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OutlineOutline

–– reliability of each experimental reliability of each experimental 
results results ((some) details of some) details of 
experimentsexperiments

–– accuracies of the parameters; accuracies of the parameters; 
especially especially θθ2323 and and ∆∆mm2223 23 current current 
results and future prospectsresults and future prospects



Outline (cont.)Outline (cont.)
•• Solar neutrinosSolar neutrinos

–– θθ1212 and and ∆∆mm221212

•• Atmospheric NeutrinosAtmospheric Neutrinos
–– θθ2323 and and ∆∆mm222323

•• Accelerator Neutrinos (and Reactor)Accelerator Neutrinos (and Reactor)
–– θθ2323 and and ∆∆mm222323

–– search for nonsearch for non--zerozero θθ13 13 

–– CP phaseCP phase

Thank you to the organizer for giving 
me so many topics to be covered.



Solar NeutrinosSolar Neutrinos



SuperSuper--KamiokandeKamiokande

Detect solar 
neutrinos via: 
νe νe

Phys.Rev.D73: 
112001(2006)

background

SK-I

= 0.465
+0.016
-0.015±0.005

Data
SSM(BP2000)

Small mixing angle 
solution (SMA)

Large mixing 
angle solution 

(LMA)

Vacuum osc. 
solution

+1.3ADN= -2.1±2.0 %-1.2



Status of SuperStatus of Super--KamiokandeKamiokande

SK-I: 1996-2001 SK-II: 2003-2005 SK-III started data 
taking in July 2006
SK-III started data 
taking in July 2006

up-turn of p(νe νe) at low E…

Eth=5MeV Eth=7MeV Eth=~4MeV



Solar Solar νν Signatures in SNO (DSignatures in SNO (D22O)O)

Charged-Current (CC)
νe+d → e-+p+p
Ethresh = 1.4 MeV
ννee onlyonly

Elastic Scattering (ES)
νx+e-→ νx+e-

νx, but enhanced for νe

Neutral-Current (NC)
νx+d → νx+n+p
Ethresh = 2.2 MeV

Equally sensitive to Equally sensitive to ννe e ννµµ ννττ
3 tagging 
methods



Phase II (salt)Phase II (salt)
July 01 July 01 -- Sep. 03Sep. 03

Phase III (Phase III (33He)He)
Nov. 04Nov. 04--Nov. 06Nov. 06

Phase I (DPhase I (D22O)O)
Nov. 99 Nov. 99 -- May 01May 01

3 neutron (NC) detection methods3 neutron (NC) detection methods

n captures on
2H(n, γ)3H

Effc. ~14.4% 
NC and CC separation 
by energy, radial, and 

directional 
distributions

40 proportional 
counters

3He(n, p)3H
Effc. ~ 30% capture

Measure NC rate with 
entirely different 

detection system.

2 t NaCl. n captures 
on

35Cl(n, γ)36Cl
Effc. ~40% 

NC and CC separation 
by event isotropy

36Cl

35Cl+n
8.6 MeV

3H

2H+n 
6.25 MeV

n + 3He → p + 3H

p
3H

5 cm

n

3He

Higher efficiency
Higher energy



Extraction of ES, CC, Extraction of ES, CC, 
and NC signaland NC signal

(SNO 391days salt data, Phys.Rev.C72, (SNO 391days salt data, Phys.Rev.C72, 
055502 (2005))055502 (2005))
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Allowed (Allowed (θθ1212,,∆∆mm221212) region) region
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KamLAND best fit
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Solar + KamLAND
with the 2005 SNO 
NC results

Solar + KamLAND
with the 2005 SNO 
NC results

∆m12
2=8.0+0.6

-0.4×10-5eV2, 
θ12=33.9+2.4

-2.2 degrees (68%CL)
∆m12

2=8.0+0.6
-0.4×10-5eV2, 

θ12=33.9+2.4
-2.2 degrees (68%CL)



atmosphere

Primary cosmic rays
Atmospheric Atmospheric νν’’ss

Proton, He

π
π

π

π

Super-Kamiokande

νµ
νeνµ

e
µ

θ

θ
θ

UpUp--Down Down 
symmetricalsymmetrical 
fluxflux

νν flavor ratioflavor ratio
by by pionpion decaydecay
chainchain



Allowed (Allowed (θθ2323,,∆∆mm222323) regions) regions

Soudan-2

MACRO

νµ ντ
90%CL

SK L/E

SK zenith-angle

hep-ph/0507068

MINOS atmospheric result 
(Phys.Rev.D73:072002,20
06) is also consistent. 

