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 مقالات مستخرج از پايان نامه

1- Mass terms in CP-conserving Weinberg 2HDM; accepted for 
publication in International Journal of Modern Physics E (IJMPE). 

 

2- Mass terms of CP-violating Weinberg 3HDM at charge-breaking 
vacuum; accepted for publication in Journal of Modern Physics E 
(IJMPE). 
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�-P 
 ��-,�=4� X-~7 �� V5� ��+/� a*�2 ;�+P ��� 7-�-3 %� ���+/� �+T�6 �  "��R a��+5

G4� .��%� )6�)5 a��+5 ����	 GQ6 mn$�A  ��& �2 G4� m6>?� ����  X- .�� 1  ��& .��

-�2 m h#=Q ��  ��-,�=4� X- .7�+9,� ��+� ��)�+� �,�g&  X- ����Dm��6 &  �9�%� m?� �21

 W�F� &  �� G4� �%f 1 G4�  ��-,�=4� X- %� )6 h�2 ��� X- .�)6 7 �4 7���� 
Z ��+/�

+�2
.

�� 7-�� .�)6 �=/�)� %�  �� &  �2 G�g ���=� -���%� -�6��A	  ��-,�=4� X- V5� �)r(�/�

 �� �,�#+3 m�� �&�, hT�&)t(m5)����P6  �' ��  �' G/?� 7-�-3�.

m�� �&�,,&%�� -+��6 �� m�F� �� �,�#+3 ��Z ��Z,&%�� .�� ��Z��2 
� )� & �� �,�#+3 |>DT� ��

�� �,�#+3 7 � �� ),�+)5 �Z ( �� ! ),&%��  �' .+� Y�2 
�)� �2 -�  ! k� !,�% �Z�6 �Z

 -��� m��� )+� �� �,�#+3 7&)g.(J+2)6 )9�  c)^ %��� m�F� �� �,�#+3 m�� �&�,SSB��+,�? ��

+�,�+)5 & �+�F ��� )� ��Z,&%�� ��� �)� �2  �� ! )M� �9� �Z �� ! J�� �.

 )� -+2L6 �� �� 7-�-3 .�� �&  )� )� )q=e ��&) �� � � �2 �)*  �� ! �p��� �9+� ��+,�? 

2HDM-��� ! ���P6 G/?� Ye� ��4 �6.

rsrm�F� �� �,�#+3 m�� �&�, 
X�/2� "f �� �2 
+,�  ! a+4>2 a+��� &)=?�� %�#+3 h�-A6 a� GQ6 �� m�F� �� �,�

 �)5( )A A xµ µ µλ→ + ∂�D��� .�� �  �2 -�=/� � �&�, AµG4� h+/,�=3 �� )� ��Z* .c)^ %�

%� G/6��A	 ��)�   �%� .�8,�)gf 1 )9�  

( )1 1−( )i mµ
µψ γ ψ= ∂ −freeL

1 Standard Model 
2 Two-Higgs-Doublet Model (2HDM) 
3 Spontaneous Symmetry Breaking (SSB) 
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m��8,�)gf .+�* �2 -�  ���6 ! %�5 )++�6 GQ6ie θψ ψ→G4� �&�, .���P6 .=��  .�R �  ��

 �� �,�#+3 �� �2 a+��� &)=?�� �  m�F��� .�R �� X��\4 .�� G4� .?# 1 -� 7���� �-4)

 ���6 ! ��� �2 ���P6X����g _ �  ��4�6 !�F� ���P6 �� �� ��� -�+3 1 G4� GAn [4�3 )g� &

���' �* ���2 .+�* m?��+5�_ �� -V=� m���9��� �� �2  �  ���, ���6 ! � ��#�

D iqAµ µ µ≡ ∂ +X�), V=� ��� �� µ∂4��' .�� �� 
+4� m �=)Aµa� +��Z* ��-

-A6 m=�& �2 G4� ��� )��m�F� h( )exp ( )i xψ λ ψ→ − "��T �� 1  �� X�#	� 

( )A A xµ µ µλ→ + ∂ �� m h�-A6 ..�8,�)gf ����2 .�� ��M,� ��)rsr(��  �� ! h�-A6 

( ) ( )i D m i m qA J Aµ µ µ µ
µ µ µ µψ γ ψ ψ γ ψ ψγ ψ= − = ∂ − − = −freeL L 

�� .">�-A6 J+2)6 GQ6 -�-� .�8,�)gf( )exp ( )i xψ λ ψ→ − &( )A A xµ µ µλ→ + ∂

G4� �&�, .)g� ���2� Aµ1 
+�2 )+/�6 m/+^���&)=?�� h+/,�=3 �� )� ��Z* ����	 �� ��Jµ��Z* 

^���&)=?�� ���)� �� )� �� -���' m/+ .m�=,��2 a+��� &)=?�� .�8,�)gf h+#?6 ��)�~(QED)

2 ! �5�F� �� )�% !�A�� ��#� �Z�6,�6�5 ���=,� 7-��2 �+T�6 �2 
+�G4�  �%� ��Z 

1
4

J A F Fµ µν
µ µν= − −QED freeL L 

F A Aµν µ ν ν µ≡ ∂ − ∂ 

4� �e�,�6�5 �� )���= m�A�� ��#� �2 G �%� ��Z+T�' ����  !�F� �� �,�#+3 m�� �&�, G

G4� .7 � Y�2 
� )� 1 .�� )����_7-� -+��6 �� �,�#+3 hT� �� � �� !�F� o)� X�#	� �� Y��6

G4� .��� )� ��Z* ��-+ a� 1� �� !�F� ��$ ��)� .+�j#�)Aµ( ��& � ��#� V=� �  ��

�, �� �,�#+3 ��-+ a� �2 
�� 7 )2 �� ! 7-+ .)=���3q!�F� 7&)g ">�-A6 -�� ����	 �� 

ˆ exp( ( ))U iq xλ= −-�2 ! h#	 .a� !�')* 7&)g %� �� ���P6 h+�Q6 ��)� G��$ .�� � 

�2 
�� 7 )2 7 ��=4� ��=e ���5 �  �-�� 7&)g |>DT� �  (1)U+�,  �� ! 7- .%�� m5)^

 ��� ��)6� 7&)g %� �+�F&)=?�� ��)b,2 2×m,�?� ,� ���+)6  �2 
+�2 ! 7 ��=4� a� �Z

G4� :7&)g(2)SUG4� m��� )+� 7&)g a� �2 .7&)g �� m�F� �� �,�#+3 m�� �&�, X�#	� %� �3

 h2(2) (1)SU U×)9�  !5�F� ">�-A6 m')� %� �3 �2 -,�� ! )��� �� �,�#+3 ��-+ ��Z* 

-��2 ! -+��6 �� ��6�5 & �+�F ��� )� �&%�� �4.

1 Quantum Electrodynamics (QED) 



3

tsr�9+� ��+,�? & ���P6  �' ��  �' G/?� 
!4�����-�-3 m�+� Y+3 ��)� m?+���  hT� a� ����	 �� !�F� �� �,�#+3 m�� �&�, %� 7 ��=4�

�+5-�2 !#, �5�?6 "��R a� �2 �)* m�+^ �� m��Z�6 �� hT� .��,&%�� ���)� �&-� �� �,�#+3 ��Z 

-,��-, m,��e#� !���' G+���& �� �2  �� ! )M� .�-,�=4� X- .�� �2 -�2 ! m�+� Y+3  �

,&%�� �  �2 -��2 ! J/2 ���P6  �' ��  �' G/?� 7-�-3 V�)^ %� �� ���)� ��� )� ��Z

 �� �
��� )3 m �� �+F�6 ��.

�>' G��$ m=�& "��&� !')� )h+/,�=3 ��+#2 (��e=,� %� �3 1G4� m�9ZA6 ����  
=/+4 a�

 �>' G��$ m=�& & G/+, � �&�, .�8,�)gf ���P6 GQ6 )9�  ��+#2 1�� G��$ .�� %� m?� ���� 

 �' ��  �' ��D� ���P6 �2  �� ! �=�g 1-��� !#, .�8,�)gf ���P6G4� 7-� �=/?� .!=�&

 k� �� 7-�-3 .+�*+^ �  �)9�  �)� �&-� "��R 1-�  !-��� m��Z, �� �2 �2 -,�� ! 7

,&%�� |>DT���=4�-�g ��Z~-,�� ! 7-+�, .���P6 a� ����  .�8,�)gf �j,��* 1 ��& .�� ��

 �� �,�#+3,&%�� & ��=4�-�g ��Z,&%�� .+� Y�2 
� )� 1-��� m�F�3 ��Z�$ �� �� �,�#+ m=�

,&%�� �� �  �2  �� m mZ=� �,�#+3 ��Z,&%�� & -,� 7 �&� G4  �� �)� �� %� ��=4�-�g ��Z

-,� 7-� c�$ �+^ . �� ! �=�g �9+� ��+,�? 7-�-3 .�� �� .X- a� %� 7-�-3 .�� �+F�6 ��)�

 �2 
+�2 m 7 ��=4� 7 �4 ��+/� ��=e )��?4� ��-+ &  ��+ Y�2 
�)�φ&φ∗�� �+T�6 

+)���= .�8,�)gf & -�?�� �� %� G/6��A	 

( )1 2−
2 22 2 21 1 1( ) ; ( ) ( )

4 2 4
D V F F Vµ µν

µνφ φ φ φ µ φ λ φ φ∗ ∗− − ≡ − +1
L=

2

�2 

1 2iφ φ φ= +

& G4� ��=e ��-+ a� 

D iqAµ µ µ≡ ∂ +

F A Aµν µ ν ν µ≡ ∂ − ∂ 

1 Goldstone 
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���#� ">�-A6 �� �2 G4� m�F� �� �,�#+3 m�� �&�, ����  .�8,�)gf .�� 

( )( )( ) e ( ) ; ( ) ( ) ( ) 1 3i q xx x A x A x xλ
µ µ µφ φ λ−→ → + ∂ −

 �� ! �+T�6 .�2 m 7-���+F� o)� X�#	� �2 
,�-+ Y�2 
� )� �� )M� � �� !� ��Z

� �� m ��� )� ��Z* ��-+ a� �� ��=e )��?4 .)g�2 0µ ≺h+/,�=3 1( )V φ��+#2 a� ����  

�  -$�&0φ =-�2 ! ��$ �� .�8,�)gf ���P6 �2 G4� .)g� ��2 0µ �gf 1����  .�8,�)

=��$ %� �� �	�#MZ�>' �� )��+#2 (W��� �� �� 7)��  �&� )� �2 -��� !µ λ& -,��  ��)� 
2

2 2 2 2
1 2 2

µφ φ φ ν
λ

= + = ≡

.�� %� a�)�=��$ �Z,� %� ��-2 i+� �� G5)g )b, �  ���3 G��$ a� ����	 �� ���6 ! �� �>' ��Z

�, m�F� %�5 Y')* a� GQ6-���� !#, � �& .���P6 
+��g m 1-� �p��� �2 !��)�6 VA^

G4� 7-� �=/?�  �' ��  �' ��^ �� .�8,�)gf .-�,� ]�' ��+#2 a� ��e=,� �� 

1 2; 0µφ ν φ
λ

= ≡ =

��-+ �2 
+��g m1φ�>' ���b=,� ��-P a� ~(VEV)1φG4� 7 )2 J/2 .G4� J4��

,�-+
+�2 m5)� �� )�% -�-� ��Z 

2ξ φ≡1 ;η φ υ≡ −


���  -�-� ��� ��-+ .�� J/$ )� .�8,�)gf �/� ��:

( )( ) ( )( )

( )
( ) ( ) ( ) ( )

( ) ( )

2

2 2

2
2 2 2

2
3 2 4 2 2 4

2 2

1
2

1
4 2

2

2

2
4

4

qF F A A

iq A

qA q A A A A

µ µ
µ µ

µν µ
µν µ

µ
µ

µ µ µ
µ µ µ µ

η η µ η ξ ξ

υ

υ ξ

η ξ ξ η υ η ξ η

λλµ η ηξ η η ξ ξ

µ υ

   ∂ ∂ − + ∂ ∂ +    
 
− + 

 

− ∂ +

 ∂ − ∂ + + + 

− + − + +

+

21
L=

2

q

1 Vacuum Expectation Value (VEV) 
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G4� )�%  ��� h�� �� 7�R �+^:

rs��-+ a�η�)� �� 2µ.

ts��� )� �&%�� a�Aµ)�� )� �2 VEV �)� 0qυ �G4� 7 )2 J/2 �� .

us�)� �&-� ��-+ξ�� �2 %� ! 7-+�, ��=4�-�g �& �.

G��F� 
� ��-�* f�� .�8,�)gf 1E��=, .��  ��& �� �)5 �� �� ��#� h�� �2 �)* G/+, Ye�

( ) Aµ
µξ∂�2 -��� !  ��-, .#���5 �-�� X�)5 �  !qe� )+/�6 .��-+ ���6 ! �,�=eA��'

 �#, c�$ .�8,�)gf �� �,�#+3 !�� �&�, %� 7 ��=4� �� �� ��=4�-�g.�� �� .=��, �� (1-3) )� 

J/$1φ&2φ
���  

[ ] [ ]( )
1 2 1 2cos ( ) sin ( ) sin ( ) cos ( )i xe x x i x xθφ φ φ φ θ φ θ φ θ φ θ′→ = = − + + 

�2( ) ( )x q xθ λ= −%� 7 ��=4� �� & 1

( )1 4−2

1

( )( ) arctan
( )
xx
x

φθ
φ

 
= −  

 
 

φ′
��&� ! G4  �� mP+P$ �� ."��T �� �� �,�#+3 ��-+( ) ( ) ( )A x A x xµ µ µλ′ → + ∂h�-A6 

 �� ! .m?��+5 ���=Q �� �,�#+3 h�-A6 .��  ��& .�� ��( )A xµ�6 ! & -�  !#, )++�6 �� 
+,�


+�2 c�$ �� 
�)3 G>	 .�� �,�#+3 ">�-A6 %� 7 ��=4� ��)usr(&){sr) (��)� )9�  "��A	 ��

]�' �,�#+3 .�� (��  �� ! h�-A6 .�8,�)gf 

( )( )

( ) ( ) ( )

2 2
2

2 2
2 2 3 4

2 2

1
4 2

2 4

4

qF F A A

qA q A A A A

µ µν µ
µ µν µ

µ µ µ
µ µ µ µ

υη η µ η

λη ξ ξ η υ η η λµη η

µ υ

  ∂ ∂ − + − +     
  + ∂ − ∂ + + − −   

+
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2

q

�)� �&-� ��-+ %� &ξ��2 
� )� m�#6 &
�� �=5�� m���� �� ��Z .�a� ���2� 1)9�  c)^ %

��  �)� )��?4� ��-+η)�9+� 7�R a� (��� )� ��Z* ��-+ a� &Aµ)a�"��6�5 "��  �)� (


���  .� �%� "���   �-�6 U��#� �� �=5� .+� %� � �%� ���  a� �2 
��� m ���= )a�

��=4�-�g �&%�� �)� �&-� (G4� 7-� ��-�-3 )9�  � �%� ���  a� �?+��$�  )m��^ YAD�

�&%�� �)� )9�  "��A	 �� �� 1��� )� ��Z* �&%�� a� .( �&%�� ��6�5 �2  �� ! �=�g |>DT� � 
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��=4�-�gξ�� "7 ��' "G4� 7 �&� G4  �� �)� V�)^ .�� %� & G4� .�� �M+=, .�� ����	 

 �� ! �='��� �9+� ��+,�? .��+,�? 1��  �)� ��� )� ��� �&%�� )� 7&>	 �2  )2 -+2��6 -���

 �2 G4� )��?4� ��-+ a� �� )��= �2 7-� )M� �+, �)9�  � �%� ���  �� �9+�"�9+� 7�R "��

-�2 ! �+T�6 .�,�#+3 m�� �&�, hT� J+2)6 %� �9+� ��+,�? �2 G��  G�  -��� & m�F� �� 

SSB   )g ! .?# .X�n (�)�1)g� SSB  ���P6 a� �� ��,� 1
+�2 J+2)6 X����gG4-� �j!

