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Observation of νe appearance by T2K

Opened a door  
to the next step!
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(a) 100% ν-running,
statistical error only.
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(b) 100% ν-running,
with the 2012 systematic errors.
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(c) 50% ν, 50% ν̄-running,
statistical error only.
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(d) 50% ν-, 50% ν̄-running,
with the 2012 systematic errors.

Figure 8: The expected ∆χ2 for the sin δCP = 0 hypothesis, plotted as a function of δCP for various
values of sin2 θ23 (given in the legend) in case of true normal mass hierarchy.
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(a) 100% ν-running.
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(b) 50% ν-, 50% ν̄ running.

Figure 26: The expected ∆χ2 for sin δCP = 0 hypothesis, as a function of POT. Plots assume
true sin2 2θ13 = 0.1, δCP = +90◦, inverted MH, and various true values of sin2 θ23 (as given in
the plot legends). The solid curves include statistical errors only, while the dash-dotted (dashed)
curves assume the 2012 systematic errors (the projected systematic errors). Note that the sensitivity
heavily depends on the assumed conditions, and that the conditions applied for these figures (δCP =
+90◦, inverted MH) correspond to the case where the sensitivity for sin δCP ̸= 0 is maximal.
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Figure 27: Relation between the expected number of events of T2K and that of NOνA for various
values of δCP , sin

2 θ23 and mass hierarchy. The two blue and red upper bands are for the neutrino-
mode run events and the red and blue bottom bands are for the antineutrino-mode run events.
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T2K future sensitivity to CPV

3

3 T2K SENSITIVITY 13

13θ22sin
0 0.05 0.1 0.15 0.2 0.25

C
P

δ
-150

-100

-50

0

50

100

150

NH
IH

(a) 100% ν-running, true NH.
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(b) 50% ν-, 50% ν̄-running, true NH.
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(c) 100% ν-running, with ultimate reactor con-
straint, true NH.
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(d) 50% ν-, 50% ν̄-running, with ultimate reac-
tor constraint, true NH.

Figure 9: δCP vs. sin2 2θ13 90% C.L. allowed regions for 7.8×1021 POT. Contours are plotted
assuming true sin2 2θ13 = 0.1, δCP = −90◦, sin2 θ23 = 0.5, and ∆m2

32 = 2.4×10−3 eV2. The
blue curves are fit assuming the correct MH, while the red are fit assuming the incorrect
MH. The solid contours are with statistical error only, while the dashed contours include
current systematic errors fully correlated between ν and ν̄.
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Next generation project in Japan
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Recommendations

The committee makes the following recommendations concerning large-scale projects, which 
comprise the core of future high energy physics research in Japan.  

• Should a new particle such as a Higgs boson with a mass below approximately 1 TeV 
be confirmed at LHC, Japan should take the leadership role in an early realization of 
an e+e- linear collider.  In particular, if the particle is light, experiments at low collision 
energy should be started at the earliest possible time.  In parallel, continuous studies on new 
physics should be pursued for both LHC and the upgraded LHC version.  Should the energy 
scale of new particles/physics be higher, accelerator R&D should be strengthened in order 
to realize the necessary collision energy.

• Should the neutrino mixing angle θ13 be confirmed as large, Japan should aim to 
realize a large-scale neutrino detector through international cooperation, accompanied 
by the necessary reinforcement of accelerator intensity, so allowing studies on CP 
symmetry through neutrino oscillations.  This new large-scale neutrino detector should 
have sufficient sensitivity to allow the search for proton decays, which would be direct 
evidence of Grand Unified Theories.  

It is expected that the Committee on Future Projects, which includes the High Energy Physics 
Committee members as its core, should be able to swiftly and flexibly update the strategies for these 
key, large-scale projects according to newly obtained knowledge from LHC and other sources. 

It is important to complete and start the SuperKEKB including the detector, as scheduled.  Some 
of the medium/small scale projects currently under consideration have the implicit potential to 
develop into important research fields in the future, such as neutrino physics and as such, should be 
promoted in parallel to pursue new physics in various directions.  Flavour physics experiments such 
as muon experiments at J-PARC, searches for dark matter and neutrinoless double beta decays or 
observations of CMB B-mode polarization and dark energy are considered as projects that have 
such potential.

