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3.8: Ni
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64Ni(n, )8SNi* 1.08 1.52 6.098
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SK 11129 PMT PMT 1 11146
(cable number) PMT
SK-I 11146
PMT SK-111 11129 PMT
1-7650 PMT 7651-9398
PMT 9399-11146 PMT
Ni PMT
hit
hitrate PMT
3.15 Ni hit
hit
hit
hit
3.19 PMT TOF
900nsec Ni
hit 750-1150nsec
ontime 1200-1600nsec o time on time hit o time
hit
hit
hit
PMT Ni
3 2
Ni
PMT R 2 hit
PMT ( 3.20)
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3.19: -TOF

F( )= 0:205+ 0:524 cos + 0:390 cos 0:132

3.21

PMT(cable number =i)

(hit corr (1))
hitcorr (i) = hit (i) R(i)2=F( (i)
(hitcorr(i)) 1

hitrate

X
hitr ate(i) = hit corr (i)=( it corr (i)=N)

i=1

N PMT

top bottom asymmetry

hit  (hitrate)
SK

50

F()
cos® (3.7)
hit
hit
(3.8)
3.9)



3.20:

3.21; F()
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top bottom asymmetry
top bottom asymmetry

top bottom asymmetry = (< top> < bottom>)=< barrel > (3.10)
PMT  hitrate PMT  hitrate
PMT  hitrate
3.22 hit 3.22
top bottom asymmetry (1.0316-1.0741)1.0205 = -0.0416

4%

3.22: position hit

hit
SK-I11
MC
PMT SK-111
[14] SK-IV
monthly calibration
top bottom asymmetry 0
PMT
SK-I11
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3.22

monthly calibration

top bottom asymmetry

hitrate
SK-111 1 1 Ni
Auto Xenon Auto
Xenon
Auto Xenon
1 1 PMT
2006 10 0

PMT 3.23

3.24 Auto Xenon top bottom asymmetry  Ni

top bottom asymmmetry SK-111 SK-IV
3.23: SK-I11 top bottom asymmetry Auto Xenon

Ni
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3.24: SK-I11 top bottom asymmetry Auto Xenon
Ni

3.2.5 Z-dependent MC

SK-111 MC Water pa-
rameter
MC
0:5%
z MC

top bottom asymmetry
monthly calibration

motivation
MC  Z-dependert MC MC
Ni hitrate tuning
Z-dependert MC
Water parameter MC
( abs) ( sym;sca) ( asym;sca)

Water
parameter tuning

Z-dependert MC

54



(X1;Y1;21) (dxq; dys; dzz) 3.25

I'next I'next
old = 1= abs t sym;sca + asym;scag (3-11)
Rl’ next Lexp( L)dr 1 exp( I next )
old old Id

random = B = o 3.12
ot ﬁexp( —)dr 1 (3.12)

randam O 1

lMnext = ogln(l  random) (3.13)

MC

325 rnext
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Inext (X2;Y2; 22)

PMT
(dx2; dy2; dzp)
(3.11)
Z
= 1=f aps(1+ 2)+ symscat asymscad (3.14)
( abs) Z
2 laser
z 3.26
Inext
Z-dependert (3.14) Z 1
y = exp(lnest= )
SK 1 0
Inext
y = exp(le) (3.15)
(3.14)
B
Z < 1200Em]
(3.14) Ni hitrate
2008 2 Ni
hitrate analysis hitrate
2 3.27
Z[cm] r2[cm?]
r2 bin PMT 3.27
7 hitrate
2-3%
hitrate 2 3.28
hitrate
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3.26: laser abs

3.27: 2008 2 Ni 2 hitrate
Z r2
bin PMT
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3.28: Ni 2 hitrate

= 0:008 0:004 0;0:004; 0:008, 0:012; 0:016; [1=m] (3.16)
MC hitrate 2 hitrate
= 0[1=m] = 0:016[Fm] 2 hitrate 3.29
SK =0 MC = 16
MC = 0[1=m] z
MC = 0:016[Fm] z 1m
1.6%
=0 = 0:.016 hitrate
hitrate
Ni hitrate MC
hitrate 2 2 3.29 bin 2
bin 84
X (hitr ate of Ni source)=(hitr ate of M C)
2 _ 2
= 1 error of MC g (3.17)
(3.16) 2
3.31
2
= 0:0089[Em] (3.18)
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3.29: MC

