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Abstract2�3
QCD 46587:9:;$<>=@?BA�CED>F&GH4JIHG�KML:N	OQP 2�3&R DTS$U&V$W$X8Y>=+Z$[$\�]B^_IA�`Ta�`:Y�bdcfeg;6<h=i?hA�CHjkP JLQCD l+YEminh`$o�p>CdqEr�sdK$G�9+tJD>u6v�w+x&y+o�?{z�nh`o�pECM]h|�}�~_9>�$A�`Ta�`HY8bTc�e�;�<{=f?hA�CM]{�HG:�>���T�+���+�$�&D{���&4��:7MK�D>�6��4IHG�K$���_~�9T�
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QCD D:o&?�z�nB`:o�pECE�EP6�+�:����465:G�K��	� ui¡�V��+�8¢�]d£�¤"j ~�9+¥:c�¦¨§�`�o�p
C�D:©fjhIHª8«89E�&¬{�®6ª��BP QCDPAX, CP-PACS Vf¯>D6°+±�DEx:²³j>Vµ´¶P8®�� QCDOC D·:¸ q IBM Blue Gene 4T¹�º@»{&96V�¯¼PM�+�:²�DT±$½�4>¾&¿H�>À$Á	� ui¡EGJ�>�+�:²�DT±$½"jk�Â sEK6P 2$3 QCD o�?Mz�nd`�ofp�C$� Ã"O>G:ÄJÅ8Æµj¼��´ÈÇ8É�sEK�¡J�J� 90 Ê�Å��8Ë$<8C{ÌJÍ�Î
( Ë$ÏT`HËMD>Ð+Ñ$Ò�Ó�D{Ô�Õ�]BÖ+×�~_9BÍ$Î ) ª:D{Ø 2 y+V$o�?Ez�nh`$o�p>CdqEÙ8ÚfjBV@´¶P�ÛÝÜkÞ�Cß+à Ëµáâ=_V�¯{DE�+�f]hã�OBK 2+3 QCD DT��Ô:\_qJä$åf»{&9�j$jJ�T4EP$Ë+<�CdÌMÍ:Î�D��Eæ@� çè sEK�¡6�M� 2000 ÊHÅ�4:�_Ë�Ï�`8Ë+D�éMê>�f]{x�y:4>FisJ�:o�?Mz�nB`Ho�p�C>q�ë6ìîíÈr�É:&9$4ï sEK:G89T�
�6�$²�D>±�½&�TP�¬B�®�ª 10 Ê_ª+5�ð�t 1000 ñ�j GfòÈói»>ªTô_õ�ª$G�9 [1] �fö÷Ø�D{ô&øH9Bù+ú

Å ß `Tû_`�lHC+ü�zM`�ý6c+Þ+þ$<6Ë	á÷�TP 2011 Ê&4 10PFlops DT�6�$²�]Bÿ��f»��_9�¬�jT]����&4&O
K$G�9>�	��
+ª���6Ä��&4�����&DT�6�H¢&]�����~89{����qTô8õ�ª$GH9{����s{K 2010 Ê$Å�4��TP"á b
c�n��+=:ª 10PFlops �$P6u+����D ß `Tû_`�lHC+üJzM`�ý_j6OBK 1PFlops Ë�Y ß DT�6�$²�]��:�JÙ8Ú
4�V�9��� �ò ��¬d_4�ð�´âPMÛ Ü¼Þ_CQr�!�¤�"�V�¯{D$#�U:�J��4&%&¿�P�'�¢�(+�&�E�$� e U$��)�D$*+ y>����qEô$½�~_9�j �$¿-,¼_9>�/.�0:4&1�2�9�ð8òB4>P 2+3 ;�<{=f?hA�CTD&3+F�G:�54�6:`HËEªH�
V@í¼G	í÷I è D*�7�88qH«:9�q�Pµ¬B9,Qq;:�<�Ó_�6ª5=5>8~89�¬�jkP 2+3�?�@ q�A�B_ªH«f´âP�t6DC
Õ�qED�F_ª�¡698��D6ª�«H98¬8jhq��/G�y$4$H:äJI&K�9��� �ò �
.�0+ª:�TP 2+3 ;6<h=i?hA�C>4MI:G+KHD&L�M�]+®&jhøEP ��Í$x&y�o�?Tz_nh`$o�p{Cdq;N�O�y+4+VHs

�TPMS�U�V�W�XHY{=6Z�[�\�]h^8I�A�`>a�`HY_bTc	P:�_4MI:G6K�|�}�~_9{�µ¬EDP$��]{��G+KEu+v$w�V
x�y:o&?�z�nB`:o�pTCJ]Bô�ø+K:G89>P JLQCD l�Y�m	nB`:o�pECEDHc$Þ�þ:<�Ëµá DN/L�]	1Q2+P{�&�
�$�_ª�D:o&?Mz�nB`:ofp�CE4��H7JK�DE�+��4JIHG�K$���_~�9T�
2 RTSVUXW�YXZ\[^]�_a`
¬ED&b_ª:�TP 2+3_R DH;�<{=f?hA�CcP:�84MI:G+KMP�tEQdE8De�f�]BL�g�~_9{��h�i&4MI:G6KH�&j�k
[2] ]	l/mi»{_�+GJ�2�3

