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”��Œ”�Š’�� �ˆ��� ‚ Š•„: Š�Š ‘—ˆ’�’œ?

�. �. � ±Ê²¥¢1

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

�¡¸Ê¦¤ ¥É¸Ö · ¸Î¥É Ëμ·³Ë ±Éμ·  (””) ¶¨μ´ , Fπ(Q2), ¢ Š•„. ŒÒ ±· É±μ μ¡¸Ê¦¤ ¥³ μ¸´μ¢-
´Ò¥ ³μ³¥´ÉÒ ¶· ¢¨²  ¸Ê³³ (�‘) Š•„ ¸ ´¥²μ± ²Ó´Ò³¨ ¢ ±ÊÊ³´Ò³¨ ±μ´¤¥´¸ É ³¨ (�‚Š) ¨ ¶μ± -
§Ò¢ ¥³ ¥£μ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ Ëμ·³Ë ±Éμ·  ¶¨μ´  ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨
¶¥·ÉÊ·¡ É¨¢´μ° ¨ ·¥Ï¥ÉμÎ´μ° Š•„. ‚ § ±²ÕÎ¥´¨¥ ³Ò · ¸¸³ É·¨¢ ¥³ ¶μ¤Ìμ¤ ²μ± ²Ó´μ° ¤Ê ²Ó´μ-
¸É¨ (‹„) ¤²Ö Ëμ·³Ë ±Éμ·  ¶¨μ´  ¢ Š•„ ¨ ¶μ± §Ò¢ ¥³, ÎÉμ ¶·¨ Q2 � 2 ƒÔ‚2 μ¸´μ¢´μ° ¶ · ³¥É·
¶μ¤Ìμ¤ ,   ¨³¥´´μ ¶μ·μ£ ±μ´É¨´ÊÊ³  sLD

0 (Q2), ¤μ²¦¥´ · ¸É¨ ¸ ·μ¸Éμ³ Q2,   ´¥ μ¸É ¢ ÉÓ¸Ö ¶μ¸Éμ-
Ö´´Ò³.

We discuss the pion form factor calculation in QCD. We brie	y consider the main points of the
nonlocal condensate QCD sum rule approach and show its results for the pion form factor, Fπ(Q2).
These results are compared with predictions of the perturbative and lattice QCD. Then we consider
the Local Duality (LD) approach for the pion FF in QCD and show that for Q2 � 2 GeV2 the main
parameter of the approach, namely, sLD

0 (Q2) should grow with Q2 rather than be a constant.

PACS: 12.38.Aw; 12.38.Bx; 13.40.Gp

‚‚…„…�ˆ…

‚ÒÎ¨¸²¥´¨¥  ¸¨³¶ÉμÉ¨±¨ ¶¨μ´´μ£μ ”” Fπ(Q2) ¶·¨ Q2 � 1 ƒÔ‚2 ¢ ¶¥·ÉÊ·¡ É¨¢´μ°
Š•„ [1Ä3] ¸ ¸ ³μ£μ ´ Î ²  · ¸¸³ É·¨¢ ²μ¸Ó ± ± μ¤¨´ ¨§ ¢ ¦´ÒÌ Ê¸¶¥Ìμ¢ Š•„ ¢ μ¶¨¸ ´¨¨
Ô±¸±²Õ§¨¢´ÒÌ  ¤·μ´´ÒÌ ¶·μÍ¥¸¸μ¢. �¤´ ±μ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤ 
Š•„-Ë ±Éμ·¨§ Í¨¨ ¤²Ö ”” ¶¨μ´  ¢¸¥£¤  μ¸É ¢ ²¸Ö μÉ±·ÒÉÒ³ ¢μ¶·μ¸ μ Éμ³, ± ±ÊÕ Î ¸ÉÓ
¶μ²´μ£μ μÉ¢¥É  μ¶¨¸Ò¢ ¥É Ë ±Éμ·¨§Ê¥³Ò° ¢±² ¤. �¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ ¢ ”” ¶¨μ´  (¥£μ
Î ¸Éμ ´ §Ò¢ ÕÉ ®¦¥¸É±¨³¯) ¶·¥μ¡² ¤ ¥É ¶·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ Î
¨³¶Ê²Ó¸ , Q2 � 20 − 100 ƒÔ‚2. Œ´μ£¨¥  ¢Éμ·Ò ¸Î¨É ÕÉ (¸³., ´ ¶·¨³¥·, [4Ä8],   É ±¦¥
¸¸Ò²±¨ ¢ ÔÉ¨Ì · ¡μÉ Ì), ÎÉμ μ¤¨´ Éμ²Ó±μ ¦¥¸É±¨° (Ë ±Éμ·¨§Ê¥³Ò°) ¢±² ¤ ¢ Ô²¥±É·μ-
³ £´¨É´Ò° ”” ¶¨μ´  ¸²¨Ï±μ³ ³ ² ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¢ μ¡² ¸É¨ Ê³¥·¥´´ÒÌ ¶¥·¥¤ Î Q2 = 3−10 ƒÔ‚2 [9, 10] Å §¤¥¸Ó ¤μ³¨´¨·Ê¥É É ±
´ §Ò¢ ¥³Ò° ®³Ö£±¨°¯ ¢±² ¤. ‚ μ¡² ¸É¨ ¦¥ Q2 � 1 ƒÔ‚2 ±μ²²¨´¥ ·´μ¥ ¶·¨¡²¨¦¥´¨¥
¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¶¥·¥¸É ¥É ¡ÒÉÓ  ¤¥±¢ É´Ò³ ¨ Ë ±Éμ·¨§Ê¥³ Ö Î ¸ÉÓ ”” ¶¨μ´  · -
¸É¥É ± ± 1/Q2, ÎÉμ ´¨± ± ´¥ ¸μ£² ¸Ê¥É¸Ö ¸μ ¸¢μ°¸É¢μ³ ¶μ²´μ£μ ”” Fπ(0) = 1, ±μÉμ·μ¥
¤¨±ÉÊ¥É¸Ö Éμ¦¤¥¸É¢μ³ “μ·¤ .

1E-mail: bakulev@theor.jinr.ru
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‚ ´ Ï¥° · ¡μÉ¥ [8] ³Ò ¶μ± § ²¨, ÎÉμ ¤μ¸É ÉμÎ´μ · §Ê³´μ¥ μ¶¨¸ ´¨¥ ³μ¦¥É ¡ÒÉÓ ¶μ-
²ÊÎ¥´μ, ¥¸²¨ ¸Ï¨ÉÓ ³Ö£±¨° ¢±² ¤, ¶μ²ÊÎ ¥³Ò° ¢ ¶μ¤Ìμ¤¥ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨ [11, 12],
¸ ¦¥¸É±¨³ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸ ³μ° ¶·μ¸Éμ° ËÊ´±Í¨¨ ¢±²ÕÎ¥´¨Ö ¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤ .
‘² ¡Ò³ ³¥¸Éμ³ ÔÉμ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö ¶μ²ÊÎ ¥³ Ö ¶μ ´ ¸²¥¤¸É¢Ê μÉ ‹„ ´¥μ¶·¥¤¥²¥´-
´μ¸ÉÓ ¢Ò¡μ·  ÔËË¥±É¨¢´μ£μ ¶μ·μ£  ±μ´É¨´ÊÊ³  sLD

0 (Q2) ¶·¨ Ê³¥·¥´´ÒÌ, ´μ ´¥ ³ ²ÒÌ,
§´ Î¥´¨ÖÌ Q2 � 1 ƒÔ‚2. �ÉμÉ ¢μ¶·μ¸ ³Ò μ¡¸Ê¤¨³ ¢ · §¤. 4.

‚ ÔÉμ° ²¥±Í¨¨ ³Ò · ¸¸³ É·¨¢ ¥³ ¢μ¶·μ¸ μ¡ ÊÎ¥É¥ ´¥Ë ±Éμ·¨§Ê¥³ÒÌ ¢±² ¤μ¢ ¢ ””
¶¨μ´  ¸ ¶μ³μÐÓÕ ´¥²μ± ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ ±μ´¤¥´¸ Éμ¢ (�‚Š) ¢ ³¥Éμ¤¥ ¶· ¢¨² ¸Ê³³
(�‘) Š•„.

�É³¥É¨³, ÎÉμ �‘ ¸ ²μ± ²Ó´Ò³¨ ±μ´¤¥´¸ É ³¨ ¤²Ö ”” ¶¨μ´  μ¡² ¤ ÕÉ ¶²μÌμ° ¸É -
¡¨²Ó´μ¸ÉÓÕ ¨ Ê¸Éμ°Î¨¢Ò ²¨ÏÓ ¶·¨ ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  1 < Q2 < 3 ƒÔ‚2. �·¨Î¨´μ°
Ö¢²Ö¥É¸Ö · §´μ¥ Q2-¶μ¢¥¤¥´¨¥ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤ , ¶ ¤ ÕÐ¥£μ ¸ ·μ¸Éμ³ Q2, ¨ ´¥-
¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤μ¢, ±μÉμ·Ò¥ ²¨¡μ ¶μ¸ÉμÖ´´Ò, ²¨¡μ ²¨´¥°´μ · ¸ÉÊÉ ¸ Q2 [11, 13].
—Éμ¡Ò ¶μ²ÊÎ¨ÉÓ ¶· ¢¨²Ó´Ò¥ § ¢¨¸¨³μ¸É¨ μÉ Q2, ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²ÖÉÓ ¢±² ¤Ò μÉ μ¶¥-
· Éμ·μ¢ ¢Ò¸Ï¥° · §³¥·´μ¸É¨ É¨¶  〈q̄(0)D2q(0)〉, 〈q̄(0)(D2)2q(0)〉 ¨ É. ¶. �´¨ ¶μ²ÊÎ ÕÉ¸Ö
¸ ¶μ³μÐÓÕ É¥°²μ·μ¢¸±μ£μ · §²μ¦¥´¨Ö ¨§´ Î ²Ó´μ ´¥²μ± ²Ó´ÒÌ ±μ´¤¥´¸ Éμ¢ (´ ¶·¨³¥·,
〈q̄(0)q(z)〉). �μ²´Ò° ±μ´¤¥´¸ É´Ò° ¢±² ¤ ¤²Ö ”” Ê¡Ò¢ ¥É ¸ ·μ¸Éμ³ Q2, ¢ Éμ ¢·¥³Ö ± ± ± -
¦¤Ò° ¶μ μÉ¤¥²Ó´μ¸É¨ ¢±² ¤ ¸É ´¤ ·É´μ£μ μ¶¥· Éμ·´μ£μ · §²μ¦¥´¨Ö ¨³¥¥É ¸É·Ê±ÉÊ·Ê Q2n.
�Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö μ¸³Ò¸²¥´´μ£μ ·¥§Ê²ÓÉ É  ´¥μ¡Ìμ¤¨³μ μÉ¸Ê³³¨·μ¢ ÉÓ
¢¥¸Ó ·Ö¤ ’¥°²μ· , ÎÉμ ¢Ò¶μ²´¨ÉÓ ÉμÎ´μ ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³. ‚ ·¨ ´Éμ³ É ±μ£μ
¸Ê³³¨·μ¢ ´¨Ö ¨ Ö¢²Ö¥É¸Ö ³¥Éμ¤ �‚Š1, ¢ ±μÉμ·μ³ ´¥²μ± ²Ó´Ò¥ ¢ ±ÊÊ³´Ò¥ μ¡Ñ¥±ÉÒ ¶ · -
³¥É·¨§ÊÕÉ¸Ö ³¨´¨³ ²Ó´Ò³ μ¡· §μ³ Å ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¥¤¨´¸É¢¥´´μ£μ ¶ · ³¥É·  λ2

q .

�μ¤Ìμ¤ ± · ¸Î¥ÉÊ ¶¨μ´´μ£μ ”” ³¥Éμ¤μ³ �‘ Š•„ [11, 13] μ¸´μ¢ ´ ´   ´ ²¨§¥ É·¥Ì-
ÉμÎ¥Î´μ£μ AAV -±μ··¥²ÖÉμ·  (A Å ¤²Ö  ±¸¨ ²Ó´μ£μ, V Å ¤²Ö ¢¥±Éμ·´μ£μ Éμ±μ¢) ¸ ¶μ-
³μÐÓÕ μ¶¥· Éμ·´μ£μ · §²μ¦¥´¨Ö ¨ ¤¢μ°´μ£μ ¤¨¸¶¥·¸¨μ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö. ‚ · §¤. 1
³Ò · §¡¥·¥³ ÔÉμÉ ¶μ¤Ìμ¤ ´  ¶·¨³¥·¥ ¸É ´¤ ·É´ÒÌ �‘ Š•„ ¨ μ¡¸Ê¤¨³ ¥£μ ¤μ¸Éμ¨´¸É¢  ¨
´¥¤μ¸É É±¨.

‡ É¥³, ¢ · §¤. 2, ³Ò ¸¨¸É¥³ É¨§¨·Ê¥³ ¨¸¶μ²Ó§Ê¥³Ò¥ ´ ³¨ £ Ê¸¸μ¢Ò ³μ¤¥²¨ �‚Š,
³¨´¨³ ²Ó´ÊÕ [15Ä17] ¨ Ê²ÊÎÏ¥´´ÊÕ [17, 18], ¨ μ¡ÑÖ¸´¨³, Î¥³ μ´¨ μÉ²¨Î ÕÉ¸Ö ¤·Ê£
μÉ ¤·Ê£ : μ± §Ò¢ ¥É¸Ö, ÎÉμ Ê²ÊÎÏ¥´´ Ö ³μ¤¥²Ó ¶μ-¤·Ê£μ³Ê ¶ · ³¥É·¨§Ê¥É ±¢ ·±-£²Õμ´-
 ´É¨±¢ ·±μ¢Ò° �‚Š, ÎÉμ ¶μ§¢μ²Ö¥É Ê¤μ¢²¥É¢μ·¨ÉÓ μ¸´μ¢´μ³Ê Š•„-Ê· ¢´¥´¨Õ ¤¢¨¦¥-
´¨Ö ¤²Ö ¢¥±Éμ·´μ£μ ¡¨²μ± ²Ó´μ£μ �‚Š ¨ ³¨´¨³¨§¨·μ¢ ÉÓ ´ ·ÊÏ¥´¨¥ ´¥¶μ¶¥·¥Î´μ¸É¨
±μ··¥²ÖÉμ·  ¢¥±Éμ·´ÒÌ Éμ±μ¢, ¨´¤ÊÍ¨·Ê¥³μ¥ ¢¢¥¤¥´¨¥³ ´¥²μ± ²Ó´μ¸É¥° ¢ ±ÊÊ³´ÒÌ ±μ´-
¤¥´¸ Éμ¢.

‚ · §¤. 3 ³Ò μ¡¸Ê¦¤ ¥³ ¶μ²ÊÎ¥´´Ò¥ �‘ Š•„ ¸ �‚Š ¤²Ö ¶¨μ´´μ£μ ””, ¶·μ¢μ¤¨³
¨Ì ¸· ¢´¥´¨¥ ¸ ¤·Ê£¨³¨ É¥μ·¥É¨Î¥¸±¨³¨ ¶μ¤Ìμ¤ ³¨, ·¥Ï¥ÉμÎ´Ò³¨ ³μ¤¥²¨·μ¢ ´¨Ö³¨ ¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

1‚ · ¡μÉ¥ [14] · ¸¸³ É·¨¢ ¥É¸Ö μ¶¥· Éμ·´μ¥ · §²μ¦¥´¨¥ ¤²Ö ¶μ²Ö·¨§ Í¨μ´´μ£μ μ¶¥· Éμ·  ¢ 3+1-³¥·´μ°
Š•„ ¢ ¶μ¤Ìμ¤¥ Ëμ´μ¢μ£μ ¶μ²Ö ¨ ¤¥² ¥É¸Ö ¢Ò¢μ¤ μ¡  ¸¨³¶ÉμÉ¨Î¥¸±μ³ Ì · ±É¥·¥ ¶μ²ÊÎ ¥³μ£μ ¶·¨ ÔÉμ³ ·Ö¤ ∑

n
λ2n(4πσ/Q2)n, £¤¥ σ Å ´ ÉÖ¦¥´¨¥ ¸É·Ê´Ò ¢ ¶μÉ¥´Í¨ ²¥ ±μ´Ë °´³¥´É , ¶μ¸±μ²Ó±Ê ±μÔËË¨Í¨¥´ÉÒ λ2n

· ¸ÉÊÉ ¸ n Ë ±Éμ·¨ ²Ó´μ. �ÉμÉ ¢Ò¢μ¤ ¶μ± §Ò¢ ¥É, ÎÉμ ¸É·¥³²¥´¨¥ ÊÎ¥¸ÉÓ ¡
μ²ÓÏ¥¥ Î¨¸²μ ¢±² ¤μ¢ ¢ μ¶¥· Éμ·´μ³
· §²μ¦¥´¨¨ ´¥ ¢¸¥£¤  μ¶· ¢¤ ´μ Å ¢  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ·Ö¤ Ì Î ¸Éμ ²ÊÎÏ¥ ¢μ¢·¥³Ö μ¸É ´μ¢¨ÉÓ¸Ö. �¥ ²Ó´μ É ± ¨
¶μ¸ÉÊ¶ ÕÉ ¢ ³¥Éμ¤¥ ¶· ¢¨² ¸Ê³³ Š•„: μ¡ÒÎ´μ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ²¨ÏÓ ¢±² ¤Ò £²Õμ´´μ£μ, 〈GG〉/Q4, ¨ ±¢ ·±μ¢μ£μ,
〈q̄q〉2/Q6, ±μ´¤¥´¸ Éμ¢.
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� §¤. 4 ¶μ¸¢ÖÐ¥´ ¶μ¤Ìμ¤Ê ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨ (‹„). �ÉμÉ ¶μ¤Ìμ¤ ¢ ¦¥´ ¤²Ö ´ ¸ ¶μ
¤¢Ê³ ¶·¨Î¨´ ³:

1) ¶μ ¨¸Éμ·¨Î¥¸±¨³ Å ³Ò ¶μ²Ó§μ¢ ²¨¸Ó ¨³ ¢ · ¡μÉ¥ [8] ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶·¥¤¸± § -
´¨° ¤²Ö ¶μ²´μ£μ ”” ¶¨μ´  ³¥Éμ¤μ³ ¸Ï¨¢ ´¨Ö ®³Ö£±μ£μ¯ ¢±² ¤ , ³μ¤¥²¨·μ¢ ¢Ï¥£μ¸Ö ¢
¶μ¤Ìμ¤¥ ‹„, ¨ ®¦¥¸É±μ£μ¯ ¤¢ÊÌ¶¥É²¥¢μ£μ ¢±² ¤ ;

2) ¶μ ¢μ§³μ¦´μ¸É¨ ÊÎ¥¸ÉÓ O(α2
s)-¶μ¶· ¢±Ê ± ”” ¶¨μ´  ¡¥§ ¸Î¥É  ¸μμÉ¢¥É¸É¢ÊÕÐ¥°

É·¥Ì¶¥É²¥¢μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨.
ŒÒ μ¡¸Ê¦¤ ¥³ ¢ ÔÉμ³ · §¤¥²¥ μ¶·¥¤¥²¥´¨¥ ÔËË¥±É¨¢´μ£μ ¶μ·μ£  ±μ´É¨´ÊÊ³ 

sLD
0 (Q2) Å ±²ÕÎ¥¢μ£μ ¶ · ³¥É·  ‹„ Å ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ Q2 ¨ ¶μ± -

§Ò¢ ¥³, ÎÉμ · ´¥¥ ¨¸¶μ²Ó§μ¢ ¢Ï¥¥¸Ö ¶μ¸ÉμÖ´´μ¥ §´ Î¥´¨¥ sLD
0 (Q2) � 0,6 ƒÔ‚2 ¸¨²Ó´μ

´¥¤μμÍ¥´¥´μ: ´  ¸ ³μ³ ¤¥²¥, ÔËË¥±É¨¢´Ò° ¶μ·μ£ ‹„ ¤μ²¦¥´ ³μ´μÉμ´´μ · ¸É¨ ¸ ·μ¸Éμ³
Q2 ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢μ¸¶·μ¨§¢μ¤¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¡μ·¥²¥¢¸±¨Ì �‘.