0

MC

2

hitrate
= 0:016 MC
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SK



2008 2 3.30 SK

hitrate( ) =0  hitrate( ) = 0:0089 hitrate( )
hitrate =0
2008 2 top bottom asymmetry -3.53%
3.30: MC 2 hitrate SK
=0 MC = 0:0089 MC
2007 2 2008 8 14 monthly calibration
2007 2
3.6 Ni
Ni
14 top bottom asymmetry tune
3.32
top bottom asymmetry 0 0

0
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tune [1/m] | tha [%]
2007/2 0.0026 -2.19
2007/3 0.0056 -3.16
2007/4 -0.0020 +1.28
2007/6 0.0144 -8.37
2007/8 0.0174 -8.09
2007/9 0.0023 +0.34
2007/10 0.0090 -4.55
2007/12 0.0110 -4.84
2008/2 0.0089 -3.53
2008/3 0.0051 -2.61
2008/4 0.0126 -5.48
2008/5 0.0110 -5.13
2008/6 0.0110 -5.51
2008/8 0.0151 -7.09
3.3:  Ni tba
3.31: 2
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= 2:04035 (top bottom asymmetry value) (3.19)

hitrate analysis Auto Xenon
top bottom asymmetry
Auto Xenon top bottom asymmetry
Ni top bottom asymmetry

(3.19) Auto Xenon top bottom asymmetry

3.32: top bottom asymmetry
SK-111 Z-dependert MC
2008 2 Z-dependert MC
3.33
Z-dependert MC
original MC di erence=(MC-real)/MC
Ni
original MC

0:5% Z-dependert MC 0:2%
3.2.6 1

PMT 1 1

PMT

62



3.33: 2008 2 Ni
Z-dependert MC original MC
di erence=(MC-real)/MC
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PMT
PMT
PMT
SK
1 PMT 1
1
1 Ni
1.
2.1 PMT 1
1 PMT 1
SK Ni 50 PMT
50 PMT 2
PMT 11100 50
PMT 11050 PMT 0
= In(1105G-11110)= 0:00542 (3.20)
2
PIN 2) = 1 P(N=0) P(N=1)
g 000542 000542 e 000542 (:00542
=1 +
0! 1!
= 1 0:99459 0:00539
= 2 10° (3.21)
1 1PMT Ni
PMT 1
hitrate analysis PMT  hit
PMT hitrate analysis on time
o time
3.34 Ni 1 on
time PMT o time PMT ontime
o time [pPC]
3[pC]
on time o time 0.5[pC]
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3.34: SK-IV 1 on time PMT

o time PMT ontime o time
PMT
O[pC] 0
1 (global
pC2pe) SK-111 1
SK-IV
SK-I11
PMT 2
1/2 (
3.35 ) global pC2pe 2.243[pC/p.e.] [12]
3.36 normalize SK-111 1
SK-IV 1 [pC]
1[pC]
SK-IV PMT 2
1/2 3.35 SK-111
1
normalize 0.848
global pC2pe= 2:243-0:848= 2:645pC=p:ej (3.22)
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3.35: SK-I11 1

3.36: SK-I11 SK-IV 1 SK-I11 SK-IV
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SK-I11 PMT

1 SK-I11
3.2.7 trigger e ciency
SK
trigger
trigger
e ciency
SK-IV trigger e ciency SK-111
2.2 N50
SK-111 SK-IV trigger e ciency
trigger
e ciency N50 trigger e ciency
SLE 27 27 SK-111
hitsum  150mV 27
SLE N50
3.37 SLE

3.37: N50
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SLE
36
N50

3.38: SK-I11

SK-I11
SK-IV
SK-IV
N200

3.38

3.16

SLE
27
29
31
34 (normal)
35
36
3.4 (3.37)
N50
SK-111
150mV 212mv
N50
3.17 trigger threshold
N50 150mVv
Ni
N200 200[nsec]
N200 2 trigger
SK-111
3.39