MINOS



SKSK--I+II atmospheric neutrino data I+II atmospheric neutrino data 
CC νe CC νµ

SK-I: Phys.Rev.D71:112005,2005  
+ SK-II 804 days

SK-I + SK-II
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SK-I + SK-II
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ννµµ ννττ 2 flavor analysis2 flavor analysis

Best Fit: ∆m2 = 2.5 x 10-3 eV2

sin2 2θ = 1.00
χ2 = 839.7 / 755 dof (18%)

1.9 x 10-3 eV2 < ∆m2 < 3.1 x 10-3 eV2

sin2 2θ > 0.93 at 90% CL
1.9 x 10-3 eV2 < ∆m2 < 3.1 x 10-3 eV2

sin2 2θ > 0.93 at 90% CL

1489 days (SK-1)+ 804 days (SK-II)
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Update from Phys. Rev. Lett. 93,101801(2004)
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Accelerator NeutrinosAccelerator Neutrinos
(Long Baseline experiment)(Long Baseline experiment)



K2K experimental setupK2K experimental setup

p π+ νµ
µ+

SKNear detector

Pion monitor Muon monitor

Target & horns

250km

Decay tunnel

300m

Eν (GeV)

N
ν

/ c
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2
/ 0

.1
G
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 / 
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 p
ot

νµ energy spectrum @ front detector site
x1010

•• almost pure almost pure ννµµ beam (~98%)beam (~98%)
•• EEνν ~ 1.3 ~ 1.3 GeVGeV
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Very good agreement 
btw data and MC.
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∆T(µs)
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K2K Event selection @ far (SK)
Selection criteria

|∆T|<500µsec, no pre-activity
(Decay-e cut)

Total q within 300n sec  
>200(K2K-I), 94(K2K-II) (~20MeV)

No OD activity (FC), Evis>30MeV,
Fiducial volume(Dwall>2m)

|∆T|=-0.2 ~ +1.3µsec

# of events

578k

53k

115

112

TOF (0.83m sec) cut using GPS 

112 on-timing fully contained events 
in fiducial volume are observed.
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ννµµ disappearance analysisdisappearance analysis
Number of FC events

Obs. 
Expected.

112
158.1      (null osc.)

Reconstructed Eν spectrum

(∆m2,sin22θ)
=(2.8x10-3,1.0)

null osc.
1ring µ data

Data-best fit (2.8x10-3,1.0)
Data-null osc.

KS test probability for spectrum shape

37%
0.07%

Null oscillation probability

Norm.
Shape
Shape+Norm.

K2K
0.06%    (3.4σ)
0.42%    (2.9σ)
0.0015% (4.3σ)

+9.2
- 8.6
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MINOS ExperimentMINOS Experiment
•• MMain ain IInjector njector NNeutrino eutrino 

OOscillation scillation SSearchearch
•• High power High power ννµµ beam beam 

produced by 120 produced by 120 GeVGeV
protons from the Main protons from the Main 
Injector at FNALInjector at FNAL

•• Near detectorNear detector (ND) at (ND) at 
FermilabFermilab to measure the to measure the 
beam composition and beam composition and 
energy spectrumenergy spectrum

•• Far DetectorFar Detector (FD), (FD), 
735km away, in the 735km away, in the 
SoudanSoudan Mine, MinnesotaMine, Minnesota

•• LELE--10 event 10 event 
composition: 92.9% composition: 92.9% ννµµ, , 
5.8% 5.8% ννµµ, 1.3% , 1.3% ννee / / ννee

