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Recent results of Super-Kamiokande

Y. Koshio
Kamioka observatory
ICRR, Univ.of Tokyo

o Status of Super-Kamiokande
e Atmospheric neutrinos

e Solar neutrinos

e SUMMary
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Status of Super-Kamiokande

We are now here
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reconstruction SK-3
and water filling
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S Fiber

5MeV e
SK-3 start June 2006
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Atmospheric Neutrinos

: g Zenith angle

I_ Ne),ltrino oscillation
Path
length

‘ = Neutrino
energy




Events / 1000 days

Interaction in Super-K
*n+N->I1+N
*n+N=>I1+N+p
*n+N-=>1+N +muli-p
*n+1®0>1+10+p

Energy distribution
Sub-GeV

Multi-GeV

1000
800 :—
600 —
400 —
200 —

FCv
FCv,
B PC

"'%v...uj EETT

0 = 1

wl 1 v annl

160
140
120
100
80
60
40
20

10

1

274 Upward stopping p
S Upward through-going p

A\x\\

EV (GeV)

10

LaThuile 06
4

Event categorized

e-like

mlike

Fully-contained

single ring

/

\

multi ring

%

2\

Partially-contained

Upward-going muon

stop

e

through



LaThuile 06

Zenith angle distribution in SK-1 and SK-2 °

1489days of SK-1 data

SK-T + SK-II 627 days of SK-2 data Preliminary ! |
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2 flavor neutrino oscillation 6
-- Zenith angle analysis --

-3

| SK-1 and SK-2
| FC+PC+Upmu combined

Allowed region <

— 99% C.L.

90% C.L.
68% C.L.
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sin26

Preliminary !

Best Fit Results:

Dm? = 2.5 x 102 eV?

sin?(2q) = 1.0

C2min= 767.5/737 DOF
(physical region)

2.1x10-3<Dm2<3.0x103eV?
sin22g > 0.93 at 90%C.L.
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PRL 93 101801 (2004)

L/E analysis
( zenith angle
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Survival probability in neutrino oscillation:

2) 2 .
Ph,_ ®n_)=1- sin®2] sinzaa'27Dm (eV )L(km)g
§ E(GeV) &

Clear dip, especially appeared

in neutrino oscillation p Neutrino
= | | E energy
toa] ﬂ
§ 0.8} " o
a « Try to see the oscillation pattern.

0.6 f e Strong constraint on Dm?

[ ——QOscillation . .
0.4 Decay  Possible to check some exotic
0.2F — Decoherence hypothesis.
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L/E distribution in SK-1 and SK-2
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The first dip cannot be explained
by other models
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2 flavor neutrino oscillation 9

sin20

-- L/E analysis --
-2
10 I |
>
QL
k=
£ <=
99% C.L.
— 90% C.L.
— 68% C.L.
-3
10 ] ]
0.7 0.8 0.9 1

Preliminary !

1 Best Fit Results:
{ Dm2=2.4x 103 eV?

sin?(2q) = 1.0

1c?  =93.8/83 DOF

(physical region)

2.0x103<Dm?<2.9x103eV?
sin?2q > 0.92 at 90%C.L.
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3 flavor neutrino oscillation analysis 10

Mass difference Matter effect Assume:
m . .
m solar .2 neutrino anti- e Dm_,.>>Dm
° , m, neutrino _ar soler
atmospheric t her ed=0
atmospheric
m, Normal enhanced suppressed
ml-s'nIF'Ir m, | . . Hnced Probability is described by 3 parameters:
nverte suppresse enhance
Normal Inverted Y PP Ami~A mi3~A mzs ,0,55505
Enhancement of n, probability in the case of non-zero q,,
Am?=0.003eV?,sin’g,,=0.5,sin’8,,=0.026
0
-0.1
-0.2
-0.3
0.4
% 05
© i
-0.6 ' l
-
- il
0.8 P(n,® n,) GeV
-0.9

