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The Super-KamiokandeDetector

ÅLocated at Kamioka, Gifu, Japan

ÅUnder Mt. Ikenoyama(2,700 m.w.e)

ÅInner detector watched by >11,000 20-inch PMTs

ÅMulti-purpose neutrino observatory

ÅSolar neutrinos

ÅReactor neutrinos

ÅSupernova neutrinos

ÅAccelerator neutrinos

ÅAtmospheric neutrinos
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SK Data-taking Phases

Pure water phase (livetime = 6,511 days)

1996 2002 2006     2008 2018  2019           2020            2022                2024        2026

SK-VI:
0.011%

Ḑ75%

Ḑ50%

SK-VII+:
0.033%N
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Gd concentration by mass

30 years of continuous operation
Å 5 pure water phases (6,511 live days)
Å 3 SK-Gd phases (1,600+ live days)

SK-Gd era
Å 1st loading finished in 2020: 0.011% Gd in water by mass
Å 2nd loading finished in 2022: 0.033% Gd in water by mass



The 
Super-Kamiokande
Collaboration
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This talk

ÅAtmospheric neutrino measurements

Åzenith angle oscillation analysis

ÅL/E oscillation analysis 

Åunitarity violation search

ÅSolar neutrino measurements

Åsolar core size and temperature

Åhep neutrino search

ÅReactor neutrino measurements

Åspectrum and oscillation

Other presentations at Neutrino 2026
Å Supernova Neutrinos in Super-Kamiokande

[Talk by Hiroyuki Sekiya, Thursday 11:30 am]
[Posters]

Å Neutron capture simulation [Yota Hino, #38]

Å Supernova neutrino monitor [Guillaume Pronost, #84]

Å Solar hepneutrinos [Yiyang Wu, #90]

Å Neutron tagging study [Mao Nishigami, #102]

Å K/“ ratio measurement [Tomoaki Tada, #217]

Å Atmospheric neutrino oscillation [Ben Jargowsky, #225]

Å M31-2014-DS1 coincident neutrinos [Fumi Nakanishi, #228]

Å Atmospheric L/E analysis [Mariusz Girgus, #230]

Å KM3-230213A coincident neutrinos [XubinWang, #333]

Å Spallation background for DSNB [Masayuki Harada, #342]

Å Sterile neutrino search [Yushi Yoshioka, #355]

Å New results from DSNB search [Saki Fujita, #360]

Å Muon study at KamLANDand SK [Keita Saito, #415]

Å DSNB search with neural network [Bin Zhang, #424]

Å NCQE background in DSNB [Licheng Feng, #502]

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

New Results from SK
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Atmospheric Neutrinos



Atmospheric Neutrinos
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From cosmic-ray interactions in 
atmosphere
ÅBaseline: 10 km - 13,000 km
ÅEnergy: MeV - TeV
Detected via charged-current 
interactions

Oscillation measurements:
Å’ disappearance

Åɝά
ÅÓÉÎ—

Å’appearance
ÅMass-ordering
ÅCP phase ‏
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Zenith Angle-based Oscillation Measurement
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cosine zenith angle

Preliminary

Preliminary

Preliminary

Poster by Ben Jargowsky, #225



Zenith Angle-based Oscillation Measurement
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cosine zenith angle

SK I-VI:
Total exposure: 526.9 kton-years 
(7,075.7 days  27.2 kton)

Å Full pure water + SK VI (0.011% Gd in weight)
Å data binned into samples enhanced in different interactions 

processes

²ƘŀǘΩǎ ƴŜǿ ƛƴ ǘƘƛǎ ƳŜŀǎǳǊŜƳŜƴǘΚ
Å the addition of SK VI data (+8.8% stat.)
Å new MC with updated neutrino event generator
Å new neutron-based reconstruction for Gd phase (SK VI)
Å improved BDT-based multi-ring event classifier
Å’constraint on multi-GeV ’-enhanced samples

Efforts towards better ’ȾӶ’separation, vital for 
determination of mass ordering

Preliminary

Preliminary

Preliminary

Poster by Ben Jargowsky, #225



’constraint
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Preliminary

Poster by Ben Jargowsky, #225

2026/6/24

Key information of mass ordering comes from the 
upward-going Multi-GeV Ὡ-like samples
Å’contaminates the same regions