‚ § ±²ÕÎ¥´¨¨ ³Ò ¸Ê³³¨·Ê¥³ ´ Ï¨ ¢Ò¢μ¤Ò μ ”” ¶¨μ´ .

1. ‘’��„��’�›… ���‚ˆ‹� ‘“ŒŒ Š•„ „‹Ÿ ”” �ˆ���

�· ¢¨²  ¸Ê³³ Š•„ ¤²Ö ”” ¶¨μ´  ¸É·μÖÉ¸Ö ´  μ¸´μ¢¥  ´ ²¨§  É·¥ÌÉμÎ¥Î´μ£μ AAV -
±μ··¥²ÖÉμ· 

T (p2
1, p

2
2, q

2) =
nαnμnβ

(np1)3

∫∫
d4xd4y ei(qx−p2y)〈0|T

[
J+

5α(y)Jμ(x)J5β(0)
]
|0〉, (1)

£¤¥ q Å ¨³¶Ê²Ó¸ ¢¨·ÉÊ ²Ó´μ£μ ËμÉμ´  (q2 = −Q2),   p1 ¨ p2 Å ¨³¶Ê²Ó¸Ò ´ ²¥É ÕÐ¥£μ ¨
¢Ò²¥É ÕÐ¥£μ ¶¨μ´μ¢. ‚ ÔÉμ³ ±μ··¥²ÖÉμ·¥ Jμ(x) = eu u(x)γμu(x)+ ed d(x)γμd(x) Å ÔÉμ
Ô²¥±É·μ³ £´¨É´Ò° Éμ± ²¥£±¨Ì ±¢ ·±μ¢, eu = 2/3 ¨ ed = −1/3 Å Ô²¥±É·¨Î¥¸±¨¥ § ·Ö¤Ò u-
¨ d-±¢ ·±μ¢, J5β(x) = u(x)γ5γβd(x) ¨ J+

5α(x) = d(x)γ5γαu(x) Å  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥
¶¨μ´´Ò¥ Éμ±¨, ±μÉμ·Ò¥ ¨³¥ÕÉ ´¥´Ê²¥¢Ò¥ ¶·μ¥±Í¨¨ ´  ¶¨μ´´μ¥ ¸μ¸ÉμÖ´¨¥ |π(P )〉:

〈0|jα
5 |π(P )〉 = i fπ Pα. (2)

„²Ö ÔÉμ£μ ±μ··¥²ÖÉμ·  ¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì ¶·μ¸É· ´¸É¢¥´´μ-¶μ¤μ¡´ÒÌ ¨³¶Ê²Ó-
¸ Ì p1 ¨ p2 (−p2

1 � 1 ƒÔ‚2, −p2
2 � 1 ƒÔ‚2) ¸É·μ¨É¸Ö μ¶¥· Éμ·´μ¥ · §²μ¦¥´¨¥ (c1 ¨ c2 Å

Î¨¸²¥´´Ò¥ ±μ´¸É ´ÉÒ)

T (p2
1, p

2
2, q

2) = T pert(p2
1, p

2
2, q

2) + c1
〈GG〉
(p2)3

+ c2
αs〈q̄q〉2
(p2)4

+ . . . , (3)

¶·μ¨²²Õ¸É·¨·μ¢ ´´μ¥ ´  ·¨¸. 1,   É ±¦¥ ¤¨¸¶¥·¸¨μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥

T (p2
1, p

2
2, q

2) =
1
π2

s0∫
0

s0∫
0

ds1 ds2
ρ(s1, s2, q

2)
(s1 − p2

1)(s2 − p2
2)

+ ®¢ÒÎ¨É ´¨Ö¯. (4)

�μ¤μ¡´μ¥ ¤¨¸¶¥·¸¨μ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸¶· ¢¥¤²¨¢μ ¨ ¤²Ö Î¨¸Éμ ¶¥·ÉÊ·¡ É¨¢´μ° Î ¸É¨
±μ··¥²ÖÉμ·  T pert(p2

1, p
2
2, q

2). ‘μμÉ¢¥É¸É¢ÊÕÐ Ö É·¥ÌÉμÎ¥Î´ Ö ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ
¶·¥¤¸É ¢²Ö¥É¸Ö ¢ O(αs)-¶μ·Ö¤±¥ ¢ ¢¨¤¥

ρ
(1)
3 (s1, s2, Q

2) =
[
ρ
(0)
3 (s1, s2, Q

2) +
αs(Q2)

4π
Δρ

(1)
3 (s1, s2, Q

2)
]

. (5)
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�¨¸. 1. „¨ £· ³³Ò ¸É ´¤ ·É´μ£μ μ¶¥· Éμ·´μ£μ · §²μ¦¥´¨Ö É·¥ÌÉμÎ¥Î´μ£μ ±μ··¥²ÖÉμ·  T (p2
1, p

2
2, q

2)

¸ μ¡ÒÎ´Ò³¨ ¢ ±ÊÊ³´Ò³¨ ±μ´¤¥´¸ É ³¨ ±¢ ·±μ¢ÒÌ ¨ £²Õμ´´ÒÌ ¶μ²¥° (μ¡μ§´ Î ¥³ÒÌ ´  ¤¨ £· ³³ Ì

²¨´¨Ö³¨ ¸ ±·¥¸É¨± ³¨ × ´  ±μ´Í Ì)

� ¶μ³´¨³, ÎÉμ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ¡Ò²  · ¸¸Î¨É ´  ¢ · ¡μ-
É Ì [11,13]

ρ
(0)
3 (s1, s2, t) =

3
4π2

[
t2

d2

dt2
+

t3

3
d3

dt3

]
1√

(s1 + s2 + t)2 − 4 s1s2

, (6)

¢ Éμ ¢·¥³Ö ± ± Ö¢´μ¥ ¢Ò· ¦¥´¨¥ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ-

·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Δρ
(1)
3 (s1, s2, Q

2) ¡Ò²μ · ¸¸Î¨É ´μ ¸μ¢¸¥³ ´¥¤ ¢´μ [19]1. � §-
´¨Í  ³¥¦¤Ê ¶μ²´μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ ρ(s1, s2, q

2) ¨ ¥¥ ¶¥·ÉÊ·¡ É¨¢´Ò³  ´ ²μ£μ³
ρ(1)(s1, s2, q

2) ±μ³¶¥´¸¨·Ê¥É¸Ö ¢ μ¶¥· Éμ·´μ³ · §²μ¦¥´¨¨ (3) ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¢±² -
¤ ³¨ ±¢ ·±μ¢μ£μ ¨ £²Õμ´´μ£μ ±μ´¤¥´¸ Éμ¢, 〈q̄q〉 ¨ 〈GG〉.

‚±² ¤ ¢Ò¸Ï¨Ì ·¥§μ´ ´¸μ¢, THR, ³μ¤¥²¨·Ê¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Éμ° ¦¥ ¶¥·ÉÊ·¡ É¨¢-
´μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ¢ ¢¨¤¥ ±μ´É¨´ÊÊ³ ,

ρHR(s1, s2) = [1 − θ(s1 < s0)θ(s2 < s0)] ρ3(s1, s2, Q
2), (7)

£¤¥ s0 Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ¶μ·μ£μ³ ¢±²ÕÎ¥´¨Ö ¢Ò¸Ï¨Ì ·¥§μ´ ´¸μ¢. �¡ÒÎ´μ s0 ¸μμÉ-
¢¥É¸É¢Ê¥É ¸·¥¤´¥° ÉμÎ±¥ ³¥¦¤Ê ³ ¸¸ ³¨ ´¨¦ °Ï¥£μ ¸μ¸ÉμÖ´¨Ö ¨ ¶¥·¢μ£μ ¢μ§¡Ê¦¤¥´¨Ö.
�μ¸±μ²Ó±Ê ±¢ ¤· É ³ ¸¸Ò a1-³¥§μ´  � 1,6 ƒÔ‚2, μ¦¨¤ ¥³μ¥ §´ Î¥´¨¥ s0 ¢ ¸²ÊÎ ¥ ¶¨μ´  Å
μ±μ²μ 0,8 ƒÔ‚2.

‚ ·¥§Ê²ÓÉ É¥, ¶μ¸²¥ ¶·¨³¥´¥´¨Ö ¶·¥μ¡· §μ¢ ´¨Ö �μ·¥²Ö, ±μÉμ·μ¥ Ê¡¨¢ ¥É ¢¸¥ ¢ÒÎ¨É -
´¨Ö ¢ ¤¨¸¶¥·¸¨μ´´ÒÌ ¨´É¥£· ² Ì (4) ¨ ¶μ¤ ¢²Ö¥É ¢±² ¤ ¢Ò¸Ï¨Ì ·¥§μ´ ´¸μ¢ ¢ ¸¶¥±É· ²Ó-
´μ³ ¨´É¥£· ²¥, ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ �‘:

f2
π Fπ(Q2) =

1
π2

s0∫
0

s0∫
0

ds1 ds2 ρpert(s1, s2, Q
2) exp

(
−s1 + s2

M2

)
+

+ a
αs〈GG〉
12πM2

+ b
16παs〈q̄q〉2

81M4
(8)

1�Éμ ¢Ò· ¦¥´¨¥ ¤μ¸É ÉμÎ´μ £·μ³μ§¤±μ¥, ¶μÔÉμ³Ê ³Ò ´¥ ¶·¨¢μ¤¨³ ¥£μ §¤¥¸Ó, μÉ¸Ò² Ö § ¨´É¥·¥¸μ¢ ´´μ£μ
Î¨É É¥²Ö ± ¶¥·¢μ¨¸ÉμÎ´¨±Ê.
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¸ ±μÔËË¨Í¨¥´É ³¨ a ¨ b, μ¶·¥¤¥²Ö¥³Ò³¨ μ¶¥· Éμ·´Ò³ · §²μ¦¥´¨¥³. �Éμ �‘  ´ ²¨§¨·Ê-
¥É¸Ö μ¡ÒÎ´Ò³ μ¡· §μ³: ¤²Ö ± ¦¤μ£μ § ¤ ´´μ£μ §´ Î¥´¨Ö Q2 ¨Ð¥É¸Ö §´ Î¥´¨¥ ¶μ·μ£  s0,
¶·¨ ±μÉμ·μ³ §´ Î¥´¨¥ f2

πFπ(Q2), μ¶·¥¤¥²Ö¥³μ¥ ¨§ �‘ (8), ´ ¨³¥´¥¥ ¸¨²Ó´μ § ¢¨¸¨É μÉ
¶ · ³¥É·  �μ·¥²Ö M2 ¢ μ¶·¥¤¥²¥´´μ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° M2 ∈ [M2

−, M2
+], ´ §Ò¢ ¥³μ³

¢ ¶μ¤Ìμ¤¥ �‘ μ±´μ³ ¤μ¢¥·¨Ö. „²Ö ¶¨μ´´μ£μ ”” ÔÉμ μ±´μ É ±μ¢μ: M2 ∈ [1 ƒÔ‚2, 2 ƒÔ‚2].
‘ÊÐ¥¸É¢Ê¥É ¸¢Ö§Ó ³¥¦¤Ê §´ Î¥´¨¥³ f2

π ¨ Fπ(Q2) ¢ μ±´¥ ¤μ¢¥·¨Ö ¨ ¶ · ³¥É·μ³ s0. ‘
¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ μ´  μ¶¨¸Ò¢ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨, ¸²¥¤ÊÕ-
Ð¨³ ¨§ ¶· ¢¨²  ¸Ê³³ (8) ¢ Ëμ·³ ²Ó´μ³ ¶·¥¤¥²¥ M2 → ∞

FLD;(0)
π (Q2) =

1
π2f2

π

s0∫
0

s0∫
0

ds1 ds2 ρ
(0)
3 (s1, s2, Q

2) =
s0

4π2f2
π

[
1 − 1 + 6s0/Q2

(1 + 4s0/Q2)3/2

]
. (9)

�  ¶¥·¢Ò° ¢§£²Ö¤ ±μ´¤¥´¸ ÉÒ μÉ¸ÊÉ¸É¢ÊÕÉ ¢ ÔÉμ³ ¸μμÉ´μÏ¥´¨¨. �¤´ ±μ §´ Î¥´¨¥ ¨´É¥·-
¢ ²  ¤Ê ²Ó´μ¸É¨ s0, ¨§¢²¥± ¥³μ¥ ¢ μ¶¨¸ ´´μ° ¢ÒÏ¥ ¶·μÍ¥¤Ê·¥ ¶μ¤£μ´±¨, ´¥Ö¢´μ § ¢¨¸¨É
μÉ ¨Ì ¢¥²¨Î¨´Ò, ¨²¨, ÉμÎ´¥¥, μÉ ¸μμÉ´μÏ¥´¨Ö ±μ´¤¥´¸ É´μ£μ ¨ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤μ¢.

”μ·³  μ¶¥· Éμ·´μ£μ · §²μ¦¥´¨Ö ¶μ 1/p2 É·¥ÌÉμÎ¥Î´μ£μ ±μ··¥²ÖÉμ·  T (p2
1, p

2
2, q

2) § -
¢¨¸¨É μÉ ¢§ ¨³μμÉ´μÏ¥´¨Ö ³ ¸ÏÉ ¡μ¢ Q2 ¨ |p2| (¶μ¤ p2 ³Ò ¶μ¤· §Ê³¥¢ ¥³ μ¡  ³ ¸ÏÉ ¡ :
|p|2 ∼ |p2

1| ∼ |p2
2|). �·μ¸É¥°Ï¥° Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´ Ö ¸¨ÉÊ Í¨Ö |p2| ∼ Q2 (¶·μ³¥¦Ê-

ÉμÎ´Ò¥ §´ Î¥´¨Ö Q2), ¨§ÊÎ¥´´ Ö ¢ [11, 13]. ‚ ÔÉμ³ ¸²ÊÎ ¥ a = 1, b =
(
13 + 2Q2/M2

)
.

�μÊÎ¨É¥²Ó´μ ¸· ¢´¨ÉÓ ÔÉ¨ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ μ¶¥· Éμ·´μ£μ · §²μ¦¥´¨Ö ¸ ±μÔË-
Ë¨Í¨¥´É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ �‘ Š•„ ¤²Ö ¶¨μ´´μ° ±μ´¸É ´ÉÒ · ¸¶ ¤  [20] (¸²¥¤Ê¥É
μÉ³¥É¨ÉÓ, ÎÉμ §´ Î¥´¨¥ ¶ · ³¥É·  �μ·¥²Ö ¢ ¤¢ÊÌÉμÎ¥Î´ÒÌ �‘, m2, ¢¤¢μ¥ ³¥´ÓÏ¥ ¶μ
¸· ¢´¥´¨Õ ¸ É·¥ÌÉμÎ¥Î´Ò³¨ �‘, m2 = M2/2):

f2
π =

m2

4π2
(1 − e−s0/m2

) +
αs〈GG〉
12πm2

+ 11
16παs〈q̄q〉2

81m4
. (10)

‚¨¤´μ, ÎÉμ �‘ ¤²Ö f2
πFπ(Q2) μÉ²¨Î ¥É¸Ö μÉ �‘ ¤²Ö f2

π Ê¤¢μ¥´´Ò³ αs〈GG〉-¢±² ¤μ³
¨ ¶·¨³¥·´μ ÊÎ¥É¢¥·¥´´Ò³ αs〈q̄q〉2-¢±² ¤μ³ (ÉμÎ´¥¥, ÔÉμÉ ¢±² ¤ ¡μ²ÓÏ¥ ¢ 3,4 · § ). �μ
ÔÉμ° ¶·¨Î¨´¥ §´ Î¥´¨¥ s0 ≈ 4π2f2

π , ¤¨±ÉÊ¥³μ¥ �‘ ¤²Ö f2
π , ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ¢ ”” �‘

Éμ²Ó±μ ¢ μ¡² ¸É¨ Ê³¥·¥´´ÒÌ Q2, £¤¥ Fπ(Q2) ¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì 0,5 ¨ 0,3, É. ¥. ¤²Ö
Q2 = 0,5−1 ƒÔ‚2, ±μ£¤  μÉ´μÏ¥´¨¥ ±μ´¤¥´¸ É´μ£μ ¨ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤μ¢ ¢ ”” �‘
(8) μÎ¥´Ó ¡²¨§±μ ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê μÉ´μÏ¥´¨Õ ¢ �‘ (10).

