
Yasuhiro NISHIMURA
< nishimura @ phys.keio.ac.jp >

Keio University, Japan
Experimental Particle and Astro-Particle Physics Seminar @ UZH

28/Nov/2022



28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura) 2

The Hyper-Kamiokande Project
＝ A Larger Water Cherenkov Detector  + High-intensity Accelerator and near detectors

71m water depth

Hosted by KEK, Japan

High-sensitivity
Photosensors
×2 performance

+ Detector system

Large Cavern Construction

68m
× 8.4 of Super-Kamiokande

target water

1.3MW beam intensity

+ Systematic suppression

Search for 
Proton Decay

Neutrino
Oscillations

Hosted by University of Tokyo, Japan

Major Physics Targets

Construction has started in 2020

× 2.6 of current intensity

By improved and 
new near detectors

= Far detector at 
long-baseline ν experiment

With international contributions

Start observation in 2027

©NASA

Neutrino
Astronomy

νe

νμ

ντ

For Leptonic CP Violation
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Kamiokande

Birth of neutrino 
astrophysics

Super-Kamiokande

Discovery of neutrino 
oscillations

Hyper-Kamiokande

Explore new physics

(1983-1996) (1996 - ongoing) (start operation in 2027)

• Atmospheric and 
solar neutrino 
“anomaly”

• Supernova 1987A

• Proton decay: world best-limit
• Neutrino oscillation 

(atm/solar/LBL)
Ø All mixing angles and ∆"!#

• Extended search for 
proton decay

• Precision measurement 
of neutrino oscillations 
(ν CPV, mass ordering, etc.)

• Neutrino astrophysics

1st Kamiokande 2nd Super-K, SK 3rd Hyper-K, HK
Kamioka Nucleon Decay Experiment + Kamioka Neutrino Detection Experiment
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Detector components
• Tank in deep underground → Low background
• Ultra pure water  → Transparent and known optical characteristics
• ID/OD photosensors → High performance
• Electronics in the water → Stable operation with shorter signal cables

Water Cherenkov detector

Observe faint Cherenkov ring
from neutrino or proton decay

Broad international contribution is required to realize the detector.

Far detector (FD) from J-PARC neutrino source
Consisted of 3 faces

Top

Barrel

Bottom

Needed

Inner Detector (ID)

Outer Detector (OD)

Water purification system
Overburden of 650meters of rock
(= 1,750 meters-water-equivalent)

Φ68m × H72m tank

40k ID photosensors (max)
Φ65m × H66m ID volume

With 2 detection layers
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Total Japan

Americas 52 members

Brazil 3

Canada 32

Mexico 8

USA 9

Asia
149 

members

India 8

Korea 18

Japan 123

Europe 281 members

Armenia 3

Czech 4

France 27

Germany 1

Italy 55

Poland 38

Russia 22

Spain 35

Sweden 5

Switzerland 13

Ukraine 4

UK 74

Collaborating Institutes

20 countries, 99 institutes, 
~500 people as of Jan 2022, 
and growing

Africa 11 members

Morocco 11

Number of Collaborators

(13 countries)
(14)

(15)
(17) (18)

(19)

248
287

310 312
336 344

438
454

183
212

232 231 241 251

328
340

493

(20 countries)

370

ETH Zurich and Universite de Geneve
from Switzerland

Nov.2022

Still looking for more collaborations!
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4π Acceptance with Tagging inward / outward going particles
Cosmic μ Veto

Partially
Contained

ν
μ

Inner 
detector

Outer detector

with ~10k 
3-inch (8 cm)
photosensors

71 m260 kton

68m φ

ID : 40k max 
20-inch (50 cm) 
photosensors

39.3m φ

41
.4

 m50
kton

22.5 kton x 8.4 188 kton

Super-Kamiokande
(Super-K, SK)

Hyper-Kamiokande
(Hyper-K, HK)

Fiducial mass

and wavelength
shifting plate

ID : 11k 
20-inch (50 cm) 
photosensors

+
OD 2k 
8-inch (20 cm)
photosnsors

20k 50 cm
High-QE
Box&Line PMT
from Japan

O(1k) 50 cm
multi-PMT
module

8-inch (20 cm) PMT
l Scalable to larger mass ⇒ rare process (neutrinos, proton decay)
l Based on well established technology from Super-Kamiokande



l Event selection with OD veto, fiducial volume cut by a distance from the wall 
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Ring Imaging Cherenkov Detector
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νe → e- νμ → μ-

Simulation (600 MeV)

e-like μ-like

Particle Identification with Ring Pattern

l Time and charge of each photosensor at single-photoelectron hit threshold are
always taken for all photosensors as hits. 

l Event Trigger by sum of hits in some set of time window
¡ Accelerator neutrinos at beam spill timing synchronized with GPS time between HK and J-PARC

l Cherenkov ring gives vertex position, direction, momentum of particles and type.