Normal ordering

Inverted ordering



’constraint
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split

Preliminary

Preliminary PreliminaryPreliminary

Higher ⱨⱲ CC fraction

Poster by Ben Jargowsky, #225

2026/6/24

Key information of mass ordering comes from the 
upward-going Multi-GeV Ὡ-like samples
Å’contaminates the same regions

Improved ’ identificationwith a simple NN
Å split each multi-GeV Ὡ-like sample into high or 

low ’contamination samples
ÅḐ10% improvement to mass ordering sensitivity

Normal ordering

Inverted ordering



Å Favors lower octant at Ḑ1„
Å Smaller ÓÉÎ— results in less 

sensitivity to mass ordering
Å Roughly same ‏ allowed region
Å Favors normal ordering

Toy experiments showa rejection of 
inverted ordering at 86% ḗмΦлуˋ 
(CLs method)

SK I-VI Oscillation Parameter Measurement
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*ÓÉÎ—  prior: πȢπςςππȢπππχ
**Results of MO and ‏ exceed sensitivity

PreliminaryPreliminary

Poster by Ben Jargowsky, #225

Previous study 
(SK I-V)

This study 
(SK I-VI)

ÓÉÎ— 0.45 0.44

ɝά ρπ Å6 2.40 2.40

‏ ҍ“/2 ҍо“/4

ɝ… 5.69 3.69

Preliminary

Preliminary



L/E Analysis at SK
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Prob ’ᴼ’ oscillations across >4 orders of magnitude 

in L/E
Å using SK I-VI data, but ‘-like samples only
Å cover the 1st osc. minimum and the 2nd osc. maximum

L/E resolution: variation of true L/E at given reconstructed L/E
Å high resolution sample: reconstructed L/E scheme
Å low resolution sample: 
Å zenith angle and lepton momentum scheme, 
Å constrain systematics. 

Preliminary

Preliminary

Poster by Mariusz Girgus, #230



L/E Oscillation Measurement

2026/6/24 Zhuojun Hu @ Neutrino 2026 15

Update from 2024 results:

Å Introduced a new BDT classifier to separate partially 
contained (PC) stopping/through-going events

Å Increased high resolution PC events by 10% in the 
oscillation region (ὒȾὉ ρππËÍȾ'Å6)

L/E analysis sets a stronger constraint on ɝά  

Å high resolution sample preserves the oscillatory 
pattern that would otherwise be averaged out in 
zenith-angle analysis

Å lose power to determine — octant because ’ 
samples are not included

Prospect: implement L/E in standard oscillation analysis

Preliminary

Poster by Mariusz Girgus, #230

L/E data fit contour assuming NO, in comparison with zenith 
angle data fit, and other experimental results



ɝά

ɝά

Unitarity violation induced by heavy sterile neutrinos
Åɝά too large to oscillate

Expand neutrino mixing matrix
Å Unitary: 3 mixing angle + 1 CP phase
Å Non-unitary: 9 magnitudes + 4 phases

Measured neutrino mixing matrix w/o imposing unitarity 
constraints
Å SK I-V data, 6,511 days
Å Bayesian analysis using MCMC

Preliminary results in Generic Unitarity Violation (GUV)
Å No restriction on normalizations and closures

*Minimal Unitarity Violation (MUV): normalizations not exceed 1; closures 
follow Cauchy-Schwarz inequality.
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Non-Unitarity Analysis

: external priors from solar/reactor ’

: flat priors

NU: assuming πȢωυȿὟ ȿ

Preliminary

NC effect included

S. Parke, M. Ross-Lonergan, Phys.Rev.D93(2016)11,113009
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Non-Unitarity Analysis Results

Preliminary

9 magnitudes

Å Posteriors of matrix elements in GUV are in agreement 
with unitary results.

Å Tested all unitarity conditions, all agree with unitary.

Å Highly competitive limits,with outstanding result on 
the †-row.

