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本講義の対象・目的

研究の「現場」で活動を始めて比較的日の浅い学生・院生 
 
 フレーバー物理に関する知識を「整理」する機会 

（他の講義・トークを聴講するための「露払い」）
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フレーバー物理とは

素粒子はいくつある？
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Standard Model

Glashow (1961) , Salam, Weinberg (1967) 

SM …電磁相互作用、弱い相互作用、強い相互作用による
クォークやレプトンの振る舞いを説明するゲージ理論 

質量の起源…ゲージ対称性の自発的破れ（ヒッグス機構） 

相互作用：ゲージ、湯川、ヒッグス自己相互作用
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Lagrangian (free part = no int.)
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(s=0) scalar

(s=1/2) Dirac

(s=1) vector

＊いずれも場の2次。微分を含むか否か
微分アリ：kinetic term

微分ナシ：mass term

(Fµ� = �µA� � ��Aµ)L = �1

4
Fµ�Fµ� +

m2

2
AµAµ

L = i��µ�µ� � m��

L = (�µ�)�(�µ�) � m2���
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相互作用は？ 

ゲージ対称性（不変性）
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ゲージ理論：あらすじ
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自由Dirac場→自由電子：no interaction 

局所位相変換不変性を要求 
→微分項の修正 
→新しい場の導入 
→電磁場と同じ変換性 

電子と電磁場の相互作用が導入された。（電子は電磁場無しに
は存在できない）

5.3 電子のラグランジアンとゲージ不変性
質量m、スピン 1

2 を持つ自由ディラック場 ! （例えば電子）のラグランジア
ンは

L = i !" µ #µ ! ! m!! (5.39)

で与えられる。ここで ! = !   " 0 である。右辺は第一、二項ともにディラック
場の二次で与えられている。このとき、第一項のように微分を含む項を「運動
項」、第二項のように微分を含まない項を「質量項」という。この呼び方はスピ
ン 0、スピン 1の場に対するラグランジアンでも同様である。
さて、このラグランジアン (5.39)はどのような対称性を持つだろうか。次の
ような定数の位相 $ を持つ因子 ei ! による ! の変換（位相変換）

! " ! ! = ei ! ! , ! " !
!

= e" i ! ! , (5.40)

を考えてみよう。ラグランジアンは

L " L ! = i !
!
" µ #µ ! ! ! m!

!
! !

= i
!
e" i ! !

"
" µ #µ

!
ei ! !

"
! m

!
e" i ! !

" !
ei ! !

"
(5.41)

となるが、右辺第一項は $ が定数であるため

i
!
e" i ! !

"
" µ #µ

!
ei ! !

"
= i

!
e" i ! !

"
" µ !

ei ! #µ !
"

(5.42)

となって第二項と同様に位相因子がキャンセルするので、

L ! = L (5.43)

となり、ラグランジアンが位相変換不変性を持つことが示される。
つぎに位相因子 $ が時空座標に依存する場合 ($ = $(x)) を考えてみよう:

! " ! ! = ei ! (x ) ! , ! " !
!

= e" i ! (x ) ! . (5.44)

このような変換を局所的位相変換と呼ぶ。ラグランジアン (5.39) の右辺第二
項（質量項）は $ が局所的であろうとも ! と ! の間でキャンセルするので変
換 (5.44)によって変わらない。第一項（運動項）はどうだろうか。$ が定数の
ときは (5.42)でみたように微分項 #µ ! ! が ei ! #µ ! と変換されるため、位相同
士がキャンセルしていた。しかし今度は $ = $(x) なので微分項は

#µ ! ! = #µ
!
ei ! !

"
= i (#µ $)ei ! ! + ei ! #µ ! #= ei ! #µ ! (5.45)

となり、(5.42)のような位相因子の相殺は起こらず、ラグランジアンは不変性
を持たない。
ここで見方を変えて、(5.44)という変換の下での不変性をディラック場のラ
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L = i��µ�µ� � m��

(! µ " )! != ei ! ! µ "

�¬�å�ï�´�ž�ï (5.39) �t�A
e�`�z�f�w�h�Š�t
ž�A�s�z�å�¬�å�ï�´�ž�ï�t�0�b�”�!

�Ë�›�ß�Q�o�ˆ�‘�O�{�Á	t�$�•
ì�!�õ�t�0�b�”
Æ�!
Q�›
��l�o�M�h�w�x (5.39) �w

�á�ˆ�ò�p�K�l�h�w�p�z
•
ü�ò ! µ " �w�&
~�s	.
Y�U
ž�A�p�K�–�O�{	.
Y�^�•�h
•


ü�ò�¢ Dµ " �q
¯�b�£�x " �w�!�õ�t�‘�“	Z�o�X�”�•
ì�¼� �›�'�j	«�b�‘�O�t

(Dµ " )! = ei ! (x ) (Dµ " ) (5.46)

�q�!�õ�b�”�\�q�U�{�Š�’�•�”�{�é�”�è�ï�À
Æ�!
Q�‘�“ Dµ �x�i�w
•
ü���‰�  ! µ

�‰�7�z 4 �i�Õ�«�Ä�ç�q�`�o�!�õ�b�”�\�q�U�{�Š�’�•�”�{�f�w�h�Š�z
•
ü���‰� 

�q 4 �i�Õ�«�Ä�ç�q�`�o�!�õ�b�”	Ô Aµ (x) �q�w
¢���A�ù�p Dµ �›���[�b�”�•

Dµ ! ! µ + iA µ , (5.47)

�\�w�‘�O�t���[�^�•�h Dµ �›�ž�!
•
ü�q�z�•�{�\�•�U (5.46) �›�¬�h�b�‘�O�z Aµ

�w�!�õ
Q�›�Ð�‚�”�{�ž�!
•
ü�w�ò Dµ " �w�!�õ�x

(Dµ " )! =
!
! µ + iA !

µ

"
" !

=
#

i (! µ #)ei ! " + ei ! (! µ " )
$

+ iA !
µ

!
ei ! "

"

= ei ! #
i (! µ #)" + ! µ " + iA !

µ "
$

(5.48)

�q�s�”�{�\�•�U (5.46) �w�È�%

ei ! (Dµ " ) = ei ! { ! µ " + iA µ " } (5.49)

�t�°�•�b�”�h�Š�t�x�Õ�«�Ä�ç	Ô Aµ �U

Aµ " A!
µ = Aµ # ! µ # (5.50)

�q�!�õ�b�•�y�‘�M�\�q�U�˜�T�”�{�\�•�x
²
…�p�Ô�`�h�?�Ó	Ô�t�0�b�”�®�”�´�!

�õ (5.35) �f�w�‹�w�p�K�”�{�m�‡�“ (5.47) �p�‹�Ö�`�h�Õ�«�Ä�ç	Ô Aµ �x�f�w�Ì��

�S�‘�|�í��
R
ü�U

Aµ = ( $, A ) (5.51)

�w�‘�O�t�µ�§�å�”�Ù�Â�ï�³�ß�ç�z�Õ�«�Ä�ç�Ù�Â�ï�³�ß�ç�p�Ï
R�^�•�o�M�”�?�Ó

	Ô�q�‰�s�w�‹�w�q�ß�Q�o�‘�M�{�®�”�´�!�õ (5.50) �t	H�O�Õ�«�Ä�ç	Ô�›�®�”�´	Ô

�q�z�•�{

�×���Ã�Ÿ�å�¿�«	Ô�w�ˆ�p�)�Q�’�•�o�M�h�å�¬�å�ï�´�ž�ï (5.39) �x�á�ˆ�ò�w
•


ü���‰� �›�ž�!
•
ü (5.47) �t�”�V�õ�Q�”�\�q�t�‘�“�z�Á	t�•
ì�!�õ�w�<�p
Æ�!

�t�s�l�h�{�á�ˆ�ò�t�«�è�b�”�q

i "%µ Dµ " = i "%µ (! µ + iA µ ) "

= i "%µ ! µ " # "%µ " Aµ (5.52)

�q�s�“�z�È�%�Ë�æ�è�w�H�°�ò�x�Ã�Ÿ�å�¿�«	Ô�w�á�ˆ�ò�z�H�Ë�ò�x�Ã�Ÿ�å�¿�«	Ô
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Æ�!
Q 123
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~�s	.
Y�U
ž�A�p�K�–�O�{	.
Y�^�•�h
•


ü�ò�¢ Dµ " �q
¯�b�£�x " �w�!�õ�t�‘�“	Z�o�X�”�•
ì�¼� �›�'�j	«�b�‘�O�t

(Dµ " )! = ei ! (x ) (Dµ " ) (5.46)

�q�!�õ�b�”�\�q�U�{�Š�’�•�”�{�é�”�è�ï�À
Æ�!
Q�‘�“ Dµ �x�i�w
•
ü���‰�  ! µ

�‰�7�z 4 �i�Õ�«�Ä�ç�q�`�o�!�õ�b�”�\�q�U�{�Š�’�•�”�{�f�w�h�Š�z
•
ü���‰� 

�q 4 �i�Õ�«�Ä�ç�q�`�o�!�õ�b�”	Ô Aµ (x) �q�w
¢���A�ù�p Dµ �›���[�b�”�•

Dµ ! ! µ + iA µ , (5.47)

�\�w�‘�O�t���[�^�•�h Dµ �›�ž�!
•
ü�q�z�•�{�\�•�U (5.46) �›�¬�h�b�‘�O�z Aµ
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�w�‘�O�t�µ�§�å�”�Ù�Â�ï�³�ß�ç�z�Õ�«�Ä�ç�Ù�Â�ï�³�ß�ç�p�Ï
R�^�•�o�M�”�?�Ó

	Ô�q�‰�s�w�‹�w�q�ß�Q�o�‘�M�{�®�”�´�!�õ (5.50) �t	H�O�Õ�«�Ä�ç	Ô�›�®�”�´	Ô

�q�z�•�{

�×���Ã�Ÿ�å�¿�«	Ô�w�ˆ�p�)�Q�’�•�o�M�h�å�¬�å�ï�´�ž�ï (5.39) �x�á�ˆ�ò�w
•


ü���‰� �›�ž�!
•
ü (5.47) �t�”�V�õ�Q�”�\�q�t�‘�“�z�Á	t�•
ì�!�õ�w�<�p
Æ�!

�t�s�l�h�{�á�ˆ�ò�t�«�è�b�”�q

i "%µ Dµ " = i "%µ (! µ + iA µ ) "

= i "%µ ! µ " # "%µ " Aµ (5.52)

�q�s�“�z�È�%�Ë�æ�è�w�H�°�ò�x�Ã�Ÿ�å�¿�«	Ô�w�á�ˆ�ò�z�H�Ë�ò�x�Ã�Ÿ�å�¿�«	Ô

5.3 �?� �w�å�¬�å�ï�´�ž�ï�q�®�”�´
Æ�!
Q 123

E = !
! A
! t

! ! " , (5.27)

B = ! " A (5.28)

�m�‡�“ " �q A �x�?	Ô�z�Ó	Ô�q�‰�s�s�w�p�Ú�«�µ�¢�£�ç�M���Ü�› " , A �p
¯�b�\

�q�‹�p�V�”�{ 4 �i�Õ�«�Ä�ç�Ù�Â�ï�³�ß�ç�q 4 �i�§�è�ï�Ä

Aµ = ( " , A ), j µ = ( #, j ), (5.29)

�›�;�M�o�Ú�«�µ�¢�£�ç�M���Ü�x

! µ F µ ! = j ! , ! µ !F µ ! = 0 , (5.30)

�q
¯�^�•�”�{�h�i�`�\�\�p

Fµ ! = ! µ A! ! ! ! Aµ , (5.31)

!Fµ ! =
1
2

$µ!"# F"# (5.32)

�p�K�”�{�^�o�z " , A �t�0�`�o�Ú�™�w�µ�§�å�”��
: %(x) �t�‘�”�Í�w�‘�O�s�!�õ

" # " ! = " !
!%
! t

, (5.33)

A # A ! = A + ! %, (5.34)

�›�®�”�´�!�õ�q�‘�|�z�\�•�t�0�`�o (5.27) �S�‘�| (5.28) �U
Æ�!�p�K�”�\�q�T

�’�?�Ó�>�g�æ�x�®�”�´
Æ�!
Q�¢�®�”�´�0	¶
Q�£�›�Ë�l�o�M�”�\�q�x�H 3 	·�p�b

�p�t	º�p�`�h�q�\�–�p�K�”�{
ì�0�æ�w�î
Ê�ˆ�p�x�®�”�´�!�õ (5.33), (5.34) �x

Aµ # A!
µ = Aµ ! ! µ % (5.35)

�q
¯�^�•�”�{�\�w�!�õ�t�0�`�o (5.31) �x

Fµ ! # F !
µ ! = ! µ (A! ! ! ! %) ! ! ! (Aµ ! ! µ %)

= ! µ A! ! ! ! Aµ

= Fµ! , (5.36)

�q�s�“�z
Æ�!�p�K�”�{�Í
…�p�w�^�æ�w�h�Š�z�H 4 	·�p�)�Q�h�?�Ó	Ô�w�å�¬�å�ï

�´�ž�ï�x

L = !
1
4

Fµ! F µ ! ! j µ Aµ , (5.37)

�p�K�l�h�\�q�›�¥�M	Z�f�O�{�×���?�Ó	Ô�w	Ô�ù�z�b�s�˜�j�?�Ó	Ô Aµ �q 4 �i�§

�è�ï�Ä j µ �w
ì�“�^�;�¢�È�%�H�Ë�ò�£�U���O�`�s�M	Ô�ù�z�?�Ó	Ô�w�å�¬�å�ï�´�ž

�ï�x

L = !
1
4

Fµ! F µ ! , (5.38)

�q�s�“�z�\�•�x (5.36) �t�‘�l�o�®�”�´�!�õ (5.35) �w�<�p
Æ�!�p�K�”�\�q�U�Ô�^

�•�”�{

5.2 �S�^�’�M�•�Ú�«�µ�¢�£�ç�M���Ü�w�®�”�´
Æ�!
Q 121
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Lagrangian [QED]
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電荷Qのフェルミオン  と電磁場  からなる系ψ Aμ
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ì�“�^�;�›
¯�b�{�m�‡�“�×���Ã�Ÿ�å�¿�«	Ô�¢
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•
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��b�”�•

Dµ = ! µ + iQeA µ . (5.53)

�\�•�t
P�M�z " �q Aµ �w�!�õ
Q (5.40), (5.50) �›
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�w�Ë�Í�w�ò�£�U�s�M�{�b�p�t�_�h�‘�O�t�×���?�Ó	Ô�w�å�¬�å�ï�´�ž�ï (5.38)

