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Qutline Sﬁ

m Super-Kamiokande detector

m Solar neutrino results
SK-Il latest results nNew
SK-lIrecent updates nNew

m Future plan

Solar neutrino measurements at SK-III
R&D on Gd doped SK (GADZOOKS! project)
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Super-Kamiokande ﬁiﬂ

HI/'V>" Electronies hi Water and air *SK-I (1996~2001)
Nt - A - purification system <50000ton water
e deo Atotsu  * —11200 of 20inch
. i | :_,_e_n_t.lj_gn.c_:g__ PMTs
~{  — «Fid. vol. 22.5kt
*Photo coverage 40%
#*\ " Stopped by the
=, . accidentin Nov. 2001

'lkeno-yama

Kamioka-cho, Gifu 1 oSK-II (Dec. 2002"‘)
_—~ (&79%mwe) . 5200 of 20inch

= - ol
¥ s = -
e R - 5
~3km 2km

,‘fﬁ.hh PMTs
SK atotsu *Photo coverage 19%

IPE; RS TITLT A ik

FO GOGAE RaY RESSARCH WA ST OF il

Inner Detector (ID) Outer Detector (OD)

50000 ton 11146 of 20 inch PMTs 1885 of 8 inch PMTs
stainless steel tank (sk-1) (SK-I & SK-II)
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Inside of ﬁin

Aug-2002

SK-I Photo coverage 40% SK-Il Photo coverage 19%
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: "NUPER
Typical low-energy event at ZyIC;

Super-Kamiokande

vte —-v+te

(for solar neutrinos)

Trigger ID: 0x03

Sensitive to Ve, V,, V,
O(V,()€) =~0.15%0(v£)

Time (ns)

* Timing information
vertex position
* Ring pattern

1111111111
5555555555
5555555555
1111111111

>>>>>

E.=91MeV direction
coSBsn = 0.95 e Number of hit PMTs
energy

Times (ns)

Resolutions (for 10MeV electron)
Energy: 14% Vertex: 87cm Direction: 26°

June 8, 2005 Y.Takeuchi@WIN’'05 6



Solar neutrino

Standard Solar Model (SSM)

Sun burns through:

- =K

4p - “He + 2e* + 2V +25MeV

pp-chain
/ P+P>2H+e*+

86%

!

Li+p =2 20

o

Ve

P+e+P>2H+

114%

~~_0.15%

99.75% LV H+p > SHe +vy <—| 0.25%

‘Be+p>°%B +y

l

5B > %Be” +e* +

Ve

|
SBe* > 20

SHe +*He 2> o+ 2p He + o> '‘Be +y SHe +p - “He + e*+

99.85%3/_
‘Be+e 2> ‘Li+ E

/
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Neutrino Flux

. y R
Solar neutrino fluxes ﬁi

| Superk

. Gallium __(chiorine

'|ﬂ"t!

Bahcall

+/-0.01)x10%° /cm?/s

‘lul.l -
10 |
10° |

1n-:

THe PEpP

5.79(1+/-0.2:

107 |
100 |

108 |

10k
109

10%

10

0.1 0.4 1 a3 10

; V
Neutrino Energy (MeV) PRL92 (2004) 121301

http://www.sns.ias.edu/~jnb/
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Flux measurements

) [t
2K
Data/SSMBpo4 !

target
v [ ngGngstake 318[3 8281;'882 Neutrino
¢ <. GALLEX+GNO Ga 0.53+/-0.04 gig;g?;'fh”egg”
(mainly) |« SK e  (water) 0.41+/-0.02 results
(* SNO pure D,O CC d (D;0) 0.30+/-0.03 . mLAND)
All'V = SNO salt NC d (D,0O) 0.85+/-0.07
1 0%023 131 *13
+—8-5 1§ SNU <<> 0 023 <{> _+_0.85+/-0.07 + sr\ﬁ
0.48+/-0.07 67+/-5 69+/-6
0.41+/-0.02 .|.
2.56 +/-0.23 |_‘ 0.30+/-0.03
R |—0~
37| Homestake SK-I H,O Kamiokande  SNO CCDZO SNO NC SAGE Gg gg'NLcl)E)X

