
Vietnam Flavour Physics 2025


Seungho Han (Kyoto U)

Super-Kamiokande 
Status and Prospects

1



The Super-Kamiokande collaboration

2

~240 collaborators  
from 55 institutes, 11 countries

🇨🇦🇨🇳🇫🇷🇮🇹🇯🇵🇰🇷🇵🇱🇪🇸🇬🇧🇺🇸🇻🇳

Toyama, Japan (May 2025)



Contents

Super-Kamiokande: Detector & Physics


Status: PMNS mixing & BNV search


Recent Gd dissolution for neutron detection

3



The “Kamiokande” series (1983-)
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Discovery of 
Supernova ν  

(1987)
First evidence of 
ν mixing (1998) ?

1983-1996 1996-present 2028?-
KamiokaNDE Super-Kamiokande Hyper-Kamiokande

3 kton water 
(~1033 protons)

50 kton
260 kton

Started as Kamioka Nucleon Decay Experiment  
to test GUT predictions on proton lifetime (minimal SU(5): ~1031 years)
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π/K/µ decays  
in the atmosphere

Nuclear fusion  
in the Sun

Artificial π/K decays 
in the accelerator
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Super-Kamiokande detector
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~4
0 

m

50 kton 
pure water

~11,000 inward PMTs on tank wall

Outward PMTs for cosmic µ veto

Signals : ν CC events, p decay, etc. 
 
↪︎ Mainly Cherenkov ring(s) from e/µ



Typical ν event
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+ Good energy reconstruction precision  

over O(1) MeV - O(10) GeV range

SK-VI MC:  CCQE,  = 0.63 GeVν̄μ Eν

Gd(n, γ)
μ

Michel e

0.6 GeV  + ν̄μ + p → μ n

Good flavor ID (e/µ) 
 via Cherenkov ring fuzziness

ν vs. ν ID 
via n final state in ν CC

In water, n + p → d + 2.2 MeV γ
(~20% detection efficiency)

PMT noise

1H(n,γ)



Neutrino mixing studies @ SK
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Mixing angles: θ12, θ23

Neutrino mass splittings: Δm122, |Δm232|

Solar
Atmospheric 
+ Accelerator 
(T2K)

Test of the Standard Framework 

CP violation: sin δCP ≠ 0?

Standard 3-flavor mixing framework

Neutrino mass ordering:      m1<m2≪m3 (normal) 
 or m3≪m1<m2 (inverted)

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

(Δmij2 ≡ mi2 - mj2) 
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Solar ν mixing (νe,νµ) - (ν1,ν2)
sin2θ12 = 0.307±0.012 (θ12 = 33.4°±0.7°)

χ2Borexino ¼ Min
ϕi

ððr − rSSMÞT · V−1
SSM · ðr − rSSMÞ

þðr − rBorexinoÞT · V−1
rate · ðr − rBorexinoÞÞ.

The minimum χ2 is then

χ2Borexino ¼ rTSSM · V−1
SSM · rSSM þ rTBorexino · V

−1
rate · rBorexino

− rTbest · V
−1 · rbest;

V−1 ¼ V−1
SSM þ V−1

rate;

rbest ¼ V · ðV−1
SSM · rSSM þ V−1

rate · rBorexinoÞ;

which is Borexino’s contribution to the global χ2. We
convert the rate vector and covariance matrix back to the
neutrino flux vector and covariance matrix.
The SSMþ Borexino neutrino flux vector and covari-

ance are modified by the SKþ SNO determination of the
8B and hep neutrino fluxes (and covariance), so that there is
no impact of either the SSM 8B or hep neutrino flux
uncertainty on the analysis. The radio-chemical covariance
matrix VRC is obtained from the flux covariance matrix V
via the cross sections (and errors) of the target isotopes of
the radio-chemical experiments (for some details about the
covariance method see Ref. [81]). The radio-chemical rate
measurements are then fit via

χ2RC ¼
X

n;m

ðRobs
n − Rexp

n ÞV−1
RC;nmðRobs

m − Rexp
m Þ; ð27Þ

where Robs and Rexp are the observed and expected signal
rate, respectively. The indices n and m run over Chlorine
and Gallium (Gallex/GNO and SAGE are combined into
one Robs). The χ2 of the solar global fit is defined as

χ2solar ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC: ð28Þ

To extract the best values of θ12 and Δm2
21 we combine

solar experimental neutrino data and KamLAND reactor
anti-neutrino data [24] (solar þ KamLAND) by simple
addition of the χ2 functions, assuming no correlation of
the solar and KamLAND results:

χ2global ¼ χ2Borexino þ χ2SK;SNO þ χ2time þ χ2RC þ χ2KamLAND:

ð29Þ

Both Eqs. (28) and (29) are evaluated with an external
θ13 constraint of sin2 θ13 ¼ 0.0218% 0.0007. Figure 47
shows the oscillation parameters allowed by SK and
SNO data, all solar data, KamLAND data, and all solar þ
KamLAND data.
The best-fit result from the solar global analysis is

sin2 θ12;solar ¼ 0.306% 0.013;

Δm2
21;solar ¼ ð6.10þ0.95

−0.81Þ × 10−5 eV2:

The best-fit oscillation parameters from all solar experi-
ments and KamLAND are

sin2 θ12;global ¼ 0.307% 0.012;

Δm2
21;global ¼ ð7.50þ0.19

−0.18Þ × 10−5 eV2:

The oscillation results of this analysis show a tension of
Δm2

21 between the neutrino and anti-neutrino of about 1.5σ
as shown in the right panel in Fig. 47, and it is slightly
stronger for the global solar analysis compared to the
SKþ SNO analysis.
The global solar neutrino analysis has some sensitivity to

θ13 independently from reactor antineutrino measurements
since the high-energy solar neutrino branches (8B and hep)
undergo MSW flavor conversion while the low-energy
solar neutrinos (pp, 7Be, and pep) change flavor by
averaged vacuum oscillations. Figure 48 shows the result-
ing contours of the mixing angles θ12 and θ13. The best-fit
value from all solar data of

sin2 θ13 ¼ 0.032þ0.021
−0.022 ;

is statistically consistent with zero as well as the reactor
anti-neutrino measurements. When combining all solar data
with KamLAND data (whose anti-neutrinos are subject to
nonaveraged vacuum oscillations), the best-fit value is
almost unchanged, but the preference for a nonzero value
gets somewhat stronger:

sin2 θ13 ¼ 0.030þ0.015
−0.014 :

!m
2 21
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FIG. 47. θ12 and Δm2
21 allowed by the global analysis. The

green (light gray) area is the solar global contour (3σ), the blue
(medium gray) area is the KamLAND contour (3σ) and the red
(dark gray) area is the Solar þ KamLAND combined (3σ). Green
(light gray) solid lines are solar global contours (1 − 5σ C.L.),
blue (medium gray) dashed line: KamLAND contours (1 − 3σ
C.L.), and red (dark gray) dotted line: Solar þ KamLAND
contours (1 − 3σ C.L.). The dashed-dotted contours are
SKþ SNO contours for comparison.

SOLAR NEUTRINO MEASUREMENTS USING THE FULL DATA … PHYS. REV. D 109, 092001 (2024)

092001-29

Solar 
(SK + Global data)
Reactor  
(KamLAND)
Combined 

PRD 109, 092001 (2024)

θ13 constrained by shorter baseline reactor ν data (PDG 2020)

Δm212 = 7.50  10-5 eV2+0.19
-0.18

1.5σ
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Atm. ν mixing (νµ,ντ) - (ν2,ν3)

21
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FIG. 17. 2D constant !ω2 contours of neutrino oscillation
parameters !m2

32 and sin2 ε23 for the normal mass ordering.
Contours are drawn for a 90% critical ω2 value assuming 2
degrees of freedom, with the !ω2 computed for each exper-
iment with respect to the best-fit point in the normal mass
ordering. The Super-K contour shows the result of this anal-
ysis, and other contours are adapted from publications by
MINOS+ [53], NOvA [56], T2K [54], and IceCube [55]. Best-
fit points are indicated with markers for each experiment.

verted orderings for the fit with sin2 ω13 constrained is
→1.75, which is consistent with the atmospheric-only
analysis at the 1ε level. This fit also finds improved con-
straints on ϑCP in the inverted ordering for values near
ϖ/2: The constraint on sin2 ω13 fixes the e!ect size of the
mass ordering, such that the separate modifications to ϱe
appearance from ϑCP are more readily resolved.

In this fit, the preference for the normal ordering in-
creases to ”ς2

I.O.→N.O.
= 5.69. This improvement is con-

sistent with the observed preference for smaller value of
sin2 ω13 in the inverted ordering fit with sin2 ω13 free: The
ς2 value in the inverted ordering increases with the added
constraint, while the ς2 value in the normal ordering re-
mains similar to the result without the constraint.

Figure 17 shows the comparison of the results of
the ω13-constrained analysis of SK atmospheric neu-
trino data with other contemporary results from MI-
NOS/MINOS+ [53], NOvA [4], T2K [54], and Ice-
Cube [55]. As can be seen from the contours, SK at-
mospheric neutrino data are consistent with the other
experiments at the 90% level. While the atmospheric
neutrino data find a best-fit value of sin2 ω23 in the lower
octant, we note that the previous publication found a
best-fit value in the upper octant [5], and that value of
sin2 ω23 in both octants are allowed at the 1ε level.

V. INTERPRETATION

Table V summarizes the fit results of the analyses pre-
sented in this work. In both analyses, the normal order-
ing is preferred, and the best-fit oscillation parameters
predict weaker sensitivities to the neutrino mass ordering
than the observed ”ς2

I.O.→N.O.
. To quantify the signifi-

cance of the mass ordering preference from the fit results,
we generated ensembles of toy data sets to produce dis-
tribution of the ”ς2

I.O.→N.O.
statistic3. Each toy data

set consists of fluctuated counts according to each bin’s
statistical uncertainty which are scaled by randomly sam-
pling the systematic uncertainty coe#cients. Ensembles
were generated assuming both the normal and inverted
mass orderings and with oscillation parameters fixed at
the best-fit points. We fit each toy data set in each or-
dering with ”m2

32
, sin2 ω23, and ϑCP as free parameters

to compute ”ς2

I.O.→N.O.
.

