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;3&"*!-yw$6�%,%'41,*�*�#"44,5�&"@,1'�$)3,!2x,>

*"!$)2� )!'#;yw$'� )&'#4$'� x4"+'4$-�%,%'41,*

$4'&v$$�3,�,)-%��
F�,)2�H�?��������(/�%���,)2�I

?��������(/�%���,)2�J�?����|���(/�%��

�"))%"1&$*"!")2�9����� *(!y+"yw"-� *� )'@-

+'1=&'� 7!'(1&,&"('14=6� #*$/"1'!-� 89��:�� �-/"

9����3&$4$%"!")2�&"*4,5���|.���

�")3,!,u'4$'�#*$/"1'!'5�,14,)$1'!24,�v'41&"

%"))��
�3&$4$%"!,)2�)!'#;yw$%F�&"))1,-4$'�,1

3&,#,!24,5�,)$�I�?���e�%��&"))1,-4$'�#,�3!,)(,>

)1$�HJ�?���e�%���!-�),x#"4$-�;3&"*!-yw$6�%,%'4>

1,*�9���%,/;1�3,*,&"+$*"12)-�*�("&#"44,%�3,#*')'

,14,)$1'!24,�,)'5��3"&"!!'!24=6�,)-%�H�$�J�

�!-�,v'4($�;/!,*�&"x*,&,1"�#*$/"1'!'5�&"))%"1>

&$*"'1)-�+'1=&'�%"&<'*=6�#*$/"1'!-��&")3,!,u'4>

4=6�4"�3&,'(v$-6�v'41&"!24=6�,)'5�$4'&v$$��


4"�3!,)(,)12�;)1"4,*($�#*$/"1'!'5�8&$)���:�

�"�&$);4('�;)!,*4,�3,("x"4,�&"x%'w'4$'�+'>

1=&'6�#*$/"1'!'5�,14,)$1'!24,��
�$�4"3&"*!'4$-

,1(!,4'4$-�#*$/"1'!'5��),x#"yw$6�3,!,u$1'!24=5

;3&"*!-yw$5�%,%'41���*$/"1'!$��&")3,!,u'44='

3,�,)$�H��,@,x4"+'4=�4,%'&"%$���$����#*$/"1'!$�

&")3,!,u'44='�3,�,)$�J�?�4,%'&"%$���$�.�

�!-�),x#"4$-�%,%'41"�,14,)$1'!24,�3&,#,!2>

4,5�,)$�I� 83,�(&'4;:�#*$/"1'!$�&"x*,&"+$*"y1)-

,14,)$1'!24,�,)'5��3'&')'("yw$6�3&,#,!24;y�,)2

I��*�&"x4='�)1,&,4=�4"�,#$4"(,*='�;/!=���!-�),>
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x#"4$-�;3&"*!-yw$6�%,%'41,*�,14,)$1'!24,�,)'5

H� $�J� #*$/"1'!$�3,*,&"+$*"y1)-�4"� ,#$4"(,*='

;/!=�,14,)$1'!24,�),,1*'1)1*;yw$6�,)'5�*�,#4;

)1,&,4;�

�!,,���.!��-�/-���8-9�0!���/ �

�&$�"4"!$x'�;/!,*,/,�#*$u'4$-��
�@=!$�$)>

3,!2x,*"4=�#"44='�@"!!$)1$+')($6�&")+'1,*�1&">

'(1,&$$�3'&'*,#"��
�)�3,%,w2y�9����)�*=),(,>

7!!$31$+')(,5�,&@$1=�4"�/',)1"v$,4"&4;y���")>

)%"1&$*"'1)-� 1&"'(1,&$-� *=*'#'4$-� )� 3,%,w2y

9����#!$1'!24,)12y��|��);1,(�

�),@'44,)12y�1&"'(1,&$$�*=*'#'4$-�-*!-!,)2

1,��+1,�!$4$-�"@)$#�o"(1$+')($�!'u$1�*�3!,)(,)1$

7(*"1,&"��91,�$�,3&'#'!-'1�,),@'44,)1$�,&$'41">

v$$�3&,#,!24,5�,)$��
�3&$�,31$%"!24,%�*=*'#'>

4$$����"&"%'1&=�,)(;!$&;yw'/,�7!!$3)"�*�3&,v'))'

