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Neutrino Mixing (Normal) Vv, Ee=—mmm

. .. 2
Neutrino mixing parameters & S IAmzs
« 3 mass states S TP

(2 mass differences)
{ Amy,?: Solar v & Reactor experiments 6~8x10~eV?

Am,z2 . Atm. v & Accl. LBL v experiments 2~3x10-3eV?

L.* 3 mixing angles & 1 CPV phase
Maki-Nakagawa-Sakata Matrix (U;)  [vj> = ZU|v>

Vl_

U, U, U, Weak  Mass eigenstates
U= U,Ul Uﬂ2 Uﬂ3 _
Url UrZ UrB S'J:SInglJ’ C'J:COSQU
C, S, O[T 0 O0f(1 0 0)Y(c, O s,
=[=S, C, 040 cpy Sufl0 1 O 0O 1 0
0 0 1) 0 -s, c.)l0 0 ™) (-s, 0 cg
(Solar + Reactor) (Atm. + Accl.) (Reactor) @am,-2«o%v:
: : in2
sin20,,~0.3  sin220,,~1 (>0.9) SiN<20,3 < 0.2

Upper bound!
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1. Super-Kamiokande detector
50000 tons Ring imaging Water Cherenkov detector
Fiducial volume : 22.5 ktons

1000m under the ground

Iy
or detector 111280V VRES
ONE=Y (=110 -~ 1885 8" PMTs
- ABOUL 40% of the inner detector

IS covered
by the sensitive area of PMT.
It is possible to observe ~ 20

atmospheric and solar neutrinos everyday.



1. Super-Kamiokande detector
History of the SK detector
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1. Super-Kamiokande detector
Ring imaging water Cherenkov detector

Cherenkov light
emission :ifn-g>1
n : refractive index

B =p [ E :\
direction : cos0.= 1/(n*B)

Nyater ~ 1.33 = 0.~ 42 degree. Bk

T—— P
# of emitted Cherenkov photons T
=»> ~ 340 photons / 1cm < 4t
d*N joon  2paZ? (1— 1 ] R
dadL A2 n2p?
Sensitive wave length of PMT: 300 ~ 600nm )
Cherenkov angle 6=42 degree, Z ( charge ) =1

Detected # of photons used
are much smaller.

PMT quantum efficiencies, PMT coverage,
light absorption in the water etc..
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1. Super-Kamiokande detector

Ring imaging water Cherenkov detector
Event reconstruction methods

Amount of the Cherenkov photons
oc Momentum of the particle
=» Use observed # of photons =
to reconstruct energy. ﬂgﬁf =
Interaction position T
~ starting point of the charged patrticle HH
=» Use photon arrival timing.
Ring pattern is also used
for the precise reconstruction.
# of the charged particles & y
=» # of the Cherenkov rings
Also, electrons generated

by the decay of u, = etc.
gives useful information.
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1. Super-Kamiokande detector
Ring imaging water Cherenkov detector

Pattern of the Cherenkov ring depends on the particle type
Particle type can be identified using the shape of the ring.

Electron ( or gamma ) generates electro-magnetic shower and
ring is more diffused compared to the muon.

L] [
. B el 7N NN F N LN ctrissssssssssssEssssEEsAEEEEAEEEEEAEEEEEEEEREEEERREEEnnnnnnnny g g | g g e, u e pee sm SRR SRR RN NN ENE NN NNNEEAEEREEAEERAEEEREAEEEREE -
M-|Ike event e-like event :

. H

Run 3962 Sub 125 Ev 965982 Run 5704 Event 3551590 :
97-05-01:15:32:29 . H

&

Trigger ID: 0x03

13338




Solar neutrino

Solar neutrino is produced by the nuclear fusion reaction
4p — o + 2e* + 2v, (pp chain, ~ 99% luminosity )