4

Recommendation by Japanese HEP community (Feb. 2012)

One of 27 top projects in Japanese Master Plan 
for Large Scale Projects  
by Science Council of Japan (Feb. 2014)

One Megaton Water Cherenkov Detector 

Hyper-Kamiokande

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
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Hyper-Kamiokande Detector
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Total volume:       	

   Inner volume: 	

  Outer volume:	

Fiducial volume:  

0.99 Mton	

0.74 Mton	

0.2  Mton	

0.56 Mton

x25 of Super-K

• 99,000 20” PMT 
for inner-det.  

(20% coverage)	


• 25,000 8” PMT 
for outer-det.

(0.056Mton × 10 compartments)

Hyper-K WG, 	

arXiv:1109.3262 [hep-ex]	

arXiv:1309.0184 [hep-ex]



Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Europe 106
France 10
Italy 13

Poland 4
Russia 7
Spain 3

Switzerland 22
UK 47

Asia 72
Japan 64

Korea 8

Americas 62
Brazil 2

Canada 19

USA 41

(authors of proposal for J-PARC PAC in May 2014)

(Bern, Geneva, ETH Zurich)
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Site and Cavern

7

~8km
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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.

NEW
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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. 
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（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 
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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 
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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. 

 

1st Bench 

2nd Bench 

3rd Bench 

5th Bench 

6th Bench 

7th Bench 

8th Bench 

9th Bench 

4th Bench 

 A
rc

h 
se

ct
io

n  
 S

id
e 

W
al

l S
ec

ti
on

 

 Side Wall Section 

Bench section 

Wednesday, July 17, 1313年8月2日金曜日

Candidate site:	
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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
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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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- 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.
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• Plasticity region ~10m at most (CM class) → affordable level  
• Proved in existing underground facilities (ex. power plants)
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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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Detector design
• Baseline design established	


• Construction possible with 
current technology	


• Some R&D for enhancing the 
capability and reduction of the cost	


• New photo-sensor development	


• Possible new near and 
intermediate detectors

���8

6

R&D going on to 
get better 
performance and 
lower cost.

Established R&DR&D
highQE/CE PMT highQE Hybrid Det.

Venetian 
blind 

dynode
Box&Line 

dynode

Avalanche 
photo-

detector
quantum eff. (QE) 22% 30% 30%
collection eff. (CE) 80% 93% 95%

timing resolution (FWHM) 5.5 nsec 2.7 nsec 1 nsec

Photo-sensor R&D

200-ton water tank�

Installation in 2013 summer�

‣ 50cmΦ Box&Line PMT and HPD 
prototypes have been delivered last 
month, start basic performance test
‣ 20cmΦ HPD and HQE Super-K PMT 
have been tested in 200 ton water tank
‣ R&D to be completed in 2016
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Hyper-Kamiokande project

Hyper-Kamiokande 	

project	

!
Masato SHIOZAWA	

Project-X workshop, June-16-2012	


higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target	

& Proton Decay Source

Proton  
Decays

νν ν

ν

x2 (year 	

or power)

x50 of T2K!
for νCP

9

Multi-purpose detector	

Hyper-Kamiokande

Hyper-K WG, 	

arXiv:1109.3262 [hep-ex]	

arXiv:1309.0184 [hep-ex]
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Broad science program with Hyper-K
• Neutrino oscillation physics	


• Search for nucleon decay 	


• Possible discovery with ~×10 
better sensitivity than Super-K	


• e+π0: 5.7×1034 years,  
K+ν:  1.2×1034 years (3σ)	


• Neutrino astrophysics	


• ~200,000 ν events for SN  
@ 10kpc (Galactic center)	


• Detection (~830 ν) and study of 
relic SN neutrinos	


• Geophysics (neutrinography of 
interior of the Earth)	


• Maybe more (unexpected)
10

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
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ν oscillation study w/ Hyper-K

• Long baseline experiment with  
J-PARC neutrino beam	


• Same configuration as T2K	


• Well understood beam and 
systematics (NA61 etc.)	


