
� �������	��

������� � ������
������ ��
�
���� �

e±p
� 

�"!#! $%��&'�#���"� ( ����!���
���) ��� �*!

�+� �
,�� - . /10����2

�	) ��� �435- /76 8

9 :<;�;�=�>�?+@A?B:DCFE

G�HJI+KLI�MONQPJRSHJPJRUTWVYXBZ\[^]`_a[bIcRSIdNWTDVeX
TDVeX+Z\VgfhNbIi_kj�VYPl_nmLoWp`Xeqr]
TDViI5stPuqwvxVYIeXeqk_zyS_�{�Nbj%|iH}IcR

v`[bIcRJV�M~VzRx_nv`[bP
�����w�Q�l���������
�w�

NQHJX��}IYqwP�qcTWNWT�NQP�T���[x|eN�R<[

���S�"�������
�b�x�S�



���������
	�����
�����
�����������
�������������� �! #"%$'&�() �&!*+"
,.-/ '0214365%7�78-/ 
��(9() �&!:+3;-=<85%78>� #-@?)365%A�"�B

���������
	�����
�����
�������CD�E������������� �! #"%$F&!() �&�*G"
,�-/ '0214365%7�78-/ 
H �! #"%$'&�() �& H "
IJ5%7�78-LKGM45%3N3;-/ 

�O�����QPR����
�������CD���������S����� T�U�&WVX-/Y�0#-/Z@,�-/ 4[\U\U\]

^ �J
%���S��_`�����Q��
������bac

d�ef����gJ���8�������
	h���������`� �! #"%$'&�() �&W?)i8-/7�0#-/ GMGi�,�-/ 

^ �J
%���S��_`�����Q��
������bac
%�jPk�J�����j�����8�������%	h���������\� �� #"%$F&�() �&�*G"
,�-/ '0214365%7�78-/ 

�O��l��8�m����
onqpLrtsh��lE�Qu6��v��\� �� #"%$F&�() �&!M)-/wN7� 'w;x#Iy?) z5
-/78-/ 

{ �X�S����
������b�O��CQ��
|��Pk�����ba@	�}E����lD� �! #"%$'&�() �& H "`5
xzI�wNZ�~�5% '0#-/3;K



� �����	�Q�����
� -�5
K'i� #-/Zb-/7�0#K "%$h0'I8-�i�7�Y."
365% 'wNA�-L>�wN78x/3Ni8K'wNB`-278-/i�0' z5%3�x/i� ' #-/7�0  #-L>�i8xL-L>ox/ #"\K#K K#-Lx/0'w;"
7owN7

e±pK#x�5%0'0#-/ 'wN7�	 5%0�5 xL-/7�0#-/ �"%$ Zo5
K#K�-/78-/ 
	�� "%$ √
s ' 319

?4-�
 5% #- Y� #-LK#-/7�0#-L>h&�� I8- >85%0z5�� 5
K
xL"
3N3;-Lx/0#-L>�,�� 0'I8-)M T+>�-/0#-Lx/0#"
 >�i� 'wN7�	@0'I8-)M��W*+:����Q 'i�7�7�wN7�	@Y�IJ5
Kz-���5|$ 0#-/ W0'I8-)[\U\U\Uc3Ni�Z wN78"\K#wN0��
i�Y�	\ z5
>�-��D5%78>yxL"
 ' #-LK'Y."
78>�Kc0#"�5%7kwN7�0#-�	\ z5%0#-L>k3Ni�Z wN78"\K'wN0�� "%$ T�����Y�, −1 5%78> T �"!�Y�, −1 $ "
 0'I8-

e−p
5%78>

e+p
Y.-/ 'w;"�>�K� #-LK'Y.-Lx/0'wNB`-/3#�`&�� I8- x/ #"\K#K�K#-Lx/0'w;"
7mZb-�5
K#i� #-/Zb-/7�0#K$� -/ #- Zo5
>�- $ "
 �0'I8-

78-�	�5%0'wNB`-�$ "
i� &% Zb"
Zb-/7�0'i�Z 0' z5%78KF$ -/ K�'�iJ5% #-L>k z5%7�	`-
65 6 Q2 6 30000

? -�
 2 5%78> ~)(F"
 
*`-/7+% x z5%7�	`-
0.00085 6 x 6 0.65

&�(4-L>�w;x�5%0#-L>OZb-�5
K#i� #-/Zb-/7�0#KG5%0 wN78-/365
K'0'w;x/wN0��
y = 0.75

5%78>
Q2 6 800?4-�
 2 5% #-@5%3;K#" Zo5
>�-\&,� I8-c>�-/0z5%wN3;KG"%$Q0'I8- 5%7J5%3#��K'w;K+5% #-4Y� #-LKz-/7�0#-L>�I8-/ #-\&� I8-yx/ #"\KzK�Kz-Lx/0'w;"
7 Zb-�5
K#i� #-/Zb-/7�0#KOY� #-LK#-/7�0#-L> I8-/ #-y5% #- $ "
i�78> 0#" 5-	\ #-L-.��wN0'I Y� #-/BXw;"
i8K'3#�

Y�i�,�3Nw;K'I8-L>m>85%0z5y5
K/� -/3N3G5
K Y� #-L>�w;x/0'w;"
78Ko>�-/0#-/ 'Z wN78-L> $  #"
Z B
5% 'w;"
i8K/021)35476 (9880#K�& VXx�5%3NwN7�	
BXw;"
365%0'w;"
7 "%$c0'I8-

F̃2
K'0' 'i8x/0'i� #- $ i�78x/0'w;"
7 5
K:� -/3N3 >�w<;h-/ #-/78xL-LK�,�-/0�� -L-/7 0'I8-

e−
5%78>

e+ x/ #"\K#K
K#-Lx/0'w;"
78K�5%0�I�w#	\I

Q2 >�i8-�0#" 0'I8-
xF̃3

K#0' 'i8x/0'i� #-�$ i�78x/0'w;"
7mIJ5�B`- ,.-L-/7 "
,8K#-/ 'B`-L>h&=� I8- x/ #"\K#K
K#-Lx/0'w;"
78K wN7k0'I8-b z5%7�	`-

Q2 6 800
?4-�
 2 5%0cwN78-/365
K'0'w;x/wN0��

y = 0.75
K'i�	�	`-LK'0c78"
7+% A�-/ #" B
5%3Ni8-LK@"%$

0'I8- 3;"
7�	\wN0'i8>�wN7J5%3QK'0' 'i8x/0'i� #-4$ i�78x/0'w;"
7
FL

&

>@? �^�BAz���C� ?EDGF
()w;-LK#-�:+ ',.-/wN0@K#0#-/3N3N0@-/wN78- � -LK#K'i�7�	 >�-LKIH wN 
*�i�7�	`KJ'�i8-/ #K#xzI�7�wN0'0#K >�-LKc #-L>�i�ALw;-/ '0#-/7K�!i�7�Y."
365% &%

w;K'w;-/ '0#-/7 78-/i�0' z5%3;-/7 V�0' #"
ZbK)>�-/ 
e±p

V�0' #-/i�i�7�	�,�-/wDVXx#I�� -/ 'Y�i�7�*�0#Kz-/78-/ 
	\w;-/7yB`"
7 √
s ' 319GeVB`"
 �&2(4-/ )>85%ALi B`-/ 
� -/78>�-/0#- ( 5%0#-/78Kz5%0'AG��i� #>�-@Z wN0G>�-/Z M@T@()-/0#-�*X0#"
 +wN7 >�-/ )M2��*G:L�J� ��IJ5
K#-

5%i�$M	`-/78"
Z Zb-/7K��7J5
x#I8>�-/Z wNZ H 5%I� #-c[\U\U\U >�w;-)M2��*G:�1hi�Z wN78"\K'wN0JN%02-/ 'IPO
I�0�� "
 #>�-/7Q� 5% �&,� 78K
	`-R%
Kz5%Z@0 -/7�0#K'Y� #-Lx#I8-/7O>�w;-+( 5%0#-/7�-/wN78-/ WwN7�0#-�	\ 'w;-/ '0#-/7S1hi�Z wN78"\K#wN0JN%0 B`"
7

145 pb
$UT� V�!3;-�*X0' #"
7+% �! #"
0#"
7

Hk-LxzI8K#-/3#��wN 
*�i�7�	`-/7�W
e−p X ��,.-/ALw;-/I�i�7�	`K�� -/w;K#- 167 pb

$UT� ��"\K'wN0' #"
7+% �� #"
0#"
7YHk-Lx#I8K#-/3#��wN 
*Xi�7�	`-/7
W
e+p X & (Gw;- � -LKzK'i�7�	Z��i� #>�- $UT� �78-�	�5%0'wNB`-['�iJ5
>� z5%0'w;K#xzI8-R%�
Gw;-/ 'wNZ Y�i�3;K&%�\G,.-/ '0' JN-	`-ywNZ ~ -/ #-/w;x#I

65 6 Q2 6 30000
?4-�
 2 i�78> -/wN78-/Z ~)('"
 
*`-/7+%

x
~ -/ #-/w;xzI B`"
7

0.00085 6 x 6 0.65
B`"
 
	`-/78"
Z�%

Zb-/7E&^]ji8K_N%0'AL3Nw;x#I`� -/ #>�-/7mK'Y.-/ALw;-/3N3;- � -LK#K'i�7�	`-/7 ,.-/w�wN78-/365
K'0'w;K#x#I8-/7
y = 0.75

i�78>
Q2 6 800?4-�
 2 Y� JN
Kz-/7�0'w;-/ '0�&

()w;-E�! 
	`-/,�7�w;K#K#-@>�-/ +I�w;-/ G>�w;K�*�i�0'w;-/ '0#-/7 � -LKzK'i�7�	`-/7 K'0'wNZ Zb-/7 K#" � "
I�3�Z wN02�! 
	`-/,�7�w;K#K#-/7 B`"
 &%
5%7�	`-�	�5%7�	`-/78-/ �
�-/ �O-;h-/7�0'3Nw;xzI�i�7�	`-/7 5%3;K25%i8x#I�Z wN0a0�1)3b476 (LcQwN0#KdT�,.-/ #-/wN7E&e]ji8KJN%0'AL3Nw;xzIS��i� #>�-/7
Vf*\5%3;-/7�B`-/ '3;-/0'ALi�7�	`-/7 >�-/ 

F̃2
V�0' 'i�*X0'i� F$�i�7�*X0'w;"
7 i�78>`gG7�0#-/ #Kzx#I�w;-L>�- Ah��w;K#x#I8-/7 >�-/7

e−
i�78>

e+H wN 
*�i�7�	`KJ'�i8-/ #K#xzI�7�wN0'0#-/7 5%i�$U	\ 'i�78> >�-/ 
xF̃3

V�0' 'i�*X0'i� F$�i�7�*X0'w;"
7 ,�-L"
,J5
xzI�0#-/0�&y()w;-i	`-/Zb-LKzK#-/78-/7
H wN 
*�i�7�	`KJ'�i8-/ #K#xzI�7�wN0'0#-�,�-/w�wN78-/365
K#0'w;K#x#I8-/7

y = 0.75
wNZ ~ -/ #-/w;xzI

Q2 6 800
?4-�
 2 >�-/i�0#-/7 5%i�$

-/wN78- 7�w;xzI�0GB`-/ #K#x#If��wN78>�-/78>�- 3;"
7�	\wN0'i8>�wN7J5%3;- V�0' 'i�*�0'i� F$ i�7�*X0'w;"
7
FL

I�wN7E&



� CFE ? =�E ?+;

pL����
|�h�D���\�����j� �
� �@	����J
%�`�����`�8u sh
%�8Pk��� �J
%l �

T\&NT ()-L-/Y[� 78-/365
K'0'w;x VXx�5%0'0#-/ 'wN7�	.W ( �FV X 14wN78-/Zo5%0'w;xLK &c& &c& & & &c&c& &c& &c& & &c& &c& �
T\& [ � 78x/3Ni8K'wNB`-I0 6 6  #"\K#K)VX-Lx/0'w;"
78KG5%78>O0'I8-@V�0' 'i8x/0'i� #-Ec�i�78x/0'w;"
78K�&c& &c& &c& & &c& &c& �

� I8- 1E"
7�	\wN0'i8>�wN7J5%3�V�0' 'i8x/0'i� #-Ic�i�78x/0'w;"
7
F̃L

& &c&c& &c& & & &c&c& &c& &c& & &c& &c& !
� I8-c*+-L>�i8xL-L>[6  #"\KzKGVX-Lx/0'w;"
7 & &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& !

T\&�� 4GiJ5%7�0'i�Z56 I� #"
Zb"�>+�X7J5%Z w;xLKEW�476 ( X & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& �
� 78xL"
 'Y."
 z5%0'wN7�	$476 ( wN7�0#" 0'I8-E4)� � & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& ]

VXx�5%3NwN7�	/
Gw;"
365%0'w;"
7 & &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T�U
0G"
7+% A�-/ #"

FL
& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T�U

T\& � 476 ( c�wN0#K &c& &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T�U

	 �@	���

�EC���
%� P ����� ���
[�&NT � I8-cM��W*+: 6 "
3N3Nw;>�-/ & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T��
[�& [ � I8-cM@T (4-/0#-Lx/0#"
 &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T��
[�&�� M@TE6 5%3;"
 'wNZb-/0#-/ #K &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T !

