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Neutrino mixing

ilil U νν Σ=
Weak Mass eigenstates

Maki-Nakagawa-Sakata Matrix
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3 mixing angles and 1 CPV phase

Solar Atm ν Reactor, Acc

If neutrino have finite mass, weak and mass eigenstates can differ
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Neutrino Oscillation
as an unique way to access neutrino (very small) mass and mixing
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Present knowledge on neutrino
 ∆m23

2 ~ 1.6 – 3.6×10-3 eV2 (atm ν)
 ∆m12

2 ~ 3 - 20×10-5 eV2 (sol ν)
• Hierarchical masses:

– m3 ~  0.04 – 0.06 eV
– m2 ~ 0.005 – 0.014 eV

M
as

s
M
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s （

ｅ
Ｖ

）
（
ｅ
Ｖ

）
Generation

Neutrinos

?

Masses

Mixing angles
sin22θ23~1     (θ23~45°)
sin22θ12~0.8  (θ12~30°)
sin22θ13<0.12 (θ13<10°) @∆m13

2~3x10-3eV2

Extremely small masses
Large mixing
θ13 >0? important for CPV
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Purposes of JHF-Kamioka experiment 
1. Test 3 flavor neutrino mixing framework

Discovery of νe appearance (θ13>0?)
At the same ∆m2 as νµ disapp. Firm evidence of 3gen. mix.
Most impotant and urgent in 1st phase
Open possibility to search for CPV 

Precision measurements of ocs. params.
∆m23,θ23/∆m13,θ13
Comparison w/ quark sector
Test exotic models (decay, extra dimensions,….)

NC measurement
No additional light “neutrino”?

2. Search for CPV in lepton sector (2nd phase)
Give hint on Matter/Anti-matter asymmetry in the universe

3. Proton decay search (2nd phase)
Direct evidence of Baryon number violation
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Overview of experimentOverview of experiment
νµ beam of ~1GeV

Kamioka

JAERI
(Tokai-mura)

ννµµ→→ ννxx disappearance
ννµµ→→ ννee appearance
NC measurement

0.75 MW  50 GeV PS

Super-K: 50 kton
Water Cherenkov 

~Mt “Hyper 
Kamiokande”

4MW 50GeV PS

CPV
proton decay

1st Phase
2nd Phase
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JHF project
Phase 1

Phase 2

400 MeV Linac
(Normal Conducting)

50 GeV PS
(15µA)

Nuetrinos to
SuperKamiokande

50 GeV PS
Experimental Area3 GeV PS

(333µA, 25Hz)

R&D for Nuclear
Transmutation

4-600 MeV Linac
(Superconducting)

3 GeV PS
Experimental Area

Dec. 2000: approved by Japanese gov.
April, 2001:  Phase 1 construction started.

Phase 1 + Phase 2 = 1,890 Oku Yen.
Phase 1 = 1,335 Oku Yen for 6 years.
Cash in fund = 30 (JFY00) + 47 (JFY01) Oku Yen. 
Construction budget does not include salaries.

March,2007: Phase 1 compelete

1 oku Yen= 1M$
when 1$=100yen
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Site View of the Project

Linac
400 MeV normal linac
400-600 MeV superconducting linac

50 GeV Synchrotron

Particle Nuclear Physics

Neutrino
Nuclear Transmutation

Life & Material Science
(Neutron, Muon, RI)

3 GeV Synchrotron
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Organization(Organization(νν related)related)

Facility Construction GroupFacility Construction Group
Officially formed in KEK on Officially formed in KEK on April, 2001April, 2001
The 3rd physics division, IPNS(~10persons)The 3rd physics division, IPNS(~10persons)
Cryogenic facility group, IPNS(~10persons)Cryogenic facility group, IPNS(~10persons)
Cryogenic Science Center (8persons)Cryogenic Science Center (8persons)
w/ strong support from KEKw/ strong support from KEK--PS beam channel groupPS beam channel group