6 -��G4� �)� �&-� ��=4�-�g �&%�� � �-� .�� W�F� .�� h+�  X����g ���P6 a� �� �2 G4�

,&%�� �� �� � �%� "���  .+�* �2 -,�� !#, -+��6 �� ��� )� ��Z"-,��e�".+� �� 1)6 !qqe6 ��

,&%��  �-�6��  �' G/?� %� �3 �2 m,�=4�-�g ��Z)��)� -,�� ! -+��6 ���P6  �' G4�  �-�6 �� 

7-� �=/?� ��� -�� )��=4� -�g �+�� .( 1 ��-,�=4� X- ��9+� ��+,�? (�� )� �&%�� �4 

��  �)�( , )W Z±1�)� �&-� ��� )� �&%�� a� )��6�5 (�6 �2 -�2 ! -+��6 �� �9+� 7�R a� &

G4� 7-�, ��2 ���2.

usr ��-,�=4� X- �  �9+� ��+,�? 
& �� �,�#+3 m�� �&�, 7-�� &  J+2)6 %� "��R a��+5  ��-,�=4� X- �  �9+� ��+,�?SSB hT�$ 

+ �� .m�F� �� �,�#+3 ���P6(2) (1)L YSU U×& G4� SSB ��9�� %�

(2) (1) (1)L Y QSU U U× →��-,� �2 1-�2 ! G+�A6 L�2 G4��� �� �� (2)SU )� �Z�6 

 )g �* ��� �,�g&  �&� )�� ��+)5 ��)� (-�2 ! h#	 .Y7&)g -�� �+, (1)U& G4� Q�� 

7-�, �=/?� -�� a� )m/+^���&)=?�� ��� (G4� �A6) .�,�g&  a� m5)� �� ���P6 G/?�

�)5 �� )��?4� 

1 2
0

3 4

i
i

φ φφ
φ φφ

+  + 
Φ = =     +  

 

�,�g&  a� -�,� �2  )+g ! "��T(2)LSU .�� )���� &  �� ! h�-A6 1Y =.�� �-+4� (�)�

SSB  -��� !��6&  .�� a� (��� VEV -��� )�T ���e 

( )1 5−
0

2υ

 
Φ =   
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P6 �2 G4� .�� G4� -�-� m�A� X- �� GA/, �* �� �+�&� !�F� ���(2) (1)L YSU U×)+� 

G4� m��� .-�� %� -�6��A	 !,��P6 7&)g .�� ���iτ&Y�� )���= J+6)6 �� �2 (2)LSU &(1)YU

-�=/� .-�� ���iτ%� -�6��A	 ��)�6 VA^ 

2
i

i
στ ≡

�2iσ/�)6� ��-�=/� !�&��3 ��Z .� %� )b,  �� -�� ��Z* .��)����-��2 ! G+�A6 )�% !� )A:

[ ], ; , 0k
i j ij k ii Yτ τ ε τ τ  = =  

! �=/?� h+/,�=3 �   �' ��  �' ��^ �� ���P6 m=�& a� 7-� �=/?� �,�g&  1 ��VEV 

+ !g �4 �� & -�2 ! J/2 ���=-�� !�#6 �2 -�  (��(2) (1)L YSU U×-�� �=/?� !���

-�=/� 7-�:

1 2

3

1 12 20 ; 0
2 20 0

0 01 10 ; 0
2 22 2

i

Y

υ υτ τ

τ
υ υ

   −
Φ = ≠ Φ = ≠      

   
   

Φ = ≠ Φ = ≠      −   

 

.�� ���D��� �� ���6 !  ��& .#�d s#+�+M+, �~7-�, �=/?� -�� 

3 ; 0
2
YQ Qτ = + Φ = 

 
 

)�6 �� 
+�2 ���|)^ �?���DSSB V�)^ %�(2) (1) (1)L Y QSU U U× → )+g "��T .�+�� VA^

�6 ��=4�-�g ��Z,&%��  �-�6 ���P6 G/?� %� �3 1��=4�-�g-��  �-�6 �� G4� )��)� 7-� -+� ���

7-� �=/?� ),��P6 �� o��) G��$ �  �2��Z �� �,�#+3 ��Z,&%��  �-�6 �� G4� )��)� m�F� 

)���- .( -�� a� & 7-� �=/?� -�� �4 �� 17-� �=/?� -�� ��Z* �� ��2 ��� �� .��)����

 7-�, �=/?�Q )2 
+���' ��2 .��$�  -,� ! m��� �)� �&-� ��6�5 m=+�F& .+�* �  �4 �?+

)� )9�  �� �,�#+3 �&%��-��2 ! J/2 ��  �' ��Z.

rsusr9+� h+/,�=3 �
�9+� h+/,�=3SSB �' �� o��) ��� ��#� �+, &s-�2 ! -+��6 �� )��?4� �&%�� Y�2 
�)� .

h�-A6 GQ6 �2 U��M�Z�%�� h��� h+/,�=3 .�)6 m�#	(2) (1)L YSU U×�D��� �� G4� �&�, 

1Gellman-Nishijima  
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( )1 6−† 2 † † 2( ) ( ) ( )V µ λΦ Φ = Φ Φ + Φ Φ 

�2  �� ! ��+�2µ&λ�3 )=��-�=/� ��)b,  �%� ��� .%� h+/,�=3 � �� ��-,�)2 ��)� �2 �M,� %�

 .+��3λh+/,�=3 � )2 ��+#2 1-��� GAn -��� )vsr(&�� m=�SSB �2 -�M,� m 2 0µ ≺.� 

|)^ .��(2) (1) (1)L Y QSU U U× →�2 QG4� m/+^���&)=?�� ��� .%� �3SSB �9+� �,�g& 

a� VEV 7�R �� �9+� �,�g&  �� V�)^ %� �2 -�2 ! J/2 -,��6 m & -�  ! �)� �9+� 

�� ��Z)�,�+)5 & ��� )� ��Z,&%-�-� �M+=, �� �Z.

tsusrm�A�� ��#� 
�9+� �,�g&  !=�&VEV m�A�� ��#� 1-�2 ! J/2�2 
�)��4� "��R .+� ��Z �+T�6 �� )��?

,&%�� �� & -�2 !-�  ! �)� ��� )� ��Z .%� G/6��A	 .�8,�)gf m�A�� ��#� 

( )1 7−† † 4( )( ) ;
2

i
i

igD D D Y W ig Wµ
µ µ µ µ µτ

′
= Φ Φ ≡ ∂ − −kinL

�2iWµ�� 1,2,3i =��� )� ��Z* ��Z,�-+ )=��$ 78�&�� �,�#+3 ��Z (-�� �4 �� )���=iτ�� 1

���P6 )9�  "��A	 ��(2)SU-�=/� .^ %�)9�  c)4Wµ-�� �� �=/��& ��� )� ��Z* ��-+ a� 

Y���P6 )9�  "��A	 �� �� 1(1)YUG4� .g&g′�g-� G�� ��Z+g��� J+6)6 �� )���= ��Z

 ��iWµ&4Wµ-�=/� .�3,&%�� m)� ��)6� � )2 mAD� %� �� �,�#+3 ��Z=��$ 78�& �� 1��Z


+4� ! )�% m)� 

( )1 8−
1 2

2 2 21;
42 W

W iW
W M gµ µ

µ υ±
± ±

= = 

( )1 9−
2

2 2 2 2
2

1 ( )
4 cos

W
Z

W

MM g gυ
θ

′= + = 

3

4

cos sin
(1 10)

sin cos
W W

W W

Z W
A W

µ µ

µ µ

θ θ
θ θ

   − 
 = −          

 

�� �,�#+3 �&%�� &Aµ)��6�5 (-,� ! m��� �)� �&-� .� W�F� .�� .�� �2 G4� h+�  �� �

7-�, �=/?� -�� �� �&%��Q)m/+^���&)=?�� ���(7-,�#+��� ���P6 �� )9�  "��A	 �� �� 1

(1)QUG4� �A6) .
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ususr�&�2�� .�8,�)gf 
�� m��8,�)gf G��Z, � �6 �2 
+�2 ! m5)�2 
�)� 7-��2 �+T,&%�� .+� Y� & �9+� ��Z

G4�� ��+)5 .7-,�#+��� �� �&�, .�8,�)gf(2) (1)L YSU U× �� ! 7-+�, �&�2�� .�8,�)gf 

( ). . 1 11U D
Y ij L R ij L RU D h cη ηΨ Φ + Ψ Φ + −�-L = 

�� �  �2LΨ1 )g �* m,�+)5 ��� �,�g&  RU&RD�e� ��� m��=?6 ��Z .+��3 & f��

2���2-�=/� �Z .,U D
ijη,� �  �2 1�� �Z,i j/�-,� 1-�=/� mg ��,�' ��Z -�=/� � �%� ���)=���3 

4��� �2++�6 �� .�8,�)gf .#���5 -	��� �M+=, �  & �Z-��2 ! ..�9+� �,�g&  m=�&VEV J/2

+ �&�2�� .�8,�)gf 1-�?+ !Z=� �Z,�+)5 ��Z)� �� �� .�T>' ��^ �� 1.��)����1G4� �e� 

�2"f �� )1-6,1-7,1-8(-��2 ! �+T�6 ��  ��-,�=4� X- �  �9+� �+$�, 
Z4 [1].
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�&  hq5 

!��6&  �9+� ���6&  X- 

( �+�� "��R m4�����-�-3 7-#	 G#/� �+T�6 �  "��R a��+5  ��-,�=4� X- �?,�  ��& ��

  ��-,  ��& !�� �+�� h+�  i+� & 7-,� �='��� �, ���2 �6 ��)b, .�� �9+� �+$�, 1G4� 7 �� V5�

�2-��� X�#+�+ �9+� �+$�, )-��� �9+� ���6&  a� ����  �Z�6 !��� .(& ���=+ .��)���� G+�F

-��A, X�#+�+ �+$�, .�� �2 G5)g )b, �  �� !��� .+A^G+�F& �� G��$ .�)=?� �, �2 G/+� 

����	 �� 1
+��� �=��  �9+� ���6&  &  1�9+� ���6&  a� (�� �� �2 !=��$ !��� 1X�#+�+ 7 �4

 )+g ��)� !4�)�  �� .��9��� .�)6 .�=4� X- ���6&  X- �=5�� ��4�6 h?� .�)6 7 �4 �2  ��-,

|>DT� �  1-��� �� �,�#+3 !�� �&�, ����  �5�F� %� �2  �� ! 7-+�, !��6&  �9+� ���6&  X- 

 )+g ! h?� X&� �9+� ���6&  �� m�=,��2  �-	� ��#� �� )9�  �9+� ���6&  a� � )2.

h?� 1�&  ���6&  !5)� (�)� )9�  7�+9,�"J6�) ��/�4 "� J��)F � &�2�� !g-� G� h/, �  �

G4�Z2���2 ��4 .2���2 �)� .+� GA/, �A6) %� �6 & )4 (�Z174 5 35t bm m ≈ ≈�  1G4� 

�?+��$)�  ��-,�=4� X- �  �  &  �� ! .++�6 ��/?� �9+� ���6&  a� %� ����2 &  )� (�Z

-4� ! )b, �� !�+A^ )+� �� �� (�&�2�� Jp�)F .+� ( ��% "&��6 .+�*.� 1�� �)� �6 ����2 )g

 ���6&  a� %� ��  �')X�n (�)�1Φ()9�  ���6&  a� %� ��  �' �)� )4 ����2 &)-�,�2Φ(

g �� 1-�2 J/2)=���3 )g� 7�?� 1-,�� ��e=,� J4�� ��^ �� ��)b,  �%� (�� J6�) ��/�4 h

�Z2���2 .�� �)� .+�!PD�  �� -���' )6.

1)9�  c)^ %�2HDM lP, �� ( �' ��  �' ��^ �� �� & ��)T ��^ �� -,��6 !CP1 �� )M� .

�&� )� -+2L6 ��, ����3 .�� �  -�* )� �� �  �2 G/+��*��*CP -,� ! �=/��3.

����D (�)� )9�  7�+9,�2HDM -���)5 !')� !4�)� �� -,�� ! o��) � �, (�� �2 |>DT� �
�FCNC)
�^ )++�6 �� !n�' (�� ���)� (-,�� ! 7-+�, .�2 �� 
�� !�	 !��� 7-�-3 .+�*

 
1 Charge Conjugation Parity 
2 Flavor Changing Neutral Currents (FCNC) 
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lP, �� G�+A^ .� �+�� .+,��� %� ��-2 i+� W�F� .�� -�� !�)M6 -���� ���2 �6 1-��2 !#,

-,� 7-�, 7-��� .�2 �6 1!,&)6�, "�,�4�, (��n=4� �� 1)9�  c)^ %�4� X- "�b$> �� ��  ��-,�=

-+� 7����  !�)M6 (��FCNC G4� 7 �� ��g%�4.�� !,�=:� �+$�, �  G+���& .�� " -	 !9=/��3

!,�=:� "G4� -�-� ���P6 a� �2  �� ! �+��6 .V+�  ���P6 .�� )g� �����%� �  & -��A, (�Z

 !��� 7-�-3 &� Y+3,� �  !,�=:� 
�^ �2 -,�� 7-���X- 7�g �� 1-�2 )++�6 �Z ��  ��-,�=4� 

 �� -���e, J4�� ��*��* a� ����	 i+� ..�� )����  ��& ���=/ !��� 7-�-3 .+�* ��2

-�=/�  ��-,�=4� X- %� )6�)5 !n$�A .!��� 7-�-3 .+�* !4�)� (�)� ��*��* .�)6 7 �4 -���

2HDM -���.�=�+A^ "G/+, h#=Q ��*��* �Z�6 X- .�� .�' ��& ���6&  � &�5� )^ 
� )� 1�

��2 �� !='�  �D4 �  !�+A^ ��^ �� �&�2�� (�ZFCNC F)5 �2 �� )9  �� ! )M� (�Z

-,�� �=5)g )b, �  �+, ()9�  !5�F� .)� !�A -���6 �� &� !�)M6 -���� )^�' �� )9�  c)^ %�

!,&)6�, "�,�4�,  ��&���%� �  (� 78�& "�Z��6 1�� ! ��M,� (�� (�����)6�, �� �2 !��Z �� -,

!,�=:� 
�^ lP,)(1LFV -,� 7-� c�D� !n�' !,�=:� �+$�, �  .

����D (�)� )9�  7�+9,� 1G��Z, � 2HDM �- !')� �2 G4� �� )+� �9+� �+$�, a� �� (�Z

�d),� -$ a� (���  X�#+�+-�=/� .+p�3 .�- �  1X�n (�)� ���6&  &  h��-$ !,��P6 )�� (�Z

� %�+,  �� !��6&  �9+� -�=/ &2HDM W�,ΙΙJp�)F (���  G'� )3 
+���' �� �� �� � �  �2 

X�#+�+ !,��P6 )��  ��-,�=4� X- �� !,�/?� (�&�2��)�MSSM( ��  .�� !,��P6)�� "��R �j,��*

�9+� �+$�, 1-���� ���� �5�?6 -$ MSSM d),� � �a� �� .+p�3 (�Z2HDMW�, ΙΙ7-� -+P (

 �� ! h�-A6.�- ">?� %� !')� �� -�,��6 ! �9+� ���6&  &  �� !,��P6 )�� (�Z  ��-,�=4� X-

 !,&)6�, "�,�4�, �+, & �����)6�, � �� ��-)� 1�� ��+)5 .+� !)� J6�) ��/�4 h?� -�,�

-���g [4�3.

�� 7�+9,� .�� .=��  .�R �  �� ���2� �  �&  ���6&  !5)� �� �2 
�%� )3 ! !6�)++�6 !4�)� �� 1

-,�� !  �M�� �9+� �+$�,.

tst� �9+� �+$�, 
Z4 2HDM 

1 Lepton flavor Violation (LFV) 
2 Minimal Supersymmetric Standard Model (MSSM) 
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��#� ����  �2 
+�2 ! !5)� �� (-�-� ���6&  1-� 7 �  �+F�6 hA� G#/� �  �2 ��^ ��#�

G4� X&� ���6&  !�=,��2  �-	� 

1 2
1 20 0

1 2

;
φ φ

φ φ

+ +   
Φ = Φ =      

   
 ( )2 1−

%� -�6��A	 ����� @�5 &1 2 1Y Y= =.�&  )� !�2 G��$ � VEV -���� )�T ���e -�,��6 ! �� 

1 2
1 2;

2 2
ie θυ υ

Φ = Φ =

���6&  G4� )=Z� .��)����
+�2 !/��,%�� )�% V��D �� �� 

21

1 21 1 1 2 2 2
;

2 2

ih ig h e igθ

φφ
υ υ

++   
  Φ = Φ =+ + + +  

      

(2 2)−


+�2 ! !4�)� -,�� ! G�� �9+� (�� ���6&  �� �2 �� .�8,�)gf (�� G#/� %� a� )� ���2�.

2-2-1�9+� h+/,�=3 

3 �2 �� �� %� ��='�4 �2 G/�� �+$�, �9+� h+/,�=SSB)� 1=��$ 78�& 1�9+� (�Z !)� (�Z

��2 
� )�  �' & �9+�
�%� )3 ! �+$�, .�� m4�)� �� �-=�� �  1-�2 ! .++�6 �� �9+� (�Z .)�

�  �2 !=+�F& c>'SM h+/,�=3 1
+Z��� �� ��2HDM -	��� �� h+/,�=3 )� & G/+, �=?�

! !6&��= .#���5-�M,� .

