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Hyper-K proto-collaboration
• ~300 collaborators

• 75 institutions from 
15 countries

• ~70% of collaborators 
from oversea countries

2

10 ਪਐମ੍

ਤ 116: ϋΠύʔΧϛΦΧϯσڞࡍࠃಉڀݚάϧʔϓʹɺϒϥδϧɺΧφμɺϑϥϯεɺ
ΠλϦΞɺຊɺؖࠃɺϙʔϥϯυɺϩγΞɺεϖΠϯɺεΠεɺΠΪϦεɺΞϝϦΧɺ
ΫϥΠφɺΞϧϝχΞɺΤΫΞυϧͷ Ճ͍ͯ͠Δɻࢀ͕ࠃ15͔

ᖒᚸਓ (ICRR), F. Di Lodovico (QMUL)ʣͷಜͷͱӡӦ͞Ε͍ͯΔɻ֤Working

Group ʹɺWorking Group Leader Λච಄ʹ convener ͱݺΕΔऀ͕ઃ͚Β

Εɺڀݚ։ൃͳͲͷਪਐΛओಋ͍ͯ͠Δɻද 24ʹ֤ Working Group ͷ leader Λؚ

Ή convener Λࣔ͢ɻͦΕͧΕͷ Working Group ؒͳΒͼʹ International Steering

Committeeʢޙड़ʣͱͷҙࢥͷૄ௨Λີʹ͢ΔͨΊʹִिͰϏσΦձٞΛ͍ͬͯΔɻ

• International Steering Committee (iSC)ɺڀݚάϧʔϓʹΑΔܭըਪਐશମ

ͷಜͱΛ୲͏৫Ͱ͋ΔɻiSC ͷҕһͰ͋ΔதՈ߶ʢژେֶʣΛච಄ʹࠃ

͞Ε͍ͯΔɻiSCߏɺେֶͷϝϯόʔ͔Βؔػڀݚࡍ ϝϯόʔΛදߏ 25ʹࣔ͢ɻ

• International Board of Representatives (IBR)ɺڞࡍࠃಉڀݚάϧʔϓΛߏ

͢Δ֤ࠃͷදऀ͔Βߏ͞ΕΔ৫Ͱ͋ΓɺD. Wark (STFC, RAL-PPD, ΠΪϦ

ε)͕ҕһΛΊΔɻIBR ڞࡍࠃಉڀݚάϧʔϓͰͷ֤͝ࠃͱͷׂ୲ํ

ͷܾఆɺ͓Αͼ֤ࠃɾ֤ҬͰͷ༧֫ࢉಘʹΛͭ࣋ɻIBR ϝϯόʔΛදߏ 26ʹ

ࣔ͢ɻ

10.3 ౦ژେֶͷਪਐମ੍

ຊܭը࣮ࢪத৺ؔػͷҰͭͰ͋Δ౦ژେֶɺϋΠύʔΧϛΦΧϯσͷݐઃͱӡసͷத

֩ͱͳΔɻ౦ژେֶͰɺϋΠύʔΧϛΦΧϯσܭըΛਪਐ͢ΔͨΊͷ৽ͨͳ࿈ػڀݚܞ

ʢԾশʣʯΛֶʹઃஔ͢ΔͨΊͷ४උΛਐΊͯߏػڀݚܞχϡʔτϦϊՊֶ࿈ੈ࣍ʮߏ

͍Δɻ͜ͷߏػ౦ژେֶͱͯ͠ͷ׆ಈΛҰମԽ͠ɺਝ͔ͭత֬ͳϚωʔδϝϯτΛՄ

178



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 with staging

• Realize the first detector as soon as possible
• 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 (otherwise will be mentioned)
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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
5

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

7

Supernova Sun

Accelerator Atmospheric

~3.5 ~20 ~1
Solar ν

MeV
Supernova ν

GeV TeV

Atmospheric ν

~100
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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’

8

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]

11

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
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“J-PARC upgrade for Hyper-K” in 2016
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J-PARC to Hyper-K
• Relatively short baseline (295km, same as T2K)

• Less matter effect: good for CP measurement

• Complementary to other experiments with longer baseline 
(>1000km)

• 2.5 deg. Off-Axis beam (same as T2K)

• Low energy (~0.6GeV) and narrow band beam
• Peak around oscillation maximum

• Good match for Water Cherenkov detector

9

Expected ν fluxes at HK

Oscillation probabilities (L=295km)

PTEP 2015, 053C02 K. Abe et al.