Vertex position by hit timing,
Momentum reconstruction

(energy and direction)
Particle identification (>99% efficiency for !/# separation)

Example in SK Atm-ν

J-PARCHK ~1ms
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l Hyper-Kamiokande is a multi-purpose detector with the capabilities
¡ Real time measurement of vertex, direction, energy and particles types

▶ Alert of supernova to astronomical observatories
¡ Large fiducial mass with low radioactive background
¡ Wide dynamic range to observe neutrinos from MeV to TeV energy scale

EnergyMeV GeV TeV

Solar neutrinos

Proton decay
Neutrino beam

Supernova 
neutrinos

Atmospheric neutrinos

Astro neutrinos, 
dark matter

+ new physics cases?Various neutrino sources are visible at the single detector
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Grand 
Unification?

Proton decays !

Mediated by gauge bosons SUSY mediatedp→e+π0 p→νK+

• Test of Grand Unified Theories (GUT)
• Look for direct transition of quarks to leptons

→ Direct prove of GUT
• Unique (Unreachable by high-energy colliders)

• Ambitious physics goals
• Determination of GUT scale
• Gauge symmetry group, test of SUSY models

• Two major modes predicted by many models



l Many models predict proton 
decays around current limits.

l Need various modes to test 
GUT models.

l Hyper-K can search more 
decay modes.
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Γ(n→νπ0)/Γ(p→e+π0)

SO(10)

E6

Γ(
p→

μ+
K0

)/Γ
(p

→
e+

π
0 )

SU(5)

(Y. Muramatsu)

sfermon mixing 

10
35

10
34

Super-K

(N.Nagata and S.Shirai, 
JHEP 1403, 049 (2014))→ Identify details of unification picture with both modes

→ Extract flavor structure of SUSY particles
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Hyper-K

Liq-Ar 40kton

τproton=1.7×1034years (SK limit)

10 years

Signal
Invariant Proton Mass (MeV/c2)

p→e+π0 3σ discovery

1035

1034

1033
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2020            2030             2040      

background

• Invariant proton mass
would be a compelling evidence 

• Reach to 1035 yrs
• BG free search possible: 

0.06 BG/Mton・year

ptot<100MeV/c 100<ptot<250MeV/c

Sig. 
ε(%)

Bkg 
(/Mtyr)

Sig. 
ε(%)

Bkg 
(/Mtyr)

HK 18.7 0.06 19.4 0.62

Super-K

3 coincident rings
in signal

JUNO: J. Phys. G 43 (2016) 030401 (arXiv:1507.05613)
DUNE: FERMILAB-PUB-20-025-ND (arXiv:2002.03005)



l K+ is invisible.
¡ 236 MeV/c muon

¡ π+π0

l Discovery reach to 3 ×1034 years
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monochromatic μ + 

from K +→μ +ν

τproton=6.6×1033years 
(SK 90% CL limit)

Muon momentum (MeV/c)
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BG

arXiv:1805.04163 Hyper-K DR

K +mass from 

K +→π +π 0

Invariant Kaon mass (MeV/c2)

N
u

m
b

e
r 

o
f 

e
v
e

n
ts

prompt-γ & 

K
+
→μ

+
ν

K
+
→π

+
π

0

Sig. 

ε(%)

Bkg 

(/Mtyr)

Sig. 

ε(%)

Bkg 

(/Mtyr)

HK 12.7 0.9 10.8 0.7

BG
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l Observation of ~10 MeV neutrinos
with the time, energy and direction

Ø Unique role in multi-messenger observation 
Ø Sensitivities depend on the energy thresholds

Supernova Relic Neutrino (~10/yr)
stellar collapse, nucleosynthesis 

and history of the universe

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

SN direction

M. Maltoni et al., Phys. Eur. Phys. J. A52, 87 (2016) 

Up-turn
~3' at 4.5MeV threshold
~5' at 3.5MeV threshold

Some 2D and 3D simulations indicate 
SASI (Standing Accretion Shock Instability) is important 
process for the supernova explosion

Survival probability of νe→νe oscillation

Up-turn at vacuum-MSW
(Mikheyev–Smirnov–Wolfenstein 
or matter effect) transition region, 
Day/Night, hep "

Solar neutrinos (~130/day) Supernova burst (~50k/burst)

Explosion mechanism, BlackHole/NeutronStar formation, 
alert with 1° pointing

HK

JUNO
SK-Gd

N
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R
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nt

s 
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)
Day

Night

Earth matter
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UMNS: Maki-Nakagawa-Sakata matrix