+�#	 .=��, (�)�� �� �,�#+3 !�� �&�, G+T�' (���  & 1U��M�Z� %�� h��� �2 !�+/,�=3 .�)= 1-��

)9�#	 %� (� ���3 G4� J4�� (� �,�#+3 !�� �&�, G+T�' (���  �2 
+�2 !5)� �� !=+)� (��

-�=/� 

( )

( )

† † † † †
1 1 2 2 1 2 2 1 1 2

† † †
1 2 2 1 1 2

1ˆ ˆˆ, , Re( ),
2

ˆ Im( )
2

A B C

iD

≡ Φ Φ ≡ Φ Φ = Φ Φ + Φ Φ = Φ Φ

= − Φ Φ −Φ Φ = Φ Φ
 

��2 
�)� !�#6 -��� ���2��� �2 �� !��Z )b, �  -�=/� !=+)� & 1��g%�4 (� �,�#+3 !�� �&�, 


�)+9� 

( )

( )

2 2 2 2
1 2 1 2 3 4

2 2 2 2
1 2 3 4

5 6 8 7 9 10

ˆ ˆˆ ˆ,
ˆ ˆˆ ˆ

ˆ ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ 2 3

gV A B C D

A B C D

AB AC AD BC BD CD

µ µ µ µ

λ λ λ λ

λ λ λ λ λ λ

Φ Φ = − − − −

+ + + +

+ + + + + + −
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.�8,�)gf %� )6 7-+j+3 ��+/� !��8,�)gf .+�*SM �2 �)* G4�  �%� )=���3 7 ��Z* (���  

-��A+ .=#/� � -�2 ! -+��6 �� -�-� �9+� 7�R ��Z* !�+/,�=3 .+�* -�  
+���' &� Y+3 (�Z.

GQ6 h+/,�=3 .�� �2 
+�2 �)5 )g� 1G4�  �%� )=���3 7 ��Z* (���  h+/,�=3 .�� �2 ��  ��& ��

 ��  �%� (��)=���3  �-�6 1-��� � �&�, ��� ��+#�-�2 ! �-+3 Y��2 7 :

( )
( )

2 2 2 2 2 2 2
1 2 1 2 3 1 2 3 4

5 6 8 7

ˆ ˆ ˆ ˆˆ ˆ ˆ,
ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ 2 4

V A B C A B C D

AB AC AD BC

µ µ µ λ λ λ λ

λ λ λ λ

Φ Φ = − − − + + + +

+ + + + −

�, �� G4� )���= ��� ��+#� GQ6 !�� �&�, 1��$) .�� �  �2 G4� )2R h��� GQ6 !�� �&CP �)* 1

,�-+ �2-�=/� )��?4� �Z .��� @�5 �� �9+� ���6&  a� 1��� ��+#� GQ61Y ="��T �� 
ii

i ie α ∗Φ → Φ)=���3 �2  �� ! h�-A6 (��iα-�=/� (��+='� .� 
+�2 �)5 )g� 1]�' G��$

i jα α=)9�#	 1D̂GQ6 C+�6 )++�6 �&-� )9�  (��)9�#	 �?+��$ �  -�  ! G>	 )+

+ h+/,�=3 �� �M+=, �  & -�,�#)2-4 (
+4� !.

& .�� �� h+/,�=31 ��)2-4 (( �' ��  �' lP, �� -,��6 !CP  �� )M�.X�#	� (�)� 7�� &  

GQ6 !�� �&�,CP  ��   ��& .���P6 a� GQ6 !�� �&�, X�#	� 1X&� G��$ � 2Z�� �  �2 G4� 

1 1 2 2,Φ → Φ Φ → −Φ.�� �2 hT�$ h+/,�=3AV ′%� G/6��A	  �� ! 7 �  ���, 

2 2 2 2 2 2
1 2 1 2 3 4 5

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ
AV A B A B C D ABµ µ λ λ λ λ λ′ = − − + + + + +  ( )2 5−

� �  ��)� �� G4� )���= &2
3 6 7 0µ λ λ= = =�� �� �  )ts{.(a� )g� �), 7-��?� ��#�

2
3 Ĉµ−lP, 1
+�  ��)� h+/,�=3 �  �� CP-�  ! k� ( �' ��  �' .h+/,�=3 !=��$ .+�* � 

 %� G/6��A	 

( )2 6−

lP, �� �2 ()9�  h+/,�=3CP X����g ���P6 X�#	� %�  �� !#, )M� ( �' ��  �'

2 2
ie ϕΦ → Φ �� ! �M+=, .h+/,�=3 .�� )�� �2BV ′ �� ! 7 �  ���, (%� G/6��A	 

2 2 2 2 2 2
1 2 1 2 3 5

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ( )BV A B A B C D ABµ µ λ λ λ λ′ = − − + + + + +  ( )2 7−

� �  ��)� �� �22
3 4 3 6 7, 0λ λ µ λ λ= = = =�� �� �  ){st( �� ! �M+=,.

2
3

ˆ
A AV V Cµ′= −
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�), 7-��?� ��#� a� �2 G4� ��4) 1.�� )� 7&>	2
3 Ĉµ−.�8,�)gf �  )wst(�2 -��  ! ��)�

 �� ! )�% h+/,�=3 �� )M� 
2
3

ˆ
B BV V Cµ′= − ( )2 8−

�,AV ′�, &BVlP, �� CP )M� ( �' ��  �'-,�� !#, .%� 7 ��=4� ��BVh+/,�=3 %� !=��$ �� 

�� �  �2 
+4� ! )��?4�CP -,� ! �=/��3 . ��� G+�F& �� h+/,�=3 .�� ��e=,� �� S��& � 

 � MSSM 
+4� !.

)�=��$ 78�& & �9+� (�Z (��)=���3 J/$ )� �9+� (�Ziµ&iλh+/,�=3 �� �M+=, �  & ��)�6 

 ��  m9=/� 7-� ��e=,�)��� �#+#F .( 7 )2 m5)� ��� �#+#F �  �2 (� !)� ��)6� !=�&


��)� 1 �� ! ()D� !A4�� %)^ �� ! G4  �� �� �9+� !)� (�� G��$ 78�& & �9+� (�Z


��&� ..�� %�� !=��$ -�� �� ��$)+ )b, �  ��� �  �2 
�)+9CP -,� ! �=/��3 ..+�* � 

 (&  )� ���6 ! !=��$VEV �� �� !P+P$G5)g )b, �  .�� �9+� )��?4� &  �� !D��)� .+�*

CP I&%0 0( , )H h�� )��?4� a� 1CP )5 0( )A�� ��� �9+� &  1( )H ±,&%�� &��=4�-�g (�Z
0( , )G G±�� )���= J+6)6 �� ��=4�-�g �&%�� �4 .�� �2  �� ! !Z=� ( , )W Z±-�=/� .

">�-A6 %� 7 ��=4� �� 1��2� !)� (�Z=��$ 78�& 

( )

1

2

0
1

0
2

0
1

0
2

cos sin
sin cos

cos sin
sin cos

cos sin
2 9

sin cos

G
H

h H
h h

g G
g A

φβ β
β β φ

α α
α α

β β
β β

+ +

+ +

    
=       −    
   

=      −    
   

= −     −    

 

=��$ 78�& %�� ��)�6 (� �,�#+3 (�Z �  7-)tst(�Z,� �  �2 -��� ! G4  �� 

2 2
2 2

1 1 2

tan , sinυ υβ β
υ υ υ

= =
+

&α,&%�� (�)� !9=e+� ��&�% �� �9+� (�ZCP G4� "&��= h+/,�=3 )� (�)� �2 �2 G4� I&% .

tan β�=�+A^ �2 G/�-�-� )=���3 " �� ! !��, GP+P$ .�� %� �&  )� �2VEV ���e ��

-�=/� )�T .�- J��� �  (�Z2HDM �� (-�-� !9=/� !?��+5 E��=,tan β��  ,-.G#/� � 


+�2 ! (-�� �T>' �� -,� 7-� 7 �&� ��� �#+#F �  o�/A ��^ �� �2 !M��=, )�%.
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h+/,�=3 (�)�V�� �� �  ){st(%� -�6��A	 ��+#2 ���)� 1
2 2
1 1 1

2
2 6 1
3

0

0
2

a

b

T

T

µ λυ

λ υµ

= = − +

= = − +

)�!9=e+� ��&�% & �9+� (�Zα-,�� ! �=��, )�% "��T �� 

( )

( ) ( )

( )

0

0 0

2 2 2
2 5 1

2
2 4 5

2 2
1 1 2 1,

2 2 2 2 2 2 2 2 2 2 4
1 1 1 1 1 2 1 1 6 1 2 1 2

2
6 1

2 2
1 1 2

1
2
1
2

1 1
2 2

4 2

tan 2
2

H

A

H h

m

m

m k

k

µ λ υ

µ λ λ

λ λ υ µ

λυ λυ µ υ λ λ υ λ υ µ λ υ µ

λ υ
α

λ λ υ µ

+

+

+ + +

+

= − +

= − + +

 = + − ± 
 

= + − + + − +

=
− +

h+/,�=3 (�)�AV ′�� �� )}st(%� -�6��A	 ��+#2 ���)� 1

( )
( ) ( )

2 2 2
1 1 1 1 1 2

2 2 2 2
2 2 2 1 2 1

0

0 2 10

T

T

υ µ λυ λ υ

υ µ υ υ λ υ

+

+

= = − + +

= = − + + −

�23 5
1 ( )
2

λ λ λ+ = + . ���&�)rzst(-,�� ! !Z=� )�% (�� ���� �� 

)i
2 2 2 2

2 22 1 2 1 2 1
1 22 2

1 2 1 2

;λ µ λ µ λ µ λ µυ υ
λ λ λ λ λ λ

+ +

+ +

− −= =
− −

 

)ii
2

2 2 1
2 1

1

0 ; µυ υ
λ

= =  

(�)�(i,&%�� (�Z)� & �9+� (�Z !9=e+� ��&�% α�� -,)��)� 

( )
( )( )0

2 2
3 1 2

2 2 2
4 3 1 2

1
2

H

A

m

m

λ υ υ

λ λ υ υ

± = − +

= − +
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( )
( )

0 0

22 2 2 2 2 2 2 2
1 1 2 2 1 1 2 2 1 2,

1 2
2 2

1 1 2 2

4

2tan 2 2 11

H h
m λυ λ υ λυ λ υ υ υ λ

υυ λα
λυ λ υ

+

+

= + ± − +

= −
−

(�)� &(ii
���  1

( ) ( )0 0
2 2 2 2 2 2 2 2

2 5 1 2 4 5 1 1 1
1 1; ; 2 2 12
2 2H A H

m m mµ λ υ µ λ λ υ λυ+ = − + = − + + = −

( ) ( )0
2 2 2

2 3 5 1
1 ; tan 2 0 2 13
2h

m µ λ λ υ α= − + + = −

h+/,�=3 (�)� G��Z, �  &BV%� -�6��A	 ��+#2 ���)� 1
2 2
3 3

1 2 2 10 ; 0
2 2

T Tµ µυ υ= − = − ( )2 14−

���� �2%� -�6��A	 �� (�Z  

( )( )

( )( )

( ) ( )( ) ( )( )

( ) ( )( ) ( )( )

2 1 2 1
1

1 2

2 2 1 2
2

1 2

2 2 2 2 2 4
1 1 2 1 2 1 2 3

2 2 2 2 2 4
2 1 2 2 1 2 1 1 3

2

2

14
4

14
4

Z

Z

Z

Z

λ λυ
λ λ λ λ

λ λυ
λ λ λ λ

λ λ λ λ λ λ λ υ µ λ υ µ µ

λ λ λ λ λ λ λ υ µ λυ µ µ

+ +

+ +

+ + + +

+ + +

− ±=
− −

− ±=
− −

 = − − − − − − −  

 = − − − − − − −  

m9=e+� ��&�% & �� �)�α-,�� ! 7 �  )�% ���&� �� 

( )

( )

( )

( )
( )

0

0 0

2 2 2 2
2 2 2 2 21 2 1 2

3 1 2 3 3
1 2 1 2

2 2 2 2
1 1 2 2 3,

2 2
2 2 2 2

1 1 2 2 3 1 2 3

2
1 2 3

2 2 2
1 1 2 2 3

1;
2

1 tan cot
4

1 1tan cot 2
4 2

12
2tan 2 2 151 tan cot

4

H A

H h

m m

m

υ υ υ υλ υ υ µ µ
υυ υυ

λυ λ υ µ β β

λυ λ υ µ β β υυ λ µ

υυ λ µ
α

λυ λ υ µ β β

+

+

+

+ += − + + =

= + + +

   ± − + − + −     

−
= −

− + −
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�+ 7-�� %� !?� �� �  �2 !���� 
+�?VEV h+/,�=3 (�)� -��� )�T �� (&�/ ��BV.?# 

G/+, .,�#�  �� ! !Z=� !6&��= .#���5 -	��� �� h+/,�=3 )� 1-� 7 �  �+F�6 )=�+3 �2 ��D

�=�+A^ &" ��  !3 �  �� !6&��= !4�����-�-3 .

�+/,�=3 (�ZAV ′&BV� "&��= )9�-?� �� ��2 
�)� %� !')� �  �2 �)* -�=/ "&��6 )9�-?� �� �Z

-,��  .!g-� G�� 1X�n (�)�0h H H+ −!='��� ��-�-3 
Z (�� �A�� !')� 7-��  ���, 

G4� h+/,�=3 .J/$ )� G��� .��λ%� G/6��A	 �� 

0
2 2

2 2 2 3 1 5, ,

2 2
1 1 2 5 1 3

2 cos cos sin cos sin cos sin

2 sin sin sin cos cos cos sin
h H H
g υ λ β α υ λ α β β υ λ β α

υ λ β α υ λ β α υ λ α β β

+ − = + −

− + −

h+/,�=3 &  )� (�)� &AV ′&BVG4� ��/?� .� #�)� .�� �2 G4� �� W�F� .�� h+ h�� Y�?

4λ&3µ��& �2 1-��� !#, 1G4� h+/,�=3 &  .�� ���#6 ., �� 1 ��& .�� �� !g-� G�� .�� .=��

)� J/$ )� ��G4� "&��= h+/,�=3 )� (�)� �M+=, 1�9+� (�Z,&%�� (�Z:

( ) ( ) ( )

( ) ( ) ( ) ( )

0 0 0

0 0 0 0

2 2 2
, ,

2 2 2 2
, ,

cos 1 sin
sin 2 2

cos 1 sin
sin 2 2

h H H h H hA
W

h H H h A H hB
W

gg m m m
m

gg m m m m
m

α β
α β

β

α β
α β

β

+ − +

+ − +

 +  = − − −  
  

 +  = − − − −  
  

�2  �  [4�3 �=?, .�� �� ���6 �� ()��� !9,�g&  .�� �� ���6 ! :����& �* �� ""�A4�Q � 

>='��!1-��� ! G+#�� �p�$ "�P=� )� �P & h+/,�=3 ��+#2G4� �DP, �� �  .��? 1���2�

h+/,�=3 )� (�)� �')� -+��6 !5)^ %� & G4� "&��= �� �DP, .�� �  h+/,�=3 �&  V=� %� �Z

-�� ! G4  ..+� �D��� 1.��)����λ)� & �� (�Z�+/,�=3 (�)� �Z AV ′&BV& G4� "&��= 

�A���= "!g-� G��0h H H+ −=+#2 J/$ )� G/+, ��/?� h+/,�=3 &  (�)� !?��+5 (�Z.

 �� 7 �  ��4�6 �+, �9+� !$��, )��4 �� !=/��� ! h+/,�=3 ���P6 �2  )2 7���� -��� G��Z, �  .

G#/� �  �2 �&�2�� .�8,�)gf .=��, �  78�& �� W�F� .��)ustst(�p�$ G'� )3 
+���' �� ��

G4� G+#��.

tstst!�A�� �+$�, 
!�A�� .�8,�)gf)wsr(
+�2 !/��,%�� )�% V��D -��� ���2� ��  ��-,�=4� X- 

† † † †
1 1 2 2( )( ) ( )( )D D D Dµ µ

µ µ= Φ Φ + Φ ΦkinL ( )2 16−
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�D��� �� � ��#� V=� �� �  �2)wsr( �� ! ��)�6 .�� .�8,�)gf .��,&%�� �)� (� �,�#+3 (�Z

 & -�  !,&%�� .+� (�Z��2 
�)� 7-��  ���,-�  ! ���, �� �9+� & (� �,�#+3 (�Z .c>' )�

 �&�2�� .�8,�)gf & �9+� h+/,�=3)(�� Ye�rstst&ustst-+�+A� �� ()^�' �� !�A�� �+$�, 1

�4�4� (� �,�#+3 !�� �&�, "G4�=?� .!�A�� .�8,�)gf �2 -�  !,�4� �� ���6 ! S��& � )rvst(

,��P6 .+�* 
� & ��� ��+#� GQ6 Ye� �  �2 �=//g & X����g (�Z)rstst(-,-� �+T�6

G4� �&�, .c>' )� .��)������ X�#	� 1h+/,�=3 �+$�, !�A�� �+$�, �  !6&��6 i+� �� ���P6 .

