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A. ‚. ŠμÉ¨±μ¢

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

„ ´ μ¡§μ· ´¥±μÉμ·ÒÌ Ì · ±É¥·´ÒÌ Î¥·É ¶·μÍ¥¸¸  £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. ‚ Î ¸É´μ-
¸É¨, ¶μ¤·μ¡´μ μ¶¨¸ ´  Q2-§ ¢¨¸¨³μ¸ÉÓ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°, μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥-
´¨° ¶¥·¥³¥´´μ° 	Ó¥·±¥´  x. �·μ¤¥³μ´¸É·¨·μ¢ ´  É ±¦¥ É¥Ì´¨±  ¢ÒÎ¨¸²¥´¨Ö ±μÔËË¨Í¨¥´É´ÒÌ
ËÊ´±Í¨° ¢¨²Ó¸μ´μ¢¸±μ£μ · §²μ¦¥´¨Ö. �μ± § ´  ¢ ¦´μ¸ÉÓ ¶¥·¥Ìμ¤  ± ¸Ì¥³´μ-¨´¢ ·¨ ´É´μ° É¥μ-
·¨¨ ¢μ§³ÊÐ¥´¨° ¢ ±¨´¥³ É¨Î¥¸±¨Ì μ¡² ¸ÉÖÌ, £¤¥ ´¥¢¥¤ÊÐ Ö ¶μ¶· ¢±  ± ´ ¡²Õ¤ ¥³Ò³ ¶μ²ÊÎ ¥É
¡μ²ÓÏ¨¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö.

A review of some speciˇc properties of the deep inelastic scattering process is given. The Q2-
dependence of structure functions is considered in detail. The technique for calcucation of coefˇcient
functions of the Wilson expansion is presented. The importance of the scheme-invariant perturbation
theory is demonstrated for the kinematic ranges, where nonleading corrections to observables have
large numerical values.

PACS: 12.38.-t, 12.38.Bx, 12.38.Cy, 13.60.Hb

‚‚…„…�ˆ…

� ¸¸³ É·¨¢ ¥³Ò° ¢ μ¡§μ·¥ ¶·μÍ¥¸¸ £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö (ƒ��)
²¥¶Éμ´μ¢ ´   ¤·μ´ Ì (³Ò μ£· ´¨Î¨³¸Ö ¤ ²¥¥ ´Ê±²μ´ ³¨) Ö¢²Ö¥É¸Ö Ê´¨± ²Ó-
´Ò³ ¨§-§  ´¥¸±μ²Ó±¨Ì ¸¢μ¨Ì Ì · ±É¥·´ÒÌ Î¥·É. �·¥¦¤¥ ¢¸¥£μ, ¨§-§  ¢μ§-
³μ¦´μ¸É¨ ¨§ÊÎ ÉÓ ¸É·Ê±ÉÊ·Ê ´Ê±²μ´  Éμ²Ó±μ ¶μ μÉ´μ¸¨É¥²Ó´Ò³ Ì · ±É¥·¨-
¸É¨± ³ ´ ²¥É ÕÐ¥£μ ¨ · ¸¸¥Ö´´μ£μ ²¥¶Éμ´μ¢, ÎÉμ ¶μ§¢μ²Ö¥É μ¶Ê¸É¨ÉÓ ¶·μ-
¡²¥³Ê  ¤·μ´¨§ Í¨¨ μ¡· §ÊÕÐ¨Ì¸Ö ¢ ¶·μÍ¥¸¸¥ ¶ ·Éμ´μ¢: ±¢ ·±μ¢ ¨ £²Õμ´μ¢.
�μ¸±μ²Ó±Ê ¶·μÍ¥¸¸  ¤·μ´¨§ Í¨¨ § ¢¨¸¨É ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ μÉ ´¥¶¥·ÉÊ·-
¡ É¨¢´μ° ¤¨´ ³¨±¨ ±¢ ·±μ¢ ¨ £²Õμ´μ¢ ¢ ´Ê±²μ´¥, ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÎ¥É  ¥£μ
± ± ¸μ¸É ¢´μ° Î ¸É¨ ¢¸¥£¤  ¸¨²Ó´μ Ê³¥´ÓÏ ¥É ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ²Õ¡μ£μ
¶·μÍ¥¸¸ .

‚Éμ·μ¥ ¢ ¦´μ¥ ¸¢μ°¸É¢μ ƒ�� Å ³ ²μ¸ÉÓ ±μ´¸É ´ÉÒ ¸¢Ö§¨ Ô²¥±É·μ¸² -
¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ÎÉμ ¶μ§¢μ²Ö¥É ¶·¨ É¥μ·¥É¨Î¥¸±μ³  ´ ²¨§¥ μ£· ´¨Î¨ÉÓ¸Ö
Éμ²Ó±μ μ¤´μ¡μ§μ´´Ò³ (μ¤´μËμÉμ´´Ò³ ¨²¨ μ¤´μ-(W, Z)-¡μ§μ´´Ò³) μ¡³¥´μ³



6 Š�’ˆŠ�‚ A.‚.

³¥¦¤Ê ²¥¶Éμ´μ³ ¨ ´Ê±²μ´μ³, É. ¥. ¢¥¤ÊÐ¨³ Î²¥´μ³ · §²μ¦¥´¨Ö∗ ¶μ Ô²¥±-
É·μ¸² ¡μ° ±μ´¸É ´É¥ ¸¢Ö§¨ αew. ‘¥Î¥´¨¥ μ¤´μËμÉμ´´μ£μ (¨²¨ μ¤´μ-(W, Z)-
¡μ§μ´´μ£μ) μ¡³¥´  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¸μ£² ¸´μ μ¶É¨Î¥¸±μ° É¥μ·¥³e
± ± ³´¨³ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢¨·ÉÊ ²Ó´μ£μ ËμÉμ´  ´  ´Ê±²μ´¥, ÎÉμ
¶μ§¢μ²Ö¥É ¶·¨³¥´¨ÉÓ ± ¶·μÍ¥¸¸Ê ƒ�� ¢¨²Ó¸μ´μ¢¸±μ¥ μ¶¥· Éμ·´μ¥ · §²μ¦¥-
´¨¥ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ ¨ · §¤¥²¨ÉÓ ÔÉμÉ ¶·μÍ¥¸¸ ´  Î ¸É¨, μÉ¢¥É¸É¢¥´´Ò¥
§  ¡μ²ÓÏ¨¥ ¨ ³ ²Ò¥ · ¸¸ÉμÖ´¨Ö. — ¸ÉÓ, μÉ¢¥É¸É¢¥´´ÊÕ §  ³ ²Ò¥ · ¸¸ÉμÖ-
´¨Ö,   É ±¦¥ Ô¢μ²ÕÍ¨Ö ¢Éμ·μ° Î ¸É¨ (¸¢Ö§ ´´μ° ¸ ¡μ²ÓÏ¨³¨ · ¸¸ÉμÖ´¨Ö³¨)
¶·¨ ¨§³¥´¥´¨¨ ¢¨·ÉÊ ²Ó´μ¸É¨ μ¡³¥´´μ° Î ¸É¨ÍÒ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ ¶¥·-
ÉÊ·¡ É¨¢´μ° ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„). ’ ±¨³ μ¡· §μ³, Éμ²Ó±μ ´μ·-
³¨·μ¢±   ¤·μ´´μ° Î ¸É¨ ¶·μÍ¥¸¸  ƒ�� (É. ¥. §´ Î¥´¨¥ Î ¸É¨, ¸¢Ö§ ´´μ° ¸
¡μ²ÓÏ¨³¨ · ¸¸ÉμÖ´¨Ö³¨, ¶·¨ μ¤´μ° Ë¨±¸¨·μ¢ ´´μ° ¢¨·ÉÊ ²Ó´μ¸É¨) Ö¢²Ö¥É¸Ö
´¥¢ÒÎ¨¸²Ö¥³μ° ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¨ ¤μ²¦´  ¡ÒÉÓ μ¶·¥¤¥²¥´  ¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ƒ��.

‚ÒÎ¨¸²¥´¨Ö Ë¥°´³ ´μ¢¸±¨Ì ¤¨ £· ³³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · ¸¸¥Ö´¨Õ ¢¨·-
ÉÊ ²Ó´μ£μ ËμÉμ´  ´  ´Ê±²μ´¥, Ö¢²ÖÕÉ¸Ö ¢¥¸Ó³  É·Ê¤μ¥³±¨³¨, ÎÉμ ¶·¨¢¥²μ ±
· §¢¨É¨Õ ´μ¢ÒÌ ³¥Éμ¤μ¢, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ · ¡μÉ Ì [2Ä4]. ‚ ´ -
¸ÉμÖÐ¥³ μ¡§μ·¥ ³¥Éμ¤Ò ¢ÒÎ¨¸²¥´¨Ö Ë¥°´³ ´μ¢¸±¨Ì ¨´É¥£· ²μ¢ · ¸¸³ É·¨-
¢ ÉÓ¸Ö ´¥ ¡Ê¤ÊÉ ¨§-§  μ£· ´¨Î¥´´μ¸É¨ μ¡Ñ¥³ . ˆÌ · ¸¸³μÉ·¥´¨Õ ¶μ¸¢ÖÐ¥´o
´¥¸±μ²Ó±μ μ¡§μ·μ¢ (¸³., ´ ¶·¨³¥·, [5] ¨ ¸¸Ò²±¨ ¢ ´¥³).

�μ²ÊÎ¥´¨¥ ¨´Ëμ·³ Í¨¨ ´  μ¸´μ¢¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°
(’‚) Å ¶·μÍ¥¸¸ É·Ê¤μ¥³±¨°. �¤´ ±μ ÔÉμ ´¥ ¥¤¨´¸É¢¥´´ Ö ¶·μ¡²¥³  ¢ · ³± Ì
¶¥·ÉÊ·¡ É¨¢´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. „·Ê£ Ö ¢ ¦´ Ö ¶·μ¡²¥³  ¢μ§´¨± ¥É
¶·¨ ¸· ¢´¥´¨¨ ¶·¥¤¸± § ´¨° É¥μ·¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. Š ±
¶· ¢¨²μ, ¤²Ö ¶·μ¢¥·±¨ É¥μ·¨¨ (¨/¨²¨ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ± ±¨Ì-
²¨¡μ ¥¥ ´¥¢ÒÎ¨¸²Ö¥³ÒÌ ¶ · ³¥É· Ì) ¨¸¶μ²Ó§ÊÕÉ ´¥±μÉμ·Ò¥ Ë¨§¨Î¥¸±¨¥ ¢¥-
²¨Î¨´Ò (É. ¥. ´ ¡²Õ¤ ¥³Ò¥), ±μÉμ·Ò¥, ¸ μ¤´μ° ¸Éμ·μ´Ò, ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò
¨§ Ô±¸¶¥·¨³¥´É ,   ¸ ¤·Ê£μ° Å ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ·Ö¤  ’‚ ¸ ¨§¢¥¸É´Ò³¨
±μÔËË¨Í¨¥´É ³¨ (μ¡ÒÎ´μ ³μ£ÊÉ ¡ÒÉÓ · ¸¸Î¨É ´Ò ´¥¸±μ²Ó±μ ¶¥·¢ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢). �·¨ É ±μ³ ¸· ¢´¥´¨¨ μ¸´μ¢´ Ö É·Ê¤´μ¸ÉÓ ¢μ§´¨± ¥É ¨§-§  § ¢¨¸¨-
³μ¸É¨ ÔÉ¨Ì ±μÔËË¨Í¨¥´Éμ¢ (  É ±¦¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨) μÉ ¸Ì¥³Ò Ê¸É· ´¥´¨Ö
¡¥¸±μ´¥Î´μ¸É¥°, ±μÉμ·Ò¥ ¶·¨¸ÊÐ¨ Ë¥°´³ ´μ¢¸±¨³ ¨´É¥£· ² ³. �É  ¶·μ¡²¥³ 
¸É ´μ¢¨É¸Ö μ¸μ¡¥´´μ  ±ÉÊ ²Ó´μ° ¢ ¶·¨²μ¦¥´¨ÖÌ Š•„ ¨ ¤·Ê£¨Ì ³μ¤¥²¥°, £¤¥
±μ´¸É ´É  ¸¢Ö§¨ ¨/¨²¨ ±μÔËË¨Í¨¥´ÉÒ · §²μ¦¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¶μ ±μ´¸É ´É¥
¸¢Ö§¨ ´¥ Ö¢²ÖÕÉ¸Ö ¤μ¸É ÉμÎ´μ ³ ²Ò³¨ ¢ Ë¨§¨Î¥¸±¨ ¨´É¥·¥¸´μ° ±¨´¥³ É¨Î¥-
¸±μ° μ¡² ¸É¨ (´ ¶·¨³¥·, ¶·¨ §´ Î¥´¨ÖÌ ¶¥·¥³¥´´μ° 	Ó¥·±¥´  x ∼ 0 ¨ x ∼ 1
¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° (‘”) ƒ�� (¸³., ´ ¶·¨³¥·, [6])). ‘²¥¤μ¢ É¥²Ó´μ,

∗Šμ··¥±Í¨¨ §  ¸Î¥É ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤±  ¢ · §²μ¦¥´¨¨ ¶μ Ô²¥±É·μ¸² ¡μ° ±μ´¸É ´É¥ ¸¢Ö§¨
αew ¨´μ£¤  ¸É ´μ¢ÖÉ¸Ö ¢ ¦´Ò³¨. �´¨ ¶μ¸Î¨É ´Ò ¢ [1] ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶·¨ ¢Ò¤¥²¥´¨¨  ¤·μ´´μ°
Î ¸É¨ ¸¥Î¥´¨Ö ƒ��.
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¤²Ö μ¸ÊÐ¥¸É¢²¥´¨Ö ± ±μ£μ-²¨¡μ μ¸³Ò¸²¥´´μ£μ ¸· ¢´¥´¨Ö ¶·¥¤¸± § ´¨° Š•„
¸ Ô±¸¶¥·¨³¥´Éμ³ ´¥μ¡Ìμ¤¨³μ ± ±-Éμ ·¥Ï¨ÉÓ ¶·μ¡²¥³Ê ¸Ì¥³´μ£μ ¶·μ¨§¢μ² .
�´ ²¨§ ¸¨ÉÊ Í¨¨, ¸¢Ö§ ´´μ° ¸ ÔÉμ° ¶·μ¡²¥³μ°,   É ±¦¥ ¶·¨²μ¦¥´¨Ö ± ¶·μ-
Í¥¸¸Ê ƒ�� ¤ ´Ò ¢ · §¤. 3Ä5.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° μ¡§μ·´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö:
• ¤¥³μ´¸É· Í¨Ö ¢ÒÎ¨¸²¥´¨Ö αs-¶μ¶· ¢±¨ ± ±μÔËË¨Í¨¥´É´μ° ËÊ´±Í¨¨

¢¥¤ÊÐ¥£μ É¢¨¸É  · §²μ¦¥´¨Ö ‚¨²Ó¸μ´  ¤²Ö ¶·μ¤μ²Ó´μ° ‘” ƒ��,
•  ´ ²¨§ ´¥μ¤´μ§´ Î´μ¸É¥°, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ § ¢¨¸¨³μ¸ÉÓÕ μÉ ¸Ì¥³Ò ¢Ò-

Î¨É ´¨° ¡¥¸±μ´¥Î´μ¸É¥° Ë¥°´³ ´μ¢¸±¨Ì ¨´É¥£· ²μ¢,   É ±¦¥ ¨§ÊÎ¥´¨¥ ¨Ì
¢²¨Ö´¨Ö ´  ¨´É¥·¶·¥É Í¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ƒ��,

• ¨§ÊÎ¥´¨¥ ¸¢μ°¸É¢ ‘” ƒ�� ¢ ¤¢ÊÌ ¢ ¦´ÒÌ μ¡² ¸ÉÖÌ ¶¥·¥³¥´´μ° 	Ó¥·±¥´ 
x: x ∼ 0 ¨ x ∼ 1.

�¸´μ¢´μ¥ ¸μ¤¥·¦ ´¨¥ · ¡μÉÒ ¶·¥¤¸É ¢²¥´μ ¢ ¶ÖÉ¨ · §¤¥² Ì. ‚μ ¢¢¥¤¥´¨¨
μ¡μ§´ Î¥´  Í¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ. ‚ · §¤. 1 ¢¢¥¤¥´Ò μ¡Ð¨¥ ¶μ²μ¦¥´¨Ö ¶·μ-
Í¥¸¸  ƒ��. � ¸¸³μÉ·¥´Ò ‘” ƒ�� ¨ ¶ ·Éμ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö (��). ‚¢¥¤¥´Ò
¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ¢¨²Ó¸μ´μ¢¸±μ£μ · §²μ¦¥´¨Ö ¨
 ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° μ¶¥· Éμ·μ¢ ‚¨²Ó¸μ´ . � §¤. 2 ¶μ¸¢ÖÐ¥´ ¢ÒÎ¨¸²¥-
´¨Õ αs-¶μ¶· ¢±¨ ± ¶·μ¤μ²Ó´μ° ‘”. ‚ · §¤. 3 ¶·μ¢¥¤¥´ ¸Ì¥³´μ-¨´¢ ·¨ ´É´Ò°
 ´ ²¨§ ‘” ¨ μÉ´μÏ¥´¨Ö R = σL/σT ¢ ¶·μÍ¥¸¸¥ ƒ�� ¨ ¶μ± § ´μ ¥£μ §´ Î¥´¨¥
¢ μ¡² ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢, ¶·μ¢μ¤¨³ÒÌ ´  Ê¸±μ·¨É¥²¥ �…RA. ‚ · §¤. 4 ¨¸¸²¥-
¤μ¢ ´  μ¡² ¸ÉÓ ³ ²ÒÌ §´ Î¥´¨° ¶¥·¥³¥´´μ° 	Ó¥·±¥´  x. �  μ¸´μ¢¥ ³¥Éμ¤ 
¸¢¥¤¥´¨Ö ±μ´¢μ²ÕÍ¨¨ Œ¥²²¨´  ± ¶·μ¸Éμ³Ê ¶·μ¨§¢¥¤¥´¨Õ, · ¸¸³μÉ·¥´´μ£μ
¢ ¶·¨²μ¦¥´¨¨, ¨§ÊÎ¥´Ò Q2-§ ¢¨¸¨³μ¸É¨ �� ¨ ¸¢Ö§¨ ³¥¦¤Ê ‘” ƒ��. � §¤. 5
¸μ¤¥·¦¨É ¶ · ³¥É·¨§ Í¨¨ ‘” ¨ ¨Ì μÉ´μÏ¥´¨°, ¸μ¢³¥¸É¨³Ò¥ ¸ ¶·¥¤¸± § ´¨-
Ö³¨ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¢μ ¢¸¥° μ¡² ¸É¨ ¶¥·¥³¥´´μ° x. ˆ¸¸²¥¤μ¢ ´Ò Q2-
§ ¢¨¸¨³μ¸ÉÓ  ¸¨³³¥É·¨¨ A1(x, Q2) ¨ ¥¥ ¢²¨Ö´¨¥ ´  ¢¥²¨Î¨´Ê ¶· ¢¨²  ¸Ê³³
	Ó¥·±¥´ . ‚ § ±²ÕÎ¥´¨¨ ¶¥·¥Î¨¸²¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, · ¸¸³μÉ·¥´´Ò¥
¢ μ¡§μ·¥.

1. ���–…‘‘ ƒ‹“��Š��…“��“ƒ�ƒ� ��‘‘…Ÿ�ˆŸ

1.1. �¡Ð¨¥ ¶μ²μ¦¥´¨Ö. 1. ‘¥Î¥´¨¥ ¶·μÍ¥¸¸  ƒ�� ²¥¶Éμ´μ¢ ´  ´Ê±²μ´ Ì
l + N → l′ + X ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥∗

dσ ∼ LμνWμν . (1)

‡¤¥¸Ó ²¥¶Éμ´´ Ö Î ¸ÉÓ § ¤ ¥É¸Ö (¸³., ´ ¶·¨³¥·, [7, 8]) É¥´§μ·μ³ Lμν , ¢ÒÎ¨-
¸²Ö¥³Ò³ ÉμÎ´μ ¤²Ö ÉμÎ¥Î´μ° ¢¥·Ï¨´Ò γll′. �¤·μ´´ Ö Î ¸ÉÓ ¸¥Î¥´¨Ö μ¶¨-
¸Ò¢a¥É¸Ö ¡¥§· §³¥·´Ò³ É¥´§μ·μ³ Wμν , ±μÉμ·Ò° ¸μ£² ¸´μ μ¡Ð¨³ ¶·¨´Í¨¶ ³

∗Š ± μ¡ÒÎ´μ, §  ¨¸±²ÕÎ¥´¨¥³ ¸¶¥Í¨ ²Ó´μ μÉ³¥Î¥´´ÒÌ ³¥¸É, ¶μ ¶μ¢Éμ·ÖÕÐ¨³¸Ö ¨´¤¥±¸ ³
¶·¥¤¶μ² £ ¥É¸Ö ¸Ê³³¨·μ¢ ´¨¥.
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¨´¢ ·¨ ´É´μ¸É¨ · ¸±² ¤Ò¢ ¥É¸Ö ´  É ± ´ §Ò¢ ¥³Ò¥ ‘” ƒ�� Fk (k = 1, 2, 3)
¸²¥¤ÊÕÐ¨³ μ¡· §μ³∗:

Wμν =
1
4π

∫
d4z eiqz〈p|J+

μ (z)Jν(0)|p〉 =
(
−gμν +

qμqν

q2

)
2xF1(x, Q2)−

−
(

pμ +
(pq)
q2

qμ

)(
pν +

(pq)
q2

qν

)
2x

q2
F2(x, Q2)+

+ iεμναβpαpβ x

q2
F3(x, Q2) + . . . , (2)

£¤¥ ¸¨³¢μ²μ³ ®. . .¯ μ¡μ§´ Î¥´Ò Î²¥´Ò, § ¢¨¸ÖÐ¨¥ μÉ ¸¶¨´  ´Ê±²μ´ . ˆ³-
¶Ê²Ó¸Ò ËμÉμ´  ¨  ¤·μ´  μ¡μ§´ Î¥´Ò ¸¨³¢μ² ³¨ qμ ¨ pμ ¸μμÉ¢¥É¸É¢¥´´μ. ‚¢¥-
¤¥´Ò É ±¦¥ ¸É ´¤ ·É´Ò¥ ¤²Ö ƒ�� μ¡μ§´ Î¥´¨Ö: Q2 = −q2 > 0 ¨ x = Q2/(2pq)
¤²Ö ±¢ ¤· É  ¢¨·ÉÊ ²Ó´μ¸É¨ ËμÉμ´ , É. ¥. ¥£μ ®³ ¸¸Ò¯, ¨ ¤²Ö Î ¸É¨ x ¨³¶Ê²Ó¸ 
 ¤·μ´ , ¶¥·¥´μ¸¨³μ£μ ¶ ·Éμ´μ³, ¸μÊ¤ ·ÖÕÐ¨³¸Ö ¸ ËμÉμ´μ³.

‘” g1, μ¶¨¸Ò¢ ÕÐ Ö ¸¶¨´  ¤·μ´ ,   É ±¦¥ ËÊ´±Í¨Ö F3, ±μÉμ· Ö ¢´μ¸¨É
¢±² ¤ ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´  ´Ê±²μ´¥, ¡Ê¤ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö Éμ²Ó±μ ¢
· §¤. 5. ‚¸¥ ¨´É¥·¥¸ÊÕÐ¨¥ ´ ¸ Ô²¥³¥´ÉÒ  ´ ²¨§  ¶μ¤μ¡´Ò ¤²Ö ‘” F2, F3 ¨
g1, ¶μÔÉμ³Ê ¢ ´ Ï¥³ · ¸¸³μÉ·¥´¨¨ ¤μ ¶. 5.4 ³Ò μ£· ´¨Î¨³¸Ö ¨¸¸²¥¤μ¢ ´¨¥³
Éμ²Ó±μ ‘” F2 ¨ F1. 	μ²¥¥ Éμ£μ, ¢³¥¸Éμ ‘” F1 ¢¢¥¤¥³ ´μ¢ÊÕ ËÊ´±Í¨Õ FL

¨/¨²¨ μÉ´μÏ¥´¨¥ R, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨

FL(x, Q2) = F2(x, Q2) − 2xF1(x, Q2), R(x, Q2) =
FL(x, Q2)

2xF1(x, Q2)
. (3)

‡ ³¥É¨³, ÎÉμ ¢¥²¨Î¨´  R ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  É ±¦¥ ± ± μÉ´μÏ¥´¨¥
¸¥Î¥´¨° ¶·μ¤μ²Ó´μ- ¨ ¶μ¶¥·¥Î´μ-¶μ²Ö·¨§μ¢ ´´ÒÌ ËμÉμ´μ¢ ´   ¤·μ´¥:

R(x, Q2) = σL/σT . (4)

Š ± Ê¦¥ ¡Ò²μ μÉ³¥Î¥´μ ¢μ ¢¢¥¤¥´¨¨, É¥´§μ· Wμν ¸¢Ö§ ´ ¶μ μ¶É¨Î¥¸±μ°
É¥μ·¥³¥ ¸  ³¶²¨ÉÊ¤μ° Tμν Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ËμÉμ´  ´   ¤·μ´¥:

Tμν =
1
4π

∫
d4z eiqz〈p|T

(
J+

μ (z)Jν(0)
)
|p〉 =

(
gμν − qμqν

q2

)
TL(x, Q2)−

−
(

gμν +
2x(pμqν + pνqμ)

q2
+ pμpν

4x2

q2

)
T2(x, Q2). (5)

∗‘É·μ£μ £μ¢μ·Ö, ¤ ´´μ¥ ´¨¦¥ · §²μ¦¥´¨¥ ¸μ¤¥·¦¨É ´¥ ¢¸¥ ¢μ§³μ¦´Ò¥ ±μ³¡¨´ Í¨¨ ´¥§ -
¢¨¸¨³ÒÌ É¥´§μ·´ÒÌ ¸É·Ê±ÉÊ·. �¤´ ±μ ¸É·Ê±ÉÊ·Ò, μÉ²¨Î´Ò¥ μÉ · ¸¸³μÉ·¥´´ÒÌ, § ´Ê²ÖÕÉ¸Ö ¶·¨
¸¢¥·É±¥ ¸ ²¥¶Éμ´´Ò³ É¥´§μ·μ³ Lμν .
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� §²μ¦¨³ ¨´¢ ·¨ ´É´Ò¥  ³¶²¨ÉÊ¤Ò TL ¨ T2 ¶μ μ¡· É´Ò³ ¸É¥¶¥´Ö³ x
(§¤¥¸Ó ¨ ¤ ²¥¥ k ¶·μ¡¥£ ¥É §´ Î¥´¨Ö 2 ¨ L):

Tk =
∞∑

n=0

(
1
x

)n

Tk,n. (6)

ŠμÔËË¨Í¨¥´ÉÒ Tk,n ¸μ¢¶ ¤ ÕÉ (¤²Ö Î¥É´ÒÌ n) ¸ ³μ³¥´É ³¨ Mk,n ‘” Fk:

Tk,n = Mk,n ≡
1∫

0

dxxn−2Fk(x, Q2) (n = 2m). (7)

„ ²¥¥ ¢¥§¤¥ ¢ ÔÉμ³ · §¤¥²¥ n ¡Ê¤ÊÉ ¶·¨´¨³ ÉÓ Î¥É´Ò¥ §´ Î¥´¨Ö.
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·μ¨§¢¥¤¥´¨¥ Éμ±μ¢ ¢ Ê· ¢´¥´¨¨ (5) ³μ¦´μ ¢Ò· §¨ÉÓ

Î¥·¥§ ´ ¡μ· ²μ± ²Ó´ÒÌ μ¶¥· Éμ·μ¢ Oj
μ1,...,μn

¸ ±μÔËË¨Í¨¥´É´Ò³¨ ËÊ´±Í¨Ö³¨
Cj

n(z)∗:

T
(
J+

μ (z)Jν(0)
)

=
∑
n,j

Cj
n(z)Oj

μ1,...,μn
. (8)

‘²¥¤μ¢ É¥²Ó´μ, ³μ³¥´ÉÒ ‘” ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò ¶·μ¨§¢¥¤¥´¨° ±μ-
ÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° Cj

k,n(Q2/μ2) ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢

〈N |Oj
μ1,...,μn

|N〉 = pμ1 · · · pμnAj
n(μ2):

Mk,n(Q2) =
∑

j

Cj
k,n(Q2/μ2)Aj

n(μ2). (9)

2. ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Ê¤μ¢²¥É¢μ·ÖÕÉ ·¥´μ·³-£·Ê¶¶μ¢Ò³ Ê· ¢´¥-
´¨Ö³: (

μ
∂

∂μ
+ β

∂

∂g
− γn

NS

)
CMS

k,n (Q2/μ2, g) = 0,

∑
b

([
μ

∂

∂μ
+ β

∂

∂g

]
δa
b − γn

ba

)
Cj

k,n(Q2/μ2, g) = 0 (b = S, G),
(10)

£¤¥ δa
b Å ¸¨³¢μ² Š·μ´¥±¥· ; γn

NS Å  ´μ³ ²Ó´ Ö · §³¥·´μ¸ÉÓ μ¶¥· Éμ· 
ONS

μ1,...,μn
,   γn

ba Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° μ¶¥· Éμ·-

´μ£μ ¢¥±Éμ·  Oμ1,...,μn =
(
OS

μ1,...,μn
, OG

μ1,...,μn

)
¢ ±¢ ·±μ¢ÒÌ ¨ £²Õμ´´ÒÌ μ¡-

±² ¤± Ì.

∗‡¤¥¸Ó ¨ ¤ ²¥¥, ±·μ³¥ ¸¶¥Í¨ ²Ó´μ μÉ³¥Î¥´´ÒÌ ³¥¸É, ¨´¤¥±¸ j (¨´¤¥±¸ a) ¶·μ¡¥£ ¥É §´ Î¥´¨Ö
NS, S ¨ G (S ¨ G), ±μÉμ·Ò³¨ μ¡μ§´ Î¥´Ò ´¥¸¨´£²¥É´ Ö ¨ ¸¨´£²¥É´ Ö ±¢ ·±μ¢Ò¥,   É ±¦¥
£²Õμ´´ Ö ±μ³¶μ´¥´ÉÒ ¸μμÉ¢¥É¸É¢¥´´μ.
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�¥Ï Ö Ê· ¢´¥´¨Ö (10), ¶μ²ÊÎ ¥³ ¤²Ö ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ¸²¥¤ÊÕ-
Ð¨¥ ¢Ò· ¦¥´¨Ö:

CNS
k,n (Q2/μ2, as) = CNS

k,n (1, as(Q2)) exp

⎛⎜⎝−
as(Q2)∫

as(μ2)

db
γn

NS(b)
2β(b)

⎞⎟⎠,

Ck,n(Q2/μ2, as) =

⎡⎢⎣T exp

⎛⎜⎝ as(μ2)∫
as(Q2)

db
γ̂n(b)
2β(b)

⎞⎟⎠
⎤⎥⎦Ck,n(1, as(Q2)), (11)

£¤¥ as(Q2) = g2(Q2)/(4π)2 ≡ αs(Q2)/(4π), as = as(μ2) ¨

T exp

⎛⎜⎝ as(μ2)∫
as(Q2)

db
γ̂n(b)
2β(b)

⎞⎟⎠ ≡ 1+

as(μ2)∫
as(Q2)

db
γ̂n(b)
2β(b)

+

as(μ2)∫
as(Q2)

db

b∫
as

dc
γ̂n(b)γ̂n(c)
4β(b)β(c)

+ . . .

‘μμÉ´μÏ¥´¨Ö (11) ¸¶· ¢¥¤²¨¢Ò ¤²Ö ²Õ¡μ£μ ¶μ·Ö¤±  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.
� §²μ¦¨³ ¢¸¥ ¢¥²¨Î¨´Ò ¢ ·Ö¤ ¶μ ±μ´¸É ´É¥ ¸¢Ö§¨ as:

Cj
2,n(1, as) = 1 − δj

G + B
(1)j
2,n as + . . . ,

Cj
L,n(1, as) = B

(1)j
L,n as

(
1 + R

(2)j
L,n as + . . .

)
,

(12)

β(as) = −
∑
m=0

βmam+2
s , γn

NS(as) =
∑
m=0

γ
(m)n
NS am+1

s ,

γ̂n(as) =
∑
m=0

γ̂(m)nam+1
s .

(13)

�μ¤¸É ¢²ÖÖ (12) ¨ (13) ¢ ¢Ò· ¦¥´¨¥ (11) ¨ ¤¨ £μ´ ²¨§ÊÖ ¸¨´£²¥É´Ò°
¢±² ¤, ¶μ²ÊÎ ¥³ ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ ¶μ as(Q2) (§¤¥¸Ó ¨ ¤ ²¥¥, ±·μ³¥ ¸¶¥-
Í¨ ²Ó´μ μÉ³¥Î¥´´ÒÌ ³¥¸É, i = NS, +,−):

M2,n(Q2) =
∑

i

Ai
n

[
as(Q2)

]dn
i

(
1 + as(Q2)

[
B

(1)i
2,n + Z

(i)

n

]
+ O

(
a2

s(Q
2)
))

,

(14)

ML,n(Q2) =
∑

i

Ai
nB

(1)i
L,n

[
as(Q2)

]dn
i +1×

×
(
1 + as(Q2)

[
R

(2)i
L,n + Z

(i)

n

]
+ O

(
a2

s(Q
2)
))

, (15)

£¤¥

dn
NS =

γ
(0)n
NS

2β0
, dn

± =
γ

(0)n
±
2β0

, (16)
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B
(1)±
k,n = B

(1)S
k,n +

γ
(0)n
± − γ

(0)n
SS

γ
(0)n
SG

B
(1)G
k,n , R

(2)±
k,n = R

(2)S
k,n +

γ
(0)n
± − γ

(0)n
SS

γ
(0)n
SG

R
(2)G
k,n ,

(17)

Z
NS

n =
γ

(1)n
NS

2β0
− γ

(0)n
NS β1

2β2
0

, Z
±
n =

γ
(1)n
±±
2β0

−
γ

(0)n
± β1

2β2
0

−
γ

(1)n
±∓

2β0 + γ
(0)n
± − γ

(0)n
∓

. (18)

„ ²Ó´¥°ÏÊÕ · ¸Ï¨Ë·μ¢±Ê μ¡μ§´ Î¥´¨° ³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [8].
1.2. �� ¨ ¨Ì Q2-Ô¢μ²ÕÍ¨Ö. „²Ö Ê¶·μÐ¥´¨Ö  ´ ²¨§  Ê· ¢´¥´¨° (14) ¨

(15) Ê¤μ¡´μ ¢¢¥¸É¨ ��, Î¥·¥§ ±μÉμ·Ò¥ ³μ¦´μ ¢Ò· §¨ÉÓ μ¤´μ¢·¥³¥´´μ ¨ ¶μ¶¥-
·¥Î´ÊÕ, ¨ ¶·μ¤μ²Ó´ÊÕ ‘”. ‚¢¥¤¥³∗ ´¥¸¨´£²¥É´ÊÕ fNS(x, Q2) ¨ ¸¨´£²¥É´ÊÕ
fS(x, Q2) ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±μ¢,   É ±¦¥ fG(x, Q2)-ËÊ´±Í¨Õ · ¸-
¶·¥¤¥²¥´¨Ö £²Õμ´μ¢.

‘ÊÐ¥¸É¢ÊeÉ ´¥¸±μ²Ó±μ ¢μ§³μ¦´μ¸É¥° ¸¢Ö§¨ ³μ³¥´Éμ¢ ‘” Mk,n(Q2) ¨
³μ³¥´Éμ¢ �� (¸³. [7, 8]):

fj(n, Q2) =

1∫
0

dxxn−1 f̃j(x, Q2). (19)

ŒÒ μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ° ¸Ì¥³Ò (¸³.
μ¡§μ· [8]), ¢ ±μÉμ·μ°  ´μ³ ²Ó´Ò¥ · §³¥·´μ¸É¨ μÉ¢¥É¸É¢¥´´Ò §  Ô¢μ²ÕÍ¨Õ
(³μ³¥´É ) ��,   ±μÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Å §  ¸¢Ö§Ó ³μ³¥´Éμ¢ ‘” ¨ ��.
	μ²¥¥ Éμ£μ, ¶μ²μ¦¨³ ¤²Ö ¶·μ¸ÉμÉÒ · ¢´Ò³¨ Ë ±Éμ·¨§ Í¨μ´´ÊÕ ¨ ·¥´μ·³ -
²¨§ Í¨μ´´ÊÕ Ï± ²Ò. �¶·¥¤¥²¨³ ³μ³¥´ÉÒ �� ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

fNS(n, Q2) = fNS(n, μ2) exp

⎛⎜⎝−
as(Q2)∫

as(μ2)

db
γn

NS(b)
2β(b)

⎞⎟⎠,

(
fS(n, Q2)
fG(n, Q2)

)
=
(

fS(n, μ2)
fG(n, μ2)

)
T exp

⎛⎜⎝ as(μ2)∫
as(Q2)

db
γ̂n(b)
2β(b)

⎞⎟⎠. (20)

‘· ¢´¨¢ Ö ¢Ò· ¦¥´¨Ö (14), (15) ¨ (20) ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì (¶μ as), ´ Ìμ-
¤¨³ (¶·¨ μ2 = Q2):

¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚:

M2,n(Q2) = δNS · fNS(n, Q2) + δS · fS(n, Q2),

ML,n(Q2) = B
(1)S
L,n as(Q2)M2,n(Q2) + B

(1)G
L,n as(Q2)δS · fG(n, Q2),

(21)

∗‡¤¥¸Ó ¨ ¤ ²¥¥ �� Ê¦¥ ¤μ³´μ¦¥´Ò ´  x, ¢ μÉ²¨Î¨e μÉ ¨Ì ¸É ´¤ ·É´μ£μ μ¶·¥¤¥²¥´¨Ö.
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£¤¥ ¢ ±μÔËË¨Í¨¥´É Ì δNS = 1/6 ¨ δS = 5/18 ÊÎÉ¥´Ò § ·Ö¤Ò u-, d-, s- ¨
c-±¢ ·±μ¢;

¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶·¨¡²¨¦¥´¨¨:

M2,n(Q2) =
(
δNS · fNS(n, Q2) + δS · fS(n, Q2)

) (
1 + B

(1)S
2,n as(Q2)

)
+

+ δSB
(1)G
2,n as(Q2) · fG(n, Q2), (22)

ML,n(Q2) = B
(1)S
L,n as(Q2)×

×
[
δNS · fNS(n, Q2)

(
1+R

(2)NS
L,n as(Q2)

)
+δS · fS(n, Q2)

(
1+R

(2)S
L,n as(Q2)

)]
+

+ B
(1)G
L,n as(Q2) δS · fG(n, Q2)

(
1 + R

(2)G
L,n as(Q2)

)
. (23)

‚ ¢Ò· ¦¥´¨ÖÌ (22) ¨ (23) ÊÎÉ¥´μ ¸μμÉ´μÏ¥´¨¥

B
(1)NS
k,n = B

(1)S
k,n . (24)

1.3. ŠμÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨. ‡ ¶¨Ï¥³ · §²μ¦¥´¨¥ ‚¨²Ó¸μ´  ¤²Ö ±μ-
ÔËË¨Í¨¥´Éμ¢ T NS

k,n , T a
k,n, ¢Ò¤¥²¨¢ ¨§ μ¶¥· Éμ·μ¢ ANS

n , Aab
n ¶¥·¥´μ·³¨·μ¢ ´-

´Ò¥ ³´μ¦¨É¥²¨ ZNS
n , Zab

n (a, b = S, G):

T NS
k,n = A

NS

n ZNS
n CNS

k,n (Q2/μ2, as), T S
k,n = An ẐnCk,n(Q2/μ2, as). (25)

�μ¢Ò¥ μ¶¥· Éμ·Ò A
NS

n ¨ A
ab

n Ö¢²ÖÕÉ¸Ö ´¥¨§¢¥¸É´Ò³¨ ±μ´¸É ´É ³¨, ¢μμ¡Ð¥
£μ¢μ·Ö, § ¢¨¸ÖÐ¨³¨ μÉ ´μ·³¨·μ¢±¨ μ2, ¶·¨ · ¡μÉ¥ ¢  ¤·μ´´ÒÌ μ¡±² ¤± Ì.

� §²μ¦¨³ ¢¸¥ ¢¥²¨Î¨´Ò ¢ ·Ö¤ ¶μ ±μ´¸É ´É¥ ¸¢Ö§¨ ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨°
(12), (13). ’μ£¤  ±μÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¸²¥-
¤ÊÕÐ¥³ ¢¨¤¥:

CNS
2,n (Q2/μ2, as) = 1 + asC

(1)NS
2,n (Q2/μ2) + . . . =

= 1 + as

[
B

(1)NS
2,n − γ

(0)n
NS

2
ln
(

Q2

μ2

)]
+ . . . , (26)

CNS
L,n(Q2/μ2, as) = asC

(1)NS
L,n (Q2/μ2) + a2

sC
(2)NS
L,n (Q2/μ2) + . . . =

= asB
(1)NS
L,n +

[
B

(2)NS
L,n −

(
β0 +

γ
(0)n
NS

2

)
B

(1)NS
L,n ln

(
Q2

μ2

)]
+ . . . , (27)

CS
2,n(Q2/μ2, as) = 1 + asC

(1)S
2,n (Q2/μ2) + . . . =

= 1 + as

[
B

(1)S
2,n − γ

(0)n
SS

2
ln
(

Q2

μ2

)]
+ . . . , (28)
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CS
L,n(Q2/μ2, as) = asC

(1)S
L,n (Q2/μ2) + a2

sC
(2)S
L,n (Q2/μ2) + . . . = asB

(1)S
L,n +

+

[
B

(2)S
L,n −

{(
β0 +

γ
(0)n
SS

2

)
B

(1)S
L,n +

γ
(0)n
SG

2
B

(1)G
L,n

}
ln
(

Q2

μ2

)]
+ . . . , (29)

CG
2,n(Q2/μ2, as) = 1 + asC

(1)G
2,n (Q2/μ2) + . . . =

= 1 + as

[
B

(1)G
2,n − γ

(0)n
GS

2
ln
(

Q2

μ2

)]
+ . . . , (30)

CG
L,n(Q2/μ2, as) = asC

(1)G
L,n (Q2/μ2) + a2

sC
(2)G
L,n (Q2/μ2) + . . . = asB

(1)G
L,n +

+

[
B

(2)G
L,n −

{(
β0 +

γ
(0)n
GG

2

)
B

(1)G
L,n +

γ
(0)n
GS

2
B

(1)S
L,n

}
ln
(

Q2

μ2

)]
+ . . . , (31)

£¤¥

B
(2)j
L,n = B

(1)j
L,n R

(2)j
L,n . (32)

‡ ³¥É¨³, ÎÉμ ¢ ¶· ¢μ° Î ¸É¨ (32) ´¥É ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¶μ¢Éμ·ÖÕÐ¨³¸Ö ¨´-
¤¥±¸ ³.

„²Ö ³μ³¥´Éμ¢ ‘” ¨ ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ³´μ¦¨É¥²¥° μ¶¥· Éμ·μ¢ ³μ¦´μ
´ ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

T j
2,n = A

j

n

(
1 + asT

(1)j
2,n + . . .

)
, T j

L,n = A
j

n

(
asT

(1)j
L,n + a2

sT
(2)j
L,n + . . .

)
, (33)

ZNS
n = 1 + asZ

(1)NS
n + . . . , Za

n,b = δa
b + asZ

(1)a
n,b + . . . , (34)

£¤¥ (¸³. [7, 8])∗

Z(1)NS
n =

1
2ε

(
γ

(0)n
NS + 2γ

(0)
S

)
=

CF

ε

(
4S1(n) − 3 − ξ − 2

n(n + 1)

)
, (35)

Ẑ(1)
n =

⎛⎝ Z
(1)S
n,S Z

(1)S
n,G

Z
(1)G
n,S Z

(1)G
n,G

⎞⎠ =
1
2ε

⎛⎝ γ
(0)n
SS + 2γ

(0)
S γ

(0)n
SG

γ
(0)n
GS γ

(0)n
GG + 2γ

(0)
G

⎞⎠ =

=
1
ε

(
CF

[
4S1(n) − 3 − ξ − 2

n(n+1)

]
−4TF

[
1
n
− 2

(n+1)(n+2)

]

−4CF

[
1

(n+1)
+ 2

n(n−1)

]
CA

[
4S1(n) − 3

2
− α

2
− 4

n(n−1)
− 4

(n+1)(n+2)

]
)

(36)

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ε = (4 − D)/2, £¤¥ D Å · §³¥·´μ¸ÉÓ ¶·μ¸É· ´¸É¢ .
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¢ ¶·μ¨§¢μ²Ó´μ° ξ-± ²¨¡·μ¢±¥ £²Õμ´´μ£μ ¶·μ¶ £ Éμ· 

− i

k2

(
gμν − (1 − ξ)

kμkν

k2

)
,

  γ
(0)
S ¨ γ

(0)
G Å  ´μ³ ²Ó´Ò¥ · §³¥·´μ¸É¨ ±¢ ·±  ¨ £²Õμ´  ¸μμÉ¢¥É¸É¢¥´´μ.

