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MATTER ANTI-MATTER

MATTER

• Extremely small? 

• Extremely large? 

• Known sources of CPV (quark CKM) 
cannot produce this asymmetry

HOW DID THIS HAPPEN?

figure courtesy of 
H. Murayama

Challenge to Particle Physics
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Further exploration and elucidation 
of possible CPV sources is critical



N E U T R I N O  O S C I L L AT I O N S
• νµ→νe appearance

Observe/measure CP violation induced by δCP 
Possibility to resolve θ23 octant if ≠π/4

• νµ disappearance
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N E U T R I N O  E C O N O M I C S

More intense neutrino beam 
• 400 kW → 750 kW →1.3 MW

Large Detector 
• Super-Kamiokande →Hyper-Kamiokande

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫
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FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass



S U P E R→H Y P E R  K A M I O K A N D E
• (new) Baseline design: 

• 2 large cylindrical tanks 

• staged construction with 2nd tank 6 years later 

• 50 kT → 516 kT total volume  

• 22.5 kT → 374 kT fiducial  volume (16x SK) 

• 11k 20” PMTs → 80k 20” PMTS (40%) 

• ~2 x photodetection efficiency relative to SK 13

FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate
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to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass
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FIG. 19. Schematic view for the configuration of single cylindrical tank instrumented with high density

(40% photocoverage) PMTs. It is referred as 1TankHD in this report.

The Hyper-K experiment employs a ring-imaging water Cherenkov detector technique to detect

rare interactions of neutrinos and the possible spontaneous decay of protons and bound neutrons.

Table IV summarizes the key parameters of the Hyper-K detector compared with other previous

and currently operating water Cherenkov detectors. These types of detectors are located deep

underground in order to be shielded from cosmic rays and their corresponding daughter particles

and thereby to achieve a very low background environment.

The detector mass – or equivalently the underground detector cavern size or water tank size –

is one of the key detector parameters that determines the event statistics in neutrino observations

and nucleon (proton or bound neutron) decay searches. The detector water plays two roles: a

target material for incoming neutrinos and source of nucleons to decay. We need a detector mass

of at least O(102) kton. in order to accumulate O(103) electron neutrino signal events (as shown

in Table XXIX) from the J-PARC neutrino beam. This is necessary to measure the CP violation

e↵ect with a few % accuracy. This mass of water contains O(1035) nucleons (protons and nucleons)

which would give an unprecedented sensitivity to nucleon lifetime at the level of 1035 years. The

location and detailed designs of the Hyper-K cavern and tank are presented in Section II.2B, II.2 C,

and II.2 D.

The detector is filled with highly transparent purified water, as shown in Section II.2 E. A light

attenuation length above 100m can be achieved which allows us to detect a large fraction of the

• Smaller relative to previous design 

• 990 (560) kT volume with 20% 
photocathode area. 

• “High Density” photosensor: 

• same photocathode area as SK (40%) 

• large improvements in  

• detection efficiency (~2x SK) 

• timing resolution (2-3 ns → 1 ns)

94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 59 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100mG can be achieved by active shielding by coils.
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各ポジションでのカウントをグラフ化（標準球のカウントを同じにした場合） 

このデータのカウント値は入射光子数が一定になる様補正してあるが、QEとCEの固体差が含まれている。
R12860とR3600では、同一光子数を入射したと仮定した場合のカウント値に歴然と差があることが分かる。 
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FIG. 59. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

Very broad range of physics. Focus on ν oscillations here

• Improved detectors, higher density allow 

• improved performance 

• qualitatively new capabilities 



J - PA R C  M A I N  R I N G  U P G R A D E

Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015, 360 kW beam with
1.68⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully provided to the
neutrino beamline. Discussions with the J-PARC Accelerator Group have resulted in a
plan to achieve the design intensity of 750 kW by reducing the repetition cycle to 1.3
seconds. This requires an upgrade to the power supplies for the MR main magnets, RF
cavities, and some injection and extraction devices by January 2019. Studies to increase
the ppp are also in progress, with 2.73⇥ 1014 ppp equivalent beam with acceptable beam
loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[6] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds are presented at
international workshops[7, 8]. A possible data accumulation scenario is shown in Fig. 1,
where 5 months neutrino beam operation each year and realistic running time e�ciency are
assumed. We expect to accumulate 20⇥ 1021 POT by JFY2026 with 5 months operation
each year and by JFY2025 with 6 months operation each year as requested by T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far
have been operated at 250 kA because of a problem with the power supplies. The upgrades
required for 320 kA operation will be implemented in stages and will be completed by 2019.
Horn operation at 320 kA gives a 10% higher neutrino flux and also reduces contamination
of the wrong-sign component of neutrinos (i.e., anti-neutrinos in the neutrino beam mode
or neutrinos in the anti-neutrino beam mode) by 5-10%.
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• Potential for high power neutrino running at J-PARC 

• Currently ~390 kW operations with 2.48 sec acceleration cycle 

• with power supply upgrade (1.3 sec cycle) equivalent to >740 kW beam 

• design power of 750 kW is within reach! 

• MR power supply upgrade approved! 
• now looking to 1 MW power and beyond to 1.3 MW 
• investigating extended T2K run to ~2026 (“T2K Phase II”) 
• prepare 1.3 MW beam for HK



The Long Baseline Program at Hyper-Kamiokande 

Intense ~600 MeV νµ and νµ beams to study  

• νµ→νe appearance and νµ disappearance at HK 

• search for CP violation in neutrino oscillations 

• measure θ23, Δm2
32  to few percent (non-maximal? octant?) 

• Sensitivities with 1.3 MW x 10 x 107 
sec exposure  

• 2.7x10
22

 POT = 10 “Snowmass" years

Tokai
295 km

J-PARC

Hyper-Kamiokande

International Working Group 
~240 people from  

 67 institutions, 12 nations

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

Predicting the neutrino flux and energy spectrum is an
important component of analyses in accelerator neutrino
experiments [1–4]. However, it is di�cult to simulate
the flux precisely due to uncertainties in the underly-
ing physical processes, particularly hadron production
in proton-nucleus interactions. To reduce flux-related
uncertainties, neutrino oscillation experiments are some-
times conducted by comparing measurements between a
near detector site and a far detector site, allowing for
cancellation of correlated uncertainties. Therefore, it is
important to correctly predict the relationship between
the fluxes at the two detector sites, described below as
the far-to-near ratio.

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫

e

appearance [7] and the mixing angle ✓23 and mass dif-
ference �m

2
32 via the ⌫

µ

disappearance [8]. The muon
neutrino beam is produced as the decay products of pi-
ons and kaons generated by the interaction of the 30 GeV
proton beam from Japan Proton Accelerator Research
Complex (J-PARC) with a graphite target. The prop-
erties of the generated neutrinos are measured at near
detectors placed 280 m from the target and at the far
detector, Super-Kamiokande (SK) [9], which is located
295 km away. The e↵ect of oscillation is expected to be
negligible at the near detectors and significant at SK.

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤
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in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.

 (GeV)νE
0 1 2 3

 (A
.U

.)
29

5k
m

µ
ν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

)
µν 

→ 
µν

P(

0.5

1

 = 1.023θ22sin
2 eV-3 10× = 2.4 32

2mΔ

FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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Hyper-Kamiokande International Working Group

As of April 14, 2014
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FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass

Kamioka

(—)

Just one part of an rich physics program



WČ  P R I N C I P L E µ

e/γ

multi ring

• Appears as single µ/e-like ring 

• Eν by energy/direction of ring relative to beam 

• assumes CCQE kinematics

�� + n� ⇥� + p

�� + (n/p)� �� + (n/p) + ⇥0

• π0: ring counting, 2-ring invariant mass 
• µ/π+: ring counting, decay electron cut 

• “intrinsic” νe present in ν beam (μ/K decay)

SK MC

�� + (n/p)� ⇤� + (n/p) + ⇥

Backgrounds

Signal “CCQE”

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

)2 Mass (MeV/c0π 
0 100 200 300 400

) e
/L 0 π

  l
n(

L

0

200

400

 Cut)0π Selection (No eν  Cut)0π Selection (No eν

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

)2 Mass (MeV/c0π 
0 100 200 300 400

) e
/L 0 π

  l
n(

L

0

200

400

 Cut)0π Selection (No eν  Cut)0π Selection (No eν

reducible

irreducible

Improvements in π0 
rejection @ T2K 
→ irreducible νe 
background is dominant

electrons π0



N E U T R I N O  O S C I L L AT I O N S

• Dominant background is irreducible 
intrinsic beam νe  

• νe ~ 2-3 x NC π0 background 

• S/B ~ 10 at peak energy 

• With ~large θ13, systematics 
uncertainties on signal and intrinsic 
background νe are important
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FIG. 112. Reconstructed neutrino energy distribution of the ⌫e candidate events. Left: neutrino beam

