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The SupeKamiokanddetector

A Located at Kamioka, Gifu, Japan
: A Under Mt.lkenoyama(2,700m.w.€)
& v a% _ A Inner detector watched by >11,000 26ch PMTs

Yo = A Multi-purpose neutrino observatory
! B Solar neutrinos

B Reactor neutrinos

A Supernova neutrinos

A Accelerator neutrinos

! B Atmospheric neutrinos
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SK Datdaking Phases

30 years of continuous operation
A 5 pure water phases (6,511 live days)
A 3 SKGd phases (1,600+ live days)

‘0.8

0.6

SKGd era

A 1stloading finished in 2020: 0.011% Gd in water by mass
A 2ndjpading finished in 2022: 0.033% Gd in water by mass

Neutron capture efficiency by Gi
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The
SuperKamiokande
Collaboration

~250 collaborators
from 59 institutes
in 11 countries
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New Results from SK

This talk

A Atmospheric neutrino measurements
A zenith angle oscillation analysis
A L/E oscillation analysis
A unitarity violation search

A Solar neutrino measurements
A solar core size and temperature
A hep neutrino search

A Reactor neutrino measurements
A spectrum and oscillation

2026/6/24

Other presentations at Neutrino 2026

A Supernova Neutrinos in Supdtamiokande
[Talk by Hiroyuki Sekiya, Thursday 11:30 Jam

Lo |

To To o To Do Do Do Do Do Do Io Do Io Do Io Do

Posters]

Neutron capture simulation [Yota Hino, #38]

Supernova neutrino monitor [Guillaunironost #84]
Solarhepneutrinos [Yiyang Wu, #90]

Neutron tagging study [Mablishigamj#102]

K/ ratio measurement [Tomoaki Tada, #217]
Atmospheric neutrino oscillatiofBenJargowsky#225]
M31-2014DS1 coincident neutrinos [Fumi Nakanishi, #228]
Atmospheric L/E analysis [Mariuszrgus #230]
KM3-230213A coincident neutrinoX{ibinWang, #333]
Spallation background for DSNB [Masayuki Harada, #342]
Sterile neutrino search [Yushi Yoshioka, #355]

New results from DSNB search [Saki Fuijita, #360]

Muon study atkamLANRNd SK [Keita Saito, #415]

DSNB search with neural network [Bin Zhang, #424]
NCQE background in DSNB [Licheng Feng, #502]

Solar core size and temperature [Yifan Jiang, #573]
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Atmospheric Neutrinos



Atmospheric Neutrinos .
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Oscillation measurements:
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Atmospheric Neutrinos
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From cosmigay interactions in
atmosphere

A Baseline: 10 km13,000 km
A Energy: MeV TeV

Detected via chargedurrent
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Oscillation measurements:
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Zenith Anglebased Osclillation Measurement

Multi-Ring e-like v, - SK I-VI
| \ |
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Poster by Bedargowsky#225
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Zenith Anglebased Osclillation Measurement

Poster by Bedargowsky#225
Multi-Ring e-like v, - SK I-VI

~ Preliminary i SKAVI:

Fully Contained (FC) 500; +-Data I 3
© B mmoe ; Total exposure: 526.8ton-years

Ev. &7V, CC [NC

(7,075.7 days 27.2kton)

A Full pure water + SK VI (0.011% Gd in weight)

PC Through-going - SK LVI A data binned into samples enhanced in different interactions
1200 w' | E processes
00 L mvce  m@ncc E
a =::§%‘ cc %ECCC B 4 v A 7 “ v P v

i : 2 KIFoQa yS¢ AYy UKAa YSIF adzN
A the addition of SK VI data (+8.8% stat.)
A new MC with updated neutrino event generator

Upward-going Muons (Up-p) PR —— A new neutronbased recon_s_truction for Gd _p_hase (SK V1)

wE | Dralimin A improved BDIased multiring event classifier

0= mee e A’ constraint on multiGeV' -enhanced samples

400 F  Hv.ev,cc OINC

Efforts towards bettet ¥ [ separation, vital for
determination of mass ordering
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2026/6/24 Zhuojun Hu @ Neutrino 2026



] " © " Normal érdering !
constraint SR § Poster by Bedargowsky#225
o y Multi-Ring e-like v, - SK I-VI
' : : g 500 4+ Data -
Key information ofnass orderingcomes from the m.CcC  @Ev.CC

