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“Standard Solution

Atm. neutr|

Solar neutri

Neutrino oscillation has
been established as a
leading effect of the solar-
atmospheric neutrino flavor
conversion

Atmospheric neutrino
oscillation is mostly due to

VH%VT

Solar neutrino oscillation is
mostly due to ve 2 v, V,

Both atmospheric and solar
neutrino oscillations have
been confirmed by the
terrestrial experiments.

Small sub-leading effects
may lead us to the physics
beyond the Standard
Solution of the neutrino
oscillations




Three generation neutrino mixing
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Neutrino Oscillation
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Mass Hierarchy
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1< Solar

Normal Inverse

AM,.2 ~ Am > ~Am_ 2  ~ O(1073) eV?
AM 2~ Amg? < O(10%) eV?
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Atmospheric, Accel. long baseline,

Reactor (short baseline
Ays—=4TE/Am?

Energy baseline A2 for A2 for
(5x10°eV?) (2.5x10-3eV?)
Reactor (5MeV) 1 km 2B xm 2.5 km
Accelerator (1GeV) 250 km  25.C3C «m 500 km

Atmospheric (1GeV) 20~13,000 km 25,060 km 500 km
Atmospheric(10GeV) 20~13,000 km 2EC,GuC km 5,000 km

2 2

Similar to the "two neutrino oscillation formula
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Parameters: Am, 32, 0,5, 0,5, (0)



Upper limit on 8,5,: CHOOZ

~ Reactor experiment (1km baseline)
v, disappearance

Chooz B
Moclaar Power Station
2 x 4200 MWth |

— sCL belt
FC belt {corr. syst.)
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Events

e Data
o Background

Sin?20,5, < 0.12 for 3x10° eV?

— Expected

Sin?20,5,< 0.2 far 2x10° eV?
(Sin26,53=|Ug;5|? < 0.05)




Solar and
=== the long baseline reactor experiment

Energy Dbaseline A2 for Amg, 2 A2 for Am,,2

(5x10-°eV?) (2.5x10-3eV?)
Solar v (0.5MeV) 1.5x108 km 12.5 km 0.25 km
Solar v (5MeV) 1.5x108 km 125 km 2.5 km
Reactor (5MeV) 180 km 125 km 2.5 km

 Effect from Am_, 2 - averaged (no phase)

(12)

[ P 5, =

Good also for the matter oscillation

Negligible:  |U_l? < 0.00025 (at most)

Parameters: Am,,?, 6,,



Note

 Due to the mass hierarchy and the
smallness of the sin@,,, the atmospheric
and solar neutrino oscillations can be
treated independently, although the
atmospheric neutrinos may have a small
effect from Am,,



Solar neutrinos
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Solar-neutrina fliixy meaciirements  ,,.01s
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- SK Results

Excluded by
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Strong indication for the large mixing solutions in 2000



SNU +1
7.6 _1§NU

Solar neutrino flux measurements  io=oss

0.55%+0.08

2.56 £0.23

0.47%+0.02

0.35%0.02

SAGE Ga GALLEX 37C| Homestake Kamioka 4,0 SuperK ¢ gno N©
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Flux measurement + SSM Calculation
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Spectrum distortion

Day/Night effect
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ES vs CC (8B only)
Flux independent
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Flux independent




| 20inch PMT with
. Acrylic + FRP casel

Inner detector
= ~5200 20inch PMTs

Outer detector
= 1885 8inch PMTs

and

resumed data taking in Oct. 2002.

SK-II Cosmic ray muon
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- SNO (Sudbury Neutrino Observatory)

 Electron scattering
v+te —-v+e
ve and (v,. v, )x~0.15

« Charged Current (CQC)
vVe+td o>p+p+e
sensitive only to v,

« Neutral current interaction
v, td—>v, +p+n
1) v+d >T +6.25MeVy
2) v +35Cl — 36C| + 8.6MeV Xy
3) v +3He counter
sensitive to all neutrinos

(%c =1.76 139 (stat.)io.09(syst.)\
des = 2.3970-22 (stat.)=0.12(syst.)
20 NC + bkgd neutrons
R ——" 7 Onc —509+8§él (stat.) tg:j‘rg(syst.)J
-1.0 -0.5 0.0 05 1.0 [X106/0m2/8]



Discovery of Solar Neutrino Oscillation
» SK (ES) +SNO (CC)in June 2001

v, produced in
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Global Best Fit Solutions: Parameter Pull
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Troubles or Hints?

« Homestake (Cl) data: 2 o lower
 Hep-v flux: Higher value is required
(> 4 x SSM)

e Time Variation ?