68

SLE

N50

212mv

N200
hit PMT

SK-IV
n200= 60



normalize

3.39: N200 SK-1IV SK-I11
N 200> 45
SK-IV trigger condition SK-I11
trigger condition trigger e ciency
trigger e ciency curve trigger e ciency
trigger ef f iciency = (normal thr eshold n50)=(low thr eshold n50) (3.23)
3.40 SK-IV SK-I11
n50> 32 100% 50%
N50 2 N50 trigger e ciency
curve trigger e ciency curve
3.3 Linac
SK Linac Linac
0.2% SK (cal-
ibration hole)
el e SK-IV
Linac 3.41 SK
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3.40: trigger e cency curve SK-IV SK-I11

C [15

3.3.1 Linac

Linac 2009 7 28 8 8
6 4 5

(-1237,-70.7,119)cm] | 18,12,8,4.4[MeV]
(-1237,-70.7,-6)[m] 18,12,8,4.8[MeV]
(-1237,-70.7,-120)[cm] | 18,12,8,4.8[MeV]
(-388.9,-70.7,187)[cm] | 18,12,8,4.8,4.4[M¥]
(-388.9,-70.7,-6)[cm] | 18,12,8,4.8,4.4[M¥]
(-388.9,-70.7,-1R9)[cm] | 18,12,8,4.8,4.4]M¥]
(-1237,-70.7,119)cm] | 18,12,8,4.8,4.4[M¥]

3.5:

(-1237,-70.7,119)[cm] 2
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3.41: Linac

3.3.2 Linac
Linac MeV MeV SK
PMT PMT
30cm SK
i PMT ti (X;¥;2)
PMT( xi;Vi; z) tres:i
nd

tresi = fj c (x Xi)2 + (y Yi)2+ (z Zi)2 (3.24)

n c
PMT Linac

tres;i

ti(%) = tres;i(* to)
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N

log(P( ti(x)))

$(%;tg) =
i=1
P( ti(x) ti to
3.42 Linac
3.42: Linac tres:
PMT
PMT(i,j) tij
4 < i hy
C
A i PMT
PMT
(3.26) 2
4 PMT
lcm

72

tres;i

to

0.01

(3.25)

(3.26)

PMT



a( i)

42
PMT 20nsec
PMT a'= (dx;dy;d;)
2o )
L@  logf g (cos i ;E)); % (3.27)
i=1 |
f gir (COS gir ; E)
MC 3.43
3.44 10MeV

|_

)

& I
)
_|
O
<
~
X
)
N
_|
e
O
O

GNGEVTOP GPGTI[] ©
3.43: ]
Ni PMT
20

1.6

PMT
PMT
1p.e. PMT
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3.44: 10MeV

2. PMT
3. PMT

PMT
timing-window
50nsec
N50
bad channel PMT

Nef

Net [(Xi +  tail

1. X :

Ni

PMT
tres;i 50nS€C
PMT

Nef ¢
d k) I\lall Rcover
o Naive S(i; i)
PMT 1

PMT

74

timing-window
PMT

PMT

exp( Gy)]

PMT

PMT
ni

N50

(3.28)

PMT
ni=N;



( log[(1 iXi) 1 (xi 8 0)

Xi = X (3.29)
3.0 (xj = 0)
2. dark . PMT
PMT  dark noise 1 4.6kHz 50nsec
2.5
dark
ok Nalive RnNoise S50nsec (3.30)
50
I\lalive PMT Rnoise
[hits/nsec]
3. tail :
PMT 50nsec timing-
window PMT
N N
tail % dark (3.31)
50
N 100 100nsec timing-window PMT
tail tail = O tail > 0:1
0.1
4. Na”:'\la“\/e . Bad PMT
PMT
Bad PMT
PMT I\lalive PMT I\lall I\laIIZNaIive
Rcover .
Rcover 04014 S( |, |)
PMT PMT 3.45
3.46
PMT
6. exp(™) :
SK 100m
PMT exp(™) ri Vertex
PMT
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3.45: PMT

