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Outline

e Recent results on Neutrino Oscillations in
Super-Kamiokande

— Atmospheric neutrinos

— Long baseline experiment (T2K)

e Future prospects in Kamioka

Feb.14 2013



Introduction: Neutrino Oscillation

Flavor eigenstates are Mixture of the mass eigenstates

2-flavor case:

V.| _| cosf siné ||V, o, B = flavor states

- . 1,2 = mass states
; —sin® cosf v,

Probability that v is v, after flight L:

0 : mixing angle
) . 9 o) L : flight distance
P, —v,)=1-sin*26"sin’(Am’L/4E) | § neurino enerey
m; : neutrino mass

2 2 2
Am” = m, —m, difference of squared mass

Neutrino Oscillation is induced by mixing of states and finite masses

Feb.14 2013 3



Neutrino flavors and mixing
(Maki-Nakagawa-Sakata-Pontecorvo Matrix)

Ve Vi 1 0 0 cosf, 0 sin 913 cos6, sinf, O0\/v,
Vo |=U,| V2 =10 cosf,; sinb, | 0 1 0 ‘| -smé, cosf, 0],
V. Vs 0 -sinf,; cosf, | |-sin Hl 0 cosd, 0 0 1\ v,
$ 7
Atmospheric v, Reactor v, Solar v,
Accelerator v experiments | | Accelerator v, Reactor v
(K2K, MINOS, T2K..) Atm. v
0,,~ 45° sin?20,, ~ 0.1 0,,~ 34°
Am2,, ~ 2.4x103(eV?) Am?;, ~ 8x10°(eV?)
4 N
P(va — vﬁ)
. & * . . 2 . * * . . 2
=8,5-4 Y Re(U U U, Uy, ) sin* @, £2- ¥ Im(UU,U, U, ) sin® 2,
i>j >
®. =Am.L/4E
N v v J

3 oscillation scale. Oscillation amplitude induced by 3 mixing angle
Feb.14 2013 Imaginary part can only accessed by appearance channel (o=f3) 4



What is unknown

CP violation (0,,)

Mass hierarchy

* Neutrino Oscillation induced by the
difference of masses. Only we know is
that two different size of scale exists

—2>Two hierarchy can exist

0l
77

"
m | =

atmospheric
- b 'ﬁ
~2.5x107eV=

solar~8x103¢V?2

m?

)
—+m,-

> -5 .\72 -
solar~8x107eV= )
~+m*

atmospheric

~2.5x103%eV?2

X
~my©

0

normal

. ()
inverted

answer to these questions

Study of neutrino oscillation in various channels can give

Feb.14 2013



Super-Kamiokande IV

Ring-imaging Water Cherenkov
Detector, located at Kamioka-Mine,

Gifu-pref. Japan
1km overburden
Cosmic ray reduces ~ 10~ at surface

22 .5kton Fiducial Volume.

Inner | _ — Inner Detector (ID):11,129 20inch PMT
Detector : — Outer Detector(OD):1,885 8inch PMT

SK-1 had started 1996.

SK-1V with deadtime-less DAQ : 2008~

Outer

Detector * 47t acceptance, very efficient n°/e separation.
(OD) * High Particle ID (u/e) power (~*99% at 600MeV/c)
* Good energy reconstruction.

Very wide Energy range, Multi Physics targets:
~

2
50\?"(“ Q\e\'\(’c’ Accelerator based v Atmospheric v
~3.5 MeV ~20 ~100 GeV Indirect WIMPs

TeV
Proton —

Feb.14 2013 decay



Reconstruction of events

R e # of hit PMTs

PMTs | ¢ %00, *PMThittiming
20920 ¢ * Intensity of Photon
Opi 0 0
g6 o0 | (PEs)
“:}QV 00 * Event vertex
Charged “Y0,Y e Direction of particle
Particle Cherenkov | ¢ Particle species,
Photons * Energy

Super Kamiokande IV 1096.7 days : Monitoring

200 e-like 2457 €——> muon-like 2412 ] o ) )

180 * Particle Identification is a key

160 . .

a0 issue for neutrino flavor

120 OSCi“atiOn-

100

50  Pattern & opening angle of
60 Cherenkov cone are used

40 . ofs ~

wb * Mis-ID probability ~ 1% (well
e . tested by atm.v, cosmic )

2 0 2 4 6 8 1
PID likelihood sub-GeV 1ring (FC)

Particle Identifier
Feb.14 2013 7



Real data

MC

simulation

No. of hit PMT

/ 3nsec

SXpe)
R

Calibration of the detector

Detailed Calibration works has been done
intensively with in-situ & ex-situ sources:
(pulse laser, CRu, electron LINAC, ..)