QCD �EP 4 ù�n Euclid Ñpo R 4$*�q@»{_�r�D ?/@ ª�«@´âPts�u�v$ç�w�]>�8G�K + 3 8i»
�9���¬>�4&ð+sEK Monte Carlo w�4&ð69x�y�o�?Mz�nd`�ofp�C>qMÙ�Ú	j>Vµ´¶P;r�D ?�@ D$z/{�x@ y+VE�J��|�w�]h¾_¿�9>�8ÄEÑ}o�] 4 ù�n_D>��� 263 ªEÍ$Î	O¼P/~ 2+3�� ( �8X³á ) 4 Grassmann x
j�O>K&Ë�Ï�`8Ë�ri]TPE��X áTj��&X áQ]&C}��¦�C6Ë R 4t��`Hþ&r ( �T=&`6AfC�r ) ]���~"¦JC6Ë{Ç�x
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(∈ SU(3)) ]&��~&9E� Grassmann xi]t�;�8���H² R ªJF ò{D:�$��OTGH�$ø�P�Ë�Ï�`8Ë�ri]�|�ª5v:ç
~�9�j¼PHA��$��`EaJ�T= O D$����y��Tù�D�ð_òd4�@»{&9T�

〈O〉 =
1

Z

∫

DU det(D[U ]) exp(−SG[U ]) (1)

¬$¬>ª SG[U ] �t��`:þ&r�D$PH��ª�«@´¶P D[U ] � 2�3&R D Dirac ��� 3 ª�«H9T�5��`:þ&r³jE;+<{=@?
A�Ccr�D$PH���EP 2�3 o�� a→ 0 D:/<$Ó&�+ª QCD jc=t>_~�98��D6ª�«M���ðTGJ�2�3&R ª���X:`��+4$�$ç�]	�:ç�8µOdK�;$<>=@?BA�C�PH��]�*�q_~�9�j¼P p2 ∼ m2 D$� ? yt��`³Ü
4&%�¿+K�P 15 �&D&z�� ? y+Vt�H`"Ü ( �t�$YJ` ) q;N��9{� Nielsen-Ninomiya D* ? 4_ðBQ�TP�� +� Þ+Dr/��4�W$X8Y>=+Z$[$\

Dγ5 + γ5D = 0 (2)

]��:�&O I�IJPJ�5�$YJ`H]	�t�8~_9�¬�jB�Jª&¡EV+G��/��s>KMP�¬h�®�ªH4E�HG-,¼:K&¡E�P:�HªH��t
�d�+P_W$X8Y>=+Z$[$\"j����:Y6`$4���~�9&��, è D� t¡f]drfsEK�¡M���
Wilson ¢J£ Wilson ;�<{=@?BA�C{ª��EP:W$X8Y>=+Z$[$\�]�¤�4$¥�9	¦ (Wilson ¦ ) ]	%&¿898¬8j
4�ð+sEKJPJ���:Y6`�]����_~�9T� Wilson ¦�� 2 ù�D�:ç�]�§��MP�¬d_4�ð+sEK p2 ∼ m2 .t¨�DTÓ�]© �_~�9T�t� + � Þ+D Wilson ;$<>=@?BA�C�PH���EP+ù�D�ð_òd4�@»{&9T�

SF =
∑

x

{

∑

µ

ψ̄(x)
γµ

2

[

Uµ(x)ψ(x + µ̂) − U †
µ(x− µ̂)ψ(x − µ̂)

]

−
r

2
ψ̄(x)∆(2)ψ(x)

}

(3)

¬�¬{ª ∆(2)f(x) =
∑

µ[Uµ(x)f(x+ µ̂) +U †
µ(x− µ̂)f(x− µ̂)− 2f(x)] � 2+3�R D 2 ª$�$ç$P µ̂ � µ «

�:DE¬t®��Ëµáâ=�ª�«@´¶P 2�3 *�x a = 1 jh5:GH��� Wilson *�x r � 1 43�98¬8jhqE¯�GJ�f¬�D$�
øEPE� + 4>Z�~89	%�w&y+V° ´²±��+q;³�´�~_9�¬Hjµ(+P�W�X�Y{=6Z+[�\&4_ð6s>K;¶�·i»d_9��+� 3�¸
�8q;¹@¬�9&jhGfò�ð�òhVEP�º�» R D¼�½f»{q�¾"ò �6;�n XEa_`�D¿�À_qHo_C�c>=8V_¬HjM�E«�´¶P O(a)-Á�Â »d��_�ED;(+P	� + r�!8ª_;�nQXEa�`�4MI$G+K/Ã�X ß áBO{�Ta_`�þ�p>C (‘twisted mass’) ]	§_øEP
¯îí D:o&?Mz�nB`:ofp�CE4��8GÄ,¨HK:G89T�
Staggered ¢p£ Wilson P:�	j�Å�õ�ª�¬B_®�ª�ì í �HGÆ,k$K&¡T�+DJqEP staggered P:� (Kogut-

Susskind P:�	jM�&Ç/���9 ) ªH«:9{��¬ED&P:�_�TP 24 D>Û_XEû�`/È+zM`/��]¬5�j6OhK_;+<B=i?hA�C
é�êd��]�*�q_~�9T� 4 �$ç ß ü�ÉJ`�=��EP�Û�X�û&`�È$zJ`��+4�pÊ�»{_� 1 �$ç ß ü�ÉJ`�=�Dr è ,
¿��i»{+P@¬d_4�ð+sEKtn�D 16 ��DQ���:Y6`$D�é�êd��]{P 4 I8D ß ü�ÉJ`�=��$ç"j 4 I8D Ë ;�nhX
a&`�Ì_4Tç��_~�98¬8jhq$ª�¡69T�tÍ�Î�D�é�êd��]{P6�$Í�� ËÐÏHX ß á (taste) Ìµj	Ç���¬8jJ��¯�GJ�

Staggered ;$<>=µ?dAfC���P_W:X�YT=�Z:[:\�DtÑtÒ�ª8«89 U(1) ZH[:\f]d^�I$��¬JD:�$ø;%�w�y
V$° ´²±��8]	Ó�76V6G$V�¯dD� � ]h^ÕÔ{Pte&4+W�X�Yd=6Z�[�\8q$Ö�¤&V$×�Ø�]hÕ��M~�ð�òhVE�6��4M5
G�K6�8GÄ,¨HK�¡M����®+�E�+��4>¤_~�9Hl ß á q Wilson ;$<>=@?BA�CE4�Ù/2HKEÚi»�í¶P}�MXt�f?>W
=�VJ����DT��Û�D$Ü8��Ý³j>V89_¬_jBqt¯&G6�+����UH�H����Vf¯dª8��Pi¬{�®6ª8D�����D�Þ�jBõ@¯Bq
staggered ;$<>=@?BA�CJ]	ß��@OdK:G89T� Staggered ;$<>=@?BA�C{ª���;�nhX�a&`$� 4 DTñ�x�ª�à/á
»d�9�¬Hjd4+VH9�q�P�O�â:4�� 2+1 D:;�n XEa�`MªM�6��]Br8G:�6GM�H¬ED��+øTPÕË 4-th root trick Ì�j
Ç��M&9�|/w_q6�8GÄ,¨HK�¡M����¬d_��naã 4 ;�nhX�a&`�]�§�ä staggered ;$<>=@?BA�C è , 1 ;�n
X�a&`Tç�]	å@¡tI�~8��ø:4EP (detD)1/4 j ~�98��D6ª�«H9T��¬d_4�ð+sEKJP 1 ;�nhX�a&`Tç�D�;$<>=
?BA�C�PH���z/æ�ç�y�V&��D�jdV�9+��ø�P�¬�Dè/P�DéÆê{\�4JIHG�K��N/´_ª���ë @ qE<�G�K:G89T�
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Action Chiral symmetry flavor structure cost Collaboration

Wilson-type explicitly broken simple modest PACS-CS, etc.
Twisted mass explicitly broken simple modest ETM

Staggered remnant U(1) complex low MILC, etc.
Domain-wall good simple high RBC, UKQCD

Overlap exact simple very high JLQCD

Table 1: ;$<>=@?BA�C�PH��D$e�f"j�l ß á D�Ùtì��

Domain-wall ¢p£ ÜcíJX�C�î�ÏE`�=�;+<{=@?BA�CE�EPEÄ�Ñpo8] 5 ù�n�4ï�ð$~�98¬8j{4�ð6sTKñ G��H`�Ü¼]hF³òò«�w8ªH«:9>�f¬TD«�w&D/I�N�4_ð6sTK�P 2+3�R D+W�X�Y{=JZ�[�\&D ? º&�>uf¡�íâô
õ��E� ñ G��H`�Ü÷� 5 ù/nt«���D&ó�D&ô$ç�4&N�6Pf¬h&] 4 ù/n_D6W�X�Y{=��:`"Ü{j6OBKTF³ò�¬�jd4
ð+sEKHW$X8Y>=+Z$[$\�]B^_I&;$<>=@?BA�CJ]	O�N_~�9T��¬�D6ÄHW$X8Y>=+Z$[$\�D$¥�_DTui¡$»M�EP 5

ù/nt«���4&õ�xÕ�	x&y�4ö�÷8~89&ø�ù&D+W+X�Y�¦µÏQú�D5�H`�Ü÷D�o$DMA�`>a&`HY8bTcJ4_ð6s>K$�@»d
9T�tPH���EP
SF =

1

2

∑

x,s

ψ̄(x, s) [DW (x, s;−M0)ψ(x, s) + (1 + γ5)ψ(x, s + 1) + (1 − γ5)ψ(x, s− 1) − 2ψ(x, s)]

(4)

D_ð8òB4��i»d�9>��¬+¬{ª s q 5 ù�nt«��$D 263 D�éEêB��P DW � Eq. (3) D Wilson �+� 3 ª:«:9>�
5 ù�n�«&�JÆJÑpo+q�ï�ð�»{HK:G89+��ø�P Wilson PH��Dx�û:ñ�D8l ß á q è$è 9T�
Ginsparg-Wilson ü/ý-þ\ÿ����������	��
/¢}£ Ginsparg j Wilson �TP$° ´²±��EÇ�&D$ë @
4����HG�KJP 2�3&R ª��:u&�:4�W$X8Y>=+Z$[$\�]��8IEr/��4EP�����7

γ5D +Dγ5 = aRDγ5D (5)

q�� ´���I�¬�jT]�à_G:�E��¬�¬{ª R ��«:9�æ�ç&y�+� 3 ªH«:9>��¬ED/����7&� 1998 Ê�4 Lüscher 4
ð+sEKJP+ù�D�ð_òBVEÇ���4���~�9>P 2�3&R DTS$U&V$W$X8Y>=+Z$[$\�]	�_~�¬8jhqJä$åf»{_���

δψ = γ5

(

1 −
aR

2
D

)

ψ, δψ̄ = ψ̄

(

1 −D
aR

2

)

γ5. (6)

