
Michelson interferometer was originally developed by Albert Michelson and later used with Edward
Morley for their famous 1887 experiment, which attempted to measure the Farth’s motion through
the hypothetical luminiferous aether. Modern GW detectors employ a modified Michelson inter-
ferometer design capable of measuring extremely small changes in distance produced by passing

GWs.

Figure 5.2 is a simplified schematic of an Advanced LIGO detector. A GW propagating perpendic-

ular to the detector plane produces alternating stretching and compression of the two 4 km long
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Figure 5.2: Simplified schematic of an Advanced LIGO detector. Adapted from [25].

arms. For a linearly polarized GW aligned with the detector arms, one arm lengthens while the
other shortens. Half a cycle later, the effect reverses and the previously stretched arm contracts

while the other expands.

A simplified description of the interferometer operation is as follows. A high-power laser beam is
directed onto a 50/50 beamsplitter, which divides the light into two perpendicular paths. The beams
travel down vacuum arms and reflect from suspended test masses (e.g., mirrors as shown in Figure
5.3) located at the ends of the interferometer. The reflected beams recombine at the beamsplitter

and are directed toward a photodetector.

Under normal operating conditions, the arm lengths are adjusted so that the returning laser beams
interfere destructively at the photodetector, producing a nearly zero output signal. When a GW
passes through the detector, the differential arm length changes slightly. The two beams accumulate
different optical phases while traversing the interferometer. Upon recombination, the destructive

interference is no longer perfect, resulting in a measurable signal at the photodetector.
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Figure 5.3: LIGO 40 kg test mass suspended from an upper reaction mass by four fused-silica fibers.
Adapted from [26].

The interferometers measure the dimensionless quantity known as GW strain:

AL
h="— (5.1)

where L is the arm length and AL is the change in length produced by the GW. For the Advanced

LIGO detectors, L = 4 km and typical astrophysical signals have strains of order

h~ 10" (5.2)

This corresponds to a differential arm-length change of approximately
AL ~hL ~4x 107 m (5.3)

which is approximately one-thousandth of the diameter of a proton. Measuring such extraordinarily

small displacements represents one of the most challenging experimental achievements in modern
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Figure 5.4: LVK Observing Timeline. Adapted from [27]

physics.

To increase sensitivity, Advanced LIGO does not use a simple Michelson interferometer. Instead,
Fabry—Perot optical cavities are placed within each arm. These cavities cause the laser light to
bounce between the mirrors many times before returning to the beamsplitter, increasing the effective
optical path length from 4 km to several hundred kilometers. Additional optical systems, including
the power-recycling and signal-recycling cavities, further enhance detector sensitivity by increasing

the circulating laser power and shaping the interferometer response to GWs.

During the O4 observing run, the Advanced LIGO detectors were sensitive to GWs in the frequency
range from approximately 10 Hz to 5 kHz. This frequency range encompasses many of the expected
signals from compact binary mergers, including binary black hole and binary neutron star systems
[77]. The binary neutron star detection range during O4 was approximately 150-170 Mpc for each
LIGO detector.

5.3 Observing Catalogs

The Advanced LIGO, Advanced Virgo, and KAGRA detectors operate in discrete observing runs
separated by commissioning periods and detector upgrades. Figure 5.4 depicts the observing catalogs
labeled O1-O5 from 2015 onward. Since the first observing run (O1) in 2015, continual detector
upgrades have substantially improved the sensitivities of the interferometers, leading to a dramatic

increase in the number of detected GW events.
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O1: September 12, 2015 to January 19, 2016
The first Advanced LIGO observing run produced the first direct detection of GWs, GW150914
[25], followed by two additional binary black hole merger candidates, bringing the total number of

candidate events in O1 to three, one of which was classified as a low-significance trigger.

0O2: November 30, 2016 to August 25, 2017

The second observing run included participation from the Virgo detector and culminated in the
landmark detection of GW170817 [24], the first observed binary neutron star merger and the first
GW event with an identified electromagnetic counterpart. Alongside this discovery, seven binary
black hole merger candidates were also detected, including the most massive and most distant binary

black hole merger observed during O2 [94].

03: April 1, 2019 to March 27, 2020

The third observing run benefited from significant detector upgrades and produced a rapid increase
in the number of GW detections (56 total candidates), establishing compact binary mergers as
a common astrophysical phenomenon. O3 also marked the first observing run in which all three
compact binary merger classes were observed: binary black hole, binary neutron star, and neutron

star-black hole mergers.

0O4: May 24, 2023 to November 18, 2025

The O4 observing run provides the GW catalog used in this dissertation. O4 began on May 24,
2023 and concluded on November 18, 2025. At the time of writing, the LIGO-Virgo-KAGRA
(LVK) collaboration has reported 302 candidate GW events from O4, making it the longest and

most sensitive GW observing catalog to date [77].

04 was divided into three sub-observing runs (O4a, O4b, and O4c) to accommodate detector com-
missioning, maintenance, and upgrades throughout the observing campaign. LIGO alone observed
in O4a (May 24, 2023 to January 16, 2024). KAGRA participated during the first four weeks of O4a
before returning to commissioning activities. Shortly afterward, the Noto earthquake on January

1, 2024, caused additional interruptions to KAGRA operations. A commissioning break followed
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the completion of O4a. O4b (April 10, 2024 to January 28, 2025) followed O4a with Virgo joining
the observing run. KAGRA was offline due to earthquake damage during this sub-catalog. O4c
began immediately after O4b (January 28, 2025) and continued until November 18, 2025 with a
break from April 1, 2025 to June 11, 2025. KAGRA participated intermittently during O4c after

recovering from earthquake-related damage.
5.4 Open Data

Two primary resources provide information on GW candidates: the Gravitational-wave Candidate

Event Database (GraceDB) [95] and the Gravitational Wave Open Science Center (GWOSC) [96].

GraceDB is a low-latency system that processes detector data in near real time and rapidly dis-
tributes candidate alerts to the broader astronomical community. As a result, it contains candidate

events from O4a, O4b, and OA4c.

GWOSC serves as the official archival data-release platform for the LVK collaboration. Events
appearing in GWOSC have undergone additional offline analyses and validation procedures prior to
inclusion in a Gravitational-Wave Transient Catalog (GWTC). At the time of writing, only O4a has
been officially released through GWOSC. Consequently, GWOSC lists 129 O4a candidates, whereas

GraceDB contains 81 low-latency O4a candidates.

Candidate events included in GWOSC must satisfy additional quality requirements, including an

astrophysical probability of pastro = 0.5, and must successfully pass event validation procedures [97].
5.5 Gravitational Wave Sources

Current GW searches are generally divided into four source categories. These four categories are
depicted in Figure 5.5 and include compact binary coalescence (or compact binary mergers), con-
tinuous waves, bursts, and stochastic backgrounds. These categories are described in more detail in

the following subsections.
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Figure 5.5: Diagram of the four types of gravitational wave producers. Adapted from [28§].

5.5.1 Compact Binary Mergers

Compact binary coalescences (CBCs) occur when two compact objects lose orbital energy through
the emission of GWs and eventually merge into a single remnant object. Unlike the other GW source
categories, the waveforms from CBCs can be accurately modeled using analytical and numerical

relativity, making matched-filter searches particularly effective.

The evolution of a compact binary merger is typically divided into three stages: inspiral, merger, and
ringdown. During the inspiral phase, GW emission removes orbital energy and angular momentum,
causing the orbital separation to decrease. As the objects approach one another, the GW frequency
and amplitude increase until the merger occurs. The remnant object subsequently settles into a
stable configuration through the emission of GWs during the ringdown phase. Figure 5.6 depicts this
inspiral, merger, ringdown scenario and also illustrates the evolution of the GW strain amplitude

(discussed in Section 5.2.4).

The following source mergers fall under this category and are briefly described in the bold section

below. The neutrino production of each is described in Subsection 5.7.

Binary Black Hole

Binary black hole (BBH) mergers are the most common GW sources detected to date. They produce
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the strongest signals and can be detected from the largest distances from Earth. The first direct

detection of a BBH merger is GW150914 in 2015 [25].

Figure 5.6 illustrates the evolution of a BBH merger through the inspiral, merger, and ringdown
phases. As the two BHs orbit one another, GW emission carries away orbital energy and angular
momentum, causing the orbital separation to decrease and the orbital frequency to increase. The
merger produces the peak GW amplitude, after which the newly formed BH settles into a stable
configuration through the emission of GWs during the ringdown phase. The production of neutrinos

from BBH mergers is discussed in Section 5.7.3.

Binary Neutron Star Mergers
Binary neutron star (BNS) mergers are a rare type of merger detected by GW detectors. The
first direct detection of a binary neutron star (BNS) merger is GW170817 [24], which has optical

counterparts providing more credence to the BNS classification.

A BNS merger follows a similar structure as a binary black hole merger in Figure 5.6. As the orbit
of the BNS system shrinks, the GW luminosity increases, which accelerates the inspiral. Unlike
BBH mergers, tidal interactions and the finite size of NS significantly influence the late inspiral and
merger. The ringdown phase may describe the remnant as a hypermassive NS that later collapses

to a BH or, depending on the total mass of the system, a BH formed promptly after merger. The
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production of neutrinos from BNS mergers is discussed in Section 5.7.1.

Neutron Star—Black Hole Mergers

Neutron star-black hole (NS-BH) mergers are rarer than BNS and BBH mergers. NS-BH mergers
evolve through the same inspiral, merger, and ringdown phases as other compact binaries. However,
the unequal masses and tidal disruption of the NS can produce significantly different observational
signatures. The unequal component masses lead to inspiral dynamics that differ from those of equal-
mass compact binaries. Whether the NS is tidally disrupted before reaching the BH depends on
the masses, spins, and NS equation of state (EOS). If tidal disruption occurs outside the BH event
horizon, an accretion disk may form, potentially powering electromagnetic and neutrino emission.
Otherwise, the NS is swallowed directly by the BH with little matter remaining outside the event
horizon. Following the merger, the remnant BH emits a rapidly damped ringdown signal as it settles
into a stable Kerr BH. The production of neutrinos from NS-BH mergers is discussed in Section

5.7.2.
5.5.2 Continuous Wave Sources

Continuous-wave sources include rapidly rotating NS with non-axisymmetric mass distributions,
such as asymmetric pulsars. These sources emit nearly monochromatic GWs over long timescales,

producing signals that are much weaker than CBCs but persist for months to years.
5.5.3 Burst Sources

The third source category refers to short-duration transient events that are not well modeled. Exam-
ples include core-collapse supernovae (CCSN), magnetar flares [98|, pulsar glitches [99], cosmic-string

cusps [100], and other unknown transient phenomena.
5.5.4 Stochastic Background

The final GW source category is the stochastic GW background (SGWB), which consists of the
superposition of many unresolved GW sources, analogous to the cosmic microwave background
(CMB) or diffuse supernova background (DSNB) in that it permeates the Universe. Potential

contributions include unresolved CBCs, rapidly rotating NSs, cosmic strings, phase transitions in
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the early Universe, inflationary GWs, and other cosmological or astrophysical populations.
5.6 Multi-Messenger Astronomy

For centuries, astronomy relied almost exclusively on electromagnetic observations across the ra-
dio, infrared, optical, ultraviolet, X-ray, and gamma-ray bands. The addition of neutrinos, GWs,
and cosmic rays has transformed this traditional picture into multi-messenger astronomy, where
information from multiple types of astrophysical messengers is combined to study the same source.
Each messenger probes different physical processes within an astrophysical object. Electromagnetic
radiation primarily reveals the outer, optically visible regions, neutrinos probe dense interiors where
photons cannot readily escape, and GWs directly trace the bulk motion of massive objects and the

dynamics of spacetime itself.

Although SN1987A marked the first observation of an astrophysical source using both neutrinos
and electromagnetic radiation [48], GW170817 was the first GW event to be observed through
multiple messengers [24]. The BNS merger occurred at a distance of approximately 4OJ_F§4 Mpc
and was, at the time of its discovery, the closest and best-localized GW source. Approximately
1.7 s after the merger, the Fermi Gamma-ray Burst Monitor (GBM) detected the short gamma-
ray burst GRB 170817A, providing the first direct observational connection between BNS mergers
and short gamma-ray bursts (SGRBs). Follow-up observations across the electromagnetic spectrum
subsequently identified the kilonova, a remnant of an explosive BNS or NS-BH event, AT2017gfo

[101] in the same host galaxy, confirming the NS merger interpretation.

The combined GW and electromagnetic observations of GW170817 provided unprecedented insight
into CBCs, the production of heavy elements through the r-process, the origin of SGRBs, and the
expansion rate of the Universe. This event demonstrated the power of multi-messenger astron-
omy and established the scientific motivation for coordinated searches for additional messengers,

including neutrinos in temporal coincidence with GW events.
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5.7 Neutrinos from Gravitational Wave Mergers

The detection of GW170817 demonstrated that GWs can be observed in coincidence with elec-
tromagnetic emission from CBCs. At the time of writing, however, no neutrino signal has been
conclusively associated with a GW event. Searches for such signals are well motivated since CBCs
involving NS are expected to produce hot, dense, neutron-rich matter in which neutrinos are gen-
erated efficiently. This section describes the physical mechanisms that can produce neutrinos in
CBCs, with particular emphasis on binary neutron star (BNS), neutron star-black hole (NS-BH),
and binary black hole (BBH) mergers.

5.7.1 BNS Neutrinos

BNS mergers involve the coalescence of two compact objects composed of extremely dense, neutron-
rich matter. During the merger, tidal disruption, shock heating, and compression produce matter
with temperatures of order T' ~ 10-100 MeV. Under these conditions, weak interactions and thermal
processes produce large fluxes of neutrinos and antineutrinos. These neutrinos play an important
role in cooling the merger remnant, modifying the electron fraction of the ejecta, and influencing
the r-process nucleosynthesis that produces the heavy nuclei whose radioactive decay powers the
associated kilonova. Depending on the total binary mass, mass ratio, and NS EOS, the merger
remnant may be a promptly formed BH, a hypermassive NS, a supramassive NS, or, in some cases,
a stable NS [102]. The dominant electron-flavor neutrino production channels are charged-current
(CC) beta processes involving free nucleons, while additional thermal processes produce neutrino-
antineutrino pairs of all flavors. Table 5.1 summarizes the principal neutrino production mechanisms

expected in the hot, dense matter created during a binary neutron star merger.

Process Neutrino production channel
Electron capture e +p—o>n+r,
Positron capture et 4+n—=p+ie

Pair annihilation e +et =Sy +
Nucleon-nucleon bremsstrahlung N+N-—->N+N+uvy+1p

Electron-nucleus bremsstrahlung e~ + (A, 2) we” + (A, Z)+ v+ 1y

Table 5.1: Representative neutrino production mechanisms in hot, dense neutron-rich matter rele-
vant to binary neutron star mergers. Here £ = e, i, 7 and N denotes a nucleon.
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Electron capture on protons produces electron neutrinos, while positron capture on neutrons pro-
duces electron antineutrinos. Because the merger environment is neutron rich, the relative rates of

these processes are sensitive to the local temperature, density, and electron fraction.

Additional thermal processes can produce neutrino-antineutrino pairs of all flavors. These include
electron-positron pair annihilation,

e +et s+ (5.4)

and nucleon-nucleon bremsstrahlung,

N+N-—->N+N+vy+uy (5.5)

where ¢ = e, u,7 and N denotes a nucleon. Electron-positron pair annihilation is expected to
dominate in the hot, low-density regions above the merger remnant and accretion disk, whereas
bremsstrahlung becomes increasingly important in the dense nuclear matter of the remnant it-
self. Together, these processes produce an intense burst of MeV-scale neutrinos over timescales of

milliseconds to seconds following the merger.

The neutrino emission from a BNS merger depends strongly on the fate of the remnant. If the merger
promptly forms a BH, the neutrino luminosity is expected to be shorter lived and dominated by
emission from any remaining accretion disk. If a hypermassive or supramassive NS survives for a
longer period before collapse, neutrino emission can persist for longer and may be enhanced by con-
tinued thermal cooling of the remnant. In either case, the emitted neutrinos affect the composition
of the ejecta by changing the neutron-to-proton ratio, thereby influencing the production of heavy

elements through the rapid neutron-capture process (r-process).

The electromagnetic counterpart to a BNS merger, known as a kilonova, is powered by the radioac-
tive decay of freshly synthesized heavy nuclei in the neutron-rich ejecta. These radioactive decays
also produce neutrinos through the S-decays of the newly synthesized nuclei. However, at the dis-
tances of the GW sources considered in this dissertation, this neutrino component is expected to

be negligible. Neutrinos do not directly power the kilonova, but they can alter the electron fraction
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of the ejecta and therefore affect the final abundance pattern and opacity of the material. For this
reason, a coincident detection of MeV neutrinos from a BNS merger would provide information
about the remnant, disk, ejecta composition, and weak-interaction physics that cannot be obtained

from GW or electromagnetic observations alone.
5.7.2 NS-BH Neutrinos

NS-BH mergers involve many of the same neutrino production mechanisms as BNS mergers. How-
ever, unlike BNS mergers, the amount of neutrino emission depends strongly on whether the NS is

tidally disrupted before crossing the BH event horizon.

If the NS is swallowed directly by the BH, little matter remains outside the event horizon to produce
significant neutrino emission. In this scenario, only a weak or negligible neutrino signal is expected.
Conversely, if tidal disruption occurs outside the event horizon, a hot accretion disk forms around
the BH. Temperatures within the accretion disk can reach tens of MeV, creating conditions similar

to those found in the remnants of BNS mergers.

Under these conditions, neutrinos are produced primarily through CC beta processes involving free
nucleons,

e +p—=n+r, (5.6)
et +n—p+ie (5.7)

as well as thermal pair production and nucleon-nucleon bremsstrahlung. These interactions generate
an intense burst of MeV neutrinos that efficiently cools the accretion disk by carrying away thermal
energy. This process, known as neutrino cooling, regulates the temperature and composition of the

disk while modifying the neutron-to-proton ratio of the outflowing ejecta.

As in BNS mergers, neutrino irradiation of the ejecta alters the electron fraction and therefore
influences the production of heavy elements through r-process nucleosynthesis. If sufficient neutron-
rich material is ejected during the merger, the radioactive decay of freshly synthesized r-process

nuclei powers the electromagnetic emission from the kilonova. Consequently, the neutrino luminosity
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from an NS-BH merger depends primarily on the amount of material remaining outside the BH after
merger, which is determined by the binary masses, the BH spin, and the NS EOS. Regardless of

the merger dynamics, the final compact remnant is always a BH.
5.7.3 BBH Neutrinos

Unlike BNS and NS-BH mergers, BBH mergers are not generally expected to produce significant
neutrino emission. In the standard astrophysical picture, BBH mergers occur in vacuum and contain
essentially no baryonic matter. Since neutrino production requires hot, dense matter, there is no
established mechanism capable of generating an observable burst of MeV neutrinos during the

merger.