pp chain Energy spectrum of solar v
.’? 1012 L] L} T T 1T 7T 17 L T —_———— - - - —
p+p— *H4el +u, p+e +p— *H+rl|S E ' |
99,7|5% 0.25%| g 1o /_—W
2 | 3 o 101 !. PP Be
H+p— “He+~n ‘;3 ,maé 13N e
IE Er — -1 -
F = L} ™
SHe+*He — a+ 2p SHe+*He — "Be+ = 08— 150 \
86% a . " pep
3 ¥ = 10°F J—
He +p ?000%%4_ et ‘e ( hep ) 1°6 ;_ ] 7] 17F A
gl
7 — : T 7 lg 105[ AT
Be+e — ‘Li+uv, Be+p— "B+vy 1045 _,/
l E/
of
TLi"'l%_’ 201 (13B — ®Betet+u.ly 10 ] 'Be —
; 41
BBe* _c) 20{ 7 M " M - roifl P | a - 2
0.02% 16" 1 Neutrincenergy 40 (MeV)

SK : Sensitive to the 8B neutrinos & hep neutrinos
( Energy threshold ~ 5MeV )
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Solar neutrino observation in SK

e Use neutrino-electron scattering (v+e—v+e)
Correlation between the v and electron is very strong.

Use “cos 6" distribution to identify solar neutrino
~ - - Definition of 6,,, —=-1 ¢ ———— co0s 6, distribution
! g | 5-20 MeV
| I © I
| 13, . :
| : s | Solar neutrino signal
: |
I l i
| _
| 16
|
I
|
0
-1.0 -0.5 0.0 0.5 <0 1.0
: : cos 0,
* Interaction cross-sections (E, = 10 MeV ) o
o(vete —v,+e) ~ 9.5 x 1044 cm?

o(v,.te—v, +e) ~ 1.6 x 1044 cm?
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Solar neutrino observation in SK

Reconstruction of the low energy events
e Energy reconstruction

Use # of PMT hits Typical solar v event candidate
# of PMT hits ~6hit / MeV E. =9.1MeV, cosO,, = 0.95
(SK-1, 11, 1V)
 Vertex reconstruction Super-Kamlokande

C

Run 1742 t 102496
- - "L o 96-p5-11 107:13:23
Use timing of PMT hits k-
Cuter: -1 hits. 0 PE (in-tima)

: 0x
E= §.088 GIN=0.77 COSSUN= 0.94%

Resolutions (color: timing)
(for 10MeV electrons) "=

 Energy 14%

* Vertex o5cm ( SK-II') : %
8o ok )
e Direction 23° (SK-III)
26° (SK- 1)

( Improved reconstruction was used :
In the SK-III analysis ) Times (ns)
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Possible signature of the solar neutrino oscillation

1. Reduction of the # of events
Because of the oscillation, # of v, reduces
and # of the other v flavors increases.

= Due to the difference of the cross-sections,
observed # of events are reduced.
Interaction cross-sections (E, =10 MeV )
o(ve+te —v,+e) ~95x10*cm?
o(v,,te—v, +e) ~1.6x10%cm?

2. Day / Night event rate difference

When the neutrino goes through the core of the earth,
the oscillation probabillity is affected by the MSW effect.

3. Gradual change of the oscillation effect

Transition from the matter effect dominant region
to the vacuum oscillation dominant region
could be observed by lowering the energy threshold.
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Solar neutrino observation in SK

Preliminary
Data summary ( Latest data sets from SK-IIl )

e Total live time 548 days, E, ., 2 6.5 MeV
289 days, E, > 5.0 MeV

e Energy region E.=5.0~20.0 MeV

total —

e 8B neutrino flux  2.32+/-0.04(stat.)+/-0.05(syst.)
(x10%/cm?/s)
SK-1 2.38+/-0.02(stat.)+/-0.08(syst.)
SK-IIl  2.41+/-0.05(stat.)+0.16/-0.15(syst.)
( Using Winter06 8B spectrum )

((D Day O Night )
(CD Day + O Night ) / 2
=—0.056 + 0.031(stat.) + 0.013(syst.)

* Day /Nightratio A =




Solar neutrino observation in SK
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Observed electron energy spectrum
divided by the expectation from 8B neutrino

O
o

Data/SSM(2004)
o
o

—
N

- Preliminary

o
~
e
E3
iz
i3
,_H

+'I'++H ------------------------- - Consistent with flat

Ir stat. uncertainty only I
I |
I Dashed line: SK-IIl average !