3.46:

76
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7. G() :

hitrate analysis PMT
G(i) = 1=QE(i)
Nef f Linac
reduction
cut
Linac
cut
1 1 2
1
3.47 0 3.48 1 3.49 2
3.47: Linac 0
0
Linac

77



3.48: Linac

3.49: Linac
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3.3.3 MC

Linac

Auto Xenon

asymmetry

PMT
(3.32) PMT

2
cut
200[cm]
2 day by day
Water parameter Z-dependert MC
Linac

Linac top bottom

x < Ofcmland 120< y < 20[cm] (3.32)
top bottom asymmetry 3.50

1%
3.50: Linac top bottom asymmetry
SK-111
SK-IV monthly calibration  Ni
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(8.32) PMT top bottom asymmetry

tune [1/m] | tha [%]
2008/10 0.0077 -3.36
2008/12 0.0045 -2.79
2009/2 0.0090 -3.22
2009/3 0.0137 -4.85
2009/4 0.0100 -4.16
2009/7 0.0163 -6.34
3.6: SK-IV tba Dbeta

= 252232 (topbottomasymmetr yvalue)

3.34 MC
SK Linac MC
3.52 goodness 3.53 N50
Nef f 2009 7 28
(-1237,-70.7,119)[cm] 18MeV
goodness
N50
% N50
MC N50 Ne
3.56
2%
3.4 DT
DT DT (3.57)

80

(3.33)

3.51
3.54

MC

3.55



3.51: Linac

3.52: Linac

goodness

81

MC

MC



3.53: Linac

3.54: Linac

N50

Neff

82

MC

MC



3.55: Linac N50
end cap total energy
4.4[MeV] 4.5[MeV]
4.8[MeV] 5.1[MeV]
8[MeV] 8.9[MeV]
12[MeV] 13.4[MeV]
18[MeV] 18.8[MeV]
3.7:  (3.56)
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3.56:

Linac

84

Ne



16N

DT

MC

7.13

*H+2H! “He+n

H+nt N+ p

4.3MeV 6.1MeV

3 1
SK-IV 2008 11 2009 6
3.57: DT
Z-dependert MC (x,¥)=(35.3,-70.7)
Z=-12,-6,0,6,12[m] DT MC
3.58 Nef MC
((MC-data)/data)
2008 11 2009 6 MC
2009 8 2%
Linac 2009 8

85

(3.34)

(3.35)

2009

0.5%



3.58: DT

MC

MC

Nef f
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MC



SK-111

4.1

First reduction
Fisrt reduction
Secondreduction

4.1.1 First reduction

2000p.e.
300MeV
200[cm]
22 .5kton
DAQ
50 sec

PMT 200nsec

87

2000p.e.

19

oD



First noisecut

PMT N noise N total
Secondnoise cut
ATM
PMT
4.1.2 Second reduction
Spallation
SK 2 3Hz
(spallation)
X
+1%01  +X
X
0.001 14sec
Spallation
Spallation
3
1. L
2. T
3. Qres : Qres = Qotal Qunit L
Qunit
Lspazf(l—) f(T)
spallation
spallation 4.52

88

Qtotal

f(Qres)

0.5p.e.
Rnoise = Nnoise N total 0:4

1 ATM  95%

(4.1)

5 20MeV

(4.2)

spallation like



4.1: spallation likelihood

Isotope %(sec) decay mode | Kinetic Energy (MeV)
SHe 0.119 9.67+ 0.98()
n 16%
8Li 0.838 13
8B 0.77 * 13.9
SLi 0.178 13.6(50.5%)
n ( 50%)
&c 0.127 * 3 15
3L 0.0085 16 20( 50%)
n 16( 50%)
i‘Be 13.8 11.51( 54.7%)
9.41+ 2.1( ) (31.4%)
iBe | 0.0236 11.71
:°B 0.0202 13.37
2N 0.0110 * 16.32
B 0.0174 13.44
$%0 0.0086 * 13.216.7
B 0.0138 14.55+6.09( )
&°C 2.449 9.77(36.8%)
4.47+5.30( )
ec 0.747 n 4
N 7.13 10.42( 28.0%)
89 4.29+6.13( ) (66.2%)




