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~� = IA ~n A ; �U�k�X�y�X�R�V
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�i���B�M�2�/�,

f � i ; � j g = 2 � ij ; f � i ; � g = 0 ; � 2 = 1 ; �U�k�X�R�X�8�V

�r�?�2�`�2 �&�-�' �/�2�M�Q�i�2�b �i�?�2 ���M�i�B�+�Q�K�K�m�i���i�Q�`�X �h�?�2 �.�B�`���+ �>���K�B�H�i�Q�M�B���M �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

HD = � i~� � ~r + �m; �U�k�X�R�X�e�V

�r�?�B�+�? �`�2�b�m�H�i�b �B�M �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M�,
�

i
@
@t

+ i~� � ~r � �m
�

 = 0 : �U�k�X�R�X�d�V

�6�Q�` �� �T���`�i�B�+�H�2 �r�B�i�? �+�?���`�;�2q = � e �B�M ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �T�Q�i�2�M�i�B���H �r�2 �2�K�T�H�Q�v �i�?�2 �b�m�#�b�i�B�i�m�@
�i�B�Q�Mp� ! p� + eA� �X �>�2�`�2�-A � = (� ; ~A) �B�b �i�?�2 �+�Q�M�i�`���p���`�B���M�i �7�Q�m�`�@�T�Q�i�2�M�i�B���H �r�B�i�? �i�?�2 �b�+���H���`
�T�Q�i�2�M�i�B���H� ���M�/ �i�?�2 �p�2�+�i�Q�` �T�Q�i�2�M�i�B���H~A�X �h�?�2 �.�B�`���+ �2�[�m���i�B�Q�M �B�M ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/ �B�b
�i�?�2�M �;�B�p�2�M �#�v

�
i

@
@t

+ ~� � (i ~r � e~A) � �m + e�
�

 = 0 : �U�k�X�R�X�3�V

�h�?�2 �.�B�`���+ �Q�T�2�`���i�Q�` �B�M ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/ �+���M �#�2 �B�/�2�M�i�B�}�2�/ ���b

H �1�J
D = ~� � (~p+ e~A) + �m � e� : �U�k�X�R�X�N�V

�.�B�z�2�`�2�M�i �b�2�i�b �Q�7~� ���M�/� �+���M �b���i�B�b�7�v �i�?�2 �+�Q�M�/�B�i�B�Q�M�b �K�2�M�i�B�Q�M�2�/ �B�M �1�[�X �U�k�X�R�X�8�V�X �� �T�Q�b�b�B�#�H�2
�+�?�Q�B�+�2 �B�b �;�B�p�2�M �#�v �i�?�2 �.�B�`���+ �`�2�T�`�2�b�2�M�i���i�B�Q�M�,

~� =

 
0 ~�
~� 0

!

; � =

 
I2 0
0 � I2

!

: �U�k�X�R�X�R�y�V

���M�Q�i�?�2�` �Q�T�i�B�Q�M �B�b �i�?�2 �q�2�v�H �`�2�T�`�2�b�2�M�i���i�B�Q�M�,

~� =

 
� ~� 0
0 ~�

!

; � =

 
0 I2

I2 0

!

: �U�k�X�R�X�R�R�V

�h�?�2 �p�2�+�i�Q�`~� �r�B�i�? �i�?�`�2�2 �+�Q�K�T�Q�M�2�M�i�b �B�b �+�Q�M�b�i�`�m�+�i�2�/ �m�b�B�M�; �i�?�22 � 2 �S���m�H�B �K���i�`�B�+�2�b ���b �B�i�b
�2�H�2�K�2�M�i�b�,

� 1 =

 
0 1
1 0

!

; � 2 =

 
0 � i
i 0

!

; � 3 =

 
1 0
0 � 1

!

: �U�k�X�R�X�R�k�V

�a�B�M�+�2~� ���M�/� ���`�24� 4 �K���i�`�B�+�2�b�- �B�b �� �7�Q�m�`�@�+�Q�K�T�Q�M�2�M�i �b�T�B�M�Q�`�- �+���H�H�2�/ �.�B�`���+ �b�T�B�M�Q�`�X �A�M �i�?�2
�7�Q�H�H�Q�r�B�M�;�- �i�?�B�b �r�B�H�H �#�2 �2�t�T�`�2�b�b�2�/ �#�v �i�r�Q �i�r�Q�@�+�Q�K�T�Q�M�2�M�i �b�T�B�M�Q�`�b�X �h�?�2�b�2 �+�Q�M�i���B�M �i�?�2 �m�T�T�2�`
�i�r�Q ���M�/ �i�?�2 �H�Q�r�2�` �i�r�Q �+�Q�K�T�Q�M�2�M�i�b�- �`�2�b�T�2�+�i�B�p�2�H�v�,

 =

 
'
0

!

+

 
0
�

!

: �U�k�X�R�X�R�j�V

�8



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�l�b�B�M�; �i�?�2 �.�B�`���+ �Q�T�2�`���i�Q�` �7�Q�` �� �K���b�b�B�p�2 �T���`�i�B�+�H�2 �r�B�i�? �M�2�;���i�B�p�2 �+�?���`�;�2 �B�M ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+
�}�2�H�/�- ���b �`�2�7�2�`�`�2�/ �i�Q �B�M �1�[�X �U�k�X�R�X�N�V�- ���M�/ �2�K�T�H�Q�v�B�M�; �i�?�2 �.�B�`���+ �`�2�T�`�2�b�2�M�i���i�B�Q�M�- �r�2 �/�2�`�B�p�2

H �1�J
D

 
'
�

!

=

 
0 ~� � (~p+ e~A)

~� � (~p+ e~A) 0

!  
'
�

!

+ m

 
I2 0
0 � I2

!  
'
�

!

� e�

 
'
�

!

=( ~p+ e~A) �

 
~��
~�'

!

+ m

 
'

� �

!

� e�

 
'
�

!

= E

 
'
�

!

: �U�k�X�R�X�R�9�V

�h�?�B�b �H�2���/�b �i�Q �� �b�v�b�i�2�K �Q�7 �i�r�Q �+�Q�m�T�H�2�/ �i�r�Q�@�+�Q�K�T�Q�M�2�M�i �2�[�m���i�B�Q�M�b�,

(E � m + e�) ' = ( ~p+ e~A) � ~��; �U�k�X�R�X�R�8�V

(E + m + e�) � = ( ~p+ e~A) � ~�': �U�k�X�R�X�R�e�V

�q�B�i�?�B�M �i�?�2 �q�2�v�H �`�2�T�`�2�b�2�M�i���i�B�Q�M�- �B�i �#�2�+�Q�K�2�b �2�p�B�/�2�M�i �i�?���i �i�?�2 �K���b�b �/�2�i�2�`�K�B�M�2�b �i�?�2 �+�Q�m�T�H�B�M�;
�#�2�i�r�2�2�M �i�?�2 �H�2�7�i�@�?���M�/�2�/ �U�m�T�T�2�` �i�r�Q �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �b�T�B�M�Q�`�V ���M�/ �`�B�;�?�i�@�?���M�/�2�/ �U�H�Q�r�2�` �i�r�Q
�+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �b�T�B�M�Q�`�V �q�2�v�H �b�T�B�M�Q�`�b�X �>�Q�r�2�p�2�`�- �i�?�2 �+�?�Q�B�+�2 �Q�7 �i�?�2 �.�B�`���+ �`�2�T�`�2�b�2�M�i���i�B�Q�M
�B�b ���/�p���M�i���;�2�Q�m�b �?�2�`�2 �#�2�+���m�b�2 �B�i �/�B���;�Q�M���H�B�x�2�b �i�?�2 �2�M�2�`�;�v �B�M �i�?�2 �M�Q�M�@�`�2�H���i�B�p�B�b�i�B�+ �H�B�K�B�i�X �A�7
�r�2 �+�Q�M�b�B�/�2�` �i�?�B�b �H�B�K�B�i�- �r�2 �+���M ���T�T�`�Q���+�? �i�?�2 �S���m�H�B �i�?�2�Q�`�v�- �B�M �r�?�B�+�? �i�?�2 �i�Q�i���H �2�M�2�`�;�vE �B�b
���T�T�`�Q�t�B�K���i�2�H�v �2�[�m���H �i�Q �i�?�2 �`�2�b�i �2�M�2�`�;�vm ���M�/ �i�?�2 �b�+���H���` �T�Q�i�2�M�i�B���H� �#�2�+�Q�K�2�b �M�2�;�H�B�;�B�#�H�2�,

E � m; m � e� :

�l�M�/�2�` �i�?�2�b�2 ���T�T�`�Q�t�B�K���i�B�Q�M�b�- �1�[�m���i�B�Q�M �U�k�X�R�X�R�e�V �+���M �#�2 �r�`�B�i�i�2�M ���b�,

� �
1

2m
(~p+ e~A) � ~�': �U�k�X�R�X�R�d�V

�A�M �i�?�2 �M�Q�M�@�`�2�H���i�B�p�B�b�i�B�+ �H�B�K�B�i�- �B�i �B�b �2�p�B�/�2�M�i �i�?���i� �B�b �b�B�;�M�B�}�+���M�i�H�v �b�K���H�H�2�` �i�?���M' �X �"�v �b�m�#�b�i�B�@
�i�m�i�B�M�; �i�?�2 �2�t�T�`�2�b�b�B�Q�M �7�Q�`� �B�M�i�Q �1�[�X �U�k�X�R�X�R�8�V�- �r�2 �/�2�`�B�p�2

HP ' = ( E � m)'; �U�k�X�R�X�R�3�V

�r�B�i�?

HP =
1

2m
[(~p+ e~A) � ~� ][(~p+ e~A) � ~� ] � e� I2: �U�k�X�R�X�R�N�V

�h�?�2 �2�t�T�`�2�b�b�B�Q�M �+���M �#�2 �7�m�`�i�?�2�` �2�p���H�m���i�2�/ ���b

[(~p+ e~A) � ~� ][(~p+ e~A) � ~� ] =( p + eA) i (p + eA) j � i � j

=( p + eA) i (p + eA) j (� ij I2 + i� ijk � k )

=( p + eA) i (p + eA) i + i� ijk (p + eA) i (p + eA) j � k

=( ~p+ e~A)2I2 + i~� � [(~p+ e~A) � (~p+ e~A)]; �U�k�X�R�X�k�y�V

�r�?�2�`�2 �B�M �i�?�2 �}�M���H �b�i�2�T�- �i�?�2 �7���+�i �i�?���i �i�?�2 �S���m�H�B �K���i�`�B�+�2�b �+�Q�K�K�m�i�2 �r�B�i�? �K�Q�K�2�M�i�m�K ���M�/
�i�?�2 �p�2�+�i�Q�` �T�Q�i�2�M�i�B���H �B�b �m�b�2�/�X
�h�?�2 �b�2�+�Q�M�/ �i�2�`�K �v�B�2�H�/�b �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/ �i�?���i �+���M �#�2 �B�/�2�M�i�B�}�2�/ �r�B�i�? �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�2�M�+�2
~p ! � i ~r �X �q�2 ���T�T�H�v �i�?�B�b �i�Q' ���M�/ �Q�#�i���B�M

[(~p+ e~A) � (~p+ e~A)]' =[ e(~p� ~A + ~A � ~p)]'

�e



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

= � ie[~r � ( ~A� ) + ~A � ( ~r ' )]

= � ie[( ~r � ~A)� � ~A � ( ~r ' ) + ~A � ( ~r ' )]

= � ie ~B'; �U�k�X�R�X�k�R�V

�r�?�2�`�2 �i�?�2 �B�/�2�M�i�B�i�v~r � ( ~A� ) = ( ~r � ~A)� � ~A � ( ~r � ) �B�b �m�b�2�/�X �h�?�2 �K���;�M�2�i�B�+ �}�2�H�/ �B�b �;�B�p�2�M
�#�v~B = rot ~A�X �A�M�b�2�`�i�B�M�; �1�[�X �U�k�X�R�X�k�y�V ���M�/ �1�[�X �U�k�X�R�X�k�R�V �B�M �1�[�X �U�k�X�R�X�R�N�V�- �i�?�2 �S���m�H�B �>���K�B�H�i�Q�M
�P�T�2�`���i�Q�` �i���F�2�b �i�?�2 �7�Q�`�K

HP =
�

1
2m

(~p+ e~A)2 � e�
�

I2 +
e

2m
~� � ~B:

�A�M �i�?�2 �.�B�`���+ �7�Q�`�K���H�B�b�K�- �� �9�@�+�Q�K�T�Q�M�2�M�i �i�?�2�Q�`�v �B�b �+�Q�M�b�B�/�2�`�2�/�- �r�?�2�`�2���b �i�?�2 �S���m�H�B �7�Q�`�K���H�B�b�K
�B�M�p�Q�H�p�2�b �k�@�+�Q�K�T�Q�M�2�M�i �b�T�B�M�Q�`�b�- �2���+�? �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �T���`�i�B�+�H�2�ö�b �b�T�B�M�X �l�b�B�M�; �i�?�2 �/�2�}�M�B�i�B�Q�M �Q�7
�i�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i�- �r�2 �/�2�/�m�+�2g = 2 �r�B�i�?~� = � g

2
e

2m ~� �X �h�?�2 �7�Q�H�H�Q�r�B�M�; �b�i�2�T�b �/�2�K�Q�M�b�i�`���i�2
�i�?���i �i�?�2 �;�@�7���+�i�Q�` �`�2�T�`�2�b�2�M�i�b �i�?�2 �`�2�H���i�B�p�2 �b�i�`�2�M�;�i�? �Q�7 �B�i�b �B�M�i�`�B�M�b�B�+ �K���;�M�2�i�B�+ �/�B�T�Q�H�2 �K�Q�K�2�M�i
�i�Q �i�?�2 �b�T�B�M�@�Q�`�#�B�i���H �+�Q�m�T�H�B�M�; �b�i�`�2�M�;�i�?�X �h�?�2 �S���m�H�B �>���K�B�H�i�Q�M�B���M �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

HP =

 
~p2

2m
+

e2 ~A2

2m
+

e
2m

(~p� ~A + ~A � ~p) � e�

!

I2 +
e

2m
~� � ~B: �U�k�X�R�X�k�k�V

�l�b�B�M�; ���T�T�2�M�/�B�t���X�R�- �B�i �7�Q�H�H�Q�r�b �i�?���i�,

~p� ~A = [ ~p; ~A] + ~A � ~p = � i ~r � ~A + ~A � ~p:

�"�v �b�2�H�2�+�i�B�M�; �i�?�2 �*�Q�m�H�Q�K�# �;���m�;�2�- �+�?���`���+�i�2�`�B�x�2�/ �#�v �i�?�2 �+�Q�M�/�B�i�B�Q�M~r � ~A = 0 �- �Q�M�2 �/�2�`�B�p�2�b

HP =

 
~p2

2m
+

e2 ~A2

2m
+

e
m

~A � ~p� e�

!

I2 +
e

2m
~� � ~B:

�h�?�2 �p�2�+�i�Q�` �T�Q�i�2�M�i�B���H �+���M �#�2 �+�?�Q�b�2�M ���b~A = 1
2

~B � ~r�X �h�?�B�b �b�2�H�2�+�i�B�Q�M �b���i�B�b�}�2�b �i�?�2 �*�Q�m�H�Q�K�#
�;���m�;�2 �+�Q�M�/�B�i�B�Q�M ���M�/ �;�2�M�2�`���i�2�b �� �?�Q�K�Q�;�2�M�2�Q�m�b �K���;�M�2�i�B�+ �}�2�H�/~B �,

~r � ~A = @i A i =
1
2

@i � ijk B j xk =
1
2

� ijk � ik B j = 0 ; �U�k�X�R�X�k�j�V

[rot ~A]i = � ijk @j Ak = � ijk @j
1
2

� klm B l xm

=
1
2

� ijk � jm � klm B l

=
1
2

� ijk � ljk
| {z }

=2 � il

B l = B i : �U�k�X�R�X�k�9�V

�a�m�#�b�i�B�i�m�i�B�M�; �i�?�2 �7�Q�`�K �Q�7 �i�?�2 �p�2�+�i�Q�` �T�Q�i�2�M�i�B���H �B�M �i�?�2 �S���m�H�B �>���K�B�H�i�Q�M�B���M �v�B�2�H�/�b

HP =

 
~p2

2m
+

e2 ~A2

2m
+

e
2m

( ~B � ~r) � ~p� e�

!

I2 +
e

2m
~� � ~B:

�:�B�p�2�M �i�?���i( ~B � ~r) � ~p = ( ~r � ~p) � ~B = ~L � ~B �- �i�?�2 �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K~L �+���M �#�2
�B�/�2�M�i�B�}�2�/�- �H�2���/�B�M�; �i�Q �i�?�2 �S���m�H�B �>���K�B�H�i�Q�M�B���M �B�M �B�i�b �}�M���H �7�Q�`�K�,

HP =

"
~p2

2m
+

e2 ~A2

2m
� e�

#

I +
e

2m
(~L + 2 ~S)

| {z }
= � ~�

� ~B: �U�k�X�R�X�k�8�V

�h�?�2 �b�T�B�M �Q�T�2�`���i�Q�` �B�b �;�B�p�2�M �#�v~S = ~�= 2�- �r�?�B�+�? �+�Q�M�b�2�[�m�2�M�i�H�v �`�2�b�m�H�i�b �B�M �i�?�2 �b�T�B�M �+�Q�m�T�H�B�M�;
�#�2�B�M�; �T�`�2�+�B�b�2�H�v �i�r�B�+�2 �i�?���i �Q�7 �i�?�2 �Q�`�#�B�i���H �+�Q�m�T�H�B�M�;�- �+�?���`���+�i�2�`�B�x�2�/ �#�v �i�?�2 �;�v�`�Q�K���;�M�2�i�B�+ �7���+�i�Q�`
g = 2 �X �h�?�B�b �T�`�2�/�B�+�i�B�Q�M �r���b �� �b�B�;�M�B�}�+���M�i �i�`�B�m�K�T�? �Q�7 �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M�X

�d



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�k�X�k �h�`�2�2�@�H�2�p�2�H �*�Q�M�i�`�B�#�m�i�B�Q�M

�h�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M �r�B�H�H ���M���H�v�x�2 �i�?�2 �B�M�i�2�`���+�i�B�Q�M �Q�7 �� �K�m�Q�M �r�B�i�? �i�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/
A � �m�b�B�M�; �}�`�b�i�@�Q�`�/�2�` �T�2�`�i�m�`�#���i�B�Q�M �i�?�2�Q�`�v�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�B�b �`�2�b�m�H�i�b �B�Mg = 2 �B�M �H�2���/�B�M�;
�Q�`�/�2�` ���M�/ �;�B�p�2�b �B�M�b�B�;�?�i �B�M�i�Q �i�?�2 �Q�`�B�;�B�M �Q�7 �i�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �a�B�M�+�2 �Q�M�H�v �i�?�2 �K�m�Q�M �K���b�b
m� �B�b �B�M�p�Q�H�p�2�/ �B�M �i�?�2 �M�2�t�i �b�2�+�i�B�Q�M�b�- �r�2 �Q�K�B�i �i�?�2 �B�M�/�2�t �7�Q�` �b�B�K�T�H�B�+�B�i�v �Um � m� �V�X �h�?�B�b
�b�2�+�i�B�Q�M �B�b �#���b�2�/ �Q�M �(�N�- �T�T�X �R�R�d���R�R�N�)�X

