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�¡¸Ê¦¤ ¥É¸Ö Ëµ·³Ê²¨·µ¢±  ¨ µ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ ¤²Ö
S-¢µ²´µ¢ÒÌ Ê·µ¢´¥° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ ¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É-
·  ³ ¸¸ ¨ ¶µ²ÊÎ ÉÓ ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ¸¢Ö§¨, ´ Ìµ¤ÖÐ¨¥¸Ö ¢
Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤²Ö ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ¸¨-
¸É¥³ Î ·³µ´¨Ö ¨ ¡µÉÉµ³µ´¨Ö. �·µ¢¥¤¥´µ µ¡µ¡Ð¥´¨¥ ¶·¥¤²µ¦¥´´µ£µ ³¥Éµ¤  ´  ÉÖ¦¥²Ò¥ ³¥§µ´Ò
¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³, ¤²Ö ±µÉµ·ÒÌ ¶µ²ÊÎ¥´µ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥, ¸µ£² ¸ÊÕÐ¥¥¸Ö ¸
ÔËË¥±É¨¢´µ° É¥µ·¨¥° ÉÖ¦¥²ÒÌ ±¢ ·±µ¢. ‘¤¥² ´Ò Î¨¸²¥´´Ò¥ µÍ¥´±¨ ¶ · ³¥É·µ¢ Š•„ ¢ ¸¥±Éµ·¥
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢: ³ ¸¸ ±¢ ·±µ¢, ±µ´¸É ´É ¸¢Ö§¨ αs, Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ¸·¥¤´¥£µ ±¢ ¤· É  ¨³¶Ê²Ó¸ 
ÉÖ¦¥²µ£µ ±¢ ·±  ¢ ÉÖ¦¥²µ³ ³¥§µ´¥.  ¸¸³µÉ·¥´Ò ¶· ¢¨²  ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ±µ¢, µ¶·¥¤¥-
²ÖÕÐ¨Ì ±µ´¸É ´ÉÊ · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ
³¥§µ´µ¢, £¤¥ ¶µ²ÊÎ¥´µ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ ±µ´¸É ´ÉÒ · ¸¶ ¤  ±¢ ·±µ´¨¥¢ ¸
· §²¨Î´Ò³ ±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³. �·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, Ê± §Ò-
¢ ÕÐ¨³¨ ´  Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ É¥µ·¥É¨Î¥¸±¨³¨ µÍ¥´± ³¨. �  µ¸´µ¢¥ ¢Ò¢¥¤¥´´ÒÌ ³ ¸ÏÉ ¡´ÒÌ
¸µµÉ´µÏ¥´¨° ¸¤¥² ´Ò ¶·¥¤¸± § ´¨Ö ¸¢µ°¸É¢ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c).

The formulation of quasi-local sum rules for the S-wave levels in a heavy quarkonium and
the region of their application are discussed. The sum rules allow one to use the regularity in the
mass spectrum and to derive scaling relations for the leptonic decay constants, which stand in a good
agreement with the current experimental data for the vector states in the systems of charmonium and
bottomonium. The generalization of the offered method to heavy mesons with a single heavy quark
is performed, so that for the latter systems, the scaling relation, consistent with the Heavy Quark
Effective Theory, is derived. Numerical estimates are presented for the QCD parameters in the heavy
quark sector: the quark masses, coupling constant αs, binding energy and average square of heavy
quark momentum inside the heavy meson. The sum rules for the meson currents, determining the
decay constant of heavy vector quarkonium to the pair of heavy pseudoscalar mesons are considered
to get the scaling relation, connecting the decay constants for the quarkonia with the different quark
contents. The comparison with the experimental data points to a good agreement of the theoretical
estimates. Some properties of the (b̄c) quarkonium are predicted on the basis of scaling relations
derived.
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�µ²´ Ö ± ·É¨´  ¶·¥Í¨§¨µ´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸É ´¤ ·É´µ° ³µ¤¥²¨ [1] ¨
¶µ¨¸±  ÔËË¥±Éµ¢ ´µ¢µ° Ë¨§¨±¨ ¶·¥¤¶µ² £ ¥É ¶·Ö³µ¥ ¨§³¥·¥´¨¥ É·¥Ì¡µ§µ´-
´µ° Ô²¥±É·µ¸² ¡µ° ¢¥·Ï¨´Ò, ¶µ¨¸±¨ Ì¨££¸µ¢¸±¨Ì Î ¸É¨Í [2], ¸Ê¶¥·³Ê²ÓÉ¨¶²¥-
Éµ¢ [3] ¨ É.¶. ´  ±µ²² °¤¥· Ì ¸¢¥·Ì¢Ò¸µ±¨Ì Ô´¥·£¨° (LEP200, LHC),   É ±¦¥
¨§ÊÎ¥´¨¥ ÔËË¥±Éµ¢ ´ ·ÊÏ¥´¨Ö CP -¨´¢ ·¨ ´É´µ¸É¨ ¨ ¨§³¥·¥´¨¥ ËÊ´¤ ³¥´-
É ²Ó´ÒÌ ¶ · ³¥É·µ¢ Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨ (¶·¥¦¤¥ ¢¸¥£µ, ¢ ¸¥±Éµ·¥ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢).

„²¨É¥²Ó´µ¥ ¢·¥³Ö Í¥´É· ÉÖ¦¥¸É¨ Ê¸¨²¨° ¶µ ·¥ ²¨§ Í¨¨ ÔÉµ° ¶·µ£· ³³Ò,
´¥¸µ³´¥´´µ, ¡Ê¤¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ µ¡² ¸É¨ Ë¨§¨±¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ± ± ´ 
Ê¦¥ · ¡µÉ ÕÐ¨Ì ±µ²² °¤¥· Ì LEP ¨ FNAL, É ± ¨ ´  ¶² ´¨·Ê¥³ÒÌ Ë ¡·¨± Ì
B-³¥§µ´µ¢ ¢ SLAC, KEK ¨ ´  HERA-B.

‚ Ë¨§¨±¥ ÉÖ¦¥²ÒÌ c- ¨ b-±¢ ·±µ¢ ¢Ò¸µ±µÉµÎ´Ò¥ ¨§³¥·¥´¨Ö Ì · ±É¥·¨-
¸É¨± Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨ ¢ ·¥¤±¨Ì ¶·µÍ¥¸¸ Ì ¨ ¶µ¨¸±¨ ¢µ§³µ¦´ÒÌ ÔËË¥±-
Éµ¢, µ¡Ê¸²µ¢²¥´´ÒÌ · ¸Ï¨·¥´¨Ö³¨ ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¨ ¸¢Ö§ ´´ÒÌ ¸ ¢¨·-
ÉÊ ²Ó´Ò³¨ ¶µ¶· ¢± ³¨, ±µÉµ·Ò¥ § ¤ ÕÉ¸Ö ¡µ²ÓÏµ° Ô´¥·£¥É¨Î¥¸±µ° Ï± ²µ°,
¶·¥¤¶µ² £ ÕÉ ¨Ì ´ ¤¥¦´µ¥ ¨ ÉµÎ´µ¥ ¢Ò¤¥²¥´¨¥ ¢ ¶·µÍ¥¸¸ Ì, £¤¥ ¤µ³¨´¨·ÊÕÉ
ÔËË¥±ÉÒ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸¢Ö§Ò¢ ÕÐ¥£µ ±¢ ·±¨ ¢  ¤·µ´Ò. �µÔÉµ³Ê
§´ Î¨É¥²Ó´ÊÕ ·µ²Ó ¢ ¶·µ¢¥¤¥´¨¨ ¶µ¤µ¡´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¡Ê¤¥É ¨£· ÉÓ ÉµÎ-
´µ¸ÉÓ ¨ ´ ¤¥¦´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì §´ ´¨° µ ¤¨´ ³¨±¥ Š•„ [4] ¢ ¸¥±Éµ·¥
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.

Œ ¸¸  ÉÖ¦¥²µ£µ ±¢ ·±  mQ §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥ ³ ¸ÏÉ ¡  ±µ´Ë °´³¥´É 
Λ, µ¶·¥¤¥²ÖÕÐ¥£µ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¢  ¤·µ´ Ì. � ²¨Î¨¥ ³ ²µ£µ
¶ · ³¥É·  Λ/mQ ¶µ§¢µ²Ö¥É · §¢¨ÉÓ ³µÐ´Ò¥ ¸·¥¤¸É¢  ¢ ¨§ÊÎ¥´¨¨ ³¥§µ´µ¢ ¸
ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨. ’ ±, ³ ² Ö ¢¥²¨Î¨´  ±µ´¸É ´ÉÒ Š•„ αs ∼ 1/ ln(mQ/Λ)
[5] µ¶·¥¤¥²Ö¥É ´ ¤¥¦´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨° ¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢ ¸ ÉÖ¦¥²Ò³¨ ±¢ ·-
± ³¨ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„. Œ ² Ö Ô´¥·£¨Ö ¸¢Ö§¨ ÉÖ¦¥²µ£µ ±¢ ·± 
¢  ¤·µ´¥,   §´ Î¨É, ¨ ³ ² Ö ¢¨·ÉÊ ²Ó´µ¸ÉÓ, ¶·¨¢µ¤¨É ¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥-
´¨¨ ± ´¥·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¤¢¨¦¥´¨Õ ÉÖ¦¥²µ£µ ±¢ ·±  ¢  ¤·µ´¥, ÎÉµ µ¶·¥¤¥²Ö¥É
Ê¸¶¥Ï´µ¥ ¶·¨³¥´¥´¨¥ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° [6] ± µ¶¨¸ -
´¨Õ ¸¶¥±É·µ¢ ³ ¸¸ ± ± ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢, É ± ¨ ³¥§µ´µ¢ ¸ µ¤´¨³ ÉÖ¦¥²Ò³
±¢ ·±µ³, £¤¥ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µ²ÊÎ¨²  ¨´É¥´¸¨¢´µ¥ · §¢¨É¨¥ É ±¦¥ ÔË-
Ë¥±É¨¢´ Ö É¥µ·¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ (HQET [7]), µ¸´µ¢ ´´ Ö ´  ±µ¢ ·¨ ´É´µ³
· §²µ¦¥´¨¨ ² £· ´¦¨ ´  ÉÖ¦¥²µ£µ ±¢ ·±  ¢ Š•„ ¶µ ³ ²µ³Ê ±¨´¥³ É¨Î¥¸±µ³Ê
¶ · ³¥É·Ê, § ¤ ¢ ¥³µ³Ê ³ ²Ò³ ¢¨·ÉÊ ²Ó´Ò³ ¨³¶Ê²Ó¸µ³ ÉÖ¦¥²µ£µ ±¢ ·±  ¶µ
¸· ¢´¥´¨Õ ¸ ¥£µ ³ ¸¸µ° (¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨ ÉÖ¦¥²Ò° ±¢ ·± · ¸¸³ É·¨-
¢ ¥É¸Ö ± ± ¸É É¨Î¥¸±¨° ¨¸ÉµÎ´¨± £²Õµ´´µ£µ ¶µ²Ö). �·µÎ´Ò³ É¥µ·¥É¨Î¥¸±¨³
ËÊ´¤ ³¥´Éµ³ ¤²Ö ¶µ¸É·µ¥´¨Ö ¶µ¤µ¡´ÒÌ ¶µ¤Ìµ¤µ¢ ¸²Ê¦¨É µ¶¥· Éµ·´µ¥ · §-
²µ¦¥´¨¥ ‚¨²Ó¸µ´  [8], ±µÉµ·µ¥ ¶µ§¢µ²Ö¥É ¢Ò¤¥²ÖÉÓ ÔËË¥±ÉÒ ¶¥·ÉÊ·¡ É¨¢-
´µ° ¤¨´ ³¨±¨ Š•„ ¸ ¢¨·ÉÊ ²Ó´µ¸ÉÖ³¨, ¡µ²ÓÏ¨³¨ Ï± ²Ò Ë ±Éµ·¨§ Í¨¨ µ, ¢
¢¨¤¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ±µÔËË¨Í¨¥´Éµ¢ Ci(µ2) ¶¥·¥¤ ¸µ¸É ¢´Ò³¨ µ¶¥· Éµ· ³¨
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Oi(µ2), ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ±µÉµ·ÒÌ µ¶·¥¤¥²ÖÕÉ¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò³ Ì -
· ±É¥·µ³ Š•„ ¢ ¨´Ë· ±· ¸´µ° µ¡² ¸É¨, £¤¥ ¢¨·ÉÊ ²Ó´µ¸É¨ ³¥´ÓÏ¥ Ï± ²Ò µ.
‚ ¶· ¢¨² Ì ¸Ê³³ ∗ Š•„ [10] ¢±² ¤Ò ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ±¢ ·±-£²Õµ´´ÒÌ ±µ´-
¤¥´¸ Éµ¢ Ö¢²ÖÕÉ¸Ö ¸É¥¶¥´´Ò³¨ ¶µ¶· ¢± ³¨ ± ¶¥·ÉÊ·¡ É¨¢´Ò³ ¢Ò· ¦¥´¨Ö³
¤²Ö ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ±µ··¥²ÖÉµ·µ¢ Éµ±µ¢ ¢ · §²µ¦¥´¨¨ ¶µ µ¡· É´µ°
³ ¸¸¥ ÉÖ¦¥²µ£µ ±¢ ·± .

� ²¨Î¨¥ ¤¢ÊÌ Ô´¥·£¥É¨Î¥¸±¨Ì ³ ¸ÏÉ ¡µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö, § ¤ ÕÐ¨Ì ³ -
²Ò° ¶ · ³¥É·, ¶µ§¢µ²Ö¥É ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ · §· ¡ ÉÒ¢ ÉÓ ³¥Éµ¤Ò ¶µ²ÊÎ¥´¨Ö
Ê´¨¢¥·¸ ²Ó´ÒÌ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö Ë¨§¨Î¥¸±¨Ì ¢¥²¨Î¨´, Ì · ±É¥·-
´ÒÌ ¤²Ö ¶·µÍ¥¸¸µ¢ ¸ · ¸¸³ É·¨¢ ¥³Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ’ ±, ³ ² Ö Ô´¥·£¨Ö
¸¢Ö§¨ ±¢ ·±µ¢ ¢  ¤·µ´¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¢ ¶·µÍ¥¸¸ Ì £²Ê-
¡µ±µ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ²¥¶Éµ´µ¢ ´  ´Ê±²µ´ Ì ¶µ§¢µ²¨²  ¢ÒÖ¢¨ÉÓ ÔËË¥±É
¸±¥°²¨´£ , µ¶·¥¤¥²Ö¥³µ£µ · ¸¸¥Ö´¨¥³ ´  ¸¢µ¡µ¤´ÒÌ ¶ ·Éµ´ Ì-±¢ ·± Ì [11].
‚ Ë¨§¨±¥ ³¥§µ´µ¢ ¨ ¡ ·¨µ´µ¢ ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³ Ê¤ ¥É¸Ö µ¶·¥¤¥²¨ÉÓ
¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨ ¶µ µ¡· É´µ° ³ ¸¸¥ ÉÖ¦¥²µ£µ ±¢ ·±  Ê´¨¢¥·¸ ²Ó´Ò¥,
´¥ § ¢¨¸ÖÐ¨¥ µÉ  ·µ³ É  ÉÖ¦¥²µ£µ ±¢ ·±  Ëµ·³Ë ±Éµ·Ò ¢ ¶·µÍ¥¸¸ Ì ¸² ¡ÒÌ
Ô±¸±²Õ§¨¢´ÒÌ · ¸¶ ¤µ¢ É ±¨Ì  ¤·µ´µ¢ [12]. ‚ ÔÉµ³ ¦¥ ¶·¨¡²¨¦¥´¨¨ ¸É É¨-
Î¥¸±¨Ì ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¶µ²ÊÎ¥´µ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ²¥¶Éµ´´ÒÌ
±µ´¸É ´É ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³, ±µÉµ·µ¥ µ§´ Î ¥É Ë¨§¨-
Î¥¸±¨, ÎÉµ ¶·¨ § ¤ ´´µ° ÉµÎ´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ¶µ²¥ ¸É É¨Î¥¸±µ£µ ¨¸ÉµÎ´¨± 
´¥ § ¢¨¸¨É µÉ ¥£µ  ·µ³ É  [13].

� ·ÊÏ¥´¨¥ ¶µ¤µ¡´ÒÌ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° µ¶·¥¤¥²Ö¥É¸Ö ÊÎ¥Éµ³ ¸É¥-
¶¥´´ÒÌ ¶µ¶· ¢µ± (1/Q2 Ä ¢ £²Ê¡µ±µ´¥Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨, 1/mQ Ä ¢ É¥µ·¨¨
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢),   É ±¦¥ ÊÎ¥Éµ³ ²µ£ ·¨Ë³¨Î¥¸±¨Ì ¶¥É²¥¢ÒÌ ¶µ¶· ¢µ± ¢ É¥-
µ·¨¨ ¢µ§³ÊÐ¥´¨° [14]. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ¶· ¢±¨ ´ ·ÊÏ ÕÉ Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ
³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨°, É ± ± ±, ± ¶·¨³¥·Ê, µ´¨ Ö¢´µ § ¢¨¸ÖÉ µÉ  ·µ³ É 
ÉÖ¦¥²µ£µ ±¢ ·±  Î¥·¥§ ¥£µ ³ ¸¸Ê.

Œ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ²¥¶Éµ´´µ° ±µ´¸É ´ÉÒ ³¥§µ´  ¸ µ¤´¨³ ÉÖ-
¦¥²Ò³ ±¢ ·±µ³,   É ±¦¥ ²µ£ ·¨Ë³¨Î¥¸± Ö ¶µ¶· ¢±  ± ´¥³Ê ³µ£ÊÉ ¡ÒÉÓ ¶µ-
²ÊÎ¥´Ò ¶·¨ · ¸¸³µÉ·¥´¨¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  Éµ±  ¢ ÔËË¥±É¨¢´µ° É¥µ·¨¨
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¨ ¸· ¢´¥´¨¨ ¥£µ ¶¥·¥´µ·³¨·µ¢±¨ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢¥-
²¨Î¨´ ³¨, § ¤ ´´Ò³¨ Š•„. �¤´ ±µ ¶µ¤µ¡´µ¥ · ¸¸³µÉ·¥´¨¥ ´¥ ³µ¦¥É ¡ÒÉÓ
¶·¨³¥´¥´µ ± ¸¨¸É¥³ ³ ¸ ¤¢Ê³Ö ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ É¨¶  ÉÖ¦¥²ÒÌ ±¢ ·±µ-
´¨¥¢, É ± ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö µÉ´µ¸¨É¥²Ó´Ò³ ¤¢¨-
¦¥´¨¥³ ÔÉ¨Ì ¤¢ÊÌ ±¢ ·±µ¢, ±µÉµ·µ¥ Ö¢´µ § ¢¨¸¨É µÉ ¨Ì  ·µ³ Éµ¢, Éµ ¥¸ÉÓ µÉ
¨Ì ³ ¸¸ ∗∗.

∗�· ¢¨²  ¸Ê³³ ¢  ¤·µ´´µ° Ë¨§¨±¥ ¡Ò²¨ ¸Ëµ·³Ê²¨·µ¢ ´Ò ¢ [9].
∗∗‚ µ¶¥· Éµ·´µ³ · §²µ¦¥´¨¨ ¤²Ö ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (NRQCD [15]) ¢ ± Î¥¸É¢¥ ³ ²ÒÌ

¶ · ³¥É·µ¢ ¨¸¶µ²Ó§ÊÕÉ ± ± ³ ²Ò¥ ¢¨·ÉÊ ²Ó´µ¸É¨ (Λ/mQ � 1, ± ± ¢ HQET), É ± ¨ ³ ²ÊÕ
¸±µ·µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö (v2 � 1).
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‚ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨ÖÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ´ ¡²Õ¤ ¥É¸Ö ± ± ³ ² Ö Ô´¥·-
£¨Ö ¸¢Ö§¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¢Ò· ¦¥´´ Ö ¢ µ£· ´¨Î¥´´µ³ Î¨¸²¥ Ê·µ¢´¥° ¢
Ê§±µ° ¶µ ¸· ¢´¥´¨Õ ¸ ³ ¸¸ ³¨ ¸µ¸ÉµÖ´¨° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ´¨¦¥ ¶µ·µ£ 
· ¸¶ ¤  ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¨ ¢ ´ ¤¥¦´µ¸É¨ ¶·¨³¥´¥´¨Ö ´¥·¥²ÖÉ¨¢¨¸É-
¸±µ£µ · ¸¸³µÉ·¥´¨Ö, É ± ¨ Ö¢´ Ö ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·µ¢ ³ ¸¸, µ¶·¥¤¥²ÖÕÐ Ö
´¥§ ¢¨¸¨³µ¸ÉÓ · §´µ¸É¨ Ô´¥·£¨° Ê·µ¢´¥° µÉ  ·µ³ Éµ¢,   ¨³¥´´µ µÉ ³ ¸¸ c- ¨
b-±¢ ·±µ¢. �µ¤µ¡´ Ö ·¥£Ê²Ö·´µ¸ÉÓ ´ ¨¡µ²¥¥ Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ´ Ï²  ¢ · ³-
± Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° ¢ ¢¨¤¥ ÊÉ¢¥·¦¤¥´¨Ö µ ´¥§ ¢¨¸¨³µ¸É¨ ¸·¥¤´¥°
±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ µÉ ¨Ì  ·µ³ Éµ¢ ¨ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
Ê· ¢´¥´¨ÖÌ ¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° Ô´¥·£¨¨, ¸± ¦¥³, S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨°.

”¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶µÉ¥´Í¨ ²Ó´Ò¥ ³µ¤¥²¨ ÉÖ¦¥²ÒÌ
±¢ ·±µ´¨¥¢, µ¤´ ±µ, ´¥ ³µ£ÊÉ ¸²Ê¦¨ÉÓ µ¸´µ¢µ° ¤²Ö ¶µ²ÊÎ¥´¨Ö ³ ¸ÏÉ ¡´ÒÌ ¸µ-
µÉ´µÏ¥´¨° ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É, µ¶·¥¤¥²Ö¥³ÒÌ ¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨
¢µ²´µ¢µ° ËÊ´±Í¨¥° ±¢ ·±µ´¨Ö ¢ ´ Î ²¥ ±µµ·¤¨´ É. �¥¸³µÉ·Ö ´  ´¥§ ¢¨¸¨-
³µ¸ÉÓ ¶µÉ¥´Í¨ ²  ¸É É¨Î¥¸±µ£µ ¨¸ÉµÎ´¨±  µÉ ¥£µ  ·µ³ É , ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨
ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ § ¢¨¸ÖÉ µÉ  ·µ³ Éµ¢ ±¢ ·±µ¢ ¨ µÉ £²µ¡ ²Ó´µ£µ ¶µ¢¥¤¥-
´¨Ö ¶µÉ¥´Í¨ ²  ¢¡²¨§¨ ´ Î ²  ±µµ·¤¨´ É ¨ ´  · ¸¸ÉµÖ´¨¨ r � 1 Ë³, ±µÉµ·µ¥
¸² ¡µ ¢²¨Ö¥É ´  ¸¶¥±É· ³ ¸¸, É ± ± ± ¢¥·µÖÉ´µ¸ÉÓ ´ Ìµ¦¤¥´¨Ö ±¢ ·±µ¢ ¢ ´ -
Î ²¥ ±µµ·¤¨´ É (¨²¨ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ) ¶µ¤ ¢²¥´  (¸·¥¤´¨¥ · ¸¸ÉµÖ´¨Ö
³¥¦¤Ê ±¢ ·± ³¨ ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨ÖÌ ¸µ¸É ¢²ÖÕÉ 0, 3−1, 0 Ë³), ¨ ±µ·µÉ±¨¥
· ¸¸ÉµÖ´¨Ö ¤ ÕÉ ³ ²Ò° ¢±² ¤ ¢ µ¶·¥¤¥²¥´¨¥ ¸·¥¤´¨Ì §´ Î¥´¨°, ´ ¶·¨³¥·,
¶µÉ¥´Í¨ ² , § ¤ ÕÐ¨Ì ³ ¸¸Ò Ê·µ¢´¥°. ’ ±¨³ µ¡· §µ³, ¶·¥¤¸± § É¥²Ó´ Ö ¸¨² 
¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° ¢ µÉ´µÏ¥´¨¨ ²¥¶Éµ´´ÒÌ ±µ´¸É ´É §´ Î¨É¥²Ó´µ µ¸² -
¡²¥´  ¨§-§  ¡µ²ÓÏµ° ³µ¤¥²Ó´µ° § ¢¨¸¨³µ¸É¨.