Figure 18 shows the distribution of ”ς2

I.O.→N.O.
com-

pared with the data fit result for the atmospheric analysis
with sin2 ω13 constrained. The probability of observing a
more extreme result than the data (the p-value) is given
by the area to the right of the data line in the normal or-
dering scenario, and by the area to the left of the data line
in the inverted ordering scenario. While the figure shows
the p-value determined from simulated data sets for the
inverted mass ordering is 0.0091, we note that with the
present SK statistics, the expected sensitivity remains
weak for rejecting either ordering. Indeed, the p-value
for the data result within the normal ordering, 0.88, is
not especially likely either. For the situation in which
the data must select between two mutually-exclusive hy-
potheses, the CLs method [58] provides an estimate of
the p-value that considers simultaneous agreement from
both hypotheses:

CLs =
pI.O.

1→ pN.O.

, (13)

where pN.O. and pI.O. refer to the p-values in the nor-
mal or inverted ordering. This prescription decreases
the significance for rejecting the inverted hypothesis pro-
portional to the simultaneous significance of accepting
the normal ordering hypothesis. The CLs for the atmo-
spheric analysis with sin2 ω13 constrained is 0.077, corre-
sponding to a rejection of the inverted mass ordering at
the 92.3% confidence level. This number is similar to the
previous SK result, CLs = 0.070 [5], despite originating
from a larger ”ς2, 5.69 versus 4.33. While the mass or-
dering sensitivity and data result both increased for this
analysis, the probability of obtaining the data result si-
multaneously decreased in both orderings, resulting in a
similar CLs value.

3
Because the two mass ordering scenarios are not nested hypothe-

ses, taking the square root of !ω2

I.O.→N.O.
to estimate the signif-

icance by invoking Wilks’ theorem is not recommended [57].

No conclusion on whether θ23≠π/4

PRD 109, 072014 (2024)

sin2θ23 = 0.45  (θ23 =42.2° )+0.06
-0.03

+3.3∘

-1.7∘  Assuming Normal MO
|Δm322| = 2.40  10-3 eV2+0.07

-0.09 with θ13 constraint
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Solar/atm. ν also prefers θ13≠0

VIII. DAY/NIGHT ASYMMETRY AMPLITUDE FIT

Studying the earth matter effect by making separate solar
neutrino rate measurements during the day and the night
results in comparatively large systematic uncertainties.
Those arise from detector asymmetries (the directionality
of solar neutrino recoil electrons means that different parts
of the detector are illuminated during the day compared to
the night) and directional energy scale effects as well as
systematics due to the angular distribution of background
events. Such systematic errors can be reduced by fitting the
amplitude of the rate variation and extracting the corre-
sponding day/night asymmetry from the fit to the ampli-
tude. This fit is done using the likelihood of Eq. (21). The
rate variation (calculated from standard oscillation param-
eters) rðcos θz;solarÞ in each bin is scaled by an amplitude
factor α such that the corresponding day/night asymmetry
scales with α, but the average rate is unchanged [71]. Each
energy bin rate variation is scaled by the same constant α.
The corresponding day/night asymmetry for the SK-IV
data is

ASK-IV; fit
D=N ¼−0.0262$0.0107ðstat:Þ$0.0030ðsyst:Þ: ð30Þ

This fit value is based on the expected zenith variation
shape from Δm2

21 ¼ 6.1 × 10−5 eV2 with an expected
asymmetry of −0.0238. Figure 49 shows the dependence
of the fit on Δm2

21.
In the region of interest, the fitted amplitude agrees well

with the expected amplitude. The significance of a nonzero

day/night asymmetry is 2.4σ. The systematic uncertainty
includes energy scale, energy resolution, event selection,
the density of electrons from the Earth model [82], and
background angular distributions. Table VI summarizes the
systematic uncertainties for the day/night amplitude fit.
The first four contributions are based on Ref. [68], where

the dominant last contribution was reevaluated. The ampli-
tude method was improved in three important ways: First,
below 7.49 MeV, the data was split into three MSG regions
which improves the stability to fluctuations of intrinsic
radioactive background. Second, data between 3.49 and
4.49 MeV was added, resulting in a combined fit to 39 data
samples (8 × 3 samples below 7.49 MeV, and 12 samples
between 7.49 and 13.49 MeV, 3 samples between 13.49
and 19.49 MeV). Lastly, the shapes of the angular dis-
tribution for the background PDFs vary as a function of
solar zenith angle in five regions for day-time events, five
regions for event candidate times where solar neutrinos
pass only through the Earth’s mantle, and another region
for times where solar neutrinos pass also through the
Earth’s core. The amplitude fit allows free variation of
the number of background events in each of the eleven
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FIG. 49. SK-IV day/night amplitude fit dependence on Δm2
21.

The black line (gray band) shows the best-fit value of day/night
asymmetry (its uncertainty). The red solid curve shows the
expected day/night asymmetry. The green solid (blue dashed)
box shows the 1σ range allowed by solar experiments (solar
experiments and KamLAND).
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FIG. 48. θ12 and θ13 allowed by the global analysis. The green
(light gray) area is the solar global contour (3σ), the blue (medium
gray) area is the KamLAND contour (3σ) and the red (dark gray)
area is the Solar þ KamLAND combined (3σ). Green (light gray)
solid lines are solar global contours (1 − 5σ C.L.), blue (medium
gray) dashed line: KamLAND contours (1 − 4σ C.L.), and
red (dark gray) dotted line: Solar þ KamLAND contours
(1 − 5σ C.L.).