��s{K Ginsparg-Wilson ����7�]��&�M~�;6<d=i?hA�CcP:�_�TP 263�R D>S�U_V�W�X�Y{=JZ�[�\�]h^�I
¬�jd4+V:9>��¬ED_ð�òhV$P:�	jJOBKH�TP8A�`Ta_`HY_bTc�P$�+P��;* � P:�Hq���,k:K$G�9>��� + � Þ
DJA8`Ea&`�Y�bEc&��� 3 �EP6ù�D�ð_òd4�@»{&9T�

D =
1

Ra
[1 + γ5sign(HW (−M0))] . (7)

¬$¬>ª HW = γ5DW ��J=@?T`³á 8µOT� Wilson-Dirac ��� 3 ª�«@´¶P M0 �³ÜcíJX�C�î+ÏE`�=�;�<
=@?BA�CED M0 4T�Õê�~�9T�HA8`Ea&`�Y�bEc&PH���EPÝÜcíJX�C�î$Ï�`�=�PH��D Ns → ∞ Ó&�:4TZ��
~�9 (Ns � 5 ù�n�«&�:D��_X ) �
¬$¬J®MªM|$}µOT��;$<>=@?BA�C�PH��D$e�f"j�l ß á 4JIHG�KJP�� 2 4H®�jdø�9T� ‘Collaboration’

�EP&t�D$PH��]>�8G�KMu�v:w&VEx�y:o&?Mz�nB`:ofp�CJ]drfsEK:G89/�>=�`HcMª�«H9T�
3 ["!$#%!'&)(�* +cUXW�YXZ\[^]-,/.�Z/0%12!3.)4Ä]
¬ED&b_ª:�>ù�b_ª�|+}�~_9EA�`>a�`HY_bTc�;�<{=i?hA�CM]{��G:��o�?�z�nh`�o�pECTD��6ø$D�5�6�]hr
ò ��h�i��j®k [3] j>t_¬�487E��»{HK:G89�j®k�]	l/mH�
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9	: ü<;>=�?A@ � + m DJA8`Ea&`�Y�bEc&PH���EP6ù�D�ð_òd4�@»{&9T�
D(m) =

(

M0 +
m

2

)

+
(

M0 −
m

2

)

γ5sign(HW ) (8)

sign ��x��EP HW D����y λ jB���Õ��x ψλ ]>�8G�KJP
signHW · v =

∑

λ

sign(λ)(ψλ, v)ψλ (9)

jc�µ»T�9��	O è O HW D+~/2_K_D8�J��y j��6�-�x	]�C�ø_9�¬&jT��N�Oiy�ª_�HVHG_�:ø+P@«89
λ = λthrs .®0HD�D�E�x�D����y�D���C�ø�P |λ| > λthrs 4TZµOdK��$��, è D>Í:Î�]>�8G89+D6q�N�O�y
ª�«H9T�f¬�D>Í:Î"j+OdK�� Chebychev ¯�¦/7HP�ô:ç$ç�x:½8°�V�¯hq$�:¿Ä,¨&9MqJP�¬$¬>ª��$Í�Î�D
=HI:ª�«H9 Zolotarev D��7f]>�8G89T�

sign(HW ) =
HW
√

H2
W

= HW

(

p0 +

N
∑

l=1

pl

H2
W + ql

)

(10)

¬$¬>ª p0, pl, ql � λthrs ( N 4�ð+sEKGF�®$9>û�Y�í:ýJ`6ª�«H9T�f¬�D��7��EP λthrs < |λ| < λmax

ª sign ��xf]BÍ:Î8~�9T� R 7�DTç�H�4 H2
W q�N8&9+��ø�PJI�K/«���7�D$º�w_q N L�£�¤³jdV�9MqJP

¯�Ö�oH;µá º�w�4�ð+sEK�¬d ,d���+Ä�4$ºîíT¬8jhq$ª�¡69+��ø�P	l ß á D N M�³$\���Ùtì�y�N�( è
ªH«:9>�5=t«8ª�P&Þ6`5�:`"Ü q�¯ í N��9&j{t6DPO ? q�£6¤&V$�+øEP��6�fl ß á÷�:Þ6`5�:`"Ü÷D>U��
4Tui¡�íQM�³8~�9T�H®+�EP sign ��x�� λ = 0 ªJR�:/<&V:D6ªJP Hybrid Monte Carlo ]dr³ò�â�4$e�S
V�O ? qM£�¤³jdV�9T�Jù�b�4T|$}8~�9>�+��ª��EP λthrs = 0.045, N = 10 ]>�8G�K:G89T�
T-U�V W�XPY$Z�[	\ ��]�^�_;æ/ça`�bdcde�f�g�h�c�eGh�i [<jGklj�m�n�oPp ]�^�q�r�sut�v<_wfx	yzw{-|~} bd_����J� HW q�w�<� j"���J� ���Ji��<���8�lq�� j � j"� hG����r8s ( �8� n�o h
c8eBr�s )

� _Pi [dj�k<j�m<n�o�p ]�^l_����a�B�l` �P�� `Jb�c8e�td�~h��>�Bv�e [4] �����B���2q
� j�� h����d�<eBr�s � z il�qG� j�� q����a�B�<h�����B�l` ����� `Jb�c�v���i [�j�k�j�m<nPop ]�^�q �8� `�hJ�3 Q¡ � [5] �	tGq8¢�£ � _ Wilson ¤ ��� ����iw¥�¦�§ ( ¨'©~ª2«Jq�¬�v�¢�§ )

�
	® ���d���>���°¯²±�³�hJf�glb�cde<t<��hG´�µ [5] bG¶�·���v�¢G�-t�v�_ HW q��J�8¸ ��� �8�
λ = 0 ¹Gb8�w������h ��� `�b����Gi°�B�>¯Gt���hw¥�¦8§-º�»�¼<��e�t���ºB½a¾J��e��

JLQCD
��¿ e [�j�k2jdm�n�o�p ]�^aq ����À q�Á�^	º�i<Â 1

� �<� (Nf = 2, a ' 0.12 fm) ��Ã
Â�_ HW q�w�����aq ����Ä�Å qPÆ��	ºw� j"�ÈÇa� � y ¢ z qbJi$� j � j"� h ��� `�bdc�e�t��
h�É } e��JÊ<Â8_ [dj�k�j�m�n�o�p ]�^2q ����À º~Ë y ¢ z qJbJi8�����B�2` �P��� `Gb�c> Ìi ��Ä�Å _ 0.25 fm (∼ 2a) bdc�e�t���hÉ } e��
Í�Î>ÏlÐ�Ñ2Ò�Ó�Ô

HW q�� j � j"� ºBÕ8Ö���edt���_�i [�j�k2jdm�n�o�p ]�^aq ����À ºB×�Ød�
e2��� z � i�Ù Z�ÚlÛ�j Ù-Ü \JÝ�Þ'ß q�à�á �Pâ	ã2ä�å�æ �<e��utBvd_�i2� j � j�� q�çJ] � }�} eÝ�Þ%ß º�á | �°�B�>¯�è �Pé2ê i λ = 0 b [�j�k2jdm�n�o�p ]�^�hwë ��ìí8î�À º�ïð<��e�¢�£ � f
g2��i [dj�k�j8m<n�o�p ]^lq�Æ-º�ñ�£�e�ç�]-º ì g � �<e�td� �<¿ e��ut�q�¢£ � _�iò2q ¿ ¯��ó ^	º�ô�õ-��� �Pö  ��v<� ¿ � [6] �

det

(

H2
W

H2
W + µ2

)

=

∫

Dχ†Dχ exp[−SE ] (11)

ô^ �<¿ ® � HW qJ���B� ä qJ� j�� _�Õ�Ö	��v�i�ô8÷<_Pô�^lq�ø<ù�� j�� b�q�úû-ºB§�üd��eP�8t
qPý	q ö  �2¿ ® �i�������aq�� jþ� q�ÿ��a_���� � Õ ê | vae�t<��h�� } £ | v�¢ [6, 7] ��Â 1

_�i	twq ß	� ��
 j �w»ý>º ö  y ��� ® ¢�l`8Ù ZGÚaÛBj Ù	Ü \ q���û [7] bdc�e��
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Figure 1: HW q�� j � j"������[�j�k2jdm�n�o�p ]�^aq ����À ( ��´���� ) [7] �

Ò�Ó ÍBÎ	Ï2Ð��������8Ñ�Ð��� "!�#%$%&JÑ�!('�)
HW qG���w� j�� º+*�,��<e�td��_�i ß-� �


 j ºG�w»���e�t����/. y �J��t�v ��¿ ® �Ji10�ð�2�h�3548e76�8	º:9 ê e [8] �ô�õ-��� � _�i
ZQ =

1

2π

∫ π

−π

Z(θ) exp(iθQ) ⇔ Z(θ) =
∑

Q

ZQ exp(−iθQ) (12)

�B�>¯P�<;<hdc�e�� Q� χtV q Q
��= y �d_�i���q�ô�>2_ Gaussian

� �de��	twq@?Ji@A�B�2a_DC
è���E-ºDF����Ji

〈O〉θ = 〈O〉Q + (finite V correction) (13)

���de��@G ê ��¨�ù [-\ q�H�2 ��= y �d_�i
mQ

π = mπ(θ = 0) +
1

2V χt

(

1 −
Q2

V χt

)

∂2mπ(θ)

∂θ2

∣

∣

∣

∣

θ=0

+O(V −2). (14)

I ® �Gi ß-� �1
@J Y@K 31L χt � ∂2mπ(θ)/∂θ2 º�ñ2£8edtd�~h�b ã v���i ß-� �1
 j ºw��» y ¢�ç
]��û }	| i θ M@N<b�qD0ð12lqP¸�º�ñ�£�edtd�~h�OQP�b�c8e�� ∂2mπ(θ)/∂θ2 _1Jù m�YSR 1T�º<F
���ç�]2b ã ew�@U�V χt _wi�§	�8���>º�F����<Ù ZGÚaÛ�j Ù	Ü \ bGña£�e�t<�Bh8b ã e��<tGq1��i��� `� ß-� �1
@J YXWZY � j 
q7[ |]\ h]^�ô â	ã �2t��²i�_5`7a2qDb�cdh]^�ô â	ã �2td�~h�±�³
���de��
4 JLQCD dfefgihkj%lnm
JLQCD

Ým]o°Û~j ÙaÜ \ 1 _�i [djPk�j�m�n�o�pSq�Y>Z�[�\ º+2` �<r ® ¢�Ù Z�Ú<Û�j ÙlÜ \ ºs� ®
���de [3, 9] � QCD q@J�ù m�Y5t ùSu Z:v�Þ8�<w  Ìi plÛ ù k�j 0ð � fg2��ø � � \ ��x�g�y<�%z
ºs{�ÿ �<| »d�<edt���º~}�� y ���deP��� � iwà�� v���j�v H12�������q1Jù m�Y@�1� q ì » À º Ý\-ß � j�Y �<edtd� h]��g<b�c�eP�at�q o �1
 q1vuß _Pi 2006 �2q KEK ��q7� Þ�j ¨ j�Ý�\1�GÚwj� Ù Þ ª�� ö  º7� ��� £ | v<¢w� KEK Ù Þ ª��d_�i��²¡ SR11000( ð�T p ] À P 2.15 TFlops)

�
�

IBM Blue Gene/L ( � 57.3TFlops)
}u| �-e [10] �1���aq���b�q]a`dÙ ZGÚaÛ�j Ù	Ü \ q���ú�ú

Ll_�i ��j�v�À Pdq 10-15% �B� ® ����eP�S���b�_<t�v�¹wb�qD��û������ �w� ��:��� �D��� �<e��

1JLQCD Collaboration: S. Aoki, H. Fukaya, S. Hashimoto, H.Ikeda, K-I. Ishikawa, K. Kanaya, T. Kaneko, K.