Table 6. Oscillation parameters used for the sensitivity analy-
sis and treatment in the fitting. The nominal values are used for
the figures and numbers in this section, unless otherwise stated.

Parameter Nominal value Treatment

sin2 2θ13 0.10 Fitted
δC P 0 Fitted
sin2 θ23 0.50 Fitted
#m2

32 2.4 × 10−3 eV2 Fitted
Mass hierarchy Normal or Inverted Fixed
sin2 2θ12 0.8704 Fixed
#m2

21 7.6 × 10−5 eV2 Fixed
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Fig. 8. The predicted Hyper-K neutrino fluxes from the J-PARC beam without oscillations. The neutrino
enhanced beam is shown on the left and the anti-neutrino enhanced beam is shown on the right.

4.2. Neutrino flux
The neutrino flux is estimated by the T2K Collaboration [78] by simulating the J-PARC neutrino
beamline while tuning the modeling of hadronic interactions using data from NA61/SHINE [79,
80] and other experiments measuring hadronic interactions on nuclei. To date, NA61/SHINE has
provided measurements of pion and kaon production multiplicities for proton interactions on a 0.04
interaction length graphite target, as well as the inelastic cross section for protons on carbon. Since
“thin" target data are used, the secondary interactions of hadrons inside and outside the target are
modeled using other data or scaling the NA61/SHINE data to different center-of-mass energies or
target nuclei. NA61/SHINE also took data with a replica of the 90 cm-long T2K target, which will
reduce the uncertainties related to the secondary interactions inside the target.

For the studies presented in this document, the T2K flux simulation has been used with the horn
currents raised from 250 kA to 320 kA. The flux is estimated for both polarities of the horn fields,
corresponding to neutrino enhanced and anti-neutrino enhanced fluxes. The calculated fluxes at
Hyper-K, without oscillations, are shown in Fig. 8.

The sources of uncertainty in the T2K flux calculation include:

◦ Uncertainties on the primary production of pions and kaons in proton-on-carbon collisions.
◦ Uncertainties on the secondary hadronic interactions of particles in the target or beamline

materials after the initial hadronic scatter.
◦ Uncertainties on the properties of the proton beam incident on the target, including the absolute

current and the beam profile.

19/35
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Detector performance

• Large mass (~10 x Super-K FV)
• Statistics is always critical

• Excellent particle ID (e/μ)
• Mis-identification <1%

• Energy resolution e/μ ~3%
• Quasi-elastic is dominant (sub-GeV)
→ Clean one-ring event

10

SK cosmic-ray μ

(MC) (MC)

SK atmospheric ν
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PID likelihood sub-GeV 1ring (FC)
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Detector performance for p-decays

• High mass (1Mton scale, 20×Super-K)

• Good ring-imaging capability at ~1GeV
• atmospheric ν, proton decays, accelerator ν

• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%
• opportunity to improve more

• for proton decay search via p→e+π0

• good ~5% invariant proton mass resolution
• high 40% signal efficiency
• 99.998% atmospheric ν BG rejection
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Detector performance for p-decays

• High mass (1Mton scale, 20×Super-K)

• Good ring-imaging capability at ~1GeV
• atmospheric ν, proton decays, accelerator ν

• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%
• opportunity to improve more

• for proton decay search via p→e+π0

• good ~5% invariant proton mass resolution
• high 40% signal efficiency
• 99.998% atmospheric ν BG rejection

PID likelihood (atmν)

e-like μ-like

cosmic&µ''
(0.6&1.2GeV/c)�

PID'likelihood'parameter�

e&like�

Data'
MC�

mis-PID:
  Data: 0.00±0.16(stat.)%
  MC  : 0.10±0.10(stat.)%

PID likelihood (CRμ)

e-like μ-like

Super-K event display



νe CC candidates

• S/N~10 at peak (>99% νμCC/NC bkg rejection)

