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Agenda

Jost Migenda

Things are easy when you’re big in Japan. 
—Alphaville
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History Doesn’t Repeat Itself … but it rhymes

Jost Migenda

Super-Kamiokande 
1996–today (and beyond)

M.Yokoyama (U.Tokyo)

3 generations of Kamiokande family

• Larger mass for more statistics

• Better sensitivity by more photons with improved sensors
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Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(~2026-)

3kton 50kton 260kton×2
20% coverage

with 50cm PMT
40% coverage

with 50cm PMT
40% coverage

with high-QE 50cm PMT

?
Kajita, 2015
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Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(~2026-)

3kton 50kton 260kton×2
20% coverage

with 50cm PMT
40% coverage

with 50cm PMT
40% coverage

with high-QE 50cm PMT

?
Koshiba, 2002

Hyper-Kamiokande 
~2027–???

M.Yokoyama (U.Tokyo)

3 generations of Kamiokande family

• Larger mass for more statistics

• Better sensitivity by more photons with improved sensors
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Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(~2026-)

3kton 50kton 260kton×2
20% coverage

with 50cm PMT
40% coverage

with 50cm PMT
40% coverage

with high-QE 50cm PMT

?
To be determined …

!

20×
260 kton 

(188 kton FV)
50 kton 

(22.5 kton FV)
3 kton 8.4×



71m height 
68m diameter

650 m 

(1,750 m.w.e.)



Diego Delso (https://commons.wikimedia.org/wiki/File:Puente_de_la_Torre,_Londres,_Inglaterra,_2014-08-11,_DD_092.JPG), CC BY-SA 4.0

Hyper-K



• 1–2 m wide 
• Both active veto & passive shielding 
• Investigating design with 8cm PMTs and wavelength-shifting plates 

(DOI:10.1088/1742-6596/1468/1/012240)
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Outer Detector

Jost Migenda



Inside Super-Kamiokande
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M.Yokoyama (U.Tokyo)

• Better performance than SK-PMT (R3600)

• Photon detection efficiency ×2

• Timing resolution ×2

• Better pressure tolerance

• Enhance physics capability
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Alternative solutions studied internationally
(MoU with KM3NeT, …) 

R&D continues for further improvements

Enabling technology: new photosensor

Photosensors detect 
Cherenkov light

Use “fuzzyness” & 
number of rings for PID:



• 50 cm PMTs with box-and-line dynode 
• Compared to SK PMTs: 2× timing resolution & 

2× photon detection efficiency at same dark rate 
• More pressure-resistant 
• At least 20% photocoverage for ID (0.5× SK) 
• Mass production started in December 2020 

• Multi-PMT (mPMT) modules 
• 19× 8 cm PMTs in hemispherical pressure vessel 
• Directional information, improved timing & 

spatial resolution 
• Plan to add ~1000 mPMTs to ID
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Photosensors

Jost Migenda

simil! en"gy 
thresh#d as in SK



• Funding approved by Japanese government in 2020 

• Excavation ongoing, reached centre of dome on June 23rd 

• Detector R&D still ongoing  

• 500+ members from 20 countries:
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Current Status

Jost Migenda

N' is a great time to join!



SK

HK

1000 m

600 m

Tunnel
Entrance

Kamioka town

Route 41

NMt. Ikeno-yama

Access tunnel
(~2km)

Mt. Nijyugo-yama

Wasabo

Maruyama
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Construction Progress

Jost Migenda

“HK center”

July 2020: Geological Survey

May 2021: Excavation of access tunnels started June 2022



• New research building now completed 

• It has 4 floors and 3,050 m2 total floor area

Dormitory rooms

Dining rooms

Many visiting researchers’ 
rooms on 2nd and 3rd floor

Lab rooms to construct 
detector components

Big hall to accommodate 
about 150 people on the  
1st floor.
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New Research Building at Kamioka

Jost Migenda

Image of new research building

Current 
one

New building
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Detector R&D for HK

Jost Migenda

From slides by M. Ishitsuka 
(Neutrino 2020)

Detector R&D for Hyper-Kamiokande
Outer detector:
PMT + WLS plate  (UK)

3-inch water proof PMT PMT cover 
in Spain

ID mockup at ICRR

Sync and 
clock system
test bench at 

TokyoTech

Underwater 
electronics:

Case design and 
feedthrough
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Detector R&D for Hyper-Kamiokande

Multi-PMT module:
(ref. KM3NeT)
High resolution Cherenkov ring 
imaging essential for IWCD
Consider to use for part of HK

IWCD simulation

20-inch MCP PMT:
Test in dark room 

Prototype at TRIUMF

mPMT in Memphyno
water tank in FranceElectronics at INFN

Box&Line PMT in Super-K

17
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Agenda

Jost Migenda

I shall decay when the proton returns. 
—Sheldon Lee Glashow



• Proton is stable in SM 

• PDK has been a generic prediction of Grand Unified Theories 
since these were proposed in the 70s ➔ access to GUT scale! 

