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(O-V—NCQE> =1.70 i 017(stat) tgg%

(0y_ncqe) = 0.98 + 0.16(stat.) F3:28

(syst.)
(syst.)

FHC v-NCQE v-NCQE NC-other CC Beam-unrelated
Event fraction 75.0 2.0 17.8 3.7 1.5
Neutrino flux 6.7 8.6 7.3 6.4

Neutrino interaction 3.0 3.0 8.2 16.5

Primary-y production 11.0 10.6 6.0 6.6

Secondary-y production 13.5 13.4 19.5 17.6

Oscillation parameter 4.1

Detector response 34 34 2.0 52

Total error 19.2 19.7 23.3 26.7 3.0
RHC v-NCQE v-NCQE NC-other CC Beam-unrelated
Event fraction 19.0 59.9 16.5 2.5 2.1
Neutrino flux 7.0 6.4 7.0 6.5

Neutrino interaction 3.0 3.0 10.8 38.2

Primary-y production 12.2 11.4 35 0.5

Secondary-y production 13.6 13.1 19.3 21.4

Oscillation parameter 3.1

Detector response 34 34 2.0 5.2

Total error 20.1 19.0 23.4 44.7 39

SEXH [4]



NCQERIT 8

-------------------------------------------------------------------------------------------------

RRES — e s O o
+ ZRAVNHEE (n (p) + O) @\
C —RAVIBETRAY TROBEES NS o Wik Gd

N |E—| DE% c\: ¥IJBIJ ................... A@ ......................... ...... g) .......... ,@ ’O ,,,,,, '@

Prompt event » Delayed event
~20 usec (Gd: 0.1%)
~60 usec (Gd: 0.03%)

BRIGTERESNDAFOER - ¥ - TXRILF¥F—%
MAIICIERICY S 2 L—Ya INEATESIODRMREZ RS TR
BRE?7HEIXRERIET?

FOMBHE=—1—~Y /HARR



— e NCQE

—RH VI8 o 0
\
« FILYATJAEDNGET —Y EMCTHR Oc Recon ring

i
L KAEEETE > TUWAL A -

s KAEMDIIEBRDZRAVVRICES
> ZRAVIBOVIaL—YaVERELW? T

=iy

/

Multiple y’s Multiple y’s

T

40_] T T T I T

—+ i)ata .
~.|Non-NC —
NC non-QE N
5% NCQE §

—+— Data (T2K Run1-9 FHC)
v-NCQE
B vnNeaE
NYY Nc-other
cC
[F7 7 Beam-unrelated (from off-timing data)

35
30

25

20

Entries
eoratetoee

2R

Y

15

e 0a0a0a OO0t

0.0
X X]
%&&k, \

Events/2.7-degree

N
2NN

SN

0%

XXX
538
kote%es

KRR

ERLRIRRLRRLRLK

U
Zh
)
S5
XX,
3R

59
X
KK

XX

%S
XXX
X
53

(0,00 0000 09,099,

10

KKK K
00 %%%

KKK
:. 9%

CRRKRKKL
00 %0 %%

00000000 %

K

N
XS
o
botel
bole!
5

)
3
0.
0.0
0’0

KKK KK
0202020 %0262 %%

58

N R —
NONNY ' e SN 7
Z\\ WPl T2K

NN 1)) i
SR sl L s

S

0L ] | | | | | |
RIS, PO TN TN TN TV . S S ] ] A
0000 RIS 0

10 20 30 40 50 60 70 80 90

O e A TAY P9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.0.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.]

b8
<>

X

535S

%

3K

3K
S5

S %00l
QLK.
QKK

%
3K
%
5%
2
S
3
%
55
o
3
2

%
XX

X
K
%

%
%
2
5%
o
&
o
ot

IIII|IIII|IIII|IIII|IIII|IIII‘IIII‘

X
bes
%

S

boods
2
2%}
K
255
oo
3
L

O

N

o

0. 0. [degree]
FOEBHE=—_1—NY /LS SEXHEL [4,5]



