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We are now 
in the era of 

second revolution
in ν oscillation.
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First revolution:
Discovery of ν oscillation
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6.75 MeV will be consistent with the integrated Super-
Kamiokande ES-derived 8B flux above a threshold of 8.5
MeV [16]. Adjusting the ES threshold [5] this derived
flux difference is 0.53±0.17×106 cm−2s−1, or 3.1σ. The
probability of a downward fluctuation ≥ 3.1σ is 0.13%.
These data are therefore evidence of a non-electron active
flavor component in the solar neutrino flux. These data
are also inconsistent with the “Just-So2” parameters for
neutrino oscillation [18].

Figure 3 displays the inferred flux of non-electron fla-
vor active neutrinos (φ(νµτ )) against the flux of electron
neutrinos. The two data bands represent the one stan-
dard deviation measurements of the SNO CC rate and
the Super-Kamiokande ES rate. The error ellipses rep-
resent the 68%, 95%, and 99% joint probability contours
for φ(νe) and φ(νµτ ). The best fit to φ(νµτ ) is:

φ(νµτ ) = 3.69 ± 1.13 × 106 cm−2s−1.
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FIG. 3. Flux of 8B solar neutrinos which are µ or τ flavor
vs. the flux of electron neutrinos as deduced from the SNO
and Super-Kamiokande data. The diagonal bands show the
total 8B flux φ(νx) as predicted by BPB01 (dashed lines) and
that derived from the SNO and Super-Kamiokande measure-
ments (solid lines). The intercepts of these bands with the
axes represent the ±1σ errors.

The total flux of active 8B neutrinos is determined to
be:

φ(νx) = 5.44 ± 0.99 × 106 cm−2s−1.

This result is displayed as a diagonal band in Fig. 3, and
is in excellent agreement with predictions of standard
solar models [7,8].

Assuming that the oscillation of massive neutrinos
explains both the evidence for electron neutrino flavor

change presented here and the atmospheric neutrino data
of the Super-Kamiokande collaboration [19], two separate
splittings of the squares of the neutrino mass eigenvalues
are indicated: < 10−3eV2 for the solar sector [17,18] and
# 3.5 × 10−3eV2 for atmospheric neutrinos. These re-
sults, together with the beta spectrum of tritium [22],
limit the sum of mass eigenvalues of active neutrinos to
be between 0.05 and 8.4 eV, corresponding to a constraint
of 0.001 < Ων < 0.18 for the contribution to the critical
density of the Universe [20,21].

In summary, the results presented here are the first
direct indication of a non-electron flavor component in
the solar neutrino flux, and enable the first determination
of the total flux of 8B neutrinos generated by the Sun.
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Neutrino oscillation

4

P(να→να)=1-sin22θ·sin2(1.27Δm2[eV2]·L[km]/E[GeV])

P(να→νβ)=sin22θ·sin2(1.27Δm2·L/E)

|να> = cosθ|ν1>+sinθ|ν2>
|νβ> = -sinθ|ν1>+cosθ|ν2>
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θ:Mixing angle,
Δm2=m12-m22

For two generations
Flavor (weak) eigenstate Mass eigenstate

Happens only if θ≠0 and Δm2≠0

Appearance

Disappearance
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After first generation exp’ts

5

“solar” region
θ12~34°

Δm221~7.8×10-5eV2

“atmospheric” region
θ23~45°

|Δm232|~2.5×10-3eV2

3. θ13<12° (before June 2011)
4. No information on δ

1. maximal?
2. sign?

5. LSND anomaly
Remaining questions

in ν mixing
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After the First Age...
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HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

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

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

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

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

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

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

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].
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CP violating (flips sign for ν)
Leading term (θ13)

Solar

Matter effect

Three flavor mixing
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
sij=sinθij, cij=cosθij

Sensitivity to yet unknown parameters via sub-leading terms:
Mass hierarchy (sign of Δm232), octant of θ23(< or > 45°), 

and CP violating phase δ, depending on value of θ13

θ13 was the key to determine future strategy
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Second revolution: θ13

• CP asymmetry in neutrino is accessible only if

• Δm232, θ23 large (← atm ν, near maximal)

• Δm221, θ12 also large (← solar ν, LMA)

• θ13 large enough (← YES YES YES !!!)

• We have just learned that these are ALL satisfied,
and turning to the next goal – CP asymmetry

• Due to ‘large’ value of θ13, now we know that 
next generation experiments with conventional ν 
beams will have good sensitivity

7
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Let’s start from the beginning..

8

Tokyo
Mt. Fuji

KEK

J-PARC

K2K (1999-2004)

Super-K
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All of this started with...

9

T.Kajita, NEUTRINO98

Δm2~3×10-3→ L~O(100km) for E~1GeV @max oscillation
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Check with artificial ν beam:
Long baseline experiment

10

Accelerator

Target

Hornsp π+

π- νμ

Near Detectors Far detector

νμ?ντ?νe?
O(100)km

• Shooting neutrinos to a detector >100km away

• Powerful beam + gigantic far detector

• Synchronization with GPS system

• Control systematics by measuring neutrino beam 
before oscillation with Near Detectors

• Flux and cross-section have large a priori uncertainties
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First LBL experiment in the world
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12GeV PS@KEK
! ν beam line
! Beam monitor
! Near detectors

Super-K (far detector)
 50 kton Water
 Cherenkov detector

L=250km

Eν~1.3 GeV

98% νµ

1999-2004K2K (KEK-to-Kamioka)
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Based on the success of K2K,
the second generation LBL 
experiment was realized

in Japan.

