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�µ¤·µ¡´µ · ¸¸³µÉ·¥´µ ¶µ²ÊÎ¥´¨¥ ÔËË¥±É¨¢´ÒÌ ³¥§µ´´ÒÌ ² £· ´¦¨ ´µ¢ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤-
± Ì ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¨§ ¡µ§µ´¨§ Í¨¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö · ¸Ï¨·¥´´µ°
³µ¤¥²¨ � ³¡ÊÄˆµ´ -‹ §¨´¨µ (�ˆ‹), É· ±ÉÊ¥³µ° ± ± ²µ± ²Ó´µ¥ ¶·¨¡²¨¦¥´¨¥ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ° Š•„. �·¨¢¥¤¥´Ò ¨ ¸¨¸É¥³ É¨§¨·µ¢ ´Ò ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ±µÔËË¨Í¨¥´Éµ¢ · §²µ¦¥´¨Ö
Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¤²Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ¤µ ¸¥¤Ó³µ£µ
¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö Ë¨±¸ Í¨¨ ¸É·Ê±ÉÊ·´ÒÌ ±µÔË-
Ë¨Í¨¥´Éµ¢ ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ ¢ p4- ¨ p6-¶µ·Ö¤± Ì ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö.
�¡¸Ê¦¤ ÕÉ¸Ö · §²¨Î´Ò¥  ¸¶¥±ÉÒ ¶·¨³¥´¥´¨Ö ¡µ§µ´¨§µ¢ ´´ÒÌ ² £· ´¦¨ ´µ¢ ± µ¶¨¸ ´¨Õ ´¨§±µ-
Ô´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢: ·¥¤Ê±Í¨Ö ¢¥±Éµ·´ÒÌ,  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ¨ ¸± ²Ö·´ÒÌ
·¥§µ´ ´¸µ¢, ·¥£Ê²Ö·¨§ Í¨Ö ¤¨ £· ³³ ¸ ³¥§µ´´Ò³¨ ¶¥É²Ö³¨, § ¢¨¸¨³µ¸ÉÓ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì
¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ µÉ ¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨ ¨ ¶ · ³¥É·µ¢ ·¥£Ê²Ö·¨§ Í¨¨.  ¸¸³ É·¨-
¢ ÕÉ¸Ö É ±¦¥ ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ Ë¨§¨Î¥¸±¨³ µ¡µ¸´µ¢ ´¨¥³ ³µ¤¥²¨ �ˆ‹ ± ± ´¨§±µÔ´¥·£¥-
É¨Î¥¸±µ£µ ¶·¥¤¥²  Š•„. ‚ ÔÉµ³ ±µ´É¥±¸É¥ µ¡¸Ê¦¤ ÕÉ¸Ö ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ¸É·Ê±ÉÊ·´Ò³
±µÔËË¨Í¨¥´É ³ ¡µ§µ´¨§µ¢ ´´ÒÌ ² £· ´¦¨ ´µ¢.

We consider deriving the effective meson higher-order lagrangians from bosonization of four-
quark interaction within extended NambuÄJonaÄLasinio (NJL) model which can be treated as a local
approximation of low-energy QCD. The results of calculating the heat-kernel coefˇcients for quark
determinant of the bosonized NJL model are presented systematically up to and including O(p7). The
obtained results are used to ˇx the structure coefˇcients of the effective chiral lagrangians at O(p4)
and O(p6). We discuss various aspects to apply the bosonized lagrangians and to describe low-energy
meson processes: reduction of vector, axial-vector and scalar resonances, regularization of meson loop
diagrams, dependence of the phenomenological structure coefˇcients on the renormalization scheme
and regularization scale. The nonlocal corrections to the structure coefˇcients of the bosonized
lagrangians are treated also in the context of physical justiˇcation of the NJL model as a low-energy
limit of QCD.

‚‚…„…�ˆ…

‚µ§·µ¸Ï¨° ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¨´É¥·¥¸ ± ±¨· ²Ó´Ò³ ² £· ´¦¨ ´ ³ ¨ ¢Ò-
Î¨¸²¥´¨Õ ³¥§µ´´ÒÌ  ³¶²¨ÉÊ¤ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö
¸¢Ö§ ´ ¸ ¸ÊÐ¥¸É¢¥´´Ò³ ¶·µ£·¥¸¸µ³ ¢ · §¢¨É¨¨ ÔËË¥±É¨¢´ÒÌ ¶µ¤Ìµ¤µ¢ ± µ¶¨-
¸ ´¨Õ  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨ ´¨§±¨Ì ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¸ ÊÎ¥Éµ³
¤¨´ ³¨±¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ. ‘µ§¤ ´¨¥ ·¥ ²¨¸É¨-
Î¥¸±µ° É¥µ·¨¨ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢ ¢ ± Î¥¸É¢¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ¶·¥¤¥² 
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Š•„ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶·µ¡²¥³ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î -
¸É¨Í. �¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ÔËË¥±É¨¢´ÒÌ ¶µ¤Ìµ¤ Ì ¢µ§´¨± ¥É ¨§-§  Éµ£µ, ÎÉµ
¶¥·ÉÊ·¡ É¨¢´ Ö Š•„ ¸É ´µ¢¨É¸Ö ´¥¶·¨³¥´¨³µ° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¢
Éµ ¢·¥³Ö ± ± ´ ·ÊÏ¥´´ Ö ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö µ¸É ¥É¸Ö µ¸´µ¢´Ò³ ¤¨´ ³¨Î¥-
¸±¨³ ¶·¨´Í¨¶µ³, µ¶·¥¤¥²ÖÕÐ¨³ ¸¨²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ ´¨§±¨Ì Ô´¥·-
£¨ÖÌ.

„µ ¸¨Ì ¶µ· ¶µ±  ÎÉµ ´¨±µ³Ê ´¥ Ê¤ ²µ¸Ó ¢Ò¢¥¸É¨ ±¨· ²Ó´ÊÕ ¤¨´ ³¨±Ê
 ¤·µ´µ¢ ¨§ Š•„ ¢ ¸É·µ£µ³ ³ É¥³ É¨Î¥¸±µ³ ¸³Ò¸²¥. ’¥³ ´¥ ³¥´¥¥ ¶·¨³¥´¥-
´¨¥ ËÊ´±Í¨µ´ ²Ó´ÒÌ ³¥Éµ¤µ¢ ± ¶·¨¡²¨¦¥´´Ò³ Ëµ·³ ³ Š•„ (¸³. · ¡µÉÒ [1]Ä
[13] ¨ ¸¸Ò²±¨ ¢ ´¨Ì) ¨ Š•„-³µÉ¨¢¨·µ¢ ´´Ò³ ±¢ ·±µ¢Ò³ ³µ¤¥²Ö³ [14]Ä [24],
¢µ§´¨±Ï¨³ ± ± · §²¨Î´Ò¥ · ¸Ï¨·¥´¨Ö Ìµ·µÏµ ¨§¢¥¸É´µ° ³µ¤¥²¨ � ³¡Ê Å
ˆµ´ -‹ §¨´¨µ (�ˆ‹) [25], ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢¥´´µ ¶·µ¤¢¨´ÊÉÓ¸Ö ¢
¶µ´¨³ ´¨¨ ¸¢Ö§¨ ³¥¦¤Ê ´ ·ÊÏ¥´´µ° ±¨· ²Ó´µ° ¸¨³³¥É·¨¥° ¸¨²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°  ¤·µ´µ¢ ¨ ¤¨´ ³¨±µ° ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.
�¥¸³µÉ·Ö ´  ¨§¢¥¸É´Ò¥ ´¥¤µ¸É É±¨ (´¥¶¥·¥´µ·³¨·Ê¥³µ¸ÉÓ ¨ µÉ¸ÊÉ¸É¢¨¥ ±µ´-
Ë °´³¥´É ), ³µ¤¥²Ó �ˆ‹ ¶·¨¢µ¤¨É ± µ¶¨¸ ´¨Õ ¢ É¥·³¨´ Ì ´¥¶¥·ÉÊ·¡ É¨¢´µ°
Š•„ (³ ¸¸Ò Éµ±µ¢ÒÌ ¨ ¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·±µ¢, ±¢ ·±µ¢Ò° ±µ´¤¥´¸ É, Î¨¸²µ
Í¢¥Éµ¢ ±¢ ·±µ¢) É¥Ì ¸¢µ°¸É¢ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö ±¨-
· ²Ó´µ° ¸¨³³¥É·¨¥° ¨ ¥¥ ´ ·ÊÏ¥´¨¥³ [26]Ä [31]. hµ§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹
¶µ§¢µ²Ö¥É É ±¦¥ ¢Ò¢¥¸É¨ ¨§ ÔËË¥±É¨¢´µ£µ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
³¥§µ´´Ò¥ ² £· ´¦¨ ´Ò ¸ ¢Ò¸Ï¨³¨ ¶·µ¨§¢µ¤´Ò³¨ [32]Ä [38] ¨ É¥³ ¸ ³Ò³
§ Ë¨±¸¨·µ¢ ÉÓ É¥µ·¥É¨Î¥¸±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ, ±µÉµ-
·Ò¥ ¢ ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° [39] · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±
Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ¶ · ³¥É·Ò.

�¥¸³µÉ·Ö ´  Éµ, ÎÉµ ³µ¤¥²Ó �ˆ‹ ¶·¨¢µ¤¨É ± ¶· ¢¨²Ó´µ³Ê µ¶¨¸ ´¨Õ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±µ° Ë¥´µ³¥´µ²µ£¨¨ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢, ´¥ ¸²¥¤Ê¥É § ¡Ò¢ ÉÓ µ
¥¥ ´¥¶µ²´µÉ¥, ¶·¥¦¤¥ ¢¸¥£µ ¸ ÉµÎ±¨ §·¥´¨Ö µÉ¸ÊÉ¸É¢¨Ö ¢ ´¥° ±µ´Ë °´³¥´É 
±¢ ·±µ¢. �·µ¡²¥³  ´¥¶¥·¥´µ·³¨·Ê¥³µ¸É¨ ·¥Ï ¥É¸Ö ¢ ¸µ¢·¥³¥´´µ° ³µ¤¥²¨
�ˆ‹ ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ µ¡·¥§ ´¨Ö.
’ ± Ö ¶·µÍ¥¤Ê·  ¢Ò£²Ö¤¨É · §Ê³´µ° ¸ Ë¨§¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö, É ± ± ± ¸
¸ ³µ£µ ´ Î ²  ³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ ¨¸±²ÕÎ¥´¨¥ ¨§ · ¸¸³µÉ·¥´¨Ö ¡µ²ÓÏ¨Ì
¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢ ´¥ ¤µ²¦´µ ¸¨²Ó´µ ¶µ¢²¨ÖÉÓ ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥
¸¢µ°¸É¢  ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ±¢ ·±µ¢ ¨§-§  ¡Ò¸É·µ£µ Ê¡Ò¢ ´¨Ö ¶·µ¶ £ Éµ· 
£²Õµ´  ¢ µ¡² ¸É¨  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò. Š ± ²µ± ²Ó´µ¥ ´¨§±µÔ´¥·£¥É¨-
Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥, ³µ¤¥²Ó �ˆ‹ Ë¨§¨Î¥¸±¨ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¶µ²µ¦¥´¨Õ,
ÎÉµ ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ±¢ ·±µ¢ ( ¤·µ´µ¢) ¢ µ¸´µ¢-
´µ³ µ¶·¥¤¥²ÖÕÉ¸Ö µ¡² ¸ÉÓÕ ¶¥·¥¤ Î ¨³¶Ê²Ó¸ , ¶·µ³¥¦ÊÉµÎ´µ° ³¥¦¤Ê µ¡² -
¸ÉÖ³¨  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ¨ ±µ´Ë °´³¥´É  ±¢ ·±µ¢, £¤¥ ¶¥·¥¤ ´´Ò°
¨³¶Ê²Ó¸ ³´µ£µ ³¥´ÓÏ¥ ÔËË¥±É¨¢´µ° ³ ¸¸Ò ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´ . �¤-
´ ±µ É ±µ¥ ¤µ³¨´¨·µ¢ ´¨¥ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ ´¥ ¢¶µ²´¥ µÎ¥¢¨¤´µ ¨§-§ 
¶µ²Õ¸´µ£µ ¶µ¢¥¤¥´¨Ö ¶·µ¶ £ Éµ·  ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´  ¢ µ¡² ¸É¨ ´Ê²¥-
¢ÒÌ ¶¥·¥¤ Î ¨³¶Ê²Ó¸ . �µÔÉµ³Ê ¨¸±²ÕÎ¥´¨¥ ¨§ · ¸¸³µÉ·¥´¨Ö ¢ ³µ¤¥²¨ �ˆ‹
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µ¡² ¸É¨ ±µ´Ë °´³¥´É  ´¥ Ö¢²Ö¥É¸Ö, ´  ¶¥·¢Ò° ¢§£²Ö¤, É ±¨³ ¦¥ ¥¸É¥¸É¢¥´-
´Ò³ Ë¨§¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³, ± ± ¢¢¥¤¥´¨¥ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ µ¡·¥§ ´¨Ö.
�ÉµÉ ¢µ¶·µ¸ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ ¨§ÊÎ¥´¨Ö, ¶·µ¢¥¤¥´´µ£µ, ¢ Î ¸É´µ¸É¨, ¢
· ¡µÉ¥ [23].

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ¶µ¤·µ¡´µ · ¸¸³ É·¨¢ ¥³ ¶µ²ÊÎ¥´¨¥ ÔËË¥±É¨¢-
´ÒÌ ³¥§µ´´ÒÌ ² £· ´¦¨ ´µ¢ ¨§ ¡µ§µ´¨§ Í¨¨ · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �ˆ‹, ±µ-
Éµ·ÊÕ ³µ¦´µ É· ±Éµ¢ ÉÓ ± ± ²µ± ²Ó´µ¥ ¶·¨¡²¨¦¥´¨¥ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³
¶·¥¤¥²¥ Š•„. ŒµÉ¨¢ Í¨¨ ³µ¤¥²¨ �ˆ‹ ¶µ¸¢ÖÐ¥´ ¶¥·¢Ò° · §¤¥² µ¡§µ· .  ¸-
Ï¨·¥´´ Ö ³µ¤¥²Ó �ˆ‹ ´¥ Éµ²Ó±µ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸¨³³¥É·¨¨, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¸¨³³¥É·¨Ö³ Š•„, ¨ Ö¢´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ³ ¸¸ ³¨
Éµ±µ¢ÒÌ ±¢ ·±µ¢, ´µ É ±¦¥ ¢µ¸¶·µ¨§¢µ¤¨É ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ°
¸¨³³¥É·¨¨, ±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ ¶µÖ¢²¥´¨¥³ ´¥´Ê²¥¢µ£µ ±¢ ·±µ¢µ£µ ±µ´¤¥´-
¸ É  ¨ ¶¥·¥Ìµ¤µ³ Éµ±µ¢ÒÌ ±¢ ·±µ¢ ¢ ¸µ¸É ¢²ÖÕÐ¨¥. ‚ ¡µ§µ´¨§ Í¨µ´´µ³ ¶µ¤-
Ìµ¤¥ ¶¸¥¢¤µ¸± ²Ö·´Ò¥, ¸± ²Ö·´Ò¥, ¢¥±Éµ·´Ò¥ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò¥ ³¥§µ´Ò
¢¢µ¤ÖÉ¸Ö ± ± ±µ²²¥±É¨¢´Ò¥ ¶µ²Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨Ö³
±¢ ·±µ¢ ¨  ´É¨±¢ ·±µ¢,   ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ÔÉ¨³¨ ¶µ²Ö³¨ µ¶¨¸Ò¢ ¥É¸Ö
±¢ ·±µ¢Ò³ ¤¥É¥·³¨´ ´Éµ³, ¢µ§´¨± ÕÐ¨³ ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ ±¢ ·± ³ ¢
¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥.

‚ · §¤¥² Ì 2, 3 ¨ 4 ³Ò µ¡¸Ê¦¤ ¥³ É¥Ì´¨Î¥¸±¨¥ ¤¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö ±¢ ·-
±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ¸ ¶µ³µÐÓÕ · §²µ¦¥´¨Ö
É ± ´ §Ò¢ ¥³µ£µ ©Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ª ¶µ ¸É¥¶¥´Ö³ ©¸µ¡¸É¢¥´´µ£µ ¢·¥-
³¥´¨ª ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ·¥£Ê²Ö·¨§ Í¨¨. �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶µ ¢ÒÎ¨-
¸²¥´¨Õ ±µÔËË¨Í¨¥´Éµ¢ · §²µ¦¥´¨Ö Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¤µ ¸¥¤Ó³µ£µ ¶µ-
·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ. �·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¸  ´ ²µ£¨Î´Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨
¤·Ê£¨Ì £·Ê¶¶. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ · §¤¥²¥ 5 ¤²Ö Ë¨±¸ -
Í¨¨ ±µ´¸É ´É ¸¢Ö§¨ ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢, ¢±²ÕÎ Ö Î²¥´Ò
p6-¶µ·Ö¤±  ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö. �¸µ¡µ¥ ¢´¨³ ´¨¥ ¢ ÔÉµ³ · §¤¥²¥ Ê¤¥-
²¥´µ Ô±¢¨¢ ²¥´É´Ò³ ¶·¥µ¡· §µ¢ ´¨Ö³ ¨ Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö, ±µÉµ·Ò¥ ¨¸-
¶µ²Ó§ÊÕÉ¸Ö ¤²Ö Ê¸É· ´¥´¨Ö Î²¥´µ¢ ¸ ¤¢µ°´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨ ¨ ¶·¨¢¥¤¥´¨Ö
ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢ ± ³¨´¨³ ²Ó´µ³Ê ¢¨¤Ê.

�¸µ¡µ¥ ³¥¸Éµ ¢ µ¡§µ·¥ µÉ¢¥¤¥´µ ¨¸¸²¥¤µ¢ ´¨Õ ¢²¨Ö´¨Ö ³¥§µ´´ÒÌ ·¥§µ-
´ ´¸µ¢ ´  µ¶¨¸ ´¨¥ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸¥±Éµ· . ‚ · §¤¥²¥ 6 · ¸¸³µÉ·¥´ ÔË-
Ë¥±É¨¢´Ò° ¶¸¥¢¤µ¸± ²Ö·´Ò° ² £· ´¦¨ ´, ¶µ²ÊÎ ¥³Ò° ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨
(·¥¤Ê±Í¨¨) ¢¥±Éµ·´ÒÌ,  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ¨ ¸± ²Ö·´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò
¢ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥ ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹. ¥¤Ê±Í¨Ö ÉÖ-
¦¥²ÒÌ ·¥§µ´ ´¸µ¢, Ô±¢¨¢ ²¥´É´ Ö ÊÎ¥ÉÊ ·¥§µ´ ´¸´ÒÌ µ¡³¥´µ¢, ¶·µ¢µ¤¨É¸Ö ¸
¶µ³µÐÓÕ ¸É É¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, ¢µ§´¨± ÕÐ¨Ì ¨§ ¶·µ¨§¢µ¤ÖÐ¥£µ
ËÊ´±Í¨µ´ ²  ¶µ¸²¥ ¸¶¥Í¨ ²Ó´µ£µ ±¨· ²Ó´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö ³¥§µ´´ÒÌ ¶µ-
²¥°. �¡¸Ê¦¤ ÕÉ¸Ö ¶µ¶· ¢±¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤±  ± ¸É É¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ¤¢¨-
¦¥´¨Ö ¨ ³µ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ
² £· ´¦¨ ´µ¢ ¶µ¸²¥ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢. ”¥´µ³¥´µ²µ£¨Î¥¸±¨³  ¸¶¥±É ³ ¶µ-
¸¢ÖÐ¥´ · §¤¥² 7, £¤¥ ³Ò · ¸¸³ É·¨¢ ¥³ µ¶¨¸ ´¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥-
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§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ p4- ¨ p6-¶µ·Ö¤± Ì ±¨· ²Ó´µ° É¥µ·¨¨ ¸ ¡µ§µ´¨§µ¢ ´´Ò³¨
² £· ´¦¨ ´ ³¨.

‚ ¶¥·¢µ³ · §¤¥²¥ µ¡§µ·  ¶µ± § ´µ, ÎÉµ ³µ¤¥²Ó �ˆ‹ ¢µ§´¨± ¥É ± ± ²µ-
± ²Ó´Ò° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨° ¶·¥¤¥² Š•„ ¢ ·¥§Ê²ÓÉ É¥ ´¥±µÉµ·µ° ¶µ¸²¥¤µ-
¢ É¥²Ó´µ¸É¨ ¤µ¸É ÉµÎ´µ £·Ê¡ÒÌ ¶·¨¡²¨¦¥´¨° ¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥-
´¨°. ‚ ÔÉµ³ ¸³Ò¸²¥ ¶·¥¤¸± § É¥²Ó´ Ö ¸¨²  ³µ¤¥²¨ �ˆ‹, ¤¥³µ´¸É·¨·Ê¥³ Ö ¢
· §¤¥²¥ 7 ´  ¶·¨³¥· Ì µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢,
¢ ± ±µ³-Éµ ¸³Ò¸²¥ ¤ ¦¥ ¶·¥¢ÒÏ ¥É µ¦¨¤ ´¨Ö. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ
¤¨´ ³¨±  ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö ¢ ¶¥·¢ÊÕ
µÎ¥·¥¤Ó ´ ·ÊÏ¥´´µ° ±¨· ²Ó´µ° ¸¨³³¥É·¨¥°, ±µÉµ· Ö Ê¦¥ ¨§´ Î ²Ó´µ ¡Ò² 
§ ²µ¦¥´  ¢ ÔËË¥±É¨¢´µ³ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ³ ² £· ´¦¨ ´¥ ³µ¤¥²¨ �ˆ‹. ‚
ÔÉµ³ ¸³Ò¸²¥ µÉ¸ÊÉ¸É¢¨¥ ±µ´Ë °´³¥´É  ¢ ÔÉµ° ³µ¤¥²¨ ´¥ ¤µ²¦´µ ¢²¨ÖÉÓ ´  É¥
¸¢µ°¸É¢  ³¥§µ´µ¢, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¨²¨ ¥¥
´ ·ÊÏ¥´¨Ö. ‚ · §¤¥²¥ 8 µ¡¸Ê¦¤ ÕÉ¸Ö ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ¶·¥¤¸± § ´¨Ö³
³µ¤¥²¨ �ˆ‹, É· ±ÉÊ¥³Ò¥ ¢ ¡¨²µ± ²Ó´µ³ ¶µ¤Ìµ¤¥ ± ± ¢±² ¤Ò, ¢µ§´¨± ÕÐ¨¥ ¨§
¶µ²Õ¸´µ£µ ¶µ¢¥¤¥´¨Ö ÔËË¥±É¨¢´µ£µ ¶·µ¶ £ Éµ·  ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´ 
¢ µ¡² ¸É¨ ±µ´Ë °´³¥´É  ±¢ ·±µ¢.  §¢¨ÉÒ° ¢ · ¡µÉ Ì [11] ¨ [23] ¶µ¤Ìµ¤ ¶µ-
§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨¥ µÍ¥´±¨ ´¥²µ± ²Ó´ÒÌ ¶µ¶· ¢µ± ±
¸É·Ê±ÉÊ·´Ò³ ±µÔËË¨Í¨¥´É ³ ¡µ§µ´¨§µ¢ ´´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢. �µ-
± § ´  ³ ²µ¸ÉÓ ÔÉ¨Ì ¶µ¶· ¢µ± ¢ p4-¶µ·Ö¤±¥ ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö ±¢ ·-
±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹, ÎÉµ Ö¢²Ö¥É¸Ö ¥Ð¥ µ¤´¨³
 ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê ÔÉµ° ³µ¤¥²¨ ± ± ·¥ ²¨¸É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ¢§ -
¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ.

‚ § ±²ÕÎ¥´¨¨ ³Ò µ¡¸Ê¦¤ ¥³ ¢µ§³µ¦´Ò¥ ´ ¶· ¢²¥´¨Ö ¨ ¶¥·¸¶¥±É¨¢Ò
¤ ²Ó´¥°Ï¥£µ · §¢¨É¨Ö ÔËË¥±É¨¢´ÒÌ ±¢ ·±µ¢ÒÌ ³µ¤¥²¥° É¨¶  ³µ¤¥²¨ �ˆ‹.
ŒÒ É ±¦¥ ± ¸ ¥³¸Ö ´¥±µÉµ·ÒÌ ¢µ¶·µ¸µ¢ ¨ ¶·µ¡²¥³, ´¥ ´ Ï¥¤Ï¨Ì ¡µ²¥¥ ¤¥-
É ²Ó´µ£µ µ¸¢¥Ð¥´¨Ö ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥.

1. Š•„-Œ�’ˆ‚�–ˆŸ Œ�„…‹ˆ �ˆ‹

Š¢ ´Éµ¢ Ö Ì·µ³µ¤¨´ ³¨±  Ö¢²Ö¥É¸Ö µ¡Ð¥¶·¨´ÖÉµ° É¥µ·¨¥° ¸¨²Ó´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¢ É¥·³¨´ Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¶µ²ÊÎ¨¢Ï¥° Ìµ·µÏ¥¥ Ô±¸¶¥·¨-
³¥´É ²Ó´µ¥ ¶µ¤É¢¥·¦¤¥´¨¥ ¢ ¶¥·ÉÊ·¡ É¨¢´µ³ ·¥¦¨³¥ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
(E � 1 ƒÔ‚). ’ ± ± ± ±¢ ·±¨ ¨ £²Õµ´Ò ´¥ ³µ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ± ± ¸¢µ¡µ¤´Ò¥
Î ¸É¨ÍÒ, Éµ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ µ´¨ ¸¢Ö§ ´Ò ¢ ¡¥¸Í¢¥É´Ò¥  ¤·µ´Ò. ‘ÊÐ¥-
¸É¢Ê¥É ³´µ£µ · §²¨Î´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ ¨ ÔËË¥±É¨¢´ÒÌ ³µ¤¥-
²¥° ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´µ¢ ¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ´¨§±¨Ì ¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ
Ô´¥·£¨ÖÌ (E < 1ƒÔ‚). �¤´ ±µ ¤µ ¸¨Ì ¶µ· ´¥ Ê¤ ¥É¸Ö ¢Ò¢¥¸É¨ ³¥§µ´´ÊÕ É¥µ-
·¨Õ ³ É¥³ É¨Î¥¸±¨ ¸É·µ£¨³ µ¡· §µ³ ¨§ Š•„ ¸ ÊÎ¥Éµ³ ±µ´Ë °´³¥´É  ±¢ ·±µ¢
¨ £²Õµ´µ¢. ‚µ§´¨± ÕÐ¨¥ ¶·¨ ÔÉµ³ É·Ê¤´µ¸É¨, ¢ Î ¸É´µ¸É¨, µ¡Ê¸²µ¢²¥´Ò ´¥¨§-
¢¥¸É´Ò³ ¶µ¢¥¤¥´¨¥³ Š•„-ËÊ´±Í¨° ƒ·¨´  ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ’¥³ ´¥ ³¥´¥¥
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¢ ÔÉµ° µ¡² ¸É¨ ¤µ¸É¨£´ÊÉ §´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸, ¸¢Ö§ ´´Ò° ¸ ÔËË¥±É¨¢´Ò³¨
¡¨²µ± ²Ó´Ò³¨ ¶µ¤Ìµ¤ ³¨, ±µÉµ·Ò¥ ¢ ²µ± ²Ó´µ³ ¶·¥¤¥²¥ ¶·¨¢µ¤ÖÉ ± ³µ¤¥²¨
�ˆ‹, ¡µ§µ´¨§ Í¨Ö ±µÉµ·µ° ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´Ò¥ ±¨· ²Ó´Ò¥ ² -
£· ´¦¨ ´Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¸¨²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥§µ´µ¢. ‚ ÔÉµ³ · §¤¥²¥
³Ò ±µ´¸¶¥±É¨¢´µ · ¸¸³µÉ·¨³ ¡¨²µ± ²Ó´Ò° ¶µ¤Ìµ¤ ¨ Ë¨§¨Î¥¸±¨¥ ¶·¨¡²¨¦¥-
´¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢ · ³± Ì ÔÉµ£µ Ëµ·³ ²¨§³  ¶·µ¨¸Ìµ¤¨É ¶¥·¥Ìµ¤ µÉ Š•„ ±
ÔËË¥±É¨¢´Ò³ ±¢ ·±µ¢Ò³ ³µ¤¥²Ö³.

‘¨²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ¢ ³¥É·¨±¥ Œ¨´±µ¢¸±µ£µ ¤¥°¸É¢¨¥³
Š•„ ¸ Í¢¥É´µ° £·Ê¶¶µ° SU(Nc):

S[q̄, q, A] =

∫
d4x

[
q̄(iD̂ −m0)q −

1

4
GaµνG

a µν

]
, (1.1)

µÉ¢¥Î ÕÐ¨³ ¢§ ¨³µ¤¥°¸É¢¨Õ n×Nc Í¢¥É´ÒÌ Éµ±µ¢ÒÌ ±¢ ·±µ¢ q ¸ (N2
c − 1)

£²Õµ´´Ò³¨ ¶µ²Ö³¨ Aaµ (n Å Î¨¸²µ  ·µ³ Éµ¢). ‚ ¢Ò· ¦¥´¨¨ (1.1) ¶µ¤· §Ê³¥-
¢ ¥É¸Ö ´¥Ö¢´µ ¸Ê³³¨·µ¢ ´¨¥ ¶µ Í¢¥Éµ¢Ò³ ¨´¤¥±¸ ³,   É ±¦¥ ¶·¥¤¶µ² £ ¥É¸Ö
¸Ê³³¨·µ¢ ´¨¥ ¶µ ¶µ¢Éµ·ÖÕÐ¨³¸Ö ¤¨· ±µ¢¸±¨³ ¨  ·µ³ É¨Î¥¸±¨³ ¨´¤¥±¸ ³;
£¥´¥· Éµ·Ò U(n)-£·Ê¶¶Ò  ·µ³ Éµ¢ λa ´µ·³¨·µ¢ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨

tr λaλb = 2δab, a, b = 0, ..., n2 − 1; λ0 =
√
2/n1 ;

m0 = diag(m1
0, ...,m

n
0 ) Å ³ ¸¸µ¢ Ö ³ É·¨Í  £µ²ÒÌ (Éµ±µ¢ÒÌ) ±¢ ·±µ¢, Ö¢´µ

´ ·ÊÏ ÕÐ Ö ±¨· ²Ó´ÊÕ ¨ ¤¨ £µ´ ²Ó´ÊÕ U(n)-¸¨³³¥É·¨¨. Šµ¢ ·¨ ´É´ Ö ¶·µ-
¨§¢µ¤´ Ö µ¶·¥¤¥²¥´  ± ±

Dµ = ∂µ − ig
λac
2
Aaµ ,

£¤¥ λac Å £¥´¥· Éµ·Ò Í¢¥É´µ° £·Ê¶¶Ò,   É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ £²Õµ´´µ£µ
¶µ²Ö ¨³¥¥É ¢¨¤

Gaµν = ∂µA
a
ν − ∂νA

a
µ − gfabcA

b
µA
c
ν ,

£¤¥ g Å ±µ´¸É ´É  ¸¢Ö§¨ Š•„ ¨ fabc Å ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ £·Ê¶¶Ò SU(3).
ˆ¸¶µ²Ó§µ¢ ´µ É ±¦¥ µ¡µ§´ Î¥´¨¥ D̂ ¤²Ö ¸¢¥·É±¨ γµD

µ.
�·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² Š•„ ¢ µÉ¸ÊÉ¸É¢¨¥ £²Õµ´´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¨³¥¥É

¢¨¤

Z[ξ, ξ] =

∫
Dq̄DqDA exp

(
iS[q̄, q, A] + i

∫
d4x
(
q̄ξ + ξq

))
, (1.2)

£¤¥ ξ, ξ Å ¢´¥Ï´¨¥ ¨¸ÉµÎ´¨±¨ ±¢ ·±µ¢ÒÌ ¶µ²¥°. ˆ´É¥£· ² (1.2) Ö¢²Ö¥É¸Ö
 ´É¨¶¥·¨µ¤¨Î¥¸±¨³ ¶µ ±¢ ·±µ¢Ò³ ¨ ©¤ÊÌµ¢Ò³ª ¶µ²Ö³, ´µ ¶¥·¨µ¤¨Î¥¸±¨³ ¶µ
£²Õµ´´Ò³ ¶µ²Ö³. �µ²Ö ©¤ÊÌµ¢ª ” ¤¤¥¥¢  Å �µ¶µ¢  ¨ Î²¥´Ò, Ë¨±¸¨·ÊÕÐ¨¥
± ²¨¡·µ¢±Ê, ¢±²ÕÎ¥´Ò ¢ £²Õµ´´ÊÕ ³¥·Ê.
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‚¢¥¤¥³ ¢ ËÊ´±Í¨µ´ ²Ó´Ò° ¨´É¥£· ² ¶µ £²Õµ´´Ò³ ¶µ²Ö³ Î²¥´ ¸ ¢´¥Ï-
´¨³¨ ¨¸ÉµÎ´¨± ³¨, ·µ²Ó ±µÉµ·ÒÌ ¨£· ÕÉ ¸¨´£²¥É´Ò¥ ¶µ  ·µ³ ÉÊ ²µ± ²Ó´Ò¥
Éµ±¨

jaµ(x) = q̄(x)γµ
λac
2
q(x) ,

¸¢Ö§ ´´Ò¥ ¸ £²Õµ´´Ò³¨ ¶µ²Ö³¨ Aaµ. ’µ£¤  ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² Š•„
Éµ¦¤¥¸É¢¥´´µ ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥

Z[ξ, ξ] =

∫
Dq̄Dq exp

[
i

∫
d4x q̄

(
i∂̂ −m0 + g

λac
2
γµ

δ

δjaµ

)
q +

+i

∫
d4x
(
q̄ξ + ξq

)]
×

×
∫
DA exp

(
− i

4

∫
d4xGaµνG

a µν + i

∫
d4x jaµA

aµ

)∣∣∣∣
j=0

,

¨ ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ £²Õµ´´Ò³ ¶µ²Ö³ ³Ò ¶µ²ÊÎ¨³ [1,2, 10]:

Z =

∫
Dq̄Dq exp

[
i

∫
d4x q̄(x)(i∂̂ −m0)q(x)

]
exp
(
iW [j]

)
, (1.3)

£¤¥ µÉ¡·µÏ¥´Ò ´µ·³¨·µ¢µÎ´Ò¥ Ë ±Éµ·Ò ¨ ¢´¥Ï´¨¥ ±¢ ·±µ¢Ò¥ ¨¸ÉµÎ´¨±¨.
ƒ²Õµ´´Ò° ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² W [j] ¢ ¸µµÉ´µÏ¥´¨¨ (1.3) ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö (·¨¸.1, ):

W [j] =
1

2

∫
d4xd4y jaµ(x)D

ab
µν(x − y)jbν(y) + O(j3) . (1.4)

‡¤¥¸Ó

Da,bµν (x− y) =

∫
connected

DA Aaµ(x)A
b
ν (y)exp

(
− i

4

∫
d4xGaµνG

aµν

)

Å ÉµÎ´Ò° £²Õµ´´Ò° ¶·µ¶ £ Éµ·, ¢±²ÕÎ ÕÐ¨° ¢¸¥ £²Õµ´´Ò¥ ¸ ³µ¤¥°¸É¢¨Ö ¨
¢§ ¨³µ¤¥°¸É¢¨Ö £²Õµ´µ¢ ¸ ©¤ÊÌµ¢Ò³¨ª ¶µ²Ö³¨ (·¨¸.1,¡), ¶·¨ ÔÉµ³ ±¢ ·±µ¢Ò¥
¶¥É²¨ ¨¸±²ÕÎ ÕÉ¸Ö ¨§ · ¸¸³µÉ·¥´¨Ö;

O(j3) =
∞∑
n=3

1

n!

