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(.4'/)�"� $δCP

P (�µ � �e) � sin2 �23 sin2 2�13 sin2 �m2
32L

4E�

� sin 2�12 sin 2�23

2 sin �13
sin

�m2
21L

4E
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31L
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�

��
�e

�µ

��

�

�� = VPMNS(�12, �23, �13, �CP )

�

��
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�

��
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T2K�+7��4�

sin
δ C

P�
(
7
�
*
�

�2&8;1)��(,1021�)

@σ C.L.(99.7%��)< �0
→)�=?>7
�(480kW → 1.3 MW)
69:"$%�7��

��(2010�~2018�5�)83
�3,1021�

→"$%�-�'�

!"%�5/7	�

!"%�-�#.;1	�

2016���7!"%�7	�
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T2K ,=B>?<@

��=B>?<@

<J-PARC�)>

*��$#(SC)3��
→��He57:*��
→%��
5&90�5�/:

A=B>6�9�1	
A � 2.48s045
MR.8,;�9�
12-:
→��1.13s5"(

����+�$#57:=B>
6��
→�'�!(��=B>?<@ C

=B>�


=B>�


(2)Arc Section(SC section)(1)Preparation section (3)Final Focusing (FF)Section
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<Beam Profile monitor>(SSEM�	�P)
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���"�7:8*7:8965:

��)-+'34(N2)2��

→"�*,����)�	
(10��2!�

��965:(SSEM)

���"�7:8
(~1.3 MW)

#��965:: Beam Induced Fluorescence(BIF) monitor

!��.

�
,��$��,�1%/→#��7:8965:&� 

N234

<BIF965:,���>
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SC:,/�-	
FF:�)��-(���)

9

BIF>98B3
(3*�
<��.�;B=?5@>


(FF-) � ��
���

;B=��

"� 10-6 Pa
(�$67)

20 10-5
(SSEM1�#�)

BIF3*� 10-2 Pa 1000� 10-9
(1m�14)

A���-	(FF)
…10-6~5 Pa
A,��-	(SC)
…10-8~7 Pa

CBIF��'�3!�D
C;B=:5<3%&�+D

BIF @ J-PARC(��)
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SC:/3�1

FF:�*�1(���)

10

'()9BFA&@A>��
↓

�$7�<6:.;

<BFA&8@A�+>

t

2�CID

��

BFA&8�+@A�+
<��2�CIDE?G>

~10-2 Pa
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��(FF1) �!�	
���

CID��

"� 10-6 Pa
(�%@A)

84 10-5
(SSEM1�#�)

BIF:- 10-2 Pa 1000� 10-9
(1m�5=)

H���1
(FF)
…10-6~5 Pa
H/��1
(SC)
…10-8~7 Pa

0��,!



7:2�&12��(��
<7:2�&12��>

~1.16s

t

�8=9

��
~10-2 Pa

?

<�+$'������/	,�#"�)&�

<12/�.-�%!(����$����/��
� ?

→42530;6=/��"��7:2��
�*����<��12�(��

11



��

1. /6;.70��
2. T2K	�$ !'��3;4��"3;45/+;
:Beam Induced Fluorescence (BIF) 5/+;

3. -*.,(91;$&'��	�
:	���
%��

-���#��%��
:28*�#)*��	�

-28*��%��
-��28*%	�
-convolution$&'��

12



5263/?7A)+,��	&

@	���"�*��
-#��-*�$��
-����*��

@��$* 
��
-�$* 
��
-����* 
��

@8=2�(02��*	&
-8=2�(�-*�$��
-��8=2*	�

@��8=2*��
-convolution)+,��
-8=2�(�-* 
��
-��8=2*�%*!�
-.?>467=9*��

����)%',	&

8=2�(��)%',	&

��1:;>A1<?

@����)%',1:;
>A1<?

@8=2�(02��)
%',1:;>A1<?