Gy

P o 1( i(V‘ZI )4 L) toy2

GV = P l( (v tO))2 (43)
e 2 w
i(v) PMT TOF i jv hj=c
to Gy 0-1 1
Ga
f 6 uni i 6 i inf 6 n i 6 i
Ga = maxf & ynit orm (i) Data(')g2 min f 8 ynit orm (i) Data(i)g (4.4)
Qunif orm(i)
i PMT 6patali)
Ga 0-1 0
2
ovaQ GZ G% (4.5)
ovaQ 0.2
PMT
4.2
dwall dwall 4[m]
4.2
SK-I11 547.9
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1. time-window

2.

3. time-window (Multi-
plicity) 1.

4.

4.3: time-window

time-window
2 4
1 1
10kpc 8000
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700kpc 20 1.6

2
time-window 20sec
2
2 event=20sec (4.6)
time-window 2
R
time-window( T=20sec) 2
» e R T[R T]i 1
Nbg = RT”\,e - (4.7)
=2 (i 1)
Tiive SK-IlI 547.9
4.4

4.4:.
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MC
(100 300 500 700[kpc])
4.5

4.5:
(signi cance)
L ! )
signif icance= g———=— (4.8)
(BG )
4.6 16MeV
0.953 [ (524ewwent/549.7day )
2 1
SN1987A
6.5MeV
time-window
3 event=0:5secor 4 event=2secor 8 event=10sec (4.9)
time-window SK-I SK-11

93



4.6: signi cance
BG /547.9
3 event=0:5sec 6:42 10 2
4 event=2sec 1:15 103
8 event=10sec 533 10 11
time-window
time-window
20sec 2event 16MeV
0.5sec 3ewent 6.5MeV
2sec 4event 6,5MeV
10sec 8ewent 6.5MeV
4.3
spallation PMT
PMT
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Rmean Rmean
P ) P . .
R tmin n
mean Nmulti C2
Nmulti F
Rmean
Rmean 4.7 MC
Rmean
1800cm
Rmean 2 750cm
1000cm
Rmean
2 750cm | 0.94
3 1000cm | 0.96
4 1000cm | 0.99
8 1000cm | 1.00
4.1
6.5MeV 16MeV
4.10)

95

(

(4.10)

Rmean

4.8)
4.9



4.9: 6.5MeV
r2

z

4.8:
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4.10: 16MeV X y

r2 z
(20sec 2 16MeV )
Rmean 4.11,4.12,4.13
time-window Rmean
(Rmeancut ) (Rmeancut )
3 event=0:5sec 15 0
4 event=2sec 8 0
8 event=10sec 6 0
431
1.
2. SK-IV

97



4.11: 3event=0:5sec Rmean

4.12: 4 event=2sec Rmean
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4.13:

8 event=10sec

1.28

3 Linac

SK-111

99

msec

SK-IV

Rmean



SK 2008 9
Ni

SK-111
N50
Linac
Linac
SK-IV
SK
Z-dependert MC
0:5%

SK-I11

SK-IV

SK-IV
Linac Ni 1
2.645[pC/p.e.]
Ni N50 SK-IV
trigger e ciency
MC 1 2%
2009 8
MC
Ni Auto Xenen
0:2%
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A it g

2009 6 10 15
15%
SK
0.0-1.3 M 25-30
I
1P L
200pc (10kpc)
A1A2 SK
30MHz 3 10
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A.l:

A.2:
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(0-0.2sec)

(0-1sec)



B Z-dependent MC %

Z-dependert MC

B.1 (X1;Y1;21) (dx1;dyq;dz;)
Inext VA Z1 + Tnextdz1
B.1 Z-dependent MC I hext

(3.15)  (3.14)

y = expf next g (B.1)

