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Outline

—reliability of each experimental

results 2 (some) details of
experiments

— accuracies of the parameters;
especially 623 and Am?23 = current
results and future prospects




Outline (cont.)

¢ Solar neutrinos
— 012 and Am?12

e Atmospheric Neutrinos
— 023 and Am?223

e Accelerator Neutrinos (and Reactor)
— 023 and Am?223
— search for non-zero 013
— CP phase




Solar Neutrinos
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Solar v Signatures in SNO (D,0)

Elastic Scattering (ES)
v,te — v, t+e’
v,, but enhanced for v,

Charged-Current (CC)
vtd — e+p+p
Eiesn = 1.4 MeV

Neutral-Current (NC)
v,+d — v, +n+p

Ethresh 2.2 MeV

Equally sensitiveto v, v, v.

Elastic Scattering

Vo

® Cherenkov electron

neutrino el$-

®
neutrino

® Cherenkov electron

neutrino deuteran \ ®®
protons

Charged-Current

Neutral-Current

neutrmo

.

neutron
neutring deuteron

3tagg|ng
methods

proton




3 neutron (NC) detection methods

Phase | (D,0) S ‘salt) Phase 11l ((He)
Nov. 99 - May 01 y 1 - Sep. 03 Nov. 04-Nov. 06

n captures on 2 t NaCl. n captures 40 proportional
2H(n, v)3H on counters
Effc. ~14.4% 35Cl(n, y)36Cl SHe(n, p)3H
NC and CC separation Effc. ~40% Effc. ~ 30% capture
by energy, radial, and NC and CC separation Measure NC rate with
directional by event isotropy entirely different
distributions detection system.

°H+n

n+3He - p+°H

Higher efficiency
Higher energ
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ISotropy

160 o Data
[ —— Fitresult

140 ...

1o

100

D foo
(=] o
T T

N
o
T

201

3501 + +
300)-

uf
250; —— Fit Result

I —— AVbkg
200 F —— PMT+H20 bkgd.

r External neutrons
150 v,

= e Data B
100 ... Neutrons

0I5 06 04 02 0 02 04 06 08 1
cos O

Extraction of ES, CC,
and NC signal

(SNO 391days salt data, Phys.Rev.C72,
055502 (2005))
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Comparison of pure D20 phase and
salt phase

. s
RUEDE0 s

Salt phase — Phase |1 (391 days)

CC SpeCtI‘um constrained fit
constrained

Salt phase Phase 11 (391 days)
unconstrained fit

Un-constrained

16 17 1.2' 19
Occ (x10°cm2 s?)

foc =1.68 “gpg(stat.) oo (Syst)
b =4.94 “55(stat) 03 (syst) Jf2C - 0,34+ 0.023(stat)*2222 = cos? 0,5 5in? 0y,
Pes = 2.39 tg:gg(Stat-)tg:ig (Syst.)




Allowed (012,Am<12) region

Solar neutrino exp’s

Solar : KamLAND

C ....95%C.L.
[ - 99%cCL
L __99.73% C.L.

B * solar best fit

KamLAND

- 95% C.L.

99% C.L.

- 99.73% C.L.

® KamLAND best fit

L1l
10

15:

Solar + KamLAND
with the 2005 SNO
NC results

10:

5

68, 95, 99.7%CL"

0 02 04 06 08 1

tan?o

0,,=33.9*%4 , , degrees (68%CL)




Atmospheric vs

atmosphere

Primary cosmic rays

'\Hll:’roton, He
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Allowed (023,Am<423) regions

hep-ph/0507068

90%CL
V.V

A -
SK zenith-angle

oo
o*®

- SK L/E

.
.
ooooo

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

- Super-K [Ref. 7] -1 | | | |
- = 3
| mmmsm _ - 2 [ == 8% CL AMINOS Atmmospheric v
Super-K [Ref. 26] . el I
E: " 1 L -.".I.u.;.—:...; 418 days exposure
o - Besi [t
T =
wo ke A ~
i
10
) P Ly |
0 0.2 0.4 [LX 0.5 1

i
sin” 28




SK-I+Ill atmospheric neutrino data

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

CC v, CCyv,

SK-I: 92 kton-yr

-1 + SK-II SK-II
SK-I + SK-I] SK-| .
SK-II: 49 kton-yr
Sub-GeV e-like Sub-GeV -like P00 multi-ring e-like 300 multi-ring u-like
400 P< 400 MeVi/c 400 P<400Mevie | Total: 141 kton-yr
300 200
200 - N 00
: 100
100 F st
0 .I 18 1 I 8 2 1 I 0 2 1 I 0 2 1 O 0
1 05 0 05 1 -1 -05 0 05 1 1 05 0 05 1
j% F— Sub-GeV e-like 600 FSub-GeV p-like 300 PC through
S 400F  p>400Mevic [ P>a00mevie |, f
> 2 -
HLE 300 :' " 400 _E:_ =t —- i 200 =
S 200 m i 4,:!""-“*-'_
27 200 = 20 100 -
€ 100 F [
5 2
bz 0 C
-1 -05 O 0.5 1
Multi-GeV e-like L Upward through-going 150 Upward through-going
200 non-showering w showering w
150 100
100 50
50 -
-1