735 km



MC Event TopologiesMC Event Topologies

•• Long Long muonmuon track track 
+ + hadronichadronic
activity at vertexactivity at vertex

νµ CC Event νe CC EventUZ

VZ

3.5m 1.8m 2.3m

•• Short showering Short showering 
event, often event, often 
diffusediffuse

•• Short event with Short event with 
typical EM shower typical EM shower 
profileprofile

ννµµ CC is selected by;CC is selected by;
•• >=1 track>=1 track
•• Negative charge (curvature)Negative charge (curvature)
•• Likelihood based onLikelihood based on

–– Track lengthTrack length
–– Fraction of pulse height in a trackFraction of pulse height in a track
–– dE/dxdE/dx

νµ CC event NC event νe CC event



MINOS BestMINOS Best--Fit SpectrumFit Spectrum

•• BestBest--fit spectrum for 1.27x10fit spectrum for 1.27x102020 POTPOT

MINOS MINOS

Measurement errors are 1σ, 1 DOF
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Allowed Region from MINOSAllowed Region from MINOS

•• Fit includes Fit includes 
penalty terms for penalty terms for 
three main three main 
systematic systematic 
uncertaintiesuncertainties

•• Fit is constrained Fit is constrained 
to physical region: to physical region: 
sinsin22(2(2θθ2323))≤≤11
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Future prospect of Future prospect of θθ2323, , ∆∆mm222323



• T2K (approved in 2003)
– Construction:2004~2008
– Experiment: 2009 ~

J-PARC@Tokai

Super-K
50kton

Phase II 4MW, Mton, CPV

T2K-I (0.75MW + SK)
νµ νe appearance
– Aim to discover θ13
νµ νx disappearance
– Precise ∆m23

2, sin22θ23

OA3°

OA0°
OA2°

OA2.5°

振動確率＠
∆m2=3x10-3eV2

ν µ
Φ

xσ

Off-axis beam: Narrow & Intense

OA2.5º:
1600νµCC/yr
νe~0.5% (peak)

T2K: Tokai-to(2)-Kamioka (~100×K2K)

P(νµ→νe)

Eν(GeV)



Bird’s-Eye View (Feb. 2006)
Hadron Experimental Hall

50 50 GeVGeV MRMR
A round=1,600mA round=1,600m

Materials & Life
Experimental Hall

3GeV RCS3GeV RCS
A round=350mA round=350m

LinacLinac
(330m)(330m)

NeutrinoNeutrino3N
BT

3-50BT
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Future Future sensitivity study by fake sensitivity study by fake data(MCdata(MC))

SK 5yrs (90%)   SK 5yrs (90%)   
SK 20yrs (90%)SK 20yrs (90%)

T2K will give T2K will give 
stringent limit.stringent limit.

SK SK atmnuatmnu, MINOS, MINOS
•• δδ(sin(sin2222θθ))∝∝

1/sqrt(stat.)1/sqrt(stat.)
•• δδ((∆∆mm22))∝∝

1/sqrt(stat.)1/sqrt(stat.)
•• will be comparedwill be compared 
with T2Kwith T2K

input=(1.0,2.5x10input=(1.0,2.5x10--33eVeV22))

MINOS 1.26x10MINOS 1.26x102020POT(90%)   POT(90%)   
MINOS 16x10MINOS 16x102020POT(90%)POT(90%)

input=(1.0,2.72x10input=(1.0,2.72x10--33eVeV22))

T2K 5yrsT2K 5yrs

ATMν



Search for nonSearch for non--zero zero θθ1313



K2KK2K ννee appearance searchappearance search

110.350.351.901.90No decayNo decay--ee

000.170.170.580.58Pi0 cutPi0 cut

220.400.402.472.47EvisEvis > 100 MeV> 100 MeV

330.400.402.662.66Tight eTight e--like cutlike cut

33330.470.4750.9250.92Single ringSingle ring

55550.810.8181.181.1FCFVFCFV

DataDatabeam beam ννeeνµνµ MCMC――K2KK2K--11――

440.390.392.172.17No decayNo decay--ee

110.210.210.740.74Pi0 cutPi0 cut

550.440.442.932.93EvisEvis > 100 MeV> 100 MeV

550.440.443.213.21Tight eTight e--like cutlike cut

34340.520.5249.4149.41Single ringSingle ring

57570.860.8677.477.4FCFVFCFV

DataDatabeam beam ννeeνµνµ MCMC――K2KK2K--22――

In total,In total,
#expected BG = #expected BG = 1.701.70
#observed       = #observed       = 11
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Exclude region forExclude region for ννee appearance searchappearance search

