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�m�M�B�i���`�v �;���m�;�2�V ���b

� (x) =
v + H (x)

p
2

�U�R�X�e�V

���M�/ �`�2�T�H���+�B�M�; �B�i �B�M �i�?�2 �B�M�B�i�B���H �G���;�`���M�;�B���M�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �}�M�/ �i�?�2 �K���b�b �b�T�2�+�i�`�m�K �Q�7 �i�?�2
�i�?�2�Q�`�v�- �r�?�B�+�? �`�2���/�b

M 2
W =

v2g2

4
; M 2

Z =
v2(g + g0)2

4
; M 
 = 0; M 2

H = 2�v 2: �U�R�X�d�V

���M�Q�i�?�2�` �B�M�i�2�`�2�b�i�B�M�; �r���v �i�Q �i�2�b�i �i�?�2 �a�J �+�Q�M�+�2�`�M�b �B�i�b �~���p�Q�` �b�2�+�i�Q�`�X
�A�7 ���H�H �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;�b �r�2�`�2 �M�m�H�H �i�?�2 �a�J �G���;�`���M�;�B���M �r�Q�m�H�/ �2�M�D�Q�v �� �;�H�Q�#���HU(3)5 =
U(3)2

l 
 U(3)3
q �~���p�Q�` �b�v�K�K�2�i�`�v�- �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �B�M�/�2�T�2�M�/�2�M�i �m�M�B�i���`�v �`�Q�i���i�B�Q�M�b �Q�7 �i�?�2

�7�2�`�K�B�Q�M �}�2�H�/�b �B�M �~���p�Q�` �b�T���+�2�c �M�2�p�2�`�i�?�2�H�2�b�b�- �#�2�B�M�;y 6= 0 ���M�/ �B�M �;�2�M�2�`���H �M�Q�M�@�/�B���;�Q�M���H�- �i�?�B�b
�b�v�K�K�2�i�`�v �B�b �2�t�T�H�B�+�B�i�H�v �#�`�Q�F�2�M�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �i�?�2 �`�2�b�B�/�m���H �~���p�Q�` �b�v�K�K�2�i�`�v �;�`�Q�m�T �Q�7
L �a�J �B�bGF = U(1)B 
 U(1)e 
 U(1)� 
 U(1)� �- �r�?�2�`�2 �i�?�2 �7�Q�m�`U(1) �;�`�Q�m�T�b ���`�2 ���b�b�Q�+�B���i�2�/�-
�`�2�b�T�2�+�i�B�p�2�H�v�- �i�Q �i�?�2 �#���`�v�Q�M �M�m�K�#�2�` ���M�/ �H�2�T�i�Q�M �7���K�B�H�v �M�m�K�#�2�` �+�Q�M�b�2�`�p���i�B�Q�M�X
�h�?�B�b �B�M�i�2�`���+�i�B�Q�M �r�B�i�? �i�?�2 �b�+���H���` �}�2�H�/ ���H�H�Q�r�b ���H�b�Q �H�2�T�i�Q�M�b ���M�/ �[�m���`�F�b �i�Q �`�2�+�2�B�p�2 �K���b�b �#�m�i �B�i
�B�b �T�Q�b�b�B�#�H�2 �i�Q �`�2���/ �i�?�2 �b�T�2�+�i�`�m�K �Q�M�H�v ���7�i�2�` �i�?�2 �/�B���;�Q�M���H�B�x���i�B�Q�M �Q�7 �i�?�2 �u�m�F���r�� �K���i�`�B�+�2�b �#�v
�K�2���M�b �Q�7 �� �}�2�H�/ �`�Q�i���i�B�Q�M�X �h�?�2 �M�2�r �#���b�B�b �B�b �F�M�Q�r�M �U�[�m�B�i�2 �Q�#�p�B�Q�m�b�H�v�V ���b�K���b�b �#���b�B�b���M�/ �B�i
�+���M �#�2 �`�2�+�Q�p�2�`�2�/ �Q�M�+�2 �i�?�2 �}�2�H�/�b ���`�2 �`�Q�i���i�2�/ �i�?�`�Q�m�;�? �i�?�2 �m�M�B�i���`�v �K���i�`�B�+�2�bL  ���M�/R ���b

u0
L = LuuL ; d0

L = LddL ; e0
L = LeeL �U�R�X�3�V

u0
R = RuuR ; d0

R = RddR ; e0
R = ReeR �U�R�X�N�V

�k



�R�X�R�X �1�H�2�+�i�`�Q�r�2���F ���M�/ �6�H���p�Q�` �b�2�+�i�Q�`�b �Q�7 �i�?�2 �a�J

�B�M �b�m�+�? �� �r���v �i�?���i �7�Q�` �2�p�2�`�v �7�2�`�K�B�Q�M �i�?�2 �M�2�r �K���i�`�B�t~y = L  y Ry
 �B�b �/�B���;�Q�M���H�X �h�?�2�M �i�?�2

�7�2�`�K�B�Q�M �K���b�b �i�2�`�K�b �`�2���/
m i =

v ~y i
p

2
�U�R�X�R�y�V

�r�?�2�`�2i �- ���b �m�b�m���H�- �`�m�M �Q�p�2�` �i�?�2 �i�?�`�2�2 �;�2�M�2�`���i�B�Q�M�b�X
�h�?�2 �`�Q�i���i�B�Q�M �i�Q �i�?�2 �K���b�b �#���b�B�b �K�m�b�i �#�2 �T�2�`�7�Q�`�K�2�/ ���H�b�Q �B�M ���H�H �i�?�2 �Q�i�?�2�` �b�2�+�i�Q�`�b �Q�7 �i�?�2
�a�J�X �L�2�p�2�`�i�?�2�H�2�b�b �B�i �i�m�`�M�b �Q�m�i �i�?���i �Q�M�H�v �i�?�2 �+�?���`�;�2 �+�m�`�`�2�M�i�b ���`�2 ���z�2�+�i�2�/ �#�v �i�?�B�b �+�?���M�;�2 �Q�7
�#���b�B�b�- �b�B�M�+�2 �i�?�2 �F�B�M�2�i�B�+ �i�2�`�K�b ���M�/ �i�?�2 �M�2�m�i�`���H �+�m�`�`�2�M�i�b �U�#�Q�i�? �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ ���M�/ �r�2���F�V
�i�`���M�b�7�Q�`�K ���b�R

� L 
 �  L ! � L L y
 
 � L   L = � L 
 �  L �U�R�X�R�R�V

�r�?�2�`�2 �B�i �?���b �#�2�2�M �2�t�T�H�Q�B�i�2�/ �i�?�2 �7���+�i �i�?���i �i�?�2 �`�Q�i���i�B�Q�M �K���i�`�B�tL  �B�b �m�M�B�i���`�v ���M�/ �i�?���i �B�i
�+�Q�K�K�m�i�2�b �r�B�i�? �i�?�2 �;���K�K���b �U�#�2�H�Q�M�;�B�M�; �i�Q �/�B�z�2�`�2�M�i �b�T���+�2�b�V�X �*�H�2���`�H�v �i�?�B�b �/�Q�2�b �M�Q�i �?���T�T�2�M
�B�M �i�?�2 �+���b�2 �Q�7 �i�?�2 �+�?���`�;�2 �b�2�+�i�Q�`�, �B�M�/�2�2�/�- �;�B�p�2�M �i�?�2 �+�m�`�`�2�M�iJ �

� �i�?�2 �2�t�T�H�B�+�B�i �`�Q�i���i�B�Q�M �H�2���/�b �i�Q

�uL 
 � dL + �� L 
 � eL ! �uL L y
u 
 � LddL + �� L L y

� 
 � LeeL = �uL 
 � VCKM dL + �� L 
 � UP MNS eL �U�R�X�R�k�V

�r�?�2�`�2V�*�E�J � L y
uLd ���M�/U�S�J�L�a � L y

� Le ���`�2�- �`�2�b�T�2�+�i�B�p�2�H�v�- �i�?�2�*���#�B�#�#�Q�@�E�Q�#���v���b�?�B�@�J���b�F���r��
���M�/�S�Q�M�i�2�+�Q�`�p�Q���J���F�B���L���F���;���r�����a���F���i���K�B�t�B�M�; �K���i�`�B�+�2�b�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �r�?�B�H�2 �B�M
�i�?�2 �B�M�i�2�`���+�i�B�Q�M �#���b�B�b �i�?�2 �+�?���`�;�2 �+�m�`�`�2�M�i ���`�2 �~���p�Q�` �/�B���;�Q�M���H�- �B�M �i�?�2 �K���b�b �#���b�B�b �i�`�2�2 �H�2�p�2�H
�6�H���p�Q�` �*�?���M�;�B�M�; �*�?���`�;�2�/ �*�m�`�`�2�M�i �U�6�*�*�*�V �i�`���M�b�B�i�B�Q�M�b ���`�B�b�2 �/�m�2 �i�Q �i�?�2 �T�`�2�b�2�M�+�2 �Q�7V�*�E�J �X
�h�?�B�b �K���i�`�B�t �B�b �Q�7 �+�`�m�+�B���H �B�K�T�Q�`�i���M�+�2 �B�M �~���p�Q�` �T�?�v�b�B�+�b�- �#�2�+���m�b�2 �B�i �B�b �i�?�2 �Q�M�H�v �b�Q�m�`�+�2 �Q�7
�~���p�Q�`�@�+�?���M�;�B�M�; �i�`���M�b�B�i�B�Q�M�b �B�M �i�?�2 �a�J�X �h�?�2 �K�Q�b�i �m�b�2�/ �T���`���K�2�i�`�B�x���i�B�Q�M�b ���`�2 �i�?�2�b�i���M�/��� �̀/
�T��� �̀��K�2�i�`�B�x���i�B�Q�M�- �r�?�B�+�? �m�b�2�b �i�?�`�2�2 ���M�;�H�2�b� i ���M�/ �� �+�Q�K�T�H�2�t �T�?���b�2� �- ���M�/ �i�?�2�q�Q�H�7�2�M�b�i�2�B�M
�T��� �̀��K�2�i�`�B�x���i�B�Q�M�- �r�?�2�`�2 �i�?�2 �*�E�J �K���i�`�B�t �2�H�2�K�2�M�i�b ���`�2 �2�t�T���M�/�2�/ �B�M �T�Q�r�2�`�b �Q�7 �i�?�2 �b�K���H�H
�T���`���K�2�i�2�`� = jVus j � 0:22 �(�j�)�X �h�?�2 �H���i�i�2�` �?���b �i�?�2 �`�2�K���`�F���#�H�2 �T�`�Q�T�2�`�i�v �Q�7 �2�t�?�B�#�B�i�B�M�; �i�?�2
�b�i�`�Q�M�; �?�B�2�`���`�+�?�v �#�2�i�r�2�2�M �i�?�2 �*�E�J �K���i�`�B�t �2�H�2�K�2�M�i�b�X �1�t�T�H�B�+�B�i�H�v �B�i �B�b
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�a�B�M�+�2V�*�E�J �B�b �m�M�B�i���`�v�- �i�?�2 �7�Q�H�H�Q�r�B�M�; �`�2�H���i�B�Q�M�b �?�Q�H�/�,
X

k=1 :::3

V �
ik Vki = 1

X

k=1 :::3

V �
ik Vkj 6= i = 0: �U�R�X�R�9�V

�h�?�2�b�2 �`�2�H���i�B�Q�M�b ���`�2 �� �b�T�2�+�B�}�+ �7�2���i�m�`�2 �Q�7 �i�?�2 �a�J ���M�/ �i�?�2�B�` �2�t�T�2�`�B�K�2�M�i���H �p�2�`�B�}�+���i�B�Q�M �B�b ��
�T�Q�r�2�`�7�m�H �+�Q�M�b�B�b�i�2�M�+�v �+�?�2�+�F �Q�7 �i�?�2 �K�Q�/�2�H�X ���K�Q�M�; �i�?�2�K�-

VudV �
ub + VcdV �

cb + VtdV �
tb = 0 $ [�� + i �� ] + [(1 � �� ) � i �� ] + 1 = 0 �U�R�X�R�8�V

�B�b �i�?�2 �T�?�2�M�Q�K�2�M�Q�H�Q�;�B�+���H�H�v �K�Q�b�i �B�M�i�2�`�2�b�i�B�M�; �Q�M�2�- �#�2�+���m�b�2 �B�i �B�M�p�Q�H�p�2�b �i�?�2 �b�m�K �Q�7 �i�?�`�2�2 �i�2�`�K�b
�Q�7 �i�?�2 �b���K�2 �Q�`�/�2�` �B�M� �X �A�i �B�b �m�b�m���H�H�v �`�2�T�`�2�b�2�M�i�2�/ ���b �� �i�`�B���M�;�H�2�- �F�M�Q�r�M ���b �*�E�J �i�`�B���M�;�H�2�- �B�M
�i�?�2 �+�Q�K�T�H�2�t( ��; �� ) �T�H���M�2�,

�R�h�?�2 �b���K�2 �B�b �i�`�m�2 ���H�b�Q �7�Q�` �i�?�2 �ô�`�B�;�?�i�@�?���M�/�2�/�ô �b�i�`�m�+�i�m�`�2�b�X

�j



�R�X�k�X �q�?�v �;�Q�B�M�; �#�2�v�Q�M�/ �i�?�2 �a�J

�6�B�;�m� �̀2 �R�X�R

�h�?�2 ���M�;�H�2�b ���M�/ �b�B�/�2�b �+���M �#�2 �2�t�i�`���+�i�2�/ �7�`�Q�K ���T�T�`�Q�T�`�B���i�2 �~���p�Q�` �Q�#�b�2�`�p���#�H�2�b �B�M �b�m�+�? �� �r���v
�i�?���i �1�[�X�U�R�X�R�8�V�+���M �#�2 �2�t�T�2�`�B�K�2�M�i���H�H�v �i�2�b�i�2�/�X �h�?�2 �p���H�m�2�b �Q�7� ���M�/A ���`�2 �F�M�Q�r�M �r�B�i�? �;�Q�Q�/
���+�+�m�`���+�v �(�9�) ���M�/ �i�?�B�b ���H�H�Q�r�b �i�Q �2�t�T�`�2�b�b ���H�H �i�?�2 �Q�#�b�2�`�p���#�H�2�b �b�2�M�b�B�i�B�p�2 �i�Q �i�?�2 �*�E�J �K���i�`�B�t
�2�H�2�K�2�M�i�b �B�M �i�2�`�K�b �Q�7�� ���M�/�� �Q�M�H�v�X �h�?�2 �`�2�b�m�H�i�B�M�; �+�Q�M�b�i�`���B�M�i�b ���`�2 �b�?�Q�r�M �B�M �i�?�2 �T�H�Q�i �Q�7
�6�B�;�X�U�R�X�k�V�- �r�?�B�+�? �+�H�2���`�H�v �b�?�Q�r�b �i�?���i �i�?�2�v ���`�2 ���H�H �+�Q�M�b�B�b�i�2�M�i �r�B�i�? �� �m�M�B�[�m�2 �p���H�m�2 �Q�7 �i�?�Q�b�2
�T���`���K�2�i�2�`�b �U�� = 0:153� 0:013�-�� = 0:343� 0:011�V�- �B�K�T�H�v�B�M�; �i�?�2 �7���+�i �i�?���i �i�?�2 �a�J �T�`�Q�p�B�/�2�b
���M �2�t�+�2�H�H�2�M�i �/�2�b�+�`�B�T�i�B�Q�M �Q�7 �i�?�2 �~���p�Q�` �b�2�+�i�Q�`�X

�6�B�;�m� �̀2 �R�X�k

�R�X�k�q�?�v �;�Q�B�M�; �#�2�v�Q�M�/ �i�?�2 �a�J

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

�Ç �>�B�2� �̀�� �̀+�?�v �T� �̀Q�#�H�2�K�, �7�`�Q�K �� �i�?�2�Q�`�2�i�B�+���H �T�Q�B�M�i �Q�7 �p�B�2�r�- �B�i �+���M �#�2 �2�t�T�2�+�i�2�/ �� �#�B�;�;�2�`
�p���H�m�2 �7�Q�` �i�?�2 �>�B�;�;�b �K���b�b �`�2�b�T�2�+�i �i�Q �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �Q�M�2 �Umh � 126�:�2�o�V �/�m�2 �i�Q
�i�?�2 �7���+�i �i�?���i �B�i�b �Q�M�2�@�H�Q�Q�T �+�Q�M�i�`�B�#�m�i�B�Q�M �T�`�Q�p�B�/�2 �� �+�Q�`�`�2�+�i�B�Q�M �i�Q �i�?�2 �#���`�2 �p���H�m�2 �r�?�B�+�?
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�R�X�k�X �q�?�v �;�Q�B�M�; �#�2�v�Q�M�/ �i�?�2 �a�J

�B�b/ � 2�- �r�B�i�?� �i�?�2 �b�+���H�2 ���i �r�?�B�+�? �L�S ���T�T�2���`�b�X �A�7 �i�?�2�`�2 �B�b �M�Q �M�2�r �T�?�v�b�B�+�b �m�T
�i�Q �i�?�2 �S�H���M�+�F �b�+���H�2 �UMP � 1019 �:�2�o�V�- �i�?�B�b �+�Q�`�`�2�+�i�B�Q�M �r�Q�m�H�/ �#�2 �b�2�p�2�`���H �Q�`�/�2�`�b �Q�7
�K���;�M�B�i�m�/�2 �?�B�;�?�2�` �i�?���M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 ���M�/�- �7�Q�` �i�?�B�b �`�2���b�Q�M�- �� �}�M�2 �i�m�M�B�M�; �B�b
�`�2�[�m�B�`�2�/�c �Q�i�?�2�`�r�B�b�2�- �B�M�p�Q�F�B�M�; �i�?�2 �M���i�m�`���H�M�2�b�b �?�v�T�Q�i�?�2�b�B�b�- �L�S �b�?�Q�m�H�/ ���T�T�2���` ���i� �
�h�2�o�X �L�2�p�2�`�i�?�2�H�2�b�b �Q�i�?�2�` �T�Q�b�b�B�#�H�2 �b�Q�H�m�i�B�Q�M�b �?���p�2 �#�2�2�M �T�`�Q�T�Q�b�2�/ �i�?�`�Q�m�;�?�Q�m�i �i�?�2 �v�2���`�b�-
�7�`�Q�K �a�m�T�2�`�a�v�K�K�2�i�`�v �i�Q �+�Q�K�T�Q�b�B�i�2 �>�B�;�;�b �K�Q�/�2�H�b�X

�Ç �L�2�m�i�`�B�M�Q�b�ö �M���i�m� �̀2 ���M�/ �K���b�b�2�b�, �B�M �i�?�2 �a�J �M�2�m�i�`�B�M�Q�b ���`�2 �K���b�b�H�2�b�b �T���`�i�B�+�H�2�b �#�m�i�- ���b
�b�?�Q�r�M �#�v �� �H�Q�i �Q�7 �/�B�z�2�`�2�M�i �2�t�T�2�`�B�K�2�M�i�b �r�?�B�+�? �Q�#�b�2�`�p�2 �i�?�2 �T�?�2�M�Q�K�2�M�Q�M �Q�7 �M�2�m�i�`�B�M�Q
�~���p�Q�` �Q�b�+�B�H�H���i�B�Q�M�- �i�?�2�v �b�?�Q�m�H�/ ���+�i�m���H�H�v �#�2 �K���b�b�B�p�2�X �h�?�2 �M�2�2�/ �i�Q �2�t�T�H���B�M �?�Q�r ��
�M�2�m�i�`�B�M�Q �;�2�i�b �B�i�b �K���b�b ���`�B�b�2�b ���H�b�Q �i�?�2 �[�m�2�b�i�B�Q�M ���#�Q�m�i �B�i�b �M���i�m�`�2�, �B�M�/�2�2�/�- �B�7 �r�2 �b�m�T�T�Q�b�2
�i�?���i �`�B�;�?�i�@�?���M�/�2�/ �M�2�m�i�`�B�M�Q�b� R �2�t�B�b�i�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �;�B�p�2 �K���b�b �i�Q �i�?�2�K ���b �7�Q�` �i�?�2
�Q�i�?�2�` �7�2�`�K�B�Q�M�b�- �i�?���M�F�b �i�Q �i�?�2 �a�a�"�X �>�Q�r�2�p�2�`�- �F�M�Q�r�B�M�; �i�?���im� � 10� 1 �2�o�- �B�i �i�m�`�M�b �Q�m�i
�i�?���i �i�?�2�`�2 �B�b �� �M���i�m�`���H�M�2�b�b �T�`�Q�#�H�2�K �B�M �i�?�B�b �b�2�+�i�Q�` �Q�7 �i�?�2 �a�J�- �#�2�B�M�;m �

m t
= y�

yt
� 10� 12�X

�h�?�B�b �B�b�b�m�2 �+���M �#�2 �b�Q�H�p�2�/ �b�m�T�T�Q�b�B�M�; �i�?���i �M�2�m�i�`�B�M�Q�b ���`�2 �J���D�Q�`���M�� �}�2�H�/�b�- �B�X�2�X �i�?�2�v
�+�Q�B�M�+�B�/�2 �r�B�i�? �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �+�?���`�;�2 �+�Q�M�D�m�;���i�2 �}�2�H�/�- �r�?�B�+�? �;�2�i �i�?�2�B�` �K���b�b �i�?�`�Q�m�;�?
�a�2�2�@�b���r�K�2�+�?���M�B�b�K�X �>�Q�r�2�p�2�` �i�?�2 �2�t�T�2�`�B�K�2�M�i�b �?���p�2 �M�Q�i �v�2�i �T�Q�B�M�i�2�/ �Q�m�i �i�?�2 �M���i�m�`�2
�Q�7 �M�2�m�i�`�B�M�Q�b ���M�/�- �b�Q�- ���H�b�Q �i�?�2 �[�m�2�b�i�B�Q�M ���#�Q�m�i �i�?�2�B�` �K���b�b �`�2�K���B�M�b �Q�T�2�M�X