13



7-3"/438%-4/
→������ ��

7.4(-4/
→.4(��� ��

+(,*#6-8
<$(���>

<��260>

+(,*#6-8!���

A,B: ��������
(100~10-6 Pa)

C:%3()4&8'
(105~10-2Pa)

<���>

A

BC

�1 m

758)38260
7)81��260
(��	:210 L/s)

��:21.8L

�
:14.7cm
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V
dP

dt
= �SP + Q

����!�*�


;
��(��	�=0)

Peq=� �� [Pa]
Seff: ����!� [L/s]

→��#Q)� ��Peq(+����!�Seff-�


(�����)

;7:6���(S=0)

∴Q = V
dP

dt

��#>��	�

��: P[Pa]'��# : Q[Pa;L/s]'�$ : 
t[s]'3/:4<��: V[L]'��!�: 
S[L/s]

&� ��Peq*�


∴

∴

P

P

��02
…"��,
48.598<1
495-��

%��#Q*�
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V
dP

dt
= �SP + Q

����!�*�


;
��(��	�=0)

Peq=� �� [Pa]
Seff: ����!� [L/s]

→��#Q)� ��Peq(+����!�Seff-�


(�����)

;7:6���(S=0)

��#>��	�

��: P[Pa]'��# : Q[Pa;L/s]'�$ : 
t[s]'3/:4<��: V[L]'��!�: 
S[L/s]

&� ��Peq*�


∴

∴

P

P

��02
…"��,
48.598<1
495-��
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���-189<?1:=

CERN'�(+%/
�-425��-"�0189<?5)/
��189<?1:=375
>�#	�@6;2���A.�&/

←injected(Q)

pumped←

�$ ��0�%*����189<?1:=
→���0���,!���

Molflow+

COMSOL

189<?1:=-��
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��������!$� "����

��	��(Seff)���

#�����

Peq [Pa]%����
Q [Pa#L/s]:���(
�)
Seff [L/s] :��	��

Sfar [L/s] Snear [L/s]
COMSOL 133 193
Molflow ~126 ~183
Experiment 102�20 152�29

Snear : 
Seff at near

Sfar: 
Seff at far
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"& ��� �����

(%'$OFF�����	(ΔP)���V�
������

ON TIME[µs] 300 400 500 600
Q[Pa*L/s] 283 1196 3098 7144

�"& ��
����(%'$OFF)

Q(pulse) ΔP

(~1 Pa)

)"& �����*

V=21.8 L

*"& !&#���
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�������

ON TIME[µs] (exp.) 300 400 500 600
Q[Pa*L/s](0.2 MPa) 283 1196 3098 7144

(COMSOL) far near
Seff[L/s] 133 193

�tclose = topen +ON TIME�Pf=1e-5 [Pa]�V=21.8 [L]

���� @ far

����
�(	�µs)�����������
����
���

���� @ near
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/3+�%*+��'�

6���(10-5 Pa)� 251ON#'
�
��)��
6��������(Pfar Pnear)!('�	
)-7,4*7#��
65�"$&/3+��

�
�/3+'��(251ON)
Pfar Pnear

S
=210
[L/s]

(~10-5 Pa)

Q(pulse)

<����> Pfar Pnear

*/3+.30)��
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����)��&�
��)��

�
��@ far���� @ far

	"'�

���)��(+,*)?
→convolution(+,��

2�
��
�03-!��
(�50�)�)
�/1.�!�
…��: ~2 s%�(�,
�
: 7~8 s  #$�,
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Convolution���

P(t):���������
(far�Seff���)

G(t):�&��	��

(Delayed Gaussian���)

1�
2��

exp

�
� (t + offset)2

2�2

�

%��	��
���
%����P(t)�� !#&�"$

����(far��)�Convolution(��σ=0.7[s] offset=3[s])

23



516

I*���3BIFC><J4
,���.0(
@JB2��"

I9;8?F;� /7:;=B3��-'#�

I��&�
-�+1:ADGJ:EH4���
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P(t)
;m /:2.*0