�Éμ ¶·¥¤¶μ²μ¦¥´¨¥ ¶μ¤±·¥¶²Ö¥É¸Ö Ö¢´μ° μ¡· ¡μÉ±μ° ”” �‘: s0 = 0,7 ƒÔ‚2 ¤²Ö Q2 =
0,5 ƒÔ‚2 ¨ s0 = 0,9 ƒÔ‚2 ¤²Ö Q2 = 1 ƒÔ‚2. „²Ö ¡
μ²ÓÏ¨Ì Q2 μ¡· ¡μÉ±  �‘ ¤ ¥É ¡
μ²ÓÏ¨¥
§´ Î¥´¨Ö ¶μ·μ£ : s0 = 1,0 ƒÔ‚2 ¤²Ö Q2 = 1,5 ƒÔ‚2,   ¤²Ö Q2 � 0,5 ƒÔ‚2 ³Ò ¤μ²¦´Ò
¡Ò²¨ ¡Ò ¶μ²ÊÎ¨ÉÓ §´ Î¥´¨Ö ¶μ·μ£ , ³¥´ÓÏ¨¥ 0,7 ƒÔ‚2. �¤´ ±μ ¢ ÔÉμ° μ¡² ¸É¨ ³ ²ÒÌ Q2

´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ μ¶¥· Éμ·´μ¥ · §²μ¦¥´¨¥ [21], ¢±²ÕÎ ÕÐ¥¥
¤μ¶μ²´¨É¥²Ó´Ò¥ ¢±² ¤Ò, ¨¸Î¥§ ÕÐ¨¥ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2. ‚ Î ¸É´μ¸É¨, ¶·¨
Q2 = 0 ±μ´¤¥´¸ É´Ò¥ ¢±² ¤Ò ¢ ”” �‘ ¸μ¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨ ¢±² ¤ ³¨ ¢ �‘
¤²Ö f2

π , ÎÉμ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éμ¦¤¥¸É¢  “μ·¤  Fπ(0) = 1,   § É¥³ Ê³¥´ÓÏ ÕÉ¸Ö ±
§´ Î¥´¨Ö³, ¶μ²ÊÎ¥´´Ò³ ¢ ¸¨³³¥É·¨Î´μ° ±¨´¥³ É¨±¥: É ±, ´ ¶·¨³¥·, a = (1 + m2

ρ/[m2
ρ +

Q2]). ‘²¥¤μ¢ É¥²Ó´μ, ¢ μ¡² ¸É¨ ³ ²ÒÌ Q2 ±μ´¤¥´¸ É´Ò¥ ¢±² ¤Ò ¢ ”” �‘ ¸μ£² ¸μ¢ ´Ò
¸ ¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¢ Éμ° ¦¥ ¸É¥¶¥´¨, ÎÉμ ¨ ¢ �‘ ¤²Ö f2

π (10), ¨ ¢ ·¥§Ê²ÓÉ É¥ ¶μ·μ£
s0 μ¸É ¥É¸Ö ¡²¨§±¨³ ¨¸Ìμ¤´μ³Ê §´ Î¥´¨Õ, ¤¨±ÉÊ¥³μ³Ê Éμ¦¤¥¸É¢μ³ “μ·¤  ¶·¨ §´ Î¥´¨¨
Q2 = 0,   ¨³¥´´μ ± s0 ≈ 4π2f2

π ≈ 0,7 ƒÔ‚2.
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‚ · ¡μÉ¥ [11] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¶μ¤Ìμ¤ ‹„ (9) ¸ ¶μ¸ÉμÖ´´Ò³ ¶μ·μ£μ³ sLD
0 (Q2) =

4π2f2
π ¤ ¥É ¢±² ¤, ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¢¶²μÉÓ

¤μ §´ Î¥´¨° Q2 ∼ 2−3 ƒÔ‚2. …¸²¨ ¦¥ ¡· ÉÓ · ¸ÉÊÐ¨¥ ¸ Q2 ¶μ·μ£¨ sLD
0 (Q2), ³μ¦´μ

¶μ²ÊÎ¨ÉÓ ¨ ¡
μ²ÓÏ¨¥ §´ Î¥´¨Ö ””. ŒÒ ¢¥·´¥³¸Ö ± ÔÉμ³Ê ¢μ¶·μ¸Ê ¢ · §¤. 4.
‚μ§¢· Ð Ö¸Ó ± ”” �‘ (8), ¶μ²ÊÎ¥´´Ò³ ¢ [11, 13], § ³¥É¨³, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥-

´¨ÖÌ Q2 > 3 ƒÔ‚2 μ´¨ ¸É ´μ¢ÖÉ¸Ö · §¡ ² ´¸¨·μ¢ ´´Ò³¨. „¥°¸É¢¨É¥²Ó´μ, ¶¥·ÉÊ·¡ É¨¢-
´Ò° ¢±² ¤ ¸¶ ¤ ¥É ± ± s0/Q4 ¨²¨ M2/Q4, ¢ Éμ ¢·¥³Ö ± ± ¢±² ¤ £²Õμ´´μ£μ ±μ´¤¥´¸ É 
μ¸É ¥É¸Ö ´¥¨§³¥´´Ò³,   ¢±² ¤ ±¢ ·±μ¢μ£μ Å · ¸É¥É ²¨´¥°´μ ¶μ Q2. �μÔÉμ³Ê ¤²Ö ¶μ-
²ÊÎ¥´¨Ö Ë¨§¨Î¥¸±¨ §´ Î¨³ÒÌ μÍ¥´μ± ¶¨μ´´μ£μ ”” ¢ μ¡² ¸É¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨°
Q2 = 3−10 ƒÔ‚2 ´¥μ¡Ìμ¤¨³μ ¸¥·Ó¥§´μ Ê²ÊÎÏ¨ÉÓ �‘.

2. �…‹�Š�‹œ�›… ‚�Š““Œ�›… Š��„…�‘�’›:
ƒ�“‘‘�‚› Œ�„…‹ˆ ‚�Š““Œ� Š•„

’μÉ Ë ±É, ÎÉμ ¢±² ¤Ò ±μ´¤¥´¸ Éμ¢ ¢ �‘ ¤²Ö ”” ¶¨μ´  μ¸É ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨ ¨²¨
¤ ¦¥ · ¸ÉÊÉ ¶·¨ Ê¢¥²¨Î¥´¨¨ Q2, ¤μ¸É ÉμÎ´μ Ê¤¨¢¨É¥²¥´, ¶μ¸±μ²Ó±Ê μ¡ÒÎ´μ ¤¨ £· ³³Ò
”¥°´³ ´  £¥´¥·¨·ÊÕÉ Ê¡Ò¢ ÕÐ¨¥ ¸ ·μ¸Éμ³ Q2 ¢±² ¤Ò, ± ± ÔÉμ ¶·μ¨¸Ìμ¤¨É ¸ ¶¥·ÉÊ·-
¡ É¨¢´Ò³ ¢±² ¤μ³. �¤´ ±μ ±μ´¤¥´¸ É´Ò¥ ¤¨ £· ³³Ò μÉ²¨Î ÕÉ¸Ö μÉ μ¡ÒÎ´ÒÌ ¤¨ £· ³³
”¥°´³ ´  ¢ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Š•„: μ´¨ ¶μ²ÊÎ ÕÉ¸Ö ¶·¨ § ³¥´¥ ´¥±μÉμ·ÒÌ ¶·μ¶ £ -
Éμ·´ÒÌ ²¨´¨° ¶μ¸ÉμÖ´´Ò³¨ ³´μ¦¨É¥²Ö³¨, μÉ¢¥Î ÕÐ¨³¨ ±μ´¤¥´¸ É ³: ´  ·¨¸. 1 É ±¨¥
²¨´¨¨ μ± ´Î¨¢ ÕÉ¸Ö ±·¥¸É¨± ³¨.

’ ±, ´ ¶·¨³¥·, ±¢ ·±μ¢Ò° ¶·μ¶ £ Éμ· 〈T (q(z)q̄(0))〉 § ³¥´Ö¥É¸Ö ±¢ ·±μ¢Ò³ ±μ´¤¥´¸ -
Éμ³ 〈q̄(0)q(0)〉 (´  ·¨¸. 1 É ±μ³Ê ±μ´¤¥´¸ ÉÊ μÉ¢¥Î ¥É ²¨´¨Ö ¸ ±·¥¸É¨± ³¨). ‚ ·¥§Ê²ÓÉ É¥
¢³¥¸Éμ § ¢¨¸ÖÐ¥£μ μÉ Q2 ·¥§Ê²ÓÉ É  ¶μ²ÊÎ ¥É¸Ö ¶μ¸ÉμÖ´´Ò° ¢±² ¤. ‡ ¢¨¸¨³μ¸ÉÓ ¦¥ μÉ
Q2 ¶μÖ¢²Ö¥É¸Ö Éμ£¤ , ±μ£¤  ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢±² ¤Ò μ¶¥· Éμ·μ¢ ¸É ·Ï¥° · §³¥·´μ¸É¨ É¨¶ 
〈q̄(0)D2q(0)〉, 〈q̄(0)(D2)2q(0)〉 ¨ É. ¶., £¥´¥·¨·Ê¥³Ò¥ · §²μ¦¥´¨¥³ ¢ ·Ö¤ ’¥°²μ·  ¨¸Ìμ¤-
´μ£μ ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³´μ£μ ±μ´¤¥´¸ É  〈q̄(0)q(z)〉, ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ´¥¶¥·ÉÊ·¡ É¨¢-
´μ° Î ¸ÉÓÕ ±¢ ·±μ¢μ£μ ¶·μ¶ £ Éμ· .

�μ²´Ò° ¢±² ¤ ±μ´¤¥´¸ É  Ê¡Ò¢ ¥É ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2, ÎÉμ Ö¸´μ ¨§ μ¡Ð¨Ì
¸¢μ°¸É¢ ¤¨ £· ³³ ”¥°´³ ´ . �¤´ ±μ n-° Î²¥´ · §²μ¦¥´¨Ö �‚Š ¢ ·Ö¤ ’¥°²μ·  ¨³¥¥É
¶μ¢¥¤¥´¨¥ É¨¶  (Q2/M2)n, ¨ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ μ¸³Ò¸²¥´´Ò°, É. ¥. Ê¡Ò¢ ÕÐ¨° ¶·¨ ¡μ²Ó-
Ï¨Ì Q2, ·¥§Ê²ÓÉ É ´¥μ¡Ìμ¤¨³μ μÉ¸Ê³³¨·μ¢ ÉÓ ¢¥¸Ó ·Ö¤. ‚³¥¸Éμ ÔÉμ£μ ³Ò ¸²¥¤Ê¥³ ¨´μ°
¸É· É¥£¨¨: ³Ò ´¥ · §² £ ¥³ �‚Š ¢ ·Ö¤ ’¥°²μ· ,   ¶μ²Ó§Ê¥³¸Ö ¤²Ö ´¨Ì ¶·μ¸ÉÒ³¨ £ Ê¸-
¸μ¢Ò³¨ ³μ¤¥²Ö³¨, ÊÎ¨ÉÒ¢ ÕÐ¨³¨ ±μ´¥Î´ÊÕ Ï¨·¨´Ê · ¸¶·¥¤¥²¥´¨Ö ¢ ±ÊÊ³´ÒÌ ±¢ ·±μ¢
¶μ ¨³¶Ê²Ó¸ ³, ±μÉμ·Ò¥ ¶·¨¢μ¤ÖÉ ± ³μ¤¨Ë¨Í¨·μ¢ ´´μ° ¤¨ £· ³³´μ° É¥Ì´¨±¥ ¸ ´μ¢Ò³¨
²¨´¨Ö³¨ ¨ ¢¥·Ï¨´ ³¨, μÉ¢¥Î ÕÐ¨³¨ �‚Š.

‚ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ ¡¨²μ± ²Ó´μ£μ ¶μ ±¢ ·±μ¢Ò³ ¶μ²Ö³ μ¶¥· Éμ·  ¢ μ¡Ð¥³ ¢¨¤¥ ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ± ±

〈q̄a
A(0)qb

B(x)〉 =
δab

Nc

∞∫
0

{
δAB

4
〈q̄q〉 fS(α) − x̂BA

4
iA0 fV (α)

}
eαx2/4 dα, (11)

£¤¥ A0 = 2αsπ〈q̄q〉2/81,   fS(α) ¨ fV (α) Å ËÊ´±Í¨¨, ¶ · ³¥É·¨§ÊÕÐ¨¥ ¸± ²Ö·´Ò° ¨
¢¥±Éμ·´Ò° ±μ´¤¥´¸ ÉÒ ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö ÔÉ¨Ì ±μ´¤¥´¸ Éμ¢ ³Ò ¨¸¶μ²Ó§Ê¥³ ³¨´¨³ ²Ó-
´ÊÕ £ Ê¸¸μ¢Ê ³μ¤¥²Ó, ¶·¥¤²μ¦¥´´ÊÕ ¢ [16,17] ¨ μÉ¢¥Î ÕÐÊÕ ¢Ò¡μ·Ê fS(α) = δ(α−λ2

q/2)
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¨ fV (α) = δ′(α − λ2
q/2):

MS(z2) ≡ 〈q̄(0)q(z)〉 = 〈q̄q〉 e−|z2|λ2
q/8, (12 )

Mμ(z) ≡ 〈q̄(0)γμq(z)〉 =
i zμ z2

4
A0 e−|z2|λ2

q/8. (12¡)

� · ³¥É· ´¥²μ± ²Ó´μ¸É¨ λ2
q = 〈k2〉 Ì · ±É¥·¨§Ê¥É ¸·¥¤´¨° ±¢ ¤· É ¨³¶Ê²Ó¸  ±¢ ·±μ¢

¢ ¢ ±ÊÊ³¥ Š•„. …£μ μÍ¥´±¨ ¸ ¶μ³μÐÓÕ ¸É ´¤ ·É´ÒÌ ¶· ¢¨² ¸Ê³³ Š•„ [22, 23] ¨ ´ 
·¥Ï¥É±¥ [24,25] ¤ ²¨ ¸²¥¤ÊÕÐ¨° ¨´É¥·¢ ² ¢μ§³μ¦´ÒÌ §´ Î¥´¨°: λ2

q = (0,45± 0,1) ƒÔ‚2.
„²Ö ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢ÒÌ ±μ´¤¥´¸ Éμ¢ ³Ò

¨¸¶μ²Ó§Ê¥³ ¶ · ³¥É·¨§ Í¨Õ, ¶·¥¤²μ¦¥´´ÊÕ ¢ [15,26]:

〈q̄(0)γμ(−gÂν(y))q(x)〉 = (yμxν − gμν(y · x))M 1(x2, y2, (y − x)2)+

+ (yμyν − gμνy2)M2(x2, y2, (y − x)2), (13 )

〈q̄(0)γ5γμ(−gÂν(y))q(x)〉 = iεμνyxM3(x2, y2, (y − x)2), (13¡)

£¤¥

M i(x2, y2, z2) = Ai

∫ ∞∫
0

∫
dα dβ dγ fi(α, β, γ) exp

(
αx2 + βy2 + γz2

4

)
, (13¢)

A1,2,3 ≡ A0 ×
{
−3

2
, 2,

3
2

}
. (13£)

”Ê´±Í¨¨ fi(α, β, γ) ³μ¦´μ ³μ¤¥²¨·μ¢ ÉÓ ¶μ-· §´μ³Ê. ‚ ³¨´¨³ ²Ó´μ° ³μ¤¥²¨ [15Ä17]
μ´¨ ¢Ò¡¨· ÕÉ¸Ö ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö δ-ËÊ´±Í¨° μÉ ± ¦¤μ° ¨§ ¶¥·¥³¥´´ÒÌ É¨¶  δ(α −
λ2

q/2), ¢ Éμ ¢·¥³Ö ± ± ¢ Ê²ÊÎÏ¥´´μ° ³μ¤¥²¨ [18] §  ¸Î¥É ÊÎ¥É  Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Š•„
¤²Ö ¢¥±Éμ·´μ£μ �‚Š ¶μ²ÊÎ ¥É¸Ö ¡μ²¥¥ ¸²μ¦´μ¥ ¢Ò· ¦¥´¨¥.

‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ ¥³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ μ¶¥· Éμ·´μ¥ · §²μ¦¥´¨¥ ¡μ·¥²¥¢¸±μ£μ
μ¡· §   ³¶²¨ÉÊ¤Ò (1)

Φ
(
Q2, M2

)
≡ B−p2

1→M2,−p2
2→M2T (p2

1, p
2
2,−Q2) =

= Φpert(Q2, M2) + Φ〈GG〉(Q2, M2) + Φ〈q̄q〉(Q2, M2), (14)

£¤¥ Φ〈GG〉(Q2, M2) μ¡μ§´ Î ¥É ¢±² ¤ £²Õμ´´μ£μ,   ¢±² ¤ ´¥²μ± ²Ó´ÒÌ ±¢ ·±μ¢ÒÌ ±μ´-
¤¥´¸ Éμ¢ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò Î¥ÉÒ·¥Ì±¢ ·±μ¢μ£μ (4Q), ¡¨²μ± ²Ó´μ£μ ¢¥±Éμ·´μ£μ
(2V) ¨ ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢μ£μ (q̄Aq) �‚Š:

Φ〈q̄q〉(Q2, M2) = Φ4Q(Q2, M2) + Φ2V(Q2, M2) + Φ〈q̄Aq〉(Q2, M2). (15)

ƒ· Ë¨Î¥¸± Ö ¨²²Õ¸É· Í¨Ö É ±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸. 2: ¶μ± § ´Ò Éμ²Ó±μ
É¨¶¨Î´Ò¥ ¤¨ £· ³³Ò ¤²Ö ± ¦¤μ£μ ¶μ¤±² ¸¸  ¤¨ £· ³³, Éμ£¤  ± ± ¶μ²´Ò° ´ ¡μ· ¤¨ £· ³³
¢±²ÕÎ ¥É É ±¦¥ §¥·± ²Ó´μ-¸μ¶·Ö¦¥´´Ò¥ (¤²Ö ¶μ¤±² ¸¸μ¢ 4Q ¨ q̄Aq) ¤¨ £· ³³Ò,   É ±¦¥
¤¨ £· ³³Ò ¸ ¶¥·¥¸É ´μ¢± ³¨ ¢¸É ¢μ± £²Õμ´´ÒÌ ²¨´¨° (¶μ¤±² ¸¸ G).
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�¨¸. 2. �¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¢±² ¤Ò [11,13, 27] ¢ ¶· ¢¨²μ ¸Ê³³ ¤²Ö ”” ¶¨μ´  (¸³. (24))

�·μ¸É¥°Ï¨³ §¤¥¸Ó Ö¢²Ö¥É¸Ö ¢±² ¤ ¢¥±Éμ·´μ£μ ±μ´¤¥´¸ É  Mμ:

Φ2V(M2, Q2) =
16A

M4

∫ 1

0

dx x̄ fV

(
xM2

)
exp
(
− xQ2

2x̄M2

)
Gauss−→

Gauss−→ 8 A0

M4

(
2 +

Q2

M2(1 − 2 Δ(M2)

)
exp
[

−Q2 Δ(M2)
M2 (1 − 2 Δ(M2))

]
, (16)

£¤¥ Δ(M2) ≡ λ2
q/(2 M2). Š ± ¨ μ¦¨¤ ²μ¸Ó, μ´ Ö¢²Ö¥É¸Ö Ê¡Ò¢ ÕÐ¨³ ¤²Ö ¡μ²ÓÏ¨Ì Q2,

¶·¨Î¥³ Î¥³ ¡μ²ÓÏ¥ §´ Î¥´¨¥ ¶ · ³¥É·  ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³  λ2
q , É¥³ ¡Ò¸É·¥¥ μ´ Ê¡Ò-