�Ç �.���`�F �J���i�i�2�` ���M�/ �.���`�F �1�M�2� �̀;�v�, �M�Q�r���/���v�b �i�?�2�`�2 �B�b �i�?�2 �b�i�`�Q�M�; �2�p�B�/�2�M�+�2 �i�?���i �Q�M�H�v �i�?�2
� 5% �Q�7 �i�?�2 �i�Q�i���H �2�M�2�`�;�v �#�m�/�;�2�i �Q�7 �i�?�2 �m�M�B�p�2�`�b�2 �B�b �/�m�2 �i�Q �Q�`�/�B�M���`�v �K���i�i�2�`�- �B�X�2�X �i�?�2
�T���`�i�B�+�H�2 �+�Q�M�i�2�M�i �Q�7 �i�?�2 �a�J�- �r�?�B�H�2 �i�?�2 �`�2�K���B�M�B�M�; �T���`�i �B�b �+�Q�M�b�i�B�i�m�i�2�/ �7�Q�` �i�?�2� 27%�#�v
�.���`�F �J���i�i�2�` �U�.�J�V ���M�/ �7�Q�` �i�?�2� 68%�#�v �.���`�F �1�M�2�`�;�v �U�.�1�V�X �>�Q�r�2�p�2�` �i�?�2 �M���i�m�`�2
�Q�7 �.�J ���M�/ �.�1 �B�b �b�i�B�H�H �M�Q�i �F�M�Q�r�M ���M�/ �� �H�Q�i �Q�7 �K�Q�/�2�H�b ���`�2 �+�Q�M�i�B�M�m�Q�m�b�H�v �T�`�Q�T�Q�b�2�/ �B�M
�Q�`�/�2�` �i�Q �b�Q�H�p�2 �i�?�B�b �B�b�b�m�2�c �B�M �T���`�i�B�+�m�H���`�- �i�?�2 �K�Q�b�i �B�M�i�2�`�2�b�i�B�M�; ���M�/ �T�`�Q�K�B�b�B�M�; �Q�M�2�b �B�M
�i�?�2 �.�J �b�2�+�i�Q�` �+�Q�M�+�2�`�M �b�m�T�2�`�b�v�K�K�2�i�`�B�+ �T���`�i�B�+�H�2�b ���M�/ �i�?�2���t�B�Q�M�b�+�2�M���`�B�Q�X

�Ç �a�i� �̀Q�M�; �*�S �T� �̀Q�#�H�2�K�, �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �� �7�Q�m�` �/�B�K�2�M�b�B�Q�M �i�2�`�K �r�?�B�+�? ���`�B�b�2�b �B�M �i�?�2 �Z�*�.
�b�2�+�i�Q�` �Q�7 �i�?�2 �a�J �G���;�`���M�;�B���M�- �B�X�2�X� �Z�*�. Ga

�� Ga�� �- �H�2���/�b �i�Q �*�S �p�B�Q�H���i�B�Q�M�X �A�M �Q�`�/�2�` �i�Q
�i���F�2 �B�M�i�Q ���+�+�Q�m�M�i �i�?�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M �Q�7 �*�S �p�B�Q�H���i�B�M�; �T�`�Q�+�2�b�b�2�b�- �Q�M�2 �b�?�Q�m�H�/ ���/�D�m�b�i �#�v
�?���M�/ �i�?�2 �i�?�2�i�� �T���`���K�2�i�2�` ���b� �Z�*�. � 10� 10�- �r�?�B�+�? �B�b �m�M�M���i�m�`���H�H�v �b�K���H�H�X

�Ç �"���`�v�Q�M ���b�v�K�K�2�i�`�v�, �i�?�B�b �B�b �Q�M�2 �Q�7 �i�?�2 �K�Q�b�i �F�M�Q�r�M ���M�/ �T�`�2�+�B�b�2 �+�Q�b�K�Q�H�Q�;�B�+���H �Q�#�b�2�`�p���@
�i�B�Q�M�b �r�2 �?���p�2 ���M�/ �B�i �+�Q�M�b�B�b�i�b �B�M �� �i�B�M�v �2�t�+�2�b�b �Q�7 �K���i�i�2�` �Q�p�2�` �i�?�2 ���M�i�B�K���i�i�2�`�X �A�i �B�b �b�i�B�H�H
�M�Q�i �+�H�2���` �r�?�B�+�? �F�B�M�/ �Q�7 �/�v�M���K�B�+���H �K�2�+�?���M�B�b�K �+���m�b�2�/ �i�?�B�b ���b�v�K�K�2�i�`�v�k �#�m�i�- �7�Q�` �b�m�`�2�-
�2�p�2�`�v �K�Q�/�2�H �r�?�B�+�? �i�`�B�2�b �i�Q �2�t�T�H���B�M �B�i �b�?�Q�m�H�/ �b���i�B�b�7�v �i�?�2 �a���F�?���`�Q�p �+�Q�M�/�B�i�B�Q�M�b �Q�7B �-C�-
CP �p�B�Q�H���i�B�Q�M ���M�/ �Q�7 �/�2�T���`�i�m�`�2 �7�`�Q�K �i�?�2�`�K���H �2�[�m�B�H�B�#�`�B�m�K�X ���H�i�?�Q�m�;�? �i�?�2 �a�J �b���i�B�b�}�2�b
���H�H �Q�7 �i�?�2�K�- �i�?�2 ���K�Q�m�M�i �Q�7 ���b�v�K�K�2�i�`�v �;�2�M�2�`���i�2�/ �i�m�`�M�b �Q�m�i �i�Q �#�2 �B�M�+�Q�K�T���i�B�#�H�2 �r�B�i�?
�i�?�2 �K�2���b�m�`�2�/ �Q�M�2�b�- �H�2���p�B�M�; �i�?�2 �[�m�2�b�i�B�Q�M �b�i�B�H�H �Q�T�2�M�X

�Ç �J�m�Q�Mg � 2�, �i�?�B�b �B�b �� �H�Q�M�; �b�i���M�/�B�M�; �B�M�+�Q�M�b�B�b�i�2�M�+�v �#�2�i�r�2�2�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2
�Q�7 �i�?�2 �K�m�Q�M�B�+ ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i ���M�/ �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �a�J �T�`�2�/�B�+�i�B�Q�M�X
���i �i�?�2 �K�Q�K�2�M�i �i�?�2 �/�B�b�+�`�2�T���M�+�v �B�b �Q�73:3� �#�m�i �B�i �B�b �b�i�B�H�H �M�Q�i �+�H�2���` �r�?�2�i�?�2�` �B�i �B�b ��
�+�Q�M�b�2�[�m�2�M�+�2 �Q�7 �i�?�2 �7���+�i �i�?���i �L�S �B�b �b�?�Q�r�B�M�; �B�M �i�?�B�b �+�?���M�M�2�H �Q�` ���M �B�K�T�`�2�+�B�b�2 �2�t�i�`���+�i�2�/
�p���H�m�2 �Q�7 �i�?�2 �H�2���/�B�M�; �Q�`�/�2�` �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�Ma�>�G�P

� �X

�k�h�?�2 �?�v�T�Q�i�?�2�b�B�b �i�?���i �i�?�2 �m�M�B�p�2�`�b�2 �?���p�2 �#�2�2�M ���H�r���v�b ���b�v�K�K�2�i�`�B�+ �/�Q �M�Q�i �?�Q�H�/�, �B�M�/�2�2�/�- �B�7 �r�2 �b�m�T�T�Q�b�2
�i�?���i ���7�i�2�` �i�?�2 �"�B�; �"���M�; �i�?�2�`�2 �r���b ���H�`�2���/�v �K�Q�`�2 �K���i�i�2�` �i�?���M ���M�i�B�K���i�i�2�`�- �r�2 �K�m�b�i ���H�b�Q �+�Q�M�b�B�/�2�` �i�?���i �i�?�2
�B�M�~���i�B�Q�M �r�Q�m�H�/ �?���p�2 �r���b�?�2�/ �Q�m�i �i�?�B�b ���b�v�K�K�2�i�`�v�- �H�2���p�B�M�; ���M �2�[�m���H ���K�Q�m�M�i �Q�7 �T���`�i�B�+�H�2�b ���M�/ ���M�i�B�@�T���`�i�B�+�H�2�b
�Q�M�+�2 �2�M�/�2�/�X
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�*�?���T�i�2�` �k

�h�?�2 �K�m�Q�Mg � 2 ���M�/ �i�?�2 �J�l�Q�M�1
�2�t�T�2�`�B�K�2�M�i

�h�?�B�b �+�?���T�i�2�` �B�b �/�2�p�Q�i�2�/ �i�Q �i�?�2 �/�B�b�+�m�b�b�B�Q�M �Q�7 �i�?�2 �K�m�Q�M�B�+g � 2 �T�`�Q�#�H�2�K�- �`�2�+���H�H�B�M�; �}�`�b�i�H�v
�B�M �a�2�+�X�U�k�X�R�V�i�?�2 �+�Q�K�T���`�B�b�Q�M �#�2�i�r�2�2�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 �Q�7 �i�?�2 ���M�Q�K���H�va� ���M�/ �B�i�b
�i�?�2�Q�`�2�i�B�+���H �T�`�2�/�B�+�i�B�Q�M �T�`�Q�p�B�/�2�/ �#�v �i�?�2 �a�J�c �T���`�i�B�+�m�H���` ���i�i�2�M�i�B�Q�M �r�B�H�H �#�2 �T�m�i �Q�M �i�?�2 �?���/�`�Q�M�B�+
�+�Q�M�i�`�B�#�m�i�B�Q�M ���M�/ �i�?�2 �+�m�`�`�2�M�i �K�2�i�?�Q�/�b �7�Q�` �B�i�b �2�t�i�`���+�i�B�Q�M�X �a�2�+�Q�M�/�H�v�- �B�M �a�2�+�X�U�k�X�k�V�B�i �r�B�H�H �#�2
�/�B�b�+�m�b�b�2�/ �� �M�2�r �2�t�T�2�`�B�K�2�M�i �i�?�Q�m�;�?�i �i�Q �T�`�Q�p�B�/�2 �� �`�2�}�M�2�/ ���M�/ �K�Q�`�2 �T�`�2�+�B�b�2 �T�`�2�/�B�+�i�B�Q�M �Q�7
�i�?�2 �a�J �i�Q �+�Q�K�T���`�2 �r�B�i�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2�, �J�l�Q�M�1�X

�k�X�R�h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�6�`�Q�K �i�?�2 �.�B�`���+ �2�[�m���i�B�Q�M �B�M ���M �2�t�i�2�`�M���H �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/�- �B�X�2�X

(i =D � m) = 0; �U�k�X�R�V

�B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �T�`�2�/�B�+�i �� �K�m�Q�M�B�+ �K���;�M�2�i�B�+ �K�Q�K�2�M�i~� � = g� jej ~S=2m� �- �r�?�2�`�2~S �B�b �i�?�2 �b�T�B�M
�Q�T�2�`���i�Q�` ���M�/g� �B�b �i�?�2 �;�v�`�Q�K���;�M�2�i�B�+ �7���+�i�Q�` �Q�7 �i�?�2 �K�m�Q�M�X ���i �i�?�2 �i�`�2�2 �H�2�p�2�H�- �b�B�K�T�H�v �i���F�B�M�;
�i�?�2 �M�Q�M �`�2�H���i�B�p�B�b�i�B�+ �H�B�K�B�i �Q�7 �1�[�X�U�k�X�R�V�- �B�i �B�b �2���b�v �i�Q �Q�#�i���B�Mg� = 2�c �?�Q�r�2�p�2�`�- �H�Q�Q�T�b �2�z�2�+�i�b
�B�M�i�`�Q�/�m�+�2 �� �b�K���H�H �#�m�i �b�i�B�H�H �b�B�;�M�B�}�+���M�i �/�2�p�B���i�B�Q�M �i�Q �i�?�B�b �h�G �p���H�m�2 �r�?�B�+�? �+���M �#�2 �T���`���K�2�i�`�B�x�2�/
�#�v �i�?�2 ���M�Q�K���H�v

a� �
g� � 2

2
: �U�k�X�k�V

�h�?�B�b �[�m���M�i�B�i�v�- �F�M�Q�r�M ���b ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i�- �+���M �#�2 ���+�+�m�`���i�2�H�v �K�2���b�m�`�2�/ �B�M �i�?�2
�2�t�T�2�`�B�K�2�M�i�b�- �#�m�i ���H�b�Q �T�`�2�+�B�b�2�H�v �T�`�2�/�B�+�i�2�/ �B�M �i�?�2 �a�J�c �i�?�2�B�` �+�Q�K�T���`�B�b�Q�M �T�`�Q�p�B�/�2�b ���M �2�t�+�2�H�H�2�M�i
�i�Q�Q�H �i�Q �i�2�b�i �i�?�B�b �i�?�2�Q�`�v ���i �[�m���M�i�m�K �H�2�p�2�H ���M�/ �b�B�;�M�B�}�+���M�i �/�2�p�B���i�B�Q�M�b �+�Q�m�H�/ �#�2 �b�v�K�T�i�Q�K �Q�7
�L�S�X �h�?�2 �1�3�k�R �2�t�T�2�`�B�K�2�M�i ���i �"�`�Q�Q�F�?���p�2�M �L���i�B�Q�M���H �G���# �U�"�L�G�V �b�i�m�/�B�2�/ �i�?�2 �T�`�2�+�2�b�b�B�Q�M �Q�7
�K�m�Q�M�b �B�M �� �+�Q�M�b�i���M�i �2�t�i�2�`�M���H �K���;�M�2�i�B�+ �}�2�H�/�- �}�M�/�B�M�; �(�8�)

a�2�t�T
� = (11659209:1 � 6:3) � 10� 10: �U�k�X�j�V

�h�?�2 �2�`�`�Q�` ���+�?�B�2�p�2�/ �#�v �i�?�2 �"�L�G �1�3�k�R �2�t�T�2�`�B�K�2�M�i�-�a exp
� = 6:3 � 10� 10�- �+�Q�`�`�2�b�T�Q�M�/�b �i�Q0:54

�T�T�K ���M�/ �B�i �B�b �/�Q�K�B�M���i�2�/ �#�v �i�?�2 ���p���B�H���#�H�2 �b�i���i�B�b�i�B�+�b�c �M�2�p�2�`�i�?�2�H�2�b�b�- �i�?�2 �T�`�2�T���`���i�B�Q�M�b �7�Q�` �M�2�r
�2�t�T�2�`�B�K�2�M�i�b ���i �C�@�S���_�* �(�j�j�) ���M�/ �6�2�`�K�B�H���# �(�j�9�)�- �r�?�B�+�? ���B�K �i�Q �K�2���b�m�`�2 �i�?�2g � 2 �Q�7 �i�?�2
�K�m�Q�M �r�B�i�? �� �T�`�2�+�B�b�B�Q�M �Q�70:14 �T�T�K �U�Q�` �2�p�2�M �#�2�i�i�2�`�V�- �?���p�2 ���H�`�2���/�v �b�i���`�i�2�/�X

�e



�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�P�M �i�?�2 �i�?�2�Q�`�2�i�B�+���H �b�B�/�2�- �i�?�2 �a�J �p���H�m�2 �7�Q�`a� �B�b �;�2�M�2�`���H�H�v �/�B�p�B�/�2�/ �B�M�i�Q �i�?�2 �i�?�`�2�2 �T���`�i�b

a� = a�Z�1�.
� + a�1�q

� + a�>���/
� ;

�2���+�? �Q�M�2 �H�B�M�F�2�/ �i�Q �� �b�T�2�+�B�}�+ �b�2�+�i�Q�` �Q�7 �i�?�2 �a�J�c �i�?�2�v �r�B�H�H �#�2 ���M���H�v�x�2�/ �B�M �� �r�?�B�H�2�X �h�?�2 �}�M���H
�i�?�2�Q�`�2�i�B�+���H �T�`�2�/�B�+�i�B�Q�M �B�b

a�a�J
� = (11659183� 4:8) � 10� 10; �U�k�X�9�V

���M�/ �B�i�b �/�B�z�2�`�2�M�+�2 �r�B�i�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i �`�2���/�b

� a� = a�2�t�T
� � a�a�J

� = (26:1 � 7:9) � 10� 10 � 3:3�: �U�k�X�8�V

�� �b�m�K�K���`�v �T�H�Q�i �(�k�N�) �`�2�T�Q�`�i�B�M�; �i�?�2 �+�m�`�`�2�M�i �b�i���i�m�b �Q�7 �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7
�i�?�2 �K�m�Q�M �+���M �#�2 �7�Q�m�M�/ �B�M �6�B�;�X �U�k�X�R�V

�6�B�;�m� �̀2 �k�X�R�,�*�Q�K�T���`�B�b�Q�M �#�2�i�r�2�2�M �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M ���M�/ �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 �Q�7a� �X
�.�>�J�w �(�j�y�) ���M�/ �>�G�J�L�h �(�j�R�) ���`�2 �i�r�Q �i�?�2�Q�`�2�i�B�+���H �2�b�i�B�K���i�B�Q�M�b�- �r�?�B�H�2 �a�J�s�s �(�j�k�) �+�Q�`�`�2�b�T�Q�M�/�b
�i�Q �i�?�2�B�` ���p�2�`���;�2�c �B�i�b �`�2�/�m�+�2�/ �2�`�`�Q�` �B�b �/�m�2 �i�Q �i�?�2 �B�K�T�`�Q�p�2�K�2�M�i�b �Q�M �i�?�2 �?���/�`�Q�M�B�+ �+�`�Q�b�b �b�2�+�i�B�Q�M
�K�2���b�m�`�2�K�2�M�i�X �"�L�G�@�1�3�k�R �y�9 ���p�2�X �B�b �i�?�2 �+�m�`�`�2�M�i �2�t�T�2�`�B�K�2�M�i���H �p���H�m�2 �Q�7a� ���M�/ �L�2�r(g � 2)
�2�t�T�X �B�b �i�?�2 �b���K�2 �+�2�M�i�`���H �p���H�m�2 �r�B�i�? �� �7�Q�m�`�7�Q�H�/ �B�K�T�`�Q�p�2�/ �T�`�2�+�B�b�B�Q�M�- ���b �T�H���M�M�2�/ �#�v �i�?�2 �7�m�i�m�`�2
�2�t�T�2�`�B�K�2�M�i�b ���i �6�2�`�K�B�H���# ���M�/ �C�@�S���_�*�X

�d



�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�k�X�R�X�R�Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M

�Z�m���M�i�m�K �1�H�2�+�i�`�Q�/�v�M���K�B�+�b �T�`�Q�p�B�/�2�b �i�?�2 �H���`�;�2�b�i �7�`���+�i�B�Q�M �Q�7 �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �#�v �7���`�X �A�i �+���M
�#�2 �b�m�#�/�B�p�B�/�2�/ �Q�`�/�2�`�@�#�v�@�Q�`�/�2�` ���b �7�Q�H�H�Q�r�b �(�e�)�,

a�Z�1�.
� =

X

j

cj

� �
�

� j

�U�k�X�e�V

�r�?�2�`�2 �i�?�2 �+�Q�2�{�+�B�2�M�i�bcj ���`�2 �b�m�K �Q�7 �i�2�`�K�b �r�?�B�+�? �+���M �#�2 �2�B�i�?�2�` �+�Q�M�b�i���M�i�b �Q�` �7�m�M�+�i�B�Q�M�b �Q�7
m� =mi �Ui = e; � )�X �A�M �(�e�) �B�i �B�b �T�`�2�b�2�M�i �� �/�2�i���B�H�2�/ �`�2�p�B�2�r �Q�7 ���H�H �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �m�T �i�Qj = 5�c
�B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �A �r�B�H�H �`�2�T�Q�`�i �� �p�2�`�v �#�`�B�2�7 �b�m�K�K���`�v�- �#�2�B�M�; �i�?�2 �Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M �M�Q�i �i�?�2
�K���B�M �`�2�b�m�H�i �Q�M �r�?�B�+�? �i�?�B�b �i�?�2�b�B�b �B�b �7�Q�+�m�b�2�/�- �b�T�2�+�B�7�v�B�M�; �2�b�b�2�M�i�B���H�H�v �Q�M�H�v �i�?�2 �M�m�K�2�`�B�+���H �p���H�m�2�b
�Q�7 �i�?�2�b�2 �+�Q�2�{�+�B�2�M�i�b�X
���i �Q�M�2 �H�Q�Q�T �i�?�2�`�2 �B�b �Q�M�H�v �Q�M�2 �/�B���;�`���K�- �r�?�B�+�? �B�b �M�Q�i�?�B�M�; �2�H�b�2 �i�?���i �i�?�2 �p�2�`�i�2�t �+�Q�`�`�2�+�i�B�Q�M �i�Q
�i�?�2 �i�?�`�2�2 �T�Q�B�M�i �7�m�M�+�i�B�Q�M�X �A�i �T�`�Q�p�B�/�2�b �i�?�2 �a�+�?�r�B�M�;�2�` �i�2�`�K�- �r�B�i�?c1 = 1=2�X ���i �i�r�Q �H�Q�Q�T�b
�i�?�2�`�2 ���`�2 �M�B�M�2 �Z�1�. �/�B���;�`���K�b �(�d���N�)�, �b�2�p�2�M �Q�7 �i�?�2�K �+�Q�M�i���B�M �K�m�Q�M�b ���M�/ �T�?�Q�i�Q�M�b�- �r�?�B�H�2 �i�?�2
�`�2�K���B�M�B�M�; �i�r�Q �B�M�p�Q�H�p�2 �i�?�2 �p���+�m�m�K �T�Q�H���`�B�b���i�B�Q�M �Q�7 �i�?�2 �p�B�`�i�m���H �T�?�Q�i�Q�M �r�B�i�? �� �7�2�`�K�B�Q�M�B�+ �H�Q�Q�T
�U�r�B�i�? �#�Q�i�?e ���M�/� �V�X ���H�H �i�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �?���b �#�2�2�M �+�Q�K�T�m�i�2�/ ���M���H�v�i�B�+���H�H�v�- �T�`�Q�p�B�/�B�M�;

c2 = 0:765857423(16):

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

c3 = 24:05050982(28): �U�k�X�d�V

�a�i���`�i�B�M�; �7�`�Q�K �7�Q�m�` �H�Q�Q�T�b�- �M�m�K�2�`�B�+���H �K�2�i�?�Q�/�b ���M�/ �J�Q�M�i�2 �*���`�H�Q �b�B�K�m�H���i�B�Q�M�b �7�Q�` �i�?�2 �+�Q�K�T�m�@
�i���i�B�Q�M �Q�7 �i�?�2 �K�Q�`�2 �i�?���M �R�y�y�y �/�B���;�`���K�b �#�2�+�Q�K�2�b �M�2�+�2�b�b���`�v�- �#�2�B�M�; ���H�K�Q�b�i ���H�H �Q�7 �i�?�2�K �M�Q�i
�F�M�Q�r�M ���M���H�v�i�B�+���H�H�v �(�R�j�-�R�9�)�X �h�?�2 �7�Q�m�`�i�? �+�Q�2�{�+�B�2�M�i �B�b

c4 = 130:8734(60): �U�k�X�3�V

�6�B�M���H�H�v�- ���i �}�p�2 �H�Q�Q�T �H�2�p�2�H �i�?�2�`�2 ���`�2 �K�Q�`�2 �i�?���M �R�k�y�y�y �/�B���;�`���K �r�?�B�+�? �+���M �+�Q�M�i�`�B�#�m�i�2�X �h�?�2�B�`
�M�m�K�2�`�B�+���H �2�p���H�m���i�B�Q�M �r���b �T�2�`�7�Q�`�K�2�/ �B�M �(�R�8�) ���M�/ �B�i �T�`�Q�p�B�/�2�b

c5 = 751:917(932): �U�k�X�N�V

�a�m�K�K�B�M�; ���H�H �i�?�2 �+�Q�K�T�m�i���i�B�Q�M�b �i�Q�;�2�i�?�2�`�- �i�?�2 �Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M �i�m�`�M�b �Q�m�i �i�Q �#�2

a�Z�1�.
� = 11658471:8859(:0026)(:0009)(:0017)(:0006)� 10� 10; �U�k�X�R�y�V

�r�?�2�`�2 �i�?�2 �m�M�+�2�`�i���B�M�i�B�2�b ���`�2 �+�Q�M�b�2�[�m�2�M�+�2 �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �2�`�`�Q�`�b �B�M �i�?�2 �K�2���b�m�`�2�K�2�M�i
�Q�7� ���M�/ �Q�7 �i�?�2 �H�2�T�i�Q�M �K���b�b�2�b�- �#�m�i ���H�b�Q �Q�7 �i�?�2 �M�m�K�2�`�B�+���H �2�`�`�Q�`�b �7�Q�` �i�?�2 �7�Q�m�` ���M�/ �}�p�2 �H�Q�Q�T
�i�2�`�K�b�X

�k�X�R�X�k�1�q �+�Q�M�i�`�B�#�m�i�B�Q�M

�.�B�z�2�`�2�M�i�H�v �7�`�Q�K �i�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �B�M�i�2�`���+�i�B�Q�M�b�- �i�?�2 �1�q �Q�M�2�b ���`�2 �+�?���`���+�i�2�`�B�x�2�/ �#�v �i�?�2
�T�`�2�b�2�M�+�2 �Q�7 �K���b�b�B�p�2 �K�2�/�B���i�Q�`�b �UW � ; Z; h�V�c ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �i�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�Q �i�?�2

�3



�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

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

m �

mW

� 2
�X �h�?�B�b �+���M

�#�2 �b�2�2�M �+�H�2���`�H�v �B�M �i�?�2 �Q�M�2�@�H�Q�Q�T �1�q �/�B���;�`���K�b �r�?�B�+�? �B�M�p�Q�H�p�2 �i�?�2W ���M�/Z �#�Q�b�Q�M�b�- �i�?�2
�M�2�m�i�`�B�M�Q�b ���M�/ �i�?�2 �>�B�;�;�bh�X �h�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �?���p�2 �#�2�2�M �+�Q�K�T�m�i�2�/ ���M���H�v�i�B�+���H�H�v �B�M �(�R�e���k�y�)
���M�/ �i�?�2�B�` �b�m�K �`�2���/�b

a�1�q
� =

G� m2
�
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1 � 4 sin2 � W
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!

