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Large Water Cherenkov Detectors

• Excellent performance!

• From ~MeV to ~TeV!

• Scalability to ~Mton (and beyond)!

• Established technology!

• 50 kton Super-K running for >15years!

• Still evolving!!!

• Improved reconstruction algorithm 
(used for the latest T2K νe result)!

• Sensitivity improvement in p→νK!

• Gd R&D in progress (as you heard)!

• ….
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Three generations of  
Water Cherenkov Detectors at Kamioka

Kamiokande!
(1983-1996)

Super-Kamiokande!
(1996-)

Hyper-Kamiokande!
(20??-)

3kton 50kton 1Mton=1000kton

x17 x20!
(x25 fiducial mass)

(560kton fiducial)
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Hyper-Kamiokande
Total Volume       0.99 Megaton!
Inner Volume      0.74 Mton!
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        !
Outer Volume     0.2 Megaton!
Photo-sensors    99,000 20”Φ PMTs for Inner Det.!
                         (20% photo-coverage)!
                         25,000 8”Φ PMTs for Outer Det.

4

54m

48m
247.5m
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提 言 

第 22期学術の大型研究計画に関する 

マスタープラン 

（マスタープラン 2014） 

平成２６年（２０１４年）２月２８日 

日 本 学 術 会 議 

科学者委員会 

学術の大型研究計画検討分科会

Selected as one of 27 top projects  
in Japanese Master Plan  
for Large Scale Research Projects"
by Science Council of Japan  
(Feb. 2014)
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A Long Baseline Neutrino Oscillation Experiment

Using J-PARC Neutrino Beam

and Hyper-Kamiokande

(Dated: April 14, 2014)

Abstract

Hyper-Kamiokande will be a next generation underground water Cherenkov detector with a total (fiducial)

mass of 0.99 (0.56) million metric tons, approximately 20 (25) times larger than that of Super-Kamiokande.

It is designed as a detector capable of observing accelerator, atmospheric and solar neutrinos, proton decays,

and neutrinos from other astrophysical origins, providing rich scientific programs. One of the main goals

of Hyper-Kamiokande is the study of CP asymmetry in the lepton sector using accelerator neutrino and

anti-neutrino beams.

In this document, the physics potential of a long baseline neutrino experiment using the Hyper-

Kamiokande detector and a neutrino beam from the J-PARC proton synchrotron is presented. The analysis

has been updated from the previous Letter of Intent [K. Abe et al., arXiv:1109.3262 [hep-ex]], based on

the experience gained from the ongoing T2K experiment. With a total exposure of 7.5 MW ⇥ 107 sec

integrated proton beam power (corresponding to 1.56⇥1022 protons on target with a 30 GeV proton beam)

to a 2.5-degree o↵-axis neutrino beam produced by the J-PARC proton synchrotron, it is expected that the

CP phase �CP can be determined to better than 19 degrees for all possible values of �CP , and CP violation

can be established with a statistical significance of more than 3� (5�) for 76% (58%) of the �CP parameter

space.

1

A proposal to J-PARC Physics Advisory Committee!
just submitted yesterday!
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Pontif́ıcia Universidade Católica do Rio de Janeiro (Brazil): H. Nunokawa

Queen Mary, University of London (UK): L. Cremonesi, F. Di Lodovico, T. Katori, P.P.J. Martins, R.A. Owen,
R. Sacco, S. Short, R. Terri, J.R. Wilson

Research Center for Cosmic Neutrinos, ICRR, The University of Tokyo (Japan): T. Irvine, T. Kajita,
Y. Nishimura, K. Okumura, E. Richard

Royal Holloway University of London (UK): T. Berry, J. Monroe

Seoul National University (Korea): S.B. Kim

Seoyeong University (Korea): H.I. Jang

State University of New York at Stony Brook (USA): J. Imber, C.K. Jung, C. McGrew, J.L. Palomino,
C. Yanagisawa