‡¤¥¸Ó

CF =
N2 − 1

2N
, CA = N, TF =

f

2

¤²Ö SU(N)-± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¨ f ¸μ·Éμ¢ ±¢ ·±μ¢ ¨

Sr(n) =
n∑

m=1

1
mr

≡ Sr. (37)

�μ¤¸É ¢²ÖÖ · §²μ¦¥´¨Ö (33) ¨ (34) ¢ Ê· ¢´¥´¨¥ (25), ¶μ²ÊÎ ¥³ ¢ ¶¥·¢μ³
¶μ·Ö¤±¥ ¶μ as

C
(1)j
L,n = T

(1)j
L,n , (38)

C
(1)NS
2,n = T

(1)NS
2,n − Z(1)NS

n , (39)

C
(1)a
2,n = T

(1)a
2,n − Z(1)S

n,a (40)

¨ ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ ¶μ as

C
(2)NS
L,n = T

(2)NS
L,n − Z(1)NS

n C
(1)NS
L,n , (41)

C
(2)a
L,n = T

(2)a
L,n −

∑
b=S,G

Z
(1)a
n,b C

(1)b
L,n . (42)

‡ ³¥Î É¥²Ó´μ¥ ¸¢μ°¸É¢μ ƒ�� Å ´¥§ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±-
Í¨° CNS

k,n ¨ Ca
k,n μÉ É¨¶  μ¡±² ¤μ±, É. ¥. μÉ ¸¶¥Í¨Ë¨±¨ ³¨Ï¥´¨, ´  ±μÉμ·μ°

· ¸¸¥¨¢ ¥É¸Ö ËμÉμ´. �Éμ ¸¢μ°¸É¢μ ¶μ§¢μ²Ö¥É ¶·¨³¥´¨ÉÓ · ¸¸³μÉ·¥´´Ò° §¤¥¸Ó
 ¶¶ · É ± · ¸¸¥Ö´¨Õ ËμÉμ´  ´  ¸¢μ¡μ¤´μ³ ¶ ·Éμ´¥, £¤¥ ¢¸¥ · ¸¸³μÉ·¥´´Ò¥

¢ÒÏ¥ ¢¥²¨Î¨´Ò ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ÉμÎ´μ,   ¤²Ö μ¶¥· Éμ·μ¢ A
NS

n ¨ A
ab

n

³μ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¥´Ò ´μ·³¨·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö A
NS

n = 1 ¨ A
ab

n = δa
b . ’ ±¨³

μ¡· §μ³, ´  ¶ ·Éμ´´μ³ Ê·μ¢´¥ ±μÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ CNS
k,n ¨ Ca

k,n ³μ£ÊÉ
¡ÒÉÓ ´ °¤¥´Ò,   § É¥³ ¨¸¶μ²Ó§μ¢ ´Ò ¢ Ê· ¢´¥´¨ÖÌ (14), (15), (22) ¨ (23) ´ 
 ¤·μ´´μ³ Ê·μ¢´¥ ¤²Ö ´ Ìμ¦¤¥´¨Ö  ´ ²¨É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ (³μ³¥´Éμ¢) ‘”
¨ �� ¨ ¶μ¸²¥¤ÊÕÐ¥£μ ¸· ¢´¥´¨Ö § ¢¨¸¨³μ¸É¨ ÔÉ¨Ì ³μ³¥´Éμ¢ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨.



ƒ‹“	�Š��…“��“ƒ�… ��‘‘…Ÿ�ˆ…: Q2-‡�‚ˆ‘ˆŒ�‘’œ ‘’�“Š’“��›• ”“�Š–ˆ‰ 15

1.4. ‘É¥¶¥´´Ò¥ ¶μ¶· ¢±¨. „ ²¥¥ ¢ μ¡§μ·¥ μ¸´μ¢´μ¥ ¢´¨³ ´¨¥ ¡Ê¤¥É Ê¤¥-
²¥´μ ¨¸¸²¥¤μ¢ ´¨Õ ¸¢μ°¸É¢ μ¶¥· Éμ·μ¢ ´¨§Ï¥£μ É¢¨¸É  ¢¨²Ó¸μ´μ¢¸±μ£μ · §-
²μ¦¥´¨Ö. ‚ ÔÉμ³ ¶Ê´±É¥ · ¸¸³μÉ·¨³ É ±¦¥ ¸É¥¶¥´´Ò¥ ∼ 1/Q2n (n = 1, 2)
¶μ¶· ¢±¨, ¸¢μ°¸É¢  ±μÉμ·ÒÌ ¢ ´ ¸ÉμÖÐ¨° ³μ³¥´É ¨´É¥´¸¨¢´μ ¨§ÊÎ ÕÉ¸Ö.

�¤´¨ ¸É¥¶¥´´Ò¥ ¶μ¶· ¢±¨ ¢μ§´¨± ÕÉ ¨§-§  ³ ¸¸Ò ³¨Ï¥´¨, ¤·Ê£¨¥ Å ¨§-
§  ´¥´Ê²¥¢ÒÌ ±¢ ·±μ¢ÒÌ ³ ¸¸ (¸³. [7]). Š·μ³¥ Éμ£μ, ¸ÊÐ¥¸É¢ÊÕÉ ¶μ¶· ¢±¨
μÉ μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢ ¢ · §²μ¦¥´¨¨ ‚¨²Ó¸μ´ , ¶·¨¢μ¤ÖÐ¨¥ ± ´μ¢Ò³
¤¨´ ³¨Î¥¸±¨³ ÔËË¥±É ³, ¸¢Ö§ ´´Ò³ ¸ ®¨§´ Î ²Ó´Ò³¯ ¶μ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸μ³
±¢ ·±μ¢ ¢´ÊÉ·¨ ´Ê±²μ´  ¨²¨ ¸ ±μ´¥Î´μ¸ÉÓÕ · §³¥·  ´Ê±²μ´ .

‚±² ¤Ò, ¸¢Ö§ ´´Ò¥ c ³ ¸¸o° ³¨Ï¥´¨ ¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ¨§ÊÎ¥´Ò ¤μ¸É -
ÉμÎ´μ Ìμ·μÏμ, ¶μ ±· °´¥° ³¥·¥, ¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨. ˆ§ÊÎ¥´¨¥ ¦¥ μ¶¥-
· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° £μ· §¤μ ¡μ²¥¥ É·Ê¤´ÊÕ § ¤ ÎÊ.
‡ ³¥É¨³, ÎÉμ ¤ ¦¥ ±² ¸¸¨Ë¨± Í¨Ö μ¶¥· Éμ·μ¢ Î¥É¢¥·Éμ£μ É¢¨¸É , ´ ¨¡μ²¥¥
¶·μ¸Éμ£μ ¸·¥¤¨ μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢, Ö¢²Ö¥É¸Ö ¤μ¢μ²Ó´μ ´¥¶·μ¸Éμ°
§ ¤ Î¥° (¸³., ´ ¶·¨³¥·, μ¡§μ· [9]).

�Éμ ¨ μ¡Ê¸²o¢²¨¢ ¥É ÉμÉ Ë ±É, ÎÉμ ³¥Éμ¤Ò  ´ ²¨§  μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì
É¢¨¸Éμ¢ ´ Î ²¨ · §¢¨¢ ÉÓ¸Ö ¨´É¥´¸¨¢´μ Éμ²Ó±μ ´¥¸±μ²Ó±μ ²¥É ´ § ¤. „μ ´¥¤ ¢-
´¥£μ ¢·¥³¥´¨ ¡Ò²¨ ¢Ò¶μ²´¥´Ò Éμ²Ó±μ ´¥±μÉμ·Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö
(¸³., ´ ¶·¨³¥·, [10]) ¨ ¢Ò¤¢¨´ÊÉÒ Ô¢·¨¸É¨Î¥¸±¨¥  ·£Ê³¥´ÉÒ [7]. �μ¸²¥¤´¨¥
¶μ± § ²¨, ÎÉμ ¢±² ¤ μÉ μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢, ¢¥·μÖÉ´μ, ¨³¥¥É ¸²¥¤ÊÕ-
Ð¨° ¢¨¤ (´ ¶·¨³¥·, ¤²Ö ‘” F2):

F
(full)
2 (x, Q2) = F

(tw2)
2 (x, Q2)

[
1 +

h4(x, Q2)
Q2

+
h6(x, Q2)

Q4
+ . . .

]
, (43)

£¤¥ ¸¨³¢μ² ³¨ h4(x, Q2) ¨ h6(x, Q2) μ¡μ§´ Î¥´Ò  ³¶²¨ÉÊ¤Ò ¢±² ¤μ¢ Î¥É¢¥·-
Éμ£μ ¨ Ï¥¸Éμ£μ É¢¨¸Éμ¢.

‚ · ´´¨Ì · ¡μÉ Ì ¡Ò² ¨¸¸²¥¤μ¢ ´ Éμ²Ó±μ ¢±² ¤ Î¥É¢¥·Éμ£μ É¢¨¸É , ±μÉμ-
·Ò° ¶·¥¤¸É ¢²Ö²¸Ö ¢ ¢¨¤¥ h4(x, Q2) = k2

1x/(1 − x) + k2
2 , £¤¥ ±μÔËË¨Í¨¥´ÉÒ

k2
1 ¨ k2

2 Ö¢²Ö²¨¸Ó Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨ ¨ μ¶·¥¤¥²Ö²¨¸Ó ¨§ Ô±¸-
¶¥·¨³¥´É  (¸³., ´ ¶·¨³¥·, Ë¨ÉÒ SLAC/BCDMS-¤ ´´ÒÌ ¢ · ¡μÉ Ì [11Ä13]).

‚ ¶μ¸²¥¤´¨¥ ´¥¸±μ²Ó±μ ²¥É, μ¤´ ±μ, ´ ³¥É¨²¸Ö ´¥¸μ³´¥´´Ò° ¶·μ£·¥¸¸ ¢
¶·μÍ¥¸¸¥ μÍ¥´±¨ ¢±² ¤  ¢Ò¸Ï¨Ì É¢¨¸Éμ¢. �·μ£·¥¸¸ ¸¢Ö§ ´ ¸ · §¢¨É¨¥³ ·¥´μ·-
³a²μ´´μ£μ ¶μ¤Ìμ¤ , ±μÉμ·Ò° μ¸´μ¢ ´ ´  Éμ³ Ë ±É¥, ÎÉμ ¢ Š•„ μ¶·¥¤¥²¥´¨¥
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·μ¢ ´¨§Ï¨Ì É¢¨¸Éμ¢ Ö¢²Ö¥É¸Ö ´¥±μ··¥±É´μ° μ¶¥-
· Í¨¥° ¨§-§  ¶μÖ¢²¥´¨Ö ¸É¥¶¥´´ÒÌ · ¸Ìμ¤¨³μ¸É¥°. �¥μ¡Ìμ¤¨³μ¸ÉÓ ¨´É¥·¶·¥-
É Í¨¨ ¢ ¸ ³μ¸μ£² ¸μ¢ ´´μ° ³ ´¥·¥ ¢±² ¤  · ¤¨ Í¨μ´´ÒÌ ±μ··¥±Í¨° ¢Ò¸μ±¨Ì
¶μ·Ö¤±μ¢ (¢  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ·Ö¤ Ì) É·¥¡Ê¥É [10] ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¸É¥¶¥´´Ò³
μ¡· §μ³ ¶μ¤ ¢²¥´´ÒÌ Î²¥´μ¢. ’ ±¨³ μ¡· §μ³, ¶·¥¤¸± § ´¨Ö ·¥´μ·³ ²μ´´μ°
³μ¤¥²¨ ¤²Ö ¶μ¶· ¢μ± ¢Ò¸Ï¨Ì É¢¨¸Éμ¢ ¢ ‘” ƒ�� ¢μ§´¨± ÕÉ §  ¸Î¥É ¸É¥¶¥´´Ò³
μ¡· §μ³ ¶μ¤ ¢²¥´´ÒÌ ´¥μ¶·¥¤¥²¥´´μ¸É¥°, ¶μÖ¢²ÖÕÐ¨Ì¸Ö ¢ ¶¥·ÉÊ·¡ É¨¢´μ³
· §²μ¦¥´¨¨ ¢¨²Ó¸μ´μ¢¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¤²Ö μ¶¥· Éμ·μ¢ ´¨§Ï¨Ì É¢¨¸Éμ¢.
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’ ±¨¥ μÍ¥´±¨ ¢±² ¤  ¢Ò¸Ï¨Ì É¢¨¸Éμ¢, ¢μ§´¨± ÕÐ¨¥ ¢ ·¥´μ·³ ²μ´´μ° ³μ¤¥²¨,
Ê¸¶¥Ï´μ μ¶¨¸Ò¢ ÕÉ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨ ± ± Ëμ·³Ê, É ± ¨ ¢¥²¨Î¨´Ê ¸É¥¶¥´-
´Ò³ μ¡· §μ³ ¶μ¤ ¢²¥´´ÒÌ ¢±² ¤μ¢ ¢ ‘” ƒ�� ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì ¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨° x (¸³., ´ ¶·¨³¥·, ´¥¤ ¢´¨¥ Ë¨ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö
xF3 [14] ¨ F2 [15Ä19, 11Ä13]).

‚ · ³± Ì ·¥´μ·³ ²μ´´μ° ³μ¤¥²¨ ‘” F2 ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢
Ëμ·³¥,  ´ ²μ£¨Î´μ° (43):

F2(x, Q2) = F
(tw2)
2 (x, Q2) +

∑
k=4,6

(
Λ2

k

Q2

) k−2
2

hk(x, Q2) ⊗ F
(tw2)
2 (x, Q2), (44)

£¤¥ ¤¢  ¶μ¸²¥¤´¨Ì ¸² £ ¥³ÒÌ § ¶¨¸ ´Ò ¢ ¢¨¤¥ ±μ´¢μ²ÕÍ¨¨ Œ¥²²¨´ :

f1(x) ⊗ f2(x) ≡
1∫

x

dy

y
f1(y)f2(x/y). (45)

�μ¸²¥ ¶·¥μ¡· §μ¢ ´¨Ö Œ¥²²¨´  ±μ´¢μ²ÕÍ¨¨ ¢ ¶· ¢μ° Î ¸É¨ (44) ¶·μ¶ -
¤ ÕÉ ¨ ·¥§Ê²ÓÉ É ¤²Ö Mk,n ¨³¥¥É ¢¨¤, ¶μ¤μ¡´Ò° (43).

…Ð¥ μ¤´  ¢μ§³μ¦´μ¸ÉÓ ¨§ÊÎ¥´¨Ö ¢±² ¤  ¢Ò¸Ï¨Ì É¢¨¸Éμ¢ ³μ¦¥É ¡ÒÉÓ ·¥ -
²¨§μ¢ ´  ¡¥§³μ¤¥²Ó´Ò³ ¸¶μ¸μ¡μ³. �³¶²¨ÉÊ¤  h4(x) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ 
± ± ±μ´¥Î´ Ö ¸Ê³³  ´¥§ ¢¨¸¨³ÒÌ Ô²¥³¥´Éμ¢

h4(x) =
I∑

i=1

h4(xi),

´ °¤¥´´ÒÌ ¶ÊÉ¥³ Ë¨É  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´a ± ¦¤μ³ μÉ·¥§±¥ (¡¨´¥)
xi. ’ ± Ö ¢μ§³μ¦´μ¸ÉÓ ¡Ò²  ·¥ ²¨§μ¢ ´ , ´ ¶·¨³¥·, ¢ ´¥¤ ¢´¥° · ¡μÉ¥ [13].

	μ²¥¥ ¶μ¤·μ¡´Ò°  ´ ²¨§ ¶·μ¡²¥³Ò ¢±² ¤  μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢
³μ¦¥É ¡ÒÉÓ ´ °¤¥´, ´ ¶·¨³¥·, ¢ ´¥¤ ¢´¥³ μ¡§μ·¥ [10].

2. ‚›—ˆ‘‹…�ˆ… Š�	””ˆ–ˆ…�’�›• ”“�Š–ˆ‰

‘²¥¤ÊÖ ·¥Í¥¶ÉÊ ¢ÒÎ¨¸²¥´¨Ö ³μ³¥´Éμ¢ ±μÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ¢¨²Ó-
¸μ´μ¢¸±μ£μ · §²μ¦¥´¨Ö (¸³. ¶. 1.3), ´ °¤¥³ ¶μ¶· ¢±¨ ± ±μÔËË¨Í¨¥´É ³. � ¸-
Î¥É ¶·μ¢μ¤¨³ ¢ ¶ ·Éμ´´ÒÌ μ¡±² ¤± Ì ¶·¨ p2 = 0 (´ ¶μ³´¨³, ÎÉμ p Å
ÔÉμ ¨³¶Ê²Ó¸ ¶ ·Éμ´ ),   ¶μ²ÊÎ¥´´Ò¥ ¨´Ë· ±· ¸´Ò¥ · ¸Ìμ¤¨³μ¸É¨ ¸μ±· Ð ¥³
· ¸Ìμ¤¨³μ¸ÉÖ³¨, ¢μ§´¨± ÕÐ¨³¨ ¶·¨ ¶¥·¥´μ·³¨·μ¢±¥ μ¶¥· Éμ·μ¢ ‚¨²Ó¸μ´ .
ˆ´Ë· ±· ¸´Ò° Ì · ±É¥· · ¸Ìμ¤¨³μ¸É¥° ´ ³¨ ´¥ ¢Ò¤¥²Ö¥É¸Ö, É. ±. ¢¸¥ Ê²Ó-
É· Ë¨μ²¥Éμ¢Ò¥ · ¸Ìμ¤¨³μ¸É¨ Ê¸É· ´ÖÕÉ¸Ö R-μ¶¥· Í¨¥°. ‚ÒÎ¨¸²¥´¨Ö ¶·μ¢μ-
¤ÖÉ¸Ö ¢ Ë¥°´³ ´μ¢¸±μ° ± ²¨¡·μ¢±¥. �μ¤μ¡´Ò°  ´ ²¨§ ¡Ò² ¶·μ¢¥¤¥´ ¢ · ¡μ-
É Ì [4, 20, 21]. “Î¥É ¢±² ¤ , ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ ± ²¨¡·μ¢μÎ´μ³Ê ¶ · ³¥É·Ê,
¶·μ¢¥¤¥´ ¢ · ¡μÉ¥ [4].
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2.1. �¤´μ¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö.
1. �¥¸¨´£²¥É´Ò° ¢±² ¤.  ) � ¸Î¥É ±μÔËË¨Í¨¥´É  B

(1)NS
L,n .

�¨¸. 1. „¨ £· ³³Ò, ¤ ÕÐ¨¥ μ¤´μ¶¥É²¥¢μ° ¢±² ¤ ±¢ ·±μ¢ ¢ ±μÔËË¨Í¨¥´É´ÊÕ ËÊ´±Í¨Õ

�·¨³¥´ÖÖ ¶·μ¥±Éμ· ∼ pμpν ± Ë¥°´³ ´μ¢¸±¨³ ¤¨ £· ³³ ³, ¨§μ¡· ¦¥´-

´Ò³ ´  ·¨¸. 1, ¢¨¤¨³, ÎÉμ Éμ²Ó±μ ¤¨ £· ³³  a ¤ ¥É ¢±² ¤ ¢ T
(1)
L,n. �¥§Ê²ÓÉ É ´¥

¸μ¤¥·¦¨É · ¸Ìμ¤¨³μ¸É¥° ¨ Ìμ·μÏμ ¨§¢¥¸É¥´:

T
(1)NS
L,n =

4CF

(n + 1)
(
1 + ε

[
S1 + 1 + φ(Q2/μ2)

])
,

£¤¥ S1 ¤ ´ ¢ (37),   φ(y) = ln (4π) − γ − ln (y).
ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨Ö (27) ¨ (38) ¶·¨ j = NS, ¶μ²ÊÎ ¥³∗

B
(1)NS
L,n =

4CF

(n + 1)
(1 + ε [S1 + 1]) . (46)

¡) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(1)NS
2,n .

„¨ £· ³³Ò, ¤ ÕÐ¨¥ ¢±² ¤ ¢ T
(1)NS
2,n , ¨§μ¡· ¦¥´Ò ´  ·¨¸. 1. ‘Ê³³ ·´Ò°

¢±² ¤ ¨Ì ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

T
(1)NS
2,n =

1
2ε

(
γ

(0)n
NS

2
+ γ

(0)
S

)
+

γ
(0)n
NS

2
φ(Q2/μ2) + B

(1)NS
2,n (Σ), (47)

£¤¥

B
(1)NS
2,n (Σ)=CF

[
2S2

1 − 2S2 + S1

(
3 − 2

n(n + 1)

)
− 9 +

3
n

+
4

(n + 1)
+

2
n2

]
.

�μ¤¸É ¢²ÖÖ (26) ¢ (39) ¨ ÊÎ¨ÉÒ¢ Ö (33) ¨ (41), ¶μ²ÊÎ ¥³ §´ Î¥´¨¥ ±μÔËË¨Í¨-

¥´É  B
(1)NS
2,n ¢ MS-¸Ì¥³¥:

B
(1)NS
2,n (MS) = B

(1)NS
2,n (Σ), (48)

±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ ´ °¤¥´´Ò³ ¢ · ¡μÉ¥ [22].

∗�¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¸ ÉμÎ´μ¸ÉÓÕ ¤μ O(ε), ÎÉμ ¶μ´ ¤μ¡¨É¸Ö ´¨¦¥ ¶·¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ
¢ÒÎ¨¸²¥´¨ÖÌ.
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2. ‘¨´£²¥É´Ò° ¢±² ¤.  ) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(1)S
k,n .

‚ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ¢±² ¤ ¢ ¸¨´£²¥É´ÊÕ ‘” μ¶·¥¤¥²ÖÕÉ ¤¨ £· ³³Ò,
¨§μ¡· ¦¥´´Ò¥ ´  ·¨¸. 1. ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ ¥³ ·¥§Ê²ÓÉ É (24), É. ¥.

B
(1)NS
k,n = B

(1)S
k,n .

¡) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(1)G
L,n .

�¨¸. 2. ’μ ¦¥, ÎÉμ ¨ ´  p¨¸. 1, ´μ ¤²Ö £²Õμ´μ¢

�·¨³¥´ÖÖ ¶·μ¤μ²Ó´Ò° ¶·μ¥±Éμ· ∼ pμpν ± Ë¥°´³ ´μ¢¸±¨³ ¤¨ £· ³³ ³,
¨§μ¡· ¦¥´´Ò³ ´  ·¨¸. 2, ¢¨¤¨³, ÎÉμ ¢±² ¤ ¤ ¥É Éμ²Ó±μ ¤¨ £· ³³  ¡. �¥§Ê²ÓÉ É
´¥ ¸μ¤¥·¦¨É · ¸Ìμ¤¨³μ¸É¥° ¨ ¨³¥¥É ¢¨¤

T
(1)G
L,n =

16TF

(n + 1)(n + 2)
(
1 + ε

[
S1 + 1 + φ(Q2/μ2)

])
.

ˆ¸¶μ²Ó§ÊÖ ¸μμÉ´μÏ¥´¨Ö (31) ¨ (38) ¶·¨ j = G, ¶μ²ÊÎ ¥³

B
(1)G
L,n =

16TF

(n + 1)(n + 2)
(1 + ε [S1 + 1]) . (49)

¢) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(1)G
2,n .

„¨ £· ³³Ò, ¤ ÕÐ¨¥ ¢±² ¤ ¢ T
(1)G
2,n , ¨§μ¡· ¦¥´Ò ´  ·¨¸. 2. ‘Ê³³ ·´Ò° ¨Ì

¢±² ¤ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

T
(1)G
2,n =

(
1
ε

+ φ(Q2/μ2)
)

γ
(0)n
SG

2
+ B

(1)G
2,n (Σ), (50)

£¤¥

B
(1)G
2,n (Σ) =

4TF

(n + 1)

[
S1

(
−1 − 1

n
+

2
(n + 2)

)
+

1
n

+
4

(n + 2)
+

1
n2

]
.

�Éμ ¢Ò· ¦¥´¨¥ ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ · ¡μÉÒ [23]. �μ¤¸É ¢²ÖÖ Z
(1)S
n,G ¢

(50) ¨ ÊÎ¨ÉÒ¢ Ö (30) ¨ (40) ¤²Ö j = G, ¶μ²ÊÎ ¥³

B
(1)G
2,n (MS) = B

(1)G
2,n (Σ). (51)
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�μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ´¥ ¸μ¢¶ ¤ ¥É ¸ ´ °¤¥´´Ò³ ¢ · ¡μÉ¥ [22]. Š ± ¡Ò²μ
μÉ³¥Î¥´μ ¢ [23], · §²¨Î¨¥ ¢ ·¥§Ê²ÓÉ É Ì ³μ¦´μ ¨¸±²ÕÎ¨ÉÓ ¶¥·¥μ¶·¥¤¥²¥´¨¥³
¢¨²Ó¸μ´μ¢¸±μ£μ μ¶¥· Éμ· . „¥°¸É¢¨É¥²Ó´μ, ¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ ¶¥·¥´μ·³¨-

·μ¢μÎ´μ£μ ³´μ¦¨É¥²Ö Z
(1)S
n,G → Z

(1)S
n,G (1 − ε) ±μÔËË¨Í¨¥´É B

(1)G
2,n ¶μ²ÊÎ ¥É

¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤

4TF

(n + 1)

(
−1 − 1

n
+

2
(n + 2)

)
¨ ¸μ¢¶ ¤ ¥É ¸ ¶μ²ÊÎ¥´´Ò³ ¢ · ¡μÉ¥ [22]. ’ ±¨³ μ¡· §μ³, · §´¨Í  ¢ ·¥§Ê²Ó-
É É Ì ¸¢Ö§ ´  ¸ · §²¨Î´Ò³¨ ¶·¥¸±·¨¶Í¨Ö³¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Ë¥°´³ ´μ¢¸±¨Ì
¨´É¥£· ²μ¢ (¸³., ´ ¶·¨³¥·, [21]).

2.3. „¢ÊÌ¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö.

1. �¥¸¨´£²¥É´Ò° ¢±² ¤∗.

‚±² ¤ ¢ ¶·μ¤μ²Ó´ÊÕ ´¥¸¨´£²¥É´ÊÕ ‘” ¤ ÕÉ ¤¨ £· ³³Ò, ¨§μ¡· ¦¥´´Ò¥
´  ·¨¸. 3. ˆÌ ¸Ê³³ ·´Ò° ¢±² ¤ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

T
(2)NS
L,n = B

(1)NS

L,n

[(
1
ε

+ φ(Q2/μ2)
)(

γ
(0)n
NS

2
+ γ

(0)
S

)
+

+

(
β0 +

γ
(0)n
NS

2

)
φ(Q2/μ2) + R

(2)NS
L,n (Σ)

]
,

£¤¥ B
(1)j

L,n = B
(1)j
L,n

∣∣
ε=0

,

R
(2)NS
L,n (Σ) = 2CF

[
3S2

1 − S2 + S1

(
25
6

− 2
n

)
+

151
36

− 13
6

1
n
− 1

6
1

(n + 1)
+

2n + 1
n2(n + 1)2

]
+ (2CF − CA)

[
8K2S1 − 8K2,1 + 4K3 − 4S3 + 12ζ(3)−

−8K2

(
1 +

1
n(n + 1)

+
3

(n − 2)(n + 3)

)
− 23

3
S1 −

215
18

+
11
3

1
n

+

+
11
3

1
(n + 1)

+
18

(n − 2)(n + 3)

]
− 4

3
TF

[
S1 +

19
6

− 1
n
− 1

(n + 1)

]
(52)

∗„μ ¢ÒÎ¨¸²¥´¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ [4,20], ¸ÊÐ¥¸É¢μ¢ ²¨ Éμ²Ó±μ ¤¢  · ¸Î¥É  (¢ · ¡μÉ Ì [25]
¨ [26]) αs-¶μ¶· ¢μ± ± ¶·μ¤μ²Ó´μ° ‘” ¢ ´¥¸¨´£²¥É´μ³ ¸²ÊÎ ¥, ·¥§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ ´ Ìμ¤¨²¨¸Ó ¢
¶·μÉ¨¢μ·¥Î¨¨ ¤·Ê£ ¸ ¤·Ê£μ³.
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�¨¸. 3. „¨ £· ³³Ò, ¤ ÕÐ¨¥ ¤¢ÊÌ¶¥É²¥¢μ° ¢±² ¤ ¢ ²¥´É´ÒÌ ±¢ ·±μ¢ ¢ ±μÔËË¨Í¨¥´É´ÊÕ
ËÊ´±Í¨Õ FL

¨∗

Kr(n) =
n∑

m=1

(−1)m+1

mr
≡ Kr, K2,1(n) =

n∑
m=1

(−1)m+1

m2
S1(m) ≡ K2,1,

1
n − 2

(4K2(n) − 3)
∣∣∣∣
n=2

= 6ζ(3) − 7.

(53)

„²Ö ´ Ìμ¦¤¥´¨Ö ±μÔËË¨Í¨¥´É  R
(2)NS
L,n · ¸¸³μÉ·¨³ ¶·μ¨§¢¥¤¥´¨¥

C
(1)NS
L,n · Z(1)NS

n = B
(1)NS

L,n

[(
1
ε

+ φ(Q2/μ2)
)(

γ
(0)n
NS

2
+ γ

(0)
S

)
+ R

(2)NS
L,n (IR)

]
,

∗‡ ³¥É¨³, ÎÉμ ¸Ê³³Ò Kr ¨ Kr,l ¨´μ£¤  μ¡μ§´ Î ÕÉ ± ± S−r ¨ S−r,l (¸³., ´ ¶·¨³¥·, [24]).
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£¤¥

R
(2)NS
L,n (IR) = 2CF

[
2S1 − 2 − 1

n(n + 1)

]
(S1 + 1) . (54)

�μ¤¸É ¢²ÖÖ (52) ¨ (54) ¢ (41) ¨ ÊÎ¨ÉÒ¢ Ö (27), ¶μ²ÊÎ ¥³ ¤²Ö R
(2)NS
L,n =

R
(2)NS
L,n (Σ) − R

(2)NS
L,n (IR) ¢ MS-¸Ì¥³¥:

R
(2)NS
L,n (MS) = 2CF

[
S2

1 − S2 + S1

(
19
6

− 1
n
− 1

(n + 1)

)
+

277
36

− 7
6

1
n
−

−19
6

1
(n + 1)

+
2n + 1

n2(n + 1)2

]
+ (2CF − CA)

[
8K2S1 − 8K2,1 + 4K3 − 4S3+

+12ζ(3) − 8K2

(
1 +

1
n(n + 1)

+
3

(n − 2)(n + 3)

)
− 23

3
S1 −

215
18

+
11
3

1
n

+

+
11
3

1
(n + 1)

+
18

(n − 2)(n + 3)

]
− 4

3
TF

[
S1 +

19
6

− 1
n
− 1

(n + 1)

]
. (55)

�¥§Ê²ÓÉ É (55) ¡Ò² ¶μ²ÊÎ¥´ ¢  ´ ²¨É¨Î¥¸±μ³ ¢¨¤¥ ¢¶¥·¢Ò¥ ¢ · ¡μÉ Ì
[3,4,20]. —¨¸²¥´´μ μ´ ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ¥É ¸ ¶μ²Ê ´ ²¨É¨Î¥¸±¨³ ·¥§Ê²ÓÉ Éμ³
· ¡μÉ [25].

2. ‘¨´£²¥É´Ò° ¢±² ¤.  ) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(2)S
L,n .

�¨¸. 4. ’μ ¦¥, ÎÉμ ¨ ´  p¨¸. 3, ´μ ¤²Ö ³μ·¸±¨Ì ±¢ ·±μ¢

‚±² ¤ ¢ ¶·μ¤μ²Ó´ÊÕ ¸¨´£²¥É´ÊÕ ‘” ±·μ³¥ ¤¨ £· ³³ ·¨¸. 3 ¤ ÕÉ ¤¢¥
¤μ¶μ²´¨É¥²Ó´Ò¥ ¤¨ £· ³³Ò, ¨§μ¡· ¦¥´´Ò¥ ´  ·¨¸. 4. ˆÌ ¸Ê³³ ·´Ò° ¢±² ¤
³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

T
(2)PS
L,n ≡ T

(2)S
L,n − T

(2)NS
L,n = B

(1)G

L,n

(
1
ε

+ 2φ(Q2/μ2)
)

γ
(0)n
GS

2
+ R

(2)PS
L,n (Σ),
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£¤¥

R
(2)PS
L,n (Σ) =

8TF

(n + 1)(n + 2)

[
S1

(
−2 − 8

(n − 1)
+

4
n

)
− 3 − 16

3
1

(n − 1)
−

− 1
n

+
1

(n + 1)
+

4
3

1
(n + 2)

− 2
n2

]
. (56)

„²Ö ´ Ìμ¦¤¥´¨Ö C
(1)S
L,n · ¸¸³μÉ·¨³ ¶·μ¨§¢¥¤¥´¨¥

C
(1)G
L,n · Z(1)G

n,S = B
(1)G

L,n

[(
1
ε

+ φ(Q2/μ2)
)

γ
(0)n
GS

2
+ R

(2)PS
L,n (IR)

]
,

£¤¥

R
(2)PS
L,n (IR) = − 8TF

(n + 2)

[
1

(n + 1)
+

2
n(n − 1)

]
(S1 + 1). (57)

�μ¤¸É ¢²ÖÖ (56) ¨ (57) ¢ (42) ¶·¨ j = S ¨ ÊÎ¨ÉÒ¢ Ö (27) ¨ (29), ¶μ²Ê-

Î ¥³ ¤²Ö R
(2)S
L,n − R

(2)NS
L,n = R

(2)PS
L,n (Σ) − R

(2)PS
IR,n ¢ MS-¸Ì¥³¥ (¨ ¢ ¶·¥¸±·¨¶-

Í¨¨ A [21]):

R
(2)S
L,n (MS) = R

(2)NS
L,n (MS) +

8TF

(n + 1)(n + 2)

[
S1

(
−1 − 4

(n − 1)
+

2
n

)
−

−2 − 4
3

1
(n − 1)

− 3
n

+
1

(n + 1)
+

4
3

1
(n + 2)

− 2
n2

]
. (58)

¡) � ¸Î¥É ±μÔËË¨Í¨¥´É  B
(2)G
L,n .

‚±² ¤ ¢ ¶·μ¤μ²Ó´ÊÕ ¸¨´£²¥É´ÊÕ ‘” ¤ ÕÉ ¤¨ £· ³³Ò, ¨§μ¡· ¦¥´´Ò¥ ´ 
·¨¸. 5. ˆÌ ¸Ê³³ ·´Ò° ¢±² ¤ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

T
(2)G
L,n = B

(1)G

L,n

[(
1
ε

+ φ(Q2/μ2)
)(

γ
(0)n
GG

2
+ γ

(0)
G

)
+

+

(
β0 +

γ
(0)n
GG

2

)
φ(Q2/μ2) + R

(2)G
L,n (Σ)

]
,
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�¨¸. 5. ’μ ¦¥, ÎÉμ ¨ ´  p¨¸. 3, ´μ ¤²Ö £²Õμ´μ¢
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£¤¥

R
(2)G
L,n (Σ) = 2CA

[
3S2

1 − S2 + 2K2 + S1

(
6 − 2

(n − 1)n
− 4

(n + 1)

)
−

−1 − 2
3

1
(n − 1)

− 1
n
− 1

(n + 1)
+

8
3

1
(n + 2)

− 2
n2

+
2

(n + 1)2
− 4

(n + 2)2

]
−

− 2CF

[
2K2

(
1 +

4
(n − 2)(n + 3)

)
+ 2S1

(
1 +

1
n(n + 1)

)
− 1

2
2n + 1

n(n + 1)
−

− 6
(n − 2)(n + 3)

− 2n + 1
n2(n + 1)2

]
. (59)

„²Ö ´ Ìμ¦¤¥´¨Ö ±μÔËË¨Í¨¥´É  C
(1)G
L,n · ¸¸³μÉ·¨³ ¢¥²¨Î¨´Ê

∑
j=S,G

C
(1)j
L,n ·Z(1)j

n,G = B
(1)G

L,n

[(
1
ε
+φ(Q2/μ2)

)(
γ

(0)n
GG

2
+γ

(0)
G

)
+ R

(2)G
L,n (IR)

]
+

+ B
(1)S

L,n

(
1
ε

+ φ(Q2/μ2)
)

γ
(0)n
NS

2
,

£¤¥

R
(2)G
L,n (IR) =

(
2CA

[
2S1 − 1 − 2

n(n − 1)
− 2

(n + 1)(n + 2)

]
+

+2CF

[
−1

2
− 1

n(n + 1)

])
(S1 + 1). (60)

�μ¤¸É ¢²ÖÖ (59) ¨ (60) ¢ (42) ¶·¨ j = G ¨ ÊÎ¨ÉÒ¢ Ö (31), ¶μ²ÊÎ ¥³

R
(2)G
L,n = R

(2)G
L,n (Σ) − R

(2)G
IR,n ¢ MS-¸Ì¥³¥ (¨ ¢ ¶·¥¸±·¨¶Í¨¨ A [21]):

R
(2)G
L,n (MS) = 2CA

[
S2

1 − S2 + 2K2 + 2S1

(
2 − 1

(n − 1)n
− 2

(n + 1)

)
+

+
4
3

1
(n − 1)

− 3
n

+
1

(n + 1)
+

2
3

1
(n + 2)

− 2
n2

+
2

(n + 1)2
− 4

(n + 2)2

]
−

− 2CF

[
2K2

(
1 +

4
(n − 2)(n + 3)

)
+ S1

(
3
2

+
1

n(n + 1)

)
− 1

2
− 3

2
1
n

+

+
1
2

1
(n + 1)

− 6
(n − 2)(n + 3)

− 2n + 1
n2(n + 1)2

]
. (61)
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‡ ³¥É¨³, ÎÉμ · ¸¸¥Ö´¨¥ ¶·μ¨¸Ìμ¤¨É ´  ®Ë¨§¨Î¥¸±μ³¯ £²Õμ´¥. “Î¥É ÔÉμ£μ
Ë ±É  ¢Ò¶μ²´¥´ ¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ ´¨Ö Ë¨§¨Î¥¸±μ° ¸Ê³³Ò ¶μ ¶μ²Ö·¨§ Í¨Ö³
£²Õμ´ :

∑
λ

εμ(λ)ε∗μ(λ) = −gμν +
uμpν + uνpμ

(up)
− u2pμpν

(up)2
, (62)

£¤¥ ¢¥±Éμ· u Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ u2 < 0. �¥§Ê²ÓÉ ÉÒ (58) ¨ (61) ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Ë¥°´³ ´μ¢¸±μ° ¸Ê³³Ò ¶μ ¶μ²Ö·¨§ Í¨¨,
μ¤´ ±μ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¤¨ £· ³³Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ · ¸¸¥Ö´¨¥
ËμÉμ´  ´  ¤ÊÌ Ì ” ¤¤¥¥¢ Ä�μ¶μ¢ , ¤μ²¦´Ò ¡ÒÉÓ ¤μ¡ ¢²¥´Ò (¸³. μ¡¸Ê¦¤¥´¨¥
ÔÉμ£μ ¢μ¶·μ¸  ¢ [4]).

�¥§Õ³¥: �¥§Ê²ÓÉ É ¤²Ö ¤¢ÊÌ¶¥É²¥¢μ° ¶μ¶· ¢±¨ ± ¶·μ¤μ²Ó´μ° ‘” ƒ��
¨³¥¥É ±μ³¶ ±É´Ò° ¢¨¤, ¡²¨§±¨° ± ¤¢ÊÌ¶¥É²¥¢Ò³ ¶μ¶· ¢± ³ ±  ´μ³ ²Ó´Ò³
· §³¥·´μ¸ÉÖ³ ¢¨²Ó¸μ´μ¢¸±¨Ì μ¶¥· Éμ·μ¢ [27]. �μ¤¨ £· ³³´Ò° ¢±² ¤,   É ±¦¥
¤μ± § É¥²Ó¸É¢μ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¶μ²ÊÎ¥´´μ£μ ·¥§Ê²ÓÉ É 
¤ ´Ò ¢ [4].

‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ö¤¥· Ô¢μ²ÕÍ¨¨ ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò
μ¡· É´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³ Œ¥²²¨´  ¢Ò· ¦¥´¨° (55), (58) ¨ (61), μ´¨ ¤ ´Ò
¢ [6, 29]. ‡ ³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ ÉÒ [6, 29], ± ± ¨ [4], ¸μ¤¥·¦ ²¨ μÏ¨¡±Ê ¢
£²Õμ´´μ³ ¸¥±Éμ·¥. ’μÎ´Ò¥ Ö¤·  Ô¢μ²ÕÍ¨¨ ¤ ´Ò ¢ · ¡μÉ Ì [30] ± ± ¤²Ö ¶·μ-
¤μ²Ó´μ°, É ± ¨ ¤²Ö ¶μ¶¥·¥Î´μ° ‘”. Œμ³¥´ÉÒ ÔÉ¨Ì Ö¤¥· ¸μ¢¶ ¤ ÕÉ Î¨¸²¥´´μ
¤²Ö ¶·μ¤μ²Ó´μ° Î ¸É¨ ¸ ¨¸¶· ¢²¥´´Ò³¨ ¢ [21]. ’μÎ´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¢ÊÌ-
¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± ± ±μÔËË¨Í¨¥´É ³ ‚¨²Ó¸μ´  ‘” ƒ�� F2, FL ¨ F3 ¡Ò²¨
´ °¤¥´Ò ¢ · ¡μÉax [30, 31].

�É³¥É¨³ É ±¦¥ ¡μ²ÓÏμ° ¶·μ£·¥¸¸ ¢ ¶μ²ÊÎ¥´¨¨ ´¥¸±μ²Ó±¨Ì ¶¥·¢ÒÌ ³μ-
³¥´Éμ¢ ¢ ¶μ·Ö¤±¥ ∼ α3

s ¤²Ö  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° μ¶¥· Éμ·μ¢ ‚¨²Ó¸μ´ 
¤²Ö ‘” F2 ¨ F3: 14 ¶¥·¢ÒÌ Î¥É´ÒÌ ³μ³¥´Éμ¢ ¢ ¸²ÊÎ ¥ ‘” F2 ¨ 13 ¶¥·¢ÒÌ
´¥Î¥É´ÒÌ ³μ³¥´Éμ¢ ¢ ¸²ÊÎ ¥ ‘” F3 ¡Ò²¨ ´ °¤¥´Ò ´¥¤ ¢´μ ¢ · ¡μÉ Ì [32,33]
¸μμÉ¢¥É¸É¢¥´´μ. �μ²´ Ö n- (¨²¨ x)-§ ¢¨¸¨³μ¸ÉÓ ´¥¨§¢¥¸É´  ¸¥°Î ¸ Éμ²Ó±μ ¤²Ö
α3

s-¶μ¶· ¢μ± ±  ´μ³ ²Ó´Ò³ · §³¥·´μ¸ÉÖ³ (¨²¨ ± Ö¤· ³ Ô¢μ²ÕÍ¨¨). ˆÌ ¢ÒÎ¨-
¸²¥´¨¥, μ¤´ ±μ, Å ¶·¥¤³¥É ´¥¤ ²¥±μ£μ ¡Ê¤ÊÐ¥£μ (¸³. [34])∗. ‡ ³¥É¨³, ÎÉμ
§´ ´¨¥ ÔÉ¨Ì ¶μ¶· ¢μ± ¶μ§¢μ²¨É ¶·μ¢μ¤¨ÉÓ ¶μ²´Ò°  ´ ²¨§ ¶·μÍ¥¸¸  ƒ�� ¢
¶¥·¢ÒÌ É·¥Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°∗∗.

∗‚μ ¢·¥³Ö ¶μ¤£μÉμ¢±¨ ÔÉμ£μ É¥±¸É   ´ ²¨É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ 3-¶¥É²¥¢ÒÌ ¶μ¶· ¢μ± ±  ´μ-
³ ²Ó´Ò³ · §³¥·´μ¸ÉÖ³ ¢¨²Ó¸μ´μ¢¸±¨Ì μ¶¥· Éμ·μ¢ ¨ Ö¤¥· Ô¢μ²ÕÍ¨¨,   É ±¦¥ ± ±μÔËË¨Í¨¥´É´Ò³
ËÊ´±Í¨Ö³ ¡Ò²  ´ °¤¥´  ÉμÎ´μ ¢ · ¡μÉ Ì [35] ¨ [36] ¸μμÉ¢¥É¸É¢¥´´μ.

∗∗‡´ ´¨¥ ¶¥·¢ÒÌ ³μ³¥´Éμ¢ ¤²Ö ÔÉ¨Ì ¶μ¶· ¢μ± ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨°  ´ -
²¨§ Éμ²Ó±μ ¢ μ¡² ¸É¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨° ¶¥·¥³¥´´μ° x (¸³., ´ ¶·¨³¥·, Ë¨ÉÒ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ [11, 14, 18, 37]).
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3. ‘•…Œ��-ˆ�‚��ˆ��’��Ÿ ’‚ ˆ ‘”

Š ± ³Ò Ê¦¥ ¶μ± § ²¨ ¢ÒÏ¥, ¶μ²ÊÎ¥´¨¥ ¨´Ëμ·³ Í¨¨ ¨§ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢
’‚ Å ¶·μÍ¥¸¸ É·Ê¤μ¥³±¨°, μ´ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö μ·¨£¨´ ²Ó´ÒÌ ³¥Éμ¤μ¢ ¢Ò-
Î¨¸²¥´¨Ö Ë¥°´³ ´μ¢¸±¨Ì ¨´É¥£· ²μ¢. „·Ê£ Ö ¢ ¦´ Ö ¶·μ¡²¥³  ¢μ§´¨± ¥É ¶·¨
¸· ¢´¥´¨¨ ¶·¥¤¸± § ´¨° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

Š ± ¶· ¢¨²μ, ¤²Ö ¶·μ¢¥·±¨ É¥μ·¨¨ (¨²¨ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨ μ
± ±¨Ì-²¨¡μ ¥¥ ´¥¢ÒÎ¨¸²Ö¥³ÒÌ ¶ · ³¥É· Ì) ¨¸¶μ²Ó§ÊÕÉ ´¥±μÉμ·Ò¥ Ë¨§¨Î¥-
¸±¨¥ ¢¥²¨Î¨´Ò (É. ¥. ´ ¡²Õ¤ ¥³Ò¥), ±μÉμ·Ò¥, ¸ μ¤´μ° ¸Éμ·μ´Ò, ³μ£ÊÉ ¡ÒÉÓ
´ °¤¥´Ò ¨§ Ô±¸¶¥·¨³¥´É ,   ¸ ¤·Ê£μ° Å ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ·Ö¤  ’‚ ¸ ¨§-
¢¥¸É´Ò³¨ ±μÔËË¨Í¨¥´É ³¨ (μ¡ÒÎ´μ ³μ£ÊÉ ¡ÒÉÓ · ¸¸Î¨É ´Ò ´¥¸±μ²Ó±μ ¶¥·-
¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢). �¸´μ¢´ Ö É·Ê¤´μ¸ÉÓ, ¢μ§´¨± ÕÐ Ö ¶·¨ É ±μ³ ¸μ¶μ-
¸É ¢²¥´¨¨, ¸μ¸Éμ¨É ¢ § ¢¨¸¨³μ¸É¨ ÔÉ¨Ì ±μÔËË¨Í¨¥´Éμ¢ (¨ ±μ´¸É ´ÉÒ ¸¢Ö§¨
É ±¦¥) μÉ ¸Ì¥³Ò ¢ÒÎ¨É ´¨Ö ¡¥¸±μ´¥Î´μ¸É¥°, ±μÉμ·Ò¥ ¶·¨¸ÊÐ¨ Ë¥°´³ ´μ¢-
¸±¨³ ¨´É¥£· ² ³. �É  ¶·μ¡²¥³  ¸É ´μ¢¨É¸Ö μ¸μ¡¥´´μ ¸ÊÐ¥¸É¢¥´´μ° ¢ Š•„
¨ ¤·Ê£¨Ì É¥μ·¨ÖÌ, £¤¥ ±μ´¸É ´É  ¸¢Ö§¨ ´¥ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ³ ²μ° ¢ Ë¨-
§¨Î¥¸±¨ ¨´É¥·¥¸´μ° μ¡² ¸É¨ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸μ¢ [38, 39]. ‘²¥¤μ¢ É¥²Ó´μ,
¤²Ö μ¸ÊÐ¥¸É¢²¥´¨Ö ± ±μ£μ-²¨¡μ μ¸³Ò¸²¥´´μ£μ ¸· ¢´¥´¨Ö Š•„-¶·¥¤¸± § ´¨°
¸ Ô±¸¶¥·¨³¥´Éμ³ ´¥μ¡Ìμ¤¨³μ ± ±-Éμ ·¥Ï¨ÉÓ ¶·μ¡²¥³Ê ¸Ì¥³´μ£μ ¶·μ¨§¢μ² .

