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Bh1>O =xO@

%K%e!<%H%j%N$O!"AGN3;R$N0l<o$G$"$j!"=ENOAj8_:nMQ$r=|$-<e$$Aj8_:nMQ$N$_$r$9$kCf

@-%l%W%H%s$G$"$k!#1931G/$K%Q%&%j$K$h$C$F$=$NB8:_$,2>Dj$5$l!"1956G/$K%i%$%M%9$H

%3!<%o%s$K$h$C$F$=$NB8:_$,>ZL@$5$l$?!#8=:_$G$O!"EE;R%K%e!<%H%j%N!J� e!K!"%_%e!<%K%e!<

%H%j%N(� � )!"%?%&%K%e!<%H%j%N(� � ) $N3 <oN`B8:_$9$k$3$H$,3NG'$5$l$F$$$k!#

1.1 %K%e!<%H%j%N?6F0

%K%e!<%H%j%N?6F0$H$O!"$"$k<oN`$N%K%e!<%H%j%N$,Ht9TCf$KJL$N<oN`$N%K%e!<%H%j%N$K

JQ2=$9$k8=>]$G$"$k!#%K%e!<%H%j%N$K$O%U%l!<%P!<$N8GM->uBVj� � i (� = e; �; � ) $H<ANL$N

8GM->uBVj� i i (i = 1 ; 2; 3) $,$"$j!"%U%l!<%P!<$N8GM->uBV$O<ANL$N8GM->uBV$N:.9g>uBV$G0l

HL@-$r<:$o$:$KI=$5$l$k!#

j� � i =
3X

i =1

U�i j� i i (1.1)

$3$3$GU�i $O!"3� 3 %f%K%?%j!<9TNs$G!"3 $D$N:.9g3Q� 12!" � 23!" � 13 $*$h$S!"1 $D$NJ#AG

0LAj � $rMQ$$$F

U =

0

B
@

1 0 0
0 c23 s23

0 � s23 c23

1

C
A

0

B
@

c13 0 s13e� i�

0 1 0
� s13ei� 0 c13

1

C
A

0

B
@

c12 s12 0
� s12 c12 0

0 0 1

1

C
A ; (1.2)

$H5-=R$5$l$k!#$3$3$Gcij � cos� ij !" sij � sin � ij $G$"$k!#$H$3$m$G!"$3$N%U%l!<%P!<$N

8GM->uBV$O

j� � (t)i =
X

i

U�i exp(� iE i t)j� i (t = 0) i (1.3)

$H;~4VH/E8$9$k!#$3$3$GE i $O<ANL$N8GM->uBVj� i i $N8GM-CM$G$"$k!#$h$C$F!"t = 0 $K$*

$1$k%U%l!<%P!<$N8GM->uBV� � $,;~4V t $,7P2a$7$?$H$->uBV� � $KJQ2=$9$k3NN($O!"

P(� � ! � � ) = jh� � (t)j� � (0)ij 2 (1.4)

=

�
�
�
�
�

X

i

U�i U �
�i exp(� iE i t)

�
�
�
�
�

2

(1.5)

=
X

i

jU�i U�i j2 +
X

i 6= j

U�i U �
�i U �

�j U�j exp(� i (E i � E j )t): (1.6)
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$H7W;;$G$-$k!#FC$K2 %U%l!<%P!<$N:.9g$r9M$($?$H$-!":.9g9TNsU $O

U =

 
cos� sin �

� sin � cos�

!

: (1.7)

$H4JN,2=$G$-$k!#$3$l$r;H$&$H� � $,5wN%L $rHt9T8e$KJL$N%U%l!<%P!<� � $KJQ2=$9$k

3NN($O!"

P(� � ! � � ) = sin 2 2� sin2
�

(E i � E j )t
2

�
(1.8)

= sin 2 2� sin2

 
� m2

ij L �

4E �

!

(1.9)

= sin 2 2� sin2

 
1:27� m2

ij (eV2)L � (km)

E � (GeV)

!

(1.10)

$H7W;;$5$l$k!#$3$3$G!"� m2
ij $O%K%e!<%H%j%N<ANLFs>h:9(� m2

ij � m2
i � m2

j ) $G$"$k!#

$J$*!"7W;;2aDx$K$*$$$FAjBPO@E*$J>l9g(mi � p) $K@.$jN)$D6a;w

E i � E j =
q

p2
i + m2

i �
q

p2
j + m2

j (1.11)

'

 

p +
m2

i

2p

!

�

 

p +
m2

j

2p

!

(1.12)

'
� m2

ij

2E
(1.13)

$*$h$S

L ' t (1.14)

$r;HMQ$7$?!#

%K%e!<%H%j%N?6F0<B83$O!"%U%l!<%P!<$,JQ2=$9$k3NN($NB,Dj$rDL$8$F:.9g3Q� $*$h$S<A

NLFs>h:9� m2 $rF3=P$9$k!#

1.2 %K%e!<%H%j%N?6F0<B83

1.2.1 %9!<%Q!<%+%_%*%+%s%G$K$h$kBg5$%K%e!<%H%j%NB,Dj<B83

M[;R$d� N3;R$J$I$N0l<!1'Ch@~$OBg5$Cf$N86;R3K$HAj8_:nMQ$7!"� Cf4V;R$dK Cf4V;R$r

@8@.$9$k!#$3$l$i$NCf4V;R$OHt9TCf$KJx2u$7!"%K%e!<%H%j%N$r@8@.$9$k!#$3$N2aDx$G@8@.

$5$l$?%K%e!<%H%j%N$rBg5$%K%e!<%H%j%N$H8F$V!#%K%e!<%H%j%N$O<g$K

� � ! � � + � � (� � ) (1.15)

� � ! e� + � e(� e) + � � (� � ) (1.16)

$J$k2aDx$G@8@.$5$l$k!#E57?E*$JBg5$%K%e!<%H%j%N$N%(%M%k%.!<E � $*$h$SHt9T5wN%L � $O

$=$l$>$l 100MeV� 100GeV!" 10km� 13000km$G$"$k!#
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Bg5$Cf$G@8@.$7$?%_%e!<%K%e!<%H%j%N� � $O%K%e!<%H%j%N?6F0$K$h$C$F� � ! � � $H%U%l!<

%P!<$rJQ$(!"$=$N3NN($O<0(1.10) $K=>$$L=E $K0MB8$9$k!#%9!<%Q!<%+%_%*%+%s%G(Super-
K,SK) $OBg5$%K%e!<%H%j%N;v>]$NL=E 0MB8@-$rB,Dj$9$k!#?1̂.1 $OSK $G4QB,$7$?Bg5$

%_%e!<%K%e!<%H%j%N;v>]?t$NL=E J,I[$G$"$k!#4QB,$7$?Bg5$%_%e!<%K%e!<%H%j%N;v>]?t$r

%K%e!<%H%j%N?6F0$,L5$$;~M=A[$5$l$kBg5$%_%e!<%K%e!<%H%j%N;v>]?t$G3d$C$F$$$k!#FC$K

?^$N1&B&(L=E � 150km/GeV) ItJ,$N%K%e!<%H%j%N;v>]?t$,%K%e!<%H%j%N?6F08=>]$K$h$C

$F$=$N?t$r8:$i$7$F$$$k$3$H$,8+$F<h$l$k!#%9!<%Q!<%+%_%*%+%s%G%0%k!<%W$O!"4QB,$7$?

Bg5$%K%e!<%H%j%N;v>]?t$NL=E J,I[$KBP$7$F!"%K%e!<%H%j%N?6F0%Q%i%a!<%?!<$r2>Dj$7

$?;~M=A[$5$l$k;v>]?t$N L=E J,I[$G � 2 %U%#%C%F%#%s%0$r9T$$!"?6F0%Q%i%a!<%?!<$r;;=P

$9$k!#:G?7$N?6F0%Q%i%a!<%?!<$O

1:8 � 10� 3 < � m2
23 < 2:8 � 10� 3 eV2;

0:41 � sin2 � 23 � 0:585; at 90%C.L. (1.17)

$G$"$k[1]!#

1.2.2 2CB.4o%K%e!<%H%j%NB,Dj<B83MINOS

M[;R2CB.4o$K$h$C$F2CB.$7$?M[;R$r!"Fs<!N3;R@8@.I8E*$K>H<M$7$F� Cf4V;R$r@8@.$7!"

$3$l$i$NJx2u$rMxMQ$7$F?M9)E*$K@8@.$7$?%K%e!<%H%j%N$r2CB.4o%K%e!<%H%j%N$H8F$V!#

MINOS <B83$O%U%'%k%_%i%\$NNuMI ;\@_$G@8@.$7$?%_%e!<%K%e!<%H%j%N$rB,Dj$9$k$3

$H$G!"%K%e!<%H%j%N?6F0%Q%i%a!<%?!<$rF3=P$9$k%K%e!<%H%j%N?6F0<B83$G$"$k!#?^1.2$O

Fs<!N3;R@8@.I8E*$+$i735km2<N.$K$"$k8!=P4o$GB,Dj$7$?%_%e!<%K%e!<%H%j%N;v>]?t$r!"

%K%e!<%H%j%N?6F0$,L5$$$H$-4|BT$5$l$k;v>]?t$G3d$C$?$b$N$r:F9=@.$7$?%K%e!<%H%j%N%(

%M%k%.!<$N4X?t$H$7$F%W%m%C%H$7$?$b$N$G$"$k!#� � ! � � ?6F0$K$h$C$F!"FC$K5GeV 0J2<

$NNN0h$G%_%e!<%K%e!<%H%j%N$,$=$N?t$r8:$i$7$F$$$k$3$H$,8+$F<h$l$k!#MINOS $OB,Dj

$7$?%K%e!<%H%j%N;v>]?t$N%(%M%k%.!<%9%Z%/%H%k$KBP$7$F%K%e!<%H%j%N?6F0%Q%i%a!<%?!<

$r2>Dj$7$?;~4|BT$5$l$k;v>]?t$N%(%M%k%.!<%9%Z%/%H%k$G%U%#%C%F%#%s%0$r9T$$?6F0%Q%i

%a!<%?!<$r;;=P$9$k!#F3=P$7$??6F0%Q%i%a!<%?!<$O

j� m2
23j !! = (2 :43 � 0:13) � 10� 3 eV2 at 68%C.L.;

sin2 2� 23 > 0:90 at 90%C.L. (1.18)

$G$"$k[3]!#

1.2.3 86;RO'%K%e!<%H%j%NB,Dj<B83CHOOZ

86;RO'$OH?EE;R%K%e!<%H%j%N(� e) $r@8@.$9$k!#CHOOZ <B83$O$3$NH?EE;R%K%e!<%H%j%N

$r5U%Y!<%?Jx2u

� e + p ! e+ + n (1.19)

$N4QB,$r2p$7$F8!=P$7!"%K%e!<%H%j%N?6F0(� e ! � � ) $K$h$kH?EE;R%K%e!<%H%j%N$N>C<:$r

B,Dj$9$k!#7k2L!"H?EE;R%K%e!<%H%j%N$KM-0U$J7gB;$O4QB,$5$l$:!"?6F0%Q%i%a!<%?!<$K

sin2 2� 13 < 0:14 at 90%C.L.!! (@� m2
13 = 2 :4 � 10� 3eV2) (1.20)
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?^ 1.1: %9!<%Q!<%+%_%*%+%s%G$G4QB,$7$?Bg5$%_%e!<%K%e!<%H%j%N;v>]?t$NL=E J,I[ [2]!#
4QB,$7$?Bg5$%_%e!<%K%e!<%H%j%N;v>]?t$r%K%e!<%H%j%N?6F0$,L5$$;~4|BT$5$l$kBg5$%_%e!<

%K%e!<%H%j%N;v>]?t$G3d$C$F$$$k!#E@$O1489F|J,$N%G!<%?!"<B@~$O%Y%9%H%U%#%C%H$7$?

� � ! � � ?6F0%b%G%k$K$*$1$k;v>]?t$G$"$k!#$J$*!"@D$NGK@~$O%Y%9%H%U%#%C%H$7$?%K%e!<

%H%j%NJx2u%b%G%k$N;v>]?t!"@V$NE@@~$O%Y%9%H%U%#%C%H$7$?%G%3%R!<%l%s%9%b%G%k$K$*$1

$k;v>]?t$G$"$j!"$$$:$l$b 500km/GeV IU6a$N%G%#%C%W$O:F8=$7$J$$!#

?^ 1.2: B,Dj$7$?%_%e!<%K%e!<%H%j%N;v>]?t$N%K%e!<%H%j%N?6F0$,L5$$$H$-4|BT$5$l$k;v

>]?t$KBP$9$k3d9g!#E@$,%G!<%?!"<B@~$,%Y%9%H%U%#%C%H$7$?%K%e!<%H%j%N?6F0%b%G%k$N;v

>]?t!#$J$*!":Y@~$O%Y%9%H%U%#%C%H$7$?%K%e!<%H%j%NJx2u%b%G%k!"E@@~$O%Y%9%H%U%#%C%H

$7$?%G%3%R!<%l%s%9%b%G%k$K$*$1$k;v>]?t$G$"$k!#
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$J$k>e8BCM$N$_$,M?$($i$l$?[4]!#

1.2.4 %K%e!<%H%j%N?6F0<B83$N8=>u$H:#8e$N2]Bj

%K%e!<%H%j%N?6F0%Q%i%a!<%?!<$NFb!":.9g3Q� 12!"$*$h$S<ANLFs>h:9� m2
12 $O!"B@M[FbIt

$N3KH?1~$K$h$C$F@8@.$5$l$kEE;R%K%e!<%H%j%N$N?6F0(� e ! � x ) $N4QB,!"$*$h$SKamLAND
$K$*$1$k86;RO'H?EE;R%K%e!<%H%j%N$N?6F0(� e ! � x ) $N4QB,$+$i

7:3 � 10� 5 < � m2
12 < 8:1 � 10� 5 eV2;

0:28 � sin2 � 12 � 0:37 (2� ) (1.21)

$G$"$k[5]!# � 23!" � m2
23 $OA0=R$N$h$&$KBg5$%K%e!<%H%j%N$d2CB.4o%K%e!<%H%j%N$r;H$$B,

Dj$5$l$F$$$k!#� m2
13 $O� m2

12 $*$h$S� m2
23 $NB,Dj7k2L$+$i

jm2
2 � m2

1j � j m2
3 � m2

2j � j m2
3 � m2

1j (1.22)

$H$J$k!#;D$k� 13 $O>e8BCM$,M?$($i$l$F$$$k$N$_!"CP HsJ]B8$rI=$90LAj � $O8=:_A4$/$N

L$CN$G$"$k!#

%l%W%H%s$K$*$1$kCP BP>N@-$O!"1'Ch$NJ*<AH?J*<AHsBP>N@-$N5/8;$rM}2r$9$k<j$,$+$j

$K$J$k$?$a!"%K%e!<%H%j%NJ*M}$K$*$1$k=EMW$J2]Bj$H$J$C$F$$$k!#CP HsJ]B88z2L$NB,DjNL

$O!"sin � 13 $KHfNc$9$k$?$a!"� 13 $N7hDj$O6[5^$N2]Bj$H$J$C$F$*$j!"Double Chooz!" T2K !"

