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IntroductionIntroduction
• Evidences of ν oscillation

– Atm ν (SK,1998), confirmed by K2K (2004)
– Solar ν (SK+SNO,2001), confirmed by KamLAND (2002, 2004)
– Finite masses!! & Large mixings!!!!! Very much different from quarks
– First evidence beyond SM

• Next steps
– Understand whole structure of ν mass/mixing
– How similar/different from quark sector?

• “Standard” mixing w/ 3x3 matrix?
• Mass hierarchy?
• CP violation?
Would lead physics beyond SM

– Next generation LBL experiments and reactor exp.
• w/ High statistics and small systematics

• New era of precision “Neutrino Flavor Physics”
– Cf. Have been done last ~40yrs for quark sector
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3 flavor mixing3 flavor mixing

ilil U νν Σ=
Weak Mass eigenstates

Maki-Nakagawa-Sakata Matrix
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(sij=sinθij, cij=cosθij)

3 mixing angles (θ12, θ23, θ13)
1 CPV phase (δ)
2 (indep.) mass differences (∆mij=mi2-mj2)

mi: 3 masses, 

Parameters governing oscillation
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Oscillation probabilitiesOscillation probabilities
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Results from Results from atmatm & acc. & acc. ννµµ disapp.(disapp.(θθ2323,,∆∆mm2323
22))
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Results from Results from solar(solar(ννee) & ) & reactor(reactor(ννee) () (θθ1212,,∆∆mm1212
22))

• Solar neutrino 
observations
– SK, SNO

νe νµ,ντ

• KamLAND
– Reactor νe

disappearance
– Few MeV x ~200km

M.Maltoni, hep-ph/0405172v3 (incl. ν’04 data)

Global (solar+KamLAND)
Best fit
sin2θsol = 0.29 (θsol=32.6ο)
∆msol

2 = 8.1x10-5eV2

3σ region:
0.23<sin2θsol<0.37
(28.7o<θsol<37.5o)
∆msol

2=7.3~9.1x10-5eV2
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K2K excluded (90%)K2K excluded (90%)

Latest constraint on Latest constraint on θθ1313

sin2θ13

∆m
13

2

Kajita, NOW’04

Only 
upper limit

PRL93(2004)051801



8T.Kobayashi (KEK)

Present knowledge and WhatPresent knowledge and What’’s next?s next?
00??=|Ue3|2=sinθ13

2

00??=|Ue3|2=sinθ13
2

• Only unknown mixing θ13 (and really ∆m13
2~∆m23

2?)

• Mass hierarchy (sign of ∆m2)
• CPV
• Approaches

– LBL experiment: Multi purpose (θ13, sign(∆m2),CPV, 
θ23,∆m23

2)
– Reactor-based νe disappearance: single purpose (θ13), 

complementary

θ12~33o ∆m12
2~0.00008eV2

θ23~45o ∆m23
2~0.0025eV2

θθ1313<10<10oo ((∆∆mm1313
22~~∆∆mm2323

22)?)?
δδ ??????
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ννµµ ννee appearance and CPVappearance and CPV

δ −δ, a -a for eνν µ → 
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CPV CPV vsvs matter effectmatter effect

295km 730km

)( ePP νν µ →≡
)( ePP νν µ →≡

Smaller distance/lower energy small matter effect
Pure CPV & Less sensitivity on sign of ∆m2

Combination of diff. E&L help to solve.

νµ νe osc. probability w/ CPV/matter

@sin22θ13=0.01
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ννee appeanranceappeanrance in in ““presentpresent”” experimentsexperiments

730km

90%CL. Exclusion Limits

MINOS (2005~)

732km

OPERA/ICARUS (2006~)

•CERN 400GeV-SPS, 5~30GeV νµ
•Emulsion/Liq. Ar TPC @ 732km
•Optimized for ντ app.

Not optimized for νe app.
Factor 2~3 improvement in sens.(90%)

Very small chance to “discover” (3σ)

•FNAL 120GeV-MI, 2~4GeV νµ
•5.4kt Iron cal. @ 730km (1inch sample)
•Optimized for νµ disapp.
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~1GeV νµ beam
(×100 of K2K)

Tokai

T2K experiment T2K experiment ((approved & start in 2009approved & start in 2009))

Physics motivations
Discovery of νµ→νe appearance
Precise meas. of disappearance νµ→νx

Discovery of CP violation (Phase2)

Kamioka

J-PARC
0.75MW 50GeV PS

Super-K: 50 kton
Water Cherenkov

Phase2:
4 MW ?

Phase2: Mton
Hyper-K?