Mv, cC v, cC
WV &V, . CC

0.1

upwardgoing MulttGeVQlike samples
A ' contaminates the same regions

~ Inverted ordering ..
P(Vp_ - Ve) 0.8

0.6
0.4 0.7
0.2 0.6
g
& 0 0.5
o g
-0.2¢ —0.4
1
-0.4 03
-0.6 0.2
-0.8 0.1

2026/6/24 Zhuojun Hu @ Neutrino 2026



] " ' “Normal ordefing fi.
constraint o e Poster by Bedargowsky#225

~ - y Multi-Ring e-like v, - SK I-VI
o | | | :
Key information ofnass orderingcomes from the W \ v P mvee  mm E
upwardgoing MulttGeVQlike samples - h 400 I &v.cC mNe -
A’ contaminates the same regions e ol -
“inverted ordering J.. E
P(v, — V) 08 ]

Improved’ identificationwith a simple NN

A split each multiGeVQlike sample into high or
low’ contamination samples

A D10% improvement to mass ordering sensitivit|y
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SK4VI Oscillation Parameter Measurement

Poster by Bedargowsky#225

20
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L/E An aIySIS at S K Poster by Mariusgirgus #230

, , . . . ! Super-Kamiokande |-VI (7076 days)
Prob’ © ' oscillationsacross >4 orders of magnitude | # 4 Data, high-res. like .
in L/E i- PC Through-going
- - I i
A using SK-VI data, but -like sampleonly 800 - my = ;tljﬁpr';z 1
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i
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S 1.0 10
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L
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T 04 A high resolution samptereconstructed L/E scheme
ool i A low resolution sample:
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L/E Oscillation Measurement

Poster by Mariussirgus #230

IIIIIIIIIIII|IIII|IIII|IIII|I]II

Update from 2024 results: < 32 Normal ordefing, 90% C.L. —

A Introduced anew BDT classifier to separate partially wz i o N&%SZ/B"Z'?OSJ' 2020 4

contained (PC) stopping/througgoing events S T r2R2023 E

A Increased high resolution PC events by 10%he = N R Super-K (zenith) i

. : : . s g4 28+ . *.,, = Super-K (L/E) ]

oscillation region (OFO) pmEIT A6 i . ]

2.6 -

L/E analysis sets a stronger constraintan : i

A high resolution samplereserves the oscillatory 2 4 _

pattern that would otherwise be averaged out in E 3

zenithrangle analysis 221 -

A lose power to determine— octant because - X Super-K (L/E) Best Fit ]
samples are not included 35704 045 05 055 06 065, 07

in2
sin“0,,

Prospect: implement L/E in standard oscillation analysis | /& 44ta fit contour assuming NO, in comparison with zenit
angle data fit, and other experimental results
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Non-Unitarity Analysis

|Uell |U€2| |U33| Sﬁ
o) o)
|Uu1|el - |Uu2|el = |Uu3|
|U‘1,'1|ewr1 |U‘52|316t2 |U‘L'3|

Unitarity violation induced by heavy sterile neutrinos
A 34 too large to oscillate

Expand neutrino mixing matrix
A Unitary: 3 mixing angle + 1 CP phase
A Nonunitary: 9 magnitudes + 4 phases

Measured neutrino mixing matrix w/o imposing unitarity
constraints

A SK41V data, 6,511 days

A Bayesian analysis using MCMC

Cosine Zenith Angle

Preliminary results iGGeneric Unitarity Violation (GUV)
A No restriction on normalizations and closures

*Minimal Unitarity Violation (MUV): normalizations not exceed 1; closures
follow CauchySchwarz inequality.

S.Parke, M. RoskonerganPhysRev.[03(2016)11, 113009
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. external priors from solar/reactdr

. flat priors

PMNS pNU
Pv -V, Pv -V,

AP(v,—V,)=
0.06

0.04

NU: assumingT@ gY s
NC effect included
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N O nU n Itarity An aIySIS Resu ItS Green S.A.R. Ellis, et al., JHEP 12 (2020) 06

Red M. Blennow et al., JHEP 08 (2023) 030
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- = Normalisation

A Posteriors of matrix elements in GUV areagreement
with unitary results.

