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Solar neutrino observations

Sun burns via pp chain (99%), CNO cycle (1%) ¥
Sun’s composition still uncertain. Two classes ot solar models
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High tlux, pure V. source, large range f ot crossed densities
Sensitive to matter etfects, sign of Am21 MSW upturn and day-night hard to observe
With SNO NC, precise measurement ot Pee at 8B energies: tension with KamLAND
Dependent on SSM otherwise, Pee still largely unconstrained in transition region: NSI
and other models still possible
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TIME VARIATIONS OF 3B FLUX

45d:1996/5/31~2018/5/30

Very precise rate
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SK-IV (2970 days) 3.49-19.49 MeV
—— Observed data

Best-fit

Background

Event/bin

Impressive precision, clear observation at
3.5 MeV threshold
Spectrum still compatible with flat survival

probability, but predicted low energy upturn 1s
favored at 1.2 0 . Jointly with SNO data, at 2.1 O.
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SK OSCILLATIONS GLOBAL FIT

in’(0,,)=0.316"33%  Am3,=(7.54'%13) 10®eV? sin*(®,,)=0.0218+0.0007

S(O.-0600TS amy=6.10%) 10V Solar best-fit value updated to:
Ams; = 6.101)3 X 107eV?

~1.5 0 away from KamILAND
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THE SNO+ EXPERIMENT A

Repurposing the Sudbury Neutrino Observatory (SNO) detector

1

2 km underground
~70 muons/day

Rope system
Hold-up and -down
Low Radioactivity

~9300 PMTs

Acrylic Vessel (AV)

12 m diameter Purification plant

Target Material

1. Water: 905 tonnes
2. LAB Scintillator: 780 tonnes

3. Tellurtum loading: +3.9 tonnes

Ultra-Pure
Water
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THE SNO+ EXPERIMENT

Multi-purpose experiment at SNOLAB - Sudbury, Ontario, Canada

Supernova Neutrinos
+ exotics

Geo-Neutrinos
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SNO+ TIMELINE

2017 2018 2019 2020 2021 2022 2023 2024 2025

Water phase artial fill phase Scintillator phase
»  High Rn cintillator over water. * Low PPO Tellurium-
¢ TLow Rn top 1n fill due to Covid. * Nominal PPO

loaded phase

POSTER 581 /

 Added bis-MSB

REF. 7

B. TAM, S. MANECKI
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SNO+ PERFORMANCE

Water Phase
Extensive calibrations: well-tuned
detector model
Constraints on external backgrounds:

smaller than nominal
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Scintillator Phase

Tracking background and light levels
throughout operations
High but decreasing level of Po210
BiPo214/212 segments of Uranium
and Thorium chains at low level:

Eq. 238U ~4.3X10-17 o/ o

Eqg. 232Th ~5.3X10-17 g/¢o
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PMT angular response

SNO Collaboration, Sep00 Data (D20 Phase), PRC.75.045502 (2007)
SNO Collaboration, Oct03 Data (D20 Phase), PRC.87.015502 (2013)
SNO Collaboration, Feb05 Data (NCD Phase), PRC.87.015502 (2013)
SNO Collaboration, Aug06 Data (NCD Phase), PRC.87.015502 (2013)
SNO+ Jull8 Internal+External Scan (Water Phase)

40 50
Incident Angle (degrees)

Two-exponential fit
LAB + PPO
Deployed SNO+ Scintillator
¢ External Measurements of LAB + PPO

SNO+ Preliminary
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PPO Concentration (g/L.)
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SOLAR NEUTRINOS, WATER PHASE
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New analysis of 126.6 kt.days, including
190.3 days ot low background data

Radon in water ~6 X 10-15 ¢U /¢
Lowest background for water Cherenkov

detectors > 5 MeV: 0.32 *+ 0.07 ev/kt.days

D

¢ Data 1mi
4 D e Fit SNO+ Preliminary

Syst. Uncertainty
5<T,<15MeV

Counts / 190.3 Days / 0.05

Fitted Interaction Rate / kTDay / 1 MeV

0
-1 -08 -06 -04 -02 04 06 08 4 6 ]

cos 0

Results
3.5 MeV threshold, but large uncertainties
in first bins

Best-fit tlux consistent (inc. oscillations)
with other experiments, and HZ and [.Z
solar models

SNO+ Preliminary

¢ Bin-By-Bin Fit

¢ Stat. + Syst. Error
—— MC (SNO °B Flux)

SNO+ Preliminary

¢ Bin-By-Bin Fit

¢ Stat. + Syst. Error
—— MC (SNO °B Flux)
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SOLAR NEUTRINOS, SCINT. PHASE

