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��·��� F�h�T¸��T�7 <�h¨7�q ��Ê°s���'�h­²¹¦�T�7°5ºG�q G¨C�h���H�q�0ºG¨7�#±<¢��{��ª� G�¬�c·��� <�{���
• � �T¢��²��  � Ù ± 2σ

¨Cº2��ªL���{£G�_�#£G¨7�{°Ä¨mÈL�q�Ê¨7 �� ± 4
¶
8σ

¨7º���ª��/�{£G�5¨7 F�{�q�#£&¨7�H° ¨mÈL�q�hÛc¸¤/�²�{£
N2

�c·��� <�{�T¸<�T�7 <�h¨7�q ��Eº2�C�h£5����°5ºG�² &¨C�h�7�{�q��º&¨C�#±�¢7�{��ªG ��s�c·��� <�{��¨7 G�R¨7 F�{�q�#£&¨7�H°R¶�{�²�G¢��*º&¨C�#±�¢7�{��ªG ��¬�c·��T F�{���
• � �T¢��²��  Ý Ù ± 2σ

¨Cº2��ªL���{£G�@¨C <�{�q�#£&¨C�{° ¨mÈL�q��¨7 G� ± 4
¶
8σ

¨7º���ª��Ê�h£��_�#£&¨C�{°Ä¨mÈL�q�hÛc¸¤/�²�{£
N3

��·7�T F�h��¸��T�� F�h¨7�q G�sº��7�h£ý�T��°@ºG�q &¨m�h���H�q�³º&¨7�#±<¢��H��ªG G�÷��·��� F�h�É¨C G�÷�#£&¨C�{°j¶�{�²�G¢��*º&¨C�#±�¢7�{��ªG ��¬�c·��T F�{���
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• � �T¢��²��  Ó Ù ±2σ
¨7º���ª��¡�h£G���T�T F�{�T���C®!�h£G���G�q�'�h�{�²ºGª��{�q�� PÛÃ¸�¤/�²�{£

N4

�c·��T F�{�T¸&�T�7 <�h¨7�q ���{�²¢� &¨7­Y��·��� F�h�0¨C�/¤��T­²­!¨7���h£����C�h£G���/�{£G�{���*�»¹L���T�Ê�7®¼º&¨7�#±<¢��H��ªG G�Â��·7�T F�h��´
æ� ��T�H�{�q°¦¨C�h�0®¯�7�D�h£G�� <ªG°5º��T�/�7®¼�{�²¢� &¨7­9�c·��� <�{�§�²��¢��²·7�T �ºF¹ �

Ns = N4 − 1/2(N2 +N3) + 1/4(N1) Ù � Û
¨7 G���h£G�����{�{�7���q ³�h£G�²���T�'�h�q°¦¨C�{�*�q��¢��¥·��T ÂºF¹ �

σNs
=

√

N4 + (1/2)2(N2 +N3) + (1/4)2(N1) Ù � Û
æ��¡¨7 ¦�ÃÈ�¨7°¦��­q�7¸�®¯�7��¨7­q­��{£G�/�#£&¨7�H°R¶½�&¨7�q�,�T��°5º��q &¨C�{�q�� �� Ù �,�²¢G´ Ï Û¼¤��Ê£&¨[·�� � N1 < ÕCÓFÔ����·7�T F�h��¸

N2 � N3 < � � Ñ Õ�� ��·7�T F�h�§¨7 G�
N4 < � � Ñ�Ñ Ý ��·7�T F�h��¸Y¨C G��º<¹�ª��{�q �¢R�{£G�*�T¿<ª&¨m�h�q�7 G�� ¨7 G� � ¤��R��º��h¨7�q .�{£G�R <ªG°5º��T�*�7®��#£&¨7�H°R¶½�&¨7�q�H�0�q .�{£G�R�{�²¢� &¨7­¼�{�T¢7�q�� 9¸

N s <�������� ±� ��� ´Ö» 8å¼¨7ºG­²� Ô ¤����{ªG°s°¦¨7�{�&"T�Q�{£G���#£&¨7�{°j¶»�G¨7�q��¹L�²�T­²�G�5¤���¢��c�RºF¹WªG�{�² G¢��h£G������ªG F�h�² G¢°¦�c�h£G���³®¯�����{�c·����h¨7­��#£&¨7�H°R¶½�&¨7�²�D�{ªGº�¶»�h¨C°¦�G­²�T��´
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D+

s D + DD−
s

Ý
�
� ± �mÓ
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Λ+
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æ§ G�C�h£G��� Ù ¨C G��°s���{�s�2��¤��T�'®¯ªG­pÛ*°¦�c�h£G�����{�.�G�c�h�T�H°¦�² G�R�h£G�¦ �ª�°5º2���@�7®D�#£&¨7�{°j¶»�G¨7�q�H���² �h£G���H�q¢� &¨C­9�{��¢��q�� ��²��º<¹É�2���H®¯���H°¦�² G¢R¨j°Q¨mÈL�²°5ªG°j¶»­q�²±7��­q�q£��L���5ÁG�[´å$�@�����h���{°s�q G�/�h£��§ <ªG°5º��T�¡�7®!�H�q¢� &¨C­��c·��� <�{���q s�[¨7�#£³�#£G¨7�{°j¶»�&¨C�q�;�h¨C°¦�G­²������ G�H�q�G���{�T�Y¸¤��s���T�H®¯�7�{°À¨³ºG� ¶»�G�²°¦�� G�{�²�� &¨7­�ÁG����·������{£G�R�#£&¨7�H°R¶»¨7 F�h�q�#£G¨7�{°  G���{°¦¨7­²�#"T���.°¦¨7�{�*�G�²�H�{�{�¥¶ºGª��{�q�� G� Ù �,�²¢��T´ Ý ¶»ùFÛc´§Ö» ]¢7�T G���h¨7­f¸2�h£��j°Q¨mÈL�²°5ªG° ­q�²±7��­q�q£��L���¬°s���{£G����¨7�{�HªG°s�T�0¤��j£&¨[·��
N
�q G�G���2�� G�G�� <�@°¦�T¨7�{ª��{�T°s�T F�{�_�7®��� G�s����°¦�7�{�R¿<ª&¨7 F�h�¥�h�q����¨7 G���{£&¨C���h£��T�{�¦¿<ª&¨7 F�h�¥�h�q���

zj

¨7�H�0�G�²�H�h�H�qºGªL�h�T��¨C�T�T�7�{�G�² G¢5�h�j�H��°¦�*���{��º&¨CºG�q­²�²�»¹R�G�� G�{�¥�»¹Q®¯ªG G�c�h�²��  F(zj|~θ)
¸�¤/£G���{�

~θ�q�/¨R�{�c���C®,ªG �±� ��N¤/ ¬�&¨7�{¨7°¦�c�h���{���h�Rº��������h���{°s�q G���9´;å$�s�����h���{°s�q G�*�{£G���{���Ê�7®$·C¨7­qª��T�
~θ�h£&¨m�/°Q¨mÈL�²°¦�&"T�T�¡�h£G��ÿH���² F���G�{�7º&¨7ºG�²­q�²�»¹R®¯���/¨C­q­Y�c·��� <�{��¤���£&¨[·��*�h�R�{�7­²·��� <ªG°s�T�H�q�[¨C­q­²¹R�{£G��{�c���C®E�T¿<ª&¨m�h�q�7 G� �

∂ lnL(~θ)

∂θj

= 0, where L(~θ) =

N
∏

j=1

F(zj|~θ) Ù Ý Û
Ö» Q�&¨7�H�{�q��ªG­Å¨7��¸F®¯�����{£G�q��¨7 &¨7­¥¹��{�q�¡¤��§ªG�{�§�{£G��� npb&bYa{r	�sk�
�n��jv
�×o n �Faco n��&g�gTr °s���{£G���9´EÖ½®¤���£&¨[·��§¨ � ¶½�G�q°s�T ��{�q�7 &¨7­�£��q�H�{��¢��{¨7° ¤/�¥�h£

M ×N º��q G��¸�¤/£G���{�Ê�[¨7�#£QºG�q s£&¨7�¡¨_���� G�'�#¨7 F�ºG�q �¶Æ¨7�H�[¨
s
�

s = hx · hy ; hx ≡ (xf−xi)
M

hy ≡ (yf−yi)
N



�NÕ
¤/£G�T�H�

xf
¨C G�

xi Ù yf
¨C G�

yi
Û;¨7�H���h£G�/ªG�G���T�¡¨7 ��s­²��¤����¡­²�q°s�²�{�,�� �� Ù ä�Û,�T�����{�G�² &¨C�{�7¸��h£��T �h£G�*ÁG�H�h���¬���� F�h�T F���7®$�h£G��ºG�² 

b(p, q) Ù p = 1 · · ·M ¸
q = 1 · · ·N Û�¤/�q­q­2º2� �

fpq(~θ) =

∫ xi+hx·p

xi+hx·(p−1)

∫ yi+hy·q

yi+hy·(q−1)

f(x, y|~θ) dxdy Ù Ó Û
¤/£G�T�H�

f(x, y|~θ)
�q�³�h£G��®¯ªG ����h�²��  ¤/£G�q�#£ü�&¨7�{¨7°s���h�H�#"��T�É�h£��]�H£&¨7���?¨C G�=£G�T�²¢�£F�¬�C®_�{£G�£G�q�'�h��¢7�h¨7° Ù ¨7 G�³®¯���D�{£&¨C�Ê�{�T¨7�{�7 ¬�G���T�/ G�C�/ G�T���¬�h�Rº��� G���{°¦¨7­²�#"T���PÛc´Ö½®�¤��Q¨7�{�HªG°s�Q¨¬Ë¼���²�{�{�7 ?�G�²�H�h�H�qºGªL�h�q�7 .®¯�����{£G�s �ª�°5º2���_�C®D��·7�T F�h�@�q ]�[¨7�#£�º��q 9¸

npq

¸�h£G�� Â�{£G��­q�²±7�T­²�q£G�����Éº2���T��°s� �

L(α) =

M
∏

i=1

(fpq)
npq e−fpq

npq!
Ù Ô Û

Ö½�Ê�q�/¨7­¥¤D¨[¹��/°¦���H�*�T�� F·7�T G�²�T F���{�j¤����H±É¤/�²�{£��{£G�� G�T¢�¨C�h�¥·��*­q�7¢C¶»­²�q±7��­q�²£G�L���9¸F�H� �

−lnL(α) = −
M

∑

i=1

(npq lnfpq − fpq − lnnpq!) Ù ù�Û

Ö» =Ü;¿P´ ù?¤����T¨7  �G�{�7�Ø�h£G�.�{�T�{° ∑M

i=1 ln npq!
º2���[¨7ª��{���²�Q�q�É�² G�G���2�� G�G�T F���7®

α¨7 G�]�G���T�* G�7�_¨7­¥�h���§�h£G�jÁG���H�T�HªG­²�T´jÖ»¢� G���H�q G¢É�{£G�q�*���� G�H�h¨7 F��¤��R��º��h¨7�q .�{£G�j®¯ªG G�c�h�q�7 	�{�°¦�² G�q°s�#"�� �

−lnL(α) = −
M

∑

i=1

(npq lnfpq − fpq) Ù Õ Û

Ö» Ú���{�G�����{�É�T�� ��H�h�HªG���*�{£G�@�G¨7�h¨7°s���{�{�²��®¯ªG ����h�²�� 
f(x, y|~θ Ûc¸2¤��R¨7�H�{ªG°s�_�{£&¨C� � �ÅÛ��{£G� G���H°Q¨7­²�#"��T�@°¦¨7�H�E�G�q�'�h�H�qºGª��{�q�� ��7®P�H�[¨7­L�#£&¨7�{°ã¨7 G�R¨7 F�{�q�#£&¨7�H°+�&¨7�H�{�q��­q���G¨7�q�H�,�q� 1 ¨CªG�{�H�Å¨7 9¸¨7 G�¦�q�pÛ¼�{£G�Ê G���{°¦¨7­²�#"T���R°Q¨7�H���G�q�'�h�{�²ºGª��{�q�� j®¯����º&¨7�#±<¢��H��ªG G�Q�7®9�h£����&¨C�q�{���²�¡­²�q G�T¨7�T¸F�H�_�{£G��&¨7�{¨7°¦�c�h�H�q�§®¯ªG ����h�²�� ��q� �

f(x, y|~θ) = NS ·G2D(x, y|σx2D, σy2D, µx, µy) + Nx ·G1D(x|σx, µx) + Ù Ï Û
Ny ·G1D(y|σy, µy) + NB · P2D(x, y|bx, by)

¤/£��T�{�
G2D

¸
G1D

¨7 G�
P2D

¨7�H�� ����{°¦¨7­q�&"T���É�{ªGº�¶½®¯ªG G�c�h�²�� G�/ªG�{���¬�{�s°s���G�T­ �
áL�q¢7 &¨7­9�c·��T F�{� �

G2D(x, y|σx2D, σy2D, µx, µy) = 1
2π σx2D σy2D

e
− 1

2

[

( x

σ
x2D

)2+( y

σ
y2D

)2
]

��£&¨7�H°R¶½�{�q��¢��0ºG±<¢G´���·7�T F�h� �
G1D(x|σx, µx) = 1√

2π σx

e−
1

2

[

x−µx

σx

]2

æ§ F�h�²�#£&¨7�H°R¶½�{�q��¢��0ºG±<¢G´���·7�T F�h� �
G1D(y|σy, µy) = 1√

2π σy

e
− 1

2

[

y−µy

σy

]2

����°5ºG�² 9´;��·7�T F�h� �
P2D(x, y|bx, by) = 1

(xf−xi)(yf−yi)
+ bx(x−mx) + by(y −my)



��Ï
å�£���ª� G±< G��¤/ Ú�&¨7�{¨7°s���h���{�/�q É�{£G��°Q¨NÈ��²°5ªG°×­q�q±C�T­²�q£G���L�sÁG�Ê¨7�H� �

α = (NS,NB,Nx,Ny, σx2D, σy2D, σx, σy, µx, µy, bx, by) Ù Ñ�Û
¤/£��T�{� �

NS

�  <ªG°5º��T���7®,�{�q¢7 &¨7­Y�c·��� <�{�T´
Nx

�  <ªG°5º��T�/�7®¼�� G�*�H�[¨7­!�#£G¨7�{° ¨C G�¬�7 G�*® ¨7±7��¨7 F�h�²�#£&¨7�H° �&¨7�'�h�²�T­q�*�c·��� <�{�T´
Ny

�  <ªG°5º��T�/�7®¼�� G���{�T¨7­�¨7 F�h�²�#£&¨7�{° ¨7 G�Â�� G�*® ¨7±C���#£G¨7�{°ë�G¨7�H�{�q�T­²�0��·7�T F�h��´
NB

�  <ªG°5º��T�/�7®¼�T��°@ºG�q &¨m�h���H�Å¨7­�º&¨7�#±<¢��H��ªG G�¬��·��� F�h�T´
σx2D

¸
σy2D

� � ¨C G��ä 1 ¨7ªG�H�{�Å¨C �¤/�²���h£��D®¯���D�h£G���H�q¢� &¨C­9��·7�T F�h��´
σx

¸
σy

�b1 ¨CªG�{�H�Å¨7 �¤/�q���{£G��®¯���!�h£G�¡�#£&¨7�H°R¶½�{�q��¢���¨7 G�@¨7 F�h�q�#£G¨7�{°j¶»�H�q�G¢��,º&¨7�#±<¢��{�7ªG G�5�c·��T F�{�T´
µx, µy

� °s�[¨C Â°¦¨7�H�{�T��®¯���D�{£G���#£&¨7�H° ¨7 G�Â¨7 F�h�²�#£&¨7�{° �&¨7�H�{�q��­q�T���{�T�H�2�����{�²·���­²¹7´
bx, by

� �h£G�/�{­²�����T�¡�7®Y�{£G�/�T��°5º��q &¨C�{���{�q¨7­�ºG¨7�#±<¢��{��ª� G�Q®¯���E�{£G���#£G¨7�{° ¨7 ��É¨7 F�h�²�#£&¨7�H°ç�&¨7�Æ¶�h�²�T­q�����{���{���T���{�²·7�T­²¹7´
å$�j°¦¨mÈL�q°s�#"T�/�h£���­²�q±C�T­q�²£G���L�R¤���ªG�H�0�h£G�0®¯ª� G���{�q�� ³°s�q G�²°¦�&"[¨C�{�q�� s¨7 ��Â���{�H����¨7 &¨C­²¹��{�²�®¯���H�{�h¨7 ?�&¨7�#±m¨7¢���«ÂÖ � à�Ö»å Í �L�TÐ ´��,�q¢�´ ��Ý �{£G��¤/�5�h£��É�{£&¨C�2�É�C®��h£G�Q®¯ª� G���{�q�� 
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f Ù « n(c)

¸ «
n(c)|~θ)