+ O

 
m2

�

m2
H

!#

�U�k�X�R�R�V

�r�?�2�`�2sin2 � W = 1 � M 2
W =M 2

Z � 0:223 ���M�/G� = 1:166� 10� 5 �:�2�o� 2�X �h���F�B�M�; �i�?�2

�+�Q�`�`�2�+�i�B�Q�M�bO
�

m2
�

M 2
W;Z;h

�

�i�Q �#�2 �M�2�;�H�B�;�B�#�H�2 ���H�H�Q�r�b �i�Q �}�M�/

a�1�q
� 1� �H�Q�Q�T= (19:482� 0:001)� 10� 10 �U�k�X�R�k�V

�r�?�2�`�2 �i�?�2 �m�M�+�2�`�i���B�M�i�v ���`�2 �`�2�H���i�2�/ �i�Q �i�?�2 �K�2���b�m�`�2 �Q�7 �i�?�2 �q�2�B�M�#�2�`�; ���M�;�H�2�X
���i �i�?�2 �i�r�Q �H�Q�Q�T �H�2�p�2�H �i�?�2�`�2 �B�b ���H�`�2���/�v ���M �2�H�2�p���i�2�/ �M�m�K�#�2�` �Q�7 �/�B���;�`���K�b�, �B�M�/�2�2�/�- �#�2�B�M�; �i�?�2
�a�J �� �M�Q�M�@���#�2�H�B���M �i�?�2�Q�`�v�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �+�Q�M�b�i�`�m�+�i �� �H�Q�i �Q�7 �/�B�z�2�`�2�M�i �b�i�`�m�+�i�m�`�2�b �#�v �K�2���M�b
�Q�7 �i�?�2 �i�?�`�2�2 ���M�/ �7�Q�m�` �B�M�i�2�`���+�i�B�Q�M�b ���K�Q�M�; �;���m�;�2 �#�Q�b�Q�M�b�X �J�Q�`�2�Q�p�2�`�- ���H�i�?�Q�m�;�? �i�?�2 �T�`�2�b�2�M�+�2
�Q�7 �i�?�2 ���7�Q�`�2�K�2�M�i�B�Q�M�2�/ �b�m�T�T�`�2�b�b�B�Q�M�- �i�?�2 �H�2���/�B�M�; �Q�`�/�2�` �i�r�Q �H�Q�Q�T �+�Q�M�i�`�B�#�m�i�B�Q�M �(�k�R�) �B�M�p�Q�H�p�2
�/�B���;�`���K�b �r�?�B�+�? �+�Q�M�i���B�M �� �7�2�`�K�B�Q�M�B�+ �i�`�B���M�;�H�2 �H�Q�Q�T�- �v�B�2�H�/�B�M�; �� �7���+�i�Q�`log(mW;Z =m ) ���i �i�?�2
���K�T�H�B�i�m�/�2 �H�2�p�2�H�X �A�i �2�M�?���M�+�2�b �i�?�2 �i�r�Q �H�Q�Q�T �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2 �b���K�2 �Q�`�/�2�` �Q�7 �i�?�2 �Q�M�2 �H�Q�Q�T�-
�#�m�i �r�B�i�? ���M �Q�T�T�Q�b�B�i�2 �b�B�;�M�,

a�1�q
� 2� loop = ( � 41:2 � 0:1) � 10� 10

�6�B�M���H�H�v�- �i�?�2 �i�Q�i���H �1�q �+�Q�M�i�`�B�#�m�i�B�Q�M �`�2�b�m�H�i�b

a�1�q
� = (15:36� 0:1) � 10� 10: �U�k�X�R�j�V

�k�X�R�X�j�>���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M

�h�?�2 �K�Q�b�i �B�K�T�Q�`�i���M�i �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�Q �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �+�Q�K�B�M�; �7�`�Q�K �b�i�`�Q�M�;
�B�M�i�2�`���+�i�B�Q�M�b ���`�2 �/�m�2 �i�Q �Z�1�. �/�B���;�`���K�b �r�B�i�? �[�m���`�F �H�Q�Q�T�b �U�>�o�S�V ���i �H�2���/�B�M�; �Q�`�/�2�` ���M�/ �i�?�2
�b�Q�@�+���H�H�2�/ �?���/�`�Q�M�B�+ �H�B�;�?�i�@�#�v �H�B�;�?�i �b�+���i�i�2�`�B�M�; �U�>�G�#�G�V

�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.� �
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�>�o�S �2�z�2�+�i�b ���i �?�B�;�?�2�` �Q�`�/�2�`�b �?���p�2 �#�2�2�M �+�Q�K�T�m�i�2�/ �#�m�i �i�?�2�v �i�m�`�M �Q�m�i �i�Q �#�2 ���i �H�2���b�i102

�i�B�K�2�b �b�K���H�H�2�` �i�?���M �i�?�2 �H�2���/�B�M�; �Q�`�/�2�` �(�k�k�)�X
�h�?�2�`�2 ���`�2 �p���`�B�Q�m�b ���H�i�2�`�M���i�B�p�2 �r���v�b �i�Q �2�p���H�m���i�2 �i�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b�,

�N



�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�Ç �>�o�S

�h�?�2�b�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �+���M �#�2 �2�t�i�`���+�i�2�/ �B�M�/�B�`�2�+�i�H�v �#�v �2�t���K�B�M�B�M�; �i�?�2e+ e� ���M�M�B�?�B�H���i�B�Q�M�b
�#�v �K�2���M�b �Q�7 �/�B�b�T�2�`�b�B�Q�M �B�M�i�2�;�`���H�- �� �`�2�b�m�H�i �#���b�2�/ �Q�M ���M���H�v�i�B�+�B�i�v ���M�/ �m�M�B�i���`�B�i�v �Q�7 �i�?�2S
�K���i�`�B�t �(�k�8���k�d�)�c �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�m�#�b�2�+�i�B�Q�M �i�?�B�b �T�`�Q�+�2�/�m�`�2 �r�B�H�H �#�2 �/�B�b�+�m�b�b�2�/ �[�m�B�i�2 �B�M
�/�2�i���B�H�X
�h�?�2 �`�2�b�m�H�i �B�b

a�>�o�S
� = (693:9 � 4) � 10� 10

�Ç �>�G�#�G

�h�?�2�v �?���p�2 �#�2�2�M �2�t�i�`���+�i�2�/ �#�v �m�b�B�M�; �i�?�2 �_�2�b�Q�M���M�+�2 �G���;�`���M�;�B���M ���T�T�`�Q���+�?�X �h�?�B�b
�K�2�i�?�Q�/ �B�b �#���b�2�/ �Q�M �*�?�B�`���H �S�2�`�i�m�`�#���i�B�Q�M �i�?�2�Q�`�v �U�i�?�2 �1�6�h �Q�7 �[�m���`�F�@�+�Q�M�}�M�2�/ �b�i���i�2�b
�;�Q�p�2�`�M�2�/ �#�v �i�?�2 �+�?�B�`���H �b�v�K�K�2�i�`�B�2�b �Q�7 �Z�*�.�V �2�t�i�2�M�/�2�/ �i�Q �?�B�;�?�2�` �2�M�2�`�;�B�2�b ���M�/ ���m�;�@
�K�2�M�i�2�/ �r�B�i�? �p�2�+�i�Q�` �`�2�b�Q�M���M�+�2�b�X �h�?�2�v ���`�2 �2�b�i�B�K���i�2�/ ���b �(�k�k�)�,

a�>�G�#�G
� = (10:3 � 2:9) � 10� 10:

�"�Q�i�? �i�?�2�b�2 �i�?�2�Q�`�2�i�B�+���H �i�2�+�?�M�B�[�m�2�b �+���M �#�2 �+�Q�K�T���`�2�/ �r�B�i�? �i�?�2 �G���i�i�B�+�2 �Z�*�. �U�G�Z�*�.�V ���T�T�`�Q���+�?�-
�r�?�B�+�? ���B�K�b �i�Q �Q�#�i���B�M �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �#�v �/�B�`�2�+�i�H�v �+���H�+�m�H���i�B�M�; �i�?�2 �T���i�?�@�B�M�i�2�;�`���H�b �Q�7 �i�?�2
�+�Q�M�}�M�2�/ �[�m���`�F�b ���M�/ �;�H�m�Q�M�b �m�b�B�M�; �i�?�2 �`�m�H�2�b �Q�7 �?�B�;�?�@�2�M�2�`�;�v �Z�*�. �(�k�j�)�X ���H�i�?�Q�m�;�? �i�?�B�b
�i�2�+�?�M�B�[�m�2 �B�b �M���i�m�`���H�H�v ���H�H�@�B�M�+�H�m�b�B�p�2 �`�2�;���`�/�B�M�; �i�?�2 �?���/�`�Q�M�B�+ �T�`�Q�+�2�b�b�2�b�- �B�i �B�b �H�B�K�B�i�2�/ �#�v
�+�Q�K�T�m�i���i�B�Q�M���H �+�Q�K�T�H�2�t�B�i�v�- �+���m�b�B�M�; �� �H���+�F �Q�7 �T�`�2�+�B�b�B�Q�M�X

�k�X�R�X�j�X���>�Q�r �i�Q �2�t�i�`���+�i �i�?�2 �>�G�P

�h�?�B�b �b�m�#�b�2�+�i�B�Q�M �B�b �/�2�p�Q�i�2�/ �i�Q �/�2�b�+�`�B�#�B�M�; �i�?�2 �K�2�i�?�Q�/ �2�K�T�H�Q�v�2�/ �B�M �i�?�2 �T���b�i �7�Q�` �i�?�2 �B�M�/�B�`�2�+�i
�2�t�i�`���+�i�B�Q�M �Q�7 �i�?�2 �H�2���/�B�M�; �Q�`�/�2�` �>�o�S �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Qa� ���M�/�- �b�m�#�b�2�[�m�2�M�i�H�v�- �i�Q �H���v�Q�m�i ��
�M�Q�p�2�H �K�2�i�?�Q�/ �(�k�9�) �i�?���i �7�Q�`�K�b �i�?�2 �#���b�B�b �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i�X
�6�B�`�b�i �Q�7 ���H�H�- �� �;�2�M�2�`�B�+ �p���+�m�m�K �T�Q�H���`�B�b���i�B�Q�M �U�o�S�V �7�m�M�+�i�B�Q�M �B�b �m�b�m���H�H�v �/�2�M�Q�i�2�/ ���b�( q2)�X
�a�B�M�+�2 �i�?�2 �a�J �B�b �� �`�2�M�Q�`�K���H�B�b���#�H�2 �i�?�2�Q�`�v�- �i�?�2 �#���/ �/�B�p�2�`�;�2�M�i �#�2�?���p�B�Q�m�` ���i �H���`�;�2 �K�Q�K�2�M�i��
�B�b �`�2�;�m�H���i�2�/ �#�v �i�?�2 �B�M�i�`�Q�/�m�+�i�B�Q�M �Q�7 �� �T�`�Q�T�2�` �+�Q�m�M�i�2�`�i�2�`�K �r�?�B�+�? �;�2�M�2�`���i�2�b ���M ���M���H�Q�;�Q�m�b
�/�B���;�`���K�- �Q�M�H�v �r�B�i�? �i�?�2 �b�v�K�#�Q�H
 �B�M�/�B�+���i�B�M�; �i�?�2 �+�Q�m�M�i�2�`�i�2�`�K �B�M�b�2�`�i�B�Q�M �B�M �T�H���+�2 �Q�7 �i�?�2
�p���+�m�m�K �T�Q�H���`�B�b���i�B�Q�M �7�m�M�+�i�B�Q�M�,

� �




� �
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� �
 


�P�M�H�v �i�?�2 �b�m�K �Q�7 �i�?�2�b�2 �i�r�Q �/�B���;�`���K�b ���H�H�Q�r�b �i�Q �;�2�i �`�B�/ �Q�7 ���M�v �m�M�T�?�v�b�B�+���H �/�B�p�2�`�;�2�M�+�2�b ���i
�H���`�;�2 �K�Q�K�2�M�i���X �"�v �B�K�T�Q�b�B�M�; �i�?���i �i�?�2 �H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M �#�2 �p���M�B�b�?�B�M�; �B�M �i�?�2 �H�Q�r�@�K�Q�K�2�M�i�m�K
�i�`���M�b�7�2�` �H�B�K�B�i �U�r�?�B�+�? �B�b �� �+�Q�M�b�B�b�i�2�M�+�v �r�B�i�? �i�?�2 �+�H���b�b�B�+���H �H�B�K�B�i�V�- �i�?�B�b �+�Q�m�M�i�2�`�i�2�`�K �i�m�`�M�b

�R�y



�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�Q�m�i �i�Q �#�2� �(0) �X �h�?�2�`�2�7�Q�`�2 �7�`�Q�K �M�Q�r �Q�M �B�i �r�B�H�H �#�2 �/�B�`�2�+�i�H�v �+�Q�M�b�B�/�2�`�2�/ �i�?�2 �`�2�M�Q�`�K���H�B�b�2�/
�[�m���M�i�B�i�v

��( q2) = �( q2) � �(0) =
q2

�

Z + 1

s0

ds
Im[�( s)]

s (s � q2 � i" )
; �U�k�X�R�9�V

�r�?�2�`�2s0 �B�b �i�?�2 �b�i���`�i�B�M�; �T�Q�B�M�i �Q�7 �i�?�2 �H�B�;�?�i�2�b�i �#�`���M�+�? �+�m�i�X
�L�Q�r�- �H�2�i�ö�b �+�Q�M�b�B�/�2�`e+ e� ���M�M�B�?�B�H���i�B�Q�M �r�B�i�? �� �p���+�m�m�K�@�T�Q�H���`�B�b���i�B�Q�M �B�M�b�2�`�i�B�Q�M�X �1�t�T�H�Q�B�i�B�M�;
�i�?�2 �Q�T�i�B�+���H �i�?�2�Q�`�2�K�- �/�B���;�`���K�K���i�B�+���H�H�v �i�?�B�b �`�2���/�b

2 Im
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7
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7
7
7
7
7
7
7
7
5

2

���M�/ �B�i �B�b �i�2�H�H�B�M�; �m�b �i�?���i �i�?�2 �B�K���;�B�M���`�v �T���`�i �Q�7 �i�?�2 �p���+�m�m�K �T�Q�H���`�B�b���i�B�Q�M �B�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q
�i�?�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M �Q�7 �i�?�2 �T�`�Q�+�2�b�be+ e� ! �;�2�M�2�`�B�+ �T���`�i�B�+�H�2�b�X �a�B�M�+�2 �7�Q�` �i�?�2 �}�M���H �T�m�`�T�Q�b�2 �r�2
���`�2 �B�M�i�2�`�2�b�i�2�/ �B�M �i�?�2 �?���/�`�Q�M�B�+ �p���+�m�m�K �T�Q�H���`�B�x���i�B�Q�M�- �i�?�2 ���i�i�2�M�i�B�Q�M �r�B�H�H �#�2 �T�m�i �Q�M�H�v �i�Q �i�?�2
�T���`�i�B�+�m�H���` �+���b�2 �Q�7e+ e� ! �?���/�`�Q�M�b�X
�l�b�m���H�H�v �i�?�2 �?���/�`�Q�M�@�T�`�Q�/�m�+�i�B�Q�M �+�`�Q�b�b �b�2�+�i�B�Q�M �B�b �K�2���b�m�`�2�/ �B�M �m�M�B�i�b �Q�7 �i�?�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M �Q�7 �i�?�2
�T�`�Q�+�2�b�be+ e� ! � + � � �B�M �i�?�2me = 0 �H�B�K�B�i�X �A�i �B�b�- �i�?�2�M�- �b�m�B�i���#�H�2 �i�Q �/�2�}�M�2 �i�?�2R 
 (s) �7���+�i�Q�`

R 
 (s) :=
� (e+ e� ! 
 ! �?���/�`�Q�M�b)
� (e+ e� ! 
 ! � + � � )

=
� (e+ e� ! 
 ! �?���/�`�Q�M�b)

4�� 2

3s

: �U�k�X�R�8�V

�S�H�m�;�;�B�M�;�U�k�X�R�9�V���M�/�U�k�X�R�8�V�i�Q�;�2�i�?�2�`�- �Q�M�+�2 �2�t�T�H�Q�B�i�2�/ ���M���H�v�i�B�+���H�H�v �i�?�2 �`�2�H���i�B�Q�M �T�`�Q�p�B�/�2�/ �#�v
�i�?�2 �Q�T�i�B�+���H �i�?�2�Q�`�2�K�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �}�M�/

��( q2) = �( q2) � �(0) =
�q 2

3�

Z + 1

4m2
�

ds
R 
 (s)

s (s � q2 � i" )
�U�k�X�R�e�V

�r�?�2�`�2s0 �M�Q�r �b�i���`�i�b ���i �i�?�2� �K���b�b�- �b�B�M�+�2 �i�?�2 �T�B�Q�M�b ���`�2 �i�?�2 �H�B�;�?�i�2�b�i �?���/�`�Q�M�b �i�?���i �+���M �#�2
�T�`�Q�/�m�+�2�/�X
�L�Q�r�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �/�2�`�B�p�2 �i�?�2 �2�t�T�`�2�b�b�B�Q�M �7�Q�` �i�?�2 �>�o�S �+�Q�`�`�2�+�i�B�Q�M�b �i�Qa� �X �h�?�2 ���K�T�H�B�i�m�/�2
�+���M �#�2 �2���b�B�H�v �`�2�+�Q�p�2�`�2�/ �7�`�Q�K �i�?���i �Q�7 �i�?�2 �Z�1�. �i�?�`�2�2 �T�Q�B�M�i �p�2�`�i�2�t �7�m�M�+�i�B�Q�M �K�Q�/�B�7�v�B�M�; �i�?�2
�B�M�i�2�`�M���H �T�?�Q�i�Q�M �T�`�Q�T���;���i�Q�` �r�B�i�? �i�?�2 �B�M�b�2�`�i�B�Q�M �Q�7 �i�?�2 �`�2�M�Q�`�K���H�B�b�2�/ �o�S �7�m�M�+�i�B�Q�M�� (q2) ���b ��
�K�m�H�i�B�T�H�B�+���i�B�p�2 �7���+�i�Q�`�,

� ie�u (p2) � � (p1; p2) u (p1) =

= ie� "=2
Z dD q

(2� )D

� ig��

q2

h
��

�
q2

�i
�u (p2)

2

4 
 �
i

h�
=q + =p2

�
+ m�

i

(q+ p2)2 � m�

 �

i
h�

=q + =p1

�
+ m�

i

(q+ p1)2 � m�

 �

3

5 u (p1) =

= � ie� "=2 �
3�

Z + 1

4m2
�

ds
s

R 
 (s)
Z dD q

(2� )D

� ig��

q2 � s
�

� �u (p2)

2

4 
 �
i

h�
=q + =p2

�
+ m�

i

(q+ p2)2 � m�

 �

i
h�

=q + =p1

�
+ m�

i

(q+ p1)2 � m�

 �

3

5 u (p1) =

=
� 2

3� 2

Z + 1

4m2
�

ds
s

R 
 (s)�u (p2)

"

F1

�
k2; s

�

 � +

i
2m�

F2

�
k2; s

�
� �� 
 �

#

u (p1) :

�U�k�X�R�d�V
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�k�X�R�X �h�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M