3.1. �¡Ð Ö Ì · ±É¥·¨¸É¨±  ³¥Éμ¤μ¢. �¥·¢μ´ Î ²Ó´μ ¶·μ¡²¥³  ´¥μ¤´μ-
§´ Î´μ¸É¨ ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ÒÎ¨¸²¥´¨° ·¥Ï ² ¸Ó ¢ · ³± Ì ¶μ¶ÒÉμ± μÉ¢¥É  ´ 
¢μ¶·μ¸ μ Éμ³, ± ±ÊÕ ¸Ì¥³Ê ¶¥·¥´μ·³¨·μ¢μ± ¸²¥¤Ê¥É ¢Ò¡¨· ÉÓ, ÎÉμ¡Ò ¶μ²Ê-
Î ÉÓ ´ ¤¥¦´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ´ ¡²Õ¤ ¥³ÒÌ ¢ ¶¥·ÉÊ·¡ É¨¢´μ° Š’� (¸³.,
´ ¶·¨³¥·, [9,40,41]). ‚ É ±μ³ ¶μ¤Ìμ¤¥ ·¥Ï¥´¨¥ ¤ ´´μ° ¶·μ¡²¥³Ò ¶·Ö³μ ¸¢Ö-
§ ´μ ¸ ¨¤¥¥° ®Ê²ÊÎÏ¥´´μ° ¶μ ·¥´μ·³-£·Ê¶¶¥¯ ’‚ ¨ Ö¢²Ö¥É¸Ö § ¤ Î¥° ¶μ¨¸± 
®μ¶É¨³ ²Ó´μ°¯ ¸Ì¥³Ò ¶¥·¥´μ·³¨·μ¢μ±.

�É¸ÊÉ¸É¢¨¥ ¨´Ëμ·³ Í¨¨ μ ¶μ¢¥¤¥´¨¨ ¶μ¶· ¢μ± ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢ ·Ö¤ 
’‚ ´¥ ¤ ¥É ¢μ§³μ¦´μ¸É¨ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¸É·μ£μ¥ ³ É¥³ É¨Î¥¸±μ¥ ÊÉ¢¥·¦¤¥-
´¨¥ ¤²Ö ¢Ò¡μ·  ®μ¶É¨³ ²Ó´μ°¯ ¸Ì¥³Ò ¶¥·¥´μ·³¨·μ¢μ±, ¶·¨³¥´¨³μ° ¤²Ö ¶·μ-
¨§¢μ²Ó´μ° Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´Ò. ‚¸²¥¤¸É¢¨e ÔÉμ£μ ¤ ´´Ò° ±·¨É¥·¨° μ¡ÒÎ´μ
¸¢μ¤ÖÉ ± É·¥¡μ¢ ´¨Õ, ÎÉμ¡Ò ¶μ¶· ¢±  ¢Éμ·μ£μ ¶μ·Ö¤±  ¡Ò²  ¤μ¸É ÉμÎ´μ ³ ² ,
¶·μ¨§¢μ²Ó´μ ¤μ¶Ê¸± Ö, ÎÉμ ¨ ¶μ¶· ¢±¨ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢ ¶·¨ ÔÉμ³ É ±¦¥
³ ²Ò.

�¶¨¸ ´´Ò° ¶μ¤Ìμ¤ ¶¥·¢Ò³ ¶μ¤¢¥·£ ±·¨É¨±¥ ‘É¨¢¥´¸μ´ [39,42], ±μÉμ·Ò°
¶μ± § ², ÎÉμ ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ ¤²Ö ²Õ¡μ£μ Ë¨§¨Î¥¸±μ£μ ¶·μÍ¥¸¸  ´¥-
μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¤´Ê ¨ ÉÊ ¦¥ ¸Ì¥³Ê ¶¥·¥´μ·³¨·μ¢±¨, Ö¢²Ö¥É¸Ö ´¨Î¥³
´¥ μ¶· ¢¤ ´´Ò³ ¨, ¶μ-¢¨¤¨³μ³Ê, ´¥¢¥·´Ò³. � ¶·μÉ¨¢, ¶ · ³¥É· · §²μ¦¥´¨Ö,
  §´ Î¨É, ¸Ì¥³Ê ¶¥·¥´μ·³¨·μ¢±¨, ¸²¥¤Ê¥É ¢Ò¡¨· ÉÓ ¸¶¥Í¨ ²Ó´μ ¤²Ö ± ¦¤μ£μ
μÉ¤¥²Ó´μ£μ Ë¨§¨Î¥¸±μ£μ ¶·μÍ¥¸¸  ¨ ¤ ¦¥ ¤²Ö ± ¦¤μ£μ ¶μ·Ö¤±  ¶¥·ÉÊ·¡ É¨¢-
´μ°  ¶¶·μ±¸¨³ Í¨¨.

ƒ·Õ´¡¥·£ [43] ¶·¥¤²μ¦¨² ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¶¥·ÉÊp¡ É¨¢´ÒÌ
¶·¥¤¸± § ´¨° ³¥Éμ¤ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢, ±μÉμ·Ò° ¶μ§¢μ²Ö¥É ¶μ¸É·μ¨ÉÓ ¤²Ö
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± ¦¤μ° Ë¨§¨Î¥¸±μ° ¢¥²¨Î¨´Ò ¸¢μÕ ¸μ¡¸É¢¥´´ÊÕ ®μ¶É¨³ ²Ó´ÊÕ¯ ¸Ì¥³Ê ¶¥-
·¥´μ·³¨·μ¢μ±, μ¸´μ¢Ò¢ Ö¸Ó ´  É ± ´ §Ò¢ ¥³μ³ ¶·¨´Í¨¶¥ ®¸±μ·¥°Ï¥° Ö¢´μ°
¸Ìμ¤¨³μ¸É¨¯. ‚ · ³± Ì ¶·μÍ¥¤Ê·Ò ƒ·Õ´¡¥·£  ¢¸¥ ¶μ¶· ¢±¨ ¢Ò¸Ï¨Ì ¶μ·Ö¤-
±μ¢ ± £² ¢´μ³Ê ¢±² ¤Ê ¨¸Î¥§ ÕÉ ¨ ¨§ÊÎ ¥³ Ö ´ ¡²Õ¤ ¥³ Ö ¸É ´μ¢¨É¸Ö Éμ¦¤¥-
¸É¢¥´´μ · ¢´μ° ¢¥²¨Î¨´¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨, ¢ÒÎ¨¸²¥´´μ° ¢ ÔÉμ° ¸Ì¥³¥ ¨, É ±¨³
μ¡· §μ³, ¸μ¶·Ö¦¥´´μ° ¸ μ¶·¥¤¥²¥´´Ò³ Ë¨§¨Î¥¸±¨³ ¶·μÍ¥¸¸μ³. �ÉμÉ ¶μ¤Ìμ¤
Ö¢²Ö²¸Ö, ¶μ-¢¨¤¨³μ³Ê, ¶¥·¢μ° ¸Ì¥³´μ-¨´¢ ·¨ ´É´μ° (‘ˆ) ¶·μÍ¥¤Ê·μ°.

„·Ê£μ° ‘ˆ-Ëμ·³ ²¨§³ ¡Ò² ¤ ´ „ ·μ³ ¨ ƒÊ¶Éμ° [44], ±μÉμ·Ò¥ ¶·¥¤²μ-
¦¨²¨ ´μ¢Ò° ¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤ ± ¶¥·¥´μp³¨·Ê¥³Ò³ ¶μ²¥¢Ò³ É¥μ·¨Ö³.
�´¨ ¶μ± § ²¨, ÎÉμ ¢³¥¸Éμ μ¡ÒÎ´ÒÌ ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ·Ö¤μ¢ ’‚ ¤²Ö ¡¥§-
· §³¥·´ÒÌ ±¢ ´Éμ¢o-¶μ²¥¢ÒÌ ¢¥²¨Î¨´ ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ´¥±μÉμ·Ò¥ ‘ˆ-
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥ Ô¢μ²ÕÍ¨Õ ÔÉ¨Ì ¢¥²¨Î¨´. ’ ±¨¥
Ô¢μ²ÕÍ¨μ´´Ò¥ Ê· ¢´¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò ± ± ´  μ¸´μ¢¥ ¶¥·¥´μ·³¨-
·μ¢ ´´ÒÌ ·Ö¤μ¢, É ± ¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ´¥¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ·Ö¤μ¢ ’‚.
„ ´´Ò° ³¥Éμ¤ ¡Ò² ¶¥·¢μ´ Î ²Ó´μ · §¢¨É „ ·μ³ ¨ ƒÊ¶Éμ° ¤²Ö ¡¥§³ ¸¸μ¢μ£μ
¸²ÊÎ Ö. ‚¶μ¸²¥¤¸É¢¨¨ Š § ±μ¢ ¨ ˜¨·±μ¢ [45] ¶μ¸É·μ¨²¨ μ¡μ¡Ð¥´¨¥ ÔÉμ£μ
Ëμ·³ ²¨§³  ´  ¸²ÊÎ ° ÊÎ¥É  ³ ¸¸μ¢ÒÌ § ¢¨¸¨³μ¸É¥°. „ ²Ó´¥°Ï¥¥ · §¢¨É¨¥
³¥Éμ¤  ¢ · ³± Ì ³ ¸¸o¢μ£μ ¸²ÊÎ Ö ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¢ · ¡μÉ¥ ƒÊ¶ÉÒ, ˜¨·-
±μ¢  ¨ ’ · ¸μ¢  [46].

‘ÊÐ¥¸É¢ÊÕÉ ¨ ´¥±μÉμ·Ò¥ ¤·Ê£¨¥ ¶μ¤Ìμ¤Ò ± ¶μ¸É·μ¥´¨Õ ¸Ì¥³´μ-¨´¢ -
·¨ ´É´ÒÌ ’‚ (‘ˆ’‚) (¸³. [47,48]),   É ±¦¥ ¢ ·¨ ´ÉÒ μ¶É¨³¨§ Í¨μ´´μ° ¶·μ-
Í¥¤Ê·Ò ‘É¨¢¥´¸μ´  [49]. Š ± ¡Ò²μ μÉ³¥Î¥´μ ‚² ¤¨³¨·μ¢Ò³ [48], · §²¨Î´Ò¥
¢¥·¸¨¨ ‘ˆ’‚, ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¢ ²¨É¥· ÉÊ·¥, Ô±¢¨¢ ²¥´É´Ò ¤²Ö ¶μ²´ÒÌ ·Ö¤μ¢
’‚, μ¤´ ±μ ¤²Ö μ¡μ·¢ ´´ÒÌ ·Ö¤μ¢ ¤ ÕÉ · §²¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �·μ¡²¥³ 
¢Ò¡μ·  ®²ÊÎÏ¥°¯ ‘ˆ’‚ ¥¸ÉÓ μ¡Ð Ö ¶·μ¡²¥³  ’‚: ± ±μ° ¶ · ³¥É· · §²μ-
¦¥´¨Ö ¢Ò¡· ÉÓ. � §Ê³¥¥É¸Ö, É ± Ö § ¤ Î  ´¥ ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¢ · ³± Ì
‘ˆ’‚. �μ¸²¥¤´ÖÖ ¶·μ¸Éμ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ’‚, ¸¢μ¡μ¤´ÊÕ μÉ ´¥μ¶·¥¤¥-
²¥´´μ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ¡¥¸±μ´¥Î´μ¸ÉÖ³¨ Ë¥°´³ ´μ¢¸±¨Ì ¨´É¥£· ²μ¢, ´μ ´¥
μÉ ´¥μ¶·¥¤¥²¥´´μ¸É¥° ¢Ò¡μ·  ¶ · ³¥É·  · §²μ¦¥´¨Ö.

3.2. �¡Ð¨¥ ¶μ²μ¦¥´¨Ö ‘ˆ’‚. ‘ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö
¶¥·¥Ìμ¤ μÉ μ¡ÒÎ´μ° ’‚ ± ‘ˆ’‚ ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥¸Ê³³¨·μ¢ ´¨Õ ·Ö¤  ’‚
¨ ¨§³¥´¥´¨Õ ±μ²¨Î¥¸É¢¥´´ÒÌ ¶·¥¤¸± § ´¨° É¥μ·¨¨ ¢ É¥Ì μ¡² ¸ÉÖÌ, £¤¥ ÔË-
Ë¥±É¨¢´ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ ³ ² . ‚ μ¡² ¸ÉÖÌ ¸ ³ ²μ° ±μ´¸É ´Éμ°
¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¤¸± § ´¨Ö μ¡¥¨Ì ’‚ μ¡ÒÎ´μ ¡²¨§±¨. ’ ±μ¥ ¸¢μ°¸É¢μ ‘ˆ’‚
μ¡ÒÎ´μ ¶·¨¢μ¤¨É ± Ê²ÊÎÏ¥´¨Õ ¸μ£² ¸¨Ö É¥μ·¨¨ ¨ Ô±¸¶¥·¨³¥´É ∗.

� ¸¸³μÉ·¨³ ±· É±μ ¸ÊÉÓ ‘ˆ’‚, ¸²¥¤ÊÖ ·¥Í¥¶ÉÊ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢
ƒ·Õ´¡¥·£  (¡μ²¥¥ ¶μ¤·μ¡´μ¥ ¨§ÊÎ¥´¨¥ ¶·μ¡²¥³Ò ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¢ · ¡μ-
É Ì [47] ¨ μ¡§μ·¥ [48]). �Ê¸ÉÓ ´¥±μÉμ· Ö Ë¨§¨Î¥¸± Ö ¢¥²¨Î¨´  R ¶·¥¤¸É ¢²¥´ 

∗‘³., ´ ¶·¨³¥·, Ë¨ÉÒ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ƒ�� ¢ [11, 18, 37].
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¢ ¢¨¤¥ ·Ö¤  ’‚, Ê²ÊÎÏ¥´´μ£μ ³¥Éμ¤μ³ ·¥´μ·³-£·Ê¶¶Ò:

R = ap
s

(
1 + r1 as + . . .

)
, (63)

£¤¥ ¶ · ³¥É· · §²μ¦¥´¨Ö as(Q2) ´ Ìμ¤¨É¸Ö ¨§ Ê· ¢´¥´¨Ö

Q2 d

dQ2
as(Q2) = β(as), (64)

  β(as) μ¶·¥¤¥²Ö¥É¸Ö · §²μ¦¥´¨¥³ (13). ’ ±, ´ ¶·¨³¥·, ¢ μ¤´μ- ¨ ¤¢ÊÌ¶¥É²¥-
¢ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ ±μ´¸É ´É  ¸¢Ö§¨ as(Q2) Ê¤μ¢²¥É¢μ·Ö¥É, ¸μμÉ¢¥É¸É¢¥´´μ,
Ê· ¢´¥´¨Ö³

1
as(Q2)

= β0 ln (Q2/Λ2
LO), (65)

1
as(Q2)

+
β1

β0
ln [β0 as(Q2)] = β0 ln (Q2/Λ2

MS
). (66)

‡ ³¥É¨³, ÎÉμ ¢¥²¨Î¨´Ò ri, as, Λ Ö¢²ÖÕÉ¸Ö ¸Ì¥³´μ-§ ¢¨¸¨³Ò³¨.
‘²¥¤ÊÖ ƒ·Õ´¡¥·£Ê, ³μ¦´μ ¶μ¸É·μ¨ÉÓ ´μ¢μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¨¸Ìμ¤´μ°

¢¥²¨Î¨´Ò

R = ap
R, (67)

£¤¥ ´μ¢ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö (ÔËË¥±É¨¢´Ò° § ·Ö¤) aR Ê¤μ¢²¥É¢μ·Ö¥É
Ê· ¢´¥´¨Õ

1
aR(Q2)

+
β1

β0
ln [β0 aR(Q2)] = β0 ln (Q2/Λ2

a) − r1

p
. (68)

�·¨ · ¡μÉ¥ ¸ ¶·¨¡²¨¦¥´¨¥³ ¢ÒÏ¥ ¤¢ÊÌ¶¥É²¥¢μ£μ (±μÉμ·Ò³ ³Ò §¤¥¸Ó μ£· -
´¨Î¨¢ ¥³¸Ö) ¶· ¢ Ö Î ¸ÉÓ ¸μ¤¥·¦¨É ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò (¸³. [43]).

B¥²¨Î¨´Ò aR, Λa Ö¢²ÖÕÉ¸Ö ¸Ì¥³´μ-¨´¢ ·¨ ´É´Ò³¨,   Ï± ²Ò Λa ¨ Λ ¸¢Ö-
§ ´Ò ¸μμÉ´μÏ¥´¨¥³

Λa = Λ exp
[

r1

2pβ0

]
. (69)

’ ±¨³ μ¡· §μ³, ± ¦¤Ò° ¶·μÍ¥¸¸ (¢¥·´¥¥, ± ¦¤ Ö ´ ¡²Õ¤ ¥³ Ö ¶·μÍ¥¸¸ )
Ì · ±É¥·¨§Ê¥É¸Ö ¸¢μ¥° ÔËË¥±É¨¢´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨. ‡ ³¥É¨³, ÎÉμ É ±¨¥
±μ´¸É ´ÉÒ ¸¢Ö§¨ (´ ¶·¨³¥·, a1 ¨ a2) ´¥ Ö¢²ÖÕÉ¸Ö, ±μ´¥Î´μ, ´¥§ ¢¨¸¨³Ò³¨.
ˆÌ Ï± ²Ò ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

Λa1 = Λa2 exp
[
r1 − r2

2pβ0

]
.
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‚ ¸²ÊÎ ¥ ‘” ƒ�� ‘ˆ-±μ´¸É ´É  ¸¢Ö§¨ § ¢¨¸¨É É ±¦¥ μÉ ´μ³¥·  ³μ³¥´É 
¨ É¨¶  ‘”. ‘²¥¤μ¢ É¥²Ó´μ, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ‘ˆ’‚ ³μ³¥´ÉÒ ‘” ¶·¥¤¸É -
¢²ÖÕÉ¸Ö ¢ ¢¨¤¥

M2,n(Q2) =
∑

j

Aj
n

[
aj
2,n(Q2)

]dn
j

,

ML,n(Q2) =
∑

j

Aj
n B

(1)j
L,n (Q2)

[
aj

L,n(Q2)
]dn

j +1

,
(70)

£¤¥ ‘ˆ-±μ´¸É ´ÉÒ ¸¢Ö§¨ aj
2,n ¨ aj

L,n μ¶·¥¤¥²ÖÕÉ¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨Ö (68)
¶·¨ r1/p, · ¢´Ò³¨

1
dn

j

[
B

(1)j
2,n (MS) + Z

j

n(MS)
]

¨
1

dn
j + 1

[
B

(1)j
L,n (MS) + Z

j

n(MS)
]

¸μμÉ¢¥É¸É¢¥´´μ.

3.3. � ¸Î¥É αs-¶μ¶· ¢±¨ ± R(x, Q2). Œμ³¥´ÉÒ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚
¨ ¢ ¸²¥¤ÊÕÐ¥³ ¢ MS-¸Ì¥³¥ ¨ ‘ˆ’‚ ¶·¥¤¸É ¢²ÖÕÉ¸Ö Ëμ·³Ê² ³¨ (20)Ä(23)
¨ (70) ¸μμÉ¢¥É¸É¢¥´´μ. „²Ö ¶μ²ÊÎ¥´¨Ö ‘” Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ É ± ´ §Ò¢ ¥-
³ÊÕ É¥Ì´¨±Ê ˆ´¤Ê· °´ ∗. ‘ÊÉÓ ¥¥ ¢ Éμ³, ÎÉμ ¡¥·¥É¸Ö N ¨§¢¥¸É´ÒÌ ³μ³¥´Éμ¢
¨ Î¨¸²¥´´μ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ¢¨¤ ‘”. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¢ μ¡· ¡μÉ±¥ 9 ¶¥·-
¢ÒÌ ³μ³¥´Éμ¢ ¶μ§¢μ²Ö¥É ¢μ¸¸É ´μ¢¨ÉÓ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ¸ Ï £μ³ ¶μ x,
· ¢´Ò³ 0,1, ¨ ÉμÎ´μ¸ÉÓÕ ²ÊÎÏ¥ 10 % (¸³. [50]).

‡ ³¥É¨³, ÎÉμ ¢ μ¡· ¡μÉ±¥ ¤μ²¦´Ò ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ³μ³¥´ÉÒ Mk,n

± ± ¤²Ö Î¥É´ÒÌ, É ± ¨ ¤²Ö ´¥Î¥É´ÒÌ n. Š ± ¡Ò²μ Ê¦¥ ¶μ± § ´μ ¢ · §¤. 1,
¨§ · ¸Î¥É  Ë¥°´³ ´μ¢¸±¨Ì ¨´É¥£· ²μ¢ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ Tk,n ³μ¦´μ ¶μ-
²ÊÎ¨ÉÓ É¥μ·¥É¨Î¥¸±ÊÕ ¨´Ëμ·³ Í¨Õ Éμ²Ó±μ ¤²Ö Î¥É´ÒÌ §´ Î¥´¨° Mk,n. ‚
¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ¢ ± Î¥¸É¢¥ §´ Î¥´¨° ¤²Ö ¢¥²¨Î¨´Ò Mk,n ¤²Ö ¢¸¥Ì n ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ  ´ ²¨É¨Î¥¸±¨° ·¥§Ê²ÓÉ É ¤²Ö Tk,n ¤²Ö Î¥É´ÒÌ n. ‚ ´ ¸ÉμÖÐ¥³
 ´ ²¨§¥ É ±μ¥ μÉμ¦¤¥¸É¢²¥´¨¥ ´¥¢μ§³μ¦´μ ¨§-§  ´ ²¨Î¨Ö ¸Ê³³ K2(n), K3(n)
¨ K2,1(n), ¨³¥ÕÐ¨Ì · §²¨Î´Ò°  ´ ²¨É¨Î¥¸±¨° ¢¨¤ ¤²Ö Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ
§´ Î¥´¨° n. �É¨ ¸Ê³³Ò Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ ´¥¶² ´ ·´μ¸É¨ ´¥±μÉμ·ÒÌ ¨§
¤¨ £· ³³, ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 3 ¨ 5. ’·Ê¤´μ¸ÉÓ ¸´¨³ ¥É¸Ö ¶¥·¥μ¶·¥¤¥²¥-

∗’¥Ì´¨±  ˆ´¤Ê· °´  [50] μ¸´μ¢ ´  ´  ¢μ¸¸É ´μ¢²¥´¨¨ ‘” ƒ�� ¶μ ¨Ì ³μ³¥´É ³ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¶μ²¨´μ³μ¢ 	¥·´¸É¥°´ . �ÉμÉ ³¥Éμ¤,   É ±¦¥ ³¥Éμ¤, μ¸´μ¢ ´´Ò° ´  ¶μ²¨´μ³ Ì Ÿ±μ¡¨ (¸³.,
´ ¶·¨³¥·, [16,51]), Ìμ·μÏμ ¢μ¸¶·μ¨§¢μ¤ÖÉ ‘” ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì §´ Î¥´¨° x, £¤¥ μ´¨ ¶·¨³¥´Ö-
²¨¸Ó ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ± ± ¢μ ¢Éμ·μ³ (¸³., ´ ¶·¨³¥·, [4,13,16,18,20,52]),
É ± ¨ ¢ É·¥ÉÓ¥³ ¶μ·Ö¤± Ì ’‚ [11, 14].
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´¨¥³ K2(n), K3(n) ¨ K2,1(n) (¸³. [4, 53,54]):

K2(n) → K2(n) ≡ (−1)nK2(n) + ζ(2)
1 − (−1)n

2
,

K3(n) → K3(n) ≡ (−1)nK3(n) +
3
2
ζ(3)

1 − (−1)n

2
, (71)

K1,2(n) → K1,2(n) ≡ (−1)nK1,2(n) +
5
4
ζ(3)

1 − (−1)n

2
.

‘μμÉ´μÏ¥´¨Ö (72) ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·μÍ¥¤Ê·Ò∗,  ´ -
²μ£¨Î´μ° ¶·μ¤μ²¦¥´¨Õ ´  ´¥Í¥²Ò¥ §´ Î¥´¨Ö  ·£Ê³¥´É  ¢ ¡μ²¥¥ ¶·μ¸ÉÒÌ
ËÊ´±Í¨ÖÌ Sm(n) (¸³. (37)):

Sm(n) =
∞∑

j=1

1
jm

−
∞∑

j=1

1
(j + n)m

= ζ(m) − (−1)m

(m − 1)!
Ψ(m−1)(n + 1). (72)

‚μ§´¨± ÕÐ Ö ¢ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö (72) ¶μ²¨£ ³³ -ËÊ´±Í¨Ö �°²¥· 
Ψ(m−1)(n + 1) = (d/da)m ln (Γ(n + 1 + a))|a=0 Ö¢²Ö¥É¸Ö Ìμ·μÏμ ¨§ÊÎ¥´´μ°
¤ ¦¥ ¤²Ö μ¡² ¸É¨ ¨§³¥´¥´¨Ö  ·£Ê³¥´É  ¢ ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨. „¥°¸É¢ÊÖ

 ´ ²μ£¨Î´μ ¢ ¸²ÊÎ ¥ ËÊ´±Í¨° Km(n) (¸³. (53)), É. ¥. ¶·¥¤¸É ¢²ÖÖ ¸Ê³³Ê
n∑

j=1

± ± · §´μ¸ÉÓ
∞∑

j=1

−
∞∑

j=1+n

¨ ¸¤¢¨£ Ö ´  n  ·£Ê³¥´É ¶μ¸²¥¤´¥° ¸Ê³³Ò, ¶μ²ÊÎ ¥³

¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥:

Km(n) =
∞∑

j=1

(−1)j+1

jm
−

∞∑
j=1

(−1)j+1

(j + n)m
=

=
(
1 − 21−m

)
ζ(m) − (−1)j+1 (−1)m

(m − 1)!
β(m−1)(n + 1), (73)

£¤¥ β(m−1)(z) É ±¦¥ Ö¢²Ö¥É¸Ö Ìμ·μÏμ μ¶·¥¤¥²¥´´μ° ËÊ´±Í¨¥°  ·£Ê³¥´É  z,
¶μ¸±μ²Ó±Ê ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¶μ²¨£ ³³ -ËÊ´±Í¨¨: 2i+1β(i)(z) = Ψ(i)((z +
1)/2) − Ψ(i)(z/2).

ˆ§ Ê· ¢´¥´¨Ö (73) ¢¨¤´μ, ÎÉμ Ìμ·μÏμ μ¶·¥¤¥²¥´´μ° ËÊ´±Í¨¥° (± ± ¤²Ö
Î¥É´ÒÌ, É ± ¨ ¤²Ö ´¥Î¥É´ÒÌ §´ Î¥´¨° n) Ö¢²Ö¥É¸Ö ´¥ ¸ ³  ËÊ´±Í¨Ö Km(n),  
¥¥ ±μ³¡¨´ Í¨Ö ¸ ζ(m), ¤μ³´μ¦¥´´ Ö ´  Ë ±Éμ· (−1)n, É. ¥.

(−1)n
[
Km(n) −

(
1 − 21−m

)
ζ(m)

]
. (74)

∗�É  ¶·μÍ¥¤Ê·  ¶·¨³¥´¨³  É ±¦¥ ¤²Ö  ´ ²¨É¨Î¥¸±μ£μ ¶·μ¤μ²¦¥´¨Ö ËÊ´±Í¨° Sm(n),
Km(n)(m = 2, 3) ¨ K2,1(n) ´  ¤¥°¸É¢¨É¥²Ó´Ò¥ ¨ ±μ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö  ·£Ê³¥´É  [53, 54].



ƒ‹“	�Š��…“��“ƒ�… ��‘‘…Ÿ�ˆ…: Q2-‡�‚ˆ‘ˆŒ�‘’œ ‘’�“Š’“��›• ”“�Š–ˆ‰ 31

„μ¡ ¢²ÖÖ ± ±μ³¡¨´ Í¨¨ (74) Ë ±Éμ· (1− 22−m)ζ(m) É ±, ÎÉμ¡Ò ¤²Ö Î¥É-
´ÒÌ §´ Î¥´¨° n ´μ¢ Ö ±μ´¸É·Ê±Í¨Ö ¢μ¸¶·μ¨§¢μ¤¨²  ËÊ´±Í¨Õ Km(n), ¶μ-
²ÊÎ ¥³ ¶¥·¢Ò¥ ¤¢  ¸μμÉ´μÏ¥´¨Ö ¨§ (61). „²Ö ¢μ¸¶·μ¨§¢¥¤¥´¨Ö ¶μ¸²¥¤´¥£μ
¸μμÉ´μÏ¥´¨Ö ¤μ¸É ÉμÎ´μ ¶μ¢Éμ·¨ÉÓ ¨§²μ¦¥´´Ò°  ´ ²¨§.

‡ ³¥É¨³ ¨´É¥·¥¸´Ò° Ë ±É, ¸²¥¤ÊÕÐ¨° ¨§ ¶¥·¢μ£μ ¸μμÉ´μÏ¥´¨Ö Ê· ¢-

´¥´¨Ö (71): ¶·¨¸ÊÉ¸É¢¨¥ Î²¥´  ∼ ζ(2) ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¶μ¶· ¢±¨ R
(2)j
L,n ±

³μ³¥´ÉÊ ‘” ƒ��. Š ± Ìμ·μÏμ ¨§¢¥¸É´μ, Î²¥´Ò ∼ ζ(2) ¢¸¥£¤  ¸μ±· Ð ÕÉ¸Ö
¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¡¥§³ ¸¸μ¢ÒÌ ¤¢ÊÌÉμÎ¥Î´ÒÌ ¤¨ £· ³³ ¨, ¸²¥¤μ¢ É¥²Ó´μ, μÉ-

¸ÊÉ¸É¢ÊÕÉ ¢ ¶μ¶· ¢±¥ R
(2)j
L,n (n = 2m) ± ±μÔËË¨Í¨¥´ÉÊ Tk,n ¸¥Î¥´¨Ö Ê¶·Ê£μ£μ

· ¸¸¥Ö´¨Ö ¢¶¥·¥¤. ’ ±¨³ μ¡· §μ³,  ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤μ²¦¥´¨¥ (72) μ¡ÑÖ¸´Ö¥É
¶μÖ¢²¥´¨¥ Î²¥´  ∼ ζ(2) ¢ ¶· ¢¨²¥ ¸Ê³³ ƒμÉË·¨¤  (¸³. [55]).

�μ·³¨·μ¢±¨ ¶ ·Éμ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·¨ Q2
0 = 5 ƒÔ‚2 ³μ£ÊÉ ¡ÒÉÓ

¢Ò¡· ´Ò, ´ ¶·¨³¥·, ¢ ¢¨¤¥ [57]:

fNS(x, Q2
0) = 0,29 x0,52(1 − x)3,26(1 + 8,9x),

fS(x, Q2
0) = 6,3 x0,7(1 − x)3,21 + 1,03(1 − x)13,47,

fG(x, Q2
0) = 3,81 (1 − x)6,7.

Š ± ¨ ¢ [4], ³Ò ¨¸¶μ²Ó§Ê¥³ §¤¥¸Ó ¤¢  §´ Î¥´¨Ö ΛMS (¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
ΛLO):

Λ(1)

MS
= 230 MÔB

(
Λ(1)

LO = 200 MÔB
)
, Λ(2)

MS
= 105 MÔB

(
Λ(2)

LO = 90 MÔB
)
.

’ ±¨¥ ΛMS ¨ ΛLO ¶μ²ÊÎ¥´Ò £·Ê¶¶ ³¨ BCDMS [56] ¨ EMC [57]∗. ŒÒ ¢μ¸-
¸É ´ ¢²¨¢ ¥³ R(x, Q2) ¢ ¢¥¤ÊÐ¥³ (∼ αs) ¨ ¤¢ÊÌ¶¥É²¥¢μ³ (∼ α2

s) ¶μ·Ö¤± Ì∗∗,
¶·¨Î¥³ ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥ ¨¸¶μ²Ó§Ê¥³ ³μ³¥´ÉÒ ± ± ¢ μ¡ÒÎ´μ° Ëμ·³Ê²¨·μ¢±e,
É ± ¨ μ¡· ¡μÉ ´´Ò¥ ¸ ¶μ³μÐÓÕ ‘ˆ’‚.

�μ²ÊÎ¥´´Ò¥ ±·¨¢Ò¥ ¤²Ö R(x, Q2) ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ (¸³. ·¨¸. 6,   É ±¦¥ · ¡μÉÊ [4]). �·¨ ¤μ¸É ÉμÎ´μ ³ ²ÒÌ §´ Î¥´¨ÖÌ
x (x ≈ 0,1 ÷ 0,2) ¨Ì ¤¢ÊÌ¶¥É²¥¢μ° ·¥§Ê²ÓÉ É ²ÊÎÏ¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²Ó-
É É ³¨ Ô±¸¶¥·¨³¥´Éμ¢, ¶μ²ÊÎ¥´´Ò³¨ £·Ê¶¶μ° EMC [57],   ¶·¨ ¡μ²ÓÏ¨Ì x
(x > 0,3) ¨ ³ ²ÒÌ Q2 ‘ˆ-·¥§Ê²ÓÉ É ¢ Í¥²μ³ ²ÊÎÏ¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ -
É ³¨ Ô±¸¶¥·¨³¥´Éμ¢ £·Ê¶¶Ò SLAC [59]. ‚¸¥ ·¥§Ê²ÓÉ ÉÒ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ £·Ê¶¶μ° BCDMS [56]. OÉ´μ-
¸¨É¥²Ó´μ¥ (¢ÒÏ¥ ¨²¨ ´¨¦¥) · ¸¶μ²μ¦¥´¨¥ ±·¨¢ÒÌ ¢¥¤ÊÐ¥£μ ¨ ¤¢ÊÌ¶¥É²¥¢μ£μ
¢±² ¤μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò¡μ·μ³ ΛMS ¨ ΛLO, §´ Î¥´¨Ö ±μÉμ·ÒÌ ÉμÎ´μ ´¥¨§-
¢¥¸É´Ò. �¤´ ±μ ‘ˆ-·¥§Ê²ÓÉ É ¸¶ ¤ ¥É ¸ ·μ¸Éμ³ x ³¥´¥¥ ±·ÊÉμ, ÎÉμ, ± ± ¢¨¤´μ,
²ÊÎÏ¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´Éμ¢ · §²¨Î´ÒÌ £·Ê¶¶.

∗�μ¸²¥ μ¶Ê¡²¨±μ¢ ´¨Ö ¢ [4] ¶·¥¤¸É ¢²¥´´ÒÌ §¤¥¸Ó ·¥§Ê²ÓÉ Éμ¢ ¤ ´´Ò¥ EMC [57] ¡Ò²¨
¶¥·¥· ¡μÉ ´Ò (¸³. [58]). ‚Ò¢μ¤Ò, ¶μ²ÊÎ¥´´Ò¥ ¢ [4], μ¤´ ±μ, ´¥ ³¥´ÖÕÉ¸Ö.

∗∗�´ ²¨§ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° x ¤ ´ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.
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�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ μÉ´μÏ¥´¨Ö R = σL/σT .
˜É·¨Ì¶Ê´±É¨·´ Ö, ÏÉ·¨Ìμ¢ Ö ¨ ¸¶²μÏ´ Ö
²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¢¥¤ÊÐ¥³Ê, ¤¢ÊÌ¶¥É²¥-
¢μ³Ê ¢ MS-¸Ì¥³¥ ¨ ‘ˆ-¢±² ¤ ³ ¸μμÉ¢¥É-
¸É¢¥´´μ. ˆ´¤¥±¸Ò 1 ¨ 2 μ¡μ§´ Î ÕÉ ¤¢  · §-
²¨Î´ÒÌ ¢Ò¡μ·  ¶ · ³¥É·  Š•„ Λ(1) ¨ Λ(2).
„ ´´Ò¥ NMC [58] ¨ SLAC [59] μ¡μ§´ Î¥´Ò
± ± ¸¢¥É²Ò¥ ¨ É¥³´Ò¥ É·¥Ê£μ²Ó´¨±¨ ¸μμÉ¢¥É-
¸É¢¥´´μ

�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¨³¥ÕÉ ¡μ²ÓÏ¨¥ μÏ¨¡±¨, ¶μÔÉμ³Ê ³μ¦´μ
£μ¢μ·¨ÉÓ Éμ²Ó±μ μ ± Î¥¸É¢¥´´μ³ Ê²ÊÎÏ¥´¨¨ ¸μ£² ¸¨Ö É¥μ·¨¨ ¨ Ô±¸¶¥·¨³¥´É 
¶·¨ ÊÎ¥É¥ αs-¶μ¶· ¢±¨.

3.4. ”¨É ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ ¢ Š•„. ˆ¸¸²¥¤μ¢ ´¨Ö, μ¶¨¸ ´´Ò¥ ¢
ÔÉμ³ · §¤¥²¥, ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ, ¸ÊÐ¥¸É¢μ¢ ¢Ï¨Ì ¤μ ´ Î ²  · ¡μÉÒ Ê¸±μ·¨É¥²Ö HERA. ‘μ¢·¥³¥´´Ò¥ ¤ ´-
´Ò¥ H1- ¨ ZEUS-±μ²² ¡μ· Í¨° ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¢Ò¤¥²ÖÕÉ £²Õμ´´μ¥ · ¸-
¶·¥¤¥²¥´¨¥, ¥£μ ·μ¸É ¸ Ê¢¥²¨Î¥´¨¥³ Q2 (¶·¨ ¤μ¸É ÉμÎ´μ ³ ²ÒÌ x), ±μÉμ·Ò°
μ¶·¥¤¥²Ö¥É¸Ö ¸ ³μ¤¥°¸É¢¨¥³ £²Õμ´μ¢∗ (¨ ¤¥³μ´¸É·¨·Ê¥É, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ÔÉμ
¸ ³μ¤¥°¸É¢¨¥) (¸³. · §¤. 4).

‡ ³¥É¨³, ÎÉμ ¸² ¡μ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ± £²Õμ´ ³ ¤ ´´Ò¥ ¶·¨ ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ x, ¨§¢¥¸É´Ò¥ · ´¥¥, É¥³ ´¥ ³¥´¥¥ ¶μ§¢μ²¨²¨ μ¶·¥¤¥²¨ÉÓ
¸ ³μ¤¥°¸É¢¨¥ £²Õμ´μ¢, ¨¸¶μ²Ó§ÊÖ μ¶¨¸ ´´μ¥ ´¨¦¥ μ¡μ¡Ð¥´¨¥  ´ ²¨§  [61]
�¥°¨.

‚´ Î ²¥ · ¸¸³μÉ·¨³ ± Î¥¸É¢¥´´μ ¶·¨Î¨´Ê ¸² ¡μ° § ¢¨¸¨³μ¸É¨ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ƒ�� (¸ÊÐ¥¸É¢μ¢ ¢Ï¨Ì ¤μ ´ Î ²  · ¡μÉÒ Ê¸±μ·¨É¥²Ö
HERA) μÉ ¢¥²¨Î¨´Ò ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢. ‚ Q2-Ô¢μ²ÕÍ¨Õ ³μ³¥´É  ¸¨´-
£²¥É´μ° ‘” ƒ�� ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ¢Ìμ¤ÖÉ ¡²μ±¨

f±
S (n, Q2)

[
as(Q2)
as(Q2

0)

]γ
(0)n
± /2β0

≈ f±
S (n, Q2)

[
1 − γ

(0)n
± as(Q2

0) ln
(

Q2

Q2
0

)
+ . . .

]
,

(75)
¢¥²¨Î¨´  ±μÉμ·ÒÌ ¸² ¡μ § ¢¨¸¨É μÉ §´ Î¥´¨Ö β0 (¢¸¥ μ¡μ§´ Î¥´¨Ö ¤ ´Ò ¢μ
¢¢¥¤¥´¨¨).

∗� ²¨Î¨¥ ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ ¡Ò²μ É ±¦¥ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ ¢ e+e−-Ô±¸¶¥·¨³¥´É Ì
´  Ê¸±μ·¨É¥²¥ LEP (¸³. ´¥¤ ¢´¨° μ¡§μ· [60] ¨ ¸¸Ò²±¨ ¢ ´¥³).
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‚ Š•„ f−
S (n, Q2) 	 f+

S (n, Q2) (¶·¨ n � 2 ¨ Q2 � Q2
0). �·¨ ¢Ò±²ÕÎ¥-

´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ ¸¨ÉÊ Í¨Ö ³¥´Ö¥É¸Ö ´  μ¡· É´ÊÕ. ‘²¥¤μ¢ É¥²Ó´μ,
μ¶·¥¤¥²ÖÕÐ¨³ ¢±² ¤μ³ ¢ Q2-Ô¢μ²ÕÍ¨Õ ³μ³¥´É  ‘” ¢ Š•„ Ö¢²Ö¥É¸Ö ±μÔË-

Ë¨Í¨¥´É γ
(0)
− (n) ≈ γ

(0)
SS(n),   ¶·¨ ¢Ò±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ Å

±μÔËË¨Í¨¥´É γ
(0)
+ (n), ±μÉμ·Ò° μ¶ÖÉÓ ¡²¨§μ± ± ≈ γ

(0)
SS(n), ¶μ¸±μ²Ó±Ê CA = 0.

‚  ´μ³ ²Ó´ÊÕ · §³¥·´μ¸ÉÓ γ
(0)
SS(n) É·¥Ì£²Õμ´´ Ö ¢¥·Ï¨´  ¢±² ¤  ´¥ ¤ ¥É. ’ -

±¨³ μ¡· §μ³, Q2-Ô¢μ²ÕÍ¨Ö ³μ³¥´É  ¸¨´£²¥É´μ° Î ¸É¨ ‘” ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥
¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¨É μÉ ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢. ‚¸¥ μ¶¨¸ ´´Ò¥ ¢ÒÏ¥ ¸¢μ°-
¸É¢  ¢ Í¥²μ³ ¸μÌ· ´ÖÕÉ¸Ö ¨ ¢ ¸²¥¤ÊÕÐ¥³ ¶·¨¡²¨¦¥´¨¨ ’‚. ‘²¥¤μ¢ É¥²Ó´μ,
´ ²¨Î¨¥ (¨²¨ μÉ¸ÊÉ¸É¢¨¥) Î²¥´  ∼ CA, μÉ¢¥É¸É¢¥´´μ£μ §  ¸ ³μ¤¥°¸É¢¨¥ £²Õμ-

´μ¢, ± ± ¢ β0, É ± ¨ ¢ γ
(0)
GG(n) ¸² ¡μ ¢²¨Ö¥É ´  Q2-§ ¢¨¸¨³μ¸ÉÓ ‘”.

