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Hyper-K talks at TAUP2017
• “Hyper-Kamiokande”
• Hide-Kazu TANAKA (this talk)

• “The 2nd Hyper-Kamiokande detector in Korea”
• Seon-Hee Seo (next talk)

• “The Hyper-K near detector program”
• Jeanne Wilson (after the next talk)

• “Astroparticle physics in Hyper-Kamiokande”
• Takatomi YANO (next session)
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Hyper-K proto-collaboration
• ~300 collaborators

• 75 institutions from 
15 countries
• as of April 2017

• ~70% of collaborators 
from oversea countries
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186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK

60m

74m

260kt

Hyper-Kamiokande
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186 kton fiducial mass : ~10×SK

new 50cm photosensors
×2 higher photon sensitivity than SK

60m

74m

260kt

Hyper-Kamiokande
•Next generation water Cherenkov detector
• Construct two detectors in stage

• Realize the first detector as soon as possible
• See Sunny’s talk (next talk) for option of second detector in Korea

• The first detector (1 tank)
• Filled with 260kton of ultra-pure water

• 60m tall x 74 diameter water tank

• Fiducial mass: 190kton
• ~10 x Super-K

• Photo-coverage: 40% (Inner Detector)
• 40,000 of new 50cmϕ PMTs
• x2 higher photon sensitivity than SK PMT

• All physics sensitivities shown in this talk assumes
1 tank
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New 50cmϕ PMT for Hyper-K

• Twice better photo-detection 
efficiency than SK PMTs

• Timing resolution (TTS): 1.1ns
• cf. SK PMT: 2.1ns

• Higher pressure tolerance: >80m
6

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
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• 1光子感度２倍、時間精度２倍を達成。
• 検出器の性能・物理感度に非常に大きな
インパクト。
• 感度を変えずに検出器を小さくできる可
能性が出てきた。

新型光センサー

Super-K PMT

Hyper-K PMT

1光
子
検
出
効
率

光入射位置（度）
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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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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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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

Time [nsec]

Transit time (ns)

Charge (p.e.)

DetecDon0efficiency�
High0efficiency0brings0beder0HK0performance0of0momentum,0
energy,0parDcle0ID,0and0improves0low0energy0physics0especially.00
•  High0detecDon0efficiency0was0confirmed0in0measurement.�

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ��
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Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)

Bulb material Borosilicate glass (⇠ 3 mm)

Photocathode material Bialkali (Sb-K-Cs)

Quantum e�ciency 30 % typical at � = 390 nm

Collection e�ciency 95 % at 107 gain

Dynodes 10 stage box-and-line type

Gain 107 at ⇠ 2000 V

Dark pulse rate ⇠ 8 kHz at 107 gain (13 Celsius degrees, after stabilization for a long period)

Transit time spread 2.7 nsec (FWHM) for single photoelectron signals

Weight 7.5 kg (without cable)

Volume 61,050 cm3

Pressure tolerance 9 kg/cm2 water proof

TABLE XV. Specifications of the 50 cm R12860-HQE PMT by Hamamatsu.

2.1.2. Detection E�ciency

The total detection e�ciency of the HQE B&L PMT is twice as high as the conventional R3600

(Super-K PMT). Figure 57 shows the measured quantum e�ciency (QE) of several HQE B&L

PMTs as a function of wavelength compared with a typical QE of the Super-K PMT in dotted

line. After several iterations to improve the QE of the large 50 cm bulb by Hamamatsu, a QE of

30% was achieved at peak wavelength of 390 nm, compared to the 22% of the Super-K PMT.
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FIG. 57. Measured QE for six high-QE R12860 (solid lines) and a normal R3600 (dashed line).

If the sensitive photocathode area with a collection e�ciency (CE) greater than 50% is com-

pared, the HQE B&L PMT has an increased area with a diameter of 49.2 cm, compared to 46 cm

in case of the Super-K PMT and 43.2 cm in the KamLAND PMT. Compared with 73% CE of the

94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 58 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100 mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100 mG can be achieved by active shielding by coils.
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FIG. 58. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

Quantum Efficiency (QE)� Total Detection Efficiency of 1pe�

22% → 30% at peak�
and Collection Efficiency (CE)  
73% → 95% (46cmΦ area)�

In total, detection efficiency 
  (=QE x CE x 1pe hit discrimination) 
                       becomes double.�

high-QEs (HQE)�

SK�

Hyper-K PMT

Super-K PMT

~2

Box & line dynode PMTPhoto-detection efficiency (1p.e.)

•１光子感度２倍、時間精度２倍を達成
• 時間分解能: 2.1ns→1.1ns

• 電荷分解能: 50%→35%
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• The candidate site locates under Mt. Nijugo-yama
• ~8km south from Super-K
• Identical baseline (295km) and off-axis angle (2.5deg) to T2K

• Overburden ~650m (~1755 m.w.e.)