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

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

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

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

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

flavor before oscillation.

signal BG
Total

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

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

⌫̄ mode
Events 289 1656 3 3 142 302 274 724 2669

E↵. (%) 45.0 70.8 0.03 0.02 13.5 30.8 1.6 1.6 —
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FIG. 113. Reconstructed neutrino energy distribution of the ⌫µ/⌫µ candidate events after oscillation. Left:

neutrino beam mode, right: anti-neutrino beam mode.
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FIG. 113. Reconstructed neutrino energy distribution of the ⌫µ/⌫µ candidate events after oscillation. Left:

neutrino beam mode, right: anti-neutrino beam mode.



N E A R  D E T E C T O R  C O N C E P T S

• “nuPRISM” ( 1km) 
• tall (~50 m)  WČ detector spanning 

wide range of off-axis angles 

• effectively isolate response in narrow 
bands of energy by comparing 
interactions at different off-axis angles 

• replicate kinematic and other 
distributions for ~arbitrary neutrino 
energy spectra

• ”TITUS” (2 km) 

• 2 kt WČ detector with HPDs and LAPPDs 

• minimize near/far flux differences 

• Gd for ν/ν discrimination 

• Muon range detector, possibly magnetized 
(MIND) for sign selection of muons
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S I G N AT U R E  O F  C P  V I O L AT I O N

• overall rate asymmetry between neutrino vs. antineutrino oscillations 

• distortion of spectrum due to phase shift in either mode
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FIG. 114. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

and antineutrino mode data, are simultaneously fitted.

The �2 used in this study is defined as

�2 = �2 ln L + P, (16)

where ln L is the log likelihood for a Poisson distribution,

�2 ln L =
X

k

��N test

k (1 + fi) + N true

k ln
⇥
N test

k (1 + fi)
⇤ 

. (17)

Here, N true

k (N test

k ) is the number of events in k-th reconstructed energy bin for the true (test)

oscillation parameters. The index k runs over all reconstructed energy bins for muon and electron

neutrino samples and for neutrino and anti-neutrino mode data. The parameters fi represent

systematic uncertainties.

The penalty term P in Eq. 16 constrains the systematic parameters fi with the normalized
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FIG. 114. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

and antineutrino mode data, are simultaneously fitted.

The �2 used in this study is defined as

�2 = �2 ln L + P, (16)

where ln L is the log likelihood for a Poisson distribution,

�2 ln L =
X

k

��N test

k (1 + fi) + N true

k ln
⇥
N test

k (1 + fi)
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. (17)

Here, N true

k (N test

k ) is the number of events in k-th reconstructed energy bin for the true (test)

oscillation parameters. The index k runs over all reconstructed energy bins for muon and electron

neutrino samples and for neutrino and anti-neutrino mode data. The parameters fi represent

systematic uncertainties.

The penalty term P in Eq. 16 constrains the systematic parameters fi with the normalized



C P  V I O L AT I O N  S E N S I T I V T Y:
With 1.3 x 10 x 107 MW sec 

• CP violation can be observed at 

• 3 σ for 80% values of δCP 

• 5 σ for 65% values of δCP 

• δCP can be measured with 

• 7° precision for δ = 0 

• 21° precision for δ = ±π/2

all plots assume MH known
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FIG. 121. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3 � (red) and 5 � (blue)

significance as a function of the running time. For the normal hierarchy case. The ratio of neutrino and

anti-neutrino mode is fixed to 1:3.
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7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓
23

and �m2

32

.

Figure 124 shows the 90% CL allowed regions for the true value of sin2 ✓
23

= 0.5 together with

the 90% CL contour by T2K ⌫µ disappearance measurement [22]. The expected precision of �m2

32

and sin2 ✓
23

for true sin2 ✓
23

= 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓
13

is summarized in
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7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓
23

and �m2

32

.

