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SN1987A 
February 23rd, 1987

Beginning of the story
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SN1987A Large Magellanic Cloud
~50 kpc, ν’s were seen ~2.5 hours before first light

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

Water Cherenkov
Kamiokande-II (Japan) IMB-3 (US)

Liquid Scintillator
Baksan

(Russia)

This was the first Supernova observed 
with the naked eye in 383 years!



No chance for Supernova neutrino 
detection for the next hundred’s years?

We believe, yes!
Galactic Supernova burst 

(a few per century)
Diffuse Supernova 

Neutrino Background
Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago



Supernova neutrinos
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Life cycle of a star

Stellar Nebula

Protostar

Birth of Star Main sequence star

Red supergiant

Planetary 
NebulaWhite Dwarf Supernova!!

Supernova 
remnant Neutron Star

Black HoleInterstellar 
gas
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Core-Collapse Supernovae
begins to collapse

νe

PNS ν
ν

Neutrino trapping

Core bounce

ν

ν

PNS

Shock wave propagation
ν

ν

PNS

Cooling of 
ProtoNeutron Star

Supernova 
explosion!

neutron 
star

νe

ν

νe
ν

(PNS : Proto Neutron Star)

M > ∼ 10M⊙
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Core-Collapse Supernovae
begins to collapse

νe

PNS ν
ν

Neutrino trapping

Core bounce

ν

ν

PNS

ν
ν

PNS

Cooling of 
ProtoNeutron Star

Supernova 
explosion!

neutron 
star

νe

ν

νe
ν

Shock wave propagation 
→ speed ~c/30 (~104km/s) 
Neutrino : speed ~c (PNS : Proto Neutron Star)

Generate via Supernovae
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What’s neutrinos
http://higgstan.com

electron 
antineutrino

( )ν̄e ( )ν̄μ ( )ν̄τ

muon 
antineutrino

tau 
antineutrino

Properties of neutrinos 
• Three flavors 
• No electric charge 
• Rarely interact with matter

For example,  
60,000,000,000 cm-2 sec-1 

neutrinos reach Earth from the Sun

Large numbers of neutrinos 
are constantly passing 

through us
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Supernova as ‘Multi-physics’ object

Supernova 
(neutron star)

Electromagnetic
• Coulomb collision of 
proton and electron 
• final remnants are 
pulsar, magnetar

Weak interaction
• neutrino interactions 
• ~99% of energy is 
emitted by neutrinosNeutrinos

Gravitational 
Wave

Gravitational
• energy budget ~1053 erg 
• core collapse 
• general relativistic 
objects (NS/BH)

Strong interaction
• nuclear equation of state 
• structure of neutron star 
• nuleosynthesis

Neutron star

EM wave

Neutron star merger
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If a nearby supernova happens now..
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Order of thousands of neutrino signal is expected in Super-Kamiokande

11 events in 
KAMIOKANDE 
for SN1987A
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at center of our galaxy 
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Super-Kamiokande

νe,νe

n, p, e-



Three generations of 
“Kamiokande”

KAMIOKANDE 
(1983-1995)

3000 ton

Super-Kamiokande 
(1996-)

Hyper-Kamiokande (2027-)

260,000 ton

50,000 ton
Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

1998 Takayama 
Neutrino oscillation

SN1987A What can we find?



Three generations of 
“Kamiokande”

KAMIOKANDE 
(1983-1995)

3000 ton

Super-Kamiokande 
(1996-)

Hyper-Kamiokande (2027-)

260,000 ton

50,000 ton

What can we find?

KamLAND (2002-)
SK-Gd (2020-)
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41
.4

 m

39.3 m

50000 tons of

Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

~1km

~3km ~2km
(2700 mwe)

Kamioka mine Japan

ID

OD
KAGRA

SuperK

Super-Kamiokande (SK)

candles
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Super-Kamiokande collaboration

1

INFN Bari, Italy
INFN Napoli, Italy
INFN Padova, Italy
INFN Roma, Italy
Kavli IPMU, The Univ. of Tokyo, Japan
Keio University, Japan
KEK, Japan
King's College London, UK
Kobe University, Japan
Kyoto University, Japan
University of Liverpool, UK
LLR, Ecole polytechnique, France
Miyagi University of Education, Japan
ISEE, Nagoya University, Japan
NCBJ, Poland
Okayama University, Japan
University of Oxford, UK

Kamioka Observatory, ICRR, Univ. of Tokyo, Japan
RCCN, ICRR, Univ. of Tokyo, Japan
University Autonoma Madrid, Spain
BC Institute of Technology, Canada
Boston University, USA
University of California, Irvine, USA
California State University, USA
Chonnam National University, Korea
Duke University, USA
Fukuoka Institute of Technology, Japan
Gifu University, Japan
GIST, Korea
University of Hawaii, USA
IBS, Korea
IFIRSE, Vietnam
Imperial College London, UK
ILANCE, France