limitlimit
sensitivitysensitivity

upper limit (90% CL)upper limit (90% CL)
sinsin2222θθµµee<0.13 <0.13 @2.8x10@2.8x10--33 eVeV22

K2K
sin2θ13<~0.06@2.8x10-3eV2

(assuming sin22θ23=1.0) 

CHOOZ(reactor)
sin2θ13<~0.03@2.8x10-3eV2

Consistent result



T2K Sensitivity to θ13

νe appearance
sin22θ23 = 1.0 is assumed.
5×1021 POT
(~5 years w/ full intensity)

Stat. error
+ Sys. error for BG subtraction (10%)

(OA2.5(OA2.5°°))

5×1021 POT MC

# of events 
in 0.35~0.85 [GeV]

Signal           … 103
Beam νe BG … 13
BG from νµ … 10

0.008 @ ∆m2
13=2.5×10-3[ev2], δ=0



θ13 sensitivity versus year

Double CHOOZ
(copy from M.Goodman
ICFA seminar 2005)

∆m12
2=0, sin2θ23=0.5, 

∆m2>0: assumed



Beyond θ13                                   
(assuming sin22θ13 is larger than 0.01)

J-PARCJ-PARC
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Hierarchy,

CP, ….



T2K phase-II: (baseline design)

4MW  
J-PARC beam

1Mton (0.54Mton fiducial mass) 
Hyper-Kaqmiokande

2years of ν run + 6 years of anti-ν run 
O(106) events for both runs



Oscillation probabilities and the 
expected signal
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T2K Phase-II: other option

JPARC

Off-axis angle

2.5deg.off-axis beam  @Kamioka

Distance from 
the target (km)

2.5 deg. off axis2.5 deg. off axis
2.5 deg. off axis2.5 deg. off axis

Total cost must 
be similar to the 
baseline design. 

Based on; M.Ishitsuka et al., PRD 72, 033003 (2005), hep-ph/0504026 
(see also, K. Hagiwara et al., hep-ph/0504061) 



Sensitivity to mass hierarchy:             
T2K-II vs. (Kam+Korea) vs. Noνa

2σ2σ

T2K II

3σ3σ

Kamioka
+ Korea

2σ2σ

Noνa 
w/ p-
driver

Noνa 
w/o p-
driver

2σ2σ

Noνa 
w/ p-
driver

Noνa 
w/ p-driver +
2nd detector



Sensitivity to CP:                       
T2K-II vs. (Kam+Korea) vs. Nona 

2σ2σ 3σ3σ

3σ3σ

Noνa
w/ p-driver 
(1detector)

Noνa 
w/ p-driver +
2nd detector

Kamioka+Korea

T2K-II



ConclusionConclusion
•• Neutrino flavor transition phenomena and some Neutrino flavor transition phenomena and some 

of related parameters have been experimentally of related parameters have been experimentally 
established.established.
–– Solar and Solar and KamLAND+CPTKamLAND+CPT
–– Atmospheric, K2K, MINOSAtmospheric, K2K, MINOS
–– T2K aims to T2K aims to δδ(sin(sin2222θθ2323)<1%, )<1%, δδ((∆∆mm222323)<10)<10--44eVeV22

•• Next step is search for nonNext step is search for non--zero zero θθ1313

–– reactor, T2K; sensitivity of sinreactor, T2K; sensitivity of sin2222θθ1313~1%~1%
–– Key to measure CP phaseKey to measure CP phase

•• Next Next nextnext step; step; δδ
–– High intensity beam and High intensity beam and MtonMton--scale far detectorscale far detector
–– R&D and discussionsR&D and discussions


