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　A door to Neutrino CP violation is opened

• Indication in 2011 [PRL 107, 041801 (2011)]
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History with large !13
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of which are shown in Table III. From the best fit we obtain
a contribution from 9Li reduced by !19% and with an
uncertainty decreased from 52% to 26%. The fast neutron
value is decreased by 5% with almost unchanged
uncertainty.

Figure 4 shows the measured positron spectrum super-
imposed on the expected spectra for the no-oscillation
hypothesis and for the best fit (including fitted
backgrounds).

Combining our result with the T2K [11] and MINOS
[12] measurements leads to 0:003< sin22!13 < 0:219 at
the 3" level.

In summary, Double Chooz has searched for !#e disap-
pearance by using a 10 m3 detector located 1050 m from
two reactors. A total of 4121 events were observed where
4344" 165 were expected for no oscillation, with a signal
to background ratio of # 11:1. In the context of neutrino
oscillations, this deficit leads to sin22!13 ¼ 0:086"
0:041ðstatÞ " 0:030ðsystÞ, based on an analysis using rate

and energy spectrum information. The no-oscillation hy-
pothesis is ruled out at the 94.6% C.L. Double Chooz
continues to run, to reduce statistical and background
systematic uncertainties. A near detector will soon lead
to reduced reactor and detector systematic uncertainties
and to an estimated 1" precision on sin22!13 of !0:02.
We thank all the technical and administrative people

who helped build the experiment and the CCIN2P3 com-
puter center for their help and availability. We thank, for
their participation, the French electricity company EDF,
the European fund FEDER, the Région de Champagne
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Estudos e Projetos (FINEP), the Conselho Nacional de
Desenvolvimento Cientı́fico e Tecnológico (CNPq), the
São Paulo Research Foundation (FAPESP), and the
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TABLE III. Summary of the effect of a pulls term approach on
the fast neutron and 9Li backgrounds and on the energy scale.
Uncertainty values are in parentheses.

Fast n. bkg (%) 9Li (%) EScale (value)

Rate only 100 (46) 100 (52) 0.997 (0.007)
Rateþ shape 95.2 (38) 81.5 (25.5) 0.998 (0.005)
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FIG. 4 (color online). Top: Expected prompt energy spectra,
including backgrounds, for the no-oscillation case and for the
best fit sin22!13, superimposed on the measured spectrum. Inset:
Stacked histogram of backgrounds. Bottom: Difference between
data and the no-oscillation spectrum (data points) and difference
between the best fit and no-oscillation expectations (curve).

PRL 108, 131801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

30 MARCH 2012

131801-6

The value of sin22!13 was determined with a "2 con-
structed with pull terms accounting for the correlation of
the systematic errors [28],
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whereMd are the measured IBD events of the dth AD with
backgrounds subtracted, Bd is the corresponding back-
ground, Td is the prediction from neutrino flux, MC, and
neutrino oscillations [29], !d

r is the fraction of IBD con-
tribution of the rth reactor to the dth AD determined by
baselines and reactor fluxes. The uncertainties are listed in
Table III. The uncorrelated reactor uncertainty is %r

(0.8%), %d (0.2%) is the uncorrelated detection uncer-
tainty, and %B is the background uncertainty listed in
Table II. The corresponding pull parameters are
(#r,"d,$d). The detector- and reactor-related correlated
uncertainties were not included in the analysis; the abso-
lute normalization " was determined from the fit to the
data. The best-fit value is

sin 22!13 ¼ 0:092( 0:016ðstat:Þ ( 0:005ðsyst:Þ;

with a "2=NDF of 4:26=4 (where NDF is the number of
degrees of freedom). All best estimates of pull parameters
are within its 1 standard deviation based on the correspond-

ing systematic uncertainties. The no-oscillation hypothesis
is excluded at 5.2 standard deviations.
The accidental backgrounds were uncorrelated while the

Am-C and (#,n) backgrounds were correlated among ADs.
The fast-neutron and 9Li–8He backgrounds were site-wide
correlated. In the worst case where they were correlated in
the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic
uncertainty increased by 0.001.
Figure 4 shows the measured numbers of events in each

detector, relative to those expected assuming no oscilla-
tion. The 6.0% rate deficit is obvious for EH3 in compari-
son with the other EHs, providing clear evidence of a
nonzero !13. The oscillation survival probability at the
best-fit values is given by the smooth curve. The "2 versus
sin22!13 is shown in the inset.
The observed !&e spectrum in the far hall is compared to a

prediction based on the near-hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence
of neutrino oscillation. The ratio of the spectra is consistent
with the best-fit oscillation solution of sin22!13 ¼ 0:092
obtained from the rate-only analysis [31].
In summary, with a 43 000 ton–GWth–day live-time ex-

posure, 10 416 reactor antineutrinos were observed at the
far hall. Comparing with the prediction based on
the near-hall measurements, a deficit of 6.0% was