Rutherford Appleton Laboratory, UK
Seoul National University, Korea
University of Sheffield, UK
Shizuoka University of Welfare, Japan
Sungkyunkwan University, Korea
Stony Brook University, USA
Tohoku University, Japan
Tokai University, Japan
The University of Tokyo, Japan
Tokyo Institute of Technology, Japan
Tokyo University of Science, japan
TRIUMF, Canada
Tsinghua University, China
University of Warsaw, Poland
Warwick University, UK
The University of Winnipeg, Canada
Yokohama National University, Japan

The Super-Kamiokande Collaboration

~230 collaborators from 51 institutes in 11 countries 
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History of the Super-Kamiokande

SK-I SK-II SK-III SK-IV SK-
V

SK-VII
1996 2002 2006 2008 2018 2019

2020.7.14
2019

SK-V SK-VI

“SK-Gd”

Tank refurbishment

SK-Gd

Pure water Gd-loaded Water

‘SK-Gd’ is a broad and general term for the experiment 
after the start of the Gd-loading 

SK-VI
2022.7.4
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Multi-purpose detector
Various neutrino sources

Supernova ν at 
Galactic Center
Solar ν

Supernova Relic ν

T2K ν

Atmospheric ν

MeV GeV TeV

SK

• Neutrino observation 
with wide energy range 
(from MeV to TeV) 
• Solar (< 20MeV) 
• Supernova (< 100MeV) 
• Atmospheric 

(100MeV~TeV) 
• T2K (~600 MeV) 

• Proton decay search 
• Dark matter search 
    etc..
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 m

39.3 m

50000 tons of

Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

ID

OD

Supernova neutrino detection in SK
Targets of neutrinos are oxygen nuclei, 

protons and electrons in water

H
H

O

ν
e-

ν

Inverse beta decay

Electron elastic scattering

＜ more than 100 times 
larger cross section

H
p

O

ν̄e

n

e+
Cherenkov light

ν̄e + p → e+ + n

＜

ν + e− → ν + e−

Cherenkov light



Search for Diffuse 
Supernova Neutrino 
Background (DSNB)

νe,νe

n, p, e-



Distance!scales!and!physics!outcomes!

Hyper>K(Astrophysics,(May(18th(2015( Shunsaku(Horiuchi((Virginia(Tech)( 3(

Nν(>>(1(:(BURST(
(

SN(rate(~(0.01(/yr(

Nν(~(1(:(MINI>BURST(
(

SN(rate(~(0.5(/yr(

Nν(<<(1(:(DIFFUSE(
(

SN(rate(~(108(/yr(

~kpc( ~Mpc( ~Gpc(

Galac%c&burst& Mini/bursts& Diffuse&signal&

Physics(

reach(

Explosion(

mechanism,(

astronomy(

supernova(variety(

with(individual(ID(

Average(emission,(mul\>popula\ons(

Required(

detector(

Basics(are(

covered(

Next(genera\on(( Upcoming(upgrades(

Adapted!from!Beacom!(2012)!

Distance scales and physics outcomes 
of Supernova Neutrinos

Explosion mechanism 
Progenitor properties 
Multi-messenger 
Neutrino physics

Supernova variety

Average emission 
Multi-populations (BH) 
Guaranteed signal

Diffuse Supernova Neutrino Background



• Integrated flux (cm 
−2 s 

−1)

Eν > 11.3 MeV Eν > 19.3 MeV

5.1 1.1

Ando, Astrophys. J. 607, 20 (2004)

3. Flux and Event Rate

23

Diffuse Supernova Neutrino Background

Neutrinos emitted from past supernovae ~O(1018)

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago

S. Ando, Astrophys. J. 607, 20 (2004)

(DSNB)
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What do DSNB observation tell us?
Supernova rate problem •Observed supernova rate is 

about half of expectation from 
star formation rate. 

•What is the problem? 
•More supernovae are too dark 
to be observed? 

•Effect of “something” which 
interrupts observation?

S. Horiuchi et al., Astrophys. J. 738, 154 (2011)

Observation of DSNB can 
give critical information 
on the supernova rate
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DSNB search before SK-Gd

Not observed, but the upper limit is approaching the predicted values.

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago

The current limit disfavors the Totaniþ 95 model [8] and
the most optimistic predictions of the Kaplinghatþ 00
model [9], and is reaching close to several other model
predictions. Due to not only a higher exposure but also
higher cut efficiencies and more precise background
estimation, this new analysis considerably improves on
the previous SK-IV DSNB model-independent search [71].