5 i Emo A Tested allinitarity conditions, all agree with unitary.
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Solar Neutrinos



Solar Neutrinos

Ip‘pl B Be Ipépl T @GN0 B ‘IHep 510;0
T " 410
o R R R . ; R rans_l ion 108
LyiSyasdte 3ISYySNIGSR Ay G(KS {dzyQ region. o ]}
10° @
. . . s E
SK detect8B (and hep) soldr via elastic scatterings 124 s
A huge statistics angrecise energy determination 00 =
A find solar direction : 107 3
A monitor time variation 02p 110
o1 :110'1
Key measurements T~ e L
A 8B solar neutrino flux & oscillation v Energy in MeV
A day/night asymmetry s
) £ IR B B B B L I BN L
A solar core_ size & temperature see the S SK-V (2970 days) 3.49-19.49 MeV .
A hepneutrino search Sun vid 210 observed data ]
8000; ............ Best_fit ;
‘ T - Background !;:
Neutrino " - 6000 - :;
C o B ',5:
Electrono 3 ! 4000} N o ..,j {
2000~ —
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cosfg,
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Looking into Solar Core

m?[eV?]

”" Temperature (millions of K)

Density (kg/m3)

Neutrinos

Photons

Low (Surface)

Ne,circ

High (Core)
Electron density

Defined as where most of the fusions occur
A no direct probe via photons
A neutrinos: a unique probe
TNe) n A -Q )
A can travel unimpeded to Earth

DATAMC (Unoscillated)

Determination of solar core size

A electron density falls roughly exponentially
with radius, and controls the onset of the
adiabatic conversion ( © ’ 0

A different neutrino production radii lead to
different 0

A 8B neutrino spectray solar core size

07

07

06

Poster by Yifan Jiang, #573

—point source "7 SK+5NO 90%C.L.

=—nominal cora - --- SK only 30%C.L.
—no core

1 1 1 1 1 | . 1
SH-II 548 days)
A.95-18.49 MeV

SE-IV {2570 days)

3.49-19.49 MeV

L L L L L L L L
4 [ B 10 12 14 16 18

Recoil electron kinetic energy [MeV]

| SKAIV: 5695 live days
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SKAV Solar Core Size

Solar models

Standard (B16)based on stellar Non-standard (K2) low metallicity but
evolution reconciled with helioseismology

A GS98: high metallicity (favored) A K2MzvarA212: time-dependent
A AGSS09: low metallicity accretion metallicity Z (favored)

A K2A2-12: constant metallicity Z

Minimum Ay®for each R__/R_
! GSQS(SK only} T QIDI'E:.:_'_F)I | T T | rTTT | L T 'E z var_{SK only) I | TT |::-| TTTT | TTTT | TTTT TTT |:
6 GS98(SK+SNO) B16 i Z var.(SK+SNO) K2 -
I AGSS09(SK only) | | I Z const.(SK only) .' ]
5[~ AGSSO09(SK+SNO) e Z const.(SK+SNO) ::: .
== nominal R_,,, B16 :.': Il nominal R, K2
4~ 95% C.L. 1 B
o L i _
>~ L : i
< L : -
3C 90%C.L; T =
. I :
1 :_ 1o _:
0_! bl ! 1 -.i':.l.’l:l.ir | [ | | L1 11 | L 111 | I .| | | I . | | |__!":'1"- ‘L-:' I:':‘III | | L 111 | 1111 | L1111 | L 111 | L1111 | 111 I_
0 0.1 0.4 0.5 0.6 07 0 01 02 03 04 05 06 07 08 0.9

Reore/Re,

Poster by Yifan Jiang, #573

Data fit:

A Vary®B neutrino production profileand
electrondensityfrom each solar model

A Oscillation parameter constraints from JUNC

A Fit againstB neutrino spectrum

90% C.L. upper limit for solar core size (SK+SI
A 0.268; for B16 assuming high metallicity
A 0.381Y; for K2, assuming Z variable

Exclude the scenario with no solar core at >99
C.L.

A B16using only SK data

A both B16 and K2SK+SNO fit
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SKAIV Solar Core Temperature

B16 nominal core siz¢

Poster by Yifan Jiang, #573

\v

( A ( m ! A r Q‘EBS_I ITT TTT | TTTT | TTTT | TTTT | TTTT TTTT FTTT ITTT]
© Y ]
2 temperature sensitive Ziss o moicty
! A po " r 15.55— -
‘ 15.53— —f
" 0O ] A 'Q ’ 15'455‘ __
15.4f— : -—f
Core temperature’Y @ 3 15,350 =
183 [ESKonly .
15.25 i_ - EE;;ES low metallicity é
152:I 111 | 111 Ii | 1111 | 1111 | 1111 | 1111 | L1101 | L1111 | 111 I:
0 01 02 03 04 05 06 07 08 09
RCore‘lrFt@

Assuming SSM(B16) nominal core siYe, 3

A high metallicity’Y (p @& wof ) p 1+
154 156 158 A | o 8
T (10° K) ow metallicity”y (p& 1t pg ) p T+