* Timing response of PMTs

e Gain of PMTs

« Water transparency measurement
 Detector Uniformity ...

Well test the event reconstruction
performance

* Vertex, direction

e Particle identification

* Energy reconstruction, ...

350
300
250 -I- Data
200

150
100
50 I

PR TR

MC

been developed based on
measurements of fundamental

600
Feb.14 2013

800 1000 1200

PMT signal time (ns)

i

200 parameters & available models.

n

S

e

C)

Full Monte Carlo (MC) simulation has



Stability

Key issue is a water quality.

= T
E 245
S .
> Cosmic ray p
140 T v 24+
|| = s
v S
130 N A e 1 o " s A 11 (IR T o A - W 235 gﬁ SEIIEs 353, i;%g
] S R fi”"f R R el ;?&J +1%
] E ----------------------------------------
120 - 23
] 2 * RMS/Mean:
4 [=
- ] ] o
= 110 ] E 225 0.36%
> ] E L L 1 L 1 L 1 L L
g E 01/01/09 07/01/09 01/01/10 07/01/10 01/01/11 07/01/11 01/01/12 07/01/12 01/01/13
g 100 ] date
2 ] 5
5 2 by
= 90 - .. o
- 13.8 — 39 I
? ] § T Decay-electron
3 4137 2 3P
@ ] £
° 136 2 2wl
1he & 5 pRr W AN
B © 0,
s & 3 [ ﬁéf%%ﬁi ;%Ti fg}gﬂgﬁfg 5;%5& i}ﬁ E?é?gi}%}{ﬁ 1%
] > c Lo te--_ X _ _____r_T"_______t_ L ____ 2 F4
3 g 2 at
174 3 § * RMS/Mean:
4 133 €
] 0.39%
. 132 36 i 1 1 1 1 1 1 1 1 1
01/01/07 01/01/08 01/01/09 01/01/10 01/01/11 01/01/12 01/01/09 07/01/09 01/01/10 07/01/10 01/01/11 TQW/QKAdry01/01/12 07/01/12 01/01/13
date

Keep water quality by continuous purification of
the water. Return to
* Carefully control the flow inside Super-K Water system §
e Water transparency is continuously monitored and

taken into account in event reconstruction.
* 1% level stability of energy estimation.

3.5MeV-4.5MeV
Event distribution

Purified
Water supply
Feb.14 2013 ? | oo o w owom Ifz 9




Study of neutrino oscillation on atmospheric neutrinos

Feb.14 2013
10



Atmospheric neutrinos

= Secondary cosmic rays produced in the atmosphere

30 [mmmrnmmmsetatmn stratosphere p+A—2>s, ..

| Tt = utHv (v
Primary Cosmic ray “ Vi)

(proton, He,..) — e HV,(V,)HV,(V,)
20 Detailed calculations has been carried out
< * Primary CR fluxes
% * p+A cross section, m,K yields
E * Geomagnetic effect, are taken into account
5
<
10 Cosmic Ray Muon flux (Data/Calculation)

troposphere !

o
w
T

o
o

Flux/Depth xP? (GeV/c sec’ 1srTkg1

0]
aegxig) S 4 4 \~40g/cm? for proton [
2> L~15km 05

Feb.14 2013 10 11
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P (GeV/c)



Atmospheric neutrinos (cont’d)

w

-
o

~1Gev?)