∫
d4x1...d

4xnD
a1...an
µ1...µn

(x1, ..., xn)
n∏
i=1

jaiµi(xi)

Å ¢±² ¤ £²Õµ´´ÒÌ ¢¥·Ï¨´ ¶µ·Ö¤±  ¡µ²¥¥ É·¥Ì. ‚¢¥¤¥´´Ò¥ É ±¨³ µ¡· -
§µ³ n-ÉµÎ¥Î´Ò¥ ËÊ´±Í¨¨ ƒ·¨´  Da1...anµ1...µn ¸µ¤¥·¦ É ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ
£²Õµ´´µ° ¤¨´ ³¨±¥.

�£· ´¨Î¨¢ Ö¸Ó ¢ · §²µ¦¥´¨¨ W [j] (1.4) µ¤´µ£²Õµ´´Ò³ µ¡³¥´µ³ (¶¥·¢ Ö
¤¨ £· ³³  ·¨¸.1, ) ¨ µÉ¡· ¸Ò¢ Ö £²Õµ´´Ò¥ ¢¥·Ï¨´Ò ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± ,
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¨¸. 1. ƒ· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ · §²µ¦¥´¨Ö  ) £²Õµ´´µ£µ ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨-
µ´ ²  W [j], ¡) ¶µ²´µ£µ £²Õµ´´µ£µ ¶·µ¶ £ Éµ·  Dµνab (x− y)

¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ² , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ÔË-
Ë¥±É¨¢´µ³Ê ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ Š•„ ¢ ¢¨¤¥

Z =

∫
Dq̄Dq exp

{
i

[∫
d4x q̄(x)

(
i∂̂ −m0

)
q(x)

]
+ iSint

}
.

‡¤¥¸Ó

Sint = −i g
2

2

∫∫
d4xd4y ja µ(x)Dabµν(x− y)jb ν(y) (1.5)

Å ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢§ ¨³µ¤¥°¸É¢¨Õ ±¢ ·±µ¢ Î¥·¥§
µ¡³¥´ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ £²Õµ´µ³;

g2Dabµν(x) = δabgµνD(x) = δabgµν4π

∫
d4q

(2π)4
α(q2)

q2
eiqx

Å ´¥¶¥·ÉÊ·¡ É¨¢´Ò° £²Õµ´´Ò° ¶·µ¶ £ Éµ·, ¢§ÖÉÒ° ¢ Ë¥°´³ ´µ¢¸±µ° ± -
²¨¡·µ¢±¥. ‚ É ±µ° Ëµ·³¥ ¶·¥¤¸É ¢²¥´¨Ö ¶·µ¶ £ Éµ·  ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
¢¸¥ ¸¢µ°¸É¢  ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ Î¥·¥§ £²Õµ´´Ò° µ¡³¥´ µ¶·¥¤¥²ÖÕÉ¸Ö
¸¢µ°¸É¢ ³¨ ¡¥£ÊÐ¥° ±µ´¸É ´ÉÒ ¸¢Ö§¨ α(q2). ’µÎ´Ò° ¢¨¤ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ
£²Õµ´´µ£µ ¶·µ¶ £ Éµ·  µ¶·¥¤¥²Ö¥É¸Ö ´¥¨§¢¥¸É´µ° £²Õµ´´µ° ¤¨´ ³¨±µ° ´ 
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.

�µ¸²¥ ¶·¥µ¡· §µ¢ ´¨Ö ”¨·Í  ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ (1.5) ¶·¨¢µ¤¨É¸Ö ±
¢¨¤Ê

Sint =
i

2

∫∫
d4xd4y D(x− y) q̄(x)

Mθ

2
q(y) q̄(y)

Mθ

2
q(x) , (1.6)
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£¤¥ Mθ Å É¥´§µ·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¤¨· ±µ¢¸±¨Ì,  ·µ³ É¨Î¥¸±¨Ì ¨ Í¢¥Éµ¢ÒÌ
³ É·¨Í ¢¨¤ 

{
1 , iγ5 , i

√
1

2
γµ , i

√
1

2
γ5γ

µ

}D{
1

2
λa
}F{

4

3
1

}C
. (1.7)

‡¤¥¸Ó ³Ò · ¸¸³ É·¨¢ ¥³ SU(3)-£·Ê¶¶Ê  ·µ³ Éµ¢ ¨ µ£· ´¨Î¨¢ ¥³¸Ö ¢±² ¤ ³¨
Éµ²Ó±µ Í¢¥Éµ¢ÒÌ ¸¨´£²¥Éµ¢ q̄q.

�µ¸±µ²Ó±Ê ÉµÎ´µ¥ ¶µ¢¥¤¥´¨¥ ËÊ´±Í¨° ƒ·¨´  D(x) ´  ¡µ²ÓÏ¨Ì · ¸¸Éµ-
Ö´¨ÖÌ ´¥¨§¢¥¸É´µ, ¤²Ö ´¥¥ ¤µ²¦¥´ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ± ±µ°-²¨¡µ ³µ¤¥²Ó´Ò°
 ´§ Í. ’ ±, ¡² £µ¤ ·Ö ±µ´¤¥´¸ Í¨¨ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ [45] ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò° £²Õµ´ ¶·¨µ¡·¥É ¥É ´¥´Ê²¥¢ÊÕ ³ ¸¸Ê, ±µÉµ· Ö ¸¢Ö§ ´  ¸ £²Õµ´´Ò³
±µ´¤¥´¸ Éµ³ ¸µµÉ´µÏ¥´¨¥³ [21]:

m2
G =

15

32

[
16π2

〈
g2

4π2
(
Gaµν
)2〉]1/2

.

ˆ¸¶µ²Ó§ÊÖ §´ Î¥´¨¥ £²Õµ´´µ£µ ±µ´¤¥´¸ É 〈
g2

4π2
(
Gaµν
)2〉

= (410± 80 ŒÔ‚
)2
,

¨§¢²¥Î¥´´µ¥ ¨§ ¶·µÍ¥¸¸µ¢ e+e− → [46], ¤²Ö ³ ¸¸Ò ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õ-
µ´  ³Ò ¶µ²ÊÎ¨³ µÍ¥´±Ê m2

G = (806 ± 275 ŒÔ‚)2. ‚ µ¡² ¸É¨ ¶¥·¥¤ Î 0 

q2 
 m2

G, ©¶·µ³¥¦ÊÉµÎ´µ°ª ³¥¦¤Ê µ¡² ¸ÉÖ³¨ ±µ´Ë °´³¥´É  ¨  ¸¨³¶ÉµÉ¨-
Î¥¸±µ° ¸¢µ¡µ¤Ò ±¢ ·±µ¢, ¶·µ¶ £ Éµ· £²Õµ´  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨
³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ±µ´¸É ´Éµ°

D(q) =
1

q2 −m2
G

≈ − 1

m2
G

,

±µÉµ·µ° ¢ ±µµ·¤¨´ É´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ²µ± ²Ó´Ò°  ´-
§ Í D(x) ∼ δ(4)(x). ‚ ÔÉµ³ ¸²ÊÎ ¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ (1.6) ¡Ê¤¥É ¶·¨-
¢µ¤¨ÉÓ ± ÔËË¥±É¨¢´µ³Ê Î¥ÉÒ·¥Ì±¢ ·±µ¢µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ, µ¶¨¸Ò¢ ¥³µ³Ê
² £· ´¦¨ ´µ³ ³µ¤¥²¨ �ˆ‹ [25]:

Lint = 2G1

[(
q̄
λa

2
q

)2
+

(
q̄iγ5

λa

2
q

)2]
−2G2

[(
q̄γµ

λa

2
q

)2
+

(
q̄γ5γµ

λa

2
q

)2]
,

(1.8)
¶·¨Î¥³ Ê´¨¢¥·¸ ²Ó´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ G1 ¨ G2 ¢ ÔÉµ³ ¸²ÊÎ ¥ ¡Ê¤ÊÉ ¸¢Ö§ ´Ò
¸µµÉ´µÏ¥´¨¥³ G1 = 2G2.

‚ É ±µ³ ¶·¨¡²¨¦¥´¨¨ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¸¢µ°¸É¢µ ±µ´Ë °´³¥´É  ±¢ ·±µ¢,
¸¢Ö§ ´´µ¥ ¸ µ¸µ¡Ò³ ¶µ²Õ¸´Ò³ ¶µ¢¥¤¥´¨¥³ ¶·µ¶ £ Éµ·  £²Õµ´  ¢ ¨³¶Ê²Ó¸´µ³
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¶·¥¤¸É ¢²¥´¨¨ ¢¡²¨§¨ ´Ê²¥¢ÒÌ ¶¥·¥¤ Î (µ¡² ¸ÉÓ ±µ´Ë °´³¥´É ). �¥ ÊÎ¨ÉÒ¢ -
¥É¸Ö É ±¦¥ ¡Ò¸É·µ Ê¡Ò¢ ÕÐ¥¥ ¶µ¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·  £²Õµ´  D(q) ¢ µ¡² ¸É¨
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ±¢ ·±µ¢. ’¥³ ´¥ ³¥´¥¥ ¡µ§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹
¶·¨¢µ¤¨É ± ÔËË¥±É¨¢´Ò³ ±¨· ²Ó´Ò³ ² £· ´¦¨ ´ ³, µ¡¥¸¶¥Î¨¢ ÕÐ¨³ Ìµ·µ-
Ï¥¥ µ¶¨¸ ´¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ± ± ¢ ²¨¤¨·ÊÕÐ¥³,
É ± ¨ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ±¨· ²Ó´µ° É¥µ·¨¨.

2. ��‡��ˆ‡�–ˆŸ Œ�„…‹ˆ �ˆ‹

Œµ¤¥²Ó �ˆ‹, ¡µ§µ´¨§ Í¨Ö ±µÉµ·µ° ¡Ê¤¥É · ¸¸³µÉ·¥´  ¢ ÔÉµ³ · §¤¥²¥,
¢±²ÕÎ ¥É ¢ ¸¥¡Ö ´¥ Éµ²Ó±µ ¢¸¥ ´¥µ¡Ìµ¤¨³Ò¥  ·µ³ É¨Î¥¸±¨¥ ¸¨³³¥É·¨¨, µ¶·¥-
¤¥²ÖÕÐ¨¥ ¤¨´ ³¨±Ê ±¢ ·±µ¢ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° Š•„, ´µ É ±¦¥ µ¡¥¸¶¥-
Î¨¢ ¥É ¶·µ¸ÉÊÕ ¸Ì¥³Ê ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨, ¢µ§´¨-
± ÕÐ¥£µ ¨§ ¥¥ ´ ·ÊÏ¥´¨Ö ¢ Ö¢´µ³ ¢¨¤¥ ³ ¸¸µ¢Ò³¨ ±¢ ·±µ¢Ò³¨ Î²¥´ ³¨. ‚
ÔÉµ° ¸Ì¥³¥ Éµ±µ¢Ò¥ ±¢ ·±¨ ¶¥·¥Ìµ¤ÖÉ ¢ ±µ´¸É¨ÉÊÔ´É´Ò¥ ¡² £µ¤ ·Ö ¶µÖ¢²¥´¨Õ
´¥´Ê²¥¢µ£µ ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É , ¶·¨ ÔÉµ³ ²¥£±¨¥ ¸µ¸É ¢´Ò¥ ¶¸¥¢¤µ¸± ²Ö·-
´Ò¥ ¡µ§µ´Ò � ³¡Ê Å ƒµ²¤¸ÉµÊ´  ¢µ§´¨± ÕÉ ¢³¥¸É¥ ¸ ¡µ²¥¥ ÉÖ¦¥²Ò³¨ ¤¨-
´ ³¨Î¥¸±¨³¨ ¢¥±Éµ·´Ò³¨ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨ ¸ ¶· ¢¨²Ó´Ò³¨
µÉ´µ¸¨É¥²Ó´Ò³¨ ¢¥¸ ³¨, ¢µ§´¨± ÕÐ¨³¨ ¨§ ¶¥·¥´µ·³¨·µ¢±¨.

‚ µ¸´µ¢¥ µ¡¸Ê¦¤ ¥³µ£µ ¶µ¤Ìµ¤  ²¥¦¨É ÔËË¥±É¨¢´Ò° Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò°
² £· ´¦¨ ´ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �ˆ‹, ¨´¢ ·¨-
 ´É´µ° µÉ´µ¸¨É¥²Ó´µ £²µ¡ ²Ó´µ° Í¢¥Éµ¢µ° ¸¨³³¥É·¨¨ SU(Nc) ¨ SU(3)L ⊗
SU(3)R-¸¨³³¥É·¨¨  ·µ³ Éµ¢:

LNJL = q(i∂̂ −m0)q + Lint , (2.1)

£¤¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ Ö Î ¸ÉÓ ² £· ´¦¨ ´  Lint § ¤ ´  ¢Ò· ¦¥´¨¥³ (1.8).
Œµ¦´µ § ³¥É¨ÉÓ, ÎÉµ £·Ê¶¶µ¢Ò¥ ¸É·Ê±ÉÊ·Ò Š•„

SU(3)localc ⊗ SU(Nf)L ⊗ SU(Nf)R ⊗ U(1)⊗ S

¨ ³µ¤¥²¨ �ˆ‹

SU(3)globalc ⊗ SU(Nf )L ⊗ SU(Nf )R ⊗ U(1)⊗ S

µÎ¥´Ó ¶µÌµ¦¨ (§¤¥¸Ó S ¶·¥¤¸É ¢²Ö¥É ´ ¡µ· ¤¨¸±·¥É´ÒÌ ¸¨³³¥É·¨°, É ±¨Ì ± ±
C-, P - ¨ T -¸µ¶·Ö¦¥´¨Ö).

ˆ¸¶µ²Ó§ÊÖ ¸É ´¤ ·É´Ò° ¶µ¤Ìµ¤ ± ¡µ§µ´¨§ Í¨¨ ±¢ ·±µ¢ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°,
µ¸´µ¢ ´´Ò° ´  É¥Ì´¨±¥ ËÊ´±Í¨µ´ ²Ó´µ£µ ¨´É¥£·¨·µ¢ ´¨Ö, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
¨§ ² £· ´¦¨ ´  ³µ¤¥²¨ �ˆ‹ (2.1) ÔËË¥±É¨¢´µ¥ ³¥§µ´´µ¥ ¤¥°¸É¢¨¥. �·¥-
¦¤¥ ¢¸¥£µ ¢¢¥¤¥³ µ¡ÒÎ´Ò³ µ¡· §µ³ [1, 2, 10] ±µ²²¥±É¨¢´Ò¥ ³¥§µ´´Ò¥ ¶µ²Ö,
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸± ²Ö·´Ò³ (S), ¶¸¥¢¤µ¸± ²Ö·´Ò³ (P ), ¢¥±Éµ·´Ò³ (V ) ¨
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 ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³ (A) ³¥§µ´ ³,  ¸¸µÍ¨¨·µ¢ ´´Ò³ ¸ ±¢ ·±µ¢Ò³¨ ¡¨²¨-
´¥°´Ò³¨ ±µ³¡¨´ Í¨Ö³¨

Sa = −4G1q
λa

2 q , P a = −4G1qiγ
5 λa

2 q ,

V aµ = i4G2qγµ
λa

2 q , Aaµ = i4G2qγµγ
5 λa

2 q . (2.2)

�µ¸²¥ ¶µ¤¸É ´µ¢±¨ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¢ (2.1) ² £· ´¦¨ ´ ³µ¤¥²¨ �ˆ‹ ³µ¦´µ
¶¥·¥¶¨¸ ÉÓ ¢ Ô±¢¨¢ ²¥´É´µ³ ¢¨¤¥

LNJL = − 1

4G1
tr (Φ†Φ)− 1

4G2
tr (V 2

µ +A2
µ) + qiåDq , (2.3)

£¤¥ ¸²¥¤ tr ¡¥·¥É¸Ö ¶µ ¨´¤¥±¸ ³  ·µ³ Éµ¢,   åD Å ¤¨· ±µ¢¸±¨° µ¶¥· Éµ· ¢
¶·¨¸ÊÉ¸É¢¨¨ ±µ²²¥±É¨¢´ÒÌ ³¥§µ´´ÒÌ ¶µ²¥°:

iåD = i(∂̂ + V̂ + Âγ5)− PR(Φ +m0)− PL(Φ
† +m0) =

= [i(∂̂ + ÂR)− (Φ +m0)]PR + [i(∂̂ + ÂL)− (Φ† +m0)]PL.

(2.4)

‡¤¥¸Ó Φ = S + iP , V̂ = Vµγ
µ, Â = Aµγ

µ; PR/L = 1
2 (1 ± γ5) Å ±¨· ²Ó-

´Ò¥ ¶· ¢Ò¥/²¥¢Ò¥ ¶·µ¥±Éµ·´Ò¥ µ¶¥· Éµ·Ò; ÂR/L = V̂ ± Â Å ¶· ¢Ò¥/²¥¢Ò¥
±µ³¡¨´ Í¨¨ ¶µ²¥° ¨

S = Sa
λa

2
, P = P a

λa

2
, Vµ = −iV aµ

λa

2
, Aµ = −iAaµ

λa

2
.

 ¸¸³µÉ·¨³ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ËÊ´±Í¨¨ ƒ·¨´ , ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨° ² £· ´¦¨ ´Ê (2.3). �µ¸±µ²Ó±Ê µ´ ¡¨²¨´¥¥´ ¶µ ±¢ ·±µ¢Ò³ ¶µ²Ö³, ¶µ
´¨³ ³µ¦´µ ¢Ò¶µ²´¨ÉÓ ¨´É¥£·¨·µ¢ ´¨¥, ¶µ¸²¥ Î¥£µ ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ-
´ ² ¶·¨³¥É ¢¨¤ (¤²Ö ¶·µ¸ÉµÉÒ ±¢ ·±µ¢Ò¥ ¨¸ÉµÎ´¨±¨ µ¶ÊÐ¥´Ò):

Z =

∫
DΦDΦ†DV DA exp

[
iS(Φ,Φ†, V, A)

]
, (2.5)

£¤¥

S(Φ,Φ†, V, A) =
∫

d4x

[
− 1

4G1
tr (Φ†Φ)− 1

4G2
tr (V 2

µ +A2
µ)

]
− i Tr′ [ln (iåD)]

(2.6)
Å ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¤²Ö ¸± ²Ö·´ÒÌ, ¶¸¥¢¤µ¸± ²Ö·´ÒÌ, ¢¥±Éµ·´ÒÌ ¨
 ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. ‘²¥¤ Tr′ ¡¥·¥É¸Ö ¶µ ¶·µ¸É· ´¸É¢Ê-¢·¥³¥´¨,
Í¢¥ÉÊ,  ·µ³ ÉÊ ¨ ¤¨· ±µ¢¸±¨³ ¨´¤¥±¸ ³:

Tr′ =

∫
d4xTr , Tr = tr γ · trC · tr .
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¨¸. 2. ƒ· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ · §²µ¦¥´¨Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¶µ ±¢ ·±µ-
¢Ò³ ¶µ²Ö³ ¸µ ¢´¥Ï´¨³¨ ±µ²²¥±É¨¢´Ò³¨ ¶µ²Ö³¨

�¥·¢Ò° Î²¥´ ¢ ¢Ò· ¦¥´¨¨ (2.6), ±¢ ¤· É¨Î´Ò° ¶µ ³¥§µ´´Ò³ ¶µ²Ö³, ¢µ§´¨± ¥É
¢ ·¥§Ê²ÓÉ É¥ ²¨´¥ ·¨§ Í¨¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö; ¢Éµ·µ° Î²¥´
¥¸ÉÓ ±¢ ·±µ¢Ò° ¤¥É¥·³¨´ ´É, µ¶¨¸Ò¢ ÕÐ¨° ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥§µ´µ¢.

Š¢ ·±µ¢Ò° ¤¥É¥·³¨´ ´É ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ²¨¡µ ¸ ¶µ³µÐÓÕ · §²µ-
¦¥´¨Ö ¶µ ±¢ ·±µ¢Ò³ ¶¥É²Ö³ ¸ ¢´¥Ï´¨³¨ ±µ²²¥±É¨¢´Ò³¨ ³¥§µ´´Ò³¨ ¶µ-
²Ö³¨ [14]Ä [16] (¸³. ·¨¸.2), ²¨¡µ ³¥Éµ¤µ³ ±µÔËË¨Í¨¥´Éµ¢ Ö¤·  É¥¶²µ¶·µ-
¢µ¤´µ¸É¨ ¢ ·¥£Ê²Ö·¨§ Í¨¨ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ [47, 48]. ‡ ³¥É¨³, ÎÉµ ³µ-
¤Ê²Ó ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¤ ¥É ¢±² ¤ ¢ ´¥ ´µ³ ²Ó´ÊÕ Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ
² £· ´¦¨ ´ , ¢ Éµ ¢·¥³Ö ± ± ¥£µ ±µ³¶²¥±¸´ Ö Ë §  µ¶·¥¤¥²Ö¥É  ´µ³ ²Ó´µ¥
ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ‚¥¸¸  Å ‡Ê³¨´µ [59], ¸¢Ö§ ´´µ¥ ¸ ±¨· ²Ó´Ò³¨  ´µ-
³ ²¨Ö³¨.

�¥²¨´¥°´µ° ¶ · ³¥É·¨§ Í¨¨ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ µÉ¢¥Î ¥É ¸²¥¤ÊÕÐ¥¥
¶·¥¤¸É ¢²¥´¨¥ ¶µ²Ö Φ:

Φ = ΩΣΩ . (2.7)

Œ É·¨Í  ¸± ²Ö·´ÒÌ ¶µ²¥° Σ(x) ¶·¨´ ¤²¥¦¨É ¤¨ £µ´ ²Ó´µ° £·Ê¶¶¥  ·µ³ Éµ¢,
¢ Éµ ¢·¥³Ö ± ± ³ É·¨Í  Ω(x) ¶·¥¤¸É ¢²Ö¥É ¶¸¥¢¤µ¸± ²Ö·´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò
ϕ, µ¸É ÕÐ¨¥¸Ö ¢ ¶·µ¸É· ´¸É¢¥ U(n)L×U(n)R/UV (n). Œ É·¨ÍÊ Ω(x) ³µ¦´µ
¶ · ³¥É·¨§µ¢ ÉÓ Ê´¨É ·´µ° ³ É·¨Í¥°

Ω(x) = exp

(
i√
2F0

ϕ(x)

)
, ϕ(x) = ϕa(x)

λa

2
,

£¤¥ F0 Å § É· ¢µÎ´µ¥ §´ Î¥´¨¥ ±µ´¸É ´ÉÒ · ¸¶ ¤  π → µν. �·¨ ±¨· ²Ó´ÒÌ
¶µ¢µ·µÉ Ì

q → q̃ = (PLξL + PRξR) q

¶µ²Ö Φ ¨ A
R/L
µ ¶·¥µ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Φ→ Φ̃ = ξLΦξ
†
R ,

ARµ → ÃRµ = ξR(∂µ +ARµ )ξ
†
R, ALµ → ÃLµ = ξL(∂µ +ALµ)ξ

†
L. (2.8)
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�²¥±É·µ³ £´¨É´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥§µ´µ¢ ¸ ËµÉµ´´Ò³ ¶µ²¥³ Aµ ¢¢µ-
¤¨É¸Ö ¸ ¶µ³µÐÓÕ ¶µ¤¸É ´µ¢±¨

Vµ → Vµ + ieQAµ ,

£¤¥ Q Å ³ É·¨Í  Ô²¥±É·¨Î¥¸±¨Ì § ·Ö¤µ¢ ±¢ ·±µ¢.
ˆ´É¥£· ² (2.5), § ¢¨¸ÖÐ¨° É¥¶¥·Ó µÉ Ω(x) ¨ Σ(x), ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢

¢¨¤¥

Z =

∫
Dµ(ΩΣ)DV DA exp

{
i

∫
d4x

[
− 1

4G1
trΣ2 − 1

4G2
tr (V 2

µ +A2
µ)

]}
×

×det (iåD(Ω,Σ, V, A) ,

£¤¥ Dµ(ΩΣ) Ö¢²Ö¥É¸Ö ¨´É¥£· ²Ó´µ° ³¥·µ° ¤²Ö ¶·¥µ¡· §µ¢ ´´ÒÌ ¶µ²¥° (2.7).

‚ ¶·µ¸É¥°Ï¥³ ¸²ÊÎ ¥, ±µ£¤  Ω = 1 ¨ A
R/L
µ = 0, Ê· ¢´¥´¨¥ ¸·¥¤´¥£µ ¶µ²Ö

¤²Ö Σ-¶µ²Ö ¸¢µ¤¨É¸Ö ± Ê· ¢´¥´¨Õ ˜¢¨´£¥·  Å „ °¸µ´  ¢¨¤ 

Σ0 = i2G1Nctrγ
1

iåD
Ω=1

. (2.9)

‚ ¶·¨¡²¨¦¥´¨¨ ¨¸Î¥§ ÕÐ¨Ì ³ ¸¸ Éµ±µ¢ÒÌ ±¢ ·±µ¢ ÔÉµ Ê· ¢´¥´¨¥ ¢¸¥£¤ 
¨³¥¥É É·¨¢¨ ²Ó´µ¥ ·¥Ï¥´¨¥ Σ0 = 0, µÉ¢¥Î ÕÐ¥¥ ±¨· ²Ó´µ-¸¨³³¥É·¨Î´µ°
Ë §¥. �¤´ ±µ ¶·¨ §´ Î¥´¨¨ G1, ¶·¥¢ÒÏ ÕÐ¥³ ´¥±µÉµ·ÊÕ ±·¨É¨Î¥¸±ÊÕ ¢¥²¨-
Î¨´Ê, ·¥Ï¥´¨¥ Σ0 = 0 ¸É ´µ¢¨É¸Ö ´¥¸É ¡¨²Ó´Ò³, ¨ ¢µ§´¨± ¥É ´µ¢Ò° ¢ ±ÊÊ³ ¸
´¥´Ê²¥¢Ò³ Σ0, ±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É Ë §¥ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó-
´µ° ¸¨³³¥É·¨¨ (Ë §  � ³¡Ê Å ƒµ²¤¸ÉµÊ´ ).

�·¥¤¶µ² £ Ö, ÎÉµ ·¥Ï¥´¨¥ Σ0 ¨³¥¥É ¤¨ £µ´ ²Ó´Ò° ¢¨¤

Σ0 = diag (σ01 , σ
0
2 , ..., σ

0
n) ,

¶µ²ÊÎ¨³ ¨§ (2.9) ©Ê· ¢´¥´¨¥ Ð¥²¨ª

σ0i = −i
8G1Nc

(2π)4

∫ Λ

d4k
σ0i +m0

i

k2 − (σ0i +m0
i )
2
≡ −2G1 <qiqi> , (2.10)

£¤¥ <qq> Å ±¢ ·±µ¢Ò° ±µ´¤¥´¸ É ¨ Λ Å ¶ · ³¥É· µ¡·¥§ ´¨Ö. ˆ¸¶µ²Ó§ÊÖ
(2.10) ¨ ¶·¥¤¶µ² £ Ö ¶·¨¡²¨¦¥´´ÊÕ  ·µ³ É¨Î¥¸±ÊÕ ¸¨³³¥É·¨Õ ±¢ ·±µ¢µ£µ
±µ´¤¥´¸ É , ¶µ²ÊÎ¨³:

σ0i = −2G1 <qiqi>≡ µ .

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¢¥§¤¥ (§  ¨¸±²ÕÎ¥´¨¥³ · §¤¥²  6) ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ ±¢ ´-
Éµ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¸± ²Ö·´µ£µ ¶µ²Ö Σ ¢µ±·Ê£ ¥£µ ¢ ±ÊÊ³´µ£µ µ¦¨¤ ´¨Ö µ
(É.¥. ¶µ² £ ÉÓ Σ ∼ Σ0 ∼ µ1, £¤¥ µ Å §´ Î¥´¨¥ ³ ¸¸Ò ¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·± ,
Ê¸·¥¤´¥´´µ¥ ¶µ  ·µ³ ÉÊ).
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3. ‚›—ˆ‘‹…�ˆ… Š‚��Š�‚�ƒ� „…’…�Œˆ���’�
Œ…’�„�Œ Ÿ„�� ’…�‹����‚�„��‘’ˆ

 ¸¸³µÉ·¥´¨¥ ³¥Éµ¤  Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ ³Ò ´ Î´¥³ ¸ ¢ÒÎ¨¸²¥´¨Ö
´¥ ´µ³ ²Ó´µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ³µ¤Ê²Õ ±¢ ·-
±µ¢µ£µ ¤¥É¥·³¨´ ´É , ±µÉµ·Ò° ¢ ·¥£Ê²Ö·¨§ Í¨¨ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ τ µ¶·¥-
¤¥²Ö¥É¸Ö ¢ ¢¨¤¥ ¨´É¥£· ² 

ln | det iåD| = − 1

2
Tr′ ln(åD

† åD) = − 1

2

∫ ∞
1/Λ2

dτ
1

τ
Tr′K(τ) , (3.1)

£¤¥ K(τ) = e−Aτ Å É ± ´ §Ò¢ ¥³µ¥ ©Ö¤·µ É¥¶²µ¶·µ¢µ¤´µ¸É¨ª ¤²Ö µ¶¥· Éµ· 

A = åD
† åD [53], ¨ Λ Å ¢´ÊÉ·¥´´¨° ¶ · ³¥É· ·¥£Ê²Ö·¨§ Í¨¨, ¸µ¢¶ ¤ ÕÐ¨°

¸ ¶ · ³¥É·µ³ µ¡·¥§ ´¨Ö ¢ Ëµ·³Ê²¥ (2.10). �µ²´µ¥ Ö¤·µ É¥¶²µ¶·µ¢µ¤´µ¸É¨
Ê¤µ¢²¥É¢µ·Ö¥É ©Ê· ¢´¥´¨Õ É¥¶²µ¶·µ¢µ¤´µ¸É¨ª

∂

∂τ
K(τ) +AK(τ) = 0

¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ K(τ = 0) = 1.
‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ³µ¤¥²¨ �ˆ‹ µ¶¥· Éµ· A ³µ¦¥É ¡ÒÉÓ ¶·¥¤-

¸É ¢²¥´ ¢ ¢¨¤¥
A = dµd

µ + a(x) + µ2 ,

£¤¥

dµ = ∂µ+Γµ, Γµ = Vµ+Aµγ
5, a(x) = i∇̂H +H†H +

1

4
[γµ, γν ]Γµν −µ2.

‡¤¥¸Ó ³Ò ¨¸¶µ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö:

H = PRΦ+ PLΦ
† = S + iγ5P ,

Γµν = [dµ, dν ] = ∂µΓν − ∂νΓµ + [Γµ,Γν ] = FVµν + γ5FAµν ,

£¤¥ FV,Aµν Å É¥´§µ·Ò ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö;

FVµν = ∂µVν − ∂νVµ + [Vµ, Vν ] + [Aµ, Aν ],

FAµν = ∂µAν − ∂νAµ + [Vµ, Aν ] + [Aµ, Vν ],

¨
∇µH = ∂µH + [Vµ, H ]− γ5{Aµ, H}

Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö.
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�¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ µ¶¥· Éµ·  A ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ µ¶·¥¤¥-
²Ö¥É¸Ö ¥£µ ©¸¢µ¡µ¤´µ°ª Î ¸ÉÓÕ

A0 = + µ2 ,

±µÉµ·µ° ¸µµÉ¢¥É¸É¢Ê¥É ´¥¶¥·ÉÊ·¡ É¨¢´ Ö Î ¸ÉÓ Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ K0.
�µ¸²¥¤´ÖÖ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

< x | K0(τ) | y > = < x | exp (−( + µ2)τ) | y >=

=
1

(4πτ)2
e−µ

2τ+(x−y)2/(4τ) (3.2)

± ± ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

∂

∂τ
K0 +A0K0 = 0 , K(τ = 0) = 1 .

‘ ¶µ³µÐÓÕ ¶µ¤¸É ´µ¢±¨ K = K0H ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¨§ Ö¤·  É¥¶²µ¶·µ-
¢µ¤´µ¸É¨ ¥£µ ¢§ ¨³µ¤¥°¸É¢ÊÕÐÊÕ Î ¸ÉÓ, ±µÉµ· Ö Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ(

∂

∂τ
+

1

τ
zµd

µ + dµdµ + a

)
H(x, y; τ) = 0 ,

H(x, y; τ = 0) = 1 , (3.3)

£¤¥ zµ = xµ − yµ, ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ· dµ ¤¥°¸É¢Ê¥É Éµ²Ó±µ ´ 
x. ‚§ ¨³µ¤¥°¸É¢ÊÕÐÊÕ Î ¸ÉÓ Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ ³µ¦´µ · §²µ¦¨ÉÓ ¶µ
¸É¥¶¥´Ö³ ©¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ª τ :

H(x, y; τ) =
∑
k

hk(x, y) · τk.

‚µ§´¨± ÕÐ¨¥ ¶·¨ ÔÉµ³ ±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ‘¨²¨ Å „¥‚¨ÉÉ  hk(x, y)
Ê¤µ¢²¥É¢µ·ÖÕÉ ·¥±Ê·¸¨¢´µ³Ê ¸µµÉ´µÏ¥´¨Õ

(n+ zµd
µ)hn+1(x, y) = −(a+ dµdµ)hn−1(x, y) (3.4)

¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³
zµd

µh0 = 0 . (3.5)

’ ±¨³ µ¡· §µ³, Ö¤·µ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¤²Ö ³µ¤Ê²Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨-
´ ´É  ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö

< x | K(τ) | y >=
1

(4πτ)2
e−µ

2τ+(x−y)2/(4τ)
∑
k

hk(x, y) · τk. (3.6)
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�µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ τ ¢ (3.1) ¶µ²ÊÎ¨³

ln | det iåD| = − 1

2

µ4

(4π)2

∑
k

Γ(k − 2, µ2/Λ2)

µ2k
Trhk, (3.7)

£¤¥ Γ(n, x) =
∫∞
x

dt e−ttn−1 Å ´¥¶µ²´ Ö £ ³³ -ËÊ´±Í¨Ö.
ˆ¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨¥ ËÊ´±Í¨¨ Γ(α, x) ¶·¨ Í¥²µÎ¨¸²¥´´ÒÌ §´ Î¥´¨ÖÌ

α = −n ¨ α = 0, ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¨§ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  (3.7) · ¸Ìµ¤Ö-
Ð¨¥¸Ö ¨ ±µ´¥Î´ÊÕ Î ¸É¨

1

2
ln (det D̂†D̂) = Bpol +Blog +Bfin .

