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Indication of very high energy scale
• Gauge couplings: ΛGUT~1016GeV
– proton decay!

• Neutrino mass: 
– see-saw mechanism: Λ~1014GeV
– Baryon asymmetry: Leptogenesis
– Different lepton mixing mattern

• Cosmic Inflation
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   VCKM ~
(Quarks)

   VPMNS ~
 (Leptons)



Hyper-Kamiokande
• 1Mton water Cherenkov in Kamioka, Japan
– 25times more fiducial volume than Super-K

• General purpose observatory:
– accelerator ν, atmospheric ν, solar ν, supernova ν
– proton decays, exotic particles (WIMPs, monopole, Qball, ...)
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Hyper-K Super-K

Total volume 990kton 50kton

inner volume 740kton 32kton

fiducial volume 560kton 22.5kton

PMT’s (20-inch) 99,000 11,146

photocathode  coverage 20% 40%

Overburden (water eq.) 1,750m 2,700m

Off-axis angle 2.5 degree 2.5 degree

Baseline 295km 295km

48
m

48m



Why water Cherenkov?
• Large mass
– x10 larger mass compared to Liq.Ar, Liq. scint.

(for the same cost)
– Under sea/ice detectors: backgrounds? systematics?

• HyperK already requires BG subtraction for p-decay
• Good event reconstruction
– Multi-track (ring counting)
– Energy resolution (1-2%/√E)
– Particle ID (e/μ)

• Limitation & improvements
– Less precise vertex info.
– Detection only above Cherenkov threshold 
– Potential Improvements: discussed later
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Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Europe 106

France

Italy

Poland

Russia

Spain

Switzerland

UK

10
13
4
7
3
22
47

Asia

Japan

Korea

72

64
8

Americas

Brazil

Canada

USA

62

2
19
41
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Proton decay searches
• SK already in theoretically interesting region:
– HK will be x10 better

• Also sensitive to n-nbar oscillation
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τ>4x1033yrs
(SK 90%CL)

τ>1.2x1034yrs
(SK 90%CL)

(& momentum balance)



Proton decay sensitivities
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Potential Improvements:
‣Likelihood fit in event
 reconstruction (fiTQun)
‣Neutron tagging (Gd,p):
 suppresses atm.ν BG
‣Water based scint.:
  K tag in p→Kν

- Hitting atm.ν BG
- K from p→Kν not
  visible in Water: 
  tagging γ from
  residual nucleus
  (less efficient)

Deeply into theoretically
motivated region!



Long baseline ν beam 
• Off-axis narrow band beam from J-PARC
tuned at the oscillation maximum:
– Eν=600MeV@L=300km
– suppresses high energy BG

• Cross section dominated
by CCQE at 600MeV:
– clean detection by WC
– ν energy reconstruction:

• Use the same T2K beam:
–Valuable T2K experience
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T2K νe appearance
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FIG. 4. The Erec
ν distribution for νe candidate events with

the MC prediction at the best fit of sin22θ13 = 0.144 (normal
hierarchy) by the alternative binned Erec

ν analysis.
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [30]. The shaded region shows the average θ13 value
from the PDG2012 [9].

present uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the un-

certainty from other oscillation parameters becomes in-

creasingly important. The uncertainties on θ23 and∆m2
32

are taken into account in the fit by adding a Lconst term

and marginalizing the likelihood over θ23 and ∆m2
32. The

Lconst term is the likelihood as a function of sin
2θ23 and

∆m2
32, obtained from the T2K νµ disappearance mea-

surement [30]. The value of δCP and the hierarchy are

held fixed in the fit. Performing the fit for all values of

δCP, the allowed 68% and 90% CL regions for sin
2
2θ13

are obtained as shown in Figure 5. For δCP = 0 and

normal (inverted) hierarchy case, the best-fit value with

a 68% CL is sin
2
2θ13 = 0.136+0.044

−0.033 (0.166+0.051
−0.042). With

the current statistics, the correlation between the νµ dis-

appearance and νe appearance measurements in T2K is

negligibly small.

Constraints on δCP are obtained by combining our re-

sults with the θ13 value measured by reactor experiments.