• ex. NC π0 bkg rejection efficiency: >99.5% 11

Reconstructed ν energy distributions 
(after applied selection cuts)

ν mode ν̅ mode

sin2(2θ13)=0.1, 
δ=0, normal MH

S/N~10
@peak

A Accelerator based neutrinos 211
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FIG. 133. Reconstructed neutrino energy distribution of the ⌫e candidate events. Left: neutrino beam

mode, right: anti-neutrino beam mode. Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0� is

assumed. Compositions of appearance signal, ⌫µ ! ⌫e and ⌫µ ! ⌫e, and background events originating

from (⌫µ + ⌫µ) and (⌫e + ⌫e) are shown separately.

TABLE XXXVI. The expected number of ⌫e/⌫e candidate events and e�ciencies with respect to FCFV

events. Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0 are assumed. Background is categorized

by the flavor before oscillation.

signal BG
Total

⌫µ ! ⌫e ⌫µ ! ⌫e ⌫µ CC ⌫µ CC ⌫e CC ⌫e CC NC BG Total

⌫ mode
Events 1643 15 7 0 248 11 134 400 2058

E↵.(%) 63.6 47.3 0.1 0.0 24.5 12.6 1.4 1.6 —

⌫̄ mode
Events 206 1183 2 2 101 216 196 517 1906

E↵. (%) 45.0 70.8 0.03 0.02 13.5 30.8 1.6 1.6 —

associated to the event, and Erec

⌫ is less than 1.25 GeV. Finally, in order to reduce the background4036

from mis-reconstructed ⇡0 events, additional criteria using the reconstructed ⇡0 mass and the ratio4037

of the best-fit likelihoods of the ⇡0 and electron fits [26] are applied.4038

Figure 133 shows the reconstructed neutrino energy distributions of ⌫e/⌫e events after all the4039

selections. The expected number of ⌫e/⌫e candidate events is shown in Table XXXVI for each4040

signal and background component. The e�ciencies of selection with respect to FCFV events4041

are also shown in Table XXXVI. In the neutrino mode, the dominant background component is4042

intrinsic ⌫e contamination in the beam. The mis-identified neutral current ⇡0 production events are4043

suppressed thanks to the improved ⇡0 reconstruction. The total rejection factor, including FCFV4044

1.3MW x 3 years 1.3MW x 7 years

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



Effect of δCP≠0

• Sensitive to all δ values

• also sensitive to any non-standard CPV, if any
12
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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



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°
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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

14

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

15
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Systematic uncertainties
• Syst. errors based on SK/T2K experience and prospect
• Error matrices of T2K adopted in HK sensitivity

• Near detector: constrain cross section error w/ water target

• Far detector: systematic error reduced by large stat. atm-ν 

16

Expect further improvements with SK/T2K experience
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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

4.4%

6.5%

3.8%

6.1%

T2K
(2017)

Assumed syst. uncertainties for sensitivity studies

HK sensitivity studies assume uncertainties at 3~4% level

Dominant errors: electron (anti)neutrino cross section, near-to-far 
extrapolation of event rates, far detector modeling

(cf. Uncertainty at the 6~7% level in T2K)



Near Detector Upgrade
• Near and intermediate detectors for HK are being 

developed to control flux and cross-section 
systematic errors

• Will continue using the INGRID on-axis and 
magnetized ND280 off-axis detectors

• Work within T2K to upgrade ND280 detector
• See Satashita-san’s talk for details

17

Towards T2K-II: ND280 upgrade

Goal of  the upgrade project: replace the P0D with an 
horizontal totally active target and 2 horizontal TPCs by 2021 

Currently working on R&D and prototypes + simulations

33

SuperFGD Horizontal TPC with 
resistive MicroMegas

Vertical target
Horizontal target

Figure 1. The picture of a small prototype is shown. Several cubes of extruded plastic scintillator with three
WLS fibers inserted in the three holes are assembled. The size of each cube is 1 ⇥ 1 ⇥ 1 cm3.

