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History of Super- Kamiokande

A ) ® 19964 Start data taking (SK- I}

s, stiel:". ;

i Water Cherenlov

detector

B 1000 munderground
W 50,000 ton
(22,500 ton fid)
W 11,146 20 inch PRITs
B 1,885 anti-counter PIWTz

SE-1
~SYEATS

@ 10017 GStop data taldng for detector upgrade
® J001.11 Accident (6777 inner PITz, 1100 outer PIWVTs were destroyed)
Now partial reconstraction of the detector

SK—]I‘I/

® 200210 resume data taling (5E- [D
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Rebuilding Super- Kamiokande

® Phase-1, SK-TT  quick restart of K21

® rebuild SK with 47% inner PMT's
by autuunn of 2002

® atmospheric v, proton decay search

® solar v, SN watch with higher energy
threshold

® PMT vessel to avoid chain reaction
of explosion

@ Phase-2, SK-III  full detector before
the tiime of commissioning of JHF

Acrvlic + FRP vessel
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This talk

Neutrino oscillation study using full SK- I data

- all data i hand (FC smgle-ring, FC multi-ring, PC,
upward through-gomg u. and upward stopping i)
- expectation by 1dimmensional » tlux calculation

s »,<v,two flavor ozcillation analyses
s 2.9v,<p, three flavor oscillation analyses
s Limit on »,€»; admixture
m  Test of other hypotheses
s Test of » decay hypothesis
s Test of CPT violation
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1489 days of contained event data

I Contained event
(sub-GeV, multi-GeV sample)
Fully Contained (FC) Partially Contained (PC}
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Summary of contained events

Sub-GeV (Fully Contained) Multi-GeV

Fuis < 1.33 GeV, Fully Contained (Ey; > 1.33 GeV)
Pe = 100 MeVie, Py = 200 MeV/
ev/c, by 2 Data MC(Honda)

Data  MC(Honda) 1
ring
Iring p-like 664 968.2
= 2y + ] THE L
plike T Multi ring 1532 1903.5
Multi ring 2457 29536 (p-like) @57)  (719.3)
(u-like) (225)  (333.9) Total
Total
Partially Contained (assigned as p-like)
Total 913 1230.0
8/ a i C10.016
& = 0.638 +0.050
(Iﬁ.*)Mc - 010 ("f":‘)Dﬂ‘ﬂ 1 6ae 00.050
2 =0.658

0o.028 +0.078

(.f-")Mc
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Another technique of atmospheric v observation

I 1m TTIT TTIT TTIT TTIT TTTH TTIT TTIT
Upward through-going |1 PR = el & " el s

750 |

G

Events / 1000 days

g

8

@ different energy scale
@ different detection techmique |

- =

Up through-going . 1678days.,  Obs. 1.7 +- 0.04 + 0.02 (x10-¥ean2stsal)
Exp. 1.97+-0.44

Up stopping p, 1657 days, Obs. 0.41+-0.02+-0.02 (x10-Bem 25l 1)
Exp. 0.73+-0.16




Zenith angle distributions e
‘ (FC+PC+up-pu)

— — Best fit ( Am*>=2.5x10-3e\?, sin26=1.0
VoV, ‘ Yonn=163.21170 d.0.f)

2-flavor oscillations | Null oscillation
o e -5 (y*=456.5M172 d.o.f)
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Combined allowed regions

v,V
';'m S RAEE LR REEER RS RRRE T T
i}
L]
ik 2
i | =
— FC+PCHUPMU combined
— FOHPC
Upgolng through p
o - Upgolng stop p/iUpgoing 'ﬂlrﬂl.lﬂllp.
10 601 02 03 04 05 08 07 08 09 4

vu©voscillations

Best fit(Am?=2.5x10-,5in?26=1.0
Pmin=163.2/170 d.o.f)

No oscillation
(2 =456.5/172 d.o.f)

Am2= (1.6~3.9)x103eV2
sin?26 > 0.92 @ 90%CL
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T detection in atmospheric v

I Multi-ring

Selection Criteria 9102 |
« multi-GeV. multi-ring c B G
z A & . bre
« most energetic ring is e-like 2 rt -likee
« log{likelihood) > 1 {single-ring) S 1p \
> 0 (multi-ring) g N |
z likelihood is defined using: E i
. total ener £ 1 |
« number of rings 2 0 2
« number of decay electrons
« max(Ei)/zEi Single-ring Ing{likelihqnd}

