Super-Kamiokande
(Present and Future)
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*Atmospheric Neutrinos
*Solar Neutrinos

. 50,000 tons (22,500 ton fid.) Water Cherenkov Detector
. 1,000 m underground

. Inner-Detector (ID) : 11,146 20 inch PMTs (SK-I) ~5200 (SK-II)
. Outer-Detector (OD) : 1,885 8inch PMTs



What we know now
Results from SK-I Atm-v)

* Quick Summary Event classification
— Two flavor analysis
* Oscillation Parameters

— Three flavor analysis
 Effect of Am,,

Fully Contained
(Ev ~1GeV)

— Sterile _, Partially Contained
(E, ~10GeV)
— Tau appearance ® oward
. Stopping u (E,~10GeV)
* L/E analysi

— First Oscillatory Evidence



Kamiokande & Super-K

« Discovery of Atmospheric Neutrino Oscillation
by Super-Kamiokande in 1998

(Kamiokande,1994)
multi-GeV pu -like events
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Best fit;

Am?2=2.0x103eV?2, sin226=1.0

evised)

— Null Oscillation:

1R — e-like
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Combined allowed regions (revised)
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Am? = (1.3~3.0)x103eV? _
sin226 > 0.90 Consistency among
subsets of data:

@ 90%CL
/ Each allowed region overlaps
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Notes for the improvement
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Previous SK result
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Each change contributes to the shift
in the allowed Am? region.

e Detector simulation
« Data Analysis

« MC improvement
— 3D flux calculation

— Primary flux
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— Neutrino Interaction
« MJQE  =1.0> 1.1
« Msingler=1.0 > 1.1

and so on
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Better agreement with K2K near detector data



3 flavor analysis

Assumption in SK analysis
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Note for the effect from Am_ 2
on the atmospheric oscillation

Electron appearance in 'Low Energy"
But is negligible
— Cancellation (VlLt ' Vg =2 : 1 & ~full mixing of 0,5)

Now we know Am,,? is relatively large

Re-examination
— Matter effect
— Interference from the transitions through 0,, & 0,3



Effect of Am 2 on the atmospheric oscillation
100 MeV — |U5]=0.2 3 GeV
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SK assumption, Am,=0 is marginally OK.



Am 2(eV2)
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Allowed region for active 3-flavor oscillations

Getting closer to the CHOOZ's limit on 013
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Oscillation to sterile neutrinos?

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.)
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Search for v_production in atm-v

T T VT'
e T events cannot be
Lepton or Hadrons Identified by event-

by-event basis
— Many Hadrons

— Low rate
« 1 CC v, FC ev /ktonlyr

—BG ~ 130 ev /kton/yr

 Need statistical
analysis

Hadrons

miokande
Event 30

19: 03

lits, 14223 pE

s, 0 pE (in-time)

x03

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

3) Likelihood Method

« Selection Criteria
— multi-GeV, multi-ring
— most energetic ring is e-like

e Calculate Likelihood and cut events to enhance t
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Nt = 48 1%8 events
NFC = N_/ eff(z)

=105 22+ 15 events

Expected: 86 for 1489 days
consistent with v,©v;

Other analyses give similar results:

Neural Network

Energy Flow

_ 3
=92+ 3%

21
76 events

events




Number of Events

Number of Events

L/E Analysis

— Oscillation
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Zenith angle distributions

— Decay

— Decoherence

Other models can also fit the
measured zenith angle
distributions.

Distinguish Hypotheses in L/E

—-— Dip for oscillation
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Oscillation/Null oscillation (MC) Data/Prediction (null oscillation)
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i
H++++++ ++++++

1 10

wl v
3 4

2
10 10 10

1 10

100 yr MC

SR L

4
10

3
10

102
L/E (km/GeV)

w/ selection ‘\
4¢¢¢++++++ /
++

Strategy

¢mm - Difficult to observe the

dip
* Select events only with
good L/E resolution

 The dip may be observed

. =

—>Direct oscillatory evidence
- Strong constraint on the

parameters; especially Am?

16



Event samples in L/E analysis

1.5m from top

FC single-ring, multi-ring p-like & bottom[~F
Expand fiducial volume 29 Bkt
—s | More statistics for 1m from — 26.4kt
high energy muons barrel = |l

observed charge /

PC expectation from through-going
_ 100T Preliminary
Categorize PC events by OD charge ob <> 0D through-
80 I'stopping going

OD through-
going MC

{I. OD stopping
1. OD through going

Number of events

—> | Different L/E resolution 20

OD stopping MC —0; 12141618 2



Event summary

FC Data MC
single-ring 1619 2105.6
multi-ring 502 813.0
PC

stopping 114 137.0

through-going 491 670.1

CCv,
(98.3%)

(94.2%)

(95.4%)
(99.2%)

Total 2726 3725.7
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Ev/quserved

o

Flight length (km)

Reconstruction of E and L

N
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Eobserved

Ev

Energy

E,<E

observed

Reconstructed from
observed energy using

relations based on MC
simulation

1
loglO(Eobserved)

Direction

-1 -0.8-0.6-0.4-0.2 0 0.2040608 1

Zenith angle (cos©)

10
Flight length (L) € Zenith angle

Estimated from the zenith

angle of the particle
direction
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L/E resolution cut
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- for the rejected events

Select events
with A(L/E) < 70%

Reasons

horizontally going events:
- dueto large dL/dcos6

low energy events:
-> due to large scattering
angle
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Data/Predictio
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Result of L/E analysis

* The first dip has
been observed.