L = !
1
4

Fµ" F µ"

�x�®�”�´
Æ�!�s�h�Š�z�\�•�›�C�Q�o

L = i "$ µ Dµ " ! m"" !
1
4

Fµ" F µ"

= i "$ µ ! µ " ! m"" !
1
4

Fµ" F µ" ! eQ"$ µ " Aµ (5.55)

�›�˜�”�{�?�Ó�>�¶�p�x	Ô�w�§�^�Â�ï�¹�ç Fµ" �x�Ú�«�µ�¢�£�ç�M���Ü�q�?	Ô�z�Ó

	Ô�q�w�����›�¬�h�b�‘�O�t���[�^�•�h�U�z�®�”�´�g�æ�p�x�ž�!
•
ü Dµ �w�¦�õ

�����›�;�M�o�Í�w�‘�O�t���[�^�•�”�•

[Dµ , D" ]" # ieQFµ" " . (5.56)

�î�M�t�z Dµ �w�é�.�$�s�� (5.53) �›�;�M�”�q

[Dµ , D" ]" = [ ! µ , ! " ]" + ieQ[! µ , A" ]" + ieQ[Aµ , ! " ]" + ( ieQ)2[Aµ , A" ]"

= ieQ { [! µ , A" ] ! [! " , Aµ ]} "

124 �H 5 	· �®�”�´�0	¶
Q
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QEDは「生成子をQとするU(1)ゲージ理論」

SU(N)での生成子の数→N^2! 1

SU(2): 4-1=3→パウリ行列
SU(3): 9-1=8→ゲルマン行列

U : (N ! N ) unitary matrix

! ! = U! , " ! = U" , U = ei ! (5.64)

�q�)�Q�’�•�o�M�h�{�\�\�p U �x�•
ì�¼� �p�K�“�z�h�i�w
:�p�K�l�h�{�Í
…�p�x

! �• " �U��
R
ü�p�K�“�z U �t�‘�”�!�õ�U�f�•�’�w
R
ü�›�Ö�•�8�Q�”�¢���e�”�£

�‘�O�s�‹�w�z�b�s�˜�j�æ�»�p�K�l�h	Ô�ù�t�m�M�o�ß�o�b�”�{

5.4 SU(N) �®�”�´�g�æ

�Ã�Ÿ�å�¿�«	Ô ! �w�Á	t�•
ì�!�õ (5.64) �› N �æN �» (�Ž�< N ! N �q
¯�b )

�w�â�Ç�»�æ�æ�» U �t�‘�”�!�õ�•�q�¦�Á�`�‘�O " 2�£�•

! " ! ! = U! , ! " !
!

= ! U  . (5.65)

�\�w�¦�Á�t�q�‹�s�M�z ! �‹ N 
R
ü�›�Ë�m�Õ�«�Ä�ç�q�b�”�•

! =

!

"
"
"
"
"
#

! 1

! 2

...

! N

$

%
%
%
%
%
&

. (5.66)

N ! N �w�â�Ç�»�æ�æ�»�x

U  U = UU  = I, U   = U# 1 (5.67)

�›�¬�h�b�{�\�\�p I �x�o�•�æ�»�p�K�”�{�Ü (5.65) �p�)�Q�’�•�”�!�õ�› U(N) �!

�õ�q�M�M�z	Ú�E (5.67) �›�¬�h�b�â�Ç�»�æ�æ�»�w
¶�.�›�â�Ç�»�æ���q�M�O�{�^�’

�t�æ�» U �w�æ�»�Ü�U det U = +1 �›�¬�h�b	Ô�ù�z SU(N) (special unitary: �›

	��â�Ç�»�æ ) �!�õ�z SU(N) ���q�z�•�{�‡�h N �x�w
R
ü�›�Ë�m�Õ�«�Ä�ç ! (5.66)

�x SU(N) �w N 	O�ò�q�z�y�•�”�{

�æ�» U �›�¦
:��
:�›�;�M�o

U = eiT a " a
, (5.68)

�q
¯�b�\�q�U�p�V�”�{�\�\�p #a �x�î�Í�å�Ý�”�»�p�K�“�z�æ�» Ta �x���w
\
R� 

�¢ generator�£�q�z�y�•�z�Í�w�¦�õ����

[Ta, Tb] = if abcTc (5.69)

�›�¬�h�b�{�È�%�w f abc �x���w�Ï����
:�q�z�y�•�z�4�È a, b, c�w�Ö�•�8�Q�t���`

�o�ì
¶
S�0	¶�p�K�”�{

U �U�â�Ç�»�æ�æ�»�p�K�”�\�q�T�’���w
\
R�  Ta �x�¤�ç�Û�”�Ä�æ�»�p�K�”�\

�q�U�Í�w�‘�O�t�Ô�^�•�”�•

* 2�£ �Ž�<�w�^�æ�x�Ã�Ÿ�å�¿�«	Ô�w�E�˜�“�t�µ�§�å�”	Ô ! �w	Ô�ù�p�‹�‰�7�p�K�”
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! ! = U! , " ! = U" , U = ei ! (5.64)

�q�)�Q�’�•�o�M�h�{�\�\�p U �x�•
ì�¼� �p�K�“�z�h�i�w
:�p�K�l�h�{�Í
…�p�x

! �• " �U��
R
ü�p�K�“�z U �t�‘�”�!�õ�U�f�•�’�w
R
ü�›�Ö�•�8�Q�”�¢���e�”�£

�‘�O�s�‹�w�z�b�s�˜�j�æ�»�p�K�l�h	Ô�ù�t�m�M�o�ß�o�b�”�{

5.4 SU(N) �®�”�´�g�æ

�Ã�Ÿ�å�¿�«	Ô ! �w�Á	t�•
ì�!�õ (5.64) �› N �æN �» (�Ž�< N ! N �q
¯�b )

�w�â�Ç�»�æ�æ�» U �t�‘�”�!�õ�•�q�¦�Á�`�‘�O " 2�£�•

! " ! ! = U! , ! " !
!

= ! U  . (5.65)

�\�w�¦�Á�t�q�‹�s�M�z ! �‹ N 
R
ü�›�Ë�m�Õ�«�Ä�ç�q�b�”�•

! =

!

"
"
"
"
"
#

! 1

! 2

...

! N

$

%
%
%
%
%
&

. (5.66)

N ! N �w�â�Ç�»�æ�æ�»�x

U  U = UU  = I, U   = U# 1 (5.67)

�›�¬�h�b�{�\�\�p I �x�o�•�æ�»�p�K�”�{�Ü (5.65) �p�)�Q�’�•�”�!�õ�› U(N) �!

�õ�q�M�M�z	Ú�E (5.67) �›�¬�h�b�â�Ç�»�æ�æ�»�w
¶�.�›�â�Ç�»�æ���q�M�O�{�^�’

�t�æ�» U �w�æ�»�Ü�U det U = +1 �›�¬�h�b	Ô�ù�z SU(N) (special unitary: �›

	��â�Ç�»�æ ) �!�õ�z SU(N) ���q�z�•�{�‡�h N �x�w
R
ü�›�Ë�m�Õ�«�Ä�ç ! (5.66)

�x SU(N) �w N 	O�ò�q�z�y�•�”�{

�æ�» U �›�¦
:��
:�›�;�M�o

U = eiT a " a
, (5.68)

�q
¯�b�\�q�U�p�V�”�{�\�\�p #a �x�î�Í�å�Ý�”�»�p�K�“�z�æ�» Ta �x���w
\
R� 

�¢ generator�£�q�z�y�•�z�Í�w�¦�õ����

[Ta, Tb] = if abcTc (5.69)

�›�¬�h�b�{�È�%�w f abc �x���w�Ï����
:�q�z�y�•�z�4�È a, b, c�w�Ö�•�8�Q�t���`

�o�ì
¶
S�0	¶�p�K�”�{

U �U�â�Ç�»�æ�æ�»�p�K�”�\�q�T�’���w
\
R�  Ta �x�¤�ç�Û�”�Ä�æ�»�p�K�”�\

�q�U�Í�w�‘�O�t�Ô�^�•�”�•

* 2�£ �Ž�<�w�^�æ�x�Ã�Ÿ�å�¿�«	Ô�w�E�˜�“�t�µ�§�å�”	Ô ! �w	Ô�ù�p�‹�‰�7�p�K�”
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Ta : generator(hermite matrix)

det U=+1→SU(N)

QED： SU(N)：U = eiQ ! U = eiT a ! a

SM: N=2, 3

! ! ! ! = U!
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QED： SU(N)：U = eiQ ! U = eiT a ! a

! ! ! ! = U!

最も大きな違い

! ! = U! , " ! = U" , U = ei ! (5.64)

�q�)�Q�’�•�o�M�h�{�\�\�p U �x�•
ì�¼� �p�K�“�z�h�i�w
:�p�K�l�h�{�Í
…�p�x

! �• " �U��
R
ü�p�K�“�z U �t�‘�”�!�õ�U�f�•�’�w
R
ü�›�Ö�•�8�Q�”�¢���e�”�£

�‘�O�s�‹�w�z�b�s�˜�j�æ�»�p�K�l�h	Ô�ù�t�m�M�o�ß�o�b�”�{

5.4 SU(N) �®�”�´�g�æ

�Ã�Ÿ�å�¿�«	Ô ! �w�Á	t�•
ì�!�õ (5.64) �› N �æN �» (�Ž�< N ! N �q
¯�b )

�w�â�Ç�»�æ�æ�» U �t�‘�”�!�õ�•�q�¦�Á�`�‘�O " 2�£�•

! " ! ! = U! , ! " !
!

= ! U  . (5.65)

�\�w�¦�Á�t�q�‹�s�M�z ! �‹ N 
R
ü�›�Ë�m�Õ�«�Ä�ç�q�b�”�•

! =

!

"
"
"
"
"
#

! 1

! 2

...

! N

$

%
%
%
%
%
&

. (5.66)

N ! N �w�â�Ç�»�æ�æ�»�x

U  U = UU  = I, U   = U# 1 (5.67)

�›�¬�h�b�{�\�\�p I �x�o�•�æ�»�p�K�”�{�Ü (5.65) �p�)�Q�’�•�”�!�õ�› U(N) �!

�õ�q�M�M�z	Ú�E (5.67) �›�¬�h�b�â�Ç�»�æ�æ�»�w
¶�.�›�â�Ç�»�æ���q�M�O�{�^�’

�t�æ�» U �w�æ�»�Ü�U det U = +1 �›�¬�h�b	Ô�ù�z SU(N) (special unitary: �›

	��â�Ç�»�æ ) �!�õ�z SU(N) ���q�z�•�{�‡�h N �x�w
R
ü�›�Ë�m�Õ�«�Ä�ç ! (5.66)

�x SU(N) �w N 	O�ò�q�z�y�•�”�{

�æ�» U �›�¦
:��
:�›�;�M�o

U = eiT a " a
, (5.68)

�q
¯�b�\�q�U�p�V�”�{�\�\�p #a �x�î�Í�å�Ý�”�»�p�K�“�z�æ�» Ta �x���w
\
R� 

�¢ generator�£�q�z�y�•�z�Í�w�¦�õ����

[Ta, Tb] = if abcTc (5.69)

�›�¬�h�b�{�È�%�w f abc �x���w�Ï����
:�q�z�y�•�z�4�È a, b, c�w�Ö�•�8�Q�t���`

�o�ì
¶
S�0	¶�p�K�”�{

U �U�â�Ç�»�æ�æ�»�p�K�”�\�q�T�’���w
\
R�  Ta �x�¤�ç�Û�”�Ä�æ�»�p�K�”�\

�q�U�Í�w�‘�O�t�Ô�^�•�”�•

* 2�£ �Ž�<�w�^�æ�x�Ã�Ÿ�å�¿�«	Ô�w�E�˜�“�t�µ�§�å�”	Ô ! �w	Ô�ù�p�‹�‰�7�p�K�”
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Dµ ! = ( " µ + ieQA µ ) ! Dµ ! =
!
" µ + igT aAa

µ

"
!

F a
µ ! = ! µ Aa

! ! ! ! Aa
µ ! gf abcAb

µ Ac
!

L = !
1
4

F a
µ ! F aµ ! " (gauge)3, (gauge)4
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�”�{ 1 �m�c�m�¬�Ý�`�o�M�\�O�{

SU(3) 2 U(1)

(6.28) �w�È�%�x�¤�ò Tr
!"

Ta, Tb
#

Y
$

= 1
2 ! abY �q�s�“�z�«�¥�”�«�w�Ë� 

�Í�”�½�ß�”�´�w�è�t
z�«�b�”�{
¯ 6.2 �›�_�s�U�’�Ë� �Í�”�½�ß�”�´�w�è�›

�{�Š�”�q�•

%
Y = YQ ! 2 " (Yu R + YdR ) = 0 (6.29)

�q�s�“�z�\�w�¼� �ž�¬�å�Ü�•�w�/�)�x�'�j	«�`�ù�l�o�M�”�\�q�U�¬�Ý�p�V

�”�{�\�\�p YQ �w�‹�› 2 
��`�o�M�”�w�x SU(2) �Ë	O�ò�›�Ï
R�b�” uL , dL

�U�‰�a�Ë� �Í�”�½�ß�”�´�›�Ë�m�T�’�p�K�”�{

SU(2) 2 U(1)

SU(2) �w
\
R� �w�{�M�t�m�M�o�x SU(3) �w	Ô�ù�q�‰�7�i�U�z���s�x�(�è�V

�Ñ�£�ç�Û�¦�ï�i�Z�U�/�)�b�”�w�p�f�•�›�{�Š�”�q

%
Y = YQ ! 3 + YL = 0 (6.30)

�p�K�“�z�f�•�g�•�w�/�)�U�'�j	«�`�ù�l�o�M�”�{

U(1) 3


¶�o�w�«�¥�”�«�z�è�Ó�Ä�ï�U�/�)�b�”�{�Ë� �Í�”�½�ß�”�´�w�~	Ð�è
&

Y 3

�›�{�Š�”�q�Ž�<�w�‘�O�t 0 �p�K�”�\�q�U
ü�T�”�•

%
Y 3 =

!
Y 3

Q ! 3 + Y 3
L

$
! 2

"
"!

