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Super-Kamiokande. Histor
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SK-IV. commissioning since

Single p.e. distribution (by Ni]} Timing resolution {by Laser)

! SK-1lI (ATM]
| SK-lII (ATM) SK-IV {QBEE)

SK-IV (QBEE)

detector calibrations and detector simulation tuning

Sep.-2006

Charge linearity (by Laser)
1.1,

Q = M W b

ey

0o 1 2 3 4
Q (pC)

2 Aiming to expand observation windows

Better efficiency of muon decay electrons

Nearby supernova (~0.4kpc, 10,000,000events)
Neutron tagging from anti electron neutrino interactions
Observe accelerator v (T2K from this winter)

~95% for ju+-(80% in-SK-Il1)-

number of avents / 100nsec

decay time I:}IE-E.‘E-:I

Non-QE reléct'lon D

! sProton decay searches’
2 -'3 4 5 T

; I I
R = 1_._
S __BGre ectlon |n T2K et
5 _apperance |
:
S

ve apperance (613) in atm v

B

0.1

Lower energy (<5MeV) solar v and high energy (>10GeV) atmospheric v

10 100 1000
Q(p.e.)

1

s T2K: 300km béeam-timigng
transfer from JHARE ==

ey

10"

Round trip time (sec)

-2




Solar Neutrinos




KamLAND paper T

i o KamIL AND i

/’j. s H\x - o5 C.L. i

{77 99% C.L.

T |77 =) 99.73% C L. ;
=2 1074 i i) - bemm :
) ! i
~ e i I|:-I - O li-
= i H i) 4
{] B III'_ P T
I, S ;

i i\ o Solar !

i ——— = o7 I

- o 95% C.L H
= 00% C.L. |

99.73% C L. -

B =~ best fit H

1 1 1 1 1 1 11 | 1 1 1 1 1 ;

Solar glebal and KamlLAND

107!

5
tan-0 s

Fogli et al.

20 e

15

om’ (107°eV?)

10 |

®, = 0O

1,2, 3¢

6L Fogliet al, 090535492

sin‘d,; = 0.03

—

8]

0.

1

- 2
sin® 1%,

0.2 0.3 0.4 0.5 0 0.1

0.2 0.3 0.4 0.5

- 2
sin” 1%,

delta-chi2

delta-chi2

10

Latest global analysis

solar glob

MLAND

grebal

Lolar global (+NCD NC flux
9 (+NCD NC flux, newga
al (+NCD NC flux, newga, +SK-III)

Kammy })Z i

Solar

I

2e-05 4e-05 6e-05 8e-05 0.0001 0.00012 0.00014
Am?2
2 lar global (+NCD NG flux)
solar obal (+ LiX
SOlar glObal obal {-?NCD NC flux, newga}
g CD NC flux, newga, +SK-Ill) ———
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P(Ve 2 Ve)

Flux {fem2/sec)

Solar Neutrinoe Future Prospects in SK

v, survival probability

" (3t bestfit parameter) ]
0.9
ogf transition from vacuum to matter osc.
E “upturn” in 8B relative spectrum.
0.7 o :
0.6}
0.5 | 3
0.4}
o3f S
02f Yacuum osc. /v
.4 dominant _ :
l: matter dominant :
%16 1 T
Be
; ------------------------ »\ 8B ‘
I
107 T T e

Neutrino energy (MeV)

expected rate with oscillation / without oscillation

o
»

o
o

o
'

o
w

Expected spectrum distortion
with 5 years low BG SK data

S

thy

N

iz

BG is 70% reduced compared to
SK-I below 5.5 MeV

Energy-cor. Syst. uncertainty is half g
compared to SK-I
five years

4 6 8 10 12 14 16 18 20
Energy (MeV)




recovered original threshold (SK-Il)