• Kamioka Nucleon Decay Experiment
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Proton Decay

Jost Migenda

Chapter 6: GeV-Scale Non-accelerator Physics Program 6–192

argon time-projection chamber (LArTPC) technology implemented for the Deep Underground
Neutrino Experiment (DUNE) far detector (FD) will exploit a number of complementary signatures
for a broad range of nucleon decay channels. Should nucleon decay rates lie just beyond current
limits, observation of even one or two candidate events with negligible background could constitute
compelling evidence.

In the DUNE era, possibly two other large detectors, Hyper–Kamiokande [36] and JUNO [38]
will be conducting nucleon decay searches. Should a signal be observed in any single experi-
ment, confirmation from experiments using di�erent detector technologies, and therefore di�erent
backgrounds, would be very powerful.

As mentioned above, the GUT models present two benchmark decay modes, p æ e+fi0 and p æ

K+‹. The decay p æ e+fi0 arises from gauge boson mediation and is often predicted to have the
higher branching fraction of the two key modes. In this mode, the total mass of the proton is
converted into the electromagnetic shower energy of the positron and two photons from fi0 decay
with a net momentum vector near zero. The second key mode is p æ K+‹. This mode is dominant
in most supersymmetric GUT models, many of which also favor other modes involving kaons in the
final state [207]. Although significant attention will focus on these benchmark modes, the nucleon
decay program at DUNE will be a broad e�ort, covering many possible decay channels.

Figure 6.1: Summary of nucleon decay experimental lifetime limits from past or currently running
experiments for several modes and a set of model predictions for the lifetimes in the two benchmark
modes. The limits shown are 90% confidence level (CL) lower limits on the partial lifetimes, ·/B,
where · is the total mean life and B is the branching fraction. Updated from [34].

DUNE Physics The DUNE Technical Design Report

Theoretically 
preferred

Figure from arXiv:2002.03005



• Most sensitive channel for SK, HK: 
p ➔ e+ + π0 

• Experimentally very clean: 
• Three rings for the Elven kings under the sky … 
• Etotal = mp 
• Low ptotal 

• Reach >1035 years after 20 years of 
data taking
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Proton Decay Sensitivity

Jost Migenda

3σ discovery potential

Large underground detectorProton decay search

• One possible approach to reach GUT energy scale
• Extend proton decay search by one order of magnitude beyond the current limits

Accelerator GUT

" → $. + &/
1001 yr 3×1002 yr

" → .̅ + /.

After 10 years of HK
if 6 = 1.7×108? years ⋯

Free 
proton

Bound proton

JUNO: J. Phys. G 43 (2016) 030401 (arXiv:1507.05613)
DUNE: FERMILAB-PUB-20-025-ND (arXiv:2002.03005)
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PDK MC for free & bound protons



• Alternative channel: 
p ➔ ν ̅+ K+ 

• But: Kaon is below the Cherenkov 
threshold ➔ HK can only observe 
decay products 

• K+ ➔ μ+ + νμ (64%) 
significant backgrounds 

• K+ ➔ π+ + π0 (21%) 
π+ barely above Cherenkov threshold 

• Reach 3×1034 years after 20 years of data taking
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Jost Migenda
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Agenda

Jost Migenda

Turn and face the strange 
Ch-ch-changes! 
—David Bowie
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What are Neutrino Oscillations?

Jost Migenda

νe
νμ
ντ

Flavour eigenstates 
interact

Mass eigenstates 
propagate

UPMNS =
1 0 0
0 c23 s23
0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

cij = cos θij sij = sin θij Δm2
ij = m2

i − m2
j

Atmospheric & 
accelerator Reactor & accelerator Reactor & solar

θ13 ≈ 8∘

δCP = ???θ23 ≈ 45∘ θ12 ≈ 34∘
Mixing angles 

⇔ 
Amplitude

Δm2
32 ≈ 2.5 × 10−3eV2 Δm2

31 ≈ 2.5 × 10−3eV2 Δm2
21 ≈ 7.5 × 10−5eV2

Mass differences 
⇔ 

Length scale

= UPMNS

ν1
ν2
ν3



• Send νμ (νμ̅) beam from J-PARC (Tokai) to Kamioka 

• In SK, look for νμ disappearance & νe appearance 

➔ Could fill another seminar talk with details!

19

The T2K Experiment

Jost Migenda



• Increased beam power (500 kW ➔ 700 kW ➔ 1.3 MW) 

• ND upgrades ongoing for next T2K runs 

• Add a new Intermediate Water Cherenkov Detector 

• Larger far detector

20

Long-Baseline Physics with HK

Jost Migenda

Hyper IWCD

arXiv:2004.06877



• Distance: ~1 km 
from the beam target 

• Water target, like HK 
(plus Gd for neutron tagging)  

• Detector can move up/down to measure flux at different 
off-axis-angles ➔ different energy spectra! 

