Super-Kamiokande-llI TD ¥

FREtERES (3) FE=a2—M)/HREM
2006£6F29R

wE® XA



i M D
.
.

”\ - ‘-ﬁ.t.ri*qrﬂir..
» % s BT FNA
Bes B ﬂ-.\l_uz.'r-f
N Wl W ko
LA = ‘.nI..ak.l...Jr.t.
-,
isﬂ-ﬁ.u!!&l.}.f..’
‘.“h..h‘.n“ﬂtlulba'ﬁu—&t.'.!l\
goHe Wo oK o»a;..t..._...;a_.., .....n_...

- N
I.‘.I. ..u.tar\.-.’.q.%. R~

L ;ﬁ..-..n.-;.__-z_:-__irmr.._
_.m.f...;,.._.._:.:..._..:1-1:3,&..5
[ . ¢ .-!-.-ﬂs.-.nl.}'u}.ﬁ.-r o N

TR R a..:!.!_‘wr?be.h._..ﬂ.

) € 00 0 00 i i
} o0 15 0 00 €0 Soamiiagbed § o
..u.u.n..-.x-_..n_‘-.-..-.n..ukmi_:!-wr 1&.& Q wg g
wowi N € PP LR -.a‘.:tr:.u a..::m..r
..\l._.l.- LER B8 TN B | t_v—.!t?
‘s S K 0 n:.__l_r.
PEITR TR T PR R
.A.AAL s 0
!..-.L- w0 € 6 O €y
& _.n“n.u._qun‘-_.-__:q.:.r
¢ [P o U P B B R R
2, ) O €0
' W A (S &% SF SO & /
e LR e ..FL. bn il
GO V00 OO 3..&._...._!!“?,..
TR TR S SN A ;._fo.her;%
OO OO -.a.q. ) e
2 &8 & g !
Lo _r}q-:ra_... .
CLEL S RN S SN .4..t
D 0 O O RS
O«
“©€

|| start soon

2006)

) @
o
A_—

ul.n.-.. -l

L}
L

ty w
23-

-—

*
»

. -

» n.:..:
P D

| I
TR

<robal i
ARLS

Bl

Y _q......‘.,____r.il.\‘.-. Siﬁrmv(.l.,.a;
n.-.éii r..—fﬁ
o g

p&‘._"...ﬂ 3

a%. _..I.:..LF.,I... k.

Fomy b s gt

A LA

TN HHBOHLHDHB/D/BTD

T

(taken on Apr

-t ll-ﬁ)

,._A:_-,.....lr
V)

YES B E -.n.:...rﬁ...f_.

n.,n.-...a.r.i,! y e

8> 2y @ il o -,v....a:q_,.....a.,...ww:'..
q,.,-.-.a.-.oa..._..w.l..r o
- f ’
..l A8 &y 6y 6y & il _._41,
"-...,Oo...v.«’.qa\ .
el ....-..s.._...._.ii_f
.ol-._.....-_.h-t.-an_.__: v
h-.«h:.:l«.:.a!o.l...\c‘..-ﬁ‘
0-0.-.0.0:.;,0'4-.,!..1!.

= SK-I1 with full PMT dens

W on @ gy s iy W@ 4



BEFHFOVANEZLSTE
PMT signal

FPGA
FIFO

amp

Discri.(CFD)

AAAZER AA S AAA

2004 HRLLASICORIFEIA
2005 ERELAEDERE
e = AR Be (2006 R—FORE. KB
s lﬂlllll ey | 2007 VARATLL2EOREFE. SR
1.3 -%; NN | X—I\"—?JET?J‘JV"‘)\*LE?-L

f, -
a%*)]o)QTCc:hipﬁWﬁﬁrR—

; NJJ’F? fr‘ﬁ’?bf» }‘—’_”J

i

~

}
\'Ilu

——' :!r_-
r—JJﬁJA.\, r—Jar.-IFH. =) o 'mf' }“—/—/ IJ\-

%:J?éj 0D EESE .,
IN—=FDYZF Y=L (T L20)

T )bE—ElEZEL) .,




NN TEEHEIHN?

o [BFHERIR

- BERFA

« Za—pN)/HEBEFERIUE)
« IMEHF=21—M)/—>RDM—2(BRP)T
° Xﬁ::.—b')/
° KIE::L—FU/

#Hat SK1(44)+SK2(2%)
+SK3(~144% 2020%c7))
SK20% =0.45Mton+years

(10~20FENCDF—VTOT—ARETNER)



