Solar Neutrino Interaction
Rate <3.49 MeV in SK-IV

Alejandro Yankelevich
for the Super-Kamiokande Collaboration

8UPER U c I (

New Physics Opportunities at Neutrino Facilities Workshop - May 27, 2026



The Solar Upturn
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Super-Kamiokande

50 kton water Cherenkov detector 1 km
under Mt. lkeno, Japan.

* 11,129 20” PMTs detect Cherenkov light.

* Two independent triggers in DAQ:
software trigger and WIT.

* Wideband intelligent trigger (WIT) is a system of
CPUs that conducts online event reconstruction
and triggering to preserve lower energy events.
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Phys. Rev. D 109, 092001 Elastic Scattering
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* As a water Chrenkov detector, Super-K observes B solar
neutrinos through elastic scattering on electrons.

* Recoll electron preserves direction of neutrino. = Can use direction to
identify solar neutrinos.

 Most recent analysis uses SK I-IV (5805 days total, 2970 in SK-IV).

« SK+SNO: 2.1¢0 significance against flat ve survival probability.
Pee spectrum quadratic fit
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Sources of Background

Radium-226 Decay Chain

138 d

<6 MeV, radioactive impurities is
largest background.

 Radon gas from mine enters detector.
214Bj 3-decay (3.3 MeV Q-value).

* Water current/temperature carefully
controlled to create still, clean region.

 PMT glass 208T]| By-decay (5.0 MeV
Q-value, 2.2 MeV y).

events/day/bin

 >6 MeV, cosmic ray muon
spallation radioactivity dominates.

 Hadronic showers on 80O produce
16N, 5-decay seconds later, meters o 50 100 150 200

r3[m’]
away from traCk' 3.99 MeV - 4.49 MeV background distribution.

Black line is tight fiducial volume cut.
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Lowering Energy Threshold

34 hlts 31 hits
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* Several attempts to improve trigger
efficiency near end of SK-IV.
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» Software trigger “SLE” (super lower
energy) threshold lowered from 34 hits
to 31 hits.
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* July 2015: WIT system introduced.
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SLE trigger efficiency vs time. vear

e |In <3.49 MeV WIT data after first
reduction, ~10/ radioactive
background vs =5 solar events per
day.
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* Need further background rejection to — Frovigge
observe signal in upturn region, =10x : —orone
more per MeV.
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Reconstructed electron kinetic energy [MeV]

WIT trigger efficiency vs energy.
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Machine Learning with PMT Hits

 Worked with water Cherenkov
machine learning (WatChMal)
group to explore various ML
methods for event selection.

Phys. Sci. Forum 2023, 8(1), 63

e ResNet CNN

* Trained on event display images.

e 2D images distort 3D cylindrical
geometry.

* ResNet50 performed best.

e Graph Neural Networks

e Trained on PMT positions in 3D
connected by k-nearest neighbors.

 DyEdCNN performed best. Learns
optimal graph structure.
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https://doi.org/10.3390/psf2023008063

Machine Learning with Variables

* Trained boosted decision trees
(BDTs) on reconstructed variables ‘/ T
used in solar analysis. fiiih Jiik?x fﬁik%
* 6.8Xx background rejection vs previous \ /

selection cuts in 2.49-3.49 MeV Exin.

1 x 19 variables PMT hit graph

* Also tried “hybrid” methods with e

DyEdCNN
both PMT hit and variable inputs.
Transformed graph
 Feed network score to BDT. ST
1x 16"\/ector * 1 x 16 vector
 DyEdCNN to embed PMTs, NN to
. . . i
embed Varlab|eS, COmbIne IntO NN fOr 3 linear layer NN
classification. 2o oton
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Final Selection / Signal Extraction

» 3 datasets to cover full 2970 day SK-IV phase.
* SLE 34-hit period (2047 days)
* SLE 31-hit period (305 days after excluding WIT)
 WIT (618 days)

* Apply cosmic ray muon spallation cut and basic data quality cuts.

» Create “shapes” in cos(f,,,,) = d - § for signal and background.