�¥°Ö ¶·¥¤²μ¦¨² ¨§ÊÎ ÉÓ Q2-Ô¢μ²ÕÍ¨Õ ¸ ³μ£μ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥-
´¨Ö fG(x, Q2) (¢¥·´¥¥, ¥£μ ³μ³¥´Éμ¢ fG(n, Q2)), ±μÉμ· Ö ÎÊ¢¸É¢¨É¥²Ó´  ±
É·¥Ì£²Õμ´´μ° ¢¥·Ï¨´¥. Š Î¥¸É¢¥´´μ · ¸¸Ê¦¤¥´¨Ö ³μ¦´μ ¶·μ¢¥¸É¨  ´ ²μ-
£¨Î´μ Éμ³Ê, ± ± ÔÉμ ¸¤¥² ´μ ¤²Ö ³μ³¥´Éμ¢ ¸¨´£²¥É´μ° Î ¸É¨ ‘” ƒ��. �μ-
²ÊÎ ¥³, ÎÉμ Q2-Ô¢μ²ÕÍ¨Ö ³μ³¥´Éμ¢ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸² ¡μ § ¢¨¸¨É

μÉ ¢¥²¨Î¨´Ò β0 ¨ μ¶·¥¤¥²Ö¥É¸Ö μ¡μ¨³¨ ±μÔËË¨Í¨¥´É ³¨ γ
(0)
− (n) ¨ γ

(0)
+ (n)

¨, ¸²¥¤μ¢ É¥²Ó´μ, ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ §´ Î¥´¨Ö  ´μ³ ²Ó´μ°

· §³¥·´μ¸É¨ γ
(0)
GG(n). ’¥μ·¥É¨Î¥¸±¨ Q2-§ ¢¨¸¨³μ¸ÉÓ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥-

´¨Ö · ¸¸³μÉ·¥´  ¢ [8]. �±¸¶¥·¨³¥´É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ μ £²Õμ´´μ³ · ¸-
¶·¥¤¥²¥´¨¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, §´ Ö ¶μ¶¥·¥Î´ÊÕ F2 ¨ ¶·μ¤μ²Ó´ÊÕ FL ‘”
ƒ�� [53, 62, 63]. ’μÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö ¶·μ¤μ²Ó´μ° ‘” FL (¢¥·´¥¥, μÉ-
´μÏ¥´¨Ö R = σL/σT ) ´¥¢¥²¨± , μ¤´ ±μ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ± Î¥¸É¢¥ ¥¥
§´ Î¥´¨° ¶ · ³¥É·¨§ Í¨¨∗, ¶·¥¤²μ¦¥´´Ò¥ ¢ [65]. ‘· ¢´¨¢ Ö É¥μ·¥É¨Î¥¸±ÊÕ
Q2-Ô¢μ²ÕÍ¨Õ É·¥Ì ³μ³¥´Éμ¢ (n = 3, 4, 5) £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸ ¤ ´-
´Ò³¨ Ô±¸¶¥·¨³¥´Éμ¢ ¤²Ö F2 ¨ FL [56, 57], ³μ¦´μ ¶μ± § ÉÓ (¸³. [66]), ÎÉμ ¢
Š•„ Q2-§ ¢¨¸¨³μ¸É¨ (É¥μ·¥É¨Î¥¸± Ö ¨ ®Ô±¸¶¥·¨³¥´É ²Ó´ Ö¯) Ìμ·μÏμ ¸μ£² -
¸ÊÕÉ¸Ö μ¤´  ¸ ¤·Ê£μ° ¶·¨ · §²¨Î´ÒÌ ¶ · ³¥É·¨§ Í¨ÖÌ ¤²Ö R (§  ¨¸±²ÕÎ¥´¨¥³
¶ · ³¥É·¨§ Í¨¨ R = 4〈p2

t 〉/Q2, £¤¥ pt Å ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¶ ·Éμ´μ¢ ¢ ´Ê-
±²μ´¥, ÎÉμ ¤¥³μ´¸É·¨·Ê¥É ÉμÉ Ë ±É, ÎÉμ ²μ£ ·¨Ë³¨Î¥¸±μ¥ (¶μ Q2) ´ ·ÊÏ¥´¨¥
¸μμÉ´μÏ¥´¨Ö Š ²² ´ Äƒ·μ¸¸  Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³). „²Ö É¥μ·¨¨, ¢ ±μÉμ·μ° ´¥É
¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢, É ±μ£μ ¸μ£² ¸¨Ö ´¥É.

�μ¤·μ¡´μ¥ ¨§²μ¦¥´¨¥ ¤ ´μ ¢ · ¡μÉ Ì [66]. �É³¥É¨³, μ¤´ ±μ, ÎÉμ �¥°Ö
· ¸¸³ É·¨¢ ² ¢ [61] ¢±² ¤ ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ (¨²¨ ¥£μ μÉ¸ÊÉ¸É¢¨¥) Éμ²Ó±μ

¢  ´μ³ ²Ó´ÊÕ · §³¥·´μ¸ÉÓ γ
(0)
GG(n). ‘²¥¤μ¢ É¥²Ó´μ, μ´ ¨³¥² ¸²¥£±  · §²¨Î Õ-

Ð¨¥¸Ö §´ Î¥´¨Ö ¤²Ö ¤¢ÊÌ É¥μ·¥É¨Î¥¸±¨Ì ±·¨¢ÒÌ (¸ ÊÎ¥Éμ³ ¸ ³μ¤¥°¸É¢¨Ö £²Õ-
μ´μ¢ ¨ ¡¥§ ´¥£μ) ¨ ¥¤¨´¸É¢¥´´ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ±·¨¢ÊÕ (¢¥·´¥¥, μ¡² ¸ÉÓ

∗‡ ³¥É¨³, ÎÉμ ¶μ¶Ê²Ö·´ Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö SLAC-¶ · ³¥É·¨§ Í¨Ö ¤²Ö μÉ´μÏ¥´¨Ö R =
σL/σT [64] ¡Ò²  ¶μ²ÊÎ¥´  ¶μ¸²¥ ¨§² £ ¥³μ£μ  ´ ²¨§ .
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§´ Î¥´¨°, É ± ± ± ²Õ¡ Ö ¢¥²¨Î¨´ , ¢§ÖÉ Ö ¨§ Ô±¸¶¥·¨³¥´É , ¶·¨¢μ¤¨É¸Ö ¸
μÏ¨¡± ³¨). ’ ± ± ± ÔÉ  μ¡² ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ Î·¥§¢ÒÎ °´μ Ï¨-
·μ± , Éμ ´¥²Ó§Ö ¡Ò²μ μÉ¤ ÉÓ ¶·¥¤¶μÎÉ¥´¨¥ ´¨ μ¤´μ° ¨§ ÔÉ¨Ì ±·¨¢ÒÌ.

‚ · ¡μÉ Ì [66] ¡Ò² ÊÎÉ¥´ ¢±² ¤ ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ É ±¦¥ ¨ ¢
β-ËÊ´±Í¨Õ. ’ ±μ¥ ¤μ¶μ²´¥´¨¥ ¸² ¡μ ³¥´Ö¥É ¢¨¤ μ¡¥¨Ì É¥μ·¥É¨Î¥¸±¨Ì ±·¨-
¢ÒÌ, ¶μ²ÊÎ¥´´ÒÌ �¥°Ö ¢ [61] (¸³. ¢ÒÏ¥ Ê· ¢´¥´¨¥ (75)). �¤´ ±μ ¢ ± Î¥¸É¢¥
Ô±¸¶¥·¨³¥´É ²Ó´μ° ¨´Ëμ·³ Í¨¨ ³Ò ¶μ²ÊÎ ¥³ Ê¦¥ ¤¢¥ ®Ô±¸¶¥·¨³¥´É ²Ó´Ò¥¯
μ¡² ¸É¨ (¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¨ÉÊ Í¨Ö³ ¸ ¢±²ÕÎ¥´´Ò³ ¨ ¢Ò±²ÕÎ¥´´Ò³ ¸ ³μ-
¤¥°¸É¢¨¥³ £²Õμ´μ¢), §´ Î¥´¨Ö ±μÉμ·ÒÌ ¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ . ’¥-
¶¥·Ó ± ¦¤ Ö ¨§ É¥μ·¥É¨Î¥¸±¨Ì ±·¨¢ÒÌ ¸· ¢´¨¢ ¥É¸Ö ¸μ ¸¢μ¥° ®Ô±¸¶¥·¨³¥´-
É ²Ó´μ°¯ μ¡² ¸ÉÓÕ. �¥¸³μÉ·Ö ´  ¡μ²ÓÏÊÕ ¢¥²¨Î¨´Ê μÏ¨¡μ± ¤²Ö ®Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ¯ ¤ ´´ÒÌ Q2-§ ¢¨¸¨³μ¸É¨ £²Õμ´μ¢ ¢ ƒ��, ¢±² ¤ ¨Ì ¸ ³μ¤¥°¸É¢¨Ö
Ê¤ ¥É¸Ö ¢Ò¤¥²¨ÉÓ μ¤´μ§´ Î´μ (¸³. [66]).

‡ ³¥É¨³, ÎÉμ ÔÉμ ¨¸¸²¥¤μ¢ ´¨¥ ¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢ ¡Ò²μ ¶·μ¢¥¤¥´μ ¢
μ¡² ¸É¨ Q2 � 50 ƒÔ‚2, £¤¥ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¶μ¶· ¢-
± ³¨ ± ± ± ‘” ¨ £²Õμ´´μ³Ê · ¸¶·¥¤¥²¥´¨Õ, É ± ¨ ± ¸¢Ö§¨ ³¥¦¤Ê ´¨³¨.

4. ‘” ˆ �� ��ˆ Œ�‹›• ‡��—…�ˆŸ• �…�…Œ…���‰ x

4.1. Š· É±¨°  ´ ²¨§ ¸μ¢·¥³¥´´μ° ¸¨ÉÊ Í¨¨ ¢ ÔÉμ° μ¡² ¸É¨. ‚ ¶μ¸²¥¤´¥¥
¢·¥³Ö ¢ £²Ê¡μ±μ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ μ¡² ¸ÉÓ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ x
¨ Q2, ¤μ¸ÉÊ¶´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´μ, ¸¨²Ó´μ Ê¢¥²¨Î¨² ¸Ó. �¸´μ¢´μ° Ê¸¶¥Ì
¸¢Ö§ ´ ¸ · ¡μÉμ° Ê¸±μ·¨É¥²Ö HERA, ´  ±μÉμ·μ³ ¢μ§³μ¦´μ ¶·¥Í¨§¨μ´´μ¥ ¨§-
³¥·¥´¨¥ ‘” ¶·¨ §´ Î¥´¨ÖÌ x, ³¥´ÓÏ¨Ì Î¥³ 10−2. �¡² ¸ÉÓ ¨§³¥´¥´¨Ö §´ Î¥-
´¨° ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  Q2 ¤μ¸É ÉμÎ´μ Ï¨·μ± , ÎÉμ ¶μ§¢μ²Ö¥É · ¸Ï¨·¨ÉÓ
§´ ´¨¥ μ ¶ ·Éμ´´μ° ¶μ¤¸É·Ê±ÉÊ·¥ ´Ê±²μ´  (§  ¸Î¥É ¨§ÊÎ¥´¨Ö ³μ·¸±¨Ì ±¢ ·±μ-
¢ÒÌ ¨ £²Õμ´´ÒÌ ±μ³¶μ´¥´É) ¨ É¥¸É¨·μ¢ ÉÓ Š•„, ¨§ÊÎ Ö Q2-Ô¢μ²ÕÍ¨Õ ��.

�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì ´  HERA, ³μ¦´μ
¸Ëμ·³Ê²¨·μ¢ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

• ‘” F2 · ¸É¥É ¸ ¶ ¤¥´¨¥³ x ¤²Ö ¢¸¥Ì Q2. ‘É¥¶¥´Ó ·μ¸É  Ê¢¥²¨Î¨¢ ¥É¸Ö
¸ ·μ¸Éμ³ §´ Î¥´¨° Q2.

• Q2-§ ¢¨¸¨³μ¸ÉÓ ‘” F2 ´ Ìμ¤¨É¸Ö ¢ ¶·¥±· ¸´μ³ ¸μ£² ¸¨¨ ¸ ¶·¥¤¸± § -
´¨Ö³¨ Ê· ¢´¥´¨Ö „ƒ‹�� [67] ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (§ 
¨¸±²ÕÎ¥´¨¥³, ³μ¦¥É ¡ÒÉÓ, ´ ¨³¥´ÓÏ¨Ì §´ Î¥´¨° Q2 � 1,5 ƒÔ‚2), £¤¥ ¸É¥¶¥´-
´Ò¥ ¶μ¶· ¢±¨ ´ Î¨´ ÕÉ ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´Ò³¨. �Í¥´±  ¸É¥¶¥´´ÒÌ ¶μ¶· ¢μ±
¢μ§³μ¦´  ¶·¨ ÊÎ¥É¥ ¢±² ¤  É ± ´ §Ò¢ ¥³ÒÌ μ¶¥· Éμ·μ¢ ¢Ò¸Ï¨Ì É¢¨¸Éμ¢ (¸³.,
´ ¶·¨³¥·, [19]).

„μ ¸· ¢´¥´¨Ö ÔÉ¨Ì ·¥§Ê²ÓÉ Éμ¢ ¸ Š•„ ¤ ¤¨³ ±· É±¨¥ μ¡§μ·Ò „ƒ‹��- ¨
	”Š‹-μ¶¨¸ ´¨°.

4.1.1. “· ¢´¥´¨¥ „ƒ‹��. Š¢ ·±-£²Õμ´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨¢μ¤ÖÉ ±
Q2-§ ¢¨¸¨³μ¸É¨ ��. �  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥ ÔÉμ ³μ¦¥É ¡ÒÉÓ ¶μ± § ´μ ¸²¥¤Ê-
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ÕÐ¨³ μ¡· §μ³. ‘μÊ¤ ·ÖÕÐ¨°¸Ö ¸ ËμÉμ´μ³ ±¢ ·± ³μ¦¥É ¨³¥ÉÓ Ê¦¥ ´¥±μÉμ·ÊÕ
¨¸Éμ·¨Õ: μ´ ³μ£, ´ ¶·¨³¥·, ·μ¤¨ÉÓ £²Õμ´ ¤μ ¸μÊ¤ ·¥´¨Ö. ’μ£¤ , ¥¸²¨ ¸μÊ¤ -
·ÖÕÐ¨°¸Ö ±¢ ·± ¨³¥¥É Î ¸ÉÓ ¨³¶Ê²Ó¸  x, ¶¥·¢μ´ Î ²Ó´Ò° ¸μ¤¥·¦¨É ¡
μ²ÓÏÊÕ
Î ¸ÉÓ ¨³¶Ê²Ó¸  y: y > x. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨° ±¢ ·± ³μ£
¡ÒÉÓ ·μ¦¤¥´ £²Õμ´μ³ (¢³¥¸É¥ ¸  ´É¨±¢ ·±μ³) ¸ ¤μ²¥° ¨³¶Ê²Ó¸  y, μ¶ÖÉÓ
¦¥ ¡μ²ÓÏ¥° x. ’ ±¨³ μ¡· §μ³, �� ¸ ¤μ²¥° ¨³¶Ê²Ó¸  y: x � y � 1, ¤ ÕÉ
¢±² ¤ ¢ ¶·μÍ¥¸¸ ¢§ ¨³μ¤¥°¸É¢¨Ö ËμÉμ´  ¨ ±¢ ·± , ¨³¥ÕÐ¥£μ ¤μ²Õ ¨³¶Ê²Ó¸ 
x. Œ É¥³ É¨Î¥¸±¨ ÔÉμÉ Ë ±É ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ Ê· ¢´¥´¨Ö „ƒ‹��
¤²Ö ±¢ ·±μ¢μ° ¨ £²Õμ´´μ° ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö:

fNS(x, Q2)
ln Q2

= −1
2
fNS(x, Q2) ⊗ γNS(x, as(Q2)),

fa(x, Q2)
ln Q2

= −1
2

∑
b=S,G

fb(x, Q2) ⊗ γba(x, as(Q2)),
(76)

£¤¥ ¸¨³¢μ² ⊗ Å ÔÉμ ±μ´¢μ²ÕÍ¨Ö Œ¥²²¨´  (45),   Ö¤·  γab(x, as) μ¡μ§´ Î ÕÉ
¢¥·μÖÉ´μ¸ÉÓ ¶ ·Éμ´  ¸ ¨´¤¥±¸μ³ a (¨ ¤μ²¥° ³μ³¥´É  x) ¨§²ÊÎ¨ÉÓ ¶ ·Éμ´ ¸
¨´¤¥±¸μ³ b ¢ ¨´É¥·¢ ²¥ μÉ Q2 ¤μ Q2 + dQ2. �É¨ Ö¤·  ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¶μ
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢ ¢¨¤¥

γNS(z) = asγ
(0)
NS(z) + a2

sγ
(1)
NS(z) + a3

sγ
(2)
NS(z) + . . . ,

γab(z) = asγ
(0)
ab (z) + a2

sγ
(1)
ab (z) + a3

sγ
(2)
ab (z) + . . .

(77)

‚ ´ ¸ÉμÖÐ¨° ³μ³¥´É ¨§¢¥¸É´Ò ¶¥·¢Ò¥ É·¨ ¸² £ ¥³Òe ¶· ¢μ° Î ¸É¨ (77).
‡ ³¥É¨³, ÎÉμ ¢ ³μ³¥´É´μ³ ¶·μ¸É· ´¸É¢¥ Ê· ¢´¥´¨Ö (76) Ö¢²ÖÕÉ¸Ö ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò³¨ (·¥´μ·³-£·Ê¶¶μ¢Ò³¨) Ê· ¢´¥´¨Ö³¨ 1-£μ ¶μ·Ö¤± . �´¨ ¤ ´Ò ¢
· §¤. 1 (¸³. Ê· ¢´¥´¨Ö (20)).

4.1.2. “· ¢´¥´¨¥ �”Š‹. ‚ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° ¶¥·¥³¥´´μ° 	Ó¥·-
±¥´  x ¸Ê³³¨·μ¢ ´¨¥ ¢¥¤ÊÐ¨Ì Î²¥´μ¢ as ln (1/x) (ÎÉμ ¤¥² ¥É Ê· ¢´¥´¨¥ 	”Š‹
[68]) ¤μ²¦´μ ¡ÒÉÓ ¡μ²¥¥  ±ÉÊ ²Ó´Ò³, ´¥¦¥²¨ ¸Ê³³¨·μ¢ ´¨¥ Î²¥´μ¢
as ln (Q2/μ2), ÎÉμ ¤μ¸É¨£ ¥É¸Ö ¸ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö „ƒ‹��. Š ± ÔÉμ Ìμ-
·μÏμ ¨§¢¥¸É´μ, §¤¥¸Ó μ¸´μ¢´ÊÕ ·μ²Ó ¨£· ÕÉ £²Õμ´Ò ¨ ±¢ ·±- ´É¨±¢ ·±μ¢Ò¥
¶ ·Ò ³μ·Ö ¨, É ±¨³ μ¡· §μ³, ‘” ƒ�� É ±¦¥ μ¶·¥¤¥²ÖÕÉ¸Ö £²Õμ´ ³¨. �¸´μ¢-
´ Ö ¤¨´ ³¨Î¥¸± Ö ¢¥²¨Î¨´  ¶·¨ ³ ²ÒÌ x Å ÔÉμ ´¥¨´É¥£·¨·μ¢ ´´μ¥ £²Õμ´´μ¥
· ¸¶·¥¤¥²¥´¨¥ ϕ(x, k2

t ), ±μÉμ·μ¥ μ¶·¥¤¥²Ö¥É μ¡ÒÎ´ÊÕ £²Õμ´´ÊÕ ¶²μÉ´μ¸ÉÓ
¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ϕ ¶μ k2

t :

xfG(x, Q2) =

Q2∫
dk2

t

k2
t

ϕ(x, k2
t ).
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‚ ¶·¨¡²¨¦¥´¨¨ ¢¥¤ÊÐ¨Ì ²μ£ ·¨Ë³μ¢ · ¸¶·¥¤¥²¥´¨¥ ϕ(x, k2
t ) Ê¤μ¢²¥É¢μ-

·Ö¥É 	”Š‹-Ê· ¢´¥´¨Õ [68]:

ϕ(x, k2
t ) = ϕ0(x, k2

t )+

+ 12as

1∫
x

dx′

x′

∫
dDq

πq2

[
ϕ(x, (kt + q)2)

k2
t

(kt + q)2
− ϕ(x′, k2

t )Θ(k2
t − q2)

]
. (78)

�Éμ Ê· ¢´¥´¨¥ ¸Ê³³¨·Ê¥É ²¥¸É´¨Î´Ò¥ ¤¨ £· ³³Ò, ¸μ¸É ¢²¥´´Ò¥ ¨§ £²Õ-
μ´μ¢. „²Ö Ë¨±¸¨·μ¢ ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ (¢ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨∗ ¡Ò²μ ¶μ-
¸É·μ¥´μ 	”Š‹-Ê· ¢´¥´¨¥) ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (78) ¨³¥¥É ¢¨¤

ϕ(x, k2
t ) ∼ (k2

t )
1/2 x−λBFKL√

ln (1/x)
exp

[
− ln2 (k2

t /k̃2
t )

2λ′′ ln (1/x)

]
,

£¤¥ λBFKL = 48 ln 2 as, λ′′ = 336ζ(3) as, k̃2
t Å ´¥±μÉμ·Ò° (´¥¢ÒÎ¨¸²Ö¥³Ò°)

¶ · ³¥É·.
‚ μ¸É ²Ó´ÒÌ ¶Ê´±É Ì ´ ¸ÉμÖÐ¥£μ · §¤¥²  ³Ò μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³

· §²¨Î´ÒÌ ¶·¨²μ¦¥´¨° Ê· ¢´¥´¨Ö „ƒ‹��. �¥§Ê²ÓÉ ÉÒ 	”Š‹-¤¨´ ³¨±¨ ¡Ê-
¤ÊÉ ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö Éμ²Ó±μ ¶·¨ μ¡¸Ê¦¤¥´¨¨∗∗.

4.2. Q2-Ô¢μ²ÕÍ¨Ö �� ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì ’‚. –¥²Ó ÔÉμ£μ ¶Ê´±É  Å
¶μ²ÊÎ¨ÉÓ  ¸¨³¶ÉμÉ¨±Ê ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ x ¤²Ö �� (¨ ‘” F2(x, Q2)),
¨¸¶μ²Ó§ÊÖ „ƒ‹��-Ô¢μ²ÕÍ¨Õ ¨ ´¥¸¨´£Ê²Ö·´Ò¥ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö ¶·¨ ´¥±μ-
Éμ·μ³ ¤μ¸É ÉμÎ´μ ³ ²μ³ §´ Î¥´¨¨ Q2

0 (£¤¥ ’‚, μ¤´ ±μ, ¥Ð¥ ¶·¨³¥´¨³ )∗∗∗:

fa(x, Q2
0) = Aa (a = S, G). (79)

Š ± μÉ³¥Î ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, �� fa Ê¦¥ ¤μ³´μ¦¥´Ò ´  x, Î¨¸²  Aa Å
´¥¨§¢¥¸É´Ò¥ ¶ · ³¥É·Ò, ±μÉμ·Ò¥ ¤μ²¦´Ò ¡ÒÉÓ μ¶·¥¤¥²¥´Ò ¨§ Ë¨É  Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �´ ²¨§ ¤ ´ ¢´ Î ²¥ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥,   § É¥³ ¢ ¶¥·¢ÒÌ
¤¢ÊÌ ¶μ·Ö¤± Ì ’‚.

∗�¥¢¥¤ÊÐ Ö ¶μ¶· ¢±  ± Ê· ¢´¥´¨Õ 	”Š‹ ¶μ¸Î¨É ´  ´¥¤ ¢´μ ” ¤¨´Ò³ ¨ ‹¨¶ Éμ¢Ò³ ¢ [69]
(¸³. É ±¦¥ [70, 71]), £¤¥ ¢ Éμ³ Î¨¸²¥ ÊÎÉ¥´  ¨ Q2-§ ¢¨¸¨³μ¸ÉÓ ±μ´¸É ´ÉÒ ¸¢Ö§¨.

∗∗‡ ³¥É¨³, ÎÉμ 	”Š‹-¶μ¤Ìμ¤ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¢ [72] ¤²Ö  ´ ²¨§  ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö
ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, £¤¥ ´ °¤¥´Ò Ö¤·  ¤²Ö ¢±² ¤μ¢ ¢ ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ F2 ¨ FL ¢ kt-Ëμ·³ ²¨§³¥
[73], ¢±²ÕÎ ÕÐ¥³ μ¸´μ¢´Ò¥ Î¥·ÉÒ ¤¨´ ³¨± „ƒ‹�� ¨ 	”Š‹ (¸³., ´ ¶·¨³¥·, [130]).

∗∗∗ŒÒ ¸²¥¤Ê¥³ §¤¥¸Ó · ¡μÉ¥ [74]. �μ¸±μ²Ó±Ê ³Ò ¨´É¥·¥¸Ê¥³¸Ö Éμ²Ó±μ ¶μ¢¥¤¥´¨¥³ ��
¶·¨ ³ ²ÒÌ x,   É ±¦¥ ¶μ¸±μ²Ó±Ê ¨¸¶μ²Ó§Ê¥³ ´¥¸¨´£Ê²Ö·´Ò¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö (79), ³Ò ³μ¦¥³
· ¡μÉ ÉÓ ¤ ²¥¥ ¸ ¶¥·¥³¥´´μ° z = x/x0, £¤¥ x0 ¨£· ¥É ·μ²Ó £· ´¨ÍÒ ¶·¨³¥´¨³μ¸É¨ ¶·¨¡²¨¦¥´¨Ö
¨/¨²¨ Ö¢²Ö¥É¸Ö ¸¢μ¡μ¤´Ò³ ¶ · ³¥É·μ³ ¢ Ë¨É¥ ¤ ´´ÒÌ. �¥§Ê²ÓÉ ÉÒ ¸² ¡μ § ¢¨¸ÖÉ μÉ ±μ´±·¥É´μ£μ
§´ Î¥´¨Ö x0 (¸³. [74]), ¶μÔÉμ³Ê ³Ò μ£· ´¨Î¨³¸Ö §¤¥¸Ó ¸²ÊÎ ¥³ x0 = 1.
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4.2.1. ‚¥¤ÊÐ¨° ¶μ·Ö¤μ± ’‚ ¢ μÉ¸ÊÉ¸É¢¨e ±¢ ·±μ¢. �·¥¦¤¥ ¢¸¥£μ · ¸-
¸³μÉ·¨³ ¢¥¤ÊÐ¨° ¶μ·Ö¤μ± ’‚ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ±¢ ·±μ¢. �ÉμÉ ¸²ÊÎ °, ¸ μ¤´μ°
¸Éμ·μ´Ò, μÎ¥´Ó ¶·μ¸Éμ°, ¸ ¤·Ê£μ° ¦¥ Å ¡²¨§μ± ± ·¥ ²Ó´μ° ¸¨ÉÊ Í¨¨, ¶μ-
¸±μ²Ó±Ê ¨³¥´´μ £²Õμ´Ò ¤ ÕÉ μ¶·¥¤¥²ÖÕÐ¨° ¢±² ¤ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨°
¶¥·¥³¥´´μ° x.

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ƒ‹�� ¤²Ö ³μ³¥´Éμ¢ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢
ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É ¢¨¤

fG(n, Q2) = fG(n, Q2
0) e−dGG(n)s, (80)

£¤¥

s = ln
(
as(Q2

0)/as(Q2)
)

¨ dGG =
γ

(0)
GG(n)
2β0

. (81)

‚ ÔÉμ³ ¶Ê´±É¥, ± ± ÔÉμ ¡Ê¤¥É ¢¨¤´μ ´¨¦¥, ²Õ¡ÊÕ ¶¥·ÉÊ·¡ É¨¢´μ-· ¸¸Î¨-
ÉÒ¢ ¥³ÊÕ ¢¥²¨Î¨´Ê K(n) Ê¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ Î ¸É¥°: ¸¨´£Ê²Ö·´μ°
(É. ¥. ¸μ¤¥·¦ Ð¥° Î²¥´ ∼ 1/(n−1) ¨ μ¡μ§´ Î ¥³μ° ± ± K̂/(n−1)) ¨ ·¥£Ê²Ö·-
´μ°, μ¡μ§´ Î ¥³μ° ± ± K(n). ’μ£¤  Ê· ¢´¥´¨¥ (80) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ
¢ ¢¨¤¥

fG(n, Q2) = fG(n, Q2
0) e−d̂GGs/(n−1) e−dGG(n)s, (82)

£¤¥ γ̂GG = −8CA.
ˆ¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨Ö Œ¥²²¨´  (7), ¨§ £· ´¨Î´ÒÌ Ê¸²μ¢¨° Ê· ¢´¥´¨Ö

(79) ¶μ²ÊÎ ¥³, ÎÉμ

fa(n, Q2
0) =

Aa

n − 1
. (83)

�. Š² ¸¸¨Î¥¸±¨° ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±¨° ¶·¥¤¥². Š ± ¶¥·¢Ò° Ï £,
· ¸¸³μÉ·¨³ ±² ¸¸¨Î¥¸±¨° ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±¨° ¶·¥¤¥², ±μÉμ·Ò° ¸μμÉ-
¢¥É¸É¢Ê¥É · ¸¸³μÉ·¥´¨Õ Éμ²Ó±μ ¸¨´£Ê²Ö·´μ° Î ¸É¨  ´μ³ ²Ó´μ° · §³¥·´μ¸É¨
dGG(n), É. ¥. ¸²ÊÎ Õ, ±μ£¤  dGG(n) = 0.

� §² £ Ö ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (82):

f cdl
G (n, Q2) = AG

∞∑
k=0

1
k!

(−d̂GGs)
k

(n − 1)k+1

¨ ¨¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨¥ Œ¥²²¨´  ¤²Ö (ln (1/x))k:

1∫
0

dxxn−2 lnk

(
1
x

)
=

k!
(n − 1)k+1

,
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³Ò ²¥£±μ ¶μ²ÊÎ ¥³ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢ ÔÉμ³ ¶·¨-
¡²¨¦¥´¨¨:

f cdl
G (x, Q2) = AG

∞∑
k=0

1
(k!)2

(−d̂GGs)
k
lnk

(
1
x

)
= AGI0(σLO), (84)

£¤¥ I0(σLO) Å ³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö ¸  ·£Ê³¥´Éμ³ σLO =

2
√

d̂GGs ln (x).
�. �¡Ð¨° ¸²ÊÎ °. Š ± ¡Ê¤¥É ¶μ± § ´μ ¢ ¶·¨²μ¦¥´¨¨, ¤²Ö ³¥²²¨´μ¢¸±μ°

¸¢¥·É±¨ Ö¤·  K̃(x), ¨³¥ÕÐ¥£μ ³¥²²¨´μ¢¸±¨° μ¡· § K(n), ±μÉμ·Ò°, ¢ ¸¢μÕ

μÎ¥·¥¤Ó, ´¥ ¸μ¤¥·¦¨É ¸² £ ¥³μ¥ 1/(n − 1), ¨ �� ¢ ¢¨¤¥ Iν

(√
d̂ ln (1/x)

)
³μ¦´μ ´ ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥:

K̃(x) ⊗ fa(x) = K(1)fa(x) + O

⎛⎝√ d̂

ln (1/x)

⎞⎠ . (85)

ˆ§ Ê· ¢´¥´¨° (84) ¨ (85) ¶μ²ÊÎ ¥³ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥-
¤¥²¥´¨Ö ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ¢ μÉ¸ÊÉ¸É¢¨e ±¢ ·±μ¢. �´μ ¨³¥¥É ¢¨¤

fG(x, Q2) = AGI0(σLO) e−dGG(1)s + O(ρLO), (86)

£¤¥ ρLO =
√

d̂GGs/ ln (x) = σLO/[2 ln (1/x)], γ
(0)
GG(1) = 22+4f/3 ¨ dGG(1) =

1 + 4f/(3β0),   f Å Î¨¸²μ  ±É¨¢´ÒÌ ±¢ ·±μ¢.
4.2.2. ‚¥¤ÊÐ¨° ¶μ·Ö¤μ± ’‚ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ±¢ ·±μ¢. ‚ ³μ³¥´É´μ³ ¶·μ-

¸É· ´¸É¢¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° „ƒ‹�� ¢ ÔÉμ³ ¸²ÊÎ ¥ ¨³¥¥É ¢¨¤

fa(n, Q2) = f+
a (n, Q2) + f−

a (n, Q2), (87)

f±
a (n, Q2) = f±

a (n, Q2
0) e−d±(n)s = f±

a e−d̂±s/(n−1) e−d±(n)s, (88)

£¤¥

f±
a (n, Q2) = ε±ab(n)fb(n, Q2), dab =

γ
(0)
ab (n)
2β0

,

d±(n) =
1
2

[
(dGG(n) + dSS(n))±

± (dGG(n) − dSS(n))

√
1 +

4dSG(n)dGS(n)
(dGG(n) − dSS(n))2

]
, (89)

ε±SS(n) = ε∓GG(n) =
1
2

(
1 +

dSS(n) − dGG(n)
d±(n) − d∓(n)

)
,

ε±ab(n) =
dab(n)

d±(n) − d∓(n)
(a 
= b).
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‘¨´£Ê²Ö·´ Ö Î ¸ÉÓ (¶·¨ n → 1) ®+¯-±μ³¶μ´¥´ÉÒ ¸μ¢¶ ¤ ¥É ¸ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥° Î ¸ÉÓÕ £²Õμ´´μ°  ´μ³ ²Ó´μ° · §³¥·´μ¸É¨, É. ¥.

d̂+ = d̂GG = −4CA

β0
= −12

β0
. (90)

‘¨´£Ê²Ö·´ Ö Î ¸ÉÓ ®−¯-±μ³¶μ´¥´ÉÒ · ¢´  ´Ê²Õ. �·μ¢¥¤¥³  ´ ²¨§ ±μ³¶μ´¥´É
¶μ μÉ¤¥²Ó´μ¸É¨.

�. ®+¯-±μ³¶μ´¥´É . ‘¨ÉÊ Í¨Ö §¤¥¸Ó ¶· ±É¨Î¥¸±¨  ´ ²μ£¨Î´  Éμ°, ÎÉμ
¡Ò²  ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. …¤¨´¸É¢¥´´μ¥ μÉ²¨Î¨¥ Å ¢ ¤μ¶μ²´¨É¥²Ó´μ³ ¶·μ-
¥±Éμ·¥ ε+

ab(n). � §²μ¦¨³ ¥£μ ¢ μ±·¥¸É´μ¸É¨ n = 1:

ε+
ab(n) = ε+

ab + (n − 1)ε̃+
ab + O

(
(n − 1)2

)
.

Šμ£¤  ±μÔËË¨Í¨¥´É ε+
ab ¤μ³´μ¦ ¥É¸Ö ´  fb(n, Q2), ³Ò ¶μ²ÊÎ ¥³ ÉμÉ ¦¥

·¥§Ê²ÓÉ É, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥:

ε+
abMb(n, Q2) M−1

−→ ε+
abAbI0(σLO) e−d+(1)s + O(ρLO),

£¤¥ ¸¨³¢μ²
M−1

−→ μ¡μ§´ Î ¥É μ¡· É´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ Œ¥²²¨´ . ‡´ Î¥´¨Ö σLO

¨ ρLO Å É¥ ¦¥, ÎÉμ ¨ · ´¥¥, ¶μ¸±μ²Ó±Ê d̂+ = d̂GG.
ŠμÔËË¨Í¨¥´É ε̃+

ab ¢μ§´¨± ¥É ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ ³´μ¦¨É¥²¥³ (n − 1), ÎÉμ
¢¥¤¥É ± ¸²¥¤ÊÕÐ¨³ ·¥§Ê²ÓÉ É ³:

(n − 1)ε̃+
ab

Ab

(n − 1)
e−d̂+s/(n−1) = ε̃+

abAb

∞∑
k=0

1
k!

(−d̂+sLO)
k

(n − 1)k

M−1

−→

M−1

−→ ε̃+
abAb

∞∑
k=0

1
k!

1
(k − 1)!

(−d̂+s)
k
(ln (1/x))k−1 = ε̃+

abAbρLOI1(σLO),

É. ¥. ¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó (n−1) ¶·¨¢μ¤¨É ± § ³¥´¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ°
ËÊ´±Í¨¨ 	¥¸¸¥²Ö I0(σLO) ¶·μ¨§¢¥¤¥´¨¥³ ρLOI1(σLO) ¢ x-¶·μ¸É· ´¸É¢¥.

’ ±¨³ μ¡· §μ³, ®+¯-±μ³¶μ´¥´ÉÒ £²Õμ´´μ£μ ¨ ±¢ ·±μ¢μ£μ · ¸¶·¥¤¥²¥´¨°,
É. ¥. ¸² £ ¥³Ò¥ ε+

ab(n)Mb(n, Q2), ¸μμÉ¢¥É¸É¢ÊÕÉ ¢ x-¶·μ¸É· ´¸É¢¥ ¸²¥¤ÊÕÐ¨³
¢Ò· ¦¥´¨Ö³:(

ε+
abI0(σLO) + ε̃+

abρLOI1(σLO)
)
Ab e−d+(1)s + O(ρLO). (91)

�μ¸±μ²Ó±Ê ËÊ´±Í¨¨ 	¥¸¸¥²Ö Iν(σ) ¨³¥ÕÉ ν-´¥§ ¢¨¸¨³ÊÕ  ¸¨³¶ÉμÉ¨±Ê
¶·¨ σ → ∞ (É. ¥. ¶·¨ x → 0), ¢Éμ·μ° Î²¥´ ¢ ¸±μ¡± Ì ¥¸ÉÓ O(ρLO) μÉ´μ¸¨-
É¥²Ó´μ ¶¥·¢μ£μ ¨ ³μ¦¥É ¡ÒÉÓ ¸μÌ· ´¥´ Éμ²Ó±μ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ ε+

ab = 0.
Š ± · § ÔÉμÉ ¸²ÊÎ ° ¨ ¨³¥¥É ³¥¸Éμ ¤²Ö ±¢ ·±μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢ ¢¥¤ÊÐ¥³
¶μ·Ö¤±¥.
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ˆ¸¶μ²Ó§ÊÖ ±μ´±·¥É´Ò¥ §´ Î¥´¨Ö  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥°, ¶μ²ÊÎ ¥³

f+
G (x, Q2) =

(
AG +

4
9
AS

)
I0(σLO) e−d+(1)s + O(ρLO),

f+
S (x, Q2) =

f

9

(
AG +

4
9
AS

)
ρLOI1(σLO) e−d+(1)s + O(ρLO),

(92)

£¤¥
d+(1) = 1 +

20f

27β0
. (93)

�. ®−¯-±μ³¶μ´¥´É . ‚ ÔÉμ³ ¸²ÊÎ ¥  ´μ³ ²Ó´ Ö · §³¥·´μ¸ÉÓ ·¥£Ê²Ö·´ 
(É. ¥. ´¥ ¸μ¤¥·¦¨É ¸² £ ¥³μ¥ ∼ 1/(n− 1)). ˆ¸¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥
¢ 4.2.1, ´ Ìμ¤¨³

ε−ab(n)Ab e−d−(n)s M−1

−→ ε−ab(1)Ab e−d−(1)s + O(z).

„²Ö ±μ´±·¥É´ÒÌ §´ Î¥´¨°  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° ¨³¥¥³

f−
G (x, Q2) = −4

9
AS e−d−(1)s + O(x), f−

S (x, Q2) = AS e−d−(1)s + O(x), (94)

£¤¥
d−(1) =

16f

27β0
. (95)

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ ¢Ò· ¦¥´¨Ö ¤²Ö �� ¨ ‘” F2:

fa(x, Q2) = f+
a (x, Q2) + f−

a (x, Q2), (96)

F2(x, Q2) = e · fS(x, Q2), (97)

£¤¥ §´ Î¥´¨Ö ±μ³¶μ´¥´É f+
S , f+

G , f−
S ¨ f−

G ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ Ê· ¢´¥´¨°

(92) ¨ (94),   ±μÔËË¨Í¨¥´É e =
f∑
1

e2
i /f Å ÔÉμ ¸·¥¤´¨° ±¢ ¤· É § ·Ö¤  f

 ±É¨¢´ÒÌ ±¢ ·±μ¢.
�μ¤¢¥¤¥³ ´¥±μÉμ·Ò¥ ¨Éμ£¨:
• � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ¸μ¢¶ ¤ ÕÉ ¸ ¶μ²ÊÎ¥´´Ò³¨ ¢ · ¡μÉ¥

[75],   ¤²Ö ®+¯-±μ³¶μ´¥´ÉÒ Å ¸ ¶μ²ÊÎ¥´´Ò³¨ ¢ [76].
• ®+¯- ¨ ®−¯-±μ³¶μ´¥´ÉÒ ¶·¥¤¸É ¢²¥´Ò §¤¥¸Ó ¨ ¤ ²ÓÏ¥ ¸¶¥Í¨ ²Ó´μ μÉ-

¤¥²Ó´μ ¤·Ê£ μÉ ¤·Ê£ , É. ±., ¸É·μ£μ £μ¢μ·Ö, ®−¯-±μ³¶μ´¥´É  ∼ const ¨ ¶·¥´¥-
¡·¥¦¨³o ³ ²a ¶·¨ ³ ²ÒÌ x (¨  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì Q2). �¤´ ±μ ¶·¨
§´ Î¥´¨ÖÌ Q2, ¤μ¸É¨£´ÊÉÒÌ Ô±¸¶¥·¨³¥´É ²Ó´μ, μ´  ¤ ¥É ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤
(¸³., ´ ¶·¨³¥·, [77]). �μ¸±μ²Ó±Ê ÌμÉ¥²μ¸Ó ¡Ò, ÎÉμ¡Ò Ëμ·³Ê²Ò (92)Ä(97) μ¶¨-
¸Ò¢ ²¨ ¤ ´´Ò¥ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¶μ Q2, μ¡¥ ±μ³¶μ´¥´ÉÒ ¸μÌ· ´¥´Ò ¢
ÔÉμ³  ´ ²¨§¥.
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• � §¤¥²¥´¨¥ ´  ¸¨´£Ê²Ö·´ÊÕ ¨ ·¥£Ê²Ö·´ÊÕ (¶·¨ n → 1) Î ¸É¨  ´μ³ ²Ó-
´ÒÌ · §³¥·´μ¸É¥° ¶μ§¢μ²Ö¥É ¢μ¸¸É ´ ¢²¨¢ ÉÓ �� ¶μ ¨§¢¥¸É´Ò³ ·¥Ï¥´¨Ö³ ¤²Ö
¨Ì ³μ³¥´Éμ¢ ¡¥§ ¶·¨³¥´¥´¨Ö ¸¶¥Í¨ ²Ó´ÒÌ ¸²μ¦´ÒÌ ³¥Éμ¤μ¢ (± ± ÔÉμ ¡Ò²μ
¢ [76]).

„ ¤¨³ ´¨¦¥ ¨´¸É·Ê±Í¨¨ ¶μ ¶μ¸É·μ¥´¨Õ  ¸¨³¶ÉμÉ¨± ��, ±μÉμ·Ò¥ ³μ£ÊÉ
¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ ¶·μ¢¥¤¥´´μ£μ ¢ÒÏ¥  ´ ²¨§  ¨ ¨¸¶μ²Ó§μ¢ ´Ò ¢ ¸²¥¤ÊÕÐ¥³
¶μ·Ö¤±¥ ’‚. �É¨ ¨´¸É·Ê±Í¨¨ ¶·¥¤¶μ² £ ÕÉ ¸²¥¤ÊÕÐÊÕ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ
¤¥°¸É¢¨°:

 ) ˆ¸¶μ²Ó§Ê¥³ ÉμÎ´μ¥ ·¥Ï¥´¨¥ ¢ n-¶·μ¸É· ´¸É¢¥.
¡) � §² £ ¥³ ¶¥·ÉÊ·¡ É¨¢´μ · ¸¸Î¨ÉÒ¢ ¥³Ò¥ Î ¸É¨ ¢ μ±·¥¸É´μ¸É¨ ÉμÎ±¨

n = 1.
¢) ‘¨´£Ê²Ö·´ Ö Î ¸ÉÓ ¢¨¤ 

Aa(n − 1)k−1 e−d̂s/(n−1) (98)

μ¶·¥¤¥²Ö¥É Ëμ·³Ê �� ¢ x-¶·μ¸É· ´¸É¢¥ (¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ x) ¢ ¢¨¤¥

Aa

(
d̂s

ln x

)(k)/2

Ik

(
2
√

d̂s ln x
)

. (99)

£) �¥£Ê²Ö·´ Ö Î ¸ÉÓ B(n) exp (−d(n)s) ¢¥¤¥É ± ¤μ¶μ²´¨É¥²Ó´μ³Ê ±μÔË-

Ë¨Í¨¥´ÉÊ B(1) exp (−d(1)s) + O

(√
d̂s/ lnx

)
, ±μÉμ·Ò° ¤μ³´μ¦ ¥É¸Ö ´  ·¥-

Ï¥´¨¥ (99). ’μ²Ó±μ ¢¥¤ÊÐ¨° Î²¥´ (¨³¥ÕÐ¨° ¸ ³μ¥ ³ ²¥´Ó±μ¥ §´ Î¥´¨¥ k)
³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¢ (99), μ¸É ²Ó´Ò¥ ¤μ²¦´Ò ¡ÒÉÓ μ¶ÊÐ¥´Ò ¨§-§  ¨¸-

¶μ²Ó§Ê¥³μ° ÉμÎ´μ¸É¨ O

(√
d̂s/ ln x

)
.

¤) …¸²¨ ¸¨´£Ê²Ö·´ Ö Î ¸ÉÓ μÉ¸ÊÉ¸É¢Ê¥É, Éμ ·¥§Ê²ÓÉ É ¢ x-¶·μ¸É· ´¸É¢¥
¨³¥¥É ¢¨¤ B(1) exp (−d(1)s) ¸ ÉμÎ´μ¸ÉÓÕ O(x).

‚μμ·Ê¦¨¢Ï¨¸Ó ¶· ¢¨² ³¨ aÄ¤, ³μ¦´μ ²¥£±μ · ¸¶·μ¸É· ´¨ÉÓ ´ Ï  ´ ²¨§
´  ¸²¥¤ÊÕÐ¨° ¶μ·Ö¤μ± ’‚.

4.2.3. ‘²¥¤ÊÕÐ¨° §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤μ± ’‚. ‚ ³μ³¥´É´μ³ ¶·μ¸É· ´¸É¢¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ƒ‹�� ¨³¥¥É ¢¨¤ (87) ¸

f±
a (n, Q2) = f̃±

a (n, Q2, Q2
0) exp (−d±(n)s − D±(n)p) =

= f̃±
a (n, Q2, Q2

0) exp (−(d̂±s + D̂±p)/(n − 1)) exp (−d±(n)s − D±(n)p)
(100)

¨

p = as(Q2
0) − as(Q2). (101)
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�μ ¸· ¢´¥´¨Õ ¸ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö f±
a (n, Q2) ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ (¸³.