*=*'#'4$-�%'4-y1)-�%'#!'44,���"+"!24='�3"&"%'1>

&=�,&@$1=�$%'y1� )!'#;yw$'� x4"+'4$-F� @,!2<"-

3,!;,)2�?����1=)�(%��7()v'41&$)$1'1�?���|�.��4">

(!,4'4$'�.e��}��#,!/,1"�*,)6,#-w'/,�;x!"�?������}�

"x$%;1�3'&$/'-�?��}�

�)4,*4=%$�3"&"%'1&"%$��*!$-yw$%$�4"�,&$>

'41"v$y�3&,#,!24,5�,)$��
��-*!-y1)-�@=)1&,%'>

4-yw$')-�;/!=�$)1$44,5�"4,%"!$$��&=)("4$-�$

1"4/"u"���/,!�$)1$44,5�"4,%"!$$�%'4-'1)-�%,4,>

1,44,� 3,� *)'5� 1&"'(1,&$$� *=*'#'4$-�� *� &"5,4'

3'&$/'-�)(,&,)12�'/,�$x%'4'4$-�%"()$%"!24"�

�&"o$($�$x%'4'4$-�;/!,*�&=)("4$-�$�1"4/"u"

3&$*'#'4=�4"�&$)�����.�

�"�,)4,*"4$$�/&"o$(,*�$x%'4'4$-�;/!,*�&=)>

("4$-�$�1"4/"u"�#!-�"4"!$x"�,),@'44,)1'5�;/!,*,/,

#*$u'4$-�3&,#,!24,5�,)$��
�@=!$�*=@&"4=�1&$

4"$@,!''�6"&"(1'&4='�,@!")1$�$x%'4'4$-�3"&"%'1>

&,*�;3&"*!'4$-�,&$'41"v$'5�3&,#,!24,5�,)$��
F

4"+"!24=5�;+")1,(�71"3"�*=*'#'4$-�8�?��);1,(:�

)&'#4$5�;+")1,(�8e�?
��);1,(:��(,4'+4=5�;+")1,(

3,!'1"�8�.�?�.��);1,(:�

�"�&$)��e?���3,("x"4=�/&"o$($�$x%'4'4$-�;/>

!,*�&=)("4$-�$�1"4/"u"�#!-�*=@&"44=6�,@!")1'5�

�$)������6'%"�&")3,!,u'4$-�#*$/"1'!'5�$�),x#"*"'%=6�$%$�%,%'41,*

�$)������x%'4'4$'�;/!"�&=)("4$-�3,�1&"'(1,&$$
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�"$@,!''�4"3&-u'44=%$�,@!")1-%$�1&"'(1,&$$

*=*'#'4$-�#!-�;3&"*!'4$-�,&$'41"v$'5�-*!-y1)-

,@!")1$�*@!$x$�1,+'(�3'&$/'-����71$6�1,+("6�x"*$>

)$%,)1$� ;/!,*� $)1$44,5� "4,%"!$$�� &=)("4$-�$

1"4/"u"�3&'1'&3'*"y1�%"()$%"!24='�$x%'4'4$-�

�)!$�3&$�71,%�,&$'41"v$-�3&,#,!24,5�,)$��
�3,

4"3&"*!'4$y�@;#'1�@!$x(,5�(�4"3&"*!'4$y�4"��,!>

4v'��1,�*�71$6�,@!")1-6�)!'#;'1�,u$#"12�%"()$%"!2>

4=6�x4"+'4$5�;/!,*=6�;)(,&'4$5�3,�;/!"%�(&'4"�$

3,*,&,1;������,@')3'+$*"yw$6��1,+4;y�,&$'41">

v$y�����4"��,!4v'�

�"� )&'#4'%� ;+")1('� 6"&"(1'&�$x%'4'4$-� ;/!"