SNO+ Preliminary 4 Data
0.00 <R< 3.15m —— Oscillated ®B

—— Internal 2>?Th-chain

POSTER 544 / D. COOKMAN

Analysis ot 8B ES interactions in
138.9 live days ot scint. data

Fitted oscillation parameters
compatible with global fits

>
>
—
-
\
z
-
P
>
[

SNO+ Preliminary Data
R<50m Oscillated °B
¥ Internal >?Th-chain
Internal >*®*U-chain

External

5.0
Energy [MeV]

Events/0.1 MeV

Strict fiducial volume cut opens prospects for
future sensitivity < 3 MeV |
232Th still dominates 3-5 MeV regions, but

multisite discriminant will help

10 12 POSTER 255 /A. INACIO, R. HUNT-STOKES

Energy [MeV]
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CHARGED CURRENT ON CARBON-13

Prompt e~ energy = E(v,) — 2.2 MeV
U, +13c—>‘13N P gy = E(ve)

13 13 8B solar neutrino

As yet unobserved reaction of electron

Q— © Dela +
ved e
\w/ annihilation

neutrinos on Carbon-13
Only 1.1% 1sotopic abundance, but cross T=862.6S \ [1.01,2.20] MeV

section ~12X higher than ES at 8B v energies sC

*B v ES (MC)
"B v, CC on "°C, Prompt (MC)

Cosmogenic backgrounds from !1Be:

NOs Prliminare negligible at SNOLAB depth

Dominant accidental backgrounds

determined by data-driven method
Randomly pick fake prompt , then search
for delayed signal candidates

POSTER 416 / G. MILTON

Normalised Counts

12 14
Energy [MeV |
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CC ON CARBON-13, RESULTS

Cuts optimised prior to “blind box” opening: 2 events found !
Fiducial volume: R< 5.3 m
Pl”()mpt 6ﬁ€1‘gy: 5.0 < E <€_> < 15.0 MGV Z SNO+ Preliminary — SBBaCkgé(émd (1I3)C2:tt(al';/[DCriven)
Delayed energy: 1.14 < E (e*) < 2.2 MeV 7 . Dww)
AR < 0.36 m ’ é
0.01 < AT < 24 min 5 5
Likelthood ratio analysis i f
Wider cuts on Delayed energy, AR, AT , 2
Likelihood ratio discriminant> 4 | ’
0
EXPE C TED B O X LIKELIH O O D Likelihood Ratio Discriminant
BACKGROUND 0.31 0.1/
SIGNAL ' 83 ' 70 Indicative Qf a 51gpal from
13C CC interactions !

15051 live days

I J. Maneira (LIP) Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano 20



l
<_

ll

REACTOR ANTINEUTRINOS ANALYSIS
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Reactor-v (Am?, = 7.5x107 eV?) I E 2 l l
Reactor-v (Am?, = 6.1x10” eV?) n p

SNO+ Preliminary

701,22 gL PPO Prompt spectrum @ SNO++ with sharp features,
due to few baselines
Potential to shed light on solar-KamILAND tension
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Total Prediction (No Oscillation)
Total Prediction (With Oscillation)
Reactor-V (Am3, = 7.53x10” eV?)

o-1

Geo-V " REF. 11

Following first detection in a water Cherenkov
detector, new results from partial and scint phases

Main background: (0,n) reactions on 13C

Events / 0.4 MeV / 125.4 Days

| R T

Partial fill: 114 t.y exposure, 85 Hz ot 210Po i.'ﬂ

as from high rate 219Po decays

|
4 5 6 8

Prompt Reconstructed Enefgy (MeV)

Stats and background-limited

POSTER 525 / S. ANDRINGA
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REACTOR ANTINEUTRINOS RESULTS
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- POSTER 525 / S. ANDRINGA 5" — 0=

< 6 6 =

N e PDG 2021 v

286 tY y 4 1o ¥ Solar z o

3 2 — 20 w/ new SK
€XPO SUurc , E SNO+ Preliminary &; 0
=2 780 t,2.2 ¢/L PPO v
38 Hz 210P0 B :

> »
O Z

2
21
\O

Am

Still stats limited, but lower (0,n) background

Geo-nu 64+ /- 44 TNU, will improve soon with T00 02 03 04 05 06 07 08 [N
(@) classifes A2, = 7,060 x 10~ e)?