STFC Rutherford Appleton Laboratory (UK): C. Densham, M. Fitton, T. Nicholls, T. Stewart, M. Thorpe

Sungkyunkwan University (Korea): C. Rott

The California State University Dominguez Hills (USA): K. Ganezer, B. Hartfiel, J. Hill

Tohoku University (Japan): K. Inoue, M. Koga, I. Shimizu

Tokyo Institute of Technology (Japan): M. Ishitsuka, M. Kuze, Y. Okajima

TRIUMF (Canada): P. Gumplinger, A. Konaka, T. Lindner, K. Mahn, J.-M. Poutissou, F. Retiere, M. Scott,
M.J. Wilking, S. Yen

University Autonoma Madrid (Spain): P. Fernández, L. Labarga, J. Pérez
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International open Hyper-K meetings
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Next meeting: Jul. 19-21, 2014 @TRIUMF, Canada

Hyper-K is completely open to the international community.

http://indico.ipmu.jp/indico/conferenceDisplay.py?&confId=23

Four meetings (all held @ Kavli IPMU) so far.!
Aug. 2012, Jan. 2013, Jun. 2013, Jan.2014

International WG was formed and actively working.

Open to anyone interested in HK!

~100 participants each time

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
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Candidate site

9

horizontal access tunnel

Entrance

Hyper-K

•8km south of Super-K!

•Same off-axis and baseline as T2K!

•Horizontal drive from entrance!

•648m of rock (1750m.w.e.) overburden!

•13,000m3/day natural water (1Mt/80days)

~8km
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Site and Cavern

10

~8km

9

Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.
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• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

Excavation steps & supporting method

Geological survey & Cavern stability
• Detailed geological surveys at the 

candidates site vicinity

• Cavern stability and its supporting 
method has been studied

• Confirmed that the HK cavern can 
be constructed with the existing 
techniques
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The above results were obtained by averaging data measured at three out of four 

points, eliminating outlying data. 
 

 

Table 3.2 Initial Stresses Calibrated to be  
    Equivalent to the ï370 mL Depth (1.08 times)  

Stress 
component 

(MPa) 

Stress component 
compensated to the 

analytical coordinate 
system (MPa) 

ǔx 12.42 8.10 
ǔy 8.10 12.42 
ǔz 16.31 16.31 
Ǖxy ï2.59 2.59 
Ǖyz ï3.67 6.26 
Ǖzx 6.26 3.67 

 

 

Table 3.1 Initial Stress Measurements Taken at ï300 mL  

 

Schmidt Net: Lower Hemisphere Projection 

East-west section (z-x plane) North-south section (y-z plane) Horizontal plane (x-y plane) 

Horizontal plane projection  
Six Stress Components (MPa) 3D principal stress (MPa) 

In-plane principal stress (MPa) 

 
nel axis 

Initial stress (in-situ meas.)

• elasto-plastic analysis and adopt Hoek-Brown failure criteria

Cavern stability
Cavern Stability

• Plasticity region ~10m at most (CM class) → affordable level  
• Proved in existing underground facilities (ex. power plants)

• For all rock mass classes (B, CH, CM), HK caverns can be 
constructed by existing excavation/support techniques. 14

CH class (relatively solid rock mass)

12

Affordable cable tension and plasticity region depth 
for B and CH class. 

2 
 

（２）PS アンカー検討解析   
 

ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 

4m 
3m 

5m 
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ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 

 

  Plasticity region depth~5m PS anchor tension
(black is over tension)

CM class (somewhat soft rock mass)
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- Affordable cable tension and plasticity region depth even 
for CM class. 
- Need more long anchors than the past elastic analysis.
- Cost and schedule are to be revised in January.

