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2070 m rock overburden

Multi-purpose neutrino detector
at SNOLAB, Sudbury, Canada A

The SNO+ Experiment

~9300 photomultiplier tubes (PMTs)

PMT support structure, 18m diameter

Acrylic vessel, 12 m diameter

Hold up and hold down ropes —

Target

7 kt ultra-pure water shielding —

JINST J6.POS059 ,
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https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08059

SNO+ Timeline

Water phase
905t ultra-pure water

detector calibration and
external background
measurements

Phys. Rev. D 110, 122003
Phys. Rev. D 99, 032008
Phys. Rev. Lett. 130, 091801

Partial-fill phase Scintillator phase

paused filling due to 780t LS

COVID-19 at 370 t LS 0.6-22g/L PPO, 2.2 mg/L
with 0.6 g/L PPO bisMSB

characterisation of
scintillator and
backgrounds

measurement of
scintillator backgrounds

Eur. Phys. J. C 8517
Phys. Rev. D 109, 072002

solar, supernova, reactor
and geo neutrinos...
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Tellurium phase
4t of natural Te initially

Neutrinoless double
beta decay!


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.122003
https://link.aps.org/doi/10.1103/PhysRevD.99.032008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.091801
https://link.springer.com/article/10.1140/epjc/s10052-024-13687-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072002
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SNO+ Scintillator e . :
High yield bulk scintillator purified underground 3 o8 i/ﬂ ]
|
a 06 — Two-exponential fit 7
£ | { LAB+PPO
s { Deployed SNO+ Scintillator ]
 04r- {¥  External Measurements of LAB + PPO —-
Linear Alkylbenzene (LAB) :
bulk scintillator 02r 1
| |
. T Y R R
+ 2.2 g/L25-Diphenyloxazole PPO Concentration (/L)
(PPO)
0 primary fluor » PPO top-up campaign finished in April 2022
\ / - PPO reduces LAB self-absorption and

N

shifts photons to higher PMTs efficiency
window

+ 2.2 mg/L1,4-Bis(2-methylstyryl)benzene

(bisMSB) / » bisMSB added in July 2023
secondary fluor @ - Further shifting to PMT efficiency
maximum
- Light yield increase of 1.5 observed
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SNO+ Scintillator

Scintillation Emission Timing Models

. . . . . . -~
High yield bulk scintillator purified underground 5 SNO+ Preliminary
EO'OOIO i —— 22 /L p Model
—— 0.6 g/L p Model
0.0008
Linear Alkylbenzene (LAB) —_

bulk scintillator

0.0004

+ 2.2 g/L25-Diphenyloxazole ap—_|

(PPO) 1
o 7/@ primary fluor — ]
\ / 0 2 20 50 80 100

N tem [1S]
+ 2.2 mg/L1,4-Bis(2-methylstyryl)benzene Scintillator mixture emission profile
y gets faster with more PPO

(bisMSB)
secondary fluor @7@
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SNO+ PMTs

8" Haomamatsu R1408 PMTs from SNO

PMT Time Histogram for a central Laserball run. ‘
10’

Single Photoelectron Spectrum

e WE SNO+ E
10° 5200 3
105:€ 175 =
; 150 i—
" oo o Fach PMT equipped with a
S i3 Winston cone concentrator
140 160 180 200 220 240 260 50 |-
Time [ns]
i3 Total effective SNO coverage
Transit Time Spread = 3.7 ns = 1 R - o 54% at the start
( FW H M ) Charge (Counts Above Pedestal)
Fast enough for scintillator NIM A 449 (2000) 172-207 Degraded over time to

emission time to dominate under 50%

Cerenkov light instantaneous
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https://www.sciencedirect.com/science/article/pii/S0168900299014692?via=ihub

SNO+ Electronics

Readout electronics and DAQ partially upgraded since SNO to
handle higher trigger rates and data volume in scintillator

Front End Cards (with 4 daughterboards each) record 4 quantities
about a PMT over threshold in a ~400ns window:

3 charge integrations: high gain short window (QHS), high
gain long window (QHL), low gain variable window (QLX)

and time via Time to Amplitude Conversion (TAC)

DAUGHTERBOARD

SNOINT S . @Lﬂ SASY
4 CHANNELS

ESLO _

Very limited information about
multiple photoelectrons hitting the
NHO same PMT

8 CHANNELS

. SNOD QUSN7[

4 CHANNELS e 1 CHANNEL

PMT v

NH100 "

x2 x8
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PMT! (time,
position)

Event Reconstruction PMT: ime,

All events first reconstructed under the hypothesis of an electron

Reconstruction utilises spherical symmetry of SNO+ PMT?
(time,
position)

Vertex position & time reconstruction __ Physics event
(time, position, energy,

Likelihood fit to the scintillator timing PDF, accounting )
for the photon time of flight

Calibrated 2!4Bi Time Residuals
SNO+ Preliminary
FV4m
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< ~20 cm 3D resolution (at 1 MeV and above) -

—— 214Bi MC | Calibrated

o
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Considerations
Not that important on its own, but fiducial cuts and input

to energy, PID, direction...
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Resolution gets improves rapidly with faster scintillator
(and higher LY)
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Tereza Kroupova (SNO+), Hybrid Detector Workshop 2uzo



PMT! (time,
position)

Event Reconstruction PMT: ime,

All events first reconstructed under the hypothesis of an electron
Reconstruction utilises spherical symmetry of SNO+ PMT?

(time,

position) Physics event

(time, position, energy,

Vertex energy reconstruction :

Linear energy estimator obtained from number of PMT
hits and mutual positions with position-dependent correction

L .U S S B R B B B B N S
»

Resolution of ~5-6%-/ E g 0009 SNO+ Preliminary — Daa 3
) F =
2‘0'008:_ MC
. . £ 0007 2Bi (B) Spectrum 3
Considerations 2 poet MLAB0GYLPPO } E
Resolution near Poisson limit from number of PMT hits - E
£ Partially Filled 3
0404 = Detector E
0.003;— 365 of 780t —;
0.002F- 3
0.001F- 3
(}: AT ERIIN * S R U ST B =
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Reconstructed Energy [MeV]
9
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Direction Reconstruction

Relies on separation of small amount of Cerenkov light from scintillation light
Lower concentration of PPO in partial fill led to slower scintillation emission profile

........... _r_ 2k |
................... | GM g 2 MeV (MC only) ‘
£ —— 6 MeV
~_ 0k~ 10 MeV

1072
1
Cog ] 04> ; ] I -
_02050.6 - 5 : Lres (08) 107 F
_0.8_1 -5 -1 —Ol.8 —Ol.6 —Ol.4 —(;.2 (.) ()4.2 0.‘4 0.I6 0:%08 0(1
ev = angle t?etween event d/rect/oq ‘_’”d hit PMT a = angle between reconstructed and true event
with res,oect to event ,OOSII'IOF) . .
direction
Likelihood fitter with a 2D PDF in GY Direction expected to be peaked in the Sun’s
and time residuals using the fitted position direction for B solar neutrinos
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072002

Direction Reconstruction

Relies on separation of small amount of Cerenkov light from scintillation light
Lower concentration of PPO in partial fill led to slower scintillation emission profile

Events above ~5 MeV expected to all be solar

; 16
neutrinos g 1uf  — Data :
g -
20 8B events in partially filled detector R 2f e MC
(0.6 g/L PPO, 92 days livetime) ok
sl
Event-by-event direction reconstruction in liquid b
scintillator! Wk
High refractive index of LAB (1.5) results in more Cerenkov | S wn A e
light and low density results in fewer scattering comparedto o ' I I —
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
water cos 6,
— longer and straighter tracks 6., = angle between reconstructed event
compensating for some of the overwhelm of scintillation direction and direction from the Sun

photons
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072002

Directionality Challenges

e With optimal PPO concentration, scintillation light
faster and more abundant leading to harder o
discrimination % 1 3 With Scattering, Fit Vertex ﬁ
_‘é’ —=—— With Scattering, True Vertex
. . & L No Scattering, Fit Vertex [
e Multiple electron scattering e W Scattering, True Vertex H‘J.;F
- reduces at higher energies [
1072 g
e Position reconstruction bias along the particle
direction (“drive”) 107 F
- Cerenkov light pull, but also present without it to
lesser extent e |
e Directionality highly sensitive to optical calibration

