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Summary of Research Result： 
The purpose of this research is detection of the supernova neutrino in SK-Gd. There 
are two targets, one is neutrinos from nearby supernova explosion, the other is diffuse 
neutrinos from the past supernovae called ‘Supernova Relic Neutrinos (SRN)’. The 
SK-Gd project is gadolinium (Gd) loading into Super-Kamiokande (SK) to increase 
inverse beta decay interactions of anti-electron neutrinos. 
In 2020 summer, we’ve doped 13 tons of gadolinium sulfate into Super-Kamiokande, 

which is equivalent to 0.01% Gd mass concentration, and the SK-Gd experiment 
officially started. The neutron capture efficiency showed the expected performance, 
and the detector was operated stably. In 2022 summer, an additional 26 tons of 
gadolinium sulfate was introduced to the detection. (0.03% Gd mass concentration) 
The SK-Gd data taking is currently working well. 
In FY2023, we reported the first result of supernova relic neutrino in SK-Gd with 
0.01% mass concentration gadolinium loaded water in SK-Gd [2]. Though no 
significant signals were observed (left figure), the data showed that similar 
sensitivity was achieved with 20% live time data compared to the pure water period. 
We also showed the atmospheric neutrino – oxygen neutral-current quasielastic 
(NCQE) cross section [1] (right figure), which is main background events for 
supernova relic neutrino search (magenta in left figure). From this analysis, we 
obtained new knowledge about the interaction of neutrons with oxygen nuclei. 
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Observed reconstructed energy 
distribution and predicted background 
in SK-Gd [2]. 

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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Observed neutrino neutrino-oxygen 
NCQE cross section in SK-Gd, with 
theoretical prediction [1]. 
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small event fraction, these uncertainties are negligible.
Systematic uncertainty of the measured NCQE cross

section is estimated by performing toy MC con-
sidering the systematic uncertainties. As a re-
sult, the 1σ confidence level region becomes [0.59,
1.59]× 10−38 cm2/oxygen, and the measured NCQE
cross section is determined as

⟨σmeasured
NCQE ⟩ = 0.74± 0.22(stat.)+0.85

−0.15(syst.)

× 10−38 cm2/oxygen. (5)

The measured NCQE cross section, the theoretical
NCQE cross section [19], and the atmospheric neutrino
flux predicted using the HKKM11 model [15] are shown
in Fig. 3. The measured NCQE cross section is con-
sistent with the flux-averaged theoretical NCQE cross
section within the uncertainties. Furthermore, the mea-
sured NCQE cross section is consistent with the measure-
ment in the SK pure-water phase within the uncertainties
(1.01± 0.17(stat.)+0.78

−0.30(syst.)× 10−38 cm2/oxygen) [14].
The systematic uncertainty on the measured NCQE cross
section in this study is larger than that in the measure-
ment of the SK pure-water phase. The reason is that we
take the difference of secondary interaction models into
consideration, conservatively estimated by the compari-
son among these models. The uncertainty will be reduced
with better understanding of secondary interaction mod-
els in future.

VII. CONCLUSION AND FUTURE PROSPECTS

We reported the first measurement of the atmospheric
neutrino-oxygen NCQE cross section in the Gd-loaded
SK water Cherenkov detector. Using a 552.2 day
data set, the NCQE cross section was measured to
be 0.74± 0.22(stat.)+0.85

−0.15(syst.)× 10−38 cm2/oxygen
in the energy range from 160 MeV to 10 GeV,
which was consistent with the atmospheric
neutrino-flux-averaged theoretical NCQE cross sec-
tion (1.02× 10−38 cm2/oxygen) and the measured
NCQE cross section in the SK pure-water phase
(1.01± 0.17(stat.)+0.78

−0.30(syst.)× 10−38 cm2/oxygen).
Moreover, from the comparison of three different sec-
ondary interaction models, we found that BIC and
INCL++ provide a somewhat better fit to the observed
data than BERT.
As described in Sec. II, we continue the observation

with a 0.03% Gd-loaded SK detector, the phase known
as SK-VII. Since the neutron-tagging efficiency in SK-
VII is higher than that in SK-VI (35.6%) [6, 26], more
delayed signals can be detected, and the observed num-
ber of events can be accumulated faster in SK-VII than
in SK-VI. Assuming that the neutron-tagging efficiency
in SK-VII is about 60%, the statistics increases by about
1.4 times with the same live time as SK-VI. After one
more year of observation in SK-VII the statistical uncer-
tainty will reach the NCQE cross section measurement in
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FIG. 3. The measured neutrino-oxygen NCQE cross section,
the theoretical neutrino-oxygen NCQE cross section [19], and
the atmospheric neutrino flux predicted using the HKKM11
model [15]. Vertical bars show the statistical uncertainty
(short bar) and the total uncertainty (long bar). Horizontal
bars show the 1σ from the mean (0.60 GeV) of the theoretical
NCQE cross section multiplied by the atmospheric neutrino
flux.

the SK pure-water phase, and the secondary interaction
models will be able to be verified more precisely. Ad-
ditional measurement using T2K’s accelerator neutrino
beam interactions in SK-Gd will help to further refine
the physics models for the secondary interactions.
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