« distance between v interaction
point and decay-e point
. max{Pu;_
= Pt/Evisi*
= PID likelihood of most energetic ring

-
=
]

1—like selection: efft=44%. S/N=8%

number of events
|

-y

observed like events; 506
MC expectation; CC v, 37 events,
BG 461 events (CCv. 43.1%. CCv, 24.5%. NC 32.4%) log(likelihood)
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likelihood distributions of data and MC
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zenith angle dist. of t-like events

number of events
2 2 z = 3 3 B
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B NC=aN7,/(eff.=0.44)
=145+-44(stat.)
+11/-16(sys.)

r\IQKD=E}{5

B consistent with », <2,

B another analysis gives
similar results:
fanalysis-Z2(neural network)
NFC,=99+-39(stat.)
+-13(Am?)
+0/-16(3-flavor)
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Active 3 flavor oscillation analysis

I | m,

assuming Am?; = Am?,m ~ O(10-7) eV?
ﬂmz'lz = ﬁngol < 0{104} EV? << -‘ﬂ.mzatm m,
m,

neutrino oscillations in vacuum are described as:
P{ve—vy) =sin?(2843) x sin?83 X sin?{1.27AM2L/E)

Plvi®w) =cos's X sin?(26x) x sin?(1.27Am2L/E)

Plvi2ve) = sin?(2643) X cos28:3 X sin?{1.27AmZL/E)
3 parameters; Am?{(=m?;[1m?;), 013 (sin?813<0.026), B:3 (~mld)

Oscillation effect of v, flux is cancelled out @ low energy (E.<1GeV)
However, possible matter effect @ high energy (E.> 3 GeV)

nonzero 013

E 2

resonance happens at E,~ 8 GeV (Mantle)
E.~ 3 GeV (core) (for Am?=3-10-eV?)
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Allowed region for active 3-flavor oscillations
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Limit on sterile v

I analyses fellewing to Fogli, Lisi, Marrene (PRD63,053008)

assuming 3 active v + 1 sterile v having m, ¥ am2
dm? (solar) << Am?(atm) << M(LSND) ™:
. e M2
simplifies to 3 parameters:
Am(atm). sin?20, sin? 22 5m2
L

vy = COSEvr+ SIiNEv ¢

sinZé=0; pure v, v
siZ=1; pure vy, — vs

honzero sin%¢

. B

@ oscillation suppression happens at multi-GeV region
due to matter effect
@ deficit of NC events in upward bins is expected



‘ shape of pure v, © vs (sin?£=1)
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test of other hypotheses

» neutrino decay » Am?v i A m?v (CPT violation)
Survival probability without oscillation{Am2—0); 107

N 2 . 2 _11'1_3£_~ gllII“”"I”I”II“””“I”II“I”jll‘g

Plesast R S ) F sin220v = sin?26v=1 ]

well fits to e u data but not to NC sample. i ;
L

% oms

- gm0 o ;

Em'ﬂ:— E

- J— m .

- i =B

L ¥ 5 ;

-4 1 111 ||||| 1 11 |||||| 1 1 111 |||-

0= z il
17 it . .ﬂmz{ﬂvl;] L0

® consistent with 0 CPT asymmetry
@ limit on 8B=Am>v—-Am>v ; 000755 0.0055

® The 999%CL allowed region by FC 1-ring+PC+up-u
is almost excluded at 99%CL by the NC sample.
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Summary of atmospheric v observations

» Atmospheric neutrinos are measured using various techniques
in SK- | and analyzed in detail

» vyev 2 flavor oscillations
all data are well fitted and agree with each other
Am? = 1,6~3.9x10- eV, sin?26> 0.92 @ 90%CL
observed vlike events also support vy=w;
» veovuev, 3 flavor oscillations
limit on 843 consistent with CHOOZ
» sterile neutrino admixture
vs is disfavored as a prominent oscillation partner of v,
sinZz < (.19 @ 90%CL
# other hypothetical scenarios
neutrino decay scenario with Am2—=0 is almost excluded at 99%CL
consistent with 0 CPT asymmetry: —0.0075 < =Am>v-Am?%y < 0.0055