12

Tereza Kroupova (SNO+), Hybrid Detector Workshop 2025



Directionality Challenges - Outlook

X107 . . .

£ | SNO+ Preliminary — Neunal network

85t — Lhdioos ]
e Development of position fitters less susceptible to KR
drive 53_
- Machine learning models are proving useful for |
comparisons and understanding A

. . 0 =
e Electronics upgrade for SNO+ proposed, possibly T 00 0 O it B

with Analog Photon Processor (APP) adding more
features and enabling access to multi-PE regime

FEC+ Pre-pre-Conceptual Design

- Overall sensitivity improvement due to improved [ |
reconstruction, i.e. beyond directionality =
[
e Internal calibration through laserball deployment =
in scintillator to reduce systematics on optical =
model o

FEC PMTIC

Front-End PMT Interface
Card Card
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Conclusions

SNO+ is a large scale well-understood
operating scintillator detector:
while not hybrid by design, there are
valuable lessons

Event-by-event direction
reconstruction <10 MeV in a liquid
scintillator detector demonstrated

during partial fill (LAB+ 0.6 g/L PPO)

Work is ongoing on how we can
continue to leverage such capabilities
now with even higher light yield

Thank you
for your attention!
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Back up: SNO+ PMTs

PMT+Concentrator Relative Angular Response

1.20

L.15

1.10
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1.00

SNO+ Water Phase vs. SNO PMT+Concentrator Re]atlve Angular Response at 420 nm

¢ SNoO Collaboranon Sep00 Data (D20 Phase). PRC 75.045502 (2007)
# SNO Collaboration, Oct03 Data (D20 Phase), PRC.87.015502 (2013)
i SNO Collaboration, Feb05 Data (NCD Phase), PRC.87.015502 (2013)
SNO Collaboration, Aug06 Data (NCD Phase), PRC.87.015502 (2013)
¢ SNO+ Decl7 (Water Phase) []
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https://www.sciencedirect.com/science/article/pii/S0168900299005008?via=ihub

Back up:*°Te in SNO+

45

0.5% Te by weight loaded in LS in the first stage T Wb
Estimated light yield of 470 PMT hits/MeV with SNO+ £ & e
. . < c ®
loading technique g b
" sn
OH -
OI_I//, \\\OI_I OH O//, \\\O o =
‘Te. + 2 + 4 H,O -
ouY | YoH o' Vo o
OH 10 Jaye oMo
55_' Ge 11GCd. .aZSe . Joong
Telluric acid 1,2-Butanediol TeBD precursor Water E Zre e
é 2!5 I 1‘3 I 3|5 : IQ TI\;;V]
OH i
O//I \\\O /\ho Oﬁ/\
) Te : O//, \\\O//, \\\O 1 30 °
o¥ | Yo O, Vo' v Te as 33 isotope
o, 0 © \)v Qv High Q value (2.5 MeV)
VTFV ]W High natural abundance (34 %)
0 O Tellurium Butanediol (TeBD) ; 20
OH complex soluble in LS Long 2vpp half-life (7.9x1047 yrs)
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Back up: Multi-site Event Classification

Pulse shape discrimination (PSD) technique to classify multi-site
(radioactive decays with ys) and single-site (pure B decays, OvfS)
energy depositions based on Dunger & Biller Niv 943, 2019

Multi-site classification values

-E,OJS T

'§0~16' i GO:IAVW“I 1 Average path lengthsin LS

S . ] ~30 cm for 1 MeV'y
012f s qo- ; ~0.5 cm/MeV for e-
o1} only ] .