Y 3
u R

+ Y 3
dR

$
! 3 + Y 3

eR

#
= 0 . (6.31)

�Ž	Í�w�‘�O�t
É�{� 
ª	j�Û���p�x�°
`�t�§� �å�ç�s�®�”�´�g�æ�p
\�a�”�®�”� �́~

�ž�Ê�Ú�æ�”�U�¤�Ñ�£�ç�Û�¦�ï�w�/�)�t�‘�l�o
ì�t�`�o�M�”�\�q�U�¬�Ý�p�V�h�{

6.4 
ª	j�Û���w�å�¬�å�ï�´�ž�ï


ª	j�Û���w�å�¬�å�ï�´�ž�ï�x�®�”�´	Ô�z�Ñ�£�ç�Û�¦�ï�z�Î�¿�¬�µ	Ô�w�á�ˆ�ò

(L kin )�z�l
’
ì�“�^�; (L Yukawa )�z�Î�¿�¬�µ	Ô�w�×�~
ì�“�^�;�t�‘�”�µ�§�å�”

�Ù�Â�ï�³�ß�ç (VHiggs ) �T�’�Ï
R�^�•�” :

L = L kin + L Yukawa " VHiggs . (6.32)

�á�ˆ�ò L kin �x

L kin = "
1
4

8%

a=1

Ga
µ ! Ga µ ! "

1
4

3%

a=1

W a
µ! W a µ ! "

1
4

Bµ! B µ !

+ i " L #µ Dµ " L + i " R #µ Dµ " R + |Dµ $|2 (6.33)

�p�)�Q�’�•�”�{�\�\�p�È�%�w�7	s�w 3 �ò�x�f�•�g�•�¬�ç�”�¦�ï�z SU(2)L �®�”

6.4 
ª	j�Û���w�å�¬�å�ï�´�ž�ï 145

フレーバーの起源：Yukawa相互作用
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素粒子の模型

1. 登場人物（模型を構成する素粒子）を決める 

2. （ゲージ）対称性（素粒子の量子数割当）を決める 

→ 素粒子の相互作用が定まる 

→ 模型の予言を実験データと比較して検証 

18
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Set up

19

SU(2)の生成子：（弱）アイソスピン I 

U(1)の生成子：（弱）ハイパーチャージ Y

左巻きフェルミオンはアイソスピン二重項（右巻きは一重項）

左巻き、右巻きフェルミオンが異なる量子数 
→質量項がゲージ対称性から禁止される 
→皆がmassless

ゲージ対称性：SU(2) x U(1)

<latexit sha1_base64="Kap1oN502SSe3IYwGDbo5lIs1tQ="></latexit>

L ! m ø!! = m ø! L ! R + h.c.
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フェルミオン質量とゲージ対称性
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（例）電子

L = i !" µ #µ ! ! m!! (6.13)

�t�S�M�o�á�ˆ�ò L kin �x

L kin = i !" µ #µ ! = i ! L " µ #µ ! L + i ! R " µ #µ ! R (6.14)

�q�s�“�z ! L �q ! R �x� �q�t�á�ˆ�ò�›�Ï
R�b�”�{�`�T�`�í�”�ò L m �x

! L m = m!! = m
!
! L ! R + ! R ! L

"
(6.15)

�q�s�“�z ! L �q ! R �x�f�•�g�•� �q�t�í�”�ò�›�Ë�m�\�q�U�p�V�s�M�{�`�h�U�l�o

�(�è�V�z�È�è�V�Ñ�£�ç�Û�¦�ï�U�f�•�g�•� �q�t	ü�”
ã�O�g�æ�¢�§� �å�ç�s�g�æ

�q�M�O�£�p�x�z�Ñ�£�ç�Û�¦�ï�w�í�”�ò�x�Ð�­�^�•�”�{���w�M�M�M�›�b�”�q�Ñ�£

�ç�Û�¦�ï�w�í�” m = 0 �w	Ô�ù�z�×���å�¬�å�ï�´�ž�ï (6.13) �x

! L " ! !
L = ei ! L ! L , ! R " ! !

R = ei ! R ! R , (6.16)

�¢�h�i�` $L , $R �x��
:�£�q�M�O�!�õ�t�0�`�o
Æ�!�p�K�”�{�Ü (6.16) �w�!�õ�›�§

� �å�ç�!�õ�q�M�M�z�\�w�!�õ�w�<�p�g�æ�U
Æ�!�s	Ô�ù�z�g�æ�x�§� �å�ç�0	¶
Q

�›�Ë�m�¢�§� �å�ç�s�g�æ�£�q�M�O�{�§� �å�ç�s�g�æ�p�x�Ñ�£�ç�Û�¦�ï�w�í�”�ò

�x�§� �å�ç�0	¶
Q�t�‘�l�o�Ð�­�^�•�o�M�”�z�q�M�O�t�M�M�‹�p�V�”�{


ª	j�Û���p�x�(�è�V�Ñ�£�ç�Û�¦�ï�› SU(2)L �¢	��ž� �¹�µ�Ð�ï�£�w�Ë	O�ò�z�È

�è�V�Ñ�£�ç�Û�¦�ï�x�°	O�ò�q�`�o�{�O�{�\�•�x	��M
ì�“�^�;�t�S�Z�”�Í�æ�Â�Ÿ
‡

�-���w
C�_�p�˜�T�l�h�z�Ç�á�”�Ä�æ�Ê�t�x�(�è�V�`�T���O�`�s�M�z�q�M�O�Ä�î�›


S�é�^�d�”�h�Š�p�K�”�{�‡�h SU(2)L �w�4�È L �x�(�è�V�Ñ�£�ç�Û�¦�ï�U SU(2)

�w�!�õ�›	!�Z�”�q�M�O�™�¯�p�K�” " 5�£�{�°�M�z
¶�o�w�Ñ�£�ç�Û�¦�ï�x U(1)Y �®�”

�´�!�õ�w�è�¹�›	!�Z�”�z�m�‡�“	��Ë� �Í�”�½�ß�”�´ Y �›�Ë�m�{ U(1)Y �w�4�È

Y �x���w U(1) �!�õ�z�h�q�Q�y�?�Ó�>�— U(1)EM �s�r�q�à���b�”�h�Š�t
Ç�Z�’

�•�o�M�”�{


ª	j�Û���t���‡�•�”�
�°�w�µ�§�å�”	Ô�p�K�”�Î�¿�¬�µ	Ô�x SU(2)L �Ë	O�ò�q

�`�o�‹�Ö�^�•�”�{�Î�¿�¬�µ	Ô�U�°	O�ò�z�b�s�˜�j SU(2)L �w�<�p�!�õ�`�s�Z�•

�y�z�?	��0	¶
Q SU(2)L # U(1)Y �w�×
C�$
��•�t���)�p�V�s�M�h�Š�p�K�”�{


ª	j�Û���x SU(2)L # U(1)Y �®�”�´�0	¶
Q�w�‹�q�p�È�è�V�z�(�è�V�Ñ�£�ç�Û

�¦�ï�t�Ÿ�s�”�”� 
:�›�Â�“�K�o�”�{�\�•�x�«�Q�y�È�è�V�?� �q�(�è�V�?� �›�Ÿ

�s�”�{� �q�`�o�{�O�z�q�M�O�\�q�p�K�”�{ QED �b�s�˜�j U(1)EM �®�”�´�0	¶


Q�w�‹�q�p�x�È�è�V�?�  eR �w�?�Y QR �q�(�è�V�?�  eL �w�?�Y QL �x�s�`�M

(QL = QR = ! 1) �q�M�O�\�q�›�¥�M	Z�f�O�{�m�‡�“ U(1)EM �!�õ�x

e!
R = eiQ R " eR , e!

L = eiQ L " eL (6.17)

�p�K�“�z�å�¬�å�ï�´�ž�ï�w�í�”�ò�x

* 5�£ �È�è�V�x�°	O�ò�s�w�p�!�õ�`�s�M
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Q�q
É�{� 
ª	j�Û��

QEDでの質量項

L m = me!
R e!

L = me" i (Q R " Q L ) ! eR eL = meR eL , (6.18)

�q�s�“�z�®�”�´
Æ�!�p�K�” #6�£�{�`�T�` eR �q eL �w	��Ë� �Í�”�½�ß�”�´ YR , YL

�U�Ÿ�s�”�q U(1)Y �®�”�´�!�õ�w�‹�q�p�í�”�ò�x

L m = me!
R e!

L = me" i (YR " YL ) ! eR eL != meR eL (6.19)

�q�s�“�z U(1)Y �®�”�´
Æ�!
Q�›
��”�{�§� �å�ç�s�g�æ�p�x�Ñ�£�ç�Û�¦�ï�w�í�”

�ò�x�§� �å�ç�0	¶
Q�t�‘�l�o�Ð�­�^�•�”�U�z
É�{� 
ª	j�Û���p�x�®�”�´�0	¶
Q�t

�‘�l�o�Ñ�£�ç�Û�¦�ï�w�í�”�ò�x�Ð�­�̂ �•�o�M�”�{�Í	·�p
†�Ì�b�”�‘�O�t�z�Ñ�£�ç

�Û�¦�ï�w�í�”�ò�x SU(2)L " U(1)Y �®�”�´�0	¶
Q�U U(1)EM �0	¶
Q�•�q�×
C�$

�t
��•�”�\�q�t�‘�l�o�)�Q�’�•�”�{�‡�h�z�f�w�A�L�q�`�o�Ñ�£�ç�Û�¦�ï�w�?�Y Q

�U�)�Q�’�•�”�{�?�Y Q �x U(1)EM �w
\
R� �p�K�“�z U(1)EM �x SU(2)L " U(1)Y

�w
��•�w�A�L
\�V�’�l�h�0	¶
Q�p�K�”�h�Š�z SU(2)L �w
\
R� �p�K�”	��ž� �¹

�µ�Ð�ï�w�H 3 
R
ü I 3 �t�| U(1)Y �w
\
R� �p�K�”	��Ë� �Í�”�½�ß�”�´ Y �q

Q = I 3 + Y (6.20)

�p�����n�M�o�M�”�{�Ü (6.20) �x�®�ç�Ú�ï -
b�a (Gell-Mann-Nishijima) �w�¬�Ü�q

�z�y�•�”�{
¯ 6.1�t�K�[�h�«�¥�”�«�z�è�Ó�Ä�ï�S�‘�|�Î�¿�¬�µ	Ô�w�?�Y�U (6.20)

�›�è�`�o�6�q�^�•�”�‘�O�z I 3 �q Y �›�>�Š�o�S�T�s�X�o�x�s�’�s�M�{�«�¥�”�«�z

�è�Ó�Ä�ï�S�‘�|�Î�¿�¬�µ	Ô�t�0�b�” SU(3)C " SU(2)L " U(1)Y �”� 
:�w�Â�“

�p�o�›
¯ 6.2 �t�‡�q�Š�”�{

6.3 �ž�Ê�Ú�æ�”
ì�t	Ú�E

	Ô�w�g�æ�t�S�M�o�y�/�$�è�Õ�ç�p
R�“�q�l�o�M�h�0	¶
Q�U�”� �®�L�t�‘�l�o


��’�•�”�q	Å�›�ž�Ê�Ú�æ�”�q�M�O�{�®�”�´�g�æ�‹�ž�Ê�Ú�æ�”�›�Ë�j�z�”� �æ�è

�Õ�ç�p�w�®�”�´�0	¶
Q�U�-	Â�^�•�s�M	Ô�ù�U�K�”�{

QED �p�x�Ñ�£�ç�Û�¦�ï ! �q�®�”�´	Ô Vµ �w
ì�“�^�;�x�Õ�«�Ä�ç�� !" µ ! Vµ

�p�)�Q�’�•�”�{�\�w�q�V J µ = !" µ ! �›�Õ�«�Ä�ç�§�è�ï�Ä�q�M�O�U�z�á�ˆ�M��

�Ü�¢�Ã�Ÿ�å�¿�«�M���Ü�£

(i " µ #µ # m) ! = 0 , !
!

i " µ $#
# µ + m

"
= 0 , (6.21)

�T�’

#µ j µ = 0 (6.22)

�q�s�”�{�Ü (6.22) �x�§�è�ï�Ä�-�����q�z�y�•�o�S�“�z QED �w�®�”�´
Æ�!
Q�t

�‘�l�o
•�ˆ�w�Ú�™�w�Í
:�p
R�“�q�m�\�q�U�Œ�’�•�o�M�”�{�Ñ�£�ç�Û�¦�ï�U�(�è

* 6�£ �¤�ç�Û�”�Ä�ž�þ�s
æ
ü�x	²�t�`�h
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U(1) hypercharge

L m = me!
R e!

L = me" i (Q R " Q L ) ! eR eL = meR eL , (6.18)

�q�s�“�z�®�”�´
Æ�!�p�K�” #6�£�{�`�T�` eR �q eL �w	��Ë� �Í�”�½�ß�”�´ YR , YL

�U�Ÿ�s�”�q U(1)Y �®�”�´�!�õ�w�‹�q�p�í�”�ò�x

L m = me!
R e!

L = me" i (YR " YL ) ! eR eL != meR eL (6.19)

�q�s�“�z U(1)Y �®�”�´
Æ�!
Q�›
��”�{�§� �å�ç�s�g�æ�p�x�Ñ�£�ç�Û�¦�ï�w�í�”

�ò�x�§� �å�ç�0	¶
Q�t�‘�l�o�Ð�­�^�•�”�U�z
É�{� 
ª	j�Û���p�x�®�”�´�0	¶
Q�t

�‘�l�o�Ñ�£�ç�Û�¦�ï�w�í�”�ò�x�Ð�­�̂ �•�o�M�”�{�Í	·�p
†�Ì�b�”�‘�O�t�z�Ñ�£�ç

�Û�¦�ï�w�í�”�ò�x SU(2)L " U(1)Y �®�”�´�0	¶
Q�U U(1)EM �0	¶
Q�•�q�×
C�$

�t
��•�”�\�q�t�‘�l�o�)�Q�’�•�”�{�‡�h�z�f�w�A�L�q�`�o�Ñ�£�ç�Û�¦�ï�w�?�Y Q

�U�)�Q�’�•�”�{�?�Y Q �x U(1)EM �w
\
R� �p�K�“�z U(1)EM �x SU(2)L " U(1)Y

�w
��•�w�A�L
\�V�’�l�h�0	¶
Q�p�K�”�h�Š�z SU(2)L �w
\
R� �p�K�”	��ž� �¹

�µ�Ð�ï�w�H 3 
R
ü I 3 �t�| U(1)Y �w
\
R� �p�K�”	��Ë� �Í�”�½�ß�”�´ Y �q

Q = I 3 + Y (6.20)

�p�����n�M�o�M�”�{�Ü (6.20) �x�®�ç�Ú�ï -
b�a (Gell-Mann-Nishijima) �w�¬�Ü�q

�z�y�•�”�{
¯ 6.1�t�K�[�h�«�¥�”�«�z�è�Ó�Ä�ï�S�‘�|�Î�¿�¬�µ	Ô�w�?�Y�U (6.20)

�›�è�`�o�6�q�^�•�”�‘�O�z I 3 �q Y �›�>�Š�o�S�T�s�X�o�x�s�’�s�M�{�«�¥�”�«�z

�è�Ó�Ä�ï�S�‘�|�Î�¿�¬�µ	Ô�t�0�b�” SU(3)C " SU(2)L " U(1)Y �”� 
:�w�Â�“

�p�o�›
¯ 6.2 �t�‡�q�Š�”�{

6.3 �ž�Ê�Ú�æ�”
ì�t	Ú�E

	Ô�w�g�æ�t�S�M�o�y�/�$�è�Õ�ç�p
R�“�q�l�o�M�h�0	¶
Q�U�”� �®�L�t�‘�l�o


��’�•�”�q	Å�›�ž�Ê�Ú�æ�”�q�M�O�{�®�”�´�g�æ�‹�ž�Ê�Ú�æ�”�›�Ë�j�z�”� �æ�è

�Õ�ç�p�w�®�”�´�0	¶
Q�U�-	Â�^�•�s�M	Ô�ù�U�K�”�{

QED �p�x�Ñ�£�ç�Û�¦�ï ! �q�®�”�´	Ô Vµ �w
ì�“�^�;�x�Õ�«�Ä�ç�� !" µ ! Vµ

�p�)�Q�’�•�”�{�\�w�q�V J µ = !" µ ! �›�Õ�«�Ä�ç�§�è�ï�Ä�q�M�O�U�z�á�ˆ�M��

�Ü�¢�Ã�Ÿ�å�¿�«�M���Ü�£

(i " µ #µ # m) ! = 0 , !
!

i " µ $#
# µ + m

"
= 0 , (6.21)

�T�’

#µ j µ = 0 (6.22)

�q�s�”�{�Ü (6.22) �x�§�è�ï�Ä�-�����q�z�y�•�o�S�“�z QED �w�®�”�´
Æ�!
Q�t

�‘�l�o
•�ˆ�w�Ú�™�w�Í
:�p
R�“�q�m�\�q�U�Œ�’�•�o�M�”�{�Ñ�£�ç�Û�¦�ï�U�(�è

* 6�£ �¤�ç�Û�”�Ä�ž�þ�s
æ
ü�x	²�t�`�h
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<latexit sha1_base64="aT+9XDG0rCHCnfVA3UcQDAD/RGI="></latexit>

(QL = QR = ! 1)

(if )YL ≠ YR
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	Ô �§�å�” 	��ž� �¹�µ�Ð�ï I I 3 Y �?�Y Q

Q =

!
uL

dL

"

3 2

!
1
2

! 1
2

"
1
6

!
2
3

! 1
3

"

uR 3 1 0 2
3

2
3

dR 3 1 0 ! 1
3 ! 1

3

L =

!
! e

eL

"

1 2

!
1
2

! 1
2

"

! 1
2

!
0

! 1

"

eR 1 1 0 ! 1 ! 1

" =

!
#+

#0

"

1 2

!
1
2

! 1
2

"
1
2

!
+1

0

"


¯ 6.2 
ª	j�Û���›�Ï
R�b�”�«�¥�”�«�z�è�Ó�Ä�ï�z�Î�¿�¬�µ	Ô�w�”� 
:�w�°�a�{�®�§

�å�”��̄®	��ž� �¹�µ�Ð�ï�¯�w�¤�]�t�K�”
:�È�x SU(3)C , SU(2)L �w 3 
¯�q�z

2 
¯�q�s�r�›
¯�b�{�«�¥�”�«�z�è�Ó�Ä�ï�w�¤
H�E�p�\�•�’�w�”� 
:�x�ž�è�p

�K�”�h�Š�z�H�°
H�E�w�ˆ�L�d�o�M�”�{ SU(2)L �Ë	O�ò�w�«�¥�”�«�z�è�Ó�Ä�ï�z

�Î�¿�¬�µ�x�f�•�g�• Q, L, " �q
¯�b�{�4�È�w L, R �x�(�è�V�z�È�è�V�Ñ�£�ç�Û

�¦�ï�p�K�”�\�q�›�Ô�b�{�?�Y Q �x�®�ç�Ú�ï -
b�a�w�¬�Ü (6.20) �›�¬�h�b�{�?

�Y�q SU(2)L �Ë	O�ò�«�¥�”�«�U�‰�a�G�ø Q �p
¯�^�•�o�M�”�\�q�t�«�™�d�‘�{
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Q�q
É�{� 
ª	j�Û��

：ゲルマン西島の公式Q = I3 + Y



[46]

標準模型のラグランジアン
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�”�{ 1 �m�c�m�¬�Ý�`�o�M�\�O�{

SU(3) 2 U(1)

(6.28) �w�È�%�x�¤�ò Tr
!"

Ta, Tb
#

Y
$

= 1
2 ! abY �q�s�“�z�«�¥�”�«�w�Ë� 

�Í�”�½�ß�”�´�w�è�t
z�«�b�”�{
¯ 6.2 �›�_�s�U�’�Ë� �Í�”�½�ß�”�´�w�è�›

�{�Š�”�q�•

%
Y = YQ ! 2 " (Yu R + YdR ) = 0 (6.29)

�q�s�“�z�\�w�¼� �ž�¬�å�Ü�•�w�/�)�x�'�j	«�`�ù�l�o�M�”�\�q�U�¬�Ý�p�V

�”�{�\�\�p YQ �w�‹�› 2 
��`�o�M�”�w�x SU(2) �Ë	O�ò�›�Ï
R�b�” uL , dL

�U�‰�a�Ë� �Í�”�½�ß�”�´�›�Ë�m�T�’�p�K�”�{

SU(2) 2 U(1)

SU(2) �w
\
R� �w�{�M�t�m�M�o�x SU(3) �w	Ô�ù�q�‰�7�i�U�z���s�x�(�è�V

�Ñ�£�ç�Û�¦�ï�i�Z�U�/�)�b�”�w�p�f�•�›�{�Š�”�q

%
Y = YQ ! 3 + YL = 0 (6.30)

�p�K�“�z�f�•�g�•�w�/�)�U�'�j	«�`�ù�l�o�M�”�{

U(1) 3


¶�o�w�«�¥�”�«�z�è�Ó�Ä�ï�U�/�)�b�”�{�Ë� �Í�”�½�ß�”�´�w�~	Ð�è
&

Y 3

�›�{�Š�”�q�Ž�<�w�‘�O�t 0 �p�K�”�\�q�U
ü�T�”�•

%
Y 3 =

!
Y 3

Q ! 3 + Y 3
L

$
! 2

"
"!

Y 3
u R

+ Y 3
dR

$
! 3 + Y 3

eR

#
= 0 . (6.31)

�Ž	Í�w�‘�O�t
É�{� 
ª	j�Û���p�x�°
`�t�§� �å�ç�s�®�”�´�g�æ�p
\�a�”�®�”� �́~

�ž�Ê�Ú�æ�”�U�¤�Ñ�£�ç�Û�¦�ï�w�/�)�t�‘�l�o
ì�t�`�o�M�”�\�q�U�¬�Ý�p�V�h�{

6.4 
ª	j�Û���w�å�¬�å�ï�´�ž�ï


ª	j�Û���w�å�¬�å�ï�´�ž�ï�x�®�”�´	Ô�z�Ñ�£�ç�Û�¦�ï�z�Î�¿�¬�µ	Ô�w�á�ˆ�ò

(L kin )�z�l
’
ì�“�^�; (L Yukawa )�z�Î�¿�¬�µ	Ô�w�×�~
ì�“�^�;�t�‘�”�µ�§�å�”

�Ù�Â�ï�³�ß�ç (VHiggs ) �T�’�Ï
R�^�•�” :

L = L kin + L Yukawa " VHiggs . (6.32)

�á�ˆ�ò L kin �x

L kin = "
1
4

8%

a=1

Ga
µ ! Ga µ ! "

1
4

3%

a=1

W a
µ! W a µ ! "

1
4

Bµ! B µ !

+ i " L #µ Dµ " L + i " R #µ Dµ " R + |Dµ $|2 (6.33)

�p�)�Q�’�•�”�{�\�\�p�È�%�w�7	s�w 3 �ò�x�f�•�g�•�¬�ç�”�¦�ï�z SU(2)L �®�”
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kinetic terms（場の2次、微分アリ）

�´	Ô�z U(1)Y �®�”�´	Ô�w�á�ˆ�ò�›
¯�b�{�‡�h�¤�®�”�´	Ô�w�§�^�Â�ï�¹�ç�x

Ga
µ ! = ! µ Ga

! ! ! ! Ga
µ ! gsf abcGb

µ Gc
! , (6.34)

W a
µ! = ! µ W a

! ! ! ! W a
µ ! g"abcW b

µ W c
! , (6.35)

Bµ! = ! µ B! ! ! ! Bµ (6.36)

�q�s�”�{�\�\�p gs �S�‘�| g �x�f�•�g�• SU(3)C , SU(2)L �w�®�”�´�A�ù��
:�›


¯�b�{�‡�h f abc, "abc �x SU(3)C �z SU(2)L ���w�Ï����
:�p�K�”�{

�Ü (6.33) �w�È�% 2 �æ�è�w�H 1, 2�ò�x�f�•�g�•�(�è�V�Ñ�£�ç�Û�¦�ï #L �q�È�è

�V�Ñ�£�ç�Û�¦�ï #R �w�á�ˆ�ò�p�K�”�{ #L �x SU(2)L �Ë	O�ò�t���b�”�«�¥�”�«

�q�è�Ó�Ä�ï (QL = ( uL , dL )T , L = ( $e, eL )T ) �›
¯�`�z #R �x SU(2)L �°	O�ò

�w�«�¥�”�«�q�è�Ó�Ä�ï (uR , dR , eR ) �›
¯�b�{�ž�!
•
ü Dµ �x

Dµ = ! µ + igs
%a

2
Ga

µ + ig
&a

2
W a

µ + igY Y Bµ (6.37)

�p�K�”�{ %a, &a �x�f�•�g�•�®�ç�Ú�ï�æ�»�z�Í�¢�æ�æ�»�p�K�“�z Y �x�Ë� �Í�”

�½�ß�”�´�z gY �x U(1)Y �®�”�´�A�ù��
:�p�K�”�{�‹�j�–�œ�ž�!
•
ü�w�¤
��x�A

�ù�b�”�{� �U�¤�®�”�´���w�r�w
¯�q�t���b�”�T�t�‘�l�o�!�˜�l�o�X�”�{�é�.�$

�t�x�•

Dµ Q =
!

! µ + igs
%a

2
Ga

µ + ig
&a

2
W a

µ + igY YQ Bµ

"
Q, (6.38)

Dµ uR =
!

! µ + igs
%a

2
Ga

µ + igY Yu R Bµ

"
uR , (6.39)

Dµ dR =
!

! µ + igs
%a

2
Ga

µ + igY YdR Bµ

"
dR , (6.40)

Dµ L =
!

! µ + ig
&a

2
W a

µ + igY YL Bµ

"
L, (6.41)

Dµ eR =
!

! µ + igY YeR Bµ

"
eR , (6.42)

Dµ ' =
!

! µ + ig
&a

2
W a

µ + igY Y" Bµ

"
' , (6.43)

�q�s�”�{

6.4.1 �®�”�´�Ø�¹�ï�w�í�”�{��	Ý�6�q�ž�!
•
ü


ª	j�Û���p�x�?	��®�”�´�0	¶
Q SU(2)L " U(1)Y �x�×
C�$�t
��•�z U(1)EM

�®�”�´�0	¶
Q�U�’�”�{�®�”�´�0	¶
Q�U
��’�•�”
²�x W a (a = 1 , 2, 3) �q B �w 4

�m�w�®�”�´�Ø�¹�ï�U���O�`�h�U�z�×
C�$�0	¶
Q�w
��•�U�I�V�h�™�x�z W ± �q Z

�w 3 �m�U�í�”�›�«�˜�`�z�«�  A �U�í�”�¸�é�w�®�”�´�Ø�¹�ï�q�`�o�’�”�{�Ž�<�p

�x W a �q B �p
¯�^�•�h (6.37) �›�í�”�{��	Ý�6 W ± , Z, A �›�;�M�o
¯�b�{

�‡�c�Í�¢�æ�æ�» &1,2 �w
¢���A�ù�p T± �›�Í�w�‘�O�t���[�b�”�•
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共変微分：SU(3), SU(2), U(1)からなる

フレーバー（世代）について対角
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�´	Ô�z U(1)Y �®�”�´	Ô�w�á�ˆ�ò�›
¯�b�{�‡�h�¤�®�”�´	Ô�w�§�^�Â�ï�¹�ç�x

Ga
µ ! = ! µ Ga

! ! ! ! Ga
µ ! gsf abcGb

µ Gc
! , (6.34)

W a
µ! = ! µ W a

! ! ! ! W a
µ ! g"abcW b

µ W c
! , (6.35)

Bµ! = ! µ B! ! ! ! Bµ (6.36)

�q�s�”�{�\�\�p gs �S�‘�| g �x�f�•�g�• SU(3)C , SU(2)L �w�®�”�´�A�ù��
:�›


¯�b�{�‡�h f abc, "abc �x SU(3)C �z SU(2)L ���w�Ï����
:�p�K�”�{

�Ü (6.33) �w�È�% 2 �æ�è�w�H 1, 2�ò�x�f�•�g�•�(�è�V�Ñ�£�ç�Û�¦�ï #L �q�È�è

�V�Ñ�£�ç�Û�¦�ï #R �w�á�ˆ�ò�p�K�”�{ #L �x SU(2)L �Ë	O�ò�t���b�”�«�¥�”�«

�q�è�Ó�Ä�ï (QL = ( uL , dL )T , L = ( $e, eL )T ) �›
¯�`�z #R �x SU(2)L �°	O�ò

�w�«�¥�”�«�q�è�Ó�Ä�ï (uR , dR , eR ) �›
¯�b�{�ž�!
•
ü Dµ �x

Dµ = ! µ + igs
%a

2
Ga

µ + ig
&a

2
W a

µ + igY Y Bµ (6.37)

�p�K�”�{ %a, &a �x�f�•�g�•�®�ç�Ú�ï�æ�»�z�Í�¢�æ�æ�»�p�K�“�z Y �x�Ë� �Í�”

�½�ß�”�´�z gY �x U(1)Y �®�”�´�A�ù��
:�p�K�”�{�‹�j�–�œ�ž�!
•
ü�w�¤
��x�A

�ù�b�”�{� �U�¤�®�”�´���w�r�w
¯�q�t���b�”�T�t�‘�l�o�!�˜�l�o�X�”�{�é�.�$

�t�x�•

Dµ Q =
!