Weighted Baseline [km]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

ex
pe

ct
ed

 / 
N

de
te

ct
ed

N

0.9

0.95

1

1.05

1.1

1.15

EH1 EH2

EH3

13θ22sin
0 0.05 0.1 0.15

2 χ

0
5

10
15
20
25
30
35

σ1

σ3

σ5

FIG. 4 (color online). Ratio of measured versus expected sig-
nal in each detector, assuming no oscillation. The error bar is the
uncorrelated uncertainty of each AD, including statistical,
detector-related, and background-related uncertainties. The ex-
pected signal is corrected with the best-fit normalization parame-
ter. Reactor and survey data were used to compute the flux-
weighted average baselines. The oscillation survival probability
at the best-fit value is given by the smooth curve. The AD4 and
AD6 data points are displaced by #30 and þ30 m for visual
clarity. The "2 versus sin22!13 is shown in the inset.
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FIG. 5 (color online). Top: Measured prompt-energy spectrum
of the far hall (sum of three ADs) compared with the no-
oscillation prediction from the measurements of the two near
halls. Spectra were background subtracted. Uncertainties are
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no-oscillation spectra. The solid curve is the best-fit solution
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Brainstorming
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• 28 νe events in T2K (~10% of the proposal)
• Background expected: 4.3 events
• 3.2 events from beam νe
• 1.0 events from NC interaction (π0 dominant)
• 0.1 events from CC νμ interaction

• Signal (νμ→νe) calculation: 28-4.3 = 23.7 events.
• Maximum CPV effects ~25% of the leading term
• 23.7 * 0.25/(1+0.25) = 4.74 CPV events 

• With 100% T2K, we will have ~290 events. 
• ~50 CPV events (An evidence of ν CPV could be seen)
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A definitive answer to 
neutrino CPV

Hyper-Kamiokande

5
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Hyper-K Overview
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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.

×25 of Super-K
arXiv:1109.3262 [hep-ex]

arXiv:1309.0184 [hep-ex]

arXiv:1412.4673 [hep-ex]
15年4月20日月曜日
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higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target
& Proton Decay Source

Proton 
Decays

νν ν

ν

x2 (~1.2MW)

x50 for !CP
to T2K

4. Decay volume direction and shape

4.1. Off-axis beam angle

The peak energy of the neutrino beam is tuned at the oscilla-
tion maximum by adjusting the off-axis angle in the T2K experi-
ment. For the various values of Dm2, the neutrino energies at the
oscillation maximum for the baseline length of 295 km and the
corresponding off-axis angles of the beam are summarized in
Table 1. The direction of the decay volume has to be determined
to cover the proper off-axis angle. There is a future plan called
Hyper-Kamiokande (Hyper-K) [11] to further pursue a neutrino
oscillation research program, especially to search for CP violation
in the lepton sector using the neutrino beam from J-PARC. The
candidate site for the Hyper-K is located about 8 km south of
Super-K. Fig. 13 shows the schematic directional view of Super-K
and the Hyper-K candidate site from the target at J-PARC. The T2K
decay volume was designed to cover off-axis angle from 21 to 31
for both Super-K and the Hyper-K candidate site.

4.2. Decay volume shape

The distance from the target to the end of decay volume, i.e.
the surface of the beam dump, is about 109 m. Fig. 14 shows the
distribution of decay positions of pþ 0 , kaons (Kþ and K0

L ) and mþ
along the decay volume. The cross-sectional dimension of the
decay volume was determined so that the fractional loss of flux
per unit length is constant along the volume. Fig. 15 shows the
positions of pþ decays whose daughter neutrino contributes to
the peak energy of the flux. In this figure, the zigzag line indicates
the boundary outside which the fraction of pþ decay is 0.04% per
1 m decay volume length. Although the profile of the pþ flux
becomes wider at the longer flight lengths, the number of
surviving pþ decreases. Therefore at a large distance, it is not
efficient to make the decay volume larger. In the actual design,
the cross-sectional dimension was set at the straight lines of
Fig. 15. So the fractional loss due to the limited size of the decay
volume is about 0.04% per 1 m. With the 109 m-long decay
volume, this number corresponds to 4.3% loss in total. The
horizontal dimension was determined with these conditions.
The vertical dimension was determined to accommodate varying
the off-axis angle from 21 to 31. According to Fig. 13, this means
that the decay volume can accept a beam with a downward angle
between 3.111 and 4.161.

