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Hyper-K Proto-collaboration Sept. 2019  ~350 Collaborators from 17 countries 
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Far Detector 
(Kamioka)

Beam & 
Near 
Detectors 
(JPARC)295 km

Hyper-Kamiokande Design Report  arXiv:1805.04163

Design is 
being finalised

Technical Report
in preparation 

Conceptual 
Design Report
in preparation 

http://arxiv.org/abs/arXiv:1805.04163


Photosensor Support Frame

Photosensor Support Frame

(HDPE + backfill concrete)
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Hyper-K  Far Detector

Ø A 260kton tank of pure water 

Ø Inner Detector 216kt 

Fiducial volume ~200kt
Up to 40% photosensor coverage
(40k 20” PMTs)

Ø Outer Detector veto region 

1m to 2m thick (~13k 3” PMTs)

Ø Japanese budget request 2019
covers cavern excavation, tank,
water system and half the 
photosensors. 

International contributions are
needed for more photosensors!

4

8x larger than Super-K (will be largest man-made cavern in the world)
Location 8km south of Super-K  

Dimensions in mm

Steve Playfer, NuPhys2019, London



Photosensors – 20” PMTs 

5

Hamamatsu R12860HQE

Ø Quantum efficiency 30% at 390nm (x1.4 compared to Super-K)

Ø Collection efficiency 95% at 107 gain (x1.3 compared to Super-K)

Ø Transit time spread 2.7ns for 1p.e.     

Ø Dark count rate 8.5kHz ® 5.7kHz  (in past 2 years) ® 4kHz? 

These are either Hamamatsu B&L or NNVT MCP-PMT  

Steve Playfer, NuPhys2019, London

Ø Charge resolution 27% for 1p.e.    



Photosensors - mPMT Modules
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Ø 3” PMTs are Hamamatsu R14374 or  ETEL D794KFL or HZC XP82B20

Ø Collection efficiency 45% due to packing fraction of PMTs

Ø Dark count rate 100-300Hz/PMT  

Acrylic cover 
+ optical gel 

19 x 3” PMTs
+ reflectors

Frontend 
Electronics 

Pressure
Vessel 

Improved spatial accuracy, timing, dynamic range, lower dark rate?

Cost comparison mPMT $8k, 20” PMT + cover + electronics $5k

We are considering adding ~5,000 multi-PMT modules

50cm 

Ø Transit time spread 1.3ns for 1p.e. 

Steve Playfer, NuPhys2019, London



Block diagram (20inch PMT readout electronics)

5(We can use same system for OD.)

Inside tank 
in waterproof
case 

x 24
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A broad neutrino physics programme…
Energy range 4 MeV to 100 GeV

SolarAtmospheric

Supernova
Long baseline beam
600 MeV

… and proton decay 8



Upward-going atmospheric neutrinos

NNN 2019

● Earth matter effect modifies the energy spectrum of 

atmospheric neutrino oscillations of neutrinos passing 

through the core.

● Sensitive to ẟCP , mass hierarchy and Θ23 octant

sin
2
Θ23= 0.4 or 0.6

NH or IHẟCP = 220° or 40°

Difference in nue between oscillated and unoscillated flux

Atmospheric Neutrinos

νe appearance for normal hierarchy (NH) 

νe appearance for inverted hierarchy (IH)

_

18

Oscillations are sensitive to mass hierarchy, q23 octant and dCP
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FIG. 149. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos ⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 19). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓21, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) unless otherwise noted. The ✓23 octant e↵ect can be seen by

comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). � value is changed to 220� in (c) to be compared

with 40� in (b). The mass hierarchy is inverted only in (d) so ✓13 resonance (MSW) e↵ect disappears in this

plot. For the inverted hierarchy the MSW e↵ect should appear in the ⌫̄e flux, which is not shown in the

plot.

parametric resonance driven by ✓̃13, whose amplitude increases with sin2✓23 ( c.f. panels a. and b.).4279