(88)) ¢ Ê· ¢´¥´¨¨ (100) ¶·¨¸ÊÉ¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ë ±Éμ·Ò:
• Î²¥´ ∼ p ¢ Ô¢μ²ÕÍ¨μ´´μ° Î ¸É¨, ±μÉμ·Ò° ¨³¥¥É ¢¨¤

D±(n) = d±±(n) − β1

β0
d±(n); (102)

• ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò ∼ as(Q2
0) ¨ ∼ as(Q2) ¢ ´μ·³¨·μ¢±¥

f̃±
a (n, Q2, Q2

0) =

=
(
1 − da

±∓(n)as(Q2)
)
f±

a (n, Q2
0) + da

∓±(n)as(Q2
0)f

∓
a (n, Q2

0). (103)

Šμ³¶μ´¥´ÉÒ, ¢μ§´¨± ÕÐ¨¥ ¢ ¸²¥¤ÊÕÐ¥³ ¶μ·Ö¤±¥ ¢ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥-
´¨° (102) ¨ (103), ¨³¥ÕÉ ¢¨¤

d±±(n) =
∑

a,b=S,G

ε±bad
(1)
ab ,

d±∓(n) =
∑

a=S,G

ε±aGd
(1)
Ga − ε∓SSd

(1)
SS +

(
ε±GS − ε±GG/ε±SG

)
d
(1)
GG,

dS
±∓(n) =

d±∓(n)
1 + d±(n) − d∓(n)

, dG
±∓(n) = dS

±∓(n)
ε∓GG

ε∓SS

,

(104)

£¤¥ d
(1)
ab (n) = γ

(1)
ab (n)/(2β0),   γ

(1)
ab (n) Å ¶¥·¢Ò¥ ´¥¢¥¤ÊÐ¨¥ ¶μ¶· ¢±¨ ¢  ´μ-

³ ²Ó´ÒÌ · §³¥·´μ¸ÉÖÌ.
‡ ³¥É¨³, ÎÉμ Î ¸ÉÓ ´¥¢¥¤ÊÐ¨Ì ¶μ¶· ¢μ± ∼ D±(n)p ¶μ¤´ÖÉ  ¢ Ô±¸¶μ´¥´ÉÊ.

ŒÒ ¶·μ¢¥·¨²¨, ÎÉμ Î²¥´Ò ∼ D2
±(n)p2/2 ¢μ§´¨± ÕÉ ¢ ¶μ¶· ¢± Ì O(a2

s), É ±
ÎÉμ É ±μ¥ ¸Ê³³¨·μ¢ ´¨¥ Ö¢²Ö¥É¸Ö ±μ··¥±É´μ° μ¶¥· Í¨¥°. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò,
É ±μ¥ ¸Ê³³¨·μ¢ ´¨¥ μÎ¥´Ó ¢ ¦´μ, ¶μ¸±μ²Ó±Ê ÔÉ¨ Î²¥´Ò ¶·μ¶μ·Í¨μ´ ²Ó´Ò
∼ 1/(n − 1) ¨, É ±¨³ μ¡· §μ³, Ö¢²ÖÕÉ¸Ö ´ ¨¡μ²¥¥ ¢ ¦´Ò³¨ ¢ μ¡² ¸É¨ ³ ²ÒÌ
§´ Î¥´¨° x. ‘²¥¤μ¢ É¥²Ó´μ, É ±μ¥ ¸Ê³³¨·μ¢ ´¨¥  ¢Éμ³ É¨Î¥¸±¨ ÊÎ¨ÉÒ¢ ¥É
´ ¨¡μ²¥¥ ¢ ¦´Ò¥ ¶μ¶· ¢μÎ´Ò¥ Î²¥´Ò ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤± , ¶·¨¢μ¤Ö ± ¸É -
¡¨²Ó´Ò³ ·¥§Ê²ÓÉ É ³ ’‚ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° x.

‘²¥¤ÊÖ ·¥±μ³¥´¤ Í¨Ö³ ¶·¥¤Ò¤ÊÐ¥£μ ¶Ê´±É , ³Ò ²¥£±μ ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ
¶μ¢¥¤¥´¨¥ �� ¨ ‘” F2 ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ x ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì ’‚:

fa(x, Q2) = f+
a (x, Q2) + f−

a (x, Q2),
f−

a (x, Q2) = A−
a (Q2, Q2

0) exp (−d−(1)s − D−(1)p) + O(x), (105)

f+
G (x, Q2) = A+

G(Q2, Q2
0)I0(σ) exp (−d+(1)s − D+(1)p) + O(ρ), (106)

f+
S (x, Q2) = A+

S (Q2, Q2
0)
[
(1 − d̄S

+−(1)as(Q2))ρI1(σ) + 20as(Q2)I0(σ)
]
×

× exp (−d+(1)s − D+(1)p) + O(ρ), (107)

F2(x, Q2) = e

(
fS(x, Q2) +

2
3
fas(Q2)fG(x, Q2)

)
, (108)
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£¤¥

σ = 2
√

(d̂+s + D̂+p) ln x, ρ =

√
(d̂+s + D̂+p)

ln x
=

σ

2 ln(1/x)
, (109)

A+
G=

[
1−80

81
fas(Q2)

]
AG +

4
9

[
1 + 3

(
1+

1
81

f

)
as(Q2

0)−
80
81

fas(Q2)
]
AS ,

A−
G = AG − A+

G(Q2, Q2
0), A+

S =
f

9

(
AG +

4
9
AS

)
, (110)

A−
S = AS − 20as(Q2

0)A
+
S .

Šμ³¶μ´¥´ÉÒ ¸¨´£Ê²Ö·´μ° ¨ ·¥£Ê²Ö·´μ° Î ¸É¥° D± ¨³¥ÕÉ ¢¨¤

d̂++ =
412
27β0

f, d̂S
+− = −20,

d̂G
+− = dS

−+(1) = 0, d
S

+−(1) = 23 − 12ζ2 −
13
81

f,

d++(1) =
8
β0

(
36ζ3 + 33ζ2 −

1643
12

+
2
9
f

[
68
9

− 4ζ2 −
13
243

f

])
,

d
G

+−(1) =
80
81

f, dG
−+(1) = −3

(
1 +

f

81

)
,

d−−(1) =
16
9β0

(
2ζ3 − 3ζ2 +

13
4

+ f

[
4ζ2 −

23
18

+
13
243

f

])
.

(111)

—¨¸²¥´´Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì ±μÔËË¨Í¨¥´Éμ¢ ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ Î¨-
¸²  f  ±É¨¢´ÒÌ ±¢ ·±μ¢ ¸¢¥¤¥´Ò ¢ É ¡². 1.

’ ¡²¨Í  1. ‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ Q2-Ô¢μ²ÕÍ¨¨ �� ¢ μ¡μ¡Ð¥´´μ³ ¤¢ ¦¤Ò ²μ£ ·¨Ë-
³¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨

f d̂+ D̂+ d̄+(1) D̄+(1) d−(1) D−(1)

3 Ä4/3 1180/81 101/81 Ä43,37 16/81 1,971
4 Ä36/25 91096/5625 61/45 Ä45,49 64/225 3,108
5 Ä36/23 84964/4761 307/207 Ä47,73 80/207 4,675
6 Ä12/7 8576/441 103/63 Ä50,05 32/63 6,864
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4.2.4. �ËË¥±É¨¢´Ò¥ ®¨´É¥·¸¥¶ÉÒ¯. �μ¢¥¤¥´¨¥ �� ¨ ‘” F2 ¢ Ëμ·³Ê² Ì
(105)Ä(108) ³μ¦¥É ¡ÒÉÓ ¶·¨¡²¨¦¥´μ ¸É¥¶¥´´μ° § ¢¨¸¨³μ¸ÉÓÕ ¢ μ£· ´¨Î¥´´μ³
¨´É¥·¢ ²¥ §´ Î¥´¨° x ¨ Q2:

fa(x, Q2) ∼ x−λeff
a (x,Q2) ¨ F2(x, Q2) ∼ x−λeff

F2(x,Q2).

‘É¥¶¥´¨ λeff
a , ±μÉμ·Ò¥ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ®¨´É¥·¸¥¶É ³¨¯ ¨/¨²¨ ®´ ±²μ-

´ ³¨¯, ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ Ê· ¢´¥´¨° (105)Ä(108) ¢ ¢¨¤¥ λeff
a =

−(d/d ln x) ln fa(x, Q2). �μ²´Ò¥ ¨Ì ¢Ò· ¦¥´¨Ö ¤ ´Ò ¢ · ¡μÉ Ì [19, 74, 78].
‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ Éμ²Ó±μ ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö, ±μÉμ·Ò¥ ¶μ²ÊÎ -
ÕÉ¸Ö ¶·¨ ¶μ²´μ³ ¶·¥´¥¡·¥¦¥´¨¨ ®−¯-±μ³¶μ´¥´É ³¨ ��:

λeff,as
G = ρ

I1(σ)
I0(σ)

≈ ρ − 1

4 ln
1
x

,

λeff,as
S = ρ

I2(σ)(1 − d
q

+−(1)as(Q2)) + 20
as(Q2)

ρ
I1(σ)

I1(σ)(1 − d
q

+−(1)as(Q2)) + 20
as(Q2)

ρ
I0(σ)

≈

≈ ρ − 3

4 ln
1
x

+
10as(Q2)

ρ ln
1
x

, (112)

λeff,as
F2 (x, Q2) = ρ

I2(σ)
I1(σ)

+ 26as(Q2)
(

1 − I2(σ)I0(σ)
I2
1 (σ)

)
≈

≈ ρ − 3

4 ln
1
x

+
13as(Q2)

ρ ln
1
x

,

£¤¥ ¸¨³¢μ² ®≈¯ μ¡μ§´ Î ¥É ¶·¨¡²¨¦¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¢ ·¥§Ê²ÓÉ É¥ · §²μ¦¥-
´¨Ö ËÊ´±Í¨° 	¥¸¸¥²Ö.

Š ± ¢¨¤´μ ¨§ (112) ¨ ¨§ ·¨¸. 9, §´ Î¥´¨¥ ¢¥²¨Î¨´Ò λeff,as
G ¡μ²ÓÏ¥ §´ Î¥´¨°

λeff,as
S , ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¶·¥±· ¸´μ³ ¸μ£² ¸¨¨ ¸ Ë¨É ³¨ [79, 80] Ô±¸¶¥·¨³¥´-

É ²Ó´ÒÌ ¤ ´´ÒÌ: ´ ±²μ´ λeff,as
F2 · ¸¶μ² £ ¥É¸Ö ³¥¦¤Ê ±·¨¢Ò³¨ λeff,as

S ¨ λeff,as
G .

4.3. ‘· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éμ³. ‘ ¶μ³μÐÓÕ Ê· ¢´¥´¨°, ¶μ²ÊÎ¥´´ÒÌ ¢
4.2.3, ¶·μ ´ ²¨§¨·μ¢ ´Ò ¤ ´´Ò¥ ±μ²² ¡μ· Í¨° H1 [81] ¨ ZEUS [82] ¤²Ö ‘”

F2(x, Q2). ”¨ÉÒ ¶·μ¢¥¤¥´Ò ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ Λ(f=4)

MS
= 250 MÔB, ÎÉμ

Ö¢²Ö¥É¸Ö ¸É ´¤ ·É´Ò³ ¢Ò¡μ·μ³ ¤²Ö μ¸´μ¢´μ£μ Š•„-¶ · ³¥É· . ‚ ± Î¥¸É¢¥
´ Î ²Ó´μ° ÉμÎ±¨ Q2-Ô¢μ²ÕÍ¨¨ ³Ò ¢Ò¡· ²¨ ¢´ Î ²¥ Q2

0 = 1 ƒÔ‚2. �¥§Ê²Ó-
É ÉÒ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2 ¨ ´  ·¨¸. 7 ¨ 8. Š ± ³μ¦´μ ¢¨¤¥ÉÓ, Ë¨ÉÒ ¸
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ÊÎ¥Éμ³ ´¥¢¥¤ÊÐ¥° ¶μ¶· ¢±¨ ²ÊÎÏ¥ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥.
�É¸ÊÉ¸É¢¨¥ ¸μ£² ¸¨Ö ¶·¨ ´¥¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2 £μ¢μ·¨É μ ´¥μ¡Ìμ¤¨³μ¸É¨
¢Ò¡μ·  ³¥´ÓÏ¥£μ §´ Î¥´¨Ö Q2

0 (¨ μ ¢ ¦´μ¸É¨ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° Q2-
¶μ¶· ¢μ± μÉ 	”Š‹-¤¨´ ³¨±¨, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ¤μ¡ ¢²¥´Ò, ´ ¶·¨³¥·, ¢
Ëμ·³ ²¨§³¥ kt-Ë ±Éμ·¨§ Í¨¨, ÎÉμ, μ¤´ ±μ, ¢ÒÌμ¤¨É §  · ³±¨ ´ ¸ÉμÖÐ¥£μ μ¡-
§μ· ). „ ²¥¥ Q2

0 · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¸¢μ¡μ¤´Ò° ¶ · ³¥É·. ‘· ¢´¥´¨¥ É ¡². 2
¨ 3 ¨ ±·¨¢ÒÌ ´  ·¨¸. 7 ¨ 8 ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ¸ÊÐ¥¸É¢¥´´μ³ Ê²ÊÎÏ¥-
´¨¨ ¸μ£² ¸¨Ö ³¥¦¤Ê É¥μ·¨¥° ¨ Ô±¸¶¥·¨³¥´Éμ³ ¶·¨ Q2

0 � 1 ƒÔ‚2. ˆ§ É ¡². 3

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ‘” F2 μÉ x ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ Q2. �±¸¶¥·¨³¥´É ²Ó´Ò¥
ÉμÎ±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¤ ´´Ò³ £·Ê¶¶Ò H1 [81], ±μÉμ·Ò¥ ¶·¥¤¸É ¢²¥´Ò ± ± ¸μ ¸É É¨-
¸É¨Î¥¸±¨³¨ μÏ¨¡± ³¨, É ± ¨ ¸ ¶μ²´Ò³¨ (É. ¥. ¸Ê³³μ° ¸É É¨¸É¨Î¥¸±¨Ì ¨ ¸¨¸É¥³ É¨Î¥-
¸±¨Ì μÏ¨¡μ±, ¢§ÖÉÒÌ ¢ ±¢ ¤· ÉÊ·¥). ˜É·¨Ìμ¢ Ö ¨ ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨¨ ¸μμÉ¢¥É-
¸É¢ÊÕÉ  ´ ²¨§ ³ ¢ ¢¥¤ÊÐ¥³ ¨ ¸²¥¤ÊÕÐ¥³ §  ´¨³ ¶μ·Ö¤± Ì ’‚ ¶·¨ Q2

0 = 1 ƒÔB2 (¸³.
É ¡². 1). ‘¶²μÏ´ Ö ²¨´¨Ö ¶·¥¤¸É ¢²Ö¥É Ë¨É ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ¶·¨
Q2

0 = 0,55 ƒÔB2 (¸³. É ¡². 2)
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�¨¸. 8. ’μ ¦¥, ÎÉμ ¨ ´  p¨¸. 7, ´μ ¤²Ö ¤ ´´Òx £·Ê¶¶Ò ZEUS [82]

¢¨¤´μ, ÎÉμ ¶·¨ §´ Î¥´¨¨ Q2
0 = 0,55 ƒÔ‚2 Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¸μ-

£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ É¥μ·¨¨. 	μ²¥¥ Éμ£μ, É ¡². 3 Ê± §Ò¢ ¥É É ±¦¥ ´ 
¡²¨§μ¸ÉÓ ¶ · ³¥É·μ¢, ¶μ²ÊÎ ¥³ÒÌ ¨§ Ë¨É  H1- ¨ ZEUS-¤ ´´ÒÌ, ÎÉμ Ö¢²Ö¥É¸Ö
¤μ¶μ²´¨É¥²Ó´Ò³ ¶μ¤É¢¥·¦¤¥´¨¥³ ¨Ì ¢§ ¨³μ¸μ£² ¸μ¢ ´´μ¸É¨.

�¡´ ·Ê¦¥´´μ¥ Ê³¥´ÓÏ¥´¨¥ £²Õμ´´μ° ¶²μÉ´μ¸É¨ ¶·¨ ³ ²ÒÌ Q2 ´ Ìμ¤¨É¸Ö
¢ ¸μ£² ¸¨¨ ¸ É· ¤¨Í¨μ´´Ò³ ¶·¥¤¶μ²μ¦¥´¨¥³ (¸³. [80]), ÎÉμ μ¸´μ¢´μ° ¢±² ¤
¢ ‘” F2 ¶·¨ ³ ²ÒÌ Q2 ¤ ÕÉ ¢ ²¥´É´Ò¥ ±¢ ·±¨.

‘ ¶μ³μÐÓÕ Ëμ·³Ê² (112) ¡Ò²μ μÍ¥´¥´μ §´ Î¥´¨¥ ÔËË¥±É¨¢´μ£μ ®´ ±²μ-
´ ¯ ¤²Ö ‘” F2 ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ · ³¥É·μ¢, ´ °¤¥´´ÒÌ ¨§ Ë¨É  ¤ ´´ÒÌ ¢
¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì ’‚. �¥§Ê²ÓÉ ÉÒ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

0,05 < λeff,as
F2 < 0,30−0,37 (H1-¤ ´´Ò¥),

0,07−0,09 < λeff,as
F2 < 0,31−0,34 (ZEUS-¤ ´´Ò¥).
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�¨¸. 9. �¸¨³¶ÉμÉ¨Î¥¸±¨¥ §´ Î¥´¨Ö ÔËË¥±É¨¢´ÒÌ ®´ ±²μ´μ¢¯ λeff,as
g , λeff,as

q ¨ λeff,as
F2 ,

´ °¤¥´´ÒÌ ¨§ Ë¨É  ¤ ´´ÒÌ £·Ê¶¶Ò H1 ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ’‚ ¶·¨
Q2

0 = 0,55 ƒÔB2 (¸³. É ¡². 2). ’μÎ±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¤ ´´Ò³ Ô±¸¶¥·¨³¥´É  H1, μÏ¨¡±¨
¶·¨¢¥¤¥´Ò, ± ± ´  ·¨¸. 1

’ ¡²¨Í  2. �¥§Ê²ÓÉ ÉÒ Ë¨Éμ¢ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  H1 (1994 £.) ¶·¨ · §²¨Î´ÒÌ
§´ Î¥´¨ÖÌ μ¡·¥§ ´¨Ö ¤ ´´ÒÌ ¶μ Q2. ”¨ÉÒ ¶·μ¢¥¤¥´Ò ¸ ¶μ³μÐÓÕ Ëμ·³Ê² ¢¥¤ÊÐ¥£μ
(LO Å leading order) ¨ ¸²¥¤ÊÕÐ¥£μ §  ´¨³ (NLO Å next-to-leading order) ¶μ·Ö¤±μ¢
’‚. ‡´ Î¥´¨¥ ¶ · ³¥É·  Q2

0 Ë¨±¸¨·μ¢ ´μ · ¢´Ò³ 1

Q2 > Aq Ag x0 χ2/n. μ. ·.

LO (H1)
1 1,06 ± 0,07 2,46 ± 0,19 0,11 ± 0,02 114/104
3 0,96 ± 0,08 2,53 ± 0,19 0,12 ± 0,02 88/92
5 0,83 ± 0,09 2,47 ± 0,18 0,15 ± 0,02 40/83
8,5 0,80 ± 0,10 2,30 ± 0,18 0,18 ± 0,03 23/67

HLO (H1)
1 0,97 ± 0,08 1,30 ± 0,11 0,20 ± 0,03 63/104
3 0,91 ± 0,10 1,31 ± 0,11 0,22 ± 0,03 50/92
5 0,81 ± 0,10 1,28 ± 0,11 0,26 ± 0,04 27/83
8,5 0,84 ± 0,11 1,22 ± 0,11 0,28 ± 0,05 21/67

�¨¦´¨¥ (¢¥·Ì´¨¥) ¶·¥¤¥²Ò ¸μμÉ¢¥É¸É¢ÊÕÉ Q2 = 1,5 ƒÔ‚2 (Q2 = 400 ƒÔ‚2).
„¨¸¶¥·¸¨Ö ¢ §´ Î¥´¨ÖÌ λeff,as

F2 ¢μ§´¨± ¥É §  ¸Î¥É x-§ ¢¨¸¨³μ¸É¨ ®´ ±²μ´μ¢¯.
�É¨ ·¥§Ê²ÓÉ ÉÒ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¶μ²ÊÎ¥´´Ò³¨ ¢ Ìμ¤¥ ¤·Ê£¨Ì  ´ ²¨§μ¢,   É ±¦¥
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (¸³. ·¨¸. 9).
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’ ¡²¨Í  3. �¥§Ê²ÓÉ ÉÒ Ë¨Éμ¢ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ H1 ¨ ZEUS (1994 £.) ¢ ¢¥¤ÊÐ¥³
(LO) ¨ ¸²¥¤ÊÕÐ¥³ §  ´¨³ (NLO) ¶μ·Ö¤± Ì ’‚ ¶·¨ ¶·μ¨§¢μ²Ó´μ³ §´ Î¥´¨¨ Q2

0

(¨ Ë¨±¸¨·μ¢ ´´μ³ x0 = 1)

A¶¶·μ±¸¨³ Í¨Ö Aq Ag Q2
0 χ2/n. μ. ·.

LO (H1) 1,10 ± 0,08 0,35 ± 0,06 0,55 ± 0,02 60/104
HLO (H1) 0,83 ± 0,09 0,21 ± 0,07 0,55 ± 0,03 45/104

LO (ZEUS) 1,13 ± 0,07 0,28 ± 0,05 0,55 ± 0,02 174/126
NLO (ZEUS) 0,85 ± 0,08 0,18 ± 0,05 0,56 ± 0,02 143/126

4.4. ‚Ò¤¥²¥´¨¥ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨§ ¤ ´´ÒÌ ¤²Ö F2 ¨ ¥¥ ¶·μ-
¨§¢μ¤´μ°. ‚ μÉ¸ÊÉ¸É¢¨¥ ´¥¸¨´£²¥É´μ° Î ¸É¨ ±¢ ·±μ¢μ° ¶²μÉ´μ¸É¨ (±μÉμ·μ°
³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¢ μ¡² ¸É¨ ³ ²ÒÌ x) ¶·¨ x → 0 ¸ÊÐ¥¸É¢ÊÕÉ Éμ²Ó±μ ¤¢¥
´¥§ ¢¨¸¨³Ò¥ ¸É·Ê±ÉÊ·Ò, ´ ¶·¨³¥·, ¸¨´£²¥É´μ¥ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±μ¢ ¨ · ¸-
¶·¥¤¥²¥´¨¥ £²Õμ´μ¢. �±¸¶¥·¨³¥´É ²Ó´μ, μ¤´ ±μ, ¨Ì ´¥²Ó§Ö ¨§³¥·¨ÉÓ, ¶μÔÉμ³Ê
Ê¤μ¡´μ ¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³ÒÌ ¸É·Ê±ÉÊ· ¢Ò¡· ÉÓ ‘” F2 ¨ ¥¥ ¶·μ¨§¢μ¤´ÊÕ ¶μ
Q2, ±μÉμ·Ò¥ ³μ¦´μ ¨§³¥·¨ÉÓ ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ. �¸É ²Ó´Ò¥ ¸É·Ê±ÉÊ·Ò
³μ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ¢Ò¡· ´´Ò¥. ‚ ´ ¸ÉμÖÐ¥³ ¶Ê´±É¥ ³Ò ¶μ± ¦¥³,
± ± £²Õμ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¢Ò¤¥²¥´μ ¨§ ¤ ´´ÒÌ ¤²Ö ‘” F2 ¨ ¥¥
¶·μ¨§¢μ¤´μ° ¶μ Q2. ‚ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥ ¶μ¤μ¡´Ò°  ´ ²¨§ ¡Ê¤¥É ¶·μ¢¥¤¥´
¤²Ö ‘” FL. ‚¢¥¤¥³ �� ¶·¨ ´¥±μÉμ·μ³ Q2 ¢ ¢¨¤¥

fa(x, Q2) = x−δf̃a(x, Q2), (113)

£¤¥ f̃S ¨ f̃G μ¡² ¤ ÕÉ É¥³¨ ¦¥ ¸¢μ°¸É¢ ³¨, ÎÉμ ¨ ¸É·Ê±ÉÊ·  f̃ ¢ ¶·¨²μ¦¥´¨¨,
É. ¥. f̃a(0) ¨ df̃a(0)/d ln x ´¥ ¸¨´£Ê²Ö·´Ò ¨ f̃a(1) = df̃a(1)/d ln x = 0.

‡ ³¥É¨³, ÎÉμ ¤²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨° δ (É. ¥. x−δ 	 const) Q2-´¥§ ¢¨¸¨³μ¥
§´ Î¥´¨¥ δ Ê¤μ¢²¥É¢μ·Ö¥É Ô¢μ²ÕÍ¨¨ „ƒ‹�� (¸³. ¶. 4.6,   É ±¦¥ [77]). …¸²¨
δ(Q2) = 0 ¢ ´¥±μÉμ·μ° ÉμÎ±¥ Q2

0, Éμ ¶μ¢¥¤¥´¨¥ fa(x, Q2) ∼ const ´¥ ¶μ¤-
¤¥·¦¨¢ ¥É¸Ö Ô¢μ²ÕÍ¨¥° „ƒ‹�� ¨ £¥´¥·¨·Ê¥É¸Ö ¡¥¸¸¥²Ó¶μ¤μ¡´ Ö Ëμ·³  ¤²Ö
�� (¸³. ¶. 4.2). ‡¤¥¸Ó ³Ò · ¸¸³μÉ·¨³ ¢Ò¤¥²¥´¨¥ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢
μ¡μ¨Ì ¸²ÊÎ ÖÌ.

4.4.1. �·¥¤¶μ² £ Ö ·¥¤¦¥¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ (113), ¶μ²ÊÎ ¥³, ¨¸¶μ²Ó§ÊÖ
·¥§Ê²ÓÉ ÉÒ ¶. 4.2 ¨ Ê· ¢´¥´¨¥ „ƒ‹��, ¤²Ö F2 ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

dF2(x, Q2)
d ln Q2

= − 1
2
[
r1+δ
SG (as) e fG(x, Q2)+r1+δ

SS (as)F2(x, Q2)+O(x1−δ)
]
,

(114)



ƒ‹“	�Š��…“��“ƒ�… ��‘‘…Ÿ�ˆ…: Q2-‡�‚ˆ‘ˆŒ�‘’œ ‘’�“Š’“��›• ”“�Š–ˆ‰ 49

£¤¥
rη
SS(as) = asγ

(0),η
SS + a2

sγ
(1),η
SS + O(a3

s),

rη
SG(as) = asγ

(0),η
SG + a2

sγ
(1),η
SG + O(a3

s)
(115)

¨

γ
(1),η
SG = γ

(1),η
SG + BG,η

2

(
2β0 + γ

(0),η
GG − γ

(0),η
SS

)
+ BG,η

2 γ
(0),η
SG ,

γ
(1),η
SS = γ

(1),η
SS + BG,η

2 γ
(0),η
GS + 2β0B

S,η
2 .

(116)

‡ ³¥´  γ
(1),η
Sa → γ

(1),η
Sa ¢ Ê· ¢´¥´¨ÖÌ (114) ¨ (115) ¶·μ¨§μÏ²  ¨§-§  ¨¸-

¶μ²Ó§μ¢ ´¨Ö ¢ Ê· ¢´¥´¨ÖÌ „ƒ‹�� ‘” F2 ¢³¥¸Éμ ±¢ ·±μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö.
‡ ³¥É¨³, ÎÉμ ¢ (114) ³Ò μ£· ´¨Î¨²¨¸Ó ÉμÎ´μ¸ÉÓÕ ¶·¨¡²¨¦¥´¨Ö O(x1−δ). �¥-
§Ê²ÓÉ ÉÒ ¸ ²ÊÎÏ¥° ÉμÎ´μ¸ÉÓÕ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ [83].

�´ ²¨§¨·ÊÖ Ê· ¢´¥´¨¥ (114) ¨ μ£· ´¨Î¨¢ Ö¸Ó ¤¢Ê³Ö ¶¥·¢Ò³¨ ¶μ·Ö¤± ³¨
’‚, ¶μ²ÊÎ ¥³ ¨¸±μ³μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö £²Õμ´´μ° ¶²μÉ´μ¸É¨:

fG(x, Q2) = − 2f

ase

1

γ
(0),1+δ
SG + γ

(1),1+δ
SG as

×

×
[
dF2(x, Q2)

d ln Q2
+

as

2
γ

(0),1+δ
SS F2(x, Q2) + O(a2

s, x
1−δ)

]
. (117)

ˆ¸¶μ²Ó§ÊÖ ±μ´±·¥É´Ò¥ §´ Î¥´¨Ö ¤²Ö  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° ¨ ±μÔË-
Ë¨Í¨¥´Éμ¢ ‚¨²Ó¸μ´ , ¶μ²ÊÎ ¥³ ¤²Ö §´ Î¥´¨° δ = 0,5 ¨ δ = 0,3 (¨ f = 4)

fG(x, Q2) =
1,14
as

1
(1 + 26,93as)

×

×
[
dF2(x, Q2)

d ln Q2
+ 2,12asF2(x, Q2) + O(a2

s, x
1−δ)

]
(δ = 0,5), (118)

fG(x, Q2) =
0,98
as

1
(1 + 59,5as)

×

×
[
dF2(x, Q2)

d ln Q2
+ 1,39asF2(x, Q2) + O(a2

s, x
1−δ)

]
(δ = 0,3). (119)

4.4.2. �·¥¤¶μ² £ ¥³ ´¥·¥¤¦¥¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥∗:

fa(x, Q2) = I0

(
1
2

√
δ(Q2) ln

1
x

)
f̃a(x, Q2), (120)

∗‚ ¶·¥¤¸É ¢²¥´¨¨ (120) ³Ò ¶·¥´¥¡·¥£²¨ ®−¯-±μ³¶μ´¥´Éμ° (¸³. ¶. 4.2), ÎÉμ ¢μ§³μ¦´μ ¢
´ ¸ÉμÖÐ¥³  ´ ²¨§¥ ¨ ´¥ ´ ·ÊÏ ¥É ¢μ¸¶·μ¨§¢μ¤¸É¢a £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö (¸³. μ¡¸Ê¦¤¥´¨¥
¢ 4.4.3).
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§´ Î¥´¨¥ δ(Q2) ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ ¶. 4.3. „¥°¸É¢ÊÖ  ´ ²μ£¨Î´μ  ´ ²¨§Ê, ¶·μ-
¢¥¤¥´´μ³Ê ¢ 4.4.1, ¨³¥¥³ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸²¥¤ÊÕÐ¥¥ ¶·¥¤-
¸É ¢²¥´¨¥:

fG(x, Q2) =
3
4e

1
as

1(
1 + 26as

[
1/δ̃ − 41

13

]) [dF2(x, Q2)
d ln Q2

+ O(a2
s, x

1)
]

,

(121)
£¤¥ (¸³. ¶·¨²μ¦¥´¨¥) 1/δ̃ = 1/δ̃I ¶·¨ δ = 0. —²¥´ ∼ F2(x, Q2) ¢Ò¶ ² ¨§

¶· ¢μ° Î ¸É¨ (121), ¶μ¸±μ²Ó±Ê γ
(0),n=1
SS = 0.

ŒÒ ¢ ¸μ¸ÉμÖ´¨¨ ¤ ÉÓ É ±¦¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö
¨ ¢ ¸²ÊÎ ¥ ¡μ²¥¥ μ¡Ð¨Ì  ¸¨³¶ÉμÉ¨± ¤²Ö fa(x, Q2). �Ê¸ÉÓ ¢ ¶· ¢ÊÕ Î ¸ÉÓ
(120) ¡Ê¤¥É ¤μ¡ ¢²¥´ ³´μ¦¨É¥²Ó x−δ . ’μ£¤  ¢Ò· ¦¥´¨¥ ¤²Ö fG(x, Q2) ¡Ê-

¤¥É ¨³¥ÉÓ ¢¨¤, ¸μ¢¶ ¤ ÕÐ¨° ¸ (117), ´μ ¸ § ³¥´μ° γ
(0),1+δ
SG → γ̃

(0),1+δ
SG , £¤¥

γ̃
(0),1+δ
SG ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ¨§ γ

(0),1+δ
SG ¶·¨ 1/δ → 1/δ̃I (¸³. ¶·¨²μ¦¥´¨¥). ’ ±μ¥

¶·¥¤¸É ¢²¥´¨¥, μ¤´ ±μ, ´¥¸±μ²Ó±μ Ê¸²μ¦´Ö¥É Ëμ·³Ê²Ò.
4.4.3. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �·¥¦¤¥ ¢¸¥£μ ¶·μ¢¥¤¥³ ·¥-

±μ´¸É·Ê±Í¨Õ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Q2 = 20 ƒÔB2, ¨¸¶μ²Ó§ÊÖ ¶ · -

�¨¸. 10. �É´μ¸¨É¥²Ó´ Ö · §´¨Í  ³¥¦¤Ê £²Õμ´´Ò³¨ · ¸¶·¥¤¥²¥´¨Ö³¨, ¢μ¸¸É ´μ¢²¥´-
´Ò³¨ ¸ ¶μ³μÐÓÕ Ëμ·³Ê² ¶. 4.3, · ¡μÉ [84], ¨ ¶¥·¢μ´ Î ²Ó´Ò³¨ ¶ · ³¥É·¨§ Í¨Ö³¨
Œ�‘ ¶·¨ Q2 = 20 ƒÔB2
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³¥É·¨§ Í¨¨ Œ ·É¨´ Ä�μ¢¥·É Ä‘É¨·²¨´£  (Œ�‘) ¤²Ö ¶ ·Éμ´´ÒÌ ¶²μÉ´μ¸É¥°.
�¥±μ´¸É·Ê±Í¨Ö ¸μ¸Éμ¨É ¢ ¶μ²ÊÎ¥´¨¨ F2 ¨ ¥¥ ¶·μ¨§¢μ¤´μ° Î¨¸²¥´´μ ¶·¨ ¶μ-
³μÐ¨ ÉμÎ´ÒÌ ³¥²²¨´μ¢¸±¨Ì ¸¢¥·Éμ± ¨ ¢μ§¢· Ð¥´¨¨ ± £²Õμ´´μ° ¶²μÉ´μ¸É¨ ´ 
μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·¨¡²¨¦¥´´ÒÌ Ëμ·³Ê². �μ²ÊÎ¥´  [83] μÎ¥´Ó Ìμ·μÏ Ö
ÉμÎ´μ¸ÉÓ ¢μ¸¸É ´μ¢²¥´¨Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö δ = 0,5 ¨ δ = 0 ¶·¨
¨¸¶μ²Ó§μ¢ ´¨¨ ´ ¡μ·μ¢ Œ�‘, ¨³¥ÕÐ¨Ì É¥ ¦¥ §´ Î¥´¨Ö ´ ±²μ´  δ. ’μÎ´μ¸ÉÓ
¢μ¸¸É ´μ¢²¥´¨Ö ´¥¸±μ²Ó±μ ÌÊ¦¥ ¤²Ö ¸²ÊÎ Ö δ = 0,3, ¶μ¸±μ²Ó±Ê ¢  ´ ²¨§¥ ¨¸-
¶μ²Ó§μ¢ ´ G-´ ¡μ·, ¢ ±μÉμ·μ³ δ = 0,3 Éμ²Ó±μ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö;
¤²Ö ±¢ ·±μ¢μ° ¶²μÉ´μ¸É¨ ¢ ÔÉμ³ ´ ¡μ·¥ δ = 0, ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¶·μÉ¨¢μ·¥-
Î¨¨ ¸ ´ Ï¨³ ¶·¥¤¶μ²μ¦¥´¨¥³ (¸³. (120)). ‚±² ¤ ³μ·¸±¨Ì ±¢ ·±μ¢ ´¥¢¥²¨±
¶μ ¸· ¢´¥´¨Õ ¸ ¢±² ¤μ³ £²Õμ´μ¢, ¶μÔÉμ³Ê ³Ò ¶μ²ÊÎ ¥³ ´¥¶²μÌÊÕ ÉμÎ´μ¸ÉÓ
¢μ¸¸É ´μ¢²¥´¨Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥. �  ·¨¸. 10 ³Ò ¸· ¢-
´¨¢ ¥³ ÉμÎ´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ´ Ï¥£μ ¶μ¤Ìμ¤  ¸ ¤¢Ê³Ö ¤·Ê£¨³¨, ¶μ²ÊÎ¥´´Ò³¨
¢ · ¡μÉ Ì [84]. Œμ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ ´ Ï¨ Ëμ·³Ê²Ò ¢μ¸¶·μ¨§¢μ¤ÖÉ £²Õμ´´μ¥
· ¸¶·¥¤¥²¥´¨¥ ²ÊÎÏ¥ ¤²Ö ¢¸¥Ì §´ Î¥´¨° δ.

�¨¸. 11. ƒ²Õμ´´ Ö ¶²μÉ´μ¸ÉÓ ¶·¨ ³ ²ÒÌ
§´ Î¥´¨ÖÌ x. ’μÎ±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ §´ -
Î¥´¨Õ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö, ¢Ò¤¥-
²¥´´μ£μ ¨§ ¤ ´´ÒÌ F2 ¨ dF2/d ln (Q2)
¶·¨ ¶μ³μÐ¨ Ëμ·³Ê²Ò (119). ‘¶²μÏ-
´ Ö ²¨´¨Ö ¶·¥¤¸É ¢²Ö¥É §´ Î¥´¨¥ £²Õμ´-
´μ° ¶²μÉ´μ¸É¨ Œ�‘-¶ · ³¥É·¨§ Í¨¨ É¨¶ 
G. ˜É·¨Ìμ¢Ò³¨ ²¨´¨Ö³¨ μ¡μ§´ Î¥´Ò
μ¡² ¸É¨ μ£· ´¨Î¥´¨° ´  §´ Î¥´¨Ö £²Õμ´-
´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨§ ¤ ´´ÒÌ (1993 £.)
Ô±¸¶¥·¨³¥´Éμ¢ H1 ¨ ZEUS

�¨¸. 11 ¶μ± §Ò¢ ¥É ¢¥²¨Î¨´Ê £²Õμ´´μ° ¶²μÉ´μ¸É¨, ¢Ò¤¥²¥´´μ° ¨§ ¤ ´´ÒÌ
¤²Ö ‘” F2 ¨ ¥¥ ¶·μ¨§¢μ¤´μ° ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (119). 	Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò
¤ ´´Ò¥ £·Ê¶¶ H1 [81] ¨ ZEUS [82]∗.

4.5. ‚Ò¤¥²¥´¨¥ FL ¨§ ¤ ´´ÒÌ ¤²Ö F2 ¨ ¥¥ ¶·μ¨§¢μ¤´μ°. Š ± ÔÉμ Ê¦¥
μ¸¢¥Ð ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, ¶·μ¤μ²Ó´ Ö ‘” FL μÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´  ± ¸¢μ°¸É¢ ³
Š•„, ¶μ¸±μ²Ó±Ê μ´  · ¢´  ´Ê²Õ ¢ ¶ ·Éμ´´μ° ³μ¤¥²¥, ¸μ¤¥·¦ Ð¥° ¶ ·Éμ´Ò
¸¶¨´  1/2. �¥¡μ²ÓÏμ¥, ´μ μÉ²¨Î´μ¥ μÉ ´Ê²Ö §´ Î¥´¨¥ FL ´ ÉÊ· ²Ó´μ μ¡ÑÖ¸-
´Ö¥É¸Ö ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„, É. ±. ³μ¦¥É ¢μ§´¨± ÉÓ §  ¸Î¥É ±¢ ·±-
£²Õμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, μÉ²¨Î ÕÐ¥£μ Š•„ μÉ ±¢ ·±-¶ ·Éμ´´μ° ³μ¤¥²¨.

∗‡ ³¥É¨³, ÎÉμ ·¨¸. 11, ¢§ÖÉÒ° ¨§ · ¡μÉÒ [83], ¸μ¤¥·¦¨É μÉ´μ¸¨É¥²Ó´μ ¸É ·Ò¥ ¤ ´´Ò¥ ¸
Ê¸±μ·¨É¥²Ö HERA. ‘μ¢·¥³¥´´Ò¥ ¤ ´´Ò¥ ¶μ§¢μ²ÖÕÉ ¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ¨ÉÓ ¢¥²¨Î¨´Ê ´¥μ¶·¥¤¥-
²¥´´μ¸É¥° ¶·¨ ¢Ò¤¥²¥´¨¨ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö (¸³. [86, 87]).
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‡´ Î¥´¨Ö FL ¶·¨ ³ ²ÒÌ x ¡Ò²¨ ´¥¨§¢¥¸É´Ò ¤μ ´¥¤ ¢´¥£μ ¢·¥³¥´¨, ¨
¢¶¥·¢Ò¥ μ´¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò (¨ ¶·¥¤¸É ¢²¥´Ò ´  ±μ´Ë¥·¥´Í¨¨ DIS'96) μ¤´μ-
¢·¥³¥´´μ Ô±¸¶¥·¨³¥´É ²Ó´μ ±μ²² ¡μ· Í¨¥° H1 [85] ¨ ¸ ¶μ³μÐÓÕ ¶·¨¢μ¤¨³μ°
§¤¥¸Ó ³¥Éμ¤¨±¨ (¸³. [88]).

Œ´μ£¨¥ ¢Ò±² ¤±¨ ´ ¸ÉμÖÐ¥£μ  ´ ²¨§a ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´Ò · ¸¸³μ-
É·¥´´Ò³ ¢ ¶·¥¤Ò¤ÊÐ¥³ ¶Ê´±É¥ ¨, ÎÉμ¡Ò ´¥ ¶μ¢Éμ·ÖÉÓ¸Ö, ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ
´ ¶¨¸ ´´Ò¥ É ³ Ëμ·³Ê²Ò. �Ê¸ÉÓ �� ¨³¥ÕÉ ¢¨¤ (113) ¶·¨ ´¥±μÉμ·μ³ Q2

0,
Éμ£¤ , ± ± μ¶¨¸ ´μ ¢ ¶. 4.4, μ´¨ ¡Ê¤ÊÉ ²¨¡μ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ¸Ö ¶·¨ Q2 > Q2

0,
¥¸²¨ x−δ 	 const, ²¨¡μ £¥´¥·¨·μ¢ ÉÓ ¡¥¸¸¥²Ó¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥. Š ± ¨ ¢
¶. 4.4, ³Ò · ¸¸³μÉ·¨³ §¤¥¸Ó μ¡  ¸²ÊÎ Ö oÉ¤¥²Ó´μ.

4.5.1. �·¥¤¶μ² £ Ö ·¥¤¦¥¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ (113) ¤²Ö ��, ¶μ²ÊÎ ¥³
Ëμ·³Ê²Ê ¤²Ö ¸¢Ö§¨ ‘” FL ¸ F2 ¨ £²Õμ´´μ° ¶²μÉ´μ¸ÉÓÕ:

FL(x, Q2) = r1+δ
LG (as) e fG(x, Q2) + r1+δ

LS (as) F2(x, Q2) + O(x1−δ), (122)

£¤¥

rη
Ls(as) = asB

s,η
L

[
1 + asR

s,η

L

]
+ O(a3

s),

rη
Lg(as) = asB

g,η
L

[
1 + asR

g,η

L

]
+ O(a3

s)
(123)

¨

R
s,η

L = Rs,η
L − Bs,η

2 , R
g,η

L = Rg,η
L − Bg,η

2 Bs,η
L /Bg,η

L . (124)

„²Ö ¶μ²ÊÎ¥´¨Ö (122) ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ³¥Éμ¤ ¸¢¥¤¥´¨Ö ³¥²²¨´μ¢¸±μ° ±μ´-
¢μ²ÕÍ¨¨ ± μ¡ÒÎ´μ³Ê ¶·μ¨§¢¥¤¥´¨Õ, · ¸¸³μÉ·¥´´Ò° ¢ ¶·¨²μ¦¥´¨¨. ‚ ¶· ¢μ°
Î ¸É¨ (122) ³Ò μ£· ´¨Î¨²¨¸Ó ÉμÎ´μ¸ÉÓÕ O(x1−δ).