�h�?�2 �b�i���`�i�B�M�; �T�Q�B�M�i �B�b �i�?�2 �+�Q�p���`�B���M�i �7�Q�`�K �Q�7 �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M �U�b�2�2 ���T�T�2�M�/�B�t���X�k�V�,
�
=p � m

�
 = 0 ; �U�k�X�k�X�R�V

�r�?�2�`�2 �i�?�2 �.�B�`���+ �b�H���b�? �M�Q�i���i�B�Q�M �r���b �B�M�i�`�Q�/�m�+�2�/ �r�B�i�?=p = 
 � p� �X �6�Q�` �i�?�2 �K�m�Q�M �B�M ���M
�2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/A � �- �i�?�2 �b�m�#�b�i�B�i�m�i�B�Q�Mp� ! p� + eA� �B�b �T�2�`�7�Q�`�K�2�/�X �h�?�B�b �H�2���/�b �i�Q

�

 � p� � m

�
 = � e
 � A �  � 
 0V  : �U�k�X�k�X�k�V

�A�i �#�2�+�Q�K�2�b �2�p�B�/�2�M�i �i�?���i �B�M�+�Q�`�T�Q�`���i�B�M�;
 0 �`�2�b�m�H�i�b �B�M �i�?�2 �B�M�+�H�m�b�B�Q�M �Q�7 �i�?�2 �T�2�`�i�m�`�#���i�B�Q�M �T�Q�@
�i�2�M�i�B���HV �U�2�X�;�X�-� e� �7�Q�` �i�?�2 �i�B�K�2�H�B�F�2 �+�Q�K�T�Q�M�2�M�i�V �B�M �i�?�2 �b���K�2 �r���v ���b �B�M �i�?�2 �a�+�?�`�º�/�B�M�;�2�`
�2�[�m���i�B�Q�M�X �h�?�2 �i�`���M�b�B�i�B�Q�M ���K�T�H�B�i�m�/�2 �#�2�i�r�2�2�M �i�?�2 �}�M���H �b�i���i�2 2 ���M�/ �i�?�2 �B�M�B�i�B���H �b�i���i�2 1

�+���M �#�2 �/�2�i�2�`�K�B�M�2�/ �m�b�B�M�; �i�B�K�2�@�/�2�T�2�M�/�2�M�i �T�2�`�i�m�`�#���i�B�Q�M �i�?�2�Q�`�v�X �h�?�2 �}�`�b�i �Q�`�/�2�` �i�`���M�b�B�i�B�Q�M
���K�T�H�B�i�m�/�2 �B�b �;�B�p�2�M �#�v

T21 = � i
Z

 y
2V  1 d4x

= ie
Z

� 2
 � A �  1 d4x

= � i
Z

j �
21A � d4x; �U�k�X�k�X�j�V

�r�?�2�`�2� =  y
 0 ���M�/
�

 0� 2 = I4 �r���b �m�b�2�/�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �i�`���M�b�B�i�B�Q�M �+�m�`�`�2�M�i �#�2�i�r�2�2�M

�i�?�2 �B�M�B�i�B���H ���M�/ �}�M���H �b�i���i�2 �B�b �/�2�}�M�2�/ ���b

j �
21 � � e � 2
 �  1 = � e�u(q2)
 � u(q1)ei (q2 � q1 )�x : �U�k�X�k�X�9�V

�h�?�2 �m�M�/�B�b�i�m�`�#�2�/ �b�i���i�2�b �U�7�`�2�2 �T���`�i�B�+�H�2�b �r�B�i�? �K�Q�K�2�M�i�m�Kq�V �r�2�`�2 �r�`�B�i�i�2�M ���b �T�H���M�2 �r���p�2
�b�Q�H�m�i�B�Q�M�b �r�B�i�? �� �7�Q�m�`�@�+�Q�K�T�Q�M�2�M�i �b�T���i�B���H�H�v �B�M�/�2�T�2�M�/�2�M�i �b�T�B�M�Q�`u(q)�,

 (x) = u(q)e� iq�x : �U�k�X�k�X�8�V

�A�i �b�?�Q�m�H�/ �#�2 �M�Q�i�2�/ �i�?���i �� �i�`���M�b�B�i�B�Q�M �+�m�`�`�2�M�i �Q�7j �
21 = � e(q1+ q1) � ei (q2 � q1 )�x �7�Q�H�H�Q�r�b �7�`�Q�K �i�?�2

�E�H�2�B�M�@�:�Q�`�/�Q�M �2�[�m���i�B�Q�M�- �r�?�B�+�? �/�2�b�+�`�B�#�2�b �b�T�B�M�H�2�b�b �T���`�i�B�+�H�2�b�X �A�i �i�m�`�M�b �Q�m�i �i�?���i �i�?�B�b �/�B�z�2�`�2�M�+�2
�B�K�T�H�B�2�b �i�?���i �+�?���`�;�2�/ �b�T�B�M�@1=2 �T���`�i�B�+�H�2�b�- �B�M �+�Q�M�i�`���b�i �i�Q �+�?���`�;�2�/ �b�T�B�M�H�2�b�b �T���`�i�B�+�H�2�b�- �B�M�i�2�`���+�i
�r�B�i�? �i�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/A � �p�B�� �#�Q�i�? �i�?�2�B�` �+�?���`�;�2 ���M�/ �i�?�2�B�` �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �h�?�B�b
�r�B�H�H �#�2 �B�M�p�2�b�i�B�;���i�2�/ �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�;�X �l�b�B�M�; �i�?�2 �:�Q�`�/�Q�M �B�/�2�M�i�B�i�v �U�T�`�Q�p�2�M �B�M ���T�T�2�M�/�B�t���X�j�V

�u(q2)
 � u(q1) =
1

2m
�u(q2)

h�
q1 + q2

� � + i� �� �
q2 � q1

�
�

i
u(q1); �U�k�X�k�X�e�V

�i�?�2 �i�`���M�b�K�B�b�b�B�Q�M ���K�T�H�B�i�m�/�2 �r�B�i�?p� = q�
2 � q�

1 �`�2�b�m�H�i�b �B�M�,

T21 = � i
Z

j � A � d4x

= ie
Z

�u(q2)
 � A � eip �xu(q1) d4x

�3



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

=
ie

2m

Z
eip0 t dt

Z
�u(q2)

h�
q1 + q2

� � + i� �� �
q2 � q1

�
�

i
u(q1)e� i~p�~xA � d3x

= � 2�i� (p0)
� Z

�
e

2m
�u(q2)

�
q1 + q2

� � u(q1)e� i~p�~xA � d3x
| {z }

�U�A�V

+
Z

�
e

2m
�u(q2)i� �� �

q2 � q1
�

� u(q1)e� i~q�~xA � d3x
| {z }

�U�A�A�V

�
: �U�k�X�k�X�d�V

�h�?�2� �@�7�m�M�+�i�B�Q�M �i�?�m�b �B�M�/�B�+���i�2�b �+�Q�M�b�2�`�p���i�B�Q�M �Q�7 �2�M�2�`�;�v �#�2�i�r�2�2�M �}�M���H ���M�/ �B�M�B�i�B���H �b�i���i�2�X �"�Q�i�?
�K���`�F�2�/ �i�2�`�K�b ���`�2 �/�B�b�+�m�b�b�2�/ �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�;�X
�A�M �B�M�i�2�;�`���H �U�A�V �i�?�2 �b�T���+�B���H �+�Q�K�T�Q�M�2�M�i�b �p���M�B�b�?�X �h�Q �b�?�Q�r �i�?�B�b�- �r�2 �+�?���M�;�2 �i�?�2 �B�M�/�B�+�2�b �i�Q
i; j = 1 ; 2; 3 ���M�/ �Q�M�H�v �m�b�2 �H�Q�r�2�` �B�M�/�B�+�2�b�X �h�?�2 �b�T���i�B���H �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �K�2�i�`�B�+ �i�2�M�b�Q�` �U�B�M
�J�B�M�F�Q�r�b�F�B �b�T���+�2�V �7�Q�`�K �� �M�2�;���i�B�p�2 �B�/�2�M�i�B�i�v �K���i�`�B�t� I3�- �`�2�b�m�H�i�B�M�; �B�M�,

(�A) �b�T���+�B���H=
Z

�
e

2m
�u(q2)e� i~q2 �~x �

q1 + q2
�

i u(q1)ei~q1 �~x �
� � ij A j

�
d3x

=
Z

e
2m

�u(q2)i@i
�
e� i~q2 �~x � ei ~q1 �~x �

u(q1)A i d3x

=
Z

i
e

2m
�u(q2)u(q1)@i

h�
e� i~q2 �~x � ei ~q1 �~x �

A i

i
d3x

�
Z

i
e

2m
�u(q2)u(q1)

�
e� i~q2 �~x � ei ~q1 �~x �

@i A i d3x

=
Z

i
e

2m
�u(q2)u(q1)

h�
e� i~q2 �~x � ei ~q1 �~x � ~A

i
� d~S

�
Z

i
e

2m
�u(q2)u(q1)

�
e� i~q2 �~x � ei ~q1 �~x � ~r � ~A d3x = 0

�a�B�M�+�2 �i�?�2 �+�Q�K�T�H�2�t �2�t�T�Q�M�2�M�i�B���H �7�m�M�+�i�B�Q�M�b ���`�2 �#�Q�m�M�/�2�/�- ���M�/ �m�M�/�2�` �i�?�2 ���b�b�m�K�T�i�B�Q�M~A �p���M�@
�B�b�?�2�b ���bx ! 1 �- �i�?�2 �}�`�b�i �i�2�`�K �#�2�+�Q�K�2�b �x�2�`�Q�X �q�B�i�? �i�?�2 �+�?�Q�B�+�2 �Q�7 �i�?�2 �*�Q�m�H�Q�K�# �:���m�;�2
�U~r � ~A = 0 �V �i�?�2 �b�2�+�Q�M�/ �i�2�`�K ���H�b�Q �p���M�B�b�?�2�b�X

�h�?�m�b�- �r�2 �Q�M�H�v �M�2�2�/ �i�Q �+�Q�M�b�B�/�2�` �i�?�2 �i�B�K�2�H�B�F�2 �+�Q�K�T�Q�M�2�M�i�X �1�K�T�H�Q�v�B�M�; �i�?�2� �@�7�m�M�+�i�B�Q�M �B�M
�i�?�2 �M�Q�M�@�`�2�H���i�B�p�B�b�i�B�+ �`�2�;�B�K�2�- �r�?�2�`�2 �i�?�2 �i�Q�i���H �2�M�2�`�;�vE �B�b �M�2���`�H�v �2�[�m���H �i�Q �i�?�2 �`�2�b�i �2�M�2�`�;�vm�-
�r�2 �Q�#�i���B�M�,

(�A) �i�B�K�2=
Z

�
e

2m
�u(q2)

�
q1 + q2

� 0I4u(q1)e� i~p�~x � d3x

=
Z

�
e

2m
�u(q2)(2q0

1)I4u(q1)e� i~p�~x � d3x

�
Z

� e�uA (q2)e� i~q2 �~xI2ei~q1 �~xuA (q1)� d3x

=
Z

� A
2 (~x)

�
� e� I2

�
 A

1 (~x) d3x:

�>�2�`�2�- A
i (~x) = uA (qi )ei~qi �~x �B�b �B�M�i�`�Q�/�m�+�2�/�- �r�?�2�`�2 �i�?�2 �B�M�/�2�tA �/�2�b�+�`�B�#�2�b �i�?�2 �U�B�M �i�?�2 �M�Q�M�@

�`�2�H���i�B�p�B�b�i�B�+ �H�B�K�B�i�V �H���`�;�22�@�+�Q�K�T�Q�M�2�M�i �b�T�B�M�Q�`�X
�A�M �i�?�2 �b�2�+�Q�M�/ �i�2�`�K�- �/�2�M�Q�i�2�/ ���b(�A�A)�- �i�?�2 �i�B�K�2�H�B�F�2 �+�Q�K�T�Q�M�2�M�i �p���M�B�b�?�2�b �/�m�2 �i�Q �i�?�2� �@�7�m�M�+�i�B�Q�M
�B�M �1�[�X �U�k�X�k�X�d�V�X ���b �� �`�2�b�m�H�i�- �r�2 �K�Q�/�B�7�v �i�?�2 �B�M�/�B�+�2�b �i�Qi; j = 1 ; 2; 3 ���M�/ �K�Q�p�2 �Q�M �i�Q �i�?�2
�1�m�+�H�B�/�2���M �K�2�i�`�B�+�X �h�?�2 �`�2�K���B�M�B�M�; �b�T���i�B���H �+�Q�K�T�Q�M�2�M�i�b ���`�2 �;�B�p�2�M �#�v�,

(�A�A) =
Z

�
e

2m
�u(q2)i� ij

h
� � jk

�
q2 � q1

�
k

i
e� i~p�~x �

� � il A l
�
u(q1) d3x

�N



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

=
Z

e
2m

�u(q2)i� ij

�
@j

i
e� i~p�~x

�
A i u(q1) d3x

=
Z

e
2m

�u(q2)� ij @j
�
e� i~p�~xA i

�
u(q1) d3x �

Z
e

2m
�u(q2)� ij e� i~p�~x �

@j A i
�
u(q1) d3x

(A: 4)
�

Z
e

2m
�uA (q2)� ijk � k@j

�
e� i~p�~xA i

�
uA (q1) d3x �

Z
e

2m
�uA (q2)� ijk � ke� i~p�~x �

@j A i
�
uA (q1) d3x

=
Z

�
e

2m
�uA (q2)~� �

h
~r �

�
e� i~p�~x ~A

� i
uA (q1) +

Z
e

2m
�uA (q2)~� �

� ~r � ~A
�
e� i~p�~xuA (q1) d3x

=
Z

�
e

2m
�uA (q2)�/�B�p

h�
e� i~p�~x ~A

�
� ~�

i
uA (q1) d3x +

Z
e

2m
�uA (q2)~� � ~BuA (q1)e� i~p�~x d3x:

�>�2�`�2�- �i�?�2 �`�2�H���i�B�Q�M �b�?�Q�r�M �B�M ���T�T�2�M�/�B�t���X�9�r���b �m�b�2�/ �7�Q�` �i�?�2 �+�Q�K�K�m�i���i�Q�` �Q�7 �i�?�2 �;���K�K��
�K���i�`�B�+�2�b�X �A�M �i�?�2 �}�M���H �b�i�2�T�- �r�2 ���T�T�H�B�2�/

~� � �`�Q�i
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�#�H�Q�# �`�2�T�`�2�b�2�M�i�b ���H�H �T�Q�b�b�B�#�H�2 �?�B�;�?�2�`�@�Q�`�/�2�` �H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M�b�X �h�?�2 �B�M�p���`�B���M�i ���K�T�H�B�i�m�/�2 �+���M �#�2
�r�`�B�i�i�2�M ���bM = � � M � �- �m�i�B�H�B�x�B�M�; �i�?�2 �T�Q�H���`�B�x���i�B�Q�M �p�2�+�i�Q�`� � �X �h�?�2 �7�Q�H�H�Q�r�B�M�; �/�B�b�+�m�b�b�B�Q�M �B�b
�#���b�2�/ �Q�M �i�?�2 �H�B�i�2�`���i�m�`�2 �(�R�k�- �T�T�X �k�y�k���k�y�j�) ���M�/ �(�R�R�- �T�T�X �j�R�e���j�R�3�)�X

�R�R



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

� � � �




q1 q2

p

�6�B�;�m�`�2 �R�, �A�M�i�2�`���+�i�B�Q�M �Q�7 �i�?�2 �K�m�Q�M �r�B�i�? ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/�X �h�?�2 �#�H�Q�# �`�2�T�`�2�b�2�M�i�b ���H�H
�T�Q�b�b�B�#�H�2 �p�2�`�i�2�t �+�Q�`�`�2�+�i�B�Q�M�b�X

�q�2 �b�i���`�i �r�B�i�? �� �;�2�M�2�`���H ���T�T�`�Q���+�?�- �r�?�2�`�2M � �B�b �� �+�Q�K�#�B�M���i�B�Q�M �Q�7 ���H�H �T�Q�b�b�B�#�H�2 �G�Q�`�2�M�i�x
�p�2�+�i�Q�`�b �T�`�2�b�2�M�i �B�M �i�?�2 �#�H�Q�#�X �h�?�2 �G�Q�`�2�M�i�x �p�2�+�i�Q�`�b ���`�2 �b�+���H�2�/ �#�v �i�?�2 �7�m�M�+�i�B�Q�M�bf i �X �h�?�2�b�2
�7�m�M�+�i�B�Q�M�b �/�2�T�2�M�/ �Q�M �T�Q�b�b�B�#�H�2 �G�Q�`�2�M�i�x �b�+���H���`�b�- �b�m�+�? ���b �i�?�2 �b�+���H���` �T�`�Q�/�m�+�i�bq1 � q1�-q2 � q2�-
���M�/q1 � q2�X �a�B�M�+�2q1 ���M�/q2 ���`�2 �Q�M�@�b�?�2�H�H ���M�/p2 = 2m2 � 2q1 � q2�- �i�?�2 �G�Q�`�2�M�i�x �7���+�i�Q�`�bf i

�/�2�T�2�M�/ �Q�M�H�v �Q�M �i�?�2 �F�B�M�2�K���i�B�+ �p���`�B���#�H�2p2�X �>�2�M�+�2�- �i�?�2 �2�M�b�m�B�M�; ���M�b���i�x �B�b ���/�Q�T�i�2�/�,

iM � = �u(q2)
h
f 1
 � + f 2p� + f 3Q� + f 4
 � 
 5 + f 5p� 
 5 + f 6Q� 
 5

i
u(q1): �U�k�X�j�X�R�V

�>�2�`�2 �r�2 �B�M�i�`�Q�/�m�+�2�/Q� = q�
1 + q�

2 �- �#�2�+���m�b�2 �/�m�2 �i�Q �i�?�2 �+�Q�M�b�2�`�p���i�B�Q�M �Q�7 �K�Q�K�2�M�i�m�Kp� =
q�

2 � q�
1 �i�?�2�`�2 ���`�2 �Q�M�H�v �i�r�Q �B�M�/�2�T�2�M�/�2�M�i �K�Q�K�2�M�i�� �B�M�b�i�2���/ �Q�7 �i�?�`�2�2�X �h�?�2 �H�B�M�2���` �+�Q�K�#�B�M���i�B�Q�M

