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�>�Q�r�2�p�2�`�- �B�M �+�Q�M�i�`���b�i �i�Q �Z�1�.�-� s �B�b �/�2�+�`�2���b�B�M�; �r�B�i�? �2�M�2�`�;�v�,@�s
@Q

< 0�X �h�?�B�b �7�2���@
�i�m�`�2 �Q�7 �Z�*�. �`�2�b�m�H�i�b �B�M �b�Q�@�+���H�H�2�/���b�v�K�T�i�Q�i�B�+ �7� �̀2�2�/�Q�K�, ���i �p�2�`�v �?�B�;�? �T�`�Q�#�B�M�; �2�M�2�`�;�B�2�b
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�2�M�2�`�;�B�2�b �Q�` �?�B�;�?�2�` �/�B�b�i���M�+�2�b�- �7�`�2�2 �+�Q�H�Q�`�@�+�?���`�;�2�/ �T���`�i�B�+�H�2�b �+���M �M�Q�i �#�2 �Q�#�b�2�`�p�2�/�X �A�M�@
�b�i�2���/�- �i�?�2�v �?���/�`�Q�M�B�x�2 �7�Q�`�K�B�M�; �+�Q�H�Q�`�@�M�2�m�i�`���H �#�Q�m�M�/ �b�i���i�2�b �H�B�F�2�K�2�b�Q�M�b�U�Q�M�2 �[�m���`�F�-
�Q�M�2 ���M�i�B�@�[�m���`�F�V �Q�`�#���`�v�Q�M�b�U�i�?�`�2�2 �[�m���`�F�b �Q�` ���M�i�B�@�[�m���`�F�b�V�X ���M �2�t���K�T�H�2 �Q�7 �� �K�2�@
�b�Q�M �B�b �i�?�2�T�B�Q�M� + = f u �dg�- ���M�/ �r�2�H�H�@�F�M�Q�r�M �#���`�v�Q�M�b ���`�2 �i�?�2�T� �̀Q�i�Q�Mp+ = f uudg
���M�/�M�2�m�i� �̀Q�Mn0 = f uddg�X �h�?�B�b �b�Q�@�+���H�H�2�/�+�Q�H�Q�` �+�Q�M�}�M�2�K�2�M�i�B�b ���H�b�Q �i�?�2 �`�2���b�Q�M �7�Q�`
�?���/�`�Q�M�B�x���i�B�Q�M �T�`�Q�+�2�b�b�2�b�, ���b�b�m�K�B�M�; �� �+�Q�H�Q�`�@�+�?���`�;�2�/ �T���`�i�B�+�H�2 �r�B�i�? �?�B�;�? �K�Q�K�2�M�i�m�K �B�b
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�M�2�r �B�M�i�2�`���+�i�B�Q�M �i�2�`�K�b ���M�/ �F�B�M�2�i�B�+ �i�2�`�K�b �Q�7 �i�?�2�b�2 �}�2�H�/�b ���`�B�b�2�X �>�2�`�2�-Y �B�b �i�?�2�r�2���F
�?�v�T�2� �̀+�?��� �̀;�2�- �i�?�2 �;�2�M�2�`���i�Q�` �Q�7 �i�?�2U(1)Y �;�`�Q�m�T�- ���M�/Ti �i�?�2 �r�2���F �B�b�Q�b�T�B�M �U�r�B�i�?i 2
[1; 2; 3]�V�- �;�2�M�2�`���i�Q�` �Q�7 �i�?�2SU(2)L �;�`�Q�m�T ���M�/ �`�2���H�B�x�2�/ �#�v �i�?�2 �S���m�H�B �K���i�`�B�+�2�b�X �L�Q�i���#�H�v�-
�i�?�2�`�2 �B�b �� �`�2�H���i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �2�H�2�+�i�`�B�+ �+�?���`�;�2q ���M�/ �i�?�2�b�2 �M�2�r�H�v �B�M�i�`�Q�/�m�+�2�/ �+�?���`�;�2�b�,
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�Q�#�i���B�M �i�?�2 �T�?�v�b�B�+���H �#�Q�b�Q�M�b�X �q�B�i�? ���M ���M�;�H�2� W �- �i�?�2�r�2���F �K�B�t�B�M�; ���M�;�H�2�Q��̀q�2�B�M�#�2� �̀;
���M�;�H�2�- �i�?�2 �M�2�m�i�`���H
 �U�`�2�T�`�2�b�2�M�i�2�/ �#�v �i�?�2 �}�2�H�/A � �V ���M�/Z �#�Q�b�Q�M�b ���`�2 �Q�#�i���B�M�2�/�- ���b �r�2�H�H
���b �i�?�2 �+�?���`�;�2�/W � �#�Q�b�Q�M�b�,
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���M�i�B�@�7�2�`�K�B�Q�M�b�V �T���`�i�B�+�B�T���i�2 �B�M �i�?�2 �r�2���F �B�M�i�2�`���+�i�B�Q�M�- �/�2�M�Q�i�2�/ �#�v �i�?�2 �b�m�#�b�+�`�B�T�iL �B�M
�i�?�2 �b�v�K�K�2�i�`�v �;�`�Q�m�TSU(2)L �X �h�?�2�v �+���M �#�2 �Q�`�/�2�`�2�/ ���b �/�Q�m�#�H�2�i�b �r�?�2�`�2 �i�?�2 �m�T�T�2�`
�+�Q�K�T�Q�M�2�M�i �?���bT3 = 1
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�A�M �+�Q�M�i�`���b�i�- ���H�H �`�B�;�?�i�@�?���M�/�2�/ �7�2�`�K�B�Q�M�b ���`�2 �b�B�M�;�H�2�i�b �r�B�i�?T3 = 0�X
�.�m�2 �i�Q �i�?�2 �B�M�2�[�m���H�B�i�v �Q�7 �K���b�b ���M�/ �~���p�Q�` �2�B�;�2�M�b�i���i�2�b �Q�7 �[�m���`�F�b�- �i�`���M�b�B�i�B�Q�M�b �#�2�i�r�2�2�M
�[�m���`�F�b �Q�7 �/�B�z�2�`�2�M�i �/�Q�m�#�H�2�i�b ���`�2 �T�Q�b�b�B�#�H�2�X �J���b�b ���M�/ �~���p�Q�` �2�B�;�2�M�b�i���i�2�b ���`�2 �`�2�H���i�2�/ �p�B��
�i�?�2 �*���#�B�#�#�Q�@�E�Q�#���v���b�?�B�@�J���b�F���r�� �U�*�E�J�V �K���i�`�B�t�,
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A : �U�k�X�R�3�V

�>�2�`�2�-(d; s; b) ���`�2 �i�?�2 �[�m���`�F�b�ö �K���b�b �2�B�;�2�M�b�i���i�2�b ���M�/(d0; s0; b0) �i�?�2�B�` �B�M�i�2�`���+�i�B�Q�M
�2�B�;�2�M�b�i���i�2�b�X �h�?�2 �b�[�m���`�2 �Q�7 �i�?�2 �K���;�M�B�i�m�/�2�bVij �/�2�b�+�`�B�#�2�b �i�?�2 �i�`���M�b�B�i�B�Q�M �T�`�Q�#���#�B�H�B�i�v
�#�2�i�r�2�2�M �i�r�Q �[�m���`�F�b �r�B�i�? �~���p�Q�`�bi ���M�/j �X �a�Q�K�2 �2�H�2�K�2�M�i�b �Q�7 �i�?�2 �*�E�J �K���i�`�B�t �+���M �#�2
�K�2���b�m�`�2�/ �B�M�/�B�p�B�/�m���H�H�v�- ���M�/ �K�Q�b�i �T�`�2�+�B�b�2 �`�2�b�m�H�i�b ���`�2 �i�?�2�M �Q�#�i���B�M�2�/ �7�`�Q�K �� �}�i �i�Q ���H�H
�K�2���b�m�`�2�K�2�M�i�b �(�9�j�)�- �v�B�2�H�/�B�M�;

jV�*�E�J j =

0

@
0:97435� 0:00016 0:22500� 0:00067 0:00369� 0:00011
0:22486� 0:00067 0:97349� 0:00016 0:04182+0 :00085

� 0:00074
0:00857+0 :00020

� 0:00018 0:04110+0 :00083
� 0:00072 0:999118+0 :000031

� 0:000036

1

A : �U�k�X�R�N�V

�k�X�R�X�j�X�9�>�B�;�;�b �K�2�+�?���M�B�b�K

�A�M ���H�H �T�`�2�p�B�Q�m�b �b�2�+�i�B�Q�M�b�- �K���b�b �i�2�`�K�b �7�Q�` �7�2�`�K�B�Q�M�b ���M�/ �#�Q�b�Q�M�b �r�2�`�2 �Q�K�B�i�i�2�/�- �/�2�b�T�B�i�2
�b�Q�K�2 �7�2�`�K�B�Q�M�b ���M�/ �b�Q�K�2 �;���m�;�2 �#�Q�b�Q�M�b �#�2�B�M�; �K�2���b�m�`�2�/ �i�Q �#�2 �K���b�b�B�p�2�X �>�Q�r�2�p�2�`�- �b�B�K�@
�T�H�v ���/�/�B�M�; �i�?�2�b�2 �i�2�`�K�b �i�Q �i�?�2 �`�2�b�T�2�+�i�B�p�2 �G���;�`���M�;�B���M�b �p�B�Q�H���i�2�b �i�?�2 �B�M�B�i�B���H�H�v �`�2�[�m�B�`�2�/
�;���m�;�2 �B�M�p���`�B���M�+�2�X �A�M�b�i�2���/�- �K���b�b�2�b ���`�2 �/�2�b�+�`�B�#�2�/ �r�B�i�? �i�?�2�"� �̀Q�m�i�@�1�M�;�H�2�`�i�@�>�B�;�;�b�K�2�+�?�@
���M�B�b�K�- �Q�7�i�2�M �D�m�b�i �+���H�H�2�/�>�B�;�;�b �K�2�+�?���M�B�b�K�X �� �M�2�r �+�Q�K�T�H�2�t �b�+���H���` �}�2�H�/ �B�b ���/�/�2�/ �i�Q
�i�?�2 �a�J�- �i�?�2�>�B�;�;�b �}�2�H�/� �X �A�i �B�b �/�2�}�M�2�/ ���b

� =
1

p
2

�
� 1 + i� 2

� 3 + i� 4

�
=

�
� +

� 0

�
�U�k�X�k�y�V

���M�/ �B�b ��T3 �/�Q�m�#�H�2�i �r�B�i�?Y = 1�X �A�i �B�b �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �G���;�`���M�;�B���M

L � = ( D � � )y(D � � ) � V (� ) �U�k�X�k�R�V

�r�?�2�`�2D � �B�b �i�?�2 �+�Q�p���`�B���M�i �/�2�`�B�p���i�B�p�2 �B�M�i�`�Q�/�m�+�2�/ �B�M �i�?�2 �2�H�2�+�i�`�Q�r�2���F �m�M�B�}�+���i�B�Q�M �U�2�[�X
�k�X�R�j�V�X �A�i �+�Q�M�i���B�M�b �� �T�Q�i�2�M�i�B���HV(� )�- �r�?�B�+�? �B�b �;�B�p�2�M �#�v

V(� ) = � 2j� j2 + � j� j4 �U�k�X�k�k�V

�r�B�i�? �i�r�Q �7�`�2�2�- �`�2���H �T���`���K�2�i�2�`�b� 2 ���M�/� �X �h�Q �2�M�b�m�`�2 �p���+�m�m�K �b�i���#�B�H�B�i�v�- �K�2���M�B�M�; ��
�}�M�B�i�2 �K�B�M�B�K�m�K �Q�7V(� )�- � > 0 �B�b �`�2�[�m�B�`�2�/�X �>�Q�r�2�p�2�`�- �/�B�z�2�`�2�M�i �+�Q�M�}�;�m�`���i�B�Q�M�b �Q�7
� 2 ���`�2 �T�Q�b�b�B�#�H�2�X �q�B�i�?� 2 > 0 �� �T�Q�i�2�M�i�B���H �r�B�i�? �� �;�`�Q�m�M�/ �b�i���i�2 ���ij� j = 0 �r�Q�m�H�/
�#�2 �Q�#�i���B�M�2�/�X �*�?�Q�Q�b�B�M�;� 2 < 0 �`�2�b�m�H�i�b �B�M �� �T�Q�i�2�M�i�B���H �r�B�i�? �� �/�B�z�2�`�2�M�i �K�B�M�B�K�m�K�- ���b
�B�H�H�m�b�i�`���i�2�/ �B�M �}�;�m�`�2 �k�X�k�X
���i �i�?�2 �Q�`�B�;�B�M�-U(1)�u �b�v�K�K�2�i�`�v �B�b �b�i�B�H�H �7�m�H�}�H�H�2�/�X �>�Q�r�2�p�2�`�- �i�?�B�b �b�v�K�K�2�i�`�v �B�b�b�T�Q�M�i���@
�M�2�Q�m�b�H�v �#� �̀Q�F�2�M�r�?�2�M �� �T�Q�B�M�i �B�M ���i �K�B�M�B�K�m�K �B�b �+�?�Q�b�2�M ���b �;�`�Q�m�M�/ �b�i���i�2�X �h�?�B�b �T�Q�B�M�iv
�B�b �+���H�H�2�/�p���+�m�m�K �2�t�T�2�+�i���i�B�Q�M �p���H�m�2���M�/ �B�b �/�2�}�M�2�/ ���b

v =

r
� � 2

�
: �U�k�X�k�j�V

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

� �p���+�m�m�K=
1

p
2

�
0

v + H

�
�U�k�X�k�9�V

�3



�a�2�+�i�B�Q�M �k�X�R�, �h�?�2 �a�i���M�/���`�/ �J�Q�/�2�H �Q�7 �T���`�i�B�+�H�2 �T�?�v�b�B�+�b

�6�B�;�m�`�2 �k�X�k�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �i�?�2 �b�?���T�2 �Q�7 �� �>�B�;�;�b �T�Q�i�2�M�i�B���H �r�B�i�?� 2 < 0�- �r�?�2�`�2 �i�r�Q
�#�H�m�2 �b�T�?�2�`�2�b �b�?�Q�r �;�`�Q�m�M�/ �b�i���i�2�b �#�2�7�Q�`�2 ���M�/ ���7�i�2�` �b�T�Q�M�i���M�2�Q�m�b �b�v�K�K�2�i�`�v �#�`�2���F�B�M�;�X
�h���F�2�M �7�`�Q�K �(�9�9�)�X

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

V(� �p���+�m�m�K) = � � 2H 2

| {z }
�>�B�;�;�b �K���b�b �i�2�`�K

+ �vH 3 +
1
4

�H 4

| {z }
�>�B�;�;�b �b�2�H�7�@�B�M�i�2�`���+�i�B�Q�M

�U�k�X�k�8�V

�r�?�B�+�? ���/�/�b �i�?�`�2�2 �i�2�`�K�b �i�Q �i�?�2 �G���;�`���M�;�B���M�, �i�?�2 �K���b�b �i�2�`�K �Q�7 �i�?�2 �>�B�;�;�b �#�Q�b�Q�M �r�?�B�+�?
�?���bmH = � � 2�- �#�2�B�M�; �� �7�`�2�2 �T���`���K�2�i�2�` �Q�7 �i�?�2 �i�?�2�Q�`�v�- ���M�/ �i�r�Q �i�2�`�K�b �/�2�b�+�`�B�#�B�M�;
�b�2�H�7�@�B�M�i�2�`���+�i�B�Q�M�b �Q�7 �i�?�`�2�2 ���M�/ �7�Q�m�` �>�B�;�;�b �#�Q�b�Q�M�b�X �A�M�+�H�m�/�B�M�; �i�?�2 �>�B�;�;�b �K�2�+�?���M�B�b�K �B�M
�i�?�2 �2�H�2�+�i�`�Q�r�2���F �G���;�`���M�;�B���M �`�2�b�m�H�i�b �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; ���/�/�B�i�B�Q�M���H �i�2�`�K�b�,

L H =
1
2

(@� H )(@� H )
| {z }

�>�B�;�;�b �F�B�M�2�i�B�+

+
g2v2

4
((W +

� )2 + ( W �
� )2)

| {z }
W � �K���b�b �i�2�`�K

+
g2v2

8 cos2 � W
Z 2

�

| {z }
Z �K���b�b �i�2�`�K

+
g2

8
((W +

� )2 + ( W �
� )2)(2vH + H 2)

| {z }
W � H �B�M�i�2�`���+�i�B�Q�M �i�2�`�K

+
g2

16 cos2 � W
Z 2

� (2vH + H 2)
| {z }

Z H �B�M�i�2�`���+�i�B�Q�M �i�2�`�K

:

�U�k�X�k�e�V

�P�M�2 �Q�#�i���B�M�b �K���b�b �i�2�`�K�b �7�Q�` �i�?�2W � ���M�/Z �#�Q�b�Q�M�b�- �r�?�2�`�2mW = gv
2 ���M�/mZ = mW

cos� W
�X

���/�/�B�i�B�Q�M���H�H�v�- �+�Q�m�T�H�B�M�; �i�2�`�K�b �#�2�i�r�2�2�M �i�?�2 �>�B�;�;�b �#�Q�b�Q�M ���M�/ �i�?�2W � ���M�/Z �#�Q�b�Q�M�b
���`�B�b�2�- �r�B�i�? �+�Q�m�T�H�B�M�; �b�i�`�2�M�;�i�?�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �#�Q�b�Q�M �K���b�b�2�b�X
�L�Q�r�- �i�?�2 �Q�M�H�v �K�B�b�b�B�M�; �T���`�i �Q�7 �i�?�2 �K���i�?�2�K���i�B�+���H �/�2�b�+�`�B�T�i�B�Q�M �Q�7 �i�?�2 �a�J �+�Q�M�+�2�`�M�b
�i�?�2 �7�2�`�K�B�Q�M �K���b�b�2�b�X �h�?�2�b�2 ���`�2 ���/�/�2�/ �B�M �i�?�2 �b�Q�@�+���H�H�2�/�u�m�F���r�� �b�2�+�i�Q�`�Q�7 �i�?�2 �a�J
�G���;�`���M�;�B���M�- �r�`�B�i�i�2�M ���b

L Yukawa =
X

f

�
� f v
p

2
� f  f

| {z }
f �K���b�b�2�b

�
� fp

2
H � f  f

| {z }
f H �B�M�i�2�`���+�i�B�Q�M�b

: �U�k�X�k�d�V

�N



�*�?���T�i�2�` �k�, �h�?�2�Q�`�v

�>�2�`�2�- �K���b�b ���M�/ �B�M�i�2�`���+�i�B�Q�M �i�2�`�K�b �#�2�i�r�2�2�M �i�?�2H �#�Q�b�Q�M �}�2�H�/ ���M�/ �i�?�2 �7�2�`�K�B�Q�M�b ���`�2
�p�B�b�B�#�H�2�X �h�?�2 �7�2�`�K�B�Q�M �K���b�b�2�b ���`�2 �;�B�p�2�M �#�vmf = � f v

p
2

�- �r�?�2�`�2� f �B�b �� �7�`�2�2 �T���`���K�2�i�2�`�-
�i�?�2�u�m�F���r�� �+�Q�m�T�H�B�M�;�X
�q�B�i�? �i�?�2�b�2 �B�M�i�`�Q�/�m�+�i�B�Q�M�b�- �A �?���p�2 �T�`�2�b�2�M�i�2�/ ���M �Q�p�2�`�p�B�2�r �Q�M �i�?�2 �7�m�H�H �a�J �G���;�`���M�;�B���M�-
�r�?�B�+�? �B�b

L �a�J = L �Z�*�. + L �1�q + L H + L �u�m�F���r��: �U�k�X�k�3�V

�L�Q�i�2 �i�?���i �Q�M�H�v �Q�M�2 �F�B�M�2�i�B�+ �i�2�`�K �7�Q�` �[�m���`�F�b �B�b �B�M�+�H�m�/�2�/�- �r�?�B�+�? �r���b �T�`�2�b�2�M�i�2�/ ���b �T���`�i
�Q�7 �#�Q�i�?L �Z�*�. ���M�/L �1�q ���#�Q�p�2 �7�Q�` �b�B�K�T�H�B�+�B�i�v�X

�k�X�R�X�9�*�`�Q�b�b �b�2�+�i�B�Q�M �+���H�+�m�H���i�B�Q�M�b

�� �b�T�2�+�B�}�+ �B�M�i�2�`���+�i�B�Q�M �Q�7 �2�H�2�K�2�M�i���`�v �T���`�i�B�+�H�2�b�- �+�?���`���+�i�2�`�B�x�2�/ �#�v �i�?�2 �B�M�+�Q�K�B�M�; ���M�/
�Q�m�i�;�Q�B�M�; �T���`�i�B�+�H�2�b�- �B�b �Q�7�i�2�M �+���H�H�2�/ ���T� �̀Q�+�2�b�b�X �l�b�B�M�; �i�?�2 �K���i�?�2�K���i�B�+���H �7�Q�`�K���H�B�b�K
�B�M�i�`�Q�/�m�+�2�/ ���#�Q�p�2�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �T�`�2�/�B�+�i �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �� �T�`�Q�+�2�b�b �i�Q �Q�+�+�m�`
�r�?�2�M �2�H�2�K�2�M�i���`�v �T���`�i�B�+�H�2�b �B�M�i�2�`���+�i�X �h�?�B�b �T�`�Q�#���#�B�H�B�i�v �B�b �m�b�m���H�H�v �T�`�2�b�2�M�i�2�/ �B�M �7�Q�`�K
�Q�7 ���+� �̀Q�b�b �b�2�+�i�B�Q�M� �- �r�?�B�+�? �?���b �i�?�2 �m�M�B�i �Q�7 ���M ���`�2���,m2�X �J�Q�`�2 �Q�7�i�2�M �?�Q�r�2�p�2�`�- �B�i �B�b
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�#�2 �b�Q�H�p�2�/�X �h�?�2�b�2 �b�?�Q�`�i�+�Q�K�B�M�;�b �Q�7 �i�?�2 �a�J �K�Q�i�B�p���i�2 �i�?�2 �+�Q�M�i�B�M�m�Q�m�b �r�Q�`�F �Q�M �#�Q�i�?
�i�?�2 �2�t�T�2�`�B�K�2�M�i���H ���M�/ �i�?�2�Q�`�2�i�B�+���H �b�B�/�2 �Q�7 �T���`�i�B�+�H�2 �T�?�v�b�B�+�b�X �h�?�m�b�- �i�?�2�v ���H�b�Q �K�Q�i�B�p���i�2
�i�?�2 �r�Q�`�F �T�`�2�b�2�M�i�2�/ �B�M �i�?�B�b �i�?�2�b�B�b�- �r�?�B�+�? �B�b �r�?�v �A �T�`�2�b�2�M�i ���M �Q�p�2�`�p�B�2�r �Q�M �i�?�2 �p���`�B�Q�m�b
�b�?�Q�`�i�+�Q�K�B�M�;�b �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M�b�X �J�Q�i�B�p���i�2�/ �#�v �i�?�2�b�2 �b�?�Q�`�i�+�Q�K�B�M�;�b�- �A �+�Q�M�i�B�M�m�2
�r�B�i�? ���M �B�M�i�`�Q�/�m�+�i�B�Q�M �Q�M �p���`�B�Q�m�b �T�Q�i�2�M�i�B���H �2�t�i�2�M�b�B�Q�M�b �Q�7 �i�?�2 �a�J�- �r�?�B�+�? �+�Q�m�H�/ �b�Q�H�p�2
�Q�M�2 �Q�` �K�Q�`�2 �Q�7 �B�i�b �B�b�b�m�2�b�X