5 10 15 20

Total electron energy (MeV)
So far, no apparent energy distortion is observed.

*) Lowest energy bin ( 4.5-5.0 MeV ) is not used in the neutrino oscillation analysis.



Solar neutrino oscillation analysis results 1

10®|
= 95% C.L.

10°
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2-flavor SK-I/1I/111 with flux constraint
*8B rate is constrained by

107}

IIIIII 1 IIIIIIII L) T Illil‘l L] LELELEL)

Preliminary

\ll'l LI |

|||q T T Trf

-’
llllll_a

SNO(NCD+LETA) NC flux
= (5.14+/-0.21) 10°cm=2s1

1 * hep rate is constrained by

SSM flux
with uncertainty(16%).

]

Min 2 =48.8

Am? =6.1X107 eV?
tan?0 =0.48

Dgg =0.89 X (DBS,SSM

104 102 102 10"

1

10 10°

tan’(®)




Solar neutrino oscillation analysis results 2

16

2-flavor global analysis

NGan T RRARARARL RRARAARRN RARALRRN RARALRRRR RARRARARA RARRALRLS ARARALRRL
%310 -‘Preliminary 1
f I May 2010
=
< % @ Solar global
® @D Solar + KamLAND :
1 | _]
Q@
*
0 95|%c'||" ...... Y Y Y Y Y |
01 02 03 04 05 06 07 08 0.

tan’(®)

Combine the results

from the other experiments.

| Solar global
| (SK + SNO

+ Cl + Ga + Borexino)

Min y2=53.7

Am? =6.2 X 10 eV?
tanZ0 = 0.42

®gg = 0.92 X (I)BS,SSM

| Solar global + KamLAND

Min 2 = 57.7
Am?=7.6 X107 eV?
tan?0 = 0.44

9 Dyg = 0.89 X Dgg 5




Solar neutrino oscillation analysis results 3
3-flavor analysis: 0,, - Am ,?

N yq QT T . 1 Solar global
2X10" 68,95, 99.7% C.L.  Prefiminary |70 T2
&%2 u . | Min XZ =52.8
= : — -
< W = Solar global Am?= 6.0 X 10~ eV*
B — KamLAND tan20 =0.44
L Solar+KamLAND | sinZ0,, = 0.010
| Dpg =0.92 X Dyg o
| Solar global + KamLAND
1 - _

Min y2=71.2
Am?=7.7 X107 eV?
tan20 = 0.44

sinZ0,; = 0.025

Dgg = 0.91 X Dyg o

Consistent with
the 2 flavor analysis

0102030405060.70809101.1
( Fixed Am?,; = 2.4x103eV?) tan*(®)
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Solar neutrino oscillation analysis results 4
3-flavor analysis: 612 013

- 1 IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIIIIIII

3x107 T
S | 68,95,99.7%CL Preliminary | Solarglobal
I | |sin20,;<0.060
% = Solar global | : @95%C.L.
B — KamLAND ]
® ¢ Solar+KamLAND |1 solar global + KamLAND
+0.018
sin20,,=0.025
1 = -0.016
(<0.059 @95%C.L.)
| ._c? SNO 3 flavor results !
0 /| 5in%9,,=0.020+0.021-0.016

010203040506 0.708091 0 1.1 I (<0.057 @95%C.L. ) |

tan” (©,,) | Ref. PRC81, 055504 (2010) i
(Fixed Am2,;, =2.4x10%eV2) =TT T T T oo oo oo sosoes
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Future prospect ~ solar neutrino measurement
v, Survival probability

| Upturn is expected  Sin%8;, =0.32 | If we can obtain
in 8B spectrum. imi :322182— high purity solar v sample
"9 | \ Am?2 =56 X 105 | In the low energy region,
N | | 1t will be possible
2t \ | to observe upturn in SK.
N~ L % === ]
B 1l vacuum oscillation '
[ dominant region IN\| Matter oscillation
O ————————— ] dominant region
i pp | L epectra -
I SSM vspectra ;
) Be 1 Need to reduce background events,
e S and also the systematic uncertainties.
_______________________ 1 °B =P Study is going on
. and collecting data
with SK4 detector.
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Atmospheric neutrino

Primary cosmic ray ( mainly protons ) hit air in atmosphere
and generate pions, kaons and other particles.
And then, those particles decay into neutrinos.