Q� �B�b �Q�`�i�?�Q�;�Q�M���H �i�Qp� �b�B�M�+�2 �i�?�2 �7�2�`�K�B�Q�M�b ���`�2 �Q�M�@�b�?�2�H�H�,

p � Q = q2
2 � q2

1 = 0 : �U�k�X�j�X�k�V

���/�/�B�i�B�Q�M���H �+�Q�M�b�i�`���B�M�i�b �Q�M �i�?�2 �B�M�p���`�B���M�i ���K�T�H�B�i�m�/�2 �B�K�T�H�v �i�?���i �i�?�2 �+�Q�2�{�+�B�2�M�i�bf i ���`�2 �B�M�i�2�`�@
�/�2�T�2�M�/�2�M�i�X
���M �B�K�T�Q�`�i���M�i �+�Q�M�/�B�i�B�Q�M �B�b �i�?�2 �q���`�/ �B�/�2�M�i�B�i�vp� M � = 0 �- �r�?�B�+�? �/�2�b�+�`�B�#�2�b �i�?�2 �7���+�i �i�?���i �i�?�2
�T�?�Q�i�Q�M �?���b �M�Q �H�Q�M�;�B�i�m�/�B�M���H �T�Q�H���`�B�x���i�B�Q�M ���M�/ �B�b �M�2�+�2�b�b���`�v �7�Q�` �� �G�Q�`�2�M�i�x�@�B�M�p���`�B���M�i �i�?�2�Q�`�v�X �A�i
�i�?�m�b ���T�T�H�B�2�b�,

ip � M � = p� �u(q2)
h
f 1
 � + f 2p� + f 3Q�

+ f 4
 � 
 5 + f 5p� 
 5 + f 6Q� 
 5

i
u(q1)

=�u(q2)
h
f 1=p + f 2p2 + f 3p � Q + f 4=p
 5 + f 5p2
 5 + f 6p � Q
 5

i
u(q1) != 0 : �U�k�X�j�X�j�V

�L�Q�i�B�+�2 �i�?���i �i�?�2 �}�`�b�i �i�2�`�K �B�b �x�2�`�Q �#�2�+���m�b�2 �Q�7 �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M�,

�u(q2)=pu(q1) =�u(q2)[ =q2 � =q1]u(q1)

=�u(q2)[m � m]u(q1) = 0 : �U�k�X�j�X�9�V

�h�?�2 �i�2�`�K �r�B�i�? �i�?�2 �G�Q�`�2�M�i�x �b�+���H���`f 4 �+���M �#�2 �r�`�B�i�i�2�M ���b

�u(q2)[f 4=p
 5]u(q1) =�u(q2)[f 4(=q2
� =q1

)
 5]u(q1)

=�u(q2)[f 4(=q2

 5 + 
 5=q1

)]u(q1)

=2mf 4 �u(q2)
 5u(q1): �U�k�X�j�X�8�V

�q�B�i�?p � Q = 0 �- �B�i �+���M �#�2 �/�2�`�B�p�2�/ �i�?���i

ip � M � = �u(q2)
h
f 2p2 + 2mf 4
 5 + f 5p2
 5

i
u(q1) = 0 : �U�k�X�j�X�e�V

�R�k



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�a�B�M�+�2 �i�?�2 �B�/�2�M�i�B�i�vI4 ���M�/
 5 ���`�2 �H�B�M�2���`�H�v �B�M�/�2�T�2�M�/�2�M�i�- �2���+�? �K�m�b�i �B�M�/�B�p�B�/�m���H�H�v �#�2 �x�2�`�Q�X
�h�?�m�b�- �B�i �7�Q�H�H�Q�r�bf 2 = 0 ���M�/

0 = f 42m + f 5p2

) f 5 = �
f 42m

p2 :

�1�[�m���i�B�Q�M �U�k�X�j�X�R�V �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

iM � = �u(q2)
�
f 1
 � + f 3Q� + f 4

�

 � �

2mp�

p2

�

 5 + f 6Q� 
 5

�
u(q1): �U�k�X�j�X�d�V

�1�K�T�H�Q�v�B�M�; �i�?�2 �:�Q�`�/�Q�M �B�/�2�M�i�B�i�B�2�b�- �`�2�b�m�H�i�b �B�M

iM � = �u(q2)
�
f 1
 � + f 3(2m
 � � i� �� p� )

+ f 4

�

 � �

2mp�

p2

�

 5 � f 6i� �� p� 
 5

�
u(q1): �U�k�X�j�X�3�V

�h�?�B�b �2�t�T�`�2�b�b�B�Q�M �+���M �#�2 �+�?���`���+�i�2�`�B�x�2�/ �#�v �7�Q�m�` �/�B�z�2�`�2�M�i �7�Q�`�K �7���+�i�Q�`�b�X ���M���H�Q�;�Q�m�b�H�v �i�Q �(�R�k�-
�T�X �k�y�j�)�- �r�2 �/�2�}�M�2�,

FE =
i
e

(f 1 + 2mf 3); FA =
i
e

f 4; �U�k�X�j�X�N�V

FM =
i
e

(� f 32m); FD =
i
e

(� i )f 62m; �U�k�X�j�X�R�y�V

�r�B�i�?FE (p2) ���b �i�?�2 �2�H�2�+�i�`�B�+ �+�?���`�;�2 �7�Q�`�K �7���+�i�Q�`�-FA (p2) ���b �i�?�2P �p�B�Q�H���i�B�M�; ���M���T�Q�H�2 �K�Q�K�2�M�i�-
FM (p2) ���b �i�?�2 �K���;�M�2�i�B�+ �7�Q�`�K �7���+�i�Q�` ���M�/FD (p2) ���b �i�?�2CP �p�B�Q�H���i�B�M�; �2�H�2�+�i�`�B�+ �/�B�T�Q�H�2 �K�Q�@
�K�2�M�i�X
�L�Q�riM � �- �B�M �i�2�`�K�b �Q�7 �i�?�2 �7�Q�`�K �7���+�i�Q�`�b�- �+���M �#�2 �r�`�B�i�i�2�M ���b�,

iM � = ( � ie)�u(q2)
�
FE (p2)
 � +

�

 � �

2mp�

p2

�

 5FA (p2)

+ i� �� p�

2m
FM (p2) + � �� p�

2m

 5FD (p2)

�
u(q1): �U�k�X�j�X�R�R�V

�A�M �Z�1�.�- ���M�v �i�2�`�K�b �B�M�p�Q�H�p�B�M�;
 5 �/�B�b���T�T�2���` �#�2�+���m�b�2 �Q�7 �i�?�2 �i�?�2�Q�`�v�ö�b �T���`�B�i�v �B�M�p���`�B���M�+�2�X �q�B�i�?
�`�2�b�T�2�+�i �i�Q �i�?�2 �2�H�2�+�i�`�B�+ �+�?���`�;�2 �7�Q�`�K �7���+�i�Q�`�- �i�?�2 �+�Q�M�/�B�i�B�Q�MFE (0) = 1 �?�Q�H�/�b ���b �� �`�2�b�m�H�i �Q�7
�i�?�2 �`�2�M�Q�`�K���H�B�x���i�B�Q�M �Q�7 �+�?���`�;�2�X ���b �/�2�K�Q�M�b�i�`���i�2�/ �B�M �i�?�2 �T�`�2�p�B�Q�m�b �b�2�+�i�B�Q�M�- �i�?�2 �;�v�`�Q�K���;�M�2�i�B�+
�7���+�i�Q�`g �B�b �/�2�`�B�p�2�/ �#�v �K�m�H�i�B�T�H�v�B�M�;� 4m=e �r�B�i�? �i�?�2 �+�Q�2�{�+�B�2�M�i �Q�7i� �� p�

2m �X �l�b�B�M�; �i�?�2 �:�Q�`�/�Q�M
�B�/�2�M�i�B�i�v�- �i�?�B�b �`�2�b�m�H�i�b �B�M

g = 2
�
FE (0) + FM (0)

�
= 2

�
1 + FM (0)

�
: �U�k�X�j�X�R�k�V

�h�?�2 �+�?�Q�B�+�2 �Q�7p2 = 0 ���`�B�b�2�b �7�`�Q�K �i�?�2 �+�H���b�b�B�+���H �H�B�K�B�i�- �B�M �r�?�B�+�? �K�Q�K�2�M�i�m�K �i�`���M�b�7�2�` ���T�T�`�Q���+�?�2�b
�x�2�`�Q�X
�A�7 �r�2 �+�Q�K�T���`�2 �i�?�2 �a�J �i�`�2�2�@�H�2�p�2�H �b�+�2�M���`�B�Q �r�B�i�? �1�[�m���i�B�Q�M �U�k�X�j�X�R�R�V�- �r�2 �Q�#�b�2�`�p�2FE (p2) = 1
���M�/Fi (p2) = 0 �7�Q�`i = A; D; M �X �A�i �B�b �i�?�2�`�2�7�Q�`�2 �M�Q�i�2�r�Q�`�i�?�v �i�?���i �i�?�2 �2�H�2�+�i�`�B�+ �+�?���`�;�2 �7�Q�`�K
�7���+�i�Q�` ���H�b�Q �/�2�b�+�`�B�#�2�b �i�?�2 �B�M�i�2�`���+�i�B�Q�M �p�B�� �B�i�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �>�Q�r�2�p�2�`�- �i�?�B�b ���H�Q�M�2 �H�2���/�b
�i�Q �i�?�2 �2�t�T�2�+�i�2�/ �7���+�i�Q�`g = 2 ���+�+�Q�`�/�B�M�; �i�Q �i�`�2�2 �H�2�p�2�H�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �B�b
�i�?�m�b �;�B�p�2�M �#�v

a� =
g � 2

2
= FM (0): �U�k�X�j�X�R�j�V

�R�j



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�.�m�2 �i�Q �`���/�B���i�B�Q�M �+�Q�`�`�2�+�i�B�Q�M�b �7�Q�` �?�B�;�?�2�`�@�Q�`�/�2�` �6�2�v�M�K���M �/�B���;�`���K�b�- �� �M�Q�M�@�p���M�B�b�?�B�M�; �K���;�@
�M�2�i�B�+ �7�Q�`�K �7���+�i�Q�` �B�b �T�`�2�b�2�M�i ���M�/ �H�2���/�b �i�Q ���M ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �h�?�2�`�2�7�Q�`�2�- �i�?�2
�Q�#�D�2�+�i�B�p�2 �B�b �i�Q �2�t�i�`���+�i �i�?�2 �7�Q�`�K �7���+�i�Q�`FM �7�`�Q�K �i�?�2 �B�M�p���`�B���M�i ���K�T�H�B�i�m�/�2M �X �h�?�B�b �B�b �/�Q�M�2
�B�M �i�?�2 �M�2�t�i �b�2�+�i�B�Q�M �7�Q�` �i�?�2 �H���`�;�2�b�i �Q�+�+�m�`�`�B�M�; �+�Q�`�`�2�+�i�B�Q�M �7���+�i�Q�`�- �i�?�2 �Q�M�2�@�H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M �Q�7
�Z�1�.�X

�k�X�9 �P�M�2�@�G�Q�Q�T �Z�1�. �*�Q�M�i�`�B�#�m�i�B�Q�M

�h�?�2 �H���`�;�2�b�i �T���`�i �Q�7 �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�ia� �B�b �+�Q�M�i�`�B�#�m�i�2�/ �#�v �i�?�2 �+�Q�`�`�2�+�i�B�Q�M�b
�7�`�Q�K �Z�1�.�X �A�M �i�?�B�b �b�2�+�i�B�Q�M�- �i�?�2 �/�Q�K�B�M���M�i �Q�M�2�@�H�Q�Q�T �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2 �6�2�v�M�K���M �/�B���;�`���K
�B�M �6�B�;�m�`�2�k�B�b �+���H�+�m�H���i�2�/�X

� �� �




p + k

q2q1

k

p

k � q1

�6�B�;�m�`�2 �k�, �P�M�2�@�H�Q�Q�T �Z�1�. �/�B���;�`���K �i�?���i �+�Q�M�i�`�B�#�m�i�2�b �i�Q �i�?�2 ���J�J �Q�7 �i�?�2 �K�m�Q�M�X

���H�i�?�Q�m�;�? �7�Q�m�` �K�Q�K�2�M�i�m�K �B�b �+�Q�M�b�2�`�p�2�/ ���i �2���+�? �p�2�`�i�2�t�- �i�?�2 �K�Q�K�2�M�i�m�Kk �B�b �m�M�`�2�b�i�`�B�+�i�2�/�X
�h�?�2 �T�Q�b�b�B�#�H�2 �K���;�M�B�i�m�/�2 �Q�7k �B�b �i�?�2�`�2�7�Q�`�2 �;�B�p�2�M �#�vjkj 2 [0; 1 )�X �h�?�2 �B�M�i�2�;�`���i�B�Q�M

R
d4k �i�?�m�b

�b�m�K�b �Q�p�2�` ���H�H �T�Q�b�b�B�#�H�2 �K�Q�K�2�M�i�m�K �p���H�m�2�b�X �"�2�H�Q�r�- �i�?�2 �/�Q�i �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �b�+���H���` �T�`�Q�/�m�+�i
�U�m�b�B�M�; �i�?�2 �J�B�M�F�Q�r�b�F�B �K�2�i�`�B�+�V �#�2�i�r�2�2�M �i�r�Q �7�Q�m�`�@�K�Q�K�2�M�i�� �B�b �/�`�Q�T�T�2�/�X �h�?�m�b�- �2�t�T�`�2�b�b�B�Q�M�b
�B�M�p�Q�H�p�B�M�; �i�r�Q �K�Q�K�2�M�i�� �b�?�Q�m�H�/ �#�2 �B�M�i�2�`�T�`�2�i�2�/ ���b �b�+���H���` �T�`�Q�/�m�+�i�b�X �h�?�2 �7�Q�H�H�Q�r�B�M�; �+���H�+�m�H���i�B�Q�M
�B�b �#���b�2�/ �Q�M �(�R�R�- �T�T�X �j�R�3���j�k�y�)�X

�l�b�B�M�; �i�?�2 �6�2�v�M�K���M �`�m�H�2�b�- �H�B�b�i�2�/ �B�M ���T�T�2�M�/�B�t���X�e�- �i�?�2 �;�`���T�? �H�2���/�b �i�QM = � � M � �r�B�i�?

iM � =
Z

d4k
(2� )4 �u(q2)

�
� ie
 � � � ig��

(k � q1)2 + i�

�
i
�
=p + =k + m

�

(p + k)2 � m2 + i�

�
� ie
 � � i

�
=k + m

�

k2 � m2 + i�

�
� ie
 � �

u(q1)

= � e3 �u(q2)
Z

d4k
(2� )4


 � �
=p + =k + m

�

 � �

=k + m
�

 �

[(k � q1)2 + i� ][(p + k)2 � m2 + i� ][k2 � m2 + i� ]
u(q1): �U�k�X�9�X�R�V

�q�2 �r�B�H�H �M�Q�r �+�H�Q�b�2�H�v �2�t���K�B�M�2iM � ���M�/ �m�i�B�H�B�x�2 �i�?�2 �2�t�T�`�2�b�b�B�Q�M�,

iM � = � e3
Z

d4k
(2� )4

N �

ABC
: �U�k�X�9�X�k�V

�A�M ���+�+�Q�`�/���M�+�2 �r�B�i�? �i�?�B�b�- �r�2 �/�2�}�M�2 �i�?�2 �7�Q�H�H�Q�r�B�M�; �+�Q�2�{�+�B�2�M�i�b�,

A = k2 � m2 + i�; �U�k�X�9�X�j�V

B = ( p + k)2 � m2 + i�; �U�k�X�9�X�9�V

C = ( k � q1)2 + i�: �U�k�X�9�X�8�V

�R�9



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�l�b�B�M�; �i�?�2 �6�2�v�M�K���M �T���`���K�2�i�`�B�x���i�B�Q�M�- �i�?�2 �B�/�2�M�i�B�i�v

1
ABC

= 2
Z

dx dy dz � (x + y + z � 1)
1

[xA + yB + zC]3
; �U�k�X�9�X�e�V

�/�2�K�Q�M�b�i�`���i�2�/ �B�M ���T�T�2�M�/�B�t���X�d�- �+���M �#�2 �B�K�T�H�2�K�2�M�i�2�/�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �+���H�+�m�H���i�B�Q�M�- �B�i �B�b
���T�T�H�B�2�/ �i�?���i

�Ç �i�?�2 �B�M�+�Q�K�B�M�; ���M�/ �Q�m�i�;�Q�B�M�; �K�m�Q�M �B�b �Q�M �B�i�b �K���b�b �b�?�2�H�H�,

q2
1 = q2

2 = m2: �U�k�X�9�X�d�V

�Ç �7�Q�m�` �K�Q�K�2�M�i�m�K �+�Q�M�b�2�`�p���i�B�Q�M �?�Q�H�/�b�,

p� = q�
2 � q�

1 : �U�k�X�9�X�3�V

�Ç ���b �� �+�Q�M�b�2�[�m�2�M�+�2 �Q�7 �i�?�2� �@�7�m�M�+�i�B�Q�M �B�M �1�[�X �U�k�X�9�X�e�V�- �i�?�2 �6�2�v�M�K���M �T���`���K�2�i�2�`�b �K�m�b�i
�b���i�B�b�7�v �i�?�2 �+�Q�M�/�B�i�B�Q�M�,

x + y + z = 1 : �U�k�X�9�X�N�V

�h�?�2 �/�2�M�Q�K�B�M���i�Q�` �Q�7 �1�[�X �U�k�X�9�X�R�V �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b �i�?�2 �+�m�#�2 �Q�7

xA + yB + zC = x
�
k2 � m2 + i�

�
+ y

�
p2 + 2pk + k2 � m2 + i�

�

+ z
�
k2 � 2kq1 + q2

1 + i�
�

=
�
k2 + i�

��
x + y + z

�
� xm2 + y

�
p2 + 2pk � m2�

+ z
�
q2

1 � 2kq1
�

(2:4:9)
= k2 � m2�

1 � z
�

+ y
�
p2 + 2pk

�
+ z

�
q2

1 � 2kq1
�

+ i�
(2:4:7)

= � m2 + 2zm2 � z2m2 + z2m2 + k2 + y
�
p2 + 2pk

�

� 2zkq1 + i�

= �
�
1 � z

� 2m2 + k2 + z2m2 + 2ypk � 2zkq1

� 2yzpq1 + 2yzpq1 � y2p2 + y2p2 + yp2 + i�
(2:4:7;)

= �
�
1 � z

� 2m2 +
�
k� + yp� � zq�

1
� 2

+ 2yzpq1 � y2p2 + yp2 + i�: �U�k�X�9�X�R�y�V

�>�2�`�2�- �x�2�`�Q�b �r�2�`�2 ���/�/�2�/ �i�Q �2�M���#�H�2 �7���+�i�Q�`�B�x���i�B�Q�M�X �q�B�i�?

pq1
(2:4:8)

=
�
q2 � q1

�
q1 =

1
2

�
2q1q2 � 2q2

1
� (2:4:7)

= �
1
2

�
q2

1 + q2
2 � 2q2q1

� (2:4:8)
= �

1
2

p2; �U�k�X�9�X�R�R�V

�r�2 �/�2�`�B�p�2

xA + yB + zC =
�
k� + yp� � zq�

1
� 2 + yp2�

1 � y � z
�

�
�
1 � z

� 2m2 + i�
(2:4:9)

=
�
k� + yp� � zq�

1
� 2 � � + i�; �U�k�X�9�X�R�k�V

�r�?�2�`�2

� � � xyp2 +
�
1 � z

� 2m2 �U�k�X�9�X�R�j�V

�R�8



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�B�b �/�2�}�M�2�/�X ���7�i�2�` �T�2�`�7�Q�`�K�B�M�; �i�?�2 �b�m�#�b�i�B�i�m�i�B�Q�Mk� ! k� � yp� + zq�
1 ���M�/ �m�b�B�M�; �i�?�2 �6�2�v�M�K���M