�k�X�k�X�R�P�#�b�2�`�p���i�B�Q�M���H �b�?�Q�`�i�+�Q�K�B�M�;�b �Q�7 �i�?�2 �a�J

�h�?�2�`�2 ���`�2 �b�2�p�2�`���H �2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i�b �B�M �r�?�B�+�? �/�2�p�B���i�B�Q�M�b �7�`�Q�K �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M�b
�Q�M �b�T�2�+�B�}�+ �T���`���K�2�i�2�`�b �r�2�`�2 �K�2���b�m�`�2�/�X �1�t���K�T�H�2�b �B�M�+�H�m�/�2 �� �K�2���b�m�`�2�K�2�M�i �Q�7 �i�?�2W
�K���b�b �#�v �i�?�2 �*�.�6 �+�Q�H�H���#�Q�`���i�B�Q�M �(�9�N�)�- �/�2�p�B���i�B�M�; �7�`�Q�K �i�?�2 �a�J �#�v7:0� �c �/�B�z�2�`�2�M�+�2�b �B�M
�`�2�b�T�2�+�i �i�Q �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M �B�M �K�2���b�m�`�2�K�2�M�i�b �Q�7 �i�?�2 ���M�Q�K���H�Q�m�b �K���;�M�2�i�B�+ �/�B�T�Q�H�2
�K�Q�K�2�M�i �Q�7 �i�?�2 �K�m�Q�M �#�v �i�?�2 �K�m�Q�M �;�@�k �2�t�T�2�`�B�K�2�M�i �(�8�y�)�c �Q�` �H�2�T�i�Q�M �~���p�Q�` ���M�Q�K���H�B�2�b �B�M
�K�2�b�Q�M �/�2�+���v�b ���i �i�?�2 �G�>�*�# �2�t�T�2�`�B�K�2�M�i �(�8�R���8�j�)�X �a�Q�K�2 �/�2�p�B���i�B�Q�M�b �K�B�;�?�i �/�B�b���T�T�2���`
�m�M�/�2�` �7�m�`�i�?�2�` �b�i�m�/�v �/�m�2 �i�Q �B�M�+�`�2���b�2�/ ���p���B�H���#�H�2 �b�i���i�B�b�i�B�+���H �T�Q�r�2�` �Q�` �+�m�`�`�2�M�i�H�v �m�M�F�M�Q�r�M
�2�`�`�Q�`�b �B�M �i�?�2 ���M���H�v�b�B�b �i�2�+�?�M�B�[�m�2�b�X ���M �2�t���K�T�H�2 ���`�2 �i�?�2 �H�2�T�i�Q�M �~���p�Q�` ���M�Q�K���H�B�2�b�- �r�?�2�`�2
�`�2�+�2�M�i �G�>�*�# �`�2�b�m�H�i�b ���`�2 �+�Q�M�b�B�b�i�2�M�i �r�B�i�? �a�J �T�`�2�/�B�+�i�B�Q�M�b �(�8�9���8�N�)�X �>�Q�r�2�p�2�`�- �i�?�2�`�2 ���`�2
�b�Q�K�2 �K�Q�`�2 �;�2�M�2�`���H �2�z�2�+�i�b �i�?���i �i�?�2 �a�J �+���M �M�Q�i �2�t�T�H���B�M �Q�M �� �+�Q�M�+�2�T�i�m���H �H�2�p�2�H�X ��
�K���D�Q�` �b�?�Q�`�i�+�Q�K�B�M�; �B�b �i�?�2 �2�t�+�H�m�b�B�Q�M �Q�7 �;�`���p�B�i�v �7�`�Q�K �i�?�2 �a�J�X �a�Q�K�2 �Q�i�?�2�` �B�b�b�m�2�b ���`�2
�B�M�i�`�Q�/�m�+�2�/ �#�2�H�Q�r�X

�R�k



�a�2�+�i�B�Q�M �k�X�k�, �S�?�v�b�B�+�b �#�2�v�Q�M�/ �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�k�X�k�X�R�X�R�L�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M�b ���M�/ �K���b�b�2�b

�P�M�2 �Q�7 �i�?�2 �K�Q�b�i �b�i�`�B�F�B�M�; �b�?�Q�`�i�+�Q�K�B�M�;�b �Q�7 �i�?�2 �a�J �B�b �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �M�2�m�i�`�B�M�Q �K���b�b�2�b�X
���b �A �K�2�M�i�B�Q�M�2�/ ���#�Q�p�2�- �i�?�2�b�2 �T���`�i�B�+�H�2�b ���`�2 ���b�b�m�K�2�/ �i�Q �#�2 �K���b�b�H�2�b�b �B�M �i�?�2 �+�Q�M�i�2�t�i �Q�7
�i�?�2 �a�J�X �>�Q�r�2�p�2�`�- �i�?�B�b �B�b �+�Q�M�i�`���/�B�+�i�2�/ �#�v �i�?�2 �/�B�b�+�Q�p�2�`�v �Q�7�M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M�b�-
�B�M �r�?�B�+�? �M�2�m�i�`�B�M�Q�b ���`�2 ���#�H�2 �i�Q �+�?���M�;�2 �~���p�Q�`�- �b�B�K�B�H���` �i�Q �i�?�2 �[�m���`�F �~���p�Q�` �+�?���M�;�2�b
�/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �*�E�J �K���i�`�B�t�X �6�B�`�b�i �?�B�M�i�b �r�2�`�2 �7�Q�m�M�/ �B�M �� �/�2�}�+�B�i �Q�7 �b�Q�H���` �M�2�m�i�`�B�M�Q�b
�B�M �R�N�e�3 �(�e�y�)�- ���M�/ �}�`�b�i �2�p�B�/�2�M�+�2 �7�Q�` ���i�K�Q�b�T�?�2�`�B�+ �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M�b �r���b �7�Q�m�M�/ �B�M
�R�N�N�3 �(�e�R�) �#�v �i�?�2 �a�m�T�2�`�@�E���K�B�Q�F���M�/�2 �2�t�T�2�`�B�K�2�M�i �(�e�k�)�X �L�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M�b�- �/�2�b�+�`�B�#�2�/
�#�v �i�?�2�S�Q�M�i�2�+�Q�`�p�Q���J���F�B���L���F���;���r�����a���F���i���U�S�J�L�a�V �K���i�`�B�t�- �r�Q�m�H�/ �Q�M�H�v �#�2 �T�Q�b�b�B�#�H�2
�B�M �+���b�2 �Q�7 �M�Q�M�@�x�2�`�Q �M�2�m�i�`�B�M�Q �K���b�b�2�b�- �`�2�b�m�H�i�B�M�; �B�M ���M �B�M�2�[�m���H�B�i�v �Q�7 �K���b�b ���M�/ �B�M�i�2�`���+�i�B�Q�M
�2�B�;�2�M�b�i���i�2�b�X ���b�b�m�K�B�M�; �i�?���i �i�?�`�2�2 �M�2�m�i�`�B�M�Q �~���p�Q�`�b �2�t�B�b�i�- �M�Q�M�@�x�2�`�Q �K���b�b �/�B�z�2�`�2�M�+�2�b
�+���M �#�2 �2�t�T�2�`�B�K�2�M�i���H�H�v �/�2�i�2�`�K�B�M�2�/ �B�M �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M �2�t�T�2�`�B�K�2�M�i�b�,� m2

21 =
(7:53� 0:18) � 10� 5 eV2 ���M�/� m2

32 = (2 :437� 0:033)� 10� 3 eV2 �(�9�j�)�X �h�?�2 ���#�b�Q�H�m�i�2
�M�2�m�i�`�B�M�Q �K���b�b�2�b ���`�2 �B�M�p�2�b�i�B�;���i�2�/ �#�v �/�2�/�B�+���i�2�/ �2�t�T�2�`�B�K�2�M�i�b �H�B�F�2 �E���h�_�A�L �(�e�j�)�- �r�?�B�+�?
�7�Q�m�M�/m� < 0:7 eV �(�e�9�)�X �l�M�i�B�H �M�Q�r �Q�M�H�v �m�T�T�2�` �H�B�K�B�i�b �Q�M �i�?�2 ���#�b�Q�H�m�i�2 �M�2�m�i�`�B�M�Q �K���b�b
�+�Q�m�H�/ �#�2 �b�2�i�X

�k�X�k�X�R�X�k�.���`�F �K���i�i�2�` ���M�/ �/���`�F �2�M�2�`�;�v

���H�`�2���/�v �B�M �R�N�j�j�- �Q�#�b�2�`�p���i�B�Q�M�b �Q�7 �i�?�2 �p�2�H�Q�+�B�i�v �/�B�b�T�2�`�b�B�Q�M �B�M �i�?�2 �*�Q�K�� �;���H���t�v �+�H�m�b�i�2�`
�K�Q�i�B�p���i�2�/ �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7�M�Q�M�H�m�K�B�M�Q�m�b �K���i�i�2�`�i�Q �2�t�T�H���B�M �i�?�2 �`�2�[�m�B�`�2�/ �K���b�b �/�2�M�@
�b�B�i�v�- �r�?�B�+�? �+�Q�m�H�/ �M�Q�i �#�2 �7�m�H�}�H�H�2�/ �#�v �p�B�b�B�#�H�2 �K���i�i�2�` ���H�Q�M�2 �(�e�8�)�X �a�B�M�+�2 �i�?�2�M�- �� �H���`�;�2
���K�Q�m�M�i �Q�7 �`�2�b�2���`�+�? �?���b �#�2�2�M �T�2�`�7�Q�`�K�2�/ �Q�M �i�?�B�b �b�Q�@�+���H�H�2�/�/���`�F �K���i�i�2�`�(�e�e�)�, �_�Q�i���i�B�Q�M
�+�m�`�p�2�b �Q�7 �i�?�2 �Q�`�#�B�i���H �p�2�H�Q�+�B�i�v �Q�7 �;���b ���M�/ �b�i���`�b �B�M �;���H���t�B�2�b �T�`�Q�p�B�/�2�/ �K�Q�`�2 �2�p�B�/�2�M�+�2
�7�Q�` �/���`�F �K���i�i�2�`�- ���b �r�2�H�H ���b �;�`���p�B�i���i�B�Q�M���H �H�2�M�b�B�M�; �2�z�2�+�i�b�- ���M���H�v�b�2�b �Q�7 �i�?�2 �+�Q�b�K�B�+ �K�B�@
�+�`�Q�r���p�2 �#���+�F�;�`�Q�m�M�/ ���M�/ �+�Q�b�K�Q�H�Q�;�B�+���H �+���H�+�m�H���i�B�Q�M�b�X �h�Q�/���v�- �B�M �i�?�2� �*�.�J �K�Q�/�2�H�- �B�i
�B�b ���b�b�m�K�2�/ �i�?���i ���#�Q�m�i(26:5 � 0:7) % �Q�7 �i�?�2 �2�M�2�`�;�v �B�M �i�?�2 �m�M�B�p�2�`�b�2 �B�b �/���`�F �K���i�i�2�`�-
�B�M �+�Q�M�i�`���b�i �i�Q �Q�M�H�v(4:93 � 0:06) % �Q�`�/�B�M���`�v�- �#���`�v�Q�M�B�+ �K���i�i�2�` �(�9�j�)�X �h�?�2 �a�J �/�Q�2�b
�M�Q�i �B�M�+�H�m�/�2 ���M�v �T���`�i�B�+�H�2 �i�?���i �+�Q�m�H�/ �2�t�T�H���B�M �i�?�B�b �T�`�2�p���H�2�M�+�2 �Q�7 �B�M�p�B�b�B�#�H�2 �K���i�i�2�`�X �.���`�F
�K���i�i�2�` �+���M�/�B�/���i�2�b �r�Q�m�H�/ �M�2�2�/ �i�Q �#�2 �K���b�b�B�p�2 �T���`�i�B�+�H�2�b �i�?���i ���`�2 �M�2�m�i�`���H �B�M �`�2�b�T�2�+�i
�i�Q �i�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ ���M�/ �b�i�`�Q�M�; �B�M�i�2�`���+�i�B�Q�M�b�X ���M�Q�i�?�2�` �H���`�;�2 �T���`�i �Q�7 �i�?�2 �2�M�2�`�;�v
�/�2�M�b�B�i�v �B�M �i�?�2 �m�M�B�p�2�`�b�2�- �i�?�2 �`�2�K���B�M�B�M�;(68:5� 0:7) % ���+�+�Q�`�/�B�M�; �i�Q �i�?�2� �*�.�J �K�Q�/�2�H�-
�B�b ���b�b�m�K�2�/ �i�Q �#�2�/���`�F �2�M�2� �̀;�v�(�9�j�)�- �K�Q�i�B�p���i�2�/ �#�v �i�?�2 �B�M�+�`�2���b�B�M�; ���+�+�2�H�2�`���i�B�Q�M �Q�7 �i�?�2
�2�t�T���M�b�B�Q�M �Q�7 �i�?�2 �m�M�B�p�2�`�b�2�X �a�B�K�B�H���` �i�Q �/���`�F �K���i�i�2�`�- �/���`�F �2�M�2�`�;�v �B�b �M�Q�i �/�2�b�+�`�B�#�2�/ �#�v
�i�?�2 �a�J�X

�k�X�k�X�R�X�j�"���`�v�Q�M ���b�v�K�K�2�i�`�v

���M�Q�i�?�2�` �+�Q�b�K�Q�H�Q�;�B�+���H�H�v �K�Q�i�B�p���i�2�/ �b�?�Q�`�i�+�Q�K�B�M�; �Q�7 �i�?�2 �a�J �B�b �i�?�2�#���`�v�Q�M ���b�v�K�K�2�i�`�v�X
�h�Q�/���v�- ���M ���#�m�M�/���M�+�2 �Q�7 �K���i�i�2�` �Q�p�2�` ���M�i�B�K���i�i�2�` �B�b �Q�#�b�2�`�p�2�/�X �>�Q�r�2�p�2�`�- ���b�b�m�K�B�M�;
�� �;�2�M�2�b�B�b �Q�7 �i�?�2 �m�M�B�p�2�`�b�2 �7�`�Q�K �� �p���+�m�m�K�- �b�Q�K�2 �T�`�Q�+�2�b�b �K�m�b�i �?���p�2 �`�2�b�m�H�i�2�/ �B�M �i�?�B�b
�B�K�#���H���M�+�2�- �r�?�B�+�? �?���b �7�m�H�}�H�H �i�?�2 �i�?�`�2�2 �b�Q�@�+���H�H�2�/�a���F�?��� �̀Q�p �+�Q�M�/�B�i�B�Q�M�b�, �p�B�Q�H���i�B�Q�M �Q�7
�i�?�2 �#���`�v�Q�M �M�m�K�#�2�` �+�Q�M�b�2�`�p���i�B�Q�M�- �*�S�@�p�B�Q�H���i�B�Q�M ���M�/ �B�M�i�2�`���+�i�B�Q�M �Q�m�i�b�B�/�2 �Q�7 �i�?�2�`�K���H
�2�[�m�B�H�B�#�`�B�m�K�XCP�@�p�B�Q�H���i�B�Q�M�- �i�?�2 �p�B�Q�H���i�B�Q�M �Q�7�+�?��� �̀;�2�U�*�V ���M�/�T���`�B�i�v�U�S�V �+�Q�M�b�2�`�p���i�B�Q�M�-
�r���b �K�2���b�m�`�2�/ �B�M �i�?�2 �q�m �2�t�T�2�`�B�K�2�M�i �(�e�d�) �U�S�@�p�B�Q�H���i�B�Q�M�V ���M�/ �6�B�i�+�?���*�`�Q�M�B�M �2�t�T�2�`�B�K�2�M�i
�(�e�3�) �U�*�S�@�p�B�Q�H���i�B�Q�M�V�- ���M�/ �B�b �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �a�J ���b �� �+�Q�K�T�H�2�t �T�?���b�2 �B�M �i�?�2 �*�E�J
�K���i�`�B�t�- �Q�` �B�M �i�?�2 �b�i�`�Q�M�; �B�M�i�2�`���+�i�B�Q�M�X �>�Q�r�2�p�2�`�- �M�Q �2�p�B�/�2�M�+�2 �Q�7 �*�S �p�B�Q�H���i�B�Q�M �B�M �i�?�2
�a�J �i�?���i �B�b �H���`�;�2 �2�M�Q�m�;�? �i�Q �2�t�T�H���B�M �i�?�2 �Q�#�b�2�`�p�2�/ �K���i�i�2�`�@���M�i�B�K���i�i�2�` ���b�v�K�K�2�i�`�v �?���b
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�*�?���T�i�2�` �k�, �h�?�2�Q�`�v

�#�2�2�M �7�Q�m�M�/�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �a�J �/�Q�2�b �M�Q�i ���H�H�Q�r �7�Q�` �p�B�Q�H���i�B�Q�M �Q�7 �i�?�2 �#���`�v�Q�M �M�m�K�#�2�`�X
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�A�M ���/�/�B�i�B�Q�M �i�Q �i�?�2 ���#�Q�p�2 �H�B�b�i�2�/ �Q�#�b�2�`�p���i�B�Q�M���H �b�?�Q�`�i�+�Q�K�B�M�;�b�- �i�?�2�`�2 ���`�2 ���`�;�m�K�2�M�i�b �7�Q�`
�i�?�2 �a�J �#�2�B�M�; �B�M�+�Q�K�T�H�2�i�2 �Q�` �r�`�Q�M�; �7�`�Q�K �� �b�i�`�m�+�i�m�`���H �b�B�/�2�X �h�?�2 �a�J �B�b �T���`���K�2�i�`�B�x�2�/
�#�v �� �`�2�H���i�B�p�2�H�v �?�B�;�? �M�m�K�#�2�` �Q�719 �7�`�2�2 �T���`���K�2�i�2�`�b�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7
�2�t���+�i�H�v �i�?�`�2�2 �;�2�M�2�`���i�B�Q�M�b �Q�7 �7�2�`�K�B�Q�M�b�- �Q�` �b�B�K�T�H�v �i�?�2 �+�Q�M�b�i�`�m�+�i�B�Q�M ���b �� �;���m�;�2 �i�?�2�Q�`�v�-
�+���M �#�2 �b�2�2�M ���b ���`�#�B�i�`���`�v�X �a�Q�K�2 �b�Q�K�2 �b�i�`�m�+�i�m�`���H �B�b�b�m�2�b ���`�2 �`�2�H���i�2�/ �i�Q �i�?�2 �b�Q�@�+���H�H�2�/
�M���i�m� �̀��H�M�2�b�b�Q�7 �i�?�2 �a�J�X �� �p���`�B�2�i�v �Q�7 �B�b�b�m�2�b ���`�B�b�2 �7�`�Q�K �i�?�2 �H���`�;�2 �/�B�z�2�`�2�M�+�2 �B�M �b�i�`�2�M�;�i�?
�#�2�i�r�2�2�M �i�?�2 �i�?�`�2�2 �7�Q�`�+�2�b �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �a�J�- ���M�/ �;�`���p�B�i�v�X �L���i�m�`���H�M�2�b�b �/�2�b�+�`�B�#�2�b
�i�?�2 �/�2�b�B�`�2 �7�Q�` �� �i�?�2�Q�`�v �i�?���i �2�t�T�H���B�M�b �`�2���H�B�i�v �r�B�i�? �T���`���K�2�i�2�`�b �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v �i�?�2
�b���K�2 �b�B�x�2�X �� �i�?�2�Q�`�v �r�B�i�? �T���`���K�2�i�2�`�b �p�2�`�v �7���` �7�`�Q�K �m�M�B�i�v �K�B�;�?�i �#�2 �+�Q�`�`�2�+�i�- �#�m�i
�+���M �#�2 �p�B�2�r�2�/ ���b �~���r�2�/�X �h�r�Q �b�T�2�+�B�}�+ �2�t���K�T�H�2�b �r�?�2�`�2 �b�i�`�Q�M�;�}�M�2�@�i�m�M�B�M�;�r�Q�m�H�/ �#�2
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CP�@�p�B�Q�H���i�B�Q�M �B�M �i�?�2 �r�2���F �b�2�+�i�Q�` �Q�7 �i�?�2 �a�J �?���b �#�2�2�M �/�B�b�+�Q�p�2�`�2�/ �B�M �K���M�v �Q�7 �i�?�2
�T�`�2�/�B�+�i�2�/ �/�2�+���v�b �(�e�N���d�j�) �#�v �b�2�p�2�`���H �2�t�T�2�`�B�K�2�M�i�b�- ���M�/ �B�i�b �b�i�`�2�M�;�i�? �?���b �#�2�2�M �7�Q�m�M�/ �i�Q
���;�`�2�2 �r�2�H�H �r�B�i�? �i�?�2 �a�J �T�`�2�/�B�+�i�B�Q�M�b�X �>�Q�r�2�p�2�`�- �i�?�2 �a�J ���H�b�Q �r�Q�m�H�/ ���H�H�Q�r �7�Q�` ��CP�@
�p�B�Q�H���i�B�M�; �T�?���b�2 �B�M �i�?�2 �b�i�`�Q�M�; �b�2�+�i�Q�` �(�d�9�- �d�8�)�X ���+�+�2�b�b�B�#�H�2 �i�?�`�Q�m�;�? �i�?�2 �2�H�2�+�i�`�B�+ �/�B�T�Q�H�2
�K�Q�K�2�M�i �Q�7 �i�?�2 �M�2�m�i�`�Q�M�- �r�?�B�+�? �?���b �#�2�2�M �K�2���b�m�`�2�/ �i�Q �#�2n�1�.�J < 1:8 � 10� 26 ecm
�(�9�j�)�- ���M �m�T�T�2�` �H�B�K�B�i �Q�M �i�?�2CP�@�p�B�Q�H���i�B�M�; �T�?���b�2�� �B�M �i�?�2 �b�i�`�Q�M�; �b�2�+�i�Q�` �+���M �#�2 �7�Q�m�M�/�X
�.�2�T�2�M�/�B�M�; �Q�M �i�?�2 �r���v �Q�7 �+���H�+�m�H���i�B�Q�M�- �i�?�2n�1�.�J �B�M �i�?�2 �a�J �B�b �T�`�2�/�B�+�i�2�/ ���`�Q�m�M�/
n�1�.�J � �� �O (10� 16 ecm) �(�d�e�- �d�d�)�- �r�?�B�+�? �K�2���M�b �i�?���i�� < O(10� 10) �r�Q�m�H�/ �#�2 �`�2�[�m�B�`�2�/�,
�� �+�H�2���` �2�t���K�T�H�2 �7�Q�` �}�M�2�@�i�m�M�B�M�; �B�M �i�?�2 �a�J�X