Š ± ¨§¢¥¸É´µ, ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ´µ³¥·  ³µ-
³¥´É  ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ ¸ÊÐ¥¸É¢¥´´Ò ¢±² ¤Ò ± ± µ¸´µ¢´µ£µ, É ± ¨ ¢µ§-
¡Ê¦¤¥´´ÒÌ ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ´¨°, µ¤´ ±µ ¢ · ³± Ì É ±µ£µ ¶µ¤Ìµ¤  ´¥¢µ§-
³µ¦´µ ¢Ò¤¥²¨ÉÓ ¨§µ²¨·µ¢ ´´Ò° ¢±² ¤ ± ¦¤µ£µ µÉ¤¥²Ó´µ£µ ·¥§µ´ ´¸ . �·¨
¡µ²ÓÏ¨Ì ¦¥ ´µ³¥· Ì ³µ³¥´É  ¶· ¢¨²  ¸Ê³³ ´ ¸ÒÐ ÕÉ¸Ö ¢±² ¤µ³ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö, ¢ Éµ ¢·¥³Ö ± ± ¢±² ¤ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° ¶µ¤ ¢²¥´ ¨ ¨³ µ¡ÒÎ´µ
¶·¥´¥¡·¥£ ÕÉ. �µÔÉµ³Ê ¢ · ³± Ì ¶· ¢¨² ¸Ê³³ Š•„ ³¥Éµ¤¨Î¥¸±¨ ´¥ Ê¤ ¥É¸Ö
¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·µ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢. Š·µ³¥ Éµ£µ, É ±
± ± ¢ÒÎ¨¸²¥´¨Ö ¶·µ¢µ¤ÖÉ¸Ö ¸ µ¡µ·¢ ´´Ò³ ·Ö¤µ³ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„
(´ ¶·¨³¥·, ÊÎ¨ÉÒ¢ ÕÉ¸Ö Éµ²Ó±µ ¶µ¶· ¢±¨ µÉ µ¤´µ¶¥É²¥¢µ£µ ¢±² ¤ ), ¢ ³¥Éµ¤¥
¶· ¢¨² ¸Ê³³ ¢µ§´¨± ¥É § ¢¨¸¨³µ¸ÉÓ Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò µÉ ¢´¥Ï´¥£µ ¶ · -
³¥É· , µ¶·¥¤¥²ÖÕÐ¥£µ ±µ´±·¥É´ÊÕ ¸Ì¥³Ê ¶· ¢¨² ¸Ê³³. � ¶·¨³¥·, ·¥§Ê²ÓÉ É
§ ¢¨¸¨É µÉ ´µ³¥·  n ¢ ³¥Éµ¤¥ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ Π(Q2) ¨²¨
µÉ ¶ · ³¥É·  ¡µ·¥²¥¢¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö σ = 1/M2 ¢ Ëµ·³Ê²¨·µ¢±¥ ¶· -
¢¨² ¸Ê³³ ¸ ¶·¨³¥´¥´¨¥³ ¶·¥µ¡· §µ¢ ´¨Ö fµ·¥²Ö. Š·µ³¥ Éµ£µ, ¶ · ³¥É·µ³
Ö¢²Ö¥É¸Ö ¶µ·µ£ sth, µÉ¤¥²ÖÕÐ¨° µ¡² ¸ÉÓ Ê§±¨Ì ´¥¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´-
¸µ¢ µÉ µ¡² ¸É¨ ±µ´É¨´ÊÊ³ , £¤¥ Ï¨·µ±¨¥ ¶¥·¥±·Ò¢ ÕÐ¨¥¸Ö ·¥§µ´ ´¸Ò ¶·¨-
¢µ¤ÖÉ ± · §³ÒÉ¨Õ ·¥§µ´ ´¸´µ° ± ·É¨´Ò ¨ ¶² ¢´µ³Ê ¶µ¢¥¤¥´¨Õ ¸¶¥±É· ²Ó-
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´µ° ËÊ´±Í¨¨ Π(Q2). ˆ³¥¥É¸Ö É ±¦¥ § ¢¨¸¨³µ¸ÉÓ µÉ ¢Ò¡µ·  ¢¥²¨Î¨´Ò ³ ¸¸
±¢ ·±µ¢. ’ ±¨³ µ¡· §µ³, ´ ·Ö¤Ê ¸ Î¥É±¨³ · §£· ´¨Î¥´¨¥³ ¶¥·ÉÊ·¡ É¨¢´µ£µ
¨ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¢±² ¤µ¢, ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¶·¨Ìµ¤¨É¸Ö ³¨·¨ÉÓ¸Ö ¸
§ ¢¨¸¨³µ¸ÉÓÕ ·¥§Ê²ÓÉ É  µÉ ¢´¥Ï´¨Ì ¶ · ³¥É·µ¢, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ µ¸² ¡²Ö¥É
¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ¤ ´´µ£µ ³¥Éµ¤ .

‚ ±µ´¥Î´µÔ´¥·£¥É¨Î¥¸±¨Ì ¶· ¢¨² Ì ¸Ê³³ [16] · ¸¸³µÉ·¥´¨¥ ·¥§µ´ ´¸´µ°
µ¡² ¸É¨ ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨, ¸¢Ö§ ´´µ° ¸ ¢Ò¡µ·µ³
¨´É¥·¢ ²  ¨´É¥£·¨·µ¢ ´¨Ö, ¢±²ÕÎ ÕÐ¥£µ ¢ ¸¥¡Ö ¤¥²ÓÉµµ¡· §´Ò° ¢±² ¤ ·¥§µ-
´ ´¸ . ˆ¸±²ÕÎ¥´¨¥ ¶µ¤µ¡´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ É·¥¡Ê¥É ´ ²µ¦¥´¨Ö ¤µ¶µ²´¨-
É¥²Ó´ÒÌ Ê¸²µ¢¨°, É ± ÎÉµ ¨ ¢ ¶µ¤µ¡´µ³ ¶µ¤Ìµ¤¥ É ±¦¥ ´¥ Ê¤ ¥É¸Ö ¶µ²ÊÎ ÉÓ
¸µµÉ´µÏ¥´¨Ö ¤²Ö ±µ´¸É ´É ¸¢Ö§¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢, ¸²¥¤ÊÕÐ¨¥ ¨§ ³ ¸-
ÏÉ ¡´ÒÌ ¸¢µ°¸É¢ Ô´¥·£¥É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ê·µ¢´¥°.

’ ±¨³ µ¡· §µ³, ´¥µ¡Ìµ¤¨³  · §· ¡µÉ±  ´µ¢µ£µ ¶µ¤Ìµ¤ , ¶µ§¢µ²ÖÕÐ¥£µ
¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·  ³ ¸¸ ¨ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¨
Ê·µ¢´¥° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±µ¢ ¢ ±¢ ·-
±µ´¨¨, ¶µ¤ ¢²¥´´µ¸ÉÓ ¸É¥¶¥´´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶µ¶· ¢µ± ¶µ µ¡· É´µ°
³ ¸¸¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¨ ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²ÖÉÓ ¢±² ¤Ò µÉ¤¥²Ó´ÒÌ ·¥§µ-
´ ´¸µ¢ ¤²Ö ¢Ò¢µ¤  Ê´¨¢¥·¸ ²Ó´ÒÌ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ²¥¶Éµ´´ÒÌ
±µ´¸É ´É ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢.

„²Ö µ¶¨¸ ´¨Ö ¸µ¸ÉµÖ´¨° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ÒÏ¥ ¶µ·µ£ 
· ¸¶ ¤  ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ (´ ¶·¨³¥·, Υ(4S), B∗+

c (3S), ψ(3770)),
¸ÊÐ¥¸É¢¥´´Ò ±µ´¸É ´ÉÒ ¸¢Ö§¨ ±¢ ·±µ´¨Ö ¸ ³¥§µ´ ³¨. ’ ±¨¥ ±µ´¸É ´ÉÒ µ¶·¥-
¤¥²ÖÕÉ¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´µ° ¤¨´ ³¨±µ° Š•„. �µÔÉµ³Ê ¨Ì µ¶¨¸ ´¨¥ ¶·¥¤¶µ-
² £ ¥É ¶·¨³¥´¥´¨¥ ³µ¤¥²¥° ¨´Ë· ±· ¸´µ£µ ¶µ¢¥¤¥´¨Ö ¢ Š•„, ± Î¨¸²Ê ±µÉµ-
·ÒÌ µÉ´µ¸ÖÉ¸Ö ¶µÉ¥´Í¨ ²Ó´Ò¥ ³µ¤¥²¨ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¨ ³¥§µ´  ¸ µ¤´¨³
ÉÖ¦¥²Ò³ ±¢ ·±µ³, £¤¥ ¢¨¤ ¶µÉ¥´Í¨ ²  ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´ ¸ Ëµ·³µ° £²Õ-
µ´´µ£µ ¶·µ¶ £ Éµ·  ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ° µ¡² ¸É¨. ‚ · ³± Ì É ±µ£µ ¶µ¤Ìµ¤ 
¡Ò²  ¸¤¥² ´  µÍ¥´±  Ï¨·¨´Ò · ¸¶ ¤  ψ(3770) → DD̄ ¢ ³µ¤¥²¨ ±µ·´¥²Ó-
¸±µ£µ ¶µÉ¥´Í¨ ²  [17] ¸ ²¨´¥°´Ò³ ·µ¸Éµ³ Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢
¶·¨ Ê¢¥²¨Î¥´¨¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨³¨. �¤´ ±µ ³µ¤¥²¨·µ¢ ´¨¥ ¶µ¢¥¤¥´¨Ö
£²Õµ´´µ£µ ¶·µ¶ £ Éµ·  (¶µÉ¥´Í¨ ² ) ¶·¨¢µ¤¨É, µÎ¥¢¨¤´µ, ± ³µ¤¥²Ó´µ° § -
¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ É  · ¸Î¥É  ±µ´¸É ´É · ¸¶ ¤µ¢, ÎÉµ §´ Î¨É¥²Ó´µ ¸´¨¦ ¥É
¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ¶µ¤µ¡´ÒÌ µÍ¥´µ±. ‚ ÔÉµ° ¸¢Ö§¨  ±ÉÊ ²Ó´µ° ¶·µ¡²¥³µ°
¶·¥¤¸É ¢²Ö¥É¸Ö ¶µ¸É·µ¥´¨¥ ¶· ¢¨² ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ±µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì
±µ´¸É ´ÉÒ · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢.
�µ¤µ¡´Ò° ±¢ ·±µ´¨°, ²¥¦ Ð¨° ¢ Ê§±µ° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ´¨¦¥ ¶µ·µ£ 
· ¸¶ ¤  ´  ¶ ·Ê ¡µ²¥¥ ÉÖ¦¥²ÒÌ, Î¥³ ¶¸¥¢¤µ¸± ²Ö·´Ò¥, ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨°,
¨³¥¥É ±µ´¸É ´ÉÒ, ¶µ¤Î¨´ÖÕÐ¨¥¸Ö ³ ¸ÏÉ ¡´µ³Ê ¸µµÉ´µÏ¥´¨Õ ¢ ¸¨²Ê µ¶·¥¤¥-
²¥´´µ° § ¢¨¸¨³µ¸É¨ · §³¥·  Ð¥²¨ µÉ ³ ¸¸ ³¥§µ´µ¢ ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³,
±µÉµ· Ö ¸²¥¤Ê¥É ¨§ ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.

‚ ¦´µ° § ¤ Î¥° ¸É ´µ¢¨É¸Ö ¶·µ¢¥¤¥´¨¥ ¤¥É ²Ó´µ£µ  ´ ²¨§  ¶· ±É¨Î¥-
¸±µ£µ ¶·¨³¥´¥´¨Ö ¶µ²ÊÎ¥´´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ¶·¥¤¸± § ´¨Ö ¸µµÉ¢¥É¸É¢ÊÕ-
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Ð¨Ì ±µ´¸É ´É ¸¢Ö§¨ ´µ¢µ£µ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c), ¶µ¨¸±¨ ±µÉµ·µ£µ ¢¥¤ÊÉ¸Ö
¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¢¥·Ï¨´´Ò³¨ ¤¥É¥±Éµ· ³¨ ´  ±µ²² °¤¥· Ì CERN ¨ FNAL.

‘¨¸É¥³  (b̄c) ¸ µÉ±·ÒÉÒ³¨ ¶·¥²¥¸ÉÓÕ ¨ µÎ ·µ¢ ´¨¥³ § ´¨³ ¥É µ¸µ¡µ¥
³¥¸Éµ ¸·¥¤¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ (QQ̄′). ‚ µÉ²¨Î¨¥ µÉ ¶µ¤·µ¡´µ ¨§ÊÎ¥´´ÒÌ
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨ ¤µ¸É ÉµÎ´µ ÉµÎ´µ µ¶¨¸Ò¢ ¥³ÒÌ É¥µ·¥É¨Î¥¸±¨ ¸¥³¥°¸É¢
Î ·³µ´¨Ö (cc̄) ¨ ¡µÉÉµ³µ´¨Ö (bb̄), ¸µµÉ¢¥É¸É¢¥´´µ, ¸µ ¸±·ÒÉÒ³¨ µÎ ·µ¢ ´¨¥³
¨ ¶·¥²¥¸ÉÓÕ, ÉÖ¦¥²Ò° ±¢ ·±µ´¨° (b̄c), ¸¥³¥°¸É¢µ Bc-³¥§µ´µ¢, ¨³¥¥É ¸¶¥Í¨-
Ë¨Î¥¸±¨¥ ³¥Ì ´¨§³Ò µ¡· §µ¢ ´¨Ö, · ¸¶ ¤µ¢ ¨ ¸¶¥±É·µ¸±µ¶¨Õ, ¨¸¸²¥¤µ¢ ´¨¥
±µÉµ·ÒÌ ¶µ§¢µ²¨É § ³¥É´µ · ¸Ï¨·¨ÉÓ ¨ Ê¶·µÎ¨ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ ¶µ´¨³ -
´¨¥ ¤¨´ ³¨±¨ Š•„,   É ±¦¥ ¶·µ¤¢¨´ÊÉÓ¸Ö ¢ ¨§ÊÎ¥´¨¨ ¢ ¦´¥°Ï¨Ì ¶ · ³¥É·µ¢
Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨.

�¸´µ¢´µ° Í¥²ÓÕ µ¡§µ·  Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ¶·µ¡²¥³.
1. ”µ·³Ê²¨·µ¢±  ³¥Éµ¤  ¶· ¢¨² ¸Ê³³, ¶µ§¢µ²ÖÕÐ Ö ¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê-

²Ö·´µ¸ÉÓ ¸¶¥±É·  ³ ¸¸ ³¥§µ´µ¢, ¸µ¤¥·¦ Ð¨Ì ÉÖ¦¥²Ò¥ ±¢ ·±¨, ¸ Í¥²ÓÕ ¶µ-
²ÊÎ¥´¨Ö ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ±µ´¸É ´É ¸¢Ö§¨ ±¢ ·±µ´¨¥¢, ±µÉµ·Ò¥
Ì · ±É¥·¨§ÊÕÉ ³¥Ì ´¨§³ ±µ´Ë °´³¥´É  ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.

2. ˆ§¢²¥Î¥´¨¥ §´ Î¥´¨° ¶ · ³¥É·µ¢ Š•„ ¢ ¸¥±Éµ·¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.
‚ · §¤. 1 ¨§ÊÎ ÕÉ¸Ö ²¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢. ˆ¸Ìµ¤-

´Ò³ ¶Ê´±Éµ³ ¶µ¸É·µ¥´¨Ö ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ Ö¢²Ö¥É¸Ö · ¸¸³µÉ·¥-
´¨¥ ¤¢ÊÌÉµÎ¥Î´µ£µ ±µ··¥²ÖÉµ·  ¢¥±Éµ·´ÒÌ ¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ Éµ±µ¢ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢ ´  µ¸´µ¢¥ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ¨ ¤¨¸¶¥·¸¨µ´´µ£µ ¸µµÉ´µÏ¥´¨Ö
¤²Ö ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ëµ·³Ë ±Éµ·µ¢. ‘²¥¤ÊÖ ¸É ´-
¤ ·É´µ° ¸Ì¥³¥ ¶· ¢¨² ¸Ê³³ Š•„ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ°
¶²µÉ´µ¸É¨, µÉ¢¥Î ÕÐ¨Ì ¶·µ¨§¢µ¤´Ò³ ±µ··¥²ÖÉµ·  Éµ±µ¢ ¢ ÉµÎ±¥ Q2 = 0,
£¤¥ ´¥É Ë¨§¨Î¥¸±¨Ì µ¸µ¡¥´´µ¸É¥°, µ¡Ê¸²µ¢²¥´´ÒÌ µ¡· §µ¢ ´¨¥³ ·¥§µ´ ´¸µ¢
¨  ¤·µ´´µ£µ ±µ´É¨´ÊÊ³ , ³µ¦´µ µ¶·¥¤¥²¨ÉÓ µ¡² ¸ÉÓ ´µ³¥·µ¢ ³µ³¥´Éµ¢, £¤¥,
¸ µ¤´µ° ¸Éµ·µ´Ò, ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢±² ¤µ³ µÉ £²Õµ´´µ£µ ±µ´¤¥´¸ É ,  
¸ ¤·Ê£µ° Å ¤µ¶Ê¸É¨³µ ´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ¢±² ¤  ±¢ ·±µ-
¢µ° ¶¥É²¨ ¸ ÊÎ¥Éµ³ ¸Ê³³¨·µ¢ ´¨Ö ±Ê²µ´µ¶µ¤µ¡´ÒÌ αs/v-¶µ¶· ¢µ±, £¤¥ v Å
¸±µ·µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢. �¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É 
É ±¨Ì ±Ê²µ´µ¢¸±¨Ì ¶µ¶· ¢µ± Ö¢²Ö¥É¸Ö µ¸µ¡¥´´µ¸ÉÓÕ · ¸¸³µÉ·¥´¨Ö ¸¨¸É¥³ ¸
¤¢Ê³Ö ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ ¢ · ³± Ì µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ¶µ µ¡· É´µ°
³ ¸¸¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ÎÉµ § ³¥É´µ µÉ²¨Î ¥É ÔÉµÉ ¶µ¤Ìµ¤ µÉ ÔËË¥±É¨¢´µ°
É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢. ‚ · ¸Î¥ÉÒ ¢±²ÕÎ ¥É¸Ö É ±¦¥ ¨ ¶µ¶· ¢±  §  ¸Î¥É
µ¡³¥´  ¦¥¸É±¨³ £²Õµ´µ³ ¶·¨ v → 0. �µ± § ´µ, ÎÉµ ¢ É ±µ³ ¸²ÊÎ ¥ ¸ ¢Ò¸µ-
±µ° ÉµÎ´µ¸ÉÓÕ ³µ³¥´ÉÒ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ±µ··¥²ÖÉµ·  Éµ±µ¢ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ´  µ¸´µ¢¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢¥·µÖÉ´µ¸É¨ µ¡· §µ-
¢ ´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ´  ¶µ·µ£¥, ±µÉµ· Ö Ö¢²Ö¥É¸Ö ¶µ¸ÉµÖ´´µ° ¢¥²¨Î¨´µ°
§  ¸Î¥É ±Ê²µ´µ¢¸±µ£µ ¶¥·¥· ¸¸¥Ö´¨Ö, ¶·¨Î¥³ ¸¨¸É¥³ É¨Î¥¸±¨° Ë ±Éµ· ¶µ¤µ¡-
´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¡²¨§µ± ± ¥¤¨´¨Í¥ ¨ Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ°, ¨³¥ÕÐ¥° ¸² ¡ÊÕ
§ ¢¨¸¨³µ¸ÉÓ µÉ ´µ³¥·  ³µ³¥´É , ±µÉµ·µ° ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.
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Œµ³¥´ÉÒ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ Éµ±µ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ³µ£ÊÉ ¡ÒÉÓ
´¥¶µ¸·¥¤¸É¢¥´´µ ¢ÒÎ¨¸²¥´Ò ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ µ Ï¨·¨´ Ì ²¥¶-
Éµ´´ÒÌ · ¸¶ ¤µ¢ S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ (Î ·³µ´¨Ö (cc̄)
¨ ¡µÉÉµ³µ´¨Ö (bb̄)). �·¨ ÔÉµ³ ¢±² ¤  ¤·µ´´µ£µ ±µ´É¨´ÊÊ³  ³µ¤¥²¨·Ê¥É¸Ö
¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸ÉÓÕ, ¢ÒÎ¨¸²¥´´µ° ¢ Š•„, ¢ÒÏ¥ ´¥±µÉµ·µ£µ ¶µ·µ£  sth,
ÎÉµ Ë ±É¨Î¥¸±¨ µ§´ Î ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ ²µ± ²Ó´µ° ±¢ ·±- ¤·µ´´µ° ¤Ê ²Ó´µ-
¸É¨ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ ¶µ·µ£  ±µ´É¨´ÊÊ³ . �µ¤µ¡´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ³µ¦¥É
¶·¨¢µ¤¨ÉÓ ± ¸² ¡µ° ´¥¸ÊÐ¥¸É¢¥´´µ° § ¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ µÉ ¢¥²¨Î¨´Ò
sth. „ ²¥¥, ÎÉµ ± ¸ ¥É¸Ö ¢±² ¤  ·¥§µ´ ´¸µ¢, Éµ ¢ µÉ³¥Î¥´´µ° µ¡² ¸É¨ · ¸-
¸³µÉ·¥´¨Ö ´µ³¥·µ¢ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ
· ¤¨ ²Ó´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ÔÉ¨Ì ¢µ§¡Ê¦¤¥´¨° ´ -
¡²Õ¤ ¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸± Ö ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·µ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢,
  ¨³¥´´µ: · §´µ¸É¨ Ô´¥·£¨° Ê·µ¢´¥° ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ  ·µ³ Éµ¢
ÉÖ¦¥²ÒÌ c- ¨ b-±¢ ·±µ¢. �Éµ µ§´ Î ¥É, ÎÉµ ¶²µÉ´µ¸ÉÓ É ±¨Ì ¸µ¸ÉµÖ´¨° Ö¢²Ö-
¥É¸Ö ËÊ´±Í¨¥° ´µ³¥·  ¢µ§¡Ê¦¤¥´¨Ö ¨ ´¥ § ¢¨¸¨É µÉ ³ ¸¸ ±¢ ·±µ¢. � ¨¡µ²¥¥
Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ÔÉµ° § ±µ´µ³¥·´µ¸É¨ ³µ¦´µ Ê¸É ´µ¢¨ÉÓ ¢ · ³± Ì ´¥·¥²ÖÉ¨-
¢¨¸É¸±¨Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢, £¤¥ ¸µ£² ¸´µ É¥µ·¥³¥
”¥°´³ ´ Å•¥²²³ ´´  µ¶¨¸ ´´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¶·¨ ¶µ¸ÉµÖ´´µ°, ´¥
§ ¢¨¸ÖÐ¥° µÉ  ·µ³ Éµ¢ ±¢ ·±µ¢ ¨ Ê·µ¢´Ö ¢µ§¡Ê¦¤¥´¨Ö ¢¥²¨Î¨´¥ ¸·¥¤´¥° ±¨-
´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨. �µ É¥µ·¥³¥ µ
¢¨·¨ ²¥ ¶µ¸ÉµÖ´´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö µÉ¢¥Î ¥É ²µ£ ·¨Ë³¨Î¥¸±µ³Ê ¶µÉ¥´-
Í¨ ²Ê ¢ µ¡² ¸É¨ ¸·¥¤´¨Ì · ¸¸ÉµÖ´¨° ³¥¦¤Ê ±¢ ·± ³¨ ¢ ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨:
0, 1 < r < 1 Ë³, £¤¥ ¶·µ¨¸Ìµ¤¨É ¸³¥´  ¶¥·ÉÊ·¡ É¨¢´µ£µ ±Ê²µ´µ¶µ¤µ¡´µ£µ ¶µ-
¢¥¤¥´¨Ö ¶µÉ¥´Í¨ ²  ´  ²¨´¥°´Ò° ·µ¸É Ô´¥·£¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶·¨¢µ¤ÖÐ¨°
± ±µ´Ë °´³¥´ÉÊ ±¢ ·±µ¢. ‘² ¡ Ö § ¢¨¸¨³µ¸ÉÓ · §´µ¸É¨ Ô´¥·£¨° Ê·µ¢´¥° µÉ
³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ³µ¦¥É ¡ÒÉÓ ÊÎÉ¥´  ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¸É¥¶¥´´µ£µ ¶µÉ¥´-
Í¨ ²  Œ ·ÉÔ´ , ±µÉµ·Ò° ¨³¥¥É ¢ µ¡² ¸É¨ ¸·¥¤´¨Ì · ¸¸ÉµÖ´¨° ¢ ±¢ ·±µ´¨¨
ÉÊ ¦¥ Ëµ·³Ê, ÎÉµ ¨ ²µ£ ·¨Ë³¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ± ±, ¢¶·µÎ¥³, ¨ ¶µÉ¥´Í¨ -
²Ò, § ¤ ´´Ò¥ Š•„. ‚ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ § ¶¨¸ ÉÓ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö
¶²µÉ´µ¸É¨ S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨° ±¢ ·±µ´¨Ö.

„ ²¥¥, ¸Ëµ·³Ê²¨·µ¢ ´µ ¨´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¢±² ¤  ¸Ê³³Ò ·¥-
§µ´ ´¸µ¢ ¢ ³µ³¥´ÉÒ ±µ··¥²ÖÉµ·  ±¢ ·±µ¢ÒÌ Éµ±µ¢, ¶·¨Î¥³ ¸¨¸É¥³ É¨Î¥¸±¨°
Ë ±Éµ· ¶µ¤µ¡´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ´µ³¥·µ¢ ³µ³¥´-
Éµ¢ ¡²¨§µ± ± ¥¤¨´¨Í¥ ¨ ¶·¥´¥¡·¥¦¨³µ ¸² ¡µ § ¢¨¸¨É µÉ ´µ³¥·  ³µ³¥´É .
‘¶¥±É· ²Ó´ Ö ¶²µÉ´µ¸ÉÓ ¨´É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö Ö¢´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¨ Ê·µ¢´¥° ±¢ ·±µ´¨Ö, ÎÉµ ¶µ§¢µ²Ö¥É ¸Ëµ·³Ê²¨·µ¢ ÉÓ
±¢ §¨²µ± ²Ó´Ò¥ ¶· ¢¨²  ¸Ê³³ ´  µ¸´µ¢¥ · ¢¥´¸É¢  ³µ¤¥²Ó´µ° ¸¶¥±É· ²Ó´µ°
¶²µÉ´µ¸É¨  ¤·µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ±µ··¥²ÖÉµ·  ±¢ ·-
±µ¢ÒÌ Éµ±µ¢, · ¸¸Î¨É ´´ÒÌ ¢ Š•„, ± ± ÔÉµ ¡Ò²µ µ¶¨¸ ´µ ¢ÒÏ¥. �¶·¥¤¥²¥´Ò
ÉµÎ´µcÉÓ ¨ · ³±¨ ¶·¨³¥´¨³µ¸É¨ ¶µ¸É·µ¥´´ÒÌ ¶· ¢¨² ¸Ê³³.

�  µ¸´µ¢¥ ¸Ëµ·³Ê²¨·µ¢ ´´ÒÌ ¶· ¢¨² ¸Ê³³ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É
nS-¢µ²´µ¢ÒÌ Ê·µ¢´¥° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¶µ²ÊÎ¥´Ò ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥-
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´¨Ö, ±µÉµ·Ò¥ ¤²Ö ±µ´¸É ´É ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ¨³¥ÕÉ ¢¨¤

f2n
Mn

(
Mn

M1

)2 (
m1 +m2
4µ12

)2
=

c

n
,

£¤¥ c Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ°, ±µÉµ· Ö ´¥ § ¢¨¸¨É µÉ  ·µ³ Éµ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢,
¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·±µ´¨°. �´  ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

c =
2αs
π

T

(
m1 +m2

M1

)2
HV Zsys,

£¤¥ T Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ ±¢ ·±µ´¨¨, ±µÉµ· Ö ´¥
§ ¢¨¸¨É µÉ  ·µ³ Éµ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, αs µ¶·¥¤¥²Ö¥É¸Ö ´  ³ ¸ÏÉ ¡¥ Ô´¥·-
£¨° ±Ê²µ´µ¶µ¤µ¡´µ£µ µ¡³¥´  ³¥¦¤Ê ±¢ ·± ³¨, HV Å Ë ±Éµ·, µÉ¢¥Î ÕÐ¨°
¦¥¸É±µ° £²Õµ´´µ° ¶µ¶· ¢±¥, Zsys Å ¸¨¸É¥³ É¨Î¥¸±¨° Ë ±Éµ· ¨¸¶µ²Ó§Ê¥³ÒÌ
¶·¥¤¸É ¢²¥´¨°, µ12 = m1m2/(m1 +m2) Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ±¢ ·±µ¢.