Neutrino Oscillation Parameters: 6 = 4 matrix elements and 2 mass-squared differences

θ23~45±5o

Δm223=2.4×10-3eV2

Atmospheric,

Accelerator Neutrinos

θ12~34±3o

Δm221=7.6×10-5eV2

Solar, 
Reactor Neutrinos

θ13~9o

Accelerator, 

Reactor Neutrinos

Leptonic CP phase
δ=unknown

Accelerator, Atmospheric 
Neutrinos

(    )

(    ) (    )

Matter-effect is omitted here

Mass Hierarchy or Mass Ordering (Δm232=m23-m22>0 or Δm232<0) is unknown
Octant of θ23 or θ23=π/2 is also interesting question

４p → He + 2e+ + 2νe
p→ µ + nµ

n → p + e- + ne

π → μ + νμ , μ → e + νμ + νe in air



28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura) 15

CCQE : νe + n → e + p
(dominant process at J-PARC beam energy)

νe appearance signal = single e event

0.6 0.6

Normal MO
Inverted MO

Measures CP violaion by precision comparison of  &('"→'# ) and &(' ̅"→' ̅# )

S/N~10
l High background rejection

¡ >99.9% νμCC, 99% NC π0 rejection
¡ keeping 60% νe signal efficiency

l Unique CPV measurement
¡ High statistical, clean (S/N~10)
¡ Simple Eν reconstruction 

by charged lepton kinematics (for CCQE)
¡ Less matter effect (fake CPV effect, 295 km)

l A few % statistical uncertainties after 10 years operation with >1000 $! and $̅! signals

NC π0
νμCC

After 295 km travelling
from J-PARC at Hyper-K
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Combination of long-baseline and atmospheric neutrino observations 
⇒ Resolve parameters degeneracy

Atmospheric neutrino: sensitive to mass ordering by Earth’s matter effects
à Constraints on mass ordering enhance sensitivity to CP violation by long-baseline

sin" )"#
Atmospher
ic neutrino 

Atm 
+ Beam

Mass 
ordering

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 -

10 years with 1.3MW, normal mass ordering is assumed

3- 2- 1- 0 1 2 3

CPdTrue 
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(
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Hyper-K preliminary
 xsec. error 2.7%)en/enTrue normal ordering, improved syst. (

4/c2 eV-3 10´|= 2.509 32
2mD)=0.528 |23q(2)=0.0218 sin13q(2sin

Beam (Known MO)
Beam (Unknown MO)
Atmospherics (Unknown MO)
Combined (Known MO)
Combined (Unknown MO)

)n:nHK 10 years (2.70E22 POT 1:3 

Beam
Atm-"

Atm-"+Beam

CPV discovery potential
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True normal ordering (known)
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True normal ordering (known)
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l Good opportunity to make discovery of $% violation at >5 '
l Measurement of ("#
Ø ~20° for ($% = −90° /  ~7° for ($% = 0°

l Reduction of systematic uncertainty has sizable impact
Ø Upgrade of ND280 + 1kton scale water Cherenkov (IWCD) 
Ø Aim to suppress detector error below 1%

Projected sensitivity to CPV Fraction of )$% to exclude sin )$% = 0 Precision of )$% measurement!./

"01 octant

1.3MW, 10 years

Impact of 
syst. 
after 10yr

Expect to determine all neutrino oscillation parameters (except for absolute mass).
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l Trigger
¡ Peak event rate reaches 50kHz for supernova at galactic center

¡ Detection of delayed signals

▶ Michel electrons ~2!s after muons
▶ Neutron tagging: 2.2 MeV *-ray

~200!s after neutrino interactions 

l Energy scale
¡ Wide dynamic range from single p.e. (a few MeV) to >1000 p.e. (>100 GeV)

¡ GeV-scale (atmospheric/accelerator/proton decay): 

▶ ~2% uncertainty in SK → Aim for < 1% uncertainty at HK to realize precision measurement
¡ MeV-scale (solar/supernova)

▶ High detection efficiency of Cherenkov photons
▶ Low background in the water and photosensors
▶ ~0.5% uncertainty in SK with LINAC calibration
▶ Major source due to position dependence (uniformity in detector) 
→ Important for Day/Night asymmetry measurement 

l Timing
¡ ~1ns resolution required for vertex position reconstruction (~20 cm)

→ BG rejection (spallation, external 3 from rock/PMT), 

control of fiducial volume by vertex position

l Long term stability 
¡ Stable for >10 years without repair (Less dead channel, stable detector response)

Day

Night

Sensitivity to D/N asymmetry

No asymmetry

Expectation 
by reactor

Earth matter
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Hyper-K

Super-K

H
: 7

3m

Φ: 69 mWater depth: 71 m
Fiducial volume: 188 kt

Cavern and Tank×2 pressure tolerance

New detector design
(cost reduction)

×2 photon detection
×2 timing resolution

R&D for large cavern

Precision 
measurement

High statistics 
neutrino data

High QE Box&Line PMT

New detector design by synergy of different technologies

• Lower dark rate 
(similar level to SK, better S/N)

• Lower radioactive contamination 

Grossmünster

Systematic
control

  

● Can mPMTs enhance HK physics as a complement of 20’’ PMTs-?