�k�X�k�X�k�X�k�>�B�2�`���`�+�?�v �T�`�Q�#�H�2�K

�q�?�2�M �+���H�+�m�H���i�B�M�; �[�m���M�i�m�K �+�Q�`�`�2�+�i�B�Q�M�b �i�Q �i�?�2 �>�B�;�;�b �#�Q�b�Q�M �K���b�b �B�M �i�?�2 �a�J�- �[�m���`�F
�H�Q�Q�T�b ���b �b�?�Q�r�M �B�M �}�;�m�`�2 �k�X�9 �`�2�b�m�H�i �B�M �/�B�p�2�`�;�2�M�i �+�Q�M�i�`�B�#�m�i�B�Q�M�b �i�QmH �(�d�3�- �d�N�)�X

H H

t

t

�6�B�;�m�`�2 �k�X�9�, �h�Q�T �[�m���`�F �H�Q�Q�T �/�B���;�`���K �+�Q�M�i�`�B�#�m�i�B�M�; �i�Q �i�?�2 �>�B�;�;�b �#�Q�b�Q�M �K���b�b�- �7�Q�H�H�Q�r�B�M�;
�(�3�y�)�X

���b�b�m�K�B�M�; �i�?���i �i�?�2 �K�2���b�m�`���#�H�2 �>�B�;�;�b �#�Q�b�Q�M �K���b�b �B�b �/�2�}�M�2�/ ���bm2
H = m2

H; 0 + � m2
H

�r�?�2�`�2m2
H; 0 �B�b �i�?�2 �#���`�2 �>�B�;�;�b �K���b�b �#�2�7�Q�`�2 �`�2�M�Q�`�K���H�B�x���i�B�Q�M�- �Q�M�2 �+���M �B�M�p�2�b�i�B�;���i�2 �i�?�2

�+�Q�`�`�2�+�i�B�Q�M�b� m2
H �X �h�?�2 �/�Q�K�B�M���M�i �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �`�2�b�m�H�i�B�M�; �7�`�Q�K �i�?�2t �[�m���`�F �u�m�F���r��

�+�Q�m�T�H�B�M�;� t ���M�/ �b�+���H�2�b ���b

� m2
H / �j � t j2� 2: �U�k�X�j�y�V

�A�M �i�?�B�b �2�[�m���i�B�Q�M�-� �B�b �i�?�2 �+�m�i�Q�z �b�+���H�2 �Q�7 �i�?�2 �a�J �B�M�i�`�Q�/�m�+�2�/ �B�M �b�2�+�i�B�Q�M �k�X�R�X�9�X ���b
�M�Q �T�?�v�b�B�+�b �#�2�v�Q�M�/ �i�?�2 �a�J �?���b �#�2�2�M �7�Q�m�M�/ �v�2�i�- �M�Q �2�t�T�2�`�B�K�2�M�i���H �+�Q�M�b�i�`���B�M�i�b �Q�M �i�?�B�b
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�a�J �T�`�2�/�B�+�i�B�Q�M�b �Q�7 �K�2���b�m�`���#�H�2 �[�m���M�i�B�i�B�2�b�X �A �;�B�p�2 �� �� �M�Q�M�@�+�Q�K�T�`�2�?�2�M�b�B�p�2 �Q�p�2�`�p�B�2�r �Q�7
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�h�?�2 �+�Q�M�b�i�`�m�+�i�B�Q�M �Q�7 �i�?�2 �a�J ���b �� �;���m�;�2 �i�?�2�Q�`�v�- ���b �B�M�i�`�Q�/�m�+�2�/ ���#�Q�p�2�- �B�b �#���b�2�/ �Q�M
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�i�?�2�b�2 �2�t�i�2�M�b�B�Q�M�b �Q�M ���M ���/�/�B�i�B�Q�M���H �b�v�K�K�2�i�`�v �B�b �M���i�m�`���H�- ���M�/ �i�?�2 �+�Q�`�2 �T�`�B�M�+�B�T�H�2 �Q�7
�b�m�T�2�`�b�v�K�K�2�i�`�v�U�a�l�a�u�V �(�3�R���3�9�)�X ���b �� �+���i�2�;�Q�`�v �Q�7 �M�2�r �T�?�v�b�B�+�b �K�Q�/�2�H�b�- �B�i �B�M�+�H�m�/�2�b
���H�H �i�?�2�Q�`�B�2�b �i�?���i �T�`�Q�T�Q�b�2 �� �b�v�K�K�2�i�`�v �#�2�i�r�2�2�M �7�2�`�K�B�Q�M�b ���M�/ �#�Q�b�Q�M�b�, ���M �B�M�p���`�B���M�+�2
�m�M�/�2�` �b�T�B�M �i�`���M�b�7�Q�`�K���i�B�Q�M�X
�h�?�2 �K�Q�b�i �b�B�K�T�H�2 �a�l�a�u �K�Q�/�2�H �B�b �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
�U�J�a�a�J�V �(�3�8�)�X �A�M �B�i�- �7�Q�` �2���+�? �7�2�`�K�B�Q�M �i�?�2�`�2 �B�b �� �#�Q�b�Q�M �r�B�i�? �i�?�2 �b���K�2 �T�`�Q�T�2�`�i�B�2�b
�U�b���K�2 �+�Q�m�T�H�B�M�;�b�- �+�?���`�;�2�b�- �#�m�i �/�B�z�2�`�2�M�i �b�T�B�M�V�- ���M�/ �p�B�+�2 �p�2�`�b���X �*�`�m�+�B���H�H�v�- �i�?�2 �>�B�;�;�b
�b�2�+�i�Q�` �B�b �2�t�i�2�M�/�2�/ �r�B�i�? ���M�Q�i�?�2�` �+�Q�K�T�H�2�t �B�b�Q�b�T�B�M �/�Q�m�#�H�2�i�- �r�?�B�+�? �H�2���/�b �i�Q �i�?�2 �2�t�B�b�i�2�M�+�2
�Q�7 �}�p�2 �T�?�v�b�B�+���H �>�B�;�;�b �T���`�i�B�+�H�2�b�- �Q�M�2 �Q�7 �r�?�B�+�? �B�b �i�?�2 �H�B�;�?�i �a�J�@�H�B�F�2 �>�B�;�;�b�X
�h�?�2 �M�2�r �>�B�;�;�b �}�2�H�/�b �T���`�i�B�+�B�T���i�2 �B�M �i�?�2 �2�H�2�+�i�`�Q�r�2���F �b�v�K�K�2�i�`�v �#�`�2���F�B�M�; ���M�/ �K�B�t �r�B�i�?
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�H�2�K ���M�/ ���M �B�M�+�H�m�b�B�Q�M �Q�7 �;�`���p�B�i�v �B�M�i�Q �i�?�2 �a�J�- �#�m�i ���H�b�Q �T�`�Q�p�B�/�B�M�; �b�Q�H�m�i�B�Q�M�b �i�Q �i�?�2
�b�i�`�Q�M�; �*�S �T�`�Q�#�H�2�K�X �A�M �K�Q�/�2�H�b �r�B�i�?�H��� �̀;�2 �2�t�i� �̀� �/�B�K�2�M�b�B�Q�M�b�(�R�y�9�- �R�y�8�)�- �;�`���p�B�i�v ���+�i�b
�Q�M �?�B�;�?�2�` �/�B�K�2�M�b�B�Q�M�b �i�?���M �i�?�2 �Q�i�?�2�` �7�m�M�/���K�2�M�i���H �7�Q�`�+�2�b�- �`�2�b�m�H�i�B�M�; �B�M �i�?�2 �r�2���F�2�`
�b�i�`�2�M�;�i�? �Q�#�b�2�`�p�2�/ �B�M �Q�m�`3 + 1 �U�b�T���+�2 �Y �i�B�K�2�V �/�B�K�2�M�b�B�Q�M���H �r�Q�`�H�/�X ���M�Q�i�?�2�` �2�t���K�T�H�2
���`�2 �_���M�/���H�H���a�m�M�/�`�m�K �K�Q�/�2�H�b �(�R�y�e���R�y�3�)�- �B�M �r�?�B�+�? �� �}�7�i�? �/�B�K�2�M�b�B�Q�M �B�b ���/�/�2�/�- �r�?�2�`�2

�R�e



�a�2�+�i�B�Q�M �k�X�k�, �S�?�v�b�B�+�b �#�2�v�Q�M�/ �i�?�2 �a�i���M�/���`�/ �J�Q�/�2�H