0.08 |- =i = ]

] > multi-site events have wider
time residual distributions

] tres = thit — tfit - ttof
%5 0 T 0 10
Prediction using simulation in

Te-loaded scintillator

20
AlogL

Rejection by hard cuts on classifier value but also through
use as an additional dimension in likelihood fits

Ovpp Signal Efficiency

Credible Interval
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o
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Multi-site rejection using hard cuts

L & —+ 11 AV Wall h
4 —+ “co
L ’ (MC only)
0 0f2 0?4

0.6 08 1
Background Acceptance

OvfBB 3 year sensitivity with 0.5% Te

—=— Without PSD

—— With PSD .
Gy =3.69 X 10y, M, =4.03

0 20 40 60 80 100 120 140 160 180 200 220
mg, [meV]
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https://arxiv.org/abs/1904.00440

Back up: Multi-site Event Classification

Pulse shape discrimination (PSD) technique to classify multi-site

Multi-site rejection using hard cuts

—§ 2971 AV Wall
= %0y

(MC only)
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OvfBB 3 year sensitivity with 0.5% Te

B
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Dataset from period of stable partially filled
detector (365 t of scintillator) - agreement
expected to improve with ongoing detector
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https://arxiv.org/abs/1904.00440

Back up: Multi-site Event Calibration

214Bj B decay in tagged ?"“BiPo coincidence pairs as a source of multi-site events for calibration

>99% 3 decay

T . . . . 2'I4Bi g 2'I4Po
2
A e ] T,,=19.9 min Q=3.27 MeV T,,=164.3 us
g —
So02fF 3
: 7\ \\
2 0.1 —— 3 AR
3 ys g Sy g g -
g of E AR
= — o -
0.1 -
—02f ] a decay
osf  SNO+ Preliminary —+— : Q=7.83 MeV
0 20 40 60 80 100 AR 21 O P b
T, /2=22.2 yr
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Back up: Ovf3§ Search Background Summary

S

Cosmogenic 83 v ES

—+— Data

. Internal Water
. PFA Tube 2“BiPo
. (o, m)

. Th chain (Scint)
. U chain (Scint)
- Externals

B s es

SNO+ Preliminary
B Partial Fill (365 T)

Counts / 69.2 Days / 50 keV

ﬁxternal Y
Internal U chav
ﬁlternal Th chain
g 243 24 25 26 23 2.

8 29 3
Reconstructed Energy (MeV)

Fiducial volume of 4 m (vs 3.3 m)
Measured and on target
and >1 m above equator

Measured and on target for LAB

Data from 1660 h during partial fill
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Back up: Ovf Search Sensitivity

Backgrounds will be constrained with side bands in volume (up to 5.5 m)
and energy (1.8-3.0 MeV)

PSD dimensions break degeneracy with any unexpected cosmogenic contamination

Multi-dimensional binned likelihood analysis using MCMC floating ~30 background
normalisations

- analysis based on kernel density estimation in development

50

>

] I OV BB (100 meV) 26 : o,

E;’ R: 0.00-3.03m =(2:\(l)Et[r;cgenic T.|/2>.|080 X 10 yrs after 3 yrs Wlth 0.5 /O Te (phase |)
g Majority of Fiducial Volume B > Th Chain

g B U Chain

S B (o, )

i} ‘Ilixterna]s
m BV
{ Fake Data

[ OV (100 meV)
R:3.03-3.81m B Cosmogenic
Side-band Bin Example

Counts/3y/25keV

Discovery potential after 3 years of
with 0.5% Te:
30 sensitivity for mg,= 80-194 meV

2.6 2.7 2.8 29

3
Reconstructed Energy [MeV]

23 24 25 26 27 28 29

3
Reconstructed Energy [MeV]
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