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Bh1>0 =xO@

%K%e!<%H%j%N$O!"AGN3;RSNOI<0$G$"$jI"=ENOA|8_:nMQ$r=|$-<e$$Aj8 :nMQSN$_FSr$9$kCf
@-%1%W%H%s$GHIBIRHEG/$K% QY% &Y% SKShSCSF$=$NB8:_$,2>D|IBEIB6 G/$K%i%$%M%I$H
%3!<%0%SIKShSCEFS=3NB8:_3$,>ZL @3$53I1$?!1#3=:_$GSO!'"EE;RY%K%e! <Ytk %ok F%6KY0e! <
%HYUN )!"%?%8%6K%e!<%HE %SN3 <oN'BS:_ $9$k$3$HS,3NG '$5SISFS$SK!#

1.1 %K%e!<%H%j%N?6FO0

%K%e!<%H%[%N?6F0$H$O!"$"$k<oN " $N%K%e! <%H%j%N$, HIOTCISKILSN<ON $N%K%e! <%HY6j%N$k
JQ2=3$9$k8=>]$GS$"$k!#%K%e!<%H%j%NSKSO0%U%I!<%P!<$N8GM-=uBY; ) $H<ANLSN
8GM->uBVji (i = 1;2;3) $,$"$]"%U%I!<%P!<$N8GM->UBV$O<ANLSNSGM->UuBV$N:.9g>uBV$GOI
HL@-$r<:$0$:$KI=$5%I$k!#

X3
joi= Uijii (1.2
i=1
$33$38AJ; $0!"3 3 %f%KY%?%jI<OTNSSBEDIN:.9930Q 12!" 231" 13 $*$h$S!" 1 $DINIHAG
OLAj] $rMQS$$SF

0 10 10 1
1 0 0 C13 0 si3e : Ci2 Si2 O
U= % 0 Co3 So23 g % 0 1 0 g % S12 Ci2 O g ) (1.2)
0 So3  Cp3 S;|_3ei 0 C13 0 0 1

$H5-=R$5$I$K!#$3$35G;  cOS jj!"sj SN j $CHSKIHSHSISMSG!"$3ENYUYII<Y6PI<$N
8GM->UBV$O

M= § Ui exp( IEjt)j i(t =0)i (1.3)

$H;~4VH/E8$9$k!#$33$3865 $O<ANLINBGM->UBVENBGM-CM$GSH"$kI#ShSCHHE'0 $K$*
$18k%U%I!I<%PI<ENBGM->uBY;~4V t $,7P2a$7$?$HS$->uBV $KIQ2=$9$k3NN($O!"

i @i (0)ij? (1.4)
2

U; U; exp( iE;t) (1.5)

P( ! )

jJUi U o+ Ui U; U; Uy exp( i(Ei  Ej): (1.6)
i i6]
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SH7W::$G$-SKI#FCSR%U%|I<%6PI<$N:.9g$roM$($?$HS-1":. 9g9TNS $O

|
u= s s (L.7)
Sin ({015
$HAIN, 2=$G$-SKIHS3SISHSESH $,5WN% $rHIOT8eSKILSNYUYII<%PI<$KIQ2=$9%k
3NN($O!"

(Ei Ejt

P( ! ) = sin?2 sin® 5 (1.8)
|
mZL
— ia 2 in2 ]
= 2 T 1.9
sin sin AE (1.9)
|
1:27 m? (eV3)L (km)
— i 2 P2 i
= 2 1.1
sin sin E (Gev) (1.10)

$H7W;;$5$I8kI#$3$3$G!" M7 $0%K%e!<%H%[%N<ANLEs D  m?Z  m?) $G$"$ki#
$I$*I"7TW;;:2aDXSK$*$$SFAIBPO@E*$J>I0D;  p) $K@.$jN)$D6a;w

q q
Ei Ej = pf+m?  pP+m? (1.11)
! !
p+ 2 p+ 2 (1.12)
_mﬁ 1.13
2E ( . )
$*$h$S
L't (1.14)
$r;HMQS7$?1#

%K %e!<%H%j%N?6F0<B83$0!"%U%I|!<%P!1<$,JQ2=$9$k3NN($NB, Dj$rDLSSSFBIRBA
NLFs>h:9 m? $rF3=P$9%k!#

1.2 %K%e!<%H%j%N?6F0<B83
121 %9!<%Q!<%+%_%*%+%s%GSKSh$kBg5$%K%e! <%H%|%NB,Dj<B83

M[R$d N3;R$JI$ISNOI<I1'Ch@~$OBg5$CIENS6;RIKSHA|B_NMQEHIV;R$AK CfAV;R$r
@8@.$9$KIHS3SISISNCIAV: REOHIITCISKIX2U$ 7" %K %! <%H%|%N$r@8@ . $9$KI#$3$N2aDX$G@8@ .
$5$1$296K%e!<%HY%j%NSBg5$%K e <%bH%j%NSHEF$VI# 96K %el<%HY%j%NSO<g$K

I + (7)) (1.15)

Le + o+ () (1.16)

$J$k2aDx$C @8 @ . $5$ISKIHES 7 ?E*$IBg5$Y6KY0e! <%HY%j %NSNYH VS SHEBHOTSWNY $O
$=$I$>$1 100MeV 100GeM" 10km 13000km$GS$"$ki#
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Bg5$CI$G@8@.$7$7%_%e!<9bK%e!<%bTii¥oe! <%HI6[2N?6FOSKShSCSF $HI6U%bII<
%PI<$rIQ$(1"$=$N3NN($0LD 10) $K=>$% =E $SKOMBBSISKI#%69!<%Q!<%+%_%*USAmH6G
K,SK) $OBg5$%K%e!<9%H%j%N;=JENOMBS@-$rB,Dj$9$k!#21.1 $OSK $G4QB,$7$?Bg5$
%_9%bel<%KIbe!<%HY%j%N: V12BN, [$G$ $kI#4QB,$7$7Bg5$% _%e!<%K%e!<%HY6[%N;v>]2t$r
%K%6e!<%HY%j%N?6F0$,L5$$;~M=A[$5$I$kBg5$% _%e!<06K%e!<%H%|%N;v>]2t$G3d$CSF$$$kI#FCSK
M$NL1&BEL=E  150km/GeV) ItJ, $NY6KY%be!<%6H%j06N;v>]?2t$, %K %e!<%HI6j%N 26 F08=>]$K$h$C
BFS=BN?tSr8:3i$7SF$SSkS3$HS,8+$F<h$ISk!#9%69!<%Q!<%+%_%*%+%s%G%0%k!<%W$O!"40B,$7$?
Bg5$%6K%e!<%H%j%N;v>]2t$E J,[$KBP$7$F!" %K %e!<%H%j%N?6F0%Q%i%al<%?!<$r2>Dj$7
$?,~M=A[$53I8k;v>]?tSN L=E J,I[$GC 2 %U%#0C%F%#%s%0$r9T$$!"?6F0%Q%i%al<%?!<$r;;=P
$OBk!I#:G?7SN?6F0%Q%i%al<%?!<$O

1:8 10 %< md;< 28 10 %eV
0:41 sin® ,3 0:585 at 90%C.L. (1.17)
$GS$"$K[1]#

1.2.2  2CB.40%K%e!<%H%j%NB, DjNBEDS

M[;R2CB.40$K$h$C$F2CB.$7$?M[;Rr!"Fs<IN3;R@8@.I8E*$K>H<MSTHFRIr@8@.$7!"
$3BISISNIX2uSrMXMQS$7SF?MI)E*SK@8 @ .$7$?%K %e!<%H%j%NS$r2CB.40%K%e!<%H%j%NSHBF$VI#

MINOS <B8330%U%'%k%_%iB$N \@ $C@8@.$7$7%_%e!<%K%e!<%H%[%N$rB,Dj$9sk$3
$HIG!"%K%e!<%H%j%N?6F0%Q%i%a!<%?!<$rF3=P$93k%K%e!<%H%|%N?6 FOIBBBEG S Sk !# 2"
Fs<IN3;R@8@.I8E*$+$135km 2<N.$K$"$k81=P40$GB, Dj$7$?% _%e!<%K%el<%H%j%N;v>]2t$r!"
%K%e!<%H%]%N?6F0$,L5$$SHS-4|BTS5$ISK;v>] 3G 3d$CS?$SNS FI=@.$7$2%K%e! <%H%j%N%(
%M%k%.1<$NAX?tSHS7SF%WI%mM%CY%HS7$?$bINSG$"FAEOSKShSCHFI"FCHGeV 0J2<
SNNNOh$G%_%e!<%K%e!<%H%j%N$,$=$N?t$r8:$i$7$F$S$k$3$HS, 8+ SMHNENKFOB, Dj
$7$?%K%e!<%H%j%N;v>]2tSN% (%6 M%k%.!1<%9%Z%/%HY%kSKBP$7$F%K%e! <% H%j %N ?6 F0%Q%i%a!<¥
$r2>Dj$7$?;~4|BT$535I8k;v>]?tSN%(%M%k%.!1<%9%Z %/%HY%k$G % U %6 CY%F%#%s%0$roTS$?6 F0% Q%I
%al<%?!<$r;;=P$I$k!#F3=P$7$??6F0%Q%i%a!<%?!<$O

i m3 ! =(2:43 0:13) 10 3 eV? at 68%C.L.;
sin?2 53> 0:90 at 90%C.L. (1.18)
$GS$"$K[3]#

1.2.3  86:RO'%K%e!<%H%j%NB,Dj<E830Z

86;RO'$OH?EE;R%K%e!<%H%7jyiN@8@.$93kBEHOOZ <B83$0$3$NH?EE;R%K%e!<%H%j%N
$r5U%Y1<%?Ix2u
e+ p! € +n (2.19)

$N4QB,$r2p$7$F8!=P$7!"%K%e!<%H%j%K26F0 ~ ) $K$h$kH?EE;R%K%e!<%H%j%NSN>C<:$r
B,Dj$9s$k!#7k2L!"H?EE;R%K%e!<%H%j%N$KM-0U$I7gB;$04QB,$531$:!" 76 F0%Q%i%a!<%?!<$K

sin?2 13< 0:14 at 90%C.L.I! (@ m2;=2:4 10 3eV?) (1.20)
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Data/Prediction (null osc.)

1 10 102 10° 10
L/E (km/GeV)

M 1.11 %91<%QI<%+%_%*%+%s%GS$GAQB, $7$?By5$% _%el<%K%e!<%HIGIANEVAPHSN
4QB,$7$?Bg5$%_%e!<9bKY6el<%HI6[%6N;v>]2t$ro6KI6el<%6H% %N ?6F0$, L5$$;~4|BT$5$ISKBg5$% _Yoel<
%K%e!<%H%j%N;v>] 2t$G 3d$CSFSSSK @I, SN%G 1<% A" <B@~$0%Y %9%H%U%HCLUHS7$?

I 26F0%b%GY%kSKS*$LSK;v>] 2GS $kI#$I$+!" @DINGK @~$0%Y %9%H%U%#6CY%HS7$2%K %e <
%H%j%NIXx2u%b%G%k$EN;v>]2t" @VENE @ @~$0%Y %9%HY%U%H6CU%HS7$2%G%3%R!<%I|%s%9%b%G
$KV>]2EGH $j"$$$:$I$b  500km/GeV 1UBa$N%G%#bCUWSO:F8=$7$I$$!4

Ratio to null hypothesis

as + «  MINOS data

Best oscillation fit .
—— Best decay fit §

5 Best decoherence fit |

o) S N U N O S
0 5 10 15 20 30 50

Reconstructed neutrino energy (GeV)

27 1.2 B,Dj$7$?%_%el<%K%e!<%H%j%N;v>]2t$N%K%e!<%H%j%N 26 F0$, LE$$$HS-4|BTS5$I$K:v
>]?t$KBP$9$k3dIgHE @$,%G!<% A" <B@~$,%Y %9%H%U%H6CY%HS7$?%K%e! <%H%j%N 26 F0%b%G %k
S]RUH$ISH" Y @~$O%Y %9%HYU%#6C%HS7$?9%K%e!<%H%j%NIX2u%b%GY%kK!" E@ @~$0%Y%9%H%U
$7$?%G%3%R!<%1%5%9%b%G%kSK$*$1$k;v>] 2t$G$ " $ki#



$I$k>e8BCMINS_$,M2$($isI$a]#

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

%KIbel<%HI6%N?6F0%Q%i%al<%?I<$NFb!{2085MSS<ANLFs>h:9 m2, $OI"B@MIFbit
$N3KH?1~$KSh$CSF@8@ . $5$ISKE E; RYKYoe! <o HY(UNSN2GFNAQB, I'$*$h$KamLAND
$K$*$1$k86;RO'H?EE;R%K%6e!<%Hj%NSN2BFO, ) SNAQB $+3i

73 10°< m2,< 81 10 °eV?
0:28 sin® 1o 037 (2) (1.21)

$GS"SKE]# 23" M35 SOAO=RINSh$&SKBG5$%K%e!<%H%j%NS$d2CB.40%K%e! <%H% %NS HSS$B,
Di$5$ISF$S$KI# M2, $0 m2, $*$h$S  m3; $NB,Dj7K2L$+$i

jmd mij j my mj j my mj (1.22)
$H$ISK!#; DBk 13 $O>e8BCM$,M?S(SiSISFSISkENSCP HsJ|B8SrI=$90LA] $08=:_A43$/$N
LSCNSGS"$k!#

%I%W%H%SSKS*EIBBP>N@-$0!"1'Ch$NI*<AH?J*<AHSBP>N@-$N5/8;$rM}2r$9$k<$,$+$j
$K$ISk$?$al"%K%e!<%HY%%NI*MISKS*$1$k=EMWS$I2]Bj$H$ISCIP$EEKRB822L$NB, DjNL
$0!"sin 13 SKHINC$ISk$?$a!"13 SN7hDj$O6[5"$N2]Bj$HSISCSF$*$jDouble Chooz" T2K !I"
Daya Bay!" RENO, NO A!"Ey$N<B83%,M-8B$J13 B,Dj$rL\;X$7$F="Hw$r?JSa$FS$$k!#



Bh2>0 T2K <BS83

2.1 <B83$N35MW

T2K(Tokai to Kamioka) <B83$0<!4|D94p@~%K%e!<%H%j%N?6F0<B83$GS$"$k!#0q>k8)EI3$
B<$K?7$?$K7z@_$5$1$?Bg6/EYM[;R2CB.40MRARC $rMQSSSFI"%_%e!<%*%6s%K%bel<%HY6j%6N
() $r@8@.$7295kmN%$I$24t1I8)HBM; TSN?e%A%'%1%s%3%U<B83AUCY%9!<%Q!<%+%_%*%o+%s
%GSK) $G8I=P$ISKSISHSG!" %K %e!<%H%j%NSN@-<ASr8&5TSOSk!#

2.2 <B83$NL\E*

T2K <B83$N<g$IL\E*$O!"0J2<$NEDSCS"$k!#

| o ?6FO$N8I=P$K$h$k:.993Q 3 $NB,Dj

LSH/B+EN?6F0%Db!<%I ! o( ¢ =P8F $rC5:wHISk!#$3$ISKSh$jI"LECNSN:.993Q 13 $r$3
$I$"SGSN<B83$h$j#17e0J>eNISS46EYSGCE:wSISk!# @R 13 0:006$"$GSNE~CHSrL\
XSO

>C<:$NB,Dj$K$h$k?6F0%Q%i%al<%3% m32, $N7hD;

%K %e!<%H%j%N?6FO$SKS$h$R<:$NB, Dj$rDLS7$F!" 26F0%Q%il<%al<Vthe 2 53, M3,
$r$=91$>$ 1%;1 10 “eV2 $N@:EY$G7hDj$9$k!#