VII. SPECTRAL FITTING

In this section, we derive model-dependent limits on the
DSNB flux by fitting signal and background spectral
shapes to the observed data in the 15.5–79.5 MeV range,
and combine the results with the ones from previous SK
phases [22] to achieve a 22.5 × 5823 kton · day exposure.
While atmospheric neutrino backgrounds, notably from
decays of invisible muons and pions, will dominate over
most of the analysis window, we also account for possible
residual spallation in 15.5–19.5 MeV.

A. Signal and sideband regions

In order to evaluate the number of atmospheric neutrino
background events, we define three regions of parameter
space based on the reconstructed Cherenkov angle: one

signal region with θC ∈ ½38; 50#° that will contain most
of the signal and the irreducible backgrounds, and two
sidebands with θC ∈ ½20; 38#° and θC ∈ ½78; 90#°. The low
Cherenkov angle region will be populated with mostly
atmospheric backgrounds involving visible muons and
pions while the high angle region will be mostly populated
by NCQE atmospheric neutrino events with multiple γ rays.
Finally, we separate events with exactly one identified
neutron from the others, thus defining an “IBD-like” and a
“non-IBD-like” region. Note that due to the low efficiencies
of the neutron tagging cuts the non-IBD-like region is
expected to contain a sizable amount of signal. Our analysis
will hence involve six regions of parameter space: two
signal regions with intermediate values of the Cherenkov
angle and four sidebands with low and high Cherenkov
angle values, as summarized in Table VI.

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions of
parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the signal
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SK-IV 2970 days, Observed 90% C.L. (This work)

SK-IV 2970 days, Expected 90% C.L. (This work)

SK-IV 960 days (2015)

SK-I/II/III 2853 days (2012)

KamLAND 4529 days (2021)

DSNB Theoretical Predictions

FIG. 25. The 90% CL expected and observed upper limits on the extraterrestrial electron antineutrino flux from the present work, in
comparison with previously published results from SK [22,23] and KamLAND [25] and DSNB theoretical predictions from Fig. 1 (in
gray). The upper limit from Ref. [22] (blue) has been derived in Ref. [23].

K. ABE et al. PHYS. REV. D 104, 122002 (2021)

122002-24

Various predictions

Results in pure water phase (~2018)

ν̄e + p → e+ + n



26

What is the limit?

Atmospheric neutrinos

Background event

 [MeV]recE
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SK-IV Data
 (non-NCQE)νAtmospheric-

 (NCQE)νAtmospheric-
Li9Spallation 

νReactor-

Accidental coincidence
DSNB (Horiuchi+09 6-MeV, Maximum)

Reconstructed energy (MeV)

Observed spectrum in SK-IV (pure water)

‘SK-Gd’ project

H p

O

ν̄e

n

e+

p
γ(2.2MeV)

Neutron tagging efficiency was < 20%, 
not enough for the discovery of DSNB 

9Li by muon spallation
Cosmic muons (~2Hz at SK) make 
radio isotope after oxygen spallation. 
Lithium-9 is decay of β+n, which is 
not identified to DSNB signal (e++n)

H H

O

ν
γn

γ

p

NCQE

H H

O

νμ
γn

e

p

non-NCQE invisible μ



SK-Gd
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Original idea (2004)
Neutron can be detected with 
delayed gamma-ray signal 

from capture on Gd

Gadolinium
J.Beacom and M.Vagins PRL 93 (2004) 171101

0.03% Gd gives 
~75% efficiency for 

neutron capture

γInverse beta decay
True DSNB signal

H
p

O

ν̄e

n

e+
Cherenkov light

Cherenkov light

Time difference of 
O(10)~O(100) μsec.

γ(~8 MeV totally)

• Largest neutron capture cross section 
among all of the elements. 

• Emit energetic gamma-rays (~8MeV) 
after neutron capture.

Neutron tagging efficiency increases 
even if it is small amount of Gd

0.01% Gd gives 
~50% efficiency for 
neutron capture
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How to dissolve Gd into water?
Gd is a metal, not soluble in water → water-soluble compound 

Gadolinium hydrochloride (GdCl3) → Rusts even stainless steel.. 
Gadolinium nitrate (Gd(NO3)3) → Bad water transparency.. 

Gadolinium sulfate (Gd2(SO4)3) looks good!
We could not just put them into SK water
A resistance test in which ‘ALL’ components in SK are immersed 

into Gd sulfate solution water

Passed!

detectorSample

35

EGADS (2009-)
A mini-tank imitating SK was built underground for verification

Cavity maintenance 
(August 2010)

Excavation from July 2009
Completed in August 2013

Evaluating Gadolinium’s Action on Detector Systems

Long road to start SK-Gd

38

SK tank refurbishment (2018)
Open the tank for the fist time in 12 years

• Tank leak repair 
• Reinforcement of water pipe 
• Doubled the flow rate of water circulation 60m3/h → 120m3/h 

• Replacement of 136 broken PMTs 
• Install PMTs which will be used for Hyper-Kamiokande

Photo taken from this 
area looking upward →

40

What about the water leak?