• Use multi-PMT modules for better timing/spatial resolution 

• Goal: Constrain flux & neutrino cross-sections to reduce 
systematic uncertainty!

21

Intermediate Water Cherenkov Detector

Jost Migenda

(not to scale)
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.

• Fit to measured spectra of all data sets 
(appearance/disappearance, νμ / νμ̅) to 
determine oscillation parameters 

• Atmospheric neutrinos help determine 
mass ordering, clear up degeneracies 

• Essential to reduce systematic error!
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Oscillation Results

Jost Migenda

A Accelerator based neutrinos 211
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FIG. 133. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 133. The e↵ect of �CP is clearly seen using the reconstructed neutrino

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.

By using not only the total number of events but also the reconstructed energy distribution, the

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.

Figure 134 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.

5. Analysis method

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-
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FIG. 138. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values

of �CP = (�90�, 0, 90�, 180�) are shown. Left: normal hierarchy case. Right: inverted hierarchy case. Red

(blue) lines show the result with Hyper-K only (with sin2 2✓13 constraint from reactor experiments).
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FIG. 139. Expected significance to exclude sin �CP = 0 in case of normal hierarchy. Mass hierarchy is

assumed to be known.

contour becomes narrower in the direction of sin2 2✓13, the sensitivity to �CP does not significantly

change because �CP is constrained by the comparison of neutrino and anti-neutrino oscillation

probabilities by Hyper-K and not limited by the uncertainty of ✓13.

Figure 139 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).

The significance is calculated as
p

��2, where ��2 is the di↵erence of �2 for the trial value of

�CP and for �CP = 0� or 180� (the smaller value of di↵erence is taken). We have also studied the

case with a reactor constraint, but the result changes only slightly. Figure 140 shows the fraction

of �CP for which sin �CP = 0 is excluded with more than 3� and 5� of significance as a function of

the integrated beam power. The ratio of integrated beam power for the neutrino and anti-neutrino

mode is fixed to 1:3. The normal mass hierarchy is assumed. The results for the inverted hierarchy
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FIG. 141. Expected 68% CL uncertainty of �CP as a function of running time. For the normal hierarchy

case, and mass hierarchy is assumed to be known.

are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than

sin2θ23 = 0.4…0.5…0.6 
True MO: Normal / Inverted
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Oscillation of Solar Neutrinos

Jost Migenda

Y. Nakano (Super-Kamiokande collaboration) 

https://indico.cern.ch/event/606690/contributions/2591501/

Observed 8B solar neutrino signal

SK 
phase

Energy threshold
[MeV(kin)]

Live time
[day]

8B Flux
[×106/cm2/sec]

SK I 4.5-19.5 1496 𝟐. 𝟑𝟖 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟖

SK II 6.5-19.5 791 𝟐. 𝟒𝟏 ± 𝟎. 𝟎𝟓−𝟎.𝟏𝟓+𝟎.𝟏𝟔

SK III 4.0-19.5 548 𝟐. 𝟒𝟎 ± 𝟎. 𝟎𝟒 ± 𝟎. 𝟎𝟓

SK IV 3.5-19.5 2365
2645

𝟐. 𝟑𝟐 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟒
Under preparation

◆8B neutrino measurement

A total of 84k solar neutrinos 
were observed until March 2016.
(89k events until March 2017)

Measured 8B fluxes are consistent 
within uncertainties.

SK I-IV combined flux (until March 2016)
DATA/MC = 0.4486±0.0062(stat.+syst.)
2.355±0.033 (stat.+syst.) × 𝟏𝟎𝟔𝐜𝐦−𝟐𝐬𝐞𝐜−𝟏

𝝊𝒙 + 𝒆− → 𝝊𝒙 + 𝒆−

Cherenkov light generated by 
recoil electron scattered with ν.

: Data(stat. only)
: Best fit
: Background

Preliminary

p.7

MC: 5.25×106/cm2/sec
(SNO: NC current, Phys. Rev. C88 (2013) 022501.)



• Mainly sensitive to  and θ12 Δm2
21

• Slight difference between solar (neutrino) and reactor 
(antineutrino) measurements of  ➔ HK’s high statistics will 
reduce uncertainty

Δm2
21

• Measure day/night asymmetry of solar neutrinos

• Look for spectral upturn between matter effect & vacuum 
oscillation

24

Oscillation of Solar Neutrinos

Jost Migenda

Oscillation Parameter Extraction

• Oscillation parameters extracted by 
combining all SK data, as well as SNO and 
KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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6
r2Solar Neutrinos

• Intense neutrinos from nuclear fusion in the Sun’s core


• Majority (99%) from pp-chain with subdominant contribution 
from CNO cycle


• What’s left in solar neutrinos?