Enhancement by matter effect
in multi-GeV region
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Ev (GeV)
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multi-GeV electrons "

Zenith angle UP/DOWN asymmetry

FC single-R e-IiLe

~ Multi-G e-like

w0l
single-R electron ﬁ%‘ :% ]
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FC multi-R e-IiIJe

T

-1 -0 5 0 0 5 1 "10° 103 104 TS

Momentum (MeV/c)

multi-R electron

n
o
|
(UP-DOWN)/(UP+DOWN)

o000 ooo0o0o
oo hNONR®®-

cos0

No significant excess due to matter effect was seen in
upward-going multi-GeV electron sample
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Best Fit: c?

min

= 376.82/368 DOF
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Dm?=2.5 x 103 eV?,sinqg,, = 0.5, sin?q,, = 0.0
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Future prospect for atmospheric neutrinos in=
SK-3

 Best determination of sin?2q,,

— The measurement is not systematic limited yet.
- Improvement with sqrt(exporsure)

— Sin%20,5,=1.0140.05(68%CL, 1500+630days)
- Sin?20,5=1.00240.038(1500+800+1350days)

10

e Search for indication of z -

SK 1500+800+1350 10
non-zero g, o050 &
— Search for upward going
multi-GeV n, events

A=y (true 8,;) -x*(zero @,)|

0 0.04 0.08 012 016 02
sm229




LaThuile 06
14

Solar neutrinos

How does the sun shine? Nuclear fusion reactions occur
deep inside the sun

4p ? “*He + 2 e*+ 2 N+ 26.7MeV
ﬁ thermal energy

=] o g
corona

 Flux : ~66 billon neutrinos / sec /cm?

» Go through the sun immediately (~2sec)
- Measurements of solar neutrinos can
see the current status in the center of the
sun.

Neutrino-measured luminosity

Actually, this reaction is realized
via pp-chain and CNO cycle

I

g ,/ék | Structure of the sun~ Standard Solar Model (SSM)
Photon-measured luminosity
- ~40000years radiated from the center to the surface.
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Solar neutrino measurement in SK

nsolar Ngoiart € =—> N + € (elastic scattering) ' Strong directionality

il A
— # Super Komiokande ¥
l r‘ . L 1
i : Q EUN & 4201
EVENT# 1154571
it " P : DATE S7-Jun- &
= =7 . . TIME  4:58:28
Lt ]
e

137.1

1Find solar direction ;-

Realtime measurement |’

< day/night flux differences
LI Seasonal variation
o g o . o o & )
Q BunMODE : NOBRMAL

G ID 00000111
diff.:0.752E+05us

Energy spectrum | 53, =

CC: 2ZFF30

— rUC0: 8906, 2
Ee - 9.87M ev G gh}:}hgh ng.r?lask
cosqgsun = 0.915 o SUB EV : 0/ O
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Solar neutrino flux in SK-1

f (3B)gay = 2.32 + 0.03 005

SK-l 1496day 5.0-20MeV 22.5kt
(Preliminary) May 31, 1996 — July 13, 2001

Best fit
Background

Data

22404 solar n events

-1

| (®B)ign: = 2.37 £ 0.03 £ 0.08 8B flux : (19:0 events/day) |
. D-N 0.013, 235%002£0.08 [x 106 /cm?/9ec]

o -(9.0|21 i O'.OZC.) 19301?) R f

-0.5 0 / 0.5 1

F meas €0S9sun

=p— = 0.406+0.003(stat.)#=0.014(sys.)
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Solar neutrino flux in SK-2
Preliminary !