1

sec 'sf

x EZ (n2
>
N

9

101 —— This Work
- -- HKKM04

o AP 10 1R 10°
E, (GeV)
Flux ~ E'271 at high energy
region’ <10% uncertainty

@ 1GeV region

Feb.14 2013

" - 10°¢ 410 °¢
- @ 1 F (b-1 F (b-2
8 ; - &V | ve F (02) vu
2 ; I v /V ~ 2 < L [ 0.3-0.5 GeV
+ [
;f' 5k @E <a few GeV O02k 0.3-05GeV | 1920 " T
= o 0.9-1.5 GeV
1> L
+ T
B 4r § 0.9-1.5 GeV i
8 R F ]
3 =
x w10 | 10 k- 3.0-5.0 GeV
= X C
o 3

2 F i 3.0-5.0 GeV

A L ul 5 - P PN U I IO R PO [ I
10 1 10 10 1 05 0 0.5 05 0 05 1
cQoso cos6
E, (GeV) ey T < v

Up-down symmetric E, > a few GeV

Event Topology in Super-K

(Geomagnetic effects at low E)

Upward

Fully Contained  Partially Contained Upward
Through-going mu

(FC) (PC) Stopping-mu

S

Fully contained . ] Partially contained Upward stopping Upward through-going

miinn muon

~100MeV — over TeV neutrinos are observed

12




Dominant interaction at this energy range is

Neutrino Interactions

neutrino interactions on nucleons

Charged Current (CC) interactions
ex.) CC quasi—elastic scattering (CCQE)

Identify the neutrino species by charged lepton

Neutral Current (NC) interactions
ex.) NC pion production via baryon

V., tn—> e +p
v, tn=> u +p

resonance

Feb.14 2013

vip2v+A2>v+N+anx

1038 cm?

0.8 |
0.6 |

0.4 [

0.2

12 |-

= Cross-sections :

Total (NC+CC)]

CC Total

S

C quasi-elastic

0

-
- " ]
o -y

Csinglen
l 1 I 1 I 1 [

r

05 1 15 2 25 3 35 4 45 5
E, (GeV)

* Hadron production channel cannot be
neglected above E~1GeV.

 We adopt a model, NEUT

* Intensive work on modeling of the
interaction are on-going based on
available modes & data (MiniBooNE,
electron scattering, etc.)

13



Zenith Angle Distributions in SK-IVpreliminary

+ SK-1V data

- MC w/o Osc.
- MC w/ Osc.

000 |-

500 -
: Sub-GeV e-like
0 N N N | N N
-1 0 1
600

400

| : EFEﬂ
200 =|=F|=T=

Multi-GeV e-like

i

0
-1

0
cos®

Feb.14 2013

000 .
500 i 'SK'Data ]
| Vu ™ Vi
: Sub-GeV u-like
0 " " " " | " " "
-1 0

500

- Prediction

R

h

Multi-GeV u-like + PC

-1 0 1

cos®

Zenith angle, Non-showering thru- u

5700
>
m

6001

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
[ e SK-1+2+3+4 data (4206.3 days)

r —— Monte Carlo, with oscillations

] Monte Carlo, no oscillations

5001 f
400F J
300F f
200 3
100~ Up Throughu -
0:1\\\‘\H\‘\H\‘\\H‘HH‘HH‘T\H‘HH‘HH‘\\\X:
‘1 -09 08 -07 -06 05 04 -03 -02 -0.1 0
cos 0
Zenith angle, Stopping u

‘22507 \\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
g ]
m [ 1ys) 3
L] L
200? Up Stop “‘ 18 7
150' —
toof :Tiﬁ% :
:%=:;:;*=':F ' :
-

r Background subtracted

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
07709 08 07 06 05 -04 03 02 01 0

cos 0

cos®



How we extract neutrino oscillation parameters from
atmospheric neutrino data?

P(v, —v,)=1-sin’20-sin’|1.27 - Am* -

L(km)
E(GeV)

Probability will be

C
averaged to: 2 120 r
=100
P (vu T VM) 80
—1-—sin”26
7 60
4
20
— Am2=0 0

—  Am?=2.4x1073eV?
== Am?=2.4x10"1eV?