three-view readout looks appropriate. The fine granularity would allow to measure protons with
momenta down to 300 MeV/c. None of the above properties could be achieved with a scintillator
bar detector. In addition the light is enclosed within the cube and the light yield is expected to
be higher than in standard scintillator bars. In this configuration, the energy deposited by a given
ionizing particle is simultaneously collected by three WLS fibers, instead of only one, improving
pattern recognition and the light yield. Furthermore, in order to obtain three views, the energy
deposited by a particle in a single cube is enough. This is a tremendous advantage compared to
scintillator bar detectors where two views are provided by a particle depositing energy in at least

– 4 –

SuperFGD
・A new full-active fine-grained detector (JINST 13 (2018) P02006) 
   ・About 2 tons of ~2M scintillator cubes as a neutrino target  
　・About 60k channels for 3 readout views w/ ~60 km of WLS fibers 
   → 4π acceptance & fine granularity for upgraded ND280

200 cm

60 cm

180 cm

1 cm3 cube w/ 3 holes

・R&D works begun in June 2017 
・Now accelerating R&D toward ND upgrade TDR in 2018 2

→High-granularity scintillator detector 
(SuperFGD) and ‘high-angle’ TPC

SuperFGD



Intermediate Water Č detector
• Intermediate water Č detector 

proposed
• Locate 1~2km downstream of J-PARC 

neutrino beam

• J-PARC E61 (NuPRISM)

• Off-axis spanning (1°~4°) to probe 
neutrino energy vs. final state 
kinematics relationship

• Increase νe purity at higher angles: 
larger contribution from Kaon
→Electron neutrino cross-section
• Aim to σ(νe)/σ(νμ) cross-section 

ratio error down to 2~3%
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IV. DETECTOR DESIGN AND HARDWARE

The NuPRISM detector uses the same water
Cherenkov detection technology as Super-K with a cylin-
drical water volume that is taller than Super-K (50-100m
vs 41m) but with a much smaller diameter (6-10m vs
39m). The key requirements are that the detector span
the necessary o↵-axis range (1�-4�) and that the diameter
is large enough to contain the maximum required muon
momentum. The baseline design considers a detector lo-
cation that is 1 km downstream of the neutrino interac-
tion target with a maximum contained muon momentum
of 1 GeV/c. This corresponds to a 50 m tall tank with
a 6 m diameter inner detector (ID) and a 10 m diameter
outer detector (OD), as shown in Figure 47. A larger,
8 m ID is also being considered at the expense of some
OD volume in the downstream portion of the tank. As
the NuPRISM analysis studies mature, the exact detec-
tor dimensions will be refined to ensure su�cient muon
momentum, ⌫

e

statistics and purity, etc.

FIG. 47. The planned configuration of the nuPRISM detector
within the water tank is shown. The instrumented portion of
the tank moves vertically to sample di↵erent o↵-axis angle
regions.

The instrumented portion of the tank is a subset of
the full height of the water volume, currently assumed
to be 10 m for the ID and 14 m for the OD. The novel
feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the
full o↵-axis range in 6 steps. The inner detector will be

instrumented with either 5-inch or 8-inch PMTs to en-
sure su�cient measurement granularity for the shorter
light propagation distances relative to Super-K. Also un-
der consideration is to replace the OD reflectors with
large SMRD-style scintillator panels, as discussed in Sec-
tion IV E.

The remainder of this section describes the elements
needed for NuPRISM and corresponding cost estimates,
where available. The cost drivers for the experiment are
the civil construction and the cost of the PMTs, and, cor-
respondingly, more detailed cost information is presented
in those sections.

A. Site Selection

The NuPRISM detector location is determined by sev-
eral factors, such as signal statistics, accidental pile-up
rates, cost of digging the pit, and potential sites available.
At 2.5o o↵-axis position at 1 km with a fiducial volume
size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
4, which yields 75 times more events than SK, for the
same size of the detector. The impact of the number of
events collected on the physics sensitivities is described
in Section III. The event pile-up is dominated by sand
muons, but at 1 km, the pile-up rate appears to be ac-
ceptable, which is explained in more detail in Section III,
The detector size and the depth scales with the distance
to the NuPRISM detector. In order to cover from 1-4�

o↵-axis angles, the depth of the detector is 50m at 1km
and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
the cost per cubic meter of excavation dramatically.

