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2.1 ·�¸º¹�»½¼¿¾�À�ÁÃÂAÄ½ÅÆ¸ÈÇ�É�Ê½Å½ËÈÌÎÍÆÏÑÐ9Ò²ÓÕÔ QCD ÖØ×
2.1.1 ÙDÚÜÛ!ÝßÞà © smá â �mã!� s	qFK�ä �oå næ - �	ç |�èré ���	� |~ê �Øë �ìuí á�îL¶!ï ë ³DKmð �oñ!ò�FóFn	ôDõö�L÷A�öø |~ù¿ú�ûF� Köü�ýÕþ �	ÿ���� NEDM | tFvAîo¶ ����� þmn!k�K à © |	� ¡�
� ë �ì���X����A����� t	��� � K��LA¶ ñ!ò ���	ç |öèDé ð ��������- s�� |� �DîA¶ ��! s�rs#" -$��-�% çAs à'& z �	� s�
)(rn���* ��� © |�ùÜú�û î9ï ë n x â ì NEDM |�+�, þmnutvAîo¶Dï ë.- ³ ú ¶ �	��/L� K � ¡�
 � ë �mì U(1)

s0�1 |#2�3 ¶54�6 - µL¶ ��7 K58�9Ln;:�<= �os?>FjAk�@BA�A¶ ��! s ��7 K5CED	;F¿± � t�>Fj | µ�G ¶ ��7 K#�ALâ �#H�I s	J� ñ�K 
�Õ��³rs®F¯ | ���DîL¶mKEL � K?M�N 2O� N ������- - � t9þn 8;P :�< = � |�Q ¶!ï ëR- ³ ú ¶x�S n	K �F� s í á I ë J� ñK 
��Õ�{ó�s?T�U |�V�W ó#N�X�s�Y	çAn ë ¶[Z �ì\ ¯ þmn � t- å G�]�¶ x�S n�^ T |�_�`A�F� � ôA�#a�b�c!³rs®F¯ |�d n � t9þy��
�e |�f�g îL¶ ��7 sð��������- s�Ds?h[iN�j �	� 2 à s +�ú�k [Z |#l � � KA��m���9� - � s�n þ �;o � � |#p�qr ��st;0 å ³ ��o � � 0�u;v�w!� jÈ� K � s�xö�[y�z�{ ë s �5|9|�};~L�F�
2.1.2 �;�
�r�!� r ��st;0Ak CP-PACS collaboration

-;�	� ��� ���Emm���Õ��snÕþ �F� �~� �D��¡��¢ß¤ � |?p;�	/ r ��s�t[0r³AK ! s� � ³����ßä ��� 
#e - +Øú A´ä � ó�� - ¬ � � K 243
× 48,

β = 2.1
K |5���[/!� ï~s����!k	KL� K � s;xö��y�z�{Lsç�� -���� k ]�¶�� �mñ ç���n�b�A ��o �� 0�u n��îL¶���� -�� S P ì��[3	ì��F� ï ë |����9����� ï~s�t�0Ak �;o � � 0�u ë �ì ��I��
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  k ] ìD� ¶us�³AK Vrì s I n �	� NEDM
sutFv |#¡L� K �;o � � 0�u n�rîo¶5¢�£ - � t�>!j¤ ³�¥;¦�³ ú ¶ � };~L�F�L~î�K �

1
n!K ��é s ��o � � 0�u ³rs��AA¶ ñ�ò ���FçoóFsð ��������- s�rs ¨ W ó�§ ë s¨ |�© �Eª � �ì µr¶ � �LA¶?:D���F�os�«�¬ - 
 |� ë �ì ��®9þmnmç � ] ì�¯ - â ì�� ¶ �[!s ¯ - ±'N°� W ó�n?� �ì�±F¥ n?b �~¥ ³rµA¶ � ïs®F¯Ak	K ������- s�rs#" -���-�% çAs?² �ë �~ì �F� n���* ��� �	ç |�³ â ì�� ¶�ï ë | # �ì!w ±´K ��� k ] � ®F¯�³rµr¶ � L � Kmî ~�ìs 0�u n?� �ì�´ ø |5µ[3	ì :�< = � - #�] ì�� ¶!ï ëR- � � ¶ � :�< = ��¶�· |�¸ �.� n�îL¶ �

7 n!K � 2
n ! s�¹ \!0�u;© ��ª � |�º���ì µr¶ ���ì ç � ¶ x»S n!K	J� ñK 
��Õ� �¼� wyx�!
�½R¾!j�U�] �?I L~³rn¹   u®	¯ |#Q ¶Dï ë¿- ³ ú�F� ïmsu®	¯Lk!K NEDM

sr���
QCD

tFvn wF��ì K�À 7�ì ¹	F ¨ |�Q � ]Ü¶!ï ë |�Á9�ì�� ¶ � �LLâ � �	� s���� |öèDé������- s� 8Iy|�Â ± vrîL¶!ï ë ³ k � n �	� s 2
(�p�Ã |�Ä ± fF�F�~¥9|ö}A� K VDì s 0�u n é!�uì " -���-³o�EÅ ª � |�¡ â � ®F¯ | � 3

s?Æ � n Á9�ì µr¶ � î ~�ì s �[o � � 0�u n é!�uì 
;Ç p ¤ ³�¹FF ¨ | ë ¶�ï ë¿- ³ úö�F� 8�P � n���ÈLs?É�p�M�Ê 7!� � ôA�#a�b�cAs®F¯¼� © ��ª � �~ì µr¶- K5Ë�Ìroï ë n 0�u�v�w	� n ¸ �.� �Í �!|��Dì ë ¶!ï ë k�³ ú  ��� L � K ¨�Î � k ��Ï ��tvos®F¯ ë ��È �ì!wyx�! 
)Ð /;�+�úö���r��� - â ì M�Ñ�ÒFs®F¯ �¼� / ë à s?�EFFk � Æ± úé�� �ös ë 9â ìD� ¶ �L��/o� K � t ´ øLk v�Ó	+¿úö�	�
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N×Æ � P

NEDM
sÙØ � ó �!0�u 2 v�w	�r� ïFï�³ Q � ] � ��� QCD

sm®�¯ ë p�M Q � ] �� ôA��a�b�cLs®F¯ | ��Èos�É º���ì µr¶ ��Ú$Û k[xEmu�Õ�´" - �¼� Ê 7 � ] � "F#Õþ �Ï �Dtvysm®	¯ |�ÁÕ�mìD� ¶ � ( Ü � P�Ý  nÆ� K � s�x~�;y�z�{oK?Þ  n NEDM | ë â � � �
ï.] � s;ß#àys�6 § ë �mì K sea

�[o � � 0�u - +¿ú�áEâ ¶ ��7 n!KµA¶ ~�ú «�¶5¬ ��|#Á �mì�  � CED � - µr¶ ��! ]yk � 3
s Ü � n Á9��� � K � s;x��;y�z�{ ë s �5ã �¼� ��ì ë ]Ü¶ � �|�� ¶ ë K VDì s �;o � � 0�u s®F¯ - � K � s[x���y�z�{ - +�úö��I n�ä ���ì�� ¶ � ïsLï ë��� K r ��st;0 - � é � K � s�x~�;y�z�{ - +¿ú î â ¶ ��7 K NEDM

s 0�u;v�w!� � S L°A �
3!ìD�  � s�³rk ë ��3 � ]¿¶ �
2.2 åçæ¿Ì¼èÑÌ�ÓêérÔìë�íÃÏÆ¼¿¾�À�Á NEDM îðïòñ¿ÅºÒ£ÖØ×
2.2.1 ÙDÚÜÛ!ÝßÞ
M;ó � :¼ô��~³rk�K5¹�F	

NEDM
¨ kA���

QCD
s r ��st;0 å ³AµLâ ì ��õ � C	D�³LµA¶Dïë |�Á9��� - K ¨ ! s���sFk � t ´ ø - +Üú A K 0�u�v�w	� � � ôA��a�b�c ë + øA � ®F¯�³rµLâ�	�[! ï�³rK?£ � ³°� ´ ø | ¢ � îyï ë s�³ ú ¶�C	D �9|�ö ¶ ��7 K NEDM ¥�¦ §�� s�tFv | �� ���9�	�	¡{�£¢ ¤o� |ö} â ì�¡A� K �F�	�!�¿ë s��È |�¡ â �F� 8 W n	K w#÷L� s?N ��ø s#ù Î