JHFν working group
Dec.1999 : formed (ICRR/KEK/Kyoto/Kobe/Tohoku/TRIUMF)
Jun.2001 : Letter of Intent (hep-ex/0106019)
Mar.2002 : First meeting to organize int. collaboration (Kyoto)
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JHF-ν working group

ICRR/Tokyo-KEK-Kobe-Kyoto-Tohoku-
TRIUMF

Y.Itow, T.Kajita, K.Kaneyuki, M.Shiozawa, Y.Totsuka (ICRR/Tokyo)
Y.Hayato, T.Ishida, T.Ishii, T.Kobayashi, T.Maruyama, K.Nakamura, 

Y.Obayashi, Y.Oyama, M.Sakuda, M.Yoshida (KEK)
S. Aoki, T.Hara, A. Suzuki (Kobe)

A.Ichikawa, T.Nakaya, K.Nishikawa (Kyoto)
T.Hasegawa, K.Ishihara, A.Suzuki (Tohoku)

A.Konaka (TRIUMF)

Dec.’99: Working group formed.
Mar.’00: First Letter of Intent prepared 
Jun.’01: Updated LOI released(hep-ex/0106019). Int. WS held.
Mar.’02: Meeting to organize int’ntl collaboration

(http://neutrino.kek.jp/jhfnu)
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Meeting at Kyoto on Mar.9, 2002Meeting at Kyoto on Mar.9, 2002

Institutes: Canada(1), Europe(8), Institutes: Canada(1), Europe(8), 
US(10), Korea(2)US(10), Korea(2)

Report of latest status ofReport of latest status of
facility designfacility design
cost estimatecost estimate

Discussion on possible items of Discussion on possible items of 
contribution both incontribution both in

FinanciallyFinancially
ExpertiseExpertise
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2. JHF2. JHF--KamiokaKamioka
neutrino experimentneutrino experiment
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PrinciplePrinciple
Neutrino energy reconstruction by using Neutrino energy reconstruction by using 
QuasiQuasi--elasticelastic (QE) interaction.(QE) interaction.

Oscillation pattern measurementOscillation pattern measurement
BG due to missBG due to miss--reconstruction of inelastic interactionreconstruction of inelastic interaction

Greatly improved by using narrow spectrumGreatly improved by using narrow spectrum

Narrow spectrum tuned Narrow spectrum tuned at the oscillation at the oscillation 
maximummaximum..

High sensitivity High sensitivity 
Less backgroundLess background

Gigantic water Gigantic water CherenkovCherenkov detectordetector
High statisticsHigh statistics
High efficiency for low energyHigh efficiency for low energy
Good PID (Good PID (e/e/µµ) capability) capability

∆m2=1.6～4x10-3eV2

Eν=0.4～1GeV
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Neutrino Energy Εν reconstruction

CC quasi elastic reaction
µµµ

µµ
ν θcos
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pEm
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Off Axis Beam (another NBB option)

WBB w/ intentionally misaligned beam line from det. axis

(ref.: BNL-E889 Proposal)

θTarget Horns Decay Pipe

Far Det.

Decay Kinematics

Quasi Monochromatic Beam
x2~3 intense than NBB
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Expected spectrum

νe contamination

0.21%

K-decay

µ-decay

Very small νe/νµ
@ νµ peak

~4500 tot int/22.5kt/yr
~3000 CC int/22.5kt/yr

νµ
OA3°

OA2°

OA1°

Osc. Prob.=sin2(1.27∆m2L/Eν)

∆m2=3x10-3eV2

L=295km
os

c.
m

ax
.
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Narrow Band Beam for ν int study @ near
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Detectors
• Muon monitors @ ~140m

– Behind the beam dump
– Fast (spill-by-spill) monitoring of beam direction/intensity

• First Front detector “Neutrino monitor” @280m
– Neutrino intensity/direction
– Study of neutrino interactions

• Second Front Detector @ ~2km
– Almost same Eν spectrum as for SK
– Absolute neutrino spectrum
– Precise estimation of background

• Far detector @ 295km
– Super-Kamiokande (50kt)
– Hyper-Kamiokande (~1Mt)

0
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1800

x 10 3

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Eν (GeV)

1.5km

295km

0.28km

Neutrino spectra at diff. dist

dominant syst. in K2K
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Far detector in second phase

Phase-I: Super-K
22.5kt (50kt)

Phase-II: Hyper-K
1,000 kt

Candidate site in Kamioka
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νe appearance

123.211.19.31.8
Selected

.4<Eν
rec<1.2

40.8%3.8%0.2%0.02%red.eff.

