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SNO+ Detector

Overburden: 6800 ft. (5890 m.w.e.)
Acrylic Vessel (12 m Diameter)

905 Tonnes H,O
780 Tonnes Te-doped Scintillator

1700 Tonnes HoO Inner Buffer
5700 Tonnes HoO Outer Buffer

~9300 PMTs
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Nucleon Decay (beyond the Standard Model)

» Nucleon decay Model Mode
predicted by many Minimal SU(5) p— etV
BSM theories. Minimal SO(10) | p— e*7®

» Observation of B-L SUSY SU(5) p— VKT
conserving processes SUSY SO(10) p— VKT
help in the Universal Extra | n— 3v,
understanding of Dimensions p— mt +3v

leptogenesis.



“Invisible” Nucleon Decay

Nucleon
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Extracting the “Invisible” Signal

Deexcitation Mode of Neutron Hole in °N
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Comparison of Signal and Background

MC Simulations
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Calibration and Monte Carlo Verification

Deployed
Calibration Sources

» Laserball
(optical
calibration)

» Tagged 15N for

event
reconstruction.

» AmBe for
neutron
capture.
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Timing Calibration

\ Manipulator

mating flange

Steel cylinder
Fibre bundle connection

Light shield

Fibre guide

J ——— Quartzflask

SNO Laserball
Flask diameter: 109 mm
Neck diameter: 38 mm

Photomultiplier timing calibrations performed

using a diffused laser ball and in-situ fiber optic
injection points.




S
Energy Calibration with a Tagged N Source
» Great agreement

between MC and
data.
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» Difference used to —Mc

estimate energy
systematic
uncertainties.
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Position and Direction Reconstruction with N

Counts/ 0.02 bin

Direction fit used to isolate background from solar neutrinos.
Position fit used for fiducial volume selection.
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Data Taking

» Official data taking began May 2017.

» Data was split into 6 data sets, during each of which the
background levels were relatively stable. Each set has its
own analysis cuts and background estimates.

> 114.7 days of livetime used for the background and nucleon
decay analysis, running through December 2017.
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Background Measurements

1. U/Th in PMTs, Water,
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Two Independent Analysis Chains

Rate-only counting analysis Spectral profile likelihood

fit
1. Optimized in each data set 1. Higher signal efficiency due
for maximum sensitivity. to larger energy window.
2. Inputs from side-band 2. Independent fit to internal
analysis for all backgrounds, and separate
backgrounds. external background fit.

3. Profiled nuisance
parameters.

Data was blind from 5-15 MeV except for the first 10
days which was used to validate the analysis techniques.
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Event Selection Criteria
Blind Analysis

Data Set ‘ Livetime | T. (Likelihood) ‘ ¢ (Counting) | cosfsun |R| 7

1 5.05 days (5, 10) MeV (5.75, 9) MeV | (-1, 0.80) | (0, 5.45) m | (-6, 4) m
2 (z>0) | 14.85 days (5, 10) MeV (5.95, 9) MeV | (-1, 0.75) | (0, 4.75) m | (0, 6) m
2 (2<0) | 14.85 days (5, 10) MeV (5.45, 9) MeV | (-1, 0.75) | (0, 5.05) m | (-6, 0) m
3 30.68 days (5, 10) MeV (5. 80 9) MeV | (-1, 0.65) | (0, 5.30) m | (-6, 6) m
4 20.44 days | (5,10) MV (5.95, 9) MeV | (-1, 0.70) | (0, 5.35) m | (-4, 6) m
5 11.54 days | (5, 10) MeV  (5.85, 9) MeV | (-1, 0.80) | (0, 5.55) m | (-6, 0) m
6 2319 days | (5,10) MV (6.35, 9) MeV | (-1, 0.70) | (0, 5.55) m | (-6, 6) m
Bin-width — 0.1 MeV 0.1 MeV 0.1 — —

» Energy region extended to allow a for higher signal
efficiency as well as constraints on the backgrounds for the
spectral fit.

» Cuts on the reconstructed direction made to remove 8B
Solar Neutrinos.

» Radius and Z position cuts applied to select for the lowest
background regions of the detector.

13/17



Full Spectral Fit

103 — T T T T A 3
E SNO+ Preliminary + Data --== *BSolarv
—— Likelihood Fit Reactor V ]
---- Internal 2'*Bi / 2%°T] ---- Atmospheric v T

External 2'Bi / 208T1 —— Neutron Decay

Counts / 114.7 Days / 100 keV




Results of the Spectral Fit at 90% C.L.

Mode | SNO+ Limits (years) | Current Limits
n | 2.49 x 10% 5.8 x 10% [KamLAND)]
p | 3.56 x 10% 2.1 x 10%° [SNO)]
pp | 4.68 x 10% 5.0 x 10% [Borexino]
pn | 2.57 x 10% 2.1 x 10% [Tretyak et. al.]
nn | 1.25 x 10%® 1.4 x 1030 [KamLAND)]

Likelihood Ratio

Neutron Decay Counts / Day

SNO+ Preliminary

2
3
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Conclusions

» SNO+ has completed its water phase analysis with world
leading results on invisible p, pn, and pp decay.

» Backgrounds relevant for neutrinoless double beta decay
have been measured and are consistent with expectations.

» SNO+ has started filling with liquid scintillator,
commencing the next phase of analysis.
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Likelihood Systematic Uncertainties

Systematic

[ N (events/day)

P (events/day)

PP (events/day)

PN (events/day)

NN (events/day)

Best Fit, 0.661 0.548 0.568 0.988 2.339
Energy Scale  +0.421,-0.208 | +0.248,-0.129 | -+0.213,-0.121 +0.409, -0.234 +0.531, -0.281
Energy Resolution +1.013 +0.666 +0.594 +1.106 +1.200
X-Shift +0.016 +0.008 +0.008 +0.020 +0.020
Y-Shift +0.014 +0.009 +0.008 +0.015 +0.026
Z-Shift +0.022, -0.011 | +0.013, -0.007 | +0.014, -0.005 +0.031, -0.010 +0.045, -0.011
XYZ-Scale +0.140, -0.129 | 40.097, -0.086 | +0.095, -0.081 +0.188, -0.157 +0.311, -0.250
B4 +0.040 +0.025 +0.030 +0.070, -0.001 +0.137
Direction +0.143, -0.071 | +0.106, -0.069 | +0.108, -0.075 +0.212, -0.132 +0.441, -0.279
Total (Syst.) +1.117, -1.046 | +0.726, -0.688 +0.648, -0.617 +1.216, -1.150 +1.426, -1.295
Statistical +0.566, -0.481 | 40.421, -0.373 | +0.418, -0.399 +0.746, -0.705 +2.163, -1.589
90% C.L. 2.64 1.85 1.76 3.21 6.59
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Comparison of Signal and Background

PP, pn, nn modes

% 3 MC Simulations
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Likelihood Function
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