• Help understanding solar interior


• Precision test of the MSW oscillation model 

• Precise measurement of spectrum at the vacuum-to-matter 
transition region


• Measurement of Day/Night asymmetry


• Super-K’s measurement of solar neutrinos


• Detecting recoil electrons from elastic scattering


• Robust signal extraction using angular correlation with the Sun


• Current threshold for analysis: Ekin > 3.5 MeV
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Super-K has been continuously improving analysis with more statistics

data) are in good agreement with the MSW curves (based
on different parameters: blue ¼ solar þ KamLAND best
fit, green ¼ solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This

so called “day/night effect” will lead to an enhancement
of the νe flavor content during the nighttime for most
oscillation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17) at
the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN ¼ ðΦD − ΦNÞ= 1

2 ðΦD þ ΦN) defines a
convenient measure of the size of the effect; it is sensitive
to Δm2

21.
A more sophisticated method to test the day/night effect

is given in [1,24]. For a given set of oscillation parameters,
the interaction rate as a function of the solar zenith angle is
predicted. Only the shape of the calculated solar zenith
angle variation is used; the amplitude is scaled by an
arbitrary parameter. The extended maximum likelihood fit
to extract the solar neutrino signal (see Sec. III C) is
expanded to allow time-varying signals. The likelihood
is then evaluated as a function of the average signal rates,
the background rates and a scaling parameter, termed the
“day/night amplitude”. The equivalent day/night asymme-
try is calculated by multiplying the fit scaling parameter
with the expected day/night asymmetry. In this manner the
day/night asymmetry is measured more precisely sta-
tistically and is less vulnerable to some key systematic
effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [24] and [1]), it necessarily depends on the
oscillation parameters, although with very little depend-
ence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consistent
with reactor neutrino measurements [25]). The fit is
run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ Δm2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or
energy scale will affect the observed interaction rate as
a function of solar zenith angle and energy. To quantify
the directional dependence of the energy scale, the
energy of the DT-produced 16N calibration data and its
simulation are compared as a function of the recon-
structed detector zenith angle (Fig. 9). The fit from Fig. 9
is used to shift the energy of the 8B MC events, while
taking energy-bin correlations into account, and the
unbinned amplitude fit was rerun. The resulting 0.05%
change in the equivalent day/night asymmetry is taken as
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FIG. 29. Allowed survival probability 1σ band from the
combined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data (green)
and a fit to all solar þ KamLAND data (blue). The pastel colored
bands are the separate SK (green) and SNO (blue) fits.
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FIG. 30. Predicted solar neutrino spectra [21]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the solar best fit and blue
from the solar þ KamLAND best fit. The 1σ band of Pee from the
combined data of SK and SNO is shown in red. Also shown are
Pee measurements of the 7Be (green point), the pep (light green
point) and the 8B flux (red point) by Borexino [23], as well as pp
(blue point) and CNO values (gold point) extracted from other
experiments [22].
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FIG. 29: Allowed survival probability 1 σ band from the com-
bined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data
(green) and a fit to all solar+KamLAND data (blue). The
pastel colored bands are the separate SK (green) and SNO
(blue) fits.

the pp and CNO neutrino flux constraints from all solar
data [23] and the 7Be, the pep and the 8B flux measure-
ment of the Borexino experiment [24]. The SK and SNO
combined allowed band (and the other solar data) are in
good agreement with the MSW curves (based on different
parameters: blue=solar+KamLAND best fit, data best
fit, green=solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This so
called “day/night effect” will lead to an enhancement of
the νe flavor content during the nighttime for most oscil-
lation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17)
at the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN = (ΦD − ΦN )/ 1

2 (ΦD + ΦN ) defines a
convenient measure of the size of the effect.
A more sophisticated method to test the day/night

effect is given in [1, 25]. For a given set of oscillation pa-
rameters, the interaction rate as a function of the solar
zenith angle is predicted. Only the shape of the cal-
culated solar zenith angle variation is used; the ampli-
tude is scaled by an arbitrary parameter. The extended
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FIG. 30: Predicted solar neutrino spectra [22]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the SK best fit and blue
from the solar+KamLAND best fit. The 1 σ band of Pee

from the combined data of SK and SNO is shown in red.
Also shown are Pee measurements of the 7Be (green point),
the pep (light green point) and the 8B flux (red point) by
Borexino [24], as well as pp (blue point) and CNO values
(gold point) extracted from other experiments [23].