» This provide a strong
evidence of neutrino
oscillation.

* The first dip
observed cannot be
explained by other
hypotheses

3.4 o to decay

4 3.8 c to decoherence

x°min=37.8/40 d.o.f
1 2min=49.2/40 d.o.f > Ay?=11.4
¥ 2min=52.4/40 d.o.f > Ay2=14.6

; Preliminary 1489.2 days FC+PC
Decoherence
1] Decay
ST ! 1
f— E
- Oscillation / t
L ol L ol L aauul Rt |
2 3
1 10 10 10 10
L/E (km/GeV)
—— Oscillation
—— Decay
—— Decoherence




Definition of 2

43 eXp(_NgX )(Nenx )Nobs 25
L (Nexp,Nobs):q an | p Hexp

obs*

2l

Poisson with systematic errors

2 _ L (Nexp’ Nobs) . & n n obs ’
X = ZIn[L (NObS’NObS)}_;|:2(NeXp obs)+2Nobs|r{ le_i_Z( J

exp

N, : Observed number of events
Nexp expectation from MC

. systematic error term
ci: sigma of systematic error

Various systematic effects in detector, flux calculation
and neutrino interaction are taken into account



Am? (eVZ)

Constraint on the neutrino oscillation parameters
from L/E analysis

107 | ] Best Fit:

. Preliminary ] .
Am?=2.4x10-3,sin%20=1.00
szin:37.8/4o dOf
(sin220=1.02, %2min=37.7/40 d.o.f)
Allowed region (@90%C.L.)

d00 oL | ]1.9x10 < Am2< 3.0x10°2 eV?
— 90% C.L. 0.90 < sin226
— 68% C.L.
107 ‘ ‘ Consistent with the
0.7 0.8 0.9 1 .
sin?26 standard zenith angle

analysis -



. Reconstructed in October
2002

— 47% of the PMTs (~5200)
— Full OD 8 inch PMTs (1885)

- PMTs in plastic shells to prevent
future chain implosions

24



SK-Il is taking data, started in December, 2002

Super-Kamlokande
Run

SK-II partially-
contained sample

Super—Kamiokande

¢ Il preliminary 149days

I I EPRPRPIN I
4 08 06 04 02

zenith angle,

Tew o) Multi-GeV

ol b b b by
[} 0.2 04 0.6 0.8 1

cosd

, Multi-GeV FC+PC

T <= 1

FC p-like +PC

Number of events & Event rate

(Preliminary) SK-II SK-|
149.3 days 1489 days
Fully- 1245 12180
contained (8.33+ 0.24) (8.18% 0.07)
Partially- 80 911

contained (0.54+ 0.06) (0.62+ 0.02)
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0,5 measurements
In atmospheric neutrinos in Future

Sk 20yr (450ktonyr) W —ym)
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SK 20 yrs
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Solar neutrinos

 Original Aim of Super-K Solar Neutrino

—> detect flux independent evidence

» Day/night flux difference, spectrum distortion,
seasonal variation

* But the evidence was obtained by the
comparison of SK (ES) & SNO (CC) flux

in 2001.

 And we still have not seen such direct
evidence yet.

29



Solar Neutrino Signal in SK
. Mays3l 1996 -July 13,2001
SK-1 1496day 5.0-20MeV 22.5kt 4
(Preliminary) o -

Best fit
BG .

Evenvdaﬂy/kton/bin
N

L i
U-- 1 ".‘....-.....“.i""'-'_*_‘Hl.fi.._-_‘-_'iw-‘*-hh‘rih"""'“i-"m-.ﬁ

22,385 Solar Neutrino Events

cﬂsﬂsun 2



SK-I 1496 day final data

e 22.385 solar neutrino events

8B flux : 2.35 + 0.02 + 0.08 [xp=as .
BP2004 (~15% diff.)

48,200 solar neutrind 5 82(1+0.23) x 106/ cm?/ s
Bp2000:

Data
= 0.465 0.0
SSM(BP2000) 5.05(1 3‘%8 )x 10%/cm?/s

Q 16,700 e-type solar neutrinos (from SNO)

*About 5,700 p/t-type solar neutrinos
Evidence for the Flavor Conversion

Day-Night Flux difference
O(B)gay = 2.32£0.03007  O(8B)pgne = 2.37 £ 0.03 £ 0.08
D-N

_ 0.013
Dy = (0.021:+0.020 £5.873)




Seasonal variation

o
o

- SK-I 1496day 5.0-20MeV 22.5kt
"~ (Preliminary)

Data/SSM

o
ol

0.4~

)(2 for eccentricity = 4.7 C.L. =69%
r x?forflat=10.3 C.L.=17%
(8-1 d.o.f.) (with sys. err.)