�r�?�2�`�2 �i�?�2 �`�2�b�m�H�i �?���b �#�2�2�M �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �i�?�2 �i�r�Q �7�Q�`�K �7���+�i�Q�`�bF1;2�X �A�M �Q�`�/�2�` �i�Q �}�M�/
�i�?�2g�@�7���+�i�Q�` �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �b�2�M�/k ! 0 ���M�/ �i�Q �`�2�+���H�H �i�?���i �B�M �i�?�B�b �H�B�K�B�iF1(0; s) = 1 �- �7�Q�`
�+�Q�M�b�B�b�i�2�M�+�v �r�B�i�? �i�?�2 �`�2�M�Q�`�K���H�B�b���i�B�Q�M �+�Q�M�/�B�i�B�Q�M�b�X �h�?�2F1 �7���+�i�Q�` �`�2�T�`�Q�/�m�+�2�b �i�?�2 �i�`�2�2�@�H�2�p�2�H
�+�Q�M�i�`�B�#�m�i�B�Q�M�- �i�?�2�`�2�7�Q�`�2 �i�Q �}�M�/ �i�?�2 ���M�Q�K���H�v �Q�M�2 �7�Q�+�m�b�2�b �Q�M �i�?�2F2(0; s) �+�Q�M�i�`�B�#�m�i�B�Q�M�X �h�?�2
�b�i���M�/���`�/ �r���v �B�M �H�B�i�2�`���i�m�`�2 �i�Q �2�t�T�`�2�b�b �b�m�+�? �� �`�2�b�m�H�i �B�b�,

a�>�G�P
� =

� 2

3� 2

Z + 1

4m2
�

ds
s

R 
 (s)K (2)
� (s) �U�k�X�R�3�V

K (2)
� (s) =

Z 1

0
dx

x2(1 � x)
x2 + (1 � x)s=m2

�

�h�?�B�b �`�2�b�m�H�i �b�?�Q�r�b �B�i�b �m�i�B�H�B�i�v �Q�M�+�2 �b�T�H�B�i�i�2�/ �B�M�i�Q �i�r�Q �T���`�i�b �B�M �i�?�2 �B�M�i�2�;�`���i�B�Q�M �`���M�;�2 �#�v
�b�2�i�i�B�M�; �i�?�2 �`�2�7�2�`�2�M�+�2 �b�+���H�2~s �m�T�Q�M �r�?�B�+�? �Z�*�. �+���M �#�2 �+�Q�K�T�m�i�2�/ �T�2�`�i�m�`�#���i�B�p�2�H�v�X �h�?�2�M�-
�i�?�2�`�2 �r�B�H�H �#�2 �i�r�Q �+�Q�M�i�`�B�#�m�i�B�Q�M�b�, �i�?�2 �?�B�;�?�@�2�M�2�`�;�v �i�2�`�K�- �B�M �r�?�B�+�? �i�?�2R 
 �7���+�i�Q�` �+���M �#�2
�+�Q�K�T�m�i�2�/ ���M���H�v�i�B�+���H�H�v�- ���M�/ �i�?�2 �H�Q�r �2�M�2�`�;�v �Q�M�2�- �B�M �r�?�B�+�?R 
 �+���M �#�2 �K�2���b�m�`�2�/ �2�t�T�2�`�B�K�2�M�i���H�H�v
�#�v ���M�M�B�?�B�H���i�B�M�;e+ e� �T���B�`�b ���M�/ �K�2���b�m�`�B�M�; �i�?�2 �`�2�H���i�B�p�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M�b �L�2�p�2�`�i�?�2�H�2�b�b�- �i�?�2
�K�2���b�m�`�2 �Q�7 �i�?�2 �H���i�i�2�` �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �M�Q�i �2���b�v �i�Q �T�2�`�7�Q�`�K ���M�/ �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �/�B�{�+�m�H�i�B�2�b
�B�M �B�i�b ���M���H�v�b�B�b �+�Q�M�b�i�B�i�m�i�2�b �i�?�2 �#�B�; �m�M�+�2�`�i���B�M�i�v �B�M �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M�X �A�M�/�2�2�/R 
 �B�b �?�B�;�?�H�v
�~�m�+�i�m���i�B�M�; ���i �H�Q�r �2�M�2�`�;�v �/�m�2 �i�Q �i�?�2 �T�`�2�b�2�M�+�2 �Q�7 �� �H�Q�i �Q�7 �`�2�b�Q�M���M�+�2�b ���M�/ �i�?�`�2�b�?�Q�H�/ �2�z�2�+�i�b�-
���b �B�i �+���M �#�2�2�M �b�2�2�M �#�v �i�?�2 �T�H�Q�i

�6�B�;�m� �̀2 �k�X�k�,�"�2�?���p�B�Q�m�` �Q�7 �i�?�2 �7�m�M�+�i�B�Q�MR 
 �B�M �i�?�2 �M�Q�M�@�T�2�`�i�m�`�#���i�B�p�2 �`�2�;�B�Q�M
p

s 2 [0; 13] �:�2�o�X
�L�Q�i�2 �i�?�2 �?�B�;�? �M�m�K�#�2�` �Q�7 �`�2�b�Q�M���M�+�2�b �B�M �+�Q�`�`�2�b�T�Q�M�/�2�M�+�2 �Q�7 �K�2�b�Q�M�b �T�`�Q�/�m�+�i�B�Q�M �i�?�`�2�b�?�Q�H�/�b�c
�Q�M �i�?�2 �Q�i�?�2�` �b�B�/�2�- �i�?�2 �`�2�;�B�Q�M �r�B�i�?

p
s > 13 �:�2�o �B�b �r�2�H�H �`�2�T�`�Q�/�m�+�2�/ �#�v �T�2�`�i�m�`�#���i�B�p�2 �Z�*�.�X

�R�k



�k�X�k�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�k�X�k�h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i �(�j�8�) �?���b �#�2�2�M �i�?�Q�m�;�?�i ���b ���M ���H�i�2�`�M���i�B�p�2 ���M�/ �+�Q�K�T�2�i�B�i�B�p�2 �r���v �i�Q
�2�t�i�`���+�i �i�?�2 �H�2���/�B�M�; �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Qa� �r�B�i�?�Q�m�i �`�2�H�v�B�M�; �Q�M �i�?�2 �K�2���b�m�`�2 �Q�7 �i�?�2
�+�`�Q�b�b �b�2�+�i�B�Q�M �7�Q�` �i�?�2 �T�`�Q�+�2�b�be+ e� ! hadrons�- �#�2�B�M�; �B�i�b �#�2�?���p�B�Q�m�` ���i �H�Q�r �2�M�2�`�;�B�2�b �i�?�2
�`�2�b�T�Q�M�b�B�#�H�2 �Q�7 �i�?�2 �#�B�; �m�M�+�2�`�i���B�M�i�v �B�M �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M�X
�>�Q�r�2�p�2�`�- �#�2�7�Q�`�2 �2�M�i�2�`�B�M�; �B�M �i�?�2 �/�2�i���B�H�2�/ �/�2�b�+�`�B�T�i�B�Q�M �Q�7 �i�?�B�b �2�t�T�2�`�B�K�2�M�i�- �H�2�i�ö�b �}�`�b�i�H�v �/�B�b�+�m�b�b
�i�?�2 �F�B�M�2�K���i�B�+�b �Q�7 �i�?�2 �T�`�Q�+�2�b�b�X

�k�X�k�X�R�E�B�M�2�K���i�B�+�b

�J�l�Q�M�1 �B�b �� �}�t�2�/ �i���`�;�2�i �2�t�T�2�`�B�K�2�M�i �B�M �r�?�B�+�? �2�M�2�`�;�2�i�B�+ �K�m�Q�M�b �b�+���i�i�2�` �r�B�i�? �2�H�2�+�i�`�Q�M�b ���i
�`�2�b�i�X �h�?�2 �T�`�Q�+�2�b�b �+���M �#�2 �b�+�?�2�K���i�B�+���H�H�v �r�`�B�i�i�2�M ���b

e� (p1) + � � (p2) ! e� (p3) + � � (p4);

�r�B�i�? �i�?�2 �i�?�`�2�2 �J���M�/�2�H�b�i���K �p���`�B���#�H�2�b �r�?�B�+�? ���`�2 �b�B�K�T�H�v

s = ( p1 + p2)2 = ( p3 + p4)2; t = ( p1 � p3)2 = ( p2 � p4)2; u = ( p1 � p4)2 = ( p2 � p3)2

���M�/ �r�?�B�+�? �b���i�B�b�7�vs + t + u = 2m2
� + 2m2

e�X
�A�M �i�?�2 �`�2�7�2�`�2�M�+�2 �7�`���K�2 �Q�7 �i�?�2 �H���#�Q�`���i�Q�`�v�- �i�?�2 �K�Q�K�2�M�i�� �Q�7 �i�?�2 �B�M�p�Q�H�p�2�/ �T���`�i�B�+�H�2�b ���`�2 �2�t�T�H�B�+�B�i�H�v

�Ç p�
1 = ( me; 0)

�Ç p�
2 = ( E � ; ~p� )

�Ç p�
3 = ( E 0

e; ~pe
0)

�Ç p�
4 = ( E 0

� ; ~p�
0)

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

m2
i + j~pi j

2�X
�A�M �i�?�2 �2�t�T�2�`�B�K�2�M�i �i�?�2 �2�M�2�`�;�v �Q�7 �i�?�2 �B�M�+�Q�K�B�M�; �K�m�Q�M �~�m�t �B�bE � = 150 �:�2�o �U�r�?�B�+�? �B�b ��
�i�v�T�B�+���H �2�M�2�`�;�v ���p���B�H���#�H�2 ���i �i�?�2 �J�k �#�2���K �H�B�M�2 �B�M �*�1�_�L�ö�b �L�Q�`�i�? ���`�2���V�c �i�?�2�M�- �;�B�p�2�ME

0

e �i�?�2
�`�2�+�Q�B�H �2�M�2�`�;�v �Q�7 �i�?�2 �2�H�2�+�i�`�Q�M�b�- �B�i �7�Q�H�H�Q�r�b

s = 2meE � + m2
� + m2

e = 0:164 �:�2�o2; t = � 2me(E
0

e � me) �U�k�X�R�N�V

�r�B�i�?

tmin < t < 0 ���M�/ tmin = �
� (s; m2

e; m2
� )

s
= � 0:143 �:�2�o2; �U�k�X�k�y�V

�r�?�2�`�2� (x; y; z) = x2 + y2 + z2 � 2xy � 2yz � 2xz �B�b �i�?�2 �E� �H�H�2�M �7�m�M�+�i�B�Q�M�X �J�Q�`�2�Q�p�2�`�- �B�i �B�b
���H�b�Q �+�Q�M�p�2�M�B�2�M�i �i�Q �/�2�}�M�2 �i�?�2 �p���`�B���#�H�2x�- �r�?�B�+�? �B�b �`�2�H���i�2�/ �i�Qt �#�v

x(t) =

0

@1 �

s

1 �
4m2

�

t

1

A t
2m2

�
: �U�k�X�k�R�V

�h�?�2 �+�Q�M�b�2�`�p���i�B�Q�M �Q�7 �i�?�2 �i�Q�i���H �7�Q�m�`�@�K�Q�K�2�M�i�m�K �B�K�T�H�B�2�b �2�t�T�H�B�+�B�i�H�v �i�?�2 �i�r�Q �2�[�m���i�B�Q�M�b
8
<

:
me + E � = E 0

e + E 0
� ) E � = Te + E 0

�

~p� = ~pe
0+ ~p�

0 ; �U�k�X�k�k�V

�R�j



�k�X�k�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�r�?�2�`�2 �B�M �i�?�2 �}�`�b�i �Q�M�2 �i�?�2 �/�2�}�M�B�i�B�Q�M �Q�7 �F�B�M�2�i�B�+ �2�M�2�`�;�vE 0
e = me+ Te �?���b �#�2�2�M �m�b�2�/�X �_�2�r�`�B�i�B�M�;

�i�?�2 �b�2�+�Q�M�/ �2�[�m���i�B�Q�M ���b~p�
0 = ~p� � ~pe

0�- �B�i �7�Q�H�H�Q�r�b �i�?�2 �2�[�m���H�B�i�v

�
�
� ~p�

0
�
�
�
2

=
�
�
� ~pe

0
�
�
�
2

+ j ~p� j2 � 2
�
�
� ~pe

0
�
�
� j ~p� j cos� e; �U�k�X�k�j�V

�r�?�2�`�2� e �B�b �i�?�2 �/�B�z�m�b�B�Q�M ���M�;�H�2 �Q�7 �i�?�2 �2�H�2�+�i�`�Q�M �`�2�b�T�2�+�i �i�Q �i�?�2 �/�B�`�2�+�i�B�Q�M �Q�7 �i�?�2 �B�M�+�B�/�2�M�i �K�m�Q�M�c
�2�t�T�H�Q�B�i�B�M�; ���H�b�Q �i�?�2 �2�M�2�`�;�v �+�Q�M�b�2�`�p���i�B�Q�M�- �i�?�B�b ���M�;�H�2 �b���i�B�b�}�2�b �i�?�2 �`�2�H���i�B�Q�M

cos� e =

�
�
� ~pe

0
�
�
�
2

+ j ~p� j2 �
�
�
� ~p�

0
�
�
�
2

2
�
�
� ~pe

0
�
�
� j ~p� j

: �U�k�X�k�9�V

�h�?�2 �/�B�z�m�b�B�Q�M ���M�;�H�2 �Q�7 �i�?�2 �K�m�Q�M�-� � �- �+���M �#�2 �Q�#�i���B�M�2�/ �T�`�Q�+�2�2�/�B�M�; �B�M �i�?�2 �b���K�2 �r���v�- �i�?�B�b
�i�B�K�2 �`�2�r�`�B�i�B�M�; �i�?�2 �b�2�+�Q�M�/ �2�[�m���i�B�Q�M �Q�7 �U�k�X�k�k�V ���b~p� � ~p�

0 = ~pe
0 ���M�/�- ���;���B�M�- �b�[�m���`�B�M�; �B�i�,

cos� � =

�
�
� ~p�

0
�
�
�
2

+ j ~p� j2 �
�
�
� ~pe

0
�
�
�
2

2
�
�
� ~p�

0
�
�
� j ~p� j

: �U�k�X�k�8�V

�L�Q�r �H�2�i�ö�b �b�2�2 �?�Q�r �i�Q �}�M�/ �i�?�2 �K���t�B�K�m�K �p���H�m�2 �7�Q�` �i�?�2�b�2 �i�r�Q ���M�;�H�2�b�X �A�M �Q�`�/�2�` �i�Q ���+�?�B�2�p�2 �i�?�B�b
�T�m�`�T�Q�b�2�- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �2�[�m���i�2 �i�?�2 �p���H�m�2 �Q�7 �i�?�2 �J���M�/�2�H�b�i���K �p���`�B���#�H�2s �B�M �i�?�2 �H���#�Q�`���i�Q�`�v
�7�`���K�2 �Uslab�V �r�B�i�? �i�?���i �B�M �i�?�2 �+�2�M�i�2�` �Q�7 �K���b�b �7�`���K�2 �Uscm �V�- �r�?�2�`�2 �i�?�2�B�` �2�t�T�H�B�+�B�i �2�t�T�`�2�b�b�B�Q�M ���`�2

slab = ( E � + m)2 � j ~p� j2 = m2
� + m2

e + 2E � me

scm = ( E �
� + E �

e)2;

�r�B�i�?Ee;� =
q

p� 2 + m2
e;� �c �� �H�B�i�i�H�2 �#�B�i �Q�7 �2���b�v ���H�;�2�#�`�� �H�2���/�b �i�Q

p� 2 =
m2

e(E � � m� )
m2

em2
� + 2meEe

: �U�k�X�k�e�V

�h�?�2 �K���t�B�K�m�K ���M�;�H�2�b �2�t�B�b�i �B�7 ���M�/ �Q�M�H�v �B�7 �i�?�2 �+�Q�M�/�B�i�B�Q�M

� =

q
E 2

� � m2
�

E � + me
> � �

e;� =
p�

q
p� 2 + m2

e;�

�U�k�X�k�d�V

�B�b �b���i�B�b�}�2�/�c �B�M�b�2�`�i�B�M�; �1�[�X �U�k�X�k�e�V �B�M� e;� �B�i �7�Q�H�H�Q�r�b

� e = �; � � =

q
E 2

� � m2
�

E � + me

�
m2

�

m2
e

� < � �U�k�X�k�3�V

�7�`�Q�K �r�?�B�+�?�- �m�b�B�M�; �i�?�2 �;�2�M�2�`���H �`�2�H���i�B�Q�Msin� max
e;� = � �

e;� 
 �
e;�

�
 �- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �}�M�/

sin� max
� =

me

m�
; sin� max

e = 1 ) � max
e;� = 90°: �U�k�X�k�N�V

���M�Q�i�?�2�` �B�K�T�Q�`�i���M�i �[�m���M�i�B�i�v �i�?���i �+���M �#�2 �7�Q�m�M�/ �B�b �i�?�2 �2�M�2�`�;�vE 0
e �Q�7 �i�?�2 �/�B�z�m�b�2�/ �2�H�2�+�i�`�Q�M�b

���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 ���M�;�H�2� e�X �h�?�B�b �+���M �#�2 �/�Q�M�2 �m�b�B�M�; �i�?�2 �G�Q�`�2�M�i�x �i�`���M�b�7�Q�`�K���i�B�Q�ME �
e =


 (E 0
e � �p 0

e cos� e) = 
m e�- �r�?�2�`�2 �B�i �?���b �#�2�2�M �m�b�2�/ �i�?�2 �7���+�i �i�?���i �B�M �i�?�2 �+�2�M�i�2�` �Q�7 �K���b�b �7�`���K�2
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�k�X�k�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�i�?�2 �2�M�2�`�;�v �Q�7 �i�?�2 �2�H�2�+�i�`�Q�M �B�b �i�?�2 �b���K�2 �#�2�7�Q�`�2 ���M�/ ���7�i�2�` �i�?�2 �b�+���i�i�2�`�B�M�; �UE �
e �V�X �a�Q�H�p�B�M�; �7�Q�`E 0

e
�B�i �+���M �#�2 �7�Q�m�M�/�,

E 0
e(� e) = me

 
1 + � 2 cos� e

2

1 � � 2 cos� e
2

!

; �U�k�X�j�y�V

�7�`�Q�K �r�?�B�+�? �B�i �7�Q�H�H�Q�r�bE 0
e(�

max
e ) = me�X �J�Q�`�2�Q�p�2�`�- �m�b�B�M�; ���;���B�M �i�?�2 �G�Q�`�2�M�i�x �i�`���M�b�7�Q�`�K���i�B�Q�M

�T�`�Q�p�B�/�2�/ �D�m�b�i ���#�Q�p�2�- �i�Q�;�2�i�?�2�` �r�B�i�? �i�?�2 �2�t�T�H�B�+�B�i �2�t�T�`�2�b�b�B�Q�M �7�Q�`� �T�`�2�b�2�M�i �B�M�U�k�X�k�d�V�- �B�i �B�b
�T�Q�b�b�B�#�H�2 �i�Q �b�2�2 �i�?���i �i�?�2 �F�B�M�2�i�B�+ �2�M�2�`�;�v �i���F�2�b �B�i�b �K���t�B�K�m�K �p���H�m�2 �7�Q�`cos� � = 1�- �r�?�B�+�? �?���b
�2�t�T�H�B�+�B�i �2�t�T�`�2�b�b�B�Q�M

Tmax
e =

2me(E 2
� � m2

� )
2meE � + m2

e + m2
�

: �U�k�X�j�R�V

�h�?�B�b �`�2�b�m�H�i�b �B�b �b�i�`�B�+�i�H�v �H�B�M�F�2�/ �i�Q �i�?�2 �/�B�z�2�`�2�M�+�2� Ee = E
0max
e � E

0min
e = 2
�p � �c �B�M�/�2�2�/�-

�B�M�b�2�`�i�B�M�; �i�?�2 �m�b�m���H �[�m���M�i�B�i�B�2�b ���H�`�2���/�v �/�2�`�B�p�2�/�- �B�i �i�m�`�M�b �Q�m�i �i�Q �#�2 �2�t���+�i�H�vTmax
e �,

� Ee =
2me(E 2

� � m2
� )

2meE � + m2
e + m2

�
� Tmax

e : �U�k�X�j�k�V

�h�?�B�b �`�2�b�m�H�i�b �b�?�Q�m�H�/ �M�Q�i �b�m�`�T�`�B�b�2 �b�B�M�+�2�- �M�Q�i�B�+�B�M�; �i�?���iTmin
e = 0�- �B�i �7�Q�H�H�Q�r�b �B�K�K�2�/�B���i�2�H�v �7�`�Q�K

� Ee = Tmax
e � Tmin

e �X

�k�X�k�X�k�h�?�2�Q�`�2�i�B�+���H �K�Q�i�B�p���i�B�Q�M�b �7�Q�` �J�l�Q�M�1

�>���p�B�M�; �/�B�b�+�m�b�b�2�b �i�?�2 �#���b�B�+�- �#�m�i �b�i�B�H�H �7�m�M�/���K�2�M�i���H�- �F�B�M�2�K���i�B�+���H �7�2���i�m�`�2�b �Q�7 �i�?�2�e �b�+���i�i�2�`�B�M�;�-
�r�2 �+���M �M�Q�r �i�m�`�M �Q�M �i�?�2 �i�?�2�Q�`�2�i�B�+���H �K�Q�i�B�p���i�B�Q�M�b �7�Q�` �i�?�B�b �2�t�T�2�`�B�K�2�M�i�X
���b ���7�Q�`�2�K�2�M�i�B�Q�M�2�/�- �i�?�2 �B�/�2�� �r�?�B�+�? �?���b �K�Q�i�B�p���i�2�/ �i�?�2 �T�`�Q�T�Q�b���H �Q�7 �J�l�Q�M�1 �`�2�H�B�2�b �B�M �i�?�2
�M�2�2�/�2�/ �i�Q �}�M�/ ���M ���H�i�2�`�M���i�B�p�2 �r���v �i�Qe+ e� ! hadrons �T�`�Q�+�2�b�b�2�b �7�Q�` �i�?�2 �2�t�i�`���+�i�B�Q�M �Q�;a�>���/

� �X
�h�?�B�b �+���M �#�2 ���+�?�B�2�p�2�/ �M�Q�i�B�+�B�M�; �i�?���i�- �Q�M�+�2 �i�Q�Q�F ���;���B�M �i�?�2 �T�`�2�p�B�Q�m�b �`�2�b�m�H�i�b�-a�>�G�P

� �+���M �#�2
�`�2�H���i�2�/ �i�Q �i�?�2 �`�m�M�M�B�M�; �Q�7� �Z�1�. �r�Q�`�F�B�M�; �B�M �i�?�2 �b�T���+�2�@�H�B�F�2 �`�2�;�B�Q�M�X �a�r�B�i�+�?�B�M�; �i�?�2s ���M�/x
�B�M�i�2�;�`���i�B�Q�M�b �(�j�e�) �B�M �1�[�X �U�k�X�R�3�V �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �Q�#�i���B�M

a�>�G�P
� =

�
�

Z 1

0
dx(x � 1) �� �>���/[t(x)]; �U�k�X�j�j�V

�r�B�i�?

t(x) =
x2m2

�

x � 1
< 0; �U�k�X�j�9�V

�r�?�2�`�2 �i�?�2 �B�M�i�2�;�`���H �B�b �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �i�?�2 �`�2�M�Q�`�K���H�B�b�2�/ �>�o�S �7�m�M�+�i�B�Q�M �r�B�i�? �i�?�2
�b�T���+�2�@�H�B�F�2 �p���`�B���#�H�2t�- �B�M �+�Q�M�i�`���b�i �i�Q �i�?�2 �i�B�K�2�@�H�B�F�2 �p���`�B���#�H�2s �Q�7 �i�?�2 �T�`�2�p�B�Q�m�b �`�2�H���i�B�Q�M�X
�G�2�i �m�b �M�Q�r �i���F�2 �� �H�Q�Q�F ���i �i�?�2 �`�m�M�M�B�M�; �Q�7 �i�?�2 �Z�1�. �+�Q�m�T�H�B�M�; �+�Q�M�b�i���M�i� �- ���M�Q�i�?�2�` �r�2�H�H�@
�m�M�/�2�`�b�i�Q�Q�/ �2�z�2�+�i �Q�7 �`���/�B���i�B�p�2 �+�Q�`�`�2�+�i�B�Q�M�b�X �A�i �B�b �r�`�B�i�i�2�M �/�Q�r�M ���i �� �b�T�2�+�B�}�2�/ �b�[�m���`�2�/
�K�Q�K�2�M�i�m�K �i�`���M�b�7�2�`q2 �B�M �i�2�`�K�b �Q�7� �K�2���b�m�`�2�/ ���i �� �/�B�z�2�`�2�M�i �b�[�m���`�2�/ �K�Q�K�2�M�i�m�K �i�`���M�b�7�2�`
���M�/ �i�?�2 �;�2�M�2�`���H �o�S �7�m�M�+�i�B�Q�M