�µ²ÊÎ¥´´Ò¥ Ê´¨¢¥·¸ ²Ó´Ò¥ ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸¢Ö§Ò¢ ÕÉ ´¥ Éµ²Ó-
±µ ±µ´¸É ´ÉÒ nS-¢µ²´µ¢ÒÌ ¢µ§¡Ê¦¤¥´¨° ±¢ ·±µ´¨Ö, ´µ ¨ ±µ´¸É ´ÉÒ ±¢ ·±µ-
´¨¥¢ ¸ · §²¨Î´Ò³ ±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³.

—¨¸²¥´´µ ¢Ò¢¥¤¥´´Ò¥ § ±µ´µ³¥·´µ¸É¨ ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ²¥¶Éµ´´Ò³ · ¸¶ ¤ ³ ψ- ¨ Υ-Î ¸É¨Í ¨ ¶µ-
§¢µ²ÖÕÉ ¸¤¥² ÉÓ ¶·¥¤¸± § ´¨Ö ¤²Ö ±¢ ·±µ´¨Ö (b̄c).

�·¨¢¥¤¥´´Ò¥ ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¶µ§¢µ²ÖÕÉ ¶µ ¤ ´´Ò³ µ ²¥¶Éµ´-
´ÒÌ ±µ´¸É ´É Ì ¡µÉÉµ³µ´¨Ö ¨ Î ·³µ´¨Ö ¶µ²ÊÎ¨ÉÓ µÍ¥´±Ê ±µ´¸É ´ÉÒ ¢§ ¨-
³µ¤¥°¸É¢¨Ö Š•„, ±µÉµ· Ö µ¡ÒÎ´µ ¶·¨¢µ¤¨É¸Ö ± ³ ¸ÏÉ ¡Ê ³ ¸¸Ò Z-¡µ§µ´ 
¸µ£² ¸´µ ·¥´µ·³£·Ê¶¶µ¢µ³Ê ¶µ¢¥¤¥´¨Õ, É ± ÎÉµ

αs(m2Z) = 0, 118± 0, 003,

¶·¨ ®Ë¨§¨Î¥¸±µ³¯ ¢Ò¡µ·¥ ÉµÎ±¨ ´µ·³¨·µ¢±¨ ¢ ±Ê²µ´µ¶µ¤µ¡´µ³ µ¡³¥´¥ ³¥¦-
¤Ê ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ µ2Coul=TmQ, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ¸·¥¤´¨³ ±¢ ¤· -
Éµ³ ¨³¶Ê²Ó¸  ±¢ ·±  ¢ ±¢ ·±µ´¨¨. �É³¥É¨³, ÎÉµ ¤µ¢µ²Ó´µ Ï¨·µ± Ö ¢ ·¨ Í¨Ö
µ2Coul ¢ · §Ê³´ÒÌ ¶·¥¤¥² Ì ¢ · ³± Ì µ¤´µ¶¥É²¥¢µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ±µÔËË¨-
Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¶·¨¢µ¤¨É ± ³¥Éµ¤¨Î¥¸±µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ δαs = 0, 010,
±µÉµ· Ö ¸´¨¦ ¥É¸Ö ¤µ δαs = 0, 002 ¶·¨ ÊÎ¥É¥ ¤¢ÊÌ¶¥É²¥¢µ£µ ¢±² ¤ . �µ²ÊÎ¥´-
´ Ö µÍ¥´±  ¸µ£² ¸Ê¥É¸Ö ¸µ ®¸·¥¤´¥³¨·µ¢Ò³¯ §´ Î¥´¨¥³ ±µ´¸É ´ÉÒ αs(m2Z).

‘¤¥² ´Ò µÍ¥´±¨ ³ ¸¸ c- ¨ b-±¢ ·±µ¢.
‚ · §¤. 2 ¶·µ¢¥¤¥´µ µ¡µ¡Ð¥´¨¥ ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ ´  ³¥§µ´Ò

¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³. �·µ ´ ²¨§¨·µ¢ ´µ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ¢ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥. �µ± § ´µ, ÎÉµ
·¥§Ê²ÓÉ ÉÒ · ¸¸³µÉ·¥´¨Ö ´ Ìµ¤ÖÉ¸Ö ¢ ¸µ£² ¸¨¨ ¸ · ´¥¥ ¶µ²ÊÎ¥´´Ò³¨ ·¥§Ê²Ó-
É É ³¨ ¢ · ³± Ì HQET. ‚ Ìµ¤¥  ´ ²¨§  ¸Ëµ·³Ê²¨·µ¢ ´ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨°
¶µ¤Ìµ¤ ± µÍ¥´±¥ ³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¨¸Ìµ¤Ö ¨§ § ±µ´µ³¥·´µ¸É¥° ¤²Ö ³ ¸¸
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ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¨ ¶·¨¡²¨§¨É¥²Ó´µ£µ ¸µ¢¶ ¤¥´¨Ö Ê·µ¢´¥° Υ(4S) ¨ ψ(3S)
¸ Ê¤¢µ¥´´Ò³¨ ³ ¸¸ ³¨ mB(1S) ¨ mD(1S) ¸µµÉ¢¥É¸É¢¥´´µ, ¨ ¶µ²ÊÎ¥´Ò · §-
³¥·´Òe ¶ · ³¥É·Ò ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢: Ô´¥·£¨¨ ¸¢Ö§¨ ¨
¸·¥¤´¥£µ ±¢ ¤· É  ¨³¶Ê²Ó¸  ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ ³¥§µ´¥, ±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö ¢
¸µ£² ¸¨¨ ¸ µÍ¥´± ³¨ ¢ ¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì.

‚ · §¤. 3 ¸Ëµ·³Ê²¨·µ¢ ´  ´µ¢ Ö ³µ¤¥²Ó ¶· ¢¨² ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ-
±µ¢, µ¶·¥¤¥²ÖÕÐ¨Ì ±µ´¸É ´ÉÒ · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ´ 
¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢, ²¥¦ Ð¥£µ ¢ Ê§±µ° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ´¨¦¥ ¶µ·µ£ 
· ¸¶ ¤  ´  ¶ ·Ê ¡µ²¥¥ ÉÖ¦¥²ÒÌ, Î¥³ ¶¸¥¢¤µ¸± ²Ö·´Ò¥, ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ-
´¨°.  ¸¸³ É·¨¢ ¥³Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ · §³¥· 
Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ µÉ ³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ±µÉµ·Ò° ¶·¨ ³ ²ÒÌ ´µ³¥· Ì
³µ³¥´É  ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ § ¤ ¥É ¢¥²¨Î¨´Ê ±µ´¸É ´ÉÒ ¸¢Ö§¨. �Éµ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ±µ´¸É ´É · ¸¶ ¤  ÉÖ¦¥-
²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ¸ · §²¨Î´Ò³ ±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³, ±µÉµ·µ¥ ¨³¥¥É
¸²¥¤ÊÕÐ¨° ¢¨¤:

g2

M

(
4m12
M

)
= const,

¢¸²¥¤¸É¢¨¥ § ¢¨¸¨³µ¸É¨ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ³¥¦¤Ê ¢¥±Éµ·´Ò³ ¨ ¶¸¥¢¤µ¸± -
²Ö·´Ò³ ¸µ¸ÉµÖ´¨Ö³¨ ÉÖ¦¥²ÒÌ ³¥§µ´µ¢: ∆M1,2 · M1,2 = const, £¤¥ M1,2 Å
³ ¸¸Ò ³¥§µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, m12 Å ¨Ì ¶·¨¢¥¤¥´´ Ö ³ ¸¸ .

‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ Ê± §Ò¢ ¥É ´  Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ³ ¸ÏÉ ¡´µ£µ ¸µµÉ-
´µÏ¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ · ¸¶ ¤ ³ Υ → BB̄ ¨ ψ(3770) →
→ DD̄.

�µ± § ´µ ¶· ±É¨Î¥¸±µ¥ ¶·¨³¥´¥´¨¥ ¶µ²ÊÎ¥´´µ£µ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶·¥¤-
¸± § ´¨Ö ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´µ¢µ£µ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c), ¶µ¨¸±¨ ±µÉµ·µ£µ
¢¥¤ÊÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¢¥·Ï¨´´Ò³¨ ¤¥É¥±Éµ· ³¨ ´  ±µ²² °¤¥· Ì CERN
¨ FNAL, ¨ ¶·¥¤¸± § ´  ¢¥²¨Î¨´  Ï¨·¨´Ò · ¸¶ ¤  B∗+

c (3S) → B+D0.
�¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ µ¡§µ·¥, ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ µ·¨£¨-

´ ²Ó´ÒÌ · ¡µÉ Ì [18Ä29].
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�·µ¡²¥³  µ¶¨¸ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ±¢ ·±µ¢,  ¤·µ´µ¢ É¥¸´µ ¸¢Ö§ ´ 
¸ ¨§ÊÎ¥´¨¥³ ¶µ¢¥¤¥´¨Ö Š•„ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ (r ∼ 1/Λ, Λ ≈ 200ŒÔ‚)
¨ ±µ´Ë °´³¥´Éµ³ Í¢¥É´ÒÌ µ¡Ñ¥±Éµ¢. �¥¶·¨³¥´¨³µ¸ÉÓ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°
Š•„ ¢ ¨´Ë· ±· ¸´µ° µ¡² ¸É¨ ¶·¨¢µ¤¨É ± ´¥µ¡Ìµ¤¨³µ¸É¨ ¶µ¨¸±  ³¥Éµ¤µ¢
´¥¶¥·ÉÊ·¡ É¨¢´µ£µ µ¶¨¸ ´¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°.

‚ ¸²ÊÎ ¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢µ§´¨± ¥É ·Ö¤ Ê¸²µ¢¨°, ±µÉµ·Ò¥ ¶µ§¢µ²ÖÕÉ, § 
¸Î¥É Ê¶·µÐ¥´¨Ö · ¸¸³µÉ·¥´¨Ö, ¸¤¥² ÉÓ ¸ÊÐ¥¸É¢¥´´µ¥ ¶·µ¤¢¨¦¥´¨¥ ¢ ¨§ÊÎ¥´¨¨
Š•„ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.
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1.1. 	· ¢¨²  ¸Ê³³ ¤²Ö ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö.  ¸¸³µÉ·¨³ ¤¢ÊÌÉµÎ¥Î´Ò¥
±µ··¥²ÖÉµ·Ò ±¢ ·±µ¢ÒÌ Éµ±µ¢

Πµν(q2) = i

∫
d4xeiqx〈0|TJµ(x)J†

ν (0)|0〉, (1.1)

ΠP (q2) = i

∫
d4xeiqx〈0|TJ5(x)J†

5 (0)|0〉, (1.2)

£¤¥

Jµ(x) = Q̄1(x)γµQ2(x), (1.3)

J5(x) = Q̄1(x)γ5Q2(x), (1.4)

J5µ(x) = Q̄1(x)γ5γµQ2(x), (1.5)

Qi Å ¸¶¨´µ·´µ¥ ¶µ²¥ ÉÖ¦¥²µ£µ ±¢ ·±  É¨¶  i = c, b.
‡ ¶¨Ï¥³ ¤ ²¥¥

Πµν =
(
−gµν +

qµqν
q2

)
ΠV (q2) +

qµqν
q2

ΠS(q2), (1.6)

£¤¥ ΠV ¨ ΠS Å ¢¥±Éµ·´ Ö ¨ ¸± ²Ö·´ Ö ËÊ´±Í¨¨ ±µ··¥²ÖÍ¨¨ ¸µµÉ¢¥É¸É¢¥´´µ.
‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢¥±Éµ·´Ò° ¨ ¶¸¥¢¤µ¸± ²Ö·´Ò° ±µ··¥-
²ÖÉµ·Ò: ΠV (q2) ¨ ΠP (q2).

�¶·¥¤¥²¨³ ²¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ fVn ¨ fPn :

〈0|Jµ(x)|Vn(λ)〉 = iε(λ)µ fVnMVn eikx, (1.7)

〈0|J5µ(x)|Pn〉 = ikµ fPne
ikx, (1.8)

£¤¥

J5µ(x) = Q̄1(x)γ5γµQ2(x), (1.9)

É ± ÎÉµ

〈0|J5(x)|Pn〉 = i
fPnM

2
Pn

m1 +m2
eikx, (1.10)

¶·¨Î¥³ |V 〉 ¨ |P 〉 Å ¢¥±Éµ·Ò 1−- ¨ 0−-¸µ¸ÉµÖ´¨° ±¢ ·±µ´¨Ö, λ Å ¶µ²Ö·¨§ -
Í¨Ö ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö, k Å 4-¨³¶Ê²Ó¸ ³¥§µ´ , k2P,V = M2

P,V .
‚ ¸²ÊÎ ¥ Î ·³µ´¨Ö (ψ, ψ′ ...) ¨ ¡µÉÉµ³µ´¨Ö (Υ, Υ′, Υ′′ ...) ²¥£±µ ¶µ± § ÉÓ,

ÎÉµ Ï¨·¨´  ²¥¶Éµ´´µ£µ · ¸¶ ¤  Vn → e+e− ¢Ò· ¦ ¥É¸Ö Î¥·¥§ fVn ¢ ¢¨¤¥

Γ(Vn → e+e−) =
4π
9

e2i ᾱ
2
em

f2Vn

MVn

, (1.11)
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£¤¥ ei Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ±¢ ·±  É¨¶  i,   ¢¥²¨Î¨´  Ô²¥±É·µ³ £´¨É´µ°
±µ´¸É ´ÉÒ § ¤ ¥É¸Ö ³ ¸ÏÉ ¡µ³ ³ ¸¸Ò ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö.

‚ µ¡² ¸É¨ Ê§±¨Ì ´¥¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ·¥§µ´ ´¸µ¢ ¨§ µ¶·¥¤¥²¥´¨° (1.1)Ä
(1.10) ¸²¥¤Ê¥É, ÎÉµ

1
π
ImΠ(res)V (s) =

∑
n

f2Vn
M2
Vn
δ(s−M2

Vn
), (1.12)

1
π
ImΠ(res)P (s) =

∑
n

f2Pn
M4
Pn

1
(m1 +m2)2

δ(s−M2
Pn

). (1.13)

’ ±¨³ µ¡· §µ³, ¤²Ö ´ ¡²Õ¤ ¥³µ°  ¤·µ´´µ° ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ ¨³¥¥³

1
π
ImΠ(had)V,P (s) =

1
π
ImΠ(res)V,P (s) + ρV,P (s, s

V,P
th ), (1.14)

£¤¥ ρV,P (s, sV,Pth ) Å ¢±² ¤ ±µ´É¨´ÊÊ³ , µÉ²¨Î´Ò° µÉ ´Ê²Ö ¶·¨ s > sth. ‚
¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¶µ² £ ÉÓ, ÎÉµ ¢±² ¤ ±µ´É¨´ÊÊ³  · ¢¥´ ¢ÒÎ¨¸²¥´´µ°
¶¥·ÉÊ·¡ É¨¢´µ° Î ¸É¨ ¶·¨ s > sth, É ± ÎÉµ ÔÉµ ³µ¦¥É ¶·¨¢¥¸É¨ ± ¤µ¶µ²´¨-
É¥²Ó´µ° ¶ · ³¥É·¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ µÉ sth.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ³¥Éµ¤ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ¶µ§¢µ²Ö¥É § ¶¨¸ ÉÓ

Π(QCD)(q2) = Π(pert)(q2) + CG(q2)〈
αs
π
G2〉+ Ci(q2)〈miQ̄iQi〉+ . . . , (1.15)

£¤¥ ¢Ò¤¥²¥´ ¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ Π(pert)(q2),   ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶·¥¤¸É -
¢²¥´ ¢ ¢¨¤¥ ¸Ê³³Ò ±¢ ·±-£²Õµ´´ÒÌ ±µ´¤¥´¸ Éµ¢ ¸ ¢¨²Ó¸µ´µ¢¸±¨³¨ ±µÔËË¨-
Í¨¥´É ³¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„.

‚ Ê· ¢´¥´¨¨ (1.15) ³Ò µ£· ´¨Î¨²¨¸Ó ¢±² ¤µ³ ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì µÉ µ¶¥-

· Éµ·µ¢ c · §³¥·´µ¸ÉÓÕ d = 4. „²Ö C
(P )
G (q2) ¨³¥¥³, ´ ¶·¨³¥· [10]:

C
(P )
G =

1
192m1m2

q2

q̄2

(
3(3v2 + 1)(1 − v2)2

2v5
ln

v + 1
v − 1

− 9v4 + 4v2 + 3
v4

)
,

(1.16)

£¤¥

q̄2 = q2 − (m1 −m2)2, v2 = 1− 4m1m2
q̄2

. (1.17)

�´ ²µ£¨Î´Ò¥ Ëµ·³Ê²Ò ¤²Ö ¤·Ê£¨Ì ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ³µ£ÊÉ ¡ÒÉÓ
´ °¤¥´Ò ¢ [10].

‚ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¤²Ö ³´¨³µ° Î ¸É¨ ±µ·-
·¥²ÖÉµ·  ¶µ²ÊÎ¥´µ [10]:

ImΠ(pert)V (s) =
s̃

8πs2
(3s̄s− s̄2 + 6m1m2s− 2m22s)θi(s), (1.18)
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ImΠ(pert)P (s) =
3s̃
8πs

(s− (m1 −m2)2)θi(s), (1.19)

£¤¥ s̄ = s−m21 +m22, s̃
2 = s̄2 − 4m22s, θi(s) = θ(s− (m1 +m2)2).

�¤´µ¶¥É²¥¢µ° ¢±² ¤ ¢ ImΠ(s) É ±¦¥ ³µ¦¥É ¡ÒÉÓ ¢±²ÕÎ¥´ ¢ · ¸¸³µÉ·¥´¨¥
(¸³., ´ ¶·¨³¥·, [10]). �¤´ ±µ ¤²Ö ´ ¸ ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ° Ö¢²Ö¥É¸Ö ¶µ¶· ¢± ,
¸Ê³³¨·ÊÕÐ Ö ·Ö¤ ¶µ ¸É¥¶¥´Ö³ (αs/v), £¤¥ v µ¶·¥¤¥²¥´µ ¢ (1.17),   αs Å ¶µ-
¸ÉµÖ´´ Ö Š•„-¢§ ¨³µ¤¥°¸É¢¨Ö ´  ³ ¸ÏÉ ¡¥ Ì · ±É¥·´ÒÌ ¸·¥¤´¨Ì ¨³¶Ê²Ó¸µ¢
±¢ ·±µ¢ ¢ ³¥§µ´¥. ‚ ¤ ²Ó´¥°Ï¥³ · ¸¸³µÉ·¥´¨¨ ³Ò ¶µ² £ ¥³, ÎÉµ ¸·¥¤´¨°
±¢ ¤· É ¨³¶Ê²Ó¸  ±¢ ·±  · ¢¥´

〈p2Q〉 = 2µ12〈T 〉,

£¤¥ T Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö,   µ12 Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¸¨¸É¥³Ò. „²Ö
®¡¥£ÊÐ¥°¯ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ³Ò ¨¸¶µ²Ó§Ê¥³ ¸Ì¥³Ê MS, É ± ÎÉµ αs = αs(〈p̄2Q〉),
£¤¥ ¢¥²¨Î¨´  p̄2Q § ¤ ¥É¸Ö 〈p2Q〉, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ®Ë¨§¨Î¥¸±µ³Ê¯ ¢Ò¡µ·Ê
Ï± ²Ò ±Ê²µ´µ¶µ¤µ¡´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. „²Ö µÍ¥´±¨ ¢¥²¨Î¨´Ò § ¢¨¸¨³µ¸É¨
·¥§Ê²ÓÉ Éµ¢ µÉ ¢ ·¨ Í¨¨ ÉµÎ±¨ ´µ·³¨·µ¢±¨ ±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö ³Ò
· ¸¸³ É·¨¢ ¥³ É ±¦¥ Ë¨±¸ Í¨Õ Ï± ²Ò ¢ ¶µ¤Ìµ¤¥ f·µ¤¸±µ£µÅ‹¥¶ ¦ ÅŒ ±-
±¥´§¨ (BLM), £¤¥ [30]:

〈p̄2Q〉 = e−5/3〈(pQ − p′
Q)
2〉 = e−5/3 2〈p2Q〉.

‚ [10] ¶µ± § ´µ, ÎÉµ ÊÎ¥É ±Ê²µ´µ¶µ¤µ¡´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨¢µ¤¨É ±
Ë ±Éµ·Ê

F (v) =
4π
3

αs
v

1

1− exp
(
−4παs

3v

) , (1.20)

¶·¨Î¥³ · §²µ¦¥´¨¥ ¶µ αs/v � 1 ¢ ÉµÎ´µ¸É¨ ¢µ¸¶·µ¨§¢µ¤¨É µ¤´µ¶¥É²¥¢ÊÕ
O(αs

v )-¶µ¶· ¢±Ê

F (v) ≈ 1 +
2π
3

αs
v

. . . . (1.21)

„µ¶µ²´¨É¥²Ó´ Ö αs-¶µ¶· ¢±  ¸¢Ö§ ´  ¸ ¢±² ¤µ³ ¦¥¸É±¨Ì £²Õµ´µ¢. �´ 
¶·¨¢µ¤¨É ± Ë ±Éµ·Ê H , ±µÉµ·Ò° ¤²Ö ¢¥±Éµ·´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨ m1 = m2 =
= mQ ¨ v → 0 · ¢¥´

H
mQ

V = 1− 16αHs
3π

, (1.22)

£¤¥ Ï± ²  µÍ¥´±¨ αHs § ¤ ¥É¸Ö ³ ¸¸µ° ÉÖ¦¥²µ£µ ±¢ ·± , ¨, ´ ¶·¨³¥·, ¢ ¶·µÍ¥-
¤Ê·¥ BLM [30,31] ¢ÒÎ¨¸²¥´¨Ö ¢ ¸Ì¥³¥ MS ¶·¨¢µ¤ÖÉ ± ³ ¸ÏÉ ¡Ê e−11/24mQ �
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� 0, 632mQ [33].  ¸Î¥É H-Ë ±Éµ·  ¤²Ö ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸µ¸ÉµÖ´¨Ö ¸
m1 = m2 ¡Ò² ¢Ò¶µ²´¥´ ¢ [32], £¤¥ ´ °¤¥´µ, ÎÉµ

HP = 1 +
2αHs
π

(
m2 −m1
m2 +m1

ln
m2
m1

− 2
)
, (1.23)

§¤¥¸Ó ¶µ¶· ¢±  αHs ¢§ÖÉ  ´  ³ ¸ÏÉ ¡¥ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ±¢ ·±µ¢. ¥§Ê²Ó-
É É (1.23) ´¥ ¶¥·¥Ìµ¤¨É ¢ (1.22) ¶·¨ m1 = m2, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¦¥¸É±¨¥
£²Õµ´´Ò¥ ¶µ¶· ¢±¨ ± ±µ··¥²ÖÉµ· ³ ¢¥±Éµ·´ÒÌ ¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ Éµ±µ¢
· §²¨Î´Ò. ’ ± ± ± ´¥·¥²ÖÉ¨¢¨¸É¸± Ö Š•„ ¤²Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¸Ëµ·³Ê-
²¨·µ¢ ´´ Ö ´¥¤ ¢´µ ¢ [15], ¶·¨¢µ¤¨É ± µÉÐ¥¶²¥´¨Õ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¶¨´µ¢
±¢ ·±µ¢ ¸ £²Õµ´ ³¨ ¢ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨, ³ ¸¸µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¢ H-
Ë ±Éµ· Ì µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶¥·¥´µ·³¨·µ¢±µ° ¢ Š•„, £¤¥ µ´ 
§ ¤ ¥É¸Ö µ¤´µ¶¥É²¥¢Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨ ¤¨ £· ³³ ¤²Ö ¢¥·Ï¨´Ò ¨ ¸µ¡¸É¢¥´´µ°
Ô´¥·£¨¨ ±¢ ·± . ‘²¥¤ÊÖ [32], ´ Ìµ¤¨³

HV = 1 +
2αHs
π

(
m2 −m1
m2 +m1

ln
m2
m1

− 8
3

)
. (1.24)

¥§Ê²ÓÉ ÉÒ (1.23) ¨ (1.24) ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¨§ ¶¥·¥´µ·³¨·µ¢µÎ´ÒÌ Ë ±Éµ-
·µ¢ ¤²Ö ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ Éµ±µ¢ ¶¥·¥Ìµ¤µ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢
Q1 → Q2, · ¸¸³µÉ·¥´´ÒÌ ¢ [13]. ’ ±, ´¥µ¡Ìµ¤¨³µ § ³¥´¨ÉÓ µ¤¨´ ±¢ ·±,
¸± ¦¥³ Q1, ´   ´É¨±¢ ·± Q̄1, ÎÉµ ¶·¨¢µ¤¨É ± ¶µ¤¸É ´µ¢± ³ m1 → −m1,
F 2A → HV ¨ F 2V → HP ¸ µ¶·¥¤¥²¥´¨¥³  ¡¸µ²ÕÉ´µ£µ §´ Î¥´¨Ö ¤²Ö  ·£Ê³¥´É 
²µ£ ·¨Ë³ .

 ¸Î¥É ³ ¸ÏÉ ¡  BLM ¶·¨ m1 = m2 ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ¶·µ¢¥¤¥´,
´µ ¸ ¤µ¸É ÉµÎ´µ° ¤²Ö ´ Ï¨Ì Í¥²¥° ÉµÎ´µ¸ÉÓÕ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ µ´ · ¢¥´
0, 63

√
m1m2.