Plasticity region depth~10m
PS anchor tension

(black is over tension)7 
 

①ＰＳアンカー パターン２ 
ケース CM： 許容アンカー力 900-2400kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 
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Fig. 6.3 Division of a Tunnel Face of an Excavated Side-Wall Section of a Tank 
Cavern 

 
 
 
 
6.2 Construction Process 

The process of constructing the tank cavern was evaluated based on references to 
the process estimation standards in Japan. The results are shown in Table 6.1. It 
will take a little over two years to excavate the new and additional sections, 
approach tunnels, belt conveyor tunnels, etc. After constructing these tunnels, a 
little less than three years will be required to excavate the tank cavern. Thus, the 
total process is expected to be completed in just less than five years. 

As described in Section 3.4, displacements and loosened zones can change, 
depending on the results of the further detailed analyses. Although anchors and 
other supports could control such changes, the cost and excavation process will have 
to be modified depending on actual site conditions. 
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Wednesday, July 17, 1313年8月2日金曜日

Candidate site:!
~8km south of SK

HK caverns can be constructed with existing technology.

Cavity design studied based on the in-situ 
measurements of rock quality and stress

HK tank location

9

Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account
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• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.
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• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

Excavation steps & supporting method

Geological survey & Cavern stability
• Detailed geological surveys at the 

candidates site vicinity

• Cavern stability and its supporting 
method has been studied

• Confirmed that the HK cavern can 
be constructed with the existing 
techniques

13
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The above results were obtained by averaging data measured at three out of four 

points, eliminating outlying data. 
 

 

Table 3.2 Initial Stresses Calibrated to be  
    Equivalent to the ï370 mL Depth (1.08 times)  

Stress 
component 

(MPa) 

Stress component 
compensated to the 

analytical coordinate 
system (MPa) 

ǔx 12.42 8.10 
ǔy 8.10 12.42 
ǔz 16.31 16.31 
Ǖxy ï2.59 2.59 
Ǖyz ï3.67 6.26 
Ǖzx 6.26 3.67 

 

 

Table 3.1 Initial Stress Measurements Taken at ï300 mL  
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• elasto-plastic analysis and adopt Hoek-Brown failure criteria

Cavern stability
Cavern Stability

• Plasticity region ~10m at most (CM class) → affordable level  
• Proved in existing underground facilities (ex. power plants)

• For all rock mass classes (B, CH, CM), HK caverns can be 
constructed by existing excavation/support techniques. 14

CH class (relatively solid rock mass)

12

Affordable cable tension and plasticity region depth 
for B and CH class. 
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  Plasticity region depth~5m PS anchor tension
(black is over tension)

CM class (somewhat soft rock mass)
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- Affordable cable tension and plasticity region depth even 
for CM class. 
- Need more long anchors than the past elastic analysis.
- Cost and schedule are to be revised in January.

Plasticity region depth~10m
PS anchor tension

(black is over tension)7 
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Fig. 6.3 Division of a Tunnel Face of an Excavated Side-Wall Section of a Tank 
Cavern 

 
 
 
 
6.2 Construction Process 

The process of constructing the tank cavern was evaluated based on references to 
the process estimation standards in Japan. The results are shown in Table 6.1. It 
will take a little over two years to excavate the new and additional sections, 
approach tunnels, belt conveyor tunnels, etc. After constructing these tunnels, a 
little less than three years will be required to excavate the tank cavern. Thus, the 
total process is expected to be completed in just less than five years. 

As described in Section 3.4, displacements and loosened zones can change, 
depending on the results of the further detailed analyses. Although anchors and 
other supports could control such changes, the cost and excavation process will have 
to be modified depending on actual site conditions. 
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Detailed detector design in progress

• R&D ongoing in many areas!

• Cavity and tank!

• Photosensor (→ previous talk)!

• Readout electronics!

• DAQ system!

• Software development!

• Calibration system!