Kuramashi, H. M., J. Noaki, H. Ohki, M.Okawa, T. Onogi, E. Shintani, K. Takeda, Y. Taniguchi, A. Ukawa, N. Yamada,

T. Yamazaki, T.Yoshie; TWQCD Collaboration: T-W. Chiu, T-H. Hsieh, K. Ogawa.
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ε- �5�  (!�#�$"&�Ñ�!�'�) [�j�k2jdm<nPo�W�p�q�Y°ZB[-\ h:  z ú�ûa`�� =�¡ q:U � _�i ε- ¢�£
b�c�e��-t�v�_wi 1/ΛQCD � L � 1/mπ q�±�³�h��3 Q¡ �-¿ ¯��]N5¤S¥2ù�¦ L q:a�b�cde��-tGq
?Gi�§~¨�©:ª2� j �ú�ð�Tdb�_ ß-� �@
@J:ª W«Y � j 
8ºw��» y ¢�r�s2qD¬1�¸�h�®D¯�ç@°<b ã i	Ù± ÚlÛ�j Ù-Ü]²���q�³S´ �<µ y ���deP�l¹�¢ Dirac

p °�¶lq Þ@·�vuß ª~¸�i�J�ù m ª m ² t �:��xð
T ��¿ eD¹1º�h:O~P8bdc�e�� Banks-Casher �<;�»	ºs¼ y � Dirac

p °�¶aq Þ1·�v$ß ª }°| J�ù m ª½�¾ q�¸2��z�º7{�ÿ � ç1°<��e�t���h:O~P8bdc�e��
Ù ± ÚaÛBj Ù	Ü:²]¸ Nf = 2 i m ∼ 3 MeV i 163 × 32 (a ' 0.11 fm) q�¿�¶���b��dÉ�v<¢w� Diracp °�¶aq�§�À�Á���¢�£aq Þ1·�v$ß ª�qDÂ�Ã���¸�i m ² t ����x�ð�T�� ¿lä U@Ä y i paÛ ù k2j -

ß	�
��
 j]Å�=8À z ¿aä �3 Q¡ ® �d�<e<t<�BhJ�u�Pv�¢G�At�v | q]��û ¿  Ìi�J8ù m ª ½�¾ q�¸þ� y �
ΣMS(2GeV) = (251 ± 7± 11MeV)3 º7Æl¢w�
Nf = 2

 (!%#"$�&�Ñ�!Ç'�) àa� u, d
v��wjQv º t ù1u ± J@ª���È�É<�þ� y �SÊ�Ë�Ù ± ÚaÛ�j

ÙaÜ<²�¸�is¿1¶�¥�ù@¦ 163×32 i7¿1¶�»�� a ' 0.12 fm b:��É�vd¢�� v���j�v H@2�¸ (1/6–1)mphys
s q

¢�£aq 6 è8i ß	� ��
1J�ª Y � j 
 Q = 0 q@Ì v � j ºsÍ ® ¢�hJi m ' mphys
s /2 q�è<b�¸ Q = −2,

−4 bdq�ç1° z � ® ¢w�
¹ x ��Îd��Ï ã t��<¸�i ß	� ��
1J�ª WÐY � j 
�q ��� `D[ |:\ h:^8ôQÑ ä i ß	� ��
1J�ª K 3

L χt º1Ò ã@Ó � ��Ô e�¥<ù1¦�bdc�e�t��~bdc8e�� χt ¸DÕ Þ J m�j�p °�¶aq�§������ }>| ñ2£dedt��
h�b ã e��8�qD�û8i χt ¸1J�ù m ª R �T �<¿ esÖ�×u��Ø�Ù y ��wi v���j�v H12 � ³@G��<esÂ�Ã<�
º�� y i<�qDÚ ã }>| Æ | v<eSJ�ù m ª ½�¾ qP¸�¸<Û�¡ � ñl£ | v<¢ ε ¢1£<b8qD�û�� ¿�ä USÄ y �
��e�t���h���Î	��v<¢w�ÜQÝ ² Þ1·�v$ß ª�¸8��q�Þlq�ø � �~² Þ1·�v$ß ª�ß1��x�g�y2q�à�álq]â1ã�ä<bdc�e��:å�ÿ2��J�ùm ª =�æ�À q���� ��¿ ® �Ji~J�ù m ª ���a� ¸ í8î ð�Tlq�J�ù m ª R �T��7�5ç Ë�»�h µ Fdb ã e��
Ù ± Ú�Û�j ÙaÜ<² �<¿ ® ��ñ2£ | v�¢ Ü�Ý ²èH12 �D= y ��¸�iw¹ x ��é�b1cú�ûlqDê@ë<hwfg<b�c> Ìi
tBv � ¸7¼�ì2qP��éDb�cú�û���i ß-� �1
 j ºw��» y ¢�td� �<¿ e z qJh�c8e�hGiizD` |wz Jù m ªR �T ��¿ ® �wñl£de�t���h�b ã e��7ê�ë��lq�¨�ù@í�²îH�2 ��= y ��J�ù m ª R �Tlq p « naß º7�
¯�� i v���j�v H�2aq�ï>���	�JtSðGb�¸ NLO q�ñ�»�b z ¹1º�b ã eGhJi]§�¨�©�ªl� j »��	º1Ò ã@Ó
��¢�£ � ¸ NNLO qPú�û	ºsò3   v2e�t���hGf�g�bdc�e�t�����z�hÉ } ® ¢w�
��q�Þ � z i π+-π0 H�2�ó�i QCD ��s�»���i K