�Q�m�` �`�2���H�B�i�v �b�B�i�b �Q�M �� �b�Q�@�+���H�H�2�/�#� �̀��M�2�Q�M �r�?�B�+�? �;�`���p�B�i���i�B�Q�M ���+�i�b �Q�M�H�v �r�2���F�H�v�X �1�t�i�`��
�/�B�K�2�M�b�B�Q�M �K�Q�/�2�H�b ���`�2 ���+�+�2�b�b�B�#�H�2 �i�?�`�Q�m�;�? �T�`�2�/�B�+�i�B�Q�M�b �Q�7 �M�2�r �p���`�B�Q�m�b �T���`�i�B�+�H�2�b ���M�/
���`�2 �`�2�b�2���`�+�?�2�/ ���i �T���`�i�B�+�H�2 �+�Q�H�H�B�/�2�` �2�t�T�2�`�B�K�2�M�i�b�X �S���`�i�B�+�H�2 �T�?�v�b�B�+�b �K�Q�/�2�H�b �7�`�Q�K �i�?�2
�}�2�H�/ �Q�7�b�i�`�B�M�; �i�?�2�Q�`�v�(�R�y�N�- �R�R�y�)�- �/�2�b�+�`�B�#�B�M�; �2�H�2�K�2�M�i���`�v �T���`�i�B�+�H�2�b �M�Q�i ���b �T�Q�B�M�i�@�H�B�F�2�-
�#�m�i ���b �Q�M�2�@�/�B�K�2�M�b�B�Q�M���H �b�i�`�B�M�;�b�- �`�2�[�m�B�`�2 �i�?�2 �2�t�B�b�i�2�M�+�2 �Q�7 �?�B�;�?�2�` �/�B�K�2�M�b�B�Q�M�b ���M�/ ���`�2
�i�?�m�b �`�2�H���i�2�/ �i�Q �2�t�i�`�� �/�B�K�2�M�b�B�Q�M �K�Q�/�2�H�b�X

�R�d



�*�>���S�h�1�_�j

�1�s�S�1�_�A�J�1�L�h

�A�M �i�?�B�b �i�?�2�b�B�b�- �A �T�`�2�b�2�M�i �� �b�2���`�+�? �7�Q�` �� �T�Q�i�2�M�i�B���H �b�B�;�M���i�m�`�2 �Q�7 �"�a�J �T�?�v�b�B�+�b�X �A�M �Q�`�/�2�`
�i�Q �T�2�`�7�Q�`�K �i�?�B�b �F�B�M�/ �Q�7 �`�2�b�2���`�+�?�- ���M �2�t�T�2�`�B�K�2�M�i���H ���T�T���`���i�m�b �B�b �M�2�2�/�2�/�X �h�?�2�`�2�7�Q�`�2�-
�B�M �i�?�2 �7�Q�H�H�Q�r�B�M�;�- �A �T�`�2�b�2�M�i �i�?�2 �B�M�7�`���b�i�`�m�+�i�m�`�2 �A �m�b�2 �i�Q �Q�#�i���B�M �i�?�2 �`�2�b�m�H�i�b �A �/�2�i���B�H
�b�m�#�b�2�[�m�2�M�i�H�v�, �A�M �b�2�+�i�B�Q�M �j�X�R�- �A �B�M�i�`�Q�/�m�+�2 �i�?�2 �G���`�;�2 �>���/�`�Q�M �*�Q�H�H�B�/�2�`�- ���M�/ �B�M �b�2�+�i�B�Q�M
�j�X�k �i�?�2 �*�J�a �/�2�i�2�+�i�Q�`�X

�j�X�R�G���`�;�2 �>���/�`�Q�M �*�Q�H�H�B�/�2�`

�h�?�2�G��� �̀;�2 �>���/� �̀Q�M �*�Q�H�H�B�/�2�`�U�G�>�*�V �(�R�R�R�) �B�b �� �T���`�i�B�+�H�2 ���+�+�2�H�2�`���i�Q�` �H�Q�+���i�2�/ ���i �i�?�2
�1�m� �̀Q�T�2���M �P� �̀;���M�B�x���i�B�Q�M �7�Q�` �L�m�+�H�2���` �_�2�b�2��� �̀+�?�U�*�1�_�L�V �M�2���` �:�2�M�2�p���- �a�r�B�i�x�2�`�H���M�/�X
���b �� �?���/�`�Q�M �+�Q�H�H�B�/�2�`�- �B�i �B�b �/�2�b�B�;�M�2�/ �i�Q �B�M�+�`�2���b�2 �i�?�2 �F�B�M�2�i�B�+ �2�M�2�`�;�v �Q�7 �?���/�`�Q�M�b �B�M
�Q�`�/�2�` �b�i�m�/�v �i�?�2 �T�?�v�b�B�+�b �Q�7 �?�B�;�?�H�v �2�M�2�`�;�2�i�B�+ �T���`�i�B�+�H�2 �+�Q�H�H�B�b�B�Q�M�b�X �J�Q�b�i �Q�7 �i�?�2 �i�B�K�2�-
�T�`�Q�i�Q�M�b ���`�2 ���+�+�2�H�2�`���i�2�/ �r�B�i�?�B�M �i�?�2 �G�>�*�- �b�Q �A �r�B�H�H �7�Q�+�m�b �Q�M �i�?�B�b �Q�T�2�`���i�B�Q�M �K�Q�/�2 �B�M
�i�?�2 �7�Q�H�H�Q�r�B�M�;�X �>�Q�r�2�p�2�`�- �B�i �B�b ���H�b�Q �T�Q�b�b�B�#�H�2 �i�Q ���+�+�2�H�2�`���i�2 �?�2���p�v �B�Q�M�b�- �H�B�F�2 �H�2���/ �(�R�R�k�)�X

�j�X�R�X�R�h�?�2 �G�>�* �T�`�2�@���+�+�2�H�2�`���i�Q�` �+�?���B�M

�h�?�2 �G�>�* �B�b �M�Q�i ���#�H�2 �i�Q ���+�+�2�H�2�`���i�2 �T�`�Q�i�Q�M�b �7�`�Q�K �`�2�b�i�X �A�M�b�i�2���/�- �� �+�?���B�M �Q�7 �T�`�2�@
���+�+�2�H�2�`���i�Q�`�b�- �b�?�Q�r�M �B�M �}�;�m�`�2 �j�X�R�- �B�b �m�b�2�/ �i�Q �b�m�#�b�2�[�m�2�M�i�H�v �B�M�+�`�2���b�2 �i�?�2 �T�`�Q�i�Q�M �2�M�2�`�;�v
�#�2�7�Q�`�2 �i�?�2�B�` �B�M�D�2�+�i�B�Q�M �B�M�i�Q �i�?�2 �G�>�*�X �6�B�`�b�i�- �?�v�/�`�Q�;�2�M ���i�Q�K�b ���`�2 �B�Q�M�B�x�2�/ �#�v �T���b�b�B�M�;
�i�?�2�K �i�?�`�Q�m�;�? ���M �2�H�2�+�i�`�B�+ �}�2�H�/�- �Q�#�i���B�M�B�M�; �7�`�2�2 �T�`�Q�i�Q�M�b�X �h�?�2�b�2 ���`�2 ���+�+�2�H�2�`���i�2�/ �i�Q
50 MeV �m�b�B�M�;�G�B�M���+�k�(�R�R�j�)�- �� �H�B�M�2���` ���+�+�2�H�2�`���i�Q�` �2�[�m�B�T�T�2�/ �r�B�i�?� �̀��/�B�Q �7� �̀2�[�m�2�M�+�v�U�_�6�V
�+���p�B�i�B�2�b�X ���7�i�2�` �H�2���p�B�M�; �i�?�2 �H�B�M�2���` ���+�+�2�H�2�`���i�Q�`�- �i�?�`�2�2 �+�B�`�+�m�H���` ���+�+�2�H�2�`���i�Q�`�b ���`�2 �m�b�2�/ �i�Q
�7�m�`�i�?�2�` �B�M�+�`�2���b�2 �i�?�2 �T�`�Q�i�Q�M �2�M�2�`�;�v�, �i�?�2�S� �̀Q�i�Q�M �a�v�M�+�?� �̀Q�i� �̀Q�M �"�Q�Q�b�i�2�`�U�"�P�P�a�h�1�_�V
�(�R�R�9�)�- �K���/�2 �m�T �Q�7 �7�Q�m�` �b�m�T�2�`�B�K�T�Q�b�2�/ �b�v�M�+�?�`�Q�i�`�Q�M �`�B�M�;�b�- ���+�+�2�H�2�`���i�2�b �i�?�2�K �i�Q1:4 GeV�c
�i�?�2�S� �̀Q�i�Q�M �a�v�M�+�?� �̀Q�i� �̀Q�M�U�S�a�V �(�R�R�8�) �i�Q26 GeV�c ���M�/ �i�?�2�a�m�T�2�` �S� �̀Q�i�Q�M �a�v�M�+�?� �̀Q�i� �̀Q�M
�U�a�S�a�V �(�R�R�e�) �i�Q450 GeV�X ���i �i�?�B�b �2�M�2�`�;�v�- �i�?�2 �T�`�Q�i�Q�M�b ���`�2 �i�?�2�M �B�M�D�2�+�i�2�/ �B�M�i�Q �i�?�2 �G�>�*
�B�i�b�2�H�7�X �a�Q�K�2 �+�?���M�;�2�b �i�Q �i�?�2 �T�`�2�@���+�+�2�H�2�`���i�Q�` �+�?���B�M �r�2�`�2 �K���/�2 ���7�i�2�` �k�y�R�3�- �r�?�B�+�? �A
�b�m�K�K���`�B�x�2 �B�M ���T�T�2�M�/�B�t ���X�R�X�R�X

�j�X�R�X�k�S���`�i�B�+�H�2 ���+�+�2�H�2�`���i�B�Q�M ���i �i�?�2 �G�>�*

�h�?�2 �G�>�* �B�b �� �+�B�`�+�m�H���` ���+�+�2�H�2�`���i�Q�` �r�B�i�? �� �+�B�`�+�m�K�7�2�`�2�M�+�2 �Q�726:7 km�- �H�Q�+���i�2�/ �B�M ���M
�m�M�/�2�`�;�`�Q�m�M�/ �i�m�M�M�2�H �r�?�B�+�? �B�b �#�2�i�r�2�2�M45 m ���M�/170 m �#�2�H�Q�r �i�?�2 �b�m�`�7���+�2�X �A�i �`�2�m�b�2�b
�i�?�2 �i�m�M�M�2�H �T�`�2�p�B�Q�m�b�H�v �?�Q�m�b�B�M�; �i�?�2�G��� �̀;�2 �1�H�2�+�i� �̀Q�M�@�S�Q�b�B�i� �̀Q�M �*�Q�H�H�B�/�2�`�U�G�1�S�V �(�R�R�3�)�-
�r�?�B�+�? �+�Q�H�H�B�/�2�/ �2�H�2�+�i�`�Q�M�b ���M�/ �T�Q�b�B�i�`�Q�M�b ���i �2�M�2�`�;�B�2�b �m�T �i�Q209 GeV�X
���i �i�?�2 �G�>�*�- �i�r�Q �T�`�Q�i�Q�M �#�2���K�b�- �i�`���p�2�H�B�M�; �B�M �Q�T�T�Q�b�B�i�2 �/�B�`�2�+�i�B�Q�M�b ���`�Q�m�M�/ �i�?�2 �`�B�M�;�- ���`�2
�F�2�T�i �Q�M �� �+�B�`�+�m�H���` �i�`���D�2�+�i�Q�`�v �m�b�B�M�; �� �K���;�M�2�i�B�+ �}�2�H�/ �r�B�i�? �� �}�2�H�/ �b�i�`�2�M�;�i�? �Q�78:3 T�-
�+�`�2���i�2�/ �m�b�B�M�; �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �/�B�T�Q�H�2 �K���;�M�2�i�b�X �A�M ���/�/�B�i�B�Q�M �i�Q �i�?�2�b�2�- �b�2�p�2�`���H �i�v�T�2�b