12



Super-Kamiokande 
(ICRR, Univ.Tokyo)

J-PARC 30GeV PS 
(KEK-JAEA, Tokai)295km

Tokai-to(2)-Kamioka

295km

•Search for νμ→νe (θ13)
•Precise meas. of νμ→νμ (θ23)
•Sterile ν, other surprise?



Masashi Yokoyama (U. Tokyo) / Long baseline neutrino experiments in Japan Colloquium Towards CP violation in neutrino Physics

The T2K Collaboration
(~500 members, 59 institutions, 11 countries)
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TRIUMF
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U. Tokyo
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U. Rochester
U. Washington

Switzerland
U. Bern

U. Geneva
ETH Zurich

United Kingdom
Imperial C. London
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U. Sheffield
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STFC/RAL
U. Warwick
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T2K collaboration

15

USA

Canada

UK

SwitzerlandSpainRussia
Poland

Italy
Germany

France

Japan

Number of authors
as of May 20, 2013
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J-PARC Facility
(KEK/JAEA�

ν beam
(to Kamioka)

30 GeV Main Ring

Hadron Exp

Facility

Material & Life

Science Facility

3 GeV RCS

LINAC
Pacific ocean
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Producing neutrino beam

• High power operation: struggle against heat&radiation 

• Target, horns, monitors, beam dump, air, water...

• Continuous improvement for higher beam power
17

30GeV 
MR

Super-Conducting
Magnets

Muon Monitor
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Horn1 Installation!
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TargetNear detector
(at 280m from target)

Beam monitors

J-PARC Neutrino beam facility

proton beam

to Super-K

Graphite, Φ26 x 
900 mm long

Helium cooling
110m length

3 Horns w/ 250kA

Si array 
+ IC array

intensity, position
profile

12

J-PARC ν facility
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Off-axis beam

• A clever way to make 
~monochromatic beam 
with conventional ν facility

• Increase Eν flux at 
oscillation maximum

• Reduce high energy flux 
(source of background 
events)

18

Idea from
BNL-E889 proposal

T2K is the first experiment
with off-axis ν beam (2.5°)
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Beam operation history

19

Integrated POT so far (PPP* history)

Run#440194~#440235 (End of Run44) : CT4 is used for POT calculation

16

(*)PPP = proton per pulse

Integrated POT (Run29-49) : 6.634 x 1020  

Integrated POT so far (PPP* history)

Run#440194~#440235 (End of Run44) : CT4 is used for POT calculation

11

(*)PPP = proton per pulse

Integrated POT (Run29-49) : 6.634 x 1020  
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Used for current results

3.01×1020 protons on target (POT) for current results

6.6×1020 POT delivered so far (~8.5% of approved POT)

Steady increase of beam power

~230kW

announcement of 6 events
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• Beam commissioning 
restarted in Dec. 2011.

• T2K-ND saw events on Dec.24!

20

7 

Recovery around Target Station 
Mar.11, 2011

Recovery from the earthquake

Deformed  
Old rubber 

New rubber 
NU3 and Muon pit 

Joint was repaired in Summer 2012 

J-PARC
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Predicting neutrino flux

21

Near detector Super-KPRD 87, 012001 (2013)

• GEANT3 based beamline MC simulation

+ In situ proton beam measurements during run 

+ Hadron production measurements w/ NA61 @CERN

• 10-15% uncertainty (before ND280 constraints)
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T2K near detectors

ν beam

Off-axis detector
(ND280)

measure ν beam properties

On-axis detector
(INGRID)

Monitor direction/stability
of ν beam

~280m from target “UA1” magnet
from CERN
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INGRID: on-axis detector
• Iron-scintillator sandwich modules

• Monitor beam intensity, direction, 
and their stability using ν events

23
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FIG. 4: The time dependence of the POT-normalized reconstructed neutrino event rate (a) and the beam direction
(b) measured by INGRID. The error bars show the statistical uncertainty only. The points shown for the direction

measurement include sequential data grouped in periods of stable beam conditions.

III. ANALYSIS OVERVIEW

We search for ⌫
µ

! ⌫

e

oscillations via charged current
quasi-elastic (CCQE) interactions of ⌫

e

at SK. Since the
recoil proton from the target nucleus is typically below
Cherenkov threshold, these events are characterized by a
single electron-like ring and no other activity. The most
significant background sources are intrinsic ⌫

e

from muon
and kaon decays, and neutral current ⇡

0 (NC⇡0) events
where the detector response to the photons from the ⇡

0

decay is consistent with a single electron-like ring. The
selection of ⌫

e

candidates is described in Section VIII.
We estimate the oscillation parameters and produce

confidence intervals using a model that describes the
probabilities to observe ⌫

e

candidate events at SK in
bins of electron momentum (magnitude and direction),
as described in Section IX. The probabilities depend on
the values of the oscillation parameters as well as many
nuisance parameters that arise from uncertainties in neu-
trino fluxes, neutrino interactions, and detector response.
The point where the likelihood is maximum for the ob-
served data sample gives the oscillation parameter esti-
mates, and the likelihood ratio at other points is used to
construct confidence intervals on the parameters.

