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Challenges:
• Purify water without removing Gd
• Maintain high light transparency
• Maintain low radioactivity
• No degradation or corrosion of materials
• Prevent any Gd-water from leaking 
•       into the environment

SK-Gd (gadolinium enhanced neutron capture) 𝜺𝒄𝒂𝒑𝒕𝒖𝒓𝒆
2019 SK-V still pure water 25%

2020 SK-VI 0.011% Gd 50%

2022 SK-VII 0.033% Gd 75%

2024 SK-VIII 0.033% Gd after recovery of
magnetic coil issue

75%

open tank
2018
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SK-IV Electronics and DAQ upgrade: “record every hit” architecture allows us to detect neutron capture

Neutron Capture in SK-IV and SK-Gd

≈	8 MeV gammas 

vertex resolution ≈ 40	cm 
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FIG. 3. A PMT hit time distribution for a typical ω̄µ charged-current (CC) quasi-elastic (QE) interaction with a muon and
a neutron as final states. The zero is set at the event trigger. The event displays feature the “prompt” muon signal (red) and
the two types of “delayed” coincident signals — Michel electrons from muon decay (olive) and neutron captures on Gd (pink).
The gray bars represent randomly recorded background PMT hits. This event was simulated in the SK-VI configuration.

III. ATMOSPHERIC NEUTRINO EVENTS

A. Event selection

We followed a typical selection process for atmospheric
neutrino interactions that are fully contained within the
ID, similar to previous studies conducted at SK [6]. All
events were required to pass the ID trigger with the
threshold N200-ns → 58 PMT hits—roughly correspond-
ing to a 10 MeV electron—followed by the extended event
window of 535 µs for neutron detection. Background
events from cosmic-ray muons, radioactivity, and neu-
trino interactions with exiting particles were reduced us-
ing OD veto and ID charge cuts.

Selected events were reconstructed as described in Sec-
tion III B. To further reject low-energy backgrounds, we
required that the reconstructed vertex be more than 1
m away from the ID tank wall (defining the fiducial vol-
ume with 27.2 kton of water) and that the visible energy
be larger than 30 MeV. The remaining background con-
tamination, mainly due to cosmic-ray muons stopping in
the ID and PMT discharges, was estimated to be below
0.2%, based on visual inspection [7].

B. Reconstruction of prompt Cherenkov rings

Figure 3 shows a simulated PMT hit time distribution
of a typical ω̄µ charged-current (CC) quasi-elastic (QE)
event followed by a Michel electron and a Gd(n, ε) re-
action, along with the corresponding event displays. For
the “prompt” radiation due to charged particles (namely,

FIG. 4. Average squared momentum transfer (Q2) per vis-
ible energy bin for simulated atmospheric neutrino events at
SK, compared between two di!erent neutrino event genera-
tors. NEUT 5.4.0 (blue) uses the baseline setup described in
Section III C, while GENIE 3.4.0 [24–26] uses the “hN” setup
as described in Section VI.

electrons and muons) produced via the primary neutrino
interaction, we followed the Cherenkov ring reconstruc-
tion process [27] as applied in previous SK analyses [6, 7].

The visible energy of an event is defined as the sum of
the reconstructed kinetic energies of all Cherenkov rings,
assuming each ring originates from an electron. This
calorimetric measure serves as a reliable proxy for neu-
trino momentum transfer, as demonstrated by the posi-
tive correlation shown in Figure 4.

S. Han et al, https://arxiv.org/abs/2505.04409
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TABLE III. A summary of the number of atmospheric neutrino events (“ω events”) and detected neutron signals (“n signals”)
in the final sample. →N↑overall is the unbinned application of Equation 4, followed by signal e!ciency scale corrections with the
factors given in Section IVB. These factors are specifically chosen to ensure consistency of →N↑overall across the three SK phases
(see Appendix A). Errors for the observed →N↑overall are listed as statistical first, followed by systematic uncertainty. Other
errors are statistical only. The bottom two rows show the expected →N↑overall and the true overall (n, ε) multiplicity extracted
from the baseline full MC simulations (NEUT 5.4.0 with SK-IV/V default for SK-IV/V, and SK-VI default for SK-VI).

