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Super-Kamiokande J-PARC
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T2K Beam

decay beam near detectors
pipe dump (on-axis and off-axis)

O
(o)

30 GeV PS target horns far detector

Flux (10°/20MeV/cm?/yr)
=) o
N RaN

Ref(3) Om 118 m 280 m 295 km

Off-axisiEZH
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Neutron Capture

SK-+-KL &% TH IC & 5P HEFIBEDL ZHACRY
- 315 ~200psec Tcapture

- 2.2MeV iRz B

Ref(6)
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Ve =——> |

Cross Section Ener
Target (mb) r(I\/IeV)gy
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160 ~ 0.2 ~ 4.2
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e SK vs KL =
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Overview of Simulation
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x e oo

Rotate & distribute
ra‘;r}d mly and uniformly

INteraction vertex

Step1: Generate neutrino interaction by GENIE
- Simulation tool for generating neutrino scattering
- Output generated particle information
- Use calculated T2K flux w/ osc.

- GENIETIE+zAMICneutrinoME =R E TR > TWLWS

Step2: Input results of GENIE into Geant4
- Input momentum of each particle

- Distribute interaction vertex uniformly and randomly
- GENIED#ERICE T DX,y zEZOEIn = &, REDT2KE—LD
FRICEED SneutrinohV R K S ICERTET 5

Mainly focus on neuron multiplicity



Setup of GENIE
&8105 ?J% _E
Neutrino: ve vy v & bar Eiorfi 'y o N
- 105 interactions for each 5103 . -
Spectrum: T2K beam at SK w/ osc. 1o—
Energy: 0.003<E<10 [GeV] 10
- BT R)LF—FKamLANDIC & 17 B2BGA N> NI % R 'E
gl b b b b b b b s b g Loy
Target: CH2 AR Energy [GeV]

- C: 33.333%, H: 66.667%
- Roughly near to LS & BO chemical composition

Flux [/cm?/10'POT/50MeV]
2
e PRI T TTTT
- L -.-?;—':1

nhubarmode

Cross section: gxspl-FNALsmall.xml
- Pre-computed by Fermi National Accelerator Laboratory

GENIE version: 2.12.6
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Energy [GeV]



Neutrons
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# of neutron
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Setup of Geant4
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- KamLAND-like geometry
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Neutron Multi. in LS oz
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Neutron Multi. in LS
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Expected Number of Events

HifFANRY hy& R OFHE

. Z (0.778g/cm3)

-M:BE%# (CH2—>14)

A RO (6.022e23)
BRI DOMATE (R=8.25m EK{K)

- P - POT

- T : Flux

- O0c: Carbon Cross Section(CS)

- oH: Hydrogen CS

R=LNAVPY . floc +204)

Total deliverdered POT: 3.16e21
- numode POT : 1.51e21
- nubarmode POT : 1.65eZ1 g3

numode

Flux [/cm?/102'POT/50MeV]
o

Flux [/cm?/102'POT/50MeV]
o

! g = .___I [ TTTI

0 1 2 3 4 5 6 7 8 9 10

T TTTIm

—

il

0 1 2 3 4 5 6 7 8 9 10

j Hydrogen CS

2 3 4 5 6 7 8 9 10
Neutrino ener gy [GeV]

+ Carbon CS

NN EEEREN

nhutaubar

0.88 ~100 events at KL

nubarmode

14.58

assunmnn?® 14



Expected Neutron Multi.

=
3 45? numode
o
D 408 Total: 67.87 events
35 w/ neutron: 22.09 events
b Num of neutron: 106.11 events
- Vi
—
20 - W
= V
15— &
=
5/ ==_
= | | [
0 1 3 4 6 7 8 9
Number of neutrons
hutaubar | Total
nu |5.14] 199 [(41.16 2.16 16.55 0.88 6/7.87
hubar |0.87| 039 |1142 9.89 1.25 14.58 38.40

20
Num of neutron : 52.03 events

Vr

15 L

v,

VM

Events/bin
N
(@) |

nubarmode| I8

Total : 38.40 events
w/ neutron: 12.15 events

- modelC KBEWNTH XD BZIT SR
- nubarmode TH v uld% < B 5N 25 (Ficmultiplicityh WA XY K)