1hw '�i�w;> :+ 
	`"
7.6 5%3;"
 'wNZb-/0#-/ �&c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T !
�FV�YJ5-	\I8-/0'0'w��G6 5%3;"
 'wNZb-/0#-/ & &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& T��

[�& � M@T �� z5
x�*`-/ & &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [\U
� I8-c() 'w $�026 IJ5%Z@,�-/ #KGW�6 H 6)T�� 6 H 6 [ X & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [\U
� I8-E6 -/7�0' z5%3B� 7�78-/ +�� #"
Y�"
 '0'w;"
7J5%3 6 IJ5%Z ,.-/ GW�6V�f� X &c& & & &c&c& &c& &c& & &c& &c& [\U
� I8-E6 -/7�0' z5%3 3Gi�0#-/ 

z
% 6 IJ5%Z ,.-/ GW�6a37] X & & &c&c& &c& &c& & &c& &c& &c&c& & & &c&�[�T

� I8-E6 -/7�0' z5%3!V�wN3Nw;xL"
7[�E z5
xJ*`-/ GW�6�V � X & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [�T
[�& � M@T 1Ei�Z wN78"\K'wN0�� Vf��K'0#-/Z &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [\[
[�& � M@T �� 'w#	�	`-/ )Vf��K'0#-/Z & & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [-�

� I8- cQwN #K'0 1E-/B`-/3��� 'w#	�	`-/ GWM1�T X & &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [-�
� I8-@VX-LxL"
78>Q1E-/B`-/3)�E 'w#	�	`-/ GWM1�[ X &c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [��
� I8- � I�wN #> 1E-/B`-/3B�E 'w#	�	`-/ GWM1�� X &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [��
� I8- c8"
i� '0'I[1�-/B`-/3��E 'w#	�	`-/ �WM1 � X &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [��

[�& ! 0G-/i�0' z5%3B6 i� ' #-/7�0��� 'w#	�	`-/ #Kb& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [��
1hw '�i�w;> :+ 
	`"
7.6 5%3;"
 'wNZb-/0#-/ �&c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& [��
6 -/7�0' z5%3 H -/026 IJ5%Z ,.-/ GW�6 H 6 X & &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& ["!

wNB



���������	����


6 -/7�0' z5%3B� 7�78-/ 2�� #"
Y�"
 '0'w;"
7J5%3 W�6V� � X 6 IJ5%Z ,.-/ &c& & &c& &c& &c& &c& & &c& &c& &c& [ �
� wNZb-R% "%$U%�c�3Nw#	\I�04Vf��K'0#-/Z WM��"�c X & & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& [ �
0)-/i�0' z5%3B6 i� ' #-/7�0 V�i�,�0' 'w#	�	`-/ #K &c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& [\]

� �E� P ��u��������j��� �8����
 �J
%
|���\�����j��� � �
��&NT � "
7�0#-E6 5% '3;"�V�wNZ@i�365%0'w;"
78Kb& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ��T
��& [ ?4-/78-/ z5%0#"
 #K & &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\[

V�w#	\7J5%3Q?4-/78-/ z5%0#"
 & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\[
~�5
x�* 	\ #"
i�78> ?4-/78-/ z5%0#"
 #K & &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\[

��&�� (4-/0#-Lx/0#"
 )V�wNZ i�365%0'w;"
7 & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& � �
� �@	�� rO�jP � ���8u�������� �Sg�	

y
�����8uS}E����� � �

� ��u ��gj�QPk��������
 �8u ���Q
|�������j� �Je���	�� { ��
�
 �8u��J

� Pk������
 ���
��&NT 1E:G ��!3;-Lx/0' #"
7[cQwN78>�-/ +:G3#	`"
 'wN0'I�Z & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���
��& [ �!3;-Lx/0' #"
7 ��"
365% +:G7�	\3;- & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �"!
��&�� �!3;-Lx/0' #"
7.�!78-/ 
	���& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\]
��& � M45
>� #"
7�w;x��b0G"
w;Kz-7�!78-/ 
	�� &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ��U

M45
>� #"
7�w;xE6 5%3NwN,� z5%0'w;"
7 & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ��U
0)"
w;K#- V�i�Y�Y� #-LK#K'w;"
7 & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �8T

� 
��j�X��� �.�Xu����\�����j�mp"! � 	�� rO��P � ���8u������8uS}E����� 
��j�X��� �.�XuS���\�����j� � �
��&NT 076 �!B`-/7�0 V�w#	\7J5%0'i� #- & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& � �
��& [ �E 'w#	�	`-/ &c& &c& &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���

1E:)*#�b�2Ui6 "
78>�wN0'w;"
7 & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���

�-/0#":6 "
78>�wN0'w;"
7 & & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& � �

��&�� �E z5
xJ*`-/ G*G-h'�i�wN #-/Zb-/7�0 & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ��]
��* 0):���$ox/w;-/78x��t& &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\[

��& �
ep

~�5
xJ*f	\ #"
i�78> &c& & & &c& &c&c& &c& & &c& &c& &c& &c& & &c& &c& &c&c& & & &c& &c& ���
VX"
i� #xL-LK+"%$!~�5
x�* 	\ #"
i�78> &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���
��K'0'wNZo5%0'w;"
7 "%$D~�5
x�* 	\ #"
i�78> &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���

��& � *+-/365%0'wNB`-I1hi�Z wN78"\K'wN0�� & &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �"!
�!B`-/7�04VX-/3;-Lx/0'w;"
7 5%78> � -�5
K'i� #-/Zb-/7�0c& &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& �\]

��& � 6 i�0)V�i�Z Zo5% 
�"�P��B`-/7�0&%4w;-/3;>'� 6 "
7�0' #"
3��!3;"
0#K9&c& & &c& &c& &c& &c& & &c& &c& &c& � �
6 i�0)V�i�Z Zo5% 
� &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& � �
�!B`-/7�0&%4w;-/3;> & &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& � �
6 "
7�0' #"
3Q�!3;"
0#K &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ���

( 
��j�X��� �.�Xu����\�����j�mp�p�! � 	��)� �Sg�	
y
�����8u6}E�|�S� 
*�������+�h��u����`���S��� ( 	

!X&NT �E 'w#	�	`-/ &c& &c& &c& & &c& &c& &c&c& & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& !
[
!X& [ 1hw '�i�w;>�:G 
	`"
7[6 "
78>�wN0'w;"
7 %d1E:)* & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ! �

gG78xL-/ '0z5%wN7�0���"
7O0'I8-I�,$ox/w;-/78x�� & & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ]\U
!X&�� �E z5
xJ*�5%78> � wNZ wN7�	 6 "
78>�wN0'w;"
78K %e�a�2U &c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ]"!

��-LK#0'wN7�	b0'I8-c*+-�� -/w#	\I�0�
W5% 'w65%,�3;- & & & &c&c& &c& &c& & &c& &c& &c& &c& & &c& &c& &c& ]"!
B



���������	� ��


g+78xL-/ '0z5%wN7�0�� "
7O0'I8- ��$ox/w;-/78x�� &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& ] �
!X& � 
�-/0#":6 "
78>�wN0'w;"
7 %e
 �,� &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�U �
!X& � �!3;-Lx/0' #"
7[�f>�-/7�0'w<8Jx�5%0'w;"
7 &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�U"!
!X& � �E z5
x�*`-/ 4*+-h'�i�wN #-/Zb-/7�0 %,
�-/ '0#-=< 5%78>S�E z5
x�* 1EwN7�* � 6 IJ5% 
	`-I� >�-/7�0'w<8Jx�5%0'w;"
7 &c& &c&)T\T��

6 IJ5% 
	`-I�f>�-/7�0'w<8Jx�5%0'w;"
7[��$ox/w;-/78x�� &c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T\T��
!X& !

ep
~�5
x�* 	\ #"
i�78> & &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c& &c&c& & & &c&GT\T �

��K'0'wNZo5%0'w;"
7 "%$!~�5
x�* 	\ #"
i�78> &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T\T �
~ 5
xJ*f	\ #"
i�78> V�i�,�0' z5
x/0'w;"
7 �� #"�xL-L>�i� #- & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T\T�]

!X&�� 6 i�0)V�i�Z Zo5% 
�"�C�!B`-/7�0&%4w;-/3;>'� 6 "
7�0' #"
3Q�!3;"
0#K9&c& &c& & & &c&c& &c& &c& & &c& &c&)T�[\U
6 i�0)V�i�Z Zo5% 
� &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�[\U
�!B`-/7�0*%)w;-/3;> & &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�[\U
6 "
7�0' #"
3���3;"
0#K &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�[�T

� nq��������
%��Pk�X���op%��� ������P �������������`�j���L��

���`���S��� �8��� ��	���� � �Q��� ��g �.�
	��XPk� ���	�
��&NT ~ wN7�7�wN7�	OVXx#I8-/Zb-O& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��\U
��& [ ~ wN7[� 7�0#-�	\ 'wN0�� &c& &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��\[
��&�� �!3;-Lx/0' #"
7 � -/0'I8"�> &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��-�
��& � V�w#	\Zo5 � -/0'I8"�> & &c& & &c& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��-�
��& � �!3;-Lx/0' #"
7+%fV�w#	\Zo5 � -/0'I8"X> & &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�� �
��& � V�Y�3NwN0'0'wN7�	o0'I8-c14wN78-/Zo5%0'w;x@�!365%78- &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T�� �
��& ! M+w#	\I

y
V�0z5%,�wN3NwN0�� 5%78>O�!i� 'wN0�� & &c&c& &c& & & &c&c& &c& &c& & &c& &c& &c&c& & & &c&GT���[


 nq��������
%��Pk�X���op�p%� 
 
|�j��� �h���\�����j� 

�h��
%���\�����j� � � �
]�&NT 6  #"\K#K)VX-Lx/0'w;"
7Q�!<X0' z5
x/0'w;"
7 & &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T����
]�& [ Vf�XK'0#-/Zo5%0'w;xEg+78xL-/ '0z5%wN7�0'w;-LKO& &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��f!
]�&�� 6 "
 ' #-Lx/0'w;"
7[gG78xL-/ '0z5%wN7�0'w;-LK & &c& &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T��f!
]�& � *+-LxL"
78K'0' 'i8x/0'w;"
7.g+78xL-/ '0z5%wN7�0'w;-LK &c&c& & & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T � �
]�& � *+-L>�i8xL-L>[6  #"\K#K)VX-Lx/0'w;"
7 *G5%0'w;"\K

χNC
& & &c& &c&c& &c& & & &c&c& &c& &c& & &c& &c&)T ���

]�& � *+-L>�i8xL-L>Q6  #"\K#K+VX-Lx/0'w;"
78K
σ̃NC

5%78>�0'I8-
F̃2

5%78>
xF̃3

�! #"
0#"
7 V�0' 'i8x/0'i� #- c�i�78x/0'w;"
78K`T ��T
]�& ! M+w#	\I

y
*+-L>�i8xL-L>[6  #"\KzKGVX-Lx/0'w;"
78K

σ̃NC
5%78>O0'I8-

F̃L
�! #"
0#"
7 V�0' 'i8x/0'i� #-Ec�i�78x/0'w;"
7 T �\]


 �j����u �������j� � ( �
��C�C��X���D� � � ( �
� �%lE�����ou����QgJ�XPk������� � � �
� ���Qu ���Jgj
|��CD	�} � � 	

BXw



� E ?B>BC������"?+:DC�E

VXx�5%0'0#-/ 'wN7�	4w;K�5%7 -LK'0z5%,�3Nw;K'I8-L>@0#"�"
3�i8K#-L>c,f� YJ5% '0'w;x/3;-WY�If�XK'w;x/w;K#0#K�0#"+Y� #"
,�-W0'I8-WK'0' 'i8x/0'i� #- "%$�Zo5%0'0#-/ �&
H I8-/7m*+i�0'I8-/ F$ "
 #>mK#x�5%0'0#-/ #-L>

α
% YJ5% '0'w;x/3;-LK�"
7�0#" 5�	`"
3;> 0z5% 
	`-/0 � I8- � 5
K�5
K'0#"
i�78>�-L>m0#" 8878> 5

K'w#	\7�w<8Jx�5%7�047�i�Z ,.-/ c"%$�YJ5% '0'w;x/3;-LK4>�-��J-Lx/0#-L> 0'I� #"
i�	\I B`-/ 
�O365% 
	`- 5%7�	\3;-LK�&�� I�w;K2� 5
K)wN78xL"
78K'w;K'0#-/7�0
��wN0'IO0'I8-4w;>�-�5 I8-/3;>�5%0�0'I8-40'wNZb-40'IJ5%0�0'I8- xzIJ5% 
	`-c"%$�0'I8-c5%0#"
Z � 5
K�i�7�w $ "
 'Z 3#��>�w;K'0' 'wN,�i�0#-L>O"�B`-/ 
wN0#K B`"
3Ni�Zb-\& � I8-o"
,8K#-/ 'B
5%0'w;"
7 xL"
i�3;>k,.- -=<XY�365%wN78-L> w $2"
78-o5
K#K'i�Zb-L> 0'I8-bx#IJ5% 
	`-o0#"�,.- 0'w#	\I�0'3#�
YJ5
xJ*`-L>�wN7�0#"/��IJ5%02w;K�78" �qx�5%3N3;-L>O0'I8-47�i8x/3;-/i8K �j5%78>�K#" 0'I8-c5%0#"
Z w;x Zb"�>�-/3�5
xh'�i�wN #-L> K#0' 'i8x/0'i� #-\&

� 7�0'I8- 365%0#- K'w <X0'w;-LK+~�('"
 
*`-/7 Y� #-L>�w;x/0#-L> 0'IJ5%0G5%02I�w#	\I -/78-/ 
	\w;-LKG0'I8- wN78-/365
K'0'w;x K'0' 'i8x/0'i� #- $ i�78xR%
0'w;"
78Ki� -/ #-OwN78>�-/Y.-/78>�-/7�0�"%$)0'I8-� #-/3;-/B\5%7�0oKzx�5%3;-

Q2 &Y� I�w;K	��

��������� � 5
K B`-/ 'w<8J-L>m5%0�V 1�: 6 wN7
0'I8-4365%0#-4K'w <�0'w;-LK�&,6 5%3N365%7 5%78> ?) #"\K#K Y� #"
Y."\K#-L>�0'I8-G #-/365%0'w;"
78K#I�wNY�,�-/0�� -L-/7O0'I8- ~)('"
 
*`-/7�� K�K#x�5%3NwN7�	
$ i�78x/0'w;"
78Ka��I�w;x#IQ� 5
K+5%3;K#" -=<�Y�-/ 'wNZb-/7�0z5%3N3#�OxL"
7+88 'Zb-L>h& VXx�5%3NwN7�	o5%78>�0'I8-I6 5%3N365%7+%f?) #"\K#K2 #-/365%0'w;"
7
� -/ #-oxL"
78K#-h'�i8-/78xL-LK@"%$�0'I8- $ 5
x/0c0'IJ5%0@0'I8-bY� #"
0#"
7 xL"
78K#w;K'0#-L>k"%$�Y�"
wN7�0'3Nw#*`-oK'Y�wN7+% 1

