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Abstract

KOTO z⇥¥+́> ’™“⇧®ì…r CP L:fî⌥ â&≥�©ú_� ‘⇧Êı�ó∏◊º ◊⇧Ê �◆�◆ì�⌅ KL ! ⇡0⌫⌫̄ ⇥B

)�‘⇧Êı�ó∏◊º_� ‘⇧Êı� ∞̇òA⌫q�_� 8£§&Ò⌦z⇥¥+́>⌥̀¶ 2013∏�⌅¬“'� {9⌃ë:r J-PARC\Å"f

î�⌅'üù◊⇧Ês�⇥◆. ≥Ô⌧ró∏+̨A\Å"f, ⇥B)�‘⇧Êı�ó∏◊º KL ! ⇡0⌫⌫̄ _� ‘⇧Êı� ∞̇òA⌫q�ç✏H

(2.8 ± 0.4) ⇥ 10�11 ñ– \V8£§�◆ì¶ eî✓⇥◆. ⇥B)�‘⇧Êı�ó∏◊º KL ! ⇡0⌫⌫̄ ◊⇧Ê ≈“Øπ

C⌫�‚⌦⌃◆�©úì�⌅ KL ! 2⇡0 \⌥¶ �8π°§ ¥Ú÷⌃¶&h⇤‹ºñ– C⌫]j�◆l� 0A�◆#å U⇥¥s� 2.8m,

fî⇤�‚⌦ 1.9m_� ±̇ö-$3⌥F�gâ̂ F�g�◆ �é⌥ÿ⇧¶l� Inner Barrel\⌥¶ [O⌃u��◆%i✓⇥◆. l�î>r\Å

[O⌃u�&̃#Q eî✓~⌘⌅ F�g�◆ �é⌥ÿ⇧¶l�(Main Barrel)\Å �8�◆#å, F�g�◆ �é⌥ÿ⇧¶_� ¥Ú÷⌃¶s�

5X0 4ü§⌃◆U⇥¥s�Îflñ�pu 7£x�◆�◆%i✓⇥◆. ƒ∫≈“Ç�⌅ í�⌅†Ò\⌥¶ s�6†x�◆#å Inner Barrels�

(2.19± 0.08)⇥ 102ps_�r�ÁflñÏ⌧rK⌫0px⌥̀¶�◆fî⌥⌥̀¶SXâì�⌅�◆%i✓ì¶,◊⇧Ê$Ì⌦H⇡s�ì:rí�⌅

†Òñ–¬“'� ◊⇧Ê$Ì⌦ H⇡s�ì:r_� F⌫Ω®$Ì⌦⌥̀¶ :üx�◆#å Inner Barrels� Main Barrelò–⇥◆

1.5C⌫�8a%~ì…rr�ÁflñÏ⌧rK⌫0px⌥̀¶�◆fî⌥⌥̀¶SXâì�⌅�◆%i✓⇥◆.
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The KOTO Experiment is searching for branching ratio of KL ! ⇡0⌫⌫̄, one

of rare decay modes of neutral kaon from 2013 in J-PARC, Japan. In Standard

Model, the branching ratio is estimated as (2.8± 0.4)⇥ 10�11. For rejectiong

KL ! 2⇡0, one of major backgrounds of KL ! ⇡0⌫⌫̄ more strongly, Photon

veto detector, Inner Barrel is installed, which consists of Pb-Scintillator with

2.8m length and 1.9 diameter. With contribution of Inner Barrel, total radia-

tion length is increased from 13.5X0 to 18.5X0. Using cosmic-ray signal, time

resolution of Inner Barrel is found to be (2.19±0.08)⇥102ps. Also using neu-

tral kaon signal, it is confirmed that Inner Barrel has about 1.5 times better

time resolution than Main Barrel

c�2018 J-PARC E14 Collaboration
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Chapter 1

Introduction

1.1 DIscrepancy Between Standard Model And Uni-

verse

≥Ô⌧ró∏+̨A(Standard Model)ì…r CPT @/g�A⌥̀¶ l�Ï̄Õ‹ºñ– Ù« {9��◆”̧to�Ü<∆⌥̀¶

[O⌃"Ó⌦�◆ç✏H�◆Å©ú ∏̇ò ∑̇ò�9î�⌅s�è:rs�⇥◆. CPTç✏Hyåïyåï,{9��◆<̧ Ï̄Õ{9��◆_�Å�⌅®8ä(C,

Charge Conjugation), /BNÁflña̋≥_�⌧�÷⇧¶@/g�AÅ�⌅®8ä(P, Parity), r�Áflñ_� Ï̄ÕÑ⇡⌅Å�⌅

®8ä(T, Time Reversal) : r�Áflñ_� Ï̄ÕÑ⇡⌅ Å�⌅®8äs�⇥◆. ÄçïÙ« �©ú†ÒÅåï6†xs� Ååï6†xΩ+… M:

C<̧ P@/g�A$Ì⌦_�L:fî⌥ı�Ü< aç CP@/g�A$Ì⌦_�L:fî⌥⌥̀¶õ'aπ1œ�◆ì¶eî✓⇥◆. ≥Ô⌧ró∏+̨A

ì…r@/¬“Ï⌧r{9��◆”̧to�z⇥¥+́>_���⌃ı�\⌥¶ ∏̇ò[O⌃"Ó⌦K⌫≈“t�Îflñâ&≥F⌫ƒ∫≈“\Åî>rF⌫�◆ç✏H

{9��◆<̧ Ï̄Õ{9��◆>h√∫_� ◆s�\⌥¶[O⌃"Ó⌦�◆t�3lwÙ«⇥◆. â&≥F⌫ƒ∫≈“\⌥¶Ω®$Ì⌦�◆ì¶eî✓

ç✏H ”̧t|9⌃ì…r @/¬“Ï⌧r Ï̄Õ{9��◆�◆ ⌥◆ç�⌅ {9��◆ñ– Ω®$Ì⌦&̃#Q eî✓⇥◆ [1]. CP @/g�A$Ì⌦s�

L:t�t� ∑̇ßç✏H⇥◆Ä�⌅{9��◆<̧ Ï̄Õ{9��◆_�Ã⌫ √∫ç✏H ∞̇†⌥◆⌥Ù«⇥◆. ÎflñÄçï CP@/g�A$Ì⌦s�

L:î�⌅⇥◆Ä�⌅,@/g�A$Ì⌦s�L:î�⌅Îflñ�pu{9��◆<̧ Ï̄Õ{9��◆_�Ã⌫ √∫_� ◆s��◆î>rF⌫K⌫⌥Ù«
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1.2 Neutral Kaon System 3

⇥◆. �◆t�Îflñ≥î>ró∏+̨A\Å"fs�è:r&h⇤‹ºñ–\V8£§�◆ç✏H CP@/g�A$Ì⌦_�L:fî⌥_�&Ò⌦ï∏

ç✏H@/¬“Ï⌧r{9��◆ñ–Ω®$Ì⌦ù)aƒ∫≈“_��©úI⌫<̧ç✏H⌧�o��◆YO⌃⇥◆[2]. s��QÙ«s�è:rı�

â&≥z⇥¥⌃◆s�_�‘⇧¶{9⌃u�\⌥¶s�K⌫�◆l�0A�◆#å CP@/g�A$Ì⌦_�L:fî⌥⌥̀¶õ'aπ1œ�◆ç✏H�Ø ì…r

B⌫ƒ∫◊⇧ÊØπ�◆⇥◆.

1.2 Neutral Kaon System

◊⇧Ê$Ì⌦H⇡s�ì:rì…rl�π̈ï∏_�flºl��◆ 1s�ì¶Ñ⇡⌅�◆|æ”s� 0ì�⌅Bjî>r(Meson)s�⇥◆.

◊⇧Ê$Ì⌦H⇡s�ì:rì…r⇥◆6£ßø∫�◆t�3$flº(Quark)_�Ω®$Ì⌦‹ºñ–î>rF⌫Ù«⇥◆.

|K0i= (s, d) (1.1)

|K0i= (s, d) (1.2)

ø∫ �◆t� �©úI⌫ç✏H y©úÙ« �©ú†ÒÅåï6†x_� ì¶ƒª�©úI⌫(eigenstate)ñ–, yåïyåï "fñ–_� {9�

�◆-Ï̄Õ{9��◆_�õ'a>⇢s�⇥◆. ø∫�◆t��©úI⌫ç✏H�◆ì�⌅Îflñ⇥◆s�#Q’™œ̨õ(Fig 1.1)ı� ∞̇†s�

"fñ–[O⌘#åeî✓#Q"fë:r|9⌃&h⇤‹ºñ–ø∫�◆t��©úI⌫\⌥¶¢-aÑ⇡⌅y�Ï⌧ro��◆ç✏H�Ø ì…r‘⇧¶�◆0px

�◆⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r_�ø∫�◆t��©úI⌫�◆[O⌘#åeî✓ç✏H�©úI⌫\⌥¶⇥◆r�⇥◆6£ßı� ∞̇†s�≥

â&≥Ω+…√∫eî✓⇥◆.

s W d

d W s

u,c,t u,c,t

(a)

s u,c,t d

d u,c,t s

W W

(b)

Figure 1.1: Feynman diagram for K0 � K0 mixing.
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4 Chapter 1. Introduction

|K1i= 1p
2
(|K0i+ |K0)i (1.3)

|K2i= 1p
2
(|K0i � |K0)i (1.4)

[O⌘#åeî✓ç✏H�©úI⌫ |K1i, |K2iç✏H CPÅ�⌅®8ä_�ì¶ƒª�©úI⌫s�⇥◆.

C P|K1i = 1p
2
(|K̄0i+ |K0i) = |K1i (1.5)

C P|K2i = 1p
2
(|K̄0i � |K0i) = �|K2i (1.6)

z⇥¥+́>&h⇤‹ºñ– õ'a8£§Ù« ◊⇧Ê$Ì⌦ H⇡s�ì:r_� ⇡⇡, ⇡⇡⇡ ‘⇧Êı�\Å"f ⇡⇡ç✏H CP É⇢⌅Ìflñ�◆_�

ì¶ƒª∞̇Øì…r 1s�ì¶ ⇡⇡⇡ç✏H CPÉ⇢⌅Ìflñ�◆_�ì¶ƒª∞̇Øì…r �1s�⇥◆. CP_�ì¶ƒª∞̇Øs�ò–

î>rù)a⇥◆Ä�⌅ K1 �©úI⌫ç✏H ⇡⇡, K2 �©úI⌫ç✏H ⇡⇡⇡ñ–‘⇧Êı�Ù«⇥◆ì¶“qtyåï�◆%i✓⇥◆. ⇡⇡⇡ñ–

_�‘⇧Êı�î�⌅;ü§(Decay Width)ì…r ⇡⇡ñ–_�‘⇧Êı�î�⌅;ü§ò–⇥◆�©ú@/&h⇤‹ºñ–Ååïl�M:Î⌫H

\Å K2_�‘⇧Êı�r�Áflñs� K1ò–⇥◆U⇥¥⇥◆ì¶“qtyåï�◆%i✓⇥◆. 2â̂‘⇧Êı�î�⌅;ü§ì…r⇥◆6£ßı� ∞̇†

s�>⇢ÌflñΩ+…√∫eî✓⇥◆[5].