Feb.14 2013

FC 1Ri ik Too small Am2doesn’t
- INg WIKE, explain upward deficit
_,_.-@"’4'—_.—=. Too large Am?
- M _|_ doesn’t match with
— / downward data
" $
: | | | ‘ | | | ‘ | | | ‘ | | |
-1 05 0 0.5 1 A band of Am?2is
ﬁ @ allowed
cos®

15



Results (v,—v, 2 flavor)

P(v,—v,)=1-sin"26,, sin’ (1 27-Ams, -

L(km) )
E(GeV)

0.004

T T _}_

0.0035

0.003

0.0025

A mZ; (eV?)

0.002

0.0015

{,_IllllllIIIIIIIlIIIIlIIII|

— T2K'90%

Results from Zenith analysis
Am? = (2.3+40.16-0.23)x103eV?,

| I | | | I +

sin220 >0.96
Results from L/E analysis

Am? = (2.19+9.14/-0.13)x103eV?,

sin220 > 0.96

»
~..-
......

0.00
.8

Feb.14 2013

il
1

SK-1+11+111+1V (220kton) Zenith

angle dist. analysis, Preliminary
— 90% ----68% CL

— SK-I+II1+111 L/E 90%

* Result is consistent with full
mixing.

e Atmospheric neutrino
analyses shows tightest limit
on 0,;.

* Long baseline accelerator
based v beam experiments
show good agreement with
atm.v results.

16



3-flavor neutrino oscillation

P(v) ) Full 3-flavor neutrino oscillation

—111 V) ~1=P(r-c;;-1) [LMA probability includes terms driven by
08 e 0,,, 0,3, and interference term.

- =7 o 0 . .

— 78, Cpy8in21,,(cos 8., * R, —=sind, *I,)|  CP violating term, resonant effect

from mass effects exist.

+255(r s —1) |14 resonance

P(v ) ¥o(v,)
sin’0,,=0.5, sin’0,.=0.04, solar on

P, = sin?20,, \, sin®(¢,,/2) where ¢, is the phase oscillation in matter 1.5
r=v,/ v, flux ratio as a function of energy 1.4
R, = -sin 20, ), cos 26, , sin%(¢,,/2) i 1.3
I, = (-1/2) sin26, ysing,, - 1.2
0 =013 11

i 1
* Normal mass hierarchy 0.9
—resonance effect on Ve 0.8
* Inverted mass hierarchy 0.7
—>resonance effect on anti-v, 0.6
0.5

10 1 10

Feb.14 2013 17



SK1 + SK2 + SK3 + SK4 (Normal and Inverted hierarchy)

*fixed reactor 64,

300f
S
200

gléb'GeVe”ke "t Sub-GeV u like
gove . [ _Odcve
-1 -0.5 0 0.5 | -1 -0.5 0 0.5 |

XX

JL.ldeve

| Sub-GeV u like

20)

[ 4

F Multi-GeV
E1-ring v.like

100

Multi-GeV 1-ring
ranti-v,_ like

050 0.5 1

-l 05 0 0.5 1

- 0500 0.5 1

100

50

100

- Multi-GeV 1-ring + Multi-GeV

fulike [_multi-ring v, like

050 0.5 1 <050 0.5 1

50

_+_

- ulti-Ge
multi-ring
anti-y like

300

[multi-ring ulike

=
Multi-GeV

60)

PC stop

-1 05 0 0.5 1

PC thru
‘T 05 0 05 -

. Upmuy stop
08 <06 04 02 (

- Upmu
nonshowering

150)

05 0 0.5 1

100)

e pmu
showering

-l 08 <06 <04 02 (

T8 0.6 04 02 T

There is not much difference between normal and inverted

hierarchy zenith angle distributions

data

Normal
hierarchy

Inverted
hierarchy

N6 osc

v, enriched sample/ anti-v, enriched samples are used to increase sensitivity.

Feb.14 2013
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Mass hierarchy

Normal hierarchy (NH):x? . = 556.7/477dof
Inverted hierarchy (IH):x? . = 555.5/477dof

2> Ay?=1.2

20 |

18 e Normal hierarchy

16

14 0 = free

12 0,5 = fixed

JE\ 9% C.L.

6

. 90% C.L.

2 AN / 68%CL.L.

N———__ |

%.3 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7

sin’e,,

20

18 eInverted hierarchy

16

14

12

10

8 99% C.L.