(= -5
L3
= - SK-lll SLE 298days 5.0-20MeV - w - P
= — | _
£ o (Preliminary) | B SK-IlI SLE 298days (Prell_rmnary)
= Y= | Signal =4968 +108-106 (stat.) events | o0 [
:E " ®B Flux = 2.31 +/-0.05 (stat.) (x 10%cm?/s) ey 4 '_ Spectrum N O
L?:?-j Data ¢ — [
8B Flux Best-fit . X 3 - _},_R .
Background ' = T T 1
0'1 ; L I
* ..al?‘t.-—v—'—‘—*i—'v" L ,'.. s * 4.""', '4-_*'*'“' LT T it L t'ﬂﬂd. mm |-
| SK-I: 2.35+/-0.02(stat)+/-0.08(sys)
0_1 s o  os 1 1 _ SK-l 1496days PRD73,112001(2006)
' - Errors: stat. only

_ Line: SK-1 average : 1 ]

analysis programs. (almost done)

C . D l _ | J | - | | |
..sf Angular dist. 5 10 15 a0
s (Eiy=5-0-5.5MeV) ot otal energy of recoil electrons (MeV)
i = \We tuned reconstruction program and

0.08
0.06 : ##' m Better angular resolution: 10% better than
N L -l"'-l-l-"'***'_,," SK-
Bl mLower BG rate than before is obtained In
0.02 Central 13.3kt _

=+ SK fiducial volume SK-IIl low energy regions

o 4= SK-AII

0

o




Primary cosmic rays

Atmospheric v's

Proton, He

AMOWFH

atmosphere

WA R

h

v flewvor ratlo
OV alor clecean
chain

Go=Ele)yy 1]
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discovery of neutrino oscillatior

~

« 1998, Atmospheric neutrino observation at Super-Kamiokande
o deficit of upward going muon (neutrinos)

= e electron (neutrino) as Is expected

= econsistent with pure vu=2vr

*Sin?6k3 > 0.82, 5x104 < Am?23 < 6x103 eV?

42 m
Ic American

.........

i

13000km  500km 15km

NOW: More than 28,000 events have been recorded.
Provide evidence and still provide largest statistics
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Super-Kamiokande

Run 5704 Event 3551590

98-03-17:07:14:39

Super-Kamiokande

Run 3962 Sub 125 Ev 965982
97-05-01:15:32:29

nurmoer of Crerencoy rin

-

)

Inner: 3397 hits, 7527 pE Inner: 2887 hits, 9607 pE

Outer: 0 hits, 0 pE (in-time) Outer: 1 hits, 0 pE (in-time)

Trigger ID: 0x03
D wall: 1690.0 cm

Trigger ID: 0x07

D wall: 1089.6 cm S
FC e-like, p = 923.2 MeV/c 3% FC mu-like, p = 1323.6 MeV/c
n Qi
\ s
| =58s 3
3 ¥
< >
Charge (pe) 29 Charge (pe)
° >15.0 . >26.7 W
i A,
+4 0 l
3
: 2 29)
B os :
: ;| :
3 { st
& 209 :..3
H
i t‘: +4
::
t 3¢ g’ 22
® 1.9- 2.6 ; o ® 3.3- 4.7 Y
¢ 1.2- 1.9 2337/ ° 2.2- 3.3 vt
+ 11+ +
® 0.8- 1.2 o¢ 054 * 1.3- 2.2 cossesss
® 0.4- 0.8 bs ® 0.7- 1.3 8 & (X
® 0.1- 0.4 ® 0.2- 0.7 -
° < 0.1 ° < 0.2

Electron-like ring muon-like ring L
(diffused ring) (sharp edge)

Times (ns)

=1e D00 @ O NoQl 2009



cl[=ClC

~ J‘J"“/‘d

Upward through-going n

\' Less OD activity I 8
@
Upward

............. ifietepping n

mgh SO O D stop_pi-ngfb, P ,"’“‘“ T ——
| « discrimination of PC stop and — rock T
- through by deposited energy in the and PC)

outer detector
» PC stop is a kind of FC events and
energy can be reconstructed.

o different energy scale and
detection technique




2 flavor oscillation analysis




zenith angle (SK-I £+l combined)

- pO

| Sub-GeV e-like D-doy = \ | Sub-GeW p-like O-doy = ] L Sub-Gew p-like 1-dcy e . C—1 null oscillation
. L I best fit w/

s oscillation
] + data

, . ) | | L atest results
[ Tmmcev cke ] | [T weeniceviime ] e ;' o SKI+II+1l1l combined
‘ [ ool N - 2806days (173ktyr)
for FC+PC
e 24841 events
e 3109days for UP-u
e 4238 events

