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Progress and Future prospect of 
Neutrino Physics with the recent 
results from the T2K experiment

T. Nakaya (Kyoto)
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T2K Experiment
Tokai-to(2)-Kamioka

280m

前置検出器
Pure νµ beam

750kWνµ

ν3

ν2

ν1νe

νs

ντ

LOI:%2001
Proposal:%2002
Construction:%2004~2008
First%result:%2011
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Outline
1. Introduction to Neutrino Physics

2. Achievement and goals of the T2K Experiment.

1. Discovery of νμ→νe
2. Goal of T2K

3. A Next Generation Neutrino Experiment to probe the 
Grand Unification Theory.

1. Hyper-Kamiokande

2. ( Intensity Frontier by J-PARC accelerator )

4. Summary
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Neutrino 
Physics
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SUSY
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!Week interactions only
!Small mass
! Origin in physics beyond the standard 
model?

!Mixing
! 3 neutrinos are mixed
! Different mixing patterns from that of quarks

!What symmetry exists?
! No experimental information on the CP 
symmetry
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e µ τ
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Much exciting to study neutrinos after the 
discovery of neutrino oscillation in 1998

Neutrinos
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Neutrino Oscillation

Discovery*of*neutrino*oscilla1on(1998)
*Evidence*of*neutrino*mass

Super-Kamiokande
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Neutrino mixing
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• Mixing and Mass

• Neutrinos：Democratic 

• Quarks: 　 Hierarchical 

|m2-m1|<<|m3-m2|

QuarkNeutrinos

3 mixing angles: θ12, θ13, θ23 
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Neutrino mixing
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Atmospheric,neutrinos
νµ deficit (ντ appearance)

Δm23 region
• Δm23~2.5×10-3eV2

• sin22θ23~1.0

solar neutrinos
νe deficit (NO NC deficit)

Δm12 region
• Δm12~7.9×10-5eV2

• sin22θ12~0.82

??? LSND anomaly ??? 

Status*of*Neutrino*
Oscilla1on

θ13 discovered in 2011
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Grand Unified Theory (GUT)

Unification
Proton Decay

SU(3)C⊗SU(2)L⊗U(1)Y

(SUSY)  SU(5), SO(10),E6 • • •
 

quark + lepton p���π�
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Power of Expedition

10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)

Tevatron
LHC
dark matter

quark flavor
lepton flavor

neutrino
proton deay

courtesy Zoltan Ligeti

A window to GUT

14
H. Murayama
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Discovery of  
!!→!e ("13≠0) 
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History of T2K&GCOE
• 2008：Finish the preparation of the T2K 

experiment

• 2009：First Beam. Commissioning.

• 2010：Physics Data Taking start

• One (First) νe　event detected.

• 2011：
• νμ→νe（θ13≠0）evidence

• Great East Japan Earthquake

• 2012：
• νμ→νe（θ13≠0）discovery

• A proposal of the next generation neutrino 
experiment: Hyper-Kamiokande
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Recent results of neutrino 
oscillation experiments: 
T2K and MINOS

A. Minamino (Kyoto)

���������������������
���������������
A.K.Ichikawa
㧗࢚࣮ࢠࣝࢿ≀⌮Ꮫ◊✲ᐊ,�
Physics�II,�Kyoto�university

2008

2009

2010

2011

13年2月12日火曜日



27

LINAC

LINAC

Neutrino�(Dump)

Neutrino�(Dump)

Neutrino�(TS)

RCS�(elec yard)
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A.K.Ichikawa
㧗࢚࣮ࢠࣝࢿ≀⌮Ꮫ◊✲ᐊ,�
Physics�II,�Kyoto�university

T2K 2010 result

2008
2009

2010 2011
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2010 2011
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T2K result

• Evidence of νμ→νe 

• PRL 107 (2011) 041801       Citation：501 

• 3 types of neutrinos are mixed

• Open a window to study CP violation in neutrinos
18

×11
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Impact of T2K results
• Top 10 Physics breakthroughs 

in IOP 2011

• Le Prix La Recherche in 2012

• NEUTRINO2012 @ Kyoto

19
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Reactor ν results
Daya Bay (China-US)
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� A clear deficit in rate 
(8.0% reduction) 

� Consistent with neutrino 
oscillation in the spectral 
distortion 

� From ~5MeV up to 12MeV, the 
reduction seems slightly (within 
errors) different from the expected 
spectral distortion .  

� Our rate-only analysis includes 
the dependence on upper energy 
threshold in the large background 
subtraction uncertainties.   
(dominated by Li/He background)              

RENO (Korea)
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Summary 

�  RENO was the first experiment to take data with both near and 
far detectors, from August 1, 2011. 

� RENO observed a clear disappearance of reactor antineutrinos. 
 
      

)(014.0)(009.0920.0 syststatR rr 

� RENO measured the last, smallest mixing angle�T13 
unambiguously that was the most elusive puzzle of neutrino 
oscillations 

 
      

)(019.0)(013.0113.02sin 13
2 syststat rr T

�  A surprisingly large value of T13 will strongly promote the next 
round of neutrino experiments to find the CP phase, and could 
reduce the costs by reconsideration of their designs. 

Improved results 

17 

R = 0.944 ± 0.007 (stat) ± 0.003 (syst) sin2Ϯɽ13=0.089±0.010(stat)±0.005(syst) 

With 2.5x more statistics, an improved measurement to T13 

20

Observation of νe disappearance

sin22θ13=
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2011-2012: θ13≠0 Discovery

0 0.1 0.2

Daya Bay

RENO
Double Chooz

T2K
MINOS

Δm2>0, δ=0

Δm2<0, δ=0

Δm2>0, δ=0

Δm2<0, δ=0

sin22θ13

Open the window to neutrino CP study
21
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Status of J-PARC accelerator

23

Integrated POT so far (Power history)

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

Integrated POT (Run29-46) : 4.544 x 1020  
12

~230kW Beam Power achieved (design: 750kW)
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T2K Goal
Now

Evidence of νe appearance 
(99.92% probability) with 

3×1020 protons data

future

Open the window to 
study ν CP violation

Proposal
30 times more data (78×1020 protons)

• Precision Neutrino Physics

A hint of ν CP violation

Allowed region assuming NH or IH

Preliminary
δCP=-90, 

sin22θ23=1.0 
Normal 

Hierarchy

ν測定：反ν測定：２：１の時δ
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J-PARC
More beam power
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! CP violation
& 

Proton Decay
toward 

Grand Unified Theory

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

×25 of Super-K
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Zoom
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x10 (2xSuper-K)
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Japan HEP community
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Recommendations

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

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

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

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

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

4
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5

2012 20252015 2020
SUSY <1TeV
SM Higgs

Timelines of Current/Future Projects
SUSY <2.5TeV HL-LHCLHC

SiteILC Construction Physics Run TDR & Review

T2K

νCP

SuperKEKB

J-PARC FX 750kWFX 300kW

Construction Physics Run 50ab-1

sin22θ13 ~0.02

>1MW

~0.04

Construction Physics Run 

μ→e conversion

SX 100kW

Muon g-2

nEDM

KOTO BR～10-9

10-27 10-28

Construction

Tech.Decision

Construction

Physics Run

0νββ

Dark Matter

CMB B mode

Construction

O(10-14)O(10-13)

~0.1

MEG

degenerated inverted hierarchy

10-45cm2 10-46cm2 10-47cm2

r~O(0.1) O(0.01)
CMB satellite

SuMIRe imaging

10-11

Construction Observation

Physics Run

spectroscopy
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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

30
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Physics in Hyper-K
arXiv:1109.3262 [hep-ex]

• Accelerator Neutrino Beam

• Atmospheric Neutrinos

• Solar Neutrinos

• Astrophysical Neutrinos

• Supernova, Dark Matter, Solar flare, etc..

• Neutrino geophysics

• Nucleon Decay

31

Neutrino Oscillations 
w/ CPV

GUT
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Measuring CP asymmetry w/ J-PARC ν beam

32

• Comparison between P(νμ→νe) and P(νμ→νe)
• as large as ±25% from nominal.
• Sensitive to exotic (non-MNS) CPV

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

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

TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

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

2Thursday, August 25, 2011

J-PARC Accelerator@Tokai
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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
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300

0 00 1 2 0 1 2
ES

rec (GeV) ES
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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

νe candidate events after selection
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2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

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

1year=107s

sin22θ13=0.1,δ=0, normal MH

2000-4000 signal events expected for each of ν and ν
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CPV parameter δ sensitivity
Normal mass hierarchy (known)

- Good sensitivity for CPV
- modest dependence on θ13 value

0
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I�@
UB

0 0.05 0.1 0.15
sin22V13

-1

2X
1X

3X

Normal Hierarchy

DayaBay1σCL7.5MW・years

5% systematics on signal, νμ BG, νe BG, ν/ν

34

sin22θ23=1
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δ resolution
Normal mass hierarchy (known)

‣δ precision < 20° (δ=90°)
                   < 10° (δ= 0°)
‣modest dependence on θ13

0
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1X
 e

rro
r o

f I
 (d
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re

e)
I=90o

I=0o

0 1 2 3 4 5 6 7 8 9 10

sin2�ѡ13=0.1

Integrated beam power (MW∙year)

7.5 MW·yrs

sin22θ13=0.1
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Atmospheric Neutrino Oscillations  
                               at Hyper-Kamiokande 

Roger Wendell, ICRR 
2012.08.22  
Hyper-K Open Meeting, Kashiwa 

13年2月12日火曜日



Solar term�

Interference term (δCP)�
 θ13 resonance term�

3-flavor oscillations in atmospheric ν
NuclPhysB680,479(2004)

r    : µ/e flux ratio (~2 at low energy)!
!

P2 = |Aeµ|2 : 2ν transition probability νe  νµτ in matter!

R2 = Re(A*
eeAeµ)!

I2  = Im(A*
eeAeµ)!

Aee : survival amplitude of the 2ν system!

Aeµ : transition amplitude of the 2ν system!

NuclPhysB669,255(2003)

νe appearance (and νμ distortion) is 
expected due to MSW effect in the 
Earth’s matter
- happens in ν in the case of normal 
mass hierarchy
- in anti-ν in inverted mass hierarchy

Large θ13 value gives us a good 
chance to discriminate mass 
hierarchy.

37

2012.8.22 Roger Wendell  
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Pure oscillation probabilities  

  In the presences of the now large 13 resonant enhancement of the 
P(eoscillation probability occurs via matter interactions 

Resonance occurs only for (anti-)neutrinos under the Normal (Inverted) 
Hierarchy
Effects are roughly halved going to the IH 

P()   P(e)   

~10,000 km 

~100 km 

“Multi-GeV” “Sub-GeV” 

13年2月12日火曜日



• Trough matter effect (MSW), we study

• Mass hierarchy  ⇨ Asymmetry between neutrinos and antineutrinos.

• Octant of θ23  ⇨ Appearance (and νμ→νμ disappearance) interplay

• δCP (and θ13)  ⇨ Magnitude of resonance effect

38
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m2

32

> 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m2

32

< 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
13

is a few

sin2θ23 = 0.4 vs 0.6

m
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s 
h
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rc
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y
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H
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s 
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δCP =
 40° vs 2

20°
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Mass Hierarchy Sensitivity

• Sensitivity depends on θ23, δ and 
mass hierarch (a little).

• 3σ mass hierarchy determination for 
sin2θ23>0.42 (0.43) in the case of 
normal (inverted) hierarchy.

39

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 2012.8.22 Roger Wendell  15 

Hierarchy Sensitivity :  Normal Hierarchy  

 Intensity of the matter effect  and hence electron appearance scales with the size 
of 13   

 By the time Hyper-K is running, the value of 13 should be very well known 
 However this sensitivity is a function of both the 23  octant and true value of cp  

   

sin23 = 0.6 

 0.5 

 0.4 

cp = 40 deg. 

Fix 13 

3  

2012.8.22 Roger Wendell  16 

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

Hierarchy sensitivity, 10 years of Atmospheric neutrino data  

 Thickness of the band corresponds to range of cp  
Weakest sensitivity overall in the tail of the first octant 

3  3  

Multi-GeV e-like events

normal hierarchy case

normal hierarchy case

10 years

normal hierarchy case

10 years

13年2月12日火曜日



Nucleon Decays
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10
32

10
33

10
34

Soudan Frejus Kamiokande IMB

o/B (years)

Super-K

10
35

10
31

p A e+ /0

p A i K +

p A ++ K 0

p A e+ K 0

n A i K 0

minimal SU(5) minimal SUSY SU(5)
p A e+ /0
  predictions

flipped SU(5), SO(10), 5D SUSY SU(5)

minimal SUSY SU(5) SUGRA SU(5)

SUSY SU(5) with additional U(1) flavor symmetry

various SUSY SO(10) 

 SUSY SO(10) with G(224)

p A i K +

predictions

21 3

 SUSY SO(10) with Unified Higgs

21 3

4

4

∅

∅

‣Super-K gives most stringent limits for many decay modes.
‣τ(p→e+π0)>1.3×1034years (90%C.L. by 220kton・yrs data)

‣τ(p→νK+) >4.0×1033years (90%C.L. by 220kton・yrs)

‣No signal evidence has been found              giving constraints on models (GUTs)
‣Constraints on SUSY models (ex: R-parity conservation)
‣Exclude minimal SU(5) and minimal SUSY SU(5) models.  

∅

41

Experimental Limits

13年2月12日火曜日



p→e++π0 searches Super-K cut!
  2 or 3 Cherenkov rings"
  All rings are showering"
  85 < Mπ0 < 185MeV/c2 (3-ring)"
  No decay electron"
  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%
- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  
- τproton/Br > 1.3 ×1034 years @ 90%CL

BG in Hyper-K is under control.
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Selection criteria
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kt
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)

Super-Kamiokande
219.7 ktyr exposureDST

2,3ring PID /0

decay-e

Mtot

PtotAtm. i MC
DataSignal Box

Signal Box

SK1~4 SK1~4 SK1~4

Super-K data are consistent with BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008
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Search for nucleon decays
- 10 times better sensitivity than Super-K.

- only realistic plan to go beyond 1035 years for p→e++π0

- >3σ discovery is possible for lifetime beyond Super-K limits.

10
32

10
33

10
34

Soudan Frejus Kamiokande IMB

o/B (years)

Super-K

p A e+ /0

p A ++ l0

n A i t

p A e+ K 0

n A e+ K -

n A ++ K -

p A i K +

n A i K 0

p A e+ K*(892)0

n A i K*(892)0

p A i K*(892)+

p A ++ /0

n A ++ /-

p A i /+

n A i /0

p A e+ d

p A ++ d

n A i d

p A e+ l0

n A e+ l-

n A i l0

p A e+ t

p A ++ t

n A e+ /-

n A ++ l-

p A i l+

p A ++ K 0

21

10
35

3 4

n A e- K +

Hyper-K sensitivities

‣p→e++π0

‣τproton/Br > 1.3 ×1035 years @90%CL
‣5.6Mton×years (10 Hyper-K years)

‣p,n→(e+,μ+)+(π,ρ,ω,η)
‣O(1034~35)years

‣SUSY favored p→ν+K+

‣2.5×1034 years

‣K0 modes, νπ0, νπ+ possible

‣Other various decay modes.
‣(B-L) violated modes
‣radiative decays  p→e+γ, μ+γ
‣neutron-antineutron oscillation (|ΔB|=2)
‣di-nucleon decays (|ΔB|=2)
‣pp→XX..., nn→XX...

Hyper-K

43
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Hyper-K candidate site
✦ 8km south from Super-K
✦ same T2K beam off-axis angle (2.5 degree)
✦ same baseline length (295km)

✦ 2.6km horizontal drive from entrance
✦ under the peak of Nijuugo-yama
✦ 648m of rock or 1,750 m.w.e. overburden

✦ 13,000 m3/day or 1megaton/80days natural 
water

Mozumi  
Mine�

Tochibora  
Mine�

~10km�

Super-K�

Hyper-K�

N�

Mine 
Entrance�

Candidate 
site�

200m�

N� 1,156m a.s.l.�

508m a.s.l.�

overburden!
648m�

-300M�
-370M�
-430M�

0M=845m a.s.l.�

Hyper-K�

~8km
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Tunnel      Bore hall core
-300mL (~tank top)
-370mL (tank floor)
-430mL

Overview of the geological survey
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Cavern analysis

• cavity analysis (and PS anchor design) going on

• scheduling & costing ongoing
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step-by-step calculations for each excavation benches

13年2月12日火曜日



47

Photo-sensor development
• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• (New 20” PMT as backup)

• Proof test of 8” HPD in a water tank from this winter 

• 20” HPD prototype is expected in ~a half year

Pre3calibra=on!and!performance!evalua=on!!
!  !Calibrate!gain!before!test!in!water!
!  !Detailed!evalua=on!of!performance!and!!
!check!long3term!stability!

!  !Study!of!reflector!and!light!collector,!etc.!
!
Proof!test!in!water!by!EGADS!tank!!
!  !Measure!Cherenkov!light!

! ! !!with!wide!dynamic!p.e.!range!
!  !Compare!with!20”!PMT!
!  !Start!since!this!summer!

17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ��

→!83inch!HPD!is!measured!at!first.!

EGADS!20”PMT!case�

EGADS!200!ton!tank�
@Kamioka

Preparation @ Kamioka

13年2月12日火曜日



More Development works
• Detector design optimization

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

• Water purification system, water 
quality control

• DAQ electronics (under water?) 

• Calibration source deployment 
system

• automated, 3D control

• Software development

• Detector geometry 
optimization, enhance physics 
capabilities

• Physics potential studies

• requirements for near detectors

• works in the international working 
group 48
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FIG. 15. Schematic diagram of the data acquisition system.

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

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

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

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

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

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

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

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

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

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

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

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

1. R&D items for the DAQ system

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

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

• Good and timely progress in neutrino physics with the 
GCOE program.

• Exploring nature with neutrinos.

• Goals of T2K (another 5 years or more)

• Anti-neutrinos measurements will be proposed.

• A hint of CPV

• A proposal of the new experiment, Hyper-Kamiokande

•Neutrino CP violation

•Proton Decay for GUT
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Backup
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Marco Zito 21

Long baseline projects
Project Beam 

power 
MW

Fiducial 
Mass kt

Baseline 
km

MH CPV 
90%CL, 
(3σ)

Physics 
starts

Astrophy
sical 
program

LBNO 0.8 20-
>100

2300 Excellent 71 (44) 2023 Yes

T2HK 0.75 500 295 Little 86 (74)* 2023 Yes

LBNE 0.7 10 1300 OK 69 (43) 2022 No

Lund 5 440 365 Some 86 (70) >2019 Yes

CERN-
Canfranc

0.8-4 440 650 Some 80-
88(80)

>2020 Yes

P. Coloma et al.hep-ph:1203.5651

T2HK: 4MW, 500 kt
LBNE: 0.8 MW,33 kt
C2P=LBNO : 0.8 MW, 100 kt

*: if mass hierachy is known

by Marco Zito@Open Symposium - European Strategy Preparatory Group
13年2月12日火曜日



νμ→νe probability

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 ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect
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0 1 2-0.06

-0.04

-0.02

0

0.02

0.04

0.06

Total
Leading�ѡ13)

Matter

CPVCPC(cosI�

Solar

Eν (GeV)

(sin22θ13=0.1,δ=π/4)

295km
CPV term ∝ sin2θ13

Leading term ∝ sin22θ13

For larger sin22θ13

signal ↑, CP asymmetry ↓
matter/CP ↑

Matter effect ∝ sin22θ13

Rich physics (with precise θ13 expected from reactor)
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