2

xL"
78K'0'wN0'i8-/7�0#K �
78" � w;>�-/7�0'w<8J-L>b5
K '�iJ5% 
*�K�&B� I8- Zb"�>�-/3�"%$J0'I8-�������� ���bIJ5
> 78" � 5
xh'�i�wN #-L> K'0' 'i8x/0'i� #-���5%78> ,.-Lx�5%Zb-
*X78" ��7�5
K 0'I8- 4GiJ5% 
*o�Q5% '0#"
7 � "X>�-/3�W�4)� � X &+� 7�0'I8- 4)� � ��0'I8-)K#i�Z "%$�0'I8-)Zb"
Zb-/7�0'i�Z >�w;K'0' 'w<%
,�i�0'w;"
78K "%$.0'I8- '�iJ5% 
*�K!w;K�>�wN #-Lx/0'3#�  #-/365%0#-L>b0#"40'I8- c

2
K#0' 'i8x/0'i� #- $�i�78x/0'w;"
7E& �!<XY.-/ 'wNZb-/7�0z5%3N3#�"�+c

2
w;K

>�-/ 'wNB`-L> $  #"
Z 0'I8-�>�"
i�,�3;-�>�w<;.-/ #-/7�0'w65%3
ep
x/ #"\KzK!K#-Lx/0'w;"
7E& � I�w;K!K#-/0#KD0'I8-�K'0z5-	`-�5
K�5%7b-=<XY.-/ 'wNZb-/7�0z5%3

0#-LK'0G"%$D5 0'I8-L"
 
�O"%$DY� #"
0#"
7 K'0' 'i8x/0'i� #-\&
4GiJ5%7�0'i�Z 6 I� #"
Zb"X>+��7J5%Z w;xLKZW�476 ( X w;K�Y� #-LK#-/7�0'3#� 5
xLxL-/Y�0#-L> 5
K�0'I8-.8J-/3;> 0'I8-L"
 
�m"%$ 0'I8-

K'0' #"
7�	 wN7�0#-/ z5
x/0'w;"
7K�D0'I8- $ "
 #xL-/��I�w;xzI I8"
3;>�K@0'I8-/'�iJ5% 
*XK 0#" 	`-/0'I8-/ wN7 0'I8-bY� #"
0#"
7E&�:)KcwN0 0'i� '78K
"
i�0 �
0'I8- K'0' #"
7�	)Zb-L>�w65%0#"
 #K �!����"#���$� x�5% ' 
�@5%,."
i�0QIJ5%3 $j"%$J0'I8- Y� #"
0#"
7�� K�Zb"
Zb-/7�0'i�Z�& � I8- wN78x/ #-�5
K#-
"%$,c

2
��wN0'I

Q2 5%023;" � x
5%78> >�-Lx/ #-�5
K#-@5%0GI�w#	\I

x % K#x�5%3NwN7�	bBXw;"
365%0'w;"
7 % w;K2Y� #-L>�w;x/0#-L>�,f�[476 (��
0'I8-c"
,8Kz-/ 'B
5%0'w;"
7 "%$ ��I�w;xzIQ� 5
KG5 0' 'wNi�Z Y�I "%$D0'I8-c0'I8-L"
 
�`& 476 ( w;K+78"
0��`-/0G5%,�3;-c0#"&����'
(��)
*��0'I8-
'�iJ5% 
* 5%78>Z	\3Ni8"
7 >�-/78K'wN0'w;-LK@I8" � -/B`-/ ,�i�0 x�5%7 -/B`"
3NB`-�0'I8-�>�-/78K'wN0�� 5%0@"
78-�B\5%3Ni8-�"%$20'I8-:	\wNB`-/7
K#x�5%3;-+0#"@5%78"
0'I8-/ �& � I�w;KW$ "
 'ZbK 0'I8-2,J5
K#w;K!$ "
 476 (�880#Kd��I�w;x#I�YJ5% z5%Zb-/0' 'wNA�-+0'I8-+YJ5% '0#"
7�>�-/78K#wN0'w;-LK
5%0 5%7 wN7�wN0'w65%3DKzx�5%3;-��j-/B`"
3NB`- 0'I8-/Z 0#"o0'I8- K#x�5%3;- "%$�0'I8- Zb-�5
K'i� #-/Zb-/7�0 5%78> 0'I8-/7.880G0'I8-/Z 0#"�0'I8-
>85%0z5�&

M2��*G:qxL"
7�0'wN7�i8-LK40'I8- 0' z5
>�wN0'w;"
7 "%$W>�-L-/Y wN78-/365
K'0'w;x@Kzx�5%0'0#-/ 'wN7�	�,f��xL"
3N3Nw;>�wN7�	�-/3;-Lx/0' #"
78K,+2��wN0'I
Y� #"
0#"
78KW5%0W54xL-/7�0' #-2"%$jZo5
KzK!-/78-/ 
	�� "%$ ' ��T�]c?4-�
 &�� I8-�xL"
3N3Nw;K'w;"
78KW5%0�M2��*+: 0'I8-/ #-=$ "
 #- Y� #"�B�w;>�-

- .0/21 3�4657/637498:8 /9;�8 /9;=<?>@<=A!8 /9;�8 ;B1 CEDB;GFH;GIG8?1 3�JKD�1 ;GL�;G1 <:5�;GJ6;G1 >@I�MNFHFPOQ8 3SR�378 /Q;=F@;=IG8?1 37J6<TMNJ�UQV�3�<?>P8?1 3�J9<=A�49J6F@;=<?<378 /9;G1?W�>@<?;�<)8XM
8 ;�U!Y
T



5 365%,."
 z5%0#"
 
�O0#"oK#0'i8>+��K'0' 'i8x/0'i� #-c$ i�78x/0'w;"
78K45%0G~)(F"
 
*`-/7+%
x & 10−6 $ "
 Q2 B\5%3Ni8-LK & 0.2

?4-�
 2 &
: 0�0'I8-�I�w#	\I8-LK#0WB\5%3Ni8-LKW"%$

Q2 0'I8-�� -�5-* wN7�0#-/ z5
x/0'w;"
78K "%$h0'I8-GV�0z5%78>85% #> � "�>�-/3BW V � X Zo5 �b5%3;K#" ,.-
0#-LK'0#-L>h&�� 7 0'I8-cB`-/ 
��365
K'0GY�IJ5
K#- "%$�wN0#K)"
Y.-/ z5%0'w;"
7K��xL"
3N3Nw;K#w;"
78K45%0G0'I8-@xL-/7�0' #- "%$�Zo5
K#K+-/78-/ 
	\w;-LK4"%$
���\Uc5%78>i�"! �c? -�
 5%wNZb-L>o5%0�Y� #"X>�i8x/wN7�	@54Zb-�5
K'i� #-/Zb-/7�0 "%$.0'I8-�3;"
7�	\wN0'i8>�wN7J5%3jK#0' 'i8x/0'i� #- $�i�78x/0'w;"
7
� -/ #-@5
x#I�w;-/B`-L>h&

� I�w;K 0'I8-LK#w;K -=<XY�3;"
 #-LK 0'I8-���� ���
Q2  #-�	\wNZb- "%$ 0'I8-�*�wN78-/Zo5%0'w;x  #-�	\w;"
7 5
xLxL-LK#K'wN,�3;-b5%0cM2��*+: &

� -�5
K'i� #-/Zb-/7�0#K2"%$E0'I8-)i�7�Y."
365% 'wNA�-L>�78-/i�0' z5%3hx/i� ' #-/7�0
e±p

 #-L>�i8xL-L>Ox/ #"\K#K K#-Lx/0'w;"
78K�5% #-)Y� #-LK#-/7�0#-L>
wN7 0'I8-E*XwN78-/Zo5%0'w;x  z5%7�	`-

65 6 Q2 6 30000
?4-�
 2 5%78> 0.00085 6 x 6 0.65

& (4-L>�w;x�5%0#-L> Zb-�5 %
K'i� #-/Zb-/7�0#K)5%0GwN78-/365
K'0'w;x/wN0��

y = 0.75
5%78>

Q2 6 800
?4-�
 2 5% #- 5%3;K#"oZo5
>�-\& � I8- >85%0z5 i8Kz-L> � 5
K

xL"
3N3;-Lx/0#-L>O,f��0'I8- M T >�-/0#-Lx/0#"
 +>�i� 'wN7�	o"
Y.-/ z5%0'w;"
7�"%$Q0'I8- M2��*G: xL"
3N3Nw;>�-/ 2wN7OwN0#K�M2��*+: ����Y�IJ5
Kz-
"%$� 'i�7�7�wN7�	P��0'IJ5%0 w;K ��5|$ 0#-/ 0'I8-4[\U\U\U@3Ni�Z wN78"\K'wN0���i�Y�	\ z5
>�-c5%78>�xL"
 ' #-LK'Y."
78>�K 0#" 5 xL-/7�0' #- "%$�Zo5
K#K
-/78-/ 
	�� "%$ ' ��T�]�?4-�
 & � I8- >85%0z5�K#-/0#K xL"
 ' #-LK'Y."
78> 0#"�5%7 wN7�0#-�	\ z5%0#-L>k3Ni�Z wN78"\K'wN0�� "%$4T�����Y�, −1

5%78>kT �"!@Y�, −1 $ "
 20'I8- e−p
5%78>

e+p
Y�-/ 'w;"X>�K� #-LK'Y.-Lx/0'wNB`-/3#�`&

� I�w;KQ #-/Y."
 '0Q0z5-*`-LKQ0'I8-  #-�5
>�-/ �5%3;"
7�	)0'I8-W$ "
3N3;" ��wN7�	 YJ5%0'IE& 6 IJ5%Y�0#-/ T K'i�Z Zo5% 'wNA�-LKQ0'I8- 0'I8-L"
 
�
 #-/3;-/B\5%7�0 0#" 0'I8-O5%7J5%3#��K'w;K�& :GK@wN0 w;K >�w $ox/i�3N0 0#" IJ5LB`-�5%7 5%Y�Y� #-Lx/w65%0'w;"
7 $ "
 5%7�� Zb-�5
K'i� #-/Zb-/7�0
��wN0'I8"
i�02K#"
Zb-2*X78" ��3;-L>+	`-c"%$Q0'I8-GwN78K#0' 'i�Zb-/7�0#K2i8Kz-L> �XxzIJ5%Y�0#-/ G[@wN7�0' #"X>�i8xL-LK�0'I8- M2��*+: xL"
3N3Nw;>�-/ 
5%78> 0'I8- M@T >�-/0#-Lx/0#"
 :	\wNBXwN7�	 ,J5
K#w;x�wN7�$ "
 'Zo5%0'w;"
7 "
7 5
K'Y�-Lx/0#K�"%$c0'I8- >�-/0#-Lx/0#"
 �Zb"\K'0o #-/3;-/B\5%7�0
0#"y0'I8- 5%7J5%3#��K'w;K�& V�wNZ@i�365%0'w;"
7mw;Kbi8K#-L> -=<�0#-/78K'wNB`-/3#� 0'I� #"
i�	\I8"
i�0 � 0'I8-/ #-=$ "
 #- xzIJ5%Y�0#-/ �.	\wNB`-LK�5
K'I8"
 '04wN7�0' #"X>�i8x/0'w;"
7kwN7�0#" � "
7�0#- 6 5% '3;"�Y� #" 	\ z5%ZbK@5
K45�0#"X"
3DwN7 I�w#	\Iy-/78-/ 
	�� Y�I���K'w;xLK�&E6 IJ5%Y�0#-/ 
�b-=<�Y�365%wN78K ��I��O5 78-/i�0' z5%3�x/i� ' #-/7�0+x/ #"\KzK�K#-Lx/0'w;"
7OZb-�5
K'i� #-/Zb-/7�0G78-L-L>�K 0#" ,�-)Y.-/ F$ "
 'Zb-L>�5
K20�� "
>�w;K'0'wN78x/0W5%7J5%3#��K#-LKQ0#-/ 'Zb-L> 0'I8- � 78"
Z wN7J5%3J5%7J5%3#�XK#w;K � 5%78> 0'I8- � I�w#	\I

y
5%7J5%3#��K'w;K�& �i0)"GZb-�5
K#i� #-/Zb-/7�0

w;K@i8K#-=$�i�3d��wN0'I8"
i�0G88 #K'0@x�5%3NwN,� z5%0'wN7�	k5%78> 5%3Nw#	\7�wN7�	 0'I8-�K#x/w;-/7�0'w<8Jx�wN78K'0' 'i�Zb-/7�0 ��x#IJ5%Y�0#-/ /��&[� I8-
K#-/3;-Lx/0'w;"
7 i8K#-L> 0#" Y� #"�>�i8xL-�0'I8-:887J5%3�Kz5%Z Y�3;-LK $  #"
Z ��I�w;xzI 0'I8-�x/ #"\KzK K#-Lx/0'w;"
7 w;K@Zb-�5
K#i� #-L> w;K
>�-/0z5%wN3;-L> wN7 xzIJ5%Y�0#-/ #K ��5%78> !X& � I8-@Zb-�5
K'i� #-/Zb-/7�04,.-�	\wN78K % 88 #K'0) #-LxL"
78K'0' 'i8x/0'wN7�	�5%78> ,�wN7�7�wN7�	
0'I8- *XwN78-/Zo5%0'w;x@B
5% 'w65%,�3;-LK�W x#IJ5%Y�0#-/ � X 0'I8-/7 -=<X0' z5
x/0'wN7�	�0'I8- x/ #"\KzKGK#-Lx/0'w;"
7 W x#IJ5%Y�0#-/ c] X &�*+-LK#i�3N0#K
5% #- 0'I8-/7 K#i�Z Zo5% 'wNA�-L> 5%78>�xL"
78x/3Ni8K'w;"
78KG>� z5h��7E&



� ,U�����#�2
 .