TABLE VI. Summary of systematic uncertainties for the day/
night amplitude fit.

Item Systematic uncertainty [%]

Energy scale 0.05
Energy resolution 0.05
Event selection 0.10
Earth model 0.01
Background angular distribution 0.27

K. ABE et al. PHYS. REV. D 109, 092001 (2024)

092001-30

Without shorter baseline reactor data constraint
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FIG. 14. 1D !ω2 profiles of oscillation parameters in the SK-only analysis with sin2 ε13 treated as a free parameter. Solid
lines correspond to the data fit result, while dashed lines correspond to the MC expectation at the data best-fit oscillation
parameters, cf. Tab. IV. Dashed lines show critical values of the ω2 distribution for 1 degree of freedom with lowest to highest
corresponding to 68%, 90%, 95%, and 99% probabilities.

straints on this parameter, especially evident in the in-
verted ordering fit, is a consequence of rapidly varying
oscillation probabilities in the sub-GeV samples. Finally,
the atmospheric neutrino data place the best-fit value
of sin2 ω23 in the lower octant, sin2 ω23 = 0.45, although
values in each octant are allowed at the 68% level.

As discussed in Sec. IA, the combination of nonzero
sin2 ω13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-
GeV events. We observe excess electron-flavor upward-
going multi-GeV, single ring and multi-GeV, multi-ring
events in the SK data. Figure 15 shows a projection of
the multi-GeV e-like samples as an up-down asymmetry:

Asymmetry =
Up→Down

Up + Down
, (12)

where “Up” is the number of upward-going, cos ωz <
→0.4, events, and “Down” is the number of downward-
going, cos ωz > 0.4 events. The figure plots the asymme-
try for these data as a function of reconstructed energy,

and the expected asymmetry for the normal and inverted
ordering scenarios assuming the best-fit oscillation pa-
rameters from the fit to all atmospheric neutrino data.
The εe-enhanced samples, multi-GeV εe-like and multi-
ring εe-like, have the largest excesses relative to either
ordering, and drive the preference for the normal mass
ordering in the analysis.

2. Results with Reactor Constraints on sin2 ε13

Figure 16 shows the 1D !ϑ2 profiles for the fitted
neutrino oscillation parameters assuming the constraint
sin2 ω13 = 0.0220± 0.0007 from reactor antineutrino dis-
appearance experiments [16]. The constraint on sin2 ω13
is incorporated by introducing an additional systematic
uncertainty for this fit, where the 1ϖ e”ect is defined as
the change induced by varying sin2 ω13 by its measured
1ϖ uncertainty.
The best-fit value of ϱCP in both the normal and in-

AtmosphericSolar

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

Inverted MO
Normal MO

MC expected
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Neutrino MO and CP phase δ
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y-axis is the asymmetry parameter, the ratio between the
di!erence and sum of upward-going, cos ωz < 0.4 and downward going, cos ωz > 0.4 events. The x-axis is the reconstructed
neutrino energy: For single ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed
ring is an electron, while for multi-ring events, it is the total visible energy of the event. All error bars are statistical. MC lines
for the normal and inverted orderings are drawn assuming the best-fit oscillation parameters of the SK + sin2 ω13-constrained
analysis. SK IV-V multi-GeV single-ring events are selected using the number of tagged neutrons, and so are separated from
the SK I-III multi-GeV single-ring samples.
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FIG. 16. 1D ”ε2 profiles of oscillation parameters in the SK-only analysis with sin2 ω13 constrained. Solid lines correspond to
the data fit result, while dashed lines correspond to the MC expectation at the data best-fit oscillation parameters, cf. Tab. IV.
Dashed lines show critical values of the ε2 distribution for 1 degree of freedom corresponding to 68%, 90%, 95%, and 99%
probabilities.

Normal MO favored at 92.3% CL  
δCP = -1.75  (-0.56 π)+0.76

-1.25
+0.24
-0.40 (assuming Normal MO)

SK sensitivity 
to neutrino MO 
(pure water)

ν vs. ν ID  
based on 
#e and #n
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Effective mixing in matter 
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νe

νe

e

e

Eν≪MW

VCC = ± 2GFne

CC coherent scattering with electrons in matter induces 
effective potential ∝ electron density ne, for νe only

( )

( )

Hflavor = U
1

2E

m2
1 0 0

0 m2
2 0

0 0 m2
3

U† +
2GFne 0 0

0 0 0
0 0 0

= Ũ
1

2E
diag(m̃2
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3, m̃2

3)Ũ
†

( )

VNC = −
2

2
GFnn

( )

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

Can mimic CPV
Add sensitivity to νMO
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average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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T2K+SK joint fit
Joint framework of interaction model, systematics, analysis