-�2 !#,  �M��.

X�P=,� %� �� �  �2 
+�2 ��2 �� -�� %� !P+P$ !���#, (&� )� G4� J4�� .�8,�)gf �/� (�)�

a aL iτ= −
+�  ! )++�6 )�% ��)�6 V��D �� Y��#, -�� & 
+�2 ! 7 ��=4� 

0 0 0

0

Re

Re Im Im
; 1, 2

Re Im Re

Im

k

k k k
k

k k k

k

i
k

i

φ

φ φ φ

φ φ φ

φ

+

+ + +

 
 

 +  Φ = → =    +   
 
 

 ( )2 17−

�+�&� (�� -�� )�� �b$> �� ���6 ! 1��)�6 .�� %� 7 ��=4� �� )� �2i−-,� 7-� �)F ((&� )�

 ���6&  (-�� &  Y��#,kΦ�  �2 )rwst(6 )2 �-+3 �� !P+P$ Y��#, 1G4� 7-� ��)� .(�)�

 (�)� 1X�n1τ

0 0
1 11

1 1 1 1 1
1 1

Im Re1
2 2 Im Re

iiL i
i

φ φστ
φ φ+ +

 −
Φ = − Φ = − Φ =   − 

 ( )2 18−

&1 1LΦ
+�  ! �/� )���6 7-	�� ��#� �� �� :
0

1
0

1
1 1

1

1

Im

Re1
2 Im

Re

L

φ

φ

φ

φ

+

+

 
 
− Φ →  

 
 − 

 ( )2 19−

��)6� 1G��Z, � 1L)� )�� �� �2 
+�2 ! �-+3 �� (&� )rwst(1)ryst(+ -+��6 ��-�? .
���  

1

0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0

L

 
 − =
 
 
− 

 ( )2 20−
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� 1���� ��^ �� &-�� )��4 (�)��

( )2 3 4

0 0 1 0 0 1 0 0 0 1 0 0
0 0 0 1 1 0 0 0 1 0 0 01, , 2 21
1 0 0 0 0 0 0 1 0 0 0 12
0 1 0 0 0 0 1 0 0 0 1 0

L L L

−     
     − − −     = = = −
     −
     

−     

 

,� %� 7 ��=4� �� �2 �  � ��#� V=� 1�Z)wsr(��  �� ! h�-A6 
4

4
i

iD gLW g LWµ µ µ µ′= ∂ + +  ( )2 22−

�� �� �  ���6&  )� (�)� (-����Z* Y��#, %� 7 ��=4� �� 
+,��6 ! 1.�� )����)rwst(�+, & 1

-�� (-�� ��Z* Y��#,��.�8,�)gf 1)rvst(
+�  ! �/� ��.

�� �,�#+3 (�� ��-+ 

%� !)� ">#�VEV ��)6� & -��� ! G4  �� ��-,�� ! ��+� )�% �D��� �� hT�$ !)� 

( ) ( )
2

†2 2

1

1 ; 2
2

a b
ab ab a a k b b k

k
M W W M g L g Lµ µ υ υ

=

= ∑ ( )2 23−

�2, 1, 2,3,4a b =(� �,�#+3 (�Z,&%�� 7-��  ���, J+6)6 �� )(� �,�#+3 (�Z=��$ 78�& (�� )���=

-��(��,i Yτ-�=/� . )2 ()D� %� �3 �)utst(=��$ 78�& & !)� ">#��� (�Z,&% (�Z

 %� -�6��A	 (� �,�#+3 

( )
1 2

2 2 2 2
1 2

1;
42 W

W iW
W M gµ µ

µ υ υ±
± ±

= = +  ( )2 24−

( )2 25−( )
2

2 2 2 2 2
1 2 2

1 ( )
4 cos

W
Z

W

MM g gυ υ
θ

′= + + = 

( )2 26−
3

4

cos sin
sin cos

W W

W W

Z W
A W

µ µ

µ µ

θ θ
θ θ

   − 
 =          

 

�2WθG4� �)A��& !9=e+� ��&�% .)g� 
+�+� ! �2 ��^ ��#�2 2 2
1 2υ υ υ+ =)υ��-P 

+� ���6&  �' (��b=,�G4�  ��-,�=4� X- �  �9(�� (�� )� (�Z,&%�� �)� �� o��) (�Z6��A	 1

�=  ��� ��* &  �� -����' )��)�  ��-,�=4� X- �  )��2 2 24 WM gυ =�  1G4� ���� ()=���3 


���  !='�  %�)62 2 2
1 2υ υ υ+ =.

ustst�&�2�� .�8,�)gf 
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�#	,�+)5 �� �� �9+� (�Z,�-+ �2 !��8,�)gf .�)=+ %� G/6��A	 -�?+ G�� �Z 
,0 0 0 ,0 0 0 ,0 0 0 ,0 0 0

1 1 2 2

,0 0 0 ,0 0 0
1 2 . . (2 27)

U D U D
Y ij iL jR ij iL jR ij iL jR ij iL jR

E E
ij iL jR ij iL jR

Q U Q D Q U Q D

l E l E h c

η η ξ ξ

η η

Φ + Φ + Φ + Φ +

Φ + Φ + −

� �-L =

 
�21,2Φ1G4� �9+� (�� ���6&  7-��  ���, 1,2 1,2 1,2iσΦ ≡ Φ�10

ijη&0
ijξ(�� ��)6� 3 3×()D� 

& -�=/� 7-�,,i j/�-,� -�=/� !g ��,�' (�Z .0
RD!�+:4�&��� !2���2 ���=?6 �4 7-��  ���, 

1.+��3 W�, �+�F( )0 0 0 0, ,
T

R R R RD d s b≡10
RU�+�F !�+:4�&��� !2���2 (�� ���=?6 7-��  ���, 

1f�� W�,( )0 0 0 0, ,R R R RU u c t≡& 10
RE7-��  ���, �� ��� ��=:� �4 G4� .0 0,iL iLQ l���6&  J+6)6 �� 

���2  )g �* �+�F !�+:4�&��� (��-�=/� !,�=:� & !2.-�2 ! ��+� )�T ��-,� ,�-+ �2Z�

=��$ 78�& %���-�=/+, !)� (�Z .� `Q� -�� �� ��$) .�� %�  &-Q !2���2 �+$�, �� �Z�6 �

+>�2 !,�=:� �+$�, �� `$�A .�� �/� �2 �)* 
+�? "G4� G4�� )4 .�� �2 !�- %� �* ��

 �� ��)twst(��� !�   �� ! �+T�6 �2 G4� .�� 
+,&%�� (&  )� 1G��$ .�)6 !�#	 �(�Z

 -,�� ! G�� .+��3 & f�� !$��, �� ��% 
� ��^ �� �9+�)-��  ! �)� �M+=, �  &.(1-�* )�

 (��-���)5 �� !='�  %�)6 �  !�#	 G��$ .��FCNC-,�� ! )M� .F� .�� h+�  G4� �� W�

=��$ 78�& ���&  �� �2 �,�#+3 (�Z (� .+��3 �+$�, !,�+)5)� (�)��$ 78�& � �&� G4-=�(�Z

!)� (!g-� G�� ��)6� &  )� 
+,��6 !#,,0 ,0,D Dη ξ
+�2 ()D� ��% 
� ��^ �� �� .

G4� ���� �+, !,�=:� & f�� !$��, (�)� G+�F& .(��-���)5 �2 �� �� %� 1���2�FCNC ��Q� %� 

-�=/+, 7-� -+�L6 !�)M6 %�)6 �  !��� 7-�-3 .+�*  �-'� %� ()+g��� (�)� !��=e (�� 7-�� 

� 7-�  �Z��+3 !='� -,.!�+A^ & .�)6 �,�-�#��� -��� .+�* %� ()+g��� (�)� ��+,�? .�)6

 �4�6 �2 G/+�+,�? !��� 7-�-3 & ��>gG4� 7-�  �Z��+3 �)A��& .,� 7-�� a� X�#	� )� �Z

 ���P6��=4� �=//g2 G4� �+g-� G�� ��2 �' ��^ �� �-+��6 �� !��� 7-�-3 .+�* �2 �� (�Z

 -��2 ! %�4 ! W��#.����	 GQ6 G4� 7-�  �Z��+3 )� & ��* �4�6 �2 ()9�  ��+,�? 

2HDMW�, ΙΙ �� ! �='��� .

�%� )3 ! �)A��& & ��>g X- !4�)� �� ���2�
./�)6� �2 
+=�g(�Z,0 ,0,U Uη ξ��^ �� 

(�� ��)6� (�)� G+�F& & -,�� !#, ()D� ���#�,0 ,0,D Dη ξG4� .+�* �+, .! �  .��)����
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�&% %� !?� 
+,��=� )g� �2 
+���  �� ! G�� �9+� (�� ���6&  (f�� �+$�, �� �2 �� !/�)6� (�Z

�9� ���2  �-'� %� 
+,��6 ! 
���FCNC .�8,�)gf � )twst(
+�2 ()+g���.


+4)� �=4��' .�� �� 
+,��6 ! )�% �=//g ���P6 X�#	� �� 

1 1 2 2&
&jR jR jR jRD D U U

Φ → Φ Φ → −Φ
→ → −∓

.��)����
���  G��$ &  �=//g ���P6 .�� GQ6 !�� �&�, X�#	� ��:

•%� !=�& jR jRD D→ − 
+�2 ! 7 ��=4� -��� ,0U
ijη&,0D

ijη
����9� ���2 �� ..��)����1Φ�� 

�Z�6 &  �� !#, G�� �&�2�� �+$�,2Φ� !$��, �� �-� G�� �� !$��, .�� �� .+��3 & f� �)� 

+-�-.

•%� !=�& jR jRD D→1
+�2 ! 7 ��=4� ,0U
ijη&,0D

ijξ�M+=, �  & -,�� ! c�$ 1Φ�+$�, �� 

+ �)� �� �� &  �� ! G�� .+��3�?+��$ �  -�-2Φ�� �+$�, �� + G�� f�+$�, .�� �� &  ��

-�-+ �)� .�� G��$ .�� � 2HDMW�, ΙΙ
+4� ! .

+�#	 �  ��*��* .�)=�- ��>g �+�� )9,�+� ()+g��� ��+,�? .�� 1!��6 -�* ���6&  �9+� (�Z

� �)A��& &G4" :,�+)5 !�#6 )g� G�� �9+� ���6&  a� %� Y+� �� ��/?� !?�)=?�� ��� �� (�Z

 (�� -���)5 1-,��,FCNC��T �9+� X �A6 V�)^ %� �2 (�- �  !='�  %�)6 �  -,)+g ! "(�Z

-��  !#, k� !��6-�* �9+� ���6& .��8,�)gf W�, (�ZΙ&ΙΙ-,-� `Q� f�� �  �2 .�� !��' ��

�, �� �+���-��-+ �.+ �2 
+�2 )2R -��� W�, a� %� !,�=:� & !2���2 �+$�, &  )� (�)� 
+,��=

g )b, �  �� & ���P= �, ��^ �� �� 
+�2 7 ��=4� !g-� G��,� !4�)� �� .�8,�)gf ��Z* .=5) �Z

:�
�%� ) .��8,�)gf 1.�� )� 7&>	ZW�, (�&�2�� (�Ι&ΙΙ-�=/� -+��6 h��� �=4�+3 ���P6 a� %� .

">�-A6 �	�#M 

1 1 2 2&

&

i

i i
jR jR jR jR

e
D e D U e U

ϕ

ω ϕ− −

Φ → Φ Φ → Φ

→ →
 

(�%� ��,0ω ϕ≡�- �� J+6)6 �� W�, (�ZΙ&ΙΙ-,�� ! !Z=� .G��  )^�' �� -���  ��& .�� ��

 h+/,�=3 �� !='�����-�-3 ��Q� %� �2 �2  �� ! !Z=� (�9+� h+/,�=3 �� �=//g ���P6 �2

 (� �=4�+3 X����g ���P6 a� %� hT�$ Ye� �  �2rststG4� "&��= 
+�+� ! .� 1�M+=, � 


+�2 G�  -��� ���P6 ��e=,� . (�)� Ye� �  �2 ��^ ��#� 1X�nrststh+/,�=3 1
+�+� ! BV
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�� �� � )xst(h+/,�=3 �� �2 1MSSMX�#	� %� 1G/+?� hT�$ �=4�+3 X����g ���P6 a� 

+h+/,�=3 �?+��$ �  1�=//g ���P6 a� %� �, &  ��AV ′�� �� �  )}st(��P6 a� %� �=//g �

+ �M+=, �� .���P6 1 ��& .�� �� �=//g )X����g �� (>�2 "=��F�� -��� & G/+, YeA  ��& ��?

 �� �� ">#� !�#6)twst((�� 7-�-3 ��#� %� 1FCNC !���-+� !4�)� �� & 
�)+9� )b, �  �� 

!�)M6 "�b$> �2 
�%� ):�-��2 ! X�#	� X- (��)=���3 )� .!=�&>#� ��#6 ")urst(� ��

+ )b,�6&  1
�)+9,�+)5 W�, &  )� �� �9+� (�� ��-,�� ! G�� .+��3 & f�� (�Z �)� �Z,� �� &

+-��- .�� X- 1!=��$ .+�* � 2HDMW�,ΙΙΙ
+�, ! .

� .�8,�)gf !�#���5 -	��� 
�)+g ! �M+=, f�� `Q� %� !9=/� 7-� ��e=,� X- �� "-� �� �&�2�

-,��  .�� "-� �� `Q� !4��� ��-�-3 1�M+=, �  ��  !9=/� �&�2�� �+$�, ��e=,�.

���� !4�)� �� ���2�=,� .�)=+ �&�2�� .�8,�)gf (�)� �� ��e
�%� ): .� -M "`Q� !=$�� (�)�

 ��+  &-Q !2���2 �+$�, �� �� "f
+�? .

2HDMW�,Ι

� 2HDMW�, Ι�9+� ���6&  a� �Z�6 )X�n (�)�2Φ(,�+)5 �� �� ! G�� �Z ..��)����

��  �� ! h�-A6 �&�2�� .�8,�)gf 
,0 0 0 ,0 0 0

, 2 2

sec . . (2 28)

U D
Y type ij iL jR ij iL jRQ U Q D

leptonic tor h c
ξ ξΙ Φ + Φ

+ + −

� �-L =

 J/$ )� .�8,�)gf �/� ��=��$ 78�&��  �� ! h�-A6 .�8,�)gf 1!)� (�Z 

( )

( )

( )

0 0
,

0
5

0 0

0
5

0 0
5 5

sin cos
2 sin

cot
2

sin cos
2 sin
cot
2

cot
2

2 2

2

diag
Y type D

W

diag
D

W

diag
U

W

diag
U

W

diag diag
D R U L

W

diag diag
U Z D Z

W W

diag d
D R U

W

g DM D H h
M
i DM DA
M
g UM U H h

M
i UM UA
M
g U KM P M KP DH
M
ig igUM UG DM DG
M M
g U KM P M
M

α α
β
β γ

α α
β

β γ

β

γ γ

Ι

+

− = +

+

+ +

−

+ −

− +

+ −

L

( )iag
L WKP DG+
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sec . . (2 29)leptonic tor h c+ + −

�* �2 G��  G�  -���,�+)5 �� �9+� ���6&  a� �Z�6 � G�� �Z .�8,�)gf 1 �� !)txst(

X-  ��-,�=4�sG4� -�,� .�� �� ��#� .�� �� �2 G/+, �����?#� )��9+� (�Zs�+, ��+)5 

�� �� �  1-�=/� -�,�  ��-,�=4� X-)tyst((���&% & �9+� �&%�� E�3 !�#6 �2 
+�+� !