�T���`���K�2�i�`�B�x���i�B�Q�M�- �1�[�X �U�k�X�9�X�k�V �+�?���M�;�2�b �i�Q

iM � = � 2e3
Z

d4k
(2� )4

Z 1

0
dx dy dz � (x + y + z � 1)

N 0�

[k2 � � + i� ]3
: �U�k�X�9�X�R�9�V

�>�2�`�2�-N 0� �/�2�M�Q�i�2�b �i�?�2 �b�?�B�7�i�2�/ �M�m�K�2�`���i�Q�`�X �h�Q �T�`�Q�+�2�2�/�- �r�2 �}�`�b�i �i�`���M�b�7�Q�`�K �i�?�2 �M�m�K�2�`���i�Q�`
�#�2�7�Q�`�2 ���M�v �b�m�#�b�i�B�i�m�i�B�Q�M�X �*�Q�K�T���`�B�b�Q�M �Q�7iM � �B�M �1�[�X �U�k�X�9�X�R�V �r�B�i�? �i�?�2 �2�t�T�`�2�b�b�B�Q�M �B�M �1�[�X
�U�k�X�9�X�k�V �H�2���/�b �i�Q

N � = �u(q2)
h

 � �

=p + =k + m
�

 � �

=k + m
�

 �

i
u(q1)

= �u(q2)
h

 � =p
 � =k
 � + 
 � =k
 � =k
 � + m
 � =p
 � 
 �

+ m
 � =k
 � 
 � + m
 � 
 � =k
 � + m2
 � 
 � 
 �

i
u(q1): �U�k�X�9�X�R�8�V

�l�b�B�M�; �i�?�2 �B�/�2�M�i�B�i�B�2�b �7�Q�` �i�?�2 �;���K�K�� �K���i�`�B�+�2�b �B�M ���T�T�2�M�/�B�t���X�3�- �r�2 �Q�#�b�2�`�p�2 �i�?���i �i�?�2 �}�`�b�i
�i�r�Q �i�2�`�K�b �+���M �#�2 �`�2���`�`���M�;�2�/ ���b


 � =a
 � =b
 � = a� b� 
 � 
 � 
 � 
 � 
 � = � 2a� b� 
 � 
 � 
 � = � 2=b
 � =a; �U�k�X�9�X�R�e�V

�r�?�2�`�2=a ���M�/=b �`�2�T�`�2�b�2�M�i ���M�v �.�B�`���+ �b�H���b�?�2�/ �[�m���M�i�B�i�v�X �h�?�2 �i�2�`�K�b �H�B�M�2���` �B�M �K���b�b �+���M �#�2
�b�B�K�T�H�B�}�2�/ �i�Q


 � =a
 � 
 � = a� 
 � 
 � 
 � 
 � = 4a� g�� = 4a� : �U�k�X�9�X�R�d�V

�A�i �B�b �M�Q�i�2�r�Q�`�i�?�v �i�?���i �i�?�2 �H���b�i �H�B�M�2���` �K���b�b �i�2�`�K �B�M �1�[�X �U�k�X�9�X�R�8�V �?���b �� �/�B�z�2�`�2�M�i �Q�`�/�2�` �Q�7 �i�?�2
�i�r�Q �K�B�/�/�H�2 �;���K�K�� �K���i�`�B�+�2�b �b���M�/�r�B�+�?�2�/ �#�v
 � ���M�/
 � �X �>�Q�r�2�p�2�`�- �B�M �1�[�X �U�k�X�9�X�R�d�V�- �B�i �B�b
�2�p�B�/�2�M�i �i�?���i �/�m�2 �i�Q �i�?�2 �b�v�K�K�2�i�`�B�+ �J�B�M�F�Q�r�b�F�B �K���i�`�B�t�- �r�2 �/�2�`�B�p�2 �i�?�2 �b���K�2 �`�2�b�m�H�i�X
�h�?�2 �i�2�`�K �[�m���/�`���i�B�+ �B�Mm ���H�`�2���/�v ���T�T�2���`�b �B�M �i�?�2 �7�Q�`�K �Q�7 �� �;���K�K�� �B�/�2�M�i�B�i�v �B�M �i�?�2 ���T�T�2�M�/�B�t
���X�3�X �S�H�m�;�;�B�M�; �B�M �i�?�2 �/�B�b�+�m�b�b�2�/ �i�2�`�K�b �v�B�2�H�/�b

N � = �u(q2)
h

� 2=k
 � =p � 2=k
 � =k � 2m2
 � + 8k� m + 4p� m
i
u(q1)

= � 2�u(q2)
h
=k
 � =p + =k
 � =k + m2
 � � 2m

�
p� + 2k� � i

u(q1): �U�k�X�9�X�R�3�V

�h�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �b�m�#�b�i�B�i�m�i�B�Q�Mk� ! k� � yp� + zq�
1 �H�2���/�b �i�Q

�
1
2

N 0� = �u(q2)
h�

=k � y=p + z=q1

�

 � =p +

�
=k � y=p + z=q1

�

 � �

=k � y=p + z=q1

�

+ m2
 � � 2m
�
p� + 2

�
k� � yp� + zq�

1
� �i

u(q1): �U�k�X�9�X�R�N�V

�q�2 �F�2�2�T �Q�M�H�v �i�?�2 �i�2�`�K�b �r�B�i�? �2�p�2�M �T�Q�r�2�`�b �Q�7k �B�M �i�?�2 �M�m�K�2�`���i�Q�`�- �b�B�M�+�2 �i�?�2 �B�M�i�2�;�`���M�/
�r�B�H�H �#�2 ���M�i�B�b�v�K�K�2�i�`�B�+ �m�M�/�2�` �i�?�2 �i�`���M�b�7�Q�`�K���i�B�Q�Mk ! � k �7�Q�` �i�2�`�K�b �r�B�i�? �Q�/�/ �T�Q�r�2�`�b �Q�7k
�U�/�B�b�+�m�b�b�2�/ �B�M ���T�T�2�M�/�B�t���X�N�V�X �h�?�B�b �v�B�2�H�/�b

�
1
2

N 0� = �u(q2)
h�

� y=p + z =q1
�

 � =p + =k
 � =k +

�
� y=p + z =q1

�

 � �

� y=p + z =q1
�

+ m2
 � � 2m
�
p� + 2

�
� yp� + zq�

1
� �i

u(q1)

= �u(q2)
h
=k
 � =k +

�
� y=p + z =q1

�

 � �

=p � y=p + z =q1
�

+ m2
 � � 2m
�
2zq�

1 � 2yp� + p� � i
u(q1): �U�k�X�9�X�k�y�V

�R�e



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

���T�T�H�v�B�M�; �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M ���H�Q�M�; �r�B�i�? �i�?�2 �+�Q�M�b�2�`�p���i�B�Q�M �Q�7 �7�Q�m�`�@�K�Q�K�2�M�i�m�Kp� = q�
2 � q�

1 �-
�`�2�b�m�H�i�b �B�M�,

�
1
2

N 0� = �u(q2)
h
=k
 � =k +

�
� y=p + z

�
m � =p

��

 � �

=p � y=p + zm
�

+ m2
 � + 2m
�
2yp� � 2zq�

1 � p� � i
u(q1)

= �u(q2)
h
=k
 � =k +

��
� y � z

�
=p + zm

�

 � ��

1 � y
�
=p + zm

�

+ m2
 � + 2m
�
2yp� � 2zq�

1 � p� � i
u(q1)

(2:4:9)
= �u(q2)

h
=k
 � =k �

�
1 � x

��
1 � y

�
=p
 � =p + zm

�
1 � y

�

 � =p � zm

�
1 � x

�
=p
 �

+ z2m2
 � + m2
 � + 2m
� �

2y � 1
�
p� � 2zq�

1

�i
u(q1): �U�k�X�9�X�k�R�V

���i �i�?�B�b �T�Q�B�M�i�- �B�i �K���F�2�b �b�2�M�b�2 �i�Q �i�?�B�M�F �Q�7 �i�?�2 �7�Q�`�K �7���+�i�Q�`�b �B�M �a�2�+�i�B�Q�M�k�X�j�X �a�B�M�+�2 �r�2 �+���H�+�m�H���i�2
�� �U�T���`�B�i�v �B�M�p���`�B���M�i�V �Z�1�. �+�Q�`�`�2�+�i�B�Q�M�- �i�?�2 �B�M�p���`�B���M�i ���K�T�H�B�i�m�/�2iM �+���M �#�2 �2�t�T�`�2�b�b�2�/ �p�B��
�i�?�2 �2�H�2�+�i�`�B�+ �+�?���`�;�2 �7�Q�`�K �7���+�i�Q�`FE ���M�/ �i�?�2 �K���;�M�2�i�B�+ �7�Q�`�K �7���+�i�Q�`FM �X �h�Q ���+�?�B�2�p�2 �i�?�B�b�-
�i�?�2 �i�2�`�K�b �K�m�b�i �B�M�B�i�B���H�H�v �#�2 �i�`���M�b�7�Q�`�K�2�/ �B�M�i�Q �� �7�Q�`�K �i�?���i �`�2�H�B�2�b �b�Q�H�2�H�v �Q�M �� �b�B�M�;�H�2 �G�Q�`�2�M�i�x
�p�2�+�i�Q�`�X �h�?�B�b �i�`���M�b�7�Q�`�K���i�B�Q�M �m�i�B�H�B�x�2�b �i�?�2 �;���K�K�� �K���i�`�B�t �B�/�2�M�i�B�i�B�2�b �T�`�2�b�2�M�i�2�/ �B�M ���T�T�2�M�/�B�t
���X�3�,

�u(q2)
h
=k
 � =k

i
u(q1) = �u(q2)

�
k� k� 
 � 
 � 
 � �

u(q1)

(A: 9)
= �u(q2)

h1
4

g�� k2
 � 
 � 
 �
i
u(q1)

= �u(q2)
h

�
1
2

k2
 �
i
u(q1); �U�k�X�9�X�k�k�V

�u(q2)
�
=p
 � =p

�
u(q2) = �u(q2)

�
p� p� 
 � 
 � 
 � �

u(q1)

= �u(q2)
�
p� p� 
 � �

2g�� � 
 � 
 � ��
u(q1)

= �u(q2)
�
2p� =p � =p=p
 � �

u(q1)
�= �u(q2)

�
2p� =p � p2
 � �

u(q1)
(2:4:7)

= �u(q2)
�

� p2
 � �
u(q1); �U�k�X�9�X�k�j�V

�u(q2)
�

 � =p

�
u(q1) = �u(q2)

�

 � (=q2

� =q1)
�
u(q1)

(2:4:7)
= �u(q2)

�

 � (q2� 
 � � m)

�
u(q1)

= �u(q2)
�
q2� (2g�� � 
 � 
 � ) � m
 � �

u(q1)

= �u(q2)
�
2q�

2 � =q2

 � � m
 � �

u(q1)
(2:4:7)

= 2�u(q2)
�
q�

2 � m
 � �
u(q1); �U�k�X�9�X�k�9�V

�u(q2)
�
=p
 � �

u(q1)
(2:4:8)

= 2�u(q2)
�
m
 � � q�

1
�
u(q1): �U�k�X�9�X�k�8�V

�1�[�m���i�B�Q�M �U�k�X�9�X�k�8�V �r���b �/�2�`�B�p�2�/ ���M���H�Q�;�Q�m�b�H�v �i�Q �B�/�2�M�i�B�i�v �U�k�X�9�X�k�9�V�X �A�M �1�[�X �U�k�X�9�X�k�j�V �i�?�2 �K���`�F�2�/
�b�i�2�T �U�= �V �+���M �#�2 �b�?�Q�r�M �m�b�B�M�; �i�?�2 ���M�i�B�+�Q�K�K�m�i���i�Q�` �`�2�H���i�B�Q�M�,

=p=p = p� p� 
 � 
 � = 2p2 � =p=p ) =p=p = p2:

���T�T�H�v�B�M�; �i�?�2 �B�/�2�M�i�B�i�B�2�b �B�H�H�m�b�i�`���i�2�/ ���#�Q�p�2 �`�2�b�m�H�i�b �B�M

�
1
2

N 0� = �u(q2)
�
�

1
2

k2
 � +
�
1 � x

��
1 � y

�
p2
 � + 2z

�
1 � y

�
m

�
q�

2 � m
 � �

�R�d



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

� 2z
�
1 � x

�
m

�
m
 � � q�

1
�

+ z2m2
 � + m2
 �

+ 2m
� �

2y � 1
�
p� � 2zq�

1

� �
u(q1): �U�k�X�9�X�k�e�V

�a�Q�`�i�B�M�; �i�?�2 �2�t�T�`�2�b�b�B�Q�M�b ���+�+�Q�`�/�B�M�; �i�Q �i�?�2 �7�Q�m�` �G�Q�`�2�M�i�x �p�2�+�i�Q�`�b �v�B�2�H�/�b

�
1
2

N 0� = �u(q2)
� �

�
1
2

k2 +
�
1 � x

��
1 � y

�
p2 + z2m2 + m2 � 2zm2�

2 � x � y
� �


 �

+2(2y � 1)mp� + (2 zm(1 � x) � 4zm)q�
1 + 2z(1 � y)mq�

2| {z }
� � �

�
u(q1):

�U�k�X�9�X�k�d�V

�A�i �B�b �Q�#�b�2�`�p�2�/ �i�?���i �i�?�2
 � �i�2�`�K �+�Q�M�i�`�B�#�m�i�2�b �i�Q �i�?�2 �7�Q�`�K �7���+�i�Q�`FE �/�m�2 �i�Q �`�2�M�Q�`�K���H�B�x���i�B�Q�M�c
�i�?�B�b �7���+�i�Q�` �H�2���/�b �i�Qg = 2 ���M�/ �B�b �B�`�`�2�H�2�p���M�i �7�Q�` �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �#�2�?���p�B�Q�`�X �h�Q ���T�T�H�v
�i�?�2 �:�Q�`�/�Q�M �B�/�2�M�i�B�i�v ���M�/ �i�?�m�b �B�M�7�2�` �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i�- �r�2 �`�2���`�`���M�;�2� � �B�M�i�Q
�i�?�2 �7�Q�`�K

� � = a(q�
2 � q�

1 ) + b(q�
1 + q�

2 ); �U�k�X�9�X�k�3�V

�r�?�2�`�2a ���M�/b ���`�2 �G�Q�`�2�M�i�x �b�+���H���` �+�Q�2�{�+�B�2�M�i�b�X �q�2 �+���M �b�T�H�B�i� � �B�M�i�Q �� �i�2�`�K �/�2�T�2�M�/�2�M�i �Q�M
q�

1 ���M�/q�
2 �,

� � = 2
�
2y � 1

�
mp� +

�
2zm

�
1 � x

�
� 4zm

�
q�

1 + 2z
�
1 � y

�
mq�

2

(2:4:8);(2:4:9)
= 2m

�
2y � 1

��
q�

2 � q�
1

�
+ 2z

�
y + z � 2

�
mq�

1 + 2z
�
1 � y

�
mq�

2

= 2m
�
2y � 1 + z

�
1 � y

� �

| {z }
�U�A�V

q�
2 + 2m

�
z

�
y + z � 2

�
�

�
2y � 1

� �

| {z }
�U�A�A�V

q�
1 : �U�k�X�9�X�k�N�V

�h�?�2 �+�Q�2�{�+�B�2�M�i�ba ���M�/b �B�M �1�[�X �U�k�X�9�X�k�3�V ���`�2 �/�2�i�2�`�K�B�M�2�/ �#�v

a =
(�A) � (�A�A)

2
���M�/ b =

�U�A) + ( �A�A)
2

: �U�k�X�9�X�j�y�V

�>�2�M�+�2�- �r�2 �Q�#�i���B�M �i�?�2 �+�Q�2�{�+�B�2�M�i�b

a =
�
4y � 2 + z

�
1 � 2y � z + 2

��
m

(2:4:9)
=

�
4y � 2 + 3z � 2yz � z

�
1 � x � y

��
m

(2:4:9)
=

�
4y � 2

�
x + y + z

�
+ 2z � yz + xz

�
m

=
�
2y � 2x � yz + xz

�
m

=
�
z � 2

��
x � y

�
m �U�k�X�9�X�j�R�V

���M�/

b =
�
2y � 1 + z(1 � y) + z(y + z � 2) � (2y � 1)

�
m

= z
�
z � 1

�
m: �U�k�X�9�X�j�k�V

�h�?�2�`�2�7�Q�`�2�- �B�i �7�Q�H�H�Q�r�b

� � =
�
z � 2

��
x � y

�
mp� + z

�
z � 1

�
m

�
q�

1 + q�
2

�
: �U�k�X�9�X�j�j�V

�R�3



�k �h�?�2 �J���;�M�2�i�B�+ �J�Q�K�2�M�i �Q�7 �i�?�2 �J�m�Q�M �B�M �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�l�b�B�M�; �i�?�2 �:�Q�`�/�Q�M �B�/�2�M�i�B�i�v�- �v�B�2�H�/�b

�u(q2)� � u(q1) = �u(q2)
h�

z � 2
��

x � y
�
mp� + 2z

�
z � 1

�
m2
 � � iz

�
z � 1

�
m� �� p�

i
u(q1):

�U�k�X�9�X�j�9�V

�h�?�2 �M�m�K�2�`���i�Q�` �+���M �i�?�2�M �#�2 �2�t�T�`�2�b�b�2�/ ���b

�
1
2

N 0� = �u(q2)
h�

�
1
2

k2 +
�
1 � x

��
1 � y

�
p2 + z2m2 + m2 � 2zm2�

2 � x � y
� �


 �

+
�
z � 2

��
x � y

�
mp� + 2z

�
z � 1

�
m2
 � � iz

�
z � 1

�
m� �� p�

i
u(q1)

(2:4:9)
= �u(q2)

h�
�

1
2

k2 +
�
1 � x

��
1 � y

�
p2 + z2m2 + m2 � 4zm2

�

 �

+
�
z � 2

��
x � y

�
mp� + iz

�
1 � z

�
m� �� p�

i
u(q1)

=
�

�
1
2

k2 +
�
1 � x

��
1 � y

�
p2 +

�
1 � 4z + z2�

m2
�

�u(q2)
 � u(q1)

+ iz
�
1 � z

�
mp� �u(q2)� �� u(q1) +

�
z � 2

��
x � y

�
p� �u(q2)u(q1): �U�k�X�9�X�j�8�V

�q�2 �?���p�2 �i�?�`�2�2 �B�M�/�2�T�2�M�/�2�M�i �i�2�`�K�b �B�M�b�i�2���/ �Q�7 �i�r�Q �H�B�F�2 �2�t�T�2�+�i�2�/ �B�M �Z�1�.�X �"�v ���T�T�H�v�B�M�;
�i�?�2 �q���`�/ �B�/�2�M�i�B�i�vp� M � = 0 �- �B�i �#�2�+�Q�K�2�b �+�H�2���` �i�?���i �i�?�2 �i�2�`�K �T�`�Q�T�Q�`�i�B�Q�M���H �i�Qp� �K�m�b�i
�/�B�b���T�T�2���`�X�R �h�?�B�b �#�2�+�Q�K�2�b �2�p�B�/�2�M�i �B�M �i�?�2 �+�Q�K�T�m�i���i�B�Q�M �#�2�+���m�b�2 �Q�7 �i�?�2 �B�M�i�2�;�`���i�B�Q�M �Q�7 �i�?�2
�7�Q�`�K