¸ ay¡ ªu� ë �ì 8�P r �s?t�0 å ³Ft�v |�¡�S ï ë |#ú i �F� ïFï�³DkEL�û � ôL��a�b�cAs!q³	tFv |#¡ â �	�
k � n	K°ü I»��- s  � á ¾!³�4�6 ë A¶�ù ,�ý�þ 
?ÿ�<���� % çAsmt�v¼� ¡ â �F� ïs % çrk

SU(3)
� Fm³Dk ��� s�� | ë ¶!ï ë ³�� � n�îL¶!ï ëR- ³ ú ¶ - KuM	æ�	�
!³Dk ñ �#mu�?s �;o �� 0�u k;ÿ ª ©�2 þ»� � ��o � � ë � ~�ì ä�ÑAn _L�	��7 K~ïs � F�k!µEL ±� � A� ���5! ï�³DKæ��;ß�à ë �ì Z�s�¾	jLs���� | ù ,�ý[þ 
ÿ�<���� - ³�S s � | ¥�¦!îL¶ ��7 n	Kr��
5e �¿ë x��]Ü¶�b�c � n x ± Koïs þ 
ÿ�<���� | t�v � K � L�Lö³�l�6A���� | ¯ � î ë ��3 � ] ì�� ¶

,;ýEþ 
�ÿ�<���� ë s���È |�¡ â �F�
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¨�� n u n w;� ¶ NEDM ¥�¦ §�� s W ó v�w!�L� �oyâ � :r�5�!�ok?Í S ñDò �m�ö���!ç��� Ê 7�� ®	¯ |?© ��ª � �mì µA¶ � æ ± kA��Å ª �{sm®	¯oK?Ö ± kL��Å ª �{s ´ ø | #Aî �

2.2.2 �;�
r �s�t�0rkFp�M �F�	�!� ³ �D�F� K 243

× 32, ��� r �s ã�� β = 2.6 |�D�F�F� ��¡ �£¢ ¤o�s 0�u�� �L�ö���k!K������ � â � K = 0.1340
ë ���	� ü I���- sutFvok!K ��� x�m����{s���á

W ó tEM = 6
n! � �mì sink

suð �9| n � îyï ë ³�"�b ¦�# n%$ ��� �!s © � �ß� | õ � îo¶ ��
4
n!k�ay¡ ªu� s?ÉLK � é s�&�' ���!ñDò �m�ö���!ç ��� ùÜúFû	��� 8�P NEDM ¥�¦ §�� s

W ó�§ ë s�(�) | #Aî ��� I î ~Dì s � n u n é���ì�W ó t = 13 * b ��� � é ë �,+	��: ñ�- ��  © � �ß� |~è â ìD� ¶Dï ë¿- ç � ± K �F� ���Õ�!�!¡��£¢{¤y� |m�r��ì � NEDM ¥�¦ §�� s:�< = � -�. ¸ n ë ]Ø¶rï ë |�Á��uìr� ¶ �uw!w x?! t = 13 ∼ 16
s%/10!nÆ� é s © �Õ��� - 82 �uìA� ¶rï ë���� KAïus%/10 | ��Å ª �3/10 ë ��ì K54 � :L�����yn�� � � - ��Å ª � |�¡o� K

NEDM ¥!¦9§�� s � n u�v�wF�y|�}�~A� ®F¯ - � 5
n º���ì µr¶ � � ôA��a�b�crn w�� ¶ NEDM¥�¦ §�� s � n u;v�w!� s ��6 k Î ¸ ³rk%7 � - K®	¯Lk�£A A ë � leading order

³rk ±	¥ ?«¶5¬ ��|��;�DìD� ¶ ��7 K ¨ s98 ª�� = 
F� � � © � |�±	¥ ��Å ª � �ìE! s�� � � n u n w;� ¶ê � ¨ | Ê 7�� ®	¯oK�prq!s NEDM
¨�- Q � ] �	�

lim
q2

→0

F3(q
2)

2mN

= −0.0268(35)(e · fm) (1)
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�
5: NEDM ¥�¦ §�� s � n u;v�w!�L� æ ± k ¨ JK � � © � |�±	¥ �	Å ª � ��� ®	¯ | #rî � Ú