� (t) =
� (0)

1 � � � (t)
�U�k�X�j�8�V

� � � (q2) = �_�2[ ��( q2)]:

� � �?���b �p���`�B�Q�m�b �+�Q�M�i�`�B�#�m�i�B�Q�M�- �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �F�B�M�/�b �Q�7 �o�S �7�m�M�+�i�B�Q�M�b ���i �T�H���v�X �A�M �T���`�i�B�+�m�H���`�-
� � �Z�1�. �- �;�B�p�2�M �#�v �i�?�2 �Z�1�. �+�Q�`�`�2�+�i�B�Q�M�b �i�Q �i�?�2 �T�?�Q�i�Q�M �T�`�Q�T���;���i�Q�`�- �B�b �p�2�`�v �r�2�H�H �F�M�Q�r�M ���M�/

�R�8



�k�X�k�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�B�i�b �+�Q�M�i�`�B�#�m�i�B�Q�M �+���M �#�2 �7���+�i�Q�`�B�b�2�/ �7�`�Q�K �i�?�2 �r�?�Q�H�2 �`�m�M�M�B�M�; �B�M �Q�`�/�2�` �i�Q �B�b�Q�H���i�2 �i�?�2 �?���/�`�Q�M�B�+
�+�Q�M�i�`�B�#�m�i�B�Q�M� � �>���/ �X
�h�?�2 �+�Q�`�`�2�+�i�B�Q�M�b �i�Q� �K�m�b�i �/�2�T�2�M�/ �Q�M�H�v �Q�M �i�?�2 �`�2���H �T���`�i �Q�7�� �- �b�B�M�+�2 �i�?�2 �o�S �7�m�M�+�i�B�Q�M
�+���M ���+�[�m�B�`�2 �� �M�Q�M�@�p���M�B�b�?�B�M�; �B�K���;�B�M���`�v �T���`�i �r�?�2�M�2�p�2�`q2 > 4m2�- �r�B�i�?m �i�?�2 �K���b�b �Q�7
�b�Q�K�2 �K���b�b�B�p�2 �T���`�i�B�+�H�2 �B�M�p�Q�H�p�2�/ �B�M �i�?�2 �o�S�X �L�2�p�2�`�i�?�2�H�2�b�b�- �B�7 �i�?�2 �i�`���M�b�7�2�`�`�2�/ �K�Q�K�2�M�i�m�K
q2 �B�b �b�T���+�2�@�H�B�F�2�- �i�?�2�M�� (q2) �+���M �#�2 �b���7�2�H�v �B�/�2�M�i�B�}�2�/ �r�B�i�? �B�i�b �`�2���H �T���`�i�- �b�B�M�+�2 �#�v �i�?�2 �b���K�2
�m�M�B�i���`�B�i�v�@�#���b�2�/ �`�2���b�Q�M�B�M�; �i�?�2 �B�K���;�B�M���`�v �T���`�i �r�Q�m�H�/ �p���M�B�b�? �B�M �i�?���i �F�B�M�2�K���i�B�+ �`�2�;�B�Q�M�X
�"���b�2�/ �Q�M �i�?�2�b�2 �+�Q�M�b�B�/�2�`���i�B�Q�M�b�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �H���v �Q�m�i �� �T�`�Q�+�2�/�m�`�2 �i�Q �}�M�/ �Q�m�i �i�?�2 �>���/�`�Q�M�B�+
�o�S �+�Q�`�`�2�+�i�B�Q�M �i�Qa� �#�v ���+�i�m���H�H�v �K�2���b�m�`�B�M�; �i�?�2 �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2 �`�m�M�M�B�M�; �Q�7� �X
�6�B�`�b�i�H�v� � �?���b �i�Q �#�2�2�M �K�2���b�m�`�2 �r�B�i�? �b�T���+�2�@�H�B�F�2 �b�[�m���`�2 �K�Q�K�2�M�i�m�K �i�`���M�b�7�2�`t�c �i�?�2�M�- �i�?�2
�F�M�Q�r�M �Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M �K�m�b�i �#�2 �b�m�#�i�`���+�i�2�/ ���M�/ �i�?�2 �`�2�b�m�H�i�B�M�; �[�m���M�i�B�i�v

� � �>���/(t) = �_�2[� �>���/(t)] � �� �>���/(t) �U�k�X�j�e�V

�B�b �i�?�2�M �b�m�#�b�i�B�i�m�i�2�/ �B�M�i�Q �1�[�X �U�k�X�j�j�V�- �#�`�B�M�;�B�M�; �i�Q

a�>�G�P
� =

�
�

Z 1

0
dx(x � 1)� � �>���/[t(x)] �U�k�X�j�d�V

���H�i�?�Q�m�;�? �B�i �B�b �#���b�2�/ �Q�M �1�[�X�U�k�X�R�3�V�- �i�?�B�b �B�b �� �p�2�`�v �/�B�z�2�`�2�M�i ���T�T�`�Q���+�? �`�2�b�T�2�+�i �i�Q �i�?�2 �T�`�2�p�B�Q�m�b
�Q�M�2 ���M�/ �B�i �T�`�2�b�2�M�i�b ���H�b�Q ���M �B�K�T�Q�`�i���M�i �#�2�M�2�}�i�, �i�?�2 �`���/�B���i�B�p�2 �+�Q�`�`�2�+�i�B�Q�M�b �F�2�2�T �i�?�2 �?���/�`�Q�M�b
�7�m�H�H�v�@�p�B�`�i�m���H�- ���b �Q�T�T�Q�b�2�/ �i�Q �?���p�B�M�; �}�M���H �?���/�`�Q�M�B�+ �b�i���i�2�b �r�?�B�+�? �+���M�- �B�M �;�2�M�2�`���H�- �;�B�p�2 �`�B�b�2
�i�Q �p�2�`�v �+�Q�K�T�H�2�t �b�m�#�b�2�[�m�2�M�i �T�`�Q�+�2�b�b�2�b�X �h�?�2 ���/�p���M�i���;�2 �Q�7 �b�i�m�/�v�B�M�; �b�T���+�2�@�H�B�F�2 �K�Q�K�2�M�i�m�K
�i�`���M�b�7�2�` �`���i�?�2�` �i�?���M �i�B�K�2�@�H�B�F�2 �B�b �2�p�B�/�2�M�i �7�`�Q�K �6�B�;�X�U�k�X�j�V�, �i�?�2 �b�T���+�2�@�H�B�F�2 �K�Q�K�2�M�i�m�K �7�Q�`�#�B�/�b
�`�2�b�Q�M���M�+�2�b�- �r�?�B�+�? ���H�H�Q�r�b �i�?�2 �T�?�Q�i�Q�M�B�+ �o�S �7�m�M�+�i�B�Q�M �i�Q �#�2 �b�K�Q�Q�i�? �B�M �B�i�b �/�Q�K���B�M �U�H�Q�r�2�`
�T���M�2�H�V�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �i�?�2 �i�B�K�2�@�H�B�F�2 �`�2�;�B�Q�M �Q�T�2�M�b �m�T �i�?�2 �T�Q�b�b�B�#�B�H�B�i�v �7�Q�` �`�2�b�Q�M���M�+�2�b�- �T���B�`
�T�`�Q�/�m�+�i�B�Q�M ���M�/ �i�?�`�2�b�?�Q�H�/ �#�2�?���p�B�Q�m�` �i�?���i �+���m�b�2 �b�T�B�F�2�b ���M�/ �i�`�Q�i�?�b �B�M �i�?�2 �o�S �7�m�M�+�i�B�Q�M �U�m�T�T�2�`
�T���M�2�H�V�X
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�k�X�k�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i

�6�B�;�m� �̀2 �k�X�j

�� �T�`�2�+�B�b�2 �p���H�m�2 �Q�7�U�k�X�j�d�V�2�M�i���B�H�b ���M ���+�+�m�`���i�2 �p���H�m�2 �Q�7� (t) �B�M �i�?�2 �b�T���+�2�@�H�B�F�2 �`�2�;�B�Q�M �i�?�`�Q�m�;�?
�i�?�2 �K�2���b�m�`�2 �Q�7 �i�?�2 �+�`�Q�b�b �b�2�+�i�B�Q�M �Q�7 �b�Q�K�2 �T�?�v�b�B�+���H �T�`�Q�+�2�b�b�X ���M �Q�T�i�B�Q�M �+�Q�m�H�/ �#�2 �i�?�2 �"�?���#�?��
�b�+���i�i�2�`�B�M�;e+ e� ! e+ e� �r�?�B�+�?�- �?�Q�r�2�p�2�`�- �B�b �b�i�B�H�H �+�?���`���+�i�2�`�B�x�2�/ �#�v ���Ms �+�?���M�M�2�H �+�Q�M�i�`�B�#�m�i�B�Q�M
�B�M ���/�/�B�i�B�Q�M �i�Q �i�?�2 �/�2�b�B�`�2�/t �+�?���M�M�2�H�,
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�h�Q �#�2 �+�Q�K�T�2�i�B�i�B�p�2 �r�B�i�? �i�B�K�2�@�H�B�F�2 �K�2���b�m�`�2�K�2�M�i�b�- �� �b�T���+�2�@�H�B�F�2 �2�b�i�B�K���i�2 �Q�7a� �K�m�b�i �#�2 �;�B�p�2�M
�r�B�i�? ���M ���+�+�m�`���+�v �Q�7� 1%�X �:�B�p�2�M �i�?�2 �T�2���F �p���H�m�2 �Q�7� � �>���/ �i�Q �#�2� 10� 3�- �i�?�2 �2�t�T�2�`�B�K�2�M�i���H
�T�`�2�+�B�b�B�Q�M �B�M �i�?�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M �K�2���b�m�`�2�K�2�M�i �M�2�2�/�b �i�Q �#�2 �Q�7 �i�?�2 �Q�`�/�2�`10� 5 �Q�` �R�y �T�T�K �(�k�N�)�c
�?�Q�r�2�p�2�`�- �i�?�2�`�2 ���`�2 �M�Q �+�m�`�`�2�M�i�H�v �2�t�B�b�i�B�M�;e+ e� �+�Q�H�H�B�/�2�` �r�?�B�+�? �+���M �T�`�Q�p�B�/�2 �b�m�+�? �� �?�B�;�? �H�2�p�2�H
�Q�7 ���+�+�m�`���+�v�X
�� �K�Q�`�2 �T�`���+�i�B�+���H ���H�i�2�`�M���i�B�p�2 �B�b �`�2�T�`�2�b�2�M�i�2�/ �#�v �i�?�2 �K�m�Q�M�@�2�H�2�+�i�`�Q�M �2�H���b�i�B�+ �b�+���i�i�2�`�B�M�;� � e� !
� � e� �j �,

�j �A�M �i�?�2 �/�B���;�`���K �A �Q�M�H�v �`�2�T�Q�`�i�2�/ �i�?�2 �T�`�Q�+�2�b�b� � e� ! � � e� �c �B�i�b �T���`�i�M�2�` �T�`�Q�+�2�b�b �?���b �i�?�2 �b���K�2 �b�i�`�m�+�i�m�`�2�-
�r�B�i�? �� �b�r�B�i�+�?�2�/ �K�m�Q�M�B�+ �+�m�`�`�2�M�i�ö�b �~�Q�r�X
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�L�Q�i �Q�M�H�v �i�?�B�b �b�+���i�i�2�`�B�M�; �B�b �� �T�m�`�2t �+�?���M�M�2�H �T�`�Q�+�2�b�b�- �#�m�i ���H�b�Q �i�?�2 �`�2�[�m�B�`�2�/ �T�`�2�+�B�b�B�Q�M �+�Q�m�H�/
���H�`�2���/�v �#�2 �T�Q�i�2�M�i�B���H�H�v ���+�?�B�2�p�2�/ ���i �2�t�B�b�i�B�M�; �7���+�B�H�B�i�B�2�b�X
�h�?�2 �2�t�T�2�`�B�K�2�M�i �r�Q�m�H�/ �i���F�2 �i�?�2 �7�Q�`�K �Q�7 �� �}�t�2�/�@�i���`�;�2�i �+�Q�H�H�B�b�B�Q�M �(�k�N�)�, �� �?�B�;�?�@�2�M�2�`�;�v �U�R�8�y�@�k�y�y
�:�2�o�V �K�m�Q�M �#�2���K �B�b ���H�`�2���/�v ���p���B�H���#�H�2 ���i �*�1�_�L�ö�b �L�Q�`�i�? ���`�2�� ���M�/ �B�i �r�B�H�H �#�2 �/�B�`�2�+�i�2�/ �Q�M ��
�}�t�2�/ �i���`�;�2�i�- �2�M���#�H�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i �Q�7 �i�?�2 �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b�@�b�2�+�i�B�Q�M �Q�7 �K�m�Q�M�b �r�?�B�+�?
�b�+���i�i�2�` �r�B�i�? �i�?�2 �2�H�2�+�i�`�Q�M�b �B�M �i�?�2 ���i�Q�K�B�+ �Q�`�#�B�i���H�b �Q�7 �i�?�2 �H���v�2�`�c �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M �B�i �r�B�H�H
�#�2 �`�2�T�Q�`�i�2�/ �� �[�m�B�i�2 �/�2�i���B�H�2�/ ���M���H�v�b�B�b �Q�M �i�?�2 �F�B�M�2�K���i�B�+�b�X �h�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i �(�j�d�) ���B�K�b
�i�Q �2�t�i�`���+�i �i�?�2 �`�m�M�M�B�M�;� (t) �#�v �K�2���b�m�`�B�M�; �i�?�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M �r�B�i�? �� �T�`�2�+�B�b�B�Q�M �Q�7� 10 �T�T�K
�i�Q �T�`�Q�p�B�/�2 ��� 1% �2�b�i�B�K���i�2 �Q�7a�>�G�P

� �- �B�M �Q�`�/�2�` �i�Q �#�2 �+�Q�K�T�2�i�B�i�B�p�2 �r�B�i�? �i�?�2 �M�2�r �m�T�+�Q�K�B�M�;
g � 2 �2�t�T�2�`�B�K�2�M�i�b�X �>�Q�r�2�p�2�`�- �i�?�2 �T�`�2�+�B�b�B�Q�M �2�t�T�2�+�i�2�/ �7�Q�` �i�?�B�b �2�t�T�2�`�B�K�2�M�i �`���B�b�2�b �i�?�2 �[�m�2�b�i�B�Q�M
�r�?�2�i�?�2�` �L�S �+�Q�m�H�/ �T�Q�H�H�m�i�2 �i�?�2 �K�2���b�m�`�2�K�2�M�i�b �Q�` �M�Q�i�X �h�?�B�b �r�Q�`�F ���B�K�b �i�Q ���M���H�v�x�2 �i�?�B�b �B�b�b�m�2�-
�b�i�m�/�v�B�M�; �L�S �2�z�2�+�i�b �B�M �K�m�Q�M�@�2�H�2�+�i�`�Q�M �b�+���i�i�2�`�B�M�; �/�m�2 �i�Q �#�Q�i�? �?�2���p�v ���M�/ �H�B�;�?�i �K�2�/�B���i�Q�`�b�-
�/�2�T�2�M�/�B�M�; �Q�M �r�?�2�i�?�2�` �i�?�2�B�` �K���b�b �B�b �?�B�;�?�2�` �Q�` �H�Q�r�2�` �i�?���MO �U1 �:�2�o�V�- �r�?�B�+�? �B�b �i�?�2 �2�M�2�`�;�v
�b�+���H�2 �Q�7 �i�?�2 �J�l�Q�M�1 �2�t�T�2�`�B�K�2�M�i�X �a�B�M�+�2 �B�M �i�?�2 �7�Q�`�K�2�` �+���b�2 �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �2�K�T�H�Q�v ���M
�2�z�2�+�i�B�p�2 �}�2�H�/ �i�?�2�Q�`�v �U�1�6�h�V ���T�T�`�Q���+�?�- �B�M �i�?�2 �M�2�t�i �+�?���T�i�2�` �i�?�B�b �i�Q�Q�H �r�B�H�H �#�2 �#�`�B�2�~�v �`�2�p�B�2�r�2�/�X
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�*�?���T�i�2�` �j

�>�2���p�v �M�2�r �T�?�v�b�B�+�b �2�z�2�+�i�b ���i �J�l�Q�M�1

���b �K�2�M�i�B�Q�M�2�/ �B�M �i�?�2 �H���b�i �+�?���T�i�2�`�- �i�?�B�b �r�Q�`�F ���B�K�b �i�Q ���M���H�v�x�2 �T�Q�b�b�B�#�H�2 �b�B�;�M���H�b �Q�7 �L�S �B�M�e
�b�+���i�i�2�`�B�M�;�b �/�m�2 �i�Q �?�2���p�v ���M�/ �H�B�;�?�i �K�2�/�B���i�Q�`�b�- �/�2�T�2�M�/�B�M�; �Q�M �r�?�2�i�?�2�` �i�?�2�B�` �K���b�b �B�b �?�B�;�?�2�` �Q�`
�H�Q�r�2�` �i�?���MO(1 �:�2�o)�X �A�M �i�?�2 �7�Q�`�K�2�` �+���b�2 �B�i �r�B�H�H �#�2 �2�K�T�H�Q�v�2�/ ���M �2�z�2�+�i�B�p�2 �}�2�H�/ �i�?�2�Q�`�v �U�1�6�h�V
�7�Q�`�K���H�B�b�K�- �r�?�Q�b�2 �K���B�M �i�?�2�Q�`�2�i�B�+���H ���b�T�2�+�i�b �r�B�H�H �#�2 �`�2�+���H�H�2�/ �B�M �a�2�+�X�U�j�X�R�V�- �+�Q�M�b�i�`�m�+�i�B�M�; �i�?�2
�K�Q�b�i �;�2�M�2�`���H �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �B�M�p���`�B���M�i �m�M�/�2�` �i�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �;���m�;�2 �;�`�Q�m�TU(1)em�X
���7�i�2�` �i�?�2 �+�Q�K�T�m�i���i�B�Q�M �Q�7 �i�?�2 �L�S �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�Q �i�?�2� � e� ! � � e� �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b
�b�2�+�i�B�Q�M �B�M �a�2�+�X�U�j�X�9�V�- �+�Q�`�`�2�+�i�B�Q�M�b �i�Q �+�Q�`�`�2�H���i�2�/ �Q�#�b�2�`�p���#�H�2�- ���b �i�?�2 �i�Q�i���H �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �i�?�2
�7�Q�`�r���`�/�@�#���+�F�r���`�/ ���b�v�K�K�2�i�`�v �Q�7 �i�?�2 �T�`�Q�+�2�b�be+ e� ! � + � � �- �r�B�H�H �#�2 �+�Q�K�T�m�i�2�/�c �i�?�2�M�- �7�`�Q�K
�i�?�2 �+�Q�K�T���`�B�b�Q�M �r�B�i�? �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i�b�- �L�S �r�B�H�H �#�2 �+�Q�M�b�i�`���B�M�2�/ ���M�/�- �b�m�#�b�2�[�m�2�M�i�H�v�- �B�i
�r�B�H�H �#�2 �2�p���H�m���i�2�/ �r�?�2�i�?�2�` �B�i �+�Q�m�H�/ ���z�2�+�i �J�l�Q�M�1 �K�2���b�m�`�2�K�2�M�i�b �Q�` �M�Q�i�X �h�?�2 �b���K�2 ���M���H�v�b�B�b
�r�B�H�H �#�2 �+���`�`�B�2�/ �Q�m�i ���H�b�Q �7�Q�` �H�2�T�i�Q�M�@�~���p�Q�` �p�B�Q�H���i�B�Q�M �U�G�6�o�V �L�S �2�z�2�+�i�b �B�M �a�2�+�X �U�j�X�8�V�X
�h�?�2 �+���b�2 �`�2�H���i�2�/ �i�Q �H�B�;�?�i �K�2�/�B���i�Q�`�b �r�B�H�H �#�2 �/�B�b�+�m�b�b�2�/ �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �+�?���T�i�2�`�X

�j�X�R�1�z�2�+�i�B�p�2 �6�B�2�H�/ �h�?�2�Q�`�B�2�b

�h�?�2 �#���b�B�+ �B�/�2�� �m�M�/�2�` �i�?�2 �+�Q�M�b�i�`�m�+�i�B�Q�M �Q�7 ���M �2�z�2�+�i�B�p�2 �}�2�H�/ �i�?�2�Q�`�v �U�1�6�h�V �B�b �i�?���i�- �r�?�2�M�2�p�2�`
�i�?�2�`�2 �B�b �� �b�B�i�m���i�B�Q�M �B�M �r�?�B�+�? �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �/�2���H �r�B�i�? �� �[�m���M�i�m�K �}�2�H�/ �i�?�2�Q�`�v �U�Z�6�h�V
�r�B�i�? �i�r�Q �U�Q�` �K�Q�`�2�V �p�2�`�v �/�B�z�2�`�2�M�i �2�M�2�`�;�v �Q�` �H�2�M�;�i�? �b�+���H�2�b�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �+�Q�M�b�i�`�m�+�i ��
�b�B�K�T�H�2�` �i�?�2�Q�`�v �#�v �T�2�`�7�Q�`�K�B�M�; ���M �2�t�T���M�b�B�Q�M �B�M �i�?�2 �`���i�B�Q �Q�7 �i�?�2�b�2 �b�+���H�2�b�X �A �r�B�H�H �T�`�Q�p�B�/�2
�B�K�K�2�/�B���i�2�H�v ���M �B�H�H�m�b�i�`���i�B�p�2 �2�t���K�T�H�2�- �`�2�+�Q�M�M�2�+�i�B�M�; �i�Q �r�?���i �K�2�M�i�B�Q�M�2�/ �B�M �i�?�2 �B�M�i�`�Q�/�m�+�i�B�Q�M�X
���b �� �+�Q�M�b�2�[�m�2�M�+�2 �Q�7 �i�?�2 �7���+�i �i�?���i �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H �Q�7 �T���`�i�B�+�H�2�b �T�?�v�b�B�+�b �H�2���p�2�b �K���M�v
�[�m�2�b�i�B�Q�M�b �m�M���M�b�r�2�`�2�/�- �B�i �B�b �p�2�`�v �T�`�Q�#���#�H�2 �i�?���i �i�?�2�`�2 �b�?�Q�m�H�/ �2�t�B�b�i �b�Q�K�2 �"�a�J �T�?�v�b�B�+�b
�B�M�p�Q�H�p�B�M�; �M�2�r �?�2���p�v �T���`�i�B�+�H�2�b �r�B�i�? �K���b�b�2�b� � v�- �B�X�2�X �K�m�+�? ���#�Q�p�2 �i�?�2 �b�+���H�2 �Q�7 �2�H�2�+�i�`�Q�r�2���F
�b�v�K�K�2�i�`�v �#�`�2���F�B�M�;�X �q�?�B�H�2 �i�?�2 �+�Q�K�T�H�2�i�2 �G���;�`���M�;�B���M �Q�7 �i�?�2 �l�o �i�?�2�Q�`�v �B�b ���i �T�`�2�b�2�M�i �� �T�m�`�2
�m�i�Q�T�B���- �r�2 �+���M �+�Q�M�b�i�`�m�+�i �B�i�b �H�Q�r�@�2�M�2�`�;�v �p�2�`�b�B�Q�M �� �i�?�2 �b�Q �+���H�H�2�/ �a�J�1�6�h �� �#�v �2�t�i�2�M�/�B�M�; �i�?�2
�m�b�m���H �a�J �G���;�`���M�;�B���M �r�B�i�? �?�B�;�?�2�` �/�B�K�2�M�b�B�Q�M���H �H�Q�+���H �Q�T�2�`���i�Q�`�b �#�m�B�H�i �Q�m�i �i�?�2 �}�2�H�/ �+�Q�M�i�2�M�i
�Q�7 �i�?�B�b �i�?�2�Q�`�v�,

