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The “Kamiokande” series (1983-)

Started as Kamioka Nucleon Decay Experiment
to test GUT predictions on proton lifetime (minimal SU(5): ~1031 years)

KamiokaNDE Super-Kamiokande Hyper-Kamiokande
1983-1996 1996-present

3 kton water
(~1033 protons)

50 kton
Discovery of
Supernova v

First evidence of 260 kton

(1987) v mixing (1998) ? 4




Nuclear fusion r/K/u decays Artificial /K decays
in the Sun in the atmosphere in the accelerator

10,100] GeV
)-12,000 km



Super-Kamiokande detector

.jz'- ~11,000 inward PMTs on tank wall
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Typical v event 0.6 GeV D, +p — /1 +7

VAVIRVAID
via n final state in v CC

SK-VI MC: 7, CCQE, E, = 0.63 GeV

In water, n+p = d +
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Standard 3-flavor mixing framework

Mixing angles: 812, 23

Neutrino mass splittings:
(Ami? = Mi2 - M)

CP violation: sin 6cp # 0?

Neutrino mass ordering:

Am+22, |[Amz32|

mi<mz<«mas (normal)

or mz<mi<msz (inverted)

Test of the Standard Framework

Neutrino mixing studies @ SK

Solar

Atmospheric
+ Accelerator

(T2K)

Non-standard interactions, Non-unitarity, Lorentz violation, etc.



Solar v mixing (ve,vy) - (V1,v2)

sin2812 = 0.307+0.012 (612 = 33.4°+0.7°)
Amg12 = 7.50+9:1910-5 eV2

-0.18

C\l> s?z(gm)ig_g; 2405)281 ; ﬁﬂg‘fg'%ﬁ? 18232 sin®(©,,)=0.0218+0.0007
ng sin229123;0:307;0:012 Am§;§7:5o{§f?é;10'5ev2 PRD 1 09! 092001 (2 024)
N;a Solar
<0 (SK + Global data)
1 50 Reactor
(KamLAND)
Combined

, 052468
sin(0,.) Ay
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Atm. v mixing (vy,Vvq) - (V2,v3)

Sin®623 = 0.4517y (823 =42.2°77) Assuming Normal MO

|Ama322| = 2.40:00710-3 eV2  with 813 constraint

No conclusion on whether B623211/4

Normal ordering, 90% C.L.
MINOS/MINOS+ 2020
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Solar/atm. v also prefers 01320

Solar Atmospheric

Inverted MO
Normal MO

sin?(©,4)=0.010%3.3%
§in®(0,5)%0.032:3:32}
sin?(©,5)30.03079915

002 004 006

)3 04 _ 052468 L
sin“0.,

Sin“(042) Ay

PRD 109, 092001 (2024) PRD 109, 072014 (2024)

Without shorter baseline reactor data constraint



Neutrino MO and CP phase 6

Normal MO favored at 92.3% CL

Ocp = -1.75%0.7¢(-0.56:02¥11) (assuming Normal MO)

SK |-V expanded FV
— Data fit ] Inverted

- -- MC expectation [ Normal

PRD 109, 072014 (2024)
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Effective mixing in matter

a.k.a Mikheyev-Smirnov-Wolfenstein (MSW) effect

CC coherent scattering with electrons in matter induces
effective potential « electron density ne, for ve only
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Atmospheric Neutrinos

Normal MO (m1,2<ma3)

P(v, = V)

Inverted MO (ms<m1 2)
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Atmospheric Antineutrinos

Normal MO (m1,2<ma3)

= [GeV]

Inverted MO (ms<m1 2)

Resonance
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Resolving the degeneracy

Pros Cons
9 Atm.v Sensitive to VMO v and V mixed
Acc. v v and v separated CPV-vMO degeneracy
True Normal MO True Inverted MO

SK+T2K Preliminary Sensitivity SK+T2K Preliminary Sensitivity
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T2K+SK joint fit

Joint framework of interaction model, systematics, analysis
SK atm. v final state predictions constrained by T2K near detector data

SiN2053 = 0.468+0.196 (B3 =43.2°462
= ‘oz (928 5) opC disfavored by ~20

[Amgz?| = 2.52+0.048 103 g\/2

-0.058

PRL 134, 011801 (2025)
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AB=1

Baryon number violation

Baryon number is an accidental global symmetry in SM

GUTs predict B-violating processes, e.g.

Non-SUSY GUT

T ~ Mx4

IAB|=2

e+

T

SUSY GU
q q
gl
NI
q

T ~ Mu2Msusy?