O
N

SK-2 622day 7.0 — 20 MeV 22.5kt

| 7.0-20.0 MeV  pec. 24, 2002 — May 19, 2005
- 622 days SK-II

Best fit
.................. Background

Data

Event/day/kton/bin
o
o

O
—

005 L { (°B)y = 2.39 009 5482 solar n evengs
i ) 0.08 8B flux (8.8 events/day)
1;( NB)night =2.3520.08 5354 0.06[x 105 /cm?/sec]
- _ Preliminary
X e -, (0014 +0.049) .
> 0.5 0 0.5 1

cosO_,,
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Time variation of solar neutrino flux
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| SK-lI 1496day 5.0-20MeV 22.5kt
without eccentricity correction, stat. err. only

Expected flux SK-II' 622day
<»64>Sun variation caused by 7.0-20MeV 22 .5kt
= 2T ® the eccentricity of (Preliminary)
Fath  the earth’s orbit
(SK-I average) _L -]

LAL LA ;

Line: SK-1 1496day average
1 I 1 1 1

CH:

1998 2000 2002 2004

2006
YEAR
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Energy spectrum

No significant distortion can be seen

0.7 |
= I
o B3R il
R L
5§06 ’
v ol
05 SK-1 1496days HH .
[ gty T 1, :
oo B

0.3 I | | 1 1 ‘ 1 1 | 1 l

Recoil electron energy (MeV)
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Amz N eVz

10" Exclude parameter region b\jfép'e"ctfru'rﬁ"”"/ :
12 &0ay-night fluxvariation. (95%C.L)
10% 10° 10% 107 1 10

tan2(®)



Dm?2 in eV?2
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10 -11 E and time variation in SK i
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Solar neutrino oscillation analysis in SK-1 =

-- 3 flavor --

n, survival probability for 3 flavor formula can be based on
2 flavor as follows (C.S.Lim et al) ;

P(S) (ne ® Ne, A(X)) = (1-

2

|Ue3 |2

)

PP (Ne® ne; (1- |Uez PYA(X))

+|Ue3 |4

Sin%g,; weaken the matter effect

How iIs the effect ?

(tan®qg,,=0.38, Dm,2=8.3x107°)

[

fan)

n, survival probability

spectrum flux
1.01F i 'l
- sinfg, = 1.0 - | 5MeV electron-neutrino / Dav/Night t
s - (which means n, is always n; state,| |os | val babili ay/Nignt asymmetry
so n, oscillation never happen.) - | survival probabllity 0.05 P
8os - 0.8 I /; r ]
[ o / 0.04 - | SK 1o region
o7 07 |- + (sin#q,,)* a . . .
[ e C | 3s uncertainty implied by the
0.8 i / 0.03 = | current oscillation parameter
.60.8 j " 06 r : 4
i i 0.2F T~~~
E 0.6 1 —sin?qy,)? / 001
4 oa B [ ] o4 !\ ; C “;_:
,j_‘i\_‘ﬁﬁ_ A ~ )/ 0 g 2
r — r ¥/ L
B K— T C Akhnlnedov et. al. hep-ph/0404083
2oz Lot i1 ‘02“““\“ %5 06 07 08 09 1
] 2 4 6 8 10 12 14 16 18 20 ] 01 0.2 03 04 0.5 06 0.7 0.8 0.9 2
5 10 15 En(MeV)o0 02 04 06 08 sin%y; cos 0,
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1-dimintional plot using all solar neutrino experiments.”

e —c2distribution-as-a-function-of sin2g;
min '
(here, the other oscillation parameters are chosen to minimize ¢2.)

-E 4 C T T T ‘ T T ‘ T T T T T 17 T T T 1T T T 17 T T 1]
NE L i
R35 - 95%C.L. =
N C ]
N o5 =
25— 90%C.L. E
2 — =
15 — :
1 =
0.5 ; é
0 C = e v b b b e b L w Ly \7
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 2 0.1
sin“0,,

sin2q,, < 0.067 (90%C.L.)
sin?g,; < 0.086 (95%C.L.)
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Future prospect for solar neutrinos in SK-3

n, survival probability 055 reCO|I electron spectrum
r L trrT HE . T T ] T 1
i 5. ~ _ 0
: : P 10/o upturn
: T @8 18 should be seen
n e N i HH
: we? o 05 | «=m | Ower threshold i
i Feragordd L reduce sys. elfrof
1S ‘reduce stat. error 4
g | L
- 1 sys. error  _
N 10 |
- | sin?(q) Dm?2(eV?) 1 a -
| 035 6.3x10° . 1
g 04 S
0.28 10.0x 10° ]
C | 022 7.2x10°5 I
| nl |