Periodicity in the SK solar neutrino data?
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KamLAND

Long Baseline Reactor Experiment
hosted by Tohoku University

1,200 m? lig. scint.
1,280 17 PMTs 20% coverage

v,+p2>et+n

+ DD v (29Me
E,, =1.8 MeV M P 2 Y (2.2MeV)

Commercial power reactor
<L> ~ 180km

<Ev>~5 MeV
I=)> Am?2> 3x10°eV?

(sensitivity)



KamLAND Results
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KamLAND confirmed the LMA solution and
made the allowed Am? region smaller.



Solar+KamLAND Combined Analysis
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LMA Solutions




0.9 £1-(1/2)sin226
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Need more precise measurements
of both solar neutrinos and KamLAND,
which may provide a further confirmation
and
may lead us to the sub-leading phenomena
beyond the standard scenario of LMA.



Day-Night Effect must be observed

1~-3 % 2~5 %
Super-Kamiokande SNO
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Datw/BP2001 (5B only)
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Spectrum Distortion must be observed
-- no significant distortions observed yet --

Systematics Limited
- Extend to low energy
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" Expectation for pp and 7Be flux

| e ) .
0.9 F1-(1/2)sin226 i* pp-neutrinos
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o Confirmation of the solutions
— Cl-problem?
 Understanding of the oscillation mechanism

—Vacuum vs Matter
— Vacuum-Matter transition



tanf,, Improvement

« NC/CC
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Statistical error and

SSM prediction
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"1 Kamiokande & Super-K

 Discovery of Atmospheric Neutrino Oscillation
by Super-Kamiokande in 1998
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Combined allowed regions (revised)

. —— Bestfit (in prevmus figures):

2— -3

v?min=170.8/170 d.o.f

2

n226=1.0

1— iHation:
1 Genn=445.2172d.05F D

Oscillation significance
Ay°=274

0.649=+. 070 £0.051 (sub-GeV (1R))

0.032
0.698%+( g30 £0.083 (multi-GeV (1R))

a2 I
Am? = (1.3~3.0)x103eV>
sin<20 > 0.90

N @ 90%CL y




4 Comparison of old and new analysis results

oy 1 *Neutrino flux
E 4 . Honda 1995(1D)N’\102 B '9(?%' CL allkl)w'ed' regilor"sl .
g L1 [
ettt Honda 2001(3D) 3 | — New SK result
g 1e £ | — Previous SK result
Z 15 :
1
0.8
0.6
0.4 = Honda 1995(1D)/Honda 2001 3D)
0.2 " o MU | o " s 2 a2 a2 gl o " PR
% T 1 10 - (GeV1)02 .
Neutrino interaction model - *

several improvements:
agree better with K2K near-detector data

*Improved detector simulation +?

sImproved event
reconstruction Each change contributes to the shift
In the allowed Am? region.
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Other atmospheric neutrino experiments

SOUDAN Il

9896

Z derground
muon detector
(77 X 12 X 10m?3)

Hep-ex/0304037
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Other atmospheric neutrino
experiments




’l Search for t production in atmospheric v

 tevents cannot be identified by event-
by-event basis

 Need statistical analysis

 Adopted three different analyses:
1) Energy flow
2) Neural Network

3) Likelihood Method

e Selection Criteria
— multi-GeV, multi-ring
— most energetic ring is e-like
e Calculate Likelihood and cut events to enhance t



7

74 zenith angle dist. of t-like events
S 5 BG 2
140 — + ZZ _ Z( Ndata_(ai\lMC +ﬂ\IMC)j
120 ’C+B$ Cos® O

e | ‘ = 48 43

G o * =G ‘ Nt = 48 #3 events

§ 60 ( atm-v w/o 1 pro) NFC_ =N,/ eff(z)

c _ 42 12
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Other analyses give similar results:

Neural Network = 92 i%g i%% events

Energy Flow = 79 iﬁé events




3 flavor analysis

P(ve—wu)

(Am?=0.003eV?,sin’6,,=0.5,sin’6,,=0.026)

Assumption in SK analysis 0.5

0.45
m, 0.4
0.35
i 0.3
@ 0.25
mv2 ° 0.2
m, 0.15
0.1
Am,=0 0.05
J S 0
Amyz= AMyg L E, (Gev) 10

i =
; Matter effect through
L AMy3°% B3, B J those parameters




" Note for the effect from Am_ 2
on the atmospheric oscillation

« Electron appearancein Low Energy
« But was negligible

— Cancellation (vlLl ' Vg =2 : 1 & full mixing of 0,5)

 Now we know Am,? is relatively large

e Re-examination
— Matter effect

— Interfere from the transitions through Am;, & Am,
(no cancellation)



effect from Am_? on the atmospheric oscillation
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SK assumption, Am,,=0 is still OK.