Theory: Hl pp,pep [ Be [ Nl CNO Experiments; [

‘ Precision phase (Need evidence of oscillation)
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Solar neutrino measurements mﬁEH

High statistics ~15events/day with E_,> 5MeV, 8B(+hep)
Time variations (Day/Night, Seasonal, 5days each, etc.)
Energy spectrum (Sensitive to v oscillation parameters)
Precise energy calibration by electron LINAC and 1°N

Flux independent analysis (Time variation, Energy spectrum)

Expected Day/Night asymmetry

Expected spectrum distortion

,,,,,,,,,,,,,,, o5 (SKAINLMA) | tan%(6) Am2(eV?)

3 [Solar & KamLAND (not latest) O[T T 055 6.3x10°5
Lol _ 0.38 4.8x10°5
~ [(SK Zenith Seasonal Spectrum) = I 0.38 7.2 x 105

c L . .

| R 0.38 10.0x 10°
< i 08% g _ e 028 7.2x10°

1+ T ()] 4 _

i ’/’A7'1.0% 04 _—__ :I

035 I ______ —_~10%

0.3 i P I T TR SO S AN SO S G W T SR SO TR SN ET S S SR |

0.1 0.2 0.3 04 o) 5 7.5 10 12.5 15

S Recoil electron energy (MeV)
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y R
SK-ll recent progresses we- SE,

m Retuned the MC simulation, then obtained
preliminary systematic errors on flux

Previous: only stat. errors

m Applied an improved low-energy noise reduction,
then lower energy threshold to 7.0MeV

Previous: 8.0MeV

m Obtained SK-Il 622day preliminary results
Previous: 478day
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LINAC Calibration

TOWER FOR INSERTING BEAM PIPE
D3 MAGNET

216

D2 MAGNET

LINAC E 005 E | | | | | _
© B E

o~ v M Use 6.8 MeV and above -

—>| T ‘6‘ 0.03 :_ |:“> _:
RELEL S I /S L =Y.

BEAM PIPE 3 : =‘§ 0.01 ;_ ﬁ i §$ —;
"""""""""""" 002 | -1.4%

} 4000 cm _ 0,03 - i i § i & pOS1 A p054 5

0'04 3 B pos2 U posh E

Energy Scale N 1! L TmsaY sl

. -0.05 L L1 1 a
Uncertainty 4 6 8 10 12 14
(absolute) LINAC energy (MeV)

c=1.4% m There still exist a minor problem.
(Preliminary) m More tuning will be done in near future.
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energy resolution

R
2] d

Energy resolution Vertex resolution Anqgular resolution

SK-Il detector performance

(SK-II LINAC data, 622day analysis, Preliminary)

a1
o

0.3 e @ 300 P e 1] ‘ ‘ ‘ ' o
[ I LINAC Data Energy Resolution] © LINAC Data Vertex Resolutlon ] 0 SK-II LINAC Data Angular Resolution
i A position 1 5275 - A position 1 . 2
o) EE i ol g
026 | % o botins | 9290 - posiions s o
20 Y position 1 % g " posili ] 5 .’ , pos3
| ﬁ ﬁ ) %225 : ‘l' position 6 : ;3.) 40! A 5034
024F i i g’zoo:—. 1S, . pos5
I - © .
- Ly oa 33 [ v posé
0.22 i L [ v ] é’ A
i 1 1508 ] < "
02 B 7 r n
| A1 ) S !
[ - [ a ]
0.18 1 1 100 :' _' ]
I 75 F ]
0161 ~21% at 10 MeV - ~110cm at 10 I\/IeV ~28deg. at 10 MeV'
A R T R T T e i R B
in-tank energy (MeV) in-tank energy (MeV) Energy (MeV)

m There still exist a minor problem.
m More tuning will be done in near future.
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16N calibration ﬁin

D+T-“He +n
n+*0 - p + °N

E =142 MeV

16O(n,p)16N

>

n

='D

e
N

~10° neutrons / pulse

~1% of neutrons create 1°N

18N decay is precisely known.
66.2% 6.129MeV y + 4.29MeV B,
28.0% 10.419 MeV B, etc.