� � =�C�>+= ?+:T� @�� � >+@�� =�� C�>	�


 �!���Q
 �K�7� �X',� �������*�?(!'7� � � �K���,�T��"�
�
 ����� ���Q� �#' � �#'����
',�)�?

������� 
������=��"K��(�� ���)
 ������� ��
 ���)���9���X'7�
� �#' 
,���6�N� �*'�
��)�?����
 '����7"K��'�
 '���� �6��� '�� � �6� ���=���*�)(�'7� �������7��� ����� �)� � � � �X'��X���
',� ���)�?���"!$#%�,�X'�� (!'�& �('
� ���	� �#'��9���7�?��"��)�2� � '�
 ���)�?
*�9�����)�+�,� '7�-, � �$'&
,�=���N� �*'�
��)�?��� (!'X� '���(!'�� 
N' ��� � �$'��9�����)��"��Q�,�)�7"$
��)"K��'
��"�� 
��)�)���$� � � � � �)���*(�"$
N'�(+! 
 �#'�. "#���-�0/ ���,� ���21 �*(�'���� � �X'��X���
',� ���)�?��� ��� � �#'7�*' ���)��"#
��)"K�
'3�7"K��
4'
�)�?���$� � � � �#'�� � ���?( ��"K�5!76 �6�7�?
 �6�X�$'�
�� � �8�*. "$��� �)"9
;: �!����
 �*(�������
&�?
�� ����' ��� ���X'
(<, � �#'�� �7� �����?'
(
� � '�� '�
��)�����(' ���=� � ��� ��

���?�X'������K�<= � �#' �>
 �����?

���)�?���$�S���
' � �#'�� (����,
,"��N�*'�(*�T�)� � � �$'����S��'�� '��9����
N' � � � �$'
���
'7�*'�� �$
 '��6�7"K�
'�
 '�� �5!

?A@-? BDC�C%EGF D C�H ���P� ��� � �W� �P� C �Q� DGFJI BKF �*L > � D CNM � � �J�)�
� 7�>�-L-/Y�wN78-/365
K'0'w;x4K#x�5%0'0#-/ 'wN7�	 W ( �'V X ep

xL"
3N3Nw;K'w;"
78K ��0�� " 0���Y.-LK "%$�wN7�0#-/ z5
x/0'w;"
78K+5% #-)>�w;K'0'wN7�	\i�w;K'I8-L>PO
0'I8-!78-/i�0' z5%3Xx/i� ' #-/7�0aWM0 6 X Y� #"�xL-LK#K ep→ eX

5%78> 0'I8-�xzIJ5% 
	`-L>@x/i� ' #-/7�0VW�6a6 X Y� #"XxL-LK#K ep→ νeX
&

~ "
0'IOY� #"XxL-LK#K#-LK�5% #-4Zb-�5
K'i� #-L>�5%0�M��W*+: & � 7�0'I8- V�0z5%78>85% #> � "X>�-/3,W V � X ��0'I8-)wN7�0#-/ z5
x/0'w;"
78K)5% #-
Zb-L>�w65%0#-L>�,��o0'I8-G-=<�x#IJ5%7�	`-4"%$�5 Y�I8"
0#"
7RQ�] ,."\K#"
7.W

γ/Z X $ "
 076 wN7�0#-/ z5
x/0'w;"
78K �85%78>�5 H ,�"\Kz"
7
$ "
 �6a62�85
K2K'I8" ��7�wN7O0'I8-/wN �c8-��X7�Zo5%7 >�w65-	\ z5%Z  #-/Y� #-LK#-/7�0z5%0'w;"
7K�P8P	\i� #-bT\&NT\& � I8- � % Zb"
Zb-/7�0z5b"%$
0'I8- YJ5% '0'w;x/3;-LK+wN7�B`"
3NB`-L> 5% #-�O

• l
$ "
 �0'I8-4wN78xL"
Z wN7�	�-/3;-Lx/0' #"
7

• l′
$ "
 �0'I8-c"
i�0
	`"
wN7�	b3;-/Y�0#"
7

• p
$ "
 20'I8-4wN78xL"
Z wN7�	�Y� #"
0#"
7

• p′
$ "
 �0'I8- K
��K'0#-/Z "%$DYJ5% '0'w;x/3;-LK

X
wN7O0'I8-c"
i�0
	`"
wN7�	oIJ5
>� #"
7�w;x 887J5%3�K'0z5%0#-\&

• q ≡ l − l′
$ "
 �0'I8-c-=<�x#IJ5%7�	`-L>�,."\K#"
7E&

� I8-i*�wN78-/Zo5%0'w;xLK@"%$+5$	\wNB`-/7 K#x�5%0'0#-/ 'wN7�	 Y� #"�xL-LK#Kcw;Kci�7�w '�i8-/3#� >�-R8878-L> ,�� 0�� "�B\5% 'w65%,�3;-LKc$ "
 
5Z	\wNB`-/7 xL-/7�0' #-R% "%$ % Zo5
KzKO-/78-/ 
	�� √

s
&�
W5% 'w65%,�3;-LK�i8Kz-L> wN7m0'I�w;K�0'I8-LK#w;K�5% #- 0'I8-�78-�	�5%0'wNB`- $ "
i� &%

�



�������������	��
 ��� �����*� ��
 ������������� ��� �����

}

e±(l)

e±(l′)

γ∗/Z(q)

p(p) }X(p′)
I � L

}

e±(l)

νe(l
′)

W±(q)

p(p) }X(p′)
I ��L

cQw#	\i� #-�T\&NT�O�� '����(
 ��� (��)�*���=��
 �
'X���
'7�*'�� � ���)�?���$� ��� � �#'��G��� � ',"K�)������
,"K�7�
'�� � ����(������ 
 �K���?�!'�(

,"K�7�
'�� � �����*
N'��N��'�� !A/ �����)�?
,� ' � �N� '7� ����( �6�N���*
,�?���X'�( � ' 
 ��
 '�� � � ����' � ��(��?

���X'�(�!

Zb"
Zb-/7�0'i�Z�0' z5%78KF$ -/ 2K�'�iJ5% #-L>�W
Q2 X ��~)(F"
 
*`-/7+% x 5%78>O0'I8- wN78-/365
K'0'w;x/wN0��

y
>�-R8878-L> ,�� O

Q2 ≡ −q2 = −(l − l′)2, x =
Q2

2p · q , y =
p · q
p · l .

WFT\&NT X

V�wN78xL-
s ≡ (l + p)2

wN0 $ "
3N3;" �2K+0'IJ5%0
Q2 = sxy

&

Q2 >�-/0#-/ 'Z wN78-LK20'I8-cK'YJ5%0'w65%3� #-LK#"
3Ni�0'w;"
7 ∆
"%$D0'I8- B�wN '0'iJ5%3�,�"\K#"
7OY� #"
,.- 5
K2>�-/ 'wNB`-L>O$� #"
Z 0'I8-

M)-/w;K#-/7�,.-/ 
	igG78xL-/ '0z5%wN7�0����� 'wN78x/wNY�3;-�O

∆ =
~c
√

Q2

WFT\& [ X

��I�w;x#I $ "
 G0'I8- xL-/7�0' #-R% "%$U% Zo5
K#Kc-/78-/ 
	�� 5%0)M2��*+: "%$ ' 319
?4-�
G��xL"
 ' #-LK'Y."
78>�K)0#"�5oZo5|<�wNZ i�Z

 #-LK#"
3Ni�0'w;"
7 "%$
∆ = 10−18 Z�&Z� I8-�wN78-/365
K'0'w;x/wN0��

y
w;K 0'I8-�$  z5
x/0'w;"
7 "%$)-/78-/ 
	�� "%$)0'I8-�wN78x/w;>�-/7�0

-/3;-Lx/0' #"
7 0' z5%78KF$ -/ ' #-L> 0#"�0'I8- Y� #"
0#"
7 0z5% 
	`-/04wN7 0'I8-c$  z5%Zb-I��I8-/ #-@0'I8- Y� #"
0#"
7 w;K 5%0) #-LK'0�& � 7 0'I8-
4GiJ5% 
*O�Q5% '0#"
7 � "�>�-/3dW�4)� � X 0'I8- wN78-/365
K'0'w;x ep

xL"
3N3Nw;K'w;"
7 w;K�wN7�0#-/ 'Y� #-/0#-L>y5
K+5%7 '�� �����)�?
cxL"
3N3Nw;K'w;"
7
,.-/0�� -L-/7m0'I8-�wN78xL"
Z wN7�	k3;-/Y�0#"
7m5%78> 5 '�iJ5
K'w $  #-L-�Y�"
wN7�0&% 3Nw#*`-�xL"
78K'0'wN0'i8-/7�0�"%$)0'I8-�Y� #"
0#"
7 % 0'I8-
YJ5% '0#"
7 % 8P	\i� #- T\& [�W 5 X &i� I8- B\5% 'w65%,�3;-

x
0'I8-/7 -h'�iJ5%3;K 0'I8- $  z5
x/0'w;"
7 "%$�0'I8- Zb"
Zb-/7�0'i�Z "%$ 0'I8-

Y� #"
0#"
7 x�5% ' 'w;-L> ,�� 0'I8-�K'0' 'i8xJ* YJ5% '0#"
7 wN7 0'I8-OwN7+887�wN0#-OZb"
Zb-/7�0'i�Z $  z5%Zb-S��I8-/ #-O0'I8-OY� #"
0#"
7
Zb"
Zb-/7�0'i�Z�w;K+Kz" Z i8xzI Zb"
 #- 0'IJ5%7 wN0#K2Zo5
K#K ��0'IJ5%0+0'I8- YJ5% '0#"
78K)x�5%7 ,.-4 #-�	�5% #>�-L> 5
K2Zo5
K#K'3;-LKzK�&
� 7O0'I8-E4)� � 0'I8-LK#- YJ5% '0#"
78KG5% #-cI8-/3;>�0#" ,�-7'�iJ5% 
*�K�&

�



��
�� 
 
 ��������
 
��,� ��� ��� ��
 
�
 ������
 ��� 
 � ��� ��� ��
 ����������� ���
�	� ������
 ��� 


?A@�
 F D � H ? �	�
� C���� � �����C�\� C �K� ��� D � � D�� � � C �2�	� ? ��� ? � C�� ?GD �K� ��� D �
0769x/ #"\K#K@K#-Lx/0'w;"
78K $ "
 

ep
K#x�5%0'0#-/ 'wN7�	

e±p → e±X
x�5%7 ,.-o-=<�Y� #-LK#K#-L>y,f� 5�Y� #"
YJ5-	�5%0#"
 0#-/ 'Z

5%78>O0'I8- K'0' 'i8x/0'i� #-4$ i�78x/0'w;"
7�0#-/ 'Z
φNC

&,� I8- ~ "
 '7 x/ #"\KzK2K#-Lx/0'w;"
7�w;Ka	\wNB`-/7 ,����NT��5O

d2σe±p
NC

dxdQ2
=

2πα2

xQ4
φ±

NC(x,Q2)
WFT\&�� X

��wN0'I

φ±
NC = Y+F̃±

2 (x,Q2)∓ Y−xF̃±
3 (x,Q2)− y2F̃±

L (x,Q2)
WFT\& � X

5%78>

Y± = 1± (1− y)2.
WFT\& � X

α
w;K 0'I8-)-/3;-Lx/0' #"
Zo5-	\78-/0'w;xcxL"
i�Y�3NwN7�	bxL"
78K'0z5%7�0 W

= e2/4π X & F̃L
w;KV*X78" ��7�5
K 0'I8-+3;"
7�	\wN0'i8>�wN7J5%3

K'0' 'i8x/0'i� #- $ i�78x/0'w;"
7E&�� I8- 	`-/78-/ z5%3NwNA�-L>
F̃2

�
xF̃3

5%78>
F̃L

K'0' 'i8x/0'i� #-c$�i�78x/0'w;"
78K4x�5%7 ,�-cKz-/YJ5% z5%0#-L>
wN7�0#"cxL"
7�0' 'wN,�i�0'w;"
78K 5% 'w;K'wN7�	4$  #"
Z9Y�i� #-

γ
-=<�xzIJ5%7�	`-��

γZ
wN7�0#-/ F$ -/ #-/78xL-G5%78> Y�i� #-

Z
-=<�x#IJ5%7�	`-\& c8"
 

i�7�Y."
365% 'w;K#-L>O3;-/Y�0#"
78K O

F̃2 ≡ F2 − ve
κQ2

Q2 + M2
Z

F γZ
2 + (v2

e + a2
e)(

κQ2

Q2 + M2
Z

)2FZ
2 ,

WFT\& � X
xF̃3 ≡ − ae

κQ2

Q2 + M2
Z

xF γZ
3 + (2veae)(

κQ2

Q2 + M2
Z

)2xF Z
3 .