Šμ³¡¨´¨·ÊÖ Ê· ¢´¥´¨Ö (122) ¨ (114) ¨§ ¶. 4.4, ³Ò ¶μ²ÊÎ ¥³ ¨¸±μ³μ¥ ¶·¥¤-
¸É ¢²¥´¨¥ ¤²Ö ¶·μ¤μ²Ó´μ° ‘” FL. �£· ´¨Î¨¢ Ö¸Ó ¤¢Ê³Ö ¶¥·¢Ò³¨ ¶μ·Ö¤± ³¨
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ¨³¥¥³

FL(x, Q2) = −2
Bg,1+δ

L

(
1 + asR

g,1+δ

L

)
γ

(0),1+δ
SG + γ

(1),1+δ
SG as

[
dF2(x, Q2)

d ln Q2
+

+
as

2

(
Bs,1+δ

L

Bg,1+δ
L

γ
(0),1+δ
SG − γ

(0),1+δ
SS

)
F2(x, Q2)

]
+ O(a2

s, x
1−δ), (125)

£¤¥ γ
(1),1+δ
SG ¤ ´  ¢ ¶. 4.4 (¸³. (116)),   R

i,η

L Å ¢ Ê· ¢´¥´¨¨ (124).
ˆ¸¶μ²Ó§ÊÖ ±μ´±·¥É´Ò¥ §´ Î¥´¨Ö ¤²Ö  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° ¨ ±μÔË-

Ë¨Í¨¥´Éμ¢ ‚¨²Ó¸μ´ , ¤²Ö §´ Î¥´¨° δ = 0,5 ¨ δ = 0,3 (¨ f = 4) ¶μ²ÊÎ ¥³
¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:
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¶·¨ δ = 0,5

FL(x, Q2) =
1,04

1 + 22,9as

[
dF2(x, Q2)

d ln Q2
+ 4,17 asF2(x, Q2)

]
+ O(a2

s, x
1−δ),

(126)

¶·¨ δ = 0,3

FL(x, Q2)=
1,05

1+59,3as

[
dF2(x, Q2)

d ln Q2
+3,59asF2(x, Q2)

]
+O(a2

s, x
1−δ). (127)

4.5.2. �·¥¤¶μ² £ ¥³ ´¥·¥¤¦¥¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ (120) ¨, ¤¥°¸É¢ÊÖ  ´ ²μ-
£¨Î´μ  ´ ²¨§Ê, ¶·μ¢¥¤¥´´μ³Ê ¢ 4.4.2, ¨³¥¥³ ¤²Ö ‘” FL ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢-
²¥´¨¥:

FL(x, Q2) =
1(

1 + 30as(Q2)
[
1
δ̃
− 116

45

])×

×
[
dF2(x, Q2)

d ln Q2
+

8
3
as(Q2)F2(x, Q2)

]
+ O(a2

s, x), (128)

£¤¥ §´ Î¥´¨¥ 1/δ̃ ¤ ´μ ¶μ¸²¥ Ê· ¢´¥´¨Ö (121).
Š ± ¨ ¤²Ö £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö (¸³. μ¡¸Ê¦¤¥´¨Ö ¢ ±μ´Í¥ ¶·¥¤Ò¤Ê-

Ð¥£μ ¶Ê´±Éa), ³Ò ¢ ¸μ¸ÉμÖ´¨¨ ¤ ÉÓ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ‘” FL ¢ ¸²ÊÎ ¥ ¡μ²¥¥
μ¡Ð¥°  ¸¨³¶ÉμÉ¨±¨ ¤²Ö fG(x, Q2) ¨ F2(x, Q2). …¸²¨ ¢ ¶· ¢ÊÕ Î ¸ÉÓ (120)
¡Ê¤¥É ¤μ¡ ¢²¥´ ³´μ¦¨É¥²Ó x−δ , Éμ£¤  ¢Ò· ¦¥´¨¥ ¤²Ö FL ¡Ê¤¥É ¨³¥ÉÓ ÉμÉ ¦¥

¢¨¤, ÎÉμ ¨ (125) ¸ § ³¥´μ° γ
(0),1+δ
SG → γ̃

(0),1+δ
SG ¨ R

i,η

L → R̃i,η
L , £¤¥ γ̃

(0),1+δ
SG

¨ R̃i,η
L ¸μ¢¶ ¤ ÕÉ, ¸μμÉ¢¥É¸É¢¥´´μ, ¸ γ

(0),1+δ
SG ¨ R

i,η

L ¶·¨ 1/δ → 1/δ̃I (¸³.
¶·¨²μ¦¥´¨¥).

4.5.3. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ·¥§Ê²Ó-
É Éμ¢ ¤²Ö ‘” FL, ¶μ²ÊÎ¥´´ÒÌ c ¨¸¶μ²Ó§μ¢ ´¨¥³ ÉμÎ´μ£μ Î¨¸²¥´´μ£μ · ¸Î¥É 
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¢¥·Éμ± Œ¥²²¨´  ¨ ¶·¨¡²¨¦¥´´ÒÌ Ëμ·³Ê², · ¸¸³μÉ·¥´´ÒÌ
¢ÒÏ¥. �Î¥´Ó Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö ·¥§Ê²ÓÉ É ³¨ μ¡´ ·Ê¦¨¢ -
¥É¸Ö ¶·¨ δ = 0,5 ¨ δ = 0. „²Ö δ = 0,3 ¸μ£² ¸¨¥ ´¥ ¸Éμ²Ó Ìμ·μÏ¥¥, ÎÉμ ¸¢Ö§ ´μ
(± ± ÔÉμ μ¡¸Ê¦¤ ²μ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ ¶. 5.4) ¸ · §²¨Î´μ° ¢¥²¨Î¨´μ° ´ ±²μ´μ¢:
δ = 0,3 ¤²Ö £²Õμ´μ¢ ¨ δ = 0 ¤²Ö ±¢ ·±μ¢ ¢ G-´ ¡μ·¥, ¨¸¶μ²Ó§Ê¥³o³ §¤¥¸Ó
¤²Ö ��.

�  ·¨¸. 12 ³Ò ¶·¨¢μ¤¨³ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ‘” FL, ¨¸¶μ²Ó§ÊÖ ¤ ´´Ò¥ H1 [81]
¨ ZEUS [82] ¤²Ö ‘” F2 ¨ ¥¥ ¶·μ¨§¢μ¤´μ° ¶μ Q2. ’ ³ ¦¥ ¶·¨¢¥¤¥´μ ¶·¥¤¢ -
·¨É¥²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö FL, ¶μ²ÊÎ¥´´μ¥ £·Ê¶¶μ° H1 ¢ [85]. ŒÒ ¨¸¶μ²Ó§μ¢ ²¨
§´ Î¥´¨Ö δ = 0, 0,3 ¨ 0,5 ¨ ´ ¡μ·Ò Œ�‘-¶ · ³¥É·¨§ Í¨° D0, G ¨ D− ¸μ-
μÉ¢¥É¸É¢¥´´μ. 	μ²ÓÏμ¥ · §´μ£² ¸¨¥ ³¥¦¤Ê ´ Ï¨³¨ ·¥§Ê²ÓÉ É ³¨ ¤²Ö FL ¶·¨
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�¨¸. 12. �·μ¤μ²Ó´ Ö ‘” FL ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ x ¨ Q2 = 20 ƒÔB2. ’μÎ±¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö³ FL, ¢Ò¤¥²¥´´Ò³ ¨§ ¤ ´´ÒÌ £·Ê¶¶ H1 ¨ ZEUS ¶·¨ ¶μ³μÐ¨
Ê· ¢´¥´¨° (126) ¨ (127). ‘¶²μÏ´ Ö, ÏÉ·¨Ìμ¢ Ö ¨ ¶Ê´±É¨·´ Ö ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ
·¥§Ê²ÓÉ É ³ ¤²Ö FL (¸ ÊÎ¥Éμ³ α2

s-¶μ¶· ¢μ±) ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ · §²¨Î´ÒÌ ´ ¡μ·μ¢
¶ · ³¥É·¨§ Í¨° Œ�‘. �μ± § ´Ò ¨ ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´É  BCDMS,   É ±¦¥ ¶·¥¤¢ ·¨-
É¥²Ó´μ¥ §´ Î¥´¨¥ £·Ê¶¶Ò H1 [85]

δ = 0 ¨ ¶·¥¤¸± § ´¨Ö³¨ Œ�‘ ¶μ± §Ò¢ ¥É, ÎÉμ ¤ ´´Ò¥ ´¥ μ¶¨¸Ò¢ ÕÉ¸Ö ´¥-
¸¨´£Ê²Ö·´Ò³¨ ��. ‚ ¶·μÉ¨¢μ¶o²μ¦´μ¸ÉÓ ÔÉμ³Ê ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸
¶μ³μÐÓÕ Ëμ·³Ê² (126) ¨ (127), É. ¥. ¶·¨ δ = 0,5 ¨ δ = 0,3, ¸μ£² ¸ÊÕÉ¸Ö
¤·Ê£ ¸ ¤·Ê£μ³ ¢ ¶·¥¤¥² Ì ¸¢μ¨Ì μÏ¨¡μ±,   É ±¦¥ ¸ ¶·¥¤¸± § ´¨Ö³¨ Œ�‘ ¨ ¸
¶·¥¤¢ ·¨É¥²Ó´μ° ÉμÎ±μ°, ¨§³¥·¥´´μ° £·Ê¶¶μ° H1. �·¨ ´¥¶·¥·Ò¢´μ³ ¶·μ¤μ²-
¦¥´¨¨ ÉμÎ¥±, ¶μ²ÊÎ¥´´ÒÌ §¤¥¸Ó, ¢ μ¡² ¸ÉÓ ¶¥·¥³¥´´μ° x, £¤¥ ´ Ï¨ Ëμ·³Ê²Ò
´¥ ¤μ²¦´Ò · ¡μÉ ÉÓ, ³Ò ¢¨¤¨³, É¥³ ´¥ ³¥´¥¥, Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ¤ ´´Ò³¨
£·Ê¶¶Ò BCDMS.

‡ ³¥É¨³, ÎÉμ ¶μ¤μ¡´Ò°  ´ ²¨§ ¡Ò² ¶·μ¢¥¤¥´ (¸³. [88]) É ±¦¥ ¤²Ö μÉ-
´μÏ¥´¨Ö R = σL/σT , ±μÉμ·μ¥ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ Î¥·¥§ ‘” FL ¨ F2 ¢
¢¨¤¥

R(x, Q2) =
FL(x, Q2)

F2(x, Q2) − FL(x, Q2)
.
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4.6. Q2-§ ¢¨¸¨³μ¸ÉÓ ´ ±²μ´μ¢ ��. ‚ ¶. 4.3 ³Ò ´ Ï²¨  ¸¨³¶ÉμÉ¨±¨ ��,
Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê· ¢´¥´¨Õ „ƒ‹�� ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì ’‚. �μ²ÊÎ¥´-
´Ò¥  ¸¨³¶ÉμÉ¨±¨ μ± § ²¨¸Ó ´¥·¥¤¦¥¢¸±μ£μ É¨¶ , É. ¥. μ´¨ Ö¢²ÖÕÉ¸Ö μ¡μ¡Ð¥-
´¨¥³ ·¥Ï¥´¨Ö ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±μ£μ É¨¶ :

∼ exp(∼
√

ln ln (Q2/Q2
0) ln (1/x)).

’ ±¨¥  ¸¨³¶ÉμÉ¨±¨ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ ¸μ¢·¥³¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥.

‡ ³¥É¨³, μ¤´ ±μ, ÎÉμ ¤ ´´Ò¥ ±μ²² ¡μ· Í¨° H1 ¨ ZEUS ¶·¨ ¤μ¸É ÉμÎ´μ
¡μ²ÓÏ¨Ì Q2 Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ¸Ö É ±¦¥ ¶·¨ ¶μ³μÐ¨ ��, ¶ · ³¥É·¨§ Í¨¨
±μÉμ·ÒÌ ¸μ¤¥·¦ É ´ ¤±·¨É¨Î¥¸±¨° (É. ¥. 	”Š‹) ¶μ³¥·μ´. •μ·μÏμ ¨§¢¥¸É´μ
± Éμ³Ê ¦¥, ÎÉμ ¤ ´´Ò¥ ±μ²² ¡μ· Í¨° NM ¨ E665 ¶·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ
Q2 ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨, μ¸´μ¢ ´´Ò³¨ ´  μ¡-
³¥´¥ ¶μ³¥·μ´μ³, ¨³¥ÕÐ¨³ ¨´É¥·¸¥¶É, ¡²¨§±¨° ± ±·¨É¨Î¥¸±μ³Ê §´ Î¥´¨Õ
αP = 1 (¸³. [89]). ‚ · ¡μÉ¥ [90] ¤ ´´Ò¥ (¶·¨ ¡μ²ÓÏ¨Ì ¨ ³ ²ÒÌ §´ Î¥-
´¨ÖÌ Q2) ¡Ò²¨ ¶·μË¨É¨·μ¢ ´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ·¥¤¦¥¢¸±μ°  ¸¨³¶ÉμÉ¨±¨
∼ x−δ(Q2) (αP ≡ 1 + δ(Q2)). �¥§Ê²ÓÉ É  ´ ²¨§  ¸μ¤¥·¦ ² ¡Ò¸É·μ¥ ¨§³¥´¥´¨¥
´ ±²μ´  É· ¥±Éμ·¨¨ μÉ §´ Î¥´¨° ¶μ·Ö¤±  ∼ 1,08 ¤μ §´ Î¥´¨° ∼ 1,4 ¢ ¤μ¸É -
ÉμÎ´μ Ê§±μ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° Q2: 1 < Q2 < 10 ƒÔB2. �·¨ Q2 < 1 ƒÔB2

¨ Q2 > 10 ƒÔB2 §´ Î¥´¨Ö ´ ±²μ´  δ(Q2), ¡²¨§±¨¥ ± 0,08 ¨ 0,4, μ¸É ¢ ²¨¸Ó
¶· ±É¨Î¥¸±¨ ¶μ¸ÉμÖ´´Ò³¨∗.

„ ²¥¥ ¢ ÔÉμ³ · §¤¥²¥ ³Ò ¶·¥¤¸É ¢¨³ ¶μ¶ÒÉ±Ê, ¸¤¥² ´´ÊÕ ¢ · ¡μÉ Ì [77],
μ¡ÑÖ¸´¥´¨Ö É ±μ£μ ¶μ¢¥¤¥´¨Ö ´ ±²μ´  δ(Q2).

� ¸¸³μÉ·¨³ ·¥¤¦¥¶μ¤μ¡´ÊÕ Ëμ·³Ê �� ¢ ¢¨¤¥ (113). �μ¤¸É ¢¨³ ¥¥ ¢
Ê· ¢´¥´¨¥ „ƒ‹�� ¨ ¨§ ¸μ¢³¥¸É¨³μ¸É¨ ¶· ¢μ° ¨ ²¥¢μ° ¥£μ Î ¸É¥° ´ °¤¥³
Q2-§ ¢¨¸¨³μ¸ÉÓ ¶ · ³¥É·μ¢ fa(x, Q2). �¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤

fa(x, t)
fa(x, t0)

=
Ma(1 + δ, t)
Ma(1 + δ, t0)

, (129)

£¤¥ t = ln (Q2/Λ2), t0 = t(Q2 = Q2
0) ¨ Ma(1 + δ, t) ¥¸ÉÓ  ´ ²¨É¨Î¥¸±μ¥

¶·μ¤μ²¦¥´¨¥ ³μ³¥´Éμ¢ Ma(n, t) ´  ´¥Í¥²μ¥ §´ Î¥´¨¥  ·£Ê³¥´É  n = 1 + δ.
‚ ¸²ÊÎ ¥ ¡μ²ÓÏ¨Ì §´ Î¥´¨° δ (É. ¥. ¢ ¸²ÊÎ ¥, ±μ£¤  x−δ 	 const) ¶μ¤μ¡´Ò¥

¨¸¸²¥¤μ¢ ´¨Ö Ê¦¥ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ [28].
� ¸¶·μ¸É· ´¨³ ¶μ²ÊÎ¥´´Ò¥ · ´¥¥ ·¥§Ê²ÓÉ ÉÒ ´  ¸²ÊÎ ° δ ∼ 0 (É. ¥. ´ 

μ¡² ¸ÉÓ ´¥¡μ²ÓÏ¨Ì §´ Î¥´¨° Q2), ¸²¥¤ÊÖ ¶·¥¤¸É ¢²¥´´μ³Ê ¢ ¶·¨²μ¦¥´¨¨ ³¥-
Éμ¤Ê § ³¥´Ò ±μ´¢μ²ÕÍ¨¨ Œ¥²²¨´  ¶·μ¸ÉÒ³ ¶·μ¨§¢¥¤¥´¨¥³. �μ¸±μ²Ó±Ê ³μ-
³¥´ÉÒ Ma Ô¢μ²ÕÍ¨μ´¨·ÊÕÉ ¶μ Q2 ± ± ±μ³¡¨´ Í¨Ö ®+¯- ¨ ®−¯-±μ³¶μ´¥´É,

∗Š ± ³Ò Ê¦¥ ¶μ± § ²¨ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¢ ¸μ¢·¥³¥´´Òx ¤ ´´Òx Î Ð¥ ´ ¡²Õ¤ ¥É¸Ö
¡μ²¥¥ ¶² ¢´Ò° ·μ¸É ´ ±²μ´  ¸ Ê¢¥²¨Î¥´¨¥³ §´ Î¥´¨° Q2.
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μÎ¥¢¨¤´μ, ÎÉμ ¨ ¸ ³¨ �� ¨§³¥´ÖÕÉ¸Ö ¶μ¤μ¡´Ò³ μ¡· §μ³ (¸³. ¶. 4.3, £¤¥ ÉμÎ´Ò¥
¡¥¸¸¥²Ó¶μ¤μ¡´Ò¥  ¸¨³¶ÉμÉ¨±¨ �� ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¨³¥´´μ ¢ É ±μ³ ¢¨¤¥).

4.6.1. ‚¥¤ÊÐ¨° ¶μ·Ö¤μ± ’‚. � ¸¸³μÉ·¨³ „ƒ‹��-Ê· ¢´¥´¨¥ ¤²Ö ®+¯- ¨
®−¯-±μ³¶μ´¥´É ¶μ μÉ¤¥²Ó´μ¸É¨. ˆ¸¶μ²Ó§ÊÖ ³¥Éμ¤, ¶·¨¢¥¤¥´´Ò° ¢ ¶·¨²μ¦¥-
´¨¨, ³Ò ³μ¦¥³ ¶·¥¤¸É ¢¨ÉÓ Ô¢μ²ÕÍ¨μ´´Ò¥ Ê· ¢´¥´¨Ö ¢ ¢¨¤¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ Ê· ¢´¥´¨° 1-£μ ¶μ·Ö¤±  (¶Ê¸ÉÓ d̃± = γ̃±/(2β0)):

d

ds
f±

a (x, t) = −d̃±(α, 1 + δ±) f±
a (x, t) + O(x1−δ± ), (130)

£¤¥ ³Ò ¶μ¸ÉÊ²¨·Ê¥³ ¢¨¤ �� ¢ ·¥¤¦¥¶μ¤μ¡´μ³ ¢¨¤¥:

f±
a (x, Q2) = A±

a x−δ± + O(x1−δ± ). (131)

Š ± ¸²¥¤Ê¥É ¨§  ´ ²¨§ , ¶·¨¢¥¤¥´´μ£μ ¢ 4.2.2,  ´μ³ ²Ó´ Ö · §³¥·´μ¸ÉÓ
γ−(n) ´¥ ¸μ¤¥·¦¨É Î²¥´μ¢ ∼ 1/(n− 1), Éμ£¤  γ̃−(1 + δ−) = γ−(1 + δ−) ¨ ��
f−

a (x, t), Ö¢²ÖÕÐ¥¥¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (130) ¤²Ö ®−¯-¸²ÊÎ Ö, ³μ¦¥É ¡ÒÉÓ
¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥

f−
a (x, t)

f−
a (x, t0)

= e−d−(1+δ−)s. (132)

�´μ³ ²Ó´ Ö · §³¥·´μ¸ÉÓ γ+(n) ¸μ¤¥·¦¨É ¸¨´£Ê²Ö·´Ò° (¶·¨ n → 1) Î²¥´
¨ f+

a (x, t) ¨³¥¥É ·¥Ï¥´¨¥, ¶μ¤μ¡´μ¥ (132), Éμ²Ó±μ ¤²Ö x−δ 	 const, É. ¥.

f+
a (x, t)

f+
a (x, t0)

= e−d+(1+δ+)s, ¥¸²¨ x−δ+ 	 1. (133)

�¡  ´ ±²μ´  δ+ ¨ δ− ´¥¨§¢¥¸É´Ò ¨ ¤μ²¦´Ò ¡ÒÉÓ, ¢ ¶·¨´Í¨¶¥, ´ °¤¥´Ò
¨§  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘ÊÐ¥¸É¢Ê¥É, μ¤´ ±μ, μ¡²¥£Î ÕÐ¥¥
μ¡¸ÉμÖÉ¥²Ó¸É¢μ. ˆ§ ¤ ´´ÒÌ NMC ¨ E665 ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2 ¨ x ³μ¦´μ
§ ±²ÕÎ¨ÉÓ, ÎÉμ ‘” F2 ¨, ¸²¥¤μ¢ É¥²Ó´μ, �� fa(x, Q2) ¨³¥ÕÉ ´¥· ¸ÉÊÐ¨¥
 ¸¨³¶ÉμÉ¨±¨ ¶·¨ x → 0 ¨ Q2 ∼ 1 ƒÔB2. ’ ±¨³ μ¡· §μ³, ³Ò §´ ¥³, ÎÉμ
§´ Î¥´¨Ö δ+ ¨ δ− ¡²¨§±¨ ± ´Ê²Õ ¶·¨ Q2 ∼ 1 ƒÔB2.

� ¸¸³μÉ·¨³ Ê· ¢´¥´¨Ö (130) ¶·¨ δ± = 0 ¨ ´ Î ²Ó´μ³ Ê¸²μ¢¨¨ (79) ¶·¨
Q2 = 1 ƒÔB2. „²Ö ®−¯-±μ³¶μ´¥´ÉÒ ·¥¤¦¥¶μ¤μ¡´μ¥ ·¥Ï¥´¨¥ Ê¦¥ ¸ÊÐ¥¸É¢Ê¥É:
ÔÉμ (132) ¶·¨ δ− = 0, ÎÉμ ¸μ¢¶ ¤ ¥É ¸ (94). „²Ö ®+¯-±μ³¶μ´¥´ÉÒ Ê· ¢´¥-
´¨¥ (130) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (¤ ²¥¥ ¨´¤¥±¸ 1 + δ ¡Ê¤¥É
μ¡μ§´ Î ÉÓ¸Ö ± ± 1 ¢ ¸²ÊÎ ¥ δ → 0):

ln
(

1
x

)
d

ds
δ+(s) +

d

ds
ln (A+

a ) = −d̂+

(
ln
(

1
x

)
− ρ̂(ν)

)
+ d+(1), (134)

£¤¥ d̂+ ¨ d+(1) ¤ ´Ò ¢ (90) ¨ (95) ¸μμÉ¢¥É¸É¢¥´´μ. �¥Ï¥´¨¥ ÔÉμ£μ Ê· ¢´¥´¨Ö
¨³¥¥É ¢¨¤

f+
a (x, t) = A+

a xd̂+s e−d̃+s, (135)

£¤¥ d̃+ = d+ − d̂+ρ̂(ν),   ρ̂(ν) μ¶·¥¤¥²¥´μ ¢ ¶·¨²μ¦¥´¨¨ (¸³. (177)).
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Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ Ëμ·³Ê²Ò (134), ´¥· ¸ÉÊÐ Ö Ëμ·³  ®+¯-±μ³¶μ´¥´ÉÒ
(¨³¥ÕÐ Ö δ+ = 0 ¶·¨ Q2 = Q2

0) ´¥¸É ¡¨²Ó´ , ¶μ¸±μ²Ó±Ê dδ+(Q2
0)/ds 
= 0 ¨

¤²Ö Q2 
= Q2
0 £¥´¥·¨·Ê¥É¸Ö ´¥´Ê²¥¢ Ö ¸É¥¶¥´Ó x (¸³. [112Ä115]). ‡ ³¥É¨³, ÎÉμ

¤²Ö Q2 > Q2
0 ¸É¥¶¥´Ó x μÉ·¨Í É¥²Ó´ , ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´-

É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨  ´ ²¨§μ³, ¶μ²ÊÎ¥´´Ò³ ¢ 4.2.4. � ¸¸³μÉ·¥´¨¥ §´ Î¥´¨°
Q2 < Q2

0 ∼ 1 ƒÔB2 Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¸μ³´¨É¥²Ó´μ° μ¶¥· Í¨¥° ¨ μ¡¸Ê¦¤ ÉÓ¸Ö
´¥ ¡Ê¤¥É.

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ ¤¢¥ Ëμ·³Ò Q2-§ ¢¨¸¨³μ¸É¨ ®+¯-±μ³¶μ´¥´-
ÉÒ, μ¤´  ¨§ ±μÉμ·ÒÌ, É. ¥. (135), ¸μ¢³¥¸É¨³  ¸ Ê· ¢´¥´¨¥³ „ƒ‹�� ¶·¨ §´ Î¥-
´¨ÖÌ Q2, ¡²¨§±¨Ì ± Q2

0 ∼ 1 ƒÔB2, £¤¥ ´ ±²μ´ δ(Q2) ´ Î¨´ ¥É ¸¢μ¥ ¤¢¨¦¥´¨¥
¢ μÉ·¨Í É¥²Ó´ÊÕ μ¡² ¸ÉÓ. „·Ê£ Ö, É. ¥. (133), ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2 ¨ ¸μ¤¥·¦¨É ´ ±²μ´, ´¥ § ¢¨¸¨³Ò° μÉ Q2. ‚μμ¡Ð¥
£μ¢μ·Ö, μ¡Ð¥¥ ·¥Ï¥´¨¥ ¤μ²¦´μ ¸μ¤¥·¦ ÉÓ ¶² ¢´Ò° ¶¥·¥Ìμ¤ ³¥¦¤Ê ÔÉ¨³¨
± ·É¨´ ³¨, μ¤´ ±μ É ±μ¥ ·¥Ï¥´¨¥ μÉ¸ÊÉ¸É¢Ê¥É∗. Š ± ¢μ§³μ¦´Ò° ¢ÒÌμ¤ ¨§
¸¨ÉÊ Í¨¨, ³μ¦´μ ¢¢¥¸É¨ ´¥±μÉμ·μ¥ ®±·¨É¨Î¥¸±μ¥¯ §´ Î¥´¨¥ Q2: Q2

c , ¶·¨ ±μ-
Éμ·μ³ ·¥Ï¥´¨¥ (135) ¤μ²¦´μ ¶¥·¥Ìμ¤¨ÉÓ ¢ Ê· ¢´¥´¨¥ (133), É. ±. ¶·¨ Q2 = Q2

c

¢¥²¨Î¨´  δ+ = d̂+s ¸É ´μ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î´μ° μÉ ´Ê²Ö. ’μÎ´μ¥ §´ -
Î¥´¨¥ Q2

c ³μ¦¥É ¡ÒÉÓ ´ °¤¥´μ ¨§  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
ˆÉ ±, ¶μ²ÊÎ ¥³ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ·¥¤¦¥¶μ¤μ¡´Ò¥ �� ¢ ¢¨¤¥ (96),

£¤¥

f−
a (x, t) = A−

a exp (−d−s),

f+
a (x, t) =

{
A+

a (R)xd̂+s exp (−d+s), ¥¸²¨ Q2 � Q2
c ,

f+
a (x, tc) exp

(
−d+(1 + δc)(s − sc)

)
, ¥¸²¨ Q2 > Q2

c

(136)

¨ tc = t(Q2
c), sc = s(Q2

c). ‡´ Î¥´¨Ö A±
a ¤ ´Ò ¢ (92) ¨ (94), A+

G(R) = A+
G,

A+
S (R) ¶μ²ÊÎ ¥É¸Ö ¨§ A+

S ¶·¨ § ³¥´¥

ρ → ρR =
(
ln (1/x) − ρ̂(ν) − 85/108

)−1

. (137)

’ ±¨³ μ¡· §μ³, §´ Î¥´¨¥ ®+¯-±μ³¶μ´¥´ÉÒ ±¢ ·±μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ-
¤ ¢²¥´μ ²μ£ ·¨Ë³¨Î¥¸±¨, ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ± Î¥¸É¢¥´´μ³ ¸μ£² ¸¨¨ ¸ ¶ · ³¥-
É·¨§ Í¨¥° F2 (¸³. [91]), £¤¥  ³¶²¨ÉÊ¤  ¶·¨ Ë ±Éμ·¥ x−δ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê,
· ¢´ÊÕ 5Ä10% μÉ  ³¶²¨ÉÊ¤Ò ´¥¸¨´£Ê²Ö·´μ° (¶·¨ x → 0) ±μ³¶μ´¥´ÉÒ.

4.6.2. ‘²¥¤ÊÕÐ¨° §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤μ± ’‚. �μ  ´ ²μ£¨¨ ¸ ¶·¥¤Ò¤Ê-
Ð¨³ ¶Ê´±Éμ³, §´ Ö ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ’‚ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ

∗”Ê´±Í¨Ö ¢¨¤  Aa
+ exp (−sγ̃+(1+δ)/2β0) ¸μ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ (133) ¶·¨ xd̂+ � const

¨ Ê· ¢´¥´¨¥³ (135), ±μ£¤  δ+ = 0, μ¤´ ±μ ÔÉ  ËÊ´±Í¨Ö ´¥ ¸μ¢³¥¸É¨³  ¸ Ê· ¢´¥´¨¥³ „ƒ‹��.
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Q2-§ ¢¨¸¨³μ¸ÉÓ ³μ³¥´Éμ¢ ��, ³Ò ¶μ²ÊÎ ¥³ �� ¢ ¢¨¤¥ (96) ¨

f−
a (x, t) = Ã−

a exp (−d−s − Da
−p), (138)

f+
a (x, t) =

⎧⎪⎨⎪⎩
Ã+

a (R)x(d̂+s+D̂a
+p) exp (−d+s − D

a

+p), ¥¸²¨ Q2 � Q2
c ,

f+
a (x, tc) exp

(
−d+(1 + δc)(s − sc) − Da

+(1 + δc)(p − pc)
)
,

¥¸²¨ Q2 > Q2
c ,

£¤¥ p ¤ ´μ ¢ (101) ¨

sc = s(Q2
c), pc = p(Q2

c), Da
± = D± − da

±∓. (139)

‡´ Î¥´¨Ö ¢¥²¨Î¨´ D± ¨ da
±∓ ¶·¥¤¸É ¢²¥´Ò ¢ (102), (104) ¨ (111), ´μ·³¨-

·μ¢±¨ Ã−
a ¨ Ã±

a (R) ¤ ´Ò Ê· ¢´¥´¨Ö³¨ (110) ¶·¨ § ³¥´¥ as(Q2) → as(Q2
0) ¨

ρ → ρR.
‘” F2(x, Q2) ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ´  μ¸´μ¢¥ ´ °¤¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨°

¤²Ö �� ¸μ£² ¸´μ ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²¥:

F2(x, Q2)/δ2
s =

(
1 + as(Q2)Bq(1 + δ)

)
fq(x, Q2)+

+ as(Q2)Bg(1 + δ) fg(x, Q2). (140)

ˆ´μ£¤  Ê¤μ¡´μ ¤ ÉÓ ¶·¥¤¸É ¢²¥´¨Ö É¨¶  (138) ¤²Ö ¸ ³μ° ‘” F2(x, Q2) ¢ ¢¨¤¥
¥¥ ®+¯- ¨ ®−¯-±μ³¶μ´¥´É (¸³. [77]).

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ ¶·¨¢¥¤¥´´μ£μ ¢ÒÏ¥  ´ ²¨§ , ¢²¨Ö´¨¥ ´¥¢¥¤ÊÐ¨Ì
¶μ¶· ¢μ± É ±μ¥ ¦¥, ± ± ¨ ¢ ¶. 4.3: μ´¨ Ê³¥´ÓÏ ÕÉ §´ Î¥´¨Ö ´ ±²μ´  δ(Q2)
¨, ± ± ¸²¥¤¸É¢¨¥, ¢¥²¨Î¨´Ê ¢±² ¤  £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö. „²Ö ±¢ ·±μ¢o£μ
· ¸¶·¥¤¥²¥´¨Ö, μ¤´ ±μ, ¢μ§³μ¦´μ ²¨ÏÓ ´¥¡μ²ÓÏμ¥ Ê³¥´ÓÏ¥´¨¥ §  ¸Î¥É ´¥-
¢¥¤ÊÐ¥£μ ¢±² ¤ , ¶μ¸±μ²Ó±Ê ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ¶μÖ¢²Ö¥É¸Ö
¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤ ∼ as(Q2

0), ´¥ ¶μ¤ ¢²¥´´Ò° ± ± ∼ 1/ ln(1/x) (¸³. Ê· ¢-
´¥´¨¥ (107)).

‡ ³¥É¨³ É ±¦¥, ÎÉμ ¢ ¨´É¥·¢ ²¥ §´ Î¥´¨° ´ Ï¥° Q2-Ô¢μ²ÕÍ¨¨ ²¥¦¨É
¶μ·μ£ ·μ¦¤¥´¨Ö Î¥É¢¥·Éμ£μ ±¢ ·±  ¶·¨ Q2

th ∼ 10 ƒÔB2. ‡´ Î¥´¨¥ Q2
th ³μ¦¥É

¡ÒÉÓ ³¥´ÓÏ¥ ¨²¨ ¡μ²ÓÏ¥ Q2
c . �Í¥´¨³ ¸± Îo± ¨´É¥·¸¥¶É  ¶·¨ ¨§³¥´¥´¨¨

Î¨¸²  ¸μ·Éμ¢ f ±¢ ·±μ¢ μÉ 3 ¤μ 4, ¶·¥¤¶μ² £ Ö ¤²Ö ¶·μ¸ÉμÉÒ, ÎÉμ Q2
th = Q2

c .
�μ¸²¥ ´¥±μÉμ·ÒÌ ¢Ò±² ¤μ± (¸³. [77]) ¶μ²ÊÎ ¥³

�αp = 0,11s̃(Q2
th, Q2

0) − 3,55p(Q2
th, Q

2
0),

É. ¥. ¸± Îo± § ¢¨¸¨É μÉ ±μ´±·¥É´ÒÌ §´ Î¥´¨° Q2
th ¨ Q2

0. „²Ö Q2
th = 10 ƒÔB2,

Q2
0 = 1 ƒÔB2 ¥£μ ¢¥²¨Î¨´  ³ ² : ΔαP = 0,012, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ -

É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ · ³± Ì ¤Ê ²Ó´μ° ¶ ·Éμ´´μ° ³μ¤¥²¨ [92].
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4.6.3. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢. ˆÉ ±, ¶μ²ÊÎ¥´Ò ¶·¥¤¸É ¢²¥´¨Ö (96), (136)
¨ (138) ¤²Ö �� ¨ (140) ¤²Ö ‘” F2, ¨³¥ÕÐ¨Ì ·¥¤¦¥¶μ¤μ¡´ÊÕ Ëμ·³Ê ¨ ¸²¥¤Ê-
ÕÐ¨¥ ¸¢μ°¸É¢ :

• ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2 (Q2 ∼ 1 ƒÔB2) ‘” F2 ¨ �� ¨³¥ÕÉ ´¥· ¸ÉÊÐÊÕ
¶μ x  ¸¨³¶ÉμÉ¨±Ê ¶·¨ x → 0,

• ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2 ‘” F2 ¨ �� ¡Ò¸É·μ Ê¢¥²¨Î¨¢ ÕÉ¸Ö ¶·¨
x → 0.

�¥· ¸ÉÊÐ¥¥ ¶μ¢¥¤¥´¨¥ ‘” F2 ¶·¨ Q2 ∼ 1 ƒÔB2 ´¥¸É ¡¨²Ó´μ: μ´μ ¸É ´μ-
¢¨É¸Ö ¸¨´£Ê²Ö·´Ò³ ¶·¨ x → 0 ¨ Q2 > 1 ƒÔB2. �μ¢¥¤¥´¨¥ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ Q2 ¸μμÉ¢¥É¸É¢Ê¥É ´¥§ ¢¨¸¨³μ³Ê μÉ Q2 ´ ±²μ´Ê δ(Q2). �¡Ð¥¥ ·¥Ï¥´¨¥
¤μ²¦´μ ¸μ¤¥·¦ ÉÓ ´¥¶·¥·Ò¢´Ò° ¶¥·¥Ìμ¤ ³¥¦¤Ê ÔÉ¨³¨ · §²¨Î´Ò³¨ Ëμ·³ ³¨
��. Š ¸μ¦ ²¥´¨Õ, ´¥¢μ§³μ¦´μ ¥£μ ¶μ²ÊÎ¨ÉÓ ¢ ¢¨¤¥ ¶·μ¸Éμ° Ëμ·³Ò (133),
É. ±. ¶· ¢ Ö Î ¸ÉÓ Ê· ¢´¥´¨Ö „ƒ‹�� ¡Ê¤¥É ¸μ¤¥·¦ ÉÓ Î²¥´Ò ± ± ∼ x−δ, É ± ¨
∼ const ¶·¨ ¶μ¤¸É ´μ¢±¥ ¶·μ¡´μ° ËÊ´±Í¨¨ É¨¶  (133) ¢ ¥¥ ¶μ¤Ò´É¥£· ²Ó´μ¥
¢Ò· ¦¥´¨¥. �μÔÉμ³Ê ³Ò ¶μ¸É·μ¨²¨ ¶·¨¡²¨¦¥´¨¥, ¸Ï¨¢ ÕÐ¥¥ · ¸¸³μÉ·¥´-
´Ò¥ ¢ÒÏ¥ ¸²ÊÎ ¨ ¶·¨ ³ ²ÒÌ ¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Q2. —¨¸²¥´´Ò¥ §´ Î¥´¨Ö
δS(Q2) ¨ δG(Q2) ¤ ´Ò ¢ [77] ¶·¨ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ: Q2

0 = 1
¨ 2 ƒÔB2, Š•„-¶ · ³¥É· Λ ¢ ¢¨¤¥ 200 ¨ 300 MÔB ¨ ν = 5. �μ¸²¥¤´¥¥
Ê¸²μ¢¨¥ ¸μ£² ¸Ê¥É¸Ö ¸  ¸¨³¶ÉμÉ¨±μ° ¶·¨ £²Õμ´´μ° ¶²μÉ´μ¸É¨, ¶μ²ÊÎ¥´´μ°
¢ · ³± Ì ¶· ¢¨² ±¢ ·±μ¢μ£μ ¸Î¥É . ‡´ Î¥´¨Ö δS(Q2) Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸
¶μ²ÊÎ¥´´Ò³¨ ±μ²² ¡μ· Í¨¥° H1. 	μ²¥¥ Éμ£μ, δa(Q2) ¡²¨§±¨ ± §´ Î¥´¨Ö³
®ÔËË¥±É¨¢´ÒÌ¯ ´ ±²μ´μ¢, ´ °¤¥´´ÒÌ ¢ ¶. 4.3,   δa(Q2 = 4 ƒÔB2) ¡²¨§±¨ ±
¶μ²ÊÎ¥´´Ò³ ¢ · ¡μÉ¥ [93]. ŒÒ, μ¤´ ±μ, § ³¥É¨³, ÎÉμ ®ÔËË¥±É¨¢´Ò¥¯ ´ -
±²μ´Ò ´¥¸±μ²Ó±μ ³¥´ÓÏ¥ ¶·¨¢¥¤¥´´ÒÌ ¢ [77], ¶μ¸±μ²Ó±Ê ¸ÊÐ¥¸É¢Ê¥É ¢Éμ· Ö
(¶·¥¤ ¸¨³¶ÉμÉ¨Î¥¸± Ö) ±μ³¶μ´¥´É .

‚ § ±²ÕÎ¥´¨¥ ÔÉμ£μ · §¤¥²  μÉ³¥É¨³, ÎÉμ ¸¨ÉÊ Í¨Ö ¸² ¡μ ³¥´Ö¥É¸Ö (¸³.
[77]) ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢ ± Î¥¸É¢¥ ®§ É· ¢μÎ´μ£μ¯ ¨´É¥·¸¥¶É  §´ Î¥´¨Ö
δ(Q2

0) = ε ≡ 0,08, ´ °¤¥´´μ£μ ¢ [89] ¨§ Ë¨É  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Q2.

5. ����Œ…’�ˆ‡�–ˆˆ ‘”

’¥μ·¥É¨Î¥¸±¨ Ê¤μ¡´μ · ¸¸³ É·¨¢ ÉÓ ´¥ ‘” ƒ��,   ¨Ì ³μ³¥´ÉÒ, ±μÔËË¨-
Í¨¥´É´Ò¥ ËÊ´±Í¨¨ ±μÉμ·ÒÌ ³μ¦´μ ¢ÒÎ¨¸²ÖÉÓ ¶μ ’‚ ¨ Ê²ÊÎÏ ÉÓ ¸ ¶μ³μÐÓÕ
³¥Éμ¤  ·¥´μ·³-£·Ê¶¶Ò (¸³. · §¤. 1). �¤´ ±μ ¸· ¢´¨¢ ÉÓ ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ Ê¤μ¡´¥¥ ¸ ³¨ ‘”. ’μÎ´μ ¢μ¸¸É ´μ¢¨ÉÓ ¨Ì ¶μ ³μ³¥´É ³ ´¥
Ê¤ ¥É¸Ö, ¶μÔÉμ³Ê ¨¸¶μ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥ ¶ · ³¥É·¨§ Í¨¨, ¢¢¥¤¥´´Ò¥, ´ ¶·¨-
³¥·, ”¥°´³ ´μ³ ¨ ”¨²¤μ³ [97], 	Ê· ¸μ³ ¨ ƒ ¥³¥·¸μ³ [98] ¨ ¤·. [38,99,100].

‘²¥¤ÊÖ [8, 101], ‹μ¶¥Í ¨ ˆ´¤Ê· °´ ¶μ± § ²¨, ÎÉμ ¤²Ö ´ Ìμ¦¤¥´¨Ö ¶ · -
³¥É·μ¢ ¶ · ³¥É·¨§ Í¨° ‘” ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ  ´ ²¨§ ¶μ¢¥¤¥´¨Ö ‘” ¶·¨
x ∼ 0 ¨ x ∼ 1 (¸³. [7, 28]).
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5.1. ‘” ¨ �� ¶·¨ x → 1. � Î´¥³ ¸ · ¸¸³μÉ·¥´¨Ö ¶μ¢¥¤¥´¨Ö ´¥¸¨´£²¥É-
´ÒÌ ‘” ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ¢ ¶·¥¤¥²¥ x → 1.

5.1.1. 	¥¸¨´£²¥É´Ò° ¸²ÊÎ °. �·¥¤¶μ²μ¦¨³, ÎÉμ �� fNS(x) (±μÉμ·μ¥ ¸μ-
¢¶ ¤ ¥É ¸ ´¥¸¨´£²¥É´μ° ‘” ¢ · ¸¸³ É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨) μ¡² ¤ ÕÉ  ¸¨³-
¶ÉμÉ¨Î¥¸±¨³ ¶μ¢¥¤¥´¨¥³ ¢¨¤ 

fNS(x, Q2)
∣∣
x→1

= A(Q2)(1 − x)ν(as), (141)

± ±μÉμ·μ³Ê ³μ£ÊÉ ¸ÊÐ¥¸É¢μ¢ ÉÓ ²μ£ ·¨Ë³¨Î¥¸±¨¥ ¶μ¶· ¢±¨. ˆ§¢¥¸É´μ, ÎÉμ
¶μ¢¥¤¥´¨¥ ‘” ¢ ¶·¥¤¥²¥ x → 1 ¸¢Ö§ ´μ ¸ ¶μ¢¥¤¥´¨¥³ ³μ³¥´Éμ¢ ‘” ¶·¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ n. ˆ¸¶μ²Ó§ÊÖ  ¸¨³¶ÉμÉ¨±Ê (141), ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥
¤²Ö ³μ³¥´Éμ¢

fNS(n, Q2)
∣∣
n→∞ = A(Q2)

Γ(n − 1)Γ(1 + ν(as))
Γ(n + ν(as))

. (142)

ˆ§ ¸μμÉ´μÏ¥´¨° ¤²Ö Q2-§ ¢¨¸¨³μ¸É¨ ³μ³¥´Éμ¢ (¸³. Ê· ¢´¥´¨Ö (141) ¨
(87), (88)) ¨³¥¥³

fNS(n, Q2)
fNS(n, Q2)

∣∣∣∣
n→∞

= exp
(
−4CF

β0
(ln n − 3/4 + γ)s

)
, (143)

¶μ¸±μ²Ó±Ê S1(n) = ln (n) + γ + O(1/n) ¶·¨ n → ∞.
�·¨· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ, ´ Ìμ¤¨³ ÉμÎ´Ò° ¢¨¤ Q2-§ ¢¨¸¨³μ¸É¨ ±μÔËË¨-

Í¨¥´Éμ¢ A ¨ ν,   É ±¦¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¸¨³¶ÉμÉ¨±¨ ‘” ¢ ¶·¥¤¥²¥ x → 1:

fNS(x, Q2)
∣∣
x→1

= A0,NS [as(Q2)]
−d0 (1 − x)νNS(as)

Γ(1 + νNS(as))
, (144)

£¤¥

νNS(as) = ν0 −
4CF

β0
ln (as(Q2)), d0 =

4CF

β0

(
3
4
− γ

)
. (145)

Šμ´¸É ´ÉÒ νNS
0 ¨ A0NS É¥μ·¥É¨Î¥¸±¨ · ¸¸Î¨É ÉÓ ´¥ Ê¤ ¥É¸Ö, ´μ μ¦¨-

¤ ¥³μ¥ §´ Î¥´¨¥ ¶ · ³¥É·  νNS
0 ²¥¦¨É ¢ ¶·¥¤¥² Ì μÉ 2 ¤μ 3 [94, 95]. �´μ

³μ¦¥É ¡ÒÉÓ μÍ¥´¥´μ ¨§ ¶· ¢¨² ±¢ ·±μ¢μ£μ ¸Î¥É  [96], ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ
¶μ¢¥¤¥´¨¥ fNS(x) ∼ (1 − x)3 ¶·¨ x → 1.

‚ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ’‚ ‘” ¨ �� Ê¦¥ ´¥ ¸μ¢¶ ¤ ÕÉ (¢ MS-
¸Ì¥³¥, ¸³. μ¡¸Ê¦¤¥´¨¥ ¢ ¶. 1.2). �¸¨³¶ÉμÉ¨±¨ ¶·¨ x → 1 ¤²Ö É¥Ì ¨ ¤·Ê£¨Ì
³μ£ÊÉ ¡ÒÉÓ ²¥£±μ ¶μ²ÊÎ¥´Ò  ´ ²μ£¨Î´μ Éμ³Ê, ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ ¢¥¤ÊÐ¥³
¶μ·Ö¤±¥. �¥¸¨´£²¥É´μ¥ �� ¨³¥¥É ¢¨¤

fNS(x, Q2) = A0,NS [as(Q2)]
−d0 (1 − x)νNS(as)

Γ(1 + νNS(as))
×

×
(
1 +

[
as(Q2)Z̃NS(x, Q2) − as(Q2

0)Z̃
NS(x, Q2

0)
])

, (146)
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£¤¥ ±μÔËË¨Í¨¥´ÉÒ

Z̃NS(x, Q2) = QNS
1

(
ln
(

1
1 − x

)
+ γ + Ψ(1 + νNS(as(Q2)))

)
+ QNS

2 (147)

¶μ²ÊÎ ÕÉ¸Ö ¨§ · §²μ¦¥´¨Ö (¶·¨ n → ∞) ´¥¢¥¤ÊÐ¨Ì ¶μ¶· ¢μ± (¸³. (22) ¨ (35))

¢ ³μ³¥´É´μ³ ¶·¥¤¸É ¢²¥´¨¨ Z
NS

n = QNS
1 ln n+QNS

2 . ŠμÔËË¨Í¨¥´ÉÒ QNS
1 ¨

QNS
2 ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ [6], £¤¥ ¶μ²ÊÎ¥´Ò É ±¦¥ ¨ ¢Ò· ¦¥´¨Ö ¤²Ö ‘”.