Unconstrained oscillation fit
~1.30 trom solar only, <10 from KI.
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FUTURE EXPERIMENTS



HYPER-KAMIOKANDE |

TALK 646/ S. MORIYAMA

SS=a o ) Largest ever (solar) neutrino detector, starting 2027

| ' Less deep than SK: higher cosmogenic backgrounds, but

have several methods to tag the showers

Huge statistics: ~5 8B v/hour
It Am211s that ot solar best fit, 5 0 on day-night effect.
It the threshold 1s 3.5 MeV, 5 0 on low energy upturn
2-3 0 measurement of hep vs as well

REF. 12

Day/Night Asymmetry Sensitivity Upturn Discovery Sensitivity 8B+hep (BP2004 SSM)

0.3% sys.err. only 8B

Dashed: 0.1% sys.err. Data points w/ stat. err. (sqrt(N))

Sensitivity (sigma)
Sensitivity (sigma)
Number ot events / 0.5 MeV

2
10740 12
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TALK 645/ C. MARSHALL
POSTER 87/ S. CORCHADO

THANKS TO
Phase-1, starting 2029 |. BOTELLA, C. CUESTA

Two largest LAr TPCs ever built: ~27 kton active vol. (comb.)
Recent progress in low energy reconstruction: ~16% resolution

High 8B stats — 3 0 solar/reactor Am;, discrimination
High x-section on Ar, kinematics tavorable for hep discovery

Phase-11

very active R&D to improve LE performance

0.4 - __Fra t”' Missing ”'y DUNE Work_in_progress DUNE Contours for Solar Best Fit (Am?221 6e-05 eV?)
I1 :II. | I.J a.l. Il | N | q H
J Particle
o: ll DUNE work-in-progress ' = Neutrons Legend
] p g _ - [ﬁep | GXp.Z 400 kTYI' == (DUNE) Goal

I' ' °B (JUNO) 30

0.2 I
-l L.
L I I
: 1 |
. ol
0.1 1

Counts 400 kT-year

\

S
0 THN

O NCTAEE

L (S |

(TrueE - RecoE) / TrueE

I | I 18
-0.1 ima .|
11

I i n
| i
- Ehal Ll YT
10 15 20
True Electron Energy (MeV) Neutrino Energy (MeV) sin261,

DUNE work-in-progress
0.20 0.25 0.35 0.40

3 N
10 12 14 16 | 0.30
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UN O THANKS TO
J TALK 609/ J. CAORG. RANUCC]

Assumed U/Th

Largest liquid scintillator detector, starting this year 600 m overburden
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Radiopurity control: materials 15% better than spec. il ==
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]UNO PROSPECTS ON SOLAR NEUTRINOS
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JINPING NEUTRINO EXPERIMENT

China Jinping Underground Laboratory D
ta: end ot 2026
- (CJPL), deepest UG lab 1n the world e —

Cavity ready, construction soon
Acrylic vessel ~10 m diameter 500 m3
Target density +/- 20% (w/r to water). Start
with water, then possibly slow-LS, LiCI-LS or
Tel.S or NdLS

e Currently testing new PMTs and electronics at

1 ton prototype
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POSTERS 578/ L. LEBANOWSKI, 596 / T. KAPTANOGLU

Hybrid Cherenkov+scintilation detection

FastPMT

combines high light yield and directionality il

Angular Res. (deg)

R&D on Cherenkov/scintillation separation: ey
fast sensors, slow scintillator, dichroicon

(ANNIE, EOS, BUTTON)
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of vacuum/matter transition region.
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OUTLOOK

Brilliant (pun intended!) history of solar neutrino physics 1s not over yet
New/recent results from Super-Kamiokande and SNO+
SK: high stats, low threshold, day/night provide strong constraints on oscillations
SNO+: lowest backgrounds for 8B v >5 MeV 1n water, new results for 8B ES 1n scint.,

first indication of CC reaction on 13C, new results with reactor antineutrinos
Future very large detectors

huge increase 1n stats: upturn, day-night, possible observation of hep (HK, DUNE)

future liquid scintillator detectors will improve at low energies too, with varied strategies
large volume, high purity (JUNO)

deepest location and scintillator loading (JNE)

directionality (Theia)

topology discrimination and scintillator loading (CLOUD)
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DIRECTIONALITY IN SCINTILLATOR

SNO+ Collab., Phys.Rev.D 109 (2024) 7, 072002 | 1~ . £.0m partial fill and eatly

Slow scintillation leads to good separation scint phases (23 and 15 kt-days)
between Cherenkov and scintillation photons = [ret. 7]

Early data with low PPO (0.6 g/L)
Reasonable light yield (300 pe/MeV)

Slow timing T = 13. 5 ns (tirst comp.)
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First event-by-event
reconstruction of direction in

high light yield scintillator !
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Likelihood ratio:
Fiducial volume: R< 5.3 m
Prompt energy: 5.0 < E (e) < 15.0 MeV
Delayed energy: 1.0 < E (e*) < 2.2 MeV
Delta R<1m
0.01 < Delta T < 60 min
Likelithood ratio > 4

1 0—43

Observed events prompt
energy: 10.7 and 8.1 MeV
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SNO+ SOLAR WATER PHASE
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