SK-IV SK-V SK-VI
ω events 29,942 4,231 5,203
Events/day 9.23± 0.05 9.18± 0.14 9.22± 0.13
n signals 15,705 2,035 5,752
n signals/event 0.525± 0.004 0.481± 0.011 1.106± 0.015
Observed →N↑overall 2.49± 0.03± 0.23 2.49± 0.10± 0.11 2.49± 0.06± 0.05
Expected →N↑overall 2.83 2.84 2.85
True (n, ε) multiplicity 2.85 2.85 2.86
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FIG. 18. Comparison of various model predictions with the combined data, showing the average (n, ε) multiplicity as a
function of atmospheric neutrino event visible energy, for all events (left), single-ring events (middle), and multi-ring events
(right). The black data points represent the combined data, including both statistical and systematic uncertainties. In the
top panel, the combined data are compared to the prediction intervals of the models. Thicker shaded regions represent the
range of predictions obtained by varying only the neutrino event generator options while keeping the secondary hadron-nucleus
interaction model fixed to the baseline (SK-VI default). Lighter shaded regions indicate the broader range of predictions from
all model combinations. The bottom panel shows corresponding plots for specific model choices that are based on GENIE and
Geant4, including the one (GENIE INCL + G4 BERT PC) that shows good agreement with the data (see Table IV).

gt (gp) is a variable that takes values close to one (zero)
for higher degrees of confidence in the reconstruction. The
distribution of gt and gp for neutron capture on Gd in the
MC is shown in Fig. 3. In this analysis, events with gt > 0.4
and gp < 0.4 are retained as signal candidates. The signal
efficiency for the event quality cut is evaluated with the MC
as ð92.62" 0.29Þ% with the MC statistical uncertainty.

3. Number of hit PMTs

Energy reconstruction is based on the number of hit
PMTs as most of them are single photoelectron signals.
Since the background due to the radioactivities exists
dominantly at low energy below the signal from neutron
capture on Gd, event selection is applied by setting a
threshold for the number of hit PMTs. The time of flight of
photons from the reconstructed vertex to the hit PMTs is
subtracted from the PMT hit time. The number of hit PMTs
in a 50-ns time window is then defined as N50. The N50

distributions for both data and the MC are shown in Fig. 4.
Background events due to accidental coincidence are
evaluated from the off-time window and subtracted. In
order to suppress the contamination of the hydrogen
capture events, the cut criterion is set to 24 ≤ N50 ≤ 70.
The signal efficiency for N50 cut is obtained as ð80.22"
0.27Þ% using the distribution of neutron captures in
the MC. The uncertainty is due to the MC statistics.
The explanation of systematic uncertainty is described
in Sec. IV D.

4. Distance from muon track

To select muon-induced neutrons, it is effective to use
the transverse distance between the muon track and the
reconstructed vertex. The definition of the transverse
distance Lt is shown in Fig. 5. Lt correlates with the
distance that the secondary particles produced by the

muon-induced hadronic shower travel through water.
For multiple muons, Lt is defined as the distance between
the reconstructed vertex and the closest muon track. The Lt
distribution of the data is shown in Fig. 6 for events after
all cuts except for the Lt cut. In this analysis, the selection
criterion is determined as Lt < 500 cm and the signal
efficiency is evaluated as ð97.25" 0.10Þ% from the data
after subtraction of off-time.