We model the neutrino flux with a data-driven simu-
lation that takes as inputs measurements of the proton
beam, hadron interactions and the horn fields [43]. The
uncertainties on the flux model parameters arise largely
from the uncertainties on these measurements. The flux
model and its uncertainties are described in Section IV.

We model the interactions of neutrinos in the detec-

tors assuming interactions on a quasi-free nucleon using a
dipole parametrization for vector and axial form factors.
The nuclei are treated as a relativistic Fermi gas, and
outgoing hadrons are subject to interactions in the nu-
cleus, so-called “final state interactions”. We validate the
neutrino interaction model with comparisons to indepen-
dent neutrino cross section measurements at O(1) GeV
and pion scattering data. We set the uncertainties on the
interaction model with comparisons of the model to data
and alternate models. The neutrino interaction model
and its uncertainties are described in Section V.

We further constrain the flux and interaction model
parameters with a fit to samples of neutrino interaction
candidates in the ND280 detector. Selections containing
a negative muon-like particle provide high purity sam-
ples of ⌫

µ

interactions, which constrain both the ⌫

µ

flux
that determines signal and NC⇡0 backgrounds at SK,
and the intrinsic ⌫

e

flux. In the energy range of interest,
the intrinsic ⌫

e

are predominantly produced from the de-
cay chain ⇡

+ ! µ

+ + ⌫

µ

, µ+ ! e

+ + ⌫

e

+ ⌫̄

µ

, and to a
lesser extent by three-body kaon decays. Hence, the ⌫

e

flux is correlated with the ⌫
µ

flux through the production
of pions and kaons in the T2K beam line. The charged
current interactions that make up most of the ND280
samples constrain the charged current interaction model.
While ⌫

e

interactions are indirectly constrained by ⌫

µ

interactions, we also include uncertainties which account
for di↵erences between the ⌫

µ

and ⌫

e

cross section model.
The ND280 neutrino interaction sample selection is de-
scribed in Section VI, and the fit of the neutrino flux
and interaction models to this data is described in Sec-

Excellent stability for whole run

Rate

Direction



Masashi Yokoyama (U. Tokyo) / Long baseline neutrino experiments in Japan Colloquium Towards CP violation in neutrino Physics

Off-axis ND280
• Detector suite 

@ 2.5degree off-axis

• Dipole magnet (0.2T)

• π0 detector (P0D)

• FGD+TPC: target+tracker

• EM calorimeters

• Side Muon Range detector

24

Measure neutrino beam
just after production.

• Event rate (flux × cross 
section) normalization

• Various cross section meas.
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Neutrino interaction in T2K

25

ν μ or e

p

n
Charged current (CC) quasi-elastic (QE)
ν + n → μ/e + p

• Largest cross section in ~<1GeV
• Energy reconstruction with lepton kinematics
• Eν reconstructed assuming CCQE in T2K

CC single pion production
ν + p(n) → μ/e + n(p) + π±

• Incorrect Eν reconstruction
NC single pion production
•π+: BG in νμ disappearance
•π0: BG in νe appearance
Multi-pion production

++ Nuclear effects 

Charged current quasi-elastic scattering
Neutral current elastic scattering
Single S,K,K

 
resonance productions

Coherent pion productions
Deep inelastic scattering 
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ND280 νμ event selection (1)

26

νμ

TPC1 TPC2

TPC3

FGD1
(scintillator array) FGD2

Event display (data)

• CC event selection
1. At least one negative track

• Highest momentum selected as μ candidate
2. Originating from FGD1 fiducial volume
3. No track in TPC1 (veto incoming particles)
4. TPC dE/dx consistent with μ
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ND280 νμ event selection (2)

27

νμ

TPC1 TPC2

TPC3

FGD1
(scintillator array) FGD2

Event display (data)

• Additional requirements to select QE events

1. Only one FGD-TPC track

2. No Michel electron in FGD1 (from π→μ→e)

Two samples: CCQE and CC non-QE
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Constraints from ND280

28

Figure 27: Data and MC p

µ

(left) and cos✓

µ

(right) for the different interaction interactions with
the nominal MC. The CCQE, CCnQE and CC samples are on the first, second and third row,
respectively

38

QE sample

non-QE sample

Reconstructed μ momentum

• Use (pμ, θμ) distributions of 
two samples to constrain 
flux and cross-sections.

• Flux at ND280 and SK 
highly correlated because 
they are from same parent 
particles in beam

• CCQE/nQE separation 
allows constraints on cross 
section models
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Constraining flux × cross section

29

Fit with correlations taken into account
Before After

Flux prediction
(NA61, beamline meas.)

Cross-sec. uncertainties
(external meas., models)

ND280 measurements
(pμ, θμ)

anti-correlation:
reduced rate (flux × cross section) uncertainty
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The predicted number of events 
and systematic uncertainties

Event category sin2 2�13 = 0.0 sin2 2�13 = 0.1
Total 3.22±0.43 10.71±1.10
⇥e signal 0.18 7.79
⇥e background 1.67 1.56
⇥µ background 1.21 1.21
⇥µ + ⇥e background 0.16 0.16

The predicted # of events w/ 3.01 x 1020 p.o.t.