Detector site



Hyper-K: multi-purpose detector
• Comprehensive study of ν oscillation

• CPV: 76% of δ space w/ 3σ, <22° precision

• MH determination for all δ with J-PARC/Atm ν
• θ23 octant determination at |θ23-45°|>2° 

• <1% precision of Δm232

• Test standard ν oscillation scenario w/ acc/atm ν 

• Proton decay 3σ discovery potential
• 1x1035 years for p→e+π0 

• 3x1034 years for p→νK+ 

• Astrophysical neutrino
• Solar ν: test standard matter effect (MSW) model

• Supernova ν, supernova relic-ν
• Dark matter neutrinos from Sun, Galaxy, Earth

8

Supernova Sun

Accelerator Atmospheric

~3.5 ~20 ~1
Solar ν

MeV
Supernova ν

GeV TeV

Atmospheric ν

~100
Proton-decay

Dark matte
r ν

Accelerator ν
p-decay



Accelerator based neutrinos
• High quality & high intensity 

neutrino beam

• 2.5 deg. off-axis narrow band 
neutrino beam (identical to T2K)

• Beam power: 1.3MW
(before Hyper-K starts)
• KEK Project Implementation Plan: 

top priority on ‘J-PARC upgrade for 
Hyper-K’

9

Accelerator based neutrinos
 Common base line, same off-

axis (2.5 degree) narrow band, 
high beam power (1.3 MW)
 In 2016, KEK Project 

Implementation Plan put first 
priority to  “J-PARC upgrade for 
Hyper-K”

 Huge statistics with high S/N
 ~3000 appearance signals [/10yr]
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Hyper-K

J-PARC
Accelerator Complex

J-PARC MR fast extraction 
power projection

2026

1.3 MW

Improving the neutrino beam at J-PARC

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021
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Main Ring
Power Supply

Upgrade

J-PARC Main Ring Fast Extraction Power Projection

Current situation:

1.5⇥ 1021 POT, equally in ⌫ and ⌫̄ mode.

⇠425kW beam power.

2.2⇥ 1014 protons-per-pulse.

Repetition cycle: 2.48 seconds.

Main Ring power supply upgrade approved to reduce repetition cycle to 1.3 seconds
) factor of two in beam power (⇠750 kW).

Goal: Upgrades to beam to reach ⇠1.3 MW by ⇠2026.
T. Feusels (UBC, TRIUMF) Hyper-K 04/11/2016 8 / 30

J-PARC MR Fast Extraction Power Projection

1.3MW

n

n

n KEK Project Implementation Plan (KEK-PIP) put first priority to
“J-PARC upgrade for Hyper-K” in 2016

JFY

T2K T2K-II HK

JFY



Expected events in Hyper-K for CPV

10

Reconstructed Eν spectra
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νe ν̅e

for δCP = 0
Signal

νµàνe CC
Wrong sign
appearance νµ /νµ CC Beam νe /νe

contamination NC

ν beam 1,643 15 7 259 134
ν beam 1,183 206 4 317 196

Expected # of events in νe/ν̅e appearance
1.3MW x 10 years (108 sec), ν:ν̅=1:3



Expected sensitivity for CPV
• sinδCP=0 exclusion:
• ~8σ significance if δCP=±90° 

• ~6σ significance if δCP=±45° 

• Observe CPV for 76% 
(58%) of δCP space w/ 3σ 
(5σ) significance

• δCP resolution:
• 22° at δCP=±90°

• 7° at δCP=0° / 180°

11
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Assume 3~4% systematic error
cf. 5~6% in T2K (2017)

[See Jeanne Wilson’s talk]



Mass Hierarchy determination in Hyper-K

• Earth matter effect in upward-going multi-GeV νe 
sensitive to mass hierarchy
• Earth matter effect ‘resonance’ appears in νe app. for 

NH, in ν̅e app. in IH

• Combination of atmospheric ν and beam ν to 
determine mass hierarchy

12

Mass hierarchy determination in HK
 Difference of matter effect in Earth could be seen in 

upward-going multi-GeV νe sample in atmospheric 
neutrinos

 Combine Atmospheric ν + Beam ν data to study 
mass hierarchy
 Precise oscillation parameters: from beam ν
 Mass ordering effect: from atmospheric ν

© Johan Swanepoel / Shutterstock.com
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Mass hierarchy determination in HK
 Difference of matter effect in Earth could be seen in 

upward-going multi-GeV νe sample in atmospheric 
neutrinos

 Combine Atmospheric ν + Beam ν data to study 
mass hierarchy
 Precise oscillation parameters: from beam ν
 Mass ordering effect: from atmospheric ν

© Johan Swanepoel / Shutterstock.com
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Mass Hierarchy sensitivity in Hyper-K

• Mass hierarchy and θ23 octant can be determined 
(≥3σ) within several years for the nearly entire 
parameter space

13
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p→e+π0 search in Hyper-K
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• “Background free” meas. of 
proton decay
• 0.06 Bkg events / Mt･year

• Bkg atm-ν events are largely 
reduced by ‘neutron-tag’:
eff.~70% with new PMT
• n+p→d+γ (2.2MeV)