5. Neutrino beam

Finally, Fig. 16 shows the neutrino fluxes expected at Super-K
with various settings of the off-axis angle. The primary proton
energy is 40 GeV.

Fig. 17 shows expected neutrino fluxes at various primary
proton energies normalized to same total beam power. The
spectrum shape is rather independent on the primary proton
beam energy. The 30 GeV proton beam gives about 10% higher
neutrino flux than that of the 50 GeV proton beam. The higher
energy tail in the flux, which produces background to the
oscillation signal, is less at 30 GeV. Therefore, if the primary
proton beam power is same, the 30 GeV beam is preferable
because of its higher efficiency to produce neutrino flux and
smaller high-energy tail.

6. Summary

The design concept of the T2K horn system is described. The key
differences from the conventional existing designs arise from the
required running conditions: very high beam intensity and focus-
ing of relatively low-momentum pions. We adopted the three-horn
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Fig. 14. Distribution of decay positions of pþ , kaons (Kþ and K0
L ) and mþ along

the decay volume. Only those whose daughter neutrinos contribute to the flux at
SK are plotted.

Fig. 13. Schematic directional view of Super-K and Hyper-K from the neutrino beam line target at J-PARC.

A.K. Ichikawa / Nuclear Instruments and Methods in Physics Research A 690 (2012) 27–3332
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Multi-purpose detector, Hyper-K

•Proton decay 3σ discovery potential
• 5×1034 years for p→e+π0

• 1×1034 years for p→νK+

• Comprehensive study on ν oscillations
• CPV (76% of δ space at 3σ), <20o precision

• MH determination for all δ by J-PARC/Atm ν
• θ23 octant: sin2θ23<0.47 or sin2θ23>0.53
• <1% precision of Δm232

• test of exotic scenarios by J-PARC/Atm ν

• Astrophysical neutrino observatory
• Supernova up to 2Mpc distance, ~1SN /10 years 
• Supernova relic ν signal (~200ν events/10yrs)
• Dark matter neutrinos from Sun, Galaxy, and Earth
• Solar neutrino ~200ν events/day

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

Proton 
Decays

Sun

Supernova

accelerator

LBL study, Hyper-K WG, 
arXiv:1502.05199 and  
submitted to PTEP

8
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Hyper-K status in Japan
• Recommenda)on*by*HEP*community

• h"p://www.jahep.org/office/doc/201202_hecsubc_report.pdf

• KEK*roadmap*includes*Hyper8K
• h"p://kds.kek.jp/getFile.py/access?sessionId=1&resId=0&materialId=0&confId=11728

• Cosmic*Ray*community*endorses*Hyper8K*as*a*next*large8scale*
project

• Science*Council*of*Japan*selects*Hyper8K*as*a*top*priority*
project*in*the*"Japanese*Master*Plan*of*Large*Research*
Projects"*(27*chosen*out*of*192*in*all*science*area).
• http://www.scj.go.jp/ja/info/kohyo/pdf/kohyo-22-t188-1.pdf

• It;is;not;in;the;list;of;MEXT;roadmap;2014.;We*seriously*
challenge*the*roadmap*2017*for*the*approval*of*budget.*

9
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Hyper-K proto-collaboration w/ cooperation of 
KEK-IPNS and UTokyo-ICRR

Hyper-K Proto-Collaboration has been formed

Inaugural Symposium on 1/31, 2015

MoU signing by KEK/ICRR

- KEK-IPNS and Tokyo-
ICRR signed the MOU of the 
cooperation in promoting the 
Hyper-Kamiokande.