Nevertheless, several theoretical models have proposed that BBH mergers could produce neutrinos
if they occur within matter-rich environments. These include mergers embedded in active galactic
nucleus (AGN) accretion disks, the remnants of massive stellar collapse, or other dense gaseous
environments. In such scenarios, gas surrounding the BHs may be shock heated or accreted during
the merger, producing temperatures sufficiently high for weak interactions to generate neutrinos.
The dominant production mechanisms are expected to be similar to those discussed for BNS and NS-
BH mergers, including CC beta processes, electron-positron pair annihilation, and thermal emission

from the hot accretion flow.

Although these scenarios remain speculative and are considerably more uncertain than those for

BNS or NS-BH mergers, they motivate searches for neutrino counterparts to all classes of CBCs.
5.8 Motivation for the SNO- Search

The searches performed by Borexino, KamLAND, and Super-Kamiokande demonstrate that large
underground neutrino detectors are capable of searching for MeV neutrinos in temporal coincidence
with GW events. Although no statistically significant signal has yet been observed, these experi-
ments have placed increasingly stringent upper limits on the neutrino fluence from CBCs, providing

valuable constraints on theoretical models.

SNO+ complements these previous searches through its large liquid scintillator target, excellent

112



radiopurity, low energy threshold, and sensitivity to MeV neutrinos through inverse beta decay and
neutrino-proton elastic scattering (among other channels). These characteristics make SNO-+ well

suited to searches for low-energy neutrinos associated with CBCs.

The analysis presented in Chapter 6 searches for MeV neutrinos in temporal coincidence with GW
candidates from the O4 observing run of the LIGO-Virgo-KAGRA collaboration. In the absence
of a detected signal, upper limits on the neutrino fluence constrain models of neutrino emission
from compact binary mergers. However, the motivation for these searches extends beyond setting
increasingly stringent limits. Theoretical predictions for MeV neutrino emission from compact
binary mergers remain uncertain, and the emission may be anisotropic or depend strongly on the
merger geometry, remnant evolution, and viewing angle. Even a single nearby or favorably oriented
event could produce an observable neutrino signal. A coincident detection would provide unique
information on the merger environment while simultaneously probing neutrino propagation over
cosmological baselines through measurements of time-of-flight delays, wave packet decoherence, and
potentially the neutrino mass ordering. Continued searches are therefore well motivated, despite

the expected rarity of detectable signals.
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CHAPTER 6

A SEARCH FOR NEUTRINOS IN TEMPORAL COINCIDENCE WITH
GRAVITATIONAL WAVES IN SNO-+

“*Talking about confidence in GPS location data* Is it guaranteed so that
when the guillotine falls, you’re going to move your neck at the right time?

I don’t know...”
— “On the Absolute Timing of SNO-,” Joshua Klein
This chapter presents the first SNO-+ search for neutrinos in temporal coincidence with gravitational
wave events. No coincident low-energy neutrino signal associated with gravitational wave events
has been observed to date. This chapter provides an overview of the datasets, event selection,
reconstruction, background estimation, statistical analysis, and resulting constraints on the neutrino

fluence associated with compact binary mergers.
6.1 Overview

This analysis targets MeV-scale neutrino emission associated with compact binary mergers detected
through gravitational waves (GW). A coincident detection would represent the first observation of
MeV-scale neutrinos from compact binary mergers and would provide a new probe of the physical

conditions surrounding the merger environment.

Unlike photons, neutrinos escape from dense astrophysical environments with minimal scattering,
carrying information from regions that may be optically inaccessible. The relative arrival times of
neutrinos and GWs could probe neutrino properties, including constraints on the absolute neutrino
mass through propagation-induced time delays over cosmological distances. In addition, detecting
MeV neutrinos from compact mergers would provide insight into the thermal evolution of the merger
environments, including accretion disk formation, remnant cooling, and energy transport in dense

maftter.

Since GW candidates are detected at distances of hundreds to thousands of Mpc, an observed
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MeV neutrino counterpart would also represent the detection of a particle messenger that has
propagated across cosmological distances, providing a unique probe of particle propagation through
the intergalactic medium and large-scale gravitational potentials. In the absence of a statistically

significant signal, 90% confidence level upper limits are placed on the neutrino fluence at Earth.

Two interaction channels are investigated in this search. The inverse beta decay (IBD) channel,

Ve+p—et+n (6.1)

provides the most distinctive experimental signature due to the coincidence between the prompt
positron signal and delayed neutron capture, and is primarily sensitive to electron antineutrinos.

The neutrino-proton elastic scattering (ES) channel,

v+p—v+Dp (6.2)

is sensitive to neutrinos of all flavors through the neutral current (NC) interaction and provides
complementary sensitivity to the IBD search. This is the first time this channel has been used in

such a search, and is made possible by SNO+’s depth and size.

The analysis uses candidate GW events reported during the fourth observing run (O4) of the
LIGO-Virgo-KAGRA (LVK) collaboration, spanning May 24, 2023 to November 18, 2025. This
observing period overlaps with the scintillator phase of SNO-, specifically the latter portion of the
LAB + 2.2 g/L PPO phase, including data taken after the addition of the antioxidant butylated
hydroxytoluene (BHT), and the subsequent LAB + 2.2 g/L. PPO + 6.5 mg/L BHT + 2.2 mg/L
bisMSB phase.

The addition of BHT was introduced to improve the long-term stability of the scintillator by sup-
pressing chemical degradation. Since the addition of BHT did not produce a significant change
in the measured scintillator light yield or optical response, the LAB + PPO and LAB + PPO —+

BHT data are treated as a single detector configuration throughout this analysis. The addition of
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bisMSB, however, significantly modifies the optical properties of the scintillator and therefore defines

a separate detector phase. Figure 3.3 summarizes the scintillator timeline used in this analysis.

The full LAB + PPO dataset corresponds to 245 days of livetime (0.52 ktonne-years), while the
bisMSB dataset corresponds to 453 days (0.97 ktonne-years). Since this analysis only considers

data overlapping LVK O4 and satisfying all analysis requirements, the final datasets are reduced to

49 days of LAB + PPO + BHT data and 450 days of bisMSB data.

The search was performed as a blind analysis [103]. GW events from the LVK O4 catalog were
first matched to periods of stable SNO+ data taking, and runs containing coincident GWs were
removed while the analysis procedure was developed. Event selection criteria, background estimation
methods, reconstruction performance studies, and Monte Carlo (MC) simulations were finalized
using independent background datasets and dedicated validation studies. Signal MC simulations
were used to determine the detection efficiencies for the IBD and neutrino-proton ES channels and
to optimize the event selections prior to unblinding. Once the analysis procedure was finalized, the
GW-coincident runs were unblinded and the observed event rates were compared with the expected
background. In the absence of a statistically significant excess, 90% confidence level upper limits

were placed on the neutrino fluence associated with compact binary mergers.
6.2 Data Sets
6.2.1 LIGO-Virgo-KAGRA 04 Catalog

The fourth joint observing run (O4) of the LVK collaboration spanned from May 24, 2023 to
November 18, 2025. As described in Chapter 5, Section 5.3, O4 is the longest observing run to date,
contains the largest number of GW candidate events, and achieved the highest detector sensitivity
to compact binary mergers among LVK observing runs. O4 is divided into three sub-catalogs: O4a,
O4b, and O4c. Oda spans May 24, 2023 to January 16, 2024, O4b spans April 10, 2024 to January
28, 2025, and O4c spans January 28, 2025 to November 18, 2025. At the time of this analysis, the
public O4 datasets contained 129, 105, and 68 candidate events in O4a, O4b, and O4c, respectively,

for a total of 302 candidate GW events [95, 96].
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Each candidate event is assigned probabilities describing its most likely astrophysical origin. Rather
than assigning a single discrete classification, LVK reports posterior probabilities for each source
class based on the reconstructed source properties, including component masses, spins, signal mor-
phology, and astrophysical population models. The class with the highest probability is used
throughout this dissertation when referring to the astrophysical origin of a candidate. Candidate
events are classified as binary black hole (BBH), binary neutron star (BNS), neutron star—black hole
(NS-BH), terrestrial, or unknown. The terrestrial classification indicates that the trigger is most
likely produced by instrumental or environmental noise rather than an astrophysical source, while
unknown denotes events that cannot be confidently assigned to one of the compact binary classes.

No candidates in the O4 public alerts used for this analysis were classified as BNS mergers.

The treatment of terrestrial and unknown candidates was defined prior to unblinding. All GW
candidates passing detector selection requirements were retained during the blind search procedure,
including events classified by LVK as terrestrial or unknown, because a statistically significant
neutrino counterpart could provide independent evidence supporting the astrophysical origin of a
low-significance GW candidate. In the absence of a coincident neutrino excess, these candidates are

excluded from the final compact binary merger fluence limits.
6.2.2 SNO-+ Data Set

As described in Chapter 3, Section 3.2, SNO- operates in a phased approach. Figure 3.3 provides
an overview of the phases and associated timelines. This analysis uses data acquired during the
scintillator phase. For the purposes of this analysis, the scintillator data are divided into two
detector configurations: a preliminary LAB + 2.2 g/L. PPO + 6.5 mg/L BHT configuration (April
2022-July 2023) and an enhanced LAB + 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB

configuration (December 2023-present). Figure 6.1 illustrates these detector configurations.

These detector configurations are treated separately because the detector light yield, optical model,
and energy response differ significantly between them. In the preliminary scintillator phase, hence-
forth known as the PPO+BHT phase, the collected scintillation light yield was measured to be

approximately 210 clean PMT hits/MeV. The clean hit definition removes contributions from elec-
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Figure 6.1: An illustration of the SNO+ scintillator phases.

tronic noise and excludes channels that do not satisfy charge and timing calibration requirements.
The exact light yield depends on detector conditions, including the number of active PMT chan-
nels. The trigger threshold for this dataset was approximately 20 PMT hits, corresponding to about
0.09 MeV, well below the visible energies relevant for the neutrino signals considered in this anal-
ysis [104]. In the enhanced scintillator phase, referred to as the bisMSB phase, the light yield was
measured to be about 320 PMT hits/MeV [47]. This increase in light yield is due to the addition

of bisMSB, a wavelength shifter, which improves the energy resolution.

The PPO+BHT and bisMSB detector configurations are analyzed independently due to their differ-
ent optical responses. The results from both phases are combined after applying the corresponding

detector efficiencies.
6.2.3 Matching GW Candidates with SNO+ Runs

Candidate GW events were matched to periods of stable SNO+ physics data taking using the
detector run and run selection databases [105, 106] and the corrected GPS timing described in

Section 3.6.

The O4 observing period overlaps the final portion of the PPO detector configuration, the BHT
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addition period, the bisMSB loading period, and the final bisMSB detector configuration. The PPO
dataset corresponds to runs 300000-310637; however, because O4 began on May 24, 2023, only runs
309448-310637 contribute to this analysis. During the subsequent addition of BHT (runs 310643-
311144), the detector optical response remained unchanged. These runs are therefore grouped
with the PPO detector configuration throughout this analysis. The bisMSB loading period began
during run 350000, with the final detector configuration established at run 354099. Because the
detector response evolved continuously during loading, only runs acquired after the final bisMSB

concentration was reached are included.

The SNO-+ collaboration assigns each physics run a data-quality classification of Gold, Silver,
Bronze, or Nickel, with Gold corresponding to the most stringent detector-quality requirements and
Nickel the least restrictive. Because this search targets an extremely rare signal and uses event-level
quality selections, all four categories are considered, provided the runs satisfy the detector-quality

requirements relevant to this analysis.

Because SNO+ is sensitive to low-energy signals, it also records non-physics events arising from
electronics, PMTs, and detector operations. Consequently, all data undergo data cleaning followed

by run selection before physics analyses are performed.

Data cleaning consists of a series of checks to flag any events that are clearly not physics events,
which are run during the processing of recorded data. In particular, data cleaning identifies detector
“instrumentals,” such as PMT flashers produced by static discharge within a high-voltage PMT,
together with other classes of non-physics events. Unwanted physics events can also be flagged,
such as muons. Events identified by these criteria are flagged and can be removed or treated

separately during physics analyses.

Run-level quantities, including detector status, clock synchronization, PMT coverage, electronics
performance, and detector activity, are evaluated automatically. Human activity on deck, detector

maintenance, or abnormal operating conditions can also cause runs to be excluded.
Applying the detector availability and data-quality requirements substantially reduces the number
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of candidate GW events available for analysis. The dominant losses arise from four sources:

GW candidates occurring during the bisMSB loading period, for which no stable optics model

is available and detector response is not sufficiently well characterized for this analysis
e Runs rejected by the SNO+ run selection criteria or unavailable due to processing failures

e Runs not yet included in the validated processed dataset (after run 371216-July 25, 2025)

GW candidates for which the required coincidence window is not fully covered by valid SNO+-

physics data, including periods when the detector was offline.

Table 6.1 summarizes the reduction from the initial LVK candidate list to the final astrophysical

GW sample used in this analysis.

Selection O4a O4b O4c Total
Initial LVK candidates 129 105 68 302

Remove bisMSB loading phase —-57 — — —57
Remove run selection / processing losses —29 —21 —4  —54
Remove incomplete coincidence windows -6 -5 —12 —23
Remove post-run 371216 (not processed) —  — =25 =25
Final GW sample 37 79 27 143

Remove Terrestrial / Unknown -4 -2 -1 17
Final astrophysical GW sample 23 77T 26 126

Table 6.1: Reduction of the LVK O4 candidate list to the final astrophysical GW sample used
for fluence limits. The largest reductions arise from excluding GW candidates during the bisMSB
loading period and from detector run selection requirements. The intermediate GW sample contains
all candidates passing detector requirements, while the final astrophysical sample excludes terrestrial
and unknown classifications.

After detector availability, run selection, and processing requirements are applied, 143 GW candi-
dates remain for the coincidence search. This sample includes 17 candidates classified as terrestrial
or unknown by LVK. These candidates are retained during the event search and unblinding pro-
cedure, but are excluded from the final astrophysical fluence limit calculation in the absence of a

coincident neutrino excess. The final compact binary merger sample used for fluence limits contains
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126 GW candidates. These 126 candidates correspond to 123 unique SNO-+ runs, since three runs

contain more than one GW candidate.

The final sample of 126 GW candidates is larger than those used in previous low-energy neu-
trino coincidence searches. For comparison, Borexino analyzed 74 GW candidates from O1-0O3
[107], KamLAND analyzed 60 candidates from O2-03 [108|, and Super-Kamiokande analyzed 36
candidates from the first half of O3 [109]. The increased number of GW candidates relative to pre-
vious searches improves the sensitivity of this analysis by increasing the total exposure to potential

neutrino-emitting mergers.

Appendix B contains the list of GW candidates coincident with SNO+ runs.
6.3 Analysis Strategy

The objective of this analysis is to search for neutrinos emitted in coincidence with compact binary
mergers detected through GWs. Rather than searching continuously for an excess of neutrino events,
the precisely measured GPS trigger times reported by the LVK collaboration are used to define short
time windows during which a neutrino signal is expected. Restricting the search to these coincidence
windows substantially reduces the expected background while maintaining sensitivity to any prompt

neutrino emission associated with the merger.

The analysis is performed as a counting experiment within predefined coincidence windows around
each GW trigger time. The number of observed neutrino candidates is compared with the ex-
pected background rate determined from independent SNO+ data. In the absence of a statistically
significant excess, the observed counts, expected background, detection efficiency, and number of

interaction targets are used to calculate upper limits on the neutrino fluence.

Previous searches for neutrinos associated with GW events have adopted coincidence windows rang-
ing from +10 s to 1000 s. A +10 s window is comparable to the duration of neutrino emission from
a core-collapse supernova (CCSN), while the £500 s window adopted by Baret et al. is motivated
by gamma-ray burst models of neutrino emission [110]. The £1000 s window has become the stan-

dard conservative choice and is adopted for the IBD search presented here. The neutrino-proton
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ES search instead uses a £50 s window, which improves sensitivity by reducing the background
while remaining longer than both the characteristic ~ 10 s timescale expected for thermal MeV
neutrino emission and the possible propagation delay expected for a massive neutrino, ensuring po-
tential signals are not excluded. As discussed in Chapter 2, Section 2.5, over cosmological distances
neutrino propagation is expected to become decoherent, with the mass eigenstates propagating inde-
pendently. A measured time difference between coincident GW and neutrino signals could therefore
provide constraints on the absolute neutrino mass by comparing the propagation times of massive

neutrinos with the effectively massless GW signal.

The dominant backgrounds depend on the neutrino interaction channel being considered. For the
IBD search, the delayed-coincidence signature strongly suppresses single-event radioactive back-
grounds. After the delayed-coincidence selection, the remaining backgrounds include accidental
coincidences between unrelated events, reactor antineutrinos, geoneutrinos, and cosmogenic or at-
mospheric neutrino interactions. The relative contribution of each component depends on the

selected energy range and coincidence requirements.

For the neutrino-proton ES search, which uses a single-event signature, the expected background
rate is significantly higher. The dominant backgrounds arise from radioactive decays within the

detector materials and scintillator, solar neutrino interactions, and cosmogenic backgrounds.

The combined contribution from these backgrounds is determined directly from SNO-+ data outside

the GW coincidence windows.

Estimating the accidental background within the coincidence windows is a critical component of the
analysis. Rather than relying solely on MC simulations of radioactive and cosmogenic backgrounds,
the background expectation is determined directly from SNO+ data. A data-driven background
estimate naturally incorporates detector effects, temporal variations, and backgrounds that are
difficult to model accurately in simulation. Signal MC is used to determine detection efficiencies,
optimize event selections, and calculate the detector response to different assumed neutrino spectra,

while the expected background is obtained directly from data.
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Figure 6.2: The £1000 s coincidence window highlighted by the pink rectangle defines the signal
region used to search for neutrinos temporally coincident with GW events.

Figure 6.2 illustrates the coincidence window structure. For the IBD case, a £1000 s signal region
is centered on the GW GPS trigger time. The +50 s neutrino-proton coincidence window would
follow the same structure. Following the Borexino analysis, a 5000 s local window can also
be defined, where the regions outside the central 1000 s signal window provide two sidebands
totaling 8000 s for estimating the local background. Borexino adopted this approach because the
accidental background varied with time, making a local background estimate advantageous. In
SNO-+, however, the measured IBD background rate was found to be stable throughout the data-
taking period. Consequently, the final background estimate is obtained from the full independent

background dataset rather than from the local sidebands.
6.4 Monte Carlo Simulation

MC simulations are used throughout this analysis to model the detector response to neutrino interac-
tions, determine the detection efficiencies, optimize the event selection criteria, and calculate upper
limits on the neutrino fluence. Because the production spectrum of MeV neutrinos from compact
binary mergers is currently unknown, simulated events are generated using a model-independent

flat neutrino energy spectrum and subsequently reweighted to theoretical emission models.
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6.4.1 Neutrino Emission Models

Unlike reactor neutrinos or CCSN neutrinos, the MeV-scale neutrino emission spectrum from com-
pact binary mergers is not well established. No MeV neutrino counterpart to a compact binary
merger has been observed, and theoretical predictions depend strongly on the merger type, remnant

evolution, accretion disk properties, and surrounding environment.