! µ + igs
%a

2
Ga

µ + ig
&a

2
W a

µ + igY YQ Bµ

"
Q, (6.38)

Dµ uR =
!

! µ + igs
%a

2
Ga

µ + igY Yu R Bµ

"
uR , (6.39)

Dµ dR =
!

! µ + igs
%a

2
Ga

µ + igY YdR Bµ

"
dR , (6.40)

Dµ L =
!

! µ + ig
&a

2
W a

µ + igY YL Bµ

"
L, (6.41)

Dµ eR =
!

! µ + igY YeR Bµ

"
eR , (6.42)

Dµ ' =
!

! µ + ig
&a

2
W a

µ + igY Y" Bµ

"
' , (6.43)

�q�s�”�{

6.4.1 �®�”�´�Ø�¹�ï�w�í�”�{��	Ý�6�q�ž�!
•
ü


ª	j�Û���p�x�?	��®�”�´�0	¶
Q SU(2)L " U(1)Y �x�×
C�$�t
��•�z U(1)EM

�®�”�´�0	¶
Q�U�’�”�{�®�”�´�0	¶
Q�U
��’�•�”
²�x W a (a = 1 , 2, 3) �q B �w 4

�m�w�®�”�´�Ø�¹�ï�U���O�`�h�U�z�×
C�$�0	¶
Q�w
��•�U�I�V�h�™�x�z W ± �q Z

�w 3 �m�U�í�”�›�«�˜�`�z�«�  A �U�í�”�¸�é�w�®�”�´�Ø�¹�ï�q�`�o�’�”�{�Ž�<�p

�x W a �q B �p
¯�^�•�h (6.37) �›�í�”�{��	Ý�6 W ± , Z, A �›�;�M�o
¯�b�{

�‡�c�Í�¢�æ�æ�» &1,2 �w
¢���A�ù�p T± �›�Í�w�‘�O�t���[�b�”�•
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L ! ! 1! 2"(C! ! )" = U (C! ! ) (6.68)

�q�s�”�{�`�h�U�l�o�È�è�V u �«�¥�”�«�›���‰�l
’
ì�“�^�;�x (6.60) �p�x�s�X�z

QuR ! c (6.69)

�q�M�O���p�s�X�o�x�s�’�s�M�{�A�Á�z�l
’
ì�“�^�;�w�å�¬�å�ï�´�ž�ï�x

! L Yukawa = f u QuR ! c + f dQdR ! + f eLeR ! + h .c. (6.70)

�q�s�”�{�\�\�p f u , f d, f e �x u �«�¥�”�«�z d �«�¥�”�«�z�?� �w�l
’�A�ù��
:�q�z

�y�•�”�{�‡�h�å�¬�å�ï�´�ž�ï�w�¤�ç�Û�”�Ä
Q�›�-	Â�b�”�h�Š�z�¤�ç�Û�”�Ä�ž�þ

�w�ò (h.c.) �›�C�Q�o�S�X
ž�A�U�K�”�{�‡�h�È�%�w�Ú� �Æ�µ
Ö�ø�x�á�ˆ�ò�t�0�b

�”
ì�“�^�;�ò�w
ì�0
Ö�ø�›
¯�b (L = T ! V )�{

6.4.3 �Î�¿�¬�µ�Ù�Â�ï�³�ß�ç

�7�™�t�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�t�m�M�o	\�‚�o�S�X�{�\�•�‡�p	º�p�`�h�®�”�´


ì�“�^�;�z�l
’
ì�“�^�;�Ž�Ž�t�®�”�´
Æ�!
Q�›�¬�h�b
ì�“�^�;�q�`�o�Î�¿�¬�µ

	Ô�w�×�~
ì�“�^�;�U�K�”�{�Î�¿�¬�µ	Ô ! �x SU(2)L �Ë	O�ò�s�w�p�z !   ! �q�M�O

�ò�x�m�v�t�®�”�´�0	¶
Q�›�¬�h�b�{�Î�¿�¬�µ	Ô�w�×�~
ì�“�^�;�w�ˆ�p�Ï
R�^�•

�”�Ù�Â�ï�³�ß�ç�›�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�q�M�M�z�Í�Ü�p�)�Q�’�•�”�•

V = µ2!   ! + " (!   ! )2 (µ2 < 0, " > 0), (6.71)

�\�\�p " > 0 �x�Ù�Â�ï�³�ß�ç V �U���v�s�7	–�‹ (Vmin ) �›�Ë�m�h�Š�t
ž�A�s	Ú

�E�p�K�”�{�Ù�Â�ï�³�ß�ç V �w�7	–�‹�x�%�w�‹�l�q�‹�†���s	Ý�6�¢�,��	Ý�6�‹�`

�X�x
��í�q�M�O�£�t�0� �b�”�{�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�x !   ! = |! |2 �q |! |4 �w

�ò�T�’�s�”�h�Š�z ! �w
ÿ�G�t
P�l�o |! |2 " |! |4 �q�s�“�z�H�Ë�ò�U�§
��$�t�s

�”�{�‹�` " < 0 �s�’�y ! �w�‹�U�G�V�s�Ã�v�p V # !$ �q�s�“�z Vmin �U���‡

�’�c�z�%�U
Æ�†���t�s�”�{

SU(2)L �Ë	O�ò�w�µ�§�å�”	Ô�x�Í�w�‘�O�t�î
:
æ
ü�q�•
:
æ
ü�t�˜�Z�’�•�”�•

! = Re ! + i Im ! . (6.72)

�b�”�q�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�w SU(2)L 
Æ�!
Q�x

!   ! = (Re ! )2 + (Im ! )2 (6.73)

�p
¯�^�•�”�{ " > 0 �w�<�p µ2 > 0 �p�K�•�y Re ! = Im ! = 0 �p Vmin = 0

�q�s�”�{�`�T�` µ2 < 0 �w	Ô�ù�z�Ã�‹�›�Ë�m	Ú�E ! V
!" i

= 0 �T�’�Ù�Â�ï�³�ß�ç�x

V = 0 �Ž�Ž�t�‹�Ã�‹�›�Ë�j�z�7	–�‹ Vmin �x !   ! �U

!   ! = (Re ! )2 + (Im ! )2 = !
µ2

2"
(6.74)
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SU(3)xSU(2)xU(1) invariant

SU(2): doublet-doublet-singlet 
U(1)  : hypercharge sum=0

�q�s�“�z�®�”�´
Æ�!�t�s�”�h�Š�t�x

! Y1 + Y2 + Y! = 0 (6.58)

�›�¬�h�^�s�X�o�x�s�’�s�M�{�Í�w 2 �m�w
ì�“�^�;�ò

QdR ! , LeR ! , (6.59)

�x�f�•�g�•
¯ 6.2 �t�)�Q�h�Ë� �Í�”�½�ß�”�´�›�E�Ö�`�o�ˆ�”�q (6.58) �w	Ú�E�›

�¬�h�`�o�M�”�\�q�U�˜�T�”�{�`�T�`�È�è�V u �«�¥�”�« (uR ) �›���‰�ò

QuR ! (6.60)

�x (6.58) �›�¬�h�^�s�M�{�Î�¿�¬�µ	Ô ! �w
ó
É�ž�þ ! ! �›	��•�y (6.58) �x�¬�h�^

�•�”�U�z SU(2) �Ë	O�ò�w Q �U Q" = UQ �q�!�õ�b�”�w�t�0�`�z
ó
É
¯�q�p�K�”

! ! �x ! "! = U! ! ! �q�!�õ�b�”�w�p�z

Q
"
uR ! "! = QU  uR U! ! ! = QU  U! uR ! ! (6.61)

�q�s�“�z�°
`�t U  U! "= 1 �p�K�”�\�q�T�’ SU(2) 
Æ�!
Q�›
��l�o�M�”�{�`�T

�`�z ! ! �w�E�˜�“�t

! c # i " 2! ! (6.62)

�p���[�^�•�” ! c �x ! "c = U! c �q�!�õ�b�”�\�q�U�Í�w�‘�O�t�˜�T�”�{�‡�c

C # i " 2 (6.63)

�q�b�”�{�\�•�U�Í�¢�æ�æ�» " a �t�0�`�o

C" aC# 1 = ! " a! (6.64)

�›�¬�h�b�\�q�x�Ú
€�¬�T�Š�’�•�”�{�Í�¢�æ�æ�»�x SU(2) �w
\
R� �s�w�p (6.64)

�w�����Ü�x SU(2) �w�!�õ�æ�» U �t�0�b�”�Í�w�����Ü

CUC# 1 = U! (6.65)

�›�)�Q�”�\�q�U�˜�T�”�{�‡�h�Ü (6.63) �‘�“ C! = C �p�K�”�{�\�•�‘�“ SU(2)

�w 2 
¯�q ! �w�!�õ

! " = U! (6.66)

�w�†�%�t C �›�»�Z�z

C! " = CU(C# 1C)!

= U! (C! ) (6.67)

�›�˜�”�{�†�%�w
ó
É�ž�þ�›	��”�q
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	Ô �§�å�” 	��ž� �¹�µ�Ð�ï I I 3 Y �?�Y Q

Q =

!
uL

dL

"

3 2

!
1
2

! 1
2

"
1
6

!
2
3

! 1
3

"

uR 3 1 0 2
3

2
3

dR 3 1 0 ! 1
3 ! 1

3

L =

!
! e

eL

"

1 2

!
1
2

! 1
2

"

! 1
2

!
0

! 1

"

eR 1 1 0 ! 1 ! 1

" =

!
#+

#0

"

1 2

!
1
2

! 1
2

"
1
2

!
+1

0

"


¯ 6.2 
ª	j�Û���›�Ï
R�b�”�«�¥�”�«�z�è�Ó�Ä�ï�z�Î�¿�¬�µ	Ô�w�”� 
:�w�°�a�{�®�§

�å�”��̄®	��ž� �¹�µ�Ð�ï�¯�w�¤�]�t�K�”
:�È�x SU(3)C , SU(2)L �w 3 
¯�q�z

2 
¯�q�s�r�›
¯�b�{�«�¥�”�«�z�è�Ó�Ä�ï�w�¤
H�E�p�\�•�’�w�”� 
:�x�ž�è�p

�K�”�h�Š�z�H�°
H�E�w�ˆ�L�d�o�M�”�{ SU(2)L �Ë	O�ò�w�«�¥�”�«�z�è�Ó�Ä�ï�z

�Î�¿�¬�µ�x�f�•�g�• Q, L, " �q
¯�b�{�4�È�w L, R �x�(�è�V�z�È�è�V�Ñ�£�ç�Û

�¦�ï�p�K�”�\�q�›�Ô�b�{�?�Y Q �x�®�ç�Ú�ï -
b�a�w�¬�Ü (6.20) �›�¬�h�b�{�?

�Y�q SU(2)L �Ë	O�ò�«�¥�”�«�U�‰�a�G�ø Q �p
¯�^�•�o�M�”�\�q�t�«�™�d�‘�{
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<latexit sha1_base64="y+2dtXEyPKkdXRAAeN/bsQgyWKo="></latexit>

(2 ! 2 = 3 + 1)
<latexit sha1_base64="NYRss9r2vfdbN/euj7d0vRLU1nY="></latexit>

Y (! 1) + Y (! 2) + Y (" ) = 0

Y = (−1/6) + (2/3) + (−1/2)

Y = (−1/6) + (−1/3) + (1/2)

Y = (1/2) + (−1) + (1/2)
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(C! ! )" = U (C! ! ) (6.68)

�q�s�”�{�`�h�U�l�o�È�è�V u �«�¥�”�«�›���‰�l
’
ì�“�^�;�x (6.60) �p�x�s�X�z

QuR ! c (6.69)

�q�M�O���p�s�X�o�x�s�’�s�M�{�A�Á�z�l
’
ì�“�^�;�w�å�¬�å�ï�´�ž�ï�x

! L Yukawa = f u QuR ! c + f dQdR ! + f eLeR ! + h .c. (6.70)

�q�s�”�{�\�\�p f u , f d, f e �x u �«�¥�”�«�z d �«�¥�”�«�z�?� �w�l
’�A�ù��
:�q�z

�y�•�”�{�‡�h�å�¬�å�ï�´�ž�ï�w�¤�ç�Û�”�Ä
Q�›�-	Â�b�”�h�Š�z�¤�ç�Û�”�Ä�ž�þ

�w�ò (h.c.) �›�C�Q�o�S�X
ž�A�U�K�”�{�‡�h�È�%�w�Ú� �Æ�µ
Ö�ø�x�á�ˆ�ò�t�0�b

�”
ì�“�^�;�ò�w
ì�0
Ö�ø�›
¯�b (L = T ! V )�{

6.4.3 �Î�¿�¬�µ�Ù�Â�ï�³�ß�ç

�7�™�t�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�t�m�M�o	\�‚�o�S�X�{�\�•�‡�p	º�p�`�h�®�”�´


ì�“�^�;�z�l
’
ì�“�^�;�Ž�Ž�t�®�”�´
Æ�!
Q�›�¬�h�b
ì�“�^�;�q�`�o�Î�¿�¬�µ

	Ô�w�×�~
ì�“�^�;�U�K�”�{�Î�¿�¬�µ	Ô ! �x SU(2)L �Ë	O�ò�s�w�p�z !   ! �q�M�O

�ò�x�m�v�t�®�”�´�0	¶
Q�›�¬�h�b�{�Î�¿�¬�µ	Ô�w�×�~
ì�“�^�;�w�ˆ�p�Ï
R�^�•

�”�Ù�Â�ï�³�ß�ç�›�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�q�M�M�z�Í�Ü�p�)�Q�’�•�”�•

V = µ2!   ! + " (!   ! )2 (µ2 < 0, " > 0), (6.71)

�\�\�p " > 0 �x�Ù�Â�ï�³�ß�ç V �U���v�s�7	–�‹ (Vmin ) �›�Ë�m�h�Š�t
ž�A�s	Ú

�E�p�K�”�{�Ù�Â�ï�³�ß�ç V �w�7	–�‹�x�%�w�‹�l�q�‹�†���s	Ý�6�¢�,��	Ý�6�‹�`

�X�x
��í�q�M�O�£�t�0� �b�”�{�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�x !   ! = |! |2 �q |! |4 �w