Showering u

i ] [ ] i - | sin?2023 = 1.0
......... I ol -| AmZ23=2.1x 103 eV?
| x2min/d.o.f = 468/420

Mon-showearing u

Tlu||||||||||||||||||||||||-||_
. 075 08 085 09 095 1

sin’20,,



L/E analysis (SK-I £l1=11)

ZeERnenel

- — Use almogt 2l suo-seir S, 10l | _ (
= [/E anaIyS|s — -
— Select events withrgood L/E (A(L/E)<70%)

— Binned by L/E
= Position of the dip (L/E)1~Am?
= Aim to directly determine Am?

SK-1+2+3, Preliminary

(107%V?)

2
23

Am
Data/Prediction (null oscillation)

0

10 10>  10°
L/E (km/GeV) (SK 1+2+3)

—



Compllation; oft measuliements

SK-1+2+3, Preliminary AM?23 = 2.11701.016x10°% eV2 (68%(Ay*=1))
(atm v: zenith)

e Am?223 = 2.19%0-144 13x10-3 eV? (68%)

(atm v: L/E)

Pl e Am223 = 2.43%0-135 13x103 eV? (68%)

e

(107eV?)

2
23

S
<

— SK{(zenith) 90% C.L.
5 SK{zenith) 68% C.L.
2[C — SK(L/E) 90% C.L.

— MINOS 0% C L.

— KK 507 C.. I > AmZ: comparable accuracies

1 | 1 | 1 1 | | [ |
0.6 0.7

* SiN%20 > 0.96 (90%(Ay?=2.7)) (atm v)
* Sin260 > 0.90 (90%) (MINOS)

- Sin%20: better by atm v

o future: -atmv 1/sgrt(statistics)

- LBLE will be probably better
%



Search for CC v events

&> Likelihood and neural network analysis




OoLD
(to be updated

Zenith angle dist. and fit results

l 100
Scaled ’[—MC + _ ';21+BG . Neural Network e _ Tau+BG
! 80 ——
..2 | 80._ : e Data S ] ‘
i - ! c
SOl s
(D] ' 60 [ b s | _l g
“— : -
o %;l + | [ s
gl MU
- V,, Ver & NC
S =
=z ® background
P DT IR R |:L|25 ......... -[;-5 , R . N l-|' . L L . nI5 X L " L
Cosezenith COSOzenith
Fitted # of <
events 18 (stat) +15 [ -82(sysi) 134-=45(siain) +16 [ -27(sysi)
Expected # of 1 | _ .
T sYsi) 18==27 (syst)

Soon; 1, combine both analyses to improve signal/BG
2, add SK-II + Ill (double statistics)



Remaining problems for atm-v

v mass and mixing parameters:
019, 03, 013, 0, m122, AMy5%(=AMy5°)

Sign of Am,;?

(mass hierarchy)
|Am232| [ I ] [ I I ]

[ I I ]

>mass |
<

V2 | j,L 1 | | —y ) 1 ] |
Vl l-_ I I ] [ I I ] [ | I ]
- T
Solar, Atmospheric _If 923 ¢/ﬂ:/4’ 47 CPV ?
j KamLAND Long baseline IS It >mt/4 or <m/4 *

Look for sub-dominant oscill. effect in ve
+ smaller effect in vu sample




Glohal picture of osclllation effects

Pares and Smirnov hep - ph/0309312 (at Sub - GeV range)

$22012=0.825

$2023=0.4 —
= Yie) 2

$2013=0.04 Yo () -1=Py(r-cj3-1) LMA _

—AE0 = L interference
ocp=45 — 1513 -Ci3 -SiN 2953(COSScp - Ry —sindgp - 1)

2 — V‘E. ] ~
Am*12=8.3€-5 R +255(r-s53—1) 93 resonance
Am?223=2.5e-3

r : ple flux ratio (~2 at low energy)

P, = |Ae,l? : 2v transition probability ve = v, in matter
R, = Re(A’ceAcy)

l, = IM(AceAe,)

