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Nucleon decay search

« Nucleon decay (signal events)

* Observe particles from the decay of
nucleons in water

« Observe ~1033 nucleons for ~10 years
— explore the lifetime up to ~1034 years

« Cosmic ray muons (background)

« Atmospheric neutrino (background)

e Large flux in the energy near the nucleon
decay

« Major background of nucleon decay
« About 10 events/day in SK




Atmospheric neutrino

 Neutrinos are generated in the atmosphere.

 The energy is correlated with the cosmic ray.
—Large flux around 1 GeV.

« Events are classified into several categories to make the

effect of the oscillation apparent, and parameters are fitted.
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New results from Super-Kamiokande

 Nucleon decay analysis
« Published: p - I*n
e p-o>vnt andn - vr
e n - vK°
*poutX
* ppp > ettt

0

 Atmospheric neutrino oscillation analysis
« Published: oscillation analysis with ntag and expanded FV in SK-| to V
 Published: SK+T2K joint oscillation analysis



Search forp - vrt and n » vir®
p

PRL 113 121802 (2014)

1

A Particle Production |

e Select events by using pion mass and momentum.

- Sensitivities with spectrum fit
» Expanded fiducial volume (Dyyay > 2m — 1m) C
e The last publication is PRL 113, 121802 (2014) 02

* Increased statistics: 0102 03 04 03 06 o7 a3 09 1
SK-1 to Il (172.8kton-yr)—SKI-V (484.9kton-yr)  pro 95012004 (2017)

« Updated physics model (7 FSI)
e Increased 9 absorption (~30%)

. Estimation of systematic uncertainty, which was &
not taken into account in the previous analysis.
« NC/CC ratio in ATM v has impact on sensitivity.

7 Initial Momentum (MeV/c)
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Search forp - vn* and n - vr®
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e p > vyrT: > 3.5 %1032 years (paper in 2014: 3.9 x 1032 years)

en - v > 1.4x1033 years (paper in 2014: 1.1 x 1033 years) 7



Search for n » vK°

» Select events by using K2 invariant mass

« Major K2 decay mode is K2 — ntitv,.
—cannot reconstruct invariant mass

 The box cut analysis in the last publication
(PRD 72 052007 (2005)) but larger BG
— Use spectrum fit for this analysis

e Increased statistics:
SK-1 (1489 days) — SK-Ito V (6511 days)

 Improved m* reconstruction

e Lifetime limit > 7.8 X 1032 years
(updated from 1.3 x 1032 years)
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Search forp -» u™X

Events

e« X is a massless, neutral and
invisible particle.

« Sensitivities with spectrum fit

* The last publication:
PRL 115 121803 (2015)

e Increased statistics:
SK-I to partial IV (4438 days)
— SK-lto V (6511 days)

e Lifetime limit is 6.1 X 1032 years
(updated from 4.1 X 1032 years)
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Search for ppp » etn*n™

« High energy pions make many secondaries
due to hadronic interaction and make
reconstruction complicated.

* Image classification based on CNN
(MoblileNet v3) using Mercator projection

* Preselection cuts:
« Events in the fiducial volume
500 < visible energy < 2800 MeV
« Number of rings=3or4d
« Michel electron count=1 or 2

Event display (simulation)

1.0
- 0.8

- 0.6

Event 1

0

25

50

75

100 g

Charge

125
-0.4

|

200

0 50 100 150

Mercator projection 10



Search for ppp » etn*n™

SK Period Comparison Table

CNN Output for SK4

101

Event

109

1071

— ATM-v: MC
10?1 —— Signal: MC
---- Best Cut

§  ATM-v: DATA
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Machine Learning Output
true positive rate

15

20

\/ true positive rate + true negative rate

o o o
I o)) [

Normalized Score

o
(N

0.0

SK Efficiencies [%] Background Events Cand. Count
FC Eff: 95.30 + 1.50 FC: 11595.76 + 9.50

