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1. Introduction



Super- Kamlokcmde

& Giant water Cherenkov detector
& Total mass: 50 000 tons
@ Fiducial mass: 22 500 tons
& Location: 1,000 m underground
@ Inner detector: 11,146 PMTs (50-emd )
(5.182: SK-II)
@ Outer detector: 1,885 PMTs (20-emdp ) |
Construction started in December 1991
Observation started on April 1, 1996
(as scheduled)

A'T;s EIth:r'ia:: neutrino oscillation discoverej'
in

Solar neutrino oscillation discovered

in 2001 (together with SNO CC meas.)
& Accident on November 12, 2001

& Partially rebuilt in October 2002 (SK-II)
& Full rebuilding to start in summer, 2005
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K2K (KEK-to-Kamioka)

B Super Kamiokande

*Accelerator - 12 GeV proton synchrotron
‘Beam intensity - 6x101° protons / pulse
‘Repetition : 1 pulse / 2.2 sec
‘Pulse width : 1.1 ps (9 bunches)

*Horn - focused wide-band beam
*Average neutrine energy: 1.3 GeV

‘Near detector: 300 m from the target

‘Far detector (Super-Kamiockande) :

250 km from the target

*Goal : 10°" protons on target

*Started : April, 1999

=

Fronfieiecior -1. /

T r'I‘mmrrr

=y l.'1:|'!|n|1 £ F .
Hﬂll

-‘-'l. ;J‘h‘E‘[HH

EClion

(I —= il




3 Flavor Neutrino Oscillation

Neutrino Mixing  |v,)=ZU,|v,)

Weak Mass CP violating
oi : small
genstates  eigenstates phase
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2. Solar Neutrino Results



Solar Neutrino Observation in Super-K

5B neutrino measurement
by v+e — v+e

Sensitive tov,, v, v,
o{vyte) = 015}{.:1[1.- +e)

High statistics
~15ev./day with E_ > BMeV

Real time measurement.

Studies of time variations.

Studies of energy
spectrum.

Precise enerqy calibration

by LINAC and 1°N.

Neutrino Flux

SuperK, SNO

Chlorine ;

(Gallium
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Super-Kamiokande-1 solar neutrino data
' May 31, 1996 = July 13, 2001 (1496 days )

BT
5-20 MeV

v+e 2 v+e

Evant/day/bin

,/’/)
22400+230 solar v events

(14.5 events/day)
Pl Bl =g gt

0 | I I I |

-1.0 0.5 0.0 05 1.0
: COS Bsun
8B flux : 2.35 + 0.02 +0.08 [x10° /cm%/sec]
Data +0.014
= +0.004
SSM(BP2004) 0.406 -0.013

{ Data/SSM(BP2000) = 0.465 +£0.005 +0.016/-0.015 )



SK-I Day/Night Difference
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Day/Night Asymmetry

(Assuming BP2000 flux and error)
+1.3

Am?2=6.3x10°eV? Ao=-1.81+1.6 5%
tan20=0.55 2N s
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Together with sclar v Am’, =% 1+E"E*nlu eV tan’® 8, =0.40

Energy spectrum of SK-I

SK—I 1496day 22 .5kt

| Am?=7.2x105eV?, tan20=0.38

e

lcmiisec

-ﬁmz 6.3x10°eV?, tanZ0=0.55

| SK only with EP2000 flux and
| error constraint

Best fit °B flux: 4.84 x 10° /cm?/sec

| Best fit B flux: 5.21 x 108

1| Best fit solar+KamLAND (before +v2004| |

r Energy a:lzorrelated systematilc error
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iAIInwed region

3B flux

| SK 1496 Days

1 Zenith Seasonal
Spectrum
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| SK 1496 Days

| Zenith Seasonal
i - Spectrum
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SK-II preliminary results
Dec.24,2002 — March 25, 2004

Direction to the sun

ell6mmm——07—7 7 Y77
g SK-ll 32&8day B.0-20Me\/ 22 5kt

u - -

%' {Preliminary) 325 day5

% 0.1 8 — 20 MeV

1Ll

0.05

= 82 -
Solar v signal = 2161 TSD (stat.) events

Gﬂﬁﬂ"u“

Flux= 2.38 + 0.09 (stat.) (x10%cm2/s)  “hmacr study)

(cf. SK-Il result; 2.35 +£ 0.02(stat.) + 0.08(sys.))
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Future prospects towards SK-ITT

Possibility of de’rec’rmg spectrum distortion
Recoil electron spectrum

v, survival probability
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SK Solar Neutrino Observation Summary

High statistics solar neutrino data has been obtained.
& B flux:235+002+008 [x 106 /ecm2/sec]
& Day/night asymmetry: Ay =-18+£16+13/-12 %.

