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„ ´ µ¡§µ· ±µ¢ ·¨ ´É´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¶¨µ´ , µ¸´µ¢ ´´µ° ´  ÔËË¥±É¨¢´µ³ ´¥²µ± ²Ó-
´µ³ ±¢ ·±- ¤·µ´´µ³ ² £· ´¦¨ ´¥ ¸ ´¥²µ± ²Ó´µ¸ÉÓÕ, ¨´¤ÊÍ¨·µ¢ ´´µ° ¨´¸É ´Éµ´´Ò³¨ Ë²Ê±ÉÊ-
 Í¨Ö³¨ ¢ ±ÊÊ³  Š•„. Ÿ¢´µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° Ëµ·³ ²¨§³ ¶µ§¢µ²Ö¥É ¶µ¸É·µ¨ÉÓ ¸µ-
Ì· ´ÖÕÐ¨¥¸Ö ¢¥±Éµ·´Ò° ¨  ±¸¨ ²Ó´Ò° Éµ±¨ ¨ ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ¨Ì ¸µ£² ¸¨¥ ¸ · §²¨Î´Ò³¨
Éµ¦¤¥¸É¢ ³¨ “µ·¤  Å ’ ± Ì Ï¨ ¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ É¥µ·¥³ ³¨. ‚ ·¥§Ê²ÓÉ É¥ ¸¶µ´É ´´µ£µ
´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¢µ§´¨± ÕÉ § ¢¨¸ÖÐ¨¥ µÉ ¨³¶Ê²Ó¸  ¤¨´ ³¨Î¥¸± Ö ³ ¸¸  ±¢ ·± 
¨ ¢¥·Ï¨´  ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. � · ³¥É·Ò ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  Å ¸·¥¤´¨° · §-
³¥· ¨´¸É ´Éµ´  ¨ ÔËË¥±É¨¢´ Ö ³ ¸¸  ±¢ ·±  Å ¢Ò· ¦¥´Ò Î¥·¥§ ¢¥²¨Î¨´Ò ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨°
±¢ ·±-£²Õµ´´ÒÌ µ¶¥· Éµ·µ¢ ´ ¨´¨§Ï¥° · §³¥·´µ¸É¨ ¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¶¨-
µ´ .

�µ¤·µ¡´µ · ¸¸³µÉ·¥´ ¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¶¨µ´  ¤²Ö ¶·µÍ¥¸¸µ¢ γ�γ → π0 ¨
γ�γ� → π0. Š¨´¥³ É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¶¥·¥Ìµ¤´µ£µ Ëµ·³Ë ±Éµ·  ¶·¨ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì
¶¥·¥¤ Î¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê  ³¶²¨ÉÊ¤µ° · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥
´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ ¨ ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¥°. …£µ ¤¨´ ³¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ Ê± -
§Ò¢ ¥É ´  Éµ, ÎÉµ ¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· γ�γ → π0 ¶·¨ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì ¶¥·¥¤ Î¨ µÎ¥´Ó
ÎÊ¢¸É¢¨É¥²¥´ ± · §³¥·Ê ´¥²µ± ²Ó´µ¸É¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ Ë²Ê±ÉÊ Í¨° ¢ Š•„-¢ ±ÊÊ³¥. ‚ · ³± Ì
³µ¤¥²¨ ¢ ²¨¤¨·ÊÕÐ¥³ É¢¨¸É¥ ¢ÒÎ¨¸²¥´Ò  ³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö
¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¢ ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨ ¶µ·Ö¤±  µ¡· É´µ£µ ¸·¥¤´¥£µ · §³¥· 
¨´¸É ´Éµ´  ρc. 
¥§Ê²ÓÉ ÉÒ Š•„ ¶·µÔ¢µ²ÕÍ¨µ´¨·µ¢ ´Ò ± ¡µ²¥¥ ¢Ò¸µ±¨³ ¨³¶Ê²Ó¸ ³ ¶¥·¥¤ Î¨ ¨
´ Ìµ¤ÖÉ¸Ö ¢ · §Ê³´µ³ ¸µ£² ¸¨¨ ¸ ¤µ¸ÉÊ¶´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ µ ¸É·Ê±ÉÊ·¥ ¶¨µ´ .

The covariant quark model of the pion based on the effective nonlocal quark-hadron lagrangian
with nonlocality induced by instanton \uctuations of the QCD vacuum is reviewed. In the explicitly
gauge invariant framework the conserved vector and axial-vector currents are constructed and the
consistence with the WardÄTakahashi identities and low-energy theorems is demonstrated. The spon-
taneous violation of the chiral symmetry result in the momentum dependent dynamical quark mass
and quark-pion vertex. The instanton vacuum parameters, the average size of an instanton and the
effective quark mass, are expressed in terms of the vacuum expectation values of the lowest dimension
quark-gluon operators and the low-energy pion observables.

The pion form factor for the transition processes γ�γ → π0 and γ�γ� → π0 is consid-
ered in detail. The kinematic dependence of the transition form factor at high momentum transfers
allows us to obtain the relation between the pion light-cone distribution amplitude and the quark-
pion vertex function. Its dynamic dependence indicates that the transition form factor γ�γ → π0
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at high momentum transfers is very sensitive to the nonlocality size of nonperturbative \uctua-
tions in the QCD vacuum. In the framework of the model the distribution amplitude as well as
distribution function valence-quark in the pion are calculated in the leading twist at a low nor-
malization scale of an order of the inverse average size of an instanton ρc. The results are QCD
evolved to higher momentum-transfer values and reasonable agreement with available data on the pion
structure is found.

1. ‚‚…„…�ˆ…

�¥¶¥·ÉÊ·¡ É¨¢´Ò° ¢ ±ÊÊ³ Š•„ ¶²µÉ´µ § ¸¥²¥´ ¤²¨´´µ¢µ²´µ¢Ò³¨ Ë²Ê±-
ÉÊ Í¨Ö³¨ £²Õµ´´µ£µ ¨ ±¢ ·±µ¢µ£µ ¶µ²¥°. � · ³¥É·Ò ¶µ·Ö¤±  ÔÉµ£µ ¸²µ¦´µ£µ
¸µ¸ÉµÖ´¨Ö Ì · ±É¥·¨§ÊÕÉ¸Ö ¸ ¶µ³µÐÓÕ ¢ ±ÊÊ³´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ · §-
²¨Î´ÒÌ ¸¨´£²¥É´ÒÌ ±µ³¡¨´ Í¨° ±¢ ·±µ¢ÒÌ ¨ £²Õµ´´ÒÌ ¶µ²¥°, ±µ´¤¥´¸ Éµ¢:
〈: q̄q :〉,

〈
: F a

µνF
a
µν :

〉
,
〈
: q̄(σµνF a

µν
λa

2 )q :
〉
¨ É.¤. �¥´Ê²¥¢µ° ±¢ ·±µ¢Ò° ±µ´-

¤¥´¸ É 〈: q̄q :〉 µÉ¢¥Î ¥É §  ¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. …£µ
¢¥²¨Î¨´  ¡Ò²  µÍ¥´¥´  ³´µ£µ ²¥É ´ § ¤ ¢ ¶µ¤Ìµ¤¥  ²£¥¡·Ò Éµ±µ¢. �¥´Ê²¥¢µ°
£²Õµ´´Ò° ±µ´¤¥´¸ É

〈
: F a

µνF
a
µν :

〉
Î¥·¥§  ´µ³ ²¨Õ ¢ ¸²¥¤¥ É¥´§µ·  Ô´¥·£¨¨-

¨³¶Ê²Ó¸  § ¤ ¥É ³ ¸ÏÉ ¡ ³ ¸¸ ¤²Ö  ¤·µ´µ¢, ¨ ¥£µ ¢¥²¨Î¨´  ¡Ò²  µÍ¥´¥´ 
¢ Š•„-¶· ¢¨² Ì ¸Ê³³ (�‘). ‚ ¦´µ¸ÉÓ ¸¢µ°¸É¢ Š•„-¢ ±ÊÊ³  ¤²Ö Ë¥´µ³¥-
´µ²µ£¨¨  ¤·µ´µ¢ ¡Ò²  µÉ³¥Î¥´  ¢ [1], £¤¥ ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ µ¶¥· Éµ·´µ¥
· §²µ¦¥´¨¥ (�
) ¤²Ö Éµ£µ, ÎÉµ¡Ò ¸¢Ö§ ÉÓ ¶µ¢¥¤¥´¨¥ ±µ··¥²ÖÉµ·µ¢  ¤·µ´´ÒÌ
Éµ±µ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¸ ´¥¡µ²ÓÏ¨³ ´ ¡µ·µ³ ±µ´¤¥´¸ Éµ¢. ‡´ Î¥´¨Ö
±µ´¤¥´¸ Éµ¢ ´¨§Ï¥° · §³¥·´µ¸É¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¨§  ´ -
²¨§  Š•„ �‘ ¢ · §²¨Î´ÒÌ  ¤·µ´´ÒÌ ± ´ ² Ì.

�µ§¦¥ ¢µ§´¨±²  ±µ´Í¥¶Í¨Ö ´¥²µ± ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ ±µ´¤¥´¸ Éµ¢ ¨²¨ ¢ -
±ÊÊ³´ÒÌ ±µ··¥²ÖÉµ·µ¢ [2, 3]. �É¨ ¢¥²¨Î¨´Ò µ¶¨¸Ò¢ ÕÉ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·-
±µ¢ ¨ £²Õµ´µ¢ ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ³ ¢ ±ÊÊ³¥. ”¨§¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ
Ë²Ê±ÉÊ Í¨¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ ¢ ±ÊÊ³¥ ¨³¥ÕÉ ´¥´Ê²¥¢µ° ¸·¥¤´¥±¢ ¤· É¨Î-
´Ò° ¨³¶Ê²Ó¸. ‘ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¸É ´¤ ·É´Ò¥ ¢¥²¨Î¨´Ò ¢ ±ÊÊ³´ÒÌ µ¦¨-
¤ ´¨° (‚‚�), É ±¨¥, ± ± 〈: q̄q :〉,

〈
: q̄D2q :

〉
,
〈
: g2F 2 :

〉
, . . . , ¶µÖ¢²ÖÕÉ¸Ö ± ±

±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ±µ··¥²ÖÉµ·µ¢ ¶µ²¥° ±¢ ·±µ¢
〈

: q̄(0)Ê(0, x)q(x) :
〉

¨ £²Õµ´µ¢
〈

: F a
µν(0)Ê(0, x)F a

µν(x)Ê(x, 0) :
〉

¢ ·Ö¤Ò ’¥°²µ·  ¶µ ¶¥·¥³¥´´µ°

x2/4, £¤¥ Ê(x, y) = P exp
(
i
∫ y

x Aµ(z)dzµ
)
Å Ê¶µ·Ö¤µÎ¥´´Ò° ¶µ ¶ÊÉ¨ Ë -

§µ¢Ò° Ë ±Éµ· ˜¢¨´£¥· , ´¥µ¡Ìµ¤¨³Ò° ¤²Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨
±µ··¥²ÖÉµ·µ¢.

‚ Éµ ¦¥ ¢·¥³Ö ¢ Š•„ Ìµ·µÏµ ¨§¢¥¸É´Ò ¨´¸É ´Éµ´Ò [4], ´¥É·¨¢¨ ²Ó´Ò¥
´¥²µ± ²Ó´Ò¥ ¢ ±ÊÊ³´Ò¥ ·¥Ï¥´¨Ö ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° Ÿ´£  Å Œ¨²²¸ 
¢ ¶·µ¸É· ´¸É¢¥ …¢±²¨¤ , µ¡² ¤ ÕÐ¨¥ ±µ´¥Î´Ò³ ¤¥°¸É¢¨¥³ ¨ · §³¥·µ³ ρ.
‚ ¦´µ¸ÉÓ ¨´¸É ´Éµ´µ¢ ¤²Ö Š•„ ¸¢Ö§ ´  ¸ ´ ¤¥¦¤µ°, ÎÉµ  ´¸ ³¡²Ó ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì ¨´¸É ´Éµ´µ¢ ¨  ´É¨¨´¸É ´Éµ´µ¢ ¶·¨¢¥¤¥É ± ·¥ ²¨¸É¨Î¥¸±µ° ³¨-
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±·µ¸±µ¶¨Î¥¸±µ° ± ·É¨´¥ Š•„-¢ ±ÊÊ³  ¢ Ëµ·³¥ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ [5,6]
(¸³., ´ ¶·¨³¥·, µ¡§µ· [7]). ˆ§ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨° ¡Ò²µ  ·£Ê-
³¥´É¨·µ¢ ´µ, ÎÉµ · ¸¶·¥¤¥²¥´¨¥ ¨´¸É ´Éµ´µ¢ ¶µ ¨Ì · §³¥· ³ Ö¢²Ö¥É¸Ö ËÊ´±-
Í¨¥° ¸ ·¥§±¨³ ³ ±¸¨³Ê³µ³ ¶·¨ ´¥±µÉµ·µ³ ±µ´¥Î´µ³ ¸·¥¤´¥³ · §³¥·¥ ρc ¨
³µ¦¥É ¡ÒÉÓ  ¶¶·µ±¸¨³¨·µ¢ ´µ n(ρ) ≈ ncδ(ρ − ρc). Š·µ³¥ Éµ£µ, · ¸¸ÉµÖ-
´¨¥ ³¥¦¤Ê ¨´¸É ´Éµ´ ³¨ £µ· §¤µ ¡µ²ÓÏ¥, Î¥³ ¸·¥¤´¨° · §³¥· ¨´¸É ´Éµ´ ,
É ± ÎÉµ ¦¨¤±µ¸ÉÓ Ö¢²Ö¥É¸Ö · §·¥¦¥´´µ°, ¨ ÔËË¥±É¨¢´ Ö ¶²µÉ´µ¸ÉÓ ¨´¸É ´-
Éµ´µ¢ ¢ ¢ ±ÊÊ³¥ nc Ö¢²Ö¥É¸Ö ³ ²Ò³ ¶ · ³¥É·µ³. ˆ§ ¸¢µ°¸É¢ Š•„-¢ ±ÊÊ³  ¨
¸¶¥±É·µ¸±µ¶¨¨  ¤·µ´µ¢ ´ °¤¥´Ò µÍ¥´±¨ nc ∼ 1 Ë³−4 ¨ ρc ∼ 1, 7 ƒÔ‚−1. 
 §-
·¥¦¥´´µ¸ÉÓ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ Ê¤µ¡´µ Ì · ±É¥·¨§µ¢ ÉÓ ¡¥§· §³¥·´Ò³
¶ · ³¥É·µ³ η = (ρcMq)2 .

�¨¦¥ ³Ò ¶µ± ¦¥³, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó Š•„-¢ ±ÊÊ³  ¤ ¥É ¤¨´ ³¨-
Î¥¸±¨° ³¥Ì ´¨§³ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¨ ²¥¦¨É ¢ µ¸´µ¢¥ µ¶¨¸ ´¨Ö
¸¢µ°¸É¢ ¶¨µ´  [6,8Ä10]. qµ²¥¥ Éµ£µ, ¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ ·±µ¢, ¨´¤ÊÍ¨·µ¢ ´´µ¥
¨´¸É ´Éµ´´Ò³ µ¡³¥´µ³, ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¶·¨¢µ¤¨É ± ·¥Ï¥´¨Õ UA(1)-
¶·µ¡²¥³Ò [11, 12] ¨ µÉ¢¥Î ¥É §  ¸¨²Ó´Ò¥, § ¢¨¸ÖÐ¨¥ µÉ ¸¶¨´  ¸¢Ö§¨ ¢  ¤·µ´-
´ÒÌ ³Ê²ÓÉ¨¶²¥É Ì [13]. ‚ [14, 15] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó
Š•„-¢ ±ÊÊ³  ¤ ¥É ¸¶µ¸µ¡ ¤²Ö ¶µ¸É·µ¥´¨Ö ´¥²µ± ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ ±µ´¤¥´¸ -
Éµ¢. ‚ ³µ¤¥²¨ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·ÊÕÉ¸Ö § ¢¨¸ÖÐ¨¥ µÉ ¨³¶Ê²Ó¸  ÔËË¥±É¨¢-
´ Ö ³ ¸¸  ±¢ ·±  Mq ¨ ¢¥·Ï¨´  ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö gπqq . � · -
³¥É·Ò ³µ¤¥²¨ ¨³¥ÕÉ ´ £²Ö¤´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¨ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³
¸¢Ö§ ´Ò ¸ µ¸´µ¢´Ò³¨ ¢¥²¨Î¨´ ³¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° Ë¨§¨±¨. ’ ±, § ¢¨¸Ö-
Ð¨¥ µÉ ¨³¶Ê²Ó¸  ÔËË¥±É¨¢´ Ö ³ ¸¸  ±¢ ·±  ¨ ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´  ¢Ò· -
¦¥´Ò Î¥·¥§ ´¥²µ± ²Ó´Ò° ±µ´¤¥´¸ É ±¢ ·±µ¢. „ ²¥¥, µ¡· É´Ò° ÔËË¥±É¨¢´Ò°
· §³¥· ¨´¸É ´Éµ´  ρ−1c ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§³¥·Ö¥É ¸·¥¤´ÕÕ ¢¨·ÉÊ ²Ó´µ¸ÉÓ
±¢ ·±µ¢ ¢ ¢ ±ÊÊ³¥

〈
k2q
〉
≡ λ2q ≈ 2ρ−2c [14] ≈ 0, 5 ƒÔ‚2 [16]. �ËË¥±É¨¢-

´ Ö ³ ¸¸  ±¢ ·±  Mq µ¶·¥¤¥²¥´  Î¥·¥§ ¸µµÉ´µÏ¥´¨¥ ƒµ²¤¡¥·£¥· Å’·¥°³ -
´  Mq = gπqqfπ, ¶·¨Î¥³ ±¢ ·±-¶¨µ´´ Ö ±µ´¸É ´É  ¸¢Ö§¨ gπqq µ¤´µ§´ Î´µ
Ë¨±¸¨·Ê¥É¸Ö ¸ ¶µ³µÐÓÕ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ ¶¨µ´ . � ±µ´¥Í, ÔËË¥±É¨¢´ Ö
¶²µÉ´µ¸ÉÓ ¨´¸É ´Éµ´µ¢ nc ´¥¶µ¸·¥¤¸É¢¥´´µ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö Ð¥²¨.
Œµ¤¥²Ó ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  ¸µ¤¥·¦¨É ¢¸¥ ¶·¨¢²¥± É¥²Ó´Ò¥ Î¥·ÉÒ ³µ¤¥²¨
� ³¡Ê Å ˆµ´ -‹ §¨´¨µ (�ˆ‹) (¸³., ´ ¶·¨³¥·, µ¡§µ· [17]),   Ê± § ´´Ò¥ ¢ÒÏ¥
µ¸µ¡¥´´µ¸É¨ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢ ¦´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶µ ¸· ¢´¥´¨Õ ¸ · §-
²¨Î´Ò³¨ ¢¥·¸¨Ö³¨ ³µ¤¥²¨ �ˆ‹. qµ²¥¥ Éµ£µ, ¢ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ µ¡· É-
´Ò° ÔËË¥±É¨¢´Ò° · §³¥· ¨´¸É ´Éµ´  ρc Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¶ · ³¥É·µ³
Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ µ¡·¥§ ´¨Ö ¢ ±¢ ·±µ¢ÒÌ ¶¥É²¥¢ÒÌ ¨´É¥£· ² Ì, ¨, É ±¨³ µ¡-
· §µ³, µ´  ¸¢µ¡µ¤´  µÉ ¶·µ¨§¢µ²  ¢ ÔÉµ° ¶·µÍ¥¤Ê·¥, ¶·¨¸ÊÐ¥£µ ³µ¤¥²¨ �ˆ‹.

‚ ¦´Ò³  ¸¶¥±Éµ³ · ¸¸³ É·¨¢ ¥³µ° ´¥²µ± ²Ó´µ° ³µ¤¥²¨ Ö¢²Ö¥É¸Ö ¶·¨-
¢²¥Î¥´¨¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ Ëµ·³ ²¨§³ . �¤´¨³ ¨§ ¶·¥¨³ÊÐ¥¸É¢
É ±µ£µ ¶µ¤Ìµ¤  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶ · ³¥É·Ò ³µ¤¥²¨ ¶·¨µ¡·¥É ÕÉ ¸³Ò¸² ´ -
¡²Õ¤ ¥³ÒÌ,   ¢¸¥ ¤·Ê£¨¥ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò, ¢Ò· ¦¥´´Ò¥ Î¥·¥§ ÔÉ¨ ¶ · -
³¥É·Ò, ¸É ´µ¢ÖÉ¸Ö  ¢Éµ³ É¨Î¥¸±¨ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³¨. qµ²¥¥ Éµ£µ,
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¨Ì ³µ¦´µ ¸· ¢´¨ÉÓ ¸ É¥³¨, ±µÉµ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ ¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì, µ¸´µ-
¢ ´´ÒÌ ´  Š•„, É ±¨Ì, ± ± ·¥Ï¥ÉµÎ´ Ö Š•„ (·Š•„), Š•„ �‘ ¨ É.¤. � -
µ¡µ·µÉ, ±µ£¤  ¨³¥¥³ ¤¥²µ ¸ ± ²¨¡·µ¢µÎ´µ-´¥¨´¢ ·¨ ´É´Ò³¨ µ¡Ñ¥±É ³¨, Éµ
³µ¦´µ ¢Ò¡· ÉÓ ²Õ¡ÊÕ Ê¤µ¡´ÊÕ ± ²¨¡·µ¢±Ê. ’ ±, ¶·¨ ¶µ¸É·µ¥´¨¨ ÔËË¥±-
É¨¢´µ£µ ¤¥°¸É¢¨Ö ¤²Ö  ´¸ ³¡²Ö ¨´¸É ´Éµ´µ¢ ´ ¨¡µ²¥¥ ¶· ¢¨²Ó´Ò³ ¢Ò¡µ·µ³
Ö¢²Ö¥É¸Ö ¨´¸É ´Éµ´´µ¥ ·¥Ï¥´¨¥ ¢ ¸¨´£Ê²Ö·´µ° ± ²¨¡·µ¢±¥ [6]. ˆ´¸É ´Éµ´Ò
¢ ÔÉµ° ± ²¨¡·µ¢±¥ ¢ ±µµ·¤¨´ É´µ³ ¶·µ¸É· ´¸É¢¥ ¤µ¸É ÉµÎ´µ ¡Ò¸É·µ Ê¡Ò¢ ÕÉ
´  ¡¥¸±µ´¥Î´µ¸É¨, ÎÉµ ¶·¨¢µ¤¨É ± ³ ²µ³Ê ¶¥·¥±·ÒÉ¨Õ ¸µ¸¥¤´¨Ì ¶¸¥¢¤µÎ -
¸É¨Í, ¨ ±¢ §¨±² ¸¸¨Î¥¸±µ¥ · ¸¸³µÉ·¥´¨¥ ¸É ´µ¢¨É¸Ö µ¶· ¢¤ ´´Ò³. �¤´ ±µ
·¥§Ê²ÓÉ¨·ÊÕÐ¥¥ ÔËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥ ¤µ²¦´µ ¡ÒÉÓ ´¥§ ¢¨¸¨³Ò³ µÉ ¢Ò¡µ· 
± ²¨¡·µ¢±¨ ¶µ²¥°, ¨´ Î¥ Ëµ·³  ¤¥°¸É¢¨Ö ¨ ¤·Ê£¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¢Ò£²Ö¤¨É ´¥
¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ. Š ²¨¡·µ¢µÎ´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¶µ¤Ìµ¤  ¤µ¸É¨£ -
¥É¸Ö Ö¢´Ò³ ÊÎ¥Éµ³ Ê¶µ·Ö¤µÎ¥´´ÒÌ ¶µ ¶ÊÉÖ³ Ï¢¨´£¥·µ¢¸±¨Ì P exp-Ë ±Éµ·µ¢
¢ µ¶·¥¤¥²¥´¨ÖÌ ´¥²µ± ²Ó´ÒÌ ¢¥²¨Î¨´ [14, 18] ¨ ¶·¨¢¥¤¥´¨Ö ´¥²µ± ²Ó´µ£µ
±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ± ¨´¢ ·¨ ´É´µ³Ê ¢¨¤Ê [19,20].

�¡§µ· ¶µ¸É·µ¥´ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ‚µ ¢Éµ·µ³ · §¤¥²¥ · ¸¸³ É·¨¢ ¥É¸Ö
³µ¤¥²Ó ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨ ¨ ´  ¥¥ µ¸´µ¢¥ Å ±¢ ·±-¶¨µ´´ Ö ¤¨´ ³¨± .
‚ É·¥ÉÓ¥³ · §¤¥²¥ ¶µ¤·µ¡´µ µ¡¸Ê¦¤ ¥É¸Ö ¢ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥-
´¨Ö ¨ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥. �¥·¢Ò¥ Ö¢²ÖÕÉ¸Ö
µ¸´µ¢´Ò³¨ µ¡Ñ¥±É ³¨ ¶·¨ µ¶¨¸ ´¨¨ ¦¥¸É±¨Ì Ô±¸±²Õ§¨¢´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ -
¸É¨¥³ ¶¨µ´ ,   ¢Éµ·Ò¥ Å ¶·¨ µ¶¨¸ ´¨¨ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢. �¡ 
· ¸¶·¥¤¥²¥´¨Ö ´¥¸ÊÉ ¸ÊÐ¥¸É¢¥´´µ ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±-
ÉÊ·¥ ¶¨µ´ , ¨ ³Ò ¶µ± ¦¥³, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥  ¤¥-
±¢ É´µ° ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨ ¶µ¤Ìµ¤ ³¨.

2. Š
‹ˆ�
�‚�—��-ˆ�‚

ˆ
�’�
Ÿ �…‹�Š
‹œ�
Ÿ
—…’›
…•”…
Œˆ���
Ÿ Œ�„…‹œ ˆ ‘�•

�Ÿ�™ˆ…‘Ÿ ’�Šˆ

�ËË¥±É¨¢´µ¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ¥ Î¥ÉÒ·¥ÌË¥·³¨µ´´µ¥
¤¥°¸É¢¨¥. ‚ ²µ± ²Ó´ÒÌ É¥µ·¨ÖÌ ± ²¨¡·µ¢µÎ´Ò° ¶·¨´Í¨¶ ³¨´¨³ ²Ó´µ£µ ¤¥°-
¸É¢¨Ö µ¤´µ§´ Î´µ µ¶·¥¤¥²Ö¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ¶µ²¥° ³ É¥·¨¨ ¸ ± ²¨¡·µ¢µÎ-
´Ò³¨ ¶µ²Ö³¨. �¤´ ±µ ¢ ´¥²µ± ²Ó´ÒÌ É¥µ·¨ÖÌ, ± ± ¡Ê¤¥É ¢¨¤´µ ´¨¦¥, É ±µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ ³µ¦¥É ¡ÒÉÓ ¢¢¥¤¥´µ · §²¨Î´Ò³¨ ¸¶µ¸µ¡ ³¨. „²Ö Éµ£µ ÎÉµ¡Ò
¸¤¥² ÉÓ ´¥²µ± ²Ó´µ¥ ¤¥°¸É¢¨¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³ ¶µ µÉ´µÏ¥´¨Õ ±
¢´¥Ï´¨³ ¶µ²Ö³, Ê¤µ¡´µ ¸ ¸ ³µ£µ ´ Î ²  µ¶·¥¤¥²¨ÉÓ ¶µ²¥ ±¢ ·±  ¸ ± ²¨¡·µ-
¢µÎ´Ò³ Ë §µ¢Ò³ Ë ±Éµ·µ³ ˜¢¨´£¥· :

Q(x, y) ≡ P exp
{
−i
∫ y

x

dzµ Λa
µ(z)T a

}
q(y), Λa

µ(z) = V a
µ (z) + Aa

µ(z)γ5,

(1)
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£¤¥ V a
µ (z) ¨ Aa

µ(z) Å ± ²¨¡·µ¢µÎ´Ò¥ ¢¥±Éµ·´µ¥ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ¥ ¶µ²Ö
¸µµÉ¢¥É¸É¢¥´´µ, T a Å £¥´¥· Éµ·Ò £·Ê¶¶Ò  ·µ³ Éµ¢ ¨ P µ¡µ§´ Î ¥É µ¶¥· Éµ·
Ê¶µ·Ö¤µÎ¥´¨Ö ¢¤µ²Ó ¶ÊÉ¨ (±µ´ÉÊ· ), ±µÉµ·Ò° ¢ ± ¦¤µ³ Î²¥´¥ · §²µ¦¥´¨Ö Ô±¸-
¶µ´¥´ÉÒ ¶µ ¸¢µ¥³Ê ¶µ± § É¥²Õ · ¸¸É ¢²Ö¥É ³ É·¨ÍÒ ¸²¥¢  ´ ¶· ¢µ ¢ ¶µ·Ö¤±¥
¤¢¨¦¥´¨Ö ÉµÎ±¨ z ¶µ É· ¥±Éµ·¨¨ µÉ x ± y. �¥µ¤´µ§´ Î´µ¸ÉÓ ¢µ ¢¢¥¤¥´¨¨
± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ´¥²µ± ²Ó´µ³ ¶µ¤Ìµ¤¥ ¶·µ¸²¥-
¦¨¢ ¥É¸Ö ¢ ¶µÖ¢²¥´¨¨ § ¢¨¸¨³µ¸É¨ µÉ ¶ÊÉ¨ ¢ µ¶·¥¤¥²¥´¨¨ (1). ‚ Î ¸É´µ¸É¨,
± ± ³Ò Ê¢¨¤¨³ ´¨¦¥, ¸µÌ· ´ÖÕÐ¨¥¸Ö Éµ±¨ ¢ ´¥²µ± ²Ó´ÒÌ ³µ¤¥²ÖÌ, ¢µµ¡Ð¥
£µ¢µ·Ö, ¸µ¸ÉµÖÉ ¨§ ¤¢ÊÌ Î ¸É¥°: ´¥§ ¢¨¸¨³ Ö µÉ ¶ÊÉ¨ ¶·µ¤µ²Ó´ Ö ±µ³¶µ´¥´É 
¨ § ¢¨¸¨³ Ö µÉ ¶ÊÉ¨ ¶µ¶¥·¥Î´ Ö ±µ³¶µ´¥´É . �¥§ ¢¨¸¨³µ¸ÉÓ µÉ ¶ÊÉ¨ ¶·µ-
¤µ²Ó´µ° ±µ³¶µ´¥´ÉÒ ¥¸ÉÓ ¸²¥¤¸É¢¨¥ É·¥¡µ¢ ´¨Ö ´¥¶·¥·Ò¢´µ¸É¨ ¤¨¢¥·£¥´Í¨¨
Éµ± . —Ê¢¸É¢¨É¥²Ó´µ¸ÉÓ ± ¢Ò¡µ·Ê ¶ÊÉ¨ ¶µ¶¥·¥Î´µ° Î ¸É¨ Éµ±  Ö¢²Ö¥É¸Ö µ¸µ-
¡¥´´µ¸ÉÓÕ ²Õ¡µ£µ ³¥Éµ¤ , ¨¸¶µ²Ó§Ê¥³µ£µ ¤²Ö ¶µ¸É·µ¥´¨Ö (Î ¸É¨Î´µ) ¸µÌ· ´Ö-
ÕÐ¥£µ¸Ö Éµ± , ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ´¥²µ± ²Ó´µ³Ê ¤¥°¸É¢¨Õ, ¨ É·¥¡Ê¥É ¤ ²Ó´¥°-
Ï¥£µ ¤µµ¶·¥¤¥²¥´¨Ö. „ ²¥¥ ³Ò ¨¸¶µ²Ó§Ê¥³ Ëµ·³ ²¨§³, ±µÉµ·Ò° µ¸´µ¢ ´ ´ 
´¥§ ¢¨¸¨³µ³ µÉ ¶ÊÉ¨ µ¶·¥¤¥²¥´¨¨ ¶·µ¨§¢µ¤´µ° µÉ ¨´É¥£· ²  ¶µ ²¨´¥°´µ³Ê
±µ´ÉÊ·Ê [21]:

∂

∂yµ

∫ y

x

dzν Λν(z) = Λµ(y), δ(4) (x− y)
∫ y

x

dzν Λν(z) = 0. (2)

’ ±µ¥ µ¶·¥¤¥²¥´¨¥ µ§´ Î ¥É, ÎÉµ Î²¥´Ò ¸ ´¥³¨´¨³ ²Ó´µ° ¸¢Ö§ÓÕ, ¨´¤ÊÍ¨-
·µ¢ ´´Ò¥ ±¨´¥É¨Î¥¸±¨³ Î²¥´µ³ ´¥²µ± ²Ó´µ£µ ¤¥°¸É¢¨Ö, µÉ¡· ¸Ò¢ ÕÉ¸Ö. ‚µ-
µ¡Ð¥ £µ¢µ·Ö, ¢´¥Ï´¨¥ ¶µ²Ö, ¢Ìµ¤ÖÐ¨¥ ¢ (1), Ö¢²ÖÕÉ¸Ö ¢¸¶µ³µ£ É¥²Ó´Ò³¨
¶µ²Ö³¨, ´µ ´¥±µÉµ·Ò¥ ¨§ ´¨Ì ³µ£ÊÉ ¡ÒÉÓ µÉµ¦¤¥¸É¢²¥´Ò ¸ É¥³¨, ±µÉµ·Ò¥
¶¥·¥´µ¸ÖÉ Ô²¥±É·µ³ £´¨É´µ¥, ¸¨²Ó´µ¥ ¨²¨ ¸² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ ¸²Ê-
Î ¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉµÉ Ë ±Éµ· ÊÎ¨ÉÒ¢ ¥É ÔËË¥±ÉÒ ¨§-
²ÊÎ¥´¨Ö ËµÉµ´´µ£µ ¶µ²Ö, ±µ£¤  ¤¢  ±¢ ·±  Ê¤ ²ÖÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£ . �ÉµÉ
Ëµ·³ ²¨§³ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¢ [19] (¸³. É ±¦¥ [22, 23]) ¤²Ö ¶·¨¤ ´¨Ö ´¥-
²µ± ²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° Ëµ·³Ò. Š ± ¡Ê¤¥É
¶µ± § ´µ ¢ ¤ ²Ó´¥°Ï¥³, É ± Ö Ëµ·³Ê²¨·µ¢±  ³µ¤¥²¨ ±· °´¥ ¢ ¦´  ¤²Ö ¸ ³µ-
¸µ£² ¸µ¢ ´´µ£µ µ¶¨¸ ´¨Ö  ¤·µ´´ÒÌ Ì · ±É¥·¨¸É¨±, É¥¸É¨·Ê¥³ÒÌ ¢´¥Ï´¨³¨
¨¸ÉµÎ´¨± ³¨, É ±¨Ì, ± ±  ¤·µ´´Ò¥ Ëµ·³Ë ±Éµ·Ò [20] ¨ ¶ ·Éµ´´Ò¥ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö [24].

‚ µ¡Ð¥° Ëµ·³¥ ´¥²µ± ²Ó´µ¥ ±¨· ²Ó´µ-¨´¢ ·¨ ´É´µ¥ (¸ ÉµÎ´µ¸ÉÓÕ ¤µ
³ ²ÒÌ Éµ±µ¢ÒÌ ³ ¸¸ ±¢ ·±µ¢) ¤¥°¸É¢¨¥ ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´µ Î¥·¥§ ¶µ²¥¢Ò¥
¶¥·¥³¥´´Ò¥ (1) ± ±

S = S0 + S4q (3)

¸

S0 =
∫
d4xd4y δ (x− y)Q(x,X)(i∂̂y −mc)Q(X, y), (4)
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S4q =
1
2
GI

∫
d4X

∫ 4∏
n=1

d4xnKI(x1, x2, x3, x4) ×

×
{∑

i

[
Q̄R(X − x1, X)ΓiQL(X,X + x3)

]
×

×
[
Q̄R(X − x2, X)ΓiQL(X,X + x4)

]
+ (R ↔ L)

}
, (5)

£¤¥ QR(L)(x, y) =
1 ± γ5

2
Q(x, y) Å ±¢ ·±µ¢µ¥ ¶µ²¥ (1) ¸ µ¶·¥¤¥²¥´´µ° ±¨-

· ²Ó´µ¸ÉÓÕ. „¨· ±µ¢¸±µ¥ ¸µ¶·Ö¦¥´¨¥ ¤²Ö ±¢ ·±µ¢µ£µ ¶µ²Ö µ¶·¥¤¥²Ö¥É¸Ö ± ±
Q̄(x, y) = Q(x, y)†γ0. ‚ (5) ³ É·¨Î´Ò¥ ±µ³¡¨´ Í¨¨ Γi ⊗ Γi ¨³¥ÕÉ ¢¨¤

1 ⊗ 1 − τa ⊗ τa,
1

2 (2Nc − 1)
(σµν ⊗ σµν − τaσµν ⊗ τaσµν), (6)

£¤¥ τa Å ³ É·¨ÍÒ � Ê²¨ ¤²Ö ¶·µ¸É· ´¸É¢   ·µ³ Éµ¢, Nc=3 Å Î¨¸²µ Í¢¥-
Éµ¢. ‘¶¨´- ·µ³ Éµ¢ Ö ¸É·Ê±ÉÊ·  ¤¥°¸É¢¨Ö ¢ (5) ¨´¢ ·¨ ´É´  ¶·¨ £²µ¡ ²Ó´ÒÌ
 ±¸¨ ²Ó´ÒÌ q(x) → exp (iγ5τθ)q(x) ¨ ¢¥±Éµ·´ÒÌ ¶·¥µ¡· §µ¢ ´¨ÖÌ q(x) →
→ exp (iτθ)q(x) ¨  ´µ³ ²Ó´µ ´ ·ÊÏ ¥É UA(1)-¸¨³³¥É·¨Õ: q(x) →
→ exp (iγ5θ)q(x). ’µ±µ¢ Ö ³ ¸¸  ±¢ ·±  mc ¶ · ³¥É·¨§Ê¥É ³ ²Ò° ÔËË¥±É
Ö¢´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. „ ²¥¥ ³Ò µ£· ´¨Î¨³ ¸¥¡Ö Éµ²Ó±µ
¸¥±Éµ·µ³ É¥µ·¨¨ ¸ ´¥¸É· ´´Ò³¨ ±¢ ·± ³¨.

Ÿ¤·µ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ É· ¤¨Í¨µ´´µ° �ˆ‹-³µ¤¥²¨
§ ¤ ¥É¸Ö K(x1, x2, x3, x4) = const

∏4
n=1 d

4xnδ(xn − X), ¨ ¨³¶Ê²Ó¸´µ¥ µ¡-
·¥§ ´¨¥ ¢¢µ¤¨É¸Ö ¶·¨ ΛNJL ∼ 1 ƒÔ‚ ¢ · ¸Ìµ¤ÖÐ¨Ì¸Ö ¶¥É²¥¢ÒÌ ¨´É¥£· ² Ì,
µ¡Ê¸²µ¢²¥´´ÒÌ ±µ´É ±É´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. „·Ê£¨¥ ¢ ·¨ ´ÉÒ ¢Ò¡µ·  Ö¤· 
³µ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ ²¨É¥· ÉÊ·¥. ‚ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨ Ëµ·³  Î¥ÉÒ·¥Ì-
±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ (5) ³µÉ¨¢¨·µ¢ ´  ³µ¤¥²ÓÕ ¨´¸É ´Éµ´´µ£µ ¢ ±Ê-
Ê³ , ¨ ¢ ²µ± ²Ó´µ³ ¶·¥¤¥²¥ µ´  ¸¢µ¤¨É¸Ö ± ÔËË¥±É¨¢´µ° ¢¥·Ï¨´¥ 'É •µËÉ .
Ÿ¤·µ µ¶¨¸Ò¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ±¢ ·± ³¨, ¨´¤ÊÍ¨·µ¢ ´´µ¥ ¨´¸É ´Éµ´-
´Ò³ µ¡³¥´µ³, ¨ Ö¢²Ö¥É¸Ö ´¥²µ± ²Ó´Ò³ µ¡µ¡Ð¥´¨¥³ �ˆ‹-³µ¤¥²¨.

‚Ò¡¥·¥³ ´¥²µ± ²Ó´µ¥ Ö¤·µ KI(x1, x2, x3, x4) ¢ ¸¥¶ · ¡¥²Ó´µ³ ¶·¨¡²¨¦¥-
´¨¨:

KI(x1, x2, x3, x4) = f(x1)f(x2)f(x3)f(x4), (7)

£¤¥ ËÊ´±Í¨Ö f(x) ¸¢Ö§ ´  ¸ ¶·µË¨²Ó´µ° ËÊ´±Í¨¥° ±¢ ·±µ¢µ° ´Ê²¥¢µ° ³µ¤µ°
¢ ¨´¸É ´Éµ´´µ³ ¶µ²¥ (¸³. ´¨¦¥). �·¥¨³ÊÐ¥¸É¢µ³ ¸¥¶ · ¡¥²Ó´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ´µ ¶µ§¢µ²Ö¥É · §·¥Ï¨ÉÓ ¨´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö  ´ -
²¨É¨Î¥¸±¨ ¨ ¢¸¥ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¸¢¥¸É¨ ± ±¢ ¤· ÉÊ· ³. ‚ ¨³¶Ê²Ó¸´µ³
¶·µ¸É· ´¸É¢¥ ¸¥¶ · ¡¥²Ó´µ¥ Ö¤·µ ¨³¥¥É ¢¨¤

K̃I(k1, k2, k3, k4) = f̃(k1)f̃(k2)f̃(k3)f̃(k4),
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£¤¥ ki Ö¢²ÖÕÉ¸Ö ¢Ìµ¤ÖÐ¨³¨ (¢ÒÌµ¤ÖÐ¨³¨) ¢ ¢¥·Ï¨´Ê ¨³¶Ê²Ó¸ ³¨ ±¢ ·±µ¢,  
f̃(k) Å ËÊ·Ó¥-µ¡· § µÉ f(x).