● Smaller size-: Better PID,
Better reconstruction near wall 5 Increase FV. 

● Better timing resolution: better vertex 
resolution 5 enhanced momentum resolution.

● Dark rate in negative HV = 200Hz: 
5 Signal/Noise ratio ~ 20’’.

● Dark rate in positive HV S 100Hz: 
S/N ~ 2 x 20’’5 Can probe lower energies-?

● Cons-: 5 Less e<ective coverage than 20’’.

I-Overview of the T2K Experiment
2

mPMT modules for Hyper-K
7

High-resolution sensor module, mPMT
New intermediate detector, etc.



28/Nov/2022 Hyper-Kamiokande Project (Y.Nishimura)

Inner Detector (ID)

Outer Detector (OD)

Electronics

attached to detector layer 
in 0.6 m width 

Black sheet wall 
made of PET 

(Polyethyleneterephthalate)

50 cm Photosensor in Cover

Multi PMT

8 cm Photosensor with
Wavelength ShiEing Plate

for 50 cm and 8 cm 
photosensors

+ White reflection sheet
made of Tyvek

High granularity,
directionality
and precise timing

Details of the structure 
are under development.

and for Multi-PMT
Concentrator Cards

Watertight cases

3 photosensor types 

20

+ Calibration system, electronics, DAQ on top of the tank
and looking for more photosensors

View from inner barrel detector side
Start the detector installation in 3 years
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R7250
(Box&Line dynode)

50 cm MCP PMT

42 cm (17”) aperture Box&Line PMT

NNVT N6201
(Micro 
Channel
Plate)

Hamamatsu R1449 R3600
(Venetian blind dynode, improved)

R12850-HQE
50 cm Hybrid Photo-Detector (HPD)

R12860-HQE
50 cm Box&Line PMT

(Venetian blind dynode)

(Avalanche diode × amp)(Box&Line dynode)

with 50 cm bulb
of R3600

50 cm MCP PMT

w/ better timing performance

R&D1979〜 R&D
1986〜

R&D
2011〜

N6203 by NNVT and IHEP

R&D
2001〜

l Collection efficiency 40-50% → 70%
l Transit Time Spread (σ) 4.4 ns → 2.2 ns
l Rise time 20→10ns, FWHM of signal 30 → 18ns

NIM A329 (1993) 299-313 NIM 205 (1986) 443-449

¡ Focusing mesh 
¡ To half dynode space
¡ Wide aperture 
¡ Insulator added at dynode

¡ Waterproofing, etc.

Design improved

+ electrodes

Performance improved
R1449 → R3600

21

The largest photomultiplier tube was developed for Hyper-Kamiokande.
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+2kV, 107gain

e-

Varied path L

Super-K PMT
Hamamatsu R3600

QE ~22%
+2kV, 107gain

high QE 34%

Efficient 
collection JUniform path J

Box

Lin
e

Box&Line PMT
Hamamatsu R12860

The Diameter of the MCP:  33mm;  50mm; 
The Diameter of the Hole:  6um;  8um; 10um; 12um; 
The Inclined Angle: 0°� 8°� 12°� 

The Open Area Ratio: 60%�77%� 
The Depth of output electrode:……

change

CE = 60%

CE = 100%

The p.e. into the channel 
directly ~60%

The p.e. into the channel 
directly ~70% 
The p.e. from the electrod 
indirectly ~ 30%

+8kV, 105gain
high QE 36%

Simple 
inside
structure J

HPD (Hybrid PhotoDetector)
Hamamatsu R12850

×1600

×100

+ preamp (×100)

20mmΦ

Short 
path J

High bombardment gain J

High bias volt L

high QE 30-35%

ɠ

ɡ ɢ

The prototype 

--> with Trans.+Ref.PC  for better QE; 

--> with special MCP for better DE; 

But the TTS will be worse!

➢ How	to			improve	the		TTS

Why is the TTS so Large!

➢With the contribution of the second electron from 

the electrode (30%),  

  the spectrum of the TTS  present several peaks, 

which made it’s TTS worse.

