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Three generations of “Kamiokande”
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Kamiokande 
(1983-1995)

Super-Kamiokande (1996-) Hyper-Kamiokande (2028-)

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

24 events total 

SN1987A

M.Yokoyama (U.Tokyo) Hyper-Kamiokande

0.94 ± 0.20 × 10−38cm2

Average cross-section
between 3.5 and 70 GeV

Dashed : Simulation ( Flux avg. )
Horizontal line : 90% of energy range

Fitted Excess
Atm n BKG MC

SK-I+II+III+IV 
5326 days 

arXiv: 1711.09436v1[hep-ex]

# of tau events
338.1 ± 72.7 (stat.+ sys.) events

Reject no-tau-appearance @ 4.6s.
( Exp. significance is 3.3s )

Search for nt appearance at Super-K 
Zenith angle distribution Extracted CC nt cross-section

using atmospheric nt sample

Quite consistent of simple model (1.5s)
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Galactic WIMP search:  DM self-annihilation cross section 

17 

€ 

dφΔΩ
dE

=
σA ⋅V
2

JΔΩ
Rscρsc

2

4π ⋅ Mχ
2
dN
dE

•  FIT based on 
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& cosθGC 
distributions, 
5326-5629 live-
days,1996-2016 

•  NFW halo model 
assumed 

•  90% CL upper 
limit on DM self-
annihilation cross 
section <σAV> 

SK 
preliminary

P.Mijakowski 

•  Fit results are 
consistent with 
null WIMP 
contribution 

90% CL upper limit 

Combined spectrum
p. 19

All SK phase are combined without regard to energy resolution 
or systematic uncertainty in this figure.

Total # of bins of SK I-IV is 83, 80 dof 𝛘𝟐

Solar global 77.38
Solar+KamLAND 79.71
Quadratic best-fit 75.80

■ Energy spectrum vs. MSW predictions
- Introduce quadratic function to test the MSW prediction.
- Quadratic fit is consistent with solar 𝚫𝒎𝟐𝟏

𝟐 within 1.2σ,
while it disfavors KamLAND 𝚫𝒎𝟐𝟏

𝟐 by 2.0σ.
Red point: Statistically added.

Current SRN upper limits
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SK-IV (960 days): with neutron 
tag. with proton
Astropart. Phys. 60 
(2015) 41-46

SK-I,II,III:  without neutron tag. 
with spectrum information
PRD 85, 052007 (2012)
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(d) 2� CL exclusion region

Figure 21: ��2 critical values and confidence intervals for the measured ��2 distributions for Run 1-9c. Critical
values obtained with the Feldman-Cousins method for Run 1-9c for 9 evenly spaced values on the range [�⇡,⇡].
Critical values are shown for 1�, 2� and 90% CL for normal (solid lines) and inverted (dashed lines) hierarchies. At
least 1⇥ 104 toy experiments are performed for each point. The three bands of lines show the ±1� uncertainty on
the critical values. Also shown are the measured ��2 distributions shifted with respect to the same global minium
and the 1�, 90% and 2� exclusion regions for both mass hierarchies.
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Achievements over >20 years

Searches for nucleon decays
>1034 years for p→e+π0 Indirect DM searchesRelic SN ν search

Down-
going

Up-
going
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Really oscillations

Paper title: Evidence for an Oscillatory 
Signature in Atmospheric Neutrino Oscillations

Super-K, PRL 93, 101801 (2004) 
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It was very nice to see that approximately half of the long traveling νµ’s 
disappear. However, we wanted to really confirm neutrino “oscillations”.

We wanted to observe this dip to 
confirm neutrino “oscillations”.

Discovery and measurements of oscillations with atmospheric, solar,  and beam neutrinos

Day-night flux asymmetry
p. 16

SK-phase Amplitude fit [%] Straight calc. [%]
SK-I -2.0 ± 1.8 ± 1.0 -2.1± 2.0 ± 1.3 
SK-II -4.3 ± 3.8 ± 1.0 -5.5 ± 4.2 ± 3.7
SK-III -4.2 ± 2.7 ± 0.7 -5.9 ± 3.2 ± 1.3 
SK-IV -3.6 ± 1.6 ± 0.6 -4.9 ± 1.8 ± 1.4

Combined -3.3 ± 1.0 ± 0.5
(3.0 σ from zero)

-4.1 ± 1.2 ± 0.8
(2.8 σ from zero)

SK-I,II,III,IV combined

Updated from Phys. Rev. Lett. 112 (2014) 091805.
■ Flux measurement

- Regeneration of 𝝊𝒆 in night.
→ Higher flux in night.

- Regeneration depends on 
oscillation parameters.

- Update analysis is in progress. 

Day NightUpdated from Phys. Rev. Lett. 112 (2014) 091805.