Data taken at various positions.

Uniform direction complementary to
v.takeucr LINAC calibration.

enerator
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(data)
o
0
0
0

gvents

16N Calibration

\I

000
6000
S000
4000
3000
2000
1000

DT Generator

Data
MNMonte Carlo

Compare energy distribution
of 1®N data and MC as a
function of zenith angle

Energy Scale
Uncertainty
(relative)

+/-0.5%

(Preliminary)

June 8, 2005

S 8 10 12 14 16 18

@ 0.03
f—d -

0.02

0.01

MC / Da

0

< 0.01 |

0.02 |

-0.03 ——

energy (MNMeVWV)

L 4/-0.50f :

l__l IIIIIIIIIIIIIIIIIIIIII l. IIIIIIIIIIIIIIIIIIII ‘l IIIIIIIII . IIII_]
B . ]
1; ......... ’ ............................................. r

Zenith angle cos(zenith)
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SK-Il: Trigger efficiency Sﬁ

Low Energy (LE) trigger: Number of hit PMTs within 200nsec: N, > 14
Super Low Energy (SLE) trigger: N,y > 10 (added after July 15, 2003)

Trigger efficiency

¥ i ¥

08 | July 15, 2003 ********************** SRR . S R——

z h 1
1’ LE’ } m Online vertex
0g PEC 2 OOZJuIy15 “““ 200 003 “““ 100% efficiency: reconstruction and
- ; o 1 SLE: ~6.5 MeV fiducial volume cut
' 1 1 LE: ~8.0 MeV (Intelligent Trigger)

] 1 are applied to SLE
04 A R T S ~-I~I~~trlgger efftmency— events.

I 3 -~ at z-Om

m Obtained by DTG

7

I SLE t:rigger —
i Gt LE trigger ———

HE trigger —— During LE only: 8.0 MeV

Analysis threshold:

0 ' l Faiil ,x,..#'x"’

0 2 4 6 8 10 12 After SLE: 7.0 MeV
Energy [MeV]
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Low-energy BG reduction SERI

m Major BG in low-energy region comes from vertex resolution tail
of the events outside fiducial volume.
m Goodness of vertex and direction reconstructions are precisely

examined in the 2"d reduction step s
7)) @)
3 0.5 7.0-7.5MeV, Normalized by # of events
-
©
8 0 4 Data 3
o) 10
= 0.3
Q
£0.2 10
c .
2 0.1 Previous cut
(&)
< -5
° 9 05 0 0.5 10

Vertex (timing) goodness Uncertainty on flux:

Apply the same cut on LINAC data & MC T > +/-3.0% for 7.0-20MeV
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Reduction efficiencies

216

9 :} 7.0 MeV anaIyS|s threshold ~ Preliminary
o 1 — - : : —
= - 3 f |
e ~ mKeep 40~70%
08 ~__ signals
06 _—1— —~ S m Inefficiency in the low-
i ’ energy region in the
, | - Istreductionis dueto
04  — After 1st reduction~  the online fiducial
’ After Spallation cut ~ volumecut by a
: ﬁ;’{er gdeUtd ; 1 different fitter in the
02 - oAl er 2nd reduction — |ntelligent Trigger (IT).
: After Gammacut J gger (IT)
. SK-I 622day MC (SLE perlod 2m fid. voI)
O L ‘ \

8 10 | 12 14 Uncertainty of IT on flux:
Energy (MeV)  +/.0.5% for 7.0-20MeV
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Events/day/22.5kt/0.5MeV

Reduction steps

——— Preliminary

———
SK-Il 622day sample

10 4k After 1st reduction
-‘—1- After Spallation cut
o [ oa After 3m cut
= e After 2nd reduction :
-~ After Gamma cut m Spallation cut

reduces BGs

oty s T In higher
RS, T energy region
10 ¢ ---:..'_:;.tf ‘*‘_*__*__*_
. & Y TR m Other cuts
& -W o reduce BGs in

lower energy

a4
}
M
¥

1 IIIIIII|T 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII|

10 _
7.0 MeV analysis threshold +4- region
=2 ____:t
10 ' : : I ' L L ! | ! ! i ;
10 15 20
Energy (MeV)
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Summary of systematic errors