[% T AR IRER R



back

|| 804days
P[r*@t@@m@sg

400

o
o o@ ©
wom%oo %M.o%%%m&

° g0
3 om%%vm&o%ﬂ%wu

=R
SK

| -
©
)
>
>
D
LO
o
g T
O
m
S
o
Y
w

et and n® are back-to-

FARIED

800

[
e+
J

600
Proton mass

l1489days

400

tp/Branch > 8.4 x 1033 years (90% CL)

SK

Wniuswow uolod




Null signalD iz & DFEDRXE

e TR e . 7+
PD==emw PD==ViIL
L 0.
[ sensitivity for p—en (90% CL) | sensitivity for p—vK" (90% CL) N
10 38 b 0% .
A n | | ]
s : : ‘ a combined
: : : : i [¢)] E
> 10 %% efficiency=43% e kL 1 =0 ;?,?,W,?,'t,',Y,',,t,Y, ,,,,,,,,,,,,,,,,,,,,, E
o F BG=3ev/Mtyr ‘ ? : 1 fo - ‘ ‘
£ - S B
@ i b5 - SK current I|m|t(90% CL) =
1 34 = | 92ktyr 3 : : : ]
5 0 s T c:'5 1041 23x10%yrs S N ]
= ; 450ktyr = : \ 3 % ’\
IS i | : 1 Bz | n spectrurf
o g 5 i o . 0
33 1 ? 1 1
o7y L BG """ 1 """" e,V,en,t,S """"" E 1083~ | S A prompty =
- SK current limit (90% CL) ‘ B : i ]
‘141ktyr 8. 4 x 10% yrs‘ E | | | | N
\\Hi | | \\\\Hi | | \\\\Hi | I | I |
2 3 4 5 6 10 %2 b > s 3 e 4 e c (
10 10 10 10 10 10 10 10 10 10
Exposure (kton year) Exposure (kton year)

T/B > 2 X 1034 yrs T/B >4 X 1033 yrs

(SK 20yrs, 90%CL) (SK 20yrs, 90%CL)



World record B

fhiz(B—L)IERE
BIEE—FFLEN
£

10

31

10

% sk
IMB3

KAM

® Soudan?

10

33

lifetime limit (years)

10

34



o E%ﬁElegsf'a_=




Supernova SN198/7a
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A few SN per century in Milky Way
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Neutrino flux and enerqy spectrum from Livermore simulation
(T.Totani, K.Sato, H.E.Dalhed and J.R.Wilson, ApJ.496,216(1998))
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Time (lgc)

5MeV threshold

~7,300 v +p events
~300 v+e events
~100 V_+160 events

for 10 kpc supernova
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TOBEOE:

| Energy =5-10MeV

events/bin

10
Time (sec)
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KUYELL—FTORH

« & (~1Mpc)THE
e
e Nv>=2 in 10sec
<-2BG~2in
20years
* negligible BG for
Nv>=3 in 10sec

Reactor v
Solar éB

/
. ?)Iar hep
SRN

/predictions

e past (cosmological)
supernova neutrino

(supernovarelic
neutrino)

Neutrino Flux per sq-cm per second per MeV
H
o

Neutrino Energy (MeV)



2. Formulation and Models
How to Calculate the SRN Flux

TIME AXIS

We need information
concerning...

|. Neutrino spectrum
emitted from each
supernova explosion

2. Neutrino oscillation
within supernovae and

the Earth

3. Supernova rate

f] -\TM(EV)

‘Zmax
e ) Ren ()=



SK SRN Flux Limits vs. Theoretical Predictions
(E,> 19.3 MeV)

SRN/ sg-cm/ sec

3.5

3
2.5 Cls very clo OB (e
2 '1r.'r | rl L¢ oredie

1.5- SK-I upper limit: < 1.2 /cm?/sec

1-
0.5 ‘
0 —| |

Population Cosmic Cosmic Heavy Constant LMA MSW

Synthesis  Gas Infall Chemical Metal SN Rate  Oscillation

(Totanietal, 1996) (Malaney, 1997)  Evolution Abundance (Totnietal,1996) (Andoetal., 2002

(Hartmann et al., 1997) (Strigari et al , 2003) il;lu|\>|< [\tiﬁ\(l)lge

] Predicted SRN Flux m SK SRN Limit
(E > 19.3 MeV) (90% C.L.)




events/10years/2MeV

Spallatiof

B.G.