A Allowed region for active 3-flavor oscillations
s including 6,5, but not Am,,
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4 Oscillation to sterile neutrinos?
L—- Use NC deficit or Matter effect to discriminate
 Use all the SK data
(including NC, up-through-going-muons and High-E PC)
=
 100% transition to the sterile state have been rejected
(>99%C.L.)

Vu = COSEv: + SINEv s
0.005

0.004

0.003

Am? (eV?)

0.002

0.001

/0 0.2 0.4 0.6 0.8 LS

\% —)(cosf';v +singv,)



K2K Long baseline neutrino oscillation experiment

Far detector: SK Beam monitors
V., disappearance Near detectors
spectrum distortion |__ v, flux

- spectrum
74 Kamioka Observatory -
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TILL

_ - 1.27Am? L. L=250km (fixed), <Ev>~ 1.3GeV
prob. =sin® 26 -sin®( ) — (). 3
E, Am?2 = 2.5x 103 eV?, sin220=1

Expect ~70% survival prob.




Delivered Beam for K2K

Delivered
P.O.T.

Usable
P.O.T.

June '99-July '01

~5.6x101°

4.8x101°

Dec. '02-Apr. '03

~1.7x10%°

Analysis
In progress

May '03-Jun. '03

~0.8x101°

Analysis
in progress

Delivered Protons on Target (POT)
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K2K-l Result

i

Observation : 56 events
Expected Events (w/o oscillation)

29 1R events 80.6+0.3(stat.)x L3 (syst.)

4 Null oscillation probability is
less than 1%.

90% CL allowed regions of K2K and SK atmv

~ Normalized by area

—

E T T T T ]
1 . o~ —

> s |
o SK atm-v = —"_

= /_\.mz(

(0}

Reconstructed Energy (GeV)

3

sin220 = 1.0 10 '}
Am2 =2.8x103%eV2 [—>Nsc=54" | KoK Results |
(1.5~3.9) [ (total events and shape) |

consistent with e
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K2K-1l events at SK-I|
SK II: Running stably since Oct.2002!

Data taken as for K2K-|
4.8x101°POT
Proposal:
1.0x10%°POT

= Will run until 2006

500
Times (ns)

K2K-Il neutrino candidate event
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Further confirmation and future
(Atmospheric & LBL)

e Missing
— L/E oscillatory pattern (atmospheric)
— Tau appearance (atmospheric; accelerator)
— Energy spectrum distortion (K2K)

* Notes on the differences (atm-v vs K2K/LBL)
— vt vt vt v (@atm-v) vs v, (K2K)
— Wider energy range (atm-v) vs

limited energy range (K2K)
« Experiment at different energy and distance (LBL)
* v, disappearance (LBL)

e Study sub-leading effects

— Electron appearance through 0,
— Beyond 06,5 2 CPV



Studies In future by accelerator
experiments

Beyond K2K



CERN Neutrinos to Gran Sasso (CNGS)

« Aim: tau appearance (L=730km)
e CNGS commission in summer 2006

Lig-Ar. TPC 3000 tons N
— 300T success; 600T@LNGS(>2003) 4 1155 28 L

— Hybrid Emulsion Experiment
 Event rate (orPeErA) (# of expected

tau events)
— 4.3 for 1.6 x 103 eV?2

<T— 7
— 10.3for 2.5 x 103 eV? '
— 26.3for 4.0 x 1038 eV?
— BG =0.64 events
— 5 years@4.5x10°POT/yr

.........

Ink=Ls/LB



NuMI-MINOS (Fermi = Soudan mine)

 NuMI « May see oscillation dip
— Dec-2004 If Am,;2 > 2x10-3 eV?
« Far Detector (L= 735km) ¢  3Am,;2 ~1x103 eV?
— Completed « Electron appearance

Near Detector - 8v,Dv,

ted — BG(26NC, 5beamyv,, 4v,., 3v,)
Physics run — U.?=0.01 for Am?=0.003eV?
— in 2005 for 5 yr — 10ktyr (2yr x 3.8x10%°POT/yr)

sin220 = 0.9 MINOS Low Energy Beam

£ 2_ 2 10 ¢
S 250 AM7=0.002 eV’ & 14 - 2
L | T Ui3=001
-§ 150 12 - Signal+Background
%— 100 0 e Background
s o L < sf
~ = L
g U 6k
1.2 3 H= B
] 107 | L
E 4F —
K= 0.8
= 0.8 r
& o 2 Signal Region_
0.2 10-4 |E| | 0:.|||||||||||||||
0 = | I | L M| | I | | | JIIIJI‘ 0 20() 4()0 6()0 SOO 10(

107 107 2 107 _
U _| E (photoelectrons)



J-PARC-V (100xK2K)

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

-
F

f‘“"? o =

e+ Power: 5.2kW - 750kW

e 50 GeV PS Construction:
— 2001 ~ 2006 JFY

 Neutrino Program: not yet approv.