• Water system

11

→ Verification with a prototype (~1kton) detector
(funded: JFY2013-2017)
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Multi-purpose detector, Hyper-K
• Total (fiducial) volume is 1 (0.56) million ton
– 25 × Super-K

• Explore full picture of neutrino oscillation 
parameters.
– Discovery of leptonic CP violation (Dirac δ)
– ν mass hierarchy determination(Δm2

32>0 or <0) 

– θ23 octant determination (θ23<π/4 or >π/4)

• Extend nucleon decay search sensitivity
– τproton=1034~1035 years

• Neutrinos from astrophysical objects
– 200 ν’s / day from Sun
– 250,000 (50) ν’s from Supernova @Galactic-

center (Andromeda)
– 830 ν’s / 10 years Supernova relic ν
– WIMP ν, solar flare ν, etc

Hyper-K WG, 
arXiv:1109.3262 [hep-ex]

Proton 
Decays

6

Sun

Supernova

accelerator

Strong and broad science program
•ν oscillation!
• Accelerator ν beam!
• Atmospheric ν!
• Solar ν!

• Nucleon decay !
• Astrophysics!
• Supernova burst ν!
• SN relic ν!
• Monitoring of Sun!
• WIMP, GRB,!

• Geophysics!
• Maybe more (unexpected)



Accelerator neutrino beam
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Recent rapid progress on θ13 opened a door to the next step!

Daya Bay
RENO

Double Chooz

T2K

MINOS

Solar + KamLAND

0 0.1 0.2

1+��ѝ �
,+��ѝ �

1+��ѝ �
,+��ѝ �

sin2�ѡ13

arXiv:1303.4667

EPS-HEP 2013, Rate+shape, Gd+H

Rate only, WIN13

Rate+shape, PRL 112, 061801

PRL 112, 061802

PRL 110, 171801 (2013)

Feb. 2014, MY

0DUJLQDOL]LQJ�ѡ23

arXiv:1401.5981, RMM, Gd+H

PDG2013

90% limit 3 years ago

m1
2

m2
2

m3
2

m2

0

(a) Normal hierarchy (b) Inverted hierarchy
m2

m3
2

m1
2

m2
2

∆m32
2 ~ +2.4×10−3eV2

∆m21
2 ~ +7.6×10−5eV2

∆m32
2 ~ −2.4×10−3eV2

ν3

∆m21
2 ~ +7.6×10−5eV2

ν3ν2

ν2

ν1

ν1

0

νe

νµ

ντ

All mixing angles measured to be non-zero
Remaining big unknowns (in ν mixing):"
     Mass hierarchy (sign of Δm232)"
     CP violation
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Long baseline experiment  
with J-PARC ν beam

• Natural extension of technique being proved by T2K!

• Off-axis narrow band beam, Eν~0.6GeV!

• HUGE water Cherenkov detector!

• 295km baseline (=less matter effect)!

• Main focus on measurement of CP asymmetry!

• Complementary to >1000km baseline experiments 
planned in other regions (LBNE in US, LBNO in EU)!

• Sensitivity (CP/MH), technology (WC/LAr)!

• Also rich program with Near Detectors
15
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I�= 1/2U
I�= U
I�= -1/2U

sin22V13=0.1

neutrino

Measurement of CP asymmetry

• Comparison of P(νμ→νe) and P(νμ→νe)!
• Max. ~±25% change from δ=0 case!
• Sensitive to exotic (non-MNS) CPV source

P(νμ→νe): νe appearance probability
(normal hierarchy)
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anti-neutrino

295km 295km

16

Neutrino Anti-neutrino

for 295km baseline
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νe candidate reconstructed energy distributions

17

2000-4000 signal events for each of ν and ν
Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

sin22θ13=0.1,δ=0, normal MH

Signal
(νμ→νe CC)

Wrong sign 
appearance νμ/νμ CC beam νe/νe 

contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678

100

200

300

400

500

100

200

300

0 00 1 2 0 1 2
ES

rec (GeV) ES
rec (GeV)

S mode S mode
Total

BG all

BG from�SR

Total

BG from�SR

BG from�SR+ SR

BG from Se��SR�SR

BG Se�Se�SR�SR

SR�q�Se + BG

νe candidate reconstructed energy distributions

2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)