Primary cosmic ray o
0, He ... \ Distance to SK

------------------------------------------------------------- : 10~30km
atmosphere

p, He

Generation height
10~30km *

Distance to SK
/ maximum 13000km
p, He ...

SK




Atmospheric neutrino
Atmospheric neutrino

Energy spectrum ( flux * E ?)

>
Q
slf vu +"’_|.L
v
u o
ﬁﬁ1 0% E
E
g —Honda flux
=
T 10k ----Fluka flux
- Bartol flux
.1 1 IIIIIIII 1 IIIIIII| 1 11 1 11
- 2
10 1 10 E, (Ge\J)o

Atmospheric neutrino has
broad energy spectrum.

(less than 100 MeV to
higher than TeV)
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Atmospheric v production
dominant process

A A U
+ + EV)
ettty v
(and charge conjugate)

— Vi / Ve~ 2 (low energy region)
~10

—MHonda flux
- ----Fluka flux
Bartol flux

v v (v +y
TR e
T

_p from high energy hadrons
can not decay
before hitting the ground.

1 L1l Lol L1111

-1 2
10 1 10 g celf
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Atmospheric neutrino
Zenith angle distribution of atmospheric neutrinos

Symmetric in the high energy region as expected.

But there is asymmetry O 0a2 6oy ]
in the lower energy region. s Nt
0 200-_'_|_,_-—'—'_'_|_-EE'_'_'_'—|_,_I_I_I_
Proton cutoff energy R s S Y
- g =
( magnetic field strength ) |= Honda flux| %
is different, |~ Fukafuc | & - e
IS difterent. | yonga-1p : o ewe
flux © e
0 1 1 1
-1.0 0 1.0
40
1200} 0.3-1.0 GeV >3.2 GeV
‘T:E I o - = i
3 800goTa, | ﬁ%
o . 20F —
:§, I e o000
5 40hoEen e e—— . ||
T I %
0 ' 0 ' : '
1.0 0 1.0 1.0 0 1.0

cosO cosO



Atmospheric neutrino interactions

Charged current guasi-elastic scattering
Neutral current elastic scattering

Single n,m,K resonance productions
Coherent pion productions
Deep inelastic scattering

o/E (10-38cm?2/GeV)

=
N
\ \

—

04 |

0.2

0.8 |

06 |

[T Cross-sections T
Total (NC+CC)

" a
"u
-
.......
L.
-

EV- (GeV)

o/E, (10°° cm?GeV")

v+n—=l+p

v+N-—-v +N

v+ N =l +N + 7 (n,K)

vEX=l+X +71

23

v+ N —| + N’ + mn(n,K)

(I : lepton, N,N’ : nucleon, m : integer)
14 —— Cross-sections —
-CCQE CCsingle = Total o
12 A ANL O ANL82 H CCFRS0 ;
) L O GGM 77 ¥t BNL 88 V¥ CDHSW 87 .
- @ GGM?Q} X IHEP-JINR98 |
1 [ % Serpukho | E g—ch:E;F-(II'{%IZ 79 ]
CC Totaltl A
0.8 |
0.6
04 |
0.2 |
ol
-1
10
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Atmospheric neutrino observation in SK
~ Event types ~

FC PC UP-Stopmu UP-Thrumu
N . TSN e _—
I | I o I —
T T = B
~—_ ~ s ~1 7
Fully contained < Partially contained < Upward stopping < Upward through-going
3 3 muon muon

» Energy spectrum of neutrino
Up-going Muons

1000 oo T I T T T T °e : —— Showering
- - oas E —— Non-showering
750 _ ::g " _ —~0aF —— Stopping
¥ b3 -
- e . - nas |
I PC v, wg oa
500 B 1 p'DD.ES -
L i L“_IJED'E e
250 - § 330.15 =
i i “ on ;—
0 m | ||||||| | 111 |||||||| L |||||||| | |||||||| | |||||||_ 0.os ':-—
- - 3 4 5 g