Passed the final exam.!
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After refurbishment

Before refurbishment
(data from April 02-09, 2007)
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Data after refurbishment

Expected change due to thermal effect

Water leak test : measured the water level

No significant water leak was seen.
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Water leak in SK tank
About 1ton water leak per day

Next topic: fixing the SK Leak 

15 

Water level at SK
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Water leak in SK tank
About 1ton water leak per day
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SK tank refurbishment (2018)
Open the tank for the fist time in 12 years

• Tank leak repair 
• Reinforcement of water pipe 
• Doubled the flow rate of water circulation 60m3/h → 120m3/h 

• Replacement of 136 broken PMTs 
• Install PMTs which will be used for Hyper-Kamiokande

Photo taken from this 
area looking upward →
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SK tank refurbishment (2018)
Work with collaborators and volunteer students from around the world
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What about the water leak?

No significant water leak was seen!
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Ready to go!
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First Gd loading (2020)

Start loading from July 14, 2020

Newly constructed equipments for 
dissolving and circulating of Gd sulfate

At first, dissolve 13 tons of Gd sulfate, which is 0.01% Gd concentration
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First Gd loading (2020)
Actual loading work
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First Gd loading (2020)
Confirmed that the signal from neutrons increased with the introduction 

of Gd using cosmic ray muon data!

O

μ

n

Cherenkov light

Gd

X

Cherenkov light
γ

~100 μsec 
delayed signal
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First Gd loading (2020)
Completed loading on August 17, 2020

Newly constructed equipments for 
dissolving and circulating of Gd sulfate

Our lab. members were 
very active!!

New phase (SK-VI) has started!



40

Second Gd loading (2022)
Dissolve additional 26 tons of Gd sulfate, which is 0.03% Gd concentration

Start loading from 1st June, 2022

1,300 boxes with ~20kg Gd sulfate in each box
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Second Gd loading (2022)
Dissolve additional 26 tons of Gd sulfate, which is 0.03% Gd concentration

Summary
14

• T1.5 Gd loading has been completed. 
• took 36 working days loading 27 tonnes Gd powder. 
• no critical trouble during this work. 

• Gd concentration reached to 0.0332% (weight based calc.): 
- Capture time (spallation): 128 μs (SK6) -> 66 μs (SK7) 
- Efficiency (AmBe calibration): 34.6% (SK6) -> 51.0% (SK7) 
=> achieved 1.47 times larger as expected.

T1.5 Gd loading experts• Dark rate increased but it 
seems no correlation with 
the Gd concentration . 
• Water transparency is 
getting back to the value 
before the loading work.

Our lab. members were very active!!Completed loading on 5th July, 2022
New phase (SK-VII) has started!



First results of DSNB 
search in SK-Gd
M. Harada et.al., ApJL. 951:L27 (2023)
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Neutron tagging efficiency
• Pure water phase : ML method to select 2.2MeV gamma-ray (~20%) 
•SK-Gd first result (Gd mass concentration 0.011%) 
-> Simple rectangular cut to select Gd gamma-rays

s]µ Capture Time [
0 100 200 300 400 5000

2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000

 / ndf 2χ  37.11 / 42

Prob   0.6853

Scale     1.052e+02± 2.677e+04 

Time Constant  0.5± 115.3 

Constant  12.47± 33.51 

BG

H-capture

Gd-capture

 / ndf 2χ  37.11 / 42

Prob   0.6853

Scale     1.052e+02± 2.677e+04 

Time Constant  0.5± 115.3 

Constant  12.47± 33.51 

Neutron tagging efficiency ~40% 
(Mis-ID rate ~ order of 10-4 / event)
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Search for DSNB in SK-Gd

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.

5

The Astrophysical Journal Letters, 951:L27 (8pp), 2023 July 10 Harada et al.

Signal region

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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Significant DNSB signal was not observed in SK-Gd 552.2 days of data. 
Upper limit is comparable with the pure water phase data in SK-IV 
(2970days) though the live time is 5 times smaller.
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Search for DSNB in SK-Gd
Expected sensitivity as a function of FY

Preliminary

SK-VI SK-VII

Gd loading

Milestones 
• Improved S/N ratio by Gd neutron 
tagging. (SK-VI : ~50%, SK-VII : ~75%) 

• Analyzing SK-VII data is now on going. 
• Reduce systematic uncertainties related 
to atmospheric neutrinos is critical. 
• T2K experiment 
• External nuclear experiments



Benefit of neutrino 
detection from nearby 
Supernovae in SK-Gd
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＜ more than 100 times 
larger cross section
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If a nearby supernova happens..
More accurate in determining the supernova direction by Gd loading

ν e-

Positron direction does not 
correlate with the original 

neutrino direction

Recoil electron direction 
strongly correlate with the 
original neutrino direction

If electron elastic scattering is enhanced by “removing” inverse beta decay using 
Gd captured signal, the determining Supernova direction will be more precise.
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Cherenkov light
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If a nearby supernova happens..
More accurate in determining the Supernova direction by Gd loading

No Gd 
4.0 deg

SK-Gd 
2.9 deg

Accuracy of determining 
supernova direction
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magnitude smaller than the SN luminosity, the detection of pre-
SN is desired since pre-SN encode information about the late
stages of stellar evolution for high mass stars and could act as a
supernova alert; a more detailed discussion is found in
Section 5.