2.3 <B83AuCV
23.1 J-PARC

J-PARC $07"2.1 $K<($7$?$h$&$K!" @~7A2CBM-INAC) " 3GeV M[;R%7%S%/%m%H%m%s
(RCS)!":GBg 50GeV(EVLL$CBOGEV $G1?E>$9FKM|[;R%7%s%/%m%bHPNRYo$+$i9=@.$5
BISki#

MR $G@8@.$5$I$kM[;R%S!<% $N;EMMEBK$"$H$a$kiF2K <B83SMR $SN%(%M%k%.!<
$G750kW 5 G/AJEVENYG!<%?$rC_@Q$ISkM=Dj$GS$"$K!#



I= 2.1: MR $N%S!<% %Q%i%al<%?!<

%S!<% %(%M%k%.!< 50 GeV (EVLL$G0GeV $G1?Ep
%S!<% 6/EY 750 kW
%9%T%kI} 5.23 sec (6j%s%0A4M867.5m/8wB.$GDj5A
%9%T%KCI$NM[;R?t 3.3 10*
%P%s%A?t 8
%P%s%Al} 56 nsec
%P%s%A4V3V 581 nsec

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

0I<IM[;R%S!<% %i%$%sMR $KSh$CHF2CB.$58I$?M[;R$rFs<IN3;R@8@.I8E*$"$GCGM"Aw$9
SKIHM[;R$r%60%i%U%!1%$%HSNFs<IN3;R@8@.I8E*$K>H<M$OSkSISHEKBNRIEE 8@ . $9$k!#
3 $DSNEE<'%[!<%s$KSh$SCSF<}B+$7EP4V;R$D4M SNIX2uNNOh$G

1oty 2.1)

$HIX2uS7!"$3$3$C%K%e!<%H%%NSr@8@ . $IBK!#F1;~SK @BI@NBLHD_Yoe!<%*%s%b%K%?!<
SKSh$CHFS=$N%W%mM%U%!%$%k$rob%K%? | CHHEIREBFSBNIx2u$G$ $k$?$aition $H
%K%e!<%H%j%N%S!<% $N%W%m%U%!%$%k$KSO6/FDMEIXENIBRIFHM % U%!%$%k$rB,Dj$9
PkBIBHSG!"%9% TU%KKhSNYKY%e!<%H%j%N%S!<% $NI}8~$d6/EY SrCNSk$3$HS, 2DG=$K$IBk!#

2.3.3  %K%e!<%H%j%N%S!<% %bIbGRIX

%K %be!<%HY%%N%S!<% % bIXIBRI: $0%S!<% <4>e$K@ CV$5$I"06K%e!<%bH%j%NSID>@\B,
Dj$9$k$3SHSG YK %e!<%HY6j%N%S! <% $NI}8~SNYh %K% 2% IGREDITERXL. 2 SNSh$&
$KG[CV$7$26 8BDSNYD%8%e!<%k$GI=@.$5$I$K!# 3F %% SYBARBRIEASHYOW6i%9%A%C%/% 7
%S%A%I!<%?1<$GI=@ . FABRX SN H%i% C%-%5%0%\W%|! <%6sSNY65%65%I%$% CLHAI=BSSr$HECSFSSSKI#

2.3.4 AO0CV8!I=P4&D280

AOCV8I=P40%?" 2.3) $OI'Fs<IN3;R@8@.I8E*$+H#80M2<N.$K@_CV$5$II"@8@.$7$?$P$+3j
$NY%KY%e!<%bH%%N%S! <% $N%U%i%CY%/%9$d!"%(%M%k%.!<J, I[$rB, Di$9SKI#$3SN>pIs$0%K%be!<%H
%j%N?6F0$,$I$$>19g9BK $K$*$15k%U%i%C%/%9!"%(%M%k%.!<J, [[$roa$ask:]$K; HMQS5$ISK!#

AOCV8!=P40$02:3 $K<($9$h$&SK!"0J2<$N%6h%8%e! <%k$GI=@ . $5$I$KI#

0 81=P40(POD)

Cf@-%+%I%s% A H?1~
+ Al +A+ O (2.2)



K 54 5 In R 25 i 5%
(J-PARC)

'\\ 400MeV

\ | BEInES {4
\ = 3GeVIBF
oonkay

—N
W

~
-

DNV SN —
2

N .
Q\:\,, — \
50GeVEEFi-ooRAkAL
{750kwW)

27 2.1: Bg6/EYM[;R2CB.40:\@J-PARC $N354Q#@~7A2CBUINAC) !" 3GeV M[;R%7%s%/
%MY%HYRES)!" 50GeV M[;R%7%s%/%m%HIIRY:$+$i9=@.$5$I$K!#

$KShSCIF@8@.$55I197$r8!1=P$ISk!#$3$3$GA $086;RIK$GS "$k!# =P8=<B83SN<gMW$I%P%C
%/%0%i%&%s%I$G$"$kCf@-%+%I% 398~ SNH?1~CGLL@QI?FONLJ, I[$NB, Dj$rL\E*$H
$O$k!#

EE<'%+%m%j%al<E2AL)

0 81=P40$rI$$&ShS&SKG[CV$5$!!" @ ~SAEE;RSNY%(%M%k%.1<B, Di$roT$&!#

Ht@W8!=P46GD TPC)

%K%e!<%H%j%NH?1~$KSh$CSF@8@UBIBN[;R!"2YEE Cf4V;REYy$SN2YEEN3;R$NB,Dj
SroT$&I#Ht@W8!=P40$H$7$F%7%s%A% <% ?!<HtQMED{P#e Grained Detector) $*$h
$STPC(Time Projection Chamber) $,;HMQ$53$I$k!#

EE<@P

%" %k%_%K%&% @=$N%3%$%KSHEASNYh!<%/$+$i@ .$K!G2TIBNE>FH @ 8@ . $IBK!#
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module

Beam
center

7 2.2: %K%e!<%H%]%N%S!<% %biKIRPX $N3F%h%8%e!<%k$NG[CV

%5%$%1%_%e!<%*%6s%I%s%SEBHRD)

EE<'@PSNE4HDSNAVSKANF~$531!"%K%e!<%HY%j%NH?1~$K$ShSCSF@md@SbBhIeBM %ok
%.!1<$HHt@W$rB,Dj$9Sk!#

2.3.5 8eCV8!I=P4&K

SK(%91<%Q!<%+%_%*%}%OUEGPARC $NFs<IN3;R@8@.I8E*$+A05km 2<N.$KOLCV$9
$kBg7?2?2e%A% %I1%5%3%U8!=P40$CR2BKHBB3SK$*$$SF%K%6e! <%H%j%N 26 F08e$NY6KY%el<%oHY%]
%N%S!1<% $N%U%I%CY%/%9$d%(%M%k%.!<J, [[$rB,Dj$9$k8eCV8I=P40$HS$7$F; HMQ$5$ISK!#81=P40
$N>\:Y$SOBIB >0$G@bL@$9$k!#

2.4 %K%e!<%H%j%N?6F08!=PJ}K!
I ¢ ?6FO$NC5:w
SK $K$*$$$F!" ¢ SN2YEEY+%I%s%H="CF@-H?1~
etn! e +p (2.3)

$KShSKEE:R$r8!I=P$I$k$3$HSE=P8=$N>Z5r$r$D$+$ 1#<gMW%P%C%/%0%i%&%Ss%I$O!"%S!<%"
$K85!1947$"$ISk o!"$*$h$S  SNCF@-%+%I%sHD8@.H?1~

+ N ! +N+ © (2.4)

$K$h$|@8@.$5%I$k0 SNIX2uSKShSR $DSN @~$,$DS$/SKEE<'%7%C%0!<H, SDSNEE<'%7%C
%0!<$HAVOCS$:FI=@ .$55I$k>19g$G$"$kI#$3ISCK $, @~$HEE;RSHIr<1IL$GS$-$I$$$?$a$K
%P%C%/%0%i%&%S%ISHSISKHEKIBEAQB, $55I5k;v>]2t$0! "% S!<% $K85!94"$ SISk o %P%C
%/%0%i%&8&%4BIv>]"  © %P%C%/%0%i%&20s¥8H]!"?.9f;v>]  143:v>] (sin?2 13 =0:1
$N>190) [6] SKSISKSHM=A[$5SISFSSSK!#
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Ecal TPCs

SMRD

Magnet
coils

—

v beam

Magnet /'

yoke

POD

2/ 2.3: AOCV8!=P40$NCGLL?MN#A0CM8!=PAd3&EP40(POD) 'EE<'%+%m%j%al<{®CAL) !"
Ht@W8!=P46GD,TPC) "EE<'@P!"%5%%$%I|%_%e!<%*%s%|%s%8@MRID) $+$i9=@.$5
$;5k!#

>C<:$NB,Dj$K$h$kos; M35 $N7hD;

SK $K$*$$SF!"  SN2YEEY%+%I%s%H="CF@-H?1~
+n! +p (2.5)

BSKBh$k%_%e!<%*%s$rB,Dj$OSkI#SISNH?2 BPOH?1~$G$"$j!"0J2<ENSh$& K%K Y0e! <% HYj%NSN
%(%M%kIE< $r:FI=@.$GS$-$k!#
mNyE  m2=2

E = 2.
my E + p cos (2.6)

$3$3%Gny $O3K;RSN<ANIE" I"'m 1" p  $O0$=$I$>$1%_0%6e!<%*%sSNY(%M%k%.!<!I"<ANLI"1?F0
NL$G $0%K%e!<%H%j%N$H%_%e!<%*%s$N?I9TI}8~INSI$I3QICSH "$k!#
$3$&STSFF@SiBIS? V>ISNY(%M%K%.1<J, [[$HI"?6F0%Q%i%al<%ic M3, $re=$I$>
$I$"$SkCM$K2>Dj$7$7?;~SK4|BT$55I15k%(%6M%k%.!<J,[[SHSrHF3SSI$k$ISHSG?6F0%Q%i%al<%?!<
$NSVMFNNOhS$r;;=P$9$k!#
$3SNHI3S$KHDkelyhood 4X?2t$rMQ$$sk!tikelyhood 4X?2t$0!"0I2<EN$h$&SK%$%0Y Y%sYoH 2t
SKAXSISKIL norm ) SHY%(%M%%6k%.1<J, I[SKAXSISKL shape) SN@QSGI=$5$I$k!#

L(SiN?2 23, M33) = Lnom (SIN?2 23, M33)  Lshape(SIN?2 23, m3) (2.7)

12



%$%Y %s%H2t$0%]%" " %=2%sJ, |[$K=>$&$?$al" %$%Y %S %H 2t BKAXS RO’

2 2 N&F*
Lnorm (SIN“2 23; mM33) = e "o (2.8)

Nobs!
SHSISKI#$3$3$B oxp SO4|BTSESISk;v>]2t$GSIN? 2 23; M35 SNAXASHSISKIM ops FOSK
$G4QB,$58I$? ;v>]?t$GS ki
%(%M%Kk%.!<J, I[SKAXSISKL shape SO3F  ;v>1$,%(%M%k%.!E "¢ $K:FI=@.$5$ISKk3NN(
SN@QSGI=$5$Ik!#

bs
Ne SK

Lshape(SiN®2 23, mM3g) = oxp(E®%;Sin® 2 23, m3s) (2.9)

i=1
$I$H" o3 M3, SNB,DISKEVS2$i%6(%M%6k%.1<7 OE}8m: 9$0! (MENISI=P40SK) $G2%60J
FOSKMA$($k$3SHS, MW @ASSSISHBIBI$3SN$?$aSK $GS0%(%6M%k6.1<9%69%114%RSFD

KM $($kS3SHS, L\IBSHSSSISFSSSK!#
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Bh3>0 SK 8!=P40

SK(%9!<%Q!<%+%_9%*%} %EUW(EB)HIBM; T?@2,D.CS$N;3COPROOMSKS"$k?e%A% %I%s
%3%U81=P40$G$ K 3.1)#3K;RIX2UCE:W!"$*$h$S%K%e!<%H%{%NAQB, $rL\E*$H$7TSF@_7W!&
72@_$5$1"996G/ 4 Tn$K%G!<%?<hF @$r3+0$7$?14#8!=P40$0!"?eAe!"8WEE; RA}G\AI!"%(%I%/
%H%MYKY%/%9!" $*$h$S% G <% ?<hF @MQ%*%S%i%$%Ss%7%9%F% Ey$+$i9=@ . $5$I$kI#K\>0$G$O!"$3$
SK 81=P40$*$h$S$=$N9=@.MWAGSKSD$$SF=R$Y $k!#

3.1 ?eAe

SK $N?eAe$0%9%F%s%I%9@=$N1_E{7A4G!49nH5>7B39.3m"Ls 5K|%H%s$N?e$,F~$C
SF$SSKI#?eAeSOFb?eAe$H30?7eAeSHSKBWIXE*$K I, $+3ISk ! #Fb?7e AR >7B 33.8m
$GI"Fb8~$-$K11129K\$N20 %$%Ss%ABWEE ;RAJGRMT) $r@ CV$7$F$$$KkI#8WEEHOISN($O
40%86G!"; DSj$SNFbJII$O%V%i%C%/%7!<%HSCIS$0$I$FS$SK!#01J}307eAe$OFb?eAe$ro0$ 1tJ,$G!"
308~$-$K1885K\EN8 %$%sUABWEE;RAIGAI$r@ CVS7SF$$Sk!#307eAe$O4dHWEB+SiEIA6C
%/%0%i%&%s%I$r8:3i$7$?$)!"1'Ch@~%P%C%/%0%i%&%s%ISr<1IL$ISKLr3d$r;}$D!#Fb?eAelt],
$r ID(Inner Detector) I"307eAeltd,$r OD(Outer Detector) $H8F$V!#

3.2 SK $N%U%'I<YSK-I, SK-1I, SK-III, SK-1V) SKEDSSSF

SK 81=P40$0!"$=$N4QB,;~4|SKShSCEMT K\?t!"%(%I%/%H%mM%K%/%IEYS, 0[S BH:I,
SK-11, SK-I11, SK-IV  $N4 $D$N%U%'1<%:$,B8:_$7SF$$SKI#K\0@ISSSEAN $KSDS$$SF=R
SYS$KI#

SK-I  : SK 8!=P40$01996G/ 4 7Tn$K4QB,$r3+;0$7$?H996G/ 4 7Tn$+3$i 2001G/ 7 7n
$BGEN%U%'1<%:BK-1 SHBFSVIPMT ?t$0!"ID 11146K\I" OD 1885K\$G!"
ID $NSWEEH0J$N(80/$G$"$CH?!#

SK-Il : SK 8!=P403@001G/ 11 7n!"%a%s%F%J%s%9=*N;8e!"Cm?eC{$N;v8N$RSh$
PMT 6777 K\I" OD PMT 1100 K\$r<:$C3$?'#$=$N8e:F7z$K$h$p002G/ 10
7n$+$i SK-1 $NH>J,$ND PMT L)EY$G4QB,$r:F3+$7$?2002G/ 10 7n$+$i
2005G/107n$"$GSN%U%'1<%IJK-11 $HBFSVIBMT 2t$0!"ID 5182K\" OD
1885K\$G!"ID $NBWEEHO0JSN($Y$GS"$CH?1:BK-11 0J9_!" PMT $NSwWEELL
$0%"%/%j %k @=3NKIGz%1!<%9$CI$$0SISF SISk #

SK-III' : SK 8!=P40$CPMT L)EY$r SK-I $N%I%Y%k$"$GLagO06G/ 7 7Tn$+$i4QB,
$r:F3+$7$?1#2006 G/ 7 7n$+$i 2008 G/ 8 7Tn$"$GEN%UY%'1<%:JK-I11 $HBF
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?7 3.1: SK8!=P40$N354Q