Dinucleon decays
n = n oscillation
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Atmospheric v BG

Signal
(e.g., p—etmo)

Atm v BG
(e.g., 11 production
via nucleon A resonance
w/wo 11 charge exchange
within nucleus)
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Example: Search for p— e+ (eyy)

Events with two/three e-like rings; if three rings, two should form 1% mass
+ no detected neutron

0.8-1.05 <0.25

+—>

Data PRD 102, 112011 (2020)
Atm. v BG

Y 2/

V i |
7

Total invariant mass [GeV] Total 3-mom [GeV/c]

No event found; Set 1/B>2.4x1034 years (90% CL)
For other modes as well, we have not found excess over BG yet




See this article for summary of SK BNV searches
P S B Dev et al., J. Phys. G: Nucl. Part. Phys. 51 033001 (2024)

“minimal SU(s) [ESSUECTP i T

minimally extended SU(5)

minimal SUSY SU(5)

SUSY flipped SU(5)

SO(10): Mint= G3221p

minimal SO(10): Mint= Ga22p
SUSY SO(10)

SUSY SO(10) in 6D

Es: Mint= Ga221p

m i Es Ii i ‘és lés iiEsi Mint= G3zzz —> G321
N B

WHEISUSESIIGN Super-K (ruled out)
SUSY SU(5) [CMSSM: c+0]
SUSY SU(5) [
mini-split SUSY S
extended SUSY
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2019 SUSY SO( 1\_(_))
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https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.102.112011.pdf
https://indico.cern.ch/event/754031/contributions/3578554/attachments/1928723/3199003/BLV19-SKpdecay-191018-upload.pdf
https://agenda.infn.it/event/33778/contributions/207784/attachments/111307/158774/Mine_NDK_overview_NNN23_document.pdf

Search for p— vt and n—vr°

One p-like ring Two e-like rings with mp

Large atm v BG, bump search based on pr ~460 MeV/c

p— VIt n—vro

—e— SK -V data
— ATM. v + p—vr* MC (best-fit)
771 90% CL allowed p—vr*
90% CL allowed p—vn* (x5)

(1 Michel-e sample)

—e— SKI-V data
—— ATM. v + nvr® MC (best-fit)
77771 90% CL allowed n—vn°

90% CL allowed n—vn® (x5)

>3.5x1032y

Events

0
200 300 400 500 600 700 800 900 1000

0 —
0 100 200 300 400 500 600 700 800 900 1000

Reconstructed py [MeV/c] Reconstructed pro [MeV/c]

No excess over found

Paper in preparation oo



Recent Gd loading
for neutron detection




Gadolinium to water

Gadolinium has the highest thermal neutron capture efficiency,
with 8 MeV y-radiated energy per capture (~90% are detectable)

X 4
pe
7
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TH(n,y): 2.2 MeV

~8 PMT hits

155/157Gd(n,y): ~8 MeV

~30 PMT hits
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Gd conc.| H(n,y) | Gd(n,y) | n efficiency
- 12 No dat
1996-2008 yrs ) ~100% ) O data
2008-2020 12 yrs ~20%
2020-2022 2yrs | 0.01w% | 55% 45% ~50%
2022-present 3+yrs | 0.03w% | 30% /0% ~75%

If SK operates until 2028, we will have 8 years of Gd data
(1/3 of 24-year pure water data)
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Neutrons for v MO and CPV test

All plots work in progress with SK simulation

Sensitivity

True 6cp = 311/2
Normal MassOrderlng

: MC: Sub-GeV (FCFV)

— - ff|C|cy
V/V ID o ', 80%
0% |
Assume
Inverted I\/lO
=) éSub—GeV
>, B
~ B
LLl REe
Hadron o i
calorimetry -3
N
=
~N

+10 years of operation
Neutron counts (without n calorimetry)
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Neutrons for diffuse supernova v

v,p — e*n -like events

SK-VI+VII observed data (956.2 days)
Atmospheric-v (non-NCQE)
Atmospheric-v (NCQE)
Spallation °Li
Reactor-v
Accidental coincidence

----------- DSNB (Horiuchi+09 6-MeV, Max.)