(mainly NCπ0)
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Figure 9: The predicted number of events distribution for the Run1+2+3b+3c POT until
June 9 (= 3.010� 1020) with sin2 2�13 = 0.1 (left) and sin2 2�13 = 0 (right).
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number of events are calculated for each set by using Equations (6) and (7). The446

central values of systematic parameters in the multivariate normal distribution are447

set at the “Post ND280 fit” values. As for the error size and correlation among448

parameters, the covariance matrices both before and after the ND280 fit are tested449

for checking the improvement by the ND280 fit.450

Figure 9 shows the predicted number of events distributions over the 20000451

throws of systematic parameters for the Run1+2+3b+3c POT until June 9 (=452

3.010� 1020). The distribution made with error values before the ND280 fit (blue453

hatched) and the distribution after the ND280 fit (red solid) are shown together454

for both sin2 2�13 = 0.1 and = 0 cases. As seen in the figure, the uncertainty on455

the predicted number of events is largely reduced after the ND280 fit. The size of456

error reduction by the ND280 data is larger in sin2 2�13 = 0.1 case than that in457

sin2 2�13 = 0 case. The main reason is that the ⇥e signal sample is mostly composed458

of CCQE events, whose uncertainty is well constrained by the ND280 data, while459

the uncertainty of NC1⇤0 events, one of the major backgrounds, can be constrained460

only slightly by the ND280 data.461

The systematic uncertainty on the predicted number of events due to each indi-462

vidual error source is also estimated by throwing only relevant systematic parame-463

ters and fixing the other parameters at their prior values. The result is summarized464

in Table 10, together with sizes of the total systematic errors. The dominant error465

sources in sin2 2�13 = 0.1 case after the ND280 data fit are the uncertainties on466

the beam flux prediction, MQE
A , CCQE normalization and Spectral function. You467

may notice that the total error size is not equal to the quadratic sum of individual468

errors. This is because some of the systematic parameters can vary in a correlated469

way.470

The systematic uncertainty on the predicted number of events due to each group471

of error sources is summarized in Table 11. The table also includes the size of to-472

tal errors in this analysis and in the 2010a analysis. In addition to constraints on473
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using ND280 measurement

Error source sin2 2�13 = 0 sin2 2�13 = 0.1
Beam flux+⇥ int. 8.7 % 5.7 %in T2K fit
⇥ int. (from other exp.) 5.9 % 7.5 %
Final state interaction 3.1 % 2.4 %
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big improvement from the T2K 2011 results
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Super-Kamiokande detector
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Super-Kamiokande detector
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ring shape & opening angle

>11,000 50cm PMTs
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Event selection at far detector

• Event timing compatible with beam 
timing (synch by GPS)

• Event must be fully contained in 
inner detector (ID)

• vertex must be inside the fiducial 
volume (2m from ID wall)

32



Masashi Yokoyama (U. Tokyo) / Long baseline neutrino experiments in Japan Colloquium Towards CP violation in neutrino Physics 33

Single ring Particle ID
e-like μ-like
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Basic event selection
(not final sample!)
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νe selection

35

Evis>100MeV
No decay-e

π0 cut
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11 νe candidates observed!!
(3.3±0.4 if sin22θ13=0 → 3.1σ)
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νe oscillation parameter fit

• Difference in (pe, θe) distribution allows 
better discrimination of signal and BG

37

Extended maximum likelihood fit 
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Fit data with rate + (pe, θe) shape
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Figure 2: pe-θe distribution for νe signal (top left), νµ background (top right), νe

background (middle left), νµ background (middle right) and νe background (bottom
left). Each distribution is normalized by the number of events of each event category.
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Figure 2: pe-θe distribution for νe signal (top left), νµ background (top right), νe

background (middle left), νµ background (middle right) and νe background (bottom
left). Each distribution is normalized by the number of events of each event category.
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signal νμ BG
(NCπ0)

νe BG

Measured variables Oscillation parameters Systematic parameters
(ND fit result as prior)

Other independent methods give 
consistent results:

•Rate + rec. Eν
•Rate only



Masashi Yokoyama (U. Tokyo) / Long baseline neutrino experiments in Japan Colloquium Towards CP violation in neutrino Physics

momentum (MeV/c)

0 200 400 600 800 1000 1200 1400
#
 o

f 
ev

en
ts

0

1

2

3

4

5

6

7
(3.010e20 POT)
Run1+2+3 data

data
signal pred.

background pred.

angle (degrees)

0 20 40 60 80 100 120 140

#
 o

f 
ev

en
ts

0

1

2

3

4

5

6

7
(3.010e20 POT)
Run1+2+3 data

data
signal pred.

background pred.