6

4 \ 90% C.L./

2 \ / 68% C.L.
V J

%.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7

= 2
sin“e,,

No siginificant difference between normal and inverted hierarchy

Feb.14 2013
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Sensitivity to mass hierarchy:
Zenith angle distributions for N_/N°,

1.2 L s§3=0.4, inverted hierarchy

§2,=0.6, inverted hierarchy

s2,=0.4, inverted hierarchy
$2,=0.6, inverted hierarchy A 2 f
2 =0.5, i i 23—
oo S?Zﬂ'i’ :Wri::dhl.qe'::rﬁhy s2,20.5, inverted hierarchy se p aration o
115~ : TSm0 lerarchy | F T I $2,=0.4, normal hierarchy

------. §2,=0.6, normal hierarchy :_ _______ $2,=0.6, normal hierarchy ne utri no a n d expected

B A 2 ; ;
ey : $3,=0.5, normal hierarchy | | | . | s2,=0.5, normal hierarchy

1-1:_ _____ - Mult-GeV v,-like - Multi-GeV anti-v,-like to help to see mass
R e o RN i
2 05— | — hierarchy.
21.05__,_ ,,,,,, ? f_l_l_
OSSO0 B R SR =
=T [ | 1t
0.95[ F
: E Ve e
0 O 060402 0 08 04 G601 Lol bbb
TR TR e EE e 1-08-06-04-02 0 0.2 04 06 0.8 1 Hadrons
cos © cos O T
/n T
p N,
Larger upward v, appearance in normal hierarchy case
- current enrich technique
sin“0,;,=0.4 = |nverted _
) 6 =05 Observables v, CC v, CC
sin 237 Y ammmmm Norma| Energy fraction of Smaller |Larger
sin2623 =0.6 the most energetic ring
Number of rings More Fewer
Transverse momentum Larger Smaller
Error bars = Hyper-K 10 year exposure~250 SK # of decay electrons More Fewer
yea r(') exposure Purity of selected samples  59% 32%

Feb.14 2013 20



T2K experiment :
Beam neutrino based
long baseline neutrino oscillation
experiment

Feb.14 2013

21



T2K (Tokai to Kamioka) Long Baseline Neutrino
Oscillation Experiment

First Long baseline experiment with Intensive off-axis neutrino beam

>

o N

design

)

* Quasi-monochromatic nm beam

1 . TR Oscillation Probability ]
* Fast extraction of protons = pulsed v beam = timing | = @ L=295km
based v event selection :

Am?=2.5x1073,
* Precise measurement of v beam at near site (ND280)

x103[eV?]
. - OAQ°
Physics Goals: .

[Probability]

OA2°
* Discovery of v, = v, appearance 0A3°
* Precise measurement of v, disappearance
) 2 ) i Off Axis = 2.5° is selected.
O(Am?2,5)~1x10* eV?, d(sin?20,;)~0.01

Feb.14 2013 22



Experimental Setup:
J-PARC Accelerator and Experimental Facility

* 30GeV Proton synchrotron
* 6 bunch (before Autumn 2010)
* 8bunch (2010 Autumn -)

s> e T MEEN e ‘ * 581ns interval
v Near o ToetStation I e ~0.3 Hz repetition rate
' e Construction finished 2008 JFY

Detectors boz ==  Neutrino Beam
(ND280) 8 ¥

Fast Extraction
- pulsed neutrino beam

v %108 ﬂX1012
ol Delivered POT (Good Spill)
* Accelerator facility, beam S 300] @  rnrer ot tooot ont Great East Japan 100
! = hd per pulse { P Earthquake :
monitors’ neutrino g_ 250 . ‘,'5!' (March 11,2011) Mso
— 0’ . # '“
detectors are stably running 5 2% £ £% [Recovering facili
5 - otk g facility 160
150 e e (acc., beamline etc.) LI
e Now we accumulate up to +* = ‘; ’ - / < S>> il
N®] 100 .3 S geam re—c?]mmlsmonmg, S
Q - & ) epairing horn power
3.0E20 P.O.T. 5 Run 1 Run 2, supply 320
TR L R L L R e L % Pl L
=) Apr/01 Jul/02 Oct/01 Dec/31 Aprl02 Jul/02 Oct/01 Jan/01 Apr/01
Feb.14 2013

protons per pulse

N
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Number of events/40nsec

How to select T2K beam neutrino event
at Super-Kamiokande

e Select PMT signals in a interval (1ms) at expected arrival time of beam
neutrinos.