Z 1

0
dx dy dz � (x + y + z)(z � 2)(x � y)

Z
d4k

(2� )4

p�

(k2 � � + i� )3 �u(q2)u(q1): �U�k�X�9�X�j�e�V

�A�M �i�?�2 �2�t�+�?���M�;�2x $ y�- �#�Q�i�? �i�?�2� �@�7�m�M�+�i�B�Q�M ���M�/ �i�?�2 �/�2�}�M�2�/� ���`�2 �b�v�K�K�2�i�`�B�+�X �>�Q�r�2�p�2�`�-
�i�?�2 �B�M�i�2�;�`���M�/ �B�b ���M�i�B�b�v�K�K�2�i�`�B�+ �m�M�/�2�` �i�?�B�b �2�t�+�?���M�;�2�- �K���F�B�M�; �i�?�2 �B�M�i�2�;�`���H �x�2�`�Q�X
�h�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �K���;�M�2�i�B�+ �7�Q�`�K �7���+�i�Q�`FM �- �r�2 �M�2�2�/ �i�Q �+�Q�K�T���`�2 �i�?�2p� � �� �i�2�`�K �r�B�i�? �1�[�X
�U�k�X�j�X�R�R�V�- �H�2���/�B�M�; �i�Q

FM =
2m
e

(4ie3m)
Z 1

0
dx dy dz � (x + y + z � 1)

Z
d4k

(2� )4

z(1 � z)
(k2 � � + i� )3 : �U�k�X�9�X�j�d�V

�h�?�2 �B�M�i�2�;�`���i�B�Q�M �Q�p�2�` �K�Q�K�2�M�i�m�K �+���M �#�2 �2�t�2�+�m�i�2�/ �#�v �i�`���M�b�7�Q�`�K�B�M�; �i�Q �i�?�2 �1�m�+�H�B�/�2���M �K�2�i�`�B�+
�i�?�`�Q�m�;�? �� �T�`�Q�+�2�b�b �F�M�Q�r�M ���b �q�B�+�F �`�Q�i���i�B�Q�M�- �r�?�B�+�? �B�b �B�H�H�m�b�i�`���i�2�/ �B�M ���T�T�2�M�/�B�t���X�R�y�,

Z
d4k

(2� )4

1
(k2 � � + i� )3 =

� i
32� 2�

: �U�k�X�9�X�j�3�V

�q�B�i�?� = e2=(4� )�- �i�?�B�b �H�2���/�b �i�Q

FM (p2) =
�
�

m2
Z 1

0
dx dy dz � (x + y + z � 1)

z(1 � z)
(1 � z)2m2 � xyp2 : �U�k�X�9�X�j�N�V

���b �/�B�b�+�m�b�b�2�/ �B�M �a�2�+�i�B�Q�M�k�X�j�- �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �B�b �;�B�p�2�M �#�va� = FM (0)�X �q�2
�+���M �+���`�`�v �Q�m�i �i�?�2 �B�M�i�2�;�`���i�B�Q�M�- �r�?�B�+�? �v�B�2�H�/�b

FM (0) =
�
�

Z 1

0
dz

Z 1

0
dy

Z 1

0
dx � (x + y + z � 1)

z
1 � z

�R�h�?�B�b ���`�B�b�2�b �#�2�+���m�b�2 �i�?�2
 � �i�2�`�K �+���M�+�2�H�b �Q�m�i ���b �� �`�2�b�m�H�i �Q�7 �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M�- ���M�/ �i�?�2p� � �� �i�2�`�K�-
�#�2�B�M�; �� �T�`�Q�/�m�+�i �Q�7 �b�v�K�K�2�i�`�B�+ ���M�/ ���M�i�B�b�v�K�K�2�i�`�B�+ �+�Q�K�T�Q�M�2�M�i�b �m�M�/�2�` �B�M�/�2�t �B�M�i�2�`�+�?���M�;�2�- ���H�b�Q �/�B�b���T�T�2���`�b�X

�R�N



�j �P�M�2�@�G�Q�Q�T �*�Q�M�i�`�B�#�m�i�B�Q�M�b �7�Q�` �a�+���H���`�@�6�2�`�K�B�Q�M �A�M�i�2�`���+�i�B�Q�M�b

=
�
�

Z 1

0
dz

Z 1� z

0
dy

z
1 � z

=
�
�

Z 1

0
dz z

=
�
2�

: �U�k�X�9�X�9�y�V

�h�?�2 �H�B�K�B�i�b �Q�7 �i�?�2y�@�B�M�i�2�;�`���i�B�Q�M ���7�i�2�` ���T�T�H�v�B�M�; �i�?�2� �@�7�m�M�+�i�B�Q�M ���`�2 �;�B�p�2�M �#�v

0 � x = 1 � (y + z) � 1 , � 1 � � (y + z) � 0

, � z � y � 1 � z:

�h�?�2 �H�Q�r�2�` �H�B�K�B�i �/�Q�2�b �M�Q�i �Q�z�2�` ���M�v �7�m�`�i�?�2�` �`�2�b�i�`�B�+�i�B�Q�M �b�B�M�+�2� z � 0 �B�b �p���H�B�/�X �h�?�2 �H�B�K�B�i�b �Q�7
�B�M�i�2�;�`���i�B�Q�M ���`�2 �i�?�2�`�2�7�Q�`�2 �/�2�i�2�`�K�B�M�2�/ �#�v0 � y � 1 � z�X

�h�?�m�b�- �B�i �r���b �b�?�Q�r�M �i�?���i �i�?�2 �Q�M�2�@�H�Q�Q�T �Z�1�. �+�Q�`�`�2�+�i�B�Q�M �H�2���/�b �i�Q

a� =
�
2�

� 0:00116 �`�2�b�T�Xg = 2
�

1 +
�
2�

�
� 2:00232:

�h�?�2 �`�2�b�m�H�i �r���b �}�`�b�i �+���H�+�m�H���i�2�/ �#�v �C�m�H�B���M �a�+�?�r�B�M�;�2�` �B�M �R�N�9�3 �(�R�j�)�X ���b �r�2 �+���M �b�2�2�- �Q�m�` �`�2�b�m�H�i
�B�b �B�M�/�2�T�2�M�/�2�M�i �Q�7 �i�?�2 �K�m�Q�M �K���b�b�- �b�Q �i�?�2 �2�H�2�+�i�`�Q�M ���M�/ �i���m �?���p�2 �i�?�2 �b���K�2 �Z�1�. �Q�M�2�@�H�Q�Q�T
�+�Q�M�i�`�B�#�m�i�B�Q�M�X

�A�M �;�2�M�2�`���H�- �H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M�b �B�M�+�Q�`�T�Q�`���i�2 �H�2�T�i�Q�M�@�b�T�2�+�B�}�+ �2�z�2�+�i�b �/�m�2 �i�Q �i�?�2�B�` �K���b�b �/�2�T�2�M�@
�/�2�M�+�B�2�b�X �1�t���K�B�M�B�M�; �?�B�;�?�2�`�@�Q�`�/�2�` �Z�1�. �+�Q�`�`�2�+�i�B�Q�M�b �`�2�b�m�H�i�b �B�M �� �b�2�`�B�2�b �2�t�T���M�b�B�Q�M �B�M �i�2�`�K�b
�Q�7 �i�?�2 �+�Q�m�T�H�B�M�; �+�Q�M�b�i���M�i�b� �X �A�M ���/�/�B�i�B�Q�M �i�Q �i�?�2 �/�Q�K�B�M���M�i �Z�1�. �+�Q�`�`�2�+�i�B�Q�M�b�- �i�?�2�`�2 ���`�2 �2�H�2�+�@
�i�`�Q�r�2���F ���M�/ �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M�b�X �h�?�2 �2�H�2�+�i�`�Q�r�2���F �Q�M�2�@�H�Q�Q�T �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �K���/�2 �m�T
�Q�7 �i�?�`�2�2 �/�B���;�`���K�b�X �h�r�Q �Q�7 �i�?�2�K �+�Q�M�i���B�M �� �p�2�+�i�Q�` �#�Q�b�Q�M �UW �Q�Z̀ �#�Q�b�Q�M�V�- �r�?�B�H�2 �i�?�2 �i�?�B�`�/
�B�b �#���b�2�/ �Q�M �i�?�2 �b�+���H���` �>�B�;�;�b �#�Q�b�Q�MH �X �h�?�2 �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���`�2 �i�?�2 �T�`�B�K���`�v �b�Q�m�`�+�2
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�
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�h�?�2 �2�t�T�`�2�b�b�B�Q�M�b �H���#�2�H�2�/ ���bT �
�Q�/�/ �`�2�T�`�2�b�2�M�i �+�Q�K�#�B�M���i�B�Q�M�b �B�M�p�Q�H�p�B�M�; ���M �Q�/�/ �+�Q�m�M�i �Q�7 �;���K�K��
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�
CS + CP 
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�
C �

S � C �
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u(q1)

= �u(q2)
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�
1
2

k2
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 � � q�

1
�

� yz2m�
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 � �
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� �

jCS j2 + jCP j2
�
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�
u(q1)

(2:4:9)
= �u(q2)
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2
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1 � yzq�
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�
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�
u(q1): �U�j�X�R�X�R�9�V

�L�2�p�2�`�i�?�2�H�2�b�b�- �i�?�2 �K�B�t�2�/ �i�2�`�K�b �B�MCS ���M�/CP �- �/�2�M�Q�i�2�/ ���bM �
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 �
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+
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jCS j2 � j CP j2

�
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�
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�
jCS j2 � j CP j2

�
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�
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�
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�
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� + zm2
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�S�2�`�7�Q�`�K�B�M�; �i�?�2 �M�Q�M�@�`�2�H���i�B�p�B�b�i�B�+ �H�B�K�B�i ���M�/ �B�M�b�2�`�i�B�M�;p2 = 0 �H�2���/�b�- ���7�i�2�` �2�p���H�m���i�B�M�; �i�?�2� �@
�7�m�M�+�i�B�Q�M�- �i�Q
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� �
jCS j2 +

�
z

�
1 � z

�
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�
1 � z

� �
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�*���`�`�v�B�M�; �Q�m�i �i�?�2y�@�B�M�i�2�;�`���i�B�Q�M ���M�/ �b�m�#�b�i�B�i�m�i�B�M�;z ! 1 � z �v�B�2�H�/�b �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+
�K�Q�K�2�M�i�,

[a� ]a = FM (0) = �
QF
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Z 1

0
dz

�
z2(1 � z) + � F z2

�
jCS j2 +

�
z2(1 � z) � � F z2

�
jCP j2

z2 + z(� 2
F � 1) + � 2

H (1 � z)
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�>�2�`�2�- �r�2 �b�r���T�T�2�/ �i�?�2 �B�M�i�2�;�`���i�B�Q�M �#�Q�m�M�/�b ���7�i�2�` �b�m�#�b�i�B�i�m�i�B�Q�M ���M�/ �B�M�i�`�Q�/�m�+�2�/� i = m i
m �

�7�Q�`i = F; H �X �h�?�2 �`�2�b�m�H�i �+���M �#�2 �`�2�T�`�Q�/�m�+�2�/ �r�B�i�? �i�?�2 �T�m�#�H�B�+�H�v ���+�+�2�b�b�B�#�H�2�S���+�F���;�2�@�s �B�M
�J���i�?�2�K���i�B�+���X �h�?�B�b �B�b �/�2�K�Q�M�b�i�`���i�2�/ �B�M ���T�T�2�M�/�B�t���X�R�k�X

�j�X�k �S�?�Q�i�Q�2�K�B�b�b�B�Q�M �7�`�Q�K �i�?�2 �A�M�i�2�`�M���H �a�+���H���` �G�B�M�2

�A�M �+�Q�M�i�`���b�i �i�Q �i�?�2 �T�`�2�p�B�Q�m�b�H�v �2�t���K�B�M�2�/ �b�+�2�M���`�B�Q �Q�7 �T�?�Q�i�Q�2�K�B�b�b�B�Q�M �7�`�Q�K ���M �B�M�i�2�`�M���H �+�?���`�;�2�/
�7�2�`�K�B�Q�M �H�B�M�2�- �T�?�Q�i�Q�2�K�B�b�b�B�Q�M �+���M ���H�b�Q �Q�+�+�m�` �7�`�Q�K ���M �B�M�i�2�`�M���H �b�+���H���` �H�B�M�2 �B�7 �i�?�2 �+�m�`�`�2�M�i �K�Q�/�2�H
�B�M�+�H�m�/�2�b �� �+�?���`�;�2�/ �b�+���H���` �U�`�2�7�2�` �i�Q �6�B�;�X�j�#�V�X
�h�?�2 �B�M�p���`�B���M�i ���K�T�H�B�i�m�/�2M = � � M � �B�b �;�B�p�2�M �#�v

iM � =
Z

d4k
(2� )4 �u(q2)i (CS + CP 
 5)

i ( =q1 � =k + mF )

(q1 � k)2 � m2
F + i�

i
(p + k)2 � m2

H + i�
(iQ H e(2k + p) � )

�
i

k2 � m2
H + i�

i (C �
S � C �

P 
 5)u(q1): �U�j�X�k�X�R�V

�h�?�2 ���b�b�Q�+�B���i�2�/ �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2 �K�m�Q�M�ö�b ���J�J �+���M �#�2 �/�2�i�2�`�K�B�M�2�/ �r�B�i�?�S���+�F���;�2�@�s�-
�/�B�b�+�m�b�b�2�/ �B�M ���T�T�2�M�/�B�t���X�R�k�X �h�?�2 �+���H�+�m�H���i�B�Q�M �v�B�2�H�/�b
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QH

8� 2

Z 1
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dz
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z2(z � 1) + � F (z2 � z)

�
jCS j2 +
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z2(z � 1) � � F (z2 � z)

�
jCP j2

z2 + � 2
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�A�M �i�?�2 �a�J�- �B�i �b�?�Q�m�H�/ �#�2 �?�B�;�?�H�B�;�?�i�2�/ �i�?���i �i�?�2 �b�Q�H�2 �+�Q�M�i�`�B�#�m�i�B�Q�M ���`�B�b�2�b �7�`�Q�K �i�?�2 �T�?�Q�i�Q�2�K�B�b�b�B�Q�M
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�B�M �i�?�2 �a�J�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M�b�- �r�2 �r�B�H�H ���/�/ �b�Q�K�2 �b�+���H���`�b �i�Q �i�?�2 �a�J �i�Q �2�t�T�H���B�M �i�?�2
� a� = (2 :49� 0:48) � 10� 9 �/�B�b�+�`�2�T���M�+�v �#�2�i�r�2�2�M �i�?�2�Q�`�v ���M�/ �2�t�T�2�`�B�K�2�M�i�X
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�P�M�2 �Q�7 �i�?�2 �b�B�K�T�H�2�b�i �2�t�i�2�M�b�B�Q�M�b �Q�7 �i�?�2 �a�J �B�b �i�?�2 �k�>�.�J�X �A�M �i�?�2 �a�J�- �i�?�2�`�2 �B�b �� �b�B�K�T�H�2 �b�+���H���`
�b�i�`�m�+�i�m�`�2 �+�Q�M�b�B�b�i�B�M�; �Q�7 �Q�M�2 �a�l�U�k�V �/�Q�m�#�H�2�i�X �h�?�B�b �K�Q�/�2�H �2�t�i�2�M�/�b �i�?���i �b�i�`�m�+�i�m�`�2 �i�Q �i�r�Q �/�Q�m�@
�#�H�2�i�b�X
�h�?�2 �k�>�.�J �?���b �#�2�2�M �2�t�i�2�M�b�B�p�2�H�v �b�i�m�/�B�2�/ �B�M �i�?�2 �H�B�i�2�`���i�m�`�2 �/�m�2 �i�Q �B�i�b �K���M�v �T�Q�b�b�B�#�H�2 ���T�@
�T�H�B�+���i�B�Q�M�b �(�R�8�)�X �P�M�2 �Q�7 �i�?�2 �K���B�M �`�2���b�Q�M�b �7�Q�` �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �k�>�.�J �B�b �B�i�b �b�B�;�M�B�}�+���M�+�2 �B�M
�b�m�T�2�`�b�v�K�K�2�i�`�B�+ �i�?�2�Q�`�B�2�b �(�R�e�)�X �A�M �i�?�2�b�2 �K�Q�/�2�H�b�- �� �b�B�M�;�H�2 �>�B�;�;�b �/�Q�m�#�H�2�i �+���M �;�2�M�2�`���i�2 �i�?�2
�K���b�b �Q�7 �[�m���`�F�b �Q�M�H�v �r�B�i�? �Q�M�2 �i�v�T�2 �Q�7 �+�?���`�;�2�X �h�?�2�`�2�7�Q�`�2�- �b�m�T�2�`�b�v�K�K�2�i�`�B�+ �7�`���K�2�r�Q�`�F�b �H�B�F�2
�i�?�2 �J�B�M�B�K���H �a�m�T�2�`�b�v�K�K�2�i�`�B�+ �a�i���M�/���`�/ �J�Q�/�2�H �`�2�[�m�B�`�2 ���i �H�2���b�i �i�r�Q �>�B�;�;�b �/�Q�m�#�H�2�i�b �(�d�)�X ���M�@
�Q�i�?�2�` �K�Q�i�B�p���i�B�Q�M �7�Q�` �i�?�2 �k�>�.�J �B�b �i�?���i �i�?�2 �a�J �+���M�M�Q�i �/�2�b�+�`�B�#�2 �i�?�2 �#���`�v�Q�M ���b�v�K�K�2�i�`�v
�Q�7 �i�?�2 �m�M�B�p�2�`�b�2�X �h�?�B�b ���b�v�K�K�2�i�`�v�- �r�?�B�+�? �2�t�T�H���B�M�b �i�?�2 �Q�#�b�2�`�p�2�/ �/�Q�K�B�M���M�+�2 �Q�7 �K���i�i�2�` �Q�p�2�`
���M�i�B�K���i�i�2�` �B�M �i�?�2 �m�M�B�p�2�`�b�2�- �B�b �/�m�2 �i�QCP�@�p�B�Q�H���i�B�Q�M�- �r�?�B�+�? �B�b �B�M�b�m�{�+�B�2�M�i�H�v �T�`�Q�M�Q�m�M�+�2�/ �B�M
�i�?�2 �a�J �(�R�)�X

�9�X�R �A�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �i�?�2 �J�Q�/�2�H

�q�2 ���/�/ �� �b�2�+�Q�M�/ �a�l�U�k�V �/�Q�m�#�H�2�i� 2 �i�Q �i�?�2 �2�t�B�b�i�B�M�; �a�J �/�Q�m�#�H�2�i� 1�X �1���+�? �/�Q�m�#�H�2�i �+���`�`�B�2�b
�?�v�T�2�`�+�?���`�;�2Y = 1=2�X�k �"�Q�i�? �2�t�?�B�#�B�i �p���+�m�m�K �2�t�T�2�+�i���i�B�Q�M �p���H�m�2�b �U�o�1�o�b�V�,

h� 1i 0 =

 
0
v1p

2

!

; h� 2i 0 =

 
0
v2p

2

!