10
15年4月20日月曜日



Hyper-K Collaboration
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• 240 members from 13 countries
• The collaboration governance structure is defined.
• Steering Committee, International Board Representatives, and 
Working Group with project leaders

• R&D fund and travel budget already secured in some countries, and 
more in securing processes. 6

Hyper-Kamiokande International Group

As of April 14, 2014

Europe 106

France

Italy

Poland

Russia

Spain

Switzerland

UK

10
13
4
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3
22
47

Asia

Japan

Korea

72

64
8

Americas

Brazil

Canada

USA

62

2
19
41

- 240 people and growing!
- Hyper-K Governance Structure has been defined 
    - Steering Committee, International Board Representatives, 
and Convener Board  
- R&D fund and travel budget already secured in some countries, 
and more in securing processes.
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Hyper-Kamiokande EU meeting@CERN

27-28 April 2015
•Meeting to discuss the European effort in Hyper-K
•Open to anyone who has interest in Hyper-K, or is planning to 

join Hyper-K, or is contributing 
•http://indico.cern.ch/e/ThirdEUHyperK

15年4月20日月曜日



The next action
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• Design Report is requested by KEK/ICRR.
• To be prepared in 2015 toward the budget request. The 
next processes of the SCJ master-plan and MEXT roadmap 
will be in 2016-2017. 

• Optimum design, Construction cost&period, Beam & Near 
detector, International responsibilities

• The international review will proceed under KEK/ICRR to 
promote the project.

• Once the budget is approved, the construction can start in 
2018 and the operation will begin in ~2025.

• It is a critical time to promote the project.
• Open for new Collaborators

15年4月20日月曜日



15

Target Schedule

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

Access tunnels

Cavity excavation

Tank construction

sensor installation

Photo-sensor productionPhoto-sensor development

Survey, Detailed design

-2018   Construction starts
-2025   Data taking start
-2028 Discovery of Neutrino CP violation？
-2030 Discovery of Proton Decay？
-20xx  Detection of supernova neutrinos
-20xx  Discovery of new phenomena

750kW and beyond~240kW

J-PARC Power Upgrade

Construction

water filling

Operation

Prototype detector

T2K will accumulate
approved POT

15年4月20日月曜日



Physics with 
Hyper-Kamiokande
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Measuring CP asymmetry w/ J-PARC ν beam

17

• Comparison between P(νμ→νe) and P(νμ→νe)
• as large as ~27% from nominal (at θ23=π/4).
• also sensitive to any CPV (such as >3 neutrinos)

P(νμ→νe) appearance probabilityνμ→νe probability
Normal hierarchy

‣ CPV test by comparing P(νμ→νe) and P(νμ→νe)
‣ sensitive to exotic CPV (non MNS matrix origin)
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TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

J-PARC Accelerator@Tokai

15年4月20日月曜日



Table 6: Oscillation parameters used for the sensitivity analysis and treatment in the fitting.

The nominal values are used for figures and numbers in this section, unless otherwise stated.

Parameter Nominal value Treatment

sin2 2✓13 0.10 Fitted

�CP 0 Fitted

sin2 ✓23 0.50 Fitted

�m2
32 2.4⇥ 10�3 eV2 Fitted

Mass hierarchy Normal or Inverted Fixed

sin2 2✓12 0.8704 Fixed

�m2
21 7.6⇥ 10�5 eV2 Fixed
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Fig. 8: The predicted Hyper-K neutrino fluxes from the J-PARC beam without oscillations.

The neutrino enhanced beam is shown on the left and the antineutrino enhanced beam is

shown on the right.

For the studies presented in this document, the T2K flux simulation has been used with567

the horn currents raised from 250 kA to 320 kA. The flux is estimated for both polarities of568

the horn fields, corresponding to neutrino enhanced and antineutrino enhanced fluxes. The569

calculated fluxes at Hyper-K, without oscillations, are shown in Fig. 8.570

The sources of uncertainty in the T2K flux calculation include:571

� Uncertainties on the primary production of pions and kaons in proton on carbon572

collisions.573

� Uncertainties on the secondary hadronic interactions of particles in the target or beam574

line materials after the initial hadronic scatter.575

� Uncertainties on the properties of the proton beam incident on the target, including the576

absolute current and the beam profile.577

� Uncertainties on the alignment of beam line components, including the target and578

magnetic horns.579

� Uncertainties on the modeling of the horn fields, including the absolute field strength580

and asymmetries in the field.581

The uncertainties on the hadronic interaction modeling are the largest contribution to the582

flux uncertainty and may be reduced by using replica target data. A preliminary analysis583

20/39

The ν beam (ν : ν=1 : 3)

18

Expected neutrino flux at Hyper-K (unoscillated)

νμ

νμ νe

ν/5
0M

eV
/c

m
2 /

10
21

PO
T

Eν (GeV) Eν (GeV)
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Suppress BG from high energy component (ντ negligible)

x30
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CP measurement with Hyper-K