Figure 124 shows the 90% CL allowed regions for the true value of sin2 ✓
23

= 0.5 together with

the 90% CL contour by T2K ⌫µ disappearance measurement [22]. The expected precision of �m2

32

and sin2 ✓
23

for true sin2 ✓
23

= 0.45, 0.50, 0.55 with reactor constraint on sin2 2✓
13

is summarized in
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FIG. 40. Atmospheric neutrino sensitivities for a ten year exposure of Hyper-K assuming the mass hierarchy

is normal. Left: the ��2 discrimination of the wrong hierarchy hypothesis as a function of the assumed

true value of sin2✓23. Right: the discrimination between the wrong octant for each value of sin2✓23. The

uncertainty from �CP is represented by the thickness of the band.
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combination of beam and atmospheric 
ν data can resolve degeneracies



θ 2 3  A N D  Δm 2
3 2

• Precision θ23 measurement 

• Octant resolution with 
reactor θ13 measurement 

• ~3 σ wrong octant rejection 
for sin2θ23 <0.46 or >0.57
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FIG. 124. 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 (red point). E↵ect of systematic uncertainties is included. The red (blue) line

corresponds to the result with Hyper-K alone (with a reactor constraint on sin2 2✓13). These plots correspond

to 9th year of the baseline scenario. Updated plots are being prepared.
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Table XXXIII.

Figure 125 shows the 90% CL allowed regions on the sin2 ✓
23

–�m2

32

plane, for the true values

of sin2 ✓
23

= 0.45 and �m2

32

= 2.4 ⇥ 10�3 eV2. With a constraint on sin2 2✓
13

from the reactor

experiments, Hyper-K measurements can resolve the octant degeneracy and precisely determine

sin2 ✓
23

. Figure 126 shows the expected significance (� ⌘
p

��2) for wrong octant rejection with

beam neutrino measurement alone as a function of true value of sin2 ✓
23

in normal hierarchy case.

As discussed earlier, a precision measurement of �m2

32

, compared with reactor measurements
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Figure 125 shows the 90% CL allowed regions on the sin2 ✓
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plane, for the true values

of sin2 ✓
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= 0.45 and �m2

32

= 2.4 ⇥ 10�3 eV2. With a constraint on sin2 2✓
13

from the reactor

experiments, Hyper-K measurements can resolve the octant degeneracy and precisely determine

sin2 ✓
23

. Figure 126 shows the expected significance (� ⌘
p

��2) for wrong octant rejection with

beam neutrino measurement alone as a function of true value of sin2 ✓
23

in normal hierarchy case.

As discussed earlier, a precision measurement of �m2

32

, compared with reactor measurements
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216 III.2 NUCLEON DECAYS
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FIG. 141. Comparison of the 3 � p ! e+⇡0 discovery potential as a function of run time of the Hyper-K

1TankHD (red solid) and 3TankLD (gray solid) designs as well as that of a 40 kton liquid argon detector

(cyan solid). In the 1TankHD line an additional tank is assumed to come online six years after the start

of the experiment and a dashed orange line denotes the potential of just a single tank. The 40 kton liquid

argon detector is assumed to have a signal e�ciency of 45% and an expected background of 1.0 events

per Megaton·year. Sytematic errors are included for the Hyper-K lines (c.f. Table XXXVIII) but not for

the liquid argon detector.

proton decay signal yields a p-value not larger than ↵ from the likelihood ratio distribution under

the background-only hypothesis. That is,

�disc = max
�

"
↵ =

Z 1

M(�)

f(q
0

|b)dq
0

#
, (21)

where f is the distribution function of the likelihood ratio, q
�

, and M(�) = median[f(q
�

|�✏� +

b)]. Here ✏ is the selection e�ciency, � the detector exposure, and b is the expected number

of background events. For the calculated significance the corresponding proton lifetime is then

⌧disc = 1/�disc. Under this definition Hyper-K’s 3� (one-sided) discovery potential as a function

of run time is shown in Figure 141. Note that if the proton lifetime is as short as ⌧X its decay into

e+⇡0 will be seen at this significance within one year of Hyper-K running.
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FIG. 146. Comparison of the 3 � p ! ⌫̄K+ discovery potential as a function of run time of the Hyper-K

1TankHD (red solid) and 3TankLD (gray solid) designs as well as that of a 40 kton liquid argon detector

(cyan solid). In the 1TankHD line an additional tank is assumed to come online six years after the start

of the experiment and a dashed orange line denotes the potential of just a single tank. The 40 kton liquid

argon detector is assumed to have a signal e�ciency of 97% and an expected background of 1.0 events

per Megaton·year. Systematic errors are included for the Hyper-K lines (c.f. Table XXXIX) but not for the

liquid argon detector.

nucleon decay signatures as possible in the quest for grand unification. Table XLII lists Hyper-K’s

expected sensitivity to both |�(B � L) = |2 and �B = 2 decays for a 5.6 Mton·year exposure.