For 622day results, Preliminary  |Fux (*0) bay/Night
7.0-20 MeV 7.5-20 MeV
Energy scale (absolute +/-1.4%) | +4.3-3.9 -
Energy scale (relative +/-0.5%) - +1.4-1.5
Energy resolution (2.5%) +/-0.3 -
8B spectrum +/-1.9 -
Trigger efficiency Could be reduced +/-0.5 -
1st reduction by further MC +/-1.0 -
ond reduction simulation tuning —_+/3O )
Spallation dead time +/-0.4 -
Gamma cut +/-1.0 -
Vertex shift +/-1.1 -
Non-flat background +-0.4 +/-2.0
Angular resolution +/-3.0 -
Cross section +/-0.5 -
Live time +/-0.1 +/-0.1
Total +6.7 -6.4 1+2.4-2.5
June 8, 2005 Y.Takeuchi@WIN’'05 2




SK-Il 622day Data set

y i
2k
m Analysis periods & energy thresholds:

Dec. 24, 2002 — July 15, 2003, 159 days, 8.0-20MeV
July 15, 2003 — March 19, 2005, 463 days, 7.0-20MeV
Total live time: 622 days

June 8, 2005 Y.Takeuchi@WIN'05 21



Event/day/kton/bin

8B Flux

216

O
N

SK-Il 622day 7.0-20Mev  (Preliminary)

o
—
0N

o
—h

0.05
Consistent
with SK-I
0
-1 -0.5 0 0.5 1
SK-I result: 2.35 +/-0.02(stat.) +/-0.08(syst.) coso_
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Energy spectrum Sﬂ

< 1
ﬁ - SK-1I 622day
§m0.8 " (Preliminary)
0p)
h
S
0.6
QO I + |
02t Consistent
Nt — with SK-I
068101214161820
Energy(MeV)
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Event/day/kton/bm

Solar peak In 7.0-8.0MeV SEI

0.045
0.04/
0.035]
0.03}}
0.025]
0.02F
0.015|
0.01F

- SK-Il 622day sample
0.005 (Preliminary)

-1

m Thereis a clear solar peak in 7.0-7.5MeV

S B
= -0.5

0

7.0- 7.5MeV

05 1

L 0.025

- 0.02}

1 0.039[

0.03}

0.015[
0.01]

10.005

SK-II 622day sample
(Preliminary)

-1

:\lll\ll\ L1
0 05 0 0.5

E

7.5- 8.0MeV
cosOg,,,

m Study SK-II 6.5-7.0MeV region soon

Y.Takeuchi@WIN’'05
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Day / Night asymmetry

c 02 c 02

--'g . SK-Il 291day 7.5-20MeV % . SK-Il 331day 7.5-20MeV

= DAY | 8 NIGHT

““%0 15 (Preliminary) H ““%0 15 (Preliminary) r
= =

c c

] ]

> >

I I

o

—

0-% ]

o

—
%]

. .__.+‘—.; . ” ¢
#‘%+-+-*-+;Hf%ﬁiwt%ﬂ’ﬂ%ﬁi*%%f;ﬁ"*"*’f ! Wﬂ’ e} *M
- ' .
0.05 0.05
| Signal = 2350 +84-82 (stat.) events Signal = 2657 +90-88 (stat.) events
; ®B Flux = 2.39 +0.09-0.08 (stat.) (x 10%cm?/s) - °BFlux=2.35+-0.08 (stat.) (x 10°%cm?/s)
%47 w05 o 05 1 %47 o5 o 05 1
cosb,, cosb,,
(Day-Night) +0.024
Apn= : = 0.014+/-0.04 . .
DN="paysNightyz — O-0 /-0.049(stat.)_q oo5 (SYS.)
Preliminary
+0.013

SK-I D/N Asymmetry: -0.021+/-0.020 _¢ 01>
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O
o

Data/SSMgp,004
o
o

0.4

0.2

Time variation

| SK-1 1496day 5.0-20MeV 22.5kt
without eccentricity correction, stat. err. only

Expected flux

I S variation caused by
-~ @ the eccentricity of

Barth {he earth’s orbit

h (SK-I average)
b )