�U�9�X�R�X�R�V

�q�2 �T�2�`�7�Q�`�K �� �`�Q�i���i�B�Q�M �#�v �i�?�2 ���M�;�H�2� �i�Q ���+�?�B�2�p�2 �� �T���`�i�B�+�m�H���`�H�v �+�Q�M�p�2�M�B�2�M�i �`�Q�i���i�2�/ �#���b�B�b�X
���7�i�2�` �`�Q�i���i�B�Q�M�- �i�?�2 �/�Q�m�#�H�2�i�b �/�2�M�Q�i�2�/H1 ���M�/H2 ���`�2 �Q�#�i���B�M�2�/�- �r�B�i�? �Q�M�H�v �Q�M�2 �M�2�m�i�`���H �>�B�;�;�b
�UH 0

1 �V �?���p�B�M�; �� �M�Q�M�x�2�`�Q �o�1�o�X �h�Q ���+�?�B�2�p�2 �i�?�B�b �b�Q�@�+���H�H�2�/ �>�B�;�;�b �#���b�B�b�- �r�2 �`�Q�i���i�2 �i�?�2 �Q�`�B�;�B�M���H
�#���b�B�b �#�v� = arctan v2=v1�,
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�h�?�2 �M�Q�M�x�2�`�Q �o�1�o �B�b �M�Q�r �`�2�T�`�2�b�2�M�i�2�/ �#�vv =
q

v2
1 + v2

2 ' 246 GeV�X �h�?�2 �K�Q�b�i �;�2�M�2�`���H
�b�+���H���` �T�Q�i�2�M�i�B���H �B�M �i�?�B�b �`�Q�i���i�2�/ �>�B�;�;�b �#���b�B�b �B�b �;�B�p�2�M �#�v �(�R�d�- �T�X �9�8�)
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11H y
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+ � 7

�
H y

2H2

�i
H y

1H2 + �>�X�+�X
�

: �U�9�X�R�X�j�V

�>�2�`�2�-m2
12 ���M�/� 5;6;7 �+���M �;�2�M�2�`���H�H�v �#�2 �+�Q�K�T�H�2�t�- �r�?�B�H�2 �i�?�2 �`�2�K���B�M�B�M�; �T���`���K�2�i�2�`�b ���`�2 �`�2���H�X

�q�2 �r�Q�`�F �B�M �i�?�2CP�@�+�Q�M�b�2�`�p�B�M�; �H�B�K�B�i�- ���b�b�m�K�B�M�; ���H�H �T���`���K�2�i�2�`�b �i�Q �#�2 �`�2���H �(�R�3�- �T�X �k�R�y�)�X
���b �� �`�2�b�m�H�i �Q�7 �i�?�2 �i�r�Q �a�l�U�k�V �/�Q�m�#�H�2�i�b�- �i�?�2�`�2 ���`�28 �}�2�H�/�b�,
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2
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!
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2

�
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�k�A�M �b�Q�K�2 �H�B�i�2�`���i�m�`�2�- �i�?�2 �+�Q�M�p�2�M�i�B�Q�MY = 1 �B�b �m�b�2�/�X �a�B�M�+�2 �?�v�T�2�`�+�?���`�;�2 �B�b �M�Q�i �� �/�B�`�2�+�i�H�v �K�2���b�m�`���#�H�2
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�`�2�K���B�M�X
���b �+���M �#�2 �b�2�2�M �7�`�Q�K �i�?�2 �M�2�m�i�`���H �b�+���H���` �K���b�b �K���i�`�B�t �U�b�2�2 ���T�T�2�M�/�B�t���X�R�j�V�- �#�2�+���m�b�2 �i�?�2
�T���`���K�2�i�2�`�b� 4 ���M�/� 5 ���`�2 �`�2���H �B�M �i�?�2CP�@�+�Q�M�b�2�`�p�B�M�; �H�B�K�B�i�- �i�?�2CP�@�Q�/�/ �2�B�;�2�M�b�i���i�2 �/�2�+�Q�m�T�H�2�b
�7�`�Q�K �i�?�2CP�@�2�p�2�M �2�B�;�2�M�b�i���i�2�b�X �>�Q�r�2�p�2�`�- �i�?�2 �i�r�QCP�@�2�p�2�M �2�B�;�2�M�b�i���i�2�b �K�B�t �i�Q �7�Q�`�K

 
h
H

!

=

 
cos(� � � ) sin(� � � )

� sin(� � � ) cos(� � � )

!  
H 0

1
H 0

2

!

; �U�9�X�R�X�8�V

�r�?�2�`�2 �i�?�2 ���M�;�H�2(� � � )�- �r�?�B�+�? �/�B���;�Q�M���H�B�x�2�b �i�?�2CP�@�2�p�2�M �K���b�b �K���i�`�B�t�- �B�b �;�B�p�2�M �#�v�,

sin 2(� � � ) =
2� 6v2

m2
H � m2

h
: �U�9�X�R�X�e�V

�h�?�2 �+�Q�M�p�2�M�i�B�Q�M���H �+�?�Q�B�+�2 �Q�7 �i�?�2 ���M�;�H�2� � � �`�2�b�m�H�i�b �7�`�Q�K �i�?�2 �7���+�i �i�?���i �� �`�Q�i���i�B�Q�M �#�v �i�?�2
���M�;�H�2� �?���b ���H�`�2���/�v �#�2�2�M �K���/�2 �/�m�`�B�M�; �i�?�2 �i�`���M�b�7�Q�`�K���i�B�Q�M �B�M�i�Q �i�?�2 �>�B�;�;�b �#���b�B�b�X �A�M �i�?�2
�+�?�Q�b�2�M ���H�B�;�M�K�2�M�i �H�B�K�B�i�- �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �+�?�Q�B�+�2 �B�b� � � �X �l�M�/�2�` �i�?�B�b �+�Q�M�b�B�/�2�`���i�B�Q�M�- �i�?�2
�a�J �>�B�;�;�b �Uh � H 0

1 �V ���T�T�`�Q�t�B�K���i�2�H�v �/�2�+�Q�m�T�H�2�b �7�`�Q�K �i�?�2 �õ�M�2�r�öCP�@�2�p�2�M �b�i���i�2 �UH � H 0
2 �V�X

�A�M �i�?�2 �+�Q�M�b�B�/�2�`�2�/ �H�B�K�B�i �Q�7 �i�?�2 �K�Q�/�2�H�- �r�2 �Q�#�i���B�M �U�b�2�2 ���T�T�2�M�/�B�t���X�R�j�V�,

m2
h = � 1v2; m2

H = m2
22 +

v2

2
(� 3 + � 4 + � 5) ; �U�9�X�R�X�d�V

m2
A = m2

H � v2� 5; m2
H � = m2

H �
v2

2
(� 4 + � 5) : �U�9�X�R�X�3�V

�A�i �B�b �B�K�T�Q�`�i���M�i �i�Q �K�2�M�i�B�Q�M �i�?���i �i�?�2 �2�H�2�+�i�`�Q�r�2���F �/���i�� �?���p�2 �+�Q�M�b�i�`���B�M�2�/ �i�?�2 �T���`���K�2�i�2�`
�b�T���+�2�X �.�m�2 �i�Q �i�?�2 ���#�b�2�M�+�2 �Q�7 �M�Q�M�@�a�J �2�p�2�M�i�b�- �i�?�2 �K���b�b �Q�7 �i�?�2 �+�?���`�;�2�/ �b�+���H���`H + �?���b
�� �H�Q�r�2�` �#�Q�m�M�/ �(�R�N�)�X �h�?�2�`�2�7�Q�`�2�-mH + � 110 GeV �B�b �+�?�Q�b�2�M�X �h�?�2 �K���b�b�2�b �Q�7 �i�?�2 �M�2�m�i�`���H
�b�+���H���`�b ���`�2 ���H�b�Q �+�Q�M�b�i�`���B�M�2�/�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H�H�v �B�M�p�2�b�i�B�;���i�2�/Z ! HA �/�2�+���v �B�K�T�Q�b�2�b �i�?�2
�+�Q�M�/�B�i�B�Q�MmA + mH > m Z � 91 GeV�- �r�?�B�+�? �K�2���M�b �i�?���i �#�Q�i�? �M�2�m�i�`���H �b�+���H���`�b �+���M�M�Q�i �#�2 �b�B�@
�K�m�H�i���M�2�Q�m�b�H�v �H�B�;�?�i�X �q�?�2�M ���M���H�v�x�B�M�; �i�?�2 �`�2�b�T�2�+�i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�Q �i�?�2 ���J�J�- �B�i �r�B�H�H �i�m�`�M
�Q�m�i �i�?���i� m = mH + ;A � mH = 110 GeV �T�`�Q�p�B�/�2�b �� �T�Q�b�b�B�#�H�2 �b�m�B�i���#�H�2 �+�?�Q�B�+�2�X �q�2 ���/�Q�T�i
�i�?�2 �/�2�;�2�M�2�`���i�2 �b�+�2�M���`�B�QmH + = mA �- �r�?�B�+�? �2�M�b�m�`�2�b �i�?���i �i�?�2 �K���b�b�2�b �+�?�Q�b�2�M �B�M �b�m�#�b�2�[�m�2�M�i
���M���H�v�x�2�b �+�Q�K�T�H�v �r�B�i�? �i�?�2 �+�Q�M�b�i�`���B�M�i�b �Q�7 �i�?�2T �T���`���K�2�i�2�` �(�k�y�)�X
�6�Q�` �i�?�2 �T���`���K�2�i�2�`�b �B�M �1�[�b�X �U�9�X�R�X�d�V ���M�/ �1�[�b�X �U�9�X�R�X�3�V�-� 4 = � 5 � � �i�?�2�`�2�7�Q�`�2 ���T�T�H�B�2�b�X �h�?�B�b
�`�2�b�m�H�i�b �B�Mm2

A = m2
H + = m2

H � v2� �X �6�Q�` �i�`�B�T�H�2 �b�+���H���` �+�Q�m�T�H�B�M�;�b�-� �Q�+�+�m�`�b ���b �� �+�Q�m�T�H�B�M�;
�T���`���K�2�i�2�` �(�k�R�)�X �A�M �Q�`�/�2�` �i�Q �p���H�B�/���i�2 �i�?�2 ���T�T�H�B�+���#�B�H�B�i�v �Q�7 �T�2�`�i�m�`�#���i�B�Q�M �i�?�2�Q�`�v�-j� j < 4�
�B�K�T�Q�b�2�b �� �H�B�K�B�i �Q�M �i�?�2 �K���t�B�K���H �K���b�b �/�B�z�2�`�2�M�+�2� m�- �/�2�T�2�M�/�2�M�i �Q�MmH �X�j �h�?�2 �K�Q�b�i
�b�i�`�B�M�;�2�M�i �+�Q�M�/�B�i�B�Q�M �2�t�B�b�i�b �7�Q�` �i�?�2 �?�B�;�?�2�b�i �B�M�p�2�b�i�B�;���i�2�/ �b�+���H���` �K���b�bmH = 1000 GeV ���M�/
�`�2�b�m�H�i�b �B�M� m . 325 GeV�X �a�2�H�2�+�i�B�M�;� m = 110 GeV �H�2���/�b �i�Q �� �T���`���K�2�i�2�` �Q�7� = � 0:200
�U� = � 3:835�V �7�Q�`mH = 0 �UmH = 1000 GeV�V�X

�h�?�2 �u�m�F���r�� �B�M�i�2�`���+�i�B�Q�M�b �Q�7 �i�?�2 �H�2�T�i�Q�M�b �r�B�i�? �i�?�2 �T�?�v�b�B�+���H �b�+���H���`�b ���`�2 �;�B�p�2�M �#�v �(�k�k�)�,

�L �u�m�F� eYij L L i H1`R j + Yij L L i H2`R j + �>�X�+�X �U�9�X�R�X�N�V

�r�B�i�? �i�?�2 �H�2�7�i�@�?���M�/�2�/ �/�Q�m�#�H�2�iL L = ( �; ` )T
L ���M�/ �`�B�;�?�i�@�?���M�/�2�/ �b�B�M�;�H�2�i`R �X �h�?�2 �B�M�/�B�+�2�bi ���M�/

j �`�2�T�`�2�b�2�M�i �i�?�2 �i�?�`�2�2 �H�2�T�i�Q�M �;�2�M�2�`���i�B�Q�M�b�X ���b �Q�M�H�vH1 �?���b �� �M�Q�M�x�2�`�Q �o�1�o �B�M �i�?�2 �>�B�;�;�b
�#���b�B�b�- �i�?�2 �K���b�b�2�b �Q�7 �i�?�2 �+�?���`�;�2�/ �H�2�T�i�Q�M�b ���`�2 �;�B�p�2�M �#�vM ij = vp

2
eYij �X �a�B�M�+�2Y ���M�/eY ���`�2

�B�M�/�2�T�2�M�/�2�M�i3 � 3 �+�Q�m�T�H�B�M�; �K���i�`�B�+�2�b�- �r�2 �+���M �+�?�Q�Q�b�2 �i�?�2 �K���b�b �K���i�`�B�tM �- ���M�/ �i�?�m�beY�- �i�Q

�j �h�?�2 �+�Q�M�b�i�`���B�M�ij� j < 4� �B�b �`���i�?�2�` �H�2�M�B�2�M�i ���M�/ �B�b �Q�7�i�2�M �K���/�2 �K�Q�`�2 �b�i�`�B�M�;�2�M�i�X �a�K���H�H�2�` �p���H�m�2�b �Q�7 �i�?�2
�T���`���K�2�i�2�` �H�2���/ �i�Q �7���b�i�2�` �+�Q�M�p�2�`�;�2�M�+�2 �Q�7 �i�?�2 �T�2�`�i�m�`�#���i�B�Q�M �b�2�`�B�2�b�X

�k�N



�9 �h�?�2 �h�r�Q�@�>�B�;�;�b�@�.�Q�m�#�H�2�i �J�Q�/�2�H

�#�2 �`�2���H ���M�/ �/�B���;�Q�M���H�X
�A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; ���M���H�v�b�B�b�- �r�2 �2�t���K�B�M�2 �/�B�z�2�`�2�M�i �+���b�2�b �Q�7 �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�tY �-
�r�?�2�`�2 �i�?�2 �K���i�`�B�t �2�H�2�K�2�M�i�b ���`�2 �+�?�Q�b�2�M �i�Q �#�2 �`�2���H�X �"�2�+���m�b�2Yij �B�b �B�M�/�2�T�2�M�/�2�M�i �Q�7eYij �U���M�/
�i�?�m�b �B�M�/�2�T�2�M�/�2�M�i �Q�7M ij �V�- �i�?�2 �+�Q�m�T�H�B�M�;�bYij ���`�2 �M�Q�i �+�Q�`�`�2�H���i�2�/ �r�B�i�? �i�?�2 �H�2�T�i�Q�M �K���b�b�2�b�X
�a�B�M�+�2 ���H�H �M�2�r �T�?�v�b�B�+���H �b�+���H���`�b ���`�2 �B�M �i�?�2 �b���K�2 �/�Q�m�#�H�2�iH2�- �i�?�2 �H�2�T�i�Q�M �u�m�F���r�� �+�Q�m�T�H�B�M�;�b
�7�Q�` �i�?�2 �T�?�v�b�B�+���H �b�+���H���`�b ���`�2 �/�2�i�2�`�K�B�M�2�/ �#�v�,

�L �u�m�F�
1

p
2

h
Yij H 0 + iYij A0

i
�̀L i `R j + Yij �� L i `R j H + + �>�X�+�X �U�9�X�R�X�R�y�V

�9�X�k ���M�Q�K���H�Q�m�b �J���;�M�2�i�B�+ �J�Q�K�2�M�i �7�Q�` �.�B�z�2�`�2�M�i �h�2�t�i�m�`�2�b �Q�7 �i�?�2 �u�m�F���r��
�*�Q�m�T�H�B�M�; �J���i�`�B�t

�h�?�2 �K�Q�/�2�H �m�M�/�2�` �/�B�b�+�m�b�b�B�Q�M �B�M�+�H�m�/�2�b �Q�M�2 �+�?���`�;�2�/ �b�+���H���` �UH + �V ���H�Q�M�; �r�B�i�? �i�?�`�2�2 �M�2�m�i�`���H
�b�+���H���`�b �Uh; H; A �V�X �A�M �i�?�2 ���H�B�;�M�K�2�M�i �H�B�K�B�i ���/�Q�T�i�2�/�-h �B�b �B�/�2�M�i�B�}�2�/ �r�B�i�? �i�?�2 �a�J �>�B�;�;�b�- ���M�/
�i�?�m�b �B�i�b �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b ���H�`�2���/�v �B�M�+�H�m�/�2�/ �B�Ma�a�J

� �X �q�2 �2�t�T�H�Q�`�2 �p���`�B�Q�m�b �+�Q�m�T�H�B�M�; �b�+�2�M���`�B�Q�b
�/�2�}�M�2�/ �#�v �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�tY �X �h�?�2 �;�2�M�2�`���H �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�t �+���M �#�2
�r�`�B�i�i�2�M ���b

Y =

0

B
@

Yee Ye� Ye�

Y�e Y�� Y��

Y�e Y� � Y� �

1

C
A : �U�9�X�k�X�R�V

�h�?�2 �/�B�z�2�`�2�M�i �i�2�t�i�m�`�2�b �+�Q�M�b�B�/�2�`�2�/ ���`�2 �;�B�p�2�M �#�v �i�?�2 �7�Q�H�H�Q�r�B�M�; �K���i�`�B�+�2�b�,

�i�2�t�X �R�,Y =

0

B
@

0 0 0
0 Y�� 0
0 0 0

1

C
A ; �i�2�t�X �k�,Y =

0

B
@

0 0 0
0 0 0
0 Y� � 0

1

C
A ;

�i�2�t�X �j�,Y =

0

B
@

0 Ye� 0
0 0 0
0 0 0

1

C
A ; �i�2�t�X �9�,Y =

0

B
@

0 0 0
0 0 Y��

0 Y� � 0

1

C
A :

�6�Q�` �2���+�? �+���b�2�- �r�2 �m�b�2 �i�?�2 �/�2�`�B�p�2�/ �Q�M�2�@�H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M�b �i�?�`�Q�m�;�? �1�[�X �U�j�X�R�X�j�9�V ���M�/ �1�[�X
�U�j�X�k�X�k�V�X �h�Q �2�t�T�`�2�b�b �i�?�2 �b�+���H���` �U�T�b�2�m�/�Q�b�+���H���`�V �+�Q�m�T�H�B�M�; �+�Q�M�b�i���M�i�bCS �UCP �V �#�v �i�?�2 �u�m�F���r��
�+�Q�m�T�H�B�M�;�bYij �- �i�?�2 �G���;�`���M�;�B���M �B�M �1�[�X �U�j�X�y�X�R�V ���M�/ �1�[�X �U�9�X�R�X�R�y�V ���`�2 �+�Q�K�T���`�2�/�X

�9�X�k�X�R �h�2�t�i�m�`�2 �R�, �.�B���;�Q�M���H �u�m�F���r�� �*�Q�m�T�H�B�M�; �J���i�`�B�t

�A�M �i�?�2 �}�`�b�i �b�+�2�M���`�B�Q�- �r�2 ���b�b�m�K�2 �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�t �i�Q �#�2 �/�B���;�Q�M���H�X �6�Q�` �i�?�B�b
�+�?�Q�B�+�2�- �i�?�2 �u�m�F���r�� �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�? �i�?�2 �M�2�r �T�?�v�b�B�+���H �b�+���H���`�b ���`�2 �;�B�p�2�M �#�v�,