�ËË¥±É¨¢´Ò° ¶·µ¶ £ Éµ· ±¢ ·± . ‚ ± Î¥¸É¢¥ ¶¥·¢µ£µ Ï £  ¶µ¸É·µ¨³
ÔËË¥±É¨¢´Ò° ¶·µ¶ £ Éµ· ±¢ ·±  ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö ˜¢¨´£¥·  Å „ °¸µ´ 
(˜„“) ¤²Ö ¸µ¡¸É¢¥´´µ° Ô´¥·£¨¨ ±¢ ·± . ŒÒ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ÔÉµ Ê· ¢-
´¥´¨¥ ¢ ²¥¸É´¨Î´µ³ ¶·¨¡²¨¦¥´¨¨, ±µÉµ·µ¥ Ô±¢¨¢ ²¥´É´µ ÊÎ¥ÉÊ ²¨¤¨·ÊÕÐ¥£µ
¶µ·Ö¤±  ¢ 1/Nc-· §²µ¦¥´¨¨. �ËË¥±É¨¢´Ò° ¶·µ¶ £ Éµ· ±¢ ·±  µ¶·¥¤¥²Ö¥É¸Ö
± ±

S−1(p) = i
δ2S

δψ (x) δψ (y)

∣∣∣∣
Φ=0

= S−1
0 (p) − iMq(p), (8)

S−1
0 (p) = p̂− imc,

£¤¥ Mq(p) Å § ¢¨¸¨³ Ö µÉ ¨³¶Ê²Ó¸  ³ ¸¸  ±¢ ·± , ¢µ§´¨± ÕÐ Ö ¤¨´ ³¨Î¥-
¸±¨ §  ¸Î¥É ÔËË¥±É  ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¢ ¨´¸É ´-
Éµ´´µ³ ¢ ±ÊÊ³¥. “· ¢´¥´¨¥ Ð¥²¨ (¨²¨ Ê· ¢´¥´¨¥ ¸ ³µ¸µ£² ¸µ¢ ´´µ¸É¨) ¤²Ö
§ ¢¨¸ÖÐ¥° µÉ ¨³¶Ê²Ó¸  ³ ¸¸Ò ±¢ ·±  ¶·¨´¨³ ¥É ¢¨¤ ∗ [6, 25]

Mq(p) = mc + 4NcGI f̃
2(p)

∫
d4k

(2π)4
f̃2(k)

Mq(k)
k2 + M2

q (k)
(9)

¨ ¨³¥¥É ·¥Ï¥´¨¥

Mq(p) = mc + (Mq −mc) f̃2(p). (10)

ŒÒ ¤µ²¦´Ò ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶·¨¡²¨¦¥´¨¨ § ¢¨¸¨³µ¸ÉÓ
³ ¸¸Ò ±¢ ·±  µÉ ¨³¶Ê²Ó¸  ¢µ§´¨± ¥É Éµ²Ó±µ ¡² £µ¤ ·Ö ´¥¶¥·ÉÊ·¡ É¨¢´µ³Ê
¢§ ¨³µ¤¥°¸É¢¨Õ ¸ ¢ ±ÊÊ³µ³ ¨ ´¥ ¸µ¤¥·¦¨É ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶µ¶· ¢µ± ¶µ ¸¨²Ó-
´µ° ±µ´¸É ´É¥ ¸¢Ö§¨.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ´¥¶¥·ÉÊ·¡ É¨¢´ Ö Î ¸ÉÓ ¶·µ¶ £ Éµ·  ±¢ ·±  (8) ³µ¦¥É
¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¢ ³µ¤¥²¨ Š•„-¢ ±ÊÊ³ . ‚ ÔËË¥±É¨¢´µ³ µ¤´µ¨´¸É ´Éµ´´µ³
¶·¨¡²¨¦¥´¨¨ [14,18] ¨³¥¥³

Mq(p) = MqQ̃(p), (11)

£¤¥

Mq =
NQρ

2
cnc

m∗ (12)

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ¢¸¥ ¤¨ £· ³³Ò ”¥°´³ ´ , ¶µ¤µ¡´Ò¥ É¥³, ÎÉµ ¢ (9), ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ ¶·µ¸É· ´-
¸É¢¥ …¢±²¨¤  (k2 → −k2

E , d4k → id4kE), £¤¥ ¨´¤ÊÍ¨·µ¢ ´´Ò¥ ¨´¸É ´Éµ´µ³ Ëµ·³Ë ±Éµ·Ò
µ¶·¥¤¥²¥´Ò ¨ ¡Ò¸É·µ ¸¶ ¤ ÕÉ, É ± ÎÉµ Ê²ÓÉ· Ë¨µ²¥Éµ¢ÒÌ · ¸Ìµ¤¨³µ¸É¥° ´¥ ¢µ§´¨± ¥É. ”¨§¨Î¥-
¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶µ²ÊÎ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³ ¶·µ¤µ²¦¥´¨¥³ µ¡· É´µ ¢ ¶·µ¸É· ´¸É¢µ Œ¨´±µ¢¸±µ£µ.
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¨

Q̃(p) =
NQ

2
p2

ρ2c

∫
d4x

(2π)4
exp (−ip · x)Q(x2), Q̃(0) = 1; (p = |p|), (13)

Q(x2) = 〈: q̄(0)Eg(0, x)q(x) :〉/〈: q̄(0)q(0) :〉, Q(0) = 1, (14)

£¤¥ Ë ±Éµ· ˜¢¨´£¥·  Eg(0, x) = P exp
(
−ig λa

2

∫ x

0
Aa

µ(z)dzµ
)
, µ¶·¥¤¥²¥´´Ò°

Î¥·¥§ ¢ ±ÊÊ³´µ¥ £²Õµ´´µ¥ ¶µ²¥ Aµ(z), £ · ´É¨·Ê¥É ± ²¨¡·µ¢µÎ´ÊÕ ¨´¢ ·¨-
 ´É´µ¸ÉÓ ¨ NQ ¤ ¥É ´µ·³¨·µ¢±Ê. ‚ ¶·¨¢¥¤¥´´µ³ Ê· ¢´¥´¨¨ Q(x2) Ö¢²Ö¥É¸Ö
´µ·³¨·µ¢ ´´µ° ¨´¤ÊÍ¨·µ¢ ´´µ° ¨´¸É ´Éµ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ´¥¶¥·ÉÊ·¡ -
É¨¢´µ° Î ¸ÉÓÕ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ ±µ´Ë¨£Ê· -
Í¨µ´´µ³ ¶·µ¸É· ´¸É¢¥, ±µÉµ· Ö µ¶¨¸Ò¢ ¥É ´¥²µ± ²Ó´Ò¥ ¸¢µ°¸É¢  ±µ´¤¥´¸ É 
±¢ ·±µ¢ [3, 5]. ‡ ³¥É¨³ É ±¦¥, ÎÉµ ¶·µ¶ £ Éµ· ±¢ ·±  (14) ¨³¥¥É ´¥¶µ-
¸·¥¤¸É¢¥´´ÊÕ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ¢ ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢, É ± ± ± µ´ µ¶¨¸Ò¢ ¥É · ¸¶·µ¸É· ´¥´¨¥ ²¥£±µ£µ ±¢ ·±  ¢ Í¢¥É´µ³
¶µ²¥ ¡¥¸±µ´¥Î´µ ÉÖ¦¥²µ£µ ±¢ ·±  [5]. ‚ (12) ¶ · ³¥É· m∗ µ¶·¥¤¥²Ö¥É¸Ö
¸µµÉ´µÏ¥´¨¥³

m∗ = mc + i〈ΨI |S−1
0 (S − S0)S−1

0 |ΨI〉, (15)

£¤¥ 〈ΨI |...|ΨI〉 µ§´ Î ¥É ´¥§ ¢¨¸¨³µ¥ Ê¸·¥¤´¥´¨¥ ¶µ ¨´¸É ´Éµ´´Ò³ ¢ ±ÊÊ³´Ò³
±µ´Ë¨£Ê· Í¨Ö³. �µ¤¸É ¢²ÖÖ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¶ £ Éµ·  ±¢ ·±  (8) ¨ (11) ¢
(15), ¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥ Ð¥²¨ (¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥)∫

d4k

(2π)4
M2

q (k)
k2 +M2

q (k)
=

nc

4Nc
, (16)

±µÉµ·µ¥ Ô±¢¨¢ ²¥´É´µ Ê¸²µ¢¨Õ ¸ ³µ¸µ£² ¸µ¢ ´´µ¸É¨, ¤ ´´µ³Ê ¢ [6]. ‘· ¢´¨-
¢ Ö (9) ¨ (16), ´ Ìµ¤¨³, ÎÉµ

f̃(p) =
√
Q̃(p) ¨ GI =

M2
q

Nfnc
. (17)

‚Ò· ¦¥´¨¥ ¤²Ö Î¥ÉÒ·¥ÌË¥·³¨µ´´µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ GI ¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²Ó-
É Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ [6]. ’ ±¨³ µ¡· §µ³, ¢ ¸¥¶ · ¡¥²Ó´µ³ ¶·¨¡²¨¦¥´¨¨
¤²Ö Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ Ö¤·  Ëµ·³  ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²´µ¸ÉÓÕ Ë¨±¸¨·Ê¥É¸Ö
ÔËË¥±É¨¢´Ò³ ¶µ¢¥¤¥´¨¥³ ±¢ ·±  ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ³ ¢ ±ÊÊ³¥.

�¥²µ± ²Ó´Ò° ±µ´¤¥´¸ É Q(x) ¨ Ëµ·³Ë ±Éµ· f̃(k) ¥¸É¥¸É¢¥´´Ò³ µ¡· -
§µ³ µ¶·¥¤¥²¥´Ò ¢ ¥¢±²¨¤µ¢¸±µ° µ¡² ¸É¨, £¤¥ µ´¨ ¡Ò¸É·µ ¸¶ ¤ ÕÉ. ‚ Ö¢-
´µ° Ëµ·³¥ ¸± ²Ö·´ Ö Î ¸ÉÓ ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ ¶·¨¡²¨¦¥´¨¨, µ£· ´¨Î¨-
¢ ÕÐe³¸Ö Éµ²Ó±µ ÊÎ¥Éµ³ ´Ê²¥¢ÒÌ ³µ¤ ±¢ ·±  ¢ ¶·µ¶ £ Éµ·¥ ±¢ ·± , ¨³¥¥É
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¢¨¤ [14,18]:

QI(x) =
8ρ2c
π

∫ ∞

0

drr2
∫ ∞

−∞
dt

cos
[
r
R

(
arctan( t+|x|

R ) − arctan( t
R )
)]

[R2 + t2]3/2[R2 + (t + |x|)2]3/2 , (18)

£¤¥ R2 = ρ2c+r2, ¨ cos [...] Å Ë ±Éµ·, ¢µ§´¨± ÕÐ¨° ¨§ Ô±¸¶µ´¥´ÉÒ ˜¢¨´£¥· ,
ÔËË¥±É¨¢´µ ¸Ê³³¨·Ê¥É ¡¥¸±µ´¥Î´Ò° ´ ¡µ· Ô²¥³¥´É ·´ÒÌ  ±Éµ¢ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ±¢ ·±  ¸ ¨´¸É ´Éµ´ ³¨. �µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É ¢ (13) · ¢¥´
NQ = 4π2. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥ (18), ¸²¥¤Ê¥É ¢µ¸¶µ²Ó§µ-
¢ ÉÓ¸Ö Ö¢´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ¨´¸É ´Éµ´´µ£µ ¶µ²Ö ¨ ´Ê²¥¢µ° ³µ¤Ò ±¢ ·± .
‘± ²Ö·´Ò° ¶·µ¶ £ Éµ· ±¢ ·±  ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¨ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É -
¢²¥´¨ÖÌ ¨§µ¡· ¦¥´ ´  ·¨¸. 1 ¨ 2 (¸³. É ±¦¥ ¶·¨²µ¦¥´¨¥ �).

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢ [26], ¨¸¶µ²Ó§ÊÖ ¸É ´¤ ·É´µ¥ �
, ¡Ò²¨ ¶µ²ÊÎ¥´Ò
¶¥·ÉÊ·¡ É¨¢´Ò¥ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¢±² ¤Ò ¢ ¶·µ¶ £ Éµ· ±¢ ·± . �¥¶¥·ÉÊ·-
¡ É¨¢´ Ö Î ¸ÉÓ, ¶·µ¶µ·Í¨µ´ ²Ó´ Ö ±µ´¤¥´¸ ÉÊ ±¢ ·±µ¢ < q̄q >, ¨³¥¥É ²¨-
¤¨·ÊÕÐ¨° Î²¥´ ¸ ¨³¶Ê²Ó¸´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¢ Ëµ·³¥ δ(p) ¨ ¶µ¶· ¢±Ê
αs ∼ p−4. �¥·¢Ò° Î²¥´ Ö¢²Ö¥É¸Ö ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³,   ¢Éµ·µ°
´¥É. ‚±² ¤, · ¸¸³µÉ·¥´´Ò° ¢ (11), ¸µµÉ¢¥É¸É¢Ê¥É ¶¥·¢µ³Ê ± ²¨¡·µ¢µÎ´µ-
¨´¢ ·¨ ´É´µ³Ê ²¨¤¨·ÊÕÐ¥³Ê ¶µ αs Î²¥´Ê, ±µÉµ·Ò° (¡² £µ¤ ·Ö ´¥²µ± ²Ó´Ò³
¸¢µ°¸É¢ ³ ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³ ) · §³Ò¢ ¥É ¨³¶Ê²Ó¸´ÊÕ δ-ËÊ´±Í¨Õ ¢ £² ¤-


¨¸. 1. ‘± ²Ö·´ Ö Î ¸ÉÓ ´µ·³¨·µ¢ ´´µ£µ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ ´¥¶¥·ÉÊ·¡ É¨¢-
´µ£µ ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ ¨´¸É ´Éµ´´µ³ ¢ ±ÊÊ³¥ ¢ ¥¢±²¨¤µ¢¸±µ³ ±µ´Ë¨£Ê· Í¨µ´´µ³
¶·µ¸É· ´¸É¢¥ (18) (¸¶²µÏ´ Ö ²¨´¨Ö) ¨ ¶·µ¶ £ Éµ·Ò, ¶µ²ÊÎ¥´´Ò¥ ¡¥§ ÊÎ¥É  P exp-
Ë ±Éµ· , ¸µµÉ¢¥É¸É¢¥´´µ, ¢ ¸¨´£Ê²Ö·´µ° (¶Ê´±É¨·´ Ö) ¨ ·¥£Ê²Ö·´µ° (107) (ÏÉ·¨Ìµ¢ Ö)
± ²¨¡·µ¢± Ì
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¨¸. 2. ’µÉ ¦¥ ¶·µ¶ £ Éµ·, ÎÉµ ¨ ´  ·¨¸. 1, ´µ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ (13)
(¸¶²µÏ´ Ö ²¨´¨Ö), (108) (ÏÉ·¨Ìµ¢ Ö) ¨ (109) (¶Ê´±É¨·´ Ö)

±¨° Ëµ·³Ë ±Éµ· Q̃(p). �Éµ µ§´ Î ¥É, ÎÉµ ±¢ ·±¨ ¨³¥ÕÉ ¢ ¢ ±ÊÊ³¥ ´¥´Ê²¥¢ÊÕ
¢¨·ÉÊ ²Ó´µ¸ÉÓ (¸·. ¸ δ(p = 0) ¢ �
). ”µ·³ ²Ó´µ ÔÉµ ¸¢µ¤¨É¸Ö ± ¸Ê³³¨·µ¢ -
´¨Õ ¡¥¸±µ´¥Î´µ£µ ¶µ¤³´µ¦¥¸É¢  Î²¥´µ¢ ¢ �
. ’ ±¨³ µ¡· §µ³, ¢ ²¨¤¨·ÊÕÐ¥³
¶µ αs ¶µ·Ö¤±¥ ´¥¶¥·ÉÊ·¡ É¨¢´ Ö ³ ¸¸  ´¥ § ¢¨¸¨É µÉ ± ²¨¡·µ¢±¨. ‚ ¸²¥¤Ê-
ÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ± ²¨¡·µ¢µÎ´ Ö § ¢¨¸¨³µ¸ÉÓ ¢µ§´¨± ¥É, ± ±
¨ ¢ [26], ´µ ÔÉ¨ Î²¥´Ò ¶µ¤ ¢²¥´Ò ³ ²µ° ±µ´¸É ´Éµ° ¸¢Ö§¨. (‚ ÔËË¥±É¨¢-
´µ³ ¤¥°¸É¢¨¨ ³Ö£± Ö Î ¸ÉÓ £²Õµ´´µ£µ ¶µ²Ö ¶·µ¨´É¥£·¨·µ¢ ´ ). �É³¥É¨³, ÎÉµ
¢ [6] ¨¸¶µ²Ó§Ê¥É¸Ö ¶·µ¶ £ Éµ· ±¢ ·±  ¢ ± ²¨¡·µ¢µÎ´µ-´¥¨´¢ ·¨ ´É´µ° Ëµ·³¥
Q(x2) = 〈: q̄(0)q(x) :〉/〈: q̄(0)q(0) :〉.

’ ±¨³ µ¡· §µ³, · ¸¸³ É·¨¢ ¥³ Ö ³µ¤¥²Ó µ¸´µ¢ ´  ´  ± ²¨¡·µ¢µÎ´µ-¨´-
¢ ·¨ ´É´µ³ ¢Ò· ¦¥´¨¨ ¤²Ö ÔËË¥±É¨¢´µ£µ ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ ¨´¸É ´Éµ´-
´µ³ ¢ ±ÊÊ³¥, ¢ ±µÉµ·µ³ ÔËË¥±É ¶¥·¥· ¸¸¥Ö´¨Ö ´  ¨´¸É ´Éµ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö
P exp-Ë ±Éµ·µ³. ’ ±µ° ¢Ò¡µ· ³µÉ¨¢¨·µ¢ ´ É¥³, ÎÉµ Ë¨§¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò,
É ±¨¥, ± ± ±µ´¤¥´¸ É ±¢ ·±µ¢ ¨²¨ ¢¨·ÉÊ ²Ó´µ¸ÉÓ ±¢ ·±  (¸³. ´¨¦¥), µ¶·¥¤¥-
²¥´Ò Î¥·¥§ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò¥ µ¡Ñ¥±ÉÒ. „·Ê£¨³ Ô²¥³¥´Éµ³ ³µ¤¥²¨
Ö¢²Ö¥É¸Ö Ö¤·µ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ ¸¥¶ · ¡¥²Ó´µ³ ¶·¨¡²¨-
¦¥´¨¨ ¥£µ Ëµ·³  (7) ¶µ²´µ¸ÉÓÕ Ë¨±¸¨·Ê¥É¸Ö Ëµ·³µ° ÔËË¥±É¨¢´µ£µ ¶·µ¶ -
£ Éµ·  ±¢ ·±  ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö Ð¥²¨. q² £µ¤ ·Ö ¨´¢ ·¨ ´É´µ¸É¨ Ëµ·-
³ ²¨§³  Ë ±É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö, ¢ ±µÉµ·ÒÌ ¤µ³¨´¨·Ê¥É ¢±² ¤ ´Ê²¥¢ÒÌ ³µ¤
±¢ ·±µ¢ ¢ ¶µ²¥ ¨´¸É ´Éµ´ , ³µ£ÊÉ ¡ÒÉÓ ¢Ò¶µ²´¥´Ò ¢ ²Õ¡µ° ± ²¨¡·µ¢±¥ ¤²Ö
¨´¸É ´Éµ´´µ£µ ¶µ²Ö, ¢±²ÕÎ Ö ¸¨´£Ê²Ö·´ÊÕ.

‘µÌ· ´ÖÕÐ¨¥¸Ö Éµ±¨, ¨´¤ÊÍ¨·µ¢ ´´Ò¥ ´¥²µ± ²Ó´Ò³ ¤¥°¸É¢¨¥³. ‘µ-
Ì· ´ÖÕÐ¨¥¸Ö Éµ±¨ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥·Ï¨´Ò ¶µ²ÊÎ ÕÉ¸Ö ± ± ¶·µ¨§¢µ¤´Ò¥
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¤¥°¸É¢¨Ö ¶µ ¢´¥Ï´¨³ ¶µ²Ö³ ¶·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ ¶µ²¥°. ‚ ¶·¨¸ÊÉ¸É¢¨¨
´¥²µ± ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µÌ· ´ÖÕÐ¨¥¸Ö Éµ±¨ ¸µ¸ÉµÖÉ ¨§ ²µ± ²Ó´µ° ¨
´¥²µ± ²Ó´µ° Î ¸É¥° ∗:

ΦΓµa
4q (k1, k2, k3, k4, q) =Φ Γµa

4q, +GIK̃I(k1, k2, k3, k4)×

×
III∑
j=I

∑
i

[(Γα
i )13 (Ωiα )24]

a
j H

µ
j (k1, k2, k3, k4, q) ,

£¤¥ ki Å ¢Ìµ¤ÖÐ¨¥ (¢ÒÌµ¤ÖÐ¨¥) ¨³¶Ê²Ó¸Ò ±¢ ·±µ¢ ¨ q Å ¨³¶Ê²Ó¸, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨° Éµ±Ê.

‚Ò¢¥¤¥³ ¢ ¤·¥¢¥¸´µ³ ¶·¨¡²¨¦¥´¨¨ ´¥±µÉµ·Ò¥ ¨§ ¢¥·Ï¨´ ¤²Ö ¢´¥Ï´¥£µ
¶µ²Ö, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ ¸ ±¢ ·± ³¨ ¨ ¶¨µ´ ³¨, ±µÉµ·Ò¥ ¡Ê¤ÊÉ ¨¸¶µ²Ó§µ-
¢ ´Ò ¢ ¤¨ £· ³³´µ³ · §²µ¦¥´¨¨ Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ
¶µ¸É·µ¨ÉÓ ±¢ ·±-±¢ ·±µ¢Ò¥ ¢¥·Ï¨´Ò, ¢±²ÕÎ ÕÐ¨¥ µ¤¨´ ¨²¨ ¤¢  ¢´¥Ï´¨Ì
Éµ± , ±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ ¢¥±Éµ·´Ò³ ¨²¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò³, ¨ (¨²¨) ¶¨-
µ´Ò. „²Ö Éµ£µ ÎÉµ¡Ò · §²µ¦¨ÉÓ Ê¶µ·Ö¤µÎ¥´´ÊÕ ¶µ ¶ÊÉ¨ Ô±¸¶µ´¥´ÉÊ ¶µ ¢´¥Ï-
´¨³ ¶µ²Ö³, ¨¸¶µ²Ó§Ê¥³ É¥Ì´¨±Ê, µ¶¨¸ ´´ÊÕ ¢ [19] (¸³. É ±¦¥ [27]). �ÉµÉ ³¥-
Éµ¤, ¢µ-¶¥·¢ÒÌ, ¸µ¸Éµ¨É ¢ ´ Ìµ¦¤¥´¨¨ ËÊ·Ó¥-µ¡· §  ¨ · §²µ¦¥´¨¨ ¢ ·Ö¤ ’¥°-
²µ·  ´¥²µ± ²Ó´ÒÌ ËÊ´±Í¨° KI(x1, x2, x3, x4) ¨ FI(x1, x2); § É¥³ ´¥µ¡Ìµ¤¨³µ
¶·¥¢· É¨ÉÓ ¸É¥¶¥´¨ ¨³¶Ê²Ó¸  ¢ ¶·µ¨§¢µ¤´Ò¥, ¤¥°¸É¢ÊÕÐ¨¥ ´  Ê¶µ·Ö¤µÎ¥´-
´ÊÕ ¶µ ¶ÊÉ¨ Ô±¸¶µ´¥´ÉÊ ¨ ±¢ ·±µ¢Ò¥ ¶µ²Ö, ¸¤¥² ÉÓ µ¡· É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥
”Ê·Ó¥ ¨ µ¶ÖÉÓ ¶·µ¸Ê³³¨·µ¢ ÉÓ. ‘¢µ°¸É¢ ³¨ ±µ´ÉÊ·´µ£µ ¨´É¥£· ² , ±µÉµ·Ò¥
¸²¥¤Ê¥É ¨´É¥´¸¨¢´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¢ ÔÉµ° ¶·µÍ¥¤Ê·¥, Ö¢²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨¥
(2) ¨ ¥£µ ËÊ·Ó¥-µ¡· §:∫

d4xf
(
x2
)

e−ipx

∫ λx+a

y

dzµ e−iqz =

= iλ (2p+ qλ)µ
f (p+ λq) − f (p)

(p+ λq)2 − p2
e−iqa + f

(
p2
) ∫ a

y

dzµ e−iqz . (19)

�¨¦¥ ¶·¨¢¥¤¥´Ò ´¥¸±µ²Ó±µ ¶·¨³¥·µ¢ ¢¥·Ï¨´, ´ °¤¥´´ÒÌ É ±¨³ µ¡· §µ³.

∗‡¤¥¸Ó ³Ò ¸²¥¤Ê¥³ ¸¶¨´-¨§µ¸¶¨´µ¢µ° ±² ¸¸¨Ë¨± Í¨¨ Éµ±µ¢, ¤ ´´µ° ¢ [20]. �É²¨Î¨¥ ´ -
Ï¥£µ µ¶·¥¤¥²¥´¨Ö µÉ ¨¸¶µ²Ó§Ê¥³µ£µ ¢ Ê± § ´´µ° · ¡µÉ¥ ¸µ¸Éµ¨É ¢ µ¶·¥¤¥²¥´¨¨ ¨´É¥£· ²  ¶µ
±µ´ÉÊ·Ê. �Éµ · §²¨Î¨¥ ¶·µÖ¢²Ö¥É¸Ö ¢ Ëµ·³¥ (¨³¶Ê²Ó¸´µ°) ¶·µ¸É· ´¸É¢¥´´µ° § ¢¨¸¨³µ¸É¨ ´¥²µ-
± ²Ó´µ£µ Ëµ·³Ë ±Éµ·  Fµ(k′, k) ¢ (21) ¨ ¸± §Ò¢ ¥É¸Ö ´  ¢Ò· ¦¥´¨ÖÌ ¤²Ö ¶µ¶¥·¥Î´ÒÌ ±µ³¶µ´¥´É
Éµ±µ¢. ‚ Éµ ¦¥ ¢·¥³Ö ¶·µ¤µ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ Éµ±µ¢ µ¤¨´ ±µ¢Ò ¢ µ¡µ¨Ì ¶µ¤Ìµ¤ Ì, ± ± ÔÉµ ¨
¤µ²¦´µ ¡ÒÉÓ.
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ˆ¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´¨Ö (1), (2), ¢¨¤¨³, ÎÉµ ´ ²¨Î¨¥ Ê¶µ·Ö¤µÎ¥´´µ° ¶µ
¶ÊÉ¨ Ô±¸¶µ´¥´ÉÒ ¢ ±¨´¥É¨Î¥¸±µ³ Î²¥´¥ (4) Ô±¢¨¢ ²¥´É´µ ¤¥°¸É¢¨Õ ±µ¢ ·¨-
 ´É´µ° ¶·µ¨§¢µ¤´µ°∫

d4xd4y δ (x− y)Q(x,X)i∂̂yQ(X, y) →
∫
d4xd4y δ (x− y)ψ(x)iD̂yψ(y),

iD̂y → i∂̂y + V̂ (y) + Â(y)γ5,

ÎÉµ ¶·¨¢µ¤¨É ± ¸É ´¤ ·É´µ° ²µ± ²Ó´µ° Î ¸É¨ Éµ±µ¢. ’ ±¨³ µ¡· §µ³, ³¨´¨-
³ ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö ¨ ¶·¨ ¢¢¥¤¥´¨¨ § ¢¨¸¨³µ£µ µÉ
¶ÊÉ¨ Ë ±Éµ·  ¢ (1). ‹µ± ²Ó´Ò¥ ¢±² ¤Ò ¢ ¢¥·Ï¨´Ò, ¢µ§´¨± ÕÐ¨¥ ¨§ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ ¸ Éµ± ³¨ (4), § ¤ ÕÉ¸Ö ± ±

ΦΓloc (x, y, z) = i
δ3S0

δΦ (z) δψ (x) δψ (y)

∣∣∣∣
Φ=0

,

£¤¥ Φ (z) µ¡µ§´ Î ¥É ¢´¥Ï´¨¥ ¶µ²Ö Vµ(z), Aa
µ(z). �¥·¥Ìµ¤Ö ± ËÊ·Ó¥-µ¡· §Ê ¸

¶µ³µÐÓÕ exp [i (k′x− ky − qz)] ¨ µ¶Ê¸± Ö (2π)4 δ (k′ − k − q), ´ Ìµ¤¨³

V Γµa
loc (k, q, k′ = k + q) = γµT a, AΓµa

loc (k, q, k′ = k + q) = γµγ5T
a,

£¤¥ Ta = τa/2, k (k′ = k + q) Ö¢²Ö¥É¸Ö ¢Ìµ¤ÖÐ¨³ (¢ÒÌµ¤ÖÐ¨³) ¨³¶Ê²Ó¸o³
±¢ ·±  ¨ q Å ¨³¶Ê²Ó¸, ±µÉµ·Ò° ¶·µÉ¥± ¥É Î¥·¥§ Éµ±.

�¥²µ± ²Ó´Ò° Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° ¢±² ¤ ¢ ¢¥·Ï¨´Ò, ¶µ¸É·µ¥´´Ò° ¨§ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ ¸ Éµ± ³¨ (5), ¨³¥¥É ¢¨¤

ΦΓnl (x1, x2, x3, x4, z) = i
δ5Sqπ

δΦ (z) δψ (x1) δψ (x3) δψ (x2) δψ (x4)

∣∣∣∣
Φ=0

¨ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨Ö³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ´¨¦¥. ŒÒ ´¥ ¢Ò¶¨¸Ò¢ ¥³
Ö¢´µ Ë ±Éµ· δ(4)(k1 + k2 + q− k3 − k4), ¸µµÉ¢¥É¸É¢ÊÕÐ¨° § ±µ´Ê ¸µÌ· ´¥´¨Ö
Ô´¥·£¨¨-¨³¶Ê²Ó¸ . ‚¸¥£µ ¢µ§´¨± ¥É É·¨ É¨¶  ´¥²µ± ²Ó´ÒÌ ¢¥·Ï¨´
Hµ

j (k1, k2, k3, k4, q), ¶µ¸É·µ¥´´ÒÌ ¨§ (5). ’¨¶ I § ¤ ¥É¸Ö ± ±

Hµ
I (k1, k2, k3, k4, q) = Fµ (k1 + q, k1) + Fµ (k3 − q, k3) , (20)

£¤¥

Fµ (k ± q, k) = (2k ± q)µ
f (k ± q) /f (k) − 1

(k ± q)2 − k2
, (21)

¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±µ³¡¨´ Í¨Ö³¨ ³ É·¨Í
[
(Γα

i )13 (Ωiα )24
]a
I
¤²Ö ¨§µ¸± -

²Ö·´µ£µ ¢¥±Éµ·´µ£µ Éµ±  I:

(1 ⊗ 1 + iγ5τ
a ⊗ iγ5τ

a), −(τa ⊗ τa + iγ5 ⊗ iγ5), (22)
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¨§µ¢¥±Éµ·´µ£µ ¢¥±Éµ·´µ£µ Éµ±  I:

(τa ⊗ 1 + iγ5 ⊗ iγ5τ
a), −(1 ⊗ τa + iγ5τ

a ⊗ iγ5), (23)

¨§µ¢¥±Éµ·´µ£µ  ±¸¨ ²Ó´µ£µ Éµ±  I:

εabc(τc ⊗ iγ5τ
b), −εabc(iγ5τb ⊗ τc). (24)

�¥²µ± ²Ó´ Ö ¸É·Ê±ÉÊ·  É¨¶  II É ±¦¥ ¢µ§´¨± ¥É ¢ ¨§µ¢¥±Éµ·´µ³ ¢¥±Éµ·-
´µ³ Éµ±¥

Hµ
II (k1, k2, k3, k4, q) = Fµ (k2 + q, k2) + Fµ (k3 − q, k3) , (25)

  ¸¶¨´-¨§µ¸¶¨´µ¢Ò¥ ³ É·¨ÍÒ ¶µÖ¢²ÖÕÉ¸Ö ¢ ±µ³¡¨´ Í¨ÖÌ: (¨§µ¢¥±Éµ·´Ò° ¢¥±-
Éµ·´Ò° Éµ± II)

iεabc(iγ5τb ⊗ iγ5τ
c), −iεabc(τb ⊗ τc). (26)

‚ ¨§µ¢¥±Éµ·´µ³  ±¸¨ ²Ó´µ³ Éµ±¥ ´¥ ¢µ§´¨± ¥É ¸É·Ê±ÉÊ·  É¨¶  II, ´µ ¶µÖ¢²Ö-
¥É¸Ö ´¥²µ± ²Ó´ Ö ¸É·Ê±ÉÊ·  É·¥ÉÓ¥£µ ·µ¤ :

Hµ
III (k1, k2, k3, k4, q) = Fµ (k2 + q, k2) + Fµ (k3 − q, k3) −

− Fµ (k1 + q, k1) − Fµ (k4 − q, k4) (27)

¸ ³ É·¨Î´Ò³¨ ±µ³¡¨´ Í¨Ö³¨ (¨§µ¢¥±Éµ·´Ò°  ±¸¨ ²Ó´Ò° Éµ± III)

(iγ5τa ⊗ 1), −(iγ5 ⊗ τa). (28)

‚Ò¶¨¸ ´´Ò³ ¢Ò· ¦¥´¨Ö³ ¤²Ö ¢¥·Ï¨´ ³µ£ÊÉ ¡ÒÉÓ ¸µ¶µ¸É ¢²¥´Ò ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥ Éµ±¨. � ¶·¨³¥·, ¶µ²´Ò°  ±¸¨ ²Ó´Ò° ¢¥±Éµ·´Ò° Éµ± ¶·¨´¨³ ¥É
¢¨¤

jµa5 (x) = jµa5(loc)(x) + jµa5(nl)(x),

jµa5(loc)(x) =
1
2
q̄(x)γµγ5τaq(x), (29)

jµa5(nl)(x) =
∫
dx1dx2dx3dx4 K(x1, x2, x3, x4) ×

×
{[∫ x4

x1

dzµδ(z − x) −
∫ x3

x2

dzµδ(z − x)
]
×

× q̄(x1)iγ5τaq(x3)q̄(x2)q(x4) +

+
∫ x3

x1

dzµδ(z − x)iεabcq̄(x1)τbq(x3)q̄(x2)iγ5τcq(x4)
}
. (30)

�¨¦¥ ³Ò Ê¢¨¤¨³, ÎÉµ ´¥²µ± ²Ó´Ò¥ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò¥ Éµ±¨ ¨´¤ÊÍ¨·ÊÕÉ ¢±² ¤Ò
¢ ¶µ²´ÊÕ ¢¥·Ï¨´Ê Jqq, ±µ£¤  µ¤´  ±¢ ·±µ¢ Ö ²¨´¨Ö § ³±´ÊÉ  ¢ ¶¥É²Õ.



1036 ��ˆŠˆ� ˆ.B., „�
�•�‚ �.…., ’�Œˆ� ‹.

8·µ¶ £ Éµ· ¶¨µ´  ¨ ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´ . ‚§ ¨³µ¤¥°¸É¢¨¥ ±¢ ·±µ¢,
¨´¤ÊÍ¨·µ¢ ´´µ¥ ¨´¸É ´Éµ´´Ò³ µ¡³¥´µ³, µÉ¢¥É¸É¢¥´´µ §  ¸¨²Ó´Ò¥, § ¢¨¸ÖÐ¨¥
µÉ ¸¶¨´  ¸¢Ö§¨ ¢  ¤·µ´´ÒÌ ³Ê²ÓÉ¨¶²¥É Ì [13]. ‚ Î ¸É´µ¸É¨, ÔÉµ ¢§ ¨³µ¤¥°-
¸É¢¨¥ Ö¢²Ö¥É¸Ö ¶·¨ÉÖ£¨¢ ÕÐ¨³ ¤²Ö ³¥§µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶¸¥¢¤µ¸± ²Ö·´µ£µ
µ±É¥É , µÉÉ ²±¨¢ ÕÐ¨³ ¤²Ö ¨§µ¸¨´£²¥É  η′, ¨ µÉ¸ÊÉ¸É¢Ê¥É (¢ ¶·¨¡²¨¦¥´¨¨
´Ê²¥¢ÒÌ ³µ¤) ¢ ¢¥±Éµ·´ÒÌ ³¥§µ´ Ì ρ, ω ¨ É.¤. …¸²¨ ¶·¨ÉÖ¦¥´¨¥ Ö¢²Ö¥É¸Ö
¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³, Éµ µ´µ ³µ¦¥É ¶¥·¥¸É·µ¨ÉÓ ¢ ±ÊÊ³ ¨ ¸¢Ö§ ÉÓ ±¢ ·± ¨
 ´É¨±¢ ·± ¢ Ëµ·³¥ ²¥£±µ£µ (£µ²¤¸ÉµÊ´µ¢¸±µ£µ) ³¥§µ´ .

Œ ¸¸  ¶¨µ´ ∗ ¨ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ´ Ìµ¤ÖÉ¸Ö ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö
q¥É¥ Å ‘µ²¶¨É¥·  (q‘“). „²Ö ¸µ£² ¸¨Ö ¸ ˜„“ (9), q‘“ · ¸¸³ É·¨¢ ¥É¸Ö
¢ ²¥¸É´¨Î´µ³ ¶·¨¡²¨¦¥´¨¨. ‚ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ ¸¥¶ · ¡¥²Ó´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ ¶µ§¢µ²Ö¥É § ¶¨¸ ÉÓ q̄q-³ É·¨ÍÊ · ¸¸¥Ö´¨Ö T ¢ Ëµ·³¥

T (p1, p2, p3, p4) =
∏
n

f̃(pn) δ(p1 + p2 − p3 − p4)T̂ (q), (31)

£¤¥ ¶µ²´Ò° ¨³¶Ê²Ó¸ qq ¶ ·Ò µ¡µ§´ Î¥´ q = p1 − p3 = p4 − p2. q‘“ ³µ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ Î¥·¥§ T̂ ± ±

T̂ (q) = GI + GIΠPP (q)T̂ (q), (32)

£¤¥ ΠPP (q) Ö¢²Ö¥É¸Ö ¶µ²Ö·¨§ Í¨µ´´Ò³ µ¶¥· Éµ·µ³ ¶¨µ´´µ£µ ¶µ²Ö ¨ § ¤ ¥É¸Ö
¶¥É²¥¢Ò³ ¨´É¥£· ²µ³

ΠPP (q) = i2Nc

∫
d4k

(2π)4
F̃ 2(k+, k−)Tr[iγ5SF (k−)iγ5SF (k+)], (33)

£¤¥ k± = k ± 1
2q,

F̃ (k, k′) = f̃(k)f̃(k′), (34)

¨ SF (k) Å ÔËË¥±É¨¢´Ò° ¶·µ¶ £ Éµ· ±¢ ·±  (8), ¶µ²ÊÎ¥´´Ò° ± ± ·¥Ï¥´¨¥
˜„“ ¢ ²¥¸É´¨Î´µ³ ¶·¨¡²¨¦¥´¨¨. 
¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (32) ¨³¥¥É ¢¨¤

T̂ (q) =
1

1 −GIΠPP (q)
GI . (35)

‘¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶¨µ´  ¤ ¥É¸Ö ¶µ²Õ¸µ³ T̂ ¨ ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´µ
¨§ Ê· ¢´¥´¨Ö

det(1 −GIΠPP (q))|q2=m2
π

= 0. (36)

∗‚ ±¨· ²Ó´µ³ ¶·¥¤¥²¥, ±µÉµ·Ò° ¢ µ¸´µ¢´µ³ ³Ò ¨¸¶µ²Ó§Ê¥³ ¢ · ¡µÉ¥, ³ ¸¸  ¶¨µ´  Ö¢²Ö-
¥É¸Ö ´Ê²¥¢µ° ¢ ¸µ£² ¸¨¨ ¸ É¥µ·¥³µ° ƒµ²¤¸ÉµÊ´ , ¨ ¶·¨ ±µ´¥Î´ÒÌ Éµ±µ¢ÒÌ ³ ¸¸ Ì ±¢ ·±µ¢ µ´ 
¶µ²ÊÎ ¥É¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö ƒ¥²²-M ´´  Å �±¸  Å 
¥´´¥· . Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ Î¨¸²¥´´ Ö
§ ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ µÉ ³ ¸¸Ò ¶¨µ´  ¨ Éµ±µ¢µ° ³ ¸¸Ò ±¢ ·±  ¶·¥´¥¡·¥¦¨³µ ³ ² .
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‚ µ±·¥¸É´µ¸É¨ ¶¨µ´´µ£µ ¶µ²Õ¸  ³ É·¨Í  T̂ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ±

−Dπ

(
q2
)
g2πqqV (q) ⊗ V (q), (37)

£¤¥

Dπ

(
q2
)

=
1

q2 −m2π

¥¸ÉÓ ¶·µ¶ £ Éµ· ³¥§µ´  ¨ V (q) µ¡µ§´ Î ¥É ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±-
Í¨Õ. ‚¥·Ï¨´´Ò¥ ËÊ´±Í¨¨ ¤²Ö ±µ´¥Î´µ£µ ¨ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨° ¸¢Ö§ ´Ò
¸µµÉ´µÏ¥´¨¥³ V̄ = γ0V †γ0. „²Ö ¶¨µ´  ¨³¥¥³

Vπ(q) = iγ5τ
a, (38)

¨ ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´  ¢ µ±·¥¸É´µ¸É¨ ¶µ²Õ¸  § ¤ ¥É¸Ö

Γa
πq (k, p) = gπqqF̃ (p− k, k) iγ5T a. (39)

Š¢ ·±-¶¨µ´´ Ö ±µ´¸É ´É  µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³ ¸¢Ö§´µ¸É¨ [28]:

1
g2πqq

=
dΠPP (q2)

dq2

∣∣∣∣
q2=m2

π

=
[

2π2

NcIgπ(−m2π)

]−1
, (40)

£¤¥, ¢ ¸²ÊÎ ¥ ¡¥§³ ¸¸µ¢µ£µ ¶¨µ´ , ¨´É¥£· ² Igπ ¸¢µ¤¨É¸Ö ±

Igπ(0) =

∞∫
0

dk k3Q̃(k)2

D2(k)

1 − k

2
Q̃′(k)
Q̃(k)

+

(
k

2
Q̃′(k)
Q̃(k)

)2 (41)

¸

Q̃′(k) =
d

dk
Q̃(k), D(k) = M2

q Q̃
2(k) + k2. (42)

Š ± ³Ò Ê¢¨¤¨³ ´¨¦¥, Ê¸²µ¢¨¥ (40), ¤µ¶µ²´¥´´µ¥ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É-
´µ¸ÉÓÕ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö, ¶·¨¢µ¤¨É ± ¢Ò¶µ²´¥´¨Õ ¶ ·Éµ´´ÒÌ �‘ ¤²Ö
¨§µ¸¶¨´  ¨ ¨³¶Ê²Ó¸ . �É³¥É¨³, ÎÉµ ¢Ò· ¦¥´¨¥ ¤²Ö gπqq̄ , ¤ ´´µ¥ ¢ (40) ¨ (41),
¸µ£² ¸Ê¥É¸Ö ¸ É¥³, ±µÉµ·µ¥ ¶µ²ÊÎ¥´µ ¢ [9].