Expected SRN event rate

Relic model: S.Ando, K.Sato, and T.Totani, Astropart.Phys.18, 307(2003)
with flux revise in NNNO5.

1y

- 22.5kton, 10 years

Relic neutrino (Ando et al
(e=47% included)

Invisible muon BG

e

atmsph v

10

20

30 40 50 60
Visible energy (MeV)

SRN signal: 8.8(17.6)
Background: 101(202)

In 18-30 MeV

for 10(20) years

(assuming detection efficiency
of 47%)

Invisible muon BG must be
reduced.

&

Spallation BG must be
reduced.



Possiblilities of ve tagging

= “

Positron and gamma ray

vertices are within ~50cm.

Possibility 1
Nn+p—d +vy
2.2MeV vy-ray
AT =~ 200 usec

Number of hit PMT is
about 6 in SK-III

Possibility 2
n+Gd —~8MeV vy

AT = several 10th usec
Add 0.2% GdCl, in water

(ref. Vagins and Beacom)

e invisible u, spallation, solar v BG are reducible
* it reduces deadtime due to spallation cut etc.
[ It opens energy window of 10-18MeV




N10 (after spacial cuts)

0.7

0.6

0.5

0.4

0.3

0.2

Zhi Deng, Nov.2005 collab. meeting

N(10nsec) for 2.2MeV gamma

0.6 < Anisotropy < 0.86 && 0.1 < dirks < 0.3, not optimized

hn10

Entries

Mean

BGi(data)
C—] BG(M.C)

Signal - tof (M.C_)
Signal - tof 2.5m (M.C.

RMS

274
5.509
0.8775

hn10

Entries
Mean

N10
>4
>5
>6

TE1
44.1%
33.3%
24.2%
17.2%

TE2
35.7%
25.8%
17.5%
11.4%
11.4%

BG (data) BG(MC)\|

96.4%
39.4%
11.3%
2.9%
1.46%

97.3%
29.8%
2.1%
0
0

RMS

1000
5.292
0.5502

hn10

Entries
Mean
RMS

9999
6.654
2.324

N hn20

Entries
Mean
RMS

9999
6.241
2.1

|
25
N10 [counts]

Ré&D is going on to improve the tagging efficiency.




Ve Identification: possibility 2
J.Beacom and M.Vagins, Phys.Rev.Lett.93:171101,2004
~0.2% GdCl, solution. Detect neutrons by Gd(n,y)Gd reaction.

Visible energy in water

* Gd Differentiol Spectrum

C Th Differential Spectrum

Gd(n,y)Gd

Percentage for each y line

iy l‘l A LRl e aranaaanpasne b [ ST T

Sum of vy energy =~ 8 MeV

2 3 4 5 6
Sum of Maximum SK Energy from Gd Captures

.5 | 8 MeV
Simulation in C.K.Hargrove et al.,
N.I.M. A357, 157-169(1995)

Higher light yield.
Questions: water transparency, how to operate water purification
system, corrosion of materials



Possibility of SRN detection

SpallatloNO B. G reductlon B.G. reduction by neutron tago

45 |
o | KlO years (8 470/) SK10 years (g 80%)
: relic+B.G.(inv.mu 1/10)

35 |
30 |
25 |
20 |
15 |
10 |

| atmsph.v,

30740 50 “7"20 30 40 ‘50
Visible energy (MeV) Visible energy (MeV)
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vu< 2> vt two-flavor analysis
(sensitvity study by fake data(MC))

SK 5yrs (90%)
— SK 20yrs (90%)

input=(1.0,2.5x103eV,

e

N

MINOS 1.26x10%°PCO
MINOS 16x102°POT

input=(1.0,2.72x10-3e\

T2K 5yrs

T(90%)
(90%)

/2)

0.8 0.9 1

sin?20

statistical error

dominant

e 3(sSin?20)cc
1/sqrt(exposure)

e 3(Am?)ec
1/sqrt(exposure)

SK will be
compared with
accelerator
neutrino exps.