¢ ¥É ¸ ·μ¸Éμ³ Q2. ‡´ Î¥´¨¥ Q2
∗, ¶·¨ ±μÉμ·μ³ ´ Î¨´ ¥É¸Ö Ê¡Ò¢ ´¨¥, ¸¨²Ó´μ § ¢¨¸¨É

μÉ §´ Î¥´¨Ö ¡μ·¥²¥¢¸±μ£μ ¶ · ³¥É·  M2. �·¨´¨³ Ö §´ Î¥´¨¥ ¶ · ³¥É·  ´¥²μ± ²Ó´μ-
¸É¨ ¢ ±ÊÊ³  λ2

q = 0,4 ƒÔ‚2, ¶μ²ÊÎ ¥³ ¤²Ö M2 = 1, 1, 5, 2 ƒÔ‚2 ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö
Q2

∗ = 2, 6, 13 ƒÔ‚2 ¸μμÉ¢¥É¸É¢¥´´μ. ‚ ²μ± ²Ó´μ³ ¦¥ ¶·¥¤¥²¥ ÔÉμÉ ¢±² ¤ · ¢¥´

Φloc
2V (M2, Q2) =

16 A0

M8

(
2 +

Q2

M2

)
. (17)

‘± ²Ö·´Ò° Î¥ÉÒ·¥Ì±¢ ·±μ¢Ò° �‚Š ¤ ¥É ¡μ²¥¥ ¸²μ¦´μ¥ ¢Ò· ¦¥´¨¥:

Φ4Q(M2, Q2) =
288A0

M8

1∫
−1

1∫
0

1∫
0

1∫
0

(a + 1) b̄ x ȳ da db dx dy

(a + 1)b̄xȳ − ā(b + 1)x̄y
θ [(a − b)(x − y)]×

× ϕS

(
M2

b̄
, x̄

)
ϕS

(
M2

a + 1
, y

)
exp

[
−Q2 y

[
ab̄xȳ − ābx̄y

]
M2 ȳ

[
(a + 1)b̄xȳ − ā(b + 1)x̄y

]] , (18)

£¤¥ ³Ò ¢¢¥²¨ μ¡¥§· §³¥·¥´´Ò¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ϕS(M2, x) = M2 fS(M2x), ±μ-
Éμ·Ò¥ ¤²Ö £ Ê¸¸μ¢  ¶·¨¡²¨¦¥´¨Ö (12) ¸¢μ¤ÖÉ¸Ö ¶·μ¸Éμ ± ϕGauss

S (M2, x) = δ(x−Δ(M2)).
Šμ´¥Î´μ, μ´¨ ¸´¨³ ÕÉ ¤¢  ¨´É¥£·¨·μ¢ ´¨Ö ¨ Ê¶·μÐ ÕÉ ¢Ò· ¦¥´¨¥ (18), ´μ ¢¸¥ · ¢´μ ¨´-
É¥£· ²Ò Ö¢´μ ´¥ ¡¥·ÊÉ¸Ö ¨ μÍ¥´¨¢ ÉÓ ·¥§Ê²ÓÉ É ¶·¨Ìμ¤¨É¸Ö Î¨¸²¥´´Ò³ ¨´É¥£·¨·μ¢ ´¨¥³.
�É³¥É¨³, ÎÉμ ¢ ²μ± ²Ó´μ³ ¶·¥¤¥²¥ ÔÉμÉ ¢±² ¤ · ¢¥´

Φloc
4Q (M2, Q2) =

144 A0

M8
(19)

¨ Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´Ò³ ¸·¥¤¨ ¢±² ¤μ¢ ±¢ ·±μ¢ÒÌ ±μ´¤¥´¸ Éμ¢ ¶·¨ Q2 ≈ M2.
‚ ²μ± ²Ó´μ³ ¶·¥¤¥²¥ ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢Ò° �‚Š ¤ ¥É ¢±² ¤ ÉμÎ´μ É ±μ° ¦¥,

± ± ¨ ¢¥±Éμ·´Ò° ¡¨²μ± ²Ó´Ò° �‚Š, ¸³. (19), ÎÉμ ¸μ¸É ¢²Ö¥É 1/3 μÉ ¢±² ¤  Φloc
4Q (M2, Q2)
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¶·¨ Q2 ≈ M2. �¤´ ±μ ¥£μ · ¸Î¥É μ± §Ò¢ ¥É¸Ö ¸ ³Ò³ ¸²μ¦´Ò³, ¨ μÉ¢¥É ¶μ²ÊÎ ¥É¸Ö
¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨³:

Φ〈q̄Aq〉(M2, Q2) =
16 A0

M8

1∫
0

1∫
0

1∫
0

1∫
0

da db dx dy exp
[
−Q2

M2

āȳ + 2ax̄ − (a + 1)x̄ȳ

2(a + 1)x̄ȳ

]
×

× θ(y − x)
3∑

i=1

ai

[
ϕiPi

(
M2, a, b, x, y

)
+ ϕ̄iSi

(
M2, a, b, x, y

)]
. (20)

‡¤¥¸Ó Î¨¸²¥´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ {a1, a2, a3} = {−3/4, 1, +3/4} ´ ¸²¥¤ÊÕÉ ¨¥· ·Ì¨Î¥-
¸±ÊÕ ¨´Ëμ·³ Í¨Õ ¨§ ±μÔËË¨Í¨¥´Éμ¢ Ai, ¸³. (13£),   μ¡¥§· §³¥·¥´´Ò¥ ËÊ´±Í¨¨ · ¸¶·¥-
¤¥²¥´¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ϕi

(
M2, a, b, x, y

)
=

M6 x̄

2 (1 + a) ā
fi

(
M2 x

2
,
M2 x̄ b

ā
,
M2 (y − x)

a + 1

)
, (21a)

ϕ̄i

(
M2, a, b, x, y

)
=

M6 x̄

2 (1 + a) ā
fi

(
M2 x

2
,
M2 (y − x)

a + 1
,
M2 x̄ b

ā

)
. (21¡)

‚ ²μ± ²Ó´μ³ ¶·¨¡²¨¦¥´¨¨ (12) μ´¨ ¸¢μ¤ÖÉ¸Ö ¶·μ¸Éμ ± ¶·μ¨§¢¥¤¥´¨Õ δ-ËÊ´±Í¨°:

ϕloc
i

(
M2, a, b, x, y

)
= ϕ̄loc

i

(
M2, a, b, x, y

)
= δ(x) δ(y) δ(b). (22)

ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Pi

(
M2, a, b, x, y

)
¨ Si

(
M2, a, b, x, y

)
¡Ò²¨ · ¸¸Î¨É ´Ò ¢ ´ -

Ï¥° · ¡μÉ¥ [27]. �É¨ Ëμ·³Ê²Ò ¤²Ö ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° Pi ¨ Si ¸μ¢³¥¸É´μ ¸ ±μ´-

�¨¸. 3. ˆ²²Õ¸É· Í¨Ö ±μμ·¤¨´ É-

´ÒÌ § ¢¨¸¨³μ¸É¥° ±¢ ·±-£²Õμ´- ´-

É¨±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É 

±·¥É´μ° ³μ¤¥²ÓÕ ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„, É. ¥.
¸ ±μ´±·¥É´Ò³¨ ³μ¤¥²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ ϕi(M2, a, b,
x, y), ¶μ§¢μ²ÖÕÉ ´ ³ ¶μ²ÊÎ¨ÉÓ ¢±² ¤ ±¢ ·±-£²Õμ´- ´-
É¨±¢ ·±μ¢μ£μ �‚Š ¢ �‘ ¤²Ö ”” ¶¨μ´ .

�É³¥É¨³, ÎÉμ ¶¥·¢μ´ Î ²Ó´Ò°  ´ ²¨§ ¶μ²ÊÎ¥´´ÒÌ
¢ ´ Ï¥° · ¡μÉ¥ [27] �‘ ¡Ò² μ¸´μ¢ ´ ´  ´¥ ¶μ²´μ-
¸ÉÓÕ ´¥²μ± ²Ó´μ° ³μ¤¥²¨ ¢ ±ÊÊ³  Š•„ (23) ¤²Ö ±¢ ·±-
£²Õμ´- ´É¨±¢ ·±μ¢ÒÌ �‚Š Mi(x2, y2, (x− y)2), μ¶·¥-
¤¥²Ö¥³ÒÌ ¶μ Ëμ·³Ê²¥ (13¢). ‚ ÔÉμ° ³μ¤¥²¨ ´¥²μ± ²Ó-
´μ¸ÉÓ ¢¢μ¤¨² ¸Ó Éμ²Ó±μ ¤²Ö ¤¢ÊÌ (¸± ¦¥³, x2 ¨ (x−y)2)
¨§ É·¥Ì ¨³¥ÕÐ¨Ì¸Ö ³¥¦¶ ·Éμ´´ÒÌ · ¸¸ÉμÖ´¨°, x2, y2

¨ (x − y)2 (·¨¸. 3). �μ²¥¥ ÉμÎ´μ, ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥-
¤ÊÕÐ¨¥ ¶ · ³¥É·¨§ Í¨¨ (Λ = λ2

q/2):

fBR
i (α, β, γ) = δ (α − xi1Λ) δ (β − xi2Λ) δ (γ − xi3Λ) ,

(23)

xij =

⎛⎝ 0,4 0 0,4
0 1 0,4
0 0,4 0,4

⎞⎠ .

�Ê²¥¢Ò¥ Ô²¥³¥´ÉÒ ¢ ³ É·¨Í¥ xij £μ¢μ·ÖÉ μ¡ μÉ¸ÊÉ¸É¢¨¨ ´¥²μ± ²Ó´μ¸É¨ ²¨¡μ ¶μ ±¢ ·±-
 ´É¨±¢ ·±μ¢μ³Ê · ¸¸ÉμÖ´¨Õ y2 (i = 1, j = 2), ²¨¡μ ¶μ  ´É¨±¢ ·±-£²Õμ´´μ³Ê · ¸¸ÉμÖ´¨Õ
x2 (i = 2, 3 ¨ j = 1) (¸³. ·¨¸. 3). ’ ±¨³ μ¡· §μ³, �‘ ¤²Ö ”” ¶¨μ´  ¨ ¢ É ±μ° ³μ¤¥²¨
¡Ê¤¥É Î ¸É¨Î´μ ´¥Ê¸Éμ°Î¨¢μ, ± ± ÔÉμ ¶·μ¨¸Ìμ¤¨É ¢ ¸É ´¤ ·É´μ³ ¶μ¤Ìμ¤¥ �‘ Š•„.
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3. ���‹ˆ‡ �‘ Š•„ ‘ �‚Š „‹Ÿ ”” �ˆ���

„²Ö  ´ ²¨§  ¶μ¸É·μ¥´´ÒÌ �‘ ¸ �‚Š

f2
π Fπ(Q2) =

s0∫
0

s0∫
0

ds1 ds2 ρ3(s1, s2, Q
2) exp

(
−s1 + s2

M2

)
+

+ Φ〈GG〉(Q2, M2) + Φ〈q̄q〉(Q2, M2) (24)

³Ò ¨¸¶μ²Ó§Ê¥³ μ¡¥ £ Ê¸¸μ¢Ò ³μ¤¥²¨ ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„ Å ³¨´¨³ ²Ó´ÊÕ
(�1.1) [15Ä17] ¨ Ê²ÊÎÏ¥´´ÊÕ (�1.2) [18]. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶μ²´μ¸ÉÓÕ ´¥²μ± ²Ó´ÒÌ ³μ-
¤¥²¥° ¢ ±ÊÊ³  ¶μ§¢μ²Ö¥É ´ ³ §´ Î¨É¥²Ó´μ · ¸Ï¨·¨ÉÓ μ¡² ¸ÉÓ ¶·¨³¥´¨³μ¸É¨ �‘ Š•„
¢¶²μÉÓ ¤μ ¶¥·¥¤ Î ¨³¶Ê²Ó¸  � 10 ƒÔ‚2. Š·μ³¥ Éμ£μ, ³Ò ÊÎ¨ÉÒ¢ ¥³ ¢ ¶¥·ÉÊ·¡ É¨¢´μ°
¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ O(αs)-¶μ¶· ¢±Ê [19], ÎÉμ ¶μ¢ÒÏ ¥É ´ Ï¨ ¶·¥¤¸± § ´¨Ö ¶·¨-
³¥·´μ ´  20 % ¶μ ¸· ¢´¥´¨Õ ¸ μÍ¥´± ³¨ · ¡μÉ [11,13,27], £¤¥ ¡Ò²  ÊÎÉ¥´  ¸¶¥±É· ²Ó´ Ö
¶²μÉ´μ¸ÉÓ ¢¥¤ÊÐ¥£μ ¶μ·Ö¤± .

ˆ³¥Ö ¢ ¢¨¤Ê ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶μ²Ó§μ¢ ´¨¥ ¤·μ¡´μ- ´ ²¨É¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°
(„�’‚) ¤²Ö μÍ¥´±¨ ¢±² ¤  O(α2

s)-¶μ¶· ¢±¨ (¸³. · §¤. 4), ³Ò ¸ ¸ ³μ£μ ´ Î ²  ¶·¨³¥´Ö¥³

μ¤´μ¶¥É²¥¢μ°  ´ ²¨É¨Î¥¸±¨° § ·Ö¤ A(1);glob
1 (Q2) ¸ É·¥ÌË²¥°¢μ·´Ò³ ³ ¸ÏÉ ¡μ³ Λ3 =

300 ŒÔ‚, ¸³. [28].
‘É· É¥£¨Ö Î¨¸²¥´´μ° μ¡· ¡μÉ±¨ �‘ É ± Ö ¦¥, ± ± ¨ ¢ μ¡ÒÎ´μ³ ¶μ¤Ìμ¤¥. ˆ³¥´´μ, ¶·¨

± ¦¤μ³ § ¤ ´´μ³ §´ Î¥´¨¨ Q2 = 1−10 ƒÔ‚2 �‘ (24) ¤ ¥É ´ ³ ”” ¶¨μ´  Fπ(Q2, M2, s0)
¢ ¢¨¤¥ ËÊ´±Í¨¨ ¤¢ÊÌ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶ · ³¥É·μ¢ Å ¡μ·¥²¥¢¸±μ£μ ¶ · ³¥É·  M2 ¨ ÔË-
Ë¥±É¨¢´μ£μ ¶μ·μ£  ±μ´É¨´ÊÊ³  s0. � · ³¥É· s0 μ¶·¥¤¥²Ö¥É £· ´¨ÍÊ ³¥¦¤Ê ¶¨μ´μ³ ¨
¢Ò¸Ï¨³¨ ·¥§μ´ ´¸ ³¨ ¢  ±¸¨ ²Ó´μ³ ± ´ ²¥ (A1, π′ ¨ É. ¤.), ¨ ¶μÔÉμ³Ê ³Ò ¶·¥¤¶μ² £ ¥³,
ÎÉμ μ´ ´¥ ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ 0,6 ƒÔ‚2. Šμ´±·¥É´μ¥ §´ Î¥´¨¥ s0(Q2) ¶·¨ § ¤ ´´μ³ §´ Î¥-
´¨¨ Q2 μ¶·¥¤¥²Ö¥É¸Ö ¨§ É·¥¡μ¢ ´¨Ö ³¨´¨³ ²Ó´μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ËÊ´±Í¨¨ Fπ(M2, s0)
± §´ Î¥´¨Õ ¶ · ³¥É·  �μ·¥²Ö M2 ¢´ÊÉ·¨ μ±´  ¤μ¢¥·¨Ö �‘. ŒÒ ¡¥·¥³ ÔÉ¨ ¨´É¥·¢ ²Ò
¤μ¢¥·¨Ö ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ §´ Î¥´¨Ö ¶¨μ´´μ° ±μ´¸É ´ÉÒ fπ ¨§ ¤¢ÊÌÉμÎ¥Î´ÒÌ �‘
Š•„ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° £ Ê¸¸μ¢μ° ³μ¤¥²ÓÕ �‚Š Å ³¨´¨³ ²Ó´μ° ¨²¨ Ê²ÊÎÏ¥´´μ° [18].
ƒ· ´¨ÍÒ ¨´É¥·¢ ²μ¢ ¤μ¢¥·¨Ö ¤¢ÊÌÉμÎ¥Î´ÒÌ �‘ ¸ ´¥²μ± ²Ó´Ò³¨ ±μ´¤¥´¸ É ³¨, M2

±/2,
¢´ÊÉ·¨ ±μÉμ·ÒÌ (M2 ∈ [M2

−/2, M2
+/2]) ¶·¥¤¸± § ´¨Ö³ �‘ ³μ¦´μ ¤μ¢¥·ÖÉÓ, ¨ §´ Î¥´¨Ö

¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¨³ ¶¨μ´´μ° ±μ´¸É ´ÉÒ · ¸¶ ¤ , fπ, ¤²Ö ¤¢ÊÌ ¨¸¶μ²Ó§Ê¥³ÒÌ ³μ¤¥²¥°
�‚Š ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. ‡ ³¥É¨³ §¤¥¸Ó, ÎÉμ §´ Î¥´¨Ö ¶ · ³¥É·  �μ·¥²Ö M2 ¢ É·¥Ì-
ÉμÎ¥Î´ÒÌ �‘ ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ ¢ ¤¢  · §  ¡μ²ÓÏ¥ ¢¥²¨Î¨´Ò ¶ · ³¥É·  �μ·¥²Ö
¢ ¤¢ÊÌÉμÎ¥Î´ÒÌ �‘: M2

3−point = 2M2
2−point. �² £μ¤ ·Ö ¶μ²μ¦¨É¥²Ó´μ¸É¨ ¸¶¥±É· ²Ó´μ°

¶²μÉ´μ¸É¨ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤  μ± §Ò¢ ¥É¸Ö, ÎÉμ Î¥³ ¡μ²ÓÏ¥ §´ Î¥´¨¥ s0, É¥³ ¡μ²ÓÏ¥
¶μ²ÊÎ ¥³μ¥ §´ Î¥´¨¥ ”” ¶¨μ´ .

Œμ¤¥²Ó M2
− M2

+ fπ

Œ¨´¨³ ²Ó´ Ö [17] 1 ƒÔ‚2 1,7 ƒÔ‚2 137 ŒÔ‚

“²ÊÎÏ¥´´ Ö [18] 1 ƒÔ‚2 1,9 ƒÔ‚2 142 ŒÔ‚

ˆ¸¶μ²Ó§ÊÖ ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ±²μ´¥´¨¥ μÉ ¸·¥¤´¥£μ ¢ μ±´¥ ¤μ¢¥·¨Ö, χ2(Q2, s0)
(¸³. ¶·¨²μ¦¥´¨¥ 2, (�2.1)), ³Ò μ¶·¥¤¥²Ö¥³ É ±μ° ¶μ·μ£ ±μ´É¨´ÊÊ³  sSR

0 (Q2), ±μÉμ·Ò°
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³¨´¨³¨§¨·Ê¥É § ¢¨¸¨³μ¸ÉÓ ¶· ¢μ° Î ¸É¨ (24) μÉ ¶ · ³¥É·  �μ·¥²Ö M2 ∈ [M2
−, M2

+] ¶·¨
± ¦¤μ³ § ¤ ´´μ³ §´ Î¥´¨¨ Q2.