& Enerqgy spectrum: SK prefers smaller Am® and larger tan<6 compared
with global best fit parameters.

Assuming 8B total flux of the SSM predictions, LMA
solution is preferred.

Preliminary results from SK-IT are consistent with SK-I.

Hope to see definite energy spectrum distortion in SK-
if the MSW prediction is correct.




3. Atmospheric Neutrino
Results



Similarity and Differences of Atmospheric »
and Accelerator v Experiments

Atmospheric neutrinos
m\Wide range of L and E

Accelerator neutrinos

BFixed L, fixed direction, well-define
HAlmost pure v, beam

WProduction spectrum measured

front dump decay pipe HORN(target)  12GeV-PS

?{H}m Zl]ﬂm



Atmospheric Neutrinos

" Sl
T L

ayphte | = Cantained
LT events

........... Initial atmospheric neutrino

energy spectrum
contained

Upward

stopping muons  sp; ‘éV | ; —

. enigined Inleractions [x 1710 i

Interaction in the _d0f ~~  stopping muons _

rock T - ]

= i

Sub-GeV contained events £ | :

E..=1235 GeV, uVE 7

P, > 100 MeV, P, > 200 MeV/ig S | :

[Multi-GeV contained events 5 4

107 10° 10°

E.. > 1.33 GeV £ (Gev)



Atmospheric Neutrino Oscillation

: " Am2L
va = sin2 20 sin? I'ZTE Zenith
Dy 2 cos0=.8 |
sin=20=1 Am== 003 eV L=25Kkm |
L=25km o =
L=500 km
I! 1 ||r|l||| 1 | [} I
1
L =500 lm

= 10000 ki ;
cos B=-.8
L= 10000 km

Neutrino Energy (GeV)



SK-I Zenith Angle Distributions

MNumbaer of Events
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Best Fit and Contours for SK-I

0w ———-
[ 1.5x102 eV2 < Am2 < 3.4 x 103 aV2
sin226 > 0.92 at 90% CL
Best Fit:
sin226 = 1.02 35
e Am2=2.1x 103 eV2 99%
= %2 = 174.9/177 dof 95%
L %2 = 465/179 dof for no osc 90%
g 68%
<
0%, .




Chi-Squared Shape
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L/E Analysis: Motivation

KL-like sub-GeV
< 400 MeVf

— QOscillation
— Decay
—— Decoherence

Other mocdels can explain zenith
angle dependent muon deficit.

=

lL-like sub-GeV

E -like multi-GeV
E + PC

I 250
E 200
= 150
120 :
60 5O
pE L i R u:|||||||||||||||||||
| 05 4 0.5 1 -1 45 0 .5 1
cose cos B
g 9 |ilike sub-GeV 5 "9OF p-ike mult-GeV
TR Ty multi-ring w an multi-ring
g T 70
. Z e
= E
e | =
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-1 45 0 05 1 -1 H5 0 0.5 1
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How can we distinguish oscillation
from other hypotheses ?



Prob.(v,—» \r“]

Neutrino oscillation :

Neutrino decay :

L/E Analysis: Method

AmZL
= )

: m L
P.. =(cos20+ sinZ0 x exp(- E€}}2
1

P.. =1-sin?20sin?(1.27

Neutrino decoherence : Py =1--sin’26 x (1 —Exp{—'fn%”

10

Use events with high resolution in L/E

——> | The first dip can be observed

— Direct evidence for oscillations

— Strong constraint to oscillation
parameters, especially Am< value

T T
LE (am/GeV)



Reconstruction of E and L

Neutrino energy

Preliminary

Eobseved

1
s+ PR {
El}l]‘EEI"u"Ell - Eu
Neutrino energy is reconstructed

from observed energy using
relations based on MC simulation

10

Flight length {lan)