‡¤¥¸Ó

Bpol =
1

2

e−x

(4π)2

[
− µ4

2x2
Tr′ h0 +

1

x
(
µ4

2
Tr′ h0 − µ2Tr′ h1)

]
¨³¥¥É ¶µ²Õ¸ ¶·¨ x = 0 (x = µ2/Λ2);

Blog = −
1

2

1

(4π)2
Γ(0, x)

[
1

2
µ4Tr′ h0 − µ2Tr′ h1 + Tr′ h2

]

· ¸Ìµ¤¨É¸Ö ²µ£ ·¨Ë³¨Î¥¸±¨, É ± ± ±

Γ(0, x) = −(C + lnx) +O(x) ,

£¤¥ C = 0, 577 Å ±µ´¸É ´É  �°²¥· . Šµ´¥Î´ Ö Î ¸ÉÓ ³µ¤Ê²Ö ±¢ ·±µ¢µ£µ
¤¥É¥·³¨´ ´É  ¨³¥¥É ¢¨¤

Bfin = −1

2

1

(4π)2

∞∑
k=3

µ4−2kΓ(k − 2, x)Tr′ hk.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ±µÔËË¨Í¨¥´ÉÒ ¶·¨ · ¸Ìµ¤ÖÐ¨Ì¸Ö ¢±² ¤ Ì
Γ(−1, µ2/Λ2) ¨ Γ(0, µ2/Λ2) µÉ¢¥Î ÕÉ ±¢ ¤· É¨Î´µ ¨ ²µ£ ·¨Ë³¨Î¥¸±¨ · ¸Ìµ-
¤ÖÐ¨³¸Ö µ¤´µ¶¥É²¥¢Ò³ ¨´É¥£· ² ³ I1 ¨ I2, ·¥£Ê²Ö·¨§µ¢ ´´Ò³ ¢ · ¡µÉ Ì [16]
¸ ¶µ³µÐÓÕ ¨³¶Ê²Ó¸´µ£µ µ¡·¥§ ´¨Ö Λ̃ = O(1 ). ‚ µÉ²¨Î¨¥ µÉ ¸É ´¤ ·É´µ° ·¥-
£Ê²Ö·¨§ Í¨¨ µ¡·¥§ ´¨¥³, ¨¸¶µ²Ó§Ê¥³µ° ¢ É¥µ·¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, Ï± ² 
µ¡·¥§ ´¨Ö · ¸¸³ É·¨¢ ¥É¸Ö §¤¥¸Ó ± ± Ë¨§¨Î¥¸±¨° ¶ · ³¥É·, Ì · ±É¥·¨§ÊÕÐ¨°
· ¤¨Ê¸ qq-¸¨² ¨ £· ´¨ÍÊ µ¡² ¸É¨ ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥-
É·¨¨.

‚ ¤ ²Ó´¥°Ï¥³ ³Ò µ£· ´¨Î¨³¸Ö ¤¥É ²Ó´Ò³ · ¸¸³µÉ·¥´¨¥³ Éµ²Ó±µ ´¥ ´µ-
³ ²Ó´µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ¸¢Ö§ ´´µ° ¸ ³µ¤Ê²¥³ ±¢ ·±µ¢µ£µ ¤¥-
É¥·³¨´ ´É . �´µ³ ²Ó´ÊÕ Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö
±µ³¶²¥±¸´µ° Ë §µ° ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É , ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Γ− = ΓWZ + Γ−(h.o) . (3.8)
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‡¤¥¸Ó ΓWZ Å ´¨§Ï¨¥  ´µ³ ²Ó´Ò¥ ¢±² ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ p4-¶µ·Ö¤±Ê ¶µ
¨³¶Ê²Ó¸Ê:

ΓWZ =
iNc

240π2

∫
B5

d5xεµναβγ tr
(
L̃µL̃νL̃αL̃βL̃γ

)
−

− iNc

48π2

∫
d4xεµναβ tr

(
Zµναβ(U,AL, AR)− Zµναβ(1, AL, AR)

)
.

(3.9)

‚ ¶¥·¢µ³ Éµ¶µ²µ£¨Î¥¸±µ³ Î²¥´¥ ¢Ò· ¦¥´¨Ö (3.9) ¶¸¥¢¤µ¸± ²Ö·´Ò¥ ±¨· ²Ó´Ò¥
¶µ²Ö L̃µ = ∂µU · U †, U = Ω2 µ¶·¥¤¥²ÖÕÉ¸Ö ´  ¤¨¸±¥ B5 ¢ 5-³¥·´µ° µ¡² ¸É¨
¨´É¥£·¨·µ¢ ´¨Ö, £· ´¨Í¥° ±µÉµ·µ£µ ¸²Ê¦¨É 4-³¥·´µ¥ ¥¢±²¨¤µ¢µ ¶·µ¸É· ´¸É¢µ-
¢·¥³Ö [60]. �ÉµÉ Î²¥´ ¤ ¥É  ´µ³ ²Ó´Ò¥ ¢±² ¤Ò ¢¨¤ 

iNc

240π2

∫
B5

d5xεµναβγ tr
(
L̃µL̃νL̃αL̃βL̃γ

)
=

= − iNc

30
√
2π2F 5

0

∫
d4xεµναβ tr

(
ϕ∂µϕ∂νϕ∂αϕ∂βϕ

)
+O(ϕ7) .

(3.10)

‚Éµ·µ° Î²¥´ ¢Ò· ¦¥´¨Ö (3.9) µ¶¨¸Ò¢ ¥É  ´µ³ ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¸¥¢-
¤µ¸± ²Ö·´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¸ ¢¥±Éµ·´Ò³¨ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³¨ ± -
²¨¡·µ¢µÎ´Ò³¨ ¶µ²Ö³¨. Ÿ¢´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Zµναβ Ê¤µ¡´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ [61]:

Zµναβ(U,AL, AR) =

= AULµ
(
ARν∂αARβ + ∂νARαARβ +ARνARαARβ −RνRαARβ

)
+

+U †ALµU
(
ARνRαARβ − Rν∂αARβ

)
+

1

2
ALµLνALαLβ −

−(AL ↔ AR) +
1

2

(
ALµUA

†
Rν

)(
ALαUARβU

†) ,
£¤¥

AULµ = U †ALµU +Rµ , AURµ = UARµU
† − Lµ .

„µ¶µ²´¨É¥²Ó´Ò¥ ± ΓWZ ¢±² ¤Ò ¢Ò¸Ï¥£µ ¶µ·Ö¤±  ¶µ ¨³¶Ê²Ó¸ ³ Γ−(h.o) ¢ ¶µ²-
´µ³  ´µ³ ²Ó´µ³ ¤¥°¸É¢¨¨ (3.8) ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¢ ¶µ¤Ìµ¤¥ [62] ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ É¥Ì ¦¥ ¸ ³ÒÌ ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ hn, ±µÉµ·Ò¥
¢µ§´¨± ÕÉ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³µ¤Ê²Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É :

Γ−(h.o) = −i
∫

d4x

∞∑
n=3

∞∑
r=1

(n− 2)!

16π2r

[
1

µ2n−2
tr
(
(PRΦ

† + PLΦ)åDhn
)]
rε

. (3.11)
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ˆ´¤¥±¸Ò ε ¨ r, ¶·¨¶¨¸ ´´Ò¥ ¢ (3.11) ± ±¢ ¤· É´µ° ¸±µ¡±¥, µ§´ Î ÕÉ, ÎÉµ ¶·¨
¢ÒÎ¨¸²¥´¨ÖÌ ¢ ´¥° Ê¤¥·¦¨¢ ÕÉ¸Ö Éµ²Ó±µ Î²¥´Ò ¸ ´¥Î¥É´Ò³ Î¨¸²µ³ É¥´§µ·µ¢
‹¥¢¨ Å —¨¢¨ÉÒ ¨ Î²¥´Ò ¶µ·Ö¤±  µ−r.

4. ��‹“—…�ˆ… Š� ””ˆ–ˆ…�’�‚ ’…�‹����‚�„��‘’ˆ

¥±Ê·¸¨¢´Ò°  ²£µ·¨É³ ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ µ¸-
´µ¢ ´ ´  ¸µµÉ´µÏ¥´¨¨ (3.4), ¸¢Ö§Ò¢ ÕÐ¥³ hn(x, y) ¨ hn−1(x, y). ƒ· ´¨Î´µ¥
Ê¸²µ¢¨¥ (3.5) ¤²Ö h0(x, y) ¢µ§´¨± ¥É ¨§ (3.4) ¶·¨ n = 0 ¨ h−1(x, y) = 0. ‡ ¤ Î 
§ ±²ÕÎ ¥É¸Ö ¢ ´ Ìµ¦¤¥´¨¨ ¶·¥¤¥²  ¸µ¢¶ ¤¥´¨Ö hn ≡ hn(x, y)

∣∣
z=0

, ¶·¨Î¥³ ³Ò
´¥ ³µ¦¥³ ¶·µ¸Éµ ¶µ²µ¦¨ÉÓ z = 0 ¢ (3.4), ¶µ¸±µ²Ó±Ê ¶·¨ ¤¥°¸É¢¨¨ ¤¨ËË¥·¥´-
Í¨ ²Ó´µ£µ µ¶¥· Éµ·  dα ´  ÔÉµ ¸µµÉ´µÏ¥´¨¥ ¶µÖ¢²Ö¥É¸Ö ´¥¨¸Î¥§ ÕÐ¨° ¢±² ¤
dα(zµd

µhn)
∣∣
z=0

= gαµd
µhn
∣∣
z=0

= dαhn
∣∣
z=0

.
‹¥£±µ Ê¢¨¤¥ÉÓ, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ·¥±Ê·¸¨¢´µ£µ ¸µµÉ´µÏ¥´¨Ö (3.4)

¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´É  hn ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ Î²¥´µ¢ ¢¨¤ 
dαdβ . . . hn(x, y)

∣∣
z=0

. —Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ·¥±Ê·¸¨¢´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö É ±¨Ì
Î²¥´µ¢, ´¥µ¡Ìµ¤¨³µ ¶µ¤¥°¸É¢µ¢ ÉÓ ¶·µ¨§¢¥¤¥´¨¥³ m ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ µ¶¥-
· Éµ·µ¢ dαdβ . . . dω ´  ¸µµÉ´µÏ¥´¨¥ (3.4) ¨ ¶¥·¥°É¨ ± ¶·¥¤¥²Ê z = 0:

dαdβ . . . dω︸ ︷︷ ︸
m

hn(x, y)
∣∣
z=0

=

= − 1

n+m

{
dαdβ . . . dω(a+ dµd

µ)hn−1(x, y) + Pαβ...ωhn(x, y)

}∣∣∣∣
z=0

,

(4.1)

£¤¥ (n+m) > 0 ¨

Pαβ...ω = dαdβ . . . dω︸ ︷︷ ︸
m

·zµdµ
∣∣
z=0
−mdαdβ . . . dω .

’ ±¨³ µ¡· §µ³, ³Ò ¶µ²ÊÎ¨³ ¤²Ö Pαβ...ω ·¥±Ê·¸¨¢´µ¥ ¸µµÉ´µÏ¥´¨¥

Pαβ...ω = dαPβ...ω +Rβ...ω;α (4.2)

¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ P = 0, £¤¥ Rβ...ω;α = [dβ . . . dω, dα]. �¥·¥¸É ¢²ÖÖ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò° µ¶¥· Éµ· dα Ï £ §  Ï £µ³ Î¥·¥§ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¤·Ê£¨Ì
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ µ¶¥· Éµ·µ¢ dβ , ..., dω, ³µ¦´µ ¶¥·¥³¥¸É¨ÉÓ ¥£µ ¢²¥¢µ. ‚
ÔÉµ³ ¸²ÊÎ ¥ ¶·µ¨§µ°¤¥É ¢§ ¨³´µ¥ ¸µ±· Ð¥´¨¥ ¤¢ÊÌ ¶·µ¨§¢¥¤¥´¨° m ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ µ¶¥· Éµ·µ¢ ¨ µ¸É ´ÊÉ¸Ö Éµ²Ó±µ Î²¥´Ò ¸ (m− 2) ¤¨ËË¥·¥´Í¨ -
² ³¨. �±µ´Î É¥²Ó´µ ³Ò ¶µ²ÊÎ¨³ ·¥±Ê·¸¨¢´µ¥ ¸µµÉ´µÏ¥´¨¥

Rβγ...ω;α = Γβα · dγ . . . dω + dβ · Rγ...ω;α (4.3)
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¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ R;α = 0. ’ ±¨³ µ¡· §µ³, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö hn(x, y)
∣∣
z=0

´Ê¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸µµÉ´µÏ¥´¨¥ (4.1), ´ Î¨´ Ö ¸ m = 0. �µ¸²¥ ± ¦¤µ°
¨É¥· Í¨¨ ´¥µ¡Ìµ¤¨³µ ¶¥·¥¸É ¢²ÖÉÓ ¢¸¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ µ¶¥· Éµ·Ò, ¢µ§-
´¨± ÕÐ¨¥ ¨§ dµdµ ¨²¨ Pαβ...ω ¢¶· ¢µ ± hk(x, y). �·¨ É ±¨Ì ¶¥·¥¸É ´µ¢± Ì
¢µ§´¨±´ÊÉ ±µ³³ÊÉ Éµ·Ò ¢¨¤ 

Sµ = [dµ, a], Sµν = [dµ, Sν ], Sαµν = [dα, Sµν ], ...

Γµν = [dµ, dν ], Kαµν = [dα,Γµν ], Kβαµν = [dβ ,Kαµν ], ... . (4.4)

ˆ´¤¥±¸Ò n ¨ m ¨§³¥´ÖÕÉ¸Ö ¶·¨ É ±¨Ì ¨É¥· Í¨ÖÌ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ²¨¡µ
n→ n−1, ²¨¡µ m→ m−2, ¨²¨ n→ n−1;m→ m+2. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ
¶µ¸²¥ 2n ¨É¥· Í¨° µ¸É ´¥É¸Ö Éµ²Ó±µ h0(x, y) ¡¥§ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ µ¶¥· -
Éµ·µ¢, ¨ É·¥¡Ê¥³Ò° ·¥§Ê²ÓÉ É ¶µ²ÊÎ ¥É¸Ö ¢ ±µ´Í¥ ¶µ¤¸É ´µ¢±µ° ¶·¥¤¥²  z = 0
¸ ÊÎ¥Éµ³ h0(x, y)

∣∣
z=0

= 1.
‚¥¸Ó³  £·µ³µ§¤±¨¥ ¢ÒÎ¨¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ‘¨²¨ Å „¥‚¨ÉÉ  ¢ ¸µµÉ-

¢¥É¸É¢¨¨ ¸ µ¶¨¸ ´´Ò³ ·¥±Ê·¸¨¢´Ò³ ³¥Éµ¤µ³ ³µ¦´µ  ²£µ·¨É³¨§¨·µ¢ ÉÓ ¤²Ö
¸¨¸É¥³  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° É¨¶  FORM ¨²¨ REDUCE ¶µ¸²¥ ¨Ì ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¥£µ · ¸Ï¨·¥´¨Ö [49]. ‚Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ-
¢µ¤´µ¸É¨ ¸µ¤¥·¦ É ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ Î²¥´µ¢, ¸¢Ö§ ´´ÒÌ ³¥¦¤Ê ¸µ¡µ° ¸²¥-
¤ÊÕÐ¨³¨ Ô±¢¨¢ ²¥´É´Ò³¨ ¶·¥µ¡· §µ¢ ´¨Ö³¨: Í¨±²¨Î¥¸±¨³¨ ¶¥·¥¸É ´µ¢± ³¨
¶µ¤ §´ ±µ³ ¸²¥¤  Tr, ±µ³³ÊÉ Í¨µ´´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨ (4.4), ¶¥·¥µ¡µ§´ Î¥-
´¨Ö³¨ ´¥³ÒÌ ¨´¤¥±¸µ¢ ¨ Éµ¦¤¥¸É¢ ³¨ Ÿ±µ¡¨ ¤²Ö É¥´§µ·µ¢ Kαµν . �µÔÉµ³Ê
¶µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¶·¨¢¥¸É¨ ± ´¥±µÉµ·µ³Ê ³¨´¨³ ²Ó´µ³Ê
¡ §¨¸Ê ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ Î²¥´µ¢. �·µ¡²¥³  ¶·¨¢¥¤¥´¨Ö µ±µ´Î É¥²Ó´ÒÌ
¢Ò· ¦¥´¨° ± ³¨´¨³ ²Ó´µ³Ê ¡ §¨¸Ê ¨ ¢µ§´¨± ÕÐ¨¥ ¶·¨ ÔÉµ³ ´¥µ¤´µ§´ Î-
´µ¸É¨ ¤¥É ²Ó´µ · ¸¸³µÉ·¥´Ò ¢ · ¡µÉ¥ [50]. ’ ³ ¦¥ ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥
¶µ²ÊÎ¥´´ÒÌ ´ ³¨ ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì
· ¡µÉ.

‚ ¢Ò¡· ´´µ³ ´ ³¨ ³¨´¨³ ²Ó´µ³ ¡ §¨¸¥ ±µÔËË¨Í¨¥´ÉÒ É¥¶²µ¶·µ¢µ¤´µ-
¸É¨ h1, ..., h5 ¨³¥ÕÉ ¢¨¤ ∗

h0 = 1 ,

h1 = −a ,

Trh2 =
1

2
Tr

{
a2 +

1

6
Γ2µν

}
,

Trh3 =
1

6
Tr

{
− a3 +

1

2
S2µ −

1

2
aΓ2µν +

1

10
K2
ννµ −

1

15
ΓµνΓναΓαµ

}
,

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ¢¥§¤¥ ¢ ÔÉµ³ · §¤¥²¥, É ³, £¤¥ ´¥ ¨¸¶µ²Ó§µ¢ ´Ò Ö¢´µ ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥
¨´¤¥±¸Ò, ¶µ¤· §Ê³¥¢ ¥É¸Ö ±µ¢ ·¨ ´É´µ¥ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¶µ¢Éµ·ÖÕÐ¨³¸Ö £·¥Î¥¸±¨³ ¨´¤¥±¸ ³
¸µ ¸É ´¤ ·É´µ° ³¥É·¨±µ° (1,−1,−1,−1).
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Trh4 =
1

24
Tr

{
a4 + a2Sµµ +

4

5
a2Γ2µν +

1

5

(
aΓµν

)2 − 2

5
aSµKννµ +

1

5
S2µµ +

+
4

15
aΓµνΓνρΓρµ −

2

5
aK2
ννµ +

2

15
SααΓ

2
µν −

8

15
SβγΓγαΓαβ +

+
17

210
Γ2µνΓ

2
αβ +

2

35
ΓµνΓνρΓµσΓσρ +

1

105
ΓµνΓνρΓρσΓσµ +

+
1

420
ΓµνΓρσΓµνΓρσ +

16

105
KµαανΓνρΓρµ +KααµKββν + Γµν +

+
1

35
K2
µααν

}
,

Trh5 =
1

240
Tr

{
− a5 − 2a3Sµµ − a2S2µ − a3Γ2µν −

2

3
a2ΓµνaΓµν +

+
2

3
a2SµKννµ −

2

3
SµSνaΓµν − aSµµSνν −

2

3
SµµS

2
ν −

−2

7
a2ΓµνΓναΓαµ −

8

21
aΓµνaΓναΓαµ +

+
4

7
a2KµµνKααν +

3

7
aKµµνaKααν −

−8

7
aSµµΓ

2
να +

4

7
aSµKνναΓµα +

+
8

7
aSµΓµνKααν −

4

21
aΓµνSααΓµν −

−11

21
S2µΓ

2
να +

20

21
SµKνναaΓµα +

+
2

21
SµSνΓµαΓαν −

10

21
SµSνΓναΓαµ +

2

7
SµΓµνSαΓαν +

+
1

42
SµΓναSµΓνα +

8

21
SµµSνKααν −

4

21
SµSνKµααν +

+
1

14
SµννSµαα −

17

84
aΓ2µνΓ

2
αβ −

1

21
aΓµνΓναΓµβΓβα −

− 1

21
aΓµνΓναΓαβΓβµ −

5

84
aΓµνΓ

2
αβΓµν −

13

84
aΓµνΓαβΓµνΓαβ −

− 5

21
aΓµνΓαβΓβνΓαµ −

2

21
aKµµνΓναKββα −

2

7
aΓµνKµαβKναβ −

− 4

21
aΓµνKνααβΓβµ −

2

21
aΓµνKααµKββν −

4

21
SµµΓναΓαβΓβν −

− 4

21
SµνΓµαΓβνΓαβ +

2

7
SµKννµΓ

2
αβ −

2

7
SµKνναΓµβΓβα +

+
2

21
SµΓµνKααβΓβν −

1

7
aKµνναKµββα +

2

21
aKµνναKαββµ −
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− 3

28
SµµννΓ

2
αβ −

1

42
SµµKνναKββα −

2

7
SµµKνααβΓνβ +

+
1

7
SµKννααβΓµβ −

47

126
Γ2µνΓαβΓβγΓγα −

− 11

189
ΓµνΓναΓµβΓαγΓγβ +

1

63
ΓµνΓναΓµβΓβγΓγα +

+
37

945
ΓµνΓναΓαβΓβγΓγµ +

1

126
ΓµνΓναΓβγΓαµΓβγ +

+
1

945
ΓµνΓαβΓγµΓναΓβγ −

8

189
KµµνKναβΓβγΓγα −

− 10

189
KµµνKαανΓ

2
βγ +

2

21
KµµνKααβΓνγΓγβ +

+
4

63
KµµνΓναKββγΓγα +

5

378
KµµνΓαβKγγνΓαβ −

− 61

189
KµνναΓµαΓ

2
βγ +

22

189
KµνναΓµβΓγαΓβγ −

− 16

189
KµνναΓαβΓβγΓγµ −

10

189
KµνναΓαβΓγµΓβγ −

− 2

189
KµνναΓβγΓµαΓβγ −

4

63
K2
µναΓ

2
βγ −

− 4

189
KµναKµαβΓνγΓγβ −

4

189
KµναKµαβΓβγΓγν −

− 2

63
KµναKβναΓµγΓγβ +

2

63
KµναΓναKµβγΓβγ +

+
2

189
KµναΓαβKµνγΓγβ −

1

42
KµµνναKαβγΓβγ +

+
1

63
KµνναKµββγΓαγ +

4

63
KµνναKαββγΓµγ −

− 5

63
KµνναKββµKγγα +

1

126
KµµνναKββγγα

}
+ h.c.

‡¤¥¸Ó µ¶¥· Í¨Ö Ô·³¨Éµ¢  ¸µ¶·Ö¦¥´¨Ö (h.c.) µ¶·¥¤¥²¥´  ± ±

a† = a, (Sµ...)
† = Sµ...,

(Γµν)
† = −Γµν , (Kαµν...)

† = −Kαµν....
� Ï¨ ¢Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ h4,5 µ± §Ò¢ -

ÕÉ¸Ö Ô±¢¨¢ ²¥´É´Ò³¨ ·¥§Ê²ÓÉ É ³ · ¡µÉ [51,52], ¨¸¶µ²Ó§ÊÕÐ¨Ì ³¨´¨³ ²Ó´Ò¥
¡ §¨¸Ò, µÉ²¨Î´Ò¥ µÉ ¨¸¶µ²Ó§Ê¥³µ£µ ´ ³¨. ‚ Éµ ¦¥ ¢·¥³Ö ¢ Tr h4 ³Ò µ¡´ ·Ê-
¦¨²¨ ´¥±µÉµ·Ò¥ · ¸Ìµ¦¤¥´¨Ö ³¥¦¤Ê ·¥§Ê²ÓÉ Éµ³ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨° [50] ¨
· ¡µÉµ° [53] ¢ Éµ° Î ¸É¨, ±µÉµ· Ö ¸µ¤¥·¦¨É Î²¥´Ò ¸ 6 ¨ 8 ¨´¤¥±¸ ³¨:

(2Trh4) [50] − (24Trh4) [53] =
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= − 8

15
ad2µdνd

2
αdν +

8

15
ad2µdνdαdνdα −

8

15
adµd

2
νdµd

2
α +

+
8

15
adµdνdµdνd

2
α +

16

15
adµdνd

2
αdνdµ −

16

15
adµdνdαdνdαdµ −

− 16

105
d2µd

2
νd

2
αd

2
β −

16

105
d2µd

2
νdαd

2
βdα +

64

105
d2µd

2
νdαdβdαdβ +

+
32

105
d2µdνdαdνd

2
βdα −

64

105
d2µdνdαdνdβdαdβ +

16

105
d2µdνdαd

2
βdνdα +

+
32

105
d2µdνdαdβdνdαdβ −

16

35
d2µdνdαdβdνdβdα −

16

35
d2µdνdαdβdαdνdβ +

+
16

105
d2µdνdαdβdαdβdν −

32

105
dµdνdµdνdαdβdαdβ +

+
64

105
dµdνdµdαdνdβdαdβ −

32

105
dµdνdµdαdβdνdαdβ +

+
32

105
dµdνdµdαdβdνdβdα .

�É¨ µÉ±²µ´¥´¨Ö ¢µ§´¨± ÕÉ ¨§ Î²¥´µ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¢Ò· ¦¥´¨Ö · ¡µÉÒ
[53]:

(+
2

5
SααΓ

2
µν +

4

105
{Γαβ | Kρρµ | Kµαβ}) ,

£¤¥ {A | B | C} ≡ ABC + CBA. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö Î ¸ÉÓ ´ Ï¥£µ ¢Ò· ¦¥´¨Ö
¶·¥¤¸É ¢²¥´  Î²¥´ ³¨

(+
2

15
SααΓ

2
µν +

16

105
KµαανΓ

νρΓρµ).

„²Ö ¶·µ¢¥·±¨ ´ Ï¨Ì ·¥§Ê²ÓÉ Éµ¢ ³Ò É ±¦¥ Ê¡¥¤¨²¨¸Ó ¢ Éµ³, ÎÉµ ¶µ²ÊÎ ¥³Ò¥
´ ³¨ ±µÔËË¨Í¨¥´ÉÒ Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Õ [53]:

∂(Trhn)/∂a = −hn−1 .

ŒÒ É ±¦¥ ¶·¨¢µ¤¨³ ©³¨´¨³ ²Ó´Ò¥ª Î ¸É¨ ±µÔËË¨Í¨¥´Éµ¢ h5, h6 ¨ h7,
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ´¥¨¸Î¥§ ÕÐ¨³ ¶·¨ Vµ = Aµ = 0 Î²¥´ ³:

Trhmin5 =
1

120
Tr

{
− a5 + 3a2S2µ + 2aSµaSµ − aS2µν −

5

3
SµSνSµν +

+
1

14
S2µνα

}
,

Trhmin6 =
1

720
Tr

{
a6 − 4a3S2µ − 6a2SµaSµ +

12

7
a2S2µν +

9

7
aSµνaSµν +

+
26

7
aSµνSµSν +

18

7
aSµSµνSν +

26

7
aSµSνSµν +

9

7
S2µS

2
ν +
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+
17

14
SµSνSµSν −

3

7
aS2µνα −

11

21
SµνSναSµα − SµSµναSνα −

−SµSναSµνα +
1

42
S2µναβ

}
,

Tr hmin7 =
1

5040
Tr

{
− a7 + 5a4S2µ + 8a3SµaSµ +

9

2
a2Sµa

2Sµ −

−5

2
a3S2µν −

9

2
a2SµνaSµν − 6a2SµνSµSν −

7

2
a2SµSµνSν −

−6a2SµSνSµν −
7

2
aS2µS

2
ν −

11

2
aSµaSµνSν −

11

2
aSµaSνSµν −

−17

2
aSµSνaSµν −

17

2
aSµSνSµSν +

+
5

6
a2S2µνα +

2

3
aSµναaSµνα +

+
17

6
aSµναSµSνα +

5

2
aSµναSναSµ +

5

3
aSµνSµναSα +

+
11

3
aSµνSναSµα +

17

6
aSµνSαSµνα +

5

3
aSµSµναSνα +

+
5

2
aSµSναSµνα +

5

3
S2µS

2
να +

+
11

6
SµSναSµSνα +

35

18
SµSναSαSµν +

+
97

18
SµSνSµαSνα +

43

18
SµSνSναSµα +

35

9
SµSνSαSµνα −

−1

6
aS2µναβ −

16

15
SµνSµαβSναβ −

7

10
SµνSαβSµναβ −

−1

2
SµSµναβSναβ −

1

2
SµSναβSµναβ +

1

132
S2µναβγ

}
.

‚Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨, ¤µ Tr hmin6 ¢±²ÕÎ¨-
É¥²Ó´µ, ¡Ò²¨ É ±¦¥ ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [56], ±·µ³¥ Éµ£µ, ¢ · ¡µÉ Ì [57] ³µ¦´µ
´ °É¨ ¢Ò· ¦¥´¨¥ ¤²Ö Trhmin8 . � Ï¨ ¢ÒÎ¨¸²¥´¨Ö ³¨´¨³ ²Ó´ÒÌ Î²¥´µ¢ ±µÔË-
Ë¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨
¤·Ê£¨Ì £·Ê¶¶.

�¸µ¡Ò° ¨´É¥·¥¸ ± ¢ÒÎ¨¸²¥´¨Õ ±µÔËË¨Í¨¥´Éµ¢ Ö¤·  Ê· ¢´¥´¨Ö É¥¶²µ-
¶·µ¢µ¤´µ¸É¨ ¶·¨¤ ¥É Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ³¥Éµ¤  ¤²Ö
¶µ²ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ£µ ² £· ´¦¨ ´  ¨§ ³¨±·µ¸±µ¶¨Î¥¸±µ° É¥µ·¨¨ Ö¢²Ö¥É¸Ö
 ²ÓÉ¥·´ É¨¢µ° ¶·Ö³µ³Ê ¢ÒÎ¨¸²¥´¨Õ Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³. �·¨ ÔÉµ³ “”-
· ¸Ìµ¤¨³µ¸ÉÖ³ Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³ ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ · ¸Ìµ¤¨³µ¸ÉÓ
¨´É¥£· ²µ¢ ¶µ ¸µ¡¸É¢¥´´µ³Ê ¢·¥³¥´¨ ´  ´¨¦´¥³ ¶·¥¤¥²¥. �·¥¨³ÊÐ¥¸É¢µ³
¤ ´´µ£µ ³¥Éµ¤  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
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¢ ´ ¨¡µ²¥¥ µ¡Ð¥³ ¢¨¤¥ ± ± · §²µ¦¥´¨¥ µ¡µ¡Ð¥´´ÒÌ ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢,
±µÉµ·Ò¥ ¡Ê¤ÊÉ ¨³¥ÉÓ · §²¨Î´Ò° ¢¨¤ ¢ · §²¨Î´ÒÌ ³µ¤¥²ÖÌ.

’ ±, ´ ¶·¨³¥·, ¶µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ hi µ¶¨-
¸Ò¢ ÕÉ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ · ¸¸¥Ö´¨Ö ¸¢¥É  ´  ¸¢¥É¥ ¢ ±¢ ´Éµ¢µ° Ô²¥±-
É·µ¤¨´ ³¨±¥ ± ± ¤²Ö Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2, É ± ¨ ¤²Ö ¡¥¸¸¶¨´µ¢ÒÌ Î ¸É¨Í.
‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ Γµ = ieQAµ , a = 1

4

[
γµ, γν

]
Γµν ¨

Leff = −1

2

1

4π2µ4
Trh4 = −

α2

180µ4

[
5
(
F2µν
)2 − 14

(
FµνFνα

)2]
, (4.5)

£¤¥ α = e2/(4π) ¨ Fµν = ∂µAν−∂νAµ Å É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £-
´¨É´µ£µ ¶µ²Ö. ‚Ò· ¦¥´¨¥ (4.5) ¸µ¢¶ ¤ ¥É ¸ ¨§¢¥¸É´Ò³ ·¥§Ê²ÓÉ Éµ³ �°²¥·  Å
ƒ¥°§¥´¡¥·£  [54] ¢ Š�„. ‚ ¸²ÊÎ ¥ ¡¥¸¸¶¨´µ¢ÒÌ Î ¸É¨Í ¨³¥¥³ Γµ = ieQAµ,
a = 0 ¨

Leff = −1

2

1

4π2µ4
Trh4 = −

α2

1440µ4

[
5
(
F2µν
)2

+
(
FµνFνα

)2]
.

�µ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ É ±¦¥ ¸µ¢¶ ¤ ¥É ¸ ¨§¢¥¸É´Ò³ ·¥§Ê²ÓÉ Éµ³ ¸± ²Ö·´µ°
Ô²¥±É·µ¤¨´ ³¨±¨ [55]. ‚ ÔÉ¨Ì ¶·µ¸ÉÒÌ ¶·¨³¥· Ì ¨¸¶µ²Ó§µ¢ ²¨¸Ó ²¨ÏÓ ´¥-
¸±µ²Ó±µ Î²¥´µ¢ ¨§ ¢Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´É  h4, ±µÉµ·Ò¥ ¢ ¸²ÊÎ ¥  ¡¥²¥-
¢µ° ¸¨³³¥É·¨¨ U(1) (¢¸¥ µ¶¥· Éµ·Ò ±µ³³ÊÉ¨·ÊÕÉ) § ¶¨¸Ò¢ ÕÉ¸Ö ± ±

Tr h4 →
1

24
Tr

[
a4 + a2Γ2µν +

1

12
Γ2µνΓ

2
αβ +

1

15

(
ΓµνΓµα

)2]
.

„²Ö ¶µ²ÊÎ¥´¨Ö ¡µ§µ´¨§µ¢ ´´µ£µ ² £· ´¦¨ ´  ¢ ³µ¤¥²¨ �ˆ‹ É·¥¡ÊÕÉ¸Ö
¡µ²¥¥ ¶µ²´Ò¥ ¢Ò· ¦¥´¨Ö, ±µÉµ·Ò¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨ ¤²Ö ¤·Ê£¨Ì § ¤ Î, ´ ¶·¨-
³¥·, ¤²Ö µ¶¨¸ ´¨Ö ¸¢µ°¸É¢ Ô²¥±É·µ¸² ¡µ£µ ¸Ë ²¥·µ´  [56],   É ±¦¥ ¤²Ö § ¤ Î
±¢ ´Éµ¢µ° £· ¢¨É Í¨¨ [48] ¨ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ·. �µ¤·µ¡´ÊÕ ¡¨-
¡²¨µ£· Ë¨Õ ¸É É¥°, ¶µ¸¢ÖÐ¥´´ÒÌ · §²¨Î´Ò³ Ë¨§¨Î¥¸±¨³ ¶·¨³¥´¥´¨Ö³ ±µ-
ÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨, ³µ¦´µ ´ °É¨ ¢ · ¡µÉ Ì [53, 58]. �µÔÉµ³Ê
¶µ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ¨ ¨¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö ÔÉµ£µ ¶·µ£· ³³Ò  ´ ²¨É¨-
Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¶·¥¤¸É ¢²ÖÕÉ £µ· §¤µ ¡µ²¥¥ µ¡Ð¨° ¨´É¥·¥¸, Î¥³ Éµ²Ó±µ
¡µ§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹.