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

SK-II 622day
7.0-20MeV
(Preliminary)

A

ﬂ

T

1998 2000 2002
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SK-I 2-flavor oscillation ﬁ'ﬂ

analysis update

| SK-I 1496day data
i | Un-binned day/night analysis
ffffffffffffffffffffffffff -~/ PRD69 (2004) 011104
I ? + Full SNO Salt NC & CC fluxes
- _I__\I_\_I_H_I\_I_H—II__\I_II_\_IIIIIIHI ITTTTTTTTITTITTTITTT I_H_\_I__\I\_\I_\_H_\_H—II_\_\_\ + Fu” Kam LAND |Ike||h00d

Nx :IS&WI

INTETTESTA IRTRTRNTI oY |||||||||||||||_lrji 20 L %
0.10.20.30.40.50.60.70.80.9 24638
sin2(®) sz 27

| ‘ \IIH‘\II\IJJJJ‘HIIHH|




: ’ R
SK-| 3-flavor solar neutrino SEH
oscillation analysis |

m Started to develop 3-flavor solar neutrino
oscillation analysis tools

m Use the following formula. cs.timeta
P® (1t — 1, AX) = (1= |Ues [1)? P (1 — 1 (1= | Ues ) A | Ues [*

N2
Sin O13 Matter effect

m [nput data (for now)
SK-I zenith spectra (44bins)
SNO Salt NC and CC fluxes
Results from Ga and Cl experiments
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Expected effect by 6,

(tan 261220'38; Am 122:8.3)( 10_5)

1 1+ T
>, 1-0_ _ 5MeV electron neutrlno
= o (which means v, is always v state 09 |
9 So v, oscillation never happen.)

Q 08 — 0.8
o :
St 0.8 d

(-5 L
2 06 — 0.6
-
= PPy
(7)) 0.5 0.5 A T = R

(]

e

0.4

o
'S

0.3

o
w

0.20.207"‘2‘“4‘“(\;“"8“‘10“‘12“‘ & 6 18 2 020200.10.20.30.40.50.60.70.80.91
5 10 15 Ev(MeV) 0 sin%,, 1

Absolute v, flux change and spectrum distortion are expected.
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All solar results ﬁﬂ

Q*I"""‘ 2 E LT B SET FLES PR (RS RS T e
5 | |
Tc‘l.ﬁ E
:§1_6 : Am? - 0,, plot.
“’1 gL (6,5 is chosen to minimize x2.)
1.2 — -
1r :
L 1 90%C.L. 8,,=0
0.6 | . 1 90%C.L.
. ] 95%C.L.
ol 1 99%C.L.
02 .

Lo b0 by s by PR NS T S S (Al T PR (RN T TG T N W T
-1 -09-0.8 -0.7 -06 -05 -04 -03-02-0.1, 0
log(tan“0)
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1-dimention plot (6,5) SE

Y% — X%min distribution as a function of sin20,.
(here, the other oscillation parameters are chosen to minimize y2.)

2 .
min
w

T

sin20,, < 0.067 (90%C.L.)
sin20,, < 0.086 (95%C.L.)

% Preliminary

m To do:
Include KamLAND, move to un-binned D/N
Integration with atmospheric neutrino data
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Future plan

1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007

Accident I

SK full
reconstruction
DAQ stop: November 2005 ~ March 2006 (plan)
ID PMT: SK-ll = ~5200 ==) SK-IIl = 11146 (same as SK-I)

Original energy & vertex resolutions for low-energy events

—> Solar neutrinos below 5.0MeV with improved
analysis tools and lower Rn backgrounds

— > Precise study on spectrum distortion in SK-II|
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Possibility of detecting spectrum distortion

V. _survival probability Recoil electron spe
| e —7 055
i 10 | : PN ]
0.9+ : C%ﬁ{g ~10% upturn o ]
: e J. 118 should be seen
0'8; i i ‘8 05-4— Lower threshold T
’?,0'7:_ KX ta;nQE) 1 '@, | reduce stat. error
T> 061 - 1= reduce syst. errort-
>a>055 % ! syst. error E _
= |DPLp ot
0.3 [.tan’e). Am?(eV?) 10 :;;_L T =Lk
: = T
021 | 38 72x10° 1 04 ! —— 1
i 0.38 10.0x10° ] 1
015 | 028 7.2x10° ] + |
A BT e I .