12

7.5MW・years

※Further BG suppression expected with reconstruction improvement

2000-4000 signal events for each of ν and ν
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Expected sensitivity to CP asymmetry 

18

Good sensitivity for currently allowed values
Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

Expected sensitivity to CP asymmetry 
7.5MW・years 5% systematics on signal, νμ BG, νe BG, ν/ν

sin22θ23=1

13

0

1

I�@
UB

0 0.05 0.1 0.15
sin22V13

-1

2X
1X

3X

7.5MWyear
Hyper-K

δ C
P

sin22θ13

Reactor 1σ

Good sensitivity for currently allowed values

*Mass hierarchy 
determination with 

Hyper-K atm. ν: 
>3σ in 5-10 years

Normal mass hierarchy (known*)
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Expected uncertainty of δ (1σ)
5% systematics on signal, νμ BG, νe BG, ν/ν
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sin22θ13=0.1

107s

7.5 MW·107s

Normal Hierarchy
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<20° (δ=90°), <10° (δ=0°)
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Atmospheric neutrinos

20

Complementary to  
accelerator ν

Wide range of Eν,  
flavor, ν/ν available
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Atmospheric neutrino

Atmospheric νe flux

)1

sin
(

sin 

 

res
onance

 

232

13213

!

"

#

$

$$
rm

Solar term�

Interference term (!CP)�
 "13 resonance term�

NuclPhysB680,479(2004)

r    : µ/e flux ratio (~2 at low energy)!
!

P2 = |Aeµ|2 : 2! transition probability !e ! !µ" in matter!

R2 = Re(A*
eeAeµ)!

I2  = Im(A*
eeAeµ)!

Aee : survival amplitude of the 2! system!

Aeµ : transition amplitude of the 2! system!

νe appearance is expected due to Earth’s matter 
potential
- happens in ν in the case of normal mass hierarchy
- in anti-ν in inverted mass hierarchy

Oscillated νe flux
Non-oscillation

NuclPhysB669,255(2003)

Large θ13 value gives us a good chance to discriminate 
mass hierarchy.

νμ→νe appearance resonance in earth’s core 
either ν or ν depending on mass hierarchy

larger θ13 gives better sensitivity

•Mass hierarchy!
•θ23 octant!
•CP asymmetry

Sensitive to

21

A Accelerator based neutrinos 53

B. Atmospheric neutrinos

1. Goals of the atmospheric neutrino study

Atmospheric neutrinos are a guaranteed neutrino source in the Hyper-Kamiokande experiment.

The indication by T2K [1] that ✓
13

is potentially large is encouraging for future atmospheric

neutrino studies, as there will be a good chance to extract information on neutrino properties via

the three flavor oscillation e↵ect. Assuming sin2 2✓
13

> 0.04 as the global fit result suggests [28],

the targets of the atmospheric neutrino studies in Hyper-K would be:

• mass hierarchy determination, namely to select �m2

32

> 0 or �m2

32

< 0 with more than 3�

significance provided sin2 ✓
23

> 0.4.

• to solve sin2 ✓
23

octant degeneracy, namely to discriminate sin2 ✓
23

< 0.5 (first octant) from

sin2 ✓
23

> 0.5 (second octant), when the mixing is not maximal as sin2 2✓
23

< 0.99.

• to obtain complementary information on CP phase �.

To extract the expected three flavor oscillation e↵ects, we will study atmospheric electron neutrino

flux variations as well as muon neutrino flux variations. Expected sensitivities for all of these topics

are discussed in this section.