SK1 | Pre Eff: 81.35 4+ 1.31 Pre: 524.72 + 1.98 0
ML Eff: 25.91 + 0.64 ML: 0.41 + 0.06
FC Eff: 94.75 + 1.51 FC: 6366.20 + 3.00

SK2 | Pre Eff: 80.85 £+ 1.32 Pre: 189.15 + 0.65 0
ML Eff: 22.80 + 0.63 ML: 0.19 + 0.02
FC Eff: 94.30 + 1.51 FC: 4229.20 + 3.00

SK3 | Pre Eff: 80.35 + 1.32 Pre: 129.05 + 0.65 0
ML Eff: 25.67 4 0.63 ML: 0.13 £ 0.02
FC Eff: 94.49 4+ 1.49 FC: 24973.11 £+ 20.45

SK4 | Pre Eff: 81.31 £+ 1.31 Pre: 1207.34 4+ 4.43 1
ML Eff: 25.75 4+ 0.64 ML: 0.92 £+ 0.09
FC Eff: 95.23 £+ 1.50 FC: 3568.76 + 2.94

SK5 | Pre Eff: 81.23 + 1.30 Pre: 170.64 + 0.63 0
ML Eff: 25.90 + 0.64 ML: 0.12 £ 0.01

e Lifetime limit: > 4.2 X 1032 years
« Reference: >1.2x 1026 years (GERDA, EPJC 83 778 (2023)) 11



published paper, PRD 109, 072014 (2024)

Atmospheric neutrino oscillation analysis
w/ ntag and expanded

ncluding the last SK phase with
hure water (SK-1 to V).

Neutron tagging (H capture).

« Resonance appears in v with 10
(opposite to neutrino mode).
— y/v separation contribute to MO.

« New multi-ring selection

« Expanded fiducial volume
(Dwall >/2m — 1m>
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published paper, PRD 109, 072014 (2024)

Atmospheric neutrino oscillation analysis
w/ ntag and expanded FV in SK-I to V

e Result with constraint

16—

145_ SK IV expanded FV _ Sinz 813 = 0.0220 x 0.0007

- — Data fit [ Inverted (PTEP 2022 083C01 (2022))
12:_ ---MC expectation [ Normal :

: « Best fits:

* Ocp~—m/2

* AXfo-n.0.~5-69

e Am5,~2.4 x 1073 eV?
* sin“ 0,5 ~0.45

N TR  Rejection of the inverted
T -2 0 /2 T mass ordering is about 92.3%.

13



published paper, PRL 134, 011801 (2025)

SK+T2K joint oscillation analysis

[ ) WTE
« 2K is sensitive to Dirac CP. et ——
. 4-‘ g m below sea level ’ . \’ -
« SK is the far detector of
the long baseline. = |

« Atmospheric neutrino analysis is sensitive to mass ordering.

« Dirac CP phase and mass hierarchy degenerate on v, /7,.
—Joint fit among SK and T2K give better constraints.
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published paper, PRL 134, 011801 (2025)

SK+T2K Jomt oscMIatlon ana ySIS
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« Atmospheric v sample: SK-1 to |V (3244.4 days)
« 1.9 0 exclusion of CP conservation
e 1.2 0 exclusion of the inverted mass ordering.
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Summary

« Published paper:
« Search forp - I*n
« Oscillation analysis with neutron tagging and expanded FV in SK-1 to V
« Joint oscillation analysis (SK+T2K)

« \Various proton decay modes were searched utilizing spectrum fitting.
« p o> vrt: 3.5x10% years
e n - v 1.4x1033 years
e n - vK?:7.8%x103% years
e p - utX:6.1xX10% years

* ppp - eTn 't was also searched using CNN for the complex hit
patterns by high energy pions.

e Lifetime limit at 90% CL: 4.2 x 1032 years
16



Backup

17



Final sample in ppp —» et analysis

» One event in the final sample (SK- = st ..