Previous coincidence searches by Borexino, KamLAND, and Super-Kamiokande have adopted as-
sumed neutrino spectra when calculating detection efficiencies and fluence limits [107-109]. These
assumed spectra generally fall into two categories: model-independent spectra, such as monoener-
getic or flat distributions, and model-dependent spectra motivated by thermal neutrino emission

and CCSN.
Three spectra are considered in this work:

e A flat spectrum, which provides a model-independent benchmark and allows efficient reweight-

ing to other spectra

e A pinched thermal Fermi-Dirac spectrum, representing thermal neutrino emission commonly

adopted in previous coincidence searches

e Although compact binary mergers are not expected to exactly reproduce CCSN emission, the
GKVM spectrum provides a standard candle-like benchmark for comparison with other MeV

neutrino searches

This analysis starts with a flat neutrino spectrum for event generation. The flat sample provides
a model-independent MC dataset that can be subsequently reweighted to represent different as-
sumed emission models. Detector efficiencies and fluence limits are calculated using the original
flat spectrum, as well as the reweighted pinched thermal Fermi-Dirac and GKVM CCSN-inspired

spectra.
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6.4.2 IBD Generator Improvements

The standard SNO+ IBD MC was originally developed for reactor antineutrino analyses. Conse-
quently, it assumes a reactor antineutrino spectrum that falls rapidly above approximately 9 MeV
in neutrino energy, making it unsuitable for the present search, which considers neutrino energies
up to 50 MeV. Furthermore, the generator samples neutrino energies according to the product of

the input neutrino fluence and the IBD interaction cross section.

The interaction rate is proportional to

R(El,) X (I)(EV)O'IBD(EV) (6.3)

where ®(E,) is the neutrino fluence and orpp(FE,) is the IBD cross section. Because the IBD cross
section increases with neutrino energy, supplying a flat fluence spectrum does not produce a flat
distribution of generated interactions. Higher-energy neutrinos are preferentially selected by the
generator because they have a larger interaction probability. For this analysis, a locally modified
version of the IBD generator was developed to generate a truly flat neutrino energy spectrum. Rather

than sampling directly from the input fluence, the generator samples from a modified distribution:

(L))

DPoen(E)) X —————
gen(Ev) omp(Ey)

(6.4)

The acceptance probability within the generator remains proportional to the IBD cross section,

giving
dN

P(E, —
( )OchV

XX (I)gen(Eu) UIBD(EZ/) X ‘I)(El,) (65)

Consequently, when the input fluence is flat, the accepted neutrino energies are also flat. This pro-
duces a single simulation sample that can subsequently be reweighted to different neutrino emission
models. The effect of this modification is shown in Figure 6.3. The standard generator samples
interactions according to the product of the input spectrum and the energy-dependent IBD cross

section, producing a non-flat accepted neutrino distribution. The modified generator corrects for
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this effect and produces a flat neutrino energy spectrum. The discontinuity at 15 MeV corresponds

to the boundary between the independently generated low- and high-energy MC samples.
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Figure 6.3: Comparison of generated electron antineutrino energy distributions using the standard
IBD generator (top) and the modified flat spectrum IBD generator developed for this analysis
(bottom).

In addition to producing the desired energy distribution, the modified generator improved the

efficiency of MC generation by reducing the oversampling of high-energy interactions and increasing
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the available statistics in the lower-energy region.

To further improve the statistical precision of the analysis, separate MC samples were generated for
low-energy (1.7-15.0 MeV) and high-energy (15.0-50.1 MeV) neutrinos. Since detector backgrounds
are higher at low energies, and detector thresholds, reconstruction effects, and selection efficiencies
vary most rapidly in this region, additional MC statistics were generated at low energies. Each
simulated detector run therefore contains approximately 45,000 low-energy events and 20,000 high-

energy events, for a total of approximately 65,000 generated events per run.

To validate the modified generator, the reconstructed detector response was compared with the
standard IBD MC sample. The flat spectrum events were reweighted by the reactor antineutrino

flux and IBD cross section to reproduce the expected reactor antineutrino interaction spectrum.

This comparison verifies that modifying the generator sampling procedure does not introduce re-
construction artifacts or change the detector response. The PPO and bisMSB comparisons between
the reweighted GW MC samples and the standard reactor IBD MC samples are shown in Figure
6.4.
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Figure 6.4: RAT801 GW MC production with run 310048 (PPO-top) and run 355014 (bisMSB-
bottom), reweighted using the reactor antineutrino spectrum (blue). Overlaying this with the
analysis script using RAT801 SNO+ PPO MC production for the reactor IBD spectrum with the

same runs (black).
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Small residual differences remain between the two productions, consistent with differences in the
complete production chain beyond the simplified reweighting procedure and due to low simulated
statistics. Nevertheless, the agreement demonstrates that the modified generator introduces no

significant reconstruction bias and is suitable for the present analysis.

All IBD signal MC samples presented in the remainder of this chapter were produced using this

modified generator.
6.4.3 Neutrino-Proton ES Cross Section Correction

The neutrino-proton ES channel is sensitive to neutrinos of all flavors through the neutral current
(NC) interaction and provides a complementary search channel to IBD. Since the calculated neutrino
fluence limits depend sensitively on the assumed interaction cross section, the implementation of

the ES event generator in RAT was independently validated before producing MC samples.

During this validation, a discrepancy was identified between the differential cross section imple-
mented in ProtonESgen.cc and the analytic expression given by Dasgupta and Beacom [30]. The

published differential cross section is

do G%mp my T my, T
I 1— P 2 1 D 2 ‘
ar 7 [< 2E3>CV+< + 2E2>CA (6.6)

where T is the proton recoil kinetic energy, E, is the incident neutrino energy, and cy and c4 are

the weak vector and axial-vector couplings.

In contrast, the RAT implementation incorrectly evaluated the energy-dependent terms as

d G2 1—m,T 1 T
do _ Grmy K i E3>C2V+<+ I E2> 34] (6.7

placing the neutrino energy out of the denominator. This changes the energy dependence of the
differential cross section, producing increasingly large deviations at higher neutrino energies. The
incorrect implementation placed the neutrino-energy dependence outside the dimensionless recoil

correction term, producing an incorrect scaling with neutrino energy and substantially altering the
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Figure 6.5: Differential neutrino-proton ES cross section calculated using the analytic expression of
Dasgupta and Beacom [30] for representative neutrino energies.

predicted recoil spectrum.

Figures 6.5 and 6.6 are included to further show the difference in the expected cross section given

Dasgupta and Beacom’s analytic equation [30] and what was incorporated into RAT.

Figure 6.7 compares the original implementation with the corrected calculation in the MC simu-
lation. The largest differences occur in the high-energy region relevant to this analysis, where the

incorrect implementation overestimates the differential cross section.

The generator was updated to implement the correct analytic expression, and the correction was
subsequently merged into the official RAT software repository for future neutrino-proton ES simula-
tions [111]. All MC samples and fluence calculations presented in this dissertation use the corrected

implementation.
6.5 GW Coincidence Analysis Framework
6.5.1 Timing and Livetime Validation

The event timing information in SNO- is reconstructed using two detector clock systems. The

10 MHz clock system provides the absolute timing reference required to compare SNO+ events with
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external GW trigger times, while the 50 MHz clock is used for precise relative timing calculations

within each run, including the prompt-delayed separation used in the IBD analysis.

The livetime is determined independently for each subrun using the detector clock information.
The total exposure is obtained by summing the valid livetimes from all selected subruns passing the

analysis requirements.

Agreement between the 10 MHz and 50 MHz livetime calculations was used as a timing consistency
check. Table 6.2 lists the comparison of livetimes in the PPO+BHT and bisMSB phases for the full

background-only datasets.

Dataset 10 MHz Livetime [s] 50 MHz Livetime [s|] Difference
PPO-+BHT 4.204 x 10° 4.204 x 10° < 0.1%
bisMSB 3.872 x 107 3.886 x 107 0.36%

Table 6.2: Comparison of detector livetimes calculated using the 10 MHz and 50 MHz clock systems.

Accurate absolute timing is essential for the GW coincidence analysis because the signal window
is defined relative to the GPS time reported for each GW event. A correction to an offset in the

10 MHz clock system was described in Chapter 3, Section 3.6.

During validation of the bisMSB dataset, an issue was identified with the reconstructed 10 MHz clock
times. Beginning around run 353207, reconstructed event times exhibited large discontinuities, with
offsets corresponding to nonphysical absolute timestamps far outside the data-taking period. This
issue originated from the reconstructClocks processor, which relied on ClockJump corrections
that produced incorrect absolute times. The affected clock reconstruction procedure was no longer

used in later processed data beginning with run 367918.

Since the absolute event timing is required only to determine the position of the GW coincidence
window, the underlying 50 MHz event timing information remained usable once a reliable run start
time was provided. To recover the affected runs, the official run start times from the Run Selection
database [106] were used as an external timing reference. These times originate from the RUN.ratdb

tables and were verified to be unaffected by the reconstructed clock discontinuities. The run start
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times were collected into a database file and implemented as a fallback reference whenever an invalid

10 MHz clock time was identified.

For affected runs, the corrected event time was therefore calculated by anchoring the relative 50 MHz

clock information to the validated run start time:

tcorrected = ZL/run start T A7550 MHz (68)

where Atsonmuy is the relative event time measured from the start of the run.

This correction restored the expected run timing and allowed the GW coincidence windows used in

both neutrino searches to be calculated correctly.

The search window for each GW candidate is defined using the absolute GPS time reported by LVK.
The analysis is therefore anchored to the GW event time rather than to SNO+ run boundaries. A
coincidence window is constructed around each GW trigger time, and all available SNO+ subruns
overlapping this time interval are included. The IBD analysis uses a £1000 s window, while the

neutrino-proton ES analysis uses a 50 s window as determined from the sensitivity optimization.

Since the coincidence window may span multiple subruns/runs or occur near the beginning or end of
a run, the analysis does not assume continuous detector operation. If part of the coincidence window
overlaps a detector downtime period or unavailable run, that period contributes zero livetime. This
does not bias the search because all background expectations are normalized using the measured

detector livetime.

GW candidates with insufficient temporal coverage, such as cases where only the pre-GW or post-
GW portion of the coincidence window is available, are removed from the final analysis sample as

described in Section 6.2.3.
6.6 Signal Channels
Liquid scintillator detectors are sensitive to several low-energy neutrino interaction channels. A

summary of the expected event yields for various charged current (CC) and neutral current (NC)
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interaction channels is shown in Table 6.3.

Supernova Neutrino Interaction Channels

Channels Weak Interaction Type Event Yield
Ue+p— et +n (IBD) CC 194.7+ 1.0
Ve+€ —vete” NC/CC 6.4
Ug+e —Us+e” NC 2.7

Ve t+em — vy +e” NC 2.1
Up+e —Uyp+e NC 1.8
v+p—v+p NC 429.1 +12.0
Ve +12C = 2CH v +e +et CcC 2.74+0.3
Ue+12C > 2CH+ 0, +e +et CcC 7.0+0.7
v+ 12C = 12C+v++ (15.11 MeV) NC 43.8 £8.7
Ve+ 12C > HUC+e +p CcC 0.16 £ 0.08
Ue+12C 5 UB+et +n CC 0.16 4+ 0.08
v+12C s UB4ur+yp NC 1.6+0.5
v+12C s 1UC+v+n NC 0.5+0.16

Table 6.3: Interaction channels for supernova neutrinos in liquid scintillator with corresponding
event yields estimated based on a CCSN at 10 kpc observed in SNO+-, adapted from [3| and [4].
The errors on the event yields are derived from the uncertainties of the interaction cross sections.
Note that the uncertainties of the electron scattering cross sections arising from Standard Model
calculations are less than 1%, and are neglected in the yield count.

Here, v, denotes the heavy-flavor neutrinos (v, and v,), which are grouped together because they

have similar interactions at MeV energies.

The events in Table 6.3 assume a standard supernova (SN) at 10 kpc with total energy 3 x 10° erg
equally partitioned among the three neutrino flavors and their corresponding antineutrinos with
mean energies of 12 MeV for the electron neutrino, 15 MeV for the electron antineutrino, and
18 MeV for the heavier neutrino species. If a galactic CCSN occurs, the SNO+ detector will observe

several hundred neutrinos in a short burst of about 10 seconds.

Of the available interaction channels, this analysis focuses on IBD and neutrino-proton ES. These
channels were selected because they provide the largest expected event yields for MeV neutrinos,
offer complementary flavor sensitivity, and represent the two most promising channels for a search
for neutrinos from compact binary mergers. In particular, IBD provides a clean delayed-coincidence

signature, while neutrino-proton ES is sensitive to all neutrino flavors through the NC interaction.
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The event yields in Table 6.3 provide a reference benchmark for comparing interaction channels.
Since this analysis considers alternative neutrino spectra, including a pinched thermal Fermi-Dirac
spectrum and the GKVM CCSN model, the expected event yields are recalculated using the corre-

sponding fluence models when evaluating detector performance.
6.6.1 IBD

The IBD interaction,

Uet+p—et4+n (6.9)

is the primary detection channel for electron antineutrinos in liquid scintillator. In this interaction,
an electron antineutrino interacts with a free proton in the scintillator, producing a positron and a

neutron.

The reaction has a kinematic threshold because the final-state neutron and positron are more massive

than the initial-state proton. For a proton initially at rest, the threshold neutrino energy is

—m
Er — P~ 1.806 MeV (6.10)

v

Therefore, IBD is sensitive to electron antineutrinos with energies above the interaction threshold

of approximately 1.8 MeV.

The IBD signature consists of two correlated signals. The positron immediately deposits its kinetic
energy in the liquid scintillator through ionization and excitation of the surrounding scintillator
molecules. As these excited molecules return to their ground state, they emit visible scintillation
photons that are detected by the SNO+ PMTs. The positron subsequently annihilates with an
electron, producing two 0.511 MeV gammas, which also deposit their energy in the scintillator and

contribute to the prompt scintillation signal.

The neutron, being electrically neutral, does not directly ionize the scintillator. Instead, it thermal-
izes through elastic scattering, primarily with hydrogen nuclei. These scatters produce low-energy

proton recoils, which generate a small amount of scintillation light; however, this contribution is
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heavily quenched and is much smaller than the prompt positron signal. Therefore, the neutron

thermalization light does not form the primary IBD detection signature.

After thermalization, the neutron undergoes a random walk through the scintillator before being

captured, predominantly on hydrogen. The capture reaction,

n+p—d+y(2.2 MeV) (6.11)

produces a 2.2 MeV gamma that Compton scatters in the scintillator, generating a second burst of
scintillation light. This delayed signal occurs with a characteristic capture time of approximately

200 us after the prompt positron interaction.

The prompt visible energy is related to the incident antineutrino energy by

Eprompt ~ E, — 0.78 MeV (6.12)

up to small corrections from neutron recoil and detector response. The delayed event is approxi-

mately fixed by the 2.2 MeV neutron capture gamma.

The IBD interaction provides one of the cleanest signatures in a liquid scintillator detector because
the prompt positron signal and delayed neutron capture signal are correlated in both time and
space. This delayed-coincidence topology strongly suppresses backgrounds. For this reason, IBD
is the primary channel used in this search. The IBD cross section used in this analysis follows
the Vogel and Beacom prescription implemented in RAT [112]. At MeV energies, IBD provides
a relatively large and well-understood interaction cross section compared with other detectable

channels in liquid scintillator.
6.6.2 Neutrino-Proton ES

The neutrino-proton ES interaction,

v+p—v+p (6.13)
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is a NC process in which a neutrino scatters elastically from a free proton in the liquid scintillator.
Unlike IBD, no charged lepton is produced in the final state. Instead, the neutrino transfers a

fraction of its energy to the proton through the weak interaction and continues with reduced energy.

Because the interaction proceeds through the NC, all neutrino and antineutrino flavors contribute
with approximately flavor-independent cross sections, up to differences from axial-vector interference
terms and radiative corrections. Neutrino-proton ES provides sensitivity to the total neutrino flux

rather than only the electron antineutrino component.

The recoiling proton loses its kinetic energy through ionization and excitation of the surrounding
scintillator molecules, producing scintillation light that is detected by the SNO+ PMTs. Unlike
relativistic electrons and positrons, however, protons have a much larger stopping power (dE/dx)
and therefore experience significant ionization quenching, as described by Birks’ law in Subsection
3.2.3. As a result, only a small fraction of the proton’s kinetic energy is converted into visible
scintillation light, causing the observed energies to be substantially lower than the true proton

recoil energies.

Unlike IBD, neutrino-proton ES produces only a single prompt interaction and does not possess
a delayed coincidence signature. Consequently, the analysis cannot exploit the powerful time and
spatial correlations used for background rejection in the IBD channel. Instead, the search relies on
identifying a statistical excess of low-energy proton recoils above the expected detector backgrounds

within the GW coincidence window.

Although experimentally more challenging than IBD, neutrino-proton ES offers several important
advantages. It is sensitive to all neutrino flavors, has the largest expected event yield for a CCSN in
liquid scintillator (Table 6.3), and establishes corresponding all-flavor neutrino fluence limits. For
these reasons, neutrino-proton ES serves as a valuable complement to the IBD search presented in

this dissertation.
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6.6.3 Reference CCSN Event Yields

Although this dissertation searches for neutrinos from compact binary mergers rather than CCSNe,
reference CCSN spectra provide a useful benchmark for comparing detector sensitivity across differ-
ent interaction channels. The MeV-scale neutrino emission from compact binary mergers is uncertain
because it depends on the merger type, remnant lifetime, amount of neutron-rich ejecta, and accre-
tion disk properties. Therefore, these event yields should be interpreted as detector-performance
benchmarks rather than predictions for GW-associated neutrino signals. At the typical distances
of GW sources considered in this analysis (hundreds of Mpc), CCSN-like neutrino emission would

produce an expected number of detected events many orders of magnitude below one.

The event yields in Table 6.3 are calculated using the same reference SN model adopted in the
SNO+ supernova sensitivity study. This model assumes a source distance of 10 kpc and a total
gravitational binding energy release of 3 x 10°® erg (300 foe), emitted as neutrinos with the total

energy approximately equipartitioned among all neutrino and antineutrino flavors.

Flavor transformation effects during propagation, including MSW and collective neutrino oscillation
effects, depend on the SN environment, neutrino mass ordering, and oscillation model assumptions.
These effects are not included in the event yields shown here; instead, the original model spectra

are used directly to provide a detector-response benchmark.

To benchmark the expected number of neutrino interactions in SNO-, the model neutrino fluence
at Earth was folded with the Vogel and Beacom analytic IBD cross section [112|, which is used in
RAT’s IBD generator, and the number of protons in the scintillator in the 6 m fiducial volume (FV),

which is 5.64 x 103! [113]. The GKVM CCSN fluence is then used separately as the benchmark

spectrum for evaluating the GW-analysis signal expectations.