1"4/"u"�);w')1*'44,�%'4-'1)-���,�3&$%'&4,�ee>6

);1,(�3,!'1"�3!"*4,'�$x%'4'4$-�;/!"�1"4/"u"�3&,>

�$)��.���x%'4'4$'�;/!"�1"4/"u"�3,�1&"'(1,&$$

�$)��e���x%'4'4$'�;/!"�&=)("4$-�4"�4"+"!24,%�;+")1('�1&"'(1,&$$

�$)��
���x%'4'4$'�;/!"�1"4/"u"�4"�4"+"!24,%�;+")1('�1&"'(1,&$$
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$)6,#$1� )� ;%'42<'4$'%� x4"+'4$-� )"%,/,� ;/!"�� "

3,)!'�ee>6�);1,(�3!"*4,'�$x%'4'4$'�;/!"�1"4/"u"

3&,$)6,#$1�3&$�;*'!$+'4$$�x4"+'4$-�;/!"����&"5>

,4'�e
>6�);1,(�3,!'1"�;/,!�1"4/"u"�%'4-'1)-�,1�����

#,����}���*�&"5,4'�e�>6�);1,(�;/,!�1"4/"u"�%'4-'1>

)-�;u'�,1����e�#,�����}�

�"�(,4'+4,%�;+")1('�3,!'1"�;/,!�1"4/"u"�%,>

4,1,44,�*,x&")1"'1���(,&,)12�'/,�$x%'4'4$-�4'>

)(,!2(,�;*'!$+$*"'1)-�*�&"5,4'�3'&$/'-�

�$)������x%'4'4$'�;/!"�&=)("4$-�4"�)&'#4'%�;+")1('�1&"'(1,&$$

�$)��|���x%'4'4$'�;/!"�1"4/"u"�4"�)&'#4'%�;+")1('�1&"'(1,&$$

�$)������x%'4'4$'�;/!"�&=)("4$-�4"�(,4'+4,%�;+")1('�1&"'(1,&$$
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�-,!5-8!�-65�,�,-4� 0-�,/!1--�30 + �:, ;� �-

�$4"%$("�$x%'4'4$-�,&$'41"v$$�3&,#,!24,5

,)$��
�*�3&,)1&"4)1*'�3,x*,!-'1�3&'#*"&$1'!24,

,v'4$12�3,1&'@4='�x4"+'4$-�;3&"*!-yw$6�%,%'4>

1,*�$�;/!,*�3,*,&,1"�%"&<'*=6�#*$/"1'!'5��4',@>

6,#$%=6�#!-�&'"!$x"v$$�,31$%"!24,5�1&"'(1,&$$

*=*'#'4$-��
�


4"!$x�/&"o$(,*�$x%'4'4$-��;/!"� α3�, �%'u#;

3&,#,!24,5�,)2y��
�$�3&,'(v$$�71,5�,)$�4"�3!,)>

(,)12� ,)(;!$&;yw'/,� 7!!$3)"�$� ;/!"� δ
3�, �%'u#;

3&,'(v$'5�3&,#,!24,5�,)$�4"�3!,)(,)12�,)(;!$&;>

yw'/,�7!!$3)"�$�4"3&"*!'4$'%�4"�1,+(;�3'&$/'-

3,("x=*"'1��+1,�$x%'4'4$-�;/!,*��6"&"(1'&$x;yw$6

,&$'41"v$y�3&,#,!24,5�,)$�,14,)$1'!24,�,)(;!$>

&;yw'/,�7!!$3)"��4,)$1�)!,u4=5�(,!'@"1'!24=5

6"&"(1'&�)�#,)1"1,+4,�@,!2<$%$�x4"+'4$-%$�;)(,>

&'4$5�*�,@!")1$�3'&$/'-�

�"�4"+"!24,%� ;+")1('� 1&"'(1,&$$� *=*'#'4$-

3&,#,!24"-�,)2��
�*%')1'�)�)"%$%�"33"&"1,%�3,>

*,&"+$*"'1)-�*,(&;/�0'%!$��3&$�71,%�x4"+$1'!24,

,1(!,4-'1)-�,1�3!,)(,)1$�,)(;!$&;yw'/,�7!!$3)"�

�"�(,4'+4,%�;+")1('�1&"'(1,&$$�3&,#,!24"-�,)2

,&$'41$&;'1)-�*#,!2�4"3&"*!'4$-�!$4$$�"@)$#�$

),*'&<"'1�,14,)$1'!24,�''�4'�,+'42�$41'4)$*4='