C. Number of neutrons

The total number of neutron capture signals is extracted
by using the time difference between the muon and the
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FIG. 3. Distribution of gt and gp for neutron capture on Gd in
the MC. The color scale is the number of events normalized by
area. The gray dashed lines are the cut thresholds.
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FIG. 4. Distribution of N50 for data (black points, background
subtracted) and MC (red lines). Total (solid line), Gd capture
(dashed line), and hydrogen capture (dotted line) are plotted. All
cuts except the N50 cut are applied for the data. The remaining
background is evaluated from off-time (430 μs ≤ Δt ≤ 530 μs)
and subtracted from on-time (40 μs ≤ Δt ≤ 240 μs). Only the
event quality cut is applied for MC and the entries of the total MC
distribution are normalized to the data by the height of the peak.
The gray dashed lines are N50 cut thresholds.

FIG. 5. Definition of transverse distance (Lt) between the muon
track and the reconstructed vertex.

M. SHINOKI et al. PHYS. REV. D 107, 092009 (2023)
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Figure 9: A typical distribution of the timing di!erence between muons and their spallation
neutron candidates. The data was obtained on June 19th, 2022, when the border between
high and low Gd concentration regions was around Z = 0 m. The filled markers show
the data points with a selection of →16.10 < Z < →12.88 m corresponding to ↑ 0.033%
Gd concentration. The red line shows a fitted function of a single exponential plus a
constant background. The blue crosses and cyan dashed line show the corresponding data
points and a fitted curve before the second Gd-loading (↑ 0.011% Gd concentration) with
a selection of +12.88 < Z < +16.10 m.

24

SK-VI: 120 𝜇𝑠
SK-VII: 60 𝜇𝑠

visible energy higher for capture on Gd

H
Gd

accurately predicting neutron 
production is a challenge

Pure water: 200 𝜇𝑠

capture time
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• Continue to extract information from solar neutrinos

• Be ready for supernova neutrinos and find diffuse ones

• Study 3-flavor oscillation of atmospheric neutrinos

• Search for nucleon decay

• Astrophysical searches of all kinds 

Science Goals as we complete Super-K

+ Be the far detector for T2K

increasing
neutrino 

energy

humpback whale for scale
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Solar 
Neutrinos

PRL 132 (2024) 24, 241803
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FIG. 30. Solar angle distribution for the energy range of 3.49–
19.49 MeV using SK-IV 2970-day data set. The black points
show the observed data, the dark and light gray shades show
the background and the best-fit signal, respectively.
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FIG. 31. (Color online) Comparison of 8B solar neutrino flux
among different SK phases. The thick red (thin blue) bars
illustrate the statistical uncertainty (total uncertainty). The
gray band shows the combined value.

0.445± 0.002 (stat.)± 0.008 (syst.), which corresponds to

Φ8B,SK = (2.336± 0.011± 0.043)→106 cm−2 s−1. (12)

Figure 32 shows the measured 8B solar neutrino flux
among real-time solar neutrino experiments. A com-
parison between different interaction channels is a clear
demonstration of the existence of non-electron neutrino
components in 8B solar neutrinos.
At lower neutrino energies, the MSW effect in the Sun

is weaker and neutrino flavor change reverts to a vacuum-
like mechanism. For solar neutrinos this transition is ex-
pected to occur around 3 MeV, so SK’s lowest-energy
events are of particular interest to confirm our under-
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FIG. 32. (Color online) Comparison of 8B solar neu-
trino flux among solar neutrino experiments. The mea-
sured flux of other experiments are obtained from the three
phases of SNO [60–63], Borexino [64], KamLAND [65], and
SNO+ (pure water) [66]. The left (right) vertical axis shows
the measured flux without neutrino oscillation (the ratio of
the measured flux to the SNO’s neutral current flux [42]).

standing of the MSW effect. Figure 33 shows the solar
angle distribution from 3.49 to 3.99 MeV. Although the
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FIG. 33. Solar angle distribution for the energy range of 3.49–
3.99 MeV using SK-IV 2970 days data sample. The definitions
are the same as in Fig. 30.

signal-to-noise ratio is small because of the contamina-
tion from the background events, the peak of the solar
neutrino signal is clearly observed over the background
rate. The number of extracted events in the energy range
of 3.49–3.99 MeV is

S3.49-3.99 = 1871+167
−165 (stat.)

