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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 2024, we reported the first result of supernova relic neutrino in SK-Gd with 0.01% 
and 0.03% mass concentration gadolinium loaded water in SK-Gd. Though no 
significant signals were observed, the data showed about 2 sigma level of excess 
against the expected background events combined with all the SK phases. In FY2025, 
we published these results as a published paper. The three year’s SK-Gd data 
demonstrated that it had similar sensitivity as the pure-water eight years SK data. 
We also searched for neutrinos in Super-Kamiokande from the ‘failed supernova 
candidate’ that failed to explode due to the formation of a black hole after core- 
collapse, occurred in the Andromeda galaxy. No significant neutrino excess was 
observed, which provided the first experimental constraints on the supernova models. 
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Upper limit of SRN flux [2]. Latest 
results in SK-Gd (red) and blue shows 
past results in SK (pure water, blue). 
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SK-VI+VII 956.2 days, Observed 90% C.L. (This work)

SK-VI+VII 956.2 days, Expected 90% C.L. (This work)

SK-IV 2970 days, Observed 90% C.L. (PRD, 2021)

SK-IV 2970 days, Expected 90% C.L. (PRD, 2021)

SK-I/II/III 2853 days, Observed 90% C.L. (PRD, 2012)

KamLAND 4529 days Observed 90% C.L. (ApJ. 2021)

Modern DSNB Theoretical Predictions

Figure 12. The 90% C.L. upper limits on the astrophysical ⌫̄e flux, calculated by Equation 6, per energy bin. The red lines
show the observed upper limit (solid, circle point) and expected sensitivity (dot-dashed) for SK-VI+VII. To be conservative,
the lines represent the larger values of the two neutron tagging approaches listed in Table 6. The blue lines show the observed
upper limit (solid, square point) and expected sensitivity (dot-dashed) for SK-IV Abe et al. (2021). The orange line displays the
90% C.L. observed upper limit for SK-I/II/III without neutron tagging (Bays et al. 2012). The green line with triangle points
represents the 90% C.L. observed upper limit placed by KamLAND (Abe et al. 2022b). The gray-shaded regions represent the
range of the theoretical flux expectation for the DSNB signal (Malaney 1997; Hartmann & Woosley 1997; Kaplinghat et al.
2000; Lunardini 2009; Horiuchi et al. 2009; Galais et al. 2010; Priya & Lunardini 2017; Horiuchi et al. 2018; Barranco et al.
2018; de Gouvêa et al. 2020; Kresse et al. 2021; Horiuchi et al. 2021; Tabrizi & Horiuchi 2021; Ekanger et al. 2022; Ashida et al.
2023; Iváñez-Ballesteros & Volpe 2023; Nakazato et al. 2024; Mart́ınez-Miravé et al. 2024). The theoretical prediction level is
averaged within the bin width.

such that the predicted remaining spallation events in
[15.5, 19.5] MeV are approximately at the same level as
the predicted peak of decay electrons around 50 MeV.
The cut criteria are then progressively loosened until
23.5 MeV. The IBD signal e�ciencies of these unique
cuts for solar and spallation events for Nn 6= 1 are given
in Table 7.

The background events are divided into five cate-
gories: one spallation, one NCQE, and three non-
NCQE, contrary to the spectrum-independent analysis.
The first of the non-NCQE subcategories is from events
with a visible muon or pion in the final state (µ/⇡ back-
ground), mainly appearing in the ✓c 2 [20�, 38�] region.
The second comes from electrons stemming from the de-

cay of invisible muons and pions (Decay-e background),
while the last is from the charged-current interactions of
atmospheric electron neutrinos and antineutrinos with
no visible muon or pion in the final state (⌫e-CC back-
ground). These second and third components recon-
struct to the ✓c 2 [38�, 53�] region. Each event cate-
gory (backgrounds and DSNB signal) is associated with
a PDF across the extended parameter space of the spec-
tral analysis, whose overall event rate is to be fitted to
the data samples.

6.2. Spallation Modeling

Spallation events above Erec = 15.5 MeV mainly re-
construct to the Nn 6= 1 and ✓c 2 [38�, 53�] region. Some
of these become accidental coincidences in the Nn = 1
and ✓c 2 [38�, 53�] region but are negligible due to the

 

Total emitted electron antineutrino 
energy vs mean energy. The shaded 
bands indicate excluded region. Marks 
show the expectation of theoretical 
models [1]. 

120 Chapter 5. Discussion in Failed SN Candidate in M31

Sensitivity to Neutrinos from failed SN in HK

In the estimation, we do not change any analysis conditions. In Figure 4.33, the blue
dashed line shows the 90% C.L. upper limit in the case that we can not observe clusters.
Under this assumption, many failed SN models can be constrained, highlighting the
significant discovery potential of future large-scale detectors. We note that more
detailed and dedicated studies are being carried out for HK, which will provide a
more realistic assessment of its sensitivity.
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Figure 5.12: Same plot of Figure 4.33. The blue dashed line indicates
the case of a detector with 10 times the volume of SK. Filled circles
show individual simulation results for six nuclear equations of state
(EOS): LS180, LS220, SFHo, Togashi, Shen-TM1e, and Shen-TM1.

Each model corresponds to Figure 1 and Table 1 in [7].

In addition, we estimate the expected number of failed SN candidates occurring
within 1 Mpc that would be observable during a five-year observation with HK. Fig-
ure 5.13 shows the CCSN rate as a function of redshift. A smaller redshift corresponds
to a shorter distance, and multiple observational studies indicate that the local CCSN
rate (RSN), including approximately 1 Mpc, is about 1.5 ⇥ 10�4 yr�1 Mpc�3. The
fraction of CCSNe that result in failed supernovae has also been estimated observa-
tionally. Adams et al. [110] monitored RSG stars in galaxies within 10 Mpc over
a period of seven years and searched for stars that disappeared from optical obser-
vations, corresponding to failed SN candidates. Based on the detection of one such
candidate during this period, the fraction of failed supernovae (fBH) was estimated
to lie in the range 0.046 < fBH < 0.471. These observational constraints on RSN and
fBH provide the basis for estimating the expected number of nearby failed supernovae.
The failed supernova rate is given by RSN⇥fBH. For HK, the detection probability for
cluster events consisting of two or more neutrino events from failed SNe is shown in
Figure 5.14. Owing to its much larger detector volume compared to SK, HK achieves
a detection probability of nearly 100% within 1 Mpc for the Shen-TM1 (40M�) model.
Using the estimated failed SN rate and corresponding detection probability, we define
the expected number of observable failed SNe within 1 Mpc per year during the HK
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