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The Motivation

Want to detect neutrinoless double
beta decay (OvBp), to test whether
neutrinos are Majorana fermions.

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

< o

Standard Model >

Sun, 01 Oct
Today 2:40 PM

Neutrinos are massless

What about neutrino oscillations?

OK, take a Dirac mass term

But they're electrically neutral. Can we
have a Majorana mass term instead?

Only if you show me neutrinoless
double beta decay first!

The Detector

2 km overburden

» Based on the

6 m radius acrylic Sudbury
vessel (AV) filled Neutrino "
with liquid Observatory
scintillator (SNO)

Ultra low

Over 9000 PMTs
+ outward
looking PMTs

radioactive and
cosmogenic

backgrounds

Load 130Te to
produce Ov@f!

Surrounded by
ultra-pure water

Oscillation Analysis
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The SNO+ Experiment

Liquid scintillator provides almost no directionality information.

Only use number of PMT hits (nhit) and relative timing/position of these:

— Reconstruction:
* nhit « E (roughly).

« EventtandrF are fitted.
Example Pulse Shape PDF:
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— Pulse shape (time residual plot): 003
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m) Use these to identify physical processes! 0.00
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Why Reactor Antineutrinos?

Nuclear reactors provide the greatest source of MeV-scale antineutrinos
Physics Goal which SNO+ is sensitive to (1 - 10 MeV).
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[1] A. Allega et al. (SNO+ Collaboration), “Evidence of antineutrinos from distant reactors using pure water at SNO+” Phys. Rev. Lett. 130, 091801 (2023)
[2] K. Abe et al. (Super-Kamiokande), 2024 [arXiv:2312.12907 [hep-ex]].



http://dx.doi.org/10.1103/PhysRevLett.130.091801
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Isotopic v, Spectra

Antineutrino Production
= Emitted flux primarily comes from B-decay of 4 :08

isotopes: 235U, 238U, 239Py, 241Py, 2 06
- Each has its own spectrum, from [1-3]. * 04
- Simulate 3 reactor types, with different fission O:o

E, [MeV]

fractions of these isotopes:
Reactor v, Spectra

PHWR/CANDU (%) PWR & BWR (%) 1.4 - — PHWR
‘. 235() 238 239py 241py 235y 288 239p, 241py 12 ~~i- PWR&BWR
a 3
52 5 42 1 57 8 30 6 8107
+ 0.8
- Combine with reactor thermal power outputs, and S .
average energy emitted per fission, to get v, flux %0_4_
-1 -1 BN
[MeV-1.5s-1]. .
0.0 - T . . .
Pt S R T N A

[3] FP An, et al. Joint determination of reactor antineutrino spectra from u 235 and pu239 fission by daya bay and prospect. Physical review letters, 128(8):081801, 2022.
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Antineutrino Detection

Primarily detectable via Inverse Beta Decay (IBD):

+
i e
7 Capture on H g
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W | ¥(22MeV) | Delayed event
""""""" vy (0,511 MeV) !
' Prompt event
p (S — . 2 ¥ (0511 Mev) |
=) At ~ 200us

» Tagging and various cuts (At, Ar, E, etc) removes most backgrounds.

Oscillation:
= >60% of flux from the 3 reactor complexes in Ontario.
= SNO+ is 240 to 350 km from from these.

» Sensitive to Am,;2 and 8, (long baseline experiment).
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IBD cross-section

IBD spectrum, not oscillated
IBD spectrum, oscillated




= A lot of uncertainty, depending on the Earth model.
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The SNO+ Experiment

Background: Geo-Neutrinos

Produced from radioactive decays in the Earth.

Geo-v IBDs are indistinguishable from reactor ones.

» Effectively fit the geo-v flux simultaneously.

Oscillation averaged out over all distances:

_ 4 4 2 2
Py, v, = st3 + ci3(1 — 2s15¢17)

» Almost only depends on B45.

102

Antineutrino Signal  Backgrounds  Oscillation Analysis

Non-negligible geologic sources of v,,
normalisations undetermined [1]
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https://www.awa.tohoku.ac.jp/~sanshiro/research/geoneutrino/spectrum/
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Background: (o, n) Events

Triggered by a particles from radioactive decays B

Fmmmm—————————

capturing on 13C inside the detector:

13C(a-n)160 prompt events

Capture on H
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B R ~c i~ | B e LY ¥ (22 MeV) | Delayed event
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l Prompt Pulse Shapes, Summed over Events in the Range E € [0.9, 3.5] MeV
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Events sampled from uniform E and R? distributions:

(o, n) vs IBD Classifier

Pulse shapes are correlated with the event’s reconstructed ol
energy E and radial position R: ':

Prompt Pulse Shapes, Summed over Events in Various E Ranges
—T - - T T - T 1 T T - T

" —— 1IBD, E € [0.8, 2.15] MeV
It — (a,n), E € [0.8,2.15] MeV
______ IBD, E € [2.15, 3.5] MeV
______ (a,n), E € [2.15,3.5] MeV

normalised
(e}
(e}
Iy
T

SNO+ Preliminary

» Use a Fisher discriminant based classifier to capture this: 0.02
= Treat each bin t; as a dimension. ’
= Add R as an extra dimension.

0.01 |
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Prompt Energy Spectrum

s
Q 14 -1

Putting this signal and these § " _ SNO+ Preliminary B ]T):::l MC Prediction _

backgrounds together, get total | 780, 2.2 g/L PPO B ]

MC prediction. *§ 0 + Reactor-V _
O — o-n

» Compare to data, using the 5 ;|J’J-L|1 — Geo-v ]

same cuts. 6 i

— Accidental |
R E——  — :

Example Data-MC comparison (<100
days of livetime, no classifier): 2

2 3

4 5 6
Prompt Reconstructed Energy (MeV)
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Oscillation Fit

= Compute reactor and background PDFs (no oscillation).
= Construct Asimov dataset, with Am,;2 =7.53 x 10-> eV2and B8, = 33.6°.

= Fit PDFs:
—_ Reacto-\) Sensitivity, from Asimov ataset 7 o Fit Prompt Energy Spectrum, from Asimov Dataset
o 1 | L ‘ k s I i L 2 e | L L ’ . 1 s L 2 L I < k 5 L 1 . b 2 ‘i I s s s L
% 14 § . [ reactor-v IBD
7 E 23 [ | geo-vIBD
2 I
2 12 ;“ < - (aan)
I_l—'| 20 + Asimov data
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E 10 . [
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4 0.5
0.0
2 | 2 3 4 5 6 7 8
et < E [MeV]
20 40 60 80
615 '] » Fit values: Amy?2=7.54%322 x 10-% eV2, B, = (33131)°
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Oscillation 3.
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Fit Prompt Energy Spectrum, from Asimov Dataset
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[ reactor-v IBD
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s (a.n)

+ Asimov data

Fit Prompt Energy Spectrum, from Asimov Dataset
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+  Asimov data

Without Classifier:
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Sensitivity Over Time

SNO+ Oscﬂlatlon Sen31t1V1ty vs. Livetime
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Conclusion

A competitive measurement is coming! Big thanks to the SNO+ Collaboration!

SNO+ Osc1llat10n Sens1t1v1ty vs. Livetime
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Grand Unified Neutrino Spectrum
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Vitagliano, Edoardo, Irene Tamborra, and Georg Raffelt. "Grand unified neutrino spectrum at Earth: Sources and spectral components." Reviews of Modern Physics 92.4 (2020): 045006.