7 8 9

Number of neutrons

- T

Tmode TCOEILXRILF— v DfluxdD% = HhR

A

yA)

- Energy deposit & neutron multi. DR Z H D NEHNH S
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Summary

KamLANDICEWTHSKEKXKELLT2K beamDBAFHUTWB Z EHBAFEENS

- T2K (& Off-axisiE& % 1%

J—(\/\%fu&b SK(I

- J-PARCHY5 H#7TcKamLAND & SKDO B EZE &

i 2.5° 9 fcbeamBDELNT LS
~0.2° &1+ lT/hvE Ly

Expected T2K events at KamLAND is ~100 events

- ~450 events are observed at SK.

- CDANRY MUIR<B.2EMDAEBETETE SN BDIRD T, ERE
- RIS DIREN N E

—

ZLDANY N RZBEEZSND

Precise neutron capture measurement is advantage of KamLAND

- AT
- SimulationfgE2 & D. ~1501E
- IRl EDflavor®d E D

37

NL5NENH B

S5l

(DFE

E1 R ~DinefficiencyDE & (&S

KORRD T D

C X)L F—

A FEA
BB ERZDDMD O DS EWND T, energy depositE DEFRMEZ U S

N2 DB KamLAND LSHTEEZS EEEZEZS5ND

T2K beamFERIA IV ITDT—FZ2H65->TED., T—YEFHETH

- T ZBRETELIANELBVLOBELRT
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T2K Events at SK

2K\ Signal and Background Summary

Expected

MC Data
total

BG
total

Beam
Ve-l-\-le CC

NC Vu—>Ve ;Ip-)ie

Vp-l-v" CC

eee o 0.269 8.79 421 | 13.3 | 58.5 0.79 72.2 75

oeee = 0.093 2.65 158 | 432 | 2.01 5.40 11.7 9

e 0.164 0926 |0.383| 1.47 0.007 | 7.13 15

Expected

V|.|+Vp CC

non-QE

total total

Ve+Ve CC NC

e o 36.8 0.080 | 831 | 45.1 | 2106 122 (268.0| 243

vu CCQE 16.2 0.010 | 237 | 18.6 25.4 48.7 92.7 | 102

Background (MC) Signal (MC) Data
June 5, 2018 () KEK/J-PARC Physics Seminar .. - 44

Ref(3)

Data set
- yv-mode: 1.49 x 1021 POT

- v-bar-mode: 1.12 x 1021 POT
- Until Dec. 2017

Tring CCQE e-like (hnumode)
Tring CCQE e-like (nubarmode)

Iring CC1 m e-like (humode)

1ring CCQE p-like (humode)

Tring CCQE u-like (nubarmode)
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Expected Number of Events

KamLAND TOHIfFAN> R #ilE ~100 events TH o I
SKD#ER ~450 events &LERNB EZT DD TIIEWLD ?

Ref(7)
SK® Event selection (& oscillation analysis Df=®Ic purity DEWEDZZEA TS

- multi ringld 71y b (Tring@ A X kD #H) S S
_ _ _ . CCQE 1-Ring e-like FHC 170 cm 80 cm
- Towall cut & wall cut Z#H (Only fully-contained fiducial events are selected) CCQE 1-Ring u-like FHC ~ 250cm 50 cm
ONIKITBDANY NlZcut CC1x 1-Ring e-like FHC ~ 270cm 50 cm
~ o~ “ CCQE 1-Ring e-like RHC 170 cm 80 cm
DNNEADTLHAINY B Y b CCQE 1-Ring u-like RHC 250 cm 50 cm
‘;.é); ! @)= Runl-9 Data
e L o e | BIEEDKLEAFANY MOV, OD hitHlESs a6 DZcutd 2 CHIRT 5 EF X 5N D,
f_ L e FEEBEIRIF—DRIGHEBIIRKEL IFHRVWO T, COFRIFEIRIVEF—EENEZD3E
e W b7 EWVWS KD ME. AIDselectionbili U TWEWZ EICKBHRDIESINKREVWEEZS
= NC
Z. MC w/ T2K+DB bestfit