1
⌧
= �⇡⇡ =

|~p|
32⇡2m2

K

Z
|Mf i|2 d⌦ (1.7)

Mf i = h⇡⇡|Ĥ|Ki (1.8)

p =
1
2

q
(m2

K � 4m2
⇡)⇠ 208MeV/c (1.9)

3â̂‘⇧Êı�î�⌅;ü§ì…r⇥◆6£ßı� ∞̇†s�>⇢ÌflñΩ+…√∫eî✓⇥◆[5].

�⇡⇡⇡ =
1

8⇡3

1
32m3

K

Z
|Mf i|2dm2

12dm2
23 (1.10)

Mf i = h⇡⇡⇡|Ĥ|Ki (1.11)

(m2
23)max � (m2

23)min = 4
q

E⇤22 �m2
⇡

q
E⇤23 �m3

⇡ (1.12)

E⇤2 =
m12

2
(1.13)

E⇤3 =
m2

K �m2
12 �m2

⇡

2m12
(1.14)

(m2
12)max � (m2

12)min ⇠ 6⇥ 104(MeV/c2)2 (1.15)
�⇡⇡⇡
�⇡⇡

⇠ 1.15⇥ 10�2 (1.16)

c�2018 J-PARC E14 Collaboration



1.2 Neutral Kaon System 5

s�M:,ø∫>⇢Ìflñ\Å"f_� Mf iç✏H Hadron Matrix Element\ÅK⌫{©ú�◆ç✏H ∞̇Ø‹ºñ–, 1ñ–

�H⌃◆�◆%i✓⇥◆. 1956∏�⌅,⌧0qÎflñı��◆s�#Q€º(Gell-Manm and A. Pais)�◆√∫"Ó⌦s�|�⌅

◊⇧Ê$Ì⌦H⇡s�ì:r⌥̀¶z⇥¥]jñ–µ1œ|⌦⌅�◆%i✓⇥◆[3]. ’™��⌅X<√∫"Ó⌦s�|�⌅◊⇧Ê$Ì⌦H⇡s�ì:rs��◆

⇥FKdî⇤ ⇡⇡ñ–‘⇧Êı�Ü< ⌥̀¶ Brookhaven AGS�◆5≈ql�\Å"f 1964∏�⌅\Åõ'aπ1œ�◆%i✓⇥◆[4].

s�ç✏H√∫"Ó⌦s�|�⌅◊⇧Ê$Ì⌦H⇡s�ì:rs�¢-a#4⇤�◆>⇡ CP_�ì¶ƒª�©úI⌫�◆⌥◆_î⌥⌥̀¶_�p��◆l�

M:Î⌫H\Å, KL⌥̀¶ K1ı� K2_�[O⌘eî⌥‹ºñ–≥â&≥�◆%i✓⇥◆.

|KLi = 1p
1+ ✏2

(|K2i+ ✏|K1i) (1.17)

|KSi = 1p
1+ ✏2

(|K1i+ ✏|K2i) (1.18)

✏ = (2.282 ± 0.011) ⇥ 10�3ì…r Áflñ]X�&h⇤ì�⌅ CP @/g�A$Ì⌦ L:fî⌥(Indirect CP viola-

tion)_�'ë⇤ï∏\⌥¶_�p�Ù«⇥◆. CP@/g�A$Ì⌦_�L:fî⌥ì…r◊⇧Ê$Ì⌦H⇡s�ì:r_�‘⇧Êı�Ñ⇡⌅ı� Í

_� CPì¶ƒª∞̇Øs�Å�⌅�◆#å{9⌃#Q±̇ò√∫ï∏eî✓⇥◆. s��Ø ⌥̀¶fî⇤]X�&h⇤ì�⌅ CP@/g�A$Ì⌦L:

fî⌥(Direct CP violation)s�⇤◆ì¶Ù«⇥◆. K2(CPì¶ƒª∞̇Ø -1)�◆ ⇡⇡(CPì¶ƒª∞̇Ø 1)ñ–

‘⇧Êı��◆ç✏H �Ø s� ’™ \Vs�⇥◆. s�\⌥¶ [O⌃"Ó⌦�◆l� 0A�◆#å ø∫ �◆t� s�è:rs� ]jÓflñ&̃

%3✓⇥◆. 'Õ Å�⌅P: s�è:rì…r Superweak_� î>rF⌫s�⇥◆[6]. Superwaeks� Ååï6†x�◆#å

|K2is� |K1i‹ºñ–Å�⌅Ù«+'\Å |K1i(CPì¶ƒª∞̇Ø 1)s� ⇡⇡ñ–‘⇧Êı�Ù«⇥◆ì¶“qtyåï�◆%i✓

⇥◆. Superweakì…r |K1i<̧ |K2i_� CP ì¶ƒª∞̇Øs� ò–î>rù)a⇥◆ì¶ bî⇧ì¶eî✓ç✏H �©úI⌫\Å

"f_�s�è:rs�⇥◆. ø∫Å�⌅P:s�è:rì…r CKM'üùß>=s�⇥◆. CKM'üùß>=ì…rÄçïÙ«�©ú†ÒÅåï6†x

M:Î⌫H\Åµ1œ“qt�◆ç✏H3$flº_�Ñ⇡⌅s�\⌥¶[O⌃"Ó⌦�◆ç✏Hs�è:rs�⇥◆. CKM 'üùß>=ì…r3$flº�◆

Ñ⇡⌅s�Ω+…M:0A�©ús�Å�⌅�◆l�M:Î⌫H\Å |K2i(CPì¶ƒª∞̇Ø -1)�◆ ⇡⇡ñ–‘⇧Êı�Ω+…√∫eî✓

⇥◆ì¶“qtyåï�◆%i✓⇥◆. yåïs�è:r⌥̀¶SXâì�⌅�◆l�0A�◆#åÄçïÙ«�©ú†ÒÅåï6†x_�Kâx9⌃û–m�Óflñ

x9⌃ï∏ H\⌥¶⌃◆6†x�◆#åfî⇤]X�&h⇤ì�⌅ CP@/g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏(✏0)\⌥¶õ'aπ1œ�◆l�0A�◆