• Strength of water Cherenkov detector

• LARGE mass – statistics is always critical

• Excellent reconstruction/PID performance
especially in sub-GeV region (quasi-elastic→single 
ring)

• Best matched with low energy, narrow band beam

• Off-axis beam with relatively short baseline

• Sensitive to CPV with less matter effect

19

(natural extension of technique proved by T2K)

15年4月20日月曜日



20
J-PARC neutrino experiments, M.Yokoyama (UTokyo)

Japan Proton Accelerator Research Complex

3

J"PARC''
Japan'Proton'Accelerator'Research'Complex'

Linac&
(400MeV)&

3&GeV&synchrotron&RCS&
(25&Hz,&1MW)&

30&GeV&synchrotron&
MR(0.75&MW)&

Materials&&&Life&Facility&
neutron�muon&

Hadron&Facility&

Neutrinofacility&
�T2K�&

3'Accelerators'
3(+'1)'User'facili=es'

�(Construc=on�2001~2009,'opera=on:'2009~)'

Interna=onal'User'Facility'
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J-PARC MR for neutrinos

J-PARC neutrino experiments, M.Yokoyama (UTokyo)

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. �

�
���)-�
�

�
���)�
�

�
���)�
�



��)�
�

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)�
C,D,E,F�

Back to"
JFY2012"
(2kW)"

Add."
coll."
C,D"

Add."
coll."
E,F"

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: Rep. rate will be increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s, rf cavities, ...�
SX: Parts of stainless steel ducts are replaced with titanium ducts to reduce residual radiation dose. �

Manufacture 
installation/test�

- Budget request for the PSs was submitted as the  three-year plan, but it was not approved in JFY2015. �
- Beam power > 50 kW for SX will start after replacement of the HD target with newly developed one. 

MR power mid-term plan

8

~320 kW
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J-PARC MR for neutrinos

• The maximum power in JFY2014 is 329.9kW.

• The beam power is limited by the beam loss in MR 
(not injection). The LINAC/RCS can feed 500~600 
kW equivalent beam to MR even now.  The T2K 
seriously requests the operation at higher beam 
power beyond 330 kW.

• It results in more beam power in the era of 
Hyper-K, 1.2MW or beyond with the update of 
power supply system. 
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23J-PARC neutrino experiments, M.Yokoyama (UTokyo)

Long-term plan

• RCS energy increase to  
reduce space charge effect

• ~1.5MW

• New Booster Ring (8GeV)  
between RCS &MR

• >2MW

• New SC proton linac for  
neutrino beam 
(Conceptual study)

• ~9MW linac with  
>9GeV energy

• Using KEKB tunnel?

9

Several ideas under discussion, towards multi-MW facility

3.2 GeV Inj: Ave Inj loss 1.5% "
(Total loss ~ Inj loss x1.5:  3 kW"
for MR 1.2 MW @1.2 s cycle)�

Simulation of beam survival in the injection period of the MR "
for the RCS 1MW eq. beam (4e13 ppb)"
 "

MR Injection Energy and Beam Loss"

3.4 GeV �

3.6 GeV �

6.0 GeV �

Time [s]�
0                  0.04               0.08                0.12                    �

0.94 �

1.0 �

0.96 �

0.98 � 3.4 GeV Inj: Ave Inj loss 0.75% "
(Total loss ~ Inj loss x1.5:  1.7 kW"
for MR 1.2 MW @1.2 s cycle)�

3.6 GeV Inj: Ave Inj loss 0.38% "
(Total loss ~ Inj loss x1.5: 0.92 kW"
for MR 1.2 MW @1.2 s cycle)�

3.2 GeV �

S
ur

vi
va

l r
at

io
 �

3.0 GeV �

3-50BT: 60π cut 2.4% loss (3.2 kW loss for 3GeV injection MR 1.2 MW @1.2 s cycle)"

3.0 GeV Inj: Ave Inj loss 3.2% "
(Total loss ~ Inj loss x1.5:  6 kW"
for MR 1.2 MW @1.2 s cycle)�

MR injection energy and beam loss
(simulation)

Beta & Dispersion for 1-superperiod"

β x
,y

 (m
)�

η
x,

y 
(m

)�
H & V�

s (m)�

 The 8-GeV booster ring�

(x,x’)� (y,y’)�

@ 3GeV�

@ 8GeV�

ε>125.5π    ~0.04%�

ε>54π    ~0.06%�

Phase plot @ inj.(3GeV) & extr.(8GeV)�
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Injection energy "3 GeV "
Extraction  energy 8 GeV"
Circumference 696.666 m"
Superperiodicity "4"
Transition gamma  ~15 GeV"
Collimator Aperture 126π.mm.mrad 
Physical Aperture 189 π.mm.mrad�
�

8GeV booster ring

Mid・Long-term plan
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Acceptance of T2K neutrino beam line

• ~2MW beam can be accepted with moderate updates.

RCS N

Beam
DumpMuon

Monitors Target
Horns

Decay
Volume

Near 
Neutrino
Detectors

Horns

SPQ

110m

280m

295km
To Kamioka

Extraction

280m

MLF J-PARC, Tokai

Point

Fig. 2: The neutrino experimental facility (neutrino beamline) at J-PARC.

Table 3: Acceptable beam power and achievable parameters for each beamline compo-

nent [58]. Limitations as of May 2013 are also given in parentheses.

Component Beam power/parameter

Target 3.3⇥1014 ppp

Beam window 3.3⇥1014 ppp

Horn

Cooling for conductors 2MW

Stripline cooling 1⇠2MW ( 400 kW )

Hydrogen production 1⇠2MW ( 300 kW )

Horn current 320 kA ( 250 kA )

Power supply repetition 1 Hz ( 0.4 Hz )

Decay volume 4MW

Hadron absorber/beam dump 3MW

Water cooling facilities ⇠2MW ( 750 kW )

Radiation shielding 4MW ( 750 kW )

Radioactive air leakage to the TS ground floor ⇠2MW ( 500 kW )

Radioactive cooling water treatment ⇠2MW ( 600 kW )

beam configuration [57], with the capability to vary the o↵-axis angle in the range from 2.0�336

to 2.5�. The latter value has been used for the T2K experiment and is assumed also for the337

proposed project. The centerline of the beamline extends 295 km to the west, passing midway338

between Tochibora (Hyper-K candidate site) and Mozumi (where Super-K is located), so339

that both sites have identical o↵-axis angles.340

Considerable experience has been gained on the path to achieving 240 kW beam power341

operation, and the beamline group is promoting upgrades to realize 750 kW operation, such342

as by improving the activated air confinement in TS, and is proposing to expand the facilities343

11/39
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Signal
(νμ→νe CC)

Wrong sign 
appearance

νμ/νμ 
CC

beam νe/νe 
contamination NC

ν (1.875MW·107s) 3,016 28 11 523 172

ν (5.625MW·107s) 2,110 396 9 618 265

νe candidate events after selection

25

sin22θ13=0.1,δ=0, normal MH
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LARGE !13 => good for Hyper-K

• High Signal (νμ→νe) and Low Background (π0, beam 
νe, etc..)

• Systematic error is more reliable (under control) 
for the νe signal than BG (example, π0)

• Sensitivity is studied assuming a realistic systematic 
errors.

• >10% larger asymmetry is expected for δ between 
20 and 160 degrees (200 and 340) which 
corresponds to ~77% region of δ.

26
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Systematic Uncertainty

27
23

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

• Further reduction by new near detectors under study

ν modeν mode anti-ν modeanti-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)(T2K 2014)

νe νμ
3.1 2.7
4.7 5.0
3.7 5.0
6.8 7.6

Realistic estimation based on SK/T2K

− −
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! dependence of #events and E shape
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Fig. 13: Top: Reconstructed neutrino energy distribution for several values of �CP . sin
2 2✓13 =

0.1 and normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino

energy distribution from the case with �CP = 0�. The error bars represent the statistical

uncertainties of each bin.
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Fig. 14: Reconstructed neutrino energy distribution of ⌫µ candidates for several values of

�CP .

4.4. Analysis method663

The sensitivity of a long baseline experiment using Hyper-K and J-PARC neutrino beam is664

studied using a binned likelihood analysis based on the reconstructed neutrino energy distri-665

bution. Both ⌫e appearance and ⌫µ disappearance samples, in both neutrino and antineutrino666

runs, are simultaneously fitted.667

25/39
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CP Sensitivity

29
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• CPV establish (sinδ≠0)

• 76% (58%) of δ for >3σ (>5σ)

• δ resolution:  8°-19°
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Oscillation Parameter measurements

30

 sec]7Integrated beam power [MW 10
0 2 4 6 8 10

 [d
eg

re
e]

b C
P

 e
rr

or
 o

f 
m1 0

5
10
15
20
25
30
35
40
45
50

 = 0 b

 = 90 b
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sin2θ23 vs Δm232
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With beam and atmospheric neutrinos
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Fig. 25: Atmospheric neutrino sensitivities for a ten year exposure of Hyper-K assuming the

mass hierarchy is normal. Top: the��2 discrimination of the wrong hierarchy hypothesis as a
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octant for each value of sin2✓23. The uncertainty from �CP is represented by the thickness of
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Status of R&D

15年4月20日月曜日



33

Worldwide R&D
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Worldwide R&D
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FIG. 8. Schematic diagram of data readout and processing system.