MCP PMT
NNVT N6201

Efficiency 
recovered J
Worse timing L

e-

Collect 
backward 
photon J

+1.8kV, 
107gain

NIM A329 (1993) 299-313

NNVT N6203

Uniform transit time
in wide acceptance J

MCP PMT

+Electrode

302 A . Suzuk i e t a l . / I mprouemen t o f 20 i n PMTs

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 6 . E l ec t ron t r a j ec t or i es s i mu l a t ed f or t he pr esen t 20 i n . PMT dynode .

F i g . 7 . S i mu l a t ed s i ng l e - pho t oe l ec t ron t r ans i t t i me d i s t r i bu t i ons f or t he pr esen t 20 i n . PMT(A) and t he proposed dynode s t ruc t ur es
(B - I ) . One d i v i s i on i n t he f i gur e cor r esponds t o 5 ns .

A

v

' B

I I I ' ~ -

D ' E

,
G

1_ I l
I

H

Hyper-K PMT Developed for Hyper-K

Developed
for Hyper-K

22

high QE 28%

PhotoelectronsCharge [photoelectron]
-1 0 1 2 3

En
trie

s (
a.u

.)

HPD      15%
Box&Line 35%
Super-K    53%

[σ / peak]
1 PE ↓Pedestal

→

(--- 1/2ch 20mmΦ AD)

↓ 2 PE 

(1ch)

Single PE charge

 Time [ns]
-10 0 10 20

Super-K PMT 7.3 ns
Box&Line PMT 4.1 ns 
HPD (1ch) 3.6 ns
(HPD w/ time walk correction  3.2 ns)

FWHMSingle PE timing
 / ndf 2χ  692.6 / 273

      µ  0.03±1.38 − 

  λ  12.7±  1296 

   σ  0.03±  1.12 

   γ  0.0075± 0.3709 

Single PE RESULT
Relative Peak  0.14 [ns]− 

Upper Sigma  1.12 [ns]

FWHM  4.34 [ns]

20− 10− 0 10 20 300

50

100

150

200

250

Ch1 PC1804-2205 1936.6V Run6007  / ndf 2χ  304.9 / 246

      µ  0.056± 1.418 

  λ  7.5± 433.1 

   σ  0.0489± 0.9201 

   γ  0.0055± 0.2053 

Single PE RESULT
Relative Peak   2.79 [ns]

Upper Sigma  0.92 [ns]

FWHM  5.49 [ns]

10− 0 10 20 30 400
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30

40

50

60

70

Ch2 PC1709-2 1798.8V Run6007  / ndf 2χ  754.4 / 294
      µ  0.10± 33.69 

  λ  16.4±  2035 
   σ  0.063± 3.182 
   γ  0.003± 0.153 

Single PE RESULT
Relative Peak   36.97 [ns]

Upper Sigma  3.18 [ns]

FWHM  11.53 [ns]

20 30 40 50 60 700
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160

Ch3 PC1704-171 1798.8V Run6007

 / ndf 2χ  845.4 / 355

      µ  0.00± 59.81 

  λ  19.2±  2849 
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                    Box&Line
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SK PMT
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                    Box&Line
PMT

SK PMT

Photoelectrons

Ev
en

ts
53% →
35% σ

7.3ns → 
4.1ns FWHM

Transit Time Spread at Single photoelectron Single p.e. charge

×2 high detection efficiency
× 1/2 time&charge resolutions

×2 high pressure tolerance

improved from Super-K PMTs

× 1/2 Radioactive contamination for U, Th
× 1/10 for Rn and K activities

Efficient collection

BoxLi
ne

50 cm (20 inch) diameter

Hamamatsu R12860 The largest photomultiplier tube for single-photon counting 

(p.e.)



For safety operation more than 20 years
l Achieved 1.25 MPa pressure tolerance confirmed with many pressure tests.
l All PMTs will be tested in high pressure water before installation.
l PMT cover to avoid chain implosion was developed for Hyper-K.
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Super-K PMT
R3600

R12860 Box&Line (BL) dynode PMT
Improved glass curvature 

for high pressure tolerance

Waterproof cable complex
Signal coaxial 

+ High volt. coaxial cables

69 cm height

107 gain 
at 2000 V typical

24

Signal coaxial
+ 1-wire HV.

1/16 stress

1/8 stress

Waterproof case
Round shape 

6 CONFIDENTIAL 

20ྟ㧗⪏Ỉᅽ䝞䝹䝤䊡䠇㧗⪏Ỉᅽᆺ㜵ỈASSY-2 እほ┿ 

Hard PPS 
(Poly Phenylene

Sulfide Resin)
(Better material for ultra pure water)

20ྟ㧗⪏Ỉᅽ䝞䝹䝤䊡䠇㻿㻷ᆺ㜵ỈASSY እほ┿ 

4 CONFIDENTIAL 

Soft PE
(polyethylene)
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Improved in short wavelength
with reducing iron contamination in glass.