“RAV IR

« BERT BREFEHFTDETIV) TIEIRXRAVIENZ < FHE
« BERT IR Y YD E— 2T B

# of secondary y (MC, true) Energy of secondary y (MC, true)

7000

BERT (Currently used) BERT (Currently used)

6000

|t IIIIII| T

10°
5000

INCL++ | | INCL++
f J‘ ‘

4000
10° W

3000

2000 10

1000

1 1 1 1 1 4 L 1 1 1 1 L L L | L L 1 1 ]
5 10 15 20 25 30

# of secondary y

o_lIII|IIII||III||IIII|IIII|IIII|IIII|III

FOMBHE=—1—~Y /HARR



‘/7

> X R

- BERT BREFERFTDETIL) TREIRHA YV

« BERTCIIBtRIEE A >
— BICY®INCL++DIEFSHFT—

NN %

NIRDE— T DD IR
YEBRLES

11

<HE

— BUFEBRRRFELORIGDRERT —F HEL LY

Cherenkov angle (MC, reconstructed)

9000
8000
7000
““EINCL

5000 + +
4000
3000

2000

1000

BERT (Currently used)

o
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

o

10 20

40 50 60 70 80 90

0. [degree]

FOMBHE=—1—~Y /HARR

Multiple y’s Multiple y’s

T ‘ T
— Data

E Al —+— Data (T2K Run1-9 FHC)

C \\/Non-NC 40 v-NCQE

- NC non-QE F B vNcaE

:— @NCQE o 35 :_ L\ NC-other

C [0) C CcC

i 8 30 :— _ Beam-unrelated (from off-timing data)

C o C

r N 251

- o c

g 2 20F

r o E

- w15 § |
- 10 ] T-
- SK - T2K Tl

0
—— 0 10 20 30 40 50 60 70 80 90

20 40 60 80
O 6, [degree]

SE XM [4,5]



V?

. RCNPT30, 80, 250 MeV ¥t & F & —

> X R

L7 KRR I BR S

— ZRAVINBOIRILFX— - ERHEBZAE GELULLIEROBFELADK—7T)
e AIEERZYZIa2L—YavVICEA

— ZRAVIRDRGREDHIRDERF (—

RAVIEE ?)

~6m

1

Sm 45m

EBHES V=9 A

BRBHY Y F V-4 | Neutron time-of-flight tunnel |

ﬂﬁéﬁs&:ﬂ%&(npee)
— e (LaS)

RCNP NO course (E487/E525)

Secondary beam

Collimator

Quadrupole magnet

LaBrs(Ce), HPGe, CsI(TI)

(covered by Pb blocks) '

CsI(T1)Y v FL—%

¢E%E:A

USRS P

Faraday cup

{neutron or photon) / - M
[ |
b L
Li target Dipole magnet
Y]

Proton beam I

FOE@BHME=—1—~Y /HAER

12

SEXH [1]



FEFSEE 13

« T2KTHIEFZEREZHIE
— FT—49HMC (BERT) & D~34%D 730

« BICWINCL++DHHIFE SRS ? 2.5¢ | .
. T2K Runs 1-9 data -

> : - Using IRV sample _— :
-E 2 - Acc. bkg. subtracted ]
o= — - Efficiency corrected .
(o B Stat. ® Sys. 7
= - i
= 1.5 —— Sys. —
g - ]
o) | Stat. ® Sys. -
o - Sys. -
- 1 —
= n _
Q B -
= B _
P B aul
S 05— =
= [ Exp. = 1.50 + 0.02(Stat.) Exp. = 2.14 * 0.02(Stat.) ]
| Obs. = 1.00 + 0.17(Stat.) ;:: (Sys.) | Obs. = 1.40 + 0.26(Stat.) _*:;'I“ (Sys.) _

FHC RHC

FEOEIBHE=2—NJ /RS SZ R [6]



FHEFZERE

- T2KTHEFZEEZAE

— FT—4HBMC (BERT) & D ~34%47%5 0N
« BICWINCL++DIFEIFESERS?