2 - 1 | B e, N
107107 1 10 107 107 10" 0~ o il e
Ev (GeV) E, (GeV) 4
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Atmospheric neutrino observation in SK
Event reconstruction

« Energy reconstruction e Vertex reconstruction

Total charge Use timing of PMT hits
« Particle type identification ~ (for multiring events )
Charge distribution Additionally, use charge distribution
(ring shape) ... for single ring events.
Reconstruction performances | p-like event PR
(for Sub-GeV 1ring) @ gEszro L
» Particle ID > 99% === I
» Energy é

~ 3% (> 250MeV/c)
< 4% (e >500MeV/c)
~ 5% (e @ 300MeV/c)

* Vertex ~30cm ; | :
e Direction ~ 2~3° | e
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Oscillation analysis using atmospheric neutrino

1. Zenith angle analysis

Fit observed zenith-angle / momentum distributions
Events are split into several sub-samples

[ Sub-GeV u-like D-doy &

- _+_ =
EWM
o+ _

| « Event type

: Fully contained,

| Partially contained,

: Upward through going p,

| Upward stop showering p,
: Upward stop non-showering u,
|

|

|

|

|

|

|

* « 3
-1. 0 ..1

0

no-like
e Energy range
o # of rings ( 1-ring, multi-ring )
* PID ( m-like, e-like)
« # of decay electrons

M ulti-Geh -lik

( Some of the samples, P

whose zenith angle distribution -1 0 1
do not have correlation with neutrino direction, coso

are not split in zenith-angle bin.)



Atmospheric neutrino data sample

momentum

e-like

m T T :
2po0f  Sub-GaV a-like 1-doy a .

100 lil +
&

RS Sk st Tt
soof——— ———— 7 =

= T =
L Sub-GaV a-like O-doy & ]

- T T
3 Sub-GeV x"-like 1-R

T
Multi-Ge' e-like

= T T
I Sub-GeV u-like 2-doy & g

—_—

——

[ |
Eofr
,J_ 1 1

- T T
L Sub-GeV «-like M-R

M4
ZW?ZII%
0_ 1

o0

100
lepton momentum (Meal/)

u-like

T
| Sub-GeV u-like D-doy & |

] ©
:‘_‘_'w_'-ﬁ
T ]

T
Sub-Geav u-like 1-doy &

T
Multi-Ge'' u-like

% : | : % :
4 cos 2nith ¥ f cos 2nith . B f cos zenith -
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Zenith angle & lepton momentum distributions

SK-1+I1+11

Preliminary

Live time:
SK-I
1489d (FC,PC)
1646d (Up p)
SK-II
799d (FC,PC)
827d (Up n)
SK-III
518d (FC,PC)
636d (Up )

— null osc.

{|— v,~v.0sc.

(best fit)



Oscillation analysis using atmospheric neutrino

2. L/E analysis
Estimate flight length

using observed particle direction.

1045
g
= 3_
g 10
o
=
2
5
EWLT l
.........

-1 080604020 02040608 1
Zenith angle (cos®)

Estimate neutrino energy
from the observed energy

. 1

E, (GeV)
o - [§] [3) i =N w (2] | [0s] ow

( via Monte-Carlo simulation )

25F O
3 2-
g
4.5F
L

-

wo1E

05F
0:

10

|°g10(Eobserved)
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Select

*high L/E resolution” region.
10

FC single ring |

I Full
.. oscillation
.|..||.".: 12

i/ | “oscillation
o

Selected:, | Selected

S T T T T e e =t VR J
-1 -08-06-04-02 0 02040608 1

Zenith angle (cosB)
1 & !

Low energy v

Bad directional resolution
Horizontal dir.

Large dL/dcos6




Oscillation analysis using atmospheric neutrino

4.0

3.5

IAmA (107%8V3)
N
o

N
=)

1.5

| | | | | | | | | | | | | . . .
- Pre||m|nary: Zer”th PhyS|Ca| RegIOn (16)
- | Am,3?=2.11+0.11/-0.19 X103
I 1] sin220,,>0.96 (90%C.L.)