‘µ£² ¸´µ ¤¨¸¶¥·¸¨µ´´Ò³ ¸µµÉ´µÏ¥´¨Ö³ ¨³¥¥³ ¶· ¢¨²  ¸Ê³³ Š•„, ±µÉµ-
·Ò¥ £² ¸ÖÉ, ÎÉµ ¢ ¸·¥¤´¥³ ¶·¨ q2 < 0, £¤¥ ´¥É Ë¨§¨Î¥¸±¨Ì µ¸µ¡¥´´µ¸É¥°, µ¡Ê-
¸²µ¢²¥´´ÒÌ µ¡· §µ¢ ´¨¥³ ·¥§µ´ ´¸µ¢ ¨  ¤·µ´´µ£µ ±µ´É¨´ÊÊ³ , ¢¥·´µ Ê· ¢´¥-
´¨¥

1
π

∫
ImΠ(had)(s)

s− q2
ds = Π(QCD)(q2), (1.25)

£¤¥ ´¥Ö¢´µ ¶·¥¤¶µ² £ ÕÉ¸Ö ´¥µ¡Ìµ¤¨³Ò¥ ¢ÒÎ¨É ´¨Ö. ImΠ(had)(s) µ¶·¥¤¥-
²¥´  ¸µ£² ¸´µ (1.12)Ä(1.14),   Π(QCD)(q2) Å ¢ (1.15)Ä(1.21). ”µ·³Ê²  (1.25)
Ö¢²Ö¥É¸Ö µ¸´µ¢µ° ¤²Ö · §¢¨É¨Ö ³¥Éµ¤µ¢ ¶· ¢¨² ¸Ê³³ ¢ Ëµ·³¥ ³µ³¥´Éµ¢ ±µ··¥-
²ÖÍ¨µ´´µ° ËÊ´±Í¨¨ ¨  ´ ²¨§  ¡µ·¥²¥¢¸±µ£µ ¶·¥µ¡· §µ¢ ´¨Ö Π(q2) (¸³. [10]).
�¥¶µ²´µÉ  ·Ö¤  ¢ ¶· ¢µ° Î ¸É¨ (1.25) ¶·¨¢µ¤¨É ± Ê¶µ³Ö´ÊÉµ° ¢ÒÏ¥ ´¥Ë¨§¨Î¥-
¸±µ° § ¢¨¸¨³µ¸É¨ ¢¥²¨Î¨´ fP,V µÉ ¢´¥Ï´¥£µ ¶ · ³¥É·  ¸Ì¥³Ò
¶· ¢¨² ¸Ê³³.

„ ²¥¥ ³Ò ¨¸¶µ²Ó§Ê¥³ Ê¸²µ¢¨Ö, Ê¶·µÐ ÕÐ¨¥ · ¸¸³µÉ·¥´¨¥ ¢ ¸²ÊÎ ¥ ÉÖ¦¥-
²µ£µ ±¢ ·±µ´¨Ö.
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1.2. �¥¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤. ‘²¥¤ÊÖ [10,34], · ¸¸³µÉ·¨³ n-Õ ¶·µ¨§-
¢µ¤´ÊÕ ¶µ q2 µÉ (1.25) ¶·¨ q2 = 0. �É  ¶·µÍ¥¤Ê·  ¸µµÉ¢¥É¸É¢Ê¥É ¢ÒÎ¨¸²¥-
´¨Õ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ±µ··¥²ÖÉµ·  Éµ±µ¢. Š ± ¡Ò²µ ´ °¤¥´µ
¢ [10,34], µÉ´µÏ¥´¨¥ n-£µ ³µ³¥´É , ¢ÒÎ¨¸²¥´´µ£µ ¸ ÊÎ¥Éµ³ £²Õµ´´µ£µ ±µ´¤¥´-
¸ É , ¸ÊÐ¥¸É¢¥´´µ£µ ¤²Ö ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ± n-³Ê ³µ³¥´ÉÊ, · ¸¸Î¨É ´´µ³Ê
¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„, · ¢´µ

A(nmom)
A(0)(nmom)

= 1 + a(nmom)αs−

−4π2

9
nmom(nmom + 1)(nmom + 2)(nmom + 3)

(2nmom + 5)
〈αs

π G2〉
(2mQ)4

(1.26)

¤²Ö ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ m1 = m2 = mQ. —²¥´ · §²µ¦¥´¨Ö αs ¸µµÉ-
¢¥É¸É¢Ê¥É ¤¢ÊÌ¶¥É²¥¢µ° ¶µ¶· ¢±¥ Š•„. Œµ¦´µ ¢¨¤¥ÉÓ, ÎÉµ ¢±² ¤ £²Õµ´´µ£µ
±µ´¤¥´¸ É  ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¶·¨ ®¡µ²ÓÏ¨Ì¯ §´ Î¥´¨ÖÌ nmom > nl ∼
∼ (mQ/Λ)4/3, £¤¥ Λ Å ³ ¸ÏÉ ¡ ±µ´Ë °´³¥´É  (¨²¨, ÎÉµ Éµ ¦¥, ±µ´¤¥´¸ É ).
„²Ö ¡µÉÉµ³µ´¨Ö ¢¥²¨Î¨´  nl ¡²¨§±  ± 20, É ± ÎÉµ ¶·¨ nmom < 20 ¤µ²Ö
¢±² ¤  £²Õµ´´µ£µ ±µ´¤¥´¸ É  ³¥´ÓÏ¥ 1%, ¨ µ´  ¡Ò¸É·µ Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨
nmom > 20 (¸³. [33,35Ä37], £¤¥ ³µ¦´µ ´ °É¨ ³´µ£µ£· ´´µ¥ µ¡¸Ê¦¤¥´¨¥). �µ-
ÔÉµ³Ê ¶·¨ nmom < nl ¤µ¶Ê¸É¨³µ ¶·¥´¥¡·¥ÎÓ ¢±² ¤µ³ £²Õµ´´µ£µ ±µ´¤¥´¸ É ∗.

1.3. �¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±µ¢. �¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¤¢¨¦¥´¨¥
±¢ ·±µ¢ µ§´ Î ¥É, ÎÉµ ¢ ·¥§µ´ ´¸´µ° µ¡² ¸É¨ ³Ò ¨³¥¥³ ¸µ£² ¸´µ (1.17)

v → 0. (1.27)

�É¸Õ¤  ²¥£±µ ¶µ²ÊÎ¨ÉÓ, ÎÉµ ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥

ImΠ(pert)P (s) ≈ Im Π(pert)V (s) → 3v
8π

(4µ12)2, (1.28)

ÎÉµ, ¸ ÊÎ¥Éµ³ ±Ê²µ´µ¢¸±µ£µ Ë ±Éµ· 

F (v) � 4π
3

αs
v

(1.29)

¨ ¦¥¸É±µ° £²Õµ´´µ° ¶µ¶· ¢±¨, ¤ ¥É

ImΠ(pert)P,V (s) � αs
2
(4µ12)2 HP,V . (1.30)

∗Š ¸µ¦ ²¥´¨Õ, µÎ ·µ¢ ´´Ò° ±¢ ·± ´¥ ¸Éµ²Ó ÉÖ¦¥², ¨ nl ∼ 5 [10], É ± ÎÉµ µ¡² ¸ÉÓ ¨¸¶µ²Ó-
§Ê¥³µ£µ ¶·¨¡²¨¦¥´¨Ö §´ Î¨É¥²Ó´µ µ£· ´¨Î¥´ .
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„²Ö ¡µÉÉµ³µ´¨Ö ¨¸¶µ²Ó§µ¢ ´¨¥ ¶·¥¤¥²  v → 0 ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ±Ê²µ-
´µ¢¸±µ£µ Ë ±Éµ·  (1.29) ¢ ·¥§µ´ ´¸´µ° µ¡² ¸É¨ ¸¶· ¢¥¤²¨¢µ ¸ ÉµÎ´µ¸ÉÓÕ
³¥´ÓÏ¥, Î¥³ 5%. —Éµ ± ¸ ¥É¸Ö ¶·¨¡²¨¦¥´¨Ö ¤²Ö ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¸
¶µ³µÐÓÕ ¢Ò· ¦¥´¨Ö (1.30), ´ Ìµ¤¨³, ÎÉµ µÉ´µÏ¥´¨¥ ³µ³¥´Éµ¢, ¢ÒÎ¨¸²¥´´ÒÌ
¶µ (1.18), (1.19) ¨ (1.30) ¢ ·¥§µ´ ´¸´µ° µ¡² ¸É¨ s < sth, ¡Ò¸É·µ ¸É·¥³¨É¸Ö
± ¥¤¨´¨Í¥, É ± ÎÉµ ³ ±¸¨³ ²Ó´µ¥ µÉ±²µ´¥´¨¥ µÉ ¥¤¨´¨ÍÒ ¶·¨ ´µ³¥· Ì ³µ-
³¥´É  nmom ∼ 1 ¡²¨§±µ ± 10%. —Éµ¡Ò Ê³¥´ÓÏ¨ÉÓ ¢¥²¨Î¨´Ê ¶µ£·¥Ï´µ¸É¨
§  ¸Î¥É ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¶·¨¡²¨¦¥´¨Ö, Œ.f.‚µ²µÏ¨´ [33, 35, 37] · ¸¸³ -
É·¨¢ ¥É nmom > 8. ‚ ´ ¸ÉµÖÐ¥³ · ¸¸³µÉ·¥´¨¨ ³Ò Ê¤µ¢²¥É¢µ·Ö¥³¸Ö É ±µ°
ÉµÎ´µ¸ÉÓÕ, ±µ£¤  ¶µ£·¥Ï´µ¸ÉÓ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ¡²¨§±  ± 5%, É ± ÎÉµ
³Ò ¨¸¶µ²Ó§Ê¥³ ´¥¦¥¸É±µ¥ µ£· ´¨Î¥´¨¥ nmom > 2, ±µ£¤  ∆f/f ≤ 8%.

‡ ³¥É¨³, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ [33, 35, 37], ³Ò · ¸¸³ É·¨¢ ¥³ ¸²ÊÎ °, ±µ£¤ 
¶¥·ÉÊ·¡ É¨¢´Ò¥ ¨´É¥£· ²Ò ¶·¨ s > sth ±µ³¶¥´¸¨·ÊÕÉ¸Ö ¢±² ¤ ³¨  ¤·µ´´µ£µ
±µ´É¨´ÊÊ³  ¢ Ê· ¢´¥´¨ÖÌ ¶· ¢¨² ¸Ê³³, É ± ÎÉµ ´  ¶· ±É¨±¥ ³Ò ¶·µ¢µ¤¨³
¨´É¥£·¨·µ¢ ´¨¥ ¶µ ®·¥§µ´ ´¸´µ°¯ µ¡² ¸É¨ ¨ ´¥ § ¡Ò¢ ¥³ µ ¶ · ³¥É·¨Î¥¸±µ°
§ ¢¨¸¨³µ¸É¨ µÉ sth.

 ¸¸³ É·¨¢ Ö ³µ³¥´ÉÒ ¶¥·ÉÊ·¡ É¨¢´µ° ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¢ ·¥§µ-
´ ´¸´µ° µ¡² ¸É¨, ³µ¦´µ ¢¢¥¸É¨ ¸¨¸É¥³ É¨Î¥¸±µ¥ µÉ±²µ´¥´¨¥ ´¥·¥²ÖÉ¨¢¨¸É-
¸±µ£µ ¶·¨¡²¨¦¥´¨Ö µÉ µ¤´µ¶¥É²¥¢µ£µ ·¥§Ê²ÓÉ É  ¶µ¸·¥¤¸É¢µ³ ¸²¥¤ÊÕÐ¥£µ
Ë ±Éµ·  ± §´ Î¥´¨Ö³ ³µ³¥´Éµ¢: ZQQ̄nr (nmom, sth), § ¢¨¸ÖÐ¥£µ µÉ ´µ³¥·  ³µ-
³¥´É  ¨ ¶µ·µ£  ±µ´É¨´ÊÊ³ . �  ¶· ±É¨±¥ ¶·¨ Ê³¥·¥´´ÒÌ ¢¥²¨Î¨´ Ì ´µ³¥·µ¢
³µ³¥´É  ¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ë ±Éµ· ¨³¥¥É µÎ¥´Ó ¸² ¡ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ nmom

¨ sth: (2mQ + 1 ƒÔ‚)2 < sth < (2mQ + 1, 5 ƒÔ‚)2, É ± ÎÉµ

Zbb̄nr(n
mom, sth) = 1, 09± 0, 05, Zcc̄nr(n

mom, sth) = 1, 30± 0, 10. (1.31)

1.4. ˆ´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥  ¤·µ´´µ£µ ¢±² ¤  ¨ ±¢ §¨²µ± ²Ó´Ò¥
¶· ¢¨²  ¸Ê³³. —Éµ ± ¸ ¥É¸Ö  ¤·µ´´µ° Î ¸É¨ ±µ··¥²ÖÉµ· , Éµ ¤²Ö ¢±² ¤ 
Ê§±¨Ì ¢¥±Éµ·´ÒÌ ·¥§µ´ ´¸µ¢ ³µ¦´µ § ¶¨¸ ÉÓ

Π(res)V (q2) =
∫

ds

s− q2

∑
n

f2Vn
M2
Vn
δ(s−M2

Vn
), (1.32)

Π(res)P (q2) =
∫

ds

s− q2

∑
n

f2Pn

M4
Pn

(m1 +m2)2
δ(s−M2

Pn
). (1.33)

ˆ´É¥£· ²Ò ¢ (1.32), (1.33) ²¥£±µ ¢ÒÎ¨¸²ÖÕÉ¸Ö, ÎÉµ µ¡ÒÎ´µ ¨ ¤¥² ¥É¸Ö.
‚ ¶·¥¤² £ ¥³µ° ¸Ì¥³¥ ¢¢¥¤¥³ ËÊ´±Í¨Õ Î¨¸²  ¸µ¸ÉµÖ´¨° n(s) É ±ÊÕ, ÎÉµ

n(M2
k ) = k. (1.34)
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„ ´´µ¥ µ¶·¥¤¥²¥´¨¥ ¢¶µ²´¥ µ¸³Ò¸²¥´´µ ¢ ·¥§µ´ ´¸´µ° µ¡² ¸É¨. ’µ£¤ 
³µ¦´µ § ¶¨¸ ÉÓ, ´ ¶·¨³¥·,

1
π

Im Π(res)V (s) = sf2Vn(s)

d

ds

∑
k

θ(s−M2
V k). (1.35)

„ ²¥¥, µÎ¥¢¨¤´µ, ÎÉµ

d

ds

∑
k

θ(s−M2
k ) =

dn(s)
ds

d

dn

∑
k

θ(n− k), (1.36)

¨ (1.32) ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Π(res)V (q2) =
∫

ds

s− q2
sf2Vn(s)

dn(s)
ds

d

dn

∑
k

θ(n− k). (1.37)

‚§Ö¢ ¸·¥¤´¥¥ §´ Î¥´¨¥, ¶µ²ÊÎ¨³

Π(res)V (q2) =
〈 d

dn

∑
k

θ(n− k)
〉 ∫

ds

s− q2
sf2Vn(s)

dn(s)
ds

. (1.38)

�Î¥¢¨¤´µ, ÎÉµ ¢ ¸·¥¤´¥³ ¶·µ¨§¢µ¤´ Ö ¸ÉÊ¶¥´Î Éµ° ËÊ´±Í¨¨ ¢ ·¥§µ´ ´¸´µ°
µ¡² ¸É¨ · ¢´ 

〈 d

dn

∑
k

θ(n− k)
〉
= Z � 1, (1.39)

£¤¥ Z § ¢¨¸¨É µÉ q2, É ± ± ± ¢¥¸µ¢ Ö ËÊ´±Í¨Ö ¢ (1.38) Ö¢²Ö¥É¸Ö § ¢¨¸ÖÐ¥° µÉ
q2. ’ ±¨³ µ¡· §µ³, ¢ ÔÉµ° ¸Ì¥³¥, ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨
¶·µ¤Ê±É¨¢´µ ¨¸¶µ²Ó§µ¢ ´  ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì ³ ¸¸ mQ, ¨³¥¥³

〈
Π(res)V (q2)

〉
≈ Z

∫
ds

s− q2
sf2Vn(s)

dn(s)
ds

, (1.40)

〈
Π(res)P (q2)

〉
≈ Z

∫
ds

s− q2

s2f2Pn(s)

(m1 +m2)2
dn(s)
ds

. (1.41)

—Éµ¡Ò µÍ¥´¨ÉÓ µÏ¨¡±¨, µ¡Ê¸²µ¢²¥´´Ò¥ ¶¥·¥Ìµ¤µ³ µÉ ¸Ê³³Ò ¶µ ·¥§µ´ ´¸ ³
± ¨´É¥£· ²Ê ¶µ ¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨°, · ¸¸³µÉ·¨³ µÉ´µÏ¥´¨¥ nmom-Ì ³µ³¥´-
Éµ¢ ¤²Ö ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ¡µÉÉµ³µ´¨Ö ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´¥¶·¥·Ò¢´ÒÌ
¶·¨¡²¨¦¥´¨° ¤²Ö Mn ¨ fn (¸³. ·¨¸. 1). Œµ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¸¤¥² ´´µ¥ ¶·¥-
µ¡· §µ¢ ´¨¥ ¤ ¥É ¸É ¡¨²Ó´µ¥ µÉ´µÏ¥´¨¥ ³µ³¥´Éµ¢ ¶·¨ nmom < 20, ¨ ´  ÔÉµÉ
·¥§Ê²ÓÉ É ¸² ¡µ ¢²¨Ö¥É ¢ ·¨ Í¨Ö ¶µ·µ£  ±µ´É¨´ÊÊ³  sth: δnth � 0, 5,   ¡µ²¥¥
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¨¸. 1. �É´µÏ¥´¨¥ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¤²Ö ¢¥±Éµ·´ÒÌ ·¥§µ´ ´-
¸µ¢ ¡µÉÉµ³µ´¨Ö, · ¸¸Î¨É ´´ÒÌ ¤²Ö ¤¨¸±·¥É´ÒÌ ¨ ´¥¶·¥·Ò¢´ÒÌ ¸µ¸ÉµÖ´¨°, R =
= Mdis(nmom)/Mcon(nmom). ’¥³´Ò¥ ¨ ¸¢¥É²Ò¥ ÉµÎ±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ nth = 4 ¨
nth = 4, 5, ±µ£¤  mb = (4, 60 ± 0, 01) ƒÔ‚. ˜É·¨Ì¨ ¶µ± §Ò¢ ÕÉ µÉ´µÏ¥´¨¥ ¤²Ö
mb ≈ 4, 64 ƒÔ‚. � · ³¥É· Ë¨É¨·µ¢ ´¨Ö ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢
· ¢¥´ (0, 40 ± 0, 03) ƒÔ‚

¸ÊÐ¥¸É¢¥´ ¶µ·µ£ ³ ¸¸ ±¢ ·±µ¢∗. ˆÉ ±, ÔÉµ ¶·¨¡²¨¦¥´¨¥ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ±
ÉµÎ´µ¸É¨, ¡²¨§±µ° ± 10%, ¶·¨ µÍ¥´±¥ ²¥¶Éµ´´ÒÌ ±µ´¸É ´É. f¥§Ê¸²µ¢´µ,  ¡-
¸µ²ÕÉ´ Ö ¢¥²¨Î¨´  µÏ¨¡±¨ ¨´É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¸¢Ö§ ´  ¸ ´¨§±¨³¨
´µ³¥· ³¨ ¢µ§¡Ê¦¤¥´¨°,   ¨Ì µÉ´µ¸¨É¥²Ó´Ò° ¢±² ¤ ¢µ§· ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³
´µ³¥·  ³µ³¥´É , ±µ£¤  ¢Ò¸Ï¨¥ ¢µ§¡Ê¦¤¥´¨Ö ¶µ¤ ¢²¥´Ò.

Š ± ÔÉµ ¡Ò²µ ¸¤¥² ´µ ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¶·¨¡²¨¦¥´¨Ö, ³µ¦´µ ¢¢¥¸É¨
¢ · ¸¸³µÉ·¥´¨¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ Ë ±Éµ·Ò ¤²Ö ¨´É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö

³µ³¥´Éµ¢ ·¥§µ´ ´¸´µ£µ ¢±² ¤  ZQQ̄int (n
mom, sth). ‚ µÉ³¥Î¥´´µ° µ¡² ¸É¨ ¶ · -

³¥É·µ¢ nmom ¨ sth ÔÉ¨ Ë ±Éµ·Ò ¡²¨§±¨ ± ¶µ¸ÉµÖ´´Ò³ ¢¥²¨Î¨´ ³ (¸³. ·¨¸. 1):

Zbb̄int(n
mom, sth) = 1, 19± 0, 02, Zcc̄int(n

mom, sth) = 1, 29± 0, 05. (1.42)

…Ð¥ · § µÉ³¥É¨³, ÎÉµ c¤¥² ´´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ Å ¢ Î¨¸Éµ³ ¢¨¤¥ Ë¥´µ-
³¥´µ²µ£¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

„ ²¥¥, ¶·µ¨§¢µ¤´Ò¥ ¶µ q2 µÉ Ê¸·¥¤´¥´´µ£µ ¢±² ¤  ·¥§µ´ ´¸µ¢ ¢ (1.40) ¨
(1.41) ³µ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¶·¨ q2 = 0 ± ±

(−1)n
mom

nmom!
dn

mom

dq2nmom

〈
Π(res)V,P (0)

〉
= bV,P (nmom) Z

QQ̄
int (n

mom, sth)
∫

ds

s(nmom+1)
,

(1.43)

∗‘ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ µ¡² ¸ÉÓ ¸É ¡¨²Ó´µ¸É¨ ¨´É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¤µ¸É¨£ ¥É¸Ö ¶·¨
nmom < 10.



“�ˆ‚…‘�‹œ�›… Œ�‘˜’�f�›… ‘��’��˜…�ˆŸ 1097

£¤¥

bV (nmom) =
〈
sf2Vn(s)

dn

ds

〉∣∣∣
nmom

, (1.44)

bP (nmom) = (m1 +m2)−2
〈
s2f2Pn(s)

dn

ds

〉∣∣∣
nmom

, (1.45)

Ê¸·¥¤´¥´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¸ ¢¥¸µ¢Ò³¨ ËÊ´±Í¨Ö³¨, § ¢¨¸ÖÐ¨³¨ µÉ ´µ³¥·  ³µ-
³¥´É  ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ nmom, ¨ µ´¨ ¶µ± § ´Ò ¢ ¶· ¢µ° Î ¸É¨ (1.43).
‘ ·µ¸Éµ³ nmom ¢¥²¨Î¨´  bV ¡Ê¤¥É ¸É·¥³¨ÉÓ¸Ö ± ¸¢µ¥³Ê §´ Î¥´¨Õ ´  µ¸´µ¢´µ³
¸µ¸ÉµÖ´¨¨

bV → 1
2
(m1 +m2)f2V1

[
dMn

dn
(n = 1)

]−1
, (1.46)

£¤¥ ³Ò ¨¸¶µ²Ó§Ê¥³ M1 ≈ m1 +m2. Šµ´¥Î´µ, · §´µ¸ÉÓ ³¥¦¤Ê ³ ¸¸µ° µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¸Ê³³µ° ³ ¸¸ ±¢ ·±µ¢ ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ° ¶·¨ ¡µ²Ó-
Ï¨Ì §´ Î¥´¨ÖÌ ´µ³¥·  ³µ³¥´É  nmom, £¤¥ Ô´¥·£¨Ö ¸¢Ö§¨ ±¢ ·±µ¢ µ¶·¥¤¥²Ö¥É¸Ö
¢¥²¨Î¨´µ° £²Õµ´´µ£µ ±µ´¤¥´¸ É , ¸± ¦¥³, ¢ ¤µ¶µ²´¥´¨¥ ± Î¨¸Éµ ¶¥·ÉÊ·¡ -
É¨¢´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ. „²Ö ¡µÉÉµ³µ´¨Ö ¶·¨ 2nmom � 15 − 20 ÉµÎ´µ¸ÉÓ
¶·¨¡²¨¦¥´¨Ö (1.46) ³¥´ÓÏ¥, Î¥³ 10%.

„ ²¥¥ § ³¥É¨³, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ 2 < nmom < nl ¨¸¶µ²Ó-
§Ê¥É¸Ö ¶µ¸ÉµÖ´´µ¥ §´ Î¥´¨¥ ¶¥·ÉÊ·¡ É¨¢´µ° ¶²µÉ´µ¸É¨, É ± ÎÉµ ¶·¨ ´ ¨¡µ²Ó-
Ï¨Ì ¤µ¶Ê¸É¨³ÒÌ ¢¥²¨Î¨´ Ì nmom ´ Ìµ¤¨³

f2V1

M1
=

αs
π

dMn

dn
(n = 1)

(
4µ
M1

)2
HV Zsys, (1.47)

£¤¥ Zsys = ZQQ̄nr /ZQQ̄int ¸² ¡µ § ¢¨¸¨É µÉ ´µ³¥·  ³µ³¥´É  ¨ ¶µ·µ£   ¤·µ´´µ£µ
±µ´É¨´ÊÊ³ .

fµ²¥¥ Éµ£µ, ¢ ¨¸¸²¥¤Ê¥³µ° µ¡² ¸É¨ Ê³¥·¥´´ÒÌ ´µ³¥·µ¢ ³µ³¥´Éµ¢ ¸¶¥±-
É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¶¥·ÉÊ·¡ É¨¢´Ò¥ Î ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ¶·¨ q2 = 0 § ¶¨¸ ´Ò ¢
¢¨¤¥

(−1)n
mom

nmom!
dn

mom

dq2nmom Π(pert)P,V (0) =
αs
2π

16µ2 HP,V ZQQ̄nr (nmom, sth)
∫

ds

s(nmom+1)
.