Neutrino direction

-
-
[

wh
[~
-

1 0B080402 0 020408608 1
Zantth angle {coad)

Zenith angle
- Flight length

Neutrino flight length is estimated
from zenith angle of particle direction



-
-

E, (GeV)
O = N U & th oo =~ b @O

L/E resolution cut

- Prelimina

LT
"""""

—__ Full

oscillation

oscillation

Selected

Pk T Eiﬂililllll

F 0604020 02040805

T Zenith aﬂe {cos0) l

Select events with
high resolution in L/E

Bad L/E resolution for

horizontally going events
- due to large dL/dcos0

low energy events
= due to large scattering angle



Tests for neutrino decay & decoherence

—— Oscillation Y2min=37.8/40 d.o.f
—— Decay Ymin=49.2/40 d.o.f 2 Ax?=11.4
—— Decoherence  2,,,=52.4/40 d.0.f > Ax2=14.6

C Preliminary

3.4 ¢ to v decay

3.8 ¢ to v decoherence

#¥| First dip observed in data cannot be
explained by alternative hypotheses




L/E Analysis Oscillation Fit

-2
10 : :
| Best Fit:
- sin226 = 1.02
- AmE=2 4 x 103 gV2
ray i 1E=3?,?.I’4ﬂ dﬂ'{
3 -
o ﬁ
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— 99% C.L. =
— 90% C.L.
68% C.L.
-3
10 L :
0.7 0.8 0.9
sin®20

Strong constraint on minimum value of Am2
with data sub-sample (not independent of course)
ne use of upward muons (cf. full dataset analysis)

1.9%102 eV2 <« AmZ < 3.0 x 10-3 eV/2

sin2 20 > 0.90 at 90% CL
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Am? [l:"-"t]

Exotic scenarios

.0

5 ..'“ -

sterile neutrino admixture

¥y

AM’ - LSND (= 1 ¢V}
Vs

:‘ &m’ - Solar Neutrinos (< 107 eV*) I
- U 7| Am’ - Atmosperic Neatrinos (= 107107 e

Best Fit 3°=194/197 (P=55%)
sim-S=0.03
sin28=10 =
Am =] S0 Y- g ; -
IF &m” < dm” <= AWM
then this simplifizs 1o 3 parameters,
':ln:l:"ﬂjn,.ﬂ.m:, and sm‘lﬁ

foliowing Fogll, Lisi & Marons PROG3-053006
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SK-IT Preliminary Results

Super-K Il Preliminary (311.5 days)
140 FC data reduction:

Sub-CeV e-like ; Sub-GeW u-lke
120 8.22 + 0.16 ev/day (cf. 8.17 SK-I)
100
——— el
a2 2 i':n‘:F PC data reduction:
- Li ttrd4! 0.51 + 0.04 ev/day (cf. 0.61 SK-1)
a0 -
20 Armospﬂer;!r I
E obesstiiis nemr:.l:ms STPRNTRINON Rsub-cev =0.61+003+005
.- ' stil '
£ o S oscillate s Rmuticey  =0.89 £0.10 £ 0.16
3 1 Wulti-GeV o-bke :"5 Multi-GeV jilike + PC
&0 E: ﬁ Upward through going u
50 == 8 18 -
A0 ' @ 14
ag o 12 50
s 10 40
20 § 8H a0
10 £ GF 20
':I i aal i eaasl i d
4 05 0 05 1 a [ =
Cogi=k 0 0

-1 08 086 04 02 0 1 0806 04 -02 0
COBEY o g miracion yet jut nortmoey SOFED

SK-Il data is consistent with SK-1 results. e/u 1D, energy scale look very good.
Current studies emphasize ring counting, PC reduction, OD simulation.



Atmospheric Neutrino Summary

E Consistent picture of v, — v,

oscil
B Osci

ation has been obtained.
lation pattern in L/E analysis

has been demonstrated.

B SK-ITI data are consistent with the
SK-I results.



4 . K2K Results
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Goals for K2K

B Confirm Super-Kamiokande's results on
atmospheric neutrino oscillation with n,,
disappearance by

@ Counting observed/expected numbers of events

& Comparison of the near and far spectra

&® Observation of oscillation pattern as a function of

enerqgy

B Measurements of neutrino cross sections in
the GeV region
& Particularly interesting is the NC 1% production



History of K2K

m 1995 Proposed to study neutrino oscillation for
atmospheric neutrinos anomaly.

m 1999 Started taking data.