5. �…‹ˆ�…‰�›…  ””…Š’ˆ‚�›… Œ…‡���›… ‹�ƒ���†ˆ��›

�ËË¥±É¨¢´Ò¥ ³¥§µ´´Ò¥ ² £· ´¦¨ ´Ò ¢ É¥·³¨´ Ì ±µ²²¥±É¨¢´ÒÌ ¶µ²¥°
¢µ§´¨± ÕÉ ¨§ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö ¸²¥¤  ¶µ ¤¨· ±µ¢-
¸±¨³ ³ É·¨Í ³ ¢ Trhi(x). ‡¤¥¸Ó ³Ò µ£· ´¨Î¨³¸Ö Éµ²Ó±µ Î²¥´ ³¨ ¢ ¢Ò· -
¦¥´¨ÖÌ ¤²Ö h1, . . . , h4, ¤ ÕÐ¨³¨ ¢±² ¤ ¢ ¨³¶Ê²Ó¸´µ¥ · §²µ¦¥´¨¥ ±¢ ·±µ¢µ£µ
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¤¥É¥·³¨´ ´É , ¢±²ÕÎ Ö p6-¶µ·Ö¤µ± (Î²¥´Ò, ¤ ÕÐ¨¥ O(p8)-¢±² ¤Ò, µ¶ÊÐ¥´Ò):

h0 = 1,

h1 = −a,

Trh2 = Tr

{
1

12
(Γµν)

2 +
1

2
a2
}
,

Trh3 = − 1

12
Tr

{
2a3 − SµS

µ + a(Γµν)
2 − 2

45
(Γαβγ)

2 − 1

9
(Γααβ)

2 −

− 2

45
ΓµνΓ

ναΓα
µ

}
,

Trh4 = Tr

{
1

24
a4 +

1

12

(
a2Sµµ + aSµS

µ
)
+

1

720

(
7(Sµµ)

2 − (Sµν)
2
)
+

+
1

30
a2(Γµν)

2 +
1

120
(aΓµν)

2 +
1

144
a
[
Γµµν , S

ν
]
+

+
1

40
a

(
ΓµνS

µν +
11

9
SµνΓ

µν

)}
,

Trhmin5 = −Tr

{
1

120
a2(a3 − 3SµS

µ)− 1

60
(aSµ)

2

}
,

Trhmin6 =
1

720
Tr a6 .

© ¸Ìµ¤ÖÐ Ö¸Öª Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ ³¥§µ´´µ£µ ² £· ´¦¨ ´  µ¶·¥¤¥²Ö-
¥É¸Ö ±µÔËË¨Í¨¥´É ³¨ h0, h1 ¨ h2 · §²µ¦¥´¨Ö (3.7):

Ldiv =
Nc

16π2
tr

{
Γ

(
0,
µ2

Λ2

)[
Dµ(Φ +m0)Dµ(Φ +m0)

† −M2 +

+
1

6

(
(FLµν)

2 + (FRµν)
2

)]
+ 2

[
Λ2e−µ

2/Λ2 − µ2Γ

(
0,
µ2

Λ2

)]
M
}
,

(5.1)

£¤¥ M = (Φ + m0)(Φ + m0)
† − µ2, FR/Lµν = FVµν ± FAµν . Šµ¢ ·¨ ´É´Ò¥

¶·µ¨§¢µ¤´Ò¥ Dµ ¨ Dµ µ¶·¥¤¥²¥´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Dµ∗ = ∂µ ∗+(ALµ ∗ − ∗ARµ ) , Dµ∗ = ∂µ ∗+(ARµ ∗ − ∗ALµ) .

�µ² £ Ö Σ ≈ µ ¨ ¶µÔÉµ³Ê Φ = µΩ2 ≡ µU , ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ p2-Î ¸ÉÓ
³¥§µ´´µ£µ ² £· ´¦¨ ´  (5.1) ¢ ¢¨¤¥

L2 = −
F 2
0

4
tr
(
LµL

µ
)
+
F 2
0

4
tr
(
χU † + Uχ†

)
, (5.2)
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£¤¥ Lµ = DµU U †. ‡ É· ¢µÎ´ Ö ±µ´¸É ´É  F0 ¨ ³¥§µ´´ Ö ³ ¸¸µ¢ Ö ³ É·¨Í 
χ = diag (χ2u, χ

2
d, ..., χ

2
n) § ¤ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨

F 2
0 = yNcµ

2/(4π2) , χ2i = mi0µ/(G1F
2
0 ) = −2mi0<qq>F−20 , (5.3)

£¤¥ y = Γ
(
0, µ2/Λ2

)
.

�ËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¢ p4-¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¢µ§´¨-
± ¥É ¨§ ²µ£ ·¨Ë³¨Î¥¸±¨ · ¸Ìµ¤ÖÐ¥°¸Ö Î ¸É¨ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¨ ¨§
±µÔËË¨Í¨¥´Éµ¢ h3 ¨ h4, ¤ ÕÐ¨Ì ¢±² ¤ ¢ ±µ´¥Î´ÊÕ Î ¸ÉÓ. �·¨³¥´ÖÖ ¸¢µ°¸É¢ 
±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ

Dµ(O1O2) = (DµO1)O2 +O1(D
′
µO2) = (D′µO1)O2 +O1(DµO2) ,

Dµ(O1O2) = (DµO1)O2 +O1(D
′
µO2) = (D

′
µO1)O2 +O1(DµO2) ,

D′µ(O1O2) = (D′µO1)O2 +O1(D
′
µO2) = (DµO1)O2 + O1(DµO2) ,

D
′
µ(O1O2) = (D

′
µO1)O2 +O1(D

′
µO2) = (DµO1)O2 +O1(DµO2) ,

[Dµ, Dν ]O = FLµνO −OFRµν , [Dµ, Dν ]O = FRµνO −OFLµν ,

[D′µ, D
′
ν ]O = [FLµν , O] , [D

′
µ, D

′
ν ]O = [FRµν , O] , (5.4)

£¤¥
D′µ∗ = ∂µ ∗+[ALµ , ∗], D

′
µ∗ = ∂µ ∗+[ARµ , ∗] ,

³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ±µ´¥Î´ÊÕ Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ ² £· ´-
¦¨ ´  ¢ ¢¨¤¥

L(p
4)

fin =
Nc

32π2µ4
tr

{
1

3

[
µ2D2ΦD

2
Φ† −

(
DµΦDµΦ

†)2]+ 1

6

(
DµΦDνΦ

†)2 −
−µ2
[
MDµΦD

µ
Φ† +MDµΦ

†DµΦ
]
+

+
2

3
µ2
[
DµΦD

ν
Φ† FLµν +D

µ
Φ†DνΦFRµν

]
+

+
1

3
µ2FRµνΦ

†FLµνΦ− 1

6
µ4
[
(FLµν)

2 + (FRµν)
2
]}

, (5.5)

£¤¥ M = (Φ + m0)
†(Φ + m0) − µ2. ŒÒ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥

Γ(k, µ2/Λ2) ≈ Γ(k), ±µÉµ·µ¥ Ìµ·µÏµ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨ k ≥ 1 ¨ µ2/Λ2 
 1.
�¡Ñ¥¤¨´ÖÖ ² £· ´¦¨ ´ (5.5) c p4-¢±² ¤ ³¨, ¢µ§´¨± ÕÐ¨³¨ ¨§ · ¸Ìµ¤Ö-

Ð¥°¸Ö Î ¸É¨ (5.1), ¶µ²ÊÎ¨³ ÔËË¥±É¨¢´Ò° p4-² £· ´¦¨ ´, ±µÉµ·Ò° ¢ ¸ ³µ³
µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

L4 = LG&L4 (L′i, H
′
i) + λ1tr

(
D2UD

2
U †
)
+ λ2tr

(
D2Uχ† + χD

2
U †
)
, (5.6)
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£¤¥ LG&L4 (Li, Hi) Å Î ¸ÉÓ p4-² £· ´¦¨ ´ , ¸µ¤¥·¦ Ð Ö ³¨´¨³ ²Ó´ÊÕ ±µ³-
¡¨´ Í¨Õ ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ Î²¥´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸É·Ê±ÉÊ·´Ò³ ±µÔË-
Ë¨Í¨¥´É ³ Li (i=1, ..., 10) ¨ H1,2 ƒ ¸¸¥·  ¨ ‹¥°É¢¨²¥·  [39] ∗:

LG&L4 (Li, Hi) =

(
L1 −

1

2
L2

)(
trLµL

µ
)2

+

+L2tr

(
1

2
[Lµ, Lν]

2 + 3(LµL
µ)2
)
+

+L3tr
(
(LµL

µ)2
)
− L4tr

(
LµL

µ
)
tr
(
χU † + Uχ†

)
−

−L5tr
[
LµL

µ
(
χU † + Uχ†

)]
+ L6

(
tr
(
χU † + Uχ†

))2
+

+L7

(
tr
(
χU † − Uχ†

))2
+ L8tr

(
χU †χU † + Uχ†Uχ†

)
−

−L9tr
(
FRµνR

µRν + FLµνL
µLν
)
−

−L10tr
(
U †FRµνUF

Lµν
)
−

−H1tr
((
FRµν
)2

+
(
FLµν
)2)

+H2tr
(
χχ†
)
. (5.7)

‹ £· ´¦¨ ´ (5.6) ¸µ¤¥·¦¨É ¤¢  ²¨Ï´¨Ì Î²¥´  ¸µ ¸É·Ê±ÉÊ·´Ò³¨ ±µÔËË¨Í¨-
¥´É ³¨ λ1,2, µÉ¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ ¸É ´¤ ·É´µ³ ¶·¥¤¸É ¢²¥´¨¨ p4-² £· ´¦¨ ´ 
ƒ ¸¸¥·  Å ‹¥°É¢¨²¥·  (5.7).

‘µ£² ¸´µ É¥µ·¥³¥ Ô±¢¨¢ ²¥´É´µ¸É¨, ´¥²¨´¥°´Ò° ÔËË¥±É¨¢´Ò° ² £· ´-
¦¨ ´ µ¶·¥¤¥²¥´ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶·¥µ¡· §µ¢ ´¨° ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¶µ²¥°,
´¥ ³¥´ÖÕÐ¨Ì ¥£µ ±¨´¥É¨Î¥¸±ÊÕ Î ¸ÉÓ [64, 65]. ’ ±¨¥ ¶·¥µ¡· §µ¢ ´¨Ö ¶µ-
²¥° ¢²¨ÖÕÉ Éµ²Ó±µ ´  ³´µ£µÎ ¸É¨Î´Ò¥ ¶·µ¶ £ Éµ·Ò ¸ ¢´¥Ï´¨³¨ ²¨´¨Ö³¨
¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ¢ Éµ ¢·¥³Ö ± ± S-³ É·¨ÍÒ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì-
´µ¸É¨ µ¸É ÕÉ¸Ö ¨¤¥´É¨Î´Ò³¨. �Éµ ¸¢µ°¸É¢µ Ô±¢¨¢ ²¥´É´µ¸É¨ ¨¸¶µ²Ó§Ê¥É¸Ö
¤²Ö Ê¸É· ´¥´¨Ö ²¨Ï´¨Ì, ´ ¶·¨³¥·, É ± ´ §Ò¢ ¥³ÒÌ ©É Ì¨µ´´ÒÌª Î²¥´µ¢ ¸
¤¢µ°´Ò³¨ ¶·µ¨§¢µ¤´Ò³¨, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ ¶·¨ ¡µ§µ´¨§ Í¨¨ ÔËË¥±É¨¢´ÒÌ
±¢ ·±µ¢ÒÌ ³µ¤¥²¥°. ‚ · ¡µÉ Ì [39] ¸ ÔÉµ° Í¥²ÓÕ ¨¸¶µ²Ó§µ¢ ´Ò Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ p4-¶µ·Ö¤±¥ ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¥µ¡· §µ¢ ´¨Ö
¶µ²¥° ¶·¨¢µ¤¨É ¢ ÉµÎ´µ¸É¨ ± Éµ³Ê ¦¥ ·¥§Ê²ÓÉ ÉÊ, ÎÉµ ¨ ´ ¨¢´µ¥ ¶·¨³¥´¥´¨¥
Ê· ¢´¥´¨° ¤¢¨¦¥´¨°, ¢µ§´¨± ÕÐ¨Ì ¨§ p2-Î ¸É¨ ÔËË¥±É¨¢´µ£µ ² £· ´¦¨ ´ .
�¤´ ±µ ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¢ ¸²¥¤ÊÕÐ¨Ì ¶µ·Ö¤± Ì ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö
O(p6) ¶·¥µ¡· §µ¢ ´¨Ö ¶µ²¥° ¶·¨¢µ¤ÖÉ ± ¶µÖ¢²¥´¨Õ ¢±² ¤µ¢, ±µÉµ·Ò¥ ³µ£ÊÉ
¡ÒÉÓ ÊÉ¥·Ö´Ò ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ²Ó±µ Ê· ¢´¥´¨° ¤¢¨¦¥´¨° (¸³. [37,63]).

�·¨³¥´ÖÖ ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ±µ¢ ·¨ ´É´µ¥ ¤¨ËË¥·¥´Í¨·µ¢ ´¨¥ ± Ê¸²µ-

∗‘²¥¤Ê¥É µÉ³¥É¨ÉÓ · §´¨ÍÊ ¢ ´ Ï¨Ì µ¶·¥¤¥²¥´¨ÖÌ É¥´§µ·µ¢ FL,R: FL,R = −iFR,L
G&L

.
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¢¨Õ Ê´¨É ·´µ¸É¨ UU † = 1, ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö

D2U U † =
1

2

(
D2U U † − UD

2
U †
)
−DµUD

µ
U † ,

UD
2
U † = −1

2

(
D2U U † − UD

2
U †
)
−DµUD

µ
U † . (5.8)

ˆ¸¶µ²Ó§ÊÖ (5.8) ¨ tr
(
D2U U † − UD

2
U †
)
= 0, ¶µ¸²¥¤´¨¥ ¤¢  Î²¥´  ¢ (5.6)

³µ¦´µ ¶·¨¢¥¸É¨ ± ¢¨¤Ê, ´ ¨¡µ²¥¥ Ê¤µ¡´µ³Ê ¤²Ö ¶·¨³¥´¥´¨Ö ¶·¥µ¡· §µ¢ ´¨°
¶µ²¥°:

tr
(
D2UD

2
U †
)
= tr
(
DµUD

µ
U †DνUD

ν
U †
)
+

1

12

(
tr (χU † − Uχ†)

)2
−1

4
tr
(
Uχ†Uχ† + χU †χU †

)
+

1

2
tr
(
χχ†
)
−

−1

4
tr
(
(D2UU † − UD

2
U †)O(2)EOM

)
− 1

4
tr
(
(χU † − Uχ†)O(2)EOM

)
,

tr
(
D2Uχ† + χD

2
U †
)
= −tr

(
DµUD

µ
U †(χU † + Uχ†)

)
+
1

6

(
tr (χU † − Uχ†)

)2 − 1

2
tr
(
Uχ†Uχ† + χU †χU †

)
+ tr
(
χχ†
)
−

−1

2
tr
(
(χU † − Uχ†)O(2)EOM

)
,

£¤¥ µ¶¥· Éµ· O(2)EOM ¨³¥¥É ËÊ´±Í¨µ´ ²Ó´Ò° ¢¨¤ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨°, ¢µ§´¨-
± ÕÐ¥£µ ¨§ p2-² £· ´¦¨ ´  (5.2):

O(2)EOM (U) = D2UU † − UD
2
U † − χU † + Uχ† +

1

3
tr
(
χU † − Uχ†

)
. (5.9)

’µ£¤ , ¢Ò· ¦¥´¨¥ (5.6) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

L4 = LG&L4 (Li, Hi) +

+c1tr
(
(D2UU † − UD

2
U †)O(2)EOM

)
+ c2tr

(
(χU † − Uχ†)O(2)EOM

)
.

(5.10)

˜É·¨Ìµ¢ ´´Ò¥ ¨ ´¥ÏÉ·¨Ìµ¢ ´´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨¥´ÉÒ ¢ (5.6) ¨ (5.10)
¸¢Ö§ ´Ò ³¥¦¤Ê ¸µ¡µ° ¸µµÉ´µÏ¥´¨Ö³¨

L1 = L′1 , L2 = L′2 , L3 = L′3 + λ1 , L4 = L′4 , L5 = L′5 − λ2 ,

L6 = L′6 , L7 = L′7 +
λ1

12
+
λ2

6
, L8 = L′8 −

λ1

4
− λ2

2
, L9 = L′9 ,

L10 = L′10 , H1 = H ′1 , H2 = H ′2 +
λ1

2
+ λ2 ,

c1 = −
λ1

4
, c2 = −

λ1

4
− λ2

2
.
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‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹ ±µÔËË¨Í¨¥´ÉÒ λ1,2
µ¶·¥¤¥²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö³¨ λ1 =

1
6
Nc
16π2 ¨ λ2 = − Nc

16π2xy.
ˆ¸¶µ²Ó§ÊÖ ³¥Éµ¤ ¶·¥µ¡· §µ¢ ´¨Ö ¶µ²¥°, ³µ¦´µ ¨§¡ ¢¨ÉÓ¸Ö µÉ ¤¢ÊÌ ¶µ-

¸²¥¤´¨Ì Î²¥´µ¢ ¢ ² £· ´¦¨ ´¥ (5.10). „²Ö ÔÉµ£µ · ¸¸³µÉ·¨³ ¶·¥µ¡· §µ¢ ´¨¥

U(x) = exp (iS2(V ))V (x),

£¤¥ S2(V ) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸ ³Ò° µ¡Ð¨° ¢¨¤ £¥´¥· Éµ·  ¢ p2-¶µ·Ö¤±¥
¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö:

S2(V ) = iα1(D
2V V † − V D

2
V †) + iα2

(
χV † − V χ† − 1

3
tr (χV † − V χ†)

)

¸ ¶·µ¨§¢µ²Ó´Ò³¨ ·¥ ²Ó´Ò³¨ ¶ · ³¥É· ³¨ α1 ¨ α2.  ¸¸³µÉ·¨³ ¨§³¥´¥´¨¥
ËÊ´±Í¨µ´ ²Ó´µ£µ ¢¨¤  ² £· ´¦¨ ´  L2 (5.2) ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¶µ²¥° ∗.
�µ¤¸É ¢²ÖÖ U = exp(iS)V ¢ L2(U) ¨ µÉ¡· ¸Ò¢ Ö ¶µ²´Ò¥ ¶·µ¨§¢µ¤´Ò¥, ¶µ²Ê-
Î¨³

L2(U) = L2(V ) + δ(1)L2(V, S) + δ(2)L2(V, S) + . . . , (5.11)

£¤¥ ¢¥·Ì´¨¥ ¨´¤¥±¸Ò ¢ ¸±µ¡± Ì µ¡µ§´ Î ÕÉ ¸É¥¶¥´¨ S (¨²¨ DµS, . . .), ¨ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò ³µ¦´µ ¢Ò· §¨ÉÓ ¢ ¢¨¤¥

δ(1)L2(V, S) =
F 2
0

4
tr
(
iSO(2)EOM (V )

)
= O(p4),

δ(2)L2(V, S) =
F 2
0

4
tr
(
S(DµV V

†D
′µS −D

′µSDµV V
† −D

′2S) −

−1

2
(χV † + V χ†)S2

)
= O(p6),

δ(3)L2(V, S) = O(p2)×O(S3) = O(p8).

�µ¸²¥¤´¨° Î²¥´ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ Éµ²Ó±µ ¶·¨ ÊÎ¥É¥ ¢±² ¤µ¢ O(p8), ¶µ-
ÔÉµ³Ê §¤¥¸Ó ´¥ ¶·¨¢¥¤¥´ ¥£µ Ö¢´Ò° ¢¨¤.

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ´¥ ¡Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ · ¢¥´¸É¢  ´Ê²Õ ¢Ò· ¦¥´¨Ö (5.9),
´¥¸³µÉ·Ö ´  Éµ, ÎÉµ µ´µ ¨³¥¥É ËÊ´±Í¨µ´ ²Ó´Ò° ¢¨¤ Ê· ¢´¥´¨° ¤¢¨¦¥´¨°,
¢µ§´¨± ÕÐ¨Ì ¨§ L2. ‚ ¸²ÊÎ ¥, ¥¸²¨

α1 =
4c1
F 2
0

= − λ1

F 2
0

, α2 =
4c2
F 2
0

= − λ1

F 2
0

− 2λ2
F 2
0

,

∗�µ¸²¥ ¶·¥µ¡· §µ¢ ´¨° ¶µ²¥° ² £· ´¦¨ ´Ò Ln(U) ¸µ¤¥·¦ É É ±¦¥ ¶·µ¨§¢µ¤´Ò¥ ¶µ²¥° V
¶µ·Ö¤±  ¢ÒÏ¥, Î¥³ p2n.
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Î²¥´ δ(1)L2(V, S2) ¢ ÉµÎ´µ¸É¨ ¸µ±· Ð ¥É ¶µ¸²¥¤´¨¥ ¤¢  Î²¥´  ¢ (5.10) (U →
→ V ¢ p4-¶µ·Ö¤±¥), ¨ ÔËË¥±É¨¢´Ò° p4-² £· ´¦¨ ´ ¶·¨¢µ¤¨É¸Ö ± ³¨´¨³ ²Ó-
´µ³Ê ¢¨¤Ê (5.7) ¸µ ¸É·Ê±ÉÊ·´Ò³¨ ±µ´¸É ´É ³¨ Li = Nc/(16π

2) · li ¨ Hi =
= Nc/(16π

2) · hi, µ¶·¥¤¥²Ö¥³Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨

l1 =
1

24
, l2 =

1

12
, l3 = −

1

6
, l4 = 0 , l5 = x(y − 1) , l6 = 0 ,

l7 = −
1

6

(
xy − 1

12

)
, l8 =

(
1

2
x− x2

)
y − 1

24
, l9 =

1

3
, l10 = −

1

6
,

h1 = −
1

6

(
y − 1

2

)
,

h2 = −(x+ 2x2)y +
1

12
− 2x2y

(
1− Λ2

µ2y
e−µ

2/Λ2
)
,

(5.12)

£¤¥
x = −µF 2

0 /(2 <qq>) , y = 4π2F 2
0 /(Ncµ

2) . (5.13)

CÉ·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨¥´ÉÒ (5.12) ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨
¢ · ¡µÉ¥ [20].

 ¸¸³µÉ·¨³ É¥¶¥·Ó ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´, ¶µ²ÊÎ¥´´Ò° ¨§ ¡µ§µ´¨-
§ Í¨¨ ³µ¤¥²¨ �ˆ‹ ¢ p6-¶µ·Ö¤±¥. �·¥¦¤¥ ¢¸¥£µ, ¢±² ¤ ¢ ÔÉµÉ ² £· ´¦¨ ´

¤ ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò¥ Î²¥´Ò, ¢µ§´¨± ÕÐ¨¥ ¨§ L(p
4)

fin (5.5) ¶µ¸²¥ ¶µ¤¸É ´µ¢±¨

Φ→ Φ+m0
∗,   É ±¦¥ ±µ´¥Î´ Ö Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö L(p

4)
fin , ¸µµÉ¢¥É-

¸É¢ÊÕÐ Ö ±µÔËË¨Í¨¥´É ³ É¥¶²µ¶·µ¢µ¤´µ¸É¨ h3, h4, h5 ¨ h6 (¸³. ¢Ò· ¦¥´¨¥
(A.1) ¢ �·¨²µ¦¥´¨¨). ‚±² ¤Ò p6-¶µ·Ö¤±  ¢µ§´¨± ÕÉ É ±¦¥ ¨§ δ(2)L2(V, S2)
(5.12). „²Ö Ö¢´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ÔÉ¨Ì ¢±² ¤µ¢ Ê¤µ¡´µ ¢¢¥¸É¨ µ¶¥· Éµ·Ò

A1 = tr
(
(χU † − Uχ†){DµUU †, (DµχU † + UDµχ†)}

)
,

A2 = tr
(
χU † − Uχ†

)
tr
(
DµUU

†(DµχU † + UDµχ†)
)
,

A3 = tr
(
(χU † − Uχ†)DµUU

†(χU † − Uχ†)DµUU †
)
,

A4 = tr
(
χU † − Uχ†

)
tr
(
DµUD

µU †(χU † − Uχ†)
)
,

A5 = tr
(
(χU † − Uχ†)(D2χU † − UD2χ†)

)
,

A6 = tr
(
χU † − Uχ†

)
tr
(
D2χU † − UD2χ†

)
,

¢ É¥·³¨´ Ì ±µÉµ·ÒÌ ¨§³¥´¥´¨Ö ¢Éµ·µ£µ ¶µ·Ö¤±  ¢ S2 § ¶¨ÏÊÉ¸Ö ¢ ¢¨¤¥

(α1 + α2)
2F

2
0

4
(−A1 +

2

3
A2 +A3 +

1

3
A4 +A5 −

1

3
A6). (5.14)

∗� ¶µ³´¨³, ÎÉµ ¢ µ¶·¥¤¥²¥´¨¥ ¤¨· ±µ¢¸±µ£µ µ¶¥· Éµ·  (2.4) ¢Ìµ¤¨É ±µ³¡¨´ Í¨Ö Φ +m0,
¶·¨Î¥³ m0 Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ° p2-¶µ·Ö¤± .
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�·¨ ¶µ²ÊÎ¥´¨¨ ¢Ò· ¦¥´¨Ö (5.14) ¶·¨³¥´Ö²¨¸Ó µÉ¡· ¸Ò¢ ´¨¥ ¶µ²´ÒÌ ¶·µ¨§-
¢µ¤´ÒÌ ¨ ¶·¥µ¡· §µ¢ ´¨Ö ¶µ²¥° ¸ £¥´¥· Éµ· ³¨ p4-¶µ·Ö¤± . (‡¤¥¸Ó ³Ò µ¶ÖÉÓ
¨¸¶µ²Ó§µ¢ ²¨ ¸¨³¢µ² U ¤²Ö § ¶¨¸¨ µ±µ´Î É¥²Ó´ÒÌ ¢Ò· ¦¥´¨° ¶µ¸²¥ ¶·¥µ¡· -
§µ¢ ´¨° ¶µ²¥°. Œ É·¨Í  U É¥¶¥·Ó ¸µ¤¥·¦¨É Ê¦¥ ´¥ ¨¸Ìµ¤´Ò¥,   ¶·¥µ¡· §µ-
¢ ´´Ò¥ ¨´É¥·¶µ²¨·ÊÕÐ¨¥ ¶µ²Ö.)

„·Ê£¨³ ¨¸ÉµÎ´¨±µ³ p6-¢±² ¤µ¢ ¢ ¡µ§µ´¨§µ¢ ´´Ò° ² £· ´¦¨ ´ Ö¢²Ö¥É¸Ö
³µ¤¨Ë¨± Í¨Ö L4 ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ¶µ²¥°, ±µÉµ·ÊÕ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

L4(U) = L4(V ) + δ(1)L4(V, S) +O(p8) , (5.15)

£¤¥

δ(1)L4(V, S) =
F 2
0

4
tr
(
iSO(4)EOM(V )

)
= O(p6) .

ˆ§ ² £· ´¦¨ ´  (5.6) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ p4-¢±² ¤ ¢ µ¶¥· Éµ· Ê· ¢´¥´¨Ö ¤¢¨¦¥-

´¨Ö O(4)EOM (U):

O(4)EOM (U) =
4

F0

(
E4 −

1

3
tr (E4)

)
,

£¤¥

E4 =
(
2L′1 − L′2

)
tr
(
DµU D

µ
U †
)
·
(
− U D

2
U † +D2U U †

)
+

+ 2L′2

[
− U Dµ

(
DνU

†DµU D
ν
U †
)
+Dµ

(
DνU D

µ
U †DνU

)
U †
]
+

+ 2
(
2L′2 + L′3

)[
− UDµ

(
D
µ
U †DνU D

ν
U †
)
+

+Dµ

(
DνU D

ν
U †DµU

)
U †
]
+

+ L′4

[
tr
(
χU † + Uχ†

)
·
(
D2U U † − U D

2
U †
)
+

+ tr
(
DµU D

µ
U †
)
·
(
Uχ† − χU †

)]
+

+ L′5

[
− U Dµ

(
D
µ
U †
(
χU † + Uχ†

))
+Dµ

((
χU † + Uχ†

)
DµU

)
U † +

+ Uχ†DµU D
µ
U † − DµU D

µ
U † χU †

]
+

+ 2L′6 tr
(
χU † + Uχ†

)
·
(
Uχ† − χU †

)
−

− 2L′7 tr
(
χU † − χ†

)
·
(
Uχ† + χU †

)
+

+ L′8

[ (
Uχ†
)2 − (χU †)2 ]+

+ L′9

[
− U D

ν
(FRµν D

µ
U †) +Dµ(DνU FRµν)U

† −

− UD
µ
(D
ν
U † FLµν) +Dν(FLµνD

µU)U †
]
−
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− L′10

[
U FRµν U

† FLµν − FLµν U FRµν U †
]
+

+ λ′1

[
U D

2
D
2
U † −D2D2U U †

]
+ λ′2

[
U D

2
χ† −D2χU †

]
. (5.16)

‚ ±µ´¥Î´µ³ ¨Éµ£¥ ÔËË¥±É¨¢´Ò° p6-² £· ´¦¨ ´ ³µ¦´µ ¶·¨¢¥¸É¨ ± ³¨´¨-
³ ²Ó´µ³Ê Î¨¸²Ê ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ ¸É·Ê±ÉÊ· c ´¥´Ê²¥¢Ò³¨ ±µÔËË¨Í¨¥´-
É ³¨ Qi

∗:

L6 = tr

{
Q1

(
LµLνL

ν
)2

+

+Q2

(
LµL

µ
)3

+

+Q3LαL
α
(
LµLν

)2
+

+Q4

(
LµLνLα

)2
+

+Q5

(
LµLνL

µ
)2

+

+Q6

(
LµL

µDαDνUD
α
D
ν
U † +RµR

µDαDνU
†DαDνU

)
+

+Q7

(
LµLνDαD

νU D
α
D
µ
U † +RµRνDαD

ν
U †DαDµU

)
+

+Q8

(
LµLνDαD

µU D
α
D
ν
U † +RµRνDαD

µ
U †DαDνU

)
+

+Q9LµLνL
νLµ(χU † + Uχ†) +

+Q10

(
LµLν

)2
(χU † + Uχ†) +

+Q11

(
LµL

µ
)2
(χU † + Uχ†) +

+Q12

(
χRµU †

(
DµDνU +DνDµU

)
U †Lν +

+χ†LµU
(
DµDνU

† +DνDµU
†)URν)+

+Q13

[
χ(DµDνU

†LµLν +RνRµUDµDνU
†) +

+χ†(DµDνUR
µRν + LνLµDµDνU)

]
+

+Q14

[
χ
(
U †DµDνUD

µ
D
ν
U † +DµDνU

†DµDνUU †
)
+

+χ†
(
UDµDνU

†DµDνU +DµDνUD
µ
D
ν
U †U
)]

+

∗‚ ¡µ²¥¥ µ¡Ð¥³ · ¸¸³µÉ·¥´¨¨ [66] ´¥ ´µ³ ²Ó´ Ö Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ p6-² £· ´¦¨ ´ 
¢±²ÕÎ ¥É ¢ ¸¥¡Ö £µ· §¤µ ¡µ²ÓÏ¥¥ Î¨¸²µ ²¨´¥°´µ ´¥§ ¢¨¸¨³ÒÌ Î²¥´µ¢. �¤´ ±µ ¢ · ¸¸³ É·¨-
¢ ¥³µ³ ´ ³¨ ±µ´±·¥É´µ³ ¸²ÊÎ ¥ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹ ´¥´Ê²¥¢Ò³¨ µ± §Ò¢ ÕÉ¸Ö Éµ²Ó±µ 65
¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢.
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+Q15χ
†LµχR

µ +

+Q16

(
χ†χRµR

µ + χχ†LµL
µ
)
+

+Q17

(
Uχ†Uχ†LµL

µ + U †χU †χRµR
µ
)
+

+Q18

[
(χU †Lµ)

2 + (χ†URµ)
2
]
+

+Q19

[
(χU †)3 + (χ†U)3

]
+

+Q20

(
U †χχ†χ+ Uχ†χχ†

)
+

+Q21

(
FLµν
{
LαL

α, LµLν
}
+ FRµν

{
RαR

α, RµRν
})

+

+Q22

[
FLµν
(
LµLαL

νLα + LαL
µLαLν

)
+

+FRµν
(
RµRαR

νRα +RαR
µRαRν

)]
+

+Q23

(
FLµνLαL

µLνLα + FRµνRαR
µRνRα

)
+

+Q24

(
FLµνL

µLαL
αLν + FRµνR

µRαR
αRν
)
+

+Q25

(
FLαανLµL

νLµ − FRαανRµR
νRµ
)
+

+Q26

(
FLααν

{
Lν, LµL

µ
}
− FRααν

{
Rν , RµR

µ
})

+

+Q27

[
FLµν

(
DµDαUU †LαL

ν − LνLαUD
µ
D
α
U †
)
+

+FRµν

(
D
µ
D
α
U †URαR

ν −RνRαU
†DµDαU

)]
+

+Q28

[
FLµν

(
LνDµDαUU †Lα − LαUD

µ
D
α
U †Lν

)
+

+FRµν

(
RνD

µ
D
α
U †URα −RαU

†DµDαURν
)]

+

+Q29

[
(χU † + Uχ†)

{
FLµν , L

µLν
}
+ (χ†U + U †χ)

{
FRµν , R

µRν
}]

+

+Q30

(
(χU † − Uχ†)

[
FLµν , L

µLν
]
+ (χ†U − U †χ)

[
FRµν , R

µRν
])

+

+Q31

[
FLµνL

µ(χU † + Uχ†)Lν + FRµνR
µ(χ†U + U †χ)Rν

]
+

+Q32

[
χ
(
D
µ
D
ν
U † FLµν − FRµνD

µ
D
ν
U †
)
+

+χ†
(
DµDνUFRµν − FLµνD

µDνU
)]

+

+Q33

[
χ
(
U †FLµν D

µDνU U † − U †DµDνU FRµνU
†
)
+
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+χ†
(
UFRµν D

µ
D
ν
U † U − UD

µ
D
ν
U † FLµνU

)]
+

+Q34

[
χ
(
U †FLµνUD

µ
D
ν
U † −DµDνU

†UFRµνU
†
)
+

+χ†
(
UFRµνU

†DµDνU −DµDνUU †FLµνU
)]

+

+Q35

[
χ
(
U †DµDνUU †FLµν − FRµνU

†DµDνUU †
)
+

+χ†
(
UD

µ
D
ν
U †UFRµν − FLµνUD

µ
D
ν
U †U
)]

+

+Q36

[
FLααµ(L

µU χ† + χU †Lµ)− FRααµ(R
µU † χ+ χ†URµ)

]
+

+Q37

[
FLααµ(L

µχU † + Uχ†Lµ)− FRααµ(R
µχ†U + U †χRµ)

]
+

+Q38

[
FLααν

(
DµDνUU †Lµ + LµUD

µ
D
ν
U †
)
−

−FRααν
(
D
µ
D
ν
U †URµ +RµU

†DµDνU
)]

+

+Q39F
L
µνDαU FRµνD

α
U † +

+Q40F
L
αµDνU FRανD

µ
U † +

+Q41F
L
αµD

µU FRανDνU
† +

+Q42

[(
FLµν
)2
LαL

α +
(
FRµν
)2
RαR

α
]
+

+Q43

(
LαL

αUFRµνU
†FLµν +RαR

αU †FLµνUF
Rµν
)
+

+Q44

(
FLµαF

LανLµLν + FRµαF
RανRµRν

)
+

+Q45

(
FLµαF

LανLνL
µ + FRµαF

RανRνR
µ
)
+

+Q46

[
FLµν
(
DµDαU +DαD

µU
)
FRναU † +

+FRµν
(
D
µ
DαU

† +DαD
µ
U †
)
FLναU

]
+

+Q47

[
FLµνF

Lνα
(
UD

µ
DαU

† +DαD
µUU †

)
+

+FRµνF
Rνα
(
U †DµDαU +DαD

µ
U †U
)]

+

+Q48

(
FLααν [Lµ, UF

RµνU †]− FRααν [Rµ, U
†FLµνU ]

)
+

+Q49

(
FLααν [Lµ, F

Lµν ]− FRααν [Rµ, F
Rµν ]
)
+

+Q50F
Lµ
µαUF

R
ν
ναU † +

+Q51

[
(χU † + Uχ†)(FLµν)

2 + (χ†U + U †χ)(FRµν)
2
]
+
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+Q52

(
χU †FLµνUF

RµνU † + χ†UFRµνU
†FLµνU

)
+

+Q53

(
χFRµνU

†FLµν + χ†FLµνUF
Rµν
)
+

+Q54

[(
FLµνα

)2
++
(
FRµνα

)2]
+Q55

[(
FLµµα

)2
+
(
FRµµα

)2]
+

+Q56

(
FLµνUF

RµαU †FLνα + FRµνU
†FLµαUFRνα

)
+

+Q57

(
FLµνF

LµαFLνα + FRµνF
RµαFRνα

)}
+

+ tr
(
χU † − Uχ†

)
tr

{
Q58{Lµ, Lν}(UDµDνU † −DµDνU U †) +

+Q59LµL
µ(χU † − Uχ†) +

+Q60

[
(χU †)2 − (χ†U)2

]
+

+Q61

(
FLµνL

µLν − FRµνR
µRν
)}

+

+ tr
(
χDµU

† −DµUχ
†)tr[Q62LνL

µLν +Q63

(
χU † + Uχ†

)
Lµ +

+Q64

(
FLνµν − FRνµν

)]
+

+
[
tr
(
χU † − Uχ†

)]2
Q65tr (χU

† + Uχ†) . (5.17)

‡¤¥¸Ó Qi = Nc/(32π
2µ2) · qi, ¨

q1 = −
3

10
, q2 = −

7

30
, q3 =

1

3
, q4 =

1

30
,

q5 = −
1

10
, q6 =

1

15
, q7 =

1

30
, q8 = −

1

30
,

q9 =
1

6

(
1− 2x+ 2c

)
, q10 = −

1

3

(
2

5
+ x− c

)
,

q11 =
3

20
− 2

3
c , q12 =

1

60
, q13 = −

1

3

(
1

20
− x+ c

)
, q14 =

x

6
,

q15 =
2

3
x
(
1− x

)
−
(
1

3
− 2x

)
c ,
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q16 = −
1

120
+

4

3
x2 +

x

6

(
1− 4x

)
− 2

(
x− 1

6

)
c ,

q17 =
1

120
+
x

6

(
1− 4x

)
−
(
x+

1

6

)
c , q18 =

4

3
x2 +

(
1

6
− x

)
c ,

q19 = −
1

240
− x2 +

2

3
x3 + x

(
1 + 2xy

)
c ,

q20 =
1

240
+ x2 + 2x3 − 4yx3 − x

(
1 + 2xy

)
c ,

q21 = −
1

3
, q22 =

3

10
,

q23 = −
1

6
, q24 = −

1

2
, q25 =

2

15
, q26 = −

11

30
, q27 = −

1

15
,

q28 = −
1

15
, q29 =

1

12

(
1

5
− x

)
, q30 =

1

6

(
1

10
− 2x+ 2c

)
,

q31 =
1

2

(
1

15
− x

)
, q32 = −

x

2
+

c

3
, q33 = −

x

6
+

c

3
,

q34 =
x

6
, q35 = −

x

6
, q36 = −

1

3

(
1

5
− x+ c

)
,

q37 =
1

3

(
3

10
− x+ c

)
, q38 =

1

15
, q39 = −

1

180
, q40 = −

1

5
,

q41 = −
1

5
, q42 = −

1

360
, q43 =

1

6
, q44 =

1

3
, q45 =

1

5
,

q46 =
1

6
, q47 = −

1

6
, q48 = −

1

6
, q49 = −

1

30
, q50 =

1

15
,

q51 = −
x

3
, q52 = −

1

6

(
1 + x− c

)
, q53 =

1

6

(
1 + x− c

)
,

q54 =
41

540
, q55 = −

7

135
, q56 = −

1

6
, q57 =

1

2
, q58 =

1

180
,

q59 = −
1

30

[
1

4
+ 5c

(
1

3
+ 2x

(
1 + y

))]
,

q60 = −
1

180

[
1 + 30cx

(
1 + y + 4xy

)]
, q61 =

1

45
, q62 =

1

45
,

q63 =
1

9
, q64 =

1

90
, q65 =

1

18

(
1

90
− 17cxy

)
. (5.18)

—²¥´Ò ¸ Ë ±Éµ·µ³ c =
(
1− 1

6y

)
¢µ§´¨± ÕÉ ¨§ p4-Î ¸É¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨°

(5.16); FRαµν = D
′
αF
R
µν ¨ FLαµν = D′αF

L
µν .