• Reliable sensitivity estimate 
based on T2K results	


• Main focus on CP asymmetry 

• Atmospheric neutrino	


• >3σ determination of  
mass hierarchy and θ23 octant

11

SKHK

Mass hierarchy sensitivity by atm ν

J-PARC ν beamline designed to have  
the same off-axis for Super-K & Hyper-K
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Measurement of CP asymmetry with ν beam
P(νμ→νe): νe appearance probability

• Comparison of P(νμ→νe) and P(νμ→νe)	

• Max. ~±25% change from δ=0 case	

• Sensitive to exotic (non-MNS) CPV source
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12

Neutrino Anti-neutrino

for 295km baseline,	

normal hierarchy

δ=0	

δ=90°	

δ=180°	

δ=-90°

δ=0	

δ=90°	

δ=180°	

δ=-90°
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J-PARC Facility!
(KEK/JAEA）

ν beam!
(to Kamioka)

30 GeV  Main Ring

Hadron Exp!

Facility

Material & Life!

Science Facility

3 GeV RCS

LINAC
Pacific ocean

Beam power upgrade to 750kW by 2017	

Long term possibility (for 1~3MW)  

under study
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sin22θ13=0.1,δ=0, normal MH

Signal	

(νμ→νe CC)

Wrong sign 
appearance νμ/νμ CC beam νe/νe 

contamination NC

ν 3,016 28 11 523 172
ν 2,110 396 9 618 265

Reconstructed energy distributions

14
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Sensitivity study
• Based on the framework developed for T2K future 

sensitivity study	


• Fit reconstructed Eν distributions	


• Both νe and νμ samples, for ν and anti-ν run	


• Fit sin2θ23, Δm2
32, sin22θ13, δCP	


• Mass hierarchy assumed to be known  
(from other experiments and/or HK atmospheric ν)	


• Systematic error estimated based on T2K experience/
prospects	


• Implemented as covariance matrix,  
including correlation between energy/flavor bins

16

Updated in May 2014
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Assumed systematic uncertainties
• Beam flux + near detector constraint	


• Conservatively assumed to be the same	


• Cross section uncertainties not constrained by ND	


• Nuclear difference removed assuming water measurements	


• Far detector 	


• Reduced by increased statistics of atmospheric ν control sample

17

• Further reduction by new near detectors under study

ν mode anti-ν mode
νe νμ νe νμ

Flux&ND 3.0 2.8 5.6 4.2
XSEC model 1.2 1.5 2.0 1.4
Far Det. +FSI 0.7 1.0 1.7 1.1

Total 3.3 3.3 6.2 4.5

Uncertainty on the expected number of events at Hyper-K (%)

(T2K 2014)

νe νμ
3.1 2.7
4.7 5.0
3.7 5.0
6.8 7.6
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Expected sensitivity to CP asymmetry 

18
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• Excellent δCP measurement capability

Mass hierarchy assumed to be known
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Hyper-K only	
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Expected uncertainty of δ (1σ)

• 8°-19° depending on the true value of δ

19
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Sensitivity to CP violation

20
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• Exclusion of sinδ=0	


• >3σ for 76% of δ	


• >5σ for 58% of δ	


• Possible to establish  
CP violation  
in the lepton sector!

Mass hierarchy assumed to be known

7.5MW×107s (1.56×1022 POT)
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Measurement of Δm232, θ23

21
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FIG. 38. The 90% CL allowed regions in the sin2 ✓23–�m2
32 plane. The true values are sin2 ✓23 = 0.5 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. The red (blue) line corresponds to

the result with Hyper-K alone (with reactor constraints on sin2 2✓13).

TABLE XXII. Expected 1� uncertainty of �m2
23 and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55. Reactor

constraint on sin2 2✓13 = 0.1± 0.005 is imposed.

True sin2 ✓23 0.45 0.50 0.55

Parameter �m2
32 sin2 ✓23 �m2

23 sin2 ✓23 �m2
32 sin2 ✓23

Normal hierarchy 1.4⇥ 10�5 eV2 0.006 1.4⇥ 10�5 eV2 0.015 1.5⇥ 10�5 eV2 0.009

Inverted hierarchy 1.5⇥ 10�5 eV2 0.006 1.4⇥ 10�5 eV2 0.015 1.5⇥ 10�5 eV2 0.009

F. Combination with atmospheric neutrino data

Atmospheric neutrinos can provide an independent and complementary information to the ac-

celerator beam program on the study of neutrino oscillation. For example, through the matter

e↵ect inside the Earth, a large statistics sample of atmospheric neutrinos by Hyper-K will have a

good sensitivity to the mass hierarchy and ✓
23

octant.