+92
−90 (syst.). (13)

The statistical significance is about 10 sigma. This is
achieved by reducing the background events, mainly from
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FIG. 30. Solar angle distribution for the energy range of 3.49–
19.49 MeV using SK-IV 2970-day data set. The black points
show the observed data, the dark and light gray shades show
the background and the best-fit signal, respectively.
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0.445± 0.002 (stat.)± 0.008 (syst.), which corresponds to

Φ8B,SK = (2.336± 0.011± 0.043)→106 cm−2 s−1. (12)

Figure 32 shows the measured 8B solar neutrino flux
among real-time solar neutrino experiments. A com-
parison between different interaction channels is a clear
demonstration of the existence of non-electron neutrino
components in 8B solar neutrinos.
At lower neutrino energies, the MSW effect in the Sun

is weaker and neutrino flavor change reverts to a vacuum-
like mechanism. For solar neutrinos this transition is ex-
pected to occur around 3 MeV, so SK’s lowest-energy
events are of particular interest to confirm our under-
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FIG. 32. (Color online) Comparison of 8B solar neu-
trino flux among solar neutrino experiments. The mea-
sured flux of other experiments are obtained from the three
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SNO+ (pure water) [66]. The left (right) vertical axis shows
the measured flux without neutrino oscillation (the ratio of
the measured flux to the SNO’s neutral current flux [42]).

standing of the MSW effect. Figure 33 shows the solar
angle distribution from 3.49 to 3.99 MeV. Although the
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FIG. 33. Solar angle distribution for the energy range of 3.49–
3.99 MeV using SK-IV 2970 days data sample. The definitions
are the same as in Fig. 30.

signal-to-noise ratio is small because of the contamina-
tion from the background events, the peak of the solar
neutrino signal is clearly observed over the background
rate. The number of extracted events in the energy range
of 3.49–3.99 MeV is

S3.49-3.99 = 1871+167
−165 (stat.)

+92
−90 (syst.). (13)

The statistical significance is about 10 sigma. This is
achieved by reducing the background events, mainly from

goal: observe 
solar upturn

65000 solar neutrinos
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FIG. 47. (Color online) θ12 and ∆m2
21 allowed by the

global analysis. The Green(light gray) area is the solar
global contour (3σ), the blue(medium gray) area is the Kam-
LAND contour (3σ) and the red(dark gray) area is the So-
lar+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 + KamLAND contours (1–3σ C.L.).
The dashed-dotted contours are SK+SNO contours for com-
parison.

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

sin2θ12,global = 0.307± 0.012,

∆m2
21,global = (7.50+0.19

−0.18)→ 10−5 eV2.

The oscillation results of this analysis show a tension of
∆m2

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

to θ13 independently from reactor anti-neutrino measure-
ments 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
resulting contours of the mixing angles θ12 and θ13. The
best-fit value from all solar data of

sin2 θ13 = 0.032+0.021
−0.022,

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

sin2 θ13 = 0.030+0.015
−0.014.
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FIG. 48. (Color online) 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 Kam-
LAND contour (3σ) and the red(dark gray) area is the So-
lar+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 + KamLAND contours (1–5σ C.L.).

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 uncertain-
ties. Those arise from detector asymmetries (the direc-
tionality of solar neutrino recoil electrons means that dif-
ferent 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 distri-
bution of background events. Such systematic errors can
be reduced by fitting the amplitude of the rate variation
and extracting the corresponding day/night asymmetry
from the fit to the amplitude. This fit is done using
the likelihood of Eq. (21). The rate variation (calcu-
lated from standard oscillation parameters) r(cos θz,solar)
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 = −0.0262± 0.0107 (stat.)± 0.0030 (syst.).