�  !9=e+�2HDM-,�� ! ��?�� ..�� h+� =��$ 78�& !=�& �2 G4� �� W�F� �,�#+3 (�Z

�& �� �� ���6&  )��?4� (=��$ 78� %� �2 �� ���6&  &  )� !9=e+� 1
+�2 ! .��9��� !)� (�Z

 �   �� ! !��, h+/,�=3=��$ 78�& .+�* �6 
�� �=5)g )b, �� �� (� !)� (�Z
��&� G4 .%�

+g-� G�� 1)9�  c)^� �&�2�� (�ZSM��� �� -,�� ! ��+� )�% �D 

0 2
f f

ff
W

m gm
g

Mφ υ
= =  

�2fG4� �� ��� ��=:� �� ����2 )� 7-��  ���, .2��� �Z+g-� G�� .�� "&��6 !4�)� �� ���

+g-� G��
�%� )3 !  ��-,�=4� X- (�Z )+g-� G�� GA/, G#/� I��' S��& �  �&�2�� (�Z

��=  ��� ��  ��-,�=4� X- %� )6�)5 a��+5 �  X- �  )�+ !4�)� ��  ��-,�=4�
+�?.()����, (�

+g-� G�� � � (���g  �#, %� !A/, (�Z( )0h h
i i i

SM
g gφχ ≡�2 
+�2 ! 7 ��=4� i���, 

��+)5 I&% a� 7-�� s��+)5 �3 )��VV(& 1h� 7-��  ���, G4� �9+� �&%�� a.(�)�

W�, .�8,�)gfΙ
���  ��4 7 ��,�' ����g �#, �  1

( ) ( )

( ) ( )

( ) ( )

( ) ( )

0

0

0

0

0 0

5 5

sin: cos cot sin
sin
sin: cos cot sin
sin
cos: sin cot cos
sin
cos: sin cot cos
sin

: cot ; : cot (2 30)

H
t

H
b

h
t

h
b

A A
t bi i

αχ β α β β α
β
αχ β α β β α
β
αχ β α β β α
β
αχ β α β β α
β

χ γ β χ γ β

= − − −

= − − −

= − + −

= − + −

− −

 

h��� f�� ���&� %� 
Z �=?, -�*G4� o�A�=4� .+g-� G�� �2 �� X&�� mA/, (�Z �&%�� a� (�)

2���2 �� .+� �9+�3 ��Z2���2 (�)� )���=  ��� �� .+��-�=/� ��/?� f�� (�Z .%� �2 �� �& 
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"f ��)uzst(&)urst(X- �2 
+�+� !Ι�� �� �  �2 !='�  %�)6 �  � �� !,�?� -+� �  

)txst(-�2 ! @-T G4� 7-� .!9=e+� �� �2 !=+�F& � �+$�, �  h��-$CP���� I&% 

�2 !=+�F& !��� 1
+=/�0α =10H �� !#, G�� �&�2�� �+$�, �� .G+�F& � 2α π=�� 1

�� �9+� 7�R )� YP, �2 "&��6 .�� �� 1
+=/� ���� !,�/?� ��=5�CP �� ! ��	 I&% .7&>	

!9=e+� (���&% � 7%�-,� �� �=/� 1.�� )�α&β+g-� G�� 1.+� �9+� 7�R a� (�)� �&�2�� (�Z

-���� Y��2 �� & Y���5� -�,��6 !.

2HDMW�, ΙΙ

�9+� ���6&  a� 1G��$ .�� �  )X�n (�)�1Φ(�  �� ! G�� �� ��+)5 .+��3 �+$�, ��

�&  ���6&  �?+��$ )X�n (�)�2Φ( �� ! G�� f�� �+$�, �� 

,0 0 0 ,0 0 0
, 1 2 sec . . (2 31)D U
Y type ij iL jR ij iL jRQ D Q U leptonic tor h cη ξΙΙ Φ + Φ + + −� �-L =  


���  G��$ .�� �  .�8,�)gf �/� �� 

( )

( )

0 0
,

0
5

0 0

0
5

cos sin
2 cos

tan
2

sin cos
2 sin
cot
2

diag
Y type D

W

diag
D

W

diag
U

W

diag
U

W

g DM D H h
M
i DM DA
M
g UM U H h

M
i UM UA
M

α α
β

β γ

α α
β

β γ

ΙΙ− = −

−

+ +

−

L

( )

( )

0 0
5 5

cot tan
2

2 2

2
sec . . (2 32)

diag diag
U L D R

W

diag diag
U D

W W

diag diag
D R U L W

W

g U M KP KM KP DH
M
ig igUM UG DM DG
M M
g U KM P M KP DG
M

leptonic tor h c

β β

γ γ

+

+

− +

− +

+ −

+ + −

�  .�8,�)gf .��MSSMG4� %�+,  �� .-+�2 G� )� .+��3 !,�+)5 �+$�, ��* �2  �' (�Z

 J/2 X&� �9+� ���6&  %� ��)� f�� �+$�, �?+��$�  1-�2 ! (�Z G4  �� �&  ���6&  %� ��  �'

-,�&� !� 1+PD� ��+/� �Z2���2 ��4 h/, �  J6�) ��/�4 h? ��)� )g� -4� ! )b, �� )=


+� :tan 1, tan 35α β∼ ∼.)^ %� G�� �2 -�  ���6 ! 1)9�  cW�, (�Z,�+)5 (�Z+g-�
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,&%�� �� f��W�, X- &  )� (�)� �9+� (�ZΙ&ΙΙ-�=/� ��/?� .� �2 G4� �� W�F� .�� h+� 

 .�8,�)gf &  )�)txst(&)urst( �� ! G�� !,�/?� ���6&  �� f�� �+$�,.)9�  ��� a�

 �� �/��PSMG4� -+� .+g-� G�� �A4�Q �� 
���  1��4 h/, (���g �#, �  !A/, (�Z 

( ) ( )

( ) ( )

( ) ( )

( ) ( )

0

0

0

0

0 0

5 5

sin: cos cot sin
sin
cos: cos tan sin
cos
cos: sin cot cos
sin

sin: sin tan cos
cos

: cot ; : tan (2 33)

H
t

H
b

h
t

h
b

A A
t bi i

αχ β α β β α
β
αχ β α β β α
β
αχ β α β β α
β
αχ β α β β α
β

χ γ β χ γ β

= − − −

= − + −

= − + −

− = − − −

− −

 

"f �� & E��=, .�� %�)uzst(.+� )�% J��� ���&� �� 
+,��6 !+g-� G�� � !A/, ��Z

X-ΙΙ
+4)� 

( ) ( )
( )( ) ( )

( )
( )

0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 00 0

2 2

2
, , , , ,

, , , , ,

2 2 2
3

2

1

1

1

1
2 2

h H
V V

h H h H h H h H h H
u V V d V

h H h H h H h H h H
u V V u d

h h h hh h
V d u H

H H

m m
m m

χ χ

χ χ χ χ χ

χ χ χ χ χ

µ
χ χ χ χ +

+ +

+ =

− − = −

− = +

  −
− + + =  

 

 

"f �� � )uzst(&)uust(X- �2 
+�+� !ΙΙ!='�  %�)6 �  � �� !,�?� -+� �  �2� 

�� ��)txst(-�2 ! @-T G4� 7-� 7 �&� .X- c>' )�Ι�9+� a� !A/, (�Z+g-� G�� 1

2���2 �� .+��3 W�, (�Z2���2 �� (�Z+g-� G�� �� o��)  ��� �� 1.+�G4� "&��= f�� W�, (�Z.

)g� 1)9�  c)^ %�( )cos 0β α− �(�Z+g-� G�� 1?A4 �� �9+� �&%�� .�)=CPI&% �( )0h�, 1

�A�� �+$�, �  �?�� 1�&�2�� h+/,�=3 �  �Z�6�A�)P6 �+, !"+g-� G�� �� ����� �9+� (�ZSM

G4� .)g�0 0, ,H A H ± ���� �5�?6 -$ �� �� �+g-� G�� 
+�2 �)5 & 
�)+9� )b, ���6 �� (�Z

��Z*( )1O ≥-$ �� 1!g-� G���,~+ ��#� 1�� �  .+��3 (d),� )�� ��)b, �2 
+4)SMG4� .

%� !5)^ %�)uwst(+W�, X- �2 -�  ���=ΙΙ�� %� a� i+� (�)� �Z,&%(>�2 G+�F& a� �9+� "

1 Decoupling 
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a+A5�+)5~+#, ���,  �' %� -�- )X- c>' )�Ι.()g� X�n (�)�2α π=1( )0 0h H�� 

f�� W�, (�Z,�+)5).+��3 (,�+)5 �� �Z+g-� G�� �?+��$ �  1 ��+ G�� .+��3 W�, (�Z)f�� (

-�=/� )n2�-$ .W�, X- )9�  "&��6 �+, a+A5�+)5 (� 7%�-,� �6 ��=5� .��ΙΙW�, X- &ΙX- &

G4�  ��-,�=4�.

2HDMW�, ΙΙΙ

W�, X-ΙΙΙ.�8,�)gf ">#� !�#6 .=5)g )b, �  ��)twst( �� ! hT�$:
,0 0 0 ,0 0 0 ,0 0 0 ,0 0 0

1 1 2 2

. . (2 34)

U D U D
Y ij iL jR ij iL jR ij iL jR ij iL jRQ U Q D Q U Q D

leptonic sector h c
η η ξ ξΦ + Φ + Φ + Φ

+ + −

� �-L =

W�, X- � ΙΙΙ�� ���6&  %� !?� �Z�6 �2 
+�  ���&  (��^ �� ���6&  
+,��6 ! 1VEV-�2 J/2 .

,� �&-� .��)�����2 ��L/ G+�2 %� �? 
+�2 �)5 
+,��6 ! 1 �� �=41 22 , 0υΦ = Φ =

)& � (�� �#+#F�.(.�8,�)gf �/� %� �3)uxst(
���  

( )

( )

( )

( )

0 0
,

0 0

0 0 0
5

0 0 0
5 5

cos sin
2
1 sin cos
2

cos sin
22

1 sin cos
2 2

diag
Y type D

W

D

D diag
U

W

U

g DM D H h
M

D D H h

i gD DA UM U H h
M

iU U H h U UA

α α

ξ α α

ξ γ α α

γ α α ξ γ

ΙΙΙ− = −

+ +

+ + −

+ + −

L

( )
int sec . . (2 35)

D U
R LU K P KP DH

Goldstone eractions leptonic tor h c

ξ ξ ++ −

+ + + −

 ��   ��& J��� !g8�& -�*:+g-� G���&%�� �)D� (�Z �9+� (�Z,&%�� & )��?4� �A� �9+�

5 �� �� ����- �  �2 !=+�F& c>' )� 1�Z,�+)W�, (�ZΙ&ΙΙJ4��= �Z,�+)5 �)� �� 1
���  

-�=/+, :+g-� G�� .���� �Zffξ!9=e+� ��)6� ()D� )T��	 !��� 1ξ9=/� -,��  !.&>	 )� 7

,&%�� h�� ()D� (�Z+g-� G�� 1.���� �9+� (�ZCP�� �2 (� ��#� � �� ���  )� 7&>	 I&% �

�� �2 -,��  ()9�  ��#� 1G4� J4��= ��+)5 �)�ffξG4� J4��= .G�� )9�  ��� a�

+g-� 
+�2 ! �A4�Q �� X- mA/, (�Z 

1 Fermiophobic 
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0

0

0

0

0 0

sin: cos
2
sin: cos
2
cos: sin
2
cos: sin
2

: ; : (2 36)
2 2

H tt
t

t

H bb
b

b

h tt
t

t

h bb
b

b

A Att bb
t b

t b

m

m

m

m
i i
m m

ξ αχ α υ

ξ αχ α υ

ξ αχ α υ

ξ αχ α υ

ξ ξχ υ χ υ

+

+

− +

− +

− −

 
4�� ���$ (�Z-,��6 ! ()D� !9=e+�(�� 7-�-3 m4�)� �  m4�4� !�P, FCNC-��� �=��  .

��#� ���$ )^�' �� �2 
+�2 7���� -���ff fmξ+g-� G�� 1mA/, (�Z�=?�-�=/+, .1X�n (�)�

+g-� G��(�Z0 0 0

, ,H H H
t c uχ χ χ-,� ��=e !�2 G��$ �  .G+�#	 (���  �2 !=+�F& %� c�)Q,�

(�� 7-�-3 ���$ (��� �� -,��6 ! -���FCNC-��� !='�  %�)6 �  .

>�2 -$ a� �� 
+,��6 !#, X- .�� �  1X�n (�)� "�9+� (�)� a+A5�+)50h4)� �� )9 1
+

GA/, %� !P+�  ��+/� (�9�� �2ff fmξ
�)+9� )b, �  �� .7-��� ��?� 1X�n (�)�0h�$ �  G�

)4s=��$ �� 1 ��   ��& a+��5��/5� (�Zsf�� �� a+��5s)+' a+��5 .��-P5 W�F� .�� h+� 

-� 7���� )=�+3 �2 G/+=+�#	.X- 1X- .�� c>' )� Ι#� ��^ �� �Z�6 �� -,��6 ! ���

,�+)5 !�#6 �?+��$ �  -��� a+A5�+)5 �ZX-ΙΙ,�+)5 !�#6 �� -,��6 ! �Z�6 & .+��3 W�, (�Z

-��� a+A5�+)5 ���#� ��^ �� f�� W�, ��.X- �  1.�� )���� ΙΙΙ��+)5 a� ��)� )g� 

]�'0ffξ ="��T �� �  10A��+)5 �� �� )�� �� �Z�6 &( �� ! a+A5�+)5.

�M,� %� X- �  �2ΙΙΙ%� !?� �� �  �2 
+�2 �-+3 �� (� ���3 
+,��6 ! VEV78�& 1-��� )�T ��

=��$-,�� ! )6 7 �4 !)� (�Z .��e=,� ��2 0Φ =� �  ��)� �� &0β =�� �� �  )yst(��

+ !)� (�Z=��$ 78�&
+4) .�� (-��)=���3 .��"���3 (-��)=���3 "
+�, ! .G+�F& .�� �  �Z�6 

���6& 1Φ��+)5 �� �2 G/�� ���6&  �Z�6 .��)���� & -�2 ! -+��6 �� ���P6  �' ��  �' G/?� 

��,&%�� &�&  ���6&  & -�  ! �)� (�� )� (�Z2Φ#�)� �Z�6  �� ! J�� �� �� �� �� Y�?.

��e=,� �� 1.�� )� 7&>	2 0Φ ==��$ ���3 %� 7 ��=4� &(�Z( )1 2 2, , ,h h g H ±�2 
+�+� ! 1Φ�� 

& 1 ��-,�=4� X- ���6& 1h)���=  ��-,�=4� X- �9+� �� G�� ��#� (���  �2 �)* 1G4�



28

+g-��� & G4�Z2 2,g h#�)� ? ��-, Y� .,�-+ !�#6 1�M+=, �  ���6&  �� -�-� )��?4� (�Z

�& 2Φ-,��  V��6 .!5)^ %�2 2,g h�)5 �� (� �,�#+3 (�Z,&%�� �� ( )2 2h g W W+ −�� ( )2 2h g ZZ

-,��+#, G�� ..�� �� ��& �2 
+��� �=��  )^�' �� -��� 1 2,h h%� & -�=/+, !)� (�Z=��$ 78�& 

��&�% V�)^α-,��+ �=e+� )�� ��yst-+�+A� �� .(!=�& 1�� �  �2 
�)+g ! )b, �  �� !=��$

��0α ��+/� �Z+g8�& .�� 1�	�#M �2 �)* -,�� ! G+#�� �p�$ �( )1 2 2, , ,h h g H ±���3 a� 

 ��+ !)� (�Z=��$ 78�& .���3 (-��)=���3 �  !=�&0α �-$ �� 1decoupling
+4� ! X- .

W�, ��&�2�� .�8,�)gf 
+,��6 ! 1)9�  c)^ %�ΙΙΙ�&  )� �2 
+�2 (-��)=���3 ���^ �� VEV

-���� )�T ���e �� .X- .+� �D��� -��  ! ���, )�% "�A4�QΙΙΙW�, (�� X- �� Ι&ΙΙ�  

� )=qe� (-��)=���3 .��G4.a� �2 (� (-��)=���3 .+� ���#6 (�)�VEV(-��)=���3 �� 1 ��  

&  �2 (�VEV
+�2 ! !/��,%�� )�% V��D �� )+'� (-��)=���3 1 ��  
,0 0 0 ,0 0 0 ,0 0 0 ,0 0 0

1 1 2 2

. . (2 37)

U D U D
Y ij iL jR ij iL jR ij iL jR ij iL jRQ U Q D Q U Q D

leptonic sector h c
η η ξ ξ′ ′ ′ ′Φ + Φ + Φ + Φ

+ + −

� �� �� �-L =  

�21 1 2 2,υ υ′ ′Φ = Φ =..+� ���&�( ), ,,U D U D
ij ijη ξ��&( ), ,,U D U D

ij ijη ξ � �#+#F �  7-� �A4�Q

-,� ..�8,�)gf �-=��)uwst(
+/��, ! .�8,�)gf &  J+2)6 "��T �� �� 

( )

( )

( ) ( )

,0 0 0 ,0 0 0
1 2

,0 0 0 ,0 0 0
1 2

,

. .

sec . .