� ¢μÉ ¶·¨ Q2 � 4 ƒÔ‚2 ³¨´¨³Ê³ ¢μ ¢¸¥³ ¨´É¥·¢ ²¥ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° s0 μÉ-
¸ÊÉ¸É¢Ê¥É, É ± ÎÉμ ´¥¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¶μ·μ£ sSR

0 É ±¨³ ³¥Éμ¤μ³. ‡ ³¥É¨³, μ¤´ ±μ,

ÎÉμ §´ Î¥´¨Ö min
s

[χ2(Q2, s)] ¨ χ2(Q2, s0 = s
LD;(1)
0 (Q2) � 0,63 ƒÔ‚2) μÎ¥´Ó ¡²¨§±¨: μÉ-

´μ¸¨É¥²Ó´ Ö · §´μ¸ÉÓ ¤²Ö Q2 = 4−10 ƒÔ‚2 ¨³¥¥É ¶μ·Ö¤μ± 10Ä15%1. �μÔÉμ³Ê ¢ ¸²ÊÎ ¥

³¨´¨³ ²Ó´μ° £ Ê¸¸μ¢μ° ³μ¤¥²¨ �‚Š ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ sSR
0 (Q2) = s

LD;(1)
0 (Q2) ± ±

¶μ·μ£ ±μ´É¨´ÊÊ³ . �É¨ ¶μ·μ£¨ sSR
0 (Q2) ¤²Ö ³¨´¨³ ²Ó´μ° (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ ¤²Ö Ê²ÊÎ-

Ï¥´´μ° (¸¶²μÏ´ Ö) £ Ê¸¸μ¢ÒÌ ³μ¤¥²¥° �‚Š ¶μ± § ´Ò ´  ·¨¸. 4, a.

�¨¸. 4. a) ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£  ±μ´É¨´ÊÊ³  s0(Q
2) ¤²Ö ³¨´¨³ ²Ó´μ° (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ ¤²Ö

Ê²ÊÎÏ¥´´μ° (¸¶²μÏ´ Ö) ³μ¤¥²¥° �‚Š. ¡) �μ·³¨·μ¢ ´´Ò° ¶¨μ´´Ò° ”” Q2Fπ(Q2) ¤²Ö ³¨´¨-
³ ²Ó´μ° (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ ¤²Ö Ê²ÊÎÏ¥´´μ° (¸¶²μÏ´ Ö) ³μ¤¥²¥° �‚Š ¤²Ö λ2

q = 0,4 ƒÔ‚2

¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ Šμ·´¥²²  [9, 29, 30] (É·¥Ê£μ²Ó´¨±¨) ¨ ‹ ¡μ· Éμ-

·¨¨ ¨³. „¦¥ËË¥·¸μ´  [10] (·μ³¡Ò)

�Í¥´¨¢ ÔËË¥±É¨¢´Ò¥ ¶μ·μ£¨ ±μ´É¨´ÊÊ³ , ³Ò Ê¦¥ ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ¶·¥¤¸± § ´¨¥
´ Ï¥£μ �‘ ¤²Ö ¶¨μ´´μ£μ ”” ± ± ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶· ¢μ° Î ¸É¨ (24) ¶μ ¶ · ³¥É·Ê
�μ·¥²Ö M2 ∈ [M2

−, M2
+]:

F SR
π (Q2) =

1
M2

+ − M2
−

M2
+∫

M2
−

F (Q2, M2, sSR
0 (Q2)) dM2. (25)

�μ²ÊÎ¥´´Ò¥ ¶·¨ ÔÉμ³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö μ¡¥¨Ì ¨¸¸²¥¤Ê¥³ÒÌ ³μ¤¥²¥° ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³ 
Š•„ (¸ μ¤¨´ ±μ¢Ò³ ¶ · ³¥É·μ³ ´¥²μ± ²Ó´μ¸É¨ λ2

q = 0,4 ƒÔ‚2) ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4 ¢
¢¨¤¥ ¤¢ÊÌ § É¥´¥´´ÒÌ ¶μ²μ¸, μ£· ´¨Î¥´´ÒÌ ¸¶²μÏ´Ò³¨ ¨ ÏÉ·¨Ìμ¢Ò³¨ ²¨´¨Ö³¨, ±μÉμ-
·Ò¥ ¶μ± §Ò¢ ÕÉ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¶·¥¤¸± § ´¨° ¢ Ê²ÊÎÏ¥´´μ° ¨ ³¨´¨³ ²Ó´μ° ³μ¤¥²ÖÌ
�‚Š ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö Í¥´É· ²Ó´ÒÌ ±·¨¢ÒÌ (ÏÉ·¨Ìμ¢ Ö μÉ¢¥Î ¥É ³¨´¨³ ²Ó´μ° ³μ-
¤¥²¨, ¸¶²μÏ´ Ö Å Ê²ÊÎÏ¥´´μ°) ´  ÔÉμ³ ·¨¸Ê´±¥,   É ±¦¥ ´  μ¡μ¨Ì £· Ë¨± Ì ·¨¸. 5 ³Ò

1‡¤¥¸Ó ¶μ·μ£ s
LD;(1)
0 (Q2) § ¤ ´ ¸É ´¤ ·É´Ò³ ¶·¥¤¶¨¸ ´¨¥³ ¶·¨¡²¨¦¥´¨Ö ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨, ¸³. É ±¦¥

μ¡¸Ê¦¤¥´¨¥ ¶μ¸²¥ (29).
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¨¸¶μ²Ó§μ¢ ²¨ ¸²¥¤ÊÕÐ¨¥ ¨´É¥·¶μ²ÖÍ¨μ´´Ò¥ Ëμ·³Ê²Ò:

F SR
π;min(Q

2 = x ƒÔ‚2) = e−1,402 x0,525
(

1 + 0,182 x +
0,0219 x3

1 + x

)
, (26a)

F SR
π;imp(Q

2 = x ƒÔ‚2) = e−1,171 x0,536
(

1 + 0,0306 x +
0,0194 x3

1 + x

)
, (26¡)

¸¶· ¢¥¤²¨¢Ò¥ ¶·¨ Q2 ∈ [1, 10] ƒÔ‚2, É. ¥. ¶·¨ x ∈ [1, 10]. „¢¥ ¢¥·É¨± ²Ó´Ò¥ ¶Ê´±É¨·´Ò¥
²¨´¨¨ ´  ·¨¸. 4 μ¡μ§´ Î ÕÉ μ¡² ¸ÉÓ ¸¨²Ó´μ£μ ¤μ¢¥·¨Ö ¶μ¸É·μ¥´´μ£μ �‘ Š•„ ¸ �‚Š: ¢
ÔÉμ° μ¡² ¸É¨ ¶·¥¤¸± § ´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ ¤¢ÊÌ · §´ÒÌ ³μ¤¥²¥° ´¥²μ± ²Ó´μ£μ ¢ -
±ÊÊ³  Š•„ Å ³¨´¨³ ²Ó´μ° ¨ Ê²ÊÎÏ¥´´μ°, Å ¶¥·¥±·Ò¢ ÕÉ¸Ö. �  £· ´¨Í¥ ÔÉμ° μ¡² ¸É¨
¢¡²¨§¨ Q2 � 7 ƒÔ‚2 Í¥´É· ²Ó´Ò¥ ²¨´¨¨ μ¡¥¨Ì ¶μ²μ¸μ± ´ Î¨´ ÕÉ ¢ÒÌμ¤¨ÉÓ §  ¶·¥¤¥²Ò
¶μ²μ¸Ò ¶·¥¤¸± § ´¨° ¤·Ê£μ° ³μ¤¥²¨. �¤´ ±μ ¶·¥¤¸± § ´¨Ö ¸ ³¨ ¶μ ¸¥¡¥ μ¸É ÕÉ¸Ö μ¸³Ò-
¸²¥´´Ò³¨ ¢¶²μÉÓ ¤μ §´ Î¥´¨Ö Q2 � 10 ƒÔ‚2: ¶·¨ ¡
μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2 μ±´μ ¤μ¢¥·¨Ö
´ Î¨´ ¥É ¸Ê¦ ÉÓ¸Ö, É ± ÎÉμ μÏ¨¡±¨ ³¥Éμ¤  ´ · ¸É ÕÉ.

�¥¤ ¢´¨¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ ·¥Ï¥ÉμÎ´μ° Š•„ [31], ¶μ± § ´Ò ¢ ¢¨¤¥ É¥³´μ°
¶μ²μ¸Ò ³¥¦¤Ê ¤¢Ê³Ö ¦¨·´Ò³¨ ¸¶²μÏ´Ò³¨ ²¨´¨Ö³¨ ¶·¨ ³ ²ÒÌ Q2 � 4 ƒÔ‚2. ‚¨¤´μ
¤μ¸É ÉμÎ´μ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ± ± ¸ ÔÉ¨³¨ ¶¸¥¢¤μÔ±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, É ± ¨ ¸
·¥ ²Ó´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ Šμ·´¥²²¥ [9,29,30] (É·¥Ê£μ²Ó-
´¨±¨) ¨ ² ¡μ· Éμ·¨¨ ¨³. „¦¥ËË¥·¸μ´  [10] (·μ³¡Ò).

�  ·¨¸. 5, a ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ´Ò ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨ · §²¨Î´ÒÌ É¥μ-
·¥É¨Î¥¸±¨Ì ³μ¤¥²¥°: ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö c ¤²¨´´Ò³¨ ÏÉ·¨Ì ³¨ 1 ¶·¥¤¸É ¢²Ö¥É ·¥§Ê²ÓÉ ÉÒ
· ¡μÉÒ [32], ¶μ²ÊÎ¥´´Ò¥ ¸ ÊÎ¥Éμ³ · ¤¨ Í¨μ´´ÒÌ O(αs)-¶μ¶· ¢μ± ¨ ¢±² ¤  É¢¨¸É  3 ¢ ¶μ¤-
Ìμ¤¥ ¶¥·¥¸Ê³³¨·μ¢ ´´μ° ¶¥·ÉÊ·¡ É¨¢´μ° Š•„, ¢ Éμ ¢·¥³Ö ± ± ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö c ±μ·μÉ-
±¨³¨ ÏÉ·¨Ì ³¨ 2 Å ·¥¤¦¥¢¸±μ° ³μ¤¥²¨ ¢ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì Nc [33]. †¨·´ Ö ¸¶²μÏ´ Ö
±·¨¢ Ö 3, μ± ´Î¨¢ ÕÐ Ö¸Ö ¢¡²¨§¨ ÉμÎ±¨ Q2 = 4 ƒÔ‚2, μÉ· ¦ ¥É ·¥§Ê²ÓÉ ÉÒ ¸É ´¤ ·É´ÒÌ
�‘ Š•„ ¸ ²μ± ²Ó´Ò³¨ ±μ´¤¥´¸ É ³¨ [11, 13],   ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö 4 Å ´¥¤ ¢´¨¥
μÍ¥´±¨, ¶μ²ÊÎ¥´´Ò¥ ¢ ¶μ¤Ìμ¤¥ �‘ ¸ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸ÉÓÕ [34]. �É³¥É¨³ §¤¥¸Ó, ÎÉμ
´ Ï¨ ¶·¥¦´¨¥ ·¥§Ê²ÓÉ ÉÒ [8], ´¥ ¶μ± § ´´Ò¥ ´  ÔÉμ³ ·¨¸Ê´±¥, ¶·¨¡²¨§¨É¥²Ó´μ ´  20%
¢ÒÏ¥ ÔÉμ° ÏÉ·¨Ì¶Ê´±É¨·´μ° ²¨´¨¨: ÔÉμ ¸¢Ö§ ´μ ± ± ¸ ÊÎ¥Éμ³ O(α2

s)-¶μ¶· ¢μ± (10 %),

�¨¸. 5. ‘· ¢´¥´¨¥ ¶·¥¤¸± § ´¨° ¤²Ö ¶¨μ´´μ£μ ”” Q2Fπ(Q2), ¶μ²ÊÎ¥´´ÒÌ ¢ · §´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì
¶μ¤Ìμ¤ Ì. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ´Ò ´  μ¡μ¨Ì £· Ë¨± Ì É¥³¨ ¦¥ § É¥´¥´´Ò³¨ ¶μ²μ¸ ³¨, ÎÉμ ¨

´  ·¨¸. 4
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É ± ¨ ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÖ³¨ ¶·μÍ¥¤Ê·Ò ¸Ï¨¢ ´¨Ö ®³Ö£±μ£μ¯ ¨ ®¦¥¸É±μ£μ¯ ¢±² ¤μ¢, ¨¸-
¶μ²Ó§μ¢ ¢Ï¥°¸Ö ¢ [8] (10 %) (¸³. μ¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¢ · §¤. 4 ¨ ´  ·¨¸. 7). � ±μ-
´¥Í, ¶Ê´±É¨·´ Ö ±·¨¢ Ö 5, ¨¤ÊÐ Ö ¤μ ÉμÎ±¨ 4 ƒÔ‚2, ¶μ± §Ò¢ ¥É ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨ [35],
μ¸´μ¢ ´´μ° ´  Ê· ¢´¥´¨¨ �¥É¥Ä‘μ²¶¨É¥· .

�  ·¨¸. 5, ¡ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ´Ò ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨ £μ²μ£· Ë¨-
Î¥¸±¨Ì ³μ¤¥²¥°, μ¸´μ¢ ´´ÒÌ ´  ¶·¥¤¸É ¢²¥´¨¨ μ ¤Ê ²Ó´μ¸É¨ AdSÄŠ•„. ˜É·¨Ìμ¢ Ö
²¨´¨Ö 1 ¶μ± §Ò¢ ¥É ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ ¶¨μ´´μ° ��, ¨§¢²¥Î¥´´μ° ¢ AdSÄ
Š•„-¶μ¤Ìμ¤¥ [36], ¢ Éμ ¢·¥³Ö ± ± ÏÉ·¨Ìμ¢ Ö ¸ ¤¢Ê³Ö ÉμÎ± ³¨ 2 Å ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨
ƒ·¨£μ·Ö´ Ä� ¤ÕÏ±¨´  [37]. �Ê´±É¨·´ Ö ²¨´¨Ö 3 ¤ ¥É ¶·¥¤¸± § ´¨Ö ³μ¤¥²¨ AdSÄŠ•„ ¸
³Ö£±μ° ¸É¥´±μ° [38]. � ±μ´¥Í, ¤¢¥ ¢¥·Ì´¨¥ ÏÉ·¨Ì¶Ê´±É¨·´Ò¥ ²¨´¨¨ 4 ¨ 5 ¶μ± §Ò¢ ÕÉ
·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ Ê²ÊÎÏ¥´´ÒÌ ³μ¤¥²ÖÌ AdSÄŠ•„ ¸ ³Ö£±μ° (4) ¨ ¦¥¸É±μ° (5)
¸É¥´± ³¨ [39] ¸μμÉ¢¥É¸É¢¥´´μ. ‚¨¤´μ, ÎÉμ ±·¨¢Ò¥ 2 ¨ 3 Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ´ Ï¨³¨
·¥§Ê²ÓÉ É ³¨, ¶·¨Î¥³ ¶·¥¤¶μÎÉ¥´¨¥ ³Ò μÉ¤ ¥³ ·¥§Ê²ÓÉ É ³ · ¡μÉÒ [37], ¶μ¸±μ²Ó±Ê μ´¨
μ¸É ¢²ÖÕÉ ³¥¸Éμ ¤²Ö · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±.

�  ·¨¸. 6 ³Ò ¨²²Õ¸É·¨·Ê¥³ · §²¨Î¨Ö ¶·¥¤¸± § ´¨° ¤²Ö ¶¨μ´´μ£μ ”” ¢ ³¨´¨³ ²Ó´μ°
(·¨¸. a, ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨) ¨ Ê²ÊÎÏ¥´´μ° (·¨¸. ¡, ¸¶²μÏ´Ò¥ ²¨´¨¨) £ Ê¸¸μ¢ÒÌ ³μ¤¥²ÖÌ
¢ ±ÊÊ³  Š•„. � §²¨Î¨¥ ³¥¦¤Ê ÔÉ¨³¨ ³μ¤¥²Ö³¨ ¸¢Ö§ ´μ, ± ± ³Ò Ê¦¥ £μ¢μ·¨²¨, ¸ ¢±² ¤μ³
±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  Φq̄Aq(Q2, M2), ÎÉμ Ìμ·μÏμ ¢¨¤´μ ¶μ ¢¥·Ì´¨³
±·¨¢Ò³ ´  μ¡μ¨Ì £· Ë¨± Ì. Š·μ³¥ Éμ£μ, ÔÉμ · §²¨Î¨¥ ¢²¨Ö¥É ´  §´ Î¥´¨¥ ¶μ·μ£  ±μ´-
É¨´ÊÊ³  s0(Q2), ÎÉμ É ±¦¥ ¶·¨¢μ¤¨É ± · §²¨Î¨Õ ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤μ¢ (LO ¨ NLO).
�  ·¨¸Ê´±¥ ¶μ± § ´μ, ± ±¨³ μ¡· §μ³ · §²¨Î´Ò¥ ¢±² ¤Ò ¸Ê³³¨·ÊÕÉ¸Ö ¢ ±μ´¥Î´Ò° μÉ¢¥É
(¢¥·Ì´¨¥ ¦¨·´Ò¥ ²¨´¨¨ ´  ± ¦¤μ³ £· Ë¨±¥): ± ¦¤ Ö ¨§ ±·¨¢ÒÌ ´  ·¨¸. a ¨ ¡ Ö¢²Ö¥É¸Ö
¸Ê³³μ° (¸´¨§Ê ¢¢¥·Ì) ¢¸¥Ì ¶·¥¤Ï¥¸É¢ÊÕÐ¨Ì ¢±² ¤μ¢.