B 2000 Detected the less number of neutrinos
than the expectation at a distance of 250 km.
Disfavored nulloscillation at the 25 level.

m 2002 Observed indications of neutrino oscillation.
The probability of null oscillation is less than 17%.

B 2004 Confirmed neutrino oscillation with both a
deficit of v, and the distortion of the E,
spectrum.



K2K experiment

~1011 v, /2 2sec ~10° v,,/2.25ec
12GeV protons (/10mx10m) V” (/40mx40m)

Target+Horn ”

2n 1001m i "
T VO decay pipe 250Kkm
0 7 i
Near v detectors

B monitor (ND) ~1 event/2days
{monitor the beam center)

Signal of v oscillation at K2K

o Reduction of », events
o Distortion of », energy spectrum




Accumulated POT (Protons On Target)

(x1018)

protons/pulse Accumulated POT

(x1012)

*Jan 99 Jan uu Jan 01 Jan 02 Jan 1::-3 o Jan 04



=
>
. K2K-1+2 Junl999 - Feb2004 Tin TOF=0.83msec Ty
107 _ = Decay electron cut.
103 L +500pnsec
1 4— =20MeV Deposited Energy
10 “ &
10 ; No Activity in Outer Detector
1 NS " Event Vertex in Fiducial Volume
i More than 30MeV Deposited Energy
-4H ~ 0 400 -
Tdiff{js)
s [+5psec Analysis Tigne Window 108 events
10 —0.2<T g T35 TOF<1.3psec
5 (BG: 1.6 events within £500)Ls
o L £ L5 2.4 X 1072 events in 1.51s)
-4 -2 0

SK Events

: TDIF;. (ns)



K2K-SK events

preliminary
K2K-alll DATA MC
(K2K-I, K2K-I1) (K2K-1, K2K-11) (K2K-I, K2K-I1)
FC 22.5kt 108 150.9
(56, 52) (79.1°, 71.8)
1ring 66 93.7
(32, 34) (48.6, 45.1)
u-like 57 (56) 84.8
e s (30, 27) (44.3, 40.5)
e-like 9 8.8
(2 7 (4.3, 4.5)
Multi Ring 42 57.2
(24, 18) (30.5, 26.7)

Ref: K2K-I(47.9x 1018POT), K2K-II(41.2 < 108PQOT)
*: The number is changed from the previous one.




Analysis Overview

KEK
Observation ‘ ' Measurement
#v, ppand 6, @®(Ey), v int.

v interaction MC A

Far/Near Ratio
(beam MC with t mon.)

SK

v
Observation Expectation
B =
(sin20, Am?)




Near detector measurements

B 1KT Water Cherenkov Detector (1KT)

B Scintillating-fiber/Water sandwich Detector (SciFi)
B Lead Glass calorimeter (LG) before 2002

B Scintillator Bar Detector (SciBar) after 2003

B Muon Range Detector (MRD)

SciFi/Water target
—— SciBar detector

Muon chambml
1ki . Muon range detactor
Water Cherenkoy | : I d F.Hﬂr-k'motnndej

Detector i

v bea

-




Results

N 2P=150.9"100| < >|Ng,2bs=108

#SK Events
zmn- TDY MC 1’" Tm SPECTI“UITI
' : Expected shape
i B (No Oscillation)
 0.28% :
b s
— 3 CC-QE assumpt
I * ! | PrEC[GEU]
w0 i HO 1% i@ 220 E : L4 :
108 150.9 O ar 1 12 oz 28 3 35 4 4F L
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K2K Oscillation Analysis Results

preliminary

B Best fit values.
[ @ sin26=153
P Am? [eVe] = 2.12x1073

B Best fit values in the physical region.

[ @ sins28=1.00
@ mefeve]- 2 7310

Alogl=0.64 2.73

sin®26=1.53 can be occured
by statistical fluctuation with 14.4%.
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Contours and Best Fit Spectrum
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Am2Z[eVZ]

Vi disappearance versus E shape distortion
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Both disappearance of v, and the distortion of
E. spectrum have the consistent result.



