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1. Introduction1. Introduction

A next goal of the neutrino experiments is to A next goal of the neutrino experiments is to 
explore the neutrino oscillation phenomena explore the neutrino oscillation phenomena 
in detail beyond the discovery phase.in detail beyond the discovery phase.
–– Three generation Matrix (NMS matrix)Three generation Matrix (NMS matrix)
–– CP ViolationCP Violation,, matter effect, the sign of matter effect, the sign of ∆∆mm232322

–– May be an unexpected physics behind the May be an unexpected physics behind the 
oscillation phenomena.oscillation phenomena.

A voyage to the unexplored region!A voyage to the unexplored region!



44

Discovery and Confirmation.Discovery and Confirmation.
–– SuperSuper--KamiokandeKamiokande, SNO, K2K, MINOS, ICARUS, , SNO, K2K, MINOS, ICARUS, ……..
–– These are good at discovering a surprise of the large These are good at discovering a surprise of the large 

effect (effect (νν oscillation).oscillation).

, which should be followed by the more complete , which should be followed by the more complete 
studies with high statistics, studies with high statistics, 
–– more precisionmore precision

θθ2323, , ∆∆mm22
2323, oscillation curve, non, oscillation curve, non--oscillation scenariooscillation scenario

–– sensitive to a rare processsensitive to a rare process
θθ1313 ((ννµµ →→ ννee), CP Violation, unexpected phenomena.), CP Violation, unexpected phenomena.

to explore the underlying physics of to explore the underlying physics of νν oscillation.oscillation.
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2. Super Neutrino Beam2. Super Neutrino Beam
A Super Neutrino Beam makes it possible to study A Super Neutrino Beam makes it possible to study 
νν oscillation phenomena with a  great precision.oscillation phenomena with a  great precision.

What is the Super Neutrino Beam?What is the Super Neutrino Beam?
–– No Clear definition, but it is a very intense neutrino beam No Clear definition, but it is a very intense neutrino beam 

produced by a high power (~1MW or more) accelerator.produced by a high power (~1MW or more) accelerator.
A conventional method.A conventional method.
Still technically challenging due to the high power and Still technically challenging due to the high power and 
the high radiation environment, but not impossible.the high radiation environment, but not impossible.

Dual Horn Focusing

Protons π+

π+
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Past Accelerator Neutrino Experiment

Accelerator Long Baseline Neutrino Experiment

P=0.01-0.1MW
M=0.01~1kton

L=0.1~1km
#ν∝ P×M/L2

νν

P=~1MW (×100)

L=100~1000km (×100)

M=1~100kton (×100)
νννν νν

νν νν
νν

Need High Intensity accelerator  ⇒ Super ν Beam

NOTE: The detector size is equally important.



77

(High Intensity) Proton Accelerators(High Intensity) Proton Accelerators

504JHF-II

502302.24SPL

1530161.2FNAL-proton 
driver-I

2.5120281.3Super-AGS

0.29330500.77JHF-I

0.16354000.3SPS

0.53401200.41FNAL-MI

0.660240.14AGS

0.456120.005KEK-PS

Rep. rate
(Hz)

Intensity
(1012 ppp)

Energy
(GeV)

Power
(MW)

Not the construction stage yet, but R&D stage.
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(Super) Neutrino Beams(Super) Neutrino Beams

0.5%0.5%4.14.11111254025401.51.5Super AGSSuper AGS

0.5%0.5%0.890.89~80~807307302.02.0NumiNumi offoff--axisaxis

--------------0.540.5484841301300.580.58ββ beam**beam**

0.4%0.4%1.211.2116.316.31301300.260.26SPLSPL

0.2%0.2%1.021.026916912952950.70.7JHFJHF--IIII

0.2%0.2%1.021.021331332952950.70.7JHFJHF--II

0.8%0.8%0.100.102448244873273217.717.7CNGSCNGS

1.2%1.2%0.510.514694697307303.53.5NuMiNuMi (Low E)(Low E)

0.6%0.6%0.120.12310031007307301515NuMiNuMi (High E)(High E)

~1%~1%0.470.47222502501.31.3K2KK2K

f(f(ννee) ) 
@peak@peak

L/L/LLosciosci..**#CC#CC
νν/kt/yr/kt/yr

LL
(km)(km)

<E<Eνν>>
((GeVGeV))

(**) γ=150, 6He ( νe )(*) 2

23

υ
osci.

