
�

� � � � � � � 	 
 � � 
 � � �
� � � � � � 
 � � � �

� � � � � �  ! " # $ % &  ! % ' ( ) % * + % � % ,
- . / 0 1

2 3 4 5 6 7 8 9 3 6 : FCNC
4 ; < ; = > ? @ 6 A B

C D E F 9 G 6 H I J 3 K L M N < O 8 N @ 3 M P A Q R 5

S T U V W
� � X � Y � Z [ �

\ ] . ^ U _ 0 ` .T a U b c .
d � � e � f g � 	 � h i �

j ] a ^ U _ 0 ` .T a U b c .
k � � l m n o � k � Z p e g q h o e � h i �

r s t t u v w



�

� � � � � � � � � � � �

� � 	 
 � � 
 � � � � � � � �

� � � � � � � � �

� � � � � �  ! " # $ % &  ! % ' ( ) % * + % � % ,

- � . & $ / % 0 1 ! " 2 ' # 3 � � 4 3 5 " # 6 7 8 � 9 : " � 9 % ; 4 $ " % < FCNC � � � � , ( = 5 % 7 ) + " 2 & > ? @ A

B $ 2 A � �  ( C "! "

� � D � E 	 � F �

? � � � ! " � 8 # � % G * H � 2 I A � # $ ! � < 9 ! 2 ) � � : # I I J A ( 4 � K ' B $ 2 A L M N N � % ) � G ) O P Q � ! % A ! 9

+ % � ) � R # S > � 4 ' 9 T � " / % K & 0 "! 9 % 4 $ " U L

/ 9 % < V W X * / � K @ ) # 6 4 X ) � 4 ' 9 Y � 9 / % K & 0 "! 9 % 4 $ " U O
? & � Z 1 % , � � = $ � 4 ' 9 # [ ! % R ! � " 9 9 % 4 $ " U M

9 " \ * # K 8 9 " 9 � G ) � 4 ' 9 # S R " 9 ! � " 9 9 % 4 $ " U ]



�



� � � � � � �

� � � � � �� 	

 � � 
 � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! " � # � $ � � � % � � # & � 
 � � '

� � ( � � ) # � � � � � � � � � � � � � * ) � � � � � � + � � � � � � � � � � � � 	 � 
 � � � � � , - . � / 0 � � % � � � 1 � � � / 2 ��
# � � ! / 3 � 2 
 � � � 
 � � � � � � � � � 4 � 5 6 � � � % ' � � 2 % � � � / 2 �� � � 2 7 � 8 � 9 � � ' � � � � 5 * � : � � �� % � � � � � �

� � � � 9 � 2 # � ; ! � � � � � 
 ' $ " ! � : + � � � � % < � � � � = 
 > � � � � / 2 �� � � 
 � � � 
 � �
� � 
 � � � � � , - . � / 0

? $ 5 � ' � � 5 � � �� � @ > + A � � � 
 � � � � � 
 ' � � � � � � � � 4 � � � � � 4 � � � � � ' � � � � � � � � 2 � � 
 B
	 � '



� � � � � � � � � � � � � �
� 	 � � � 	 � � 
 � � 
 � � � � � � � � � � � � FCNC � 
 	 
 � � � 	 � � 


� 
 � � �

� � � � � � � � � � � � 	 
 � � � � � 	 
 � � � � � � � 
 � � � � 
 � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � 
 � � � � � � 
 � � � � � � � � � � �  ! � � � � � � � � � � 	 
 � � " � � � � � � � � � � � # 
 � � � � � � � � �  � � � $ � % �

� � � �$
� � � � % $ 
 � � � � 
 � � � � � � � 	 & ' � ( � ) 
 � � � * � + � � � � � � � � � � � � � � ! � � � � � � % 
 � � � � 
 � ) �

� � � � � 
 � � � � � � � � � � �� , � � � �  
 - � � � � � �  � ! ( �� ! � � � � � � � � � . � " � � � � � � � � � � � � � � " � � � � � � � � �
� � � � � � , � � � � � � � � � � � � 
 * � � � � / * . � " � � � � � # ( � � $ � 
 � � � � " � 
 � � � 
 0 � � � � � � � � � � � � � 
 + � ' & �
% 
 � � % � � . � � � " � � � � � � � � � � � � � � � � � � / � � � � � � � 
 � � � � � 	 � � � � � � � � � & � � ' � � � � % � � � � * � �

� � � 1 � � � � � 1 
 � ( �$
) � , � � � � � � - � � � � 
 0 � � � � % � � � 
 � � � 
 0 � � % � � ! � � ( � � 2 � $ � � � � � � 	 & ' �

� � # � � 3 % � � � � � � 
 � ) � � 4 � � 	 
 � " � ! � � % � ! � � � � � � � � � � � � � � � � � � � � 
 � � � 4 � � & � � ' � � � � * � � �
� � � ! � � � � � � � � � � � � � � � � ! 
 � � � % � # � � % � � ! � �  � 5 � � � � 
 � � 2 � 6 � % � � � � � . � " � � �

& � � ' � � � � . + 3 � � � , � 7 � � � % � 
 - � � / � 
 � � � � � % � � . � � � .
GIM

8 0 � � � & � 7 � � � % � � � � � � � � � � � � � � �
FCNC � � 
 * � � � � �$ � � � ) � 	 
 � � � � � � � � � � ! 
 � � � 
 � � � % " + 2 � � / " � � � � � � � � � � � � 
 � � � � 0 1 � � �

� � � � � � � � � � � � � � � � �$
� � � 
 � � � � � � � � � � � � � � ! � 
 & � � ' � � � �

� � % " + 2 / * � � % � � � � � � � 2 � 
 
 � � % " + 2 � 
 � 3 � �
FCNC

� � � % � � . � � � " � � � � � � � � � � � � 9 � 3 � � 3 � �
� 
 MSSM � � � � � " � � � � � � � � � � � � �$

� � � � � � � � � � � � � � � � � � � � 4 2 	 � 
 � # � � � � � � ' � � � � �
W

/ � � � �
2 � % " + 2 � � 0 1 � � � / � � : ' � & � � ' � � � �

FCNC
� � � % � � . � � � % 3 � 1 " Technicolor

% $ 
 � � �
� � � � ! 5 � 0 � � � � � � � � � � � � � � � � 
 � � � % � # % � � 5 � � 
  � � � 7 � � ; � � 3 % � � � � � � � 
 � �  � * � � � " � � � � � �

FCNC
� � � % � � . � � � � � % " + 2 � � � � �  3 " W / � � � � � � � % " + 2 � � � � � < " MSSM � � � � - � � � � �

� � � � � 6 + 1 � � � � � � � � � � " " � � � � � � 3 " � � � � � � 0 � � � � � � % " + 2 " MSSM � � � � � � � � � � � . �  � & � � ' � � � �
� � � 
 1 � ! �  � � � �� % " + 2 � � .  � � � 7 � 3 	 
 � � � � � � � � � .  � & � � ' � � � �

FCNC
� � � % � � . � � �


 � % + � � 1 � & � � �
charm ' � � � � 
 & 
 � � & � � 
 5 1 ; � � � � � � ) 1 � � � tcZ

� $ � $ � . + 3 � � � , � / � � � 
 - � �
� � " & � � �

charm
� �  � � � � � 
 & 
 � � & � � 
 5 1 ; � � � � � � ) 1 � � � � � � � � 
 � � � 2 � � � � �  � � � � � � . � � �

� . � � � 
 � � � � ;
FCNC � � � � � � � � � � 
 1 � ! �  � 	 
 � � � � �� 
 
 � � � 2

FCNC 8 9 : ; < = : > ? 9 @ A B C D 8 E F G H I ? J K 8 L D F M N O P ? I Q D I ? R S F = T ? U R V W L R M X K L F Y Z [ ? C

Glashow - Iliopoulos - Maiani \



� � � � � � � � � � � �

� � 	 
 � � � � 
� 	 	 � 
 � � 
 � 
 
 � � � �

�
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � � 
 �

�
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � 	 
 � � 
 � � � � � � � 
 �
�

. . . . . . . . . . . . . . . . . . . . . � � � � � � � � � 
 � � � 
 � � � � � � � � 
 � 
 �
� �

. . . . . . . . . . . . . . . . . . . . . � � � � � � � � � 
 � � � 
 � � � � � � � 
 � 
 �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� 
 � � � � � � � � � � � � � 
 �
� �

. . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � 
 � � � � 
 � 
 �
� �

. . . . . . . . . . . . . . . . . . . . SU( � )L ⊗ U( � )Y
� � 
 � � � � 
 � 
 �

� �
. . . . . . . . . . . . . . . . . . . . . . � � � � � � � � 
 � � � � � �  � � � 
 � 
 �

� �
. . . . . . . . . . . . . . . . . . . . . . � 	 � ! � � 
 � � � � � �  � � � 
 � 
 �

� �
. . . . . . . . . . . . . . . . . . . . .