�{£&¨C��°¦¨mÈL�q°s�#"��T���{£G�R­q�²±7�T­²�q£G�����¬®¯ªG G�c�h�²�� ®¯���D�h£����#£G¨7�{°j¶»�&¨C�q�{���h¨7°s�G­q���/�{£G��¤/ Â�q Â�,�q¢7�T´/Í Ý ¶Æù Ð ´
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(
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G1D(y|σy, µy)
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≈ (0.89) Ylog−like Ù � � Û
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0 � ��� Ñ Ï ± ��� � ù ÏFÔ7Õ7Ï7Ó � � Ñ Ý�Ï ± ���[Ó ÕL� � Ñ Ý�Ï
D0D− Ñ ÕL��Ý ± � �7Ï ù ÏFÕCÏ�Ï�Ý ��� �
�FÕ ± ����Ý Õ�� ù � ù Ó
D+D−

s

� ����� ± ÝCÓ Ñ7ù Õ ù Ï Õ���Ô ± �7Ý ù Ó�Ó���Ô
D+

s D− ���G�L� ± Ý ù �G�CÓ
����Õ � ��Ý�� ± ÝFÔ ��� ��Ï7Ý7Ó
D0D−

s

�L�[Ó Ñ ± Ó Ñ � Ñ�ù ÝFÔ Ñ � ù Ý�� ± ÓFÝ � Ñ Ï
�7Ý��
D+

s D
0 ��Ô���� ± ÔCÝ ÝFÕ7ÏL��ÝFÕ �7ÝFÔ7Ý ± Ô�� Ý�Ý7Ó<Õ � Ñ

D+Λ−
c

Ý�� � ± �CÏ �7Ô��FÔ�Õ ÝFÔ�Ô ± �7Ï ��Ô ù �7Ó
Λ+

c D− Ý�Ý�Ï ± � ù Ó Ñ Ô��7Ó Ô�Ô Ñ ± Ý�� ù ��� Ñ Ó
D0Λ−

c

ù � � ± Ó�� Õ ù�´ Ï�Ý�Ý ù Ï�Ý ± ÝFÕ Õ7Ï ù � ù
Λ+

c D
0 ù Ó<Ô ± Ó�� �NÔ��7ÏFÔ7Ï ���[Ó ù ± Ó<Ô ��Ï Ñ�ù ��Ý

D+D− ÓFÝ Ñ Õ ± ÕmÓ ���CÓ Ñ Ï�� Ó<Õ�ÕCÓ ± Õ ù �7Ý ù ÝCÓ Ñ
D0D

0 �L� Ñ Ó�Ó ± �NÔ Ñ �L� �7Ó���Ô ù �CÓ�Ý Ñ Ï ± � ù�ù ��� Ñ �7ÓFÏ7Ï



�7Ý
�:� � #Z�"��(�� ��� � � �*�*� � � �"!?�����
���� F�h�H�qºGª��{�q�� ��Ê�{�¦�h£��

cc
�T�{�7�{�§�H�T�c�h�q�7 Ú�GªG���h£G�_­q�T¨7�G�q �¢C¶»���H�G�T�����T�'�hªG�Hº&¨C�{�²·��5���D� Ù α2

s

Û�{��¿�ª��q�{���s�{£G�Â�#£&¨7�{° ¨7 ��÷¨7 F�{�q�#£&¨7�H° ¿<ª&¨7�{±<�R�h��º2���G�H�L�Gª��T�T�÷º&¨7�#±�¶½�{�C¶»º&¨C�#±W�q 8�h£G�
cc�T�� <�{�T�R�7®Ê°¦¨7�{��´�ß0 ��h£��³�7�h£G���j£&¨7 G�Y¸�¨C�@�h£G�³�G¨7�H�{�� G�q�Q�T�T F�{�T�R�7®Ê°Q¨C�{�5�²�5º2�����'�h�T�W�² �h£G�jº��[¨C° �G�²�{�����h�²�� Ú¤/�¥�h£.�H�T�{���T�c�*�h�É�{£G�j�T��­²­q�²�{�q�7 Â���T F�h�����7®�°Q¨C�{�T¸9¨C�0Á�ÈL�T���h¨7�{¢��c�0�� L¶�T�H¢��q���T¸��{£G�q�Dº������H���{°s�[¨7�H�D�h£G�*­²�� G¢��¥�hªG�G�² &¨7­&°s��°s�T F�hªG°��T�7�{�{��­Å¨C�{�q�� ���ºGª��D�G�{���{�T�'·����Ê�{£G��h�{¨7 G�H·7�T�H�{�*�T�7�{�{��­Å¨C�{�q�� ��T´,å�£��T�{�c®¯���{�C¸G­q�T¨7�G�² G¢_�7�{�G�����T¨7­q��ªG­Å¨C�{�q�� ��¡���{�T���q���{��®¯�����h�{¨7 G�'·��T�H�{��T���H�{��­Å¨C�{�q�� .·C¨7�H�Å¨7ºG­²�T�

∆φ = π
�h¨7���T´s¨7 G�

p2
T = 0

¸$º�ª����G�{���G�q�c�h���{°¦¨7­q­¼�T���H�{��­Å¨C�{�q�� G�§�q �h£G��­²�� G¢��¥�hªG�G�² &¨7­P·C¨7�{�q¨7ºG­q�
∆y
´Ö» ³���D� �{£G�T�H�*�G�q�'�h�H�qºGª��{�q�� ���¨7�H�0¨7­¥�h���{�T�Qº<¹¦ G�ÃÈL�'¶½�{�C¶»­²�[¨7�G�² G¢@�7�{�G�����T�7�{�{�����{�q�� G� Ù α3