1.27Δm

E

2

π
L •= w/ ∆m232=3×10-3eV2
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3. Experiments with 3. Experiments with 
the super neutrino beamthe super neutrino beam

1. Japan: JHF-Kamioka Neutrino Project
2. USA: FNAL Super-NUMI w/ the proton 

driver upgrade and the BNL Super-AGS 
3. Europe: SPL (or CNGS off-axis) +β beam
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3.1 JHF3.1 JHF--KamiokaKamioka Neutrino ProjectNeutrino Project

~1GeV ν beamKamioka
JAERI

(Tokaimura)

0.77MW  50 GeV PS

( conventional ν beam) 

Super-K: 22.5 kt

4MW  50 GeV PS

Hyper-K: 1000 kt

Phase-I  (0.77MW + Super-Kamiokande)
Phase-II (4MW+Hyper-K) ~ Phase-I × 200

Plan to start in 2007
(hep-ex/0106019)
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JHF FacilityJHF Facility

Construction
2001～2006 
(approved)

JAERI@Tokai-mura
(60km N.E. of KEK)

Super Conducting
magnet for ν beam line

Near ν detectors
@280m and
@~2km

1021POT(130day)≡ “1 year”

(0.77MW)

Budget Request of the 
ν beam line this year
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νν beam at JHFbeam at JHF
Principle
– Intense Narrow Band Beam by “off-axis”.
– Beam energy is at the oscillation maximum.

• High sensitivity, less background
– ~1 GeV ν beam for Quasi-elastic interaction.

Eν(reconstruct) – Eν (True)  (MeV)

σ=80MeV

E
ν(

re
co

ns
tr

uc
t)

Eν (True)

µ events
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νµ
OA3°
OA2°
OA1°

Osc. Prob.=sin2(1.27∆m2L/Eν)

∆m2=3x10-3eV2

L=295km

Off Axis BeamOff Axis Beam

WBB w/ intentionally misaligned 
beam line from det. axis

(ref.: BNL-E889 proposal: http://minos.phy.bnl.gov/nwg/papers/E889)

θ
Target

Horns Decay Pipe

Far Det.

～3000 CC int./22.5kt/yr
νe: 1.0% (0.2% @ peak);

Decay Kinematics

~2°

Eν

Eπ

θ=2.0°

θ=1.0°

θ=0°

0

1

5
)cos(2

22

θππ

µπ
ν pE

mm
E

−

−
=

os
c.

m
ax

.
Eν
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ννµµ//ννµµ flux for CP violation search.flux for CP violation search.

-15%@peak
νµ

νµ

1021POT/yr
(1st phase)

Sign flip by change 
of horn polarity

Flux CC interaction

νµ

νµ

Wrong sign BG

cross section
difference



15

SuperSuper--KamiokandeKamiokande

４０ｍ

４
１
．
４
ｍ

50,000 ton water Cherenkov detector
(22.5 kton fiducial volume)
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HyperHyper--KamiokandeKamiokande
(a far detector in the 2nd phase)(a far detector in the 2nd phase)

~1,000 kt

Candidate site in Kamioka

Good for atm. ν
proton decay
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3.2 USA: FNAL and BNL plan3.2 USA: FNAL and BNL plan
BNL:   Super AGS (1.3MW, LOI submitted)BNL:   Super AGS (1.3MW, LOI submitted)
FNAL: Super NUMI (1.6 MW) or the new FNAL: Super NUMI (1.6 MW) or the new 
proton driver. proton driver. 