� � � � � 	 
 � � " � � �  � � � � ! � 
 � 
 �

�



� � � � � � � � � 	 
 � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � � � � � � � � 	 � 
 � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . .

� � 
 � � � � � � � � � � � � � � �

� � . . . . . . . . . . . . . . . . . . . . . Higgs - Kibble
� � � � � � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � � � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � �  � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � � ! � � " � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

# � $ � � � � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . CP 
 � � � � � � �

� � � � � � % � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . � � & � � � 
 � & ' � � � � 	 � � 
 � & � ( � �  � � � � � �

� �
. . . . . .

� � � � � � 
 � � & 
 � ) � � � � � � � � *  & � � &  & 	 � � 
 � & � ( � � " � � � � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

	 � � 
 � & � ( � � � � & � � � �

� �
. . . . . . . . . . .

	 � � 
 � & � ( � � � � � � �
CKM � � � � � � � + � � , � � � � �

� �
. . . . . . . . . . . . . . . . . . . .

	 � � 
 � & � ( � � � � & � � � � - � � � � � �

� 	
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

	 � � 
 � & � ( � � � � � � � �



� � � � � � � � � 	 
 � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � � � � � � � � � 	 � � � �

� � 
 � � � 
 � � � 
 � FCNC �� � 	 � 
 �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � 
 � � � � �

� �
. . . . . . . . . . . . . . . . . . . . .

� � � � � � � � � 
 � � � FCNC � 
 � 
 � � � �

� �
. . . . . . . . . . . . . . . . . . .

� � � � � � � � � � � � � 
 � � � 	 � � 
 � � � � � �

� �
. . . . . . . . . . . . . � MSSM � � � � � � � � � � � � � � � � � � 
 � � � 	 � � 
 � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . .

�
HDM � 
 � � � � � �

� �
. . . . . . . . . . . . . . . . . � 
 � � � � � �  � ! � � � � � � � FCNC

� � � � � " # � � �

� �
. . . . . . . . . . . . . . . . . . . . t → c + Z

� � � $ � % � &  � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . LHC � � FCNC � 
 � 
 � � � �

� �
charm

'
top

� � � � � � � � � ( � � � ( 	 � � & 
 ) ' � � � � � � � � 	 � � �
FCNC � 
 � 
 � � � 	 � 
 � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � " � * � � � � � �

� � � � 
 � 
 � � � � � � � � � � �
� � � � 	 � � 




� � � � � �
� � �

� �
. . . . � � � � � � � � � � � � 	 
 � � 
 � � � � 	 
 � � � � � 
 � � � � � 	 � � � � � � � � 
 � � � � � � 
 � � � � �

� �
. . . . . . . . .

� � 	 
 � � 
 � � � � 	 
 � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � �

� � . . . . . . . . . � � 
 
 � � 
  � ! � � � � � 
 � � 	  � � � � 	 " # � � 	 � � �  $ � 	 � � � � � �� � � �

� � � � 
  % � � � � � 
  � � � � � 
 � � � � � � � � � � � � & � � � � � � � � � � % � � � � � �
� �

. . . . . . . . . . . . . . . . . . . . . . . . . . . .
� 
 � ' " � � � � 
  % � � � � � 
  

� 
 ! � � 
 � � 	 ( 
 � � � � 	 
 � � � � � � 
 ! � � � � � � � � � 	 � � � � � � � � 
 � � � � � � � � � 
 � � � � �

� � 
 ! � � � � � � � � � ) � � � 
 ! � � 
 � � 	 ( 
 � � � � 	 
 � � � � � 
 � 	 � � � � 	 
 � � � � 
 � � 	 ( 
 � � 
 � * �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� � � 	 
 � � � � 
 � � 	 ( 
 �

� 
 ! � � � � � � � � � ) � � � � 	 
 � � 
 � � � � 	 
 � � � � � 
 � 	 � � � 	 � � � � � � � � 
 � � � � � � 
 � � � � �
� �

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
� 
 ! � % � �

�



� � � � � � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . � � � � � � � � � � 	 � 
 � � 
 � � � � 
 � �� � � �

� �
. . . . . . . . . . . . . . . . . . . . . � � 
 � � � � � 	 � 
 � � 
 � � � � 
 � �� � � �

� �
. . . . . . . . . . . . . . . . .

� � � � � � � � � � � � � � � 
 � � 
 � � � � � � � 
 � �� � � �

� � � � � � � �
� 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! � " � # � � � � "  � � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � � ! �� � � � � � � � 
 �

� �
. . . . . . . . . . . . . . . . . .