Further, this resonance becomes suppressed in the neutrino channel when the hierarchy is switched4280

from normal to inverted (compare panels a. and d.). Though some change in the resonance can be4281

seen via the interference term as �CP is varied, the dominant e↵ect appears below 1 GeV (panels4282

a. and c.). For these reasons the atmospheric neutrino oscillation analysis has been designed to4283

maximize each of these potential e↵ects.4284

Hyper-Kamiokande’s reconstruction performance is expected to meet or exceed that of its pre-4285

decessor, Super-Kamiokande. Nominally the size and configuration of the two detectors are similar4286

enough that event selections and systematic errors are not expected to di↵er largely. While the4287

larger statistics a↵orded by Hyper-K may result in improved detector systematic uncertainties, such4288
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18This is just for electron neutrinos!  For antineutrinos the MSW peak is suppressed in NH 

Cos q = -0.8



Solar Neutrinos
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294 V.4 SOLAR NEUTRINOS

V.4. SOLAR NEUTRINOS5329

Solar neutrinos are generated as nuclear fusion products in the Sun, and their measurements5330

have contributed much to the development of neutrino physics and astrophysics. The neutrino5331

oscillation parameters between mass eigenstate ⌫1 and ⌫2 are determined based on the solar neutrino5332

data and the reactor anti-neutrino data in KamLAND assuming CPT invariance, as illustrated in5333

Fig. 189 [? ]. The mixing angle ✓12 is consistent between solar and reactor data, however, about5334

2� tension exists in �m
2
21. Owing to the MSW matter oscillation in the Sun and the Earth, the5335

solar data is sensitive to �m
2
21 in spite of the long flight distance. The constraint on �m

2
21 comes5336

mainly from the Super-K data observing the zenith angle and energy dependent neutrino fluxes.5337

The observed day-night flux asymmetry is ⇠4%, which is higher than the expectation from the5338

reactor data, and contributes to the 2� tension. Hyper-K will have a better sensitivity on the day-5339

night asymmetry, and clarify the new problem in the neutrino oscillations which might be a key to5340

the discovery of new physics. In addition, if the energy threshold is lowered, the observation of the5341

upturn in the solar neutrino survival probability might be possible. The precise spectrum shape5342

measured in Hyper-K will distinguish the standard neutrino oscillation from several exotic models,5343

sin2(Θ13)=0.0242±0.0026

sin2(Θ12)=0.308±0.013 ∆m2
21=(7.50+0.19
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FIG. 189. Allowed neutrino oscillation parameter region from all the solar neutrino experiments (green),

reactor neutrino from KamLAND (blue) and combined (red) from one to five sigma lines and three sigma

filled area. The star shows the best fit parameter from the solar neutrinos. The contour of the expected

day-night asymmetry with 6.5 MeV (in kinetic energy) energy threshold is overlaid.

Day/night asymmetry depends on 1/Dm21
2            Expected to be a few % 

From Super-K  

From reactor n

Years of Hyper-K data

10

Solar deficit 
in range 3-5 MeV?

  

2

Low energy impact
6

 

● New low energy 8tter to properly compare the con8gurations.

● Performances are increased compared to BONSAI.

● Vertex resolution clearly improved with mPMTs.

20%B&L

20%B&L +53%mPMT

40%B&L

BONSAI MINUIT-based

20%B&L

20%B&L +53%mPMT, B&L PDF

BONSAI3:Vertex resolution MINUIT3:Vertex resolution

30-40% coverage reaches 3 MeV
(but limited by radioactive backgrounds)

Can reach 4 MeV with 
20% coverage + mPMTs
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5%

1% Exp.
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Supernova Neutrinos
SN at 10kpc expect 50-100k events in 20s.  Betelgeuse would give MHz!

Expect ~10 events from SN in M31  (Andromeda)

Inverse beta decay of anti-ne on p gives flavour, energy and direction from e+ (and n)

n+e- scattering also gives energy and direction. Initial spike is sensitive to oscillations.   

11Steve Playfer, NuPhys2019, London



Supernova Relic Neutrinos
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15-40 MeV anti-ne  from ancient SN
detected by inverse b-decay 

Neutron-tag crucial to reduce backgrounds
n-tag with capture on H is 30-70% efficient
(depends on dark rate and photocoverage)

n-tag with capture on Gd is >80% efficient
(with a much lower mistag rate)

12Steve Playfer, NuPhys2019, London
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Proton Decay

K+n

We can improve limit on decay to e+p0

from 1034 to 1035 years

We may eventually run into background 
from atmospheric n
but neutron tags help reduce this.

Can also improve limit on decay to K+n
but the signature for this is harder 
and there is atmospheric n background.

K+ is below water Cherenkov threshold
Detect K+ decay to 236 MeV/c  µ+

in coincidence with 6.3 MeV g
from 15N* decay (after p decays in 16O)

13Steve Playfer, NuPhys2019, London



J-PARC Beam 

Off-axis 2.5degrees

En = 600 MeV (peak)

1.3MW beam power

Being upgraded for T2K

Will be available at 
start of Hyper-K

Further upgrades?

14Steve Playfer, NuPhys2019, London



Near Detectors at 280m 

1.5m 

~10m 

~10m 

X 

Y 
Designed 
beam center 

Z 

INGRID monitors 
beam position ND280 magnetic 

spectrometer for 
ne and wrong sign 
beam components 

ND280 is being upgraded 
for T2K in 2021 

Will be available at 
start of Hyper-K

Further upgrades? Super FGD
High angle TPC 15



Intermediate Water Cherenkov
Located at 1-2km 

Shaft is 50-100m deep 

Tank diameter 10m, height 8m
moves up and down shaft
using buoyancy (pit water)

Spans off-axis angles 1 to 4o

Detector has 480 mPMTs

Measures water Cherenkov signals
as function of n energy and flavour

Determines n cross-sections 

A new detector for Hyper-K
Planned to be ready in 2026

Steve Playfer, NuPhys2019, London 16



Systematics aimed for by Hyper-K 

B Systematic errors for Hyper-K 25

FIG. 8. Expected significance to exclude sin �CP = 0. Three times larger statistics than nominal configu-

ration (1 tank with 187 kton and 1.3MW beam for 10 years) is assumed with 10 years operation of 1Mton

detector with 750 kW beam. NUMBERS TO BE CONFIRMED.

FIG. 9. Ratio of energy spectrum predicted with �CP = 103� and �CP = 90� (red), and the same ratio with

0.5% energy scale bias introduced by hand to that with the nominal energy scale with no bias (blue).

hierarchy, precise measurement of each parameter help to resolve the degeneracy and improve the564

other measurements.565

• Energy bias due to contamination of non-QE: As the neutrino energy is reconstructed566

from the momentum of outgoing charged lepton in single-ring events assuming QE scattering,567

contamination of non-QE cause bias in energy scale, as illustrated in Fig 10. Such biases568

are made due to nuclear e↵ects as explained in the previous section. In addition, it was569

pointed out by recent studies that multi-nucleon interaction, called two particles - two holes570

or 2p-2h in contrast to genuine QE as 1p-1h, cause bias in neutrino energy reconstruction.571

As ✓23 and �m
2
32 are determined from the depth and position of the deficit due to oscillation,572

Hyper-K
10 years

Stat. error ~3%

CP reach depends
on Syst. errors!
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FIG. 139. Correlation matrix between reconstructed energy bins of the four samples due to the systematic

uncertainties. Bins 1–8, 9–20, 21–28, and 29–40 correspond to the neutrino mode single ring e-like, the

neutrino mode single ring µ-like, the anti-neutrino mode single ring e-like, and the anti-neutrino mode

single ring µ-like samples, respectively.

number of expected events at the far detector are summarized in Table XXXVIII.4124

TABLE XXXVIII. Uncertainties for the expected number of events at Hyper-K from the systematic uncer-

tainties assumed in this study.