�ËË¥±É¨¢´Ò° ±¨· ²Ó´Ò° ² £· ´¦¨ ´. �µ§¥´¨§ Í¨Ö ³µ¤¥²¨. 
¥§Ê²Ó-
É ÉÒ ¶·¥¤Ò¤ÊÐ¥£µ · §¤¥²  ³µ£ÊÉ ¡ÒÉÓ ¶¥·¥Ëµ·³Ê²¨·µ¢ ´Ò ¢ Ô±¢¨¢ ²¥´É´µ°
Ëµ·³¥, ´µ ¤²Ö ÔËË¥±É¨¢´µ£µ ±¢ ·±-³¥§µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸ ¶µ³µÐÓÕ
¶·µÍ¥¤Ê·Ò ¡µ§¥´¨§ Í¨¨ ¶µ²¥°. „²Ö ÔÉµ£µ Ê¤µ¡´µ ¶¥·¥¶¨¸ ÉÓ ¸¥¶ · ¡¥²Ó´Ò°
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Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò° Î²¥´ ¢ ¤¥°¸É¢¨¨ (5), ²¨´¥ ·¨§ÊÖ ¡¨²µ± ²Ó´Ò¥ ±µ³¡¨-
´ Í¨¨ q̄(x)q(y) ¨ q̄(x)γ58τq(y) ¸ ¶µ³µÐÓÕ ¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¸µ¸É ¢-
´ÒÌ ³¥§µ´´ÒÌ ¶µ²¥° M(x) [29] (¶·¨¡²¨¦¥´¨¥ ¸·¥¤´¥£µ ¶µ²Ö). ’µ£¤  ¶·¨Ìµ-
¤¨³ ± ¸²¥¤ÊÕÐ¥° Ëµ·³¥ ÔËË¥±É¨¢´µ£µ ´¥²µ± ²Ó´µ£µ ¤¥°¸É¢¨Ö, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¥£µ (5):

S = S0 + Sint, (43)

£¤¥ S0 Ö¢²Ö¥É¸Ö ¸¢µ¡µ¤´Ò³ ¤¥°¸É¢¨¥³ ¤²Ö ¶µ²¥° ±¢ ·±µ¢ ¨ ³¥§µ´µ¢:

S0 =
∫
d4x

{
q̄(x) iD̂q(x) +

1
2
[
σ(x)(∆ −m2σ)σ(x)

]
+

+
1
2
[
8π(x)(∆ −m2π)8π(x)

]}
, (44)

¨ Sint ¥¸ÉÓ ±¢ ·±-¶¨µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥

Sint = −Mq

∫
d4Xd4x1d

4x2f(x1)f(x2)Q̄(X − x1;X)Uπ (X) Q(X ;X + x2),

(45)

£¤¥

Uπ (X) = exp
(
−gπq̄q
Mq

iγ5τ
aπa(X)

)
=

=

[
1 − gπq̄q

Mq
(iγ5τa)πa(X) − 1

2

(
gπq̄q
Mq

)2
πa(X)2 +O(M−3

q )

]
. (46)

‚ (44), (45) ¶·¥´¥¡·¥£ ¥³ Î²¥´ ³¨, ¨´¤ÊÍ¨·µ¢ ´´Ò³¨ É¥´§µ·´Ò³ ¢§ ¨³µ-
¤¥°¸É¢¨¥³ ¢ (5), É ± ± ± µ´¨ ´¥ ¤ ÕÉ ¢±² ¤  ¢ ¸± ²Ö·´µ³ ± ´ ²¥. ”Ê·Ó¥-µ¡· §
µÉ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ° ´¥²µ± ²Ó´µ° ¢¥·Ï¨´Ò F̃ (k1, k2) µ¶¨¸Ò¢ ¥É
 ³¶²¨ÉÊ¤Ê ³Ö£±µ£µ ¶¥·¥Ìµ¤  ¶¨µ´  ¸ ¨³¶Ê²Ó¸µ³ p ¢ ±¢ ·± ¨  ´É¨±¢ ·± ¸
¨³¶Ê²Ó¸ ³¨ k1 = p+ k/2 ¨ k2 = p− k/2 ¸µµÉ¢¥É¸É¢¥´´µ. �É  ËÊ´±Í¨Ö ¶·¥¤-
¸É ¢²Ö¥É ¶µ²´ÊÕ ¢¥·Ï¨´Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ ¢¸¥³¨ ±¢ ·±-£²Õµ´´Ò³¨ ¢µ§¡Ê-
¦¤¥´¨Ö³¨ ¦¥¸ÉÎ¥, Î¥³ ³ ¸ÏÉ ¡ µ0 ∼ 1/ρc, ¸¨²Ó´µ (Ô±¸¶µ´¥´Í¨ ²Ó´µ) ¶µ¤ -
¢²¥´´µ°. ‚ ¦´µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¶¨µ´´µ¥ ¶µ²¥, ¢Ìµ¤ÖÐ¥¥ ¢ ¤¥°¸É¢¨¥ (43),
Ö¢²Ö¥É¸Ö ¶¥·¥´µ·³¨·µ¢ ´´Ò³,   ±µ´¸É ´É  ¶¥·¥´µ·³¨·µ¢±¨ ¶µ²Ö ¸µ¸É ¢´µ£µ
³¥§µ´  ¢Ò¡¨· ¥É¸Ö · ¢´µ° ´Ê²Õ:

Zπ = 1 − g2πqq̄
∂Ππ(p2)
∂p2

∣∣∣∣
p2=−m2

π

= 0. (47)

�Éµ Ê¸²µ¢¨¥ ¸¢Ö§´µ¸É¨ [28], Ë¨±¸¨·ÊÕÐ¥¥ ±µ´¸É ´ÉÊ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¨µ´-
´µ£µ ¶µ²Ö ¸ ±¢ ·± ³¨ gπqq̄ , Ô±¢¨¢ ²¥´É´µ Ê¸²µ¢¨Õ (40).
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”¨§¨Î¥¸±¨¥ Éµ±¨. ‚¥·Ï¨´Ò, ¤ ´´Ò¥ ¢ ¶·¥¤Ò¤ÊÐ¥° Î ¸É¨, Ö¢²ÖÕÉ¸Ö ®£µ-
²Ò³¨¯. ’¥¶¥·Ó ´¥µ¡Ìµ¤¨³µ ®µ¤¥ÉÓ¯ ³µ¤¥²Ó ¸ ¶µ³µÐÓÕ ÊÎ¥É  ¶·µÍ¥¸¸µ¢ ¶¥·¥-
· ¸¸¥Ö´¨Ö. �ËË¥±É¨¢´Ò¥ ¢¥±Éµ·´Ò¥ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò¥ ¶µ²´Ò¥ ¢¥·Ï¨´Ò
´¥µ¡Ìµ¤¨³Ò ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³´µ£¨Ì Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¨ ¡Ê¤ÊÉ µ¶¨¸ ´Ò
¡µ²¥¥ ¤¥É ²Ó´µ ´¨¦¥. ‚ ¦´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¢¥·Ï¨´ ´ ±² -
¤Ò¢ ÕÉ ¢¥±Éµ·´µ¥ (“’’) ¨  ±¸¨ ²Ó´µ¥ Éµ¦¤¥¸É¢  “µ·¤  Å ’ ± Ì Ï¨ (�“’’):

qµΓµ(k, q) = S−1
F (k′) − S−1

F (k), (48)

qµ AΓµ(k, q) = S−1
F (k′)γ5 − γ5S

−1
F (k), (49)

£¤¥ q Ö¢²Ö¥É¸Ö ËµÉµ´´Ò³ ¨³¶Ê²Ó¸µ³ ¨ k Å ¨³¶Ê²Ó¸µ³ ±¢ ·± , ¶·µÌµ¤ÖÐ¨³¨
Î¥·¥§ ¢¥·Ï¨´Ê. (ˆ§µ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·  §¤¥¸Ó ´¥ ¢Ò¶¨¸ ´  Ö¢´µ.) �µ²´ Ö ¢¥·-
Ï¨´  ¶·¥¤¸É ¢²Ö¥É¸Ö ¸Ê³³µ° ²µ± ²Ó´µ° ¨ ´¥²µ± ²Ó´µ° Î ¸É¥°. �¥²µ± ²Ó´Ò¥
¤¢ÊÌ±¢ ·±µ¢Ò¥ ÔËË¥±É¨¢´Ò¥ ¢¥·Ï¨´Ò Γ2q ¨´¤ÊÍ¨·ÊÕÉ¸Ö Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³¨
¢¥·Ï¨´ ³¨ Γ4q , ¢ ±µÉµ·ÒÌ µ¤´  ±¢ ·±µ¢ Ö ²¨´¨Ö § ³±´ÊÉ  ¢ ¶¥É²Õ.

‚ Ô²¥±É·µ³ £´¨É´µ³ ¸²ÊÎ ¥ ¶µ²´ Ö  ³¶²¨ÉÊ¤  ¤²Ö ËµÉµ´´µ° ¸¢Ö§¨ ¸ ±¢ ·-
±µ³ § ¤ ¥É¸Ö

V Γµa
vertex (k, q, k′ = k + q) =

[
γµ −Mq

f̃2 (k′) − f̃2 (k)
k′2 − k2

(k + k′)µ
]
T a (50)

¨ Ê¤µ¢²¥É¢µ·Ö¥É “’’:

qµV Γµa
vertex (k, q, k′ = k + q) =

[
q̂ −

(
Mqf̃

2 (k′) −Mqf̃
2 (k)

)]
.

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ¢Éµ·µ° Î²¥´ ¢ (50), ¨´¤ÊÍ¨·µ¢ ´´Ò° V Γ4q (22), (26), ¤¨ -
£· ³³Ê, £¤¥ § ³±´ÊÉ Ö ¶¥É²Ö ¨³¥¥É ¸± ²Ö·´ÊÕ ¢¸É ¢±Ê, Ê¶·µÐ ÕÉ ¶·¨ ¨¸¶µ²Ó-
§µ¢ ´¨¨ ˜„“ (9).

�·µ¤µ²Ó´ Ö Î ¸ÉÓ ÔËË¥±É¨¢´µ° ¤¢ÊÌ±¢ ·±µ¢µ°  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ° ¢¥·-
Ï¨´Ò, ¶µ²ÊÎ ÕÐ¥°¸Ö ¨§ (28), ¨³¥¥É ¢¨¤ [20]:

AΓµa
2q (k, q) = γµγ5T

a − γ5
qµ
q2
T a {[M (k + q) +M (k)]− (51)

−i4NcNfGIf (k + q) f (k)
∫

d4l

(2π)4
M
(
l2
)

l2 −M (l2)
f (l) [f (l − q) + f (l + q)]} ,

£¤¥, ¤²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¶¥·¢Ò° Î²¥´ ¢´ÊÉ·¨ Ë¨£Ê·´ÒÌ ¸±µ¡µ±, ¡Ò²µ
¨¸¶µ²Ó§µ¢ ´µ Ê· ¢´¥´¨¥ Ð¥²¨ (9). �É  ¢¥·Ï¨´  Ö¢²Ö¥É¸Ö £µ²µ°, ¨, ¢ Î ¸É-
´µ¸É¨, µ´  ¸¢µ¡µ¤´  µÉ ¸¨´£Ê²Ö·´µ¸É¥°. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¶µ²´ÊÕ



1040 ��ˆŠˆ� ˆ.B., „�
�•�‚ �.…., ’�Œˆ� ‹.

 ±¸¨ ²Ó´µ-¢¥±Éµ·´ÊÕ ¢¥·Ï¨´Ê, ´ ³ ´¥µ¡Ìµ¤¨³µ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥ ¶¥·¥-
Ìµ¤ Éµ±  ¢ ±µ´¸É¨ÉÊ¥´É´Ò¥ ±¢ ·±¨ Î¥·¥§ ¨Ì ¶¥·¥· ¸¸¥Ö´¨¥ ¢ ± ´ ²¥ ¸ ¶¨µ´-
´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨. ‚ ¶·¨²µ¦¥´¨¨ q ³Ò ¶µ± ¦¥³ Ö¢´µ, ÎÉµ ¶µ²´Ò°
 ±¸¨ ²Ó´µ-¢¥±Éµ·´Ò° Éµ± ¶·¨´¨³ ¥É ¢¨¤

AΓµa
vertex (k, q) =

[
γµ − M (k + q) +M (k)

q2
qµ
]
γ5T

a. (52)

�ÉµÉ Éµ± ¨³¥¥É Ë¨§¨Î¥¸±ÊÕ ¸¨´£Ê²Ö·´µ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¶¨µ´Ê, ¨, µÎ¥-
¢¨¤´µ, Ê¤µ¢²¥É¢µ·Ö¥É �“’’: qµAΓµ(k, q) = S−1

F (k + q)γ5 + γ5S
−1
F (k). “’’

¨ É·¥¡µ¢ ´¨¥, ÎÉµ ¢¥·Ï¨´Ò ´¥ ¸µ¤¥·¦ É ´¥Ë¨§¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´µ¸É¥°, µ¤-
´µ§´ Î´µ µ¶·¥¤¥²ÖÕÉ ¶·µ¤µ²Ó´ÊÕ Î ¸ÉÓ ¢¥±Éµ·´µ° ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ°
¢¥·Ï¨´. �µ¶¥·¥Î´ Ö Î ¸ÉÓ ¶·¨ ÔÉµ³ Ö¢²Ö¥É¸Ö ³µ¤¥²Ó´µ-§ ¢¨¸¨³µ° ¨, ¢ Î ¸É-
´µ¸É¨, ¢ ´ ¸ÉµÖÐ¥³ ¶µ¤Ìµ¤¥ § ¢¨¸¨É µÉ µ¶·¥¤¥²¥´¨Ö ±µ´ÉÊ·´µ£µ ¨´É¥£· ² .

‚¥²¨Î¨´Ò ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨° ±¢ ·±-£²Õµ´´ÒÌ µ¶¥· Éµ·µ¢. ‚ ¦-
´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ Ö¢²ÖÕÉ¸Ö ¢¥²¨Î¨´Ò ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É  ¨ ¸·¥¤-
´¥° ¢¨·ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ ¢ ¢ ±ÊÊ³¥. �¥·¢ Ö ¨£· ¥É ·µ²Ó ¶ · ³¥É·  ¶µ·Ö¤± 
´ ·ÊÏ¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨,   ¢Éµ· Ö µ¶·¥¤¥²Ö¥É ¸·¥¤´¥¥ §´ Î¥´¨¥ ±¢ ¤-
· É  ¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó´µ£µ ±¢ ·± . �·¨ § ¤ ´´µ° ¤¨´ ³¨Î¥¸±µ° ³ ¸¸¥ (11)
¨³¥¥³ ¤²Ö ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É 

〈q̄q〉 = −4Nc

∫
d4k

(2π)4
Mq(k)

k2 +M2
q (k)

(53)

¨ ¸·¥¤´¥° ¢¨·ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ [3]:

λ2q ≡ 〈: q̄D2q :〉
〈: q̄q :〉 = −4Nc

〈q̄q〉

∫
d4k

(2π)4
k2

Mq(k)
k2 +M2

q (k)
. (54)

‘·¥¤´ÖÖ ¢¨·ÉÊ ²Ó´µ¸ÉÓ ±¢ ·±µ¢ µ¶·¥¤¥²Ö¥É ¶·µ¨§¢µ¤´ÊÕ µÉ ±µ´¤¥´¸ É  ±¢ ·-
±µ¢ ¨, É ±¨³ µ¡· §µ³, ¥£µ ´¥²µ± ²Ó´Ò¥ ¸¢µ°¸É¢ . �¤´¨³ ¨§ £² ¢´ÒÌ ¶·¥¤¶µ-
²µ¦¥´¨° ³¥Éµ¤  Š•„ �‘ [1] ¡Ò²µ Éµ, ÎÉµ ²µ± ²Ó´Ò¥ ±¢ ·±µ¢Ò° ¨ £²Õµ´-
´Ò° ±µ´¤¥´¸ ÉÒ ¤µ³¨´¨·ÊÕÉ ¢ Ë¨§¨±¥ ²¥£±¨Ì  ¤·µ´µ¢,   ¢¢¥¤¥´¨¥ ¶µ¶· ¢µ±
¡µ²¥¥ ¢Ò¸µ±µ° · §³¥·´µ¸É¨ ¨²¨ ¤ ¦¥ ´¥²µ± ²Ó´ÒÌ ±µ´¤¥´¸ Éµ¢ [3] ´¥ ¨§-
³¥´Ö¥É ¸¨²Ó´µ ¸É ´¤ ·É´ÒÌ ·¥§Ê²ÓÉ Éµ¢. ’ ±¨³ µ¡· §µ³, ¶µ ±· °´¥° ³¥·¥,
¤²Ö ¸µ£² ¸µ¢ ´¨Ö ²µ± ²Ó´ÒÌ ¨ ´¥²µ± ²Ó´ÒÌ Š•„ �‘ §´ Î¥´¨¥ ¶·µ¨§¢µ¤-
´µ° (¢¨·ÉÊ ²Ó´µ¸É¨) ¤µ²¦´µ ¡ÒÉÓ µÉ´µ¸¨É¥²Ó´µ ³ ²Ò³. ”¥´µ³¥´µ²µ£¨Î¥¸±¨
¨³¥¥É¸Ö ¤µ¸É ÉµÎ´µ ÉµÎ´ Ö µÍ¥´±  ÔÉµ° ¢¥²¨Î¨´Ò: λ2q ≈ (0, 4 ± 0, 2) ƒÔ‚2,
µ¸´µ¢ ´´ Ö ´  · ¸¸³µÉ·¥´¨¨ Š•„ �‘ ¤²Ö ²¥£±¨Ì  ¤·µ´µ¢ [16] ¨ ³¥§µ´µ¢,
¸µ¸É ¢²¥´´ÒÌ ¨§ ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ±¢ ·±µ¢ [30]. ‚ÒÎ¨¸²¥´¨Ö ¢ ·Š•„ ¤ ÕÉ
λ2q = (0, 55 ± 0, 05) ƒÔ‚2 [31]. Šµ´¥Î´µ, ¨³¥ÕÉ¸Ö ¶µ¶· ¢±¨ §  ¸Î¥É ¶·Ö³ÒÌ
¨´¸É ´Éµ´µ¢ ± ·¥§Ê²ÓÉ ÉÊ ¢ Š•„ �‘, ´µ µ´¨ ¢·Ö¤ ²¨ ¶µ³¥´ÖÕÉ ·¥§Ê²ÓÉ É
¸ÊÐ¥¸É¢¥´´µ. qÒ²µ ¡Ò µÎ¥´Ó ¨´É¥·¥¸´µ, ¥¸²¨ ¡Ò µÍ¥´±  ¢ ·Š•„ ³µ£²  ¡ÒÉÓ
¶µ¤É¢¥·¦¤¥´  ´µ¢Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨.
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—Éµ¡Ò ¨³¥ÉÓ ± Î¥¸É¢¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ¸µµÉ´µÏ¥´¨¨ ¶ · ³¥É·µ¢ ³µ-
¤¥²¨ ¸ Ë¨§¨Î¥¸±¨³¨ ´ ¡²Õ¤ ¥³Ò³¨, ¶µ²¥§´µ · ¸¸³µÉ·¥ÉÓ Ê· ¢´¥´¨¥ Ð¥²¨ (9)
¨ ¢ ±ÊÊ³´Ò¥ µ¦¨¤ ´¨Ö (53), (54), ¶·¥´¥¡·¥£ Ö Î²¥´µ³ M2

q (k), ¶µ ¸· ¢´¥´¨Õ ¸
k2 ¢ §´ ³¥´ É¥²ÖÌ ¶µ¤Ò´É¥£· ²Ó´ÒÌ ËÊ´±Í¨°. �Éµ ¶·¨¡²¨¦¥´¨¥ µ¶· ¢¤ ´´µ
¢ ·¥¦¨³¥ ¤µ¸É ÉµÎ´µ · §·¥¦¥´´µ° ¨´¸É ´Éµ´´µ° ¸·¥¤Ò (¦¨¤±µ¸É¨), ±µ£¤ 
〈k2〉 = λ2q >> M2

q (λq). Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ ÉµÎ´µ¸ÉÓ É ±µ° ¶·µÍ¥¤Ê·Ò
²ÊÎÏ¥, Î¥³ 20− 30%, ¥¸²¨ ¶ · ³¥É· · §·¥¦¥´´µ¸É¨ ³ ²: η < 1. ’µ£¤ , ¸ ÊÎ¥-
Éµ³ (53) ¨ (54) ¨ ¨¸¶µ²Ó§ÊÖ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ÔËË¥±É¨¢´µ° ³ ¸¸Ò, § ¤ ´´Ò¥
¢ (18), (13), (10), ¶µ²ÊÎ¨³ ¤²Ö §´ Î¥´¨° ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É  ¨ ±¢ ·±µ¢µ°
¢¨·ÉÊ ²Ó´µ¸É¨, ¸µµÉ¢¥É¸É¢¥´´µ,

〈q̄q〉 = − NcMq

2π2ρc2
, λ2q =

2
ρc2

. (55)

�¥·¢µ¥ ¸µµÉ´µÏ¥´¨¥, ¶·¥¤¸É ¢²¥´´µ¥ ¢ Ëµ·³¥ Mq = −(2π2/Nc)ρc2〈q̄q〉, ¸µ¢-
¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ · ¡µÉ¥ [32], £¤¥ ÔËË¥±É¨¢´ Ö ³ ¸¸ 
±¢ ·±  ¡Ò²  µ¶·¥¤¥²¥´  ¢ ¸¨¸É¥³¥ ¨´¸É ´Éµ´µ¢ ¸ ³ ²Ò³¨ · §³¥· ³¨, ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì ¸ ¤²¨´´µ¢µ²´µ¢Ò³ ¢ ±ÊÊ³´Ò³ ¶µ²¥³. ŠµÔËË¨Í¨¥´É (2π)2 ¢
ÔÉµ³ ¸µµÉ´µÏ¥´¨¨ · ¢¥´ ´µ·³¨·µ¢±¥ ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤-
¸É ¢²¥´¨¨. �± §Ò¢ ¥É¸Ö, ÎÉµ ÔÉµÉ Ë ±Éµ· Ö¢²Ö¥É¸Ö µ¤¨´ ±µ¢Ò³ ± ± ¤²Ö ± -
²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ£µ ¶·µ¶ £ Éµ·  (13), É ± ¨ ¤²Ö ¶·µ¶ £ Éµ· , ¢ÒÎ¨-
¸²¥´´µ£µ ¢ ¸¨´£Ê²Ö·´µ° ± ²¨¡·µ¢±¥ (¡¥§ P exp-Ë ±Éµ· ). Š·µ³¥ Éµ£µ, ÔÉµ ¸µ-
µÉ´µÏ¥´¨¥ Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ ¨§¢¥¸É´µ£µ ·¥§Ê²ÓÉ É  �ˆ‹-³µ¤¥²¨ [17] 〈q̄q〉 ≈
≈ −NcMqΛ2NJL/(4π2), £¤¥ ΛNJL Å ¶ · ³¥É· µ¡·¥§ ´¨Ö ¶µ ¨³¶Ê²Ó¸ ³ ¢
±µ¢ ·¨ ´É´µ° ¸Ì¥³¥ ·¥£Ê²Ö·¨§ Í¨¨ ¢ ³µ¤¥²¨ ¸ ¤¢Ê³Ö  ·µ³ É ³¨. ’ ± ± ±
¨´¸É ´Éµ´Ò ¸µ§¤ ÕÉ ´¥²µ± ²Ó´µ¸ÉÓ ¨ ¶·¨¢µ¤ÖÉ ± ·¥£Ê²Ö·¨§ Í¨¨ ¨´É¥£· ²µ¢
É ±¦¥ ±µ¢ ·¨ ´É´Ò³ ¸¶µ¸µ¡µ³, ³Ò ³µ¦¥³ ¤ ÉÓ µÍ¥´±Ê ´  ¶ · ³¥É· µ¡·¥§ ´¨Ö
Λ2NJL ≈ λ2q .

‚Éµ·µ¥ ¸µµÉ´µÏ¥´¨¥ ¢ (55) ¡Ò²µ ´¥¤ ¢´µ ¶µ²ÊÎ¥´µ ¢ [14], £¤¥ ´¥²µ± ²Ó-
´Ò¥ ¸¢µ°¸É¢  ±µ´¤¥´¸ É  ±¢ ·±µ¢ ¨§ÊÎ ²¨¸Ó ¢ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨. �ÉµÉ ¦¥
·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´ ¢ [33] ¶·Ö³Ò³ ¢ÒÎ¨¸²¥´¨¥³ ²µ± ²Ó´µ£µ ¸³¥Ï ´´µ£µ
±¢ ·±-£²Õµ´´µ£µ ±µ´¤¥´¸ É :

λ2q
2

=
〈: q̄(igσµνGa

µν

λa

2
)q :〉

〈: q̄q :〉 . (56)

ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö ¸·¥¤´¥° ¢¨·ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ µÎ¥¢¨¤´µ, ÎÉµ µ¡² ¸ÉÓ
±¢ ·±- ´É¨±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ì · ±É¥·¨§Ê¥É¸Ö ÔËË¥±É¨¢´Ò³ · §³¥-
·µ³ ρc ¨´¸É ´Éµ´´ÒÌ Ë²Ê±ÉÊ Í¨° ¢ Š•„-¢ ±ÊÊ³¥.

�¡· Ð Ö · ¢¥´¸É¢  (55), ¢Ò· §¨³ ¶ · ³¥É·Ò ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ ¢ -
±ÊÊ³  ¢ É¥·³¨´ Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥É·µ¢ ¢ ±ÊÊ³  Š•„ ρc

2 = 2/λ2q ,
Mq = −(4π2/Nc)(〈q̄q〉/λ2q). …¸²¨ ¤²Ö Î¨¸²¥´´µ° µÍ¥´±¨ ¶µ¤¸É ¢¨ÉÓ ®¸É ´-
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¤ ·É´µ¥¯ §´ Î¥´¨¥ ¤²Ö ±µ´¤¥´¸ É  ±¢ ·±µ¢ 〈 q̄q〉 ≈ −(230 ŒÔ‚)3 (¸³., ´ ¶·¨-
³¥·, [7]) ¨ ¤²Ö ¸·¥¤´¥° ¢¨·ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ ¢§ÖÉÓ λ2q ≈ 0, 6 ƒÔ‚2 [16,31], Éµ
¶µ²ÊÎ¨³ ρ−1c ≈ 0, 55 ƒÔ‚ ¨ Mq ≈ 0, 27 ƒÔ‚. ‘µ¢³¥¸É´Ò°  ´ ²¨§ ¢ ±ÊÊ³´ÒÌ
¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¶¨µ´´ÒÌ ¸¢µ°¸É¢ (¸³. É ¡². 1), ¶·µ¢¥¤¥´´Ò° ¢ [24],
¶µ¤É¢¥·¦¤ ¥É ÔÉ¨ µÍ¥´±¨. ‚Ò· §¨³ ¶ · ³¥É· · §·¥¦¥´´µ¸É¨ ¢ ±ÊÊ³  Î¥·¥§
Ë¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò

η1/2 =
4
√

2π2

Nc

(
|〈 q̄q〉|1/3

λq

)3
.

�Éµ ¢Ò· ¦¥´¨¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ ³ ²µ³Ê Ë ±Éµ·Ê 1/Nc ¨ µÉ´µÏ¥´¨Õ ¢¥²¨-
Î¨´Ò ±µ´¤¥´¸ É  ±¢ ·±µ¢ ± · §³¥·Ê ¥£µ ´¥²µ± ²Ó´µ¸É¨ ¢ ¨³¶Ê²Ó¸´µ³ ¶·µ-
¸É· ´¸É¢¥. �¤´ ±µ ³ ²µ¸ÉÓ 1/Nc ±µ³¶¥´¸¨·Ê¥É¸Ö ¡µ²ÓÏ¨³ Î¨¸²¥´´Ò³ ±µÔË-
Ë¨Í¨¥´Éµ³. ’ ±¨³ µ¡· §µ³, · §·¥¦¥´´µ¸ÉÓ ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  µ¡Ê¸²µ-
¢²¥´  ¢Éµ·Ò³ Ë ±Éµ·µ³ ¨ µ§´ Î ¥É, ÎÉµ ±¢ ·±¨ ¶·µÉ¥± ÕÉ Î¥·¥§ ¢ ±ÊÊ³ ¸
¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³ ¸·¥¤´¨³ ¨³¶Ê²Ó¸µ³ λq ≈

√
〈k2〉 ¶µ ¸· ¢´¥´¨Õ ¸ ²¨´¥°-

´Ò³ ³ ¸ÏÉ ¡µ³, Ì · ±É¥·´Ò³ ¤²Ö ±µ´¤¥´¸ Éa ±¢ ·±µ¢ |〈 q̄q〉|1/3. ”µ·³ ²Ó´µ
¶·¥¤¥² · §·¥¦¥´´µ° ¦¨¤±µ¸É¨ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê ³ ²µ£µ ¸·¥¤´¥£µ · §³¥· 
¨´¸É ´Éµ´ . �µ¤¸É ¢¨¢ ·¥ ²Ó´Ò¥ Î¨¸² , ³Ò ¶µ²ÊÎ¨³ µÍ¥´±Ê η ≈ 0, 24.

‚ ¶·¨¡²¨¦¥´¨¨ · §·¥¦¥´´µ° ¦¨¤±µ¸É¨ ¨§ Ê· ¢´¥´¨Ö ³ ¸¸µ¢µ° Ð¥²¨ (9)
³µ¦´µ ´ °É¨ ¶²µÉ´µ¸ÉÓ ¨´¸É ´Éµ´´µ° ¸·¥¤Ò ¢ ¢¨¤¥

nc =
NcM

2
q λ
2
q

4π2
In, In =

∫ ∞

0

duuQ̃2(u/ρc) ≈ 0, 61, (57)

£¤¥ ±µ´¸É ´É  In ´¥ § ¢¨¸¨É µÉ ρc. ‘ÊÐ¥¸É¢ÊÕÉ ¨ ¤·Ê£¨¥ ¶µ²¥§´Ò¥ ¸µµÉ´µÏ¥-
´¨Ö, ¸¢Ö§Ò¢ ÕÐ¨¥ ¶ · ³¥É·Ò ¢ ±ÊÊ³  ¤·Ê£ ¸ ¤·Ê£µ³. � ¶·¨³¥·,

〈q̄q〉 = − 1
In

nc

Mq
= − 1

2π
√
In

√
Ncncλ2q . (58)

�É¨ ¸µµÉ´µÏ¥´¨Ö ¨³¥ÕÉ ÉÊ ¦¥ ¸ ³ÊÕ ¶ · ³¥É·¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ, ÎÉµ ¨
µÍ¥´±¨, ¶µ²ÊÎ¥´´Ò¥ ¢ [5, 7], ´µ ¸ ¤·Ê£¨³¨ ±µÔËË¨Í¨¥´É ³¨. �¥·¢µ¥ ¨§ ´¨Ì
¢Ò· ¦ ¥É ±µ´¤¥´¸ É ±¢ ·±µ¢ Î¥·¥§ ÔËË¥±É¨¢´Ò° ¢±² ¤ µÉ¤¥²Ó´µ£µ ¨´¸É ´-
Éµ´ , Ê³´µ¦¥´´Ò° ´  ¶²µÉ´µ¸ÉÓ ¨´¸É ´Éµ´µ¢. ŠµÔËË¨Í¨¥´ÉÒ µÉ²¨Î ÕÉ¸Ö ¶µ
Éµ° ¶·¨Î¨´¥, ÎÉµ ¢ [5], £¤¥ ÔÉµ · ¢¥´¸É¢µ § ¶¨¸ ´µ ± ± 〈q̄q〉 = −nc/Mq, ¢Ò-
· ¦¥´¨Ö ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¨§ ¨´¸É ´Éµ´´ÒÌ Ëµ·³Ê² ¢ £ §µ¢µ³ ¶·¨¡²¨¦¥´¨¨
³¥Ì ´¨Î¥¸±µ° § ³¥´µ° Éµ±µ¢µ° ³ ¸¸Ò ±¢ ·±  ´  ÔËË¥±É¨¢´ÊÕ. � ¶·µÉ¨¢,
¶·¨ ¢Ò¢µ¤¥ · ¢¥´¸É¢  (58) É ± Ö ¶·µÍ¥¤Ê·  § ³¥´Ò Ë¨±¸¨·µ¢ ´  Ê· ¢´¥´¨¥³
Ð¥²¨ (9),   ±µÔËË¨Í¨¥´ÉÒ £² ¢´Ò³ µ¡· §µ³ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ´ ±²µ´  Ëµ·³-
Ë ±Éµ·  Mq(k) ¢ ´Ê²¥.

‚Éµ·µ¥ ¸µµÉ´µÏ¥´¨¥ ¢ (58) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸ ³µ¸µ£² ¸µ¢ ´´ÊÕ µÍ¥´±Ê
±µ´¤¥´¸ É  ±¢ ·±µ¢ ¢ ¨´¸É ´Éµ´´µ³ ¢ ±ÊÊ³¥ (¸³., ´ ¶·¨³¥·, [7]). „ ²¥¥, ¶µ-



‘’
“Š’“
� �ˆ��� ‚ Œ�„…‹ˆ ˆ�‘’��’����‰ †ˆ„Š�‘’ˆ 1043

¸±µ²Ó±Ê ¨´¸É ´Éµ´´Ò° ¢±² ¤ ¢ ¢¥²¨Î¨´Ê £²Õµ´´µ£µ ±µ´¤¥´¸ É  ¤ ¥É¸Ö ¸µµÉ-

´µÏ¥´¨¥³ 〈αs

π
G2〉|inst = 8nc, Éµ £²Õµ´´Ò° ±µ´¤¥´¸ É ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´

Î¥·¥§ ±¢ ·±µ¢Ò° ±µ´¤¥´¸ É ¨ ¸·¥¤´ÕÕ ¢¨·ÉÊ ²Ó´µ¸ÉÓ ±¢ ·±µ¢:

〈αs

π
G2〉|inst =

25π2In
Nc

〈q̄q〉2
λ2q

<∼ 0, 019 ƒÔ‚4. (59)

®‘É ´¤ ·É´µ°¯ µÍ¥´±µ° ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É , ¶µ²ÊÎ¥´´µ° ¢ µ·¨£¨´ ²Ó´µ°
· ¡µÉ¥ [1], Ö¢²Ö¥É¸Ö 〈0|(1/4π2)Ga

µνG
a
µν |0〉 � 0, 012 ƒÔ‚4. �µ¸²¥¤ÊÕÐ¨°  ´ -

²¨§ [34], ¢Ò¶µ²´¥´´Ò° ³¥Éµ¤µ³ �‘ Š•„ ¤²Ö ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ³¥§µ´µ¢,  
É ±¦¥ ´¥¤ ¢´¨¥ ·¥Ï¥ÉµÎ´Ò¥ ¢ÒÎ¨¸²¥´¨Ö [35] ¤ ÕÉ ¢¥²¨Î¨´Ò, ±µÉµ·Ò¥ ¢ ¤¢ 
¨ ¡µ²¥¥ · § ¶·¥¢µ¸Ìµ¤ÖÉ ®¸É ´¤ ·É´Ò¥¯.

�¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ´ ¡²Õ¤ ¥³Ò¥ ¶¨µ´ . „²Ö Éµ£µ ÎÉµ¡Ò § Ë¨±¸¨·µ-
¢ ÉÓ ¶ · ³¥É·Ò ¨´¸É ´Éµ´´µ° ³µ¤¥²¨, ³Ò É ±¦¥ · ¸¸³µÉ·¨³ ´¨§±µÔ´¥·£¥É¨-
Î¥¸±¨¥ ±µ´¸É ´ÉÒ ¶¨µ´ . Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢ÒÏ¥, ´¥²µ± ²Ó´Ò°  ±¸¨ ²Ó´Ò°
Éµ± ¸µ¤¥·¦¨É ´¥µ¤´µ§´ Î´µ¸ÉÓ, ¸¢Ö§ ´´ÊÕ ¸ µ¶·¥¤¥²¥´¨¥³ ±µ´ÉÊ·´µ£µ ¨´É¥-
£· ² . Š ¸Î ¸ÉÓÕ, ¶·µ¤µ²Ó´ Ö ±µ³¶µ´¥´É  Éµ±  ´¥ ¸µ¤¥·¦¨É § ¢¨¸¨³µ¸É¨ µÉ
¢Ò¡µ·  ¶ÊÉ¨ ¨ µ¤´µ§´ Î´µ Ë¨±¸¨·Ê¥É¸Ö ¸ ¶µ³µÐÓÕ “’T. ’ ±¨³ µ¡· §µ³,
±µ´¸É ´ÉÒ · ¸¶ ¤µ¢, · ¸¸³µÉ·¥´´Ò¥ ´¨¦¥, Ö¢²ÖÕÉ¸Ö Ìµ·µÏµ µ¶·¥¤¥²¥´´Ò³¨.
‚ ·¥§Ê²ÓÉ É¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ É¥µ·¥³Ò, ±µÉµ·Ò¥ ¸²¥¤ÊÕÉ ¨§ (Î ¸É¨Î´µ£µ)
¸µÌ· ´¥´¨Ö Éµ± , ¢Ò¶µ²´ÖÕÉ¸Ö. ‚ Î ¸É´µ¸É¨, ¸µµÉ´µÏ¥´¨¥ ƒµ²¤¡¥·£¥·  Å
’·¥°³ ´  ¤²Ö ±¢ ·±-¶¨µ´´µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¨³¥¥É ¶·¨¢ÒÎ´ÊÕ Ëµ·³Ê

gπqq =
Mq

fπ
, (60)

¨ ±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´  ´  ¤¢  ËµÉµ´  π0 → γγ

gπγγ =
1

4π2fπ
(61)

¸µ£² ¸µ¢ ´  ¸ É·¥¡µ¢ ´¨Ö³¨  ±¸¨ ²Ó´µ°  ´µ³ ²¨¨.
‡ Ë¨±¸¨·Ê¥³ ³µ¤¥²Ó´Ò¥ ¶ · ³¥É·Ò É ±, ÎÉµ¡Ò ±µ´¸É ´É  ¸² ¡µ£µ · ¸¶ ¤ 

¶¨µ´  fπ ¨³¥²  ÉµÎ´µ¸ÉÓ ´¥ ÌÊ¦¥, Î¥³ 1%. ‚ É ¡². 1 ¶·¨¢e¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
¤²Ö ¤¢ÊÌ ³µ¤¥²Ó´ÒÌ ¶ · ³¥É·µ¢ Mq ¨ ρc ¨ ¶·¥¤¸± § ´¨Ö ¤²Ö ±¢ ·±-¶¨µ´´µ°
±µ´¸É ´ÉÒ gπqq , ±µ´¤¥´¸ É  ±¢ ·±µ¢ 〈q̄q〉, ¸·¥¤´¥° ¢ ±ÊÊ³´µ° ¢¨·ÉÊ ²Ó´µ¸É¨
±¢ ·±µ¢ λ2q ¨ ¶²µÉ´µ¸É¨ ¨´¸É ´Éµ´µ¢ nc.

ˆ§ É ¡². 1 Ö¸´µ, ÎÉµ ¸ ·µ¸Éµ³ ³ ¸¸Ò ±¢ ·±  ¢¥²¨Î¨´Ò ±µ´¤¥´¸ Éµ¢ ±¢ ·-
±µ¢ ¨ £²Õµ´µ¢ ¶ ¤ ÕÉ. �ÉµÉ ÔËË¥±É Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¶µ¤ ¢²¥´¨Ö ±µ´-
¤¥´¸ Éµ¢ ³ ¸¸µ° Ë¥·³¨µ´ . ‡´ Î¥´¨Ö ¶ · ³¥É·µ¢ Mq ¨ ρc, ±µÉµ·Ò¥ ¢µ¸¶·µ-
¨§¢µ¤ÖÉ ¢ ±ÊÊ³´Ò¥ µ¦¨¤ ´¨Ö ´ ¨´¨§Ï¥° · §³¥·´µ¸É¨ ¸ ÉµÎ´µ¸ÉÓÕ ¶µ·Ö¤± 
30 %, ´ Ìµ¤ÖÉ¸Ö ¢ ¨´É¥·¢ ²¥ Mq = 220 ÷ 260 ŒÔ‚, ρc = 1, 5 ÷ 2, 0 ƒÔ‚−1. ‚
¤ ²Ó´¥°Ï¥³ ³Ò ¨¸¶µ²Ó§Ê¥³ É¨¶¨Î´Ò° ´ ¡µ· ¶ · ³¥É·µ¢

Mq = 230 ŒÔ‚, ρc = 1, 7 ƒÔ‚−1. (62)
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’ ¡²¨Í  1. ‡´ Î¥´¨Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¢ ±ÊÊ³´ÒÌ ¨ ¶¨µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ

Mq, ρc, fπ , gπqq |〈q̄q〉|1/3, λ2
q , nc,

ƒÔ‚ ƒÔ‚−1 ŒÔ‚ ŒÔ‚ ƒÔ‚2 Ë³−4

0,16 1,0 93 1,7 283 2,2 1,36
0,21 1,5 92 2,3 230 1,0 0,87
0,23 1,7 91 2,5 215 0,83 0,75
0,28 2,0 92 3,1 201 0,61 0,68

�É³¥É¨³, ÎÉµ Ê¸²µ¢¨¥ · §·¥¦¥´´µ¸É¨ η << 1 ¢Ò¶µ²´Ö¥É¸Ö ¢µ ¢¸¥³ ¤µ¶Ê¸É¨-
³µ³ ¨´É¥·¢ ²¥.

� · ³¥É·Ò ³µ¤¥²¨ ¨ ¶·¥¤¸± § ´¨Ö ¤²Ö ¢ ±ÊÊ³´ÒÌ ¨ ¶¨µ´´ÒÌ ´ ¡²Õ¤ -
¥³ÒÌ ¶µ²ÊÎ¥´Ò ¶·¨ ´¥±µÉµ·ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ. ‚µ-¶¥·¢ÒÌ, ³Ò · ¡µÉ ¥³ ¢
±¨· ²Ó´µ³ ¶·¥¤¥²¥ ´Ê²¥¢µ° Éµ±µ¢µ° ³ ¸¸Ò ±¢ ·± . „ ²¥¥, ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê-
²¥¢ÒÌ ³µ¤ ³Ò ¶·¥´¥¡·¥£²¨ ³ ²Ò³¨ ¢±² ¤ ³¨ µÉ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. Š·µ³¥
Éµ£µ, ÊÎÉ¥´µ Éµ²Ó±µ ´ ¨´¨§Ï¥¥ ¤¢ÊÌ±¢ ·±µ¢µ¥ Ëµ±µ¢¸±µ¥ ¶·µ³¥¦ÊÉµÎ´µ¥ ¸µ-
¸ÉµÖ´¨¥ ¢ ¶¨µ´¥, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¨¡²¨¦¥´¨Õ § ³µ·µ§±¨. ŒÒ ¸Î¨É ¥³,
ÎÉµ ¢¸¥ ÔÉ¨ Ë ±Éµ·Ò ³µ£ÊÉ ¸²¥£±  ¨§³¥´¨ÉÓ Î¨¸²  ¢ É ¡². 1, ´µ ¶·¨ ÔÉµ³
´ °¤¥´´Ò¥ ± Î¥¸É¢¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¸É ´ÊÉ¸Ö ¸¶· ¢¥¤²¨¢Ò³¨.

3. 
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³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥. �·¨ ¡µ²ÓÏ¨Ì ¨³¶Ê²Ó¸ Ì
¶¥·¥¤ Î¨  ³¶²¨ÉÊ¤Ò Ô±¸±²Õ§¨¢´ÒÌ  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢¸²¥¤¸É¢¨¥ Ë ±Éµ·¨-
§ Í¨¨ ¤¨´ ³¨±¨ ´  ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ [36Ä38] ¢Ò· ¦ ÕÉ¸Ö ¢ ²¨-
¤¨·ÊÕÐ¥³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ± ± ±µ´¢µ²ÕÍ¨Ö  ³¶²¨ÉÊ¤ ¦¥¸É-
±µ£µ ¨ ³Ö£±µ£µ ¶µ¤¶·µÍ¥¸¸µ¢. �³¶²¨ÉÊ¤  ¦¥¸É±µ£µ ¶µ¤¶·µÍ¥¸¸  ¢ÒÎ¨¸²Ö¥É¸Ö
¢ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„, ¨ µ¸´µ¢´µ° ¢±² ¤ ¢ ¤ ´´ÊÕ  ³¶²¨ÉÊ¤Ê ¤ ÕÉ ¤¨ -
£· ³³Ò ¸ ¦¥¸É±¨³ µ¤´µ£²Õµ´´Ò³ µ¡³¥´µ³. �³¶²¨ÉÊ¤  ³Ö£±µ£µ ¶µ¤¶·µÍ¥¸¸ 
µ¶¨¸Ò¢ ¥É ¶¥·¥Ìµ¤ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨° ¢ ±¢ ·±¨
¨ µ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§  ¤·µ´´Ò¥  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨° (�
) [36]. �É¨
Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ËÊ´±Í¨¨ ¨³¥ÕÉ §´ Î¥´¨¥  ³¶²¨ÉÊ¤ · ¸¶ ¤   ¤·µ´  (¢
¸¨¸É¥³¥ ¸ ¡¥¸±µ´¥Î´Ò³ ¨³¶Ê²Ó¸µ³, ph → ∞) ¢ ±¢ ·±- ´É¨±¢ ·±µ¢ÊÕ ¶ ·Ê
(¢ ¸²ÊÎ ¥ ³¥§µ´µ¢), ¸ ¤µ²Ö³¨ ¨³¶Ê²Ó¸   ¤·µ´ , ¶¥·¥´µ¸¨³µ£µ ±¢ ·±µ³ xph ¨
x̄ph(x̄ = 1 − x) ¨ ¢¨·ÉÊ ²Ó´µ¸ÉÓÕ µ2. ’ ± ± ± �
 § ¢¨¸¨É µÉ ¤¨´ ³¨±¨ ´ 
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, · ¸¶·¥¤¥²¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò Éµ²Ó±µ ¸ ¶µ³µ-
ÐÓÕ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ³¥Éµ¤µ¢.

�¥·¢ Ö ¶µ¶ÒÉ±  ¢ÒÎ¨¸²¨ÉÓ  ¤·µ´´ÊÕ �
 ¡Ò²  ¢Ò¶µ²´¥´  ¢ [39] ¨ ¶·¨-
¢¥²  ± ¤¢Ê£µ·¡µ° Ëµ·³¥ ¤²Ö ¶¨µ´´µ° �
. �¤´ ±µ ´¥±µÉµ·µ¥ ¢·¥³Ö ´ § ¤



‘’
“Š’“
� �ˆ��� ‚ Œ�„…‹ˆ ˆ�‘’��’����‰ †ˆ„Š�‘’ˆ 1045

¶·¨³¥´¨³µ¸ÉÓ ÔÉµ° Ëµ·³Ò �
 ± Ô±¸±²Õ§¨¢´Ò³ ¶·µÍ¥¸¸ ³ ¶·¨ ¢Ò¸µ±¨Ì ¨³-
¶Ê²Ó¸ Ì ¶¥·¥¤ Î¨ ¡Ò²  ¶µ¸É ¢²¥´  ¶µ¤ ¢µ¶·µ¸ [40]. �µ± § ´µ, ÎÉµ ¢ ±µ²²¨-
´¥ ·´µ³ ¶·¨¡²¨¦¥´¨¨ ¶·¨ ¨³¶Ê²Ó¸ Ì ¶¥·¥¤ Î¨, ¤ ²¥±¨Ì µÉ  ¸¨³¶ÉµÉ¨Î¥¸±µ°
µ¡² ¸É¨, ¤µ³¨´¨·ÊÕÉ ¢±² ¤Ò ¸ ³Ö£±¨³ µ¤´µ£²Õµ´´Ò³ µ¡³¥´µ³, ±µÉµ·Ò° ¸µ-
µÉ¢¥É¸É¢Ê¥É ¡µ²ÓÏµ° ¢¥²¨Î¨´¥ ¸¨²Ó´µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨. qµ²¥¥ Éµ£µ, ¶·¥¤-
¸± § ´¨¥, µ¸´µ¢ ´´µ¥ ´  ÔÉµ° �
, ¤ ¥É ¶·¥¢ÒÏ¥´¨¥ ´ ¤ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶µ ¶¨µ´´µ³Ê ¶¥·¥Ìµ¤´µ³Ê Ëµ·³Ë ±Éµ·Ê ¶·¨ ¡µ²ÓÏ¨Ì Q2, µ¶Ê¡²¨-
±µ¢ ´´Ò³¨ ´¥¤ ¢´µ ±µ²² ¡µ· Í¨¥° CLEO [41] (¤²Ö ¤¨¸±Ê¸¸¨° ¸³., ´ ¶·¨³¥·,
· ¡µÉÊ [42]).

�µ§¤´¥¥ ¢ · ¡µÉ¥ [43] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¡µ²¥¥ Éµ´±µ£µ ³¥Éµ¤  ¨§¢²¥Î¥-
´¨Ö  ¤·µ´´µ° �
, µ¸´µ¢ ´´µ£µ ´  Š•„ �‘ ¸ ´¥²µ± ²Ó´Ò³¨ ±µ´¤¥´¸ É ³¨ [3],
¡Ò²µ ¶µ± § ´µ, ÎÉµ �
 ¶¨µ´  ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ ¡µ²¥¥ ¡²¨§± 
¶µ Ëµ·³¥ ±  ¸¨³¶ÉµÉ¨Î¥¸±µ° �
. ’ ±¦¥ ¡Ò²µ ´ °¤¥´µ, ÎÉµ Ëµ·³   ¤·µ´´µ°
�
 µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´  ± ¸É·Ê±ÉÊ·¥ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¢ ±ÊÊ³ , ¶ · ³¥É·¨-
§µ¢ ´´µ£µ Î¥·¥§ ´¥²µ± ²Ó´Ò¥ ±µ´¤¥´¸ ÉÒ. �¥¤ ¢´µ ¢ [14] ¨ [24] ´¥²µ± ²Ó´Ò¥
±µ´¤¥´¸ ÉÒ ¡Ò²¨ ¸³µ¤¥²¨·µ¢ ´Ò ¢ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨.

‚ ÔÉµ³ · §¤¥²¥ ³Ò ¨¸¶µ²Ó§Ê¥³ ±¢ ·±-¶¨µ´´ÊÕ ¤¨´ ³¨±Ê ¢ · ³± Ì ³µ¤¥²¨
¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  ¤²Ö Éµ£µ, ÎÉµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ¢ ²¨¤¨·ÊÕÐ¥³ É¢¨¸É¥ �

¶¨µ´  ¢ ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨ ¶µ·Ö¤±  µ¡· É´µ£µ ÔËË¥±É¨¢´µ£µ · §³¥· 
¨´¸É ´Éµ´  ρc [44]. qµ²¥¥ · ´´¨¥ ¶µ¶ÒÉ±¨ [45] (¸³. É ±¦¥ [46]) ¢ÒÎ¨¸²¨ÉÓ
�
 ¶¨µ´  ¡Ò²¨ ¸¤¥² ´Ò ¢ · ³± Ì ³µ¤¥²¨ [6], ±µÉµ· Ö ¨³¥²  ¤ ²Ó´¥°Ï¥¥
· §¢¨É¨¥. �ËË¥±É¨¢´µ¥ ¤¥°¸É¢¨¥, ¶·¥¤²µ¦¥´´µ¥ ¢ [6], ¸¶· ¢¥¤²¨¢µ Éµ²Ó±µ ¢
±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¨ ³µ¤¨Ë¨Í¨·µ¢ ´µ ¡µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ ¢ [25]. ‚ÒÏ¥
¡Ò²µ ¶µ± § ´µ, ÎÉµ Ö¤·µ ÔËË¥±É¨¢´µ£µ ¨´¤ÊÍ¨·µ¢ ´´µ£µ ¨´¸É ´Éµ´ ³¨ Î¥ÉÒ-
·¥Ì±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤µ²¦´µ ¡ÒÉÓ ¢Ò· ¦¥´µ Î¥·¥§ ± ²¨¡·µ¢µÎ´µ-
¨´¢ ·¨ ´É´ÊÕ ¢¥²¨Î¨´Ê, ´¥²µ± ²Ó´Ò° ±µ´¤¥´¸ É ±¢ ·±µ¢, ÔËË¥±É¨¢´µ ¸Ê³³¨-
·ÊÕÐ¨° ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¨´¸É ´Éµ´´µ£µ ¶µ²Ö [24]. ‚ ±µ´É¥±¸É¥
´ ¸ÉµÖÐ¨Ì ¢ÒÎ¨¸²¥´¨° ¢ ¦´Ò³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ, ± ± ÔÉµ ¡Ò²µ Ê¦¥ µÉ³¥-
Î¥´µ ¢ÒÏ¥, ¢ ´¥²µ± ²Ó´µ° ³µ¤¥²¨ Ëµ·³  ¸µÌ· ´ÖÕÐ¨Ì¸Ö Éµ±µ¢ µÉ²¨Î ¥É¸Ö
µÉ µ¡ÒÎ´ÒÌ ²µ± ²Ó´ÒÌ Éµ±µ¢ (¸³., ´ ¶·¨³¥·, [20]). �É¨ ´ Ìµ¤±¨ ¶·¨¢µ¤ÖÉ
± § ±²ÕÎ¥´¨Õ, ÎÉµ ¶µ¤Ìµ¤ [6] ´¥ ¶µ²µ´ ¨ ´¥ ¸µ£² ¸µ¢ ´ ¸ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±¨³¨ É¥µ·¥³ ³¨. ‘ ÊÎ¥Éµ³ ÔÉ¨Ì Ë ±Éµ¢ ´¥±µÉµ·Ò¥ ¨§ ¶·¥¤Ò¤ÊÐ¨Ì ¢ÒÎ¨¸²¥-
´¨° É ±¦¥ É·¥¡ÊÕÉ ¶¥·¥¸³µÉ· . ‚ Î ¸É´µ¸É¨, ¶µ¤Ìµ¤ [6] ´¥ ¸¶µ¸µ¡¥´ Ê¤µ¢²¥-
É¢µ·¨ÉÓ  ±¸¨ ²Ó´Ò³ Éµ¦¤¥¸É¢ ³ “µ·¤  Å ’ ± Ì Ï¨ (�“’T). Š ± ¶µ± § ´µ
¢ [20], ²µ± ²Ó´ Ö Î ¸ÉÓ  ±¸¨ ²Ó´µ£µ Éµ±  ³µ¤¨Ë¨Í¨·Ê¥É¸Ö ´¥²µ± ²Ó´Ò³ Î²¥-
´µ³. ”¨§¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ µ¡ÒÎ´Ò¥ ²µ± ²Ó´Ò¥ Éµ±¨ µ¶·¥¤¥²¥´Ò Î¥·¥§
(¸¢µ¡µ¤´Ò¥) Éµ±µ¢Ò¥ ±¢ ·±¨,   ³µ¤¨Ë¨± Í¨Ö ´¥²µ± ²Ó´Ò³¨ Î²¥´ ³¨ ¶·µ¨¸-
Ìµ¤¨É ¡² £µ¤ ·Ö ¶¥·¥Ìµ¤Ê µÉ µ¶¨¸ ´¨Ö Î¥·¥§ Éµ±µ¢Ò¥ ±¢ ·±¨ ± µ¶¨¸ ´¨Õ
¢ É¥·³¨´ Ì ±µ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±µ¢ ¢ ÔËË¥±É¨¢´µ° ³µ¤¥²¨. �É¨ ¤µ¡ ¢µÎ-
´Ò¥ Î²¥´Ò ´¥ ¶µ¤ ¢²¥´Ò ¶ · ³¥É·µ³ ³ ²µ° ¶²µÉ´µ¸É¨ ¨´¸É ´Éµ´µ¢ ¨ ¢¥¤ÊÉ
± ¶µ¶· ¢±¥ ¶µ·Ö¤±  30% ± ¢¥²¨Î¨´¥ ±µ´¸É ´ÉÒ · ¸¶ ¤  ¶¨µ´  Fπ . ’ ± ± ±
±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´  Ö¢²Ö¥É¸Ö ¨´É¥£· ²Ó´µ° ³¥·µ° ¶¨µ´´µ° �
, µ¸´µ¢-
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´ Ö § ¤ Î  ´ ¸ÉµÖÐ¥£µ · §¤¥²  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò µÍ¥´¨ÉÓ ÔËË¥±É É ±¨Ì
Î²¥´µ¢ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ �
.

#¨µ´´ Ö  ³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥.
�±¸¨ ²Ó´ Ö ¶·µ¥±Í¨Ö ¶¨µ´´µ° �
 ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ ϕA

π (x) µ¶·¥¤¥²Ö¥É ²¨-
¤¨·ÊÕÐ¥¥  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ Ô²¥±É·µ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·  ¶¨-
µ´ . �´  ¶ · ³¥É·¨§Ê¥É ¸É·Ê±ÉÊ·Ê ³ É·¨Î´µ£µ Ô²¥³¥´É 

< 0|JA
µ (z,−z)|π+(p) >= ipµFπ

∫ 1

0

dxei(2x−1)p·z ϕA
π (x) (63)

µÉ ¡¨²µ± ²Ó´µ£µ µ¶¥· Éµ· 

JA
µ (z,−z) = d̄(z)γµγ5P exp

(
i

∫ z

−z

Aµ(z)dzµ
)
u(−z), (64)

£¤¥ · ¸¸³ É·¨¢ ¥É¸Ö ¶·¥¤¥² ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥, zµ = λnµ, nµ Ö¢²Ö¥É¸Ö ¸¢¥-
Éµ¶µ¤µ¡´Ò³ ¢¥±Éµ·µ³: n2 = 0, ´µ·³¨·µ¢ ´´Ò³ Ê¸²µ¢¨¥³ p · n = 1, Fπ =
= 130 ŒÔ‚ Å ±µ´¸É ´É  ¸² ¡µ£µ · ¸¶ ¤  ¶¨µ´ , ¨ ¶¨µ´´ Ö �
 ´  ¸¢¥Éµ¢µ³
±µ´Ê¸¥ ²¨¤¨·ÊÕÐ¥£µ É¢¨¸É  ´µ·³¨·µ¢ ´ :∫ 1

0

dxϕA
π (x) = 1. (65)

“¶µ·Ö¤µÎ¥´´Ò° ¶µ ¶ÊÉ¨ Ï¢¨´£¥·µ¢¸±¨° Ë §µ¢Ò° Ë ±Éµ· É·¥¡Ê¥É¸Ö ¤²Ö ± -
²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, ¨ ¨´É¥£·¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¢¤µ²Ó ¸¢¥Éµ¶µ-
¤µ¡´µ£µ ´ ¶· ¢²¥´¨Ö z. „ ²¥¥ ³Ò ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ ÔÉ¨³ Ë ±Éµ·µ³, É ±
± ± ¢µ§³µ¦´Ò° ¢±² ¤ µÉ ±² ¸¸¨Î¥¸±µ£µ ¶µ²Ö (¨´¸É ´Éµ´ ) ¤ ¥É ¶µ¶· ¢±¨ ±
�
 ¡µ²¥¥ ¢Ò¸µ±µ£µ É¢¨¸É ,   ¢±² ¤ µÉ ±¢ ´Éµ¢µ£µ ¶µ²Ö ¶·¨¢µ¤¨É ± ¶µ¶· ¢± ³
¶µ ³ ²µ³Ê ¶ · ³¥É·Ê ¶²µÉ´µ¸É¨ ¨´¸É ´Éµ´µ¢.

q¨²µ± ²Ó´Ò° Éµ± ¢ (64) µ¶·¥¤¥²¥´ Î¥·¥§ Éµ±µ¢Ò¥ ±¢ ·±¨,   ÔËË¥±É¨¢´ Ö
´¨§±µÔ´¥·£¥É¨Î¥¸± Ö ³µ¤¥²Ó, ±µÉµ·ÊÕ ³Ò ¸µ¡¨· ¥³¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ, ¸Ëµ·-
³Ê²¨·µ¢ ´  ¢ É¥·³¨´ Ì ±µ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±µ¢ U ¨ D. ’ ±¨³ µ¡· §µ³,
ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É (63), ³Ò ¤µ²¦´Ò · ¸¸³µÉ·¥ÉÓ ¢¥·Ï¨´Ê〈
0
∣∣JA

µ (z,−z)
∣∣U(k)D(k)

〉
, ±µÉµ· Ö ¶µ¸²¥ ¨§¢²¥Î¥´¨Ö ¶¨µ´´µ£µ ¶µ²Õ¸  ¸É ´µ-

¢¨É¸Ö〈
0
∣∣JA

µ (z,−z)
∣∣U(k)D̄(p− k)

〉
=
〈
0
∣∣JA

µ (z,−z)
∣∣π+(p)

〉 1
m2π − p2

Γa
πq (k, p) ,

(66)

£¤¥ Γa
πq (k, p) =

〈
π+(p)|U(k)D̄(p− k)

〉
. ’µ£¤ , ¢Ò· ¦ Ö ³ É·¨Î´Ò° Ô²¥³¥´É〈

0
∣∣JA

µ (z,−z)
∣∣U(k)D̄(p− k)

〉
Î¥·¥§ ¶¥É²¥¢µ° ¨´É¥£· ², ¶·¨´¨³ Ö ¢µ ¢´¨³ -

´¨¥ ¶¥·¥· ¸¸¥Ö´¨¥ ±µ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±µ¢, ¨§¢²¥± Ö ¶µ²Õ¸ ¶¨µ´ , ¢Ò· ¦¥-
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´¨¥ ¤²Ö �
 ¸¢µ¤¨É¸Ö ±

pµFπϕ
A
π (x) = 2Nc

∫
d4k

(2π)4 i
δ (x− k · n) ×

× tr{Γa
πq (k, p)S(k)AΓµa(k, p)S(k − p)}, (67)

£¤¥ x Ö¢²Ö¥É¸Ö ¤µ²¥° ¶¨µ´´µ£µ ¨³¶Ê²Ó¸  p, ¶¥·¥´µ¸¨³µ° ±¢ ·±µ³∗. „¥²ÓÉ -
ËÊ´±Í¨Ö ¢ (67)  ±±Ê³Ê²¨·Ê¥É ¨´Ëµ·³ Í¨Õ µ ¢¸¥Ì ³µ³¥´É Ì �
 ¨ ¸¢Ö§ ´  ¸
´¨³¨ ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö Œ¥²²¨´ .

‚ Ê± § ´´µ³ ¢Ò· ¦¥´¨¨ S(k), AΓµa(k, p) ¨ Γa
πq (k, p) Ö¢²ÖÕÉ¸Ö ÔËË¥±-

É¨¢´Ò³ ¶·µ¶ £ Éµ·µ³ ±¢ ·± , ±¢ ·±- ±¸¨ ²Ó´Ò³ Éµ±µ³ ¨ ±¢ ·±-¶¨µ´´µ° ¢¥·-
Ï¨´µ° ¸µµÉ¢¥É¸É¢¥´´µ. �¸´µ¢´µ° § ¤ Î¥° §¤¥¸Ó Ö¢²Ö¥É¸Ö ´ Ìµ¦¤¥´¨¥ ÔÉ¨Ì
ËÊ´±Í¨°. „²Ö ÔÉµ£µ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ±µ¢ ·¨ ´É´ÊÕ ÔËË¥±É¨¢´ÊÕ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±ÊÕ ³µ¤¥²Ó ¸ ¸¥¶ · ¡¥²Ó´Ò³ ´¥²µ± ²Ó´Ò³ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³
¢§ ¨³µ¤¥°¸É¢¨¥³. qµ²¥¥ Éµ£µ, Ë ±É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¡Ê¤ÊÉ ¸¤¥² ´Ò ¢ ³µ-
¤¥²¨ ¸ ³¥¦±¢ ·±µ¢Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ¨´¤ÊÍ¨·µ¢ ´´Ò³ ¨´¸É ´Éµ´´Ò³ µ¡-
³¥´µ³. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ Î¨¸²¥´´µ § ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ µÉ ³ ¸¸Ò
¶¨µ´  ¨ Éµ±µ¢µ£µ ±¢ ·±  ¶·¥´¥¡·¥¦¨³µ ³ ²  ¨ ³µ¦¥É ¡ÒÉÓ ¶·µ¨£´µ·¨·µ¢ ´ 
¶·¨ ¤ ²Ó´¥°Ï¥³ · ¸¸³µÉ·¥´¨¨: mπ = 0. �¤´ ±µ ¢§ ¨³µ¸¢Ö§Ó ÔËË¥±É¨¢´µ°
³ ¸¸Ò ±¢ ·±  Mq ¨ ³ ¸ÏÉ ¡  ´¥²µ± ²Ó´µ¸É¨ ¢ ±ÊÊ³´µ£µ ¶µ²Ö λ2q ¨³¥¥É ¡µ²Ó-
Ïµ¥ ¢²¨Ö´¨¥ ´  Ëµ·³Ê �
.

(¥§Ê²ÓÉ ÉÒ ¤²Ö ¶¨µ´´µ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö. �³¶²¨ÉÊ¤  · ¸-
¶·¥¤¥²¥´¨Ö ¶¨µ´  ¢ÒÎ¨¸²Ö¥É¸Ö ¨§ (67) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ÔËË¥±É¨¢´µ£µ ¶·µ-
¶ £ Éµ·  ±¢ ·±  (8), ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´Ò (39) ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ°
¢¥·Ï¨´Ò (51). ˆ³¶Ê²Ó¸´ Ö § ¢¨¸¨³µ¸ÉÓ µ¤¥ÉÒÌ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¢¥²¨Î¨´
µ¶·¥¤¥²Ö¥É¸Ö ´¥²µ± ²Ó´µ¸ÉÓÕ ±µ´¤¥´¸ É  ±¢ ·±µ¢ (13), ±µÉµ·Ò° ¢ ´ ¸ÉµÖÐ¥³
¶µ¤Ìµ¤¥ § ¤ ´ ¸ ¶µ³µÐÓÕ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ (18). ‚ Ë ±É¨Î¥¸±¨Ì ¢ÒÎ¨-
¸²¥´¨ÖÌ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ (É ¡². 1): ρc = 1, 7 ƒÔ‚−1,
Mq = 230 ŒÔ‚, nc = 0, 7 Ë³−4, ±µÉµ·Ò¥ ¸µ£² ¸µ¢ ´Ò ¸ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±¨³¨ ´ ¡²Õ¤ ¥³Ò³¨ ¶¨µ´ . ˆ´É¥£· ² ¢ (67) ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¥-
µ¡· §µ¢ ´¨Ö ‹ ¶² ¸  ³¥Éµ¤µ³, µ¶¨¸ ´´Ò³ ¢ [24].

ˆ§ £· Ë¨±  ´  ·¨¸. 3 ¢¨¤´µ, ÎÉµ Ëµ·³  ϕA
π (x) ¡²¨§±  ±  ¸¨³¶ÉµÉ¨Î¥¸±µ°

�
 ϕA,asymp
π (x) = 6xx̄. �¸´µ¢´µ° ¢±² ¤ ¨¤¥É ¨§ ²µ± ²Ó´µ° Î ¸É¨ ¢¥·Ï¨´Ò,

  ¢±² ¤ ´¥²µ± ²Ó´µ° Î ¸É¨ Ö¢²Ö¥É¸Ö ¶µ¤ ¢²¥´´Ò³ ¶µ ¢¥²¨Î¨´¥ ¨ ¶µ²µ£¨³
¶µ Ëµ·³¥. ‡ ³¥É¨³, ÎÉµ ¶µ²µ£ Ö Ëµ·³  ´¥²µ± ²Ó´µ£µ ¢±² ¤  ¥¸ÉÓ ·¥§Ê²Ó-
É É ¸Ê³³Ò · §²¨Î´ÒÌ ´¥²µ± ²Ó´ÒÌ ¢±² ¤µ¢, ±µÉµ·Ò¥ ¨³¥ÕÉ ¡µ²¥¥ ¸²µ¦´ÊÕ
Ëµ·³Ê.

∗”µ·³Ê²  (67) µ¡µ¡Ð ¥É ¢Ò· ¦¥´¨¥, ±µÉµ·µ¥ ¡Ò²µ ´ °¤¥´µ · ´¥¥ ¢ [45] (  É ±¦¥ ¢ [46]).
‚ ÔÉ¨Ì · ¡µÉ Ì ¢³¥¸Éµ ¶µ²´µ° ¢¥·Ï¨´Ò Γµ(k, q) ¡Ò²  ¨¸¶µ²Ó§µ¢ ´  ¢¥·Ï¨´ , ¸µµÉ¢¥É¸É¢ÊÕÐ Ö
Éµ²Ó±µ ²µ± ²Ó´µ³Ê  ±¸¨ ²Ó´µ³Ê Éµ±Ê γµγ5. Š ± ¡Ê¤¥É ¢¨¤´µ, ÔÉµ ¶·¨¡²¨¦¥´¨¥ ´¥ ¸µ£² ¸µ¢ ´µ
¸  ±¸¨ ²Ó´Ò³ “’T.
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¨¸. 3. �±¸¨ ²Ó´ Ö ¶·µ¥±Í¨Ö ¶¨µ´´µ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö (¸¶²µÏ´ Ö ²¨´¨Ö)
¶·¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ µ2

0 = 0, 5 ƒÔ‚2. ‚±² ¤ ²µ± ²Ó´µ° Î ¸É¨ ¢¥·Ï¨´Ò
¶µ± § ´ ÏÉ·¨Ì¶Ê´±É¨·´µ° ²¨´¨¥°, ´¥²µ± ²Ó´µ° Å ¶Ê´±É¨·´µ° ²¨´¨¥°. �¸¨³¶ÉµÉ¨-
Î¥¸± Ö  ³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ¶µ± § ´  ÏÉ·¨Ìµ¢µ° ²¨´¨¥°

� °¤¥´´ Ö �
 ¶¨µ´  µ¶·¥¤¥²¥´  ´  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ µ0 ∼
∼ ρ−1c , £¤¥ µ¦¨¤ ¥É¸Ö, ÎÉµ ¶·¨³¥´¥´¨¥ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ µ¶· ¢¤ ´´µ.
�´  ¸²Ê¦¨É ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö Š•„-Ô¢µ²ÕÍ¨¨ ± ¡µ²¥¥ ¢Ò-
¸µ±¨³ ¨³¶Ê²Ó¸ ³ ¶¥·¥¤ Î¨ Q2. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ÔÉÊ ¸¢Ö§Ó, Ê¤µ¡´µ

· §²µ¦¨ÉÓ �
 ¶µ ¶µ²¨´µ³ ³ ƒ¥£¥´¡ ÊÔ·  C
3/2
n (x), ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸µ¡-

¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ Ö¤·  Ê· ¢´¥´¨Ö Š•„-Ô¢µ²ÕÍ¨¨:

ϕA
π (x, µF ) = ϕA,asymp

π (x)

[
1 +

∞∑
n=2,4,...

Bn(µ0)
(
αs(µF )
αs(µ0)

)γn

C3/2n (2x− 1)

]
,

(68)

£¤¥ γn Å  ´µ³ ²Ó´Ò¥ · §³¥·´µ¸É¨, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ ¶µ
±µ´¸É ´É¥ ¸¢Ö§¨ αs(µ); Bn(µ0) Å ±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ¶µ ¶µ²¨´µ³ ³
ƒ¥£¥´¡ ÊÔ· . Œµ¤¥²Ó´ Ö �
 Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¸ ¶µ³µÐÓÕ ÔÉµ£µ · §²µ-
¦¥´¨Ö, ¥¸²¨ Ê¤¥·¦ ÉÓ Éµ²Ó±µ ´¥¸±µ²Ó±µ ¶¥·¢ÒÌ ´¥´Ê²¥¢ÒÌ ±µÔËË¨Í¨¥´Éµ¢:

B2(µ0) = 0, 069, B4(µ0) = −0, 061, B6(µ0) = −0, 017, Bn≥8(µ0) = 0.

�µ²ÊÎ¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô±¸É· ¶µ²¨·Ê¥É¸Ö ± ¡µ²¥¥ ¢Ò¸µ±¨³ Ô±¸¶¥·¨³¥´-
É ²Ó´µ ¤µ¸É¨¦¨³Ò³ ¨³¶Ê²Ó¸ ³ ¸ ¶µ³µÐÓÕ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„, É ± ÎÉµ
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¨¸. 4. �±¸¨ ²Ó´ Ö ¶·µ¥±Í¨Ö ¶¨µ´´µ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö (¸¶²µÏ´ Ö ²¨´¨Ö)
¶·¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ µ2

0 = 0, 5 ƒÔ‚2 ¨ ¥¥ Ô¢µ²ÕÍ¨Ö ± ¡µ²¥¥ ¢Ò¸µ±¨³
¨³¶Ê²Ó¸ ³ ¶¥·¥¤ Î ¢ ±¢ ¤· É¥: Q2 = 1 ƒÔ‚2 (¶Ê´±É¨·´ Ö ²¨´¨Ö), Q2 = 10 ƒÔ‚2

(ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö). �¸¨³¶ÉµÉ¨Î¥¸± Ö  ³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ¶µ± § ´a Éµ-
Î¥Î´µ° ²¨´¨¥°

¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ³µ¦¥É ¡ÒÉÓ ¢Ò¶µ²´¥´µ. ŒÒ ¢Ò-

¡¨· ¥³ Š•„-³ ¸ÏÉ ¡´Ò° ¶ · ³¥É· Λ(3)
M̄S

= 250 ŒÔ‚. �  ·¨¸. 4 ¶µ± § ´ 
�
 ¶¨µ´  ¸ Ô¢µ²ÕÍ¨¥° ± ³ ¸ÏÉ ¡ ³ 1 ¨ 10 ƒÔ‚2 ¢ ¸· ¢´¥´¨¨ ¸ ´ Î ²Ó´Ò³
· ¸¶·¥¤¥²¥´¨¥³ ´  ³ ¸ÏÉ ¡¥ µ20 = λ2q = 0, 5 ƒÔ‚2.

‚ ¨Éµ£¥ ³Ò ¶·¥¤¸É ¢¨²¨ §¤¥¸Ó ´¥±µÉµ·Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¤²Ö
¶¨µ´´µ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö ¢ · ³± Ì ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ Ëµ·³ ²¨§³ ,
µ¸´µ¢ ´´µ£µ ´  ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ Š•„-¢ ±ÊÊ³ . �µ± § ´µ, ÎÉµ ¶· ¢¨²Ó-
´ Ö ´µ·³¨·µ¢±  �
 ¶µ²ÊÎ ¥É¸Ö Éµ²Ó±µ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨
¨ ¶·Ö³µ£µ ¶·¨³¥´¥´¨Ö —‘�’, ÎÉµ Ê²ÊÎÏ ¥É ´¥±µÉµ·Ò¥ ¶·¥¤Ò¤ÊÐ¨¥ ¢ÒÎ¨¸²¥-
´¨Ö, ¢Ò¶µ²´¥´´Ò¥ ¢ [45] ¨ [46].

�É³¥É¨³, ÎÉµ ¢ · ¸Ï¨·¥´´µ° ´¥²µ± ²Ó´µ° ³µ¤¥²¨, £¤¥ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨
¢µ§³µ¦´Ò ¤·Ê£¨¥ ¸¶¨´- ·µ³ Éµ¢Ò¥ Î²¥´Ò, ¢ �
 ¶¨µ´  ³µ£ÊÉ ¤ ¢ ÉÓ ¢±² ¤ ¨
¢¥·Ï¨´Ò ¸ ¢¥±Éµ·´µ° ¢¸É ¢±µ° ρ-³¥§µ´ . ˆ§¢¥¸É´µ, ÎÉµ ÔÉµÉ ¢±² ¤ ¢ Fπ ³ ²
¨ µÍ¥´¨¢ ¥É¸Ö ± ± −10% [20]. �¤´ ±µ ¡Ò²µ ¡Ò ¨´É¥·¥¸´µ · ¸¸³µÉ·¥ÉÓ ¥£µ
¢²¨Ö´¨¥ ´  Ëµ·³Ê �
.

ˆ§¢²¥Î¥´´ Ö �
 ¶¨µ´  ¸µµÉ¢¥É¸É¢Ê¥É ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨, £¤¥ ÔË-
Ë¥±É¨¢´Ò° ¨´¸É ´Éµ´´Ò° ¶µ¤Ìµ¤ µ¶· ¢¤ ´. ŒÒ ¶µ²ÊÎ¨²¨ �
 ¶¨µ´  ¶·¨ ¡µ-
²¥¥ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì, ¤µ¸É¨¦¨³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¸ ¶µ³µÐÓÕ ¸É ´¤ ·É´µ°
¶¥·ÉÊ·¡ É¨¢´µ° Ô¢µ²ÕÍ¨¨. � °¤¥´µ · §Ê³´µ¥ ¸µ£² ¸¨¥ ¸ ¤ ´´Ò³¨ CLEO ¶µ
¶¥·¥Ìµ¤´µ³Ê ¶¨µ´´µ³Ê Ëµ·³Ë ±Éµ·Ê ¶·¨ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì ¶¥·¥¤ Î¨.
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8¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¶¨µ´  ¤²Ö ¶·µÍ¥¸¸µ¢ πγ∗γ∗. �¥¤ ¢´µ ¢´µ¢Ó
¢µ§·µ¸ ¨´É¥·¥¸ ± Ëµ·³Ë ±Éµ·Ê Tπ0(q21 , q

2
2) ¤²Ö ¶¥·¥Ìµ¤´ÒÌ ¶·µÍ¥¸¸µ¢

γ,(q1)γ(q2) → π0(p) ¨ γ,(q1)γ,(q2) → π0(p), £¤¥ q1 ¨ q2 Å ËµÉµ´´Ò¥ ¨³-
¶Ê²Ó¸Ò. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ Ëµ·³Ë ±Éµ·Ê Tπ0 ¤²Ö ³ ²µ° ¢¨·ÉÊ-
 ²Ó´µ¸É¨ µ¤´µ£µ ¨§ ËµÉµ´µ¢, q22 ≈ 0, ¸ ¢¨·ÉÊ ²Ó´µ¸ÉÓÕ ¤·Ê£µ£µ ËµÉµ´ , ¶·µ-
¸± ´¨·µ¢ ´´µ° ¤µ 8 ƒÔ‚2, ¨§¢¥¸É´Ò ¨§ ·¥§Ê²ÓÉ Éµ¢ ±µ²² ¡µ· Í¨° CELLO [47]
¨ CLEO [41]. ’¥µ·¥É¨Î¥¸±¨ ¶·¨ ´Ê²¥¢ÒÌ ¢¨·ÉÊ ²Ó´µ¸ÉÖÌ µ¡µ¨Ì ËµÉµ´µ¢
Ëµ·³Ë ±Éµ· Tπ0 (0, 0) ¸¢Ö§ ´ ¸  ±¸¨ ²Ó´µ°  ´µ³ ²¨¥°. �·¨  ¸¨³¶ÉµÉ¨Î¥¸±¨
¡µ²ÓÏµ° ËµÉµ´´µ° ¢¨·ÉÊ ²Ó´µ¸É¨ ¶µ¢¥¤¥´¨¥ Ëµ·³Ë ±Éµ·  ¶·¥¤¸± §Ò¢ ¥É¸Ö
¸ ¶µ³µÐÓÕ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ (¶Š•„) [38, 48, 49] (¸³. [50] ¤²Ö ´¥¤ ¢´¨Ì
¤¨¸±Ê¸¸¨°) ¨ § ¢¨¸¨É ±·¨É¨Î¥¸±¨ µÉ ¢´ÊÉ·¥´´¥° ¶¨µ´´µ° ¤¨´ ³¨±¨, ±µÉµ· Ö
¶ · ³¥É·¨§Ê¥É¸Ö ¸ ¶µ³µÐÓÕ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¶¨µ´´µ° �
 ϕA

π (x). qµ²¥¥
Éµ£µ, §´ ´¨¥ ¸É·Ê±ÉÊ·Ò Ëµ·³Ë ±Éµ·  ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¶µ§¢µ²Ö¥É
§´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¨ÉÓ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¢ÒÎ¨¸²¥´¨¨  ¤·µ´´µ£µ ¢±² ¤  ¢
 ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö ¸¢¥É  ´  ¸¢¥É¥ ¢ ³Õµ´´ÊÕ g−2 [51], ±µÉµ· Ö ¨§³¥·Ö¥É¸Ö
¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ Ô±¸¶¥·¨³¥´É¥ E821 ¢ BNL [52].

„ ²¥¥, Ê¤µ¡´µ ¶ · ³¥É·¨§µ¢ ÉÓ ËµÉµ´´Ò¥ ¢¨·ÉÊ ²Ó´µ¸É¨ ± ±
q21 = −(1 + ω)Q2/2, q22 = −(1 − ω)Q2/2, £¤¥ Q2 ¨ ω, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ²´ Ö
¢¨·ÉÊ ²Ó´µ¸ÉÓ ËµÉµ´µ¢ ¨ a¸¨³³¥É·¨Ö ¢ ¨Ì · ¸¶·¥¤¥²¥´¨¨:

Q2 = −(q21 + q22) ≥ 0 ¨ ω = (q21 − q22)/(q21 + q22). (69)

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ CLEO [41] ¤²Ö ¶·µÍ¥¸¸  γ∗γ → π0 (|ω| = 1)
³µ£ÊÉ ¡ÒÉÓ Ë¨É¨·µ¢ ´Ò ¸ ¶µ³µÐÓÕ ³µ´µ¶µ²Ó´µ£µ Ëµ·³Ë ±Éµ· :

Tπ0(q21 = −Q2, q22 = 0)
∣∣
fit

=
gπγγ

1 +Q2/Λ2π
, Λπ � 0, 77 ƒÔ‚, (70)

£¤¥ gπγγ Å ¤¢ÊÌËµÉµ´´ Ö ±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´ . ‚ ´ ¨´¨§Ï¥³ ¶µ·Ö¤±¥
¶Š•„, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ �
 ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ ¶µ¢¥¤¥´¨¥ Ëµ·³Ë ±Éµ· 
¶·¨ ¢Ò¸µ±¨Ì Q2 ¶·¥¤¸± §Ò¢ ¥É¸Ö [38,48] ± ±

Tπ0(q21 , q
2
2)
∣∣
Q2→∞ = J (ω)

fπ
Q2

+O(
αs

π
) +O(

1
Q4

) (71)

¸  ¸¨³¶ÉµÉ¨Î¥¸±¨³ ±µÔËË¨Í¨¥´Éµ³

J (ω) =
4
3

∫ 1

0

dx

1 − ω2(2x− 1)2
ϕA
π (x), (72)

£¤¥ fπ = 93 ŒÔ‚ Å ±µ´¸É ´É  ¸² ¡µ£µ · ¸¶ ¤  ¶¨µ´ . ’ ± ± ± �
 ¶¨-
µ´  µÉ· ¦ ¥É ¢´ÊÉ·¥´´ÕÕ ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ ¤¨´ ³¨±Ê ¶¨µ´ , ¶·¥¤¸± § ´¨¥
¢¥²¨Î¨´Ò J (ω) Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ´¥É·¨¢¨ ²Ó´µ° § ¤ Î¥°, ¨ ¥£µ ÉµÎ´µ¥
¨§³¥·¥´¨¥ ¤ ²µ ¡Ò ¤µ¸É ÉµÎ´µ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ.
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‚ ¦´µ § ³¥É¨ÉÓ, ÎÉµ ¤²Ö · ¸¸³ É·¨¢ ¥³µ£µ ¶¥·¥Ìµ¤´µ£µ ¶·µÍ¥¸¸  ²¨¤¨-
·ÊÕÐ¨°  ¸¨³¶ÉµÉ¨Î¥¸±¨° Î²¥´ ¶Š•„-· §²µ¦¥´¨Ö (71) ´¥ ¶µ¤ ¢²¥´ ¸¨²Ó´µ°
±µ´¸É ´Éµ° ¸¢Ö§¨ αs. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¥¤¸± § ´¨¥ ¶Š•„ (71) ³µ¦¥É ¡ÒÉÓ
· §Ê³´Ò³∗ Ê¦¥ ¶·¨ ´ ¨¡µ²¥¥ ¢Ò¸µ±¨Ì ¨§ ¤µ¸É¨¦¨³ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³-
¶Ê²Ó¸µ¢ Q2 ∼ 10 ƒÔ‚2. �·¨  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¢Ò¸µ±¨Ì Q2 �
 Ô¢µ²ÕÍ¨µ´¨·Ê¥É
± ϕA,asymp

π (x) = 6x(1−x) ¨ Jasymp (|ω| = 1) = 2. �·¨ ³ ±¸¨³ ²Ó´µ ¢Ò¸µ±¨Ì,
¤µ¸ÉÊ¶´ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢¨·ÉÊ ²Ó´µ¸ÉÖÌ Q2 ≈ 10 ƒÔ‚2 ÔÉµ ¶·¥¤¸± -
§ ´¨¥ ·¥¤ÊÍ¨·Ê¥É¸Ö §  ¸Î¥É · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ± ´ ¨´¨§Ï¥£µ ¶µ·Ö¤±  ¶µ
Š•„ [49] ± Jasymp (10 ƒÔ‚2) = 1, 6 ¨ Ìµ·µÏµ Ë¨É¨·Ê¥É ¤ ´´Ò¥ CLEO. �Éµ
Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ Ê¦¥ ¶·¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì ÔÉ  ¢¥²¨Î¨´  ´¥
¸²¨Ï±µ³ ¤ ²¥±  µÉ ¸¢µ¥£µ  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ¶·¥¤¥² .

�¤´ ±µ, É ± ± ± ¶Š•„-Ô¢µ²ÕÍ¨Ö �
 ¤µ¸É¨£ ¥É  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ·¥¦¨³ 
µÎ¥´Ó ³¥¤²¥´´µ, ÉµÎ´ Ö Ëµ·³  �
 ¶·¨ Ê³¥·¥´´µ ¢Ò¸µ±¨Ì Q2 ³µ¦¥É ´¥ ¸µ¢¶ -
¤ ÉÓ ¸ ϕA,asymp

π (x). �·¨ ¡µ²¥¥ ´¨§±¨Ì Q2 ¸É ´µ¢ÖÉ¸Ö ¢ ¦´Ò³¨ ¸É¥¶¥´´Ò¥
¶µ¶· ¢±¨ ± Ëµ·³Ë ±Éµ·Ê. ’ ±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ ¶µ¢¥¤¥´¨Ö ¶¥·¥Ìµ¤´µ£µ
Ëµ·³Ë ±Éµ·  ¶·¨ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³ÒÌ Q2 ¥¸ÉÓ ¶·¥¤³¥É ´¥¶¥·-
ÉÊ·¡ É¨¢´µ° ¤¨´ ³¨±¨, £¤¥ ÉµÉ ¦¥ É¨¶ ²¨¤¨·ÊÕÐ¥£µ ¶·¨ ¢Ò¸µ±¨Ì Q2 ¶µ-
¢¥¤¥´¨Ö, ± ± ¨ ¢ (71), ¶µ²ÊÎ ¥É¸Ö ¸ ¶µ³µÐÓÕ · §²¨Î´ÒÌ ³¥Éµ¤µ¢. ’ ±¨³
µ¡· §µ³, É¥µ·¥É¨Î¥¸±µ¥ µ¶·¥¤¥²¥´¨¥ ¶¥·¥Ìµ¤´µ£µ Ëµ·³Ë ±Éµ·  Ö¢²Ö¥É¸Ö ´¥-
É·¨¢¨ ²Ó´Ò³, ¨ ¦¥² É¥²Ó´µ ¶µ²ÊÎ¨ÉÓ Tπ0(q21 , q

2
2) ¶ÊÉ¥³ ¶·Ö³ÒÌ ¢ÒÎ¨¸²¥´¨°,

¡¥§ ± ±¨Ì-²¨¡µ a priori ¶·¥¤¶µ²µ¦¥´¨° µ Ëµ·³¥ �
 ¶¨µ´ .
�¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¢ ¸¨³³¥É·¨Î´µ° ±¨´¥³ É¨±¥ q21 = q22 ¶·¨ ¢Ò¸µ-

±µ° ¢¨·ÉÊ ²Ó´µ¸É¨ · ¸¸³ É·¨¢ ²¸Ö ¢ [54], £¤¥ ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ ²µ± ²Ó´µ¥
�
 ¨ ¶µ²ÊÎ¥´ ·¥§Ê²ÓÉ É JOPE (ω = 0) = 4/3 ¤²Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨-
Í¨¥´É , ±µÉµ·Ò° ´ Ìµ¤¨É¸Ö ¢ ¸µ£² ¸¨¨ ¸ ¶·¥¤¸± § ´¨¥³ (72) ¶·¨ ω = 0.
‚ ²µ± ²Ó´µ³ �
 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ JOPE(ω) ± ± · §²µ¦¥´¨¥ ¶µ ¸É¥¶¥-
´Ö³ ω2 ¸ ±µÔËË¨Í¨¥´É ³¨ · §²µ¦¥´¨Ö, § ¤ ¢ ¥³Ò³¨ ³µ³¥´É ³¨ �
 ¶¨µ´ :∫ 1
0
dx(2x − 1)2nϕA

π (x). ‚ [55] (¸³. É ±¦¥ [56]) ¡Ò²µ ¶µ± § ´µ, ÎÉµ ²µ± ²Ó-
´µ¥ �
 Ìµ·µÏµ ¸Ìµ¤¨É¸Ö ¢ ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨, ±µ£¤  ¢¨·ÉÊ ²Ó´µ¸É¨
ËµÉµ´µ¢ ¡²¨§±¨: |ω| � 1/2. ‚ ÔÉµ° ±¨´¥³ É¨±¥ ·¥§Ê²ÓÉ É ¤²Ö  ¸¨³¶ÉµÉ¨Î¥-
¸±µ£µ ±µÔËË¨Í¨¥´É  ¡²¨§µ± ± 4/3. �¤´ ±µ ¢ ÔÉ¨Ì · ¡µÉ Ì ¡Ò²µ Ê± § ´µ, ÎÉµ
¤²Ö |ω| � 1/2 ¶·¨ ²Õ¡µ³ ±µ´¥Î´µ³ Q2 ¢µ§´¨± ÕÉ ¶µÉ¥´Í¨ ²Ó´µ ¡µ²ÓÏ¨¥
¶µ¶· ¢±¨ ± ¶¥·¢µ³Ê Î²¥´Ê ²µ± ²Ó´µ£µ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö [55, 56],  
É ±¦¥ ± ¶·¥¤¸± § ´¨Õ ¶Š•„ ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ [38]. ‘ Ê¢¥²¨Î¥´¨¥³ |ω|
Î¨¸²µ Î²¥´µ¢ �
 ¸ ±µÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ µÉ ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨°
¡µ²¥¥ ¢Ò¸µ±µ° · §³¥·´µ¸É¨, ¡Ò¸É·µ · ¸É¥É. ‚ É ±µ° ¸¨ÉÊ Í¨¨ ¶· ±É¨Î¥¸±¨
¡¥§´ ¤¥¦´µ ´ °É¨ ¡µ²¥¥ Î¥³ ´¥¸±µ²Ó±µ Î²¥´µ¢ ²µ± ²Ó´µ£µ · §²µ¦¥´¨Ö. �µ-

∗�É  ¸¨ÉÊ Í¨Ö ´¥ ¢µ§´¨± ¥É ¢ ¸²ÊÎ ¥ Ô²¥±É·µ³ £´¨É´ÒÌ Ëµ·³Ë ±Éµ·µ¢ ¨ ¢ ¶·µÍ¥¸¸¥ ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¡µ²ÓÏ¨¥ Ê£²Ò (´ ¶·¨³¥·, ¸³. [53]), £¤¥ ³Ö£±¨¥ ¢±² ¤Ò ¶·¨ Ê³¥·¥´´µ
¢Ò¸µ±¨Ì Q2 ¥Ð¥ ¢ ¦´Ò.
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ÔÉµ³Ê, ÎÉµ¡Ò ±µ´É·µ²¨·µ¢ ÉÓ �
, ´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ £µ· §¤µ ¡µ²¥¥ ¤¥É ²Ó´ÊÕ
¨´Ëµ·³ Í¨Õ µ ´¥¶¥·ÉÊ·¡ É¨¢´µ³ Š•„-¢ ±ÊÊ³¥.

‚ · ¡µÉ¥ [57] ¡Ò² ¤µ¸É¨£´ÊÉ ´¥±µÉµ·Ò° ¶·µ£·¥¸¸ ¸ ¶µ³µÐÓÕ ¨¸¶µ²Ó-
§µ¢ ´¨Ö ¡µ²¥¥ Éµ´±µ£µ ³¥Éµ¤ , µ¸´µ¢ ´´µ£µ ´  �
 ¸ ´¥²µ± ²Ó´Ò³¨ ±µ´¤¥´-
¸ É ³¨ [3], ÎÉµ Ô±¢¨¢ ²¥´É´µ Î ¸É¨Î´µ³Ê ¸Ê³³¨·µ¢ ´¨Õ ¡¥¸±µ´¥Î´µ£µ ·Ö¤ 
¸É¥¶¥´´ÒÌ ¶µ¶· ¢µ±. ‘ ¶µ³µÐÓÕ Š•„-¶· ¢¨² ¸Ê³³ ¸ ´¥²µ± ²Ó´Ò³¨ ±µ´¤¥´-
¸ É ³¨ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ÔÉµÉ ¶µ¤Ìµ¤ · ¡µÉ ¥É ¶µÎÉ¨ ¢µ ¢¸¥° ±¨´¥³ É¨-
Î¥¸±µ° µ¡² ¸É¨ |ω| � 1 ¨ ÎÉµ ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° ¶ · ³¥É·   ¸¨³³¥É·¨¨
|ω| � 0, 8 ¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¶¨µ´  µÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± ´¥²µ± ²Ó´µ°
¸É·Ê±ÉÊ·¥ Š•„-¢ ±ÊÊ³ . �µ¸²¥¤´¨° Ì · ±É¥·¨§Ê¥É¸Ö ¸·¥¤´¥° ¢¨·ÉÊ ²Ó´µ¸ÉÓÕ
±¢ ·±µ¢ ¢ ¢ ±ÊÊ³¥ [3] λ2q , ¨ ¢ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ [7] ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´
Î¥·¥§ ¸·¥¤´¨° · §³¥· ¨´¸É ´Éµ´  ρc ± ± λ2q ≈ 2ρ−2c [14,24]. ‚ [58] Ëµ·³Ë ±-
Éµ· γ∗γ → π0 ¡Ò² ´¥¶µ¸·¥¤¸É¢¥´´µ ¢ÒÎ¨¸²¥´ ¨§ Š•„ �‘ ¤²Ö É·¥ÌÉµÎ¥Î´µ°
ËÊ´±Í¨¨, ÎÉµ ¶·¨¢¥²µ ± µÍ¥´±¥ Jsr (ω = 1) ≈ 1, 6 ± 0, 3.

Šµ¢ ·¨ ´É´ Ö ´¥²µ± ²Ó´ Ö ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö ³µ¤¥²Ó (¸³., ´ ¶·¨³¥·,
[59, 60]), µ¸´µ¢ ´´ Ö ´  ¶µ¤Ìµ¤¥ ˜¢¨´£¥·  Å „ °¸µ´  (˜„) ± ¤¨´ ³¨±¥
±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¨³¥¥É ³´µ£µ ¶·¨ÉÖ£ É¥²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥°, É ± ± ± ¶µ¤-
Ìµ¤ ¸µ£² ¸µ¢ ´ ¸ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ É¥µ·¥³ ³¨. ‚ Î ¸É´µ¸É¨, ¢ ÔÉµ³ ¶µ¤-
Ìµ¤¥ ¸É ´¤ ·É´Ò° ·¥§Ê²ÓÉ É ¤²Ö  ¡¥²¥¢µ°  ±¸¨ ²Ó´µ°  ´µ³ ²¨¨ Tπ0(0, 0) ≡
≡ gπ0γγ =

(
4π2fπ

)−1
¢µ¸¶·µ¨§¢µ¤¨É¸Ö ÉµÎ´µ. ‚ É ±µ° ´¥¶¥·ÉÊ·¡ É¨¢´µ°

³µ¤¥²¨ ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥ÕÉ ·¥ ²¨¸É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ ± ±
³ ² Ö ³ ¸¸  ¶¨µ´ , É ± ¨ ¥£µ ¸µ¸É ¢´ Ö ¸É·Ê±ÉÊ· . qµ²¥¥ Éµ£µ, ¢´ÊÉ·¥´´ÖÖ
´¥²µ± ²Ó´ Ö ¸É·Ê±ÉÊ·  ³µ¤¥²¨ ³µ¦¥É ¡ÒÉÓ ³µÉ¨¢¨·µ¢ ´  ¸ ¶µ³µÐÓÕ ËÊ´¤ -
³¥´É ²Ó´ÒÌ Š•„-¶·µÍ¥¸¸µ¢ ¨´¸É ´Éµ´´µ£µ ¨ £²Õµ´´µ£µ µ¡³¥´µ¢. ‚ [60, 62]
¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· γ∗γ → π0 · ¸¸³µÉ·¥´ ¶·¨ ´¨§±¨Ì Q2 ¨ ¶µ²ÊÎ¥´µ
¸µ£² ¸¨¥ ¸ ¤ ´´Ò³¨. ’ ³ ¦¥ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ·¥§Ê²ÓÉ ÉÒ µÎ¥´Ó ÎÊ¢¸É¢¨-
É¥²Ó´Ò ± ¢¥²¨Î¨´¥ ±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸Ò ±¢ ·± .

#¨µ´´Ò° ¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¢ ÔËË¥±É¨¢´µ° ±¢ ·±-¶¨µ´´µ° ³µ-
¤¥²¨. ‡¤¥¸Ó ¢ · ³± Ì ±µ¢ ·¨ ´É´µ° ´¥²µ± ²Ó´µ° ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° ³µ-
¤¥²¨ ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨§ÊÎ¨³ ¶µ¢¥¤¥´¨¥ ¶¨µ´´µ£µ ¶¥·¥Ìµ¤-
´µ£µ Ëµ·³Ë ±Éµ·  γ∗γ∗ → π0 ¶·¨ ¢Ò¸µ±¨Ì Q2 ¶·¨ ¶·µ¨§¢µ²Ó´µ°  ¸¨³³¥-
É·¨¨ ¢¨·ÉÊ ²Ó´µ¸É¨ ËµÉµ´µ¢ [61]. �µ± ¦¥³, ÎÉµ  ¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨-
Í¨¥´É J (ω), ± ± ÔÉµ ¡Ò²µ ¶·µ¤¥³µ´¸É·¨·µ¢ ´µ ¢ Š•„ �‘ [57, 58], § ¢¨¸¨É
µÉ ±¨´¥³ É¨±¨ ¶¥·¥Ìµ¤´µ£µ ¶·µÍ¥¸¸  ¨ µÉ ¢´ÊÉ·¥´´¥° ¶¨µ´´µ° ¤¨´ ³¨±¨,
¨´¤ÊÍ¨·µ¢ ´´µ° ´¥²µ± ²Ó´µ° ¸É·Ê±ÉÊ·µ° Š•„-¢ ±ÊÊ³ . „¨´ ³¨Î¥¸± Ö § ¢¨-
¸¨³µ¸ÉÓ J Ê¶· ¢²Ö¥É¸Ö ¶ · ³¥É·µ³ · §·¥¦¥´´µ¸É¨ Mq/λq , £¤¥ Mq Ö¢²Ö¥É¸Ö
±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸µ° ±¢ ·± . …¸²¨ ¶·¨´ÖÉÓ ¢µ ¢´¨³ ´¨¥ ³µ¤¥²Ó´ÊÕ § ¢¨¸¨-
³µ¸ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É  J , Éµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ³µ-
£ÊÉ ¡ÒÉÓ µÎ¥´Ó ¶µ²¥§´Ò³¨ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¤¨¸±·¨³¨´¨·µ¢ ÉÓ · §²¨Î´Ò¥ ¶·¥¤-
¶µ²µ¦¥´¨Ö, ±µÉµ·Ò¥ ¤¥² ÕÉ¸Ö µ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¤¨´ ³¨±¥ Š•„-¢ ±ÊÊ³ . ‚
´¥²µ± ²Ó´µ° ±¢ ·±-¶¨µ´´µ° ³µ¤¥²¨ ¢Ò· ¦¥´¨¥ ¤²Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔË-
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Ë¨Í¨¥´É  J ¡Ê¤¥É ´ °¤¥´µ ¢µ ¢¸¥° ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ω. qµ²¥¥ Éµ£µ,
¨§ ÔÉµ° § ¢¨¸¨³µ¸É¨ ·¥±µ´¸É·Ê¨·Ê¥É¸Ö �
 ¶¨µ´  Î¥·¥§ ±¢ ·±-¶¨µ´´ÊÕ ¢¥·-
Ï¨´´ÊÕ ËÊ´±Í¨Õ.

„²Ö ´ ¸ÉµÖÐ¨Ì Í¥²¥° ÔËË¥±É¨¢´ Ö ±¢ ·±-¶¨µ´´ Ö ¤¨´ ³¨±  ³µ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´  ±µ¢ ·¨ ´É´Ò³ ´¥²µ± ²Ó´Ò³ ¤¥°¸É¢¨¥³, § ¤ ´´Ò³

Sint = −
∫
d4xd4y F

[
x + y/2, x− y/2; Λ−2]×

× q̄(x + y/2)[Mq + gπq̄qiγ5τ
aπa(x)] q(x− y/2), (73)

£¤¥ ¤¨´ ³¨Î¥¸± Ö ¢¥·Ï¨´  F
[
x + y/2, x− y/2; Λ−2] ¸ · §³¥·µ³ ´¥²µ± ²Ó-

´µ¸É¨ Λ−1 § ¢¨¸¨É µÉ ±µµ·¤¨´ É ±¢ ·±  ¨  ´É¨±¢ ·± ; q(x) ¨ π(x) Å ¸µ-
µÉ¢¥É¸É¢¥´´µ, ¶µ²Ö ±¢ ·±  ¨ ¶¨µ´ . �¥²µ± ²Ó´ Ö ¢¥·Ï¨´  Ì · ±É¥·¨§Ê¥É ±µ-
µ·¤¨´ É´ÊÕ § ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·  ¶µ·Ö¤±  ¤²Ö ¸¶µ´É ´´µ£µ ´ ·ÊÏ¥´¨Ö ±¨-
· ²Ó´µ° ¸¨³³¥É·¨¨ ¨ ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ´¥²µ± ²Ó´Ò° ±µ´¤¥´¸ É
±¢ ·±µ¢.

‚ ¢ÒÎ¨¸²¥´¨ÖÌ ÔÉµ£µ · §¤¥²  µ£· ´¨Î¨³¸Ö ¶·¨¡²¨¦¥´¨¥³ (¸³., ´ ¶·¨-
³¥·, [60,62]):

F
[
x + y/2, x− y/2; Λ−2]→ F (y2,Λ−2), (74)

±µ£¤  ¤¨´ ³¨Î¥¸± Ö ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´  § ¢¨¸¨É Éµ²Ó±µ µÉ µÉ´µ¸¨É¥²Ó´µ°
±µµ·¤¨´ ÉÒ ±¢ ·±  ¨  ´É¨±¢ ·±  ¢ ±¢ ¤· É¥ y2, ¶·¥´¥¡·¥£ Ö § ¢¨¸¨³µ¸ÉÓÕ
¢¥·Ï¨´Ò µÉ Ê£²µ¢µ° ¶¥·¥³¥´´µ° (yx). ”Ê·Ó¥-µ¡· § ¢¥·Ï¨´Ò ¢ ¶·µ¸É· ´-
¸É¢¥ Œ¨´±µ¢¸±µ£µ µ¶·¥¤¥²Ö¥É¸Ö ± ± F̃ (k2; Λ2) =

∫
d4xF (x2; Λ−2) exp(−ikx)

¸ ´µ·³¨·µ¢±µ° F̃ (0; Λ2) = 1; ¶·¨³¥³, ÎÉµ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ¡Ò¸É·µ ¸¶ -
¤ ¥É ¢ ¥¢±²¨¤µ¢¸±µ° µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢ (k2 = −k2E ≡ −u).

‚ ¤ ²Ó´¥°Ï¥³  ¶¶·µ±¸¨³¨·Ê¥³ É ±¦¥ ¸µ¡¸É¢¥´´ÊÕ Ô´¥·£¨Õ ±¢ ·± , § -
¢¨¸ÖÐÊÕ µÉ ¨³¶Ê²Ó¸ , ¢ ¶·µ¶ £ Éµ·¥ ±¢ ·±  ¸ ¶µ³µÐÓÕ ¶µ¸ÉµÖ´´µ° ³ ¸¸Ò
[60,62]: S−1(k) = k̂−mq . „¥°¸É¢¨É¥²Ó´µ, ¨³¶Ê²Ó¸´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥·Ï¨´Ò
¢ Î¨¸²¨É¥²ÖÌ ¶µ¤Ò´É¥£· ²Ó´ÒÌ ËÊ´±Í¨° (±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ Ë¨§¨Î¥¸±¨¥
¢¥²¨Î¨´Ò) ¢ ¦´  ¶µÉµ³Ê, ÎÉµ µ´  ¶·¨¢µ¤¨É ± Ê²ÓÉ· Ë¨µ²¥Éµ¢µ° ·¥£Ê²Ö·¨-
§ Í¨¨ ¨´É¥£· ²µ¢. Š·µ³¥ Éµ£µ, ¡² £µ¤ ·Ö ¨³¶Ê²Ó¸´µ° § ¢¨¸¨³µ¸É¨ ¢¥·Ï¨´,
³¥·  ¢ ¨´É¥£· ² Ì ¨³¥¥É ¢¨¤ ¶·µ¨§¢¥¤¥´¨Ö ´¥±µÉµ·µ° ¸É¥¶¥´¨ k2 ¨ ËÊ´±-
Í¨¨ Q̃(k). �É  ³¥·  ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ k2 ¶µ·Ö¤±  1/ρ2c, ¨ ¶·¨ ³ ²ÒÌ
¨³¶Ê²Ó¸ Ì § ¢¨¸ÖÐ Ö µÉ ¨³¶Ê²Ó¸  ³ ¸¸  ±¢ ·±  ³µ¦¥É ¡ÒÉÓ § ³¥´¥´  ¢ §´ -
³¥´ É¥²ÖÌ ÔËË¥±É¨¢´µ° ¶µ¸ÉµÖ´´µ° ³ ¸¸µ° mq ≈ Mq(k ∼ ρ−1c ). ‘ Ëµ·³µ°
¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö, ¶µ± § ´´µ£µ ´  ·¨¸. 2, ÔÉµÉ ³ ¸¸µ¢Ò° ¶ · ³¥É·
¶·¨¡²¨§¨É¥²Ó´µ · ¢¥´ ³ ¸¸¥ ¢ ´Ê²¥ Mq(0). �ÉµÉ ¶ · ³¥É· mq ³µ¦¥É ¡ÒÉÓ
µÉµ¦¤¥¸É¢²¥´ ¸µ ¸É ´¤ ·É´µ° ±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸µ° ±¢ ·± . ‚ ¸µµÉ¢¥É¸É¢¨¨
¸ ÔÉµ° ¶µ¤¸É ´µ¢±µ° ¶¥·¥µ¶·¥¤¥²¨³ ËÊ´±Í¨Õ D(k), § ¤ ´´ÊÕ ¢ (42), ± ±
D(k) = m2q + k2, ¨ ¢Ò¡¥·¥³ ³ ¸¸µ¢Ò° ¶ · ³¥É·

mq = 230 ŒÔ‚. (75)
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’ ±µ° ¢Ò¡µ· Î¨¸²¥´´µ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É §´ Î¥´¨Ö ¨´É¥£· ²µ¢, µ¶·¥¤¥-
²ÖÕÐ¨Ì ¢ ±ÊÊ³´Ò¥ µ¦¨¤ ´¨Ö (9), (54). �·¨¡²¨¦¥´¨¥ ¶µ¸ÉµÖ´´µ° ³ ¸¸Ò
Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ´  ¶· ±É¨±¥ ¸ ³ ¸¸ ³¨ ±¢ ·±  ¢ µ¡² ¸É¨ 250 ÷ 350 ŒÔ‚
(¸³., ´ ¶·¨³¥·, [62Ä64]).

‡ ³¥É¨³, ÎÉµ ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨¡²¨¦¥´¨Ö ´¥ ¢¶µ²´¥ ¸µ£² ¸µ¢ ´Ò. ‚ Î ¸É-
´µ¸É¨, ¡² £µ¤ ·Ö ¶·¥´¥¡·¥¦¥´¨Õ ¨³¶Ê²Ó¸´µ° § ¢¨¸¨³µ¸ÉÓÕ ³ ¸¸Ò ±¢ ·± ,
´¥±µÉµ·Ò¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ É¥µ·¥³Ò ´ ·ÊÏ ÕÉ¸Ö. Š·µ³¥ Éµ£µ, ± ± ¡Ê-
¤¥É ¶µ± § ´µ ´¨¦¥, ¢Ò¡µ· ³µ¤¥²¨ ¤²Ö ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´Ò (74), § ¢¨¸Ö-
Ð¥° Éµ²Ó±µ µÉ µÉ´µ¸¨É¥²Ó´µ° ±µµ·¤¨´ ÉÒ, ¶·¨¢µ¤¨É ± ´¥±µÉµ·µ³Ê  ·É¥Ë ±ÉÊ
¢ x-§ ¢¨¸¨³µ¸É¨ �
. �¤´ ±µ ÔÉ¨ ´¥¤µ¸É É±¨ ¢Ò¡· ´´µ£µ ¶·¨¡²¨¦¥´¨Ö ´¥
¢¥¤ÊÉ ± ¸ÊÐ¥¸É¢¥´´Ò³ Î¨¸²¥´´Ò³ µÏ¨¡± ³, ´µ ¢³¥¸É¥ ¸ É¥³ ¸ÊÐ¥¸É¢¥´´µ
Ê²ÊÎÏ ÕÉ  ´ ²¨§ ¸É·Ê±ÉÊ·Ò ¶¨µ´ , ¢Ò¶µ²´¥´´Ò° ¢ ¡µ²¥¥ · ´´¨Ì · ¡µÉ Ì.

‚ ¶·¨¡²¨¦¥´¨¨ ¶µ¸ÉµÖ´´µ° ³ ¸¸Ò ±¢ ·±  ±µ´¸É ´É  ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö § ¤ ¥É¸Ö ¸ ¶µ³µÐÓÕ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ [60,62]:

g−2πq̄q =
Nc

8π2

∫ ∞

0

duuF̃ 2(−u;χ−2)
3 + 2u

(1 + u)3
; (76)

¨ ±µ´¸É ´É  ¸² ¡µ£µ · ¸¶ ¤  ¶¨µ´  ¨³¥¥É ¢¨¤

fπ =
Ncgπq̄q

4π2
Mq

∫ ∞

0

duuF̃ (−u;χ−2)
1

(1 + u)2
. (77)

�¥·¥³¥´´ Ö ¨´É¥£·¨·µ¢ ´¨Ö ¶¥·¥³ ¸ÏÉ ¡¨·µ¢ ´  ±¢ ¤· Éµ³ ³ ¸¸Ò ±¢ ·± , ¨
¢¢¥¤¥´ ¶ · ³¥É· χ = Mq/Λ ≈ η, Ì · ±É¥·¨§ÊÕÐ¨° · §·¥¦¥´´µ¸ÉÓ
Š•„-¢ ±ÊÊ³ . ‚ ³µ¤¥²¨ ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  · §³¥· ´¥²µ± ²Ó´µ¸É¨ ´¥¶¥·-
ÉÊ·¡ É¨¢´µ£µ £²Õµ´´µ£µ ¶µ²Ö ρc ∼ Λ−1 £µ· §¤µ ³¥´ÓÏ¥, Î¥³ ±µ³¶Éµ´µ¢¸± Ö
¤²¨´  ±¢ ·±  M−1

q , ¨, É ±¨³ µ¡· §µ³, χ Å ³ ²Ò° ¶ · ³¥É· [7].

 ¸¸³µÉ·¨³ ¢±² ¤ ¢ ¨´¢ ·¨ ´É´ÊÕ  ³¶²¨ÉÊ¤Ê ¶·µÍ¥¸¸  γ∗γ∗π0, ±µÉµ·Ò°

¢µ§´¨± ¥É ¨§ ¢ÒÎ¨¸²¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì É·¥Ê£µ²Ó´ÒÌ ¤¨ £· ³³:

M
(
γ∗ (q1, e1) γ∗ (q2, e2) → π0 (p)

)
= mπγγ(q1, e1; q2, e2) +mπγγ(q2, e2; q1, e1),

£¤¥ ei(i = 1, 2) Å ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¨

mπγγ(q1, e1; q2, e2) = −Nc

3
gπqq

∫
d4k

(2π)4
F̃ (k2; Λ2)×

×tr{iγ5S(k − p/2)ê2S[k − (q1 − q2)/2]ê1S(k + p/2)}. (78)

…¸²¨ ¨§ ÔÉµ°  ³¶²¨ÉÊ¤Ò µÉË ±Éµ·¨§µ¢ ÉÓ É¥´§µ· εµνρσe
µ
1e

ν
2q

ρ
1q

σ
2 , Éµ Ëµ·³Ë ±-

Éµ· ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ± ±

Tπ0(q21 , q
2
2) =

gπqq
2π2

MqIπγγ(q21 , q
2
2 , p

2), (79)
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£¤¥ ¨´É¥£· ² ”¥°´³ ´  Iπγγ(q21 , q22 , p2) § ¤ ´ ¢Ò· ¦¥´¨¥³

Iπγγ(q21 , q
2
2 , p

2) =
∫

d4k

iπ2
×

× F̃ (k2; Λ2)
[M2

q−(k+p/2)2−iε][M2
q−(k−p/2)2−iε][M2

q−(k−(q1−q2)/2)2−iε] . (80)

‚ ¶·¨¡²¨¦¥´¨¨ ¶µ¸ÉµÖ´´µ° ³ ¸¸Ò ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¸µµÉ´µÏ¥´¨¥, ¸²¥¤ÊÕ-
Ð¥¥ ¨§  ±¸¨ ²Ó´µ°  ´µ³ ²¨¨ �¤²¥·  Å q¥²²  Å „¦ ±¨¢  (�q„) (fπgπγγ =
= 1/(4π2)), Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö Î¨¸²¥´´µ ¸ µÉ´µ¸¨É¥²Ó´µ° ¶µ£·¥Ï´µ-
¸ÉÓÕ ³¥´ÓÏ¥ 10% [60,62]. ‚ Ëµ·³ ²Ó´µ³ ¶·¥¤¥²¥ µÎ¥´Ó · §·¥¦¥´´µ° ¢ ±Ê-
Ê³´µ° ¸·¥¤Ò χ << 1 ·¥§Ê²ÓÉ ÉÒ ¶µ²´µ¸ÉÓÕ ¸µ£² ¸µ¢ ´Ò ¸ �q„- ´µ³ ²¨¥° ¨
¸µµÉ´µÏ¥´¨¥³ ƒµ²¤¡¥·£¥·  Å ’·¥°³ ´ .

‡ ³¥É¨³, ÎÉµ ¨´É¥£· ² (80) ¶µ ¸É·Ê±ÉÊ·¥ Ö¢²Ö¥É¸Ö ¶µ¤µ¡´Ò³ ¨´É¥£· ²Ê,
¢µ§´¨± ÕÐ¥³Ê ¢ ´ ¨´¨§Ï¥³ ¶µ·Ö¤±¥ ¶Š•„, · ¸¸³ É·¨¢ ÕÐ¥³ ±¢ ·±-ËµÉµ´-
´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶¥·ÉÊ·¡ É¨¢´µ. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¥£µ  ¸¨³¶ÉµÉ¨Î¥¸±µ¥
¶µ¢¥¤¥´¨¥ µ¡Ê¸²µ¢²¥´µ ¶µ¤¶·µÍ¥¸¸µ³ γ∗(q1) + γ∗(q2) → q̄(x̄p) + q(xp) ¸ x
(x̄), · ¢´µ° ¤µ²¥ ¶¨µ´´µ£µ ¨³¶Ê²Ó¸  p, ¶¥·¥´µ¸¨³µ° ±¢ ·±µ³, ·µ¦¤¥´´Ò³ ¢
ËµÉµ´´µ° ¢¥·Ï¨´¥ q1 (q2). ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³  ¶µ¤µ¡´  ®handbag¯-
¤¨ £· ³³¥ ¤²Ö ¦¥¸É±µ£µ Ô±¸±²Õ§¨¢´µ£µ ¶·µÍ¥¸¸ , ¶·¨Î¥³ µ¸´µ¢´µ¥ µÉ²¨Î¨¥
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¸²¥¤Ê¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¢ ± Î¥¸É¢¥ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¢Ìµ¤-
´µ° ¨´Ëµ·³ Í¨¨ ±¢ ·±-¶¨µ´´ÊÕ ¢¥·Ï¨´Ê ¢³¥¸Éµ �
 ¶¨µ´ . Š ± ³Ò Ê¢¨¤¨³
´¨¦¥, ÔÉµ ¶µ¤µ¡¨¥ ¶µ§¢µ²Ö¥É ¶·¥µ¡· §µ¢ ÉÓ Ëµ·³Ê ³µ¤¥²Ó´µ° ±¢ ·±-¶¨µ´´µ°
¢¥·Ï¨´Ò ¢ ¸¶¥Í¨Ë¨Î´ÊÕ Ëµ·³Ê �
 ¶¨µ´ .

#¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ· ¶¨µ´  γ∗γ∗ → π0 ¶·¨ Ê³¥·¥´´µ ¢Ò¸µ±¨Ì Q2.
�Í¥´¨³  ¸¨³¶ÉµÉ¨±Ê ¶¥·¥Ìµ¤´µ£µ Ëµ·³Ë ±Éµ· . ‘ ÔÉµ° Í¥²ÓÕ ¶¥·¥¶¨Ï¥³
¢Ò· ¦¥´¨¥ ¤²Ö ¨´É¥£· ²  (80) ¢ Ëµ·³¥, ±µÉµ· Ö ¶µ²ÊÎ ¥É¸Ö ¶µ¸²¥ ¶¥·¥Ìµ¤  ±
¶·µ¸É· ´¸É¢Ê …¢±²¨¤  (k2 → −u, −id4k → π2udu, F̃ (k2; Λ2) → F̃ (−u; Λ2)),
¨¸¶µ²Ó§µ¢ ´¨Ö Ë¥°´³ ´µ¢¸±µ° α-¶ · ³¥É·¨§ Í¨¨ ¤²Ö §´ ³¥´ É¥²¥° ¨ ¨´É¥-
£·¨·µ¢ ´¨Ö ¶µ Ê£²µ¢Ò³ ¶¥·¥³¥´´Ò³. ’µ£¤  ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¨´É¥£· ² Iπγγ
¶·¨´¨³ ¥É ¢¨¤

Iπγγ(q21 , q
2
2 , p

2) =
∫ ∞

0

duuF̃ (−u; Λ2)

M2
q + u− p2

4

×

×
∫ 1

0

dα

 1√
b4 − a4+

(
b2 +

√
b4 − a4+

) +
1√

b4 − a4−

(
b2 +

√
b4 − a4−

)
 ,
(81)
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£¤¥

b2 = M2
q + u +

1
2
αQ2 − 1

4
(1 − 2α) p2,

a4± = 2uαQ2 (α± ω (1 − α)) − (1 − 2α)up2. (82)

‚Ò· ¦¥´¨¥ (81) ³µ¦¥É ¡ÒÉÓ ¶·µ ´ ²¨§¨·µ¢ ´µ ¢  ¸¨³¶ÉµÉ¨Î¥¸±µ³ ¶·¥¤¥²¥
¡µ²ÓÏµ° ¶µ²´µ° ¢¨·ÉÊ ²Ó´µ¸É¨ ËµÉµ´µ¢ Q2 → ∞. qµ²¥¥ Éµ£µ, ¨´É¥£· ²
¶µ α ³µ¦¥É ¡ÒÉÓ ¢§ÖÉ  ´ ²¨É¨Î¥¸±¨, ÎÉµ ¶·¨¢µ¤¨É ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ±
 ¸¨³¶ÉµÉ¨Î¥¸±µ³Ê ¢Ò· ¦¥´¨Õ (71) ¸ ±µÔËË¨Í¨¥´Éµ³

J(ω) ≡ Jnp (ω) =
2Nπ

3ω

{ ∫ ∞

0

du
F̃ (−u;χ−2)

1 + u
ln
[

1 + u (1 + ω)
1 + u (1 − ω)

]}
,

Nπ =

[ ∫ ∞

0

duu
F̃ (−u;χ−2)

(1 + u)2

]−1
. (83)

�µ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¢ Î¨¸²¨É¥²¥ (83) µÉ²¨Î ¥É¸Ö µÉ ¶µ¤Ò´É¥£· ²Ó´µ°
ËÊ´±Í¨¨, µ¶·¥¤¥²ÖÕÐ¥° ±µ´¸É ´ÉÊ · ¸¶ ¤  fπ (77). ˆ§ (83) Ö¸´µ, ÎÉµ ¶·¥¤-
¸± § ´¨¥ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¶µ¤Ìµ¤  µ¡  ¸¨³¶ÉµÉ¨Î¥¸±µ³ ±µÔËË¨Í¨¥´É¥ ¤µ-
¸É ÉµÎ´µ ÎÊ¢¸É¢¨É¥²Ó´µ ± ¶·µ¨§¢¥¤¥´¨Õ χ, ¢¥²¨Î¨´Ò ±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸Ò
Mq ¨ · §³¥·  ´¥²µ± ²Ó´µ¸É¨ Λ−1 ¢¥·Ï¨´Ò F (x2; Λ−2) ¨ ± µÉ´µ¸¨É¥²Ó-
´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶µ²´µ° ¢¨·ÉÊ ²Ó´µ¸É¨ ³¥¦¤Ê ËµÉµ´ ³¨ ω. ‚ Î ¸É-
´µ¸É¨, ¤²Ö ¢¨·ÉÊ ²Ó´µ£µ ¶·µÍ¥¸¸  γ∗γ∗ → π0 ¢ ¸¨³³¥É·¨Î´µ° ±¨´¥³ É¨±¥
q21 = q22 → −∞ (ω → 0) ¶µ²ÊÎ¨³ ¨§ (83) J (|ω| = 0) = 4/3, ÎÉµ ´ Ìµ¤¨É¸Ö ¢
¸µ£² ¸¨¨ ¸ ¶·¥¤¸± § ´¨¥³ �
 [54].

‡ ³¥É¨³, ÎÉµ ¨¸¶µ²Ó§Ê¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ¶µ¸ÉµÖ´´µ° ³ ¸¸Ò ±¢ ·±  ¤²Ö
¢¸¥Ì É·¥Ì ±¢ ·±µ¢ÒÌ ²¨´¨° ¢ ¤¨ £· ³³¥ ¶·µÍ¥¸¸ . �¤´ ±µ  ¸¨³¶ÉµÉ¨Î¥¸±¨°
·¥§Ê²ÓÉ É (83) ´¥ § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò ³ ¸¸Ò ¢ ¶·µ¶ £ Éµ·¥ ±¢ ·± , ¶µ ±µ-
Éµ·µ³Ê ¶·µÉ¥± ¥É ¦¥¸É±¨° ¨³¶Ê²Ó¸, ± ± ÔÉµ ¨ ¤µ²¦´µ ¡ÒÉÓ. �¸É ²Ó´Ò¥ ¤¢¥
±¢ ·±µ¢Ò¥ ²¨´¨¨ µ¸É ÕÉ¸Ö ³Ö£±¨³¨ ¢ É¥Î¥´¨¥ ¶·µÍ¥¸¸ . ’ ±¨³ µ¡· §µ³, ³ ¸¸ 
Mq ³µ¦¥É ¡ÒÉÓ · ¸¸³µÉ·¥´  ± ± § ¤ ´´ Ö ´  ´¥±µÉµ·µ³ Ì · ±É¥·´µ³ ³Ö£±µ³
³ ¸ÏÉ ¡¥ ¢ § ¢¨¸ÖÐ¥³ µÉ ¨³¶Ê²Ó¸  ¸²ÊÎ ¥ Mq

(
λ2q
)
. �Éµ µ§´ Î ¥É, ÎÉµ ¤¨´ -

³¨Î¥¸± Ö ¨ ±¨´¥³ É¨Î¥¸± Ö § ¢¨¸¨³µ¸É¨ Jnp (ω), ´ °¤¥´´Ò¥ ¢ (83), µ¸É ´ÊÉ¸Ö
´¥¨§³¥´´Ò³¨, ¤ ¦¥ ¥¸²¨ ÊÎÉ¥´  ¨³¶Ê²Ó¸´ Ö § ¢¨¸¨³µ¸ÉÓ ³ ¸¸Ò ±¢ ·±  ¨ · ¸-
¸³µÉ·¥´  ÔËË¥±É¨¢´ Ö ±¢ ·±-ËµÉµ´´ Ö ¢¥·Ï¨´ , ±µÉµ· Ö ¸¢µ¤¨É¸Ö ± § É· -
¢µÎ´µ° γµ, ±µ£¤  ¢¨·ÉÊ ²Ó´µ¸ÉÓ µ¤´µ£µ ¨§ ËµÉµ´µ¢ ¸É ´µ¢¨É¸Ö ¡¥¸±µ´¥Î´µ°.

�¡  ¢Ò· ¦¥´¨Ö ¤²Ö J , ¶µ²ÊÎ¥´´Ò¥ ¢ ´¥²µ± ²Ó´µ° ±¢ ·±-¶¨µ´´µ° ³µ-
¤¥²¨ (83) ¨ ¨§ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ (72), ³µ£ÊÉ ¡ÒÉÓ
¶·¨¢¥¤¥´Ò ± µ¡Ð¥° Ëµ·³¥

J (ω) =
2

3ω

∫ 1

0

dξR(ξ) ln
[

1 + ξω

1 − ξω

]
(84)
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¸

R(ξ) = − d

dξ
ϕA
π

(
1 + ξ

2

)
¨ Rnp(ξ) = NπF̃

(
−ξ

1 − ξ
;χ−2

)
1

1 − ξ
,

£¤¥ 0 ≤ ξ ≡ (2x− 1) ≤ 1, (85)

¨ ¶µ¤µ¡´µ³Ê ¢Ò· ¦¥´¨Õ ¢ ¨´É¥·¢ ²¥ −1 ≤ ξ ≤ 0. �·¨· ¢´¨¢ Ö µ¡  ¢±² ¤ ,
³Ò ´ °¤¥³ �
 ¶¨µ´  Î¥·¥§ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ ´  ´¥±µÉµ·µ³ ´¨§±µÔ´¥·£¥-
É¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ µ20 ∼ Λ2 [61]:

ϕA
π (x) = Nπ

∫ 1

|2x−1|

dy

1 − y
F̃

(
−y

1 − y
;χ−2

)
. (86)

’ ±¨³ µ¡· §µ³, ¶µ± § ´µ, ÎÉµ Ëµ·³Ê²  (83), ¶µ²ÊÎ¥´´ Ö ¢ ´¥²µ± ²Ó´µ° ±¢ ·±-
¶¨µ´´µ° ³µ¤¥²¨, Ô±¢¨¢ ²¥´É´  ¸É ´¤ ·É´µ³Ê ·¥§Ê²ÓÉ ÉÊ ¶Š•„ ¢ ´¨§Ï¥³ ¶µ-
·Ö¤±¥ ¶µ ±µ´¸É ´É¥ ¸¢Ö§¨ (72), ¸ ¥¤¨´¸É¢¥´´Ò³ µÉ²¨Î¨¥³ ¢ Éµ³, ÎÉµ ´¥¶¥·ÉÊ·-
¡ É¨¢´ Ö ¨´Ëµ·³ Í¨Ö,  ±±Ê³Ê²¨·µ¢ ´´ Ö ¢ �
 ¶¨µ´  ϕA

π (x), ¢Ò· ¦¥´  Î¥·¥§
±¢ ·±-¶¨µ´´ÊÕ ¢¥·Ï¨´´ÊÕ ËÊ´±Í¨Õ F̃ (−u;χ−2).

‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ Ö¢´ Ö Ëµ·³   ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É  (83)
¨ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê �
 ¨ ¢¥·Ï¨´´µ° ËÊ´±Í¨¥° § ¢¨¸ÖÉ µÉ ±µ´±·¥É´µ°
³µ¤¥²¨ ±¢ ·±-¶¨µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (73). ‚ Î ¸É´µ¸É¨, ¢Ò· ¦¥´¨¥ (86)
¶µ²ÊÎ ¥É¸Ö ¢ ¶·¨¡²¨¦¥´¨¨ (74), ±µ£¤  ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´  § ¢¨¸¨É Éµ²Ó±µ
µÉ µÉ´µ¸¨É¥²Ó´µ° ±µµ·¤¨´ ÉÒ. �Éµ ¶·¨¡²¨¦¥´¨¥ ¶·¨¢µ¤¨É ± ¨¸±Ê¸¸É¢¥´´µ°
§ ¢¨¸¨³µ¸É¨ �
 µÉ ³µ¤Ê²Ö |x| ¨ ¢¥¤¥É ± ´¥£² ¤±µ³Ê ¶µ¢¥¤¥´¨Õ · ¸¶·¥¤¥²¥´¨Ö
¶·¨ x = 1/2 (¸³. ·¨¸. 5). �¤´ ±µ ÔÉ¨ µ¸µ¡¥´´µ¸É¨ ¨¸Î¥§ ÕÉ, ¥¸²¨ Ê£²µ¢ Ö
§ ¢¨¸¨³µ¸ÉÓ ¢¥·Ï¨´Ò, ³µÉ¨¢¨·µ¢ ´´ Ö, ´ ¶·¨³¥·, ¨´¸É ´Éµ´´µ° ³µ¤¥²ÓÕ,
¢µ¸¸É ´µ¢²¥´  (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²).

�Í¥´¨³ ·¥ ²¨¸É¨Î¥¸±µ¥ §´ Î¥´¨¥ ¤²Ö ¶ · ³¥É·  · §·¥¦¥´´µ¸É¨ χ ¨ ¶·µ-
¢¥·¨³, ´ ¸±µ²Ó±µ · ¸¸³ É·¨¢ ¥³ Ö ³µ¤¥²Ó ¸µ£² ¸µ¢ ´  ¸ ¤ ´´Ò³¨ CLEO.
‚¥·Ï¨´´ Ö ËÊ´±Í¨Ö F̃ (k2; Λ2) Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ µ¶¨¸Ò¢ ¥É ´¥²µ± ²Ó´ÊÕ
¸É·Ê±ÉÊ·Ê ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ Š•„-¢ ±ÊÊ³  ¨ ³µ¦¥É ¡ÒÉÓ ¸³µ¤¥²¨·µ¢ ´  ¢ ³µ-
¤¥²¨ ¨´¸É ´Éµ´´µ£µ ¢ ±ÊÊ³  [24]. „²Ö ÔÉµ° Í¥²¨ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö ³µ¦¥É
¡ÒÉÓ Ìµ·µÏµ  ¶¶·µ±¸¨³¨·µ¢ ´  ¸ ¶µ³µÐÓÕ £ Ê¸¸µ¢¸±µ° Ëµ·³Ò F̃ (k2; Λ2) =
= exp(k2/Λ2). �¡· É´Ò° · §³¥· ´¥²µ± ²Ó´µ¸É¨ ¢¥·Ï¨´Ò Λ ¥¸É¥¸É¢¥´´Ò³
µ¡· §µ³ ¸¢Ö§ ´ ¸µ ¸·¥¤´¥° ¢¨·ÉÊ ²Ó´µ¸ÉÓÕ ±¢ ·±µ¢, ±µÉµ·Ò¥ · ¸¶·µ¸É· ´Ö-
ÕÉ¸Ö ¢ ¢ ±ÊÊ³¥ [3,14,24]:

λ2q ≡ 〈: q̄D2q :〉
〈: q̄q :〉 = −

NcM
5
q

4π2〈q̄q〉

∫ ∞

0

duu2
F̃ (−u;χ−2)

u + 1
, (87)

£¤¥ Dµ Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö ¶µ µÉ´µÏ¥´¨Õ ± ¸¨²Ó´µ³Ê ± ²¨¡·µ¢µÎ-
´µ³Ê ¶µ²Õ,   ±µ´¤¥´¸ É ±¢ ·±µ¢ ¢Ò· ¦ ¥É¸Ö ± ±

〈q̄q〉 = −
NcM

3
q

4π2

∫ ∞

0

duu
F̃ (−u;χ−2)

u + 1
. (88)
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¨¸. 5. �³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ¶¨µ´  ± ± ËÊ´±Í¨Ö ¶¥·¥³¥´´µ° x (86) ¶·¨ · §²¨Î-
´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  · §·¥¦¥´´µ¸É¨: χ2 = 0, 15 (¸¶²µÏ´ Ö ²¨´¨Ö), χ2 = 0, 0001
(±µ·µÉ±¨¥ ÏÉ·¨Ì¨), χ2 = 4 (¤²¨´´Ò¥ ÏÉ·¨Ì¨). �¸¨³¶ÉµÉ¨Î¥¸± Ö  ³¶²¨ÉÊ¤  · ¸¶·¥-
¤¥²¥´¨Ö ¶µ± § ´a ÉµÎ¥Î´µ° ²¨´¨¥°

‡´ Î¥´¨¥ λ2q ¨§¢¥¸É´µ ¨§  ´ ²¨§  Š•„ �‘, λ2q ≈ (0, 5 ± 0, 1) ƒÔ‚2 [16].
„²Ö £ Ê¸¸µ¢¸±µ° ¢¥·Ï¨´Ò ¨³¥¥³ Λ2 ≈ λ2q , ¥¸²¨ Λ2/M2

q > 1. Œ ¸¸  ±¢ ·± 
Mq § ¤ ¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ ƒµ²¤¡¥·£¥·  Å ’·¥°³ ´  Mq = gπqqfπ ¸ ±¢ ·±-
¶¨µ´´µ° ±µ´¸É ´Éµ°, § Ë¨±¸¨·µ¢ ´´µ° ¸ ¶µ³µÐÓÕ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ (76),
¨ ¥¥ ¢¥²¨Î¨´  ¸µ£² ¸µ¢ ´  ¸ Mq = 250 ∼ 300 ŒÔ‚. Œ¥´ÖÖ ³µ¤¥²Ó´Ò¥ ¶ -
· ³¥É·Ò ¢ ¨´É¥·¢ ²¥ Λ2 = (0, 55 ± 0, 05) ƒÔ‚2 ¨ Mq = (275 ± 25) ŒÔ‚,
¨³¥¥³ λ2q = (0, 65 ± 0, 05) ƒÔ‚2, 〈q̄q〉 = −(205 ± 15) ŒÔ‚3 ¨ Jnp (ω = 1) =
= 1, 80±0, 05. …¸²¨ ÊÎ¥¸ÉÓ µÏ¨¡±Ê ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ Ë¨É¥, Éµ ÔÉ  µÍ¥´± 
´ Ìµ¤¨É¸Ö ¢ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ CLEO. �´  É ±¦¥ ¸µ£² ¸Ê¥É¸Ö ¸ ´µ¢µ° µÍ¥´-
±µ° Jsr (ω = 1) ≈ 1, 83 ± 0, 05, ¸¤¥² ´´µ° ¢ [68] ¸ ¶µ³µÐÓÕ Š•„ �‘ ¸
´¥²µ± ²Ó´Ò³¨ ±µ´¤¥´¸ É ³¨.

�µ± § É¥²Ó´µ · ¸¸³µÉ·¥ÉÓ ´¥±µÉµ·Ò¥ Ô±¸É·¥³ ²Ó´Ò¥ ¸²ÊÎ ¨, ¢ § ¢¨¸¨³µ-
¸É¨ µÉ ±µ´±·¥É´ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·¥¤¶µ²µ¦¥´¨°. …¸²¨ ¡Ò Š•„-¢ ±ÊÊ³ ¡Ò²
µÎ¥´Ó · §·¥¦¥´´Ò³, Mq << Λ, Éµ ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö F̃ (−u, χ−2) ¡Ò²  ¡Ò
µÎ¥´Ó ³¥¤²¥´´µ ¸¶ ¤ ÕÐ¥° ËÊ´±Í¨¥°. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É ²µ± ²Ó´µ° ±¢ ·±-
¶¨µ´´µ° ¢¥·Ï¨´¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ±µÔËË¨Í¨¥´É Jnp

dilute (|ω| = 1) ¸É·¥³¨É¸Ö ²µ-
£ ·¨Ë³¨Î¥¸±¨ ± ¡¥¸±µ´¥Î´µ¸É¨, ¨ �
 É ±¦¥ ¸É ´µ¢¨É¸Ö ¶µ²µ£µ°, ϕA

π (x) ≈ 1.
�µ¸²¥¤´¥¥ ³µ¦¥É ¡ÒÉÓ § ³¥Î¥´µ ¨§ (85), £¤¥ ¶·µ¨§¢µ¤´ Ö µÉ �
 ¶µ x Ö¢²Ö¥É¸Ö
µÎ¥´Ó ³ ²µ°, É ± ± ± ¢ ÔÉµ³ ¶·¥¤¥²¥ ´µ·³¨·µ¢µÎ´Ò° Ë ±Éµ· Nπ ¸É ´µ¢¨É¸Ö
³ ²Ò³. ˆ§ (86) Ö¸´µ, ÎÉµ µ¡² ¸ÉÓ ¨´É¥£·¨·µ¢ ´¨Ö ÔËË¥±É¨¢´µ µ£· ´¨Î¥´ 
¸¢¥·ÌÊ ¶·¥¤¥²µ³ y1 = χ−2/

(
1 + χ−2),   ¸´¨§Ê y0 = |1−2x|. �É¨ ¶·¥¤¥²Ò Ìµ-

·µÏµ · §¤¥²¥´Ò ¢ µ¡² ¸É¨ x0 � x � 1−x0, £¤¥ x0 ≈ 1/2
(
1 + χ−2). �Éµ µ§´ -
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¨¸. 6. �¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨Í¨¥´É Jnp ± ± ËÊ´±Í¨Ö ±¢ ¤· É  ¶ · ³¥É·  · §·¥-
¦¥´´µ¸É¨ χ2 ¤²Ö ¶·µÍ¥¸¸  γγ∗ → π0 (ω = 1). “± § ´Ò §´ Î¥´¨Ö Jnp, ¶µ²ÊÎ¥´´Ò¥ ¨§
Ë¨É  ¤ ´´ÒÌ CLEO (¶Š•„ [38]), ¨ ¶·¥¤¸± § ´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¨§ ´¥¶¥·ÉÊ·¡ É¨¢´µ°
±µ¢ ·¨ ´É´µ° ³µ¤¥²¨ (χ2 = 0, 15); ¸É·¥²±  ¸¶· ¢  Ê± §Ò¢ ¥É ´  ¶·¥¤¥²Ó´µ¥ §´ Î¥´¨¥
J = 4/3 ¶·¨ χ2 → ∞, ¸É·¥²±  ¸²¥¢  Å ¶Š•„ [38]

Î ¥É ÎÉµ �
 ¶µ¤ ¢²¥´  ´  ±· Õ ±¨´¥³ É¨Î¥¸±µ£µ ¨´É¥·¢ ²  1−|1−2x| < 2x0,
£¤¥ ±¢ ·±¨ Ö¢²ÖÕÉ¸Ö ³Ö£±¨³¨. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ³ Ô±¸É·¥³ ²Ó´µ³ ¸²ÊÎ ¥
µÎ¥´Ó ¶²µÉ´µ° ¸·¥¤Ò (¶·¥¤¥² ÉÖ¦¥²µ£µ ±¢ ·±  Mq >> Λ), Jnp

dense (|ω| = 1) =
= 4/3, ± ± ÔÉµ ¨ ¶·¥¤¸± §Ò¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¶¥·¢µ£µ Î²¥´  ¢ µ¶¥· Éµ·´µ³
· §²µ¦¥´¨¨ [55]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¥¤¥² y1 ³ ², ¨ ¶µ¤Ò´É¥£· ²Ó´ Ö ËÊ´±Í¨Ö ¢
(86) ¸±µ´Í¥´É·¨·µ¢ ´  ¢ µ±·¥¸É´µ¸É¨ x = 1/2. ’ ±¨³ µ¡· §µ³, ± ± ¨ µ¦¨¤ -
¥É¸Ö, �
 ¸É ´µ¢¨É¸Ö ϕA

π (x) ∝ δ(x−1/2). Š ± ¶µ± § ´µ ¢ÒÏ¥, ·¥ ²¨¸É¨Î¥¸± Ö
¸¨ÉÊ Í¨Ö ´ Ìµ¤¨É¸Ö ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö Ô±¸É·¥³ ²Ö³¨.

“± § ´´Ò¥ · §²¨Î´Ò¥ ¸¨ÉÊ Í¨¨ ¶·µ¨²²Õ¸É·¨·µ¢ ´Ò ´  ·¨¸. 5 ¤²Ö �

¶¨µ´  (86). Š ± Ö¸´µ ¨§ ·¨¸Ê´± , ³µ¤¥²Ó´ Ö �
 ¶¨µ´  ¶·¨ ·¥ ²¨¸É¨Î¥¸±µ³
¢Ò¡µ·¥ ¶ · ³¥É·µ¢ χ ≈ 0, 4 ¡²¨§±  ±  ¸¨³¶ÉµÉ¨Î¥¸±µ° �
. Š ± µÉ³¥Î¥´µ ¢µ
¢¢¥¤¥´¨¨, ¶·¨ Ë ±É¨Î¥¸±¨ ¤µ¸É¨¦¨³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´¥¶¥·-
ÉÊ·¡ É¨¢´ Ö ¤¨´ ³¨±  ³µ¦¥É ¤µ³¨´¨·µ¢ ÉÓ. �µÔÉµ³Ê ¤ ´´Ò¥ µ± §Ò¢ ÕÉ¸Ö
¤µ¸É ÉµÎ´µ µ£· ´¨Î¨É¥²Ó´Ò³¨ ¨ µ¤´µ§´ Î´µ Ê± §Ò¢ ÕÉ, ÎÉµ ¢ Š•„-¢ ±ÊÊ³¥
·¥ ²¨§Ê¥É¸Ö ·¥¦¨³ · §·¥¦¥´´µ° ¸·¥¤Ò. �  ·¨¸. 6 ¤²Ö ¶·µÍ¥¸¸  γγ∗ → π0

(ω = 1) ¨§µ¡· ¦¥´  ¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨Í¨¥´É Jnp (ω = 1) ± ± ËÊ´±-
Í¨Ö ±¢ ¤· É  ¤¨´ ³¨Î¥¸±µ£µ ¶ · ³¥É·  · §·¥¦¥´´µ¸É¨ χ2. �  ÔÉµ³ ·¨¸Ê´±¥
Ê± § ´Ò §´ Î¥´¨Ö Jnp (ω = 1), ¶µ²ÊÎ¥´´Ò¥ ¨§ ¤ ´´ÒÌ CLEO, ¨ ³µ¤¥²Ó´Ò¥
¶·¥¤¸± § ´¨Ö. �  ·¨¸. 7  ¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨Í¨¥´É Jnp (ω) ¨§µ¡· ¦¥´
± ± ËÊ´±Í¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¶ · ³¥É·   ¸¨³³¥É·¨¨ ω ¶·¨ χ2 = 0, 15 ¨
χ2 = 0, 35. �¥·¢µ¥ §´ Î¥´¨¥ χ ¸µµÉ¢¥É¸É¢Ê¥É ³µ¤¥²Ó´µ° µÍ¥´±¥, ¢Éµ·µ¥ Å
Í¥´É· ²Ó´µ° ÉµÎ±¥ Ë¨É  ¤ ´´ÒÌ CLEO.
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¨¸. 7. �¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨Í¨¥´É Jnp ± ± ËÊ´±Í¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¶ · ³¥É· 
ω. ‘¶²µÏ´ Ö ±·¨¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É χ2 = 0, 15 ¸ Jnp(ω = 1) = 1, 8; ¶Ê´±É¨·´ Ö Å
χ2 = 0, 35 ¸ Jnp(ω = 1) = 1, 6; ÏÉ·¨Ìµ¢ Ö Å  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶·¥¤¸± § ´¨¥ (72) ¸
Jasymp(ω = 1) = 2. ‘É·¥²±µ° Ê± § ´µ Jnp ¤²Ö ¸¨³³¥É·¨Î´µ° ±¨´¥³ É¨±¨ q2

1 = q2
2

„²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¤ ²Ó´¥°ÏÊÕ ¨´É¥·¶·¥É Í¨Õ (86), ¢Ò· §¨³ �

Î¥·¥§ ¨´É¥£· ² ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê µÉ ¶¨µ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´ 
¸¢¥Éµ¢µ³ ±µ´Ê¸¥ [38]:

ϕA
π (x) =

∫ ∞

0

d8k2⊥ΨA
π (x,8k2⊥). (89)

�¥·¥¶¨¸Ò¢ Ö ¶· ¢ÊÕ Î ¸ÉÓ (86) Î¥·¥§ ¨¸Ìµ¤´ÊÕ ¶¥·¥³¥´´ÊÕ u = y/(1 − y) ¨
§ É¥³ ¶µ¤¸É ¢²ÖÖ u Î¥·¥§ ±µ³¡¨´ Í¨Õ 8k2⊥/(xx̄), ±µÉµ· Ö Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É-
´µ° ³ ¸¸µ° qq̄-¶ ·Ò ¢ ±¢ ¤· É¥, µÉµ¦¤¥¸É¢¨³ ¸ ¶¨µ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥°
¢Ò· ¦¥´¨¥

ΨA
π (x,8k2⊥) =

NπF̃ (−8k2⊥/(xx̄); Λ2)

xx̄M2
q + 8k2⊥

θ

(
8k2⊥ ≥ |1 − 2x|xx̄

1 − |1 − 2x|M
2
q

)
. (90)

‚¥·Ï¨´´ Ö ËÊ´±Í¨Ö F̃ ¢ ´ Ï¥° ³µ¤¥²¨ ¶¨µ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¨£· ¥É
É ±ÊÕ ¦¥ ·µ²Ó, ± ± ¨ θ-ËÊ´±Í¨Ö ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¶µ¸É·µ¥´´µ° ¶µ ³µ-
¤¥²¨ ®²µ± ²Ó´µ° ¤Ê ²Ó´µ¸É¨¯ [50], ΨA,LD

π (x,8k2⊥) ∼ θ(8k2⊥ ≤ xx̄s0), £¤¥
s0 = 8π2f2π Å ¨´É¥·¢ ² ¤Ê ²Ó´µ¸É¨. ‡ ³¥É¨³, ÎÉµ Î¨¸²¥´´µ s0 ≈ 0, 67 ƒÔ‚2

¡²¨§±µ ± §´ Î¥´¨Õ ¶ · ³¥É·  ´¥²µ± ²Ó´µ¸É¨ λ2q . Š ± ¨ ¢ ¸²ÊÎ ¥ ¢Ò· ¦¥´¨Ö
(86), ¶¨µ´´ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ´  ¸¢¥Éµ¢µ³ ±µ´Ê¸¥ (89) ¶·µÖ¢²Ö¥É ´¥ ´ -
²¨É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ x, ±µÉµ· Ö ¨¸Î¥§ ¥É ¶·¨ ¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±µ³
¢Ò¡µ·¥ ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´Ò. Š ± ¡Ò²µ Ê± § ´µ · ´¥¥, ¢´¥¸¥´¨¥ ´¥¶¥·-
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ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± ¢´ÊÉ·¥´´¥° ¶µ¶¥·¥Î´µ° ¸É·Ê±ÉÊ·¥  ¤·µ´-
´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ [65,66], ¨ É ± ¦¥, ± ± ¨ ¸Ê¤ ±µ¢¸±¨° ¶¥·ÉÊ·¡ É¨¢´Ò°
Ë ±Éµ· [67], ³µ¤¨Ë¨Í¨·Ê¥É ± ·É¨´Ê ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö ¢ Ô±¸±²Õ§¨¢´ÒÌ ·¥-
 ±Í¨ÖÌ ¨ ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É ¥¥. ‚ ·¥§Ê²ÓÉ É¥ µ¡² ¸ÉÓ ¸¶· ¢¥¤²¨¢µ¸É¨ ¶¥·-
ÉÊ·¡ É¨¢´ÒÌ Š•„-¢ÒÎ¨¸²¥´¨°  ¤·µ´´ÒÌ Ëµ·³Ë ±Éµ·µ¢ · ¸¶·µ¸É· ´Ö¥É¸Ö ¨§
±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì §´ Î¥´¨° Q ¢ µ¡² ¸ÉÓ, ´ Î¨´ Õ-
ÐÊÕ¸Ö ¸ Q ∼ O (1 ƒÔ‚).

„¨¸±Ê¸¸¨Ö ¶µ ¶¨µ´´µ³Ê ¶¥·¥Ìµ¤´µ³Ê Ëµ·³Ë ±Éµ·Ê πγ∗γ∗. �¥¤ ¢´µ
¢ [69] ¡Ò²µ § Ö¢²¥´µ, ÎÉµ ¢ ¶µ¤Ìµ¤¥ ˜¢¨´£¥·  Å „ °¸µ´  ¶·¥¤¸± §Ò¢ ¥É¸Ö
µ¤¨´ ±µ¢Ò°  ¸¨³¶ÉµÉ¨Î¥¸±¨° ±µÔËË¨Í¨¥´É J(ω) = 4/3 ¤²Ö ¢¸¥Ì ´¥²µ± ²Ó-
´ÒÌ ±¢ ·±-ËµÉµ´´ÒÌ ¢¥·Ï¨´ Γµ[q(k)q(k′)γ(q)], ±µÉµ·Ò¥ ¶¥·¥Ìµ¤ÖÉ ¢ § É· -
¢µÎ´Ò¥ γµ ¶µ ³¥·¥ Éµ£µ, ± ± ¢¨·ÉÊ ²Ó´µ¸ÉÓ µ¤´µ£µ ¨§ ËµÉµ´µ¢ (k2 ¨²¨ k′2)
¸É ´µ¢¨É¸Ö ¡¥¸±µ´¥Î´µ° (± ± ¤²Ö ¢¥·Ï¨´Ò ¢ Ëµ·³¥ ŠÊ·É¨¸  Å �¥´´¨´£-
Éµ´  [70]). ‚ [69] ¶·µ¶ £ Éµ· ±¢ ·± , ±µÉµ·Ò° § ¢¨¸¨É µÉ ¢¨·ÉÊ ²Ó´µ¸É¨
ËµÉµ´ , ¡Ò²  ¶¶·µ±¸¨³¨·µ¢ ´ ¶·¨ ¡µ²ÓÏµ³ Q2  ¸¨³¶ÉµÉ¨Î¥¸±µ° Ëµ·³µ°
[M2

q − (k − (q1 − q2)/2)2]−1 → 2/Q2. �µ¸²¥ ÔÉµ° § ³¥´Ò ¨´É¥£· ² (80)
¶·¨µ¡·¥É ¥É ÉÊ ¦¥ Ëµ·³Ê, ÎÉµ ¨ ¨´É¥£· ² ¢ (77), µ¶·¥¤¥²ÖÕÐ¨° fπ. �·¨-
´¨³ Ö ¢µ ¢´¨³ ´¨¥ ±µÔËË¨Í¨¥´ÉÒ ¶¥·¥¤ ¨´É¥£· ² ³¨ ¢ Ê· ¢´¥´¨ÖÌ (77) ¨
(76), ´¥³¥¤²¥´´µ ¶·¨Ìµ¤¨³ ± § ±²ÕÎ¥´¨Õ  ¢Éµ·µ¢ [69] (¸³. É ±¦¥ [71]) µ¡
 ¸¨³¶ÉµÉ¨Î¥¸±µ³ ±µÔËË¨Í¨¥´É¥ (J = 4/3). �¤´ ±µ, ± ± ¶µ± § ´µ ¢ÒÏ¥, É -
± Ö ¡Ò¸É· Ö  ¸¨³¶ÉµÉ¨Î¥¸± Ö µÍ¥´±  Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ´ ¨¢´µ°, ´¥ ¢¥¤¥É
± ÉµÎ´µ³Ê ·¥§Ê²ÓÉ ÉÊ ¨ µ¶· ¢¤ ´´a Éµ²Ó±µ ¢ Ëµ·³ ²Ó´µ³ ¶·¥¤¥²¥ Mq >> Λ.

� Ï  ´ ²¨§ µ¸´µ¢ ´ ´  · ¸¸³µÉ·¥´¨¨ É·¥Ê£µ²Ó´µ° ¤¨ £· ³³Ò, ¢ ±µÉµ·µ°
¶·µ¶ £ Éµ· ±¢ ·±  ¨ ±¢ ·±-¶¨µ´´ Ö ¢¥·Ï¨´  µ¶·¥¤¥²¥´Ò ´¥¶¥·ÉÊ·¡ É¨¢´µ.
‚ ÔÉµ³ µÉ´µÏ¥´¨¨ ´ Ï ¶µ¤Ìµ¤ ¡²¨§µ± ± ¡µ²¥¥ · ´´¥° · ¡µÉ¥ [72]. �¤´ ±µ
¢ [72] ¶·¨ ¢ÒÎ¨¸²¥´¨¨ É·¥Ê£µ²Ó´µ° ¤¨ £· ³³Ò ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¶·¨¡²¨-
¦¥´¨Ö, ±µÉµ·Ò¥ Ê¶·µ¸É¨²¨ ¤¨´ ³¨±Ê ¶·µÍ¥¸¸ . �± §Ò¢ ¥É¸Ö, ÎÉµ ÔÉ¨ ¶·¨-
¡²¨¦¥´¨Ö µ¶· ¢¤ ´´Ò ¢ ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ¡µ²ÓÏ¨Ì |ω|. ‚ ·¥§Ê²ÓÉ É¥
¶µ²ÊÎ¥´´µ¥ ¢ [72] ¢Ò· ¦¥´¨¥ ¤²Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É  ´¥ § ¢¨¸¨É
µÉ ¢´ÊÉ·¥´´¥° ´¥²µ± ²Ó´µ° ¸É·Ê±ÉÊ·Ò ¶¨µ´ , ÎÉµ ¶·µÉ¨¢µ·¥Î¨É ·¥§Ê²ÓÉ É ³
�‘ Š•„ ¨ ´ Ï¨³ ·¥§Ê²ÓÉ É ³.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ · §¤¥²  ¢ ±µ¢ ·¨ ´É´µ° ´¥²µ± ²Ó´µ° ³µ¤¥²¨, µ¶¨¸Ò-
¢ ÕÐ¥° ±¢ ·±-¶¨µ´´ÊÕ ¤¨´ ³¨±Ê, ¶µ²ÊÎ¥´ πγ∗γ∗- ¶¥·¥Ìµ¤´Ò° Ëµ·³Ë ±Éµ·
¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì ¢¨·ÉÊ ²Ó´µ¸ÉÖÌ, £¤¥ ¶¥·ÉÊ·¡ É¨¢´ Ö Š•„-Ô¢µ²ÕÍ¨Ö
¥Ð¥ ´¥ ¤µ¸É¨£ ²   ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ·¥¦¨³ . ˆ§ ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨° ³µ¦´µ
´ °É¨  ¡¸µ²ÕÉ´ÊÕ ´µ·³¨·µ¢±Ê  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ Q−2-Î²¥´ . �¸¨³¶ÉµÉ¨Î¥-
¸±¨° ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É J(ω), ¤ ´´Ò° ¢ (83), § ¢¨¸¨É µÉ µÉ´µ-
Ï¥´¨Ö ±µ´¸É¨ÉÊ¥´É´µ° ±¢ ·±µ¢µ° ³ ¸¸Ò ´  ´¥±µÉµ·µ³ ³Ö£±µ³ ³ ¸ÏÉ ¡¥ ±
Ì · ±É¥·´µ³Ê · §³¥·Ê Š•„-¢ ±ÊÊ³´ÒÌ Ë²Ê±ÉÊ Í¨°,   É ±¦¥ µÉ ±¨´¥³ É¨±¨
¶·µÍ¥¸¸ . �ÉµÉ ·¥§Ê²ÓÉ É ´¥ ¶µ¤É¢¥·¦¤ ¥É ¶µ²µ¦¥´¨Ö µ¡ Ê´¨¢¥·¸ ²Ó´µ¸É¨
 ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É , ¸¤¥² ´´µ£µ ¢ [69, 71, 72]. …¸²¨ · ¸¸³µ-
É·¥ÉÓ § ¢¨¸¨³µ¸ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É  µÉ ¢´ÊÉ·¥´´¥° ¤¨´ ³¨±¨,
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Éµ ¤ ´´Ò¥ CLEO ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ³ ²µ³ §´ Î¥´¨¨ ¶ · ³¥É·  · §·¥¦¥´´µ-
¸É¨, ÎÉµ ¶µ¤É¢¥·¦¤ ¥É £¨¶µÉ¥§Ê µ ³ ²µ° ¶²µÉ´µ¸É¨ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨
¢ ¢ ±ÊÊ³¥ [7]. ˆ§ ¸· ¢´¥´¨Ö ±¨´¥³ É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ
±µÔËË¨Í¨¥´É  ¶¥·¥Ìµ¤´µ£µ Ëµ·³Ë ±Éµ·  ¶¨µ´ , ¤ ´´µ° ¢ ¶Š•„ ¨ ´¥¶¥·ÉÊ·-
¡ É¨¢´µ° ³µ¤¥²¨, ¶µ²ÊÎ¥´µ ´µ¢µ¥ ¸µµÉ´µÏ¥´¨¥ (86) ³¥¦¤Ê ¶¨µ´´µ°  ³¶²¨ÉÊ-
¤µ° · ¸¶·¥¤¥²¥´¨Ö ¨ ¤¨´ ³¨Î¥¸±µ° ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¥°. ‚
Î ¸É´µ³ ¸²ÊÎ ¥ ¸¨³³¥É·¨Î´µ° ±¨´¥³ É¨±¨ ´ Ï ·¥§Ê²ÓÉ É ¸µ£² ¸Ê¥É¸Ö ¸ É¥³,
±µÉµ·Ò° ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ �
 [54]. � ¸ÉµÖÐ¨¥ ·¥§Ê²ÓÉ ÉÒ É ±¦¥ ´ Ìµ¤ÖÉ¸Ö
¢ ¸µ£² ¸¨¨ ¸ § ±²ÕÎ¥´¨Ö³¨, ¸¤¥² ´´Ò³¨ ¢ [57,58,68] ¢ �‘ Š•„.

8 ·Éµ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥. �¤·µ´´Ò¥
¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ ¨£· ÕÉ ¢ ¦´ÊÕ ·µ²Ó ¢ Š•„ ¶·¨ µ¶¨¸ ´¨¨ ¨´±²Õ§¨¢-
´ÒÌ ¶·µÍ¥¸¸µ¢. �´¨ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¶ ·Éµ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¨
£²Õµ´µ¢ ¶µ ¤µ²¥ x ¨³¶Ê²Ó¸  p ´ Î ²Ó´µ£µ  ¤·µ´ , ¶¥·¥´µ¸¨³µ°  ±É¨¢´Ò³
¶ ·Éµ´µ³. •µÉÖ Ô¢µ²ÕÍ¨Ö ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨¨° ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²Ó-
Ïµ° ¢¨·ÉÊ ²Ó´µ¸É¨ Q2 ±µ´É·µ²¨·Ê¥É¸Ö § ¢¨¸¨³µ¸ÉÓÕ ¶¥·¥´µ·³¨·µ¢±¨ ³ ¸-
ÏÉ ¡  µ¶¥· Éµ·µ¢ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ É¢¨¸É -2 ¶µ Š•„-É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°,
¢Ò¢µ¤ ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶µ¢ ¸ ³¨Ì ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·¨ ´¥±µÉµ·µ³
´ Î ²Ó´µ³ Q2 µÉ¸ÊÉ¸É¢Ê¥É. ‘²¥¤µ¢ É¥²Ó´µ, Í¥´É· ²Ó´Ò³ ¶Ê´±Éµ³, ´¥¨§¢¥¸É-
´Ò³ ¢ Š•„, Ö¢²ÖÕÉ¸Ö ¶ ·Éµ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ µÉ´µ¸¨É¥²Ó´µ ´¨§±¨Ì
¢¨·ÉÊ ²Ó´µ¸ÉÖÌ, ±µÉµ·Ò¥ ¤µ²¦´Ò µ¶·¥¤¥²ÖÉÓ¸Ö ¶µ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¸Ì¥³¥.

�¥¤ ¢´µ ¢µ§´¨± ´¥±µÉµ·Ò° ¶·µ£·¥¸¸ ¢ ¢ÒÎ¨¸²¥´¨¨ ³µ³¥´Éµ¢ ¶ ·Éµ´´ÒÌ
· ¸¶·¥¤¥²¥´¨¨° ¤²Ö ¶¨µ´  ¨ ρ-³¥§µ´  [73] ¢ ·Š•„, £¤¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö Ë¥·³¨-
µ´Ò ‚¨²Ó¸µ´  ¢ ¶·¨¡²¨¦¥´¨¨ § ³µ·µ§±¨, ±µ£¤  ¶·¥´¥¡·¥£ ÕÉ ¢´ÊÉ·¥´´¨³¨
±¢ ·±µ¢Ò³¨ ¶¥É²Ö³¨. �É¨ ·Š•„-¶·¥¤¸± § ´¨Ö ¤²Ö ³µ³¥´Éµ¢ ¶¨µ´´µ° ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶µ¤É¢¥·¦¤ ÕÉ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¥£µ  ´ ²¨§  [74],  
É ±¦¥ ´ Ìµ¤ÖÉ¸Ö ¢ ± Î¥¸É¢¥´´µ³ ¸µ£² ¸¨¨ ¸ · ¸¶·¥¤¥²¥´¨Ö³¨, ¨§¢²¥Î¥´´Ò³¨
Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ [75, 76] ¨§ Ô±¸¶¥·¨³¥´É  [77]. �¤´ ±µ ¢ÒÎ¨¸²¥´´Ò¥ ³µ-
³¥´ÉÒ ¨³¥ÕÉ µÉ´µ¸¨É¥²Ó´µ ´¨§±ÊÕ ÉµÎ´µ¸ÉÓ, ¨, ±·µ³¥ Éµ£µ, ¤µ¸ÉÊ¶´Ò ¤²Ö
¢ÒÎ¨¸²¥´¨° Éµ²Ó±µ ´¥¸±µ²Ó±¨Ì ¶¥·¢ÒÌ ³µ³¥´Éµ¢, ÌµÉÖ ¤²Ö ·¥±µ´¸É·Ê±Í¨¨
x-§ ¢¨¸¨³ÒÌ · ¸¶·¥¤¥²¥´¨° ´Ê¦´µ, ¢ ¶·¨´Í¨¶¥, §´ ÉÓ ¢¸¥ ³µ³¥´ÉÒ. qµ²¥¥
Éµ£µ, ¢ÒÎ¨¸²¥´¨Ö ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨¨° ¢ ¶¨µ´¥ ¸ ¶µ³µÐÓÕ Š•„ �‘
¤µ¸É ÉµÎ´µ Ê¸¶¥Ï´Ò [78] ²¨ÏÓ ¢ µ£· ´¨Î¥´´µ° µ¡² ¸É¨ ¸±¥°²¨´£µ¢µ° ¶¥·¥-
³¥´´µ° x. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¢ ´ ¨´¨§Ï¥³ Ëµ±µ¢¸±µ³
¸µ¸ÉµÖ´¨¨ ±¢ ·± - ´É¨±¢ ·±  ´¥¤ ¢´µ [79] ¶µ²ÊÎ¥´  ¢ ¶µ¤Ìµ¤¥ ¦¥¸É±µ£µ · ¸-
¸¥Ö´¨Ö, ±µ£¤  ¢±²ÕÎ¥´Ò ÔËË¥±ÉÒ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ¨ ¸Ê¤ ±µ¢¸±¨Ì ¶µ¶· -
¢µ±. ’ ± Ö ËÊ´±Í¨Ö ´ ¸ÒÐ ¥É Ë¥´µ³¥´µ²µ£¨Î¥¸±µ¥ ±¢ ·±µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥
¶·¨ ¡µ²ÓÏ¨Ì x.

Š¢ ·±µ¢ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ¶¨µ´¥ ¡Ò²  · ¸¸³µÉ·¥´  ¢ [80] ¢
· ³± Ì �ˆ‹-³µ¤¥²¨ [17]. �É¨ ¨ ¶µ¤µ¡´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö µ¸´µ¢ ´Ò ´  ¶·¥¤-
¶µ²µ¦¥´¨¨, ÎÉµ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ É¢¨¸É -2 ¢ ÔËË¥±É¨¢´ÒÌ
¶µ¤Ìµ¤ Ì, µ¸´µ¢ ´´ÒÌ ´  Š•„, ¤ ¥É · ¸¶·¥¤¥²¥´¨Ö ´  ´¨§±µ³ Ô´¥·£¥É¨Î¥-
¸±µ³ ³ ¸ÏÉ ¡¥ µ0 � 1 ƒÔ‚, £¤¥ ¨¸¶µ²Ó§µ¢ ´¨¥ É ±µ° ÔËË¥±É¨¢´µ° É¥µ·¨¨
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¨³¥¥É ¸³Ò¸². �µ²ÊÎ¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö § É¥³ Ô±¸É· ¶µ²¨·ÊÕÉ¸Ö ± ¡µ²¥¥
¢Ò¸µ±¨³ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³Ò³ ³ ¸ÏÉ ¡ ³ ¨³¶Ê²Ó¸µ¢ ¸ ¶µ³µÐÓÕ
¶¥·ÉÊ·¡ É¨¢´µ° Š•„ É ±, ÎÉµ ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¤´ ±µ ¶·µ¡²¥³  �ˆ‹-³µ¤¥²¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´ 
´¥¶¥·¥´µ·³¨·Ê¥³ , ¨, É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¨§¡¥¦ ÉÓ ÔÉµ£µ ¤¥Ë¥±É , ¢¢µ¤ÖÉ¸Ö
· §²¨Î´Ò¥ ad hoc ¶·¥¤¶µ²µ¦¥´¨Ö µ¡ ¨³¶Ê²Ó¸´µ³ µ¡·¥§ ´¨¨.

�¥·¢ Ö ¶µ¶ÒÉ±  ¢ÒÎ¨¸²¥´¨Ö ¶¨µ´´µ° ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ¢ ¨´¸É ´-
Éµ´´µ° ³µ¤¥²¨ ¡Ò²  ¸¤¥² ´  ¢ [81]. ‘· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ ¢ ¦´Ò° ¶·µ-
£·¥¸¸ ¡Ò² ¤µ¸É¨£´ÊÉ ¢ [63, 82] ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨¨°
¢ ´Ê±²µ´¥ ¢ ¨´¸É ´Éµ´´µ³ ¶µ¤Ìµ¤e. ‚ ´ ¸ÉµÖÐ¥³ · §¤¥²¥, µ¸´µ¢Ò¢ Ö¸Ó ´ 
±¢ ·±-¶¨µ´´µ° ¤¨´ ³¨±¥ ¢ ³µ¤¥²¨ ¨´¸É ´Éµ´´µ° ¦¨¤±µ¸É¨, ³Ò ¢ÒÎ¨¸²¨³
· ¸¶·¥¤¥²¥´¨¥ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¢ ²¨¤¨·ÊÕÐ¥³ É¢¨¸É¥ ¢ ´¨§±µ°
ÉµÎ±¥ ´µ·³¨·µ¢±¨ ¶µ·Ö¤±  µ¡· É´µ£µ ¸·¥¤´¥£µ · §³¥·  ¨´¸É ´Éµ´  ρc. � °-
¤¥³ ±¢ ·±µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ ¶¨µ´¥ ¨ ¢¸¥ ¥£µ ³µ³¥´ÉÒ ¤²Ö µ¡Ð¥° Ëµ·³Ò
ÔËË¥±É¨¢´µ° ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´´µ° ËÊ´±Í¨¨. ‘¶· ¢¥¤²¨¢µ¸ÉÓ ¶ ·Éµ´-
´ÒÌ ¶· ¢¨² ¸Ê³³ ¤²Ö ¨§µ¸¶¨´  ¨ ¶µ²´µ£µ ¨³¶Ê²Ó¸  µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸ ¶µ³µ-
ÐÓÕ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ ¶¨µ´  [28] ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ ¶µ¤-
Ìµ¤ . ’ ± ± ± ÔËË¥±É¨¢´ Ö ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó ¸¶· ¢¥¤²¨¢  ¤²Ö §´ Î¥´¨°
µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ ±¢ ·±  ¤µ p ∼ ρ−1c ≈ 0, 5 − 1 ƒÔ‚, ¶ ·Éµ´´Ò¥ · ¸-
¶·¥¤¥²¥´¨Ö, ¢ÒÎ¨¸²¥´´Ò¥ §¤¥¸Ó, µ¶·¥¤¥²¥´Ò ¶·¨ ÔÉµ° (´¨§±µ°) ÉµÎ±¥ ´µ·³¨-
·µ¢±¨ µ0 ∼ ρ−1c . �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ § É¥³ Š•„ ¶·µÔ¢µ²ÕÍ¨µ´¨·µ¢ ´Ò
± ¡µ²¥¥ ¢Ò¸µ±¨³ ¨³¶Ê²Ó¸ ³ ¶¥·¥¤ Î¨, ¨ ´ °¤¥´µ · §Ê³´µ¥ ¸µ£² ¸¨¥ ¸ ËÊ´±-
Í¨Ö³¨ · ¸¶·¥¤¥²¥´¨Ö ¶¨µ´ , ¨§¢²¥Î¥´´Ò³¨ ¨§ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ  ´ ²¨§ 
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

Œµ³¥´ÉÒ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¢ ±µ¢ ·¨ ´É´µ° ´¥²µ-
± ²Ó´µ° ³µ¤¥²¨. ‘É ´¤ ·É´Ò° Š•„- ´ ²¨§ µ¸´µ¢ ´ ´  �
, ±µÉµ·µ¥ ¸¢Ö§Ò¢ ¥É
³µ³¥´ÉÒ ¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·¨ ¤ ´´µ³ ³ ¸ÏÉ ¡¥ ¸  ¤·µ´´Ò³¨ ³ -
É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢ É¢¨¸É -2. �ÉµÉ Ëµ·³ ²¨§³ ¶·¨-
³¥´Ö¥É¸Ö ¤²Ö Éµ£µ, ÎÉµ¡Ò · §¤¥²¨ÉÓ ¦¥¸É±ÊÕ ¨ ³Ö£±ÊÕ Î ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸¥-
Ö´¨Ö ¢¶¥·¥¤. ‚ �
 ¦¥¸É± Ö Î ¸ÉÓ ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ Ëµ·³¥
±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´ . ŒÖ£± Ö Î ¸ÉÓ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡µ·µ³ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ µÉ ²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢, ±² ¸¸¨Ë¨Í¨·µ¢ ´´ÒÌ ¶µ É¢¨¸ÉÊ. �É¨
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ  ±±Ê³Ê²¨·ÊÕÉ ¨´Ëµ·³ Í¨Õ µ ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¸É·Ê±-
ÉÊ·¥  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨Ö.

Š ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ´¥¸¨´£²¥É´Ò° ²µ± ²Ó´Ò° µ¶¥· Éµ· É¢¨¸É -2
¸  ·µ³ Éµ³ ±¢ ·±  j µ¶·¥¤¥²¥´ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Oj
µ1µ2..µN

= iN q̄j{γµ1Dµ2 ..DµN}Sqj , (91)
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£¤¥ Dµ = ∂µ−igAa
µτa Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö ∗ ¨ ¸¨³¢µ² {...}S µ§´ Î ¥É

¡¥¸¸²¥¤µ¢ÊÕ ¸¨³³¥É·¨Î´ÊÕ Î ¸ÉÓ É¥´§µ· . Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Aj
N ²µ± ²Ó-

´ÒÌ µ¶¥· Éµ·µ¢ Oj
N ¢ µ¡±² ¤± Ì ¶¨µ´´µ£µ ¸µ¸ÉµÖ´¨Ö |π(p)〉 ¸ ¨³¶Ê²Ó¸µ³ p

Aj
N (µ2) =

iN

2
〈π(p)|q̄j n̂(nνD

ν)N−1qj |π(p)〉|µ, (92)

£¤¥ µ Å ÉµÎ±  ´µ·³¨·µ¢±¨, nν Å ¸¢¥Éµ¶µ¤µ¡´Ò° ¢¥±Éµ· ¸ n2 = 0 ¨ (np) = 1,
¢¢¥¤¥´´Ò° ¤²Ö µÉ¡µ·  ¸¨³³¥É·¨Î´µ° ¡¥¸¸²¥¤µ¢µ° Î ¸É¨ µ¶¥· Éµ·  Oj

N (91).
‡ ¶¨Ï¥³ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¤²Ö j-£µ  ·µ³ É  Î¥·¥§ ³µ³¥´ÉÒ

Aj
N (µ2) =

∫ 1

0

dx xN−1qj(x, µ2). (93)

‡ ¢¨¸¨³µ¸ÉÓ ³µ³¥´É  Aj
N µÉ ÉµÎ±¨ ´µ·³¨·µ¢±¨ µ2 ¨§¢¥¸É´  ÉµÎ´µ ¨§ ·¥Ï¥´¨Ö

Ê· ¢´¥´¨Ö Ô¢µ²ÕÍ¨¨ ¢ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„, ¢ Éµ ¢·¥³Ö ± ± ´¥¶¥·ÉÊ·¡ É¨¢´ Ö
¤¨´ ³¨Î¥¸± Ö ³µ¤¥²Ó § ¤ ¥É ´ Î ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ÔÉµ° Ô¢µ²ÕÍ¨¨. ‚ÒÎ¨¸²¨³
´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ³µ³¥´Éµ¢ ´  ³ ¸ÏÉ ¡¥ µ20 ∝ 1/ρ2c ¢ ¨´¸É ´Éµ´´µ° ³µ¤¥²¨.

‚±² ¤ ´ ¨´¨§Ï¥£µ Ëµ±µ¢¸±µ£µ ±¢ ·±- ´É¨±¢ ·±µ¢µ£µ ¢ ²¥´É´µ£µ ¸µ¸ÉµÖ-
´¨Ö ¢ N -° ³µ³¥´É Aqq

N (µ20) ¢ ¨´¸É ´Éµ´´ÊÕ ³µ¤¥²Ó § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (¸³.
£· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´  ·¨¸. 8):

Aqq
N (µ20)pµ1pµ2 ..pµN = 2Ncg

2
πqq̄

∫
d4k

(2π)4
×

×
{
F̃ 2(k, k+p;µ20)tr[γ5S(k+p){γµ1(k+p)µ2 ..(k+p)µN }SS(k+p)γ5S(k)]−

−2
∂F̃ 2(k, k+p;µ20)

∂(k+p)2
tr[γ5S(k+p){(k+p)µ1(k+p)µ2 ..(k+p)µN}Sγ5S(k)]

}
.

(94)

‚µµ¡Ð¥ £µ¢µ·Ö, ³µ³¥´ÉÒ µ¶·¥¤¥²¥´Ò ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¨ ³µ£ÊÉ
¡ÒÉÓ · §²µ¦¥´Ò ¶µ ¢¥±Éµ·Ê pµ ¨ É¥´§µ·Ê gµν . —²¥´Ò, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥
gµν , ¶·¨¢µ¤ÖÉ ± ¢±² ¤ ³ ¡µ²¥¥ ¢Ò¸µ±µ£µ É¢¨¸É , ±µÉµ·Ò¥ ¶µ¤ ¢²¥´Ò ²¨Ï-
´¥° ¸É¥¶¥´ÓÕ 1/Q2 ¨ ¤µ²¦´Ò ¡ÒÉÓ µÉ¡·µÏ¥´Ò. „²Ö Éµ£µ ÎÉµ¡Ò ¢Ò¤¥²¨ÉÓ
¢±² ¤ ²¨¤¨·ÊÕÐ¥£µ É¢¨¸É , ´Ê¦´µ ¸¢¥·´ÊÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¸µ ¸¢¥Éµ¶µ-
¤µ¡´Ò³ ¢¥±Éµ·µ³ nµ. �¸É ÕÐ¨¥¸Ö ¶¥É²¥¢Ò¥ ¨´É¥£· ²Ò ´Ê¦´µ  ´ ²¨É¨Î¥¸±¨
¶·µ¤µ²¦¨ÉÓ ¢ ¶·µ¸É· ´¸É¢µ …¢±²¨¤  [11], £¤¥ ¢¥·Ï¨´Ò, ¨´¤ÊÍ¨·µ¢ ´´Ò¥ ¨´-
¸É ´Éµ´ ³¨, Ìµ·µÏµ µ¶·¥¤¥²¥´Ò.

∗Š ± ¨ ¢ · ¡µÉ¥ [63], ³Ò ¶·¥´¥¡·¥£ ¥³ £²Õµ´´Ò³¨ µ¶¥· Éµ· ³¨ ¢ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤-
´ÒÌ, ÎÉµ ¢Ò§¢ ´µ ³ ²µ¸ÉÓÕ ¶ · ³¥É·  · §·¥¦¥´´µ¸É¨ η.
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¨¸. 8. ƒ· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö. ‹¥¢ Ö Î ¸ÉÓ ¤¨ £· ³³Ò
¶·¥¤¸É ¢²Ö¥É ¸± Îµ± (Disc)  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢¶¥·¥¤. ‚ · ³± Ì µ¶¥· Éµ·´µ£µ · §-
²µ¦¥´¨Ö ¸± Îµ± ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± ±µ´¢µ²ÕÍ¨Ö ±µÔËË¨Í¨¥´É´µ° ËÊ´±Í¨¨ ‚¨²Ó¸µ´ 
CNS(Q2) ¦¥¸É±µ£µ ¶µ¤¶·µÍ¥¸¸  (¢¥·Ì´¨° ¡²µ± ¶· ¢µ° ¤¨ £· ³³Ò) ¨ ³Ö£±µ° ¶ ·-
Éµ´´µ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö q(x, Q2) (´¨¦´¨° ¡²µ±). Šµ´¸É¨ÉÊ¥´É´Ò° ±¢ ·± ¨
¶¨µ´ µ¡µ§´ Î¥´Ò ´¥¶·¥·Ò¢´µ° ¨ ¤¢µ°´µ° ²¨´¨Ö³¨ ¸µµÉ¢¥É¸É¢¥´´µ. ‚µ²´¨¸ÉÒ¥ ²¨-
´¨¨ µ¡µ§´ Î ÕÉ ËµÉµ´Ò. ONS Å ²µ± ²Ó´Ò° µ¶¥· Éµ·, ÏÉ·¨Ì ´  ±¢ ·±µ¢µ° ²¨´¨¨
¸µµÉ¢¥É¸É¢Ê¥É δ(x − (kn))

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥ (94), ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ  ³¶²¨ÉÊ¤Ê ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ° ±¨´¥³ É¨±¥ ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥
¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¨ ¢§ÖÉÓ ³´¨³ÊÕ Î ¸ÉÓ µÉ ´¥¥. ‚ ±µ³¶Éµ´µ¢¸±µ³ ¶·µ-
Í¥¸¸¥ ´ ²¥É ÕÐ¨° ¨ · ¸¸¥Ö´´Ò° ¢¨·ÉÊ ²Ó´Ò¥ ËµÉµ´Ò ¨³¥ÕÉ ¨³¶Ê²Ó¸Ò q,
q2 ≡ −Q2,   ´ Î ²Ó´Ò° ¨ ±µ´¥Î´Ò° ¶¨µ´Ò ¨³¥ÕÉ ¨³¶Ê²Ó¸Ò p, p2 ≈ 0. �·¥-
¤¥² qÓ¥·±¥´  ¸µµÉ¢¥É¸É¢Ê¥É ¡µ²ÓÏ¨³ Q2 ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ x = Q2/2(pq).
Š ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ´ ¡µ· ¤¨ £· ³³, ¨´¤ÊÍ¨·µ¢ ´´Ò° ¸ ¶µ³µÐÓÕ
´¥²µ± ²Ó´µ£µ ¤¥°¸É¢¨Ö (43) ¨ (45), ¢±²ÕÎ ¥É, ¢ ¤µ¶µ²´¥´¨e ± µ¤´µ¶¥É²¥¢µ°
®box¯-¤¨ £· ³³¥, ¶µ¤¶·µÍ¥¸¸Ò πγ → π → πγ, πγγ → π. Œµ¦´µ ¶µ± § ÉÓ
(¸³. [83]), ÎÉµ Éµ²Ó±µ ¢Éµ·µ° É¨¶ ¶·µÍ¥¸¸  ¢Ò¦¨¢ ¥É ¢ ¶·¥¤¥²¥ qÓ¥·±¥´  ¤²Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì  ³¶²¨ÉÊ¤ ¨ ¶·¨¢µ¤¨É ± ¶µ¶· ¢±¥ (Î²¥´ ¸ ¶·µ¨§¢µ¤´µ° µÉ
¢¥·Ï¨´Ò) ¢ (94).

—²¥´ ¸ ¶·µ¨§¢µ¤´µ°, ±µÉµ·Ò° ¢µ§´¨± ¥É ¨§ P exp-Ë ±Éµ· , ¶µ§¢µ²Ö¥É Ê¤µ-
¢²¥É¢µ·¨ÉÓ ¶ ·Éµ´´Ò¥ ¶· ¢¨²  ¸Ê³³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸µÌ· ´¥´¨Õ ¨§µ¸¶¨´ 
¨ ¨³¶Ê²Ó¸ . „¥°¸É¢¨É¥²Ó´µ, ¨§ (94) ¤²Ö ¶¥·¢ÒÌ ¤¢ÊÌ ³µ³¥´Éµ¢ ¶µ²ÊÎ¨³

Aqq̄
1 (µ20) ≡

∫ 1

0

dx qqq̄(x, µ20) = g2πqq̄
∂Ππ(p2)
∂p2

∣∣∣∣
p2=0

,

Aqq̄
2 (µ20) ≡

∫ 1

0

dx xqqq̄(x, µ20) =
g2πqq̄

2
∂Ππ(p2)
∂p2

∣∣∣∣
p2=0

. (95)

ˆ§ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¸ ÊÎ¥Éµ³ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ (47) Ê¸É ´a¢²¨¢ ¥É¸Ö ¸¶· -
¢¥¤²¨¢µ¸ÉÓ (´µ·³¨·µ¢µÎ´µ£µ) ¨§µ¸¶¨´µ¢µ£µ ¨ ¨³¶Ê²Ó¸´µ£µ ¶· ¢¨² ¸Ê³³ ¤²Ö
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¢ ²¥´É´ÒÌ ±¢ ·±µ¢ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö

Aqq̄
1 (µ20) = 1 ¨ Aqq̄

2 (µ20) + Āqq̄
2 (µ20) = 1, (96)

£¤¥ Ā2 Å ¢±² ¤ ¢ ²¥´É´ÒÌ  ´É¨±¢ ·±µ¢ ¢ ¶¨µ´´Ò° ¨³¶Ê²Ó¸. ’µÉ Ë ±É, ÎÉµ ´ 
´¨§±µ³ ³ ¸ÏÉ ¡¥ ¨³¶Ê²Ó¸  µ0 ¢¥¸Ó ¨³¶Ê²Ó¸ ¢ ¶¨µ´¥ ¶¥·¥´µ¸¨É¸Ö ¢ ²¥´É´Ò³¨
±¢ ·± ³¨, Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éµ£µ, ÎÉµ ¢±²ÕÎ¥´Ò Éµ²Ó±µ ¢ ²¥´É´Ò¥ ±¢ ·±-
 ´É¨±¢ ·±µ¢Ò¥ ¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¶·¨ ÔÉµ³ ¶·¥´¥¡·¥£ ¥É¸Ö ¢¸¥³¨
¢´ÊÉ·¥´´¨³¨ ±¢ ·±-£²Õµ´´Ò³¨ ³µ·¸±¨³¨ ¸µ¸ÉµÖ´¨Ö³¨ (É ± ´ §Ò¢ ¥³µ¥ ¶·¨-
¡²¨¦¥´¨¥ § ³µ·µ§±¨).

’ ±¨³ µ¡· §µ³, ¢ ¶·¨¡²¨¦¥´¨¨ § ³µ·µ§±¨ ¤¨´ ³¨Î¥¸± Ö ¨´Ëµ·³ Í¨Ö,
¸µ¤¥·¦ Ð Ö¸Ö ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ³µ³¥´É Ì, ¶µ²´µ¸ÉÓÕ § ¤ ¥É¸Ö ¸¨³³¥É·¨Ö³¨ ¨
±¨´¥³ É¨±µ° ¨, ± ± ·¥§Ê²ÓÉ É, Ö¢²Ö¥É¸Ö ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ°. �¥É·¨¢¨ ²Ó-
´ Ö ¤¨´ ³¨±  ¸µ¤¥·¦¨É¸Ö ¢ ³µ³¥´É Ì ¸ N > 2. �¡Ð Ö ¸É·Ê±ÉÊ·  ³µ³¥´Éµ¢
¶ ·Éµ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ Ëµ·³¥

ASF
N (µ20) =

1
2N−1

[N−1
2 ]∑

i=0

1
2i+ 1

(
N − 1

2i

)
JSF
i (µ20), N = 1, 2, ... (97)

¸ ±µÔËË¨Í¨¥´É ³¨

JSF
i (µ20) =

1
Igπ(0)


∞∫
0

dk k4i+3Q̃(k)2

(k2 +m2q)2i+3
[
2k2 + (2i+ 3)m2q

]
+ ...

 , (98)

£¤¥ Î²¥´Ò ¸ ¶·µ¨§¢µ¤´Ò³¨ µÉ ¢¥·Ï¨´Ò, ¶µ¤µ¡´Ò¥ É¥³, ±µÉµ·Ò¥ ¶µÖ¢²ÖÕÉ¸Ö ¢
(41) ¤²Ö Igπ(0), µ¡µ§´ Î¥´Ò ÉµÎ± ³¨. ‚ (97) ±¢ ¤· É´Ò¥ ¸±µ¡±¨ [...] µ¡µ§´ -

Î ÕÉ Í¥²ÊÕ Î ¸ÉÓ Î¨¸² ,  

(
a

b

)
Ö¢²ÖÕÉ¸Ö ¡¨´µ³¨ ²Ó´Ò³¨ ±µÔËË¨Í¨¥´É ³¨.

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¶µ± § É¥²Ó´µ · ¸¸³µÉ·¥ÉÓ ¤¢  Ô±¸É·¥³ ²Ó-
´ÒÌ ¸²ÊÎ Ö, § ¢¨¸ÖÐ¨Ì µÉ Ë¨§¨Î¥¸±¨Ì ¶·¥¤¶µ²µ¦¥´¨°. …¸²¨ ¡Ò Š•„-¢ ±ÊÊ³
¡Ò² µÎ¥´Ó ¶²µÉ´µ° ¸·¥¤µ°, η >> 1, Éµ JSF

i = 0 ¤²Ö ¢¸¥Ì i, ±·µ³¥ i = 0. ˆ§
ÔÉµ£µ ¸²¥¤Ê¥É, ÎÉµ ³µ³¥´ÉÒ AN = 1/2(N−1) ¤²Ö ¢¸¥Ì n,   · ¸¶·¥¤¥²¥´¨¥ ±¢ ·-
±µ¢ ¨³¥¥É Ëµ·³Ê ¤¥²ÓÉ -ËÊ´±Í¨¨: q(x) = δ(x − 1/2). �ÉµÉ Ô±¸É·¥³ ²Ó´Ò°
¸²ÊÎ ° ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê ÉÖ¦¥²µ£µ ±¢ ·± ,   ±µÔËË¨Í¨¥´ÉÒ JSF

i ¶·¥¤-
¸É ¢²ÖÕÉ ¶µ¸²¥¤µ¢ É¥²Ó´Ò¥ ¶µ¶· ¢±¨ ¶µ µ¡· É´Ò³ ¸É¥¶¥´Ö³ ³ ¸¸Ò ÉÖ¦¥²µ£µ
±¢ ·± : ∼ (〈k2〉/m2q)i. ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ³ Ô±¸É·¥³ ²Ó´µ³ ¸²ÊÎ ¥ µÎ¥´Ó · §-
·¥¦¥´´µ£µ ¢ ±ÊÊ³  η << 1 ¶µ²ÊÎ¨³ JSF

i = 1 ¤²Ö ¢¸¥Ì i ¨ AN = 1/N
¤²Ö ³µ³¥´Éµ¢. �ÉµÉ Ô±¸É·¥³ ²Ó´Ò° ¸²ÊÎ ° ¸µµÉ¢¥É¸É¢Ê¥É ´¥§ ¢¨¸¨³µ° µÉ ¨³-
¶Ê²Ó¸  ¢¥·Ï¨´¥ ¨ ¶·¨¢µ¤¨É ± ¶²µ¸±µ³Ê · ¸¶·¥¤¥²¥´¨Õ ±¢ ·±µ¢ q(x) = 1.
qµ²¥¥ Éµ£µ, ¶¥·¢Ò° Î²¥´ ¢ (98) ¤µ³¨´¨·Ê¥É ¶µ µÉ´µÏ¥´¨Õ ± Î²¥´ ³, Ê± -
§ ´´Ò³ ¸ ¶µ³µÐÓÕ ÉµÎ¥±, É ± ± ± ¶µ¸²¥¤´¨¥ Ö¢²ÖÕÉ¸Ö ³ ²Ò³¨ ¶µ·Ö¤± 
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O(ρcmq). 
¥ ²¨¸É¨Î¥¸± Ö ¸¨ÉÊ Í¨Ö µ± §Ò¢ ¥É¸Ö £¤¥-Éµ ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö
Ô±¸É·¥³ ²Ö³¨. ‡ ³¥É¨³, ÎÉµ ·µ²Ó ³ ¸¸Ò ¶¨µ´  ¶·¥´¥¡·¥¦¨³µ ³ ² , ´µ ¸µµÉ-
´µÏ¥´¨¥ ÔËË¥±É¨¢´µ° ³ ¸¸Ò ±¢ ·±  ¨ ´ ±²µ´  ´¥²µ± ²Ó´µ¸É¨ ¢ Q̃(k) ¨³¥¥É
¢ ¦´Ò° ÔËË¥±É.

”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¢ ´¥²µ± ²Ó´µ° ±µ¢ ·¨ ´É´µ° ³µ-
¤¥²¨ ¨ ¥¥ Š•„-Ô¢µ²ÕÍ¨Ö. �¡· É¨³¸Ö É¥¶¥·Ó ± · ¸¶·¥¤¥²¥´¨Õ ±¢ ·±µ¢. �Éµ
· ¸¶·¥¤¥²¥´¨¥ ¤²Ö ¶¨µ´  ¸ 4-¨³¶Ê²Ó¸µ³ p § ¤ ¥É¸Ö ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö
(¸³. £· Ë¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ´  ·¨¸. 8):

qqq̄(x;µ20)p
µ = 2Ncg

2
πqq̄

∫
d4k

(2π)4
δ[x− 1 − (k · n)]×

×tr

{
γ5S(k + p)

[
F̃ 2(k, k + p;µ20)γµS(k + p)−

−2

(
∂F̃ 2(k, k + p;µ20)

∂(k + p)2

)
(k + p)µ

]
γ5S(k)

}
, (99)

£¤¥ qqq̄(x) = ū(x)val = d(x)val ¤²Ö π−. ˆ´¤¥±¸ qq µ§´ Î ¥É, ÎÉµ ÊÎÉ¥´ 
Éµ²Ó±µ ´ ¨´¨§Ï Ö ±¢ ·±- ´É¨±¢ ·±µ¢ Ö ±µ³¶µ´¥´É  ¶¨µ´´µ° ¢µ²´µ¢µ° ËÊ´±-
Í¨¨. ‚Ò· ¦¥´¨¥ (99) ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ δ[x− 1− (k ·n)] µ¶·¥¤¥²¥´µ
É ± ¦¥, ± ± ¢ [84, 85]. ”Ê´±Í¨Ö, ¶µÖ¢²ÖÕÐ Ö¸Ö ¢ (99), ¶·¥¤¸É ¢²Ö¥É ¸µ-
¡µ° ÔËË¥±É¨¢´ÊÕ ¢¥·Ï¨´Ê, ¸¢Ö§ ´´ÊÕ ¸ ¸µ¸É ¢´Ò³¨ µ¶¥· Éµ· ³¨ Oj

N (91).
Œµ³¥´ÉÒ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö (94) ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¸ ¶µ³µÐÓÕ ¶·¥µ¡· -
§µ¢ ´¨Ö Œ¥²²¨´  µÉ (99). ‘¢¥Éµ¶µ¤µ¡´Ò° ¢¥±Éµ· n ¢Ò¤¥²Ö¥É ¢ (94) ¨ (99)
¸¨³³¥É·¨Î´Ò¥ ¡¥¸¸²¥¤µ¢Ò¥ Î ¸É¨ É¥´§µ·µ¢. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ ¶¥·¢Ò¥ ³µ-
³¥´ÉÒ qqq̄(x) ¢µ¸¶·µ¨§¢µ¤ÖÉ ¶ ·Éµ´´Ò¥ ¶· ¢¨²  ¸Ê³³ (95).

„²Ö Éµ£µ ÎÉµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ¨´É¥£· ² ¶µ 4-¨³¶Ê²Ó¸Ê ¢ (99), ¨¸¶µ²Ó§Ê¥³
α-¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶·µ¶ £ Éµ·µ¢∗

1
k2 +m2

=

∞∫
0

dα exp
[
−α(k2 +m2)

]
, (100)

  ¤²Ö ¢¥·Ï¨´´µ° δ-ËÊ´±Í¨¨ ¥¥ ËÊ·Ó¥-¶·¥¤¸É ¢²¥´¨¥

δ
[
x− (k · n)

]
=

1
2π

∞∫
−∞

dα exp [iα(x − k · n)]. (101)

∗„¥É ²¨ ¸³. ¢ · ¡µÉ¥ [85].
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’µ£¤  ¶·Ö³µ¥ ¢ÒÎ¨¸²¥´¨¥ ¨§ (99) ¶·¨¢µ¤¨É ± ·¥§Ê²ÓÉ ÉÊ ¤²Ö · ¸¶·¥¤¥²¥´¨Ö
±¢ ·±µ¢, ±µÉµ·µ¥ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ (m2π = −p2 = 0) ¸¢µ¤¨É¸Ö ±

qqq̄(x, µ20) =
Ncg

2
πqq̄

2π2

∞∫
0

∞∫
0

dν1dν2 F (ν1)F (ν2) exp

(
m2q
ν1

+
m2q
ν2

)
×

×
{[

E1

(
m2q
xν1

)
+ x̄ exp

(
−
m2q
xν1

)]
θ(x̄ν2 ≥ xν1) + (x ↔ x̄)

}
. (102)

‚ ÔÉµ³ Ê· ¢´¥´¨¨ x̄ = 1 − x, E1(z) Å ¨´É¥£· ²Ó´ Ö Ô±¸¶µ´¥´É ,   F (ν) Å
±µ··¥²ÖÍ¨µ´´ Ö ËÊ´±Í¨Ö, ¸¢Ö§ ´´ Ö ¸ ¢¥·Ï¨´´µ° ËÊ´±Í¨¥° Q̃(k) ¸ ¶µ³µÐÓÕ
¶·¥µ¡· §µ¢ ´¨Ö ‹ ¶² ¸ . ‚¥·Ï¨´  Q̃(p) ¢ ¸ÊÐ¥¸É¢¥´´µ° µ¡² ¸É¨ ¨³¶Ê²Ó¸µ¢
p (0 ≤ p ≤ 4/ρc) ³µ¦¥É ¡ÒÉÓ  ¶¶·µ±¸¨³¨·µ¢ ´  ËÊ´±Í¨¥°

Q̃(p) = 4, 5 exp (−1, 9ρcp) − 3, 5 exp (−3, 6ρcp), (103)

±µÉµ· Ö ¶µ¸²¥ ¶·¨³¥´¥´¨Ö ¶·¥µ¡· §µ¢ ´¨Ö ‹ ¶² ¸  ¶·¨´¨³ ¥É ¢¨¤

F (ν) =
ρc√
π
√
ν

[
8, 55 exp(−0, 9ρ2cν) − 12, 6 exp(−3, 24ρ2cν)

]
. (104)

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢Ò· ¦¥´¨Ö (97) ¤²Ö ³µ³¥´Éµ¢ ¨ (102) ¤²Ö · ¸-
¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥ Ö¢²ÖÕÉ¸Ö Ê´¨¢¥·¸ ²Ó´Ò³¨ ¨ ¸¶· ¢¥¤-
²¨¢Ò³¨ ¤²Ö ²Õ¡µ° Ëµ·³Ò ËÊ´±Í¨° Q̃(k) ¨ F (ν), ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó,
µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ ±µ´±·¥É´µ° ³µ¤¥²¨ ±¢ ·±-¶¨µ´´µ° ¤¨´ ³¨±¨.


 ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ qqq(x, µ20) ¨ ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ xqqq(x, µ20)
¶µ± § ´Ò ´  ·¨¸. 9. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ Ëµ·³  · ¸¶·¥¤¥²¥´¨Ö Ö¢²Ö¥É¸Ö ¤µ-
¸É ÉµÎ´µ ¸É ¡¨²Ó´µ° ¶µ µÉ´µÏ¥´¨Õ ± ¢ ·¨ Í¨Ö³ ¶ · ³¥É·µ¢ ¨´¸É ´Éµ´´µ°
³µ¤¥²¨, ¥¸²¨ µ´¨ Ë¨±¸¨·µ¢ ´Ò É ±, ÎÉµ¡Ò ¢µ¸¶·µ¨§¢¥¸É¨ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±¨¥ ¸¢µ°¸É¢  ¶¨µ´ . Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ¤¨³µ Ê¶µ³Ö´ÊÉÓ µ Éµ³, ÎÉµ ÔËË¥±ÉÒ,
±µÉµ·Ò³¨ ³Ò ¶·¥´¥¡·¥£²¨ (¨³¶Ê²Ó¸´ Ö § ¢¨¸¨³µ¸ÉÓ ³ ¸¸Ò ±¢ ·±  ¢ §´ ³¥-
´ É¥²ÖÌ ¨ £²Õµ´´µ¥ ¶µ²¥ ¢ ±µ¢ ·¨ ´É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ), ¨³¥ÕÉ ¶µ·Ö¤µ± ³ -
²µ¸É¨ O (η) ¨ ´¥ ³¥´ÖÕÉ ± Î¥¸É¢¥´´µ ·¥§Ê²ÓÉ Éµ¢. �¸´µ¢´µ° ÔËË¥±É, · ¸-
¸³µÉ·¥´´Ò° ´ ³¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥, ¸¢Ö§ ´
¸ ´¥²µ± ²Ó´µ¸ÉÓÕ ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´Ò, ¨´¤ÊÍ¨·µ¢ ´´µ° ¨´¸É ´Éµ´´Ò³
¢§ ¨³µ¤¥°¸É¢¨¥³. 
µ²Ó ÔÉµ£µ ÔËË¥±É  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ·¥§Ê²ÓÉ É ¶ ·Éµ´-
´µ° ³µ¤¥²¨ ¢ ²¨¤¨·ÊÕÐ¥³ É¢¨¸É¥ q(x) = 1 ³µ¤¨Ë¨Í¨·Ê¥É¸Ö, ¶·¨¢µ¤Ö ± £² ¤-
±µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¸ ´Ê²Ö³¨ ´  ±· ÖÌ ±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨. � ¶µ³´¨³,
ÎÉµ ³Ò ¢ÒÎ¨¸²Ö¥³ Éµ²Ó±µ · ¸¶·¥¤¥²¥´¨¥ ²¨¤¨·ÊÕÐ¥£µ É¢¨¸É  ¢ ´¨§±µ° ÉµÎ±¥
´µ·³¨·µ¢±¨ µ0 ∼ ρ−1c ,   ´¥ ¶µ²´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨, ±µÉµ·Ò¥ ¸µ¤¥·¦ É
É ±¦¥ ¶µ¶· ¢±¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì É¢¨¸Éµ¢. �µ¸²¥¤´¨¥ ³µ£ÊÉ ¡ÒÉÓ ¡µ²ÓÏ¨³¨ ¶·¨
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¨¸. 9. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ q(x; µ2
0) (¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ ¨³-

¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ xq(x;µ2
0) (¸¶²µÏ´ Ö ²¨´¨Ö) ¢ ¶¨µ´¥ ± ± ËÊ´±-

Í¨Ö ¤µ²¨ ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  x ¢ ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨ µ2
0 = 0, 3 ƒÔ‚2 ¶·¨

ρcmq = 0, 39

´¨§±¨Ì q2, ´µ ¡Ò¸É·µ (¸É¥¶¥´´Ò³ µ¡· §µ³) ¢Ò³¨· ÕÉ ¸ ·µ¸Éµ³ q2. ‘²¥¤Ê¥É
É ±¦¥ § ³¥É¨ÉÓ, ÎÉµ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¸¨²Ó´µ µÉ²¨Î ÕÉ¸Ö µÉ ·¥§Ê²ÓÉ Éµ¢, ¶µ-
²ÊÎ¥´´ÒÌ · ´¥¥ ¢ �ˆ‹-³µ¤¥²¨ [80], £¤¥ ¢´ÊÉ·¥´´ÖÖ ¤¨´ ³¨±  ¶¨µ´  ¸¨²Ó´µ
Ê¶·µÐ¥´ , ¨ ¢ ·¥§Ê²ÓÉ É¥ ´ °¤¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸µ£² ¸µ¢ ´Ò ¸µ ¸É·µ£¨³
±¨· ²Ó´Ò³ ¶·¥¤¥²µ³ q(x, µ20) ≈ 1.

‚ÒÎ¨¸²¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö ± ± ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö ¤²Ö
¶¥·ÉÊ·¡ É¨¢´µ° Ô¢µ²ÕÍ¨¨ ± ¡µ²¥¥ ¢Ò¸µ±¨³ §´ Î¥´¨Ö³ Q2, £¤¥, ± ± µ¦¨¤ ¥É¸Ö,
¸É¥¶¥´´Ò¥ ¶µ¶· ¢±¨ ¶µ¤ ¢²¥´Ò, ¨ ³µ¦´µ ¶·µ¢¥¸É¨ ¸· ¢´¥´¨¥ ¸ ¤µ¸ÉÊ¶´Ò³¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ” ±É¨Î¥¸±¨ ³Ò ¸· ¢´¨¢ ¥³ ´ Ï¨ É¥µ·¥É¨Î¥-
¸±¨¥ ¶·¥¤¸± § ´¨Ö ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³  ´ ²¨§µ³, ¢Ò¶µ²´¥´´Ò³ ¢ [75],
¤ ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶·µÍ¥¸¸ ³ „·¥²²  Å Ÿ´  ¨ ¶µ ¡Ò¸É·Ò³ ËµÉµ´ ³,
¢Ò¶µ²´¥´´ÒÌ £·Ê¶¶ ³¨ NA10 (CERN) ¨ E615 (FNAL) [77]. ‘²¥¤Ê¥É É ±¦¥ µÉ-
³¥É¨ÉÓ ´¥±µÉµ·Ò¥ ¶·¥¤¥²Ò ¶·¨³¥´¨³µ¸É¨ Ê± § ´´µ£µ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ
 ´ ²¨§  ¤ ´´ÒÌ. ’ ±, ·¥ ²Ó´Ò¥ ¤ ´´Ò¥ µÌ¢ ÉÒ¢ ÕÉ Éµ²Ó±µ ±¨´¥³ É¨Î¥¸±ÊÕ
µ¡² ¸ÉÓ ¶µ x ≥ 0, 2, ¨, ±·µ³¥ Éµ£µ, ¢  ´ ²¨§¥ ¡Ò²  ¨¸¶µ²Ó§µ¢ ´  Ô±¸É· ¶µ-
²ÖÍ¨Ö ¶·µÉµ´´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¶·¨ x ≥ 0, 75 ¢ ± Î¥¸É¢¥ ¢Ìµ¤´µ°
¨´Ëµ·³ Í¨¨. „ ²¥¥, ¢ É ±µ³ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³  ´ ²¨§¥ ¤ ´´ÒÌ ´¥ ¶·¨-
´¨³ ÕÉ¸Ö ¢µ ¢´¨³ ´¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨, ¨´¤ÊÍ¨·µ¢ ´´Ò¥ É¥µ·¥É¨Î¥¸±¨³¨
¶·¥¤¶µ²µ¦¥´¨Ö³¨, ²¥¦ Ð¨³¨ ¢ µ¸´µ¢¥  ´ ²¨§  (´ ¶·¨³¥·, K-Ë ±Éµ·).

”µ·³  ¶·µÔ¢µ²ÕÍ¨µ´¨·µ¢ ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö qqq̄(x,Q20) ´  ³ ¸ÏÉ ¡¥
¨³¶Ê²Ó¸  Q20 = 4 ƒÔ‚2 ·¥±µ´¸É·Ê¨·Ê¥É¸Ö ¶µ ¥£µ ³µ³¥´É ³, ¶·µÔ¢µ²ÕÍ¨µ-
´¨·µ¢ ´´Ò³ ± ÔÉµ³Ê ³ ¸ÏÉ ¡Ê ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ (‹�) ¨ ¸²¥¤ÊÕÐ¥³ § 
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¨¸. 10. ˆ³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥ xq(x;Q2
0) (ÏÉ·¨Ìµ-

¢ Ö ²¨´¨Ö) ± ± ËÊ´±Í¨Ö ¤µ²¨ ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  x, ¶·µÔ¢µ²ÕÍ¨µ´¨·µ¢ ´´ Ö ±
Q2

0 = 4 ƒÔ‚2 (‹�-¶·¨¡²¨¦¥´¨¥), ¶·¨ ρcmq = 0, 39. ‘¶²µÏ´ Ö ²¨´¨Ö µ§´ Î ¥É Ë¥´µ-
³¥´µ²µ£¨Î¥¸±ÊÕ ±·¨¢ÊÕ [72] ´  Éµ³ ¦¥ ³ ¸ÏÉ ¡¥ Q2

0, ¨§¢²¥Î¥´´ÊÕ ¨§ ¤ ´´ÒÌ. ’ ±¦¥
¨§µ¡· ¦¥´Ò · ¸¶·¥¤¥²¥´¨¥ ¢ ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨ µ2

0 = 0, 3 ƒÔ‚2 (¶Ê´±É¨·´ Ö
²¨´¨Ö); · ¸¶·¥¤¥²¥´¨¥, Ê³´µ¦¥´´µ¥ ´  Ë ±Éµ· 0,65, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢¥·µÖÉ´µ¸É¨
´ °É¨ ´¨§Ï¥¥ Ëµ±µ¢¸±µ¥ ¸µ¸ÉµÖ´¨¥ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶¨µ´  (ÏÉ·¨Ì¶Ê´±É¨·´ Ö)

²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ (‘‹�) ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¢MS-¸Ì¥³¥, c ¨¸¶µ²Ó§µ¢ -
´¨¥³ ¶¥·¢ÒÌ Ï¥¸É¨ ¶µ²¨´µ³µ¢ Ÿ±µ¡¨. „²Ö ÔÉµ° Í¥²¨ ³Ò ¨¸¶µ²Ó§Ê¥³ Ìµ·µÏµ
¨§¢¥¸É´Ò¥ ¢Ò· ¦¥´¨Ö [86] ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ÒÎ¨¸²¥´¨° ¤²Ö ±µÔËË¨Í¨¥´É´µ°

ËÊ´±Í¨¨ CN
i = CN

0i +
αs(Q2)

4π
CN
1i ¨  ´µ³ ²Ó´µ° · §³¥·´µ¸É¨ γ(n), ¢ÒÎ¨-

¸²¥´´Ò¥ ¢ ‹� ¨ ‘‹�. ’ ±¨³ µ¡· §µ³, ±µ´¥Î´Ò° ·¥§Ê²ÓÉ É ¤²Ö ³µ³¥´Éµ¢,
¶µ²ÊÎ¥´´Ò° ¸ ¶µ³µÐÓÕ ¶·µÍ¥¤Ê·Ò Ë ±Éµ·¨§ Í¨¨, ¨³¥¥É ¢¨¤

AN (Q2) =
∑
i

CN
i (Q2, µ2)ON

i (µ2) =

1∫
0

dx xNq(x,Q2). (105)

„²Ö  ´ ²¨§  Ô¢µ²ÕÍ¨¨ ³Ò ¢Ò¡¨· ¥³ ´¨§±¨° ³ ¸ÏÉ ¡ ¨³¶Ê²Ó¸  µ20 =
= (0, 3 ± 0, 03) ƒÔ‚2 ¨ Š•„-±µ´¸É ´ÉÊ Λ(3) = 0, 3 ƒÔ‚. 
¥§Ê²ÓÉ¨·ÊÕÐ¥¥ · ¸-
¶·¥¤¥²¥´¨¥ qqq̄(x,Q20) ¶µ± § ´µ ´  ·¨¸. 10 ´ ·Ö¤Ê ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨
±·¨¢Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ¨§ ¤ ´´ÒÌ [75].

‡´ Î¥´¨Ö ¶¥·¢ÒÌ ³µ³¥´Éµ¢ ¶¨µ´´µ£µ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¶·¨
Q20 = 4 ƒÔ‚2, ¢ÒÎ¨¸²¥´´ÒÌ ¢ ‹� ¨ ‘‹�, ¶µ± § ´Ò ¢ É ¡².2. �É¨ ¢¥²¨-
Î¨´Ò ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ É¥³¨, ±µÉµ·Ò¥ ¶µ²ÊÎ ÕÉ¸Ö ¨§ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ
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’ ¡²¨Í  2. ‡´ Î¥´¨Ö ¶¥·¢ÒÌ ³µ³¥´Éµ¢ ¶·¨ Q2
0 = 4 ƒÔ‚2

Œµ³¥´ÉÒ ‹� ‘‹� ·Š•„ [73] �±¸¶. Ë¨É [75] �±¸¶. Ë¨É [76]

A2(Q
2
0) 0, 318± 0, 01 0, 275 ± 0, 017 0, 279± 0, 083 0, 230± 0, 01 0, 193 ± 0, 01

A3(Q
2
0) 0, 147± 0, 008 0, 120 ± 0, 012 0, 107± 0, 035 0, 101± 0, 005 0, 083 ± 0, 005

A4(Q
2
0) 0, 081± 0, 006 0, 064 ± 0, 008 0, 048± 0, 020 0, 057± 0, 005 0, 046 ± 0, 005

 ´ ²¨§  [75] ¨ ¨§ ·Š•„-¢ÒÎ¨¸²¥´¨° [73]. ‚ É ¡². 2 É ±¦¥ ¢±²ÕÎ¥´Ò ³µ³¥´ÉÒ
· ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢ ¶¨µ´¥, ¶µ²ÊÎ¥´´Ò¥ ¨§ ¶ · ³¥É·¨§ Í¨¨ [76].

�¡¸Ê¤¨³ ´¥µ¶·¥¤¥²¥´´µ¸É¨ Š•„-Ô¢µ²ÕÍ¨¨, ´ Î¨´ ÕÐ¥°¸Ö ¸ ´¨§±µ£µ ³ ¸-
ÏÉ ¡  µ0. Š ± ³Ò ¢¨¤¨³ ¨§ É ¡². 2, · §²¨Î¨¥ ·¥§Ê²ÓÉ Éµ¢ ‹� ¨ ‘‹� ´ Ìµ-
¤¨É¸Ö ¢ ¶·¥¤¥² Ì 30%. �± §Ò¢ ¥É¸Ö, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ¡µ²ÓÏ¥£µ ´ Î ²Ó´µ£µ
³ ¸ÏÉ ¡  Ô¢µ²ÕÍ¨¨, ¸± ¦¥³, µ20 ≥ 0, 3 ƒÔ‚2, ¶·¨¢µ¤¨É ± ¤µ¸É ÉµÎ´µ Ìµ·µÏ¥°
¸Ìµ¤¨³µ¸É¨ ¸ µÉ±²µ´¥´¨Ö³¨ ³¥´ÓÏ¨³¨, Î¥³ 10%, ¢ Éµ ¢·¥³Ö ± ± ¢ ¶·µÉ¨-
¢µ¶µ²µ¦´µ³ ¸²ÊÎ ¥, É.¥. ¤²Ö ³ ¸ÏÉ ¡µ¢ ³¥´ÓÏ¨Ì, Î¥³ 0, 1 ƒÔ‚2, µÉ±²µ´¥´¨Ö
· ¸ÉÊÉ, ¨ ¶¥·ÉÊ·¡ É¨¢´ Ö Ô¢µ²ÕÍ¨Ö É¥·Ö¥É ¢¸Ö±¨° ¸³Ò¸². ’ ±µ¥ ¶µ¢¥¤¥´¨¥
É ±¦¥ ¡Ò²µ µÉ³¥Î¥´µ ¢  ´ ²¨§¥ ¢ �ˆ‹-³µ¤¥²¨ [80]. �·¥¤¥²Ò µÏ¨¡µ±, ¶·¨-
¢¥¤¥´´Ò¥ ¢ É ¡². 2 ¤²Ö ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨°, § ¤ ÕÉ¸Ö ¶·¨´ÖÉµ° ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓÕ ¢ ¢Ò¡µ·¥ ´ Î ²Ó´µ£µ ³ ¸ÏÉ ¡  Ô¢µ²ÕÍ¨¨ µ0.

‘· ¢´¥´¨¥ ¶µ± §Ò¢ ¥É, ÎÉµ ´ Ï¨ ¢ÒÎ¨¸²¥´¨Ö, ¢ Î ¸É´µ¸É¨ ¢ ‘‹�, ¸µ£² -
¸µ¢ ´Ò ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³  ´ ²¨§µ³ [75] ¨ ¤µ¸É ÉµÎ´µ ¡²¨§±¨ ·Š•„-·¥-
§Ê²ÓÉ É ³. �¡  É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤  (·Š•„ ¨ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó) ¶·¥¤-
¸± §Ò¢ ÕÉ ¢¥²¨Î¨´Ò ³µ³¥´Éµ¢ ¸¨¸É¥³ É¨Î¥¸±¨ ¡µ²ÓÏ¨¥, Î¥³ Ë¥´µ³¥´µ²µ£¨-
Î¥¸±¨¥. �¤´a ¨§ ¶·¨Î¨´ ¤²Ö ÔÉµ£µ · §´µ£² ¸¨Ö ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´  ¸ ¶·¨-
¡²¨¦¥´¨¥³ § ³µ·µ§±¨, ±µÉµ·µ¥ ´¥ ¶·¨´¨³ ¥É ¢µ ¢´¨³ ´¨¥ ¢±² ¤µ¢ ³µ·¸±¨Ì
±¢ ·±-£²Õµ´´ÒÌ ¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ëµ±µ¢¸±¨Ì ¸µ¸ÉµÖ´¨° ´  ´ Î ²Ó´µ³ ³ ¸-
ÏÉ ¡¥ Ô¢µ²ÕÍ¨¨, ¶·¨¶¨¸Ò¢ Ö ¢¥¸Ó ¶¨µ´´Ò° ¨³¶Ê²Ó¸ ¢ ²¥´É´Ò³ ±¢ ·±- ´É¨-
±¢ ·±µ¢Ò³ ¶ · ³. „¥°¸É¢¨É¥²Ó´µ, ¶·µ¨¸Ìµ¦¤¥´¨¥ ³µ³¥´É  A2 ´  ´ Î ²Ó´µ³
³ ¸ÏÉ ¡¥ (¢ ¶·¨¡²¨¦¥´¨¨ § ³µ·µ§±¨) ¨ ¥£µ ¶µ¸²¥¤ÊÕÐ Ö Ô¢µ²ÕÍ¨Ö Ö¢²ÖÕÉ¸Ö
Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨³¨ ¨ ´¥ § ¢¨¸ÖÉ µÉ ¤¥É ²¥° ³µ¤¥²¨. ‚ ¶·¨´Í¨¶¥, ³µ¦´µ
¡Ò²µ ¡Ò § Ë¨±¸¨·µ¢ ÉÓ ¤µ²Õ ¢ ²¥´É´µ£µ ¨³¶Ê²Ó¸ , ¶µ²ÊÎ ¥³ÊÕ ¢ ´ Ï¥³ ¢Ò-
Î¨¸²¥´¨¨, ¶µ ¤µ²¥, µ¶·¥¤¥²¥´´´µ° ¢ [75], ¸ ¶µ³µÐÓÕ ¸¤¢¨£  ´ Î ²Ó´µ° ¢¥²¨-
Î¨´Ò µ20 ¢´¨§ ± 0, 01 ƒÔ‚2 (¸³., ´ ¶·¨³¥·, [80]). �¤´ ±µ ´ Î ²µ ¶¥·ÉÊ·¡ É¨¢-
´µ° Ô¢µ²ÕÍ¨¨ ¸µ ¸Éµ²Ó ´¨§±µ£µ ³ ¸ÏÉ ¡  Ö¢²Ö¥É¸Ö Ëµ·³ ²Ó´µ ´¥¶· ¢¨²Ó´Ò³
¨ É¥Ì´¨Î¥¸±¨ ¸¢µ¤¨É¸Ö ± ¤µ¸É ÉµÎ´µ ´¥¸É ¡¨²Ó´µ° ¶·µÍ¥¤Ê·¥.

�µ ´ Ï¥³Ê ³´¥´¨Õ, ¡µ²¥¥ ·¥ ²¨¸É¨Î´µ µ¦¨¤ ÉÓ, ÎÉµ, ¢±²ÕÎ¨¢ ¢ ´ Ï
 ´ ²¨§ ¢±² ¤Ò ±¢ ·±-£²Õµ´´µ£µ ³µ·Ö ¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ëµ±µ¢¸±¨Ì ¸µ¸ÉµÖ´¨°,
³µ¦´µ §´ Î¨É¥²Ó´µ Ê²ÊÎÏ¨ÉÓ ¸µ£² ¸¨¥ ³¥¦¤Ê É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨¥³
¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³  ´ ²¨§µ³. ‚±² ¤ ³µ·Ö Ê³¥´ÓÏ ¥É ¤µ²Õ ¨³¶Ê²Ó¸ , ¶¥-
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·¥´µ¸¨³ÊÕ ¢ ²¥´É´Ò³¨ ±¢ ·± ³¨, § ¤ ¢ ¥³ÊÕ ³µ³¥´Éµ³ A2. qµ²¥¥ ¢Ò¸µ±¨¥
Ëµ±µ¢¸±¨¥ ¸µ¸ÉµÖ´¨Ö ¤ ÕÉ ¢±² ¤ ¢ µ¡  ³µ³¥´É  Å A1 ¨ A2. �Éµ µ§´ Î ¥É, ÎÉµ
¶µ²´ Ö ´µ·³¨·µ¢±  ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¨ ¤µ²Ö ¨³¶Ê²Ó¸ , ¶¥·¥´µ¸¨³ Ö ¢ -
²¥´É´µ° ±¢ ·±- ´É¨±¢ ·±µ¢µ° ±µ³¶µ´¥´Éµ° ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¤µ²¦´  ¡ÒÉÓ
Ê³¥´ÓÏ¥´  ´  Ë ±Éµ·, ±µÉµ·Ò° ¶·¥¤¸É ¢²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ µÉ¸ÊÉ¸É¢¨Ö É ±¨Ì
±µ´Ë¨£Ê· Í¨° ¢ ¶¨µ´´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨. �  ·¨¸. 10 ³Ò É ±¦¥ ¶·¨¢µ¤¨³
·¥§Ê²ÓÉ É ´ Ï¥£µ ‹�-¢ÒÎ¨¸²¥´¨Ö, Ê³´µ¦¥´´Ò° ´  Ë ±Éµ· 0,65, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨° £·Ê¡µ° µÍ¥´±¥ ¢¥·µÖÉ´µ¸É¨ 35% ¤²Ö ¡µ²¥¥ ¢Ò¸µ±¨Ì Ëµ±µ¢¸±¨Ì ¢ ²¥´É-
´ÒÌ ¸µ¸ÉµÖ´¨° (¶·¥´¥¡·¥£ Ö ¢±² ¤µ³ ³µ·Ö). �É  µÍ¥´±  ´ °¤¥´  ¸ ¶µ³µÐÓÕ
´¥· ¢¥´¸É¢ 

q(x,Q20) ≥ qqq(x,Q20) (106)

¨ ´ ¸ÒÐ¥´¨Ö ¥£µ ¶·¨ x → 1. �Éµ ´¥· ¢¥´¸É¢µ, · ¸¸³µÉ·¥´´µ¥ ¢ [79] (¨
¸¸Ò²±¨ É ³), ¸¶· ¢¥¤²¨¢µ ¤²Ö ²Õ¡µ£µ ¶ ·Í¨ ²Ó´µ£µ ¢±² ¤  ¢ ËÊ´±Í¨Õ · ¸-
¶·¥¤¥²¥´¨Ö. �·¨ É ±µ³ ¶·¥¤¶µ²µ¦¥´¨¨, ± ± ³µ¦´µ Ê¢¨¤¥ÉÓ ¨§ ·¨¸. 10, ¢±² ¤
µÉ ´ ¨´¨§Ï¨Ì ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¢ ²¥´É´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ËÊ´±Í¨Õ · ¸-
¶·¥¤¥²¥´¨Ö ´ ¸ÒÐ ¥É ´ °¤¥´´µ¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ · ¸¶·¥¤¥²¥´¨¥ ¢ µ¡² -
¸É¨ x ≥ 0, 4. 
 §²¨Î¨¥ ¢ · ¸¶·¥¤¥²¥´¨ÖÌ ¶·¨ ¡µ²¥¥ ´¨§±¨Ì §´ Î¥´¨ÖÌ x ³µ¦¥É
¡ÒÉÓ ¶·¨¶¨¸ ´µ ¢±² ¤Ê ¡µ²¥¥ ¢Ò¸µ±¨Ì Ëµ±µ¢¸±¨Ì ¸µ¸ÉµÖ´¨°, ±µÉµ·Ò¥ ´ Î¨-
´ ÕÉ ¤µ³¨´¨·µ¢ ÉÓ ¶·¨ x → 0. ’ ± Ö ± ·É¨´  ´ Ìµ¤¨É¸Ö É ±¦¥ ¢ ¸µ£² ¸¨¨
¸ § ±²ÕÎ¥´¨Ö³¨, ¸¤¥² ´´Ò³¨ ¢ [79]. ‚ ¤µ¶µ²´¥´¨e ± ¤·Ê£¨³ ¨¸ÉµÎ´¨± ³,
±µÉµ·Ò¥ ³µ£ÊÉ ¨§³¥´¨ÉÓ ´µ·³¨·µ¢±Ê ´ Ï¥£µ ·¥§Ê²ÓÉ É , µÉ³¥É¨³ ÔËË¥±É ´¥-
¶¥·ÉÊ·¡ É¨¢´µ° Ô¢µ²ÕÍ¨¨ [87] ¨§ ´ Î ²Ó´µ£µ ³ ¸ÏÉ ¡  µ20 ± Q2 ∼ 1 ƒÔ‚2.

4. ‡
Š‹�—…�ˆ…

ˆÉ ±, ³Ò · ¸¸³µÉ·¥²¨ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸-
¶·¥¤¥²¥´¨Ö ¨ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ¶¨µ´¥ (102) ¨ ¥¥
³µ³¥´Éµ¢ (97). ‚ÒÎ¨¸²¥´¨Ö µ¸´µ¢ ´Ò ´  ¨´¸É ´Éµ´´µ° ³µ¤¥²¨ Š•„-¢ ±ÊÊ³ ,
±µÉµ· Ö ³µ¦¥É ¶·¥É¥´¤µ¢ ÉÓ ´  ·¥ ²¨¸É¨Î¥¸±ÊÕ É· ±Éµ¢±Ê ´¥¶¥·ÉÊ·¡ É¨¢´µ°
¤¨´ ³¨±¨. ‚ É ±µ³ ¶µ¤Ìµ¤¥ ¸ÊÐ¥¸É¢Ê¥É ´ ¤¥¦¤  ¢Ò· §¨ÉÓ ´ ¡²Õ¤ ¥³Ò¥ ¸¢µ°-
¸É¢   ¤·µ´µ¢ Î¥·¥§ ËÊ´¤ ³¥´É ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢ ±ÊÊ³´µ£µ ¸µ¸ÉµÖ´¨Ö.
ŒÒ ´ Ï²¨, ÎÉµ ¨´¸É ´Éµ´´ Ö ³µ¤¥²Ó Ìµ·µÏµ µ¶¨¸Ò¢ ¥É ¢¥²¨Î¨´Ò ¢ ±ÊÊ³´ÒÌ
µ¦¨¤ ´¨° ±¢ ·±-£²Õµ´´ÒÌ µ¶¥· Éµ·µ¢ ´ ¨´¨§Ï¥° · §³¥·´µ¸É¨ ¨ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¶¨µ´ . „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ, ³Ò
¨¸¶µ²Ó§µ¢ ²¨ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÊÕ Ëµ·³Ê ¤²Ö ¤¨´ ³¨Î¥¸±µ° ³ ¸¸Ò
±¢ ·±  ¨ ±¢ ·±-¶¨µ´´µ° ¢¥·Ï¨´Ò ¸ Ê¶µ·Ö¤µÎ¥´´Ò³ ¶µ ¶ÊÉ¨ P exp-Ë ±Éµ·µ³
˜¢¨´£¥· . ’ ±¨¥ Ë ±Éµ·Ò ¢Ìµ¤ÖÉ ¢ µ¶·¥¤¥²¥´¨¥ ´¥²µ± ²Ó´ÒÌ ¢¥²¨Î¨´ (¶µ-
¤µ¡´µ ´¥²µ± ²Ó´µ³Ê ±¢ ·±µ¢µ³Ê ±µ´¤¥´¸ ÉÊ), ±µÉµ·Òe ÔËË¥±É¨¢´µ ÊÎ¨ÉÒ-
¢ ÕÉ · ¤¨ Í¨µ´´Ò¥ ÔËË¥±ÉÒ £²Õµ´´µ£µ ¨ ËµÉµ´´µ£µ ¶µ²Ö, ±µ£¤  ¤¢  ±¢ ·± 
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Ê¤ ²ÖÕÉ¸Ö ¤·Ê£ µÉ ¤·Ê£ . ‚ ·¥§Ê²ÓÉ É¥ ¶¨µ´´Ò¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·-
±µ¢ ¢Ò· ¦¥´Ò Î¥·¥§ ÔËË¥±É¨¢´Ò° · §³¥· ¨´¸É ´Éµ´  ρc ¨ ¶ · ³¥É· ³ ¸¸Ò
±¢ ·±  mq.

�¨µ´´ Ö  ³¶²¨ÉÊ¤  · ¸¶·¥¤¥²¥´¨Ö ¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¨§-
¢²¥Î¥´Ò ¢ ´¨§±µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨, £¤¥ ÔËË¥±É¨¢´Ò° ¨´¸É ´Éµ´´Ò° ¶µ¤Ìµ¤
µ¶· ¢¤ ´. �µ± § ´µ, ÎÉµ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ¶ ·Éµ´´ÒÌ �‘ ¤²Ö ¨§µ¸¶¨´  ¨ ¶µ²-
´µ£µ ¨³¶Ê²Ó¸  ¥¸ÉÓ ¸²¥¤¸É¢¨¥ Ê¸²µ¢¨Ö ¸¢Ö§´µ¸É¨ ¨ ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ¶·¨-
³¥´¥´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. „²Ö ¢Ò¢µ¤  ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¶·¨-
³¥´Ö¥É¸Ö É¥Ì´¨± , ±µÉµ· Ö ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥§ ¢¨¸¨³Ò° ¶µ¤Ìµ¤,
´ ·Ö¤Ê ¸ ·¥Ï¥ÉµÎ´Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³ ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ Ë¨Éµ³ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ˆ¸¶µ²Ó§ÊÖ ¢ÒÎ¨¸²¥´´ÊÕ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö ¢ ± -
Î¥¸É¢¥ ´ Î ²Ó´ÒÌ ¤ ´´ÒÌ, ¸ ¶µ³µÐÓÕ ¸É ´¤ ·É´µ° ¶¥·ÉÊ·¡ É¨¢´µ° Ô¢µ²ÕÍ¨¨
³Ò ¶µ²ÊÎ¨²¨ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¢ ¶¨µ´¥ ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì ¨³¶Ê²Ó¸ Ì
¶¥·¥¤ Î¨, ¤µ¸É¨¦¨³ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥. � °¤¥´µ · §Ê³´µ¥ ¸µ£² ¸¨¥ ¸ ¤ ´-
´Ò³¨. ” ±É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¢Ò¶µ²´¥´Ò ¢ ¶·¨¡²¨¦¥´¨¨ § ³µ·µ§±¨, ±µ£¤ 
ÔËË¥±É ³¨ ¢´ÊÉ·¥´´¥£µ ±¢ ·±-£²Õµ´´µ£µ ³µ·Ö ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. �¦¨¤ -
¥É¸Ö, ÎÉµ ÔËË¥±ÉÒ ¢´ÊÉ·¥´´¥£µ ±¢ ·±-£²Õµ´´µ£µ ³µ·Ö ¶¨µ´´µ° ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´ Ö Ô¢µ²ÕÍ¨Ö ¶·¨ ¶·µ³¥¦ÊÉµÎ´µ° Ô´¥·£¨¨ ¤ ¤ÊÉ
²ÊÎÏ¥¥ ¸µ£² ¸¨¥ ³¥¦¤Ê É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ ¨ Ë¥´µ³¥´µ²µ£¨Î¥-
¸±¨³  ´ ²¨§µ³.

�¢Éµ·Ò ¡² £µ¤ ·ÖÉ ‘.q. ƒ¥· ¸¨³µ¢ , �.ˆ. ŠµÎ¥²¥¢ , ‘.‚. Œ¨Ì °²µ¢ ,
M.K. ‚µ²±µ¢  §  ¶²µ¤µÉ¢µ·´µ¥ µ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. 
 ¡µÉ  �.….„. Î -
¸É¨Î´µ ¶µ¤¤¥·¦ ´  £· ´Éµ³ ‘.-�¥É¥·¡Ê·£¸±µ£µ Í¥´É·  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸-
¸²¥¤µ¢ ´¨° º 97-0-6.2-28. ‹.T. ¡² £µ¤ ·¨É Conselho Nacional de Desenvolvi-
mento Cient�iˇco e Tecnol�ogico do Brasil (CNPq) ¨ Fundac�æao de Amparo �a
Pesquisa do Estado de Sæao Paulo (FAPESP) §  Î ¸É¨Î´ÊÕ ¶µ¤¤¥·¦±Ê.

8·¨²µ¦¥´¨¥ A

Š ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ Ö ¸± ²Ö·´ Ö Î ¸ÉÓ ¶·µ¶ £ Éµ·  ±¢ ·±  (18)
¨³¥¥É ¸²¥¤ÊÕÐ¨¥ · §²µ¦¥´¨Ö ´  ³ ²ÒÌ ¨ ¡µ²ÓÏ¨Ì ¥¢±²¨¤µ¢¸±¨Ì · ¸¸ÉµÖ-
´¨ÖÌ:

Q(x2) =


1 − 1

4
x2

ρ2c
+ ... ¶·¨ x2 → 0;

2ρ
2
c

x2
+ ... ¶·¨ x2 → ∞.

‘± ²Ö·´Ò° ¶·µ¶ £ Éµ· ±¢ ·±  ¢ ±µ´Ë¨£Ê· Í¨µ´´µ³ ¨ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É -
¢²¥´¨ÖÌ ¨§µ¡· ¦¥´ ´  ·¨¸. 1 ¨ 2 ¸µµÉ¢¥É¸É¢¥´´µ ´ ·Ö¤Ê ¸ ¶·µ¶ £ Éµ· ³¨,
¶µ²ÊÎ¥´´Ò³¨ ¶·¨ ¶·¥´¥¡·¥¦¥´¨¨ P exp-Ë ±Éµ·µ³ ¢ (14) ¸ ¶µ³µÐÓÕ ¢Ò· ¦¥-
´¨° ¤²Ö ±¢ ·±µ¢µ° ´Ê²¥¢µ° ³µ¤Ò ¢ ¸¨´£Ê²Ö·´µ° ¨ ·¥£Ê²Ö·´µ° ± ²¨¡·µ¢± Ì.
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‚ ·¥£Ê²Ö·´µ° ± ²¨¡·µ¢±¥ ¨³¥¥³  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥

Qreg(x2) =
2
y2

(
1 − 1√

1 + y2

)∣∣∣∣∣
y =

x

2ρc

. (107)

‚ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ ´µ·³¨·µ¢ ´´Ò° ¶·µ¶ £ Éµ· ±¢ ·± 
(¡¥§ P exp-Ë ±Éµ· ) ¶·µ¶µ·Í¨µ´ ²¥´ ±¢ ¤· ÉÊ ±¢ ·±µ¢µ° ´Ê²¥¢µ° ³µ¤Ò, ¸µ-
µÉ¢¥É¸É¢¥´´µ, ¢ ·¥£Ê²Ö·´µ° ¨ ¸¨´£Ê²Ö·´µ° ± ²¨¡·µ¢± Ì:

Q̃reg(p) = exp (−2ρcp), (108)

Q̃sing(p) =

z
d

dz
[I1(z)K1(z) − I0(z)K0(z)]

∣∣∣∣
z =

ρcp

2


2

. (109)

ˆ§ ·¨¸. 2 ¢¨¤´µ, ÎÉµ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ Ëµ·³  ¶·µ¶ £ Éµ·  µÎ¥´Ó
ÎÊ¢¸É¢¨É¥²Ó´  ± P exp-Ë ±Éµ·Ê∗.

…¸É¥¸É¢¥´´µ¥ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´µ¥ µ¶·¥¤¥²¥´¨¥ ¤²Ö ¸·¥¤´¥° ¢¨·-
ÉÊ ²Ó´µ¸É¨ ±¢ ·±µ¢ (54) (  É ±¦¥ ¢ (53) ¤²Ö ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É ) ¸ Mq(k),
µ¶·¥¤¥²¥´´µ° ¢ (13) ¨ (10), ¸¶· ¢¥¤²¨¢µ, ¥¸²¨ ·¥Ï¥´¨¥ ¢ (18) § ¶¨¸ ´µ
± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò³ µ¡· §µ³. …¸²¨ § ³¥´¨ÉÓ ¢Ò· ¦¥´¨¥³ ¢ ¸¨´£Ê²Ö·-
´µ° ± ²¨¡·µ¢±¥ (¶·¥´¥¡·¥£ Ö P exp-Ë ±Éµ·µ³) ¢ (54), Éµ ¶µ²ÊÎ¨³
λ2q = 9/(2ρ2c) ¸ ±µÔËË¨Í¨¥´Éµ³, ¤ ²¥±¨³ µÉ ¶· ¢¨²Ó´µ£µ. �·¨Î¨´µ° ¤²Ö
É ±µ£µ ´¥¸µ£² ¸¨Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ´¥²µ± ²Ó´µ° ¢¥²¨Î¨´Ò Ö¢²Ö¥É¸Ö Éµ, ÎÉµ
±µ¢ ·¨ ´É´µ¸ÉÓ ¶·µ¨§¢µ¤´µ° ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ (54) ÊÉ¥·Ö´ . �Éµ ¶·¨-
¢µ¤¨É ± Éµ³Ê, ÎÉµ ¤²Ö ¢µ¸¸É ´µ¢²¥´¨Ö ¶· ¢¨²Ó´µ£µ ·¥§Ê²ÓÉ É  ´¥µ¡Ìµ¤¨³µ
ÊÎ¥¸ÉÓ ¤µ¡ ¢µÎ´Ò¥ Î²¥´Ò ¢ (54), ±µÉµ·Ò¥ ÊÎ¨ÉÒ¢ ²¨ ¡Ò ÔËË¥±ÉÒ £²Õµ´-
´µ£µ ¶µ²Ö. �¤´ ±µ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´ ¸ÉµÖÐ¥£µ ¨´¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤  (14)
É ±¨¥ ÔËË¥±ÉÒ  ¢Éµ³ É¨Î¥¸±¨ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ P exp-Ë ±Éµ· .

8·¨²µ¦¥´¨¥ �

„²Ö ¶µ²´µÉÒ ¶·¨¢¥¤¥³ Ö¢´Ò° ¢Ò¢µ¤ ¶µ²´µ°  ±¸¨ ²Ó´µ-¢¥±Éµ·´µ° ¢¥·-
Ï¨´Ò ¨ ¶·µ¤¥³µ´¸É·¨·Ê¥³ ¢Ò¶µ²´¥´¨¥  ±¸¨ ²Ó´µ£µ “’T. �µ¸²¥ ÊÎ¥É  ¶¥·¥-
· ¸¸¥Ö´¨Ö ±µ´¸É¨ÉÊ¥´É´µ£µ ±¢ ·±  ¢ ± ´ ²¥ ¸ ¶¨µ´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨
´ °¤¥³ ¶µ²´ÊÕ ¢¥·Ï¨´Ê:

AΓµa
vertex (k, p) =A Γµa (k, p) +A Γµa

rescat (k, p) , (110)

∗—Éµ¡Ò ¨§¡¥¦ ÉÓ ¶·µÉ¨¢µ·¥Î¨Ö ¸ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ, ´¥²Ó§Ö ¶µ²Ó§µ¢ ÉÓ¸Ö
É· ±Éµ¢±µ° ¶·µ¶ £ Éµ·  ±¢ ·±  ¢ p-¶·¥¤¸É ¢²¥´¨¨ ¢ Ë ±Éµ·¨§µ¢ ´´µ° Ëµ·³¥, ± ± ÔÉµ ¡Ò²µ
¸¤¥² ´µ ¢ · ¡µÉ¥ [18].
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£¤¥ AΓµa (k, p) Ö¢²Ö¥É¸Ö § É· ¢µÎ´µ° ¢¥·Ï¨´µ°, § ¤ ´´µ° ¢ (51), ¨

AΓµa
rescat (k, p) =

pµpν
p2

Jν
PA (p)

GI

1 −GIΠPP (p)
1
g2πq

Γa
πq (k, p) (111)

¸ Γa
πq (k, p), ΠPP (p), µ¶·¥¤¥²¥´´Ò³¨ ¸ ¶µ³µÐÓÕ (39), (33) ¸µµÉ¢¥É¸É¢¥´´µ, ¨

Jµ
PA(p) = i2Nc

∫
d4k

(2π)4
f(k)f(k′)×

×tr
{
AΓµa(k, p)

[
k̂ +M(k)

]−1
iγ5
[
k̂′ +M(k′)

]−1}
(112)

¸ k′ = k + p. q² £µ¤ ·Ö Ê· ¢´¥´¨Õ Ð¥²¨ (9) ¢¥·Ï¨´  (111) ¸µ¤¥·¦¨É ¶µ-
²Õ¸ ¶·¨ p2 = m2π. ‘· ¢´¨¢ ¢ÒÎ¥ÉÒ ¢ ¶µ²Õ¸¥ ¢ (52) ¨ (66) ¶·¨ z = 0,
¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ±µ´¸É ´ÉÒ · ¸¶ ¤  ¶¨µ´ . ˆ´É¥£· ² ¢ (112) ¸¢µ¤¨É¸Ö
± ¨´É¥£· ²Ê, µ¶·¥¤¥²ÖÕÐ¥³Ê g−2πq ¢ (40) ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¶¨µ´ , ¨

(112) ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ± ± Jµ
PA (p) = 2iMq

gπq
pµ. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÔÉµÉ

³ É·¨Î´Ò° Ô²¥³¥´É µ¶·¥¤¥²Ö¥É ±µ´¸É ´ÉÊ · ¸¶ ¤  Jµ
PA (p) = 2Fπip

µ. ’ ±¨³
µ¡· §µ³, ±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´  Fπ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ Éµ³ ¢¨¤¥, ± ± µ´ 
§ ¤ ´  ¸µµÉ´µÏ¥´¨¥³ ƒµ²¤¡¥·£¥·  Å ’·¥°³ ´  [20] Fπ =

√
2Mq/gπq. �µ¤µ¡-

´Ò³ µ¡· §µ³, ¥¸²¨ ¶µ¤¸É ¢¨ÉÓ ¢ ¨´É¥£· ² (112) Ë ±Éµ· exp [−i (p− 2k) · z],
¶·µ¥Í¨·ÊÕÐ¨° ±¢ ·± ¸ ¨³¶Ê²Ó¸µ³ k ´  ¸¢¥Éµ¶µ¤µ¡´µ¥ ´ ¶· ¢²¥´¨¥ z, ¶µ²Ê-
Î¨³ (67).

�µ²´ Ö ¢¥·Ï¨´  ³µ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ¢ Ëµ·³¥, Ö¢´µ Ê¤µ¢²¥É¢µ·ÖÕÐ¥°
“’T. �¥·¢Ò¥ ¤¢  Î²¥´  ¢ ¶· ¢µ° Î ¸É¨ (51), µÎ¥¢¨¤´µ, Ê¤µ¢²¥É¢µ·ÖÕÉ “’T.
„²Ö Éµ£µ ÎÉµ¡Ò ±µ³¶¥´¸¨·µ¢ ÉÓ É·¥É¨° Î²¥´ ÔÉµ£µ Ê· ¢´¥´¨Ö, Î²¥´ ¶¥·¥· ¸-
¸¥Ö´¨Ö AΓµa

rescat (k, p) (¸ ¶µ³µÐÓÕ (51)) § ¶¨¸Ò¢ ¥³ ± ±

−ip
µ

p2
GINcNf

1 −GIΠPP (p)
f̃(k′)f̃(k)×

×
[
GIΠPP (p)

∫
d4l

(2π)4
M(l2)

l2 −M2(l2)
f̃(l)[f̃(l + p) + f̃(l − p)]−

−
∫

d4l

(2π)4
tr{[p̂−M(l2) −M(l′2)][l̂′ +M(l′2)]γ5[l̂ +M(l2)]γ5}

(l′2 −M2(l′2))(l2 −M2(l2))
f̃(l′)f̃(l)

]
,

(113)

£¤¥ l′ = l + p. C ¶µ³µÐÓÕ ¸µ±· Ð¥´¨Ö µ¤´µ£µ ¨§ Ë ±Éµ·µ¢ l2 − M2
(
l2
)
¢

§´ ³¥´ É¥²¥ ¨´É¥£· ²  ¸ Î²¥´µ³ ¨§ ¤¨· ±µ¢¸±µ£µ ¸²¥¤  ¢ Î¨¸²¨É¥²¥ ¨, ¸µ-
µÉ¢¥É¸É¢¥´´µ, ¸¤¢¨£ Ö ¶¥·¥³¥´´Ò¥ ¨´É¥£·¨·µ¢ ´¨Ö, ¶¥·¢Ò° Î²¥´ ¢´ÊÉ·¨ ±¢ -
¤· É´ÒÌ ¸±µ¡µ± (111) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ Éµ° ¦¥ Ëµ·³¥, ± ± ¨ ¢Éµ·µ°. �Éµ
¤¥³µ´¸É·¨·Ê¥É É·¥¡Ê¥³µ¥ ¸µ±· Ð¥´¨¥,   ¶µ²´ Ö ¢¥·Ï¨´  § ¤ ¥É¸Ö ¸ ¶µ³µÐÓÕ
(52).
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