9Molflow&()��,137:,48
9�#�$'�!'	�
�

SC:�"��
FF:�����(��)<.6-�%+-��'��>

t

 �/:2

	�

<�� �/:25*8>

~10-2 Pa



back up
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%+'���

�� 2020? 2027?
�"����(s) 2.48 s 1.3s 1.16

�	�(�/spill) 2.2*1014 2.45*1014 3.2*1014

%+'� 485 kW 750 kW 1.3 MW 

T2K(��) ��
…7.8�1021 POT

↓
T2K2(proposal) ��
…20�1021 POT

*,σ)&(� �
$
���
→�	%+' ��
!#���� ��
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off-axis �

→0.6GeV���
�$'�%!���
���

ν(Eν)π(Eπ�pπ)

μ

θ

<π����(���>

"'#��2.5	����
�$'�%!� &�'��
�����

E� =
m2

� � m2
µ

2 (E� � p� cos �)

P (�µ � �µ) � sin2 2�23 sin2 �m2
23

4E
L
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2. CP���3�;

D�������4>=E>3CP���3�;< �*:(CKM��)
→6-���

@BE?CA29CP���3�;'�	*;5%
�3�!0��!3$��< ���:G

1+@BE?CA��G

�3
8F��0���(#�37'�"),��)'����
→��(;.&:�4��37/��(;.&:

↑Cabibbo-Kobayashi-Maskawa��
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T2K�4@&%>� 

NPσLIK=@$�E
'�;
→2HOJ@��?
BD*,-�@�#

&� 2022? 2026?
	C�:
�(s) 2.48 s 1.3s 1.16

2�(�/spill) 2.2*1014 2.45*1014 3.2*1014

HOJ�� 485 kW 750 kW 1.3 MW 

�+�1:90% C.L.=	C8D�
→CP��(0,6π)E90%C.L="�

+@57/
….03�9�(�@<A72G
FOME��(Normal, inverted)

<��)!(2018�5�)>
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16<073��

;16<073��%���
...beyond SM%4:0(SM#&0)

�m2
21 � 7.6 � 10�5[eV2],

sin2 �12 � 0.306

|�m2
32| � 2.4 � 10�3[eV2],

sin2 �23 � 0.5

sin22θ13~0.14

16<0739/��β�	

β�	%��%,28-</5.08

Inversed
Hierarchy

Normal 
Hierarchy

���%��%���&���!)&�')+$ ...�%�"��

��16<073��(*


�16<073��(*

(���16<073(*) ����
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SC:)-�*	
FF:�#��*(���)

32

�!"1;@8�785��
↓

��/
4.2(3

<;@8�078�$>

t

,�<C=

��

;@8�0�$78�$
<��,�<C=?6A>

B��1�&0
'��+2 �(1000��)
B�4.���0
<C=>:9C

5��%

B���*	(FF)
…10-6~5 Pa
B)��*	(SC)
…10-8~7 Pa

~10-2 Pa
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���+�DNG2DNGHCBN

Beam Induced Fluorescence(BIF) monitor
MDNGI>L�4@A��(N2)2+�4
#��!.8" 0:%	<�!

MDNG��4�:10-9 (10-2Pa4��)

MFF(410-6Pa15	*/�'
→1000	��
0:4310-2 Pa/�&

M���+�DNG+$��HCBN
…����6��4�;

→,$��DNGHCBN/�&

<BIFHCBN4���>

F.Beckeretal.,“Beam induced fluorescence(BIF) 

monitor for transverse profile determination of 5 to 

750 MeV/u heavy ion beams“79

M)>?LDNG(200MeV/u-Xe48+)4→

FKE=>J�(~0.1 Pa -GSI)

33



ND280:���"�	�

UA1 Magnet-���$� ���
FGD:�����"��$�!#
TPC: ����"���$�

�����

SK�
(off-axis 2.5�)"
&*,%+'(,)$�

←&*,%+'��"��νμ
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��
�� INGRID

INGRID: 
on-axis��#(�$� (!"��(

�'�&(�( (11	)+Fe�(9	)�
�'������"�#(%14�
(+Fe�����"�#(%2�)

on-axis( (!���)�
�#(�$� (!���

35



	��� ��

��� ��

2��,1.�!"��
2��� ��

'3( ���!"�
�#�#$�������
��
↓

����������
��$��

,0%.103&,1.
(��,1.)