301.6292.14080.310713.6Generated
Osc’d νeBeam νeνµN.C.νµC.C.

∆m2=3x10-3eV2,

sin22θ13=0.1

5yr, 22.5kt
Off Axis (2o) 5year

0
5

10
15
20
25
30
35
40
45

0 1 2 3 4 5
Reconstructed Eν(GeV)Reconstructed Eν(GeV)

Expected Signal+BG

Total BG

BG from νµ Chooz limit

~90% of νµ BG from π0 production
~60% of νµ BG comes from HE tail (Eνtrue>1.2GeV)
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Sensitivity on νµ νe appearance

Dashed lines: MINOS Ph2le, Ph2me, Ph2he from right
(A.Para, hep-ph/0005012)

Preliminary

2

5

x~20

MINOS
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ννµµ disappearancedisappearance
1ring FC µ-like

Reconstructed Eν (MeV)
Fit with 1-sin22θ・sin2(1.27∆m2L/E)

Oscillation with 
∆m2=3×10-3

sin22θ=1.0

No oscillation

Non-QE

(linear)

(log)

∆m2=3×10-3 

sin22θ=1.0

~3%

Ratio after BG subtraction
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δ(sin22θ)~0.01 in 5 years
δ(∆m2)   ~<1×10-4 in 5 years

δ(sin22θ) δ(∆m2 )
OAB-2degree

0.01 1×10-4

νµ νx disappearance

True ∆m2 (eV2) True ∆m2 (eV2)

5 years precision
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νµ νe oscillation probability(2)

Solid line: w/ matter
Dashed line: w/o matter Small Matter Effect at 295km.

295km 730km
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νµ/νµ # of CC int.

# of int. for νµ is factor ~3 smaller than νµ due to cross section.
Wrong sign contamination is much higher for anti-ν.

νµ beam

νµ beam

wrong sign

right sign

1021pot/yr
(1st phase)

80m pipe
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Sensitivity(3σ) to CPV(2nd phase)

Chooz excluded
@∆m31~3x10-3eV2

δ>~27deg

δ>~14deg

Preliminary

4MW,1Mt
2yr for νµ
6.8yr for νµ

JHF1 3σ discovery

∆m21=5x10-5eV2

θ12=π/8
∆m32=∆m31=3x10-3eV2

θ23=π/4
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Neutrino Neutrino 
FacilityFacility
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Station
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0m

13
0m

3NBT

Neutrino beam line

Proton beam transport
Preparation section
Arc section (Supercond.)
Final focusing

Target/Horn system
Decay pipe (130m)
Beam dump

Components

Single turn fast extraction
8 bunches/~5µs
3.3x1014proton/pulse
3.94 (3.64) sec cycle
1ｙｒ≡1021proton on target(POT)

(3300hr~140days)

p+(target) π νµ + µ
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SpecificationSpecification
Beam kinetic energy 50GeV

Protons/pulse 3.3x1014

Beam current 15µA
Beam power 750kW

Extraction Single turn fast extraction
Micro structure 8bunches/9 RF buckets
Bunch spacing 598ns

Spill width ~5µs
Cycle 3.64~3.94sec

Rep rate 0.254~0.275Hz
Proton beam emittance 6.1πmm.mrad

Physical acceptance 60πmm.mrad
Beam loss(proton transport) 1W/m

Curvature of arc 106m
Decay pipe length (target-dump) 130m (from target)

Distance to near detectors 280m/~2km
Distance to SK ~295km

Target-SK beam decline -1.25deg
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Key Issues on neutrino facilityKey Issues on neutrino facility
Extremely severe radiation environmentExtremely severe radiation environment