WFT\& ! X
M)-/ #-

κ = 1/(4 sin2 θW cos2 θW )
��I8-/ #-

θW
w;K 0'I8- Hk-/wN7�,�-/ 
	b5%7�	\3;- 5%78>

MZ
w;K 0'I8-+Zo5
KzK "%$

0'I8-
Z
,."\K#"
7E&

ve
5%78>

ae
5% #- 0'I8- 0'I8- B`-Lx/0#"
 45%78> 5|<�w65%3<% B`-Lx/0#"
 � -�5-*OxL"
i�Y�3NwN7�	`KG #-LK'Y.-Lx/0'wNB`-/3#��"%$

0'I8- -/3;-Lx/0' #"
7O0#" 0'I8-I]Q&+� I8- K'0' 'i8x/0'i� #-)$ i�78x/0'w;"
7
F2

"
 'w#	\wN7J5%0#-LK $  #"
Z Y�i� #-
γ
-=<�x#IJ5%7�	`-��

F Z
2

5%78>

xF Z
3

$  #"
Z Y�i� #-:] -=<�x#IJ5%7�	`-o5%78>
F γZ

2

5%78>
xF γZ

3

$  #"
Z
γZ

wN7�0#-/ F$ -/ #-/78xL-\&S3GB`-/ cZb"\K'0c"%$ 0'I8-
*XwN78-/Zo5%0'w;x) z5%7�	`-)5%0 M��W*+:G�`0'I8-G365% 
	`-LK'0�xL"
7�0' 'wN,�i�0'w;"
7O0#"@0'I8-Gx/ #"\K#K K#-Lx/0'w;"
7�xL"
Zb-LK $� #"
Z Y�i� #-

γ
-=<�x#IJ5%7�	`- BXw65

F2
&�� I8- xL"
7�0' 'wN,�i�0'w;"
78K4$� #"
Z

γZ
5%78>

Z
-=<�xzIJ5%7�	`-@,.-LxL"
Zb- K#w#	\7�w<8Jx�5%7�0c5%0G365% 
	`-

Q2 & M2
Z

&,� I8-
xF̃3

K'0' 'i8x/0'i� #-c$�i�78x/0'w;"
7 xL"
7�0' 'wN,�i�0#-LKGY�"\K'wN0'wNB`-/3#��0#" 0'I8-
e−p

x/ #"\K#K2K#-Lx/0'w;"
7 5%78>
78-�	�5%0'wNB`-/3#�O0#" 0'I8-

e+p
x/ #"\K#K2K#-Lx/0'w;"
7E&

� I8- Y� #"
,J5%,�wN3NwN0��q>�-/78K'wN0�� "%$ '�iJ5% 
* 0��XY.-
q
w;K >�-/78"
0#-L> ,f�

q(x,Q2)
>�-R8878-L> K#i8x#Iq0'IJ5%0

q(x,Q2)dx
w;K 0'I8-�7�i�Z ,.-/ o"%$2'�iJ5% 
*XK���wN0'I Zb"
Zb-/7�0'i�Zt$  z5
x/0'w;"
7 ,�-/0�� -L-/7

x
5%78>

x + dx
5%0

0'I8- Zb"
Zb-/7�0'i�Z 0' z5%78KF$ -/ 
Q2 &7� I8- Y� #"
,J5%,�wN3NwN0�� >�-/78K'wN0'w;-LKc5% #- 5%3;K#" *X78" ��7k5
KS�#���,� ��� (������)��� ��"�'

�)�?��� ��"�� 
��)�)���$�$W ��( c8K X &I� 7 0'I8-/4)� � 0'I8- K#0' 'i8x/0'i� #- $ i�78x/0'w;"
78K
F2

�
F γZ

2

5%78>
FZ

2

5% #-  #-/365%0#-L>
0#" 0'I8- K#i�Z "%$Q0'I8-4B\5% 'w;"
i8K '�iJ5% 
*O5%78> 5%7�0'w<%�'�iJ5% 
*�W

q(x,Q2)
5%78>

q̄(x,Q2) X ��( c8K+,�� O
�



�������������	��
 ��� �����*� ��
 ������������� ��� �����

e±(l) e±(l′)

γ∗

p(p)
q

q′

X(p′)

I � L

ẑ
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z
�XW���� � �5�|� �,� ���M�e� �,� � � �=�<�K�,�i� � �`�5�¯�<�`�5��� �,� � x � y �<�K�

z
�XW���� � ­ � �X�,� ���9� � � � �`�5� ����� � �<�=�5� � ���,�(�?��� �G� �,� �W�<���E�`��� α � β

�<�K�
γ
�<�9�5¥��K� �,� � x � y�<�K�

z
�XW����h�9���9£.��� � �O�|���O� � �<�K� �,� � � �=�<�K�,�i� � �`�5��� � �<�=�5� � ���,�(�?�����G� �,� �j���`�,£��i�5���� ���� � � ∆X � ∆Y�<�K�

∆Z
�<�`�5��� �,� � x � y

�<�K�
z
���O�9��� � �`�5�K� ��¢ � �L�K��� £.�E�9� � �`�5�A�<� �,� �L�?�<�`�5�,�O �� � ���C -���s�.��9���N�<�9����� �5� �,� �X�)'~��� � �<�u� � �=�<�K�3�@�5�, -� � �`�5� T � � �<�=�5� � ���,�(�?�����N� �,� � ¨ �E�O�|��� �<���E�`���-�<�K� ¨�E�O�|���r���`�,£��i�5���� ���� � � �e¬ �K�5 >�O�:�<�p£.�E�,� � �`�5�*�5� �,� �M�?�<�`�5�,�O �� � ��� � x � y � z � �e�O�O�����u -�<£�£���� � ��� � �
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¬ �O�O�E�� ���� � O �5�K� � �<� � �J�<�O¥K�
α ��� �  >�=�5�
β

� ��� «k >�=�5�
γ ��� �  >�=�5�
∆X � ���`��� �� 
∆Y

� ��� ��� �� 
∆Z ��� �
� �� 

¢ �<���`�k¦ �O� �j�����j254m DF5� R ���:"�69)E���0"B25�I"'�j)3+M"'��� ��Zg1M69254O)510 R ��"V��1�� ������Y
�<�O�O�E�K���L£��E�,� � �`�5� � x F � y F � z F � �G� T �5�����5�9���O��� � ���

x′ = x′(x, y, z,∆X,β, γ) � ¦ �O�&�
y′ = y′(x, y, z, α,∆Y, γ) � ¦ � V �
z′ = z′(x, y, z, α, β,∆Z) � ¦ � ¨|�� � ���9� �,� �l�#¥��K� � �`�5�K� x′(x, y, z,∆X,β, γ) � y′(x, y, z, α,∆Y, γ) � �<�K� z′(x, y, z, α, β,∆Z)

���0¤K�K��,� � � �=�<�K�3�@�5�, -� � �`�5� T � 6 ��� H ��� J �@�5� �,� �u�'¥��K� � �`�5�:�<�{�#�5�,  �<�
x
F � y FK�<�K� z

F �¢ � �g�NW � �=�5� � �`�5�[�<� �,� ���9�h§;£:�<�=�< �� � ���9� � α � β � γ � ∆X � ∆Y � ∆Z � �`�l£����3�@�5�, ������N�>¥ � �O�O�(���O����,� ����� '~���9���K������� � �d����� �,� ���9�?� �,� ���9���}���`��� � �9�5�}£��E�,� � �`�5� �5�; ��?�5�,¥��9���}¥K�,�O��� �,� ���?�<�`�5�,�O �� � ���� �,¥��K�9���,�O£ � 3 ��� = � �<�K�]� � ��£��E�,� � �`�5���5�� ��?�5�,¥��9���]¥K�,�O��� �,� � � �=�5�=®|��� � �,¥��K�9���,�O£ � 3 � � = �0� Ld�j���5�K�,�`����� ��O��� �,� �g��� '~���9���K���u�<� �,� �\�����O j¥ �,� �<���<���E�`� � ∆φ = φcl−φtr � �<�K�[£��5�i�<�7�<���E�`� � ∆θ = θcl− θtr ��<� �,� �q���`��� � �9�5�T�5�h�j�'¥��K� � �`�5�t�<� φtr
�@�5�d¤ W����X�=�<���|���c�O�

z ���,� �M§k£:�<�=�< �� � ���9�g�<�9�;��� � ���, >�O�K��� �¢ � ���9�T§r£:�<�=�< �� � ���9�X�<�9� �,� �T�<�O�O�E�� ���� � ���5�K� � �<� � � � ¬ �-�<���O�K���`�?� � �`�5�v�<� �,� �L�9�(�?�t�<� �,� ���=����5�K� � �<� � � � �C£:�<� � �`��¥��i�<�M�9� � �<�����5�K� � �<� � �u�`�u�E�O�|�����O� � �<���`�>¦ �O� �<£�£��O�`�?�<���`�k�#�5�;�C�E�O�|���r£����,�`�8��<���,¥������O��� �¢ � �]£��G�5� � � � �9���9�5�O¥ � �`�5�ª�<� �,� � O�� O �;�O� �,� � z
���O�9��� � �`�5�ª�9���,¥�� � �u�O�ª�C£.�8�5�u�9���9�5�O¥ � �`�5�ª�<��,� �>���`��� � �9�5�W£��5�i�<�q�<���E�`�]� � ���ª��� � �O -� � ����¥K�,�O��� �,� �>���`��� � �9�5� � �=�5�9® � θtr �0�j¢ � ���9�0�#�5�9���O� �,� �`��<�:�<�O���,�`� ���,� �M���`��� � �9�5�t£��5�i�<�g�<���E�`� θe

�`� � �<®|���L�'�9�5  � � �h���O¥K� � ���c�O� �,� � ­{¬ �h�?�<�`�5�,�O �� � ���?�
θe = θcl

2 � �5�9����� � �*�5�9�9�O�E�¯�t�9�8� � �� -� � �`�C¥��K����� � �<�O� � � �5� θe
� θcl

�`�j���5 >£:�<�9��� � � θtr
�O� ��� '~���9��� ��|���5 �� � �,�`�?�<���9���E�`�5�K�u�<� �,� �j��� � ��� � �5�u¥K�,�O���[���|��� � �\�#�9�5  �,� �j�K�5 >�O�:�<�b�<�:�<�O���,�`� �h¬ �,�8� � �� -� � �`�¥��K����� � �<�O� � �T�<� ∆θe = 3

 >�=�5�L�`�h�5�9�9�O�E�K���X�:�5�9���t�5� �,� �q�<�E�9���� ���� � ��� � �������r�K� � ���<�K�t�,�O�E�:�<�P O ���`� � �,�O��¥ � �`�5�K� �
θcl − θtr

���`� � �,�O��¥ � �`�5�K�e�#�5�e���|��� � �e�'�9�5  �,� � � �O� � y
�<�:�<�O���,�`�e�<�9�;� � �?�e�X�O�X¤K�E¥��9�;¦ �O�|� � � �#�5��,� � e−

£����,�`�8� �0\ �`� � �,�O��¥ � �`�5�K�h� � �&�e�*�<�9�\�#�5� �,� �q�K� � �>�<�K�t�,�O�E�:�<� P O � ����� � �=�<���E�<�O¥K�;�<� θe
�5������O�z�5� ±3

 >�=�5�t� � �D� � � �0�b¢ � ��P O �����9���,�O����� �,� �M�K� � �k�e� �,� �O� �,� �u�E�O�|���t¥��K����� � �<�O� � � �
¨ ©
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� ������HE �g�019�0�I6!�¯f=��"#^��9�0��"'���ª�04`�,6�"#1,)5� U�)54O251W25�GF54`�ª2<� R �92<�!/81,�9Ht+013) R "'���692E4D)510 R ��"V�01�� θcl
�>"B)C #"'�M$P254m/��]25� R �92<�!/81,�9Hu+!1,) R "'���k2<�=��)?6� @2E"V�,HL"#1,2|60S��

θtr
�EY��3f��r�����q1,2E"# #)X)3+"'���C�04`�,6�"#1,)5� �0�.�01@F5(*2<� R �,2<�!/819�,Hj+!1,) R "'���-69254O)51! R ��"V�01��

Ecl
�L"B)X #"'�j$P254m/K�-2<� R �,2<�0/G19�,Hj+!1,) R"'���k"#1,2|60SE�01��

Etr
�C"# R �!�q"'���]60�82E1#FN�-)3+j"'���>�04O�96�"#13)E�sf9�,2 R �

Q
�EY��g)E"'�]UI4O)E"'�k2519��+�)E1j"'���q�N OF<�

y25�.254Q(<�0 i�!ah�=��)5^b�C+�)51-"'���
e−

UK�01! @)?HNY �!�I6�4m/�HN�,Hª2519�["'���XH5 %�0"#10 Bf0/8"# @)5���> '�AH|2E"B2�25�IHT�! OF5�I2E4����
� 6=�0�:"#1,254{$P2E4Q/K�k)3+;"'���M692E4D)510 R ��"V�01�� 2����0���01#FE([25�IH�� f��gU�)54O251q25�8F54O�j2<�u^��04'4~25�

+1σ
�����KU! "�-25�IH

−1σ
�#�%$M�& '�]�=�N +0"'�M)5�W"'���k�0�.�01@F5(L25�IH;U�)54O251j25�8F54O�(�EY

& @�) +.- C0/ 13)54769+.6*C�) >+*
¢ � �j���K���,�E�t�<� �,� �q�9�?� �,� ���9���*���`��� � �9�5�r�?�<�*�.�j�NW8£��9���9�=���L�O� � ���, ��\�<�b� � �g���`��� � �9�5�r£.�5�i�<�u�<���E�`�
θe
�<�K� �,� �u�O�K���O¥K�9�O�|� � �5���9�5�*�<���E�`� γh � �9��� � �`�5�*¦ � �G� �

Eda =
2Ee sin γh

sin γh + sin θe − sin(γh + θe)
� ¦ � �G�

� � ���9� �,� �q�,¥��K�9���,�O£ � 3 �K� =;�����K� � ��� 3 ���5¥����`�q�<���E�`��=q�<�K�T�<�O�O¥K����� � � �,� � � �d�-�<���E�`���c¥K�=���L�O� �,� ��?�<�`��¥��i� � �`�5� � Ee
�`� �,� �g�O�K���`����� � ���`��� � �9�5�X���K���,�E�-�<� V [ � § � �B� � ���9�5  �SRN¥:� � �`�5�L¦ � � � � �`�d���G�`����� ��,� � � Eda

�`�c�O�K�9���K�,� � �O�|� � � �,� �;���`��� � �9�5�r���K���,�E�X ��?�5�,¥��9�� ���� � ¥K�,�O��� �,� � ­{¬ �h�?�<�`�5�,�O �� � ��� E′
e �¢ � ���?�<�O�O���=� � �`�5� �<�

E′
e

�`�-£����3�#�5�, ����v�G� ���5 >£:�<�,�O��� �,� �T�=� � �`� E′
e/Eda

�#�5�L�}�9¥��K�9� � �<����|��� � �;�#�9�5  �,� �]�K�5 >�O�:�<�d�<�:�<�O���,�`�;�O� �,� �>�9���E�`�5� �<�d�`�&� y
H ���XJV�>¢ � �>�9���i� � �O�|�-¥��K����� � �<�O� � �ª�5��,� �M���`��� � �9�5�*���K���,�E�[ ��?�5�9¥��9�� ���� � δE′

e

�`�c��� � ���, >�O�K���T�N�X���5�K�,�`�����,�O��� �,� �;�`���|���{�<�l�<�E�9���� ���� ���� � �d�����*��� � �d����� �,� � E′
e/Eda