SK atm. ν final state predictions constrained by T2K near detector data

160.0! 12.6ðstatÞ ! 14.3ðsystÞ predicted using the T2K
ND constraint and 84 events are observed in the μ-like
sample for 52.0! 7.2ðstatÞ ! 5.3ðsystÞ predicted. The T2K
ND constraint reduces prediction in these samples by
∼20% compared to the nominal prediction. The excess
is localized at low lepton momentum in the e-like sample
and uniformly distributed in the μ-like sample. An excess is
also seen at low momentum in the corresponding e-like
beam sample, but is not significant due to the low statistics
of this sample. As a result of the observed excesses, an
interaction model uncertainty is added to change the shape
of the pion three-momentum spectrum for charged-current
resonant interactions by modifying the Adler angle [27]
distribution, based on theoretically motivated [28,29] and
empirical modifications. A reconstruction uncertainty is
also added, as detailed in the next section.
The model for the remaining SK samples (“high-energy

model”) is based on that used in the SKanalysis, with its pion
secondary interaction and CCQE parts shared with the low-
energy model. However, two high Q2 (four-momentum
transfer) CCQE normalization parameters are left uncorre-
lated with the low-energy model due to limited phase space
overlap. The high-energy model for pion final-state inter-
actions is tuned to external data [30], as is done by T2K.
Because of little overlap between the phase spaces of the
near-detector and non-sub-GeV atmospheric samples, data
from T2K’s NDs are used to constrain interaction uncer-
tainties in the low-energymodel and the correlated part of the
high-energymodel, excluding newly added uncertainties and
other parts of the high-energy model.
Detector model—Many of the detector uncertainties in

the SK and T2K analyses are estimated from comparisons
between atmospheric data and simulation. For these,
correlated uncertainties are constructed by simultaneously
evaluating the effects of detector parameter variations on
the event rate in both the SK and T2K samples.
Correlations between the reconstructed momentum scale
uncertainties of the two experiments are found to have an
impact on the Δm2

32 constraint obtained in the data fit.
Other detector uncertainties from the reference analyses
that are relevant for only one of the experiments are applied
to the corresponding samples here. An additional system-
atic uncertainty is introduced for the sub-GeV samples
targeting CC1πþ events. It allows single-ring, single
Michel electron events with low lepton momentum to
migrate between the νe -like and νμ-like samples. The size
of this uncertainty covers the excess in data observed for
the down-going CC1πþ νe -like events at low momentum.
Oscillation analysis—Two Bayesian and two frequentist

analyses were constructed (Appendix C). When two of
those frameworks return different results for a given
measurement, the more conservative option is reported.
For atmospheric oscillation probability calculations, path-
dependent density averaging of matter effects based on a
four-layer approximation of the preliminary reference Earth

model [31] is used and fast atmospheric oscillations at low
energy are smeared. The path dependence yields more
precise oscillation probabilities than the conventional
approximation assuming layers of constant density.
Reactor experiment measurements of θ13 using ν̄e disap-
pearance, sin22θ13 ¼ 0.0853! 0.0027 [4,5,8,32,33], are
used as an external constraint.
Robustness studies—Simulated datasets [3], generated

using alternative models and fit using the nominal model,
are used to measure how p values and oscillation parameter
constraints would be affected if the assumed model is
incomplete (Appendix D). Fourteen simulated datasets are
considered, corresponding to alternative neutrino interac-
tion models and data-driven effects at both T2K ND and
SK. These studies are used to estimate, for example, how
the observed atmospheric down-going CC1πþ data excess
could bias the results if it originated from an unknown
systematic effect. Some of the simulated datasets produce a
visible shift in the preferred values for Δm2

32. The uncer-
tainty on Δm2

32 is therefore inflated by 3.6 × 10−5 eV2=c4

to account for these effects.
Dataset—The atmospheric dataset is slightly increased

compared to Ref. [14] to include the full Super-
Kamiokande IV period (2008–2018), corresponding to a
total live time of 3244.4 days. The same T2K dataset as
Ref. [3] is used, corresponding to exposures of 19.7 × 1020

TABLE I. Octant and MO posterior probabilities using either
the full dataset or samples from only one experiment and
assuming equal prior probabilities. Values obtained by the second
analysis are shown in parentheses.

SK only T2K only SKþ T2K

Upper octant 0.318 (0.337) 0.785 (0.761) 0.611 (0.639)
Normal ordering 0.654 (0.633) 0.832 (0.822) 0.900 (0.887)

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

23
2sin

3

2

1

0

1

2

3

CP

T2K
SK  T2K

SK ( ND)
1
2

FIG. 1. The (sin2 θ23, δCP) credible regions obtained with the
SK, T2K, and combined datasets. The MO is marginalized over
and a prior uniform in δCP is used.

PHYSICAL REVIEW LETTERS 134, 011801 (2025)
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CPC disfavored by ~2σ
sin2θ23 = 0.468  (θ23 =43.2° )+0.106
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-1.3∘

|Δm322| = 2.52  10-3 eV2+0.048
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PRL 134, 011801 (2025)
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Baryon number violation
Baryon number is an accidental global symmetry in SM

GUTs predict B-violating processes, e.g.