Assuming a 10 year exposure, Hyper-K’s sensitivity to the mass hierarchy and the octant of

✓
23

by atmospheric neutrino data are shown in Fig. 40. Depending upon the true value of ✓
23

the

sensitivity changes considerably, but for all currently allowed values of this parameter the mass

hierarchy sensitivity exceeds 3 � independent of the assumed hierarchy. If ✓
23

is non-maximal, the

Expected 1σ uncertainty

cf. T2K 2014 result: Δm232=2.51±0.10×10-3eV2, sin2θ23=0.514±0.055

True sin2θ23=0.5 True sin2θ23=0.45Hyper-K only	

HK+reactor

7.5MW×107s (1.56×1022 POT)
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Atmospheric ν

22

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

sin22θ13=0.1

band: due to δ

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  

Mass hierarchy θ23 octant

Complementary measurements to accelerator ν	

Combined analysis of acc + atm ν will enhance capability
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•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

~10 times better sensitivity	

than current Super-K limits!

τ/Br=1.2×1034yr e+π0
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Neutrino astrophysics
• Supernova burst neutrino 

• >50% efficiency with >3 multiplicity  
for <2Mpc SN (~1/10yrs expected)	


• Huge statistics if SN in our Galaxy	


• ~250k events @ 10kpc	


• Supernova relic neutrino	


• ~800 events in 10 years	


• History of heavy element synthesis in the universe	


• Precision measurements of solar neutrino	


• Spectrum upturn, day/night asymmetry	


• Indirect WIMP Search

24
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WG1	

Shiozawa

Physics WG conveners	

Yokoyama

Phys-WG1	

Yokoyama

WG1: Cavity and Tank	

WG2: Water	

WG3: Photo-sensor	

WG4: DAQ	

WG5: Software	

WG6: Calibration	

WG7: Beam & Near Detectors

Phys-WG1: Accelerator	

Phys-WG2: Atmν+Nucleon decays	

Phys-WG3: Astroparticle Physics (SN, 
solarν, etc)

Steering Committee	

Nakaya (chair)	


Aihara, Nakahata, Shiozawa, Yokoyama	

+ a few more

Hyper-K Working Group Organization

‣ oversee the HK group 	

‣ channel for contacting to the group	

‣ involve non-Japanese in future

WG2	

Sekiya, 
Vagins

WG3	

Nakayama, 
Nishimura

WG4	

Hayato

WG5	

Miura	

Walter	


F.D.Lodovico

WG6	

HideTanaka,	

HiroTanaka,
Koshio,Mine,	


Mccauley

WG7	

Hartz

Phys-WG2	

Wendell

Phys-WG3	

Takeuchi

International board of representative (IBR)	

a few members from each country

‣ represent each countries	

‣ budget request in each countries

Project Leader	

Shiozawa

‣ PL oversees the sub-WGs 	

‣ WG conveners may be composed of 
one Japanese plus some non-Japanese. 
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International working group
• Open meetings: twice/year since Aug. 2012	


• ~100 participants each time  
(~half from outside Japan)	


• Next: Jul.19-22 @ Vancouver, Canada	


• EU-HK meeting: June 18 @ CERN	


• International Board of Representative	


• Representatives from 13 countries:  
Brazil, Canada, France, Italy, Japan, Korea, Poland, Portugal, Russia, Spain, 
Switzerland, UK, USA	


• Seriously discussing contributions and cost sharing 	


• In Japan, Grant-in-aid for R&D program from JFY2013 (5 years)	


• In Switzerland, included in the SERI inventory of planned research infrastructures	


• Budget request for Hyper-K R&D projects being submitted in Canada and UK	


• Travel grant request submitted in EU (UK, France, Italy, Poland, Spain)
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Notional Timeline

27

JFY	

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Access tunnels

Cavity excavation

Tank construction

sensor installation

water filling

Photo-sensor production

Photo-sensor development

Survey, Detailed design

-2015   Full survey, Detailed design (3 years) 
-2018   Excavation start (7 years) 
-2025   Start operation 
　　　　

750kW and beyond220kW

J - P A R C  U p g r a d e

Full survey, Detailed design

Operation

~7 yrs construction
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Summary

• Hyper-Kamiokande will provide excellent 
opportunities for wide range of physics topics	


• Neutrino mixing and CP violation	


• Nucleon decays	


• Neutrino astronomy	


• J-PARC ν beam + Hyper-K: with 7.5MW×107s beam 
(1.56×1022 POT), CP violation in the lepton sector 
can be established (>3σ) for 76% of the δCP space.