���`� � �,�O��¥ � �`�5�K�h�@�5�h�K� � ���<�K�t�,�O�E�:�<� P O �5�g�k�'¥��K� � �`�5�r�<� �,� � z
����8�5�9���O�:� � �M�<� �,� �;���`��� � �9�5�t�O >£:�5� � £��E�,� � �`�5�t�5� �,� �;�,¥��3�B�5���;�<� �,� � ­{¬ �c�?�<�`�5�,�O �� � ��� zim �b¢ � �¥��K����� � �<�O� � �`���\�<�9�;�,¥� > -�<�,�(�?���t�O� � �<���`�M¦ � V>�<�K�X�=�<���|���e�.� � ������� � � ¦ � �'�9�5  �,� �u�:�5�=®G�7�<�9� � ��@�5�,�d�<�9�T�9���E�`�5�K�h�<� �,� �;�?�<�`�5�,�O �� � ��� �
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zim
�=�<���|�

δE′
eH ��  J H � J

zim 6
� � ¦ �E� ¦ �� � ¦ �E� ¦ < zim 6
V �K� � �V �K� � < zim 6 �E� V � � V

�E� V � � < zim 6
V ���E� VE¦ ¨V ���E� VE¦ < zim

¦
¢ �<���`�q¦ � V��j�����;19�04O2E"# %$5�j/G�I6!�010"B2E %�:"#( δE′

e

)5��"'���k�04O�96�"#13)E�¯�0�.�01@F5(C��692E4O�?Y
¢ �t� � ���=® �,� � �;�,� � RG¥K� � ����¥��K����� � �<�O� � �`���]�<�9�]�E�<�O�`���O� �,� �]�9���E�`�5�ª�<� �,� � � �O� � y

�<�:�<�O���,�`� ��,� �t�?�<�O�O���=� � �������`��� � �9�5�����K���,�E� E′
e

�`�-���5 >£:�<�9��� � � �,� �T���K���,�E�� ��?�5�,¥��9�� ���� � �<� �,� � � �=�5�=®�5�9�9�8���i� � ��� � � �,� �\���`��� � �9�5� Etr �b¢ � �h�=� � �`� E′
e/Etr � � �O ���� �,� �\���`��� � �9�5�L� � �<�,�|� Q � �`�d� � �&�e�[�O�¤K�E¥��9�j¦ �O�|� � � �#�5� �,� �M�K� � �-�<�K�t�9�O�E�:�<� P O � ����� � �=�<�p�5�<�O¥K�j�<� E′

e

�5�h�����O�z�5� ±1σ
� � �D� � �c�5� �,� ����`��� � �9�5�*���K���,�E�X�9�?�<�`� �0�l¢ � �q�K� � �]�`�e�����O�p�����9���,�O�.���t�N� �,� � P O �e� �,� �O� �,� �u¥��K����� � �<�O� � � �

& @�� � % = )5476	:</�� ��47:�� C +.6*C�) >+*
� �
	���
����������
��� 	�� ������
��
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 / ndf 2χ  2.631 / 11
p0        0.0006± 0.9976 
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 / ndf 2χ   8.29 / 13
p0        0.0002± 0.9992 
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 e+ �}@MI z O x B^IP@UBE�r@UTMH z WX@MRK` c vQ� _ IEH�[\IPO i HE>A@QBED x^x @MY�T;> _ Y J @z Y�` z @MR x _ HEHEI z FGDGHP@ x HPO�HE>A@|RKD i z YAOLB z H�` i @ _ BEDGIP@ i @MYhH � BP@UTMH z O]Y 7�c%7X� fNYAO _ FGYAO]I i _ R z H z @UB z Y�HE>A@
` z @MR x B _ IP@sO]FABP@MIEWX@ x O�WX@MIjHE>A@ z Y x{z T _ HP@ x eAH<I _ Y J @UB c
> � �
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S = 55/80 (68.75%)
f

P = 55/65 (≈ 85%)
f

A = 65/100 (65%)
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_ h:q��=q o/_ zbt7jilrq o���� f{z z@c7] a�zbh ] qsl�k^z ] z ]�_/`dc k^z ]��9o zbf�� _/`dcvz@c q<a/j o6c7z@c7]p_ h o z � z ] q _ z ]i� � o h z$_/`dc
] j z k c7o hs� c { c7]�_ a�h<kda c7o { c f:z ]�_/`dc �=q o/_ zbt7jilrq o k^z ] |���z � j o6c 
G|3�Xa ` h;�Xa�h ]dc a6jdt ` ��h(z ]�_ � �>jil3lSfih _ �_ h �'c7_/`dc7o ��z _/`�_/`dc k^z ] q<a6a6h+trzrq _6c f _ hcz _ � a ` q<f c f o6c t _ q ]i� l c � |\^]�_/`dc8��� �#�)���d�&�d���d�A� � � � _/`dc t o h9a6aXa c t _ zbh ] q _ � Q2

c , xc � zba z@c q<a/j o6c f�jda�z ]i�
d2σ

dxdQ2
=

ND −NB

A · L · δbc(Q2
c , xc) � 
G|3� �� `dc7o6c9�

�7�9�



� ���=� �	�G��� � �������	
�������� �	�	� ���	
����

�
Q2

c, xc

�

Q2
min Q2

max

xmax

xmin

Q2

x

��z � j o6c 
G|3� � >�
 �G* ( � #
� % � � #+* � � � �i* � �
���H( # � xQ2 * � *<- 2 ��� � �.-3* � � < !$# ��- * � # �5- - ��� ��� ��� � ����� ���.(( # � � ���@+ ��� - <�� * � #�� ��� #+* � * � ��� � ���=(���� 4 Q2
c , xc 70- � ��� �1-�) # �����u( # � � �/% � � � � �5(��0%�� ' � * � / � �(' ���.(

���@A�/G%'( �5- < !$# � � ��� � ���=(���� � % ��( # � � #+* - �5- � ��������� # %*) � * ��( # � � / ->- -'%9(8<
ND zba _/`dcB] j z k c7o hs� c { c7]p_ a;z ]�_/`dc fdq _ q
NB zba _/`dcD] j z k c7o hs�gk=q<t x+�9o h<j ] f c { c7]�_ a e c a _ z z q _6c f:� o h z _/`dc a�z z jilrq _ zbh ] q<a _/`dc a/j z hs� _/`dc
� ` h _ h<� o h+fGjdt _ zbh ] e���h z � _ h ] q ] f�l c � _ h ] �=qwz o � o h+fGjdt _ zbh ] t5h ]p_/o z3kij _ zbh ] a
A zba _/`dc q<t5t c � _ q ] t c z ]p_/o hpfGjdt c f�z ] a c t _ zbh ]�� | � edq ] fSzba1f c7_6c7o/z z ]dc fFjda�z ]i�@_/`dc a�z �9] qsl����
� ` zbt ` t5h ]�_ qwz ] a o q<f{zrq _ z3{ c8c { c7]p_ a � a c t _ zbh ] 
G|�� � | A t5h ]�_ qwz ] a qsl3lIt5h o/o6c t _ zbh ] a
� qs�=q o/_ � o h z k=q<t xp�9o h<j ] f � z ] t7l3jdf{z ]i�yc(J trz c7] t��Fq ] f o q<f{zrq _ z3{ c t5h o/o6c t _ zbh ] a;eSq<au� c l3lq<a _/`dc8c m c t _ aXfGj c�_ h z@c q<a/j o6c7z@c7]�_ hs� _/`dcD�d] qsl�a _ q _6c a�z ] t7l3jdf{z ]i�
qskda6h<l3j _6c a6t;qsl c a1q ] f o6c a6h<l3j _ zbh ] a hs� o6c t5h ] a _/o jdt _6c f��pj=q ]�_ z _ z c a;|
L zba _/`dc l3j z z ] h9a�z _ �Fhs� _/`dc fdq _ q�a c7_
δbc zba _/`dc k^z ] t c7]p_/o6c t5h o/o6c t _ zbh ] |
� `dc k^z ] t c7]�_/o6c t5h o/o6c t _ zbh ] zbaXf c4�d]dc fFk��

δbc =

(

d2σMC

dxdQ2

) ∣

∣

∣

∣

Q2=Q2
c ,x=xc

σMC
bin

� 
G| � �
� `dc7o6c

d2σMC/dxdQ2 zba _/`dcy_/`dc h o6c7_ zbt;qslXt o h9aEa	a c t _ zbh ] z z �il c7z@c7]p_6c fjz ]�_/`dc a�z �9] qsl���� e
`dc7o6cu_ q x'c7] � o h z�_/`dc�� � ��! � �#"#"#"D�d_ |

σMC
bin

zba _/`dc z ]�_6c7�9o q _6c fyt o h9a6a a c t _ zbh ] z ]�_/`dc q<a6a6h+trzrq _6c f
�7�%$



��� ����� ��� � � � � ���	�
�	��� ������
1
�� �	�G��� � �������	
���� ��� �	�	� ���	
����

k^z ] q ] f�zba � z3{ c7] k%�
σMC

bin =

∫ xmax

xmin

∫ Q2
max

Q2
min

d2σMC

dxdQ2
dxdQ2. � 
G|�� �

� `dc k^z ] t c7]�_/o6c t5h o/o6c t _ zbh ] qsl3lbh �Xa _/`dc t o h9a6a�a c t _ zbh ] q _ q � %����=(�� k^z ] t c7]p_/o6c � _ h k c�c�D+_/o q<t _6c f� o h z q ] h<kda c7o {9q _ zbh ] z ] q ��� +��0%�� � k^z ] � hs��� ` q<a c a/�=q<t c | � `dc q<t5t c � _ q ] t c A zba � z3{ c7] k��

A =
NMC

rec

NMC
gen

=
NMC

rec

σMC
bin L

� 
G| � �
� `dc7o6c

NMC
gen

zba _/`dcF] j z k c7o hs� c { c7]�_ a �'c7]dc7o q _6c f�z ] _/`dc a�z �9] qsl	��� t5h o/o6c a/��h ] f{z ]i��_ h _/`dc
l3j z z ] h9a�z _ �:hs� _/`dc fdq _ q L � NMC

rec

zba _/`dcB] j z k c7o hs� o6c t5h ] a _/o jdt _6c f c { c7]�_ a;|
� jikda _ z _ j _ z ]i� 
G| � q ] f 
G| �:z ] 
G|3� � z3{ c a

d2σ

dxdQ2
=

ND −NB

NMC
rec

·
(

d2σMC

dxdQ2

) ∣

∣

∣

∣

Q2=Q2
c ,x=xc

� 
G|�$ �
� � c�D � o6c a6a�z ]i�:_/`dc fih<jikil c f{znm c7o6c7]�_ zrqsl&t o h9aEaBa c t _ zbh ] q<a _/`dc f{z z@c7] a�zbh ] l c a6a o6c fGjdt c f�t o h9a6aa c t _ zbh ]

σ̃NC � a c t _ zbh ] �9| � �
σ̃NC ≡

xQ4

2πα2

1

Y+

d2σ

dxdQ2
� 
G|�� �

_/`dcBz@c q<a6j o6c7z@c7]�_ t;q ] k cBc�D � o6c a6a c fSz ]�_6c7o/z a hs� _/`dc�] j z k c7o hs��h<kda c7o { c f c { c7]p_ a;z ] fdq _ qGe
a�z �9] qsl�q ] f:k=q<t xp�9o h<j ] f � h ]�_6c � q o lbh9a

σ̃NC =
ND −NB

NMC
rec

· σ̃MC
NC . � 
G|	� �

\^]�_/`dc ����
 �
y
�d���d�A� � � � _/`dcBo6c fGjdt c f�t o h9a6aXa c t _ zbh ]�z@c q<a/j o6c7z@c7]p_ zba � z3{ c7] k%�

σ̃NC =
ND′

NMC′

rec

· σ̃MC
NC . � 
G| � �

� `dc7o6c
ND′ q ] f

NMC′

rec

q o6c�_/`dcB] j z k c7o hs� c { c7]�_ a©z ]F_/`dc fdq _ qyq ] f _/`dcB] j z k c7o hs� c { c7]�_ a
o6c t5h ] a _/o jdt _6c f=z ]C_/`dc a�z �9] qsl ��� o6c a/� c t _ z3{ c l �'e c q<t ` t5h o/o6c t _6c f	�0h o k=q<t x+�9o h<j ] f�jda�z ]i� _/`dc � o h ]i�
t ` q o/�'c k=q<t x+�9o h<j ] f�a/jik _/o q<t _ zbh ] � o hpt c fGj o6c e=a c t _ zbh ] �+|	�+|

\^_ zba jda c �)jil _ hC� o z _6cB_/`dc t o h9a6aXa c t _ zbh ]�z@c q<a6j o6c7z@c7]�_ a c�D � o6c a6a c f�z ]Fc ��j=q _ zbh ] a 
G|	�Cq ] f�
G| �
z ]�_/`dc �0h<l3lbh;��z ]i� ��q � �

σ̃NC = χNC · σ̃MC
NC � 
G|�
 �
�7���
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� `dc7o6c

χNC =























ND −NB

NMC
rec

nominal analysis

ND′

NMC′

rec

high y analysis.