- -| L/E Physical Region (1o)

I 1] Am,42=2.19+0.14/-0.13 x103

- | sin?26,;>0.96 (90%C.L.)

i ol L/E

B . Zenith

— ® MINOS bestfit g SKbestfitg ... \—_ l

[ —— MINOS 90%  ——= Super-K 90% ~ _

- - f 1 ¢ Consistent results

— ———— MINOS 68% ———> Super-K 68% ]

[ (Proiminay, soto)  —— K2K 90% 1 « Most stringent limit

i | | ] ] | | ] | ] ] | | ] | | | | i 1 2
056 07 08 0.9 1 for sin<20,,.

1.0
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2 flavor oscillation ( SK I+ 11 + 11I)

sin?(20)




Oscillation analysis using atmospheric neutrino

3 flavor oscillation ( SK 1 + 11 + 111')
Include the contributions from matter effect and solar term
In the oscillation analysis.

» Matter effect 0,; and mass hierarchy

Possible v, enhancement in several GeV
passed through the earth core

e Solar term 0,; octant degeneracy

v, flux ratio @__ ./ d,

““Solar
L term

oscillation
parameters:
AmZ,;=+2.1E-3
Am2,,= 7.7E-5
sin‘@,;= 0.50
5in‘0,,= 0.30
sin<g,;= 0.04
8.,=0°

Interference

tter

Possible v, enhancement  § 't
in sub-GeV 3
* Interference (when sin26,, >~0.05) 04k
CP phase could be studied. 020
: : gﬁo =
Difference in # of electron events: | ° .2t
N, 04
A, = /I./” =A,(0)) 4= Matter effect |
A,(AM,) 4= Solar term o8
+A3(913,A/sz,§)4- Interference f1101 o
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l1.4

1.3

1.2

11

0.9

0.8

0.7

0.6



Oscillation analysis using atmospheric neutrino

o T
Normal hierarchy 3 flavor oscillation ( SK 1 + 11 + 1I1)

3.5e-3 |

0.003

™
N
N
E 0.0025_
<

0.002

G

- ool b b b b b s
156 3 84 0.86 0.88 0.9 092 0.94 0.96 098 1

Inverted hierarchy

3.5e-3 |

0.003

™

N
S
<

0.0025

0.002

1.5e-3

C

0.8

NN AN IR AP SRR AN
5088 0.9 0.92 0.94 0.96 0.98

Sin220,,

0.00351 | 04
0.35
)
0.003}- 0.3
\ * 0.25
0.0025 %\ C  0.2f
W =
[ \@ \ N o015
0002/ A Excluded by
002/ N 0.1
- CHOOZ at §
- \ 90% C.L. § 0.05
0.0015;, | Y
0.05 0.1 0.15 0.2 025 0.3 0.3
- 0.4
Sin<0,,
0.4
] 0.35
0030 0.3
/A& \ CD;') 0.25
‘ : NC 0.2
A 015
L N

0.05 01 015 0.2 025 0.3 03

SinZ0,,

0.4
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Preliminary

E *

= 99% C.L.
- = 90% C.L.
68% C.L.
best

ot ERPEPRPIINY * S IR B
50 100 150 200 2¢

300

Ocp

50100 150 200 250
300

Ocp



Oscillation analysis using atmospheric neutrino

Normal hierarchy

0.0035

0.003

ﬂ.l]l]:f-_

*
ey
“a,
Fua,

2-flavor (90%)

Eall 3-flavor (90%)

img,
LI
apy,
Thng

SK(zenith) 90%C.L.

0.0015

SK(L/E) 90%C.L.
MINOS 90%C.L.

— 99% C.L.
= 00% C.L.
68% C.L.
best

*
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Comparisons ( 2 flv. vs 3 flv.)

Preliminary

ﬂE4ﬂBE HEE l.'IB HBZ l]94 DBE HBB 1

2 analyses give consistent results.

sin? 2923

No deviation of sin?6,; from 0.5.