SNANNNN

Diffuse Supernova v
Background (DSNB)
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» Requwes accurate estlatlon o ,
| secondary n production
in atm v CC/NC events |
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Measured neutrons in atm. v events

PRD 112, 012004 (2025)

Single-ring Multi-ring

hN + BERT
---- hN + BERT_PC
—— hN + INCL_PC
INCL + BERT
— INCL + BERT_PC
— INCL + INCL_PC

Mean n count

Data
MC

Visible energy [MeV]

Cascade + Evaporation models’ variability large, up to ~60%

+ larger 1t production

Best model* (INCL+BERT_PC) agrees with data within ~10%

* GENIE 3.4.0 G_18a_10c_02_11b (INCL) for v-nucleus interaction 29
Geant4 Bertini cascade (BERT) + Precompound (PC) for secondary hadron inelastic interaction



Super-K Status and Prospects

Super-Kamiokande during its ~30 years journey
has contributed to providing world-leading constraints
e.g., large 612, 823, mass gaps Amo12~10-5, Ams22~10-3 eV?2,

Latest results prefer Normal vMO and CPV at 1-20 level;
Plus, SK has set most stringent limits on many BNV modes
(flagship p—e*1® mode 90% lifetime limit /B~1034 years)

Since 2020, SK has loaded Gd to enhance “neutron tagging”

that is important for v reconstruction and atm v BG reduction.
Neutron simulation in SK is getting more accurate than ever.

Stay tuned to SK v oscillation and astrophysics results with Gd!

30



Backup



Neutron signal ID

(Step 1) PMT trigger (Step 2) Neural network

Nyitst Candidates Noise vs. binary classifier

based on PMT hits and their corr.

t 103
101_

107"

Candidates / event

103

. . 00 02 04 06 08 1.0
Radioactivity (. y) likelihood



Standard 3-flavor neutrino mixing

Ve Uel UeZ Ue3 Uy
U,M — U,Ltl U’uz U’u3 1/2
2 U, U, U;|]\¥3
i e 5;; = sin 6
c;j = cos b
I 0 O c; 0 spe ™| (cp, s, OY(1 O 0O
U=|0 ¢33 53 O 1 0 —s1y ¢pp 010 e 0
0 323 (23 _Sl3ei5 0 C13 0 o 1)'0 0O e’
Majorana
phases

3 mixing angles 612, 813, B23
1 phase 0
2 diagonal phases n
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v flavor transition probability in vacuum (Energy E, Path length L)

y)
‘Z U, U* ‘lﬁbf‘ — mZL/ZE Q“ﬁ— U U*U*Uﬁ]

P(U—a éiﬂ) at = gi ~aj

_ Am2L AmAL
=I5 I-4 ) Re(Q*)sin? | ) Im Q“ﬂ sin J
|4 2 Re@)sin® —— u 2;, (@ )sin—

i>]
Dominant oscillation Imaginary U =2 CPV
Aml%L

2F

Unitarity

|Am+22|, |Am232] +2Jcp Z sin
sensitive to distinct L/E i>j
(solar, reactor, atm/acc., etc.)  Jop = €12512C23523Ci3515810 &

2-flavor approx.

Am?*L!  Insensitive to the sign of Am?2
AE (€.9., mi>mj or mi<m)

Py, — vp ~ sin” 20sin”
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We find parameters that best fit the observed oscillatory signatures

Solar v Atmospheric v
(small variation in L, E) (large variation in L, E)
Charged lepton energy Charged lepton energy,
as a proxy for neutrino E Zenith angle, or BOTH
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Resonance in matter

In 2-flavor case,

Am* (_cos20+ ¢ sin20 4E
H = — — = 2G
flavor = 4 < sin20  cos 20 “ T Am? V26,

~ 1 | | -
= U—diag(——Am?, —Am?) U’
2FE 2 2
Effective mixing angle tan 28 = — 20
cos20 ¥ €

Effective mass splitting A = Amz\/ (cos 20 F €)* + sin* 0

~/

Maximal mixing (€ = z/4) occurs when e(n,,, E) = cos 20
for v with normal MO (Am2>0) and v with inverted MO (AmZ2<0)



3 : ' ' '
Flavor structure: weak interaction eigenstates

- d ®s °b
d’ ]
s’ I
o’ I

quark mixing

leptonic mixing

Slide from Mu-Chun Chen @ 2022 Conference

mass eigenstates




n efficiency increase with more Gd

Gd
Pure water period 0.01w% 0.03w%

< > < > <

Mean (n,y) signal count

2010 2012 2014 2016 2018 2020 2022

Year
Mean (n,y) counts per fully-contained atmospheric v event is monitored
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Our first v mixing result (1998)

Vacuum 2-flavor model
0 ~ 33-58°
Am2 ~ 10-4-10-3 eV?

®

Number of Events

N
o
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Number of Events
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(&)

T. Kajita @ Neutrino 98
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