maximum likelihood fit to extract the solar neutrino sig-
nal (see section III C) is expanded to allow time-varying
signals. The likelihood is then evaluated as a function
of the average signal rates, the background rates and a
scaling parameter, termed the “day/night amplitude”.
The equivalent day/night asymmetry is calculated by
multiplying the fit scaling parameter with the expected
day/night asymmetry. In this manner the day/night
asymmetry is measured more precisely statistically and
is less vulnerable to some key systematic effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [25] and [1]), it necessarily depends on the os-
cillation parameters, although with very little depen-
dence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consis-
tent with reactor neutrino measurements [26]). The fit
is run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ ∆m2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2 θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or en-

SK+SNO 
1σ region

>10 MeV: MSW matter 
effect while exiting Sun

<1 MeV: 
vacuum oscillation

Current SK measurement: 
Φday − Φnight

0.5 (Φday + Φnight)
= (−2.1 ± 1.1) %

SK preliminary, Neutrino 2020



• Overview & Status 

• Proton Decay 

• Neutrino Oscillations 

• Neutrino Astronomy
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Agenda

Jost Migenda

One sees clearly only with [neutrin,]. 
The imp-tant things are invisible to the eye. 
—Antoine de Saint Exupéry (“The Little Prince”)
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Neutrino Astronomy is Awesome

Jost Migenda

NASA/SDO: https://www.nasa.gov/mission_pages/sunearth/news/News021311-flare.html

Observed 8B solar neutrino signal

SK 
phase

Energy threshold
[MeV(kin)]

Live time
[day]

8B Flux
[×106/cm2/sec]

SK I 4.5-19.5 1496 𝟐. 𝟑𝟖 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟖

SK II 6.5-19.5 791 𝟐. 𝟒𝟏 ± 𝟎. 𝟎𝟓−𝟎.𝟏𝟓+𝟎.𝟏𝟔

SK III 4.0-19.5 548 𝟐. 𝟒𝟎 ± 𝟎. 𝟎𝟒 ± 𝟎. 𝟎𝟓

SK IV 3.5-19.5 2365
2645

𝟐. 𝟑𝟐 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟒
Under preparation

◆8B neutrino measurement

A total of 84k solar neutrinos 
were observed until March 2016.
(89k events until March 2017)

Measured 8B fluxes are consistent 
within uncertainties.

SK I-IV combined flux (until March 2016)
DATA/MC = 0.4486±0.0062(stat.+syst.)
2.355±0.033 (stat.+syst.) × 𝟏𝟎𝟔𝐜𝐦−𝟐𝐬𝐞𝐜−𝟏

𝝊𝒙 + 𝒆− → 𝝊𝒙 + 𝒆−

Cherenkov light generated by 
recoil electron scattered with ν.

: Data(stat. only)
: Best fit
: Background

Preliminary

p.7

MC: 5.25×106/cm2/sec
(SNO: NC current, Phys. Rev. C88 (2013) 022501.)
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(hep)
<latexit sha1_base64="9gnit8vRf63XcHGMDWAAM1u00zM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzM4uM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa65TMDUiioo0AJrVgDC30JTX90PfWbD6CNiNQdjmPohmygRCA4QyvddxCe0A/S8hDi00mvWHIr7gx0mXgZKZEMtV7xq9OPeBKCQi6ZMW3PjbGbMo2CS5gUOomBmPERG0DbUsVCMN10dvWEnlilT4NI21JIZ+rviZSFxoxD33aGDIdm0ZuK/3ntBIPLbipUnCAoPl8UJJJiRKcR0L7QwFGOLWFcC3sr5UOmGUcbVMGG4C2+vEwaZxXPrXi356XqVRZHnhyRY1ImHrkgVXJDaqROONHkmbySN+fReXHenY95a87JZg7JHzifP3HuknU=</latexit><latexit sha1_base64="9gnit8vRf63XcHGMDWAAM1u00zM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzM4uM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa65TMDUiioo0AJrVgDC30JTX90PfWbD6CNiNQdjmPohmygRCA4QyvddxCe0A/S8hDi00mvWHIr7gx0mXgZKZEMtV7xq9OPeBKCQi6ZMW3PjbGbMo2CS5gUOomBmPERG0DbUsVCMN10dvWEnlilT4NI21JIZ+rviZSFxoxD33aGDIdm0ZuK/3ntBIPLbipUnCAoPl8UJJJiRKcR0L7QwFGOLWFcC3sr5UOmGUcbVMGG4C2+vEwaZxXPrXi356XqVRZHnhyRY1ImHrkgVXJDaqROONHkmbySN+fReXHenY95a87JZg7JHzifP3HuknU=</latexit><latexit sha1_base64="9gnit8vRf63XcHGMDWAAM1u00zM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzM4uM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa65TMDUiioo0AJrVgDC30JTX90PfWbD6CNiNQdjmPohmygRCA4QyvddxCe0A/S8hDi00mvWHIr7gx0mXgZKZEMtV7xq9OPeBKCQi6ZMW3PjbGbMo2CS5gUOomBmPERG0DbUsVCMN10dvWEnlilT4NI21JIZ+rviZSFxoxD33aGDIdm0ZuK/3ntBIPLbipUnCAoPl8UJJJiRKcR0L7QwFGOLWFcC3sr5UOmGUcbVMGG4C2+vEwaZxXPrXi356XqVRZHnhyRY1ImHrkgVXJDaqROONHkmbySN+fReXHenY95a87JZg7JHzifP3HuknU=</latexit><latexit sha1_base64="9gnit8vRf63XcHGMDWAAM1u00zM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzM4uM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa65TMDUiioo0AJrVgDC30JTX90PfWbD6CNiNQdjmPohmygRCA4QyvddxCe0A/S8hDi00mvWHIr7gx0mXgZKZEMtV7xq9OPeBKCQi6ZMW3PjbGbMo2CS5gUOomBmPERG0DbUsVCMN10dvWEnlilT4NI21JIZ+rviZSFxoxD33aGDIdm0ZuK/3ntBIPLbipUnCAoPl8UJJJiRKcR0L7QwFGOLWFcC3sr5UOmGUcbVMGG4C2+vEwaZxXPrXi356XqVRZHnhyRY1ImHrkgVXJDaqROONHkmbySN+fReXHenY95a87JZg7JHzifP3HuknU=</latexit>