� 
G|3� " �

� `dc ��j=q ]p_ z _ �
χNC

zba _/`dcBo q _ zbh@hs� _/`dcDz@c q<a/j o6c f�t o h9a6aXa c t _ zbh ]�_ hcz _ a _/`dc h o6c7_ zbt;qslI{9qsl3j c q<a
f c7_6c7o/z z ]dc fF� o h z _/`dc � � � !D� �#"#"#"	�d_ |

NGF�� ���BTiU9H�� [ USV �	� W �	H I=U.[1V6W U.V1H�T
� `dc a �Ga _6c7z q _ zbtXj ] t c7o/_ qwz ]p_ z c aXhs� _/`dc {9q o zbh<jda c7o/o h o a6h<j o t c a q ] f _/`dc z o t5h o/o6c a/��h ] f{z ]i� �

σ
c m c t _

h ]�_/`dcyz@c q<a/j o6c f�t o h9a6aCa c t _ zbh ] zbaCa/j z�z q o z	� c fjz ]w_/`dc �)h<l3lbh ��z ]i��_ �MhZa c t _ zbh ] av� � %���� ���5(��)% �

 � � ���7( * ���=(�� ��� q ] f�� � �6% � �4(��(/ �;(��)%�� 
 � �����4( * ���=(�� ��� | � `dc��do a _ a c t _ zbh ] � o6c a c7]�_ a	j ] t c7o/_ qwz ]�_ z c az ]�_/`dc t o h9a6aya c t _ zbh ] fGj cF_ h#t5h o/o6c t _ zbh ] a _/` q _ q o6c qs�i�il�z c f _ h _/`dc a�z z jilrq _ zbh ] � c(J trz c7] trz c a
q ] f o q<f{zrq _ z3{ c t5h o/o6c t _ zbh ] a;|�
 ] t c7o/_ qwz ]�_ z c a�fGj c	_ h _/`dc � o6c trzba�zbh ] hs� _/`dcCo6c t5h ] a _/o jdt _ zbh ] hs� _/`dc
c l c t _/o h ] q ] f ` q<f o h ] zbt �d] qslSa _ q _6c �=q o/_ zbt7l c a q o6c � o6c a c7]p_6c f:z ]@_/`dc a c t5h ] f@a c t _ zbh ] | � ` zbaMa c t _ zbh ]
qslba6h:z ] t7l3jdf c a _/`dc j ] t c7o/_ qwz ]�_ ��hs� _/`dc l3j z z ] h9a�z _ � z@c q<a/j o6c7z@c7]p_ |

NGF�� Q R�I I H��LU.VERXW�� W �	H I=US[XV6W U.V1H�T
�����������������! "�#�%$& ('

)+*%,.-�/10%2435/60%287:9;-�9

\^]�_/`dcu] h z z ] qsl.q ] qsl �Ga�zba&q��=< j ] t5h o/o6c lrq _6c fHa �Ga _6c7z q _ zbt c7o/o h o zba&q _/_/o z3kij _6c f _ h _/`dc j ] t c7o/_ qwz ]�_ �
h ]�_/`dc?>�@�ACBDB � " t5h z k^z ]dc f c(J trz c7] t��'| ��h o/o6c lrq _6c f c7o/o h o a�hs� " | � � <�q ] f " | � �E< q o6c q _,�
_/o z3kij _6c f _ h _/`dc j ] t c7o/_ qwz ]�_ ��h ]�_/`dc { c7_ h c(J trz c7] t��?FD~ � q<a�z ] f{zbt;q _6c fSz ]�_ qskil c �G| � |

G�-IH"J
y
35/10%287�9K-�9

�dh o q � z3{ c7] t o h9a6a@a c t _ zbh ] k^z ] e _/`dc�] j z k c7o hs� c { c7]�_ a o6c t5h ] a _/o jdt _6c f � o h z _/`dc a�z �9] qsl ��� e
NMC′

rec

z ]Fc �pj=q _ zbh ] 
G| � edt;q ] k cDo6c � o z _/_6c7] q<a

NMC′

rec =
∑

i

NMC′

rec (i). � 
G|3�9� �
�7� �
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� c7o6c
NMC′

rec (i)
zba _/`dcD] j z k c7o hs� c { c7]�_ a o6c t5h ] a _/o jdt _6c f�z ]�_/`dc

i
_/`

εlar � E′
e

e
zim � o6c � c z �9`�_ k^z ] |\ �

NMC′

(εlar)(i)
zba _/`dcB] j z k c7o hs� c { c7]�_ a o6c t5h ] a _/o jdt _6c fFjda�z ]i� qsl3l}� c z �9`�_ a � � � � � ( εlar(i)

e _/`dc7]
NMC′

rec =
∑

i

NMC′

(εlar)(i) · εlar(i) � 
G|3� � �
a�z ] t c

NMC′

rec (i) = NMC′

(εlar)(i)·εlar(i)
| � �Da/jikda _ z _ j _ z ]i� 
G|3� � z ]�_ h c ��j=q _ zbh ] 
G| � q ] f�f{znm c7o6c7]p_ zrq _ z ]i��=q o/_ zrqsl3l �B��z _/`�o6c a/� c t _L_ h c q<t `

εlar � i � ewz _ t;q ] k c a ` h � ]8_/` q _L_/`dc�o6c lrq _ z3{ c a _ q _ zba _ zbt;qslpj ] t c7o/_ qwz ]�_ �h ]F_/`dc t o h9a6a1a c t _ zbh ]
δεlar
stat

zba � z3{ c7] k%�

δεlar
stat =

⊕
∑

i

fMC(i) · δstat
εlar

(i) � 
G|3� � �
� `dc7o6c

fMC(i) = NMC′

rec (i)/NMC′

rec

zba _/`dc � o q<t _ zbh ] hs� _/`dcv_ h _ qsl ] j z k c7o hs� ��� c { c7]�_ a o6c t5h ]G�
a _/o jdt _6c f z ]�_/`dc

i
_/`#o6c � c z �9`�_ k^z ] q ] f

δstat
εlar

� i � zba _/`dcCo6c lrq _ z3{ c a _ q _ zba _ zbt;qsl j ] t c7o/_ qwz ]p_ � hs�
εlar

|
� `dc ⊕ a � z k�h<lLa�z �9] z �=c a _/` q _u_/`dc a/j z�z q _ zbh ] zba1fih ]dc z ] ��j=q<f o q _ j o6c |

� `dc a _ q _ zba _ zbt;qsl�j ] t c7o/_ qwz ]�_ �yh ]H_/`dc t o h9aEa�a c t _ zbh ]
δεlar
stat

zbaMaEhvf c7_6c7o/z z ]dc fHjda�z ]i�	_/`dc1o6c lrq _ z3{ c
a _ q _ zba _ zbt;qsl c7o/o h o a

δstat
εlar

a ` h;� ] z ]:�d� j o6c �+|3� � | � `dcBo6c a6jil _ aXq o6c a ` h;� ] z ]:�d� j o6c 
G| � � q � �)h ouc q<t `t o h9a6aya c t _ zbh ] k^z ]
� e−

� c7o zbhpf a ` h;� ] | @ ] h _/`dc7o � o h+t c fGj o6cF_ h�f c7_6c7o/z z ]dc
δεlar
stat

k c7� z ] ay��z _/`
q<a6a/j z z ]i�H_/` q _ _/`dc8_/o j c	c(J trz c7] t��

εtrue
lar (i)

�0h o q � z3{ c7]Zo6c � c z �9`p_ k^z ] t5h z@c a � o h z q��Bqsjda6a�zrq ]
f{zba _/o z3kij _ zbh ] ��z _/`�z@c q ]

εlar(i)
q ] f�a _ q ] fdq o f�f c {1zrq _ zbh ]

∆stat
εlar

(i)
| @�o q ] fih z$c(J trz c7] t��F� o h z

_/`dc ��qsjda6a�zrq ] f{zba _/o z3kij _ zbh ] zba _/`dc7]v�'c7]dc7o q _6c f � �0h oIc q<t `vo6c � c z �9`p_ k^z ] � q ] f�jda c f¯z ]	c ��j=q _ zbh ] 
G|3� �
_ h �'c7_ q o q ] fih z {9qsl3j c �0h o

NMC′

rec

e
NMC′

ran

| \ � _/` zba�� o h+t c fGj o6c zbaDz _6c7o q _6c f#a c { c7o qsl _ z z@c a;e _/`dc
o6c a/jil _ z ]i� f{zba _/o z3kij _ zbh ] hs�

NMC′

ran

o6c � o6c a c7]�_ a _/`dc {<q o zrq _ zbh ] z ]
NMC′

rec

fGj c�_ h _/`dc a _ q _ zba _ zbt;qsl
j ] t c7o/_ qwz ]�_ ��hs�

εlar
| � `dc

NMC′

ran

f{zba _/o z3kij _ zbh ]��'c7]dc7o q _6c fSz ]:_/` zba���q ��zba a ` h � ] z ]H�d� j o6c 
G| � � k ��0h o1_/`dc t o h9aEa1a c t _ zbh ] k^z ]
Q2 = 250

� c F 2 jda�z ]i�H�#"#"#" z _6c7o q _ zbh ] a;| � `dc ��zbf _/` zba z@c q<a/j o6c f _ h
k c �s�d|�� 
:jda�z ]i� q��Bqsjda6a�zrq ]Z�d_ | � z ] t c

NMC′

rec = 5839.93
e _/`dc a _ q _ zba _ zbt;qsl j ] t c7o/_ qwz ]�_ � h ] _/`dc

t o h9a6aCa c t _ zbh ]
δεlar
stat �

" |�$ 
 <H| \^_ t;q ] k c h<kda c7o { c f�� o h z �d� j o6c 
G| � � q � _/` q _ k�h _/`wz@c7_/` hpfiaChs�f c7_6c7o/z z ] z ]i�
δεlar
stat

q �9o6c5c8_ h z jdt ` k c7_/_6c7o1_/` q ] h ]dc �=q o/_ � c7o z z3l2| � `dc a _ q _ zba _ zbt;qsl�j ] t c7o/_ qwz ]�_ �
h ]�_/`dc t o h9a6a&a c t _ zbh ] z ] t o6c q<a c aM��z _/`

Q2 qs�=q o/_ � o h z�_/`dcu�do a _&_ �Mhvk^z ] a � `dc7o6c1_/`dc q ] qsl �Ga�zba&t7j _ a
o6c fGjdt cB_/`dc aPq z �il c a�z	� c |

� `dcHo6c lrq _ z3{ c a �Ga _6c7z q _ zbt�j ] t c7o/_ qwz ]p_ ��h ]�_/`dc t o h9a6aCa c t _ zbh ]
δεlar
sys

t;q ] k c f c fGjdt c fwk%� o6c4�
�ilrq<trz ]i��_/`dc a _ q _ zba _ zbt;qslM��z _/` _/`dc a �Ga _6c7z q _ zbt c7o/o h o h ]

εlar
z ]#c �pj=q _ zbh ] 
G|3� ��q ] f�q<fif{z ]i��_/`dc

t5h ]�_/o z3kij _ zbh ] a l�z ]dc q o l � � ] h _ z ] �pj=q<f o q _ j o6c � e
δεlar
sys =

∑

i

fMC(i) · δsys
εlar

(i). � 
G|3�7� �
� `dc a �+a _6c7z q _ zbt@j ] t c7o/_ qwz ]�_ ��h ] _/`dc t o h9a6ava c t _ zbh ]

δεlar
sys

zbava6h�f c7_6c7o/z z ]dc f�jda�z ]i��_/`dc�o6c lrq _ z3{ c
a �Ga _6c7z q _ zbt c7o/o h o a

δsys
εlar

a ` h;� ] z ]��d� j o6c �+| �#" | � `dc o6c a6jil _ a�q o6c a ` h;� ] z ]��d� j o6c 
G|��G| � `dc o6c lrq _ z3{ c
�7� �



� ����� �������������	
���� �
� � � � � ��
�� �	
 �?�

j ] t c7o/_ qwz ]p_ ��h ]C_/`dc t o h9aEa�a c t _ zbh ] fGj c�_ h _/`dc�_ h _ qsl+j ] t c7o/_ qwz ]p_ ��h ]
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 �
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o6c a/� c t _ z3{ c l �'|�� c7o6cZ_/`dc t ` q o/�'c zbf c7]�_ z � t;q _ zbh ] c(J trz c7] t�� t5h o/o6c t _ zbh ] qs�i�il�z c f}e _/`dc � %���� � � ( � -{9qsl3j c
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NC

�Mh<jilbf�k cD� z3{ c7] k�� �
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D − κ′NL∗

D

NR∗

MC − κ′NL∗
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� � | �#" �
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NR
MC [εMC + (1− εMC)κ′]−NL
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. � � | � � �
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j ] t c7o/_ qwz ]p_ �Fhs� c q<t ` a6h<j o t c

S � t ` qs� _6c7o $ � zbaut;qslbt7jilrq _6c fFa/jdt `:_/` q _ z _ a z q �9] z _ jdf c zba � z3{ c7] k%� �

|δS
sys| =

0.5(|c+ − c|+ |c− − c|)
c

� � | ��� �
� `dc7o6c

c(= NMC′

rec )
zba _/`dc1] j z k c7o hs� c { c7]�_ a o6c t5h ] a _/o jdt _6c fHk%� ��� � t5h o/o6c t _6c fy�0h o k=q<t xp�9o h<j ] fz ] _/`dc�` z �9`

y
q ] qsl �+a�zba � q ] f c±

q o6c�_/`dc {9qsl3j c a hs�
NMC′

rec

t5h o/o6c a/�Sh ] f{z ]i�H_ h:q ±1σ
t ` q ]i�'c z ]

_/`dc aEh<j o t c
S
e
σ
k c z ]i�@_/`dc a �Ga _6c7z q _ zbt c7o/o h o hs�

S
| � `dc a�z �9] hs�

δS
sys

zbaXf c trzbf c f�z ] q<t5t5h o fdq ] t c
��z _/`F_/`dc �)h<l3lbh ��z ]i� t5h ] { c7]p_ zbh ]L�

δS
sys =







+|δS
sys| for c+ 6 c

−|δS
sys| otherwise.