Quantum Efficiency (QE)

Photons

Photo
electrons
(PEs)

Single Photoelectron (PE)
detection efficiency
= QE x CE x HE

SPE hit is taken 
by setting
threshold.

Peak QE 21-22% in Super-K → 30.1%

→ 33.7±1.2% in Hyper-K (2021)

Hit Efficiency (HE)

Improved photocathode deposition 
to decrease loss by reflection, etc.

Collection Efficiency (CE)
68% in Super-K 
→ 95% in Hyper-K

(Calculation in 46 cm φ)
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l Double improvement and flat response in wide acceptance 
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Gain-Uniformity

(simulation)

Gain-Uniformity
cf) R3600 (Super-K)

(simulation)By diameter

Improvements of response uniformity by
1. Tuning of photocathode

curvature
2. Add focusing accelerator

electrode
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Will be operated for 8 years before Hyper-K starts.
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Evaluated performance in Super-K in 2018.



Noise reduced by R&D (Initial BL PMT → by 2020)
l Noise from PMT

¡ Glass : U, Th, 40K Radioactivity (5.5, 1.8, 18.2) → (2.9, 0.95, 2.0) mBq/kg
▶ Improved glass raw material and production 

¡ Cable : Radioactive radon emanation  1.4 → < 0.1 mBq/m
▶ Changed material inside cable complex from PVC to PE.

l Noise in PMT
¡ After pulse : 30% → 5% / single PE

▶ Improved dynode structures, bulb cleaning and voltage ratios
¡ Dark count rate : > 20 kHz → 4 kHz at 1/6 PE

▶ Optimized photocathode deposition with maximizing QE

Reached 4 kHz goal of the noise rate in 2020 → satisfied all requirements for Hyper-K.
Production of 20k BL PMTs from Japan as half of Hyper-K photosensors

started in late 2020.
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Entries  147

Mean    3.099

Std Dev    0.6146
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After pulse of 147 BL PMTs
for SK in 40us window 

3.1±0.6%



  

● Can mPMTs enhance HK physics as a complement of 20’’ PMTs-?

● Smaller size-: Better PID,
Better reconstruction near wall 5 Increase FV. 

● Better timing resolution: better vertex 
resolution 5 enhanced momentum resolution.

● Dark rate in negative HV = 200Hz: 
5 Signal/Noise ratio ~ 20’’.

● Dark rate in positive HV S 100Hz: 
S/N ~ 2 x 20’’5 Can probe lower energies-?

● Cons-: 5 Less e<ective coverage than 20’’.

I-Overview of the T2K Experiment
2

mPMT modules for Hyper-K
7
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● Better timing resolution: better vertex 
resolution 5 enhanced momentum resolution.

● Dark rate in negative HV = 200Hz: 
5 Signal/Noise ratio ~ 20’’.

● Dark rate in positive HV S 100Hz: 
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I-Overview of the T2K Experiment
2

mPMT modules for Hyper-K
7

For Hyper-K using O(1k) modules with 20k of 50 cm PMTs
High granularity and better time resolution to improve near-to-wall reconstruction
Calibration control to suppress systematic uncertainty, etc.

19 of 8 cm PMTs with electronics
Event display (MC) at Intermediate Water Cherenkov Detector
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Test started 
at Memphyno water tank
in France

HK Far Detector: mPMT digitization

- System integrated 
with the HV board

- a40.5 mW

Sample&Hold
+

ADC
based on discrete 

components 

Single Board Computer-Linux:
Slow control (HV and Threshold 
set, I/V)
Data acquisition and transmission
FPGA:
TDC/ADC control
Time stamp  

Main boardEnergy resolution 
with pulser:
FWHM/ch 0.1%

Time resolution 
with pulser :
100ps

Total Power consumption:  ID: 19 choa 4 W

Single channel electronics

12

TDC test: Time 
resolution FWHM 
ȴd(CH1-CH2): 
297 ps

Acive +HV base

2 vessel designs 
tested in 
high pressure water

ϯ͛͛�WDdƐ

Hamamatsu R14374 

Hamamatsu R14374 

T = 25°C

TTS measurements at the centre of the photocathode

Hamamatsu R14374 HZC XP82B20

Hamamatsu Photonics K.K., 
ET Enterprises Ltd., MELZ FEU 
Ltd. and HZC Photonics Ltd. 
developed similar 3" PMTs

Most efforts have focused on 
the Hamamatsu R14374 and 
the HZC XP82B20

Charge resolutions of the Hamamatsu and HZC 3" PMTs are 
similar, but the timing resolution offered by Hamamatsu 
PMT is currently significantly better than HZC PMT