1

0
-1 -08-06-04-02 O

cos®

cos®

0
-1 -08-06-04-02 O

0—1 -0.8-0.6 -04 -0.2 O

cos®



v, 2 v, 2 flavor analysis

SK-I + SK-II

1489 days (SK-1)+ 804 days (SK-II)

Best Fit: Am2 = 2.5 x 103 eV?2
sin226 = 1.00
839.7 / 755 dof (18%)

)
>
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(QV
S
<

— 99% C.L.
— 90% C.L.
68% C.L.

S

/;

Qy,
//77/}7
U
J

0.8

0.9
sin®20

1.9 x103%3eV2< Am?2 < 3.1 x 103 eV2

sin?220 > 0.93

at 90% CL

Ay? distributions




High resolution L/E sample

Update from Phys. Rev. Lett. 93,101801(2004)

Oscillation best fit
(sin?2 6 , Am?)=

(1.00,2.3 X,1j03eV?)
{ g = B3.9/d0f

Q

(null oscillation

I T

99% C.L.
— 90% C.L.
— 68% C.L.

o _oOo O

o

27+
B
o
.14 ,
Laf
b
(.)6 :
(.)4 :
of|
00

Data/Prediction

E TN

Vs

() 2.0 < Am? < 2.9%X103eV?
sin220 > 0.92 at 90% CL

From zenith analysis: 1.9 x 103 eVZ2 < Am2 < 3.1 x 103 eV2
sin226 > 0.93 at 90%o CL




Accelerator Neutrinos

(Long Baseline experiment)




K2K experimental setup

1 Decay tunnel
Pion monitor Muon monitor

v, energy spectrum @ front detector site

* almost pure v, beam (~98%)
° Ev~1.3 GeV




v horm. determined by near detector

Black: Data

[> Z C] Red : MC

| | ‘ | | | | ‘ | | | | ‘ | |
-200 -100 0 100 200 300

X R1 25t Dat 2000

::EEEFE:‘:EEE:E:EE‘_‘:_*:!::

ooX 0

Ll ‘ | —— ‘ | —— ‘ | | — | ‘_\-F'
-200 -100 0 100 200 300 400

[ s ot 2000 | Very good agreement
btw data and MC.

-400 -300 -200 -100 0

Z 1Rmu Dat 2000

int

o — N =158.177 events expected




K2K Event selection @ far (SK)

TOF (0.83m sec) cut using GPS

\

-500-400-300-200-100 O 100 200 300 400 500

# of events

|AT|<500usec, no pre-activity
(Decay-e cut)

Total g within 300n sec
>200(K2K-1), 94(K2K-11) (~20MeV)

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

|AT|=-0.2 ~ +1.3usec

SK event timing (1bin=125/2 (nsec))

L

0
event t5|m(|)ng (nsec)




v, disappearance analysis

Number of FC events
Obs.

Expected. 158.1722 (null osc.)

Reconstructed Ev spectrum

=
(o]

»

null osc.

(Am?Z2,sin220)
=(2.8x103,1.4

>
Q
©)
N
o
~
0
+—
c
Qo
>
()

L
N b

=
o

Data-null osc.

o N b~ OO @

K2K
0.06% (3.40)
0.42% (2.90)




v, disappearance allowed region

Alikelihood @ sin226=1.0

~

K2K 68% ~T==-o.__ ]
K2K 90% ]
i K2K 99%
F e SK L/E 90%

L | L L L

0.4

Best fit . (Am?,sin?20)

(2.55x10-3, 1.19) (all region)
(2.75x103, 1.0) (physical)

Atmnu confirmed by completely different method.