Y2 -2 . dlstrlbutlons

10 ; 10,
sf f 2-flavor R
< 't = Full 3-flavor | ¢
E 6f 6F
RS- s
N;< 4— ! 4—
] b\ 90%CL.,
N\ /N
045717 2 225 25 275 3 325 35 R Y R R R TR )
Am? x 107 sinze23

90%C.L. allowed region

(1dof, x%=y%min*t2.71)

Full 3-flavor (NH)

(1.88< Am2,,; <2.75) x10 (2.
23
401 < sin20,,< 0.615

0.406 < sin20,,< 0.629 0
(0.93 < sin220,,)

Global-best
22<Am?,,<2.60)x103

(0.95 < sin?20,; )
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Oscillation analysis using atmospheric neutrino
Comparisons ( hierarchy )

May 2010
Normal hierarchy (NH) Multi-GeV samples tend to
v2 .= 469.94/416dof favor inverted hierarchy.
min ' 5 S
Inverted hierarchy (IH) Bl T
szin: 468.34/416dof 200 |
2> Ay?=1.6 7

No significant difference i
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480 =1

478 478 -

476 - 476

o~ o~
= 474 = 474

DATA
s=seni Mla-gsc, MIC
= Best-fit (NH)
== Best-fit (IH)
There are also some
contributions from Multi-GeV p-

like samples favoring IH to NH.
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Oscillation analysis using atmospheric neutrino
CPT study
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Usually, we assume CPT < P(v—> v) and P(v—> v) are same.

. B
Fit independently

1 SK-1+I1+III

Neutrino:
Am,;2=2.2x10-3eV?
Sin?20,,=1.0

Anti-neutrino:
AM.,;2=2.0x10-3eV/?2
sin220,,=1.0

-
00000 //////4////////4//// Zi
1078 e =
<L o :

< _ Preliminary / 747/%7/
i 900, = NMINOS Collaboration //////////’/‘%

B Preliminary Nu 2010

1073 = 33; — Super-K =
o T L L e
0.2 0.4 0.6 0.8 1

No evidence for CPT
violating oscillations



35

Nucleon decay search

Grand Unification Theory ( GUT ) predicts the nucleon decay
One of the predicted nucleon decay mode
p—>et+ 0

Super-Kamiokande has very high efficiency
In identifying both decay products e* and #°

Clear 3 e-like rings
are expected to be observed.

Simulation

gamma

Positron
h % -

/" Proton
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Nucleon decay search p — e* + 0

Detection efficiency ~44% ( SK-III")

Estimated background 0.37 (SK I + 11 + 1ll, 172.8kton-year )
proton decay Atmospheric v DATA

= 0o simulation . BKG simulation

S5 2 ’ "-' :

= > - g

% % 800 i 800 800 i

& — 600 = 600 600 |

S i

& 400 f 400 a00 |-

© i

"5 200 |- 200 200 |-

— L | AR R I I I AU AU I AR N A
0 250 500 750 1000 0 0 250 500 750 1000 0 0 250 500 750 1000

Reconstructed mass

( MeV/c?)

So far, no candidate events

have been observed. Partial lifetime limit

10.1x1033year



Nucleon decay search

Many other decay modes have been studied.
p-2>vK* 1/BR>3.3x1033 yr

Soudan Frejus Kamiokande IMB Super-K etC R

p —etal
n—=etx
p— p*al
n—pta
p— v+
n—vad
p—=e'n
P—=pn
n—=vm
p—etpd
n—etp
p—=ptpl
n—p*p
p—=vp*
n—vpo
p—etm
pP—po
n—=vau
p—:-E"‘Kn
n—=e+tkK-
p—p*K?
n—=ptk-
p—=vKk*
n—=vK?
P — e+ K'aen)” I}
povime | 0 Wi i b
e S R RS IR R

/B (years)
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Summary

» Super-Kamiokande has been running since 1996
and collected large amount of
solar and atmospheric neutrino data.

e Initially, we have been analyzing data with 2-flavor assumption.

* Recently, accumulated data became large enough
to perform 3-flavor analysis.
This kind of “detailed precise analysis” was realized
by the improvements of the detector itself,

the analysis tools,
and the understanding of the detector.

Of course, various inputs from the other experiments
plays important role in these analyses.

Using the SK-IV data,
It will be possible to investigate
the neutrino properties more in detail.



Fin.
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