-/+3'3( &0)*1'3(
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������

*�����!+"���
������������
���

*������!+"��

���������
	��

&'%+!+"  (#$)!+"
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��
�����
Valve setting 32 34 36 38 40 42

��(�#��$)[Pa*L/s] 0.21 0.42 0.55 0.84 1.28 1.95
-�	��
�(σCrystal) 5.3% 13.8% 7.4% 3.7% 9.1% 7.5%
��(!" %)[Pa*L/s] 0.27 0.51 0.73 0.97 1.53 2.11
-�	��
�(σPirani) 10.3% 13.6% 9.7% 6.0% 4.3% 9.2%
��(��)[Pa*L/s] 0.24 0.46 0.64 0.91 1.40 2.03
-�	��
�(σvalve) 8.9% 13.7% 9.0% 5.1% 6.7% 8.5%
�%�����
�(σdiff.) 26% 21% 28% 15% 18% 8%

���
� 28% 25% 29% 16% 19% 12%

����
��20%~30%
������

���
�:

s
�2
Pirani + �2

Crystal

2
<latexit sha1_base64="4TEykJus0nCcsxgSUfvWs7AlVXc="></latexit><latexit sha1_base64="4TEykJus0nCcsxgSUfvWs7AlVXc="></latexit><latexit sha1_base64="4TEykJus0nCcsxgSUfvWs7AlVXc="></latexit><latexit sha1_base64="4TEykJus0nCcsxgSUfvWs7AlVXc="></latexit>

����
�:
q

�2
valve + �2

diff.
<latexit sha1_base64="xsCq/LysHh8rT0CCvriqhIfFcAA="></latexit><latexit sha1_base64="xsCq/LysHh8rT0CCvriqhIfFcAA="></latexit><latexit sha1_base64="xsCq/LysHh8rT0CCvriqhIfFcAA="></latexit><latexit sha1_base64="xsCq/LysHh8rT0CCvriqhIfFcAA="></latexit>
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	���#����

�������
…30%
�������
…15%

��&('��#��

σgauge

���#��σvalve(����)

� =
q
�2
valve + �2

gauge
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

	���#��σ

!"%$20~30%
…&('��
 

���
39



Peq����

40

*20℃��	����
�Peq



���/�#~$�� ��~
(1) ~1Pa0.1-�&*/+
��<>;5��()4

(2) 7:/�� 5���
9=68=:5!&,N2��%
→	�
�5��

∴Q = V
dP

dt
?	�/�"
�/�'23� 5��

<	�/�"
�>

<� /��>

7:/�� 
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����	�~�
����~

(1) 10-5 Pa�� ���,0*��
(2) -1"'.)!$%&��

(.#'.)!5����
(3)  -1"'.)�+0&!��

�����*/%&

(1)

(2)
(3)

set 16


������!��
→Peq-Q*/%&!��

~5min
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%&$�����

400µ open data

%&$���������

�
����	(10 s: 200�)
…i���#$���������
->i-1��������ΔPi"i���#$
��� !�������

ΔPi

1

5

10

300µ

500µ

600µ

injected
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ΔP���	�

�
�����ΔPi��������	�

�P = P̄f � P̄i
<latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit>

��P,sts =
q

�2
f,sts + �2

i,sts
<latexit sha1_base64="dhgD2Dm4Tzv3038JXBQ/3ZYXz6o="></latexit><latexit sha1_base64="dhgD2Dm4Tzv3038JXBQ/3ZYXz6o="></latexit><latexit sha1_base64="dhgD2Dm4Tzv3038JXBQ/3ZYXz6o="></latexit><latexit sha1_base64="dhgD2Dm4Tzv3038JXBQ/3ZYXz6o="></latexit>
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����������	

��P,sys =
q

�2
f + �2

i � 2�i�f
<latexit sha1_base64="4AQc5htBSlar/AdU1o/Si9Avqpw="></latexit><latexit sha1_base64="4AQc5htBSlar/AdU1o/Si9Avqpw="></latexit><latexit sha1_base64="4AQc5htBSlar/AdU1o/Si9Avqpw="></latexit><latexit sha1_base64="4AQc5htBSlar/AdU1o/Si9Avqpw="></latexit>