(30)

This fit value is based on the expected zenith variation
shape from ∆m2

21 = 6.1 → 10−5 eV2 with an expected

Phys.Rev.D 109 (2024) 9, 092001

global solar

solar+KamLAND

Global Oscillation Analysis:
• Borexino
• Homestake
• Gallex/GNO
• SAGE
• SNO
• SK-IV

NSI, sterile modify matter
oscillation probability
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Supernova



all events n-tag removed with 80% efficiency

Galactic Supernova at 10 kpc

⌫̄e + p ! e+ + n ⌫ + e� ! ⌫ + e�

Right Ascension
vs Declination

Angular resolution ~ 2x improved by SK-Gd
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Diffuse Relic Supernova Neutrinos

11

DSNB rate depends on:
• supernova rate
• star formation
• black hole formation
• supernova neutrino production
• cosmic expansion
Wide range of predictions:
       

Beacom and Vagins, 2004

background
reduction

⌫̄e + p ! e+ + n

Efficiency increase
allows other cuts to
loosen

signal   region
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et al. 2000), and the most pessimistic one is Nakazato+15
(Nakazato et al. 2015) with the assumption of normal mass
ordering in whole energy ranges, respectively. The upper limit
of the flux for each bin is summarized in Table 2.

6. Future Prospects

In 2022 June, the SK-Gd experiment was upgraded to the
SK-VII phase, in which additional Gd was introduced into the
detector, providing a mass concentration of approximately
0.03%. In this phase, neutron tagging efficiency is expected to
be over 55% while having comparable εmis with SK-VI,
leading to 1.5 times higher sensitivity for the n̄e in the case of
the same live time as for SK-VI. Furthermore, more efficient
noise reduction by neutron tagging will enable a lower energy

threshold. Hence we can search in a lower-energy region,
which will increase signal acceptance for DSNB, solar
antineutrinos, and light-dark-matter searches.

7. Conclusions

We searched for astrophysical n̄e, using the SK-VI data
below 29.5MeV for Erec between 2020 August and 2022 May,
with 0.01% Gd mass concentration. This is an independent data
set from the previous SK-IV search (Abe et al. 2021), using the
data taken with pure water. In this analysis, a brand-new
method for tagging neutrons using the signal of neutron capture
on Gd is utilized so that the efficiency of neutron tagging is
twice as high while keeping a low-misidentification probability.
No significant excess above the expected backgrounds at

Figure 3. Upper limits on the n̄e flux, calculated by Equation (2). The red lines show the observed (solid) and expected (dotted–dashed) 90% C.L. upper limit for SK-
VI. The blue lines show the observed (solid) and expected (dotted–dashed) 90% C.L. upper limit for SK-IV Abe et al. (2021). The green line represents the 90% C.L.
observed upper limit placed by KamLAND Abe et al. (2022c). The gray-shaded region represents the range of the modern theoretical expectation. The expectation
drawn in the figure includes DSNB flux models (Hartmann & Woosley 1997; Malaney 1997; Kaplinghat et al. 2000; Ando et al. 2003; Horiuchi et al. 2009;
Lunardini 2009; Galais et al. 2010; Nakazato et al. 2015; Horiuchi et al. 2018, 2021; Kresse et al. 2021; Tabrizi & Horiuchi 2021; Ekanger et al. 2022). Ando+03
model was updated in Ando (2005).