The expected number of interactions for a given channel is calculated as

Nexp = Ntargets/(I)(E,/)O'(E,,)E(E,/)dEl, (6.14)
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where Niargets is the number of available interaction targets (for example, free protons for IBD
and neutrino-proton ES) in the scintillator, ®(E,) is the neutrino fluence at Earth, and o(E)) is
the energy-dependent interaction cross section. For the purpose of comparing intrinsic interaction
yields, the detection efficiency is taken to be unity. Detector effects, including energy thresholds,
reconstruction efficiencies, and event-selection efficiencies, are incorporated later through the MC

simulation.

Since the fluence is provided in discrete energy bins from SNOwGLoBES [114], this integral is

evaluated as a sum

Nexp ~ Nargets >, Px0(Er)e(E) (6.15)
k

where @, is the fluence per bin and o(Ej) is the cross section evaluated at the bin center.

For the IBD channel, only the electron antineutrino component of the fluence contributes. For

neutrino-proton ES, the contributions from all six neutrino and antineutrino flavors are included.

The reference SN yields discussed above provide a comparison with previous SNO+ sensitivity
studies. For the GW analysis presented in this work, the same calculation is repeated using the
GKVM CCSN spectrum, which is used as one of the benchmark emission models for the fluence-limit

calculation.

Using the GKVM 7, fluence and the Vogel and Beacom implementation of the IBD cross section
[112], the expected number of IBD interactions in the SNO+ detector for a source at 10 kpc (6 m
FV, N, = 5.64 x 10%!) is found to be

NP (10 kpe) = 134.0 (6.16)

Similarly, the expected number of neutrino-proton ES interactions is

NZP(10 kpe) = 223.2 (6.17)
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These values represent the total number of physical neutrino interactions in the detector prior to
any detector effects, such as energy thresholds, quenching, reconstruction, or analysis selection cuts

for a GKVM CCSN model instead of the reference SN model.

The GKVM event yields differ from those obtained using the reference SN model in the SNO-+
sensitivity study [3, 4| in Table 6.3 because the underlying emission assumptions are different. First,
the GKVM model assumes a total emitted neutrino energy of 185 foe rather than 300 foe, reducing
the overall fluence. Second, the flavor-dependent spectral shapes differ from those of the reference
model, particularly for the heavy-flavor neutrinos. Since neutrino-proton ES receives contributions
from all neutrino flavors, these spectral differences reduce its expected yield more strongly than for

the IBD channel, which is sensitive only to electron antineutrinos.

The uncertainties on the event yields are taken to arise from the theoretical uncertainties on the
interaction cross sections. Since the predicted number of interactions depends linearly on the cross
section, a fractional uncertainty on the cross section propagates directly to the same fractional
uncertainty on the event yield

AN _Ac (6.18)

In the SNO-+ SN sensitivity estimates, the quoted uncertainties correspond to fractional cross section
uncertainties of approximately (0.5%) for IBD and (2.8%) for neutrino-proton ES (v-p), as inferred
from the reported event yields and uncertainties. These values reflect the relatively well-constrained
theoretical description of the IBD cross section compared to the larger theoretical uncertainties

associated with neutrino-proton ES scattering.

Applying these fractional cross section uncertainties to the calculated event yields gives

NEP (10 kpe) = 134.0 + 0.7 (6.19)

while for neutrino-proton ES,

NZP(10 kpe) = 223.2 + 6.2 (6.20)
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These uncertainties reflect only the interaction cross section contribution. Uncertainties associated
with the assumed astrophysical emission model, such as the total emitted energy, spectral shape,
and flavor composition, are not included because the purpose of this calculation is to compare
detector interaction channels rather than predict the neutrino yield from a specific source. For the
GW coincidence search, these cross section uncertainties are small compared with the dominant
limitations arising from the unknown neutrino emission mechanism and the large distances of the

GW sources.

Figure 6.8 depicts the GKVM CCSN fluence as a function of neutrino energy for all flavors (top)
and the cross sections of the IBD and neutrino-proton ES channels, alongside another IBD cross

section from SNOwGLoBES in orange (bottom) [114].
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Figure 6.8: GKVM CCSN fluence as a function of neutrino energy for all flavors (left) and the cross
sections of the IBD and neutrino-proton ES channels, alongside another IBD cross section from
SNOwGLoBES in orange (right).
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6.7 IBD Analysis

The IBD analysis follows the blind analysis procedure described in Section 6.1. The event selection,
background estimation, sensitivity optimization, and fluence-limit calculations were finalized before
examining the GW-coincident data. Validation was performed using background data and fake GW

triggers prior to unblinding.
6.7.1 Event Selection

The data are analyzed on a run-by-run basis. For each run, all corresponding sub-run ntuples are
combined into a single ROOT TChain, allowing the complete run to be processed with a consistent

event selection.

The IBD selection criteria are summarized in Table 6.4.

Cuts Prompt Delayed
Energy [MeV]| 0.9-50.0 1.85-25
Fiducial Volume [mm]| < 5700

|A7] [m)] < 2.5

At [us] 400 < At < 2000
Data Cleaning Pass
Reconstruction Valid True

Table 6.4: IBD selection criteria applied to both data and MC analyses.

The selection criteria are designed to identify the characteristic IBD delayed-coincidence signature
while suppressing accidental backgrounds and poorly reconstructed events. The data cleaning and
reconstruction requirements remove instrumental backgrounds and events for which the position
and energy reconstruction are unreliable. The FV requirement reduces backgrounds originating

near the AV and external detector materials.

The prompt-delayed spatial and timing requirements exploit the correlation between the positron
signal and subsequent neutron capture. The neutron capture time requirement is chosen to retain the
majority of neutron captures on hydrogen while rejecting random coincidences between unrelated
events. Similarly, the prompt-delayed spatial separation requirement suppresses accidental pairs

while maintaining high IBD detection efficiency.
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These selection criteria are based on the SNO+ reactor antineutrino analysis, with modifications
motivated by the broader energy range expected for a potential astrophysical neutrino signal. The
reactor antineutrino analysis uses an upper prompt energy of 9.0 MeV, while this analysis extends

the prompt energy range to 50.0 MeV.

The same selection criteria are applied to both data and MC to ensure a consistent comparison

between observed candidates, background estimates, and signal efficiencies.

The standard SNO+ data cleaning mask (0xD82100000162C6) was applied to all data events [115].
Additionally, both data and MC were processed using the radial-dependent energy correction de-

veloped by Daniel Cookman (CalibrateEnergyRTF, version 3 for PPO and bisMSB data [116]).

The treatment of event vetoes also differs from the reactor antineutrino analysis. Since the detailed
neutrino emission properties of compact binary mergers are uncertain, the analysis avoids applying
additional vetoes that could remove potential signal-like events beyond the standard data-quality

requirements.

A multiplicity selection is therefore implemented as a tag rather than a veto. Events occurring
close together in space and time are identified, allowing comparison with the reactor antineutrino
candidate lists, but these events are not removed from the GW search sample. An IBD candi-
date pair receives a multiplicity tag if any additional event with reconstructed energy greater than
0.4 MeV occurs between the prompt and delayed candidates, or within &1 ms of either event, and

is reconstructed within 2 m of either event.

This tag identifies multi-event topologies that may arise from correlated backgrounds, such as
cosmogenic fast neutrons, or from multiple IBD-like interactions occurring close together in time.
The low 0.4 MeV threshold increases sensitivity to low-energy activity, including proton recoils
produced by fast neutrons entering the scintillator volume. Since the time structure and multiplicity
of a potential compact binary merger neutrino signal are unknown, these events are retained in the

final GW search sample.
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Cosmic ray muons passing through or near the detector produce large amounts of scintillation and
Cherenkov light and are therefore identified by their high Ny;¢. Events with Ny > 3000 (roughly
9 MeV in bisMSB and 14 MeV in PPO) are tagged as muon candidates. Following an identified
muon, events occurring within the subsequent 20 s are removed through the data cleaning mask in
order to suppress cosmogenic backgrounds, including neutron production and long-lived radioactive

isotopes.

The low cosmic ray muon rate at SNOLAB allows this conservative veto window while introducing
only a small livetime reduction. For the background-only PPO+BHT dataset used in this analysis,
3758 muons were tagged, corresponding to a total vetoed time of 75160 s and a livetime loss of
1.8%. For the background-only bisMSB dataset, 32588 muons were tagged, corresponding to a
total vetoed time of 651760 s and a livetime loss of 1.7%. The combination of the low muon rate,
high tagging efficiency, and long veto window makes muon-induced backgrounds negligible, except
for possible fast neutrons entering the scintillator from untagged external muons. Table 6.5 lists
the tagged muons and livetime information for the PPO+BHT and bisMSB phases for the full

background-only and GW coincidence windows.

Dataset Muon Tags Removed Livetime [s| Livetime Loss
PPO+BHT background 3758 75160 1.79%
PPO-+BHT GW windows 209 4180 1.83%
bisMSB background 32588 651760 1.68%
bisMSB GW windows 1508 30160 1.67%

Table 6.5: Livetime loss associated with the muon veto in the IBD analysis.

Atmospheric neutrinos are produced when cosmic rays interact with nuclei in the Earth’s atmo-
sphere, producing a flux of neutrinos extending from hundreds of MeV to the GeV energy scale
[117]. Unlike cosmic ray muons, atmospheric neutrinos pass through the SNOLAB rock overbur-
den and can interact inside the SNO-+ detector. These interactions occur through both CC and
NC processes and may produce secondary neutrons through interactions with carbon nuclei in the

scintillator.

Such neutron-producing interactions are a potential background for IBD searches because multi-
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ple neutron captures occurring close together in space and time can mimic the prompt-delayed

coincidence signature.

Because atmospheric neutrino events are typically associated with higher-energy activity than re-
actor antineutrino events, an atmospheric neutrino selection is implemented as a tag rather than a
veto. Events with high Nyj and subsequent events occurring within 1 s are identified but retained
in the final sample. Since the neutrino emission properties of compact binary mergers are unknown,
removing these events could unnecessarily reduce sensitivity to a potential high-energy signal. The
tag allows atmospheric-like candidates to be studied after unblinding while preserving compatibility

with existing reactor antineutrino cross-checks.
6.7.2 Signal MC Efficiency

The IBD signal efficiency was evaluated using the flat spectrum IBD MC samples described in
Section 6.4. Simulated events were generated throughout the full scintillator volume and processed

using the same reconstruction and selection criteria applied to data.

Two efficiencies are considered. The full-volume efficiency includes the FV acceptance and is defined

relative to all generated events within the AV:

Npass

1SS 6.21
Nav (6.21)

€IBD —

where Ngep is the number of generated IBD interactions and Npags is the number of events passing

the full IBD selection.

The selection efficiency is calculated only for events generated within the analysis FV:

(6.22)

For events generated throughout the full scintillator volume using the PPO-+BHT and bisMSB data
combined, the efficiency is

eav = 0.74 (6.23)
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Restricting to events generated within the FV gives

€sel = 0.88 (6.24)

The FV efficiency is used when calculating fluence limits because the number of target protons is

calculated using the same FV.
MC Statistical Uncertainty

The uncertainty due to the finite size of the MC samples is calculated assuming binomial statistics,

e(l—¢)

6.25
Nov (6.25)

O¢ =

Large MC samples were produced to ensure that the statistical uncertainty on the efficiency was

small compared to variations associated with detector conditions.
Detector Configuration Stability

During the PPO phase, the detector configuration evolved as PMT crates were restored following
damage to a full crate. Dedicated MC samples were generated to evaluate the dependence of the

IBD selection efficiency on the number of active channels.

Two representative detector configurations were studied: run 309448, corresponding to four un-
available crates, and run 310637, corresponding to one unavailable crate. For 5000 generated IBD

events, the measured efficiencies were

€1 orate off = 0.859 % 0.005 (6.26)

€4 crates off = 0.847 & 0.005 (6.27)
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The difference between these configurations is
Ae = 0.859 — 0.847 = 0.012 (6.28)

corresponding to a relative variation of approximately 1.2%.

The uncertainty on the difference:
oa =/0? + 03 =0.0071 (6.29)

The MC statistical uncertainty is small compared with the observed run-to-run variations in detector
response. Therefore, variations in the selection efficiency across detector configurations are treated

as the dominant contribution to the efficiency uncertainty.

The run-to-run variation in efficiency across the PPO+BHT GW-coincident runs was evaluated us-
ing dedicated simulations. The RMS variation was found to be approximately 0.004, corresponding
to a relative efficiency variation of 0.5%. For the bisMSB runs, the RMS was 0.003 with a relative
efficiency variation of 0.3%. The combined PPO+BHT and bisMSB RMS and variation is 0.004
and 0.4%.

6.7.3 Background Estimation

The IBD background rate is estimated directly from data rather than from simulation. This data-
driven approach uses data outside the GW coincidence windows as a representative sample of the
detector conditions during the search. Applying the same IBD selection criteria to these periods
provides a direct measurement of the expected number of accidental coincidences and true IBD

backgrounds that could occur within a GW coincidence window.

Using data naturally incorporates detector conditions, reactor antineutrinos, geoneutrinos, cos-
mogenic backgrounds, radioactive backgrounds contributing to accidental coincidences, and other

accidental event pairs present during the SNO-+ scintillator phase.
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To construct the background-only dataset, runs containing GW coincidence windows were excluded
to ensure the background estimate remained statistically independent of the blinded search regions.
For the final compact binary merger fluence analysis, this corresponds to 16 GW candidates in the
PPO+BHT phase and 110 GW candidates in the bisMSB phase, after excluding candidates classified
as terrestrial or unknown by LVK. The same IBD selection criteria described in Subsection 6.7.1
were then applied to the remaining data. The resulting number of IBD candidates was used to
calculate a global background rate

Ny

Thkg

Roxg = (6.30)

where Nlbé{[g) is the number of IBD candidates identified in the background-only dataset and Tjy, is

the corresponding livetime in seconds.

For the LAB+PPO+BHT phase, the background-only dataset contains
T 0BT = 4.20 % 10° s (6.31)

of livetime after removing GW-coincident data. Applying the IBD selection gives 16 background

IBD candidate pairs, corresponding to a background rate of

16
PPO+BHT 6 .
Rbkg + = 130 %106 = (3.81 +£0.95) x 107" pairs/s (6.32)

The expected number of IBD-like background candidates in a single +1000 s GW coincidence

window is therefore

bow = RbkgAT (6.33)

where AT = 2000 s. For the PPO-+BHT phase,

bome TPHT = (3.81 x 107%)(2000) = 7.62 x 1073 (6.34)
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The statistical uncertainty is propagated according to

Taw
b = v/ Nbkg T (6.35)
bkg
where Taw is the total livetime contained within the GW coincidence windows.
For the 16 PPO+BHT GW coincidence windows used in the final analysis, this gives
St g = 0.122 £+ 0.031 (6.36)

expected background events.

The same procedure is applied independently to the bisMSB phase because the detector optical

properties and corresponding datasets are different. The background-only dataset contains
bisMSB 7
Toxg =3.87x10"s (6.37)

of livetime after removing GW-coincident data. Applying the IBD selection gives 200 background

IBD candidate pairs, corresponding to a background rate of

i 200 6 i
R = 3grx 107 = (16 £0.36) x 107° pairs/s (6.38)

The expected number of IBD-like background candidates in a single 1000 s GW coincidence
window is therefore

bRMSB — (5,16 x 107)(2000) = 1.03 x 1072 (6.39)
For the 110 bisMSB GW coincidence windows used in the final analysis, this gives
biotal o = 1.13 4+ 0.08 (6.40)

expected background events.
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The final combined expected background is obtained by summing the PPO+BHT and bisMSB
contributions:

biotal = bPPO+BHT + bhismss = 1.25 £ 0.09 (6.41)

Although the final IBD background normalization is determined directly from data, the expected
physical composition of this background can be estimated using the SNO+ reactor antineutrino
background model [47]. Scaling the expected components from the reactor antineutrino analysis to
the total GW coincidence livetime gives an approximate total of 1.20 events, consistent with the
data-driven expectation of 1.254+0.09 events used in this analysis. The largest contributions are ex-
pected to come from reactor antineutrino IBD interactions and radiogenic (o, n) backgrounds, with

smaller contributions from geoneutrinos, a-p coincidences, and atmospheric neutrino interactions.

Component Approximate expected events in GW windows
Reactor v, IBD 0.60

Geoneutrino IBD 0.16

(a,n) proton recoils 0.34

(a,n) other 0.05

a-p coincidences 0.03

Atmospheric v 0.02

Approximate total 1.20

Data-driven total used in this analysis 1.254+0.09

Table 6.6: Approximate composition of the IBD-like background expected in the GW coincidence
windows, estimated by scaling the SNO-+ reactor antineutrino background model to the total GW
search livetime. The final background normalization used in this analysis is determined directly
from the data-driven background measurement.

The data-driven approach naturally incorporates possible time variations in these components,
including changes in reactor operation, detector conditions, and accidental coincidence rates. Ra-
diogenic backgrounds are expected to be approximately stable within each scintillator phase, while
reactor antineutrino rates vary slowly compared with the GW coincidence windows. Therefore, the
measured background rate provides the most representative estimate of the expected background

during the search period.

The measured PPO+BHT and bisMSB background rates are statistically compatible. The PPO+BHT
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dataset contains only 16 IBD candidates, giving a rate uncertainty of approximately 25%, while the
larger bisMSB dataset contains 200 candidates, reducing the rate uncertainty to approximately 7%.

The two measured rates differ by approximately 1.30.

Although the fractional uncertainty on the measured background rate is limited by the number of
IBD candidates in the background-only dataset, the uncertainty on the predicted number of events
in the GW coincidence windows remains small. This is because the background measurement uses
a much longer livetime than the total GW search window, so the statistical uncertainty is reduced

when scaling the measured rate to the expected background contribution.

These values are summarized in Table 6.7.

Quantity PPO+BHT bisMSB Combined
Background livetime [s] 4.20 x 10° 3.87 x 107 —
Tagged IBD candidates 16 200 —
IBD background rate [s~}] (3.814£0.95) x 107¢  (5.16 £0.36) x 1076 —
GW coincidence windows 16 110 —
Expected background per GW window (7.62 4 1.90) x 1072 (1.03 4 0.07) x 102 —
Total expected background 0.122 +0.031 1.13+0.08 1.25+0.09

Table 6.7: Summary of the data-driven IBD background estimate for the PPO+BHT and bisMSB
scintillator phases. The expected background is calculated from the measured IBD candidate rate
in the background-only dataset and scaled to the total livetime contained within the £1000 s GW
coincidence windows. Uncertainties correspond to the statistical uncertainty from the number of
IBD candidates observed in the background-only datasets.

As a cross-check, the local sideband background estimate, the approach used by Borexino in their
analysis, was compared to the background rate measured using the full background-only dataset.
The local sideband is defined using the £5000 s region surrounding each GW trigger, excluding the
central blinded 41000 s signal window. This method provides a background estimate local to the

GW events and is sensitive to possible time-dependent variations in the detector background.