While searches for these modes are dominated by the atmospheric neutrino background Hyper-K

can be expected to extend existing limits by a factor of three to ten if a signal is unobserved.

B. Impact of Increased Photon Collection

Improved photon collection with larger photocathode coverages, higher quantum e�ciency pho-

tosensors, or a combination of the two will have a dramatic e↵ect on the physics sensitivity of

Hyper-K. Nucleon decay searches, in particular, are expected to benefit significantly from enhanced

• “Smoking gun” signature of new physics 
• generic signature of Grand Unification

p→K++ νμ

p→ e+ + π0 signal for τ=1.7x1034 years (current limit)

p→ K+ + νμ signal for τ=6.6x1033 years (current limit)

3 σ discovery potential vs. 
exposure for p→ e+ + π0

3 σ discovery potential vs. 
exposure for p→ K+ + νμ
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FIG. 139. Reconstructed invariant mass distribution of events passing all steps of the p ! e+⇡0 event

selection except the invariant mass cut. The hatched histograms show the atmospheric neutrino background

and the solid crosses denote the sum of the background and proton decay signal. Here the proton lifetime

is assumed to be, 1.7 ⇥ 1034 years, just beyond current Super-K limits. The plots on the left and right show

the expectation for the 1TankHD and 3TankLD designs, respectively, after a 10 year run. For the former an

additional tank is assumed to come online six years after the start of the experiment. In each configuration

the free (bound) proton enhanced bin appears in the upper (lower) panel of each figure.

1. Sensitivity to p ! e+ + ⇡0 Decay

Proton decay into a positron and neutral pion is a favored mode of many GUT models. Exper-

imentally this decay has a very clean event topology, with no invisible particles in the final state.

As a result it is possible fully reconstruct the proton’s mass from its decay decay products and

as a two body process the total momentum of the recoiling system should be small. The event

selection focuses on identifying fully contained events within the Hyper-K fiducial volume with two

or three electron-like Cherenkov rings. Though the decay of the pion is expected to produce two

visible gamma rays, for forward-boosted decays the two photons may be close enough in space to

be reconstructed as a single ring. Atmospheric neutrino events with a muon below threshold are

removed by requiring there are no decay electrons in the event. For those events with three rings,

the two rings whose invariant mass is closest to the ⇡0 mass are labelled the ⇡0 candidate. An

additional cut on the mass of those candidates, 85 < m⇡ < 185MeV/c2, is applied. The signal

High photodetector density Low photodetector density

free protons free protons

bound protonsbound protons
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FIG. 144. Reconstructed muon momentum distributions for muons found in the prompt � search for

p ! ⌫̄K+. The hatched histograms show the atmospheric neutrino background and the solid crosses denote

the sum of the background and proton decay signal. Here the proton lifetime is assumed to be, 6.6 ⇥ 1033

years, just beyond current Super-K limits. The plots on the left and right show the expectation for the

1TankHD and 3TankLD designs, respectively, after a 10 year run. In the latter a second tank is assumed to

come online six years after the start of the experiment.

(B � L). Recently another (B + L) conserving mode, n ! e�K+, was also given attention and

searched for by Super-Kamiokande. In n ! e�K+, the K+ stops in the water and decays into

µ+ + ⌫. The final state particles observed in n ! e�K+, K+ ! µ+⌫ are e� and µ+. Both e� and

µ+ have monochromatic momenta as a result of originating from two-body decays. Furthermore,

the timing of µ+ events are delayed with respect to the e� events because of the K+ lifetime. In

SK-II, the estimated e�ciencies and the background rate are 8.4% and 1.1 events/Megaton·year,

respectively. From those numbers, the sensitivity to the n ! e�K+ mode with a 5.6 Megaton·year

exposure is estimated to be 2.2⇥1034 years.

The possibility of nn oscillation is another interesting phenomenon; it violates the baryon

number (B) by |�B| = 2. These nn oscillations have been searched for in Super-Kamiokande

with a 0.09 Megaton·year worth of data [214]. Further improvement of the nn oscillation search is

expected in Hyper-Kamiokande.

In addition to (B�L) conserving modes several other nucleon channels are available. Unification

schemes invoking left-right symmetry, such as Ref. [215], predict trilepton decays such as p !