10° 100 1 10 057550 s 2
E, (MeV) Energy(MeV)
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Future prospects towards SK-II ﬁi

Significance of specirum Current breakdown of correlated
distortion . ' systematic errors

e ===

1 ’ (tanZG, Am2)= (038, 7.2x1 0_5)

o
H

o 07— 2

6 "3 | S | SK-I 1496day 225kt ]
~ 5 .. o | Total correlated error
o | 0.1 ] (% 0.6 8B spectrum shape i
B’ 4 * B % - Energy scale 1
ol | ] % . Energy resolution
cl g ] i
83----.%@’@', DO-Sf |
E L ]
c
=
)

0 T T T S . 0.3 ]
0 2 4 6 8 10 12 5 10 15 20
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Assumptions: e Better energy scale calibration
Correlated systematic error: x 0.5 (~+/-0.4%) is needed.
4.0-5.5MeV background: x 0.3 e Better 8B spectrum shape from
(same BG as SK-l above 5.5MeV) nuclear physics is needed.
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; PER

A future option - Gd doped SK 8= K
(GA DZOOKS l) Beacom & Vagi:ns,

PRL93 (2004)171101

m “Gd doped SK” is seriously studied as a future
option of SK, lead by UCI group.

Ve + p = et + N <E=(tag this neutron)

90% captured on Gd, vs, total Ey=8MeV
0.2% GdCl,[—) 0.2% on Cl, ys, total Ey= 8.6MeV
Others on p, 2.2MeV vy

m Physics targets: SN relic neutrinos, reactor anti-
neutrinos, galactic SN neutrinos, long-baseline
neutrinos, proton decay BG reduction, ...
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PNUPER
GADZOOKS!: R&D status 1 ¢

m Water purification test bench @UCI
Done RO test for removing Gd (~99.99% removal)
Under testing various anion resins for 38U removal

m Material test @LSU
Under acceleration test of materials in SK detector
m Purification measurements by ICP-MS @Kamioka
0.2% GdCl; + purified water
m 238U: 9.1 x 1012 g/g and 232Th: 6.5 x 1013 g/g
m 1kt scale test @KEK (starting in this summer)
Reuse K2K 1kt water cherenkov detector after K2K run end
Gd Water Filtering — UCI built and maintains this water system

Gd Light Attenuation — using real 20" PMTs
Gd Materials Effects — many similar detector elements as in SK
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GADZOOKS!: water system
design for K2K 1kt detector

<= _0.00002% GdCl,

Fast Recirk 55 gpm R.O.Reject 15gpm Chilled R.0O. Product 30gpm
hacteria : 30 degrees
3 micron control .1 micron
prelil postllF 0.69% GdCl .
Filter N Filter

5 micron, bateri ]
re'.i]]n{::;ﬂch contro .1 micron

Anion AfivBe
Prefilter TEcchanger|| Fmrgﬁfrer"M‘"HSf“f TP ostfilter LK | PostfilierT| Chiller

E10P9O %20

5 micron 1Jand Th .
removal | imicron

H D.I. Bypass Line
v Ro staging 4-3 \
total membranes 21

For SK, “Gd-unsafe” components
Detector Tank and Pump 100 gpm :
250,000 gallons High Purity Water and GdCI3 like vacuum degas would go here.

The entire one kiloton volume is recirculated every two days.
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Summary Sic

= High statistics solar neutrino data has been
taken at Super-Kamiokade.

@ Energy threshold was lowered to 7.0MeV in SK-II

@ Preliminary results from SK-Il 622 days data are
obtained. They are consistent with SK-I.

@ 8B flux: 2.36 +/-0.06(stat.) +0.16/-0.15(syst.)

@ Full reconstruction of the SK detector is planned
In November 2005 ~ March 2006.

@ Hope to see definite energy spectrum distortion
In SK-III, if it should be there.
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