Human exposure when maintenanceHuman exposure when maintenance
Damage to instrumentsDamage to instruments

Large heat load in a short timeLarge heat load in a short time
cooling scheme, shock wave, quenchingcooling scheme, shock wave, quenching

Key itemsKey items
Beam abort in 50GeV ring (being developed.)Beam abort in 50GeV ring (being developed.)
Beam scraping at matching sectBeam scraping at matching sect.(.( just started)just started)
Radiation resistant magnets (Radiation resistant magnets ( Kusano)Kusano)
HeatHeat--load resistant SC magnetsload resistant SC magnets
Target/HornTarget/Horn (cooling, shock wave) ((cooling, shock wave) ( Hayato)Hayato)
Target station (cooling!, maintenance)Target station (cooling!, maintenance)
Decay volume (cooling) (Decay volume (cooling) ( Hayato)Hayato)
Beam dump (cooling) (Beam dump (cooling) ( Hayato)Hayato)
Radiation shielding (DV, Radiation shielding (DV, DumpDump OyamaOyama))

+ K2K issues (timing, direction, + K2K issues (timing, direction, ……))
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Beam loss

• No way to know absolute beam loss
• Assumed by HAND 
• Assure hands on maintenance (1W/m)
• Shielding design based on the assumption
• Same order as KEK-PS beam line
• ~102 relative 

suppression!! Challenging

Fast ext.(kicker, septum)
1.125kW (0.15%)

Matching section
(ctrl’ed loss by collimator)

0.75kW (0.1%)

50GeV ring
0.5W/m
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Acceleration cycle

0.14

1.9 0.9

0.7

3.64s

1.9s

3.94s
slow

1.6s

Injection : 0.14s
acceleration : 1.9s
current down : 0.9s
nothing : 0.7s

extraction

When 50GeVfast abort available: 3.64s When fast abort not available: 3.94(3.64)s

Injection : 0.14s
acceleration : 1.9s
deceleration : 1.9(1.6)s

Current default option
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Optics design of primary proton 
beam

Ichikawa

Upstream normal cond.

Arc. supercond. part

FODO
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Design of Super con. mag
started
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Cryo. Science Center of KEK

Type Magnetic Length Operation Field Number 
Dipole 3 m 3.95 T 20 

Quadrupole 1 m 32.4 T/m 20 
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Heat load dist. on upstream most SC magnets
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Concept of target station

Bending
2Tx4.5m
(1.8Tx5m)

1°
2°

3°
Kamioka

OA2deg

NBB

horn

Extremely
High rad.
Environment!

Target/horn

Side View
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Design of target station

TP-1.1m

8m(0.244µSv/h)

TS上屋

土盛り

0.07µSv/h 
for 1W/m 
line

ＧＬ=FL=TP+10.8m

空隙（サービスエリア）
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Target shape optimization
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Energy deposit in the target

Carbon (density 3g/cm81.1 )
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Time dependence of temperature

C230~ °

Maximum temperature

At the center

C70~ °

On the surface

This should be lower than C100° for water cooling.

Far below the
melting temperature

(Thermal convection coefficient on the surface should be 
larger than /KkW/m 3000~ 2 to satisfy this condition.)

r=0mm,z=300mm

r=1.5mm,z=300mmC70°

C230°

4 8 3212 (Sec.)
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Decay pipe common for SK/HK

p/π beam axis
-(3~4)deg

2.5°

3°

10.3km

2°
2°

3°

HK
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SK

2°

1°
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2.98°(OAB2°)
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Beam eye

SK

~10km

HK Ichikawa

Possible site for Hyper-K
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Shielding design by Y.Oyama using MARS

3NBT Preliminary

OA2deg

OA3deg

concrete shield

concrete shield

concrete shield
Soil shield

To SK/HK
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Energy deposit around the tunnel

Energy deposit in DV iron

0

5000

10000

15000

20000

25000

30000

20 40 60 80 100 120 m

W
/m

3

Estimated energy deposit

1200W/m~800

(from 45m to 130m)

Deposited energy

36000W/m~4500

Thickness of iron : 1.6cm

(actual width 3m, height 3~6m)

Assume the cylindrical decay volume.
radius of the tunnel is constant (r=1.5m).