Oscillation probabilities of atmospheric neutrinos in the three flavor neutrino mixing scheme

have been discussed by many authors [64, 65], and the oscillation e↵ect in electron neutrino flux is

analytically calculated as:

�(⌫e)
�

0

(⌫e)
� 1 ⇡ P

2

· (r · cos2 ✓
23

� 1)

�r · sin ✓̃
13

· cos2 ✓̃
13

· sin 2✓
23

· (cos � · R
2

� sin � · I
2

)

+2 sin2 ✓̃
13

· (r · sin2 ✓
23

� 1) (5)

where we call the first, second, and third terms the “solar term”, “interference term”, and “✓
13

resonance term”, respectively. P
2

is the two neutrino transition probability of ⌫e ! ⌫µ,⌧ which is

driven by the solar neutrino mass di↵erence �m2

21

. R
2

and I
2

represent oscillation amplitudes for

CP even and odd terms. For anti-neutrinos, the probabilities P
2

, R
2

, I
2

are obtained by replacing

the matter potential V ! �V , and the sign of the � (see [65] for details). r is the ⌫µ/⌫e flux ratio

as a function of neutrino energy; r ⇡ 2 at sub-GeV energies, starts deviating from 2 at 1 GeV, and

reaches to ⇠ 3 at 10 GeV. The ✓̃
13

is an e↵ective mixing angle in the Earth; sin2 ✓̃
13

could become

large at 5 ⇠ 10 GeV neutrino energy due to the matter potential [66–68]. This MSW resonance



Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

Mass hierarchy determination with 
atmospheric neutrinos

22

2012.8.22 Roger Wendell  9 

Expected Effects : electron-like samples 

Equivalent MC �Effect of the T23 octant can be larger than that from  Gcp 
on electron appearance   

�Effect of the latter is smaller than the expected statistical 
uncertainty in each bin 

Multi-GeV e-like events

10 years

normal hierarchy case

MSW effect in Earth’s core!
→ resonance effect on either 

ν or anti-ν

NH, previous T13 is fixed : sin22T13 = 0.098 

3V  

2V  

Hierarchy sensitivity, 10 years of Atmospheric  data 

� Thickness of the band corresponds to uncertainty induced from Gcp  
�Weakest sensitivity overall in the tail of the first octant 
� Hierarchy sensitivity is improved slightly after update 

� True for both hierarchies  
 

NH, Update 

3V  

2V  

Δχ
2

sin2θ23

Normal hierarchy

Hyper-K 10 years

3σ determination with <10 year observation!
(better sensitivity depending on the value of  θ23)

sin22θ13=0.1
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2012.8.22 Roger Wendell  17 

NH, unknown IH, Unknown T13 is fixed : sin22T13 = 0.10 

� Thickness of the band corresponds to the uncertainty from Gcp  

� Best value of Gcp = 40 degrees 
�Worst value of Gcp = 140 (260) degrees, for 1st (2nd ) octant 

T23 Octant sensitivity , 10 year Exposure 

3V  

2V  

3V  

2V  

2012.8.22 Roger Wendell  19 

Fraction of Gcp excluded at 3V for a fixed value of Gcp  

NH IH 

� For this particular input, the constraint atmospheric neutrinos can place on 
dcp  is about 50% of  

sin��T23 = 0.6 

 0.4 

sin��T23 = 0.6 

 0.4 

10 years 10 years

θ23 octant!
sensitivity!
 (band depends on δ)

 Fraction of 
δCP excluded!

(3 σ)

23

Complementary measurements to accelerator ν

atm ν: θ23 octant and CPV
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Nucleon Decays

12年10月5日金曜日
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1. Introduction 
• 大統一理論(GUTs): レプトン数、バリオン数非保存＝＞陽子崩壊を予言 
• 様々なモデルがあるが、p->e++S0, p->K++Qがdominant modeと考えら
れている。 

• SK1-SK3の結果については平成２１年年次大会で発表。 
• 今回、SK4を併せた結果を報告する。�

Proton lifetime predictions 

- 

Model Mode Prediction 
(years) 

Minimal SU(5) p->e+S0 1028.5 ~ 1031.5 [1] 

Minimal SO(10) p->e+S0 1030 ~ 1040 [2] 

Minimal SUSY 
SU(5) 

p->QK+  ≤  1030 [3] 

SUGRA SU(5) p->QK+ 1032 ~ 1034 [4] 

SUSY SO(10) p->QK+ 1032~1034 [5] 
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Nucleon decays

• Only direct probe of Grand Unified Theory
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PDG2012

(Still alive?)