8

2 PMTs with 
different HV polarities

Time resolution

By G. De Rosa at ICHEP2020 1000 ton
500
mPMTs

π±, p, μ, e
(300-1200 MeV/c)

50 ton
100 
mPMTs

Water Cherenkov Test Experiment at CERN (2024-)

Intermediate Water Cherenkov Detector
~1-2 km far
from J-PARC
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In Super-K

32

8-inch (20 cm) PMT
3-inch (8 cm) PMT

Fibre guiding 
UV LED signal

Scanning

Comparing 
some different 
WLS plates

Similar structure with compact size Kuraray WLS

Characterization to select PMT type

Wavelength shifting (WLS) plate
(60cm x 60cm x 1.3cm, 50 mg/l of bis-MSB)
on white reflection sheet 

by Tyvek (high density polyethylene fibres)
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GPS/GNSS receiver 
Clock, counter and 

control signal
distributor Master clock generator 

Atomic clock

Low Voltage Power supply

Data processing

+ Slow monitor

+ System control

+ Network I/F

Digitizer

PMTs

PMT cable

Feed through

LV power 

distributor

Front-end readout 
Software trigger

system

Optical fibers

+ power (copper)

cables

and

Underwater

connector

(+ feedthrough)

Water

HV PS

Synchronization

(Clock + Counter)

Firmware 

+ Optical I/F

Underwater vessel

Summary of the task sharing

(      )

~1,000 underwater electronics

15

(      )

PMT underwater

connector

(     )

Shared 

components

Preparing for test with signal, mechanical test, integration/installation planning and test, etc.
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Status of prototypes

Discrete digitizer prototype

All the boards are in hand and system integration has been started.
Underwater vessel,

internal structure and 
cables

HV Power supply

LV Power supplyData processing board 
(I/F + evaluation board)

3

Current status of R&D; digitizer
Digitizer technology; discrete solution

Evaluation has been done
with 24 channel prototype.

Input 
Receiver

Amplifier 

Integrator
(Shaper)

Amplifier

Discriminator TDC

SADC

SADC

Ch
ar

ge
 

re
ad

ou
t

FPGA

(High gain for small charge)

(Low gain for large charge)

Designing 12 channel ID board
(close to complete)

2

Timing distributor

Current status of R&D; digitizer
Digitizer technology; discrete solution

Evaluation has been done
with 24 channel prototype.

Input 
Receiver

Amplifier 

Integrator
(Shaper)

Amplifier

Discriminator TDC

SADC

SADC

Ch
ar

ge
 

re
ad

ou
t

FPGA

(High gain for small charge)

(Low gain for large charge)

Designing 12 channel ID board
(close to complete)

2

Digidzer block diagram                    

Fast discriminator + Integrator
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2

DAQ design
B. Richards (Warwick)

3

DAQ reference design
B. Richards (Warwick)

Readout Buffer Unit

Trigger Processing Unit

(For SuperNova burst)

Event Builder Unit

Front End Electronics

Charge and timing information from photosensors
are collected to issue event triggers
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FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Access Cavern
excavation

Tank
const.

PMT production

PMT cases, mirrors, electronics etc.

PMT
installa

tion

Water system
Filling 
water

Operation

Upgrade of J-PARC accelerator and neutrino beamline

Near detector facility, R&D, production ND construction

Geo. 
survey

First delivered 6 PMTs 
on 25/Dec/2020 

Access tunnel
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Progress of Cavern Excavation

12

� dƵŶŶĞů�ĂŶĚ�ǀĞƌƚŝĐĂů�ƐŚĂĨƚ�ĞǆĐĂǀĂƚŝŽŶ�ĐŽŵƉůĞƚĞĚ�ĂƐ�ƐĐŚĞĚƵůĞĚ͘
� EŽǁ�ĞǆĐĂǀĂƚŝŶŐ�ĐŝƌĐƵůĂƌ�ƚƵŶŶĞů�ĂŶĚ�ƉĞƌŝƉŚĞƌĂů�ĐĂǀŝƚŝĞƐ͘
� �ǆĐĂǀĂƚŝŽŶ ŽĨ ƚŚĞ ŵĂŝŶ ĐĂǀĞƌŶ ǁŝůů ƐƚĂƌƚ ŝŶ KĐƚŽďĞƌ�ϮϬϮϮ͊

Completed

1st approach tunnel

4th approach tunnel

2nd approach tunnel

�ŝƌĐƵůĂƌ�ƚƵŶŶĞů

Cavity for water purification system 

Main cavern

sĞƌƚŝĐĂů�ƐŚĂĨƚ

Access tunnel

Orange: Ongoing

May 2021 

Jun 2022

1.87 km

Cavern excavation by 2024
Detector construction in 2025



l Inspection for all PMTs for 20k 50 cm PMTs
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Delivery                       → Signal check           → Visual inspection (Sampling)

8 PMTs x 2 cold rooms
from Dec.2021

Long-term measurement Measurement room 
in SK mine with 7-16 PMTs

With SK electronics

Mass measurement setup of 100 PMTs
(from Dec 2022)

Mass production has started in 2020 and will end in 2026. 
Evaluation of performance and quality check during mass production

And pre-calibration for reference PMTs is planned in addition.