The additional likelihood constraint term on sin
2
2θ13 is

defined as exp{−(sin
2
2θ13− 0.098)2/(2(0.0132))}, where

0.098 and 0.013 are the averaged value and the error of

sin
2
2θ13 from PDG2012 [9]. The −2∆ lnL curve as a

function of δCP is shown in Figure 6, where the likeli-

hood is marginalized over sin
2
2θ13, sin

2θ23 and ∆m2
32.

The combined T2K and reactor measurements prefer

δCP = −π/2. The 90% CL limits shown in Figure 6

are evaluated by using the Feldman-Cousins method [31]

in order to extract the excluded region. The data ex-

cludes δCP between 0.19π and 0.80π (−π and −0.97π,
and −0.04π and π) with normal (inverted) hierarchy at

90% CL.

The maximum value of −2∆ lnL is 3.38 (5.76) at

δCP = π/2 for normal (inverted) hierarchy case. This

value is compared with a large number of toy MC exper-

iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,
sin

2θ23 = 0.5 and ∆m2
32 = 2.4 × 10

−3
eV

2
. The MC

averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)

for normal (inverted) hierarchy case, and the probabil-

ity of obtaining a value greater or equal to the observed

value is 34.1% (33.4%). With the same MC settings,

the expected 90% CL exclusion region is evaluated to be

between 0.35π and 0.63π (0.09π and 0.90π) radians for

normal (inverted) hierarchy case.

Conclusions—T2K has made the first observation of

electron neutrino appearance in a muon neutrino beam

with a peak energy of 0.6 GeV and a baseline of 295 km.

With the fixed parameters |∆m2
32| = 2.4 × 10

−3
eV

2
,

sin
2 θ23 = 0.5, δCP = 0, and ∆m2

32 > 0 (∆m2
32 < 0), a

best-fit value of sin
2
2θ13 = 0.140+0.038

−0.032 (0.170+0.045
−0.037) is

obtained, with a significance of 7.3σ over the hypothesis

of sin
2
2θ13 = 0. When combining the T2K result with

the world average value of θ13 from reactor experiments,

some values of δCP are disfavored at the 90% CL.

T2K will continue to take data to measure the neutrino

oscillation parameters more precisely and to further ex-

plore CP violation in the lepton sector.
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Likelihood fit reconstruction: fiTQun 
• π0 background is not so serious anymore
–this was the main advantage of Liq.Ar
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an inner detector (ID) and an outer detector (OD). The
ID has a water fiducial volume (FV) of 22.5 kt that is
equipped with 11129 photomultiplier tubes (PMT) and
is surrounded by the 2 m wide OD. Neutrino events at
SK are selected if the Cherenkov ring is consistent with
an energy above 30 MeV in the ID with low activity
in the OD to reject any entering background or exiting
events. These events are labeled fully-contained (FC).
The FC fiducial volume (FCFV) sample is obtained by
applying the further cut that the event vertex is at least
2 m away from the ID tank wall. A timing cut of −2 to
10 µs relative to the first beam bunch arrival is applied to
distinguish T2K data from other neutrino samples such
as atmospheric neutrino interactions. The timing cut
reduces the contamination from other neutrino sources
to 0.0085 events in the full sample.
To select νe interaction candidate events in the FCFV

sample, a single electron-like Cherenkov ring is required.
The reconstructed electron momentum (pe) is required
to exceed 100 MeV/c to eliminate decay-electrons from
stopping muons generated by CC interactions and pi-
ons in NC interactions. In addition, events are required
to have a reconstructed neutrino energy (Erec

ν ) below
1250 MeV. Nearly all of the oscillated νe signal events
are below this value, while most of the intrinsic beam
νe background events have higher energies. The Erec

ν is
calculated assuming a CCQE interaction as

Erec
ν =

m2
p − (mn − Eb)2 −m2

e + 2(mn − Eb)Ee

2(mn − Eb − Ee + pe cos θe)
, (2)

where mn (mp) is the neutron (proton) mass, Eb is the
neutron binding energy in oxygen (27 MeV), me is the
electron mass, Ee is its energy, and θe is the angle of the
electron direction relative to the beam direction.
The final selection criterion removes additional π0

background events using a new reconstruction algorithm,
based on an extension of the model described in Refer-
ence [27], to determine the kinematics of all final state
particles. The new algorithm is a maximum-likelihood
fit in which charge and time probability density func-
tions (PDFs) are constructed for every PMT hit for a
given particle hypothesis with a set of 7 parameters:
the vertex position, the timing, the direction and the
momentum. Multiple-particle fit hypotheses are con-
structed by summing the charge contributions from each
constituent particle. Different neutrino final states are
distinguished by comparing the best-fit likelihood result-
ing from the fit of each hypothesis. To separate π0

events from νe CC events, both the reconstructed π0

mass (mπ0) and the ratio of the best-fit likelihoods of
the π0 and electron fits (Lπ0/Le) are used. Figure 2
shows the ln(Lπ0/Le) vs π0 mass distribution for signal
νe-CC events and events containing a π0 in the MC sam-
ple, as well as the rejection cut line. Events that satisfy
ln(Lπ0/Le) < 175 − 0.875 × mπ0 (MeV/c2) constitute
the final νe candidate sample. This cut removes 69% of

the π0 background events relative to the previous T2K
νe appearance selection, with only a 2% loss in signal
efficiency [3].
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FIG. 2. The ln(Lπ0/Le) vs mπ0 distribution is shown for both
signal νe-CC events (boxes) and background events containing
a π0 (blue scale). The red line indicates the location of the π0

rejection cut. Events in the upper right corner are rejected.

A summary of the number of events passing each se-
lection cut is shown in Table I. After all cuts, the to-
tal number of candidate νe events selected in data is 28,
which is significantly larger than the 4.92±0.55 expected
events for θ13 = 0. For sin22θ13 = 0.1 and δCP = 0, the
expected number is 21.6, as shown in Table I.

TABLE I. The expected number of signal and background
events passing each selection stage assuming sin22θ13 = 0.1,
sin2 θ23 = 0.5, |∆m2

32| = 2.4 × 10−3 eV2, δCP = 0, and
∆m2

32 > 0, compared to the observed number in data. In-
teractions in the true FV are based on the MC truth informa-
tion while all other numbers are based on the reconstructed
information and have been rounded off after addition to avoid
rounding error.

Selection
Data

νµ→νe νµ+νµ νe+νe NC
Total

CC CC CC MC
Interactions in FV - 27.1 325.7 16.0 288.1 656.8
FCFV 377 26.2 247.8 15.4 83.0 372.4
+Single-ring 193 22.7 142.4 9.8 23.5 198.4
+e-like PID 60 22.4 5.6 9.7 16.3 54.2
+pe>100MeV/c 57 22.0 3.7 9.7 14.0 49.4
+No decay-e 44 19.6 0.7 7.9 11.8 40.0
+Erec

ν <1250MeV 39 18.8 0.2 3.7 9.0 31.7
+Non-π0-like 28 17.3 0.1 3.2 1.0 21.6

The systematic uncertainty due to the SK selection
cuts is evaluated using various data and MC samples.
The uncertainty for both the FC and the FV selection
is 1%. The decay-electron rejection cut has errors of
0.2-0.4%, depending on neutrino flavor and interaction
type. The uncertainties for the single electron-like ring
selection and π0 rejection are estimated by using the SK



νe appearance @ HyperK
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Reconstructed energy distributions
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
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HyperK(water) compared with LBNE(Liq. Ar)
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HyperK 560kton: 2.5x107 sec ν 7.5x107 sec ν

LBNE 10kton LAr: 4.8x107 sec ν 4.8x107 sec ν

BG
734
1287

More signal and better S/N ratio for HyperK(water)
[Note: large θ13, extra T2K π0 rejection since decision to use LAr]

(0.75MW beam)

(1.2MW beam)



HyperK CP measurement
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δCP dependence of observables
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CP sensitivity
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Expected sensitivity to CP asymmetry 

• Excellent δCP measurement capability
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Sensitivity to CP violation

• Exclusion of sinδ=0

• >3σ for 76% of δ
• >5σ for 58% of δ

• Possible to establish 
CP violation 
in the lepton sector!

CP

-150 -100 -50 0 50 100 1500

2

4

6

8

10
Normal mass hierarchy

 sec)7Integrated beam power (MW 10
0 2 4 6 8 10

 (%
)

Fr
ac

tio
n 

of
 

0
10
20
30
40
50
60
70
80
90

100

5
3

Mass hierarchy assumed to be known

7.5MW!107s (1.56!1022 POT)
- HyperK has sensitivity to
  exclude δcp=0 @ 3σ for 
  76% of δcp 
- Comparison between ν&ν:
  CP violation without relying
  on 3 gen. PMNS theory



Neutrino mass hierarchy

• ν oscil. sensitive to Δm2: mass hierarchy uncertainty
• Matter effect shifts effective ν mass:
Additional phase shift resolves the mass hierarchy 
(m1/m2 resolved by solar MSW)

16

       



Earth matter effect (mass hierarchy)
• Earth resonant matter effect on atm. ν is large 

• Preliminary SK result prefers normal hierarchy at 
0.9σ (SK only) and 1.2σ (SK+T2K)

• Currently, very coarse binning is used: “Multi-GeV”
– potential imporvement with better kinematic reconstruction

17

Wendell@Neutrino2014



Mass hierarchy sensitivity

18

>3σ sensitivity expected for HyperK
(and possible further improvements with better 
kinematic reconstruction, neutron tagging.



HyperK Observatory
• Supernova ν: (Next Ikeda-san’s talk)
–Reaching Andromeda galaxy
–Relic supernova neutrinos

• Solar ν
• ν from WIMP dark matter anihilation
–from Sun, galactic centre

• Exotic particles
–GUT monopole (Callen-Rubakov)

• proton decay @sun: ν’s from μ/π decays
–Qball
–n-nbar oscillations, di-nucleon decays

19



Status of HK working group
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International Hyper-K Working Group

14

• In Japan
• Selected as one of 27 important large-scale projects by the 
“Master plan 2014” of Science Council of Japan

• discussions w/ MEXT (funding agency) toward budget request
• 5 yrs Grant-in-Aid for Hyper-K R&D and design from 2013
• Prototype detector project was launched

• Budget request for Hyper-K R&D projects being submitted in 
Canada and UK 
• In Switzerland, included in the SERI inventory of planned research 
infrastructures
• Travel grant request submitted in EU (UK,France,Italy,Poland, Spain)



21

Meeting in Vancouver (UBC, TRIUMF) on July 19-22, 2014
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=34
- It is an open meeting: we welcome those who are interested
- Discussion session for “message to Fermilab ν summit”.

http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=34
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=34


Summary
• Hyper-K explores potential very high energy 
scale through
– Nucleon decays predicted by GUT
– Precision measurement of neutrino oscillations

• Water Cherenkov is very effective:
– Large mass for given budget
– Good event reconstruction, Particle ID

• Hyper-K is also a unique observatory
– solar ν, atmospheric ν, supernova ν
– exotic particles: WIMPs, monopole, Qball, etc.

• Hyper-K collaboration is being formed:
– Open meeting on July 19-22 in Vancouver, Canada
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Owned and operated as a joint venture by a consortium of Canadian universities via a contribution through the National Research Council Canada 
Propriété d’un consortium d’universités canadiennes, géré en co-entreprise à partir d’une contribution administrée par le Conseil national de recherches Canada

Canada’s national laboratory for particle and nuclear physics 
Laboratoire national canadien pour la recherche en physique nucléaire 

et en physique des particules

Thank you!
Merci

TRIUMF: Alberta | British Columbia | Calgary 
| Carleton | Guelph | Manitoba | 
McGill | McMaster | Montréal | Northern 
British Columbia | Queen’s | Regina |
Saint Mary’s | Simon Fraser | Toronto | 
Victoria | Winnipeg | York 



Latest and on-going WC improvements
• Likelihood fit of all PMT charge/timings: fiTQun
– π0 background rejection for νe appearance (done!)
– Particle ID for pions, kaons, and protons
– better kinematic reconstruction of multi-rings:

• proton decays, e.g. γ tagging in p→Kν mode
• mass hierarchy study with atmospheric ν

• Neutron tagging: Gd (GAZOOKS), np→dγ
– atmospheric ν BG rejection in p-decay, relic supernova ν
– anti-neutrino tagging: νp→μ+n  [CP, mass hierarchy]

• Water based scintillator (BNL)
– neutrino/anti-neutrino separation: νn→μ-p
– K tagging in p→Kν mode

• νPRISM: precise ν cross section study in water
24



νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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νPRISM Concept
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T2K νμ disappearance 
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