Super-Kamiokande
Mt.Noguchi-Goro Dake

Near Detector

Neutrino Beam

Observed SK event timing Observed ND280 event
(relative to beam arrival time) Accelerator issues timing
30_— I RUN1+2 (1.431x10*°POT) time Stamp to NDZSO' (rE|ative fobeam tlme)
TIRUNS - smaotron and to Super-K 200
i TR N delivered via Network | 5 |
2ol T 1000~
- ;9) 800
i O 6o0F
10_— 400
200} I
. ] 0:‘1‘L)“ ! LJUL y — ]
-1000 0 1000 2000 3000 4000 5000 0 2000 400 °% tim el

Signal timing [ns]

AT, (nsec) 24



Analysis Schemes

Flux prediction

w/ Hadron production ND280 v, measurements detector

measurement (CERN NA61) in CCQE and nonQE samples uncertainties
v int. cross section ] ] .
T Flux & v int. cross section fit

NEUT + uncertainties set —> tO ConStraln ﬂUX and V Int. CrOSS

from external data section uncertainties

Modified Model parameter
+ uncertainties

Neutrino Data v Oscillation parameter estimation
1
Other vint. cross section Far detector uncertainties

uncertainties (uncorrelated
between ND and far detector)
P&b.14 2013

set from atm.-v & ° control sample




Feb.14 2013

VvV, appearance
(v, 2V, oscillation)
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v, event selection at Super-Kamiokande

CCQE v, interaction enriched sample
are selected to find v 2, signal

Signal : CC interaction of v, Selection Criteria:

T2K beam timing & Fully-contained (FC)

e
V== V=~ _)(7

P v'  Reject events induced outside of ID

in fiducial volume (FV)

Backgrounds v' Keep performance of event reconstruction

1 Cherenkov ring, electron-like
Visible Energy >100MeV

v" Reduce NC background, decay-electrons

(1) intrinsic v,
(2) NC nt® production

* No delayed electron signals

\< v * Remaining pO rejection with special algorithm.

0 .
n > 2y e Reconstructed n energy < 1250MeV

Feb.14 2013 27



Number of events

v, candidates (3.0x10%°P.0.T. data)

High background rejection power.

i i —+— RUNI-3 data

- (3.010x10*’POT)
6 I Osc.v, CC
vV, CC

[ v+v, CC

i B NC

- (MC w/ sin*20,=0.1)

0 1000 2000 3000
Reconstructed v energy (MeV)

11 events are observed

(expected B.G.: 3.22 + 0.43 events)

Rejecting
“* 99.9% v ,CC
% 77% beam v_CC
< 99% NC

High Efficiency

% v,CC 66% are remained

--------

v, candidate events

@

28



e\'\"(‘.‘“a‘\I

Significance of the observation

oY

v, candidate events (3.01x10%p.0.) :
Observed : 11 events
Expected w/ sin220,,=0: 3.22 + 0.43 events

- Number of v, candidate events
Probability that 11events observed  over 1x108 toy MCs w/ 6,,=0

for sin220,,=0 = 0.08%. o
o 11 events ]

- 3.20 significance g
Evidence of v, appearance ! :

Number of v, candidate events

P8b.14 2013



Results
(with spectrum)

Best fit with 10 errors
Normal hierarchy
sin? 2613 = 0.098 9035
Inverted hierarchy

sin? 26,3 = 0.118 79053

for 85=0, sin%0,,=0.5
\.

~

5—

—$— T2K Run 1+2+3 data
Best fit spectrum

V777) Background component

Number of v, candidate events /(50 MeV)

1 —o— | —o— —— —— ——
el ] ’
0 A', 4 4
0 500 1000

B6b.14 2013 Reconstructed neutrino energy (MeV)

6CP

6CP

“_ L L
B Normal hierarchy i
w2 Am2, =24x107eV?
B sin’ 20,,=10 ]
oL _

B Best fit n

Z 68% CL i
L I 90% CL B
B DR T RS T2K(2011) Best fit

- ] T2K(2011) 90% CL A

T i Ly, | ]
Tr T i
i Inverted hierarchy -
W2 Aml, = 24x107eV>
B in”20,.,=10 ]
0f -
L T2K Run 14243 ]
i 301x10% pot.