„²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò· ¦¥´¨Ö (5.17) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ Ô±¢¨¢ ²¥´É´Ò¥ ¶·¥-
µ¡· §µ¢ ´¨Ö, ¢ÒÉ¥± ÕÐ¨¥ ¨§ ¸¢µ°¸É¢ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ (5.4) ¨ Ê· ¢-
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´¥´¨° ¤¢¨¦¥´¨Ö,   É ±¦¥ ¨§ ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨
UU † = 1:

DµU U † = −U DµU
† , U †DµU = −DµU † U ,

DµDνU U † + U DµDνU
† = −

(
DµU DνU

† +DνU DµU
†) ,

U †DµDνU +DµDνU
† U = −

(
DµU

†DνU +DνU
†DµU

)
.

6. �…„“Š–ˆŸ ‚…Š’���›•, �Š‘ˆ�‹œ��-‚…Š’���›•
ˆ ‘Š�‹Ÿ��›• ‘’…�…�…‰ ‘‚���„›

‚ ³µ¤¥²¨ �ˆ‹, · ¸¸³ É·¨¢ ¥³µ° ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥, ²¥£±¨¥ ¸µ¸É ¢´Ò¥
¶¸¥¢¤µ¸± ²Ö·´Ò¥ £µ²¤¸ÉµÊ´µ¢¸±¨¥ ¡µ§µ´Ò ¢Ò¸ÉÊ¶ ÕÉ ±¨· ²Ó´Ò³¨ ¶ ·É´¥· ³¨
¡µ²¥¥ ÉÖ¦¥²ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¢¥±Éµ·´ÒÌ,  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ¨ ¸± ²Ö·´ÒÌ
³¥§µ´µ¢ (·¥§µ´ ´¸µ¢). �¥§ ¢¨¸¨³µ µÉ ³¥Éµ¤  ¢±²ÕÎ¥´¨Ö ³¥§µ´´ÒÌ ·¥§µ´ ´-
¸µ¢ ¢ ÔËË¥±É¨¢´Ò° ±¨· ²Ó´Ò° ² £· ´¦¨ ´, ÊÎ¥É ·¥§µ´ ´¸´ÒÌ µ¡³¥´µ¢ ¸ÊÐ¥-
¸É¢¥´´µ ³µ¤¨Ë¨Í¨·Ê¥É ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°
¢ ¶¸¥¢¤µ¸± ²Ö·´µ³ ¸¥±Éµ·¥. ‚ Î ¸É´µ¸É¨, ¢ · ¡µÉ Ì [67, 68] ¡Ò²µ ¶µ± § ´µ,
ÎÉµ ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ Li ¶¸¥¢¤µ¸± ²Ö·´µ£µ p4-² £· ´¦¨ ´  ƒ ¸¸¥·  Å
‹¥°É¢¨²¥·  ¢ µ¸´µ¢´µ³ ´ ¸ÒÐ ÕÉ¸Ö ¢±² ¤ ³¨ µ¡³¥´µ¢ ³¥§µ´´Ò³¨ ·¥§µ´ ´-
¸ ³¨ ³¥¦¤Ê ¢¥·Ï¨´ ³¨, µ¶¨¸Ò¢ ¥³Ò³¨ ² £· ´¦¨ ´µ³ p2-¶µ·Ö¤± . �µÔÉµ³Ê
¥¸²¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ p4- ³¶²¨ÉÊ¤ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶¸¥¢¤µ¸± ²Ö·´µ³ ¸¥±Éµ·¥
µ¤´µ¢·¥³¥´´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢¥·Ï¨´Ò p4-² £· ´¦¨ ´  (5.7) ¨ ¤¨ £· ³³Ò ¸ ·¥-
§µ´ ´¸´Ò³¨ µ¡³¥´ ³¨ ³¥¦¤Ê ¢¥·Ï¨´ ³¨ p2-² £· ´¦¨ ´  (5.2), Éµ ÔÉµ ³µ¦¥É
¶·¨¢µ¤¨ÉÓ ± ¤¢µ°´µ³Ê ¸Î¥ÉÊ, µ¡¸Ê¦¤ ¢Ï¥³Ê¸Ö ¢ · ¡µÉ¥ [67].

—Éµ¡Ò ¨§¡¥¦ ÉÓ ¤¢µ°´µ£µ ¸Î¥É , ´Ê¦´µ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¢ ¶·µ¨§¢µ¤Ö-
Ð¥³ ËÊ´±Í¨µ´ ²¥ (2.5) ¶µ ¢¥±Éµ·´Ò³,  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³ ¨ ¸± ²Ö·´Ò³
¶µ²Ö³. �·¨ É ±µ° ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¶µ²ÊÎ ¥É¸Ö ÔË-
Ë¥±É¨¢´Ò° ¶¸¥¢¤µ¸± ²Ö·´Ò° ² £· ´¦¨ ´, ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ ±µÉµ·µ£µ
³µ¤¨Ë¨Í¨·µ¢ ´Ò ¢±² ¤ ³¨ ·¥§µ´ ´¸´ÒÌ µ¡³¥´µ¢ [69].

—Éµ¡Ò ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¶µ ¢¥±Éµ·´Ò³,  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³ ¨ ¸± ²Ö·-
´Ò³ ¶µ²Ö³ ¢ ´¥ ´µ³ ²Ó´µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ³¥§µ´´µ£µ ¤¥°¸É¢¨Ö, ³Ò
¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¨´¢ ·¨ ´É´µ¸ÉÓ ³µ¤Ê²Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  µÉ´µ-
¸¨É¥²Ó´µ ²µ± ²Ó´ÒÌ UL(n) × UR(n)-¶·¥µ¡· §µ¢ ´¨° (2.8) ∗. ‘ ¶µ³µÐÓÕ
¸¶¥Í¨ ²Ó´µ ¢Ò¡· ´´µ£µ ±¨· ²Ó´µ£µ ¶µ¢µ·µÉ , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ©¥¤¨´¨Î´µ°ª
± ²¨¡·µ¢±¥, ξ†L = ξR = Ω, ³Ò ³µ¦¥³ ¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ¨ÉÓ ¶¸¥¢¤µ¸± ²Ö·-
´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¨§ ¶µ¢¥·´ÊÉµ£µ ¤¨· ±µ¢¸±µ£µ µ¶¥· Éµ· . Š·µ³¥ Éµ£µ, ¤µ
¶·¨³¥´¥´¨Ö É ±µ£µ ¶µ¢µ·µÉ  Ê¤µ¡´µ É ±¦¥ ¤µ¶µ²´¨É¥²Ó´µ ¶·µ¨§¢¥¸É¨ ¸¤¢¨£

∗Š¢ ¤· É¨Î´ Ö ¶µ ¶µ²Ö³ Φ, Vµ, Aµ £ Ê¸¸µ¢¸± Ö Î ¸ÉÓ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö (2.6),   É ±¦¥
±¨· ²Ó´Ò¥  ´µ³ ²¨¨ ´¥¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´ÒÌ ¶µ¢µ·µÉµ¢ (2.8).
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Φ → Φ − m0, ±µÉµ·Ò° ¶·¨¢¥¤¥É ± ¶µÖ¢²¥´¨Õ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ³ ¸¸µ¢µ£µ
Î²¥´  ¨§ £ Ê¸¸µ¢¸±µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö (2.6) ∗.

�µ¸²¥ Ê± § ´´ÒÌ ¶·¥µ¡· §µ¢ ´¨° ¶µ¢¥·´ÊÉÒ° ¤¨· ±µ¢¸±¨° µ¶¥· Éµ· ¶·¨-
³¥É ¢¨¤

iD̂→ i
ˆ̃
D = (PLΩ+ PRΩ

†)iD̂(PLΩ + PRΩ
†) = i

(
∂̂ +

ˆ̃
V +

ˆ̃
Aγ5
)
− Σ ,

(6.1)

¨ ¶¸¥¢¤µ¸± ²Ö·´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¸µÌ· ´ÖÉ¸Ö Éµ²Ó±µ ¢ ±¢ ¤· É¨Î´µ° ¶µ
¶µ²Ö³ £ Ê¸¸µ¢¸±µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ±µÉµ· Ö ¢ É¥·³¨´ Ì ¶µ¢¥·-
´ÊÉÒÌ ¶µ²¥° Ṽµ, Ãµ (2.8) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

L̃0 = − 1

4G1
tr
[(
µ+m0 + σ

)2 − (µ+m0 + σ
)(
ξRm0ξ

†
L + ξLm0ξ

†
R

)
−m2

0

]

−
(
m0
V

g0V

)2
tr [(Ṽµ − vµ)

2 + (Ãµ − aµ)
2] . (6.2)

‡¤¥¸Ó ¸± ²Ö·´ Ö ¸É¥¶¥´Ó ¸¢µ¡µ¤Ò σ(x) ¢µ§´¨± ¥É ± ± ±¢ ´Éµ¢ Ö Ë²Ê±ÉÊ Í¨Ö
¶µ²Ö Σ(x) ¢µ±·Ê£ ¥£µ ¢ ±ÊÊ³´µ£µ µ¦¨¤ ´¨Ö µ: Σ(x) = µ+σ(x); (m0

V /g
0
V )

2 =
1/(4G2), £¤¥ m0

V ¨ g0V Å § É· ¢µÎ´Ò¥ §´ Î¥´¨Ö ³ ¸¸Ò ¨ ±µ´¸É ´ÉÒ ¸¢Ö§¨
¢¥±Éµ·´µ£µ ± ²¨¡·µ¢µÎ´µ£µ ¶µ²Ö;

vµ =
1

2

(
Ω∂µΩ

† +Ω†∂µΩ
)
, aµ =

1

2

(
Ω∂µΩ

† − Ω†∂µΩ
)
.

 ¸Ìµ¤ÖÐ Ö¸Ö Î ¸ÉÓ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¤²Ö ¶µ¢¥·´ÊÉµ£µ ¤¨· ±µ¢-
¸±µ£µ µ¶¥· Éµ·  ¶·¨³¥É ¢¨¤

L̃div =
Nc

16π2
y tr

{(
∂µσ +

[
Ṽµ,m0 + σ

])2
−
(
2µÃµ +

{
Ãµ,m0 + σ

})2
+

+
1

6

[(
F̃Rµν
)2

+
(
F̃Lµν
)2]− ((µ+m0 + σ

)2 − µ2
)2}

+

+
Nc

16π2
2
(
Λ2e−µ

2/Λ2 − µ2y
)
tr[(µ+m0 + σ)2 − µ2] . (6.3)

…¸²¨ ¶·¥´¥¡·¥ÎÓ ±¢ ´Éµ¢Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¶µ²Ö Σ ¢µ±·Ê£ ¥£µ ¢ ±ÊÊ³-
´µ£µ µ¦¨¤ ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ p4ÄÎ²¥´Ò ±µ´¥Î´µ° Î ¸É¨ ±¢ ·±µ¢µ£µ ¤¥-
É¥·³¨´ ´É  ¶·¨³ÊÉ ¢¨¤

L̃(4)fin (Σ = µ) =
Nc

32π2
tr

{
[Ṽµ, Ã

µ]2 +
8

3
(ÃµÃν)

2 − 8

3
ÃµÃν(F̃Lµν + F̃Rµν

)
+

∗�¸¥¢¤µ¸± ²Ö·´Ò° ³ ¸¸µ¢Ò° Î²¥´ ¢ ÔËË¥±É¨¢´µ³ ² £· ´¦¨ ´¥ (5.2) ¢µ§´¨± ¥É ¨§ · ¸Ìµ¤Ö-
Ð¥°¸Ö Î ¸É¨ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É .
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+
1

3
F̃Rµν F̃

Lµν − 1

6

[
(F̃Lµν)

2 + (F̃Rµν)
2
]}

. (6.4)

’ ± ± ± ³ ¸¸Ò ¢¥±Éµ·´ÒÌ,  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ¨ ¸± ²Ö·´ÒÌ ³¥§µ´µ¢
´ ³´µ£µ ¡µ²ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ³ ¸¸µ° ¶¨µ´ , ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ¸± ²Ö·´µ³Ê
¶µ²Õ σ ¨ ¶µ¢¥·´ÊÉÒ³ ¶µ²Ö³ Ṽµ ¨ Ãµ ¢ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥ ³µ¤¥²¨
�ˆ‹ ³µ¦´µ ¶·µ¨§¢¥¸É¨ ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨° ¤¢¨¦¥´¨°, ¢µ§´¨± ÕÐ¨Ì ¢
¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥ [70] ¨§ ³ ¸¸µ¢ÒÌ Î²¥´µ¢ ² £· ´¦¨ ´µ¢ (6.2) ¨ (6.3). ‚

É ±µ³ ¶·¨¡²¨¦¥´¨¨ ± ± ±¨´¥É¨Î¥¸±¨¥ Î²¥´Ò (F̃
R/L
µν )2 ¤²Ö ¶µ¢¥·´ÊÉÒÌ ¶µ²¥°

Ṽµ ¨ Ãµ, É ± ¨ Î²¥´Ò ¸ ¶·µ¨§¢µ¤´Ò³¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤±  · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±
¢µ§³ÊÐ¥´¨Ö.

Š¨´¥É¨Î¥¸±¨¥ Î²¥´Ò (F̃
R/L
µν )2, ¢µ§´¨± ÕÐ¨¥ ¨§ ¸Ê³³Ò ² £· ´¦¨ ´µ¢ (6.3)

¨ (6.4), ¶·¨¢µ¤ÖÉ¸Ö ± ¸É ´¤ ·É´µ³Ê ¢¨¤Ê ¶µ¸²¥ ¶¥·¥´µ·³¨·µ¢±¨ ¶µ¢¥·´ÊÉÒÌ
´¥Ë¨§¨Î¥¸±¨Ì ¢¥±Éµ·´µ£µ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ£µ ¶µ²¥°:

Ṽµ =
g0V

(1 + γ̃)1/2
Ṽ (ph)
µ , Ãµ =

g0V
(1− γ̃)1/2

Ã(ph)
µ .

‡¤¥¸Ó

g0V =

[
Nc

48π2
(
2y − 1

)]−1/2
, γ̃ =

Nc(g
0
V )

2

48π2
,

  Ṽ (ph)
µ , Ã

(ph)
µ Å Ë¨§¨Î¥¸±¨¥ ¶µ²Ö ¢¥±Éµ·´µ£µ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ£µ ³¥§µ-

´µ¢ ¸ ³ ¸¸ ³¨

m2
ρ =

(m0
V )

2

1 + γ̃
, m2

A1
= Z−2A

(m0
V )

1− γ̃
,

£¤¥

Z2
A =

(
m0
V

g0V

)2
4π2

Ncµ2y

[
1 +

(
m0
V

g0V

)2
4π2

Ncµ2y

]−1
(6.5)

Å Ë ±Éµ·, ÊÎ¨ÉÒ¢ ÕÐ¨° πA1-¸³¥Ï¨¢ ´¨¥.
‘É É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¢µ§´¨± ÕÉ ¨§ ¢ ·¨ Í¨° ³ ¸¸µ¢ÒÌ Î²¥-

´µ¢ ² £· ´¦¨ ´µ¢ (6.2) ¨ (6.3) ¶µ ¶µ¢¥·´ÊÉÒ³ ¶µ²Ö³ Ṽµ, Ãµ ¨ ¸± ²Ö·´µ³Ê
¶µ²Õ σ. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö

Ṽµ = vµ , Ãµ = Z2
Aaµ ,

σ =
Z2
A

8x

(
ξRm0ξ

†
L + ξLm0ξ

†
R

)
−m0 . (6.6)

„²Ö ¢±²ÕÎ¥´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ËµÉµ´´Ò³ ¶µ²¥³ Aµ
´Ê¦´µ ¶·µ¸Éµ ¨¸¶µ²Ó§µ¢ ÉÓ § ³¥´Ê

Ṽµ → Ṽµ + ieAµ
1

2
(ξRQξ

†
R + ξLQξ

†
L),

Ãµ → Ãµ + ieAµ
1

2
(ξRQξ

†
R − ξLQξ

†
L) . (6.7)
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—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ·¥¤ÊÍ¨·µ¢ ´´Ò° ¶¸¥¢¤µ¸± ²Ö·´Ò° ² £· ´¦¨ ´ ¸ ÊÎ¥Éµ³ Ô²¥±-
É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ´¥µ¡Ìµ¤¨³µ ¸´ Î ²  ¶·µ¨§¢¥¸É¨ ¢ ±¢ ·±µ¢µ³
¤¥É¥·³¨´ ´É¥ ¸ ¶µ¢¥·´ÊÉÒ³ ¤¨· ±µ¢¸±¨³ µ¶¥· Éµ·µ³ § ³¥´Ê (6.7),   § É¥³,
¨¸¶µ²Ó§ÊÖ ¸É É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö, ¢µ¸¸É ´µ¢¨ÉÓ ¶¸¥¢¤µ¸± ²Ö·´Ò¥
¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. ‚ ¸²ÊÎ ¥ ·¥¤Ê±Í¨¨ ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ·¥-
§µ´ ´¸µ¢ Ê¤µ¡´µ µ¡Ñ¥¤¨´¨ÉÓ µ¡  Ï £  ¢ ¶µ¤¸É ´µ¢± Ì

Ṽµ = v(γ)µ + ieAµ
1

2

(
ξRQξ

†
R + ξLQξ

†
L

)
,

Ãµ = Z2
A

[
a(γ)µ + ieAµ

1

2

(
ξRQξ

†
R − ξLQξ

†
L

)]
,

¨²¨

F̃Vµν = (Z4
A − 1)[a(γ)µ , a(γ)ν ] + ieFµν

1

2

(
ξRQξ

†
R + ξLQξ

†
L

)
, (6.8)

F̃Aµν = Z2
AieFµν

1

2

(
ξRQξ

†
R − ξLQξ

†
L

)
. (6.9)

‡¤¥¸Ó

v(γ)µ =
1

2

(
Ω∂(γ)µ Ω† +Ω†∂(γ)µ Ω

)
,

a(γ)µ =
1

2

(
Ω∂(γ)µ Ω† − Ω†∂(γ)µ Ω

)
= −1

2
ξ†RL

(γ)
µ ξR ,

∂
(γ)
µ ∗ = ∂µ ∗ +ie0Aµ[Q, ∗] Å Ê¤²¨´¥´´ Ö ¶·µ¨§¢µ¤´ Ö, ÊÎ¨ÉÒ¢ ÕÐ Ö ¨§²ÊÎ¥-

´¨¥ Éµ·³µ§´µ£µ ËµÉµ´ , ¢ Éµ ¢·¥³Ö ± ± É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £-

´¨É´µ£µ ¶µ²Ö Fµν ¸µµÉ¢¥É¸É¢Ê¥É ¸É·Ê±ÉÊ·´µ³Ê ËµÉµ´Ê, ¨ L
(γ)
µ = (∂

(γ)
µ U)U †.

ˆ¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨°, ¨§ Î²¥´µ¢ ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢
(6.2) ¨ (6.3), ±¢ ¤· É¨Î´ÒÌ ¶µ ¢¥±Éµ·´Ò³ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³ ¶µ²Ö³,
³µ¦´µ ¶µ²ÊÎ¨ÉÓ ±¨´¥É¨Î¥¸±¨° ¨ ³ ¸¸µ¢Ò° Î²¥´Ò p2-² £· ´¦¨ ´  ¢ ¸É ´¤ ·É-
´µ³ ¢¨¤¥ (5.2). �·¨ ÔÉµ³ µ¶·¥¤¥²¥´¨Ö (5.3) ¤²Ö ±µ´¸É ´ÉÒ F0 ¨ ³¥§µ´´µ°
³ É·¨ÍÒ χ ¨§³¥´ÖÕÉ¸Ö ¶µ¸²¥ ·¥¤Ê±Í¨¨ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ ∗:

F 2
0 =

Ncµ
2y

4π2
−→ F 2

0 = Z2
A

Ncµ
2y

4π2
,

χ = −2m0µ

(
1− Λ2

yµ2
e−µ

2/Λ2
)

−→ χ =
m0µ

G1F 2
0

. (6.10)

∗ˆ¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨¥ Ð¥²¨, ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ µ¡  ¢Ò· ¦¥´¨Ö ¤²Ö χ ¢ ¸µµÉ´µÏ¥´¨ÖÌ
(6.10) Ô±¢¨¢ ²¥´É´Ò ¶·¨ µ2/Λ2 � 1.
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¥¤Ê±Í¨Ö ·¥§µ´ ´¸´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¶·¨¢µ¤¨É É ±¦¥ ± ³µ¤¨Ë¨± Í¨¨
µ¡Ð¥° ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ ¨ ± ¶¥·¥-
µ¶·¥¤¥²¥´¨Õ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢. � ¶·¨³¥·, ·¥-
¤ÊÍ¨·µ¢ ´´Ò° ² £· ´¦¨ ´, µ¶¨¸Ò¢ ÕÐ¨° ¸¨²Ó´µ¥ ¨ Ô²¥±É·µ³ £´¨É´µ¥ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¢ ¶¸¥¢¤µ¸± ²Ö·´µ³ ¸¥±Éµ·¥ ¢ p4Ä¶µ·Ö¤±¥, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

Lred4 = tr

{
1

2
Lred2
[
L(γ)µ , L(γ)ν

]2
+ (3Lred2 + Lred3 )

(
L(γ)µ L(γ)µ

)2 −
−Lred5 L(γ)µ L(γ)µ

(
Uχ† + χU †

)
+ Lred8

(
χ†Uχ†U + χU †χU †

)
−

−Lred9
(
ieFµν

)
Q(L(γ)µL(γ)ν +R(γ)µR(γ)ν)−

−Lred10
(
ieFµν

)2
QUQU † +Hred

2 χχ†
}
.

‡¤¥¸Ó Lredi = Nc
16π2 l

red
i ¨ Hred

i = Nc
16π2h

red
i Å ·¥¤ÊÍ¨·µ¢ ´´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ±µ-

ÔËË¨Í¨¥´ÉÒ,  ´ ²µ£¨Î´Ò¥ ±µÔËË¨Í¨¥´É ³ ¸É ´¤ ·É´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ƒ ¸-
¸¥·  Å ‹¥°É¢¨²¥·  (5.7):

lred2 =
1

12

[
Z8
A + 2(Z4

A − 1)

(
1

4
y(Z4

A − 1)− Z4
A

)]
,

lred3 = −1

6

[
Z8
A + 3(Z4

A − 1)

(
1

4
y(Z4

A − 1)− Z4
A

)]
,

lred5 = (y − 1)
1

4
Z6
A , lred8 =

y

16
Z4
A ,

lred9 =
1

3

(
Z4
A −

1

2
y(Z4

A − 1)

)
, lred10 = −1

6

(
Z4
A − y(Z4

A − 1)
)
,

hred2 = yZ2
A

(
Z2
A

2
− x

)
.

‚ É ±µ³ ¶·¨¡²¨¦¥´¨¨ ·¥¤Ê±Í¨Ö ¸± ²Ö·´µ£µ ·¥§µ´ ´¸  ¤ ¥É ¢±² ¤ Éµ²Ó±µ ¢
±µÔËË¨Í¨¥´ÉÒ l5 ¨ l8, ¢ Éµ ¢·¥³Ö ± ± ¢¸¥ µ¸É ²Ó´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨-
¥´ÉÒ ´ ¸ÒÐ ÕÉ¸Ö µ¡³¥´ ³¨ ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ·¥§µ´ ´¸µ¢.

‡  ¨¸±²ÕÎ¥´¨¥³ ±µÔËË¨Í¨¥´Éµ¢ lred3 ¨ lred8 , ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¢ ¸É É¨-
Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨° ¸µ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨
· ¡µÉÒ [36], ¨¸¶µ²Ó§ÊÕÐ¥° ¤·Ê£µ° ¶µ¤Ìµ¤ ± ÊÎ¥ÉÊ ¢±² ¤µ¢ ·¥§µ´ ´¸´ÒÌ ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò. “± § ´´µ¥ · ¸Ìµ¦¤¥´¨¥ µ¡Ê¸²µ¢²¥´µ, ¢ Î ¸É´µ¸É¨, ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ¢ ¶µ¤Ìµ¤¥ [36] µ¶¥· Éµ·µ¢ ¸ ¶·µ¨§¢µ¤´Ò³¨. ‚ ´ Ï¥³ ¶µ¤Ìµ¤¥ É ±¨³
µ¶¥· Éµ· ³ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ¶· ¢±¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤±  ± ¸É É¨Î¥¸±¨³ Ê· ¢´¥-
´¨Ö³ ¤¢¨¦¥´¨Ö (6.6), ¢µ§´¨± ÕÐ¨¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¢ ³µ¤Ê²¥ ¶µ¢¥·´ÊÉµ£µ
±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  Ê¤¥·¦¨¢ ÕÉ¸Ö É ±¦¥ Î²¥´Ò, ²¨´¥°´Ò¥ ¶µ ¸± ²Ö·-
´µ³Ê ¶µ²Õ σ ¨ ¸µ¤¥·¦ Ð¨¥ ¸¢Ö§¨ ¸ ¢¥±Éµ·´Ò³¨,  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³¨ ¶µ-
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²Ö³¨ ¨ É¥´§µ· ³¨ ´ ¶·Ö¦¥´´µ¸É¨. ’ ±¨¥ Î²¥´Ò ¢µ§´¨± ÕÉ ± ± ¨§ · ¸Ìµ¤Ö-
Ð¥°¸Ö, É ± ¨ ¨§ ±µ´¥Î´µ° Î ¸É¥° ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É :

L̃div → − Nc

32π2
y tr
(
16µ2σ̃Ã2

µ

)
,

L̃(4)fin → Nc

32π2
tr

[
16µ2σ̃Ã2

µ −
4

3µ

(
F̃Lµν + F̃Rµν

)(
Ãµ{Ãν , σ̃}+ {Ãµ, σ̃}Ãν

)
+

+
1

3µ
σ̃
(
F̃Rµν F̃

Lµν + F̃Lµν F̃
Rµν
)]

,

L̃(6)fin → − Nc

32π2
1

µ
tr
[
σ̃
(
(F̃Lµν)

2 + (F̃Rµν)
2
)]

,

£¤¥ σ̃ = σ+m0. �µ¸²¥ ¢ ·¨ Í¨¨ ¶µ ¶µ²Ö³ Ṽµ, Ãµ ¨ σ ¶µ²ÊÎ¨³ ¸µµÉ´µÏ¥´¨Ö

Ṽµ = vµ ,

Ãµ = Z2
Aaµ +

2(1− Z2
A)

µ

1− y

y
σ̃Ãµ ,

σ =
Z2
A

8x

(
ξRm0ξ

†
L + ξLm0ξ

†
R

)
−m0 −

− 1

µ

y − 1

y
Ã2
µ −

1

12yµ3

(
(F̃Vµν)

2 + 2(F̃Aµν)
2
)
. (6.11)

�µ¤¸É ¢²ÖÖ ¢ ²¥¢Ò¥ Î ¸É¨ ¸µµÉ´µÏ¥´¨° (6.11) ¢ ± Î¥¸É¢¥ ¶¥·¢ÒÌ ¨É¥· Í¨°

¢Ò· ¦¥´¨Ö (6.6), ³Ò ¶µ²ÊÎ¨³ ´µ¢Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨°, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¶µ-
¶· ¢±¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤±  ± ¸É É¨Î¥¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ. �·¨ ÔÉµ³ Ê· ¢´¥´¨¥
¤¢¨¦¥´¨° ¤²Ö ¢¥±Éµ·´µ£µ ¶µ²Ö ´¥ ¨§³¥´¨É¸Ö. �·¨³¥´¥´¨¥ ´µ¢ÒÌ Ê· ¢´¥´¨°
¤¢¨¦¥´¨° ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´µ£µ ¢±² ¤  ± ¸É·Ê±ÉÊ·´µ³Ê ±µ-
ÔËË¨Í¨¥´ÉÊ lred3 :

l
red (h.o.)
3 =

1

4

(y − 1)2

y
Z8
A , (6.12)

¸ ÊÎ¥Éµ³ ±µÉµ·µ£µ ´ Ï ·¥§Ê²ÓÉ É ¶·¨Ìµ¤¨É ¢ ¸µ£² ¸¨¥ ¸ · ¡µÉµ° [36].

�´ ²µ£¨Î´Ò³ µ¡· §µ³, ¨¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (6.11) ¨ ¶µ¤¸É -
´µ¢±¨ (6.7), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ·¥¤ÊÍ¨·µ¢ ´´Ò° ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´, µ¶¨-
¸Ò¢ ÕÐ¨° ¸¨²Ó´Ò¥ ¨ Ô²¥±É·µ³ £´¨É´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ p6-¶µ·Ö¤±¥ ¨³-
¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö. ˆ§-§  £·µ³µ§¤±µ¸É¨ ³Ò ´¥ ¶·¨¢µ¤¨³ §¤¥¸Ó ¶µ²´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö ·¥¤ÊÍ¨·µ¢ ´´µ£µ p6-² £· ´¦¨ ´  ¨ ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨-
Í¨¥´Éµ¢.
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7. ”…��Œ…��‹�ƒˆŸ �ˆ‡Š� �…�ƒ…’ˆ—…‘Šˆ• Œ…‡���›•
���–…‘‘�‚ ‚ p4- ˆ p6-���Ÿ„Š�• Šˆ��‹œ��‰ ’…��ˆˆ

 ¸¸³µÉ·¨³ Ë¥´µ³¥´µ²µ£¨Õ ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ
¸ ÉµÎ±¨ §·¥´¨Ö ¶·µ¢¥·±¨ ¡µ§µ´¨§µ¢ ´´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ ¢ p4-
¶µ·Ö¤±¥ ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö. �ÉµÉ ¢µ¶·µ¸ ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´ ¢ ²¨-
É¥· ÉÊ·¥ (¸³., ´ ¶·¨³¥·, [33,36,38,40,69] ¨ ¸¸Ò²±¨ ¢ ´¨Ì ´  ¤·Ê£¨¥ · ¡µÉÒ).
�³¶²¨ÉÊ¤Ò ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ p4-¶µ·Ö¤±¥ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¢±² ¤Ò ± ±
¡µ·´µ¢¸±¨Ì ¤¨ £· ³³, µ¶¨¸Ò¢ ¥³ÒÌ ² £· ´¦¨ ´ ³¨ (5.2) ¨ (5.7), É ± ¨ µ¤´µ-
¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¸ ¢¥·Ï¨´ ³¨ p2-¶µ·Ö¤±  (5.2). ‚µ§´¨± ÕÐ¨¥ ¨§ ³¥§µ´´ÒÌ
¶¥É¥²Ó “”-· ¸Ìµ¤¨³µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ § Ë¨±¸¨·µ¢ ´Ò ¢ ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§-
³ÊÐ¥´¨° [39, 41] ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ² £· ´¦¨ ´  ±µ´É·Î²¥´µ¢,
²¨¡µ ¢ · ³± Ì ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¸ ³¥§µ´´Ò³¨ ¶¥É²Ö³¨ [42] ¸ ¶µ³µÐÓÕ
¸Ê¶¥·¶·µ¶ £ Éµ·´µ° ·¥£Ê²Ö·¨§ Í¨¨ [43].