10'2 101 1 | 10 0.30= | '10' - 12'5 '20
Energy(MeV)




Significance of spectrum distortion

Significance (s)

N

£ O o

Q =

w

Amf{10eV

2 sin2(g) Dm?2(eV?)
0.22 7.2x10°
7 \H 0.28 10x 10°

1
#; i M 0.28 4.8x 105 [

[ )
el B 035 6.3x 105

BE% OL
0y 02 03 04 04
sin (e )

\

Solar+KamLAND best fit

| \ | | | \ \ |

°\\\

2 4 6 8 10 12
Live time (years)
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Assumptions:
4.0 MeV energy threshold

Systematic error (energy
correlated ): x 0.5

4.0-5.5MeV background: x 0.3
(same BG as SK-| above 5.5MeV)
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Summary

The results of atmospheric and solar neutrinos in Super-Kamiokande
phase 1 and 2 appeatr.

In atmospheric neutrino oscillation analysis, not only zenith angle
analysis, but L/E analysis has been done. L/E analysis gives tighter
Dm? region. The SK-2 results of those are consistent with SK-1.

The n, appearance effect is observed about 3s level.

In 3 flavor analysis, it is consistent with g,,=0, and gives limit to the g5
parameter.

In solar neutrino analysis, no significant time variation and energy
distortion appear. SK-2 results are consistent with SK-1.
Solar neutrino oscillation studies in SK-1:

— The results of SK-1 (flux, spectrum and day/night flux differences) favors
Large neutrino mixing angle at 95%C.L.

— The data combined with all the solar neutrino and KamLAND are
constraint to the very small LMA region.

— 3 flavor analysis in solar neutrino oscillation is done, the upper limit for
sin?g,5 (90%C.L.) is 0.067.

The spectrum distortion of solar neutrinos are important issue in SK-3.
SK-3 will start from June 2006.
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Zenith angle distribution in SK-2

627 days for FC/PC

609 days for upmu Preliminary !

Number of Events
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2 flavor neutrino oscillation
-- Zenith angle analysis --

10

-3
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L SK-1
 FC+PC+Upmu combined
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-
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-
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— 99% C.L.
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........
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0.75 0.8 0.85 0.9 0.95 1
sin®20




Am? (eV?)

10

2 flavor neutrino oscillation
-- Zenith angle analysis --

[ SK-1
| FC+PC+Upmu combined

Allowed region

— 99% C.L.
— 90% C.L.
68% C.L.

0.7

~0.75 08 085 09 095 1
sin26




2 flavor neutrino oscillation
-- Zenith angle analysis --

Am? (eV?)

- SK-2
| FC+PC+Upmu co

Allowed region




2 flavor neutrino oscillation
-- Zenith angle analysis --

Am? (eV?)

- SK-2
| FC+PC+Upmu co




Am? (eV?)

2 flavor neutrino oscillation
-- Zenith angle analysis --

_3- — Aliovired regi w

10 | — Sub-GeV low ) 5

- — Sub-GeV high 4
- — Multi-GeV
| — PC
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L/E distribution in SK-1

Number of events

Null oscillation
MC

\

10 102 10°
L/E (km/GeV)

10

ERNR

First dip is seen -

o OO0 = = = =
£ O 0O = N b OO O

Data/Prediction (null oscillation)

0.2f
O- ol L 1 aauul L 1 aauul L 1 aaul
1 10 102 10°  10*
. LIE (km/GeV)
—0UoC I Aauoll

——Decoherence Dc2=14.6 - 3.8s

1l

The first dip cannot be explained by other models



2 flavor neutrino oscillation in SK-1

1.9x103 < Dm?2 < 3.0x103 eV?2
0.90 <sin?2q at 90% C.L.