#å⇥◆6£ß_� ”̧to�|æ”⌥̀¶8£§&Ò⌦Ù«⇥◆.

h⇡⇡|H |KLi
h⇡⇡|H |KSi = ⌘ (1.19)

⌘_� ∞̇Ø⌥̀¶⇥◆6£ßı� ∞̇†ì…r~Ω”ZO�‹ºñ–\V8£§Ω+…√∫eî✓⇥◆. K0(K0)\Å"f ⇡⇡(8̇xÑ⇡⌅�◆|æ”

c�2018 J-PARC E14 Collaboration



6 Chapter 1. Introduction

0)ñ–_�‘⇧Êı�î�⌅;ü§⌥̀¶⇥◆6£ßı� ∞̇†s�"f’̧tΩ+…√∫eî✓⇥◆.

h(2⇡)I = 0|H |K0i = A0

h(2⇡)I = 0|H |K0i = �A⇤0
h(2⇡)I = 2|H |K0i = A2

h(2⇡)I = 2|H |K0i = �A⇤2

#ål�\Å"f Iç✏H ⇡⇡_�⌥◆s�ôË€ºó2;s�⇥◆. ⇡⇡_�⌅◆t�}åï�©úI⌫ç✏Hy©úÙ«�©ú†ÒÅåï6†x

_�0A�©úÎflñ⌥̀¶�◆t�ì¶eî✓⇥◆. s�\⌥¶ì¶�9�◆#å KL(KS)_� ⇡+⇡�ñ–_�‘⇧Êı�î�⌅;ü§ì…r

⇥◆6£ßı� ∞̇†s�>⇢ÌflñΩ+…√∫eî✓⇥◆.

h⇡+⇡�|H |K0
Li =vt2

3
(✏ReA2 + iImA2)ei�2 +

vt4
3
(✏ReA0 + iImA0)ei�0 (1.20)

h⇡+⇡�|H |K0
Li =vt2

3
(ReA2)ei�2 +

vt4
3
(ReA0)ei�0 (1.21)

s�M:, A0\⌥¶z⇥¥√∫⇤◆ì¶�◆&Ò⌦�◆%i✓ç✏HX<s�ç✏H T. T. Wu <̧ C. N. Yang._��◆&Ò⌦s�

⇥◆.

h⇡+⇡�|H |KLi
h⇡+⇡�|H |KSi =

s
2
3
(✏ReA2 + iImA2)ei�2 +

s
4
3
(✏A0)ei�0

s
2
3
(ReA2)ei�2 +
s

4
3
(A0)ei�0

(1.22)

#ål�\Å"f K+ ! ⇡+⇡0
<̧ K0

S ! ⇡+⇡�_� q�ìß\⌥¶:üx�◆#å |A0| >> |A2| eî⌥⌥̀¶ ∑̇ò
√∫eî✓⇥◆. ✏0⌥̀¶⇥◆6£ßı� ∞̇†s�&Ò⌦_��◆#ådî⇤⌥̀¶&Ò⌦o�Ω+…√∫eî✓⇥◆. [6]

✏0 = 1p
2

ImA2

A0
ei(�2��0+⇡/2) (1.23)

⌘+� =
h⇡+⇡�|H |KLi
h⇡+⇡�|H |KSi = ✏+ ✏

0 (1.24)

⇡⇡_�⌥◆s�ôË€ºó2;(isospin)_� ◆s�M:Î⌫H\Å◊⇧Ê$Ì⌦H⇡s�ì:r[̨t_� ⇡0⇡0 ñ–_�‘⇧Êı�

c�2018 J-PARC E14 Collaboration



1.2 Neutral Kaon System 7

∞̇òA⌫q�_�q�ç✏H⇥◆6£ßı� ∞̇†s�ì¶�9Ω+…√∫eî✓⇥◆.

|⇡0i = |1,0i (1.25)

|⇡0⇡0i = |1,0i|1, 0i (1.26)
h⇡0⇡0|H |KLi
h⇡0⇡0|H |KSi = ⌘00 = ✏� 2✏0 (1.27)

W1>h_�◊⇧Ê$Ì⌦�◆s�ì:r_�‘⇧Êı�ó∏◊º_�‘⇧Êı�∞̇òA⌫q�\⌥¶8£§&Ò⌦�◆#åfî⇤]X�&h⇤ì�⌅ CP@/

g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏\⌥¶õ'aπ1œ�◆�9ì¶î∏ß4⇤�◆%i✓ì¶,#å�Qz⇥¥+́>_�8£§&Ò⌦∞̇Ø_�®Ó⌦Á◆Hì…r

⇥◆6£ßı� ∞̇†⇥◆. s�M:◊⇧Ê$Ì⌦H⇡s�ì:r_�[O⌘eî⌥Ω®õ∏_�0A�©ú⌥̀¶ ∏̇òs�K⌫�◆ì¶eî✓t�3lw

�◆l�M:Î⌫H\Å0A�©ú⌥̀¶ì¶�9�◆t� ∑̇ßl�0A�◆#åz⇥¥√∫¬“Ï⌧rÎflñ⌥̀¶ì¶�9Ù«⇥◆.
����
⌘+�
⌘00

����
2

⇠ 1+ 6Re
⇣ ✏
✏0
⌘

(1.28)