Such variations could arise from changes in detector conditions, periods of increased cosmogenic
activity, changes in detector noise rates, time-dependent radioactive backgrounds, or changes in re-

actor antineutrino flux. A local sideband approach is advantageous if these variations are significant
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because the sideband samples detector conditions close in time to the GW coincidence window.

For a 10 day subset of the bisMSB background-only dataset, the local sideband contains six IBD

candidates over a livetime of 911184 s, giving a background rate of

Riideband = (6.58 +2.69) x 1079 pairs/s (6.42)

The full background-only dataset contains 200 IBD candidates over a livetime of 3.89 x 107 s,
corresponding to

Reay = (5.15 £ 0.36) x 107% pairs/s (6.43)

The compatibility between the two measurements is quantified using

_ |Rsideband - Rfull|

Z (6.44)
\/ O-gideband + O-lgull
This gives
Z = 0.53 (6.45)

indicating that the two background estimates agree within one standard deviation. Therefore, no

statistically significant variation in the IBD background rate is observed near the GW trigger times.

Although the two methods are consistent, the local sideband contains only six IBD candidates and

is therefore statistically limited, with a fractional uncertainty of approximately

OR 1
— o~ — 41 6.46
R 6 @ ( )

In comparison, the full background-only dataset contains 200 candidates, reducing the statistical
uncertainty to approximately 7%. The agreement between the local sideband and full-dataset

measurements demonstrates that the IBD background rate is stable within the statistical precision
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of the sideband test. Therefore, the full background-only dataset can be used without introducing
evidence of a time-dependent bias, while providing a more precise estimate of the expected IBD

background rate.
Appendix A contains the list of PPO+BHT and bisMSB background IBD candidates.

6.7.4 Sensitivity Optimization

The IBD selection criteria were optimized prior to unblinding by evaluating the expected sensitivity
of the analysis under different cut configurations. A multi-dimensional scan was performed over the
FV, prompt-delayed spatial separation, neutron capture time window, and prompt energy range.
Since the expected signal rate from compact binary mergers is unknown, the optimization was
performed assuming the background-only hypothesis. The goal was to determine the selection
criteria that would provide the strongest expected upper limit on the neutrino fluence in the absence

of a detected signal.

The optimized quantities were the FV radius, prompt-delayed spatial separation, neutron capture
time window, and prompt energy range. The scanned parameters included variations around the

nominal reactor antineutrino selection:
e FV radius (Rpv)
e Prompt-delayed separation (Ar)
e Prompt-delayed coincidence time (At)
e Maximum prompt energy

For each selection configuration, the signal efficiency was determined using flat spectrum IBD MC

simulations. The efficiency was calculated as

Npass
€= —— 6.47
N (6.47)

where Npy is the number of generated IBD interactions with true positions inside the FV and Npass
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is the number satisfying the full delayed-coincidence selection.

The MC scan showed that the delayed-coincidence efficiency was largely unchanged between FVs of
5700 mm and 5800 mm, with efficiencies of approximately 87% for both selections. The efficiency
reached a plateau for coincidence windows near 2000 us and prompt-delayed spatial separations

near 2500 mm, indicating that nearly all neutron captures were retained with these selections.

The expected background was evaluated using a 17-day background-only data subset from the
PPO+BHT phase, with all GW-coincident runs removed. Accidental coincidences were estimated
using a time-scrambling technique, where event times were randomized and the IBD selection was
repeated over 50 iterations. This procedure preserves the single-event rates and energy distributions

while removing physical time correlations between events.

For a fixed Ar = 2500 mm, the expected accidental background remained very small for all tested
coincidence windows. Increasing the coincidence time from 1000 us to 2000 us increased the expected
accidental rate only slightly, while improving the neutron capture efficiency. Therefore, the final

selection uses

At < 2000 ps (6.48)

Similarly, the spatial separation requirement

Ar < 2500 mm (6.49)

was retained because it provides high neutron capture efficiency while suppressing accidental coin-

cidences.

The FV selection was evaluated by comparing the expected fluence sensitivity for different radii.
For each configuration, the expected 90% confidence level event upper limit, Ngg, was calculated

using the Feldman-Cousins approach based on the expected background.
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The sensitivity metric was proportional to

@90 X — (650)

where N, is the number of target protons inside the F'V and e is the signal efficiency.

A larger FV increases the number of target protons and therefore improves the statistical sensitivity.
The 5800 mm FV was found to improve the expected fluence limit by approximately 5% due to the
increased target mass. However, this improvement is comparable to the expected change in back-
ground rate and does not include additional systematic uncertainties associated with reconstruction

near the AV.

Moving closer to the AV increases sensitivity to position reconstruction uncertainties and external
backgrounds. Assuming an approximately uniform background distribution, the expected back-

ground scales with detector volume,

Bssoo 5800\
~ ~ 1.05 6.51
Bs700 (5700) (6.51)

corresponding to a 5% increase in background expectation.

Because the gain in expected sensitivity was small and the 5700 mm FV has stronger validation

from the reactor antineutrino analysis, the final selection adopts

Rpy < 5700 mm (6.52)

The same optimization procedure was repeated for the bisMSB dataset with a 10 day livetime and

produced consistent results, so the same selection criteria are used for both detector phases.

The prompt energy range was extended relative to the reactor antineutrino selection because the
neutrino energy spectrum from compact binary mergers is uncertain. Increasing the prompt energy

upper bound to 50.0 MeV significantly improves the acceptance for higher-energy astrophysical
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neutrinos while introducing a negligible increase in the observed IBD-like background rate.
6.8 IBD Results

After the event selection, background estimation procedure, and coincidence window construction
were finalized, the analysis chain was validated using blinded data before examining the true GW-
coincident windows. This section presents the final validation tests, the unblinded IBD search

results, and the resulting neutrino fluence constraints.
6.8.1 Blind Analysis Validation

Before unblinding the true GW-coincident data, the complete analysis chain was validated using
fake GW triggers. These tests were designed to verify every step of the search procedure, including
coincidence window construction, IBD tagging, background estimation, Feldman-Cousins upper

limit calculation, and conversion to a neutrino fluence limit.

A set of 12 runs from the PPO+BHT dataset were randomly selected from the run range 309448-
310637. These runs did not contain any confirmed LVK GW candidates and were treated as fake

GW-coincident runs. The selected validation runs were

309481, 309495, 309507, 309511, 309561, 309563,
309600, 309601, 309603, 309605, 309610, 309820

Since these runs were not associated with real GW events, artificial GW trigger times were assigned.
The fake GW trigger time was chosen as the midpoint of each run to ensure maximal coverage of

the coincidence window during validation.

For each fake GW trigger, a +1000 s coincidence window was constructed around the artificial GW
trigger time. This represents the region where neutrino candidates would be searched for in the
real analysis. The IBD selection described in Subsection 6.7.1 was then applied, and the number of

observed IBD candidates inside the coincidence window was recorded.

The fake GW analysis was completed without identifying any IBD candidates inside the coincidence

windows. The expected background contribution was calculated using the background-only dataset
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described in Section 6.7.3. The observed number of events and expected background were then used
to calculate the 90% CL upper limit on the number of signal events, Ngg, using the same statistical

procedure adopted for the final analysis.

The corresponding neutrino fluence upper limit was then calculated using the signal efficiency ob-
tained from MC simulations. This validation confirmed that the event selection, statistical treat-
ment, and fluence-limit calculation were functioning as expected before accessing the true GW-

coincident data.

The same validation procedure was repeated for the bisMSB dataset with the following fake GW

runs

354100, 355210, 357955, 358430, 359010, 360010,
361100, 362202, 363508, 364500, 366103, 370000

The fake trigger analysis again found no IBD candidates in the coincidence window, confirming that

the pipeline was stable across both scintillator configurations.

After these validation tests, the analysis procedure was frozen and applied to the blinded GW-

coincident datasets.
6.8.2 Single Run Unblinding

After validating the analysis chain using fake GW triggers, the first stage of unblinding was per-
formed using individual GW-coincident runs. This provided a final verification that the coincidence
window selection, background estimation, and fluence-limit calculation behaved as expected on real

GW-coincident data before unblinding the remaining GW-coincident dataset.

The first unblinded run was PPO run 310048, corresponding to the GW candidate GW230609 010824
from the LVK O4a catalog. The same procedure developed using the fake GW studies was applied: a
41000 s coincidence window was constructed around the actual GW trigger time, the IBD selection

was applied, and the number of observed candidates was compared to the expected background.
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No IBD candidates were observed in the coincidence window. Therefore, the analysis chain pro-

ceeded through the final step and the fluence limit calculation procedure was verified.

The same validation was repeated for the bisMSB phase using run 355014. A validation of the
corrected timing procedure detailed in Subsection 6.5.1 was also performed. The corrected tim-
ing procedure successfully reproduced the expected coincidence window, confirming the analysis

workflow before unblinding the remaining GW-coincident data.
6.8.3 Full Unblinding

Following the single-run validation studies, the full GW-coincident dataset was unblinded. The full
dataset consisted of 143 GW candidates overlapping stable SNO+- scintillator data-taking periods,
including 25 candidates in the PPO+BHT phase and 118 candidates in the bisMSB phase. This
sample includes 17 candidates classified by LVK as terrestrial or unknown, which were retained
during unblinding but excluded from the final compact binary merger fluence calculation because
no coincident neutrino excess was observed. The PPO-+BHT and bisMSB detector configurations
were analyzed independently due to their different optical responses, but the final results from both

phases are combined after applying the corresponding detector efficiencies.

No IBD candidates were observed within any of the GW coincidence windows. The reconstructed
prompt and delayed energy distributions for the GW-coincident and background-only runs are shown
in Figure 6.9. The solid distributions correspond to events within the £1000 s GW coincidence
windows, while the dashed distributions show IBD candidates identified in the background-only
dataset. This null observation is consistent with the expected background-only hypothesis. For the
total expected background of 1.25 events across all GW coincidence windows, the probability of
observing zero candidates is

P(0[1.25) = e %> = 0.287 (6.53)

Therefore, approximately 29% of background-only experiments would observe zero events. The
observed result represents a modest downward fluctuation relative to the expected background of

1.25 events and is statistically compatible with the background-only hypothesis.
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Figure 6.9: Reconstructed energy distributions of prompt (top) and delayed (bottom) IBD candi-
dates. The dashed distributions correspond to IBD candidates identified in the background-only
dataset, while the solid distributions correspond to candidates found within the £1000 s GW coin-
cidence windows. No IBD candidates were observed in the GW-coincident sample.
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Figure 6.10: Singles distribution of events in the PPO+BHT (blue) and bisMSB (red) phases. The
dashed distributions correspond to the background-only dataset, while the solid distributions show
events within the £1000 s GW coincidence windows.

In addition to the dedicated IBD coincidence search, the reconstructed energy distribution of all sin-
gle events within the GW coincidence windows was compared with the corresponding background-
only distribution, as shown in Figure 6.10. This provides a model-independent cross-check for
possible excesses that may not satisfy the IBD delayed coincidence selection. Such events could
arise from other neutrino interaction channels, including neutrino interactions on 2C, which pro-
duce single-event signatures. No significant excess above the expected background distribution was

observed.

The IBD candidates tagged in the full background-only windows in Figure 6.9 agree with the reactor
antineutrino and solar analyses. The expected number of background events was calculated from
the data-driven background rates described in Subsection 6.7.3. The final results are summarized

in Table 6.8.
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Dataset GW Candidates Background Expectation Observed Ngg

PPO+BHT 16 0.12 0 -
bisMSB 110 1.13 0 -
Combined 126 1.25 0 1.47

Table 6.8: Summary of the final astrophysical GW candidate IBD unblinding results. The expected
background is calculated using the data-driven IBD background rates scaled to the total GW coin-
cidence livetime. The combined Feldman—Cousins 90% confidence level upper limit on the number
of signal events is Ngy = 1.47.

6.8.4 Fluence Upper Limits

The absence of observed IBD candidates in the GW coincidence windows is converted into an upper
limit on the electron antineutrino fluence from compact binary mergers. The fluence calculation
depends on the assumed neutrino emission spectrum, the IBD interaction cross section, the number
of target protons in the FV, and the energy-dependent IBD selection efficiency determined from

MC simulations.

For an individual GW candidate ¢ and an assumed normalized neutrino spectrum f(E,), the 90%

confidence level fluence upper limit is calculated as

Pgo,i = s ! (6.54)

where Ny ; is the upper limit on the number of signal events, NNV, is the number of free protons in
the FV, f(E,) is the normalized neutrino spectrum, opp(E,) is the IBD cross section, and ¢;(E),)

is the run-dependent IBD selection efficiency. The spectrum is normalized such that

Emax
/ f(Ey)dE, =1 (6.55)

Emin

For the model-independent fluence calculation, the flat spectrum MC sample is used to determine

the energy-dependent detection efficiency. For a monoenergetic electron antineutrino spectrum,
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Equation 6.54 reduces to
Nop i

P00, () =
90,@( V) NpUIBD(EV)Ei(EV)

(6.56)

For the combined analysis, a common (average per-GW) fluence at Earth is assumed for each GW
candidate. The expected signal contributions from the individual candidates are therefore summed,
yielding a stacked upper limit on this common fluence. For a model spectrum, the stacked common-

fluence upper limit is

tack Ng(t)ack

P00 = New m (6.57)
N> [ fEBow (B e (ENE,
=1 min
For the monoenergetic case, this becomes
Nstack

stack _ 90

o (Ev) = Now (6.58)
Nyowp(Ey) Y €(Ey)
i=1

The final combined fluence analysis uses the PPO+BHT and bisMSB datasets together, correspond-
ing to the 126 astrophysical GW candidates. Since zero IBD candidates are observed with a nominal

expected background of 1.25 events, the Feldman-Cousins method gives

Ntk — 1,47 (6.59)

The uncertainty on the expected background rate is not included in the Feldman-Cousins construc-
tion. From the statistical uncertainties on the PPO+BHT and bisMSB background measurements,
the combined background expectation is b = 1.25 4+ 0.09. Variations within this uncertainty have a
negligible impact on the resulting upper limit because the background uncertainty is small compared

with the Poisson uncertainty associated with the low number of expected and observed events.
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For the 5.7 m FV, the number of free protons is

N, = 4.84 x 10> (6.60)

The IBD cross section is taken from the Vogel and Beacom prescription implemented in RAT [112].

The selection efficiency is determined from the flat spectrum IBD MC simulation as

(6.61)

where Npy(E})) is the number of generated IBD interactions within the FV in energy bin k, and
Npass(Ey) is the number passing the full IBD selection. The efficiency includes reconstruction, FV

migration, and delayed-coincidence selection effects.

Equation 6.54 is evaluated for the Fermi-Dirac and GKVM spectra, while Equation 6.56 is evaluated
at each neutrino energy using the flat spectrum MC simulation. The final limits are obtained
by summing the run-dependent sensitivities according to Equations 6.57 and 6.58. The resulting
spectrum-integrated stacked limits are summarized in Table 6.9, and selected monoenergetic stacked

limits are shown in Table 6.10.

Spectrum Model Mean €pair Stacked (per-GW) ®gg [cm™2]  Single-GW ®gg [cm—?]
GKVM 0.8664 £ 0.0003 1.18 x 107 2.46 x 107
Fermi-Dirac 0.8696 £ 0.0003 1.92 x 107 4.04 x 109

Table 6.9: Mean spectrum-weighted IBD pair selection efficiencies and 90% confidence level fluence
upper limits for the stacked analysis using all 126 GW candidates and for the individual GW
candidate $250206dm (SNO+ run 366227). The stacked (average per-GW) common-fluence limits
are calculated by summing the run-dependent sensitivities of all 126 GW candidates under the
assumption of a common neutrino fluence at Earth, using NggaCk = 1.47. The individual-GW limits
use the single-window Feldman-Cousins upper limit of Ngy = 2.44. The efficiency uncertainties
include only MC statistical uncertainties.

The monoenergetic stacked (average per-GW) common-fluence limit is shown in Figure 6.11. The
SNO-+ result is obtained by summing the run-dependent sensitivities of all 126 astrophysical GW

candidates under the assumption that each candidate produces the same electron antineutrino
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E, [MeV] Mean €pair(E,) Stacked (per-GW) ®go(E,) [em™2]  Single-GW ®go(E,) [cm 2]
2 0.882 + 0.003 1.46 x 1010 3.07 x 102
5 0.890 + 0.001 2.28 x 108 4.73 x 1010
10 0.881 + 0.002 4.17 x 107 8.83 x 10°
20 0.872 + 0.004 9.90 x 10° 2.08 x 107
40 0.852 + 0.004 2.84 x 109 6.47 x 108
50 0.862 + 0.004 1.98 x 106 4.19 x 108

Table 6.10: Selected monoenergetic IBD common-fluence upper limits for the stacked sample of
126 GW candidates. The listed efficiencies are the mean run-dependent pair selection efficiencies
obtained from the flat spectrum MC simulation, whereas the stacked fluence limits use the summed
sensitivity of all 126 GW candidates. The final column gives the individual-GW fluence limits for
the GW candidate $250206dm (SNO-+ run 366227), calculated using the single-window Feldman-
Cousins upper limit of Ngg = 2.44. The quoted efficiency uncertainties correspond to the binomial
MC statistical uncertainty.

fluence at Earth. The resulting limit is therefore the average (per-GW) fluence constraint from the
stacked sample following the convention adopted by Borexino [107] and should not be interpreted

as the limit from one individual GW candidate.

To obtain the merger-classification limits, the expected background is also divided by detector
phase and merger class. Since no IBD candidates are observed in either subset, the corresponding
Feldman-Cousins upper limits are determined from the subset-specific background expectations.

The values used in the fluence calculation are summarized in Table 6.11.

Sample Naw  Tobs b Nog
All 126 0 1.252 1.47
BBH 122 0 1.216 1.49
NSBH 4 0 0.0358 2.40

Table 6.11: Observed IBD candidate counts, expected backgrounds, and 90% confidence level
Feldman-Cousins signal upper limits for the full GW sample and the merger-classification subsets.
The background expectations are calculated separately for the PPO+BHT and bisMSB detector
phases and then summed within each merger class.

The stacked calculation is also performed separately for the LVK merger classifications, as shown in
Figure 6.12. For each classification, the run-dependent sensitivities of the candidates in that subset
are summed, and the subset-specific Feldman-Cousins upper limit from Table 6.11 is used. The

BBH sample gives the strongest limit because it contains 122 of the 126 selected GW candidates,
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Figure 6.11: SNO+ 90% confidence level monoenergetic IBD stacked common-fluence upper limit
obtained using all 126 GW candidates (red), compared with the stacked Borexino result using 74
GW candidates (black). Both analyses report stacked average (per-GW) fluence limits under the
assumption that every GW candidate produces the same neutrino fluence at Earth.
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whereas the NS-BH sample contains only four candidates. The smaller NS-BH background results
in a larger value of N&SBH, which further weakens the NS-BH fluence limit relative to the BBH
limit. The difference between the curves primarily reflects the accumulated detector exposure and
should not be interpreted as evidence that an individual BBH merger is more strongly constrained

than an individual NS-BH merger.