�ò�T�’�s�”�h�Š�z ! �w
ÿ�G�t
P�l�o |! |2 " |! |4 �q�s�“�z�H�Ë�ò�U�§
��$�t�s

�”�{�‹�` " < 0 �s�’�y ! �w�‹�U�G�V�s�Ã�v�p V # !$ �q�s�“�z Vmin �U���‡

�’�c�z�%�U
Æ�†���t�s�”�{

SU(2)L �Ë	O�ò�w�µ�§�å�”	Ô�x�Í�w�‘�O�t�î
:
æ
ü�q�•
:
æ
ü�t�˜�Z�’�•�”�•

! = Re ! + i Im ! . (6.72)

�b�”�q�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�w SU(2)L 
Æ�!
Q�x

!   ! = (Re ! )2 + (Im ! )2 (6.73)

�p
¯�^�•�”�{ " > 0 �w�<�p µ2 > 0 �p�K�•�y Re ! = Im ! = 0 �p Vmin = 0

�q�s�”�{�`�T�` µ2 < 0 �w	Ô�ù�z�Ã�‹�›�Ë�m	Ú�E ! V
!" i

= 0 �T�’�Ù�Â�ï�³�ß�ç�x

V = 0 �Ž�Ž�t�‹�Ã�‹�›�Ë�j�z�7	–�‹ Vmin �x !   ! �U

!   ! = (Re ! )2 + (Im ! )2 = !
µ2

2"
(6.74)
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�q�s�“�z�®�”�´
Æ�!�t�s�”�h�Š�t�x

! Y1 + Y2 + Y! = 0 (6.58)

�›�¬�h�^�s�X�o�x�s�’�s�M�{�Í�w 2 �m�w
ì�“�^�;�ò

QdR ! , LeR ! , (6.59)

�x�f�•�g�•
¯ 6.2 �t�)�Q�h�Ë� �Í�”�½�ß�”�´�›�E�Ö�`�o�ˆ�”�q (6.58) �w	Ú�E�›

�¬�h�`�o�M�”�\�q�U�˜�T�”�{�`�T�`�È�è�V u �«�¥�”�« (uR ) �›���‰�ò

QuR ! (6.60)

�x (6.58) �›�¬�h�^�s�M�{�Î�¿�¬�µ	Ô ! �w
ó
É�ž�þ ! ! �›	��•�y (6.58) �x�¬�h�^

�•�”�U�z SU(2) �Ë	O�ò�w Q �U Q" = UQ �q�!�õ�b�”�w�t�0�`�z
ó
É
¯�q�p�K�”

! ! �x ! "! = U! ! ! �q�!�õ�b�”�w�p�z

Q
"
uR ! "! = QU  uR U! ! ! = QU  U! uR ! ! (6.61)

�q�s�“�z�°
`�t U  U! "= 1 �p�K�”�\�q�T�’ SU(2) 
Æ�!
Q�›
��l�o�M�”�{�`�T

�`�z ! ! �w�E�˜�“�t

! c # i " 2! ! (6.62)

�p���[�^�•�” ! c �x ! "c = U! c �q�!�õ�b�”�\�q�U�Í�w�‘�O�t�˜�T�”�{�‡�c

C # i " 2 (6.63)

�q�b�”�{�\�•�U�Í�¢�æ�æ�» " a �t�0�`�o

C" aC# 1 = ! " a! (6.64)

�›�¬�h�b�\�q�x�Ú
€�¬�T�Š�’�•�”�{�Í�¢�æ�æ�»�x SU(2) �w
\
R� �s�w�p (6.64)

�w�����Ü�x SU(2) �w�!�õ�æ�» U �t�0�b�”�Í�w�����Ü
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generation basis [lepton] (massless neutrino)
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current eigenstate ↔mass eigenstate

Uu 
L M u Uu

R = diag.(mu , mc, mt ), etc
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e ej
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Diagonalization 
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uL = Uu
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R u(m)

R , dL = Ud
L d(m)

L , dR = Ud
R d(m)

R (7.33)
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Charged current int. and CKM matrix

29

W +
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u

current eigenstate

mass eigenstate
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uL ! µ dL W +
µ + h.c.

L = !
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u(m)
L ! µ

!
Uu 

L Ud
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d(m)

L W +
µ + h.c.

VCKM ! Uu 
L Ud

L

Cabibbo-Kobayashi-Maskawa matrix
(3x3) unitary matrix

# of parameters=3 angles+1 (CP) phase 
(after removing unphysical d.o.f.)
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Charged current interaction

30

W +

current eigenstate

mass eigenstate

lepton-flavor mixing matrix?
if mν = 0
ニュートリノ質量を起源とするlepton flavor violationは
（多分）小さい -> 新物理の影響大
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Unitarity triangle
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VCKM ! Uu 
L Ud

L [VCKM ]ij
[up]

[down]

unitarity condition
VCKM V  

CKM = 1
!

i = u,c.t

Vid V !
ib = 0

Vud V !
ub + VcdV !

cb + Vtd V !
tb = 0

12. CKM quark-mixing matrix 9

12.3. Phases of CKM elements

As can be seen from Fig. 12.1, the angles of the unitarity triangle are

! = " 1 = arg
!

!
VcdV !

cb
VtdV !

tb

"
,

# = " 2 = arg
!

!
VtdV !

tb
VudV !

ub

"
,

$ = " 3 = arg
!

!
VudV !

ub
VcdV !

cb

"
. (12.16)

SinceCP violation involves phases of CKM elements, many measurements of CP-violating
observables can be used to constrain these angles and the ø%, ø& parameters.

12.3.1. ! and ! " :

The measurement of CP violation in K 0ÐK 0 mixing, |' | = (2 .233± 0.015) "
10# 3 [82], provides important information about the CKM matrix. The phase of
' is determined by long-distance physics, ' = 1

2 ei ! ! sin " " arg(! M 12/ ! 12), where
" " = arctan |2" mK / "! K | # 43.5$. The SM prediction can be written as

' = ( " ei ! !
G2

F m2
W mK

12
$

2) 2" mK
f 2

K
#BK

$
&tt S(xt ) Im[( VtsV !

td )2]

+ 2 &ctS(xc, xt ) Im( VcsV !
cdVts V !

td ) + &cc xc Im[( VcsV !
cd)2]

%
, (12.17)

where ( " # 0.94 ± 0.02 [83] includes the e#ects of " s = 1 operators and " " %= ) / 4
(see also Ref. [84]). The displayed terms are the short-distance " s = 2 contribution to
ImM 12 in the usual phase convention,S is an Inami-Lim function [85], xq = m2

q/m 2
W ,

and &ij are perturbative QCD corrections. The constraint from ' in the ø%, ø& plane
is bounded by approximate hyperbolas. Lattice QCD determined the bag parameter
#BK = 0 .766± 0.010 [14], and the main uncertainties now come from (Vts V !

td )2, which is
approximately * (|Vcb|4) & * (A4), the &ij coe$ cients, and estimates of( " .

The measurement of 6 Re(' "/ ' ) = 1 ! |&00/ &+ # |2, where each&ij = ' ) i ) j |H| K L ( /
' ) i ) j |H| K S( violates CP, provides a qualitative test of the CKM mechanism, and
strong constraints on many new physics scenarios. Its nonzero value, Re(' "/ ' ) =
(1.67± 0.23) " 10# 3 [82], demonstrated the existence of directCP violation, a prediction
of the KM ansatz. While Re(' "/ ' ) ) Im( VtdV !

ts ), this quantity cannot easily be used to
extract CKM parameters, because the electromagnetic penguin contributions tend to
cancel the gluonic penguins for largemt [86], thus enhancing hadronic uncertainties.
Most SM estimates [87Ð90] agree with the observed value, indicating that ø& is positive.
Progress in lattice QCD [91] may eventually yield a precise SM prediction.
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2 12. CKM quark-mixing matrix

Figure 12.1: Sketch of the unitarity triangle.

VCKM =

!

"
1 ! ! 2/ 2 ! A! 3(" ! i#)

! ! 1 ! ! 2/ 2 A! 2

A! 3(1 ! " ! i#) ! A! 2 1

#

$ + O(! 4) . (12.5)

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

%
i Vij V !

ik = $jk
and

%
j Vij V !

kj = $ik . The six vanishing combinations can be represented as triangles
in a complex plane, of which those obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure ofCP
violation, deÞned by Im

&
Vij Vkl V !

il V !
kj

'
= J

%
m,n %ikm %jln .

The most commonly used unitarity triangle arises from

Vud V !
ub + Vcd V !

cb + Vtd V !
tb = 0 , (12.6)

by dividing each side by the best-known one,VcdV !
cb (see Fig. 1). Its vertices are

exactly (0, 0), (1, 0), and, due to the deÞnition in Eq. (12.4), (ø" , ø#). An important goal
of ßavor physics is to overconstrain the CKM elements, and many measurements can
be conveniently displayed and compared in the ø" , ø# plane. While the Lagrangian in
Eq. (12.1) is renormalized, and the CKM matrix has a well known scale dependence
above the weak scale [8], belowµ = mW the CKM elements can be treated as constants,
with all µ-dependence contained in the running of quark masses and higher-dimension
operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM,
to extract magnitudes and phases of CKM elements in Sec. 12.2and 12.3. Processes
dominated by loop-level contributions in the SM are particularly sensitive to new physics.
We give the global Þt results for the CKM elements in Sec. 12.4,and discuss some
implications for beyond standard model physics in Sec. 12.5.
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FCNC
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W +

d

u
荷電カレント（flavor off-diagonal int.）

L = !
g

"
2

uL ! µ VCKM dL W +
µ + h.c.

中性カレント?

例 L = ( gL uL ! µ uL + gR uR ! µ uR ) Zµ

tree-level でFCNCはおきない＠SM

(Flavor Changing Neutral Current)
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FCNC at 1-loop
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b ! s!

b s

u, c, t

W ±

!

Vib V !
is

loop part ∝ F(mi)

amp. !
!

i = u,c,t

Vib V !
is F

"
m2

i

m2
W

#

VubV !
us + VcbV !

cs + Vtb V !
ts = 0

unitarity

example

VubV !
us = ! (VcbV !

cs + Vtb V !
ts )

クォーク質量が縮退する極限で消える
amp. !

!

i = u,c,t

VcbV !
cs(Fc " Fu ) + Vtb V !

ts (Ft " Fu )

レプトン の場合？(mν ≠ 0)
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2

II. FORMULATION

A. E ! ective interaction

The e! ective Lagrangian forµ! e! ! e! e! consists of the photonic interactionL photo and the four Fermi interaction
L contact , as follows:

L CLF V = L photo + L contact , (1)

where

L photo = "
4GF#

2
mµ [AR eL ! µ ! µR + AL eR ! µ ! µL ] Fµ! + [ h.c.], (2)

L contact = "
4GF#

2
[g1(eL µR )(eL eR ) + g2(eR µL )(eR eL )

+ g3(eR " µ µR )(eR " µ eR ) + g4(eL " µ µL )(eL " µ eL )

+ g5(eR " µ µR )(eL " µ eL ) + g6(eL " µ µL )(eR " µ eR )] + [ h.c.]. (3)

Here, GF = 1 .166$ 10! 5GeV! 2 is the Fermi coupling constant, and AL/R and gi (i = 1 , á á á, 6) are the coupling
constants which are determined by new physics models. The left- and right-handed Þelds #L/R are deÞned as
#L/R = PL/R # , using the projection operatorsPL/R = (1 %" 5)/ 2.

(a) (b)

FIG. 1. The diagrams representing µ! e! ! e! e! : the one-photon-exchange photonic interaction (a) and the four Fermi
contact interaction (b). The black closed circle shows the C LFV interaction.

The one-photon-exchange photonic interaction shown in Fig. 1 (a)is given by the photonic interaction in Eq. (2)
together with the electromagnetic interaction of

L em = " qee" " eA" . (4)

Here qe = " e is a charge of an electron. The four Fermi interaction shown in Eq. (3) and Fig. 1 (b) has been studied
[9]. The transition amplitude M of µ! e! ! e! e! is given by,

2$i%(Ef " Ei )M (p1, s1, p2, s2; &µ , sµ , &e, se) = &es1
p 1

es2
p 2

|T [exp
!

i
"

d4x(L CLF V + L em )
#

]|µsµ

1Sese
# e

' , (5)

with

M (p1, s1, p2, s2; &µ , sµ , &e, se) = M photo (p1, s1, p2, s2; &µ , sµ , &e, se) + M contact (p1, s1, p2, s2; &µ , sµ , &e, se). (6)

Here Ei and Ef are the energy of the initial and Þnal state given asEi = mµ " B 1S
µ + me " B # e

e and Ef = Ep1 + Ep2 ,
respectively. And Epi is an energy of the electron with its momentumpi and B #

l is a binding energy of the lepton
l in the state &. The principle quantum number n and ' [10, 11] of the bound muon and electron are collectively
denoted by &µ and &e, respectively. We assume the initial muon is in its 1S1/ 2 (n = 1 and ' = " 1) state, while we
have included contribution of all bound electrons. The expression of M contact is given asM in Eq. (4) of Ref. [9].
The amplitude of the photonic interaction M photo is given as

M photo (p1, s1, p2, s2; 1S, sµ , &e, se) =
$

8GF#
2

mµ qe

"
d3x1d3x2G!

%
x 1, x 2; mµ " B 1S

µ " Ep1

&

$ #
e
p 1 ,s1

(x 1)! µ ! (AL PL + AR PR ) # µ
1S,s µ

(x 1)#
e
p 2 ,s2

(x 2)" µ # e
# e ,se

(x 2)
'

" [{ p1, s1} ( { p2, s2} ] . (7)
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1 Introduction

The discovery of the Higgs boson at the LHC in 2012 [1, 2] marked a signiÞcant milestone
in validating the Standard Model (SM) of particle physics. However, the SM remains an
incomplete theory; thus, the search for New Physics (NP) signals including NP particles has
been ongoing at colliders. Although direct searches have not yet led to discoveries, several hints
of potential NP have been observed via indirect searches. Semi-leptonicB-meson decays via
b ! s! + ! ! transitions have been prime candidates for probing NP indirectly. These transitions
mediated by ßavour-changing neutral currents are forbidden at the tree level in the SM and are
further suppressed by elements of the CabibboÐKobayashiÐMaskawa (CKM) matrix, making
them particularly sensitive to small NP e! ects. Numerous deviations from SM predictions,
often referred to as anomalies, have been observed in these decays. An intriguing tension was
found in the lepton ßavour universality ratiosRK ( ! ) of B ! K (" ) ! + ! ! where the ratio is between
a Þnal state with a muon pair and an electron pair. However, recent results from LHCb now
indicate an SM-like behaviour with no signiÞcant deviations observed [3]. Still, deviations
remain in other observables such as the branching fractionB(B ! Kµ + µ! ) [4Ð7], and the
angular observableP#

5(B ! K " µ+ µ! ) [8Ð13] at lowq2 whereq2 denotes the invariant squared
mass of the dilepton in the Þnal state. Recent measurements by CMS [7,13] conÞrm previous
observations by LHCb [6,8,9], indicating a persistent tension with the theoretical predictions.