The two far detector sites that must be considered are
the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:

• 750m site near the Muramatsu community meet-
ing centre: This location is right next to R245 and
owned by the local government. The space is lim-
ited but covers the Mozumi direction and the cen-
tral line between Mozumi and Tochibora. This site
would have the highest event pile-up rate.

• 1km site: a large un-cultivated private land cover-
ing both Tochibora and Mozumi directions

• 1.2km site: a large patch of private land at the foot
of a forest covering both Tochibora and Mozumi
directions

• 1.8km site: the originally considered 2km detector
site owned by the local government covering Tochi-

Beam center
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Korean option for 2nd tank

• Given the two tank design with staging, 
may benefit from building the second 
tank at a different baseline

• Option for second tank in Korea is
being considered

• Advantage of 2nd detector in Korea:
• CP effect at second oscillation maximum

• Mass-hierarchy sensitivity to complement 
the measurement with atmospheric ν

19

Neutrino Oscillations in Kamioka  & Korea 

7	

/HK	

1o	

3o	
2.5o	

(L	=	295	km)	
/HK	(Japan)	

FIG. 1. Map showing the baseline and o↵-axis angle of the J-PARC beam in Japan and Korea [8, 9].

CP-violating phase �CP ; it has better precision (especially on �CP ) in important regions of

parameter space; and it can serve to mutually reduce the impact of systematic uncertainties

(both known and unknown) across all measurements. It also provides an opportunity to test

the preferred oscillation model in a regime not probed with existing experiments. Constraints

on (or evidence of) exotic neutrino models, such as non-standard interactions with matter,

are also expected to be significantly enhanced by the use of a longer baseline configuration

for a second detector.

Although the use of longer-baseline in conjunction with the J-PARC beam is the primary

feature distinguishing the use of a detector in Korea from a second detector at Kamioka,

there are several mountains over 1 km in height that could provide suitable sites. This

allows for greater overburden than the site selected for the first Hyper-K detector and would

enhance the program of low energy physics that are impacted by cosmic-ray backgrounds.

This includes solar neutrinos, supernova relic neutrinos, and dark matter neutrino detection

studies, and neutrino geophysics. In the case of supernova neutrinos there is some benefit

from the separation of detector locations.

Further enhancements are possible but not considered in this document. Recent devel-

opments in gadolinium doping of water and water-based liquid scintillators could allow for

a program based on reactor neutrinos if these technologies are deployed in the detector.

There were earlier studies of a large water-Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two-baseline experiment with a second

11

>1000km

Profile of off-
axis ν beams

L=300km

L=1000km

HK-K
Exploring option of  putting second HK tank in Korea

Putting the second detector at the second oscillation 
maximum means our signal has a different shape 
→makes us less sensitive to systematic errors 

Signal	at	Japan	 Signal	at	Korea	
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δCP resolution
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FIG. 32. The 1� precision of the �cp measurement as a function of the true �cp value. Results

are shown for the Mt. Bisul and Mt. Bohyun sites. The bands represent the dependence of the

sensitivity on the true value of sin2✓
23

in the range 0.4 <sin2✓
23

< 0.6.
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The second detector in Korea allows us to 
better measure the CP-phase,

compared with both detectors in Japan

T2HKK

The	second	detector	in	Korea	allows	us	to	better	measure	the	
CP-phase,	compared	with	both	detectors	in	Japan	

Two	detectors	in	Japan

Second	detector	in	
Korea,	two	colours for	
two	different	
candidate	sites
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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’

• Hyper-K listed in ‘Roadmap 2017’ of MEXT (funding agency)

• Aim to begin operation in JFY 2026

21

Hyper-Kamiokande detector

Two 74m (D) x 60m (H) tanks
Total (fiducial) volume of  two tanks: 516 kT (374 kT).

We are prioritizing the quick realization of  the first tank, 
with a second tank to follow (nominally 6 years after the 

first tank). 3



Hyper-K Design Report

• Hyper-K baseline design and physics sensitivities in  
KEK preprint and ICRR report

• Being updated by adopting recent progress of 
detector design and physics sensitivity studies

22

ICRR-Report-701-2016-1
KEK Preprint 2016-21
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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
• 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’ of MEXT

• Aim to begin the operation in JFY 2026

• Open for new collaborators
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