�É³¥É¨³, ÎÉμ ¢¸¥ · ¸Î¥ÉÒ ¡Ò²¨ ¸¤¥² ´Ò ´ ³¨ ¤²Ö §´ Î¥´¨Ö ¶ · ³¥É·  ´¥²μ± ²Ó´μ-
¸É¨, · ¢´μ£μ λ2

q = 0,4 ƒÔ‚2, ±μÉμ·μ¥ μ± §Ò¢ ¥É¸Ö ¢Ò¤¥²¥´´Ò³  ´ ²¨§μ³ [40, 41] ¤ ´´ÒÌ
CLEO ¶μ ”” ËμÉμ´-¶¨μ´´μ£μ ¶¥·¥Ìμ¤ . ˆ¸¶μ²Ó§μ¢ ´¨¥ ¡
μ²ÓÏ¨Ì §´ Î¥´¨° ÔÉμ£μ ¶ · -
³¥É·  ´¥²μ± ²Ó´μ¸É¨ ¶·¨¢¥²μ ¡Ò ± Ê³¥´ÓÏ¥´¨Õ ¶·¥¤¸± §Ò¢ ¥³ÒÌ §´ Î¥´¨° ¤²Ö Ô²¥±-

�¨¸. 6. ‘· ¢´¥´¨¥ · §²¨Î´ÒÌ ¢±² ¤μ¢ ¢ ¶¨μ´´Ò° ”” ¢ ³¨´¨³ ²Ó´μ° (a) ¨ Ê²ÊÎÏ¥´´μ° (¡) £ Ê¸¸μ-
¢ÒÌ ³μ¤¥²ÖÌ ¢ ±ÊÊ³  Š•„. ‚´¨§Ê ¶μ± § ´Ò ¶¥·ÉÊ·¡ É¨¢´Ò¥ O (1)-¢±² ¤Ò (μ¡μ§´ Î¥´´Ò¥ LO), ´ ¤

´¨³¨ ¨¤ÊÉ ±·¨¢Ò¥, μÉ¢¥Î ÕÐ¨¥ ¸Ê³³¥ O (1)- ¨ O (αs)-¢±² ¤μ¢ (NLO),   ¤ ²¥¥ ¶μ Éμ³Ê ¦¥ ¶·¨´-

Í¨¶Ê ¶μ± § ´Ò ¤μ¡ ¢±¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤μ¢ μÉ Î¥ÉÒ·¥Ì±¢ ·±μ¢μ£μ ¸± ²Ö·´μ£μ ±μ´¤¥´¸ É 
(4Q), ¡¨²μ± ²Ó´μ£μ ¢¥±Éμ·´μ£μ ±μ´¤¥´¸ É  (2V), ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  (q̄Aq) ¨

£²Õμ´´μ£μ ±μ´¤¥´¸ É  (G)
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É·μ³ £´¨É´μ£μ ”” ¶¨μ´  §  ¸Î¥É ¡μ²¥¥ ¸¨²Ó´ÒÌ ÔËË¥±Éμ¢ ´¥²μ± ²Ó´μ¸É¨ (§ ³¥É¨³, ÎÉμ
¢±² ¤Ò ¢ �‘ ¤²Ö ¶¨μ´´μ£μ ”” μÉ �‚Š ¶·μ¶μ·Í¨μ´ ²Ó´Ò exp [−Q2λ2

q/M
4], ¸³. (16)).

�Î¥¢¨¤´μ, ÎÉμ ³¥´ÓÏ¨¥ §´ Î¥´¨Ö λ2
q , ´ μ¡μ·μÉ, ¶μ¢Ò¸ÖÉ §´ Î¥´¨Ö ”” ¶¨μ´  ¢ ´ Ï¥³

¶μ¤Ìμ¤¥. ’ ±¨³ μ¡· §μ³, ´ Ï¨ ¶·¥¤¸± § ´¨Ö ´  ·¨¸. 4, Ìμ·μÏμ ¸μ£² ¸ÊÕÐ¨¥¸Ö ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¨ ·¥Ï¥ÉμÎ´Ò³¨ ¤ ´´Ò³¨, ¤ ÕÉ ¥Ð¥ μ¤´μ ¸¢¨¤¥É¥²Ó¸É¢μ ¢ ¶μ²Ó§Ê ¶·¥¤-
¶μÎÉ¨É¥²Ó´μ¸É¨ §´ Î¥´¨Ö ¶ · ³¥É·  ´¥²μ± ²Ó´μ¸É¨ λ2

q = 0,4 ƒÔ‚2 ¢ £ Ê¸¸μ¢ÒÌ ³μ¤¥²ÖÌ
´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„.

4. ��„•�„ ‹�Š�‹œ��‰ „“�‹œ��‘’ˆ

�· ¢¨²  ¸Ê³³ ¢ ¶μ¤Ìμ¤¥ ‹„ ¸μ¢¸¥³ ´¥ ¨³¥ÕÉ ±μ´¤¥´¸ É´ÒÌ ¢±² ¤μ¢ ¨§-§  ¶·¥¤¥²Ó-
´μ£μ ¶¥·¥Ìμ¤  M2 → ∞. �μ ÔÉμ° ¶·¨Î¨´¥ μ¶·¥¤¥²¥´¨¥ ¶μ·μ£  s0 ¢ É ±μ³ ¶μ¤Ìμ¤¥,
¸É·μ£μ £μ¢μ·Ö, ´¥¢μ§³μ¦´μ Å ´Ê¦´μ ¶·¨¢²¥± ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥  ·£Ê³¥´ÉÒ. �¡ÒÎ´μ
¶μ²Ó§ÊÕÉ¸Ö Éμ¦¤¥¸É¢μ³ “μ·¤ , ¸¢Ö§Ò¢ ÕÐ¨³ É·¥ÌÉμÎ¥Î´Ò° AVA-±μ··¥²ÖÉμ· ¸ ¤¢ÊÌÉμ-
Î¥Î´Ò³ AA-±μ··¥²ÖÉμ·μ³ ¢ ¶·¥¤¥²¥ Q2 → 0, ÎÉμ £μ¢μ·¨É μ ÉμÎ´μ³ · ¢¥´¸É¢¥ ¶μ·μ£μ¢
¤²Ö ¶¨μ´´μ° ±μ´¸É ´ÉÒ · ¸¶ ¤  fπ ¨ ¤²Ö ”” Fπ(Q2) ¢ ¶μ¤Ìμ¤ Ì ‹„ ¶·¨ Q2 → 0. �Éμ

μ§´ Î ¥É, ÎÉμ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2 � 1 ƒÔ‚2 ¶μ·μ£ s
Fπ(Q2)
0 (Q2) ≈ sfπ

0 .
Š ± ¡Ò²μ ¶μ± § ´μ ¢ · ¡μÉ Ì [3, 5, 11, 13, 21, 27], μ¸´μ¢´μ° ¢±² ¤ ¢ ”” ¶¨μ´  ¶·¨

³ ²ÒÌ Q2 � 10 ƒÔ‚2 μ¡¥¸¶¥Î¨¢ ¥É¸Ö ³¥Ì ´¨§³μ³ ”¥°´³ ´  ¡¥§ μ¡³¥´  ¦¥¸É±¨³¨ £²Õ-
μ´ ³¨, ±μÉμ·Ò° ¶μ ÔÉμ° ¶·¨Î¨´¥ Î ¸Éμ ´ §Ò¢ ¥É¸Ö ®³Ö£±¨³¯ ¢±² ¤μ³. ‚ ¶μ¤Ìμ¤¥ ‹„
ÔÉμÉ ¢±² ¤ ¶μ²´μ¸ÉÓÕ £¥´¥·¨·Ê¥É¸Ö ¶¥·ÉÊ·¡ É¨¢´μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ [11, 12]:
¢ (l + 1)-¶¥É²¥¢μ³ ¶μ·Ö¤±¥1 ³Ò ¨³¥¥³

FLD;(l)
π (Q2) = FLD;(l)

π (Q2, s
LD;(l)
0 (Q2)), (27a)

FLD;(l)
π (Q2, S) ≡ 1

f2
π

S∫
0

S∫
0

ρ
(l)
3 (s1, s2, Q

2) ds1 ds2, (27¡)

£¤¥ s
LD;(l)
0 (Q2) Å ÔËË¥±É¨¢´Ò° ¶μ·μ£ ‹„ ¢±²ÕÎ¥´¨Ö ¢Ò¸Ï¨Ì ¸μ¸ÉμÖ´¨° ¢  ±¸¨ ²Ó´μ³

± ´ ²¥,   ρ
(l)
3 (s1, s2, Q

2) Å É·¥ÌÉμÎ¥Î´ Ö (l + 1)-¶¥É²¥¢ Ö ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ. ‚

¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ρ
(0)
3 (s1, s2, Q

2) ¨§¢¥¸É´  (¸³. (6)), É ± ÎÉμ

FLD;(0)
π (Q2, S) =

S

4π2f2
π

[
1 − Q2 + 6S

Q2 + 4S

√
Q2

Q2 + 4S

]
. (28)

�·¥¤¶¨¸ ´¨¥ ‹„ ¤²Ö ¤¢ÊÌÉμÎ¥Î´μ£μ ±μ··¥²ÖÉμ·  ¤ ¥É ¸μμÉ´μÏ¥´¨Ö [12,20]

s
LD;(0)
0 (0) = 4π2f2

π ¨ s
LD;(1)
0 (0) =

4π2f2
π

1 + αs(Q2
0)/π

, (29)

1’·¥Ê£μ²Ó´ Ö ¤¨ £· ³³  ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ¸ ¸ ³μ£μ ´ Î ²  ´¥ ¸μ¤¥·¦¨É ´¨± ±¨Ì · ¤¨ Í¨μ´´ÒÌ
¶μ¶· ¢μ±. �μÔÉμ³Ê O(αl

s)-¶μ¶· ¢±¨ ¤²Ö ÔÉμ° ¤¨ £· ³³Ò ¢μ§´¨± ÕÉ ¢ (l + 1)-¶¥É²¥¢μ³ ¶μ·Ö¤±¥.
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£¤¥ Q2
0 ∼ s

LD;(0)
0 (0). �Éμ ¶·¥¤¶¨¸ ´¨¥ ¥¸ÉÓ ¸É·μ£μ¥ ¸²¥¤¸É¢¨¥ Éμ¦¤¥¸É¢  “μ·¤  ¤²Ö AAV -

±μ··¥²ÖÉμ·  ¨§-§  ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ± . ‚ ¶·¨´Í¨¶¥, Q2-§ ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É· 
sLD
0 (Q2) (27) ¤μ²¦´  μ¶·¥¤¥²ÖÉÓ¸Ö ¨§ �‘ Š•„ ¶·¨ Q2 � 1 ƒÔ‚2. �¤´ ±μ, ± ± ³Ò Ê¦¥

£μ¢μ·¨²¨ ¢ · §¤. 1, ¸É ´¤ ·É´Ò° ¶μ¤Ìμ¤ �‘ Š•„ ¸É ´μ¢¨É¸Ö ´¥¶·¨³¥´¨³Ò³ ¶·¨ Q2 >
3 ƒÔ‚2 ¨§-§  ¶μÖ¢²¥´¨Ö ±μ´¤¥´¸ É´ÒÌ ¢±² ¤μ¢, ²¨´¥°´μ · ¸ÉÊÐ¨Ì ¶μ Q2 [21,42]. �μÔÉμ³Ê
Q2-§ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¶μ·μ£  ‹„ ¡Ò²  ¨§¢¥¸É´  Éμ²Ó±μ ¤²Ö Q2 � 2 ƒÔ‚2, ¨
¶μ ÔÉμ° ¶·¨Î¨´¥ μ¡ÒÎ´μ ¶·¨³¥´Ö² ¸Ó  ¶¶·μ±¸¨³ Í¨Ö ¢ ¢¨¤¥ ±μ´¸É ´ÉÒ [8, 11, 19, 43],

s
LD;(0)
0 (Q2) � s

LD;(0)
0 (0), ¨²¨ ¸² ¡μ § ¢¨¸ÖÐ¥¥ μÉ Q2 ¶·¨¡²¨¦¥´¨¥

s
LD;(1)
0 (Q2) =

4π2f2
π

1 + αs(Q2)/π
, (30)

± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ [34].
‚ · ¡μÉ¥ [8] ³Ò ¶·¥¤²μ¦¨²¨ ³μ¤¥²Ó ¶μ²´μ£μ ”” ¶¨μ´ , μ¸´μ¢ ´´ÊÕ ´  §´ ´¨¨ Ë ±-

Éμ·¨§Ê¥³μ° Î ¸É¨ ””, F
pQCD,(2)
π (Q2), ±μÉμ· Ö · ¸¸Î¨ÉÒ¢ ² ¸Ó ¢ ±μ²²¨´¥ ·´μ³ ¶·¨¡²¨-

¦¥´¨¨ ¢ O(α2
s)-¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Š•„. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ Ë ±Éμ·¨§Ê¥³Ò°

¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ ¨³¥¥É ´¥¶· ¢¨²Ó´μ¥ ¶μ¢¥¤¥´¨¥ ¶·¨ Q2 = 0, ±μÉμ·μ¥ ¤μ²¦´μ ¡ÒÉÓ
¨¸¶· ¢²¥´μ ¤²Ö ¢Ò¶μ²´¥´¨Ö Éμ¦¤¥¸É¢  “μ·¤  (WI) Fπ(0) = 1. „²Ö ÔÉμ£μ ¢ [8] ³Ò ¶·¥¤-
²μ¦¨²¨ ¸²¥¤ÊÕÐÊÕ ¶·μÍ¥¤Ê·Ê ¸Ï¨¢ ´¨Ö:

FWI;(2)
π (Q2) = FLD,(0)

π (Q2) +

(
Q2

2s
(2)
0 + Q2

)2

F pQCD,(2)
π (Q2) (31)

¸ s
(2)
0 � 0,6 ƒÔ‚2. �Éμ ¶·¨¡²¨¦¥´¨¥ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¤²Ö ®¸±²¥¨¢ ´¨Ö¯ ³μ¤¥²¨

‹„ ¢¥¤ÊÐ¥£μ ¶μ·Ö¤±  ¤²Ö ®³Ö£±μ°¯ Î ¸É¨, F
LD,(0)
π (Q2), ±μÉμ· Ö ¤μ³¨´¨·Ê¥É ¶·¨ ³ -

²ÒÌ Q2 � 1 ƒÔ‚2, ¨ ¶¥·ÉÊ·¡ É¨¢´μ° Î ¸É¨ ¦¥¸É±μ£μ ¶¥·¥· ¸¸¥Ö´¨Ö, F
pQCD,(2)
π (Q2),

±μÉμ· Ö ÊÎ¨ÉÒ¢ ¥É ±μ²²¨´¥ ·´Ò¥ O(αs) + O(α2
s)-¶μ¶· ¢±¨ ¨ ¶·¥μ¡² ¤ ¥É ¶·¨ ¡μ²ÓÏ¨Ì

Q2 � 1 ƒÔ‚2, É ± ÎÉμ¡Ò ¢Ò¶μ²´Ö²μ¸Ó Éμ¦¤¥¸É¢μ “μ·¤  F
WI;(2)
π (0) = 1. „²Ö ¶·μ¢¥·±¨ ± -

Î¥¸É¢  ÔÉμ° ¶·μÍ¥¤Ê·Ò ¸Ï¨¢ ´¨Ö ³Ò ¶·μ¢μ¤¨³ ¸· ¢´¥´¨¥ ¶μ²ÊÎ ¥³μ£μ ¸ ¥¥ ¶μ³μÐÓÕ ””

F
WI;(2)
π (Q2) ¸ ³μ¤¥²ÓÕ ‹„ (27) ´  ¤¢ÊÌ¶¥É²¥¢μ³ Ê·μ¢´¥ (É. ¥. ¢ O(αs)-¶·¨¡²¨¦¥´¨¨ [19]).

‘ ÔÉμ° Í¥²ÓÕ ³Ò ¸É·μ¨³  ´ ²μ£¨Î´ÊÕ O(αs)-³μ¤¥²Ó

FWI;(1)
π (Q2) = FLD,(0)

π (Q2) +
αs(Q2)

π

2Q2s
LD;(0)
0 (0)

(2 s
LD;(1)
0 (Q2) + Q2)2

, (32a)

£¤¥ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¢Ò· ¦¥´¨¥ ¤²Ö  ¸¨³¶ÉμÉ¨±¨ ¶¨μ´´μ£μ ”” ¢ ¶¥·ÉÊ·¡ É¨¢´μ°
Š•„ [1,44]

F pQCD,(1)
π (Q2) =

8πf2
παs(Q2)
Q2

=
αs(Q2)

π

2s
LD;(0)
0 (0)

Q2
(32¡)

¨ ¶·¨³¥´¨²¨ ÉμÉ ¦¥ ¸ ³Ò° ÔËË¥±É¨¢´Ò° ¶μ·μ£ ‹„, ÎÉμ ¨ ¢ [34],   ¨³¥´´μ s0 =
s
LD;(1)
0 (Q2) (¸³. (30)). ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ³μ¤¥²Ó F

WI;(1)
π (Q2), ¸²¥¤ÊÕÐ Ö ¨§ ¶·μÍ¥-

¤Ê·Ò ¸Ï¨¢ ´¨Ö (32a), · ¡μÉ ¥É ¸μ¢¸¥³ ´¥¶²μÌμ, ÌμÉÖ ¨ ¡Ò²  ¶·¥¤²μ¦¥´  ¢ [8] ¡¥§ §´ ´¨Ö
ÉμÎ´μ° ¤¢ÊÌ¶¥É²¥¢μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨, · ¸¸Î¨É ´´μ° ¶μ§¦¥ ¢ [19]. � ¶μ³´¨³,
ÎÉμ ±²ÕÎ¥¢Ò³ ³μ³¥´Éμ³ ÔÉμ° ¶·μÍ¥¤Ê·Ò ¸Ï¨¢ ´¨Ö Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¨´Ëμ·³ Í¨¨
μ ¶μ¢¥¤¥´¨¨ Fπ(Q2) ¢ ¤¢ÊÌ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ·¥¦¨³ Ì:
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1. Q2 → 0, £¤¥ Éμ¦¤¥¸É¢μ “μ·¤  ¤¨±ÉÊ¥É Fπ(0) = 1 ¨, ¸²¥¤μ¢ É¥²Ó´μ, Fπ(Q2) �
F

LD,(0)
π (Q2),

2. Q2 → ∞, £¤¥ Fπ(Q2) � F
pQCD,(1)
π (Q2),

¤²Ö Éμ£μ, ÎÉμ¡Ò ¸μ£² ¸μ¢ ´´μ μ¡Ñ¥¤¨´¨ÉÓ ®¦¥¸É±ÊÕ¯ Î ¸ÉÓ ”” ¶¨μ´  ¸ ¥£μ ®³Ö£±μ°¯
Î ¸ÉÓÕ. —¨¸²¥´´Ò°  ´ ²¨§ Ëμ·³Ê²Ò (32a) ¶μ± §Ò¢ ¥É, ÎÉμ ¶·¥¤²μ¦¥´´ Ö ¶·μÍ¥¤Ê· 
¸Ï¨¢ ´¨Ö ¤ ¥É ¤μ¸É ÉμÎ´μ ÉμÎ´Ò° μÉ¢¥É: μÉ´μ¸¨É¥²Ó´ Ö μÏ¨¡±  ³¥´Ö¥É¸Ö μÉ 5% ¶·¨

Q2 = 1 ƒÔ‚2 ¤μ 9 % ¶·¨ Q2 = 3−30 ƒÔ‚2. ƒ· Ë¨Î¥¸±μ¥ ¸· ¢´¥´¨¥ F
WI;(1)
π (Q2)

(¸¶²μÏ´ Ö ²¨´¨Ö) ¸ ÉμÎ´Ò³ ·¥§Ê²ÓÉ Éμ³ ‹„ (27) ¸ ¤¢ÊÌ¶¥É²¥¢μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ-
´μ¸ÉÓÕ [19] (É¥³´Ò¥ ÉμÎ±¨) ¶μ± § ´μ ´  ·¨¸. 7, a. ‡¤¥¸Ó É ±¦¥ ¶μ± § ´ Î¨¸Éμ ¶¥·ÉÊ·¡ -

É¨¢´Ò° ¢±² ¤ Q2F
pQCD,(1)
π (Q2) (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¡¥§ ¶μ¶· ¢μÎ´μ£μ Ë ±Éμ·  ¸μ£² ¸μ-

¢ ´¨Ö [Q2/(2s0 +Q2)]2, ¨¸¶· ¢²ÖÕÐ¥£μ ¶μ¢¥¤¥´¨¥ ¢ μ¡² ¸É¨ ³ ²ÒÌ Q2 (¨§-§  μÉ¸ÊÉ¸É¢¨Ö
ÔÉμ£μ Ë ±Éμ·  ÔÉ  ±·¨¢ Ö ¸É·¥³¨É¸Ö ± ±μ´¥Î´μ³Ê §´ Î¥´¨Õ 0,21 ƒÔ‚2 ¶·¨ Q2 → 0 ¨ ´¥
μ¡· Ð ¥É¸Ö ¢ 0).