1012 - Binary Black Hole (BBH) E

"""""""" Neutron Star - Black Hole (NSBH)

—

=
—
j—
T

-

SNO+ Preliminary

—
=
=]
T

»»»»»»

—
o)
oo
T
3
|

—

o)
~1
T

90% C.L. Fluence U.L. [cm™]
3

—
]
=23
T
|

2 10 20 30 4050
Electron Antineutrino Energy [MeV]

Figure 6.12: SNO-+ 90% confidence level monoenergetic IBD stacked common-fluence upper limits
separated by LVK merger classification. The BBH result combines 122 GW candidates and uses
NE],%BH = 1.49, while the NS-BH result combines four candidates and uses N%SBH = 2.40.

Previous searches for MeV neutrinos in temporal coincidence with GW events have been performed
by Borexino (2023), KamLAND (2020), and Super-Kamiokande (2021) [107-109]. In the absence of
a coincident neutrino signal, these experiments placed upper limits on the neutrino fluence associated

with individual GW candidates and stacked GW samples.

For comparison with published individual-event limits, an individual-GW SNO-+ fluence limit is also
calculated. The detector response corresponding to SNO-+ run 366227, coincident with the NS-BH
candidate $250206dm, is used, and the fluence curve is recalculated using the single-window Feldman-

Cousins upper limit of Ngy = 2.44, appropriate for zero observed events and negligible expected
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Figure 6.13: Comparison of 90% confidence level monoenergetic 7, fluence upper limits. The SNO-+
result (red) is the stacked common-fluence limit from 126 GW candidates, and the Borexino result
(black) is the corresponding stacked limit from 74 candidates. The SNO+ individual-GW result
(magenta) is shown together with the published individual-event limits from Borexino (cyan), Kam-
LAND (slate gray and orange), and Super-Kamiokande (blue).

background. Unlike the stacked common-fluence result, this curve represents the sensitivity of a
single GW coincidence window and does not benefit from the summed exposure of the full 126-

candidate sample.

Figure 6.13 compares both stacked and individual-event monoenergetic IBD fluence limits. The
SNO+ and Borexino stacked (average per-GW) results combine 126 and 74 GW candidates, re-
spectively, under a common-fluence assumption. The SNO+ individual curve is calculated for one
selected GW coincidence window using its run-dependent detector efficiency and a single-window
upper limit of Ngg = 2.44. The Borexino, KamLAND, and Super-Kamiokande individual-event
curves are shown for the corresponding published GW candidates. The stacked and individual

curves represent different statistical hypotheses and are therefore compared separately.

All three experiments derive limits using the IBD interaction channel. Borexino and KamLAND re-

port monoenergetic electron antineutrino fluence limits, while Super-Kamiokande reports limits over
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a broad range of assumed neutrino energies. These model-independent limits provide a comparison
of detector sensitivity without assuming a specific astrophysical emission spectrum. The Borexino
stacked result previously provided the strongest constraints among previous GW-coincident MeV

neutrino searches in the few-MeV energy region.

The improved low-energy sensitivity of SNO+ relative to previous searches arises from several
factors. Compared with Borexino, SNO+ has a larger target mass, with a fiducial scintillator mass
of approximately 668 tonnes compared with 145 tonnes in Borexino, corresponding to a target-mass
ratio of approximately 4.6. The SNO+ stacked sample also contains 126 GW candidates compared
with 74 in the Borexino sample, providing an additional exposure ratio of approximately 1.7 under

the common-fluence assumption.

The inclusion of the measured background in the Feldman-Cousins construction further strengthens
the numerical upper limit. SNO+ observes zero candidates with an expected background of 1.25
stack stack

events, giving Ngy*" = 1.47, compared with Ngy®“" = 2.44 for zero observed events and negligible

background.

The IBD selection efficiencies are comparable between the two detectors, with SNO+ achieving an

efficiency of approximately 88%.

Combining these effects gives an expected improvement in the stacked (average per-GW) common-

fluence sensitivity of approximately

244  0.881
4.6 x 1.7 x ~o2 5 2900 1y 62
02 L7707 X 0si2 (6.62)

This simple scaling predicts approximately an order-of-magnitude improvement relative to the
Borexino stacked fluence limits, consistent with the comparison shown in Figure 6.11. The scal-
ing is intended only as an approximate estimate, since the final limits also depend on the detailed

energy-dependent efficiencies and the distribution of GW candidates across detector run conditions.

The dependence of the final sensitivity on the observed number of coincident candidates was also
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Figure 6.14: Effect of different possible unblinding outcomes on the SNO+ 90% confidence level
IBD fluence upper limits. Curves correspond to different assumed numbers of observed events in the
GW coincidence windows, with the upper limits calculated using the Feldman-Cousins approach.

evaluated. The original projected sensitivity assumed zero observed candidates and negligible back-

ground, corresponding to the standard Poisson upper limit of Ngg = 2.3.

The final analysis instead uses the Feldman-Cousins construction with the measured background
expectation. Figure 6.14 shows the resulting fluence limits for different possible unblinding out-
comes. As expected, additional observed candidates increase the value of Ngg and therefore weaken

the resulting fluence constraints.
6.8.5 Neutrino Energy Constraints

The fluence upper limits calculated in Subsection 6.8.4 constrain the number of electron antineu-
trinos reaching Earth. To compare these limits with theoretical predictions, the model-dependent
fluence constraints are converted into upper limits on the isotropic-equivalent energy emitted in

electron antineutrinos.
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For an individual GW candidate at luminosity distance d;, the isotropic-equivalent energy limit is

B = dnd? g (E,) (1.602 x 107°) (6.63)

rad,:

where ®gg ; is the model-integrated fluence upper limit in cm~2, (E,) is the mean electron-antineutrino

energy in MeV, and the factor 1.602 x 106 converts MeV to erg.

The stacked fluence analysis instead assumes a common fluence at Earth for every candidate in
a merger category. Since the stacked fluence limit already contains the summed sensitivity of the
candidates in the sample, a normalized effective distance is used to convert the stacked fluence into

a common isotropic-equivalent emitted-energy constraint:
1/2

New
Naow

> 4
=1

Deg = (6.64)

This definition is matched to the stacked common-fluence normalization. For approximately equal
detector sensitivity among GW candidates, it is algebraically equivalent to the source-class formu-
lation used by KamLAND, in which the fluence is not first reduced by the number of candidates
and the effective distance is defined without the Ngw factor. The two formulations give the same

emitted-energy constraint when the fluence and effective-distance conventions are used consistently.

The normalized effective distance is an inverse-square-weighted characteristic distance of the sample.
Nearby GW candidates receive greater weight through the inverse-square (d;Q) distance dependence.
The normalization by Ngw prevents the number of candidates from being counted a second time
after it has already entered the stacked fluence limit. The effective distances for the full, BBH, and

NS-BH samples are approximately 926, 1106, and 291 Mpc, respectively, as shown in Figure 6.15.

Given the stacked model-dependent fluence upper limit <I>3t0aCk and the corresponding normalized

effective distance, the upper limit on the common isotropic-equivalent energy emitted in electron
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Figure 6.15: Normalized effective distances used to convert the stacked common-fluence lim-
its into isotropic-equivalent emitted-energy constraints. The values are calculated using Dgﬂ =
Naw/ Y ;d;? for the full GW sample (“All”, N = 126), the BBH sample (N = 122), and the
NS-BH sample (N = 4). The relatively small NS-BH effective distance reflects the proximity of the
four NS-BH candidates compared with the BBH population.
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antineutrinos is

ra

B2 = 4nD2%; @50 (B,) (1.602 x 107°) (6.65)

where (E,) is the mean antineutrino energy predicted by the assumed emission spectrum in MeV,

and the factor 1.602 x 10~% converts MeV to erg.

Two representative MeV electron-antineutrino spectra are considered: a Fermi-Dirac spectrum with
(E,) = 12.7 MeV and the GKVM CCSN-inspired spectrum with (E,) = 16.5 MeV. The fluence
limit is evaluated separately for each model because the IBD cross section and energy-dependent

selection efficiency are weighted differently by the two spectral shapes.

The normalized effective distances and the corresponding stacked emitted-energy limits are sum-
marized in Table 6.12. Figure 6.16 provides a graphical comparison of the results for the All, BBH,

and NS-BH samples under the GKVM and Fermi-Dirac spectral assumptions.

Merger Type Deg [Mpc] GKVM E% [erg] FD EY, [erg]

au au

All 926 3.19 x 10°® 4.03 x 10°®
BBH 1106 4.76 x 10°8 6.02 x 1058
NS-BH 291 1.63 x 10 2.06 x 1059

Table 6.12: Upper limits on the isotropic-equivalent energy emitted in electron antineutrinos for
the stacked GW samples under the GKVM and Fermi-Dirac spectral assumptions. The normalized
effective distance is calculated using Equation 6.64, and the emitted-energy limits are obtained using
Equation 6.65.

Figure 6.16 compares the stacked isotropic-equivalent emitted-energy limits for the three merger
categories. The ordering is determined by the product Dgﬁq)go rather than by the effective distance
alone. Although the NS-BH sample has the smallest effective distance, it has a substantially weaker
stacked fluence limit because it contains only four GW candidates and uses the subset-specific
Feldman-Cousins upper limit N%SBH = 2.40. This reduction in accumulated exposure outweighs

the advantage of the smaller effective distance.

For a fixed merger category, the difference between the GKVM and Fermi-Dirac results arises from

both the model-dependent fluence limit and the mean neutrino energy. The GKVM spectrum gives
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Figure 6.16: Upper limits on the common isotropic-equivalent energy emitted in electron antineutri-
nos for the full, BBH, and NS-BH stacked GW samples under the GKVM and Fermi-Dirac spectral
assumptions. The limits use the stacked common-fluence constraints and the normalized effective

distances defined in Equation 6.64.

the stronger energy constraint because its improved fluence sensitivity more than compensates for

its larger mean neutrino energy.

An individual-source constraint is also calculated for the NS-BH candidate $250206dm, associated
with SNO-+ run 366227 and a reported luminosity distance of 349 Mpc. Using the individual-GW
fluence limits and Equation 6.63, the resulting fluence and isotropic-equivalent emitted-energy limits

are summarized in Table 6.13. Unlike the source-class limits, these values refer directly to one GW

Spectrum Doy [em™2]  ED, [erg]
GKVM 2.46 x 10 9.48 x 10°
Fermi-Dirac  4.04 x 109 1.20 x 10%°

Table 6.13: Individual-GW fluence and isotropic-equivalent emitted-energy upper limits for the NS-
BH candidate $250206dm (SNO-+ run 366227, d = 349 Mpc).

candidate and do not depend on an effective-distance construction.

The resulting limits are many orders of magnitude larger than the approximately 10°% erg total

neutrino energy released by a typical core-collapse supernova. They therefore do not constrain
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standard CCSN-like neutrino emission from compact-binary mergers at the distances probed by the
LVK 04 sample. This is expected because the GW candidates are typically located at distances of
hundreds to thousands of Mpc, whereas current MeV neutrino detectors are sensitive to standard

CCSN-like neutrino emission primarily from sources within the Local Group.
6.9 Neutrino-Proton ES Analysis

A complementary search was performed using neutrino-proton ES. Unlike the IBD channel, neutrino-
proton ES is a NC interaction and therefore provides sensitivity to all neutrino flavors. However,
the interaction produces only a single recoiling proton and does not have a delayed-coincidence
signature. As a result, the analysis is limited by the significantly larger single-event background

rate.

This search represents the first application of the neutrino-proton ES channel to a GW-coincident
neutrino search. The goal of the analysis is to evaluate the achievable sensitivity using the existing

scintillator dataset and establish the analysis framework for future searches.

The timing reconstruction, livetime calculation, and GW coincidence window construction are iden-
tical to those described in Section 6.5.1. Due to the higher background rate in the single-event

sample, the optimized coincidence window was reduced from +1000 s to 450 s.
6.9.1 Event Selection and Optimization

Candidate neutrino-proton ES events are selected as single scintillation events in temporal coinci-
dence with GW candidates. Events are required to pass the standard SNO+ data cleaning criteria

and have valid energy and position reconstruction (described in Subsection 6.2.3).

The selection criteria were optimized using a subset of the background-only dataset with known
GW-coincident periods removed. A 17 day PPO+BHT dataset and 14 day bisMSB dataset were
used to scan combinations of FV, reconstructed energy range, and coincidence window size. The
expected number of background events was calculated from the measured single-event background

rate.
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The expected Feldman-Cousins upper limit, Ngo(b), was then evaluated and the optimization pa-

rameter
Noo(b)
Npe

FOM = (6.66)

was minimized. Here Nyg is the expected Feldman-Cousins upper limit under the background-only

hypothesis and € is the signal efficiency.

This quantity is proportional to the expected fluence upper limit for a fixed neutrino energy, since

Ny

o0l E) = N o (B, )e(By)

(6.67)

The optimized selection is summarized in Table 6.14:

Cuts Requirement
Energy [MeV] 0.5 < Ereco < 70 MeV
Fiducial Volume [mm)| < 5500

Data Cleaning Pass
Reconstruction Valid True

BiPo Tagging & Applied True

Table 6.14: Neutrino-proton ES selection criteria applied to both data and MC analyses.

The reconstructed energy range was chosen to maximize sensitivity to the quenched proton recoil
spectrum expected from astrophysical neutrinos while removing low-energy radioactive backgrounds.
The upper energy bound retains sensitivity to higher-energy neutrinos while introducing negligible

additional background.

The coincidence window is reduced relative to the IBD analysis because the larger single-event
background rate results in a stronger dependence on the searched livetime. A +50 s window provides

the best expected sensitivity based on the optimization scan.

Additional rejection of radioactive backgrounds is achieved using BiPo tagging. This removes time-
correlated decay sequences from the uranium and thorium chains that can produce low-energy

backgrounds in the scintillator phase.
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6.9.2 Signal Simulation and Efficiency

The neutrino-proton ES signal efficiency was evaluated using dedicated MC simulations. The simu-
lation includes the neutrino-proton interaction, scintillation response, detector simulation, and event

reconstruction.

A major difference between neutrino-proton ES and electron-like interactions is the effect of ion-
ization quenching. Proton recoils have a large energy loss per unit distance, reducing the visible
scintillation energy relative to the true recoil energy. This effect is modeled using Birks’ law as

described in Subsection 3.2.3.

Figure 6.17 shows the relationship between the incident neutrino energy and the reconstructed visible
energy for simulated neutrino-proton ES events passing the analysis energy range. Because proton
recoils are strongly quenched in liquid scintillator, the reconstructed visible energy is much lower
than the incident neutrino energy. As a result, MeV-scale neutrinos populate the low reconstructed-
energy region where single-event radioactive backgrounds are largest. Reaching a substantially

cleaner reconstructed-energy region would require significantly higher incident neutrino energies.

The neutrino-proton ES generator was updated as part of this analysis to correct the implementation
of the interaction cross section (described in Subsection 6.4.3). The corrected generator produces
the expected proton recoil spectrum and allows the selection efficiency to be evaluated as a function

of neutrino energy.

The signal efficiency is calculated using the fraction of generated events passing the complete analysis

selection:
Npass (Eu)

e(E)) = Noen (B,

(6.68)

where Ngen(E),) is the number of generated neutrino-proton ES events at neutrino energy E,, and
Npass(Ey) is the number remaining after applying the energy, FV, data cleaning, reconstruction,

and background tagging requirements.

The resulting efficiency includes losses from proton recoil quenching, detector threshold effects,
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Figure 6.17: Simulated neutrino-proton ES reconstructed energy as a function of incident neutrino
energy after applying the analysis energy range. The low reconstructed visible energies arise from
ionization quenching of proton recoils in liquid scintillator.

reconstruction failures, and event selection cuts. These efficiencies are used when converting the

observed number of events into neutrino fluence upper limits.
6.9.3 Background Estimation and Validation

Due to the large number of single events, the neutrino-proton ES background can be estimated
using local sidebands around each GW trigger. The background was measured using the +5000 s

regions surrounding each GW event, excluding the central blinded +50 s signal window.

This approach accounts for possible time-dependent variations in the single-event background rate

from radioactive backgrounds, detector conditions, and scintillator stability.

The expected background in the GW coincidence windows is calculated by scaling the observed

sideband event rate according to
Ton
Torr

Bexp = Norr (6.69)

where Nopr is the number of events observed in the sideband regions, Topr is the sideband livetime,
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and Toy is the total livetime contained within the GW coincidence windows.

The dominant uncertainty in the neutrino-proton ES background estimate arises from possible
variations in the single-event background rate between the coincidence window and sideband regions

rather than from the statistical uncertainty on the large sideband event sample.

The resulting background prediction is then compared with the observed number of events after

unblinding.
6.10 Neutrino-Proton ES Results

After finalizing the selection criteria and background estimation procedure, the neutrino-proton
ES search was unblinded. The initial unblinding sample included all 143 GW candidates passing

detector-quality requirements, including candidates classified by LVK as terrestrial or unknown.

Dataset NoN Norr Ton [s] Torr 8] Bexp Excess
PPO+BHT 14159 1201801 2500 214170 14051.2 £ 13144t 405.5Sy5t 107.8
bisMSB 94265 7514805 11002.9 874700 94294.2 £ 35.5gtat = 672.8gyst —29.2

Combined 108424 8716606 13502.876 1088869.992 108345.4 & 37.8s¢at £ 785.5¢yst  78.6

Table 6.15: Neutrino-proton ES unblinding results comparing the observed candidates counts in the
GW coincidence windows with the expected background estimated from the local sidebands. The
ON-window corresponds to the optimized +50 s GW coincidence windows, while the OFF-window
corresponds to the local sideband regions used to estimate the background.

The reconstructed energy distribution of neutrino-proton ES candidates in the GW coincidence
windows is compared with the scaled sideband background prediction in Figure 6.18. Both distri-
butions are summed over all GW candidates and both scintillator phases. The agreement between
the GW-coincident sample and the scaled sideband prediction shows no evidence for a localized

excess in reconstructed energy.

The combined PPO-+-BHT and bisMSB dataset contains

Nope = 108424 (6.70)

events within the optimized £50 s coincidence windows. The expected background from the local
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Figure 6.18: Reconstructed energy distribution of neutrino-proton ES candidates in the optimized
+50 s GW coincidence windows compared with the scaled sideband background prediction. Both
distributions are summed over the GW candidates and scintillator phases. Error bars show the
statistical uncertainties on the GW-coincident and scaled sideband samples.

sideband measurement is

b = 108345.4 £ 37.8stat £ 785.56yst (6.71)
The observed difference is
Nops — b= "T78.6 (6.72)

events, corresponding to a 0.24¢ fluctuation. Therefore, no statistically significant excess of neutrino-

proton ES candidates is observed. The results are summarized in Table 6.15.

As in the IBD analysis, terrestrial and unknown GW candidates are retained during unblinding as a
validation of the coincidence search, but are removed from the final compact binary merger fluence

calculation.
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6.10.1 Fluence Upper Limits

The absence of a statistically significant neutrino-proton ES excess is converted into an upper limit
on the all-flavor neutrino fluence from compact binary mergers. For the final fluence calculation,
the 17 terrestrial and unknown candidates are excluded, leaving the same 126 astrophysical GW

candidates used in the IBD analysis.