Detailed evaluation and characterization

20% of total PMTs
delivered
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PMT Cover

Underwater electronics

PMT frame structure

Feedthroughs
for ID and OD

Prototyping of vessel, 
PMT cable w/ feedthrough, 
optical/power cable and connector

OD sensors

Super-K FRP cover
for 40 m water depth

13mm acrylic

FRP
(fiber reinforced plastic)
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components, including the flux (Section IV), neutrino in-
teraction model (Section V) and near detector and far de-
tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫e sample is used to estimate sin22✓13.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [32] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.
We detect neutrinos at both near (280 m from the tar-

get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [33–35] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2
32| is

already relatively well known.
The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [36, 37] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �CP , and for normal (NH) and inverted (IH)

mass hierarchies.

event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [38]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [39]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [40]) sandwiched between three gaseous
time projection chambers (TPCs [41]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

J-PARC beam is directed 
to the same OA(2.5°) for 

both SK and HK
• small νe 

contamination 
(~1%)  

• ν / ν can be 
switched by 
flipping horn 
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tively). The fit to near detector data, described in Sec-
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sociated uncertainties. Finally, Section IX describes how
the far detector ⌫e sample is used to estimate sin22✓13.
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proton beam from the J-PARC accelerator complex. The
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graphite target, producing hadrons including pions and
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series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.
We detect neutrinos at both near (280 m from the tar-

get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [33–35] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m
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The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [36, 37] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �CP , and for normal (NH) and inverted (IH)

mass hierarchies.

event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [38]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [39]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [40]) sandwiched between three gaseous
time projection chambers (TPCs [41]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z
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Beam Power upgrade from ~0.5 to 1.3 MW
J-PARC MR & neutrino beam-line upgrade towards 
1.3MW are parts of HK project.  

J-PARC-MR:
•MR magnet power supply upgrade
ß Commissioning has been started in 2022.  
•MR RF upgrade
•MR Fast Extraction Kicker upgrade, …

Neutrino beam-line:
• Upgrade of target, horn (250kAà320kA), 

beam monitors, …
• Facility upgrade (cooling, radiation protection, …)  

& Hyper-Kamiokande

MR-RF cavitiesUpgraded horns for 

neutrino beamline

J-PARC MR

元の15ユニット

追加の4ユニット

RCS RF アノード電源

新しい偏向電磁石電源(BM3)
コンデンサーバンク(BM3)

New main magnet PS for high repetition rate
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Critical components to precisely understand J-PARC beam and 
neutrino interactions for lepton CPV search.

•On-axis detector: Measure beam direction and event rate

•Off-axis magnetized tracker: Measure primary (anti)neutrino interaction rates, spectrum and 
properties.  Charge separation to measure wrong-sign background
à Upgrade by T2K experiment and Intensive discussion for further upgrade in HK-era is on-going.

•Intermediate WC detector: H2O target with off-axis angle spanning orientation. 
à Detector site investigation and conceptual facility design is on-going.

On-axis Detector
(INGRID)

Off-axis Magnetized Tracker
(ND280→Upgrade for T2K →Upgrade for HK)

Off-axis spanning 
intermediate water 
Cherenkov detector
(IWCD)

+ Beam test of prototype detectors, Hadron production measurements for precision 
determination of J-PARC neutrino flux, etc.

3D neutrino detector

upgrade

New for HK

HA TPC



l Super-K observation has started in 1996.
¡ Supernova ν burst by Kamiokande, discovery of neutrino oscillation 

by Super-Kamiokande, and next evolution is desired. 

l High sensitivity in various particle and astronomical physics
¡×8.4 of Super-K, ×20 of accelerator neutrinos

▶With high-performance ID PMT, etc.
¡ Aiming at proton decay search, discovery of ν CP violation, etc.

l Hyper-K plans the operation in 2027.
¡ Construction started in 2020 with Japanese budget approval.

▶ Cavern excavation, PMT production, detector under preparation
¡ Detector installation coming in 2026.

▶ Still open for more contributions and new collaborators
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• > 50kHz trigger rate • Detection of delayed signals • ~1ns timing resolution