400

SR % < dmulti. ring eventhcutE N TWBDHERTE S
CDANY MEI TIC Towall cut & wall cutehTLNB)

— \ll
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J - PARC Neutrino Mode Flux at SK Ref[1]

-
to generate neutrino beam:--- Q N6
—.Q.‘ 10 E— ......................................................................................................................................
. Graphite target o f v iy
. . = U e
Proton beam transform into @ beam by graphite target % 1 iy iy
u e
. T[‘decay § 105 ......................................................................................................................................
Tt = pT + Vwor m — [ + UV, Indecay volume(l 10m) %
At the end of the decay volume, beam dump is set to absorb u&m O
= )
. Muon Monitor Horn ) Beam moitors § 1 04 _
Siarray | E =
+ IC array , -
, R ar Super-Conducting
........ > ol Magnets
intensity, position : /] 3
3Homs w/ 250kA profile 1 F e 10 .................................................................................................................
to Super-K r[+ \\\ 4N :
jil 4 ¥ 3 I
l Ly 50 100 m) g Decay Volume . ".‘. | | ] | | L |
Near detect : \-m 0 2 4 6 8 10
ok wfmirw%r { __/ DecayVolume Target mgh| E, (GeV)
# % N1 30Gev
: : MR — _ _
Vs Vi are dominant in almost all energy

-> Consider V.,V interaction mainly

Graphite, ®26 x  Helium cooling
900 lo
S proton beam

Ref[1] Beam Dump



Oscillation Probability

Prob3++ ZHWTEIE

- SK collaboration |

i &k > TEELE iufcoscillationst& /Sy o —

- IREH/NT X —% (& PDG 2018 (Phys. Rev. D 98, 030001 (2018)) & D best-fitf&
- Normal hierarchy

I'I1

- YBRE p=2.7g/cm3
- L =295km
- O<Energy<30GeV Z0.1MeV & &

numu->numdu

1

Probability
o o o
N oo ©

o
o)

O
(&)
o e e e et e s S S S S S N N N N N N N N N N
e ————— ———— R BN

o
~

o
(&)
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0 ..umum Aa IL
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IIlIIl

ICETE

1 0‘2

107"

1 Energy [GeV]
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numu->nue

o
© —_

o
o

WIII“III“III“III
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A mZ2o;

A mZ23;

sinZ 6 23

SINZ 0 13

sinZ2 0 12
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o
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1 Energy [GeV]
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Oscillation Probability

Prob3++ ZAHWTEHE

- SK collaboration IC & > TEEL & i fzoscillationst&E /Ny o —

- IREN/NT X —% (& PDG 2018 (Phys. Rev. D 98, 030001 (2018)) & D best-fitfE
- Normal hierarchy
e Cp=] b
- YBRE p=2.7g9/cm3
- L = 295km

- O<Energy<30GeV #0.1MeV & icstE T2K flux@E=21iE = ~0.6 GeV

numu->numdu

|'I1

1

Probability
o
(o}

o
o)

o
~

o
o)

o
o

o
~

o
w

—*HWIlllllllllllllllll

0.2

0.1

A m?2o;

A mZ23;

sinZ 6 23

sinZ2 6 13

sinZ2 0 12

7.37e-b [eV?]

2.56e-3 [eV?]
0.425
0.0215

0.297

_L.EH=FA=L—I—I—

he————T

ol H““‘l““ﬂ Lol ! L1 0

w

-2 -1 ~ | > | | L1 1 111 >
107° 1o 10 1 Energy [GeV] 10 10 10 3 neray [GeV:

CDE—IUDWNKRELIBEDZDNOp=157

DT, Ocp=0bnfeE/NEL KRB

(

B RE27T%DE)

-> T2KEERICE TS 0 pNDEE
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T2K Flux w/ osc.

Flux w/o osc & osc. probability Z FHWTETE
- BinZzflux® T —% Ic&h 1 T(B50MeV bin). FDEHEDprobabilityDFEEHIZETELES
- nubaric DWTTl& CPT conservation Z{k7E UstE

numu->numu numu->nue
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