L �a�J�1�6�h = L �a�J +
X

n� 1

X

i

C(n)
i

� n
Q(n)

i ; �U�j�X�R�V

�r�?�2�`�2Q(n)
i ���`�2 ���H�H �i�?�2 �T�Q�b�b�B�#�H�2 �Q�T�2�`���i�Q�`�b �Q�7 �/�B�K�2�M�b�B�Q�MD = 4 + n �r�?�B�+�? �K�m�b�i �`�2�b�T�2�+�i �i�?�2

�b�v�K�K�2�i�`�B�2�b �Q�7 �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H�- �b�m�+�? ���b �G�Q�`�2�M�i�x ���M�/ �;���m�;�2 �B�M�p���`�B���M�+�2�X �h�?�2�`�2 �B�b�- �Q�7
�+�Q�m�`�b�2�- ���M �B�M�}�M�B�i�2 �b�2�i �Q�7 �b�m�+�? �Q�T�2�`���i�Q�`�b �#�m�i�- ���i �i�?�2 �b���K�2 �i�B�K�2�- �i�?�2�`�2 �2�t�B�b�i�b �Q�M�H�v �� �}�M�B�i�2 �b�2�i
�Q�7 �i�?�2�K �U�r�?�B�+�? �7�Q�`�K�b �� �+�Q�K�T�H�2�i�2 �#���b�B�b�V �7�Q�` �2���+�? �/�B�K�2�M�b�B�Q�MD�c �K�Q�`�2�Q�p�2�`�- �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b

�R�N



�j�X�R�X �1�z�2�+�i�B�p�2 �6�B�2�H�/ �h�?�2�Q�`�B�2�b

�Q�7 �i�?�2�b�2 �Q�T�2�`���i�Q�`�b �i�Q ���M�v �;�B�p�2�M �Q�#�b�2�`�p���#�H�2 ���`�2 �b�m�T�T�`�2�b�b�2�/ �#�v �T�Q�r�2�`�b �Q�7(v=�) D � 4 �B�M �`�2�H���i�B�Q�M
�i�Q �i�?�Q�b�2 �Q�7 �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H�X �P�M �i�?�2 �Q�i�?�2�` �b�B�/�2�- �i�?�2C(n)

i ���`�2 �F�M�Q�r�M ���b�q�B�H�b�Q�M �+�Q�2�{�+�B�2�M�i
���M�/ �i�?�2�v ���`�2 �i�?�2 �/�B�K�2�M�b�B�Q�M�H�2�b�b �+�Q�m�T�H�B�M�;�b �r�?�B�+�? �+�Q�M�i���B�M ���H�H �i�?�2 �B�M�7�Q�`�K���i�B�Q�M ���#�Q�m�i �i�?�2
�b�?�Q�`�i�@�/�B�b�i���M�+�2 �T�?�v�b�B�+�b �r�?�B�+�? �?���b �#�2�2�M �B�M�i�2�;�`���i�2�/ �Q�m�i�X �h�?�2 ���#�Q�p�2 �2�[�m���i�B�Q�M �B�b �m�b�2�7�m�H �Q�M�H�v
�#�2�+���m�b�2 �i�?�2 �B�M�}�M�B�i�2 �b�m�K �Q�p�2�`n �+���M �#�2 �i�`�m�M�+���i�2�/ ���i �b�Q�K�2 �p���H�m�2nmax �b�B�M�+�2 �K���i�`�B�t �2�H�2�K�2�M�i�b
�Q�7 �i�?�2 �Q�T�2�`���i�Q�`�bQ(n)

i �b�+���H�2 �H�B�F�2 �T�Q�r�2�`�b �Q�7m�- �r�?�2�`�2m � � �`�2�T�`�2�b�2�M�i�b �i�?�2 �+�?���`���+�i�2�`�B�b�i�B�+
�b�+���H�2 �Q�7 �i�?�2 �H�Q�r�@�2�M�2�`�;�v �2�z�2�+�i�B�p�2 �i�?�2�Q�`�v �Um = v �B�M �i�?�2 �+���b�2 �Q�7 �a�J�1�6�h�V�- �B�X�2�X

hf jQ (n)
i ji i � mn+ � ; �U�j�X�k�V

�r�?�2�`�2� �B�b �b�2�i �#�v �i�?�2 �2�t�i�2�`�M���H �b�i���i�2�b�c �i�`�m�M�+���i�B�M�; �i�?�2 �b�m�K ���inmax �Q�M�2 �K���F�2�b ���M �2�`�`�Q�` �Q�7
�Q�`�/�2�`(m=�) n � 1 �`�2�H���i�B�p�2 �i�Q �i�?�2 �H�2���/�B�M�; �i�2�`�K�X
�A�M �i�?�B�b �r�Q�`�F �A �r�B�H�H �/�2���H �Q�M�H�v �r�B�i�? �Q�T�2�`���i�Q�`�b �m�T �i�QD = 6�- �b�B�M�+�2D � 7 �Q�T�2�`���i�Q�`�b ���`�2
�b�m�T�T�`�2�b�b�2�/ �#�v �?�B�;�?�2�` �T�Q�r�2�`�b �Q�7 �i�?�2 �B�M�p�2�`�b�2 �Q�7� �X

�j�X�R�X�R�_�m�M�M�B�M�; �+�Q�m�T�H�B�M�;�b

�1�b�b�2�M�i�B���H�H�v�- �B�M �+�Q�M�b�i�`�m�+�i�B�M�; �i�?�2 �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �Q�7 �1�[�X�U�j�X�R�V�i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�`�Q�K
�p�B�`�i�m���H �T���`�i�B�+�H�2�b ���`�2 �b�T�H�B�i �m�T �B�M�i�Q �b�?�Q�`�i ���M�/ �H�Q�M�; �/�B�b�i���M�+�2 �K�Q�/�2�b ���b

Z 1

0

d!
!

=
Z �

0

d!
!

+
Z 1

�

d!
!

; �U�j�X�j�V

�r�?�2�`�2 �i�?�2 �}�`�b�i �i�2�`�K �B�b �b�2�M�b�B�i�B�p�2 �i�Q �A�_ �T�?�v�b�B�+�b ���M�/ �B�b ���#�b�Q�`�#�2�/ �B�M�i�Q �i�?�2 �K���i�`�B�t �2�H�2�K�2�M�i�b
hQ(n)

i i �- �r�?�B�H�2 �i�?�2 �b�2�+�Q�M�/ �B�b �b�2�M�b�B�i�B�p�2 �i�Q �l�o �T�?�v�b�B�+�b ���M�/ �B�i �B�b ���#�b�Q�`�#�2�/ �B�M�i�Q �i�?�2 �q�B�H�b�Q�M
�+�Q�2�{�+�B�2�M�i�bC(n)

i �X �>�Q�r�2�p�2�`�- �H�2�i�ö�b �b�m�T�T�Q�b�2 �i�?���i �r�2 ���`�2 �T�2�`�7�Q�`�K�B�M�; �� �K�2���b�m�`�2�K�2�M�i ���i ��
�`�2�7�2�`�2�M�+�2 �2�M�2�`�;�v �b�+���H�2E �b�m�+�? �i�?���im � E < � �X �q�2 �+���M �i�?�2�M �B�M�i�2�;�`���i�2 �Q�m�i �i�?�2 �?�B�;�?�@
�2�M�2�`�;�v �~�m�+�i�m���i�B�Q�M�b �Q�7 �i�?�2 �H�B�;�?�i �a�i���M�/���`�/ �J�Q�/�2�H �}�2�H�/�b �U�r�B�i�? �7�`�2�[�m�2�M�+�B�2�b! > E �V �7�`�Q�K �i�?�2
�;�2�M�2�`���i�B�M�; �7�m�M�+�i�B�Q�M���H �#�2�+���m�b�2 �i�?�2�v �r�B�H�H �M�Q�i �#�2 �M�2�2�/�2�/ ���b �b�Q�m�`�+�2 �i�2�`�K�b �7�Q�` �2�t�i�2�`�M���H �b�i���i�2�b�X
�h�?�B�b �v�B�2�H�/�b �� �/�B�z�2�`�2�M�i �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �r�?�B�+�?�- �?�Q�r�2�p�2�`�- �?���b �i�?�2 �b���K�2 �Q�T�2�`���i�Q�`�bQ(n)

i

�U�b�B�M�+�2 ���M�v �a�i���M�/���`�/ �J�Q�/�2�H �T���`�i�B�+�H�2�b �?���p�2�M�ö�i �#�2�2�M �`�2�K�Q�p�2�/�V�X �q�?���i �+�?���M�;�2�b �B�b �i�?�2 �b�T�H�B�i�@�m�T
�Q�7 �K�Q�/�2�b�- �r�?�B�+�? �M�Q�r �`�2���/�b

Z 1

0

d!
!

=
Z E

0

d!
!

+
Z 1

E

d!
!

; �U�j�X�9�V

���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �i�?�2 �p���H�m�2�b �Q�7 �i�?�2 �q�B�H�b�Q�M �+�Q�2�{�+�B�2�M�i�b ���M�/ �Q�T�2�`���i�Q�`�b �K���i�`�B�t �2�H�2�K�2�M�i�b
�M�2�2�/ �i�Q �#�2 �/�B�z�2�`�2�M�i�- �#�m�i �B�M �b�m�+�? �� �r���v �i�?���i

L �1�6�h =
X

n=0

X

i

C(n)
i (E)
� n

Q(n)
i (E) =

X

n=0

X

i

C(n)
i (�)
� n

Q(n)
i (�) : �U�j�X�8�V

�:�2�M�2�`���H�H�v �b�T�2���F�B�M�;�- �i�?�2 �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �i�?���i �?���b �i�Q �#�2 �b�i�m�/�B�2�/ �B�b

L �1�6�h =
X

n=0

X

i

C(n)
i (� )
� n

Q(n)
i (� ); �U�j�X�e�V

�r�?�Q�b�2 �K���i�`�B�t �2�H�2�K�2�M�i�b ���`�2�- �#�v �+�Q�M�b�i�`�m�+�i�B�Q�M�- �B�M�/�2�T�2�M�/�2�M�i �Q�7 �i�?�2 ���`�#�B�i�`���`�v �7���+�i�Q�`�B�x���i�B�Q�M
�b�+���H�2� �U�r�B�i�?m � � � � �V�X �>�2�`�2Q(n)

i (� ) ���`�2 �`�2�M�Q�`�K���H�B�x�2�/ �+�Q�K�T�Q�b�B�i�2 �Q�T�2�`���i�Q�`�b �/�2�}�M�2�/
�B�M �/�B�K�2�M�b�B�Q�M���H �`�2�;�m�H���`�B�x���i�B�Q�M �r�B�i�? �i�?�2��J�a �b�+�?�2�K�2�- �r�?�B�H�2C(n)

i (� ) ���`�2 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�;

�k�y



�j�X�R�X �1�z�2�+�i�B�p�2 �6�B�2�H�/ �h�?�2�Q�`�B�2�b

�`�2�M�Q�`�K���H�B�x�2�/ �q�B�H�b�Q�M �+�Q�2�{�+�B�2�M�i�b�X �h�?�2 �b�+���H�2� �b�2�`�p�2�b ���b �i�?�2 �`�2�M�Q�`�K���H�B�x���i�B�Q�M �b�+���H�2 �7�Q�` �i�?�2�b�2
�[�m���M�i�B�i�B�2�b�- �#�m�i ���i �i�?�2 �b���K�2 �i�B�K�2 �B�i �B�b �i�?�2 �7���+�i�Q�`�B�x���i�B�Q�M �b�+���H�2 �r�?�B�+�? �b�2�T���`���i�2�b �b�?�Q�`�i�@�/�B�b�i���M�+�2
�U�?�B�;�?�@�2�M�2�`�;�v�V �7�`�Q�K �H�Q�M�;�@�/�B�b�i���M�+�2 �U�H�Q�r�@�2�M�2�`�;�v�V �+�Q�M�i�`�B�#�m�i�B�Q�M�b�X
�>�2�`�2 �� �+�Q�m�T�H�2 �Q�7 �+�Q�K�K�2�M�i�b ���`�2 ���T�T�`�Q�T�`�B���i�2�X �6�B�`�b�i �Q�7 ���H�H�- �i�?�2 �i�2�`�K�b �r�B�i�?n = 0 ���`�2 �D�m�b�i
�i�?�Q�b�2 �Q�7 �i�?�2 �`�2�M�Q�`�K���H�B�x���#�H�2 �G���;�`���M�;�B���M �Q�7 �i�?�2 �H�Q�r�@�2�M�2�`�;�v �i�?�2�Q�`�v�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�-
�T���`���K�2�i�2�`�b �b�m�+�? ���b� s(� �V �Q�m̀(� ) �K�B�;�?�i �+�Q�M�i���B�M �b�Q�K�2 �B�M�7�Q�`�K���i�B�Q�M ���#�Q�m�i �b�?�Q�`�i�@�/�B�b�i���M�+�2
�T�?�v�b�B�+�b �i�?�`�Q�m�;�? �i�?�2�B�` �b�+���H�2 �/�2�T�2�M�/�2�M�+�2�X ���M �2�t���K�T�H�2 �B�b �T�`�Q�p�B�/�2�/ �#�v �i�?�2� �/�2�T�2�M�/�2�M�+�2
�Q�7 �;���m�;�2 �+�Q�m�T�H�B�M�;�b ���M�/ �K���b�b �T���`���K�2�i�2�`�b �B�M �b�m�T�2�`�b�v�K�K�2�i�`�B�+ �2�t�i�2�M�b�B�Q�M�b �Q�7 �i�?�2 �a�i���M�/���`�/
�J�Q�/�2�H�- �b�m�;�;�2�b�i�B�M�; �� �m�M�B�}�+���i�B�Q�M �Q�7 �i�?�2 �b�i�`�Q�M�; ���M�/ �2�H�2�+�i�`�Q�r�2���F �7�Q�`�+�2�b ���i �� �b�+���H�2� � 1016

�:�2�o�X �a�2�+�Q�M�/�H�v�- �Q�T�2�`���i�Q�`�b �r�B�i�?n � 1 ���`�2 �i�?�Q�b�2 �r�?�B�+�? �b�i���`�i �i�Q �#�2 �B�M�i�2�`�2�b�i�B�M�;�- �b�B�M�+�2 �i�?�2�B�`
�+�Q�2�7�}�+�B�2�M�i�b �i�2�H�H �m�b �b�Q�K�2�i�?�B�M�; ���#�Q�m�i �i�?�2 �7�m�M�/���K�2�M�i���H �?�B�;�?�@�2�M�2�`�;�v �b�+���H�2� �X �h�?�2 �K�Q�b�i �2�p�B�/�2�M�i
�2�t���K�T�H�2 �B�b �i�?���i �Q�7 �i�?�2 �r�2���F �B�M�i�2�`���+�i�B�Q�M�b ���i �H�Q�r �2�M�2�`�;�v�X �h�?�2�b�2 ���`�2 �/�2�b�+�`�B�#�2�/ �#�v �7�Q�m�`�@�7�2�`�K�B�Q�M
�Q�T�2�`���i�Q�`�b �r�B�i�? �K���b�b �/�B�K�2�M�b�B�Q�MD = 6�- �r�?�Q�b�2 �+�Q�2�{�+�B�2�M�i�b ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �6�2�`�K�B
�+�Q�M�b�i���M�i

p
2GF = 1=v2�X �h�?�2 �M�m�K�2�`�B�+���H �p���H�m�2 �Q�7GF �B�M�/�B�+���i�2�b �i�?�2 �7�m�M�/���K�2�M�i���H �K���b�b �b�+���H�2

�Q�7 �1�q �b�v�K�K�2�i�`�v �#�`�2���F�B�M�;�- ���H�H�Q�r�B�M�; �i�Q �2�b�i�B�K���i�2 �i�?�2 �K���b�b�2�b �Q�7 �i�?�2 �?�2���p�v �r�2���F �;���m�;�2
�#�Q�b�Q�M�bW � ���M�/Z �H�Q�M�; �#�2�7�Q�`�2 �i�?�2�b�2 �T���`�i�B�+�H�2�b �r�2�`�2 �/�B�b�+�Q�p�2�`�2�/�X
���i ���M�v �}�t�2�/n�- �i�?�2 �#���b�B�bQ(n)

i (� ) �Q�7 �+�Q�K�T�Q�b�B�i�2 �Q�T�2�`���i�Q�`�b �+���M �#�2 �`�2�M�Q�`�K���H�B�x�2�/ �B�M �i�?�2
�b�i���M�/���`�/ �r���v�- ���H�H�Q�r�B�M�;�- �?�Q�r�2�p�2�`�- �7�Q�` �i�?�2 �T�Q�b�b�B�#�B�H�B�i�v �Q�7�Q�T�2� �̀��i�Q�` �K�B�t�B�M�;�,

Q(n)
i; 0 =

X

j

Z (n)
ij (� )Q(n)

j (� ): �U�j�X�d�V

�h�?�2 �Q�T�2�`���i�Q�`�b �r�B�i�? �i�?�2 �b�m�#�b�+�`�B�T�i �ô�y�ô �Q�M �i�?�2 �H�2�7�i�@�?���M�/ �b�B�/�2 ���`�2 �#���`�2 �Q�T�2�`���i�Q�`�b�- �r�?�B�H�2 �i�?�Q�b�2
�Q�M �i�?�2 �`�B�;�?�i�@�?���M�/ �b�B�/�2 ���`�2 �i�?�2 �`�2�M�Q�`�K���H�B�x�2�/ �Q�M�2�b�X �A�M �i�?�2 �T�`�2�b�2�M�+�2 �Q�7 �Q�T�2�`���i�Q�` �K�B�t�B�M�;�- �B�M �i�?�2
�`�2�M�Q�`�K���H�B�x���i�B�Q�M �Q�7Q(n)

i; 0 �Q�i�?�2�` �Q�T�2�`���i�Q�`�bQ(n)
j (� )�- �r�B�i�?i 6= j �- ���`�2 �M�2�2�/�2�/ ���b �+�Q�m�M�i�2�`�i�2�`�K�b�9�X

�J�Q�`�Q�2�p�2�`�- �B�M �/�B�K�2�M�b�B�Q�M���H �`�2�;�m�H���`�B�x���i�B�Q�M �i�?�2�`�2 �B�b �M�Q �K�B�t�B�M�; �#�2�i�r�2�2�M �Q�T�2�`���i�Q�`�b �Q�7 �/�B�z�2�`�2�M�i
�/�B�K�2�M�b�B�Q�MD ���M�/�- �+�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�B�b �`�2�;�m�H���`�B�x���i�B�Q�M �K�2�i�?�Q�/ �B�b ���b �i�?�2 �K�Q�b�i �+�Q�M�p�2�M�B�2�M�i �Q�M�2�8�X

�j�X�R�X�k���M�Q�K���H�Q�m�b �/�B�K�2�M�b�B�Q�M ���M�/ �_�: �2�p�Q�H�m�i�B�Q�M �2�[�m���i�B�Q�M �7�Q�` �i�?�2
�q�B�H�b�Q�M �+�Q�2�{�+�B�2�M�i�b

�6�`�Q�K �i�?�2 �7���+�i �i�?���i �i�?�2 �#���`�2 �Q�T�2�`���i�Q�`�b �Q�M �i�?�2 �H�2�7�i�@�?���M�/ �b�B�/�2 �Q�7 �1�[�X�U�j�X�d�V���`�2 �b�+���H�2
�B�M�/�2�T�2�M�/�2�M�i�- �B�i �7�Q�H�H�Q�r�b �i�?���i

dZij (� )
d ln �

Qj (� ) + Z ij (� )
dQj (� )
d ln �

= 0; �U�j�X�3�V

�r�?�B�+�? �+���M �#�2 �b�Q�H�p�2�/ �i�Q �;�B�p�2

dQk(� )
d ln �

= �
�
Z � 1

�

ki
(� )

dZij (� )
d ln �

Qj (� ) � � 
 kj (� )Qj (� ): �U�j�X�N�V

�A�M �K���i�`�B�t �M�Q�i���i�B�Q�M�- �i�?�B�b �b�B�K�T�H�v �`�2���/�b

d
�!
Q(� )

d ln �
= � 
 (� )

�!
Q (� ); �r�B�i�? 
 (� ) = Z � 1(� )

dZ(� )
d ln �

: �U�j�X�R�y�V

�9�G�2�i�ö�b �M�Q�i�2 �i�?���i �i�?�2 �`�2�M�Q�`�K���H�B�x���i�B�Q�M �+�Q�M�b�i���M�i�bZ (n )
ij �+�Q�M�i���B�M �� �r���p�2�@�7�m�M�+�i�B�Q�M �`�2�M�Q�`�K���H�B�x���i�B�Q�M �7���+�i�Q�`

Z 1=2
a �7�Q�` �2���+�? �+�Q�K�T�Q�M�2�M�i �}�2�H�/ �+�Q�M�i���B�M�2�/ �B�M �i�?�2 �+�Q�K�T�Q�b�B�i�2 �Q�T�2�`���i�Q�`�b�- �B�M ���/�/�B�i�B�Q�M �i�Q �`�2�M�Q�`�K���H�B�x���i�B�Q�M �7���+�i�Q�`�b