Zoxrxo >zZ2J00a k>0
< W <<a<< D2 w o L
SE$s323=20028 8

Y% = 4.7/ 7dof (eccentricity) ; (> = 10.7/ 7dof (flat)

Consistent with the expectation from the earth’s eccentricity
32
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Pe r|od|C|ty in the SK solar neutrino data”?

10 days sample

i HE TR J kR
Ty i uigl

1 1
L9997 LSS

A.Milsztajn, hep-ph/0301252

Fower (z)

N

o

0

PRI L LA L0 TR T
001 002 003 004 005 006 007 008 009 01
Frequency (cy/d)

A
T = 13.75 days (98.9%C.L.)

L 1
1999 2000 2001

.
=16
3 By the similar
14 analysis, we also
1 get large Power
[ (~10) at (13.8d)!
\
10 |
8
6
4+
2 u
0 1 ] AN Ll ) i
0 0.02 0.04 006 0.08 0.1
frequency(1/day)



Perlodlc:lty In the SK solar neutrino data”?

316 31.?0%@; D
ﬂ-n14_'
= |
E12-
EED Entries 184 3 L ST, PR P I N I TSP U RN T PR | A T RO P
§ |BinCenter | M "“¥58| 10 oz e Boe ois o
2 _ _ frequency(1/day)
£40 - TiIme minus 8
Correct !
30 [ Livetime- 6
aver aged f |
201 Time 4
10 2 A|
g v i ® 0.02 004 0.06 0.08 01
a3z 40 1 2 3 . frequency(1/day)

Lomb Power decreases, if
Correct bin-timeisused!!
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5 days sample

B

Neuttin flux
el g b &

=W

=)

E Sdays sample,
22 el ol il TE T lr"--+s-;j*r+4ﬁcgg;_,g.:.w Bt e R WA
= BT S R e R T L Rt ol QLG 4 R o IR (0 RTRIR LA NI L BT s [ oy el 2o e 7 4401 i 4
E LR L ILE, e 31*.-»- -", [HE T By TESTLT e,y & s B (N PP LRI T '-l-__;"_f bl i T R l"*.--'
E i r = =1 4 K e 1 Iy
E 1 1 L 1

L9297 1998 L9299 2ooon 2001

WwEAr

Lomb method

E e
| | \ 8.35 day (63.09%CL)

ey

13.75 day
38.70 day

i .I' .I' 4 I 4 II
U

o e wwe s o NO Significant Periodicity

e e i



hep neutrinos

SK-1 1496day (Preliminary)

>10 4? = =aind . - : ]
= SE o Th— Solar neutrino energy spectrum in 1MeV bin
g— 2: :-h‘t__..__ -
29 "
E { |
210 ¢ =W
o I 31—+
B1; i
c -1 0.465 °8B + 1.0 hep -
@10 . 0.465 ®B + 7.9 hep ~
S -2 | 0.465 °B + 0.0 hep I\

10 = 3

10 12 14 16 18 20
Energy (Melf)

In 18~21 MeV : 4.9 2.7 events
Expect ~1.06 hep neutrino from SSM

hep flux upper limit < 73 [x10%/cm2/s] (90%C.L.)
(< 7.9 x SSM(BP2000))



o Data/SSM
: o
oo

-“I
i

0.7¢

0.657

0.6

0.55¢

0.5

0.45

0.4

Recoll Electron Spectrum

2(f|at) 20.2/20 (443%CL)

| T‘i‘%i i, S ‘JJJ: ‘:

et %T%T%’ __
6 i 10 12 14 16 18

20
MeV



Zenlth Spectum of SK: Data & Solutions
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Zenith ‘seasonal’ spectrum likelihood (new)

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

21 Energy bins

Background Shape

cosO

e time information
added (un-binned)
Including seasonal inf.

sun j

!

Solar Signal Shape
Z(cose,)

)
1
|
g; plcos, )

4 08 06 04 02 0 02 04 06 08

o8, ,

I -1 -08 06 04 02 0 02 04 08 08 1
t=cusﬂz




Asymmelry in %
=

-
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Parameter constraint from SK data
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All solar neutrino
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Super-Kamiokande
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Full reconstruction schedule
(approved)

2003 2004 2005 2006
Today >10 4 6
SK-II
. < >
e Reconstruction: reconstruction
Nov,2005 to March, 2006 <>
« Water filling: April and May in 2006 water filling

« Start taking data from June 2006 SK-|||>
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Future solar neutrino observation
in Super-K

Day / Night flux differences
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Future solar neutrino observation

in Super-K
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Future solar neutrino observation

in Super-K
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