�¨¸. 7. ‘· ¢´¥´¨¥ ÉμÎ´μ£μ O(αs)-·¥§Ê²ÓÉ É  ¤²Ö ¶¨μ´´μ£μ ”” ¢ ¶μ¤Ìμ¤¥ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨

F
LD,(1)
π (Q2) (É¥³´Ò¥ ÉμÎ±¨) ¸ ³μ¤¥²Ö³¨ F

WI;(1)
π (Q2) ((32a), ·¨¸. a) ¨ F

WI;(1)
π;imp (Q2, s

LD;(1)
0 (Q2))

((33), ·¨¸. ¡), ¶μ± § ´´Ò³¨ ´  μ¡μ¨Ì £· Ë¨± Ì ¸¶²μÏ´Ò³¨ ²¨´¨Ö³¨. �¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶¥·ÉÊ·¡ -
É¨¢´μ¥ Š•„-¶·¥¤¸± § ´¨¥ F

pQCD,(1)
π (Q2) É ±¦¥ ¶μ± § ´μ ¢ ¢¨¤¥ ÏÉ·¨Ìμ¢ÒÌ ²¨´¨°

Š ± Éμ²Ó±μ ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ρ
(1)
3 (s1, s2, Q

2) ¸É ²  ¨§¢¥¸É´μ° [19], ¸É ²μ ¢μ§-
³μ¦´Ò³ Ê²ÊÎÏ¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥ ®³Ö£±μ°¯ Î ¸É¨, μ¶¨¸Ò¢ ÕÐ¥° ¢±² ¤ ‹„ ¢ (32a), §  ¸Î¥É
ÊÎ¥É  ¢¥¤ÊÐ¥° O(αs)-¶μ¶· ¢±¨ ¢ Ô²¥±É·μ³ £´¨É´μ° ¢¥·Ï¨´¥. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ÊÉμÎ´¨²¨
¸¢μÕ ¶·¥¦´ÕÕ ³μ¤¥²Ó ¤²Ö ¸Ï¨¢ ´¨Ö ®³Ö£±μ°¯ ¨ ®¦¥¸É±μ°¯ Î ¸É¥° Å É¥¶¥·Ó μ´  ¤μ²¦´ 

¡· ÉÓ¸Ö ¢ ¢¨¤¥ F
WI;(1)
π;imp (Q2, s

LD;(1)
0 (Q2)), £¤¥

F
WI;(1)
π;imp (Q2, S) = FLD;(0)

π (Q2, S) +
S

4π2f2
π

{
αs(Q2)

π

(
2S

2S + Q2

)2

+

+ F pQCD,(1)
π (Q2)

(
Q2

2S + Q2

)2}
. (33)

‡¤¥¸Ó ³Ò Ö¢´μ ¢¢¥²¨ § ¢¨¸¨³μ¸ÉÓ μÉ ¶μ·μ£  S, ÎÉμ¡Ò ¶·¨³¥´ÖÉÓ ÔÉÊ Ëμ·³Ê²Ê ¶μ§¤´¥¥
¸ ¶μ·μ£μ³ S = sLD−eff

0 (Q2), ¨§¢²¥Î¥´´Ò³ ¨§ ¸· ¢´¥´¨Ö ¶μ²ÊÎ¥´´ÒÌ ´ ³¨ ·¥§Ê²ÓÉ Éμ¢ ¢
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�‘ Š•„ ¸ �‚Š ¸ O(αs)-¶μ¤Ìμ¤μ³ ‹„. �É³¥É¨³, ÎÉμ ¶·¥¤²μ¦¥´´μ¥ ´ ³¨ Ê²ÊÎÏ¥´¨¥

¨³¥¥É ¶· ¢¨²Ó´μ¥ ¶μ¢¥¤¥´¨¥ ¶·¨ Q2 → 0, ¥¸²¨ ¶·¨ ÔÉμ³ S � s
LD;(1)
0 (Q2) = 4π2f2

π/(1 +
αs(Q2)/π). ‚ ¸ ³μ³ ¤¥²¥, ³Ò ¨³¥¥³ F

LD;(0)
π (0, S) = S/(4π2f2

π), ¨ §  ¸Î¥É Éμ£μ, ÎÉμ ¢±² ¤

F
pQCD,(1)
π (Q2) ¢ ÔÉμ³ ¶·¥¤¥²¥ μ¡· Ð ¥É¸Ö ¢ ´μ²Ó ¡² £μ¤ ·Ö Ë ±Éμ·Ê [Q2/(2S + Q2)]2,

¶μ²´Ò° ·¥§Ê²ÓÉ É ¥¸ÉÓ1

F
WI;(1)
π;imp (0, s

LD;(1)
0 (0)) =

s
LD;(1)
0 (0)
4π2f2

π

[
1 +

αs(s0)
π

]
= 1.

ƒ· Ë¨Î¥¸±μ¥ ¸· ¢´¥´¨¥ ÉμÎ´μ¸É¨ Ê²ÊÎÏ¥´´μ° ³μ¤¥²¨ ¢ ¸· ¢´¥´¨¨ ¸ ÉμÎ´Ò³ μÉ¢¥Éμ³ ‹„
¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É¸Ö ´  ·¨¸. 7, ¡. •μ·μÏμ ¢¨¤´μ, ÎÉμ ´μ¢ Ö Ëμ·³Ê² 
¸Ï¨¢ ´¨Ö (33) · ¡μÉ ¥É ²ÊÎÏ¥: ¥¥ μÉ´μ¸¨É¥²Ó´ Ö μÏ¨¡±  Ê³¥´ÓÏ¨² ¸Ó ¤μ 4 % ¶·¨ Q2 =
1−10 ƒÔ‚2 ¨ 3% ¶·¨ Q2 = 30 ƒÔ‚2.

�·μ¤μ²¦ Ö ¶·¥¤²μ¦¥´´ÊÕ ¶·μÍ¥¤Ê·Ê ´  ¤¢ÊÌ¶¥É²¥¢μ° Ê·μ¢¥´Ó, ³Ò ¶μ²ÊÎ ¥³ ¤¢ÊÌ¶¥-

É²¥¢ÊÕ μÍ¥´±Ê ¶¨μ´´μ£μ ””, F
WI;(2)
π (Q2, s

LD;(2)
0 (Q2)), ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

FWI;(2)
π (Q2, S) = FLD;(0)

π (Q2, S) +
S

4π2f2
π

{
αs(Q2)

π

(
2S

2S + Q2

)2

+

+ FFAPT,(2)
π (Q2)

(
Q2

2S + Q2

)2}
, (34)

£¤¥ F
FAPT,(2)
π (Q2) ¥¸ÉÓ  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ ¶μ²ÊÎ¥´μ ¨§ F

pQCD,(2)
π (Q2) ¸

¶μ³μÐÓÕ „�’‚ ¶·¨ ¢Ò¡μ·¥ ´¥ § ¢¨¸ÖÐ¥£μ μÉ Q2 §´ Î¥´¨Ö ³ ¸ÏÉ ¡  Ë ±Éμ·¨§ Í¨¨ μ2
F :

FFAPT,(2)
π (Q2) = A(2)

1 (Q2)FLO
π (Q2; μ2

F ) +
1
π
L(2)

2;1(Q
2)F (1,F)

π (Q2; μ2
F )+

+
1
π
A(2)

2 (Q2)
[
FNLO

π (Q2; μ2
F ) −F (1,F)

π (Q2; μ2
F ) ln

Q2

Λ2
3

]
, (35)

±μÉμ·μ¥ ¤ ¥É ¤²Ö Ë ±Éμ·¨§μ¢ ´´μ° Î ¸É¨ ”” ·¥§Ê²ÓÉ É, μÎ¥´Ó ¡²¨§±¨° ± ¶μ²ÊÎ ¥³μ³Ê ¢
 ´ ²¨É¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶·¨ ¸É ´¤ ·É´μ³ ¢Ò¡μ·¥ ³ ¸ÏÉ ¡μ¢, μ2

R = μ2
F = Q2.

�É  ³μ¤¥²Ó ¤ ¥É ´ ³ ¢μ§³μ¦´μ¸ÉÓ ¶·¨³¥´¨ÉÓ O(α2
s)-·¥§Ê²ÓÉ ÉÒ ±μ²²¨´¥ ·´μ£μ ¶·¨-

¡²¨¦¥´¨Ö ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¤²Ö · ¸Î¥É  ”” ¶¨μ´  ¢ ¤¢ÊÌ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¡¥§
Ö¢´μ£μ ¸Î¥É  É·¥Ì¶¥É²¥¢μ° É·¥ÌÉμÎ¥Î´μ° ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ Å   ÔÉμÉ ¸Î¥É ¤μ¸É -
ÉμÎ´μ ¸²μ¦¥´. �É³¥É¨³, ÎÉμ ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨ μ¤´μ¶¥É²¥¢μ£μ ¢Ò· ¦¥´¨Ö ‹„ ¢ ÔÉμ³
¶μ¤Ìμ¤¥ ¸ ¶μ³μÐÓÕ (33), ± ± ³Ò Éμ²Ó±μ ÎÉμ ¶μ± § ²¨ (¸³. ·¨¸. 7, a), μÏ¨¡±  ¶μ²ÊÎ ¥É¸Ö
´¥ ¡μ²¥¥ 10%. �μ¸±μ²Ó±Ê μÉ´μ¸¨É¥²Ó´Ò° ¢±² ¤ ¤¢ÊÌ¶¥É²¥¢μ° ¶μ¶· ¢±¨ ¢ ”” ¶¨μ´  ¸ ³

1�¡ÒÎ´μ ¶·¨³¥´Ö¥É¸Ö ®§ ³μ· ¦¨¢ ´¨¥¯ ¶μ·μ£  s
LD;(1)
0 (Q2) = 4π2f2

π/(1 + αs(s0)/π) ¶·¨ Q2 � s0 �
0,6 ƒÔ‚2 . ‚ ÔÉμ³ ¸²ÊÎ ¥ É ±μ¥ ¦¥ ®§ ³μ· ¦¨¢ ´¨¥¯ ¤μ²¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢ (33) ¤²Ö  ·£Ê³¥´É  αs:
αs(Q2) → αs(s0) ¶·¨ Q2 � s0. � ¶μ³´¨³, ÎÉμ ¤²Ö ¶· ¢¨²Ó´μ£μ · ¸Î¥É  Ô²¥±É·μ³ £´¨É´μ£μ · ¤¨Ê¸  ¶¨-
μ´  (É. e. ¶·μ¨§¢μ¤´μ° ¶¨μ´´μ£μ ”” ¢ μ¡² ¸É¨ ³ ²ÒÌ Q2) ´¥μ¡Ìμ¤¨³μ ¶·¨³¥´ÖÉÓ ¤·Ê£μ° É¨¶ μ¶¥· Éμ·´μ£μ
· §²μ¦¥´¨Ö ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¥³Ê ¤·Ê£μ¥ �‘ (¤¥É ²¨ ¸³. ¢ [21]).
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¶μ ¸¥¡¥ ¨³¥¥É ¶μ·Ö¤μ± 10%, ¸³. [8,45], Éμ μÉ´μ¸¨É¥²Ó´ Ö μÏ¨¡±  ´ Ï¥° μÍ¥´±¨ O(α2
s)-

¶μ¶· ¢±¨ ¶μ²ÊÎ ¥É¸Ö ´  Ê·μ¢´¥ 1% Å ¥¸²¨ Éμ²Ó±μ ³Ò ÊÎ²¨ O(αs)-¶μ¶· ¢±Ê ÉμÎ´μ § 
¸Î¥É ¸¶¥Í¨ ²Ó´μ£μ ¢Ò¡μ·  s0(Q2), ± ± ÔÉμ ¨ ¤¥² ¥É¸Ö ¢ (36). ’. ¥. ¢¸¥, ÎÉμ ´ ³ ´ ¤μ

¸¥°Î ¸ ¸¤¥² ÉÓ, ÔÉμ ¶μ¸É·μ¨ÉÓ ÔËË¥±É¨¢´Ò¥ ¶μ·μ£¨ ‹„ s
LD;(1)
0 (Q2).

Š ± ³Ò Ê¦¥ £μ¢μ·¨²¨ ¢ ¸ ³μ³ ´ Î ²¥ ÔÉμ£μ · §¤¥² , § ¤ Î  ¶μ²ÊÎ¥´¨Ö ÔËË¥±É¨¢-
´μ£μ ¶μ·μ£  ±μ´É¨´ÊÊ³  sLD

0 (Q2) Ö¢²Ö¥É¸Ö Í¥´É· ²Ó´μ° ¤²Ö ¶μ¤Ìμ¤  ‹„. ‘ ´ Ï¥° ÉμÎ±¨
§·¥´¨Ö, μ´¨ ¤μ²¦´Ò μ¶·¥¤¥²ÖÉÓ¸Ö ¨§ Ê¸²μ¢¨Ö ¸μ¢¶ ¤¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ‹„ ¸ ·¥§Ê²ÓÉ -
É ³¨ ¡μ·¥²¥¢¸±¨Ì �‘ Š•„. ‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ³Ò ¶μ¸É·μ¨²¨ ¨ μ¡· ¡μÉ ²¨ É -
±¨¥ �‘ ¨ ¶μ²ÊÎ¨²¨ ¨´É¥·¶μ²ÖÍ¨μ´´Ò¥ Ëμ·³Ê²Ò (26a), (26¡), ±μÉμ·Ò¥ ¶·¨³¥´¨³Ò ¤²Ö
Q2 ∈ [1, 10] ƒÔ‚2. ’¥¶¥·Ó ¸ ¨Ì ¶μ³μÐÓÕ ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔË-
Ë¥±É¨¢´Ò¥ ¶μ·μ£¨ sLD−eff

0,min (Q2) ¨ sLD−eff
0,imp (Q2) ¢ ³¨´¨³ ²Ó´μ° ¨ Ê²ÊÎÏ¥´´μ° £ Ê¸¸μ¢ÒÌ

³μ¤¥²ÖÌ ¢ ±ÊÊ³  Š•„ ¸μμÉ¢¥É¸É¢¥´´μ:

F
WI;(1)
π;imp

(
Q2, sLD−eff

0,min (Q2)
)

= F SR
π;min(Q2), (36a)

F
WI;(1)
π;imp

(
Q2, sLD−eff

0,imp (Q2)
)

= F SR
π;imp(Q2). (36¡)

�¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨°,   ¨³¥´´μ, sLD−eff
0,min (Q2) ¨ sLD−eff

0,imp (Q2), ¶μ± § ´Ò ´  ·¨¸. 8. �´¨

³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ÔÉμ° μ¡² ¸É¨ §´ Î¥´¨° Q2 É ±¨³¨ ¨´É¥·¶μ²ÖÍ¨μ´´Ò³¨ Ëμ·-
³Ê² ³¨:

sLD−eff
0,min (Q2 = x ƒÔ‚2) = 0,57 + 0,307 th (0,165 x)− 0,0323 th (775 x), (37a)

sLD−eff
0,imp (Q2 = x ƒÔ‚2) = 0,57 + 0,461 th (0,0954 x). (37¡)

ŒÒ ¢¨¤¨³, ÎÉμ μ¡  ¶μ·μ£  Ê³¥·¥´´μ · ¸ÉÊÉ ¸ ·μ¸Éμ³ Q2.

�¨¸. 8. �ËË¥±É¨¢´Ò¥ ¶μ·μ£¨ ±μ´É¨´ÊÊ³  sLD−eff
0,imp (Q2) (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ sLD−eff

0,min (Q2) (ÏÉ·¨-

Ìμ¢ Ö),  ¶¶·μ±¸¨³¨·ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ �‘ Š•„ ¸ �‚Š ¸ ¶μ³μÐÓÕ O(αs)-Ëμ·³Ê² ²μ± ²Ó´μ°

¤Ê ²Ó´μ¸É¨ (33)

�¥§Ê²ÓÉ ÉÒ ¤²Ö ¶¨μ´´μ£μ ””, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ´ Ï¥° ¤¢ÊÌ¶¥É²¥¢μ° ³μ¤¥²¨ (34)
¨ ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ ±μ´É¨´ÊÊ³  sLD−eff

0,min (Q2) ¨ sLD−eff
0,imp (Q2), ¶μ± § ´Ò ´  ·¨¸. 9. Šμ-

´¥Î´ Ö Ï¨·¨´  ÏÉ·¨Ìμ¢ÒÌ ¶μ²μ¸ ¸¢Ö§ ´  ¸ ÊÎ¥Éμ³ · §¡·μ¸  ¶ · ³¥É·μ¢ a2 ¨ a4 ¶¨μ´´μ°



1120 � ±Ê²¥¢ �.�.