νe appearance result
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arXiv:1304.0841
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νμ selection

39

Momentum>200MeV/c Decay-e≤1

58 events observed
(205±17 if no osc.)
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Reconstructed Eν

MC: sin22θ23=1.0
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νμ oscillation parameter fit
• Two methods

• Both use reconstructed Eν shape

(a) Binned likelihood-ratio

(b) Maximum likelihood fit

41

χ 2 = 2 Ni
obs ln Ni

obs

Ni
exp + (Ni

exp − Ni
obs )

⎛
⎝⎜

⎞
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∑ + (a − a0 )
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νμ disappearance

sin22θ23=1.0

|Δm232|=2.44×10-2eV2

Best fit point:

Start to lead θ23 measurement
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Integrated POT so far (Power history)

Run#440194~#440235 (End of Run44) : CT4 is used for POT calculation

Integrated POT (Run29-49) : 6.634 x 1020  
10

T2K future prospect 
• More than ×2 data already in hand,

aiming to collect sufficient data for >5σ νe signal before summer

• Analysis improvement in all aspects to gain sensitivity

• Improved reconstruction, more sub-sample in ND, ...

• Many cross section measurements from ND

• Exciting results coming soon!

43
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QP ���Q� �����������������������
����������������������
sin22T13=0.1,�sin22T23=1,�w/�matter�effect

Normal�Hierarchy

Inverted�Hierarchy

P(QPoQe)

T2K�(rough)�full�stat.�error+/Ͳ1V

CP�G allowed�region

Dotted�:�NOvA

NOvA Allowed�region

T2K+NOvA�
allowed�region

21

T2K future prospect 
• Our data is still <1/10 of what was approved

• Long term plan after νe appearance discovery under study

• Possible sensitivity to CP violation

• Anti-neutrino running

• Have more fun!

44

A.K.Ichikawa, J-PARC PAC Jan 2013

QP ���Q� �����������������������
����������������������
sin22T13=0.1,�sin22T23=1,�w/�matter�effect

Normal�Hierarchy

Inverted�Hierarchy

Lucky�Spots
Large�Chance�to�find�CP�
violation�and�to�resolve�
MH.

P(QPoQe)

14(We have been lucky so far..?)
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J-PARC future prospects
• LINAC upgrade (to 400MeV) this year

• MR power for T2K: aim to reach 750kW in ~5 years

• Replacement of PS’s and RF cavities scheduled
to increase 
rep. rate to ~1Hz

45

24 

Schedule for MR power upgrade 

24 

Development of PS,  FY2018: MR 0.75 MW 

LIN
AC U

pgrade 

MR New PS  

Issues for MR 
・PS 
・High gradient  
    Cavity  
・High repetition 
・Shielding 

We are here 

FY2013:  Linac 400MeV,  FY2015: RCS MW 

Y.Ikeda, J-PARC PAC Jan 2013
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Based on the success of T2K,
the third generation LBL 

experiment in Japan
is being proposed..

46
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Hyper-Kamiokande
Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.

×25 of Super-K

47
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Three generations of 
Water Cherenkov Detectors at Kamioka

Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(20??-)

3kton 50kton 1Mton=1000kton

x17 x20
(x25 fid.)
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The Hyper-Kamiokande Experiment

— Detector Design and Physics Potential —
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The Hyper-Kamiokande Experiment

Hyper-Kamiokande working group

FIG. 1: Schematic view of the Hyper-Kamiokande detector.

We propose the Hyper-Kamiokande (Hyper-K) experiment as a next generation neutrino and nu-
cleon decay experiment with an underground one Megaton water Cherenkov detector. The Hyper-K
detector serves as a far detector of a long baseline neutrino oscillation experiment for the J-PARC neu-
trino beam and is capable of observing proton decays, atmospheric and solar neutrinos, and neutrinos
from other astrophysical origins. The baseline design of Hyper-K is based on the well-proven technolo-
gies employed and tested at Super-Kamiokande (Super-K or SK). Hyper-K consists of two cylindrical
tanks lying side-by-side, the outer dimensions of each tank being 48 (W) × 54 (H) × 250 (L) m3.
The total (fiducial) mass of the detector is 0.99 (0.56) million metric tons, which is about 20 (25)
times larger than that of Super-K. A proposed location for Hyper-K is about 8 km south of Super-K
(and 295 km away from J-PARC) and 1,750 meters water equivalent (or 648 m of rock) deep. The
inner detector region is viewed by 99,000 20-inch PMTs, corresponding to the PMT density of 20%
photo-cathode coverage (one half of that of Super-K). The schematic view of the Hyper-K detector is
illustrated in Fig. 1. Table I summarizes the baseline design parameters of the Hyper-K detector.

Hyper-K provides rich neutrino physics programs. In particular, it has unprecedented potential
for precision measurements of neutrino oscillation parameters and discovery reach for CP violation
in the lepton sector. With a total exposure of 10 years (1 year being equal to 107 sec) to a 2.5-
degree off-axis neutrino beam produced by the 750 kW J-PARC proton synchrotron, it is expected
that the CP phase δ can be determined to better than 18 degrees for all values of δ and that CP
violation can be established with a statistical significance of 3σ for 74% of the δ parameter space for
sin2 2θ13 > 0.03 assuming that the mass hierarchy is known. It is also possible to determine the mass
hierarchy for some of δ with this program alone. For sin2 2θ13 " 0.1 obtained by the T2K, Daya-Bay,

https://indico.cern.ch/
contributionDisplay.py?

contribId=86&confId=175067

Contribution to Krakow 
symposium last year (ID:86)

Also contributing to 
US Snowmass process

https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=86&confId=175067
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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 (year 
or power)

x50 of T2K
for !CP

51

Multi-purpose detector
Hyper-Kamiokande
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CP measurement strategy with Hyper-K

• Strength of water Cherenkov detector

• Huge mass – statistics is always critical for ν!