Daya Bay!" RENO, NO� A !"Ey$N<B83$,M-8B$J� 13 B,Dj$rL\;X$7$F=`Hw$r?J$a$F$$$k!#
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Bh2>O T2K <B83

2.1 <B83$N35MW

T2K(Tokai to Kamioka) <B83$O<!4|D94p@~%K%e!<%H%j%N?6F0<B83$G$"$k!#0q>k8)El3$

B<$K?7$?$K7z@_$5$l$?Bg6/EYM[;R2CB.4o;\@_J-PARC $rMQ$$$F!"%_%e!<%*%s%K%e!<%H%j%N

(� � ) $r@8@.$7!"295kmN%$l$?4tIl8)HtBM;T$N?e%A%'%l%s%3%U<B83AuCV%9!<%Q!<%+%_%*%+%s

%G(SK) $G8!=P$9$k$3$H$G!"%K%e!<%H%j%N$N@-<A$r8&5f$9$k!#

2.2 <B83$NL\E*

T2K <B83$N<g$JL\E*$O!"0J2<$N2 $D$G$"$k!#

� � ! � e ?6F0$N8!=P$K$h$k:.9g3Q� 13 $NB,Dj

L$H/8+$N?6F0%b!<%I� � ! � e(� e =P8=) $rC5:w$9$k!#$3$l$K$h$j!"L$CN$N:.9g3Q� 13 $r$3

$l$^$G$N<B83$h$j#17e0J>eNI$$46EY$GC5:w$9$k!#@:EY$Osin2 2� 13 � 0:006$^$G$NE~C#$rL\

;X$9!#

� � >C<:$NB,Dj$K$h$k?6F0%Q%i%a!<%?!<� 23!"� m2
23 $N7hDj

%K%e!<%H%j%N?6F0$K$h$k� � >C<:$NB,Dj$rDL$7$F!"?6F0%Q%i!<%a!<%?!<sin2 2� 23; � m2
23

$r$=$l$>$l 1%; 1 � 10� 4eV2 $N@:EY$G7hDj$9$k!#

2.3 <B83AuCV

2.3.1 J-PARC

J-PARC $O?^2.1 $K<($7$?$h$&$K!"@~7A2CB.4o(LINAC) !" 3GeV M[;R%7%s%/%m%H%m%s

(RCS)!":GBg 50GeV(EvLL$O30GeV $G1?E>$9$k) M[;R%7%s%/%m%H%m%s(MR) $+$i9=@.$5

$l$k!#

MR $G@8@.$5$l$kM[;R%S!<%`$N;EMM$rI=2.1$K$^$H$a$k!#T2K <B83$OMR $N%(%M%k%.!<

$G750kW� 5 G/AjEv$N%G!<%?$rC_@Q$9$kM=Dj$G$"$k!#
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I= 2.1: MR $N%S!<%`%Q%i%a!<%?!<
%S!<%`%(%M%k%.!< 50 GeV (EvLL$O30GeV$G1?E>)

%S!<%`6/EY 750 kW

%9%T%kI} 5.23 � sec (%j%s%0A4D91567.5m/8wB.$GDj5A)

%9%T%kCf$NM[;R?t 3.3� 1014

%P%s%A?t 8

%P%s%AI} 56 nsec

%P%s%A4V3V 581 nsec

2.3.2 %K%e!<%H%j%N%S!<%`%i%$%s

0l<!M[;R%S!<%`%i%$%s$OMR $K$h$C$F2CB.$5$l$?M[;R$rFs<!N3;R@8@.I8E*$^$GM"Aw$9

$k!#M[;R$r%0%i%U%!%$%H$NFs<!N3;R@8@.I8E*$K>H<M$9$k$3$H$K$h$C$F� Cf4V;R$r@8@.$9$k!#

3 $D$NEE<'%[!<%s$K$h$C$F<}B+$7$?� Cf4V;R$O94m$NJx2uNN0h$G

� + ! � + + � � (2.1)

$HJx2u$7!"$3$3$G%K%e!<%H%j%N$r@8@.$9$k!#F1;~$K@8@.$7$?muon $O%_%e!<%*%s%b%K%?!<

$K$h$C$F$=$N%W%m%U%!%$%k$r%b%K%?!<$5$l$k!#� Cf4V;R$OFsBNJx2u$G$"$k$?$a!"muon $H

%K%e!<%H%j%N%S!<%`$N%W%m%U%!%$%k$K$O6/$$Aj4X$,$"$k!#muon $N%W%m%U%!%$%k$rB,Dj$9

$k$3$H$G!"%9%T%kKh$N%K%e!<%H%j%N%S!<%`$NJ}8~$d6/EY$rCN$k$3$H$,2DG=$K$J$k!#

2.3.3 %K%e!<%H%j%N%S!<%`%b%K%?!<INGRID

%K%e!<%H%j%N%S!<%`%b%K%?!<INGRID $O%S!<%`<4>e$K@_CV$5$l!"%K%e!<%H%j%N$rD>@\B,

Dj$9$k$3$H$G%K%e!<%H%j%N%S!<%`$NJ}8~$N%b%K%?%j%s%0$r9T$&!#INGRID $O? 2̂.2$N$h$&

$KG[CV$7$?168D$N%b%8%e!<%k$G9=@.$5$l$k!#3F%b%8%e!<%k$O9 AX$NE4$H%W%i%9%A%C%/%7

%s%A%l!<%?!<$G9=@.$9$k11AX$N%H%i%C%-%s%0%W%l!<%s$N%5%s%I%$%C%A9=B$$r$H$C$F$$$k!#

2.3.4 A0CV8!=P4oND280

A0CV8!=P4o?(̂?^ 2.3) $O!"Fs<!N3;R@8@.I8E*$+$i280m2<N.$K@_CV$5$l!"@8@.$7$?$P$+$j

$N%K%e!<%H%j%N%S!<%`$N%U%i%C%/%9$d!"%(%M%k%.!<J,I[$rB,Dj$9$k!#$3$N>pJs$O%K%e!<%H

%j%N?6F0$,$J$$>l9g$NSK $K$*$1$k%U%i%C%/%9!"%(%M%k%.!<J,I[$r5a$a$k:]$K;HMQ$5$l$k!#

A0CV8!=P4o$O?2̂.3$K<($9$h$&$K!"0J2<$N%b%8%e!<%k$G9=@.$5$l$k!#

� 0 8!=P4o(POD)

Cf@-%+%l%s%H1� 0 H?1~

� � + A ! � � + A + � 0 (2.2)
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?^ 2.1: Bg6/EYM[;R2CB.4o;\@_J-PARC $N354Q!#@~7A2CB.4o(LINAC) !" 3GeV M[;R%7%s%/

%m%H%m%s(RCS)!" 50GeVM[;R%7%s%/%m%H%m%s(MR) $+$i9=@.$5$l$k!#

$K$h$C$F@8@.$5$l$?� 0 $r8!=P$9$k!#$3$3$GA $O86;R3K$G$"$k!#� e =P8=<B83$N<gMW$J%P%C

%/%0%i%&%s%I$G$"$kCf@-%+%l%s%H1� 0 H?1~$NH?1~CGLL@Q!"� 0 1?F0NLJ,I[$NB,Dj$rL\E*$H

$9$k!#

EE<'%+%m%j%a!<%?(ECAL)

� 0 8!=P4o$rJ$$&$h$&$KG[CV$5$l!"
 @~$dEE;R$N%(%M%k%.!<B,Dj$r9T$&!#

Ht@W8!=P4o(FGD TPC)

%K%e!<%H%j%NH?1~$K$h$C$F@8@.$7$?!"muon!"M[;R!"2YEE � Cf4V;REy$N2YEEN3;R$NB,Dj

$r9T$&!#Ht@W8!=P4o$H$7$F%7%s%A%l!<%?!<Ht@W8!=P4oFGD(Fine Grained Detector) $*$h

$STPC(Time Projection Chamber) $,;HMQ$5$l$k!#

EE<'@P

%"%k%_%K%&%`@=$N%3%$%k$HE4$N%h!<%/$+$i@.$k!#?eJ?J}8~$K0.2T $N<'>l$r@8@.$9$k!#
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?^ 2.2: %K%e!<%H%j%N%S!<%`%b%K%?!<INGRID $N3F%b%8%e!<%k$NG[CV

%5%$%I%_%e!<%*%s%l%s%88!=P4o(SMRD)

EE<'@P$NE4HD$N4V$KA^F~$5$l!"%K%e!<%H%j%NH?1~$K$h$C$F@8@.$5$l$?muon $N%(%M%k

%.!<$HHt@W$rB,Dj$9$k!#

2.3.5 8eCV8!=P4oSK

SK(%9!<%Q!<%+%_%*%+%s%G) $O!"J-PARC $NFs<!N3;R@8@.I8E*$+$i295km2<N.$K0LCV$9

$kBg7??e%A%'%l%s%3%U8!=P4o$G$"$k!#T2K <B83$K$*$$$F%K%e!<%H%j%N?6F08e$N%K%e!<%H%j

%N%S!<%`$N%U%i%C%/%9$d%(%M%k%.!<J,I[$rB,Dj$9$k8eCV8!=P4o$H$7$F;HMQ$5$l$k!#8!=P4o

$N>\:Y$OBh3 >O$G@bL@$9$k!#

2.4 %K%e!<%H%j%N?6F08!=PJ}K!

� � ! � e ?6F0$NC5:w

SK $K$*$$$F!"� e $N2YEE%+%l%s%H=`CF@-H?1~

� e + n ! e� + p (2.3)

$K$h$kEE;R$r8!=P$9$k$3$H$G� e =P8=$N>Z5r$r$D$+$`!#<gMW%P%C%/%0%i%&%s%I$O!"%S!<%`

$K85!94^$^$l$k � e!"$*$h$S � � $NCf@-%+%l%s%H� 0 @8@.H?1~

� � + N ! � � + N + � 0 (2.4)

$K$h$j@8@.$5$l$k� 0 $NJx2u$K$h$k2 $D$N
 @~$,$D$/$kEE<'%7%c%o!<$,!"1 $D$NEE<'%7%c

%o!<$H4V0c$$:F9=@.$5$l$k>l9g$G$"$k!#$3$l$O!"SK $, 
 @~$HEE;R$H$r<1JL$G$-$J$$$?$a$K

%P%C%/%0%i%&%s%I$H$J$k!#$J$*!"SK $G4QB,$5$l$k;v>]?t$O!"%S!<%`$K85!94^$^$l$k� e %P%C

%/%0%i%&%s%I15 ;v>]!" � 0 %P%C%/%0%i%&%s%I10 ;v>]!"?.9f;v>] 143 ;v>] (sin2 2� 13 = 0 :1
$N>l9g) [6] $K$J$k$HM=A[$5$l$F$$$k!#
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?^ 2.3: A0CV8!=P4o$NCGLL?^!#A0CM8!=P4o$O!"� 0 8!=P4o(POD) !"EE<'%+%m%j%a!<%?(ECAL) !"

Ht@W8!=P4o(FGD,TPC) !"EE<'@P!"%5%$%I%_%e!<%*%s%l%s%88!=P4o(SMRD) $+$i9=@.$5

$;$k!#

� � >C<:$NB,Dj$K$h$k� 23; � m2
23 $N7hDj

SK $K$*$$$F!"� � $N2YEE%+%l%s%H=`CF@-H?1~

� � + n ! � � + p (2.5)

$K$h$k%_%e!<%*%s$rB,Dj$9$k!#$3$NH?1~$O2 BNH?1~$G$"$j!"0J2<$N$h$&$K%K%e!<%H%j%N$N

%(%M%k%.!<E � $r:F9=@.$G$-$k!#

E � =
mN E � � m2

� =2

mN � E � + p� cos� �
(2.6)

$3$3$GmN $O3K;R$N<ANL!"E � !" m� !" p� $O$=$l$>$l%_%e!<%*%s$N%(%M%k%.!<!"<ANL!"1?F0

NL$G� � $O%K%e!<%H%j%N$H%_%e!<%*%s$N?J9TJ}8~$N$J$93Q$G$"$k!#

$3$&$7$FF@$i$l$?� � ;v>]$N%(%M%k%.!<J,I[$H!"?6F0%Q%i%a!<%?!<� 23; � m2
23 $r$=$l$>

$l$"$kCM$K2>Dj$7$?;~$K4|BT$5$l$k%(%M%k%.!<J,I[$H$rHf3S$9$k$3$H$G?6F0%Q%i%a!<%?!<

$N5vMFNN0h$r;;=P$9$k!#

$3$NHf3S$K$OLikelyhood 4X?t$rMQ$$$k!#Likelyhood 4X?t$O!"0J2<$N$h$&$K%$%Y%s%H?t

$K4X$9$k9 (̀L norm ) $H%(%M%k%.!<J,I[$K4X$9$k9`(L shape) $N@Q$GI=$5$l$k!#

L(sin2 2� 23; � m2
23) = L norm (sin2 2� 23; � m2

23) � L shape(sin2 2� 23; � m2
23) (2.7)
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%$%Y%s%H?t$O%]%"%=%sJ,I[$K=>$&$?$a!"%$%Y%s%H?t$K4X$9$k9`L norm $O

L norm (sin2 2� 23; � m2
23) =

N Nobs
exp

Nobs!
e� Nexp (2.8)

$H$J$k!#$3$3$GNexp $O4|BT$5$l$k;v>]?t$Gsin2 2� 23; � m2
23 $N4X?t$H$J$k!#Nobs $OSK

$G4QB,$5$l$?� � ;v>]?t$G$"$k!#

%(%M%k%.!<J,I[$K4X$9$k9L̀ shape $O3F� � ;v>]$,%(%M%k%.!<E rec $K:F9=@.$5$l$k3NN(

$N@Q$GI=$5$l$k!#

L shape(sin2 2� 23; � m2
23) =

NobsY

i =1

� SK
exp(E rec

i ; sin2 2� 23; � m2
23) (2.9)

$J$*!" � 23; � m2
23 $NB,Dj$KEv$?$j%(%M%k%.!<7OE}8m:9$O!"A4BN(A0CM8!=P4o!"SK) $G2%0J

Fb$KM^$($k$3$H$,MW@A$5$l$F$*$j[7][8]!"$3$N$?$aSK $G$O%(%M%k%.!<%9%1!<%k$r1%0JFb

$KM^$($k$3$H$,L\I8$H$5$l$F$$$k!#
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Bh3>O SK 8!=P4o

SK(%9!<%Q!<%+%_%*%+%s%G) $O4tIl8)HtBM;T?@2,D.CS$N;3CO2<1000m$K$"$k?e%A%'%l%s

%3%U8!=P4o$G$"$k(?^ 3.1)!#3K;RJx2uC5:w!"$*$h$S%K%e!<%H%j%N4QB,$rL\E*$H$7$F@_7W!&

7z@_$5$l!"1996G/ 4 7n$K%G!<%?<hF@$r3+;O$7$?!#8!=P4o$O!"?eAe!"8wEE;RA}G\4I!"%(%l%/

%H%m%K%/%9!"$*$h$S%G!<%?<hF@MQ%*%s%i%$%s%7%9%F%`Ey$+$i9=@.$5$l$k!#K\>O$G$O!"$3$N

SK 8!=P4o$*$h$S$=$N9=@.MWAG$K$D$$$F=R$Y$k!#

3.1 ?eAe

SK $N?eAe$O%9%F%s%l%9@=$N1_E{7A$G!"9b$541.4m!"D>7B39.3m!"Ls 5 K|%H%s$N?e$,F~$C

$F$$$k!#?eAe$OFb?eAe$H30?eAe$H$K8w3XE*$KJ,$+$l$k!#Fb?eAe$O9b$536.2m!"D>7B33.8m
$G!"Fb8~$-$K11129K\$N20 %$%s%A8wEE;RA}G\4I(PMT) $r@_CV$7$F$$$k!#8wEEHoJ$N($O

40%$G!";D$j$NFbJI$O%V%i%C%/%7!<%H$GJ$$o$l$F$$$k!#0lJ}30?eAe$OFb?eAe$r0O$`ItJ,$G!"

308~$-$K1885K\$N8 %$%s%A8wEE;RA}G\4I$r@_CV$7$F$$$k!#30?eAe$O4dHW$+$i$N
 @~%P%C

%/%0%i%&%s%I$r8:$i$7$?$j!"1'Ch@~%P%C%/%0%i%&%s%I$r<1JL$9$kLr3d$r;}$D!#Fb?eAeItJ,

$r ID(Inner Detector) !"30?eAeItJ,$r OD(Outer Detector) $H8F$V!#

3.2 SK $N%U%'!<%:(SK-I, SK-II, SK-III, SK-IV) $K$D$$$F

SK 8!=P4o$O!"$=$N4QB,;~4|$K$h$C$FPMT K\?t!"%(%l%/%H%m%K%/%9Ey$,0[$J$j!"SK-I,
SK-II, SK-III, SK-IV $N4 $D$N%U%'!<%:$,B8:_$7$F$$$k!#K\O@J8$G$O!"SK-IV $K$D$$$F=R

$Y$k!#

SK-I : SK 8!=P4o$O1996G/ 4 7n$K4QB,$r3+;O$7$?!#1996G/ 4 7n$+$i 2001G/ 7 7n

$^$G$N%U%'!<%:$rSK-I $H8F$V!#PMT ?t$O!" ID 11146K\!" OD 1885K\$G!"

ID $N8wEEHoJ$N($O40%$G$"$C$?!#

SK-II : SK 8!=P4o$O2001G/ 117n!"%a%s%F%J%s%9=*N;8e!"Cm?eCf$N;v8N$K$h$jID
PMT 6777 K\!" OD PMT 1100 K\$r<:$C$?!#$=$N8e:F7z$K$h$j2002G/ 10
7n$+$i SK-I $NH>J,$NID PMT L)EY$G4QB,$r:F3+$7$?!#2002G/ 107n$+$i

2005G/107n$^$G$N%U%'!<%:$rSK-II $H8F$V!#PMT ?t$O!" ID 5182K\!" OD
1885K\$G!"ID $N8wEEHoJ$N($O19%$G$"$C$?!#SK-II 0J9_!" PMT $N8wEELL

$O%"%/%j%k@=$NKIGz%1!<%9$GJ$$o$l$F$$$k!#

SK-III : SK 8!=P4o$OPMT L)EY$r SK-I $N%l%Y%k$^$GLa$7!"2006G/ 7 7n$+$i4QB,

$r:F3+$7$?!#2006G/ 7 7n$+$i 2008G/ 8 7n$^$G$N%U%'!<%:$rSK-III $H8F
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?^ 3.1: SK8!=P4o$N354Q

$V!#PMT ?t$O!" ID 11129K\!" OD 1885K\$G!" ID $N8wEEHoJ$N($O40%$G

$"$C$?!#

SK-IV : SK 8!=P4o$OPMT $N%R%C%H>pJs<hF@MQ%(%l%/%H%m%K%/%9$r$O$8$a$H$9$k

%G!<%?<}=8%7%9%F%`$r0l?7$7!"2008G/ 97n%G!<%?<hF@$r3+;O$7$?!#2008G/

9 7n0J9_$N%U%'!<%:$rSK-IV $H8F$V!#PMT ?t$O!" ID 11129K\!" OD 1885
K\$G!" ID $N8wEEHoJ$N($O40%$G$"$k!#

3.3 N3;R8!=P86M}

SK 8!=P4o$O2YEEN3;R$NH/$9$k%A%'%l%s%3%U8w$r8!=P$9$k!#%A%'%l%s%3%U8w$O!"2YEEN3

;R$,G^<ACf$N8wB.c=n $h$jB.$$B.EYv $G1?F0$9$k$H$-$KH/@8$9$kHy<e$J8w$G$"$k!#$3$3

$Gc $O8wB.!"n $OG^<A$N6~@^N($rI=$9!#N3;R$N?J9TJ}8~$HJ|=P$5$l$k8w;R$H$N3QEY� $O!"