Crucial contributions for discovery of all mixing angles1998 Takayama



Three generations of “Kamiokande”
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Kamiokande 
(1983-1995)

Super-Kamiokande (1996-) Hyper-Kamiokande (2028-)

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

24 events total 

SN1987A

SK-Gd (2020-)



Physics targets
multi-purpose detector
• Neutrino physics 
• Accelerator, Atmospheric neutrinos :  
neutrino oscillation (CP violation, Mass ordering) 

• Solar neutrinos : Non-standard oscillations and 
interactions 

• Neutrino astrophysics 
• Supernova, Solar, Astronomical objects 

• Beyond standard model 
• Nucleon decay 
• Dark matter, sterile neutrino, etc. 
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Hyper-K 

SN ν @ G.C. 

Solar ν 

Atmospheric ν 

MeV GeV TeV 

J-PARC ν 

Relic SN ν 

Astrophysical ν 

ν from DM? 

Super-K



Core-collapse supernova
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H He CO FeONeMg
Si

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)



Supernova neutrinos
distance scales and physics outcomes
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©M.Ikeda (ICRR)

Explosion mechanism 
Progenitor properties 
Multi-messenger 
Neutrino physics

Supernova variety

Average emission 
Multi-populations (BH) 
Guaranteed signal

~0.01/yr

~0.5/yr

~108/yr



Super-Kamiokande



Super-Kamiokande
50,000 tons of Water Cherenkov detector
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SK-VII 
(0.03wt%)

SK-VI 
(0.01wt%)

History of Super-Kamiokande
Experimental phases

10

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

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 

2022.6-7
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Supernova burst neutrino
Expected number of events

11

Nakazato models 
ApJ. Suppl. 205 (2013) 2

Livermore simulation 
ApJ. Suppl. 496 (1998) 216

32.5 kton, 5MeV threshold, Normal mass ordering

Nakazato 
(SN)

Nakazato 
(BH) Livermore

Betelgeuse 
(150pc) 16.7~37.7 M 73.8 M 41.8 M

at 10kpc 
(Galactic center) 3.76~8.49 k 16.6 k 9.40 k

LMC 
(50kpc) 150~340 664 376

M31 
(740kpc) 0.69~1.55 3.0 1.72



SK-Gd
Dissolving Gd to enhance neutron detection capability
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γ

γp 

Gd 

(2.2MeV)

~8MeV

or

Inverse Beta Decay (IBD)

delayed coincidence
ΔT~20μsec (0.1%Gd)

Neutron capture efficiency on Gd

Gd concentration [%]
                  0.01   0.03      0.1

Initial loading (2020)
~50% n-capture on Gd

Current (2022-)
~75% n-capture on Gd

J.Beacom and M.Vagins PRL 9 171101 (2004)



Supernova burst neutrino
Pointing accuracy
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Supernova burst neutrino
Pointing accuracy
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Remove the neutron tagged events 
in the direction calculation

Neutrino Energy [MeV]
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smaller IBD, 
better angular resolution



Supernova burst neutrino
Improve the pointing accuracy in SK-Gd
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SN simulation at 10kpcNeutron capture efficiency on Gd

Gd concentration [%]
                  0.01   0.03      0.1

Initial loading (2020)
~50% n-capture on Gd

Current (2022-)
~75% n-capture on Gd

without IBD 
tagging

72% of IBD tag 
and removed



Realtime supernova monitor
Requirement and goal
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Kistler, M., Haxton, W., & Yuksel, H. 2013, Astrophys. J. 778;81, 9pp K.Nakamura et al. MNRAS461,3296–3313(2016)



Realtime supernova monitor
Flow
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Realtime supernova monitor
Automated GCN notice via Kafka
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Cooperation with telescopes
expanding cooperation
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Automated GCN notice

新納さん発表

内田さん発表



Realtime supernova monitor
Latency improvement
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Realtime supernova monitor
Pointing accuracy

21

• Recently, we developed a new fitter (Maximum Likelihood+HEALPix) 
for the direction. It takes less than 10 seconds to calculate. 

• The pointing accuracy is 3-7 degrees at 10 kpc in several SN models.

Angular resolution 
3.96±0.13 deg.



Realtime supernova monitor
Detection efficiency
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LMC SMC



Realtime supernova monitor
Recent update -> LLA
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• Since December 13th 2021, an automated GCN notice will be sent. 
• Golden alarm (isotropic distribution and more than 60 good events) 
and the number of IBD tagged events is >10. 
-> ~100% for SMC, while 0% above 80 kpc.. 

• Low Level Alarm (LLA), which has weaker conditions and is sensitive 
to even further SN, is prepared for Tomo-e, not open to public. 

• We don’t want to miss any chance for them even if the possibility is small. 
• Most triggered events are background via cosmic ray muon spallation.