� � � � � � � � � � 
 � � � � � � � $ � � 
 � % � � � � 	 � � � �

� �
. . . . . . . . . . . . . . . . . . . . .

$ � � 
 � � � � � � � � � � � � � & � % � � � � 	 � � � �

� � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � 	 � % � � � � 	 � ' � � � 	 ' � � � 
 ( � � 
 � � 
 % � � � �

� �
. . . . . . . . . . . . . . . . . � � � � � � � ! � ) � � � � �  � � * � � � � � � � + ( � � 
 � � , � � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . � � 
 � � � $ � � � � � � ( � � 
 � � � � � � � � � �

� �
. . . . . . . . .

� � ( � & � � � � � � 
 � � � 	 	 � � � � � � � � � � � � � � � - � 
 � � & � � � � � � � � �



� � � � � � � � � �

� � � � � � � � � � � 	 
 � � � � � � � � � � � 
 
 � � � � � � � � � � � 
 � � � � 
 � � � � � � 
 � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � �

� �
. . . . . . . . . . . . . . . .

� � � � � � � � � � � � � � � �  � � 	 � 
 � � � ! � 
 � 
 � � �

� � � " ! � � � � � � # � � � � � � � � � � � � � � � � � � � � �  � � � $ � 
 	 � 
 � � � � � ! � 
 � 
 � � �

� �
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � � � � � � �

� �
. . . . . . . . . . . . . . . . .

	 � 
 � � % & ' � � � � � � � 	 � 
 � � � ( � 
 � � � ) � � � � �

� �
. . . . . . . . . . . . . . . . . � � � # � � � � � � � 	 � � �  � � � �  � � � 
 
 ! � � * � + � � �

� � . � � � � � 
 � � � � � � ! � � ( & � , ! - � � � � � # � � � � � � � 	 � � �  � � � �  � � � 
 
 � � � � � � � . � � � �

� �
. . . . . . . . . . . . . . . . . . / 	 � 
 � � � � � 	 � 
 � � � � � � � 0 � � � � � � � ) � � � � �

� � . . . . . � - � 1 � � � 2 + � � � � � �� � � � � � # � � � � 	 � � � �  � � � 
 
 
 � � � � 
 � $ & � � �



� � � �

� � � � � � � �� � � � � 	 � � 
 � � � 	 �


 � � � � � � �

� � � � �
SU( 	 )C ⊗ SU( � )L ⊗ U( � )Y

� � � � 	 
 � � � � � � � � 
 � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � �

� � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � 
 �
 � � �  � ! � � � � � " � � � � � 	 � � � # $ � � % 
 ! � & % � 


� � # $ � � % 
 ! � & % � 
 � � � 
 � � � � � � 
 ' � ( 	 � � 
 	 # � # ) � � 	 # � * � � 
 � ! � � � � � +
# � 	 � , �  # 
 � �

� � % 	 # � � � - � . � � � % 	 # � � � ) / � � 	 � � � % 
 ! � & % � 
 � � � 

W±�

Z 
 � � ' � ( 	 � - # 
 � � � � � �  � ! � � � � � " � �

/ � � # , � � � � ! 
 � � �  0 � � � � 
 � � � � � � � � , � � 1 � � � � , � � 1 � ! , � � % 
 
 � # �

(
νe u

e− d′

)(
νμ c

μ− s′

)(
ντ t

τ− b′

)
� � � � �

� / � # , � � � % � � � * � � � � � 
 � � � � � $ 
 � 
 
 � # � � % � � �

(
νl qu

l− qd

)
≡
(

νl

l−

)
L

,

(
qu

qd

)
L

, l−R , quR , qdR � � � � �

�



� � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � � 	 
 � � � 
 � � � � � � � � � � � � � � � 
 � � � � � 	 
 � � � � �
� � � 
 � 
 � � � � � � � � � 
 � � � � � �� � � � � �

� � � 
 �  � � � � � ! � � "
� # � � � � � � � � � � � � � � � 	 � 
 � � 
 � � � � � � � � � � � � � � � SU(2)� � � � � � � � �

� � � � � � � � � � � � � � � � � � � � 
 � � � �  � ! � � � � � �  " � � � # � � � � $ 	 % # � & � " � � & 
 ' �
�� � 	 � � � 
 � � � � ( � 
 ) * � SSB � + � � � � # � � 	 ' � � � � 
 � � , � � � � � � � � � � 
 � � � -

� � � # � � � � $ 	 % + � � � �

� � " � � � � � � � � � 
 	 � � " 
 � � 
 � � � � ( � 
 ) 
 � . � '