(,!'@"1'!24='�#*$u'4$-���"$@,!''�4"3&-u'44=%

)�1,+($�x&'4$-�&'"!$x"v$$�;/!,*,/,�#*$u'4$-�-*>

!-'1)-�)&'#4$5�;+")1,(�1&"'(1,&$$��(,/#"�%'4-'1>

)-�6"&"(1'&�$x%'4'4$-�;/!"�1"4/"u"�

�� 1"@!�� ��3&$*'#'4=�%"()$%"!24='� x4"+'4$-

;)(,&'4$5�;/!,*�,&$'41"v$$�3&,#,!24,5�,)$��


,14,)$1'!24,�,)(;!$&;yw'/,�7!!$3)"��4',@6,#$>

%='�#!-�&'"!$x"v$$�1&'@;'%,5�,&$'41"v$$�3&,>

#,!24,5�,)$��
�4"�,31$%"!24,5�1&"'(1,&$$�*=*'>

#'4$-�

�,!"/"-�%,%'41�$4'&v$$�&"*4=%������×��.�(/�%��
#!-� %"()$%"!24,/,� ;/!,*,/,� ;)(,&'4$-

��� × ���
 &"#�)��3,!;+$%�*'!$+$4;�;3&"*!-yw'/,
%,%'41"��&"*4;y���× �������%���'!$+$4"�71,/,�%,>
%'41"�#,!u4"�@=12�),x#"4"�,14,)$1'!24,�,)'5�H*�J�

�!-�),x#"4$-�1"(,/,�;)(,&'4$-�)�3,%,w2y�%"&<'>

*=6�#*$/"1'!'5�3,1&'@;y1)-�3,*,&,1=�#*$/"1'!'5

4"�;/,!�4'�@,!''��}�

�-,!5-8!�-65�,�,-4� 0-�,/!1--���<

��,1!$+$'�,1�,&$'41"v$$�3&,#,!24,5�,)$�,&$>

'41"v$-�����);w')1*'44,�x"*$)$1�,1�&")3,!,u'>

4$-��,!4v"�,14,)$1'!24,�1&"'(1,&$$�*=*'#'4$-�

�v'4("� #$4"%$($� $x%'4'4$-� ,&$'41"v$$����

3&,*,#$!")2�#!-�*=@&"44=6�1&'6�;+")1(,*�1&"'(1,>

&$$�*=*'#'4$-�3;1'%�*"&2$&,*"4$-�4"+"!24,5�#,!>

/,1=�*,)6,#-w'/,�;x!"�1&"'(1,&$$��
� �
Ω �$�4"+"!2>

4,/,�3,!,u'4$-��,!4v"�,14,)$1'!24,�1,+($�*')'4>

4'/,�&"*4,#'4)1*$-� )
λ �

�!-�"4"!$x"�,&$'41"v$$�����4"��,!4v'�@=!$

*=@&"4=� 1&$� *"&$"41"�� ),,1*'1)1*;yw$'�%"()$>

%"!24=%�x4"+'4$-%�;)(,&'4$-�3,�;/!;�(&'4"� ′′γ F

�$)�������x%'4'4$'�;/!"�1"4/"u"�4"�)&'#4'%�;+")1('�1&"'(1,&$$

M�������N


!8�-5!�:,���=�8 0�,-4�=>� �� 0-�,/!1--�30 + �:, ;� �-�?@ABC�0!+D�EF

�/,!�α3, �/,!�δ3,

�"+"!24=5�;+")1,(�71"3"�*=*'#'4$- ���e| ����


�&'#4$5�;+")1,(�71"3"�*=*'#'4$- ����� �����

�,4'+4=5�;+")1,(�71"3"�*=*'#'4$- ���
� ��.��
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�:�4"+"!24=5�;+")1,(�*=*'#'4$-F

�
Ω ��.e}�� )

λ � ��}~� ′′γ ������|����
�&"#�)�~

�:�)&'#4$5�;+")1,(�*=*'#'4$-F

�
Ω ��.e}�� )

λ � .e}~�� ′′γ �����������
�&"#�)�~

�:�(,4'+4=5�;+")1,(�*=*'#'4$-F

�
Ω ���}�� )

λ � .e}~�� ′′γ ����
������
�&"#�)��

�"�&$)����?���3&$*'#'4=�/&"o$($�$x%'4'4$-

;/!"�(&'4"�#!-�&"x!$+4=6�*"&$"41,*�"4"!$x"�

�x%'4'4$-�;/!,*�(&'4"�$�3,*,&,1"�����4,)-1

)!,u4=5�(,!'@"1'!24=5�6"&"(1'&�)�&'x($%$�$x%'>

4'4$-%$�$�#,)1"1,+4,�@,!2<$%$�x4"+'4$-%$�;)>

(,&'4$5�*�,@!")1$�3'&$/'-���&$*'#'44='�#"44='