(1.48)

‘· ¢´¨¢ Ö (1.48) ¸ (1.43), ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¶·¨ 2 < nmom < nl ¢¥²¨-
Î¨´Ò bP,V ¤µ²¦´Ò ¡ÒÉÓ ´¥§ ¢¨¸¨³Ò µÉ nmom ¸ ÉµÎ´µ¸ÉÓÕ ³¥´ÓÏ¥°, Î¥³ 5%.
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‚ ± Î¥¸É¢¥ ¢¥¤ÊÐ¥£µ ¶·¨¡²¨¦¥´¨Ö ³µ¦´µ Ê¸É ´µ¢¨ÉÓ ±¢ §¨²µ± ²Ó´Ò¥
¶· ¢¨²  ¸Ê³³∗:

Im
〈
Π(hadr)(s)

〉
= ImΠ(QCD)(s), (1.49)

¸ ÉµÎ´µ¸ÉÓÕ, ±µÉµ· Ö § ¢¨¸¨É µÉ ÉµÎ±¨ ·¥§µ´ ´¸´µ° µ¡² ¸É¨, É ± ÎÉµ ¸¨¸É¥-
³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ ¢ (1.49) · ¢´  5% ¤²Ö ´¨¦¥²¥¦ Ð¥£µ ·¥§µ´ ´¸  ¨
15% ¤²Ö ·¥§µ´ ´¸ , ¡²¨¦ °Ï¥£µ ± ¶µ·µ£Ê · ¸¶ ¤  ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢.
�É  ¶µ£·¥Ï´µ¸ÉÓ ¶·¨¢µ¤¨É ± ¤µ¶µ²´¨É¥²Ó´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¤²Ö ²¥¶Éµ´-
´ÒÌ ±µ´¸É ´É, ∆f/f ≈ 3% ¨ 8% ¤²Ö µ¶¨¸ ´´ÒÌ ·¥§µ´ ´¸µ¢ ¸µµÉ¢¥É¸É¢¥´´µ.
‘ ÊÎ¥Éµ³ (1.30), (1.40) ¨ (1.41) Ê· ¢´¥´¨¥ (1.49) ¤ ¥É ¢ Ë¨§¨Î¥¸±¨Ì ÉµÎ± Ì
sn = M2

n:

f2n
Mn

=
αs
π

dMn

dn

(
4µ
Mn

)2
HV Zsys, (1.50)

£¤¥ ³Ò µ¶·¥¤¥²¨²¨ fn = fV n. ‡ ³¥É¨³, ÎÉµ ¢ ·¥ ²Ó´ÒÌ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨ÖÌ
(b̄b), (b̄c) ¨ (c̄c) § ¢¨¸¨³ Ö µÉ ³ ¸ÏÉ ¡  ¶· ¢ Ö Î ¸ÉÓ (1.50) Ö¢²Ö¥É¸Ö ¶·¨³¥·´µ
¶µ¸ÉµÖ´´µ° (¸³. Î¨¸²¥´´Ò¥ µÍ¥´±¨ ´¨¦¥):

αsHV Zsys

(
m1 +m2

M1

)2
≈ const.

�´ ²µ£¨Î´Ò¥ ¸µµÉ´µÏ¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¢Ò¢¥¤¥´Ò ¤²Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¸µ¸Éµ-
Ö´¨°, É ± ÎÉµ ¶µ²ÊÎ¨³

fPn = fn

(
1 +

2αHs
3π

)
m1 +m2

Mn
. (1.51)

1.5. Œ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö. Š ± ¡Ò²µ µÉ³¥Î¥´µ ¢µ ¢¢¥¤¥´¨¨, ¶²µÉ-
´µ¸ÉÓ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¸ § ¤ ´´Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ ´¥
§ ¢¨¸¨É µÉ  ·µ³ Éµ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢. � ¨¡µ²¥¥ Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ÔÉ  ·¥-
£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·µ¢ ³ ¸¸ ³¥§µ´µ¢ ¸ ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ ´ Ìµ¤¨É ¢ · ³± Ì
´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥°.

∗‡ ³¥É¨³, ÎÉµ ¢ÒÎ¨¸²¥´´ Ö ³´¨³ Ö Î ¸ÉÓ ¤²Ö ¢±² ¤  ·¥§µ´ ´¸µ¢ ´¥ ¶·¥¤¶µ² £ ¥É¸Ö · ¢´µ°
¨¸É¨´´µ³Ê Ë¨§¨Î¥¸±µ³Ê ¢Ò· ¦¥´¨Õ, ¨ µ´  ´¥ ³µ¦¥É ¸Î¨É ÉÓ¸Ö µ¶¨¸Ò¢ ÕÐ¥° ÉµÎ´Ò°  ¤·µ´-
´Ò° ¢±² ¤. Š ± µ¡ÒÎ´µ ¢ ¶· ¢¨² Ì ¸Ê³³, ¶·¥¤¶µ² £ ¥É¸Ö Éµ²Ó±µ, ÎÉµ ¢ÒÎ¨¸²¥´´µ¥ ¢Ò· ¦¥´¨¥
³µ¦¥É ¡ÒÉÓ (¢ ± Î¥¸É¢¥ ¶·¨¡²¨¦¥´¨Ö) ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö µÍ¥´±¨ ·¥ ²Ó´µ° Î ¸É¨ ±µ··¥²ÖÉµ· .
‚ ¤ ´´µ³ ¸²ÊÎ ¥ ¸Î¨É ¥É¸Ö, ÎÉµ · ¸Î¥É´ Ö Î ¸ÉÓ ¡²¨§±  ± Ê¸·¥¤´¥´´µ° (  ´¥ ÉµÎ´µ°)  ¤·µ´´µ°
Î ¸É¨ (¸³. (1.49)). �¥¸³µÉ·Ö ´  µÉ¸ÊÉ¸É¢¨¥ Ö¢´µ° § ¢¨¸¨³µ¸É¨ µÉ ¶ · ³¥É·µ¢ ¸Ì¥³Ò ¶· ¢¨² ¸Ê³³
(nmom, sth), ¸³Ò¸² ¢Ò· ¦¥´¨Ö (1.49) ¸É·µ£µ µ¶·¥¤¥²¥´ Éµ²Ó±µ ¢ µÉ³¥Î¥´´µ° µ¡² ¸É¨ ´µ³¥·µ¢
³µ³¥´Éµ¢ ¨ ¸ Ê± § ´¨¥³ ¸Ì¥³´µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨, µ¶¨¸ ´´µ° ¢ É¥±¸É¥.
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Š ± ¡Ò²µ ¶µ± § ´µ ¢ [36], ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¢ ¸¶¥±É·µ¸±µ¶¨¨
ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ´¥ ³µ£ÊÉ ¡ÒÉÓ µ¶¨¸ ´Ò ¢ · ³± Ì ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥°,
É ± ± ± ±µ··¥±É´µ¥ µ¶¨¸ ´¨¥ ¤µ²¦´µ ÊÎ¨ÉÒ¢ ÉÓ § ¶ §¤Ò¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸ ±µ´¤¥´¸ É ³¨. ’¥³ ´¥ ³¥´¥¥ ¶µÉ¥´Í¨ ²Ó´Ò¥ ³µ¤¥²¨ ¢¶µ²´¥ ¶µ¤Ìµ¤ÖÉ ¤²Ö
Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨°, ¶µÉµ³Ê ÎÉµ µ´¨ ¸¶µ¸µ¡´Ò ¢µ¸¶·µ¨§¢µ¤¨ÉÓ
³µ¤¥²Ó´Ò¥ Ëµ·³Ê²Ò ¤²Ö ·Ö¤  ¢¥²¨Î¨´, ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¢ ± Î¥¸É¢¥ ¢Ìµ¤´ÒÌ
¶ · ³¥É·µ¢ (Ê·µ¢´¨ ³ ¸¸, ´ ¶·¨³¥·). ‘²¥¤µ¢ É¥²Ó´µ, ¶µÉ¥´Í¨ ²Ó´Ò¥ ³µ¤¥²¨
³µ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ¢ ± Î¥¸É¢¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ µ¸³Ò¸²¥´´ÒÌ ¶ · ³¥-
É·¨§ Í¨° ´¥±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢¥²¨Î¨´, ´µ µ´¨ ´¥ ³µ£ÊÉ ¢µ¸¸É ´µ-
¢¨ÉÓ ´¥±¨° ¨¸É¨´´Ò° ¶µÉ¥´Í¨ ², ±µÉµ·Ò° ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ´¥ ¸ÊÐ¥¸É¢Ê¥É
¨§-§  ´¥¶µÉ¥´Í¨ ²Ó´µ£µ Ì · ±É¥·  ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éµ¢ ¢ Í¥²µ³.

Š ± ¡Ò²µ ¶µ± § ´µ ¢ [38], Š•„-³µÉ¨¢¨·µ¢ ´´Ò¥, ´¥ § ¢¨¸ÖÐ¨¥ µÉ  ·µ-
³ É  ¸É É¨Î¥¸±¨Ì ¨¸ÉµÎ´¨±µ¢ ¶µÉ¥´Í¨ ²Ò ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¸ ±Ê²µ´µ¶µ¤µ¡-
´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¨ ¸ ²¨´¥°´µ · ¸ÉÊÐ¨³ Ê¤¥·¦¨-
¢ ÕÐ¨³ ¶µÉ¥´Í¨ ²µ³ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ (±µ·´¥²Ó¸± Ö ³µ¤¥²Ó [17], ¶µ-
É¥´Í¨ ² ¨Î ·¤¸µ´  [39], ³µ¤¥²Ó fÊÌ³Õ²²¥· Å’ Ö [40]) ¢ µ¡² ¸É¨ ¸·¥¤´¨Ì
· ¸¸ÉµÖ´¨° ³¥¦¤Ê ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨ ¢ Î ·³µ´¨¨ (cc̄) ¨ ¡µÉÉµ³µ´¨¨ (bb̄)

0, 1 < r < 1 Ë³ (1.52)

¤µ¶Ê¸± ÕÉ (¸ ÉµÎ´µ¸ÉÓÕ ¤µ  ¤¤¨É¨¢´µ£µ ¸¤¢¨£ ) ¶ · ³¥É·¨§ Í¨¨ ¢ ¢¨¤¥ ²µ-
£ ·¨Ë³¨Î¥¸±µ£µ [41] ¨ ¸É¥¶¥´´µ£µ [42] § ±µ´µ¢, µ¡² ¤ ÕÐ¨Ì ¶·µ¸ÉÒ³¨ ³ ¸-
ÏÉ ¡´Ò³¨ ¸¢µ°¸É¢ ³¨:

VL(r) = cL + dL ln Λr, (1.53)

VM (r) = −cM + dM (Λr)k. (1.54)

�µ É¥µ·¥³¥ ¢¨·¨ ²  ¤²Ö ¸·¥¤´¨Ì §´ Î¥´¨° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ¢ ¶µÉ¥´Í¨-
 ² Ì (1.53), (1.54) ³µ¦´µ, ¸µµÉ¢¥É¸É¢¥´´µ, ¶µ²ÊÎ¨ÉÓ

〈TL〉 = dL/2 = const, (1.55)

〈TM 〉 =
k

k + 2
(cM + E), (1.56)

¶·¨Î¥³ |E| � cM , k � 1, É ± ÎÉµ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ³ ²µ° Ô´¥·£¨¨ ¸¢Ö§¨ ±¢ ·±µ¢
¢ ±¢ ·±µ´¨¨ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ÔÉ¨Ì ±¢ ·±µ¢ Å ¶· ±É¨Î¥¸±¨ ¶µ¸ÉµÖ´´ Ö
¢¥²¨Î¨´ , ´¥ § ¢¨¸ÖÐ Ö µÉ  ·µ³ Éµ¢ ±¢ ·±µ¢:

〈TM 〉 � const. (1.57)

‘µ£² ¸´µ É¥µ·¥³¥ ”¥°´³ ´ Å•¥²²³ ´´ 

dE

dµ12
= − 〈T 〉

µ12
, (1.58)
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’ ¡²¨Í  1. � §´µ¸ÉÓ ³ ¸¸ (¢ ŒÔ‚) ¤²Ö ²¥£Î °Ï¨Ì ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ¸ § ¤ ´´Ò³
¸µ¸É ¢µ³ ¢ ²¥´É´ÒÌ ±¢ ·±µ¢

‘µ¸ÉµÖ´¨¥ Υ ψ φ

∆M 563 588 660

£¤¥ µ12 Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ (Q1Q̄2), ¶µ²ÊÎ¨³ ¶·¨ Ê¸²µ¢¨¨
(1.55) ¤²Ö · §´µ¸É¨ Ô´¥·£¨° ¤¢ÊÌ Ê·µ¢´¥°

E(n̄, µ12)− E(n, µ12) = E(n̄, µ′
12)− E(n, µ′

12), (1.59)

É.¥. ¶²µÉ´µ¸ÉÓ Ê·µ¢´¥° Ô´¥·£¨¨ ¸¨¸É¥³Ò (Q1Q̄2) ´¥ § ¢¨¸¨É µÉ ³ ¸¸ ( ·µ³ Éµ¢)
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢

dn

dMn
= φ(n), (1.60)

£¤¥ φ(n) ´¥ § ¢¨¸¨É µÉ µ12, ÎÉµ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¶µ¤É¢¥·¦¤ ¥É¸Ö Ô³¶¨·¨-
Î¥¸±¨ (¸³. É ¡². 1).

Š¢ ´Éµ¢ ´¨¥ S-¢µ²´µ¢ÒÌ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸¨¸É¥³ ¸ ²µ£ ·¨Ë³¨Î¥¸±¨³ ¨
¸É¥¶¥´´Ò³ ¶µÉ¥´Í¨ ² ³¨ ¶µ fµ·ÊÅ‡µ³³¥·Ë¥²Ó¤Ê ¤ ¥É

dML
n

dn
=

2T
n

=
1
n

dMn

dn
(n = 1), (1.61)

dMM
n

dn
= V0

1
n

(
n2µ0
µ

)k/(2+k)
. (1.62)

’ ± ± ± k � 1, ¶²µÉ´µ¸ÉÓ S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¶µÉ¥´Í¨ ²¥ Œ ·ÉÔ´ 
Éµ²Ó±µ ²µ£ ·¨Ë³¨Î¥¸±¨ § ¢¨¸¨É µÉ ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò µ12. ‘ Éµ° ¦¥ ÉµÎ´µ-
¸ÉÓÕ ³µ¦´µ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ (1.61) ¶·¨¡²¨§¨É¥²Ó´µ ¸¶· ¢¥¤²¨¢µ ¢ ¸¨¸É¥³ Ì ¸
¶µÉ¥´Í¨ ²µ³ Œ ·ÉÔ´ .

�¶¨¸ ´´Ò¥ ¸¢µ°¸É¢  ¶µÉ¥´Í¨ ²  ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ´ °¤¥´Ò Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨. �´¨ µ¡Ê¸²µ¢²¨¢ ÕÉ ¢Ò¸µ±ÊÕ ÉµÎ´µ¸ÉÓ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° ¤²Ö
· ¸Î¥Éµ¢ ³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¡¥§ ÊÎ¥É  · ¸Ð¥¶²¥´¨Ö, § ¢¨¸ÖÐ¥£µ µÉ
¸¶¨´ , É ± ÎÉµ δm(nL) � 30 ŒÔ‚. …Ð¥ · § µÉ³¥É¨³, ÎÉµ ³ ¸ÏÉ ¡´Ò¥ ¸¢µ°-
¸É¢  (1.55), (1.57) ¨ (1.61) Ö¢²ÖÕÉ¸Ö ¢¥¤ÊÐ¨³ ¶·¨¡²¨¦¥´¨¥³ ¢ Ë¨É¨·µ¢ ´¨¨
Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ ³ ¸¸ Ê·µ¢´¥° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö.

’ ±¨³ µ¡· §µ³, ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É S-¢µ²´µ¢ÒÌ ±¢ ·±µ´¨¥¢ ¨³¥¥É
³¥¸Éµ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥

f2n
Mn

(
Mn

M1

)2 (
m1 +m2
4µ12

)2
=

c

n
, (1.63)

´¥§ ¢¨¸¨³µ µÉ  ·µ³ Éµ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.



“�ˆ‚…‘�‹œ�›… Œ�‘˜’�f�›… ‘��’��˜…�ˆŸ 1101

‚Ò¢µ¤ µ ´¥§ ¢¨¸¨³µ¸É¨ ¶· ¢µ° Î ¸É¨ (1.63) µÉ  ·µ³ Éµ¢ ±¢ ·±µ¢ ³µ¦¥É
¡ÒÉÓ ¸¤¥² ´ ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö ·¥§Ê²ÓÉ Éµ¢ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥°, É ± ± ±
¶·¨¡²¨¦¥´¨¥, ±µ£¤  · §´µ¸ÉÓ ³¥¦¤Ê ³ ¸¸ ³¨ Ê·µ¢´¥° ¢ ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨ ´¥
§ ¢¨¸¨É µÉ  ·µ³ É , Ö¢²Ö¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ´ ¡²Õ¤¥´¨¥³, ¸²¥¤ÊÕÐ¨³
¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¢¥¤ÊÐ¨³ ± ´¥§ ¢¨¸¨³µ¸É¨ ¶²µÉ´µ¸É¨ ¸µ¸Éµ-
Ö´¨° µÉ  ·µ³ Éµ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢. �µ¤·µ¡´µ¥ µ¡¸Ê¦¤¥´¨¥ ·¥£Ê²Ö·´µ¸É¨ ¢
¸¶¥±É· Ì ³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ³µ¦´µ ´ °É¨ ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥.

1.6. —¨¸²¥´´Ò°  ´ ²¨§ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨°. ‘µµÉ´µÏ¥´¨¥ (1.63),
¸¢Ö§Ò¢ ÕÐ¥¥ ²¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ ±¢ ·±µ´¨¥¢ ¸ · §²¨Î´Ò³ ±¢ ·±µ¢Ò³ ¸µ-
¸É ¢µ³, ´ Ìµ¤¨É¸Ö ¢ ¶·¥±· ¸´µ³ ¸µ£² ¸¨¨ ¸ ¤ ´´Ò³¨ ¶µ ±µ´¸É ´É ³ ¸¨¸É¥³
¸µ ¸±·ÒÉÒ³  ·µ³ Éµ³ (cc̄, bb̄), £¤¥ 4µ/M � 1 (¸³. É ¡². 2).

’ ¡²¨Í  2. :±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É (¢ ŒÔ‚) ¤²Ö ±¢ ·-
±µ´¨¥¢ ¢ ¸· ¢´¥´¨¨ ¸ µÍ¥´± ³¨ ¢ ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² Ì ¸Ê³³ (Š	‘)

‚¥²¨Î¨´  �±¸¶. Š�‘

fφ 232 ± 5 245 ± 12

fψ 409 ± 13 404 ± 20

fΥ 690 ± 14 690 ± 35

’ ¡²¨Í  3. ‹¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ ¢¥±Éµ·´ÒÌ ¨ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¸µ¸ÉµÖ´¨°
nS-Ê·µ¢´¥° ¸¨¸É¥³Ò (b̄c), fn ¨ fPn , ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¶· ¢¨² Ì ¸Ê³³ ¶µ ³ ¸ÏÉ ¡´µ³Ê
¸µµÉ´µÏ¥´¨Õ. 	µ£·¥Ï´µ¸ÉÓ 6%

n fn, ŒÔ‚ fPn , ŒÔ‚

1 385 397
2 260 245

�·¥´¥¡·¥£ Ö Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ³ ¸¸ ³¨ ±¢ ·±µ¢, ¶µ-
²ÊÎ¨³

f2n1

f2n2

=
n2
n1

. (1.64)

‡´ Î¥´¨¥ ²¥¶Éµ´´µ° ±µ´¸É ´ÉÒ 1S-Ê·µ¢´Ö ¡Ò²µ ¢§ÖÉµ ¢ ± Î¥¸É¢¥ ¨¸Ìµ¤´µ£µ
¶ · ³¥É· , ¨ · ¸¸Î¨É ´Ò ±µ´¸É ´ÉÒ ¢Ò¸Ï¨Ì nS-¢µ§¡Ê¦¤¥´¨° ¢ Î ·³µ´¨¨ ¨
¡µÉÉµ³µ´¨¨, ±µÉµ·Ò¥ ¢¶µ²´¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨ (¸³. ¦¨·-
´Ò¥ ±·¨¢Ò¥ ´  ·¨¸. 2, £¤¥ ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨ µÉ±²µ´¥´¨¥ ¢¥²¨Î¨´Ò Mn/M1 µÉ
¥¤¨´¨ÍÒ, µ¤´ ±µ É ±µ¥ µÉ±²µ´¥´¨¥ ³µ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´µ ¢ ¸¨¸É¥³¥ (c̄c)).
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¨¸. 2.  ¸¸Î¨É ´´ Ö ¢ Š�‘ § ¢¨¸¨³µ¸ÉÓ ²¥¶Éµ´´ÒÌ ±µ´¸É ´É nS-Ê·µ¢´¥° ¡µÉÉµ³µ´¨Ö
¨ Î ·³µ´¨Ö ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö fn

‹¥£±µ ´ °É¨ ³µ¤¨Ë¨± Í¨Õ (1.64):

f2n1

f2n2

=
n2
n1

Mn2

Mn1

. (1.65)

‹¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ, ¶¥·¥¸Î¨É ´´Ò¥ ¶µ ¸µµÉ´µÏ¥´¨Õ (1.65), ¶·¥¤¸É ¢²¥´Ò
Éµ´±¨³¨ ±·¨¢Ò³¨ ´  ·¨¸. 2, É ± ÎÉµ ³µ¦´µ Ê¢¨¤¥ÉÓ ¢¥²¨Î¨´Ê ´¥µ¶·¥¤¥²¥´-
´µ¸É¨, µ¡Ê¸²µ¢²¥´´ÊÕ ¶·¨¡²¨¦¥´¨¥³ ³ ²µ° ¢¥²¨Î¨´Ò ¢µ§¡Ê¦¤¥´¨Ö.

�É³¥É¨³, ÎÉµ ψ(3770)- ¨ ψ(4040)-¸µ¸ÉµÖ´¨Ö Î ·³µ´¨Ö, ± ± ¶µ² £ ÕÉ,
Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ Éµ³ ¶¥·¥³¥Ï¨¢ ´¨Ö 3D- ¨ 3S-¸µ¸ÉµÖ´¨°, É ± ÎÉµ D-¢µ²´ 
¤µ³¨´¨·Ê¥É ¢ ψ(3770),   ¸³¥Ï¨¢ ´¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° 3D- ¨ 3S-¸µ¸ÉµÖ´¨°
¸µ¶·µ¢µ¦¤ ¥É¸Ö ²¨ÏÓ ³ ²Ò³ ¸¤¢¨£µ³ ³ ¸¸, ¨ ³Ò ¶µ² £ ¥³ M3 = Mψ(4040)

¨ f23 = f2(3770) + f2(4040). �É¨ µÍ¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ±¢ -
§¨²µ± ²Ó´Ò¥ ¶· ¢¨²  ¸Ê³³ ³µ£ÊÉ ¢¶µ²´¥ ´ ¤¥¦´µ ¶·¨³¥´ÖÉÓ¸Ö ± ¸¨¸É¥³ ³ ¸
ÉÖ¦¥²Ò³¨ ±¢ ·± ³¨.

’ ±¨³ µ¡· §µ³, ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ ¢ · ³± Ì ÔÉ¨Ì ¶· ¢¨² ¸Ê³³ Ê¤ ¥É¸Ö
¢Ò¢¥¸É¨ Ê´¨¢¥·¸ ²Ó´Ò¥ ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É
¸¢Ö§¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢.

„ ²¥¥, ¨¸¶µ²Ó§ÊÖ ³ ¸ÏÉ ¡´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ³µ¦´µ ¸¤¥² ÉÓ ¶·¥¤¸± § ´¨Ö
¤²Ö ±µ´¸É ´É ¸¢Ö§¨ ¸¨¸É¥³Ò (b̄c) (¸³. É ¡². 3), ±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö É ±¦¥ ¢
¸µ£² ¸¨¨ ¸ µÍ¥´± ³¨ ²¥¶Éµ´´µ° ±µ´¸É ´ÉÒ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ¢Ò¶µ²´¥´-
´Ò³¨ ¢ · ³± Ì ¤·Ê£¨Ì ¸Ì¥³ ¶· ¢¨² ¸Ê³³ Š•„ [43].

1.7. Šµ´¸É ´É  fBc . �µÉ¥´Í¨ ²Ò, § ¤ ´´Ò¥ Š•„, ¨³¥ÕÉ ²¨´¥°´Ò° ·µ¸É
´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ¨ ±Ê²µ´µ¶µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ´  ±µ·µÉ±¨Ì. �·¨ ÔÉµ³
Ëµ·³  ¶µÉ¥´Í¨ ²  ¢ µ¡² ¸É¨ ¸³¥´Ò ¶¥·ÉÊ·¡ É¨¢´µ£µ ·¥¦¨³  ´  ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò° ¸ ·µ¸Éµ³ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ±¢ ·± ³¨ ¸µ¢¶ ¤ ¥É ¸ Ëµ·³µ° ²µ£ ·¨Ë³¨-
Î¥¸±µ£µ ¨²¨ ¸É¥¶¥´´µ£µ ¶µÉ¥´Í¨ ²µ¢, É ± ÎÉµ ÉµÎ´µ¸ÉÓ ¶·¥¤¸± § ´¨Ö Ê·µ¢´¥°
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Ô´¥·£¨¨ ¢ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨ÖÌ, ¢ Éµ³ Î¨¸²¥ ¨ ¤²Ö ¸¨¸É¥³Ò (b̄c), § ¤ ¥É¸Ö
¢¥²¨Î¨´µ° 30 ŒÔ‚.

ƒ²µ¡ ²Ó´Ò¥ ¦¥ ¸¢µ°¸É¢  ¶µÉ¥´Í¨ ²µ¢, É.¥. ¨Ì  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥
¢ £· ´¨Î´ÒÌ ÉµÎ± Ì r → ∞, r → 0, ¸ÊÐ¥¸É¢¥´´Ò ¶·¨ µ¶·¥¤¥²¥´¨¨ ±µ´-
¸É ´É ¸¢Ö§¨ ¸µ¸ÉµÖ´¨°, É ±¨Ì, ± ±, ´ ¶·¨³¥·, ²¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ f
¤²Ö nS-Ê·µ¢´¥°. ‚ ¢¥¤ÊÐ¥³ ¶·¨¡²¨¦¥´¨¨ ¢¥²¨Î¨´  f ´¥ § ¢¨¸¨É µÉ ¸¶¨´µ-
¢µ£µ ¸µ¸ÉµÖ´¨Ö Ê·µ¢´Ö ¨ § ¤ ¥É¸Ö §´ Î¥´¨¥³ · ¤¨ ²Ó´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢
´ Î ²¥ ±µµ·¤¨´ É R(0):

f̃n =
√

3
πMn

RnS(0).