5.1.2. ‘¨´£²¥É´Ò° ¸²ÊÎ °. �´ ²¨§ ¸¨´£²¥É´ÒÌ �� ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚
³μ¦¥É ¡ÒÉÓ ¶·μ¢¥¤¥´  ´ ²μ£¨Î´μ Éμ³Ê, ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¢ ´¥¸¨´£²¥É´μ³
± ´ ²¥.

�Ê¸ÉÓ ¸¨´£²¥É´μ¥ ±¢ ·±μ¢μ¥ fS(x) ¨ £²Õμ´´μ¥ fG(x) · ¸¶·¥¤¥²¥´¨Ö ¨³¥ÕÉ
¢¨¤

fa(x, Q2)
∣∣
x→1

= Aa(Q2)(1 − x)νi(as). (148)

‚Ò¶μ²´ÖÖ ¶·¥μ¡· §μ¢ ´¨¥ Œ¥²²¨´  ¨ ¸· ¢´¨¢ Ö ¥£μ ¸  ¸¨³¶ÉμÉ¨±μ° (¶·¨
n → ∞) Q2-§ ¢¨¸¨³μ¸É¨ ³μ³¥´Éμ¢ · ¸¶·¥¤¥²¥´¨°, ¶μ²ÊÎ ¥³  ¸¨³¶ÉμÉ¨±¨
�� ¶·¨ x → 1 ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ (¸³. [6]):

f
(1)
S (x, Q2)

∣∣
x→1

= A0,S [as(Q2)]
−d0 (1 − x)νS(as)

Γ(1 + νS(as))
, (149)

f (1)
g (x, Q2)

∣∣
x→1

=
CF

CA − CF

A0,S [as(Q2)]−d0[
ln
(

1
1 − x

)
+ γ̃ + Ψ(1 + νNS(as))

]×
× (1 − x)νS(as)+1

Γ(2 + νS(as))
, (150)

£¤¥ γ̃ = γ+(11CA−9CF −4CATF /CF )/[12(CA−CF )]. Š ± ¨ ¢ ´¥¸¨´£²¥É´μ³
¸²ÊÎ ¥, ±μ´¸É ´ÉÒ νS

0 ¨ A0S É¥μ·¥É¨Î¥¸±¨ · ¸¸Î¨É ÉÓ ´¥ Ê¤ ¥É¸Ö, μ¤´ ±μ
¢¥²¨Î¨´  νS

0 ¡²¨§±  ± νNS
0 , ÎÉμ ¸²¥¤Ê¥É ¨§ ¶· ¢¨² ±¢ ·±μ¢μ£μ ¸Î¥É  [96].

‚ÒÎ¨¸²¥´¨Ö ¸ ÊÎ¥Éμ³ ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤±  TB ¤μ¸É ÉμÎ´μ £·μ³μ§±¨ ¨
¢Ò· ¦¥´¨Ö ¤²Ö ‘” ¨ �� ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢ [6], £¤¥ ¤ ´Ò ¶·¥¤¸É ¢²¥´¨Ö ¨
μÍ¥´±¨ ¨ ¤²Ö ¶·¥¤ ¸¨³¶ÉμÉ¨Î¥¸±¨Ì Î²¥´μ¢.

5.2. ‘ˆ-μ¡μ¡Ð¥´¨¥ ¶ · ³¥É·¨§ Í¨¨ ‹μ¶¥Í  ¨ ˆ´¤Ê· °´ . ˆ¸¶μ²Ó§ÊÖ
 ´ ²¨§ ¶μ¢¥¤¥´¨Ö ‘” ¶·¨ x ∼ 0 ¨ x ∼ 1, ‹μ¶¥Í ¨ ˆ´¤Ê· °´ ¶μ¸É·μ¨²¨
¶ · ³¥É·¨§ Í¨¨, ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ÉμÎ´μ ¶· ¢¨² ³ ¸Ê³³,   É ±¦¥ Ê· ¢-
´¥´¨Ö³ Ô¢μ²ÕÍ¨¨ Š•„ ¢ ÔÉ¨Ì ¶·¥¤¥² Ì. �·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ x
¶μ£·¥Ï´μ¸ÉÓ ¢ Ô¢μ²ÕÍ¨¨ ¸μ¸É ¢²Ö¥É ³¥´¥¥ 1 % (¸³. [7]). ˆÌ Ëμ·³ , μ¤´ ±μ,
¨³¥¥É ¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨° ¢¨¤, ¶μÔÉμ³Ê ¢ Í¥²ÖÌ Ô±μ´μ³¨¨ ³¥¸É  §¤¥¸Ó ´¥
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¶·¨¢¥¤¥´ . ‚¥·¸¨Ö, ¡²¨§± Ö ± μ·¨£¨´ ²Ó´μ° [28],   É ±¦¥ ‘ˆ-¢ ·¨ ´É ¶ -
· ³¥É·¨§ Í¨¨ ¤ ´Ò ¢ [6]. �É³¥É¨³, ÎÉμ ‘ˆ-¢ ·¨ ´É [6] ± Î¥¸É¢¥´´μ ²ÊÎÏ¥
¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³
§¤¥¸Ó  ´ ²¨§ μÉ´μÏ¥´¨Ö R(x, Q2) (¸²¥¤ÊÖ [102]).

ˆ¸¶μ²Ó§ÊÖ §´ ´¨¥ ¶μ¢¥¤¥´¨Ö R(x, Q2) ¢ μ±·¥¸É´μ¸É¨ ÉμÎ¥± x = 0 ¨ x = 1,
¶μ²ÊÎ ¥³ ¶·μ¸ÉÒ¥ ¶ · ³¥É·¨§ Í¨¨ ¤²Ö μÉ´μÏ¥´¨Ö

¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚:

R(x, Q2) =
[
B

(1)+
L,δ (1 − x) + B

(1)S
L (x)

1
1 + νS(as)

]
as(Q2)(1 − x), (151)

¢ ¸²¥¤ÊÕÐ¥³ ¶μ·Ö¤±¥ ’‚:

R(x, Q2) =
[
B

(1)+
L,δ (1 − x)

(
1 + as(Q2)B+

R,δ

)
+

+B
(1)S
L (x)

1
1 + νS(as)

(
1 + as(Q2)B̃R(x, Q2)

)]
as(Q2)(1 − x), (152)

¢ ‘ˆ’‚:

R
SI

(x, Q2) =
[
B

(1)+
L,δ (1 − x)aδ(Q2)+

+B
(1)S
L (x)

1
1 + νS(ax)

ax(Q2)
]

(1 − x), (153)

£¤¥

R ≡ F2

FL
=

R

1 + R
, ν(as) = ν0 +

4CF

β0
as.

Šμ´¸É ´ÉÒ ¸¢Ö§¨ aLO
s ¨ aMS

s Ê¤μ¢²¥É¢μ·ÖÕÉ (65) ¨ (66),   ‘ˆ-±μ´¸É ´ÉÒ

¸¢Ö§¨ aδ ¨ ax Å (70) ¶·¨ r1 = B+
R,δ ¨ r1 = B̃R[1+4CF (1+ν(aMS

s (Q2)))/β0]−1

¸μμÉ¢¥É¸É¢¥´´μ.
ŠμÔËË¨Í¨¥´ÉÒ B+

R,δ ¨ B
(i)+
L,δ Ö¢²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³ ¶·μ¤μ²¦¥´¨¥³ ±μ-

ÔËË¨Í¨¥´Éμ¢ ³μ³¥´Éμ¢ ‘” (¸³. ¶. 4.1). ”Ê´±Í¨¨ B̃R ¨ B̃L ¶μ²ÊÎ¥´Ò μ¡· É-
´Ò³ ³¥²²¨´μ¢¸±¨³ ¶·eμ¡· §μ¢ ´¨¥³ ¨ ¸¢¥·É±μ° ¸ �� ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ-
ÔËË¨Í¨¥´Éμ¢ ‘” (¸³. [6]).

‚ · ¡μÉ¥ [102] ¶·¨¢¥¤¥´Ò £· Ë¨±¨ ¶ · ³¥É·¨§ Í¨° μÉ´μÏ¥´¨Ö R, §´ Î¥-
´¨Ö ±μÉμ·μ£μ ¡²¨§±¨ ± ·¥§Ê²ÓÉ É ³, ¶μ²ÊÎ¥´´Ò³ ¢ ¶. 3.3 ¸ ¶μ³μÐÓÕ É¥Ì´¨±¨
ˆ´¤Ê· °´ . 	Ò²¨ ÊÎÉ¥´Ò É ±¦¥ ¶μ¶· ¢±¨ §  ¸Î¥É ³ ¸¸Ò ³¨Ï¥´¨ ¨ ¶μ¶¥·¥Î-
´μ£μ ¨³¶Ê²Ó¸  ¶ ·Éμ´μ¢ ¢ ´Ê±²μ´¥, ¢¥²¨Î¨´Ò ±μÉμ·ÒÌ ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨¸¸²¥¤Ê¥³μ° μ¡² ¸É¨ §´ Î¥´¨° x ¨ Q2 μ± § ²¨¸Ó ´¥¢¥²¨±¨, ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸
·¥§Ê²ÓÉ É ³¨ · ´´¨Ì ¨¸¸²¥¤μ¢ ´¨° (¸³. [28,50]).
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5.3. ‘ˆ- ´ ²¨§ ‘” ƒ�� ¢ μ¡² ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢ HERA. ‚ ¶. 4.6 ³Ò
¨§ÊÎ¨²¨ ¸¢Ö§Ó ³¥¦¤Ê ¶μ¢¥¤¥´¨¥³ ‘” ¶·¨ x → 0 ¨ ¨Ì ³μ³¥´É ³¨. 	Ò²μ ¶μ-
± § ´μ, ÎÉμ ¢  ¸¨³¶ÉμÉ¨±¥ �¥¤¦¥ ¶μ¢¥¤¥´¨¥ ‘” ¶·¨ x → 0 ¶·μ¶μ·Í¨μ´ ²Ó´μ
¶·μ¨§¢¥¤¥´¨Õ ¸É¥¶¥´´μ°  ¸¨³¶ÉμÉ¨±¨ ‘” ´   ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤μ²¦¥´¨¥ ¥¥
³μ³¥´É  ¢ μ¡² ¸ÉÓ (´¥Í¥²μ£μ) ®δ¯-£μ ´μ³¥·  (¸³. Ê· ¢´¥´¨¥ (129)).

�·¨ δ ∼ 0,5 ‘” ¨ μÉ´μÏ¥´¨¥ R Ê¦¥  ´ ²¨§¨·μ¢ ²¨¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³
¶Ê´±É¥. �É³¥É¨³, ÎÉμ ¢ μ¡² ¸É¨ ³ ²ÒÌ x Î¨¸²μ ¶ ·Éμ´μ¢: £²Õμ´μ¢ ¨ ³μ·¸±¨Ì
±¢ ·±μ¢, ¸¨²Ó´μ Ê¢¥²¨Î¨¢ ¥É¸Ö, ÎÉμ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´Ò³ ¶μ¶· ¢± ³ (¸³.
[103]) ± Ê· ¢´¥´¨Õ „ƒ‹�� §  ¸Î¥É ·¥±μ³¡¨´ Í¨¨ £²Õμ´μ¢ ¨ Ô±· ´¨·μ¢ ´¨Ö.
“Î¥É ÔÉ¨Ì ¶μ¶· ¢μ± ¶·¨¢μ¤¨É ± ¢Ò¶μ² ¦¨¢ ´¨Õ ‘” ¢ μ¡² ¸É¨ ³ ²ÒÌ x, É. ¥.
± ¥¥  ¸¨³¶ÉμÉ¨±¥ ¢¨¤  ∼ x−δeff , £¤¥ 0 � δeff � 0,3. �μ¤μ¡´Ò¥ §´ Î¥´¨Ö δeff

´ °¤¥´Ò É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´μ (¸³., ´ ¶·¨³¥·, ¶. 4.3).
ˆ§-§  μ£· ´¨Î¥´´μ¸É¨ ³¥¸É  ¶·μ ´ ²¨§¨·Ê¥³ §¤¥¸Ó Éμ²Ó±μ μÉ´μÏ¥´¨¥ R,

±μÉμ·μ¥ Î·¥§¢ÒÎ °´μ ¨´Ëμ·³ É¨¢´μ ¢ μ¡² ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢, ¶·μ¢μ¤¨³ÒÌ ´ 
Ê¸±μ·¨É¥²¥ HERA. ‚μ-¶¥·¢ÒÌ, μÉ´μÏ¥´¨¥ ¢¥²¨±μ ¢ ÔÉμ° μ¡² ¸É¨ ¨ ¨³ ´¥²Ó§Ö
¶·¥´¥¡·¥ÎÓ ¶·¨ ¢Ò¤¥²¥´¨¨ F2 ¨§ ¸¥Î¥´¨Ö (¸³. μ¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¢
· ¡μÉ Ì [93]). ‚μ-¢Éμ·ÒÌ, ¢ ÔÉμ° μ¡² ¸É¨ ‘” FL ¤ ¥É μ¶·¥¤¥²ÖÕÐ¨° ¢±² ¤
¢ · ¸¶·¥¤¥²¥´¨¥ £²Õμ´μ¢ (¸³. [53, 63]) ¨ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  (¸³. [88])
± ± ±μ³¡¨´ Í¨Ö ¢±² ¤μ¢ ‘” F2 ¨ ¥¥ ¶·μ¨§¢μ¤´μ°, ¨§³¥·¥´´ÒÌ ¸ Ìμ·μÏ¥°
ÉμÎ´μ¸ÉÓÕ ±μ²² ¡μ· Í¨Ö³¨ H1 [81] ¨ ZEUS [82].

�É³¥É¨³, ÎÉμ ¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¶·¨²μ¦¥´¨Ö ‘ˆ’‚ μÉ´μÏ¥´¨¥ R(x, Q2)
É ±¦¥ Ö¢²Ö¥É¸Ö Ê´¨± ²Ó´Ò³. �·¥¦¤¥ ¢¸¥£μ, ´¥¢¥¤ÊÐ Ö ¶μ¶· ¢±  ± R(x, Q2)
¡μ²ÓÏ Ö ¨ μÉ·¨Í É¥²Ó´ Ö∗:

R(x, Q2) ≈ 4
3

as(Q2)
fΔ
(
1 + as(Q2)RG

L

)
+ 2
(
1 + as(Q2)RS

L

)
1 − 2

3
(4 + fΔ)as(Q2)RG

L

, (154)

£¤¥

RG
L = −4

[
ln

1
x
− ρ̂(ν) − 5

4

]
, RS

L = 8,46 − 8f

9

[
ln

1
x
− ρ̂(ν) − 5,64

]
,

  Δ Å μÉ´μÏ¥´¨¥ ¸¨´£²¥É´μ£μ ±¢ ·±μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ± £²Õμ´´μ³Ê.
� Î¨´ Ö ¸ ´¥±μÉμ·ÒÌ x (¸³. [104,105]) αs-¶μ¶· ¢±  ´ Î¨´ ¥É ¶·¥¢ÒÏ ÉÓ

¢¥¤ÊÐ¨° ¢±² ¤, ¶·¨¢μ¤Ö ± μÉ·¨Í É¥²Ó´μ³Ê ·¥§Ê²ÓÉ ÉÊ ¤²Ö μÉ´μÏ¥´¨Ö R∗∗, ÎÉμ

∗„²Ö ¶·μ¸ÉμÉÒ ³Ò μ£· ´¨Î¨³¸Ö §¤¥¸Ó · ¸¸³μÉ·¥´¨¥³ ¸²ÊÎ Ö δ = 0. �·¨ ®¡μ²ÓÏ¨Ì¯ §´ -
Î¥´¨ÖÌ δ (δ ≈ 0,5) ¤¢ÊÌ¶¥É²¥¢ Ö ¶μ¶· ¢±  ¶·¨¢μ¤¨É ²¨ÏÓ ± ´¥¡μ²ÓÏμ³Ê ·μ¸ÉÊ μÉ´μÏ¥´¨Ö R
(¸³. [104] ¨ ¶·¥¤Ò¤ÊÐ¨° ¶Ê´±É).

∗∗‡ ³¥É¨³, ÎÉμ ¶μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ μ¡´ ·Ê¦¥´μ ´¥¤ ¢´μ ¢ Ë¨É Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ [116].
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¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ´¥¶·¨¥³²e³μ¸É¨ μ¡ÒÎ´μ° ’‚. ‘ˆ’‚ ¤ ¥É ´¥μÉ·¨Í É¥²Ó´Ò°
·¥§Ê²ÓÉ É:

RSI(x, Q2) =
4
3
a(x, Q2)[fΔ + 2], (155)

£¤¥ ÔËË¥±É¨¢´ Ö ±μ´¸É ´É  ¸¢Ö§¨ a(x, Q2) Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (68) ¶·¨

r1 =
2
3
(fΔ + 4) +

(
fΔRG

L + 2RS
L

)
/(fΔ + 2).

ˆÉ ±, ¢ · ³± Ì ‘ˆ’‚ μÉ´μÏ¥´¨¥ R ´¥μÉ·¨Í É¥²Ó´μ ¨ ¸É·¥³¨É¸Ö ± ´Ê²Õ
± ± ln−1(1/x) ¶·¨ x → 0 (¸³. ·¨¸Ê´±¨ · ¡μÉ [104Ä106]). ’ ±¨³ μ¡· §μ³,
¸μμÉ´μÏ¥´¨¥ Š ²² ´ Äƒ·μ¸¸  ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ x → 0.

5.4. …Œ‘-μÉ´μÏ¥´¨¥ ± ± ËÊ´±Í¨¨ x ¨ Q2 ¢ ³μ¤¥²¥ ·¥¸±¥°²¨´£ . �É-
±·ÒÉ¨¥ …Œ‘-ÔËË¥±É  [107] ¶·μ¤¥³μ´¸É·¨·μ¢ ²μ ¸ÊÐ¥¸É¢¥´´μ¥ · §²¨Î¨¥ ��
¢ Ö¤· Ì ¨ ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´ Ì. „²Ö μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ ÔËË¥±É  ¡Ò²¨ ¶·¥¤-
²μ¦¥´Ò · §²¨Î´Ò¥ ¸Ì¥³Ò (¸³. μ¡§μ· [108] ¨ ¸¸Ò²±¨ É ³). � ¸¸³μÉ·¨³ §¤¥¸Ó
³μ¤¥²Ó ·¥¸±¥°²¨´£  [109,110], £¤¥ ‘” ¢ Ö¤· Ì A ¨ A′ ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

1
A′F

A′

k (x, Q2) =
1
A

FA
k (x, ξAA′ Q2) (k = 2, 3), (156)

¨ ¶μ²ÊÎ¨³ ¢ ·¥§Ê²ÓÉ É¥ ¶ · ³¥É·¨§ Í¨Õ ¤²Ö ¨Ì μÉ´μÏ¥´¨Ö rA′

k,A =
AFA′

k (x, Q2)A′ /FA
k (x, Q2).

ˆ¤¥Ö ³μ¤¥²¨ ·¥¸±¥°²¨´£ : · ¤¨Ê¸ ±μ´Ë °´³¥´É  λA § ¢¨¸¨É μÉ É¨¶  Ö¤· 
(É. ¥. μÉ ¥£μ ´μ³¥·  A). Š ± ¸²¥¤¸É¢¨¥, ¶μÖ¢²Ö¥É¸Ö A-§ ¢¨¸¨³μ¸ÉÓ ´ Î ² 
Q2-Ô¢μ²ÕÍ¨¨ ³μ³¥´Éμ¢ ‘” (μ2

A):

as(ξAA′ · Q2) =
as(μ2

A)
as(μ2

A′)
as(Q2), (157)

£¤¥ μ2
A′/μ2

A = λ2
A/λ2

A′ ,   μÉ´μÏ¥´¨Ö · ¤¨Ê¸μ¢ λA ¨ λA′ ¤ ´Ò ¢ [110].
„¥°¸É¢ÊÖ ¶μ  ´ ²μ£¨¨ ¸  ´ ²¨§μ³ μÉ´μÏ¥´¨Ö R = σL/σT (¸³. ¶. 5.2), ¶μ-

²ÊÎ ¥³ ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚ ¶·μ¸ÉÒ¥ ¶ · ³¥É·¨§ Í¨¨ ¤²Ö …Œ‘-μÉ´μÏ¥´¨Ö
(¸³. [111]):

rA′

3,A = 1 − as(μ2
A) ln

(
μ2

A

μ2
A′

)[
γ

(0)λ
NS (1 −

√
x) + γx(as)

√
x
]
,

rA′

2,A = 1 − as(μ2
A) ln

(
μ2

A

μ2
A′

)[
γ

(0)λ
+ (1 −

√
x) + γx(as)

√
x
]
,

(158)

£¤¥ ËÊ´±Í¨¨ γ
(0)λ
NS ¨ γ

(0)λ
+ Ö¢²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³ ¶·μ¤μ²¦¥´¨¥³  ´μ³ ²Ó-

´ÒÌ · §³¥·´μ¸É¥° γ
(0)n
NS ¨ γ

(0)n
+ ¢ μ¡² ¸ÉÓ ´¥Í¥²ÒÌ §´ Î¥´¨° λ (¸³. · §¤. 4),  
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γx(as) ¶μ²ÊÎ ¥É¸Ö ¨§ γ
(0)n
NS ¶·¨ § ³¥´¥ Ψ(n) → ln

(
1

1 − x

)
+γ +Ψ(1+ν(as))

(¸³. μ¡¸Ê¦¤¥´¨¥ ´¥¸¨´£²¥É´μ£μ ¸²ÊÎ Ö ¢ 5.1.1).
� · ³¥É·¨§ Í¨Ö (158) Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ · §²¨Î´ÒÌ £·Ê¶¶

¶·¨ 0,2 � x � 0,7 ¢ ¡μ²ÓÏμ³ ¨´É¥·¢ ²¥ ¶μ Q2 (¸³. [111]). ‡ ¢¨¸¨³μ¸ÉÓ
¶ · ³¥É·¨§ Í¨° (158) μÉ Q2 ±· °´¥ ¸² ¡ Ö: ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸± Ö ¨ ¸Éμ¨É
¶μ¤ §´ ±μ³ Ψ-ËÊ´±Í¨¨. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ rA

2,D ´ ¡²Õ¤ ¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´μ
(¸³. ·¨¸. 2 · ¡μÉÒ [111]). ‚ μ¡² ¸É¨ ³ ²ÒÌ ¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ¶¥·¥³¥´´μ°
x ³μ¤¥²Ó ·¥¸±¥°²¨´£  ´¥ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éμ³ [110]. ‘²¥¤μ¢ É¥²Ó´μ,
É ³ ¶ · ³¥É·¨§ Í¨¨ (158) ´¥¶·¨³¥´¨³Ò.

‚ ±μ´Í¥ ¤ ´´μ£μ ¶Ê´±É  μÉ³¥É¨³, ÎÉμ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ¡μ²Ó-
Ïμ° ¶·μ£·¥¸¸ ± ± ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ³, É ± ¨ É¥μ·¥É¨Î¥¸±μ³ ¨¸¸²¥¤μ¢ ´¨ÖÌ
…Œ‘-ÔËË¥±É , μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° x. �¤´ ±μ μ¡§μ· ¸μ¢·¥-
³¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·μ¡²¥³Ò ¢ÒÌμ¤¨É §  · ³±¨ ´ ¸ÉμÖÐ¥£μ μ¡§μ·  ¨ ³μ¦¥É
¡ÒÉÓ ´ °¤¥´, ´ ¶·¨³¥·, ¢ [108].

5.5. � · ³¥É·¨§ Í¨¨ ��, ¸μ¢³¥¸É¨³Ò¥ ¸ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¶·¨
x → 1 ¨ x → 0. ‚ · ¡μÉ Ì [112Ä114] ¡Ò² ¶·¥¤²μ¦¥´ ´μ¢Ò° É¨¶ ¶ · ³¥-
É·¨§ Í¨¨ ‘” ƒ��, ±μÉμ· Ö ¢ μÉ²¨Î¨e μÉ ¨§¢¥¸É´ÒÌ · ´¥¥ Ëμ·³ ¸μ¢³¥¸É¨³ 
¸ ¶·¥¤¸± § ´¨Ö³¨ É¥μ·¨¨ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„, É. ¥. ¢μ¸¶·μ¨§¢μ¤¨É
¸¢μ°¸É¢  ‘” ¢ μ¡² ¸ÉÖÌ x → 0 ¨ x → 1, £¤¥ ¢μ§³μ¦´μ ¶μ²ÊÎ¥´¨¥  ´ ²¨É¨Î¥-
¸±¨Ì ·¥§Ê²ÓÉ Éμ¢.

� · ³¥É·¨§ Í¨Ö, μ¡² ¤ ÕÐ Ö É ±¨³¨ ¸¢μ°¸É¢ ³¨, ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶·¨-
³¥´ÖÉÓ ¥¥ ¸· §Ê ¢μ ¢¸¥° μ¡² ¸É¨ ¶¥·¥³¥´´μ° x. �Éμ ¶μ§¢μ²Ö¥É ¨§¡¥¦ ÉÓ
¸Ï¨¢μ±  ¸¨³¶ÉμÉ¨±, ± ± ¢ ¸²ÊÎ ¥ ¶ · ³¥É·¨§ Í¨¨ ‹μ¶¥¸ Äˆ´¤Ê· °´  (¸³.
¶. 5.2).

� ¸¸³μÉ·¨³ §¤¥¸Ó Éμ²Ó±μ ´¥¸¨´£²¥É´Ò° ¸²ÊÎ ° ( ´ ²¨§ ¸¨´£²¥É´μ£μ ± -
´ ²  ³μ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ · ¡μÉ¥ [114]) ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥ ’‚, £¤¥ ‘” F2 ¨
�� ¸μ¢¶ ¤ ÕÉ (¸³. Ê· ¢´¥´¨¥ (21) ¢ ¶. 1.2).

�¥·¥¶¨Ï¥³ Ê· ¢´¥´¨¥ (14) ¢ ¢¨¤¥

MNS
2 (n, Q2) = MNS

2 (n, Q2
0) e−d(n)s. (159)

„¨ËË¥·¥´Í¨·ÊÖ (159) ¶μ s, ¶μ²ÊÎ ¥³ ¤²Ö ‘” F2 Ê· ¢´¥´¨¥ „ƒ‹��:

d

ds
F2(x, Q2) = − 1

2β0
γNS(x) ⊗ FNS

2 (x, Q2), (160)

£¤¥ γNS(x) Å ´¥¸¨´£²¥É´μ¥ Ö¤·μ, ¸μ¢¶ ¤ ÕÐ¥¥ ¸ γSS(x) ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥.
”Ê´±Í¨μ´ ²Ó´ Ö ¸É·Ê±ÉÊ·  Ö¤·  Ô¢μ²ÕÍ¨¨ Ê· ¢´¥´¨Ö „ƒ‹�� ´¥ ¶μ§¢μ-

²Ö¥É ¢Ò¶μ²´¨ÉÓ Ö¢´μ μ¡· É´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ Œ¥²²¨´ . �¥ ¶·¥¤¸É ¢²Ö¥É¸Ö
É ±¦¥ ¢μ§³μ¦´Ò³ ¨ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ƒ‹�� (160) ¤²Ö ¢¸¥Ì x. ‚ ¸¢Ö§¨ ¸
ÔÉ¨³ ¶·¨ ¸· ¢´¥´¨¨ É¥μ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¶·¨¡¥£ ÕÉ ± · §²¨Î´μ£μ ·μ¤ 
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¶ · ³¥É·¨§ Í¨Ö³. � ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§ÊÕÉ ¶ · ³¥É·¨§ Í¨Õ É¨¶  	Ê· ¸ Ä
ƒ ¥³¥·¸  [98,99]:

F̃ p
2 (x, Q2) = B̃(Q2)xã(s)(1 − x)b̃(s). (161)

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ μ¸μ¡μ, ÎÉμ ¤²Ö Š•„-· ¸Î¥Éμ¢, ¶μ³¨³μ ¥¸É¥¸É¢¥´´μ£μ
É·¥¡μ¢ ´¨Ö ± ¶ · ³¥É·¨§ Í¨¨ ¶μ ±μ²¨Î¥¸É¢¥´´μ³Ê μ¶¨¸ ´¨Õ Ô±¸¶¥·¨³¥´É ,
μ¡Ö§ É¥²Ó´Ò³ Ö¢²Ö¥É¸Ö É ±¦¥ É·¥¡μ¢ ´¨¥ ¥¥ ± Î¥¸É¢¥´´μ£μ ¸μ£² ¸¨Ö ¸
É¥μ·¨¥°.

�¥É·Ê¤´μ Ê¢¨¤¥ÉÓ, ÎÉμ ¶·¥¤¸É ¢²¥´¨¥ (161) ´¥ ¸μ¢³¥¸É¨³μ ¸  ¸¨³¶ÉμÉ¨±μ°
„ƒ‹��-Ê· ¢´¥´¨Ö ¶·¨ x → 0 (¸³. · §¤. 4).

„²Ö Ê¸É· ´¥´¨Ö ÔÉμ£μ ´¥¤μ¸É É±  ¢ [113, 114] ¡Ò²  ¶·¥¤²μ¦¥´  ¶ · ³¥-
É·¨§ Í¨Ö

F
p

2(x, Q2) = B(Q2)xa(s)(1 − x)b(s)I2g(s)

(
2

√
f(s) ln

1
x

)
, (162)

£¤¥ Iν(x) Å ³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö (¸³. É ±¦¥ · §¤. 4). ˆ¸-
¶μ²Ó§ÊÖ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸¢μ°¸É¢  Iν(x) [117], ´ Ìμ¤¨³

F
p

2(x, Q2)
∣∣
x→0

=

= B(Q2)
f(s)−1/4

2
√

π
xa(s)

(
ln

1
x

)b(s)−1/4

exp

(
2

√
f(s) ln

1
x

)
, (163)

F
p

2(x, Q2)
∣∣
x→1

= B(Q2)
f(s)g(s)

Γ(2g(s) + 1)
(1 − x)b(s)+g(s). (164)

�¸¨³¶ÉμÉ¨±¨ (163) ¨ (164) ¡²¨§±¨ ± ¶μ¢¥¤¥´¨Õ ‘” ¢¡²¨§¨ ÉμÎ¥± x = 0 ¨
x = 1 (¸³. · §¤. 4 ¨ ¶. 5.1). � · ³¥É·Ò ³μ£ÊÉ ¡ÒÉÓ § Ë¨±¸¨·μ¢ ´Ò ´  μ¸´μ¢¥
· ¢¥´¸É¢  ¶· ¢μ° ¨ ²¥¢μ° Î ¸É¥° Ê· ¢´¥´¨Ö „ƒ‹��,   É ±¦¥ ¶· ¢¨² ¸Ê³³
(¸³. [113,114]) ¶·¨ § ³¥´¥ ‘” ¥¥ ¶ · ³¥É·¨§ Í¨¥°∗:

F p
2 (x, Q2) = F

p

2(x, Q2)
(
1 + h1(s)x + h1(s)x2

)
. (165)

‘²¥¤μ¢ É¥²Ó´μ, ËÊ´±Í¨Ö F p
2 (x, Q2) ¶μ§¢μ²Ö¥É μ¶¨¸Ò¢ ÉÓ ¶μ¢¥¤¥´¨¥ ‘”

F2(x, Q2) ¢μ ¢¸¥° μ¡² ¸É¨ x ¡¥§ ¸Ï¨¢ ´¨Ö ·¥Ï¥´¨°, ± ± ÔÉμ ¤¥² ²μ¸Ó · -
´¥¥ (¸³. ¶. 5.2).

∗„μ¶μ²´¨É¥²Ó´Ò° Ë ±Éμ· (1+h1(s)x+h2(s)x2) ¶μ§¢μ²Ö¥É ¤μ¡¨ÉÓ¸Ö ¶·¥±· ¸´μ£μ ¸μ£² ¸¨Ö
(¸³. [118]) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ x.
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5.6. Q2-Ô¢μ²ÕÍ¨Ö  ¸¨³³¥É·¨¨ A1(x, Q2). ‚ ´ ¸ÉμÖÐ¥³ ¶Ê´±É¥ ³Ò ¨§ÊÎ¨³
Q2-Ô¢μ²ÕÍ¨Õ μÉ´μÏ¥´¨Ö ¸¶¨´§ ¢¨¸ÖÐ¥° ‘” g1(x, Q2) ¨ ¸¶¨´Ê¸·¥¤´¥´´μ°
‘” F1(x, Q2):

A1(x, Q2) =
g1(x, Q2)
F1(x, Q2)

, (166)

É. ¥. ¨¸¸²¥¤Ê¥³ μ¤´μ ¨§ ¢ ¦´ÒÌ ¸¢μ°¸É¢ ¸¶¨´§ ¢¨¸ÖÐ¥° Î ¸É¨  ¤·μ´´μ£μ É¥´-
§μ·  Wμν (¸³. ¶. 1.1). ‘¢μ°¸É¢  ¸¶¨´§ ¢¨¸ÖÐ¨Ì ‘” g1(x, Q2) ¨ g2(x, Q2) (μ¸μ-
¡¥´´μ ¶· ¢¨²  ¸Ê³³, ¸¢Ö§ ´´Ò¥ ¸ ´¨³¨) ¨´É¥´¸¨¢´μ ¨§ÊÎ ÕÉ¸Ö ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö, ÎÉμ ¸¢Ö§ ´μ ¸ ¤μ¢μ²Ó´μ ¸¨²Ó´Ò³ · §´μ£² ¸¨¥³ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ ¤²Ö ¶· ¢¨²  ¸Ê³³ �²²¨¸ Ä„¦ ËË¥ [119] ¨ É¥μ·¥É¨Î¥¸±¨³¨
¶·¥¤¸± § ´¨Ö³¨. ‘μ¢·¥³¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ÔÉμ£μ ¢μ¶·μ¸  É ±μ¢μ: Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ± §Ò¢ ÕÉ, ÎÉμ ²¨ÏÓ ´¥¡μ²ÓÏ Ö Î ¸ÉÓ ¸¶¨´  ´Ê±²μ´  ¶¥·¥-
´μ¸¨É¸Ö ¢ ²¥´É´Ò³¨ ±¢ ·± ³¨. �¸´μ¢´ Ö ¦¥ Î ¸ÉÓ ´Ê±²μ´´μ£μ ¸¶¨´  ¸¢Ö§ ´ 
¸μ ¸¶¨´ ³¨ ¸É· ´´ÒÌ ±¢ ·±μ¢ ¨ £²Õμ´μ¢ ¨/¨²¨ ¸ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ ¤¢¨-
¦¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±μ¢. ’ ± Ö ± ·É¨´ , ±μ´¥Î´μ ¦¥, ´ Ìμ¤¨É¸Ö ¢ ¶·μÉ¨¢μ-
·¥Î¨¨ ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·±μ¢μ° ³μ¤¥²ÓÕ, ¨ ÔÉμ ´¥¸μμÉ¢¥É¸É¢¨¥ ¶μ²ÊÎ¨²μ
´ §¢ ´¨¥ ®¸¶¨´μ¢μ£μ ±·¨§¨¸ ¯.

‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ¶·μ¡²¥³  ®¸¶¨´μ¢μ£μ ±·¨§¨¸ ¯ ´¥ ¡Ê¤¥É ¶μ¤·μ¡´μ
 ´ ²¨§¨·μ¢ ÉÓ¸Ö, ¶μ¸±μ²Ó±Ê μ´  ´¥ ¢Ìμ¤¨É ¢ Î¨¸²μ · ¸¸³ É·¨¢ ¥³ÒÌ É¥³∗.
ŒÒ μ£· ´¨Î¨³¸Ö Éμ²Ó±μ · ¸¸³μÉ·¥´¨¥³ Q2-§ ¢¨¸¨³μ¸É¨ ‘” g1, ±μÉμ· Ö, ¶μ
´ Ï¥³Ê ³´¥´¨Õ, ¤μ¸É ÉμÎ´μ ¸¨²Ó´μ μÉ²¨Î ¥É¸Ö μÉ Q2-§ ¢¨¸¨³μ¸É¨ ‘” F1, ¢
¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ μ¡Ð¥¶·¨§´ ´´μ³Ê ³´¥´¨Õ∗∗. �·μ¡²¥³  ¦¥ Q2-Ô¢μ²ÕÍ¨¨
‘” Å μ¤´  ¨§ μ¸´μ¢´ÒÌ, §¤¥¸Ó · ¸¸³ É·¨¢ ¥³ÒÌ.

‚ ¸²¥¤ÊÕÐ¨Ì ¤¢ÊÌ ¶Ê´±É Ì ³Ò · ¸¸³μÉ·¨³ ¤¢  · §²¨Î´ÒÌ ³¥Éμ¤  ¤²Ö
ÊÎ¥É  Q2-§ ¢¨¸¨³μ¸É¨  ¸¨³³¥É·¨¨ A1(x, Q2). �±ÉÊ ²Ó´μ¸ÉÓ ¨§ÊÎ¥´¨Ö ¨³¥´´μ
ÔÉμ° Q2-§ ¢¨¸¨³μ¸É¨ ¸¢Ö§ ´a ¸ É¥³ Ë ±Éμ³, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·Ö-
¥É¸Ö ´¥ ‘” g1(x, Q2),    ¸¨³³¥É·¨Ö A1(x, Q2) (¸ Í¥²ÓÕ Ê¸É· ´¥´¨Ö ¡μ²ÓÏμ£μ
Î¨¸²  ¸¨¸É¥³ É¨Î¥¸±¨Ì μÏ¨¡μ±, μ¤¨´ ±μ¢ÒÌ ¤²Ö ‘” g1 ¨ F1). 	μ²¥¥ Éμ£μ,
μ¡ÒÎ´μ ÔÉ   ¸¨³³¥É·¨Ö ¨§³¥·Ö¥É¸Ö Éμ²Ó±μ ¢ μ¤´μ° ÉμÎ±¥ (¨²¨, ÎÉμ ¢¥¸Ó³ 
·¥¤±μ, ¢ ´¥¸±μ²Ó±¨Ì ÉμÎ± Ì) ¶μ Q2 ¤²Ö ± ¦¤μ£μ ¡¨´  ¶μ x, É. ¥. Ô±¸¶¥·¨³¥´-
É ²Ó´μ ¶μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤ A1(xi, Q

2
i ). „²Ö  ´ ²¨§  ¸¢μ°¸É¢ ‘”

g1(x, Q2) (´ ¶·¨³¥·, ¶·¨ ¶μ²ÊÎ¥´¨¨ ¶· ¢¨² ¸Ê³³) É·¥¡Ê¥É¸Ö §´ ´¨¥ ¢¥²¨Î¨´Ò
 ¸¨³³¥É·¨¨ ¢ · §²¨Î´ÒÌ ¡¨´ Ì ¶·¨ μ¤´μ³ ¨ Éμ³ ¦¥ §´ Î¥´¨¨ Q2, É. ¥. §´ ´¨¥
¢¥²¨Î¨´Ò A1(xi, Q

2),   ÔÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, É·¥¡Ê¥É ¨§ÊÎ¥´¨Ö Q2-§ ¢¨¸¨³μ¸É¨
 ¸¨³³¥É·¨¨.

∗�¡§μ· ¶·μ¡²¥³ ¸¶¨´μ¢μ£μ ±·¨§¨¸  ³μ¦¥É ¡ÒÉÓ ´ °¤¥´, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [120].
∗∗‚ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¸¨ÉÊ Í¨Ö ¸É ²  ³¥´ÖÉÓ¸Ö, ¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡μÉ Ì ¶μ¸²¥¤-

´¨Ì ¤¢ÊÌ ²¥É μ¡ÒÎ´μ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ± ± ¸ ¶μ³μÐÓÕ £¨¶μÉ¥§Ò μ Q2-
´¥§ ¢¨¸¨³μ¸É¨ μÉ´μÏ¥´¨Ö A1, É ± ¨ ¶·¨ ¶μ³μÐ¨ ÉμÎ´μ° Q2-Ô¢μ²ÕÍ¨¨ ‘” g1(x, Q2) (¸³.,
´ ¶·¨³¥·, ´¥¤ ¢´ÕÕ ¸É ÉÓÕ [121] ¨ μ¡¸Ê¦¤¥´¨Ö ¢ ´¥°).
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5.6.1. ˆ¸¶μ²Ó§μ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ®¡¨´´¨´£ ¯. � ¨¡μ²¥¥ ¶·μ¸Éμ°
¶ÊÉÓ (¸³. [122, 123]) ±μ²¨Î¥¸É¢¥´´μ° μÍ¥´±¨ ¢¥²¨Î¨´Ò § ¢¨¸¨³μ¸É¨  ¸¨³³¥-
É·¨¨ A1 μÉ Q2 ¸μ¸Éμ¨É ¢ ¨¸¶μ²Ó§μ¢ ´¨¨ Ê· ¢´¥´¨° „ƒ‹�� ¤²Ö ‘” F1 ¨ g1,  
É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¡¨´´¨´£  ¤²Ö A1, É. ¥. ¶·¥¤¸É ¢²¥´¨Ö  ¸¨³³¥É·¨¨
¢ ¢¨¤¥ ²μ³ ´μ° ¸ I §¢¥´ÓÖ³¨:

A1(x, Q2) =
I+1∑
i=1

A1,i(Q2)Θ(xi − x)Θ(x − xi−1), (167)

¨ ¶μ¸ÉμÖ´´Ò³ §´ Î¥´¨¥³ A1i(Q2) ¤²Ö ± ¦¤μ£μ i-£μ §¢¥´ .

„¥°¸É¢¨É¥²Ó´μ, ¶·¨ x → 1 ‘” F1 ¨ g1 ¨³¥ÕÉ ¡²¨§±ÊÕ Q2-§ ¢¨¸¨³μ¸ÉÓ
(μ¤¨´ ±μ¢ÊÕ ¤²Ö ¢¥¤ÊÐ¥£μ ¶μ·Ö¤±  ’‚). � ¶·¨³¥·, ¢ ¢¥¤ÊÐ¥³ ¶μ·Ö¤±¥,
£¤¥ ¸¶· ¢¥¤²¨¢μ ¸μμÉ´μÏ¥´¨¥ Š ²² ´ Äƒ·μ¸¸  xF1 = F2,  ¸¨³¶ÉμÉ¨±  (¶·¨
x → 1) ‘” F1 ¤ ¥É¸Ö Ëμ·³Ê² ³¨ (144) ¨ (149). ”μ·³  ¤²Ö ÔÉμ°  ¸¨³¶ÉμÉ¨±¨
‘” g1 ¨³¥¥É ÉμÉ ¦¥ ¢¨¤ (Éμ²Ó±μ ´¥¢ÒÎ¨¸²Ö¥³Ò¥ ¶ · ³¥É·Ò,  ´ ²μ£¨Î´Ò¥
A0NS , A0S ¨ νNS

0 , νS
0 , ³μ£ÊÉ ¡ÒÉÓ ¤·Ê£¨³¨∗), ¶μ¸±μ²Ó±Ê  ´μ³ ²Ó´Ò¥ · §-

³¥·´μ¸É¨ γ
(0)
NS(n) ¨ γ

(0)
S (n) μ¤¨´ ±μ¢Ò ¢ ¸¶¨´§ ¢¨¸ÖÐ¥³ ¨ ¸¶¨´Ê¸·¥¤´¥´´μ³

¸²ÊÎ ÖÌ. ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ ¥³, ÎÉμ A1 → 1, ±μ£¤  x → 1 ¨ ´¥ § ¢¨¸¨É μÉ
Q2 ¢ ÔÉμ³ ¶·¥¤¥²¥.

„ ²¥¥ ¨§²μ¦¨³ ¸Ì¥³Ê · ¸Î¥É  Q2-§ ¢¨¸¨³μ¸É¨ A1 ¢ ´¥¸¨´£²¥É´μ³ ¶·¨-
¡²¨¦¥´¨¨, ±μÉμ·μ¥ ¸¶· ¢¥¤²¨¢μ ¢ μ¡² ¸É¨ x > 0,3. 	μ²¥¥ ¶μ¤·μ¡´Ò°  ´ ²¨§,
¢±²ÕÎ ÕÐ¨° ¢ · ¸¸³μÉ·¥´¨¥ ¶μ²Ö·¨§μ¢ ´´μ¥ ¨ ´¥¶μ²Ö·¨§μ¢ ´´μ¥ £²Õμ´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö, ³μ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ [123].