Re(✏/✏0) = (1.68± 0.14)⇥ 10�3 (1.29)

z⇥¥]jñ–8£§&Ò⌦ù)a Re(✏0/✏) ∞̇Øs� 0s�⌥◆_î⌥⌥̀¶SXâì�⌅�◆%i✓ì¶s�ç✏H/BI Superweak_�

Figure 1.2: Measured Re(✏‘/✏) from each experiment

�◆&Ò⌦s�d⌥¶ß4✓⇥◆ç✏H�Ø ⌥̀¶_�p�Ù«⇥◆.

c�2018 J-PARC E14 Collaboration



8 Chapter 1. Introduction

(a) (b)

Figure 1.3: (a) : KL ! ⇡⇡ Decay in CKM picture. (b) KL ! ⇡⇡ Decay in

Superweak picture. Many measurements reject Superweak picture.

1.3 CKM Matrix in Standard Model

#Qã"⌅ {9��◆\Å Wò–î>rs� B⌫>h�◆ç✏H ÄçïÙ« �©ú†ÒÅåï6†xs� Ååï6†x�◆Ä�⌅ }fõ

æ̇ò(Flavor)s� ò–î>r&̃t� ∑̇ßç✏HX< s�\⌥¶ 3$flº [O⌘eî⌥(Quark mixing)s�⇤◆ì¶ Ù«

⇥◆. 3$flº[O⌘eî⌥_�\Vñ– B0
s ! K+⇡��◆eî✓⇥◆. s�‘⇧Êı�_��‚⌦ƒ∫ b3$flº�◆ s3$flºñ–

Ñ⇡⌅s��◆ç✏Hı�&Ò⌦\Å"f Wò–î>rs��©ú†ÒÅåï6†x⌥̀¶B⌫>h�◆#å}fõæ̇òs�Å�⌅⇥oÙ«⇥◆. Ï̄ÕÄ�⌅

�0! K+K� _��‚⌦ƒ∫\Åç✏H Wò–î>rs�B⌫>h�◆t� ∑̇ß⌥◆}fõæ̇òs�Å�⌅⇥o�◆t� ∑̇ßç✏H⇥◆.

3[j@/3$flº[O⌘eî⌥⌥̀¶�◆↵◆?/ç✏H'üùß>=⌥̀¶ CKM(Cabibbo-Kobayashi-Maskawa)'üù

ß>=s�⇤◆ì¶Ù«⇥◆.
0
BB@

d 0

s0

b0

1
CCA =

0
BB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vt b

1
CCA

0
BB@

d

s

b

1
CCA (1.30)

mass = CKM ⇥ quark

#ål�\Å"f, Vi jç✏H3$flº j\Å"f3$flºiñ–_�Ñ⇡⌅s�_�flºl�\⌥¶_�p��◆ 9, i, j = 1, 2,3

ç✏H3$flº_�[j@/\⌥¶≥â&≥Ù«⇥◆. iç✏H0AA·§3$flº(u, c, t)\⌥¶_�p��◆ 9, jç✏H⌥◆A⌫A·§

3$flº(d, s, b)\⌥¶_�p�Ù«⇥◆. CKM'üùß>=ì…rWò–î>rs�3$flº_�[j@/\⌥¶Ω®Z>⌃�◆t�3lw

Ù«⇥◆ç✏H�Ø ⌥̀¶(ÄçïÙ«�©ú†ÒÅåï6†x_���⌃Ω+À�©ú√∫�◆[j@/\Å✏◆⇤◆⇧◆7�t� ∑̇ßç✏H⇥◆)≥
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1.3 CKM Matrix in Standard Model 9

â&≥Ù«⇥◆. CKM'üùß>=ì…r 3[j@/_�3$flº�◆#Qã"⌅yåïï∏\⌥¶�◆t�ì¶[O⌘#åeî✓6£ß⌥̀¶ 3>h

_� ì¶ƒª 7ò'��◆ [O⌘#å eî✓ç✏H �Ø ‹ºñ– ≥â&≥�◆%i✓⇥◆. ¢∏Ù« �◆�◆_� �¿ªA·§(⌥◆œ?@A·§)

3$flº\Å"f [j >h_� ⌥◆œ?@A·§(�¿ªA·§) 3$flºñ– Ñ⇡⌅s��◆ç✏H SXâ“⌃¶_� Ω+Àì…r 1s�⇥◆. s�

ø∫ $Ì⌦|9⌃⌥̀¶ �◆î�⌅ ì¶ƒª 7ò'�_� [O⌘eî⌥⌥̀¶ ≥â&≥�◆l� 0A�◆#å CKM 'üùß>=ì…r ƒªm�'�

o�(Unitary)'üùß>=‹ºñ–�◆&Ò⌦Ù«⇥◆.