Two-flavor = standard three-flavor

(v,.v,,v.) =U(V,v,,v,)"  U: MNS matrix

/Uel UeZ Ue3\
U=\U, U U
M Tz u3 unknown
Ua U, Ugy) solar v, reactor v
1 0 0Y( ¢ O sz, 0)
=10 : 0 1 0 | 0
0 \--S138_i5 0 ¢ ) C 0 1)
atm v
K2K

oscillation drivers; Am;, = Am?, ., Am;, = Am’

atmy

solarv’




Standard three neutrino scheme

v mass and mixing parameters:
015, 053, 013, 6, AM,%, AM,32(=AM,52)

w Sign of Am,2

3 l_—

>m

\ZEE ———

=

vl
Solar, Atmospheric If 923 #nl4, 5
KamLAND Long baseline IS It >nt/4 or <n/4 °

How much can we learn from
atmospheric neutrinos in Super-K?




oscillation effects In w

ParesandSmirnovhep- ph/0309312(at Sub- GeVrange)

Y(1e)

—1=P(r-c5—1
¥ (1e) (153 —1) LMA

—r-5,,- G -SiN28,,(c0SS,,- R, —sind,.,-1,)  Interference

+2535(r+ 53, =1) 9., resonance

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

P, = |Aeul?: 2v transition probability ve 2 v, in
matter

R, = Re(A'¢eAe,)

I, = IM(A'ceAe,)

Aee : survival amplitude of the 2v system

Ae, : transition amplitude of the 2v system




Expected oscillated w

N $22012=0.825
Atmv should also In addition, Am212=8.3 X 105
oscillate by (812,Am122) UCRUCEVAIEICI  Am223=2.5 X 103
non-zero 0. (always assumed

v, flux(osc) later in this talk)

v, flux(no osc) W (v)

s 20 P02 _ . .
Sin“0,,=0.5, sin"6,,=0, solar on sin’6,,=0.5, sin,,=0.04, solar on

2 — (e e
5°0,,=0.4 . e -
$2013=0.0 S

b3y




effect of @3 after vinteractions

$22012=0.825 no osc. with 20yrs stat.error
$2023=0.4 ~ 0.6 $223=0.40
$2013=0.04 0.45
ocp=45° 0.50
AmZ212=8.3e-5 0.55
Am?223=2.5e-3 0.60
115} sub—GeV e—like 115} multi—GeV e—like 115f MM e—like
11 11 1.1 |
5 e |omHL
— 105 31.05 | I| | §m1.05- L1
Q y 1 14— < 1o 1 —o——— o—ta
Z : H [ RESS, o
095F oosF| | L 1 44 0951 | L1
091" 08060402 0 02040608 1 091 0806-04-02 0 02040608 1 0.9 pmlp b bbbl
cos® )

cosO

cos®



=
HIN

e-like (3 flavor) / e-like (2 flavor full-mixing)

1.05 -

[y
——— T T T T

0.95 -

Effect of the solar term to sub-GeV e-like
zenith angle

sub-GeV e-like
(P, :100 ~ 1330 MeV)

(P, :100 ~ 400 MeV)

11

1.05 -

P R R E N R R EETEN BRI B
-1 -08 -06 -04-02 0 02 04 06 08 1

0.95 -

P R R E N R R EETEN BRI B I
-1 08 -06 -04-02 0 02 04 06 08 1

COSOzeni’[h

11

1.05

P RN S A S AR BRI AR R B
0'95-1 -0.8 -06 -04 -02 0 02 04 06 08 1

2

sin?26,, = 0.82
sinZ0,,=0

= 8.3 x 10° eV?
=2.5x103eV?2

(Pe

400 ~ 1330 MeV)

— sin26,,=0.4
—— sSin%0,;,=0.6

sin?0,; = 0.5

additional effect for u-like events with respect to two

flavor vu&—>vt

even If 013=0, 623 octant can be investigated.



Discrimination of @3 octant

(sin

226>3=0.96, SK20

$22012=0.825
s2023=0.4 or 0.6
$2013=0.00~0.04
ocp=45°
Am?212=8.3e-5
Am?223=2.5e-3

With 20yrs SK,
discrimination
IS possible for
large 01s.

0.18
0.16
014
012
V<:D(20.1 N
£

©0.08 |
0.06 [
0.04
0.02

0O B 0 v 0
0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7

s2013 = 0.04

SK 20yrs, 90% C.L.

A

.2
Sin“6,,

s2013 = 0.006

SK 20yrs, 90% C.L.

(3]
-~

cC

[y

Cl L 1 L 1 L 1 L L 1 L 1 L 1 L 1
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
SN0,

s2013 = 0.02

SK 20yrs, 90% C.L.

S

0.18 |
0.16
0.14
0.12
o 01 *
0,08
0.06
0.04
0.02

0 B : ; , , N B R
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

.2
sin“6,,

$2013=0.00 |

SK 20yrs, 90% C.L.