s

Û¨7 G�³ G�7 L¶»���T�'�hªG�Hº&¨C�h�¥·�����¾2�T���{� Ù �HªG�#£Â¨7��£&¨C�G�{�� ��#"[¨m�h�q�7 PÛc¸�¨7�D�H£G��¤/ ��q É�H��®¯�T�H�T G���T��Í ÔmÐ ¨7 G�Í ù Ð ´�µÊ�T G���7¸��{£G�0��ºG�H�T�'·7¨m�h�q�7 É�7®��{°s�[¨C�{�D�² ¦�h£��§�h�{¨7 G�H·7�T�H�{��¨7 G�É­²�� G¢��¥�hªG���q &¨7­ ¶»°s��°s�T F�hªG°�T���H�{��­Å¨C�{�q�� G�³���{��·��q�G���Ú¨7 ü�q ��G�q�T¨C�h�²�� Ø�7®_�h£G�	�q°s�����H�h¨7 G�T���C®@�h£��T�{�]º���®¯���H�]°s�T F�{�q�� G�����¾2�T�c�h�T´æ������T�'®¯���{°s�T�¬�q Â�G�{�c·��q��ªG���H�{ªG�G�q�����C®;�#£&¨7�H°R¶½�&¨7�q�������{�H�T­q¨C�h�²�� G��Í Ñ Î��NÕmÐ ¸&¤��_�T��°s�&¨7�H��{�c·��T�{¨7­�±<�q G��°Q¨C�{�q�T¨7­¼·C¨7�H�Å¨7ºG­²�T�§®¯�7�*�&¨C�#¨�¨7 ��?«Â�� F�h�¦�D¨7�{­²���q ����H�G�T�*�h���² <·7�T�'�h�q¢�¨C�h�5�{£G��T���H�{��­Å¨C�{�q�� G��º2�c�»¤����T Ú�{£G���#£&¨7�{°j¶»�G¨7�q�H�D�q ���ªG���{¨7°s�G­q�C´å�£���±<�² G�T°¦¨C�h�²�[¨7­�·C¨7�{�q¨7ºG­q���D�T�7 G�{�²�G�T�H�T��®¯���D�h£G�²�/�H�hª���¹�¨7�H� �
• å�£G��¨ "��q°5ª��h¨7­G¨C G¢�­q� ∆φ

º����»¤��T�T ¦�h£G�/�#£&¨7�H° ¨7 G�¦¨7 F�h�²�#£&¨7�{°ã�&¨7�H�{�q��­q�D°s��°s�T F�hªG°·������{���{�Ê�q ³�h£�����­Å¨7 G�0�{�h¨7 ��H·����{�H�_�h�j�{£G��º2�T¨7°ë�G�²�{�T�c�h�²��  �
∆φ ≡ Ù °s�q ��q°5ªG° �7®��

φ(c) − φ(c)

�³¨C G�
2π− �

φ(c) − φ(c)

� Ûc´
• å�£G���#£&¨7�H°R¶½�&¨7�²���{¿<ª&¨C�{�T�Â�h�{¨7 G�H·7�T�H�{�@°s��°s�T F�hª�° �

p2
T ≡ |~pT,1 + ~pT,2|2

¤/£G���{�
px(c) Ù px(c)

Û/¨7 G�
py(c) Ù py(c)
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æ+°¦�² G�!«¬�7 <�{�_�D¨7�{­²�j�H�hª���¹��q��ªG�Hª&¨7­²­²¹¦�G�� G�*�h�R�#£G���#±³�h£&¨C���{£G�*ÁG�/�G�H�L���T�GªG�H���G�{���GªG���T��h£G�������{�H�T���Ê�H�T�{ª�­²�h�Ê¨7 ��Â�¥®��h£G���T�H�{���H�/�{���{ªG�{ ��T�Âº<¹Q�h£G�*ÁG�Ê¨7�H��¨7�T��ªG�h¨C�{�*�{���G�{���{�T F�h¨C�h�²�� G��7®!�h£��0�cÈL���T���{�T�³·C¨7�{�q¨7ºG�²­q�²�»¹@�7®!�h£��0�&¨7�{¨7°¦�c�h���{��Á��{�h���É·C¨7­qªG������ Q�{�T�����{�²�{�q�� ¦�7®!�h£G�§�cÈL�2�Ã¶�{�²°¦�� <�T´EÖ½��¨C­q�{���#£G���#±¦®¯����ºG�Å¨7�H�T��¨7 G�Q�¥���T¨7 Éº��§ªG�H�T�É�{�5¨7�H�{�T�H�D�h£G���{�&"T�0¨C G�É�q°s�����H�h¨7 G�T��7®,¨7 F¹��G�{���{�T F��ºG�Å¨C�T´�&�����T¨7�#£Q�#£&¨C�{°j¶»�&¨7�²�;�{ªGº�¶»�h¨C°¦�G­²������ G�H�q�G���{�T�¦�q s�h£G�Ê�&¨7�²� Þ ¨7 F�{�q�&¨7�²�E�h¨m�h�q���T¨7­q��ªG­Å¨C�{�q�� ¤��_¢��T ��T�h¨m�h�@�{¨7 G�G�7°¦­¥¹ � �
��� ºG� ¶»�G�²°¦�� G�{�²�� &¨7­2 G���H°Q¨7­²�#"��T���q F·C¨7�{�q¨7 F�/°Q¨C�{�Ê�G�q�'�h�{�²ºGª��{�q�� G�¨7�T�����{���q G¢5�{�@�h£G��Ü;¿P´ Ï ¨7 G�³�{£G�T�²���T�7�{�{���{���� G�G�² G¢j�T�'�h�²°Q¨C�{�T�É�G¨C�#¨@ÁG�D�&¨7�h¨C°¦�c�h�T��·7¨C­qªG���
Ù Ë � ¶»Ë � � Ûc´	Ö» 8���{���T�5�h��¢7���5�{£G�³ <ªG°5º��T�5�7®Ê�#£&¨C�{°j¶»�&¨7�²�{��®¯���5�[¨C�#£ý°s�q ��D«¬�7 <�{�¬�D¨7�{­²�ºG�¥¶½�G�q°s�T ��{�q�7 &¨7­�°Q¨C�{�5�G�²�H�{�{�qº�ª��h�²�� ?¤��³ªG�{�³�h£��³�h¨7°s�QÁG�R�H��ª��h�² G�Q¤���¨7�G�G­²�q���W�N·7�T�5�{£G��&¨C�h¨�´]â=�¥�h£��{£G�É¹��q�T­²�G�@¤��³¢����T¸;¤��³�G­²�7�R¨�����ªG­q­��s�G�²�H�h�H�qºGªL�h�q�7 ��@®¯���5�T¨7�#£8�#£&¨7�H°R¶½�&¨7�q��{ªGº�¶»�h¨C°¦�G­²�7¸&¨C�Ê�H£G��¤/ Ú�² ¬�¼�q¢���´�Í Ý�� ¶ Ý ù Ð ´å�£��Q�GªG­²­��G�q�'�h�{�²ºGª��{�q�� ]�q���[¨7�'¹��{�Ú�² <�{�T�H�G�{�c�5�²®��h£G�¦�T�{�H���{�@¨7�{�¦¢F¨7ªG�H�{�q¨7  � �¥�_�{£G�Q�&¨N¶�h¨7°s���{�T�D���H�{�q°¦¨C�h���q�DªG <ºG�q¨7�{���Â¨7 G�É�h£��*�T�{�H����®¯�H��°��{£G�§ÁG�H�h�����q�D¨C�T�Tª��h¨C�{�7¸G�h£��T É�h£��*�GªG­q­�G�q�'�h�H�qºGª��{�q�� ý�{£���ªG­q�þº2�¬¨?¢F¨CªG�{�H�Å¨7 þ�T�T F�{�T�{���=¨C� "T�T�H�?¤/�²�{£þ¤/�¥�h£ � ´üÖ» þå,¨CºG­q� ��� ¤���{£G��¤ ¨R�{ªG°s°¦¨7�H¹Q�7®,�{£G�_°s�[¨C G� Ù µ Û�¨7 G�Â¤/�q���{£G� Ù σ ÛD��ºL�#¨7�² G�T��®¯�{��°×�h£G��ÁG�Ê�7®,�{£G���GªG­q­�G�q�'�h�H�qºGª��{�q�� ��T´â=�¥�h£÷�{£G�q�Q°¦�c�h£G���Ø¤��]¨7�H�{���{�T�ü�{�7°¦�.º��Å¨7�É�² Ø�h£G�� <ªG°@º2���³�7®��#£&¨7�{°j¶»�G¨7�q�s��·7�T F�h�
®¯���§�{£G�j�{ªGº�¶»�h¨C°¦�G­²�T�

D+D
0 Ù −5.5 ± 2.1

Û_¸
D+Λ−

c Ù 1.2 ± 0.3
Û0¨7 G�

Λ+
c D− Ù 2.6 ± 0.8

Ûc¸¨7 G�W¨¬ªG G�G���{�H�{�q°¦¨C�h�²�� ]�7®��h£G�¦�H�h¨C�h�²�H�h�²�[¨7­����{�{�7�_®¯�����h£G�¦�{ªGºL¶½�h¨7°s�G­²�
DsD

− Ù 3 ��·7�T F�h�hÛc´���� G�H�T¿<ªG�T F�{­²¹É�{£G�§ºG�q¨7�{����¤��T�{�*�HªGº��{�h¨7�c�h�T�É®¯�7���h£��0�T���H�{���{���� G�G�² G¢5�#£&¨7�H°R¶½�&¨7�²�{��¨7 G�Q�{£G�
� ( [GRf\ 0,`c`�iG^ad XB@S^ce�0 XB^aAKE ^_d�i R-,,E,R
i MKd).

pull(α) = (αmMC − αt)/σα

H�[GR
@BR
αt

^adbXS[GR Y XB@ 0GRPY R
d XB^aC'MIXSR
i \WM]@4M]C�R?XSR#@ � MK`+0,R ADe XSMK^cEGRNi TU@SAKC XS[GRZi,MIXSM ,GXNL
αmMC

MKE,i
σα

M]@SR
XS[GR'R
d XB^aC'MIXBRNi;\WM]@4M]C�R?XSR#@ � MK`+0,R
d M]EWi XS[GR#^a@�V?AD@B@SR
dB\WADE,i ^aE��7R
@B@SAK@4d ADe XSMK^cE,R
i;TU@BADC9XB[GR ,GX�AKT XS[GR�CZ^aEG^
� ADEPXBR � M]@S`cA�C'MKdSd i ^_d XS@B^ae 0 XS^cADE,d#k
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D+D
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Entries            1000
  53.03    /    58

Constant   36.93   1.559

Mean -0.9166E-01  0.3463E-01
Sigma   1.031  0.2880E-01

Pull dist.
D0D-
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  66.42    /    55

Constant   36.74   1.574

Mean  0.2470E-01  0.3470E-01
Sigma   1.024  0.2967E-01

Pull dist.

�,�²¢�ªG�H� Ý��"� Ë;ªG­²­!�G�q�'�h�{�²ºGª��{�q�� G��®¯���D�h£G�*�#£G¨7�{°j¶»�&¨C�q�{�
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Entries            1000
  62.30    /    61

Constant   33.63   1.540

Mean -0.4855E-01  0.3429E-01
Sigma  0.9459  0.2759E-01

Pull dist.
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Entries            1000
  44.16    /    59

Constant   37.32   1.632

Mean -0.1020E-01  0.3269E-01
Sigma  0.9283  0.2574E-01

Pull dist.