Long baseline neutrino oscillation experiment 
from Tokai to Kamioka. 
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Nuclear and Particle
Experimental Facility

Materials and Life 
Science

Experimental Facility

Neutrino to 
Kamiokande

Linac
(350m)

3 GeV 
Synchrotron
(25 Hz, 1MW)

Nuclear 
Transmutation

50 GeV Synchrotron
(0.75 MW)

Construction
2001~2008

JJapan apan PProton roton AAccelerator ccelerator RResearch esearch 
CComplex (Jomplex (J--PARC)PARC)
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February,  2004

TOKYO

KEK

JAERI

NARITA

J-PARC In JAERI Tokai-site
JAERI:Japan Atomic Energy Research Institute

60km
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Approved in Dec. 2003Approved in Dec. 2003
for 5 years constructionfor 5 years construction
(2004~2008JFY)(2004~2008JFY)

Extraction
point

Target/Horns
Target station

Muon monitor

beam dump

Near neutrino 
detector

Decay 
volume

Primary Proton
beam line

50GeV
ring

SK direction

JJ--PARC Neutrino facilityPARC Neutrino facility

• Primary proton beam line
– Superconducting combined function

• Target/Horn system
• Decay volume (130m)
• Beam dump
• Muon monitor
• Near neutrino detector (280m)
• Second near neutrino detector 

(~2km): not approved yet
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Off Axis BeamOff Axis Beam (Ref: BNL(Ref: BNL--E889 Proposal)E889 Proposal)

θTargetHorns Decay Pipe

Super-K.

Decay Kinematics

OA3°

OA0°OA2°

OA2.5°

Statistics at SK
(OAB 2.5 deg, 1 yr, 22.5 kt)
~ 2200 νµ tot 
~ 1600 νµ CC 
νe ~0.4% at νµ peak

Quasi Monochromatic Beam
x 2~3 intense than NBB

Tuned at oscillation maximum
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• Decay volume part
• July, 2004

Ground breaking of Ground breaking of νν facility @ Jfacility @ J--PARCPARC
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R&D and construction of componentsR&D and construction of components
(1(1stst) Horn inner conductor prototype) Horn inner conductor prototype

Superconducting combined function magnetSuperconducting combined function magnet

Decay pipeDecay pipe
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• Muon monitors @ ~140m
– Fast (spill-by-spill) 

monitoring of beam 
direction/intensity

• First Front detector @280m
– Intensity, Direction, 

Spectrum, ν interaction
• Second Front Detector @ 

~2km (not approved)
• Far detector @ 295km

– Super-Kamiokande (50kt)
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Iron 

µ 

     Extruded Scintillator  Wave

lator  

ugh holes.) 

3m 

1m

1

Off-axis (~2o)
With Magnet

νµ and νe fluxes 
and spectra

ν interaction study 
(CC-QE,non-
QE,π0,)

Kaon contributions

On-axis (0o)
Beam direction
Beam stability
(Spectrum)?

20mφ

36m
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2°
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FGD
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Grid µ profile

ν beam

3m 1m

1m

Near Detector @280mNear Detector @280m

The detector 
design is 

just started.
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(νe appearance search)

signature:
CC QE event (νe+n p+e)
1ring e-like event

BG:
beam νe contamination (0.4% of νµ)
mis-reconstructed π0 event in non-
QE events (νe+X νe(e)+π0+X’)

e

π0

P(νµ-νe) = 
sin2θ23 sin22θ13 sin2(1.27 ∆m23

2L/E)
(@∆m2=2~3x10-3)

sin22θ23=1, δ=0 are assumed.

θ13 measurement in T2K(-I)
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ππ00 rejectionrejection

true Pγ2 = 55.5MeV/c
rec.Mπ0 =140.4MeV/c2

γ1

γ2
standard
fitter

π0 fitter exp’d signal
total BG
νµ BG

π0 events are still main BG.
For each 1ring e-like event, 
additional 1 ring is assumed  and 
consistency with π0 assumption 
is checked.

Mγγ

0 100 200 (MeV/c2)

Mγγ<100MeV
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sensitivities for sinsensitivities for sin2222θθ1313

0 1 2 3 4 5
reconstructed Eν(GeV)

exp’d signal+BG
total BG
νµ BG

Off axis 2.5deg, Off axis 2.5deg, 
50GeV 5yr50GeV 5yr
∆∆mm22=2.5x10=2.5x10--33eVeV22,,
sinsin2222θθ1313=0.1=0.1

90%C.L. sensitivities

sin22θ13

CHOOZ
excluded

401216120.01

15012216120.1       

Signal+BGOsc’d νeBean νeνμ(CC+NC)sin22θ13

(OA 2.5deg, 50GeV 5yr)