.

TABLE VII. Calibration techniques used in Super-Kamiokande

Calibration source Purpose

Nitrogen-dye laser Timing response, charge linearity, OD

Laser with various wavelength Water attenuation & scattering

Xe lamp + scintillator ball PMT gain, position dependence

Deuterium-tritium (DT) fusion generator [16N] Low energy response

Nickel + 252Cf [Ni(n, �)Ni] Absolute gain, photo-detection e�ciency

Cosmic ray muon / ⇡0 / decay electron Energy calibration for high energy events

2. R&D work and alternative options434

Although the baseline design is proved to work with the Super-K experience, there are several435

ongoing R&D to improve the performance of the electronics/DAQ for Hyper-K. The current e↵ort436

includes the development of a front-end electronics based on FADC, R&D of an FPGA-based high437

precision TDC, and a more intelligent trigger for low energy events and/or events extending over438

multiple compartments. It is planned to test multiple options with a prototype detector to evaluate439

their feasibility and performance.440

E. Detector calibration441

In order to achieve the scientific goals of Hyper-K, precise calibration of the detector is indis-442

pensable. Because the Super-K detector has been operated successfully for more than a decade443

HK Electronics: FADC + Communication

4th Hyper-K Meeting
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RapidIO Test II

• Implemented 4 RapidIO cores in FPGA on each board; 

each RapidIO core has associated DMA engine.

• Managed to get each of 4 links running at 135MB/s; can 

also run faster, near 250MB/s, but needs to tweak DMA.

• Starting to work on the routing functionality; did some 

tests already, checking fail-over when cables are 

detached.

Terasic 

Board

Extension

Card

Trial&for&communica-on&
(RapidIO&in&FPGA&boards) Elec.&+&HV&modules&in&water 

Data/Clock/Power&
network&&in&water 

…&DAQ&system 
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FIG. 7. Schematic diagram of the front-end module.

There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412
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There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412

24&photosensors&in&unit 

New$11″$HQE$PMT$
by$ADIT/ETEL 

Low$capacity$AD,$
Pixelized$AD 

Improved$builtBin$HV,$
Low$noise$preamplifier 

Photosensor$TesHng$
FaciliHes$

PD$protecHve$case$ MagneHc$shielding$

US 

Canada'/'U
K 
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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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• 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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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   
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  Plasticity region depth~5m PS anchor tension
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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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Wednesday, July 17, 13

Survey in the Mozumi 
(Super-K) area  is on-going.
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Tank liner material

Pressure 

HDPE)sheet 

Slit)imita1ng)
a)crack) 

•Soak test 
•pure water, 1% Gd2(SO4)3 loaded

•Tensile creep test
•pressure test
•leak test at the penetrating part

Satisfactory results for Hyper-K

5mm High Density Polyethylene

Det. Water

Rock

15年4月20日月曜日
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Performance of New photon-sensors

37

光センサー開発

22

•高感度化（量子効率、高収集効率）
•高精度化（時間、電荷）
•低価格→projectの低コスト化

Wave Length [nm]
300 350 400 450 500 550 600 650 700

Q
E 

[%
]

0

5

10

15

20

25

30

35

40
ZP0007

ZP0012

ZP0014

ZP0015

ZP0021

ZP0022

ZP0024

ZP0025

Normal SK PMT

QE

High-QE R3600

Normal-QE R3600

×1.4

光センサー開発
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Time (ns)
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Peak/Valley ratio
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2.2

35
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• 時間・電荷の高精度化を達成
• 更なる試験を予定（水中での性能試験、長期安定性試験を含む）
• 遅くとも2016年までに開発完了、センサー候補の絞り込みを目指す

High QE (50cmΦ)
光センサー開発

24

Time (ns)
-20 -15 -10 -5 0 5 10 15 20 250

0.2

0.4

0.6

0.8

1
20-inch high-QE HPD (5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron
-1 0 1 2 30