Xu
u
d

e+

d
d

Non-SUSY GUT

p{ {π0

τ ~ MX4

ΔB=1

|ΔB|=2
Dinucleon decays
n ⇄ n oscillation

SUSY GUT

τ ~ MH2MSUSY2
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Example: Search for p→e+π0 (eγγ)

No event found; Set τ/B>2.4×1034 years (90% CL)

Events with two/three e-like rings; if three rings, two should form π0 mass
+ no detected neutron

For other modes as well, we have not found excess over BG yet

12

TABLE IV. Summary of signal selection e�ciencies, the expected number of background events and the number of data
candidates for 92.1 (19.3), 49.1 (10.3), 31.9 (6.7) and 199.5 (41.8) kton·years exposures from the conventional (additional)
fiducial volume of SK-I, -II, -III, and -IV. The “Enlarged” row shows results for the enlarged 27.2 kton fiducial volume. Here
“Lower” and “Upper” indicate Ptot < 100 MeV/c and 100  Ptot < 250 MeV/c, respectively. Errors in the signal selection
e�ciency and the expected number of background events are the quadratic sum of MC statistical error and systematic errors.

Search Mode Signal Selection E�ciency (%) Background (events) Candidate (events)
Region I II III IV I II III IV I II III IV
p ! e+⇡0

Conventional
(Lower) 19.9±1.9 18.1±1.8 20.3±1.8 19.6±1.6 < 0.01 0.01±0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 21.0±3.5 20.2±3.2 21.1±3.5 19.8±3.3 0.13±0.05 0.11±0.04 0.05±0.02 0.20±0.09 0 0 0 0

Additional
(Lower) 9.6±1.5 8.8±1.4 9.9±1.7 11.0±1.5 0.01±0.01 < 0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 14.5±2.9 14.9±2.7 16.4±2.8 15.9±2.6 0.02±0.01 < 0.01 0.02±0.01 0.05±0.04 0 0 0 0

Enlarged
(Lower) 18.3±1.7 16.6±1.7 18.7±1.7 18.2±1.5 0.01±0.01 0.01±0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 20.0±3.3 19.4±3.0 20.3±3.3 19.2±3.1 0.15±0.06 0.11±0.04 0.07±0.03 0.25±0.11 0 0 0 0

p ! µ+⇡0

Conventional
(Lower) 17.0±1.6 16.2±1.5 17.5±1.6 19.9±1.9 0.03±0.02 < 0.01 0.01±0.01 < 0.01 0 0 0 0
(Upper) 16.7±3.1 16.5±2.8 16.8±3.0 18.9±3.7 0.19±0.06 0.10±0.04 0.06±0.02 0.34±0.12 0 0 0 1

Additional
(Lower) 11.1±1.5 8.8±1.2 11.0±1.4 12.7±1.2 < 0.01 < 0.01 < 0.01 < 0.01 0 0 0 0
(Upper) 12.0±2.3 12.6±2.3 12.5±2.2 14.7±2.6 0.02±0.02 0.03±0.01 0.02±0.01 0.12±0.06 0 0 0 0

Enlarged
(Lower) 16.0±1.5 14.9±1.4 16.4±1.5 18.7±1.7 0.03±0.02 0.01±0.01 0.01±0.01 < 0.01 0 0 0 0
(Upper) 16.0±2.9 15.8±2.7 16.1±2.9 18.2±3.4 0.21±0.07 0.14±0.04 0.08±0.03 0.46±0.15 0 0 0 1
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FIG. 10. Reconstructed total mass and total momentum distributions for p ! e+⇡0 (left) and p ! µ+⇡0 (right) after all the
cuts except those on the plotted variables. The top panels show the conventional and the bottom panels show the additional
fiducial volume. The left panels show the reconstructed total mass and the right panels show the reconstructed total momentum
distributions. The signal MC histograms are stacked, showing free proton decay events (light color) and bound proton decay
events (dark color, hatched). The combined result from SK-I to -IV is shown normalized by the 90% C.L. upper limit on the
signal derived in this work. Atmospheric neutrino MC (red and green) is normalized by livetime and includes reweighting to
the latest SK oscillation fit [28]. Vertical error bars on the data points denote the statistical uncertainty. Bold lines and arrows
show the signal region.
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Figure 2: Theoretical predictions of proton lifetime for representative GUT models are presented
(for the underlying assumptions, see text). (c here represents the coefficient of a Planck suppressed
dimension-5 operator, for details, see Ref. [107].) Current Super-K data rule out the gray shaded
regions. Future projections/sensitives from JUNO, DUNE, THEIA, and Hyper-K are also specified in
the diagram (see Section 3 for details).

ciated with numerous phenomenological inputs in the calculation of the proton lifetime are analyzed.
For example, in constraint MSSM (cMSSM) case, assuming sparticle masses . O(10) TeV, the proton
lifetime is found to be ⌧p(p ! ⌫K+) . (2 � 6) ⇥ 1034 yrs which can be tested in the near future.

We emphasize that unusual decay modes, such as p ! µ+⇡0 and p ! µ+K0, can also be within
the reach of the future experiments even in the minimal SUSY SU(5), if there exists flavor violation in
sfermion mass matrices [113]. These decay modes can also be enhanced in flipped SU(5) GUTs with
R symmetry, as recently discussed in Refs. [126, 127].