MINOS Experiment

Main Injector Neutrino
Oscillation Search

High power v, beam
produced by 120 GeV
orotons from the Main
Injector at FNAL

Near detector (ND) at
Fermilab to measure the

beam composition and
energy spectrum

Far Detector (FD),
/35km away, In the
Soudan Mine, Minnesota

LE-10 event
composition: 92.9% v,
5.8% v , 1.3% v, / v,




MC Event Topologies

vu CC event - NC event

ve CC event

i —— 18m —

<—23m—>

" Ty " —

Long muon track e Short showerlng

+ hadronic event, often
activity at vertex diffuse

Short event with
typical EM shower
profile

vu CC Is selected by;
e >=] track
* Negative charge (curvature)

e Likelihood based on
— Track length

— _dE/dx

— Fraction of pulse height in a track




MINOS Best-Fit Spectrum

PRL 97, 191801 (2006)

¢ Best-fit spectrum for 1.27x10%° POT

N
T

NDFit Unoscillated

—
T rrrrjnrri

t—

-

N
|

o i
> Beam Matrix Best Fit TL':U ]
8 — NC Background . o i 3
I 30 —b— MINOS Data . g C +_
C _ = B n
g © 05 —
L 8 Beam Matrix Best Fit

NDFit Best Fit
—— MINOS Data

S T E—T- 8 30
Reconstructed E, (GeV)

‘Am % ‘ = 2.74 0% (stat + syst) x10 eV ?

0 PSR S NS ST TR N S S T S N T S S
0 5 10 15 20
Reconstructed E (GeV)

Measurement errors are 10, 1 DOF

nbins nsys

2= i221:[2(ei —0,)+20,In(0, /e, )]+§A5f/0s2,-

sin 26,, =1.00 _, ,, (stat + syst)
Normalizat ion = 0.98



Allowed Region from MINOS

PRL 97, 191801 (2006)

e

Or * MINOS Best Fit

® Fit includes L —— MINOS 90% C.L.
penalty terms for e MINOS 68% L. |
three main -
systematic
uncertainties

Fit is constrained
to physical region:

Sin2(2623)$1 - —— SK90% C.L. e
- —— SK (L/E) 90% C.L.
b =210 55 10 e | 2
sin 20,, =1.00 _, ,

- | | I
1+ 1 1 I.I 1 1 271

| |0[4' | '0{6| | |0.8| —
sin(20,,)




Future prospect of 023, Am?23




T2K: Tokal -t0(2)-Kamioka (

« T2K (approved in 2003)
— Construction:2004~2008

J-PARC@Tokai

o 2009 ~
Sgﬂer Kam ;c:uimnd{g‘ 205km ﬁﬁ_ﬁh}
-l et Kﬁ&
| Super-K [ / e

Off -axis beam: Narrow & Intense

50k e
L ton ,J;f i’fm‘jfﬁm
>

{cy 2000 E&NI

T2K-I1 (0.75MW + SK)

&
= 4200 mi AGTEE km aoraox

— Aim to

— Precise

000-511-522-5.?»3-54
GeV

Phase Il 2> 4MW, Mton, CPV



Bird’s-Eye View (Feb. 2006)

s, o

Hadron Experimental Hall

Materials & Life e T gy 50 GeV MR .

Experimental Hall > = - s _ A round=1,600m 4= e

3 P O ) = — Neutrino .3;'_,-1;5
3GeV RCS | =T reSe, ° \ : o > WS

A round=350m & ity : : £




(/50MeV/22.5kt/5yr)
N Ul ~ o
ol o ol o

o

T2K Sensitivity In v,— v disappearance

ALLCHAN 1223.

T2K
vu events
w/ 0SClI.

1 1.5 2
Ev®® (GeV)

--68%CL
--90%CL

0.98 099 1

Goal
0(sin?26,,)—~0.01
0(AM2)~—<<1x 104




Future sensitivity study by fake data(MC)

e e mmme el [ 21 Wil give

SK 5yrs (90% h ~triE Arnt lirmit
3K Do 90% il stringent limit.
input=(1.0,2.5x10-3eV

i SK atmnu, MINOS
T2K 5yrs | [ 3(sin220)ec

- | 1/sqrt(stat.)
4D * 5(Am?2)ec
] 1/sqrt(stat.)

MINOS 1.26x102°POT(90%) e Will be compared
MINOS 16x102°POT(90%) ]
input=(1.0,2.72x103e\2) with T2K

1 I 1 1 1 I 1 1 1 1 1 1
0.8 0.9 1

sin?20




Search for non-zero 913




K2K v, appearance search

—K2K-1—

FCFV

Single ring

Tight e-like cut

Evis > 100 MeV

No decay-e

Pi0 cut

—K2K-2—

beam ve

FCFV

0.86

Single ring

0.52

Tight e-like cut

0.44

Evis > 100 MeV

0.44

No decay-e

Pi0 cut

0.39

Invariant mass using additional 2nd ring (MeV/c2)

1st ring momentum (MeV/c)

In total,
#expected BG
#observed

1.70

i




Exclude region for v, appearance search

upper limit (90% CL)

5iN%20,.<0.13 @2.8x103 eV?