SU( � )C ⊗ SU( � )L ⊗ U( � )Y −→ SU( � )C ⊗ U( � )QED � � � � �

# � ( � 
 � (- � � � � � �  �
� � � ' � � " � � � � 	 � � � �� � 	 � � # � � � � $ 	 % # �  � � . � ' � 
 �

SSB
� / 	 � � � �

� � � � / 	 � + � 0 � � & 
 	 � 
 � � � & + � 	 � 
 � � 
 � � � � � � � ( � 	 � � � � / � 	 & � � � � � � � 1 � � , � � � � � � � / 	 �

� � � � � � � � 	 � � � SSB
� / 	 � � � �

2 � � � � � � � 1 � � , � � � � � � + � � � � � / 	 � � � � & � 	 � � � � , � 
 � ) � / ' . � � � � � � � � � � � � � � 1 � � � SM

3 � ' � 4 � � ' � � / 	 � � � ( � � � � � � " � � ' 
 5 � � � � � 6 � 	 7
� � � ' � � � 4 � � � 
 � � � 5 � � �� � � � . � � 	 
 ' # 
 � �

� � � � � � � � � � 	 � � " � � � 
 � � � � (- � � � # � & # � � � 
 ) 3 � � � 5 � ! � � 	 ' � � # � � � � $ 	 % � 7 � 8 � � 4 � � � �

� 	 � � � 
 � � � � # 
 � � 2 � � � � � � � � � � � � 	 0 � * � � � � � � � � � " � � � � � � � � � � � � 	 � � " � � � � � 
 �

� � � 	 7
� � �� SSB

� 
 	 � � � � � # � � � � $ 	 % � � � � � � 
 	 � 
 � � ' � � � � � ( � � � � �� � � � � # � & � 	 ' � �

[
� � �

] � � " " �

Higgs �



� � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � 	 
 � � � � � � 	 � �


 � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � 	 � 
 � � 
 � � � 	 �� � � � � � � �
� � � � � � � � �

L � = iψ̄(x)γμψ(x) − mψ̄(x)ψ(x) � � � � �
� 	 � � � � � � �

U( � ) � � � � � � 
 	 �  � 	 ! � L �

ψ(x) −→ ψ′(x) ≡ exp {iQθ} ψ(x) � � � � �

� " 	 # � � � � � � 
 
 � � $ % � & ' 
 � � � � � � � ( � � � � 
 � 	 ψ(X)
� � � ) 	 � � � � � 
 � � � � � � * 	 $ � � � 	 Qθ

+ �

� � 	 � � � � � � � � � � � � , 	 � � � $ � � � � � 
 � 
 � � � � � � � - & 
 
 � � � � $ � � �� � � � % 	 �  � � � � . 	 � � $ � � $ ) 	 � �

� , 	 � � � + � � / � � � � 0 θ = θ(x) � � � � 
 � � � 	 ! � 
 1 � 
 ) � � $ � 2 � � 
 � � � � � � �

∂μψ(x) −→ exp {iQθ} (∂μ + iQ∂μθ) ψ(x) � � � � �

� � � + $ 
 � 
 � � � � � 
 � � � + � 3 2 � � � 	 � $ � � � � 
 . � 3 2 � � 4 + & � � 	 � 5
X �

+ � � � � � � � � � � � � � ( � � � � � �

) � 	 � � 
 � � �  6 � � � � 7 � 8 � � � + $ . 	 � ) � � �

� & ( � � � � . 	 � ) � � 4 � � * � � � � 
 � � 6 + $
U( � )

� � � � 	 � � � � � � + � 	 ' � 	 � � � 
 � � � � � � + � � 3 � 5 % � �

+ � � � � � 
 � � �� ∂μ
+ � � � 4 % 	 �  � 
 � � � + � , � � � + � � � � � � � � � � � + $ �� � � 	 � � 
 $ � 	 + � 	 � � � 	 � 5 
 � " 
 �

� 	 
 � � � � ) � � � 	 � 5 � 
 � � �
�

� � � � � % 	 �  � � � � � 
 1 
 � � � � � � � � � 
 � � * 
 � � ) � � � � � * � � � � �
� � � 4 � 
 % 	 �  � � 	 � � � �

� + $ + � , � � � � 
 � � � � 
 �� � . � � � � � $
Aμ(x) � 	 � � 
 � � � 




� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

Aμ(x) −→ A′μ(x) ≡ Aμ(x) − �
e

∂μθ � � � � �
� � � � � � � � � 	 � 
 � � 
 � � � � � � � � � �

Dμψ(x) ≡ [∂μ + ieQAμ(x)] ψ(x) � � � � �
� � 
 � 	 � � � � � � � 
 � � � � � � � � � �

Dμψ(x) −→ (Dμψ)′(x) ≡ exp {iQθ} Dμ ψ(x) � � � � �
� � � 
 � �  

	 !