28



Backup



30

The Hyper-Kamiokande Working Group

Boston University (USA): E. Kearns, J.L. Stone

Chonnam National University (Korea): K.K. Joo, J.Y. Kim, I.T. Lim

Dongshin University (Korea): M.Y. Pac, J.H. Choi
Duke University (USA): A. Himmel, K. Scholberg, C.W. Walter

Earthquake Research Institute, The University of Tokyo (Japan): A. Taketa, H.K.M. Tanaka

ETH Zurich (Switzerland): F Bay, S Di Luise, A. Rubbia

Imperial College London (UK): M. Malek, Y. Uchida, M.O. Wascko

Institute for Particle Physics Phenomenology, Durham University (UK): P. Ballett, S. Pascoli, M. Ross-
Lonergan

INFN and Dipartimento Interateneo di Fisica di Bari (Italy): V. Berardi, M.G. Catanesi, R.A. Intonti,
L. Magaletti, E. Radicioni

INFN-LNF (Italy): A. Longhin
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νμ→νe Oscillation and CP violation

31

0 1 2
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

Total
Leading�ѡ13)

Matter

CPVCPC(cosI�

Solar

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12
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ijL/4Eν , respectively, and a[eV2] = 7.56 ×
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1

CP violating (flips sign for ν)Leading
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Matter effect

Eν (GeV)

(sin22θ13=0.1,δ=π/4)

295km
CPV term ∝ sin2θ13

Leading term ∝ sin22θ13

For larger sin22θ13	

signal ↑, CP asymmetry ↓	


matter/CP ↑

Matter effect ∝ sin22θ13

matter/CP~0.3 for sin22θ13=0.1 @L=295km

Jonathan'Paley,'ANL'HEP'Division

νμ → νe Oscillations in Long-Baseline Experiments

5

‣ Now that θ13 ~ 9˚has been measured, the prospects for future long-baseline neutrino 

experiments to make some exciting discoveries are very bright!

‣ Long-baseline νμ → νe experiments have the potential to simultaneously measure θ13, 

δCP, sign(Δm31
2), sign(θ23-45°): 
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p
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Neutrino beam

• The same beam as T2K	


• Horn current 320kA	


• Systematics well understood	


• ≥750kW operation expected  
in Hyepr-K era	


• Sensitivity estimated with 
7.5MW×107s (1.56×1022 POT)  
as a baseline	


• 10 years if 750kW, 107s/year	


• More beam power strongly desired
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Fractional uncertainty
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Comparison to LBNE
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Nucleon Decay 90% CL sensitivity
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Sensitivity to CP violation

36

• Exclusion of sinδ=0	


• >3σ for 77% of δ	


• >5σ for 61% of δ	


• Possible to establish  
CP violation  
in the lepton sector!
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Near detectors

• For this sensitivity study,  
we assume T2K ND280 detector 
with expected improvements	


• Measurement of water cross 
section reduces uncertainties  
due to different target nucleus	


• Detector systematics 
conservatively assumed to stay  
at the current level

37
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Study of new near detectors
• Possible new near detectors under study	


• Aim for further reducing systematics	


• Upgrade of T2K ND280 detectors	


• New water Cherenkov detector  
at ~1-2km distance	


• The same technology as the far 
detector	


• Eν spectrum almost the same as HK	


• Water Cherenkov + muon range 
detector (TITUS)	


• Utilize off-axis dependence of 
spectrum (nuPRISM)

38
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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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6

R&D going on to 
get better 
performance and 
lower cost.

Established R&DR&D
Super-K PMT highQE/CE PMT highQE Hybrid Det.