‘ ÊÎ¥Éµ³ ¦¥¸É±¨Ì £²Õµ´´ÒÌ ¶µ¶· ¢µ± ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¢¥±Éµ·´µ£µ ¨ ¶¸¥¢¤µ-
¸± ²Ö·´µ£µ ¸µ¸ÉµÖ´¨° · ¢´Ò

fV,Pn = f̃n

(
1 +

αs
π

(
m1 −m2
m1 +m2

ln
m1
m2

− δV,P
))

, (1.66)

£¤¥ m1,2 Å ³ ¸¸Ò ±¢ ·±µ¢, δV = 8/3, δP = 2,   ±µ´¸É ´É  ¸¢Ö§¨ Š•„ µ¶·¥-
¤¥²Ö¥É¸Ö ´  ³ ¸ÏÉ ¡¥ £²Õµ´´µ° ¢¨·ÉÊ ²Ó´µ¸É¨, § ¤ ¢ ¥³µ° ³ ¸¸ ³¨ ±¢ ·-
±µ¢ [33].

‡´ Î¥´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¸ÊÐ¥¸É¢¥´´Ò ¶·¨ · ¸-
¸³µÉ·¥´¨¨ ·µ¦¤¥´¨Ö ¨ · ¸¶ ¤µ¢ ¨Ì ¸µ¸ÉµÖ´¨° ¢ · ³± Ì ±¢ ·±µ¢ÒÌ ³µ¤¥²¥°
³¥§µ´µ¢. �¤´ ±µ, ± ± Ê¦¥ Ê± §Ò¢ ²µ¸Ó ¢ÒÏ¥, ÉµÎ´µ¸ÉÓ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥-
²¥° ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ¢¥²¨Î¨´ ¢¥¸Ó³  ´¨§± , ¨ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢Ò· ¦ -
¥É¸Ö Ë ±Éµ·µ³, ¤µ¸É¨£ ÕÐ¨³ ¤¢µ°±¨.

�· ¢¨²  ¸Ê³³ Š•„ ¶µ§¢µ²ÖÕÉ µ¶·¥¤¥²ÖÉÓ ²¥¶Éµ´´Ò¥ ±µ´¸É ´ÉÒ ¸µ¸Éµ-
Ö´¨° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¸µ §´ Î¨É¥²Ó´µ ²ÊÎÏ¥° ÉµÎ´µ¸ÉÓÕ. ‘É ´¤ ·É´Ò¥
¸Ì¥³Ò ¶· ¢¨² ¸Ê³³ ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¢ÒÎ¨¸²ÖÉÓ ±µ´¸É ´ÉÒ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨Ö ¤²Ö ¢¥±Éµ·´µ£µ ¨ ¶¸¥¢¤µ¸± ²Ö·´µ£µ Éµ±µ¢ ¸ ÊÎ¥Éµ³ ¶µ¶· ¢µ± µÉ ±¢ ·±-
£²Õµ´´ÒÌ ±µ´¤¥´¸ Éµ¢, ¨³¥ÕÐ¨Ì ¸É¥¶¥´´ÊÕ Ëµ·³Ê ¶µ µ¡· É´µ° ³ ¸¸¥ ÉÖ-
¦¥²ÒÌ ±¢ ·±µ¢ [10]. ˆ´É¥£· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¢±² ¤  ·¥§µ´ ´¸µ¢,
²¥¦ Ð¨Ì ´¨¦¥ ¶µ·µ£  · ¸¶ ¤µ¢ ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢, ¢ µ¡² ¸É¨ ´µ³¥-
·µ¢ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¤¢ÊÌÉµÎ¥Î´µ£µ ±µ··¥²ÖÉµ·  Éµ±µ¢, £¤¥
´¥¸ÊÐ¥¸É¢¥´´Ò ¢±² ¤Ò µÉ ±µ´¤¥´¸ Éµ¢, ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê²Ö·´µ¸ÉÓ
¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ±¢ ·±µ´¨Ö, Ê± § ´´ÊÕ ¢ÒÏ¥, ¨ Ê¸É ´µ¢¨ÉÓ ³ ¸ÏÉ ¡´Ò¥
¸µµÉ´µÏ¥´¨Ö ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ±¢ ·±µ´¨¥¢ ¸ · §²¨Î´Ò³ ±¢ ·±µ¢Ò³
¸µ¸É ¢µ³ ¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ¢¥²¨Î¨´ R(0), ±µÉµ·Ò¥ ¢Ìµ¤ÖÉ ¢ ± Î¥¸É¢¥ ¶ · ³¥É·µ¢
¸É É¨Î¥¸±¨Ì ±¢ ·±µ¢ÒÌ ³µ¤¥²¥° ¶·¨ · ¸¸³µÉ·¥´¨¨ · ¸¶ ¤µ¢ ¨ µ¡· §µ¢ ´¨Ö
³¥§µ´µ¢, ¶µ ²¥¶Éµ´´Ò³ ±µ´¸É ´É ³, ¢ÒÎ¨¸²¥´´Ò³ ¢ ¶· ¢¨² Ì ¸Ê³³, ¢µ§´¨± ¥É
¤µ¶µ²´¨É¥²Ó´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ, ¸¢Ö§ ´´ Ö ¸ ¢Ò¡µ·µ³ Ï± ²Ò, § ¤ ÕÐ¥°
±µ´¸É ´ÉÊ ¸¢Ö§¨ Š•„ ¶·¨ ÊÎ¥É¥ ¦¥¸É±µ° £²Õµ´´µ° ¶µ¶· ¢±¨. ‡ ¢¨¸¨³µ¸ÉÓ
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’ ¡²¨Í  4. ‹¥¶Éµ´´ Ö ±µ´¸É ´É  Bc-³¥§µ´ , ¶µ²ÊÎ¥´´ Ö ¢ · §²¨Î´ÒÌ ¶µÉ¥´Í¨ ²Ó-
´ÒÌ ³µ¤¥²ÖÌ (ÉµÎ´µ¸ÉÓ ∼ 15%), ¢ ŒÔ‚

Œµ¤¥²Ó Œ ·ÉÔ´ ŠÊ²µ´ [45] [44] [46] [47, 48] [49]

f̃Bc 510 460 570 495 410 600 500

’ ¡²¨Í  5. ‹¥¶Éµ´´ Ö ±µ´¸É ´É  Bc-³¥§µ´ , ¶µ²ÊÎ¥´´ Ö ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„
(¢ ŒÔ‚)

Œµ¤¥²Ó [54] [50] [51] [52] [55] [56] Š�‘

fBc 375 400 360 300 300 450 385

µÉ É ±µ£µ ¢Ò¡µ·  Ê± §Ò¢ ¥É ´  §´ Î¥´¨¥ ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ ¶¥·ÉÊ·¡ É¨¢´µ£µ
¶·¨¡²¨¦¥´¨Ö. �µ² £ Ö, ÎÉµ ¢ MS-¸Ì¥³¥ Ï± ²  ¡²¨§±  ± µ2 = m1m2e−11/12,
¶µ²ÊÎ¨³ §´ Î¥´¨Ö R(0), ¨§ ±µÉµ·ÒÌ ¢¨¤´µ, ÎÉµ ¶·¥¤¸± § ´¨Ö ¶· ¢¨² ¸Ê³³ ¨
¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥° Œ ·ÉÔ´  ¨ fT ´ Ìµ¤ÖÉ¸Ö ¢ · §Ê³´µ³ ¸µ£² ¸¨¨ ¤·Ê£ ¸
¤·Ê£µ³ (¸³. É ±¦¥ É ¡². 4, 5).

’ ±¨³ µ¡· §µ³, ´ ¨¡µ²¥¥ ´ ¤¥¦´ Ö µÍ¥´±  fBc ¢ ¶· ¢¨² Ì ¸Ê³³ ¶µ²ÊÎ -
¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³ ¸ÏÉ ¡´µ£µ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É
±¢ ·±µ´¨¥¢, ±µÉµ·µ¥ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²¥°.

1.8. �Í¥´±  αs. ‚ · ³± Ì ¸É ´¤ ·É´µ° ³µ¤¥²¨ ±µ´¸É ´É  ¸¨²Ó´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö, ¨§³¥·¥´´ Ö ¢ ¶¨±¥ Z-¡µ§µ´  ´  LEP αs(m2Z) ≈ 0, 125, ¤µ²£µ¥
¢·¥³Ö ¶µ ¨³¥ÕÐ¨³¸Ö ¤ ´´Ò³ ¡Ò²  § ³¥É´µ ¡µ²ÓÏ¥ αs(m2Z) ≈ 0, 11, ±µÉµ· Ö
¨§¢²¥± ² ¸Ó ¨§ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ [57], É ±¨Ì, ± ± £²Ê¡µ±µ´¥Ê¶·Ê-
£µ¥ · ¸¸¥Ö´¨¥ ²¥¶Éµ´µ¢ ´   ¤·µ´ Ì [58] (¶· ¢¨²  ¸Ê³³ ƒ·µ¸¸ Å‹ÓÕ¢¥²²¨´-
‘³¨É  ¨ Ô¢µ²ÕÍ¨Ö ¶µ Q2 ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨°), · ¸¶ ¤Ò Υ, ¢ ¶· ¢¨² Ì
¸Ê³³ Š•„ ¤²Ö ¸¨¸É¥³Ò (b̄b) ¨ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ¸¶¥±É·  ³ ¸¸ ÉÖ¦¥²µ£µ ±¢ ·-
±µ´¨Ö ´  ·¥Ï¥É± Ì. �µ¤µ¡´µ¥ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ¨§³¥·¥´¨Ö³¨ ´  LEP ¶·¨
Q2 ∼ 104 ƒÔ‚2 ¨ ¢¥²¨Î¨´µ°, µ¦¨¤ ¥³µ° ¨§ Š•„ ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·-
£¨ÖÌ (Q2 ∼ 102 ƒÔ‚2), ³µ£²µ ¡Ò ¸²Ê¦¨ÉÓ Ê± § ´¨¥³ ´  ¢¨·ÉÊ ²Ó´Ò¥ ÔËË¥±ÉÒ
®´µ¢µ°¯ Ë¨§¨±¨ ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ, ±µÉµ· Ö ´¥ Ê±² ¤Ò¢ ¥É¸Ö ¢ ¸Ì¥³Ê
¸É ´¤ ·É´µ° ³µ¤¥²¨ ¶·¨ Ô´¥·£¨ÖÌ Z-¡µ§µ´  [59].

‚ · ¡µÉ¥ [33] ¡Ò²¨ · ¸¸³µÉ·¥´Ò ¶· ¢¨²  ¸Ê³³ Š•„ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´-
¸É ´É ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄b) ¤²Ö ¶·¥Í¨§¨µ´´µ£µ ¨§-
¢²¥Î¥´¨Ö ±µ´¸É ´ÉÒ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ³ ¸¸Ò b-±¢ ·± . ‚µ²µÏ¨´
¨¸¶µ²Ó§µ¢ ² ¸Ì¥³Ê ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¶µ¶¥·¥Î´µ£µ ±µ··¥²Ö-
Éµ·  ¢¥±Éµ·´ÒÌ Éµ±µ¢ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¶µ²ÊÎ¨² αs(m2Z) =
= 0, 109± 0, 001, £¤¥ Ê± § ´  ²¨ÏÓ ¸É É¨¸É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ. ‘ Í¥²ÓÕ ¨¸-
¸²¥¤µ¢ ´¨Ö ³¥Éµ¤¨Î¥¸±µ° Ê¸Éµ°Î¨¢µ¸É¨ ·¥§Ê²ÓÉ É  ¶µ ¨§³¥·¥´¨Õ αs(m2Z) ¢
¶· ¢¨² Ì ¸Ê³³ ¤²Ö (b̄b) ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ · ¸¸³µÉ·¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ¢
¤·Ê£¨Ì ¸Ì¥³ Ì.
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‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶µ²ÊÎ ¥³ αs(m2Z) = 0, 118± 0, 003 ¨§ ¤ ´´ÒÌ ¶µ ±µ´-
¸É ´É ³ ¢¥±Éµ·´ÒÌ nS-Ê·µ¢´¥° (b̄b) ¢ ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² Ì ¸Ê³³ ¨ ¶µ-
± §Ò¢ ¥³, ÎÉµ µ¸´µ¢´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¢ÒÎ¨¸²¥´¨¨ ¢¥²¨Î¨´Ò ±µ´¸É ´ÉÒ
¸¢Ö§¨ Š•„ ¶·¨ Ô´¥·£¨ÖÌ ¡µÉÉµ³µ´¨Ö ¸¢Ö§ ´  ¸ ¢Ò¡µ·µ³ ÉµÎ±¨ ´µ·³¨·µ¢±¨
±Ê²µ´µ¶µ¤µ¡´µ£µ µ¡³¥´  ³¥¦¤Ê ±¢ ·± ³¨, É ± ÎÉµ δαs(m2Z) = 0, 010.

‚ µ¸´µ¢¥ µÍ¥´±¨ ²¥¦¨É ¸µµÉ´µÏ¥´¨¥ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É fn ¢¥±Éµ·-
´ÒÌ ¸µ¸ÉµÖ´¨°

f2n
Mn

=
αs
π

dMn

dn

(
4µ12
Mn

)2
HV Zsys. (1.67)

Œ ¸ÏÉ ¡, § ¤ ÕÐ¨° ¢¥²¨Î¨´Ê ±µ´¸É ´ÉÒ ¢ ±Ê²µ´µ¶µ¤µ¡´µ³ µ¡³¥´¥, µ¶·¥¤¥-
²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¸·¥¤´¥£µ ±¢ ¤· É  ¨³¶Ê²Ó¸  ±¢ ·±  ¢ ³¥§µ´¥, É ± ÎÉµ ³Ò
¶µ² £ ¥³

αs = αMS
s (2Tµ12),

  ¢ Ë ±Éµ·¥ ¦¥¸É±µ° £²Õµ´´µ° ¶µ¶· ¢±¨ HV ±µ´¸É ´É  § ¤ ¥É¸Ö ³ ¸¸ ³¨
±¢ ·±µ¢, ¶µÔÉµ³Ê

αHs = αMS
s (

√
m1m2).

„²Ö µÍ¥´±¨ § ¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ É  µÉ ÉµÎ±¨ ´µ·³¨·µ¢±¨ ³Ò ¨¸¶µ²Ó§Ê¥³

É ±¦¥ ¶·µÍ¥¤Ê·Ê BLM. ‚ MS-¸Ì¥³¥ ¶¥·¥´µ·³¨·µ¢±¨ ¢¥²¨Î¨´  α(BLM)s µ¶·¥-
¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

α(BLM)s = αMS
s (e−5/3p̄2Q), (1.68)

£¤¥ p̄2Q Å ¸·¥¤´¨° ±¢ ¤· É ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·± ³¨, É ± ÎÉµ

p̄2Q = 〈(p1 − p2)2〉 = 2〈p21,2〉 = 4〈T 〉 µ12. (1.69)

‚ ¦¥¸É±µ° £²Õµ´´µ° ¶µ¶· ¢±¥ ± ±µ··¥²ÖÉµ·Ê ¢¥±Éµ·´ÒÌ Éµ±µ¢ ¨³¥¥³ ¤²Ö
m1 = m2 = mQ [33]:

αH(BLM)s = αMS
s (e−11/12m2Q). (1.70)

„ ²¥¥, Ë ±Éµ· Zsys = Znr/Zint ¡²¨§µ± ± ¥¤¨´¨Í¥, ¨ µ´ µ¶·¥¤¥²Ö¥É ¸¨¸É¥³ -
É¨Î¥¸±ÊÕ ¶µ¶· ¢±Ê §  ¸Î¥É ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ¢±² ¤  ±¢ ·-
±µ¢µ° ¶¥É²¨ ¸ ÊÎ¥Éµ³ αs/v-Î²¥´µ¢ ±Ê²µ´µ¢¸±µ£µ É¨¶  (Znr) ¨ §  ¸Î¥É ¨´É¥-
£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ¢±² ¤  ·¥§µ´ ´¸µ¢ ¢  ¤·µ´´ÊÕ Î ¸ÉÓ ¶· ¢¨² ¸Ê³³
(Zint). ‚¥²¨Î¨´  Zsys ¸² ¡µ § ¢¨¸¨É µÉ ´µ³¥·  ³µ³¥´É , É ± ÎÉµ ¤²Ö µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö (b̄b) ¢ µ¡² ¸É¨ ¸É ¡¨²Ó´µ¸É¨ Zint (mb = (4, 58 ± 0, 03) ƒÔ‚)
¨³¥¥³

Zsys = 0, 90± 0, 03. (1.71)
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’ ¡²¨Í  6. ‘¨¸É¥³ É¨Î¥¸±¨¥ Ë ±Éµ·Ò ¢ ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² Ì ¸Ê³³ ¢ § ¢¨¸¨-
³µ¸É¨ µÉ ³ ¸¸ ±¢ ·±µ¢ (¢ ƒÔ‚)

mb Z
(3)
int Z

(3)
nr mc Z

(3)
int Z

(3)
nr

4,55 1,13 1,09 1,20 0,74 1,42

4,58 1,19 1,09 1,30 0,96 1,36

4,61 1,26 1,09 1,35 1,10 1,33

4,66 1,39 1,08 1,41 1,29 1,30

4,72 1,57 1,07 1,48 1,58 1,26

‚ É ¡². 6 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¸¨¸É¥³ É¨Î¥¸±¨Ì Ë ±Éµ·µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ
³ ¸¸ ±¢ ·±µ¢ (µ¡² ¸ÉÓ ¸É ¡¨²Ó´µ¸É¨ Zint ¤²Ö ¸¨¸É¥³Ò (c̄c) mc = (1, 41 ±
0, 04) ƒÔ‚).

„²Ö ¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° dn/dMn ¢ ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨ ¨³¥¥³ Ö¢´µ¥
¢Ò· ¦¥´¨¥

dMn

dn
=

2T
n
. (1.72)

ˆ§ (1.72) ¸²¥¤Ê¥É, ÎÉµ

T =
M2 −M1

ln 4
, (1.73)

£¤¥ Mn Å ³ ¸¸  nS-Ê·µ¢´Ö, Mn = (3MVn + MPn)/4, MV,P Å ³ ¸¸Ò ¢¥±-
Éµ·´µ£µ ¨ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸µ¸ÉµÖ´¨° ¸µµÉ¢¥É¸É¢¥´´µ. ˆ§ ¤ ´´ÒÌ µ ³ ¸¸ Ì
Î ·³µ´¨Ö ¨ ¡µÉÉµ³µ´¨Ö ¸²¥¤Ê¥É, ÎÉµ

T = (415± 20) ŒÔ‚.

‚ ¤ ´´µ³ · §¤¥²¥ ³Ò ¨¸¸²¥¤Ê¥³ ±µ´¸É ´ÉÒ ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨°, ¶µÔÉµ³Ê
¢ ± Î¥¸É¢¥ ¶ · ³¥É·  T ¨¸¶µ²Ó§Ê¥É¸Ö ¢¥²¨Î¨´ , § ¤ ¢ ¥³ Ö Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ §´ Î¥´¨Ö³¨ ³ ¸¸ Υ(nS) ¨ ψ(ns), n = 1, 2.

Š ± ¡Ò²µ ¶µ± § ´µ,

aQ = αs HV

(
2mQ

M1

)2
Zsys

¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ´¥ § ¢¨¸¨É µÉ  ·µ³ É  ÉÖ¦¥²µ£µ ±¢ ·± , ÎÉµ ¶·¨¢µ¤¨É ±
³ ¸ÏÉ ¡´Ò³ ¸µµÉ´µÏ¥´¨Ö³ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É. ‘µ£² ¸´µ (1.67), Ô³¶¨-
·¨Î¥¸± Ö ¢¥²¨Î¨´ 

aQ = π
f21
M1

ln 2
M2 −M1
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¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¨ÉÓ αs. �·¨ ÔÉµ³ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ, ÎÉµ ²¥¶Éµ´´ Ö
Ï¨·¨´  Υ(1S) → l+l− µ¶·¥¤¥²Ö¥É¸Ö ÔËË¥±É¨¢´µ° ±µ´¸É ´Éµ° Éµ´±µ° ¸É·Ê±-
ÉÊ·Ò ᾱem ´  ³ ¸ÏÉ ¡¥ MΥ [33], É ± ÎÉµ ³Ò ¶µ² £ ¥³ f1 = (690± 15) ŒÔ‚.

ˆ§ Ô±¸¶¥·¨³¥´É  ¨³¥¥³

ab = 0, 195± 0, 007, ac = 0, 20± 0, 01.

‘ ¤¢ÊÌ¶¥É²¥¢µ° ÉµÎ´µ¸ÉÓÕ ¤²Ö ®¡¥£ÊÐ¥°¯ ±µ´¸É ´ÉÒ αs (µ¶¨¸ ´¨¥ § ¢¨¸¨³µ-
¸É¨ ΛQCD µÉ Î¨¸²   ±É¨¢´ÒÌ  ·µ³ Éµ¢ ¸³. ¢ [57]) ´ Ìµ¤¨³∗, ÎÉµ

αMS
s (m2Z) = 0, 118± 0, 003, (1.74)

É ± ÎÉµ Λ(5) = (205±35)ŒÔ‚. �µ£·¥Ï´µ¸ÉÓ ¢ (1.74), £² ¢´Ò³ µ¡· §µ³, ¸É É¨-
¸É¨Î¥¸± Ö. ‘¨¸É¥³ É¨Î¥¸± Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ µ¡Ê¸²µ¢²¥´  ¢Ò¡µ·µ³ ÉµÎ±¨
´µ·³¨·µ¢±¨ ±µ´¸É ´ÉÒ Š•„ ¶·¨ Ô´¥·£¨ÖÌ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö. ’ ±, · -
§Ê³´ Ö ¢ ·¨ Í¨Ö ÔÉµ£µ ¶ · ³¥É· , ± ¶·¨³¥·Ê, ¢Ò¡µ· Ë¨±¸ Í¨¨ ³ ¸ÏÉ ¡  ¢

¸Ì¥³¥ BLM, ¶·¨¢µ¤¨É ± α
MS(BLM)
s (m2Z) = 0, 106 ± 0, 003, ÎÉµ ´ Ìµ¤¨É¸Ö

¢ ¸µ£² ¸¨¨ ¸ ·¥§Ê²ÓÉ Éµ³ ‚µ²µÏ¨´  α
MS(BLM)
s (m2Z) = 0, 109 ± 0, 001, É ±

ÎÉµ ³Ò µÍ¥´¨¢ ¥³ ³¥Éµ¤¨Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ ± ±
δαs(m2Z) = 0, 010.

‡ ³¥É¨³, ÎÉµ ´¥¤ ¢´¥¥ ¶·¨³¥´¥´¨¥ ¢Ò¡µ·  ³ ¸ÏÉ ¡  BLM ± ³¥Éµ¤Ê ¨§³¥-
·¥´¨Ö αs ¶µ ®Ëµ·³¥  ¤·µ´´ÒÌ ¸µ¡ÒÉ¨°¯ ¤ ²µ αMS

s (m2Z) = 0, 109±0, 008 [60].
‚Ò¸µ± Ö ÉµÎ´µ¸ÉÓ ¨§¢²¥Î¥´¨Ö ¢¥²¨Î¨´Ò αs ¢ ¶· ¢¨² Ì ¸Ê³³ ¤²Ö (b̄b)

µ¡Ê¸²µ¢²¥´  ¡µ²ÓÏµ° ·µ²ÓÕ ±Ê²µ´µ¶µ¤µ¡´ÒÌ αs/v-¶µ¶· ¢µ±, ±µÉµ·Ò¥ ¶·¨-
¢µ¤ÖÉ ± ²¨´¥°´µ° § ¢¨¸¨³µ¸É¨ ±¢ ¤· É  ²¥¶Éµ´´µ° ±µ´¸É ´ÉÒ µÉ ¢¥²¨Î¨´Ò
±µ´¸É ´ÉÒ ¸¢Ö§¨ ´  ³ ¸ÏÉ ¡¥ ¸·¥¤´¥° ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  ³¥¦¤Ê ±¢ ·± ³¨ ¢
ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨.

‚ · ¡µÉ¥ [61] ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò O(α2s)-¢Ò· ¦¥´¨Ö ¤²Ö ±µ··¥²ÖÉµ·µ¢
¢¥±Éµ·´ÒÌ Éµ±µ¢ ¤²Ö ¨§¢²¥Î¥´¨Ö ±µ´¸É ´ÉÒ Š•„ ¨ ³ ¸¸Ò b-±¢ ·±  ¨§ ¤ ´´ÒÌ
¶µ ¡µÉÉµ³µ´¨Õ. �·¨ ÔÉµ³ ¨¸¶µ²Ó§µ¢ ²¸Ö  ´§ Í ¤²Ö ¢±² ¤  ±Ê²µ´µ¶µ¤µ¡´µ£µ
µ¡³¥´  ³¥¦¤Ê ±¢ ·± ³¨ ¸ ³ ¸ÏÉ ¡µ³, § ¤ ¢ ¥³Ò³ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸µ³
±¢ ·±µ¢. ¥§Ê²ÓÉ É É ±µ£µ · ¸¸³µÉ·¥´¨Ö ¸µ£² ¸Ê¥É¸Ö ¸ ¢¥²¨Î¨´µ°, ¶µ²ÊÎ¥´´µ°
¢ ¤ ´´µ³ · §¤¥²¥.

’ ±¨³ µ¡· §µ³, ³Ò ¶µ± § ²¨, ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ · §²¨Î´ÒÌ ¸Ì¥³ ¶· -
¢¨² ¸Ê³³ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²µ£µ ±¢ ·±µ-
´¨Ö (b̄b) ¶·¨¢µ¤¨É ± ¸¨¸É¥³ É¨Î¥¸±¨ Ê¸Éµ°Î¨¢µ³Ê ·¥§Ê²ÓÉ ÉÊ αMS

s (m2Z) =
= 0, 118 ± 0, 003, ±µÉµ·Ò° ¸µ£² ¸Ê¥É¸Ö ¸µ §´ Î¥´¨¥³, ¨§³¥·¥´´Ò³ ¢ ¶µ²Õ¸¥
Z-¡µ§µ´  ´  LEP.