Table 2
Summary Table of Upper Limits, Sensitivity, and Optimistic and Pessimistic DSNB Expectation from Kaplinghat et al. (2000) and Nakazato et al. (2015),

Respectively

Neutrino Energy Observed upper limit Expected sensitivity Averaged theoretical expectation of DSNB

(MeV) (cm−2 s−1 MeV−1) (cm−2 s−1 MeV−1) (cm−2 s−1 MeV−1)
SK-IV SK-VI SK-IV SK-VI

9.29–11.29 37.30 34.07 44.35 50.78 0.20–2.40
11.29–13.29 20.43 18.43 11.35 15.12 0.13–1.66
13.29–17.29 4.77 3.76 2.05 2.71 0.67–0.94
17.29–25.29 0.17 0.90 0.21 0.50 0.02–0.30
25.29–31.29 0.04 0.33 0.11 0.33 <0.01–0.07
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projected
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SK-Gd to 2029
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The number of accidental coincidence background events
Bacc is estimated as

( )e= ´ -B N , 1acc mis pre ntag
data

where εmis is the neutron misidentification probability
described in Section 3, and -Npre ntag

data represents the number
of remaining observed events after all selection criteria except
neutron tagging.

Systematic uncertainties are estimated for only signal energy
regions. The uncertainties on the NCQE events, spallation 9Li,
and reactor neutrinos are taken as estimated by Abe et al.
(2021), as 68% below 15.49MeV and 82% above 15.49MeV,
60%, and 100% for the NCQE, 9Li, and reactor neutrino
backgrounds, respectively. Other components, such as non-
NCQE events and accidental coincidence events, are newly
estimated from the observed data in SK-VI based on the same
method as Abe et al. (2021), 44% and 4%, respectively.

5. Results

After all event selection criteria are applied, 16 events
remain within the signal energy region in 552.2 day data. In
this analysis, we adopt five separate bins of Erec, of widths
7.5–9.5, 9.5–11.5, 11.5–15.5, 15.5–23.5, and 23.5–29.5 MeV
for the signal window. Also, the side-band region is separated
into bins for each 10MeV. Figure 2 shows the Erec spectrum of
those events. This is also listed in Table 1.

The probabilities of finding the observed number of events due
to the fluctuation of the background events (p-value) are evaluated
for each bin. It is done by performing 106 pseudo experiments
based on the number of observed events and expected background
events and the systematic uncertainties of the latter. The obtained
p-values are listed in Table 1. We conclude that no significant
excess is observed in the data over the expected background since
even the most significant bin has a p-value is 25.8%.

We set the upper limit for the number of signal excess over
the expected background with a 90% confidence level (C.L.;
N90). It is evaluated by the pseudo experiments using the
number of observed events with these 1σ statistical uncertain-
ties and the number of expected background events with their
systematic uncertainties. Then we estimate the flux upper limit
based on N90 of the observed event. Assuming there is no
signal event, the upper limit on the flux for each bin is
calculated as

¯ · · · ¯ ·
( )f

s e
=

N
N T dE

. 2
p

90
limit 90

IBD sig

Here, s̄IBD is the averaged total cross section of IBD for each
energy bin, Np is the number of protons as a target in the 22.5
kton of the fiducial volume of SK, T is the live time of
observation (552.2 days), ēsig is the averaged signal efficiency
for each energy bin after all event selection criteria are applied
as shown in Figure 1, and dE is the bin width at each bin. The
neutrino energy Eν is calculated by Eν= Erec+ 1.8 MeV. The
total cross section is given by the calculation in Strumia &
Vissani (2003).

The expected upper limit from the background-only
hypothesis at 90% C.L., N90, exp, is evaluated using the number
of expected background events and their statistical uncertainty.
Then we extract the expected flux sensitivity by replacing N90
with N90, exp in Equation (2).

Figure 3 shows the upper limit of the n̄e flux extracted in this
search with the range of expectations of modern DSNB models.
The most optimistic expectation is Kaplinghat+00 (Kaplinghat

Figure 2. Reconstructed energy spectra of the observed data and the expected
background after data reductions with a linear (top) and a logarithmic (bottom)
scale for the vertical axis. These include the signal energy region and the side-
band region above 29.5 MeV. Each color-filled histogram shows the expected
backgrounds. The error bars in the data points represent the statistical
uncertainty estimated by taking the square root of the number of observed
events. These background histograms are stacked on the other histograms. The
hatched areas represent the total systematic uncertainty for each bin. The size of
uncertainty for each background is mentioned in the main text. The red dotted–
dashed line shows the DSNB expectation from the Horiuchi+09
model (Horiuchi et al. 2009), which is drawn separately from the stacked
histogram of the estimated backgrounds.