N

Cl L L L 1 L 1 L 1 L L 1 L 1
0.3 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7

02
Sin“0,,



Discrimination btw &3 and (#/2-623)

SK 20 years = 0.45 Mton year

Discrimination of sin2623=0.4 and 0.6 is
possible for large 01s.
->May need more data statistics.



Statistical significance of non-zero 6,

$22012=0.825 SK 20 years = 0.45 Mton year
$2023=0.4 ~ 0.6
$2013=0.00~0.04
ocp=45°
Am?12=8.3e-5
Am?223=2.5e-3

sin20,, = 0.60
— 0.55

0.50
0.45
0.40
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st
()
N
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x
<

CHOOZ exclude

If 0131s close to CHOOZ limit,
significance of non-zero 013 will be >90%.



Test of non-standard mechanisms
e.g. 2
P(vi — vu) =1-sin’ 2gsin2(1.27 Am Lj

1%

2
P(vu—>vu) = (cos2 9+sin® 9x exp[—ﬂ L jj
2t E,

Plvu —vu) = 1—%sin2 29[1— exp(—y, é

14

SK20yrs
Stat only

Oscillation/Null oscillation (MC)







Possibility of detecting spectrum distortion

v, survival probability Recoll electron spectrum
oo | 055 P
09! 0:55""6:3°% 105 _g ~1OA) upturn =3

| 030 ravis 18 should be seen --
0'8§ e _E 05 - ¢=m LOwer threshold T
q)oj:_ ‘@ I reduce stat. error
T> 0.61 _% : reduce syst. errot1
o . ] I syst. error
20510 10 [
=% 15045 - l
0.4[€ S +
[ 10 5 —
0.3f e _ _Jr;l
02| 1 04r
015_ transition I\/ISW_ |
0: e EE— BE— 035-.I....I....I+ I..
10 “

2 1 —o
10 10 1 5 75 10 125 20
E, (MeV) Energy(MeV)



Spectral distortion

Significance of spectrum distortion

Significance (o)

6/

N - o
& AME

— N
T T T [ T T T T g T T 1T

o

r [ j
L amLAR
[ i
i Solar |

—
(tan20, Am2)= (0.38, 7.2x107%)

\ | | | \ | \ | | \ \

2 4 6 8 10 12

Live time (years)
e >~2¢ at SK10yrs
e >~3c at SK20yrs

Data/SSM

Current breakdown of correlated
systematic errors

Ay

- SK-1 1496day 225kt

BP2006

o
(o))

8B spectrum shape i
- Energy scale 1
| Energy resolution

o
o

0.4 =
T 15 20
Energy(MeV)

e Better energy scale calibration
(~+/-0.4%) is needed.

e Better 8B spectrum shape
prediction is needed.



EKDYIE R >da /mht asymmetr
.4 :

1.2,

1.6..:

Solar+KamLAND 1.8 E

SK-I DIN Asymmetry -0.021+/-0.020 " 5.015

need more data statistics &

reduction of systematics
i l — — — —

-0.5

ol-




Future Prospect of SK-III

* nucleon decay searches
» 2x103%%yrs (4x1033yrs) for en? (vK9)
* many remaining decay modes

e Supernova
 detailed mechanism by v burst (a few per century)
e aim to discover relic neutrinos by new technique
(neutron tagging)

« atmospheric v
e |If B13 is close to CHOOZ and Am223>0, chance to
measure 013 and 023 octant
* test of non-standard scenarios

*solar v
e aim to measure spectrum distortion by reducing BG,
systematics, and energy threshold.
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Super-Kamiokande

Run 999999 Event 294
102-1 :35

Times (ns)

Expected BG = 1~2 event /SK204E (0.45Mtyrs)




e 20r3rings

o All rings are electron-like
* No decay electron

» 85<m_<185MeV/c?

e 800<m <1050MeV/c? 1000

< 250MeV/c 500 |

o =~
o O O
o O O

500
400
300
200
100

0

Efficiency = 40%

Total momentum (MeV/c)

T T S T . T R
0 200 400 600 800 1000 1200
Invariant proton mass (MeV/c?)



Energy spectrum of SK-I (>18MeV)
| 1496 days (SK-I)

Superncva Relic Search -- Event Rates

T I T T T L} 1 T L} T T |

Total background

Atmospherlc v,
invisible p — decay e

-
L8]
| =
| =
| ——
=
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=]
5 4
| 0
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Atmospheric Ve

Energy {MeV}
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