Inner: 3893 hits, 14391 pe

V) with 29.8% Poisson probability @i
e Three electron-like )

 One Michel electron

e Total invariant mass 1.289GeV

e Total momentum 889 MeV

« CNN prediction value=6.20 (>6.12)

18



@ Images processed by a
model combining
CNN and attention.

@ Convolutional layers
extract features;:
attention identifies
feature relationships.

@ Enables the model to
recognize
inter-feature
connections gradually.

Input Operator exp size #out SE NL s
2242 x 3 conv2d - 16 - HS 2
1122 x 16 bneck, 3x3 16 16 - RE 1
1122 x 16 bneck, 3x3 64 24 - RE 2
56° x 24 bneck, 3x3 72 24 - RE 1
562 X 24 bneck, 5x5 72 40 - RE 2
282 x 40 bneck, 5x5 120 40 v. RE 1
282 x 40 bneck, 5x5 120 40 v RE 1
282 x 40 bneck, 3x3 240 80 - HS 2
142 x 80 bneck, 3x3 200 80 - HS 1
142 x 80 bneck, 3x3 184 80 - HS 1
142 x 80 bneck, 3x3 184 80 - HS 1
142 x 80 bneck, 3x3 480 112 v HS 1
142 x 112 bneck, 3x3 672 112 v  HS 1
14 x 112 bneck, 5x5 672 160 v HS 2
72 x 160 bneck, 5x5 960 160 v HS 1
7% x 160 bneck, 5x5 960 160 v  HS 1
72 x 160 conv2d, 1x1 - 960 - HS 1
7% x 960 pool, 7x7 - - - - -
12 x 960  conv2d 1x1, NBN - 1280 - HS 1
12 x 1280  conv2d 1x1, NBN - k . . .

Table: MobileNet V3 Architecture

19
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& 8 8

External BG Vertex Dist. (after)
:CR-u (70% further rejected)

v :PMT Flasher :
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< >

- Enlarged region:

100 200 250

300
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published paper, PRD 110, 112011 (2024)

Search forp - I™n B ® 0

A

* The last publication: /

PRD 96 012003 (2017) ®» ®
* Increased statistics:

SK-I to partial IV (5145 days) J— T e

— SK-I to IV (6050 days) o - L
» Updated physics model :F N » "

(nN cross section) S oaf

 Reduced uncertainty to o0 e
signal efficiency ~30% — ~10% 8 o0t
0.02F-2
A ST

P, [MeV/c]



published paper, PRD 110, 112011 (2024)

Search forp - [*n

0 p-e'n (2y) p-u'n (2y) p-e'n (3m’) p-pn (3°)
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S e S A SR
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§ 10 =ccc=c=cE =SS ccc=C@=FSSSSZZZZ3=3FSZZSZZ2=35255
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¥  [-------C---J-CC-CC-CCC-C-}-C--C-C-C-C-C-f-C--C----ZZoo]

i E i i
A1A2A3A4A5A6A7 ABA9 A1A2A3A4A5A6A7A8A9 B1 BZ B3 B4 B5 BG B1 BZ B3 B4 BS BG

|_|fet|me ||m|t Event Selection
e etn: > 14.0 x 1033 years (updated from 10 x 1033 years)
e utn: > 7.3x1033 years (updated from 4.7 x 1033 years) 22



Atmospheric neutrino oscillation analysis
w/ ntag and expanded FV in SK-I to V

ey 16 —  16p—
L SK IV expanded FV ] S e E
145 — Data fit [ Inverted 1 14; e 14E .‘
12:_ --- MC expectation [l Normal 7 12: Y 12:_ _
- L 1 10f
<8 1 S8
6 - 6F
4 1 4
2[68% N : 2F
0 2 2.5 3 0 0.4 0.5 0.6
2 -3 2 5
|Am32,31l (10 eV?) sin“0,,

23
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