CKM'üùß>=ì…r3$flº[O⌘eî⌥_�&Ò⌦ï∏\⌥¶≥â&≥�◆ç✏H 3>h_�Å�⌅√∫<̧ 3$flº_�Ñ⇡⌅s�ı�&Ò⌦\Å

"fµ1œ“qt�◆ç✏H0A�©ú ◆s�\⌥¶≥â&≥�◆ç✏H 1>h_�Å�⌅√∫\⌥¶s�6†x�◆#å≥â&≥Ù«⇥◆. CKM

'üùß>=_� W1 >h_� Å�⌅√∫\⌥¶ &Ò⌦�◆ç✏H Y>� �◆t�_� @/≥&h⇤ì�⌅ ~Ω”ZO�s� eî✓⇥◆. 'Õ Å�⌅P:

~Ω”ZO�ì…r Euler anglesı� CP@/g�A$Ì⌦L:fî⌥_�0A�©ú⌥̀¶s�6†x�◆ç✏H~Ω”ZO�s�⇥◆. s�M:

4>h_�Å�⌅√∫[̨t⌥̀¶ "Standard Parameter"⇤◆ì¶Ù«⇥◆[7].

VCKM =

0
BB@

c12c13 s12c13 s13ei�13

�s12c23 � c12s23s13ei�13 c12c23 � s12s23s13ei�13 s23c13

s12s23 � c12c23s13ei�13 �c12s23 � s12c23s13ei�13 c23c13

1
CCA (1.31)

#ål�\Å"f, si j ç✏H sin✓i j s�ì¶ ci j ç✏H cos✓i j s�⇥◆. :£§y�, ✓12ç✏H Cabibbo angles�

⇥◆. s�'üùß>=⌥̀¶Ω®$Ì⌦�◆ç✏H 3>h_� Euler angles(✓12,✓13,✓23) <̧ CP@/g�A$Ì⌦L:fî⌥

\Å@/Ù«0A�©ú �13ç✏Hâ&≥F⌫⇥◆6£ßı� ∞̇†s�8£§&Ò⌦&̃#Qeî✓⇥◆[7].

✓12 = 13.40± 0.05�, ✓13 = 0.201± 0.011�,

✓23 = 2.38± 0.06�, �13 = 1.20± 0.08 rad (1.32)

⇥◆è…r~Ω”ZO�‹ºñ–ç✏H Wolfenstein Parameter⌥̀¶s�6†x�◆#å CKM'üùß>=⌥̀¶≥â&≥Ω+…√∫

eî✓⇥◆. s� M:, 4>h_� Å�⌅√∫\⌥¶ s�6†x�◆#å CKM 'üùß>=⌥̀¶ ≥â&≥�◆ç✏HX< Wolfenstein

Parameterì�⌅ �, A, ⇢, ⌘ ç✏H Standard Parameterı� ⇥◆6£ßı� ∞̇†ì…r õ'a>⇢\⌥¶ �◆î�⌅

c�2018 J-PARC E14 Collaboration
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⇥◆.

� = s12 , A�2 = s23 , A�3(⇢ � i⌘) = s13e�i�13 (1.33)

VCKM =

0
BB@

1��2/2 � A�3(⇢ � i⌘)

�� 1��2/2 A�2

A�3(1�⇢ � i⌘) �A�2 1

1
CCA (1.34)

#ål�\Å"f, � = 0.2257+0.0009
�0.0010, A= 0.814+0.021

�0.022, ⇢ = 0.135+0.031
�0.016, ⌘ = 0.349+0.015

�0.017

s�⇥◆. Wolfenstein Parameter\⌥¶ò–Ä�⌅, ∞̇†ì…r[j@/Áflñ_�Ñ⇡⌅s�î�⌅;ü§s�⇥◆è…r[j@/

Áflñ_�Ñ⇡⌅s�ò–⇥◆ ✏H�Ø ⌥̀¶SXâì�⌅Ω+…√∫eî✓⇥◆. ¢∏Ù«, ⌘ç✏H CP@/g�A$Ì⌦L:fî⌥_�'ë⇤ï∏\⌥¶

�◆↵◆⇥∑p⇥◆. CKM'üùß>=⌥̀¶ Unitary'üùß>=‹ºñ–�◆&Ò⌦�◆%i✓l�M:Î⌫H\Å⇥◆6£ßı� ∞̇†ì…r

õ∏| ⌅⌥̀¶Îflñ7·§�◆#å⌥Ù«⇥◆.

X

i or j

|Vi j|2 = 1 (1.35)

X

i

Vi jV
⇤

ik = 0 (1.36)

'Õ Å�⌅P: dî⇤ì…r �◆�◆_� 0AA·§ 3$flº(⌥◆A⌫A·§ 3$flº)\Å"f ó∏é✏H ⌥◆A⌫A·§ 3$flº(0AA·§

3$flº)ñ–_� Ñ⇡⌅s�_� Ω+Àì…r ó∏é✏H 3$flº [j@/\Å"f ∞̇†⇥◆ç✏H �Ø ⌥̀¶ _�p�Ù«⇥◆. s�\⌥¶

Weak Universality⇤◆ì¶Ù«⇥◆. ø∫Å�⌅P:dî⇤ì…rƒªm�↵◆o�'üùß>=_�&Ò⌦_�ñ–¬“'�%3⇧

⌥̀¶√∫eî✓ç✏HX<4ü§ôË®Ó⌦Ä�⌅�©ú\Å"f[j$Ì⌦Ï⌧r_�Ω+À⌥̀¶�åôyåï+̨A‹ºñ–≥â&≥Ω+…√∫eî✓⇥◆.

s�\⌥¶ƒªm�↵◆o��åôyåï+̨As�⇤◆ì¶Ù«⇥◆. 8̇x#å$¡ >h_�"fñ–⇥◆è…r�åôyåï+̨A⌥̀¶Îflñ[̨t

√∫eî✓⇥◆. #å$¡ >h_��åôyåï+̨Aì…ró∏ø∫>·§∞̇†ì…rV,⇠s�\⌥¶�◆t�>⇡ &̃ç✏HX<,s�M:�åô

yåï+̨A_�V,⇠s�(Z⇢}s�)ç✏H≥Ô⌧ró∏+̨A\Å"f≈“Å©ú�◆ç✏H CP@/g�A$Ì⌦L:fî⌥_�&Ò⌦ï∏<̧õ'a

∫�⌅s�eî✓⇥◆.[7]

c�2018 J-PARC E14 Collaboration
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Figure 1.4: Parameters in CKM matrix according to ⇢ and ⌘ Ref[7]