• Great discovery potential

• 3σ discovery sensitivity 
reaches τp/Br=1035 years

3σ discovery sensitivity

Assume τ/Br=1.7x1034y (SK 90%CL limit)



p→ν̅K+ search in Hyper-K
• Identify K+ by its decaying 

products

• K+→μ+ν (Br: 64%)
• 236MeV/c μ+

• de-excitation γ from 15O* 
(6MeV γ)

• K+→π+π0 (Br: 21%)
• 205MeV/c π0 & π+ back-to-

back

• New PMT improves signal 
and background efficiencies

• Other decay modes, l+ω, 
ρ, η, x10 improved than SK
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Project status in Japan
• ‘Hyper-K Design Report’ released

• KEK preprint 2016-21, ICRR-Report-701-2016-1

• Strong commitment from host institutes: ICRR, U. Tokyo and 
KEK (MoU for Hyper-K)

• Strong support from Japanese communities
• Cosmic-ray (CRC) and high-energy (JAHEP)

• Science Council of Japan selected Hyper-K as one of the top 
priority large-scale projects in ‘Master Plan 2017’

• MEXT (funding agency) will soon release ‘Roadmap 2017’
• Hyper-K is selected in the preliminary version of the Roadmap 

released on July 18, 2017

• Budget request being submitted, aiming to begin the 
construction in JFY 2018 & begin operation in JFY 2026
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Current status of the project
 Design Report is reviewed by Hyper-K Advisory Committee

 KEK Preprint 2016-21, ICRR-Report-701-2016-1

 Strong commitment from host institutions (ICRR, U. Tokyo & KEK)

 Strong support from Japanese communities

 Cosmic-ray (CRC) and high-energy (JAHEP) 

 Science Council of Japan has selected HK as one of top priority 
large-scale  research  projects  in  “Master  Plan  2017”

 MEXT is evaluating HK, and  will  soon  release  “Roadmap  2017”  
 HK is listed in the preliminary version of the Roadmap released on July 18.

 Budget request is being submitted to start construction in JFY 2018. 
(Aiming to start observation in 2026)

JFY
2017

2018 2019 2020 2021 2022 2023 2024 2025 2026

Geo-survey, detailed design

Access
tunnel

Cavern excavation Tank construction

Water
filling

PMT/cover/electronics production Operation

Initial
facility
const.



Summary
• Wide Physics topics, many discovery potentials

• ν CPV: 76% of δ space w/ 3σ, δ resolution <20° 

• Proton decay discovery sensitivity reaches 1035 years

• SN burst, SN relic ν, indirect WIMP search, etc (See Yano-san’s talk)
• Physics sensitivity enhanced with new photosensor

• Project is boosted toward an early realization
• International proto-collaboration formed

• Hyper-K Design Report released

• Strong support from Japanese communities and host institutes

• Selected in ‘Master Plan’ of Science Council of Japan

• Listed in ‘Roadmap 2017 (preliminary)’ of MEXT

• Budget request being submitted to begin the construction in JFY 
2018 & begin the operation in JFY 2026

• Open for new collaborators
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Back-up
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Predictions & experiments for p-decay

• for all decay-modes
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ȫ/B (years)

Super-K

10
35
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31

minimal SUS Y SU(5)

SUSY SO(10)

Hyper-K (20 yr)

Hyper-K (20 yr )

non-minimal SUS Y SU(5)

predictions

minimal SU(5) minimal SUS Y  SU(5)

flipped SU(5)

SUSY SO(10)

non-SUSY SO(10) G 224D
6D SO(10)

predictions

90%CL 

90%CL 3V 

3V 

ਤ 48: ϋΠύʔΧϛΦΧϯσͷ༗ҙ 3σʢ99.7%ʣͰͷཅ่ࢠյൃײݟʢਤதͷ͍
ҹʣͱɺ90%৴པͰͷཅࢠण໋Լݶͷײʢਤத͍άϥϑͷӈͷ͍࢛֯ҹʣɻ
ਤதͰɺεʔύʔΧϛΦΧϯσ࣮ݧΛ͡Ίͱ͢Δࠓ·Ͱͷཅ่ࢠյ୳ݧ࣮ࡧͰಘΒΕ
ͨ 90%৴པͰͷཅࢠण໋ͷԼݶʢ੨͍άϥϑʣࣔ͢ɻਤͷ্͕ p → e+π0่յ
ϞʔυɺԼ͕ p → ν̄K+่յϞʔυͰ͋Δɻਤதͷԫ৭ʢϐϯΫ৭ʣͷάϥϑେ౷
Ұཧͷ༷ʑͳ͕ܕ༧͢ݴΔ p → e+π0่յϞʔυʢp → ν̄K+่յϞʔυʣʹ͓͚Δཅ
ण໋ࢠण໋ʢཅࢠण໋ͷൣғͰ͋Δɻਤͷԣ࣠ɺ่֤յϞʔυͰͷཅࢠ τ Λذൺ BͰ
ׂͬͨͷʣɻ
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