Table 1
Summary of Observed Events, Expected Background Events, and p-value for

Each Erec Bin

Erec (MeV) Observed Expected p-value

7.5–9.5 5 7.73 ± 2.54 0.798
9.5–11.5 5 4.14 ± 1.23 0.398
11.5–15.5 3 2.13 ± 0.59 0.359
15.5–23.5 2 0.98 ± 0.35 0.258
23.5–29.5 1 0.98 ± 0.41 0.597

Note. Errors for the expected background represent only the systematic
uncertainty.
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Recent improvements to “ATMPD” analyses
Enlarging Fiducial Mass

• Super-K is huge detector but its physics 
sensitivity is still limited by statistics… 

• Enlarge from 22.5 kton to 27.2 kton, 
+20%. 
• 2 m to detector wall → 1 m 

Remarkable merits 
• Enables the use of past data that has 
never been analyzed. 

• Improves p-decay search sensitivity for 
every mode as well as the neutrino 
analysis. 

Considerations to achieve it 
1. External background contamination. 
2. Reconstruction performance. 
3. Data/MC agreement and systematic 
uncertainties.

6New Analysis Improvement

2 m

Fiducial Mass 
22.5 kton → 27.2 kton

Enlarge  1 m

π０→2γ
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22.5 kton
(inner)

p0 mass (MeV/c2)

Background & Reduction Technique

Number of Tagged Neutrons
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Number of Tagged Neutrons (SKIV dwall>200 cm)

• Atmospheric (ATM) neutrino events can mimic p-decay signal. 
• ~60% of them are produced via CC pion production interaction. 
• Often accompanied with neutrons. 

• Since SKIV (2008~2018), faint signature of neutrons (γs) can be 
recorded thanks to electronics upgrade. (n+p→d+γ(2.2 MeV)) 
• Neutron tagging efficiency ~25%. 
• Requiring no tagged neutrons reduces ATM ν BG by ~50%.

νe e-

n p

π0

invisible
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Number of Tagged Neutrons (SKIV dwall>200 cm)
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Neutron Multiplicity

Reject
Tagged Neutrons Data 
Tagged Neutrons ATM ν MC 
True Produced Neutrons ATM ν MC

Atmospheric ν

Number of Neutrons

Neutron capture on hydrogen 
Enlarge fiducial volume
(adds 4.7 kton)

NC𝜋/
reject 𝑛 for proton decay
or count 𝑛 for atm. nu

future: count and detect neutrons to estimate hadronic energy and direction

14



Detector

ν

θz

T. Wester, Fermilab W&C

Matter Effects

enhancement of 
electron neutrinos 

passing through dense matter

enhancement of 
electron antineutrinos 

passing through dense matter

core/mantle →

15



Electron appearance regions*  means SK-I to SK-III 
no neutron tag

zenith angle
distributions:

data and MC

16



𝜈(/𝜈̅( separation
by boosted decision tree
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Super-K atmospheric oscillation* result with reactor constraint
• Favors lower octant (upper octant in 2018 paper)
• Favors normal ordering Δχ!"#$"% = −5.7
• Preference for normal ordering using CLS = 0.077 (reject inverted ordering at 92.3%)

*see also on 9-June: SK+T2K combined analysis, Alejandro Ramirez Delgado 18



https://www.economist.com/news/science-and-technology/21734379-no-guts-no-glory-fundamental-physics-frustrating-physicists

Proton Decay

https://www.economist.com/news/science-and-technology/21734379-no-guts-no-glory-fundamental-physics-frustrating-physicists
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Super-Kamiokande I