-90˚

-90˚

-85˚

-85˚

-80˚

-80˚

-75˚

-75˚

-70˚

-70˚

40˚ 40˚

42˚ 42˚

44˚ 44˚

46˚ 46˚

48˚ 48˚

km

Lansing

BNL

High Point

BNL

Sudbury

BNL

Goderich

BNL

Hampton Corners

BNL

Rogers City

BNL

Soudan

FNAL

Port Wing

BNL

Keenan

FNAL

Off-axis beams + 2 detectors

100kmFNAL BNL

Soudan

Homestake

WIPP

(hep-ex/0205040,0204037,hep-ph/0204208)
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FNAL, BNL to FNAL, BNL to SoudanSoudan

Water Water CherenkovCherenkov like Superlike Super--KK
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DetectorsDetectors
UNO

(400kton Water Cherenkov)
Liquid Ar TPC
(~100kton)
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USA beams and detectorsUSA beams and detectors
US neutrino physicists are investigating several US neutrino physicists are investigating several 
combinations of detectors, beams, baseline, etc. combinations of detectors, beams, baseline, etc. 
including including νν--factory.factory.

BNL LOI is proposed to send BNL LOI is proposed to send νν beam to beam to 
HomestakeHomestake at the distance of ~3000km to study at the distance of ~3000km to study 
matter effect and the sign of matter effect and the sign of ∆∆mm232322..
This is a unique feature of this project, which is This is a unique feature of this project, which is 
not considered in JHFnot considered in JHF--KamiokaKamioka and CERNand CERN--SPL.SPL.

My talk does not cover NUMI offMy talk does not cover NUMI off--axis which will axis which will 
be presented in the later talk.be presented in the later talk.
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3.3 CERN: SPL + β beam

CERN baselineCERN baseline
scenario for a scenario for a 
νν FactoryFactory

2.2 GeV Superconducting
H- Linac

Produce ν beam

(hep-ph/0105297)
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H- RFQ RFQ1 chop. RFQ2 RFQ1 chop. RFQ2β 0.52  β 0.7           β 0.8 dump

Source  Low Energy section    DTL Superconducting section

45 keV                       3 MeV             120 MeV                                              2.2 GeV

40MeV   237MeV

11.5 m 55 m 584 m

PS / Isolde

Stretching and
collimation line

Accumulator Ring

Debunching

 383MeV

665 m

DTL  CCDTLchopping

SPL (Super Proton Linac)
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CERN SPL to UNO at Frejus

Φνµ=1.7•1014 /1023 pot/102m2

1013

1012

1011

1010

109

0. 1.0.50.25

400kton Water Cherenkov

(hep-ex/0005046)Neutrino Energy (GeV)
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SPL β beam (νe and νe )
A novel idea to generate a neutrino beam from A novel idea to generate a neutrino beam from 
accelerated radioactive irons.accelerated radioactive irons.

Low energy (~2MeV) Low energy (~2MeV) ββ ray in the CM frame, which can ray in the CM frame, which can 
produce produce the forward focusedthe forward focused νν beambeam.  .  

9Be(n,a)6He

SPL proton beam

9Be6He,4He

Spallation neutrons

5X1013 6He/s every 8s

1012 18Ne/s every 8s
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SPL β beam to Frejus
ISOL
target

ECR
source

Linac
20 MeV/u

Accumulator
>~300 MeV/u

PS SPS
450 GeV/p

Decay ring and
bunch rotation*

Atmospheric neutrino flux

Eν (GeV)0.1 1.0

Can produce νe simultaneously 
with νµ by SPL ν beam
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4. Physics Sensitivity4. Physics Sensitivity

• Physics goals of most super ν-beam 
experiments are:
– Discovery of νµ→νe and the measurement of θ13

– CP Violation (νµ→νe vs νµ→νe)
– Sign of ∆m2 by using matter effect.
– Precision measurement of ν oscillation 

parameters. 
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µ

ννee appearance in JHFappearance in JHF--KamiokaKamioka (phase 1)(phase 1)

eπ0

1.8 events 9.3(*) events 11.1 events

123.2 events @ sin22θ13=0.1, ∆m2=3×10-3eV2

Backgrounds

Signal

(5 years running)
(*) still can be further improved

1RFC w/ π0 cut 22.5kt FV
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0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Reconstructed Eν(GeV)