‚ ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° [39, 41] (¸³. É ±¦¥ µ¡-
§µ·Ò [40]) ¨¸¶µ²Ó§Ê¥É¸Ö Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¢ · §³¥·´µ° ·¥£Ê²Ö·¨§ Í¨¨
· ¸Ìµ¤ÖÐ Ö¸Ö Î ¸ÉÓ µ¤´µ¶¥É²¥¢µ£µ ËÊ´±Í¨µ´ ²  ¨³¥¥É ÉµÎ´µ É ±µ° ¦¥ ¢¨¤,
± ± ¨ ² £· ´¦¨ ´ (5.7), ¥¸²¨ ¢ ´¥³ ¶·µ¨§¢¥¸É¨ § ³¥´Ê ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨-
Í¨¥´Éµ¢:

Li → −Λ(µ̃) Γi , Hi → −Λ(µ̃) Γ̃i ,

Λ(µ̃) =
µ̃d−4

(4π)2

{
1

d− 4
− 1

2
[ln 4π + 1 + Γ

′
(1)]

}
.

‡¤¥¸Ó Γi, Γ̃i Å Î¨¸²¥´´Ò¥ ±µ´¸É ´ÉÒ, ¢ÒÎ¨¸²¥´´Ò¥ ¢ [39]:

Γ1 =
3

32
, Γ2 =

3

16
, Γ3 = 0, Γ4 =

1

8
, Γ5 =

3

8
, Γ6 =

11

144
,

Γ7 = 0, Γ8 =
5

48
, Γ9 =

1

4
, Γ10 = −

1

4
, Γ̃1 = −

1

8
, Γ̃2 =

5

24
,

  µ̃ Å ¶·µ¨§¢µ²Ó´ Ö Ï± ²  ¶¥·¥´µ·³¨·µ¢±¨, ¨³¥ÕÐ Ö · §³¥·´µ¸ÉÓ ³ ¸¸Ò.
“¸É· ´¥´¨¥ “”-· ¸Ìµ¤¨³µ¸É¥° ¢ µ¤´µ¶¥É²¥¢µ³ ËÊ´±Í¨µ´ ²¥ ¶·µ¨§¢µ¤¨É¸Ö ¸
¶µ³µÐÓÕ ¶¥·¥´µ·³¨·µ¢µ± ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ ² £· ´¦¨ ´  ±µ´É·-
Î²¥´µ¢ ¢¨¤  (5.7). �·¨ ÔÉµ³ ¶¥·¥´µ·³¨·µ¢ ´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Lri (µ̃) ¨
Hri (µ̃) ¢¢µ¤ÖÉ¸Ö É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¢ µ¤´µ¶¥É²¥¢µ³ ËÊ´±Í¨µ´ ²¥ ¸µ±· -
Ð ²¨¸Ó ¢¸¥ · ¸Ìµ¤ÖÐ¨¥¸Ö Î ¸É¨:

Li = Lri (µ̃) + ΓiΛ(µ̃), Hi = Hri (µ̃) + Γ̃iΛ(µ̃).

�·¨ É ±µ° ¶·µÍ¥¤Ê·¥ ¢  ³¶²¨ÉÊ¤¥ ²Õ¡µ£µ ³¥§µ´´µ£µ ¶·µÍ¥¸¸  ¶·µ¨¸Ìµ¤¨É
¢§ ¨³´µ¥ ¸µ±· Ð¥´¨¥ § ¢¨¸¨³µ¸É¥° µÉ µ̃ ¢µ ¢±² ¤ Ì ¶¥É¥²Ó ¨ ±µ´É·Î²¥´µ¢.
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�¤´ ±µ ¸ ³¨ ¶¥·¥´µ·³¨·µ¢ ´´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Lri (µ̃) ¨ Hri (µ̃), Ö¢²ÖÕÐ¨-
¥¸Ö ¨§³¥·Ö¥³Ò³¨ ¶ · ³¥É· ³¨, § ¢¨¸ÖÉ µÉ ¢Ò¡µ·  ¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨ ¨
Ï± ²Ò µ̃. �µ¸²¥¤´ÖÖ § ¢¨¸¨³µ¸ÉÓ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

Lri (µ̃2) = Lri (µ̃1) +
Γi

(4π)2
ln
µ̃1

µ̃2
, Hri (µ̃2) = Hri (µ̃1) +

Γ̃i
(4π)2

ln
µ̃1

µ̃2
. (7.1)

�É¸Õ¤  ¢¨¤´µ, ÎÉµ Γi ¨ Γ̃i Ö¢²ÖÕÉ¸Ö É ±¦¥ ±µÔËË¨Í¨¥´É ³¨ É ± ´ §Ò¢ ¥-
³ÒÌ ±¨· ²Ó´ÒÌ ²µ£ ·¨Ë³µ¢ ∼ ln(p2/µ̃2) ¢ µ¤´µ¶¥É²¥¢µ³ ËÊ´±Í¨µ´ ²¥. Ÿ¢´ Ö
§ ¢¨¸¨³µ¸ÉÓ ¨§³¥·Ö¥³ÒÌ ¶¥·¥´µ·³¨·µ¢ ´´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ µÉ ¶·µ¨§¢µ²Ó-
´µ£µ ¶ · ³¥É·  µ̃ ¸µ§¤ ¥É µ¶·¥¤¥²¥´´Ò¥ É·Ê¤´µ¸É¨ ¶·¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ°
¶·µ¢¥·±¥ ¡µ§µ´¨§µ¢ ´´ÒÌ ² £· ´¦¨ ´µ¢, ¶µ¸±µ²Ó±Ê ¸µ¢¥·Ï¥´´µ ´¥ Ö¸´µ, ¶·¨
± ±¨Ì µ̃ ¸²¥¤Ê¥É ¸· ¢´¨¢ ÉÓ ¨§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ §´ -
Î¥´¨Ö Lri (µ̃) ¨ Hri (µ̃) ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¨§
¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹.

“± § ´´Ò° ¶·µ¨§¢µ² ¢ ¢Ò¡µ·¥ Ï± ²Ò µ̃ ³µ¦´µ Ê¸É· ´¨ÉÓ, ¨¸¶µ²Ó§ÊÖ ·¥-
§Ê²ÓÉ ÉÒ ¸Ê¶¥·¶·µ¶ £ Éµ·´µ° ·¥£Ê²Ö·¨§ Í¨¨ [43], ±µÉµ· Ö ¡Ò²  · §· ¡µÉ ´ 
¸¶¥Í¨ ²Ó´µ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³¥§µ´´ÒÌ ¶¥É¥²Ó ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¸ ´¥-
²¨´¥°´Ò³¨ ÔËË¥±É¨¢´Ò³¨ ² £· ´¦¨ ´ ³¨ [42]. ‘Ê¶¥·¶·µ¶ £ Éµ·´Ò° ¶µ¤Ìµ¤
¶·¨¢µ¤¨É ± É¥³ ¦¥ ·¥§Ê²ÓÉ É ³, ÎÉµ ¨ · §³¥·´ Ö ·¥£Ê²Ö·¨§ Í¨Ö, ¨¸¶µ²Ó§Ê¥-
³ Ö ¢ ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° [39,41]. �·¨´Í¨¶¨ ²Ó´Ò³
µÉ²¨Î¨¥³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶ · ³¥É· µ̃ ¶·¨ ÔÉµ³ Ê¦¥ ´¥ Ö¢²Ö¥É¸Ö ¶·µ¨§¢µ²Ó-
´Ò³,   Ë¨±¸¨·Ê¥É¸Ö ¥¸É¥¸É¢¥´´µ° Ï± ²µ° ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö,   ¨³¥´´µ
µ̃SP = 4πF0. „²Ö ¸· ¢´¥´¨Ö µ¡µ¨Ì ¶µ¤Ìµ¤µ¢ “”-· ¸Ìµ¤¨³µ¸É¨ ¤µ²¦´Ò ¡ÒÉÓ
§ ³¥´¥´Ò ´  ±µ´¥Î´Ò¥ Î²¥´Ò ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶µ¤¸É ´µ¢±µ°

(C − 1/ε) −→ CSP = 2C + 1 +
1

2

[
d

dz
(ln Γ−2(2z + 2))

] ∣∣∣∣∣
z=0

+ βπ =

= −1 + 4C + βπ ,

£¤¥ ε = (4 − D)/2,   β Å ¶·µ¨§¢µ²Ó´ Ö ±µ´¸É ´É , ¢µ§´¨± ÕÐ Ö ¨§ ¨´-
É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ‡µ³³¥·Ë¥²Ó¤  Å ‚ É¸µ´  ¤²Ö ¸Ê¶¥·¶·µ¶ £ Éµ· .
ˆ¸¶µ²Ó§ÊÖ ¤µ¶µ²´¨É¥²Ó´Ò¥ É¥µ·¥É¨Î¥¸±¨¥  ·£Ê³¥´ÉÒ, ¢ Éµ³ Î¨¸²¥ ¶·¨´Í¨¶
³¨´¨³ ²Ó´µ° ¸¨´£Ê²Ö·´µ¸É¨, ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ µ¦¨¤ ¥³Ò¥ §´ Î¥´¨Ö CSP
¤µ²¦´Ò ²¥¦ ÉÓ ¢ ¶·¥¤¥² Ì §´ Î¥´¨° CSP ≈ 1÷ 4.

 §Ê³´Ò¥ µÍ¥´±¨ ¤²Ö ¶ · ³¥É·  CSP ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ´ ¶·¨³¥·, ¨§ · ¸-
Ð¥¶²¥´¨Ö ±µ´¸É ´É · ¸¶ ¤µ¢ K, π → µν, ¨¸¶µ²Ó§ÊÖ ¤²Ö ´¨Ì ¢Ò· ¦¥´¨Ö

(Fπ − F0)F0 = 2L5(χ
2
u + χ2d)−

1

16π2
2

3

(
m2
π(C̃K − 1) + 2m2

π(C̃π − 1)
)
,

(FK − F0)F0 = 2L5(χ
2
u + χ2s)−

1

16π2
1

2

(
2m2
K(C̃K − 1) +m2

π(C̃π − 1)
)
,

(7.2)
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¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´ y ¨ <q̄q>1/3 µÉ ±µ´¸É¨ÉÊÔ´É´µ° ³ ¸¸Ò ±¢ ·±  µ:  ) ¡¥§
·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢, ¡) ¶µ¸²¥ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢

£¤¥ C̃π,K = CSP + ln(πm2
π,K/µ

2). �¥·¢Ò¥ Î²¥´Ò ¢ ¶· ¢µ° Î ¸É¨ ¢Ò· ¦¥´¨°
(7.2), ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ L5, ¸µµÉ¢¥É¸É¢ÊÕÉ ¡µ·´µ¢¸±¨³ ¢±² ¤ ³∗, ¢ Éµ ¢·¥³Ö
± ± ¢¸¥ µ¸É ²Ó´Ò¥ ¢µ§´¨± ÕÉ ¨§ µ¤´µ¶¥É²¥¢ÒÌ ¤¨ £· ³³ É ¤¶µ²Ó´µ£µ É¨¶ . ˆ§
· ¸Ð¥¶²¥´¨Ö ±µ´¸É ´É · ¸¶ ¤µ¢ Fπ ¨ FK Ë¨±¸¨·ÊÕÉ¸Ö É ±¦¥ ¶ · ³¥É·Ò x ¨
y, ¸¢Ö§ ´´Ò¥ ¸ ±¢ ·±µ¢Ò³ ±µ´¤¥´¸ Éµ³ <q̄q> ¨ Ê¸·¥¤´¥´´µ° ±µ´¸É¨ÉÊÔ´É´µ°
³ ¸¸µ° ±¢ ·±µ¢ µ ¸µµÉ´µÏ¥´¨Ö³¨ (5.13).

�  ·¨¸.3 ¶µ± § ´Ò § ¢¨¸¨³µ¸É¨ µÉ ±µ´¸É¨ÉÊÔ´É´µ° ³ ¸¸Ò ±¢ ·±  µ ¤²Ö
¢¥²¨Î¨´ y ¨ <q̄q>1/3, ¶µ²ÊÎ ¥³ÒÌ ± ± ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (7.2) ¶·¨ Ë¨±¸¨·µ-
¢ ´´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  CSP ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨ÖÌ ±µ´¸É ´É
Fπ = 93 ŒÔ‚ ¨ FK = 113 ŒÔ‚. ‚ ¦´µ¸ÉÓ ÊÎ¥É  ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸´ÒÌ ¸É¥-
¶¥´¥° ¸¢µ¡µ¤Ò ¶·¨ µ¶¨¸ ´¨¨ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸¥±Éµ·  ´ £²Ö¤´µ ¶·µÖ¢²Ö¥É¸Ö
Ê¦¥ ´  ÔÉµ³ ¶·µ¸É¥°Ï¥³ ¶·¨³¥·¥. ‡ ³¥É´µ¥ · §²¨Î¨¥ ¢ ¶µ¢¥¤¥´¨¨ ±·¨¢ÒÌ ¤²Ö

∗„²Ö ¶·µ¸ÉµÉÒ ³Ò µÉ¡·µ¸¨²¨ Î²¥´Ò ¸ ±µÔËË¨Í¨¥´Éµ³ L4, ±µÉµ·Ò° · ¢¥´ ´Ê²Õ ¢ ³µ¤¥²¨
�ˆ‹.
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<q̄q>1/3 ´  ·¨¸.3,  (¡¥§ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢) ¨ ·¨¸.3,¡ (¶µ¸²¥ ·¥¤Ê±Í¨¨ ·¥-
§µ´ ´¸µ¢) c¢Ö§ ´  ¸ ¶µÖ¢²¥´¨¥³ ¤µ¶µ²´¨É¥²Ó´µ£µ Ë ±Éµ·  Z2

A ¢ µ¶·¥¤¥²¥´¨¨
(6.10) ¤²Ö ±µ´¸É ´ÉÒ F0. „²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ± ³Ò ¨¸¶µ²Ó§Ê¥³ Ë¥´µ³¥´µ-
²µ£¨Î¥¸±µ¥ §´ Î¥´¨¥ ¶ · ³¥É· 

Z2
A =

m2
ρ

m2
A1

1 + γ̃

1− γ̃
≈ 0, 62,

±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É mρ = 770 ŒÔ‚, mA1 = 1260 ŒÔ‚ ¨ gV = gρππ = 6, 3.
‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¡¥§ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢ (·¨¸.3, ) ´¨ ¶·¨ ± ±¨Ì
§´ Î¥´¨ÖÌ CSP ´¥ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ·¥Ï¥´¨Ö ¤²Ö y ¨ < q̄q >1/3, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥ µ¡Ð¥¶·¨´ÖÉÒ³ ±µ·¨¤µ· ³ §´ Î¥´¨° ¶ · ³¥É·µ¢ F0, µ ¨ m0. ’ ± Ö
Ë¨±¸ Í¨Ö ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´µ° Éµ²Ó±µ ¶µ¸²¥ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢ (·¨¸.3,¡).
�·¨ µ = 265 ŒÔ‚ ¥° ¸µµÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ y = 2, 4, x = 0, 10,
F0 = 90 ŒÔ‚, <qq>1/3= −220 ŒÔ‚ ¨ CSP ≈ 3, ±µÉµ·Ò¥ ³Ò ¨ ¡Ê¤¥³ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¶·¨ Î¨¸²¥´´ÒÌ µÍ¥´± Ì ¸É·Ê±ÉÊ·´ÒÌ ±µ´¸É ´É ¡µ§µ´¨§µ¢ ´´ÒÌ
² £· ´¦¨ ´µ¢.

’ ¡²¨Í . ‘· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì §´ Î¥´¨°
¸É·Ê±ÉÊ·´ÒÌ ±µ´¸É ´É Li × 103 .∗

hµ§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹ ”¥´µ³¥´µ²µ£¨Ö

i h¥§ ·¥¤Ê±Í¨¨ �µ¸²¥ ·¥¤Ê±Í¨¨ Lri (mρ)× 103 [44] Li × 103 [33]

·¥§µ´ ´¸µ¢ ·¥§µ´ ´¸µ¢

1 0.79 0.85 0.4 ± 0.3 0.8 ± 0.2

2 1.58 1.70 1.35 ± 0.3 1.6 ± 0.3

3 −3.17 −4.30 −3.5 ± 1.1 −3.5 ± 0.6

4 0 0 −0.3 ± 0.5

5 2.66 1.58 1.4 ± 0.5 1.6 ± 0.3

6 0 0 −0.2 ± 0.3

7 0.50 0 −0.4 ± 0.2

8 1.03 1.10 0.9 ± 0.3

9 6.34 7.12 6.9 ± 0.7 6.5 ± 0.5

10 −3.17 −5.90 −5.5 ± 0.7 −3.1 ± 0.7

ŠµÔËË¨Í¨¥´ÉÒ H1 ¨ H2 ´¥ ³µ£ÊÉ ¡ÒÉÓ § Ë¨±¸¨·µ¢ ´Ò Ë¥´µ³¥´µ²µ£¨Î¥¸±¨.

‚ É ¡²¨Í¥ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ¤²Ö
±µ´¸É ´É Li ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨
¢ [44] ¢ · ³± Ì ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°,   É ±¦¥ ¢ ±¢ ´-
Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¸ ¸Ê¶¥·¶·µ¶ £ Éµ·´µ° ·¥£Ê²Ö·¨§ Í¨¥° [33, 69]. � ¨¡µ-
²¥¥ ¶µ²´Ò°  ´ ²¨§ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢, ¶·µ¢¥¤¥´´Ò°
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¢ · ¡µÉ¥ [44], ¢±²ÕÎ ¥É ¢ ¸¥¡Ö µ¶¨¸ ´¨¥ ¸¶¥±É·  ³ ¸¸ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥-
§µ´µ¢, · ¸Ð¥¶²¥´¨Ö ±µ´¸É ´É Fπ ¨ FK , · ¸¶ ¤µ¢ π → eνγ ¨ Ke4,   É ±¦¥
¶· ¢¨²µ –¢¥°£ . ‡´ Î¥´¨Ö ¨§³¥·Ö¥³ÒÌ ¶¥·¥´µ·³¨·µ¢ ´´ÒÌ ±µÔËË¨Í¨¥´Éµ¢
Li(µ̃) Ë¨±¸¨·µ¢ ²¨¸Ó ¶·¨ µ̃ = mρ. ‚ · ¡µÉ Ì [33, 69], ¨¸¶µ²Ó§ÊÕÐ¨Ì ¸Ê-
¶¥·¶·µ¶ £ Éµ·´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ,  ´ ²¨§¨·µ¢ ²¨¸Ó ¤ ´´Ò¥ ¶µ ππ-· ¸¸¥Ö´¨Õ,
Ô²¥±É·µ³ £´¨É´µ³Ê · ¤¨Ê¸Ê ¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ § ·Ö¦¥´´µ£µ ¶¨µ´ ,   É ±¦¥
¶µ · ¸¶ ¤ ³ η′ → η2π ¨ π → eπγ. ˆ§ É ¡²¨ÍÒ ¢¨¤´µ, ÎÉµ É¥µ·¥É¨Î¥¸±¨¥
¶·¥¤¸± § ´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ Li ¢ Í¥²µ³ Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¨Ì Ë¥´µ-
³¥´µ²µ£¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨. �¥±µÉµ· Ö ´¥µ¤´µ§´ Î´µ¸ÉÓ ¢ Ë¨±¸ Í¨¨ ±µÔË-
Ë¨Í¨¥´É  L10 ¸¢Ö§ ´  ¸ É¥³, ÎÉµ ¢ · ¡µÉ¥ [44] ¤²Ö ÔÉµ£µ ¨¸¶µ²Ó§µ¢ ´Ò ¤ ´´Ò¥
¶µ Ëµ·³Ë ±Éµ· ³ · ¸¶ ¤  π → eνγ, ¢ Éµ ¢·¥³Ö ± ± ¢ ´ Ï¥³  ´ ²¨§¥ [69]
Å ¤ ´´Ò¥ ¶µ ¶·µÍ¥¸¸Ê γγ → π+π−. �µ-¢¨¤¨³µ³Ê, ÔÉ¨ ¤ ´´Ò¥ ¸ ³¨ ´Ê¦¤ -
ÕÉ¸Ö ¢ ¸¥·Ó¥§´µ³ ÊÉµÎ´¥´¨¨, ÎÉµ ¶·¥¦¤¥ ¢¸¥£µ µÉ´µ¸¨É¸Ö ± ¶µ²Ö·¨§Ê¥³µ¸É¨
§ ·Ö¦¥´´µ£µ ¶¨µ´ .

”¥´µ³¥´µ²µ£¨Î¥¸± Ö ¶·µ¢¥·±  ¡µ§µ´¨§µ¢ ´´µ£µ p6-² £· ´¦¨ ´  § É·Ê¤-
´¥´  ± ± ¡µ²ÓÏ¨³ ±µ²¨Î¥¸É¢µ³ ¢Ìµ¤ÖÐ¨Ì ¢ ´¥£µ Î²¥´µ¢, É ± ¨ É¥³ µ¡¸ÉµÖ-
É¥²Ó¸É¢µ³, ÎÉµ ¢ ¶µ¤ ¢²ÖÕÐ¥³ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¢  ³¶²¨ÉÊ¤ Ì ³¥§µ´´ÒÌ
¶·µÍ¥¸¸µ¢ ¤µ³¨´¨·ÊÕÉ p2- ¨ p4-¢±² ¤Ò. �µ ¸· ¢´¥´¨Õ ¸ ´¨³¨ p6-¶µ¶· ¢±¨
µ± §Ò¢ ÕÉ¸Ö ´ ¸Éµ²Ó±µ ³ ²Ò³¨, ÎÉµ ¨Ì ¢Ò¤¥²¥´¨¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¸É ´µ¢¨É¸Ö ¶· ±É¨Î¥¸±¨ ´¥¢µ§³µ¦´Ò³. ˆ¸±²ÕÎ¥´¨¥³ Ö¢²ÖÕÉ¸Ö ¶¥·¥Ìµ¤Ò
γγ → π0π0 ¨ η → π0γγ, ±µÉµ·Ò¥ µ± §Ò¢ ÕÉ¸Ö µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± p6-
¢±² ¤ ³ ¡² £µ¤ ·Ö Ê´¨± ²Ó´Ò³ ¸¢µ°¸É¢ ³ ¨Ì  ³¶²¨ÉÊ¤. �·¥¦¤¥ ¢¸¥£µ, ¢ µ¡µ¨Ì
¸²ÊÎ ÖÌ ´¥´Ê²¥¢Ò¥  ³¶²¨ÉÊ¤Ò ¢µ§´¨± ÕÉ ´ Î¨´ Ö ¸ p4-¶µ·Ö¤±  ¨§ µ¤´µ¶¥É²¥-
¢ÒÌ ¤¨ £· ³³, ¶·¨Î¥³ ¢ ÔÉµ³ ¶µ·Ö¤±¥ µÉ¸ÊÉ¸É¢ÊÕÉ ± ± “”-· ¸Ìµ¤¨³µ¸É¨, É ±
¨ ¡µ·´µ¢¸±¨¥ ¢±² ¤Ò. �¥´Ê²¥¢Ò¥ ¡µ·´µ¢¸±¨¥  ³¶²¨ÉÊ¤Ò ¶µÖ¢²ÖÕÉ¸Ö ´ Î¨´ Ö
¸ p6-¶µ·Ö¤± . Š·µ³¥ Éµ£µ, ¢ · ¸¶ ¤¥ η → π0γγ ¶¨µ´´Ò¥ ¶¥É²¨ ¸¨²Ó´µ ¶µ¤ -
¢²¥´Ò ¶·¨¡²¨¦¥´´Ò³ ¸µÌ· ´¥´¨¥³ G-Î¥É´µ¸É¨,   ± µ´´Ò¥ ¶¥É²¨ Å ¡µ²ÓÏµ°
³ ¸¸µ° ¢ ¶·µ¶ £ Éµ·¥ ± µ´ .

�³¶²¨ÉÊ¤Ò ¶¥·¥Ìµ¤  γγ → π0π0 ¢ p6-¶µ·Ö¤±¥ ¸ ÊÎ¥Éµ³ ¤¢ÊÌ¶¥É²¥¢ÒÌ
³¥§µ´´ÒÌ ¤¨ £· ³³ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¢¶¥·¢Ò¥ ¢ · ¡µÉ¥ [75] ¢ · ³± Ì ¸É ´-
¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¶·¨Î¥³ ¸É·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨¥´ÉÒ
² £· ´¦¨ ´  ±µ´É·Î²¥´µ¢ ¢ ÔÉµ³ ¶µ·Ö¤±¥ Ë¨±¸¨·µ¢ ²¨¸Ó ¨§ ³µ¤¥²¨ ·¥§µ-
´ ´¸´ÒÌ µ¡³¥´µ¢. ‚ · ¡µÉ¥ [76] µ¡  ¶¥·¥Ìµ¤  γγ → π0π0 ¨ η → π0γγ
· ¸¸³ É·¨¢ ²¨¸Ó ¸ ÊÎ¥Éµ³ ¡µ·´µ¢¸±¨Ì ¢±² ¤µ¢ ¡µ§µ´¨§µ¢ ´´µ£µ ² £· ´¦¨ ´ 
³µ¤¥²¨ �ˆ‹, ¶·¨Î¥³ “”-· ¸Ìµ¤¨³µ¸É¨, ¢µ§´¨± ÕÐ¨¥ ¨§ µ¤´µ- ¨ ¤¢ÊÌ¶¥É²¥-
¢ÒÌ ¤¨ £· ³³ ¢ p6-¶µ·Ö¤±¥, Ë¨±¸¨·µ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ ¸Ê¶¥·¶·µ¶ £ Éµ·´µ°
·¥£Ê²Ö·¨§ Í¨¨. µ²Ó ·¥¤Ê±Í¨¨ ³¥§µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¢ p6-¶µ·Ö¤±¥ · ¸¸³ É·¨-
¢ ² ¸Ó ¢ ±µ´É¥±¸É¥ ¶·µ¡²¥³Ò µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ γγ → π0π0 ¨ η → π0γγ
± ± ¢ · ¡µÉ¥ [76], É ± ¨ ¢ · ¡µÉ¥ [77].

Š ± ¶µ± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ [76], ·¥¤Ê±Í¨Ö ·¥§µ´ ´¸µ¢ ¢ p4- ¨ p6-
¶µ·Ö¤± Ì ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [78]
¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ¶·µÍ¥¸¸  γγ → π0π0 µÉ ¶µ·µ£  ¤µ ρ-·¥§µ´ ´¸ . „²Ö
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Ï¨·¨´Ò · ¸¶ ¤  η → π0γγ ¶µ¸²¥ ·¥¤Ê±Í¨¨ ³¥§µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¢ ¡µ§µ´¨§µ-
¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ³Ò ¶µ²ÊÎ¨²¨ ¢¥²¨Î¨´Ê 0, 11 Ô‚, ±µÉµ· Ö ´¥ ¸µ£² ¸Ê¥É¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ (0, 84 ± 0, 18) Ô‚. �¥ ¨³¥Ö ¢µ§³µ¦´µ¸É¨
¡µ²¥¥ ¤¥É ²Ó´µ µ¡¸Ê¦¤ ÉÓ §¤¥¸Ó ÔÉÊ ¶·µ¡²¥³Ê, µÉ³¥É¨³ Éµ²Ó±µ, ÎÉµ ±µ²¨Î¥-
¸É¢¥´´µ£µ µ¶¨¸ ´¨Ö · ¸¶ ¤  η → π0γγ ¢ p6-¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ ´¥
Ê¤ ¥É¸Ö ¤µ¸É¨ÎÓ ¤ ¦¥ ¶µ¸²¥ ¢±²ÕÎ¥´¨Ö ¢ · ¡µÉ¥ [79] ¤µ¶µ²´¨É¥²Ó´µ£µ ¢±² ¤ ,
¢µ§´¨± ÕÐ¥£µ ¨§ ·¥§µ´ ´¸´µ£µ µ¡³¥´  ¸  ´µ³ ²Ó´µ° ¢¥·Ï¨´µ° V πγ ∗.

8. Œ�„ˆ”ˆŠ�–ˆŸ Œ�„…‹ˆ �ˆ‹ �…‹�Š�‹œ�›Œˆ  ””…Š’�Œˆ

‚ · §¤.1 ¡Ò²  · ¸¸³µÉ·¥´  ¶·¨¡²¨¦¥´´ Ö Ëµ·³  Š•„, ¶·¨¢µ¤ÖÐ Ö ¢ ²µ-
± ²Ó´µ³ ¶·¥¤¥²¥ ± ³µ¤¥²¨ �ˆ‹. ‚ µ¸´µ¢¥ ³µ¤¥²¨ �ˆ‹ ²¥¦¨É ¶·¥¤¶µ²µ¦¥-
´¨¥, ÎÉµ ¤µ³¨´¨·ÊÕÐÊÕ ·µ²Ó ¢ ¤¨´ ³¨±¥ ³¥§µ´µ¢ ¶·¨ ¡µ§µ´¨§ Í¨¨ ±¢ ·±µ¢
¨£· ¥É ¶·µ³¥¦ÊÉµÎ´ Ö µ¡² ¸ÉÓ ¶¥·¥¤ Î 0 
 q2 
 m2

G, £¤¥ ¶·µ¶ £ Éµ· ´¥-
¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´  ³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ ±µ´¸É ´Éµ° ¢ ¨³¶Ê²Ó¸´µ³
¶·µ¸É· ´¸É¢¥, ¨, ¸µµÉ¢¥É¸É¢¥´´µ, δ-ËÊ´±Í¨¥° ¢ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥.
‚ É ±µ³ ¶µ¤Ìµ¤¥ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢±² ¤ µ¡² ¸É¥° ±µ´Ë °´³¥´É  ¨  ¸¨³¶ÉµÉ¨-
Î¥¸±µ° ¸¢µ¡µ¤Ò ±¢ ·±µ¢ ¢ ÔËË¥±É¨¢´µ¥ ±¢ ·±µ¢µ¥ ¤¥°¸É¢¨¥ (1.6). ‚ µ¡² ¸É¨
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò (É.¥. ¶·¨ q2 � m2

G) ¶·µ¶ £ Éµ· £²Õµ´  Ê¡Ò¢ ¥É
¤µ¸É ÉµÎ´µ ¡Ò¸É·µ ¸ Ê¢¥²¨Î¥´¨¥³ ¨³¶Ê²Ó¸  (Ê³¥´ÓÏ¥´¨¥³ · ¸¸ÉµÖ´¨Ö). �µ-
ÔÉµ³Ê ¨¸±²ÕÎ¥´¨¥ ÔÉµ° µ¡² ¸É¨ ¨§ · ¸¸³µÉ·¥´¨Ö ´¥ ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ±
¸¥·Ó¥§´Ò³ ¨¸± ¦¥´¨Ö³ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¤¨´ ³¨±¨ ¡µ§µ´¨§µ¢ ´´ÒÌ ±¢ ·-
±µ¢ (³¥§µ´µ¢). ‚ · ¸¸³ É·¨¢ ¥³µ° ´ ³¨ · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �ˆ‹ µ¡² ¸ÉÓ
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ¨¸±²ÕÎ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö µ¡·¥§ ´¨Ö ¸¢¥·ÌÊ
¶µ ¨³¶Ê²Ó¸ ³, ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É ¶ · ³¥É· Λ, ¢µ§´¨± ÕÐ¨° ¶·¨ ¢ÒÎ¨-
¸²¥´¨¨ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É . ‚ É ±µ° É· ±Éµ¢±¥ ´¥²µ± ²Ó´Ò¥ ÔËË¥±ÉÒ
¢µ§´¨± ÕÉ ± ± ¢±² ¤Ò µ¡² ¸É¨ ±µ´Ë °´³¥´É .

�¶¨¸ ´¨¥ Ï¨·µ±µ£µ ±·Ê£  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢
· ³± Ì ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¢ ± Î¥¸É¢¥
±µ¸¢¥´´µ£µ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¶µ¤É¢¥·¦¤¥´¨Ö ·¥ ²¨¸É¨Î´µ¸É¨ ÔÉµ° ³µ-
¤¥²¨, É ± ¨ ± ± Ê± § ´¨¥ ´  Éµ, ÎÉµ ±¨· ²Ó´ Ö ¤¨´ ³¨±   ¤·µ´µ¢ µ± §Ò¢ ¥É¸Ö
´¥ÎÊ¢¸É¢¨É¥²Ó´µ° ± ±µ´Ë °´³¥´ÉÊ ±¢ ·±µ¢. �¤´ ±µ, ¶µ¸±µ²Ó±Ê ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò° £²Õµ´´Ò° ¶·µ¶ £ Éµ· ¨³¥¥É ¶µ²Õ¸ ¶·¨ ´Ê²¥¢ÒÌ ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸ ,
µÉ¡· ¸Ò¢ ´¨¥ ¢±² ¤  µ¡² ¸É¨ ±µ´Ë °´³¥´É  ¢ ÔËË¥±É¨¢´µ¥ ¨´É¥£· ²Ó´µ¥
¤¥°¸É¢¨¥ (1.6) ´¥ ± ¦¥É¸Ö, ´  ¶¥·¢Ò° ¢§£²Ö¤, É ±¨³ ¦¥ ¥¸É¥¸É¢¥´´Ò³ Ë¨-

∗‚ ´ Ï¥³ ¶µ¤Ìµ¤¥  ´ ²µ£¨Î´Ò¥ ¢±² ¤Ò ´¥ ¢µ§´¨± ÕÉ ¤ ¦¥ ¶·¨ ÊÎ¥É¥ ¶µ¶· ¢µ± ¢Ò¸Ï¥£µ
¶µ·Ö¤±  ± ¸É É¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ¤¢¨¦¥´¨Ö ¨§-§  ¸µ±· Ð¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì  ´µ³ ²Ó´ÒÌ
¢±² ¤µ¢ ¶µ¸²¥ ±¨· ²Ó´µ£µ ¶µ¢µ·µÉ  ¢ ¥¤¨´¨Î´µ° ± ²¨¡·µ¢±¥. ’µÎ´µ¥ ¸µ¢¶ ¤¥´¨¥ ¢±² ¤µ¢  ´µ-
³ ²Ó´ÒÌ ¨ ´¥ ´µ³ ²Ó´ÒÌ ¢¥±Éµ·´ÒÌ µ¡³¥´µ¢, µÉ³¥Î¥´´µ¥ ¢ · ¡µÉ¥ [79], ¶µ-´ Ï¥³Ê ³´¥´¨Õ,
Ö¢²Ö¥É¸Ö Ê± § ´¨¥³ ´  ¢µ§³µ¦´µ¸ÉÓ ¤¢µ°´µ£µ ¸Î¥É .
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§¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³, ± ± ¨¸±²ÕÎ¥´¨¥ µ¡² ¸É¨  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò
±¢ ·±µ¢ ¸ ¶µ³µÐÓÕ ¨³¶Ê²Ó¸´µ£µ µ¡·¥§ ´¨Ö. “Î¥É µ¡² ¸É¨ ±µ´Ë °´³¥´É 
¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ´¥²µ± ²Ó´ÒÌ ¢±² ¤µ¢ ¢ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ (1.6).
�µÔÉµ³Ê, ÎÉµ¡Ò ¶µ´ÖÉÓ Ë¨§¨Î¥¸±¨¥ ¶·¨Î¨´Ò ´¥ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ±¨· ²Ó´µ°
¤¨´ ³¨±¨  ¤·µ´µ¢ ± ±µ´Ë °´³¥´ÉÊ ±¢ ·±µ¢, ¤µ¸É ÉµÎ´µ µÍ¥´¨ÉÓ ´¥²µ± ²Ó´Ò¥
¶µ¶· ¢±¨ ± ¡µ§µ´¨§µ¢ ´´µ³Ê ÔËË¥±É¨¢´µ³Ê ³¥§µ´´µ³Ê ² £· ´¦¨ ´Ê ³µ¤¥²¨
�ˆ‹, ± ± ÔÉµ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ¥ [23], ¢ · ³± Ì ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±µ£µ
¡¨²µ± ²Ó´µ£µ ¶µ¤Ìµ¤ .