Age : survival amplitude of the 2v system

Ag, : transition amplitude of the 2v system

9, resonance

LMA oc (r -cos’ 4,, —1) interference (CP\/) i Sin*5 (r -sin? 9, —1)



new sub sampIeSI(SK | Hlixllllcombined)

Sub-Gev p-like 1-dcy &

Sub-GaW p-like D-doy &

Sub-GaW e-like -doy &

Sub-GeW e-like 1-dcy &

200 . w C 4  soof
4
+ 1 soo | L
1 -

like 1dcy-e| [e-like Odcy-¢ [zlike Odcy-e| [uTike 1dcy-e:

1 1
o o3 [V]

T
Sub-GaW T like 1-R

: 1l ° Sub-GeV samples are further sub-divided
oy IM - by decay-e and n0-likelihood
[ ' e improve sensitivity to oscillation effect in low energy

- . - | . k FC sub-GeV single-ring e-like FC sub-GeV

p o SureeVedkegder=s 1] e- I e . O-Dke 1-DKe o -like single-ring e-like

number of M events 2663.2 2109 1915 2006, 4

Q.E. TT.7T% 3.8% 10.6 % T0.6 %

12.4 % 50.3 % T.0% 15.2 %

Ve + P multi T 1.09% 0.7 % 1.8 9% 1.7%
coherent 1.3% 85.5% 0.5 % 1.7%

Ilke ZdCy e CC v, + o, 0.6% 152 % 0% 2.0%

NC 6.8 % 11.2% 72.0% 5.7 %

Sub-Gev =*-tike 11 T . FC sub-GeV single-ring p-like FC sub-GeV

| -1 ke 0 DKu DK 3 DKpu single-ring p-like

number of MO events 1412 4 . 1643 4207 8
Q.E. T1.3% 5% ETB‘%— 4.7 %

CC single meson 12.9 % 7% 16.7 %

vy + Pp multi T 1.1% 5 1-’-1 5% 1.9%
coherent 0.8 % 5.6 % 1.6 %

CC ve + e 1.8% <0.1% 0.7%

l2g10(p) [MeV] NC 11.8 % : 33% 13%

401 - [CC single meson




GiziSeancCh(SK-IL AL

 Multi-GeV edike T 04— A

| | s | Singleringe-like S | MultiRingeike
2007 1 BT 02 1902
ol i 3
‘ F 3 | 3 |
X0 =0

oo S S
cos zenith ! T
No significant excess of upward electrons
g both in single-R and multi-R electron samples. i

Ll Ll L1 Lt |"'-".0l4 Ll Ll L
3 4
10 10° 10° 10

+ Momentum [MeV/c] Total Energy [MeV.

cos zenith



Current constraint omn 61z (SK-I £+

- " 'CHOOZ reactor: sin2013 < 0.04 @ 90%CL
SK atm-v:  sin?013 < 0.066 (normal hierarchy)
< 0.131 (inverted hierarchy)
LBLE K2K: sin2013 < 0.075 PRL93(04)
MINOS: sin2013 < 0.073 PRL101(08)

%



Significance. ol NeNZENE, Hiz

5$22012=0.825 [ —
52023=0.40 ~ 0.60 | s$223=0.40

~ 52013=0.00~0.04 g:ﬁﬁjd 0.45
- dcp=45° | 0.50
Am?212=8.3e-5 0.55
Am?223=2 .5e-3 0.60

9, resonance

oc sin® 3 (r-sin® &, —1)

Ay ((true 0,,) - (zero 0,,))

Positive signal for nonzero 613 can be seen if 013
Is near the CHOOZ limit and s2023 > 0.5




Discrimination; ofi &2z octant

0.18 0.18 F
B  s22012=0.825 - 005
16 | 2 —- 16 | 2 —
| s2023=0.40r 0.6 | NSRS 013=0.04 s | S 013 =0.02 -
82913:0.00“'0.04 0.12 - 2
5cp=45° m
Am?212=8.3e-5 50,08 oo
Am?223=2.5e-3 0.06 [ 0.06 f
0.04 F 0.04
0.02 0.02 X
I 0.3 035 0.4 045 0.5 055 0.6 0.65 0.7 0 5i3'o.'35' 0.4 045 0.5 055 0.6 0.65 0.7
With 20yrs SK,
discrimination
may possible for § . 018 |
. y P - S2023 = 0.40 or 0.60 os | S2023 = 0.45 or 0.55
S|n2613>0.02 0.14 _ —  SK BUYIS, YU% C.L. . —  SK BUYIS, YU% C.L.