_J'E B 1 I“d 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
0 0.1 0.2 0.3 04 0.5 0.

. 2
sin“260,
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Breakthrough of non-zero 0, search
(2011 ~)

In 2011 June, T2K reported the first indication of 6,20 (2.50)using the data

before the earthquake.

» o PRL 107, 041801 (2011)
/2 :— Am232>0 —:
o> 0_ sin%0,;,=0.5 —
-10/2 :— Best it to T2K data _:
r 68% CL T
E I 90% CL ]
™0 02 03 04 05 06

sin*20

A solid confirmation of 6,520
had been given by reactor
neutrino experiments.

10 confidence intervals (before Neutrino2012)

_'_ Normal Hierachy

O Inverted Hierachy

We did not know 6, is zero or not.

.................................. OJUnelS, 201 1
Phys. Rev. Lett. 107,04180 (2011)

June 24,2011

Phys. Rev. Lett. 107, 181802 (2011)
DoUBLE

Nov, 2011

Phys. Rev. Lett. 108, 131801 (2012)

Daya Bay,

13

March, 2012
Phys. Rev. Lett. 108, 171803 (2012)

‘RENO

— 013

_._

April, 2012

NN T R
0.1
sin%20,,

0.2 0.3

Phys. Rev. Lett. 108, 191802 (2012) v
S S O (O N T T L

2.50
1.70

~N20

5.20

4.90



Number of events

v, disappearance
(v, 2V, oscillation)

CCQE v, interaction enriched sample are selected to see the
energy spectrum skew of v
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e Analysis with Run 1+2+3 (3.01E20POT) is on going.
* Run 1+2 (1.43E20POT) was published.
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Future prospect in Kamioka

: g ,
Super-K with Gd doped Water Kamioka 3™ Generation
(GADZOOKS!) 1Mt Water Cherenkov Detector
e (Hyper-Kamiokande Project)
Ve p \ 2.2MeV y-ray S e i

\ Possibility 2: 90% or mor
n+Gd —~8MeV y
AT =~30 psec

Positron and gamma ray
vertices are within ~50cm.

anti-v, can be identified by the delayed coincidence technique

Tec h nica | R& D Open Meeting for the Hyper-Kamiokande Project
with 200ton
water tank is on
going in Kamioka

- =z Please find & visit Web page
— 1 Regularly open meetings are
| held
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Summary

Super-Kamiokande is world-wide largest Water Cherenkov
detector. Multi physics targets are covered.

Neutrino oscillation is discovered in 1996, and after next
decade, the situation drastically progressed.

We now know non-zero 3 mixing angles, and two mass
differences. Mass hierarchy, CP violation.

Atmospheric neutrino still gives stringent limit on 6.,5. Can
access to mass hierarchy with matter effect in the Earth.
Still need improved analyses and improved statistics.

T2K experiment now have evidence of v, appearance with
3.20 significance. Appearance opens a channel to CP
phase, and establish of the appearance channel is very
important to next neutrino physics.
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Other studies in T2K

Cross section measurements

— Preliminary results from the
flux averaged v ,CC inclusive
cross section measurement

5 (10°%cm?)
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-------- NEUT prediction for SciBooNE
NUANCE prediction for SciBooNE
---EF--- SciBooNE data based on NEUT

—&—— SciBooNE data based on NUANCE
—#&—— BNLT7ft

T2K v, flux
NEUT prediction for T2K ]
——— GENIE prediction for T2K —]

—&— T2K data

Nuclear g-rays from de-excitation of residual nuclei
(1°0, °N,..) induced by Neutral Current scattering of v.

ex.) v+10 =2 v+p+1°0* - y(6MeV) + residuals.

Sterile neutrino search at T2K using NC nuclear de-

excitation y-rays

— Preliminary results w/ Run1+2 data
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and more ...
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