���#�b�Q�`�#�B�M�; �i�?�2 �l�o �/�B�p�2�`�;�2�M�+�2�b �Q�7 �i�?�2 �R�S�A �H�Q�Q�T �+�Q�`�`�2�+�i�B�Q�M�b �i�Q �i�?�2 �Q�T�2�`���i�Q�` �K���i�`�B�t �2�H�2�K�2�M�i�b�X
�8�A�M �Q�`�/�2�` �i�Q �?���p�2 ���M �?���M�/�H�2 �M�Q�i���i�B�Q�M�- �7�`�Q�K �M�Q�r �Q�M �A �r�B�H�H �/�`�Q�T ���H�r���v�b �i�?�2 �b�m�T�2�`�b�+�`�B�T�i �ó�Un�V�ô�X

�k�R



�j�X�k�X �a�J �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�M�b�B�i�B�p�B�i�v

�h�?�2 �[�m���M�i�B�i�v
 �B�b �+���H�H�2�/ �i�?�2���M�Q�K���H�Q�m�b�@�/�B�K�2�M�b�B�Q�M �K���i�`�B�t�Q�7 �i�?�2 �+�Q�K�T�Q�b�B�i�2 �Q�T�2�`���i�Q�`�b ���M�/
�B�i �+���M �#�2 �Q�#�i���B�M�2�/ �7�`�Q�K �i�?�2 �+�Q�2�{�+�B�2�M�i �Q�7 �i�?�21=� �T�Q�H�2 �i�2�`�K �B�MZ �X
�a�B�M�+�2 �i�?�2 �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �B�b� �B�M�/�2�T�2�M�/�2�M�i �#�v �+�Q�M�b�i�`�m�+�i�B�Q�M�- �7�Q�` �2�p�2�`�vn � 0

dCi (� )
d ln �

Qi (� ) + Ci (� )
dQi (� )
d ln �

=

"
dCi (� )
d ln �

� ij � C i (� )
 ij (� )

#

Qj (� ) = 0 : �U�j�X�R�R�V

�r�?�B�+�?�- �2�t�T�H�Q�B�i�B�M�; �i�?�2 �H�B�M�2���` �B�M�/�2�T�2�M�/�2�M�+�2 �Q�7 �i�?�2 �#���b�B�b �Q�T�2�`���i�Q�`�b�- �H�2���/�b �i�Q

_Ci = �
dCi

d�
= 
 ij Cj : �U�j�X�R�k�V

�l�b�B�M�; �Q�`�/�B�M���`�v �T�2�`�i�m�`�#���i�B�Q�M �i�?�2�Q�`�v�- �i�?�2 �/�B�z�2�`�2�M�i�B���H �2�[�m���i�B�Q�M�U�j�X�R�k�V�+���M �#�2 �7�Q�`�K���H�H�v �b�Q�H�p�2�/�-
�B�K�T�Q�b�B�M�; ���b �B�M�B�i�B���H �+�Q�M�/�B�i�B�Q�MCi (�) �Q�M�+�2 �+�Q�K�T�m�i�2�/ �#�v �K���i�+�?�B�M�; �i�?�2 �7�m�H�H �i�?�2�Q�`�v �r�B�i�? �i�?�2
�2�z�2�+�i�B�p�2 �Q�M�2�- �Q�#�i���B�M�B�M�;

Ci (� ) = Pexp

" Z x= �

x=�
dx


 (x)
� (x)

#

ij

Cj (�) ; �U�j�X�R�j�V

�r�?�2�`�2P �/�2�M�Q�i�2�b �i�?�2 �+�Q�m�T�H�B�M�; �+�Q�M�b�i���M�i �Q�`�/�2�`�B�M�; �Q�7 �i�?�2 ���M�Q�K���H�Q�m�b �/�B�K�2�M�b�B�Q�M �K���i�`�B�t�X �A�i �B�b
�r�Q�`�i�? �i�Q �b�i�`�2�b�b ���;���B�M �Q�M �i�?�2 �7���+�i �i�?���i �i�?�2 �Q�T�2�`���i�Q�` �`�2�M�Q�`�K���H�B�x���i�B�Q�M �T�`�Q�/�m�+�2�b ���M �Q�T�2�`���i�Q�`
�K�B�t�B�M�; �i�?���M�F�b �i�Q �i�?�2 ���M�Q�K���H�Q�m�b �/�B�K�2�M�b�B�Q�M �K���i�`�B�t
 ij �, �i�?�B�b �B�K�T�H�B�2�b �i�?���i �Q�T�2�`���i�Q�`�b �i�?���i
�r�2�`�2�M�ö�i �T�`�2�b�2�M�i ���i �i�?�2 �b�+���H�2� �+���M ���`�B�b�2 ���i �/�B�z�2�`�2�M�i �b�+���H�2�b �/�m�2 �i�Q �i�?�2 �2�p�Q�H�m�i�B�Q�M �Q�7 �i�?�2�B�`
�+�Q�2�7�}�+�B�2�M�i�b�- ���b ���� �+�Q�M�b�2�[�m�2�M�+�2 �Q�7 �i�?�2 �7���+�i �i�?���i �i�?�2�B�` �`�m�M�M�B�M�; �K���v �+�Q�M�i���B�M �+�Q�2�7�}�+�B�2�M�i�b �Q�7
�Q�i�?�2�` �Q�T�2�`���i�Q�`�b �r�?�B�+�? �r�2�`�2 �T�`�2�b�2�M�i ���i� �b�+���H�2�X
�6�B�M���H�H�v�- �B�M �Q�`�/�2�` �i�Q �Q�#�i���B�M �i�?�2 �i�?�2�Q�`�v ���i �H�Q�r �2�M�2�`�;�v�- �i�?�2�K���i�+�?�B�M�;�T�`�Q�+�2�/�m�`�2 �K�m�b�i �#�2
�2�K�T�H�Q�v�2�/�X �h�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �p���H�m�2�b �Q�7 �i�?�2 �+�Q�2�7�}�+�B�2�M�i�bCi �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �+�Q�K�T�m�i�2 �i�?�2
���K�T�H�B�i�m�/�2�bM ���i �� �;�B�p�2�M �Q�`�/�2�` �Q�7 �#�Q�i�? �i�?�2 �K�Q�/�B�}�2�/ �i�?�2�Q�`�v �U�#�v �i�?�2 �B�M�i�2�;�`���i�B�Q�M �Q�7 �?�2���p�v
�/�2�;�`�2�2�b �Q�7 �7�`�2�2�/�Q�K�V ���M�/ �i�?�2 �+�Q�M�b�i�`�m�+�i�2�/ �1�6�h�,

M = hf n jLj i n i =
X

i

Ci hf n jQ i j i n i + h:c: �U�j�X�R�9�V

�A�M �;�2�M�2�`���H�- �B�M �Q�`�/�2�` �i�Q �Q�#�i���B�ML EF T ���i �i�?�2 �;�2�M�2�`�B�+ �b�+���H�2� �- �Q�M�2 �?���p�2 �i�Q �b�Q�H�p�2�U�j�X�R�k�V�B�M �i�?�2
�G�G�� �H�B�K�B�i�- �Q�#�i���B�M�B�M�;

Ci (� ) = Ci (�) + _Ci (�) ln
�
�

: �U�j�X�R�8�V

�6�m�H�}�H�H�B�M�; �i�?�2 �K���i�+�?�B�M�; �+�Q�M�/�B�i�B�Q�M�- �i�?�2 �G���;�`���M�;�B���M �B�b �Q�#�i���B�M�2�/ �Q�M�+�2 �b�m�K�K�2�/ �Q�p�2�` ���H�H �i�?�2
�T�Q�b�b�B�#�H�2 �+�Q�2�7�}�+�B�2�M�i�b ���M�/ �~���p�Q�` �b�i�`�m�+�i�m�`�2�b�,

L �1�6�h =
1

� 2

X

i

X

prst

Ci
prst (� )Qi

prst : �U�j�X�R�e�V

�j�X�k �a�J �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�M�b�B�i�B�p�B�i�v

�G�2�i�ö�b �b�i���`�i �i�?�2 �/�B�b�+�m�b�b�B�Q�M �}�`�b�i�H�v �`�2�+���H�H�B�M�; �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M �7�Q�` �i�?�2 �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�M
�Q�7 �i�?�2 �T�`�Q�+�2�b�b

e� (p1) + � � (p2) ! e� (p3) + � � (p4);

�k�k



�j�X�k�X �a�J �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�M�b�B�i�B�p�B�i�v

�r�?�2�`�2 �i�?�2 �2�H�2�+�i�`�Q�M ���M�/ �K�m�Q�M �K���b�b�2�b �r�B�H�H �#�2 �M�Q�r �`�2�b�T�2�+�i�B�p�2�H�v �/�2�M�Q�i�2�/ ���bm ���M�/M �X
�A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �A �r�B�H�H �`�2�7�2�` �i�Q �i�?�2 �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�Md�=dt �- �r�?�B�+�? �B�b �;�B�p�2�M �#�v �i�?�2
�;�2�M�2�`���H �7�Q�`�K�m�H��

d�
dt

=
1

16�
1

� (s; m2; M 2)

�
�
�M

�
�
�
2
; �U�j�X�R�d�V

�r�?�2�`�2jMj 2 �B�b �i�?�2 �m�M�T�Q�H���`�B�x�2�/ �b�[�m���`�2�/ �K���i�`�B�t �2�H�2�K�2�M�i�- �B�X�2�X

jMj 2 =
1
4

X

spin

M � M :

�A�M �T�`�B�M�+�B�T�H�2�- �B�M �i�?�2 �a�J �i�?�B�b �T�`�Q�+�2�b�b �+���M �#�2 �K�2�/�B���i�2�/ �#�v �i�?�2 �T�?�Q�i�Q�M
 �- �i�?�2 �r�2���FZ �#�Q�b�Q�M
���M�/ �i�?�2 �>�B�;�;�b �#�Q�b�Q�MH

���M�/ �i�?�2 �i�Q�i���H �m�M�T�Q�H���`�B�x�2�/ �b�[�m���`�2�/ �K���i�`�B�t �2�H�2�K�2�M�i �`�2���/�b

jM tot j2 =
1
4

X

spins

(jM 
 j2+ jM Z j2+ jM H j2+2�_�2[M �

 M Z ]+2�_�2[M �


 M H ]+2�_�2[M �
Z M H ]):

�U�j�X�R�3�V
�L�Q�M�2�i�?�2�H�2�b�b�- �Q�M�H�v �i�?�2 �T�m�`�2 �T�?�Q�i�Q�M ���M�/ �i�?�2 �B�M�i�2�`�7�2�`�2�M�+�2 �r�B�i�? �i�?�2Z �#�Q�b�Q�M �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�+���M �#�2 �b�2�2�M ���i �J�l�Q�M�1 �b�B�M�+�2 �i�?�2 �Q�i�?�2�` �Q�M�2�b �`�2�[�m�B�`�2 �� �b�2�M�b�B�#�B�H�B�i�v �;�`�2���i�2�` �`�2�b�T�2�+�i �i�Q �i�?���i �Q�7
�i�?�2 �2�t�T�2�`�B�K�2�M�i �U�R�y �T�T�K�V�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�m�#�b�2�+�i�B�Q�M�b �A �r�B�H�H �`�2�T�Q�`�i �� �#�`�B�2�7 �`�2�+���T �Q�7 �i�?�2�b�2
�+�Q�M�i�`�B�#�m�i�B�Q�M�b�X

�j�X�k�X�R�Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M

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

M 
 =
ie2

t
�u(p3)
 � u(p1)�u(p4)
 � u(p2) �U�j�X�R�N�V

�7�`�Q�K �r�?�B�+�? �B�i �7�Q�H�H�Q�r�b�- ���7�i�2�` �i�?�2 �+�Q�K�T�m�i���i�B�Q�M�b �Q�7 �i�?�2 �i�r�Q �i�`���+�2�b�- �i�?���i
�
�
�M 


�
�
�
2

=
64� 2� 2

t2
f (s; t) �U�j�X�k�y�V

�r�?�2�`�2f (s; t) = t2=2 + st + ( M 2 + m2 � s)2�X �*�Q�K�#�B�M�B�M�; �1�[�X�U�j�X�R�d�V�r�B�i�? �i�?�2 �`�2�b�m�H�i �D�m�b�i
�7�Q�m�M�/�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �}�M�/ �i�?�2 �i�Q�i���H �Z�1�. �+�Q�M�i�`�B�#�m�i�B�Q�M

d� 0

dt
=

4�� 2

t2

f (s; t)
� (s; m2; M 2)

�U�j�X�k�R�V

�k�j



�j�X�k�X �a�J �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�M�b�B�i�B�p�B�i�v

�j�X�k�X�k�q�2���F Z �#�Q�b�Q�M �+�Q�M�i�`�B�#�m�i�B�Q�M

�A�M �i�?�B�b �+���b�2�- �i�?�2 �7�m�H�H ���K�T�H�B�i�m�/�2 �B�b
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�U�j�X�k�k�V
�r�?�2�`�2P = p1 � p3 = p2 � p4 ���M�/cW �B�b �i�?�2 �+�Q�b�B�M�2 �Q�7 �i�?�2 �q�2�B�K�#�2�`�; ���M�;�H�2�c �K�Q�`�2�Q�p�2�` �B�i �?���b
�#�2�2�M ���b�b�m�K�2�/ �i�?���i
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: �U�j�X�k�j�V

�a�B�M�+�2 �i�?�2 �r�Q�`�F�B�M�; �+�Q�M�/�B�i�B�Q�M �B�b �i�?���i �Q�7jPj2 � M 2
Z �- �1�[�X�U�j�X�k�k�V�+���M �#�2 �`�2�r�`�B�i�i�2�M �2�K�T�H�Q�v�B�M�;

�i�?�2 �6�2�`�K�B �i�?�2�Q�`�v ���b

M Z = �
4iGFp

2
�u (p3) 
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ge

V � ge
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 5
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u (p2) : �U�j�X�k�9�V

�h�?�2�M�- �i�?�2 �B�M�i�2�`�7�2�`�2�M�+�2 �i�2�`�K �r�B�i�? �i�?�2 �T�?�Q�i�Q�M �B�b
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Z �U�j�X�k�8�V

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

�b�2�+�i�B�Q�M �`�2���/�b

� �
Z = �

GF t
4��

p
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a2
� �

t(s � u)
2f (s; t)

#

: �U�j�X�k�e�V

�h�?�2 �T�H�Q�i �7�Q�`� �
Z ���b �� �7�m�M�+�i�B�Q�M �Q�7t �B�M �i�?�2 �`���M�;�2 �Q�7 �B�M�i�2�`�2�b�i �B�b

�6�B�;�m� �̀2 �j�X�R

�6�`�Q�K �6�B�;�X�U�j�X�R�V�B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �M�Q�i�2 �i�?���i� Z �B�b ���i �K�Q�b�i� 1:6 � 10� 5 �U�B�M �+�Q�`�`�2�b�T�Q�M�/�2�M�+�2
�Q�7t = tmin = � 0:143 �:�2�o2�V ���M�/�- �i�?�2�`�2�7�Q�`�2�- �i�?�2Z � 
 �B�M�i�2�`�7�2�`�2�M�+�2 �B�b �#���`�2�H�v �/�2�i�2�+�i���#�H�2�X

�J�Q�`�2�Q�p�2�`�- �i�?�2 �T�m�`�2Z �+�Q�M�i�`�B�#�m�i�B�Q�M �Q�7
�
�
� �M Z

�
�
�
2

�+���M �#�2 �b���7�2�H�v �M�2�;�H�2�+�i�2�/�- �#�2�B�M�;O(G2
F )�X

�k�9



�j�X�k�X �a�J �+�`�Q�b�b �b�2�+�i�B�Q�M ���M�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�M�b�B�i�B�p�B�i�v

�j�X�k�X�j�q�2���F W+ �#�Q�b�Q�M �+�Q�M�i�`�B�#�m�i�B�Q�M

�a�B�M�+�2 �i�?�2 �2�t�T�2�`�B�K�2�M�i �B�b �+�?���`���+�i�2�`�B�x�2�/ �#�v ���M �B�M�+�Q�K�B�M�; �#�2���K �Q�7 �#�Q�i�?� � �- �B�M �i�?�2 �+���b�2 �Q�7
�b�+���i�i�2�`�B�M�; �#�2�i�r�2�2�M �T�Q�b�B�i�B�p�2 �K�m�Q�M�b ���M�/ �2�H�2�+�i�`�Q�M�b �i�?�2�`�2 �+�Q�m�H�/ �#�2 ���H�b�Q �i�?�2 �T�`�Q�+�2�b�b� + e� !
� e�� � �X �h�?�B�b �i�B�K�2 �i�?�2 �b�+���i�i�2�`�B�M�; �B�b �K�2�/�B���i�2�/ �#�v �i�?�2W + �#�Q�b�Q�M ���M�/ �B�i�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�`�2�2
�H�2�p�2�H �/�B���;�`���K �B�b

W +

e� � e

�� �� +

���H�b�Q �B�M �i�?�B�b �+���b�2�- �#�2�B�M�;jt j � m2
W �- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �2�K�T�H�Q�v �i�?�2 �6�2�`�K�B �i�?�2�Q�`�v�c �T�`�Q�+�2�2�/�B�M�; �B�M

�i�?�B�b �r���v�- �i�?�2 ���K�T�H�B�i�m�/�2 �b�B�K�T�H�v �`�2���/�b

M ��� = �
iGFp

2
�u(p3)
 � (1 � 
 5)u(p1)�v(p4)
 � (1 � 
 5)v(p2): �U�j�X�k�d�V

�A�i �B�b ���H�`�2���/�v �+�H�2���` �i�?���i �i�?�2 �+�`�Q�b�b �b�2�+�i�B�Q�M �7�Q�` �i�?�B�b �T�`�Q�+�2�b�b �r�B�H�H �#�2 �?�B�;�?�H�v �b�m�T�T�`�2�b�b�2�/ �#�v �i�?�2
�T�`�2�b�2�M�+�2 �Q�7G2

F �, �B�M�/�2�2�/�- ���7�i�2�` �� �H�B�i�i�H�2 �#�B�i �Q�7 �b�B�K�T�H�2 ���H�;�2�#�`�� ���M�/ �M�2�;�H�2�+�i�B�M�;O(m2=s) �i�2�`�K�b�-
�B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �}�M�/

� (� + e� ! � e�� � ) =
G2

F (M 2 + 2s)
12�

� 10� 12 �:�2�o� 2 �U�j�X�k�3�V

�7�Q�`s = 0:164 �:�2�o2�- �r�?�B�+�? �B�b �b�2�p�2�`���H �Q�`�/�2�` �Q�7 �K���;�M�B�i�m�/�2 �b�K���H�H�2�` �+�Q�K�T���`�2�/ �i�Q �i�?�2 �T�m�`�2 �Z�1�.
�Q�M�2 �U� 0 � 10� 2 �:�2�o� 2�V�- �b�B�K�B�H���`�H�v �i�Q �i�?�2 �T�m�`�2Z �+�Q�M�i�`�B�#�m�i�B�Q�M �B�M�e �b�+���i�i�2�`�B�M�;�c �i�?�2�`�2�7�Q�`�2�-
�i�?�B�b �T�`�Q�+�2�b�b �+���M �#�2 �b���7�2�H�v �M�2�;�H�2�+�i�2�/�X

�j�X�k�X�9�>�B�;�;�b �+�Q�M�i�`�B�#�m�i�B�Q�M

�h�?�2 ���K�T�H�B�i�m�/�2 �7�Q�` �/�B���;�`���K �U�+�V �+���M �#�2 �2���b�B�H�v �r�`�B�i�i�2�M ���b
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v2
�u(p3)u(p1)

1
t � m2

H
�u(p4)u(p2): �U�j�X�k�N�V

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

���M�/Z �- �+���M �#�2 �M�2�;�H�2�+�i�2�/�c �B�M�/�2�2�/�- �i���F�B�M�; �i�?�2 �`���i�B�Q �Q�7 �i�?�2 �>�B�;�;�b ���K�T�H�B�i�m�/�2 �`�2�b�T�2�+�i �i�Q �i�?���i
�Q�7 �i�?�2Z �#�Q�b�Q�M�- �B�X�2�X

M H

M Z
/

mM
M 2

Z

t � M 2
Z

t � M 2
H

t� M 2
Z;H

�
5 � 10� 5

(125)2
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�B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �M�Q�i�2 �i�?���i �B�i �B�b ���H�`�2���/�v �p�2�`�v �b�m�T�T�`�2�b�b�2�/�- �B�K�T�H�v�B�M�; �i�?���i ���H�H �i�?�2 �>�B�;�;�b
�+�Q�M�i�`�B�#�m�i�B�Q�M�b ���`�2 �#�2�v�Q�M�/ �i�?�2 �`�2�b�Q�H�m�i�B�Q�M �Q�7 �J�l�Q�M�1�X
�h�?�2�M�- �i�?�2 �i�Q�i���H �a�J �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�M ���i �G�P �`�2���/�b
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�j�X�j�X �L�G�P �+�Q�M�i�`�B�#�m�i�B�Q�M�b

�j�X�k�X�8� � e� ! � � e� �p�b� + e� ! � + e� �+�`�Q�b�b �b�2�+�i�B�Q�M

�a�Q �7���` �B�i �?���b �#�2�2�M �Q�M�H�v �/�B�b�+�m�b�b�2�/ �i�?�2 �b�+���i�i�2�`�B�M�; �Q�7 �K�m�Q�M�b �r�B�i�? �2�H�2�+�i�`�Q�M�b�c �M�2�p�2�`�i�?�2�H�2�b�b�- ���b
�K�2�M�i�B�Q�M�2�/ �� �+�Q�m�T�H�2 �Q�7 �i�B�K�2�b ���M�/ �`�2�K�2�K�#�2�`�2�/ �B�M �b�m�#�b�2�+�i�B�Q�M �U�j�X�k�X�j�V�- �B�M �i�?�2 �B�M�+�B�/�2�M�i �#�2���K
�i�?�2�`�2 �+�Q�m�H�/ �#�2 �2�B�i�?�2�` �K�m�Q�M�b ���M�/ ���M�i�B�K�m�Q�M�b�X �>�Q�r�2�p�2�`�- �i�?�2 �Z�1�. ���M�/ �r�2���F �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�i�Q �i�?�2�e �b�+���i�i�2�`�B�M�; �#�2�?���p�2 �/�B�z�2�`�2�M�i�H�v �B�M �+�Q�M�b�B�/�2�`�B�M�;� + �B�M�b�i�2���/ �Q�7� � �X �A�M�/�2�2�/�- �r�?�B�H�2
�1�[�X�U�j�X�k�R�V�?�Q�H�/�b ���H�b�Q �7�Q�` ���M�i�B�K�m�Q�M�b�- ���b �� �`�2�b�m�H�i �Q�7 �i�?�2 �Z�1�. �B�M�p���`�B���M�+�2 �m�M�/�2�` �#�Q�i�? �+�?���`�;�2
�+�Q�M�D�m�;���i�B�Q�M �U�*�V ���M�/ �T���`�B�i�v �U�S�V�- �i�?�2 �b���K�2 �B�b �M�Q�i �i�`�m�2 �7�Q�` �i�?�2Z �+�Q�M�i�`�B�#�m�i�B�Q�M�U�j�X�k�e�V�- �#�2�B�M�;
�T���`�B�i�v �p�B�Q�H���i�2�/ �#�v �r�2���F �B�M�i�2�`���+�i�B�Q�M�b�e�X ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �i�?�2 �i�Q�i���H �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�M
�7�Q�` �i�?�2� � e� ! � � e� ���M�/� + e� ! � + e� �T�`�Q�+�2�b�b�2�b �r�B�H�H �?���p�2 �i�?�2 �b���K�2 �Z�1�. �T���`�i ���M�/ ��
�/�B�z�2�`�2�M�i �r�2���F �Q�M�2�X �A�M �T���`�i�B�+�m�H���`�- ���7�i�2�` �� �p�2�`�v �2���b�v �+�Q�K�T�m�i���i�B�Q�M�- �i�?�2 �;�2�M�2�`���H �`�2�b�m�H�i �`�2���/�b
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dt
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dt
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; �U�j�X�j�k�V
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: �U�j�X�j�j�V