U D
ij iL jR ij iL jRY U

D D
ij iL jR ij iL jRY D

Y type Y U Y D

Q U Q U h c

Q D Q D leptonic tor h c

η ξ

η ξ

ΙΙΙ

Φ + Φ +

= Φ + Φ + +

=

�� ��

��

-L =

-L

-L -L - L

 

!,�?� ">�-A6 %� !)� (�Z=��$ 78�& �� .�8,�)gf .�� h�-A6 (�)� 

( )
( )

0
, , ,

0
, , ,

,

(2 38)
L R L R L R

L R L R L R

D V D

U T U

=

= −

-��� ! G4  �� �Z,� %� !)� (�Z/�)6� �2 
+�2 ! 7 ��=4� )�% .)� �2 (� (-��)=���3 � 

(& VEV
���  1-�=/� )�T ���e �� 

,0 ,0 †1 2

,0 ,0 †1 2

,
2 2

(2 39)
2 2

diag D D
D L R

diag U U
U L R

M V V

M T T

υ υη ξ

υ υη ξ

 = +  
 = + −  

��

��
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J/$ )� h$ ��,0 ,0,U Dξ ξ� �
���  

,0 † ,01

2 2

,0 † ,01

2 2

2

2 (2 40)

D diag D
L D R

U diag U
L D R

V M V

T M T

υξ η
υ υ

υξ η
υ υ

= −

= − −

� �

� �

a� ����	 �� "f �� 1(���g �#,){zst(W�, (-��)=���3 ��Ι+ 
+��.� (���9��� ��)uwst(1

%� -�6��A	 .+��3 & f�� !$��, (�)� 7-� 7 �  �/� .�8,�)gf 

( ) ( )( ) 0 0
,

0 0

0 0
5 5

0
5

sin cos
2 sin

1 sin( ) cos( )
2 sin
cot

2 2 sin
cot 1

sin2

2 2

diag
UY U type

W

U

diag U
U

W

diag U
U L L

W

diag diag
U U L W

W W

g UM U H h
M

U U H h

ig iUM UA U UA
M

g UM KP DH U KP DH
M
ig gUM UG UM KP DG
M M

α α
β

η α β α β
β
β γ η γ

β
β η

β

γ

Ι
ΙΙΙ

+ +

+

′ ′− = +

′ ′ − − + − 

− +

− +

− −

+

�

�

�

L

. . (2 41)h c −

( ) ( )( ) 0 0
,

0 0

0 0
5 5

0
5

sin cos
2 sin

1 sin( ) cos( )
2 sin
cot

2 2 sin
cot 1

sin2

2 2

diag
DY D type

W

D

diag D
D

W

diag U
D R R

W

diag diag
D D R W

W W

g DM D H h
M

D D H h

ig iDM DA D DA
M

g UKM P DH U KP DH
M
ig gDM DG UKM P DG
M M

α α
β

η α β α β
β
β γ η γ

β
β η

β

γ

Ι
ΙΙΙ

+ +

+

′ ′− = +

′ ′ − − + − 

+ −

+ −

+ +

+

�

�

�

L

sec . . (2 42)leptonic tor h c+ −
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�2K��)6� CKM& G4� ( ) ( ) ( ) ( )†,0 †U D U D
L L R RT V T Vη η=� � .��-,�Ι���, �D��� .�� �  

W�, (-��)=���3 7-�� ΙG4� .f �� %� f�� ���&� � �&� G4  �� (�)� ")yst(7 )2 7 ��=4�


�� (�2 "&��6 .�� ��α α′→.�2 G4� .�� )++�6 .�� h+� α!9=e+� ��&�% 7-��  ���, ��2�#2 

�� �9+� (��)��?4� .+�CP-��� I&% �)-+�+A� �� � �#+#F .(9��� �� !,�=:� �+$�, � )2 .��

 �� ��� (�� ��=:�)�����)6�, (.+��3 W�, (�� ����2 (�� ��)f�� W�, ( �� ! �M+=,.

)g� �2  �  ���, !,�4� �� ���=+){rst(&){tst(�2 
+4� ! !��8,�)gf �� 1
+�2 S#� ��

X - .�8,�)gf h��Ι( �Z��?#�)� !')� �+, &FCG4� :( ) ( )
( ) ( )
Y U Y D
Ι Ι− −L L . �� .��)����

� � ��)�0D Uη η= =� �"f �� �  ){rst(&){tst(W�, .�8,�)gf ��Ι
+4� ! .1)9�  c)^ %�

 %�){wst(J/$ )� �?��� (�� �� �� "f �� 
+,��6 !,0 ,0,D Uξ ξ� �J/$ )� 1
+�2 h$ ,0 ,0,D Uη η� �


+/���� 

,0 † ,02

1 1

,0 † ,02

1 1

2

2 (2 43)

D diag D
L D R

U diag U
L U R

V M V

T M T

υη ξ
υ υ

υη ξ
υ υ

= −

= − −

��

��

W�, (-��)=���3 �� (-��)=���3 .��ΙΙ
+�, ! .� ���&� .�� (���9��� ��)uwst(.�8,�)gf 1

(�)� 7-� 7 �  �/��,�  �� ! h�-A6 .+��3 & f�� !$��

( ) ( )( ) 0 0
,

0 0

0 0
5 5

0
5

cos sin
2 cos

1 sin( ) cos( )
2 cos
tan

2 2 cos
tan 1

cos2

2 2

diag
UY U type

W

U

diag U
U

W

diag U
U L L

W

diag diag
U U L W

W W

g UM U H h
M

U U H h

ig iUM UA U UA
M

g UM KP DH U KP DH
M
ig gUM UG UM KP DG
M M

α α
β

η α β α β
β

β γ η γ
β

β η
β

γ

ΙΙ
ΙΙΙ

+ +

+

′ ′− = −

′ ′ + − + − 

+ −

+ −

− −

�

�

�

L

. . (2 44)h c+ −
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( ) ( )( ) 0 0
,

0 0

0 0
5 5

0
5

cos sin
2 cos

1 sin( ) cos( )
2 cos
tan

2 2 cos
tan 1

cos2

2 2

diag
DY D type

W

D

diag D
D

W

diag D
D R R

W

diag diag
D D R W

W W

g DM D H h
M

D D H h

ig iDM DA D DA
M

g UKM P DH UK P DH
M
ig gDM DG UKM P DG
M M

α α
β

ξ α β α β
β

β γ ξ γ
β

β ξ
β

γ

ΙΙ
ΙΙΙ

+ +

+

′ ′− = −

′ ′ + − + − 

− +

− +

+ +

�

�

�

L

sec . . (2 45)leptonic tor h c+ + −

��-,�ΙΙ7-��  ���, W�, (-��)=���3 ΙΙG4� .(�Z��8,�)gf )g�){rst(&){}st(1
+,�� S#� ��

f ��.�8,�)g2HDMW�, ΙΙ(�Z��?#�)� !')� 7&>	 �� FC
+4� ! :( ) ( )
( ) ( )
Y U Y D
Ι ΙΙ− −L L . ��^ ��

 1hA� -�,� & ����W�, .�8,�)gfΙΙ� �  ��)� �� 0D Uξ η= =� �m�2 .�8,�)gf �  ( ) ( )
( ) ( )
Y U Y D
Ι ΙΙ− −L L 

-�� ! G4  �� .W�, .�8,�)gf 1.��)����ΙΙΙX- S#� hT�$ "��T �� ���6 ! �� ΙΙ7&>	 �� 

��?#�)� !')�(�ZFC$�, �  �2 �� )� o&)� 1G��, W�, (-��)=���3 %� f�� �+Ι�+$�, �  &

W�, (-��)=���3 %� .+��3ΙΙ
+�2 7 ��=4� .

� )2 �5�F� �� 1.�� )� 7&>	( ) ( )
( ) ( )
Y U Y D
ΙΙ ΙΙ− −L L &( ) ( )

( ) ( )
Y U Y D
ΙΙ Ι− −L L �6 !�)9�  (-��)=���3 &  
+,


�%�/� .��3X- �� G4� )���= X&� (-��)=�Ι��?#�)� !')� 7&>	 �� (�ZFC�2 "&��6 .�� �� 1

G4� 7-� ��	 �� ���6&  YP,1 2Φ ↔ Φ:1�� ���6&  !��� �� �� .+#� �� X- �&  (-��)=���3

W�,ΙΙ(�Z��?#�)� !')� 7&>	 �� -�  ! �� FC.(�Z,&%�� h�� ">#� 1)9�  c)^ %�

�,�#+3 �  �Z�-��)=���3 !�#6 �  ��=4�-�gR -�=/� ��/?� c�$ !,�?� �,�#+3 �  �?+��$ �

+-,�� .�, � �#+#F �  �2 ��^ ��#� 1G��Z, � (�Z/�)6� 1G4� 7-� 7 �  ��, ,,U D U Dη ξ���  

��)5 �A� ���3 (-��)=���3 )�% (�Z)� "f ��sr{((�� ��)6� ��, ,,U D U Dη ξ-�=/� �A6) 

)/�)6� .�� !�#6�ZFC-�=/� :(
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( )

,, ,
2 2

,, ,
2 2

,
,

, 2 ,
,

2 tan
1 tan 1 tan

2 1tan
1 tan 1 tan

2

2 tan1 tan (2 46)

U DU D U D

U DU D U D

U D
U D

U D U D
U D

M

M

M

M

βη ξ
υ β β

ξ β ξ
β υ β

η
υ

βξ β ξ
υ

= −
+ +

 
= +  + + 

=

= + − −

�

�

�

J/$ )� �� ���&� �#� �2tan β
�� �=��, .

-�-� (�� (-��)=���3 .�� !5)�2HDMW�, ΙΙΙW�, (�� X- �� X- .�� �/��P 1Ι&ΙΙ�� 

 %�4 ! )=,�4� .-$ m4�)� (�)� -,��6 ! ���3 .�� 1.�� )� 7&>	!g-� G���, ��)� 7 ��=4�  �� 

 )+g[1].
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��4 hq5 

� �� GAn o)� ~

usr�9+� ���6&  X- N!��6 ( )NHDM

�9+� !��6&  X-N� (�)� J��� !��6 lP, m4�)CP[2, 3, 4, 5] �  �2 !���-���)5 &

,�-,)+g ! ��)� 7 ��=4�  �� -��  ! k� 
�^ )++�6 �Z [6, 7, 8, 9] .!�#	 .�)6

�9+� h+/,�=3 �� NG4� )�% �)5 �� ���6& [10] 
† † †

,( ) ( )( ) (3 1)H ij i j ij kl i j k lV µ λ= Φ Φ + Φ Φ Φ Φ −

(��-��3 o)� �  !=4�� ! h+/,�=3 .��-�2 @-T ..�� !4�)� (�)� !�&� i+� ���2 �6

 ���6&  &  (�� �� �2 !=��$ �  o)�NG4� 7-�, �p��� 
���  ���6&  .(�� m4�)� �  !=$

 G��$ �� o��)2N =-,�� !#, �=5)g )b, �  h+/,�=3 ">#� !�#6 J��� �+,..�� � 

, ����3 ��
+�  ! �p��� o)� .�� !4�)� (�)� !�&�.(��5 a� S��& �  ��2 .�� �� 

(-�-� ��� �2 
+�2 ! !5)� -�-� ()=���3 �� !��Z�- �  �9+� ��+,�? !4�)� �  ��

+ ���6&  &  %� Y+�-���9.G��$ �  7-� �p��� X- 2N =�� �- E��=, ! )9�  (�Z

M,��-.[11, 12, 13, 14, 15]�%.�� 1)9�  c)^ 7&)g �  m4�)� (�)� -,��6 ! X- 

�Z�- %� !�+4&���6 �4 (� )+g ��)� 7 ��=4�  �� �+,.

ustX- (-�� X�)5 

�2 ��^ ��#� �� �� %� )rsu(!�#	 �  1G4�-+3 �� !6>#� �� h+/,�=3 G��$ .�)6

�)5† †( )( )i j k iΦ Φ Φ Φ& )4 
���  ��2.
+�2 m/��,%�� )�% V��D �� �� ���6&  �-=�� �  

ˆ , (3 2)i i iΦ = Φ Φ −� �
�2iΦ� ����+:4� �), iΦ&ˆ

iΦG4� -$�& ���+:4� a� .�^ ��#� �� �� %� �2 �)rsu(

+1
+�+A+�2 �  �$ .�)= �� G�2 2N,�-+ %� J+2)6 
��� ! ���� �Z:

1 Positivity Constraint 
2 Triplet Higgs Model 



34

† 2

† † † †

,

ˆ ˆ( . ), , (3 3)

i i i

i j i j i j j i i j

∗

Φ Φ = Φ

 Φ Φ = Φ Φ Φ Φ Φ Φ = Φ Φ − 

� �

� �� �
 

 �� ! ��)�6 )�% V��D �2 
+�2 ! !5)� �� (&)2 @�5 "�q=e ���2�[16]:

1 1

1

2 3 2

1 2

cos
sin cos

sin sin cos

sin sin cos
sin sin (3 4)

N N

N N N

j N j j

N

N

r
r

r

r
r

ξ φ
ξ φ φ

ξ φ φ φ

ξ φ φ φ
ξ φ φ

− −

+

=
=

=

=
= −

�
	

�
	
	

�21 0φ =&

2 2

1
.

N

j
j

rξ
=

=∑


+�2 ! (-��)=���3 )�% V��D �� �� �), ���2� 

. (3 5)i iξΦ = −� �
�)F��=e †ˆ ˆ.i jΦ Φ-�,� !D�=e  -	 �?� (�����+:4� .+� ij ijx iy+�2 G4� 

( )

( ) (3 6)
ij i j i j

ij i j i j

x x x y y
y y x x y

= +

= − −

&1ij ijx iy+ ≤.� %� 7���=4� ��
���  (-��)=���3 .� 

† †( , )( ) , 1, 2,..., ,..., ,... (3 7)i j k ij ij j iF r x iy k i j Nφ
∗

 Φ Φ = + = Φ Φ = − 

 �2[ ]0, 0, 2kr φ π≥ ∈ &2 2

, 1

( ) 1.
N

ij ij
i j

x y
=

+ ≤∑.h+/,�=3)rsu(G��, ���6 ! ���2� �� 

4 2
4 2. (3 8)V r V r V= + −


+�2 ! 7 ��=4� (&)2 @�5 "�q=e %� )9�  ��� &  )�% V��D 1��$) .�� �  

1 1

1

2 3 2

1 2

cos
sin cos

sin sin cos

sin sin cos
sin sin (3 9)

N N

N N N

j N j j

N

N

x r
x r

x r

x r
x r

φ
φ φ

φ φ φ

φ φ φ
φ φ

− −

+

′ ′=
′ ′ ′=

′ ′ ′ ′=

′ ′ ′ ′=
′ ′ ′= −

�
	

�
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&

1 1

1

2 3 2

1 2

cos
sin cos

sin sin cos

sin sin cos
sin sin (3 10)

N N

N N N

j N j j

N

N

y r
y r

y r

y r
y r

φ
φ φ

φ φ φ

φ φ φ
φ φ

− −

+

′ ′′=
′ ′′ ′′=

′ ′′ ′′ ′′=

′ ′′ ′′ ′′=
′ ′′ ′′= −

�
	

�
	
	

�21r′ ≤1[ ], 0, 2i iφ φ π′ ′′∈&

(2 1) 2, (3 11)i j k l kφ φ φ φ π′ ′′ ′ ′′+ = + = + −

�20 3k≤ ≤&kG4� )�T )+� �+QT  -	 a� .1-��� ��)�)� (��-��3 o)� �?,� (�)� 

4V"�A+2)6 !�#6 (�%� �� !=4�� ! [ ] [ ]0,1 , 0, 2ir φ π′∈ ∈ &[ ], 0, 2i iφ φ π′ ′′∈GAn 

-���.

usuG��$ �  X- 2N =

J��� & G/+, ��4� ��-�* �+, !��6&  ���6&  �9+� X- �  !=$ (��-��3 o)� m4�)�

 h+/,�=3 �� �  ">#� %� !')� �2 -�=/� !��� h+/,�=3 1-,� 7-� �=5)g )b, �  �2 !���

G4� )�T �� .m�2b, �  ���2 �6 �2 !�+/,�=3 .�)6G4� )�% V��D 17-� �=5)g )[15] 
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† 2 † 2 † † † †1 2
1 1 2 2 3 1 1 2 2 4 1 2 2 1

† 2
5 1 2

2 † 2 † 2 †
11 1 1 12 1 2 22 2 2

† † †
6 1 1 7 2 2 1 2

( ) ( ) ( )( ) ( )( )
2 2

1 ( ) . .
2
1 ( ) ( ) . . ( )
2

( ) ( ) ( ) . . (3 12)