SN extend to a few tens of MeV. In comparison, the average
energy of pre-SN is low, typically E 2 MeV< . In this energy
range, there are three reactions that can be used to detect these
neutrinos in real time: coherent neutrino scattering, neutrino-
electron scattering, and inverse beta decay(IBD),

p e nēn + l ++ . IBD has one of the highest cross sections
for neutrino detection. It also has relatively low backgrounds
due to the easily identifiable delayed coincidence signal created
by the prompt positron annihilation followed by the delayed
neutron capture. Depending on the detector material, coherent
neutrino scattering may have a higher cross section than IBD,
but the signal has never been observed due to the very low
reconstructed energy of the recoiling nucleus. The detection of
pre-SN through neutrino-electron scattering is possible. How-
ever, its cross section is lower than IBD, which reduces the
total number of detected events, and the background rate is
high since there is no coincidence signal. Thus, IBD is the most
promising channel for pre-SN detection.

The energy threshold for IBD is 1.8 MeV. A few days before
the supernova, a significant fraction of ēn exceeds the IBD
threshold and it becomes possible to detect the pre-SN with
IBD. IBD is the main supernova channel for both liquid
scintillator detectors and water-Cherenkov detectors like Super-
Kamiokande. Water-Cherenkov detectors have relatively high
energy thresholds, such as Ee=4.5 MeV(Renshaw
et al. 2014). This limits both the number of IBD prompt
events and the efficiency for detecting the delayed neutron
capture. In comparison, monolithic liquid scintillator detectors
have energy thresholds below 1MeV and are therefore able to
sample a larger fraction of the pre-SN prompt energy spectrum
and effectively detect the neutron capture. Thus, liquid
scintillator detectors have an advantage in detecting pre-SN,
even if they are smaller than typical water-Cherenkov
detectors.

There are two operating monolithic liquid scintillator
detectors with low-energy thresholds, KamLAND and Borex-
ino(Cadonati et al. 2002). The SNO+ detector(Chen 2008) is
expected to come online soon and construction has started on
the 20 kton JUNO detector(Li 2014). In addition, there are
several proposals for multi-kton experiments such as RENO-

50(Kim 2014), HANOHANO(Learned et al. 2008), LENA
(Wurm et al. 2012), and ASDC(Alonso et al. 2014). All of
these detectors would be sensitive to this pre-SN IBD signal. A
large Gd-doped water-Cherenkov detector such as Gd-doped
Super-Kamiokande(Beacom & Vagins 2004) would have
increased sensitivity due to the higher neutron capture detection
efficiency but the higher energy threshold continues to limit the
sensitivity. The Baksan and LVD scintillator detectors are
similarly limited in their sensitivity to pre-SN due to their
relatively high energy thresholds(Novoseltseva et al. 2011;
Agafonova et al. 2015).
In previous studies(Odrzywolek et al. 2004; Odrzywolek &

Heger 2010; Kato et al. 2015), the expected number of IBD
events in several detectors was evaluated without a detailed
detector response model. We focus on KamLAND since it is
currently the largest monolithic liquid scintillator detector. In
this article, we quantify KamLANDʼs sensitivity to pre-SN
using the actual background rates and a realistic detector
response model. We discuss the development of a supernova
alert based on pre-SN. Betelgeuse is a well-known possible
supernova progenitor(Dolan et al. 2014) and we evaluate the
performance of the pre-SN alert based on this astrophysical
object.

2. Pre-SN SIGNAL

The first calculation of the number of detected pre-SN is
found in Odrzywolek et al. (2004) and updates can be found in
Odrzywolek & Heger (2010) and Kato et al. (2015). We use the
pre-SN spectra t E d, ;M e( )¯f n as a function of time and energy
from Odrzywolekʼs results corrected for the distance d to the
pre-supernova star. We use this to calculate KamLANDʼs
sensitivity to pre-SN with two example stars of M=15Me
and M=25Me. Figure 2 shows the time evolution of the ēn
luminosity in the top panel and the averaged ēn energy in the
middle panel during the 48 hr before the collapse. The
integrated ēn luminosity over the last 48 hr preceding collapse
is 1.9×1050 erg and 6.1×1050 erg, respectively, for the two
star masses. They correspond to 1.2×1056 ēn and 3.8×1056 ēn ,
respectively. The weighed differential luminosity by energy,
E dL dE dL d Eloge e e¯ ¯ ¯~n n n , is also shown in the bottom of
Figure 2 with the SN for reference. The average energies of the
integrated ēn flux are 1.4 and 1.2 MeV for the 15Me and
25Memodels, respectively.