Preliminary

Green: S.A.R. Ellis, et al., JHEP 12 (2020) 068
Red: M. Blennow, et al., JHEP 08 (2023) 030



Solar Neutrinos
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Solar Neutrinos
LƴǘŜƴǎŜƭȅ ƎŜƴŜǊŀǘŜŘ ƛƴ ǘƘŜ {ǳƴΩǎ ŎƻǊŜ ŦǊƻƳ ƴǳŎƭŜŀǊ ƛƴǘŜǊŀŎǘƛƻƴǎ

SK detects 8B (and hep) solar ’via elastic scatterings
Å huge statistics and precise energy determination
Å find solar direction
Å monitor time variation

Key measurements
Å 8B solar neutrino flux & oscillation
Å day/night asymmetry
Å solar core size & temperature
Å hepneutrino search

see the 
Sun via ’



Looking into Solar Core
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Poster by Yifan Jiang, #573

Defined as where most of the fusions occur
Å no direct probe via photons
Å neutrinos: a unique probe

"ᴼ "Åᶻ Ὡ ’
Å can travel unimpeded to Earth

Determination of solar core size
Å electron density falls roughly exponentially 

with radius, and controls the onset of the 
adiabatic conversion (’ᴼ’ ύ

Å different neutrino production radii lead to 
different ὖ

Å 8B neutrino spectra Ą solar core size

Ḑ90% of fusion (neutrinos)

Preliminary

SK I-IV: 5695 live days



SK I-IV Solar Core Size
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Preliminary

Standard (B16): based on stellar 
evolution
Å GS98: high metallicity (favored)
Å AGSS09: low metallicity 

Preliminary

Data fit:
Å Vary 8B neutrino production profile and 

electrondensityfrom each solar model 
Å Oscillation parameter constraints from JUNO
Å Fit against 8B neutrino spectrum 

Solar models

Non-standard (K2): low metallicity but 
reconciled with helioseismology
Å K2-MZvarA2-12: time-dependent 

accretion metallicity Z (favored)
Å K2-A2-12: constant metallicity Z

90% C.L. upper limit for solar core size (SK+SNO)
Å 0.268 Ὑṩ for B16, assuming high metallicity
Å 0.381 Ὑṩ for K2, assuming Z variable

Exclude the scenario with no solar core at >99% 
C.L.
Å B16using only SK data
Å both B16 and K2, SK+SNO fit

Poster by Yifan Jiang, #573



SK I-IV Solar Core Temperature
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"Å ÐO " ɾ 

"ᴼ "Åᶻ Ὡ ’

(Å (ÅO "Å ɾ 

Preliminary

B16 nominal core size

temperature sensitive

Core temperature: Ὕᶿɮ

Assuming SSM(B16) nominal core size, Ὕᶿɮ

Å high metallicity Ὕ ρυȢυωωȢ
Ȣ ρπ+

Å low metallicity Ὕ ρυȢττρȢ
Ȣ ρπ+

J.N.Bahcall, A.Ulmer, PRD 53 (1996), pp. 4202ς4210 First measurement of solar core temperature

Poster by Yifan Jiang, #573



hepNeutrinos
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Poster by Yiyang Wu, #90

hepneutrinos: ἒἭ Ἰᴼ ἒἭ ▄ ⱨ▄
Å least experimentally established component

Å probe of the 3He distribution 

Å test of nuclear theory

Key information comes from 8B endpoint

Å requires large statistics, good energy reconstruction 
and resolution to distinguish hepneutrinos from the 
smeared 8B endpoint tail

Search for hepneutrinos with SK IV solar data

Å 2970 live days

hep neutrinos: higher endpoint energy



SK IV hepNeutrino Search
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Poster by Yiyang Wu, #90

Preliminary

Two-dimensional fit in recoil-electron energy and solar angle
Å distinct MC templates for 8B and hepcomponents
Å non-solar background modeling same as SK standard solar 

neutrino analysis
Å external priors on oscillation parameters from JUNO

Preliminary Preliminary

8B and heptemplates in sun angle and recoil-electron energy

Recoil-e energy spectrum:
Best fit 8B ’flux with
Å zero hep’flux
Å best fit hep’flux
Å 90% C.L. upper limit hep’flux