Û k 8[P r ��st;0 å ³ �	�!��� |} â ì Ê 7�� ®	¯D³LµA¶ �
�	�!��� ³�Ê 7�� NEDM

¨ k
−0.0391(125) e·fm

³LµLâ � ï ë ��� K ´ øys�/:0 ¤ ³�;BAÔ8 2 �ì!w ± K¿� é s�N ��ø�- - ¨ þn9+	�:�< - � � m®F¯ |�û îoï ë¿- ç � ¶ � L � K � t ´ ø Î �� +9= N wox#!?> ½A@?¾yP�n�B�C �ì�� ¶ �~.ED k ¸ �¿� ³Dk	 � - K �F�	�!� n w�� ¶GF ��H 
I�J s#Ö]Ln�K § îr¶���
�e -�LNM Ëyâ ì!� ¶ ��7�O :�<,Pm�Ls�@�QDn�R - â ì!��� C�D � - µD¶ ���/o�,O ïmsm®	¯ok ,;ýEþ 
�ÿ�<���S�s�iDsutFvD³LµÆ± O NEDM ¥�¦ §�� s?ù ,;ý�þ 
�ÿ�<��S �¼� s���� |�2[3 ¶�4�6 - µr¶ � ù ,�ý[þ 
ÿ�<���S!smt�vAn	k W�T ó#N	X |VU çrn è â ��¡�Ws¿�#m~� ñ t�v - 4�6Ln	Lâ ì Aß¶ ��7�O  � �.� s#b�c9þm�X ã - 4�6 ëZY�[�\ ! ïZ] O ï	ïZ]^%_�`ba Adc � ] [ U(1) e 
�e�f ë a ��] [ N�f:g�h!i�j [�k!lZm9nNo�\ e�pVq9r�s�t ^ >,u mv�w nNo�\�x,o O�y{z�|,},~1�!�����Z��� ^ K = 0.1320
l�n������ g��?� o�\�k r�� ^����A����1� }!�!���9� l r����!� ] ^{�3����� ]9� [%\�

6
m�������� p �,�9� S! Z¡ ���!� p �,��� S�¢ r�£b¤¦¥�§���¨�©EªV«�¬��r�®�¯ g r�° � �[%\9±�² � z nNo ®�¯ ^

F3(q
2)

2mN

= −0.0230(69) e · fm (2)

]!�9� oN\5����� p �,��� S rN³�r�¬� (−0.0239(30) e·fm)
l �,´ j [!l OV�¶µ¸· ^ ª5¹�ºNr�» Q^ Y « \�o,¼ O9eNp5q f:gVcE� o�k�lZm a [5½N¾ ¨�¿ xAÀ?[�o�Á O%Â ��½,¾ ^ L�M�ÃÅÄ1ÆÇY � � «[�\!k r�®�¯ ^ ¡ ����� p �,��� S r�È�É ^ ©ÅªV« k�l gVÊ9Ë n�� « [�\!oN¼9n%ÌZÍ�Î r�yÏzV|%}

~:���5�!� l �:�Ð�Ñ� �:� }����5�!��r������ ^Ï� u ����� � [!lZÒNÓÅÔÇÀ9� « [ r ] Ì yÏzV|%}
~:���5�!�G��� g « Æ3Õ,Ö,× � �!Ø r�Ù�Ú�Û gVÜ [ZÝNÞ Û�¨ � [�\�ØZÀßÔ r�à�Â�áZâ�ã ^ Ì `Nä��å�æ�m �èçêé�w�]9� [%\
k�k ]�ë Ô3À1o ®�¯ ^ Ì!±Gì QCD í�î i n,o�ï�m�Ì w�ð ¬ f l ��ñ � ª Ôòm Â ��½N¾ g�ó Ô jô9õ Û g5Ê9Ë n�� « [�\�å�ö r�®�¯ g ¤ lZm�Ì9± |��Z÷1�5tùø�r ±Zì QCD

m�ú î nNû p � ì�ü�ým a [5þ�ÿ á Y NEDM r%� g�� Á�[�k!l ¨����?ª Àb[�\
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r���« ^ y���e%� ì���� r���« g��9j�� Î�� ��±�² � z3®�¯ Ì�!��"��Ø r ½�¾ g#�9j$�
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