Figure 1. Time evolution of the ēn luminosity of pre-SN just before collapse(Odrzywolek & Heger 2010) and of SN after collapse(Nakazato et al. 2013). Note the
timescale of the horizontal axis, which is linear after the collapse but logarithmic before collapse.
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If a nearby supernova happens..
Very

Prediction of Supernova explosion?

Fore Betelgeuse, we can get 3 sigma alert 8 to 11 hours 
in advance of its core-collapse

Pre-SN neutrino detection
Time 3σ alert to core-collapse

Si

Si-burning

Fe

Core collapse Neutrino burst

ν ν

ν

PNS

From Adams et al. (2013) the rate of galactic CCSN
explosions is taken to be -

+3.2 2.6
7.3 per century. This rate is

derived using all supernova events observed over the last
millennium with various corrections applied. The most
important correction is due to what fraction of the galaxy is
visible to the naked eye, since all recorded explosions inside
the MW were observed before the invention of the telescope.

To introduce this factor, inside the signal window of eight
chosen to perform statistical evaluations a cutoff is applied to
the p-value: 3.2

century
8 hr−1∼ 7.4× 10−5, requiring the alarm to

send alerts in case the number of IBD events inside the signal
window is enough to give significance levels above∼ 4σ.
However, if the significance level exceeds 3σ then a
preliminary alert is sent to SK experts so they may begin
monitoring the situation as it develops.

6.3. Alert System Sensitivity

The expected warning time as a function of distance for a 3σ
detection by SK-Gd with 0.01% Gd is shown in Figure 12. In
the most optimistic scenario, in which Betelgeuse’s true mass is
15Me at a distance of 150 pc and with normal neutrino mass
hierarchy, following the model by Patton et al. (2017) the alert
would be about 9 hr before the CCSN. Table 3 lists a number of
nearby stars at different distances that could potentially provide
observable pre-supernova neutrino signals.

6.3.1. Sensitivity for Future SK-Gd Phases

The expected early warning times for future SK-Gd phases
were also evaluated after characterizing backgrounds using SK-
Gd data. Although—as previously discussed—the background
rates will be higher during the future phases, the expected
sensitivity will also increase. Figure 13 shows the expected
warning times at which the system would send alerts as a
function of distance for a 3σ detection for SK with 0.03% and
0.10% Gd.

During future phases of SK-Gd and for the same optimistic
scenario discussed above, Betelgeuse would have early
warning alerts about 10–12 hr in advance of its end as a CCSN.

7. Conclusion

SK is a neutrino observatory in operation since 1996 that has
recently entered its SK-Gd phase; Gd was loaded into the detector
in 2020, achieving a concentration of 0.01% Gd. This phase is
characterized by increased sensitivity to thermal neutrons due to
the enormous capture cross section of Gd, which then emits easily
detectable γ-ray cascades of about 8MeV total energy. In turn, the
highly visible neutron captures made possible by Gd loading
greatly enhance the detector’s sensitivity to low energy electron
anti-neutrinos n̄e, as their dominant interaction channel is via IBD,
which yields a positron and neutron in the final state.
Consequently, the Gd-loaded SK now has the potential to detect
as-yet-unobserved neutrinos from different astronomical sources
such as the diffuse supernova neutrino background and pre-
supernova stars.
Stars with greater than 8 Me and a growing iron core are in

the final stages of fusion shortly before core collapse; these are
commonly known as pre-supernova stars. Their main cooling
mechanism is the production of low energy neutrinos and anti-
neutrinos from thermal and weak nuclear processes. Some of
these neutrinos have enough energy to exceed the IBD energy
threshold, and—if the star is close enough—can therefore be
detected at SK-Gd. Pre-supernova models from Odrzywolek &
Heger (2010)) and Patton et al. (2017) were used to evaluate
the sensitivity of SK with 0.01% Gd to pre-supernova
neutrinos. For this Gd concentration, estimations showed that
pre-supernova stars can be observed in SK-Gd up to an
optimistic distance of 600 pc away from Earth.
The emission of neutrinos from pre-supernova stars occurs

for hours before the core collapses, which could provide an
early warning for potential supernova events. A pre-supernova
alert system was developed for SK and it has been active since
2021 October 22. In the case of α-Ori (Betelgeuse) with
optimistic parameters, SK would produce alerts up to 9 hr
before the CCSN. Nearly 20 other nearby stars could have an
early warning of their coming explosion via the detection of
their pre-supernova neutrinos. Estimations showed that for
future phases of SK with increased concentrations of Gd,
detection ranges, and early alert times of the pre-supernova
alarm would be extended.