�,�²¢�ªG�H� Ý�Ý*� Ë;ªG­q­Y�G�q�'�h�{�²ºGª��{�q�� G��®¯���D�h£G���#£&¨C�{°j¶»�&¨7�²�{�
D+D−

s

¨C G�
D+
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Entries            1000
  70.84    /    62

Constant   32.60   1.544

Mean  0.1503E-01  0.3612E-01
Sigma  0.9419  0.2872E-01

Pull dist.
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Entries            1000
  58.11    /    60

Constant   39.34   1.703

Mean  0.4069E-01  0.3201E-01
Sigma  0.9521  0.2739E-01

Pull dist.

�,�²¢�ªG�H� Ý7Ó�� Ë;ªG­²­!�G�q�'�h�{�²ºGª��{�q�� G��®¯���D�h£G�*�#£G¨7�{°j¶»�&¨C�q�{�
D0D−

s

¨C G�
D+

s D
0 ´

D+Λ-
c
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Entries            1000
  54.06    /    55

Constant   48.04   2.035

Mean  0.1186  0.3429E-01
Sigma   1.041  0.2788E-01

Pull dist.
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  87.22    /    72

Constant   35.00   1.609

Mean  0.1235  0.3591E-01
Sigma   1.032  0.3289E-01

Pull dist.

�,�q¢7ªG�{� ÝFÔ�� Ë;ªG­q­!�G�²�H�{�{�qº�ª��h�²�� G��®¯���D�{£G���#£&¨7�H°R¶½�&¨7�q�H�
D+Λ−

c

¨C G�
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D0Λ-
c
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Entries            1000
  84.61    /    67

Constant   35.78   1.692

Mean -0.1661E-01  0.3600E-01
Sigma   1.003  0.3419E-01

Pull dist.
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Entries            1000
  81.82    /    76

Constant   32.12   1.494

Mean -0.1399E-01  0.3655E-01
Sigma   1.039  0.3201E-01

Pull dist.

�,�q¢7ªG�{� Ý ù � Ë;ªG­q­9���q�H�{�{�²ºGª��h�²�� G��®¯�7�D�h£G���#£&¨7�H°R¶½�&¨7�²�{�
D0Λ−

c

¨C G�
Λ+

c D
0 ´

å,¨CºG­q� ��� � áLªG°s°Q¨7�'¹.�7®¡�h£��s°s�[¨C G� Ù µ Û0¨C G�]¤/�²���h£�� Ù σ Û0��º��h¨7�q ��T�.®¯�{�7°��h£G�jÁG���C®��{£G��GªG­²­9�G�q�'�h�H�qºGª��{�q�� ��T´
��£&¨C�{°

µ± err(µ) σ ± err(σ)�&¨7�q�
D+D

0 ¶ � ´ � Ñ � ± � ´ ��ÝFÔ � ´ ��Ý�� ± � ´ ��� Ñ
D0D− � ´ ����Ô ± � ´ ��ÝFÔ � ´ ���CÓ ± � ´ ��Ý
�
D+D−

s

¶ � ´ �7Ó Ñ ± � ´ ��Ý7Ó � ´ Ñ Ó ù ± � ´ ���7Ï
D+

s D− ¶ � ´ ��� � ± � ´ ��Ý�Ý � ´ Ñ �7Ï ± � ´ ��� ù
D0D−

s

� ´ ���NÔ ± � ´ ��Ý ù � ´ Ñ Ó � ± � ´ ��� Ñ
D+

s D
0 � ´ �7ÓG� ± � ´ ��Ý�� � ´ Ñ Ô�� ± � ´ ����Õ

D+Λ−
c

� ´ ��� Ñ ± � ´ ��Ý7Ó � ´ �7ÓG� ± � ´ ���7Ï
Λ+

c D− � ´ �G�CÓ ± � ´ ��Ý ù � ´ ��Ý�� ± � ´ ��Ý�Ý
D0Λ−

c

¶ � ´ ���NÕ ± � ´ ��Ý ù � ´ �
��Ý ± � ´ ��Ý7Ó
Λ+

c D
0 ¶ � ´ ���[Ó ± � ´ ��ÝFÔ � ´ ��Ý Ñ ± � ´ ��Ý��

�H�h¨C�h�²�H�h�²�[¨7­Y�T�{�H���D®¯���D�{£G���{ªGºL¶½�h¨7°s�G­²�
D+

s D− ¤D¨7�/�² G�T�H�[¨7�H�T�9´
å�£��D <ªG°5º��T�E�7®P�c·��� <�{���7®&�h£G���#£&¨7�{°j¶»�G¨7�q�H�E¨7 G�_�h£G�D�#£G¨7�{° �&¨7�q� Þ ¨7 F�h�²�&¨7�²�!�h¨C�{�q���,¨C®p�h����h£G��°s�q G�9«¬�� F�h�@�D¨7�H­q�j�T�7�{�{�����{�q�� G�Ê¨7�H�*�{£G��¤ �² �å,¨7º�­q� �G� ´



Ó �

å,¨CºG­q� �G��� «¬�q G� ¶'«.�Ø�����{�H�T���{�T�¬�#£&¨7�{°j¶»�G¨7�q�¹��q��­q�G�/¨C G�¬�#£G¨7�{°ë�G¨7�q� Þ ¨7 F�h�²�&¨7�q���h¨C�{�q����´
��£&¨7�H° ä