SVIHPMT 2t$0!" ID 11129K\I" OD 1885K\$G!"ID $NSWEEH0J$SN($0Y$G
$"$CH?1#

SK-IV : SK 8!=P40$CPMT $N%R%C%H>pIs<hF@MQ%(%l%/%H%m%K%/%9$r$O$8Sa$HPI$K
%G!<%?<}=8%7%9%F% $r0I?29VBGC/ 9 7Tn%G!<%?<hF@$r3+;0$ 78008G/
97n0J9_$N%U%'<%:SK-IV $HBF$VIPMT ?t$0!" ID 11129K\I" OD 1885
K\$G!"ID $NBWEEH0J$N (80/$CS "$k!#

3.3 N3;R8!=P86M}

SK 8!1=P40$02YEEN3;R$NH/$9$k%A%'%I%s%3%UBwWSr8!=P$I$k!# %A% '%I%s%3%UBWSO!"2YEEN3I
;R$,GN<ACTENB8wWR:=n $h$jB.$$B.EYV $G1?F0SISk$HS-SKH/@8$9$kHy<e$I8WIGH"Sk!#$3$3
$GC $08wWB.I'n SOGN<ASNE~@ N($rI=$9'#N3;RIN?J9TI}8~$HI|=P$535I$k8w; RSHENBQEY
= v=Cc$H
cos = 1 (3.1)
n

$ISKAX78$r;}$DIHSK $O!"$3$N%AY%'%1%5%3%UBWSNY6j%s%0%Q%?!<%bs$*$Sh$SBWNL!" %R CY%HY?%$
%_%s%0$N>pIs$+SiN3;REN<ON 1" 2J9TI}8~1"06(%M%k%. I<$roa$ask!s
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3.4 %(%I%/%H%mM%K%/%9

PMT $NEE5$7?.9f$@Bee(QTC-Based Electronics with Ethernet) $H8F$P$I$k%(%0l%/%H
%m%K%/%9SKF~NO$5RBe2$0QTC ASIC[9]!" TDC[10]!" FPGA Ey(?" 3.2) $+3i9=@.$5
$I" PMT ?.9f$NEE2Y$*$h$S;~4V$rB,Dj$7!"7k2LSrv6U%m%bsY%HIR@oSUAW? . $98k!#E Kg$N
QBee$G24 K\$SNPMT ?.9f$N=hM}$roT$CSF$S$k!#

341 MW@A

27%(%1%/%HY% MK %/% ISTRRIBBO0I2<SNMW@ASTK~$2$9$h$&@  7W!"3+HGEHGT 9
7n$KSK $KF3F~$5$I$21#

D94|0BDj@- T2K <B83$r$0$8$a$HS$I$kI6KIbe!<%HY%j%NS8&S5M"3K;RIX2uC5:W!"D6?7@1GzH/4Q
B,$JSISNL\E*$N$?$al"SK $0:#8e$bl0 G/0J>e0BDj$7$FAQB, %G!<%?$r<}=8$7B3$1$k$3$H$,5a
$aBiSISFSSSKI#SISNS?$a%(%1%/%H%M%K%/%9$NDI4|0BDj@-$,|, MWSGS$"$CS21#

==),$J;~4VI&EE2YB,DjG=NCBK $G$02YEEN3;R$NH/@BE@$r:FI=@.$9%k: |$HNBFH6R%C%H
SNAJBP;~4V$r;HMQS$ISKI#$3SNS?$al"%I%NIC%I%Y%kSN; ~4VI, 2rG=$, |, MWSHSISKI#$ $?I"B@M]
%K%e!<%bH%j%NH?1~SNSh$&SIDCY(%M%K%. ! <;v>]SNAGBVEERHhotoelectron!” p.e.)
$r==J,81=P$G$-$k@-G=$,|, MWSH$SISKI#$=$NOIJ}$GBg5$%K %e!<%H%j%NH?1~1&3K;RIX2u$ISI!"
9b%(%M%k%.1<;v>]$r@:L)$KAQB,$9$k$?$a$K!"B, DIEE2YSNO-$$% @%$%I%_%CO00H%s%8!]
$KAJEVS9$K2500pCH $GIKS, MW @ASESI$ 214

9bB.=hM} D6?7@1GzH/%K%e!<%H%j%N%P!<%9%H$ISISNIDbY%I!<%H;v>]1$d!"%_%e!<%*%s$HS=$NJIX
2u$G@8$BSKEE; RENSh$&SKO"B3$7$7?;v>]1$r"9b8zN(9b@:EY$GAQB,$9$k$?$asKl, MWSHSISK!#A4
PMT $N%R%C%H%I!<%H$LOKkHZz DXEY $SKSI$SCSFSbS=3I1$r=hM}$7!">pIs$r%*%s%i%$%s7W;;
5I$KAW?.2DG=$G$"$k$3$HS, MW@ AS5$I$?!#

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

PMT $+$i$NEE5$?.9f$0$"$QBeeFb$NQTC %A%CIHWSKF~NOSSSISRENDTC %A%CY%W
SKSOF~NO%AY%C6sYDEDBIS|"$5$ISK3FY6AYcYs%MoBkSall/Medium/Large $N3 CI3,$N
%2%$%2%$%SHI7:49) $r; ]S CSFSSSKI#3 CI3, SNY6206$%s%9%FI<%68%r; 1 $DSISHSHIBHE
$OLD.2pCSNEE2YJ,2rGESmall %1%sNSBH2500pCS " $GINI-$$% @%$%I%_%CY%/%I%s%8SrF1;~
$K<BB=$7$F$SSKGTC $KF~NOS5$I$?EESS?.9f$0!"$ S:NA(Low Noise AMP) $GAH}$5S!
$78e!"06GY%#%9%/%]%_%bMI<%?I<ISHEE2YB DPEDKJI,3d$5$I$KI#GHIbSD. 7mV/(0.25p. €.
$SKAJEY $rD6$($?$H$-I"QTC $06K7AGHSN=PNO$r3+;0$9$k!#6k7AGHSNDISES,%6AY%C!<%8$K!"6k
7AGHSNN)$A>e$ $i$, %RYCUHY%?%$%_%Ss%0$KBP1~$O$K!#

TDC $0$3$XQTC =PNO$+$IlPMT %R%CY%H;~4VSHEE2Y$r%+%8%6s%HIHIQ 4Bt
%PY%CY%U%!I<$KOI~E*$KIBSSTBRIE $KIIBBS5SIS?PMT %R%CY%H>pIs$O!"8e=Reakdic
%H%|%,!1<$K$Sh$C$FAB ICCLOL$SGO"BIE*SRGA $KFI$ =P$5$II"FPGA $KSh$SCSF%G!<%?
05=L=hM}$5%$I$?8e!"%%$!<%5%M%CY%HS$r2p$7$F%U% MBS HREHSMISSISKIOBee $0$3
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Network Interface Card

Ethernet Readout

| 60MHz Clock
periodic Trigger

\arc TDC FPGA

21 3.2: PMT 2.9fFI$_=P$7MQY%(%I%/%H%m%RQBEA9 QBee$0?7:8Itd, $+$iF~NOS5$I$?

PMT ?.9f$N%"%J%m%0>pJRAIC $HTDC $KSh$CIF?tCM2=$7""%3$!<%5!<%M%bCY%HSr2p$7$F%U
%m%s%H% (BHKE>AWSISk@Bee$0S=3N%\!I<%I|>eEXT C 9;@5MQ%Q%k%9%8%'%M%l!<%?!<
$r; 13D I#$S?1"$9SYSFEN QBee SOTDC %+%&%s%?!<@)8f$HF14|$N$?$a$K!" %" %9%?!<%/%m%C
%/ISHBFSP$I$k%b%8%e!<%k$+$id, G[S5RBMHZ $N%/%m%bC%/?.9ffHiodic Y%oH%j%,!<?.9f

$r<u?. $9Bk!#
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1
0.9
0.8

%0.7
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=0.6

9]

=05
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0.4
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.....
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#— djscriminator threshold
11l 1

10 1 10 102 10°
Input Charge(pC)

TTT[TTTT [ TT T T[T T T T[T TT T [TTTT[TTTT [ TTTT[TTTT[TTTT

27 3.3: QBee$N;~4VJ,2rG=1#20%3$%s%MT $N;~4VJ,2rG=12pC $G3 %IJ%NICT00pC3IG
0.6%J%NICIK$HHSYYBee $N;~4VJ],2rG=$0==J,$K>.$5$$!#

SNQTC! TDC! FPGA $H$$$&%6Q%3$%W%i%$%s=hM}SK$ShSCEF!I"MW5a$53$I1$k9bB.2=$r<B8=$73$F
BBSKIHSNB?1"% P <%5%M%CYHSr; HOBRE %\ <%I$+$iF1;~IBITSK%G!<% ?E>AWSrOT$&S3SHSG!"
==J,$JE>AWB.E¥12MByte/ IC/QBee!"MW@A3GMbyte/ IC/QBee) $r3NJ|$7SFSSSK!#

$J$*!" QBee SN>CHQEENO$O%A%CY%sYMIBUE RIZB{$GS"$)!"<0!9$NBQSW@-;n83$KSh$C
$FDI4|2TF/;~$NOBDj@-!&BQ5W@-$,3NG'$5$I$F$S$k!#

FHEIIMIGBK $G;HMQI5SISKIS60KgSNYBee$O$9SY$SF!T SDSNMaster Clock SHBF$SPSI
$kb%8%e!<%k$+$iJ, G[$5SIBRMHZ SN%/%m%C%/?.9f!"$*$h$3 % IC<~4|$Nperiodic %H
%%, 1<?.9f$r<u?.$9%k!# periodic %H%j%,!<?.9f$@OMHZz $NY%/%m%C%/?.9f$KF14|$7$2%7 %j
%"%k?.9f$G!"1 %/%mM%C%/J Bt $rl=8=3$9Sk!#S3$I$K4"$"SISk>pIs$O!"%H%j%, ! <KhHKS:
$DAYS($k%H%]|%, [<HVE@E2bit) SNB>I"%H%j%,len/o (1bit) " TDC %j%;%C%H/0 (1bit) !
%H%j%,!'<$N<oKpedestal,split,narrow/wide,3bit) $,$"Sk!#

TDC $0$3$80MHz $N%/%m%C%/?.9fNF~NOSK$hSCEF8e=R$9ISk==J,$JJ,2rG=3$r;}$D!#$53i
SKI"$9BYSFSN'DC $,$38N?.9fSKF14|$7F0:n$9$k$3SHIKShSCHF!" % (%1%/%HY%M%K%/%9%7%9%F
% A4BNSH$7$F==J,$J;~4VB,DjJ,2rG=3rF @ $k!#

%Q%U%)!<%"%S%9

21 3.330QBee$N;~4VJ, 2rG=$G$"$k1#J 2rG=$@pC($*$h$=0.8p.e. $KAJEY $G0.3%JI%NIC!"
100pC$G0.1%JI%NICDXEY$SHSIRKIZ$%SBMT $N;~4VJI,2rG=$ApC $G3 %JI%NICL00pC
$G0.6 %J%NIC$GS$"$iDBee$0==J NI$$;~4VJ, 2rG=$rM-$9$k$3$H$,J, $+$k1#

21 3.4$0QBee$NEE2YJ, 2rG=$G$"$k#5pC(1p.e. $KAJEY $GLs10%" 10pC $h$iBgs-$$
A4HO00BBH0I2<$GS$"$j!"==J,$J@-G=$r;}$D!#
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10

AX

Qy

(RMS Resolution)/Charge (%)

Medium Large

|_\
Q
N

1 10 10° 10°
Input Charge (pC)

?7 3.4: QBee$NEE2YJ,2rG=!8mall, Medium, Large %l%s%8$K$Sh$kB,Djsr$=3$1$>$14]!";M
3Q!";03Q$GI=$7$F$$$k!Z.5pC(1p.e.SKAJEY $GLs10%" 10pC $h$iBg$-$$A4HO00BB0
2<SHPISK!#

21 3.5$0QBee$NEE2YB, Dj@~7?@-$G$"$kI#F~NOEE2MMDSES 2500pC $"$G$M 7e
$K5Z$V9-$SHO00$G!"Hs @~7?@-$ORPH0I2<SH!"M%$I$? @-G=$r;}$D1#

3.5 PMT %R%C%H>pJs$NJ]|BS

PMT %R%C%H>pJs$,%$%Y %s% BEHEHEHBES5SISkS SGENN. $I1$r>/3.6 $K<($91#QBee
SKShSCIF?HCM2=353IFPMT %R%C%H>pIs$O!"<!$K%U%m%sIeYBIEESAINIOS5SISKk!#%U%mM%s
%H%(%sAC $O20 Bf$"$jl" 1 BI$NY%U%mM%s%HYPBBER0 KgsNDBee$+$i<u?.$7$? PMT
%R%C%H>pJs$r;~4V=g$KIBSYBX$($?8e!" IBOT=hM}$N$?$aSR2B5I%6j| CSASHSN %V %m%C %/
$KJ,3d!"$=3I$>$I$N% V% m%C%/$rO[$IBBIENYMN <%8%CRC SKAW?.$9BK!#%"N <% 8% dPL
$O0%UY%M%sY%HIRG LobiSN>pIs$root<%8%7200nsecsNtime-window CISNPMT %R%C%H
?2t$r;29MSK>pIsIN<h<NA*BreroT$&B0nsesNtime-window Cf$KID %R%C%HAT0I>e$"$
$PLE(Low Energy) %H%;j%,!<$,"'500J>e$"$I$P HE(High Energy) %H%j%,!<$,!'340J>e$"
$I$P SLE(Super Low Energy)%H%;j%,!<$,!'"700J>e$"$I$P SHE(Super High Energy)%H%;
%,!<$,!" OD $NPMT %R%C%H72%,0J>e$"$I$P OD %H%j%,!<$,$+$+$j!" %" <%8%cRC $O
I= 3.1$K<($7$?;~4VI}SN4VSK%RWCUHSBIK >pIs$NIIB8Sr7hsal"%*!1<%,%I%$%EE
SKAW?.$9$k!I#$5$iI$K8!=P409; @5MQHKAternal trigger SH8F$SP$ISk%7%9%F% $bMQOUS$5SISF
$BBKkI#B3BI$O!" SK %7%s%/>elt$KS$"$kCf1{% 0% CLUHIKCVRABEBK %R % CY%H>pIs$, F~NO$5
$I$?2$3$HSr%HY%[%, I<SKPMT >pJs$NJIB8Sr7h$ask%7%9%F% $G$ "Ski#

%*1<%,%J%$%HE $0%"<%8%dRC $+3i<uSl<h$C$?%G!<%?$N=EI#S$r@O0M}$7!"%G%#%9%/
$KJI|BBSISK!#

19



5r ;
_4r
S 3f
T2
© F o] +19%
8 1 C °|® ‘,“. : -
= r U . l . bt
S 0 F [} I L ..J..'d' : ae
o) u
= '15 2164
S -2f
S 3F
1) s i
Q-4 B Small Medium 7 Large

_5 C ii i :

1 10 10? 10°

Input Charge (pC)

?" 3.5: QBeeSN2YEEB,Dj@~7A@Mall, Medium, Large %I%s%8$K$h$kB,Djsr$=$I1$>$14]!"
:M3Q!":03Q$GI=$7$F$$$k@BeeSNHs@~7A@-HPC  2500pC$K$0$?$kF~NOEE2YHO0O$KS$0
$?SCHFI"S[$\  1%00I2<SK<}SSCIFSSBK!#

~13000 oo om e
PMTs QBees 20 frontend PCs erger PCs
; ———% QBee Front Merger
; % QBee End PC PC \ I
1 Rlont Merger , |Organizer |
‘ Qee End PC PC m == Disk
. oace Front Merger /
QBee End PC PC

27 3.6: PMT %R%C%H>pI3ikk $KJ|B8SISKS SGSNN.SIBMT 2.9f$N>pJs$0QBee$G?CM
2=$5$11"%U%M%s%HY%(AEBG;~4V=gSKIBSSBX$($i$ISk#$=$N8e% <% 8REASKAW?.$5
$I"$3$3$G>pIsENYN<%B8SH<h<NA*BI$, 9 T$0SISKI#ABISSSAT >pIs$O%+1<%,%I%$%6!<
PC $G>pJs$N=EJ#$r@0M}$53$I$788I18k $KI|B8S5S$I$k!#

20



I= 3.1: PMT >pJsJ|B8$N>I70$HJI]B8SISk;~4VI}

%H%{%,!<$N<oN"200nseCi$N%RICUHHIBS;~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-11l $G;HMQ$5$I1$?5IMh$N%G!<%?<}=8%7% 9% BOESNtime window
CISNPMT %R%C%H?t$,0gCM$rD6$($?:]1$K%0!<%I1%8&%'%"$,%H%j%, |<$r@8@.!"%H%|%, !<%?%$%
%5%0<~JJ3 sec$NHOOOFbBMT %R%C%H>pJs$N$_$rdo(%l%/%H%mM%K%/%IFb$G=hM}$7!"%*%s
%i%3$%s7W;;513KAW?.$7SF$$S?1#01IIBR-1V IN?7%G!<%?<}=8%7%9%F% $O!"$OPKEFSN
%R%C%H>pJs$rYe*%s%i%$%s7W;; 51 SKAW?.$7!"%=%U%H%&% '%"SKShSCSF;v>]A*BrroTS&I#$3$I$K
$h$jI"GSOUSNPMT >pJs$NJ|B8S,2DG=$H$ISCH?!#
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BM>0 %S!<% >pJsDISWNIE>AWY%7%9%F% $N3+H

T2K <B83$K$*$$$FISK $G$02CB.408N%S!<% %?%$%_%s%0>pJs$,|, MWSHSISK!#S=3N$?$a!"
EI3$!]?@2,4VD95WN%%S!<% >pISE>Aw%7%9%F% $r3+H/$7$?1#K\>0$GCSO!"$3$N%7%9%F% $*$h$S
$=3N@-G=I>2ASN7k2LSKSDI$SF=RPY Sk !#

4.1 GX7J

T2K <B83$K$*$$SFISK $O%KY6e!<%HI[%NI6S!I<% %$%Y %s%HS, 4| BTS5$ISKI6 2568% _%6s%0 1
ICSNSISYSFSRMT %RICUHH>pIESK %G!<%?$HS7$FI|BSSOSKI#SISISKShS!"

%2%$%_%s%0>pIsSNS_SKShSK!"%P%$%"%ISNSISS>pISA*Br

1%_%jIC$HI-$$%2!<%HI}SCITRK %G!<%?$NS$_Sr;HMQS7$?%P%C%/%0%i%&%s%|;v>]$N
8+@Q$b$j$HYG!<%?%/%*%0] % F%#SNYAYY C Y%/

neutron capture $+3i$N2.2MeV  @~$NB,Dj$KBel=3$5%$I$kDc%(%6M%k%.!<;v>]$N5-O?

$ISI1"$5$"$6$"$I$3SHS, 2DG=KSISK!#

%S!<% %?%$%_%SY%0INSIPIBF IRV CU%H>pIs$rI|B8$I$k$?$a$KHOSG$O2CB.40$N
%S1<% %7?%$%_%s%0>pJIs$, |, MWSGS"$kI#$=$N$?$al"EI3$? @2,4VDI5WN%%]j%"%k%?%$% %S!<% >p
JSE>AW%7%9%F% $r3+H/$7$?1#

4.2  %7%9%F% $XSNMW@A
%S!<% " >pISE>AW%7%9%F% $XSNMW@AS$O!" !!
1. 9b8zN(1J99.9999%J>e!" ine ciency10 © 0J2<IK
2. 2.Mj@-$N3NJ]
3. %]%"%k%?%$% @-1JE>AWL+@RIFY

SN E@$GS"$kBK $GSOARMT %R%C%H>pIs$r7W;:5!$N%a%b % 3368BDXEYJ];}$7$?
8e!l"l, MW$JI>pJIs$rCi=P$ISkI#$3$N2aDX$G%S!<% %2%$% _%s%0>pJsS$, |, MWSKSISk$?$al">pIsE>
AW;~4V$Q ICOIFbSIL\; X$7$?1#

$3SNMW@ASICH@.$9$k$?$a$K%7%9%F % $O!"

DL?.$KSINET3 >e$NL2-VPN $r;HMQ
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?2.Mj@-$N9b$$DL?.5,3I$G$"$KCP $r;HMQ
E>Aw>U67$N3NG'$SN$?$al" E>AWS5$I$?>pIs$rIVAW

$9$KI#$3$3$GI'SINET3 $HSOF|K\A49q$NBg3X!"8&5f514XEy$SN3X=Q>pIs4pHWSHS7SFI"9gN)>p
Js3X8&51=j1d NII IK$,9=C[I"1?MQ$7$SF$$$k%6M%bCLHYDKEBES "SKIH_2-VPN $SHSOB??2t$N2C
F~<T$,6&MQ$9ISKDL?.LVSr$"$2$+$bDL?.Aj<i$,8GDj$5$I$?@IMQ2s @~$G$"$k$+SNShS&SKMXMQSG
$-$k%5!<%S%IS@S| ;2>H%b%GHER ?.5!403N;}$D$Y $-5!G=$r3, AX9=B$$KJ,3d$7$?%b %P G %k
SK$*$$$F!"Bh2 AX(layer 2:%G!<%7?%j%s%/BISGSMMQSISRIEP $HSO>pIs$N>C<:I"=EJ#
$,$"$I$P8I=P$7!"251|$9%k$?$aSN=hM}IAW?.85$XSN:FAWMWSAEYIK $roT$&DL?.5,3I$G$"$ki#

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

$3BNY;%/%7%g%sSKS*$SSF!"3+H/$7$?%S!<% >pISE>AWY7%9%F% SKEDSSSF@bL @ $I$K!#%7%9%F
% $r9=@.$9$k%W%mM%;%9$0!"0J2<$N#3$D$KJI,N $5$I8k!#

1. %S!<% >pJSE>Aw%W%m%;%972
2. >pIsIVAW%HWY%mM%;%972
3. >uBVA4F;:k%W%m%:;%972

$=3I$>SISKSDSSSF<ISK=RSY $k!#

4.3.1 %S!<% >pIsE>Aw%W%m%;%972

%S!<% >pJSE>Aw%W%mM%;%97230!"0q>k8)EIZBRRENS+3$i4tlI8)HBM; TSN SK $K%S!<
% >pJs$rE>AWSISKI#YWIM%b; %9$H!">pIsSNN.SISFKR< ($9HS$:1"%SI<% % ?2%$%_%s%0>p
Js$r GPS read-out computer$kK<}=8%$9sk!#$3$Nomputer $O1 IC$K1 2s GPS ;~4V>pIs$r
<hF@S$7$F$*$GPS ;~4V>pIsSKAPSES/%SI<% %2?%$%_%s%OEYSNY%S!<% >pJs! MAEK %6V %k
$rB>$Ncomputer $KAw?.$9$k!#

>pJISE>AwW%7%9%F% $0%S!<% SpDomputer(kmgps01, kmgps02, sukt2k01pr7P
M3$7SK $Ncomputer(sukonh02)$"$GE>AwS7!"$=8lisk $KJI1B8SISK!#3F%W%mM%;%9$00J2<$N
FI$-$r$7SF$S$K!#3g8LIIIKFb$O!"%W%m%;%93, AdbRputer L>$G$"$k!#

gpssend (kmgps01) ...%S!<% >pJs$GPS read-out computer $+$i<u?.$7!" 300km
N%$I$??@2,8dmputer KmgpsO02$KE>AWSISKIHEIIB@2,4VSN@\B3SK$O!"0BDj$7$?>p
JSE>AWSrOT$&$?$aSHNET3 >e$SNL2-VPN $rMQ$$$?!1#$"$?!"E>AWSKMWS7$7?;~4V$r3N
G'$9%kS?%al"Aw?.;~4VSr5-0?$9%k!#

gps.thru (kmgps02) ... kmgps01$+$i%S!<% >pJser<u?.$7!"$=3I$r sukt2k01 $KE>Aw
FIBKIHAW? . $SKSRe ective Memory $r;HMQ$9Sk!Re ective Memory $O01J}$NMem-

ory $K=0$-9~$s$@>pJs$rB>J}demory $KH?1@e ect) $5%$;3k$3$H$,2DG=$IFC<I$J

Memory $G$"$k!#$3%N\Re ective Memory $h$j>eN.$,EI3$$N%M%C%H%0!<%/"2<N.$,
?2@2,3N%M%C%H%0!<%/$HSISKk!# $3BI$O!"F|K\86;RNO8B&5f3+H/5!19=$H?@2,%M%C%H%0!<%/
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) E— AE RO (156byte)
) SKDPMTEYMEHRDFN

B E{Rl
NU1 74 g {81

GPS read-out PC

1 Spill timing
l ': ~JGES
information

~~13000PMTs

GPS
information
kmgps01 HEE
Y 295km kmgps02
(-]
WETTET —
Private network

tFayT4

SINET3 ot | suki2kol

receive
_return

_receive

M 4.1: %S!<% >pISE>AWYW%M%;%97 2!#%6 S| <BHBIFISB3%0s% TYoe! <Rips01, kmgps02,
sukt2k01 $r7PM3$7!'SK $N%3%s% T%e!<%@konh02SK E>AWSSSISKIHE>AWSIOT$&% W% M%;%9$0
gps.send, gpsthru, gps_receive$G$"$kl#eceivereturn $Osukt2k01 $+SIE>AWS5SI$?%S!<%"
>pJs$r sukonh02$Ndisk $KJIB8SISk!#%" <%8%CcRC $0sukonh02$KJ|B8$5$I$?%S!<% % ?
%$%_%s%0>pIs$r;2>MBK %G!<%?$HS7$FI|BSSTIMT %RUCY%H>pIsSrA*Br$osk!#

$ND>@\@\B3$0%,;%-%e%]%F%#SNAQE @$+$i5vI5SISFS*$is:!" N><T%M%C%H%0!<%/SN3VNY%$N
$?7$aSKF3F~$7$?1#

gpsreceive (sukt2k01) ... Re ective Memory$NFbMF99?7$rBT5!$7!"9977$,$"$ISP$=
SISr8ICN!"%S!<% >pIs$rFI$_=P3$7!"$=$I$r SK $Ncomputer sukonhO2$XE>AwSISk!#

receivereturn (sukonh02) ... sukt2k01$+$i>pJs$r<u?.$7!" disk $KI|B8SISK!#

$J$*!I" gps.send,gpsthru,gps_receive$Odisk %"%/%;%9SKSh$SCSFE>AWSKMWSOSK; 18 %S,
D6$($F$7$"$&S3SHSrHr$1$k$?$al" E>AwS,40N; SOk SARR %6"%/%;%95r9T$0$I$$!#

SK $NPMT %R%C%H>pJIs$N<h<NA*Bréra@fer PC$0!"$3$Nsukonh02$KJ|B8$5$I$?
>pJsPKAN$ $I$k%S!<% %?%$%_%s%0>pIs$H<+Pi<HBRBPYBPSSKAPSESPMT %R%C%HY%?
%%$%_%S%0$rHI3S$7!"%S!<% % ?%$%_%s%0A08eSRIBIS VERBT%oH>pIa$anizar PC $K
Aw?. 398Kk #$=3$N8e!"$35N%S!<% %?%$%_%s%IANIBeSNR¥%6CY%H>pIEIR %$%Y %s%HSHS7
$FI"?2@2,8&5fE0$Misk $KJIIB8!"J*M}2r@O$53I$k!#$I$*I"$3ENT 2K %H%j%, !<SKShFMT
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I= 4.1: E>AW$93k%S!<% >pIsIN>\.Y
>pJs >pJsNL(Byte)
8=:_$N%i%sHVof 4
LTC(local timing clock) <~GH?t$NJ?6QCM
%$%Y %s%HHVf
gps1$N1pps(pulse per seck|;~
gps2$N1ppsF|;~
gps1$N1pps$SKBP1~$9$KTC %+%&%s%H
gps2$N1pps$SKBP1~$9$KTC %+%&%s%H
Rubidium clock $N1pps$KBP1~$9$KTC %+%&%s%H
%S!<% %?%$%_%sRATHN0+%&%s%H
cpu;~4V (unix _secl=<()
gps1$N1pps$KBP1~$9%unix _sec
gps2$N1pps$KBP1~$9%unix _sec
Rubidium clock $N1pps$KBP1~$9%knix_sec
status ag
gpPS1SKAPSES/%S!<% %?%$%_%s%0
gpPS2$KAPSES/%S!<% %?%$%_%s%0
Rubidium clock $K4p$E$/%S!<% %?%$%_%s%0 8
gpsl,gps2,Rubidium$=3$I$>$I$KApSES/%S!<% %?%$%_%s%PSN:9 12
beam $"$j!"$J$7$N>pJs 1bit
spare 36byte+31bit

||| O|O|O|O[Q[O|N~| D

%R%C%H>pJs$NI|BBHGIcs Run;~$N$_$KIT$o$l!'Test Run ;~$K$SO9T$0$I$I$$; EMMSKSISC
SFSSKI#

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

E>Aw>u67$r3NG'$98k$?$8K $0J-PARC $Ncomputer $K<u?.$7$?>pIs$rIV?.$98k!#F1
~$K SK $N>UBVSNE>AWShIT$&!#$3$I$KAXT78$9$k% WM %;%ISH>pIsSENNGRIS(S!#3F
%W%m%;%9300J2<$NF/$-$r$osk!#

receivereturn (sukonh02) ... <u?.$7$?>pJs$KSK SN>pJIs$Sr2CH($BuUki2k01 SKE>Aw
$93k!#SK $N>pJs$00I2<HO L\$GO=@.$55I$k!#
1. SK$N%i%sHVOf

2. %i%s$N<oNNormal 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$N3+;0;~4V
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4. %i%s$N=*N;;~4V
5. 3F%H%j%,!<%l!<9dtE, HE, SLE, SHE, OD, T2K, External trigger(#15002 #15024),
relic, periodic, HW, ped )

gpsre ect (sukt2k01) ... sukonh02 $+3$iJV?.$r<u?.$7!" Re ective Memory $K=q$%-
O~$'1#

gps.backthru (kmgps02) ... Re ective Memory $N>pJs$rFi$_=P$7!'kmgpsO1$KE>
AwS9Bk!#

gps.check (kmgps01) ... kmgps0&+$i>pJssr<u?.$7!"J1B8FISKI#S $?!"E>AWSKMWS7
$?,~4VSr3NG'$938k$?$asK;~4VEr5-O?$9k!#

27 4.2: >pIsIV2.SN$?$a$N%WIm%;%97 21#%S!I<USKIIBPISSHE&SKEIZ$$KS Brngps01
$$GIVAWSESISK!I#IVAWH WY mMY%; aetetdereturn,gps_re ect, gps_backthru $G$"$k!#

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

E>Aw>u673NG'$H!"%W%m%;%98$,IT@5=*N;$7$F$$$IS$S3SHSrANG'$9$k$?$a$K!" % 7%'%k%9%/%)
%W%HS$,Av$CSFSSBK!#3F%7%'Yok%9%/%j%WYHSO0I2<SNF/$-Sre$osk!#

le _and_time _check.sh (kmpgs01)...E>Aw>u67$N3NG'S$roTS&I#AWSCS?>pIsS,JV?.$5%I
$2$+"AWSCH?>pIs$HIV?.$531$7>pIs$K:90[$O$I$$$+$rDASY Sk$3SHSG!" 2. Mj@-$rJ|>Z
$OBKI#$"$?!" gps.send$Hgps check$G:n@.$7$?;~4V>pIs$rHf3S$ISk$ISHSGE>AWSKCY
1d$,L5$$$3$HSr%A%%C%/$7!"0[>0$,$"$ISP%U%i%0%U%!%$%kSr:n@.$9$k!#

checkprg01l.sh (kmgps01) checkprg02.sh (kmgps02) checkprg03.sh (sukt2k01) ...
$=3I$>3I"" kmgps01" kmgps02" sukt2k01 $GF/$/%W%m%;%9%$,AvSCSFSSSkS3SHSr4F;k
$71"0[>0%,$"$ISP 0 $CHISSCMIr=q$3$?7%U%!%$%k$r:n@.$9$k!#
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>e5-E>Aw>u67$*$h$S%W%m%; %94 F;k7k2L$r?@2,$K=8Ls$9sk$?$al"0J2<$N>u67E>AWSN%W%m%;
%9%, AvSCSFSSBk!#

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%b;
%9%,:n@.$98k%U%!%$%kSNFbMF$+$i<hkaifp802$KAw?.$9$k

anl_thru ... E>Aw>U67$*$h$S%W%m%;%9$Mm@rsd1$+$i<u?.$7!" Re ective Mem-
ory $K=g$-$3%

anl_receive ... E>Aw>U67$*$h$S%W%m%;%9$N2e&ciive Memory $+$iFI$ =P$7
J|B8$9$k

E>Aw>u67$H%W%m%;%9$, AVSCSF$STkS+3I$&S+B0%bRKBYENHICSFAF kS 7SFSSSK #
%b%K%?!<$GAF;k$9$kFOMF$O!"4F; k>pIs$099?7$5SISFS$Sk$+!"%S!<% >pIs$,IV?.$58I$7$+!"
%$%Y %s%HHVIf$K%9%-%C%WSO$I$$S+!"IV?.$581$2%S!<% >pIs$O!" Aw?.$7$?>pIs$H:90[$,$I$$
$H"ESAWSKMWS7$7?;~4\I3COIFb$+!">pISE>AW% W% mM%b;%9$*$h$SIVAWYHW%mM%;%9SOAVSCSFSSSK
$+1"$G$"$k!#%b %K% ?!'<$SOE>AW>U67$d%W%mM%;%9$KO0[>0$,H/@8$7$?>199%S!<%W2;$rLD$i$9!#$3
SISKShSCSFD>$ASKBPL~$r?I$ask$3$HS$,2DG=$HS ISk !#

4.4 @-G=I>2A
441 @-G=I>2A$NJI}K!

%7%9%F% $N@-G=$0%K%e!<%H%]j%N%S!<% $,L5$$%@%_!<$N%S!<% >pIs$r;HSCSFI>2A$7$?1#>]
Js$NJI6<:I"B;=}I"CY1d$,L5$$$+SrE@8!$7$?1#B,Dj4|4V$Q009G/4 7" 9 117n$G$"$kI#$3
$N4|4Vog7\&8  10° 8DSN%@%_!<$N%S!<% >pIsSNE>AWS(ITICHEZ.5)#

4.4.2 Physics run Cf$K4QB,$7$?E>AWSNO[>0

E>AWS7$28 1P 8D$N%@%_!<>pIs$NEHOE, Physics runCISKE>AWSSS$IS?$hSNES  10°
8D$G$"$CH?BK $0%@%_!<SN%S!<% %?%$%_%sRORD8ERMCUH>pIESK %G!<%?$H$7
$FJ|B8$7$21#%S!<% >pIsSNE>SAWS* SRR %R%C%H>pIs$NJI|B8SOS[$\@.8y$7$2$,!"0J2<$N
6 8D$KSDSSSFO[>0$r4QB,$7$21#

%M%CY%H%UKZWPN)  $N>C32$K$Sh$RMT  >pJsJ|B8$SN<:GT!2 8DIK

107n9 F|8aA01 :~ 53J," 2 $DSN%@%_!<%S!<% %7?%$%_%sPOMDSEENSr T2K %S
%Y %S%HSHS7SFI|B8SISKSISHSK<: GTS7$?1#$3$ISOEIZ$?@2,4VSNY%M%CYU%HPER]48HN; V8N
BKBhSk>pISE>AWSNCY 1d$,860x$GS$"Sk!#%S!<% % ?%$%_%s%0>pIs$O!"EIS$S+IIEIS~%G!<%?%:;%s
%°?!<1 $r7PM3$7?@2,$KE>AWSSSISFSSERMA.6) %a%s%F%JI%s%9ICISN;VENSKShS2 J,
$+$i 1;~ 57 J,3NAVEI5~%G!<%?%;%s%U7ARM3SNDL?.$,I TG=SHS$ISC$?!#$3$N;~E?EB2,4V
SNDL?.$0!"<+FOE*$KEI5~%G!<%?%);%LBPTPM3$7$I$$7PO)$KIQ99$5$ISkS3ISHIC SIS $+
ICAVSNAVSK2sI|$7$?!1#37$+573I3,$i1"$=3M8 ICAVSKEIZ$S+FIAWSISIS2 SDSN%@% _!<>pJs$,
SK $KFO$/8N$,CY$I"%S!<% %?%$%_%s%OROBESMNISsSr T2K %35%Y%s%HIHS7$FI|B8$9SK
$3IPHIK<:GTH7$?!#
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27 4.3: E>AW>UB73NG'$N%b%K%?!<I#4F; k$9SKkFhMF$O!"4F;k>pJs$ 0997 7$5$ISERREME+
time status:)!"%S!<% >pJs$,IV?.$58I$?2$+( les:) '%$%Y%s%HHVIIF$K%9%-%ChWEYBIESS+
skip:)!"IV?.$531$?7%S!<% >pIs$OI"AW? . $7$?>pIs$H: 90[$,$I$Skelata quality:) 'ESAWSKMWS7
$?;~4V$, 11COIFb$Hlatency:) !">pISE>AW%7%9%F% $N%W%mM%;%9$OAVETSK Btk
status:, gpssend:, gpsthru:, gps_receive:, receivereturn:, gps.re ect:, gps_backthru:,
gps.check:) $G$"$k!#
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M 4.4: 2009G/ 4 7Tn$+$i 6 7n$KS+$1SFE>SAWS7$?% @ % _'<$N%S!<% >pIsSN?t!4Tetb+Si
7n!" 6 7n$G$"$ki#>pIs$A/6Hz $G1 F|:GBg140008D$HSISk!#
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7ZHy$J0[>o( IV?.$NCY$H 8D

%U%!%3$%kKF14|SN$?$a$N%W%mM%;%9SNI112Y SKShSkIM?8EN C BKI$SG 0% U%!%$%kKF14|$N
$?7$a$N%W%mM%0;%9$ BaBK<BITS5SISkSh$&IK@_Dj$5PISFSIk!# $3BISKShFK $N%3%s
%T%el<%?(sukonh02) $K1i2Y$, $+$+$["%S!<% >pIsIV?.$,CY1d$7$?1#24.8 SOEIZS 2@

2, ! EI3$$Nround trip time 'JEI3$$N kmgps01$G?@2,$+SiSNIV?.SN<u?.$r40N;$7$?;~4V
SH?@2,$XENAW?.$r3+;0$7$?;~4VEHSN:9$GDj5A$ISkIKSG!">eCI@V4]$G00$CH?1t,$,%0U%! %S0k
F14|$N$?$aSN%W%m%;%9$KShSkCY1d$GS$"ROBBGHK 7n 21 F|$K round trip time $, 1
IC$rD6$($k%@%_!<>pIsb$DAQB,$531$7$,!"PMT >pJs$NJI|B8SO@5>0$KIT$0$I$?1#8=:_$G
$OI"ITMWSI%Wo%mM%;%9$NDd;  $d%$%Y %s%HY%G%#H% 9% W%I%SSrAvSIS; $k%3%s% T%e!<%?I<SNIQ99
BP:v$,9TS0SISF$*$j!"%U%!%$%KF 14|$NS?$aSN%W%mM%; %6 9SK$h$k%S!<% >pIsIV?.SNCY 1d$SO8+S$i
SI$I$S!#

OD %U%i%C%7%c!<$K5/0x$9$kIV2.$NCBII 2009G/$N9 7n 23 F|!" 3 $DSN%@%_!<>pJs
$NIV?2.SNCY 1P 4.8 2CJILY) $r4QB,$7$?143 SDSNCY 1d$SNEBDSrPhysics run Cf$K4QB,$7
$7%,1" PMT >pJs$NJIBS$O@5>0$KIT$0$I$?1#IV2. $NCY LEIDYU%i%C%7%C!<SKSHGHN
%3%5%T%e!<%?6akonh02K$KIi2Y $,$+$+$j=hM}$,CY$I$?2;v$,860x$G$"$k!#

SK $N%3%s%T%e!<%?!<$GINCBMd 2009G/117n2 F|I"%@%_!<>pJIsSNIV?.SNCY 248

4.82<C) $r4QB,$7$?!#5K $N%3%s% TY%e!<% Bekdnh02K$SGCYS$I!"%M¥%bCY%H%0!<%/>eSNY%H%i
%V%k$GSOSIFIMT >pIs$NJI|B8SO@5>0$KITS0oSISRKUSEN%3%s% T%e! <% ?1<$SGE>AWS, CY $I$?
860x302rL @$CH-$I$+$CH?3,!"<ISKE/$3FCH?;,~$O>\$7$$>pIsSrF @ $iSISkSh$& %W m%o;%95r2~NI
$7$?M#

4.4.3 Physics run ;~0J30$G4QB,$53%I$?0[>0

SK DAQ 9bli2Y;n83$K$h$k%S!<% >pIsIV?.SNCYID6?7@1GzH/$rA[Dj$78K DAQ $N
9bli2Y;n83CIBK!"% @% _'<%S!<% >pJsENIV?.SNCY1d$rdQB,$7$RHIKS*$$SF@DIG00$s$@
1tJ,$NCY1d$,!" SK DAQ 9bli2Y;n838K5/0x$9%$k!# SK DAQ 9bli2Y;n83Cf$0!"%S!<% >pls
$N<U?.$HIV?. $rOTSEK SN%3%s% T%el<Yskonh02) SKSbli2Y$,$+$+$j!"%S!<% >pIs=hM}
$,CYLdPIBKI#S7$+$75I$,3i!"%S!<% 4|4VCISOK DAQ 9bli2Y;n83$r9T$0$IS$$h$&F|Dx$Sr
D4@02DG=$G!">-Mh%K%e!<%H%j%N;v>]$N<h$j$35\$7$r0z$-5/$3$90[>0$G$OSI$$!#

%$%Y %S%HY%GY%#%9%W%I%S$I TDASKH<$E AODSEOEH 15 F[I"%@% _I<%S!1<% >pIsIV?.
$SNCY1d$raQB,$7$214#96$%Y %s%H%GY%6#%9%W%I %S SO SHIEBHEY Te!<Y1konh02)
$KIi2Y$,$+$+$]"%S1<% >pIsIV?.$,CY1d$7$P?" 4.7 2<C) #8=:_$G$0%a%s%F%JI%s%ISKShS]
%$%Y %s%HY%GY6#69%W%I%S$$02~NIS5SISFSSSKI#

OD %U%i%C%7%C!<$K5/0x$9$kIV?.$SNCAAER$7$2009G/$N9 7n 23 F|!" 3$DIN%@%_!<>p
JsENIV?.SNCYLd$SNFAISDS, Test run CfEK4QB,$5$1$?!1#
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444 E>AW%7%9%F% @-G=I>2A3N$"$HS$a

E>AWS7$?29g2/8 1P 8DSN%@%_!<>pJs$NEK!$, Physics run CI$KE>AWS5$I$?$b$NSO
2.5 1P 8D$GH"$CH?11#S3SNSESBDSN>pIsSBMT %R%CY%H>pIsSNIIBESK<:GTS$7$2$bSNSN!"
E>Aw8zN($99.99992%$H==J,9b$$8zN($rC#@.$7!"%S!<% >pISE>AW%7%9%F% $O;EMMSrK~$?
$9$3SHSrANG'$7$?1#

4.5 T2K %K%e!<%H%j%N?6F02r@0OMQ%5%s%W%K$N:n@.

E>AW$7$?%S!<% >pJs$r;HMQS7$SFF@$?%S!<% % ? %M PodsbOEN%H>pIs$+$i%S!<%
%K%e!<%H%j%N%$%Y %s%HS$r:n ENGBFKR Y6 CY%H>p BHI3,SN%9%F%CLHWSIF'S "%K%e!<
%H%j%N?6F02r@ O$K; H$0$I$k%5%5%W%Kk$HSISK!1#S3BNY%;%6/%7%g%sSKS*$$SF!" $=3$I$>SISN2aDx$K
SDSSSF=RSYSk!#

T2K %G!<%?$NCj=FBK $G%S!<% %K%e!<%H%j%N%$%Y%s%HS$,4|BT$55I15K0 BERTK
$"$kPOSYSFSRPMT %R%C%HSrCj=P$7J1B8FI$K!#>e5-%)%"%k%?%$% % S!<% % ?%$%_%sY0E>Aw%7
%9%F% $KShSCSFE>AWS7$7%S!<% >pIs$r;HMQSI$K!#

PMT %R%C%H?tSN%T!<%/$NCHR0 secCIEN$I$Y SFSNY%RY%C%H>pRBHBI%R%CY%H?t
SN T!<%/SrC5$9#$3SN% T!<%/SrCi?4$HEDSRS secENAVSKD $GAOhIt 0J>e$h$7$/$ADD
$G20hit 0J>e$"$I$P$3$I$iISNYR%CYH>pIsSroo$%Y %s%HSHS7$FI|B8SISK!#

%$%Y %s%HJI,NH/8+3$531$7%3$%Y %s%BE %RY%CUHHIHITAC) " ID %R%C%HSNEE2Y$NOB
(qismsk)!" 300nsec;~4VAKFb$SNEEZFE(300)) Ey$SN>pJs$KShSCSAIZK-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!#(?1.4.9) $3$NCI$GFCHRK FC event $,
%K%e!<%H%j%N?6F02r@O3$K;HMQ$5$I$k!#

4.6 K\>O$N$"$HS$a

T2K <B83$N$?$a$KBK $G$0%S!<% %KYoel<%H%j%NY%$% Y %s%HS,4|BTSSHERO-SAESN
SKS"SKSIBYSFSRMT %RY6CY%H>pIs$rCi=P$7J]B8$ISkI#S3SISKSO!"2CB .40$N%S! <% % ?%$%_%s%0>p
Js$,1, MWSGS " SkI#S=SN$?$al'EI3$!]? @2,4V%[%"%k% 2%$% %S!<% >pISE>AW% 7%9%F% $r3+H/$7!'% @
%_1<$N%S!<% >pJs$r,HMQS$7@-G=I>2A$roTSCH?!#$=$N7k2LI'E>A0BAAIA%(ine ciency8
10 7) $H$I$j;EMMSrK~$?$9$3$HSr3NG'$7$21#
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27 4.5: 2009G/7,9,10,117n$KESAWS7$?%@%_I<SN%S!<% >pIs$N2tABESHSI 7n!" 10 7n!"
11 7n$G$"$ki#>pIs$/3.5Hz $G1 F|:GBg 250008DSHSISKI#
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2 4.6: 3X=Q>pIs%M%bCYH%0!<%/2s @ EDAIBYRS!I<% %2%$% _%s%0>pIs$O!" 22 18> $NF|K\
86;RNO8B&53+H/519=$+$iC B (%G!<%?%:;%sPPEI5~ DCLI"L>8E20DC $r7PM3$7!"?@
2,1'ChAGN3;R8&5F\@ $XSHE>AWS5SISK!#
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M 4.7: 2009G/4,5,67TnSK<u?.$7$?% @%_<$N%S!<% >mledtl trip time JEI3$SN kmgps01
$G?7@2,5+BiSNIV?.SN<u?.$r40N;$7$?;~4AVSH? @2, $XSNAW?.$r3+;0$7$7?;~4VSHSN:9$GDj5A$9
$kIK#>e$+$i=g$K4 7n!" 5 7n!" 6 7Tn$N>pIs$G$"$kI#D6?7@1GzH/SrA[Dj$7EK DAQ $NOb

1i2Y;n83!J Test run!KCISNIV?.$NCY 1d!"E>Aw%W%m%0%i% :9$7BXS($KH<S&E>AWSNY%9%HY%C%WSK
$h$kIV?.SNCY1d!"%3$%Y %s%HG%#% 9% W%l %SI TDASKH<$&IV?. SNCY LdhuQBIHpSIS 214

time $NJ?26QCMSM38IC (4 7n)!" 0.034IC (5 7n)!" 0.037IC (6 7n) $G$"$SCH?1#
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27 4.8: 2009G/7,9,10,117n$K<u?.$7$?%@% _<EN%S!<% >pdafil trip time #>e$+3$i=g

K7 7n" 97n!" 107n!" 11 7nSN>pIs$GS"$k!1#%U%!%$%kKF14[SNS?$aSN%W%mM%0;%9$KShSKIi2YSNA}
2C$,860xSNIV?.SNCY1dDD %U%i%C%7%c!<$K5/0x$9SkIV?. SNCHMNET %a%s%F%JI%s%9CT
SN;VBNSKShSKE>AWSNO[>slikonh02$+$iSNIV?.SNCY 1d$,B,Dj$5$1$?!#ound trip time $N
J?6QCMEID040IC (7 7n)!" 0.045IC (9 7n)!" 0.070IC (10 7n)!" 0.041IC (11 7r) $G$"$C$?1#$J

$*1" 9 7n!" 10 7n$SK$SDSSSFEDKONhO2SNF101%G%#%I1%/%HY%j$KBGNN,000) SN%U%!%$%kS,
B8:_$73F$3$?$?7SasKtlisk %"%/%;%9%,CYS$IFound trip time $,B>$N7n$HHf3S$7$FBgS-$/
SISCHF$BSK!I8=:_ $0!"%U%!%3$%k05=LIN%7%'%k%9%/%j%W%H!"$*$h$S$=SNF0:nSro%hb%K%?!<$93k
%W%m%0%i% $,F/S$SF$*$j!" F101%G%#%1%/%H%j$KBgNLSEN%U%!%$%k$,B8:_$9Sk$3$HIKSh$KCY1d
$O5/$3$i$I$$!#)
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?7 4.9: 3rd reduction $K$*$1$k%$%Y %s%HSNI,N
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Bh5>0 SK $K$*$1$k%(%M%k%.!<:FO=@.

A0>0$"$CK $K$*$1BKT2K %G!<%?$N<hF@JIIK!I$SKSDISSF=RIYSFS-$?1#K\>O$ SBIFHD"
4QB,$7$?N3;R$N%(%M%k%.!<:FI9=@.J}KI$KSDS$SF=RSY $k!#

5.1 8w$N?eCi$K$*$1$k8:?jDISNB, D]

N3;R$N1?FONLSN;;=PSKIBDSNEWSN e CIEK$*$1$k8:2jD9$, |, MWSG$ $k!# 2e SN8: 2jDISK SO
SK %7?%s%/$r=D$SKFM$-HA$1$k1'Ch@~%_%e!<%*%s%SMNVEERISN Is$rHMQS$7$F; ;=P
$9$KI#6qBNE*$KSO

Ht@WIBK %2%5s%/>eltSHSNSIE @$5HKi %7?%5%/B&LLS $GSNSWINAo
Ht@WIBK %2%5s%/2<ItSHSNSIE @ $5HKi %7?%5%/B&LLS $GSNSWINAo
Ht@WS$N?eJ?J}8~@<5m

$ISKY6_%el<%*%s;v>]$r<}=8$9$kI#$5$iSK @)F0I|<MS$A%6Z %" %/%]% (1<% 7%g%s$rH<$&BWNLSNBgG$-
$$%_%e!<%*%s;v>]$K$h$k8:?jDISNB,Dj@:EYSNO-2=$rHr$1$k$?$a!"

1?FONLS %i%sKh$K7h$a$kogCM

$I$k%+96CYUHSIF~SISF!"8:2DISN;;=PS$K; HMQSISKY%_%e!<%*%s;v>]$r7hDj$oSkI#$3$3$G1?FONL
$OI"8WSN2e CISK$*$1$k8:2jDISTEM $H2>Dj$7$2>e$G;; =PSISKI#$ $21"%i%sKh$K 7Th$askog
CM$O!"1?FONLS, > $5$$J}$+B3UBSKEVE?$K%_%e!<06*%s;v>1$N1?2FONLSHSISK!#

8:?DISN7W;;

8:2jD9$0!">e5-% _%e!<%*%s;v>]$K$*$1EherenkovBwSNHIOTSWNIRMT $NB,DjSWNLSH
$NAX78$r;H$CSF;;=P$ISKI#3PMT $NB,DSWNLSO!"%_%6e!<%*06s$K$h$kDE@aSBNKoVSW
1J;6Mp8wSdH?<MBWSGSI$S K SGH"SkSHSSSLA[DjSN2<$G

fO)

Q=Q ) e 1) 51
$HI=8=$5$I$k#$3$3$G
Q . 4|BT$5$I$kB,DjSwNL
Qo : PMT $N%2%$%s$KHNCSISKD] 2t
f() : PMT %"%/%;%W%?%5%9
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| . Cherenkov8w$SNHtOT5WN%

L : 8WSN?eCiEK$*$1$k8:?jD9

$G$"$k!#275.1 SKES7?E*$J%i%sSK$*$1Gkerenkov8WSNHIOTSWNSEHQ s 1= () $N4X
78%r<($91#8:2jD9 L $O!"$35I$r%(%/%9%)]%M%s%7%CcY%k%+!<%VSG%U%ACY%HS7!"F@$?%9%mI<%WS
$i L = 1=slope$H;;=P$9sk!#2r@O3$K;HMQ$9$k8:?jDI$O!";[$/$7SF8+@ Q$bFiSI$ ?ABT i
%s$N8:2jDISNI?6QCMSr:NMQSISKBIAM

2010/01/28 22.28

run063932(Apr2/2009)

)
S

.
L -.“*\

F -0~
400 | T,

350 |
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?7 5.1: E57?E*$J%i%R009G/4 7n 2 F| :run063932)$K$*$15k%_%e!<%*%s;v>]SNerenkov
BWSNHIOTEWINSHIQops 1=F () SNAXT781#8:2]DISO!"S3BISr%(%6/%9%]%M%S% 7%k %+ <%VSGY%UY%#6C
%HS7!"F@$?7%9%m!<%WS+$i;;=PSI$k!#S$3EN%G!<%?%;% CY%HIBB FHBIFDQSbPiSISk!#

5.2 1?FONL$N:FO=@.J}K!

N3;R$N1?FONLSN;;=PSKSON3I;REKShSCSFH/@8%$7$?8w;R?t$r; HMQ$ISK!#8w; R?t$O<I<OSNSh$&
$KI"70 %3!<%SFb$+$D%*%S%?%$%_%S%O%IVP/TOCBM)'I’!!BJ,‘iibS $r!"8w$N?eCISG$N8: ?jDI!"
$*ShSSPMT %"%/%;%W%?%s%ISNId@5$7$?>e$GB-$7>e$2!";6Mp8wSHS7$F8+@ QSb$CH?8WNL$r0z
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$/$3SHSG;;=P$OSk!#

2 3
G X . )
RTOT = @ exp L S ( sea(L)iL)L
data i< 70 ( |) i< 70
50nsec<t ; < 250nsec
(5.2)
$3$33G
RTOT : F9=@.$7%$?'VN3;REKShSCSFH/@8F7$78wW; RSN ?t'W

. 5,3J2=Dj?t

Ggata ;Gmc  : %G!<%?$HY%b%s%F%+%k%mM%7%_%e%l!<% 7% godd INAEBRE *$J
%sBN%Q%I%al<%?!<

i  N3;R$N?J9TI}B~$HHVL\SNPMT 4VSN%*1<%W%K %s%0%"%s%0%k

t ;1 HVL\SNPMT :BI8S $GSNTOF 0z$$$5?%R%C%H%?%$%_%s%0

L . BWSN?eCf$G$N8:?jD9

ri . vertex $Hi HVL\SNPMT $H$SN5wWN%

f( i) . 8W;RF~<M3Q $NAX?tSHS7SFINMT 9%6"%/%;%W%?%s%9$NId@54 X ?t

Si( scat(L);L) @ 1 HVL\SNPMT $KF~$k;6Mp8w!#

$G$"$ki#

i HVL\SNPMT $KF~$k;:6Mp8(S; ( scar(L); L)) $0275.3$K<($9$h$&SKI"N3;R$@rtex $+3$i
18 J}8~$K Cherenkov8w$r@8@.!"3Eherenkov8w$@®Bm Kh$K3FPMT $K8~$1;6Mp8w$rl|<M
$9$k%b%GY%k$ENS5!" 2tCM7W;;$K$h$j;;=P$9$k!#;6Mp8wSNBWNLSO; 6Mp@?) (8:?jDISN
AXA$GS"$CS?14#>\: Y$SOBB>0$G8e=R$ISRIBKHINCS7!"$"$?!";6Mp8wSO$=$NJ|<ME @SH
AVENSWNFES*$h$S8:2jDIL $KOMB8ES78:2j$9SkSbSNSHSOSK!#

1?FONL$X$NIQ49

$3$&S7SF;;=P$7$?N3;R$K$h$CSFH/@8$7$?8w; RRNAT) $O;VAOSKMQOUSHPOT $H
1?FONL$N4AX78$r5-=R$7$?%F!<%V%k$r;HPCEF1?FONLIKIQA9$5$IBk!#%F!1<%VI%k$O% 7% _%e%l!<
%?!1<$G@_Dj$7$?1?FONLSH@8@.$7$?RPIBN SHIN4AX783r;H$S:n@.$9$k!#

5.3  %(%M%k%.!<$N70E}8m:9$N;;=P

5.3.1 F9=@.$7$?1?FONLS$N;~4VOBD|@-
‘F9=@.$7$?1?FONL$N;~4VOBD]@-$09b%(%Mstephirg %_%e!<%*%s;v>]$*$h$S%_%e!<
%*%SJIX2UEE;R;v>]1$r;HMQS$7!"E@8!$9$k!#
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9b%(%M%k%stopping % _%e!<%*%s

9b%(%M%k%stopping %_%e!<%*%s$SNHt@WSNDI$530!" $=$N1?FONLSKHfNc$ISk$H6a,WwSG$-
$KI#S3ISNS?$a9b%(%MIUk%stopping %_%e!<%*%s$NIV1?2FEN@ WSNDIS5WSO!":FO=@.$7$?
1?FONLS$N;~4VOBDj@-$NI>2A3K;HMQ$53I$k!#6gBNE*$KSO

SK %7?9%s%/>elt$+$iF~<M$I$K
2J9TJ}8~$02<8~$cos > 0.94)

%_%el<%*%sIX2UEEIR %e!<%6*%6s$,81=P40Fb$G;_$"$il"IX2u$ISkSHS-$K=PS$5SISKEE;R
$N8I=P

F9=@.$7$?HI@WSND9$5mM

$ISK%_%el<%*%s;v>]$r<}=8$9$kI#$3$3SGHI@WSNDIS5$0% _%e!<%*%s$NF~<MOLCVSHY% %e!<%*%bs
JX2UEE;R;v>]$Nvertex $NOLCVSHSNSWNY%$GDj5ASISEIARE) $OIV12FONLHI@WSNDIS5!IW
$N7P;~JQ2=$GS$"$SKRMS $01.0294" (Max-min)/mean $03.5%$GS$"$C$?1#1?FONLSO?e$NF)
2aN($N;~4VJIQ2=$rBG$A>C$I$h$&Id@5$r$7SFSSSkSKSbaX$0$is:!"7P;~IJQ2=$0?e$NF)2aN($H6/
$$AAXS,$"${!"1?FONL:F9=@.;~$NId@5%, T==J,$G$"$K;v$,<(:6$5SISF$$$ 214

%_%e!<%*%sJIx2uEE;R

1'Ch@~%_%e!<%*%sSINIX2USKH<$$@8@.$53ISKEE; R$N%(%6M%k%.!<J,[[$OShS/CNSiSISFS* )"
$=$NI?6QCMITMeV $G$"$k!#$7$?$,SCF!"%_%e!<%*%sIX2UEE;R;v>]$KS*$1$k:FO=@.$7$?
1?FONL$0O;~4V0OBDj@-3NI>2A$K;HMQ$53I$k!#% _%e!<%*%sIX2UEE;R$O

%_ %e!<%*%s;v>]$H$N;~4\%91.2 sec
50nsec time windowCf$NPMT %R%C%E?160
FO=@.$7$?D:E@3$N:BISHD $NIISHINSWNS2m

SHA*BI$O$KI#L 2FONLENTP;~JQ2=$628$K<(SOHRMS $00.71%4" (Max-min)/mean $C2.9%$G
$"$jl" stopping %_%el<%*%s$N!V1?FEN@ WSNDISS!WF1IMM$K 2e$NF)2aN(SHAjAX$r;}$D!#

5.3.2 F9=@.$7$7?%(%M%k%.!<@dBPCM$N70OE}8m:9

PMT EE2Y>pJs$r85%K;;=P$7$?1?FONLSN@dBPCM$N70OE}8m:9$0!" $3$ISHFHN)$JIIK!ISKSh$C
$F;;=P$7$?1?FONLSHHI3S$ISk$3SHSG;; =P$ISKBCSO!"9b%(%M%kIstepping %_%e!<%*
%s;v>]1"Dc%(%M%k% $topping %_%e!<%*%s;v>]!"%_%e!<%*%sIX2UEE;R;v>]1"%K%e!<%H%j%N
$,@8@.$9%k° ;v>]$r;HMQ$7!"%(%M%k%.!<@dBPCM$N7OE}8mM:9%r;;=P$7$F$$$k!#>\6Y $OBh
>0$G=R3YS$k!#

$I$*"%(%M%k%.!<:F9=@.A4BNSN7OE}8m:9$0

q
%(%M%k%.!<:F9=@.A4BN$N7OE8M@@ABPCMSN7OEFY ;~4VIQFR  (5.3)
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SHSISK!#

T2K <B83$G$OBK $0%(%M%k%.!<$N7OE}SMUBIFhSKMAS(SKSISHS, MW @AS5SISKI#0I
J1$G;~4VIQFOSNS_SKSHIYESNY6(%6MI%K%.I<ITDj@-$,$"$k$?FERK <B83$KS~$1!"12FONL:F
9=@.J}K!$r8+D>$9$33HS, |, MWSGSH"'$CH?!1#
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1996G/$N4 7n 1 F|$+3$i$N7P2aF|?t$G!"4600F|$02008G/ 11 7n 8 F|$K!" 5000F|$02009G/
127n12 F|$KBP1~$9%$k!#2r@ O$AED6i%sSNI?6 QCM) SNCM$r!";v>]:FI9=@.;~$K;HMQS$OSk!#
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?7 5.3: ;6Mp8wIN8+@Q3$b$jSK;HMQS$55ISk%b%G%k!# ;6 Mp8wSOIEKBRSESI 18 J}18~$K
Cherenkov8w$r@8@.!"3Eherenkov8w$@Bm Kh$SK3PPMT $K8~$1;6Mp8wSrl|<MSISkSHS7!"
ACM7W;;$93KI#$I$*1";:6MpBWSNI|<ME @BHT 4VENSWNIS*$h$S8:2jDIL $0;6Mp8wSNS:
?2JSN7W;;SKSb; HMQS5SISFSSSk!#
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2 5.4: (F9=@.$7$?90%(%M%k%Eibpping muon$NIV1?FONIHI@WSNDISSIWSN 7P~
2008G/ 10 7n 21 F|$+$i 2009G/5 7n 31 F|$K$+$1SFSNIV1?FONHI@WSNDIS5WSN7P;~JQ2=$0
RMS $G1.03%$G$"$C$?1#8WSN2eCISK$*$1$5k8:2jDB) SHAjAX$r}$AI"12FONL:FO=@.;~$N
?e$NF)2aN($GENId@5%,1T==J,$G$"Sk$3$HS,<(:6 $5SISF$$S?1#
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27 5.5 :F9=@.$7$ecay-e$N1?FONLSNT7P;~JQ2=) # 2008G/ 10 7n 21 F|$+$i 2009G/6 7n
30 F|$K$+$1SFSN1?FONLSNTP;~JQ2=RMS $G0.7196G$"$CS?1#8WSN 2 CI$K$*$1$k8:?jD9
(29 $HAJAX$rI$AI"12FONL:FI9=@.;~$N?e$NF)2aN($GSNId@5$, I T==J,$G$"$k$3$HS$, <(:6$5$
SFSSS?1#
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Bh6>0 SK $N%(%6M%k%.!<:F9=@.J}KI$N2~A1

6.1 9% (%M%k%.I<I>2AJIKI$SNI9?7
6.1.1 8:2jDISN8+D>$7

2e$NF)2aN($0!"8WSN5[<}$*$h$S;6MpSNDXE Y $SKShSCSF7h$ SCHF$*$jl"8WSN2e CISK$*$1$k8:
2jDI$HS7SFDNLE*$K5-=R$5SISKEK $NI6h%6sIFI6+96KImI6T% _%e%l!<%7%g%sSKS*$SSFBWSNS: 2]
DIL $OGHDISNAX2ASHS7SF!"

L(C)=( abs( )+ scat( )) ! (6.1)

SH@_Dj$5BISFSSSKI#$3B3BGps( ), scat( ) $O$=$I$>$I5[<}78?t!";6Mp78?t$G$"$k!I$33
$i$08e=R$9I$k%!<%6!<$r;HMQS7$?8!=P409;@5MQ%G!<% ?$*FIEFIBBAIQS7F3=P$7$73b
SN HMOQS7SFSSSKIKES7S2$, SCSPMT $GAQB, $55I$k8W;R2AN ) $O8W:RENHISWKIYESNAX
PUtSHS7SF R |

Q() DeXp( m)d

" Q( )d

$HB:2jSOSKI#$3$3$G  $OBW;RSN?6F0PE= ,c SOBWB. $G$"SKIHSISH"?6F0?t  $SK$*$1$k
PMT $NNL:R8ZNQ( ) $r;H$$?6F02tSKI6&Y%'I<UHSr$+$1SFSSSKIH

$SHS3SMSGNLRSAN( ) $*$h$S2009G/ 4 7Tn$N?eSN>UBVSGY6A%e!<%K%s%0$5$I$28: %D9
$NBGBNE*2tCM$rBeF~$7$2>19g

Z

N ()= N(0) (6.2)

[[cm]
7724Em]

Q() exp( )da o /oexp( ) (6.3)

L(c=)
$H6a;WSGS-SKI#SISISoFAMT $NNL;R8zN($G?6F0?tSK%E&%0' <% HSr$-2AGIG/ 4 7Tn%A%e!<
%s$N%b%sYF%+%k%m%7%_%e%l!<%7%g%sSK$*$15k8: 7DD SRk #0J8eIX59>e
$3%I$r true $N8:?jDISHBFSV!#

01J}$G!"$38N 2009G/ 4 7Tn%AY%e!<%s$N%b%s%F%+%k%m%7% %e%l!<%?REGo8@.$7$?
>|$+$i:FO=@.$7$78:?jD9$M1.95mIGS$"$j"@h=R$7$Rue $N8:?jD977.24mSHHIISS7$F!2
3d$bD93$$!#3$3%$1$0!"<g$knuon $r;HEC$?8:?|D9:FO=@ . SK$*$$SFH?<MBW! &;6MpB8wWENAsM?$,L5
$$SH2>Dj$7$?$3SHSK5/0x$I$KI#<B:]$OH?<MBW!&;6Mp8wS, $"$jl"$3$I$i$ 0% 2%s%/A4BNSNSWNL
SrA}SdS7SFS*$)I" 2" (5.1) $KS*$15k%9%mM!I<%WIIN79$-$rI?CI3SK$OSkS3I$SHSrDLEBSF:FI9=@.$5%!
$78:?2jD9SrD9$/$9Sk!#$3$3$G!":FIO=@.$53I$78:?jD9$Hrue SN8:?jDISHENP*N%Sr8:$957%a!"
8:?jD9Jd @54 X ?tSrF3F~$7$?1#
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8:2jD9Jd@54X 2t

8:?]D9Jd@54X?t$00J2<INIIKISG:n@.$7$?'1#$2808G/ 10 7n$+$i 2009G/ 8 7Tn$K$+$1$F
1%Vv7n4V3VSG?eSN>uBVSr:F8=3$7$7%hb%s%F%+%k%m%7% %e%Il!<%?!<$rMQOUSISK!#<!$SK$=3I$>S$I
$N%bY%s%F%+%k%m% 7% _%e%|!<%?!'<$C@8@.$7$?%_%e!<%*%s;v>]$+$i:FO=@.$53$I$k8:?jD9%r;;=P
$ISkI#S3$3SGSNB:?DIS0Y $DINYG!<%?%; BFRBOMuUON;v>] ) $+3i;;=P$5$I$k8:?jD9
SNI?6QCMSr;HMQS$OSK!#;;=P$7$78:?|DI$r$=3I$>$ISN%b%s%F%+%k%m%7%_%e%l!'<%?!<SK$*$ 15k
true $N8:?]DISHHFISFISkSH!"?6.1 :8KSIBKk!#% _%e!<%*%s;v>]5r;H$S:FIO=@.$7$78:?DISH
true $N8:?jDISKSOAjAXS$,$"$jl" JId@54X 2t

Leor(t) = (Lrec(t)  44031)=1:1263 (6.4)

SrE3F~$9$k$3SHIG!":FI=@.$7$28:?]D9%ide $N8:?jDISHINP*N%Sr=$@5%$7$?!1#$383&G
$0%_%e!<%*%s;v>]1$r;HMQ$7:FI9=@.$7$?8:?DQY' $0Id@58e$N8:?jDI$CSH "$k!#

27 6.1: (FO=@.$7$?8:?|D9J@V'KHrle $N8:?jDIIJIUIKSHSNAX78!#Id@5A0!J:8!K"'Jd@58e
1J1&IK

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

SK $G$0!"8w$,2eCI$GSISNDXEY;6Mp$ISkENS+SrCN$k$ ?$a$K %0l <%6!<$r; HSCS?;6Mp8wB, Dj$r
OT$CHF$SSK!#6MpB8WB,DI$AK % ?%s%/>elt$+$i%l'<%6!<qEBHDISO<oN 1"337nm, 365nm,
400nm, 445nm)$rF~<M$PMT %R%C%H>pIs$r9; @5MQ%G!<%?$H$7$FHEHFGRIREK @5
MQ%G!<%PINT %R%C%HSNFb!"%?%s%/>elt$*$h$SB&LLSKFOS/8wSO;6Mp8wSh$7$/$0%?%s%/DI
LLSNPMT $b$7$/$0black sheet$+$isNH?<MB8wSK5/0x$9$k!#;6Mp8wSNB,Dj$OB 2SENSh$&
$K%?%s%/B&LIEBDSKI,3d$7!"%?%s%/>elt!5 J,3d$7$?B&LLIGS=3I$>$1%6R% CY%HY%?%$%_%s%0
J,I[$r;HMQ$9$Kk!# 2" 6.3 $O!"$3$N9; @5MQ%G!<%?$N%RU6CIUHY%?%$%_ %5%0J,[$*$h$S5[<}787t!&

;6Mp78?t$rD4@0$7$7%hb%s%F%+%k%m%7%_%e%l!<%7%g%s$N%RWCY%HY%?%$%_%s%0J, [$GCS$"Sk!4
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M 6.2: %I1<%6!<$r;HSC$?;6Mp8wINB,DIBK %?%s%/>elt$+$i%I!<%6!<8wSrF~<MIZMT
%R%C%H>pJs$r9; @5MQ%G!<%?$H$7$F<hF @$9$k!# 1&?"$OES7?E*$I%I!<%6!<%$% Y Y%sYHICS $k!#
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21 6.3: ;6Mp8wB,DiSGF@S$ISIRMT %R%CY%H%?%$% _%s%0J,[1#9; @ SMOUWGHSHESD4
@0$7$2%b%SY%F%+%K%6M%7%_%e%I!<% TU@MSBDBIPOFYo+%k%mMo%6 7% %e%lI<%?I<$N;:6Mp78
2t$0@D @~$NFHBMPBWSK$h$kV%RYCUHSHS5SISK6?94$8N IAErBISCSFDA@0$I$KI#99
$KI"G=i$N%TI<%/1&B&6R%C%HSODISSEWNY2eCi$r?I$s$ @8e;6Mp$ 7$ vl RBICBIBR<YoW
$+$iIBWSNS[<}782t$bF1;~$K;; =P$9$k$3$HS, =PMh$KIBONSedUBa$N2 HVL\SNY% T!<%/$0%?%s
%/DILLSNPMT $7$2$0%\V%i%C%/%7!<%HSKShSkH?<MBWSK5/0x$OSK!#
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7k2L$H$7$FF@$i$ISR008G/ 11 7n$N?e$N>UBVSGDA@0$7$?;6MpZ&2boos11 $O
) "

9:200 10 9:695 10%)
scat;200811( ) = % 1+ %

I#

(4623 16F) ( 3924)%) (6.5)

+ (1:307 10 % n

2009G/ 4 7Tn$N?e$N>UBVSGDA@0$7$?;6MpE&rboogos $O
" I#
8:514 10’ 1:138 10°
scat;200004( ) = % 10+ %
I#

(4623 16F) ( 3924)?) (6.6)

+ (1:002 10 % N
$HBISKI#$3$3$G!" SOGHDIAM] $rI=$91#:6Mp782t0I9TL\SN3Q3g8LSOA0I}$X$N;:6MpSNE/EY$H
8eJ}$X$N;6MpSN6/EY$,Ey$7$$mmetric scattering(Rayleigh ;6Mp+ A08eBP>N$die ;6Mp
$N;6Mp782t$rI=$7!"FsITL\SN3Q3g8LSOA0JI}SXSN; @dpmmetric scattering(A0J}$X$Nmie
:6Mp $N;6Mp782t$ri=$914Rayleigh ;6Mp$N;6Mp782t$0* $KH?HNCSISk$3$HS, CNSISISFSS
$k$,!" SK $GSO7P83E*$KSy; Ay $r tuning parameter $H$7

S S
scatyyyymm () = _i 1.0+ _g
A
+ AL =2 (AP (6.7)

$H;6Mp78218r;;=PS7SF$SSK!#

?76.43$02008G/ 11 7n!" 2009G/ 4 7Tn$N;6Mp78?tSrGHDISNAX ?tSHS7SF!"$=3I$>$19u!" @V
$CI=$7$F$SKI#IU@~SO@ V@ ~FK>e=q$-$53I$F$*$j!";6Mp78?2tSOB[$\;~4VIQ2=$73$I$$$3$H$,J,
$+$k!#

$=$NOLI}"9%6(%6M%ok%b.!<:FI=@ $K$*$$$F; HMQS7$2:6Mp782t$0% _%6e!<%6*%s;v>]$r;HMQ$7:F9=
@ $7$728:2IDISKH?HING sear (1) = 1 =(L ()=0:9429) $7:~4VIQ2=$r$7SF$$$?HNCS(S08G/
117n$NL (1) J?6QCMELIM!" 2009G/ 4 7Tn$NL (t) $NJ?6QCMBDM $G$"$k$?$a gcqa(t) $O$3
SN4[4VSKL1YB:>/$75?1#$3$I$0!";6Mp782t$,7P;~JQ2=37$I$S$S3SHIr<($7$?7%I!<%6!<SN;6Mp
78218, Di$HIgCWS7SISS4$7$2%, SCSFI":6Mp7821$07P;~JQ2=$ 7458415 cm  $r:HMQ$9
$k$h$&$KIQ99$7$21#13415 cm 1 $OPMT SNNL;R8zN($G<~GH?t$K%&%'<%H$r$+$1$?;6Mp
787t Z

1=13415= Q( )  scat;200004(c=)d (6.8)

$GE"$k!#

6.1.3 H?<M$N8z2L$NF3F~

2YEEN3;R$,@8@.$7$7%A% '%|%s%3YRMWSDR"%/%)%k% 1!<%9!"%V%i%C%/% 7!<%HSGH?<M
$7$&SKIH#S3ENH?<MBwHEIOMeVmuon;v>]$K$*$$$FId@58WNRTOT $r 8% A}$d$9#$=$N
0IJ}$G!"1?FONLSN7W;;3K$*$$SF$3SNH?<MBWSNEz2LSOIMNBSSSISF$ SIS +SCH?1H#Ph$CSFH?<MBWEN
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2" 6.4: ;6Mp78?t$N;~4VJIQ2=

RTOT $KBP$9$k4sM?$rI>2A$7!"1d@5$9BkA X ?tSrF3F~$7$2I#E3ENAX?ISGSAPHITK P M T;)
$,F@QSKILSRMT(PMT;) $+SiSNH?<M8W e (i;] )) $O

D(i;j) RPMT 2

L) ap =) 69

Qref (5] ) = Q(PMTj) Rfac  exp(

$H$O$KI3$3$Q(P MT; ) $OP M T $NB,DJSWNLR 5 SOH?<MN(®R925"D (i;j ) SQPMT;;PMT;)

AVENSWNORP MT $OPMT $NH>7B5cm$GS $kitexp( 5(52) SOH?<MBWSN2eCISGENS:?)!"

M s SOH?<MBWS, H>5e>Ul"EyJ}$KO-$, SKSISHSrI=S7SFSS$K1#
H?<MNQ.292530tuning parameter $Grandom vertex, random direction $N459 MeV/c
%hb%s%F%+%k%mEE;R;v>]$K$*$1$k!"B,DjBWNLSH4 | BT$53I$k8WNL!IID>@\8w!";6Mp8w!"H?<M8WSN

OB!K$,0pening angle 90 180EY$NHOO0O$GIgCWS$ISk$h$&SK<hF@S5BI$?!#

6.2 7k2L
6.2.1 7P;~JQ2=$K$D$$$F

0J>e$N2~A1$N8e!"1?FONLSN7P;~JQ2=$r:F$S3ING'$7$BHEH0O9b% (%M %k ¥stepping
%_%e!<%*%s;v>]8K$*$1$kI V1 ?FONI@ WSND9$S5!WSN7P;~JQ2=3GRUEBE/ 10 7n 21 F|$+S$i
2009G/ 5 7n 31 F|$K$+$1$FSN7P;~JQ2=FRMS $G1.03%H+$i 0.33%$BK!" (Max-min)/mean
$G3.5%8B+$i 1.7%6K2~A1$7$?12008G/ 10 7n 21 F|$+$i 2009G/117n 30 F|$K$+S1SFSNTP;~
JQ2=$0!RMS $G0.39%$H$ISCH?!#
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%_%e!<%*%sJIX2UEE;R;v>]$N1?FONLS$N7P;~JQ2688G/ 10 7n 21 F|$+3$i 2009G/ 6 7n
30F|SK$+S1SMRMS $G0.71%65+$i 0.60%$K!" (Max-min)/mean $G2.9%5+$i 2.6%$K2~A1$7
$?1#2008G/107n21F|$+$i 2009G/117n30F|$K$+$1SFSN:FO=@.$7$?1?FONLSN7P;~JQ2=3$0!"
RMS $G0.54%$H$I$CSP?" 6.6)1#

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

PMT EE2Y>pJs$r85%K;,=P$7$?1?FONL$SN@dBPCM$N7OE}8mM:9$0!" IL$N>pIs$rMQSS$F;;=P$7
$?1?FONLSHHI3S$ISkSISHSGI>2A$BKIBGSO0I2<IMNSDINIIK!I$SG1?FONLSN7OE}BmM:9%$r1>
2ASTSFSSBKI#

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

9b%(%M%k¥sstopping %_%e!<%*%s;v>]$0!"1?FONLSNTP;~JQ2=$NI>2ASNB>!"%(%M%k%.!<@d
BPCM$N70OE}8mM:9$NI>2A$K; HMQ$5$I$k!#1?FONLSOHt@WSNDI$5$+3i$b8+ @ Q$bSk$3$HS, $G$-1"8!
=P40$G4QB,$7$?EE2Y$+$iF3=P$7$?1?FONL$HHI3S$I$k$3ISH$G!"1?FONLEN@dBPCM$SN7OE}BmM:9$r
[>2A$9$k!#1= 6.1 $KIV1?FONLHI@W$SNDI$5!WSN% G! <% ?$H%b%s % F%+%k%m%7%_%e%l'<%7%g%sSN$
SI$rH@WSNDISSKhSKI=$7$?1#

I= 6.1: 'V1?FONLHt@W$NDI$5!'W $N%(%6M%k%.!<@dBPCM$N7OE}8m:9

Ht5WN%n] | 1?FONL$NJI?6QdReV] | ( 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 55 1.00 0.26
25-30 6.8 0.52 0.35
30-32 8.0 -0.04 034

Dc%(%M%k¥stopping %_%e!<%*%s;v>]

2YEEN3;R$Bherenkov8w$NJI|<M3Q$O1L?FONLENAX?t$HS7$F0I2<$NShS&SKI=8=$5$I$k!#

1 1 m?2
Ccos Cc — n— - H 1+ ? (610)
$3$38G " n!" " m!" p $0O$=3I$>3$ICherenkov8wSNI|<M3Q!"?e$N6~@ N(L "<ANL!"

1?FONL$GS$"$ki@herenkov8wSNJI|<M3Q$+$i;;=P$7$?1?FO(R. ) $H!"8!=P40$G4QB,$7$?EE
2Y$+$iF3=P$7$?1?FOI(IEp;e;) BrHI3S$ISk$IBHSG!" 1?FONLSN@JBPCMEN7OE}8mM:9%$rI>2A$9%k!#
8=:_D4@OCI$G$"$k!#
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o
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2 6.5: :F9=@.$7$29b%(%M%K%Btbpping % _%e!<%*%s:v>]$NIV12FONI@WSNDIS5WESN 7P
~JQ2=(>6) I#511?FONL:F9=@.J}K!$SKSh$k$bSN 1IOUIK'$*$h$S?271?2FONL:FO=@.K!$K$h$K$bSN

1J@V!K2008G/ 10 7n 21 F|$+$i 2009G/5 7n 31 F|$K$+$1$FSN7P;~JQ2=RDIS $G1.03%$+$i
0.33%$K!" (Max-min)/mean $G3.5%6+$i 1.7%BK2~A1$7!"8WSN?eCI$KS$*$1$k8:?jl2<) $H
SNAJAXSOS$IS/SISCS?1H#$I$*2008G/ 10 7n 21 F|$+$i 2009G/ 11 7n 30 F$SKS+$1$FSN7P;~JQ
2=$0!I"RMS $G0.39%$HS$ISC$?1#
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2" 6.6: :F9=@.$7$?%_%e!<%*%sIX2UEE;R;v>]$N1?FONL$N7P(>802511?FONL:FO=@.J}
KI$SK$h$k$bSN!JOu!K'$*$h$S?71?FONL:FO9=@.K!$KShSkSbSN I @OBEG/ 10 7n 21 F|$+$i
2009G/ 6 7n30F|$K$+$1$FSNT7P;~JQ2=RMS $G0.71%%+3$i 0.60%6K!"(Max-min)/mean $G
2.9%B+$i 2.6%BK2~A1$7I"8WSN?2eCISK$*$1$k8:2jHB<) SHENAJAXSOSIS/SISCS?1#$I$2008
G/107n21F|$+$i 2009G/117n30F|$K$+$1$FSN:FO=@.$7$?1?FONLSN7P;~JQ2RMB '$G
0.54%8$H$ISCH?!#
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%_%e!<%*%SIX2UEE;R;v>]

%_%e!<%*%sIX2uSKH<$$@8@.$5$ISKEE; R;v>]$0!"1?FONLSN7P;~JQ2=$NB>!"1?FONL@JBPCMSN
7OE}8M:9$NI>2A$K; HMQS5$ISKI#%_%6e!<%*%sIX2UEE;R;v>]$NY%(%M%k%.!<J, [$O$h$/CNSISISF
$*$j"81=P40$G4QB,$7$?EE2Y$+$iF3=P$7$?1?FONLSHHI3SS5SISBHPIK % GI<%?$HYb%s % F
%+96k%bMY67%_%e%I!I<%7%g%s%$%Y %s%HSN:FO=@.$7$?1?FOMLG HDataData  $N
CM$00:13  0:17%$G$"$K!#

M 6.7 :F9=@.$7$?%_%e!<%*%sIx2UEERSASN1L?FONLJ, I[(@YV$*$h$S%b%s%F%+%k%m%7
%_%e%I!<%7%g%s$G@8@.$7$?%_%e!<%*%sIX2uEE;RSN@IEOWLILI[-Data) / Data $N
CM$00:13 0:17%$GS"Sk!#

%K%e!<%H%j%NS$, @8@. 398k
Bg5$%K%e!<%H%j%NH?1~$K$h$CSF@8@. $EREDIN @~$KIx2u$ISKIPSN<ANY o
$H2 SDSNP 1; P » SHIN4VSKSO

q
Mo= 2P 1P (1 cos) (6.11)

$I$k4X78$,$"$k!#8!=P40$G4QB,$7$?EE2Y$+$i:FO=@.$7E~$SN1?FONLSN@dBPESSERA
NL$SHH3S$9$k$3SHSGS$=$N7OE}8m:9$r1>2A$9$ki#]$0

2 $D$NY%AY%'%1%Ss%3%U%j%s%0$,<1IL$5S!" $+$DSISASISNVaREcyabthke
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%_%e!<%*%sIX2uSKH<$&EE;R$O8!=P$535I1$I$$
F9=@.$7$?D:E@$N:BISHH SNIISHENSWNS62m

$HA*Br$9$k!#?’6.8$K%G!<%?$H%b%s%F%+%k%m%7%_%e%|!<%7%g%s%$%Y%%%1:H$N:F9=@.$7$?
<ANLJ,I[$r<($91# (M.C.-Data) / Data $NCM$Z28 1:73%3$G$H"$k!#

?276.8: O <ANLJ,I[H@V$,%G!<%2"@ D$,%b%s%F%+%k%bmo% 7% _%e%lI<%7%g%SMNEANLII[$G!"
Data) / Data $NCM$Z28 1:73%3$G$"$k!#

6.2.3  %(%M%k%.!<:FO=@.70E}8m:9$N$"$HS$a

27 6.9 $K%(%M%k%.!< @dBPCM$N7OE}BM:9SNS $HSa$r<($91# SISN<jKISKSh$k%(%6M%k%.!<@dBP
CM$N7O0E}8m:91>2A7k2L$b!"%b%s%F%+%k%m;viRKEPY 9b$/!"  0.829%GBNHOO0OFb$SNCM$H
$ISK#%b%s%F%o+%k%m%7%_%e%l!<%?!<SN8w; RIGB@& KM @O0SNM>CO$,$"$j!"8w;R@8
@.$r8:$i$9B3SHBK $h$j!"%(%M%k%.!1<@dBPCM$N7OE)BBROBHSISkS3ISHS, 2DG=$G$"$k!#
%(%M%k%.!<@dBPCM$N7OEBBRIHEN; ~1"%(%M%k%.!<$N;~4VIQE!%(2008G/107n 21
F|$+$i 2009G/ 11 7n 31 F|$"$GIN%G!<%?$r;HMQ$7$P>BIdSN2 >hOBSr$HSKSISHSG;;=P$9
$k96(%M%k%.!<:F9=@.A4BNSN7OE}BNOBRIMBHSIS|!" T2K <BB3$+SiSNMW(@R=@.$7$?
%(%M%k%.!<$N7OE}8n190) $rC#@.$9$k!#

3FSK %U%'I<%:$HSNH3S

I= 6.2 $0%(%M%k%.!<:F9=@.$N7OE}8m:SB3EU%'1<%:$GHI3S$7$2$bSNSGS " $K1#%(%6M%k
%.1<@dBPCM$N7OE}8m:9$0!"3Rstepping %_%el<%*%sPI'% %el<%*%sIx2UEE$NY%G!<
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%2$HY%0%SYF%-+%6K%m% 7% _%e%Il!<%7%g%s$KShSKR=GAHISNFBREEM$S; HMQ$T7!"7P;~
JQ2=$@topping %_%e!<%*%s;v>]$NIV1?FONI@WSNDIS5WSN7P;~(0I%6: 11) $H% _%el<%*
%SJX2UEE;R;v>]$N1?FONLSN7P;~J0Z6.12) SNRMS/mean $NFb!"Bg$-$$J}$r; HMQSISK!#

SK-IV $OSK-II1 $HHf$Y!"%(%M%k%.!<@dBPCM$N7OEBABIE+$i 0.8298X!"7P:~JQ
2=$, 1.79%85+$i 0.549BXSH2~AL1$I$K!IH#

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

SK $N%U%'I<%: %(%M%k%.!<@dBPCM$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-IlI 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$N$"'$HS$a

8WSN?eCIEK$*$1$k8:?jDISN8+D>$7!";6Mp78?t$NIQI9!"H?<MBWENId@5SNFIF~SroTSCH?1#$=
SN7k2L!"1?FONLSN;~4VIQ2-366% $K2~A1$7!"%(%M%k%.!<@dBPCM$N7 OH)BRBHESI
PkP3ISHS,J, $+$CH?1#$7$?$,$CIFN><THRhOBSr$HIkSISHIK SN $)!"% (%M %0k %.!<:FO=@.A4BN$N
70E}8m:9$0.98%$KE~C#2DG=3$G$"$k;v$r3NG'$7$?!1#
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2" 6.9 %(%M%k%.!1<@dBPCMS$N7OE}BM:91>2A%5% %! <!# SISN<jKISKSh$KI6(%6M%k%.!<@dBPCM$N
7OE}8m:91>2A7k2L$b!"%hb%s%F%+%k%m:v>]HMMHKE Y 9b$/" @D @~$G<($R.82%SNHO00
FO$SNCMSHSISK!#
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momentum range (MeV/c)

?7 6.10: 3FSK %U%'"<%:$K$*$1$k%(%M%k%.!<@dBPCM7OE}8BM:9I>2ASN%5%"%j!<!#2#<4$,1?F0
NL[MeV/c] I"=D<4$,%G!<%?$H%b%s%F%+%k%m%7%_%e%I!!<%7%g%sSKShSkM=A[$HSNP*N%$rI=$9!4
>e$+3i SK-I, SK-II, SK-I1l $G!I"P*N%$N:GBgCM$O$=$I18=B4 %, 1.60 %, 2.08 BCH"$CH?!#
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21 6.11: 3FSK %U%'1<%:$K$*$1Sketopping %_%e!<%*%s:v>]$N:FO=@.$7$?V1?FER@ WSN
DI$5IWSN7P;~JQ2=1#>e$GK-1, SK-1I, SK-1Il $GI'"E@@ESK@$0I?6QCMS+S$IL %( 2 %)
SNCM$ri=$9i#
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27 6.12: 3FSK %U%'1<%:$KS*$1$k!"%_%el<%*%sIX2uEE;R;v>]$N:FO=@.$7$?1?FONLSN7P;~JQ
2=I#>e$+$i SK-I, SK-1I, SK-IlII $G!I"E@@ESK@$0I?6QCM$+$il %( 2 %) SNCM$rI=$9!#
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Bh7>0 :#8e$N2]B]

7.1 F9=@.$7$?%(%M%k%.!<$NOLCVOMB8@-$H$=$N2~A1$N8+DL$7

‘F9=@.$7$?1?FONL$O!"N3; Rttex SNOLCVSK1F6ASr<u$1$k!AR1 $0%hb%s%F%+%k%m% 7% %e
%I1<%?!I<$r;H$$@8@.$7500 MeV %_%e!<%*%s;v>fdndom vertex, random direction, A4
4300;v>]IK$K$*$1$k:FI=@.$7$?1?FONLII3F%S%sKhSNI?6QCMIKSNY% 7% _%e%l!<%?I<$G@ _Dj$7
$?1?FONL$+SISNP*N%N@rtex SNOLCVSNAX?t$HS7$F%W%mA%bCY%HS7$?$bINSGS " $ki#9u$,511?7F0
NL:FO=@.J}K!$KSh$k$bSN!" @VS$,?71?FONL:FI=@.J}KISKShSkSbINS@3$,!":FO=@.$7$?1?FONLSN
vertex OLCVOMB8@-$02~A1$7$F$$$380!IMeV EE;R;v>]1J?" 7.2KSbFIMM$GS "$k!#

1?FONL$OVertex $HFb?eAeJISHENSWN%$,>. $531$I1$P>. $5335[$I1Bg$-$/:FO=@.$5%$I1$k 798~
$,5_SidISk!#$3EN798~306a$/SNPMT $+SiISNH?<MBWSNBWNLSr!"<B:]SNH?<MBWSNBWNLSHHISY
$F>.35$/8+@QIbSCIF$SIk$3SHS,010x$CH "$k$HB=:_J, $+$CIFS$Sk!#

8I>ZCI$N?7$7$$H?<MBWId@54 X7t

$"$k PMT(PMT;) $,F@$KILSRMT( PMT;) $+SiSNH?<M8WQ s (i;] ) $r

.. _ Q(PMT)) D(i;j ) RPMT 2
Qref ('1] ) - WJ Rtac exp( L(t) ) 4D (i;j )2=2f ( ) (7-1)
$H$7!"PMT(PMT;) $+$i$=$N<~0@ 8DSNPMT $X$SNH?<M$O
. Q(PMTj) Rfac 1:8 D(i;j) RPMT 2
Qref (i) ) = 0 ’ 1 R 18 xp( L) ) 4D (i] )2:2f( ) (7.2)

SHSISkYbY GYKSrOMS(SKIHSIERFAM T; ) SOP M T; $NB,DJBWNLIR(sc SOH?<MN(ER925"
D(i;j ) SO(PMT;;PMT;) 4VSNSWNIRP MT $OPMT $NH>7B5cm$G$"$ki#exp( DL(E;J')))
$OH?<MBWSN?eCISGINSY SOPMT %"%/%;%\W%?%s%IOP M T; SXSNY6AY% %I%s%3%UsW
SNF~<M3Q!'SOP M T SXSNH?<MBWSNF~<M3Q$rI28EOtuning parameter $G!"500 MeV
2bD>2<8~$-%_%e!<%*%s;v>]'%b%s%F%+%k%m%7%_%e%lI<%RidE@8@®.118m $+
$i 2 9%al<%HYKKHERM $7$GIKSNH?<MBWSHH?<M8WJId @5$r9g$0$;$k$h$&SKDA@0$7$?214$I$!"
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