V

h c

m m h c m

h c

λ λ λ λ

λ

λ λ

= Φ Φ + Φ Φ + Φ Φ Φ Φ + Φ Φ Φ Φ

 + Φ Φ + 

 − Φ Φ + Φ Φ + + Φ Φ 

 + Φ Φ + Φ Φ Φ Φ + − 

 G��$ (�)� �� X- �* ���*2N =�Z* �� �Z�6 1
�)+9� )b, �  ��2 & )4 )�% J+2)6 �

G��  
+���':

( )

† 2
1 1 1
† 2
2 2 2

† †
2 1 1 2 2 1

† †
1 2 2 1

,

,
ˆ ˆ. . ,

(3 13)
∗

Φ Φ = Φ

Φ Φ = Φ

Φ Φ = Φ Φ Φ Φ

 Φ Φ = Φ Φ − 
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� � � �
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� ���&� %� G��$ .�� )3-4(1)3-9 (&)3-10(
���  

2 2

1 2

2 2

1 2

2 2

1 2

cos
sin

cos
sin

cos
sin (3 14)

r
r

x r
x r

y r
y r

ξ φ
ξ φ

φ
φ

φ
φ

=
=

′ ′=
′ ′=

′ ′′=
′ ′′= −

�D��� �  �2  �  ���, ���6 ! !6�n�n ���&� %� 7 ��=4� �� 1!5)^ %�)3-6 (
���  
2

12 12 2 2 2 2 2 2[sin( )cos( ) sin( )] (3 15)x iy r iφ φ φ φ φ φ′ ′ ′′ ′ ′′ ′ ′′+ = + − + − −

 o)� ��)3-11 (�� ��)3-15 (�� -�2 ! h�-A6 �� 
2

12 12 2 2 2 2[cos( ) sin( )] (3 16)x iy r iφ φ φ φ′ ′ ′′ ′ ′′+ = − + − −

��2 !=$�� (�)� 1��$) .�� � !�A� E��=, �� �/��P &)+�= )++�6 (��+ ��M,� �� )�%
+�- 

2

2 2

12

12 (3 17)

r

x x
y y

ρ
φ γ
φ φ θ

=
=

′ ′′− =
=
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† 2 2
1 1
† 2 2
2 2
† 2
2 1
† 2
1 2

cos

sin

cos sin ( )

cos sin ( ) (3 18)

r
r
r x iy
r x iy

γ

γ

γ γ

γ γ

Φ Φ =

Φ Φ =

Φ Φ = +

Φ Φ = − −

�M+=, �  &

4 1 1 2 2 3 3 4 4 5 5 5 6

6 7 6 8 7 9 7 10

Re Im
Re Im Re Im (3 19)

V A A A A A A
A A A A

λ λ λ λ λ λ
λ λ λ λ

= + + + + +
+ + + + −

�2 
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4
1

4
2

2 2
3

2 2 2
4

2 2 2
5

2 2 2
6

3
7

3
8

3
9

3
10

1 cos ,
2
1 sin ,
2
cos sin ,

cos sin ,

cos sin cos(2 ),

cos sin sin(2 ),

2 cos sin cos ,

2 cos sin sin ,

2 cos sin cos ,

2 cos sin sin . (3 20)
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A
A
A

A
A

A
A
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γ

γ

γ γ

ρ γ γ

ρ γ γ θ

ρ γ γ θ

ρ γ γ θ

ρ γ γ θ

ρ γ γ θ

γ γ θ

=

=

=

=

=
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=

=

=
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�M+=, ��#� �2[15]G4� :1-��� ��)�)� (��-��3 o)� �2 �� (�)�4V!�#6 (�)� -��� 

"�A+2)6[ ] [ ]0, 2 , 0,1γ π ρ∈ ∈ &[0,2 )θ π∈-��� GAn .!5�2 & �%f o)� 1o)� .��

 �� ��)� )� (�)�G/���-��3 �.

()=���3 (��5 %� ]�' o�P, !')� !4�)� �� ���2� G��$ � 2N =�2 G'� )3 
+���'
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1
4

2
4
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2
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V
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��&� ! G4  �� 1

4 4 2 21 4
4 3( 0) cos sin cos sin
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�2 G4� ��+#2 !,�% f�� �� �� G4�� c)^ 
2

1 2tan γ λ λ=

(�)� �%f o)� (�)� .��)����3λ
��  

3 1 2λ λ λ−�

�M+=, ��#� �2[11, 15]G4� .

�-$3 7 0λ λ= =

G��$ .�� � 4VG��, ���6 ! �� 

( )4 4 2 2 21 2
4 3 4 5 5cos sin Re cos 2 Im sin 2 cos sin

2 2
V λ λγ γ λ ρ λ λ θ λ θ γ γ = + + + + + 
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3 4 5 1 2min 0,λ λ λ λ λ + − −  �

�M+=, ��#� �2[11, 15]G4� .

()+g �M+=, 

!�&� �2 �p��� X- .�� �  � �� GAn o)� m4�)� (�)�6  �&� ! 
��)5 �� ��?� .�� 1
�� 7 �  �


+�2 m4�)� �� � �� GAn o)� 
+,��=� �� ���6&  %� !���e�   �-�6 �� !=+�F& �  .G�  -���

 �  & !g-� G�� Jp�)F (&� )� �2�)* G4� !F��� ����� a� %� Y+� (�+* o)� .�� �2 G�� 

-�2 ! X�#	� �� !,�)2 7-� !�+� Y+3 "��R �)� �M+=, ..�� !4�)� (�)� -,��6 ! � G5�+��

o)� )+g ��)� 7 ��=4�  �� �+, �+9� ���6 �4 (�Z�- %� !�+4& 7&)g �  .
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��� �#+#F 

m)� ��� G��$ 78�& & h+/,�=3 ��� ��+#2 .++�6 

)���sr(h+/,�=3 ��)� ��+#2 o)� 
G��, )�% �� �,�#+3 �� �&�, ���)9�#	 J/$ )� ���6 ! �� h+/,�=3 

( )

( )

† † † † †
1 1 2 2 1 2 2 1 1 2

† † †
1 2 2 1 1 2

1ˆ ˆˆ, , Re( ),
2

ˆ Im( )
2

A B C

iD

≡ Φ Φ ≡ Φ Φ = Φ Φ + Φ Φ = Φ Φ

= − Φ Φ −Φ Φ = Φ Φ
 

�#	 GQ6 �2 m���M�Z�%�� h��� h+/,�=3 .�)6 m(2) (1)SU U×��+� )�% �D��� �� -��� � �&�, 

 �� ! 
2 2 2 2
1 2 3 4
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1 2 3 4

5 6 8 7 9 10

ˆ ˆˆ ˆ
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gV A B C D

A B C D
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µ µ µ µ

λ λ λ λ

λ λ λ λ λ λ
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3 1 7 22 , 2 0i
i
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φ υ φ υφ = =

∂= =
∂

�2iφ�� 11,...,8i =)��?4� �� �,�#+3 ��Z=��$ 78�& %� a� )� 7-��  ���, 1� �2 G4� m���
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( )

( )

3 3 2 2 2 2 2
3 7 2 1 1 6 1 2 1 1 3 2 1 5 1 2 3 2
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2 2 3 2 3 2 2
7 7 2 1 2 2 2 2 3 1 6 1 3 1 2 5 2 1
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0 2 ( CDDDE3-ا )

T

T

T

T

λ υ λυ λ υ υ µ υ λ υ υ λ υυ µ υ

µ λ υ λ υ λ υ υ υ

λ υ υ µ υ λ υ µ υ λ υ λ υ υ λ υ υ

µ λ υ λ υ λ υ υ υ

= = + + − + + −

= = − + + +
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2 , 23 1 7 2
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∂ ∂
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+
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2 2 2 2
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1 1 1 1 1
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M
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λ υ λ υυ µ λ υ

µ λυ λ υ λ υ λ υυ

λ υ λ υυ µ λ υ

µ λ υ λ υ λ υυ λ υυ
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1 1
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1 1
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1 1 33
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2 2 2

M

M

M

M

µ λ υ λ υ λ υυ

µ λ υ λ υ λ υυ

µ λ υ λ υ λ υ λ υυ

λ υ υ λ υ

µ λ υ λ υ λ υ λ υυ

= − + + +

= − + + +

= − + + + +

= +

= − + + + +

 �2 
+�2 ! 7-���2 0υ ="f �� ��)� X�A� h��� ���� a� �+, )���su(G4� .)g� ���2�

 o)� �� �� ��\/2 0υ =m)� ">#� �  �� ��+#2 ���)� )��4 & 
+�2 h$ )���sv(����9���

G��  
+���' 1
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2 2 2 2 2 2
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2 2 2 2 2 2 2
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2 2 2 2 2 2 2
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M M M M

M M

λ υ λ υ

λυ λ υ λ υ

λ υ µ λ υ

µ λ υ µ λ υ λ υ

= = = = −
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= = − = = − +
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��=e ��� ��-+ m��� ��� G#/� &0 0
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lP,CP ��� h+/,�=3 �?+��$ �  -,�� )M� � �' ��  �')}st1xst(lP, �� CP��  �'

�+, � �'-,�� !#, )M� .


+�2 ! !5)� �� -+� X�)5 -�* h+/,�=3 ]�' ��� G��$ !')� m4�)� %� hA� ���2� .)g�

 !P+P$ ��)6� a�2 2×
+��� �=��  )�% h?� �� ���P= 

a c
A

c b
 

=  
 

-,�� ! ��+� )�% ���&� �� �� ��M�Z� -��= ����� )� 78�& & )� �P 78�& 
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2 2 2 2

1 ( ) 4
2

cos sin
;

sin cos
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( ) 4 ( ) 4
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u k u k

c a b
a b c a b c

δ δ
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≡ ↔ ≡ ↔   
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2
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+�2 7 ��=4� �� )�% ��� ��)�6 &
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0
,

0
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≡ Ω ≡ ≡ =   

  
 

���&  ��)6� � �� m,�?� )^�e�UG4� ��)�)� )�%  �Q6� 

† †A H MHΩ Ω =

��* &M�,�g&  1G4� ()D� HG4� m)� (�� G��$ 78�& �&�$ 1 2( , )H H.�� G��$ 78�& .��

 m,�?� ��)6� V�)^ %� �+�&� �� �,�#+3 (�� G��$ 78�& ���&  ��U& -��� ! G4-� 1 2,k k�� 
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m)� ��� G��$ 78�& ��� �)� S�) �� )���= J+6)61 2,H H-�=/� .m')� m4�)� �� ���2�

$h+/,�=3 ]�' ��� G�� )���sr(
�%� )3 !.

���srsrm�� �&�, �� h+/,�=3 C

Ye� V��D)rstst(GQ6 h+/,�=3 
+���e� )g�C
+�  ��)� m=/��� ! 1-��� � �&�,
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4 8 9 10 0µ λ λ λ= = = =.�&� )� �� m,��&  
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+�  ��)� 
+,��6 !  �� �=4�2 ��\/ G+�2 %� �?,� �&-�

3 1 7 22 ; 2 0φ υ φ υ= = =.

-,�� ! h�-A6 �� �� &  �� �Z�6 ��+#2 ���)� 17-� )2R  ��� X�#	� �� 
2
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2 2 2 2 2 2 2
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( )1 2,′ ′Φ Φ-��2 ! ��+� �� .�� �� 1)9�  c)^ %�)�s{(.+� �D��� )9,�+�( ) ( )( ), ,0 , ,0,U D U Dξ η &

( ) ( )( ), ,0 , ,0,U D U Dξ η� �G4� ..+� ���&� %� -�6��A	 ���&� .�)=#Z 1 ��& .�� ��( ), ,,U D U Dξ η &

( ), ,,U D U Dξ η� �!)� (�� G��$ 78�& J/$ )� .�8,�)gf !=�& !9=e+� (�� ��)6� !��� 1

-,�� ! �=��, .)++�6 �� !)� & (� �,�#+3 �9+� (�� G��$ 78�& .+� �D��� 1X�#� )+� ���3 � 

 %� (���g �#, J4��)yst(-�=/� I�=�=4� h���.

( )
( )

1

2

0
1

0
2

0
1

0
2

cos sin
sin cos

cos sin
sin cos

cos sin
(10 )

sin cos

G
H

h H
h h

g G
ب

g A

φ β β
β β

φ

α α
α α

β β
β β

+ +

+
+

 ′
 −   =      ′    

 
′ ′ ′  −   

=      ′ ′ ′    
′  −   

= −     ′     
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�&  ��M,� �� ��)�su(%� 7 ��=4� &)�sr(
���  

( )
( )

( )
( )

( )

( )
( )

( )
( )

( )

1 1 2

1 2

1 1 1 2 2 2

1

1 1

1 2
2

1 1 1 2 2 2

2

1 2

cos sin

cos sin
2 2

2

sin cos
2 2

2

h ig h ig

h ig

h ig h ig

h ig

β β

φ φ
β β

υ υ

φ

υ

φ φ
β β

υ υ

φ

+ +

+

+ +

+

′ ′Φ = Φ + Φ

   ′ ′
   = +      ′ ′ ′ ′+ + + +   

 
≡   + + 

   ′ ′
   Φ = − +      ′ ′ ′ ′+ + + +   

 
≡  
 + 

 

�  (� �,�#+3 (�� G��$ 78�& �� ��4) )+� ���3 �  (� �,�#+3 (�� G��$ 78�& %� h�-A6 .��)����

 �� ! ��+� )�% �D��� �� ���3 Y��#, 

( )
( )

11

2
2

1 1

2 2

1 1

2 2

cos sin
sin cos

cos sin
sin cos

cos sin
(11 )

sin cos

h h
h h

g g ب
g g

φφ β β
β βφ φ

β β
β β

β β
β β

++

+
+

 ′
    =      − ′    

 
 ′   

=      − ′    
 ′   

= −     − ′    
��$ 78�& & (� �,�#+3 (�Z=��$ 78�& �D��� &=� !)� (�Z+ 7 �4 ��+/� ���3 (-��)=���3  ��:

1

2

0
1

0
2

1 1

2 2

0

0

cos sin cos sin
sin cos sin cos

cos sin
sin cos

cos sin cos sin
sin cos sin cos

G
H

g G
g A

h h
h h

H
h

φ β β β β
β β β βφ

β β
β β

β β α α
β β α α

+ +

+ +

   −  
=        −    
  

=        
 ′   

=      − ′    
′ ′ −  

=   ′ ′−  
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0
1

0
2

cos sin
(12 )

sin cos
h H

ب
h h

α α
α α

 −   
= −         

�2 

(13 αب( α β′≡ − −

%� 1)9�  c)^ %�)�s{(&){{st(
���  

,0 ,0 ,0 ,0 † ,01

2 2

2cos sin cos sinU U U U U
L UT M υη βη βξ βη β η

υ υ
 

= + = + −  
 

�� � � 

�  �2 !,�?� ">�-A6 %� 7 ��=4� %� �3 &)38st(� 7 )2 ��)�6
���  1
� 

( ) ( ),0 † ,0 † ,0 †1

2 2

2cos sinU U U
L R L R U L RT T T T M T Tυη β η β η

υ υ
 

= + −  
 

� � 

!,�?� (�� ��)6� 
+�2 -+2L6 -���,L RT&,L RV�� �� �  �2 )38st(hP=/ -,� 7-� ��)�6

 �,�#+3 (�� G��$ 78�& %� �����+:4� ���&  7-��  ���, �� ��)6� .�� �2 �)* 1-�=/� ���3 %� (�

 (�� ���&  & -�=/� !)� (�� G��$ 78�& ��)�su� 1s{(!#, )++�6 �� !������+:4� .+�*

-��  .h�-A6 .��)����0 †
L RT X R(�� G��$ 78�& %� !9=e+� (�� ��)6� h�-A6 7-��  ���, 

�M+=, �  & G/�� �,�#+3 

,0 † 1

2 2

1 1

2cos sin

2 2

U U U
L R U

U U U
U U

T T M

M M

υη βη β η
υ υ

υ υη η η
υ υ υ υ

 
= + −  

 

= + − =

� �

� �

 

 G��Z, �  .��)����
��� 

2U
UMη

υ
=

��)6� 1
���  ��b=,� �2 ��^ ��#� 1)9�  "��A	 ��UηG4� �A6) ��+)5 �)� �� �Z�6 .��D�

 "f �� %� 1����)�s{143st138st(
���  

,0 ,0 ,0 † ,02

1 1

,0

2sin cos sin

cos

U U U U
L U R

U

T M T υξ βη βξ β ξ
υ υ

βξ

 
= − + = − − 

 
+

� ��

�
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,0 † 2tan sin tan

2 tansec

U U
L R U

U U
U

T T M

M

ξ β β βξ
υ

βξ βξ
υ

= − +

= −

�

�

��1.�� )� 7&>	 � �  ��)� 1 2, 0υ υ υ= =�� �� )43st((�)� �+,( ), ,0U DηG4� )A=� .��2 �� ��

 �� �� � )�)43st((�)�,0Uη%� 7 ��=4� �+, &)�s{(
���  

,0 † ,02sin cos

2 sin cos

U U
L U R

U U
U

T M T

M

ξ β βξ
υ

βξ βξ
υ

 
= + 

 
 

= + 
 

�

�

���� ��^ �� &

2 cos sinU U
UMη β βξ

υ
= −�

���3 (-��)=���3 �  !9=e+� (�� ��)6� .+� o�A6�� (�)� 1�T>' ��^ ��( ), ,,U D U Dη ξ &

��4) )+� ���3 �  )���= (�� ��)6� .+�j#�( ), ,,U D U Dη ξ��
���  

, , , ,
, ,

, , ,
, ,

2 2 sincos sin ; cos

2 2 tan; sec (14 )

U D U D U D U D
U D U D

U D U D U D
U D U D

M M

M M ب

βη β βξ ξ βξ
υ υ

βη ξ βξ
υ υ

= − = +

= = − −

��

�

78�& & (� �,�#+3 �9+� (�� G��$ 78�& .+� ���&� &���3 (-��)=���3 �  !)� �9+� (�� G��$

 %� -�6��A	 
0

1 1
0

22

0
1

0
2

;

cos sin
sin cos

gG G
gH A

h H
h h

φ

φ

α α
α α

α α β

+ +

+ +

      
= =                

 −   
=          

′≡ −

 

"f �� �� ��4) )+� (�� ���3 (�)� ���� ���&� �?+��$ � )yst(-,�� ! ��+�.