SK IV hepNeutrino Search Result
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Best fit: ɮ ρπ ρπÃÍ Ó

One-sided 90% C.L. upper limit: ɮ ςωρπÃÍ Ó

/ƻƳǇŀǘƛōƭŜ ǿƛǘƘ {bhΩǎ ǳǇǇŜǊ ƭƛƳƛǘǎ 
and solar model predictions

Preliminary Preliminary

Poster by Yiyang Wu, #90

This work

An indication of hepneutrino at 1.2„using Feldman-Cousins method.
Prospect: statistics dominant, plan to combine with other SK data-taking phases



Reactor Neutrinos
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Reactor Antineutrinos with SK-Gd
Detection of reactor ⱨ▄in SK is now feasible
Å Gd-reinforced neutron tagging for efficient IBD identification
ÅWideband Intelligent Trigger (WIT) with lower threshold

Primarily from the activity of Japanese nuclear power reactors
Åַײρπsignal events/dayfrom nearby reactors when active
Å Background sources: accidental coincidences, spallation

Preliminary

Statusof Japans nuclear reactor fleet by plant and reactor number as of February 2026
© U.S. Energy Information Administration

Analyzed SK VI-VII data (Ḑ400 live days)
Å reactor ⱨ▄in SKfor the 1st time (6„)
Å solar ’& reactor Ӷ’ in one detector
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Reactor Ӷ’ + Solar ’

Publication in preparation!

Preliminary

ÓÉÎ— ɝά ρπ Å6

SK Solar πȢσςτȢ
Ȣ φȢρπȢ

Ȣ

SK Reactor πȢυπȢ
Ȣ ωȢπψȢ

Ȣ

SK Reactor + Solar πȢσσȢ
Ȣ ψȢωτȢ

Ȣ

1.94Ɑtension between SK I-IV solar neutrino 
data and SK VI-VII reactor neutrino data



Summary



Summary
New results from Super-Kamiokande:

ÅAtmospheric ’zenith angle analysis: 1st implementation of ’constraint, favors NO, ÓÉÎ— lower octant, and ‏

ÅAtmospheric ’L/E analysis: new BDT classifier for PC stopping/through-going events, stronger constraint on ɝά

ÅUnitarity violation search w/ atmospheric ’: all consistent with unitary, excellent limits on †-row

ÅSolar core and temperature: maximum radius 0.268 Ὑṩ at 90% C.L., 1st measurement of Ὕ ρυȢφ ρπ+(SSM high metallicity)

ÅSolar hep ’search: ɮ ρπ ρπÃÍ Ó ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ {{a ƳƻŘŜƭ ǇǊŜŘƛŎǘƛƻƴǎ ŀƴŘ {bhΩǎ ƭƛƳƛǘǎΦ

ÅReactor neutrino measurements: 1st time observed in SK, oscillation fit result 1.94„away from SK solar ’ fit
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Super-Kamiokande: Multi-purpose neutrino observatory
ÅSolar neutrinos (— ȟɝά )
ÅReactor neutrinos (— ȟɝά )
ÅAtmospheric neutrinos (— ȟɝά ȟ‏ ȟ-/)
ÅAccelerator neutrinos (T2K: — ȟɝά ȟ‏ ȟ— )
ÅSupernova neutrinos (Talk by H. Sekiya tomorrow)
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Presenter Title Poster #

Yota Hino Modification on thermal motion in Geant4 for neutron capture simulation in Gadolinium loaded water 38

Guillaume Pronost Super- Supernova monitoring: A trigger for multi- messenger research 84

Yiyang Wu Search for Solar hep Neutrinos with the Full Super- Kamiokande- IV Dataset 90

Mao Nishigami Neutron Tagging Efficiency Evaluation in the Super- KamiokandeGd Phases 102

Tomoaki Tada Measurement of the kaon- to- pion ratio for the atmospheric neutrino using the cosmic- ray muon data in Super- Kamiokande 217