High photodetector density Low photodetector density

p→K++ νμ



N E U T R I N O  A S T R O P H Y S I C S
• Solar Neutrinos: 

• detect upturn of solar neutrino spectrum due to 
MSW transition at ~5 σ 

• definitively detect day/night asymmetry due to 
matter effect from the earth 

• detection of solar hep neutrinos 

• resolve KamLAND/Solar tension  

• Supernova: 

• detect supernova burst neutrinos from as far as 
Andromeda Galaxy 

• O(100k)  in inverse beta decay, elastic scattering 
interactions for supernova at galactic center 

• probe supernova dynamics and neutrino 
properties 

• Much more . . .  (indirect DM, geophysics, etc.)

210 III.1 NEUTRINO OSCILLATION
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FIG. 137. Expected solar neutrino fluxes with neutrino oscillation in a water Cherenkov detector. The left

(right) side plot corresponds to an estimation in a 3TankLD (1TankHD) detector. The horizontal axis is

energy threshold in electron total energy and the vertical axis is expected event rate in the energy range from

the threshold up to 25MeV. BP2004 SSM fluxes are assumed. The e↵ect of background events, reduction

e�ciencies, systematic uncertainties are not considered.

or SK-III-type photo coverage detector would be necessary to separate the hep solar neutrino flux

from the 8B solar neutrino flux. The high sensitive observation of the hep neutrino flux would be

di�cult in a 3TankLD detector.

4. Summary

In this section, estimates of potential solar neutrino measurements are reported. The solar

neutrino analysis is sensitive to the detector resolutions and background levels. We have estimated

expected sensitivities in 10 years Hyper-K observation based on the current Super-K knowledge.

As a result of its shallower site, the increase of the spallation background level in Hyper-K will

be up to a factor of 2.7 as compared to Super-K. However – due to its much greater size and high

energy resolution in 1TankHD– the statistical uncertainties on solar neutrino measurements would

actually be reduced in Hyper-K as compared to Super-K on an equal time basis.

The sensitivity of the identification of the neutrino oscillation parameters between solar and

reactor neutrinos by day-night asymmetry is estimated to 5.1� in 1TankHD and 3.5� in 3TankLD.

The possibility of spectrum upturn observation is estimated to 4.9� level in 1TankHD, however no

chance in 3TankLD due to high energy threshold.
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FIG. 156. Expected number of supernova burst events for each interaction as a function of the distance

to a supernova with 2 tank. The band of each line shows the possible variation due to the assumption of

neutrino oscillations.

2

and Boltzmann equations [44, 45]. We employ state-of-
the-art neutrino interaction rates [24, 45] and relativistic
gravity and redshift corrections [44, 46].

The RbR+ description assumes the neutrino momen-
tum distribution to be axisymmetric around the radial
direction everywhere, implying that the neutrino fluxes
are radial. The detectable energy-dependent neutrino
emission from the hemisphere facing an observer is de-
termined with a post-processing procedure that includes
projection and limb-darkening e↵ects [30]. We will use
the 27 M� model as our benchmark case because its prop-
erties have been published [15]. Details of the other two
simulations will be provided elsewhere [47]. All simula-
tions used artificial random density perturbations of 0.1%
amplitude on the whole numerical grid to seed the growth
of hydrodynamic instabilities. None of the models had
exploded at the end of the computation runs.

Detector signal.—In the largest operating detectors,
IceCube and Super-K, neutrinos are primarily detected
by inverse beta decay, ⌫̄e+p ! n+e+, through Cherenkov
radiation of the positron. We represent the neutrino
emission spectra in the form of Gamma distributions
[48, 49]. We estimate the neutrino signal following the
IceCube Collaboration [37], accounting for a ⇠13% dead-
time e↵ect for background reduction. We use a cross sec-
tion that includes recoil e↵ects and other corrections [50],
overall reducing the detection rate by 30% relative to ear-
lier studies [20, 21, 51]. On the other hand, we increase
the rate by 6% to account for detection channels other
than inverse beta decay [37].

We assume an average background of 0.286 ms�1 for
each of the 5160 optical modules, i.e., an overall back-
ground rate of Rbkgd = 1.48 ⇥ 103 ms�1, comparable to
the signal rate for a SN at 10 kpc. The IceCube data ac-
quisition system has been upgraded since the publication
of Ref. [37] so that the full neutrino time sequence will
be available instead of time bins.