K2K
Sin2013<~0.06@2.8x103eV?
(assuming sin22623=1.0)

—90%C.L. I Consistent result

9%cL
\\i\\\\i\\\\i\\\\i\\\\i\\\\i\i i\\\\

0.2 0.4 0.6 0.8 1
sin229Me

CHOOZ(reactor)
Sin2013<~0.03@2.8x10-3eV?2




T2K Sensitivity to 045

sin?20,; = 1.0 is assumed.
Ve, dppearance 5x1021 POT

Eve @

SK (sin’20,, = 0.1, Am*=2.5x10")

| rrrrrrrr [T T o rT T

I

Jﬁ Expected signal + BG

— Jotal BG

>
O
O
o
o=
2
S
>
i

— BG from v,

# of events
in 0.35~0.85 [GeV]
Signal ... 103
Beam v, BG ... 13
BG from Ve 10

5x10%t POT MC

TRETUTHEY FUUUINT I B B N D P S PR B SR |

I L1 11 111 |
2.0 3.0 4.0 5.0
Reconsiructed Ev [GeV]




0,5 sensitivity versus year

New: Previous beam power x 2

AmM,,%=0, sin?0,,=0.5,
Am2>0: assumed
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2009 I 2010 I 2011 I 2012 I 2013

Japanese Fiscal Year (Apr-Mar)




Beyond 0,

(assumlng S|n226 13 IS Iarger than O. 01)

Present Tunnel

ent Laboratory

ture Laboratory
er Cerenkov Delectors
|

I\/IEMPHYS

W=

Fermllab

5"-'j.*-”"j NuMI

73| + proton
| driver




T2K phase II (baselme deS|gn)

1Mton (0.54Mton fidu
Hyper-Kagmiokande

2years of v run + 6 years of anti-v run =
O(109%) events for both runs
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Oscillation probabilities and the
expected signal

sin” 26, = 0.01

Peak energy of the T2K beam

N
0 E ! v
0. 00

.EIII!IIUIII!II/OIQISIQI/Q:’:\QIIIélgékl’/%|§
D=/ 4

U,V m@ﬁef subtmcted_

0 0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
E (GeV)

Solid line: w/ matter
Dashed line: w/o matter

Neutrino run=2years,

anti-neutrino run=6.8years,
4MW, 0.54Mton fid. Vol.
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120 f
: NET

CP phase

Am31<0

I 9 a{ .................................
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SN ') S 1 O N e

o= 289/“m
L=295km i

sin 2V25 HO
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Sensitivity to mass hierarchy:
T2K-1l vs. (Kam+Korea) vs. Nova
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2 ¢ Resolution of the Mass Hierarchy

L= 8i0km, 2kmof NOWA NOA [ L=BiDk, i2kmof
©im2=2510%V A L =710 km, 30 ki of
: _ 20 i 2= 25 10° "
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Sensitivity to CP:
T2K-1l vs. (Kam+Korea) vs. Nona

3 ¢ Determination of CP Violation
Sensitivity to CF viclation

1 T 1 1 T T LILIL T 1 1 1 T LIL L)
: I Kamioka+Ka 1 L=810 km, 12 km off NOvA
0g E i 2L L=710 km, 30 km off
: goo=—m 1 Amy2=2510" eV’
a8 T : Each v and ¥ P
. — 75x10% pot, Am® > 0 s
07 f ’

— 120x10” pot, am*< 0 i

v NOVA + 2nd Dot, Am”> 0 3
:-:- NOvA + 2nd Det, Am® <

]
-

IIIIIIl!_.IIIII

=
'l-‘.

Kamicka 0.27Mion + Korea 0_27Mon detectors
v AT + v 2yt AMW beams
— normal mass hierarchy

L
L

Fraction of &

=
I
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"
Y

w/ p-driver + ;

03 | : .

- ---- inverted mass hisrarch s

: Y 2nd detector-.-
o2 £ Kamioka 0.54Mton detector K Nova

- v 29T + v Byr, 4MW beams ‘_-" w/ p-dI’iVGI’
01 F ~— normal mass hierarchy H

- ---- inverted mass hisrarchy B (1d€teCtOr)

D [ 1 1 1 L 1Al 1 1 1 [ | ' 1 1 - :' m ml
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Conclusion

¢ Neutrino flavor transition phenomena and some
of related parameters have been experimentally
established.
— Solar and KamLAND+CPT
— Atmospheric, K2K, MINOS
— T2K aims to 6(sin?2023)<1%, 6(Am>223)<10“eV?
¢ Next step is search for non-zero 013
— reactor, T2K; sensitivity of sin2013~1%
— Key to measure CP phase
e Next next step; o
— High intensity beam and Mton-scale far detector
— R&D and discussions