(pep)
<latexit sha1_base64="bxJOimgYTSmCVJd3jgSMT6Z/l8A=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzO4OM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dvpLCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGiOdR5LGPd8pkBKSKoo0AJLaWBhb6Epj+6nvrNB9BGxNEdjhV0QzaIRCA4QyvddxCe0A/SsgJ1OukVS27FnYEuEy8jJZKh1it+dfoxT0KIkEtmTNtzFXZTplFwCZNCJzGgGB+xAbQtjVgIppvOrp7QE6v0aRBrWxHSmfp7ImWhMePQt50hw6FZ9Kbif147weCym4pIJQgRny8KEkkxptMIaF9o4CjHljCuhb2V8iHTjKMNqmBD8BZfXiaNs4rnVrzb81L1KosjT47IMSkTj1yQKrkhNVInnGjyTF7Jm/PovDjvzse8NedkM4fkD5zPH34ukn0=</latexit><latexit sha1_base64="bxJOimgYTSmCVJd3jgSMT6Z/l8A=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzO4OM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dvpLCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGiOdR5LGPd8pkBKSKoo0AJLaWBhb6Epj+6nvrNB9BGxNEdjhV0QzaIRCA4QyvddxCe0A/SsgJ1OukVS27FnYEuEy8jJZKh1it+dfoxT0KIkEtmTNtzFXZTplFwCZNCJzGgGB+xAbQtjVgIppvOrp7QE6v0aRBrWxHSmfp7ImWhMePQt50hw6FZ9Kbif147weCym4pIJQgRny8KEkkxptMIaF9o4CjHljCuhb2V8iHTjKMNqmBD8BZfXiaNs4rnVrzb81L1KosjT47IMSkTj1yQKrkhNVInnGjyTF7Jm/PovDjvzse8NedkM4fkD5zPH34ukn0=</latexit><latexit sha1_base64="bxJOimgYTSmCVJd3jgSMT6Z/l8A=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzO4OM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dvpLCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGiOdR5LGPd8pkBKSKoo0AJLaWBhb6Epj+6nvrNB9BGxNEdjhV0QzaIRCA4QyvddxCe0A/SsgJ1OukVS27FnYEuEy8jJZKh1it+dfoxT0KIkEtmTNtzFXZTplFwCZNCJzGgGB+xAbQtjVgIppvOrp7QE6v0aRBrWxHSmfp7ImWhMePQt50hw6FZ9Kbif147weCym4pIJQgRny8KEkkxptMIaF9o4CjHljCuhb2V8iHTjKMNqmBD8BZfXiaNs4rnVrzb81L1KosjT47IMSkTj1yQKrkhNVInnGjyTF7Jm/PovDjvzse8NedkM4fkD5zPH34ukn0=</latexit><latexit sha1_base64="bxJOimgYTSmCVJd3jgSMT6Z/l8A=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QxDA76U2GzO4OM71qWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dvpLCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGiOdR5LGPd8pkBKSKoo0AJLaWBhb6Epj+6nvrNB9BGxNEdjhV0QzaIRCA4QyvddxCe0A/SsgJ1OukVS27FnYEuEy8jJZKh1it+dfoxT0KIkEtmTNtzFXZTplFwCZNCJzGgGB+xAbQtjVgIppvOrp7QE6v0aRBrWxHSmfp7ImWhMePQt50hw6FZ9Kbif147weCym4pIJQgRny8KEkkxptMIaF9o4CjHljCuhb2V8iHTjKMNqmBD8BZfXiaNs4rnVrzb81L1KosjT47IMSkTj1yQKrkhNVInnGjyTF7Jm/PovDjvzse8NedkM4fkD5zPH34ukn0=</latexit>
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Observed 8B solar neutrino signal