�6�Q�` �b���F�2 �Q�7 �+�H���`�B�}�+���i�B�Q�M�- �7�`�Q�K �M�Q�r �Q�M �B�i �r�B�H�H �#�2 �`�2�T�Q�`�i�2�/ �i�?�2 �+�Q�K�T�m�i���i�B�Q�M�b ���M�/ �i�?�2
�+�Q�`�`�2�b�T�Q�M�/�B�M�; �T�H�Q�i�b �Q�M�H�v �7�Q�` �K�m�Q�M�b�c �M�2�p�2�`�i�?�2�H�2�b�b�- �i�?�2 �}�M���H �`�2�b�m�H�i�b �7�Q�` �#�Q�i�? �K�m�Q�M�b ���M�/
���M�i�B�K�m�Q�M�b �r�B�H�H �b�i�B�H�H �#�2 �T�`�Q�p�B�/�2�/�X

�j�X�j �L�G�P �+�Q�M�i�`�B�#�m�i�B�Q�M�b

�L�2�t�i�@�i�Q�@�H�2���/�B�M�; �Q�`�/�2�` �U�L�G�P�V �Z�1�. �+�Q�`�`�2�+�i�B�Q�M�b �i�Q �1�[�X�U�j�X�j�k�V�?���b �#�2�2�M �+�Q�K�T�m�i�2�/ �� �H�Q�M�;
�i�B�K�2 ���;�Q �B�M �(�R�R�@�R�d�)�c �?�Q�r�2�p�2�` �B�M �i�?�Q�b�2 �+�Q�K�T�m�i���i�B�Q�M�b �i�?�2�`�2 �?���p�2 �#�2�2�M �K���/�2 �b�Q�K�2 �p�2�`�v
�b�T�2�+�B�}�+ ���b�b�m�K�T�i�B�Q�M�b�- ���b �� �p���M�B�b�?�B�M�; �2�H�2�+�i�`�Q�M �K���b�b�- �i�?�2 �b�Q�7�i ���T�T�`�Q�t�B�K���i�B�Q�M�- ���M�/ �b�Q �Q�M�X
�� �K�Q�`�2 �`�2�+�2�M�i ���M�/ �;�2�M�2�`���H �+���H�+�m�H���i�B�Q�M �Q�7 �i�?�2 �7�m�H�H �b�2�i �Q�7 �L�G�P �Z�1�. ���M�/ �1�q �+�Q�`�`�2�+�i�B�Q�M�b�-
�r�?�2�`�2 �b�Q�K�2 �Q�7 �i�?�2�b�2 �b�B�K�T�H�B�}�+���i�B�Q�M�b ���`�2 �`�2�H���t�2�/�- �+���M �#�2 �7�Q�m�M�/ �B�M �(�8�N�)�X
�h�?�2 �Q�M�H�v �?���/�`�Q�M�B�+ �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �1�[�X�U�j�X�j�k�V���i �L�G�P �B�b �T�`�Q�p�B�/�2�/ �#�v �i�?�2 �G�P �Z�1�. �/�B���;�`���K
�r�B�i�? �Q�M�2 �>�o�S �B�M�b�2�`�i�B�Q�M �B�M �i�?�2 �p�B�`�i�m���H �T�?�Q�i�Q�M �T�`�Q�T���;���i�Q�`�- �B�X�2�X

�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.�>���.
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�j�X�9�X �>�2���p�v �L�S �K�2�/�B���i�Q�`�b

�h�?�B�b �+�Q�M�i�`�B�#�m�i�B�Q�M �+���M �#�2 �2�p���H�m���i�2�/ �b�B�K�T�H�v �`�2�K�2�K�#�2�`�B�M�; �i�?�2 �7���+�i�Q�`�B�x���i�B�Q�M �T�`�Q�T�2�`�i�v �7�Q�` �i�?�2
�o�S �7�m�M�+�i�B�Q�M ���H�`�2���/�v �m�b�2�/ �B�M �1�[�X�U�k�X�R�d�V�- �r�?�B�+�? �?�Q�H�/�b �#�Q�i�? �7�Q�` �H�2�T�i�Q�M�B�+ ���M�/ �?���/�`�Q�M�B�+ �o�S�-
�H�2���/�B�M�; �i�Q ���M ���K�T�H�B�i�m�/�2

M �L�G�P�-�>= M 
 [ �� �>���/(t)]: �U�j�X�j�9�V

�A�i �B�b �M�Q�r �2���b�v �i�Q �Q�#�i���B�M �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �i�Q �i�?�2 �i�Q�i���H �m�M�T�Q�H���`�B�x�2�/ ���K�T�H�B�i�m�/�2 �b�[�m���`�2�/�- �r�?�B�+�?
�B�b �;�B�p�2�M �#�v �i�?�2 �B�M�i�2�`�7�2�`�2�M�+�2 �i�2�`�K �r�B�i�? �i�?�2 �T�m�`�2 �Z�1�.�,

M �L�G�P�-�>=
1
4

X

spin

2�_�2(M �

 M �L�G�P�-�>) = � 2�� �>���/(t)j �M 
 j2 = 2� � �>���/(t)jM 
 j2 �U�j�X�j�8�V

�j�X�9 �>�2���p�v �L�S �K�2�/�B���i�Q�`�b

�A�M �i�?�B�b �b�2�+�i�B�Q�M �A �r�B�H�H ���M���H�v�x�2 �T�Q�b�b�B�#�H�2 �?�2���p�v �L�S �2�z�2�+�i�b �B�M �H�Q�r�@�2�M�2�`�;�v �+�Q�H�H�B�b�B�Q�M�b �Q�7 �T�Q�b�B�i�B�p�2
���M�/ �M�2�;���i�B�p�2 �K�m�Q�M�b �r�B�i�? �2�H�2�+�i�`�Q�M�b�X �h�?�2 �K���b�b� �Q�7 �i�?�2 �K�2�/�B���i�Q�`�b ���`�2 ���b�b�m�K�2�/ �i�Q �#�2 �K�m�+�?
�H���`�;�2�` �i�?���MO(1�:�2�o)�- ���H�H�Q�r�B�M�; �i�?�2 �2�K�T�H�Q�v�K�2�M�i �Q�7 ���M �1�6�h ���T�T�`�Q���+�? �B�M �Q�`�/�2�` �i�Q �i���F�2 �B�M�i�Q
���+�+�Q�m�M�i �i�?�2 �H�2���/�B�M�; �L�S �+�Q�M�i�`�B�#�m�i�B�Q�M�b�X

�j�X�9�X�R�1�z�2�+�i�B�p�2 �G���;�`���M�;�B���M

�h�?�2 �K�Q�b�i �;�2�M�2�`���H �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �7�Q�` �+�?���`�;�2�/ �H�2�T�i�Q�M�b �r�?�B�+�? �B�b �B�M�p���`�B���M�i �m�M�/�2�` �i�?�2
�2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �;���m�;�2 �;�`�Q�m�TU(1)em �+���M �#�2 �r�`�B�i�i�2�M�- �m�T �i�QD = 6 �Q�T�2�`���i�Q�`�b�- ���b

L LEFT =
1

� 2

�

dprst
1 (�epL erR ) (�esL etR ) + h:c: + :

dprst
2 (�epL 
 � erL ) (�esL 
 � etL ) +

dprst
3 (�epL 
 � erL ) (�esR 
 � etR ) +

dprst
4 (�epR 
 � erR ) (�esR 
 � etR )

�

+

dpr
0

�
(�epL � �� erR ) F�� + h:c:

�U�j�X�j�e�V

�r�?�2�`�2�- ���;���B�M�-p; r; s; t ���`�2 �~���p�Q�` �B�M�/�B�+�2�b�X �h�?�2 �/�B�T�Q�H�2 �Q�T�2�`���i�Q�`�b �+���M �+�Q�M�i�`�B�#�m�i�2 ���i �i�`�2�2 �H�2�p�2�H
�i�Q �i�?�2�e �b�+���i�i�2�`�B�M�; �i�?�`�Q�m�;�? �� �/�Q�m�#�H�2 �Q�T�2�`���i�Q�` �B�M�b�2�`�i�B�Q�M�c �M�2�p�2�`�i�?�2�H�2�b�b ���H�H �Q�7 �i�?�2�K �+���M
�#�2 �b���7�2�H�v �M�2�;�H�2�+�i�2�/ �i�?���M�F�b �i�Q �i�?�2 �+�m�`�`�2�M�i �i�B�;�?�i �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�b�i�`���B�M�i�b �Q�M �i�?�2 �H�2�T�i�Q�M�B�+
�/�B�T�Q�H�2 �K�Q�K�2�M�i�b�X �J�Q�`�2�Q�p�2�`�- ���H�b�Q �b�2�K�B�H�2�T�i�Q�M�B�+ �Q�T�2�`���i�Q�`�b �b�?�Q�m�H�/ �#�2�- �B�M �T�`�B�M�+�B�T�H�2�- ���/�/�2�/
�i�Q �1�[�X�U�j�X�j�e�V�c �?�Q�r�2�p�2�` �i�?�2�v �+���M �+�Q�M�i�`�B�#�m�i�2 �Q�M�H�v ���i �H�Q�Q�T �H�2�p�2�H �i�?�`�Q�m�;�? �i�?�2 �;�2�M�2�`���i�B�Q�M �Q�7
�Q�T�2�`���i�Q�`�b ���H�`�2���/�v �T�`�2�b�2�M�i �B�ML LEFT �- �#�m�i �i�?�B�b �i�B�K�2 �b�m�T�T�`�2�b�b�2�/ �#�v1=� 4�X �h�?�2�M�- �i�?�2�v �+���M �#�2
�M�2�;�H�2�+�i�2�/ �r�B�i�?�Q�m�i �T�`�Q�#�H�2�K�b�X
�P�M�+�2 ���b�b�m�`�2�/ �i�?���i �i�?�2 �G���;�`���M�;�B���M �Q�7 �1�[�X�U�j�X�j�e�V�B�b �b�m�{�+�B�2�M�i �7�Q�` �Q�m�` �T�m�`�T�Q�b�2�- �B�i �B�b �T�Q�b�b�B�#�H�2
�i�Q �Q�T�2�M �B�i ���M�/ �i�Q �2�t�T�H�B�+�B�i �i�?�2 �~���p�Q�` �B�M�/�B�+�2�b �B�M �Q�`�/�2�` �i�Q �b�2�H�2�+�i �i�?�2 �b�i�`�m�+�i�m�`�2�b �Q�7 �B�M�i�2�`�2�b�i�X
�l�b�B�M�; �i�?�2 �6�B�2�`�x �A�/�2�M�i�B�i�B�2�b�U���X�R�V�- �i�?�2 �b�i���`�i�B�M�; �G���`���M�;�B���M �+���M �#�2 �r�`�B�i�i�2�M ���b �i�?�2 �b�m�K �Q�7 �i�r�Q
�+�Q�M�i�`�B�#�m�i�B�Q�M�b�,

L LEFT = L LFC + L LFV �U�j�X�j�d�V

�k�d



�j�X�9�X �>�2���p�v �L�S �K�2�/�B���i�Q�`�b

�r�?�2�`�2 �i�?�2 �H�2�T�i�Q�M �~���p�Q�` �+�Q�M�b�2�`�p�B�M�; �U�G�6�*�V �T�B�2�+�2 �`�2���/�b

L LFC =
1

� 2

�

(a1 + ia2) (�� L � R) (�eL eR) + h:c:+

(a3 + ia4) (�� L eR) (�eL � R) + h:c:+

(a5 + ia6) (�� L � R) (�eReL ) + h:c:+

a7 (�� L 
 � � L ) (�eL 
 � eL ) + a8 (�� R 
 � � R) (�eR 
 � eR) +

a9 (�� L 
 � � L ) (�eR 
 � eR) + a10 (�� R 
 � � R) (�eL 
 � eL )
�

�U�j�X�j�3�V

�r�?�B�H�2 �i�?�2 �H�2�T�i�Q�M �~���p�Q�` �p�B�Q�H���i�B�M�; �U�G�6�o�V �Q�M�2 �B�b

L LFV =
1

� 2

�

b1 (�� L eR) (�� L eR) + b2 (�� ReL ) (�� ReL ) +

b3 (�� L eR) (�� ReL ) + b4 (�� L 
 � eL ) (�� L 
 � eL ) +

b5 (�� R 
 � eR) (�� R 
 � eR) + h:c:
�

:

�U�j�X�j�N�V

�q�?�B�H�2 �1�[�X�U�j�X�j�3�V�+�Q�M�i�`�B�#�m�i�2�b �i�Q �i�?�2 �T�`�Q�+�2�b�b� � e� ! � � e� �- �1�[�X�U�j�X�j�N�V�p�B�Q�H���i�2�b �i�?�2 �2�H�2�+�i�`�Q�M
���M�/ �K�m�Q�M �7���K�B�H�v �M�m�K�#�2�`�b �Q�7 �i�r�Q �m�M�B�i�b �U�#�m�i �b�i�B�H�H �T�`�2�b�2�`�p�B�M�; �i�?�2 �i�Q�i���H �H�2�T�i�Q�M �M�m�K�#�2�`�V�-
�;�2�M�2�`���i�B�M�;�- �7�Q�` �2�t���K�T�H�2�- �i�?�2 �b�+���i�i�2�`�B�M�;�b� + e� ! � � e+ ���M�/e� e� ! � � � � �c �?�2�`�2�- �i�?�2
�/�B�K�2�M�b�B�Q�M�H�2�b�b �+�Q�2�{�+�B�2�M�i�bak �U�r�B�i�?k = 1; ::; 10�V ���`�2 �`�2���H �r�?�B�H�2bl �U�r�B�i�?l = 1; ::; 5) ���`�2
�+�Q�K�T�H�2�t�X �G�2�i�ö�b �M�Q�i�2 �i�?���i�- �?���p�B�M�; �B�M �K�B�M�/ �i�?�2�e �2�H���b�i�B�+ �b�+���i�i�2�`�B�M�;�- �Q�M�H�v �~���p�Q�` �b�i�`�m�+�i�m�`�2�b
�r�B�i�? �i�r�Q �2�H�2�+�i�`�Q�M�b ���M�/ �i�r�Q �K�m�Q�M�b �?���p�2 �#�2�2�M �i���F�2�M �B�M�i�Q ���+�+�Q�m�M�i�c �?�Q�r�2�p�2�`�- �7�`�Q�K �1�[�X�U�j�X�j�e�V
���H�b�Q �Q�T�2�`���i�Q�`�b �r�B�i�? �Q�M�2 �U�i�?�`�2�2�V �2�H�2�+�i�`�Q�M ���M�/ �i�?�`�2�2 �U�Q�M�2�V �K�m�Q�M�b �+���M ���`�B�b�2�- �T�`�Q�p�B�/�B�M�; �i�?�2
���/�/�B�i�B�Q�M���H �G�6�o �T�`�Q�+�2�b�b�2�b� � e� ! e� e� ���M�/� � e� ! � � � � �X �L�2�p�2�`�i�?�2�H�2�b�b �#�Q�i�? �Q�7 �i�?�2�K
���`�2 �?�B�;�?�H�v �+�Q�M�b�i�`���B�M�2�/ �#�v �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �#�Q�m�M�/�b �(�e�y�) �Q�7 �i�?�2 �T�`�Q�+�2�b�b�2�b� ! e
 ���M�/
� ! 3e�- �r�?�B�+�? ���`�2

�"� (̀� + ! e+ 
 ) � 4:2 � 10� 13 ���M�/ �"�`(� + ! e+ e� e+ ) � 1 � 10� 12:

�a�B�M�+�2 �i�?�2�v ���`�2 �p�2�`�v �`���`�2 �T�`�Q�+�2�b�b�2�b ���M�/ �Q�m�` �T�m�`�T�Q�b�2 �`�2�H�B�2�b �B�M �i�`�v�B�M�; �i�Q �m�M�/�2�`�b�i���M�/ �m�M�/�2�` �r�?���i
�+�Q�M�/�B�i�B�Q�M�b �L�S �2�z�2�+�i�b ���`�2 �K���t�B�K�m�K �B�M�e �b�+���i�i�2�`�B�M�;�- �7�`�Q�K �M�Q�r �Q�M �Q�M�H�v �i�?�2 �G���;�`���M�;�B���M�b
�U�j�X�j�3�V ���M�/ �U�j�X�j�N�V �r�B�H�H �#�2 �+�Q�M�b�B�/�2�`�2�/�X

�j�X�9�X�k�>�2���p�v �L�S �B�M� � e� ! � � e� �b�+���i�i�2�`�B�M�;

�h�?�2 �H�2���/�B�M�; �+�Q�`�`�2�+�i�B�Q�M�b �B�M�/�m�+�2�/ �#�vL LFC �i�Q �i�?�2 �G�P �Z�1�. �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�Md� 0=dt
���`�2 �;�B�p�2�M �#�v�d

d� �
LFC

dt
=

d� 0

dt
� �

LFC �U�j�X�9�y�V

�r�?�2�`�2�- �Q�M�+�2 �/�2�}�M�2�/z+ = s ���M�/z� = u�-

� �
LFC =

t
8�� � 2

1
f (s; t)

[2mMaS(z� � z� )

+ 2mMaT (z� � t � M 2 � m2)

+ aV f (s; t) +
aA

2
t(z� � z� )]

�U�j�X�9�R�V

�d�h�?�2 �/�2�i���B�H�2�/ �+�Q�K�T�m�i���i�B�Q�M �+���M �#�2 �7�Q�m�M�/ �B�M �U���X�k�V�X

�k�3



�j�X�9�X �>�2���p�v �L�S �K�2�/�B���i�Q�`�b

�r�B�i�? �i�?�2 �+�Q�2�{�+�B�2�M�i�baS;V;T;A �/�2�}�M�2�/ ���b

aS = a1 + a5

aT = a3

aV = a7 + a8 + a9 + a10

aA = a7 + a8 � a9 � a10:

�U�j�X�9�k�V

�A�M �1�[�X�U�j�X�9�R�V�i�2�`�K�b �b�m�T�T�`�2�b�b�2�/ �#�v(t=� 2)2 ���M�/a2
� �?���p�2 �#�2�2�M �M�2�;�H�2�+�i�2�/�X �A�i �B�b �B�M�i�2�`�2�b�i�B�M�;

�i�Q �b�2�2 �i�?���i �#�v �K�2���M�b �Q�7 �i�?�2 �1�6�h ���T�T�`�Q���+�? �r�2 ���`�2 �i���F�B�M�; �B�M�i�Q ���+�+�Q�m�M�i ���H�H �T�Q�b�b�B�#�H�2 �L�S
�+�Q�M�i�`�B�#�m�i�B�Q�M�b �/�m�2 �i�Q �?�2���p�v �K�2�/�B���i�Q�`�b �Q�7 �K���b�b� � �B�M�/�2�T�2�M�/�2�M�i�H�v �Q�M �i�?�2�B�` �M���i�m�`�2�X �A�M�/�2�2�/
�B�7�- �7�Q�` �2�t���K�T�H�2�- �i�?�2 �?�2���p�v �.�P�6 �r�?�B�+�? �?���b �#�2�2�M �B�M�i�2�;�`���i�2�/ �Q�m�i �r���b �� �b�+���H���` �U�T�b�2�m�/�Q�b�+���H���`�V�-
�r�2 �r�Q�m�H�/ �2�M�/ �m�T �r�B�i�? �i�?�2 �b���K�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �Q�7 �1�[�X�U�j�X�9�R�V�b�B�K�T�H�v �r�B�i�?a1 = a5 �Ua1 = � a5�V
���M�/ �r�B�i�? ���H�H �i�?�2 �Q�i�?�2�`ak �2�[�m���H �i�Q �x�2�`�Q�c ���b �� �+�Q�M�b�2�[�m�2�M�+�2�- �7�Q�` �� �?�2���p�v �b�+���H���`� LFC �/�2�T�2�M�/�b
�Q�M�H�v �Q�MaS�- �r�?�B�H�2 �7�Q�` �� �T�b�2�m�/�Q�b�+���H���` �B�i �r�Q�m�H�/ �#�2 �M�m�H�H�X ���M �2�t�T�H�B�+�B�i �2�t���K�T�H�2 �Q�7 �i�?�B�b �+���M �#�2
�T�`�Q�p�B�/�2�/ �m�b�B�M�; �i�?�2 �>�B�;�;�b �#�Q�b�Q�M ���b �� �K�2�/�B���i�Q�`�X �h�?�2 ���K�T�H�B�i�m�/�2 �7�Q�` �i�?�B�b �T�`�Q�+�2�b�b �B�b�U�j�X�k�N�V
���M�/ �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �B�M�i�2�`�7�2�`�2�M�+�2 �r�B�i�? �i�?�2 �T�?�Q�i�Q�M �Q�M�2�b �H�2���/ �i�Q �i�?�2 �m�M�T�Q�H���`�B�x�2�/ �b�[�m���`�2�/
�K���i�`�B�t �2�H�2�K�2�M�i

M 
H

t � M 2
H�

32��m 2M 2

v2M 2
H t

(s � u): �U�j�X�9�j�V

�h�?�2�M�- �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �b�?�B�7�i �i�Q �i�?�2 �i�Q�i���H �/�B�z�2�`�2�M�i�B���H �+�`�Q�b�b �b�2�+�i�B�Q�M �B�b

d� �

dt
=

d� 0

dt
� �


H

�r�B�i�?
� �


H =
t

8��
1

f (s; t)
[2mMa(s � u)] ; �U�j�X�9�9�V

�r�?�2�`�2 �B�i �?���b �#�2�2�M �/�2�}�M�2�/a = 2mM=M 2
H ���M�/� 2 = 1=(

p
2GF )�X �h�?�2 �`�2���b�Q�M�K�2�M�i �/�Q�M�2
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