* Polynomial fit to solar MC distribution.

« Data-driven background shapes with two alternative methods:
“Standard” and “Scramble”.

e “Solfit” maximum likelihood fitter determines number of signal
and background events based on data and shapes.
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Systematic Uncertainties

 Background shape dominates systematic uncertainty.

 Compare two calculation methods. If S:B is small, small
differences around solar peak have large effects on fit number
of events.
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Error Source WIT | 34-hit SLE
Background shape | 11% 42%

Events / day / bi
o
a
|
|
|
|

Trigger efficiency 8.6% 16% 0500 17 [ L L] [+ £
g? — gg fit goodness | 2.1% 2.1% e T L e
0.48F ! 7
Energy scale 4.5% 10.4% R e R E
Total uncorrelated | 14% 45% 046EL + RS
Tota,l 15% 46% 0.45 g_ mmm Standard Background _;
0'4—413 | I—()lf:’; | I—0|6I | I—0|4I | I—0|2I | I0.|0I | I0.|2I | I0.|4I | I0.|6I | IO.|8I | 41_.0
i ifi i i i Cos(esun)
Slgnlflc?rltt zystedmatlc error so:thceds including energy- Example background shape method comparison.
uncorrefated and energy-correlated errors. (84-hit SLE with multiple scattering goodness

(MSG) 0.35 - 0.45)
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Interaction Rate Results

“Multiple Scattering Goodness”

(slide 18)

Dataset Eyin Bin MSG Bin | Exp. (Unosc.) Obs. Obs. /Exp.
2.49-2.99 MeV |  0-0.35 41 —4574¢ —1.1+1]
2.49-2.99 MeV | 0.35-0.45 71 —13138 —0.18+268
2.49-2.99 MeV |  0.45-1 115 49+31 0.421047
WIT 2.99-3.49 MeV |  0-0.35 247 637193 0.257042
2.99-3.49 MeV | 0.35-0.45 362 6470 0.17+05%
2.99-3.49 MeV |  0.45-1 467 276752 0.591939
2.49-2.99 MeV 0-1 227 25783 0.1119%%
2.99-3.49 MeV 0-1 1077 4571139 +£ 69 | 0.42570 115 £0.064  2.660
2.99-3.49 MeV |  0-0.35 230 85790 0.371038
SLE aapi | 2997349 MeV | 0.35-0.45 356 151188 0.42+32
2.99-3.49 MeV | 0.45-1 506 305 0.0610 18
2.99-3.49 MeV 0-1 1092 2131195 £98 | 0.19670152 £0.090  1.250
2.99-3.49 MeV |  0-0.35 70 —61728 —0.861958
SLE aLpy | 2997349 MeV | 0.35-0.45 99 73748 0.73104
2.99-3.49 MeV |  0.45-1 121 ~84 —0.07+9:34
2.99-3.49 MeV 0-1 291 2377 0.0810 20
WIT+34-hit | 2.99-3.49 MeV 0-1 2169 667 195 £ 143 | 0.30710 090 £0.066  2.760

Measurement + stat. + syst.

Compare observed rate to expected without oscillations using SNO results.
Obs./Exp. = 0.44 for no upturn (1.20c deficit), 0.47 for SK best-fit (1.47c deficit).
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Interaction Rate Results
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Compare observed rate to expected without oscillations using SNO results.
Obs./Exp. = 0.44 for no upturn (1.20c deficit), 0.47 for SK best-fit (1.47c deficit).
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Summary and Future Sensitivity

* Applied BDT and incorporated WIT data to lower Super-K
solar analysis energy threshold.

« 2.760 solar neutrino signal indication in 2.99-3.49 MeV Exin.

* Will need higher energy threshold (=3.99 MeV) during later
SK phases due to radioactive impurities in Gd2(S0Oa4)s.

* Primary goals of future SK solar analyses are day-night
effect (currently 3.10) and hep neutrino search.

