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ƒμ¸Ê¤ ·¸É¢¥´´Ò° ´ ÊÎ´Ò° Í¥´É· �” ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°,

�·μÉ¢¨´μ, �μ¸¸¨Ö

�·¥¤¸É ¢²¥´  ´ ²¨§ ¶·μÍ¥¸¸  ³´μ¦¥¸É¢¥´´μ£μ ·μ¦¤¥´¨Ö  ¤·μ´μ¢, ¨´¤ÊÍ¨·μ¢ ´´μ£μ ÉÖ¦¥-
²Ò³¨ ¶¥·¢¨Î´Ò³¨ ±¢ ·± ³¨ ¢ e+e−- ´´¨£¨²ÖÍ¨¨, ¸ ÊÎ¥Éμ³ ´ ¨¡μ²¥¥ ¶μ²´ÒÌ ¨ ¸±μ··¥±É¨·μ-
¢ ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¤ ´Ò ´μ¢Ò¥ É¥μ·¥É¨Î¥¸±¨¥
μÍ¥´±¨ ´   ¸¨³¶ÉμÉ¨Î¥¸±¨ ¶μ¸ÉμÖ´´Ò¥ · §´μ¸É¨ ³´μ¦¥¸É¢¥´´μ¸É¥° ¢ ¶·μÍ¥¸¸ Ì c ²¥£±¨³¨ ¨
ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨.

In this paper we present the analysis of the multiple hadron production induced by the primary
heavy quarks in e+e− annihilation with the account of most complete and corrected experimental data.
In the framework of perturbative QCD, the new theoretical bounds on the asymptotically constant
differences of the multiplicities in processes with light and heavy quarks are given.

PACS: 13.66.Bc, 14.65.Dw, 14.65.Fy, 12.38.Bx

‚‚…„…�ˆ…

Š ± ¨§¢¥¸É´μ Ê¦¥ ¢ ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨, ¨§²ÊÎ¥´¨¥ § ·Ö¦¥´´Ò³¨ Î ¸É¨-
Í ³¨ É¥³ ³¥´ÓÏ¥, Î¥³ ¡μ²ÓÏ¥ ¨Ì ³ ¸¸ . ‚ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö, ¢ Î ¸É´μ¸É¨
¢ Š•„, ÔÉμ ¶·¨¢μ¤¨É ± ·Ö¤Ê Ö·±¨Ì ÔËË¥±Éμ¢, μ¡Ê¸²μ¢²¥´´ÒÌ ÉÖ¦¥²Ò³¨ ±¢ ·-
± ³¨, ´ ¶·¨³¥·, ± ÔËË¥±ÉÊ ²¨¤¨·μ¢ ´¨Ö ³¥§μ´μ¢, ¸μ¤¥·¦ Ð¨Ì c- ¨ b-±¢ ·±¨ ¢
e+e−- ´´¨£¨²ÖÍ¨¨ [1]. …¸²¨ ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉμ ®¨§²ÊÎ¥´¨¥¯ ¢ ¸²ÊÎ ¥ Š•„ ¥¸ÉÓ
¨§²ÊÎ¥´¨¥ £²Õμ´μ¢, ¢¶μ¸²¥¤¸É¢¨¨ ®³ É¥·¨ ²¨§ÊÕÐ¨Ì¸Ö¯ ¢ ¢¨¤¥ ´ ¡²Õ¤ ¥³ÒÌ
 ¤·μ´μ¢, Éμ ¥¸É¥¸É¢¥´´μ μ¦¨¤ ÉÓ, ÎÉμ ¢ ¸μ¡ÒÉ¨ÖÌ, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ÉÖ¦¥²Ò³¨
±¢ ·± ³¨, ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ (§  ¢ÒÎ¥Éμ³ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  ²¨¤¨·Ê-
ÕÐ¨Ì ±¢ ·±μ¢) ¡Ê¤¥É ³¥´ÓÏ¥, Î¥³ ¢  ´ ²μ£¨Î´ÒÌ ¸μ¡ÒÉ¨ÖÌ, § ¶ÊÐ¥´´ÒÌ ²¥£-
±¨³¨ ±¢ ·± ³¨. ‘Éμ²Ó ¦¥ ¥¸É¥¸É¢¥´´Ò³ ³μ£²μ ¡Ò ¶μ± § ÉÓ¸Ö μ¦¨¤ ´¨¥, ÎÉμ
¶·¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ · §´¨Í  ³¥¦¤Ê ÔÉ¨³¨ ³´μ¦¥¸É¢¥´´μ¸ÉÖ³¨
¨²¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸¥Î¥´¨Ö³¨ ¤μ²¦´  ¨¸Î¥§ ÉÓ.

�¤´ ±μ ÔÉμ ´¥ ¢¸¥£¤  É ±. � ¶·¨³¥·, ¤ ¦¥ ¢ Š�„ · §´μ¸ÉÓ ¸¥Î¥´¨° ·μ¦¤¥-
´¨Ö · §²¨Î ÕÐ¨Ì¸Ö ¶μ ³ ¸¸¥ Ë¥·³¨μ´´ÒÌ ¶ · ¤¢Ê³Ö ËμÉμ´ ³¨ (Ê³´μ¦¥´´ Ö
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´  ±¢ ¤· É Ô´¥·£¨¨ ¢ ¸. Í. ³. ËμÉμ´μ¢) ´¥ ¨¸Î¥§ ¥É ¸ ·μ¸Éμ³ Ô´¥·£¨¨,   ¸É·¥-
³¨É¸Ö ± ´¥±μÉμ·μ° ¶μ¸ÉμÖ´´μ°, § ¢¨¸ÖÐ¥° μÉ ³ ¸¸ ±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢ [2].
ˆ§³¥·¥´¨Ö ³´μ¦¥¸É¢¥´´μ¸É¥°  ¤·μ´μ¢ ¢ e+e−- ´´¨£¨²ÖÍ¨¨,  ¸¸μÍ¨¨·μ¢ ´-
´ÒÌ ¸ ¶¥·¢¨Î´Ò³¨ ±¢ ·± ³¨ μ¶·¥¤¥²¥´´ÒÌ  ·μ³ Éμ¢ (´  ¶· ±É¨±¥ ²¥£±¨¥ u-,
d- ¨ s-±¢ ·±¨ ¸Î¨É ÕÉ¸Ö ¡¥§³ ¸¸μ¢Ò³¨), ¶·μ¢μ¤¨²¨¸Ó ´  ²¥¶Éμ´´ÒÌ Ê¸±μ·¨-
É¥²ÖÌ ¸ Ô´¥·£¨¥° 29 ƒÔ‚ ¨ ¢ÒÏ¥, ¢ Éμ³ Î¨¸²¥ ´  ±μ²² °¤¥· Ì SLC, KEK,
LEPI ¨ LEPII.

‚¢¨¤Ê ¡μ²ÓÏμ£μ ¨´É¥·¥¸ , ±μÉμ·Ò° ¢Ò§¢ ²¨ ÔÉ¨ Ô±¸¶¥·¨³¥´ÉÒ (¸³. ´¨¦¥),
¨ ´ ²¨Î¨Ö ±μ´±Ê·¨·ÊÕÐ¨Ì É¥μ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ´¥É ´¨± ±μ£μ ¸μ³´¥-
´¨Ö, ÎÉμ ¶μ¤μ¡´Ò¥ ¨§³¥·¥´¨Ö ¡Ê¤ÊÉ ¶·μ¢μ¤¨ÉÓ¸Ö ¨ ´  ¡Ê¤ÊÐ¨Ì ²¨´¥°´ÒÌ
±μ²² °¤¥· Ì É¨¶  CLIC ¨²¨ ILC [3]. ‚¶¥·¢Ò¥ ¶·μ¸²¥¤¨ÉÓ §  É ±μ£μ ·μ¤  ÔË-
Ë¥±É ³¨ § ¢¨¸¨³μ¸É¨ μÉ ³ ¸¸ ¶μ¶ÒÉ ²¨¸Ó ¢ · ³± Ì É ± ´ §Ò¢ ¥³μ° ´ ¨¢´μ°
³μ¤¥²¨, ¸ÊÉÓ ±μÉμ·μ° ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶·¨´¨³ ¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò° ³¥Ì -
´¨§³ ³´μ¦¥¸É¢¥´´μ£μ ·μ¦¤¥´¨Ö  ¤·μ´μ¢ ¨§ ´¥±μ£μ £²Õμ´´μ£μ ±μ´£²μ³¥· É ,
´¥ ÎÊ¢¸É¢ÊÕÐ¥£μ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢,   ¢¸Ö · §´¨Í  ³¥¦¤Ê ¶·μÍ¥¸¸ ³¨, § -
¶Ê¸± ¥³Ò³¨ · §²¨Î´Ò³¨ ±¢ ·±- ´É¨±¢ ·±μ¢Ò³¨ ¶ · ³¨, ¢μ§´¨± ¥É ¡² £μ¤ ·Ö
· §²¨Î¨Õ ¢ ÔËË¥±É¨¢´μ° Ô´¥·£¨¨, ¤μ¸ÉÊ¶´μ° ¤²Ö ·μ¦¤¥´¨Ö  ¤·μ´μ¢. �·¨ ´¥
μÎ¥´Ó ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ÔÉ  ³μ¤¥²Ó ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨, ´μ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ®¶·μ¢ ²¨¢ ¥É¸Ö¯ ¸ÊÐ¥¸É¢¥´´μ ´¨¦¥
¤ ´´ÒÌ ¶μ · §´μ¸ÉÖ³ ³´μ¦¥¸É¢¥´´μ¸É¥°.

�μ§¦¥ ¡Ò² ¶·¨´ÖÉ ¤·Ê£μ° ¶μ¤Ìμ¤, ¡μ²¥¥ ´¥¶μ¸·¥¤¸É¢¥´´μ  ¶¥²²¨·ÊÕÐ¨°
± ¢ÒÎ¨¸²¨É¥²Ó´μ³Ê ·¥±¢¨§¨ÉÊ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„. �¤´ ±μ ´  ÔÉμÉ · § ¶μ-
²ÊÎ¥´´Ò¥ μÍ¥´±¨ Ï²¨ ¸ÊÐ¥¸É¢¥´´μ ¢ÒÏ¥ ¤ ´´ÒÌ. �·¨ ÔÉμ³ ¨³¥²μ¸Ó Ö¢´μ¥
Ê± § ´¨¥ ´   ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶μ¸ÉμÖ´¸É¢μ · §´μ¸É¥° ³´μ¦¥¸É¢¥´´μ¸É¥° μÉ
ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ±¢ ·±μ¢. �¥±μÉμ·μ¥ ¢·¥³Ö ¸¶Ê¸ÉÖ É  ¦¥ ¢¥²¨Î¨´  Å · §-
´μ¸ÉÓ ³´μ¦¥¸É¢¥´´μ¸É¥° ¢ ¸μ¡ÒÉ¨ÖÌ ¸ ²¥£±¨³¨ ¨ ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ Å ¡Ò² 
¢ÒÎ¨¸²¥´  ¡μ²¥¥ ÉμÎ´μ. �¥§Ê²ÓÉ É μ± § ²¸Ö ¶μ· §¨É¥²Ó´μ ¡²¨§±¨³ ± Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³ ¤ ´´Ò³.