� Î´¥³ ¸ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö (1.6), ±µÉµ·µ¥ ¶µ¸²¥ ¢¢¥¤¥´¨Ö ¸± ²Ö·-
´ÒÌ (S), ¶¸¥¢¤µ¸± ²Ö·´ÒÌ (P ), ¢¥±Éµ·´ÒÌ (V ) ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ (A)
¡¨²µ± ²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ³¥§µ´´ÒÌ ¶µ²¥° [1, 2, 10] ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢
¡¨²¨´¥°´µ³ ¶µ ±¢ ·±µ¢Ò³ ¶µ²Ö³ ¢¨¤¥

Sint =

∫∫
d4xd4y

{
− 9

8D(x− y)
tr

[(
S̃(x, y)

)2
+
(
P̃ (x, y)

)2
+

+2
((
Ṽµ(x, y)

)2
+
(
Ãµ(x, y)

)2)]
+ q̄(x)η̃(x, y)q(y)

}
. (8.1)

‡¤¥¸Ó

η̃(x, y) = −S̃(x, y)− iγ5P̃ (x, y) + iγµṼµ(x, y) + iγµγ5Ãµ(x, y) , (8.2)

£¤¥

S̃ = S̃a
λa

2
, P̃ = P̃ a

λa

2
, Ṽµ = −iṼ aµ

λa

2
, Ãµ = −iÃaµ

λa

2
(8.3)

Å ±µ²²¥±É¨¢´Ò¥ ¶µ²Ö,  ¸¸µÍ¨¨·µ¢ ´´Ò¥ ¸µ ¸²¥¤ÊÕÐ¨³¨ ¡¨²¨´¥°´Ò³¨ ±µ³-
¡¨´ Í¨Ö³¨ ±¢ ·±µ¢:

S̃a(x, y) = −8

9
D(x− y)q̄(y)

λa

2
q(x) ,

P̃ a(x, y) = −8

9
D(x− y)q̄(y)iγ5

λa

2
q(x) ,

Ṽ aµ (x, y) = −4

9
D(x− y)q̄(y)γµ

λa

2
q(x) ,

Ãaµ(x, y) = −4

9
D(x− y)q̄(y)γµγ

5λ
a

2
q(x) .

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¡µÉµ° [11], ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¸¨²Ó´µ° ²µ± ²¨§ Í¨¨
¡¨²µ± ²Ó´ÒÌ ¶µ²¥°, · ¸¸³µÉ·¨³  ´§ Í

η̃(x, y)→ η̃(z, t) = η(z)f(t) + ηµ(z)t
µg(t) + · · · , (8.4)
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£¤¥ z = (x+ y)/2, t = (y − x)/2 Å  ¡¸µ²ÕÉ´ Ö ¨ µÉ´µ¸¨É¥²Ó´ Ö ±µµ·¤¨´ ÉÒ
¸µµÉ¢¥É¸É¢¥´´µ. ”Ê´±Í¨Ö

η(z) = −S(z)− iγ5P (z) + iγµVµ(z) + iγµγ5Aµ(z) (8.5)

Ö¢²Ö¥É¸Ö ±µ³¡¨´ Í¨¥° ²µ± ²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶µ²¥° ¸µ¸É ¢´ÒÌ µ¶¥· Éµ-
·µ¢ q̄(z)q(z), q̄(z)iγ5q(z), q̄(z)γµq(z) ¨ q̄(z)γµγ

5q(z),  ´ ²µ£¨Î´ÒÌ µ¶·¥¤¥-
²¥´¨Ö³ (2.2) ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´¨§±µ²¥¦ Ð¨³ ³¥§µ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ 0++,
0−+, 1−−, 1++. —²¥´ ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ¢ (8.4), ¶·µ¶µ·Í¨µ´ ²Ó´Ò° ηµ,
³µ¦´µ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ¢ ¤ÊÌ¥ · ¡µÉÒ [11] ¸ ¢µ§¡Ê¦¤¥´¨Ö³¨ 1−−, 1+−,
2++, 2−−. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¡¨²µ± ²Ó´Ò¥ ¶µ²Ö η̃(x, y) ¸¨²Ó´µ ²µ± ²¨§µ-
¢ ´Ò ´  ³ ¸ÏÉ ¡¥ ÔËË¥±É¨¢´µ£µ · §³¥·  ±µ²²¥±É¨¢´µ£µ ³¥§µ´  h ≡ 1/Λ̃ § 
¸Î¥É ¡Ò¸É·µ£µ Ê¡Ò¢ ´¨Ö ËÊ´±Í¨° f(t) ¨ g(t) ¶·¨ |t2| � h2.

 §² £ Ö q(y) ¨ q̄(x) ¢ ·Ö¤Ò ’¥°²µ·  ¢ µ±·¥¸É´µ¸É¨  ¡¸µ²ÕÉ´µ° ±µµ·¤¨-
´ ÉÒ z:

q(y) = q(z) + tµ∂µq(z) +O(t2) , q̄(x) = q(z)− tµ∂µq(z) +O(t2)

¨ ¨¸¶µ²Ó§ÊÖ (8.4), ¶µ²ÊÎ¨³∫∫
d4xd4y q̄(x)η̃(x, y)q(y) = 2

∫
d4z q̄(z)η(z)q(z)

∫
d4t f(t) +

+ 2

∫
d4z∂µq̄(z)η(z)∂µq(z)

∫
d4t t2f(t) +

+ (excitation terms) .

„²Ö ¶¥·¢µ£µ ¶µ±µ²¥´¨Ö ³¥§µ´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³Ê²ÓÉ¨¶²¥É ³
(
0++, 0−+,

1−−, 1++
)
, ¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥

Z =

∫
DΦDΦ†DV DA exp

{∫
d4z

[
− 1

4G1
tr [Φ(z)†Φ(z)]−

− 1

4G2
tr
(
V 2
µ (z) +A2

µ(z)
)
+ q̄(z)iåDq(z)−

− α

Λ̃2
∂µq̄(z) η(z) ∂µq(z)

]}
, (8.6)

£¤¥ åD Å ¤¨· ±µ¢¸±¨° µ¶¥· Éµ·, ¸µ¢¶ ¤ ÕÐ¨° ¸ ¢Ò· ¦¥´¨¥³ (2.4) · ¸Ï¨·¥´-

´µ° ³µ¤¥²¨ �ˆ‹. ‚ ¢Ò· ¦¥´¨¨ (8.6) ³Ò ¢¢¥²¨ µ¡µ§´ Î¥´¨¥ Λ̃2 = h−1,  
¶ · ³¥É· α µ¶·¥¤¥²¥´ ± ± ¨´É¥£· ²

α

Λ̃2
=

1

2

∫
d4t t2f(t) , (8.7)

£¤¥ f(t) ´µ·³¨·µ¢ ´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: 2
∫
d4tf(t) = 1.



h�‡��ˆ‡�‚���›… ‹�ƒ��†ˆ��› ‚ ‚›‘˜ˆ• ��Ÿ„Š�• 131

Šµ´¸É ´ÉÒ ¸¢Ö§¨ G1 ¨ G2 µ¶·¥¤¥²¥´Ò ± ±

1

G1
=

1

2G2
=

9

8

∫
d4t

f2(t)

D(2t)
. (8.8)

‡ ³¥É¨³, ÎÉµ ¢ É ±µ³ ¶·¨¡²¨¦¥´¨¨ µÉ´µÏ¥´¨¥ G2 ± G1 · ¢´µ 1/2, ¢ Éµ ¢·¥³Ö
± ± Ë¥´µ³¥´µ²µ£¨Ö ¶·¥¤¸± §Ò¢ ¥É G2/G1 ∼ 4. ‚ ¶·¨´Í¨¶¥ ¶·µ¡²¥³Ê ³µ¦´µ
·¥Ï¨ÉÓ ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö ¢ (8.4) ¨ (8.5) · §²¨Î ÕÐ¨Ì¸Ö ËÊ´±Í¨° fσ(t)
(σ = 0, 1, · · ·), ±µÉµ·Ò¥ µÉ¢¥Î ÕÉ · §²¨Î´µ° ²µ± ²¨§ Í¨¨ ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨°
¸µ ¸¶¨´ ³¨ σ = 0 ¨ σ = 1. �¤´ ±µ, ÎÉµ¡Ò ´¥ Ê¸²µ¦´ÖÉÓ ´ Ï¥ · ¸¸³µÉ·¥´¨¥
´¥²µ± ²Ó´ÒÌ ¶µ¶· ¢µ±, ³Ò ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ É ±µ° § ¢¨¸¨³µ¸ÉÓÕ µÉ ¸¶¨´ .

�¥·¢Ò¥ É·¨ Î²¥´  ¢ (8.6) ¸µ¢¶ ¤ ÕÉ ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö ² £· ´¦¨ ´  (2.3),
¢µ§´¨± ÕÐ¥£µ ¶µ¸²¥ ²¨´¥ ·¨§ Í¨¨ · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �ˆ‹. �µ¸²¥ ¨´É¥-
£·¨·µ¢ ´¨Ö ¶µ Î ¸ÉÖ³ ¨ µÉ¡· ¸Ò¢ ´¨Ö ¶µ¢¥·Ì´µ¸É´ÒÌ Î²¥´µ¢ ¶µ¸²¥¤´¨° Î²¥´
¢ (8.6) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥∫

d4z∂µq̄(z) η(z) ∂µq(z) = −
∫

d4zq̄(z)
[
∂µη(z) ∂µ + η(z) ∂2

]
q(z) . (8.9)

Šµ´¥Î´µ, ´ ³ ´¥ ¨§¢¥¸É¥´ ÉµÎ´Ò° ¢¨¤ ËÊ´±Í¨¨ f(t), ÎÉµ¡Ò µÍ¥´¨ÉÓ ¢ ¢Ò-
· ¦¥´¨¨ (8.6) ¶ · ³¥É· α. �¤´ ±µ ¤²Ö ¶µ²ÊÎ¥´¨Ö · §Ê³´ÒÌ µÍ¥´µ± ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ Ë¨±¸¨·µ¢ ´´µ£µ · ¸¸ÉµÖ´¨Ö [23], ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¥¥ ¸²ÊÎ Õ, ±µ£¤  ¸µ¸É ¢²ÖÕÐ¨¥ ±¢ ·±¨ ¢ ³¥§µ´¥ ¦¥¸É±µ ²µ± ²¨§µ¢ ´Ò ´ 
Ï± ²¥ h.

’ ±ÊÕ ¦¥¸É±ÊÕ ²µ± ²¨§ Í¨Õ ³µ¦´µ ÊÎ¥¸ÉÓ, ¢¢¥¤Ö ¢ ¶µ¤Ò´É¥£· ²Ó´µ¥ ¢Ò-
· ¦¥´¨¥ ¤²Ö ¤¥°¸É¢¨Ö Sint (1.5) ¤¥²ÓÉ -ËÊ´±Í¨Õ δ((x − y)2 − h2). ’µ£¤ 
¤¥°¸É¢¨¥ (1.5) ¶·¨³¥É ¢¨¤

Sint = −i
κ2

2

∫∫
d4xd4y jaµ(x) j

a µ(y)D(x − y) δ
(
(x− y)2 − h2

)
, (8.10)

£¤¥ ±µ´¸É ´É  κ ¢¢¥¤¥´  ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶· ¢¨²Ó´µ° · §³¥·´µ¸É¨ ([κ] = m−1).
�µ¸²¥ ¸¤¢¨£   ·£Ê³¥´É  y ¸ ¶µ³µÐÓÕ ²µ·¥´Í-¨´¢ ·¨ ´É´µ£µ µ¶¥· Éµ· 

q(y) = exp
(
(y − x)µ∂

µ
)
q(x)

ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ (8.10) ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥

Sint = −i
κ2D(h)

2

∫
d4x jaµ(x)K(h, x) ja µ(x) , (8.11)

£¤¥

K(h, x) =

∫
d4y exp

(
(y − x)µ∂

µ
)
δ
(
(x − y)2 − h2

)
. (8.12)
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�·µ¨´É¥£·¨·µ¢ ¢ ¶µ ¶µ²Ö·´Ò³ ±µµ·¤¨´ É ³ ¨ · §²µ¦¨¢ ¢Ò· ¦¥´¨¥ (8.12) ¢
·Ö¤

K(h, x) = π2h2
∞∑
n=0

1

(2n)!

Γ(n+ 1
2 )

Γ(12 )Γ(n+ 2)
h2n�n = π2h2

[
1 +

1

8

�

Λ̃2
+O

(
�2

Λ̃4

)]
,

(8.13)
³Ò ³µ¦¥³ ¶¥·¥¶¨¸ ÉÓ ¤¥°¸É¢¨¥ (8.11) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Sint = −i
9G

16

∫
d4x

[
jaµ(x) j

aµ(x) +
1

8Λ̃2
jaµ(x) (�j

aµ(x))

]
+O

(
�2

Λ̃4

)
,

(8.14)
£¤¥ G = 8

9π
2κ2h2D(h).

�µ¸²¥ ¶·¥µ¡· §µ¢ ´¨Ö ”¨·Í  ¤¥°¸É¢¨¥ (8.14) ¶¥·¥¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Sint = i
9G

16

∫
d4x

(
q̄(x)
Mθ

2
q(x) q̄(x)

Mθ

2
q(x) +

+
1

8Λ̃2
q̄(x)
Mθ

2
�
[
q(x)q̄(x)

]Mθ

2
q(x)

)
, (8.15)

£¤¥Mθ Å É¥´§µ·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢¨¤  (1.7). �¥·¢Ò° Î²¥´ ¢ (8.15) ¶·¨¢µ¤¨É
± ÔËË¥±É¨¢´µ³Ê Î¥ÉÒ·¥Ì±¢ ·±µ¢µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ³µ¤¥²¨ �ˆ‹, ¢ Éµ ¢·¥³Ö
± ± ¢Éµ·µ° Î²¥´, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° 1/Λ̃2, ÊÎ¨ÉÒ¢ ¥É ÔËË¥±ÉÒ ±µ´¥Î´µ£µ
· §³¥·  ±µ²²¥±É¨¢´ÒÌ ³¥§µ´µ¢. ‚Éµ·µ° Î²¥´ ¢ (8.15) ³µ¦´µ ¶·¥µ¡· §µ¢ ÉÓ ±
¢¨¤Ê

S(2)int =
i

16Λ̃2

∫
d4xq̄(x)

[
∂µη(x) ∂µ+η(x) ∂

2
]
q(x)+(excitation terms) , (8.16)

£¤¥ η(x) Å ±µ³¡¨´ Í¨Ö ²µ± ²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶µ²¥° (8.5), ±µÉµ·Ò¥ É¥-
¶¥·Ó µ¶·¥¤¥²¥´Ò ¸µµÉ´µÏ¥´¨Ö³¨ (2.2) ¶·¨ G1 = 2G2 = G/4. ‘· ¢´¨¢ Ö
¢Ò· ¦¥´¨Ö (8.9) ¨ (8.16), ¶µ²ÊÎ¨³ α = 1/16, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ´ ¨¢´µ³Ê
¶·¨¡²¨¦¥´¨Õ Ë¨±¸¨·µ¢ ´´µ£µ · ¸¸ÉµÖ´¨Ö ¢ ¡¨²µ± ²Ó´µ° ³µ¤¥²¨.

…¸²¨ · ¸¸³ É·¨¢ ÉÓ ³¥§µ´ ± ± ¸¢Ö§ ´´ÊÕ q̄q-¸¨¸É¥³Ê ¢ ÔËË¥±É¨¢´µ³ £²Õ-
µ´´µ³ ¶µÉ¥´Í¨ ²¥, ¶µ  ´ ²µ£¨¨ ¸  Éµ³µ³ ¢µ¤µ·µ¤  ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥,
Éµ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  § ¶¨Ï¥É¸Ö ¢
¢¨¤¥ [71] (h̄ = c = 1):

− 1

2m
∇2Ψ(r) + [V (r)− E]Ψ(r) = 0 .

‡¤¥¸Ó Ψ Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¢´ÊÉ·¥´´¥£µ ¤¢¨¦¥´¨Ö; mÅ ¶·¨¢¥¤¥´´ Ö ³ ¸¸ 
¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·±µ¢ ¢ ¤¢ÊÌÎ ¸É¨Î´µ° ¸¨¸É¥³¥, m = (m1m2)/(m1 + m2);
r Å µÉ´µ¸¨É¥²Ó´ Ö ±µµ·¤¨´ É ; V (r) Å ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö, ¨ E Å
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¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ £ ³¨²ÓÉµ´¨ ´ . „²Ö ¸Ë¥·¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö Ψ µ¡ÒÎ´µ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨Ö · ¤¨ ²Ó´µ° ËÊ´±Í¨¨
R(r), £¤¥ r = |r|, ¨ ¸Ë¥·¨Î¥¸±¨Ì £ ·³µ´¨± Ylm(Θ, φ): Ψ(r) = R(r)Ylm(Θ, φ).
“· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¤²Ö · ¤¨ ²Ó´µ° ËÊ´±Í¨¨ ¨³¥¥É ¢¨¤

−u′′(r) = 2m

[
E − V (r) − l(l+ 1)

2mr2

]
u(r) , u(r) = rR(r) (8.17)

¸ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ u(0) = 0.
¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¢ · ³± Ì Š•„ ´  ·¥Ï¥É± Ì [72] ¶µ± §Ò¢ ÕÉ, ÎÉµ

´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ÔËË¥±É¨¢´µ¥ ±¢ ·±- ´É¨±¢ ·±µ¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
³µ¦´µ  ¶¶·µ±¸¨³¨·µ¢ ÉÓ (¶·¥´¥¡·¥£ Ö ±Ê²µ´µ¢¸±¨³¨ ¨ ¤·Ê£¨³¨ ¶µ¶· ¢± ³¨)
²¨´¥°´µ · ¸ÉÊÐ¨³ ¶µÉ¥´Í¨ ²µ³ ∗:

V (r) = σ · r, (8.18)

£¤¥ σ ≈ 0, 27 ƒÔ‚2 ¶·¨ mu = md = µ = 0, 336 ƒÔ‚ [73]. ‚ ÔÉµ³ ¸²ÊÎ ¥ Ì -
· ±É¥·¨¸É¨Î¥¸±µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µ¸É ¢²ÖÕÐ¨³¨ ±¢ ·±µ³ ¨  ´É¨±¢ ·±µ³
<r> ³µ¦´µ ²¥£±µ µÍ¥´¨ÉÓ ¸ ¶µ³µÐÓÕ É¥µ·¥³Ò ¢¨·¨ ² :

< r >≡ h =
2E1
3σ
≈ 0, 68 Ë³.

‡¤¥¸Ó E1 = 2, 238(σ2/2µ)1/3 Å Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ¤ ²Ó´¥°Ï¥³
³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ µ¸´µ¢´Ò¥ ¸µ¸ÉµÖ´¨Ö (l = 0), Éµ ¥¸ÉÓ ¡Ê¤¥³
µÉ¡· ¸Ò¢ ÉÓ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö, É ±¨¥ ± ± π∗, K∗ ¨ É.¤. �µ¸²¥ ³ ¸-
ÏÉ ¡¨·µ¢ ´¨Ö Ê· ¢´¥´¨Ö (8.17) ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö ρ = r/h0 ¨ w(ρ) = u(r)

¶µ²ÊÎ¨³ w′′(ρ) + (ε − 2ρ)w(ρ) = 0, £¤¥ ε = 2m(2mσ)−
2
3E. „²Ö ¡µ²ÓÏ¨Ì ρ

·¥Ï¥´¨Ö ¢¥¤ÊÉ ¸¥¡Ö ± ± ËÊ´±Í¨¨ �°·¨ w(ρ) ∼ Ai(ρ), Ê¡Ò¢ Ö Ô±¸¶µ´¥´Í¨-
 ²Ó´µ ± ´Ê²Õ.  ¤¨ ²Ó´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö R(r), µ¶·¥¤¥²Ö¥³ Ö Ê· ¢´¥´¨¥³
(8.17), Ê¡Ò¢ ¥É ¥Ð¥ ¡Ò¸É·¥¥. �µÔÉµ³Ê ³µ¦´µ µ¦¨¤ ÉÓ ³ ²ÒÌ ¸·¥¤´¥±¢ ¤· -
É¨Î´ÒÌ µÉ±²µ´¥´¨° ∆r ¤²Ö · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¸µ¸É ¢²ÖÕÐ¨³¨ ±¢ ·± ³¨.

�²ÓÉ¥·´ É¨¢´ Ö µÍ¥´±  ÔËË¥±É¨¢´µ£µ · ¸¸ÉµÖ´¨Ö ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ 
¸ ¶µ³µÐÓÕ ³µ¤¥²¨·µ¢ ´¨° ¢ Š•„ ´  ·¥Ï¥É± Ì [74]. ‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸-
¸ÉµÖ´¨¥ ±µ··¥²ÖÍ¨°, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö ³¥·µ° µ¡² ¸É¨ ¤¥°¸É¢¨Ö Í¢¥É´ÒÌ ¸¨²,
µ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥: h ∼ 0, 22 Ë³. „²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ± ³Ò
¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¢¥²¨Î¨´Ê h = 0, 68 Ë³, ¶µ²ÊÎ ¥³ÊÕ ¨§ É¥µ·¥³Ò ¢¨·¨ ² .
�É  ¢¥²¨Î¨´  ¡Ê¤¥É ¤ ¢ ÉÓ ´ ³ µ£· ´¨Î¥´¨Ö ¸¢¥·ÌÊ ¤²Ö µÍ¥´µ± ´¥²µ± ²Ó´ÒÌ
ÔËË¥±Éµ¢.

∗ŒÒ ¶·¥´¥¡·¥£ ¥³ §¤¥¸Ó ÔËË¥±É ³¨ Ô±· ´¨·µ¢±¨ ¢¨·ÉÊ ²Ó´Ò³¨ q̄q-¶ · ³¨ ´  µÎ¥´Ó ¡µ²Ó-
Ï¨Ì · ¸¸ÉµÖ´¨ÖÌ.
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ˆ¸¶µ²Ó§ÊÖ §´ Î¥´¨Ö ¢¥²¨Î¨´ Λ̃ = 0, 28 ƒÔ‚ ¨ µ = 0, 336 ƒÔ‚, ¶µ²ÊÎ¨³

αµ2

Λ̃2
≈ 0, 09 . (8.19)

�ÉÊ ¢¥²¨Î¨´Ê ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ± ± ³ ²Ò° ¶ · ³¥É· · §²µ¦¥´¨Ö ¶·¨
Î¨¸²¥´´ÒÌ µÍ¥´± Ì ´¥²µ± ²Ó´ÒÌ ÔËË¥±Éµ¢.

�µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ¶µ²Ö³ ±¢ ·±µ¢ ¶µ²´µ¥ ¤¥°¸É¢¨¥, ¢µ§´¨± ÕÐ¥¥
¨§ ¶·µ¨§¢µ¤ÖÐ¥£µ ËÊ´±Í¨µ´ ²  (8.6), § ¶¨Ï¥É¸Ö ¢ ¢¨¤¥,  ´ ²µ£¨Î´µ³ (2.6):

S(Φ,Φ†, V, A) =

∫
d4z

[
− 1

4G1
tr (Φ†Φ)− 1

4G2
tr (V 2

µ +A2
µ)

]
−

−iTr′[ln (i å̃D)] .

‡¤¥¸Ó ¢Éµ·µ° Î²¥´ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±¢ ·±µ¢Ò° ¤¥É¥·³¨´ ´É ¤¨· ±µ¢¸±µ£µ

µ¶¥· Éµ·  i å̃D, ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ ´¥²µ± ²Ó´Ò³¨ ¢±² ¤ ³¨. ‚Ò· ¦¥´¨¥ ¤²Ö
´¥£µ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ (2.4) ¸ ¶µ³µÐÓÕ § ³¥´Ò

AR/Lµ → AR/Lµ

(
1 +

α

Λ̃2
∂2
)
+

α

Λ̃2

(
∂νA

R/L
µ

)
∂ν ,

Φ→ Φ

(
1 +

α

Λ̃2
∂2
)
+

α

Λ̃2

(
∂νΦ
)
∂ν .

Œ¥Éµ¤ Ö¤·  É¥¶²µ¶·µ¢µ¤´µ¸É¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨

³µ¤Ê²Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¤²Ö ¤¨· ±µ¢¸±µ£µ µ¶¥· Éµ· 
ˆ̃
D, ³µ¤¨Ë¨Í¨-

·µ¢ ´´µ£µ ´¥²µ± ²Ó´Ò³¨ ¢±² ¤ ³¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¶¥· Éµ· ˆ̃D
† ˆ̃
D ¶·¨³¥É ¢¨¤

ˆ̃
D
† ˆ̃
D = β∂2 + µ2 + 2Γµ∂

µ + Γ2µ + a(x) +

+
α

Λ̃2

[
b(x) +Qα(x)∂

α + c(x)∂2 + 2
(
Γµ∂

2 + ∂αΓµ∂
α
)
∂µ
]
+O

(
α2

Λ̃4

)
,

£¤¥ β = 1 + 2αµ2/Λ̃2. Šµ³¡¨´ Í¨¨ a(x), b(x), c(x) ¨ Qα(x) ´¥ ¸µ¤¥·¦ É
¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ µ¶¥· Éµ·µ¢, ¤¥°¸É¢ÊÕÐ¨Ì ´  ±¢ ·±µ¢Ò¥ ¶µ²Ö:

a(x) = iγµ
(
PRDµΦ+ PLDµΦ

†)+ PRM+ PLM+
1

4
[γµ, γν ]Γµν ,

b(x) = iγµ
[
PR
(
ALµ∂

2Φ + ∂αA
L
µ∂
αΦ− Φ∂2ARµ − ∂αΦ∂

αARµ
)
+

+PL
(
ARµ ∂

2Φ† + ∂αA
R
µ ∂
αΦ† − Φ†∂2ALµ − ∂αΦ

†∂αALµ
)]

+

+PR
(
Φ†∂2Φ+ ∂αΦ

†∂αΦ
)
+ PL

(
Φ∂2Φ† + ∂αΦ∂

αΦ†
)
+ Γµ∂

2Γµ +
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+
(
∂αΓµ

)2
+

1

4
[γµ, γν]

([
∂αΓµ, ∂

αΓν
]
+ Γµ∂

2Γν − Γν∂
2Γµ

)
,

c(x) = a(x) + iγµ
[
PR
(
ALµΦ− ΦARµ

)
+ PL

(
ARµΦ

† − Φ†ALµ
)]

+

+PRM+ PLM+ 2Γ2µ +
1

4
[γµ, γν ][Γµ,Γν

]
,

Qα(x) = 3Γµ∂αΓ
µ + ∂αΓµ Γ

µ + ∂αa(x) +

+2iγµ
[
PR
(
ALµ∂αΦ− Φ∂αA

R
µ

)
+ PL

(
ARµ ∂αΦ

† − Φ†∂αA
L
µ

)]
+

+2
(
PRΦ

†∂αΦ+ PLΦ∂αΦ
†)+ 1

2
[γµ, γν ]

(
Γµ∂αΓν − Γν∂αΓµ

)
.

Œµ¤¨Ë¨Í¨·µ¢ ´´Ò¥ ·¥±Ê·¸¨¢´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ-
¶·µ¢µ¤´µ¸É¨ hk(x) = hk(x, y = x) ¨³¥ÕÉ ¢¨¤

2
α

Λ̃2
Γµt

µt2hn+3(x, y) +

+
α

Λ̃2

[
t2
(
2Γ2µ + c(x)

)
+

+2Γµ
(
3tµ + 2tµtα∂

α + t2∂µ
)
+ 2∂αΓµ t

µtα
]
hn+2(x, y) +

+

[
n+ 1 + 2tµd

µ +
α

2Λ̃2

(
+ 4c(x)

(
1 + tα∂

α
)
− 8µ2tαd

α + 2Qα(x)t
α +

+2∂αΓµ
(
tµ∂α + tα∂µ

)
+ 4Γµ

(
2∂µ + 2tα∂

α∂µ + tµ∂2
))]

hn+1(x, y) +

+

[
a(x) + dµd

µ +
α

Λ̃2

(
b(x) +Qα(x)∂

α + 2
(
Γµ∂

2 + ∂αΓµ ∂
α
)
∂µ +

+c(x)∂2
)]

hn(x, y) = 0 ,

£¤¥ µ¶¥· Éµ· ¤¨ËË¥·¥´Í¨·µ¢ ´¨Ö ∂µ ¤¥°¸É¢Ê¥É Éµ²Ó±µ ´  x. ‚ ¸²ÊÎ ¥ Vµ =
= Aµ = 0 ·¥±Ê·¸¨¢´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨
¸¢µ¤ÖÉ¸Ö ± Ê· ¢´¥´¨Õ

α

Λ̃2
t2c̃(x)hn+2(x, y) +

+

{
n+ 1 + 2tµ∂

µ +
α

Λ̃2

[
2
(
ã(x) + c̃(x)

)(
1 + tµ∂

µ
)
− 4µ2tµ∂

µ +

+tµ
(
∂µã(x) + 2Q̃µ(x)

)]}
hn+1(x, y) +

+

{
ã(x) + ∂2 +

α

Λ̃2

[
b̃(x) +

(
∂µã(x) + 2Q̃µ(x)

)
∂µ +
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+
(
ã(x) + c̃(x)

)
∂2
)]}

hn(x, y) = 0 , (8.20)

£¤¥

ã(x) = iγµ
(
PR∂µΦ+ PL∂µΦ

†)+ PRM+ PLM ,

b̃(x) = PR
(
Φ†∂2Φ + ∂µΦ

†∂µΦ
)
+ PL

(
Φ∂2Φ† + ∂µΦ∂

µΦ†
)
,

c̃(x) = PRM+ PLM , Q̃µ(x) = PRΦ
†∂µΦ + PLΦ∂µΦ

† .

ˆ§ (8.20) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨
h0, ..., h3, ³µ¤¨Ë¨Í¨·µ¢ ´´Ò¥ ´¥²µ± ²Ó´Ò³¨ ¢±² ¤ ³¨:

h0(x) = 1,

tr′ [h1(x)] = −tr′
[
ã+

α

Λ̃2

(
b̃− ã

(
ã+ c̃

))]
+O

(
α2

Λ̃4

)
,

tr′ [h2(x)] = tr′
[
1

2
ã2 +

α

Λ̃2

(
ãb̃− 2

3
ã2
(
ã+ c̃

)
+

5

12

(
∂µã
)2 − 1

12
∂µã ∂

µc̃−

−ã ∂µQ̃µ
)]

+O

(
α2

Λ̃4

)
,

tr′ [h3(x)] = −tr′
{
1

6
ã3 − 1

12

(
∂µã
)2

+
α

Λ̃2

[
1

2
ã2b̃− 1

4
ã3
(
ã+ c̃

)
−

−ã2
(

3

10
∂2ã+

1

2
∂µQ̃µ +

2

3
∂2c̃

)
−

−ã
(
5

6

(
∂µã
)2

+
1

15
∂2ã c̃+

2

5
∂µã ∂

µc̃+
11

30
∂µc̃ ∂

µã+

+
1

20

(
∂2∂2c̃+ c̃∂2ã

)
+

+
1

6

(
∂2∂µQ̃µ − Q̃µ∂

µã+ ∂µã Q̃µ − ∂2b̃
))
−

− 1

15

(
∂2c̃ ∂2ã− c̃

(
∂µã
)2 − (∂2ã)2)− 1

18
µ2
(
∂µã
)2]}

+

+O

(
α2

Λ̃4

)
.