However, branching fractions and, to a lesser degree, the optimised angular observablesPi ,
are more challenging to predict than theRK ( ! ) ratios and su! er from larger uncertainties.

In this review, we address the calculation ofB ! K (" ) !! observables. In Section 2, we
introduce the notations and key observables. We then turn to the current state of local and
non-local form factors in Sections 3 and 4, which constitute the primary sources of uncertainty
in these calculations. In Section 5, we address the impact of QED corrections to Wilson
coe" cients as well as the e! ect of CKM matrix elements, which become increasingly signiÞcant
as precision increases. Section 6 presents a quantitative assessment of the implications of
di! erent theoretical predictions. Finally, Section 7 provides our conclusions.

2 Theoretical Framework

B ! K (" ) ! + ! ! decays are well described in the Weak E! ective Theory. In this formalism,
the transition b ! s! + ! ! is described by an e! ective Hamiltonian, where degrees of freedom
above the electroweak scale have been integrated out [14Ð16]:

H e! = "
4GF#
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(2.1)
The CKM factor " j denotes" j = VjbV "

js and GF is the Fermi coupling constant. The lo-
cal operatorsOi and their associated Wilson coe" cients Ci are given in the standard basis
introduced in [17] by
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1 =(øsL ! µTaqL )(øqL ! µTabL ) ,

O3 =(øsL ! µbL )
!
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( øq!! µq!) ,

O5 =(øsL ! µ1 ! µ2 ! µ3 bL )
!

q!

( øq!! µ1 ! µ2 ! µ3 q!) ,
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e

16" 2
mb(øs#µ! PRb)Fµ! ,
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(øs! µPL b)(øl! µ l) ,

Oq
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16" 2
mb(øs#µ! PRTab)Ga

µ! ,

O10 =
e2

16" 2
(øs! µPL b)(øl! µ ! 5l) ,

(2.2)

where gs is the strong coupling constant; the quark ßavourq = u, c; the lepton ßavour
l = e, µ,$; and mb is the running b-quark mass in theMS scheme. We use the conventions
PL,R = (1 ! ! 5)/ 2 and #µ! = i

2 [! µ , ! ! ]. The primed local operatorsOi are obtained by per-
forming the exchangePL " PR.

The term proportional to %u in the deÞnition (2.1) is often neglected as it is strongly
CKM-suppressed with respect to the term proportional to%t . However, it can be relevant for
observables that are speciÞcally sensitive to complex phases of decay amplitudes. We discard
it in the following.

The decay amplitude reads as follows:

A(B # K (" )&+ &# ) = $ %K (" ) (k)&+ &# | H e! |B (pB = k + q)&, (2.3)

which leads to the expression [18Ð20]

A(B # K (" )&+ &# ) '
GF ' VtbV "

ts(
2"

"
(C9 Lµ

V + C10 Lµ
A ) F B $ K ( " )

µ

$
Lµ

V

q2

#
2im bC7 F B $ K ( " )

T,µ + 16" 2H B $ K ( " )

µ

$%
. (2.4)

Here,' denotes the electromagnetic coupling constant,Lµ
V,A are leptonic currents, andF(T ),µ

and H µ are, respectively, local and non-local hadronic matrix elements. They are given by

Lµ
V ' øu"(q1)! µv"(q2) , (2.5)

Lµ
A ' øu"(q1)! µ ! 5v"(q2) , (2.6)

F B $ K ( " )

µ ' % øK (" ) (k)| øs! µPL b| øB(pB = k + q)&, (2.7)

F B $ K ( " )

T,µ ' % øK (" ) (k)| øs#µ! q! PL b| øB(pB = k + q)&, (2.8)

H B $ K ( " )

µ '
!

q!

H B $ K ( " )

q! ,µ . (2.9)

In the last term H B $ K ( " )

µ , the sum runs over the accessible quark ßavours (at the typical
scaleµb = mb) q! = u, d, s, c, b.

3

Wilson係数
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"崩壊 クォーク・レベルだと

フェルミ理論→崩壊前後の場だけで記述。Lorentz不変性。
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Figure 3: An example of strong interaction corrections to the diagram in (30) (top)
and its counterpart in the e! ective theory (bottom). The blob denotes the insertion of
the four-fermion operator in eq. (34).

we obtain the corresponding Wilson coe" cient:

H e! =
4GF!

2
VudV !

csC1Qscdu
1 , C1 = 1 . (38)

As in the case of leptonic and semileptonic decays, the corrections to the SM ampli-
tude generated by the exchange of gluons between thec and s quarks, such as the one
in diagram (b) of Fig. 4, are identical in the full and in the e! ective theory, represented
in this case by diagram (f) of Fig. 4, so they do not enter the matching. They will
be taken into account in the evaluation of the relevant hadronic matrix element of the
e! ective Hamiltonian. The same argument applies to the exchange of gluons between
u and d quarks, which has not been explicitly reported in Fig. 4.

The situation is however totally di! erent for the exchange of gluons between the two
currents coupled to theW boson, such as in diagrams (c) and (d). In these diagrams,
the W propagator has momentumk " ! , where! is the loop momentum; in the region
(k " ! )2 # M 2

W the W propagator opens up and it falls as! " 2 for ! 2 $ M 2
W , making the

loop integral convergent. Thus,MW acts as an ultraviolet regulator in diagrams (c)
and (d). Indeed, evaluating the amplitude explicitly, putting the quarks o! -shell with

p2 < 0 to avoid infrared divergences, one Þnds a term proportional to" s log
!

M 2
W

" p2

"
.

Taken at face value, such term implies the breakdown of perturbation theory, since
the e! ective expansion parameter" s log

!
M 2

W
" p2

"
becomes ofO(1) for quark momenta

of O(# QCD ), due to the large logarithm. Fortunately, the e! ective theory can save us
from this disaster, as we shall see below.

3.1.1 General considerations

The e! ective theory counterpart of diagrams (c) and (d) in Fig. 4 is given by diagrams
(g) and (h). Having removed theW propagator in the e! ective theory, the latter
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and its counterpart in the e! ective theory (bottom). The blob denotes the insertion of
the four-fermion operator in eq. (34).

we obtain the corresponding Wilson coe" cient:

H e! =
4GF!
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csC1Qscdu
1 , C1 = 1 . (38)

As in the case of leptonic and semileptonic decays, the corrections to the SM ampli-
tude generated by the exchange of gluons between thec and s quarks, such as the one
in diagram (b) of Fig. 4, are identical in the full and in the e! ective theory, represented
in this case by diagram (f) of Fig. 4, so they do not enter the matching. They will
be taken into account in the evaluation of the relevant hadronic matrix element of the
e! ective Hamiltonian. The same argument applies to the exchange of gluons between
u and d quarks, which has not been explicitly reported in Fig. 4.

The situation is however totally di! erent for the exchange of gluons between the two
currents coupled to theW boson, such as in diagrams (c) and (d). In these diagrams,
the W propagator has momentumk " ! , where! is the loop momentum; in the region
(k " ! )2 # M 2

W the W propagator opens up and it falls as! " 2 for ! 2 $ M 2
W , making the

loop integral convergent. Thus,MW acts as an ultraviolet regulator in diagrams (c)
and (d). Indeed, evaluating the amplitude explicitly, putting the quarks o! -shell with

p2 < 0 to avoid infrared divergences, one Þnds a term proportional to" s log
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Taken at face value, such term implies the breakdown of perturbation theory, since
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becomes ofO(1) for quark momenta

of O(# QCD ), due to the large logarithm. Fortunately, the e! ective theory can save us
from this disaster, as we shall see below.

3.1.1 General considerations

The e! ective theory counterpart of diagrams (c) and (d) in Fig. 4 is given by diagrams
(g) and (h). Having removed theW propagator in the e! ective theory, the latter
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2

II. FORMULATION

A. E ! ective interaction

The e! ective Lagrangian forµ! e! ! e! e! consists of the photonic interactionL photo and the four Fermi interaction
L contact , as follows:

L CLF V = L photo + L contact , (1)

where

L photo = "
4GF#

2
mµ [AR eL ! µ ! µR + AL eR ! µ ! µL ] Fµ! + [ h.c.], (2)

L contact = "
4GF#

2
[g1(eL µR )(eL eR ) + g2(eR µL )(eR eL )

+ g3(eR " µ µR )(eR " µ eR ) + g4(eL " µ µL )(eL " µ eL )

+ g5(eR " µ µR )(eL " µ eL ) + g6(eL " µ µL )(eR " µ eR )] + [ h.c.]. (3)

Here, GF = 1 .166$ 10! 5GeV! 2 is the Fermi coupling constant, and AL/R and gi (i = 1 , á á á, 6) are the coupling
constants which are determined by new physics models. The left- and right-handed Þelds #L/R are deÞned as
#L/R = PL/R # , using the projection operatorsPL/R = (1 %" 5)/ 2.

(a) (b)

FIG. 1. The diagrams representing µ! e! ! e! e! : the one-photon-exchange photonic interaction (a) and the four Fermi
contact interaction (b). The black closed circle shows the C LFV interaction.

The one-photon-exchange photonic interaction shown in Fig. 1 (a)is given by the photonic interaction in Eq. (2)
together with the electromagnetic interaction of

L em = " qee" " eA" . (4)

Here qe = " e is a charge of an electron. The four Fermi interaction shown in Eq. (3) and Fig. 1 (b) has been studied
[9]. The transition amplitude M of µ! e! ! e! e! is given by,

2$i%(Ef " Ei )M (p1, s1, p2, s2; &µ , sµ , &e, se) = &es1
p 1

es2
p 2

|T [exp
!

i
"

d4x(L CLF V + L em )
#

]|µsµ

1Sese
# e

' , (5)

with

M (p1, s1, p2, s2; &µ , sµ , &e, se) = M photo (p1, s1, p2, s2; &µ , sµ , &e, se) + M contact (p1, s1, p2, s2; &µ , sµ , &e, se). (6)

Here Ei and Ef are the energy of the initial and Þnal state given asEi = mµ " B 1S
µ + me " B # e

e and Ef = Ep1 + Ep2 ,
respectively. And Epi is an energy of the electron with its momentumpi and B #

l is a binding energy of the lepton
l in the state &. The principle quantum number n and ' [10, 11] of the bound muon and electron are collectively
denoted by &µ and &e, respectively. We assume the initial muon is in its 1S1/ 2 (n = 1 and ' = " 1) state, while we
have included contribution of all bound electrons. The expression of M contact is given asM in Eq. (4) of Ref. [9].
The amplitude of the photonic interaction M photo is given as

M photo (p1, s1, p2, s2; 1S, sµ , &e, se) =
$
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1 Introduction

The discovery of the Higgs boson at the LHC in 2012 [1, 2] marked a signiÞcant milestone
in validating the Standard Model (SM) of particle physics. However, the SM remains an
incomplete theory; thus, the search for New Physics (NP) signals including NP particles has
been ongoing at colliders. Although direct searches have not yet led to discoveries, several hints
of potential NP have been observed via indirect searches. Semi-leptonicB-meson decays via
b ! s! + ! ! transitions have been prime candidates for probing NP indirectly. These transitions
mediated by ßavour-changing neutral currents are forbidden at the tree level in the SM and are
further suppressed by elements of the CabibboÐKobayashiÐMaskawa (CKM) matrix, making
them particularly sensitive to small NP e! ects. Numerous deviations from SM predictions,
often referred to as anomalies, have been observed in these decays. An intriguing tension was
found in the lepton ßavour universality ratiosRK ( ! ) of B ! K (" ) ! + ! ! where the ratio is between
a Þnal state with a muon pair and an electron pair. However, recent results from LHCb now
indicate an SM-like behaviour with no signiÞcant deviations observed [3]. Still, deviations
remain in other observables such as the branching fractionB(B ! Kµ + µ! ) [4Ð7], and the
angular observableP#

5(B ! K " µ+ µ! ) [8Ð13] at lowq2 whereq2 denotes the invariant squared
mass of the dilepton in the Þnal state. Recent measurements by CMS [7,13] conÞrm previous
observations by LHCb [6,8,9], indicating a persistent tension with the theoretical predictions.

However, branching fractions and, to a lesser degree, the optimised angular observablesPi ,
are more challenging to predict than theRK ( ! ) ratios and su! er from larger uncertainties.

In this review, we address the calculation ofB ! K (" ) !! observables. In Section 2, we
introduce the notations and key observables. We then turn to the current state of local and
non-local form factors in Sections 3 and 4, which constitute the primary sources of uncertainty
in these calculations. In Section 5, we address the impact of QED corrections to Wilson
coe" cients as well as the e! ect of CKM matrix elements, which become increasingly signiÞcant
as precision increases. Section 6 presents a quantitative assessment of the implications of
di! erent theoretical predictions. Finally, Section 7 provides our conclusions.

2 Theoretical Framework

B ! K (" ) ! + ! ! decays are well described in the Weak E! ective Theory. In this formalism,
the transition b ! s! + ! ! is described by an e! ective Hamiltonian, where degrees of freedom
above the electroweak scale have been integrated out [14Ð16]:
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The CKM factor " j denotes" j = VjbV "

js and GF is the Fermi coupling constant. The lo-
cal operatorsOi and their associated Wilson coe" cients Ci are given in the standard basis
introduced in [17] by
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(2.2)

where gs is the strong coupling constant; the quark ßavourq = u, c; the lepton ßavour
l = e, µ,$; and mb is the running b-quark mass in theMS scheme. We use the conventions
PL,R = (1 ! ! 5)/ 2 and #µ! = i

2 [! µ , ! ! ]. The primed local operatorsOi are obtained by per-
forming the exchangePL " PR.