�¨¸. 9. ‘· ¢´¥´¨¥ ¶·¥¤¸± § ´¨° ¤²Ö ¶¨μ´´μ£μ ”” Q2Fπ(Q2), ¶μ²ÊÎ¥´´ÒÌ ¶μ Ëμ·³Ê²¥ (34) ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ ±μ´É¨´ÊÊ³  sLD−eff

0,min (Q2) (a) ¨ sLD−eff
0,imp (Q2) (¡). �¥§Ê²ÓÉ ÉÒ

�‘ Š•„ ¸ �‚Š ¶μ± § ´Ò ´  μ¡o¨Ì £· Ë¨± Ì É¥³¨ ¦¥ § É¥´¥´´Ò³¨ ¶μ²μ¸ ³¨, ÎÉμ ¨ ´  ·¨¸. 4,

¢ Éμ ¢·¥³Ö ± ± O(α2
s)-¶·¥¤¸± § ´¨Ö³ μÉ¢¥Î ÕÉ ¦¨·´Ò¥ ÏÉ·¨Ìμ¢Ò¥ ¶μ²μ¸Ò, ¸²¥£±  ¶·¥¢ÒÏ ÕÐ¨¥

Í¥´É· ²Ó´Ò¥ ²¨´¨¨ § É¥´¥´´ÒÌ ¶μ²μ¸

 ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö (��) ¢ ¶ÊÎ±¥ ³μ¤¥²¥°, ¤¨±ÉÊ¥³ÒÌ �‘ Š•„ ¸ �‚Š [17,18,46].
ˆ§ ÔÉμ£μ ·¨¸Ê´±  ³Ò ¢¨¤¨³, ÎÉμ ¸ ³μ¥ ¡μ²ÓÏμ¥ §´ Î¥´¨¥ ¤¢ÊÌ¶¥É²¥¢ Ö ¶μ¶· ¢±  ¤ ¥É
¢ μ¡² ¸É¨ Q2 � 4 ƒÔ‚2, ¤μ¸É¨£ Ö §¤¥¸Ó Ê·μ¢´Ö 3−10%, ÎÉμ ±μ²¨Î¥¸É¢¥´´μ ´¥¶²μÌμ
¸μ¢¶ ¤ ¥É ¸ μÍ¥´± ³¨, ¶μ²ÊÎ¥´´Ò³¨ ´ ³¨ · ´¥¥ ¢ „�’‚ [8,45].

‡�Š‹�—…�ˆ…

ŒÒ ¶μ¸É·μ¨²¨ ¨ ¶·μ ´ ²¨§¨·μ¢ ²¨ ¤²Ö ¤¢ÊÌ £ Ê¸¸μ¢ÒÌ ³μ¤¥²¥° ´¥²μ± ²Ó´μ£μ Š•„-
¢ ±ÊÊ³  É·¥ÌÉμÎ¥Î´μ¥ ¶· ¢¨²μ ¸Ê³³ Š•„ ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ ”” ¶¨μ´ . Š ¤μ¸Éμ-
¨´¸É¢ ³ É ±μ£μ  ´ ²¨§  ¸²¥¤Ê¥É μÉ´¥¸É¨ ´¥§ ¢¨¸¨³μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ μÉ ¶·μË¨²Ö ¶¨μ´´μ°
�� Å ÔÉμ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ É¥μ·¥É¨Î¥¸±μ° ´¥μ¶·¥¤¥²¥´´μ¸É¨, ¸¢Ö§ ´´μ° ¸ ¶ · -
³¥É·¨§ Í¨¥° ¶¨μ´´μ° �� ¢ ´¨§±μ° ÉμÎ±¥ ´μ·³¨·μ¢±¨ (¶μ·Ö¤±  1 ƒÔ‚). Š·μ³¥ Éμ£μ, ³Ò
¶μ¶ÒÉ ²¨¸Ó Ê³¥´ÓÏ¨ÉÓ ¢²¨Ö´¨¥ ´ ·ÊÏ¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨, ¨´¤ÊÍ¨·Ê¥-
³μ° £·Ê¡Ò³ ³μ¤¥²¨·μ¢ ´¨¥³ ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³´ÒÌ ±μ´¤¥´¸ Éμ¢: ¢ ´ Ï¨Ì · ¸Î¥É Ì
³Ò ÊÎ²¨ ´¥ Éμ²Ó±μ ³¨´¨³ ²Ó´ÊÕ £ Ê¸¸μ¢Ê ³μ¤¥²Ó �‚Š, ´μ É ±¦¥ ¨ Ê²ÊÎÏ¥´´ÊÕ ³μ¤¥²Ó,
· §· ¡μÉ ´´ÊÕ ´ ³¨ ¢ [18].

�μ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ³μ¦´μ ¸Ê³³¨·μ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ ¶¥·¥Î´¥³.
1. �¸´μ¢´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ”” ¶¨μ´  Fπ(Q2) ¶μ± § ´Ò ´  ·¨¸. 4 ¢ ¸· ¢´¥´¨¨ ¸

¸ÊÐ¥¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (¸É ·Ò³¨) Šμ·´¥²²  [9, 29, 30] ¨ (¡μ²¥¥
´μ¢Ò³¨) £·Ê¶¶Ò JLab [10]. �± § ²μ¸Ó, ÎÉμ ÊÎ¥É O(αs)-¢±² ¤  ¢ ¸¶¥±É· ²Ó´ÊÕ ¶²μÉ´μ¸ÉÓ
¶μ¢Ò¸¨² ¶·¥¤¸± § ´¨¥ ¤²Ö ”” ¢ ¸·¥¤´¥³ ´  20%, ÎÉμ ´¥¸±μ²Ó±μ ³¥´ÓÏ¥ ¶·¥¤Ò¤ÊÐ¨Ì
μÍ¥´μ± μÉ´μ¸¨É¥²Ó´μ° ¢ ¦´μ¸É¨ É ±¨Ì ¶μ¶· ¢μ± [19,34].

2. Š ± Ìμ·μÏμ ¢¨¤´μ ¨§ ·¨¸. 4, Í¥´É· ²Ó´ Ö ²¨´¨Ö ¶·¥¤¸± § ´¨° ¤²Ö ”” ¶¨μ´ ,
¶μ²ÊÎ¥´´ÒÌ ¢ Ê²ÊÎÏ¥´´μ° ³μ¤¥²¨, ²¥¦¨É ¢´ÊÉ·¨ ¶μ²μ¸Ò μÏ¨¡μ± ³¨´¨³ ²Ó´μ° ³μ¤¥²¨
¢¶²μÉÓ ¤μ §´ Î¥´¨Ö Q2 ≈ 7 ƒÔ‚2, ÎÉμ £μ¢μ·¨É μ ¸· ¢´¨³μ³ ± Î¥¸É¢¥ ¶·¥¤¸± § ´¨° μ¡¥¨Ì
£ Ê¸¸μ¢ÒÌ ³μ¤¥²¥° �‚Š ¢ ÔÉμ° μ¡² ¸É¨. �¸´μ¢´μ¥ μÉ²¨Î¨¥ ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö ³μ¤¥²Ö³¨
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¸¢Ö§ ´μ ¸ · §²¨Î´Ò³¨ ¢±² ¤ ³¨ ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  Φq̄Aq(Q2, M2)
(¸³. ·¨¸. 6).

3. �μ²ÊÎ¥´´Ò¥ ´ ³¨ ¶·¥¤¸± § ´¨Ö Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ´¥¤ ¢´¨Ì ·¥-
Ï¥ÉμÎ´ÒÌ · ¸Î¥Éμ¢ [31] ¶¨μ´´μ£μ ”” ¶·¨ Q2 � 4 ƒÔ‚2.

4. ŒÒ ¶μ¸É·μ¨²¨ É ±¦¥ ÔËË¥±É¨¢´Ò¥ ¶μ·μ£¨ ±μ´É¨´ÊÊ³  ¤²Ö ¶μ¤Ìμ¤  ²μ± ²Ó´μ° ¤Ê-
 ²Ó´μ¸É¨, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¢ ÔÉμ³ ¶μ¤Ìμ¤¥ ¨³¨É¨·μ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨
¢ ¶μ¤Ìμ¤¥ ¡μ·¥²¥¢¸±¨Ì �‘ Š•„. ‘· ¢´¥´¨¥ ´ Ï¨Ì ¶·¥¤¸± § ´¨° ¸ ¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢
¶μ¤Ìμ¤¥ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨ [34] ¢ÒÖ¢²Ö¥É ¸¨¸É¥³ É¨Î¥¸±μ¥ ¶·¥¢ÒÏ¥´¨¥ ´ Ï¨Ì ·¥§Ê²Ó-
É Éμ¢. �·¨Î¨´μ° É ±μ° · §´¨ÍÒ Ö¢²Ö¥É¸Ö ÉμÉ Ë ±É, ÎÉμ ÔËË¥±É¨¢´Ò° ¶μ·μ£ ±μ´É¨´ÊÊ³ 
sLD
0 (Q2) Ìμ·μÏμ μ¶·¥¤¥²¥´ Éμ²Ó±μ ¢ μ¡² ¸É¨ ³ ²ÒÌ Q2. „²Ö ¡
μ²ÓÏ¨Ì Q2  ¢Éμ·Ò [34]

¶·¥¤²μ¦¨²¨ ¶μ²Ó§μ¢ ÉÓ¸Ö ²μ£ ·¨Ë³¨Î¥¸±¨ · ¸ÉÊÐ¨³ ¶μ·μ£μ³

sLD
0 (Q2) =

4π2f2
π

1 + αs(Q2)/π
,

· ¢´Ò³ 0,67 ƒÔ‚2 ¶·¨ Q2 ≈ 10 ƒÔ‚2. �μ¸É·μ¥´´Ò° ´ ³¨ ÔËË¥±É¨¢´Ò° ¶μ·μ£ ±μ´-
É¨´ÊÊ³ , ¨³¨É¨·ÊÕÐ¨° ·¥§Ê²ÓÉ É �‘ Š•„, μ± §Ò¢ ¥É¸Ö ¢ÒÏ¥: sLD

0 (Q2 = 10 ƒÔ‚2) =
0,87 ƒÔ‚2. �Éμ μ§´ Î ¥É, ÎÉμ μÏ¨¡±  ¢ μ¶·¥¤¥²¥´¨¨ sLD

0 ¢ μ¡² ¸É¨ Q2 = 10 ƒÔ‚2

μ± §Ò¢ ¥É¸Ö ¶μ·Ö¤±  20%.
5. �  μ¸´μ¢¥ Éμ¦¤¥¸É¢  “μ·¤  ³Ò ¶μ¸É·μ¨²¨ [8,47] ¶·μÍ¥¤Ê·Ê ¸μ£² ¸μ¢ ´¨Ö Ë ±Éμ·¨-

§Ê¥³μ° Î ¸É¨ ”” ¶¨μ´ , · ¸¸Î¨ÉÒ¢ ¥³μ° ¢ ±μ²²¨´¥ ·´μ° Š•„, ¸ ³μ¤¥²ÓÕ ´¥Ë ±Éμ·¨§Ê¥-
³μ£μ ¢±² ¤ , ¶μ²ÊÎ ¥³μ° ¢ ¶μ¤Ìμ¤¥ ²μ± ²Ó´μ° ¤Ê ²Ó´μ¸É¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μ¸É·μ¥´´ÒÌ
ÔËË¥±É¨¢´ÒÌ ¶μ·μ£μ¢ ±μ´É¨´ÊÊ³ . ‘ ¥¥ ¶μ³μÐÓÕ ³Ò ¶μ¸É·μ¨²¨ ¢Ò· ¦¥´¨¥ ¤²Ö ”” ¶¨-
μ´  ¢ O(α2

s)-¶·¨¡²¨¦¥´¨¨ ¢ · §¢¨Éμ³ ´ ³¨ ¶μ¤Ìμ¤¥ „�’‚.

�² £μ¤ ·´μ¸É¨. �É  · ¡μÉ  ¡Ò²  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ £· ´Éμ¢
�””ˆ º 08-01-00686 ¨ 09-02-01149, ¶·μ£· ³³Ò ¸μÉ·Ê¤´¨Î¥¸É¢  ��””ˆÄ�ˆŸˆ (±μ´-
É· ±É º F10D-001), £· ´É  2010 £. ¶·μ£· ³³Ò ®ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê¯.

�·¨²μ¦¥´¨¥ 1

����Œ…’�ˆ‡�–ˆŸ �…‹�Š�‹œ�›• ‚�Š““Œ�›• Š��„…�‘�’�‚

Š ± ¶·¨´ÖÉμ ¢ ¶μ¤Ìμ¤¥ �‘ Š•„, ³Ò ¨¸¶μ²Ó§Ê¥³ ± ²¨¡·μ¢±Ê ”μ± Ä˜¢¨´£¥· 
xμAμ(x) = 0. �μ ÔÉμ° ¶·¨Î¨´¥ ¢¸¥ ¸É·Ê´´Ò¥ ¢¸É ¢±¨

C(x, 0) ≡ P exp

⎡⎣−igs

x∫
0

taAa
μ(y) dyμ

⎤⎦ = 1,

´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ´¥²μ± ²Ó´ÒÌ μ¡Ñ¥±Éμ¢,
μ¡· Ð ÕÉ¸Ö ¢ ¥¤¨´¨ÍÊ ¶·¨ ¢Ò¡μ·¥ ±μ´ÉÊ·  ¨´É¥£·¨·μ¢ ´¨Ö ¢ ¢¨¤¥ ¶·Ö³μ° ²¨´¨¨, ¸μ¥¤¨-
´ÖÕÐ¥° ÉμÎ±¨ 0 ¨ x.

Œ¨´¨³ ²Ó´ Ö £ Ê¸¸μ¢  ³μ¤¥²Ó ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„ μÉ¢¥Î ¥É ¸²¥¤ÊÕÐ¥³Ê
 ´§ ÍÊ:

fi (α, β, γ) = δ (α − Λ) δ (β − Λ) δ (γ − Λ) (�1.1)
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¸ ¶ · ³¥É·μ³ Λ = λ2
q/2. Š ± ¡Ò²μ ¶μ± § ´μ ¢ ´ Ï¨Ì · ¡μÉ Ì [18, 48], ¢ ÔÉμ° ³μ¤¥²¨

´ ·ÊÏ¥´Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Š•„ ¨ ¤¢ÊÌÉμÎ¥Î´Ò° ±μ··¥²ÖÉμ· ¢¥±Éμ·´ÒÌ Éμ±μ¢ ¨³¥¥É
¶·μ¤μ²Ó´ÊÕ ¸μ¸É ¢²ÖÕÐÊÕ. „²Ö Éμ£μ ÎÉμ¡Ò ¢Ò¶μ²´¨ÉÓ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Š•„, ¸¢Ö§Ò-
¢ ÕÐ¥¥ ¢¥±Éμ·´Ò¥ ¡¨²μ± ²Ó´Ò° (12¡) ¨ ±¢ ·±-£²Õμ´- ´É¨±¢ ·±μ¢Ò¥ ±μ´¤¥´¸ ÉÒ (13 ), ¨
¢ Éμ ¦¥ ¢·¥³Ö ³¨´¨³¨§¨·μ¢ ÉÓ ´¥¶μ¶¥·¥Î´μ¸ÉÓ V V -±μ··¥²ÖÉμ· , ´ ³¨ ¡Ò²  ¶·¥¤²μ¦¥´ 
Ê²ÊÎÏ¥´´ Ö £ Ê¸¸μ¢  ³μ¤¥²Ó ¢ ±ÊÊ³  Š•„ [18]:

f imp
i (α, β, γ) = (1 + Xi∂x + Yi∂y + Yi∂z)δ(α − xΛ)δ(β − yΛ)δ(γ − zΛ), (�1.2 )

£¤¥ z = y, Λ = (1/2)λ2
q ¨

X1 = +0,082; X2 = −1,298; X3 = +1,775; x = 0,788, (�1.2¡)

Y1 = −2,243; Y2 = −0,239; Y3 = −3,166; y = 0,212. (�1.2¢)

‡  ¸Î¥É Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Š•„ ÔÉ¨ ¶ · ³¥É·Ò Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ Ê¸²μ¢¨Ö³:

12(X2 + Y2) − 9(X1 + Y1) = 1, x + y = 1. (�1.3)

�¥²μ± ²Ó´Ò¥ ¢ ±ÊÊ³´Ò¥ ±μ´¤¥´¸ ÉÒ 4-±¢ ·±μ¢ÒÌ μ¶¥· Éμ·μ¢, ± ± μ¡ÒÎ´μ, ¸¢¥¤¥´Ò ±
¶·μ¨§¢¥¤¥´¨Ö³ ¤¢ÊÌ ¸± ²Ö·´ÒÌ ±¢ ·±μ¢ÒÌ ±μ´¤¥´¸ Éμ¢ (12 ) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £¨¶μÉ¥§Ò
¢ ±ÊÊ³´μ° ¤μ³¨´ ´É´μ¸É¨ [20].

�·¨²μ¦¥´¨¥ 2

—ˆ‘‹…��›… ����Œ…’�› „‹Ÿ ���‚ˆ‹ ‘“ŒŒ Š•„

�·¨¢¥¤¥³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢ ±ÊÊ³´ÒÌ ±μ´¤¥´¸ Éμ¢: λ2
q = 0,4 ƒÔ‚2, 〈αsGG〉/π =

0,012 ƒÔ‚4 ¨ αs 〈q̄q〉2 = 1,83 · 10−4 ƒÔ‚6. �¥²μ± ²Ó´Ò° £²Õμ´´Ò° ±μ´¤¥´¸ É Φ〈GG〉(M2)
¶·¨¢μ¤¨É ± μÎ¥´Ó ¸²μ¦´μ³Ê ¢Ò· ¦¥´¨Õ, ±μÉμ·μ¥ ¶μ  ´ ²μ£¨¨ ¸ ±¢ ·±μ¢Ò³ ¸²ÊÎ ¥³
³μ¤¥²¨·Ê¥É¸Ö Ô±¸¶μ´¥´Í¨ ²Ó´Ò³ Ë ±Éμ·μ³ [27,49]:

Φ〈GG〉(M2) = Φloc
〈GG〉(M

2) e−λ2
gQ2/M4

¸ λ2
g = 0,4 ƒÔ‚2.

„²Ö μ¶·¥¤¥²¥´¨Ö ´ ¨²ÊÎÏ¥£μ ¶μ·μ£  ±μ´É¨´ÊÊ³  s0 ³Ò ¤²Ö ± ¦¤μ£μ §´ Î¥´¨Ö Q2 ¨
s0 ¢¢μ¤¨³ χ2-ËÊ´±Í¨Õ:

χ2(Q2, s0) =
ε−2

NM

⎡⎢⎢⎢⎣
NM∑
i=0

Q4 F (Q2, M2
i , s0)2 −

(
NM∑
i=0

Q2 F (Q2, M2
i , s0)

)2

NM + 1

⎤⎥⎥⎥⎦ , (�2.1)

£¤¥ M2
i = M2

− + i ΔM , ΔM = (M2
+ − M2

−)/NM , NM = 20 ¨ ε μ¡μ§´ Î ¥É ¦¥² ¥³ÊÕ
ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ”” F (Q2, M2

i , S) ¶·¨ χ2 � 1 (¢ ´ Ï¨Ì · ¸Î¥É Ì ¡· ²μ¸Ó §´ Î¥´¨¥
ε = 0,07 ƒÔ‚2).
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