Figure 1.5: Unitary Triangle. Ref[7]

c�2018 J-PARC E14 Collaboration
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1.4 KL! ⇡0⌫⌫̄

KL ! ⇡0⌫⌫̄ç✏H ◊⇧Ê$Ì⌦ H⇡s�ì:r_� ⇥B)� ‘⇧Êı�ó∏◊º ◊⇧Ê �◆�◆s�⇥◆. KL ! ⇡0⌫⌫̄

⌃◆| ⌅ì…r FCNC(Flavor Changing Neutral Current)ı�&Ò⌦⌥̀¶:üx�◆#å{9⌃#QËflñ⇥◆(FIg

1.6). s� M: s3$flº�◆ dñ– Ñ⇡⌅s��◆l� 0A�◆#å s3$flº�◆ 0AA·§ 3$flºñ– Ù«Å�⌅ Ñ⇡⌅s�

Ù«+'0AA·§3$flº�◆⇥◆r� d3$flºñ–Ñ⇡⌅s�Ù«⇥◆. ≥Ô⌧ró∏+̨A_� Tree Level√∫Ô⌧r\Å

"f GMI Mechanism\Å _��◆#å FCNC ı�&Ò⌦ì…r y©ú�◆>⇡ %3⇤]j~√Œì¶ eî✓l� M:Î⌫H\Å

KL ! ⇡0⌫⌫̄ ⌃◆| ⌅⌥̀¶õ'aπ1œ�◆ç✏H�Ø ì…rB⌫ƒ∫ï∏Ñ⇡⌅&h⇤s�⇥◆. �◆t�Îflñ SM_�%Ú⌦Üæ”s�

Ååïl�M:Î⌫H\ÅDhñ–Ó⌧r ”̧to�â&≥�©ú‹ºñ–¬“'�_�%Ú⌦Üæ”\Åê�⌅yåô�◆>⇡ Ï̄Õ6£xΩ+…√∫eî✓⇥◆

KL ! ⇡0⌫⌫̄_�‘⇧Êı�∞̇òA⌫q�ç✏H CP@/g�A$Ì⌦L:fî⌥\Åê�⌅yåô�◆⇥◆. KL ì…r K0
<̧ K̄0ñ–

[O⌘#åeî✓#Q KL ! ⇡0⌫⌫̄_�î�⌅;ü§⌥̀¶⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆.

A(KL ! ⇡0⌫⌫̄) =
1p

2
p

1+ ✏2
{(1+ ✏)A(K0! ⇡0⌫⌫̄)� (1� ✏)A(K̄0! ⇡0⌫⌫̄)}

⇠ 1p
2
(A(K0! ⇡0⌫⌫̄)� A(K̄0! ⇡0⌫⌫̄))

/ V ⇤td Vts � V ⇤tsVtd

/ 2i⌘ (1.37)

#ål�\Å"f, ⌘ç✏H Wolfenstein parametersñ–≥â&≥Ù« CKM'üùß>=_� ∞̇Øs� 9, ƒªm�

↵◆o��åôyåï+̨A_�Z⇢}s�s�⇥◆. 0A_�dî⇤‹ºñ–¬“'� KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q��◆fî⇤]X�

&h⇤ì�⌅ CP@/g�A$Ì⌦L:fî⌥_�'ë⇤ï∏<̧q�YVÜ< ⌥̀¶ ∑̇ò√∫eî✓⇥◆. KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫

q�ç✏H⇥◆6£ßı� ∞̇†s�≥â&≥Ω+…√∫eî✓⇥◆[8].

Br(KL ! ⇡0⌫⌫̄) = L

✓
Im(V ⇤td Vts)
�5

X (xt)
◆2

(1.38)

L = (2.231± 0.013)⇥ 10�10
Å
�

0.225

ã8
(1.39)

xt =
Å

Mt

MW

ã2
(1.40)

#ål�\Å"f, �ç✏H Cabibbo angles�ì¶, Lç✏H Hadronic Matrix Element_�>⇢Ìflñ��⌃

ı�s�ì¶, X (xi)ç✏H Inami-LimÜ< √∫s�⇥◆. KL ! ⇡0⌫⌫̄⌃◆| ⌅ì…r loop\⌥¶:üxK⌫3$flº

c�2018 J-PARC E14 Collaboration
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�◆Ñ⇡⌅s��◆ç✏HX<,s�M:�¿ªA·§3$flº<̧Wò–î>rs� loop\⌥¶B⌫>hÙ«⇥◆. 0AA·§ u3$flº�◆