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

• Best matched with low energy, narrow band beam

• Off-axis beam with relatively short baseline

• CP asymmetry measurement with less matter effect

• Complementary to >1000km baseline experiments 
planned in other regions – world wide strategy

• Sensitivity, (CP/MH), technology (WC/LAr)
52

J-PARC ν beam + Hyper-K will be an excellent option in Japan
natural extension of technique proved by T2K
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sin22θ13=0.1,δ=0, normal MH

Signal
(νμ→νe CC)

Wrong sign 
appearance νμ/νμ CC beam νe/νe 

contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678

100

200

300

400

500

100

200

300

0 00 1 2 0 1 2
ES

rec (GeV) ES
rec (GeV)

S mode S mode
Total

BG all

BG from�SR

Total

BG from�SR

BG from�SR+ SR

BG from Se��SR�SR

BG Se�Se�SR�SR

SR�q�Se + BG

J-PARC to Hyper-K LBL experiment:
νe candidate reconstructed energy distributions

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

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

2000-4000 signal events for each of ν and ν
53

7.5MW・years

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

sin22θ23=1

54

0

1

I�@
UB

0 0.05 0.1 0.15
sin22V13

-1

2X
1X

3X

7.5MWyear
Hyper-K

δ C
P

sin22θ13

Reactor 1σ

Good sensitivity for currently allowed values

*Mass hierarchy 
determination with 

Hyper-K atm. ν: 
>3σ in 5-10 years

acc. ν

Normal mass hierarchy (known*)
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Expected uncertainty of δ (1σ)
5% systematics on signal, νμ BG, νe BG, ν/ν
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55
<20° (δ=90°), <10° (δ=0°)

acc. ν
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Mass hierarchy determination with 
atmospheric neutrinos

56

2012.8.22 Roger Wendell  9 

Expected Effects : electron-like samples 

Equivalent MC Effect of the 23 octant can be larger than that from  cp 
on electron appearance   

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

Multi-GeV e-like events

10 years

normal hierarchy case

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

ν or anti-ν

NH, previous 13 is fixed : sin2213 = 0.098 

3  

2  

Hierarchy sensitivity, 10 years of Atmospheric  data 

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

 True for both hierarchies  
 

NH, Update 

3  

2  

Δχ
2

sin2θ23

Normal hierarchy

Hyper-K 10 years

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

sin22θ13=0.1

atm ν
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2012.8.22 Roger Wendell  17 

NH, unknown IH, Unknown 13 is fixed : sin2213 = 0.10 

 Thickness of the band corresponds to the uncertainty from cp  

 Best value of cp = 40 degrees 
Worst value of cp = 140 (260) degrees, for 1st (2nd ) octant 

23 Octant sensitivity , 10 year Exposure 

3  

2  

3  

2  

2012.8.22 Roger Wendell  19 

Fraction of cp excluded at 3 for a fixed value of cp  

NH IH 

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

sin23 = 0.6 

 0.4 

sin23 = 0.6 

 0.4 

10 years 10 years

θ23 octant
sensitivity
 (band depends on δ)

 Fraction of 
δCP excluded

(3 σ)

57
Complementary measurements to accelerator ν

atm νatm ν: θ23 octant and CPV
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1. Introduction 
• 大統一理論(GUTs): レプトン数、バリオン数非保存＝＞陽子崩壊を予言 
• 様々なモデルがあるが、p->e++0, p->K++がdominant modeと考えら
れている。 

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

Proton lifetime predictions 

- 

Model Mode Prediction 
(years) 

Minimal SU(5) p->e+0 1028.5 ~ 1031.5 [1] 

Minimal SO(10) p->e+0 1030 ~ 1040 [2] 

Minimal SUSY 
SU(5) 

p->K+  ≤  1030 [3] 

SUGRA SU(5) p->K+ 1032 ~ 1034 [4] 

SUSY SO(10) p->K+ 1032~1034 [5] 
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p 
H ~ 
sc ~ 

c ~ 
 Z
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c

K+ 

[1]  P. Langacker, Phys. Reports 72, 185 (1981) 
[2]  D.G. Lee, M.K. Parida, and M. Rani, Phys. Rev. D51, 229 (1995) 
[3]  H.Maruyama and A. Pierce, Phys. Rev. D65, 55009 (2002) 
[4]  T. Goto and T. Nihei, Phys. Rev. D59, 115009 (1999) 
[5]  V. Lucas and S. Ruby, Phys. Rev. D55, 6986 (1997) 

Nucleon decays
• Direct probe of Grand Unified Theory

58

PDG2012

(Still alive?)
Many GUT models predict 

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

• Two modes favored by many models:

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

1. Introduction 
• 大統一理論(GUTs): レプトン数、バリオン数非保存＝＞陽子崩壊を予言 
• 様々なモデルがあるが、p->e++0, p->K++がdominant modeと考えら
れている。 

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

Proton lifetime predictions 

- 

Model Mode Prediction 
(years) 

Minimal SU(5) p->e+0 1028.5 ~ 1031.5 [1] 

Minimal SO(10) p->e+0 1030 ~ 1040 [2] 

Minimal SUSY 
SU(5) 

p->K+  ≤  1030 [3] 