ˆ¸¶μ²Ó§ÊÖ ´¥¸¨´£²¥É´Ò¥ Î ¸É¨ Ô¢μ²ÕÍ¨μ´´ÒÌ Ê· ¢´¥´¨° ¤²Ö ‘” F1 ¨
g1 (¸³. Ê· ¢´¥´¨¥ (171) ¢ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥), ¶μ²ÊÎ ¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
Ê· ¢´¥´¨¥ ¤²Ö ¸ ³μ°  ¸¨³³¥É·¨¨ A1(x, Q2):

dA1(x, Q2)
d ln Q2

= − 1
2F1(x, Q2)

1∫
x

dy

y
γNS

(
x

y
, as

)
×

×
[
A1(y, Q2) − A1(x, Q2)

]
F1(y, Q2). (168)

�·¥¤¸É ¢²¥´¨¥ (167) ¤²Ö A1(x, Q2) ¢ ¢¨¤¥ ²μ³ ´μ° ¶μ§¢μ²Ö¥É ¢Ò´μ¸¨ÉÓ
· §´μ¸ÉÓ [A1(y, Q2) − A1(x, Q2)] ¨§-¶μ¤ §´ ±  ¨´É¥£· ²  ´  ± ¦¤μ³ μÉ·¥§±¥

∗�· ¢¨²  ±¢ ·±μ¢μ£μ ¸Î¥É  [96] £μ¢μ·ÖÉ, μ¤´ ±μ, μ ¡²¨§μ¸É¨ §´ Î¥´¨° νNS
0 ¨ νS

0 ¤²Ö
F1 ¨ g1.
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[xj , xj+1], ¶·¥¤¸É ¢²ÖÖ ¶· ¢ÊÕ Î ¸ÉÓ (168) ¢ ¢¨¤¥ ¸Ê³³Ò:

I+1∑
i=j

[
A1,i(Q2) − A1,j(Q2)

] 1
F1(xj , Q2)

[
dF1(xi, Q

2)
d ln Q2

− dF1(xi+1, Q
2)

d ln Q2

]
=

=
I+1∑
i=j

A1,i(Q2)
1

F1(xj , Q2)

[
dF1(xi, Q

2)
d ln Q2

− dF1(xi+1, Q
2)

d ln Q2

]
−

− A1,j(Q2)
d

d ln Q2
ln F1(xj , Q

2). (169)

ˆ³¥Ö ¶ · ³¥É·¨§ Í¨¨ ¤²Ö ‘” F2(x, Q2) ¨ R(x, Q2), ³Ò ²¥£±μ ³μ¦¥³ ¢Ò-
Î¨¸²¨ÉÓ ¶· ¢ÊÕ Î ¸ÉÓ (168) ¢ ¢¨¤¥ (169) ¨, ¨´É¥£·¨·ÊÖ ¶μ ln Q2, ¢μ¸¸É ´o¢¨ÉÓ
 ¸¨³³¥É·¨Õ A1(x, Q2). Š ¸μ¦ ²¥´¨Õ, ¶ · ³¥É·¨§ Í¨¨ ¤²Ö ‘” F2(x, Q2)
¨ R(x, Q2) ¨³¥ÕÉ ¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨° ¢¨¤, ÎÉμ ¶·¨¢μ¤¨É ± ´¥¢μ§³μ¦´μ-
¸É¨ ¶·μ¢¥¸É¨ ¤μ ±μ´Í   ´ ²¨É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö. ‘μμÉ¢¥É¸É¢ÊÕÐ¨°  ´ ²¨§
¶μÔÉμ³Ê ¡Ò² ¶·μ¢¥¤¥´ Î¨¸²¥´´μ, ¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö A1(x, Q2) ³μ£ÊÉ ¡ÒÉÓ ´ °-
¤¥´Ò ¢ [122] (¤²Ö ¡μ²ÓÏ¨Ì x) ¨ ¢ [123] (¤²Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨° x). ‚
· ³± Ì É ±μ£μ ¶μ¤Ìμ¤  ·¥§Ê²ÓÉ ÉÒ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ x ¶μ²ÊÎ¨ÉÓ ´¥ Ê¤ -
¥É¸Ö, ¶μ¸±μ²Ó±Ê Î¨¸²μ §¢¥´Ó¥¢ ¸É ´μ¢¨É¸Ö ¸²¨Ï±μ³ ¢¥²¨±μ. �¤´ ±μ ± ÔÉμ°
μ¡² ¸É¨ ³μ¦¥É ¡ÒÉÓ Ê¸¶¥Ï´μ ¶·¨³¥´¥´ ¤·Ê£μ° ³¥Éμ¤ ÊÎ¥É  Q2-§ ¢¨¸¨³μ¸É¨
 ¸¨³³¥É·¨¨, ¶·¥¤¸É ¢²¥´´Ò° ¢ ¸²¥¤ÊÕÐ¥³ ¶Ê´±É¥.

5.6.2. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶μ¤μ¡¨Ö ‘” g1(x, Q2) ¨ F3(x, Q2). �·μ¤¥³μ´¸É·¨-
·Ê¥³ ¡²¨§μ¸ÉÓ Q2-§ ¢¨¸¨³μ¸É¥° ¤²Ö ¶ ·Ò ‘” g1 ¨ F3 [124,125],   ´¥ ¤²Ö ‘”
g1 ¨ F1, ± ± μ¡Ð¥¶·¨´ÖÉμ (¢ É ± ´ §Ò¢ ¥³μ³ A1- ¨²¨ g1/F1-¸±¥°²¨´£¥). � ¸-
¸³μÉ·¨³ ¢´ Î ²¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ê· ¢´¥´¨Ö „ƒ‹�� ¢ ´¥¸¨´£²¥É´μ³ ± ´ ²¥:

dgNS
1 (x, Q2)
d ln Q2

= −1
2
γ−

NS(x, as(Q2)) ⊗ gNS
1 (x, Q2),

dFNS
1 (x, Q2)
d ln Q2

= −1
2
γ+

NS(x, as(Q2)) ⊗ FNS
1 (x, Q2), (170)

dF3(x, Q2)
d ln Q2

= −1
2
γ−

NS(x, as(Q2)) ⊗ F3(x, Q2),

£¤¥ ¸¨³¢μ² ⊗, ± ± μ¡ÒÎ´μ, μ¡μ§´ Î ¥É ±μ´¢μ²ÕÍ¨Õ Œ¥²²¨´  (45),   Ö¤· 
γ±

NS(x, as) ¸μ¸É ¢²¥´Ò ¨§ ³¥²²¨´μ¢¸±¨Ì ¶·μμ¡· §μ¢ ´¥¸¨´£²¥É´ÒÌ  ´μ³ ²Ó-
´ÒÌ · §³¥·´μ¸É¥° ¨ ¢¨²Ó¸μ´μ¢¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ (¸³. É ±¦¥ ¶. 4.4 ¨ 4.5).

”μ·³Ê²Ò (170) ¶μ± §Ò¢ ÕÉ, ÎÉμ Ê· ¢´¥´¨Ö „ƒ‹�� ¤²Ö ‘” F3 ¨ ¤²Ö
´¥¸¨´£²¥É´μ° Î ¸É¨ ‘” g1 μ¤¨´ ±μ¢Ò (ÔÉμ ¸¢μ°¸É¢μ ³μ¦¥É ¡ÒÉÓ ¶·μ¤¥³μ´-
¸É·¨·μ¢ ´μ ÉμÎ´μ ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°) ¨ μÉ²¨Î ÕÉ¸Ö
μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ê· ¢´¥´¨° ¤²Ö ´¥¸¨´£²¥É´μ° Î ¸É¨ F1 Ê¦¥ ¢ ¶μ·Ö¤±¥,
¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³.
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„²Ö ¸¨´£²¥É´μ° Î ¸É¨ g1 ¨ F1 Ô¢μ²ÕÍ¨μ´´Ò¥ Ê· ¢´¥´¨Ö ¨³¥ÕÉ ¢¨¤

dgS
1 (x, Q2)
d ln Q2

= −1
2
[
γ∗

SS(x, as(Q2)) ⊗ gS
1 (x, Q2)+

+ γ∗
SG(x, as(Q2)) ⊗ ΔfG(x, Q2)

]
,

(171)dFS
1 (x, Q2)
d ln Q2

= −1
2
[
γSS(x, as(Q2)) ⊗ FS

1 (x, Q2)+

+ γSG(x, as(Q2)) ⊗ fG(x, Q2)
]
,

£¤¥ Ö¤·  γS(x, as) ¨ γ∗
S(x, as) Ö¢²ÖÕÉ¸Ö ¨§¢¥¸É´Ò³¨ ±μ³¡¨´ Í¨Ö³¨ (¸³. [125])

³¥²²¨´μ¢¸±¨Ì ¶·μμ¡· §μ¢ ¸¨´£²¥É´ÒÌ  ´μ³ ²Ó´ÒÌ · §³¥·´μ¸É¥° ¨ ¢¨²Ó¸μ-
´μ¢¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢.

‚´¨³ É¥²Ó´μ¥ · ¸¸³μÉ·¥´¨¥ ±¢ ·±μ¢ÒÌ Î ¸É¥° ÔÉ¨Ì Ö¤¥· ¤¥³μ´¸É·¨·Ê¥É
¡²¨§μ¸ÉÓ Ö¤¥· γ−

NS(x) ¨ γ∗
SS(x). ˆÌ · §´¨Í  ´¥ ¨³¥¥É ¸É¥¶¥´´ÒÌ ¸¨´£Ê²Ö·´μ-

¸É¥° ¶·¨ x → 0 ¨ ¢¥¤¥É ¸¥¡Ö ± ± O(1− x) ¶·¨ x → 1. � §´¨Í  Ö¤¥· γSS(x) ¨
γ∗

SS(x) ¸μ¤¥·¦¨É ¸É¥¶¥´´Ò¥ ¸¨´£Ê²Ö·´μ¸É¨ ¶·¨ x → 0. ’ ±¨³ μ¡· §μ³, Ê· ¢-
´¥´¨Ö „ƒ‹�� ¤²Ö F3 ¨ ¸¨´£²¥É´μ° Î ¸É¨ g1 ¸μ¤¥·¦ É ¶μÌμ¦¨¥ Ö¤· , ±μÉμ·Ò¥
¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥· ¤²Ö ¸¨´£²¥É´μ° Î ¸É¨ F1.

‡ ³¥É¨³, ÎÉμ ±¢ ·±μ¢ Ö Î ¸ÉÓ ¸¨´£²¥É´μ£μ ± ´ ²  ‘” g1 ¸μ¤¥·¦¨É ¤¢¥
±μ³¶μ´¥´ÉÒ: ¢ ²¥´É´ÊÕ ¨ ³μ·¸±ÊÕ. ‚ ²¥´É´ Ö Î ¸ÉÓ ´¥ ¸¢Ö§ ´  ¸ £²Õμ´ ³¨ ¨
Ô¢μ²ÕÍ¨μ´¨·Ê¥É ¢ ¸μ£² ¸¨¨ ¸ ¶¥·¢Ò³ Ê· ¢´¥´¨¥³ ¨§ (171). ‘¨´£²¥É´ Ö Î ¸ÉÓ
Ê¤μ¢²¥É¢μ·Ö¥É ¶¥·¢μ³Ê Ê· ¢´¥´¨Õ ¨§ (171) (É. ¥. μ´  ¸¢Ö§ ´  ¸ £²Õμ´ ³¨),
μ¤´ ±μ ¥¥ ¢¥²¨Î¨´ , ¶μ-¢¨¤¨³μ³Ê, ¤μ¸É ÉμÎ´μ ³ ² , É. ±. ¢±² ¤ ¸¨´£²¥É´μ°
Î ¸É¨ ¥Ð¥ ´¨± ± ´¥ ¶·μÖ¢¨² ¸¥¡Ö Ô±¸¶¥·¨³¥´É ²Ó´μ. ‚±² ¤ £²Õμ´μ¢ É ±¦¥
´¥ ¤μ²¦¥´ ¡ÒÉÓ ¡μ²ÓÏ¨³, É. ±. ¤ ´´Ò¥ Ìμ·μÏμ Ë¨É¨·ÊÕÉ¸Ö ¶·¨ ¤μ¸É ÉμÎ´μ
¶·μ¨§¢μ²Ó´ÒÌ ± ± ¢¥²¨Î¨´¥, É ± ¨ §´ ±¥∗ ¶μ²Ö·¨§μ¢ ´´μ£μ £²Õμ´´μ£μ · ¸-
¶·¥¤¥²¥´¨Ö. ’ ±¨³ μ¡· §μ³, Î²¥´μ³ ∼ ΔfG(x, Q2) ¢ ¶· ¢μ° Î ¸É¨ ¶¥·¢μ£μ
Ê· ¢´¥´¨Ö ¨§ (171) ³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

�μ¸±μ²Ó±Ê Ê· ¢´¥´¨Ö „ƒ‹�� ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥, Éμ ¶μ¤μ¡¨¥ Ö¤¥·
¥Ð¥ ´¥ μ¡¥¸¶¥Î¨¢ ¥É ¡²¨§μ¸É¨ ¸ ³¨Ì ‘”. �¥μ¡Ìμ¤¨³a ¥Ð¥ ¡²¨§μ¸ÉÓ ´ Î ²Ó-
´ÒÌ Ê¸²μ¢¨°, É. ¥. ¶μ¤μ¡¨¥ Ëμ·³Ò ¶·¨ ´¥±μÉμ·μ³ §´ Î¥´¨¨ Q2

0. �Éμ ¶μ¤μ¡¨¥
¤¥°¸É¢¨É¥²Ó´μ ¨³¥¥É ³¥¸Éμ, ´ ¶·¨³¥·, ¤²Ö Q2

0 = 3 ƒÔ‚2 (¸³. [128]).
ˆÉ ±, ¨§  ´ ²¨§ ∗∗, ¶·μ¢¥¤¥´´μ£μ ´ ³¨, ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ Ëμ·³Ò ¨

Ê· ¢´¥´¨Ö „ƒ‹�� ¤²Ö ‘” g1, ¨ F3 μÎ¥´Ó ¶μÌμ¦¨ ± ± ¢ ´¥¸¨´£²¥É´μ³, É ±
¨ ¢ ¸¨´£²¥É´μ³ ± ´ ² Ì ¨ ¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥²¨Î¨´

∗“± § ´¨¥ ´  ¶μ²μ¦¨É¥²Ó´ÊÕ ¢¥²¨Î¨´Ê §´ ±  μÉ´μÏ¥´¨Ö ¶¥·¢ÒÌ ³μ³¥´Éμ¢ £²Õμ´´ÒÌ · ¸-
¶·¥¤¥²¥´¨° ΔfG ¨ fG ¶μ²ÊÎ¥´μ ´¥¤ ¢´μ ±μ²² ¡μ· Í¨¥° HERMES [126]. 	μ²¥¥ ÉμÎ´μ¥ μ¶·¥¤¥-
²¥´¨¥ ¶ · ³¥É·μ¢ ¶μ²Ö·¨§μ¢ ´´μ£μ £²Õμ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ΔfG μ¦¨¤ ¥É¸Ö ¢ ¡Ê¤ÊÐ¥³ Ô±¸¶¥-
·¨³¥´É¥ COMPASS [127].

∗∗�¡¸Ê¦¤¥´¨¥ ¡²¨§μ¸É¨ Ëμ·³Ò ‘” g1(x) ¨ F3(x) ¤²Ö ³ ²ÒÌ §´ Î¥´¨° x, ±μÉμ·μ¥ ¸²¥¤Ê¥É
¨§  ´ ²¨§  [129], μ¸´μ¢ ´´μ£μ ´  ·¥§Ê²ÓÉ É Ì 	”Š‹, ³μ¦´μ ´ °É¨ ¢ [125].
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¤²Ö ‘” F1. ’ ±μ¥ ¶μ¤μ¡¨¥ ¢¥¤¥É ± ¡²¨§±μ° Q2-Ô¢μ²ÕÍ¨¨ ‘” g1(x, Q2) ¨
F3(x, Q2), ÎÉμ ¨ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢ · ¡μÉ Ì [124, 125] ¤²Ö μÍ¥´±¨ Q2-
§ ¢¨¸¨³μ¸É¨  ¸¨³³¥É·¨¨ A1(x, Q2). „¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê μÉ´μÏ¥´¨¥

A∗
1(x) =

g1(x, Q2)
F3(x, Q2)

(172)

¤μ²¦´μ ¨³¥ÉÓ ¸² ¡ÊÕ Q2-§ ¢¨¸¨³μ¸ÉÓ, ´Ê¦´ Ö ´ ³  ¸¨³³¥É·¨Ö ¶·¨ ´¥±μÉμ-
·μ³ §´ Î¥´¨¨ Q2 ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ·¥ ²Ó´μ ¨§³¥·Ö¥³Ò¥ §´ Î¥´¨Ö A1(xi, Q

2
i )

¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

A1(xi, Q
2) =

F3(xi, Q
2)

F3(xi, Q2
i )

F1(xi, Q
2
i )

F1(xi, Q2)
A1(xi, Q

2
i ). (173)

�Éμ Ê· ¢´¥´¨¥, ±μ´¥Î´μ, ´¥ Ö¢²Ö¥É¸Ö ÉμÎ´Ò³, μ¤´ ±μ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ:
• Q2-§ ¢¨¸¨³μ¸ÉÓ ¤²Ö  ¸¨³³¥É·¨¨ A1(x, Q2) [125], ¡²¨§±ÊÕ ± ¶μ²ÊÎ¥´-

´Ò³ ¸ ¶μ³μÐÓÕ ¡μ²¥¥ ÉμÎ´ÒÌ, ´μ ¡μ²¥¥ £·μ³μ§¤±¨Ì ³¥Éμ¤μ¢ [129];
• ·¥§Ê²ÓÉ ÉÒ ¤²Ö g1(x, Q2), ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢ ¶·¥±· ¸´μ³ ¸μ£² ¸¨¨ ¸

¶μ²ÊÎ¥´´Ò³¨ ±μ²² ¡μ· Í¨Ö³¨ SM ¨ E154 ¸ ¶μ³μÐÓÕ ÉμÎ´μ° Q2-Ô¢μ²ÕÍ¨¨
[131Ä134] (·¨¸. 13 ¨ 14). ‡ ³¥É¨³ É ±¦¥ ¸¨²Ó´μ¥ μÉ²¨Î¨¥ ÔÉ¨Ì μ¡μ¨Ì ·¥§Ê²Ó-
É Éμ¢ μÉ ¶μ²ÊÎ¥´´ÒÌ ¸É ´¤ ·É´Ò³ ³¥Éμ¤μ³ (A1-¸±¥°²¨´£);

�¨¸. 13. ‘” xgn
1 (x,Q2) ¶·¨ Q2 = 5 ƒÔB2, ¸²¥¤ÊÕÐ Ö ¨§ (173), ¶·¥¤¸É ¢²¥´  ¢³¥¸É¥

¸ μ·¨£¨´ ²Ó´Ò³¨ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É  …154 [133, 134], ¶μ²ÊÎ¥´´Ò³¨ ¤¢Ê³Ö ¸¶μ¸μ-
¡ ³¨: ¶·¨ ¶μ³μÐ¨ Ô¢μ²ÕÍ¨¨ „ƒ‹�� ¨ ¶·¥¤¶μ²μ¦¥´¨Ö ´¥§ ¢¨¸¨³μ¸É¨  ¸¨³³¥É·¨¨ A1

μÉ Q2
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�¨¸. 14. ’μ ¦¥, ÎÉμ ¨ ´  p¨¸. 13, ´μ ¤²Ö ‘” gp
1(x,Q2) ¶·¨ Q2 = 10 ƒÔB2 ¨ ¤ ´´Òx

SMC [131]

’ ¡²¨Í  4. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò, ¶μ²ÊÎ¥´´μ° ¸μ£² ¸´μ ¶· ¢¨²Ê ¸Ê³³ �Ó¥·±¥´ , μÉ
¶¥·¥³¥´´μ° Q2. �Ï¨¡±¨  ´ ²¨§  ¸μ¢¶ ¤ ÕÉ ¸ ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ · ¡μÉ Ì ¨ ¤·Ê£ c ¤·Ê£μ³, ¶μÔÉμ³Ê ¶·¨¢¥¤¥´Ò μÏ¨¡±¨ Éμ²Ó±μ ¶·¨ ´¥±μÉμ·ÒÌ
§´ Î¥´¨ÖÌ Q2 (¸³. [125])

Q2, ƒÔ‚2 100 30 10 5 3

�·μÉμ´´Ò¥ [131] ¨ ¤¥°É·μ´´Ò¥ [132] ¤ ´´Ò¥ SMC

A1-¸±¥°²¨´£ 0,247 0,226 0,202 0,186 0,170
A∗

1-¸±¥°²¨´£ 0,210 0,201 0,191 0,184 0,176
A´ ²¨§ [131] 0,183 1,181± 0,035

�·μÉμ´´Ò¥ [131] ¨ ´¥°É·μ´´Ò¥ [134] ¤ ´´Ò¥

A1-¸±¥°²¨´£ 0,221 0,209 0,194 0,183 0,171
A∗

1-¸±¥°²¨´£ 0,194 0,190 0,185 0,181 0,176

�·μÉμ´´Ò¥ ¨ ¤¥°É·μ´´Ò¥ [135] ¤ ´´Ò¥

A1-¸±¥°²¨´£ 0,170 0,169 0,165 0,160 0,154
A∗

1-¸±¥°²¨´£ 0,163 0,162 0,160 0,157 0,154
A´ ²¨§ [135] 0,164± 0,021 0,164

�·μÉμ´´Ò¥ [135] ¨ ´¥°É·μ´´Ò¥ [133, 134] ¤ ´´Ò¥

A1-¸±¥°²¨´£ 0,189 0,186 0,179 0,174 0,169
A∗

1-¸±¥°²¨´£ 0,172 0,172 0,171 0,169 0,166
A´ ²¨§ [134] 0,171± 0,013
A´ ²¨§ [135] 0,170± 0,012
�·¥¤¸± § ´¨Ö É¥μ·¨¨ 0,194 0,191 0,186 0,181± 0,002 0,177
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• ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶· ¢¨² ¸Ê³³ 	Ó¥·±¥´  (É ¡². 4), ¤¥³μ´¸É·¨·ÊÕÐ¨¥ μÎ¥´Ó
Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ · §²¨Î´ÒÌ £·Ê¶¶ ¨
É¥μ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨.

‡�Š‹
—…�ˆ…

‚ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ · ¸¸³μÉ·¥´Ò ´¥±μÉμ·Ò¥ Ì · ±É¥·´Ò¥ Î¥·ÉÒ ƒ��.
„μ¸É ÉμÎ´μ ¶μ¤·μ¡´μ ¶·μ¤¥³μ´¸É·¨·μ¢ ´  É¥Ì´¨±  ¶μ²ÊÎ¥´¨Ö ±μÔËË¨-

Í¨¥´É´ÒÌ ËÊ´±Í¨° ¢¨²Ó¸μ´μ¢¸±μ£μ · §²μ¦¥´¨Ö ¨§ ¨´¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤
¸¥Î¥´¨Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤.

„ ´ ±· É±¨° μ¡§μ· · §²¨Î´ÒÌ É¨¶μ¢ ‘ˆ’‚. ˆ¸¸²¥¤μ¢ ´μ ¶μ¢¥¤¥´¨¥ μÉ-
´μÏ¥´¨Ö R = σL/σT ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° x ¶·¨ ¢Ò¡μ·¥ · §²¨Î´ÒÌ
 ¸¨³¶ÉμÉ¨± ��. �·μ¤¥³μ´¸É·¨·μ¢ ´  ¢μ§³μ¦´μ¸ÉÓ μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨°
¤²Ö R ¢ μ¡² ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢, ¶·μ¢μ¤¨³ÒÌ ´  Ê¸±μ·¨É¥²¥ HERA, ¶·¨ ´ -
¨¢´μ³ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸É ´¤ ·É´μ° ’‚,   É ±¦¥ ¢μ¸¸É ´μ¢²¥´¨¨ ¸μμÉ´μÏ¥´¨Ö
Š ²² ´ Äƒ·μ¸¸  ¢ · ³± Ì ‘ˆ’‚.

„ ´Ò  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Q2-§ ¢¨¸¨³μ¸É¨ �� ¢ · ³± Ì ¤¢ -
¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¢ ¶¥·¢ÒÌ ¤¢ÊÌ ¶μ·Ö¤± Ì ’‚. �¥§Ê²ÓÉ ÉÒ
¨³¥ÕÉ ¶·μ¸Éμ° ¢¨¤ ¨ ¶·¥±· ¸´μ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨
Q2 � 2 ƒÔ‚2. „²Ö ³¥´ÓÏ¨Ì §´ Î¥´¨° Q2 ¸É¥¶¥´´Ò¥ ¶μ¶· ¢±¨ ³μ£ÊÉ ¡ÒÉÓ ¤μ-
¡ ¢²¥´Ò, ÎÉμ ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ ¥É (¸³. [19]) ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ¤¢ ¦¤Ò
²μ£ ·¨Ë³¨Î¥¸±μ£μ ¶μ¤Ìμ¤ . ˆ§ÊÎ¥´Ò É ±¦¥ Q2-§ ¢¨¸¨³μ¸É¨ ´ ±²μ´μ¢ �� ¨
F2(x, Q2).

‚Ò¤¥²¥´μ £²Õμ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨ ¶·μ¤μ²Ó´ Ö ‘” FL ¨§ ¤ ´´ÒÌ ¤²Ö F2

¨ dF2/d ln Q2. �¥§Ê²ÓÉ ÉÒ ¤ ´Ò ± ± ¤²Ö ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±μ°, É ± ¨ ¤²Ö
·¥¤¦¥¶μ¤μ¡´μ°  ¸¨³¶ÉμÉ¨± ��. �·μ¤¥³μ´¸É·¨·μ¢ ´  ¢μ§³μ¦´μ¸ÉÓ ¨§ÊÎ¥´¨Ö
¸ ³μ¤¥°¸É¢¨Ö £²Õμ´μ¢.

� ¸¸³μÉ·¥´Ò ´¥±μÉμ·Ò¥ Ê¤μ¡´Ò¥ ¶ · ³¥É·¨§ Í¨¨ ��, ¸ ¶μ³μÐÓÕ ±μÉμ-
·ÒÌ ¨¸¸²¥¤μ¢ ´Ò μÉ´μÏ¥´¨Ö R = σL/σT ¨ rA′

k,A = AFA′

2 /A′FA
2 ¢ Ï¨·μ±μ°

μ¡² ¸É¨ §´ Î¥´¨° ¶¥·¥³¥´´μ° 	Ó¥·±¥´  x.
ˆ¸¸²¥¤μ¢ ´  Q2-Ô¢μ²ÕÍ¨Ö  ¸¨³³¥É·¨¨ A1(x, Q2) ± ± ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³

Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¡¨´´¨´£ , É ± ¨ ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ¡²¨§μ¸É¨ Q2-§ ¢¨¸¨-
³μ¸É¥° ‘” g1 ¨ F3.

�¢Éμ· ´ ¤¥¥É¸Ö, ÎÉμ ¤ ´´Ò° μ¡§μ· μ± ¦¥É¸Ö ¶μ²¥§´Ò³ ¶·¨ ¨§ÊÎ¥´¨¨ Š•„
¨ ¶·μÍ¥¸¸  ƒ��.

��ˆ‹�†…�ˆ…

‡¤¥¸Ó ³Ò μ¶¨Ï¥³ É¥Ì´¨±Ê ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö ³¥²²¨´μ¢¸±μ° ±μ´¢μ²ÕÍ¨¨
�� (¨²¨ ‘”) ¨ ¶¥·ÉÊ·¡ É¨¢´μ-· ¸¸Î¨ÉÒ¢ ¥³μ£μ Ö¤·  Ô¢μ²ÕÍ¨¨ (¨²¨ ±μÔË-
Ë¨Í¨¥´É´μ° ËÊ´±Í¨¨ · §²μ¦¥´¨Ö ‚¨²Ó¸μ´ ) ¢ ¢¨¤¥ μ¡ÒÎ´μ£μ ¶·μ¨§¢¥¤¥´¨Ö
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ÔÉμ£μ �� (¨²¨ ‘”) ¸μ ¸¤¢¨´ÊÉÒ³  ·£Ê³¥´Éμ³ ¨ ±μÔËË¨Í¨¥´É , Ö¢²ÖÕÐ¥£μ¸Ö
³¥²²¨´μ¢¸±¨³ μ¡· §μ³ Ö¤· . �·¨ x → 0 É ±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ
¶μ²ÊÎ¥´μ ¤²Ö Ö¤¥· ¨ �� ¤μ¸É ÉμÎ´μ μ¡Ð¥£μ ¢¨¤ .

� ¸ÉμÖÐ¨° ³¥Éμ¤ μ¡μ¡Ð ¥É ¶·μÍ¥¤Ê·Ò, · §¢¨ÉÒ¥ ¢ · ¡μÉ Ì [53, 63], ¨
¶μ§¢μ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ O(x2−δ) ¶·¨  ¸¨³¶ÉμÉ¨±¥
�� ∼ x−δ . ‡¤¥¸Ó ³Ò μ£· ´¨Î¨³¸Ö, μ¤´ ±μ, ÉμÎ´μ¸ÉÓÕ O(x1−δ), ±μÉμ· Ö
¶μ§¢μ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ μÉ¢¥É Î¥·¥§ �� ¸μ ¸É ´¤ ·É´Ò³, É. ¥. ´¥ ¸¤¢¨´ÊÉÒ³,
 ·£Ê³¥´Éμ³ (¸³. É ±¦¥ ¶·¨²μ¦¥´¨Ö ¢ · ¡μÉ Ì [19,74]).

� ¸¸³μÉ·¨³ ´ ¡μ·Ò ��:

• ·¥¤¦¥¶μ¤μ¡´μ° Ëμ·³Ò fR(x) = x−δ f̃(x);
• ²μ£ ·¨Ë³¨Î¥¸±¨¶μ¤μ¡´μ° Ëμ·³Ò fL(x) = x−δ ln (1/x)f̃(x);

• ¡¥¸¸¥²Ó¶μ¤μ¡´μ° Ëμ·³Ò fI(x) = x−δIk

(
2
√

d ln (1/x)
)
f̃(x), £¤¥ Ik Å

³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö,   f̃(x) Å ´¥±μÉμ· Ö ËÊ´±Í¨Ö, ±μÉμ-
· Ö ¢³¥¸É¥ ¸μ ¸¢μ¥° ¶·μ¨§¢μ¤´μ° f̃ ′(x) ≡ df̃/dx ´¥¶·¥·Ò¢´Ò ¶·¨ x = 0 ¨
μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó ¶·¨ x = 1: f̃(1) = f̃ ′(1) = 0.

1. ‚´ Î ²¥ Ê¤μ¡´μ ¶·μ ´ ²¨§¨·μ¢ ÉÓ ¡ §¨¸´Ò° ¨´É¥£· ² ¢¨¤ 

Jδ, i(n, x) .= xn ⊗ fi(x) ≡
1∫

x

dy

y
ynfi

(
x

y

)
(i = R, L, I), (174)

£¤¥ n Å ´¥μÉ·¨Í É¥²Ó´μ¥ Í¥²μ¥ Î¨¸²μ.

 ) �¥¤¦¥¶μ¤μ¡´Ò° ¸²ÊÎ °. � §² £ Ö f̃(x) ¢ μ±·¥¸É´μ¸É¨ f̃(0), ¶μ²ÊÎ ¥³

Jδ,R(n, x) =

= x−δ

1∫
x

dy yn+δ−1

[
f̃(0) +

x

y
f̃ ′(0) + . . . +

1
k!

(
x

y

)k

f̃ (k)(0) + . . .

]
=

= x−δ

[
1

n + δ
f̃(0) + O(x)

]
−

− xn

[
1

n + δ
f̃(0) +

1
n + δ − 1

f̃ ′(0) + . . . +
1
k!

1
n + δ − k

f̃ (k)(0) + . . .

]
.

(175)

‚Éμ·μ° Î²¥´ ¶· ¢μ° Î ¸É¨ (175) ³μ¦¥É ¡ÒÉÓ ¶·μ¸Ê³³¨·μ¢ ´, ¨ Éμ£¤ 
Ëμ·³Ê²  ¶·¨´¨³ ¥É ¢¨¤

Jδ,R(n, x) = x−δ

[
1

n + δ
f̃(0) + O(x)

]
+ xn Γ(−(n + δ))Γ(1 + ν)

Γ(1 + ν − n − δ)
f̃(0). (176)
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� ¸¸³μÉ·¨³ ¢ ¦´Ò¥ Î ¸É´Ò¥ ¸²ÊÎ ¨:
1 ) ¶·¨ n � 1

Jδ,R(n, x) = x−δ 1
n + δ

f̃(x) + O
(
x1−δ

)
=

1
n + δ

fR(x) + O
(
x1−δ

)
;

2a) ¶·¨ n = 0

Jδ,R(0, x) = x−δ

[
1
δ
f̃(0) + O(x)

]
+

Γ(−δ)Γ(1 + ν)
Γ(1 + ν − δ)

f̃(0) =

= x−δ 1
δ̃R

f̃(x) + O
(
x1−δ

)
=

1
δ̃R

fR(x) + O
(
x1−δ

)
,

£¤¥

1
δ̃R

=
1
δ

[
1 − Γ(1 − δ)Γ(1 + ν)

Γ(1 + ν − δ)
xδ

]
,

É. ¥. ¢ ÔÉμ³ ¸²ÊÎ ¥ μ¸É ¥É¸Ö ±μ··¥²ÖÍ¨Ö ³¥¦¤Ê Ì · ±É¥·¨¸É¨± ³¨ ¶μ¢¥¤¥´¨Ö
�� ¶·¨ ³ ²ÒÌ (É. ¥. § ¢¨¸¨³μ¸ÉÓ μÉ δ) ¨ ¡μ²ÓÏ¨Ì (É. ¥. § ¢¨¸¨³μ¸ÉÓ μÉ ν)
§´ Î¥´¨ÖÌ x. ‡ ³¥É¨³, ÎÉμ ¶·¨ δ → 0 ¢¥²¨Î¨´  1/δ̃R ´¥ Ö¢²Ö¥É¸Ö ¸¨´£Ê²Ö·´μ°:

1
δ̃R

∣∣∣∣
δ=0

= ln
(

1
x

)
−
(
Ψ(1 + ν) − Ψ(1)

)
≡ ln

(
1
x

)
− ρ̂(ν), (177)

μ¤´ ±μ · ¸É¥É ²μ£ ·¨Ë³¨Î¥¸±¨ ¶·¨ x → 0.
¡) ‹μ£ ·¨Ë³¨Î¥¸±¨¶μ¤μ¡´Ò° ¸²ÊÎ °. ˆ¸¶μ²Ó§ÊÖ ¶·μ¸Éμ¥ ¸μμÉ´μÏ¥´¨¥:

x−δ ln (1/x) = (d/dδ)x−δ , ¨ ·¥§Ê²ÓÉ ÉÒ 1 ), ²¥£±μ ¶μ²ÊÎ ¥³
1¡) ¶·¨ n � 1

Jδ,L(n, x) = z−δ ln
(

1
x

)[
1

n + δ

(
1 − 1

(n + δ) ln (1/x)

)
f̃(0) + O(x)

]
=

=
1

n + δ

(
1 − 1

(n + δ) ln (1/x)

)
fL(x) + O(x1−δ) =

=
1

n + δ
fL(x) + O

(
1

ln (1/x)

)
;

2¡) ¶·¨ n = 0

Jδ,L(0, x) = z−δ ln
(

1
x

)[
1

n + δ

(
1 − 1

δ ln (1/x)

)
f̃(0) + O(x)

]
+

+
Γ(−δ)Γ(1 + ν)
Γ(1 + ν − δ)

f̃(0) [Ψ(1 + ν − δ) − Ψ(−δ)] =

=
1
δ̃L

fL(x) + O
(
x1−δ

)
,
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£¤¥

1
δ̃L

=
1
δ

[
1− 1

ln (1/x)

(
1
δ̃R

+
Γ(1−δ)Γ(1+ν)

Γ(1+ν−δ)
×

×xδ [Ψ(1 + ν − δ) − Ψ(1 − δ)]
)]

=
xδ

ln (1/x)
d

dδ

x−δ

δ̃R

.

‚¥²¨Î¨´  1/δ̃L, ± ± ¨ 1/δ̃R, É ±¦¥ ´¥¸¨´£Ê²Ö·´  ¶·¨ δ → 0:

1
δ̃L

∣∣∣∣
δ=0

=
1
2

ln
(

1
x

)
− 1

2 ln (1/x)

[(
Ψ(1+ν)−Ψ(1)

)2

−
(
Ψ′(1+ν)−Ψ′(1)

)]
,(178)

¨ · ¸É¥É ²μ£ ·¨Ë³¨Î¥¸±¨ ¶·¨ x → 0.
¢) �¥¸¸¥²Ó¶μ¤μ¡´Ò° ¸²ÊÎ °. �·¥¤¸É ¢²ÖÖ ËÊ´±Í¨Õ 	¥¸¸¥²Ö ¢ ¸²¥¤ÊÕÐ¥³

¢¨¤¥:

Ik

(
2
√

d̂ ln (1/x)
)

=
∞∑

n=0

1
n!

1
(n + k + 1)!

(
d̂

d

dδ

)n

x−δ

∣∣∣∣
δ=0

,

¨ ¶μ¢Éμ·ÖÖ  ´ ²¨§,  ´ ²μ£¨Î´Ò° ¢Ò¶μ²´¥´´Ò³ ¢ ¶·¥¤Ò¤ÊÐ¨Ì ¶Ê´±É Ì, ¶μ²Ê-
Î ¥³

1¢) ¶·¨ n � 1

Jδ,I(n, x) =
1

n + δ
fI(x) + O

⎛⎝√ d̂

ln (1/x)

⎞⎠ ;

2¢) ¶·¨ n = 0

Jδ,I(n, x) =
1
δ̃I

fI(x) + O
(
x1−δ

)
,

£¤¥

1
δ̃I

=
xδ

Ik

(
2
√

d̂ ln (1/x)
) ∞∑

n=0

1
n!

1
(n + k)!

(
d̂

d

dδ

)n
x−δ

δ̃R

≡

≡ xδ

Ik

(
2
√

d̂ ln (1/x)
)Ik

(
2

√
d̂

(
d

dδ

))
x−δ

δ̃R

,

  ¶μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¥¸ÉÓ, ±μ´¥Î´μ, ¶·μ¸Éμ Ëμ·³ ²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥
·Ö¤ . �·¥¤¸É ¢¨³ §¤¥¸Ó ¢Ò· ¦¥´¨¥ ¤²Ö 1/δ̃I ¢ ¶·¥¤¥²¥ δ → 0 (μ¡Ð¨° ¸²Ê-
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Î ° ¤ ´ ¢ · ¡μÉ¥ [43]), £¤¥ μ´μ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

1
δ̃I

∣∣∣∣
δ=0

=

√
ln (1/x)

d̂

Ik+1

(
2
√

d̂ ln (1/x)
)

Ik

(
2
√

d̂ ln (1/x)
) ≈

≈

√
ln (1/x)

d̂
− 1

4d̂
+ O

⎛⎝√ d̂

ln (1/x)

⎞⎠ . (179)

‡ ³¥É¨³, ÎÉμ ¸ ³ Ö ¶· ¢ Ö Î ¸ÉÓ Ëμ·³Ê²Ò (179) ¶μ²ÊÎ¥´  ¢ ·¥§Ê²ÓÉ É¥ · §-
²μ¦¥´¨Ö ËÊ´±Í¨° 	¥¸¸¥²Ö ¶·¨ x → 0. ‚¨¤´μ, ÎÉμ ¢¥²¨Î¨´  1/δ̃I É ±¦¥
´¥¸¨´£Ê²Ö·´  ¶·¨ δ → 0 ¨ · ¸É¥É ± ±

√
ln (1/x) ¶·¨ x → 0.

2. � ¸¸³μÉ·¨³ ¨´É¥£· ²

Iδ(x) = K̃(x) ⊗ f(x) ≡
1∫

x

dy

y
K̂(y)f

(
x

y

)
.

�¶·¥¤¥²¨³ É ±¦¥ ³μ³¥´ÉÒ Ö¤·  K̃(y) ¢ ¢¨¤¥ Kn ≡
1∫

0

dy yn−2K̃(y).

„¥°¸É¢ÊÖ  ´ ²μ£¨Î´μ ¶. 1, ¶μ²ÊÎ ¥³ ¢ ·¥¤¦¥¶μ¤μ¡´μ³ ¸²ÊÎ ¥

Iδ,R(x) = x−δ

1∫
x

dy yδ−1K̃(y)
[
f̃(0) +

x

y
f̃ (1)(0) + . . . +

+
1
k!

(
x

y

)k

f̃ (k)(0) + . . .

]
= x−δ

[
K1+δf̃(0) + O(x)

]
−

−
[
N1+δ(x)f̃ (0) + Nδ(x)f̃ (1)(0) + . . . +

1
k!

N1+δ−k(x)f̃ (k)(0) + . . .

]
,

£¤¥ Nη(x) =

1∫
0

dy yη−2K̃(xy).

‘²ÊÎ ° K1+δ = 1/(n + δ) ¸μμÉ¢¥É¸É¢Ê¥É Ö¤·Ê ¸¶¥Í¨ ²Ó´μ£μ ¢¨¤  K̃(y) =
yn. O´ Ê¦¥ · ¸¸³μÉ·¥´ ¢ ¶. 1. ‚ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥ (´ ¶·¨³¥·, ¤²Ö K1+δ =

Ψ(1+ δ)) ³Ò ³μ¦¥³ ¶·¥¤¸É ¢¨ÉÓ ³μ³¥´É K1+δ ¢ ¢¨¤¥ ·Ö¤ 
∞∑

m=1

1/(n+m+ δ)

¨ · ¡μÉ ÉÓ ¸ ¢Ò· ¦¥´¨¥³ 1/(n + m + δ) ¶μ  ´ ²μ£¨¨ ¸ ¶. 1. ‘¨´£Ê²Ö·´Ò°
(¶·¨ δ → 0) ¸²ÊÎ ° ¢μ§´¨± ¥É, ±μ£¤  n = m = 0, ¨ μ´ Éμ¦¥ Ê¦¥ ¡Ò² · ¸¸³μ-
É·¥´ ¢ ¶. 1.
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’ ±¨³ μ¡· §μ³, ¤²Ö ¨´É¥£· ²  Iδ,R(x) ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É -
¢²¥´¨¥, ¸¶· ¢¥¤²¨¢μ¥ ¶·¨ x → 0:

Iδ,R(x) = x−δKR,1+δf̃(z) + O(x1−δ) = KR,1+δfR(x) + O(x1−δ),

£¤¥ ±μÔËË¨Í¨¥´É KR,1+δ ¸μ¢¶ ¤ ¥É ¸ K1+δ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ Kn ´¥ ¸μ¤¥·¦¨É
Î²¥´  1/(n−1). ‚ ¶·¨¸ÊÉ¸É¢¨¨ Î²¥´  1/(n−1) ¢ Kn ¢ ¢Ò· ¦¥´¨¨ ¤²Ö KR,1+δ

¢μ§´¨± ¥É ¸μ³´μ¦¨É¥²Ó 1/δ̃R. ‘²¥¤μ¢ É¥²Ó´μ, ±μÔËË¨Í¨¥´É KR,1+δ ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

KR,1+δ = K1+δ

∣∣
1/δ →1/δ̃R

.

�μ¢Éμ·ÖÖ  ´ ²¨§,  ´ ²μ£¨Î´Ò° ¶¶. (1¡) ¨ (1¢), ³μ¦´μ ²¥£±μ ¶μ²ÊÎ¨ÉÓ

Iδ,L(n, x) = KL,1+δfL(x) + O

(
1

ln(1/x)

)
,

Iδ,I(n, x) = KI,1+δfI(x) + O

⎛⎝√ d̂

ln(1/x)

⎞⎠ ,

£¤¥ KM,1+δ = K1+δ

∣∣
1/δ →1/δ̃M

(M = R, L, I).
’ ±¨³ μ¡· §μ³, ¤²Ö ´¥¸¨´£Ê²Ö·´μ£μ ¸²ÊÎ Ö (É. ¥. ¸²ÊÎ Ö, ±μ£¤  Kn ´¥

¸μ¤¥·¦¨É 1/(n− 1)) ·¥§Ê²ÓÉ É ¶·¥¤¸É ¢²¥´¨Ö ¸¢¥·É±¨ § ¢¨¸¨É Éμ²Ó±μ μÉ §´ -
Î¥´¨Ö δ, Ì · ±É¥·¨§ÊÕÐ¥£μ ¢¥²¨Î¨´Ê ¸É¥¶¥´´μ°  ¸¨³¶ÉμÉ¨±¨ ¶·¨ x → 0, ´μ
´¥ μÉ ±μ´±·¥É´μ° Ëμ·³Ò ��. � ²¨Î¨¥ Î²¥´  1/(n − 1) ¢ Kn ¶·¨¢μ¤¨É ±
·¥§Ê²ÓÉ É ³, § ¢¨¸ÖÐ¨³ μÉ Î¨¸²¥´´μ£μ §´ Î¥´¨Ö δ. …¸²¨ §´ Î¥´¨¥ δ ¢¥²¨±μ
(¡μ²¥¥ ±μ··¥±É´μ, ¥¸²¨ x−δ 	 const), Éμ ¸² £ ¥³μ¥ 1/(n − 1) ¢ Kn ¶·¨-
¢μ¤¨É ± ¶μÖ¢²¥´¨Õ 1/δ ¢ KM,1+δ (É. ±. Î²¥´μ³ ∼ xδ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö 1/δ̃i

³μ¦´μ ¶·¥´¥¡·¥ÎÓ) ¨ ·¥§Ê²ÓÉ É ¸´μ¢  ´¥ § ¢¨¸¨É μÉ ±μ´±·¥É´μ° Ëμ·³Ò �� ¨
μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° δ. …¸²¨ Î¨¸²¥´´ Ö ¢¥²¨Î¨´  δ ³ ²  (É. ¥. ¢Ò¶μ²´Ö¥É¸Ö
¶·¨¡²¨¦¥´¨¥ x−δ ∼ 1+δ ln (1/x), ±μÉμ·μ¥, ±μ´¥Î´μ, § ¢¨¸¨É ¨ μÉ · ¸¸³ É·¨-
¢ ¥³ÒÌ §´ Î¥´¨° x), Éμ£¤  ¶·¥¤ ¸¨³¶ÉμÉ¨±  �� ¢¸ÉÊ¶ ¥É ¢ ¨£·Ê ¨ ¸² £ ¥³μ¥
KM,1+δ ¸μ¤¥·¦¨É Î²¥´ 1/δ̃M , μ¶·¥¤¥²Ö¥³Ò° Ê¦¥ ± ±  ¸¨³¶ÉμÉ¨±μ°, É ± ¨
¶·¥¤ ¸¨³¶ÉμÉ¨±μ° ��.

�¢Éμ· ¡² £μ¤ ·¥´ �.�. 	 ±Ê²¥¢Ê, �.�.ˆ²² ·¨μ´μ¢Ê, „. ˆ.Š § ±μ¢Ê,
‚. ƒ. Š·¨¢μÌ¨¦¨´Ê, ‹.�. ‹¨¶ Éμ¢Ê, ‘.‚.Œ¨Ì °²μ¢Ê, ƒ. � ·¥´É¥ ¨ „. ‚.˜¨·-
±μ¢Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ±·¨É¨Î¥¸±¨¥ § ³¥Î ´¨Ö.
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