Flux & ND-constrained ND-independent
Far detector Total

cross section cross section

⌫ mode
Appearance 3.0% 0.5% 0.7% 3.2%

Disappearance 3.3% 0.9% 1.0% 3.6%

⌫ mode
Appearance 3.2% 1.5% 1.5% 3.9%

Disappearance 3.3% 0.9% 1.1% 3.6%

6. Measurement of CP asymmetry4125

Figure 140 shows examples of the 90% CL allowed regions on the sin2 2✓13–�CP plane resulting4126

from the true values of �CP = (�90�, 0, 90�, 180�). The left (right) plot shows the case for the4127

normal (inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint4128

from the reactor experiments, sin2 2✓13 = 0.100 ± 0.005. With reactor constraints, although the4129

HK design report 
arXiv:1805.04163

Steve Playfer, NuPhys2019, London 17
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Hyper-K long baseline (10 years) 
A Accelerator based neutrinos 213
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FIG. 135. 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. 135. The e↵ect of �CP is clearly seen using the reconstructed neutrino4059

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�
4060

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.4061

By using not only the total number of events but also the reconstructed energy distribution, the4062

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the4063

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.4064

Figure 136 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases4065

with sin2 ✓23 = 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the4066

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.4067

5. Analysis method4068

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy4069

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-4070

18

~1600 ne events (far detector) ~1200 ne events 
_

~10000 nµ events
Steve Playfer, NuPhys2019, London

Assumes Normal Hierarchy, beam n : n = 1 : 3
_



Long baseline beam + atmospheric n
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FIG. 141. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3� (red) and 5� (blue)

significance as a function of the running time. For the normal hierarchy case. The ratio of neutrino and

anti-neutrino mode is fixed to 1:3.
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FIG. 142. Expected 68% CL uncertainty of �CP as a function of running time.

significance for 76(57)% of the possible values of �CP .4016

Figure 142 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.4017

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for4018

�CP = ±90�.4019

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the4020

value of ✓23. Figure 143 shows the fraction of �CP for which sin �CP = 0 is excluded with more than4021

3� and 5� of significance as a function of the true value of sin2 ✓23. T2K collaboration reported4022

sin2 ✓23 = 0.51+0.08
�0.07 for neutrinos in case of the normal hierarchy.4023
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Metric 1TankHD

sin2(✓23) Atmospheric ⌫ Atm + Beam

Hierarchy
0.40 2.2 � 3.8 �

0.60 4.9 � 6.2 �

Octant
0.45 2.2 � 6.2 �

0.55 1.6 � 3.6 �

TABLE XLII. Summary of Hyper-K’s sensitivity in various metrics with atmospheric neutrinos only (At-

mospheric) and with the combination of atmospheric neutrino and beam data (Atm + Beam ) for the staged

1TankHDdesign. These numbers assume a normal hierarchy, �m2
23 = 2.5 ⇥ 10�3eV2, sin2✓13 = 0.0219, and

the value of �CP that minimizes the sensitivity. Entries in the table are in units of
p

��2. See text for

details.

3. Exotic Oscillations And Other Topics4231

Though the standard paradigm of neutrino oscillations driven by two mass di↵erences has been4232

well established, hints for a third mass di↵erence with �m2
s ⇠ 1eV2 have been seen in a variety4233

of short-baseline experiments (c.f. [102, 103, 202, 203]). Measurements of the Z0 decay width,4234

however, indicate that there only three neutrinos that participate in the weak interaction and4235

Mass Hierarchy
can be resolved

sin2q23 = 0.45 

sin2q23 = 0.55 

Octant of q23 can be resolved
for sin2q23 < 0.45 or sin2q23 > 0.55

CP violation can be measured 
at 3s (5s) over 75% (60%) of the 
full range of dCP

Error on dCP = 0 (p/2)  is 7o (20o) 

Steve Playfer, NuPhys2019, London 19



Second Detector in Korea arXiv:1611.06118v3
PTEP (2018) 6,063C01

Baseline 1100km
At 2nd maximum (750 MeV)
At 1st maximum (2 GeV)

A number of sites are being 
considered with off-axis 
beam of 1 to 2 degrees. 