�L �u�m�F�
1

p
2

h
Y�� H 0 + iY�� A0

i
�� L � R + Y�� �� L� � RH + + �>�X�+�X �U�9�X�k�X�k�V

�h�Q �+�Q�K�T�m�i�2 �i�?�2 �>�2�`�K�B�i�B���M �+�Q�M�D�m�;���i�2�- �r�2 �2�t�T���M�/ �i�?�2 �G���;�`���M�;�B���M �p�B�� �H�2�7�i�@ ���M�/ �`�B�;�?�i�@�?���M�/�2�/
�T�`�Q�D�2�+�i�Q�`�b �U�b�2�2 ���T�T�2�M�/�B�t���X�R�R�V�,

�>�X�+�X=
h 1
p

2

�
Y�� H 0 + iY�� A0�

�� L � R + Y�� �� L� � RH +
i y

=
1

p
2

Y��
�
H 0 � iA 0�

� y

 
1 + 
 5

2

!
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 0� �
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1

2
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2
Y��

�
H 0 � iA 0�

��
�
1 � 
 5�

� +
1
2

Y�� H � ��
�
1 � 
 5�

� � : �U�9�X�k�X�j�V
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�6�Q�` �i�?�2 �M�2�m�i�`���H �b�+���H���`�b�- �r�2 �+�Q�K�#�B�M�2 �i�?�B�b �2�t�T�`�2�b�b�B�Q�M �r�B�i�? �i�?�2 �b�i���i�2�/ �i�2�`�K�b �B�M �1�[�X �U�9�X�k�X�k�V�X
�h�?�2 �>�2�`�K�B�i�B���M �+�Q�M�D�m�;���i�2 �Q�7 �i�?�2 �+�?���`�;�2�/ �b�+���H���` �T���`�i �/�Q�2�b �M�Q�i �+�Q�M�i�`�B�#�m�i�2 ���/�/�B�i�B�Q�M���H�H�v�- ���b �B�i
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�h�?�2 �p���`�B�Q�m�b �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���`�2 �B�H�H�m�b�i�`���i�2�/ �B�M �6�B�;�m�`�2�9���X �6�Q�` �i�?�2 �B�M�i�2�;�`���i�B�Q�M�b�- �i�?�2�b�+�B�T�v�X�B�M�@
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�+�Q�M�i�`���b�i �i�Q �i�?�2CP�@�Q�/�/ �b�+���H���`A�- �r�?�B�+�? ���/�/�b �M�2�;���i�B�p�2�H�v�X �A�M �#�Q�i�? �b�+�2�M���`�B�Q�b�- �i�?�2 �/�2�M�Q�K�@
�B�M���i�Q�` �Q�7 �i�?�2 �B�M�i�2�;�`���M�/ �B�b �T�Q�b�B�i�B�p�2�X �6�Q�`� aH

� �- �i�?�2 �T�Q�b�B�i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M ���`�B�b�2�b �7�`�Q�K �i�?�2
�/�Q�K�B�M���M�i �i�2�`�K2z2 �B�M �i�?�2 �M�m�K�2�`���i�Q�`�X ���b �B�H�H�m�b�i�`���i�2�/ �B�M �1�[�X �U�9�X�k�X�N�V ���M�/ �1�[�X �U�9�X�k�X�R�R�V�- �7�Q�`
�H�Q�r�2�` �b�+���H���` �K���b�b�2�b�- �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M� aH

� �B�b �K�Q�`�2 �T�`�Q�K�B�M�2�M�i �i�?���M� aA
� �X �>�Q�r�2�p�2�`�- ���i

�?�B�;�?�2�` �b�+���H���` �K���b�b�2�b�- �#�Q�i�? �+�Q�M�i�`�B�#�m�i�B�Q�M�b �2�[�m���H�B�x�2 �B�M �K���;�M�B�i�m�/�2�X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �7�Q�`
�i�?�2 �+�?���`�;�2�/ �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�- �� �M�2�;���i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �`�2�b�m�H�i�b �7�Q�`mH + > m � �U� H + > 1�V�X
�6�Q�`� H + < 1 �Q�b�+�B�H�H���i�Q�`�v �#�2�?���p�B�Q�` �B�b �T�`�2�b�2�M�i�X �h�?�B�b �B�b �+�H�2���` �7�`�Q�K �i�?�2 �T�`�2�b�2�M�+�2 �Q�7 �T�Q�H�2�b �r�B�i�?�B�M
�i�?�2 �B�M�i�2�`�p���H0 � z � 1�- �r�?�B�+�? ���`�2 �M�2�+�2�b�b���`�v �i�Q ���+�?�B�2�p�2 �i�?�2 �b�B�;�M �~�B�T �M�Q�i�2�/ �B�M �i�?�2 �`�2�H���i�2�/
���T�T�`�Q�t�B�K���i�B�Q�M�b�X
�h�Q �2�t�T�H���B�M �i�?�2 �T�Q�b�B�i�B�p�2 �/�B�b�+�`�2�T���M�+�v �B�M� a� �- �r�2 �+�?�Q�Q�b�2 �� �K���b�b �?�B�2�`���`�+�?�v �r�?�2�`�2mH �
mA ; mH + �X �q�B�i�? �i�?�B�b �+�?�Q�B�+�2�- �i�?�2 �M�2�;���i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �Q�7� aA
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� ���`�2 �`�2�/�m�+�2�/�X
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�i�?���i ���b �i�?�2 �K���b�b �b�T�H�B�i �B�M�+�`�2���b�2�b�- �i�?�2 ���#�b�Q�H�m�i�2 �p���H�m�2�b �Q�7 �i�?�2 �M�2�;���i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b� aA
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�i�2�t�i�m�`�2 �k ���M�/ �i�2�t�i�m�`�2 �j �b�i�`�m�+�i�m�`�2�b�X ���b �i�?�2 �i�r�Q �b�+�2�M���`�B�Q�b �Q�M�H�v �/�B�z�2�` �B�M �i�?�2 �`�2�b�T�2�+�i�B�p�2
�7�2�`�K�B�Q�M �K���b�b�2�b�-` = �; e �B�b �m�b�2�/ �b�m�#�b�2�[�m�2�M�i�H�v�X �h�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �u�m�F���r�� �G���;�`���M�;�B���M �B�b
�;�B�p�2�M �#�v�,

�L �u�m�F�
1

p
2

�
Y`� H 0 + iY`� A0� �̀L � R + Y`� �� L` � RH + + �>�X�+�X �U�9�X�k�X�R�9�V

�L�Q�i�B�+�2 �i�?���i �B�7 �Q�M�H�vY�` �r�2�`�2 �T�`�2�b�2�M�i ���b �� �M�Q�M�@�p���M�B�b�?�B�M�; �K���i�`�B�t �2�H�2�K�2�M�i�- �i�?�2�`�2 �r�Q�m�H�/ �#�2 �M�Q
�+�?���`�;�2�/ �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�X �h�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �G���;�`���M�;�B���M �i�2�`�K �i�?�2�M �+�Q�M�i���B�M�b �M�Q �K�m�Q�M
�B�M�i�2�`���+�i�B�Q�M�X �h�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �b�+���H���` �U�T�b�2�m�/�Q�b�+���H���`�V �+�Q�2�{�+�B�2�M�i�bCS (CP )�- �B�i �B�b �M�2�+�2�b�b���`�v
�i�Q �7�Q�`�K �i�?�2 �?�2�`�K�B�i�B���M �+�Q�M�D�m�;���i�2�,

�>�X�+�X=
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2
p
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Y`�

�
H 0 � iA 0�

��
�
1 � 
 5

�
` +

1
2

Y`� ��
�
1 � 
 5

�
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�U���V �U�#�V

�6�B�;�m�`�2 �9�, �*�Q�M�i�`�B�#�m�i�B�Q�M �Q�7 �i�?�2CP�@�2�p�2�M �b�+���H���` �U�/�Q�i�i�2�/�V�- �i�?�2CP�@�Q�/�/ �b�+���H���` �U�/���b�?�2�/�V�- ���M�/
�i�?�2 �+�?���`�;�2�/ �b�+���H���` �U�/���b�?�@�/�Q�i�i�2�/�V �i�Q� a� �7�Q�` �i�2�t�i�m�`�2 �R�X �h�?�2 �;�`���v�@�b�?���/�2�/ ���`�2�� �`�2�T�`�2�b�2�M�i�b �i�?�2
�2�t�T�2�`�B�K�2�M�i���H ���H�H�Q�r�2�/2� �`�2�;�B�Q�M �Q�7� a� �X �A�M�/�B�p�B�/�m���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�Q�`Y�� = 0 :1 �U�#�H�m�2�V ���M�/
Y�� = 10 � 3 �U�`�2�/�V �/�2�T�2�M�/�B�M�; �Q�MmS �r�B�i�?S = H; A; H + ���`�2 �b�?�Q�r�M �Q�M �i�?�2 �H�2�7�i�X �h�?�2 �`�B�;�?�i
�T�H�Q�i �B�H�H�m�b�i�`���i�2�b �i�?�2 �B�M�/�B�p�B�/�m���H ���M�/ �i�Q�i���H �+�Q�M�i�`�B�#�m�i�B�Q�M� a� �U�b�Q�H�B�/ �H�B�M�2�V �+�Q�M�+�2�`�M�B�M�; �� �b�T�2�+�B�}�+
�K���b�b �?�B�2�`���`�+�?�v �Q�7� m = mA;H + � mH = 110 GeV �U�`�2�/�V ���M�/� m = mA;H + � mH = 200 GeV
�U�#�H�m�2�V �7�Q�`Y�� = 0 :1�X

�6�B�;�m�`�2 �8�, �S�Q�b�b�B�#�H�2 �T���`���K�2�i�2�` �+�Q�K�#�B�M���i�B�Q�M�b �i�Q �K���i�+�? �i�?�2 �R� �U�`�2�/�V �Q�` �k� �U�T�B�M�F�V �`���M�;�2 �Q�7
� a� �X �h�?�2 �K���b�b �?�B�2�`���`�+�?�v �B�b �+�?�Q�b�2�M ���b� m = mA;H + � mH = 110 GeV�X �o���`�B�Q�m�b �`�2�b�i�`�B�+�i�B�Q�M�b
���`�2 �b�?�Q�r�M �#�v �+�Q�H�Q�`�2�/ ���`�2���b �i�?���i �2�t�+�H�m�/�2 �i�?�2 �`�2�H�2�p���M�i �T���`���K�2�i�2�` �b�T���+�2�X �h�?�2 �+�Q�M�b�i�`���B�M�i�b
�b�?�Q�r�M ���`�2 �7�`�Q�K �*�J�a �U�;�`���v �b�?���/�2�/�V �(�k�8�)�- �"���"���` �U�#�`�Q�r�M �b�?���/�2�/�V �(�k�e�) ���M�/ �a�G���* �#�2���K
�/�m�K�T �1�R�j�d �U�#�H�m�2 �b�?���/�2�/�V �(�k�9�)�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2�`�2 ���`�2 �T�`�Q�D�2�+�i�2�/ �b�2�M�b�B�i�B�p�B�i�v �`���M�;�2�b �i�?���i �r�B�H�H
�#�2 �B�M�p�2�b�i�B�;���i�2�/ �B�M �7�m�i�m�`�2 �2�t�T�2�`�B�K�2�M�i�b ���M�/�f�Q�` ���M���H�v�x�2�b�X �a�?�Q�r�M ���`�2 �>�G�@�G�>�* �U�;�`���v �/���b�?�2�/
�H�B�M�2�V ���M�/ �"�2�H�H�2�@�A�A �U�#�`�Q�r�M �/���b�?�2�/ �H�B�M�2�V �(�k�d�)�X �h�?�2 �+�Q�M�b�i�`���B�M�i�b ���`�2 �i���F�2�M �7�`�Q�K �(�k�3�)�X

�j�j
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�L�Q�r�- �i�?�2 �G���;�`���M�;�B���M �b�i�`�m�+�i�m�`�2 �K���i�+�?�2�b �i�?���i �T�`�Q�p�B�/�2�/ �B�M �1�[�X �U�j�X�y�X�R�V�- �B�K�T�H�v�B�M�; �i�?���i�,

CS(H ) = � CP (H ) =
Y`�

2
p

2
; �U�9�X�k�X�R�e�V

CS(A) = � CP (A) = � i
Y`�

2
p

2
; �U�9�X�k�X�R�d�V

CS(H + ) = � CP (H + ) =
1
2

Y`� : �U�9�X�k�X�R�3�V

�S�H�m�;�;�B�M�; �i�?�2�b�2 �`�2�b�m�H�i�b �B�M�i�Q �1�[�X �U�j�X�R�X�j�9�V ���M�/ �1�[�X �U�j�X�k�X�k�V �v�B�2�H�/�b

� a�
� =

Y 2
`�

32� 2

Z 1

0
dz

z2(1 � z)
z2 + z(� 2

` � 1) + � 2
� (1 � z)

�U�9�X�k�X�R�N�V
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Y 2
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3� 2

�
�7�Q� �̀ � � 1; � `

1
6� 2

`
�7�Q� �̀ ` � 1; � �

�
� 1

2

�
�7�Q� �̀ ` ; � H � 1

: �U�9�X�k�X�k�y�V

�>�2�`�2�-� = H; A �B�b �B�M�i�`�Q�/�m�+�2�/�X �h�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �7�`�Q�K �i�?�2 �+�?���`�;�2�/ �b�+���H���` ���H�B�;�M�b �r�B�i�? �i�?���i �Q�7
�i�2�t�i�m�`�2 �R ���M�/ �+���M �i�?�m�b �#�2 �2�t�T�`�2�b�b�2�/ �#�v �1�[�X �U�9�X�k�X�R�k�V �r�B�i�? �i�?�2 �`�2�b�T�2�+�i�B�p�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;
Y`� �X �A�M �i�?�2 �+���b�2 �Q�7 �i�?�2 �M�2�m�i�`���H �b�+���H���`�- ���M ���/�/�B�i�B�Q�M���H �/�B�b�i�B�M�+�i�B�Q�M �r���b �K���/�2 �i�Q �?�B�;�?�H�B�;�?�i �i�?�2
�/�B�z�2�`�2�M�+�2�b �#�2�i�r�2�2�M �i�2�t�i�m�`�2 �k �U� � � 1�V ���M�/ �i�2�t�i�m�`�2 �j �U� e � 1�V�X �6�Q�` �#�Q�i�? �i�2�t�i�m�`�2�b�- �r�B�i�?
�i�?�2 ���T�T�`�Q�t�B�K���i�B�Q�M�b �B�M �1�[�X �U�9�X�k�X�R�j�V ���M�/ �1�[�X �U�9�X�k�X�k�y�V�- �B�i �B�b �2�p�B�/�2�M�i �i�?���i �i�?�2 �K���;�M�B�i�m�/�2�b �Q�7
�i�?�2 �M�2�m�i�`���H ���M�/ �+�?���`�;�2�/ �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�b �/�B�z�2�` �Q�M�H�v �7�Q�` �b�K���H�H �b�+���H���` �K���b�b�2�bmS�X �h�?�2
�`���i�2 ���i �r�?�B�+�? �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �+�Q�M�p�2�`�;�2 �B�b �/�2�i�2�`�K�B�M�2�/ �#�v �i�?�2 �H�2�T�i�Q�M �K���b�bm` �X �6�m�`�i�?�2�`�@
�K�Q�`�2�- �i�?�2 ���T�T�`�Q�t�B�K���i�B�Q�M�b �B�M�/�B�+���i�2 �i�?���i �7�Q�` �i�?�2 �2�H�2�+�i�`�Q�M�@�K�m�Q�M �+�Q�m�T�H�B�M�; �U�i�2�t�i�m�`�2 �j�V �i�?�2
�M�2�m�i�`���H �b�+���H���` �v�B�2�H�/�b �� �M�2�;���i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �r�?�2�M �i�?�2 �b�+���H���` �K���b�b �B�b �b�K���H�H�X �h�?�2 �+�?���M�;�2 �B�M
�b�B�;�M �Q�+�+�m�`�b �B�M �i�?�2 �/�2�M�Q�K�B�M���i�Q�`�- �+���m�b�B�M�; �Q�b�+�B�H�H���i�B�Q�M�b �b�B�K�B�H���` �i�Q �i�?�Q�b�2 �b�2�2�M �B�M �i�?�2 �+�?���`�;�2�/
�b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�X �h�?�2 �`�2�b�T�2�+�i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�Q�`` = �; e ���`�2 �b�?�Q�r�M �B�M �6�B�;�X�e�X

�h�Q �2�t�T�H���B�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 �Q�7 �i�?�2 ���J�J �m�b�B�M�; �Q�M�2 �Q�7 �i�?�2�b�2 �i�2�t�i�m�`�2�b�- �B�i �B�b �M�2�+�@
�2�b�b���`�v �i�Q �+�?�Q�Q�b�2 �� �K���b�b �?�B�2�`���`�+�?�v �Q�7 �i�?�2 �7�Q�`�KmH � mH + �X �"���b�2�/ �Q�M �i�?�2 ���7�Q�`�2�K�2�M�@
�i�B�Q�M�2�/ �+�Q�M�b�i�`���B�M�i�b�-mH + mA > m Z �B�b �`�2�[�m�B�`�2�/�X �a�B�M�+�2 �i�?�2 �i�r�Q �M�2�m�i�`���H�@�b�+���H���` �+�Q�M�i�`�B�#�m�@
�i�B�Q�M�b ���`�2 �2�[�m���H�- �i�?�2 �H�B�;�?�i �b�+���H���` �+���M �#�2 �+�?�Q�b�2�M �7�`�2�2�H�v�X �h�?�2 �K���b�b �?�B�2�`���`�+�?�v �Q�7 �i�?�2 �7�Q�`�K
� m = mA;H + � mH = 110 GeV �B�b �+�?�Q�b�2�M ���;���B�M�X �h�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �T���`���K�2�i�2�` �b�+���M �+���M
�#�2 �b�2�2�M �B�M �6�B�;�X�d�X �h�?�2�`�2 ���`�2 �M�Q�i���#�H�2 �/�B�b�i�B�M�+�i�B�Q�M�b �#�2�i�r�2�2�M �i�2�t�i�m�`�2 �k ���M�/ �i�2�t�i�m�`�2 �j �r�?�2�M �i�?�2
�b�+���H���` �K���b�b�2�b ���`�2 �#�2�H�Q�rmH . 10 GeV�X �A�M �T���`�i�B�+�m�H���`�- �i�?�2 �2�H�2�+�i�`�Q�M �+���b�2 �b�?�Q�r�b �i�?���i �i�?�2�`�2
���`�2 �M�Q �T�Q�b�b�B�#�H�2 �T���`���K�2�i�2�` �+�Q�K�#�B�M���i�B�Q�M�b ���imH . m� �X �h�?�B�b �T�?�2�M�Q�K�2�M�Q�M ���`�B�b�2�b �#�2�+���m�b�2
�i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �B�M �i�?�B�b �H�B�K�B�i �#�2�+�Q�K�2�b �M�2�;���i�B�p�2�X