80yrs SK ~ 4yrs HK

0.12

ot Neor | 01 b
More statistics |5, god |

©0.08 [

will increase 006 006 |
0.04 | 0.04 F

power. 002 | @ 002 |
Ok . IS L2 L. 0k

0.3 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7
sinze23 sin2623




Discrmination ol mass hierarchy. (1)

sin“%,,=0.35

Am*=3.0x107"
Am®=2.5x107°

Am*=2.0x107"

r

30 4

-

Urnverieu-=-roriiial

A
=
o

0.04 0.06 0,08
sSin“0,

sin“%,,=0.50

Am*=3.0x107°
Am*=2.5x107°

Am?*=2.0x107"

(mverted-rmormmat)

0.02 0.04

R N N W W b
OO O o0 ©O 01 O

sin“%,,=0.65

Am*=3.0x107"
Am®=2.5x107°

Am?*=2.0x107°

0.02 0.04 0.06 0,08

sin26




sin“%,,=0.35

o U

Am*=3.0x107°

N2 A -3
Am =2.5x10

Am?=2.0x107°

(Inverted-normar)
N
6]

X
o

0.02 0.04 0.06 0208
sin 913

sin“%,,=0.50

W
o

RN
o1 O

Am*=3.0x10""
Am*=2.5x10""

2 ~N—3
Am =2.0x10

36

Ay (inverted-normat)

0.02 0.04 0.06 0,08

. D
sin 613

Discrimination of iass, hlerarchy.(2)

sin“%,;=0.65

R N N W
oo © 01 O

=
o U1 O

Am?=3.0x107°
Am*=2.5x107°

Am?=2.0x107°

0.02 0.04 0.06 0,08

. D
sin 913




OcP. SensItivity,
80yrs SK ~ 4yrs HK

5$22012=0.825 90% CL
$2023=0.5

99% CL
5$2013=0.00~0.04 : ’
5cp=0°~360°
Am?212=8.3e-5
Am?223=2.5e-3

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350 100 150 200 250 300 350
CP phase CP phase CP phase CP phase

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350 50100150 200" 250 300 350
CP phase CP phase CP phase CP phase

~ CP phase

e

F"

i T i T i i I 0 i i T 1 i 1 i 0 I [ I I T T i I 0 f i T T T T i i
50 100 150 200 250 300 350 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
CP phase CP phase CP phase CP phase

CP phase could be seen if 813 is close to the CHOOZ limit.
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Physics goals

« CPV with accelerator v (LBLE) JPARC upgraded 1.66MW beam
) i + 540kton H

CP sensitivity

 proton decay searches
e ~103° years for p>e*n’

 precise meas. of atmospheric v
e 9, 013, mass hierarcy (sin?613 >~0.01)

e (23 octant

Fraction of

e supernova v
 mechanism of stellar collapse
e mass hierarchy?

e solar v

o day-night flux (matter effect)
e Hepv




Summany.

e Super-K is now back on solar v business
 AIming to reach 4 MeV (new electronics, lower BG,
better reconstruction, smaller systematics)

3
B

 Atm-v is providing information on vu->vt
e AmZ23= 2.19%014413x102 eV? (68% by L/E study)
e 5iN%2023>0.96 @ 90% CL —
« 2.4 c level vt significance

« MINOS, T2K, Nova, LBLE with Mton-size...
 Atm-v could also give us information on 013, octant |
of 823, mass hierarchy, and CP phase In future

(especially in the case of sin?013 >~0.01)
. cep o000 @fFrceschogiogo

. « LBLE era
b



Gadolinium test tank (Under construction)

—————— Super-Kamiokande

1 M.\ 5
-

i

»Hall excavation (Sep.-2009 to Dec.)

»200ton tank with PMTs

» Test the effect of Gd on light attenuation
length, purification method, corrosion of
detector materials...