Š ± Ê¦¥ ¡Ò²μ ¸± § ´μ, ®´ ¨¢´ Ö ³μ¤¥²Ó¯ [4, 5] ¡Ò²  ¶¥·¢μ° ¶μ¶ÒÉ±μ°
ÊÎ¥¸ÉÓ  ¤·μ´Ò, ·μ¦¤ ÕÐ¨¥¸Ö ¢ ¤μ¡ ¢²¥´¨¥ ± ¶·μ¤Ê±É ³ · ¸¶ ¤  ÉÖ¦¥²μ°
±¢ ·±- ´É¨±¢ ·±μ¢μ° ¶ ·Ò ¢ e+e−- ´´¨£¨²ÖÍ¨¨,   ¶μ§¦¥ μÉ³¥Î ²μ¸Ó [6], ÎÉμ
· §´μ¸ÉÓ ³¥¦¤Ê ³´μ¦¥¸É¢¥´´μ¸ÉÖ³¨ ¢ ¸μ¡ÒÉ¨ÖÌ, ¨´¨Í¨¨·μ¢ ´´ÒÌ ÉÖ¦¥²Ò³¨
(Q = c, b) ¨ ²¥£±¨³¨ (l = u, d, s) ±¢ ·± ³¨,

δQl = NQQ̄(Q2) − Nll̄(Q
2), (1)

¸ ·μ¸Éμ³ Ô´¥·£¨¨ Q =
√

q2 ¸É·¥³¨É¸Ö ± ´¥´Ê²¥¢μ° ¶μ¸ÉμÖ´´μ°:

δQl → δMLLA
Ql = 2nQ − Nll̄(m

2
Qe). (2)

‚ÒÏ¥ ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨³¥ÕÉ¸Ö ¢ ¢¨¤Ê ¸·¥¤´¨¥ ³´μ¦¥¸É¢¥´´μ¸É¨ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í,   ®e¯ Å μ¸´μ¢ ´¨¥ ´ ÉÊ· ²Ó´ÒÌ ²μ£ ·¨Ë³μ¢ (ln e = 1).
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‘· ¢´¥´¨¥ ¸ ¤ ´´Ò³¨ ¶μ± § ²μ, ÎÉμ ®´ ¨¢´ Ö ³μ¤¥²Ó¯ μ¶¨¸Ò¢ ¥É ¤ ´-
´Ò¥ ¶μ δbl ¢¶²μÉÓ ¤μ Q = 58 ƒÔ‚ [4, 7Ä9], ´μ ¨¤¥É ´¨¦¥ ¤ ´´ÒÌ ¸ LEP
¨ SLC [10Ä12]. —Éμ ¦¥ ¤μ Ëμ·³Ê²Ò, ¶μ²ÊÎ¥´´μ° ´  μ¸´μ¢¥ É ± ´ §Ò¢ ¥-
³μ£μ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ £² ¢´μ£μ ²μ£ ·¨Ë³¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö (Œƒ‹�,
¶μ- ´£²¨°¸±¨ MLLA) (2), Éμ μ´μ ¸ÊÐ¥¸É¢¥´´μ ¶·¥¢ÒÏ ²μ ± ± ´¨§±μ-, É ± ¨
¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨¥ ¤ ´´Ò¥ ¶μ δbl.

„¥É ²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ÔÉμ° ¢¥²¨Î¨´Ò ´  ¡ §¥ Š•„ ¡Ò²¨ ¶·μ¤¥² ´Ò
¢ [13]. ‚Ò· ¦¥´¨¥ ¤²Ö δQl ¨§ [13] μ± § ²μ¸Ó ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¨§³¥·¥´¨Ö³¨  ¸¸μÍ¨¨·μ¢ ´´μ° ³´μ¦¥¸É¢¥´´μ¸É¨  ¤·μ´μ¢
¢ e+e−- ´´¨£¨²ÖÍ¨¨ (¸³., ´ ¶·¨³¥·, [14,15]).

Š ± ¡Ê¤¥É ¢¨¤´μ ´¨¦¥, §´ ´¨¥ ³´μ¦¥¸É¢¥´´μ¸É¨ Éμ²Ó±μ ²¥£±¨Ì  ¤·μ´μ¢
¶μ ¸ÊÐ¥¸É¢Ê Ê¦¥ ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ δQl. �¥¤ ¢´μ ¡Ò²¨ μ¡´ ·μ¤μ¢ ´Ò ¤ ´-
´Ò¥ ¶μ ¸·¥¤´¥° ³´μ¦¥¸É¢¥´´μ¸É¨ § ·Ö¦¥´´ÒÌ  ¤·μ´μ¢ ¢ ll̄-¸μ¡ÒÉ¨ÖÌ ¶·¨ · §-
²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¸ ¶μ¶· ¢± ³¨ ´  ¢²¨Ö´¨¥ ¤¥É¥±Éμ·  ¨ ¨§²ÊÎ¥´¨¥ ¨§ ´ Î ²Ó-
´μ£μ ¸μ¸ÉμÖ´¨Ö [16]. ‚ · ¡μÉ¥ [16] ³μ¦´μ É ±¦¥ ´ °É¨ ¸±μ··¥±É¨·μ¢ ´´Ò¥
· §´μ¸É¨ ³´μ¦¥¸É¢¥´´μ¸É¥°, Ê¸·¥¤´¥´´Ò¥ ¶μ ¢¸¥³ μ¶Ê¡²¨±μ¢ ´´Ò³ ·¥§Ê²Ó-
É É ³:

δexp
bl = 3,12 ± 0,14, (3)

δexp
cl = 1,0 ± 0,4. (4)

‚¢¨¤Ê ¶μÖ¢²¥´¨Ö ÔÉ¨Ì ¸±μ··¥±É¨·μ¢ ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¢μ§´¨±²  ¥¸É¥¸É¢¥´´ Ö ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¶¥·¥¸³μÉ·¥ÉÓ ¨ ´ Ï¨ ¶·¥¤¸± § ´¨Ö ¤²Ö
δbl ¸ ÊÎ¥Éμ³ ¤ ´´ÒÌ ¶μ ³´μ¦¥¸É¢¥´´μ¸É¨ Nll̄(Q2) ¢ ¸μ¡ÒÉ¨ÖÌ ¸ ²¥£±¨³¨ ±¢ ·-
± ³¨.

‚ · §¤. 1 ¤ ´Ò μ¶·¥¤¥²¥´¨Ö ¢¸¥Ì ¨¸¶μ²Ó§Ê¥³ÒÌ ¢¥²¨Î¨´, ÎÉμ, ± ¸μ¦ ²¥-
´¨Õ, ´¥ ¢¸¥£¤  ³μ¦´μ ´ °É¨ ¢ ·Ö¤¥ ¢ ¦´ÒÌ · ¡μÉ. ‚Ò¢¥¤¥´   ´ ²¨É¨Î¥¸± Ö
Ëμ·³Ê²  ¤²Ö  ¤·μ´´μ° ³´μ¦¥¸É¢¥´´μ¸É¨ ¢ e+e−- ´´¨£¨²ÖÍ¨¨. ‚ · §¤. 2 ´ 
μ¸´μ¢¥ Š•„ ¶μ²ÊÎ¥´μ ¢Ò· ¦¥´¨¥ ¤²Ö · §´μ¸É¨ ³´μ¦¥¸É¢¥´´μ¸É¥°. ‚ · §¤. 3
¢ÒÎ¨¸²¥´Ò ¢¥·Ì´ÖÖ ¨ ´¨¦´ÖÖ £· ´¨ÍÒ ¤²Ö δbl. ‚ ¶·¨²μ¦¥´¨¨ A ¤ ´ ¤¥É ²Ó-
´Ò° ¢Ò¢μ¤ Ô¢μ²ÕÍ¨μ´´μ£μ Ê· ¢´¥´¨Ö ¤²Ö ³´μ¦¥¸É¢¥´´μ¸É¨ ¢ £²Õμ´´μ° ¸É·Ê¥.
‚ ¶·¨²μ¦¥´¨¨ 	 μ¡¸Ê¦¤¥´  ¸¢Ö§Ó ³¥¦¤Ê ´ Ï¨³ ¶μ¤Ìμ¤μ³ ¨ ¸Ì¥³μ°, ¢ ±μÉμ·μ°
¨¸¶μ²Ó§ÊÕÉ¸Ö ËÊ´±Í¨¨ · ¸¶ ¤  �²ÓÉ ·¥²²¨Ä� ·¨§¨. �·μ¡²¥³Ò, ¸¢Ö§ ´´Ò¥ ¸
μ¡¥¸¶¥Î¥´¨¥³ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨, ¢μ§´¨± ÕÐ¨¥ ¶·¨ ¶·¨¡²¨¦¥´-
´ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ ®²¥£±μ° ³´μ¦¥¸É¢¥´´μ¸É¨¯ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, · ¸¸³μ-
É·¥´Ò ¢ ¶·¨²μ¦¥´¨¨ ‚.

1. Œ��†…‘’‚…���‘’ˆ �„����‚ ‚ e+e−-���ˆƒˆ‹Ÿ–ˆˆ

‘·¥¤´ÖÖ ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ qq̄-¸μ¡ÒÉ¨¨ ¢ ¶·μÍ¥¸¸¥ e+e−- ´´¨£¨-
²ÖÍ¨¨ ¨³¥¥É ¢¨¤

Nh
qq̄(Q

2) = 2nq +
∫

d4k

(2π)4
Πab

μν(q, k) dμα
aa′(k) d νβ

bb′ (k)na′b′

αβ (k), (5)



Œ��†…‘’‚…���… ��†„…�ˆ… �„����‚ ‚ ���–…‘‘… e+e−-���ˆƒˆ‹Ÿ–ˆˆ 1545

�¨¸. 1. „¨ £· ³³ , ¤ ÕÐ Ö ¨´±²Õ§¨¢´Ò° ¸¶¥±É·  ¤·μ-
´μ¢ ¸ 4-¨³¶Ê²Ó¸μ³ h (¸¶²μÏ´Ò¥ ²¨´¨¨) ¢ £²Õμ´´μ°
¸É·Ê¥ ¸ ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2 (¸¶¨· ²Ó´Ò¥ ²¨´¨¨)

£¤¥ dμν
ab (k) Å ¶·μ¶ £ Éμ· £²Õμ´  ¸ ¨³¶Ê²Ó¸μ³ k. ‡¤¥¸Ó ¨ ´¨¦¥ a, b ¨ a′, b′ Å

Í¢¥Éμ¢Ò¥ ¨´¤¥±¸Ò.
ˆ´¤¥±¸ q μ¡μ§´ Î ¥É É¨¶ ¶¥·¢¨Î´ÒÌ ±¢ ·±μ¢, ¨ ¢ ¤ ²Ó´¥°Ï¥³ q = Q (ÉÖ-

¦¥²Ò° ±¢ ·±) μÉ´μ¸¨É¸Ö ± μÎ ·μ¢ ´´μ³Ê ¨²¨ ¡ÓÕÉ¨-±¢ ·± ³, Éμ£¤  ± ± q = l
(²¥£±¨° ±¢ ·±) μ¡μ§´ Î ¥É ¶ ·Ò u-, d- ¨²¨ s-±¢ ·±μ¢, ±μÉμ·Ò¥ ¶·¨´ÖÉμ ¸Î¨É ÉÓ
¢ ¤ ´´μ³ ±μ´É¥±¸É¥ ¡¥§³ ¸¸μ¢Ò³¨. ‚ Î ¸É´μ¸É¨, Nll̄(Q2) μ¡μ§´ Î ¥É ³´μ¦¥-
¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ ¸μ¡ÒÉ¨ÖÌ ¸ ²¥£±¨³¨ ±¢ ·± ³¨, Éμ£¤  ± ± NQQ̄(Q2) Å
ÔÉμ ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ ¸μ¡ÒÉ¨ÖÌ, ±μ£¤  ¶·μÍ¥¸¸ § ¶Ê¸± ¥É¸Ö ÉÖ¦¥-
²Ò³¨ ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³ É¨¶  Q.