�R�3



�a�2�+�i�B�Q�M �j�X�R�, �G���`�;�2 �>���/�`�Q�M �*�Q�H�H�B�/�2�`

�6�B�;�m�`�2 �j�X�R�, ���M �Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �*�1�_�L ���+�+�2�H�2�`���i�Q�` �+�Q�K�T�H�2�t �B�M �k�y�R�3�- �B�M�+�H�m�/�B�M�; �i�?�2
�G�>�* ���M�/ ���H�H �B�i�b �T�`�2�@���+�+�2�H�2�`���i�Q�`�b�, �i�?�2 �G�B�M���+�k�- �S�a�"�- �S�a ���M�/ �a�S�a�X �P�i�?�2�` ���+�+�2�H�2�`���i�Q�`�b
�M�Q�i �T���`�i �Q�7 �i�?�2 �G�>�* �T�`�2�@���+�+�2�H�2�`���i�Q�` �+�?���B�M ���`�2 ���H�b�Q �b�?�Q�r�M�- ���b �r�2�H�H ���b �b�2�p�2�`���H �2�t�T�2�`�B�@
�K�2�M�i�b �K���F�B�M�; �m�b�2 �Q�7 �i�?�2 ���p���B�H���#�H�2 ���+�+�2�H�2�`���i�B�Q�M �B�M�7�`���b�i�`�m�+�i�m�`�2�X �h���F�2�M �7�`�Q�K �(�R�R�d�)�X

�R�N



�*�?���T�i�2�` �j�, �1�t�T�2�`�B�K�2�M�i

�6�B�;�m�`�2 �j�X�k�, �a�+�?�2�K���i�B�+ �Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �G�>�*�- �b�?�Q�r�B�M�; �i�?�2 �#�2���K�b �U�B�M �#�H�m�2 ���M�/ �`�2�/�V
�+�B�`�+�m�H���i�B�M�; ���`�Q�m�M�/ �i�?�2 ���+�+�2�H�2�`���i�Q�` �`�B�M�;�X �.�B�b�T�H���v�2�/ ���`�2 ���H�H �2�B�;�?�i �A�S�b�- �?�Q�m�b�B�M�; �i�?�2
�7�Q�m�` �2�t�T�2�`�B�K�2�M�i�b �Q�7 �i�?�2 �G�>�*�- ���b �r�2�H�H ���b �i�?�2 �K���+�?�B�M�2�`�v �`�2�[�m�B�`�2�/ �7�Q�` �i�?�2 �T���`�i�B�+�H�2
���+�+�2�H�2�`���i�B�Q�M�, �i�?�2 �_�6 �b�v�b�i�2�K�- �#�2���K �B�M�b�i�`�m�K�2�M�i���i�B�Q�M ���M�/ �+�H�2���M�B�M�; �b�v�b�i�2�K�- ���b �r�2�H�H ���b
�i�?�2 �#�2���K �/�m�K�T �m�b�2�/ �i�Q �`�2�K�Q�p�2 �i�?�2 �T�`�Q�i�Q�M�b �7�`�Q�K �i�?�2 �2�t�T�2�`�B�K�2�M�i�X �h���F�2�M �7�`�Q�K �(�R�k�k�)�X

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

�h�Q ���+�+�2�H�2�`���i�2 �i�?�2 �T�`�Q�i�Q�M�b�-16 �b�m�T�2� �̀+�Q�M�/�m�+�i�B�M�; �_�6 �+���p�B�i�B�2�b�(�R�R�N�) ���`�2 �m�b�2�/�- �2���+�? �B�M�@
�+�`�2���b�B�M�; �i�?�2 �T�`�Q�i�Q�M �#�2���K �2�M�2�`�;�v �#�v ���T�T�H�v�B�M�; �� �K���t�B�K�m�K �p�Q�H�i���;�2 �Q�72 MV �(�R�k�y�)�X
�q�B�i�?�B�M ���#�Q�m�i20 �K�B�M�m�i�2�b�- �i�?�2 �T�`�Q�i�Q�M�b �#�2���K�b ���`�2 �#�`�Q�m�;�?�i �i�Q ���M �2�M�2�`�;�v �Q�76:5 TeV�X
�.�m�2 �i�Q �i�?�2 �T�m�H�b�B�M�; ���+�+�2�H�2�`���i�B�Q�M �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�2 �_�6 �+���p�B�i�B�2�b�- �i�?�2 �T�`�Q�i�Q�M �#�2���K�b
���`�2 �M�Q�i �+�Q�M�i�B�M�m�Q�m�b�- �B�M�b�i�2���/ �i�?�2�v �+�Q�M�b�B�b�i �Q�7 �K���M�v �T�`�Q�i�Q�M�#�m�M�+�?�2�b�- �2���+�? �+�Q�M�i���B�M�B�M�;
���#�Q�m�i1:15� 1011 �T�`�Q�i�Q�M�b �(�R�k�R�)�X �h�?�2 �i�r�Q �T�`�Q�i�Q�M �#�2���K�b ���`�2 �+�Q�H�H�B�/�2�/ ���i �7�Q�m�`�B�M�i�2� �̀��+�@
�i�B�Q�M �T�Q�B�M�i�b�U�A�S�V�- ���i �� �`���i�2 �Q�7 ���`�Q�m�M�/f = 40 MHz�- �r�B�i�? ���+�2�M�i� �̀2�@�Q�7�@�K���b�b�2�M�2�`�;�v �Q�7
p

spp = 6:5 TeV + 6:5 TeV = 13 TeV�X �1���+�? �B�M�b�i���M�+�2 �Q�7 �� �b�B�M�;�H�2 �+�Q�H�H�B�b�B�Q�M �B�b �`�2�7�2�`�`�2�/
�i�Q ���b �� �+�Q�H�H�B�b�B�Q�M�2�p�2�M�i�X

�6�Q�m�` �2�t�T�2�`�B�K�2�M�i�b �K�2���b�m�`�2 �i�?�2 �+�Q�H�H�B�b�B�Q�M �2�p�2�M�i�b �/�2�H�B�p�2�`�2�/ �#�v �i�?�2 �G�>�*�- ���b �b�?�Q�r�M �B�M
�}�;�m�`�2 �j�X�k�X �h�?�2 �*�J�a �2�t�T�2�`�B�K�2�M�i�- �i�Q�T�B�+ �Q�7 �i�?�B�b �i�?�2�b�B�b�- �B�b �B�M�i�`�Q�/�m�+�2�/ �B�M �/�2�i���B�H �B�M
�b�2�+�i�B�Q�M �j�X�k�X �*�Q�M�b�i�`�m�+�i�2�/ �b�B�K�B�H���`�H�v �i�Q �*�J�a �B�b ���h�G���a �U�� �h�Q�`�Q�B�/���H �G�>�* ���T�T���`���i�m�b�V
�(�R�k�j�)�- �/�2�b�B�;�M�2�/ ���b �� �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �T���`�i�B�+�H�2 �/�2�i�2�+�i�Q�` ���#�H�2 �i�Q �B�M�p�2�b�i�B�;���i�2 ���H�H �T���`�i�B�+�H�2
�+�Q�H�H�B�b�B�Q�M�b �T�`�Q�/�m�+�2�/ �#�v �i�?�2 �G�>�*�X �G�>�*�# �U�G�>�*�@�#�2���m�i�v�V �(�R�k�9�) �i���`�;�2�i�b �i�?�2 �T�?�v�b�B�+�b �Q�7B
�K�2�b�Q�M�b ���M�/ �B�b �+�?���`���+�i�2�`�B�x�2�/ �#�v �B�i�b ���b�v�K�K�2�i�`�B�+ �/�2�i�2�+�i�Q�` �H���v�Q�m�i�- �7�Q�+�m�b�B�M�; �Q�M �T���`�i�B�+�H�2�b
�r�B�i�? �G�Q�`�2�M�i�x �#�Q�Q�b�i�b �B�M �i�?�2 �/�B�`�2�+�i�B�Q�M �Q�7 �i�?�2 �#�2���K ���t�B�b�X �6�B�M���H�H�v�- ���G�A�*�1 �U�� �G���`�;�2 �A�Q�M
�*�Q�H�H�B�/�2�` �1�t�T�2�`�B�K�2�M�i�V �(�R�k�8�) �B�b �b�T�2�+�B�}�+���H�H�v �/�2�b�B�;�M�2�/ �i�Q �T�`�2�+�B�b�2�H�v �K�2���b�m�`�2 �?�2���p�v �B�Q�M
�+�Q�H�H�B�b�B�Q�M�b �m�b�B�M�; �b�Q�T�?�B�b�i�B�+���i�2�/ �T���`�i�B�+�H�2 �B�/�2�M�i�B�}�+���i�B�Q�M �i�2�+�?�M�B�[�m�2�b�X

�k�y



�a�2�+�i�B�Q�M �j�X�R�, �G���`�;�2 �>���/�`�Q�M �*�Q�H�H�B�/�2�`

�6�B�;�m�`�2 �j�X�j�, �G�2�7�i�, �S�.�6�b �2�p���H�m���i�2�/ ���i� 2 = 10 GeV�- �b�?�Q�r�B�M�; �i�?�2 �T�`�Q�#���#�B�H�B�i�v �i�Q �}�M�/
�� �b�T�2�+�B�}�+ �T���`�i�Q�M ���b �� �7�m�M�+�i�B�Q�M �Q�7 �B�i�bx�X �_�B�;�?�i�, �S�.�6�b �2�p���H�m���i�2�/ ���i� 2 = 104 GeV�X
�6�B�;�m�`�2 �i���F�2�M �7�`�Q�K �(�R�k�N�)�- �r�?�B�+�? �T�`�2�b�2�M�i�b �L�L�G�P �T�`�2�+�B�b�B�Q�M �S�.�6 �+���H�+�m�H���i�B�Q�M�b�X