Many GUT models predict 
decays of protons and  
bound neutrons with  
τ=O(1034-35) years

• Two famous modes:

Other modes are also important (we don’t know correct model!)

1. Introduction 
• 大統一理論(GUTs): レプトン数、バリオン数非保存＝＞陽子崩壊を予言 
• 様々なモデルがあるが、p->e++S0, p->K++Qがdominant modeと考えら
れている。 

• SK1-SK3の結果については平成２１年年次大会で発表。 
• 今回、SK4を併せた結果を報告する。�

Proton lifetime predictions 
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Model Mode Prediction 
(years) 

Minimal SU(5) p->e+S0 1028.5 ~ 1031.5 [1] 

Minimal SO(10) p->e+S0 1030 ~ 1040 [2] 

Minimal SUSY 
SU(5) 

p->QK+  ≤  1030 [3] 

SUGRA SU(5) p->QK+ 1032 ~ 1034 [4] 

SUSY SO(10) p->QK+ 1032~1034 [5] 
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Proton decay sensitivity

26

•p→e+π0:!
•1.3×1035yrs (90%CL)!
•5.7×1034yrs (3σ)!

p→νK+:!
•3.2×1034yrs (90%CL)!
•1.2×1034yrs (3σ)

>3σ possible for lifetime  
above current SK limits

•Superb sensitivity for  
  p→e+π0 due to huge mass!
•Complementary to LAr 
  in other modes, e.g. p→νK

~10 times better sensitivity!
than current Super-K limits!
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Neutrino astrophysics

• Supernova burst neutrino 

• Huge statistics if SN in our Galaxy!

• ~200k events @ 10kpc!

• Supernova relic neutrino!

• History of heavy element synthesis in the universe!

• Precision measurements of solar neutrino!

• 200ν’s / day !

• Indirect WIMP Search!

• σSD < 1039-40 cm2!

• Neutrino tomography inside the Earth

28
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Supernova neutrinos

29

Supernova neutrinos
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FIG. 59. (Left) Cumulative calculated supernova rate versus distance for supernovae in nearby galaxies

(reproduced from [100]). (Right) Detection probability of supernova neutrinos versus distance at Hyper-K

assuming a 0.56 Megaton fiducial volume and 10 MeV threshold for this analysis. Black, green, and blue

curves show the detection e�ciency resulting in requiring at least or equal to one, two, and three events per

burst, respectively. Solid, dotted, and dashed curves are for neutrino oscillation scenarios of no oscillation,

N.H., and I.H., respectively.

observations indicate that the true nearby supernova rates are probably about 3 times higher than

this conservative calculation. Figure 59(right) shows detection probability versus distance for the

Hyper-K detector. In this estimate, energy of neutrino events is required to be more than 10 MeV

and the vertex position of the events should be within the fiducial volume (0.56 Megatons). If we

require the number of events to be more than or equal to one(two), the detection probability is

52⇠69%(17⇠33%) for a supernova at 4 Mpc. If we can use a tight timing coincidence with other

types of supernova sensors (e.g. gravitational wave detectors), we should be able to identify even

single supernova neutrinos. Assuming the observed supernova rate in nearby galaxies, we expect

to collect about 10-20 supernova neutrino events from them during 20 years of operating Hyper-K.