�¥·¢Ò° Î²¥´ ¢ ¶· ¢μ° Î ¸É¨ Ê· ¢´¥´¨Ö (5), 2nq, Å ÔÉμ ³´μ¦¥¸É¢¥´-
´μ¸ÉÓ μÉ Ë· £³¥´É Í¨¨ ²¨¤¨·ÊÕÐ¥£μ ±¢ ·±  ( ´É¨±¢ ·± ). �´  ¨§¢²¥± ¥É¸Ö
¨§ ¤ ´´ÒÌ (2nc = 5,2, 2nb = 11,0 [6] ¨ 2nl = 2,4 [14]). ‚¥²¨Î¨´  na′b′

αβ (k) ¢
¶μ¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨ (5) ¤ ¥É¸Ö ¤¨ £· ³³μ° ´  ·¨¸. 1, ¶·¨Î¥³ ¶·¥¤¶μ-
² £ ¥É¸Ö ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¨³¶Ê²Ó¸ ³ ¤¥É¥±É¨·Ê¥³μ£μ  ¤·μ´  ¨ Ê¸·¥¤´¥´¨¥
¶μ ¥£μ ¶μ²Ö·¨§ Í¨Ö³. �É  ¤¨ £· ³³  μÉ¢¥Î ¥É ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

na′b′

αβ (k) =
∫

d3h

(2π)32h0

∫∫∫
d4xd4y d4z eikx−ih(y−z)×

×〈0|
(
TIa′

α (x)J+
h (y)

)(
TIb′

β (0)Jh(z)
)
|0〉 = −i

∫∫∫
d4xd4y d4z eikxD−

h (y−z)×

× 〈0|
(
TIa′

α (x)J+
h (y)

)(
TIb′

β (0)Jh(z)
)
|0〉. (6)

‡¤¥¸Ó Jh(x) Å ¨¸ÉμÎ´¨±  ¤·μ´μ¢ h (¸¶¨´μ¢Ò¥ ¨´¤¥±¸Ò μ¶ÊÐ¥´Ò),   Ia
α(x) Å

£²Õμ´´Ò° (Í¢¥Éμ¢μ°) Éμ± [17],

Ia
μ(x) = i

δS

δAμ
a(x)

S∗, (7)
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£¤¥ Aμ
a(x) μ¡μ§´ Î ¥É £²Õμ´´μ¥ ¶μ²¥. D−

h (x) ¥¸ÉÓ ËÊ´±Í¨Ö � Ê²¨Ä‰μ·¤ -
´  [17]:

D−
h (x) = i 〈0|h(x)h(0)|0〉, (8)

£¤¥ h(x) Å  ¸¨³¶ÉμÉ¨Î¥¸±μ¥  ¤·μ´´μ¥ ¶μ²¥∗.
’ ± ± ± kαIa

α(x) = 0,    ¤·μ´Ò ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¡¥¸Í¢¥É´Ò, ¶μ²Ê-
Î ¥³

na′b′

αβ (k) =
(
−gαβ k2 + kαkβ

)
δa′b′ng(k2), (9)

£¤¥ ng(k2) μ¶¨¸Ò¢ ¥É ¸·¥¤´ÕÕ ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ £²Õμ´´μ° ¸É·Ê¥ ¸
¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2. �´ , ±μ´¥Î´μ ¦¥, ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´  ¨ § ¢¨¸¨É
Éμ²Ó±μ μÉ k2.

�μ²¥§´μ ¢¢¥¸É¨ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¢ £²Õμ´´μ° ¸É·Ê¥, ¢¨·ÉÊ ²Ó´μ¸ÉÓ ±μ-
Éμ·μ° p2 ¨§³¥´Ö¥É¸Ö ¢¶²μÉÓ ¤μ k2:

Ng(k2, Q2
0) =

k2∫
Q2

0

dp2

p2
ng(p2). (10)

‚¥¸Ó³  Î ¸Éμ ¢¥²¨Î¨´Ê Ng(k2) μÏ¨¡μÎ´μ ´ §Ò¢ ÕÉ ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ ¢ £²Õ-
μ´´μ° ¸É·Ê¥ ¸ Ë¨±¸¨·μ¢ ´´μ° ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2. �μ¸²¥¤´¥¥ μÉ´μ¸¨É¸Ö ²¨ÏÓ
± ¢¥²¨Î¨´¥ ng(k2).

‚ (10) ¢¢¥¤¥´μ ¨´Ë· ±· ¸´μ¥ μ¡·¥§ ´¨¥ Q0, ±μÉμ·μ¥ μÉ¤¥²Ö¥É ¶¥·ÉÊ·¡ -
É¨¢´ÊÕ μ¡² ¸ÉÓ μÉ ´¥¶¥·ÉÊ·¡ É¨¢´μ°. ŒÒ ¨¸¶μ²Ó§Ê¥³ ®Ê¸²μ¢´μ-¸É ´¤ ·É´μ¥¯
§´ Î¥´¨¥ Q0 = 1 ƒÔ‚ ¤²Ö ´ Ï¨Ì Î¨¸²¥´´ÒÌ μÍ¥´μ± (¸³. · §¤. 3).

‚¥²¨Î¨´  ng(k2) ´¥ ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´  ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �¡ÒÎ-
´μ ¸Î¨É ¥É¸Ö, ÎÉμ ¸·¥¤´ÖÖ ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¶·μ¶μ·Í¨μ´ ²Ó´ 
ng(k2, Q2

0), É. ¥. ¸·¥¤´¥° ³´μ¦¥¸É¢¥´´μ¸É¨ ¶ ·Éμ´μ¢ (¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨)
¸ ®³ ¸¸μ°¯ Q0 (É ± ´ §Ò¢ ¥³ Ö ²μ± ²Ó´ Ö ¶ ·Éμ´- ¤·μ´´ Ö ¤Ê ²Ó´μ¸ÉÓ):

ng(k2) = ng(k2, Q2
0)K(Q2

0), (11)

£¤¥ K(Q2
0) Å Ë¥´μ³¥´μ²μ£¨Î¥¸±¨°, ´¥ § ¢¨¸ÖÐ¨° μÉ Ô´¥·£¨¨, Ë ±Éμ·. �¢μ-

²ÕÍ¨μ´´Ò¥ Ê· ¢´¥´¨Ö Š•„ ± ± ¤²Ö ng(k2, Q2
0), É ± ¨ ¤²Ö Ng(k2, Q2

0) ¢Ò¢¥-
¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨ A. �μ¤Î¥·±´¥³, μ¤´ ±μ, ÎÉμ £² ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤ ´´μ°
· ¡μÉÒ (¸³. · §¤. 2, 3) ´¥ § ¢¨¸ÖÉ μÉ Ö¢´μ£μ ¢¨¤  ËÊ´±Í¨¨ ng(k2).

‚ Ê· ¢´¥´¨¨ (5) ¶¥·¢Ò° ¸μ³´μ¦¨É¥²Ó ¶μ¤Ò´É¥£· ²Ó´μ£μ Ê· ¢´¥´¨Ö ¥¸ÉÓ

Πab
μν(q, k) = (−gρσ)Πab

ρσ;μν(q, k), (12)

∗„²Ö  ¤·μ´μ¢ ¸ ¶μ²ÊÍ¥²Ò³ ¸¶¨´μ³ D−
h (x) § ³¥´Ö¥É¸Ö ´  S−

h (x) = (i∂̂ + mh)D−
h (x).
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�¨¸. 2. ˆ´±²Õ§¨¢´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ ¸-
¸¨¢´μ° (¸ ¡μ²ÓÏμ° ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ) £²Õ-
μ´´μ° ¸É·Ê¨ (¸¶¨· ²Ó´ Ö ²¨´¨Ö) ¸ ¢¨·ÉÊ-
 ²Ó´μ¸ÉÓÕ k2. ‚μ²´¨¸É Ö ²¨´¨Ö Å ¢¨·ÉÊ-
 ²Ó´Ò° ËμÉμ´ ¸ 4-¨³¶Ê²Ó¸μ³ q. �·Ö³Ò¥
²¨´¨¨ μÉ¢¥Î ÕÉ ²¥£±¨³ ±¢ ·± ³. � §·¥-
§ ´´Ò¥ ²¨´¨¨ μÉ¢¥Î ÕÉ ±¢ ·± ³ ´  ³ ¸-
¸μ¢μ° μ¡μ²μÎ±¥

�¨¸. 3. ˆ´É¥·Ë¥·¥´Í¨μ´´Ò¥ ¤¨ £· ³³Ò,
±μÉμ·Ò¥ É ±¦¥ ¤ ÕÉ ¢±² ¤ ¢ ¨´±²Õ§¨¢-
´μ¥ · ¸¶·¥¤¥²¥´¨¥ £²Õμ´´ÒÌ ¸É·Ê°

£¤¥ Πab
ρσ;μν(q, k) Å ¤¢ÊÌ£²Õμ´´μ-´¥¶·¨¢μ¤¨³ Ö Î ¸ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸± Î± 

±μ··¥²ÖÍ¨μ´´μ° ¶·¨Î¨´´μ° ËÊ´±Í¨¨ Î¥ÉÒ·¥Ì Éμ±μ¢∗

Πab
ρσ;μν(q, k) =

∫∫∫
d4xd4y d4z eiqx−ik(y−z)×

× 〈0|
(
TJem

ρ (x)Ia
μ(y)

)(
TJem

σ (0)Ib
ν(z)

)
|0〉. (13)

‡¤¥¸Ó Jem
ρ (x) Å Ô²¥±É·μ³ £´¨É´Ò° Éμ±. –¢¥Éμ¢μ° Éμ± Ia

μ(x) ¡Ò² μ¶·¥¤¥²¥´
¢ÒÏ¥ (7).

‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ ±μ´¸É ´É¥ ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Πab
μν(q, k) ¤ -

¥É¸Ö ¤¢Ê³Ö ¤¨ £· ³³ ³¨ ´  ·¨¸. 2 ¨ 3, ´μ·³¨·μ¢ ´´Ò³¨ ´  ¶μ²´μ¥ ¸¥Î¥´¨¥
¶·μÍ¥¸¸  e+e− ¢  ¤·μ´Ò. �É  ¢¥²¨Î¨´  ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ :

kμΠab
μν(q, k) = 0. (14)

�¶·¥¤¥²¨³

CF
αs(k2)
πk2

E(Q2, k2) =
1

(2π)3Q2

(
− k2 ∂

∂k2

)∫
d(qk)

√
(qk)2 − Q2k2×

× (−gμν)δabΠab
μν(Q2, k2, qk), (15)

∗‡ ³¥É¨³, ÎÉμ Πab
ρσ;μν ¶·μ¶μ·Í¨μ´ ²Ó´μ δab.
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£¤¥ CF = (N2
c − 1)/2Nc,   Nc = 3 Å Î¨¸²μ Í¢¥Éμ¢. ’μ£¤  ¸·¥¤´ÖÖ ³´μ¦¥-

¸É¢¥´´μ¸ÉÓ ¢ e+e−- ´´¨£¨²ÖÍ¨¨ (5) ¨³¥¥É ¢¨¤

Nh
qq̄(Q

2, Q2
0) = 2nq + CF

Q2∫
Q2

0

dk2

k2

αs(k2)
π

E(Q2, k2)Ng(k2). (16)

—²¥´ E(Q2, k2) ¥¸ÉÓ ¨´±²Õ§¨¢´Ò° ¸¶¥±É· £²Õμ´´μ° ¸É·Ê¨ ¸ ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ
¢¶²μÉÓ ¤μ k2, ¨¸¶ÊÐ¥´´μ° ¶¥·¢¨Î´Ò³ ±¢ ·±μ³∗.