SK 
phase

Energy threshold
[MeV(kin)]

Live time
[day]

8B Flux
[×106/cm2/sec]

SK I 4.5-19.5 1496 𝟐. 𝟑𝟖 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟖

SK II 6.5-19.5 791 𝟐. 𝟒𝟏 ± 𝟎. 𝟎𝟓−𝟎.𝟏𝟓+𝟎.𝟏𝟔

SK III 4.0-19.5 548 𝟐. 𝟒𝟎 ± 𝟎. 𝟎𝟒 ± 𝟎. 𝟎𝟓

SK IV 3.5-19.5 2365
2645

𝟐. 𝟑𝟐 ± 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟒
Under preparation

◆8B neutrino measurement

A total of 84k solar neutrinos 
were observed until March 2016.
(89k events until March 2017)

Measured 8B fluxes are consistent 
within uncertainties.

SK I-IV combined flux (until March 2016)
DATA/MC = 0.4486±0.0062(stat.+syst.)
2.355±0.033 (stat.+syst.) × 𝟏𝟎𝟔𝐜𝐦−𝟐𝐬𝐞𝐜−𝟏

𝝊𝒙 + 𝒆− → 𝝊𝒙 + 𝒆−

Cherenkov light generated by 
recoil electron scattered with ν.

: Data(stat. only)
: Best fit
: Background

Preliminary

p.7

MC: 5.25×106/cm2/sec
(SNO: NC current, Phys. Rev. C88 (2013) 022501.)

The sun, photographed in neutrinos 
Y. Nakano (Super-Kamiokande collaboration): https://indico.cern.ch/event/606690/contributions/2591501/

https://indico.cern.ch/event/606690/contributions/2591501/
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano et al., arXiv:1910.11878

Hyper-K energy range

Note: $ly includes kn%n, c$tinu&s fl'es

https://arxiv.org/abs/1910.11878


• Solar neutrinos 
• Unprecedented statistics: ~100 events per day 
• Try to detect Hep neutrinos:  
• Resolve production regions of ν inside the sun 

J. Davis: PRL 117, 211101 (2016) 
• Sensitivity to shorter time variations 

• Indirect searches for Dark Matter (e.g. in the Sun or 
Galactic Centre) annihilating/decaying into neutrinos 

• Multi-messenger Astronomy 

• Supernova Neutrinos

3He + p → 4He + e+ + νe
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• Expect an order-of-magnitude improvement over Super-K

• Main sensitivity at MeV–GeV scale

• Wide range of transient sources:
• Gamma-Ray Bursts

• Tens of MeV scale (SK result: arXiv:2101.03480)

• GeV–PeV scale (if efficient UHECR acceleration in GRBs)

• Binary mergers (SK results: arXiv:1608.08745, arXiv:1802.04379, arXiv:2104.09196)

• Blazars like TXS 0506+056 (SK result: arXiv:1910.07680)

• SN shock wave interacting with circumstellar material
• e.g. Eta Carinae: large CSM mass, expect ~300 high-energy 

neutrinos in HK over ~months
• High-energy neutrinos from solar flares (prediction: arXiv:0812.4592)

30

Multi-Messenger Astronomy
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https://arxiv.org/abs/2101.03480
https://arxiv.org/abs/1608.08745
https://arxiv.org/abs/1802.04379
https://arxiv.org/abs/2104.09196
https://arxiv.org/abs/1910.07680
https://arxiv.org/abs/0812.4592


(Core-Collapse) Supernova Neutrinos

NASA/ESA, https://commons.wikimedia.org/wiki/File:Crab_Nebula.jpgCrab Nebula, Remnant of SN 1054
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• SN1987A: two dozen events, 
~half of them in Kamiokande 

• Confirmed basic picture: 
• ν burst ≈99% of energy 
• ~1053 erg, ~1058 ν 
• ν arrive ~hours before light 

• Energy loss argument can constrain exotic particles 

• Simulations still limited by available computing power 
➔ take any numbers with a grain of salt

33
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G. Raffelt, arXiv:hep-ph/9903472
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G. Raffelt, arXiv:hep-ph/9903472

“There is a rather long list of numerical challenges 

and code verification issues yet to be met collectively 

by the world’s supernova modelers. 

The results of different groups are still too far apart 

to lend ultimate credibility to any one of them.” 