[ abs (1t (Z1+ rnext dzp)+ symisca T asy m;sca )]

y=expf ( abs dzl)rr21ext + ( abst symscat asymscat abs Z1)Mnextd  (B.2)

logy = ( abs dZ1)rr21ext + ( abst symscat asymsca T abs Z1)lnext

) ( abs dzl)rr21ext + ( apst sym:sca T asymisca T abs Z1)Mnext + logy = 0

. arly, + breg +c=0 (B.3)
ro 2 a,b,c

(B.2) vy

B.2) vy (B.4) I next
Y Thex 1 1 "y
I next "

ax?+ bx+c=0

(P
r'next = p 2a E:i 8; (B5)
b (B.3)
(z2) SK
b 0 (B.6)
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B.2:

Bl rnext

104

y

Inext



(@ a<0

c

4ac> 0

B.5

(B.4)

(b) a> 0

4ac< 0

B.5

(B.3)

logy y

Inext

— b
Fnext = ¢

b (b )
Mext = — oq
= o 2t
 2a 2a
Fmext = 23
r — _ 2bt+
next = —55—
_ b+ P ¥ 4dac
Mext = 2a

P ¥ 4ac b("a O;c
p
2 dac=b+ (0)

b (b+ )
Inext T oa

—or 2b
2a 2a

105

0)

(0O<y<1)

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)



2 Mmext = 25
— _2b
(B.4) Fnext = —53— r<o

O [
b+ ¥ 4ac
Mext = 2a (B.13)

P
b+ 2l:;2 4ac (a6 0)

Frext = A ° (B.14)
c (a=0)

(@= aps dz1;b= aps(1+ Z1)+ symsca * asymssca;C= logy;y = random(0 < y < 1))

(3.13)
B.2 Z-dependent MC Z < 1200Em]
SK (Z < 1200Em])
B.3 z
Z-dependert MC 4
1. caselZ; dz; Z < 1200fm] SK
2. caseZ; dz Z < 1200Em]
3. caselZ; dz Z < 1200Em] SK
4. casedZ, dz Z < 1200Em]
Z < 1200Em] Z < 1200Em]
conv — 1=f abs(1 + 1200[:m]) + sym;sca + asym;scag (B-15)
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B.3: SK Z

B.4: Z-dependert MC casel
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B.5: Z-dependert MC case2

B.6: Z-dependert MC case3

108



B.7: Z-dependert MC case4
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C Linac setup
Linac
MeV MeV SK
C.1 Linac
3.41 Linac
Linac SK
( C1
2.856GHz
1 1
10°
D1
C2 C3
0.5%
D2
2 (M1 M2) M1
D2
D3
Xy-steering
100 m SK
Linac
Linac

110

2 sec

SK

M2

Linac

10-66Hz

D3



C.1: Linac

C.2: Linac
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C.3: Linac

C.4: Linac
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D3
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MC



[1] Y. Fukuda et al Phys.Rev.Lett.81 1562(1998)

[2] R.Davis,Jr Nucl.Phys.32:13-32,1994.

[3] Y.Ashie et al,arXiv:hep-ex/050853

[4] Q.R.Ahmad et al,Phys Rev. Lett. 87(2001)071301
[5] J.R.Wilson et al. Astrophys.J.295(1985)14

[6] T.Totani et al. Astrophys.J.496(1998)216

[7] S.Alessandroet al. Phys Rev. B 564 (2003)42-54
[8] K.S.Hirata et al. Phys.Rev D 38(1988)448

[9] R.M.Binota et al. Phys.Rev.Lett. 58(1987)1494

[10] M.Ikeda Seard for Supernova Neutrio Burst at Super-Kamiokande, The Super-
KKamiok ande Collaboration, Astrophys J.669(2007)519

[11] M.lk eda, Master Thesis, Okayama University
[12] T.lida, Master Thesis, University of Tokyo
[13] Y.Yokosava, Master Thesis, Tokai University
[14] Y.ldehara, Master Thesis, Okayama University

[15] M. Nakahata et al. [The Super-Kamiokande Collaboration], Nucl. Instrum. Methods
Phys. Res. Sect. A 421, 113(1999).

114



MC

Lee Ka Pik
IPMU

Ni

SK

SK Z-dependert

MC
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