"f �� %� 17�+� &  � �� ��g%�4 "�A�� (�)�)�sr{((-��)=���3 �  �&�2�� (�� !g-� G�� &

�  ��4) )+� "f ��)41st1{vst144st145st((�� !g-� G�� �6 
+�2 ! 7 ��=4�

 ���3 (-��)=���3 �  �&�2��)35st(
��&� G4  �� �� .��#� �-=��0DDA(� (-��)=���3 �  �� 
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X- �2 
+�2 ! a*ΙΙ �� ! ��?�� �� �  )DG4� .+��3 ��+)5 �4 7-��  ���, .(%�

.�8,�)gf)45st("��A	 &)�sr{(
���  

0 0 0
5 5

0 0
5 5

0 0
5

tan:
2 2 cos

tan 2 sin cos
2 2 cos

:
2

D
D

W

D
D D

W

D

ig iDDA i DM DA D DA
M

ig ii DM DA D M DA
M

iDDA D DA

β γ ξ γ
β

β βγ βξ γ
υβ

ξ γ

− +

 
= − + + 

 

�

���2�0DDH
+�2 ! !4�)�� �

( )

( )

( )

0 0 0

0

0

0

0 0

1: cos sin
2 cos 2 cos

cos
2 cos

1 2 sin cos sin
2 cos

cos

1cos sin
2 2

D
D

W

D
W

U
D

D

D
D

W

gDDH DM D H D D H
M
g DM D H

M

D M D H

MD DH

g DM DH D DH
M

α ξ α β
β β

α
β

β βξ α β
υβ

α β
υ

α ξ α

′ ′+ −

′=

 
′+ + − 

 

′= −

= +

�

(�)�0DDh
���  �+, 

( )

( )

( )( )

( )

( ) ( )

0 0 0

0

0

0

0

0 0

1: sin cos
2 cos 2 cos

sin
2 cos

1 2 sin cos cos
2 cos

sin sin cos
2 cos

1 cos
2

1sin cos
2 2

2

D
D

W

D
W

D
D

D

W

D

D
D

W

gDDh DM D h D D h
M

g DM D h
M

D M D h

gMD Dh
M

D D h

g DM D h D D h
M
g

α ξ α β
β β

α
β

β βξ α β
υβ

α β α β
β

ξ α β

α β ξ α β

′ ′− + −

′= −

 
′+ + − 

 
 

′ ′= − − − 
 

′+ −

′ ′= − − + −

= −

�

0 01sin cos
2

D
D

W

DM Dh D Dh
M

α ξ α+
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X- �2 !��8,�)gf %� 1�� ��� (���9+� (�)� 1G��Z, � ΙΙ%� !��� 1-�2 ! ��?�� �� )41st(��

7&>	)45st(-�� ! G4  �� )�% V��D �&�2�� !g-� G�� 1

cot 1:
sin2

tan 1
cos2

cot tan
2 2

1 2 cos sin
sin 2

1 2 tan cos
cos

U
U L L

W

d D
D R R

W

d
U L D R

W W

U
U L

W

d D
D R

W

U
L

gUDH UM KP DH U KP DH
M

g UKM P DH UK P DH
M

g gUM KP DH UKM P DH
M M

gU M KP DH
M

gUK M P DH
M

U KP DH

β η
β

β η
β

β β

β βξ
β

β βξ
β

ξ

+ + +

+ +

+ +

+

+

+

− +

− +

= − −

 
+ −  

 
 

+ + 
 

= − +

�

�

( )
D

R

D U
R L

UK P DH

U K P KP DH

ξ

ξ ξ

+

+= −

)gf �  �2 !��� !g-� G�* �� �� !g-� G�� .�� !�#6 �� �� 1���3 (-��)=���3 (8,�)uys

t()��)� -,�� ! )���-�=/� .+ -,&� .�� �� 1.��)����+6��T �  -�  ���=6��A	 �? (�Z)�sr{(

�8,�)gf !�#6 1-,�� �=5)g )b, � �"f �� %� �2 !��Z){rst1{tst1{{st1{}st(! -+��6

! ��� 1-,��( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ), , ,Y U Y D Y U Y D Y U Y D Y U Y D
Ι Ι Ι ΙΙ ΙΙ ΙΙ ΙΙ Ι− − − −-L L - L L - L L - L L)gf �� 1.�8,�

)u}st(-�=/� ��/?�.

"f �� �� �2 !M��=,)�sr{(�� �� �  �2 (�� ;�� 7%�-,� -��  ! ���, -,�� ! ��+�

 ��  !9=/� 7-� ��e=,� ( ���3 �� -��  ! k� 
�^ )++�6 .��b=,� �2 ��^ ��#� 1 ��& .�� ��

 �� 1 ��-, !9=/� ���3 ��e=,� 7�Q, �� �� !g-� G�� 7%�-,� 1
���  78�& .+� !9=e+� (���&%

-,��  !9=/� ���3 ��e=,� 7�Q, �� �9+� !)� (�� G��$ 78�& & �9+� (� �,�#+3 (�� G��$ .��

W�, (�� X- �2 
+�2 7���� -��� �M+=, ����	Ι&ΙΙW�, X- �� (��?�� "&��6 ΙΙΙ1-,��  

)=���3 �� "-� �� X&� X- &  G4� �e� �2 �)*tan βX- �?+��$ �  -,��  !9=/� ΙΙΙ�� 

 ��-, !9=/� )=���3 .�� .(-��)=���3 �  W�F� .�� h+� Y
ΙΙL>�2 "�2 �)* G4� �e�

( )Y Type
ΙΙ ΙΙ-L �� ��)T ��^ ��tan β! �5�F� �� !9=e+� (��)=���3 !=�& �� 1 ��  !9=/� 

-��2 ! c�$ �� (� !9=/� .+�* c�$ (�)� V+�  )� �P ��)=���3 .�� 1
+�2 .1)9�  "��A	 ��

X-ΙΙ���3 (���  !='�  %�)6 �  �� �� �� !9=/� �6 G/+, !9=e+� (��)=tan β �� c�$ .
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-�  !,��P6 7�g-�  %� �� "&��6 .�� ���6 ! :2HDM �2  �� ! �='�4 (� �,�g ��"!:2 "

-���  ��-,�=4� X- �9+� ���6&  %� !P+� :

1 2
1 2 1 20 0

1 2

1Y Y
φ φ

φ φ

+ +   
Φ = Φ = = =      

   
 

�=,��2  �-	� (���  �� ���6&  .��-,����#6 h��� )+� �M+=, �  & -�=/� !,�/?� !).�� �  h��-$

�D4 .( 
��� ���� !?��+5 (�� -�+3 �2 �� �� �&-� 
+,��6 ! ()��3�,���#6 .�� )^�' ��

-�,� (� ��&�% X�$ !,��& θ
�)+9� )b, �  

1 1

2 2

cos sin
sin cos

θ θ
θ θ

′Φ Φ    
=    ′Φ − Φ    

4��� ��-� (��2 .+�* X����g ���P6 a� GQ6 X- �2 G"& s���6&  "( )1 2, TΦ ΦG4� �&�, .��

�9+� (�� ���6&  (&� )� �=//g ���P6 a� �2 G4� ��4)  ��& .��

( )1 1 2 2,Φ → Φ Φ → −Φ���P6 a� �� &( )1UX����g ( )1 1 2 2, ie ϕΦ → Φ Φ → Φ+�2 X�#	� 


(�� 7-�-3 %� �6FCNC 
+�2 ()+g��� .! |)D �� �� ���6&  .+� ()��3�,���#6 1��2 .�� ��

  �� -���' "&��= ��+/� �� ��+)5 �� �� �� !g-� G�� �2 �)* 
+�2)(�� X-Ι&ΙΙ.( �=A��

6 (� �,�g �� �� ���P6 
+=/,��6 !�2 
+�2 ��)�( )1 1 2 2,Φ → −Φ Φ → Φ.�� lQ �� �� 1

h�-A6 %� !?��+5 (��=Q �  )++�6 �&-� 
+,��6 !#, )9�  1
� )2 ��e=,� �� �� �� %� !?� �2

1 2Φ → Φ
+�2 7 ��=4� .���P6 GP+P$ .��( )2SU-�?� ! ��)T ��^ �� �� ���6&  .c)^ %�

�P+�  1)9�  ")=���3 ��� �2 G4� ���P6 .��tan βW�, (�� X- ��* &  %�4 ! .?# �� Ι

&ΙΙ)�� %� 
+,��6 !#, 1-���� !#, !,��P6 .+�* (���  tan β
+�2 )b, c)T [1].
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�#+#FI

�9+� h+/,�=3 �  ���&  

Isrh+/,�=3 �  �� )=���3 h�-A6 
�� �� �&  )� �  �2 
+�2 ! 7 ��=4� ���+='� � )2 7��)=���3 7�+� a� %�VEV ���e ��

-�=/� )�T .-��� �� �,�#+3 !�� �&�, G+T�' ����  �2 !���M�Z�%�� h��� h+/,�=3 .�)6 m�#	

%� G/6��A	 
2 2 2 2
1 2 3 4

2 2 2 2
1 2 3 4

5 6 8 7 9 10

ˆ ˆˆ ˆ

ˆ ˆˆ ˆ

ˆ ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ (1 )

gV A B C D

A B C D

A B A C A D B C B D C D ج

µ µ µ µ

λ λ λ λ

λ λ λ λ λ λ

′ ′ ′ ′= − − − −

′ ′ ′ ′+ + + +

′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′+ + + + + + −

� � � �
� � � �

� � � � � �
 

-�=/� �� �,�#+3 !�� �&�, G+T�' ����  )�% )9�#	 ��Z* �� �  �2:

( )

( )

† † † † †
1 1 2 2 1 2 2 1 1 2

† † †
1 2 2 1 1 2

1ˆ ˆˆ, , Re( ),
2

ˆ Im( )
2

A B C

iD

′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′ ′≡ Φ Φ ≡ Φ Φ ≡ Φ Φ + Φ Φ = Φ Φ

′ ′ ′ ′ ′ ′ ′≡ − Φ Φ −Φ Φ = Φ Φ

 

& �� ���6 & VEV -,�� ! 7 �  ���, )�% ���&� �� �� 

( )
( )

( )1,2
1,2

1,2 1,2 1,2
1,2 1,2 1,20

1,2

(2 )

2

and ج
h ig

φφ
υ

υ
φ

+
+

 ′ ′     ′ ′ ′Φ = = Φ = −  ′ + + ′        

 W�, ��&�2�� .�8,�)gf �  �2 G4� "�A�� h���ΙΙΙ!?��+5 ���=Q �2 �� �&-� ���6 ! 

 �  ���&  )�% V��D �� �� ���6 &  1-�2 )++�6 .�8,�)gf

1 1

2 2

cos sin
(3 )

sin cos
ج

θ θ
θ θ

′Φ Φ    
≡ −     ′Φ − Φ    

 ���=Q �?,� �&-�  �  ��M,� h+/,�=3 �D��� �  �� !,��&  .+�* ���6 ! �2  �  ���, -��� ��

f !?��+5-�2 )++�6 .�8,�)g .(�� )=���3 h�-A6 !9,�9* 1W�F� .�� � �  ���, ��)�,i iλ µ� �
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+�2 �A4�Q �� !,��&  .+�* GQ6 .(��)9�#	 h�-A6 7�Q, �-=��ˆ ˆˆ ˆ, , ,A B C D�A4�Q �� 

+
+�? .%� 7 ��=4� ��)Isu(
���  

( )( )† † † †
1 2 1 2 1 2

† † 2 † † † † † † 2
1 1 1 2 2 1 2 2

† †
† † 2 † † 21 2 2 1
1 1 2 2

2 2

ˆ cos sin sin cos

cos cos sin cos sin sin

cos 2cos sin sin
2

ˆ ˆˆcos sin sin 2

A

A B C

θ θ θ θ

θ θ θ θ θ θ

θ θ θ θ

θ θ θ

′ ′ ′≡ Φ Φ = Φ −Φ Φ −Φ

= Φ Φ −Φ Φ −Φ Φ + Φ Φ

 Φ Φ + Φ Φ= Φ Φ − + Φ Φ 
 

= + −

1���� !�&� �� &
2 2

2 2

2 2 4 2 4 2 2 2

2 2

2 2 2 4 2 4 2

ˆ ˆ ˆˆcos sin sin 2
ˆ ˆˆ ˆsin cos sin 2
1 1ˆ ˆ ˆˆsin 2 sin 2 cos 2
2 2

ˆ ˆ

1ˆ ˆ ˆ ˆˆ ˆcos sin sin 2 sin 2
2

ˆ ˆ ˆˆ2 sin 2 cos 2 sin sin 2

ˆ ˆˆ ˆcos sin cos s

A A B C

B A B C

C A B C

D D

A A B C AB

AC BC

B A B C

θ θ θ

θ θ θ

θ θ θ

θ θ θ θ

θ θ θ θ

θ θ θ

′ = + −

′ = + +

′ = − +

′ =

′ = + + +

− −

′ = + +

( )

( )
( )

2 2

2 2

2 2 2 2 2 2 2

2 2

2 2 2 2 4 4

1 ˆ ˆin 2 sin 2
2

ˆ ˆ ˆˆ2 sin 2 sin 2 sin 2 cos
1 1ˆ ˆ ˆ ˆˆ ˆsin 2 cos 2 sin 2
4 2

1 1ˆ ˆ ˆˆsin 4 sin 4
2 2

ˆ ˆ

1 1ˆ ˆ ˆ ˆˆ ˆ ˆsin 2 sin cos
4 4
ˆ ˆ ˆˆ sin 2 cos 2

ˆ ˆ

AB

AC BC

C A B C AB

AC BC

D D

A B A B C AB

AC BC

A

θ θ

θ θ θ θ

θ θ θ

θ θ

θ θ θ

θ θ

+

+ +

′ = + + −

+ −

′ =

 ′ ′ = + − + + 
 

+ −

′ ′
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Abstract 
 
Although the standard model (SM) of electroweak interactions has had great predictions, 
there still remain some unanswered questions. Namely, no one can give a solid answer to 
the open question “which mechanism is responsible for the gauge symmetry breaking?”.
Apart from the scalar dynamics of SM, many scenarios have been proposed to explain the 
nature of electro-weak symmetry breaking including the Higgs bosons of low-energy 
supersymmetry, little Higgs models, extra-dimensional theories of EWSB and strongly-
coupled EWSB sectors. In SM, however, the breaking of the (2) (1) (3)SU U SU× ×
symmetry is explained by the Higgs mechanism where one Higgs doublet is introduced. 
However, there exists no fundamental reason for the Higgs sector to contain only one 
Higgs doublet and multi-Higgs-doublets are acquired in many models, including 
supersymmetric models as well as models with spontaneous CP-breaking since 
introduction of a nonminimal Higgs sector can lead to new sources of CP violation in the 
Higgs sector and provides an attractive framework to study flavor changing processes as 
well. In the present thesis we first give a review on the two-Higgs-doublet model 
(2HDM) and then formulate a simple method to study positivity in NHDM with the 
general potential. Our approach can be used for a large class of Higgs triplets as well. 
 

Keywords: spontaneous symmetry breaking, Higgs mechanism, two doublet Higgs 
model 

 