3,x*,!-y1�,v'4$12�#$4"%$+')($'�%,%'41=��*�)*->

x"44,5�)��
�)$)1'%'�(,,&#$4"1��,@')3'+$*"yw$'

1&'@;'%;y�,&$'41"v$y�3&,#,!24,5�,)$��
�$��1,+>

4;y�,&$'41"v$y�����4"��,!4v'�

�&"(1$+')($�#!-�*)'6�*"&$"41,*�%"()$%"!24='

#$4"%$+')($'�%,%'41=�$%'y1�%')1,�*,(&;/�,)$�I�

�$)�������x%'4'4$'�;/!"�(&'4"��*"&$"41��

�$)�������x%'4'4$'�;/!"�(&'4"��*"&$"41��

�$)�������x%'4'4$'�;/!"�(&'4"��*"&$"41��
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1�'��),,1*'1)1*;y1�;)(,&'4$-%�$x%'4'4$-�;/!"�(&'>

4"����1,�u'�*&'%-�#!-�,v'4($�;3&"*!-yw$6�%,%'4>

1,*��(,1,&='�#,!u4=�@=12�),x#"4=�3,*,&,14=%$

%"&<'*=%$� #*$/"1'!-%$�� (&,%'� #$4"%$+')($6

%,%'41,*��4;u4,�;+')12�1"(u'�*4'<4$'�%,%'41=�

�,�G,-��H!8/ 0�I�+�;�/�=�J-��,!��	

�"�71"3'�*=*'#'4$-�4"��
�#'5)1*;y1�&"x!$+>

4='�*4'<4$'�*,x%;w'4$-��4"$@,!''�);w')1*'44=>

%$�$x�(,1,&=6�)�1,+($�x&'4$-�;/!,*,/,�#*$u'4$-

-*!-y1)-�%,%'41��,@;)!,*!'44=5�),!4'+4=%�#"*>

!'4$'%��$�/&"*$1"v$,44=5�%,%'41�

�v'4("�*'!$+$4=�%,%'41"�,1�),!4'+4,/,�#"*>

!'4$-�),)1"*!-'1�����
e��������%��+1,�,("x=*"'1)-

);w')1*'44,�%'42<'�#$4"%$+')($6�%,%'41,*�

�&"*$1"v$,44=5�%,%'41��#'5)1*;yw$5�4"��
�

&"))+$1=*"!)-�("(�);%%"�/&"*$1"v$,44=6�%,%'4>

1,*��#'5)1*;yw$6�4"�(,&3;)��
�$�4"�����

�'!$+$4"�/&"*$1"v$,44,/,�%,%'41"�);w')1*'4>

4,� x"*$)$1� ,1� &"))1,-4$-�%'u#;��
�$� v'41&,%

0'%!$��3,71,%;�3,4-14,��+1,�*'!$+$4"�/&"*$1"v$>

,44,/,�%,%'41"�@;#'1�@,!2<'�#!-�4"+"!24,/,�;+">

)1("�1&"'(1,&$$�*�,@!")1$�3'&$/'-�

�"$@,!2<$'�x4"+'4$-�/&"*$1"v$,44,/,�%,%'4>

1"�&'"!$x;y1)-�,14,)$1'!24,�,)$�I���"��4"+"!24,%

;+")1('�1&"'(1,&$$�#!-�3'&*,/,�*"&$"41"�%"()$>

%"!24"-� *'!$+$4"� /&"*$1"v$,44,/,�%,%'41"� ),>

)1"*!-'1�,(,!,��.��������%��	"()$%"!24='�x4"+'>

4$-�/&"*$1"v$,44=6�%,%'41,*�4')(,!2(,�3&'*,)>

6,#-1�3,�*'!$+$4'�%"()$%"!24='�x4"+'4$-�#$4">

%$+')($6�%,%'41,*���!-�)&'#4'/,�;+")1("�1&"'(1,>

&$$�%"()$%"!24,'�x4"+'4$'�/&"*$1"v$,44,/,�%,>

%'41"�),)1"*!-'1������������%���"�(,4'+4,%�;+")>

1('�1&"'(1,&$$�%"()$%"!24"-�*'!$+$4"�/&"*$1"v$>
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