IceCube will register in total around 106 events above
background for a SN at 10 kpc, to be compared with
around 104 events for Super-K (fiducial mass 32 kton),
i.e., IceCube has superior statistics. On the other hand,
the future Hyper-K will have a fiducial mass of 740 kton,
providing a background-free signal of roughly 1/3 the Ice-
Cube rate. Therefore, Hyper-K can have superior signal
statistics, depending on SN distance. In addition, it has
event-by-event energy information which we do not use
for our simple comparison.

Signal modulation in the 27 M� model.—To get a first
impression of the neutrino signal modulation we consider
our published 27 M� model [15], meanwhile simulated
until ⇠550 ms. This model shows clear SASI activity at
120–260ms. At ⇠220ms a SASI spiral mode sets in and
remains largely confined to an almost stable plane, which
is not aligned with the polar grid of the simulation. We
select an observer in this plane in a favorable direction
and show the expected IceCube signal in the top panel
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FIG. 1: Detection rate for our 27 M� SN progenitor, upper

panels for IceCube, bottom one for Hyper-K. The observer

direction is chosen for strong signal modulation, except for

the second panel (minimal modulation). Upper two panels:

IceCube rate at 10 kpc for �̄
e

(no flavor conversion) and for

�̄
x

(complete flavor conversion). The lower two panels include

a random shot-noise realization, 5ms bins, for the indicated

SN distances. For IceCube also the background fluctuations

without a SN signal are shown.

of Fig. 1. One case assumes the signal to be caused by
anti-neutrinos emitted as ⌫̄e at the source, i.e., we ignore
flavor conversions. The other case takes into account
complete flavor conversion so that the signal is caused by
⌫̄x, i.e., a combination of ⌫̄µ and ⌫̄⌧ . Both cases reveal
large signal modulations with a clear periodicity.

FIG. 157. Detection rate modulation induced by SASI in 5ms bins (0.56 Mt). The SN progenitor mass is

27 solar mass. The direction to the detector is chosen for strong signal modulation. This figure is adopted

from [225].

for four visible energy ranges. The inverse beta events have a nearly isotropic angular distribution.

On the other hand, ⌫e-scattering events have a strong peak in the direction coming from the

supernova. Since the visible energy of ⌫e-scattering events are lower than the inverse beta events,

the angular distributions for lower energy events show more enhanced peaks. The direction of

a supernova at 10 kpc can be reconstructed with an accuracy of about two degrees according to

these angular distributions. In Hyper-K, we can statistically extract an energy distribution of

⌫e + ⌫X(X = µ, ⌧) events using the angular distributions in much the same way as solar neutrino

signals are separated from background in Super-K. Although the e↵ect of neutrino oscillations must



S U M M A R Y:  S U P E R→H Y P E R  P H Y S I C S

• Kamiokande: 3/0.88 kT 
• observation of neutrinos from SN1987a (Nobel Prize 2002) 
• observation of solar neutrino deficit with directionality/real-time detector 

• observation of atmospheric neutrino deficit 

• Super-Kamiokande: 50/22.5 kT 
• discovery of neutrino oscillations in atmospheric neutrinos (Nobel Prize 2015) 
• definitive resolution of solar neutrino problem with SNO 

• K2K: first confirmation of νµ disappearance in LBL experiment 

• T2K (PHASE II): observation of νe appearance, first constraints on δCP, . . . . .? 

• Hyper-Kamiokande: 516/374 kT: 
• observation of CP violation in the lepton sector? 

• uncovering the underlying structure of mixing? 

• observation of proton decay? (10x current sensitivity) 

• O(10
5
) neutrinos from galactic supernova? intergalactic observation?

We’re ready for the next step
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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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• HK selected as one of top 27 projects of 192 in 2014 
“Master Plan” of the Science Council of Japan 

• KEK IPNS/ICRR MOU to promote Hyper-Kamiokande 
signed January 2015 

• international design review underway 

• HK will be resubmitted this month to the Science 
Council of Japan with new baseline design.

Notional Timetable

Notional timeline

• Geological survey
• Access tunnel: 2 years
• Cavity excavation: 3 years
• Tank (liner, photosensor support): 2.7 years
• Water filling: 0.4 years
• Exact cavern location(s) and its design will be finalized during the 

geological survey.
12

FY
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

water 
filling

Operation

Construction

DUNE beam

DUNE non-beam