Expected Signal+BG
sin22θ13=0.10
sin22θ23=1.0
∆m2=0.003eV2

Total BG

BG from νµ+antiνµ

ννee appearance (continue)appearance (continue)

sin22θµe=0.05 (sin22θµe ≡ 0.5sin22θ13)

3×10-3

×20 improvement

CHOOZ

sin22θµe =1/2⋅sin22θ13

∆m
2

sin22θ13<0.006 (90% C.L.)
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ννµµ disappearancedisappearance

1ring FC µ-like

Non-QE

(log)∆m2=3×10-3 

sin22θ=1.0

~3%

∆m2

sin22θ

δsin22θ23 ∼ 0.01
δ∆m232 < 1×10−4eV2

Oscillation with 
∆m2=3×10-3

sin22θ=1.0

Reconstructed Eν (MeV)

δ(sin22θ) OAB-2degree

0.01

True ∆m2

δsin22θ

3⋅10-3
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ννµµ →→ννττ confirmation w/ NC interactionconfirmation w/ NC interaction
NC π0 interaction (ν + N → ν + N + π0)

νµ→ νe CC + NC(~0.5CC)   ~0 (sin22θµe~0)
νµ  CC + NC(~0.5CC)   ~0 (maximum oscillation)

ντ NC
#π0 is sensitive to ντ flux. Limit on νs (δf(νs)~0.1)

νµ→ ντ

νµ→ νs

∆=390±44# π
0

+ 
#e

-li
ke

∆m2323.5×10-3

ντ

ντ

τ

ντ

π0

CC

NC
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CP Violation Study w/ HyperCP Violation Study w/ Hyper--K (Phase 2)K (Phase 2)
• Compare νµ→νe (2 years) with νµ→νe (6years) 

N(e-)

N
(e

+ )
NO CP violation
w/o matter effect.

∆m122 =5×10−5eV2 ,
∆m232 =3×10−3eV2

sin22θ13 = 0.01
θ23 = π/4, θ12 = π/8

0.02

20002000

20002000

)N(e)N(e

)N(e)N(e

Asymmetry

≈
+
−

≈

+
−

≡ −+

−+

~~
~~

|δ|>20°(3σ discovery)
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4E
L∆m
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CP Sensitivity (3CP Sensitivity (3σσ))

Chooz excluded
@∆m23~3x10-3eV2

JHF1 cannot discover θ13 at 3σ level

assuming  2% BG 
uncertainty

sin22θ13=0.01
sinδ>0.44
(26deg)

large sin22θ13
sinδ>0.25
(14deg)

∆m
12

2 =
5⋅

10
-5

 e
V2
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US Super US Super νν beambeam
• They are studying the physics potential of 

several options, which are competitive to 
JHF-Kamioka project.

CHOOZ
NUMI-offaxis

|Ue3|2 =1/4⋅sin22θ13
0.003
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CERN: CERN: SPL+SPL+ββ beams to beams to UNO@FrejusUNO@Frejus
• Search for νµ→νe w/ super ν beam
• Search for νe → νµ w/ β beam
• They can also study T symmetry in ν oscillation 

between νµ → νe and νe → νµ.

sin22θ1310-210-310-4

∆m
2 (

eV
2 )

1
0-

3
440kton
5 years

Similar sensitivity as 
JHF-Kamioka -II
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CP CP sensitivitysensitivity ((δδ))
• θ13 and δ measurement 

2   3    4   5    6   7   8   9   10  11  12
θ13 (degree)

δ
(d

eg
re

e)

0

150

50

100

-50

-100

-150

400 kton UNO 1σ, 90%CL, 99%CL
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CERN: CERN: SPL+SPL+ββ beams to beams to UNO@FrejusUNO@Frejus

θ13 (degree)

∆m
1
2(
x1
0
-4
)e
V
2

Nucl.Phys. B608, 301
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More Possibilities (1)More Possibilities (1)
Japan to Korea or China (hepJapan to Korea or China (hep--ph/0112338)ph/0112338)

CP violation and the sign of CP violation and the sign of ∆∆mm2323
22 with JHF with JHF νν beam.beam.