SUGRA SU(5) p->K+ 1032 ~ 1034 [4] 

SUSY SO(10) p->K+ 1032~1034 [5] 
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[1]  P. Langacker, Phys. Reports 72, 185 (1981) 
[2]  D.G. Lee, M.K. Parida, and M. Rani, Phys. Rev. D51, 229 (1995) 
[3]  H.Maruyama and A. Pierce, Phys. Rev. D65, 55009 (2002) 
[4]  T. Goto and T. Nihei, Phys. Rev. D59, 115009 (1999) 
[5]  V. Lucas and S. Ruby, Phys. Rev. D55, 6986 (1997) 

p→e+π0 p→νK+

p decay
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Search for nucleon decays

59

p decay

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

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

>3σ possible for lifetime
above current SK limits

• And many other modes:
• (p,n)→(e,μ)+(π, ρ, ω, η)
• K0 modes
• νπ0, νπ+

• n-nbar oscillation
• dinucleon decays

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

•Supernova burst neutrino

• ~250k events (Garactic center) / 
~25 events (Andromeda)

• Reveal the detailed mechanism of supernova explosions
with very large statistics sample

• Supernova relic neutrino

• Study the history of heavy element synthesis in the universe

• Precision measurements of solar neutrino

• Indirect WIMP Search

60

astro ν
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International open Hyper-K meetings
First meeting: Aug. 23-24, 2012

Second meeting: Jan. 14-15, 2013

~100 participants for each 
of two open meetings
(~half from abroad)

International working 
group was formed!

61

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

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=7

Next meeting: Jun. 21-22

Current members are from
Japan, Canada, Korea, Spain, 
Switzerland, Russia, UK, US

Hyper-K is completely open 
to the international 

community

Meetings are open to anyone 
interested in the project – 

you are welcome!http://indico.ipmu.jp/indico/conferenceDisplay.py?&confId=23

http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
http://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10
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Detector design
• Cavity design based on the in situ measurements of 

rock quality and stress

• Feasible design established

• Optimization of cavity shape, segmentation walls,
sensor support etc. ongoing
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R&D of photo sensor

63

• Hybrid Photodetector (HPD)

• Photo cathode + avalanche diode

• 8-in prototype under evaluation

• 20-in prototype to be available soon

• 20-in PMT with improved dynode 
being developed in parallel

• Higher QE  20” photocathode 
under development

• Finish R&D and be ready for 
mass production in a few years

Photon

Avalanche diode

Signal

8-10kV

Photoelectron

! High%Q.E.%study%starts%from%PMT,%then%HPD%(aser%its%R&D).%
" High%Q.E.%is%the%common%upgrade%op?on%for%both%PMT%and%HPD.%

▶ Study%especially%for%trigger%is%required,%
%because%photocathode%(related%to%dark%rate)%is%changed.%

!  20”)highNQE)PMT%is%provided%soon.%
" Completely%same%design%and%material%%
as%SK%PMT,%except%for%photocathode.%

"  %%30%%QE%(22%%in%SK%PMT)%
" 8%high<QE%PMTs%arrive%at%Kamioka.%%

(2%in%February,%and%6%in%March%2013)%
" Plan%to%install%5%high<QE%PMTs%in%EGADS%200<ton%tank%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%at%1st%installa?on%of%SK<PMT%and%HPD.%

Proof)test)of)20”)HighNQE)PMT)starts)concurrently)with)(normalNQE))8”)HPD.)

15/Jan.)2013� HPD)Development)(Y.Nishimura)� ���

Hamamatsu%Photonics%has%already%produced%several%PMTs.%

HPDDeveloping several candidates:
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Other R&D topics
• Readout electronics

• Calibration system

• Software development

• Physics potential

• Design of near detector(s)

• Water system

• ...

• R&D ongoing within 
international working group

• YOU ARE VERY WELCOME 
TO JOIN!
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In!Hyper3K!
!  !5!GB/s!before!soqware!trigger!
!  !Record!<!100!MB/sec!�
17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ���

D DAQ system 31

ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager
ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch
event builder

with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

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

In!Super3K� Immersed!in!water?�

From!11,000!
to!99,000�

Most!parts!are!similar!to!Super3K�

///Water/System�

Compressor� Dryer�
0.3\m//
filter� Buffer�

H2O,CO2//
remover�

20oC/
Charcoal�

0.1\m//
filter�

0.01\m//
filter�

0.01\m//
filter�

&40oC/
Charcoal�

Buffer�

Rn/Free/Air/Generator/(400Nm3/h)�

/300t/h/for/ini<al/supply/�

1200t/h/for/recircula<on/�

Mine/
water/

10\m/filter� Buffer� RO� ///CO2/
remover�

DI(MB)/

//Buffer///� Chiller/////�UV/ DI(CP)/ MD/

1\m/filter�

UF/

Radon/free//Air/

HK#Tank#

Radon/free//Air/ Radon/free//Air/

Pre-calibration
• A fraction of PMTs are calibrated prior to installation, 

called “standard PMTs”
• All other PMTs are calibrated in situ after installed with 

reference to the standard PMTs.

• SK pre-calibration
• SK have 420 of standard PMTs (~4%)
• The standard PMTs were installed in the tank geometrically symmetric.

• Pre-calibration determined HV values of the standard PMTs to 
obtain the identical charge (30 p.e.) between them.

• Pre-calibration took ~2 weeks

9

Precalib PMTs: (41+40)*2[end-cap]+(50*3)*2[barrel]
+(23)[top]+(21)[bottom]

differences (%)
-6 -4 -2 0 2 4 60

5

10

15

20 mean = 0.22
rms = 1.33

Figure 8: The observed charge differences between the first and second measurements in pre-

calibration for checking reproducibility. It was checked using 50 of the 420 standard PMTs.

differences (%)
-6 -4 -2 0 2 4 60

200

400

600

800

1000 mean = 0.00
rms = 1.27

Figure 9: The observed charge differences in all the PMTs from the reference value.

14

input into our MC. The PMTs’ production terms were categorized as
“SK-II PMT” : PMTs used before SK-II,
“SK-III PMT” : PMTs newly installed at SK-III.

Figure 28: The location of “standard PMTs” inside the SK inner detector.
The red points indicate the locations of a standard PMTs.

3.2.2 pre calibration

(author : T.Iida)
As was mentioned in earlier sections, we established “standard PMTs” whose
gains were adjusted to be within a few percent of one another. These were
used to help tune the HV of the inner detector PMTs. The adjustment
work for these “standard PMT” had been done before SK-III started, in
September, 2005, and has been labeled as “pre-calibration”.

Setup A schematic view of our setup for the standard PMT calibration is
shown in Figure 29. We calibrated 420 standard PMTs using a Xe lamp as
the light source. The Xe lamp (L4634-01) made by Hamamatsu photonics
was an optimum light source for our purpose. Its output intensity instability
was 5% at maximum, and over its lifetime should produce 5×108 flashes.
(See also Section 2.2 for more details on the Xe lamp.) Its time constant

31

SK ‘standard PMTs’
location

Pre-calib setup

Tuesday, January 15, 13

Charge to p.e. conversion
• Conversion factor from charge (pC) to photo-

electron (p.e.) can be obtained by measuring 
1 p.e. distribution

• Deploy “Nickel source” to obtain 1 p.e. level light
• Nickel source ≡ nickel-californium source,

Ni(n,γ)Ni, Eγ~9MeV

13

Cf 

γ "
n 

Ni 

(prompt) 

γ "(Ni captured) 
~9MeV 

0
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
pC

1
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10 2

10 3

10 4

10 5

10 6
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pC

Figure 13: The 1 p.e. distributions in pC unit by nickel source data in SK-III. Both figures

are same, but different scale. The black line in the left figure shows the data with normal

PMT gain, the green line shows the data with double gain and half threshold, and the red

line is linear extrapolation.

3.1.7. Charge linearity364

The integrated charge linearity of the electronics is presented in this section.365

The one for the QTC chip which is used in the QBEE was within 1% by the366

measurement during its development. As shown in the Table 2, the QTC chip367

has a wide dynamic range and three levels of charge readout. The linearity of368

the QBEE modules for these entire ranges was checked after installation into369

SK.370

The schematic view of data taking is shown in Figure 15. We prepared eight371

20-inch PMTs as monitors. They were connected to a CAMAC ADC (LeCroy372

2249W) whose performance was well known. At first, the charge linearity of373

monitor 20-inch PMTs was measured using this system, and was less than 1%.374

In order to survey a wide dynamic range, the light source was set in an off-center375

position, and we selected these monitor 20-inch PMTs near the light source and376

applied four different gains to them. These monitor PMTs were used for an377

estimation of the expected charge for other PMTs from different light intensities.378

The measurements with 30 different light amount sets were done, and the charge379

22

SK 1 p.e. distribution

SK Nickel source
(accumulated over all PMTs)

1 p.e. ~2.7 pC

Tuesday, January 15, 13
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Hyper-K in Japanese roadmap
• One of two large-scale future projects recommended 

by HEP future projects committee.

• Final draft of KEK roadmap includes Hyper-K

• Cosmic ray physics community also endorses Hyper-K 
as a next large-scale project

• In 2013-14, the Japanese Master Plan for large scale 
projects (for all fields of science) is being updated by 
Science Council of Japan.

• Hyper-K is one of proposed projects.

• The Master Plan is expected to be an important input 
to the Japanese government.
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Target Schedule

66

JFY2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9

access tunnels, waste rock tunnels

cavity excavation

concrete, liner

PMT support, PMT installation

water filling

Operation

PMT production
preparation for glass valve, PMT production

photo-sensor R&D

Construction start

assuming budget being approved from JPY2016

construction: 7 years



NNN13 workshop
Nov.11-13, 2013

Let’s discuss future!!
at

http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=17

http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=17
http://indico.ipmu.jp/indico/conferenceDisplay.py?confId=17
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Summary

• T2K results with 3×1020POT (~4% of approved run)

• Evidence for νe appearance

• One of most stringent limits on θ23

• Will continue to produce exciting results with more 
data – stay tuned!

• Large θ13 opened a way for CP measurements in 
future ν experiments

• Hyper-K in Japan will have a good sensitivity

• Also for proton decay!
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1998-2002
discovery and confirmation of ν oscillation

2011-2012
large θ13

202x?
neutrino CP violation?

or, more unexpected surprise??