0.2

0.4

0.6

0.8

1

1.2

1.4
20-inch high-QE HPD(5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Super-K PMT
50cm HQE B&L
50cm HQE HPD

Super-K PMT
50cm HQE B&L
50cm HQE HPD

1p.e. 時間分布 1p.e. 電荷分布 multi-p.e. 電荷分布
1PE 

2PE 
3PE 

4PE 

1PE 
2PE 

SK PMT B&L PMT HPD

1p.e. Δt (ns) 2.1 1.1 1.4

1p.e. ΔQ/Q (%)
Peak/Valley ratio

53
2.2

35
4.3

16
3.9

• 時間・電荷の高精度化を達成
• 更なる試験を予定（水中での性能試験、長期安定性試験を含む）
• 遅くとも2016年までに開発完了、センサー候補の絞り込みを目指す

• Better timing and charge resolutions w/ High QE

• The proof-test in wanter is on-going

• R&D will be completed in 2016 to select one 
technology.

1 p.e.   Time resolution charge resolution

15年4月20日月曜日
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Near Detectors

15

50m

 Near Detectors for J-PARC beam

•Oscillation study
• Water target (same w/ the far detector, 
minimize nuclear uncertainty)
• NCπ0 BG measurement
• beam νe BG

• Other physics
• νμ, νe interaction studies
• Sterile ν searches

Conceptual design νPRISM
50m tall WČ

TITUS
WČ+MRD

15年4月20日月曜日



Development works
• Detector design optimization

• tank shape, segmentation wall, tank 
liner, PMT support structure

• Water purification system, water 
quality control

• DAQ electronics (under water?) 

• Calibration source deployment 
system

• automated, 3D control

• Software development

• Detector geometry optimization, 
enhance physics capabilities

• Physics potential studies

• requirements for near detectors
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FIG. 15. Schematic diagram of the data acquisition system.

the order of timing and send it out to the merger computers. The merger computers each collect all

the hit information from a compartment and apply a software trigger to remove noise hits. Then,

the organizer computer collects the event from the mergers, eliminates overlapping events, and

send them to the o⇥ine computer system. This system reads out all the digitized hit information

from the PMTs and selects the events with software. This system has been working without any

problem in Super-K for more than 2 years. Therefore, it is safe to say that there are no serious

technical di�culties in preparing the DAQ system for this new detector with the currently available

and well established tools at hand. The expected data rate from the entire Hyper-K detector is

about 5 GB/s before applying the software trigger. After the first level software trigger, it will

be reduced by 1/50 and another factor of five reduction could be achieved with Super-K-style

intelligent vertex fitters applied in the o⇥ine computer system. In the end, the data rate written

to disk is expected to be less than 100 MB/sec in total.

1. R&D items for the DAQ system

A possible di�culty which could arise would involve physically running over 100,000 cables from

the PMTs – arranged as they must be throughout the immense tank – into the DAQ system. The
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Summary

40

• Wide Physics topics, many discovery potentials
• Neutrino CPV (76% of δ space at 3σ), δ precision of <20°

• Proton decay discovery
• SN burst, relic SN, WIMP annihilation ν

• Many good results in development works
• Cavity and support design
• Plastic liner
• 50 cm high sensitivity photon-sensors
• Many rooms to be contributed

• Boost promoting the project
• International proto-collaboration has been formed
• Cooperation with KEK/ICRR to develop the project
• Design Report to be prepared in 2015 w/ international review
• Open for new collaborators

15年4月20日月曜日
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Multi-purpose detector, Hyper-K

•Proton decay 3σ discovery potential
• 5×1034 years for p→e+π0

• 1×1034 years for p→νK+

• Study on full parameters of ν oscillations
• CPV (76% of δ space at 3σ), <20o precision

• MH determination for all δ by J-PARC/Atm ν
• θ23 octant: sin2θ23<0.47 or sin2θ23>0.53
• <1% precision of Δm232

• test of exotic scenarios by J-PARC/Atm ν

• Astrophysical neutrino observatory
• Supernova up to 2Mpc distance, ~1SN /10 years 
• Supernova relic ν signal (~300ν events/10yrs)
• Dark matter neutrinos from Sun, Galaxy, and Earth
• Solar neutrino ~200ν events/day

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

Proton 
Decays

Sun

Supernova

accelerator

LBL study, Hyper-K WG, 
to be submitted to arXiv

Physics Digest
arXiv:1412.4673 [hep-ex]
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