 

  Time(ns)
    < 952
 952- 962
 962- 972
 972- 982
 982- 992
 992-1002
1002-1012
1012-1022
1022-1032
1032-1042
1042-1052
1052-1062
1062-1072
1072-1082
1082-1092
    >1092

0 500 1000 1500 2000
0

134

268

402

536

670

Times (ns)

p ! e+⇡0

databackgroundsignal

background reduction in 16O region
improved by roughly x2 using 𝑛-capture

preliminary, 450 kt y
expanded fiducial volume
neutron capture

free proton
16O
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33
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34

Soudan Frejus Kamiokande IMB

τ/B (years)

Super-K

p → e+ π0

p → μ+ ρ0

n → ν ω

p → e+ K 0

n → e+ K -

n → μ+ K -

p → ν K +

n → ν K 0

p → e+ K*(892)0

n → ν K*(892)0

p → ν K*(892)+

p → μ+ π0

n → μ+ π-

p → ν π+

n → ν π0

p → e+ η

p → μ+ η

n → ν η

p → e+ ρ0

n → e+ ρ-

n → ν ρ0

p → e+ ω

p → μ+ ω

n → e+ π-

n → μ+ ρ-

p → ν ρ+

p → μ+ K 0

10
35

n → e- K +

KamLAND

new

new

new
new

new

new

new

new

new

new

new

new

strange mesons

non-strange mesons

plus, all sorts of “exotic” modes
<latexit sha1_base64="GDPMFq7EvJHfjLoXPSNqH25H+Xo="></latexit>

p ! e+e+e�

p ! e+�

pp ! µ+µ+

pp ! K+K+

p ! e+⌫⌫

np ! ⌧+⌫

… (many)

Unfortunately – 
no nucleon decay signal,
all limits, so far.
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23

61% efficiency
70% pure CC electron neutrino

Xubin Wang, U. Tokyo

!! from Galactic Plane

• Contribution from astro "" and "# and 
through NC interaction are considered, 
assuming "!: "": "# = 1: 1: 1 and 
⁄-. -) ∝ $+/.1.

• IceCube result is extended to 10 GeV 
assuming same spectrum.

2025/6/10 SK Collaboration Meeting 8

( )*! *!".$.%& +' ,-,+ + = /0123 [12356('7()]
2.7 0.0 7.3 5.6×10(*extrapolate IceCube result

something new… (most of our astrophysical searches have emphasized muon neutrinos, especially upward-going)

Search for Astrophysical Electron Neutrinos in Multi-GeV Sample
motivated by IceCube evidence for cascade events from galactic plane



!! Point Source Full Sky
• Sky map of − log2( > and event distribution with galactic plane

2025/6/10 SK Collaboration Meeting 13

Galactic plane 5.6	×10!"

Supernova Remnant 3.6	×10!"

Pulsar Wind Nebula 5.2	×10!"

Unidentified Pt. Sources 3.2	×10!"st
ac

ke
d

Astrophysical Electron Neutrino Results and Limits

-log(pre trial 𝑝)

SK Preliminary
Xubin Wang, U. Tokyo

post-trial 𝑝-factor ~56%

𝛾 = −2.7
24
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• Continue to extract information from solar neutrinos
important constraints on 𝜃)*, 1.5𝜎 tension with KamLand in 𝛥𝑚*, try to find upturn

• Be ready for supernova neutrinos and find diffuse ones
we are ready for galactic supernova burst ~ 99% live
use SK-Gd to discover DSNB

• Study 3-flavor oscillation of atmospheric neutrinos
neutrino ordering, octant, CP violation
more data and improvements for Neutrino 2026

• Search for nucleon decay
By 2029, 9 years SK-Gd of data yet to be analyzed (50% increase)

• Astrophysical searches of all kinds 
look back in past data, valuable to check new or bursting sources