Paper approaching publication, arXiv.2512.19887
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https://doi.org/10.1103/yz79-h758
https://doi.org/10.48550/arXiv.2512.19887

Backup
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Super-K Phases/Datasets

 SK-1V is longest phase with low background levels and
Improved electronics.

o SK-Gd starts with SK-VI. Gadolinium added to improve
neutron detection (from Ve inverse beta decay).

PMT implosion—DK-1
New PMTs ~_ SK-11
New elec. \SK—HI

WIT starts
July 2015 >SK-IV

SK-V
Gd2(SO4)3 .
Dissolved SK-VI

Coil trouble,  SK-VII

fixed

Phase | Duration ID PMTs | Photocoverage | Gd (% w/w)
Apr 1996 — Jul 2001 (1496 days) | 11146 40% 0
Oct 2002 — Oct 2005 (791 days) 5182 19% 0
Jul 2006 — Aug 2008 (548 days) 11129 40% 0
Oct 2008 — May 2018 (2970 days) | 11129 40% 0
Feb 2019 — Jul 2020 (379 days) 11129 40% 0
Jul 2020 — Jun 2022 (552 days) 11129 40% 0.01
Jun 2022 — Sep 2024 (596 days) 11129 40% 0.03
SK-VIII | Sep 2024 — (505+ days) 11129 40% 0.03
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Radioactive Decay Tables

TR WWW Table of Radioactive Isotopes
| WWW Table of Radioactive Isotopes * P
- 208

214 Tl

g3 Bl 131 g1 11427
Half life: 199 m4 : ife: 2(35)3 m 4
Jp: 1- : .
b : e
S (keV): 5.24E3 sy ' : :

. Prod. mode: Naturally occurring
Prod. mode: Naturally occurring T L

ENSDF citation: NDS 76,127 (1995)
Literature cut-off date: 1-Jun-1995
Author(s): Y.A. Akovali

References since cut-off: 214Bj decay from 1995-98 (NSR)

ENSDF citation: NDS 47,797 (1986)
Literature cut-off date: 1-Dec-1985

Author(s): M.J. Martin

Update: 23-Apr-1997, R.B. Firestone

References since cut-off: 2087T] decay from 1997-98 (NSR)

Decay properties:
Mode Branching (%)  Q-value (keV) Decay properties:
b- 99.979 1 3272 11

Mode Branchi % -value (ke
a 00211 5616.8 10 ng (%) < V)

b- 100 5001.0 17
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BDT Inputs

e nhit: number of PMT hits

* bsvertex]r, z]: position of offline reconstructed vertex via Variable Importances

BONSAI (bs) o
* bsdir[x,y,z]: direction unit vector bsovaq
* bswall: closest distance from vertex to ID wall bswall
e poswallx,y,z]: position of intersection with wall along bsenzrtgfi
reverse of direction vector MSG
* bseffwal: distance between bsvertex and poswal bsclik

bsvertexz

* dtfv: closest distance to tight fiducial volume boundary <diry

 val_poly: value of 2D polynomial fit to background vertex  bsgood
positions in r2 and z bsvertexr

* bsenergy: reconstructed total event energy p°SV:’:;
* bsgood: goodness of vertex fit, higher for smaller PMT hit  voi_poly

timing residuals poswaly

* bsdirks: hit pattern goodness, lower for better azimuthal pedirks

symmetry of Cherenkov cone

poswalx

bsdirx
* bsovaq: bsgood? - bsdirks? bsdiry

* bsclik: Smallest radius containing one-fifth of the hit | . . . . . . .
. ' 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.17
PMTs, smaller for events originating at or near PMT glass Normalized Gain °

« MSG: Ariadne multiple scattering goodness (see next
slide)

New Physics Opportunities at Neutrino Facilities Workshop - May 27, 2026



Multiple Scattering Goodness

* Quantifies alignment between
candidate candidates.