- T EDEZEBEHSNIEL

— RERT— YRR UL TLDBEBLRET /L ZBEEL

VZalb—2avVICEATIRELNH S

14

# of neutron capture (MC, true)

12000

10000

8000

6000

4000

BERT (Currently used)

INCL++

2000

_I_Iﬁ Ly

ol
N

6 8 10 12 14

# of neutron capture

BERT BIC INCL++
# of neutron capture / event 2.152 1.827 1.776
Difference from BERT - —15.1% —17.5%

FOMBHE=—1—~Y /HARR



x &8 15

- SRNOtRFIEAZRIRIT DICFAT=a— M) /ERFEROBELGFALRMELZL
c FlcZa—h)/ EBREFEORIDTRET ZHYVIRPHEF. PEFOKFTORIGDEENEE

RO

« BERERT—FIZREL TREBERETILZBEL, YIaL—YyavIicEA
— GAdEABRDT2KESR TR

« SKOT—YBEBfTESICRKR=2— M)/ ERERZHBTESNAE
— SRNOttFRYEE = BiEY

GAdEARFIDNCQERIGETERRIE IcEIF T

« SK-GdOT— 5 #EiTzED S
- YBETILDEWVWZIERL., RMREZREDS

FOMBHE=—1—~Y /HARR



Backup



Ve 77V I A 17

10

m  Horiuchi+21 (Extrapolated, oA=0.1, NO)
mmm == Tabrizi+21 (NS+BH, NO)
Kresse+21 (W20-BH2.7-0.2.0, NO)

3 Horiuchi+18 («“;25’5ri| =0.1)
1 z‘_f»% = = = Nakazato+15 (Max, 10)

:'a,,/’ . =1 =1 =1 Nakazato+15 (Min, NO)

a4 = = = = Galais+10 (NO)

B ',‘ v 2 == Horiuchi+09 (6 MeV, Max)

| o ) =i imii= Lunardini09

. <2 - ' Ando+03 (updated at NNNO5)

10—1 — ‘,‘ ‘;?,/’& g . s Kaplinghat+00

— W\ * Sty “: Malaney97

— ‘,’ %; Y ’,. v Hartmann+97

— "/ *g} 4 \ ‘e =1 =181 Totani+95

- pok {f’@\ \

“\ ‘&

-—h
<
()
\‘\
&
&o,

1073

DSNB v, Flux [/cm?/sec/MeV]

1074

T III[II|

I|IIII|IIII|IIII|IIIIII'

10 20 30 40 50 60 70 80
v. Energy [MeV]

FEOEIBHE=2—NJ /RS SZ 3R [3]



SK-Gd=EE% 18

Neutrom Captures on Gd vs. Concentration
S T Thermal
O 100% ,,1,,3?,,,t?f‘,,,s,,,,?f@% ,,,,,,,,,,,, T — neutron
c (ultlmate goal) | capture
o | Cross
n i 7RO section
o) o/ | 40tons>~7%% SEL T
S 80% - (happening now!) (barns)
“% 7 1| Gd = 49700
O 60% - 13.2 tonsof .- -, .
Gd,(S0O,);*8H,0 1 $=0.53
" in 50 ktons water ]
40% | > ~50%capture” /| | | | H=033
on gadsollnlum
(SK-VI status O =0.0002
0 I L L N |
20% | =| = = |
| S| 38| 2 .
I 5 ol o o Gd in
0 | e o
0% : Water
00001% 0001% 0.01% 0.1% 1% 15

FEOLBHE=2— MY /AR SEZXHR [7]



Vo 7YY AD LIR(E

« SK-GATOHMIER (by REHZA)

FOMBHE=—1—~Y /HARR

Future Prospect
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TABLE IV. Uncertainties in NCQE measurement.