„²Ö ¸²ÊÎ Ö ²¥£±¨Ì ±¢ ·±μ¢ Ö¢´Ò° ¢¨¤ E(Q2, k2) ¡Ò² ¶μ²ÊÎ¥´ ¢ · ¡μÉ¥ [13].
‚ É¥·³¨´ Ì ¶¥·¥³¥´´μ°

σ =
k2

Q2
(17)

¨³¥¥³

E(σ) = (1 + 2σ + 2σ2) ln
1
σ
− 3 + 7σ

2
(1 − σ) − σ(1 + σ)

(
ln

1
σ

)2

+

+ 4σ(1 + σ)I(σ), (18)

£¤¥

I(σ) =
π2

4
− Li2(1 + σ), (19)

¨ Li2(z) ¥¸ÉÓ ¤¨²μ£ ·¨Ë³ �°²¥· .
‚¢¥¤¥³ ´μ¢Ò¥ ¶¥·¥³¥´´Ò¥

η = ln
Q2

k2
(20)

¨

Y = ln
Q2

Q2
0

, (21)

  É ±¦¥ μ¡μ§´ Î¥´¨¥

N̂g(k2) = CF
αs(k2)

π
Ng(k2). (22)

∗‚ [13] ¶μ¤·μ¡´μ μ¡ÑÖ¸´¥´μ, ÎÉμ É ±μ° ³¥Ì ´¨§³ ´¥ Ö¢²Ö¥É¸Ö ²¨ÏÓ ÊÎ¥Éμ³ μ¤´μ£μ-
¥¤¨´¸É¢¥´´μ£μ ± ¸± ¤¨·ÊÕÐ¥£μ £²Õμ´ , ± ± ± ¦¥É¸Ö ´¥±μÉμ·Ò³  ¢Éμ· ³ [16]. ’μ, ÎÉμ E
¥¸ÉÓ ´  ¸ ³μ³ ¤¥²¥ ¨´±²Õ§¨¢´Ò° ¸¶¥±É· £²Õμ´´ÒÌ ¸É·Ê°, ¢¨¤´μ, ¢ Î ¸É´μ¸É¨, ¨§ Éμ£μ, ÎÉμ∫

(dk2/k2) E(Q2, k2) > 1 ¨ Ö¢²Ö¥É¸Ö ¶μ ¸ÊÐ¥¸É¢Ê ¸·¥¤´¨³ Î¨¸²μ³ £²Õμ´´ÒÌ ¸É·Ê°.
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’μ£¤  (16) ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´μ ± ±

Nqq̄(Y ) = 2 nq +

Y∫
0

dη N̂g(Y − η)E(η) = 2 nq + Nq(Y ). (23)

”¨§¨Î¥¸±¨° ¸³Ò¸² ËÊ´±Í¨¨

Nq(Y ) =

Y∫
0

dη N̂g(Y − η)E(η) (24)

�¨¸. 4. ”Ê´±Í¨Ö E(η)

¢ (23) ¸²¥¤ÊÕÐ¨°. �´  μ¶¨¸Ò¢ ¥É ¸·¥¤-
´¥¥ Î¨¸²μ  ¤·μ´μ¢, ·μ¦¤ ¥³ÒÌ ¢¨·ÉÊ-
 ²Ó´Ò³¨ £²Õμ´´Ò³¨ ¸É·ÊÖ³¨, ¨¸¶ÊÐ¥´-
´Ò³¨ ¶¥·¢¨Î´Ò³¨ ( ´É¨)±¢ ·± ³¨ É¨¶ 
q. ˆ´ Î¥ £μ¢μ·Ö, ÔÉμ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¢
qq̄-¸μ¡ÒÉ¨¨ §  ¨¸±²ÕÎ¥´¨¥³ ³´μ¦¥¸É¢¥´-
´μ¸É¨ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  ÔÉ¨Ì ±¢ ·±μ¢
´  ±μ´¥Î´μ° ¸É ¤¨¨  ¤·μ´¨§ Í¨¨ (¶¥·¢Ò°
Î²¥´ ¢ (23)).

”Ê´±Í¨Ö E(η) ¨§μ¡· ¦¥´  ´  ·¨¸. 4.
�´  ¨³¥¥É  ¸¨³¶ÉμÉ¨±Ê

E(η)|η→∞ = Easym(η) = η − 3
2
. (25)

�·μ¨§¢μ¤´ Ö μÉ E(η) ¶μ²μ¦¨É¥²Ó´  ¤²Ö ¢¸¥Ì η, ± ± ÔÉμ ¢¨¤´μ ´  ·¨¸. 4.

ˆ§ ¸μμÉ´μÏ¥´¨Ö ∂Nqq̄(Y )/∂Y =

Y∫
0

dη N̂g(η) ∂E(Y − η)/∂Y ¸²¥¤Ê¥É, ÎÉμ  ¸-

¸μÍ¨¨·μ¢ ´´ Ö ³´μ¦¥¸É¢¥´´μ¸ÉÓ Nqq̄(Q) (23) ¥¸ÉÓ ³μ´μÉμ´´μ ¢μ§· ¸É ÕÐ Ö
ËÊ´±Í¨Ö Q ¤²Ö ²Õ¡μ° ¶μ²μ¦¨É¥²Ó´μ° ËÊ´±Í¨¨ Ng(k2).

2. ��‡��‘’ˆ Œ��†…‘’‚…���‘’…‰ ‚ Š•„

� ¸¸³μÉ·¨³ É¥¶¥·Ó · §´μ¸ÉÓ ³´μ¦¥¸É¢¥´´μ¸É¥° ¢ ¸μ¡ÒÉ¨ÖÌ, ¨´¤ÊÍ¨·μ-
¢ ´´ÒÌ ²¥£±¨³¨ ¨ ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨, δQl, ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö (1). ‚
· ¡μÉ¥ [13] ¡Ò²μ ¶μ²ÊÎ¥´μ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥:

δQCD
Ql = 2(nQ − nl) − ΔNQ(Ym). (26)

‡¤¥¸Ó ¢¢¥¤¥´Ò ´μ¢μ¥ μ¡μ§´ Î¥´¨¥

ΔNQ(Ym) = Nq − NQ =

Ym∫
−∞

dy N̂g(Ym − y)ΔEQ(y) (27)
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¨ ¶¥·¥³¥´´Ò¥

y = ln
m2

Q

k2
(28)

¨

Ym = ln
m2

Q

Q2
0

. (29)

‚ ¦´Ò° ·¥§Ê²ÓÉ É, ¶μ²ÊÎ¥´´Ò° ¢ [13], ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ËÊ´±Í¨Ö

ΔEQ = E − EQ (30)

§ ¢¨¸¨É Éμ²Ó±μ μÉ ¶¥·¥³¥´´μ°

ρ = exp (−y), (31)

´μ ´¥ μÉ Ô´¥·£¨¨ Q. Ÿ¢´Ò° ¢¨¤ ΔEQ ¸²¥¤ÊÕÐ¨°:

ΔEQ(ρ)=
(

1−3ρ +
7
2

ρ2

)
ln

1
ρ

+ρ(7ρ−20)J(ρ)+
20

ρ−4
[1−J(ρ)]+7ρ+

9
2
, (32)

£¤¥

J(ρ) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

√
ρ

ρ − 4
ln

(√
ρ +

√
ρ − 4

2

)
, ρ > 4,

1, ρ = 4,√
ρ

4 − ρ
arctan

(√
4 − ρ

ρ

)
, ρ < 4.

(33)

�μ¸±μ²Ó±Ê ΔEQ(y) ¢¥¤¥É ¸¥¡Ö  ¸¨³¶ÉμÉ¨Î¥¸±¨ ± ±

ΔEQ(y)
∣∣∣
y→−∞

� 11
3

exp (−|y|), (34)

Éμ ¨´É¥£· ² ¢ (27) ¡Ò¸É·μ ¸Ìμ¤¨É¸Ö ¶·¨ y → −∞. ”Ê´±Í¨Ö ΔEQ(y) ¨§μ¡· -
¦¥´  ´  ·¨¸. 5. � Ìμ¤¨³, ÎÉμ

ΔEQ(y)|y→∞ = ΔEasym
Q (y) = y − 1

2
. (35)

„·Ê£μ¥ ¢ ¦´μ¥ ¸μμÉ´μÏ¥´¨¥ ¢ÒÉ¥± ¥É ¨§ (25) ¨ (35):

ΔEQ(y − 1) − E(y)
∣∣∣
y→∞

� 5
2
√

e ln 2 exp (−y/2). (36)

„·Ê£¨³¨ ¸²μ¢ ³¨,
ΔEQ(y) � E(y + 1) (37)

¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ y.
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�¨¸. 5. ”Ê´±Í¨Ö ΔEQ(y) �¨¸. 6. � §´μ¸ÉÓ ΔEQ(y−1)−E(y) ± ± ËÊ´±Í¨Ö
¶¥·¥³¥´´μ° y

…¸²¨ ¶μ²μ¦¨ÉÓ, ÎÉμ ΔEQ(y) = E(y + 1), Éμ Éμ£¤  (¢ ¶·¥´¥¡·¥¦¥´¨¨
¢±² ¤μ³ μÉ μ¡² ¸É¨ y < −1)

ΔNQ = Nll̄(m
2
Qe) − 2 nl. (38)

‘μμÉ¢¥É¸É¢¥´´μ, ¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö δQl ¨³¥¥É ¢¨¤

δappr
Ql = 2nQ − Nll̄(m

2
Qe) = δMLLA

Ql , (39)

£¤¥ δMLLA
Ql ¥¸ÉÓ ¶·¥¤¸± § ´¨¥ Œƒ‹� ¤²Ö · §´μ¸É¨ ³´μ¦¥¸É¢¥´´μ¸É¥° [6]. � -

¶μ³´¨³, ÎÉμ ËÊ´±Í¨Ö Nll̄(Q) μ¶¨¸Ò¢ ¥É ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ ¸μ¡Ò-
É¨ÖÌ, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ²¥£±¨³¨ ±¢ ·± ³¨ ¶·¨ Ô´¥·£¨¨ Q.

�¤´ ±μ ¢Ò· ¦¥´¨¥ (37) ¸²¨Ï±μ³ ¸¨²Ó´μ μÉ²¨Î ¥É¸Ö μÉ ÉμÎ´μ£μ ¢ μ¡² ¸É¨
y < Ym

∗, ± ± ÔÉμ μÎ¥¢¨¤´μ ¨§ ·¨¸. 6. �μÔÉμ³Ê ¨ ¶μ²ÊÎ ¥É¸Ö ¡μ²ÓÏ Ö · §´¨Í 
³¥¦¤Ê δMLLA

Ql (39) ¨ Š•„-¢Ò· ¦¥´¨¥³ δQCD
Ql (26).