2. Supernova relic neutrinos

There are about 1020 stars in the universe (⇠1010 galaxies in the universe, and each galaxy

has about 1010 stars). Because about 0.3% of the stars have masses larger than 8 times the solar

mass, it is estimated that 1017 supernova explosions have occurred over the entire history of the

universe. This means that on average one supernova explosion has been occurring every second

~"0.1�
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FIG. 59. (Left) Cumulative calculated supernova rate versus distance for supernovae in nearby galaxies

(reproduced from [100]). (Right) Detection probability of supernova neutrinos versus distance at Hyper-K

assuming a 0.56 Megaton fiducial volume and 10 MeV threshold for this analysis. Black, green, and blue

curves show the detection e�ciency resulting in requiring at least or equal to one, two, and three events per

burst, respectively. Solid, dotted, and dashed curves are for neutrino oscillation scenarios of no oscillation,

N.H., and I.H., respectively.

observations indicate that the true nearby supernova rates are probably about 3 times higher than

this conservative calculation. Figure 59(right) shows detection probability versus distance for the

Hyper-K detector. In this estimate, energy of neutrino events is required to be more than 10 MeV

and the vertex position of the events should be within the fiducial volume (0.56 Megatons). If we

require the number of events to be more than or equal to one(two), the detection probability is

52⇠69%(17⇠33%) for a supernova at 4 Mpc. If we can use a tight timing coincidence with other

types of supernova sensors (e.g. gravitational wave detectors), we should be able to identify even

single supernova neutrinos. Assuming the observed supernova rate in nearby galaxies, we expect

to collect about 10-20 supernova neutrino events from them during 20 years of operating Hyper-K.

2. Supernova relic neutrinos

There are about 1020 stars in the universe (⇠1010 galaxies in the universe, and each galaxy

has about 1010 stars). Because about 0.3% of the stars have masses larger than 8 times the solar

mass, it is estimated that 1017 supernova explosions have occurred over the entire history of the

universe. This means that on average one supernova explosion has been occurring every second

No#osc.�
N.#H.�
I.#H.�

E#>#10#MeV#
Time#window#=#10sec.#>#0.5�

Cumulative supernova rate Hyper-K detection probability

• 1SN about every 10 years is expected within 2 Mpc
• >50% efficiency is estimated for required signal 
multiplicity of 3 for SN at 2 Mpc distance.
• Further study will be performed on E threshold and 
expected BG.
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SN ν burst @ 10kpc

• ~200k ν events expected!

• Detailed measurement as a function of time possible!

• Exciting possibility of joint analysis with other methods 
(contribution to multi-messenger astronomy!)
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SN relic neutrino

• Significant events expected by 
much larger statistics than SK!

• Gd will boost the sensitivity.

31

Without Gd
~20ev/year"
(20-30MeV)

With Gd

~60ev/year"
(14-30MeV)

SN Relic ν (diffuse ν)

30

- SKの体積倍で決まるとすると感度は
1/√20. 

- SN burstと同様、モデルに制限を付
ける. 
- ガドリニウムを水中に溶かすことに
よりBG低減の可能性。SKでstudy中。

0

100

200

300

400

500

600

700

800

900

10 15 20 25 30 35 40 45 50

Energy (MeV)

E
v
e
n

ts
/2

M
e
V

/0
.5

6
M

to
n

/1
0
y
e
a
rs

SRN+B.G
.

to
ta

l B
.G

.

in
v.
m

u 
B.G

.

atmsph. !
–

e

spallation
B.G.

0

20

40

60

80

100

120

140

160

180

200

10 15 20 25 30 35 40 45 50

Energy (MeV)

E
v
e
n

ts
/2

M
e
V

/0
.5

6
M

to
n

/1
0
y
e
a
rs

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

to
ta

l B
.G

.

inv.m
u(1

/5
)

atmsph. !
–

e

20ev/年(20~30MeV)

Gd doped:
60ev/年(14~30MeV)

1/√20
1/√20



Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

Summary
•Hyper-Kamiokande will provide excellent 

opportunity for wide range of physics topics!

•Neutrino mixing and CP violation!

•Nucleon decays!

•Neutrino astrophysics!

•International working group is working 
towards its realization.!

•You are welcome to join!
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