Realtime supernova monitor
Galaxies between SMC and M31 (from ChatGPT)
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Boötes I (Boo I) ̶ 64‒66 kpc (ultra-compact, very sparse dSph) 
Draco ̶ ~76 kpc (dSph) 
Ursa Minor ̶ ~76 kpc (dSph) 
Sculptor ̶ ~86 kpc (old stellar-dominated dSph) 
Sextans ̶ ~86 kpc (dSph) 
Carina ̶ ~105 kpc (dSph) 
Fornax ̶ ~147 kpc (dSph, with past star formation history) 
Leo II ̶ 200‒230 kpc (dSph) 
Leo I ̶ 250 kpc (dSph). 
Leo T ̶ 410‒420 kpc (transitional, small but young star clusters observed) 
Phoenix dwarf ̶ 415‒440 kpc (transitional, with past to recent low-level star formation) 
NGC 6822 (Barnard's Galaxy) ̶ ~500 kpc (active star-forming region in the irregular Local Group. 
Separate RSG catalog available) 
NGC 185 ̶ 620‒640 kpc (companion galaxy of M31, mainly old stars, low SFR) 
NGC 147 ̶ TRGB observations indicate ≈680 kpc (?) (companion galaxy of M31, mainly old stars)



Realtime supernova monitor
Golden vs Low Level Alarm
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Realtime supernova monitor
Observation probability as a function of distance
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Under adjustment

Under the criteria of the number of events, 
the observation probability is over 10% 
up to ~250 kpc. => can we go up to Leo I ?

preliminary



Cooperation with OISTER
multi-messenger of supernova explosion
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Example of a target
Can we see the shock break out?

31

3298 K. Nakamura et al.

Figure 1. Time sequence for neutrino (red lines for νe and ν̄e and magenta line for νx; νx represents heavy lepton neutrino νµ, ντ , ν̄µ, or ν̄τ ), GW (blue
line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating 17 M⊙ progenitor. The solid lines
are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or rough speculations. The left-hand (right-) panel x-axis
shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the core-collapse neutrino burst are shown as labelled. For the EM signal,
the optical output of the progenitor, the SBO emission, the optical plateau, and the decay tail are shown as labelled. The GW luminosity is highly fluctuating
during our simulation and the blue shaded area presents the region between the two straight lines fitting the high and low peaks during 3–5 s post-bounce. The
hight of the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of antielectron neutrino, photons, and
GW is ∼6 × 1052 erg, ∼4 × 1049 erg, and ∼7 × 1046 erg, respectively. See the text for details.

Table 1. Detectable signals, detectors, and their horizons.

Extremely nearby event @ O(1 kpc) Galactic event @ O(10 kpc) Extragalactic event @ O(1 Mpc)
(see Section 4) (see Section 3) (see Section 5)

Signals Detector Horizon Detector Horizon Detector Horizon

Neutrino Pre-SN ν̄e KamLand <1 kpc – –
HK (20XX-) <3 kpc

ν̄e burst SK Galaxya SK Galaxy HK <a few Mpc
ν̄e burst JUNO (201X-) Galaxy JUNO Galaxy –
νe burst DUNE (20XX-) Galaxy DUNE Galaxy –

GW Waveformc H-L-V-Kd <several kpc
detection H-L-V-K !8.5 kpc ET (20XX-) !100 kpc

EM Optical <1 m class 1–8 m classb <1 m class
NIR <1 m class <1 m class <1 m class

Notes. aDetectable throughout the Galaxy.
b∼25 per cent of SNe are too faint to be detected. (Section 3.4, see also Fig. 9).
cWaveform means detection with sufficient signal to noise to unravel the GW waveform.
dA network of aLIGO Hanford and Livingston, adVirgo, and KAGRA (Section 2.4).

the signals. For example, we demonstrate that the information of the
core bounce timing provided by neutrinos can be used to improve
the sensitivity of GW detection. Importantly, this increases the GW
horizon from some ∼2 to ∼8.5 kpc (based on our numerical model),
which opens up the Galactic Center region to GW detection even
for non-rotating progenitors [GW signals from collapse of rapidly
rotating cores are circularly polarized (Hayama et al. 2016) and
significantly stronger (e.g. Kotake 2013)].

The paper is organized as follows. In Section 2, we summarize
our setup. We describe our core-collapse simulation, methods for
calculating multimessenger signals, and summarize the detectors
we consider and the method for determining signal detections. We
discuss the case of a CCSN in the Galactic Center in Section 3, the

case of an extremely nearby CCSN in Section 4, and the case of
a CCSN in neighbouring galaxies in Section 5. Sections 3–5 are
all similarly organized in the following way: descriptions of the
multimessenger signals separately, followed by a discussion of the
merits and the ideal procedures for their combination. In Section 6,
we conclude with an overall discussion and summary of our results.

2 SE T U P

In this section, we describe the setup of exploring multimessenger
signals from CCSNe. We first describe the setup of our numeri-
cal CCSN calculation, followed by how neutrino, GW, and optical

MNRAS 461, 3296–3313 (2016)
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ご協力をよろしくお願いします

Thank you for your attention