� = v=c$H

cos� =
1

n�
(3.1)

$J$k4X78$r;}$D!#SK $O!"$3$N%A%'%l%s%3%U8w$N%j%s%0%Q%?!<%s$*$h$S8wNL!"%R%C%H%?%$

%_%s%0$N>pJs$+$iN3;R$N<oN`!"?J9TJ}8~!"%(%M%k%.!<$r5a$a$k!#
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3.4 %(%l%/%H%m%K%/%9

PMT $NEE5$?.9f$OQBee(QTC-Based Electronics with Ethernet) $H8F$P$l$k%(%l%/%H

%m%K%/%9$KF~NO$5$l$k!#QBee$OQTC ASIC[9] !" TDC[10]!" FPGA Ey(?^ 3.2) $+$i9=@.$5

$l!" PMT ?.9f$NEE2Y$*$h$S;~4V$rB,Dj$7!"7k2L$r%U%m%s%H%(%s%IPC $KAw?.$9$k!#1 Kg$N

QBee$G24K\$NPMT ?.9f$N=hM}$r9T$C$F$$$k!#

3.4.1 MW@A

?7%(%l%/%H%m%K%/%9$G$"$kQBee$O0J2<$NMW@A$rK~$?$9$h$&@_7W!"3+H/$5$l!"2008G/ 9
7n$KSK $KF3F~$5$l$?!#

D94|0BDj@- T2K <B83$r$O$8$a$H$9$k%K%e!<%H%j%N8&5f!"3K;RJx2uC5:w!"D6?7@1GzH/4Q

B,$J$I$NL\E*$N$?$a!"SK $O:#8e$b10G/0J>e0BDj$7$F4QB,%G!<%?$r<}=8$7B3$1$k$3$H$,5a

$a$i$l$F$$$k!#$3$N$?$a%(%l%/%H%m%K%/%9$ND94|0BDj@-$,I,MW$G$"$C$?!#

==J,$J;~4V!&EE2YB,DjG=NOSK $G$O2YEEN3;R$NH/@8E@$r:F9=@.$9$k:]$K!"3FPMT %R%C%H

$NAjBP;~4V$r;HMQ$9$k!#$3$N$?$a!"%J%NIC%l%Y%k$N;~4VJ,2rG=$,I,MW$H$J$k!#$^$?!"B@M[

%K%e!<%H%j%NH?1~$N$h$&$JDc%(%M%k%.!<;v>]$N4QB,$G$O!"1 8wEE;R(photoelectron!" p.e.)
$r==J,8!=P$G$-$k@-G=$,I,MW$H$J$k!#$=$N0lJ}$GBg5$%K%e!<%H%j%NH?1~!&3K;RJx2u$J$I!"

9b%(%M%k%.!<;v>]$r@:L)$K4QB,$9$k$?$a$K!"B,DjEE2Y$N9-$$%@%$%J%_%C%/%l%s%8!J1000p.e
$KAjEv$9$k2500pC$^$G!K$,MW@A$5$l$?!#

9bB.=hM} D6?7@1GzH/%K%e!<%H%j%N%P!<%9%H$J$I$N9b%l!<%H;v>]$d!"%_%e!<%*%s$H$=$NJx

2u$G@8$8$kEE;R$N$h$&$KO"B3$7$?;v>]$r!"9b8zN(9b@:EY$G4QB,$9$k$?$a$KI,MW$H$J$k!#A4

PMT $N%R%C%H%l!<%H$,>o;~10kHzDxEY$K$J$C$F$b$=$l$r=hM}$7!">pJs$r%*%s%i%$%s7W;;

5!$KAw?.2DG=$G$"$k$3$H$,MW@A$5$l$?!#

3.4.2 PMT %R%C%H>pJs$N=hM}

PMT $+$i$NEE5$?.9f$O$^$:QBeeFb$NQTC %A%C%W$KF~NO$5$l$k!#1 $D$NQTC %A%C%W

$K$OF~NO%A%c%s%M%k$,3 $D$"$j!"$5$i$K3F%A%c%s%M%k$,Small/Medium/Large $N3 CJ3,$N

%2%$%s(%2%$%sHf1:7:49)$r;}$C$F$$$k!#3 CJ3,$N%2%$%s%9%F!<%8$r;}$D$3$H$K$h$j!"QBee
$OLs0.2pC$NEE2YJ,2rG=(Small %l%s%8) $H2500pC$^$G$N9-$$%@%$%J%_%C%/%l%s%8$rF1;~

$K<B8=$7$F$$$k!#QTC $KF~NO$5$l$?EE5$?.9f$O!"$^$:LNA(Low Noise AMP) $GA}I}$5$l

$?8e!"%G%#%9%/%j%_%M!<%?!<It$HEE2YB,DjIt$N2 $D$KJ,3d$5$l$k!#GH9b$,-0.7mV(0.25p.e.
$KAjEv) $rD6$($?$H$-!"QTC $O6k7AGH$N=PNO$r3+;O$9$k!#6k7AGH$ND9$5$,%A%c!<%8$K!"6k

7AGH$NN)$A>e$,$j$,%R%C%H%?%$%_%s%0$KBP1~$9$k!#

TDC $O$3$NQTC =PNO$+$i!"PMT %R%C%H;~4V$HEE2Y$r%+%&%s%H$KJQ49$7!"TDC $NFbIt

%P%C%U%!!<$K0l;~E*$KJ]B8$9$k!#TDC $KJ]B8$5$l$?PMT %R%C%H>pJs$O!"8e=R$9$kperiodic
%H%j%,!<$K$h$C$FLs17� ICC10L$GO"B3E*$KFPGA $KFI$_=P$5$l!"FPGA $K$h$C$F%G!<%?

05=L=hM}$5$l$?8e!"%$!<%5%M%C%H$r2p$7$F%U%m%s%H%(%s%IPC $KE>Aw$5$l$k!#QBee$O$3
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?^ 3.2: PMT ?.9fFI$_=P$7MQ%(%l%/%H%m%K%/%9QBee!# QBee$O?^:8ItJ,$+$iF~NO$5$l$?

PMT ?.9f$N%"%J%m%0>pJs$rQTC $HTDC $K$h$C$F?tCM2=$7!"%$!<%5!<%M%C%H$r2p$7$F%U

%m%s%H%(%s%IPC $KE>Aw$9$k!#QBee$O$=$N%\!<%I>e$KQTC 9;@5MQ%Q%k%9%8%'%M%l!<%?!<

$r;}$D!#$^$?!"$9$Y$F$NQBee$OTDC %+%&%s%?!<@)8f$HF14|$N$?$a$K!"%^%9%?!<%/%m%C

%/$H8F$P$l$k%b%8%e!<%k$+$iJ,G[$5$l$?60MHz $N%/%m%C%/?.9f$Hperiodic %H%j%,!<?.9f

$r<u?.$9$k!#
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Input Charge(pC)
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?^ 3.3: QBee$N;~4VJ,2rG=!#20%$%s%APMT $N;~4VJ,2rG=!J2pC $G3 %J%NIC!"100pC$G

0.6%J%NIC!K$HHf$Y!"QBee$N;~4VJ,2rG=$O==J,$K>.$5$$!#

$NQTC! TDC ! FPGA $H$$$&%Q%$%W%i%$%s=hM}$K$h$C$F!"MW5a$5$l$k9bB.2=$r<B8=$7$F

$$$k!#$^$?!"%$!<%5%M%C%H$r;H$$3FQBee%\!<%I$+$iF1;~JB9T$K%G!<%?E>Aw$r9T$&$3$H$G!"

==J,$JE>AwB.EY(12MByte/ IC/QBee!"MW@A$O1.5Mbyte/ IC/QBee) $r3NJ]$7$F$$$k!#

$J$*!" QBee$N>CHqEENO$O%A%c%s%M%k$"$?$j1W 0J2<$G$"$j!"<o!9$NBQ5W@-;n83$K$h$C

$FD94|2TF/;~$N0BDj@-!&BQ5W@-$,3NG'$5$l$F$$$k!#

$H$3$m$G!"SK $G;HMQ$5$l$kLs560Kg$NQBee$O$9$Y$F!"1 $D$NMaster Clock $H8F$P$l

$k%b%8%e!<%k$+$iJ,G[$5$l$k60MHz $N%/%m%C%/?.9f!"$*$h$SLs17� IC<~4|$Nperiodic %H

%j%,!<?.9f$r<u?.$9$k!# periodic %H%j%,!<?.9f$O60MHz $N%/%m%C%/?.9f$KF14|$7$?%7%j

%"%k?.9f$G!"1 %/%m%C%/J,$G1bit $rI=8=$9$k!#$3$l$K4^$^$l$k>pJs$O!"%H%j%,!<Kh$K1 $:

$DA}$($k%H%j%,!<HV9f(32bit) $NB>!"%H%j%,!<on/o�(1bit) !" TDC %j%;%C%Hon/o�(1bit) !"

%H%j%,!<$N<oN`(pedestal,split,narrow/wide,3bit) $,$"$k!#

TDC $O$3$N60MHz $N%/%m%C%/?.9f$NF~NO$K$h$C$F8e=R$9$k==J,$JJ,2rG=$r;}$D!#$5$i

$K!"$9$Y$F$NTDC $,$3$N?.9f$KF14|$7F0:n$9$k$3$H$K$h$C$F!"%(%l%/%H%m%K%/%9%7%9%F

%`A4BN$H$7$F==J,$J;~4VB,DjJ,2rG=$rF@$k!#

%Q%U%)!<%^%s%9

?^ 3.3$OQBee$N;~4VJ,2rG=$G$"$k!#J,2rG=$O2pC($*$h$=0.8p.e.$KAjEv) $G0.3%J%NIC!"

100pC$G0.1%J%NICDxEY$H$J$k!#20%$%s%APMT $N;~4VJ,2rG=$O2pC $G3 %J%NIC!"100pC
$G0.6%J%NIC$G$"$j!"QBee$O==J,NI$$;~4VJ,2rG=$rM-$9$k$3$H$,J,$+$k!#

?^ 3.4$OQBee$NEE2YJ,2rG=$G$"$k!#2.5pC(1p.e.$KAjEv) $GLs10%!" 10pC$h$jBg$-$$

A4HO0O$G3%0J2<$G$"$j!"==J,$J@-G=$r;}$D!#

18



Input Charge (pC)
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?^ 3.4: QBee$NEE2YJ,2rG=!#Small, Medium, Large %l%s%8$K$h$kB,Dj$r$=$l$>$l4]!";M

3Q!";03Q$GI=$7$F$$$k!#2.5pC(1p.e.$KAjEv) $GLs10%!" 10pC$h$jBg$-$$A4HO0O$G3%0J

2<$H$J$k!#

?^ 3.5$OQBee$NEE2YB,Dj@~7?@-$G$"$k!#F~NOEE2YHO0O1pC $+$i 2500pC $^$G$N4 7e

$K5Z$V9-$$HO0O$G!"Hs@~7?@-$O$[$\� 1%0J2<$H!"M%$l$?@-G=$r;}$D!#

3.5 PMT %R%C%H>pJs$NJ]B8

PMT %R%C%H>pJs$,%$%Y%s%H$H$7$FDisk $KJ]B8$5$l$k$^$G$NN.$l$r? 3̂.6$K<($9!#QBee
$K$h$C$F?tCM2=$5$l$?PMT %R%C%H>pJs$O!"<!$K%U%m%s%H%(%s%IPC $KF~NO$5$l$k!#%U%m%s

%H%(%s%IPC $O20Bf$"$j!" 1 Bf$N%U%m%s%H%(%s%IPC $O30Kg$NQBee$+$i<u?.$7$?PMT
%R%C%H>pJs$r;~4V=g$KJB$YBX$($?8e!"JB9T=hM}$N$?$a$K$3$l$r22%_%jIC$4$H$N%V%m%C%/

$KJ,3d!"$=$l$>$l$N%V%m%C%/$r0[$J$k10Bf$N%^!<%8%c!<PC $KAw?.$9$k!#%^!<%8%c!<PC
$O%U%m%s%H%(%s%IPC $+$i$N>pJs$r%^!<%8$7!"200nsec$Ntime-window Cf$NPMT %R%C%H

?t$r;29M$K>pJs$N<h<NA*Br$r9T$&!#200nsec$Ntime-window Cf$KID %R%C%H$,470J>e$"$l

$PLE(Low Energy) %H%j%,!<$,!"500J>e$"$l$PHE(High Energy) %H%j%,!<$,!"340J>e$"

$l$P SLE(Super Low Energy)%H%j%,!<$,!"700J>e$"$l$P SHE(Super High Energy)%H%j

%,!<$,!" OD $NPMT %R%C%H?t$,220J>e$"$l$POD %H%j%,!<$,$+$+$j!"%^!<%8%c!<PC $O

I= 3.1$K<($7$?;~4VI}$N4V$K%R%C%H$,$"$kPMT >pJs$NJ]B8$r7h$a!"%*!<%,%J%$%6!<PC
$KAw?.$9$k!#$5$i$K8!=P4o9;@5MQ$K!"External trigger $H8F$P$l$k%7%9%F%`$bMQ0U$5$l$F

$$$k!#$3$l$O!" SK %?%s%/>eIt$K$"$kCf1{%O%C%H$KCV$+$l$?QBee$K%R%C%H>pJs$,F~NO$5

$l$?$3$H$r%H%j%,!<$K!"PMT >pJs$NJ]B8$r7h$a$k%7%9%F%`$G$"$k!#

%*!<%,%J%$%6!<PC $O%^!<%8%c!<PC $+$i<u$1<h$C$?%G!<%?$N=EJ#$r@0M}$7!"%G%#%9%/

$KJ]B8$9$k!#
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Input Charge (pC)
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?^ 3.5: QBee$N2YEEB,Dj@~7A@-!#Small, Medium, Large %l%s%8$K$h$kB,Dj$r$=$l$>$l4]!"

;M3Q!";03Q$GI=$7$F$$$k!#QBee$NHs@~7A@-$O!"1pC� 2500pC$K$o$?$kF~NOEE2YHO0O$K$o

$?$C$F!"$[$\ � 1%0J2<$K<}$^$C$F$$$k!#

?^ 3.6: PMT %R%C%H>pJs$rDisk $KJ]B8$9$k$^$G$NN.$l!#PMT ?.9f$N>pJs$OQBee$G?tCM

2=$5$l!"%U%m%s%H%(%s%IPC $G;~4V=g$KJB$SBX$($i$l$k!#$=$N8e%^!<%8%c!<PC $KAw?.$5

$l!"$3$3$G>pJs$N%^!<%8$H<h<NA*Br$,9T$o$l$k!#A*Br$5$l$?PMT >pJs$O%*!<%,%J%$%6!<

PC $G>pJs$N=EJ#$r@0M}$5$l$?8e!"Disk $KJ]B8$5$l$k!#
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I= 3.1: PMT >pJsJ]B8$N>r7o$HJ]B8$9$k;~4VI}
%H%j%,!<$N<oN`200nsecCf$N%R%C%H?tJ]B8;~4VI} [� sec]

SLE 34 1.5 (-0.5� +1 :0)

LE 47 40 (-5� +35)

HE 50 40 (-5� +35)

SHE 70 40 (-5� +35)

OD 22 (OD %R%C%H) 40 (-5� +35)

SK-I, SK-II, SK-III $G;HMQ$5$l$?5lMh$N%G!<%?<}=8%7%9%F%`$O!"200nsec$Ntime window
Cf$NPMT %R%C%H?t$,ogCM$rD6$($?:]$K%O!<%I%&%'%"$,%H%j%,!<$r@8@.!"%H%j%,!<%?%$%_

%s%0<~JU1.3� sec$NHO0OFb$NPMT %R%C%H>pJs$N$_$r%(%l%/%H%m%K%/%9Fb$G=hM}$7!"%*%s

%i%$%s7W;;5!$KAw?.$7$F$$$?!#0lJ}$GSK-IV $N?7%G!<%?<}=8%7%9%F%`$O!"$9$Y$F$NPMT
%R%C%H>pJs$r%*%s%i%$%s7W;;5!$KAw?.$7!"%=%U%H%&%'%"$K$h$C$F;v>]A*Br$r9T$&!#$3$l$K

$h$j!"G$0U$NPMT >pJs$NJ]B8$,2DG=$H$J$C$?!#

21



Bh4>O %S!<%`>pJsD95wN%E>Aw%7%9%F%`$N3+H/

T2K <B83$K$*$$$F!"SK $G$O2CB.4o$N%S!<%`%?%$%_%s%0>pJs$,I,MW$H$J$k!#$=$N$?$a!"

El3$!]?@2,4VD95wN%%S!<%`>pJsE>Aw%7%9%F%`$r3+H/$7$?!#K\>O$G$O!"$3$N%7%9%F%`$*$h$S

$=$N@-G=I>2A$N7k2L$K$D$$$F=R$Y$k!#

4.1 GX7J

T2K <B83$K$*$$$F!"SK $O%K%e!<%H%j%N%S!<%`%$%Y%s%H$,4|BT$5$l$k%?%$%_%s%0 !^500�
IC$N$9$Y$F$NPMT %R%C%H>pJs$rT2K %G!<%?$H$7$FJ]B8$9$k!#$3$l$K$h$j!"

� %?%$%_%s%0>pJs$N$_$K$h$k!"%P%$%"%9$N$J$$>pJsA*Br

� 1 %_%jIC$H9-$$%2!<%HI}$G$"$kT2K %G!<%?$N$_$r;HMQ$7$?%P%C%/%0%i%&%s%I;v>]$N

8+@Q$b$j$H%G!<%?%/%*%j%F%#$N%A%'%C%/

� neutron capture $+$i$N2.2MeV
 @~$NB,Dj$KBeI=$5$l$kDc%(%M%k%.!<;v>]$N5-O?

$J$I!"$5$^$6$^$J$3$H$,2DG=$K$J$k!#

%S!<%`%?%$%_%s%0$N$9$Y$F$NPMT %R%C%H>pJs$rJ]B8$9$k$?$a$K$O!"SK $G$O2CB.4o$N

%S!<%`%?%$%_%s%0>pJs$,I,MW$G$"$k!#$=$N$?$a!"El3$?@2,4VD95wN%%j%"%k%?%$%`%S!<%`>p

JsE>Aw%7%9%F%`$r3+H/$7$?!#

4.2 %7%9%F%`$X$NMW@A

%S!<%`>pJsE>Aw%7%9%F%`$X$NMW@A$O!"!!