ÜQÝ ²�q kun]ô »�� (BK) iJ¤�¶aq8Ù ô:õ ýdi S-

¨ m Ü � j i8¨�ù@í�²�qDö�� ó ¶l��z�h�B | v��8��e [9] �2¹¢D÷8�>��v<¢Põ�ø�¸�i<ø � �~²�qDù�úÅ q�ç1°l��z � züû F-��v��8��e��
Nf = 2+1

 "!�#5$5&JÑ"!"'�) ���lq QCD b�¸�i u, d v���j�vJ��é�ê � Þ'ß�Û ²]
 WÐv���j�v
ºs�ý�È�És�A� y �]Ê~ËG�-t�q ¿ ¯��8Ù ± ÚlÛ�j Ù-Ü�²�¸�i�¿1¶�¥�ù@¦ 163 × 48 i�¿@¶�»� a ' 0.12

fm b��2� ® �8��e�� ms � y � mphys
s �8�lq 2 è-ºsÍ3 Ìid�wv�þwv ��= y � (1/6–1)mphys

s ºSJ k2j
��e 5 èQÿ � q u, d

v��wj�v H�2�bJç1°	º7� ® ¢w� ß	� ��
1J�ª Y � j 
�¸ Q = 0 � y ¢�hJi1�8�
Q 6= 0 qPõ�ø-ºs÷8� y �8��e���� j 
�õ�ølqD÷8��¸:U���� y iD�8� Nf = 2 �7��Álq�à�á<h��dÉ�v��
��e��2¹¢�i�¿�¶�¥<ù1¦ 243 × 48 bdq�ç1°	º � £8¢��JtSðGbdc�e��
5 ���
	�� d��������������
�������
t�v2¹� �!<� ã ¢ ¿ ¯ � i@í j�k2jdm<n�ofW�p�q ª ± í�²�q�ç1° Ý�Þ%ß ¸ Wilson "�F�ß Þ � n$#8j� "�F � ³�Ï8��¸8e } �Pâ	ã �w� I ® �Gi��q<  â q<� Å  �c8e�i�å�ÿ���J�ù m ª =�æ�À h]��H�ý�%'& º�û2¢G� ¿ ¯��'(*) �<µ F��<edtd�~h,+�¹ y �G��å�ÿ���J�ù m ª =�æ�À ¸ ß-� �1
SJ:ª WZY � j
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qP»¼ � z µ y ���deJ�%z²i�í.-*/ j�k -Dªu� y �8q %'& z �g. �c8ewhwi t ù�u ± J:ª �7r ¯ f
g À �<¸,0lq1(,)aq�¢�£wi����1 �¸ r É����J�
�ý p@q ª ± í%²�È]És��q1J�ù m ª =�æ�À h]  z â	ã � %�& º�ûl¢G�	�ü9 ê | v<e z q�q]U � ¸�i

§1243lq�ò��5 dc�e���� � Nf = 2  �¸�i staggered
p�q ª ± í�²6 �¸DÖ47>��v2e O(4)

Þ�8dj ©:²ô º��u�G������z i QCD qw§2Â�º�ð�à��2e@�� âuã � ì » À ��� ® ���<e [11] ��U�V Wilson
p�q

ª ± í�²6 �¸ O(4)
Þ�8dj ©:² ô �/Ø�Ù y ���:��û�h�Æ | v��8��eGhJi�H�2�h@³@´5ý â>ã �8��z i�9: À q�è. �¸ ì1; h�<�e����<t* @U � q�G�� y �Ji Nf = 2  G§1243lq�ò��aq | »-º]í j�k2jdm�n�op�q ª ± í�²6 ��"¯Gt���º$7�» y �Ji�z v ä | ��q�ç1°�2 � �de } º>=8» y �4?�e��

Nf = 2
�5 A@CB�DFEHGCIKJ	ÑMLQ)AN ������e6O1P"� y �Ji Nf = 2 q staggered

p�q ª ± í�²� �5éS¥�ù�¦ ÞQ8�j ©�² ô º µ F y ¢GiG´�µ [12] º�9 ê e��	tGq]T�´H Q¸wi L3
s × 4 ���°¯ ¿�¶� �i

Ls =12–32 º<F���w��é:¥dù@¦ Þ18�j ©]² ô ºs� ® ���deP��R1��ý���V1SA� y �Gi 2 ò�§'2�3aº>T�»y i O(4) ( c�eJ��¸ staggered
p�q ª ± í�²�q5È:É7�-º:9�U y � O(2)) q�V�W k2j ¥"© ª2« W v�mwÞ�YX 4�e,Z�[���-º7Fd�8¢ Þ188j ©]² ô à1á�ºs��¯Q� z�y ë y ä²Þ'8�j ©]² ô hw�' �¡<�8��i4\���e] � W b�cK GçS° y ¢]³Y^�ß K 31L�¸Pi��:U<q'_,`Q� �6a e@¸ x  Qb8eP�G´�µ [12]  �¸<t�q ¿ ¯���à