Off axis 2.5deg, Off axis 2.5deg, 
50GeV 5yr50GeV 5yr

Preliminary
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T2K 2T2K 2ndnd phase for CPV: 4MWphase for CPV: 4MW--PS & HyperPS & Hyper--KK
0.75MW 4MW
• Rep. rate x 2.5

– Double RF cavities (space 
OK)

– Eliminate idling time in acc. 
cycle

• Double # of circulating 
protons
– “barrier bucket method” to 

avoid space charge limit
• Issues

– Achieve first goal (0.75MW)
– Beam loss
– Target,…
(these apply also for other 

projects)

1Mt 1Mt ““HyperHyper--KamiokandeKamiokande

2 detectors×48m × 50m ×250m,  
Total mass = 1 Mton

~T2K-I x 100 stat
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Sensitivity for Mixing AngleSensitivity for Mixing Angle

sin22θ13~0.006 (90%)

Background systematic error required to be ~ less than 10%

0.5xsin22θ13

sin22θ13~0.018 (3σ)
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CPV measurementsCPV measurements

• Measure νe app. for both νµ and νµ beam
• Take asymmetry 
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νν / / νν CC interaction spectrum for CPV meas.CC interaction spectrum for CPV meas.

νµ

νµ

Wrong sign BG
(x10 νµ case)

cross section
difference

N
C

C
(/1

00
M

eV
/2

2.
5k

t/y
ea

r)

νµ: 2 years
νµ: 6.8 years
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sin22θ13=0.02

Very Preliminary
Expected signal and BG (SK full Expected signal and BG (SK full simsim))

backgroundsignal

4302976573991782790536νµ→νe

2645066370913229536νµ→νe

νeνeνµνµtotalδ=π/2δ=0

∆m21
2=6.9x10-5eV2

∆m32
2=2.8x10-3eV2

θ12=0.594
θ23=π/4
θ13=0.05 (sin22θ13=0.01)

νµ:2yr, νµ:6.8yr
4MW
0.54Mt
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33σσ Sensitivity for CPV in T2KSensitivity for CPV in T2K--IIII
JHF-HK CPV Sensitivity
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T2K 3σ discovery

3σ CP sensitivity : |δ|>20o for sin22θ13>0.01 with 2% syst.

4MW, 540kt
2yr for νµ
6~7yr for νµ

δ
θ
θ

ν

sin
sin

2sin
4 13

12
2
12 ⋅⋅∆≈
E
mACP
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θ23=π/4

T2K-I 90%
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NONOννAA
• Use “existing” NuMI beamline

(2005~) for MINOS
• New 50kt fine grained 

detector @~810km and @ 
12km off axis

• Liq scint. tracker & particle 
board absorber (1/3X0)

• 540k channel readout
• (Alternative:full active liq.sci.)
• Possible future upgrade of MI 

(0.4MW 2MW):Proton driver
• Proposed. (2008?~)

Assuming ∆m2=2.5x10-3eV2

Messier, ν2004
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NONOννA Physics ReachA Physics Reach

50kton baseline 
detector 50kton baseline 

detector

Fe
ld

m
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sp

en
 P

A
C

 2
00

4

ννee appearanceappearance Mass hierarchyMass hierarchy
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HomestakeHomestake

BNL
Henderson
Mine

Fermilab
~8m

~200M

~4
m

30
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is

120 GeV 
protaons

8 GeV 
protons

Another possibility with PDAnother possibility with PD

1290km

• A case study for future 
experiment with PD

• 2MW 8/120GeV PD “4MW”
• WB/OA to Homestake

@1290km (or Henderson)
• Eν=0.5~3GeV
• Cover higher osc max
• 500kt WC or 100kt Liq.Ar
• ~50k νµ CC/year/500kt
• Studies of physics potential 

started

FeHo (Fermilab-Homestake)
Beam Line

D.Michael
Mar.04@BNL

5yrs
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Europe: Europe: SPLSPL FrejusFrejus
Gen

ev
e

Italy

130km

40kt
400kt

• 4MW 2.2GeV Superconducting Proton 
Linac (SPL) @ CERN

• Low energy wide band (Eν~0.3GeV)
• L=130km
• Water Cherenkov 40 400kt (UNO)
• ~18,000 νµ CC/year/400kt

θ13, CPV
• Small matter effect
• SPL in R&D, UNO in conceptual design
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BNLBNL--HomestakeHomestake
• 28GeV AGS upgrade to 1MW 

(2MW) cf current 0.1MW
• Wide band beam (0.5~6GeV)
• L=2,540km
• Mton detector
• ~13,000 νµ CC/year/500kt
• Cover higher osc. maxima
Goals

νe appearance
• Sign of ∆m23
• CPV

θ12,  ∆m12
Possible w/ only ν run at certain 

parameter region
• LOI written.