mMC(corr)
ä

pair

Þ ä
antipair�&¨7�q�

D+D
0 � �

�
� ± ù � � ´ Ñ Õ7Ô ± � ´ ��Ô�Ô

D0D− �NÔ�� � ± Ô Ñ
D+D−

s

�7Ï ± Õ � ´ Õ�ÕCÏ ± � ´ Ý��FÕ
D+

s D− Ý ù ± � �
D0D−

s

Ó<Õ ± Ñ
� ´ ù ÏL� ± � ´ ��Õ��

D+
s D

0 ù�Ñ ± ���
D+Λ−

c

� � ± �G� � ´ ù�Ñ Õ ± � ´ �CÏFÕ
Λ+

c D− ��� ± �L�
D0Λ−

c

� ��Õ ± �7Ý � ´ Õ�� � ± � ´ ��Ô Ñ
Λ+

c D
0 ��Õ ù ± ���

�:��� # �'���"� � �f�*!?� ���������'�
â?���2���H®¯���H° �{��°s�§�#£G���#±<���q É���H�G�T�¡�h�@¨7�{�H�T�{�D�{£G�§�'¹��H�h��°Q¨m�h�q���T�H�{�����q ¦�{£G�§°s�[¨C�{ªG�H�T°s�T F��7®$�h£G���#£&¨7�H° �&¨7�²� Þ ¨7 F�{�q�&¨7���h¨C�{�q����´å$�Â�G�Â�{£G�q�*¤��¦�#£G¨7 G¢����?�q �¨��{�[¨C�{�� &¨CºG­q�R°¦¨7 G G�����{£G�R¤D¨[¹�¤��¦¢��c�_�{£G�R�#£&¨7�H°R¶½�&¨7�q�¹��q�T­²�G�T¸&�{£G��Á��{�h�² G¢R�T�� ��G�²�{�q�� G�Ê¨7 ��Â�{£G�_�#£G¨7�{°j¶»�&¨C�q��°s��°¦�� F�hªG°ë��ª����� ¬�{£G��¤/£���­q���&¨C�h¨�{�c�[´

• ºG�²  ��Ô ¸/ºG�²  Ý
�*� 3¡¨7�{�q¨C�h�²�� ÷�² ÷�h£���ºG�q  �H�#"T� Ù 25 × 25
¨7 G�

30 × 30
ºG�² G�#Û¦�C®��{£G�ºG� ¶»�G�²°¦�� G�{�²�� &¨7­��#£&¨7�H°R¶½�&¨7�q��°Q¨7�H���G�q�'�h�H�qºGª��{�q�� Y´ Ù � < 20 × 20

ºG�² G�#ÛÃ´
• ºG±<¢�� � ºG�q � G�T�¦°¦�c�h£G���s®¯�7�¡ºG¨7�#±<¢��{��ª� G�É�{ª�º��h�{¨7���{�q��  Ù � <

ºG�q G ��T�Q°¦¨mÈL�q°@ªG°ç­q�²±7�Ã¶­q�²£G���L�QÁ��ÃÛc´
• � Ý�� ¸7� Ó
� ¸7� Ô �*� 3¡¨7�{�q¨C�h�²�� ��q _�{£G�¡�#£&¨7�{°j¶»�G¨7�q��°s��°¦�� F�hªG° ��ª�� Ù p > 30, 40, 50

1 �435¸�
< p > 0

ÛÃ´
â=�¥�h£Ú�{£G�5�#£&¨C�{°j¶»�&¨7�²�Ê¹��²�T­q���§��º��h¨7�q ��T�Ú®¯�H��° �h£G�5���²¾2�T�{�� F�0·C¨7�{�q¨C�h�²�� G� Ù �{ª�°¦°¦¨7�{�&"T����q 	å¼¨7ºG­q� ��Ý Ûc¸9¤��¦�T¨7­q��ªG­Å¨C�{�5�h£G�R�G�¥¾Y���{�� <�{�_�#£G¨7�{°À�G¨7�q� Þ ¨7 F�h�²�&¨7�0�{¨C�h�²��� Ù �,�²¢��T´�Í ÝFÕ ¶ Ý Ñ Ð Ûc´â?���HªG�2�7�{�{� k���eÃnzgmeÃn �{£&¨C�j�h£��Â�#£G¨7�{° �&¨C�q� Þ ¨7 F�h�q�G¨7�q���h¨C�{�q���5¤��Â�[¨7­²�TªG­q¨C�h�³¨C�{���T¿<ª&¨7­²­²¹­q�²±7�T­¥¹R®¯�����T¨7�#£��T��ªG��­q�§�C®��{ªGºL¶½�h¨7°s�G­²�T�T¸L�h£G���{��®¯�7�{�§�{£G�0ªG G���T�'�#¨7�² <�»¹Q�[¨7 ³º��0���H�h�²°Q¨m�h�T�Qº<¹�h£G� e������¥l �7®¼�{£G��°¦�T¨7�{ª��{�T°s�T F�{�_Í �CÓ7Ð ´Ö» ýå¼¨7ºG­q� �[Ó ¤��Ú�{£��N¤ �h£G�Â�#£&¨7�H° �&¨7�q� Þ ¨7 F�h�²�&¨7�²�5�h¨C�{�q���R¨C G�ý�{£G�Â�H¹��H�{�T°¦¨C�h�²�¬���{�{�7��[¨7­²�TªG­q¨C�h���³®¯�����[¨7�#£Â�{ª�ºL¶»�{¨7°¦��­q�7´�¼�q &¨7­²­²¹7¸m�² 5å¼¨7ºG­q� �NÔ ¤����{£G��¤þ¨0�T�7°¦�&¨C�{�q�H�� @º����»¤��T�� s�{£G�D�#£&¨C�{° �&¨7�q� Þ ¨7 F�h�²�&¨7�$�h¨C�{�q���¤��§¢��7�D�² G�²�{�Å¨7­²­²¹@¨7 G�Q�{£G�0°s�q G��«Â�� F�h���D¨7�H­q�5�����{�H�T�c�h�T��¨C G�Q�h£��0�H¹��H�{�T°¦¨C�h�²�§���{�{�7�D¨7�G���T�Á& &¨7­!�H�T�HªG­²�{�T´
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å,¨7º�­q� ��Ý*� ��£G¨7�{°j¶»�&¨C�q��¹��q��­q�G���7º��#¨7�² G�T�³®¯�H��°×�{£G���H¹��H�{�T°¦¨C�h�²���#£��T�#±<�T´
��������� 	 ����
�����
�
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