L ≡ iψ̄(x)γμDμψ(x) − mψ̄(x)ψ(x) = L � − eQ Aμ(x) ψ̄(x) γμ ψ(x) � � � � � �

" � # 
 � � � � �
U( � ) 	 � � 
 � $ � � � � � � % �

� � � � � & � � � � � � � 
 � 	 � � & 
 � � 
 � � � � � ! � 
 � � � � � 
 � � � � 
 � � � # 
 ' � � 
� 	 � � � ( � � � � 
 � � � � � ! � ) 


" � # 
 * 
 
 � 	 � � + � � �
Q 	 , � - � � 
 � � � � � 	 
 � � � � � � � � � � & 
 � " � , � � � QED) 	 � � � � � � � � � � � 	 
 � � � � . � 
/

�

� � � 
 � � � � � ! � 
 � � � � � 	 � � � & � / 0 � & � � � � � # 
 1 �  2 � � � � � 
 � � � � � � � � � � 
 � 3 
 � � �
A

� � ( � � 
 
 � � � � 


� ( � � � � 4 � � 
 � .

LKin ≡ − �� Fμν(x) Fμν(x) � � � � � �
' � � � 	 � � � & � / 0 � & " � # 
 	 	 
 � � � 	 , � - � � 
 � � � � � 	 
 � 
 � � � 	 � � � �

Fμν ≡ ∂μAν − ∂νAμ
� �

" � � � 	 � 


 � 
� � 
 � � � � � ! 	 � 
 � � � � � 
 � � � � � � � 	 � � 
 � � � Lm =

�� m
�
AμAμ

� 
 � � � � � ! � 
 � � � � 
 � �

( � � 
 � 	 � 	 � � 5 � � 
 - � � " � � � � 1 � & � � � � 	 � 
 � 
 4 � 
 � � � � � � 
 � 	 � 	 � � � � � ! � � � � � ' � � �

$  � � � � � � � � � � � � � � � � � � � $  � � � � � � � � � � � 
 � �  � 

[ � ] " � # 


Mγ < � × � � − � �
eV

� �



� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � � 	 
 � � � � � 
 �

∂μFμν = Jμ ≡ eQ ψ̄ γνψ �
� �

�

�
�

� � � � � � � � � � � � � � � � 	 � �
QED


 � � � � 
 � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
Jν � �

� 	 �  � � � � � � � � � � � � � � � � ! � � � " � � � � � � � � � # � � � � 	 �  � � � # � � � $ 	 � � 
 � � � � � � %

e–

e+

q

q

γ, Z

� & � � � 	 � & � � � � � � � � � % � � � � � � � � 
 	 � � � � 
 � � � ' � � � � � � � ( � 	 � � 	 � � � � �
�

� � �  

� � � � � � � � � � � � 	 
 � � � 	 
 �
� � � � �

� � � � � � � � �

� 	 � 
 � � � 
 � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! � � � � " � # � � � " � � � $ 	

�� M ≡ qq̄
% & � � � ' ( �  ! � ) � � � � � * � � 	 � � � � � 
 � � ' � � ! �� � � � ! �� � � ' � � 
 ) 
 	 # � � 
 � � � �� � " �

� � + � �� � � � � � � ' , 
 � � � � 	 � � � � � � � 
 � � � 	 � ! � B ≡ qqq � � � � � � � � � � � � � ' ( � � � � � � ) 
 & � � � � � � � � �

� � � � � � � � � � � * � � " � 
 � � � � � � - � ! � * � � ! . / � � � � ( � � � � � � � . � � # � � � 0 � � � � � � � 	 � 
 � � # � � �

� � � � � Nc = � , 1 � 2 ! � � � � � % � � 0 ) � ! � � � � � � ' � � # � � � � � 	 � � � 
 � � � � � � � � � � ! � � � � � �

, 
 � � 	 � � � � � � � ) 	 � � + 
 � � 	 � � � ' ( � � � � � � � ' ( �  ! � � 	 � � � . �  + � �  ! � 3 � qα, α = � , � , �

 � � � �



� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � �

B =
�√

�
εαβγ | qαqβqγ > M =

�√
�

δαβ | qαq̄β > �
� � � �

�

� � � 	 � 
 � � � 
 
 � � � � � 
 � � � � � � � � � � � 
 � �� � � � � � 	 
 � � � � � 
 � 	 � 
 
 � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � �  � � � � � � � 
 � � � � � ! � � " # � � 
 	 