∗�´ ²µ£¨Î´µ¥ · ¸¸³µÉ·¥´¨¥ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö αs ¶·¨¢¥¤¥´µ ¢ [24].
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„¢ÊÌ¶¥É²¥¢µ¥ ¶·¨¡²¨¦¥´¨¥. ŠµÔËË¨Í¨¥´É ‚¨²Ó¸µ´  ¢ µ¶¥· Éµ·´µ³ · §-
²µ¦¥´¨¨ NRQCD ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  ¢¥±Éµ·´µ£µ Éµ±   ´´¨£¨²ÖÍ¨¨ ÉÖ-
¦¥²ÒÌ ±¢ ·±µ¢ ¸ · ¢´Ò³¨ ³ ¸¸ ³¨ ¶µ¸²¥ ¤¢ÊÌ¶¥É²¥¢µ° ¶¥·¥´µ·³¨·µ¢±¨ ¨³¥¥É
¢¨¤ [62]:

KV (αs,mQ/µ) = 1− 2
CFαs(mQ)

π
+ c2(mQ/µ)

(αs
π

)2
, (1.75)

£¤¥ CF = (N2 − 1)/2N = 4/3,   N = 3 Å Î¨¸²µ Í¢¥Éµ¢ ±¢ ·±µ¢, É ± ÎÉµ
 ´µ³ ²Ó´ Ö · §³¥·´µ¸ÉÓ KV ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ · ¢´  ´Ê²Õ, ¨

γK =
dKV

d lnµ
= γ2

(αs
π

)2
+O(α3s),

¨ (CA = 3)

γ2 = −CF (2CF + 3CA)
π2

6
,

  ¶µ²´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö KV ¢ ÉµÎ±¥ ¸Ï¨¢±¨ Š•„ ¨ NRQCD µ = mQ ³µ¦´µ
´ °É¨ ¢ [62]. ‚ ¶· ¢¨² Ì ¸Ê³³ ³Ò ¨¸¶µ²Ó§Ê¥³ HV = K2

V . ’ ±¨³ µ¡· §µ³,
¸É ´µ¢¨É¸Ö Ö¸´µ, ÎÉµ ±µ´¸É ´É  ±Ê²µ´µ¶µ¤µ¡´µ£µ µ¡³¥´  ³¥¦¤Ê ´¥·¥²ÖÉ¨-
¢¨¸É¸±¨³¨ ±¢ ·± ³¨ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ µ¶·¥¤¥²Ö¥É¸Ö ´  ³ ¸ÏÉ ¡¥
µ0, ±µÉµ·Ò° ´¥ § ¢¨¸¨É µÉ ³ ¸ÏÉ ¡  Ë ±Éµ·¨§ Í¨¨ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨-
Í¨¥´Éµ¢ ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ NRQCD, É ± ± ± Ë ±Éµ· HV ´¥ § ¢¨¸¨É µÉ
µ, ´µ ¢ ¤¢ÊÌ ¶¥É²ÖÌ É ± Ö § ¢¨¸¨³µ¸ÉÓ ¶µÖ¢²Ö¥É¸Ö, ¨ ±Ê²µ´µ¶µ¤µ¡´Ò° ¢±² ¤
µ¶·¥¤¥²Ö¥É¸Ö ´  ³ ¸ÏÉ ¡¥ µ̄ = µ̄(µ). ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ γ2 Å µÉ·¨Í É¥²Ó-
´ Ö ¢¥²¨Î¨´ , É ± ÎÉµ αs(µ̄2) · ¸É¥É ¶·¨ Ê¢¥²¨Î¥´¨¨ µ. �Î¥¢¨¤´µ, ¨³¥¥É¸Ö
ÉµÎ± , £¤¥ αs(µ̄2) = αs(µ2), ¢ ±µÉµ·µ° ³Ò ¡Ê¤¥³ ¶·µ¢µ¤¨ÉÓ · ¸Î¥É ¶· ¢¨²
¸Ê³³. —Éµ¡Ò µ¶·¥¤¥²¨ÉÓ ÔÉÊ ÉµÎ±Ê, § ³¥É¨³, ÎÉµ ¸·¥¤´¨° ±¢ ¤· É ¶¥·¥¤ Î¨
¨³¶Ê²Ó¸  ³¥¦¤Ê ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨ ±¢ ·± ³¨ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³, ÊÎ¨-
ÉÒ¢ ÕÐ¨³ ¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ ¸ ÊÎ¥Éµ³ Ë¨±¸ Í¨¨ Ï± ²Ò Ë ±Éµ·¨§ Í¨¨
NRQCD [68]:

〈p2〉 = µ̄2 +
4
3π

αs(µ2)µ2,

¶·¨Î¥³ 〈p2〉 = µ20. �µ² £ Ö µ̄ = µ, ¶µ²ÊÎ¨³

µ2 =
µ20

1− 4
3παs(µ

2)
.

‚ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ ³Ò ¶µ² £ ²¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ µ20 = TmQ.
’¥¶¥·Ó ¦¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ±µ´¸É ´ÉÒ ¸¢Ö§¨ Š•„ ¢ · ³± Ì
¶· ¢¨² ¸Ê³³ ¢ µ¤´µ° ¨ ¤¢ÊÌ ¶¥É²ÖÌ ¶µ§¢µ²ÖÕÉ § Ë¨±¸¨·µ¢ ÉÓ µ0, É ± ± ±
ÔÉ¨ · ¸Î¥ÉÒ ³µ£ÊÉ ´ Ìµ¤¨ÉÓ¸Ö ¢ ¸µ£² ¸¨¨ ¤·Ê£ ¸ ¤·Ê£µ³ Éµ²Ó±µ ¶·¨ µ¶·¥¤¥-
²¥´´µ³ §´ Î¥´¨¨ µ0. —¨¸²¥´´Ò¥ µÍ¥´±¨, ± ± µ± §Ò¢ ¥É¸Ö, ¶µ¤É¢¥·¦¤ ÕÉ,
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ÎÉµ µ20 = Tm0Q, £¤¥ m0Q µ¶·¥¤¥²Ö¥É ¶µ·µ£ ±¢ ·±µ¢µ£µ ¢±² ¤  ¢ ¶· ¢¨²  ¸Ê³³
(¸³. ´¨¦¥).

„ ²¥¥, ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ¶µ αs ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ § ¢¨¸¨³µ¸ÉÓ ³ ¸¸Ò ÉÖ¦¥-
²µ£µ ±¢ ·±  µÉ Ï± ²Ò Ë ±Éµ·¨§ Í¨¨, É ± ÎÉµ ¶µ·µ£µ¢ Ö Ô´¥·£¨Ö ±¢ ·±µ¢µ£µ
¢±² ¤  §  ¸Î¥É ±Ê²µ´µ¶µ¤µ¡´µ° ¸¢Ö§¨ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

2m0b = 2mb(µ)−
4
9
α2s(µ

2)mb(µ),

£¤¥ m0b ¢ ¶· ¢¨² Ì ¸Ê³³ ´¥ § ¢¨¸¨É µÉ µ, ¨ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶µ¤Ìµ¤¥ ³Ò
¨³¥¥³, ± ± ¨ ¶·¥¦¤¥, m0b ≈ 4, 58 ƒÔ‚.

‚ ÔÉµ³ ¦¥ ¶µ·Ö¤±¥ ¶µ ±µ´¸É ´É¥ ¸¢Ö§¨ Š•„ ¸²¥¤Ê¥É µ¸µ¡µ µÉ³¥É¨ÉÓ ·µ²Ó
±Ê²µ´µ¢¸±¨Ì ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ê§±µ° Ð¥²¨ 2mb − 2m0b . �É¨ ¸µ¸ÉµÖ´¨Ö
¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ´µ³¥·µ¢ ³µ³¥´Éµ¢ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¤µ-
¶Ê¸± ÕÉ ¶·¥¤¸É ¢²¥´¨¥ ¸Ê³³Ò ¶µ ·¥§µ´ ´¸ ³ ¢ ¨´É¥£· ²Ó´µ³ ¢¨¤¥, ¶·¨Î¥³
¸¶¥±É· ²Ó´ Ö ¶²µÉ´µ¸ÉÓ ¢ ¨´É¥£· ²Ó´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¢ ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ¥É
¸ ±µ´¸É ´Éµ°, µ¶·¥¤¥²Ö¥³µ° ´  ¶µ·µ£¥ ¢±² ¤  ±µ´É¨´ÊÊ³ , É ± ÎÉµ ¢ ¶·¨´ÖÉµ°
 ¶¶·µ±¸¨³ Í¨¨ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¥¥ ¶µ·µ£µ¢Ò³ §´ Î¥´¨¥³ Ëµ·³ ²Ó´µ
´¥ ´Ê¦´µ ¢¢µ¤¨ÉÓ ´¨± ±¨Ì ¨§³¥´¥´¨° ¢ É¥µ·¥É¨Î¥¸±ÊÕ Î ¸ÉÓ ¶· ¢¨² ¸Ê³³
(¤·Ê£¨³¨ ¸²µ¢ ³¨, ±¢ §¨²µ± ²Ó´Ò¥ ¶· ¢¨²  ¸Ê³³ ¤²Ö Î¨¸Éµ ±Ê²µ´µ¢¸±µ° ¸¨-
¸É¥³Ò ¸ ¥¥ Ô´¥·£¥É¨Î¥¸±µ° ¶²µÉ´µ¸ÉÓÕ ¸µ¸ÉµÖ´¨° µ¡· Ð ÕÉ¸Ö ¢ Éµ¦¤¥¸É¢µ).
�µ ¶·¨ ÔÉµ³ ³µ¦´µ Ê³µ§·¨É¥²Ó´µ ¢Ò¤¥²¨ÉÓ ¢ µ¡² ¸É¨ ¨´É¥£·¨·µ¢ ´¨Ö ¤µ³¥´
·¥§µ´ ´¸µ¢ ¨ £µ¢µ·¨ÉÓ, ÎÉµ ¸ ·µ¸Éµ³ ´µ³¥·  ³µ³¥´É  ¸¶¥±É· ²Ó´µ° ¶²µÉ-
´µ¸É¨ µÉ´µ¸¨É¥²Ó´Ò° ¢±² ¤ ±Ê²µ´µ¢¸±¨Ì ·¥§µ´ ´¸µ¢ (É.¥. µ¡² ¸É¨, ´ ¨³¥-
´¥¥ ¶µ¤ ¢²¥´´µ° ¢¥¸µ³ ¨´É¥£·¨·µ¢ ´¨Ö 1/sn) ¸É ´µ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ ¥¤¨-
´¨Í¥° [63]. —¨¸²¥´´Ò¥ µÍ¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ÊÎ¥É ¢±² ¤  ±Ê²µ´µ¢¸±¨Ì
·¥§µ´ ´¸µ¢ µÎ¥´Ó ¸² ¡µ ¢ ·Ó¨·Ê¥É ¢¥²¨Î¨´Ê ¸¨¸É¥³ É¨Î¥¸±µ£µ Ë ±Éµ·  ´¥-
·¥²ÖÉ¨¢¨¸É¸±µ£µ ¶·¥¤¸É ¢²¥´¨Ö Znr ¤²Ö b-±¢ ·±µ¢, ´µ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´ ¤²Ö
c-±¢ ·±µ¢.

�µ¸²¥ ¸¤¥² ´´ÒÌ § ³¥Î ´¨° ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ ¨§¢²¥Î¥´¨Ö ¶ · ³¥É·µ¢
Š•„ ¢ · ³± Ì ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ ¸ ÊÎ¥Éµ³ ¤¢ÊÌ¶¥É²¥¢µ° ¶¥·¥´µ·-
³¨·µ¢±¨:

αs(m2Z) = 0, 118± 0, 002, mb(µ ≈ 1, 24 ƒÔ‚) = (4, 76± 0, 01) ƒÔ‚ (1.76)

¤²Ö ¸¨¸É¥³Ò b̄b, ¨

αs(m2Z) = 0, 116± 0, 003, mc(µ ≈ 0, 60 ƒÔ‚) = (1, 87± 0, 04) ƒÔ‚ (1.77)

¤²Ö ¸¨¸É¥³Ò c̄c, ¨§ ±µÉµ·µ° ¢¨¤´µ, ÎÉµ ÊÎ¥É Î²¥´µ¢ O(α2s) ¢¥¸Ó³  §´ Î¨É¥-
²¥´, ¨ ¶µÔÉµ³Ê É·Ê¤´µ ¸Ê¤¨ÉÓ µ¡ Ê¸Éµ°Î¨¢µ¸É¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¢
· §²µ¦¥´¨¨ NRQCD.

’ ±¨³ µ¡· §µ³, ³Ò ¶µ± § ²¨, ÎÉµ ±¢ §¨²µ± ²Ó´Ò¥ ¶· ¢¨²  ¸Ê³³ ¢ µ¤´µ-
¨ ¤¢ÊÌ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨ÖÌ ¶µ§¢µ²ÖÕÉ ´ ¤¥¦´µ ¨§¢²¥± ÉÓ ¶ · ³¥É·Ò Š•„
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¨§ ¤ ´´ÒÌ µ ¸¨¸É¥³¥ ÉÖ¦¥²µ£µ ¡µÉÉµ³µ´¨Ö, ¨ ·¥§Ê²ÓÉ ÉÒ ¶µ¤µ¡´ÒÌ · ¸Î¥Éµ¢
¸µ£² ¸ÊÕÉ¸Ö ¸ µÍ¥´± ³¨ ¢ ¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì.

2. ‹…	’���›… Š��‘’��’› ’Ÿ†…‹›• Œ…‡���‚
‚ ‘’�’ˆ—…‘Š�Œ 	�…„…‹…

‚ ÔÉµ³ · §¤¥²¥ ³Ò µ¡µ¡Ð ¥³ ±¢ §¨²µ± ²Ó´Ò¥ ¶· ¢¨²  ¸Ê³³ ´  ¸¨¸É¥³Ò,
¢ ±µÉµ·ÒÌ µ¤¨´ ±¢ ·± ´ ³´µ£µ ÉÖ¦¥²¥¥ ¤·Ê£µ£µ, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É, ´ ¶·¨³¥·,
B-³¥§µ´ ³.

‚ ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ [7], ±µÉµ· Ö Ï¨·µ±µ ¨¸¶µ²Ó§Ê-
¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¨³¥-
¥É¸Ö ·Ö¤ · §³¥·´ÒÌ ¶ · ³¥É·µ¢, ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ ± ± ÉµÎ´µ¸ÉÓ ¢¥¤ÊÐ¥£µ
¶·¨¡²¨¦¥´¨Ö ¢ ¶·¥¤¥²¥ ¡¥¸±µ´¥Î´µ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, É ± ¨ ¢¥²¨Î¨´Ê ¸É¥¶¥´-
´ÒÌ ¶µ¶· ¢µ± ¶µ Λ/mQ � 1, £¤¥ Λ Å Ï± ² , µ¶·¥¤¥²ÖÕÐ Ö ¢¨·ÉÊ ²Ó´µ¸ÉÓ
ÉÖ¦¥²µ£µ ±¢ ·±  ¢  ¤·µ´¥. Š Î¨¸²Ê É ±¨Ì ¢ ¦´¥°Ï¨Ì ¶ · ³¥É·µ¢ ¢ Ë¨§¨±¥
ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ (Qq̄) ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³ µÉ´µ¸ÖÉ¸Ö: · §´µ¸ÉÓ ³ ¸¸
ÉÖ¦¥²µ£µ ±¢ ·±  ¨ ³¥§µ´  Λ̄ = M(Qq̄) − mQ, ²¥¶Éµ´´ Ö ±µ´¸É ´É  ³¥§µ´ 
f statQ ¢ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥ mQ → ∞ ¨ ±¢ ¤· É ¨³¶Ê²Ó¸  ÉÖ¦¥²µ£µ ±¢ ·± 
¢ ³¥§µ´¥ µ2π. ’ ± ± ± ÔÉ¨ ¢¥²¨Î¨´Ò µ¶·¥¤¥²ÖÕÉ¸Ö Š•„-¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´ 
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¤²Ö ¨Ì µÍ¥´µ± ¨¸¶µ²Ó§ÊÕÉ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ³¥Éµ¤Ò,
¸·¥¤¨ ±µÉµ·ÒÌ ´ ¨¡µ²¥¥ ³µÐ´Ò³ ¸·¥¤¸É¢µ³ Ö¢²ÖÕÉ¸Ö ¶· ¢¨²  ¸Ê³³ [10].

—Éµ ± ¸ ¥É¸Ö ¢¥²¨Î¨´Ò Λ̄, Éµ ¥¥ µÍ¥´±¨ ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¤²Ö ÉÖ¦¥-
²ÒÌ ³¥§µ´µ¢ ¡Ò²¨ ¸¤¥² ´Ò ¢ [64], £¤¥ Λ̄ = (0, 57 ± 0, 07) ƒÔ‚. Š·µ³¥ Éµ£µ,
®µ¶É¨Î¥¸±¨¥¯ ¶· ¢¨²  ¸Ê³³ ‚µ²µÏ¨´  [65] ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ¨ÉÓ µ£· ´¨Î¥-
´¨¥ [66]

Λ̄ > 2δ1

(
ρ2 − 1

4

)
� 0, 59 ƒÔ‚, (2.1)

£¤¥ ρ2 Å ´ ±²µ´ Ê´¨¢¥·¸ ²Ó´µ° ËÊ´±Í¨¨ ˆ§£Ê· Å‚ °§  [12],   δ1 Å · §´µ¸ÉÓ
³ ¸¸ ²¥£Î °Ï¥£µ ¢¥±Éµ·´µ£µ S-¢µ²´µ¢µ£µ Ê·µ¢´Ö ¨ P -¢µ²´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ¢
¸¨¸É¥³¥ (Qq̄) ¶·¨ mQ → ∞.

„ ²¥¥, µÍ¥´±¨ f statB ¢ · ³± Ì ¶· ¢¨² ¸Ê³³ Š•„ ¨ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ´ 
·¥Ï¥É± Ì ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ¶·¨¢µ¤ÖÉ [7] ±

f statB = (240± 40) ŒÔ‚. (2.2)

‚ · ³± Ì ¶· ¢¨² ¸Ê³³ ¶µ²ÊÎ¥´  É ±¦¥ µÍ¥´±  ¸·¥¤´¥£µ ±¢ ¤· É  ¨³¶Ê²Ó¸ 
ÉÖ¦¥²µ£µ ±¢ ·±  ¢ ³¥§µ´¥ [7]

µ2π = (0, 5± 0, 1) ƒÔ‚2 (2.3)
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¨ µ£· ´¨Î¥´¨¥ [66]

µ2π > 3δ21

(
ρ2 − 1

4

)
� 0, 45 ƒÔ‚2. (2.4)

‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¡Ò²¨ · ¸¸³µÉ·¥´Ò ¶· ¢¨²  ¸Ê³³ Š•„ ¤²Ö ²¥¶-
Éµ´´ÒÌ ±µ´¸É ´É S-¢µ²´µ¢ÒÌ Ê·µ¢´¥° ±¢ ·±µ´¨Ö (Q1Q̄2), ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó-
§µ¢ ²¸Ö ¸¶¥±É· ³ ¸¸ ¸µ¸ÉµÖ´¨°, · ¸¸Î¨É ´´Ò° ¢ ±¢ §¨±² ¸¸¨Î¥¸±µ³ ¶·¨¡²¨-
¦¥´¨¨. „²Ö 1S-Ê·µ¢´Ö ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¸¨¸É¥³ É¨Î¥¸±µ° ´¥µ¶·¥¤¥²¥´´µ¸É¨
¶µ·Ö¤±  10% ¡Ò²µ ¶µ²ÊÎ¥´µ ¢Ò· ¦¥´¨¥

f2V,P ·M =
16αs
π

µ2π µ12HV,PZsys, (2.5)

£¤¥ µ12 = m1m2/(m1 + m2) Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ±¢ ·±µ´¨Ö, µ2π =
= 2µ12〈T 〉 Å ¸·¥¤´¨° ±¢ ¤· É ¨³¶Ê²Ó¸  ±¢ ·±  ¢ ±¢ ·±µ´¨¨ ¸ ³ ¸¸µ°
M � m1 + m2. ‚ (2.5) ±µ´¸É ´É  ¸¢Ö§¨ Š•„ µÍ¥´¨¢ ¥É¸Ö ´  ³ ¸ÏÉ ¡¥
±Ê²µ´µ¢¸±µ£µ µ¡³¥´  ³¥¦¤Ê ±¢ ·± ³¨, ±µÉµ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö ´  ¶µ·µ£¥
µ¡· §µ¢ ´¨Ö ¶ ·Ò ±¢ ·±µ¢.

„²Ö ÉÖ¦¥²µ£µ ³¥§µ´  (Qq̄) ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¨£· ¥É ¤¢¨¦¥´¨¥ ²¥£±µ£µ
Éµ±µ¢µ£µ ±¢ ·±  ¢ ¸·¥¤¥ ±¢ ·±-£²Õµ´´ÒÌ ±µ´¤¥´¸ Éµ¢, ¶µÔÉµ³Ê ´ ¨¡µ²¥¥ ¶µ-
¸²¥¤µ¢ É¥²Ó´µ¥ · ¸¸³µÉ·¥´¨¥ ¶· ¢¨² ¸Ê³³ ¶·¥¤¶µ² £ ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ µ¶¥-
· Éµ·´µ£µ · §²µ¦¥´¨Ö ¶·µ¨§¢¥¤¥´¨Ö ±¢ ·±µ¢ÒÌ Éµ±µ¢ ¸ ÊÎ¥Éµ³ ¢ ±ÊÊ³´ÒÌ
µ¦¨¤ ´¨° µ¶¥· Éµ·µ¢ ¢Ò¸Ï¨Ì · §³¥·´µ¸É¥°. �¤´ ±µ, ¢ ± Î¥¸É¢¥ · §Ê³´µ£µ
¶·¨¡²¨¦¥´¨Ö, ³µ¦´µ · ¸¸³µÉ·¥ÉÓ ¸²ÊÎ °, ±µ£¤  ¢²¨Ö´¨¥ ±µ´¤¥´¸ Éµ¢ ¸¢µ-
¤¨É¸Ö, £² ¢´Ò³ µ¡· §µ³, ± ¶µÖ¢²¥´¨Õ ÔËË¥±É¨¢´µ° ³ ¸¸Ò ²¥£±µ£µ ±¢ ·± .
�µ¤µ¡´Ò° ±µ´¸É¨ÉÊ¥´É´Ò° ±¢ ·± ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ´¥·¥²ÖÉ¨¢¨¸É-
¸±¨° µ¡Ñ¥±É, ¤¢¨¦ÊÐ¨°¸Ö ¢ ¶µÉ¥´Í¨ ²¥ ¸É É¨Î¥¸±µ£µ ÉÖ¦¥²µ£µ ±¢ ·± ∗. ’ ±,
¶µÉ¥´Í¨ ²Ó´Ò¥ ±¢ ·±µ¢Ò¥ ³µ¤¥²¨ ¤µ¢µ²Ó´µ Ê¸¶¥Ï´µ ¶·¨³¥´ÖÕÉ¸Ö ¢ ¸¶¥±É·µ-
¸±µ¶¨¨ ÉÖ¦¥²ÒÌ ³¥§µ´µ¢. „ ²¥¥, ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥
¢Ò· ¦¥´¨Ö, £¤¥ ´¥ ¢±²ÕÎ ÕÉ¸Ö ¢ · ¸¸³µÉ·¥´¨¥ ¢±² ¤Ò ±µ´¤¥´¸ Éµ¢, É ± ± ±
µ´¨ ´¥Ö¢´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¶µ¸·¥¤¸É¢µ³ ¢¢¥¤¥´¨Ö ´¥±¨Ì Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì
¶ · ³¥É·µ¢ É¨¶  ±µ´¸É¨ÉÊ¥´É´ÒÌ ³ ¸¸.

‚ É ±µ³ ¶µ¤Ìµ¤¥ ¨¸¶µ²Ó§Ê¥³µ¥ ¶·¨¡²¨¦¥´¨¥ µ§´ Î ¥É, ÎÉµ

µ12 =
mQµq

mQ + µq
≈ µq = µ � M(Qq̄)−mQ = Λ̄. (2.6)

‚¢¥¤¥´¨¥ ±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸Ò ²¥£±µ£µ ±¢ ·±  Ö¢²Ö¥É¸Ö, ¡¥§Ê¸²µ¢´µ, ¤µ¶µ²-
´¨É¥²Ó´Ò³, ´µ ¢¶µ²´¥ · §Ê³´Ò³ ¶·¥¤¶µ²µ¦¥´¨¥³. �´  Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ ´¥-
¶¥·ÉÊ·¡ É¨¢´µ° ¢¥²¨Î¨´Ò Ec, µ¶·¥¤¥²ÖÕÐ¥° ¶µ·µ£  ¤·µ´´µ£µ ±µ´É¨´ÊÊ³  ¢

∗’ ±µ¥ ¶·¨¡²¨¦¥´¨¥ µ§´ Î ¥É, ÎÉµ ²¥£±¨¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¥¤¨´µ¥
Í¥²µ¥, ´¥ ¨³¥ÕÐ¥¥ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò.
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² ¶² ¸µ¢¸±µ° ¸Ì¥³¥ ¶· ¢¨² ¸Ê³³ HQET. ‚¥²¨Î¨´a Ec µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶·¨´-
Í¨¶  ¸É ¡¨²Ó´µ¸É¨ ¤²Ö ¢ÒÎ¨¸²Ö¥³ÒÌ ¶ · ³¥É·µ¢, É ±¨Ì, ± ± ²¥¶Éµ´´ Ö ±µ´-
¸É ´É . ‘¢Ö§Ó Ec ¸ Λ̄ µ¡¸Ê¦¤ ¥É¸Ö ¢ [7]. �¥µ¶·¥¤¥²¥´´µ¸ÉÓ µÍ¥´±¨ Ec ¢ HQET
É ± Ö ¦¥, ± ± ¢ µÍ¥´±¥ ±µ´¸É¨ÉÊ¥´É´µ° ³ ¸¸Ò ±¢ ·± . ‚ ±µ´¥Î´µÔ´¥·£¥É¨Î¥-
¸±¨Ì ¶· ¢¨² Ì ¸Ê³³, ±µÉµ·Ò¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¶· ¢¨² ³¨ ¸Ê³³ HQET, Ec Å
¡ §¨¸´ Ö ¢¥²¨Î¨´ , µ¶·¥¤¥²ÖÕÐ Ö · §²¨Î´Ò¥ · §³¥·´Ò¥ ¶ · ³¥É·Ò (¸³. [67],
£¤¥ ¶·¨¢µ¤ÖÉ¸Ö Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö). ’ ±¨³ µ¡· §µ³, ¢¥²¨Î¨´  µ12 ∼ Λ̄ ¨³¥¥É
¤µ¸É ÉµÎ´ÊÕ µ¶·¥¤¥²¥´´µ¸ÉÓ, ± ± ¨ ¢ ¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì.