Figure 13. Expected warning time as a function of distance for a 3σ detection by the pre-supernova alert system for SK with (a) 0.03% Gd and (b) 0.10% Gd. The
edges of the bands show two background scenarios considering low reactor flux (all Japanese reactors off) and high reactor flux (double the current contribution).
Solid lines show normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are evaluated for stars with 15 and
25 Me following the model by Odrzywolek & Heger (2010), and also alternatively for 15 Me stars following Patton et al. (2017).
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Betelgeuse
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Hyper-Kamiokande (HK)

ニュートリノ

陽子の崩壊

超新星爆発 太陽大気J-PARC大強度加速器による
高品質ニュートリノビーム

ハイパーカミオカンデ装置
スーパーカミオカンデの
約10倍の有効質量と2倍の光感度

水槽（超純水）
直径74m × 高さ60m

写真提供：JAEA/KEK J-PARCセンター

新型光センサー
（従来の2倍の感度）
4万本

総質量 26万トン
有効質量 19万トン

A birds-eye view of the Hyper-K site

2

SK

HK

1000m

650m

Wasabo

Mt. Nijyugo-yama

Maruyama

Excavated rock
disposal site

Tunnel
Entrance

Kamioka town

Route 41

N

Funatsu
Bridge

Mt. Ikeno-yama

Construction is now on going 
Operation starts 2027

Next generation of large neutrino detector
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Hyper-Kamiokande (HK)
Next generation of large neutrino detector
Diameter 68m

•190 kton Fiducial volume : ~ 8 x SK 
•20,000 improved photomultiplier tubes 
(PMTs) : twice sensitivity than Super-K

D
ep

th
 7
1m

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20

ー Hyper-Kー Super-K

Charge [photoelectron]

Position angle [degree]
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90R

el
at

iv
e 

si
ng

le
 p

ho
to

el
ec

tro
n 

hi
t e

ffi
ci

en
cy

  

0

1

2

R12860-R3600_䜹䜴䞁䝖䜾䝷䝣䠄Y㍈䠅 

17 

૚嵅崠崟嵏嵛峑峘崓崎嵛崰峼崘嵑崽৲قఏ૆ૉ峘崓崎嵛崰峼৊峂峕峁峉ৃ়ك 

岽峘崯嵤崧峘崓崎嵛崰க峙োೝ୾৕ਯ岶঳৒峕峔峵஘ଓਫ峁峐岬峵岶岝QE峒CE峘ಕ৬୷岶அ峨島峐岮峵岞
R12860峒R3600峑峙岝৊঳୾৕ਯ峼োೝ峁峉峒ෘ৒峁峉ৃ়峘崓崎嵛崰க峕ഄே峒୷岶岬峵岽峒岶ী岵峵岞 

�" !�����&.��%��#"%�����/
���$�$�*)+��
��
	��
������
��)�$'#��

�&'��"�-�

�&'��"�-�

�+'�(��������,�(� �/
���$�$�*)+���

	������������

�&.�

�"%��

3���3�

2��

2��

0���0�

1��

1��
��%�*"�%/
��#"%��

7

~2

• Efficiency x 2, Timing resolution x 1/2
• Pressure tolerance x 2 (>100m)
• The impact is large to physics sensitivities 
and detector design optimization

• enhance p→νK+ signal, solar ν, neutron 
signature of np→d+γ(2.2MeV) 
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2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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HK Collaboration

Collaboration meeting , March 2023, at Toyama, Japan

~550 members in 
102 institutions 
from 21 countries 

Hyper-Kamiokande collaboration
Univ. of Tokyo and KEK host the project

18

Collaboration Meeting, March 2023 @ Toyama
First face-to-face meeting after project approval

• ~560 people from ~20 countries, ~100 institutions 
• 25% Japanese / 

75% non-Japanese 
• Recently approved as a recognized experiment (RE45) at CERN
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Time line
Timeline

• 2022-2027:  Construction,      2027- : Operation 
• No change of schedule since the approval of project in 2020

19

JFY2020 JFY2021 JFY2022 JFY2023 JFY2024 JFY2025 JFY2026 JFY2027 JFY2028

Tunnel const. Cavern
excavation

Tank
Const.

PMT production

PMT cases, Electromics etc.

PMT
installation

Water system Filling 
water

Operation

Power-upgrade of J-PARC and Neutrino Beam-line

Near Detector Facility, R&D, production ND construction

Preparation

No change of the schedule since 2020 (approval year) 
Operation starts 2027
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Cavern excavation 
Dome excavated Center of the HyperK cavern

(c) Kamioka 
Observatory, ICRR, 
The University of Tokyo

• Approach tunnels: > 2km, 
Completed in July 2022

Dome excavation procedure: from the inner rings to the outer ones
1st ring 2nd-4th rings 5th-6th rings

Dome section Approach tunnels
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Dome excavation finished!