 $ % � � � � 
 � � � $ � 	 � � � � � � � � & � 
 ' � 	 � 
 


� � � � � � � � ( � 
 	 ) � � � 
 � � � � * 
 � � � 	 
 � � � � " + � � � � � � �  � � � � � � � � � � � � � $ ! 
 � � � � � � � � 
 � � � � � � �

� � � � � 
 � � � � � 
 $ % � � � � � " + 
 
 , � � � � � � $ � 	 � � � � � 
 
 
 	 ) � � � 
 � 
 
 ' � ( � �

� " - � � � � � �
. � �� � � � � � � $ � � � 
 � � � � � � � � � 
 $ � � � 
 � / � , �

Re+e− ≡ σ(e+e− → hadrons)

σ(e+e− → μ+μ−)
�

� � � �
�

� � 0 1 0 � % � � � 	 � � � � � Z∗ → qq̄ → hadrons� e+e− → γ∗ � � � ( � � � 2 � � � � � � 
 	 � � + � �

� � � 	 � � 
 �  � � � � 
 � � � " - � , � � � � � 3 � � � � � 
 	 4 
 � $ 
 � � � � � � 
 � 
 	 ) � � � 
 � � � � � � � � � 
 
 ' � ( � �

� � � � 3 �  � � 5 � 
 	 � � � � 
 	 � � � � �� 	 . 
 � � . - � � � � � � � � � � � 
 6 � " + 
 
 � � � � � � � � 
 	 ) � � � 
 � � � 	

� 
 � " & � � � � " - � ) � $ � � Z∗ → μ+μ−� e+e− → γ∗ � � � ( � � 
 � � 
 7 � / � � � $ % + � � � + � � � 
 	 � � $ 
 
 �

� � � " - � � � � 6 � γ 4 � 
 & � � � � � 
 � 	 . 
 � � . - Z peak� � � �  � � 
 * � � � ! � 
 	 � 
 � � � � � � � � � � � � � 

� � � ( � � " - � � � 
 	 ) � � � 
 � % � � $ % + � � 
 	 � 
 � � 
 	 	 � � � 	 � � � � Re+e−

" & � � � ' � $ �

Re+e− ≈ NC

Nf∑
f= �

Q
�

f =
�

�
NC = � (Nf = � : u, d, s) �

� � � �
�

=
� �

� NC =
� �

�
(Nf =

�
: u, d, s, c)

=
� �� NC =

� �

�
(Nf = � : u, d, s, c, b)



� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � � �� � � 	 
 � � � � � 
 
 � � � � � � 	 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � 	 � � � � 	 � � � � � � � � 
 � � � 	 
 � 
 � � �  ! " � 
 # $ 
 � � � 	 % & # � �� " ' � ( 
 � � ) * � � # ! �� � � � � + � � � , � 	 � � � # $

� $ � � - � � ) � � � � � � � 
 � 	 . � # $ � Nc = �

 �  / � 
 - � 0 � � 
 � � ) � � 
 � 
 
 - � 
 � � � 	 % � � � 0 � � � 	 � � � � � � 	 


� � # - � � 	 
 
 � � � � . � � 1 	 . � � � � � � � � 
 � . � � � � � � � � # 2 � � ) �  ! � ) � - 
 ! � �  ! 
 3 # $ � � # � � 
 � � � � -

� � 	 � � � � � � � 4 � 	 �


 � � � � � � � � �  ) � � 
 � � � ) � # � 
 � . � � / � � � � � � � - 1 	 # $ � � � 5 �  � 
 0 � � � � � � � ) �  ! � ) � -

�  � � ) � � 5 � � � 	 � � 
 � # 2 � � ) 0 � � � � �  � � $ � 
 (u, d, s, c, b, t)
* � � # ! � � 5 � - " � � � 0 � � � � � � � ) � � / � +

� � � � - (W±, Z, γ) " � � � 0 � � � � � � 0 � � � � � 
 � � � � � / � � � 5 � � � � � � � � � 
 
 � � 
 � � / � + �� � � 5 0

� � ) 0 � � � � � � �   ! � ! � � � � - � � #  6 
 - � � � 
 ! � 	 � � 
 � � � 
 - � � � � 5 � / � � - �  - � � # � � � � � 4 3 * � � # !