The fluence calculation follows the same procedure as the IBD analysis, with the IBD cross section

replaced by the neutrino-proton ES cross section.

For an individual GW candidate ¢ and a monoenergetic neutrino source, the fluence upper limit is

oo (Ey) = u (6.73)

where Ny ; is the Feldman-Cousins upper limit on the number of signal events, N, is the number
of target protons, o,,(E,) is the neutrino-proton ES cross section, and ¢;(E, ) is the run-dependent

detection efficiency determined from MC simulations.

For the combined analysis, a common (average per-GW) neutrino fluence at Earth is assumed for
every GW candidate. The expected signal contributions from the individual candidates are therefore
summed, yielding a stacked upper limit on this common fluence. For the monoenergetic case, the

stacked fluence upper limit is

stack NQSBaCk
oo (L) = (6.74)

Naow

Nooup(E) Y ilBy)

=1

For the final 126 candidate astrophysical GW sample, including the uncertainty on the expected
background in the Feldman-Cousins construction gives a 90% confidence level stacked upper limit
of

Ntk = 1479.6 (6.75)
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The larger value of N956a0k compared with the IBD analysis reflects the higher single-event back-

ground rate associated with the absence of a delayed-coincidence signature.

This value is substituted into the stacked fluence expression above to calculate the final stacked
(average per-GW) neutrino-proton ES fluence limits. The resulting monoenergetic neutrino-proton
ES fluence limits are shown in Figure 6.19. The limits are reported using the same stacked (average
per-GW) normalization convention as the IBD analysis. Although the neutrino-proton ES channel
has a larger expected event yield for a nearby supernova-like burst, the GW-coincident fluence
limits are weaker than the IBD limits due to the substantially larger single-event background and

the reduced visible energy produced by quenched proton recoils.

Unlike IBD, which primarily constrains the electron antineutrino component, the neutrino-proton

ES limits provide sensitivity to all neutrino flavors through the neutral current interaction.
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Figure 6.19: Combined SNO+ 90% confidence level stacked (average per-GW) monoenergetic
neutrino-proton ES fluence upper limits using the final 126 astrophysical GW candidates. The
limits assume a common neutrino fluence at Earth for every GW candidate and are reported using
the same per-GW normalization convention as the IBD analysis.

The fluence calculation is also performed separately for each GW merger classification, as shown in
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Figure 6.20. As with the IBD analysis, differences between classifications are driven primarily by
the number of GW candidates contributing to each stacked (average per-GW) sample rather than

by assumptions about different neutrino emission properties.
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Figure 6.20: SNO+ 90% confidence level monoenergetic neutrino-proton ES fluence upper limits
separated by GW merger classification.

6.11 Summary

This chapter presented the first SNO+ search for MeV neutrinos in temporal coincidence with GW
events detected during LVK O4. Two complementary detection channels were investigated: IBD,
which provides a distinctive delayed-coincidence signature for electron antineutrinos, and neutrino-

proton ES, a NC interaction providing sensitivity to all neutrino flavors.

The analysis was performed using a blind approach. GW-coincident data were excluded while
the event selection, background estimation, signal efficiency calculations, and statistical analysis
procedure were developed and validated. Dedicated MC simulations were produced for both signal
channels. For the IBD analysis, a modified generator was developed to produce a true flat neutrino
energy spectrum extending up to 50 MeV. For the neutrino-proton ES analysis, the interaction cross

section implemented in the simulation was corrected and validated against the analytic calculation.
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These simulations were used to determine the energy-dependent detector efficiencies and calculate

fluence limits for monoenergetic neutrinos and theoretical emission spectra.

For the IBD analysis, backgrounds were estimated directly from SNO+ data by removing periods
containing GW coincidence windows and applying the same delayed-coincidence selection to the
remaining dataset. The final astrophysical GW sample consisted of 126 compact binary merger
candidates, with an expected background of 1.25+0.09 events. After unblinding, no IBD candidates
were observed within the +£1000 s GW coincidence windows, consistent with the background-only
expectation. Using the Feldman-Cousins approach, this corresponds to a 90% confidence level
stacked upper limit of Ng(t)aCk = 1.47 signal events, which is used to derive the stacked average
(per-GW) fluence limits under the assumption of a common neutrino fluence at Earth for every

GW candidate.

A complementary neutrino-proton ES search was performed using an optimized +50 s coincidence
window. The background was estimated using local sidebands around each GW trigger to account
for possible time-dependent variations in the single-event rate. No statistically significant excess
was observed, with the measured event rate consistent with the background-only expectation. The
resulting Feldman-Cousins stacked upper limit of Ng(t)“k = 1479.6 was used to calculate the first

SNO+ stacked average (per-GW) GW-coincident neutrino-proton ES fluence limits.

The null results from both channels were used to place 90% confidence level stacked average (per-
GW) upper limits on the neutrino fluence from compact binary mergers. The IBD limits constrain
the electron antineutrino component, while the neutrino-proton ES limits provide complementary
all-flavor sensitivity through the NC interaction. Limits were calculated for monoenergetic neutri-
nos and for model-dependent spectra, including Fermi-Dirac and GKVM CCSN-inspired emission
models used as detector sensitivity benchmarks. The stacked average (per-GW) IBD fluence con-
straints improve upon previous low-energy GW-neutrino searches due to the increased number of

GW candidates, larger fiducial target mass, and low background rate achieved in SNO+-.

The stacked average (per-GW) IBD fluence limits were also converted into constraints on the com-
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mon isotropic-equivalent energy emitted in electron antineutrinos using the GW source distances.
Although the resulting limits remain several orders of magnitude above the energy scale associated
with standard CCSN-like neutrino emission, they provide constraints on exceptionally energetic or

non-standard neutrino emission scenarios from compact binary mergers.

The analysis framework developed here, including GW coincidence matching, blind analysis proce-
dures, data-driven background estimation, simulation improvements, and fluence-limit calculations,
establishes SNO- as a sensitive detector for future multi-messenger searches. Continued data collec-
tion and the combination of multiple detection channels will improve sensitivity to weak MeV-scale

neutrino signals associated with astrophysical transients.
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CHAPTER 7

CONCLUSIONS

“Does anybody really know what time it is?
(Care) Does anybody really care?
(About time) you know, I can’t imagine why

(Oh no, no) we’ve all got time enough to cry”
— “Does Anybody Really Know What Time It Is?,” Chicago

This dissertation presented a search for MeV-scale neutrinos in temporal coincidence with GW
events using the SNO+ liquid scintillator detector. The detection of GWs has opened a new era
of multi-messenger astronomy, and the observation of coincident MeV neutrinos would provide
direct information about particle production, energy transport, and the astrophysical environments

surrounding compact binary mergers.

The analysis used GW candidates reported during the LVK O4 observing run and searched for coin-
cident neutrino interactions in SNO+ scintillator data. Due to the uncertainty in the MeV neutrino
emission expected from compact binary mergers, this work adopted both model-independent and
model-dependent approaches. Dedicated MC simulations were generated using broad neutrino en-
ergy spectra to determine the detector response, and the resulting efficiencies were used to evaluate

monoenergetic fluence limits and constraints based on theoretical emission spectra.

Several improvements to the SNO+ simulation framework were developed as part of this work.
The IBD event generator was modified to efficiently produce model-independent neutrino samples
extending to 50 MeV, enabling studies beyond the reactor antineutrino energy region. In addition,
the neutrino-proton ES generator was independently validated, leading to a correction of the imple-
mented cross section to ensure agreement with analytic calculations. These improvements provide

validated simulation tools for future low-energy astrophysical neutrino searches in SNO+-.

The primary search channel was IBD, which provides a distinctive delayed-coincidence signature
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for identifying electron antineutrinos. A complementary search was also performed using neutrino-
proton ES, a NC interaction sensitive to all neutrino flavors. The searches were performed as blind
analyses, with event selection criteria, background estimation methods, and statistical procedures

finalized before examining the GW-coincident data.

After unblinding, no IBD candidates were observed within the +£1000 s coincidence windows around
the 126 astrophysical GW candidates. This result is consistent with the expected background of
1.25 4+ 0.09 events. Using the Feldman-Cousins approach, a 90% confidence level stacked upper
limit of Ngga‘:k = 1.47 signal events was obtained and used to calculate stacked average (per-GW)
electron antineutrino fluence constraints under the assumption of a common neutrino fluence for all

GW candidates.

The neutrino-proton ES search used an optimized £50 s coincidence window to reduce the larger

single-event background associated with the absence of a delayed-coincidence signature. No statis-

tically significant excess was observed above the data-driven background expectation. The resulting
stack __

Feldman-Cousins upper limit of N§z*® = 1479.6 signal events was used to calculate the first SNO-+

stacked average (per-GW) all-flavor neutrino-proton ES fluence limits associated with GW events.

The IBD stacked average (per-GW) IBD fluence limits improve upon previous low-energy liquid
scintillator GW-neutrino searches by approximately an order of magnitude in the few-MeV energy
region. This improvement results from the larger fiducial target mass, increased number of GW
candidates, low background rate, and high detection efficiency achieved in SNO+. The neutrino-

proton ES analysis establishes a complementary all-flavor approach for future transient searches.

Despite this improvement, the sensitivity of current MeV neutrino searches is limited primarily
by the large distances of detected GW sources rather than detector performance. Compact binary
mergers observed by the LVK network typically occur at distances of hundreds to thousands of Mpc,
where standard CCSN-like neutrino emission would produce significantly less than one detectable

interaction in SNO+-.
This distance limitation can be illustrated by considering a CCSN-like neutrino burst with a total
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emitted neutrino energy of approximately 3 x 10°® erg. For such a source, the expected number of

detected IBD events scales approximately as
1 2
NIBD(Da M) x M <D> (71)

where M is the detector target mass and D is the source distance. Using the SNO+ scintillator mass
and IBD detection efficiency, a Galactic-scale event would produce a detectable signal, while the
expected event rate rapidly decreases for sources outside the Local Group. A source at the distance
of the Large Magellanic Cloud would produce only a few IBD interactions, and an equivalent source

in Andromeda would produce significantly less than one event.

Consequently, the absence of a detected signal is consistent with current theoretical expectations.
Observing MeV neutrinos from compact binary mergers at typical LVK distances would require
either substantially larger neutrino emission than standard CCSN expectations or next-generation

detectors with much larger target masses.

The fluence limits were therefore converted into constraints on the isotropic-equivalent energy emit-
ted in electron antineutrinos. Although these limits currently probe only exceptionally energetic or
non-standard neutrino emission scenarios from compact binary mergers, they establish the strongest
liquid scintillator constraints to date in the few-MeV energy range and provide an important exper-

imental benchmark for future searches.
7.1 Future Work

Future improvements are expected as additional calibration data further constrain the detector
response. During the PPO phase and early bisMSB data-taking period overlapping LVK 04, cali-
bration coverage was limited compared with later SNO+ operations. Future calibration campaigns
will improve modeling of the detector energy response, position reconstruction, and systematic

uncertainties associated with the neutrino detection efficiency.

Continued LVK observing runs will increase the number of GW candidates available for stacking

analyses, improving the achievable fluence sensitivity as additional independent sources are included.
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Additional SNO-+ livetime will also improve background characterization and provide larger datasets

for rare-event searches.

Future improvements to the neutrino-proton ES analysis will focus on improved background model-
ing, lower detection thresholds, and optimized selection strategies. Although the observable signal
is challenging due to proton quenching and the absence of a delayed-coincidence signature, neutrino-
proton ES provides the largest expected event yield in liquid scintillator detectors for CCSN-like

neutrino spectra and remains an important channel for all-flavor multi-messenger searches.

Improved detector calibrations and increased scintillator livetime will further constrain the low-
energy detector response and reduce systematic uncertainties associated with proton recoil recon-

struction and quenching models.

At lower detection thresholds, coherent elastic neutrino-nucleus scattering (CEvNS) provides an-
other promising channel for future multi-messenger neutrino searches. In this interaction, the neu-
trino scatters coherently from the entire nucleus, causing the cross section to scale approximately
with the square of the neutron number (0 o N?2). This coherent enhancement results in a much
larger cross section compared with other low-energy neutrino interactions and provides sensitivity
to all active neutrino flavors. However, the resulting nuclear recoil energies are very small, requir-
ing detectors with extremely low energy thresholds. Dedicated CEvNS experiments may therefore

provide complementary sensitivity to neutrinos from astrophysical transients.

Future large-scale hybrid detectors may further improve sensitivity to astrophysical neutrinos. Tech-
nologies such as dichroicons, designed to separate Cherenkov and scintillation photons, could com-
bine the low energy threshold and high light yield of liquid scintillator detectors with the directional
reconstruction capabilities of water Cherenkov detectors. Such developments would improve back-
ground rejection, particle identification, and event classification in future multi-messenger neutrino

searches.

As GW observatories continue to identify new astrophysical transients, searches across complemen-

tary messengers and neutrino interaction channels will remain essential. The techniques developed
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in this work establish the foundation for future SNO+ multi-messenger analyses and position the
experiment to search for MeV neutrino counterparts to the growing population of gravitational wave

sources observed by the LVK network.
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APPENDIX A

BACKGROUND IBD CANDIDATE LISTS

Category Number of Candidates Description

Common candidates 9 Agreement with reactor 7, analysis
GW /solar energy extension 1 Prompt energy above reactor analysis range
BHT-specific candidates 3 Present only in GW analysis dataset
Rejected candidates 3 Removed by multiplicity /NHit vetoes
Total GW IBD candidates 16 Background-only sample

Table A.1: Summary of background-only IBD candidates identified in the LAB+PPO+BHT phase.
The GW neutrino analysis selection is compared with the independent reactor antineutrino analysis.
Green indicates candidates found by both analyses, magenta indicates candidates removed by reactor
antineutrino vetoes, blue indicates candidates retained only by the GW /solar analyses due to the
extended prompt energy range (Eprompt > 9 MeV), and white indicates runs not included in the
reactor antineutrino dataset.

Category Number of Candidates Description
Common candidates 151 Agreement with reactor 7, analysis
Rejected candidates 47 Removed by multiplicity /NHit vetoes
Pedestal cut difference 2 Removed after additional pedestal cuts
Total GW IBD candidates 200 Background-only sample

Table A.2: Summary of background-only IBD candidates identified in the

LAB+PPO+BHT+bisMSB phase. Candidates are compared with the independent reactor
antineutrino analysis. Green/yellow candidates represent agreement between analyses, while ma-
genta candidates are rejected by reactor antineutrino vetoes. Differences arise from analysis-specific
vetoes and selection criteria.

191



¢61

Table A.3: Full list of background-only IBD candidates in the LAB + 2.2 g/L. PPO + 6.5 mg/L BHT phase. The table compares
the GW IBD selection with the independent reactor antineutrino candidate list. Green/yellow entries indicate agreement with the
reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, blue marks the GW /solar
prompt energy extension, and white entries indicate candidates not included in the reactor antineutrino comparison dataset.

At [us] AR [mm] Eg [MeV] Ej, [MeV] Run R4 [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

906.4  754.442 2.10612 1.4163 309729 4028.85 4547.38 1287703 1287705 1 0 0 Agree

29.88 850.223  2.03247  2.08773 310125 3717.8 3694.38 6352629 6352631

38.06 1813.12 1.93401 2.02404 310357 5233.2 5275.37 12706969 12706971

549.26  964.745  2.02907  2.04852 310457 1975.05 1249.8 7423225 7423227

43.7  549.521 2.08398 10.8985 310622 5206.88 5639.06 10289206 10289208

177.56  1151.06  2.14266  1.91606 310951 3626.34 4220.78 1646275 1646277 1 0 0 Not in reactor dataset
52.12 735.98 1.99937 0.950941 311061 5594.73 4998.24 666999 667001 1 0 0 Not in reactor dataset
17.08 286.823  2.20859  1.58138 311239 5319.52 5213.69 1928097 1928099 1 0 0 Not in reactor dataset
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L. PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut.

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

84.28 871.163 1.9817  2.06742 354125 3013.48 2562.78 5405030 5405032

22.42 1778.45 2.01854  2.90035 354996 4504.74 2833.06 1071133 1071135 1 0 0 Agree
377.32 1100.88  1.95626  2.07471 355116 3868.38 3289.38 11700060 11700063

527.54  2336.71 1.88646 0.985591 356603 5631.19 3337.06 9699882 9699887 1 0 0 Agree/check note Po-Wei tags and removes with acci-

dental classifier

1199.04 1.97301  2.00965 356647 3229.74 3370.44 15443173 15443175

695.843 2.0741  2.13948 357031 3909.52 1591763 1591765

210.971 2.23464 2.0994 357134 2290.01 2470.08 4377973 4377975

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

220.82 1069.08  2.04821 2.03935 357199 3845.47 3740.84 3038750 3038752 1 0
98.44  1194.38  2.00925 1.91294 357282 4366.47 4515.99 4574053 4574055 1 0
126.62  1189.99  2.24014  2.12709 357340 5481.29 5445.97 6473849 6473851

89.26 469.294  2.35194  4.90876 357503 3350.02 3675.58 6049322 6049324

17.86 374.878  2.09639  2.22747 357638 5072.69 5333.92 8594524 8594526

14.76  803.519  2.03979  2.10737 357789 2443.23 3009.04 11365858 11365860
79.44 1110.9  2.17265  2.12374 357789 2443.53 3346.44 11365862 11365864 2
493.708 357797

1.98454  1.81954 5652.14 5264.58 2529989 2529991

513.247 1.8865  2.01334 357997 3668.11 3967.44 13597549 13597551

1237.41 2.07977 1.87795 358022 4854.22 5111.46 3797624 3797634

207.86  749.777 2.3291 2.74797 358338 5602.85 5000.25 9833852 9833854 1 0 0 Agree

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

30.8 362.867 1.95824 2.0226 359616 1956.55 1720.33 10183670 10183672

27.78 1212.18  2.00713 1.9048 359788 4975.06 4471.91 2422943 2422945 2

132.76  1955.45 2.03892 1.84246 359788 4173.61 4305.43 2422947 2422949

2447.53  2.16482  2.00318 359996 2899.68 3078.81 3869780 3869782

1564.77

2.02404

2.05522

360092

4645.02

3487.01

11089045

11089047

618.372 2.09596  2.16675 360092 3759.22 3387.76 11089049 11089051

234.677 4.26217 360580 5191.63 5422.31 5913920 5913924

657.683 1.85686 360926 4914.01 5246.98 3865492 3865494

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

77.8 586.981  2.49304 6.22986 362075 5642.15 5563.49 12756548 12756551 1 o0 0 Agree
54.64  327.937  1.90487 2.0921 362241 5173.63 5491.38 4008949 4008952
26.5 468.055  1.89525 1.9022 362247 3297.74 2986.39 14849233 14849235

886.14 759.376  2.15612 1.89785 363163 4992.79 5625.83 7277751 7277756 1 0 0 Agree

190.065 2.28416  6.11482 363584 5444.95 5277.34 3697631 3697637

503.414 2.1358  2.18805 363720 2822.3 3208.49 14248439 14248441

1513.48 2.09972  1.96301 363913 3987.51 3991.11 1447375 1447378

1996.6

2.0218

1.97697

363960

4730.91

3540.46

7093615

7093617

818.768  2.02505  2.05796 363960 4398.41 4251.45 7093619 7093621

930.237 1.88712  2.16161 364375 3371.57 3385.5 1547060 1547062

102.58  250.231  1.99343  2.09293 365059 5276.07 5518.15 3238499 3238501 1

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

855.9 173.267 2.23236  4.05927 365067 4998.75 5048.24 9980918 9980923 1 0 0 Agree

413.04 389.508  2.14466 4.1078 365200 5049.36 5144.35 14407502 14407505

337.7 1576.13  2.23079  1.88358 365650 3204.12 3913.18 1117145 1117149 1 0 0 Agree

807.48 729.919  2.12593 1.42485 365815 4156.05 3758.42 7004079 7004085 1 0 0 Agree

691.398  2.02243  2.10968 365906 3028.11 3219.47 15184924 15184938

630.769 1.98365 1.84467 366027 5348.16 4985.01 10255584 10255588

941.4 255.49  2.15829  3.44551 366067 4318.87 4418.32 16013184 16013187 1 0 0 Agree

379.36  733.814 2.2949  2.31691 366524 4473.93 4880.24 5189791 5189795

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

669.95

1.97552

1.90174

366935

4620.34

5103.34

16307308

16307310
49.54  2145.32 1.92125 1.96778 366935 5077.22 4785.09 16307314 16307316 3

767.241 2.2505  1.89672 366935 5090.78 4525.62 16307318 16307321

50.7914  2.15535  2.04372 367083 5284.55 5245.23 7194095 7194098

523.038  2.02841  1.99057 367591 2987.24 3347.39 3216821 3216823

534.34 274.765  2.25182 1.79271 367659 4481.38 4258.99 3754674 3754677 1 0 0 Agree

271.52  468.562  2.01695 1.99371 368006 5525.91 5462.91 11124152 11124156 2
276.82  1388.72 2.0696  1.79863 368006 4342.37 5678.12 11124154 11124158 2
1102.74 378.894 2.13557  3.36599 368054 5203.84 5545.9 10985725 10985731 1 0 0 Agree

112.58  900.096 1.96171 1.97869 368081 2568.12 1869.03 9851991 9851994

799.692 2.13554  2.26677 368201 5468.48 5638.98 16391347 16391349

939.139  2.03465 1.94171 368555 2343.28 2159.59 13050966 13050968

Continued on next page
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Table A.4: Full list of background-only IBD candidates in the LAB+ 2.2 g/L PPO + 6.5 mg/L BHT + 2.2 mg/L bisMSB phase.
The table compares the GW IBD selection with the independent reactor antineutrino candidate lists. Green/yellow entries indicate
agreement with the reactor antineutrino lists, magenta tag cells indicate candidates removed by reactor antineutrino vetoes, and
orange indicates candidates removed due to pedestal-cut (continued).

At [us] AR [mm] E4 [MeV] Ep [MeV] Run Rg [mm] R, [mm] Prompt GTID Delayed GTID Pairs Mult. Atm. Status Note

117.66  1276.19  2.03443  2.07768 369318 1244531

3330.34 3011.21 1244529

1891.26  2.25251  2.06984 369572 1910.94 3215.34 16159229 16159231

62.14 2.0505 370086 4983.49 4960.2 7949940 7949943

336.655 1.93091
130.46 587.698 2.06173 2.03022 370086 4962.92 4813.66 7949945 7949949 2
1013.72  156.402 2.42451 1.00255 370369 3201.61 3112.61 13291165 13291169 1 0 0 Agree/check note Serena looked at this run b/c there

was a noel server wet-end breakdown

199.96 1163.99  2.18588  2.24413 371157 3279.01 4328.26 11124896 11124898 Serena looked at this run b/c there

was a noel server wet-end breakdown

147.12  1482.02  2.12848  2.10074 371197 3826.79 4946.78 2874583 2874587
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Table B.1: O4a GW candidates used in the SNO+ coincidence search. The GW trigger time, corresponding SNO+ run, run
duration, and GW GPS trigger time are shown.

GW Candidate GW UTC Run Duration (s) GPS

GW240109 050431 2024-01-09 05:04:31.800000-+00:00 355462 3599.93 1388811890
GW240107 013215 2024-01-07 01:32:15.700000+00:00 355396 3600.24 1388626354
GW240105_ 151143 2024-01-05 15:11:43.200000-00:00 355353 3599.91 1388502721
GW231230_ 170116 2023-12-30 17:01:174-00:00 355200 3600.13 1387990895
GW231226 101520 2023-12-26 10:15:20.300000-+00:00 355084 3600.13 1387620938
GW231224 024321 2023-12-24 02:43:224-00:00 355020 3600.17 1387421020
GW231223 202619 2023-12-23 20:26:19+-00:00 355014 3600.18 1387398397
GW231221 135041 2023-12-21 13:50:41.300000-+00:00 354944 3600.18 1387201859
GW231220 173406 2023-12-20 17:34:06.200000-+00:00 354919 3374.94 1387128864
GW231206 233901 2023-12-06 23:39:01.500000-+00:00 354126 3600.11 1385941160
GW231206_ 233134 2023-12-06 23:31:34.500000-+00:00 354126 3600.11 1385940713
GW231206_ 010629 2023-12-06 01:06:29.200000-+00:00 354104 3600.11 1385860007
GW230717 102139 2023-07-17 10:21:39.100000-+00:00 311135 3601.12 1373624517
GW230712_ 090405 2023-07-12 09:04:05.900000-+00:00 311006 3601.15 1373187864
GW230709 122727 2023-07-09 12:27:27.200000+00:00 310907 3601.13 1372940865
GW230709 063445 2023-07-09 06:34:45.100000+00:00 310902 3601.12 1372919703
GW230708 230935 2023-07-08 23:09:35.500000-+00:00 310894 3601.15 1372892994
GW230708 071859 2023-07-08 07:18:59.400000-+00:00 310876 3601.12 1372835957
GW230708 053705 2023-07-08 05:37:05.100000+00:00 310875 3601.17 1372829843
GW230706_ 104333 2023-07-06 10:43:33.200000-+00:00 310825 3601.15 1372675431
GW230702 185453 2023-07-02 18:54:53.700000+-00:00 310721 3601.16 1372359312
GW230702 162025 2023-07-02 16:20:25.900000+00:00 310719 3601.13 1372350044
GW230630 125806 2023-06-30 12:58:06.900000-+00:00 310663 3601.15 1372165105
GW230630 070659 2023-06-30 07:06:59+00:00 310657 3601.14 1372144037

Continued on mext page
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GW Candidate GW UTC Run Duration (s) GPS

GW230628 231200 2023-06-28 23:12:00.400000-00:00 310620 3601.12 1372029138
GW230627 015337 2023-06-27 01:53:37.800000-00:00 310567 3601.14 1371866036
GW230625 211655 2023-06-25 21:16:55+-00:00 310536 3601.16 1371763033
GW230624 113103 2023-06-24 11:31:03.700000-00:00 310501 3601.15 1371641482
GW230618 102550 2023-06-18 10:25:504-00:00 310347 3601.15 1371119168
GW230615 160825 2023-06-15 16:08:26+-00:00 310237 3601.14 1370880524
GW230609 010824 2023-06-09 01:08:24.400000-00:00 310048 3601.13 1370308122
GW230608 205047 2023-06-08 20:50:47.200000-+00:00 310044 3601.12 1370292665
GW230606 024545 2023-06-06 02:45:45.500000-00:00 309963 3601.13 1370054764
GW230605 065343 2023-06-05 06:53:43.500000-00:00 309923 3601.16 1369983242
GW230603 174756 2023-06-03 17:47:56.900000-+00:00 309886 3601.12 1369849695
GW230601 224134 2023-06-01 22:41:34.1000004-00:00 309843 3601.17 1369694512
GW230529 181500 2023-05-29 18:15:00.700000-00:00 309756 3601.12 1369419319
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Table B.2: O4b GW candidates used in the SNO+ coincidence search. The GW trigger time, corresponding SNO+ run, run

duration, and GW GPS trigger time are shown.

GW Candidate GW UTC Run Duration (s) GPS

5250119cv 2025-01-19 19:02:38.320000-00:00 365814 3601.15 1421348576
S5250119ag 2025-01-19 02:51:38.780000+00:00 365798 3601.15 1421290317
S5250118dp 2025-01-18 17:05:23.220000-+00:00 365788 3601.15 1421255141
S5250118az 2025-01-18 05:58:02.470000-+00:00 365775 3601.12 1421215100
5250118t 2025-01-18 02:32:25.940000-+00:00 365772 3601.13 1421202764
S250114ax 2025-01-14 08:22:03.220000-00:00 365734 3601.15 1420878141
5250109bi 2025-01-09 07:45:52.380000-+00:00 365611 3601.16 1420443970
5250109f 2025-01-09 01:05:41.480000-+00:00 365604 3601.14 1420419959
5250104v 2025-01-04 01:51:22.330000-+00:00 365459 3601.13 1419990700
5250101k 2025-01-01 01:12:05.050000-+00:00 365369 3601.13 1419729143
S5241231bg 2024-12-31 05:41:33.610000-+00:00 365349 3601.16 1419658912
5241230ev 2024-12-30 23:36:18.070000+-00:00 365343 3601.12 1419636996
5241230bd 2024-12-30 08:45:04.540000+-00:00 365327 3601.20 1419583523
S5241225v 2024-12-25 08:28:15.650000+-00:00 365206 3601.13 1419150514
5241225¢ 2024-12-25 04:25:53.250000+-00:00 365202 3601.17 1419135971
S5241127aj 2024-11-27 06:10:08.230000+-00:00 364451 3601.13 1416723026
52411251 2024-11-25 01:01:16.780000+00:00 364389 3601.12 1416531695
S5241122a 2024-11-22 17:51:00.880000+-00:00 364331 3601.17 1416333079
S241116¢cq 2024-11-16 15:17:53.680000+-00:00 363892 3601.13 1415805492
S241114y 2024-11-14 02:47:11.780000+-00:00 363798 3601.16 1415587650
S241111bn 2024-11-11 11:15:52.570000+-00:00 363763 3601.13 1415358971
S241110br 2024-11-10 12:41:23.680000+00:00 363740 3601.12 1415277702
S241109bn 2024-11-09 11:59:24.900000+-00:00 363716 3601.15 1415188783
S241109p 2024-11-09 03:33:18-+00:00 363707 3601.15 1415158416

Continued on mext page
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GW Candidate GW UTC Run Duration (s) GPS

S241102br 2024-11-02 12:40:58.790000-00:00 363525 3601.29 1414586477
S241101ee 2024-11-01 22:05:23.060000-00:00 363510 3601.13 1414533941
S5241009em 2024-10-09 22:04:55.520000-00:00 362893 3601.16 1412546714
52409251 2024-09-25 00:58:09.990000-00:00 362521 3601.13 1411261108
S240924a 2024-09-24 00:03:16.550000-00:00 362491 3601.49 1411171415
5240923ct 2024-09-23 20:40:06.110000-00:00 362487 3601.17 1411159224
S240921cw 2024-09-21 20:18:35.790000-00:00 362438 3601.15 1410985134
5240920dw 2024-09-20 12:40:24.880000-00:00 362406 3601.13 1410871243
5240920bz 2024-09-20 07:34:24.480000-00:00 362401 3601.13 1410852882
S5240919bn 2024-09-19 06:15:59.190000-00:00 362375 3601.13 1410761777
S5240917cb 2024-09-17 13:02:37.720000-00:00 362328 3601.13 1410613376
5240915bd 2024-09-15 10:51:51.060000-+00:00 362272 3601.32 1410432729
S5240915b 2024-09-15 00:13:57.710000-00:00 362261 3601.14 1410394456
S240910ci 2024-09-10 10:35:35.490000-00:00 362113 3601.15 1409999753
5240908dg 2024-09-08 12:51:34.270000-00:00 362061 3601.15 1409835112
5240908bs 2024-09-08 08:26:28.410000-+00:00 362057 3601.12 1409819206
5240907cg 2024-09-07 15:38:33.770000-00:00 362037 3601.16 1409758732
5240902bq 2024-09-02 14:33:06.760000-00:00 361883 3601.19 1409322805
5240830gn 2024-08-30 21:11:20.3900004-00:00 361818 3601.13 1409087498
S240825ar 2024-08-25 05:51:46.980000-+00:00 361669 3601.30 1408600325
5240807h 2024-08-07 21:45:59.200000-00:00 361224 3601.13 1407102377
S240716b 2024-07-16 03:49:00.510000-00:00 360631 3600.15 1405136959
S5240705at 2024-07-05 05:32:15.920000-00:00 360354 3600.11 1404192754
5240703ad 2024-07-03 19:13:55.280000-+00:00 360318 3600.13 1404069253
5240630t 2024-06-30 10:17:03.370000-00:00 360232 3600.15 1403777841
S240627by 2024-06-27 13:16:22.200000-+00:00 360163 3601.13 1403529400
S240622h 2024-06-22 00:40:08.420000-00:00 360026 3601.15 1403052026

Continued on next page
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GW Candidate GW UTC Run Duration (s) GPS

S5240621em 2024-06-21 21:40:41.7200004-00:00 360023 3601.12 1403041260
S5240621eb 2024-06-21 20:09:35.530000-00:00 360021 3601.12 1403035794
S240621dy 2024-06-21 19:50:59.430000-00:00 360021 3601.12 1403034677
S5240618ah 2024-06-18 07:16:27.150000-+00:00 359929 3601.13 1402730205
S240615ea 2024-06-15 16:07:35.330000-00:00 359859 3601.15 1402502873
S5240615dg 2024-06-15 11:36:20.720000-00:00 359855 3601.11 1402486599
S5240601co 2024-06-01 23:10:04.030000-00:00 359510 3601.17 1401318622
S5240601aj 2024-06-01 06:12:00.360000-00:00 359492 3601.34 1401257538
S5240531bp 2024-05-31 07:52:48.460000-00:00 359469 3601.15 1401177186
5240530a 2024-05-30 01:24:17.950000-00:00 359437 3601.12 1401067476
S240527fv 2024-05-27 23:09:10.380000-00:00 359380 3601.15 1400886568
S5240527en 2024-05-27 18:34:29.060000-00:00 359373 3601.14 1400870087
S5240525p 2024-05-25 03:12:10.640000-00:00 359309 3601.13 1400641949
5240520cv 2024-05-20 21:36:16.970000-00:00 359192 3601.16 1400276195
S240515m 2024-05-15 00:53:01.110000-00:00 359054 3601.14 1399769599
S240514x 2024-05-14 12:17:13.7200004-00:00 359025 3601.12 1399724252
S240514c 2024-05-14 08:03:21.050000-00:00 359017 3601.11 1399709019
524051 3ei 2024-05-13 18:33:02.900000-00:00 359004 3348.49 1399660401
S240512r 2024-05-12 02:41:39.1500004-00:00 358961 3601.13 1399516917
S2405111 2024-05-11 03:15:08+-00:00 358938 3601.14 1399432526
S5240507p 2024-05-07 04:16:32.350000-00:00 358631 3601.17 1399090610
S5240505av 2024-05-05 13:35:52.580000-00:00 358592 3601.13 1398951371
S240501an 2024-05-01 03:35:34.920000-+00:00 358477 3601.14 1398569753
S240428dr 2024-04-28 22:54:40.080000-00:00 358401 3601.18 1398380098
S240426d1 2024-04-26 15:18:03.770000-00:00 358345 3601.17 1398179902
S240426s 2024-04-26 03:14:51.980000-00:00 358333 3601.32 1398136510
S240421ar 2024-04-21 05:29:35.730000-+00:00 358182 3601.13 1397712594

Continued on next page
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GW Candidate

GW UTC

Run

Duration (s)

GPS

$240413p

2024-04-13 02:20:19.850000-00:00

357963

3601.13

1397010038
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Table B.3: O4c GW candidates used in the SNO+ coincidence search. The GW trigger time, corresponding SNO+ run, run

duration, and GW GPS trigger time are shown.

GW Candidate GW UTC Run Duration (s) GPS

S5250727dc 2025-07-27 20:01:48.460000-+00:00 371172 3601.19 1437681726
S5250726ak 2025-07-26 08:28:15.370000-+00:00 371135 3601.20 1437553713
52507251 2025-07-25 04:20:50.940000-00:00 371102 3601.18 1437452469
S250725j 2025-07-25 04:09:44.250000-00:00 371102 3601.18 1437451802
5250712cd 2025-07-12 14:25:32.330000-+00:00 370718 3601.13 1436365550
S250711q 2025-07-11 03:27:25.110000-+00:00 370680 3601.11 1436239663
5250705ch 2025-07-05 16:29:56.840000-+00:00 370533 3601.12 1435768215
S5250704ab 2025-07-04 04:30:48.040000-00:00 370493 3601.15 1435638666
S5250701bg 2025-07-01 23:17:46.930000-+00:00 370423 3601.11 1435447085
S5250701bp 2025-07-01 20:34:40.860000-+00:00 370420 3601.14 1435437299
5250629bs 2025-06-29 12:13:04.380000-+00:00 370351 3601.13 1435234402
5250629ae 2025-06-29 05:50:36.920000-+00:00 370345 3601.17 1435211455
S5250628am 2025-06-28 18:23:19.780000+-00:00 370333 3601.13 1435170218
52503310 2025-03-31 01:34:48.440000-+00:00 367651 3601.13 1427420106
5250328ae 2025-03-28 05:40:27.420000-+00:00 367584 3601.15 1427175645
5250326y 2025-03-26 01:54:06.150000-+00:00 367528 3601.14 1426989264
5250319bu 2025-03-19 06:25:36.480000-+00:00 367339 3601.14 1426400754
5250304cb 2025-03-04 06:22:45.570000+-00:00 366931 3601.16 1425104584
5250227e 2025-02-27 00:12:45.470000-+00:00 366804 3601.17 1424650383
5250226dl1 2025-02-26 22:48:38.700000+-00:00 366803 3601.17 1424645337
5250223dk 2025-02-23 12:01:15.360000-+00:00 366702 3601.14 1424347293
S250211be 2025-02-11 04:35:43.150000+-00:00 366341 3601.17 1423283761
S250211aa 2025-02-11 02:25:46.620000-+00:00 366338 3601.14 1423275965
5250208ad 2025-02-08 03:51:06.790000+00:00 366265 3601.13 1423021885

Continued on mext page
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GW Candidate GW UTC Run Duration (s) GPS

S5250206dm 2025-02-06 21:25:30.440000-00:00 366227 3601.13 1422912348
S5250205bk 2025-02-05 10:35:41.580000-00:00 366181 3601.19 1422786960
S5250202cu 2025-02-02 18:49:02.510000-00:00 366111 3601.17 1422557361
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