* Lower energy electrons undergo
less Coulomb scattering.

e Fuzzier cones

* Worse alignment

Low energy event
More scattering

Schematic view of the event direction candidates used to
calculate the multiple scattering goodness. The gray points
represent PMT hits and the dotted circles surrounding them are
the projections of the 42° cones centered around each hit. The
black crosses give the intersection points of the cones. The
vectors from the event vertex position to these intersection
_ points are taken as event direction candidates. The black dot

High energy event shows the event best fit direction and the black solid circle is the

Less scattering projection of its Cherenkov cone onto the inner detector wall.
The intersections will cluster around the event direction.
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ML Methods Performance

P AI I M L m et h Od S O ut pe rfO rm t—ReSNtet’AUC=Ot961t
existing solar analysis cuts. |

— DyEdCNN, AUC=0.973
- BDT, AUC=O.962 -
—— Hybrid GNN/NN, AUC=0.976 |

X Solar Analysis Cuts

e Hit-input methods perform
well for large regions of
ROC curve, but not low
acceptance region.

e BDT matches or exceeds
other methods in low | - N
acce ptan Ce reg io n ]

0.0 0.2 0.4 0.6 0.8 1.0
Signal Efficiency
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Background Shape Calculation

» “Shapes” are predicted cos( d - § distributions for signal and

background.

sun) —

e Signal shape is polynomial fit to solar MC.

* Two data-driven methods for background shape:

. Scramble: cos(0) ) =d, - §; for all possible pairs of event direction d; and solar

direction §j in sample.
- Standard: Polynomial fits to cos(6)), ¢ — toy MC — second fits = project to cos 0,

5.49-5.99 MeV, MSG>0.45 ____zenith 5.49-5.99 MeV, MSG>0.45

= uncorrected data k E 00 (e e
180 — :
' l'u” }[ N 600—
140_:— + .I {;‘“ : :

500

a00F- uncorrected data|-

“ polynomial fit  cos
P y azimut

.........................

ate »

3000 ) -
I reweighed data| °

200

llllllllllll

100

- toy MC calculatlon
120 — _l 1 1 [ 11 1 | 1 1 1 I 1 1 1 I 1 1 1
- | RE 0708 06 04 02 0 02 04 06 08"
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Adapting Systematics Calculations

Event quallty cut

iy
UI
T

£ i)

* SK solar analysis assigns systematic |
uncertainty to each variable used for N o E
cuts by comparing variable in Data vs :
MC with calibration source. :

* Apply Data-MC difference to solar MC GOy

Reconstructed recoil electron kinetic energy [MeV]

variable and observe efficiency change.

—
a
T 1

B eB spectrum } TR S
- =——=Energyscale .
- —— Energy resolutlon }

S
t

 For BDT-based selection, apply same shift

to BDT inputs and observe BDT output cut
efficiency change.

o
T

i

_‘_‘_‘—p

S]]
L I I I | | R

e Extend existing energy-correlated
uncertainty table to 2.49 MeV.

* For energy spectrum fit: use as-is. B S S S T

Recoil electron kinetic energy [MeV]

i Energy correlated systematic uncertainty [%]
|

S
\\t\\

* For solar interaction rate measurement: use Shift method WIT | 34-hit | 31-hit
Shift BDT input up 3.7% | 4.0% | 3.9%

above method for energy scale error on Shift BDT input down | -3.6% | -3.9% | -4.0%
BDT energy input, apply same shifts to bin Shift final evt. Eup | -4.4% | -9.4% | -6.2%

. . Shift final evt. F down | 4.5% | 10.4% | 6.1%
boundaries, assign larger of two effects. it both un PSS vl e
Shift both down 0.9% 5.8% 2.5%
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Dataset Solar Angle Distributions

WIT 2.49 MeV < Ekin < 2.99 MeV WIT 2.99 MeV < Ekin < 3.49 MeV
L L T ||||||II II|III UL L Ty T T T T T
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Energy and MSG Bins

WIT

2.49 MeV < Ekin < 2.99 MeV
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Energy and MSG Bins
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ve Survival Probability Spectrum

 Add Exp./Obs. measurement in 2.99 MeV - 3.49 MeV to SK-IV
spectra, then conduct exponential and quadratic fits to ve survival

probability in neutrino energy.

e Minor effects on fits.

« Slightly narrower confidence region at low energies
Shift in best-fit for exponential

Quadratic Exponential
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