‚Ò· ¦¥´¨° ¤²Ö h1, h2 ¨ h3 ¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ´¥²µ± ²Ó´Ò¥ ¶µ-
¶· ¢±¨ ± ÔËË¥±É¨¢´µ³Ê ¡µ§µ´¨§µ¢ ´´µ³Ê ² £· ´¦¨ ´Ê, ¢±²ÕÎ ÕÐ¥³Ê p4-
Î²¥´Ò (´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ±µÔËË¨Í¨¥´ÉÊ h4 ¤ ÕÉ ¢±² ¤, ´ Î¨´ Ö ¸
p6-Î²¥´µ¢).



h�‡��ˆ‡�‚���›… ‹�ƒ��†ˆ��› ‚ ‚›‘˜ˆ• ��Ÿ„Š�• 137

‚ÒÎ¨¸²¥´¨Ö ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¸ ÊÎ¥Éµ³ ´¥²µ± ²Ó´ÒÌ ÔËË¥±Éµ¢
[23] ¶·¨¢µ¤ÖÉ ± ³µ¤¨Ë¨Í¨·µ¢ ´´µ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ±µ´¸É ´ÉÒ F0:

F 2
0 =

Ncµ
2

4π2

[
y − 4π2 <q̄q>

µ3Nc

αµ2

Λ̃2

]
, (8.21)

£¤¥ ¶¥·¢Ò° Î²¥´ µÉ¢¥Î ¥É ²µ± ²Ó´µ³Ê ¶·¥¤¥²Ê, ¢ Éµ ¢·¥³Ö ± ± ¢Éµ·µ° ¸µ-
µÉ¢¥É¸É¢Ê¥É ´¥²µ± ²Ó´µ° ¶µ¶· ¢±¥. „²Ö ³¥§µ´´µ° ³ ¸¸µ¢µ° ³ É·¨ÍÒ χ =
= diag(χ2u, χ

2
d, ..., χ

2
n) ¶µ²ÊÎ¨³

χ2i =
Ncµm

0
i

2π2F 2
0

(
Λ2e−µ

2/Λ2 − µ2y

)
= −2m0

i <q̄q>

F 2
0

. (8.22)

Š·µ³¥ Éµ£µ, ¸É·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Li ³¨´¨³ ²Ó´µ° Î ¸É¨ ÔËË¥±É¨¢-
´µ£µ p4-² £· ´¦¨ ´  ƒ ¸¸¥·  Å ‹¥°É¢¨²¥·  µ¶·¥¤¥²¥´Ò ¸µµÉ´µÏ¥´¨Ö³¨ L1−
−L2/2 = L4 = 0 ¨

L2 =
Nc

16π2
1

12

(
1 + 2

αµ2

Λ̃2

)
,

L3 = − Nc

16π2
1

6

(
1 + 5(1− y)

αµ2

Λ̃2

)
,

L5 =
Nc

16π2
x

[
y − 1− 28

3

αµ2

Λ̃2

]
. (8.23)

�´ ²µ£¨Î´Ò³ ¸¶µ¸µ¡µ³ ³µ¦´µ µÍ¥´¨ÉÓ ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ´¥³¨´¨³ ²Ó-
´µ° Î ¸É¨ ÔËË¥±É¨¢´µ£µ ³¥§µ´´µ£µ p4-² £· ´¦¨ ´ . ‡¤¥¸Ó ³Ò µ£· ´¨Î¨³¸Ö
Éµ²Ó±µ ³µ¤¨Ë¨Í¨·µ¢ ´´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢
L9 ¨ L10:

L9 =
Nc

16π2
1

3

(
1 +

21y − 26

6

αµ2

Λ̃2

)
,

L10 = − Nc

16π2
1

6

(
1 +

15y − 10

3

αµ2

Λ̃2

)
. (8.24)

‘²¥¤Ê¥É µ¸µ¡µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ´¥ ¢²¨ÖÕÉ ´ 
³ ¸¸µ¢ÊÕ ³ É·¨ÍÊ ³¥§µ´µ¢. �¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ¸É·Ê±ÉÊ·´Ò³ ±µÔËË¨-
Í¨¥´É ³ L2, L3, L9 ¨ L10 (¸³. Ëµ·³Ê²Ò (8.23) ¨ (8.24)) ´¥ ¶·¥¢ÒÏ ÕÉ 15Ä20%
¶µ ¸· ¢´¥´¨Õ ¸ ²µ± ²Ó´Ò³ ¶·¥¤¥²µ³. � ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ´¥²µ± ²Ó-
´Ò³ ¶µ¶· ¢± ³ µ± §Ò¢ ¥É¸Ö ±µÔËË¨Í¨¥´É L5, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ´¥²µ± ²Ó´Ò¥
ÔËË¥±ÉÒ ¤µ²¦´Ò ¸¨²Ó´µ ¢²¨ÖÉÓ ´  µ¶¨¸ ´¨¥ · ¸Ð¥¶²¥´¨Ö ±µ´¸É ´É · ¸¶ -
¤µ¢ Fπ ¨ FK . ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ µÍ¥´±¨, ¨¸¶µ²Ó§ÊÕÐ¨¥
§´ Î¥´¨¥ h = 0, 68 Ë³ ¨§ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¤²Ö ²¨´¥°´µ · ¸ÉÊÐ¥£µ
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¶µÉ¥´Í¨ ² , ¤ ÕÉ ¤²Ö ´¥²µ± ²Ó´ÒÌ ¶µ¶· ¢µ± ¸ÊÐ¥¸É¢¥´´µ § ¢ÒÏ¥´´Ò¥ µ£· -
´¨Î¥´¨Ö ¸¢¥·ÌÊ. …¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¢¥²¨Î¨´Ê h ∼ 0, 22 Ë³ ¨§ ³µ¤¥²¨·µ¢ ´¨°
Š•„ ´  ·¥Ï¥É± Ì [74], Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ´¥ ¡Ê¤ÊÉ
¶·¥¢ÒÏ ÉÓ 5%. �ÉµÉ ·¥§Ê²ÓÉ É ¶µ§¢µ²Ö¥É ¶µ´ÖÉÓ, ¶µÎ¥³Ê, ´¥¸³µÉ·Ö ´  ¢¸Õ
´¥¶µ²´µÉÊ, ¡µ§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹ ¶·¨¢µ¤¨É ± ¶· ¢¨²Ó´µ³Ê µ¶¨¸ ´¨Õ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ É¥·³¨´ Ì ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ
² £· ´¦¨ ´µ¢. Œ ²µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ´¥²µ± ²Ó´ÒÌ ¶µ¶· ¢µ± ¶µ± §Ò¢ ¥É, ÎÉµ
³µ¤¥²Ó �ˆ‹, ± ± ²µ± ²Ó´ Ö ³µ¤¥²Ó ÔËË¥±É¨¢´ÒÌ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨°, ¤¥°¸É¢¨É¥²Ó´µ Ö¢²Ö¥É¸Ö · §Ê³´Ò³ Ë¨§¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³,
µ¶¨¸Ò¢ ÕÐ¨³ ±¨· ²Ó´ÊÕ ¤¨´ ³¨±Ê ±¢ ·±µ¢.

‡�Š‹A—…�ˆ…

Š•„-³µÉ¨¢¨·µ¢ ´´Ò¥ ¡¨²µ± ²Ó´Ò¥ ³µ¤¥²¨ ÔËË¥±É¨¢´ÒÌ ±¢ ·±µ¢ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¨ ¢µ§´¨± ÕÐ¨¥ ¨§ ´¨Ì ¢ ²µ± ²Ó´µ³ ¶·¥¤¥²¥ · §²¨Î´Ò¥ ³µ¤¨-
Ë¨± Í¨¨ · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �ˆ‹ Ö¢²ÖÕÉ¸Ö ¶²µ¤µÉ¢µ·´Ò³¨ ¶µ¤Ìµ¤ ³¨ ±
¨§ÊÎ¥´¨Õ ¢´ÊÉ·¥´´¥° ±¢ ·±µ¢µ° ¸É·Ê±ÉÊ·Ò  ¤·µ´µ¢. ‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò
µ£· ´¨Î¨²¨¸Ó ¶µ¤·µ¡´Ò³ µ¡¸Ê¦¤¥´¨¥³ ²¨ÏÓ É¥Ì  ¸¶¥±Éµ¢ ¡µ§µ´¨§ Í¨¨ ³µ-
¤¥²¨ �ˆ‹, ±µÉµ·Ò¥ ¸¢Ö§ ´Ò ¸ ¶µ²ÊÎ¥´¨¥³ ±¨· ²Ó´ÒÌ ³¥§µ´´ÒÌ ² £· ´¦¨ ´µ¢
¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö. Œ´µ£¨¥ ¤·Ê£¨¥ ¢ÒÌµ¤ÖÐ¨¥ § 
· ³±¨ ´ Ï¥£µ · ¸¸³µÉ·¥´¨Ö ¢µ¶·µ¸Ò, ¢ Éµ³ Î¨¸²¥ Ê· ¢´¥´¨Ö h¥É¥ Å ‘µ²¶¨-
É¥·  ¤²Ö ¸¢Ö§ ´´ÒÌ qq-¸µ¸ÉµÖ´¨°, ¤¨±¢ ·±¨ ¨ ¸µ²¨Éµ´´ Ö ³µ¤¥²Ó ¡ ·¨µ´µ¢,
¤¥É ²Ó´µ · §¡¨· ÕÉ¸Ö ¢ µ¡§µ· Ì [12, 27, 30, 31] ¨ ¤·Ê£¨Ì Í¨É¨·Ê¥³ÒÌ ´ ³¨
· ¡µÉ Ì.

‚ µ¡ÒÎ´µ° ³µ¤¥²¨ �ˆ‹ ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ “”-· ¸Ìµ¤¨³µ¸É¥° ¢ ±¢ ·±µ-
¢ÒÌ ¶¥É²ÖÌ ¸ ¢´¥Ï´¨³¨ ³¥§µ´´Ò³¨ ¶µ²Ö³¨, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¢ÒÎ¨¸²¥´¨¨
±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É , ¢¢µ¤¨É¸Ö µ¡·¥§ ´¨¥ ¸¢¥·ÌÊ ¶µ ¨³¶Ê²Ó¸ ³. Š·µ³¥
Éµ£µ, ¢ É ±µ³ ¶µ¤Ìµ¤¥ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¨³¶Ê²Ó¸´ Ö § ¢¨¸¨³µ¸ÉÓ ¢ ±¢ ·±-³¥§µ´-
´ÒÌ ¢¥·Ï¨´ Ì (´¥²µ± ²Ó´µ¸ÉÓ), ¡µ²¥¥ ¤¥É ²Ó´µ µÉ· ¦ ÕÐ Ö ¸µ¸É ¢´ÊÕ ¸É·Ê±-
ÉÊ·Ê  ¤·µ´µ¢,   É ±¦¥ µÉ¸ÊÉ¸É¢Ê¥É ±µ´Ë °´³¥´É ±¢ ·±µ¢. ’¥³ ´¥ ³¥´¥¥ ¡µ-
§µ´¨§ Í¨Ö ³µ¤¥²¨ �ˆ‹ ¶·¨¢µ¤¨É ± ¶· ¢¨²Ó´µ° Ë¥´µ³¥´µ²µ£¨¨ ´¨§±µÔ´¥·£¥-
É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ´¥ Éµ²Ó±µ ¢ ¤·¥¢¥¸´µ³ p2-¶·¨¡²¨¦¥´¨¨, ¢µ¸-
¶·µ¨§¢µ¤ÖÐ¥³ ·¥§Ê²ÓÉ ÉÒ  ²£¥¡·Ò Éµ±µ¢, ´µ ¨ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì É¥µ·¨¨
¢µ§³ÊÐ¥´¨° ¸ ÊÎ¥Éµ³ Ê´¨É ·´ÒÌ ¶µ¶· ¢µ±, µ¡Ê¸²µ¢²¥´´ÒÌ ³¥§µ´´Ò³¨ ¶¥-
É²Ö³¨. ˆ³¥´´µ ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ Ö¢²Ö¥É¸Ö £² ¢´Ò³  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê
³µ¤¥²¨ �ˆ‹ ± ± ²µ± ²Ó´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö Š•„.

�·¨ µ¡¸Ê¦¤¥´¨¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¸É ÉÊ¸  ¡µ§µ´¨§µ¢ ´´ÒÌ ² £· ´-
¦¨ ´µ¢ ³Ò µ£· ´¨Î¨²¨¸Ó · ¸¸³µÉ·¥´¨¥³ ¸¥±Éµ·  ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢.
hÒ²µ ¶µ± § ´µ, ÎÉµ ¢¥±Éµ·´Ò¥,  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò¥ ¨ ¸± ²Ö·´Ò¥ ³¥§µ´Ò ³µ-
£ÊÉ ¡ÒÉÓ ¨¸±²ÕÎ¥´Ò ¨§ Ö¢´µ£µ · ¸¸³µÉ·¥´¨Ö ¸ ¶µ³µÐÓÕ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ
¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ·¥§µ´ ´¸´Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò ¢ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ-
´ ²¥ ¡µ§µ´¨§µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹. Œµ¤¨Ë¨± Í¨Ö ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨-
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¥´Éµ¢ ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢ ¶µ¸²¥ ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢ ¶·¨¢µ¤¨É, ± ±
¶· ¢¨²µ, ± §´ Î¨É¥²Ó´µ³Ê Ê²ÊÎÏ¥´¨Õ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¶µ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ³¥§µ´´Ò³ ¶·µÍ¥¸¸ ³ ± ± ¢ p4-, É ± ¨ ¢ p6-¶µ·Ö¤± Ì
±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¸ ¡µ§µ´¨§µ¢ ´´Ò³¨ ² £· ´¦¨ ´ ³¨. ’¥³ ´¥
³¥´¥¥ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸µ¢ ¸ ¢¥±Éµ·´Ò³¨ ¨  ±¸¨ ²Ó´µ-
¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ¶µ-¢¨¤¨³µ³Ê, ´ Ìµ¤¨É¸Ö ´ 
£· ´¨Í¥ ¶·¨³¥´¨³µ¸É¨ ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö ¢ ±¨· ²Ó´µ° É¥µ·¨¨.

‡ ³¥É¨³, ÎÉµ É·Ê¤´µ¸É¨, µ¡Ê¸²µ¢²¥´´Ò¥ µ£· ´¨Î¥´´µ¸ÉÓÕ ¶·¨³¥´¨³µ¸É¨
¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö, ¢µ§´¨± ÕÉ Ê¦¥ ¶·¨ µ¶¨¸ ´¨¨ · ¸¶ ¤µ¢ η- ¨ η′-
³¥§µ´µ¢. ‚ ÔÉµ³ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³ É ±¦¥ ÊÎ¥É ´ ·ÊÏ¥´¨Ö U(1)-¸¨³³¥É·¨¨,
´ ¶·¨³¥·, ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´µ£µ Ï¥¸É¨±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö, ¨´¤ÊÍ¨·µ¢ ´´µ£µ ¨´¸É ´Éµ´ ³¨ ¨ ¸¢Ö§ ´´µ£µ ¸ ¤¥É¥·³¨´ ´Éµ³ É'•µµË-
É  [80]. ‚ · ³± Ì É ±µ£µ · ¸Ï¨·¥´¨Ö ³µ¤¥²¨ �ˆ‹ ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨°
h¥É¥ Å ‘µ²¶¨É¥·  ¤²Ö ¸¢Ö§ ´´ÒÌ qq-¸µ¸ÉµÖ´¨° ¢ · ¡µÉ Ì [81] ¡Ò²¨ ¶µ²Ê-
Î¥´Ò ¸¶¥±É·Ò ³ ¸¸ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ, ¸± ²Ö·´ÒÌ, ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. ‚ ¶µ¤Ìµ¤¥ ¦¥ ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ ¤²Ö
Ëµ·³ ²¨§ Í¨¨ ·¥Ï¥´¨Ö U(1)-¶·µ¡²¥³Ò ¡µ²¥¥ Ê¤µ¡´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶µ¤-
Ìµ¤ [82], µ¸´µ¢ ´´Ò° ´  ÊÎ¥É¥ £²Õµ´´µ°  ´µ³ ²¨¨ [83] ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö
¢ ±¨· ²Ó´Ò° ² £· ´¦¨ ´ £²Õµ´´ÒÌ ¶µ²¥° ¢ ¢¨¤¥ ¶²µÉ´µ¸É¨ Éµ¶µ²µ£¨Î¥¸±µ£µ
§ ·Ö¤ .

‘²¥¤Ê¥É µ¸µ¡µ ¶µ¤Î¥·±´ÊÉÓ Ìµ·µÏµ ¨§¢¥¸É´Ò° Ë ±É, ÎÉµ ¸É ´¤ ·É´ Ö ³µ-
¤¥²Ó �ˆ‹ ´¥ ¢ ¸µ¸ÉµÖ´¨¨ ¶· ¢¨²Ó´µ µ¶¨¸ ÉÓ ¤¨´ ³¨±Ê ´¨§±µ²¥¦ Ð¨Ì ³¥-
§µ´´ÒÌ ·¥§µ´ ´¸µ¢ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ [84]. ‚ ÔÉµ° ³µ¤¥²¨, ´ ¶·¨³¥·,
¢¥±Éµ·´Ò¥ ³¥§µ´Ò ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ¥¸²¨ Éµ²Ó±µ
³ ¸¸  ¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·±  ¶·¥¢ÒÏ ¥É 385 ŒÔ‚, ´µ ¤ ¦¥ ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥
¸ÊÐ¥¸É¢Ê¥É ¡µ²ÓÏµ° ´¥Ë¨§¨Î¥¸±¨° qq-±µ´É¨´ÊÊ³ ¢ ¸¶¥±É· ²Ó´ÒÌ ËÊ´±Í¨ÖÌ.
„²Ö ³¥´ÓÏ¨Ì §´ Î¥´¨° ³ ¸¸Ò ¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·±  ¢¥±Éµ·´Ò¥ ³¥§µ´Ò ´¥
³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ ¤ ¦¥ ± ± ·¥§µ´ ´¸Ò ¢ qq-±µ´É¨´ÊÊ³¥ [85]. Š  ´ ²µ£¨Î-
´µ³Ê ¢Ò¢µ¤Ê ¶·¨Ï²¨ É ±¦¥  ¢Éµ·Ò · ¡µÉÒ [86], ¢ ±µÉµ·µ° · ¸¸³ É·¨¢ ²¨¸Ó
¸¢µ°¸É¢  ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¶·¨ ±µ´¥Î´µ° É¥³¶¥-
· ÉÊ·¥ ¨ ¶²µÉ´µ¸É¨ ¢ ³µ¤¥²¨ �ˆ‹. hÒ²µ ¶µ± § ´µ, ÎÉµ ¶·¨ ¸É ´¤ ·É´µ³
¢Ò¡µ·¥ ¶ · ³¥É·µ¢ ³µ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¡µ²ÓÏÊÕ Ï¨·¨´Ê · ¸¶ ¤  ρ → qq,
¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸µ¢¶ ¤ ÕÐÊÕ ¸ ³ ¸¸µ° ρ-³¥§µ´ . ‚ ·¥§Ê²ÓÉ É¥ ρ-³¥§µ´
µ± §Ò¢ ¥É¸Ö ±· °´¥ ´¥¸É ¡¨²Ó´Ò³. “± § ´´Ò¥ µ¡¸ÉµÖÉ¥²Ó¸É¢ , ¸¢Ö§ ´´Ò¥ ¸
µÉ¸ÊÉ¸É¢¨¥³ ±µ´Ë °´³¥´É  ¢ ³µ¤¥²¨ �ˆ‹, Ö¢²ÖÕÉ¸Ö ¸¥·Ó¥§´µ° É·Ê¤´µ¸ÉÓÕ
¤ ´´µ° ³µ¤¥²¨, ¶µ¸±µ²Ó±Ê µ´¨ ¶· ±É¨Î¥¸±¨ ¨¸±²ÕÎ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¨´É¥·-
¶·¥É Í¨¨ ±µ²²¥±É¨¢´ÒÌ ³¥§µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ ¢¥±Éµ·´µ³ ¨  ±¸¨ ²Ó´µ-
¢¥±Éµ·´µ³ ¸¥±Éµ·¥ ± ± ·¥ ²Ó´ÒÌ ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ³¥§µ´µ¢.
„²Ö ·¥Ï¥´¨Ö ÔÉµ° ¶·µ¡²¥³Ò ´¥µ¡Ìµ¤¨³ ¢ÒÌµ¤ §  · ³±¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨
�ˆ‹, ÊÎ¨ÉÒ¢ ÕÐ¨° ¸¢µ°¸É¢  ±µ´Ë °´³¥´É  ±¢ ·±µ¢.

ˆ¸¶µ²Ó§ÊÖ ¡¨²µ± ²Ó´Ò° ¶µ¤Ìµ¤, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ · §²¨Î´Ò¥ · ¸Ï¨·¥´¨Ö
³µ¤¥²¨ �ˆ‹, ¢±²ÕÎ ÕÐ¨¥ ± ± ´¥²µ± ²Ó´µ¸ÉÓ, É ± ¨ ³µ¤¥²¨·µ¢ ´¨¥ ±µ´Ë °´-
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³¥´É . ’ ±, ¢ · ¡µÉ¥ [21] · ¸¸³ É·¨¢ ²µ¸Ó ³µ¤¥²¨·µ¢ ´¨¥ ¸¢µ°¸É¢ ±µ´Ë °´-
³¥´É  ±¢ ·±µ¢ ¢ · ³± Ì ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³µ¤¥²¨ �ˆ‹, ±µÉµ· Ö ¢µ§´¨-
± ¥É ¨§ ¡¨²µ± ²Ó´µ£µ ¤¥°¸É¢¨Ö (1.6) ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¶¥Í¨ ²Ó´µ£µ  ´§ Í 
¤²Ö ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´´µ£µ ¶·µ¶ £ Éµ· . ‚ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨
Ê± § ´´Ò°  ´§ Í ¸µ¤¥·¦¨É ¸Ê³³Ê ¤¢ÊÌ Î²¥´µ¢: ±µ´¸É ´É , ¸µµÉ¢¥É¸É¢ÊÕÐ Ö
µ¡ÒÎ´µ³Ê ²µ± ²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ³µ¤¥²¨ �ˆ‹, ¨ δ-ËÊ´±Í¨Ö, ÔËË¥±-
É¨¢´µ ÊÎ¨ÉÒ¢ ÕÐ Ö 1/q4-¶µ¢¥¤¥´¨¥ £²Õµ´´µ£µ ¶·µ¶ £ Éµ·  ¢ µ¡² ¸É¨ ±µ´-
Ë °´³¥´É . ‚¢¥¤¥´¨¥ δ-ËÊ´±Í¨¨ ³µ¤¨Ë¨Í¨·Ê¥É Ê· ¢´¥´¨¥ ˜¢¨´£¥·  Å „ °-
¸µ´  ¨ ¶·¨¢µ¤¨É ± É ±µ³Ê ¶µ¢¥¤¥´¨Õ ¡¥£ÊÐ¥° ³ ¸¸Ò ¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·± 
m(q2), ±µÉµ·µ¥ µ¡¥¸¶¥Î¨¢ ¥É µÉ¸ÊÉ¸É¢¨¥ ¶µ²Õ¸µ¢ ¢ ¥£µ ¶·µ¶ £ Éµ·¥.

hµ²¥¥ £²Ê¡µ±µ¥ ¶µ´¨³ ´¨¥ ·µ²¨ ±µ´Ë °´³¥´É  ¢ · ³± Ì ¡µ§µ´¨§ Í¨¨
Š•„ ¤ ¥É · ¸Ï¨·¥´´ Ö É· ±Éµ¢±  ³µ¤¥²¨ �ˆ‹, · §¢¨É Ö ¢ ¶µ¤Ìµ¤¥ [22]. �·¨
· ¸¸³µÉ·¥´¨¨ ±¢ ·±µ¢ÒÌ ¶¥É¥²Ó ¸ ¢´¥Ï´¨³¨ ³¥§µ´´Ò³¨ ¶µ²Ö³¨ ¢ ÔÉ¨Ì · -
¡µÉ Ì ¶·¥¤¶µ² £ ² ¸Ó ²µ± ²Ó´µ¸ÉÓ ±¢ ·±-³¥§µ´´ÒÌ ¢¥·Ï¨´, ¢ Éµ ¢·¥³Ö ± ±
±¢ ·±µ¢Ò¥ ¶·µ¶ £ Éµ·Ò µ¶¨¸Ò¢ ²¨¸Ó ¢´ÊÉ·¥´´¨³¨  ´ ²¨É¨Î¥¸±¨³¨ ËÊ´±Í¨-
Ö³¨, µ¡¥¸¶¥Î¨¢ ÕÐ¨³¨ ´¥ Éµ²Ó±µ ±µ´Ë °´³¥´É ±¢ ·±µ¢, ´µ ¨ “”-¸Ìµ¤¨³µ¸ÉÓ
±¢ ·±µ¢ÒÌ ¶¥É¥²Ó. ‚ · ¡µÉ¥ [87] ¡Ò²  ¶·¥¤²µ¦¥´  É ±¦¥ Ëµ·³Ê²¨·µ¢±  ³µ-
¤¥²¨ �ˆ‹ ¸ ¸¥¶ · ¡¥²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ±µÉµ·µ¥ ÊÎ¨ÉÒ¢ ¥É ´¥²µ± ²Ó-
´µ¸ÉÓ ¸ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ëµ·³Ë ±Éµ·µ¢ ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ ¢¥·-
Ï¨´ Ì.

‚ ¶µ¸²¥¤´¥³ · §¤¥²¥ µ¡§µ·  ³Ò · ¸¸³µÉ·¥²¨ ¢ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±µ³
¶µ¤Ìµ¤¥ ´¥²µ± ²Ó´Ò¥ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¢±² ¤µ³ µ¡² ¸É¨ ±µ´Ë °´³¥´É 
¢ ¡¨²µ± ²Ó´µ¥ ¤¥°¸É¢¨¥. hÒ²µ ¶µ± § ´µ, ÎÉµ ´¥²µ± ²Ó´Ò¥ ¶µ¶· ¢±¨ ± ¸É·Ê±-
ÉÊ·´Ò³ ±µÔËË¨Í¨¥´É ³ ¡µ§µ´¨§µ¢ ´´µ£µ p4-² £· ´¦¨ ´  ³µ¤¥²¨ �ˆ‹ ¤µ¸É -
ÉµÎ´µ ³ ²Ò ∗. �ÉµÉ ·¥§Ê²ÓÉ É ¶µ¤É¢¥·¦¤ ¥É, ÎÉµ ¤¨´ ³¨±  ¢§ ¨³µ¤¥°¸É¢¨°
¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ µ± §Ò¢ ¥É¸Ö ´¥ÎÊ¢¸É¢¨É¥²Ó-
´µ° ± ±µ´Ë °´³¥´ÉÊ ±¢ ·±µ¢ ¨ µ¶·¥¤¥²Ö¥É¸Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¥° ¨ ¥¥
´ ·ÊÏ¥´¨¥³. �µÔÉµ³Ê ³µ¦´µ µ¦¨¤ ÉÓ, ÎÉµ ¢±²ÕÎ¥´¨¥ ³µ¤¥²¨·µ¢ ´¨Ö ±µ´-
Ë °´³¥´É  ¢ ± ±µ°-²¨¡µ ±µ´±·¥É´µ° · ¸Ï¨·¥´´µ° ¢¥·¸¨¨ ³µ¤¥²¨ �ˆ‹ ¸
Í¥²ÓÕ Ê¸É· ´¥´¨Ö É·Ê¤´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ µ¶¨¸ ´¨¥³ ¤¨´ ³¨±¨ ¢¥±Éµ·´ÒÌ ¨
 ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ´¥ ¤µ²¦´µ ¸¥·Ó¥§´µ
¸± § ÉÓ¸Ö ´  µ¶¨¸ ´¨¨ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸¥±Éµ· .

”Ê´±Í¨µ´ ²Ó´Ò¥ ³¥Éµ¤Ò, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨ ¡µ§µ´¨§ Í¨¨ ¸¨²Ó´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¢ ³µ¤¥²¨ �ˆ‹, ³µ¦´µ É ±¦¥ ¶·¨³¥´¨ÉÓ ¤²Ö ¡µ§µ´¨§ Í¨¨ ÔË-
Ë¥±É¨¢´ÒÌ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ ´¥²¥¶Éµ´´ÒÌ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸ ¨§³¥-
´¥´¨¥³ ¸É· ´´µ¸É¨ |∆S| = 1. „²Ö ÔÉµ£µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢¢¥¤¥´´Ò° ¢ · ¡µÉ¥ [88]
¶·µ¨§¢µ¤ÖÐ¨° ËÊ´±Í¨µ´ ² ËÊ´±Í¨° ƒ·¨´  ¤²Ö ±¢ ·±µ¢ÒÌ Éµ±µ¢ ¨ ¨Ì ¶²µÉ´µ-

∗‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ò ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ µÉ ´¥²µ-
± ²Ó´ÒÌ ¶µ¶· ¢µ± ± ¸É·Ê±ÉÊ·´Ò³ ±µÔËË¨Í¨¥´É ³ p4-² £· ´¦¨ ´  ³µ£ÊÉ µ± § ÉÓ¸Ö ¸· ¢´¨³Ò³¨
¸ ¢±² ¤ ³¨ p6-² £· ´¦¨ ´ .
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¸É¥°, ¶·µ¨§¢¥¤¥´¨Ö ±µÉµ·ÒÌ ¢Ìµ¤ÖÉ ¢ ¸² ¡Ò° Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° ² £· ´¦¨ ´.
‚ É ±µ³ ¶µ¤Ìµ¤¥ ³¥§µ´´Ò¥ (V − A)- ¨ (S − P )-Éµ±¨ ¢µ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥
¢ ·¨ Í¨¨ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ³µ¤¥²¨ �ˆ‹ ¶µ ¤µ¶µ²´¨É¥²Ó´Ò³ ¢´¥Ï-
´¨³ ¨¸ÉµÎ´¨± ³,  ¸¸µÍ¨¨·µ¢ ´´Ò³ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±¢ ·±µ¢Ò³¨ Éµ± ³¨
¨ ¨Ì ¶²µÉ´µ¸ÉÖ³¨. „µ¶µ²´¨É¥²Ó´Ò¥ ¢´¥Ï´¨¥ ¨¸ÉµÎ´¨±¨ ¶µÖ¢²ÖÕÉ¸Ö ¢ ±¢ ·-
±µ¢µ³ ¤¥É¥·³¨´ ´É¥ ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥µ¶·¥¤¥²¥´¨Ö ¤¨· ±µ¢¸±µ£µ µ¶¥· Éµ· .
‚ ·¥§Ê²ÓÉ É¥ Î²¥´Ò ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É , ¤ ÕÐ¨¥ ¢±² ¤ ¢ ¡µ§µ´¨§µ¢ ´-
´Ò° ¸¨²Ó´Ò° ² £· ´¦¨ ´ ¶µ·Ö¤±  p2n ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö, £¥´¥·¨·ÊÕÉ
(V −A) ¨ (S − P ) ³¥§µ´´Ò¥ Éµ±¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ·Ö¤±  p2n−1 ¨ p2n−2.

Š ± ¡Ò²µ ¶µ± § ´µ, ¢ Î ¸É´µ¸É¨, ¢ · ¡µÉ¥ [88], µÍ¥´±¨ ¶·Ö³µ£µ CP -
´ ·ÊÏ¥´¨Ö ¢ · ¸¶ ¤ Ì K → 2π ¨ K → 3π, ¢µ§´¨± ÕÐ¥£µ ± ± · §´µ¸É´Ò°
ÔËË¥±É ¨§ ¨´É¥·Ë¥·¥´Í¨° · §²¨Î´ÒÌ ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤, µ± §Ò¢ ÕÉ¸Ö
µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ¢Ò¸Ï¨³ ¶µ¶· ¢± ³ ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°.
�Éµ µÉ´µ¸¨É¸Ö É ±¦¥ ± Ë § ³ ¢§ ¨³µ¤¥°¸É¢¨° ¶¨µ´µ¢ ¢ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ
· ¸¶ ¤µ¢ K → 2π, K → 3π ¨ ±¢ ¤· É¨Î´Ò³ ¶ · ³¥É· ³ ´ ±²µ´  ¤ ²¨ÉÍ-
¶²µÉµ¢ · ¸¶ ¤µ¢ K → 3π. hµ²¥¥ ÉµÎ´µ¥ ¨§³¥·¥´¨¥ ¶ · ³¥É·µ¢ ´ ±²µ´µ¢ · ¸-
¶ ¤µ¢ K± → π±π0π0 ¶·µ¢µ¤¨É¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ¤¢ÊÌ Ô±¸¶¥·¨³¥´É Ì
´  Ê¸±µ·¨É¥²¥ “-70 ¢ �·µÉ¢¨´µ [89]. ’µÎ´Ò¥ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ ´ ±²µ-
´µ¢ ´¥µ¡Ìµ¤¨³Ò ¤²Ö ¶·µ¢¥¤¥´¨Ö ´µ¢µ£µ  ´ ²¨§  ´¥²¥¶Éµ´´ÒÌ K-· ¸¶ ¤µ¢ ¢
±¨· ²Ó´µ° É¥µ·¨¨ ¸ Í¥²ÓÕ Ë¨±¸ Í¨¨ ³µ¤¥²Ó´ÒÌ § ¢¨¸¨³µ¸É¥° ¢ ¢ÒÎ¨¸²¥´¨ÖÌ
³¥§µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ µ¶·¥¤¥²¥´¨Ö ¢¨²Ó¸µ-
´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¨ Ê³¥´ÓÏ¥´¨Ö ³µ¤¥²Ó´ÒÌ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢ ¶·¥¤-
¸± § ´¨ÖÌ ´ ¡²Õ¤ ¥³ÒÌ ÔËË¥±Éµ¢ ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö. ‚ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ³Ò ¶·µ¢µ¤¨³ ¡µ²¥¥ ¶µ²´Ò¥, ¶µ ¸· ¢´¥´¨Õ ¸ · ¡µÉµ° [88], ¢ÒÎ¨¸²¥-
´¨Ö  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π, K → 3π ¢ p6-¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ ¸
ÊÎ¥Éµ³ (V −A) ¨ (S − P ) ³¥§µ´´ÒÌ Éµ±µ¢, ±µÉµ·Ò¥ £¥´¥·¨·ÊÕÉ¸Ö ¡µ§µ´¨§µ-
¢ ´´Ò³¨ ² £· ´¦¨ ´ ³¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤± , µ¡¸Ê¦¤ ¢Ï¨³¨¸Ö ¢ µ¡§µ·¥.

��ˆ‹�†…�ˆ…. P 6-‚Š‹�„› Š� ””ˆ–ˆ…�’�‚
’…�‹����‚�„��‘’ˆ

‡¤¥¸Ó ¶·¥¤¸É ¢²¥´Ò ¨¸Ìµ¤´Ò¥ ¢Ò· ¦¥´¨Ö (¤µ ¶·¨³¥´¥´¨Ö Ô±¢¨¢ ²¥´É´ÒÌ
¶·¥µ¡· §µ¢ ´¨°, ¢ÒÉ¥± ÕÐ¨Ì ¨§ ¸¢µ°¸É¢ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ (5.4) ¨
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö) ¤²Ö p6-¢±² ¤µ¢ ±µ´¥Î´µ° Î ¸É¨ ¡µ§µ´¨§µ¢ ´´µ£µ ² £· ´-
¦¨ ´ , ±µÉµ· Ö ¢µ§´¨± ¥É ¨§ ±µÔËË¨Í¨¥´Éµ¢ É¥¶²µ¶·µ¢µ¤´µ¸É¨ h3, h4, h5 ¨
h6 ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö ¸²¥¤  ¶µ ¤¨· ±µ¢¸±¨³ ³ É·¨Í ³:

L(p
6)

fin = − Nc

32π2 µ6
tr

(
µ4Hp

6

3 + µ2Hp
6

4 + 2Hp
6

5 +
6

µ2
Hp

6

6

)
. (A.1)
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‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò µ¶·¥¤¥²¥´Ò ¢Ò· ¦¥´¨Ö³¨

Hp
6

3 = −1

3

(
M3 +M 3

)
+

1

6

[
(D′µM)2 + (D

′
µM )2

]
+

+
1

3

[
M(FLµν)

2 +M (FRµν)
2
]
−

−1

3

(
FLµνF

LµαFL
ν
α + FRµνF

RµαFR
ν
α

)
−

− 1

54

[
(FL

µ
µν)

2 + (FR
µ
µν)

2
]
− 41

540

[
(FLµνα)

2 + (FRµνα)
2
]
,

Hp
6

4 = −1

6

[
D′2MDµΦD

µ
Φ† +D

′
µM
(
D
ν
D
µ
Φ†DνΦ +DνΦ

†DµDνΦ
)
+

+D
′2MDµΦ

†DµΦ +D′µM
(
DνDµΦDνΦ

† +DνΦD
µ
D
ν
Φ†
)]
−

−1

6

[
M
(
DµDνΦD

µ
D
ν
Φ† +DµΦD

2
D
µ
Φ† +D2DµΦD

µ
Φ†
)
+

+M
(
DµDνΦ

†DµDνΦ +DµΦ
†D2DµΦ+D

2
DµΦ

†DµΦ
)]
−

−1

3

(
MDµΦMD

µ
Φ† +M2DµΦD

µ
Φ† +M 2

DµΦ
†DµΦ

)
−

− 7

180
D2DµΦD

2
D
µ
Φ† +

1

180
DµDνDαΦD

µ
D
ν
D
α
Φ† +

+
1

3

(
2

5
DµΦF

R
ναD

µ
Φ†FL

να −DµΦF
R
ναD

ν
Φ†FL

µα
+

+DµΦFRµνDαΦ
†FL

να
)
+

+
1

10

[
DµΦD

µ
Φ†(FLνα)

2 +DµΦ
†DµΦ(FRνα)

2

]
−

−1

3

[
DµΦD

ν
Φ†
[
FL
µα
, FLνα

]
+DµΦ

†DνΦ
[
FR
µα
, FRνα

]]
+

+
1

6

(
DµΦD

ν
Φ†FL

α
αµν +DµΦ

†DνΦF
Rα
αµν

)
+

+
1

6

[(
DαDµΦDαD

ν
Φ† +D2DµΦD

ν
Φ† +DµΦD

2
D
ν
Φ†
)
FLµν +

+
(
D
α
D
µ
Φ†DαD

νΦ +D
2
D
µ
Φ†DνΦ +D

µ
Φ†D2DνΦ

)
FRµν

]
+

+
1

180

[(
DµDνDαΦDαΦ

† −DαΦD
µ
D
ν
D
α
Φ†
)
FLµν +



h�‡��ˆ‡�‚���›… ‹�ƒ��†ˆ��› ‚ ‚›‘˜ˆ• ��Ÿ„Š�• 143
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