• SO(10) GUTs: GUTs based on SO(10) gauge symmetry [18, 19] are especially attractive since
all SM fermions of each family are unified into a single irreducible 16-dimensional representation.
Additionally, 16 contains a right-handed neutrino which naturally leads to non-zero neutrino mass via
a type-I seesaw mechanism. Furthermore, SO(10) is free of gauge anomalies, whereas, in contrast, in
SU(5), the gauge anomaly due to the 5R cancels the anomaly due to the 10L of fermions (separately
for each generation). The unification of all fermions of each generation into a single multiplet suggests
that SO(10) may serve as a fertile ground for addressing the flavor puzzle. In fact, it turns out that
SO(10) GUTs are very predictive and have only a limited number of parameters to fit charged fermion
as well as neutrino masses and mixings, which have been extensively analyzed in the literature [128–
149]. As shown in Ref. [144], the most economical Yukawa sector with only SO(10) gauge symmetry
consists of a real 10H, a real 120H, and a complex 126H Higgs fields. Another widely studied
class of models [128], with minimal Yukawa sector, utilizes a complex 10H and a complex 126H

– 9 –
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M. Miura (BLV2019)

Predicted lifetime [years]

p→e+π0

p→νK+

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

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
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Search for p→νπ+ and n→νπ0 
One µ-like ring Two e-like rings with mπ

Large atm ν BG, bump search based on pπ ~460 MeV/c

τ>3.5×1032y

Paper in preparation

Reconstructed pµ [MeV/c] Reconstructed pπ0 [MeV/c]

Ev
en

ts

p→νπ+ n→νπ0

(1 Michel-e sample)

No excess over atm ν BG found

τ>1.4×1033y



Recent Gd loading  
for neutron detection
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Gadolinium to water
Gadolinium has the highest thermal neutron capture efficiency, 

with 8 MeV γ-radiated energy per capture (~90% are detectable)

Gd2(SO4)3
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1H(n,γ): 2.2 MeV

 ~8 PMT hits 

155/157Gd(n,γ): ~8 MeV

~30 PMT hits
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Gd conc. H(n,γ) Gd(n,γ) n efficiency
1996-2008 12 yrs - ~100% - No data
2008-2020 12 yrs ~20%
2020-2022 2 yrs 0.01w% 55% 45% ~50%

2022-present 3+ yrs 0.03w% 30% 70% ~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 ν MO and CPV test
All plots work in progress with SK simulation

CHAPTER 1. INTRODUCTION

1.3 Advantages of neutron-tagging

In this section, we discuss the advantages of “neutron-tagging” physical events in

Super-Kamiokande (SK), with a particular focus on atmospheric neutrino events

and oscillation analysis, though not limited solely to these.

Since 2008, SK has actively detected neutron signals in its atmospheric neutrino

data. The primary objective has been to identify recoil neutrons from antineutrino

CCQE interaction ⌫̄lp ! l
+
n, and di↵erentiate them from neutrino CCQE interac-

tion ⌫ln ! l
�
p. Most recoil neutrons undergo 1H(n, �), resulting in the emission

of a single 2.2 MeV gamma-ray. The detection e�ciency of this gamma-ray at SK

stands at approximately 20%. Figure 1.7 shows the di↵erence in the expected neu-

tron signal multiplicity between true neutrino and antineutrino events. It implies

that requiring no neutron in the event allows the e↵ective classification of antineu-

trinos from neutrinos. It is important to note that the neutron multiplicity in ⌫/⌫̄

CCQE events is not strictly confined to zero or one. This variability arises due to

contamination from non-CCQE events, as well as the influence of nuclear e↵ects

and subsequent hadronic interactions within the detector medium. These factors

contribute to the smearing of the neutron signal multiplicity, as evident in the tails

displayed in Figure 1.7.

Figure 1.7: The probability density of expected neutron signal multiplicity for sub-
GeV atmospheric neutrino events (purple) and antineutrino events (olive) with re-
constructed visible energy below 1.33 GeV, and vertices within the fiducial volume
(FCFV). Refer to Section 2.3 for a description of the simulation configuration.
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ν/ν ID a.
u.

ν CC
Anti-ν CC

1.3. Advantages of neutron-tagging

Another advantage of detecting recoil neutrons from neutrino events lies in the

potential to enhance the reconstruction of the incident neutrino kinematics. This

becomes particularly valuable for atmospheric neutrino events, where the direction

(indicative of path length) and energy are initially unknown. Currently, proxies such

as the momentum and direction of scattered charged leptons are utilized, but their

accuracy in representing incident neutrino kinematics is limited.

To achieve a more accurate reconstruction of neutrino energy, we can leverage

the count of neutrons, expected to be proportionate to the energy transferred to the

hadron system [26, 27]. Figure 1.10 illustrates the expected linear increase in the

fraction of “missing neutrino energy” with respect to the detected neutron signals.