(Ref: Diwan et al., PRD68, 012002, 2003)

 

2540 km
Homestake BNL

µ

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10
Reconstructed ν Energy (GeV)

BNL-HS  2540 km

sin22θ23 = 1.0

∆m2 32 = 2.5e-3 eV 2

1 MW, 0.5 MT, 5e7 sec

No oscillations: 13290 evts

With oscillations: 6538 evts

Background: 1211 evts
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Brookhaven to Brookhaven to HomestakeHomestake Physics ReachPhysics Reach

Even with only ν data, 
CP violation and mass hierarchy are visible 

in some regions of parameter space.  

Normal hierarchy Reversed hierarchy

But with both ν and ν running, CP precision much higher

Diwan, 3/2004 APS study meeting
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G. Mention (APC)

Near detector
Far detector

Neutrino Detection Rate per Power Generation
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Energy (MeV)

P.Vogel, PRD, Vol29, 1918 (1984)

P. Vogel et al. PR. C Vol.24, 1543 (1981)

H.V.Klapdor et al., PL 122B 22(1982)
H.V.Klapdor et al., PRL vol48, 127 (1982)

G.Zacek et al., PRD 34 (1986) 2621

235U 238U

241Pu

239Pu

3 4 Eν (MeV)

Reactor Reactor ννee disappearancedisappearance
n νe from nuclear reactor <E>~3MeV
n 1-P(νe→ νe) =  sin2(2θ13)sin2(∆m2

31L/4E) + O(∆m2
21/∆m2

31) : 
pure θ13

n Small systematic error (<1%) required
n Identical near det @ O(100)m & far det @a few km

8MeV

30μs

1~8MeV

t

Signal Property

ν e + p → n + e +

e + + e − → 2 γ
E ν − 0 .8 MeV( )

n + Gd → Gd ' + γs E∑ = 8 MeV( )

νe signature

KamLAND

θ12
θ13



37T.Kobayashi (KEK)

ComplementarityComplementarity of Reactorof Reactor--Accelerator Meas.Accelerator Meas.
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Reactor Measurement= Pure sin22θ13 measurement

Reactor 
Measurement

J-PARC
Measurement

sin2 θ23 =
0.61
0.39
 
 
 

Reactor-Accelerator combination 
=> a lot of physics potential

* If accuracy
is good enough
=> |sinδl |

* Answer to 
θ23 degeneracy
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Diablo Canyon

Braidwood

Angra

Penly
Chooz
Cruas

Krasnoyarsk

Taiwan

Kashiwasaki

Daya bay

0.02~0.03

90%CL Sensitivity90%CL Sensitivity
sinsin22θθ1313 θθ1313(deg)(deg)

2008

Approved in Approved in francefrance

Reactor Experiment ProposalsReactor Experiment Proposals
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Near detector site (to be built)

Existing Far detector site

DoubleDouble--CHOOZCHOOZ
• Twin reactor cores

– P=2x4.2 GWth
• Two 10 tons detectors 

– 80% dodecane + 20% PXE + 
0.1% Gd

– Near: 100-200 m – 60-80 mwe
– Far: 1.05 km - 300 mwe

• 3 years Sensitivity
–– 0.6%0.6% systematics
– No signal: sin2(2θ13) < 0.02-03 

(90% C.L.)
– Signal: sin2(2θ13) > 0.04-05 (3σ)

• Prospect (approved & funded approved & funded 
in Francein France)
– 2007: far detector running 
– 2008: near detector running
– Cost ~7Meuros + civil constr.

Near

Far
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Even more future projects (>20~30yrs?)Even more future projects (>20~30yrs?)
Neutrino FactoryNeutrino Factory Beta BeamBeta Beam

νµ/νe from 
accelerated muons
•No ambiguity in flux
•High intensity

νe νµ
•Need magnetized det.

νe from accelerated 
radioactive nuclei

Pure νe
No ambiguity 
in flux

Need to establish basic 
technologies
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SummarySummary
• Neutrino oscillation established

– Atm ν/K2K θ23, ∆m23
2

– Solar/KamLAND θ12, ∆m12
2

• Next important issues
– Discovery and measurement of only unknown mixing θ13
– Mass hierarchy
– CP violation

• Future  LBL exp’s have good chance to achieve the goals
– T2K using J-PARC and SK started construction. Start exp. In 2009

θ13 sensitivity ~0.007 (90%CL)
• |δ|~20deg in phase 2

– NOνA proposal w/ similar potential to T2K
• Pure θ13 measurements by reactor experiments 

– complementary to disentangle parameter relations
θ13 sensitivity 0.01~0.03 (90%)

– Systematic error (<1%) is key issue
– Double-CHOOZ is partially approved

• Neutrino will continue to be exciting for coming decades