3. ��‡��‘’œ Œ��†…‘’‚…���‘’…‰:
‚…�•�ˆ… ˆ �ˆ†�ˆ… �ƒ���ˆ—…�ˆŸ

‚ ÔÉμ³ · §¤¥²¥ ³Ò ¶μ± ¦¥³, ÎÉμ · §´μ¸ÉÓ ³¥¦¤Ê δMLLA
Ql (39) ¨ δQCD

Ql

¤¥°¸É¢¨É¥²Ó´μ Î¨¸²¥´´μ ¢¥²¨± ,   É ±¦¥ ¶μ²ÊÎ¨³ ± ± ¢¥·Ì´¥¥, É ± ¨ ´¨¦´¥¥
μ£· ´¨Î¥´¨Ö ´  δbl.

∗„²Ö ¸²ÊÎ Ö ¡ÓÕÉ¨-±¢ ·±  ¨³¥¥³ Ym � 3,2.
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“¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ΔNQ (27) ¢ ¢¨¤¥

ΔNQ(Ym) =

Ym+1∫
0

dy N̂g(Ym + 1 − y)E(y) +

−1∫
−∞

dy N̂g(Ym − y)ΔEQ(y)+

+

Ym+1∫
0

dy N̂g(Ym + 1 − y)[ΔEQ(y − 1) − E(y)] ≡

≡ [Nll̄(m
2
Qe) − 2 nl] + δN

(1)
Q (Ym) + δN

(2)
Q (Ym), (40)

ÎÉμ ¶·¨¢μ¤¨É ± Ëμ·³Ê²¥ (¸³. (26))

δQCD
Ql = 2nQ − Nll̄(m

2
Qe) − δN

(1)
Q (Ym) − δN

(2)
Q (Ym) =

= δappr
Ql − δN

(1)
Q (Ym) − δN

(2)
Q (Ym). (41)

‡¤¥¸Ó ³Ò ¢¢¥²¨ μ¡μ§´ Î¥´¨Ö

δN
(1)
Q (Ym) =

−1∫
−∞

dy N̂g(Ym − y)ΔEQ(y) (42)

¨

δN
(2)
Q (Ym) =

Ym+1∫
0

dy N̂g(Ym + 1 − y)[ΔEQ(y − 1) − E(y)]. (43)

‡ ³¥É¨³, ÎÉμ ± ± δN
(2)
Q (Ym), É ± ¨ δN

(2)
Q (Ym) ¶μ²μ¦¨É¥²Ó´Ò, É ± ± ±

ΔEQ(y) > 0 ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ y,   ΔEQ(y − 1) − E(y) > 0 ¶·¨ y � 0
(¸³. ·¨¸. 5 ¨ 6).

„²Ö Éμ£μ ÎÉμ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¸±μ··¥±É¨·μ¢ ´´Ò¥ ¤ ´´Ò¥ ¶μ Nll̄(Q
2) ¶·¨

Q = 8 ƒÔ‚,
Nll̄(8,0 ƒÔ‚) = 6,70 ± 0,34, (44)

³Ò ¶·¨´¨³ ¥³, ÎÉμ mb = 4,85 ƒÔ‚, ÎÉμ μÉ¢¥Î ¥É mb
√

e = 8 ƒÔ‚.

�Í¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ μ¸´μ¢´ Ö ¶μ¶· ¢±  ± δQCD
Ql Å ÔÉμ δN

(2)
Q ,  

´¥ δN
(1)
Q . —Éμ¡Ò ¶μ²ÊÎ¨ÉÓ ´¨¦´¥¥ μ£· ´¨Î¥´¨¥ ´  δN

(2)
b , ³Ò ¨¸¶μ²Ó§Ê¥³

¸²¥¤ÊÕÐ¥¥ ´¥· ¢¥´¸É¢μ ¢ μ¡² ¸É¨ y � 0:

ΔEQ(y) � E(y + ΔyQ). (45)

‚¥²¨Î¨´  ΔyQ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

ΔEQ(Ym) = E(Ym + ΔyQ), (46)
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£¤¥ Ym μ¶·¥¤¥²¥´ ¢ÒÏ¥ (29). ’μ£¤  ¶μ²ÊÎ ¥³ ¨§ (43) ¨ (45)

δN
(2)
Q � Nll̄(Ym+ΔyQ)−Nll̄(Ym+1)−

ΔyQ−1∫
0

dy N̂g(Ym+ΔyQ−y)E(y). (47)

„²Ö ¤ ²Ó´¥°Ï¨Ì μÍ¥´μ± ´ ³ ´Ê¦´  ³´μ¦¥¸É¢¥´´μ¸ÉÓ  ¤·μ´μ¢ ¢ ¸μ¡ÒÉ¨ÖÌ
¸ ²¥£±¨³¨ ±¢ ·± ³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 2,5 � Q � 28 ƒÔ‚. �μ¤£μ´ÖÖ ¤ ´´Ò¥
¶μ ³´μ¦¥¸É¢¥´´μ¸É¨  ¤·μ´μ¢ ¶·¨ ´¨§±¨Ì Q, ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

Nll̄(Q
2) = 2,07 + 1,11 ln Q + 0,54 ln2 Q. (48)

�μ² £ Ö Q0 = 1 ƒÔ‚, ´ Ìμ¤¨³ Δyb = 1,61. �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ
¶μ¸²¥¤´¨° Î²¥´ ¢ (47) ¶·¥´¥¡·¥¦¨³μ ³ ²∗, ¶μ²ÊÎ ¥³ ¨§ (47), (48)

δN
(2)
b � 1,07. (49)

‘μμÉ¢¥É¸É¢¥´´μ, ´ Ï¥ ¶·¥¤¸± § ´¨¥, ÊÎ¨ÉÒ¢ ÕÐ¥¥ ¶¥·¥¸³μÉ·¥´´Ò¥ ¤ ´´Ò¥
¶μ ³´μ¦¥¸É¢¥´´μ¸É¨ ¢ ¸μ¡ÒÉ¨ÖÌ, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ²¥£±¨³¨ ±¢ ·± ³¨,

δQCD
bl � 2nb − Nll̄(Ym + Δyb) = 3,33 ± 0,38, (50)

μ± §Ò¢ ¥É¸Ö ²¥¦ Ð¨³ ´¨¦¥ (¢ ¸³Ò¸²¥ ¸·¥¤´¥£μ §´ Î¥´¨Ö), Î¥³ ´ Ï ¶·¥¤Ò¤Ê-
Ð¨° ·¥§Ê²ÓÉ É δbl = 3,68 [13]. ŒÒ ¨¸¶μ²Ó§μ¢ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥

2nb = 11,10 ± 0,18. (51)

�Ï¨¡±  ¢ ¨§³¥·¥´¨¨ Nll̄ ¡Ò²  ¢§ÖÉ  ±0,34. �μ¤Î¥·±´¥³, ÎÉμ ´ Ï¥ ¢¥·Ì´¥¥
μ£· ´¨Î¥´¨¥ (50) μÎ¥´Ó ¡²¨§±μ ± ´ ¡²Õ¤ ¥³μ³Ê §´ Î¥´¨Õ δexp

bl (3).

’¥¶¥·Ó ¢Ò¢¥¤¥³ ´¨¦´¥¥ μ£· ´¨Î¥´¨¥ ´  δQCD
bl . „²Ö ÔÉμ£μ ¢μ§Ó³¥³ ¢Ò· -

¦¥´¨¥ (27). “¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ ¨´É¥£· ² ¢ (27) ± ± ¸Ê³³Ê ¤¢ÊÌ Î²¥´μ¢∗∗:

ΔNb =

−1∫
−4

dy N̂g(Yb − y)ΔEb(y) +

Yb∫
−1

dy N̂g(Ym − y)ΔEb(y) =

= ΔN
(1)
b + ΔN

(2)
b , (52)

£¤¥ Yb = ln (m2
b/Q2

0) � 3,16. � ¸¸³μÉ·¨³ ¶¥·¢Ò° Î²¥´ ¢ (52). Œμ¦´μ ¶·μ¢¥-
·¨ÉÓ, ÎÉμ

ΔE(y) < 0,18 E(y + 5,8) (53)

∗�μ¸±μ²Ó±Ê E(y) < 0,02 ¢ μ¡² ¸É¨ 0 � y � Δyb − 1 = 0,61.
∗∗ŒÒ ÊÎ¨ÉÒ¢ ¥³, ÎÉμ μ¡² ¸ÉÓ −∞ < y < −4 ¤ ¥É ¶·¥´¥¡·¥¦¨³μ ³ ²Ò° ¢±² ¤ ¢ ΔNb.



1554 Šˆ‘…‹…‚ �.‚., �…’��‚ ‚.�.

¢ μ¡² ¸É¨ −4 < y < −1, ÎÉμ ¢¥¤¥É ± ´¥· ¢¥´¸É¢Ê

ΔN
(1)
b < 0,18

4,8∫
1,8

dy N̂g(Yb + 5,8 − y)ΔEb(y). (54)

�Í¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ N̂g(Yb +5,8−y) < 2 N̂g(4,8−y), ±μ£¤  y ¨§³¥´Ö¥É¸Ö
μÉ 1,8 ¤μ 4,8. ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ ¥³

ΔN
(1)
b < 0,36 [Nll̄(Q = 11 ƒÔ‚) − Nll̄(Q = 2,5 ƒÔ‚)] = 1,54 ± 0,17. (55)

‚Éμ·μ° Î²¥´ ¢ (52) ³μ¦´μ μÍ¥´¨ÉÓ, ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ´¥· ¢¥´¸É¢μ

ΔE(y) < 0,62 E(y + 3,5), (56)

¸¶· ¢¥¤²¨¢μ¥ ¢ μ¡² ¸É¨ −1 < y < Yb. ’μ£¤ 

ΔN
(2)
b < 0,62 [Nll̄(Q = 28 ƒÔ‚) − Nll̄(Q = 3,5 ƒÔ‚)] = 4,61 ± 0,30. (57)

‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ ¥³ ¨§ (26), (27) ¨ (55), (57) ´¨¦´¥¥ μ£· ´¨Î¥´¨¥

´  δQCD
bl :

δQCD
bl > 2,55 ± 0,39. (58)

�  ·¨¸. 7 ¤¥³μ´¸É·¨·Ê¥É¸Ö, ÎÉμ ´ Ï¨ ¶·¥¤¸± § ´¨Ö μÎ¥´Ó ¡²¨§±¨ ± ¸·¥¤´¥³Ê
¨§³¥·¥´´μ³Ê §´ Î¥´¨Õ δexp

bl = 3,12.
Œμ¦´μ ¸· ¢´¨ÉÓ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¨ ¸ ´¥¤ ¢´μ μ¶Ê¡²¨±μ¢ ´´Ò³¨ ´μ¢Ò³¨

·¥§Ê²ÓÉ É ³¨ Œƒ‹� [16]:

δMLLA
bl = 4,4 ± 0,4. (59)

�¥§Ê²ÓÉ ÉÒ ¸ ¤μ¡ ¢²¥´¨¥³ ¶μ¶· ¢μ± ± Œƒ‹� ¨³¥ÕÉ ¢¨¤

δNMLLA
bl = 2,6 ± 0,4, (60)

δNMLLA
cl = −0,1 ± 0,4. (61)

’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨Ö ¢ ¶μ¤Ìμ¤¥ Œƒ‹� (2) ´¥Ê¸Éμ°Î¨¢Ò ± ¶μ¶· ¢± ³
¢Ò¸Ï¥£μ ¶μ·Ö¤± . Š ± ¡Ò²μ Ê± § ´μ ¢ÒÏ¥, Ëμ·³Ê² , ¨¸¶μ²Ó§μ¢ ´´ Ö ¢ ¶μ¤-
Ìμ¤¥ Œƒ‹� (39), ¸μ¸É ¢²Ö¥É ²¨ÏÓ Î ¸ÉÓ ÉμÎ´μ° Š•„-Ëμ·³Ê²Ò (1), (27) ¢ ¶·¨-
¡²¨¦¥´¨¨ E(y) = ΔEQ(y−1). �Éμ ¶·¨¡²¨¦¥´¨¥ ¸²¨Ï±μ³ £·Ê¡μ (¸³. ·¨¸. 6),
¨ μÉ±²μ´¥´¨Ö³¨ ËÊ´±Í¨¨ ΔEQ(y) μÉ ΔEasym

Q (y) = y − 3/2, É ± ¦¥ ± ± ¨
μÉ±²μ´¥´¨Ö³¨ E(y) μÉ Easym(y) = y − 1/2, ¶·¥´¥¡·¥£ ÉÓ ´¨± ± ´¥²Ó§Ö.

�É³¥É¨³, ÎÉμ ¶·¥¤¥² y → ∞ μ§´ Î ¥É, ÎÉμ ¨´¢ ·¨ ´É´ Ö ®³ ¸¸ ¯ £²Õ-
μ´´μ° ¸É·Ê¨ k2 ¸É·¥³¨É¸Ö ± ´Ê²Õ, É ± ± ± k2 = Q2 exp (−y) (¸³. (28)). ŒÒ
É ±¦¥ ¸Î¨É ¥³, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ ¸Ì¥³¥ Œƒ‹�  ·£Ê³¥´É  k2

⊥ ¢ Ng ¢³¥¸Éμ
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�¨¸. 7. � Ï ·¥§Ê²ÓÉ É ¤²Ö δbl (®±μ·¨¤μ·¯ ³¥¦¤Ê ¤¢Ê³Ö ¸¶²μÏ´Ò³¨ ²¨´¨Ö³¨) ¨ ¶·¥¤-
¸± § ´¨Ö Œƒ‹� [16] (®±μ·¨¤μ·¯ ³¥¦¤Ê ¤¢Ê³Ö ÏÉ·¨Ìμ¢Ò³¨ ²¨´¨Ö³¨) ¢ ¸· ¢´¥´¨¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨

k2 (¸³. [16] ¨ ¤·Ê£¨¥ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨) ´¥ μ¡μ¸´μ¢ ´μ. „¥°¸É¢¨É¥²Ó´μ,
k Å ¢·¥³¥´¨¶μ¤μ¡´Ò° ¢¥±Éμ· (k2 = k2

0 − k2
⊥ > 0),   £²Õμ´´ Ö ¸É·ÊÖ ¸ ¡μ²Ó-

Ï¨³ ¶μ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸μ³ k⊥ ¨³¥¥É ³ ²ÊÕ ¨´¢ ·¨ ´É´ÊÕ ³ ¸¸Ê k2. ‚
É ±μ° ¸É·Ê¥ ¨ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ³ ² , É ± ± ± Ë §μ¢Ò° μ¡Ñ¥³ ¤²Ö ¢Éμ·¨Î´ÒÌ
Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö ¨³¥´´μ ¨´¢ ·¨ ´É´μ° ³ ¸¸μ°.

‡�Š‹�—…�ˆ…

‚Ò¢¥¤¥´  Ëμ·³Ê²  ¤²Ö · §´μ¸É¨ ³¥¦¤Ê ³´μ¦¥¸É¢¥´´μ¸ÉÖ³¨  ¤·μ´μ¢ ¢
¸μ¡ÒÉ¨ÖÌ e+e−- ´´¨£¨²ÖÍ¨¨ ¢  ¤·μ´Ò, ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ²¥£±¨³¨ ¨ ÉÖ¦¥²Ò³¨
¶¥·¢¨Î´Ò³¨ ±¢ ·± ³¨ (Q Å É¨¶ ÉÖ¦¥²μ£μ ±¢ ·± ):

δQCD
Ql = 2nQ − Nll̄(m

2
Qe)−

−
m2

Qe∫
Q2

0

dk2

k2
N̂g(k2)

[
ΔEQ

(
m2

Q

k2

)
− E

(
m2

Qe

k2

)]
−

−
∞∫

m2
Qe

dk2

k2
N̂g(k2)ΔEQ

(
m2

Q

k2

)
. (62)
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‡¤¥¸Ó N̂g(k2) μ¶¨¸Ò¢ ¥É ¸·¥¤´¥¥ Î¨¸²μ  ¤·μ´μ¢ ¢ £²Õμ´´μ° ¸É·Ê¥ ¸ ¢¨·ÉÊ ²Ó-
´μ¸ÉÓÕ ¢¶²μÉÓ ¤μ k2,   E, ΔEQ Å ¨§¢¥¸É´Ò¥ ËÊ´±Í¨¨.

ˆ¸¶μ²Ó§ÊÖ ¤ ´´Ò¥ ¶μ ³´μ¦¥¸É¢¥´´μ¸É¨ ¢ ¸μ¡ÒÉ¨ÖÌ ¸ ²¥£±¨³¨ ±¢ ·± ³¨
Nll̄, ¸±μ··¥±É¨·μ¢ ´´Ò³¨ ´  ÔËË¥±ÉÒ ¤¥É¥±Éμ·  ¨ ¨§²ÊÎ¥´¨Ö ¨§ ´ Î ²Ó´μ£μ
¸μ¸ÉμÖ´¨Ö [16], ¨§ (62) ¶μ²ÊÎ¨²¨ μ£· ´¨Î¥´¨Ö

2,2 < δQCD
bl < 3,7. (63)

�É³¥É¨³, ÎÉμ ´ Ï ·¥§Ê²ÓÉ É ´¥ § ¢¨¸¨É μÉ ¢Ò¡μ·  ËÊ´±Í¨¨ Ng(k2) ¨ ´ -
Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸μ ¸·¥¤´¨³ ´ ¡²Õ¤ ¥³Ò³ §´ Î¥´¨¥³ δexp

bl =
3,12 ± 0,14.

�μ¸²¥¤´¨¥ ¤¢  Î²¥´  ¢ (62), ±μÉμ·Ò¥ ¢ÒÎ¨É ÕÉ¸Ö ¨§ ¶¥·¢μ£μ, ¶μ²μ¦¨-
É¥²Ó´Ò ¨ Î¨¸²¥´´μ ¢¥²¨±¨. ‚ Î ¸É´μ¸É¨, ¢ ¸²ÊÎ ¥ ¡ÓÕÉ¨-±¢ ·±  (mQ = mb,
nQ = nb) ¢Éμ·μ° Î²¥´ ¢ (62) (¤μ³¨´¨·ÊÕÐ¨° ´ ¤ É·¥ÉÓ¨³) · ¢¥´ 1,1.

‚ ·¥§Ê²ÓÉ É¥ μÉ±²μ´¥´¨¥ ¶·¥¤¸± § ´¨Ö Œƒ‹�,

δMLLA
bl = 2nb − Nll̄(m

2
be), (64)

μÉ ÉμÎ´μ£μ ¢Ò· ¦¥´¨Ö∗

δQCD
bl = 2(nb − nl) −

m2
b∫

Q2
0

dk2

k2
N̂g(k2)ΔEQ

(
m2

b

k2

)
(65)

μ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³.
�É³¥É¨³ É ±¦¥, ÎÉμ ´ Ï¨ Î¨¸²¥´´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ¸²ÊÎ Ö μÎ ·μ¢ ´-

´μ£μ ±¢ ·± 

δQCD
cl (Q = 91 ƒÔ‚) = 1,01, δQCD

cl (Q = 170 ƒÔ‚) = 0,99 (66)

¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ [13] ¥Ð¥ ¤μ Éμ£μ, ± ± ¡Ò²¨ ¸¤¥² ´Ò ¨§³¥·¥´¨Ö δcl [11] ∗∗.
Š ± ¢¨¤´μ, ´ Ï  μÍ¥´±  (66) ´ Ìμ¤¨É¸Ö ¢ ¶·¥±· ¸´μ³ ¸μ£² ¸¨¨ ¸μ ¸·¥¤´¨³
´ ¡²Õ¤ ¥³Ò³ §´ Î¥´¨¥³ (4) (¸³. É ±¦¥ ·¨¸. 7).

— ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ ¤ ´´μ° · ¡μÉÒ ¡Ò²  μ¶Ê¡²¨±μ¢ ´  ¢ [18]. ŒÒ ¡² £μ-
¤ ·´Ò ‚.�±¸Ê (W.Ochs), ¶¥·¥¶¨¸±  ¸ ±μÉμ·Ò³ ¶μ ¶μ¢μ¤Ê ´ Ï¥° ¸É ÉÓ¨ [18]
μÉÎ ¸É¨ ¸É¨³Ê²¨·μ¢ ²  ¶μÖ¢²¥´¨¥ ´ ¸ÉμÖÐ¥° · ¡μÉÒ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Î ¸É¨Î´μ° Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É
º06-02-16031).

∗�É  Ëμ·³Ê²  Å Ô±¢¨¢ ²¥´É´ Ö ±μ³¶ ±É´ Ö § ¶¨¸Ó ¢Ò· ¦¥´¨Ö (62) ¤²Ö ¸²ÊÎ Ö Q = b.
∗∗�·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ [4, 8] ¶μ²´ Ö μÏ¨¡±  δcl ¸μ¸É ¢²Ö²  ¶·¨³¥·´μ ±1,5.
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� ¸¸³μÉ·¨³ ¸·¥¤´ÕÕ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¶ ·Éμ´μ¢ ¢´¥ ³ ¸¸μ¢μ° μ¡μ²μÎ±¨
¸ ®³ ¸¸μ°¯ Q0 ¢ £²Õμ´´μ° ¸É·Ê¥, ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ±μÉμ·μ° p2. �´  ¶μ¤-
Î¨´Ö¥É¸Ö ¸²¥¤ÊÕÐ¥³Ê ¨´É¥£· ²Ó´μ³Ê Ê· ¢´¥´¨Õ [19,20]:

ng(p2, Q2
0) = p2δ(p2 − Q2

0) +

p2∫
Q2

0

dl2

l2

1∫
0

dz θ(zp2 − l2) θ(zk2 − p2)×

× αs(p2z)
2π

P̂gg(z)ng(l2, Q2
0). (�.1)

‡¤¥¸Ó k2 Å ¢¨·ÉÊ ²Ó´μ¸ÉÓ ·μ¤¨É¥²Ó¸±μ£μ ±¢ ·± , ±μÉμ·Ò° ¨¸¶Ê¸± ¥É ÔÉÊ £²Õ-
μ´´ÊÕ ¸É·ÊÕ,   P̂gg(z) Å ¢·¥³¥´¨¶μ¤μ¡´ Ö ËÊ´±Í¨Ö · ¸¶ ¤  �²ÓÉ ·¥²²¨Ä
� ·¨§¨.

�¥· ¢¥´¸É¢μ

z � l2

p2
(�.2)

¢ (�.1) Å ÔÉμ ±¨´¥³ É¨Î¥¸± Ö £· ´¨Í , Éμ£¤  ± ± μ£· ´¨Î¥´¨¥

z � p2

k2
(�.3)

¥¸ÉÓ ¤¨´ ³¨Î¥¸±μ¥ Ê¸²μ¢¨¥. �μ¸²¥¤´¥¥ Å ´¥ ÎÉμ ¨´μ¥, ± ± Ê£²μ¢μ¥ Ê¶μ·Ö-
¤μÎ¥´¨¥, ¶¥·¥¶¨¸ ´´μ¥ ¢ É¥·³¨´ Ì ¤μ²¥° ¨³¶Ê²Ó¸  ¨ ¢¨·ÉÊ ²Ó´μ¸É¥° (¸³.
· ¡μÉÒ [19,20]) ∗.

�·¥¤¶μ² £ Ö, ÎÉμ ¶ ·Éμ´´Ò° ²¨¢¥´Ó · §¢¨¢ ¥É¸Ö ¢ μ¸´μ¢´μ³ ¶μ¸·¥¤¸É¢μ³
³Ö£±¨Ì £²Õμ´μ¢, ³μ¦´μ ¶μ²μ¦¨ÉÓ ¢ (�.1)

P̂gg(z)
∣∣∣
z�1

� 2CA
1
z
. (�.4)

’μ£¤  ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ · ¢¥´¸É¢ [21]

Ng(k2, Q2
0) − 1 =

= CA

k2∫
Q2

0

dp2

p2

p2∫
Q2

0

dl2

l2

1∫
0

dz

z
θ(zp2 − l2)θ(zk2 − p2)

αs(zp2)
π

ng(l2, Q2
0) =

∗ˆ³¥´´μ, Ê£μ² ¨§²ÊÎ¥´¨Ö ¢Éμ·¨Î´μ£μ £²Õμ´  ¸ ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ l2 ³¥´ÓÏ¥, Î¥³ Ê£μ², ¶μ¤
±μÉμ·Ò³ ¨¸¶Ê¸± ¥É¸Ö ¶¥·¢¨Î´Ò° £²Õμ´ ¨§ ·μ¤¨É¥²Ó¸±μ£μ ±¢ ·± .
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= CA

k2∫
Q2

0

dp2

p2
θ

(√
k2Q2

0 − p2

) p2∫
Q2

0

dl2

l2

1∫
0

dz

z
θ(zp2 − l2)

αs(zp2)
π

ng(l2, Q2
0)+

+ CA

k2∫
Q2

0

dp2

p2
θ(p2 −

√
k2Q2

0)

⎡
⎢⎣

p2∫
Q2

0

dl2

l2
θ(p4 − k2l2)

1∫
0

dz

z
θ(zk2 − p2) +

+

p2∫
Q2

0

dl2

l2
θ(k2l2 − p4)

1∫
0

dz

z
θ(zp2 − l2)

⎤
⎥⎦ αs(zp2)

π
ng(l2, Q2

0) =

= CA

k2∫
Q2

0

dp2

p2
θ

(√
k2Q2

0 − p2

) p2∫
Q2

0

dr2

r2

αs(r2)
π

Ng(r2, Q2
0)+

+ CA

k2∫
Q2

0

dp2

p2
θ

(
p2 −

√
k2Q2

0

) ⎡
⎢⎣

p2∫
Q2

0

dr2

r2
θ(r2k2 − p4)

r2∫
Q2

0

dl2

l2
θ(p4 − k2l2) +

+

p2∫
Q2

0

dr2

r2
θ(r2k2 − p4)

r2∫
Q2

0

dl2

l2
θ(k2l2 − p4)

⎤
⎥⎦ αs(r2)

π
ng(l2, Q2

0) =

= CA

k2∫
Q2

0

dp2

p2
θ

(√
k2Q2

0 − p2

) p2∫
Q2

0

dr2

r2

αs(r2)
π

Ng(r2, Q2
0)+

+ CA

k2∫
Q2

0

dp2

p2
θ

(
p2 −

√
k2Q2

0

) p2∫
Q2

0

dr2

r2
θ(k2r2 − p4)

αs(r2)
π

Ng(r2, Q2
0) =

= CA

k2∫
Q2

0

dp2

p2

p2∫
Q2

0

dr2

r2

αs(r2)
π

Ng(r2, Q2
0)−

− CA

k2∫
Q2

0

dp2

p2
θ

(
p2 −

√
k2Q2

0

) p2∫
Q2

0

dr2

r2
θ(p4 − k2r2)

αs(r2)
π

Ng(r2, Q2
0) =

= CA

k2∫
Q2

0

dp2

p2

p2∫
Q2

0

dr2

r2

αs(r2)
2π

Ng(r2, Q2
0) (�.5)



Œ��†…‘’‚…���… ��†„…�ˆ… �„����‚ ‚ ���–…‘‘… e+e−-���ˆƒˆ‹Ÿ–ˆˆ 1559

¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²¥ ¤²Ö Ng(k2, Q2
0):

Ng(k2, Q2
0) = 1 + CA

k2∫
Q2

0

dp2

p2

p2∫
Q2

0

dr2

r2

αs(r2)
2π

Ng(r2, Q2
0). (�.6)

ˆ§ (�.6) ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥:(
k2 d

dk2

)2

Ng(k2, Q2
0) = CA

αs(k2)
2π

Ng(k2, Q2
0) (�.7)

¸ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨

Ng(k2, Q2
0)

∣∣∣
k2=Q2

0

= 1, k2 d

dk2
Ng(k2, Q2

0)
∣∣∣
k2=Q2

0

= 0. (�.8)

�Éμ Ê· ¢´¥´¨¥ ¨³¥¥É ·¥Ï¥´¨¥

Ng(k2, Q2
0) =

√
2CA

πb
ln

k2

Λ2

[
K1

(√
2CA

πb
ln

k2

Λ2

)
I0

(√
2CA

πb
ln

Q2
0

Λ2

)
+

+ I1

(√
2CA

πb
ln

k2

Λ2

)
K0

(√
2CA

πb
ln

Q2
0

Λ2

)]
(�.9)

¸  ¸¨³¶ÉμÉ¨±μ°

Ng(k2, Q2
0)

∣∣
k2�Q2

0
� exp

(√
2CA

πb
ln

k2

Λ2

)
. (�.10)

‡¤¥¸Ó b = (33 − 2Nf)/12π, £¤¥ Nf Å Î¨¸²μ  ·μ³ Éμ¢.
�μ¤Î¥·±´¥³, ÎÉμ Ê· ¢´¥´¨¥ ¤²Ö ¨§μ²¨·μ¢ ´´μ° £²Õμ´´μ° ¸É·Ê¨ (¡¥§ ÊÎ¥É 

·μ¤¨É¥²Ó¸±μ£μ ¶ ·Éμ´  ¸ ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2) ¨³¥²μ ¡Ò ¢¨¤

nisol
g (p2, Q2

0) = p2δ(p2 − Q2
0) +

p2∫
Q2

0

dl2

l2

1∫
0

dz θ(zp2 − l2)×

× αs(p2z)
2π

P̂gg(z)nisol
g (l2, Q2

0), (�.11)

ÎÉμ ¶·¨¢μ¤¨É ± Ëμ·³Ê²¥

N isol
g (k2, Q2

0) = 1 + 2CA

k2∫
Q2

0

dp2

p2

p2∫
Q2

0

dr2

r2

αs(r2)
2π

N isol
g (r2, Q2

0). (�.12)
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�Éμ Ê· ¢´¥´¨¥ ¤ ¥É ´¥¶· ¢¨²Ó´μ¥ ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥ ´¥ ÊÎ¨ÉÒ¢ ¥É ¢ ¦´ÒÌ
¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨´É¥·Ë¥·¥´Í¨μ´´ÒÌ ÔËË¥±Éμ¢:

N isol
g (k2, Q2

0)
∣∣
k2�Q2

0
� exp

(
2

√
CA

πb
ln

k2

Λ2

)
. (�.13)

��ˆ‹�†…�ˆ… �

’¥¶¥·Ó, ¨¸¶μ²Ó§ÊÖ ËÊ´±Í¨¨ · ¸¶ ¤  �²ÓÉ ·¥²²¨Ä� ·¨§¨, ¢μ¸¶·μ¨§¢¥¤¥³
 ¸¨³¶ÉμÉ¨Î¥¸±ÊÕ ¸¢Ö§Ó ³¥¦¤Ê ¸·¥¤´¥° ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ ¢ ¸μ¡ÒÉ¨ÖÌ ¸ ²¥£-
±¨³¨ ±¢ ·± ³¨ ¨ ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ ¢ £²Õμ´´μ° ¸É·Ê¥. �Ê¸ÉÓ l Å 4-¨³¶Ê²Ó¸
¶¥·¢¨Î´μ£μ ±¢ ·± , ±μÉμ·Ò° ¨¸¶Ê¸± ¥É ®³ ¸¸¨¢´ÊÕ¯ £²Õμ´´ÊÕ ¸É·ÊÕ. ‹¥¸É-
´¨Î´ Ö ¤¨ £· ³³  ´  ·¨¸. 2 ¶·¨¢μ¤¨É ± Ê· ¢´¥´¨Õ

Nll̄(Q
2, Q2

0)
∣∣∣
Q2�Q2

0

=

Q2∫
Q2

0

dl2

l2

1∫
Q2

0/l2

dz
αs(zl2)

2π

zl2∫
Q2

0

dk2

k2
×

× P̂qg

(
z,

k2

l2

)
ng(k2, Q2

0) (	.1)

(¤²Ö ¶·μ¸ÉμÉÒ §¤¥¸Ó ¨ ´¨¦¥ μ¶Ê¸± ¥³ ¢±² ¤ μÉ ²¨¤¨·ÊÕÐ¥£μ  ¤·μ´ , 2nq).
‚ £² ¢´μ³ ²μ£ ·¨Ë³¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨

P̂qg

(
z,

k2

l2

)
� 2CF

1
z

(	.2)

¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥ (r2 = zl2)

Nll̄(Q
2, Q2

0) = CF

Q2∫
Q2

0

dl2

l2

l2∫
Q2

0

dr2

r2

αs(r2)
π

Ng(r2, Q2
0) =

= CF

Q2∫
Q2

0

dr2

r2

αs(r2)
π

Ng(r2, Q2
0)

Q2∫
r2

dl2

l2
=

= CF

Q2∫
Q2

0

dr2

r2

αs(r2)
π

ln
Q2

r2
Ng(r2, Q2

0), (	.3)
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£¤¥ ¨¸¶μ²Ó§μ¢ ´  ¸¢Ö§Ó

Ng(r2, Q2
0) =

r2∫
Q2

0

dk2

p2
ng(k2, Q2

0). (	.4)

ˆ´É¥£· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö Ng(r2, Q2
0) ¡Ò²μ ¶μ²ÊÎ¥´μ ¢ ¶·¨²μ¦¥´¨¨ A

(¸³. (�.6)).
”μ·³Ê²  (	.3) ³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ± ±∗

Nll̄(Q
2, Q2

0) = CF

Q2∫
Q2

0

dk2

k2

αs(k2)
π

Easym(Q2, k2)Ng(k2, Q2
0) (	.5)

¸ ËÊ´±Í¨¥° Easym(Q2, k2), μ¶·¥¤¥²¥´´μ° ¢ÒÏ¥ (25). ‘²¥¤Ê¥É ¸· ¢´¨ÉÓ ÔÉμ
¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥ ¸ ÉμÎ´μ° Ëμ·³Ê²μ° (16).

�·¨ ¡μ²ÓÏ¨Ì Q2 ¶μ²ÊÎ ¥³ ¨§ (	.3) ¨ (�.10) Ìμ·μÏμ ¨§¢¥¸É´μ¥  ¸¨³¶Éμ-
É¨Î¥¸±μ¥ ¸μμÉ´μÏ¥´¨¥

Nll̄(Q
2, Q2

0)
∣∣∣
Q2�Q2

0

� 2CF

CA
Ng(Q2, Q2

0). (	.6)

� ¶μ³¨´ ¥³, ÎÉμ Ng(Q2, Q2
0) μ¶¨¸Ò¢ ¥É ¸·¥¤´¥¥ Î¨¸²μ ¢¨·ÉÊ ²Ó´ÒÌ ¶ ·Éμ´μ¢

¢ £²Õμ´´μ° ¸É·Ê¥, ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ±μÉμ·μ° ³¥´Ö¥É¸Ö μÉ Q0 ¢¶²μÉÓ ¤μ Q.
”μ·³Ê²  (16) ¤μ²¦´  ¢μ¸¶·μ¨§¢μ¤¨ÉÓ¸Ö ¨§ ´ Î ²Ó´μ£μ Ê· ¢´¥´¨Ö (	.1)

¶·¨ Ê¸²μ¢¨¨, ÎÉμ:
1. �·¨ ¢Ò¢μ¤¥ ¢Ò· ¦¥´¨Ö ¤²Ö Nll̄(Q2, Q2

0) ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢±² ¤Ò ± ± μÉ
²¥¸É´¨Î´ÒÌ (·¨¸. 2), É ± ¨ μÉ ¨´É¥·Ë¥·¥´Í¨μ´´ÒÌ ¤¨ £· ³³ (·¨¸. 3).

2. ‚ P̂qg(z, k2/l2) ÊÎ¨ÉÒ¢ ÕÉ¸Ö ± ± ´¥¸¨´£Ê²Ö·´Ò¥ Î²¥´Ò ¶μ ¶¥·¥³¥´´μ°
z, É ± ¨ ¸É¥¶¥´´Ò¥ ¶μ¶· ¢±¨ O(k2/l2).

��ˆ‹�†…�ˆ… ‚

‘·¥¤´¥¥ Î¨¸²μ  ¤·μ´μ¢ ¢ e+e−- ´´¨£¨²ÖÍ¨¨ Ö¢²Ö¥É¸Ö, ±μ´¥Î´μ, ± ²¨¡·μ-
¢μÎ´μ-¨´¢ ·¨ ´É´μ° ¢¥²¨Î¨´μ°. �¤´ ±μ ¢ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ³Ò ¢ÒÎ¨-
¸²Ö¥³ ³´μ¦¥¸É¢¥´´μ¸ÉÓ ¢¨·ÉÊ ²Ó´ÒÌ, Í¢¥É´ÒÌ ¶ ·Éμ´μ¢. �¶·¨μ·¨ ´¥²Ó§Ö
¡ÒÉÓ Ê¢¥·¥´´Ò³, ÎÉμ μ´  ´¥ § ¢¨¸¨É μÉ ± ²¨¡·μ¢±¨.

Š ¸μ¦ ²¥´¨Õ, ÔÉμ° ¢ ¦´μ° ¶·μ¡²¥³¥ μ¡ÒÎ´μ ´¥ Ê¤¥²ÖÕÉ ¤μ²¦´μ£μ ¢´¨-
³ ´¨Ö. ˆ§ ´¥³´μ£¨Ì ¨¸±²ÕÎ¥´¨° μÉ³¥É¨³ · ¡μÉÒ [22] ¨ [23]. ‚ ¶¥·¢μ°

∗ŒÒ ¤μ¡ ¢¨²¨ Î²¥´ −1/2 ± ln (Q2/r2) ¶·¨ ¢Ò¢μ¤¥ (	.5) ¨§ (	.3).
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¨§ ´¨Ì ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ³´μ¦¥¸É¢¥´´μ¸É¨ ¢ e+e−- ´´¨£¨²ÖÍ¨¨
¡Ò²  ¶·μ¢¥·¥´  ¢ μ¤´μ° ¶¥É²¥. ‚μ ¢Éμ·μ° ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ
· ¸¸³ É·¨¢ ² ¸Ó ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ±μ´¸É ´É¥ ¸¢Ö§¨ ¨ ¡¥§ ÊÎ¥É  ¨´É¥·Ë¥-
·¥´Í¨μ´´ÒÌ ÔËË¥±Éμ¢.

�¨¦¥  ´ ²¨§¨·Ê¥³ ¢μ§³μ¦´ÊÕ ± ²¨¡·μ¢μÎ´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¶ ·Éμ´´μ°
³´μ¦¥¸É¢¥´´μ¸É¨ ¢ ¸²ÊÎ ¥ ²¥£±μ£μ ¶¥·¢¨Î´μ£μ ±¢ ·±  ¨ ¢ ±² ¸¸¥  ±¸¨ ²Ó-
´ÒÌ ± ²¨¡·μ¢μ±. �´  ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (	.1) ¢ ± ²¨¡·μ¢±¥ nμAμ = 0 ¸
± ²¨¡·μ¢μÎ´Ò³ ¢¥±Éμ·μ³

nμ = (1, 0,−1) (‚.1)

(μ¸Ó z ¢§ÖÉ  ¢¤μ²Ó 3-¨³¶Ê²Ó¸  ¶¥·¢¨Î´μ£μ ±¢ ·±  ¢ ¸. Í. ³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö
²¥¶Éμ´μ¢). �·£Ê³¥´É ËÊ´±Í¨¨ · ¸¶ ¤  P̂qg(z) ¢ (	.1) ¥¸ÉÓ μÉ´μÏ¥´¨¥

z =
kn

ln
. (‚.2)

ˆ¸¶Ê¸± ´¨¥ £²Õμ´´ÒÌ ¸É·Ê° ¨§ ¶¥·¢¨Î´μ£μ  ´É¨±¢ ·±  ¶μ¤ ¢²¥´μ ¢ ¤ ´´μ°
± ²¨¡·μ¢±¥ (‚.1).

�´ ²μ£¨Î´μ, ¢ ± ²¨¡·μ¢±¥

nμ = (1, 0, 1) (‚.3)

³ ¸¸¨¢´ Ö £²Õμ´´ Ö ¸É·ÊÖ ¨§²ÊÎ ¥É¸Ö  ´É¨±¢ ·±μ³,   ¨§²ÊÎ¥´¨¥ ¨§ ±¢ ·± 
¶μ¤ ¢²¥´μ.

‚Ò¡¥·¥³ É¥¶¥·Ó ± ²¨¡·μ¢±Ê, ¢ ±μÉμ·μ° ¨ ±¢ ·±, ¨  ´É¨±¢ ·± ¤ ÕÉ ¢
¨§²ÊÎ¥´¨¥ ¸· ¢´¨³Ò¥ ¢±² ¤Ò:

nμ = (1, 0, 0). (‚.4)

’μ£¤  (	.1) ¨§³¥´Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Nll̄(Q
2, Q2

0) =

Q2∫
Q2

0

dl2

l2

1∫
Q2

0/l2

dz
αs(zl2)

2π

zl2∫
Q2

0

dk2

k2
P̂qg(z)ng(k2, Q2

0)+

+

Q2∫
Q2

0

dl2

l2

1∫
Q2

0/l2

dz
αs(zl2)

2π

zl2∫
Q2

0

dk2

k2
P̂q̄g(z)ng(k2, Q2

0), (‚.5)

£¤¥

P̂qg(z) = P̂q̄g(z) � 2CA
1

z +
l2

Q2

(‚.6)

¶·¨ ³ ²ÒÌ z. �É¨ ¸μμÉ´μÏ¥´¨Ö μ§´ Î ÕÉ, ÎÉμ ¢ ± ²¨¡·μ¢±¥ (‚.4) ³ ¸¸¨¢´Ò¥
£²Õμ´´Ò¥ ¸É·Ê¨ ¨¸¶Ê¸± ÕÉ¸Ö ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³ ¸ · ¢´μ° ¢¥·μÖÉ´μ¸ÉÓÕ.
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�¶Ê¸± Ö ´¥²¨¤¨·ÊÕÐ¨¥ Î²¥´Ò, ¶μ²ÊÎ ¥³ ¨§ (‚.5), (‚.6) ¢Ò· ¦¥´¨¥

Nll̄(Q
2, Q2

0) = 2CF

Q2∫
Q2

0

dl2

l2

l2∫
Q2

0

dr2

r2 +
l4

Q2

αs(r2)
π

Ng(r2, Q2
0) =

= 2CF

Q2∫
Q2

0

dr2 αs(r2)
π

Ng(r2, Q2
0)

Q2∫
r2

dl2

l2
1

r2 +
l4

Q2

=

= CF

Q2∫
Q2

0

dr2

r2

αs(r2)
π

ln
Q2

r2
Ng(r2, Q2

0), (‚.7)

±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ Ëμ·³Ê²μ° (	.3).
�É³¥É¨³, ÎÉμ ¢ ± ²¨¡·μ¢±¥ (‚.4) ËÊ´±Í¨Ö · ¸¶ ¤  ¢ Ô¢μ²ÕÍ¨μ´´μ³ Ê· ¢-

´¥´¨¨ (�.1) ¨³¥¥É ¢¨¤

P̂gg(z) � 2CA
1

z +
p2

Q2

. (‚.8)

�É¸Õ¤  ¸²¥¤Ê¥É ÔËË¥±É¨¢´μ¥ μ¡·¥§ ´¨¥ ¶¥·¥³¥´´μ° ¨´É¥£·¨·μ¢ ´¨Ö z ¸´¨§Ê:

z � p2

Q2
. (‚.9)

Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ (�.3) ¨ (‚.9), ¨³¥´´μ ¤¨´ ³¨Î¥¸±μ¥ μ£· ´¨Î¥´¨¥ (�.3),
  ´¥ μ£· ´¨Î¥´¨¥ (‚.9), ¢μ§´¨± ÕÐ¥¥ ¨§ ± ²¨¡·μ¢μÎ´μ£μ ¢¥±Éμ· , ¸£² ¦¨¢ ¥É
¸¨´£Ê²Ö·´μ¸ÉÓ ¢ P̂gg(z) ¶·¨ z = 0. ‚Éμ·μ¥ ¨§ μ£· ´¨Î¥´¨° ³μ¦´μ ¢¶μ²´¥
μ¶Ê¸É¨ÉÓ ¢ Ê· ¢´¥´¨¨ (�.1).

’ ±¨³ μ¡· §μ³ § ±²ÕÎ ¥³, ÎÉμ ± ± ¸¢Ö§Ó ³´μ¦¥¸É¢¥´´μ¸É¨ μÉ ²¥£±¨Ì
±¢ ·±μ¢ Nll̄(k

2, Q2
0) ¸ £²Õμ´´μ° ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ Ng(Q2, Q2

0), É ± ¨ Ô¢μ-
²ÕÍ¨μ´´μ¥ Ê· ¢´¥´¨¥ ¤²Ö Ng(k2, Q2

0) ´¥ § ¢¨¸ÖÉ μÉ ± ²¨¡·μ¢μÎ´μ£μ ¢¥±Éμ· 
nμ. �Éμ § ±²ÕÎ¥´¨¥ ¸¶· ¢¥¤²¨¢μ ¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥, nμ = (n0, 0, n‖), ±μ£¤ 
n0 	= ±n‖ [19, 20]. �É³¥É¨³, ÎÉμ ¤μ± § É¥²Ó¸É¢μ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É-
´μ¸É¨ É·¥¡Ê¥É ÊÎ¥É  ¤¥¸É·Ê±É¨¢´μ° ¨´É¥·Ë¥·¥´Í¨¨ ¢ ¨§²ÊÎ¥´¨¨ £²Õμ´´ÒÌ
¸É·Ê°, ¶·¨¢μ¤ÖÐ¥° ± Ê¸²μ¢¨Õ (�.3).
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