115˚

115˚

120˚

120˚

125˚

125˚

130˚

130˚

135˚

135˚

140˚

140˚

145˚

145˚

30˚ 30˚

32˚ 32˚

34˚ 34˚

36˚ 36˚

38˚ 38˚

40˚ 40˚

km

Super-K
JHF

Korea

JHF

China
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More Possibilities (2)More Possibilities (2)
nn FermilabFermilab to to SuperSuper--KamiokandeKamiokande (hep(hep--ex/0203005)ex/0203005)

nn Matter enhancedMatter enhanced νν oscillation (L=9300km)oscillation (L=9300km)

ν µ
→

ν e
pr

ob
ab

ili
ty

sin22θ13=0.01
∆m23

2=3.5⋅10-3eV2

0.005

×20 amplification

sin22θ13<0.001
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Remark: Near to Far extrapolationRemark: Near to Far extrapolation

A next generation LBL A next generation LBL νν experiment requires the experiment requires the 
precise knowledge of precise knowledge of νν spectrum at the far site spectrum at the far site 
based on the measurements at the near site.based on the measurements at the near site.

HadronHadron Production ExperimentsProduction Experiments
CERN HARP(CERN HARP(--III), FNAL E907III), FNAL E907

A detector at the medium distanceA detector at the medium distance
JHFJHF--KamiokaKamioka project proposes to build the near project proposes to build the near 
neutrino detector at 2km away from the target, which neutrino detector at 2km away from the target, which 
is far enough to see the neutrino production volume is far enough to see the neutrino production volume 
as a point source.as a point source.
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Non Oscillation PhysicsNon Oscillation Physics

A near site detector with the super A near site detector with the super νν beam can beam can 
probe LSND effect if demanded. probe LSND effect if demanded. 
Precise Precise νν interaction and cross section study.interaction and cross section study.

QuasiQuasi--elastic scattering; etc..elastic scattering; etc..

ννµµee-- elastic scattering at low Qelastic scattering at low Q22; the neutrino ; the neutrino 
magnetic moment.magnetic moment.
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5. Summary and Conclusion5. Summary and Conclusion
•• In the next 5 years, several LBL In the next 5 years, several LBL νν experiments will experiments will 

provide more information on provide more information on νν oscillation.oscillation.

•• The Super The Super νν beam experiments will follow the beam experiments will follow the 
trend, and further explore the physics. trend, and further explore the physics. 
JHFJHF--KamiokaKamioka experiment will start in 2007 earliest.experiment will start in 2007 earliest.
–– sinsin2222θθ1313 sensitivity w/ super sensitivity w/ super νν--beamsbeams
•• 0.01~0.0010.01~0.001 w/ 20~50 w/ 20~50 ktonkton detectorsdetectors

>10 times more sensitive than CHOOZ.>10 times more sensitive than CHOOZ.

•• <0.001<0.001 w/ 400~1000 w/ 400~1000 ktonkton detectorsdetectors
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5. Summary and Conclusion (Continue)5. Summary and Conclusion (Continue)
–– CP ViolationCP Violation sensitivitysensitivity
•• Need a larger detector (400~1000 Need a larger detector (400~1000 ktonkton) when ) when 

ννµµ→→ννee oscillation is discovered.oscillation is discovered.
•• The sensitivity of CP violation phase The sensitivity of CP violation phase δδ is down is down 

to 10~20 degreesto 10~20 degrees if if ∆∆mm121222=5=5⋅⋅1010--55eVeV22 (LMA).(LMA).
–– The sign of The sign of ∆∆mm232322 and matter effectand matter effect
•• The longer baseline (~1000km or more) is necessary to The longer baseline (~1000km or more) is necessary to 

study it.  JHF and CERN SPL has no design of the study it.  JHF and CERN SPL has no design of the νν
beam line for this purpose.beam line for this purpose.

–– There may be a surprise behind the There may be a surprise behind the νν oscillation oscillation 
phenomena. We should proceed the experiments phenomena. We should proceed the experiments 
with the super with the super νν beams and the larger detectors. beams and the larger detectors. 