c3$flº�◆Ñ⇡⌅s�\⌥¶B⌫>h�◆>⇡ &̃Ä�⌅ K0 ‘⇧Êı�_�î�⌅;ü§0A�©úı� K̄0 ‘⇧Êı�_�î�⌅;ü§0A�©ú

s�"fñ– ∞̇†⌥◆"f KL ! ⇡0⌫⌫̄‘⇧Êı�\⌥¶õ'aπ1œ�◆l�jÀµ[̨t⇥◆. Ï̄ÕÄ�⌅ t3$flº�◆Ñ⇡⌅s�\⌥¶

B⌫>hΩ+…�‚⌦ƒ∫\Åç✏H K0<̧ K̄0_�î�⌅;ü§0A�©ús�⇥◆ÿ‘l�M:Î⌫H\Å KL ! ⇡0⌫⌫̄‘⇧Êı�\⌥¶

õ'aπ1œΩ+…√∫eî✓⇥◆. loop\⌥¶B⌫>h�◆#å Ï̄Õ6£x�◆ç✏Hı�&Ò⌦\Å"f◊⇧Ê$Ì⌦p��◆Îflñs�“qt$Ì⌦&̃

Ÿºñ–⌧�o��◆|�⌅Ñ⇡⌅�◆l�&h⇤�©ú†ÒÅåï6†x⌥̀¶U⇥∑>⇡ì¶�9�◆t� ∑̇ß⌥◆ï∏ù)a⇥◆. s��QÙ«

>⇢Ìflñ⌥̀¶ Inami-LimÜ< √∫\Å"f√∫'üùÙ«⇥◆[9]. Ù«º#⌅, L_� ∞̇Øì…r K+ ! ⇡0e+⌫e‘⇧Ê

ı�\⌥¶õ'aπ1œ�◆#å%3⇧ì…r Hadronic Matrix Element_� ∞̇Ø⌥̀¶∆“ÿ⇧¶K⌫ì:r�Ø s�⇥◆[10].

KL ! ⇡0⌫⌫̄ ⌃◆| ⌅ì…r ≥Ô⌧r ó∏+̨A_� CP @/g�A$Ì⌦ L:fî⌥\Å @/Ù« â&≥F⌫ ≥Ô⌧r ó∏+̨A_�

\V8£§⌥̀¶ SXâì�⌅Ω+… √∫ eî✓ç✏H a%~ì…r ‘⇧Êı�ó∏◊ºs�⇥◆. ⇥◆ÿ‘>⇡ ¥̇ò�◆�◆Ä�⌅, KL ! ⇡0⌫⌫̄

⌃◆| ⌅ì…rDhñ–Ó⌧r ”̧to�\⌥¶Ñ√–“êo�◆ç✏HX<ƒªo��◆⇥◆. KL ! ⇡0⌫⌫̄⌃◆| ⌅⌥̀¶&Ò⌦SXây�8£§

&Ò⌦�◆#å CP@/g�A$Ì⌦L:fî⌥s�â&≥F⌫üÌÔ⌧ró∏+̨A\Å"f]jr��◆ç✏H~Ω”ZO� @̧\ÅDhñ–Ó⌧r

ı�&Ò⌦‹ºñ– CP@/g�A$Ì⌦L:fî⌥s�{9⌃#Qzåô⌥̀¶SXâì�⌅Ω+…√∫eî✓⇥◆.

KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q�_�8£§&Ò⌦⌥̀¶3lq≥ñ–�◆ç✏Hz⇥¥+́>s�Y>��◆t�eî✓⇥◆. 'Õ Å�⌅

P:ñ– KTeVs�⇥◆. KTeV\Å"fç✏H KL ! ⇡0⌫⌫̄‘⇧Êı�∞̇òA⌫q�8£§&Ò⌦⌥̀¶ ⇡0 ! ��_��‚⌦
ƒ∫<̧ ⇡0! �e+e� �‚⌦ƒ∫\⌥¶�◆*$"f√∫'üù�◆%i✓⇥◆. ø∫Å�⌅P:ñ– KOTO_��◆{9⌃!¡ z⇥¥

+́>ì�⌅ E391as�⇥◆. E391az⇥¥+́>\Å"fç✏Hö∏fî⇤ ⇡0! ���‚⌦ƒ∫Îflñ⌥̀¶“qtyåï�◆%i✓⇥◆.

1.5 Inner Barrel

E391a z⇥¥+́>ı� ⌅◆̄Õ�◆t�ñ– KOTO z⇥¥+́>ì…r ⇡0 ! �� ó∏◊º\⌥¶ ⌃◆6†x�◆#å
KL ! ⇡0⌫⌫̄ ⌥̀¶�é⌥ÿ⇧¶Ù«⇥◆. ◊⇧Ê$Ì⌦H⇡s�ì:r‹ºñ–¬“'�“qt$Ì⌦ù)aF�g�◆\⌥¶ �̀¶⇧◆ÿ‘>⇡�é⌥

ÿ⇧¶�◆ç✏H�Ø ì…r KL ! ⇡0⌫⌫̄�é⌥ÿ⇧¶_��◆Å©ú◊⇧ÊØπÙ«¬“Ï⌧rs�⇥◆. 2015∏�⌅_� KOTO�é⌥

ÿ⇧¶l��©úS!⌫\Å"fç✏Hs��QÙ«F�g�◆�é⌥ÿ⇧¶(>⇢8£§)⌥̀¶ÿ⇧ÊÏ⌧ry�√∫'üù�◆t�3lwÙ«⇥◆ç✏H��⌃

è:r⌥̀¶?/ß4✓⇥◆[11]. s�\⌥¶K⌫��⌃�◆ì¶�◆ 2015∏�⌅_� KOTO�é⌥ÿ⇧¶l�\Å¬“�◆&h⇤ì�⌅Dh

ñ–Ó⌧r≥ë:r+̨A \P⌃|æ”>⇢(Sampling Calorimeter)\⌥¶[O⌃u��◆%i✓⇥◆.
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Figure 1.6: Result of measurement of Br(KL ! ⇡0⌫⌫̄). Red line means

Grossman-Nir bound which is obtained from measurement of Br(K+! ⇡+⌫⌫̄).

Blue long box means SM prediction with error propagation.
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Figure 1.7: (a) : FCNC in Standard Model, (b) : FCNC in New Physics.
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