NCQE NC non-QE
Vg flux 18%
v/U ratio 5%
Cross-section 18%
Primary y’s 15% 3%
Secondary y’s 13% 13%
Neutron multiplicity 21% 16%
Neutron energy 18% 14%
Neutron transportation +7% +4%
Data reduction 3%
Neutron tagging 10%
Others 0.7%
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Bertini-style Cascade Model

e Aclassical (non-quantum mechanical) cascade

average solution of a particle traveling through a medium
(Boltzmann equation)

no scattering matrix calculated

can be traced back to some of the earliest codes (1960s)

e Core code:

elementary particle collisions with individual protons and
neutrons: free space cross sections used to generate
secondaries

cascade in nuclear medium
pre-equilibrium and equilibrium decay of residual nucleus
target nucleus built of three concentric shells

19
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Binary Cascade Model

Modeling sequence similar to Bertini, except
* it’s a time-dependent model

e hadron-nucleon collisions handled by forming resonances which
then decay according to their guantum numbers

* particles follow curved trajectories in smooth nuclear potential

Binary cascade is currently used for incident p, nand =«
 valid for incident p, n from 0 to 10 GeV

* valid for incident ©*, ® from O to 1.3 GeV

A variant of the model, G4BinaryLightlonReaction, is valid for
incident ions up to A =12 (or higher if target has A < 12)

23
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INCL++ Cascade Model

Model elements
* time-dependent model
e smooth Woods-Saxon or harmonic oscillator potential
* particles travel in straight lines through potential
* delta resonance formation and decay (like Binary cascade)

Valid for incident p, n and =, d, t, 3He, o from 150 MeV to
10 GeV

 also works for projectilesupto A =12

e targets must be 11 < A< 239

* ablation model (ABLA) can be used to de-excite nucleus
Used successfully in spallation studies

* also expected to be good in medical applications

26
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BERT BIC INCL++
# of neutron capture 81,567 56,267 55,130
# of event 37,898 30,799 31,047
# of neutron capture / event 2.152 1.827 1.776
- —-15.1% —17.5%

Difference from BERT
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6.73 (34.3%)
7.34 (16.7%)

Decay scheme MeV (J™) MeV (ratio) N(k)/Niot
BC+d  3.09 (1/2%) 3.09 (100%)  3.0%
3C+d  3.68 (3/27) 3.68(99.3%) 4.2%
C+d  3.85 (5/27) 3.09 (1.20%) 4.6%

3.68 (36.3%)
3.85 (62.5%)
2C+t 4.44 (27)  4.44 (100%) 5.8%
“N+n 492 (07)  4.92 (97%) 5.2%
“N+n 511 (27) 5.11(79.9%) 0.0%
“N+n 569 (17) 3.38(63.9%) 4.5%
5.69 (36.1%)
“N+n  5.83 (37) 5.11(62.9%) 0.54%
5.83 (21.3%)
N+n 620 (17) 3.89(76.9%) 0.0%
6.20 (23.1%)
“N+n  6.45 (37) 5.11 (8.1%) 2.8%
6.44 (70.1%)
“N+n  7.03 (27) 7.03(98.6%) (6.7%)
“C+p  6.09 (17)  6.09 (100%) (0.0%)
“C+p 659 (07) 6.09(98.9%) (0.0%)
“C+p 6.73(37) 6.09 (3.6%) 0.43%
6.73 (96.4%)
“C+p 690 (07) 6.09 (100%) (0.0%)
“C+p 701 (27) 6.09 (1.4%)  (6.7%)
7.01 (98.6%)
“C+p 734 (27) 6.09 (49.0%)  5.7%

SEH [1,10]
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State Probability
P1/2 15.80%
P3/2 35.15%
S1/2 10.55%

others 38.50%
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