Venetian 
blind 

dynode
Box&Line 

dynode

Avalanche 
photo-

detector
quantum eff. (QE) 22% 30% 30%
collection eff. (CE) 80% 93% 95%

timing resolution (FWHM) 5.5 nsec 2.7 nsec 1 nsec

Photo-sensor R&D

200-ton water tank�

Installation in 2013 summer�

‣ 50cmΦ Box&Line PMT and HPD 
prototypes have been delivered last 
month, start basic performance test
‣ 20cmΦ HPD and HQE Super-K PMT 
have been tested in 200 ton water tank
‣ R&D to be completed in 2016
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Photo sensor test facility

USA ~ New PMT R&D Europe & Canada
~ Near detector designs

Hyper-Kamiokande detector ~ Activities in the world ~

TITUS QPRISM

17

Canada 
Network I/O module study 

UK DAQ system, HPD/LAPPD, Calibration system R&D etc..
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Mid-term plan of MR�

JFY� 2011� 2012� 2013� 2014� 2015� 2016� 2017�

Li. energy 
upgrade�

Li. current 
upgrade�

FX power [kW] (study/trial)�
!
SX power [kW] (study/trial)�

150!
!
3 (10)�

200 !
!
10 (20)�

200 - 240 !
!
25 (30) �

200 –300     
(400)!
20-50�

750!
!
100�

Cycle time of main magnet PS!
New magnet PS for high rep. �


����)7�
�

	���)�
�

	����)�
�

��
�)�
�

Present RF system !
New high gradient rf system!

Install. #7,8� Install. #9�

Ring collimators�
Additional 
shields�

Add.collimato
rs and shields�
(2kW)�

Add.collimat
ors (3.5kW)�
�

Injection system!
FX system�

Inj. kicker�

SX collimator / Local shields� SX collimator�

Ti ducts and SX devices with 
Ti chamber�

SX septum 
endplate�

Beam ducts� Beam  ducts�
ESS"

R&D�
Manufacture 
installation/test�

R&D�

�"�# (����"$'(&, $ %*��� '*��$�%+!��*+( ��* )*�

�"�# (����"$'(&, $ %*�����) '*+$�����) '*��$�%+!��*+( ��* )*�

Local shields�

FX:The high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW."
Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s and RF cavities.�
SX:After replacement of stainless steel ducts to titanium ducts to reduce residual radiation dose, 50 
kW operation for users will be started. Beam power will be gradually increased toward 100 kW 
carefully watching the residual activity. Local shields will also be installed if necessary. �

Manufacture 
installation/test�

T.Koseki, J-PARC PAC, May 2014
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Atmospheric neutrinos

Atmospheric νe flux
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 "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.

larger θ13 gives better sensitivity

•Mass hierarchy	

•θ23 octant	

•CP asymmetry

Sensitive to

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

νe appearance prob. in 3 flavor oscillation / no oscillation

Solar

Interference, δMatter

r:μ/e flux ratio	

P2: νe→νx prob. in matter	


R2=Re(A*eeAeμ), I2=Im (A*eeAeμ)
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Mass hierarchy determination with 
atmospheric neutrinos
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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

band: due to δ
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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  

HK atm ν 10 years

45

Complementary measurements to accelerator ν	

Combined analysis of acc + atm ν will enhance capability

θ23 octant determination

>3σ discrimination	

for sin2θ23<0.47(0.45) or sin2θ23>0.53(0.0.56)	


for normal (inverted) MH

band: due to δ
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(c) 5.0x1035 year
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(d) 1.0x1035 year

GUT tests by Nucleon Decay Searches

‣Discovery reach (3σ)  
‣τ(p→e+π0)~5.4×1034years（HK 10yrs）

‣Limit (90%CL)            
‣τ(p→e+π0)>1.3×1035years（HK 10yrs） 

p→e+π0

τproton=1.2×1034years
（SK 90% CL limit） proton mass peak

K+ lifetime
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p→νK+

τproton=4×1033年
（SK 90% CL limit）

K + lifetime

                   (& monochromatic μ +)

‣Discovery reach (3σ)  
‣τ(p→νK+)~1.2×1034years（HK 10yrs）

‣Limit (90%CL)         
‣τ(p→νK+)>3.2×1034years（HK 10yrs） 

K+ decay time (nsec)

6

BG

BG

Good discovery potential, 90% CL sensitivity of 1034~1035 yrs

Proton decay sensitivity with Hyper-K
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