� � |�� " �

δS
sys

zba � z3{ c7] z ]#_ qskil c a � |3� � � |��:�)h ov_/`dc
e−

� c7o zbh+f�q ] f _ qskil c a � | � ��� |��H�)h ov_/`dc
e+ � c7o zbh+f}e

�0h<j ] fSz ]�_/`dc qs�i� c7] f{z D |
���#�% �� ��� $ � $&��� � '

)+*%,.-�/10%2435/60%287:9;-�9

� `dc:o6c lrq _ z3{ c�c7o/o h o h ] _/`dc t o h9a6a�a c t _ zbh ] fGj cH_ h _/`dc:c l c t _/o h ] c7]dc7o/� ��j ] t c7o/_ qwz ]�_ ��z ] t o6c q<a c a
��z _/` z ] t o6c q<a�z ]i�

Q2 q ] f f c t o6c q<a�z ]i� y
� `dc7o6c z _ k c t5h z@c aDh ]dc hs� _/`dc fih z z ] q ]p_ t5h ]�_/o z3kij _ zbh ] a

_ h _/`dcD_ h _ qsl�a �+a _6c7z q _ zbt c7o/o h o |
G�-IH"J

y
35/10%287�9K-�9

\^]�_/`dcB` z �9`
y
q ] qsl �+a�zba _/`dcDo6c lrq _ z3{ c8c7o/o h o h ]�_/`dc t o h9aEaXa c t _ zbh ] zbaul c aEa _/` q ] �=<H|
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� `dcvo6c lrq _ z3{ cvc7o/o h o h ]�_/`dc t o h9a6a a c t _ zbh ] fGj cv_ h _/`dc8c l c t _/o h ] ��h<lrq o q ]i� l c j ] t c7o/_ qwz ]�_ ��zba �'c7]G�
c7o qsl3l ��k c7_ � c5c7] "��^� < z ] z h9a _ k^z ] aHq ] f o6c q<t `dc a:q�� c � � c7o t c7]p_ z ] k^z ] ayq _@` z �9`dc7o

Q2 eMlbh;�
y
|
G�-IH"J

y
35/10:2 7�9K-�9

\^]w_/`dcH` z �9`
y
q ] qsl �Ga�zba _/`dcHo6c lrq _ z3{ cFc7o/o h o h ] _/`dc t o h9a6a�a c t _ zbh ] zba �'c7]dc7o qsl3l �wk c7_ � c5c7] � �^� <

k c t5h z z ]i� lrq o/�'c7o q _ lbh � c7o {9qsl3j c aXhs�
Q2 |

� � 
&� � $ � $��:� � '

)+*%,.-�/10%2 35/10%287�9K-�9

� `dcBo6c lrq _ z3{ cvc7o/o h o h ]F_/`dc t o h9aEa1a c t _ zbh ] fGj c�_ h _/`dcB` q<f o h ]�c7]dc7o/� ��j ] t c7o/_ qwz ]p_ ��zba ≈ " | � <��)h o
k^z ] aCjda�z ]i��_/`dc�c4�2z@c7_/` h+f hs� x z ]dc7z q _ zbt o6c t5h ] a _/o jdt _ zbh ] � y > 0.3 � |��dh o�_/`dc h _/`dc7o k^z ] a _/`dco6c lrq _ z3{ c�c7o/o h o zbaXl c a6a _/` q ] �=< q ] f o6c q<t `dc a qv� c � � c7o t c7]�_ q _ lbh � {9qsl3j c aXhs�

y
|

G�-IH"J
y
35/10:2 7�9K-�9

\^]�_/`dcB` z �9`
y
q ] qsl �Ga�zba _/`dcDo6c lrq _ z3{ cvc7o/o h o h ]�_/`dc t o h9a6a1a c t _ zbh ] zbauk c7_ � c5c7] ≈ " |�� < � " |�$ <H|

� � ���K� � $&��� � '
)+*%,.-�/10%2 35/10%287�9K-�9

� `dc o6c lrq _ z3{ c c7o/o h o h ]y_/`dc t o h9a6a�a c t _ zbh ] fGj c _ h _/`dc j ] t c7o/_ qwz ]�_ �yh ]H_/`dc >�@ o t;qslbh o z z@c7_6c7o�] h(zba c
zba ≈ " |3�=< z ] k^z ] a o6c t5h ] a _/o jdt _6c f�jda�z ]i��_/`dcFc4�2z@c7_/` h+f x z ]dc7z q _ zbt5a;| �dh o�_/`dc h _/`dc7o k^z ] a _/`dc
o6c lrq _ z3{ c�c7o/o h o zba

&
" |�$ < o6c q<t ` z ]i� qv� c � � c7o t c7]�_ q _ { c7o �ylbh � {9qsl3j c aXhs�

y
|

G�-IH"J
y
35/10:2 7�9K-�9

\^]�_/`dcB` z �9`
y
q ] qsl �Ga�zba _/`dcDo6c lrq _ z3{ cvc7o/o h o h ]�_/`dc t o h9a6a1a c t _ zbh ] zba

6 0.2
< z ] qsl3l}k^z ] a |

�	� � ��$����K�+� '��	����� ��$ � �"�#� �#���
y � $ � � '��K���

� `dc o6c lrq _ z3{ c j ] t c7o/_ qwz ]�_ � h ] _/`dc t o h9a6a�a c t _ zbh ] fGj cZ_ h _/`dc j ] t c7o/_ qwz ]�_ � hs� _/`dc z ]�_6c7�9o q _6c f
l3j z z ] h9a�z _ �vz ] fdq _ q¥zba � |�$ < q ] f � |�$#$ <��)h oM_/`dc

e−
q ] f

e+ aEq z �il c a o6c a/� c t _ z3{ c l � � a c t _ zbh ] �G|�� � |
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χNC

� h c7] a/j o6c q � hph+f o6c l�zrqsk^z3l�z _ ��hs� _/`dc�z@c q<a/j o6c7z@c7]p_ e.t o h9a6a a c t _ zbh ] aDq o6cBz@c q<a/j o6c f h ] l �­z ] k^z ] a
� ` h9a c �ij o z _ �	q ] fCa _ qsk^z3l�z _ � � a c t _ zbh ]@� | � � q o6c k�h _/`	�9o6c q _6c7o�_/` q _ � " <H| � `dc a _ qsk^z3l�z _ ��q ] fv�ij o z _ ��0h oXc q<t `�z@c q<a/j o6c7z@c7]�_ k^z ] � c7o6c � o6c a c7]�_6c f�z ] t ` qs� _6c7o � |

��z � j o6c � |�$Ba ` h �Xa
χNC

� _/`dcXo q _ zbh8hs� _/`dc1o6c fGjdt c fyt o h9a6aMa c t _ zbh ]�z@c q<a6j o6c fvz ]@_/` zba q ] qsl �Ga�zba
_ h?z _ ag� o6c f{zbt _ zbh ] jda�z ]i�D_/`dc � ����! � �#"#"#" �d_ �)h o�� Dic f

Q2 q<a qX�)j ] t _ zbh ] hs� x �0h og_/`dc e−
� c7o zbh+f}|

� `dc�z@c q<a6j o6c7z@c7]�_ a�q o6c t5h ] a�zba _6c7]p_ ��z _/` � ��z _/` z ]vc7o/o h o esf c7z h ] a _/o q _ z ]i� q � hph+f�q �9o6c5c7z@c7]�_ ��z _/`
_/`dc � o6c f{zbt _ zbh ] z ] a ` qs� c q<a8� c l3l q<aDz ]#] h o/z qsl�z�� q _ zbh ] � _/`dc:� |�$ < ] h o/z qsl�z�� q _ zbh ] c7o/o h o zba ] h _
z ] t7l3jdf c f­z ]�_/`dc1�d� j o6c � |�� c q<a/j o6c7z@c7]�_ a�� o h z _/`dc ` z �9`

y
q ] qsl �Ga�zba q o6c a ` h � ] z ]y�9o6c q _6c7o f c7_ qwz3l

z ]�� |	� � q � | � `dc t5h o/o6c a/�Sh ] f{z ]i� �ilbh _ a	�0h oC_/`dc e+ � c7o zbh+f � � |�$#$ < ] h o/z qsl�z�� q _ zbh ]�c7o/o h o � a ` h �a�z z z3lrq o l c { c lba1hs� q �9o6c5c7z@c7]�_ k c7_ � c5c7]�z@c q<a/j o6c7z@c7]p_ q ] f�� o6c f{zbt _ zbh ] � �d� j o6c a � |��@q ] f � |	� � k �/� |��z � j o6c � | � a ` h;�Xa
χNC

�)h o ] h z z ] qsl�q ] qsl �+a�zba�k^z ] aMq<a&qD�>j ] t _ zbh ] hs�
Q2 �0h o�� Dic f�{9qsl3j c a hs� x�0h o _/`dc

e− � � | � � q � q ] f � | � � k �/� q ] f e+ � � | � � t � q ] f � | � � f �/� � c7o zbhpfia;| � `dc o q _ zbh χNC
zbaua6t;qsl c f

k���q��2q<t _ h o
f
q<a©z ] f{zbt;q _6c f}|B�dh o t5h z �=q o zbaEh ] e z@c q<a/j o6c7z@c7]�_ aB�ijikil�zba `dc f�� o6c {1zbh<jda/l �Fk�� � � 
3� �

jda�z ]i� � ~ A @�\ fdq _ q�zba8qslba6h � z3{ c7] | \ _ t;q ] k c a c5c7]�_/` q _8_/`dc�z@c q<a/j o6c7z@c7]�_ a	hs� _/` zbavq ] qsl �Ga�zba
q �9o6c5c ��z _/`�_/` h9a c � o6c {1zbh<jda/l �y�ijikil�zba `dc f}|

��z � j o6c�� |	��a ` h �Xa _/`dc � o6c {1zbh<jda/l �:�ijikil�zba `dc f o6c a/jil _ a1k�� � �D�0h oX_/`dc8` z �9`
y
q ] qsl �Ga�zba;|�� c q �

a/j o6c7z@c7]p_ a�hs� _/` zba�q ] qsl �+a�zbaCq �9o6c5c ��z _/`w_/` h9a c � o6c {1zbh<jda/l ���ijikil�zba `dc f}| \^] q<fif{z _ zbh ] e _/`dcyz@c q �
a/j o6c7z@c7]p_ a�q _

Q2 = 65
� c F 2 q ] f Q2 = 80

� c F 2 o6c � o6c a c7]�_ q ]Hc�D+_6c7] a�zbh ] hs� _/`dcuz@c q<a/j o6c7z@c7]�_z ]p_ h o6c7� zbh ] a�hs��� ` q<a c a/�=q<t c � o6c {1zbh<jda/l �Cj ]iz@c q<a/j o6c f}| �=h o&_/`dc
e−

t o h9a6a&a c t _ zbh ] a;e _/`dc � o6c trzba�zbh ]
hs� _/` zba z@c q<a/j o6c7z@c7]p_ zbaXk c7_/_6c7oX_/` q ]�_/`dc �ijikil�zba `dc f z@c q<a6j o6c7z@c7]�_ �ya �+a _6c7z q _ zbtBj ] t c7o/_ qwz ]�_ z c a
hs� _/` zba z@c q<a/j o6c7z@c7]�_ q o6c k c7_/_6c7ou_/` q ]�_/`dc �ijikil�zba `dc f�k%�

0.7− 5.5
<H| � `dc � o6c trzba�zbh ] hs� _/`dc

e+� c7o zbhpf�zba1a�z z z3lrq oX_ h _/` q _ hs� _/`dc � o6c {1zbh<jda z@c q<a/j o6c7z@c7]p_ |
! c � c7] f{z ]i� h ]y_/`dcXz@c7_/` h+f�hs� x z ]dc7z q _ zbt o6c t5h ] a _/o jdt _ zbh ] e _/`dc1o6c a/jil _ z ]i� t o h9aEa&a c t _ zbh ]Hz@c q �

a/j o6c7z@c7]p_ ��z3l3l ` q5{ c {9q o �1z ]i� l c { c lbaBhs� a c7] a�z _ z3{1z _ � _ h _/`dcvz@c q<a6j o6c f x z ]dc7z q _ zbtC{9q o zrqskil c a;|	�dh o
c�D q z �il c e _/`dcDc4�2z@c7_/` hpf:� ` zbt ` jda c auh ] l � _/`dc a6t;q _/_6c7o6c f c l c t _/o h ]F_ h o6c t5h ] a _/o jdt _X_/`dcDx z ]dc7z q _,�
zbt5alzba�l c q<a _ a c7] a�z _ z3{ c _ h _/`dcD` q<f o h ] zbt �d] qsl}a _ q _6c ��j=q ]p_ z _ z c a � `dc7] t cB` q<f o h ] zbt8q ] f ] h(zba cDc7]dc7o/� �a6t;qsl c a � | \^_ ��z3l3l ` h;� c { c7o k cuz h o6c a c7] a�z _ z3{ cX_ h o q<f{zrq _ z3{ c t5h o/o6c t _ zbh ] a _/` q ]y_/`dc1c a �2z@c7_/` h+f}| � `dc
o q _ zbh hs� _/`dc�o6c fGjdt c f t o h9a6a�a c t _ zbh ] q<a z@c q<a/j o6c f jda�z ]i��_/`dcFc4�2z@c7_/` hpf _ h _/`dc t o h9a6a�a c t _ zbh ]
z@c q<a/j o6c fZjda�z ]i��_/`dc�c a �2z@c7_/` hpf � σ̃e

NC/σ̃es
NC � zbaBa ` h � ] z ]��d� j o6c,� | � q<a�q��)j ] t _ zbh ] hs�

Q2 �0h o� Dic f
x
�0h oB_/`dc

e− � �d� j o6c-� | � � q � q ] f � k �/� q ] f e+ � �d� j o6c,� | � � t � q ] f � f �/� � c7o zbhpfia;| 	 ] l �
k^z ] au��z _/` a _ qsk^z3l�z _ ��q ] f:�ij o z _ �HkSh _/`��9o6c q _6c7ou_/` q ] � " < q o6c jda c f}eGl�z z z _ z ]i��_/`dc t5h z �=q o zbaEh ]F_ h
` z �9`dc7o {9qsl3j c a1hs�

y � lbh � x � | � `dc t o h9a6aXa c t _ zbh ] a q o6c t5h ] a�zba _6c7]�_ ��z _/`�c q<t ` h _/`dc7o |

� $#$
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