J.N.BahcalA.UImer PRD 53 (1996), pp. 423210 First measurement of solar core temperature
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hepNeutrinos

Poster by Yiyang Wu, #9(

hepneutrinos: € '"H'10 € "H g hg
A least experimentally established component

oo ot e )
A probe of the®He distribution PR TBe[+6%]
<7 10° —
A test of nuclear theory L 1506 -~ el 1%
a =TT 1 1
Z 107 N —-”’::”{5’0"1‘:1—"0/0\ ——""_-:"\l 8 v)
Key information comes froffB endpoint Tm - il 1Y S
i . . 10° 4 _--—~ %) 1]
A requires large statistics, good energy reconstruction TE - —~ 20T |
. . . . . |
and resolution to distinguishepneutrinos from the S 103 _/ | hep[£30%
smeared®B endpoint talil % g
[T 101 — _/ :
1
Search fohepneutrinos with SK IV solar data 107! T —— T —— Ty
A 2970 live days 1071 10° 101
E,[MeV]

hep neutrinos: higher endpoint energy
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SK MhepNeutrino Search

Poster by Yiyang Wu, #9(

104 —————
Two-dimensional fit irecoitelectron energy and solar angle - “'ﬂt--..m_h1 g
. Lo
A distinct MC templates fotB andhepcomponents 3 10—
A non-solar background modeling same as SK standard solar § 102
neutrino analysis d
A external priors on oscillation parameters from JUNO 3 10!
= T
Tg]
; 10° s
< —— Best-fit Gsg + ORIt o) g
25 _El[jrijiljri\ ===\ " 0] g i}jp § 1014 - Best-fit ®sg + 0 Xoﬂ)hep
m— [7,7.5) MeV c O @ Heeem Best-fit ®sg + <Dgg,,/° C.L. upper
.. 204 — [11,11.5) MeV Z 10 O
Z — [16,16.5) MeV s 10—2 1 4 Observed recoil electron LN
<15 ER s
£ C o] 8 91011121314151617181920212223
£ 104 Fo, E [MeV]
2N ‘;‘10 3
5 E 10-
| 1074} Recoile energy spectrum:
0.70 0.75 0.80 Cgfg@ 0.90 0.05 1.00 50 75 100 1]31?}-10\«1']‘5"[] 175 200 225 Best fitsB’ flux with
_ A zerohep’ flux
I B andheptemplates in an angle and recocitlectron energ)l A Dbest fithep’ flux

A 90% C.L. upper limitep’ flux
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SK IMhepNeutrino Search Result

Poster by Yiyang Wu, #9(
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Reactor Antineutrinos with Std

Detection of reactorh in SK is now feasible
A Gdreinforced neutron tagging for efficient IBD identification
A Wideband Intelligent Trigger (WIT) with lower threshold
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Reactor [ + Solar
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Summary

New results from Supdfamiokande

A Atmospheric zenith angle analysigst implementation of constraint, favors NGD E -~ lower octant, and -

A Atmospheric L/E analysisiew BDT classifier for PC stopping/throwmiing events, stronger constraint aid

A Unitarity violation search w/ atmospheric all consistent with unitary, excellent limits derow

A Solar core and temperaturenaximum radius 0.268; at 90% C.L.SImeasurement ofY p @& p 1+ (SSM high metallicity)

A Solar hep searchi3 pnt prnA O O2yaraitSyid é6A0K {{a Y2RSt LINBRAOGAZY
A Reactor neutrino measurementsst time observed in SK, oscillation fit result 1,%way from SK solar fit

SuperKamiokandeMulti-purpose neutrino observatory
A Solar neutrinos red )
A Reactomeutrinos (— d )
A Atmospheric neutrinos e h h /)
A Accelerator neutrinos (T2k= e h h—)

A Supernova neutrinos (Talk by H. Sekiya tomorra
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Statisticalldentify’
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7. PE more evenly distributed 8. higher transverse momentum 9. lower momentum fraction
among rings of the most energetic ring carried by the most energetic
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Resolution Map

Resolution map, FC single ring sample, SK4 period
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Matrix Element Posteriors

Posterior Density
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Unitarity Conditions: Normalizations
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Unitarity Conditions: Closures Preliminary
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SK VI Solar Core
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SK VI Solar Core
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B16 best fit contour
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SK IMepSearch Bayesian Result

Poster by Yiyang Wu, #9(
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INOS

SK VIl Reactor Neutr

Prediction (Background + Reactor MC)
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