The term proportional to %u in the deÞnition (2.1) is often neglected as it is strongly
CKM-suppressed with respect to the term proportional to%t . However, it can be relevant for
observables that are speciÞcally sensitive to complex phases of decay amplitudes. We discard
it in the following.

The decay amplitude reads as follows:

A(B # K (" )&+ &# ) = $ %K (" ) (k)&+ &# | H e! |B (pB = k + q)&, (2.3)

which leads to the expression [18Ð20]

A(B # K (" )&+ &# ) '
GF ' VtbV "

ts(
2"

"
(C9 Lµ

V + C10 Lµ
A ) F B $ K ( " )

µ

$
Lµ

V

q2

#
2im bC7 F B $ K ( " )

T,µ + 16" 2H B $ K ( " )

µ

$%
. (2.4)

Here,' denotes the electromagnetic coupling constant,Lµ
V,A are leptonic currents, andF(T ),µ

and H µ are, respectively, local and non-local hadronic matrix elements. They are given by

Lµ
V ' øu"(q1)! µv"(q2) , (2.5)

Lµ
A ' øu"(q1)! µ ! 5v"(q2) , (2.6)

F B $ K ( " )

µ ' % øK (" ) (k)| øs! µPL b| øB(pB = k + q)&, (2.7)

F B $ K ( " )

T,µ ' % øK (" ) (k)| øs#µ! q! PL b| øB(pB = k + q)&, (2.8)

H B $ K ( " )

µ '
!

q!

H B $ K ( " )

q! ,µ . (2.9)

In the last term H B $ K ( " )

µ , the sum runs over the accessible quark ßavours (at the typical
scaleµb = mb) q! = u, d, s, c, b.
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Gligorov, 2306.12728Figure 1: Bounds on the energy scale of physics beyond the SM (ÒNP scaleÓ) arising from di! erent
CP violating processes. The Wilson coe" cients which contribute to the processes in question are
labelled on the horisontal axis. The left plot shows bounds for tree-level generic couplings, while
the right plot shows bounds for tree-level MFV couplings. Prepared by the UTFit collaboration5

and used with permission.

physics beyond the SM is to be found. Since beyond SM particles can participate virtually in the
interations, including decays, of SM hadrons, masses far beyond the reach of direct production at
todayÕs particle accelerators can be probed. As shown in Figure1, the study of quark ßavour has
already set extremely stringent limits on certain kinds of beyond SM physics, with new particles
which couple generically (that is to say, with order one couplings) at tree level to SM hadrons ruled
out below 104Ð105 TeV. Quark ßavour physics therefore gives rich information about the nature
of new particles long before they can be directly observed, much like the observation of beauty
meson oscillations in the 1980s led to the conclusion that the top quark must be very heavy Ð over
a decade before it was duly observed at around 170 GeV.

Besides being a tool for precision beyond SM searches, quark ßavour physics also o! ers a unique
window into the workings of Quantum Chromodynamics (QCD). In particular the last decades have
seen an explosion in ÒexoticÓ hadrons made up of four or Þve quarks and/or anti-quarks. Numerous
QCD models have been proposed to explain the formation and decay of these four- and Þve-quark
states, ranging from bound analogues of baryons and mesons (typically referred to as tetraquarks
and pentaquarks) to bound molecular states made of meson-meson or meson-baryon pairs. The
coming decades should allow us to go from discovery to a precise characterisation of the properties
of these exotic hadrons, in turn improving our understanding of QCD which in turn feeds back
into more precise SM predictions for observables sensitive to beyond SM e! ects.

In this brief review I will cover two of the main pillars of todayÕs quark ßavour physics: metrol-
ogy of the Cabibbo-Kobayashi-Maskawa (CKM) matrix which governs SM quark transitions and
searches for beyond SM e! ects in the decays of SM hadrons. AsCP violation and mixing in the
charm sector6 as well as exotic hadron spectroscopy7 have recently been authoritatively reviewed,
I will not touch on them here. This review is deliberately qualitative, and the reader is invited to
consult the HFLAV averaging group webpages8 for the latest global averages of the relevant exper-
imental observables. I will also give an outlook for the next decade of datataking with the current
generation of experiments, and look ahead to what quantitative and qualitative improvements the
next generation of experiments and facilities will bring. Natural units are used throughout, and
charge conjugation is implied unless explicitly stated otherwise.

2 CKM metrology as a closure test of the SM

The three by three Cabibbo-Kobayashi-Maskawa (CKM) unitary matrix describes the couplings
of quarks to one another, with SM ßavour-changing quark transitions mediated by the weak force.

2
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12. CKM quark-mixing matrix 15
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Figure 12.2: Constraints on the ø! , ø" plane. The shaded areas have 95% CL.

ø! = 0 .124+0 .019
! 0.018 , ø" = 0 .356± 0.011. (12.26)

These values are obtained using the method of Refs. [6,104].Using the prescription
of Refs. [111,128] gives# = 0 .22496± 0.00048, A = 0 .823± 0.013, ø! = 0 .141± 0.019,
ø" = 0 .349± 0.012 [129]. The Þt results for the magnitudes of all nine CKM elements are

VCKM =

!

"
0.97434+0 .00011

! 0.00012 0.22506± 0.00050 0.00357± 0.00015
0.22492± 0.00050 0.97351± 0.00013 0.0411± 0.0013
0.00875+0 .00032

! 0.00033 0.0403± 0.0013 0.99915± 0.00005

#

$ , (12.27)

and the Jarlskog invariant is J = (3 .04+0 .21
! 0.20) ! 10! 5.

Figure 12.2 illustrates the constraints on the ø! , ø" plane from various measurements
and the global Þt result. The shaded 95% CL regions all overlapconsistently around the
global Þt region.
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Figure 12.2: Constraints on the ø! , ø" plane. The shaded areas have 95% CL.

and the Jarlskog invariant is J =
!
3.12+0 .13

! 0.12
"

! 10! 5. The parameters in Eq. (12.3) are

sin#12 = 0 .22501± 0.00068, sin#13 = 0 .003732+0 .000090
! 0.000085 ,

sin#23 = 0 .04183+0 .00079
! 0.00069 , $ = 1 .147± 0.026. (12.28)

Fig. 12.2 illustrates the constraints on the ø! , ø" plane from various measurements, and the global
Þt result. The shaded 95% CL regions all overlap consistently around the global Þt region.

If one uses only tree-level inputs (magnitudes of CKM elements not coupling to the top quark
and the angle %), the resulting Þt is almost identical for & in Eq. (12.26), while the other pa-
rametersÕ central values can change by about a sigma and their uncertainties double, yielding
& = 0 .22509± 0.00068, A = 0 .811± 0.024, ø! = 0 .166+0 .022

! 0.021, and ø" = 0 .367+0 .024
! 0.023. This illustrates

how the constraints can be less tight in the presence of BSM physics.

12.5 Implications beyond the SM
The e! ects in B , Bs, K , and D decays and mixings due to high-scale physics (W , Z , t, H in

the SM, and unknown heavier particles) can be parameterized by operators composed of SM Þelds,
obeying the SU(3) ! SU(2) ! U(1) gauge symmetry. Flavor-changing neutral currents, suppressed
in the SM, are especially sensitive to beyond SM contributions. Processes studied in great detail,

31st May, 2024

PDG (2024)
＊以前、FPWSでトークしたときに引用した図
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Unitarity triangle

43Figure 2: Evolution of constraints on the CKM unitarity triangle over time. Clockwise from top
left: prior to the top quark discovering in 1995; after the Þrst b-factory measurements of the angle
! in 2001; prior to the LHC startup in 2009; in January 2022. Reproduced from CKMFitter.9

disagreed, it would therefore not automatically be the case that beyond SM e! ects were altering
the indirect determination.

What does remain unique about direct measurements of" is rather their aforementioned exper-
imental and phenomenological purity. Since" is a function of the complex CKM matrix element
Vub, measurements of" necessarily involve the observation and measurement ofCP violation in
various Standard Model processes. This in turn requires the interfering decay diagrams to have
both a weak (i.e. " itself) and a strong (or hadronic) phase di! erence. The sensitivity to " is
maximized when the interfering diagrams are of similar size. A good deal of ingenuity has there-
fore gone into Þnding pairs of interfering diagrams which are as similar to each other in size and
understanding their strong phase di! erences in order to measure" .

The most sensitive direct determination of " uses øB ! D 0s decays in which the D 0 meson
can decay into a variety of singly or doubly Cabibbo suppressed Þnal states ands is a hadron
state containing strangeness. TheB hadron can be charged, with the most sensitive Þnal states
having s " K ± , or neutral with s " K ± #! . Whether the B hadron is charged or neutral
these measurements are performed integrating over the decay-time distribution of the observed
B hadrons. There are so many di! erent processes involved, each with their own experimental

4
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Lepton Flavor Universality

Iguro, Kitahara, Watanabe 
arXiv:2405.06062

+ HFLAV 2024

+ Bernlochner, et al. 
+ Iguro, Watanabe
+ Bordone, et al.

HFLAV 2023

HFLAV 2024

HFLAV 2022

HFLAV 2019

Figure 1. The world average of the latestRD and RD ! experimental results by HFLAV 2024 (1, 2, 3!
red-solid contours). The former world averages are also shown: the HFLAV 2023, 2022 and 2019
averages by long-dashed, dashed and dotted contours, respectively. On the other hand, the several
SM predictions are shown by crosses [14,29Ð32] (see also Table2).

See Refs. [59,68,69] for their explicit deÞnitions.

In recent years, the Þrst measurements for some of the above polarization observ-

ables have been reported by the Belle collaboration. It is summarized asPD ! Belle
! =

! 0.38 ± 0.51stat
+0 .21
! 0.16syst [8] and F D ! Belle

L = 0 .60 ± 0.08stat ± 0.04syst [70]. Note that the

latter is still a preliminary result. More recently, the LHCb collaboration reported the Þrst

preliminary result of F D !

L using the combined dataset of the LHCb Run 1 and part of the

Run 2; F D ! , LHCb
L = 0 .43 ± 0.06stat ± 0.03syst [71, 72]. Naively combining these results, we

obtain the average value as

F D !

L = 0 .49± 0.05, (1.7)

which is well consistent with the SM prediction, see Table2. Note that although PD
! is the

most striking observable to disentangle the leptoquark (LQ) scenarios that can explain the

anomalies, the experimental result does not exist so far.

Furthermore, the D " -longitudinal polarization in the electron and muon modes have

been measured very precisely by the full Belle data setF D ! ,e
L, Belle = 0 .485± 0.017stat ± 0.005sys

and F D ! ,µ
L, Belle = 0 .518± 0.017stat ± 0.005sys [73], and also the Þrst Belle II data F D ! ,e

L, BelleII =

0.520± 0.005stat ± 0.005sys and F D ! ,µ
L, BelleII = 0 .527± 0.005stat ± 0.005sys [74]. We obtain the

5
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1 Introduction

The semi-tauonic B -meson decays,B ! D (! ) ! " , have been intriguing processes to measure

the lepton ßavor universality (LFU):

RD "
B(B ! D ! " ! )
B(B ! D #" ")

, RD ! "
B(B ! D ! ! " ! )
B(B ! D ! #" " )

, (1.1)

since it has been reported that the global average of the measurements by the BaBar [1,2],

LHCb from Run 1 and Run 2 data [3Ð6], Belle [7Ð11], and recently Belle II collaborations

[12, 13] indicates a deviation from the Standard Model (SM) prediction. Here, # = e, µ

for the BaBar/Belle/Belle II, while # = µ for the LHCb collaborations. See Table1 for

the present experimental summary with including the HFLAV collaborationÕs preliminary

average in the spring of 2024 [14].

A key feature of this deviation is that the world average of the measured values of

RD and RD ! signiÞcantly exceeds their SM predictions and thus implies violation of the

LFU between the tau and light leptons. Then it has been followed by a ton of theoretical

studies to understand its implication from various points of view, e.g., see Refs. [15,16] and

references therein. A conÞrmation of the LFU violation will provide evidence of new physics

(NP).

1

3～4#  deviation from the SM

(SM)
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Figure 3: Comparison of standard-model predictions of the muon anomalous magnetic moment with its
measured value. The panel above the dashed horizontal line shows a comparison of the world-average
measurement ofaµ [1] denoted by a green band, with the standard-model prediction obtained here,
denoted by the red band. The latter is obtained by adding the value ofaLO-HVP

µ computed in present work
to the results for all of the other contributions summarised in Ref. [2]. The panel below the line shows
the predictions foraLO-HVP

µ obtained in the data-driven approach using the most precise measurements of
the two-pion spectrum in electron-positron annihilation and! -decay experiments [23]. These correspond
to BaBar [15, 16], KLOE [17Ð20] and CMD-3 [4] for e+ e! annihilation and Tau for! decays [21, 22].
The blue band shows the muong ! 2 Theory Initiative combination of the data-driven results [2] (White
paper), obtained prior to the publication of the CMD-3 measurement. That combination is currently being
reassessed. The error bars are SEM.

MUonE collaboration [44]. Finally, combinations of lattice and data-driven results, beyond the simple one
presented here, ought to be pursued, following e.g. the methods put forward in [45]. Investigations along
all of those lines are underway.

The precise measurement and standard-model prediction for the anomalous muon magnetic moment
reßect signiÞcant scientiÞc progress. Experimentally, FermilabÕs ÒMuong ! 2Ó collaboration has already
measuredaµ to 0.20 ppm, and plans to improve this to0.10 ppm by the end of 2025. On the theoretical
side, physicists from around the world have performed complex calculations (see e.g. Ref. [2]), some based
on additional precise measurements, incorporating all aspects of the standard model and many quantum
Þeld theory reÞnements. It is remarkable that QED, EW and QCD interactions, which require very di! erent
computational tools, can be included together in a single calculation with such precision. The result for
aLO-HVP

µ presented here, combined with other contributions toaµ summarised in Ref. [2], provides a
standard-model prediction with a precision of0.32 ppm. The agreement found between experiment and
theory to within less than one standard deviation at such a level of precision is a remarkable success for
the standard model and from a broader perspective, for renormalised quantum Þeld theory.
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Summary

フレーバー物理の特長 
ヒッグス機構を前提とした湯川相互作用の検証 

クォーク、レプトン質量とフレーバー混合（世代混合） 
フレーバー混合行列（CKM), FCNC 
ニュートリノ質量に基づくフレーバー混合 

SMの検証＠フレーバー物理実験（いくつか） 

（この話でカバーできなかったこと） 
クォークからハドロンへ 

摂動計算から非摂動計算へ
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