(wall of the decay tunnel)
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Cooled decay volume (example)

C45 than less °

Maximum temperature (after 6 months)
Iron (wall)
Concrete maximum at C67°

water pipes

wall (iron)He concrete

C50~30 °

C)25:(Fixed °

C67°

Surface

Around the tunnelEntire volume

C45~ °

C55~ °

concrete

C45°<

He
C)25:(Fixed °

Ground
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Candidate sites for 2km front detector

Production 
target

4m

10m

20m

2km 1km 0km

ν

44m below sea level

Around here

ν

GPS survey finished
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GPS survey

Nov.19~22: long baseline GPS 
survery @ Kamioka/Tokai 
simultaneously

Noumi/Ishii/Shiino
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Mile stones/Schedule
4 7 10 1 4 7 10 1 4 7 10 1 4 7 10 1 4 7 10 1 4 7 10 1 4 7 10 1

Fix specification
Tender
Manufacture
Lay underground

Submit
Get answer

Eng. Design
Arc
Decay pipe(under 3NBT)
FF
Target station
Rest of decay pipe
muon pit
Near detector hall
Environment

Conceptual design
Build prototype magnets
Preparation for testing
Test

Manufacture
Installtion
Adjustment, tunning

Cryo pump
Cold box tender, purchase
Compressor tendor, purchase
Buffer/LiqN2 tank tender, purchase
Develop control
Installation
Adjustment, tunning

Mass production of SC mag

Japanese Fiscal Year

Civil construction

Decay pipe

3NBT

50GeV civil construction

Cryogenic facility

20072001 2003 20042002 2005 2006

Super conducting magnet(R&D)

Budget request

Civil construction

1st term(around fast ext.)

We absolutely need budget from 2003 to complete by JFY2006
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Summary (1)Summary (1)
1.1. JHFJHF--KamiokaKamioka neutrino experiment will explore neutrino experiment will explore 

neutrino flavor physics w/ unprecedented precision neutrino flavor physics w/ unprecedented precision 
and reachand reach

sinsin2222θθ1313>0.006>0.006
δδ(sin(sin2222θθ2323)~0.01, )~0.01, δδ((∆∆mm2323

22)~1x10)~1x10--44eVeV22

CPV phase CPV phase δδ~>20deg (3~>20deg (3σσ) (2) (2ndnd phase)phase)
Proton decay                       (2Proton decay                       (2ndnd phase)phase)

Owing to unique featuresOwing to unique features
High intensity (750kW)High intensity (750kW)
low energy (<1GeV) OAB tuned at low energy (<1GeV) OAB tuned at oscosc. max.. max.
Gigantic water Gigantic water CherenkovCherenkov detector(SKdetector(SK HKHK))

2.2. Facility design & development work startedFacility design & development work started
1.1. SuperconductingSuperconducting proton transport lineproton transport line
2.2. Common facility for SK/HK and OAB/NBBCommon facility for SK/HK and OAB/NBB
3.3. etc.etc.
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Summary (2)Summary (2)

JHF approved but, neutrino facility not JHF approved but, neutrino facility not 
approvedapproved
We strongly desire to start experiment in We strongly desire to start experiment in 
Apr. 2007Apr. 2007
Budget request for Gov. will be submitted Budget request for Gov. will be submitted 
in 2002 in 2002 Answer will come Dec.2002Answer will come Dec.2002
Started to organize international Started to organize international 
collaborationcollaboration
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Future ProspectFuture Prospect

JHF1

sin22θ13>0.018?

JHF2
CPV
precision meas. θ13
Proton decay

JHF2
Search θ13 <10-3

Proton decay

2007

201x

2002 : JHFn budget request&approval
2003 : start construction
2005 : K2K final results

Future SuperBeam, VLBL, ν-fact for very small θ13, CPV, sign of ∆m220xx

3σ discovery
Hint?