�A�M ���/�/�B�i�B�Q�M �i�Q �i�?�2 �i�?�2�Q�`�2�i�B�+���H�H�v ���H�H�Q�r�2�/ �T���`���K�2�i�2�` �+�Q�K�#�B�M���i�B�Q�M�b�- �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�@
�b�i�`���B�M�i�b ���`�2 �B�H�H�m�b�i�`���i�2�/ �#�v �i�?�2 �2�t�+�H�m�/�2�/ �`�2�;�B�Q�M�b �B�M �6�B�;�X�d�X �6�Q�` �i�2�t�i�m�`�2 �k�- �i�?�2 �T���`���K�2�i�2�`
�`���M�;�2 �7�Q�`mH < m � � m� �B�b �7�Q�`�#�B�/�/�2�M �/�m�2 �i�Q �i�?�2� ! �H �/�2�+���v �B�M�p�2�b�i�B�;���i�2�/ ���i ���_�@
�:�l�a �(�k�N�)�X �A�M �+�Q�M�i�`���b�i�- �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�; �B�M �i�2�t�i�m�`�2 �j �7���+�2�b �`�2�b�i�`�B�+�i�B�Q�M�b �#���b�2�/ �Q�M �i�?�2
e+ e� ! � + � � �/���i�� �7�`�Q�K �G�1�S �(�j�y�) ���M�/ �i�?�2 �/���i�� �7�`�Q�K �*�J�a �(�j�R�)�X �6�m�`�i�?�2�`�K�Q�`�2�- �i�Q ���p�Q�B�/
Z ! 4` �/�2�+���v�- �+�2�`�i���B�M �`�2�;�B�Q�M�b �B�M �i�?�2 �T���`���K�2�i�2�` �b�T���+�2 ���`�2 �2�t�+�H�m�/�2�/ �(�j�k�)�X

�A�M �+�Q�M�i�`���b�i �i�Q �i�?�2 �b�+�2�M���`�B�Q �r�B�i�? �� �/�B���;�Q�M���H �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�t �U�i�2�t�i�m�`�2 �R�V�- �B�i �B�b
�2�p�B�/�2�M�i �i�?���i �i�?�2 �m�b�2 �Q�7 ���M �Q�z�@�/�B���;�Q�M���H �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�t �2�H�2�K�2�M�i�- ���b �b�2�2�M �B�M �i�2�t�@
�i�m�`�2�b2 ���M�/ �i�2�t�i�m�`�23�- �H�2���/�b �i�Q �`�2�/�m�+�2�/ �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���M�/ �i�?�m�b �`�2�[�m�B�`�2�b �b�i�`�Q�M�;�2�` �+�Q�m�T�H�B�M�;�b

�j�9
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�i�Q �K���i�+�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 �Q�7 �i�?�2 ���J�J �U�b�2�2 �6�B�;�X�R�y�V�X �� �+�Q�K�T���`�B�b�Q�M �Q�7 �i�?�2 ���T�T�`�Q�t�@
�B�K���i�B�Q�M�b �7�Q�` �i�?�2 �/�Q�K�B�M���M�iCP�@�2�p�2�M �+�Q�M�i�`�B�#�m�i�B�Q�M�b �B�M �1�[�X �U�9�X�k�X�N�V ���M�/ �1�[�X �U�9�X�k�X�k�y�V �`�2�p�2���H�b
�i�?�2 �/�B�z�2�`�2�M�+�2�b�X �A�M �b�+�2�M���`�B�Q�b �r�B�i�? �H���`�;�2 �K���b�b�2�b�- �i�?�2 �/�B���;�Q�M���H �+���b�2 �U�i�2�t�i�m�`�2 �R�V �B�M�+�H�m�/�2�b ��
�b�B�;�M�B�}�+���M�i ���/�/�B�i�B�Q�M���H6 ln � 2

H �7���+�i�Q�`�X ���i �H�Q�r�2�` �K���b�b �`�2�;�B�K�2�b�- �i�?�2 �Q�z�@�/�B���;�Q�M���H �+�Q�M�}�;�m�`���i�B�Q�M
�B�b �b�m�#�D�2�+�i �i�Q �2�B�i�?�2�` �� �b�m�T�T�`�2�b�b�B�Q�M �2�z�2�+�i �#�v �� �7���+�i�Q�` �Q�71=(18� 2

� ) �U�i�2�t�i�m�`�2 �k�V �Q�` �v�B�2�H�/�b ��
�M�2�;���i�B�p�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �U�i�2�t�i�m�`�2 �j�V�X

�U���V �U�#�V

�6�B�;�m�`�2 �e�, �*�Q�M�i�`�B�#�m�i�B�Q�M �Q�7 �i�?�2CP�@�2�p�2�M �b�+���H���` �U�/�Q�i�i�2�/�V�- �i�?�2CP�@�Q�/�/ �b�+���H���` �U�/���b�?�2�/�V�- ���M�/
�i�?�2 �+�?���`�;�2�/ �b�+���H���` �U�/���b�?�@�/�Q�i�i�2�/�V �i�Q� a� �X �h�?�2 �;�`���v�@�b�?���/�2�/ ���`�2�� �`�2�T�`�2�b�2�M�i�b �i�?�2 �2�t�T�2�`�B�@
�K�2�M�i���H2� ���H�H�Q�r�2�/ �`�2�;�B�Q�M�X �A�M�/�B�p�B�/�m���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�Q�`Y`� = 0 :1 �U�#�H�m�2�V ���M�/Y`� = 0 :01
�U�`�2�/�V �/�2�T�2�M�/�B�M�; �Q�MmS �r�B�i�?S = H; A; H + ���`�2 �b�?�Q�r�M�X �h�?�2 �H�2�7�i �T�H�Q�i �B�H�H�m�b�i�`���i�2�b �i�2�t�i�m�`�2 �k
�Ù= � �V�- �r�?�B�H�2 �i�?�2 �`�B�;�?�i �T�H�Q�i �T�`�2�b�2�M�i�b �i�2�t�i�m�`�2 �j �U` = e�V�X

�U���V �U�#�V

�6�B�;�m�`�2 �d�, �S�Q�b�b�B�#�H�2 �T���`���K�2�i�2�` �+�Q�M�}�;�m�`���i�B�Q�M�b �i�Q �K���i�+�? �i�?�21� �Q�2̀� �p���H�m�2�b �Q�7� a� �X �h�?�2
�K���b�b �?�B�2�`���`�+�?�v �B�b �+�?�Q�b�2�M ���b� m = mA;H + � mH = 110 GeV�X �a�?���/�2�/ �`�2�;�B�Q�M�b �`�2�T�`�2�b�2�M�i �i�?�2
�T���`���K�2�i�2�` �b�T���+�2 �2�t�+�H�m�/�2�/ �7�`�Q�K �2�t�T�2�`�B�K�2�M�i�b�X �h�?�2 �T���`���K�2�i�2�` �b�T���+�2 �Q�7 �i�2�t�i�m�`�2 �k �B�b �2�t�+�H�m�/�2�/
�7�Q�m̀H < m � � m� �- �;�B�p�2�M �i�?���i �B�M�p�2�b�i�B�;���i�B�Q�M�b ���i ���_�:�l�a �/�Q �M�Q�i �T�2�`�K�B�i �i�?�2� ! �H �/�2�+���v
�(�k�N�) �U�H�2�7�i�V�X �h�?�2 �T���`���K�2�i�2�` �b�T���+�2 �Q�7 �i�2�t�i�m�`�2 �j ���M�/ �B�i�b �2�t�+�H�m�/�2�/ �`�2�;�B�Q�M�b ���`�2 �/�2�T�B�+�i�2�/ �B�M
�i�?�2 �`�B�;�?�i �}�;�m�`�2�X �*�Q�M�b�i�`���B�M�i�b ���`�2 �B�H�H�m�b�i�`���i�2�/ �7�`�Q�K �G�1�S �U�;�`���v �b�?���/�2�/�V �(�j�y�)�- �*�J�a �U�v�2�H�H�Q�r
�b�?���/�2�/�V �(�j�R�)�- ���M�/ �i�?�2Z ! 4` �/�2�+���v �U�#�H�m�2 �b�?���/�2�/�V �(�j�k�)�X �h�?�2 �+�Q�M�b�i�`���B�M�i�b ���`�2 �i���F�2�M �7�`�Q�K
�(�j�j�-�j�9�)�X

�9�X�k�X�j �h�2�t�i�m�`�2 �9�, �h�r�Q �P�z�@�.�B���;�Q�M���H �u�m�F���r�� �*�Q�m�T�H�B�M�; �J���i�`�B�t �1�H�2�K�2�M�i�b

�h�?�2 �b�m�#�b�2�[�m�2�M�i ���M���H�v�b�B�b �r�B�H�H �+�Q�M�b�B�/�2�` �i�?�2 �b�+�2�M���`�B�Q �r�?�2�`�2 �i�?�2 �i���m�@�K�m�Q�M �B�M�i�2�`���+�i�B�Q�M �B�b �K�Q�/�@
�2�H�2�/ �#�v �i�r�Q �M�Q�M�x�2�`�Q �u�m�F���r�� �K���i�`�B�t �2�H�2�K�2�M�i�b�X �A�M �i�?�B�b �+���b�2�- �b�m�K�K�B�M�; �Q�p�2�` ���H�H �B�M�/�B�+�2�b �B�M
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�i�?�2 �G���;�`���M�;�B���M �U�9�X�R�X�R�y�V �H�2���/�b �i�Q

�L �u�m�F�
1

p
2

[Y�� H 0 + iY�� A0]�� L � R +
1

p
2

[Y� � H 0 + iY� � A0]�� L � R + Y� � �� L� � RH + + �>�X�+�X

�U�9�X�k�X�k�R�V

�P�M�+�2 ���;���B�M�- �i�?�2 �B�/�2�� �B�b �i�Q �#�`�B�M�; �i�?�2 �G���;�`���M�;�B���M �B�M�i�Q �� �7�Q�`�K �+�Q�K�T���`���#�H�2 �i�Q �i�?���i �Q�7 �1�[�X
�U�j�X�y�X�R�V�X �h�?�2�`�2�7�Q�`�2�- �r�2 �7�Q�`�K �i�?�2 �>�2�`�K�B�i�B���M �+�Q�M�D�m�;���i�2�,

�
1

p
2

�
Y� � H 0 + iY� � A0�

�� L � R

� y

=
1

p
2

�
Y� � H 0 � iY� � A0�

�� R � L : �U�9�X�k�X�k�k�V

�h�?�2 �`�2�H�2�p���M�i �i�2�`�K�b �B�M �i�?�2 �u�m�F���r�� �G���;�`���M�;�B���M ���`�2

�L �u�m�F�
1

p
2

[Y�� H 0 + iY�� A0]�� L � R +
1

p
2

[Y� � H 0 � iY� � A0]�� R � L + Y� � �� R � L� H �

=
1

p
2

�� [Y�� PR + Y� � PL ]H 0� +
i

p
2

�� [Y�� PR � Y� � PL ]A0� + Y� � �� R � L� H � : �U�9�X�k�X�k�j�V

�h�?�B�b �+�Q�M�b�2�[�m�2�M�i�H�v �`�2�b�m�H�i�b �B�M �i�?�2 �b�+���H���` ���M�/ �T�b�2�m�/�Q�b�+���H���` �+�Q�2�{�+�B�2�M�i�b�,

CS(H ) =
Y�� + Y� �

2
p

2
; CP (H ) =

Y�� � Y� �

2
p

2
; �U�9�X�k�X�k�9�V

CS(A) = i
Y�� � Y� �

2
p

2
; CP (A) = i

Y�� + Y� �

2
p

2
; �U�9�X�k�X�k�8�V

CS(H + ) =
1
2

Y� � ; CP (H + ) = �
1
2

Y� � : �U�9�X�k�X�k�e�V

�q�B�i�? �6�Q�`�K�m�H���2 �U�j�X�R�X�j�9�V ���M�/ �U�j�X�k�X�k�V �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �+�Q�M�i�`�B�#�m�i�B�Q�M�b �+���M �#�2 �/�2�`�B�p�2�/�X �.�m�2 �i�Q
�i�?�2 �H���`�;�2 �i���m �K���b�b �Um� � m� �V�- �r�2 ���T�T�`�Q�t�B�K���i�2 �i�?�2 �M�m�K�2�`���i�Q�` �Q�7 �i�?�2 �M�2�m�i�`���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�r�B�i�?�9

x2 � x3 �
m�

m�
� �

m�

m�
: �U�9�X�k�X�k�d�V

���b �� �`�2�b�m�H�i�- �Q�M�H�v �i�?�2 �K�B�t�2�/ �i�2�`�K�b �Q�7 �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�; �K���i�`�B�t �2�H�2�K�2�M�i�b �U�T�`�Q�T�Q�`�i�B�Q�M���H
�i�QY�� Y� � �V ���T�T�2���` �B�M �i�?�2 �M�2�m�i�`���H �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�b�X �h�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �7�`�Q�K �i�?�2 �+�?���`�;�2�/
�b�+���H���` �`�2�K���B�M�b �+�Q�M�b�B�b�i�2�M�i ���+�`�Q�b�b �/�B�z�2�`�2�M�i �b�+�2�M���`�B�Q�b�- �r�?�2�`�2�#�v �Q�M�H�v �i�?�2 �K���i�`�B�t �2�H�2�K�2�M�iY� �

���T�T�2���`�b �B�M �i�?�2 �7�Q�`�K�m�H���X �h�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �Q�7 �i�?�2 �M�2�m�i�`���H �b�+���H���`�b ���`�2 �;�B�p�2�M �#�v

� a�
� = �

Y�� Y� �

16� 2 � �

Z 1

0
dz

z2

z2 + z(� 2
� � 1) + � 2

� (1 � z)
�U�9�X�k�X�k�3�V

' �
Y�� Y� �

16� 2 � �

8
<

:

1
� 2

�
ln � 2

� �7�Q� �̀ � � 1; � �

1
2

1
� 2

�
�7�Q� �̀ � � 1; � �

: �U�9�X�k�X�k�N�V

�>�2�`�2�-+ ���M�/� �+�Q�`�`�2�b�T�Q�M�/ �i�Q �i�?�2 �+���b�2�b� = H ���M�/� = A�- �`�2�b�T�2�+�i�B�p�2�H�v�X �A�M �i�?�B�b �b�+�2�M���`�B�Q�-
�i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;�b �+���M �#�2 �m�b�2�/ �i�Q �7�`�2�2�H�v �b�2�H�2�+�i �r�?�2�i�?�2�`H �Q�À �+�Q�M�i�`�B�#�m�i�2�b �T�Q�b�B�i�B�p�2�H�v
�i�Q �i�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �6�Q�`Y�� Y� � > 0�- �i�?�2CP�@�2�p�2�M �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �T�Q�b�B�i�B�p�2 ���M�/ �?���b
�i�?�2 �b���K�2 �K���;�M�B�i�m�/�2 ���b �i�?�2 �M�2�;���i�B�p�2CP�@�Q�/�/ �+�Q�M�i�`�B�#�m�i�B�Q�M�X �h�?�B�b �+�?�Q�B�+�2 �B�b �K���/�2 �r�B�i�?�Q�m�i
�H�Q�b�b �Q�7 �;�2�M�2�`���H�B�i�v�X

�9�h�?�B�b ���T�T�`�Q�t�B�K���i�B�Q�M �+���M �Q�M�H�v �#�2 �K���/�2 �B�7 �i�?�2�`�2 ���`�2 �M�Q �H���`�;�2 �`���i�B�Q�b �#�2�i�r�2�2�MY�� ���M�/Y� � �X �h�?�2 ���T�T�`�Q�t�B�@
�K���i�B�Q�M �`�2�K�Q�p�2�b �i�2�`�K�b �i�?���i ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H �i�QY 2

�� + Y 2
� � �X �>�Q�r�2�p�2�`�- �r�2 �?���p�2 ���H�`�2���/�v ���M���H�v�x�2�/ �i�?�B�b �b�+�2�M���`�B�Q

�B�M �i�?�2 �H���b�i �b�2�+�i�B�Q�M�- �r�B�i�? �Q�M�H�v �Q�M�2 �Q�z�@�/�B���;�Q�M���H �u�m�F���r�� �+�Q�m�T�H�B�M�; �2�H�2�K�2�M�i �U�i�2�t�i�m�`�2 �k�V�X

�j�e
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�6�B�;�m�`�2 �3�, �*�Q�M�i�`�B�#�m�i�B�Q�M �Q�7 �i�?�2CP�@�2�p�2�M �b�+���H���` �U�/�Q�i�i�2�/�V�- �i�?�2CP�@�Q�/�/ �b�+���H���` �U�/���b�?�2�/�V�- ���M�/
�i�?�2 �+�?���`�;�2�/ �b�+���H���` �U�/���b�?�@�/�Q�i�i�2�/�V �i�Q� a� �7�Q�` �i�2�t�i�m�`�2 �9�X �h�?�2 �;�`���v�@�b�?���/�2�/ ���`�2�� �`�2�T�`�2�b�2�M�i�b
�i�?�2 �2�t�T�2�`�B�K�2�M�i���H2� ���H�H�Q�r�2�/ �`�2�;�B�Q�M�X �q�?�B�H�2 �i�?�2 �M�2�m�i�`���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�Q�H�H�Q�r �i�?�2 �T�`�Q�T�Q�`�@
�i�B�Q�M���H�B�i�v� aH=A

� / Y�� Y� � �- �i�?�2 �+�?���`�;�2�/ �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �/�2�i�2�`�K�B�M�2�/ �#�v� aH +

� / Y 2
� � �X

�*�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�2 �K���;�M�B�i�m�/�2�b �Q�7 �i�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �+���M �#�2 ���/�D�m�b�i�2�/ �B�M�/�2�T�2�M�/�2�M�i�H�v �Q�7
�2���+�? �Q�i�?�2�`�X �h�?�B�b �B�b �/�2�K�Q�M�b�i�`���i�2�/ �r�B�i�? �i�?�2 �+�Q�m�T�H�B�M�; �+�Q�M�b�i���M�i�bY� � = Y�� = 0 :01 �U�#�H�m�2�V
���M�/Y�� = 0 :005�-Y� � = 1 �U�`�2�/�V�X

�h�?�2 �B�M�/�B�p�B�/�m���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���`�2 �B�H�H�m�b�i�`���i�2�/ �B�M �6�B�;�m�`�2�3�X �A�M �i�?�B�b �B�M�b�i���M�+�2�- �� �K���b�b �?�B�2�`�@
���`�+�?�v �B�b �2�b�b�2�M�i�B���H �b�B�M�+�2 �i�?�2 �M�2�m�i�`���H �+�Q�M�i�`�B�#�m�i�B�Q�M�b �+���M�+�2�H �2���+�? �Q�i�?�2�` �Q�m�i�- �H�2���p�B�M�; �Q�M�H�v �i�?�2
�M�2�;���i�B�p�2 �+�?���`�;�2�/ �b�+���H���` �+�Q�M�i�`�B�#�m�i�B�Q�M�X
���b �� �`�2�b�m�H�i�- �� �K���b�b �?�B�2�`���`�+�?�v �Q�7 �i�?�2 �7�Q�`�KmH � mA �B�b �b�2�H�2�+�i�2�/�X ���H�i�?�Q�m�;�?� aH

� =

� � aA
� / Y�� Y� � �#�m�i� aH +

� / Y 2
� � �- �i�?�2�`�2 ���`�2 �i�r�Q �r���v�b �i�Q �`�2�/�m�+�2 �i�?�2 �K���;�M�B�i�m�/�2 �Q�7 �i�?�2
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