Aim is to build this after 
Kamioka far detector is running. 
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FIG. 7: The CP probability di↵erence for � = 3⇡/2 at 300 km and 900 km baselines for oscillations

in vacuum. The CP probability di↵erence for 1100 km baseline is also shown since it is the typical

baseline for candidate sites in Korea.

term depends on sin(�m
2
21L

4E ). Since the argument is small for the L/E values of interest,

this can be expanded up to the linear term, introducing a dependence on �m
2
21L

4E . For a fixed

energy, a larger CP e↵ect will be observed at longer baselines. The oscillation maxima are

observed when �m
2
31L

4E = n⇡/2 and n is an odd integer. For a fixed baseline, the second

oscillation maximum will be located at 1/3 the energy of the first oscillation maximum. Or,

for a fixed energy, the necessary baseline to observe the second oscillation maximum will be

3 times larger than the baseline needed to observe the first oscillation maximum. While the

neutrino flux statistics will decrease by the ratio of the baselines squared, a factor of 1/9

in this case, the CP e↵ect is 3 times larger at the second oscillation maximum, suggesting

that an equally significant CP violation measurement can be made at the second oscillation

maximum with a 3 times larger baseline. This is illustrated in Fig. 7 where the CP proba-

bility di↵erence is shown for baselines of 300 km and 900 km. Since the statistics are smaller

at the longer baseline, but the CP e↵ect is larger, measurements at the second oscillation

maximum may also see a smaller impact from certain systematic uncertainties.
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First far detector (Kamioka)

Second far detector (Korea)

CP violation at 2nd max is x3
Compensates for 1/R2

Same dCP statistical accuracy
Systematics smaller
More sensitivity to matter effects
and non-SM physics 

20Steve Playfer, NuPhys2019, London



Construction Timeline

2018 - Japanese seed-funding and U.Tokyo commitment to 2020 start
June 2019 - Full Japanese funding application submitted
2020 onwards - Funding applications in other participating countries 
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December 13th 2019 
Japanese cabinet approves 
35 Oku Yen ($35M) for first year 
of Hyper–K construction in 2020. 

メリークリスマス そして 年賀状
Nature – December 16th 2019 
Japan will build the world’s largest neutrino detector
Cabinet greenlights US$600-million Hyper-Kamiokande
experiment, which scientists hope will bring 
revolutionary discoveries.



BACKUP SLIDES 



The Hyper-Kamiokande Water System

Source water fills tank in 240 days at 45 tons/hour.

Purification, cooling and recirculation of water at 155 tons/hour.
May double this after start of experiment and add Gd. 



Comparison of SK and HK PMTS

Detection efficiency x 1.9 

Charge and time resolutions 
almost x2 better  

Based on 136 HK PMTs installed 
in Super-K in 2018 



Readout Electronics204 III.9 ELECTRONICS

Item Requirements

Trigger self triggering for each channel

PMT impedance 50⌦

Signal reflection <0.1%

Discriminator threshold <0.25 p.e. (well below 1 p.e.)

Processing speed/hit <1 µs

(channel dead time)

Maximum hit rate >1 MHz for each channel

Charge dynamic range 0.1 to 1250 p.e. (0.2 to 2500 pC)

Charge resolution RMS⇠ 0.05 p.e. (below 25 p.e.)

Timing LSB <0.5ns

Timing resolution RMS <0.3ns at 1 p.e.

RMS <0.2ns above 5 p.e.