Figure 1.10: The expected fraction of energy reconstruction error ((E⌫ �Erec)/Erec),
as a function of detected neutron signals. The simulation assumes 0.01w% Gd in
the SK water volume. (Reprinted from [27])

For a more accurate reconstruction of the neutrino direction, we can leverage

the fact that the expected neutron track length, from its production to capture,

tends to be longer for more energetic neutrons. By reconstructing both the neutrino

interaction vertex and the subsequent neutron capture vertices, we can obtain a

set of vectors that positively correlate with the initial kinetic energy. Using these

vectors, we can deduce the recoil neutron’s kinetic energy and, consequently, the

original neutrino direction, given the reconstructed lepton kinematics.
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Hadron  
calorimetry

Neutron counts

M
is

si
ng

 E
 [%

]
⟨

⟩

Sub-GeV

Sensitivity

Assume 
Inverted MO

Assume   
Normal MO

+10 years of operation 
(without n calorimetry)



Results
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SK-Gd energy spectrum
Highlight: 
Additional 404 days with 0.03% Gd➡ Totally 956 days SK-Gd data 

Select only Nn = 1 
New neutron ID and background reduction 

No signal obvious excess, but indicates (min. p-value=0.04)
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APJ. L 951 L27 (2023) 
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Neutrons for diffuse supernova ν

28

Requires accurate estimation of  
secondary n production  
in atm ν CC/NC events

p + e− → n + νe
n → p + e− + ν̄e…

Diffuse Supernova ν  
Background (DSNB)

∫
• SN formation rate

• ν emission in SN

• Cosmic expansion

Reconstructed e+ energy [MeV]



Measured neutrons in atm. ν events
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Data prefers models with cascade step correlations + smaller n evap.
+ larger π production

PRD 112, 012004 (2025)

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

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

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



Super-Kamiokande during its ~30 years journey 
has contributed to providing world-leading constraints 
e.g., large θ12, θ23, mass gaps Δm212~10-5, Δm322~10-3 eV2, 

Latest results prefer Normal νMO and CPV at 1-2σ level; 
Plus, SK has set most stringent limits on many BNV modes 
(flagship p→e+π0 mode 90% lifetime limit τ/B~1034 years) 

Since 2020, SK has loaded Gd to enhance “neutron tagging”  
that is important for ν reconstruction and atm ν BG reduction. 
Neutron simulation in SK is getting more accurate than ever. 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Super-K Status and Prospects

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



Backup



Neutron signal ID

32

t

NHits
Candidates

Radioactivity Neutron signal

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

Noise vs. Signal binary classifier 
based on PMT hits and their corr. 

Cut



Standard 3-flavor neutrino mixing
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νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiη1 0
0 0 eiη2

sij ≡ sin θij

cij ≡ cos θij

Majorana 
phases3 mixing angles θ12, θ13, θ23

1 phase δ
2 diagonal phases η
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= δαβ − 4∑
i>j

Re(Ωαβ
ij )sin2

Δm2
ijL

4E
+ 2∑

i>j

Im(Ωαβ
ij )sin

Δm2
ijL

2E

P(να → νβ) = ∑
j

UαjU*βje
−iϕj

2
Ωαβ

ij ≡ UαiU*βiU*αjUβjϕi ≡ m2
i L/2E

( ) ( )

( )

Dominant oscillation Imaginary U ⇄ CPV

+2JCP ∑
i>j

sin
Δm2

ijL
2E( )

JCP ≡ c12s12c23s23c2
13s13 sin δ

ν flavor transition probability in vacuum (Energy , Path length )E L

|Δm122|, |Δm232| ~ |Δm132| 
sensitive to distinct L/E 
(solar, reactor, atm/acc., etc.)

2-flavor approx.
P(να → νβ) ≈ sin2 2θ sin2 Δm2L

4E

Unitarity

Insensitive to the sign of Δm2  
(e.g., mi>mj or mi<mj)
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We find parameters that best fit the observed oscillatory signatures

Super-K Neutrino Results & Gd Status, Thomas Wester, NNN20232023/10/12

SK Solar Neutrino Oscillations

23

SK I-IV 5610 Days
SK+SNO best-fit MSW oscillations
Data (Stat. + Syst. errors)

Recoil energy (MeV)

• SK data favors up-turn 
scenario below 5 MeV, but 
< 3.5 MeV data needed


• Recoil energy spectrum 
consistent with MSW 
oscillations

Charged lepton energy 
as a proxy for neutrino E

Solar ν  
(small variation in L, E)

Atmospheric ν 
(large variation in L, E)

Charged lepton energy, 
Zenith angle, or BOTH

2-flavor oscillation



Resonance in matter
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In 2-flavor case,

Hflavor =
Δm2

4E (−cos 2θ ± ϵ sin 2θ
sin 2θ cos 2θ)

Effective mixing angle tan 2θ̃ =
sin 2θ

cos 2θ ∓ ϵ

Effective mass splitting Δm̃2 = Δm2 (cos 2θ ∓ ϵ)2 + sin2 θ

= Ũ
1

2E
diag(−

1
2

Δm̃2,
1
2

Δm̃2)Ũ†

ϵ ≡
4E

Δm2
2GFne

Maximal mixing ( ) occurs when  θ̃ = π/4 ϵ(ne, E) = cos 2θ
for ν with normal MO (Δm2>0) and ν with inverted MO (Δm2<0)



37Slide from Mu-Chun Chen @ 2022 Conference
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Pure water period
 

0.01w% 0.03w%
Gd

n efficiency increase with more Gd

Mean (n,γ) counts per fully-contained atmospheric ν event is monitored



Our first ν mixing result (1998)
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T. Kajita @ Neutrino ’98

θ ~ 33-58° 
Δm2 ~ 10-4-10-3 eV2 

Vacuum 2-flavor model