October 2023
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PMT production and delivery

PMT quality inspection

Mock-up test

Delivery to Kamioka
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Nearby Supernova burst
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FIG. 182. Detection rate modulation induced by SASI in Hyper-K 1 tank. Red line shows the theoretical

event rate estimation for the inverse beta decay reaction. Gray line shows a simulated event rate taking into

account statistical fluctuation. The SN progenitor mass is 27 solar mass. The direction to the detector is

chosen for strong signal modulation. This neutrino flux is adopted from [62].
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FIG. 183. Detection rate modulation produced by a rotating SN model in Hyper-K 1 tank. The SN

progenitor mass is 27 solar mass. The supernova rotational axis is orthogonal (red) and parallel (green)

with the direction to the earth. This figure is adopted from [242].

flux is well predicted and hardly a↵ected by the physics modelling of the EOS or the progenitor

mass [267, 268]. The number of event will be about 50% larger in IH case comparing to NH, after

20ms from the core bounce. In the succeeding accretion phase, we will have another chance by

observing the rise-time of neutrino event rate. The mixing of ⌫̄X to ⌫̄e, will result in a 100ms faster

rise time for the inverted hierarchy compared to the normal hierarchy case [269]. We will have fair

chance to investigate it for a supernova at the galactic center, see Fig. 181.

In Hyper-K, it could be possible to detect burst neutrinos from supernovae in nearby galaxies.

As described above, we expect to observe a very large number of neutrino events from a galactic

SASI, e.g. arXiv 1406.0006

Precise time variation can be observed

Large statistics and event-by-event time/energy information
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FIG. 180. Angular distributions of a simulation of a 10 kpc supernova with 1 tank. The plots show a

visible energy range of 5-10MeV (left-top), 10-20MeV (right-top), 20-30MeV (left-bottom), and 30-40MeV

(right-bottom). The black dotted line and the red solid histogram (above the black dotted line) are fitted

contributions of inverse beta decay and ⌫e-scattering events. Concerning the neutrino oscillation scenario,

the no oscillation case is shown here.

LSST telescope [252].

1.3. Physics impacts The shape of the rising time of supernova neutrino flux and energy

strongly depends on the model. Figure 181 shows inverse beta decay event rates and mean ⌫̄e

energy distributions predicted by various models [250, 253–258] for the first 0.3 sec after the onset

of a burst. The statistical error is much smaller than the di↵erence between the models, and

so Hyper-K should give crucial data for comparing model predictions. The left plot in Fig. 181

shows that about 150-500 events are expected in the first 20 millisecond bin. This means that

the onset time can be determined with an accuracy of about 1 ms. This is precise enough to

allow examination of the infall of the core in conjunction with the signals of neutronization as well

as possible data from future gravitational wave detectors. Our measurement will also provide an

opportunity to observe black hole formation directly, as a sharp drop of the neutrino flux [259].

We can use the sharp rise of the burst to make a measurement of the absolute mass of neutrinos.
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K. Abe et.al., ApJ. 916:15 (2021)
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DSNB search

Expected number of SRN events

Large statistics make a precise observation possible

First discovery of DSNB 
in SK-Gd

Precise measurement 
of DSNB in Hyper-K
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FIG. 187. Expected number of inverse beta decay reactions due to supernova relic neutrinos in several

experiments as a function of year. Red, gray and purple line shows Hyper-Kamiokande, SK-Gd, and JUNO,

respectively. The sizes of their fiducial volume and analysis energy thresholds were considered. The neutrino

temperature is assumed to be 6MeV. Solid line corresponds to the case, in which all the core-collapse

supernovae emits neutrinos with the particular energy. Dashed line corresponds to the case, in which 30% of

the supernovae form black hole and emits higher energy neutrinos corresponding to the neutrino temperature

of 8MeV.
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FIG. 188. The SRN signal expectations in Hyper-K 1 tank fiducial volume and 10 years measurement. Black

line shows the case of neutrino temperature in supernova of 6MeV, and red shows the case of 4MeV [286,

290]. Solid line corresponds to the case, in which all the core-collapse supernovae emits neutrinos with the

particular energy. Dashed line corresponds to the case, in which 30% of the supernovae form black hole and

emits higher energy neutrinos corresponding to the neutrino temperature of 8MeV. Shaded energy region

shows the range out of SRN search window at Hyper-K.

coincident detection of both positron and delayed neutron signals, and requiring tight spatial and

temporal correlations between them. With 0.1% by mass of gadolinium dissolved in the water,

neutrons are captured on gadolinium with about 90% capture e�ciency; the excited Gd nuclei

then de-excite by emitting 8MeV gamma cascades. The time correlation of about 30µsec between



Summary
Let’s go supernova!

Thanks