álq���û�i O(4) i O(2) � x v<q Þ�8dj ©:² ô zdc ë y ���:��û	º7Æl¢w��³�^ � � y ��¸1Ë y ð 1 ò
2�3A��Ø�Ù y ��]��ûHeJhGi K 3@L �G� ��8qD�û�¸ {Yf  �¸� ä i�g���§�º~���4hde�¹w� z Æ | v
� } ® ¢�¢�£wi1��»�ý��]��T�¸�Æ | v��8�8���J�
i ÑQjlÑ5kHlnm�o5p<�%# i )� �qHr  J�@¯�§Ys�"1Fdq p]q ª ± í�²t"�F	�u\��-  isí j�kdj�m�n op °@¶K �¸ ���À��6v ½d�Aw>x�gdh4b1w��zy�?�¤�»@» Ä  �¸:?�¤DVK{�qD¥dùS¦ Nt h ] �$� T = 1/aNt

���<;��5w¢�£wi�í j�k2jdm<nPo�p °�¶aq ����Ä�Å lov h lov � aNt  ���4wv<��� | ���J��twq�¢�£
ï>��� Nt  �¸�ç1°�h}| y �	�+9 ê | vi�§1243��8�-º6~�Ï�w¢�£ � ¸:³@´5ý�ï>�w�]¿1¶8»��-ºsò�F
�5w�t�� � �Aw��
���' �¸ ( ��A�ý � )Nt = 6  �q�çS°.�]OQPAel� y ���J��é:¥�ù@¦ Þ18Q� ©]² ô ºs��¯Bq � x'�2�

ç1°�2	º$��°<�5w�� Ls = 32 ¹� dq�¿�¶5¸,x1�Ce��+9 ê | v�w�� 323 × 6 q�¿�¶�¥<ù1¦�¸ 163 × 48 �
�%ç* Kbu ��S¿�¶�»���qn�l� �2¿ w Ý�Þ3ß qDó>º��4���5wa��� JLQCD q Nf = 2 � T = 0 q�rds"�
�n�����+9 ê | v�w�� O(10000) trajectory × O(20) q�¨ m Ü � � Ì naß  dq�ç1°	º:9 ê w2��� KEK

qD�8���-º���� y ��� 2 �"���Aw�� Nf = 2 ��§1243 ] � ∼170 MeV
¿  ��'243�è��8�. �¸ a ∼0.2

fm ���u ��>t�v~¸ JLQCD  @F�� | v<¢ a ' 0.12 fm
¿   } �u u���J���}��¢�£wç1° Ý�Þ%ß ¸*� �â>ãaä �Awl�+9 ê���� �@�4�H��ç1°4���. �¸D���5ý� �¸1�1�Y���$�F�d�1°��H�,���1 4¡F¢}£4¤KwH¥��¦1§A¨H©}ª6«1¬  ��w>®K¯�°�±6²�,�4�Y }�1³'´�µ ¦Hª6¶A· w$¸1¹'º'»H�6¼�½K�}¾4¿4À1Á�Â��ÄÃ$Å6ÆÇ ¢>ÈHÉ'À�ÁÊÂ,�K¥ÌË}ÍFÎ5�6�Y�

6 Ï�ÐÄÑÒÐAÓÕÔ
³'´5Ö'×4Å*Ø1Ù5�1Ú'ÛAÜ6Ý ¶1Þ ° ª6ßKàCá ¥ ª.â�ã À}ä5åAæ*ç5æQÜ.è,é1ê1ë6Ý�ìÌåCí,±'Ú1ÛAÜ$ÝCî}Ûï ì}ðnñ ª6òÄó�ô É1Å�õ�é1ö�æ}÷�¥��>Ànø'ù��,ú'ûF¢ ß�ã À�� ó �4ü�Å4ê1ë6Ý�ìÌåCí,Å*µ'ý�º ªnþ ¿
À}²�n�,��ÿ��,ñ � Ë1�1� ó Ë}äÄõ*Ý������
	F¥ ��ÿ���Å6�1� ª.â�ã À�ä���'���5ì����Ìæ����,í$Ë
®.¯�¥$� ãYô � JLQCD �1Ü����>æ����}ínÅ��
��¢�� � �"! ä á � �$#&%(' � ó�) ³��1�}�'ÿ ª5â'ã
ÀYä QCD ÅKî�Û ï ì�ð}ñAÅ�*�+-,
.0/�ö.í1%�21ù-3�Å�4�Ù4�'ÿ ª,¶K·5ó�5Cª ²�}��6�75Ë98�:<;>=ó ��? @�A1¡CB Ù'¡K×�DFE�G5ÅIHFJF¢$¾�¿ ó�ô É ª>K ù��}��ÿ(L.±*ä ¦1§A¨�©�ª>M�N ;O= ó ¥ £�¤�#

7



= ó'ô É}ä ) ³��1�}�'ÿ ªFP(Q ÀAÅ*Æ Ç ��*�+.Ë K ù5×(R�S�Tz�1Î ô ä ε- U
V5×AÅn�'ÿH�FÃ ªIW �$À
� óKá ¥Ì�$# ä QCD

ª @�#1XZY\[d��]CÅI^�_HÅ�H
J�¢6¾Q¿ ó'ª ` ?
a�bÄ¥c8�:<;>= ó �
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