Power consumption <1W per channel

TABLE XXXIX. Basic requirements for the performance of the signal digitizer.
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FIG. 131. I/O interfaces of the digitizer block

Three signal digitizers are being considered:

1) QTC chip developed for Super-K in 2008

2) FADC waveform sampling 100-250MHz

3) Switched capacitor arrays

Hit rate is driven by Supernova burst 

Dynamic range is x10 less for mPMTs

Front-end electronics is inside tank 
Power limit driven by water cooling

Designing watertight front-end boxes (24 channels) 
and watertight fibre-optic/LV and signal/HV connectors

Another area where international contributions are expected
7

Need up to 2200 
of these boxes 
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Data Acquisition System 

Designed to handle nearby Supernova (Betelgeuse) :

75M n events in 1s, 180M events in 10s, 327GB of data, 1MHz hits/PMT



Calibration systems
These are based on 20 year of experience at Super-K, 
but need to improve accuracy at Hyper-K.
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Ø High energy calibration uses cosmic ray data:
Stopping muons, Michel electrons, p0 mass 
Statistics will increase at Hyper-K

Ø Low energy calibration uses Linac
and radioactive sources:
D-T generator, Cf(Ni), Am(Be)
Aiming at 0.5% calibration of 
energy scale for solar n

Ø Light injection system monitors  
water transparency and 
PMT response



Motivation for Near Detectors

Ø To measure the product of the unoscillated neutrino flux (Nn) 
times cross-section (sn) as a function of En, off-axis angle, 
horn current (F/B) and n flavour (ne/ne/nµ/nµ)

Ø To predict the expected event rates in the far detector
as a function of the oscillation parameters.
Uncertainties in these predictions enter as 
systematic errors on Hyper-K CP violation measurements. 

Ø To measure the properties of n interactions, 
their detector signatures and final state particles. 

_ _

The differences between the near and far detectors should be minimized.  



Off Axis Measurements    
E61 PHYSICS IN 1 PAGE

4

➤ Measurements at 1º-4º off-axis angle 

➤ Probe energy-final state relationship from 400 MeV 
to 1 GeV 

➤ Measure the νe(bar) cross section with intrinsic νe(bar) 
component of beam 

➤ Purity increases at higher off-axis angle 

➤ WC detector provides active shielding against 
external gamma backgrounds 

➤ Measure the νe(bar) and NC background rates with 
near identical flux to far detector 

➤ Load with Gd to measure neutron multiplicities in 
neutrino-nucleus scattering 

➤ In modes relevant for proton decay and atmospheric 
neutrino analyses at SK/HK 

➤ Sterile neutrinos, cross section measurements, reactor 
neutrinos near surface(?), etc.

• Probe cross-sections and final states 
as a function of En

• Mean energy varies from 0.4GeV (4o)
to 1.0GeV (1o) 

• Fraction of ne varies from 0.5% (1o) 
to 1.5% (4o), with a high energy tail 
from Kaon decays

• Can use linear combinations of different angles 
to define “quasi-monochromatic” beams

• Aim for direct measurement of s(ne)/ s(ne) 
to few % accuracy

_



IWCD Reconstruction   

MPMT SIMULATION

9

➤ Simulation studies of 3 inch PMTs and development of simulation and 
reconstruction with multi-PMTs 

➤ Example event display from the mPMT simulation:

➤ Preliminary performance is good for 
some distributions 

➤ Work to tune the event reconstruction 
is ongoing

MPMT SIMULATION

9

➤ Simulation studies of 3 inch PMTs and development of simulation and 
reconstruction with multi-PMTs 

➤ Example event display from the mPMT simulation:

➤ Preliminary performance is good for 
some distributions 

➤ Work to tune the event reconstruction 
is ongoing

mPMTs improve vertex resolution 
compared to 8” PMTs 

Tuning of event reconstruction ongoing

Also expect better angular resolution 
and e/µ/p0 separation
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