� [ � 0 � ] � / � � � - 	 � 	 � � / � � - � 
 # � � � # ! � � � � 
 
 � / � � � 7 / � �  ! � � 	 0 � # � 
 � . � � � � � � � � # 2

10
-1

1

10

10 2

10 3

1 10 10
2

ρ

ω
φ

ρ

J/ψ ψ(2S) ZR

S    GeV

� � � � � � � �
�

� � � � 	 � 
 � 
 � 
 � �
� � � � � 
 � � � � � � � � � � � � 
 � � 8

�

� � 	 �

� ' - % � � 	 � � 
 � � � � + � � � 	 $

� � � � � � � - � 
 � � � � 
 � � � ! � � � 	 � � � - � � 	 � f � � 5 0 α
� � � � - � ! � � # ! � � � � 
 7 / qα

f
� �  ! � 
 � � .

� qT
f ≡ (q

�
f , q

�

f , q 
f )
� � / � � � � 
 � � � � � � � � � � 
 .



� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � � � 	 �

L � =
∑

f

q̄f (iγμ∂μ − mf ) qf �
� � � �

�

� 
 � � � � 
 � � � � � � � � � � � � � �
SU( � )C

� � � � � � 
 � �

qα
f → (qα

f ) = Uα
β qβ

f , UU † = U †U = � , det U = � �
� � � �

�

� � � � � � � � � � � � � � � � � � � � SU( � )C
� � � � � � � � �

U = exp {iλ
a

� θa} �
� � � �

�

� �  � � � ! � � " # � � � � � � � �� � $ θa

 � �  � � �

SU( � )c
� � % � � � & � ' � � # � � �

� λa(a = � , � , · · · , � )
� �

� �   � � � � � 	 � � � � � � ( � � % � 
 ) � �� � � 
 �  � � � � � � � * 
 � � λa � � � � � � � � �

[
λa

� ,
λb

� ] = ifabc λc

� �
� � � �

�

� �  � � � � � � � � $ 
 � � + � � � � �  � � �
SU( � )C

� � � , � � 
 � � �
fabc

� �

� � � 
 � � � - 
 � � SU( � )C
� � � � � � 
 � � � � � � � � � � � + � � � � � � � � 	 � � � . + � � (  � � � � � QED �  � � & �

� � � � � ( � � � � � � +  � / � � - � � � � � & � � � � � 0 � � � 
 � � 1 � � � � � + � ' � � � � � � � �  � � � � θ = θa(x)
� � � � �

� � � � � � � ! � + � � � * � � � 	 � � � Gμ
a

/ � � " � � � � � � & + $ * 
 � � � 2 � � � � � � � � � � � & + $ � � � � � � � � �� � $ 2 * �  � �
� 
 � � 1 � �

Dμ
qf

≡
[
∂μ + igs

λa

� Gμ
a(x)

]
qf ≡ [dμ + igsG

μ(x)] qf �
3 	 � �

�



� � � � � � � � � �� � � � � � � � � � � � � � � � 	 �

� � � � � � � � � � � 	 
 � � � � � � � � � � � 
 � � � 
 � � � � 
 � � � � � � � � � �

[Gμ(x)]αβ ≡
(

λa

�

)
αβ

Gμ
a(x) . � � � � � �

abcf
Gσ

c

Gν
bGμ

a

Gν
c

adefabcfgs
2

G b
μ Gσ

d

G e
ρ

qα

Gμ
a

q

gs 2
γ μ

αβ
a

λ gs

β

� � � � � � � � � � � 	 
 � � � � 
 � � � � � � � � � � � � � � 
 � � � � � � 	 � � �� � � � � � � �

� � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � qf

� � � � � � � � � � � � 
  �
� � � ! � Dμ

qf

� � � �  � � " � 
 � 


� � � � � � 
 � � � # � � � � � � � � 
 � $ � �  % � � � 


Dμ −→ (Dμ)′ = UDμU † , Gμ −→ (Gμ)′ = UGμU † +
i

gs
(∂μU)U † � � � � � �

� � � � � � � � � � & � � ' � � � SU( � )c
� � � � � � � & ( �

qα
f → (qα

f )′ = qα
f + i

(
λa

�

)
αβ

δθa qβ
f ,

Gμ
a → (Gμ

a)′ = Gμ
a − �

gs
∂μ(δθa) − fabcδθbG

μ
c � � � � � �

& ) � � � % � � � � � � � � QED � � � � & ) � � * � � + � � � � � � � � $ � � � �
, - � �  % � � � 
 � � � � � 
 � $ � � � � � �

� �  % � � � 
 � 
 � � � � � � 	 � � 
 , 
 � � � % � . * � � / � � 
 SU( � )C
� �  � � � � � 
 � � � � � � � � � $ � � � � � . 0