�i������
���Pf�15%�
�������	���

���������1���

�f(i),sys = Pf(i) ⇥ 0.15
<latexit sha1_base64="zjmozyIamh4IoIi5IHvAAUH6Ibk="></latexit><latexit sha1_base64="zjmozyIamh4IoIi5IHvAAUH6Ibk="></latexit><latexit sha1_base64="zjmozyIamh4IoIi5IHvAAUH6Ibk="></latexit><latexit sha1_base64="zjmozyIamh4IoIi5IHvAAUH6Ibk="></latexit>
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����ΔPi���
�P = P̄f � P̄i

<latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit><latexit sha1_base64="zcBW082EjQg3nhHJS4NFdYUNidY="></latexit>

��P =
q

�2
�P,sts + �2

�P,sys
<latexit sha1_base64="JVRasKCEMQXJLmokzz5By4QluHs="></latexit><latexit sha1_base64="JVRasKCEMQXJLmokzz5By4QluHs="></latexit><latexit sha1_base64="JVRasKCEMQXJLmokzz5By4QluHs="></latexit><latexit sha1_base64="JVRasKCEMQXJLmokzz5By4QluHs="></latexit>
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	����������

�Simple valve+ metal connection

VAT angle valve
���
�� 14L/s (�����) 47

�simple valve 



�	�	�
���������

@far

@near

600µ

48

���600µs���300µs



��������
�10�������

->	���������	�����
����������

mean pulse
one pulse

�����

�����(far) VS ����(near)�
����

Variable leak

Simple

t

P

49



far�near���
Simple Valve, 300µs

Simple Valve, 600µs 600 µs Simple Valve������

←����?
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V
dP

dt
= �SP + Q

����!�*�


;
��(��	�=0)

Peq=� �� [Pa]
Seff: ����!� [L/s]

→��#Q)� ��Peq(+����!�Seff-�


(�����)

;7:6���(S=0)

∴Q = V
dP

dt

��#>��	�

��: P[Pa]'��# : Q[Pa*L/s]'�$ : 
t[s]'3/:4<��: V[L]'��!�: 
S[L/s]

&� ��Peq*�


∴

∴

P

P

��02
…"��,
48.598<1
495-��

%��#Q*�
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/14N^jknq^lo

CERND��EIBUMonte Carlo%
MTU��Ne_f3�W+BG
/1^jknq^loaif

←injected(Q)
↑injected
(Q)

pumped←
pumped ↑

	�N��8,:0 λ�dZogqN]Y`(	�&A)
p	�?N.��+OPJXKLB

…*�"�(Maxwell-Boltzmann >�	�)
p"�OdZogq��JNR.��+

…&VO�)MTHI$QU(9N\oc[bo_:Ci)
→�">�(S)O'���p�)MTHI�
FUr�:�">�tSeffs

p�;)�NR=2�

p ?�
rhm_-�6sS�CU

!@<5%W+BG
#+(*^jknq^lo
→	�&W��-M=2�7

/1�(<10-2 Pa)N	�

Molflow+COMSOL

1

Seff
=

1

S
+

X

i

1

Ci
<latexit sha1_base64="E3F6GxpPPw7pQ0+1CgNDrh7jv7U="></latexit><latexit sha1_base64="E3F6GxpPPw7pQ0+1CgNDrh7jv7U="></latexit><latexit sha1_base64="E3F6GxpPPw7pQ0+1CgNDrh7jv7U="></latexit><latexit sha1_base64="E3F6GxpPPw7pQ0+1CgNDrh7jv7U="></latexit>

52



Molflow����� "$�!#�

�…��	������
�…Molflow������


mid������������� 53



����
��	���mid(157 L/s)�����

far��� near���

→�����	�������

54



SC:�$!�
FF:����!(��)

��'*3,.52��

55

BIF-+3/5
4���(x%y�
)
4���(�"�$#���)

SC�	&)12.5m��

* �'��130(���


