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ˆ§² £ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨´Í¨¶Ò ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ (ŒŠƒ‘), ¶·¥¤¸É ¢²ÖÕÐ¥°
´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶µ¤Ìµ¤ ¢ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ (Š•„) ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢.
�µ± §Ò¢ ¥É¸Ö ¸¢Ö§Ó s-± ´ ²Ó´µ£µ Éµ¶µ²µ£¨Î¥¸±µ£µ 1/N -· §²µ¦¥´¨Ö  ³¶²¨ÉÊ¤Ò  ¤·µ´- ¤·µ´´µ£µ
· ¸¸¥Ö´¨Ö, £¤¥ N Å Î¨¸²µ  ·µ³ Éµ¢ ¨²¨ Í¢¥Éµ¢ ±¢ ·±µ¢, ¸ ¥¥ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ
·¥¤¦¥¢¸±¨³ ¶µ²Õ¸ ³. ’ ±µ° ¶µ¤Ìµ¤ ¶·¨³¥´Ö¥É¸Ö ±  ´ ²¨§Ê ³Ö£±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. „ ¥É¸Ö
±· É±¨° µ¡§µ· ¶µ¶ÒÉµ± · ¸Ï¨·¥´¨Ö µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ŒŠƒ‘ ¤²Ö µ¶¨¸ ´¨Ö ¨´±²Õ§¨¢-
´ÒÌ ¸¶¥±É·µ¢ ·¥§µ´ ´¸µ¢,   É ±¦¥ ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. �¡¸Ê¦¤ ¥É¸Ö, ¢ Î ¸É´µ¸É¨,
´µ¢ Ö ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, ¢ ±µÉµ·µ° µ¡³¥´ ¶µ³¥·µ´µ³ · ¸¸³ É·¨¢ ¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö ´¥-
¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ°; ¢ · ³± Ì ÔÉµ° ¢¥·¸¨¨ ŒŠƒ‘
 ´ ²¨§¨·ÊÕÉ¸Ö ³Ö£±¨¥ ¨ ¶µ²Ê¦¥¸É±¨¥ ¶·µÍ¥¸¸Ò,   É ±¦¥ ·µ¦¤¥´¨¥ µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢  ¤·µ´-
´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ. �µ± § ´Ò ¶·¥¨³ÊÐ¥¸É¢  ¨ ´¥¤µ¸É É±¨ É ±µ£µ ¶µ¤Ìµ¤  ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨
¶¥·ÉÊ·¡ É¨¢´Ò³¨ ³µ¤¥²Ö³¨ Š•„.

The basic properties of the quark-gluon string model (MQGS) are presented. It is a nonpertur-
bative QCD approach for the description of hadron processes at high energies. The relation of the
s-channel topological expansion over 1/N of the hadron-hadron scattering amplitude to its t-channel
one over Regge poles is shown, here N is the number of avours or colours. This approach is applied
to the analysis of soft hadron processes. The short review about the development of the MQGS for
the description of inclusive spectra of produced resonances and semi-hard hadron processes also is
presented. The new version of the MQGS is discussed where the pomeron exchange in t-channel
is considered as the exchange of two nonperturbative gluons in s-channel assuming the dynamical
generated gluon mass. Soft, semi-hard hadron processes and charm particles production are analyzed
within the framework of this new version of MQGS. The advantages and defects of this approach in
the comparison of other QCD models are discussed.

‚‚…„…�ˆ…

�¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¤²Ö ¸µ¢·¥³¥´´µ° É¥µ·¨¨ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ¨£· ÕÉ £²Ê¡µ±µ´¥Ê¶·Ê£¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨Í. …¸²¨ ²¥¶Éµ´-
 ¤·µ´´Ò¥ ¸µÊ¤ ·¥´¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¨§ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢
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 ¤·µ´ Ì, Éµ e+e−-¸Éµ²±´µ¢¥´¨Ö ¸²Ê¦ É ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö § ±µ´µ³¥·´µ¸É¥°
 ¤·µ´¨§ Í¨¨ ±¢ ·±µ¢. �¤·µ´- ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò ¶·¨ ¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³-
¶Ê²Ó¸  ¶µ§¢µ²ÖÕÉ ¨¸¸²¥¤µ¢ ÉÓ ¶·¨·µ¤Ê ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢ ¸
· §²¨Î´Ò³¨  ·µ³ É ³¨ ± ± µ¡³¥´ Í¢¥É´Ò³¨ ±¢ ´É ³¨ Å £²Õµ´ ³¨.

…¤¨´µ£µ ¶µ¤Ìµ¤  ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ´ ¸Éµ-
ÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ  ¤·µ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
µÎ¥´Ó · §´µ·µ¤´Ò ¶µ ¸¢µ¨³ ¸¢µ°¸É¢ ³ ± ± ¢ · §´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì µ¡² ¸ÉÖÌ,
É ± ¨ ¢ · §´ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì ¨´É¥·¢ ² Ì. �·µ¡²¥³  ¸µ¸Éµ¨É ¥Ð¥ ¢ Éµ³, ÎÉµ
³Ò ¨³¥¥³ ¤¥²µ ¸ ´¥¸É É¨Î¥¸±µ° ¸¨¸É¥³µ°, ¨ ²Õ¡Ò¥ ¶·¥¤¸± § ´¨Ö ¶µ¢¥¤¥´¨Ö
É ±µ° ¸¨¸É¥³Ò ¸¨²Ó´µ § ¢¨¸ÖÉ µÉ ¥¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨.

Œ´µ£¨¥ § ±µ´µ³¥·´µ¸É¨ ·µ¦¤¥´¨Ö  ¤·µ´µ¢ ¢  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨ÖÌ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ±µ²¨Î¥¸É¢¥´´µ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ°
Ì·µ³µ¤¨´ ³¨±¨, ±µÉµ· Ö ¤µ¡¨² ¸Ó §´ Î¨É¥²Ó´ÒÌ Ê¸¶¥Ìµ¢ ¢ µ¶¨¸ ´¨¨ Ô²¥³¥´-
É ·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö Í¢¥É´ÒÌ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ Ê¸²µ¢¨ÖÌ
 ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò. �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö É ± ´ §Ò¢ ¥³µ¥ ²¨¤¨·ÊÕ-
Ð¥¥ ²µ£ ·¨Ë³¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ (‹‹�), ±µÉµ·µ¥ ¢ ¶·µ¸Éµ° ¶µ²Ê±² ¸¸¨-
Î¥¸±µ° Ëµ·³¥ ¸Ëµ·³Ê²¨·µ¢ ´µ ¢ ¢¨¤¥ Ê· ¢´¥´¨Ö �²ÓÉ ·¥²²¨ Å � ·¨§¨ [1].
�µ  ¤·µ´ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µÎ¥´Ó ¸²µ¦´Ò° µ¡Ñ¥±É, ´¥¶·¥·Ò¢´µ ¨§³¥´ÖÕ-
Ð¨° ±µ´Ë¨£Ê· Í¨Õ ± ± ¶µ Î¨¸²Ê ¢µ§´¨± ÕÐ¨Ì ¨ ¨¸Î¥§ ÕÐ¨Ì qq̄-¶ ·, É ± ¨
¶µ Î¨¸²Ê £²Õµ´µ¢. “Î¥¸ÉÓ ¢¸¥ Ô²¥³¥´É ·´Ò¥ ¶·µÍ¥¸¸Ò ¢  ¤·µ´¥ ´¥µ¡ÒÎ °´µ
É·Ê¤´µ. �µ²¥¥¥ Éµ£µ, ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ µ¸´µ¢´ÊÕ ¤µ²Õ ¢¸¥Ì  ¤·µ´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° ¸µ¸É ¢²ÖÕÉ ³Ö£±¨¥ ¶·µÍ¥¸¸Ò. ‚µ§³µ¦´µ¸É¨ É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° Š•„ ¤²Ö µ¶¨¸ ´¨Ö É ±¨Ì ¶·µÍ¥¸¸µ¢ µÎ¥´Ó µ£· ´¨Î¥´Ò; ¤µ¸É ÉµÎ´µ
´ ¶µ³´¨ÉÓ µ¡ ¨§¢¥¸É´ÒÌ É·Ê¤´µ¸ÉÖÌ, ¸¢Ö§ ´´ÒÌ ¸ ±µ´Ë °´³¥´Éµ³ ±¢ ·±µ¢, ¢
µ¸´µ¢¥ ±µÉµ·µ£µ ²¥¦ É ¸¨²Ó´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ.

�¤´µ° ¨§ ´ ¨¡µ²¥¥ ¶µ¶Ê²Ö·´ÒÌ ³µ¤¥²¥° ±µ´Ë °´³¥´É  ±¢ ·±µ¢ Ö¢²Ö¥É¸Ö
³µ¤¥²Ó Í¢¥É´ÒÌ É·Ê¡µ±, ±µÉµ·Ò¥ ³µ£ÊÉ ´ Î¨´ ÉÓ¸Ö ¨ µ± ´Î¨¢ ÉÓ¸Ö Éµ²Ó±µ ´ 
±¢ ·± Ì ¨  ´É¨±¢ ·± Ì ¨²¨ ¤¨±¢ ·± Ì. Š ¦¤ Ö É ± Ö É·Ê¡±  · ¸¸³ É·¨¢ ¥É¸Ö
± ± ·¥ ²Ó´Ò° Ë¨§¨Î¥¸±¨° µ¡Ñ¥±É, ¨³¥ÕÐ¨° ±µ´¥Î´ÊÕ Ô´¥·£¨Õ ´  ¥¤¨´¨ÍÊ
¤²¨´Ò. �µ¤µ¡´ Ö ± ·É¨´  µ¡Ê¸²µ¢²¨¢ ¥É ²¨´¥°´Ò° ·µ¸É ¶µÉ¥´Í¨ ²  ¢§ ¨³µ-
¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·± ³¨ [2].

Šµ´Ë °´³¥´É ¢ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·µ¢µÎ´ÒÌ É¥µ·¨ÖÌ ¸¨²Ó´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ´ ¨¡µ²¥¥ µÎ¥¢¨¤´Ò³ µ¡· §µ³ ¶·µÖ¢²Ö¥É¸Ö ¢ · ³± Ì ¶·¥¤²µ¦¥´-
´µ° ‚¨²Ó¸µ´µ³ Ëµ·³Ê²¨·µ¢±¨ É¥µ·¨¨ ´  ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° ·¥-
Ï¥É±¥ [3]. �·¨³¥Î É¥²Ó´µ, ÎÉµ ´  ·¥Ï¥É±¥ ¢ ¶·¥¤¥²¥ ¸¨²Ó´µ° ¸¢Ö§¨ ±µ´-
Ë °´³¥´É ¶µ²ÊÎ ¥É¸Ö  ¢Éµ³ É¨Î¥¸±¨, ¨ É¥µ·¨Ö ¶·¨¢µ¤¨É ± ± ·É¨´¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ±¢ ·±µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ±µ´Í Ì ¸É·Ê´ ¸ ±µ´¥Î´µ° Ô´¥·£¨¥° ´ 
¥¤¨´¨ÍÊ ¤²¨´Ò. �µ¸²¥¤´¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨ · ¸Î¥ÉÒ ´  ·¥Ï¥É±¥ ¸¢Ö§ ´Ò ¸
¤¥³µ´¸É· Í¨¥° ¸µÌ· ´¥´¨Ö ÔÉµ£µ Ö¢²¥´¨Ö ¢ ´¥¶·¥·Ò¢´µ³ ¶·¥¤¥²¥ [4].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ¤Ìµ¤ ¤²Ö µ¶¨¸ ´¨Ö ¢§ ¨³µ-
¤¥°¸É¢¨Ö  ¤·µ´µ¢, ¤µ¶Ê¸± ÕÐ¨° ¶·µ¸ÉÊÕ ¶ · ³¥É·¨§ Í¨Õ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ²µ± ²Ó´µ-· ¢´µ¢¥¸´µ° ±¢ ·±-£²Õµ´´µ° ¸¨¸É¥³Ò, ±µÉµ-
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· Ö ¸µ¤¥·¦¨É Éµ²Ó±µ ¶·µ¤µ²Ó´Ò¥ ¶¥·¥³¥´´Ò¥. ‚ É ±µ³ ¶µ¤Ìµ¤¥ ¢ ¸.Í.¨. ·¥-
 ±Í¨¨ Ë·µ´ÉÒ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ¤¢¨¦ÊÉ¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É , ¶·¨-
Î¥³ ¢ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ ¨¸¶µ²Ó§Ê¥É¸Ö ´¥±µÉµ· Ö ¨´É¥·¶µ²ÖÍ¨Ö ³¥¦¤Ê
ÔÉ¨³¨ ¶·¥¤¥² ³¨. ’ ± Ö ± ·É¨´  Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ £·Ê¡Ò³ ¶·¨¡²¨¦¥´¨¥³.
�Î¥¢¨¤´µ, ÎÉµ ¢ ¶·µÍ¥¸¸¥ ¢§ ¨³µ¤¥°¸É¢¨Ö  ¤·µ´Ò · §·ÊÏ ÕÉ¸Ö, ¨ ´¥µ¡Ìµ-
¤¨³µ · ¸¸³ É·¨¢ ÉÓ ¸±µ·¥¥ ±¢ ·±-£²Õµ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ´¥¦¥²¨  ¤·µ´-
´Ò¥. Š¢ ·±-£²Õµ´´ Ö ¸¨¸É¥³  ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ´¥· ¢´µ¢¥¸´ : ¤µ¶Ê¸± ¥É¸Ö
¶·¥¤¸É ¢²¥´¨¥ µ ´¥§ ¢¨¸¨³ÒÌ ¸É·Ê´ Ì, Ö¢²ÖÕÐ¨Ì¸Ö ¸¨²Ó´µ ´¥· ¢´µ¢¥¸´Ò³¨
¸¨¸É¥³ ³¨.

ŒÖ£±¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥ ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¢ · ³± Ì Š•„; µ¤´ ±µ
Î ¸Éµ ¨£´µ·¨·Ê¥É¸Ö ÉµÉ Ë ±É, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ µÎ¥´Ó Ê¸¶¥Ï´Ò¥ Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò (¸³. [5]) ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ,  ¤·µ´-Ö¤¥·´ÒÌ ¨
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ¶·¥¤¥²¥ µÎ¥´Ó ¢Ò¸µ±¨Ì Ô´¥·£¨°, µ¸´µ¢ ´´Ò¥
´  É¥µ·¨¨ �¥¤¦¥. ’ ±¨¥ ³µ¤¥²¨ ´ Ìµ¤ÖÉ¸Ö ¶µ²´µ¸ÉÓÕ ¢ · ³± Ì ·¥²ÖÉ¨¢¨¸É-
¸±µ° ±¢ ´Éµ¢µ° É¥µ·¨¨, ¶·¨Î¥³ ´¥±µÉµ·Ò¥ µ¸µ¡¥´´µ¸É¨ ÔÉ¨Ì ³µ¤¥²¥° ³µ£ÊÉ
¡ÒÉÓ ¢µ¸¶·µ¨§¢¥¤¥´Ò ¢ Š•„ ¶ÊÉ¥³ ¨§ÊÎ¥´¨Ö ²¥¸É´¨Î´ÒÌ ¤¨ £· ³³.

’ ±¨³ µ¡· §µ³, ¢ Ë¨§¨±¥  ¤·µ´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¥¸ÉÓ ´¥ ³¥´¥¥ ËÊ´¤ -
³¥´É ²Ó´Ò°, Î¥³ ¸ ³  Š•„, ¶µ¤Ìµ¤ Å ·¥¤¦¥µ´´ Ö É¥µ·¨Ö. ‘ÊÐ¥¸É¢Ê¥É ´¥-
¸±µ²Ó±µ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ · §· ¡µÉ ´´ÒÌ ³µ¤¥²¥°, µ¸´µ¢ ´´ÒÌ ´  ÔÉµ° É¥µ-
·¨¨: ³µ¤¥²Ó ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ [6], ¤Ê ²Ó´ Ö ¶ ·Éµ´´ Ö ³µ¤¥²Ó („�Œ) [7]
¨ ³µ¤¥²Ó VENUS [5]. ‚¸¥ ÔÉ¨ ³µ¤¥²¨ µ± § ²¨¸Ó Ê¸¶¥Ï´Ò³¨ ¶·¨ µ¶¨¸ -
´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¨ µ´¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
± ± ´ ¨¡µ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨° ¶µ¤Ìµ¤ ¤²Ö µ¶¨¸ ´¨Ö  ¤·µ´- ¤·µ´´ÒÌ ¨  ¤·µ´-
Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ; µ´¨ Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ Î¥³ ¶·µ-
¸Éµ Ô±¸É· ¶µ²ÖÍ¨¥° ¨§¢¥¸É´µ° Ë¨§¨±¨, ± ± Î ¸Éµ Í¨É¨·Ê¥É¸Ö, ¶µ¸±µ²Ó±Ê ¢
¶·¨´Í¨¶¥ ÔÉµÉ ¶µ¤Ìµ¤ ¢±²ÕÎ ¥É ¨ ¶¥·¥· ¸¸¥Ö´¨¥. �µ²ÓÏ¨´¸É¢µ ¨§ ÔÉ¨Ì ³µ-
¤¥²¥° (± ±, ´ ¶·¨³¥·, „�Œ ¨ VENUS) ÊÎ¨ÉÒ¢ ÕÉ ¶µ²Ê¦¥¸É±µ¥ · ¸¸¥Ö´¨¥
¨ ¸¶µ¸µ¡´Ò ¢µ¸¶·µ¨§¢¥¸É¨ ¤ ´´Ò¥ ¢¶²µÉÓ ¤µ Ô´¥·£¨° LHC. ‚¸¥ ÔÉ¨ ³µ¤¥²¨
¨¤¥´É¨Î´Ò ¢ µÉ´µÏ¥´¨¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¨ ¢¥¸µ¢ µ¶·¥¤¥²¥´´ÒÌ ´¥Ê¶·Ê£¨Ì
¶·µÍ¥¸¸µ¢, µ¤´ ±µ ¸ ³¨ ´¥Ê¶·Ê£¨¥ ¶·µÍ¥¸¸Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ-· §´µ³Ê.

�¥µ¡Ìµ¤¨³µ¸ÉÓ  ¤¥±¢ É´µ£µ (¸ ÊÎ¥Éµ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨°) ¨
É·Ê¤µ¥³±µ£µ ¸µ¶µ¸É ¢²¥´¨Ö ¡µ²ÓÏ¨Ì µ¡Ñ¥³µ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ -
Í¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ É¥µ·¨¨ ¶·¨¢¥²  ± ¸µ§¤ ´¨Õ ³´µ£µÎ¨¸²¥´´ÒÌ ³µ¤¥²¥°
¨ ¶·µ£· ³³-£¥´¥· Éµ·µ¢ ¸Éµ²±´µ¢¥´¨°  ¤·µ´µ¢ ¨  Éµ³´ÒÌ Ö¤¥· [8Ä11]. �´¨
µ¸´µ¢Ò¢ ÕÉ¸Ö ´  Ê¸¶¥Ì Ì ¸É ´¤ ·É´µ° É¥µ·¨¨ ¸¨²Ó´ÒÌ ¨ Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨-
³µ¤¥°¸É¢¨° ¨ · §²¨Î´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì. ‚¸¥ ¸ÊÐ¥¸É¢ÊÕ-
Ð¨¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ¤¥²¨  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨ ¨§¢¥¸É´Ò¥
¶·µ£· ³³Ò-£¥´¥· Éµ·Ò ³µ¦´µ · §¤¥²¨ÉÓ ´  É·¨ £·Ê¶¶Ò: ³µ¤¥²¨, µ¸´µ¢ ´´Ò¥
´  É¥µ·¨¨ ƒ·¨¡µ¢  Å �¥¤¦¥ (ŒŠƒ‘, „�Œ, VENUS), ³µ¤¥²¨, µ¸´µ¢ ´´Ò¥ ´ 
±² ¸¸¨Î¥¸±µ° É¥µ·¨¨ ¸É·Ê´ (FRITIOF, SRM, ATTILA, SPM), ³µ¤¥²¨, µ¸´µ¢ ´-
´Ò¥ ´  ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ (ISAJET, PYTHIA, EUROJET, COJETS/WIZJET,
FIELDAJET, HIJING, PCM) [5]. ‘·¥¤¨ ¶·µ£· ³³-£¥´¥· Éµ·µ¢ µ¸µ¡µ Ï¨·µ-
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±ÊÕ ¨§¢¥¸É´µ¸ÉÓ ¶µ²ÊÎ¨²¨ ¶·µ£· ³³Ò ISAJET [8] ¨ ¶·µ£· ³³Ò ‹Ê´¤¸±µ£µ
Ê´¨¢¥·¸¨É¥É , ¢ Î ¸É´µ¸É¨, PYTHIA [9] ¨ FRITIOF [10].

ˆ´É¥´¸¨¢´µ · §¢¨¢ ÕÉ¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ´É¥-± ·²µ¢¸±¨¥ ¢¥·¸¨¨ ³µ-
¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ (¸³. [11] ¨ ¸¸Ò²±¨ ¢ ´¥°). �É¨ ¶·µ£· ³³Ò ¶·¥É¥´-
¤ÊÕÉ ´  µ¶¨¸ ´¨¥ ¢¸¥° µ¡² ¸É¨ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢, µÉ ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö
±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¤µ µ¡· §µ¢ ´¨Ö ¨ · ¸¶ ¤   ¤·µ´µ¢, ÎÉµ µ¡ÑÖ¸´Ö¥É ¨Ì ¶µ-
¶Ê²Ö·´µ¸ÉÓ.

‚ É¥Î¥´¨¥ ¤µ¸É ÉµÎ´µ ¤²¨É¥²Ó´ÒÌ ¶µ¨¸±µ¢ ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ µ¸´µ¢´ Ö ¶·µ-
¡²¥³  É¥µ·¨¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ ¸¢µ¤¨É¸Ö ± µ¶¨¸ ´¨Õ ¨Ì ¢¨·ÉÊ ²Ó-
´µ° Ë §Ò, ¶·µ¸É· ´¸É¢¥´´Ò¥ · §³¥·Ò ±µÉµ·µ° ¶·¥¢ÒÏ ÕÉ · §³¥·Ò ´Ê±²µ´ 
¨ ¢µ§· ¸É ÕÉ ¸ Ô´¥·£¨¥° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. ’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ
É· ´¸Ëµ·³ Í¨Ö ¢¨·ÉÊ ²Ó´ÒÌ Î ¸É¨Í ¢ ·¥ ²Ó´Ò¥ ¶·µ¨¸Ìµ¤¨É ´  · ¸¸ÉµÖ´¨ÖÌ
¶µ·Ö¤±  · §³¥·µ¢  Éµ³´ÒÌ Ö¤¥·, ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸
 Éµ³´Ò³¨ Ö¤· ³¨ ± ± ¨´¸É·Ê³¥´É ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ°
± ·É¨´Ò  ¤·µ´¨§ Í¨¨ ¢ ¶·µÍ¥¸¸ Ì ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í. ‚ ´ -
¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò ´¥ · ¸¸³ É·¨¢ ¥³  ¤·µ´-Ö¤¥·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶µ-
¸±µ²Ó±Ê ÔÉµ µÉ¤¥²Ó´Ò° ¨ ¤µ¸É ÉµÎ´µ §´ Î¨É¥²Ó´Ò° ¶·¥¤³¥É ¨¸¸²¥¤µ¢ ´¨Ö.

�¤´µ° ¨§ ¢ ¦´ÒÌ ¨ ³ ²µ¨§ÊÎ¥´´ÒÌ § ¤ Î Ë¨§¨±¨  ¤·µ´µ¢ Ö¢²Ö¥É¸Ö  ¤·µ-
´µ·µ¦¤¥´¨¥ Î ¸É¨Í, ¸µ¤¥·¦ Ð¨Ì ÉÖ¦¥²Ò¥ ±¢ ·±¨. �¥ ²¨¸É¨Î¥¸±¨¥ µÍ¥´±¨
¸¥Î¥´¨° ·µ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ´¥µ¡Ìµ¤¨³Ò
É ±¦¥ ¤²Ö ¶² ´¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¨ ¡Ê¤ÊÐ¨Ì Ê¸±µ-
·¨É¥²ÖÌ; µ£·µ³´Ò¥ § É· ÉÒ ´  ¸µ§¤ ´¨¥ Ê¸±µ·¨É¥²¥° ¨ ¤¥É¥±É¨·ÊÕÐ¨Ì Ê¸É -
´µ¢µ± É·¥¡ÊÕÉ ÉÐ É¥²Ó´µ£µ ¶·µ£´µ§¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¸¨ÉÊ Í¨¨.
�¡ÒÎ´µ É ±¨¥ µÍ¥´±¨ ¤¥² ÕÉ¸Ö ´  µ¸´µ¢¥ ¶ ·Éµ´´µ° ³µ¤¥²¨ ¢ · ³± Ì É¥µ·¨¨
¢µ§³ÊÐ¥´¨° Š•„. �¤´ ±µ ¨§¢¥¸É´Ò ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢, ¶·µÉ¨¢µ·¥-
Î Ð¨¥ ¶ ·Éµ´´µ° ³µ¤¥²¨, ¢ · ³± Ì ±µÉµ·µ° ´¥¢µ§³µ¦´µ ¤µ¡¨ÉÓ¸Ö ¡µ²ÓÏ¥£µ
¢ÒÌµ¤  µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢ K-¶ÊÎ± Ì ¶µ ¸· ¢´¥´¨Õ ¸ π-¶ÊÎ± ³¨ [12].
Š·µ³¥ Éµ£µ, ¶ ·Éµ´´Ò¥ ³µ¤¥²¨ ¸¨¸É¥³ É¨Î¥¸±¨ § ´¨¦ ÕÉ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö
c- ¨ b-±¢ ·±µ¢ ¶·¨ ¸· ¢´¨É¥²Ó´µ ´¥¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì [13].

�¥·¥Ìµ¤ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´Ò µ¶¨¸Ò¢ ²¸Ö · §´Ò³¨ ³µ¤¥²Ö³¨. ‚ [12]
µ¶¨¸ ´¨¥ ¡Ò²µ ¢Ò¶µ²´¥´µ ¸ ¶µ³µÐÓÕ ·¥±µ³¡¨´ Í¨µ´´µ° ³µ¤¥²¨ [14Ä16],
ÊÎ¨ÉÒ¢ ÕÐ¥° ¢§ ¨³µ¤¥°¸É¢¨¥ ¢´µ¢Ó ·µ¦¤¥´´ÒÌ ÉÖ¦¥²ÒÌ Q-±¢ ·±µ¢ ¸ ±¢ ·-
± ³¨ ¨§ ´ Î ²Ó´ÒÌ  ¤·µ´µ¢; É ±µ° ÊÎ¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¢ ²¥´É´Ò³¨ ±¢ ·-
± ³¨ ¶µ§¢µ²¨² µ¶¨¸ ÉÓ ·µ¦¤¥´¨¥ ²¨¤¨·ÊÕÐ¥° ±µ³¶µ´¥´ÉÒ µÎ ·µ¢ ´´ÒÌ Î -
¸É¨Í. ”Ê´±Í¨Ö ·¥±µ³¡¨´ Í¨¨ ¢ ÔÉµ° ³µ¤¥²¨ ¢Ò· ¦¥´  Î¥·¥§ ¨´É¥·¸¥¶É αi(0)
²¨¤¨·ÊÕÐ¥° ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨, ¸¢Ö§ ´´µ° ¸ ±¢ ·±µ³ qi. ‚ ¤·Ê£µ° Ë¥-
´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ [17] ¸¤¥² ´  µÍ¥´±  ¢ÒÌµ¤  µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¢
·¥¤¦¥¢¸±µ³ ¶µ¤Ìµ¤¥ ¨ ¶µ²ÊÎ¥´µ ¤µ¸É ÉµÎ´µ ÉµÎ´µ¥ µ¶¨¸ ´¨¥ ·µ¦¤¥´¨Ö D- ¨
B-³¥§µ´µ¢ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, ±µÉµ·Ò¥ É ±¦¥ ¢Ò· -
¦ ²¨¸Ó Î¥·¥§ ¶¥·¥¸¥Î¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì É· ¥±Éµ·¨° �¥¤¦¥.

“¸¶¥Ï´µ¥ µ¶¨¸ ´¨¥ · §²¨Î´ÒÌ Ì · ±É¥·¨¸É¨± ¶·µÍ¥¸¸µ¢  ¤·µ´µ·µ¦¤¥-
´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´µ ¢ · ³± Ì ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ
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´  Éµ¶µ²µ£¨Î¥¸±µ³ 1/Nf -· §²µ¦¥´¨¨  ³¶²¨ÉÊ¤ ¢ Š•„ [18Ä21] ¨ É¥¸´µ ¸¢Ö-
§ ´´ÒÌ ¸ ´¨³ ³µ¤¥²ÖÌ ¸É·Ê´Ò ¨ Í¢¥É´µ° É·Ê¡±¨ [22Ä24], É.¥. ¢ · ³± Ì ŒŠƒ‘.

�¸´µ¢´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ Å ¸É·Ê±ÉÊ·´Ò¥
ËÊ´±Í¨¨ ±¢ ·±µ¢ ¨ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¢  ¤·µ´Ò Å ¢Ò· ¦ ÕÉ¸Ö
¢ É¥·³¨´ Ì ¶¥·¥¸¥Î¥´¨° É· ¥±Éµ·¨° ¶µ²Õ¸µ¢ �¥¤¦¥. � ¨¡µ²ÓÏ Ö ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓ · ¸Î¥Éµ¢ ¸¥Î¥´¨° ¢ÒÌµ¤µ¢ ÉÖ¦¥²ÒÌ  ·µ³ Éµ¢ ¢ · ³± Ì ŒŠƒ‘ ¸¢Ö-
§ ´ , ¢ µ¸´µ¢´µ³, ¸ µÉ¸ÊÉ¸É¢¨¥³ ´ ¤¥¦´µ° ¨´Ëµ·³ Í¨¨ µ ¶µ¢¥¤¥´¨¨ ·¥¤¦¥¢-
¸±¨Ì É· ¥±Éµ·¨° ÉÖ¦¥²ÒÌ QQ̄-±¢ ·±µ´¨¥¢. ‚ ¶·¥¤¶µ²µ¦¥´¨¨ µ ²¨´¥°´µ¸É¨
QQ̄-É· ¥±Éµ·¨° ¨´É¥·¸¥¶ÉÒ µ± §Ò¢ ÕÉ¸Ö ´¨§±¨³¨ αΨ(0) ' −2, 2, αΥ(0) '
−16, ¶µÔÉµ³Ê ¢±² ¤ ¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³  µÎ¥´Ó ¡Ò¸É·µ Ê¡Ò¢ ¥É ¸ ·µ¸-
Éµ³ ³ ¸¸Ò ±¢ ·± . ‚ ÔÉµ° ¸¢Ö§¨ ¢ ¦´µ¥ §´ Î¥´¨¥ ¶·¨µ¡·¥É ¥É µ¶·¥¤¥²¥´¨¥
¶µ¢¥¤¥´¨Ö ·¥¤¦¥¢¸±¨Ì QQ̄-É· ¥±Éµ·¨° ¢ µ¡² ¸É¨ 0 ≤ t ≤ m2

QQ̄
¨ µÍ¥´± 

¨´É¥·¸¥¶Éµ¢ αQQ̄(0) É· ¥±Éµ·¨°.
ŒŠƒ‘ Ê¸¶¥Ï´µ ¶·¨³¥´Ö² ¸Ó ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ µ¡· §µ¢ ´¨Ö  ¤·µ-

´µ¢, ¶·µ¨´É¥£·¨·µ¢ ´´ÒÌ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ,
¸µ¤¥·¦ Ð¨Ì ´¥ Éµ²Ó±µ ²¥£±¨¥ u-, d-, ¨ s-±¢ ·±¨, ´µ ¶µ§¢µ²¨²  µ¡ÑÖ¸´¨ÉÓ
³´µ£¨¥ Ì · ±É¥·´Ò¥ Î¥·ÉÒ  ¤·µ´µ·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í (¸³. µ¡-
§µ·Ò [25, 26],   É ±¦¥ · ¡µÉÒ [27Ä36]). ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  1/Nf -
· §²µ¦¥´¨Ö ¨ ³µ¤¥²¨ ·¥¤¦¨§µ¢ ´´µ£µ µ¤´µ¶¨µ´´µ£µ µ¡³¥´  ¢ · ¡µÉ¥ [37]
¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸¶¥±É·Ò Λc-¡ ·¨µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ.

‚ ¤ ´´µ³ µ¡§µ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, ÊÎ¨ÉÒ¢ ÕÐ¨¥
§ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É·µ¢ µÉ ¸¶¨´  ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ,   ¨³¥´´µ ·µ¦¤¥´¨¥
·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨° [32, 35, 36],   É ±¦¥ § ¢¨¸¨³µ¸ÉÓ · ¸¶·¥¤¥²¥´¨° Î ¸-
É¨Í ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ ¸ ÊÎ¥Éµ³ ¶µ¶¥·¥Î´µ£µ
¤¢¨¦¥´¨Ö ±¢ ·±µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì [38Ä45].

‚ ¶¥·¢µ³ · §¤¥²¥ ±· É±µ ¨§² £ ÕÉ¸Ö µ¸´µ¢´Ò¥ ¶·¨´Í¨¶Ò 1/N -· §²µ¦¥´¨Ö
¢ Š•„ ¨ ¥£µ ¸¢Ö§Ó ¸ É¥µ·¨¥° �¥¤¦¥. „ ¥É¸Ö µ¡§µ· · ¡µÉ, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¶µ-
¸É·µ¥´¨Õ ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´, µ¸´µ¢ ´´µ° ´  ÔÉµ° ¸¢Ö§¨. �·¨¢µ-
¤¨É¸Ö ¸Ì¥³  ¶µ²ÊÎ¥´¨Ö p¥¤¦¥- ¸¨³¶ÉµÉ¨±¨ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì ¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ µ¡· §ÊÕÐ¨¥¸Ö  ¤·µ´Ò.
�É³¥Î ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É·Ê±ÉÊ·´ÒÌ µ¡Ñ¥±Éµ¢ ¶µ ¸· ¢´¥-
´¨Õ ¸ · ¸¸¥Ö´¨¥³ ÉµÎ¥Î´ÒÌ Î ¸É¨Í ¨ ¢µ§´¨± ÕÐ¨¥ ¶·¨ ÔÉµ³ É·Ê¤´µ¸É¨ µ¶¨-
¸ ´¨Ö  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. „ ¥É¸Ö ±· É± Ö Ì · ±É¥·¨¸É¨±  ³Ö£±¨Ì  ¤·µ´´ÒÌ
¶·µÍ¥¸¸µ¢ ¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ´¥±µÉµ·Ò¥ ³µ¤¥²¨ ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°-
¸É¢¨°  ¤·µ´µ¢.

‚µ ¢Éµ·µ³ · §¤¥²¥ ŒŠƒ‘ ¶·¨³¥´Ö¥É¸Ö ¤²Ö  ´ ²¨§  ¶·µÍ¥¸¸µ¢ ·µ¦¤¥´¨Ö
¡µ§µ´´ÒÌ ·¥§µ´ ´¸µ¢, ¸µ¤¥·¦ Ð¨Ì ²¥£±¨¥ u-, d-, s-±¢ ·±¨ [32]. C ¨¸¶µ²Ó§µ-
¢ ´¨¥³ ³µ¤¥²¨ ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨ ¶µ²ÊÎ¥´Ò ¸µµÉ´µÏ¥´¨Ö, ¸¢Ö§Ò¢ -
ÕÐ¨¥ ¸¶¥±É·Ò ³¥§µ´µ¢ ¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨ ¸µ ¸¶¥±É· ³¨ ¢¥±Éµ·´ÒÌ (ρ,K∗)
¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ (π,K) ³¥§µ´µ¢.
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’·¥É¨° · §¤¥² ¶µ¸¢ÖÐ¥´ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ¥°  ¤·µ´µ·µ-
¦¤¥´¨¥ Î ¸É¨Í ¸ µÉ±·ÒÉÒ³ Î ·³µ³ ¸ ÊÎ¥Éµ³ ¢±² ¤µ¢ µÉ · ¸¶ ¤µ¢ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì S-¢µ²´µ¢ÒÌ ·¥§µ´ ´¸µ¢ [35,36].

—¥É¢¥·ÉÒ° · §¤¥² ¶µ¸¢ÖÐ¥´ ´µ¢µ³Ê ¶µ¤Ìµ¤Ê ¢ · ³± Ì ŒŠƒ‘ ¤²Ö µ¶¨-
¸ ´¨Ö ³Ö£±¨Ì ¨ ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢, µ¸´µ¢ ´´µ³Ê ´  ¤¢ÊÌ£²Õ-
µ´´µ° ³µ¤¥²¨ ¶µ³¥·µ´  [44, 45]. ‚ ¶·¥¤²µ¦¥´´µ° ³µ¤¥²¨ ¶µ³¥·µ´ · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ°,
É.¥. ¢ ¶·µ¶ £ Éµ· £²Õµ´  ¢¢µ¤¨É¸Ö ¶ · ³¥É· µ¡·¥§ ´¨Ö ¶µ k⊥, ±µÉµ·Ò° ²µ£ -
·¨Ë³¨Î¥¸±¨ ¨¸Î¥§ ¥É ¶·¨ ¡µ²ÓÏ¨Ì k⊥. �·¥¤²µ¦¥´´ Ö ¢¥·¸¨Ö ŒŠƒ‘ ¶·¨³¥-
´Ö¥É¸Ö ¤²Ö ±µ²¨Î¥¸É¢¥´´µ° µÍ¥´±¨ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö π- ¨ D-³¥§µ´µ¢ ¢ pp-
¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ [44, 45]. ˆ§ ¸· ¢´¥´¨Ö
· ¸Î¥Éµ¢ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¨´É¥·¸¥¶É  ·¥¤¦¥¢¸±µ° Ψ-É· ¥±Éµ·¨¨ αΨ(0) ' 0
¨ αΨ(0) = −2, 2 ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¨ Ô´¥·£¨¨

√
s =27,4 ƒÔ‚

¶µ± § ´µ, ÎÉµ Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¸¶¥±É·µ¢ ± ± ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ°
xF , É ± ¨ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥ ¤µ¸É¨£ ¥É¸Ö ¶·¨ §´ Î¥´¨¨ ¶¥·¥¸¥Î¥´¨Ö
·¥¤¦¥¢¸±µ° Ψ-É· ¥±Éµ·¨¨, ¡²¨§±µ³ ± ´Ê²Õ, αΨ(0) ' 0.

‚ § ±²ÕÎ¥´¨¨ ±· É±µ ¸Ëµ·³Ê²¨·µ¢ ´Ò µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö.

1. ’���‹�ƒˆ—…‘Š�… 1/N -��‡‹�†…�ˆ…
ˆ …ƒ� ‘‚Ÿ‡œ ‘ ’…��ˆ…‰ �…„†…

’·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ·µ¸Éµ³ Š•„-±µ´¸É ´ÉÒ ¸¢Ö§¨ αs(Q
2) ¢ ³Ö£±¨Ì

¶·µÍ¥¸¸ Ì, ¶·¨¢¥²¨ ± · §¢¨É¨Õ  ²ÓÉ¥·´ É¨¢´ÒÌ ¸¶µ¸µ¡µ¢ · ¸Î¥É  ¢§ ¨³µ¤¥°-
¸É¢¨Ö  ¤·µ´µ¢. ‚ ± Î¥¸É¢¥ ³ ²ÒÌ ¶ · ³¥É·µ¢ ¢ Š•„ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ
¢¥²¨Î¨´Ò 1/Nf ¨ 1/Nc, £¤¥ Nf Å Î¨¸²µ  ·µ³ Éµ¢ ±¢ ·±µ¢ (u, d, s, . . .),   Nc
Å Î¨¸²µ Í¢¥Éµ¢ [18,19]. �²¨§±¨³ ± ¤¥°¸É¢¨É¥²Ó´µ¸É¨ Ö¢²Ö¥É¸Ö ¸²ÊÎ °, ±µ£¤ 
µÉ´µÏ¥´¨¥ Nf/Nc Ë¨±¸¨·µ¢ ´µ (Nf/Nc ∝ 1) ¨ ¶·µ¢µ¤¨É¸Ö · §²µ¦¥´¨¥ ¶µ
¢¥²¨Î¨´¥ 1/Nf ¨²¨ 1/Nc. ’ ±µ° ¶µ¤Ìµ¤ ¶µ²ÊÎ¨² ´ §¢ ´¨¥ ¤Ê ²Ó´µ° Éµ¶µ-
²µ£¨Î¥¸±µ° Ê´¨É ·¨§ Í¨¨ („’“) [20, 21], É.±. µ´ ¡Ò² ¶·¥¤²µ¦¥´ ´¥§ ¢¨¸¨³µ
µÉ Š•„ ¤²Ö ÊÎ¥É  Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¢ · ³± Ì ¤Ê ²Ó´µ£µ ¶µ¤Ìµ¤ ; ¶µ§¤´¥¥
¡Ò²  Ê¸É ´µ¢²¥´  ¥£µ ¸¢Ö§Ó ¸ Š•„ [20].

‚ ¶·µÍ¥¸¸ Ì ¸ ´¥¡µ²ÓÏ¨³¨ ¶¥·¥¤ ´´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ÔËË¥±É¨¢´µ ÊÎ ¸É-
¢ÊÕÉ Éµ²Ó±µ ²¥£±¨¥ ±¢ ·±¨ u, d, s, ¨ Î¨¸²µ Nf ¡²¨§±µ ± 3, É.¥. ¶ · ³¥É·
· §²µ¦¥´¨Ö ¶·¨³¥·´µ · ¢¥´ 1/3. �¤´ ±µ Ë ±É¨Î¥¸±¨ ¤²Ö  ³¶²¨ÉÊ¤ ¸ µ¶·¥¤¥-
²¥´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ¢ t-± ´ ²¥ · §²µ¦¥´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ¢¥²¨Î¨´¥
1/N2

f ' 0, 1.
�·¨ µ¶¨¸ ´¨¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ É ±µ° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É Ê¸É ´µ-

¢¨ÉÓ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê Ë¥°´³ ´µ¢¸±¨³¨ ¤¨ £· ³³ ³¨ ·¥ ±Í¨¨ a+b→ c+X
¨ µ¶·¥¤¥²¥´´Ò³¨ £¥µ³¥É·¨Î¥¸±¨³¨ µ¡· § ³¨ Å ¶² ´ ·´Ò³¨ ¤¨ £· ³³ ³¨,
Í¨²¨´¤·¨Î¥¸±¨³¨, ¤¨ £· ³³ ³¨ ¸ ª·ÊÎ± ³¨ª ¨ ¡µ²¥¥ ¸²µ¦´Ò³¨ Éµ¶µ²µ£¨-
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�¨¸. 1. �² ´ ·´ Ö ¤¨ £· ³³  ¸ ¢´¥Ï´¨³¨ ª´µ£ ³¨ª (a) ¨ Ô±¢¨¢ ²¥´É´ Ö ¥° Ë¥°´³ -
´µ¢¸± Ö ¤¨ £· ³³  (¡)

Ö³¨. ‘Ê³³¨·µ¢ ´¨¥ ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ¢ ± ¦¤µ³ ¸²ÊÎ ¥ É¨¶ ³ ¤¨ £· ³³
¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ò ³Ö£±¨Ì ¶·µÍ¥¸¸µ¢ ¢ ¢¨¤¥ ·Ö¤  ¶µ 1/N .

1.1. ’µ¶µ²µ£¨Î¥¸±µ¥ 1/N -· §²µ¦¥´¨¥ ¢ Š•„. �·¥¤²µ¦¥´´Ò° 'É •oËÉµ³
¶µ¤Ìµ¤ [18] ¨¸¶µ²Ó§Ê¥É É¥µ·¨Õ ¢µ§³ÊÐ¥´¨°, µ¤´ ±µ ´¥ ¶µ Ì·µ³µ¤¨´ ³¨Î¥-
¸±µ° ±µ´¸É ´É¥ αs,   ¶µ 1/Nc. �·¨ ÔÉµ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ αs ·Nc = const,
  Î¨¸²µ  ·µ³ Éµ¢ Nf Ë¨±¸¨·µ¢ ´µ. ‹ £· ´¦¨ ´ Š•„ § ¶¨¸Ò¢ ²¸Ö ¢ É -
±µ³ ¢¨¤¥, ±µÉµ·Ò° ´ £²Ö¤´µ ³µ¦´µ ¶·µ¨²²Õ¸É·¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³.
ƒ²Õµ´ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ±¢ ·±- ´É¨±¢ ·±µ¢ Ö ¸¨¸É¥³ , É.¥. ¨§µ¡· ¦ ¥É¸Ö
¢ ¢¨¤¥ ¤¢ÊÌ ¶·µÉ¨¢µ¶µ²µ¦´µ ´ ¶· ¢²¥´´ÒÌ ±¢ ·±µ¢ÒÌ ²¨´¨°. Š¢ ·± Éµ¦¥
¨§µ¡· ¦ ¥É¸Ö ¢ ¢¨¤¥ ¤¢ÊÌ ²¨´¨° (¸¶²µÏ´µ° ¨ ÏÉ·¨Ìµ¢µ° ´  ·¨¸.1,a), ´µ µ¤¨-
´ ±µ¢µ ´ ¶· ¢²¥´´ÒÌ, µ¤´  ¨§ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥²¥´´µ³Ê Í¢¥ÉÊ,
  ¤·Ê£ Ö Å  ·µ³ ÉÊ. ˆ¸Ìµ¤Ö ¨§ ÔÉ¨Ì ¶· ¢¨² Ë¥°´³ ´µ¢¸±¨¥ ¤¨ £· ³³Ò Éµ¦¥
¨§µ¡· ¦ ÕÉ¸Ö ¨´ Î¥.

� §²¨Î ÕÉ ¤¨ £· ³³Ò ª¶² ´ ·´µ£µª ¨ ª´¥¶² ´ ·´µ£µª É¨¶ . Š ¶¥·¢Ò³ µÉ-
´µ¸ÖÉ¸Ö ¤¨ £· ³³Ò ¢¨¤  ·¨¸.1,a, ¸ ¢´¥Ï´¨³¨ £²Õµ´´Ò³¨ ²¨´¨Ö³¨. „²Ö É ±¨Ì
¤¨ £· ³³ ¢¸¥ ²¨´¨¨ ³µ¦´µ ¡¥§ ¸ ³µ¶¥·¥¸¥Î¥´¨Ö · §³¥¸É¨ÉÓ ´  ¶²µ¸±µ¸É¨
¢´ÊÉ·¨ ±µ´ÉÊ· , µ£· ´¨Î¥´´µ£µ ±¢ ·±µ¢Ò³¨ ²¨´¨Ö³¨, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ
£· ´¨ÍÊ ¤¨ £· ³³Ò. „²Ö ´ £²Ö¤´µ¸É¨ ´  ·¨¸.1,¡ ¶·¨¢¥¤¥´  Ô±¢¨¢ ²¥´É´ Ö ¥°
µ¡ÒÎ´ Ö Ë¥°´³ ´µ¢¸± Ö ¤¨ £· ³³  Š•„, £¤¥ ¢µ²´¨¸ÉÒ¥ ²¨´¨¨ ¨§µ¡· ¦ ÕÉ
£²Õµ´Ò,   ¸¶²µÏ´Ò¥ Å ±¢ ·±¨ ¨  ´É¨±¢ ·±¨. „¨ £· ³³  n-£µ ¶µ·Ö¤±  Gn,
£¤¥ n Å Î¨¸²µ ¢´¥Ï´¨Ì ª´µ£ª ¨²¨ ¢´¥Ï´¨Ì £²Õµ´´ÒÌ ²¨´¨°, ¨¸Ìµ¤ÖÐ¨Ì ¨§
£· ´¨ÍÒ (´  ·¨¸.1 n = 4), ¶·µ¶µ·Í¨µ´ ²Ó´  ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ [3]:

Gn ∝ (g2)2h−2+b(g2Nc)
lc(g2Nf )lf , (1)

£¤¥ ¢¢¥¤¥´Ò ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö: g Å ±µ´¸É ´É  ¸¢Ö§¨, lc, lf Å Î¨¸² 
Í¢¥Éµ¢ÒÌ ¨  ·µ³ Éµ¢ÒÌ ¶¥É¥²Ó, h Å Î¨¸²µ ª·ÊÎ¥±ª, Ì · ±É¥·¨§ÊÕÐ¨Ì ¸É¥¶¥´Ó
´¥¶² ´ ·´µ¸É¨ ¤¨ £· ³³, b Å Î¨¸²µ £· ´¨Í.

‚ ¶µ¤Ìµ¤¥ 'É •oËÉ  [18] ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ g2Nc ¨ Nf Ë¨±¸¨·µ¢ ´Ò
´¥±µÉµ·Ò³¨ ¶µ¸ÉµÖ´´Ò³¨. ‚ · ¡µÉ Ì ¦¥ ‚¥´¥Í¨ ´µ [19, 20] ¤¥² ²µ¸Ó ¡µ²¥¥
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�¨¸. 2. �² ´ ·´Ò¥ ¤¨ £· ³³Ò ¤²Ö ¡¨´ ·´µ£µ (a) ¨ ³´µ¦¥¸É¢¥´´µ£µ (¡) ¶·µÍ¥¸¸µ¢

¸¨²Ó´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥: Ë¨±¸¨·µ¢ ²¨¸Ó g2Nc ¨ g2Nf . ’µ£¤  ¢ ¶µ¤Ìµ¤¥ ‚¥-
´¥Í¨ ´µ

Gn ∝ (g2)2h+b ∝
(

1

Nc

)2h+b

∝
(

1

Nf

)2h+b

. (2)

‚ Éµ¶µ²µ£¨Î¥¸±µ³ · §²µ¦¥´¨¨ ‚¥´¥Í¨ ´µ ¤¨ £· ³³Ò ±² ¸¸¨Ë¨Í¨·ÊÕÉ¸Ö
¶µ Î¨¸²Ê ª·ÊÎ¥±ª ¨ ª£· ´¨Íª. —Éµ¡Ò ¶µ²ÊÎ¨ÉÓ  ³¶²¨ÉÊ¤Ê, ´ ¶·¨³¥·, ¡¨´ ·-
´µ£µ ¶·µÍ¥¸¸  (n = 4, ¸³. ·¨¸.2), ´ ¤µ ¶·µ¸Ê³³¨·µ¢ ÉÓ ¶µ ¢¸¥³ h ¨ b, É.¥. ¶µ
¢±² ¤ ³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ · §´Ò³ Éµ¶µ²µ£¨Ö³: ¶² ´ ·´Ò°, Í¨²¨´¤·¨Î¥¸±¨°
¨ É.¤. ‡ ³¥É¨³, ÎÉµ É·¥¡µ¢ ´¨¥ g2Nf = const (¶µ·Ö¤±  ¥¤¨´¨ÍÒ) ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ ¶µ·Ö¤µ± ¤¨ £· ³³Ò n ´¥ ³¥´Ö¥É¸Ö, ¥¸²¨ ¢ ´¥¥ ¢±²ÕÎ¨ÉÓ ±¢ ·±-
 ´É¨±¢ ·±µ¢ÊÕ ¶¥É²Õ. ƒ² ¢´Ò° ¢±² ¤ Éµ¶µ²µ£¨Î¥¸±µ£µ · §²µ¦¥´¨Ö Ê± § ´´µ°
¢ÒÏ¥  ³¶²¨ÉÊ¤Ò ¡Ê¤ÊÉ ¤ ¢ ÉÓ, ¸µ£² ¸´µ ( [18]), ¤¨ £· ³³Ò ¸ h = 0 ¨ b = 1,
É.¥. ¤¨ £· ³³Ò ª¶² ´ ·´µ£µª É¨¶  ¡¥§ ª·ÊÎ¥±ª ¨ ¸ µ¤´µ° ª£· ´¨Í¥°ª. �·¨-
³¥·Ò É ±¨Ì ¤¨ £· ³³ ¶·¨¢¥¤¥´Ò ´  p¨¸.2,  ¤²Ö ³¥§µ´-³¥§µ´´µ£µ · ¸¸¥Ö´¨Ö.
� §·¥§ ´¨Õ É ±µ° ¤¨ £· ³³Ò ¢ s-± ´ ²¥ É ±¦¥ ¸µµÉ¢¥É¸É¢Ê¥É ª¶² ´ ·´ Öª
¤¨ £· ³³  ¤²Ö  ³¶²¨ÉÊ¤Ò ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í, ¨§µ¡· ¦¥´´ Ö
´  p¨¸.2,¡ (§¤¥¸Ó ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¤²Ö Ê¶·µÐ¥´¨Ö ·¨¸Ê´±µ¢ ¢´ÊÉ·¥´´¨¥ ²¨-
´¨¨ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ ¢ µÉ²¨Î¨¥ µÉ p¨¸.2,  ´¥ ¨§µ¡· ¦¥´Ò). �³¶²¨ÉÊ¤Ò
¶µ¤µ¡´ÒÌ ¡¨´ ·´ÒÌ ¶·µÍ¥¸¸µ¢ ¢¥¤ÊÉ ¸¥¡Ö ± ±

T
(h=0,b=1)
ab→cd ∝ 1

Nf
∝ 1

Nc
. (3)

ƒ· Ë¨±¨ ¡µ²¥¥ ¢Ò¸µ±µ° Éµ¶µ²µ£¨¨, ±µ£¤  h = 0, b = 2, É ± ´ §Ò¢ ¥³Ò¥
ªÍ¨²¨´¤·¨Î¥¸±¨¥ª ¤¨ £· ³³Ò (¶·¨³¥· É ±¨Ì ¤¨ £· ³³ ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
¶·¨¢¥¤¥´ ´  p¨¸.3, ), ¢¥¤ÊÉ ¸¥¡Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ Nc ¨²¨ Nf ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

T
(h=0,b=2)
ab→ab ∝ 1

N2
f

∝ 1

N2
c

. (4)
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�¨¸. 3. –¨²¨´¤·¨Î¥¸±¨¥ ¤¨ £· ³³Ò: a) Ê¶·Ê£µ£µ ¶·µÍ¥¸¸  (¶µ³¥·µ´); ¡) ³´µ¦¥¸É¢¥´-
´µ£µ ¶·µÍ¥¸¸ 

� §·¥§ ´¨Õ É ±µ° ¤¨ £· ³³Ò ¢ s-± ´ ²¥ ¸µµÉ¢¥É¸É¢Ê¥É ªÍ¨²¨´¤·¨Î¥¸± Öª
¤¨ £· ³³  ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö Î ¸É¨Í, ¨§µ¡· ¦¥´´ Ö ´  p¨¸.3,¡. „¨ -
£· ³³Ò ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  Éµ¶µ²µ£¨¨ Å £· Ë¨±¨ ª¤¢µ°´µ£µ Í¨²¨´¤· ª,
h = 1 ¨ b = 2, Ê¡Ò¢ ÕÉ Ê¦¥ ± ± 1/N4

f = 1/N4
c . „·Ê£¨¥ ¤¨ £· ³³Ò ªÍ¨²¨´-

¤·¨Î¥¸±µ£µª É¨¶  ³µ¦´µ ¨§µ¡· §¨ÉÓ ¢ ¢¨¤¥ ³´µ£¨Ì ªÍ¨²¨´¤·µ¢ª. �µ¸²¥¤´¨¥
Ê¡Ò¢ ÕÉ ± ± 1/N6, 1/N8,..., É.±. h = 2, 3, ..., É.¥. ± ¦¤Ò° ¤µ¶µ²´¨É¥²Ó´Ò°
Í¨²¨´¤· ¤ ¥É µ¤´Ê ª·ÊÎ±Êª,   Î¨¸²µ £· ´¨Í ´¥¨§³¥´´µ, b = 2.

‚ · ¡µÉ Ì [18Ä22] ¡Ò² ¶·¥¤²µ¦¥´ É ± ´ §Ò¢ ¥³Ò° ¤Ê ²Ó´µ-Éµ¶µ²µ£¨-
Î¥¸±¨° ¶µ¤Ìµ¤, ¸ÊÉÓ ±µÉµ·µ£µ ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕÐ¥³. �² ´ ·´Ò³ ¤¨ £· ³³ ³
¸ h = 0 ¨ b = 1 (·¨¸.2, ) ¢ s-± ´ ²¥ ¸É ¢ÖÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¥ ¤¨ £· ³³Ò µ¤´µ-
·¥¤¦¥µ´´µ£µ µ¡³¥´  ¢ t-± ´ ²¥, £· Ë¨± ³ Í¨²¨´¤·¨Î¥¸±µ£µ É¨¶  ¸ h = 0 ¨
b = 2 (·¨¸.3, ) Å ¤¨ £· ³³Ò µ¤´µ¶µ³¥·µ´´µ£µ µ¡³¥´  ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ab→ ab ¢ t-± ´ ²¥. „·Ê£¨³ ¤¨ £· ³³ ³ Í¨²¨´¤·¨Î¥¸±µ£µ É¨¶  ¢ s-± ´ ²¥
¸ h = 1, 2, 3, ... ¨ b = 2 ¸É ¢ÖÉ¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¥ £· Ë¨±¨ ³´µ£µ¶µ³¥·µ´´µ£µ
µ¡³¥´  ¤²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¢ t-± ´ ²¥. ’ ±, ¶² ´ ·´Ò³ ¤¨ £· ³³ ³ · §-
·¥§ ´´µ£µ É¨¶  (·¨¸.2,¡) ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÍ¥¸¸ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
¶·¨ ¸Éµ²±´µ¢¥´¨¨ ³¥§µ´µ¢ a ¨ b, ¸µ¸ÉµÖÐ¨Ì ¨§ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¨  ´-
É¨±¢ ·±µ¢. ‹¨´¨Ö, µ¶·¥¤¥²ÖÕÐ Ö ²¥¢ÊÕ ª£· ´¨ÍÊª · §·¥§ ´´µ° ¤¨ £· ³³Ò
·¨¸.2,¡, ¸µµÉ¢¥É¸É¢Ê¥É  ´´¨£¨²ÖÍ¨¨ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢,  ´É¨±¢ ·±µ¢, ¶·¨´ ¤-
²¥¦ Ð¨Ì ¸É ²±¨¢ ÕÐ¨³¸Ö  ¤·µ´ ³ (³¥§µ´ ³). �· ¢ Ö ª£· ´¨Í ª ¤¨ £· ³³Ò
·¨¸.2,¡ ¨§µ¡· ¦ ¥É qq̄-¶ ·Ò, ±µÉµ·Ò¥ § É¥³ Ë· £³¥´É¨·ÊÕÉ ¢  ¤·µ´Ò. Œ¥¦¤Ê
²¥¢µ° ¨ ¶· ¢µ° ª£· ´¨Í ³¨ª ¤¨ £· ³³Ò ·¨¸.2,¡ ´ Ìµ¤¨É¸Ö ª¸¥ÉÓª £²Õµ´´ÒÌ
²¨´¨° ¨ qq̄-¶¥É¥²Ó, ± ± ´  ·¨¸.2, , £¤¥ µ´¨ ´¥ ¨§µ¡· ¦¥´Ò.

”¨§¨Î¥¸±¨ ¤¨ £· ³³Ê ·¨¸.2,¡, · §·¥§ ´´ÊÕ ¢ s-± ´ ²¥, ³µ¦´µ É· ±Éµ-
¢ ÉÓ [6] ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ³¥§µ´µ¢ ±¢ ·± µ¤´µ£µ
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³¥§µ´   ´´¨£¨²¨·Ê¥É ¸  ´É¨±¢ ·±µ³ ¤·Ê£µ£µ,   ¤·Ê£ Ö qq̄-¶ ·  ¢§ ¨³µ¤¥°¸É¢Ê¥É
³¥¦¤Ê ¸µ¡µ° ¨ · §²¥É ¥É¸Ö (¢ ¸.Í.¨. ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢) ¢ · §´Ò¥ ¸Éµ-
·µ´Ò. Œ¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö ±¢ ·± ³¨ ¢ Ì·µ³µ¸É É¨Î¥¸±µ³ ¶µ²¥ µ¡· §Ê¥É¸Ö
¸É·Ê´  [6], ±µÉµ· Ö § É¥³ ·¢¥É¸Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¢ Ì·µ³µ¤¨´ ³¨Î¥¸±µ³ ¢ ±Ê-
Ê³¥ ·µ¦¤ ÕÉ¸Ö qq̄-¶ ·Ò. ‚µ§´¨± ¥É ¢µ¶·µ¸, ± ± ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¤¨ £· ³³Ê
·¨¸.2, , ±µÉµ· Ö ¢ · §·¥§ ´´µ³ ¢¨¤¥ ¢ s-± ´ ²¥ ¶·¥¤¸É ¢²¥´  ´  ·¨¸.2,¡. � 
¶µ³µÐÓ ¶·¨Ìµ¤¨É ¢ÒÏ¥Ê± § ´´µ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê s-± ´ ²Ó´Ò³ Éµ¶µ²µ£¨-
Î¥¸±¨³ ¨ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ ¶µ²Õ¸ ³ �¥¤¦¥  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ
¶·µÍ¥¸¸  (É ± ´ §Ò¢ ¥³Ò° ¶·¨´Í¨¶ ¤Ê ²Ó´µ¸É¨). �·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¨
´¥¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  ¶µ¢¥¤¥´¨¥ ¤¨ £· ³³ ·¨¸.2 ¢ t-± ´ ²¥ µ¶·¥-
¤¥²Ö¥É¸Ö ¸ ³Ò³¨ ¶· ¢Ò³¨ ¢ j-¶²µ¸±µ¸É¨ ¶µ²Õ¸ ³¨ �¥¤¦¥ ¸ ¤ ´´Ò³¨ ±¢ ´-
Éµ¢Ò³¨ Î¨¸² ³¨. �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ÔÉ¨ ¶µ²Õ¸Ò ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ ¸µ-
¢¶ ¤ ÕÉ ¸ ´ ¡²Õ¤ ¥³Ò³¨ ´  µ¶ÒÉ¥ É ± ´ §Ò¢ ¥³Ò³¨ ¢Éµ·¨Î´Ò³¨ ¶µ²Õ¸ ³¨
�¥¤¦¥ (ρ, A2, f , ω, ...). Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥  ¤·µ´µ¢ ¶·¨ ¸Éµ²±´µ-
¢¥´¨¨ Î ¸É¨Í a ¨ b (·¨¸.2,¡) ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É ³Ê²ÓÉ¨¶¥·¨Ë¥·¨Î¥¸±µ£µ
³¥Ì ´¨§³  ¢ t-± ´ ²¥ [6]. ‘¥Î¥´¨¥ É ±µ£µ ¶·µÍ¥¸¸  Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³
s ± ± (1/s1−αR(0)), £¤¥ ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨ αR(0) ' 0, 5. �µÔÉµ³Ê
¶² ´ ·´Ò¥ ¤¨ £· ³³Ò É¨¶  ·¨¸.2 Ê¡Ò¢ ÕÉ ¸ s ± ± 1/

√
s.

–¨²¨´¤·¨Î¥¸±¨¥ ¦¥ ¤¨ £· ³³Ò É¨¶  ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.3 ¸µµÉ¢¥É¸É¢ÊÕÉ
£· Ë¨± ³ ¶µ³¥·µ´´µ£µ µ¡³¥´  ¢ t-± ´ ²¥, ±µÉµ·Ò¥ ¢ É¥µ·¨¨ ´ ¤±·¨É¨Î¥¸±µ£µ
¶µ³¥·µ´  ´¥ Ê¡Ò¢ ÕÉ,   ¤ ¦¥ · ¸ÉÊÉ ± ± s∆, £¤¥ ∆ = αP (0) − 1 > 0 [6, 33].
ˆ´É¥·¸¥¶É ´ ¤±·¨É¨Î¥¸±µ£µ ¶µ³¥·µ´  αP (0) ' 1, 27 [6] ¢³¥¸Éµ µ¡ÒÎ´µ£µ
¶µ³¥·µ´  αP (0) = 1. �µÔÉµ³Ê £² ¢´Ò° ¢±² ¤ ¢ ³´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥
 ¤·µ´µ¢ ¢ ¡¨´ ·´ÒÌ  ¤·µ´´ÒÌ ·¥ ±Í¨ÖÌ ¤ ÕÉ Í¨²¨´¤·¨Î¥¸±¨¥ ¤¨ £· ³³Ò
É¨¶  ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸.3. ”¨§¨Î¥¸±¨ ÔÉ¨ ¤¨ £· ³³Ò ³µ¦´µ É· ±Éµ¢ ÉÓ
 ´ ²µ£¨Î´µ ¶² ´ ·´Ò³ £· Ë¨± ³ ·¨¸.2,¡: É ±, ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ¶·µÉµ-
´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ³¥¦¤Ê ±¢ ·±µ³ µ¤´µ£µ ´Ê±²µ´  ¨ ¤¨±¢ ·±µ³ ¤·Ê£µ£µ ¨,
¸µµÉ¢¥É¸É¢¥´´µ, µ¸É ¢Ï¨³¨¸Ö ¤¨±¢ ·±µ³ ¨ ±¢ ·±µ³ ÔÉ¨Ì ´Ê±²µ´µ¢, ± ± ³¥¦¤Ê
É·¨¶²¥Éµ³ ¨  ´É¨É·¨¶²¥Éµ³ ¶µ Í¢¥ÉÊ, ¶µ¸²¥ Í¢¥Éµ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¡· -
§ÊÕÉ¸Ö ¤¢¥ ¸¨´£²¥É´Ò¥ ¶µ Í¢¥ÉÊ ¸É·Ê´Ò. �·¨ Ê¤ ²¥´¨¨ ±µ´Íµ¢ ¸É·Ê´ ¤·Ê£
µÉ ¤·Ê£  ¶µ¸²¥¤´¨¥ ·¢ÊÉ¸Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¨§ ¢ ±ÊÊ³  µ¡· §ÊÕÉ¸Ö qq̄-¶ ·Ò,
Ë· £³¥´É¨·ÊÕÐ¨¥ § É¥³ ¢  ¤·µ´Ò.

”¨§¨Î¥¸± Ö É· ±Éµ¢±  Í¨²¨´¤·¨Î¥¸±¨Ì ¤¨ £· ³³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³´µ-
£µ¶µ³¥·µ´´Ò³ t-± ´ ²Ó´Ò³ µ¡³¥´ ³,  ´ ²µ£¨Î´  ¶·¨¢¥¤¥´´µ° ¢ÒÏ¥, Éµ²Ó±µ
¢³¥¸Éµ ¤¢ÊÌ ¸É·Ê´ µ¡· §ÊÕÉ¸Ö 2n ¸¨´£²¥É´ÒÌ ¶µ Í¢¥ÉÊ ¸É·Ê´ ³¥¦¤Ê ±¢ ·± ³¨
¨ ¤¨±¢ ·± ³¨ (¤¢¥ ¸É·Ê´Ò) ¨ ³µ·¸±¨³¨ ±¢ ·± ³¨ ¨  ´É¨±¢ ·± ³¨ (2n − 2
¸É·Ê´Ò), £¤¥ n Å Î¨¸²µ ¶µ³¥·µ´´ÒÌ µ¡³¥´µ¢ ¢ t-± ´ ²¥.

ˆ§²µ¦¥´´ Ö ¸¢Ö§Ó s-± ´ ²Ó´µ£µ Éµ¶µ²µ£¨Î¥¸±µ£µ 1/N -· §²µ¦¥´¨Ö  ³¶²¨-
ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ¸ ¥¥ t-± ´ ²Ó´Ò³ · §²µ¦¥´¨¥³ ¶µ ¶µ²Õ¸ ³ �¥¤¦¥
¶µ§¢µ²Ö¥É, ¨¸Ìµ¤Ö ¨§ ¶· ¢¨²Ó´µ° ·¥¤¦¥- ¸¨³¶ÉµÉ¨±¨, ¢ÒÎ¨¸²¨ÉÓ · ¸¶·¥¤¥²¥-
´¨Ö ±¢ ·±µ¢ ¢  ¤·µ´ Ì ¨ ¨Ì ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨. �  ÔÉµ° µ¸´µ¢¥ µÉ±·Ò-
¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·µ ´ ²¨§¨·µ¢ ÉÓ ¢¸¥ ³Ö£±¨¥  ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò ³´µ-
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¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö  ¤·µ´µ¢, É.¥. ¶·µÍ¥¸¸Ò ¸ ³ ²Ò³¨ ¶¥·¥¤ ´´Ò³¨ ¨³-
¶Ê²Ó¸ ³¨.

Š ·É¨´  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°  ¤·µ´µ¢, µ¸´µ¢ ´´ Ö ´  Éµ¶µ²µ£¨Î¥-
¸±µ³ · §²µ¦¥´¨¨, ¶µ§¢µ²Ö¥É ¶µ´ÖÉÓ ³´µ£¨¥ ¸¢µ°¸É¢  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ [18Ä20]. �¤´ ±µ µ´  Ö¢²Ö¥É¸Ö ¶µ²ÊË¥´µ³¥-
´µ²µ£¨Î¥¸±µ° É¥µ·¨¥°. ‡´ Î¨É¥²Ó´µ ¡µ²ÓÏÊÕ ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê É¥µ·¨Ö
1/N -· §²µ¦¥´¨Ö ¶·¨µ¡·¥É ¥É, ¥¸²¨ ¤¨ £· ³³ ³ Éµ¶µ²µ£¨Î¥¸±µ£µ · §²µ¦¥´¨Ö
¸µ¶µ¸É ¢¨ÉÓ µ¶·¥¤¥²¥´´ÊÕ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ ± ·É¨´Ê ¢§ ¨³µ¤¥°-
¸É¢¨Ö ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¨¸¶µ²Ó§ÊÖ ¤²Ö µ¶¨¸ ´¨Ö ÔËË¥±Éµ¢ ±µ´Ë °´³¥´É 
³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¨ ¸É·Ê´Ò.

1.2. Œµ¤¥²Ó Í¢¥É´µ° É·Ê¡±¨ ¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´. �¸´µ¢Ò Ë· £³¥´-
É Í¨µ´´µ° ³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¨§²µ¦¥´Ò ¢ · ¡µÉ¥ [6] ¨ ¸µ¸ÉµÖÉ ¢ ¸²¥¤ÊÕ-
Ð¥³. ‚ µ¡² ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Í¢¥É´µ£µ ¶µ²Ö ±¢ ·±µ¢ Ë²Ê±ÉÊ Í¨¨ £²Õµ´´µ£µ
¶µ²Ö ¶µ¤ ¢²¥´Ò, ´µ Ô´¥·£¨Ö ¢ ±ÊÊ³  ¶·¥¶ÖÉ¸É¢Ê¥É ¢ÒÌµ¤Ê Í¢¥É´ÒÌ ¸¨²µ¢ÒÌ
²¨´¨° ±¢ ·±µ¢ ¢µ ¢´¥Ï´ÕÕ ¸·¥¤Ê. �Éµ ¶·¨¢µ¤¨É ± Ì·µ³µ¤¨´ ³¨Î¥¸±µ³Ê
¢ ±ÊÊ³Ê ¢µ±·Ê£ ±¢ ·±µ¢, ¨  ¤·µ´ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶Ê§Ò·¥± ¢ £²Õµ´´µ³
¢ ±ÊÊ³¥, ÎÉµ µ¤´µ¢·¥³¥´´µ µ§´ Î ¥É ¨ ±µ´Ë °´³¥´É, É.±. ¢¸¥ ¸¨²µ¢Ò¥ ²¨´¨¨
³¥¦¤Ê ±¢ ·± ³¨ § ³±´ÊÉÒ ¢´ÊÉ·¨ ¶Ê§Ò·Ó±  [22Ä24].

‘Éµ²±´µ¢¥´¨¥ ¤¢ÊÌ  ¤·µ´µ¢-¶Ê§Ò·Ó±µ¢ a ¨ b, ¸µ¶·µ¢µ¦¤ ÕÐ¥¥¸Ö  ´´¨£¨-
²ÖÍ¨¥° ¢ ²¥´É´ÒÌ ±¢ ·±µ¢, ¢ ³µ¤¥²¨ Í¢¥É´µ° É·Ê¡±¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³. —Éµ¡Ò ¤¢  ±¢ ·±  q, q̄ ¨§ · §´ÒÌ  ¤·µ´µ¢  ´´¨£¨²¨·µ¢ ²¨,
¨Ì µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ¤µ²¦´Ò ¡ÒÉÓ ³ ²Ò. ’µ£¤  ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ´¥µ¡Ìµ¤¨³µ, ÎÉµ¡Ò ¢ ´¨Ì ·¥ ²¨§µ¢ ²¨¸Ó ·¥¤±¨¥ ±µ´-
Ë¨£Ê· Í¨¨ ±¢ ·±µ¢-¶ ·Éµ´µ¢, ±µ£¤  · §´µ¸ÉÓ ¡Ò¸É·µÉ ±¢ ·±  ¨  ´É¨±¢ ·±  ¢
´ Î ²Ó´µ³  ¤·µ´¥(³¥§µ´¥) ¢¥²¨± . ‚ É¥·³¨´ Ì ¡Ò¸É·µÉ ÔÉµ µ§´ Î ¥É:

yq − yq̄ '
1

2
ln

s

m2
⊥
, (5)

£¤¥ m2
⊥ = m2

q + p2
q⊥,
√
s Å Ô´¥·£¨Ö ¢ ¸.Í.¨.; ¶µ²´Ò° ¨´É¥·¢ ² ¡Ò¸É·µÉ,

§ ´ÖÉÒ° ±¢ ·± ³¨ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, · ¢¥´ ¶µ²´µ³Ê ±¨´¥³ É¨Î¥¸±¨
· §·¥Ï¥´´µ³Ê ¨´É¥·¢ ²Ê ymax = ln (s/m2

⊥).
1.3. � ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¢  ¤·µ´¥. � ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¢ ŒŠƒ‘

µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶· ¢¨²Ó´µ° ·¥¤¦¥- ¸¨³¶ÉµÉ¨±¨ ¶² ´ ·´ÒÌ ¨ Í¨²¨´¤·¨Î¥-
¸±¨Ì ¤¨ £· ³³ ¶·¨ x → 1 ¨ x → 0, £¤¥ x ¶·¨¡²¨¦¥´´µ · ¢´Ö¥É¸Ö ¤µ²¥ ¶·µ-
¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  ±¢ ·±  µÉ ¨³¶Ê²Ó¸  ´ Î ²Ó´µ£µ  ¤·µ´ , É.¥. x ∼ pqz/ph,
¨²¨, ÉµÎ´¥¥, x Å ¶¥·¥³¥´´ Ö ¸¢¥Éµ¢µ£µ Ë·µ´É  x = (Eq + pqz)/(Eh + phz).
ˆÌ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ É ±¦¥ µ¶·¥¤¥²ÖÕÉ¸Ö ·¥¤¦¥- ¸¨³¶ÉµÉ¨±µ°, ´µ ¶·¨
ÔÉµ³ ´ ±² ¤Ò¢ ÕÉ¸Ö ¥Ð¥ ´¥±µÉµ·Ò¥ Ê¸²µ¢¨Ö. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ·¥ÎÓ ¨¤¥É
µ · ¸¶·¥¤¥²¥´¨¨ ±¢ ·±µ¢ ´  ±µ´Í Ì q − q̄-¸É·Ê´Ò. � ¸¸³µÉ·¨³ ¢´ Î ²¥ ¶² -
´ ·´ÊÕ ¤¨ £· ³³Ê ·¨¸.2,¡ ¤²Ö ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
ab → hX ¢ ¸.Í.³. ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ a ¨ b, ±µ£¤  Î ¸É¨Í  h ·µ-
¦¤ ¥É¸Ö ¡Ò¸É·µ°, É.¥. ¶·µÍ¥¸¸ ¸ ¡µ²ÓÏ¨³ x. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¨ x→ 1 ³¥¦¤Ê
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�¨¸. 4. a) �² ´ ·´ Ö ¤¨ £· ³³  ¤²Ö µ¡· §µ¢ ´¨Ö ²¨¤¨·ÊÕÐ¥£µ  ¤·µ´ ; ¡) ¥¥ ¢±² ¤
¢ ¨´±²Õ§¨¢´µ¥ ¸¥Î¥´¨¥; ¢) É·¥Ì·¥¤¦¥µ´´Ò° £· Ë¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¤¨ £· ³³¥ (¡)
¶·¨ x→ 1

 ¤·µ´µ³ h ¨ µ¸É ²Ó´Ò³¨ Î ¸É¨Í ³¨ ¢µ§´¨± ¥É ¡µ²ÓÏµ° ¨´É¥·¢ ² ¡Ò¸É·µÉ ∆y,
± ± ÔÉµ ¨§µ¡· ¦¥´µ ´  ·¨¸.4,a. ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³  Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸.4,¡, ÏÉ·¨Ìµ¢ Ö ²¨´¨Ö ¶µ± §Ò¢ ¥É · §·¥§ ´¨¥ ÔÉµ°
¤¨ £· ³³Ò. ‘µµÉ¢¥É¸É¢ÊÕÐ¨° ¥° É·¥Ì·¥¤¦¥µ´´Ò° £· Ë¨± ¢ t-± ´ ²¥ ¶·¨-
¢¥¤¥´ ´  ·¨¸.4,¢. �µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ¶·¨¢¥¤¥´µ ¢ [6, 46],
§¤¥¸Ó ³Ò µ¸É ´µ¢¨³¸Ö ²¨ÏÓ ´  µ¸´µ¢´ÒÌ ¶·¨´Í¨¶ Ì ¶µ¸É·µ¥´¨Ö ±¢ ·±µ¢ÒÌ
· ¸¶·¥¤¥²¥´¨° ¢  ¤·µ´¥ ¢ · ³± Ì ŒŠƒ‘.

�µ¦¤¥´¨¥ ¡Ò¸É·µ° Î ¸É¨ÍÒ h ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ³¥§µ´µ¢ a ¨ b, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥¥ ¶² ´ ·´µ° ¤¨ £· ³³¥ ·¨¸.4, , Ë¨§¨Î¥¸±¨ ³µ¦´µ É· ±Éµ¢ ÉÓ ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³. �·¨ ¸Éµ²±´µ¢¥´¨¨ ÔÉ¨Ì ³¥§µ´µ¢, ¸µ¸ÉµÖÐ¨Ì ¨§ ¶ · ¢ ²¥´É´ÒÌ
±¢ ·±µ¢ ¨  ´É¨±¢ ·±µ¢ (q − q̄), ³¥¤²¥´´Ò°  ´É¨±¢ ·± Î ¸É¨ÍÒ a, µ¡µ§´ Î¥´-
´Ò° ± ± i,  ´´¨£¨²¨·Ê¥É ¸ ³¥¤²¥´´Ò³ ±¢ ·±µ³ Î ¸É¨ÍÒ b. Š¢ ·± qa ¢§ ¨-
³µ¤¥°¸É¢Ê¥É ¸  ´É¨±¢ ·±µ³ q̄b, ¶µ¸²¥ Î¥£µ µ´¨ · §²¥É ÕÉ¸Ö, ¨ ³¥¦¤Ê ´¨³¨
µ¡· §Ê¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ¡¥¸Í¢¥É´ Ö ¸É·Ê´ , ¶µ¸±µ²Ó±Ê q ¨ q̄ Å É·¨¶²¥É
¨  ´É¨É·¨¶²¥É Í¢¥Éµ¢µ° £·Ê¶¶Ò SU(3). „ ²¥¥ ÔÉ  ¸É·Ê´  ·¢¥É¸Ö ¶µ ³¥·¥
· §²¥É  ¥¥ ±µ´Íµ¢, ¨ ¢ Ì·µ³µ¸É É¨Î¥¸±µ³ ¶µ²¥, ¸µ£² ¸´µ ³¥Ì ´¨§³Ê ˜¢¨´-
£¥·  [22], µ¡· §ÊÕÉ¸Ö ±¢ ·±- ´É¨±¢ ·±µ¢Ò¥ ¶ ·Ò, Ë· £³¥´É¨·ÊÕÐ¨¥ § É¥³
¢  ¤·µ´Ò. �¡· §µ¢ ´¨¥ Î ¸É¨ÍÒ h ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸¥¡¥ ± ± ª¶µ¤Ì¢ Éª
¡Ò¸É·Ò³ ±¢ ·±µ³ qa ³¥¤²¥´´µ£µ  ´É¨±¢ ·±  k (¸³. ·¨¸.4, ) ¨§ Í¥¶µÎ±¨ ±¢ ·-
±µ¢ ¨  ´É¨±¢ ·±µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ · §·Ò¢¥ ¸É·Ê´Ò. ’ ± ± ±  ¤·µ´ h
¡Ò¸É·Ò°, ¥£µ x → 1, Éµ ¡Ò¸É·µÉ´Ò° ¨´É¥·¢ ² ∆y ³¥¦¤Ê ´¨³ ¨ ¤·Ê£¨³¨
 ¤·µ´ ³¨ ¤µ¢µ²Ó´µ ¡µ²ÓÏµ°. �µ¸É·µ¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¡Ò¸É·µ£µ ±¢ ·±  ¢
 ¤·µ´¥ a Ô±¢¨¢ ²¥´É´µ ´ Ìµ¦¤¥´¨Õ ¢¥·µÖÉ´µ¸É¨ § ³¥¤²¨ÉÓ ¤·Ê£µ°  ´É¨±¢ ·±
i ¢ ÔÉµ³  ¤·µ´¥. ’ ±ÊÕ ¢¥·µÖÉ´µ¸ÉÓ ³µ¦´µ ´ °É¨ ¨§ ¸µµÉ¢¥É¸É¢¨Ö s-± ´ ²Ó´µ°
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¶² ´ ·´µ° ¤¨ £· ³³Ò t-± ´ ²Ó´µ° ¤¨ £· ³³¥ ¸ µ¡³¥´µ³ ·¥¤¦¥µ´µ³ R [6]:

wi ∼ σtot
ab ∼ Im f el

ab(t = 0) ∼ (
s

s0
)αR(0)−1, (6)

£¤¥ αR(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢ ¤ ´´µ³ ¸²ÊÎ ¥
µ¡³¥´Ê ±¢ ·±- ´É¨±¢ ·±µ¢µ° ¶ ·µ° qi − q̄i ¢ s-± ´ ²¥, ¶µÔÉµ³Ê ¥£µ ³µ¦´µ
µ¡µ§´ Î¨ÉÓ ± ± αīi(0). �¥·¥Ìµ¤Ö ± ¶¥·¥³¥´´µ° x, ¤µ²¥ ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸ 
¡Ò¸É·µ£µ ±¢ ·±  qa, ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉµ 1 − x ∼ 1/s, ÔÉÊ ¢¥·µÖÉ´µ¸ÉÓ ³µ¦´µ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

wi ∼ (1− x)1−αiī(0) ≡ x1−αiī(0)
i . (7)

‡¤¥¸Ó xi = 1 − x Å ¤µ²Ö ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  ³¥¤²¥´´µ£µ  ´É¨±¢ ·±  q̄i
¢  ¤·µ´¥ a. �´ ²µ£¨Î´µ ´ Ìµ¤¨É¸Ö ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ ±¢ ·± ( ´É¨±¢ ·±)
k ¶·¨ µ¡· §µ¢ ´¨¨  ¤·µ´  h (·¨¸.4, ), ÎÉµ Ô±¢¨¢ ²¥´É´µ ¢¥·µÖÉ´µ¸É¨ ´ °É¨
¡Ò¸É·Ò° ±¢ ·± qa ¸ ¤µ²¥° ¨³¶Ê²Ó¸  x ´  ±µ´Í¥ q − q̄-¸É·Ê´Ò, É ± ± ± x '
1− xk, É.¥.

wk ∼ (1 − x)1−αkk̄(0) = x
1−αkk̄(0)
k , (8)

£¤¥ αkk̄(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¡³¥´Ê ±¢ ·± 
k ¨  ´É¨±¢ ·±  k̄. �¥·¥Ìµ¤Ö ¢ (7) ¨ (8) µÉ xi, xk ± ¡Ò¸É·µÉ ³ yi, yk, yi,k =
ln (2paxi,k/mqt), £¤¥ pa Å ¨³¶Ê²Ó¸ ´ Î ²Ó´µ£µ  ¤·µ´  a, mqt Å ¶µ¶¥·¥Î´ Ö
³ ¸¸  ¢ ²¥´É´µ£µ ±µ´¸É¨ÉÊ¥´É´µ£µ ±¢ ·±  qa, ¶µ²ÊÎ ¥³ ¤²Ö wi ¨ wk ¸²¥¤ÊÕ-
Ð¨¥ ¢Ò· ¦¥´¨Ö [6]:

wi(∆yi) = C exp (−βi∆yi);wk(∆yk) = C exp (−βk∆yk), (9)

£¤¥ ∆yi = ya− yi,∆yk = ya− yk, βi = 1−αīi(0), βk = 1−αkk̄(0); §¤¥¸Ó ya Å
¡Ò¸É·µÉ   ¤·µ´  a, yi, yk Å ¡Ò¸É·µÉÒ ±¢ ·±µ¢ i ¨ k (¸³. ·¨¸.4,a), C Å ´¥± Ö
±µ´¸É ´É . ‡ ³¥É¨³, ÎÉµ ¢ ¢Ò· ¦¥´¨ÖÌ (6)Å(9) ¶·¥´¥¡·¥£ ²µ¸Ó ¶µ¶¥·¥Î´Ò³¨
¨³¶Ê²Ó¸ ³¨ kt-±¢ ·±µ¢. …¸²¨ ¦¥ ¨Ì ÊÎ¥¸ÉÓ, Éµ ¢ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢µ°¤ÊÉ ¢³¥¸Éµ
¨´É¥·¸¥¶Éµ¢ É· ¥±Éµ·¨¨ �¥¤¦¥, § ¢¨¸ÖÐ¨¥ µÉ k2

t , É.¥. αR(−k2
t ), ±µÉµ·Ò¥ ¶·¨

³ ²ÒÌ k2
t ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥: αR(−k2

t ) ' αR(0) − k2
tα
′
R(0).

“Î¨ÉÒ¢ Ö ÔÉµ ¨ ¶¥·¥Ìµ¤Ö ¢ (9) ¢ ¶·µ¸É· ´¸É¢µ ¶·¨Í¥²Ó´ÒÌ ¶ · ³¥É·µ¢ b,
¶µ²ÊÎ ¥³ ¤²Ö ËÊ·Ó¥-µ¡· §µ¢ wi(∆yi,b) ¨ wk(∆yk,b) ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

wi(∆yi,b) =
C

4πα′∆yi
exp (−βi∆yi) exp (−b2/4α′∆yi), (10)

wk(∆yk,b) =
C

4πα′∆yk
exp (−βk∆yk) exp (−b2/4α′∆yk). (11)

‡ ³¥É¨³, ÎÉµ ∆yi,∆yk >> 1, É ± ± ± ³Ò ¨´É¥·¥¸Ê¥³¸Ö · ¸¶·¥¤¥²¥´¨¥³
±¢ ·±  qa ´  ±µ´Í¥ ¸É·Ê´Ò ¶·¨ ¡µ²ÓÏ¨Ì x ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ³ ²ÒÌ xi ¨
xk, É.¥. ¶·¨ x → 1 (·¨¸.4,a). ’ ±¨³ µ¡· §µ³, ¢Ò· ¦¥´¨Ö (9) ¨ (10), (11)
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¤ ÕÉ ´ ³ ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ ¢ ²¥´É´Ò° ±¢ ·± i ( ´É¨±¢ ·± ī) ¢  ¤·µ´¥ a
(·¨¸.4,a) ¨ ¢¥·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ³¥¤²¥´´µ£µ ±¢ ·±  k ( ´É¨±¢ ·±  k̄) ¶µ¸²¥
· §·Ò¢  ¸É·Ê´Ò ¢ § ¢¨¸¨³µ¸É¨ µÉ x (9) ¨²¨ ∆y ¨ b. �É¸Õ¤  ²¥£±µ µ¶·¥¤¥-
²¨ÉÓ  ¸¨³¶ÉµÉ¨±Ê ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´  ±µ´Í Ì q− q̄-¸É·Ê´Ò. �µ ¶·¨
ÔÉµ³ ´¥µ¡Ìµ¤¨³µ ¸¢Ö§ ÉÓ ¨´É¥·¸¥¶É αkk̄(0) c αīi(0) ¨ αik(0), É ± ± ± ¶µ¸²¥¤-
´¨¥ §´ Î¥´¨Ö, ± ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ¨§¢¥¸É´Ò. ‚ [6] ¡Ò² µ¡µ¸´µ¢ ´ É ±
´ §Ò¢ ¥³Ò° ¶·¨´Í¨¶ Ë ±Éµ·¨§ Í¨¨ ¢ ŒŠƒ‘  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸ 
ab→ cd, ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸.2: ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö · §²¨Î´ÒÌ ±µ´¥Î-
´ÒÌ  ¤·µ´µ¢ c, d § ¢¨¸¨É Éµ²Ó±µ µÉ É¨¶  ±¢ ·±µ¢ k, ¢µ§´¨± ÕÐ¨Ì ¶·¨ · §·Ò¢¥
¸É·Ê´Ò ¨ ´¥ § ¢¨¸¨É µÉ É¨¶  ª ´´¨£¨²¨·ÊÕÐ¨Ì ±¢ ·±µ¢ª i. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ
³´¨³ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ab→ cd ¢ b-¶·µ¸É· ´¸É¢¥ µ± -
§Ò¢ ¥É¸Ö Ë ±Éµ·¨§µ¢ ´´µ° ¢ s-± ´ ²¥ [6]:

Im fab→cd(ξ,b) ∼ wiab(ξ,b)wkcd(ξ,b). (12)

‡¤¥¸Ó ξ = ln (s/s0), wiab ¨ wkcd Å É¥ ¦¥ ¢¥·µÖÉ´µ¸É¨, ÎÉµ ¨ wi, wk , ´µ ¤²Ö
¡¨´ ·´µ£µ ¶·µÍ¥¸¸  ab → cd. „²Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ab → ab, ¨¸¶µ²Ó§ÊÖ
Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨, ¨³¥¥³

wik(ξ,b)wki(ξ,b) ∼ wi(ξ,b)wk(ξ,b), (13)

£¤¥ wik(ξ,b) Å ¢¥·µÖÉ´µ¸ÉÓ § ³¥¤²¨ÉÓ µ¡  ±¢ ·±  i ¨ k, ¸³. ·¨¸.4, ,¡ ¸ ¤ ´´Ò³
¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·µ³ b. �µ¤¸É ¢²ÖÖ É¥¶¥·Ó ¢Ò· ¦¥´¨Ö (10), (11) ¤²Ö wi,
wk,   É ±¦¥  ´ ²µ£¨Î´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö wik ¢ (13), ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥
µÎ¥´Ó ¢ ¦´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¨´É¥·¸¥¶Éµ¢ ·¥¤¦¥-É· ¥±Éµ·¨° ¨ ¨Ì ´ ±²µ´µ¢:

αīi(0) + αkk̄(0) = 2αik(0), (14)

(α′īi(0))−1 + (α′kk̄(0))−1 = 2(α′ik(0))−1, (15)

£¤¥ αik(0) Å ¨´É¥·¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ¡³¥´Ê ¶ ·µ°
±¢ ·±  i ¨  ´É¨±¢ ·±  k̄ ¢ s-± ´ ²¥, ¸³. ·¨¸.4,¡. ˆ§ (14) ¨³¥¥³

−αkk̄(0) = αīi(0)− 2αik(0). (16)

’¥¶¥·Ó ´¥¶µ¸·¥¤¸É¢¥´´µ ¶¥·¥°¤¥³ ± ¶µ¸É·µ¥´¨Õ  ¸¨³¶ÉµÉ¨±¨ ±¢ ·±µ¢ÒÌ · ¸-
¶·¥¤¥²¥´¨° ´  ±µ´Í Ì q − q̄-¸É·Ê´Ò ¶·¨ x → 0 ¨ x → 1. � ¸¶·¥¤¥²¥´¨¥
¢ ²¥´É´µ£µ ±¢ ·±  q(x) ¢  ¤·µ´¥ a ¶·¨ x→ 0 ³µ¦´µ ¸¢Ö§ ÉÓ ¸ ¢¥·µÖÉ´µ¸ÉÓÕ
´ °É¨ ¢ a ³¥¤²¥´´Ò° ±¢ ·± i, µ¶·¥¤¥²Ö¥³µ° ¢Ò· ¦¥´¨¥³ (7):

xiq(xi) = wi(xi) ∼ x1−αiī(0)
i . (17)

�É¸Õ¤  ¶µ²ÊÎ ¥³ ¶·¨ x→ 0:

qa(x) ∼ x−αiī(0) = x−αR(0). (18)
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Š ± Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥, αīi(0) = αR(0) Å ¨´É¥·¸¥¶É ¢Éµ·¨Î´µ° ·¥¤¦¥µ´´µ°
É· ¥±Éµ·¨¨. �¸¨³¶ÉµÉ¨±  q(x) ¶·¨ x→ 1 µ¶·¥¤¥²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ ·µ¦¤¥-
´¨Ö ³¥¤²¥´´µ£µ ±¢ ·±  k ( ´É¨±¢ ·±  k̄) ¶µ¸²¥ · §·Ò¢  q− q̄-¸É·Ê´Ò (·¨¸.4,¡),
É.¥. ¸µ£² ¸´µ (8) ¶·¨ x→ 1 ¨³¥¥³

qa(x) = qk(1 − x) =
wk(xk)

xk
∼ (1− x)−αkk̄(0), (19)

¨²¨, ¨¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨¥ (16), ¢Ò· ¦¥´¨¥ (19) ³µ¦´µ ¥Ð¥ § ¶¨¸ ÉÓ ¢
¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

qa(x) =∼ (1 − x)αR(0)−2αik(0). (20)

’ ±¨³ µ¡· §µ³,  ¸¨³¶ÉµÉ¨±  · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢  ¤·µ´¥ a,
ÉµÎ´¥¥, ´  ±µ´Í Ì ±¢ ·±- ´É¨±¢ ·±µ¢µ° ¸É·Ê´Ò ¶·¨ x → 0 ¨ x → 1 µ¶·¥-
¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨ (18) ¨ (19). …¸²¨ ¢ ± Î¥¸É¢¥  ¤·µ´  a ¢§ÖÉÓ, ´ -
¶·¨³¥·, π-³¥§µ´, Éµ αik ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ ·¥¤¦¥µ´´µ° É· ¥±Éµ·¨¨, É.¥.
αik(0) = αR(0). ’µ£¤   ¸¨³¶ÉµÉ¨±  ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ π-³¥§µ´¥
¶·¨ x→ 0 ¨ x→ 1 ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¢Ò· ¦¥´¨Ö³¨

¶·¨ x→ 0
qπ(x) ∼ x−αR(0) = x−1/2, (21)

¶·¨ x→ 1
qπ(x) ∼ (1 − x)−αR(0) = (1 − x)−1/2. (22)

�¸¨³¶ÉµÉ¨±  ±¢ ·±µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ¢ ´Ê±²µ´¥ ¶·¨ x → 1 µ¶·¥¤¥-
²Ö¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓÕ § ³¥¤²¨ÉÓ ¤¨±¢ ·± qq ¢ ´Ê±²µ´¥ (·¨¸.4, ), É.¥. ¸µ£² ¸´µ
(7):

wqq(xqq) ∼ x
1−α(qq)(q̄ q̄)(0)
qq , (23)

£¤¥ xqq = 1− x Å ¤µ²Ö ¨³¶Ê²Ó¸  ¤¨±¢ ·±  ¢ ´Ê±²µ´¥, α(qq)(q̄q̄)(0) Å ¨´É¥·-
¸¥¶É ·¥¤¦¥-É· ¥±Éµ·¨¨, ¸µ¤¥·¦ Ð¥° ¤¨±¢ ·± ¨  ´É¨¤¨±¢ ·±, ±µÉµ· Ö Ê¤µ¢²¥-
É¢µ·Ö¥É ¸µµÉ´µÏ¥´¨Õ (14), É.¥. [6]:

α(qq)(q̄q̄)(0) + αkk̄(0) = 2α3q(0). (24)

’µ£¤ , ¨¸¶µ²Ó§ÊÖ (23), ¨³¥¥³ ¶·¨ x→ 1:

qN (x) =
wqq(xqq)

xqq
= C1x

−α(qq)(q̄q̄)(0)
qq = C1(1− x)αkk̄(0)−2α3q(0). (25)

‚ ÔÉµ³ ¸²ÊÎ ¥ αkk̄(0) = αR(0),   α3q = ᾱB(0) Å Ê¸·¥¤´¥´´Ò° ¨´É¥·¸¥¶É ¡ -
·¨µ´´µ° É· ¥±Éµ·¨¨ [6]. � ¶µ¢¥¤¥´¨¥ qN (x) ¶·¨ x→ 0 É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö,
± ± ¨ ¤²Ö π-³¥§µ´ , ¢Ò· ¦¥´¨¥³ (21).

‡ ³¥É¨³ ¥Ð¥ · §, ÎÉµ §¤¥¸Ó ¶·¨¢µ¤ÖÉ¸Ö ²¨ÏÓ ¶·¨´Í¨¶Ò ¶µ²ÊÎ¥´¨Ö ·¥¤¦¥-
 ¸¨³¶ÉµÉ¨±¨ ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢  ¤·µ´¥, ¢ Î ¸É´µ¸É¨ π-³¥§µ´¥ ¨ ´Ê-
±²µ´¥ ¶·¨ x→ 0 ¨ x→ 1. �µ¤·µ¡´µ¥ ¨§²µ¦¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ³µ¦´µ ´ °É¨



832 ‹›Š�‘�‚ ƒ.ˆ., ���Š…‹Ÿ� ƒ.ƒ., ‘…�ƒ……�Š� Œ.�.

¢ · ¡µÉ Ì [6]. …¸²¨ ¶µ¤¸É ¢¨ÉÓ ¢ (25) §´ Î¥´¨Ö ¨´É¥·¸¥¶Éµ¢ αR(0) = 1/2 ¨
ᾱB(0) ' −0, 5, ±µÉµ·Ò¥ ¸²¥¤ÊÕÉ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ± ± Ê± §Ò-
¢ ¥É¸Ö ¢ [6], Éµ ¶·¨ x→ 1 ¨³¥¥³

qN (x) ∼ (1− x)3/2. (26)

�¸¨³¶ÉµÉ¨±  · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥ ¶·¨ x → 0,
¢ ¶·¨´Í¨¶¥, ¸µ¢¶ ¤ ¥É ¸  ´ ²µ£¨Î´Ò³ · ¸¶·¥¤¥²¥´¨¥³, ´ ¡²Õ¤ ¥³Ò³ ¢ £²Ê-
¡µ±µ´¥Ê¶·Ê£µ³ ²¥¶Éµ´-´Ê±²µ´´µ³ · ¸¸¥Ö´¨¨ (ƒ��). � ¶·¨ x → 1 ¸µ£² ¸´µ
(26) µ´  ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶µ¢¥¤¥´¨Ö, ´ ¡²Õ-
¤ ¥³µ£µ ¢ ƒ�� [47]. �Éµ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¢ ŒŠƒ‘ ±¢ ·±¨
¸µ¸É ¢²ÖÕÐ¨¥,   ¢ ƒ�� Å ÉµÎ¥Î´Ò¥ ¨²¨ Éµ±µ¢Ò¥, ± ± ¢ Š•„.

1.4. ”· £³¥´É Í¨Ö ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢  ¤·µ´Ò. �¸¨³¶ÉµÉ¨±  ËÊ´±-
Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¢  ¤·µ´Ò ¶·¨ x → 1 É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö É·¥Ì-
·¥¤¦¥µ´´Ò³ £· Ë¨±µ³ ¢ t-± ´ ²¥ (·¨¸.4,¢) ¨²¨ ¥£µ  ´ ²µ£¨Î´µ° s-± ´ ²Ó´µ°
¤¨ £· ³³µ° ·¨¸.4,¡. �µ¤·µ¡´µ¸É¨ ¢Ò¢µ¤  É ±µ°  ¸¨³¶ÉµÉ¨±¨ ¶·¨¢¥¤¥´Ò ¢ [6],
§¤¥¸Ó ³Ò Éµ²Ó±µ ¢±· ÉÍ¥ ¨§²µ¦¨³ ¶·¨´Í¨¶ ¥¥ ¶µ²ÊÎ¥´¨Ö.

�·¥¤¶µ²µ¦¨³, ÎÉµ ¢ ¶·µÍ¥¸¸¥ a+b→ c+X µ¡· §Ê¥É¸Ö ²¨¤¨·ÊÕÐ¨°  ¤·µ´
c, É.¥. ¸ ¤µ²¥° ¨³¶Ê²Ó¸  z = pc/pa → 1. ’µ£¤  ¨´±²Õ§¨¢´Ò° ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´Ò° ¸¶¥±É· É ±µ£µ  ¤·µ´  fc ≡ Ecdσ/d3p ¶·¨ É ±µ³ z µ¶·¥¤¥²Ö¥É¸Ö
É·¥Ì·¥¤¦¥µ´´Ò³ £· Ë¨±µ³ ¢ t-± ´ ²¥, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³  ±µÉµ·µ£µ
¶·¨¢¥¤¥´  ´  ·¨¸.4,¢. Š ± Ìµ·µÏµ ¨§¢¥¸É´µ [6], ÔÉµ z-¶µ¢¥¤¥´¨¥ ¶·¨ z → 1
¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

fc(z, pt) ∼ g(p2
t )(1 − z)αiī(0)−2αik(p2

t ), (27)

£¤¥ g(p2
t ) Å ´¥± Ö ËÊ´±Í¨Ö, § ¢¨¸ÖÐ Ö µÉ ±¢ ¤· É  ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸ 

·µ¦¤ ÕÐ¥£µ¸Ö  ¤·µ´  p2
t . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸¶¥±É· (27) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ

¢ ¢¨¤¥
fc(z, pt) ≡ Dc

qa(z, p2
t )z, (28)

£¤¥ Dc
qa

(z, p2
t ) Å É ± ´ §Ò¢ ¥³ Ö ËÊ´±Í¨Ö Ë· £³¥´É Í¨¨ ±¢ ·±  qa ¢  ¤·µ´ c.

‚ ¶·¥¤¥²¥ z → 0 (yqa − yc >> 1) ËÊ´±Í¨Ö fc(z, p2
t ) ´¥ § ¢¨¸¨É µÉ z, É.¥. ¶·¨

z → 0

Dc
qa

(z, p2
t ) ∼

g(p2
t )

z
. (29)

‘· ¢´¨¢ Ö (27)Å(29), ¨³¥¥³

Dc
qa

(z, p2
t ) =

g(p2
t )

z
(1− z)αiī(0)−2αik(p2

t ). (30)

‚Ò· ¦¥´¨¥ (30) Å µ¡Ð¨° ¢¨¤ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ (””) ±¢ ·±  qa ¢  ¤·µ´
c. „²Ö ¶·µ¸ÉµÉÒ · ¸¸³µÉ·¨³ ””, ¶·µ¨´É¥£·¨·µ¢ ´´Ò¥ ¶µ p2

t . �µ¢¥¤¥´¨¥
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�¨¸. 5. �² ´ ·´Ò¥ ¤¨ £· ³³Ò µ¡· §µ¢ ´¨Ö ¡ ·¨µ´µ¢ ¢ ŒŠƒ‘ ¢ ¶·¥¤¥²¥ x→ 1

Dc
qa

(z) ¶·¨ z → 1 ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ (30), · §²µ¦¨¢ αik̄ ¢ ·Ö¤ ¶µ p2
t , § ³¥´¨¢

p2
t ´  ¥£µ ¸·¥¤´¥¥ §´ Î¥´¨¥ p̄2

t ¨ ¢µ¸¶µ²Ó§µ¢ ¢Ï¨¸Ó ¸µµÉ´µÏ¥´¨¥³ (14):

Dc
qa

(z, p2
t ) ∼ (1− z)−αkk̄(0)+λ, (31)

£¤¥ λ = 2α′
ik̄
p̄2
t . ‚Ò· ¦¥´¨¥ (31) Å  ¸¨³¶ÉµÉ¨±  ”” ¶·¨ z → 1 ¤²Ö · §·¥-

Ï¥´´µ° Ë· £³¥´É Í¨¨, É.¥. ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ±¢ ·± q ¨²¨ ¤¨±¢ ·± qq ¢Ìµ¤¨É
¢ ¸µ¸É ¢  ¤·µ´  c.

� ¸¸³µÉ·¨³ ´¥¸±µ²Ó±µ ¶·¨³¥·µ¢ ¶·¨ z → 1 [46]:

Dπ+

u (z) = Dπ−

d (z) ∼ (1 − z)−αρ(0)+λ, (32)

DK+

u (z) = DK−

ū (z) ∼ (1− z)−αφ(0)+λ, (33)

Dp
ud(z) = Dn

ud(z) ∼ (1− z)−αρ(0)+λ. (34)

‚ ¸²ÊÎ ¥ µ¡· §µ¢ ´¨Ö ¡ ·¨µ´µ¢ ±¢ ·±µ³ ¨²¨ ³¥§µ´µ¢ ¤¨±¢ ·±µ³ (¸³.
¤¨ £· ³³Ò ·¨¸.5) ¢ ± Î¥¸É¢¥ ¸µ¸ÉµÖ´¨Ö k ¢Ò¸ÉÊ¶ ¥É ¤¨±¢ ·±, É.¥. ¤¢  ±¢ ·±  ¨
É ± ´ §Ò¢ ¥³Ò° Í¢¥É´µ° Ê§¥², µ¡µ§´ Î¥´´Ò° ´  ·¨¸.5 ¶Ê´±É¨·µ³, ¢¢¥¤¥´´Ò° ¢
[48] ¶·¨ µ¶¨¸ ´¨¨ ¡ ·¨µ´µ¢ ¢ Š•„. ’· ¥±Éµ·¨¨ αqq(q̄q̄), ¸µ¤¥·¦ Ð¨¥ ¤¨±¢ ·±
¨  ´É¨¤¨±¢ ·±, Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Õ (24).

‚ Î ¸É´µ¸É¨, ¨´É¥·¸¥¶É É· ¥±Éµ·¨¨ αqqq(0) ¤²Ö ²¥£±¨Ì (u, d) ±¢ ·±µ¢
³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

αudūd̄(0) = 2αN (0)− αρ(0). (35)
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‘ ¶µ³µÐÓÕ (24), (31) ¨ (35) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ”” ±¢ ·±µ¢ ¢ ¡ ·¨µ´Ò ¨
¤¨±¢ ·±µ¢ ¢ ³¥§µ´Ò ¶·¨ z → 1. � ¶·¨³¥· [46],

Dp
u(z) = Dn

d (z) ∼ (1 − z)αρ(0)−2αN (0),+λ, (36)

DK+

ud (z) ∼ DK+

uu (z) ∼ (1− z)αρ(0)−2αN (0)+λ. (37)

�µ²¥¥ ¶µ¤·µ¡´µ µ É ±¨Ì ””,   É ±¦¥ µ¡  ¸¨³¶ÉµÉ¨±¥ ”” ¶·¨ z → 1 ¤²Ö
¸²ÊÎ ¥¢, ±µ£¤   ¤·µ´ c ´¥ ¸µ¤¥·¦¨É ´ Î ²Ó´µ£µ ±¢ ·±  ¨²¨ ¤¨±¢ ·± , É ±
´ §Ò¢ ¥³µ° ª§ ¶·¥Ð¥´´µ°ª Ë· £³¥´É Í¨¨, ³µ¦´µ ¶·µÎ¨É ÉÓ ¢ [46]. ‘ÊÉÓ
¶µ¸É·µ¥´¨Ö  ¸¨³¶ÉµÉ¨±¨ ”” ¶·¨ ª§ ¶·¥Ð¥´´µ°ª Ë· £³¥´É Í¨¨ ¸µ¸Éµ¨É ¢
¸²¥¤ÊÕÐ¥³. ‚ É ±¨Ì ¸²ÊÎ ÖÌ  ¤·µ´ c ·µ¦¤ ¥É¸Ö ´¥ ¸· §Ê, ´¥ ¢ ¶¥·¢µ° q − q̄-
Í¥¶µÎ±¥,   ¢ ¶µ¸²¥¤ÊÕÐ¨Ì Í¥¶µÎ± Ì, ¶·¨ ·µ¦¤¥´¨¨ ³¥¤²¥´´ÒÌ q − q̄-¶ ·,
¨ ¶µÔÉµ³Ê ¢  ¸¨³¶ÉµÉ¨±¥ ”” ¶·¨ z → 1 ¶µÖ¢²Ö¥É¸Ö, ± ± ¶µ± § ´µ ¢ [46],
¤µ¶µ²´¨É¥²Ó´Ò° Ë ±Éµ· (1 − z)1−αqq̄(0), ¸¢Ö§ ´´Ò° ¸ § ³e¤²¥´¨¥³ ± ¦¤µ£µ
±¢ ·± . � ¶·¨³¥·,

Dπ−

u (z) ∼ (1 − z)−αρ(0)+2(1−αρ(0))+λ, (38)

DK−

u (z) ∼ (1− z)−αρ(0)+(1−αρ(0))+(1−αφ(0))+λ. (39)

’ ±¨³ µ¡· §µ³,  ¸¨³¶ÉµÉ¨±  ”” ¶·¨ z → 1 µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥·¸¥¶É ³¨
¢Éµ·¨Î´ÒÌ ·¥¤¦¥-É· ¥±Éµ·¨° ¨ ¨Ì ¶·µ¨§¢µ¤´Ò³¨ ¶·¨ p2

t = 0, §´ Î¥´¨Ö ±µ-
Éµ·ÒÌ ³µ¦´µ ¢§ÖÉÓ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‡ ³¥É¨³, ÎÉµ É ± Ö  ¸¨³-
¶ÉµÉ¨±  ”” É ±¦¥ ¶·¨´Í¨¶¨ ²Ó´µ µÉ²¨Î ¥É¸Ö µÉ  ´ ²µ£¨Î´µ£µ ¶µ¢¥¤¥´¨Ö
””, ¶µ²ÊÎ¥´´µ£µ ¨§ ƒ�� ¨²¨ ¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢, ± ± ¨ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¢  ¤·µ´¥ [47].

2. ��†„…�ˆ… �…‡����‘�‚
‚ Œ�„…‹ˆ Š‚��Š-ƒ‹����›• ‘’�“�

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨²µ¸Ó ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¤ ´´ÒÌ ¶µ ¨´±²Õ-
§¨¢´µ³Ê  ¤·µ´µ·µ¦¤¥´¨Õ ·¥§µ´ ´¸µ¢ ¸ · §²¨Î´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨. ‚
Î ¸É´µ¸É¨, ¨³¥ÕÉ¸Ö µÉ´µ¸¨É¥²Ó´µ Ìµ·µÏµ ¨§³¥·¥´´Ò¥ ¤ ´´Ò¥ ¶µ x- ¨ p⊥-
¸¶¥±É· ³ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¨§³¥·¥´Ò É ±¦¥ ´¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ·µ-
¦¤¥´¨Ö ·¥§µ´ ´¸µ¢ ¸ ¢Ò¸Ï¨³¨ (J ≥ 2) ¸¶¨´ ³¨. „²Ö ¶· ¢¨²Ó´µ£µ µ¶¨¸ ´¨Ö
ÔÉ¨Ì ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³µ ¡µ²¥¥ ¤¥É ²Ó´µ¥ · §¢¨É¨¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¸Ì¥³ ³Ö£-
±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¤´µ° ¨§ ¢ ¦´¥°Ï¨Ì ¶·µ¡²¥³ ´  ÔÉµ³ ¶ÊÉ¨ Ö¢²Ö¥É¸Ö
¢±²ÕÎ¥´¨¥ ¸¶¨´µ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ±¢ ·±-¶ ·Éµ´´Ò¥ ³µ¤¥²¨, ¶·¨³¥´Ö¥³Ò¥
¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö [10,47,49].

� ¸¸³µÉ·¨³ µ¡µ¡Ð¥´¨¥ ŒŠƒ‘ ´  ¸²ÊÎ ° ·µ¦¤¥´¨Ö ¡µ§µ´´ÒÌ ·¥§µ´ ´-
¸µ¢ [32], ²¥¦ Ð¨Ì ´  ¢¥¤ÊÐ¥° É· ¥±Éµ·¨¨ ¢¥±Éµ·´µ-É¥´§µ·´µ° VT-£·Ê¶¶Ò
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(ρ, a2, f , K∗ ...). �·¥¤² £ ¥³Ò° ¶µ¤Ìµ¤ µ¸´µ¢ ´ ´  É ± ´ §Ò¢ ¥³µ° ·¥¤¦¥µ´-
ËµÉµ´´µ°  ´ ²µ£¨¨, ¤ ÕÐ¥° ¢µ§³µ¦´µ¸ÉÓ ÊÎ¥¸ÉÓ ¸¶¨´ J ´ ¡²Õ¤ ¥³ÒÌ ·¥-
§µ´ ´¸µ¢. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·-
±µ¢ ¨ ¤¨±¢ ·±µ¢ GJq(qq)(z) ¢ ¡µ§µ´´Ò¥ ·¥§µ´ ´¸Ò ¸ ¶·µ¨§¢µ²Ó´Ò³ ¸¶¨´µ³

J . ”Ê´±Í¨¨ GJq(qq)(z) ¶·¨ z→1 ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¢ÒÎ¥ÉÒ ¢Éµ·¨Î´ÒÌ ·¥¤-
¦¥¢¸±¨Ì É· ¥±Éµ·¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì, ¢ · ³± Ì ¶µ¤Ìµ¤  „’“, ¢±² ¤Ê ¶² -
´ ·´ÒÌ ¤¨ £· ³³. ˆ¸¶µ²Ó§ÊÖ ¶·¥¤¸± § ´¨Ö ŒŠƒ‘ ¤²Ö ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò
¶² ´ ·´ÒÌ ¤¨ £· ³³ [50], ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢ÒÎ¥É ³¨ ¢¥-
¤ÊÐ¨Ì É· ¥±Éµ·¨° VT-£·Ê¶¶Ò. ‘µ£² ¸´µ ÔÉ¨³ ¶·¥¤¸± § ´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨¥
·¥¤¦¥µ´µ¢ VT-£·Ê¶¶Ò ¸  ¤·µ´ ³¨ ¨³¥¥É Ê´¨¢¥·¸ ²Ó´Ò° ¢¨¤,  ´ ²µ£¨Î´Ò°
¸²ÊÎ Õ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ƒ¨¶µÉ¥§  ¤µ³¨´ ´É´µ¸É¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö Ô²¥±É·µ³ £´¨É´µ£µ É¨¶  ¢ ¶² ´ ·´µ° Î ¸É¨  ¤·µ´´ÒÌ  ³¶²¨ÉÊ¤
(¨²¨ ·¥¤¦¥µ´-ËµÉµ´´ Ö  ´ ²µ£¨Ö) ¸µ¢³¥¸É´µ ¸ ¶·¥¤¸± § ´¨Ö³¨ ¤Ê ²Ó´µ° ³µ-
¤¥²¨ ‚¥´¥Í¨ ´µ [51] ¤²Ö ¢¥·Ï¨´ ·¥¤¦¥µ´ Å Î ¸É¨Í  ¶µ§¢µ²ÖÕÉ Ë¨±¸¨·µ¢ ÉÓ
¢¥²¨Î¨´Ò GJq(qq)(z) ¶·¨ z→1. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ ¥É¸Ö ¶·µ¸Éµ¥ ¸µµÉ´µÏ¥´¨¥,
µ¶·¥¤¥²ÖÕÐ¥¥ § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö ·¥§µ´ ´¸  µÉ ¥£µ ¸¶¨´  J .

‚Ò· ¦¥´¨¥ ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·   ¤·µ´µ¢ ¢ ŒŠƒ‘
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ (¸³., ´ ¶·¨³¥·, [25,28]):

dσ

dy

h

≡ xR
dσ

dx

h

=

∫
E
dσ

d3~p
d2p⊥ =

∑
n

σn(s)ϕhn(s, x), (40)

£¤¥ y Å ¡Ò¸É·µÉ , x = 2pz/
√
s Å Ë¥°´³ ´µ¢¸± Ö ¶¥·¥³¥´´ Ö, pz Å ¶·µ¤µ²Ó-

´Ò° ¨³¶Ê²Ó¸ ·µ¦¤¥´´µ£µ  ¤·µ´ ,
√
s Å ¶µ²´ Ö Ô´¥·£¨Ö ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö

 ¤·µ´µ¢ ¢ ¸.Í.¨., σn Å ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö n-¶µ³¥·µ´´µ£µ ²¨¢´Ö (¨²¨ 2n ±¢ ·±-
£²Õµ´´ÒÌ ¸É·Ê´, · ¸¶ ¤ ÕÐ¨Ì¸Ö ´   ¤·µ´Ò) [6,27], ϕhn(s, y) Å · ¸¶·¥¤¥²¥´¨¥
 ¤·µ´µ¢ ¢ n-¶µ³¥·µ´´µ³ ²¨¢´¥, xR = (x2

⊥+x2)1/2, x2
⊥ = 4(< p2

⊥ > +m2
h)/s;

mh, < p⊥ > Å ³ ¸¸  ¨ ¸·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¢Éµ·¨Î´µ£µ  ¤·µ´  ¸µ-
µÉ¢¥É¸É¢¥´´µ. ‘¥Î¥´¨Ö σn ¨¸¶Ê¸± ´¨Ö n ¶µ³¥·µ´´ÒÌ ²¨¢´¥° ¢ÒÎ¨¸²Ö²¨¸Ó ¶µ
Ëµ·³Ê² ³ (³µ¤¥²Ó ª±¢ §¨Ô°±µ´ ² ª) [52]:

σn =
σP

nz

(
1− e−z

∞∑
k=0

zk

k!

)
, n ≥ 1, (41)

z =
2CPγP

R2
P + α′P ln(s/s0)

(
s

s0

)∆

, (42)

σP = 8πγP

(
s

s0

)∆

, (43)

£¤¥ σP Å ¢±² ¤ ¶µ³¥·µ´  ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥, ∆ = αP (0) − 1 Å ¶·¥¢ÒÏ¥-
´¨¥ ¨´É¥·¸¥¶É  ¶µ³¥·µ´  ´ ¤ 1 (´ ¤±·¨É¨Î¥¸±¨° ¶µ³¥·µ´), ¶ · ³¥É·Ò γP ¨
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R2
P µ¶·¥¤¥²ÖÕÉ ¢¥²¨Î¨´Ê ¸¢Ö§¨ ¶µ³¥·µ´  ¸  ¤·µ´µ³, ¶ · ³¥É· Cp ÊÎ¨ÉÒ¢ ¥É

µÉ±²µ´¥´¨¥ µÉ Ô°±µ´ ²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö; §´ Î¥´¨Ö µ¸É ²Ó´ÒÌ ¶ · ³¥É·µ¢
¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ´¨¦¥ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸¥Î¥´¨° ¤²Ö ±µ´±·¥É´ÒÌ ·¥ ±Í¨°.
�µ²´µ¥ ¸¥Î¥´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö  ¤·µ´µ¢ ¢ ŒŠƒ‘ ¥¸ÉÓ ¸Ê³³  ¸¥Î¥´¨° σn(s)
·µ¦¤¥´¨Ö ²Õ¡µ£µ Î¨¸²  ¶µ³¥·µ´´ÒÌ ²¨¢´¥°:

σtot(s) =

∞∑
n=0

σn(s), (44)

σin(s) = σDD0 +
∞∑
n=1

σn(s), σDD0 = (1− 1/c)σ0(s), (45)

σDD0 Å ¸¥Î¥´¨¥ ¤¨Ë· ±Í¨µ´´µ° ¤¨¸¸µÍ¨ Í¨¨.

ϕπ(K)p→h
n (xF ) = fhq (x+, n)fhq (x−, n) + fhq (x+, n)fhqq(x−, n) +

+ 2(n− 1)fhsea(x+, n)fhsea(x−, n), (46)

ϕpp→hn (xF ) = fhqq(x+, n)fhq (x−, n) + fhq (x+, n)fhqq(x−, n) +

+ 2(n− 1)fhsea(x+, n)fhsea(x−, n), (47)

x± =
1

2

([
4m2
⊥
s

+ x2
F

] 1
2

± xF

)
. (48)

”Ê´±Í¨¨ fhqq(x±, n), fhq (x±, n), fhq (x±, n), fhsea(x±, n), ±µÉµ·Ò¥ ¶µÖ¢²Ö-
ÕÉ¸Ö ¢ (46) ¨ (47), µ¶·¥¤¥²ÖÕÉ ¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¨
¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸¢¥·É±¨ ¨³¶Ê²Ó¸´ÒÌ · ¸¶·¥¤¥²¥´¨° ¤¨±¢ ·±µ¢, ¢ ²¥´É´ÒÌ
¨ ³µ·¸±¨Ì ±¢ ·±µ¢( ´É¨±¢ ·±µ¢) ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, u(x), ¨ ËÊ´±Í¨°
Ë· £³¥´É Í¨¨ ¤¨±¢ ·±µ¢ ¨ ±¢ ·±µ¢ ¢ ·µ¦¤ ÕÐ¨¥¸Ö  ¤·µ´Ò Gh(z). ‚±² ¤Ò
µÉ ´ Î ²Ó´µ° Î ¸É¨ÍÒ ¨ ¶·µÉµ´  ³¨Ï¥´¨ § ¢¨¸ÖÉ, ¸µµÉ¢¥É¸É¢¥´´µ, µÉ ¶¥·¥-
³¥´´ÒÌ x+ ¨ x−. „²Ö ¸²ÊÎ Ö pp-¸Éµ²±´µ¢¥´¨° ÔÉ¨ ¸¢¥·É±¨ ¨³¥ÕÉ ¢¨¤ [25]:

fhqq(x±, n) =
2

3

∫ 1

x±

uud(x1, n)Ghud(x±/x1)dx1 +

+
1

3

∫ 1

x±

uuu(x1, n)Ghuu(x±/x1)dx1, (49)

fhq (x±, n) =
2

3

∫ 1

x±

uu(x1, n)Ghu(x±/x1)dx1 +

+
1

3

∫ 1

x±

ud(x1, n)Ghd(x±/x1)dx1, (50)
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fhsea(x±, n) =
1

2 + δ

[∫ 1

x±

uu(x1, n)
Ghu(x±/x1) +Ghu(x±/x1)

2
dx1+

+

∫ 1

x±

ud(x1, n)
Gh
d
(x±/x1) +Ghd(x±/x1)

2
dx1 +

+ δ

∫ 1

x±

us(x1, n)
Ghs (x±/x1) +Ghs (x±/x1)

2
dx1

]
. (51)

� · ³¥É· δ ∼ 0, 2− 0, 3 µ¶·¥¤¥²Ö¥É ¶µ¤ ¢²¥´¨¥ ¸É· ´´µ£µ ±¢ ·±  ¢ ³µ·¥.
�´ ²µ£¨Î´µ ¤²Ö π−p-¸Éµ²±´µ¢¥´¨°

fhq (x+, n) =

∫ 1

x+

ud(x1, n)Ghd(x+/x1)dx1,

fhq (x+, n) =

∫ 1

x+

uu(x1, n)Ghu(x+/x1)dx1. (52)

‚Ò· ¦¥´¨Ö ¤²Ö Kp-¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥ÕÉ ÉÊ ¦¥ ¸É·Ê±ÉÊ·Ê, ÎÉµ ¨ ¢ (52).
C¢µ°¸É¢  ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ · ³± Ì ŒŠƒ‘ µ¡¸Ê¦¤ ²¨¸Ó ¢ · §¤.1

[6,46]. �µ¢¥¤¥´¨¥ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ Ghq(qq)(z) = zDh
q(qq)(z) ¢ ¤¢ÊÌ  ¸¨³-

¶ÉµÉ¨Î¥¸±¨Ì ¶·¥¤¥² Ì z → 0 ¨ z → 1 ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ·¥¤¦¥¢¸±¨³¨
 ¸¨³¶ÉµÉ¨± ³¨:

Ghq(qq)(0) = bh, (53)

Ghq(qq)(z → 1) ∼ (1 − z)γ . (54)

‡¤¥¸Ó γ µ¶·¥¤¥²Ö¥É¸Ö ¨´É¥·¸¥¶É ³¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥¤¦¥¢¸±¨Ì É· ¥±-
Éµ·¨°. „²Ö ´ Ï¨Ì Í¥²¥° ´ ¨¡µ²¥¥ ¢ ¦´µ · ¸¸³µÉ·¥´¨¥ ±µ´¸É ´ÉÒ bh, ±µÉµ-
· Ö Ö¢²Ö¥É¸Ö §´ Î¥´¨¥³ ËÊ´±Í¨¨ Ghq(qq)(z) ¶·¨ z → 0 ¨ ´¥ § ¢¨¸¨É µÉ ¸µ·É 

´ Î ²Ó´µ£µ ±¢ ·±  q (¤¨±¢ ·±  qq). Šµ´¸É ´É  bh µ¶·¥¤¥²Ö¥É¸Ö ¤¨´ ³¨±µ°
Ë· £³¥´É Í¨¨ ¸É·Ê´Ò, ±µ£¤  ¶ ·  qq̄ ·µ¦¤ ¥É¸Ö ¨§ ¢ ±ÊÊ³  ¢ Í¥´É· ²Ó´µ°
µ¡² ¸É¨ ¸¶¥±É· . � ¶·¨³¥·, ¨§ SU(3)-¸¨³³¥É·¨¨ ¸²¥¤Ê¥É, ÎÉµ bρ

+

= bρ
−

=

= bρ
0

= bρ, bω = bρ . . . �·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ÔÉ¨Ì ±µ´¸É ´É ´¥ ³µ£ÊÉ ¡ÒÉÓ
¶·µ¢¥¤¥´Ò ¢ · ³± Ì ŒŠƒ‘. �¨¦¥ ³Ò ¶·¨¢¥¤¥³ µÍ¥´±¨ ´  µÉ´µÏ¥´¨¥ ÔÉ¨Ì
±µ´¸É ´É, ¶µ²ÊÎ¥´´Ò¥ ¢ · ³± Ì ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨.

�¸´µ¢´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥, ¨¸¶µ²Ó§µ¢ ´´µ¥ ´ ³¨, § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
Ëµ·³  xF -¸¶¥±É·µ¢ ·¥§µ´ ´¸µ¢, ·µ¦¤ ÕÐ¨Ì¸Ö ¶·¨ · §·Ò¢¥ ±¢ ·±-£²Õµ´´µ°
¸É·Ê´Ò, ´¥ § ¢¨¸¨É µÉ ¸¶¨´  J ´ ¡²Õ¤ ¥³µ£µ ·¥§µ´ ´¸ , É.¥. ¢¸¥ ¸µ¸ÉµÖ´¨Ö, ²¥-
¦ Ð¨¥ ´  ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨ αik(M2

J), ¶·¨ µ¤¨´ ±µ¢ÒÌ ´ Î ²Ó´ÒÌ Ê¸²µ-
¢¨ÖÌ ¨³¥ÕÉ µ¤¨´ ±µ¢ÊÕ Ëµ·³Ê x-§ ¢¨¸¨³µ¸É¨. ‚ · ³± Ì ¸¤¥² ´´µ£µ ¶·¥¤¶µ-
²µ¦¥´¨Ö ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ · §²¨Î´Ò¥ ·¥§µ´ ´¸Ò
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ρ- ¨ K∗-¸¥³¥°¸É¢ ³µ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ¢ ρ-
¨²¨ K∗-³¥§µ´Ò [32]:

GJq(qq)(x) = RJG
ρ,K∗

q(qq)(x), (55)

£¤¥ ¢¥²¨Î¨´  RJ ´¥ § ¢¨¸¨É µÉ ¶¥·¥³¥´´µ° x.
�µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¢ ¢¥±Éµ·´Ò¥ ³¥§µ´Ò ¶·¨¢¥¤¥´

¢ ¶·¨²µ¦¥´¨¨ �. ‚ ¶ · ³¥É·¨§ Í¨¨ (55) ¢¥²¨Î¨´Ò RJ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
±µ´¸É ´ÉÒ bJ : RJ = (bJ/bV )2. ˆ§  ´ ²¨§  ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ ρ-³¥§µ´µ¢ ¢
πN -¸Éµ²±´µ¢¥´¨¨ ¢ · ³± Ì ŒŠƒ‘ [53] ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö

bρ ≈ 0, 27, bK
∗ ≈ 0, 15. (56)

‚¥·´¥³¸Ö É¥¶¥·Ó ± · ¸¸³µÉ·¥´¨Õ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¤²Ö ¸µ¸ÉµÖ´¨°
¸ ¡µ²ÓÏ¨³¨ ¸¶¨´ ³¨. �µ¤·µ¡´Ò° ¢Ò¢µ¤ µÉ´µÏ¥´¨Ö RJ ¢ · ³± Ì ·¥¤¦¥µ´-
ËµÉµ´´µ°  ´ ²µ£¨¨ ¶·¨¢¥¤¥´ ¢ [32]. ‡¤¥¸Ó ³Ò Éµ²Ó±µ ±µ·µÉ±µ · ¸¸³µÉ·¨³
µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´  ¶·¨³¥·¥ ·¥ ±Í¨¨ πN → JX . ‚ É·¥Ì·¥¤¦¥µ´´µ³
¶·¥¤¥²¥ ¨³¥¥³

dσJ

dx
(x→ 1)/

dσV

dx
(x→ 1) = RJ = (bJ/bV )2 = (57)

=

J∑
λ=−J

| gπαV J0 λ (0) |2 /
1∑

λ=−1

| gπαV V0 λ (0) |2,

£¤¥ ¢¥²¨Î¨´Ò gπαV J0 λ Ö¢²ÖÕÉ¸Ö s-± ´ ²Ó´Ò³¨ ¸¶¨· ²Ó´Ò³¨ ¢ÒÎ¥É ³¨ ·¥¤¦¥¢-
¸±¨Ì É· ¥±Éµ·¨° αV VT-£·Ê¶¶Ò. ƒ¨¶µÉ¥§  ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ£¨¨ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¢ÒÎ¨¸²¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢ÒÎ¥É ³¨ gπαV J0 λ . �¡¸Ê¤¨³ ¡µ-
²¥¥ ¤¥É ²Ó´µ ÔÉÊ £¨¶µÉ¥§Ê. ‚¶¥·¢Ò¥ ρ-³¥§µ´-ËµÉµ´´ Ö  ´ ²µ£¨Ö ¡Ò²  ¶·¥¤-
²µ¦¥´  ‘Éµ¤µ²Ó¸±¨³ ¨ ‘ ±Ê· ¨ [54] ¤²Ö µ¶¨¸ ´¨Ö Ì · ±É¥·¨¸É¨± ·µ¦¤¥´¨Ö
∆-¨§µ¡ ·Ò ¢ ·¥ ±Í¨ÖÌ πp → π∆ ¨ Kp → K∆. �·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¸¶¨-
´µ¢ Ö ¸É·Ê±ÉÊ·  ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¨³¥¥É Ô²¥±É·µ³ £´¨É´ÊÕ Ëµ·³Ê. �¥±µÉµ·Ò¥
·¥§Ê²ÓÉ ÉÒ ¢ ¶µ¤¤¥·¦±Ê · ¸¸³ É·¨¢ ¥³µ° £¨¶µÉ¥§Ò ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ [50,55].
�´ ²¨§ ¢±² ¤  ¶² ´ ·´ÒÌ ¤¨ £· ³³ ¢ ¶µ²´Ò¥ ¸¥Î¥´¨Ö  ¤·µ´- ¤·µ´´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¶µ± § ², ÎÉµ ¢ÒÎ¥ÉÒ ²¨¤¨·ÊÕÐ¨Ì ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° Ê¤µ¢²¥-
É¢µ·ÖÕÉ ¸µµÉ´µÏ¥´¨Ö³, É¨¶¨Î´Ò³ ¤²Ö ¢¥±Éµ·´ÒÌ Éµ±µ¢ [55]. ‚ Î ¸É´µ¸É¨,
¢§ ¨³µ¤¥°¸É¢¨¥ π-, K-³¥§µ´µ¢ ¨ ´Ê±²µ´µ¢ ¸ ρ-É· ¥±Éµ·¨¥°  ´ ²µ£¨Î´µ ¨§µ-
¢¥±Éµ·´µ° ±µ³¶µ´¥´É¥ Ô²¥±É·µ³ £´¨É´µ£µ Éµ± . �´ ²µ£¨Î´µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸ ω- ¨ ϕ-É· ¥±Éµ·¨Ö³¨ ¶µ¤µ¡´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ´¥¸É· ´´µ° ¨ ¸É· ´´µ° ±µ³-
¶µ´¥´É ³ ¨§µ¸± ²Ö·´µ£µ Éµ± .

�³¶²¨ÉÊ¤  ±¢ ·±-±¢ ·±µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨§ÊÎ ² ¸Ó ¢ · ³± Ì ³Ê²ÓÉ¨-
¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³  ¢ · ¡µÉ¥ [50]. �ÉµÉ ³¥Ì ´¨§³ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ
µ¡ÑÖ¸´¨ÉÓ ¶µ²µ¦¥´¨¥ ¢ j-¶²µ¸±µ¸É¨ ¢Éµ·¨Î´ÒÌ ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° ¸ · §-
²¨Î´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨,   É ±¦¥ ¶·¥¤¸± §Ò¢ ¥É ¸¶¨´µ¢ÊÕ ¸É·Ê±ÉÊ·Ê



Œ�„…‹œ Š‚��Š-ƒ‹����›• ‘’�“� 839

¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉ¨Ì É· ¥±Éµ·¨° ¸ ±¢ ·± ³¨. ‘¶¨´µ¢ Ö ¸É·Ê±ÉÊ· , µ¶¨¸Ò¢ Õ-
Ð Ö ¢§ ¨³µ¤¥°¸É¢¨¥ ±¢ ·±µ¢ ¸ É· ¥±Éµ·¨Ö³¨ VT-£·Ê¶¶Ò, ¨³¥¥É Ô²¥±É·µ³ £-
´¨É´Ò° Ì · ±É¥·:

MV−T
qq ∼ q̄3γ

µq1 q̄4γµq2. (58)

Š ¦¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ µ¡µ¡Ð¨ÉÓ ·¥¤¦¥µ´-ËµÉµ´´ÊÕ  ´ ²µ£¨Õ ¤²Ö ¸²Ê-
Î Ö ¶·µ¨§¢µ²Ó´ÒÌ ¸¶¨´µ¢. ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ·¥¤¦¥µ´µ¢
VT-£·Ê¶¶Ò ¸ ¶·µ¨§¢µ²Ó´Ò³¨  ¤·µ´ ³¨ µ¶·¥¤¥²ÖeÉ¸Ö ¸µÌ· ´ÖÕÐ¨³¸Ö ¢¥±Éµ·-
´Ò³ Éµ±µ³. ‚ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤  π

αV→ J ÔÉµÉ Éµ± ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

jµ(λ) = iFJε
αβγµϕαν1...νJ−1(k, λ)pβkγq

ν1 . . . qνJ−1 , (59)

£¤¥ p ¨ k Å 4-¨³¶Ê²Ó¸Ò ´ Î ²Ó´µ£µ ¶¨µ´  ¨ ±µ´¥Î´µ£µ ·¥§µ´ ´¸  ¸µµÉ¢¥É-
¸É¢¥´´µ. ‚ (59) q = k − p, ϕαν1...νJ−1(k, λ) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ·¥§µ´ ´¸ 
¸µ ¸¶¨´µ³ J ¨ ¸¶¨· ²Ó´µ¸ÉÓÕ λ. ‚ ¸¨¸É¥³¥ ¸ ¡¥¸±µ´¥Î´Ò³ ¨³¶Ê²Ó¸µ³ (‘�ˆ)
p0,3 →∞, ¸¶¨· ²Ó´Ò° ¢ÒÎ¥É gπαV J0 λ (q) ¸¢Ö§ ´ ¸ Éµ±µ³ (59) ¸µµÉ´µÏ¥´¨¥³

gπαV J0 λ (q)e−iϕλ = j0,3(λ)/2p0,3. (60)

ˆ¸¶µ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (59) ¨ (60), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ

J∑
λ=−J

| gπαJ0 λ (q) |2 = | FJ |2 (J + 1)! (J − 1)! 2J−3p
2(J−1)
t q̄2

⊥/(2J)! (61)

�¡¸Ê¤¨³ § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò FJ µÉ ¸¶¨´  J . „²Ö ÔÉµ£µ · ¸¸³µÉ·¨³
· ¸¶ ¤ ·¥§µ´ ´¸  ¸µ ¸¶¨´µ³ J ´  ¶¸¥¢¤µ¸± ²Ö· ¨ ¢¥±Éµ·, É.¥. ¢¥·Ï¨´´ÊÕ
ËÊ´±Í¨Õ J → πV ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ˆ¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê (59), ²¥£±µ
¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ï¨·¨´Ò ΓJ→πV · ¸¶ ¤  J → πV :

ΓJ→πV =
pt

8πM2
J

1

(2J + 1)

∑
λ′,λ

| jµ(k, λ)ξµ(q, λ′) |2= (62)

=
2J(J + 1)!(J − 1)!

8π(2J + 1)!
| FJ |2 p2J+1

t .

‘· ¢´¥´¨¥ (62) ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ · ¸¶ ¤  ·¥§µ´ ´¸µ¢ [56] ¶·¨¢µ¤¨É
± ¸²¥¤ÊÕÐ¥³Ê ·¥§Ê²ÓÉ ÉÊ:

| FJ |2=
2J−1

(J − 1)! sJ−1
0

| FV |2, (63)

£¤¥ s0 = (α′V )−1.
�É³¥É¨³, ÎÉµ ¶µ¤µ¡´ Ö § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò FJ µÉ ¸¶¨´  J ¸²¥¤Ê¥É ¨§

 ´ ²¨É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¤Ê ²Ó´µ°  ³¶²¨ÉÊ¤Ò ‚¥´¥Í¨ ´µ [51]. �±µ´Î -
É¥²Ó´µ, ¶·¥¤¶µ² £ Ö, ÎÉµ µÉ´µÏ¥´¨¥ | FJ |2 / | FV |2 ´¥ § ¢¨¸¨É µÉ ¶µ¶· ¢µ±
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¸Ìµ¤  ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨, ²¥£±µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö µÉ´µÏ¥´¨Ö
RJ (t) ¢ (57):

RJ (t) =

J∑
λ=−J

| gπαV J0 λ (q) |2 /
1∑

λ=−1

| gπαV V0 λ (q) |2=
(J + 1)!

(2J)!
(
4p2
t

s0
)J−1. (64)

�µ²ÊÎ¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (57),(64) ¶µ§¢µ²ÖÕÉ ¢Ò· §¨ÉÓ ¢¥²¨Î¨´Ò bJ ,
µ¶·¥¤¥²ÖÕÐ¨¥ ¢¥·µÖÉ´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ·¥§µ´ ´¸µ¢ ¸µ ¸¶¨´µ³ J , Î¥·¥§
¨´É¥·¸¥¶ÉÒ αV (0) É· ¥±Éµ·¨¨, ±µÉµ·µ° ¶·¨´ ¤²¥¦¨É ·¥§µ´ ´¸ J :

RJ ≡ RJ (0) = (bJ/bV )2 = σJ/σV =
(J + 1) !

(2J) !
(J − αV (0))J−1. (65)

‚ (65) ÊÎ¨ÉÒ¢ ²µ¸Ó, ÎÉµ J = αV (0) + α′VM
2
J ¨ µ2 << M2

J .
ˆ§ ¸µµÉ´µÏ¥´¨° (65) ¸²¥¤Ê¥É, ÎÉµ

(bf2)2 = (ba2)2 ≈ 0, 38(bρ)2, (66)

(bω3)2 = (bρ3)2 ≈ 0, 21(bρ)2,

(bf4)2 ≈ 0, 13(bρ)2.

�´ ²µ£¨Î´µ ¤²Ö ·¥§µ´ ´¸µ¢ ¸¥³¥°¸É¢  K∗ −K∗∗ ¨³¥¥³

(bK
∗
2 )2 ≈ 0, 44(bK

∗
)2, (67)

(bK
∗
3 )2 ≈ 0, 25(bK

∗
)2,

(bK
∗
4 )2 ≈ 0, 16(bK

∗
)2.

„ ²¥¥, ¨¸¶µ²Ó§ÊÖ ¶·¥¤¸± § ´¨Ö ³µ¤¥²¨ ¤²Ö · ¸¶ ¤  ·¥§µ´ ´¸µ¢ [55, 56],
¶µ²ÊÎ ¥³ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¢¥·µÖÉ´µ¸ÉÖ³¨ ·µ¦¤¥´¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¨
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢:

(bρ/bπ)2 =< ~k2
⊥ >π /4m

2
q, (68)

(bK
∗
/bK)2 =< ~k2

⊥ >K /4m2
q,

£¤¥ mq = 0, 415 ± 0, 015 ƒÔ‚ Å ¶µ¶¥·¥Î´ Ö ³ ¸¸  ±µ´¸É¨ÉÊ¥´É´µ£µ ±¢ ·± 

[56]. “Î¨ÉÒ¢ Ö, ÎÉµ < ~k2
⊥ >π≈ 0, 12 ƒÔ‚2 ¨ < ~k2

⊥ >K≈ 0, 21 ƒÔ‚2, ¨
¨¸¶µ²Ó§ÊÖ ¶·¨¢¥¤¥´´Ò¥ ¢ (56) §´ Î¥´¨Ö bρ ¨ bK

∗
[53], ¶µ²ÊÎ ¥³

bπ ≈ 0, 65, bK ≈ 0, 27. (69)

�É¨ §´ Î¥´¨Ö Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸µ §´ Î¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ [27,29] ¨§
 ´ ²¨§  ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·µ¦¤¥´¨Õ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ πp-, ¨
pp-¸Éµ²±´µ¢¥´¨ÖÌ [57Ä61] ¸· ¢´¨¢ ÕÉ¸Ö ¸ ´ Ï¨³¨ ¶·¥¤¸± § ´¨Ö³¨ ´  ·¨¸.6 ¨ 7.
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�¨¸. 6. ˆ´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ρ0-³¥§µ´  ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ a) pL = 147 ƒÔ‚/c

[57] ¨ ¡) 405 ƒÔ‚/c [58], f(x) = 2
σin
√
s

∫
E d2σ

dxdp2
⊥
dp2
⊥

�¨¸. 7. �·¥¤¸± § ´¨Ö ŒŠƒ‘ ¨ ¤ ´´Ò¥ [59] ¶µ ·µ¦¤¥´¨Õ § ·Ö¦¥´´ÒÌ K∗±-³¥§µ´µ¢
¢ π+p- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ, 147 ƒÔ‚/¸: a) (•) pp → K∗+X, ¸¶²µÏ´ Ö ²¨´¨Ö, (N)
pp → K∗−X, ¶Ê´±É¨·; ¡) (•) π+p → K∗+X, ¸¶²µÏ´ Ö ²¨´¨Ö, (N) π+p → K∗−X,
¶Ê´±É¨·
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�¨¸. 8. ‘· ¢´¥´¨¥ ´ Ï¨Ì ¶·¥¤¸± § ´¨° ¸ ¤ ´´Ò³¨ ¶µ ·µ¦¤¥´¨Õ f2(1270)-³¥§µ´  ¢
¶·µÍ¥¸¸ Ì a) 250 ƒÔ‚/c, K+p→ f2X [60] ¨ ¡) 405 ƒÔ‚/c, pp→ f2X [58]

’ ¡²¨Í  1. ‘µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ ¶·µÍ¥¸¸µ¢ pp→ JX

σJ/σρ ’¥µ·¨Ö �±¸¶¥·¨³¥´É

f2/ρ0 0,38 0, 38± 0, 19

ρ0
3/ρ

0 0,21 0, 19± 0, 12

f4/ρ0 0,13 0, 17± 0, 12

Š ± ¢¨¤´µ, ŒŠƒ‘ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É x-¸¶¥±É·Ò ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢
Ï¨·µ±µ° µ¡² ¸É¨ x ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ (pL ≥ 100 ƒÔ‚/c).

—Éµ ± ¸ ¥É¸Ö ¸¶¥±É·µ¢ ¸µ¸ÉµÖ´¨° ¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨, Éµ §¤¥¸Ó Ô±¸¶¥-
·¨³¥´É ²Ó´ Ö ¸¨ÉÊ Í¨Ö §´ Î¨É¥²Ó´µ ÌÊ¦¥. �  ·¨¸.8 ¸· ¢´¨¢ ÕÉ¸Ö ´ Ï¨ ¢Ò-
Î¨¸²¥´¨Ö ¸ ¤ ´´Ò³¨ ¶µ ·µ¦¤¥´¨Õ ·¥§µ´ ´¸µ¢ ¸µ ¸¶¨´µ³ J ≥ 2 [58, 60].
Š ± ¢¨¤´µ, · ¸¸³ É·¨¢ ¥³Ò° ¶µ¤Ìµ¤ ¶·¨¢µ¤¨É ± Ìµ·µÏ¥³Ê µ¶¨¸ ´¨Õ · ¸-
¶·¥¤¥²¥´¨° ¶µ x f2(1270)-³¥§µ´  ¢ Kp- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ, ÌµÉÖ ÉµÎ´µ¸ÉÓ
¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ´¥ ¶µ§¢µ²ÖÕÉ ÊÉµÎ´¨ÉÓ ´¥±µÉµ·Ò¥ É¥µ·¥É¨Î¥¸±¨¥ ¤¥-
É ²¨.

‚ [61] ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ ¶µ ¨´É¥£· ²Ó´Ò³ ¸¥Î¥´¨Ö³ ρ0(770)-,
f2(1270)-, ρ0

3(1690)- ¨ f4(2050)-³¥§µ´µ¢ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ Ô´¥·£¨¨
405 ƒÔ‚. ‚ É ¡².1 ¶·¨¢¥¤¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ µÉ´µÏ¥-
´¨Ö ¸¥Î¥´¨° σJ/σρ. •µ·µÏ¥¥ ¸µ£² ¸¨¥ ´ Ï¨Ì ¶·¥¤¸± § ´¨° ´ ¡²Õ¤ ¥É¸Ö
¢¶²µÉÓ ¤µ ¸¶¨´  J = 4.
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3. �„������†„…�ˆ… —�‘’ˆ– ‘ �’Š�›’›Œ —��Œ�Œ
‚ Œ�„…‹ˆ Š‚��Š-ƒ‹����›• ‘’�“�

3.1. �µ¦¤¥´¨¥ Î ¸É¨Í ¸ µÉ±·ÒÉÒ³ Î ·³µ³ ¸ ÊÎ¥Éµ³ ¢±² ¤µ¢ µÉ · ¸¶ -
¤µ¢ ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨°. ‚ ÔÉµ³ · §¤¥²¥ ¨§²µ¦¥´  ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘
¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·µ¢ µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éµ³ · ¸¶ ¤µ¢ S-¢µ²´µ¢ÒÌ
·¥§µ´ ´¸µ¢, É ±¨Ì, ± ± 1−-³¥§µ´Ò (D∗ ¨ D∗s ), 1/2+ (Σc ¨ Ξ′c)- ¨ 3/2+ (Σ∗c ,
Ξ∗c ¨ Ω∗c)-£¨¶¥·µ´Ò [35, 36]. � · ³¥É·Ò ³µ¤¥²¨ µ¶·¥¤¥²Ö²¨¸Ó ¨§ ¸· ¢´¥´¨Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚±² ¤Ò µÉ · ¸¶ ¤µ¢ ·¥§µ´ ´¸µ¢ ¢ ¸¶¥±É·Ò
¸É ¡¨²Ó´ÒÌ Î ¸É¨Í ÊÎ¨ÉÒ¢ ²¨¸Ó ¸µ£² ¸´µ ¨Ì ¶ ·Í¨ ²Ó´Ò³ Ï¨·¨´ ³ [62].

�Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ ¸¶¥±É·Ò, ¶·µ¨´É¥£·¨·µ¢ ´´Ò¥ ¶µ ¶µ¶¥·¥Î-
´µ³Ê ¨³¶Ê²Ó¸Ê p⊥ ·µ¦¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ. ŒÒ ÊÎ¨ÉÒ¢ ¥³ · ¸¶ ¤ S-¢µ²´µ¢ÒÌ
µÎ ·µ¢ ´´ÒÌ ·¥§µ´ ´¸µ¢ ¢ ¸É ¡¨²Ó´Ò¥ µÎ ·µ¢ ´´Ò¥ Î ¸É¨ÍÒ ¸ ¨¸¶Ê¸± ´¨¥³
É ±¦¥ π-³¥§µ´µ¢ ¨²¨ γ-±¢ ´Éµ¢ [62]. Š¨´¥³ É¨±  É ±¨Ì · ¸¶ ¤µ¢ µ¶¨¸Ò¢ -
² ¸Ó ¸µ£² ¸´µ [63]. �·¨ ¸¤¥² ´´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ ¨´¢ ·¨ ´É´µ¥ ¸¥Î¥´¨¥
·µ¦¤¥´¨Ö  ¤·µ´  h

x
dσh

dx
= x

dσhdir

dx
+
∑
R

x∗+∫
x∗−

xR
dσR

dxR
Φ(xR)dxR . (70)

‡¤¥¸Ó xdσ
hdir

dx
Å ¸¥Î¥´¨¥ ¶·Ö³µ£µ ·µ¦¤¥´¨Ö  ¤·µ´  h,   xR

dσR

dxR
Å ¸¥Î¥´¨¥

·µ¦¤¥´¨Ö ·¥§µ´ ´¸  R. ”Ê´±Í¨Ö Φ(xR) µ¶¨¸Ò¢ ¥É ¤¢ÊÌÎ ¸É¨Î´Ò° · ¸¶ ¤
·¥§µ´ ´¸  R ¢  ¤·µ´ h. �µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ± ±
 ¤·µ´  h, É ± ¨ ·¥§µ´ ´¸  R ËÊ´±Í¨Ö Φ(xR) ¨³¥¥É ¢¨¤

Φ(xR) =
MR

2p∗
1

x2
R

. (71)

‚ Ëµ·³Ê² Ì (70) ¨ (71) xR Ö¢²Ö¥É¸Ö Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° ·¥§µ´ ´¸ 
R:

x∗+ =
MRx̃

E∗ − p∗ , x∗− =
MRx̃

E∗ + p∗
, x̃ =

√
x2 + x2

⊥, x⊥ =
2
√
< p2
⊥ > +m2

√
s

,

(72)
m Å ³ ¸¸  ·µ¦¤¥´´µ£µ  ¤·µ´  h, MR Å ³ ¸¸  ·¥§µ´ ´¸ , E∗ ¨ p∗ Å Ô´¥·£¨Ö
¨ 3-¨³¶Ê²Ó¸  ¤·µ´  h ¢ ¸¨¸É¥³¥ ¶µ±µÖ ·¥§µ´ ´¸ , < p2

⊥ > Ö¢²Ö¥É¸Ö ¸·¥¤´¨³
¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³  ¤·µ´  h. ”µ·³Ê²Ò ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¸¥Î¥´¨Ö ·µ¦-
¤¥´¨Ö  ¤·µ´  h ¶·¨¢¥¤¥´Ò ¢ · §¤.2. ‡¤¥¸Ó ³Ò Éµ²Ó±µ ¶·¨¢¥¤¥³ ¢Ò· ¦¥´¨Ö
¤²Ö ËÊ´±Í¨° fhq (x, n) ¤²Ö Σ− ¶ÊÎ± , ¢Ò· ¦¥´´Ò¥ Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
ËÊ´±Í¨¨ s- (fhs (x, n)) ¨ d- (fhd (x, n)) ±¢ ·±µ¢

fh(Σ−)
q (x, n) =

1

3
fh(Σ−)
s (x, n) +

2

3
f
h(Σ−)
d (x, n),
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fh(Ξ−)
q (x, n) =

2

3
fh(Ξ−)
s (x, n) +

1

3
f
h(Ξ−)
d (x, n) . (73)

‚ · ³± Ì  ¤¤¨É¨¢´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¤¨±¢ ·± ¢ S-¢µ²´µ¢µ³ ¡ ·¨µ´¥
³µ¦¥É ¨³¥ÉÓ ¸¶¨´(¨§µ¸¶¨´) 0 ¨ 1. ’ ±¨³ µ¡· §µ³, ¤¨±¢ ·±µ¢ Ö ËÊ´±Í¨Ö
fhqq(x) ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ¸± ²Ö·´ÊÕ (0) ¨ ¢¥±Éµ·´ÊÕ (1) ¤¨±¢ ·-
±µ¢Ò¥ ËÊ´±Í¨¨ ¸ ¢¥¸ ³¨, µ¶·¥¤¥²Ö¥³Ò³¨ SU(6) ¸¨³³¥É·¨Î´Ò³¨ ËÊ´±Í¨-
Ö³¨ [64]:

fh(p)
qq =

1

3
fh(p)
uu (x, n) +

1

2
f
h(p)
(ud)0

(x, n) +
1

6
f
h(p)
(ud)1

(x, n),

fh(Σ−)
qq =

1

3
f
h(Σ−)
dd (x, n) +

1

2
f
h(Σ−)
(ds)0

(x, n) +
1

6
f
h(Σ−)
(ds)1

(x, n), (74)

fh(Ξ−)
qq =

1

3
fh(Ξ−)
ss (x, n) +

1

2
f
h(Ξ−)
(ds)0

(x, n) +
1

6
f
h(Ξ−)
(ds)1

(x, n).

ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¸± ²Ö·´ÒÌ ¨ ¢¥±Éµ·´ÒÌ
¤¨±¢ ·±µ¢ uqq(x, n), ¢Ìµ¤ÖÐ¨¥ ¢ ±¢ ·±µ¢Ò¥ ËÊ´±Í¨¨ fhi (x, n), µ¤¨´ ±µ¢Ò.
�¤´ ±µ · §²¨Î´Ò¥ ¤¨±¢ ·±¨ Ë· £³¥´É¨·ÊÕÉ ¢ ¡ ·¨µ´Ò · §²¨Î´Ò³ µ¡· §µ³.
’ ±, ´ ¶·¨³¥·, ¶·Ö³µ¥ ·µ¦¤¥´¨¥ Λc ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö ¸± -
²Ö·´µ° (¨ ¨§µ¸± ²Ö·´µ°) ¤¨±¢ ·±µ¢µ° ËÊ´±Í¨¥° f(ud)0

,   ¶·Ö³µ¥ ·µ¦¤¥´¨¥
Σc- ¨ Σ∗c-£¨¶¥·µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éµ·´µ° ¤¨±¢ ·±µ¢µ° ËÊ´±Í¨¥° f(ud)1

.
ŒÒ É ±¦¥ ¶·¥¤¶µ² £ ¥³, ÎÉµ ¸¶¨´ ¤¨±¢ ·±  ´¥ ¢²¨Ö¥É ´  · ¸Ð¥¶²¥´¨¥

¤¨±¢ ·± . ‚ ¸²ÊÎ ¥ Ë· £³¥´É Í¨¨ ¤¨±¢ ·±  ¢ ³¥§µ´Ò ÔÉµ ¶·¥¤¶µ²µ¦¥´¨¥ ¶·¨-
¢µ¤¨É ± · ¢¥´¸É¢Ê fM(qq)0

(x, n) = fM(qq)1
(x, n), ¨ Ê· ¢´¥´¨Ö (74) ¸¢µ¤ÖÉ¸Ö ±

¢Ò· ¦¥´¨Ö³

fM(p)
qq (x, n) =

1

3
fM(p)
uu (x, n) +

2

3
f
M(p)
ud (x, n),

fM(Σ−)
qq (x, n) =

1

3
f
M(Σ−)
dd (x, n) +

2

3
fM(Σ−)
us (x, n), (75)

fM(Ξ−)
qq (x, n) =

1

3
fM(Ξ−)
ss (x, n) +

2

3
f
M(Ξ−)
ds (x, n),

±µÉµ·Ò¥ ¸µ¢¶ ¤ ÕÉ ¸ [65] ¤²Ö ¤¨±¢ ·±µ¢ ¢ ¶·µÉµ´¥ ¨ Σ−-£¨¶¥·µ´¥.
�µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ π-³¥§µ´ Ì,

p-, Σ−-, ¨ Ξ−-£¨¶¥·µ´ Ì, ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ ¤ ´´µ³  ´ ²¨§¥, ¶·¨¢¥¤¥´ ¢ ¶·¨-
²µ¦¥´¨¨ �. „ ²¥¥ ³Ò ¶·¥¤¶µ² £ ¥³, ÎÉµ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢
¨ ¤¨±¢ ·±µ¢ ´¥ § ¢¨¸ÖÉ µÉ ¸¶¨´  ¶µ¤Ì¢ ÉÒ¢ ¥³µ£µ ±¢ ·±  (¨²¨ ¤¨±¢ ·± ).
ˆ§ ÔÉµ£µ ¶·¥¤¶µ²µ¦¥´¨Ö ¸²¥¤Ê¥É · ¢¥´¸É¢µ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥£µ ±¢ ·±  ¨²¨ ¤¨±¢ ·±  ¢ Σc- ¨ Σ∗c-, Ξ′c- ¨ Ξ∗c-¡ ·¨µ´ Ì, D- ¨ D∗-
³¥§µ´ Ì. ‘¶µ¸µ¡ ¶ · ³¥É·¨§ Í¨¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, · ¸¸³µÉ·¥´´Ò° ¢
¤ ´´µ³ · §¤¥²¥, ¸²¥£±  µÉ²¨Î ¥É¸Ö µÉ · ¸¸³ É·¨¢ ¢Ï¥£µ¸Ö · ´¥¥ ¸¶µ¸µ¡  (c³.
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�¨¸. 9. ‘· ¢´¥´¨¥ ¢ÒÎ¨¸²¥´¨° ¢ ŒŠƒ‘ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¸¶¥±É· ³
Λc ¢ ·¥ ±Í¨ÖÌ a) π−p → ΛcX ¶·¨ Pi = 230 ƒÔ‚/c [79], ¡) pp → ΛcX ¶·¨

√
s =

= 63 ƒÔ‚/c [66, 67]

µ¡§µ·Ò [25, 26],   É ±¦¥ [29, 33]). ŒÒ ¶·¥¤¸É ¢²Ö¥³ ËÊ´±Í¨Õ Ë· £³¥´É Í¨¨
¢ ¢¨¤¥ ¸Ê³³Ò ¤¢ÊÌ Î²¥´µ¢. �¥·¢Ò° Ö¢²Ö¥É¸Ö ¶·µ¨§¢¥¤¥´¨¥³ ¤¢ÊÌ ¶µ²¨´µ³µ¢,
± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¸µµÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ ¢¸¥Ì ¢µ§³µ¦´ÒÌ  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì
¨ ¶·¥¤ ¸¨³¶ÉµÉ¨Î¥¸±¨Ì Î²¥´µ¢ ¢µ Ë· £³¥´É Í¨µ´´µ° (x → 1, · §²µ¦¥´¨¥
¶µ ¸É¥¶¥´Ö³ (1 − x)) ¨ Í¥´É· ²Ó´µ° (x → 0, · §²µ¦¥´¨¥ ¶µ ¸É¥¶¥´Ö³ x)
µ¡² ¸ÉÖÌ. ‚Éµ·µ° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸²ÊÎ °, ±µ£¤  ´¨ Í¥²¨±µ³, ´¨ µ¤´  ¨§
¸µ¸É ¢²ÖÕÐ¨Ì Ë· £³¥´É¨·Ê¥³µ£µ µ¡Ñ¥±É  ´¥ ¢Ìµ¤¨É ¢ ·µ¦¤ ÕÐ¨°¸Ö ¡ ·¨µ´.
‚ ¸²ÊÎ ¥ ´¥²¨¤¨·ÊÕÐ¥° Ë· £³¥´É Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ËÊ´±Í¨¨ ¸µ¤¥·¦ É
Éµ²Ó±µ ¢Éµ·µ° Î²¥´. �µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨-
±¢ ·±µ¢ ¢ Λc, Σc, Σ−c , Ξc, Ξ′c, Ξ∗c , Ωc, Ω∗c-¡ ·¨µ´Ò ¨ D, D∗, Ds, D∗s -³¥§µ´Ò
¶·¨¢¥¤¥´ ¢ [35].

‚ · ³± Ì ¶·¥¤²µ¦¥´´µ° ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘ ¡Ò²µ µ¶¨¸ ´µ ¡µ²ÓÏµ¥
±µ²¨Î¥¸É¢µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¨´±²Õ§¨¢´Ò³ ¸¶¥±É· ³  ¤·µ´µ-
·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢ [66Ä82].

‘¶¥±É·Ò Λc-¡ ·¨µ´µ¢ ¢ π−p-¸Éµ²±´o¢¥´¨ÖÌ ¶·¨ 230 ƒÔ‚/c [66] ¨
pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨

√
s = 63 ƒÔ‚/c [67, 68] ¶·¨¢¥¤¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ,

´  p¨¸.9. �Ê´±É¨·´µ° ±·¨¢µ° ´  p¨¸.9,¡ ¶µ± § ´ ¢±² ¤ ¶·Ö³µ£µ ·µ¦¤¥´¨Ö
Λc. Š ± ¢¨¤´µ, ¸µ£² ¸¨¥ ¸ ¤ ´´Ò³¨ ¶µ π−p-· ¸¸¥Ö´¨Õ Ìµ·µÏ¥¥. —Éµ ± ¸ -
¥É¸Ö ¤ ´´ÒÌ [67, 68] ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ, Éµ ¢¨¤´µ § ³¥É´µ¥ · §²¨Î¨¥ ³¥¦¤Ê
¤ ´´Ò³¨ £·Ê¶¶ [67] ¨ [68]. �É  ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ´¥ ¶µ§¢µ²Ö¥É µ¤´µ§´ Î´µ
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�¨¸. 10. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ ¶µ ·µ¦¤¥´¨Õ ²¨¤¨·ÊÕÐ¨Ì (D−/D0) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+/D̄0) µÎ ·µ¢ ´´ÒÌ
³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨: a) ²¨¤¨·ÊÕÐ¨°, 200 ƒÔ‚/c [74], ¡) ´¥²¨¤¨·ÊÕÐ¨°,
200 ƒÔ‚/c [74], ¢) ²¨¤¨·ÊÕÐ¨°, 360 ƒÔ‚/c [69], £) ´¥²¨¤¨·ÊÕÐ¨°, 360 ƒÔ‚/c [69]

Ë¨±¸¨·µ¢ ÉÓ ¶ · ³¥É·Ò ³µ¤¥²¨. �  ·¨¸.10 Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ
xF -§ ¢¨¸¨³µ¸É¨ ²¨¤¨·ÊÕÐ¨Ì (D− ¨ D0) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+ ¨ D̄0) µÎ ·µ-
¢ ´´ÒÌ ³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 200 ƒÔ‚/c [69] ¨ 360 ƒÔ‚/c [70]
¸· ¢´¨¢ ÕÉ¸Ö ¸ É¥µ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨.
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�¨¸. 11. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ ³µ¤¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨° ¸ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [78] ¶µ ¨´±²Õ§¨¢´Ò³ ¸¶¥±É· ³: a) Λc (¦¨·´ Ö ²¨´¨Ö Å ¢¸¥
Λc, Éµ´± Ö Å ¶·Ö³Ò¥ Λc ¨ ¶Ê´±É¨·´ Ö Å µÉ · ¸¶ ¤  Σ0

c), ¡) Σ+
c , ¢) Ξ+

c (¦¨·´ Ö
²¨´¨Ö Å ¢¸¥, Éµ´± Ö Å µÉ Ξ∗0c ), £) D+ +D− ¢ Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ 330 ƒÔ‚/c

‚ É ¡².2 ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ·µ¦¤¥´¨Ö Λ+
c -¡ ·¨µ´ 

¢ pp- ¨ πp-¸Éµ²±´µ¢¥´¨ÖÌ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ¶µ ³µ¤¥²¨, ¢ É ¡².3 Å
¸¥Î¥´¨Ö ¤²Ö D-³¥§µ´µ¢, ¢ É ¡².4 Å ¤²Ö D∗-³¥§µ´µ¢.

�·¥¤¸± § ´¨Ö ¤²Ö ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ Λ+
c , Σ0

c , Ξ+
c ¨ D+/− ¢ Σ−p-

¸Éµ²±´µ¢¥´¨ÖÌ ¸· ¢´¨¢ ÕÉ¸Ö ´  p¨¸.11 ¸ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ ¤ ´´Ò³¨ WA89
¶·¨ 330 ƒÔ‚/c [78]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Λ+

c ¨ Σ0
c (p¨¸.11,a,¡) ¡Ò²¨

´µ·³¨·µ¢ ´Ò c ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³, ¶·¨¢¥¤¥´´ÒÌ
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’ ¡²¨Í  2. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¶µ ·µ¦¤¥´¨Õ Λc ¢ pp- ¨
πp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡
¨²¨
√
s, ƒÔ‚

pp→ Λc X 40± 18
[67] 63 ƒÔ‚ 204 ± 11 660

¢¸¥ x 2046 ± 836

pp→ Λc X [68] 63 ƒÔ‚ 101± 18± 26 84
|x| > 0, 5

π−N → Λc X [66] 230 ƒÔ‚/c 4, 9± 1, 4± 0, 7 6, 8
xc > 0

’ ¡²¨Í  3. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° ¶µ ·µ¦¤¥´¨Õ D-³¥§µ´µ¢ ¢
pp- ¨ πp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

pp→ D+ X [74] 400 5, 7± 1, 5 4, 16

pp→ D− X [74] 400 6, 2± 1, 1 5, 54

pp→ D0 X [74] 400 10, 5± 1, 9 7

pp→ D̄0 X [74] 400 7, 9± 1, 5 12, 3

pp→ D+/D− X [75] 800 33± 7 22, 2

pp→ D0/D̄0 X [75] 800 26
+21
−13

45, 4

pp→ D+/D− X [76] 800 26± 14 22, 2

pp→ D0/D̄0 X [76] 800 22
+4
−7

45, 4

pN → D/D̄ X [69] 200 1, 5± 0, 7± 0, 1 5, 6
xF > 0

π−N → D+/D− X [69] 200 1, 7
+0, 4
−0, 3

±0, 1 3, 5

π−N → D0/D̄0 X [69] 200 3, 3
+0, 5
−0, 4

±0, 3 5, 3

π−N → D−/D0 X [69] 200 2, 3
+0, 4
−0, 3

±0, 1 4, 7

π−N → D+/D̄0 X [69] 200 3, 2
+0, 5
−0, 4

±0, 2 4, 2

π−p→ D+/D− X [70, 71] 360 5, 7± 1, 5 7, 76

π−p→ D0/D̄0 X [70, 71] 360 10, 1± 2, 2 11, 0
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’ ¡²¨Í  4. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶µ ³µ¤¥²¨ ¤²Ö
·µ¦¤¥´¨Ö D∗- ¨ Ds-³¥§µ´µ¢ ¢ πp- ¨ pp-¸Éµ²±´µ¢¥´¨ÖÌ

�¥ ±Í¨Ö ‘¸Ò²±  PL, ƒÔ‚/c σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

pp→ D∗+/D∗− X [74] 400 9, 2± 2, 4 7, 14

pp→ D∗0/D̄∗0 X [74] 400 5, 8± 2, 7 8, 8

π−p→ D∗+/D∗− X [72] 360 5, 0
+2, 3
−1, 8

5, 0

π−p→ D∗0/D̄∗0 X [72] 360 7, 3± 2, 9 4, 5

π−N → D∗+/D∗− X [69] 200 2, 4± 0, 4± 0, 2 2, 6

pp→ D+
s /D

−
s X [74] 400 < 2, 5 2, 8

xF > 0

’ ¡²¨Í  5. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [78, 79] ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ¢
Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¨ ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

— ¸É¨Í  �¡² ¸ÉÓ xF σÔ±¸¶, ³±¡ σÉ¥µ·, ³±¡

D− > 0, 1 2, 9± 0, 8± 0, 6 2, 18

Λ+
c > 0, 2 9, 3± 4, 3± 2, 5 10, 0

Σ0
c > 0, 2 4, 8± 2, 6± 1, 5 5, 2

Ξ0
c > 0, 2 6, 0

Ξ+
c > 0, 2 0, 9

’ ¡²¨Í  6. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [78] ¶µ µÉ´µÏ¥´¨Ö³ ¸¥Î¥´¨° ¢
Σ−p-¸Éµ²±´µ¢¥´¨ÖÌ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°

�É´µÏ¥´¨¥ O¡² ¸ÉÓ xF �±¸¶. §´ Î¥´¨¥ �·¥¤¸± § ´¨Ö ³µ¤¥²¨

Λc/D− > 0, 2 11, 34± 7, 1 12, 5

Σ++
c /Σ0

c > 0, 2 < 0, 52 0, 001

Σ0
c/Λc > 0, 2 0, 45 ± 0, 31 0, 52

D+/D− > 0, 1 0, 47 ± 0, 14 0, 55

¢ [78]. „²Ö ´µ·³¨·µ¢±¨ ¤ ´´ÒÌ D+/− (·¨¸.11,£) ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö [79], ¤ ´´Ò¥ ¶µ ¶µ²´µ³Ê ¸¥Î¥´¨Õ D− ¨ µÉ´µÏ¥-
´¨Õ ¸¥Î¥´¨° D+/D− [78]. „²Ö ¸¶¥±É·µ¢ Ξ+

c (p¨¸.11,¢) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [78], ¢¢¨¤Ê µÉ¸ÊÉ¸É¢¨Ö ¶µ²´ÒÌ ¸¥Î¥´¨°, ¡Ò²¨ ´µ·³¨·µ¢ ´Ò ´  É¥µ-
·¥É¨Î¥¸±ÊÕ ±·¨¢ÊÕ. ‘· ¢´¥´¨¥ ¤ ´´ÒÌ ¶µ ¶µ²´Ò³ ¸¥Î¥´¨Ö³ ¨ µÉ´µÏ¥´¨Ö³
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�¨¸. 12. ‘· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [80,
81] ¶µ § ¢¨¸¨³µ¸É¨  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+)
³¥§µ´µ¢ µÉ xF ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨ ¶·¨ 340 ƒÔ‚/c (¶µ¤·µ¡´µ¸É¨ ¢ É¥±¸É¥)

¸¥Î¥´¨° ¤²Ö £¨¶¥·µ´´µ£µ ¶ÊÎ±  ¸¤¥² ´o ¢ É ¡².5 ¨ 6. ‚ É ¡².5 É ±¦¥ ¶·¨¢¥-
¤¥´Ò ¶·¥¤¸± § ´¨Ö ¤²Ö ¶µ²´ÒÌ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö Ξ+

c ¨ Ξ0
c .

3.2. �·µ¡²¥³  ¢´ÊÉ·¥´´¥£µ Î ·³  ¢ ŒŠƒ‘. �·¨¢¥¤¥´´Ò¥ ¢ ¶·¥¤Ò¤Ê-
Ð¥³ · §¤¥²¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¡¥§ ÊÎ¥É  ¢±² ¤  ¢´ÊÉ·¥´´¥£µ Î ·³ 
¢ π-³¥§µ´¥ ¨²¨ ¶·µÉµ´¥. Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ ¸¶¥±É·µ¢ ¨ ¶µ²´ÒÌ ¸¥-
Î¥´¨° ¢ · ³± Ì ŒŠƒ‘ (¸³., ´ ¶·¨³¥·, ¸¸Ò²±¨ ¢ [25]), ¸ÊÐ¥¸É¢ÊÕÐ Ö ÉµÎ-
´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ  ¤·µ´µ¢ ¸ µÉ±·ÒÉÒ³ Î ·-
³µ³ ´¥ É·¥¡Ê¥É ¶·¨¢²¥Î¥´¨Ö ÔÉµ° £¨¶µÉ¥§Ò. ƒ¨¶µÉ¥§  ª¢´ÊÉ·¥´´¥£µ Î ·³ ª
¡Ò²  ¶·¥¤²µ¦¥´  �·µ¤¸±¨³ [83] ¤²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢ ·µ¦¤¥´¨Ö ÉÖ¦¥-
²ÒÌ  ¤·µ´µ¢ ¶·¨ ¡µ²ÓÏ¨Ì x → 1. ‚ · ³± Ì ŒŠƒ‘ c-±¢ ·±¨ ³µ£ÊÉ ¡ÒÉÓ
¢±²ÕÎ¥´Ò Éµ²Ó±µ ¢ ¢¨¤¥ ³µ·¸±¨Ì ¶ ·. ‚¶¥·¢Ò¥ ÔÉµ ¡Ò²µ ¸¤¥² ´µ ¢ · ¡µÉ¥ [26]
¶·¨ µ¶¨¸ ´¨¨ ¸¶¥±É·µ¢ D-³¥§µ´µ¢ ¨ Λc-¡ ·¨µ´µ¢. �¤´ ±µ ¶µÖ¢¨¢Ï¨¥¸Ö ´¥-
¤ ¢´µ ¤ ´´Ò¥ ¶µ  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì/´¥²¨¤¨·ÊÕÐ¨Ì  ¤·µ´µ¢
¢ π−p-¸Éµ²±´µ¢¥´¨¨ [80Ä82]

A(x) =
dσD

−
/dx− dσD+

/dx

dσD−/dx+ dσD+/dx
(76)

¸É ²¨ ¡µ²¥¥ ±·¨É¨Î¥¸±¨³¨ ¤²Ö µ¶·¥¤¥²¥´¨Ö ±µ²¨Î¥¸É¢¥´´µ£µ ¢±² ¤  ¢´ÊÉ·¥´-
´¥£µ Î ·³  ¢ ŒŠƒ‘. ‚ · ¡µÉ¥ [84] ¶µ± § ´µ, ÎÉµ  ´ ²¨§ ¤ ´´ÒÌ ¶µ  ¸¨³³¥-
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É·¨¨ É·¥¡Ê¥É ¨§³¥´¥´¨Ö §´ Î¥´¨° ¶ · ³¥É·µ¢, ¶µ²ÊÎ¥´´ÒÌ · ´¥¥ ¶·¨ ¸· ¢´¥-
´¨¨ Éµ²Ó±µ ¸ ¤ ´´Ò³¨ ¶µ ¸¥Î¥´¨Ö³ [33, 34], ¨ ¸¤¥² ´µ § ±²ÕÎ¥´¨¥ µ ³ ²µ-
¸É¨ ¢±² ¤  c-±¢ ·±µ¢µ£µ ³µ·Ö ¢ ŒŠƒ‘. ‚ · ¡µÉ¥ [85] ¶µ¢¥¤¥´¨¥  ¸¨³³¥É·¨¨
A(x) ¡Ò²µ µ¶¨¸ ´µ ¢ · ³±  ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, · ¸¸³µÉ·¥´´µ° ¢ ¤ ´´µ³
· §¤¥²¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ËÊ´±Í¨° Ë· £³¥´É Í¨¨, ¶·¨¢¥¤¥´´ÒÌ ¢ ¶·¨²µ¦¥-
´¨¨ ‚. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¸· ¢´¨¢ ÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
WA82 [80], E769 [81] ¨ E791 [82] ´  ·¨¸.12. ‘¶²µÏ´µ° ²¨´¨¥° ´  ·¨¸.12
¶µ± § ´ ·¥§Ê²ÓÉ É · ¸Î¥É  ¡¥§ ÊÎ¥É  ¢±² ¤  Î ·³µ¢ ´´µ£µ ³µ·Ö, ¶Ê´±É¨·´µ°
Å ¢±² ¤ ¸ ÊÎ¥Éµ³ ³µ·Ö c-±¢ ·±µ¢. �Î ·µ¢ ´´µ¥ ³µ·¥ ÊÎ¨ÉÒ¢ ²µ¸Ó  ´ ²µ£¨Î´µ
¢±² ¤Ê ¸É· ´´µ£µ ³µ·Ö (Ë-²  (51)) ¸µ §´ Î¥´¨Ö³¨ ¶ · ³¥É·µ¢ aD = 0, 0072,
a1 = 2 ¨ δc = 0, 005. � ³¨ ¡Ò²  É ±¦¥ · ¸¸³µÉ·¥´  ¢µ§³µ¦´µ¸ÉÓ ¤·Ê£µ°
¶ · ³¥É·¨§ Í¨¨ ËÊ´±Í¨¨ GD

−

d :

GD
−

d (z) = (1− z)−αψ(0)+λ(1 + aD1 z
4). (77)

�¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¶µ¢¥¤¥´¨Ö  ¸¨³³¥É·¨¨ ¸ ËÊ´±Í¨¥° (77) ¶µ± § ´
´  ·¨¸.12 ÏÉ·¨Ì¶Ê´±É¨·´µ° ²¨´¨¥°. Š ± ¢¨¤´µ, ¢±² ¤ µÎ ·µ¢ ´´µ£µ ³µ·Ö
¸¨²Ó´µ ¸¢Ö§ ´ ¸ ¶ · ³¥É·¨§ Í¨¥° ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ¨ ´¥ ³µ¦¥É ¡ÒÉÓ
µ¤´µ§´ Î´µ µ¶·¥¤¥²¥´ ¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ D-³¥§µ´µ¢.
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4.1. �¸´µ¢´µ° Ëµ·³ ²¨§³. ŒÖ£±¨¥  ¤·µ´´Ò¥ ¶·µÍ¥¸¸Ò, ± ± ¶µ± § ´µ, ¢
Î ¸É´µ¸É¨, ¢ÒÏ¥, ¢¥¸Ó³  Ê¸¶¥Ï´µ µ¶¨¸Ò¢ ÕÉ¸Ö ¢ · ³± Ì µ¡Ñ¥¤¨´¥´¨Ö ·¥¤-
¦¥¢¸±µ° ³µ¤¥²¨ ¸ ±¢ ´Éµ¢µ-Ì·µ³µ¤¨´ ³¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨.

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·¥¤¶·¨´¨³ ÕÉ¸Ö ¨´É¥´¸¨¢´Ò¥ ¶µ¶ÒÉ±¨ · ¸Ï¨·¥´¨Ö
µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ÔÉµ£µ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¶µ¤Ìµ¤  ¤²Ö µ¶¨¸ ´¨Ö ¶µ²Ê-
¦¥¸É±¨Ì ¨ ¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢. ’ ±, Ê¦¥ ¨³¥¥É¸Ö ¤¢ÊÌ±µ³¶µ´¥´É´ Ö
³µ¤¥²Ó „’“ [86Ä88]. �É  ³µ¤¥²Ó ¸µ¤¥·¦¨É ¤¢¥ ±µ³¶µ´¥´ÉÒ: ³Ö£±ÊÕ, µ¸´µ-
¢ ´´ÊÕ ´  É¥µ·¨¨ ´ ¤±·¨É¨Î¥¸±µ£µ ¶µ³¥·µ´  (ª³Ö£±¨°ª ¶µ³¥·µ´), ¨ ¦¥¸É±ÊÕ,
µ¶¨¸Ò¢ ¥³ÊÕ ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ° (ª¦¥¸É±¨°ª ¶µ³¥-
·µ´),   É ±¦¥ ¤¨Ë· ±Í¨µ´´Ò¥ ¶·µÍ¥¸¸Ò. ‚ ÔÉµ° ³µ¤¥²¨ (É ± ¦¥, ± ± ¨ ¢
ŒŠƒ‘) · §·¥§ ´´Ò° ¶µ³¥·µ´ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¤¢ÊÌ ±¢ ·±-£²Õµ´´ÒÌ
Í¥¶µÎ¥± (¨²¨ ¸É·Ê´), ±µÉµ·Ò¥ ¸¢Ö§Ò¢ ÕÉ ±µ´¸É¨ÉÊ¥´ÉÒ  ¤·µ´ . ‚ ¶¥·¢µ³
¶·¨¡²¨¦¥´¨¨ ¶·µÉµ´ ¸µ¸Éµ¨É ¨§ µ¤´µ£µ ¢ ²¥´É´µ£µ ±¢ ·±  ¨ µ¤´µ£µ ¢ ²¥´É-
´µ£µ ¤¨±¢ ·± ,   ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê  ¤·µ´ ³¨ ¶·¨¢µ¤¨É ± ´ ÉÖ¦¥´¨Õ ¤¢ÊÌ
¸É·Ê´ ³¥¦¤Ê ÔÉ¨³¨ ±µ´¸É¨ÉÊ¥´É ³¨. Œ´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢Ò-
Î¨¸²ÖÕÉ¸Ö ¢ · ³± Ì ¸Ì¥³Ò Ê´¨É ·¨§ Í¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶· ¢¨² �¡· ³µ¢-
¸±µ£µ Å ƒ·¨¡µ¢  Å Š ´Î¥²¨ (�ƒŠ) [89]. —Éµ ± ¸ ¥É¸Ö ¦¥¸É±µ£µ ¶µ³¥·µ´ , Éµ
¢ ÔÉµ° ³µ¤¥²¨ µ´ ¶·¥¤¸É ¢²Ö¥É¸Ö ¤¢Ê³Ö ¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨ ¢ ¦¥¸É-
±µ³ · ¸¸¥Ö´¨¨ ±¢ ·±µ¢ 2 → 2. Œ¥Ì ´¨§³ ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö ¢±²ÕÎ ¥É¸Ö
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Éµ£¤ , ±µ£¤  ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò £²Õµ´µ¢ ¡µ²ÓÏ¥ 2 ¨²¨ 3 ƒÔ‚/¸; § É¥³ ÔÉ¨
£²Õµ´Ò · ¸Ð¥¶²ÖÕÉ¸Ö ¢ qq̄-¶ ·Ò. � ·Éµ´Ò ´  ±µ´Í Ì ¦¥¸É±µ° ¨²¨ ¶µ²Ê¦¥¸É-
±µ° Í¥¶µÎ¥± ¨³¥ÕÉ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò, ¶·¥¤¸± §Ò¢ ¥³Ò¥ ¶¥·ÉÊ·¡ É¨¢´µ°
±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±µ°.

Œ´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥ Î ¸É¨Í Ö¢²Ö¥É¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ¶µ ¸¢µ¥°
¶·¨·µ¤¥ ¨, ± ¸µ¦ ²¥´¨Õ, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ³µ¦¥É ¡ÒÉÓ ¨§ÊÎ¥´µ ¢ · ³± Ì
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„. ‚  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ ¤µ³¨´¨·Ê¥É µ¡³¥´ ¶µ³¥·µ´µ³; ¨ ¢ ·¥¤¦¥¢¸±¨Ì ³µ¤¥²ÖÌ ³´µ¦¥¸É¢¥´-
´µ£µ ·µ¦¤¥´¨Ö ¨¸¶µ²Ó§Ê¥É¸Ö ±µ´Í¥¶Í¨Ö µ¡³¥´  ¶µ³¥·µ´µ³. �¦¨¤ ¥É¸Ö, ÎÉµ
ÔÉ¨ ³µ¤¥²¨ ³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò ¸ ¶µ³µÐÓÕ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„. ‚ ´ ¸Éµ-
ÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ´¥¸±µ²Ó±µ ¶µ¶ÒÉµ± ¢Ò¢¥¸É¨ ¶µ³¥·µ´, ¨¸¶µ²Ó§ÊÖ  ¶-
¶ · É É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ [90Ä92]. �·¨ ÔÉµ³ £² ¢´ Ö ¶·µ¡²¥³  ¸µ¸Éµ¨É
´¥ ¸Éµ²Ó±µ ¢ ¢¥²¨Î¨´¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨, ¸±µ²Ó±µ ¢ ¨´Ë· ±· ¸´ÒÌ ¸¨´£Ê²Ö·-
´µ¸ÉÖÌ, ¢µ§´¨± ÕÐ¨Ì ¢ ¶·µ¶ £ Éµ· Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢.

�¡³¥´ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µ³¥·µ´µ³ ³µ¦¥É ¡ÒÉÓ ¶µ´ÖÉ ± ± µ¡³¥´
¤¢Ê³Ö £²Õµ´ ³¨ [90, 92]. �¤´ ±µ · ¸Î¥ÉÒ  ³¶²¨ÉÊ¤Ò Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
±¢ ·±µ¢ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¶·¨¢µ¤ÖÉ ± ¸¨´£Ê²Ö·´µ¸É¨ ¶·¨ ´Ê²¥¢µ³
¶¥·¥¤ ´´µ³ 4-¨³¶Ê²Ó¸¥ t = 0. �·µ¨¸Ìµ¦¤¥´¨¥ ÔÉµ° ¸¨´£Ê²Ö·´µ¸É¨ µ¡Ê¸²µ¢-
²¥´µ ¶µ²Õ¸µ³ ¢ ¶·µ¶ £ Éµ·¥ £²Õµ´  ¶·¨ q2 = 0, ¶µÔÉµ³Ê Ö¸´µ, ÎÉµ ¶µ¢¥¤¥´¨¥
¸¥Î¥´¨Ö ¶·¨ ³ ²ÒÌ t ´¥ ³µ¦¥É ¡ÒÉÓ µ¡ÑÖ¸´¥´µ ¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨° Š•„. �¤´ ±µ ¸¨´£Ê²Ö·´µ¸ÉÓ ¢ ¤¢ÊÌ£²Õµ´´ÒÌ · ¸Î¥É Ì  ¤·µ´- ¤·µ´´µ£µ
· ¸¸¥Ö´¨Ö Ê¸É· ´Ö¥É¸Ö, ¥¸²¨ ¶·µ¶ £ Éµ· £²Õµ´  µ£· ´¨Î¥´ ¶·¨ q2 = 0 [91].

�µ¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·  £²Õµ´  ¶·¨ ³ ²ÒÌ q2 ³¥´¥¥ ¸¨´£Ê²Ö·´µ¥, Î¥³
¶µ²Õ¸, ¨³¥¥É ³¥¸Éµ ¶·¨ · ¸¸³µÉ·¥´¨¨ ÔËË¥±Éµ¢ ¢ ±ÊÊ³  Š•„, ±µÉµ·Ò¥ ¶·¨-
¢µ¤ÖÉ ± ±µ´Ë °´³¥´ÉÊ [91]. ’ ±, ¢ ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´  [91]
¶µ³¥·µ´ ±µ´¸É·Ê¨·Ê¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ £²Õµ´ ³¨; ¶·¨
ÔÉµ³ ¶µ¤ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ ¶µ´¨³ ¥É¸Ö £²Õµ´, ¶·µ¶ £ Éµ· ±µÉµ·µ£µ ´¥ ¨³¥¥É
¶µ²Õ¸  ¶·¨ q2 = 0. ‚ ¤·Ê£µ° · ¡µÉ¥ [93] ¤²Ö ¶·µ¶ £ Éµ·  £²Õµ´  ¡Ò²µ ¶µ²Ê-
Î¥´µ ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¢  ±¸¨ ²Ó´µ°
± ²¨¡·µ¢±¥, ¶µ¢¥¤¥´¨¥ ±µÉµ·µ£µ ¶·¨ q2 = 0 µ± § ²µ¸Ó ³¥´¥¥ ¸¨´£Ê²Ö·´Ò³,
Î¥³ ¶µ²Õ¸ ¢ ÔÉµ° ÉµÎ±¥. ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¶·µ¶ £ Éµ·  [93] ¢ ³µ¤¥²¨
‹ ´¤ÏµË  Å � ÌÉ³ ´  ¶·¨¢µ¤¨É, ± ± ¶µ± § ´µ ¢ [91], ± Ìµ·µÏ¥³Ê ¸µ£² ¸¨Õ
· ¸Î¥Éµ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„·Ê£µ¥ ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¡Ò²µ
¶µ²ÊÎ¥´µ ¢ [94]. ‚ ÔÉµ³ ·¥Ï¥´¨¨ ¶·µ¶ £ Éµ· £²Õµ´  ·¥£Ê²Ö·¨§Ê¥É¸Ö ¤¨´ ³¨-
Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° £²Õµ´ . ‚ µÉ²¨Î¨¥ µÉ · ´¥¥ ¶µ²ÊÎ¥´´µ£µ ·¥Ï¥´¨Ö
Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  [93] ¶·µ¶ £ Éµ· ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ° £²Õ-
µ´   ¸¨³¶ÉµÉ¨Î¥¸±¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ ·¥´µ·³£·Ê¶¶Ò ¨ ¤¥°¸É¢¨É¥²Ó´µ
µ£· ´¨Î¥´ ¶·¨ q2 = 0 (± ± ·¥§Ê²ÓÉ É ´ ²¨Î¨Ö ÔËË¥±É¨¢´µ° ³ ¸¸Ò £²Õµ´ ).
ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ£µ ¶·µ¶ £ Éµ·  ¢ · ³± Ì ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´ 
¶µ± §Ò¢ ¥É, ÎÉµ ¶µ³¥·µ´ ÔËË¥±É¨¢´µ ¢¥¤¥É ¸¥¡Ö  ´ ²µ£¨Î´µ µ¡³¥´Ê ËµÉµ-
´µ³, ¶·¨Î¥³ ±µ´¸É ´É  ¸¢Ö§¨ µ¶·¥¤¥²Ö¥É¸Ö ³ ¸¸µ° £²Õµ´ . �ÉµÉ ¶µ¤Ìµ¤ ¶µ-
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§¢µ²¨² ¢ÒÎ¨¸²¨ÉÓ ¶µ²´Ò¥ ¨ Ê¶·Ê£¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö (dσ/dt) ¤²Ö
pp-· ¸¸¥Ö´¨Ö ¨ ¶µ²ÊÎ¨ÉÓ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¤²Ö ³ ¸¸Ò £²Õµ´  mg = 370 ŒÔ‚ ¨ ΛQCD = 300 ŒÔ‚ [95].

‚ ¤ ´´µ³ · §¤¥²¥ ¨§ÊÎ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘ ¤²Ö µ¶¨¸ -
´¨Ö ¶µ²Ê¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¶·µÍ¥¸¸µ¢ [44, 45]. „²Ö ÔÉµ£µ ¶µ³¥·µ´ ¶·¥¤¸É ¢-
²Ö¥É¸Ö ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° [91].
�·µ¶ £ Éµ· ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ £²Õµ´  ¨É¥· É¨¢´µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¢ n-¶µ³¥·µ´´ÒÌ Í¥¶µÎ± Ì ¤²Ö ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨° ±¢ ·±µ¢ ¶µ
¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ´  ±µ´Í Ì ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´. �ÉµÉ ¶·µÍ¥¸¸ ¶µ-
¸²¥¤µ¢ É¥²Ó´µ£µ ÊÎ¥É  ¢¸¥ ¡µ²ÓÏ¥£µ ¨ ¡µ²ÓÏ¥£µ Î¨¸²  ¶µ³¥·µ´´ÒÌ µ¡³¥´µ¢
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ¢Éµ·¨Î´µ£µ
 ¤·µ´ . ‚¢¥¤¥´´ Ö É ±¨³ µ¡· §µ³ § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ Î -
¸É¨Í ´¥ ¨§³¥´Ö¥É ¸É ´¤ ·É´µ° ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ¥° · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶µ
¶·µ¤µ²Ó´µ³Ê ¨³¶Ê²Ó¸Ê, ¨, ¢ Éµ ¦¥ ¢·¥³Ö, · ¸Ï¨·Ö¥É µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨
³µ¤¥²¨ ¤µ §´ Î¥´¨° ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  4 ÷ 5 ƒÔ‚/¸. Œµ¤¨Ë¨Í¨·µ¢ ´-
´ Ö ŒŠƒ‘ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö ¨´¢ ·¨ ´É´ÒÌ ¸¥Î¥´¨° ¨ · ¸¶·¥¤¥²¥-
´¨° ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢Éµ·¨Î´ÒÌ ³¥§µ´µ¢ ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ
Ô´¥·£¨ÖÌ.

4.2. �µ³¥·µ´ ± ± µ¡³¥´ ¤¢Ê³Ö £²Õµ´ ³¨ ¨ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò ±¢ ·-
±µ¢. ‚ ³µ¤¥²¨ ‹ ´¤ÏµË  Å � ÌÉ³ ´  [91] µ¡³¥´ ¶µ³¥·µ´µ³ ³¥¦¤Ê ¤¢Ê³Ö
±¢ ·± ³¨ ¢¥¤¥É ¸¥¡Ö É ± ¦¥, ± ± ¤¨ £· ³³  ¸ µ¡³¥´µ³ µ¤´¨³ ËµÉµ´µ³. Šµ´-
¸É ´É  ¸¢Ö§¨ ¶µ³¥·µ´  ¸ ±¢ ·±µ³ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

β2
0 =

1

36π2

∫
d2q

[
g2D(q2)

]2
, (78)

£¤¥ D(q2) Å ¶·µ¶ £ Éµ· £²Õµ´ . �·¥¨³ÊÐ¥¸É¢µ³ ¨¸¶µ²Ó§µ¢ ´¨Ö µ£· ´¨Î¥´-
´µ£µ ¶·¨ q2 = 0 ¶·µ¶ £ Éµ·  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¨´É¥£· ² (78) ¸Ìµ¤¨É¸Ö. �Éµ
´¥ ¨³¥¥É ³¥¸É  ¤²Ö ¡µ²ÓÏ¨´¸É¢  ·¥Ï¥´¨° Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´-
£¥· , ¶µ²ÊÎ¥´´ÒÌ ¤·Ê£¨³¨  ¢Éµ· ³¨ [93, 96]. ”¥´µ³¥´µ²µ£¨Î¥¸± Ö ¢¥²¨Î¨´ 
β0 = 2 ƒÔ‚−1 µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶µ²´µ£µ ¸¥Î¥´¨Ö ¨ ¸µµÉ¢¥É¸É¢Ê¥É ³ ¸¸¥ £²Õµ´ 
mg = 1, 2ΛQCD, ΛQCD = 300 ŒÔ‚ [95]. „²Ö É ±¨Ì §´ Î¥´¨° ¶ · ³¥É·µ¢ µ± -
§ ²µ¸Ó ¢µ§³µ¦´Ò³ µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ ¶·µÉµ´-¶·µÉµ´´µ³
· ¸¸¥Ö´¨¨ ¢¶¥·¥¤ [95].

ƒ²Õµ´ ¸ £µ²µ° ³ ¸¸µ° ¶·¨¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ Ê¸²µ¢¨Ö Ê´¨É ·´µ¸É¨ ¨
± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨. �ÉÊ ¶·µ¡²¥³Ê Ê¤ ¥É¸Ö µ¡µ°É¨ ¢ ¸²ÊÎ ¥ ¤¨´ -
³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸Ò £²Õµ´  [95]. �  Éµ, ÎÉµ £²Õµ´ ¢¥¤¥É ¸¥¡Ö ± ±
³ ¸¸¨¢´ Ö Î ¸É¨Í , Ê± §Ò¢ ÕÉ É ±¦¥ ¢ÒÎ¨¸²¥´¨Ö ´  ·¥Ï¥É± Ì [97]. �·¨¡²¨-
¦¥´´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥·  ¢ Î ¸É¨Î´µ° ± ²¨¡·µ¢±¥
´¥ ¶·¨¢µ¤¨É ± £¥´¥· Í¨¨ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸Ò £²Õµ´  [93, 96]. ‚ Éµ ¦¥
¢·¥³Ö ¢ [94] ¡Ò² µ¶·¥¤¥²¥´ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ´ ¡µ· ¤¨ £· ³³ ¤²Ö
Ê· ¢´¥´¨Ö „ °¸µ´  Å ˜¢¨´£¥· , ±µÉµ·Ò° ¤ ¥É µ£· ´¨Î¥´´µ¥ ¶·¨ q2 = 0
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¢Ò· ¦¥´¨¥ ¤²Ö ¶·µ¶ £ Éµ·  £²Õµ´ . �Éµ ·¥Ï¥´¨¥ ¨³¥¥É ¶· ¢¨²Ó´µ¥  ¸¨³¶Éµ-
É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶·µ¶ £ Éµ·  ¶·¨ ¡µ²ÓÏ¨Ì q2 ¨ Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ
·¥´µ·³£·Ê¶¶Ò.

‚ Ë¥°´³ ´µ¢¸±µ° ± ²¨¡·µ¢±¥ ¶·µ¶ £ Éµ· £²Õµ´  ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ°
¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ Dµν = −igµνD(q2) [94], £¤¥

D−1(q2) = b0g
2[q2 +m2(q2)] ln (S2/Λ2), (79)

S2 = q2 + 4m2(q2), m2(q2) = m2
g

[
ln((q2 + 4m2

g)/Λ
2)

ln(4m2/Λ2)

]− 12
11

.

‚ ¶·¨¢¥¤¥´´µ³ ¢Ò· ¦¥´¨¨ (79) ¢¥²¨Î¨´  mg ¥¸ÉÓ ³ ¸¸  £²Õµ´ , b0 =
= (33 − 2nf)/48π2 Å ²¨¤¨·ÊÕÐ¨° ±µÔËË¨Í¨¥É β-ËÊ´±Í¨¨ ¢ Ê· ¢´¥´¨¨
·¥´µ·³£·Ê¶¶Ò, ¶µ¸ÉµÖ´´ Ö ¸¢Ö§¨ g Ë¨±¸¨·µ¢ ´ . �¥Ï¥´¨¥ (79) ¤¥°¸É¢¨É¥²Ó´µ
¶·¨ ¢Ò¶µ²´¥´¨¨ Ê¸²µ¢¨Ö: mg > Λ/2.

�¡· §µ¢ ´¨¥ ¢Éµ·¨Î´µ£µ  ¤·µ´  ¶·¥¤¸É ¢¨³ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. � ²¥-
É ÕÐ¨° ¶·µÉµ´ ¨ ´Ê±²µ´ ³¨Ï¥´¨ · §¤¥²ÖÕÉ¸Ö ´  ±¢ ·± ¨ ¤¨±¢ ·± ¸ ¶·µ-
É¨¢µ¶µ²µ¦´µ ´ ¶· ¢²¥´´Ò³¨ ¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨. ‚ ³µ³¥´É Í¢¥Éµ¢µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·±µ³ ´ ²¥É ÕÐ¥£µ ¶·µÉµ´  ¨ ¤¨±¢ ·±µ³ ´Ê±²µ´ -
³¨Ï¥´¨ ¶·µ¨¸Ìµ¤¨É µ¡³¥´ ª³Ö£±¨³ª ³ ¸¸¨¢´Ò³ £²Õµ´µ³. �¥§ ¢¨¸¨³µ µÉ
ÔÉµ£µ ¢µ ¢Éµ·µ° Í¥¶µÎ±¥ ¶·µ¨¸Ìµ¤¨É  ´ ²µ£¨Î´Ò° µ¡³¥´ ¢Éµ·Ò³ ³ ¸¸¨¢´Ò³
£²Õµ´µ³. ‡ É¥³ ¶µ¸²¥ É ±µ£µ µ¡³¥´  £²Õµ´ ³¨ ¤¢¥ µ¡· §µ¢ ¢Ï¨¥¸Ö ¸É·Ê´Ò
· ¸¶ ¤ ÕÉ¸Ö ´  ¢Éµ·¨Î´Ò¥  ¤·µ´Ò. �·¨ ·µ¦¤¥´¨¨ n ¶µ³¥·µ´´ÒÌ ²¨¢´¥°
(¨²¨ 2n ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ Í¥¶µÎ¥±) É ±µ° ¶·µÍ¥¸¸ n-±· É´µ ¶µ¢Éµ·Ö¥É¸Ö.
‚ ·¥§Ê²ÓÉ É¥ ±¢ ·± (¤¨±¢ ·±) ´  ±µ´Í Ì ± ¦¤µ° ¸É·Ê´Ò ¶·¨µ¡·¥É eÉ ´¥ · ¢-
´Ò¥ ´Ê²Õ ¶µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò, É¥³ ¡µ²ÓÏ¨¥, Î¥³ ¡µ²ÓÏ¥ ¶·µ¨¸Ìµ¤¨É £²Õ-
µ´´ÒÌ µ¡³¥´µ¢. Œ É¥³ É¨Î¥¸±¨ ¶·µÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·± 
(¤¨±¢ ·± ) ¶µ¸²¥ ¶¥·¢µ£µ µ¡³¥´  ¤¢Ê³Ö £²Õµ´ ³¨ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ 
¸²¥¤ÊÕÐ¨³ µ¡· §µ³.

�·¥¤¸É ¢¨³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ ´ Î ²Ó´ÒÌ
¶·µÉµ´ Ì ¢ Ë ±Éµ·¨§µ¢ ´´µ³ ¢¨¤¥:

f̃τ (x,~k⊥) = fτ (x)g0(~k⊥), (80)

£¤¥ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢Ò¡¥·¥³ ¢ ¢¨¤¥ £ Ê¸¸µ¢-
¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö, ´µ·³¨·µ¢ ´´µ£µ ´  ¥¤¨´¨ÍÊ:

g0(~k⊥) =
γ

π
exp (−γ~k2

⊥). (81)

�µ¸²¥ µ¡³¥´  £²Õµ´µ³ ¸ ¤¨´ ³¨Î¥¸±µ° ³ ¸¸µ° ¢ ¶¥·¢µ° Í¥¶µÎ±¥ · ¸¶·¥¤¥-
²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

g1(~k1⊥) =

∫
g0(~k⊥)D2[(~k1⊥ − ~k⊥)2]d2k⊥. (82)



Œ�„…‹œ Š‚��Š-ƒ‹����›• ‘’�“� 855

‚µ ¢Éµ·µ° Í¥¶µÎ±¥ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¨³¥ÉÓ  ´ ²µ£¨Î´Ò° ¢¨¤.
�µ¸²¥ µ¡³¥´  ¢Éµ·Ò³ £²Õµ´µ³ · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±µ¢ ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö

Ê¦¥ Î¥·¥§ ËÊ´±Í¨Õ g1(~k1⊥):

g2(~k2⊥) =

∫
g1(~k1⊥)D2[(~k2⊥ − ~k1⊥)2]d2k1⊥. (83)

�µ¢Éµ·ÖÖ ÔÉÊ ¨É¥· Í¨µ´´ÊÕ ¶·µÍ¥¤Ê·Ê, ³Ò ¶µ²ÊÎ ¥³ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥-
´¨Ö ±¢ ·±µ¢ ¢ n-° Í¥¶µÎ±¥, ¢Ò· ¦¥´´ÊÕ Î¥·¥§ ËÊ´±Í¨Õ gn−1(~kn−1⊥), ¨, ¢
±µ´¥Î´µ³ ¸Î¥É¥, Î¥·¥§ ËÊ´±Í¨Õ g0(~k⊥):

gn(~kn⊥) =

∫
gn−1(~kn−1⊥)D2[(~kn⊥ − ~kn−1⊥)2]d2kn−1⊥ = (84)

=

∫
d2kn−1⊥D

2[(~kn⊥ − ~kn−1⊥)2]

∫
d2kn−2⊥D

2[(~kn−1⊥ − ~kn−2⊥)2]...×

×
∫
d2k0⊥D

2[(~k1⊥ − ~k0⊥)2]g0(~k0⊥).

�Î¥¢¨¤´µ, ÎÉµ ¢ n-¶µ³¥·µ´´µ° Í¥¶µÎ±¥ ±¢ ·±µ¢Ò¥ ËÊ´±Í¨¨ É ±¦¥ ¡Ê¤ÊÉ
Ë ±Éµ·¨§µ¢ ´Ò:

f̃ (n)
τ (xn, ~kn⊥) = f (n)

τ (xn)g
(n)
τ→h(~kn⊥). (85)

�¥·¥°¤¥³ É¥¶¥·Ó ± ¶µ¸É·µ¥´¨Õ ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·  ·µ-
¦¤¥´´ÒÌ  ¤·µ´µ¢ ¸ ÊÎ¥Éµ³ ¥£µ § ¢¨¸¨³µ¸É¨ ± ± µÉ x, É ± ¨ µÉ ¶µ¶¥·¥Î´µ£µ
¨³¶Ê²Ó¸  pt. ‚Ò· ¦¥´¨¥ ¤²Ö ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¶¥±É·   ¤·µ´µ¢
³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´µ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [38Ä41]:

E
dσ

d3~p
=

∞∑
n=0

σn(s)ϕn(x, p⊥); (86)

ϕn(x, p⊥) Å · ¸¶·¥¤¥²¥´¨¥  ¤·µ´µ¢ ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° x ¨ ¶µ-
¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥, µ¡· §µ¢ ´´ÒÌ µÉ · ¸¶ ¤  n-¶µ³¥·µ´´µ° Í¥¶µÎ±¨.

”Ê´±Í¨¨ ϕn(x, p⊥) ¶·¥¤¸É ¢²Ö²¨¸Ó ¢ ¢¨¤¥ [39,41]:

ϕn(x, p⊥) =

∫ 1

x+

dx1

∫ 1

x−

dx2Ψn(x, p⊥;x1, x2), (87)

£¤¥

Ψn(x, ~p⊥;x1, x2) = F (n)
qq (x+, ~p⊥;x1)F (n)

qv
(x−, ~p⊥;x2)/F (n)

qv
(0, ~p⊥) + (88)

+F (n)
qv (x+, ~p⊥;x1)F (n)

qq (x−, ~p⊥;x2)/F (n)
qq (0, ~p⊥) +

+2(n− 1)F (n)
qs (x+, ~p⊥;x1)F

(n)
q̄s (x−, ~p⊥;x2)/F

(n)
q̄s (0, ~p⊥);
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x1, x2 Å ±µµ·¤¨´ ÉÒ ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, x± =
= x±(n) = 0, 5[

√
(x2
n + x2

⊥) ± xn], x⊥ = 2
√

(m2
h + ~p2

⊥)/s; mh Å ³ ¸¸ 
¢Éµ·¨Î´µ£µ  ¤·µ´ ,

√
s Å ¶µ²´ Ö Ô´¥·£¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´µ¢ ¢ ¸.Í.¨.,

F (n)
τ (x±, ~p⊥;x1,2) =

∫
d2k⊥f̃

(n)
τ (x1,2, ~k⊥)G̃τ→h(

x±
x1,2

, ~k⊥; ~p⊥), (89)

F (n)
τ (0, ~p⊥) =

1∫
0

dx

∫
d2k⊥f̃

(n)
τ (x,~k⊥)G̃τ→h(0, ~p⊥) = G̃τ→h(0, ~p⊥). (90)

� ¸¶·¥¤¥²¥´¨¥ ϕhn(s, y) § ¢¨¸¨É µÉ ¸¶µ¸µ¡  ¤¥²¥´¨Ö ´ Î ²Ó´µ° Ô´¥·£¨¨
³¥¦¤Ê n ¶µ³¥·µ´´Ò³¨ ²¨¢´Ö³¨. ŒÒ · ¸¸³µÉ·¨³ ¤¢  ¶·µ¸ÉÒÌ ¸¶µ¸µ¡  É -
±µ£µ ¤¥²¥´¨Ö. ‚ ¶¥·¢µ³ ¨§ ´¨Ì Ô´¥·£¨Ö ¤¥²¨É¸Ö · ¢´µ³¥·´µ, ¨ ·µ²Ó Ë¥°´-
³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° ¢ n-¶µ³¥·µ´´µ° Í¥¶µÎ±¥ ¨£· ¥É ¢¥²¨Î¨´  xn = nx.
� ¸¶·¥¤¥²¥´¨¥ ϕhn(s, y) ¢ ÔÉµ³ ¸²ÊÎ ¥ [27]:

ϕhn(s, y) = nϕh1 (ξn, x), (91)

ξn = ξ − 2 ln n, ξ = ln (s/s0), s0 = 1 ƒÔ‚.

‚Éµ· Ö ¢¥·¸¨Ö µ¸´µ¢ ´  ´  ¶µ¸²¥¤µ¢ É¥²Ó´µ³ ¨¸¶Ê¸± ´¨¨ ²¨¢´¥° ²¨¤¨·ÊÕ-
Ð¨³  ¤·µ´´Ò³ ¸µ¸ÉµÖ´¨¥³. �µÔÉµ³Ê ËÊ´±Í¨¨ ϕhn(ξ, y) ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥ÕÉ
¢¨¤

Φhn(s, y) =
n∑
k=1

Φh1 (ξk, xk), (92)

ξk = ξ − 2(k − 1) ln
1

1− x0
, xk =

x

(1− x0)k−1
,

£¤¥ x0 Å ¶ · ³¥É· ¶µÉ¥·Ó Ô´¥·£¨¨; ¶·¨ Ô´¥·£¨ÖÌ SPS x0 ' 0, 15.
�´ ²µ£¨Î´µ ÔÉµ³Ê ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ±µ´¥Î´µ£µ  ¤·µ´  ~p⊥ Éµ¦¥ ³µ-

¦¥É ¤¥²¨ÉÓ¸Ö ³¥¦¤Ê n ±¢ ·±-£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨ ¶µ-· §´µ³Ê. �¤¨´ ¨§
É ±¨Ì ¸¶µ¸µ¡µ¢ ¡Ò² ¶·¥¤²µ¦¥´ ¢ [98], ¸µ£² ¸´µ ±µÉµ·µ³Ê ~p⊥ · ¢´µ³¥·´µ
¤¥²¨É¸Ö ³¥¦¤Ê ÔÉ¨³¨ Í¥¶µÎ± ³¨, ± ± ¨ x. ‘µ£² ¸´µ ¢Éµ·µ³Ê ¸¶µ¸µ¡Ê, ¶·¥¤-
²µ¦¥´´µ³Ê ¢ [38,39], ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸  ¤·µ´  ~p⊥ ³µ¦¥É ¶µ¸²¥¤µ¢ É¥²Ó´µ
´ · Ð¨¢ ÉÓ¸Ö µÉ µ¤´µ° Í¥¶µÎ±¨ ± ¤·Ê£µ°. �ÉµÉ ¸¶µ¸µ¡ ¤¥²¥´¨Ö ~p⊥ ³¥¦¤Ê
±¢ ·±-£²Õµ´´Ò³¨ ¸É·Ê´ ³¨ ¸É ´µ¢¨É¸Ö µ¸µ¡¥´´µ ¶µ´ÖÉ´Ò³ ¢ · ³± Ì · ¸¸³µÉ-
·¥´´µ£µ ¶µ¤Ìµ¤ , ±µ£¤  ¶¥·¥¤ µ¡· §µ¢ ´¨¥³ ±¢ ·±-£²Õµ´´µ° ¸É·Ê´Ò ±¢ ·±
¨ ¤¨±¢ ·± ¨²¨ ±¢ ·± ¨  ´É¨±¢ ·± ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸µ¡µ°. ” ±É¨Î¥-
¸±¨ ¨É¥· Í¨µ´´ Ö ¶·µÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±  (¤¨±¢ ·± )
gn(kn⊥) ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê kn⊥ ¶µ¸²¥ n £²Õµ´´ÒÌ µ¡³¥´µ¢ ¥¸ÉÓ
µÉ· ¦¥´¨¥ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¤¥²¥´¨Ö ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·±-
£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨.
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„ ²¥¥ ³Ò ¢ µ¸´µ¢´µ³ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉµÉ ¸¶µ¸µ¡ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ
¤¥²¥´¨Ö x ¨ pt ³¥¦¤Ê ¶µ³¥·µ´´Ò³¨ ²¨¢´Ö³¨.

”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ¶·¥¤¸É ¢²Ö²¨¸Ó ¢ ¢¨¤¥ [39Ä41]:

G̃τ→h(zn, ~kn⊥; ~p⊥) = Gτ→h(zn, ~p⊥)gnτ→h(k̃n⊥), (93)

g
(n)
τ→h(k̃n⊥) =

γn

π
exp (−γnk̃2

n⊥), (94)

k̃n⊥ = ~p⊥ − zn~kn⊥, zn =
x±(n)

x1,2
. (95)

�µ¤¸É ¢¨¢ É¥¶¥·Ó ËÊ´±Í¨¨ (84)Å(95) ¢ (89), (90), ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö

¶µ d2k⊥ ³Ò ¶µ²ÊÎ ¥³ ¤²Ö F (n)
τ ¸²¥¤ÊÕÐ¥¥ ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥:

F (n)
τ (x±(n), ~p⊥;x1,2) = f̃ (n)

τ (x1,2)Gτ→h

(
x±(n)

x1,2
, ~p⊥

)
Ĩn(zn, ~p⊥), (96)

¢ ±µÉµ·µ³ ËÊ´±Í¨Ö Ĩn(zn, ~p⊥) ¸µ¤¥·¦¨É § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸ :

Ĩ(n)(zn, ~p⊥) =

∫
d2k⊥

∫
Πn
i=1gi−1(~ki−1,⊥)×

×D2[(~ki⊥ − ~qi−1,⊥)2]d2qi⊥
γn

π
exp [−γn(~p⊥ − zn~kn⊥)2]. (97)

4.3. �´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ ¨ ¸· ¢´¥´¨¥ ¸ ¤ ´´Ò³¨. �  ·¨¸.13 ¶µ± § ´  § -
¢¨¸¨³µ¸ÉÓ < p⊥ > µÉ N , ±µÉµ· Ö  ´ ²¨§¨·Ê¥É¸Ö ¢ · ³± Ì ŒŠƒ‘ ¸ ¢¢¥¤¥´´µ°
§ ¢¨¸¨³µ¸ÉÓÕ ±¢ ·±µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ µÉ ¶µ¶¥-
·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ±¢ ·±µ¢ k⊥, ¶µ¤·µ¡´µ¸É¨ ¢ÒÎ¨¸²¥´¨Ö ÔÉµ° ´ ¡²Õ¤ ¥³µ°
¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´Ò ¢ [45]. ˆ¸¶µ²Ó§Ê¥³Ò° ¢ ´ Ï¥° ³µ¤¥²¨ ³¥Ì ´¨§³ ¤¢ÊÌ-
£²Õ´´µ£µ µ¡³¥´  ¤ ¥É ·µ¸É § ¢¨¸¨³µ¸É¨ < p⊥ > (N); µ¤´ ±µ ¤²Ö ¶µ²´µ£µ
µ¶¨¸ ´¨Ö ÔÉµ° Ì · ±É¥·¨¸É¨±¨ ´¥µ¡Ìµ¤¨³µ · ¸Ï¨·¥´¨¥ µ¡² ¸É¨ ¶·¨³¥´¨-
³µ¸É¨ ³µ¤¥²¨ ¤²Ö §´ Î¥´¨° ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢, ¡µ²ÓÏ¨Ì 4 ÷ 5 ƒÔ‚/¸,
£¤¥ ¢±² ¤ ¶µ²Ê¦¥¸É±¨Ì ÔËË¥±Éµ¢ ¸É ´µ¢¨É¸Ö ¢¸¥ ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³. Š·µ³¥
Éµ£µ, Ëµ·³Ê²Ò ¤²Ö ¸¥Î¥´¨° σn ¶µ²ÊÎ¥´Ò ¶·¨ ÊÎ¥É¥ ²¨ÏÓ ´¥Ê¸¨²¥´´ÒÌ £· -
Ë¨±µ¢ ·¥¤¦¥µ´´µ° É¥µ·¨¨ [52]. “Î¥É ¤¨ £· ³³ ªÊ¸¨²¥´´µ£µª É¨¶  ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ Î²¥´µ¢ 1/x ¢ · ¸¶·¥¤¥²¥´¨ÖÌ ¤²Ö ª³µ·¸±¨Ìª ±¢ ·±µ¢, ¢±² ¤ ±µ-
Éµ·ÒÌ µ¸µ¡¥´´µ ¢¥²¨± ¶·¨ x ' 0, £¤¥ ·µ¦¤ ¥É¸Ö ´ ¨¡µ²ÓÏ¥¥ Î¨¸²µ  ¤·µ´µ¢.
Š·µ³¥ Éµ£µ, ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì p⊥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢±² ¤ ´µ¢ÒÌ ³¥Ì ´¨§³µ¢,
É ±¨Ì, ± ± ¦¥¸É±µ¥ · ¸¸¥Ö´¨¥ ¶ ·Éµ´µ¢, ±µÉµ·Ò¥ ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó ¢ ¤ ´´µ°
³µ¤¥²¨.

� ¸¸³µÉ·¨³ É¥¶¥·Ó · ¸¶·¥¤¥²¥´¨Ö π-³¥§µ´µ¢ ¸ ¡µ²ÓÏ¨³¨ p⊥, µ¡· §µ¢ ´-
´ÒÌ ¢ pp-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¨´-
¢ ·¨ ´É´ÒÌ ¸¶¥±É·µ¢ F (x, ~p⊥) ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ [100, 101] ¶·¥¤¸É ¢²¥´Ò ´  p¨¸.14 ¨ 15. ˆ§ ·¨¸Ê´±µ¢ ¢¨¤´µ, ÎÉµ · ¸-
¸³µÉ·¥´´ Ö ¢ ÔÉµ³ · §¤¥²¥ ¢¥·¸¨Ö ŒŠƒ‘ ¤ ¥É Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶·¨
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�¨¸. 13. Šµ··¥²ÖÍ¨Ö ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  < pt > ¨ ³´µ¦¥¸É¢¥´´µ¸É¨ N § -
·Ö¦¥´´ÒÌ  ¤·µ´µ¢. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ Å ¨§ · ¡µÉÒ [99] ¶·¨

√
s = 63 ƒÔ‚/c,

ηmax = 2. ’¥µ·¥É¨Î¥¸± Ö ±·¨¢ Ö ¢ÒÎ¨¸²¥´  ¢ ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘, ¶·¨¢¥¤¥´´µ° ¢
· §¤¥²¥ 5

�¨¸. 14. ˆ´¢ ·¨ ´É´Ò° ¨´±²Õ§¨¢´Ò° ¸¶¥±É· π−-³¥§µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨¨ ¶·¨√
s = 19, 5 ƒÔ‚/c [100]. �·¨¢¥¤¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥

¤²Ö §´ Î¥´¨° x = 0, 0,3 ¨ 0,6. Š·¨¢Ò¥ Å · ¸Î¥ÉÒ ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ŒŠƒ‘
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�¨¸. 15. ˆ´¢ ·¨ ´É´Ò° ¨´±²Õ§¨¢´Ò° ¸¶¥±É· π0-³¥§µ´µ¢ ¢ pp-¸Éµ²±´µ¢¥´¨¨ ¶·¨
√
s =

= 62, 4 ƒÔ‚/c [101]. Š·¨¢ Ö Å · ¸Î¥É ¢ · ³± Ì ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ŒŠƒ‘

p⊥ ≤ 4, 0 ƒÔ‚/¸. ˆ³¥¥É¸Ö ¢Ò¶µ² ¦¨¢ ´¨¥ ¸¶¥±É·µ¢ ¶·¨ p⊥ ≥ 1 ƒÔ‚/¸, ÎÉµ Ì -
· ±É¥·´µ ¤²Ö ¶µ²Ê¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢. ‡ ¢ÒÏ¥´¨¥ ¸¥Î¥´¨° ¶·¨ p⊥ ≥ 3 ƒÔ‚/¸
¸¢Ö§ ´µ, ¢µ§³µ¦´µ, ¸ É¥³, ÎÉµ ¢ ³µ¤¥²¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö §´ Î¥´¨Ö ·¥¤¦¥¢¸±¨Ì
É· ¥±Éµ·¨° ¨ ¨Ì ¶·µ¨§¢µ¤´ÒÌ ¶·¨ t = 0, Éµ£¤  ± ± ¤²Ö ¶·µ¤¢¨¦¥´¨Ö ¢ µ¡² ¸ÉÓ
¡µ²ÓÏ¨Ì §´ Î¥´¨° p⊥ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ É· ¥±Éµ·¨° µÉ ¨´-
¢ ·¨ ´É´µ° ¶¥·¥³¥´´µ° t, α(t), ¶µ¸±µ²Ó±Ê t = t(p⊥, xF ).

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö § ¢¨¸¨³µ¸É¨ ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ D-³¥§µ´µ¢
µÉ xF ¨ p2

⊥ ¶·¨¢¥¤¥´Ò ´  ·¨¸.16 ¨ 17 ¢³¥¸É¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´-
´Ò³¨ [77]. „ ´´Ò¥ ¶µ § ¢¨¸¨³µ¸É¨  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−)
¨ ´¥²¨¤¨·ÊÕÐ¨Ì (D+) ³¥§µ´µ¢ µÉ p2

⊥ ¢ πp-¸Éµ²±´µ¢¥´¨¨ [80Ä82] ¸· ¢´¨-
¢ ÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ ´  p¨¸.18. ‚ [39] ´ ³¨ ¨§ÊÎ ² ¸Ó § ¢¨¸¨-
³µ¸ÉÓ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö D-³¥§µ´µ¢ µÉ ¨´É¥·¸¥¶É  ·¥¤¦¥¢¸±µ° É· ¥±Éµ·¨¨
Î ·³µ´¨Ö αΨ(0). ‚ ´ ¸ÉµÖÐ¨Ì · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥ ¨´É¥·¸¥¶É 
α(0) = 0 [102], ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ´¥²¨´¥°´µ¸É¨ ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ-
·¨° α(t) ¶·¨ t ≤ 0 [103]. ‚ · ¸Î¥É Ì, ¶·¨¢¥¤¥´´ÒÌ ¢ ¤ ´´µ³ · §¤¥²¥, ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ a0, a1, ¢Ìµ¤ÖÐ¨Ì ¢ ËÊ´±Í¨¨
Ë· £³¥´É Í¨¨ c-±¢ ·±µ¢: a0 = 10−4, a1 = 5 [34].
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�¨¸. 16. ‡ ¢¨¸¨³µ¸ÉÓ µÉ x ¨´¢ ·¨ ´É´µ£µ ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ pp → DX

¶·¨
√
s = 27, 4 ƒÔ‚/c: a) D+ , ¡) D0, ¢) D−, £) D̄0 [77]

�¨¸. 17. ‡ ¢¨¸¨³µ¸ÉÓ µÉ p2
⊥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° ·µ¦¤¥´¨Ö · §²¨Î´ÒÌ

D-³¥§µ´µ¢ ¢ pp-¸Éo²±´µ¢¥´¨ÖÌ [77]. �¡µ§´ Î¥´¨Ö É¥ ¦¥, ÎÉµ ¨ ´  ·¨¸.16
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�¨¸. 18. ‘· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [80,
81] ¶µ § ¢¨¸¨³µ¸É¨ µÉ p2

⊥  ¸¨³³¥É·¨¨ ·µ¦¤¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì (D−) ¨ ´¥²¨¤¨·ÊÕÐ¨Ì
(D+) ³¥§µ´µ¢ ¢ π−p-¢§ ¨³µ¤¥°¸É¢¨¨

‡�Š‹�—…�ˆ…

� ¸¸³µÉ·¥´  ³µ¤¨Ë¨± Í¨Ö ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´, ÊÎ¨ÉÒ¢ ÕÐ Ö
¶µ¶¥·¥Î´µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì,   É ±¦¥ § ¢¨¸¨-
³µ¸ÉÓ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ µÉ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ±¢ ·±µ¢ ¨ ¢Éµ·¨Î-
´ÒÌ  ¤·µ´µ¢. �·¥¤²µ¦¥´ ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö § ¢¨¸¨³µ¸É¨ µÉ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸ , µ¸´µ¢ ´´Ò° ´  ¶·¥¤¸É ¢²¥´¨¨ ¶µ³¥·µ´  ± ± µ¡³¥´  ¤¢Ê³Ö £²Õµ´ ³¨
¸ ¤¨´ ³¨Î¥¸±¨ £¥´¥·¨·Ê¥³µ° ³ ¸¸µ° £²Õµ´ . �Éµ ¶µ§¢µ²¨²µ µ¶·¥¤¥²¨ÉÓ · ¸-
¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ±¢ ·±µ¢ ¢ ±¢ ·±-£²Õµ´´ÒÌ Í¥¶µÎ± Ì ¨
· ¸Ï¨·¨ÉÓ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ŒŠƒ‘ ¤µ §´ Î¥´¨° ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢
¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢ p⊥ ' 4 ƒÔ‚/¸.

‚ · ³± Ì ³µ¤¥²¨ ¢ÒÎ¨¸²¥´Ò ±µ··¥²ÖÍ¨Ö < p⊥ > (N) ¨ ¨´¢ ·¨ ´É´Ò¥
¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò  ¤·µ´µ¢ F (x, ~p⊥) ¶·¨ · §²¨Î´ÒÌ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ.
Š ± ¡Ò²µ ¶µ± § ´µ ´ ³¨ · ´¥¥ ¢ [40], ÔÉ¨ Ì · ±É¥·¨¸É¨±¨  ¤·µ´´ÒÌ ¶·µÍ¥¸-
¸µ¢ ÎÊ¢¸É¢¨É¥²Ó´Ò ± · §²¨Î´Ò³ ¸¶µ¸µ¡ ³ ¤¥²¥´¨Ö Ô´¥·£¨¨ ¨ ¶µ¶¥·¥Î´µ£µ ¨³-
¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·±-£²Õµ´´Ò³¨ Í¥¶µÎ± ³¨. �·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö
p⊥-§ ¢¨¸¨³µ¸É¨ ¢ ŒŠƒ‘  ´ ²µ£¨Î¥´ ¶µ¸²¥¤µ¢ É¥²Ó´µ³Ê ¤¥²¥´¨Õ Ô´¥·£¨¨,
ÎÉµ, ¶µ-¢¨¤¨³µ³Ê, ¡²¨§±µ ¸µµÉ¢¥É¸É¢Ê¥É Ë¨§¨±¥ ¶·µÍ¥¸¸ . Š ± ¶µ± §Ò¢ ¥É
¢ÒÎ¨¸²¥´¨¥ ±µ··¥²ÖÍ¨¨ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸   ¤·µ´µ¢ < p⊥ > ¨
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¨Ì ³´µ¦¥¸É¢¥´´µ¸É¨ N , ¶·¥¤²µ¦¥´´Ò° ¸¶µ¸µ¡ ¢¢¥¤¥´¨Ö p⊥-§ ¢¨¸¨³µ¸É¨ ÔË-
Ë¥±É¨¢´µ ¶·¨¢µ¤¨É ± ÊÎ¥ÉÊ ¶µ²Ê¦¥¸É±¨Ì ÔËË¥±Éµ¢, µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
·µ¸É § ¢¨¸¨³µ¸É¨ < p⊥ > (N) µÉ N . �·µÖ¢²¥´¨¥ ÔÉµ£µ ÔËË¥±É  ¢ ŒŠƒ‘
¶µ§¢µ²¨²µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¤²µ¦¥´´ÊÕ ¢¥·¸¨Õ ŒŠƒ‘ ¤²Ö µ¶¨¸ ´¨Ö · ¸¶·¥-
¤¥²¥´¨° D-³¥§µ´µ¢ ´¥ Éµ²Ó±µ ¶µ Ë¥°´³ ´µ¢¸±µ° ¶¥·¥³¥´´µ° x, ´µ É ±¦¥
¨ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê p⊥. ‘· ¢´¥´¨¥ · ¸Î¥Éµ¢ ¢ · ³± Ì ¶·¥¤²µ¦¥´-
´µ° ¢¥·¸¨¨ ŒŠƒ‘ ¸ ¤ ´´Ò³¨ µ ¢ÒÌµ¤ Ì D-³¥§µ´µ¢ ¢ pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¢ ¶µ²Ó§Ê ¶¥·¨Ë¥·¨Î¥¸±µ£µ ³¥Ì ´¨§³ , ÎÉµ ¶µ¤É¢¥·¦¤ ¥É¸Ö
Ìµ·µÏ¨³ ¸µ£² ¸¨¥³ · ¸Î¥Éµ¢ ¸ ¤ ´´Ò³¨.

�·¥¤²µ¦¥´´ Ö ¢¥·¸¨Ö ŒŠƒ‘ ¤ ¥É Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶·¨ p⊥ ≤
4, 0 ƒÔ‚/¸. ˆ³¥¥É¸Ö ¢Ò¶µ² ¦¨¢ ´¨¥ ¸¶¥±É·µ¢ ¶·¨ p⊥ ≥ 1 ƒÔ‚/¸, ÎÉµ Ì · ±-
É¥·´µ ¤²Ö ¶µ²Ê¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢. �¤´ ±µ ³µ¤¥²Ó ¤ ¥É § ¢ÒÏ¥´´Ò¥ §´ Î¥-
´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ds/dp2

⊥ ¶·¨ p⊥ ≥ 3 ƒÔ‚/¸. „²Ö Ê²ÊÎÏ¥´¨Ö
µ¶¨¸ ´¨Ö p⊥-· ¸¶·¥¤¥²¥´¨° ¢ ÔÉµ° µ¡² ¸É¨ ´Ê¦´µ, ¶µ-¢¨¤¨³µ³Ê, ¢³¥¸Éµ §´ -
Î¥´¨° ·¥¤¦¥¢¸±¨Ì É· ¥±Éµ·¨° ¢ ´Ê²¥, É.¥. ¶ · ³¥É·µ¢ α(0) ¨ α′(0) ¢ ±¢ ·-
±µ¢ÒÌ ËÊ´±Í¨ÖÌ ¨ ËÊ´±Í¨ÖÌ Ë· £³¥´É Í¨¨, ¨¸¶µ²Ó§µ¢ ÉÓ ¸ ³¨ ·¥¤¦¥¢¸±¨¥
É· ¥±Éµ·¨¨ α(t) ¨ ¨Ì ¶·µ¨§¢µ¤´Ò¥ α′(t), É.¥. ÊÎ¨ÉÒ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ É· ¥±-
Éµ·¨° µÉ ¨´¢ ·¨ ´É´µ° ¶¥·¥³¥´´µ° t. Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ¤¨³µ ÊÉµÎ´¨ÉÓ
· ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ ( ´É¨±¢ ·±µ¢, ¤¨±¢ ·±µ¢) ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¢
¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·µ´ Ì, ¶µ¸±µ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¨Ë¨± Í¨¨ ŒŠƒ‘
¨¸¶µ²Ó§µ¢ ´µ £ Ê¸¸µ¢¸±µ¥ · ¸¶·¥¤¥²¥´¨¥, ¸¶· ¢¥¤²¨¢µ¥, ± ± ¨§¢¥¸É´µ, ²¨ÏÓ
¶·¨ ´¥¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì p⊥.

’ ±¦¥ · ¸¸³µÉ·¥´  ³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, µ¶¨¸Ò¢ ÕÐ Ö ·µ¦¤¥´¨¥ ¡µ§µ´-
´ÒÌ ·¥§µ´ ´¸µ¢. �µ± § ´µ, ÎÉµ ¸µÎ¥É ´¨¥ ŒŠƒ‘ ¨ ·¥¤¦¥µ´-ËµÉµ´´µ°  ´ ²µ-
£¨¨ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¶¥±É· ³¨ ·µ¦¤¥´¨Ö ·¥§µ´ ´¸µ¢
¸ ¢Ò¸Ï¨³¨ ¸¶¨´ ³¨. �·¥¤²µ¦¥´´ Ö ³µ¤¥²Ó ¤ ¥É Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

„²Ö µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢  ¤·µ´µ·µ¦¤¥´¨Ö µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í ¶·¥¤²µ¦¥´ 
³µ¤¨Ë¨± Í¨Ö ŒŠƒ‘, ÊÎ¨ÉÒ¢ ÕÐ Ö É ±¦¥ ¢±² ¤ ¢ ·µ¦¤¥´¨¥ µ¸´µ¢´ÒÌ ¸µ¸Éµ-
Ö´¨° (D-³¥§µ´Ò, Λc-, Ξc-, Ωc-¡ ·¨µ´Ò) · ¸¶ ¤µ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì S-¢µ²-
´µ¢ÒÌ ·¥§µ´ ´¸µ¢, É ±¨Ì, ± ± 1−-³¥§µ´Ò (D∗), 1/2+ (Σc ¨ Ξ′c)- ¨ 3/2+ (Σ∗c ,
Ξ∗c ¨ Ω∗c )- £¨¶¥·µ´Ò.

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ �.‚.…Ë·¥³µ¢Ê ¨ �.�.Š °¤ ²µ¢Ê §  ¶µ-
²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

� ¡µÉ  ¶µ¤¤¥·¦ ´  �µ¸¸¨°¸±¨³ Ëµ´¤µ³ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
(£· ´ÉÒ 98-02-17463, 99-02-17727). �¤¨´ ¨§  ¢Éµ·µ¢ (�.ƒ.ƒ.) ¡² £µ¤ ·¨É
§  Î ¸É¨Î´ÊÕ ¶µ¤¤¥·¦±Ê INTAS (£· ´É 93-0079),   É ±¦¥ �·³Ö´¸±¨° Ëµ´¤
ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (£· ´É 94-681).
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�·¨¢¥¤¥³ ¶µ²´Ò° ¸¶¨¸µ± ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢,
¨¸¶µ²Ó§µ¢ ´´ÒÌ ¤²Ö µ¶¨¸ ´¨Ö ¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·µ¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. ‚
¸²ÊÎ ¥ ·µ¦¤¥´¨Ö ρ±-³¥§µ´  ¨³¥¥³ [46]:

Gρ
+

u (z) = Gρ
−

d (z) = bρ(1− z)−αR(0)+λ,

Gρ
−

u (z) = Gρ
+

d (z) = bρ(1− z)−αR(0)+λ+2(1−αR(0)),

Gρ
+

s (z) = Gρ
−

s (z) = Gρ
+

s̄ (z) = Gρ
−

s̄ (z) = bρ(1− z)−αR(0)+λ+1,

Gρ
+

uu(z) = bρ(1 − z)αR(0)−2αN (0)+λ, (A.1)

Gρ
−

uu (z) = bρ(1 − z)αR(0)−2αN (0)+λ+1,

Gρ
+

ud (z) = Gρ
−

ud (z) = bρ(1− z)αR(0)−2αN (0)+λ[1 + (1− z)2]/2,

£¤¥ λ ≈ 0, 5, αR(0) ≈ 0, 5, αN (0) ≈ −0, 5, bρ ≈ 0, 27 [35].
”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ ρ0-³¥§µ´ ¨³¥ÕÉ ¢¨¤

Gρ
0

u (z) = Gρ
0

d (z) =
1

2
[Gρ

+

u (z) +Gρ
−

u (z)],

Gρ
0

s (z) = Gρ
0

s̄ (z) = Gρ
±

s (z),

Gρ
0

ud(z) = Gρ
±

ud (z), (A.2)

Gρ
0

uu(z) = Gρ
0

dd(z) = bρ(1− z)αR(0)−2αN (0)+λ(1 − z/2).

—Éµ ± ¸ ¥É¸Ö ·µ¦¤¥´¨Ö ω(783)-³¥§µ´ , ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶µ¤Ìµ¤¥

Gωq(qq)(z) = Gρ
0

q(qq)(z).

‘µ£² ¸´µ ·¥§Ê²ÓÉ É ³ [46], ËÊ´±Í¨¨ GK
∗

q (z) § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

GK
∗+

u (z) = GK
∗0

d (z) = bK
∗
(1− z)−αϕ(0)+λ(1 + bK1 z),

GK
∗−

u (z) = GK̄
∗0

d (z) = GK
∗+

d (z) = GK
∗0

u (z) = GK̄
∗0

d (z) =

= GK
∗−

d (z) = bK
∗
(1− z)−αϕ(0)+λ+1,

GK
∗−

ū (z) = GK
∗+

u (z) ; GK
∗+

ū (z) = GK
∗−

u (z), (A.3)

GK
∗−

d̄ (z) = GK
∗+

d (z) ; GK
∗+

d̄ (z) = GK
∗−

d (z),

GK
∗0

s̄ (z) = GK
∗+

s̄ (z) = GK̄
∗0

s (z) = GK
∗−

s (z) = bz1−αϕ(0)(1 − z)−αR(0)+λ+

+bK
∗
(1− z)−αR(0)+λ+2(1−αϕ(0)),
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GK
∗−

s̄ (z) = GK̄
∗0

s̄ (z) = GK
∗+

s (z) = GK
∗0

s (z) = bK
∗
(1−z)−αR(0)+λ+2(1−αϕ(0)).

„²Ö ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ¤¨±¢ ·±µ¢ ¨³¥¥³

GK
∗+

uu (z) = bK
∗
(1− z)2αR(0)−αϕ(0)−2αN (0)+λ(1 + bK2 z),

GK
∗+

ud (z) = bK
∗
(1 − z)2αR(0)−αϕ(0)−2αN (0)+λ[1 + bK2 z + (1− z)2]/2,

GK
∗−

uu (z) = GK̄
∗0

uu (z) = GK
∗0

uu (z) = bK
∗
(1− z)−αϕ(0)−2αN (0)+λ+2, (A.4)

GK
∗−

ud (z) = GK̄
∗0

ud (z) = bK
∗
(1 − z)−αϕ(0)−2αN (0)+λ+2(1− z/2),

GK
∗0

ud (z) = bK
∗
(1 − z)−αϕ(0)−2αN (0)+λ+2(1 + bK2 z/2),

£¤¥ αϕ(0) ≈ 0, bK
∗ ≈ 0, 15, bK1 ≈ 2, bK2 ≈ 5, b ≈ 0, 4.

��ˆ‹�†…�ˆ… �. ”“�Š–ˆˆ ��‘��…„…‹…�ˆŸ Š‚��Š�‚ ˆ
„ˆŠ‚��Š�‚ ‚ �„����• ��—�‹œ��ƒ� �“—Š� ˆ Œˆ˜…�ˆ

”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±µ¢ (¤¨±¢ ·±µ¢) ¢  ¤·µ´¥ h ¶ · ³¥É·¨§µ¢ ´Ò
¢ ¸É ´¤ ·É´µ³ ¢¨¤¥

fni (x, n) = Cix
αi (1− x)β

′
i , (�.1)

£¤¥ β′i = βi+2(n−1)(1−α0
ρ). ŠµÔËË¨Í¨¥´É Ci ¢ (�.1) µ¶·¥¤¥²Ö¥É¸Ö Ê¸²µ¢¨¥³

´µ·³¨·µ¢±¨
∫ 1

0 f
n
i (x, n)dx = 1 ¨ · ¢¥´

Ci =
Γ(1 + α)Γ(1 + β′)

Γ(2 + α+ β)
. (�.2)

‡¤¥¸Ó Γ(α) Å £ ³³ -ËÊ´±Í¨Ö.
‚¥²¨Î¨´Ò α ¨ β ¢Ò· ¦ ÕÉ¸Ö ¢ É¥·³¨´ Ì ¨´É¥·¸¥¶Éµ¢ ·¥¤¦¥¢¸±¨Ì É· ¥±-

Éµ·¨° ¨ ¶·¨¢µ¤ÖÉ¸Ö ¢ É ¡².7. ŒÒ ¨¸¶µ²Ó§Ê¥³ §´ Î¥´¨Ö α0
ρ = 0, 5, α0

φ = 0,

α0
N = −0, 5.

� ¸¶·¥¤¥²¥´¨¥ c-±¢ ·±µ¢ÒÌ ¶ · ¢ π-³¥§µ´¥ ¶ · ³¥É·¨§µ¢ ²µ¸Ó ¢ ¢¨¤¥

f
(n)
c(c̄) = C(n)

csea
δc(c̄)x

−αψ(0)
1 (1− x1)αR(0)−2αN (0)+(αR(0)−αψ(0))+n−1, (�.3)

£¤¥ x1 Å ¤µ²Ö ¨³¶Ê²Ó¸  c(c̄)-±¢ ·±µ¢ ¨ δc(c̄) Å ¢¥¸ µÎ ·µ¢ ´´ÒÌ ¶ · ¢ ±¢ ·-
±µ¢µ³ ³µ·¥.
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’ ¡²¨Í  7

n π− p Σ− Ξ−

i α β α β α β α β

u −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ)

d −α0
ρ −α0

ρ α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

−α0
ρ +1 +α0

ρ − α
0
ϕ +2(α0

ρ − α
0
ϕ)

ū −α0
ρ −α0

ρ −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +2(α0

ρ − αϕ)

d̄ −α0
ρ −α0

ρ −α0
ρ α0

ρ − 2α0
N −α0

ρ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N

+1 +α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ)

s −α0
ϕ −α0

ϕ −α0
ϕ α0

ρ − 2α0
N −α0

ϕ α0
ρ − 2α0

N −α0
ϕ α0

ρ − 2α0
N

+α0
ρ − α

0
ϕ +α0

ρ − α
0
ϕ

s̄ −α0
ϕ −α0

ϕ −α0
ϕ α0

ρ − 2α0
N −α0

ϕ α0
ρ − 2α0

N −α0
ρ α0

ρ − 2αN

+α0
ρ − α

0
ϕ +2(α0

ρ − α
0
ϕ) +3(α0

ρ − α
0
ϕ)

uu α0
ρ − 2α0

N

dd +1 −α0
ρ α0

ρ − 2α0
N −α0

ϕ

ud α0
ρ − 2α0

N −α0
ρ

us α0
ρ − 2α0

N −α0
ρ α0

ρ − 2α0
N −α0

ϕ

ds +α0
ρ − α0

ϕ +α0
ρ − α0

ϕ

ss α0
ρ − 2α0

N −α0
ρ

+2(α0
ρ − α

0
ϕ)
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��ˆ‹�†…�ˆ… ‚. ”“�Š–ˆˆ ”��ƒŒ…�’�–ˆˆ Š‚��Š�‚ ˆ
„ˆŠ‚��Š�‚ ‚ D-Œ…‡��›

”Ê´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±µ¢ ¨ ¤¨±¢ ·±µ¢ ¢ µÎ ·µ¢ ´´Ò¥ ³¥§µ´Ò ¨³¥ÕÉ
¢¨¤

GD
0

u = GD
−

d = a0(1 − z)λ−αψ(0)(1 + a1z
2),

GD
−

u = GD
+

u = GD
0

u = GD
+

d = GD
0

d = GD
0

d

= a0(1− z)λ−αψ(0)+2.(1.−αR(0)), (‚.1)

GD
+

uu = GD
−

uu = GD
0

uu = GD
+

ud = GD
0

ud

= a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))+1,

GD
0

uu = a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))(
1 + a1

2
z2 +

(1− z)2

2
),

GD
0

ud = a0(1− z)λ−αψ(0)+2.(αR(0)−αN (0))(
1

2
+

1 + a1

2
z2).

(‚.2)

‡´ Î¥´¨Ö ¶ · ³¥É·µ¢ ¶·¨¢¥¤¥´Ò ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì · §¤¥² Ì. ”Ê´±Í¨Ö
Ë· £³¥´É Í¨¨ c-±¢ ·±  ¢ D-³¥§µ´Ò

GDc(c̄)(z) =
aDf

aD0
z3(1 − z)−αR(0)+λ, (‚.3)

£¤¥ aDf ¶µ·Ö¤±  ¥¤¨´¨ÍÒ.
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