�j�X�R�X�j�S�`�Q�i�Q�M �+�Q�H�H�B�/�2�` �T�?�v�b�B�+�b

�h�?�2 �G�>�* ���+�+�2�H�2�`���i�2�b ���M�/ �+�Q�H�H�B�/�2�b �T�`�Q�i�Q�M�b�X �A�M �+�Q�M�i�`���b�i �i�Q �Q�i�?�2�` �T���`�i�B�+�H�2 ���+�+�2�H�2�`���i�Q�`�b
�H�B�F�2 �G�1�S �(�R�R�3�) �Q�` �a�m�T�2�`�E�1�E�" �(�R�k�e�) �U�� �+�m�`�`�2�M�i�H�v �2�t�B�b�i�B�M�; �2�H�2�+�i�`�Q�M�@�T�Q�b�B�i�`�Q�M �+�Q�H�H�B�/�2�`�V�-
�i�?�2 �+�Q�H�H�B�/�2�/ �T���`�i�B�+�H�2�b ���`�2 �M�Q�i �2�H�2�K�2�M�i���`�v�X �h�?�m�b�- �T�?�v�b�B�+�b ���i �� �T�`�Q�i�Q�M �+�Q�H�H�B�/�2�` �?���b
�b�Q�K�2 �b�T�2�+�B���H �7�2���i�m�`�2�b�- �r�?�B�+�? �A �Q�m�i�H�B�M�2 �?�2�`�2�X �S�`�Q�i�Q�M�b ���`�2 �K���/�2 �m�T �7�`�Q�K �i�r�Qu�@�[�m���`�F�b
���M�/ �Q�M�2d�@�[�m���`�F�- �r�?�B�+�? ���`�2 �+���H�H�2�/�p���H�2�M�+�2 �[�m���`�F�b�X �>�Q�r�2�p�2�`�- �#�2�v�Q�M�/ �i�?�2�b�2 �i�?�`�2�2
�T���`�i�B�+�H�2�b�- �i�?�2�`�2 ���`�2 �K�Q�`�2 �i�Q �#�2 �7�Q�m�M�/ �B�M�b�B�/�2 �� �T�`�Q�i�Q�M�, �;�H�m�Q�M�b�- �K�2�/�B���i�B�M�; �i�?�2 �b�i�`�Q�M�;
�B�M�i�2�`���+�i�B�Q�M �?�Q�H�/�B�M�; �i�Q�;�2�i�?�2�` �i�?�2 �p���H�2�M�+�2 �[�m���`�F�b�- ���`�2 �T�`�2�b�2�M�i�- ���b �r�2�H�H ���b �b�Q�@�+���H�H�2�/
�b�2���@�[�m���`�F�b�X �h�?�2�b�2 �[�m���`�F�b�- �r�?�B�+�? �+���M �?���p�2 ���M�v �~���p�Q�`�- �`�2�b�m�H�i �7�`�Q�K �;�H�m�Q�M�b �b�T�H�B�i�i�B�M�;
�B�M�i�Q �b�?�Q�`�i�@�H�B�p�2�/ �[�m���`�F�@���M�i�B�[�m���`�F �T���B�`�b�X ���H�H �T�Q�b�b�B�#�H�2 �+�Q�M�b�i�B�i�m�2�M�i�b �Q�7 �i�?�2 �T�`�Q�i�Q�M ���`�2
�+���H�H�2�/�T���`�i�Q�M�b�(�R�k�d�)�X ���b�b�m�K�B�M�; ���M ���+�+�2�H�2�`���i�2�/ �T�`�Q�i�Q�M�- �2���+�? �T���`�i�Q�M �+���`�`�B�2�b �� �+�2�`�i���B�M
�7�`���+�i�B�Q�M �Q�7 �i�?�2 �i�Q�i���H �T�`�Q�i�Q�M �K�Q�K�2�M�i�m�K�,p�T���`�i�Q�M= x p�T�`�Q�i�Q�M�- �r�?�2�`�2x �B�b �i�?�2 �b�Q�@�+���H�H�2�/
�"�D�Q�`�F�2�M �b�+���H�B�M�; �p���`�B���#�H�2�(�R�k�3�)�X �h�?�2 �B�M�M�2�` �b�i�`�m�+�i�m�`�2 �Q�7 �T�`�Q�i�Q�M�b �B�b �/�2�b�+�`�B�#�2�/ �#�v�T���`�i�Q�M
�/�B�b�i�`�B�#�m�i�B�Q�M �7�m�M�+�i�B�Q�M�b�U�S�.�6�Vf (x; � 2)�- �r�?�B�+�? �T���`���K�2�i�2�`�B�x�2 �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �}�M�/�B�M�;
�� �T���`�i�Q�M �r�B�i�? �� �b�T�2�+�B�}�+ �2�M�2�`�;�v �7�`���+�i�B�Q�Mx �r�?�2�M �T�`�Q�#�B�M�; �i�?�2 �T�`�Q�i�Q�M ���i ���M �2�M�2�`�;�v
� 2�X �A�M �}�;�m�`�2 �j�X�j�- �A �b�?�Q�r �i�?�2 �`�2�b�m�H�i�b �Q�7 �i�?�2�Q�`�v �+���H�+�m�H���i�B�Q�M�b �/�2�i�2�`�K�B�M�B�M�; �i�?�2 �S�.�6�b ���i
�/�B�z�2�`�2�M�i� 2�X �h�?�2�`�2�- �Q�M�2 �+���M �b�2�2 �i�?���i �p���H�2�M�+�2 �[�m���`�F�b �/�Q�K�B�M���i�2 �7�Q�` �H���`�;�2x�- �r�?�2�`�2���b
�Q�i�?�2�` �T���`�i�Q�M�b �H�B�F�2 �;�H�m�Q�M�b �#�2�+�Q�K�2 �K�Q�`�2 �`�2�H�2�p���M�i �7�Q�` �b�K���H�H�2�`x�- �Q�` �H���`�;�2�`� 2�X
�q�?�2�M �+���H�+�m�H���i�B�M�; �i�?�2 �+�`�Q�b�b �b�2�+�i�B�Q�M �Q�7 �a�J �T�`�Q�+�2�b�b�2�b ���i �i�?�2 �G�>�* �U���b �B�M�i�`�Q�/�m�+�2�/ �B�M
�b�2�+�i�B�Q�M �k�X�R�X�9�V�- �i�?�2 �T�`�Q�i�Q�M �b�m�#�b�i�`�m�+�i�m�`�2 �M�2�2�/�b �i�Q �#�2 �i���F�2�M �B�M�i�Q �i�?�2 ���+�+�Q�m�M�i�,
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�>�2�`�2�- �i�?�2 �i�Q�i���H �+�`�Q�b�b �b�2�+�i�B�Q�M �B�b �� �b�m�K �Q�7 ���H�H �T�Q�b�b�B�#�H�2 �+�Q�K�#�B�M���i�B�Q�M�b �Q�7 �T���`�i�Q�M�ba; b�-

�k�R



�*�?���T�i�2�` �j�, �1�t�T�2�`�B�K�2�M�i

�b�+���H�2�/ �#�v �i�?�2 �H�B�F�2�H�B�?�Q�Q�/ �Q�7 �i�?�2�B�` �`�2�b�T�2�+�i�B�p�2 �Q�+�+�m�`�`�2�M�+�2�- ���b �T�`�2�/�B�+�i�2�/ �#�v �i�?�2 �S�.�6�b�X �h�?�2
�i�Q�i���H �+�`�Q�b�b �b�2�+�i�B�Q�M �`�2�b�m�H�i�b �7�`�Q�K ���M �B�M�i�2�;�`���H �Q�p�2�` ���H�H �T�Q�b�b�B�#�H�2 �K�Q�K�2�M�i�m�K �7�`���+�i�B�Q�M�bx1

���M�/x2�- ���M�/ �/�2�T�2�M�/�2�M�+�B�2�b �Q�M �i�?�2 �`�2�M�Q�`�K���H�B�x���i�B�Q�M ���M�/ �7���+�i�Q�`�B�x���i�B�Q�M �b�+���H�2�b ���`�2 �p�B�b�B�#�H�2
�U�b�2�2 �b�2�+�i�B�Q�M �k�X�R�X�9�V�X �*�`�m�+�B���H�H�v�- ���bx1 ���M�/x2 �+���M �#�2 �/�B�z�2�`�2�M�i�- �i�?�2 �+�2�M�i�`�2�@�Q�7�@�K���b�b �2�M�2�`�;�v
p

sa;b �Q�7 �i�?�2 �B�M�i�2�`���+�i�B�Q�M �B�b �M�Q�i �2�[�m���H �i�Q �i�?�2 �T�`�Q�i�Q�M�@�T�`�Q�i�Q�M �+�2�M�i�`�2�@�Q�7�@�K���b�b �2�M�2�`�;�v
p

spp�X
�A�M�b�i�2���/�- �B�i �B�b �;�B�p�2�M ���b

p
sa;b =

p
x1x2spp: �U�j�X�k�V

�.�m�2 �i�Q �i�?�2 �B�M�2�[�m���H�B�i�v �Q�7x1 ���M�/x2�- �i�?�2 �/�2�+���v �T�`�Q�/�m�+�i�b �Q�7 �T�`�Q�i�Q�M�@�T�`�Q�i�Q�M �+�Q�H�H�B�b�B�Q�M�b
�+���M �?���p�2 �M�Q�M�@�x�2�`�Q �G�Q�`�2�M�i�x �#�Q�Q�b�i�b ���H�Q�M�; �i�?�2 �#�2���K ���t�B�b�X �h�?�B�b �B�b �� �+�`�m�+�B���H �/�B�z�2�`�@
�2�M�+�2 �#�2�i�r�2�2�M �?���/�`�Q�M ���M�/ �H�2�T�i�Q�M �+�Q�H�H�B�/�2�`�b�- ���M�/ �M�2�+�2�b�b�B�i���i�2�b �i�?�2 �m�b���;�2 �Q�7 �i�`���M�b�p�2�`�b�2
�p���`�B���#�H�2�b�- ���b �B�M�i�`�Q�/�m�+�2�/ �#�2�H�Q�r�X

�j�X�k �*�Q�K�T���+�i �J�m�Q�M �a�Q�H�2�M�Q�B�/ �2�t�T�2�`�B�K�2�M�i

�h�?�2 �*�Q�K�T���+�i �J�m�Q�M �a�Q�H�2�M�Q�B�/ �U�*�J�a�V �(�j�d�) �2�t�T�2�`�B�K�2�M�i �B�b �� �;�2�M�2�`���H�@�T�m�`�T�Q�b�2 �/�2�i�2�+�i�Q�`�-
�i���`�;�2�i�B�M�; �K�2���b�m�`�2�K�2�M�i�b �Q�7 ���H�H �a�J ���M�/ �T�Q�i�2�M�i�B���H �"�a�J �T�?�v�b�B�+�b �T�`�Q�+�2�b�b�2�b�X �A �;�B�p�2 ���M
�Q�p�2�`�p�B�2�r �Q�7 �i�?�2 �/�2�i�2�+�i�Q�` �T���`�i�b �B�M �b�2�+�i�B�Q�M �j�X�k�X�R�- ���M�/ �/�B�b�+�m�b�b �H�m�K�B�M�Q�b�B�i�v ���M�/ �/���i��
�i���F�B�M�; �`�m�M�b �B�M �b�2�+�i�B�Q�M �j�X�k�X�k�X ���7�i�2�`�r���`�/�b�- �A �B�M�i�`�Q�/�m�+�2 �i�?�2 �B�M�7�`���b�i�`�m�+�i�m�`�2 �M�2�2�/�2�/ �7�Q�`
�/���i�� ���+�[�m�B�b�B�i�B�Q�M �B�M �b�2�+�i�B�Q�M �j�X�k�X�j�- �B�M�+�H�m�/�B�M�; �� �/�2�i���B�H�2�/ �/�2�b�+�`�B�T�i�B�Q�M �Q�7 �i�?�2 �*�J�a �i�`�B�;�;�2�`
�b�v�b�i�2�K�X �6�B�M���H�H�v�- �A �;�B�p�2 ���M �Q�p�2�`�p�B�2�r �Q�M �i�?�2 �`�2�+�Q�M�b�i�`�m�+�i�B�Q�M �Q�7 �T�?�v�b�B�+�b �Q�#�D�2�+�i�b �7�`�Q�K
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