1. 9b8zN(!J99.9999%0J>e!" ine�ciency10 � 6 0J2<!K

2. ?.Mj@-$N3NJ]

3. %j%"%k%?%$%`@-!JE>Aw;~4V1 IC0JFb)

$N3 E@$G$"$k!#SK $G$OA4PMT %R%C%H>pJs$r7W;;5!$N%a%b%j!<>e$G3 IC4VDxEYJ];}$7$?

8e!"I,MW$J>pJs$rCj=P$9$k!#$3$N2aDx$G%S!<%`%?%$%_%s%0>pJs$,I,MW$K$J$k$?$a!">pJsE>

Aw;~4V$O1 IC0JFb$rL\;X$7$?!#

$3$NMW@A$rC#@.$9$k$?$a$K%7%9%F%`$O!"

� DL?.$KSINET3 >e$NL2-VPN $r;HMQ
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� ?.Mj@-$N9b$$DL?.5,3J$G$"$kTCP $r;HMQ

� E>Aw>u67$N3NG'$N$?$a!"E>Aw$5$l$?>pJs$rJVAw

$9$k!#$3$3$G!"SINET3 $H$OF|K\A49q$NBg3X!"8&5f5!4XEy$N3X=Q>pJs4pHW$H$7$F!"9qN)>p

Js3X8&5f=j!JNII !K$,9=C[!"1?MQ$7$F$$$k%M%C%H%o!<%/[11]$G$"$k!#L2-VPN $H$OB??t$N2C

F~<T$,6&MQ$9$kDL?.LV$r$"$?$+$bDL?.Aj<j$,8GDj$5$l$?@lMQ2s@~$G$"$k$+$N$h$&$KMxMQ$G

$-$k%5!<%S%9$G!"OSI ;2>H%b%G%k(DL?.5!4o$N;}$D$Y$-5!G=$r3,AX9=B$$KJ,3d$7$?%b%G%k)
$K$*$$$F!"Bh2 AX(layer 2:%G!<%?%j%s%/AX) $^$G$rMxMQ$9$k!#TCP $H$O>pJs$N>C<:!"=EJ#

$,$"$l$P8!=P$7!"2sI|$9$k$?$a$N=hM}!JAw?.85$X$N:FAwMW5aEy!K$r9T$&DL?.5,3J$G$"$k!#

4.3 3+H/$7$?%7%9%F%`

$3$N%;%/%7%g%s$K$*$$$F!"3+H/$7$?%S!<%`>pJsE>Aw%7%9%F%`$K$D$$$F@bL@$9$k!#%7%9%F

%`$r9=@.$9$k%W%m%;%9$O!"0J2<$N#3$D$KJ,N`$5$l$k!#

1. %S!<%`>pJsE>Aw%W%m%;%972

2. >pJsJVAw%W%m%;%972

3. >uBV4F;k%W%m%;%972

$=$l$>$l$K$D$$$F<!$K=R$Y$k!#

4.3.1 %S!<%`>pJsE>Aw%W%m%;%972

%S!<%`>pJsE>Aw%W%m%;%972$O!"0q>k8)El3$B<$NJ-PARC $+$i4tIl8)HtBM;T$N SK $K%S!<

%`>pJs$rE>Aw$9$k!#%W%m%;%9$H!">pJs$NN.$l$r?^.4.1 $K<($9!#$^$:!"%S!<%`%?%$%_%s%0>p

Js$r GPS read-out computer$K<}=8$9$k!#$3$Ncomputer $O1 IC$K1 2s GPS ;~4V>pJs$r

<hF@$7$F$*$j!"GPS ;~4V>pJs$K4p$E$/%S!<%`%?%$%_%s%0Ey$N%S!<%`>pJs!J%F!<%V%k4.1!K

$rB>$Ncomputer $KAw?.$9$k!#

>pJsE>Aw%7%9%F%`$O%S!<%`>pJs$r3 $D$Ncomputer(kmgps01, kmgps02, sukt2k01)$r7P

M3$7SK $Ncomputer(sukonh02)$^$GE>Aw$7!"$=$Ndisk $KJ]B8$9$k!#3F%W%m%;%9$O0J2<$N

F/$-$r$7$F$$$k!#3g8L!J!KFb$O!"%W%m%;%9$,Av$kcomputer L>$G$"$k!#

� gps send (kmgps01) ...%S!<%`>pJs$rGPS read-out computer$+$i<u?.$7!" 300km
N%$l$??@2,$Ncomputer kmgps02$KE>Aw$9$k!#El3$-?@2,4V$N@\B3$K$O!"0BDj$7$?>p

JsE>Aw$r9T$&$?$a$KSINET3 >e$NL2-VPN $rMQ$$$?!#$^$?!"E>Aw$KMW$7$?;~4V$r3N

G'$9$k$?$a!"Aw?.;~4V$r5-O?$9$k!#

� gps thru (kmgps02) ... kmgps01$+$i%S!<%`>pJs$r<u?.$7!"$=$l$rsukt2k01$KE>Aw

$9$k!#Aw?.$K$ORe
ective Memory $r;HMQ$9$k!#Re
ective Memory $O0lJ}$NMem-
ory $K=q$-9~$s$@>pJs$rB>J}$NMemory $KH?1G(re
ect) $5$;$k$3$H$,2DG=$JFC<l$J

Memory $G$"$k!#$3$NRe
ective Memory $h$j>eN.$,El3$$N%M%C%H%o!<%/!"2<N.$,

?@2,$N%M%C%H%o!<%/$H$J$k!#$3$l$O!"F|K\86;RNO8&5f3+H/5!9=$H?@2,%M%C%H%o!<%/
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?^ 4.1: %S!<%`>pJsE>Aw%W%m%;%972!#%S!<%`>pJs$O3$D$N%3%s%T%e!<%?!<kmgps01, kmgps02,
sukt2k01$r7PM3$7!"SK $N%3%s%T%e!<%?!<sukonh02$KE>Aw$5$l$k!#E>Aw$r9T$&%W%m%;%9$O

gps send, gpsthru, gps receive$G$"$k!#receivereturn $Osukt2k01$+$iE>Aw$5$l$?%S!<%`

>pJs$r sukonh02$Ndisk $KJ]B8$9$k!#%^!<%8%c!<PC $Osukonh02$KJ]B8$5$l$?%S!<%`%?

%$%_%s%0>pJs$r;2>H$7T2K %G!<%?$H$7$FJ]B8$9$kPMT %R%C%H>pJs$rA*Br$9$k!#

$ND>@\@\B3$O%;%-%e%j%F%#$N4QE@$+$i5v$5$l$F$*$i$:!"N><T%M%C%H%o!<%/$N3VN%$N

$?$a$KF3F~$7$?!#

� gps receive (sukt2k01) ... Re
ective Memory$NFbMF99?7$rBT5!$7!"99?7$,$"$l$P$=

$l$r8!CN!"%S!<%`>pJs$rFI$_=P$7!"$=$l$r SK $Ncomputer sukonh02$XE>Aw$9$k!#

� receive return (sukonh02) ... sukt2k01$+$i>pJs$r<u?.$7!" disk $KJ]B8$9$k!#

$J$*!" gps send,gpsthru,gps receive$Odisk %"%/%;%9$K$h$C$FE>Aw$KMW$9$k;~4V$,1 IC$r

D6$($F$7$^$&$3$H$rHr$1$k$?$a!"E>Aw$,40N;$9$k$^$Gdisk %"%/%;%9$r9T$o$J$$!#

SK $NPMT %R%C%H>pJs$N<h<NA*Br$r9T$&merger PC$O!"$3$Nsukonh02$KJ]B8$5$l$?

>pJs$K4^$^$l$k%S!<%`%?%$%_%s%0>pJs$H<+$i<hF@$7$?GPS >pJs$K4p$E$/PMT %R%C%H%?

%$%_%s%0$rHf3S$7!"%S!<%`%?%$%_%s%0A08e$N$9$Y$F$NPMT %R%C%H>pJs$rorganizar PC$K

Aw?.$9$k!#$=$N8e!"$3$N%S!<%`%?%$%_%s%0A08e$NPMT %R%C%H>pJs$OT2K %$%Y%s%H$H$7

$F!"?@2,8&5fEo$Ndisk $KJ]B8!"J*M}2r@O$5$l$k!#$J$*!"$3$NT2K %H%j%,!<$K$h$kPMT
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I= 4.1: E>Aw$9$k%S!<%`>pJs$N>\:Y
>pJs >pJsNL(Byte)

8=:_$N%i%sHV9f 4

LTC(local timing clock) <~GH?t$NJ?6QCM 4

%$%Y%s%HHV9f 4

gps1$N1pps(pulse per sec)F|;~ 8

gps2$N1ppsF|;~ 8

gps1$N1pps$KBP1~$9$kLTC %+%&%s%H 8

gps2$N1pps$KBP1~$9$kLTC %+%&%s%H 8

Rubidium clock $N1pps$KBP1~$9$kLTC %+%&%s%H 8

%S!<%`%?%$%_%s%0$NLTC %+%&%s%H 8

cpu ;~4V (unix secI=<( ) 4

gps1$N1pps$KBP1~$9$kunix sec 4

gps2$N1pps$KBP1~$9$kunix sec 4

Rubidium clock $N1pps$KBP1~$9$kunix sec 4

status 
ag 4

gps1$K4p$E$/%S!<%`%?%$%_%s%0 8

gps2$K4p$E$/%S!<%`%?%$%_%s%0 8

Rubidium clock $K4p$E$/%S!<%`%?%$%_%s%0 8

gps1,gps2,Rubidium$=$l$>$l$K4p$E$/%S!<%`%?%$%_%s%0$N:9 12

beam $"$j!"$J$7$N>pJs 1bit

spare 36byte+31bit

%R%C%H>pJs$NJ]B8$OPhysics Run;~$N$_$K9T$o$l!"Test Run ;~$K$O9T$o$l$J$$;EMM$K$J$C

$F$$$k!#

4.3.2 >pJsJV?.%W%m%;%972

E>Aw>u67$r3NG'$9$k$?$a!"SK $OJ-PARC $Ncomputer $K<u?.$7$?>pJs$rJV?.$9$k!#F1

;~$K SK $N>uBV$NE>Aw$b9T$&!#$3$l$K4X78$9$k%W%m%;%9$H>pJs$NN.$l$r?^.4.2 $K<($9!#3F

%W%m%;%9$O0J2<$NF/$-$r$9$k!#

� receive return (sukonh02) ... <u?.$7$?>pJs$KSK $N>pJs$r2C$($Fsukt2k01 $KE>Aw

$9$k!#SK $N>pJs$O0J2<$N5 9`L\$G9=@.$5$l$k!#

1. SK $N%i%sHV9f

2. %i%s$N<oN(̀Normal or test or laser calibration or LED calibration or xe non
calibration or calibration or nickel calibration or DT cali bration or DT trigger
e�ciency study or Linac calibration )

3. %i%s$N3+;O;~4V
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4. %i%s$N=*N;;~4V

5. 3F%H%j%,!<%l!<%H(LE, HE, SLE, SHE, OD, T2K, External trigger(#15002 � #15024),
relic, periodic, HW, ped )

� gps re
ect (sukt2k01) ... sukonh02 $+$iJV?.$r<u?.$7!" Re
ective Memory $K=q$-

9~$`!#

� gps backthru (kmgps02) ... Re
ective Memory $N>pJs$rFI$_=P$7!"kmgps01$KE>

Aw$9$k!#

� gps check (kmgps01) ... kmgps02$+$i>pJs$r<u?.$7!"J]B8$9$k!#$^$?!"E>Aw$KMW$7

$?;~4V$r3NG'$9$k$?$a$K;~4V$r5-O?$9$k!#

?^ 4.2: >pJsJV?.$N$?$a$N%W%m%;%972!#%S!<%`>pJs$OSK $N>pJs$H6&$KEl3$$K$"$kkmgps01
$^$GJVAw$5$l$k!#JVAw%W%m%;%9L>$Oreceivereturn,gps re
ect, gps backthru $G$"$k!#

4.3.3 >uBV4F;k%W%m%;%972

E>Aw>u673NG'$H!"%W%m%;%9$,IT@5=*N;$7$F$$$J$$$3$H$r3NG'$9$k$?$a$K!"%7%'%k%9%/%j

%W%H$,Av$C$F$$$k!#3F%7%'%k%9%/%j%W%H$O0J2<$NF/$-$r$9$k!#

� �le and time check.sh (kmpgs01)...E>Aw>u67$N3NG'$r9T$&!#Aw$C$?>pJs$,JV?.$5$l

$?$+!"Aw$C$?>pJs$HJV?.$5$l$?>pJs$K:90[$O$J$$$+$rD4$Y$k$3$H$G!"?.Mj@-$rJ]>Z

$9$k!#$^$?!" gps send$Hgps check$G:n@.$7$?;~4V>pJs$rHf3S$9$k$3$H$GE>Aw$KCY

1d$,L5$$$3$H$r%A%'%C%/$7!"0[>o$,$"$l$P%U%i%0%U%!%$%k$r:n@.$9$k!#

� checkprg01.sh (kmgps01)!" checkprg02.sh (kmgps02)!" checkprg03.sh (sukt2k01) ...
$=$l$>$l!" kmgps01!" kmgps02!" sukt2k01$GF/$/%W%m%;%9$,Av$C$F$$$k$3$H$r4F;k

$7!"0[>o$,$"$l$P 0 $G$J$$CM$r=q$$$?%U%!%$%k$r:n@.$9$k!#
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>e5-E>Aw>u67$*$h$S%W%m%;%94F;k7k2L$r?@2,$K=8Ls$9$k$?$a!"0J2<$N>u67E>Aw$N%W%m%;

%9$,Av$C$F$$$k!#

� anl send ... E>Aw>u67$*$h$S%W%m%;%9$N>u67$r%U%i%0%U%!%$%k$NM-L5$d!"4F;k%W%m%;

%9$,:n@.$9$k%U%!%$%k$NFbMF$+$i<hF@$7!"kmgps02$KAw?.$9$k

� anl thru ... E>Aw>u67$*$h$S%W%m%;%9$N>u67$rkmgps01$+$i<u?.$7!" Re
ective Mem-
ory $K=q$-$3$`

� anl receive ... E>Aw>u67$*$h$S%W%m%;%9$N>u67$rRe
ective Memory $+$iFI$_=P$7

J]B8$9$k

E>Aw>u67$H%W%m%;%9$,Av$C$F$$$k$+$I$&$+$O%b%K%?!<!J?^.4.3) $r;H$C$F4F;k$7$F$$$k!#

%b%K%?!<$G4F;k$9$kFbMF$O!"4F;k>pJs$O99?7$5$l$F$$$k$+!"%S!<%`>pJs$,JV?.$5$l$?$+!"

%$%Y%s%HHV9f$K%9%-%C%W$O$J$$$+!"JV?.$5$l$?%S!<%`>pJs$O!"Aw?.$7$?>pJs$H:90[$,$J$$

$+!"E>Aw$KMW$7$?;~4V$,1 IC0JFb$+!">pJsE>Aw%W%m%;%9$*$h$SJVAw%W%m%;%9$OAv$C$F$$$k

$+!"$G$"$k!#%b%K%?!<$OE>Aw>u67$d%W%m%;%9$K0[>o$,H/@8$7$?>l9g%S!<%W2;$rLD$i$9!#$3

$l$K$h$C$FD>$A$KBP1~$r?J$a$k$3$H$,2DG=$H$J$k!#

4.4 @-G=I>2A

4.4.1 @-G=I>2A$NJ}K!

%7%9%F%`$N@-G=$O%K%e!<%H%j%N%S!<%`$,L5$$%@%_!<$N%S!<%`>pJs$r;H$C$FI>2A$7$?!#>p

Js$NJ6<:!"B;=}!"CY1d$,L5$$$+$rE@8!$7$?!#B,Dj4|4V$O2009G/ 4� 7!" 9� 117n$G$"$k!#$3

$N4|4V9g7W2:8 � 106 8D$N%@%_!<$N%S!<%`>pJs$NE>Aw$r9T$C$?(?^.4.4,4.5)!#

4.4.2 Physics run Cf$K4QB,$7$?E>Aw$N0[>o

E>Aw$7$?2:8� 106 8D$N%@%_!<>pJs$NFb!"SK $, Physics runCf$KE>Aw$5$l$?$b$N$O2:5� 106

8D$G$"$C$?!#SK $O%@%_!<$N%S!<%`%?%$%_%s%0A08e$NPMT %R%C%H>pJs$rT2K %G!<%?$H$7

$FJ]B8$7$?!#%S!<%`>pJs$NE>Aw$*$h$SPMT %R%C%H>pJs$NJ]B8$O$[$\@.8y$7$?$,!"0J2<$N

6 8D$K$D$$$F0[>o$r4QB,$7$?!#

%M%C%H%o!<%/(L2-VPN) $N>c32$K$h$kPMT >pJsJ]B8$N<:GT!J2 8D!K

10 7n 9 F|8aA01 ;~ 53 J,!" 2 $D$N%@%_!<%S!<%`%?%$%_%s%0A08e$NPMT >pJs$r T2K %$

%Y%s%H$H$7$FJ]B8$9$k$3$H$K<:GT$7$?!#$3$l$OEl3$?@2,4V$N%M%C%H%o!<%/$N;v8N[12] [13]
$K$h$k>pJsE>Aw$NCY1d$,860x$G$"$k!#%S!<%`%?%$%_%s%0>pJs$O!"El3$$+$iEl5~%G!<%?%;%s

%?!<1 $r7PM3$7?@2,$KE>Aw$5$l$F$$$k!#(?^ 4.6) %a%s%F%J%s%9Cf$N;v8N$K$h$j1 ;~ 52J,

$+$i 1 ;~ 57J,$N4VEl5~%G!<%?%;%s%?!<1 7PM3$NDL?.$,ITG=$H$J$C$?!#$3$N;~El3$-?@2,4V

$NDL?.$O!"<+F0E*$KEl5~%G!<%?%;%s%?!<1 $r7PM3$7$J$$7PO)$KJQ99$5$l$k$3$H$G$o$:$+8
IC4V$N4V$K2sI|$7$?!#$7$+$7$J$,$i!"$=$N8 IC4V$KEl3$$+$iAw$i$l$?2 $D$N%@%_!<>pJs$,

SK $KFO$/$N$,CY$l!"%S!<%`%?%$%_%s%0A08e$NPMT >pJs$r T2K %$%Y%s%H$H$7$FJ]B8$9$k

$3$H$K<:GT$7$?!#
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?^ 4.3: E>Aw>u673NG'$N%b%K%?!<!#4F;k$9$kFbMF$O!"4F;k>pJs$O99?7$5$l$F$$$k$+(update
time status:)!"%S!<%`>pJs$,JV?.$5$l$?$+(�les:) !"%$%Y%s%HHV9f$K%9%-%C%W$O$J$$$+(event
skip:)!"JV?.$5$l$?%S!<%`>pJs$O!"Aw?.$7$?>pJs$H:90[$,$J$$$+(data quality:) !"E>Aw$KMW$7

$?;~4V$, 1 IC0JFb$+(latency:)!">pJsE>Aw%7%9%F%`$N%W%m%;%9$OAv$C$F$$$k$+(Tokai shell
status:, gps send:, gpsthru:, gps receive:, receivereturn:, gps re
ect:, gps backthru:,
gps check:)$G$"$k!#
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?^ 4.4: 2009G/ 4 7n$+$i 6 7n$K$+$1$FE>Aw$7$?%@%_!<$N%S!<%`>pJs$N?t!#>e$+$i4 7n!" 5
7n!" 6 7n$G$"$k!#>pJs$O1/6Hz $G1 F|:GBg140008D$H$J$k!#
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7ZHy$J0[>o(JV?.$NCY$l4 8D)

%U%!%$%kF14|$N$?$a$N%W%m%;%9$NIi2Y$K$h$kJV?.$NCY1d(1 8D) SK $G$O%U%!%$%kF14|$N

$?$a$N%W%m%;%9$,8aA04 ;~$K<B9T$5$l$k$h$&$K@_Dj$5$l$F$$$k!#$3$l$K$h$j!"SK $N%3%s

%T%e!<%?!<(sukonh02)$KIi2Y$,$+$+$j!"%S!<%`>pJsJV?.$,CY1d$7$?!#?4̂.8$OEl3$! ?@

2, ! El3$$Nround trip time !JEl3$$N kmgps01$G?@2,$+$i$NJV?.$N<u?.$r40N;$7$?;~4V

$H?@2,$X$NAw?.$r3+;O$7$?;~4V$H$N:9$GDj5A$9$k!K$G!">eCJ@V4]$G0O$C$?ItJ,$,%U%!%$%k

F14|$N$?$a$N%W%m%;%9$K$h$kCY1d$G$"$k!#FC$K2009G/ 7 7n21F|$K round trip time $, 1
IC$rD6$($k%@%_!<>pJs$,1 $D4QB,$5$l$?$,!"PMT >pJs$NJ]B8$O@5>o$K9T$o$l$?!#8=:_$G

$O!"ITMW$J%W%m%;%9$NDd;_$d%$%Y%s%H%G%#%9%W%l%$$rAv$i$;$k%3%s%T%e!<%?!<$NJQ99Ey$N

BP:v$,9T$o$l$F$*$j!"%U%!%$%kF14|$N$?$a$N%W%m%;%9$K$h$k%S!<%`>pJsJV?.$NCY1d$O8+$i

$l$J$$!#

OD %U%i%C%7%c!<$K5/0x$9$kJV?.$NCY1d(2 8D) 2009G/$N9 7n23F|!" 3 $D$N%@%_!<>pJs

$NJV?.$NCY1d(?^ 4.8 2CJL\) $r4QB,$7$?!#3 $D$NCY1d$NFb2 $D$rPhysics runCf$K4QB,$7

$?$,!" PMT >pJs$NJ]B8$O@5>o$K9T$o$l$?!#JV?.$NCY1d$O!"OD %U%i%C%7%c!<$K$h$jSK $N

%3%s%T%e!<%?!<!Jsukonh02!K$KIi2Y$,$+$+$j=hM}$,CY$l$?;v$,860x$G$"$k!#

SK $N%3%s%T%e!<%?!<$G$NCY1d(1 8D) 2009G/ 117n 2 F|!"%@%_!<>pJs$NJV?.$NCY1d(?^

4.82<CJ) $r4QB,$7$?!#SK $N%3%s%T%e!<%?!<!Jsukonh02!K$GCY$l!"%M%C%H%o!<%/>e$N%H%i

%V%k$G$O$J$$!#PMT >pJs$NJ]B8$O@5>o$K9T$o$l$?!#SK $N%3%s%T%e!<%?!<$GE>Aw$,CY$l$?

860x$O2rL@$G$-$J$+$C$?$,!"<!$K5/$3$C$?;~$O>\$7$$>pJs$rF@$i$l$k$h$&%W%m%;%9$r2~NI

$7$?!#

4.4.3 Physics run ;~0J30$G4QB,$5$l$?0[>o

SK DAQ 9bIi2Y;n83$K$h$k%S!<%`>pJsJV?.$NCY$lD6?7@1GzH/$rA[Dj$7$?SK DAQ $N

9bIi2Y;n83Cf$K!"%@%_!<%S!<%`>pJs$NJV?.$NCY1d$r4QB,$7$?!#?^4.7$K$*$$$F@D$G0O$s$@

ItJ,$NCY1d$,!" SK DAQ 9bIi2Y;n83$K5/0x$9$k!# SK DAQ 9bIi2Y;n83Cf$O!"%S!<%`>pJs

$N<u?.$HJV?.$r9T$&SK $N%3%s%T%e!<%?!<(sukonh02)$K$bIi2Y$,$+$+$j!"%S!<%`>pJs=hM}

$,CY1d$9$k!#$7$+$7$J$,$i!"%S!<%`4|4VCf$OSK DAQ 9bIi2Y;n83$r9T$o$J$$$h$&F|Dx$r

D4@02DG=$G!">-Mh%K%e!<%H%j%N;v>]$N<h$j$3$\$7$r0z$-5/$3$90[>o$G$O$J$$!#

%$%Y%s%H%G%#%9%W%l%$ITD4$KH<$&JV?.$NCY$l2009G/ 6 7n15F|!"%@%_!<%S!<%`>pJsJV?.

$NCY1d$r4QB,$7$?!#%$%Y%s%H%G%#%9%W%l%$ITD4$K$h$j!"SK $N%3%s%T%e!<%?!<(sukonh02)
$KIi2Y$,$+$+$j!"%S!<%`>pJsJV?.$,CY1d$7$?(?^ 4.72<CJ)!#8=:_$G$O%a%s%F%J%s%9$K$h$j

%$%Y%s%H%G%#%9%W%l%$$O2~NI$5$l$F$$$k!#

OD %U%i%C%7%c!<$K5/0x$9$kJV?.$NCY1dA0=R$7$?2009G/$N9 7n23F|!" 3 $D$N%@%_!<>p

Js$NJV?.$NCY1d$NFb!"1 $D$,Test run Cf$K4QB,$5$l$?!#
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4.4.4 E>Aw%7%9%F%`@-G=I>2A$N$^$H$a

E>Aw$7$?9g7W2:8 � 106 8D$N%@%_!<>pJs$NFb!"SK $, Physics runCf$KE>Aw$5$l$?$b$N$O

2:5 � 106 8D$G$"$C$?!#$3$N$&$A2 8D$N>pJs$GPMT %R%C%H>pJs$NJ]B8$K<:GT$7$?$b$N$N!"

E>Aw8zN($O99.99992%$H==J,9b$$8zN($rC#@.$7!"%S!<%`>pJsE>Aw%7%9%F%`$O;EMM$rK~$?

$9$3$H$r3NG'$7$?!#

4.5 T2K %K%e!<%H%j%N?6F02r@OMQ%5%s%W%k$N:n@.

E>Aw$7$?%S!<%`>pJs$r;HMQ$7$FF@$?%S!<%`%?%$%_%s%0$NPMT %R%C%H>pJs$+$i%S!<%`

%K%e!<%H%j%N%$%Y%s%H$r:n@.$9$k!#PMT %R%C%H>pJs$O3 CJ3,$N%9%F%C%W$rF'$_!"%K%e!<

%H%j%N?6F02r@O$K;H$o$l$k%5%s%W%k$H$J$k!#$3$N%;%/%7%g%s$K$*$$$F!"$=$l$>$l$N2aDx$K

$D$$$F=R$Y$k!#

T2K %G!<%?$NCj=PSK $G%S!<%`%K%e!<%H%j%N%$%Y%s%H$,4|BT$5$l$k;~4V$N� 500� sec$K

$"$k$9$Y$F$NPMT %R%C%H$rCj=P$7J]B8$9$k!#>e5-%j%"%k%?%$%`%S!<%`%?%$%_%s%0E>Aw%7

%9%F%`$K$h$C$FE>Aw$7$?%S!<%`>pJs$r;HMQ$9$k!#

PMT %R%C%H?t$N%T!<%/$NC5:w� 500� secCf$N$9$Y$F$N%R%C%H>pJs$+$iPMT %R%C%H?t

$N%T!<%/$rC5$9!#$3$N%T!<%/$rCf?4$H$9$k-5� 35� sec$N4V$KID $G40hit 0J>e$b$7$/$OOD
$G20hit 0J>e$"$l$P$3$l$i$N%R%C%H>pJs$r%$%Y%s%H$H$7$FJ]B8$9$k!#

%$%Y%s%HJ,NH̀/8+$5$l$?%$%Y%s%H$rOD %R%C%H?t(NHITAC) !" ID %R%C%H$NEE2Y$NOB

(qismsk)!" 300nsec;~4VAkFb$NEE2Y(PE(300)) Ey$N>pJs$K$h$C$F!"T2K-OD exiting event,
T2K-OD entering event, T2K-OD contained event, T2K-LE event, T2K-
asher event,
T2K FC(Full Contained) event $KJ,N`$9$k!#(?^.4.9) $3$NCf$GFC$KT2K FC event $,

%K%e!<%H%j%N?6F02r@O$K;HMQ$5$l$k!#

4.6 K\>O$N$^$H$a

T2K <B83$N$?$a$K!"SK $G$O%S!<%`%K%e!<%H%j%N%$%Y%s%H$,4|BT$5$l$k;~4V$N� 500�sec
$K$"$k$9$Y$F$NPMT %R%C%H>pJs$rCj=P$7J]B8$9$k!#$3$l$K$O!"2CB.4o$N%S!<%`%?%$%_%s%0>p

Js$,I,MW$G$"$k!#$=$N$?$a!"El3$!]?@2,4V%j%"%k%?%$%`%S!<%`>pJsE>Aw%7%9%F%`$r3+H/$7!"%@

%_!<$N%S!<%`>pJs$r;HMQ$7@-G=I>2A$r9T$C$?!#$=$N7k2L!"E>Aw8zN($O99.99992%(ine�ciency8�
10� 7) $H$J$j;EMM$rK~$?$9$3$H$r3NG'$7$?!#
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?^ 4.5: 2009G/ 7,9,10,117n$KE>Aw$7$?%@%_!<$N%S!<%`>pJs$N?t!#>e$+$i7 7n!" 97n!" 107n!"

117n$G$"$k!#>pJs$O1/3.5Hz $G1 F|:GBg250008D$H$J$k!#

32



?^ 4.6: 3X=Q>pJs%M%C%H%o!<%/2s@~9=@.?^[14]!#%S!<%`%?%$%_%s%0>pJs$O!"?^1&>e$NF|K\

86;RNO8&5f3+H/5!9=$+$iC^GHDC(%G!<%?%;%s%?!<)!"El5~ DC1!"L>8E20DC $r7PM3$7!"?@

2,1'ChAGN3;R8&5f;\@_$X$HE>Aw$5$l$k!#
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?^ 4.7: 2009G/4,5,67n$K<u?.$7$?%@%_!<$N%S!<%`>pJs$Nround trip time !JEl3$$Nkmgps01
$G?@2,$+$i$NJV?.$N<u?.$r40N;$7$?;~4V$H?@2,$X$NAw?.$r3+;O$7$?;~4V$H$N:9$GDj5A$9

$k!K!#>e$+$i=g$K4 7n!" 5 7n!" 6 7n$N>pJs$G$"$k!#D6?7@1GzH/$rA[Dj$7$?!"SK DAQ $N9b

Ii2Y;n83!J Test run!KCf$NJV?.$NCY1d!"E>Aw%W%m%0%i%`:9$7BX$($KH<$&E>Aw$N%9%H%C%W$K

$h$kJV?.$NCY1d!"%$%Y%s%H%G%#%9%W%l%$ITD4$KH<$&JV?.$NCY1d$,4QB,$5$l$?!#round trip
time $NJ?6QCM$O0.038IC (4 7n)!" 0.034IC (5 7n)!" 0.037IC (6 7n) $G$"$C$?!#
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?^ 4.8: 2009G/ 7,9,10,117n$K<u?.$7$?%@%_!<$N%S!<%`>pJs$Nround trip time !#>e$+$i=g

$K7 7n!" 9 7n!" 107n!" 117n$N>pJs$G$"$k!#%U%!%$%kF14|$N$?$a$N%W%m%;%9$K$h$kIi2Y$NA}

2C$,860x$NJV?.$NCY1d!"OD %U%i%C%7%c!<$K5/0x$9$kJV?.$NCY1d!"SINET %a%s%F%J%s%9Cf

$N;v8N$K$h$kE>Aw$N0[>o!"sukonh02$+$i$NJV?.$NCY1d$,B,Dj$5$l$?!#round trip time $N

J?6QCM$O0.040IC (7 7n)!" 0.045IC (9 7n)!" 0.070IC (10 7n)!" 0.041IC (11 7n) $G$"$C$?!#$J

$*!" 9 7n!" 107n$K$D$$$F$Osukonh02$NF10l%G%#%l%/%H%j$KBgNL(> 10,000)$N%U%!%$%k$,

B8:_$7$F$$$?$?$a$K!"disk %"%/%;%9$,CY$l!"round trip time $,B>$N7n$HHf3S$7$FBg$-$/

$J$C$F$$$k!#(8=:_$O!"%U%!%$%k05=L$N%7%'%k%9%/%j%W%H!"$*$h$S$=$NF0:n$r%b%K%?!<$9$k

%W%m%0%i%`$,F/$$$F$*$j!"F10l%G%#%l%/%H%j$KBgNL$N%U%!%$%k$,B8:_$9$k$3$H$K$h$kCY1d

$O5/$3$i$J$$!#)
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?^ 4.9: 3rd reduction$K$*$1$k%$%Y%s%H$NJ,N`
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Bh5>O SK $K$*$1$k%(%M%k%.!<:F9=@.

A0>O$^$GSK $K$*$1$kT2K %G!<%?$N<hF@J}K!$K$D$$$F=R$Y$F$-$?!#K\>O$+$i$O!"SK $G

4QB,$7$?N3;R$N%(%M%k%.!<:F9=@.J}K!$K$D$$$F=R$Y$k!#

5.1 8w$N?eCf$K$*$1$k8:?jD9$NB,Dj

N3;R$N1?F0NL$N;;=P$K$OID $N8w$N?eCf$K$*$1$k8:?jD9$,I,MW$G$"$k!#?e$N8:?jD9$K$O

SK %?%s%/$r=D$KFM$-H4$1$k1'Ch@~%_%e!<%*%s%$%Y%s%H$NPMT EE2Y>pJs$r;HMQ$7$F;;=P

$9$k!#6qBNE*$K$O

� Ht@W$HSK %?%s%/>eIt$H$N8rE@$+$iSK %?%s%/B&LL$^$G$N5wN%> 1m

� Ht@W$HSK %?%s%/2<It$H$N8rE@$+$iSK %?%s%/B&LL$^$G$N5wN%> 1m

� Ht@W$N?eJ?J}8~@.J,< 5m

$J$k%_%e!<%*%s;v>]$r<}=8$9$k!#$5$i$K@)F0J|<M$d%Z%"%/%j%(!<%7%g%s$rH<$&8wNL$NBg$-

$$%_%e!<%*%s;v>]$K$h$k8:?jD9$NB,Dj@:EY$N0-2=$rHr$1$k$?$a!"

� 1?F0NL< %i%sKh$K7h$a$kogCM

$J$k%+%C%H$rF~$l$F!"8:?jD9$N;;=P$K;HMQ$9$k%_%e!<%*%s;v>]$r7hDj$9$k!#$3$3$G1?F0NL

$O!"8w$N?eCf$K$*$1$k8:?jD9$r75m $H2>Dj$7$?>e$G;;=P$9$k!#$^$?!"%i%sKh$K7h$a$kog

CM$O!"1?F0NL$,>.$5$$J}$+$i63%$KEv$?$k%_%e!<%*%s;v>]$N1?F0NL$H$9$k!#

8:?jD9$N7W;;

8:?jD9$O!">e5-%_%e!<%*%s;v>]$K$*$1$kCherenkov8w$NHt9T5wN%$HPMT $NB,Dj8wNL$H

$N4X78$r;H$C$F;;=P$9$k!#3FPMT $NB,Dj8wNL$O!"%_%e!<%*%s$K$h$kD>@\$NCherenkov8w

!J;6Mp8w$dH?<M8w$G$J$$!K$G$"$k$H$$$&A[Dj$N2<$G

Q = Qo �
f (� )

l
� exp(�

l
L

) (5.1)

$HI=8=$5$l$k!#$3$3$G

Q : 4|BT$5$l$kB,Dj8wNL

Qo : PMT $N%2%$%s$KHfNc$9$kDj?t

f (� ) : PMT %"%/%;%W%?%s%9
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l : Cherenkov8w$NHt9T5wN%

L : 8w$N?eCf$K$*$1$k8:?jD9

$G$"$k!#?^5.1$KE57?E*$J%i%s$K$*$1$kCherenkov8w$NHt9T5wN%l $HQobs � l=f (� ) $N4X

78$r<($9!#8:?jD9 L $O!"$3$l$r%(%/%9%]%M%s%7%c%k%+!<%V$G%U%#%C%H$7!"F@$?%9%m!<%W$+

$i L = � 1=slope$H;;=P$9$k!#2r@O$K;HMQ$9$k8:?jD9$O!";[$/$7$F8+@Q$b$i$l$?A08e15%i

%s$N8:?jD9$NJ?6QCM$r:NMQ$9$k!J?^5.2!K!#

run063932(Apr2/2009)

2010/01/28   22.28
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?^ 5.1: E57?E*$J%i%s(2009G/ 4 7n2 F| :run063932)$K$*$1$k%_%e!<%*%s;v>]$NCherenkov
8w$NHt9T5wN%l $HQobs� l=f (� ) $N4X78!#8:?jD9$O!"$3$l$r%(%/%9%]%M%s%7%c%k%+!<%V$G%U%#%C

%H$7!"F@$?%9%m!<%W$+$i;;=P$9$k!#$3$N%G!<%?%;%C%H$G8:?jD9$O89m$H8+@Q$b$i$l$k!#

5.2 1?F0NL$N:F9=@.J}K!

N3;R$N1?F0NL$N;;=P$K$ON3;R$K$h$C$FH/@8$7$?8w;R?t$r;HMQ$9$k!#8w;R?t$O<!<0$N$h$&

$K!" 70� %3!<%sFb$+$D%*%s%?%$%_%s%0%R%C%H$NPMT 8wNLqobs
i $r!"8w$N?eCf$G$N8:?jD9!"

$*$h$SPMT %"%/%;%W%?%s%9$NJd@5$7$?>e$GB-$7>e$2!";6Mp8w$H$7$F8+@Q$b$C$?8wNL$r0z
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$/$3$H$G;;=P$9$k!#

RT OT =
GMC

Gdata

2

6
6
4 � �

X

� i < 70�

� 50nsec<t i < 250nsec

�
qobs

i � exp
�

r i

L

�
�

cos � i

f (� i )

�
�

X

� i < 70�

Si (� scat(L ); L )

3

7
7
5

(5.2)
$3$3$G

RT OT : :F9=@.$7$?!VN3;R$K$h$C$FH/@8$7$?8w;R$N?t!W

� : 5,3J2=Dj?t

Gdata ; GMC : %G!<%?$H%b%s%F%+%k%m%7%_%e%l!<%7%g%s$NAjBPE*$JPMT %2%$

%s$N%Q%i%a!<%?!<

� i : N3;R$N?J9TJ}8~$Hi HVL\$NPMT 4V$N%*!<%W%K%s%0%"%s%0%k

t i : i HVL\$NPMT :BI8$^$G$NTOF 0z$$$?%R%C%H%?%$%_%s%0

L : 8w$N?eCf$G$N8:?jD9

r i : vertex $Hi HVL\$NPMT $H$N5wN%

f (� i ) : 8w;RF~<M3Q� i $N4X?t$H$7$F$NPMT %"%/%;%W%?%s%9$NJd@54X?t

Si (� scat(L ); L ) : i HVL\$NPMT $KF~$k;6Mp8w!#

$G$"$k!#

i HVL\$NPMT $KF~$k;6Mp8w(Si (� scat(L ); L )) $O? 5̂.3$K<($9$h$&$K!"N3;R$Overtex $+$i

18J}8~$KCherenkov8w$r@8@.!"3FCherenkov8w$O3m Kh$K3FPMT $K8~$1;6Mp8w$rJ|<M

$9$k%b%G%k$N85!"?tCM7W;;$K$h$j;;=P$9$k!#;6Mp8w$N8wNL$O;6Mp78?t� scat(L ) (8:?jD9$N

4X?t$G$"$C$?!#>\:Y$OBh6 >O$G8e=R$9$k!#) $KHfNc$7!"$^$?!";6Mp8w$O$=$NJ|<ME@$HPMT
4V$N5wN%r 0

i $*$h$S8:?jD9L $K0MB8$78:?j$9$k$b$N$H$9$k!#

1?F0NL$X$NJQ49

$3$&$7$F;;=P$7$?N3;R$K$h$C$FH/@8$7$?8w;R$N?t(RTOT) $O;vA0$KMQ0U$7$?RTOT $H

1?F0NL$N4X78$r5-=R$7$?%F!<%V%k$r;H$C$F1?F0NL$KJQ49$5$l$k!#%F!<%V%k$O%7%_%e%l!<

%?!<$G@_Dj$7$?1?F0NL$H@8@.$7$?;v>]$NRTOT $H$N4X78$r;H$$:n@.$9$k!#

5.3 %(%M%k%.!<$N7OE}8m:9$N;;=P

5.3.1 :F9=@.$7$?1?F0NL$N;~4V0BDj@-

:F9=@.$7$?1?F0NL$N;~4V0BDj@-$O9b%(%M%k%.!<stopping %_%e!<%*%s;v>]$*$h$S%_%e!<

%*%sJx2uEE;R;v>]$r;HMQ$7!"E@8!$9$k!#
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9b%(%M%k%.!<stopping %_%e!<%*%s

9b%(%M%k%.!<stopping %_%e!<%*%s$NHt@W$ND9$5$O!"$=$N1?F0NL$KHfNc$9$k$H6a;w$G$-

$k!#$3$N$?$a9b%(%M%k%.!<stopping %_%e!<%*%s$N!V1?F0NL/ Ht@W$ND9$5!W$O!":F9=@.$7$?

1?F0NL$N;~4V0BDj@-$NI>2A$K;HMQ$5$l$k!#6qBNE*$K$O

� SK %?%s%/>eIt$+$iF~<M$9$k

� ?J9TJ}8~$O2<8~$-(cos� > 0.94)

� %_%e!<%*%sJx2uEE;R(%_%e!<%*%s$,8!=P4oFb$G;_$^$j!"Jx2u$9$k$H$-$K=P$5$l$kEE;R)
$N8!=P

� :F9=@.$7$?Ht@W$ND9$5> 5m

$J$k%_%e!<%*%s;v>]$r<}=8$9$k!#$3$3$GHt@W$ND9$5$O%_%e!<%*%s$NF~<M0LCV$H%_%e!<%*%s

Jx2uEE;R;v>]$Nvertex $N0LCV$H$N5wN%$GDj5A$9$k!#?^5.4(>e) $O!"!V1?F0NL/ Ht@W$ND9$5!W

$N7P;~JQ2=$G$"$k!#RMS $O1.02%!" (Max-min)/mean $O3.5%$G$"$C$?!#1?F0NL$O?e$NF)

2aN($N;~4VJQ2=$rBG$A>C$9$h$&Jd@5$r$7$F$$$k$K$b4X$o$i$:!"7P;~JQ2=$O?e$NF)2aN($H6/

$$Aj4X$,$"$j!"1?F0NL:F9=@.;~$NJd@5$,IT==J,$G$"$k;v$,<(:6$5$l$F$$$?!#

%_%e!<%*%sJx2uEE;R

1'Ch@~%_%e!<%*%s$NJx2u$KH<$$@8@.$5$l$kEE;R$N%(%M%k%.!<J,I[$O$h$/CN$i$l$F$*$j!"

$=$NJ?6QCM$O37MeV $G$"$k!#$7$?$,$C$F!"%_%e!<%*%sJx2uEE;R;v>]$K$*$1$k:F9=@.$7$?

1?F0NL$O;~4V0BDj@-$NI>2A$K;HMQ$5$l$k!#%_%e!<%*%sJx2uEE;R$O

� %_%e!<%*%s;v>]$H$N;~4V:9> 1.2 � sec

� 50nsec time windowCf$NPMT %R%C%H?t> 60

� :F9=@.$7$?D:E@$N:BI8$HID $NJI$H$N5wN%> 2m

$HA*Br$9$k!#1?F0NL$N7P;~JQ2=$r?^5.5$K<($9!#RMS$O0.71%!" (Max-min)/mean $O2.9%$G

$"$j!" stopping %_%e!<%*%s$N!V1?F0NL/ Ht@W$ND9$5!WF1MM$K?e$NF)2aN($HAj4X$r;}$D!#

5.3.2 :F9=@.$7$?%(%M%k%.!<@dBPCM$N7OE}8m:9

PMT EE2Y>pJs$r85$K;;=P$7$?1?F0NL$N@dBPCM$N7OE}8m:9$O!"$3$l$HFHN)$JJ}K!$K$h$C

$F;;=P$7$?1?F0NL$HHf3S$9$k$3$H$G;;=P$9$k!#SK $G$O!"9b%(%M%k%.!<stopping %_%e!<%*

%s;v>]!"Dc%(%M%k%.!<stopping %_%e!<%*%s;v>]!"%_%e!<%*%sJx2uEE;R;v>]!"%K%e!<%H%j%N

$,@8@.$9$k� 0 ;v>]$r;HMQ$7!"%(%M%k%.!<@dBPCM$N7OE}8m:9$r;;=P$7$F$$$k!#>\:Y$OBh6
>O$G=R$Y$k!#

$J$*!"%(%M%k%.!<:F9=@.A4BN$N7OE}8m:9$O

%(%M%k%.!<:F9=@.A4BN$N7OE}8m:9=
q

(@dBPCM$N7OE}8m:9)2 + ( ;~4VJQF0)2 (5.3)
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$H$J$k!#

T2K <B83$G$O!"SK $O%(%M%k%.!<$N7OE}8m:9$r1%0JFb$KM^$($k$3$H$,MW@A$5$l$k!#0l

J}$G;~4VJQF0$N$_$K$h$j1%$N%(%M%k%.!<ITDj@-$,$"$k$?$a!"T2K <B83$K8~$1!"1?F0NL:F

9=@.J}K!$r8+D>$9$3$H$,I,MW$G$"$C$?!#
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?^ 5.2: %i%sKh$K:F9=@.$7$?8:?jD9(>e)!"$*$h$S$=$NA08e15 %i%s$NJ?6QCM(2<)!#2#<4$O

1996G/$N4 7n1 F|$+$i$N7P2aF|?t$G!"4600F|$O2008G/ 117n8 F|$K!" 5000F|$O2009G/

127n12F|$KBP1~$9$k!#2r@O$G$O15%i%s$NJ?6QCM(2<) $NCM$r!";v>]:F9=@.;~$K;HMQ$9$k!#
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?^ 5.3: ;6Mp8w$N8+@Q$b$j$K;HMQ$5$l$k%b%G%k!#;6Mp8w$O!"N3;R$Overtex $+$i 18J}8~$K

Cherenkov8w$r@8@.!"3FCherenkov8w$O3m Kh$K3FPMT $K8~$1;6Mp8w$rJ|<M$9$k$H$7!"

?tCM7W;;$9$k!#$J$*!";6Mp8w$NJ|<ME@$HPMT 4V$N5wN%r 0
i $*$h$S8:?jD9L $O;6Mp8w$N8:

?j$N7W;;$K$b;HMQ$5$l$F$$$k!#
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?^ 5.4: :F9=@.$7$?9b%(%M%k%.!<stopping muon$N!V1?F0NL/ Ht@W$ND9$5!W$N7P;~JQ2=(>e)!#
2008G/ 107n21F|$+$i 2009G/ 5 7n31F|$K$+$1$F$N!V1?F0NL/ Ht@W$ND9$5!W$N7P;~JQ2=$O

RMS $G1.03%$G$"$C$?!#8w$N?eCf$K$*$1$k8:?jD9(2<) $HAj4X$r;}$A!"1?F0NL:F9=@.;~$N

?e$NF)2aN($G$NJd@5$,IT==J,$G$"$k$3$H$,<(:6$5$l$F$$$?!#
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?^ 5.5: :F9=@.$7$?decay-e$N1?F0NL$N7P;~JQ2=(>e)!#2008G/ 107n21F|$+$i 2009G/ 6 7n

30F|$K$+$1$F$N1?F0NL$N7P;~JQ2=$O!"RMS $G0.71%$G$"$C$?!#8w$N?eCf$K$*$1$k8:?jD9

(2<) $HAj4X$r;}$A!"1?F0NL:F9=@.;~$N?e$NF)2aN($G$NJd@5$,IT==J,$G$"$k$3$H$,<(:6$5$l

$F$$$?!#

45



Bh6>O SK $N%(%M%k%.!<:F9=@.J}K!$N2~A1

6.1 %(%M%k%.!<I>2AJ}K!$N99?7

6.1.1 8:?jD9$N8+D>$7

?e$NF)2aN($O!"8w$N5[<}$*$h$S;6Mp$NDxEY$K$h$C$F7h$^$C$F$*$j!"8w$N?eCf$K$*$1$k8:

?jD9$H$7$FDjNLE*$K5-=R$5$l$k!#SK $N%b%s%F%+%k%m%7%_%e%l!<%7%g%s$K$*$$$F8w$N8:?j

D9L $OGHD9� $N4X?t$H$7$F!"

L(� ) = ( � abs(� ) + � scat(� )) � 1 (6.1)

$H@_Dj$5$l$F$$$k!#$3$3$G� abs(� ),� scat (� ) $O$=$l$>$l5[<}78?t!";6Mp78?t$G$"$k!J$3$l

$i$O8e=R$9$k%l!<%6!<$r;HMQ$7$?8!=P4o9;@5MQ%G!<%?$*$h$SJ88%[15]$r;HMQ$7F3=P$7$?$b

$N$r;HMQ$7$F$$$k!K!#$7$?$,$C$F!"PMT $G4QB,$5$l$k8w;R?t(N ) $O8w;R$NHt5wN%(l ) $N4X

?t$H$7$F

N (l) = N (0)

R
Q(� ) � exp(� l

L (c=� ) )d�
R

Q(� )d�
(6.2)

$H8:?j$9$k!#$3$3$G� $O8w;R$N?6F0?t(c=� ,c $O8wB.) $G$"$k!#$J$*!"?6F0?t � $K$*$1$k

PMT $NNL;R8zN(Q(� ) $r;H$$?6F0?t$K%&%'!<%H$r$+$1$F$$$k!#

$H$3$m$GNL;R8zN(Q(� ) $*$h$S2009G/47n$N?e$N>uBV$G%A%e!<%K%s%0$5$l$?8:?jD9L(� )
$N6qBNE*?tCM$rBeF~$7$?>l9g

Z
Q(� ) � exp(�

l
L (c=� )

)d� !! / exp(�
l [cm]

7724[cm]
) (6.3)

$H6a;w$G$-$k!#$9$J$o$APMT $NNL;R8zN($G?6F0?t$K%&%'!<%H$r$+$1$?2009G/ 4 7n%A%e!<

%s$N%b%s%F%+%k%m%7%_%e%l!<%7%g%s$K$*$1$k8:?jD9$O$*$h$=77.24m$G$"$k!#0J8eJX59>e

$3$l$r true $N8:?jD9$H8F$V!#

0lJ}$G!"$3$N 2009G/ 4 7n%A%e!<%s$N%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?muon ;v

>]$+$i:F9=@.$7$?8:?jD9$O91.95m$G$"$j!"@h=R$7$?true $N8:?jD977.24m$HHf3S$7$F!"2
3d$bD9$$!#$3$l$O!"<g$Kmuon $r;H$C$?8:?jD9:F9=@.$K$*$$$FH?<M8w!&;6Mp8w$N4sM?$,L5

$$$H2>Dj$7$?$3$H$K5/0x$9$k!#<B:]$OH?<M8w!&;6Mp8w$,$"$j!"$3$l$i$O%?%s%/A4BN$N8wNL

$rA}$d$7$F$*$j!"?^ (5.1) $K$*$1$k%9%m!<%W$N79$-$rJ?C3$K$9$k$3$H$rDL$8$F:F9=@.$5$l

$?8:?jD9$rD9$/$9$k!#$3$3$G!":F9=@.$5$l$?8:?jD9$Htrue $N8:?jD9$H$NP*N%$r8:$9$?$a!"

8:?jD9Jd@54X?t$rF3F~$7$?!#
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8:?jD9Jd@54X?t

8:?jD9Jd@54X?t$O0J2<$NJ}K!$G:n@.$7$?!#$^$:2008G/ 107n$+$i 2009G/ 8 7n$K$+$1$F

1%v7n4V3V$G?e$N>uBV$r:F8=$7$?%b%s%F%+%k%m%7%_%e%l!<%?!<$rMQ0U$9$k!#<!$K$=$l$>$l

$N%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?%_%e!<%*%s;v>]$+$i:F9=@.$5$l$k8:?jD9$r;;=P

$9$k!#$3$3$G$N8:?jD9$O!"9 $D$N%G!<%?%;%C%H(3F280muon;v>] ) $+$i;;=P$5$l$k8:?jD9

$NJ?6QCM$r;HMQ$9$k!#;;=P$7$?8:?jD9$r$=$l$>$l$N%b%s%F%+%k%m%7%_%e%l!<%?!<$K$*$1$k

true $N8:?jD9$HHf3S$9$k$H!"?6̂.1 :8$K$J$k!#%_%e!<%*%s;v>]$r;H$$:F9=@.$7$?8:?jD9$H

true $N8:?jD9$K$OAj4X$,$"$j!"Jd@54X?t

L cor (t) = ( L rec(t) � 440:31)=1:1263 (6.4)

$rF3F~$9$k$3$H$G!":F9=@.$7$?8:?jD9$Htrue $N8:?jD9$H$NP*N%$r=$@5$7$?!#$3$3$GL rec

$O%_%e!<%*%s;v>]$r;HMQ$7:F9=@.$7$?8:?jD9!"L cor $OJd@58e$N8:?jD9$G$"$k!#

?^ 6.1: :F9=@.$7$?8:?jD9!J@V!K$Htrue $N8:?jD9!J9u!K$H$N4X78!#Jd@5A0!J:8!K!"Jd@58e

!J1&!K

6.1.2 ;6Mp78?t$N8+D>$7

SK $G$O!"8w$,?eCf$G$I$NDxEY;6Mp$9$k$N$+$rCN$k$?$a$K%l!<%6!<$r;H$C$?;6Mp8wB,Dj$r

9T$C$F$$$k!#;6Mp8wB,Dj$O!"SK %?%s%/>eIt$+$i%l!<%6!<8w(GHD9$O4<oN`!"337nm, 365nm,
400nm, 445nm)$rF~<M$7PMT %R%C%H>pJs$r9;@5MQ%G!<%?$H$7$F<hF@$9$k(?^ 6.2)!#9;@5

MQ%G!<%?$NPMT %R%C%H$NFb!"%?%s%/>eIt$*$h$SB&LL$KFO$/8w$O;6Mp8w$b$7$/$O%?%s%/Dl

LL$NPMT $b$7$/$Oblack sheet$+$i$NH?<M8w$K5/0x$9$k!#;6Mp8w$NB,Dj$O!"?^6.2$N$h$&

$K%?%s%/B&LL$r5 $D$KJ,3d$7!"%?%s%/>eIt!"5 J,3d$7$?B&LL$G$=$l$>$l%R%C%H%?%$%_%s%0

J,I[$r;HMQ$9$k!#?^ 6.3$O!"$3$N9;@5MQ%G!<%?$N%R%C%H%?%$%_%s%0J,I[$*$h$S5[<}78?t!&

;6Mp78?t$rD4@0$7$?%b%s%F%+%k%m%7%_%e%l!<%7%g%s$N%R%C%H%?%$%_%s%0J,I[$G$"$k!#
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?^ 6.2: %l!<%6!<$r;H$C$?;6Mp8w$NB,Dj!#SK %?%s%/>eIt$+$i%l!<%6!<8w$rF~<M$7!"PMT
%R%C%H>pJs$r9;@5MQ%G!<%?$H$7$F<hF@$9$k!#1&?^$OE57?E*$J%l!<%6!<%$%Y%s%H$G$"$k!#
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?^ 6.3: ;6Mp8wB,Dj$GF@$i$l$kPMT %R%C%H%?%$%_%s%0J,I[!#9;@5MQ%G!<%?(9u) $*$h$SD4

@0$7$?%b%s%F%+%k%m%7%_%e%l!<%7%g%s$NJ,I[(@V)!#%b%s%F%+%k%m%7%_%e%l!<%?!<$N;6Mp78

?t$O@D@~$NFbIt(;6Mp8w$K$h$k%R%C%H$H$5$l$k%?%$%_%s%0) $NJ,I[$r;H$C$FD4@0$9$k!#99

$K!":G=i$N%T!<%/1&B&(%R%C%H$OD9$$5wN%?eCf$r?J$s$@8e;6Mp$7$?8w;R$K$h$k) $N%9%m!<%W

$+$i8w$N5[<}78?t$bF1;~$K;;=P$9$k$3$H$,=PMh$k!#750nsecIU6a$N2 HVL\$N%T!<%/$O%?%s

%/DlLL$NPMT $^$?$O%V%i%C%/%7!<%H$K$h$kH?<M8w$K5/0x$9$k!#
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7k2L$H$7$FF@$i$l$k2008G/ 117n$N?e$N>uBV$GD4@0$7$?;6Mp78?t� scat;200811 $O

� scat;200811(� ) =

"
(9:200� 107)

� 4 �

 

1 +
(9:695� 104)

� 2

!#

+

"

(1:307� 10� 4) �

 
(4:623� 106)

� 4 � (� � 392:4)2)

!#

(6.5)

2009G/ 4 7n$N?e$N>uBV$GD4@0$7$?;6Mp78?t� scat;200904 $O

� scat;200904(� ) =

"
(8:514� 107)

� 4 �

 

1:0 +
(1:138� 105)

� 2

!#

+

"

(1:002� 10� 4) �

 
(4:623� 106)

� 4 � (� � 392:4)2)

!#

(6.6)

$H$J$k!#$3$3$G!"� $OGHD9[nm] $rI=$9!#;6Mp78?t0l9TL\$N3Q3g8L$OA0J}$X$N;6Mp$N6/EY$H

8eJ}$X$N;6Mp$N6/EY$,Ey$7$$symmetric scattering(Rayleigh ;6Mp+ A08eBP>N$Jmie ;6Mp)
$N;6Mp78?t$rI=$7!"Fs9TL\$N3Q3g8L$OA0J}$X$N;6Mpasymmetric scattering(A0J}$X$Nmie
;6Mp) $N;6Mp78?t$rI=$9!#Rayleigh ;6Mp$N;6Mp78?t$O� 4 $KH?HfNc$9$k$3$H$,CN$i$l$F$$

$k$,!" SK $G$O7P83E*$K!"Sx ; Ax $r tuning parameter $H$7

� scat;yyyymm (� ) =
�

S1

� 4 �
�

1:0 +
S2

� 2

��

+
�
A1 �

�
A2

� 4 � (� � A3)2)
��

(6.7)

$H;6Mp78?t$r;;=P$7$F$$$k!#

?^ 6.4 $O2008G/ 11 7n!" 2009G/ 4 7n$N;6Mp78?t$rGHD9$N4X?t$H$7$F!"$=$l$>$l9u!"@V

$GI=$7$F$$$k!#9u@~$O@V@~$K>e=q$-$5$l$F$*$j!";6Mp78?t$O$[$\;~4VJQ2=$7$J$$$3$H$,J,

$+$k!#

$=$N0lJ}!"%(%M%k%.!<:F9=@.$K$*$$$F;HMQ$7$?;6Mp78?t$O%_%e!<%*%s;v>]$r;HMQ$7:F9=

@.$7$?8:?jD9$KH?HfNc(� scat(t) = 1 =(L (t)=0:9429)$7;~4VJQ2=$r$7$F$$$?!#Nc$($P2008G/

117n$NL(t) J?6QCM$O81m!" 2009G/ 4 7n$NL(t) $NJ?6QCM$O91m$G$"$k$?$a� scat(t) $O$3

$N4|4V$K11%8:>/$7$?!#$3$l$O!";6Mp78?t$,7P;~JQ2=$7$J$$$3$H$r<($7$?%l!<%6!<$N;6Mp

78?tB,Dj$H9gCW$7$J$$!#$7$?$,$C$F!";6Mp78?t$O7P;~JQ2=$7$J$$1/13415 cm� 1 $r;HMQ$9

$k$h$&$KJQ99$7$?!#1/13415 cm� 1 $OPMT $NNL;R8zN($G<~GH?t$K%&%'!<%H$r$+$1$?;6Mp

78?t

1=13415 =
Z

Q(� ) � � scat;200904(c=� )d� (6.8)

$G$"$k!#

6.1.3 H?<M$N8z2L$NF3F~

2YEEN3;R$,@8@.$7$?%A%'%l%s%3%U8w$O!"PMT !"%"%/%j%k%1!<%9!"%V%i%C%/%7!<%H$GH?<M

$7$&$k!#$3$NH?<M8w$O!"500MeVmuon;v>]$K$*$$$FJd@58wNLRTOT $r 8% A}$d$9!#$=$N

0lJ}$G!"1?F0NL$N7W;;$K$*$$$F$3$NH?<M8w$N8z2L$O9MN8$5$l$F$$$J$+$C$?!#$h$C$FH?<M8w$N
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?^ 6.4: ;6Mp78?t$N;~4VJQ2=

RTOT $KBP$9$k4sM?$rI>2A$7!"Jd@5$9$k4X?t$rF3F~$7$?!#$3$N4X?t$G$O!"$"$kPMT( PMT i )
$,F@$kJL$NPMT( PMT j ) $+$i$NH?<M8w(Qref (i; j )) $O

Qref (i; j ) = Q(PMT j ) � Rfac � exp(�
D (i; j )
L (t)

) �
�RPMT 2

4�D (i; j )2=2
f (� ) (6.9)

$H$9$k!#$3$3$GQ(PMT j ) $OPMT j $NB,Dj8wNL!"Rfac $OH?<MN($G0.2925!" D(i; j ) $O(PMT i ; PMT j )
4V$N5wN%!"RPMT $OPMT $NH>7B25cm$G$"$k!#exp(� D (i;j )

L (t) ) $OH?<M8w$N?eCf$G$N8:?j!"
�RP MT 2

4�D (i;j )2=2 $OH?<M8w$,H>5e>u!"EyJ}$K9-$,$k$3$H$rI=$7$F$$$k!#

H?<MN(0.2925$Otuning parameter $Grandom vertex, random direction $N459 MeV/c
%b%s%F%+%k%mEE;R;v>]$K$*$1$k!"B,Dj8wNL$H4|BT$5$l$k8wNL!JD>@\8w!";6Mp8w!"H?<M8w$N

OB!K$,opening angle 90� 180EY$NHO0O$G9gCW$9$k$h$&$K<hF@$5$l$?!#

6.2 7k2L

6.2.1 7P;~JQ2=$K$D$$$F

0J>e$N2~A1$N8e!"1?F0NL$N7P;~JQ2=$r:F$S3NG'$7$?!#?^6.5 $O9b%(%M%k%.!<stopping
%_%e!<%*%s;v>]$K$*$1$k!V1?F0NL/ Ht@W$ND9$5!W$N7P;~JQ2=$G$"$k!#2008G/107n21F|$+$i

2009G/ 5 7n 31F|$K$+$1$F$N7P;~JQ2=$ORMS $G1.03%$+$i 0.33%$K!" (Max-min)/mean
$G3.5%$+$i 1.7%$K2~A1$7$?!#2008G/ 107n21F|$+$i 2009G/ 117n30F|$K$+$1$F$N7P;~

JQ2=$O!"RMS $G0.39%$H$J$C$?!#
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%_%e!<%*%sJx2uEE;R;v>]$N1?F0NL$N7P;~JQ2=$O!"2008G/ 10 7n 21 F|$+$i 2009G/ 6 7n

30F|$K$+$1$FRMS $G0.71%$+$i 0.60%$K!" (Max-min)/mean $G2.9%$+$i 2.6%$K2~A1$7

$?!#2008G/ 107n21F|$+$i 2009G/ 117n30F|$K$+$1$F$N:F9=@.$7$?1?F0NL$N7P;~JQ2=$O!"

RMS $G0.54%$H$J$C$?(?^ 6.6)!#

6.2.2 %(%M%k%.!<@dBPCM

PMT EE2Y>pJs$r85$K;;=P$7$?1?F0NL$N@dBPCM$N7OE}8m:9$O!"JL$N>pJs$rMQ$$$F;;=P$7

$?1?F0NL$HHf3S$9$k$3$H$GI>2A$9$k!#SK $G$O0J2<$N4 $D$NJ}K!$G1?F0NL$N7OE}8m:9$rI>

2A$7$F$$$k!#

9b%(%M%k%.!<stoppping %_%e!<%*%s;v>]

9b%(%M%k%.!<stopping%_%e!<%*%s;v>]$O!"1?F0NL$N7P;~JQ2=$NI>2A$NB>!"%(%M%k%.!<@d

BPCM$N7OE}8m:9$NI>2A$K;HMQ$5$l$k!#1?F0NL$OHt@W$ND9$5$+$i$b8+@Q$b$k$3$H$,$G$-!"8!

=P4o$G4QB,$7$?EE2Y$+$iF3=P$7$?1?F0NL$HHf3S$9$k$3$H$G!"1?F0NL$N@dBPCM$N7OE}8m:9$r

I>2A$9$k!#I= 6.1$K!V1?F0NL/ Ht@W$ND9$5!W$N%G!<%?$H%b%s%F%+%k%m%7%_%e%l!<%7%g%s$N$:

$l$rHt@W$ND9$5Kh$KI=$7$?!#

I= 6.1: !V1?F0NL/ Ht@W$ND9$5!W$N%(%M%k%.!<@dBPCM$N7OE}8m:9
Ht5wN%[m] !!1?F0NL$NJ?6QCM[GeV] ( M.C - Data )/ Data[%]

5-10 1.8 1.14 � 0.29

10-15 3.0 0.76 � 0.23

15-20 4.2 1.51 � 0.23

20-25 5.5 1.00 � 0.26

25-30 6.8 0.52 � 0.35

30-32 8.0 -0.04 � 0.34

Dc%(%M%k%.!<stopping %_%e!<%*%s;v>]

2YEEN3;R$NCherenkov8w$NJ|<M3Q$O1?F0NL$N4X?t$H$7$F0J2<$N$h$&$KI=8=$5$l$k!#

cos� C =
1

n�
=

1
n

s

1 +
m2

p2 (6.10)

$3$3$G� C !" n!" � !" m!" p $O$=$l$>$lCherenkov8w$NJ|<M3Q!"?e$N6~@^N(!"v/c !"<ANL!"

1?F0NL$G$"$k!#Cherenkov8w$NJ|<M3Q$+$i;;=P$7$?1?F0NL(P� ) $H!"8!=P4o$G4QB,$7$?EE

2Y$+$iF3=P$7$?1?F0NL(Pp:e:) $rHf3S$9$k$3$H$G!" 1?F0NL$N@dBPCM$N7OE}8m:9$rI>2A$9$k!#

8=:_D4@0Cf$G$"$k!#
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?^ 6.5: :F9=@.$7$?9b%(%M%k%.!<stopping %_%e!<%*%s;v>]$N!V1?F0NL/ Ht@W$ND9$5!W$N7P

;~JQ2=(>e)!#5l1?F0NL:F9=@.J}K!$K$h$k$b$N!J9u!K!"$*$h$S?71?F0NL:F9=@.K!$K$h$k$b$N

!J@V!K!#2008G/ 107n21F|$+$i 2009G/ 5 7n31F|$K$+$1$F$N7P;~JQ2=$ORMS $G1.03%$+$i

0.33%$K!" (Max-min)/mean $G3.5%$+$i 1.7%$K2~A1$7!"8w$N?eCf$K$*$1$k8:?jD9(2<) $H

$NAj4X$O$J$/$J$C$?!#$J$*!"2008G/ 107n21F|$+$i 2009G/ 117n30F|$K$+$1$F$N7P;~JQ

2=$O!"RMS $G0.39%$H$J$C$?!#
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?^ 6.6: :F9=@.$7$?%_%e!<%*%sJx2uEE;R;v>]$N1?F0NL$N7P;~JQ2=(>e)!#5l1?F0NL:F9=@.J}

K!$K$h$k$b$N!J9u!K!"$*$h$S?71?F0NL:F9=@.K!$K$h$k$b$N!J@V!K!#2008G/ 107n21F|$+$i

2009G/67n30F|$K$+$1$F$N7P;~JQ2=$ORMS $G0.71%$+$i 0.60%$K!"(Max-min)/mean $G

2.9%$+$i 2.6%$K2~A1$7!"8w$N?eCf$K$*$1$k8:?jD9(2<) $H$NAj4X$O$J$/$J$C$?!#$J$*!"2008
G/ 107n21F|$+$i 2009G/ 117n30F|$K$+$1$F$N:F9=@.$7$?1?F0NL$N7P;~JQ2=$O!"RMS $G

0.54%$H$J$C$?!#
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%_%e!<%*%sJx2uEE;R;v>]

%_%e!<%*%sJx2u$KH<$$@8@.$5$l$kEE;R;v>]$O!"1?F0NL$N7P;~JQ2=$NB>!"1?F0NL@dBPCM$N

7OE}8m:9$NI>2A$K;HMQ$5$l$k!#%_%e!<%*%sJx2uEE;R;v>]$N%(%M%k%.!<J,I[$O$h$/CN$i$l$F

$*$j!"8!=P4o$G4QB,$7$?EE2Y$+$iF3=P$7$?1?F0NL$HHf3S$5$l$k!#?^6.7$K%G!<%?$H%b%s%F

%+%k%m%7%_%e%l!<%7%g%s%$%Y%s%H$N:F9=@.$7$?1?F0NLJ,I[$r<($9!#(M.C.-Data) / Data $N

CM$O� 0:13 � 0:17%$G$"$k!#

?^ 6.7: :F9=@.$7$?%_%e!<%*%sJx2uEE;R$NData $N1?F0NLJ,I[(@V) $*$h$S%b%s%F%+%k%m%7

%_%e%l!<%7%g%s$G@8@.$7$?%_%e!<%*%sJx2uEE;R$N1?F0NLJ,I[(@D)!#(M.C.-Data) / Data $N

CM$O� 0:13 � 0:17%$G$"$k!#

%K%e!<%H%j%N$,@8@.$9$k� 0;v>]

Bg5$%K%e!<%H%j%NH?1~$K$h$C$F@8@.$5$l$?� 0 $O2 $D$N
 @~$KJx2u$9$k!#� 0$N<ANLM � 0

$H2 $D$NP
 1; P
 2 $H$N4V$K$O

M � 0 =
q

2P
 1P
 2(1 � cos� ) (6.11)

$J$k4X78$,$"$k!#8!=P4o$G4QB,$7$?EE2Y$+$i:F9=@.$7$?
 @~$N1?F0NL$N@dBPCM$O� 0 $N<A

NL$HHf3S$9$k$3$H$G$=$N7OE}8m:9$rI>2A$9$k!#� 0 ;v>]$O

� 2 $D$N%A%'%l%s%3%U%j%s%0$,<1JL$5$l!"$+$D$I$A$i$N%j%s%0$belectron-like
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� %_%e!<%*%sJx2u$KH<$&EE;R$O8!=P$5$l$J$$

� :F9=@.$7$?D:E@$N:BI8$HID $NJI$H$N5wN%> 2m

$HA*Br$9$k!#? 6̂.8$K%G!<%?$H%b%s%F%+%k%m%7%_%e%l!<%7%g%s%$%Y%s%H$N:F9=@.$7$?� 0 $N

<ANLJ,I[$r<($9!# (M.C.-Data) / Data $NCM$O2:28 � 1:73%$G$"$k!#

?^ 6.8: � 0 <ANLJ,I[!#@V$,%G!<%?!"@D$,%b%s%F%+%k%m%7%_%e%l!<%7%g%s$N<ANLJ,I[$G!"(M.C.-
Data) / Data $NCM$O2:28 � 1:73%$G$"$k!#

6.2.3 %(%M%k%.!<:F9=@.7OE}8m:9$N$^$H$a

?^ 6.9$K%(%M%k%.!<@dBPCM$N7OE}8m:9$N$^$H$a$r<($9!#$I$N<jK!$K$h$k%(%M%k%.!<@dBP

CM$N7OE}8m:9I>2A7k2L$b!"%b%s%F%+%k%m;v>]$NJ}$,1%DxEY9b$/!"� 0.82%$NHO0OFb$NCM$H

$J$k!#%b%s%F%+%k%m%7%_%e%l!<%?!<$N8w;R@8@.$K$O1%DxEY$ND4@0$NM>CO$,$"$j!"8w;R@8

@.$r8:$i$9$3$H$K$h$j!"%(%M%k%.!<@dBPCM$N7OE}8m:9$r0.82%$H$9$k$3$H$,2DG=$G$"$k!#

%(%M%k%.!<@dBPCM$N7OE}8m:9$,0.82%$N;~!"%(%M%k%.!<$N;~4VJQF00.54%(2008G/107n21
F|$+$i 2009G/ 117n 31F|$^$G$N%G!<%?$r;HMQ$7$?>l9g) $H$N2 >hOB$r$H$k$3$H$G;;=P$9

$k%(%M%k%.!<:F9=@.A4BN$N7OE}8m:9$O!"0.98%$H$J$j!" T2K <B83$+$i$NMW@A(:F9=@.$7$?

%(%M%k%.!<$N7OE}8m:9< 1%) $rC#@.$9$k!#

3FSK %U%'!<%:$H$NHf3S

I= 6.2$O%(%M%k%.!<:F9=@.$N7OE}8m:9$r3FSK %U%'!<%:$GHf3S$7$?$b$N$G$"$k!#%(%M%k

%.!<@dBPCM$N7OE}8m:9$O!"3F;v>](stopping %_%e!<%*%s!"� 0!"%_%e!<%*%sJx2uEE;R) $N%G!<
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%?$H%b%s%F%+%k%m%7%_%e%l!<%7%g%s$K$h$kM=A[$H$NP*N%(?^ 6.10)$N:GBgCM$r;HMQ$7!"7P;~

JQ2=$Ostopping %_%e!<%*%s;v>]$N!V1?F0NL/ Ht@W$ND9$5!W$N7P;~JQ2=(?^ 6.11)$H%_%e!<%*

%sJx2uEE;R;v>]$N1?F0NL$N7P;~JQ2=(?^ 6.12)$NRMS/mean $NFb!"Bg$-$$J}$r;HMQ$9$k!#

SK-IV $OSK-III $HHf$Y!"%(%M%k%.!<@dBPCM$N7OE}8m:9$,2.08%$+$i 0.82%$X!"7P;~JQ

2=$, 1.79%$+$i 0.54%$X$H2~A1$9$k!#

I= 6.2: :F9=@.$7$?%(%M%k%.!<$N7OE}8m:9

SK $N%U%'!<%: %(%M%k%.!<@dBPCM$N7OE}8m:9 7P;~JQ2= 7OE}8m:9Total

SK-I 0.74 % 0.88 % 1.1 %

SK-II 1.60 % 0.55 % 1.7 %

SK-III 2.08 % 1.79 % 2.7 %

SK-IV 0.82 % (Dc%(%M%k%.!<stopping %_%e!<%*%s$r=|$/) 0.54 % 0.98 %

6.3 K\>O$N$^$H$a

8w$N?eCf$K$*$1$k8:?jD9$N8+D>$7!";6Mp78?t$NJQ99!"H?<M8w$NJd@5$NF3F~$r9T$C$?!#$=

$N7k2L!"1?F0NL$N;~4VJQ2=$O0.56%$K2~A1$7!"%(%M%k%.!<@dBPCM$N7OE}8m:9$O0.82%$H$J

$k$3$H$,J,$+$C$?!#$7$?$,$C$FN><T$N2 >hOB$r$H$k$3$H$K$h$j!"%(%M%k%.!<:F9=@.A4BN$N

7OE}8m:9$O0.98%$KE~C#2DG=$G$"$k;v$r3NG'$7$?!#
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?^ 6.9: %(%M%k%.!<@dBPCM$N7OE}8m:9I>2A%5%^%j!<!#$I$N<jK!$K$h$k%(%M%k%.!<@dBPCM$N

7OE}8m:9I>2A7k2L$b!"%b%s%F%+%k%m;v>]$NJ}$,1%DxEY9b$/!"@D@~$G<($9� 0.82%$NHO0O

Fb$NCM$H$J$k!#

58



SK-I

-8
-6
-4
-2
0
2
4
6
8

10 10
2

10
3

10
4

10
5

momentum range (MeV/c)

(M
C

 -
 D

A
T

A
) 

/ D
A

T
A

  (
%

)

m range
m angle
p0 mass
decay e

SK-II

-8
-6
-4
-2
0
2
4
6
8

10 10
2

10
3

10
4

10
5

momentum range (MeV/c)

(M
C

 -
 D

A
T

A
) 

/ D
A

T
A

  (
%

)

m range
m angle
p0 mass
decay e

SK-III

-8
-6
-4
-2
0
2
4
6
8

10 10
2

10
3

10
4

10
5

momentum range (MeV/c)

(M
C

 -
 D

A
T

A
) 

/ D
A

T
A

  (
%

)

m range
m angle
p0 mass
decay e

?^ 6.10: 3FSK %U%'!<%:$K$*$1$k%(%M%k%.!<@dBPCM7OE}8m:9I>2A$N%5%^%j!<!#2#<4$,1?F0

NL[MeV/c] !"=D<4$,%G!<%?$H%b%s%F%+%k%m%7%_%e%l!<%7%g%s$K$h$kM=A[$H$NP*N%$rI=$9!#

>e$+$i SK-I, SK-II, SK-III $G!"P*N%$N:GBgCM$O$=$l$>$l0.74 %, 1.60 %, 2.08 %$G$"$C$?!#
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?^ 6.11: 3FSK %U%'!<%:$K$*$1$k!"stopping%_%e!<%*%s;v>]$N:F9=@.$7$?!V1?F0NL/ Ht@W$N

D9$5!W$N7P;~JQ2=!#>e$+$iSK-I, SK-II, SK-III $G!"E@@~(GK@~) $OJ?6QCM$+$i� 1 %(� 2 %)
$NCM$rI=$9!#
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?^ 6.12: 3FSK %U%'!<%:$K$*$1$k!"%_%e!<%*%sJx2uEE;R;v>]$N:F9=@.$7$?1?F0NL$N7P;~JQ

2=!#>e$+$i SK-I, SK-II, SK-III $G!"E@@~(GK@~) $OJ?6QCM$+$i� 1 %(� 2 %) $NCM$rI=$9!#
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Bh7>O :#8e$N2]Bj

7.1 :F9=@.$7$?%(%M%k%.!<$N0LCV0MB8@-$H$=$N2~A1$N8+DL$7

:F9=@.$7$?1?F0NL$O!"N3;R$Nvertex $N0LCV$K1F6A$r<u$1$k!#?^7.1$O%b%s%F%+%k%m%7%_%e

%l!<%?!<$r;H$$@8@.$7$?500 MeV %_%e!<%*%s;v>]!Jrandom vertex, random direction, A4

4300;v>]!K$K$*$1$k:F9=@.$7$?1?F0NL!J3F%S%sKh$NJ?6QCM!K$N%7%_%e%l!<%?!<$G@_Dj$7

$?1?F0NL$+$i$NP*N%N($rvertex $N0LCV$N4X?t$H$7$F%W%m%C%H$7$?$b$N$G$"$k!#9u$,5l1?F0

NL:F9=@.J}K!$K$h$k$b$N!"@V$,?71?F0NL:F9=@.J}K!$K$h$k$b$N$@$,!":F9=@.$7$?1?F0NL$N

vertex 0LCV0MB8@-$O2~A1$7$F$$$J$$!#500 MeV EE;R;v>]!J?^ 7.2!K$bF1MM$G$"$k!#

1?F0NL$O!"vertex $HFb?eAeJI$H$N5wN%$,>.$5$1$l$P>.$5$$$[$IBg$-$/:F9=@.$5$l$k798~

$,$_$i$l$k!#$3$N798~$O6a$/$NPMT $+$i$NH?<M8w$N8wNL$r!"<B:]$NH?<M8w$N8wNL$HHf$Y

$F>.$5$/8+@Q$b$C$F$$$k$3$H$,0l0x$G$"$k$H8=:_J,$+$C$F$$$k!#

8!>ZCf$N?7$7$$H?<M8wJd@54X?t

$"$k PMT( PMT i ) $,F@$kJL$NPMT( PMT j ) $+$i$NH?<M8w(Qref (i; j )) $r

Qref (i; j ) =
Q(PMT j )

f (�)
� Rfac � exp(�

D (i; j )
L (t)

) �
�RPMT 2

4�D (i; j )2=2
f (� ) (7.1)

$H$7!"PMT( PMT j ) $+$i$=$N<~0O8 8D$NPMT $X$NH?<M$O

Qref (i; j ) =
Q(PMT j )

f (�)
�

Rfac � 1:8
1 � Rfac � 1:8

� exp(�
D (i; j )
L (t)

) �
�RPMT 2

4�D (i; j )2=2
f (� ) (7.2)

$H$9$k%b%G%k$r9M$($k!#$3$3$GQ(PMT j ) $OPMT j $NB,Dj8wNL!"Rfac $OH?<MN($G0.2925!"
D(i; j ) $O(PMT i ; PMT j ) 4V$N5wN%!"RPMT $OPMT $NH>7B25cm$G$"$k!#exp(� D (i;j )

L (t) )
$OH?<M8w$N?eCf$G$N8:?j!"f () $OPMT %"%/%;%W%?%s%9!"� $OPMT j $X$N%A%'%l%s%3%U8w

$NF~<M3Q!"� $OPMT i $X$NH?<M8w$NF~<M3Q$rI=$9!#1.8 $Otuning parameter $G!"500 MeV
?bD>2<8~$-%_%e!<%*%s;v>]!J%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.!"(x,y,z)=(0, 0, -18m $+

$i 2 %a!<%H%kKh$K18m $^$G!K$NH?<M8w$HH?<M8wJd@5$r9g$o$;$k$h$&$KD4@0$7$?!#$J$*!"
�RP MT 2

4�D (i;j )2 $OH?<M8w$,5e>u!"EyJ}$K9-$,$k$3$H$rI=$7$F$$$k!#

?^$ODL>o$N%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $+$i!"H?<M

8w$r@8@.$7$J$$%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $r0z$/

$3$H$G;;=P$7$?H?<M8w$N8wNL$H!"H?<M8w$H$7$FJd@5!J8:;;!K$7$?8wNL$H$NHf3S$G$"$k!#8!

>ZCf$N?7$7$$H?<M8wJd@54X?t$O5lJd@54X?t$HHf3S$7$F!"H?<M8w$N0LCV0MB8@-$r$h$/:F8=$7

$F$$$k;v$r3NG'$G$-$k!#:F9=@.$7$?1?F0NL$N0LCV0MB8@-$b?^7.5!J%_%e!<%*%s;v>]!K?7̂.6
!JEE;R;v>]!K$N$h$&$K2~A1$9$k!#:F9=@.$7$?1?F0NL$N@:EY$r!"RMS/mean $GDj5A$9$k$H!"
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?^ 7.1: %b%s%F%+%k%m%7%_%e%l!<%?!<$r;H$$@8@.$7$?500 MeV %_%e!<%*%s;v>]!Jrandom
vertex, random direction, A44300;v>]!K$K$*$1$k:F9=@.$7$?1?F0NL!J3F%S%sKh$NJ?6QCM!K

$N%7%_%e%l!<%?!<$N@_DjCM$+$i$NP*N%$N0LCV0MB8@-!#9u$,5l1?F0NL:F9=@.J}K!$K$h$k$b$N!"

@V$,?71?F0NL:F9=@.J}K!$K$h$k$b$N$G$"$k!#2#<4$Ntowall !J:8>e!K$O vertex $+$iN3;R$N

?J9TJ}8~$NFb?eAeJI$^$G$N5wN%!"z!J1&>e!K$Overtex $+$iFb?eAeCf?4$^$G$N5wN%$N?bD>J}

8~@.J,!" r!J:82<!K$O vertex $+$iFb?eAeCf?4$^$G$N5wN%$N?eJ?J}8~@.J,!"dwall!J1&2<!K$O

vertex $H:G4s$j$NFb?eAeJI$^$G$N5wN%$G$"$k!#

63



-5
-4
-3
-2
-1
0
1
2
3
4
5

0 10 20 30 40 50

+-1%

towall(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

-20 -10 0 10 20

+-1%

z(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 5 10 15

+-1%

r(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 5 10 15

+-1%

dwall(m)

re
c.

-t
ru

e 
(%

)

?^ 7.2: %b%s%F%+%k%m%7%_%e%l!<%?!<$r;H$$@8@.$7$?500 MeV EE;R;v>]!J random vertex,
random direction, A44300;v>]!K$K$*$1$k:F9=@.$7$?1?F0NL!J3F%S%sKh$NJ?6QCM!K$N%7

%_%e%l!<%?!<$N@_DjCM$+$i$NP*N%$N0LCV0MB8@-!#9u$,5l1?F0NL:F9=@.J}K!$K$h$k$b$N!"@V

$,?71?F0NL:F9=@.J}K!$K$h$k$b$N$G$"$k!#

64



@:EY$O500 MeV%_%e!<%*%s;v>]$G2:73� 0:03%$+$i 2:32� 0:03%$X!"500 MeVEE;R;v>]

$G4:97� 0:05%$+$i 4:52� 0:05%$X$H2~A1$9$k!#$3$N$?$a!":#8e?7$7$$H?<M8wJd@84X?t$r

D4@0$H3NG'$N8e!"F3F~$9$kM=Dj$G$"$k!#

65



-100
-50

0
50

100
150
200
250
300
350

0 10 20 30 40 50
towall(m)

R
T

O
T

(p
.e

.)

100
120
140
160
180
200
220
240

-20 -10 0 10 20
z(m)

R
T

O
T

(p
.e

.)

100
120
140
160
180
200
220
240

0 5 10 15
r(m)

R
T

O
T

(p
.e

.)

100
120
140
160
180
200
220
240

0 5 10 15
dwall(m)

R
T

O
T

(p
.e

.)

?^ 7.3: 500MeV%_%e!<%*%s;v>]$NH?<M8w$*$h$S!"H?<M8wJd@5$N0LCV0MB8@-!#9u$,DL>o$N

%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $+$i!"H?<M8w$r@8@.$7$J

$$%b%s%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $r0z$/$3$H$G;;=P$7$?

H?<M8w$N8wNL!#@V$,?71?F0NL:F9=@.J}K!$NH?<M8wJd@54X?t$NH?<M8wJd@5!"NP$,8!>ZCf$N?7

$7$$H?<MJd@54X?t$NH?<M8wJd@5$G$"$k!#

66



-100
0

100
200
300
400
500

0 10 20 30 40 50
towall(m)

R
T

O
T

(p
.e

.)

-100
0

100
200
300
400
500

-20 -10 0 10 20
z(m)

R
T

O
T

(p
.e

.)

-100
0

100
200
300
400
500

0 5 10 15
r(m)

R
T

O
T

(p
.e

.)

-100
0

100
200
300
400
500

5 10 15
dwall(m)

R
T

O
T

(p
.e

.)

?^ 7.4: 500MeVEE;R;v>]$NH?<M8w$*$h$S!"H?<M8wJd@5$N0LCV0MB8@-!#9u$,DL>o$N%b%s%F

%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $+$i!"H?<M8w$r@8@.$7$J$$%b%s

%F%+%k%m%7%_%e%l!<%?!<$G@8@.$7$?;v>]$NJd@58wNL(RTOT) $r0z$/$3$H$G;;=P$7$?H?<M8w

$N8wNL!#@V$,?71?F0NL:F9=@.J}K!$NH?<M8wJd@54X?t$NH?<M8wJd@5!"NP$,8!>ZCf$N?7$7$$H?

<MJd@54X?t$NH?<M8wJd@5$G$"$k!#

67



-5
-4
-3
-2
-1
0
1
2
3
4
5

0 10 20 30 40 50

+-1%

towall(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

-20 -10 0 10 20

+-1%

z(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 5 10 15

+-1%

r(m)

re
c.

-t
ru

e 
(%

)

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 5 10 15

+-1%

dwall(m)

re
c.

-t
ru

e 
(%

)
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