— Skinner, Burrows, Dolence (arXiv:1512.00113)
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[Janka et al., Phys.Rep. 442, pp. 38–74]
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• At 10 kpc: 105–106 events in ~10 s 

• Precise time & energy reconstruction 
on event-by-event basis 

• Directionality: ~1° (via νe-scattering) 

• Most sensitive to νe̅ (~90% of events 
from inverse beta decay on H) 

➔ Detailed information on SN 
explosion mechanism (e.g. Standing 
Accretion Shock Instability – SASI)
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• To understand explosion mechanism, need to compare observation with simulations 
• Look for specific features (e.g. SASI: Lund et al. arXiv:1006.1889, JM arXiv:1609.04286) 
• Compare full t & E dependence (JM, arXiv:2002.01649 & 2101.05269)
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100 events* Couch Nakazato Tamborra Totani Vartanyan
Couch 795 57 122 12 14

Nakazato 33 961 3 1 2

Tamborra 84 0 853 33 30

Totani 4 0 16 979 1

Vartanyan 0 1 17 3 979

Identified as

Tr
ue

 m
od

el

300 events* Couch Nakazato Tamborra Totani Vartanyan
Couch 982 2 16 0 0

Nakazato 1 999 0 0 0

Tamborra 16 0 980 2 2

Totani 0 0 0 1000 0

Vartanyan 0 0 0 0 1000

Tr
ue

 m
od

el

Identified as

• Use 5 supernova models
• Generated 1000 MC data sets per 

model
• Full detector simulation & 

reconstruction toolchain
• Unbinned likelihood function: Which 

model best matches the reconstructed 
t & E distribution?

Developed event generator:
• Precise cross sections
• Extensible (Water, LS, WbLS, …)
• Open source: https://github.com/

JostMigenda/sntools
• Accepted by JOSS (DOI:10.21105/joss.02877)

* during 20–520ms after core bounce, assuming Normal Ordering

https://github.com/JostMigenda/sntools
https://github.com/JostMigenda/sntools
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• 2100–3150 events in LMC (SN1987A-like) 

• 9–13 events in Andromeda 

• ≥1 event out to few Mpc

➔ Can do model discrimination!

➔ Ongoing work to develop trigger 
e.g. M. Lamoureux, arXiv:2103.09733 

➔ Could a multimessenger signal 
(from GW or EM) help?



• a.k.a. Diffuse Supernova Neutrino Background (DSNB) 

• ν from all SN integrated over the history of the 
universe 
• Encode history of star formation 
• Information on dim SNe & black hole 

formation 
• SK-Gd: First detection — HK: first spectrum
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Supernova Relic Neutrinos

Jost Migenda

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
2

10
3

10
4

10
5

10
6

10
7

0 10 20 30 40 50 60 70 80
Neutrino Energy (MeV)

N
e
u
tr

in
o
 F

lu
x
 (

/c
m

  
/s

e
c
 /
M

e
V

)
2

Reactor e)

SRN predictions

( e fluxes)

Atmospheric e

Constant SN rate (Totani et al., 1996)

Totani et al., 1997

Hartmann, Woosley, 1997

Malaney, 1997

Kaplinghat et al., 2000 

Ando et al., 2005

Lunardini, 2006

Fukugita, Kawasaki, 2003(dashed)

0

10

20

30

40

50

60

10 15 20 25 30 35 40 45 50
Energy (MeV)

Ev
en

ts
/2

M
eV

/0
.1

87
M

to
n/

10
ye

ar
s

SRN+B.G.(inv.mu 1/5)

total B
.G.

inv.m
u(1/5)

atmsph. ν
–

e

spallation
B.G.

with 70% n tagging

Neutrino astrophysics
• Observation of ~10MeV neutrinos with the time, energy and direction

Ø Unique role in multi-messenger observation 
• Solar neutrinos: up-turn at vacuum-MSW transition region, D/N, hep 1
• Supernova burst: explosion mechanism, BH/NS formation, alert with 1° pointing
• Supernova Relic Neutrino (SRN): stellar collapse, nucleosynthesis and history of the universe

Posters 
#65: Radon background model for Hyper-Kamiokande (Guillaume Pronost)
#391: Supernova Model Discrimination with Hyper-Kamiokande (Jost Migenda)

~70k ν%# at 10kpc
Modulation induced by SASI
statistical fluctuation in HK

SN direction

SRN rate
Calculation from FV and Eth
Efficiency is not accounted 
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• HK is a next-generation underground water Cherenkov detector 
with a broad physics programme: 

• Proton decay searches surpassing 1035 years 
• Precision measurements of oscillation parameters (particularly 

CP violation & mass ordering) with long-baseline, atmospheric 
& solar neutrinos 

• Unprecedented statistics for neutrino astrophysics, e.g. solar, 
SN burst & relic neutrinos 

• HK is officially approved in Japan 
• Construction has started & data taking begins in 2027 
• R&D to improve physics potential is ongoing (near detectors, 

photosensors & covers, electronics, outer detector, …) 
• New collaborators are welcome!
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