Null oscillation probability

preliminary

K2K-I K2K-II | K2K-all

v, disappearance 2 0% 3 7%, 0.33%(2.96)
E, spectrum distortion | 19.5% 5 4%,
Combined 1 3%, 0.56% ::::::::

25q) | (28q) |

K2K confirmed atmospheric neutrino
oscillation discovered by Super-K.



Other K2K Results
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B. Proton Decay Results



p — e'n?: Present Status
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p — vK*: Present Status (1)

3 & K uv spectrum ssarch
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No significant excess near 236MeV/c.
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p — vK*: Present Status (2)
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p — vK*: Present Status (3)
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6. Future Prospects
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Overview of the T2K Experiment
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Super-K Full Reconstruction Schedule

2003 2004 2005 2006
Toda 10 4 6
4 5
SK-lI
; < >
B Reconstruction for T2K Phase-l: reconstruction
After the K2K experiments i
complete data-taking. water filling
Nov,2005 to March, 2006 o
B Water filling: April and May in 2006 SK-lll

B Start taking data from June 2006
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T2K Phase I: Measurement of sin?20
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Twin Detector Hyper-Kamiokande
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3 Generations of
Kamioka Nucleon Decay Experiments

Kamiokande Super-Kamiokande Hyper-Kamiokande

Mass 3,000t 50,000 t 1,000 000 t
(+1,500 1)

Photosensitive 20 % 40 % (SK-I, II1) ?
Coverage ~20 % (SK-1II)
Observation 1983 1996 ?
Started
Cost (Oku-Yen)” 5 100 2002>™

*1 Oku-Yen ~ 1M$
" Target cost: No realistic estimate yet
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T2K: CP Violation Sensitivity
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p — e'n’ in Hyper-K

20 Mton - yr atm v BG MC

“SK cut”
~2.3 events/Mton -
yr
e =43 %
“tight cut”
. e L e e 1 ~0.15 events/Mton -
200 400 600 800 1000 1200 VI

Invariant proton mass (MeV/c?)

e =17 %
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p — e'n? in Hyper-K : Sensitivity
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p — vK* in Hyper-K : Sensitivity

Slightly old cut

10%

sensitivity for p—vK™ (90% CL)
10% HK > 20 yr
10"

SK current limit(907% CL)

Tn.aktyrﬁ
- 1.6 x 107 yrs

Partial Lifetime (years)
=
[ =]
£

1 ﬂa 1 ﬂa 1 04 1 ﬂlﬁ 10
Exposure (kton year)

t/B>3 X 1034 yr (Hyper-K 20yrs, 90%CL)

(* 15 of the present limit)



Supernova Neutrino Observation with a
1 Mton (Fiducial Volume) Water Cherenkov

Supernova B
Eo = ~100.000 7 _p—>e *n events
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Wished Construction Plan
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Hypaer-Kamiokande Summary

B In the future long baseline neutrino oscillation
experiments, measurements of 8,5 and CPV are the
most imlg)c:r*mnT targets. If 8,5 turns out to be not too
small, CPV measurements may be within the reach of
super/beta beam experiments. For relatively short
distance and low energy beam, a 1-Mton class giant
water Cherenkov detector gives an opportunity to
conduct a clean experiment.

B A giant water Cherenkov detector also gives an
opportunity to search for nucleon decay. Moreover,
once a type-2 supernova explosion occurs in our galaxy,
explosion mechanisms as well as neutrino properties can
be studied in detail

B Time scale of Hyper-Kamiokande project is rather
remote, and its funding most probably depends on the
outcome of TZK Phase-I. However, currently it is the
only project with a clear road map envisioned.



/. Summary



Summary

Super-Kamiokande's high-statistics solar neutrino
observation favors the MSW LMA solution.

Super-Kamiokande discovered atmospheric
neutrino oscillation. The recent L/E analysis has
demonstrated the first observation of the oscillation
pattern.

KZK confirmed the atmospheric neutrino oscillation
with the artificial neutrino beam. Oscillation pattern
has been observed.

No proton decay signal observed so far.

Future 1-Mton water Charenkov detecor, Hyper-
Kamiokande, provides unique opportunities for
neutrino physics and proton decay search.