* v,beam ~1GeV to be adjusted
for the oscillation maximum

KEK-PS - J-PARC-PS

« Beam: 6 x10*%ppp > 330 x10*ppp

« Rate: 0.45Hz - 0.275 Hz

=, Neutrino Beam Line




Sensitivities in first phase(5yrs)

Search for v, appearance v, disappearance

4 90% C.L. sensitivities — 'E
10 SR S 0 0 S N
..... %
< - ) D -
& - \ cC\]\l _1‘
E 16
S N e N i 1 c
>— " —
- Sax n
3 N
10 ’ ( T A 2e A
S eyt G
- bV reactor
: ~~
r l H
K2 ~ OAB 2degree
107" S AL EN 10°F
yeir - ~ <] A
AB-Fdietiree Ee OO"’ -
TTTTTYTTITTTTTT —
10 =
il Sl 1x
4 | I CHOOZéxcluded i n . , . .
10 3 : 3 X 0.003 000+ 0,005 G.ood
10 10 10 L 1
sin<263

True Am,;? (eV?)

0,01

104

sin226,,>0.006~0.008 (90%)  d(sin®26)~0.01  j, 5years

|U.5/?>0.0015~0.002 d(Am?) ~<1x10%



NuMI-Off axis

Note: J-PARC-V: ~2°-0off axis
0 o Aw=30E3eV

| | L L
: — N C(visible )
0
----- heam v,

'l.’{_mglml

low energy narrow band (~2GeV)
— Lower NC backgrounds
— Below tau threshold

5 limes

“belen

evts/kt/3. 8E20POT/0.2GeV
=

Simultaneous operation with MINOS ; CHOOZ T %
L=700~900km, medium energy NuMI e [N
50kt detector with low Z, high granularity f Ny

. _-'|i.ii||||||"|_'"1-|||||||||
Rate: S T R T BTV
— 20kt fid, 3.7x10%° POT/yr x 5yr E (GeV)

* 400 oscillated v, for |U_4|2=0.025 (~CHOOZ) AL s N

« 15 events for |U_|?=0.0025 |
Sensitivity T g W
— 90% C.L. down to |U_,|°=0.0007 (statistics only  ‘sie? }»ﬂwﬁ\
Schedule _Vsen Nl
— Proposal to Fermilab PAC in late 2003 2 \\
— Hope to start in late 2007 e Qr\m; ,,,,,,, E



Reactor experiments for 0,5

* P -5 1.=1-sin%20,,SiN*(Am ,°L/4E)
— Direct 6,3 measurement: no uncertainty due to
S,3° in like LBL Acc. Experiments

— No matter effects & no CPV effects

— Difficulty: Disappearance
o small effect in a large number
— Aim: sin220 < 0.01
e 50tons (CHOOZx10): statistics
e Larger power reactor
o 2 detector (syst. 3% -2 < 1%)
e Deeper: reduce BG



Experiments considered

o Kr2Det: 2 detector experiment @ Krasnoyarsk
— 46 tons (15m $ 1000m); 600mwe
— 20,000 ev (S/B ~ 10)

* Diablo Canyon @California coast
— 600mwe (3.1+3.1 GW)

o Kashiwazaki-Kariwa inJapan
— Need underground shaft to be built
— 7 Nucl. Power Stations: largest PS in the world




Beyond 6,,

| N

N

013

sin%26,, > 0.01 must be required

- experimentally
- politically



LSND/KARI\/IEN/mlnl BOONE

 Remaining problem (LSND)
v, 2> ve | Am? ~ 1eV?
ST 20~ 3x10=-
Non-standard int.: p* > e'*v,
o Sterile v (2+2 or 3+1 or 3+2)
violation

am® (ev %)

I —
'L LSND (907 CL)

— 800(450) tons of mineral ol S
- MiniBooNE (905 CL):
— 1280 8" PMTs I @*'Fprrsms;nturqeﬂ
— Booster 8 GeV (5x102° POT/yr) 07 - Prunning
— L=0.5km, <Ev> ~ 1GeV e g
[] V»/\’u ~3x103
-@ning (20%)}Results in 20@
7

Booster

450 m Detector



Conclusions

 Neutrino oscillation is established as a
leading effect of the solar-atmospheric
flavor conversion

* Precise measurement of the oscillation
phenomena will provide us further
confirmations, and may also provide a hint
to the physics beyond the standard
scenario
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