Ben Jargowsky Constraining Tau Neutrino Appearance to Improve the Measurement of the Mass Ordering with Atmospheric Neutrinos in Super- Kamiokande 225

Fumi Nakanishi Search for Neutrinos Associated with a Failed Supernova Candidate in M31 with Super- Kamiokande 228

Mariusz Girgus Oscillatory pattern of atmospheric muon neutrino disappearance in Super- Kamiokande 230

Xubin Wang Search for High- energy Astrophysical Neutrino Coincident with KM3- 230213A in Super- Kamiokande 333

Masayuki Harada Evaluation of spallation background for DSNB search in SK- Gd 342

Yushi Yoshioka Sterile neutrino search with atmospheric neutrino data in Super- Kamiokande 355

Saki Fujita New Results from the Diffuse Supernova Neutrino Background Search at Super- Kamiokande 360

Keita Saito Study of coincident muon bundles at KamLANDand Super- Kamiokande 415

Bin Zhang SRN Search with an Expanded Time Window at Super- Kamiokande- IV 424

Licheng Feng Constraining Atmospheric NCQE Backgrounds for Super-KamiokandeDSNB Searches using T2K Data 502

Yifan Jiang Solar core size limits and temperature probe using 5695 days of Super-Kamiokandedata 573

More on supernova neutrinos
Hiroyuki Sekiya
June 25th Thursday 11:30 am

Χ ŀƴŘ ŦǊǳƛǘŦǳƭ ǊŜǎǳƭǘǎ ƛƴ ƻǳǊ 
posters.

Thank you!
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Backup



Statistically Identify ’
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1. higher visible energy 2. showering most energetic ring 3. more decay electrons

4. smaller distance of furthest 
decay electron

5. more spherical hit cluster 6. more rings

Preliminary



Statistically Identify ’
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7. PE more evenly distributed 
among rings

8. higher transverse momentum 
of the most energetic ring

9. lower momentum fraction 
carried by the most energetic 

ring

Preliminary



SK I-VI ÓÉÎ— ɝά  
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Poster by Ben Jargowsky, #225

Preliminary



SK I-VI ÓÉÎ— ɝά  
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Poster by Ben Jargowsky, #225

Preliminary



SK I-VI ÓÉÎ— ‏  
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Poster by Ben Jargowsky, #225

Preliminary



SK I-VI ÓÉÎ— ‏  
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Poster by Ben Jargowsky, #225

PreliminaryPreliminary



Resolution Map
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Preliminary

High resolution: high energy upward/downward going events

Low resolution: low energy events / horizontal events
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Matrix Element Posteriors

Preliminary
Preliminary

9 magnitudes

4 phases

Stronger constraint on tau row than other GUV results 

Posteriors of matrix elements in GUV are in agreement 
with unitary results.
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Unitarity Conditions: Normalizations
Preliminary
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Unitarity Conditions: Closures Preliminary
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SK VI Solar Core

8B neutrino generation profile 
scaling

electron density scaling
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SK VI Solar Core

B16 best fit contour K2 best fit contour
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SK IV hepSearch Bayesian Result

SK IV

SK IV+SNO

SK IV
90% credible interval:
ɮ σςρπÃÍ Ó

68.3% credible interval:
ɮ ᶰυȟςψ ρπÃÍ Ó

Preliminary

Preliminary

Preliminary

Preliminary

SK IV + SNO
90% credible interval:
ɮ ςτρπÃÍ Ó

68.3% credible interval:
ɮ ᶰφȟςς ρπÃÍ Ó

Poster by Yiyang Wu, #90
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SK VI-VII Reactor Neutrinos
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SK I-IV Solar Neutrino Measurements

8B neutrino recoil-electron kinetic energy spectrum: slightly favors up-turn

Observed day-night asymmetry: 9ŀǊǘƘΩǎ ƳŀǘǘŜǊ ŜŦŦŜŎǘǎ ƛƴ ǎƻƭŀǊ ƴŜǳǘǊƛƴƻǎ

SK+SNOɝά φȢρπȢ
Ȣ ρπ Å6 , aḐ1.4„tension with KamLAND

SK I-IV PRD 109 (9), 092001 (2024) 