-- L/E analysis --
)
10 I I I ~
[ Dm2=2.4x103,sin220=1.00 10 ~omparison
" C2min=37.9/40 d.o.f R
- - —— Zenith angle analysis ]
| (sin?20=1.02, c2min=37.7/40d.o.f) | [
< |— L/E analysis
> —
L s
o ()
N N
E *
<] <
99% C.L.
— 90% C.L.
— 68% C.L. 90% C.L.
3
-3 | | 0 L—r .+ L
10 07 075 08 085 09 095 1
0.7 0.8 0.9 1 . 2
. 2 sin“20
sin“20
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Spectrum

SK-1 SK-2
3 1 ——
§ - SK-1 1496day 22.5kt | SK-1I 622day
<08 | (Preliminary)
% | Data/SSM 0.407 +-0.01 (stat.)
R _ U
+06 - + .
D _
0.4 %ﬁf@%ﬁ% p
0.2
L Il Errors: stat. only
L || Line: SK-I 1496day average
0 | Lo by |

15 206 8 10 12 14
Energy(MeV)

16 18 20
Energy(MeV)

Consistent between SK-1 and SK-2
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Solar neutrino oscillation analysis in SK-1
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Un-binned time variation method

Likelihood for solar # Backgrounds # Signal Event Event
neutrino extraction In each energy bins Events Energy “Time’

(g geg) e & | | |
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—1 n=1

)

21 Energy blns

W G Y
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t=c:osG)Z

Sol ar Signal Shape  p(cos®

1 08 06 04 02 0 02 04 06 08 1
cosO,,-




AmZ in eV?
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Oscillation parameters from solar neutrino

and KamLAND experiments
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Analysis method

e Zenith spectrum for SK - tan?q,,=0.48

— 8 bins for spectrum and | e - Dm2122=7c-)6><10—5
I 1 SN =0.
7 bins for zenith angle. Uk

1. SK flux constraint by SNO
NC salt phase data. oss - —o— &

4,94 (1 ig'ggé) x 108 /cm?/sec

2. SK/SNO (NC,CC) bos

3. All solar data, Ga and Cl, Lo

BP2004 neutrino fluxes for | o % #ﬁ
pp, pep, CNO and ’Be are |
used. T
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Significance of spectrum distortion
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" 8B spectrum shape ]
- Energy scale 1
| Energy resolution
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Data/SSM

2 ., : 0.4
1 - —_ 1 : .
- "Solar+KamLAND best fit : 03—
i | | \ | | \ | | \ \ | ] 5 10 15 20
% 2 4 & 8 10 12 Energy(MeV)
Live time (years) _ _

_ _ e Better Energy scale calibration
Assumptions: (~=2=0.4%) is needed.
Correlated systematic error: x 0.5 e Better 8B spectrum shape from
4.0-5.5MeV background: x 0.3 nuclear physics is needed.
(same BG as SK-| above 5.5MeV)
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L/E distribution in SK-1 and SK-2
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——Decoherence Dc2=23.3 = 4.8s
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The first dip cannot be explained by other models
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Search for CC n, events

CC n,

CC n, events P MC
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? Many hadrons . . . .

(But no big difference with other (NC) events. ) Only ~ 10CC nt
b t- likelihood analysis FC events/kton- yr

? Upward going only t

_ (BG (other n events)
5 Zenith angle dependence | 130 ev./kton- yr)
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Zenith angle distribution and fit results

Likelihood analysis

NN analysis
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S ot background : M N,
A w0 | background
COSU,enith Preliminary ! COSCenin
Fitted # of | 1454-48(stat) 152447 (stat)
t events
+9 / -36 (osc. para. uncertainty) +12 / -27 (osc. para. uncertainty)
Expected #
of t events 79+31(stay) 7931 (stay)