’ ± ± ± ±¢ ·±µ´¨° · ¸¸³ É·¨¢ ¥É¸Ö ´  ¶µ·µ£¥ µ¡· §µ¢ ´¨Ö ¸µ¸É ¢²ÖÕ-
Ð¨Ì ¥£µ ±¢ ·±µ¢, ¸²¥¤Ê¥É £µ¢µ·¨ÉÓ µ ¸É É¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ÉÖ¦¥²µ£µ
³¥§µ´  ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³.

„ ²¥¥, H-Ë ±Éµ· ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥, ÊÎ¨ÉÒ¢ Õ-
Ð¥³ ·¥´µ·³£·Ê¶¶µ¢Ò¥ ¸¢µ°¸É¢  ±µ´¸É ´ÉÒ ¸¢Ö§¨ Š•„:

HRG
V,P =

(
αs(eδV,P µ)
αs(mQ)

)4/β0(nf )

,

£¤¥ δV = 8/3, δP = 2, β0 = 11 − 2nf/3, nf Å Î¨¸²µ  ·µ³ Éµ¢ ±¢ ·±µ¢ ¸
³ ¸¸ ³¨ m < mQ.

‘ ÊÎ¥Éµ³ ¶µ¸²¥¤´¥£µ Ë ±Éµ·  ¶·¨Ìµ¤¨³ ± ¨§¢¥¸É´µ³Ê ·¥§Ê²ÓÉ ÉÊ∗ ¢ HQET
µ ³ ¸ÏÉ ¡´µ³ ¸µµÉ´µÏ¥´¨¨ ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¢ ¸É -
É¨Î¥¸±µ³ ¶·¥¤¥²¥

f2stat(µ)M
(
αs(eδP µ)
αs(mQ)

)−4/β0(nf )

= const. (2.7)

’ ±¨³ µ¡· §µ³, ¢ · ³± Ì ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ¤ ´´ÒÌ ±¢ ·±µ´¨Ö Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ · §Ê³´Ò° ¶·¥¤¥²
¤²Ö ¸¨¸É¥³ ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³.

„²Ö ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¢ ·¥§µ´ ´¸´µ° µ¡² ¸É¨ ´ Ìµ¤¨É¸Ö ²¨ÏÓ µ¤´µ ¸µ¸Éµ-
Ö´¨¥. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥

Zsys ≈ ln(ninth),

¶·¨Î¥³ ¤²Ö ¸É É¨Î¥¸±¨Ì ±¢ ·±µ¢ ni = 1. ‚¥²¨Î¨´  nth µ¶·¥¤¥²Ö¥É¸Ö ¶µ·µ£µ³
±µ´É¨´ÊÊ³  Ec = 0, 9 ÷ 1 ƒÔ‚, É ± ÎÉµ Ec = µ + 2T ln(nth). ’µ£¤  Zsys =
= 0, 40± 0, 06. —¨¸²¥´´Ò¥ µÍ¥´±¨ ¤²Ö B-³¥§µ´µ¢ ¤ ÕÉ

HRG
P = 1, 008± 0, 004, αs(µ2π)Zsys = 0, 35± 0, 05

¨
f statB = (310± 60) ŒÔ‚.

∗‘ ÉµÎ´µ¸ÉÓÕ ¤µ δV,P , ±µÉµ·Ò¥ ¢ HQET ¶µ² £ ÕÉ¸Ö · ¢´Ò³¨ ´Ê²Õ.
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2.1. ‘¶¥±É·µ¸±µ¶¨Ö ¨ · §³¥·´Ò¥ ¶ · ³¥É·Ò HQET. ‚ µ¸´µ¢¥ · §²µ¦¥-
´¨Ö µ¶¥· Éµ·µ¢ ¶µ µ¡· É´µ° ³ ¸¸¥ ÉÖ¦¥²µ£µ ±¢ ·±  (HQET ¨ NRQCD) ²¥¦¨É
¶·¥¤¸É ¢²¥´¨¥ µ · §¤¥²¥´¨¨ µ¶¨¸ ´¨Ö ÉÖ¦¥²ÒÌ ¸É É¨Î¥¸±¨Ì ¨¸ÉµÎ´¨±µ¢ ¨ £¥-
´¥·¨·Ê¥³ÒÌ ¨³¨ ¶µ²¥° £²Õµ´µ¢ ¨ ²¥£±¨Ì ±¢ ·±µ¢. ‚ É ±µ³ ¸²ÊÎ ¥ ¢¥¤ÊÐ¨³
Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¸ ´¥ § ¢¨¸ÖÐ¨³ µÉ
¨Ì  ·µ³ É  ¶µÉ¥´Í¨ ²µ³. ’µ£¤  ³ ¸¸Ò ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ ¸¶¥±-
É·µ¸±µ¶¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ (NRQCD), ³µ£ÊÉ ¶·¨³¥´ÖÉÓ¸Ö ¢ · §²µ¦¥´¨¨
HQET ¤²Ö ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¸ µ¤´¨³ ÉÖ¦¥²Ò³ ±¢ ·±µ³. ‚ ¸¶¥±É·µ¸±µ¶¨¨ ÉÖ-
¦¥²µ£µ ±¢ ·±µ´¨Ö § ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨°
µÉ ´µ³¥·  Ê·µ¢´Ö ¨ ³ ¸¸ ±¢ ·±µ¢ Ö¢²Ö¥É¸Ö ¢¶µ²´¥ µ¶·¥¤¥²¥´´µ°, ÎÉµ ³µ-
¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ ¤²Ö Ê¸É· ´¥´¨Ö ¶·µ¨§¢µ²Ó´µ£µ ¸¤¢¨£  ¶µÉ¥´Í¨ ²Ó´µ°
Ô´¥·£¨¨, ±µÉµ·Ò° ¢¥¤¥É ²¨ÏÓ ± ¨§³¥´¥´¨Õ Ô´¥·£¨¨ Ê·µ¢´Ö ¢ 1/m2Q-¶µ·Ö¤±¥
· §²µ¦¥´¨Ö, ¥¸²¨ ¢¢¥¸É¨ ¢ · ¸¸³µÉ·¥´¨¥ Ê¸²µ¢¨¥ ´¥§ ¢¨¸¨³µ¸É¨ ³ ¸¸ ÉÖ¦¥-
²ÒÌ ±¢ ·±µ¢ µÉ É¨¶  ³¥§µ´ , É.¥. ¨¸¶µ²Ó§µ¢ ÉÓ ¸Ï¨¢±Ê Ï± ²Ò Ô´¥·£¨° ¤²Ö
ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¨ ÉÖ¦¥²ÒÌ ³¥§µ´µ¢.

„·Ê£¨³¨ ¸²µ¢ ³¨, ³ ¸¸Ò ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ´¥ ³µ£ÊÉ ¡ÒÉÓ µ¤´µ§´ Î´µ § -
Ë¨±¸¨·µ¢ ´Ò ¢ ¸¶¥±É·µ¸±µ¶¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢, É ± ± ± ¸µ£² ¸´µ É¥µ·¥³¥
”¥°´³ ´ Å•¥²²³ ´´  ¢ ·¨ Í¨Ö ¶·¨¢¥¤¥´´µ° ³ ¸¸Ò ±¢ ·±µ¢ ¢Ò§Ò¢ ¥É ²¨ÏÓ
³ ²µ¥ ¨§³¥´¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨:

dE = −〈T 〉 dµ12
µ12

,

±µÉµ·µ¥, µÎ¥¢¨¤´µ, ´ Ìµ¤¨É¸Ö §  · ³± ³¨ ¨¸¸²¥¤Ê¥³µ° ÉµÎ´µ¸É¨, ±µ£¤a
M = m1 +m2 + 〈T 〉+ 〈V 〉. �¤´ ±µ ¶·µ¨§¢µ²Ó´Ò° ¸¤¢¨£ ³ ¸¸ ³µ¦´µ Ê¸É· -
´¨ÉÓ, ¥¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ É ±µ¥ Ê¸²µ¢¨¥, ´ ¶·¨³¥·: ³ ¸¸Ò Υ(4S) ¨ ψ(3S)
¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ ¸ Ê¤¢µ¥´´Ò³¨ ³ ¸¸ ³¨ ÉÖ¦¥²ÒÌ B- ¨ D-³¥§µ´µ¢ ¸µ-
µÉ¢¥É¸É¢¥´´µ, £¤¥ ¢ · ¸Î¥É Ì HQET ¸ÉµÖÉ É¥ ¦¥ ¸ ³Ò¥ §´ Î¥´¨Ö ³ ¸¸ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢.

‚ µÉ²¨Î¨¥ µÉ ¶µ¤µ¡´µ£µ ¶µ¤Ìµ¤ , ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¨¸ÉµÎ´¨±¨,
¨§²ÊÎ ÕÐ¨¥ ¶µ²Ö, ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ µ¡² ¤ ÕÉ ¸ ³µ¤¥°¸É¢¨¥³, ÎÉµ ¶·¨¢µ-
¤¨É ± ¢¢¥¤¥´¨Õ ±·¨É¥·¨Ö · §¤¥²¥´¨Ö ¢´¥Ï´¥£µ ¶µ²Ö ¨ ¶µ²Ö, µÉ´µ¸ÖÐ¥£µ¸Ö ±
¨¸ÉµÎ´¨±Ê. ”µ·³ ²Ó´µ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢ µ¶¥· Éµ·´µ³ · §²µ¦¥´¨¨ ¨ µ¶¥-
· Éµ·Ò, ¨ ¶ · ³¥É·Ò É¨¶  ³ ¸¸ ±¢ ·±µ¢, ¨ ±µÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  § ¢¨¸ÖÉ
µÉ ³ ¸ÏÉ ¡  Ë ±Éµ·¨§ Í¨¨, ±µÉµ·Ò° ¢Ò¡¨· ¥É¸Ö ¸µ£² ¸´µ Ë¨§¨Î¥¸±¨³ Ì · ±-
É¥·¨¸É¨± ³ ± ¦¤µ° · ¸¸³ É·¨¢ ¥³µ° ¸¨¸É¥³Ò ¢ Í¥²ÖÌ µ¡¥¸¶¥Î¥´¨Ö ¡Ò¸É·µ°
¸Ìµ¤¨³µ¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·´ÒÌ ·Ö¤µ¢. ‚
Ë¨§¨±¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ´  ¶· ±É¨±¥ ¢¢µ¤ÖÉ µ¡·¥§ ´¨¥ ³Ö£±¨Ì £²Õµ´µ¢ ¶·¨
· ¸Î¥É Ì ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¤¨ £· ³³ ”¥°´³ ´ , É ± ÎÉµ ¶ · ³¥É·Ò · §²µ¦¥-
´¨Ö § ¢¨¸ÖÉ µÉ ÔÉµ£µ µ¡·¥§ ´¨Ö λ. ’ ±, ¶·¨ ³ ²ÒÌ ¢ ·¨ Í¨ÖÌ µ¡·¥§ ´¨Ö ¡Ò²¨
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¶µ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö [68]:

mQ(λ) −mQ(λ′) = −2
3
αs(λ) · (λ− λ′), (2.8)

µ2π(λ)− µ2π(λ
′) =

4
3π

αs(λ) · (λ2 − λ′2). (2.9)

�µ¤µ¡´ Ö § ¢¨¸¨³µ¸ÉÓ ¶·¨¢µ¤¨É ± ´¥µ¡Ìµ¤¨³µ¸É¨ · ¸¸³µÉ·¥´¨Ö ¶·µ¡²¥³Ò
¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ¨§¢²¥Î¥´¨Ö ¶ · ³¥É·µ¢ · §²µ¦¥´¨Ö ¶µ µ¡· É´µ° ³ ¸¸¥
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ · §²¨Î´ÒÌ ¶µ¤Ìµ¤ Ì [69]. ’¥³ ´¥ ³¥´¥¥ ´¥ § ¢¨¸ÖÐ¨° µÉ
 ·µ³ Éµ¢ ±¢ ·±µ¢ ¶µÉ¥´Í¨ ² ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö ¸ÊÐ¥¸É¢Ê¥É ¶·¨ ¨¤¥´É¨Î´µ³
¢Ò¡µ·¥ ³ ¸ÏÉ ¡  ´µ·³¨·µ¢±¨ ¶ · ³¥É·µ¢ ¨ µ¶¥· Éµ·µ¢.

�¶·¥¤¥²¨³ ³ ¸¸Ê ÉÖ¦¥²µ£µ ±¢ ·±  ¸µ£² ¸´µ

mQ = m(Qq̄)− Λ̄− µ2π
2m(Qq̄)

+O(1/m2Q), (2.10)

£¤¥ µ2π Å ¸·¥¤´¨° ±¢ ¤· É ¨³¶Ê²Ó¸  ±¢ ·±  ¢ ÉÖ¦¥²µ³ ³¥§µ´¥, m(Qq̄) =
= (3mV +mP )/4 Å Ê¸·¥¤´¥´´ Ö ¶µ ¸¶¨´Ê ³ ¸¸  ¢¥±Éµ·´µ£µ ¨ ¶¸¥¢¤µ¸± ²Ö·-
´µ£µ ¸µ¸ÉµÖ´¨°. ŒÒ ¶µ² £ ¥³, ÎÉµ

µ2π = 2〈T 〉µQq̄, (2.11)

£¤¥ µQq̄ Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸a Qq̄,   T Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö.  §Ê³´Ò°
¢Ò¡µ· µQq̄ µ¶·¥¤¥²Ö¥É¸Ö ± ± Λ̄.

‡´ Î¥´¨Ö m(Qq̄) ¤²Ö Q = b, c ¨ q = u, d ¨§¢¥¸É´Ò Ô±¸¶¥·¨³¥´-
É ²Ó´µ [57]:

mB(1S) = 5, 313 ƒÔ‚, mD(1S) = 1, 975 ƒÔ‚, (2.12)

¸ ÉµÎ´µ¸ÉÓÕ ²ÊÎÏ¥ Î¥³ 5 ŒÔ‚.
‚ ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨ ±¢ ´Éµ¢ ´¨¥ ¶µ fµ·ÊÅ‡µ³³¥·Ë¥²Ó¤Ê ¤²Ö

nS-¸µ¸ÉµÖ´¨° ¶·¨ ¶µ¸ÉµÖ´´µ° 〈T 〉 ¤ ¥É Ô´¥·£¨Õ ¸¢Ö§¨ ±¢ ·±µ¢

E(n) = C + T ln
n2

µ12
, (2.13)

£¤¥ C Å ¶µ¸ÉµÖ´´ Ö, ´¥ § ¢¨¸ÖÐ Ö µÉ  ·µ³ Éµ¢ ±¢ ·±µ¢. “· ¢´¥´¨¥ (2.13)
¤ ¥É § ¢¨¸¨³µ¸ÉÓ Ô´¥·£¨¨ ¸¢Ö§¨ µÉ ´µ³¥·  ¢µ§¡Ê¦¤¥´¨Ö ¨ ³ ¸¸ ±¢ ·±µ¢. ‡ -
³¥É¨³, ÎÉµ ±¢ §¨±² ¸¸¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ WKB ¤²Ö § ¤ Î¨ ¸ É·¥Ì³¥·´Ò³
Í¥´É· ²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³ ¶·¨¢µ¤¨É ± § ³¥´¥ n ´  n − 1/4 ¢ (2.13). �¤-
´ ±µ ¤ ´´ Ö § ³¥´  ´¥ ¶·¨¢µ¤¨É ± ²ÊÎÏ¥³Ê µ¶¨¸ ´¨Õ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
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¨¸. 3. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö · §´µ¸É¥° ³ ¸¸ nS-Ê·µ¢´¥° ¡µÉÉµ³µ´¨Ö (ÉµÎ±¨)
¨ Î ·³µ´¨Ö (±¢ ¤· ÉÒ) α(n) = [M(nS) −M(1S)]/[M(2S) −M(1S)] ¨ § ¢¨¸¨³µ¸É¨
¢ · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨ (±·¨¢ Ö 1) ¨ ¢ ¶·¨¡²¨¦¥´¨¨ WKB (±·¨¢ Ö 2)

¤ ´´ÒÌ ∗ (¸³. ·¨¸. 3). —Éµ¡Ò ¨§µ²¨·µ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ µÉ n, ³Ò · ¸¸³µÉ·¥²¨
µÉ´µÏ¥´¨¥ α(n) ¢ ¤ ´´µ° ³µ¤¥²¨:

α(n) =
M(nS)−M(1S)
M(2S)−M(1S)

=
lnn
ln 2

(2.14)

¨ ¢ ¶·¨¡²¨¦¥´¨¨ WKB:

αWKB(n) =
ln[(4n− 1)/3]

ln[7/3]
.

‘· ¢´¥´¨¥ ³µ¤¥²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö (2.14) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¢¥²¨Î¨-
´ ³¨ ¨ ³µ¤¨Ë¨± Í¨¥° WKB ¶·¥¤¸É ¢²¥´µ ´  ·¨¸. 3. Š ± ¢¨¤´µ, · ¸¸³ É·¨-
¢ ¥³ Ö ³µ¤¥²Ó Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¥° ¤²Ö ÉµÎ´µ£µ µ¶¨¸ ´¨Ö §´ Î¥´¨°
M(nS), É ± ÎÉµ

T = (0, 415± 0, 02) ƒÔ‚. (2.15)

‡ ³¥É¨³, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ  ´ ²¨§  ¢ [6], ³Ò ¨¸¶µ²Ó§Ê¥³ ³ ¸¸Ò ¢µ§¡Ê¦¤¥´¨°,
Ê¸·¥¤´¥´´Ò¥ ¶µ § ¢¨¸ÖÐ¥° µÉ ¸¶¨´µ¢ ±¢ ·±µ¢ Î ¸É¨ ¶µÉ¥´Í¨ ² , ÎÉµ ± ¦¥É¸Ö

∗’ ± Ö ¦¥ É¥´¤¥´Í¨Ö ¡Ò²  § ³¥Î¥´  ¨ ¢ ±Ê²µ´µ¢¸±µ³ ¶µÉ¥´Í¨ ²¥, £¤¥ Ê· ¢´¥´¨¥
fµ· Å‡µ³³¥·Ë¥²Ó¤  ¤ ¢ ²µ ÉµÎ´Ò° ·¥§Ê²ÓÉ É.
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¡µ²¥¥ ·¥§µ´´Ò³. Š·µ³¥ Éµ£µ,  ´ ²¨§ ¸¶¥±É·µ¢ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ¢Ò¶µ²-
´¥´´Ò° ¢ [6] ¶µ Ëµ·³Ê² ³ WKB, ¶·¨¢µ¤¨É ± ³¥´ÓÏ¨³ §´ Î¥´¨Ö³ ¢¥²¨Î¨´Ò
T ≈ 0, 37 ƒÔ‚. Œ ¸¸  nS-Ê·µ¢´Ö µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥

M(nS) = m1 +m2 + E(n).

‚ Í¥²ÖÌ Ê¤µ¡¸É¢  ¢¢¥¤¥³ ®´ Î ²Ó´Ò¥¯ §´ Î¥´¨Ö ni(µ12), § ¢¨¸ÖÐ¨¥ µÉ ¶·¨¢¥-
¤¥´´ÒÌ ³ ¸¸ ¨ ¸¢Ö§ ´´Ò¥ ¸ ´¥ § ¢¨¸ÖÐ¥° µÉ  ·µ³ Éµ¢ ¶µ¸ÉµÖ´´µ° C ¢ (2.13):

C = −T ln
n2i (µ12)
µ12

. (2.16)

ˆ¸¶µ²Ó§Ê¥³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¸Ï¨¢ ÕÐ¨¥ Ô´¥·£¥É¨Î¥¸±ÊÕ Ï± ²Ê ¢
ÉÖ¦¥²µ³ ±¢ ·±µ´¨¨ ¨ ÉÖ¦¥²µ³ ³¥§µ´¥:

MΥ(4S) = 2mB(1S) + δb, Mψ(3S) = 2mD(1S) + δc,

£¤¥ δb,c Å ³ ²µ¥ µÉ±²µ´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µÉ · ¸Î¥É´ÒÌ. �É¨
Ê· ¢´¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ¶¥·¥¶¨¸ ´Ò ¢ ¢¨¤¥∗

2T ln
nth(bb̄)
ni(bb̄)

= 2Λ̄ +
µ2π
mb

+ δb, (2.17)

2T ln
nth(cc̄)
ni(cc̄)

= 2Λ̄ +
µ2π
mc

+ δc, (2.18)

£¤¥ nth(bb̄) = 4, nth(cc̄) = 3. ˆ§ (2.16) ´ Ìµ¤¨³

ln
ni(bb̄)
ni(cc̄)

=
1
2

ln
mb

mc
. (2.19)

�¡Ñ¥¤¨´ÖÖ (2.11), (2.17)Ä(2.19), ¶µ²ÊÎ¨³

Λ̄ =
mbmc

mb −mc

{
ln

√
mb

mc

nth(cc̄)
nth(bb̄)

− δc − δb
2T

}
, (2.20)

£¤¥ ¸±·ÒÉ  ´¥Ö¢´ Ö § ¢¨¸¨³µ¸ÉÓ ³ ¸¸ ±¢ ·±µ¢ µÉ T ¨ Λ̄.
“· ¢´¥´¨¥ (2.20) ³µ¦¥É ¡ÒÉÓ ·¥Ï¥´µ Î¨¸²¥´´µ, ¨ µ´µ ¤ ¥É∗∗

Λ̄ = (0, 63± 0, 03) ƒÔ‚. (2.21)

∗�´ ²µ£¨Î´ Ö µÍ¥´±  ¸ ¤µ¶µ²´¨É¥²Ó´Ò³ Ê¸²µ¢¨¥³ ni(bb̄) = 1 ¡Ò²  · ¸¸³µÉ·¥´  ¢ [19].
∗∗�µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ µ£· ´¨Î¥´¨Ö³¨ [66].
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‚ ·¨ Í¨Ö δ = δc − δb = ±80 ŒÔ‚ ¤ ¥É δΛ̄ = ±150 ŒÔ‚. —Éµ ± ¸ ¥É¸Ö ³ ¸¸
±¢ ·±µ¢ ¢ ¶¥·¢µ³ ¶µ·Ö¤±¥ ¶µ 1/mQ, Éµ ´ Ìµ¤¨³

mb = (4, 63± 0, 03) ƒÔ‚, mc = (1, 18± 0, 07) ƒÔ‚.

„µ¶µ²´¨É¥²Ó´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ³ ¸¸¥ c-±¢ ·±  ¸¢Ö§ ´  ¸ ¤µ¶Ê¸É¨³µ°
§ ³¥´µ° Λ̄/m(Qq̄) → Λ̄/(m(Qq̄) − Λ̄) + O(Λ̄2/m2Q) ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ³ ¸¸Ò
ÉÖ¦¥²µ£µ ±¢ ·± , É.¥. µ´  µ¡Ê¸²µ¢²¥´  Î²¥´ ³¨ ¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ µ¡· É´µ°
³ ¸¸¥ ÉÖ¦¥²µ£µ ±¢ ·± .

� · ³¥É· µ2π = (0, 54± 0, 08) ƒÔ‚2 [70].
�·µ¢¥¤¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶µ§¢µ²ÖÕÉ ¶·¥¤¸± § ÉÓ ³ ¸¸Ò nS-Ê·µ¢´¥° ¸¥-

³¥°¸É¢  (b̄c) ´¨¦¥ ¶µ·µ£  · ¸¶ ¤  ´  ¶ ·Ê BD:

mBc(1S) = (6, 37± 0, 04) ƒÔ‚, mBc(2S) = (6, 97± 0, 04) ƒÔ‚.

�µ²µ¦¥´¨¥ 1S-Ê·µ¢´Ö ´¥³´µ£µ ¢ÒÏ¥, Î¥³ ¢ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²ÖÌ. �Éµ
µÉ±²µ´¥´¨¥, ¢ µ¸´µ¢´µ³, µ¡Ê¸²µ¢²¥´µ ¡µ²ÓÏ¥° ¢¥²¨Î¨´µ° ¶ · ³¥É·  T , ´µ
´¥ · §²¨Î¨¥³ ¢ ³ ¸¸ Ì ±¢ ·±µ¢, ¶µÉµ³Ê ÎÉµ ³ ¸¸Ò Ê·µ¢´¥° (b̄c) ´¥ µÎ¥´Ó
ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢ ·¨ Í¨¨ ³ ¸¸ ±¢ ·±µ¢. ˆ¸¶µ²Ó§ÊÖ µÍ¥´±Ê § ¢¨¸ÖÐ¥£µ µÉ
¸¶¨´  · ¸Ð¥¶²¥´¨Ö 1S-Ê·µ¢´Ö ¢ (b̄c), m(1−)−m(0−) ≈ 60−70 ŒÔ‚, ¶µ²ÊÎ¨³
¤²Ö ³ ¸¸Ò µ¸´µ¢´µ£µ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸µ¸ÉµÖ´¨Ö

mBc(0
−) = (6, 32± 0, 05) ƒÔ‚.

�·µ¢¥¤¥´´Ò¥ ¢ÒÏ¥ µÍ¥´±¨ ´¥ ÊÎ¨ÉÒ¢ ²¨ ¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤µ¢ ¢ Ô´¥·-
£¨Õ ¸¢Ö§¨ ÉÖ¦¥²µ£µ ±¢ ·±  ¨ ¥£µ ¸·¥¤´¨° ±¢ ¤· É ¨³¶Ê²Ó¸ , ±µÉµ·Ò¥ ³µ£ÊÉ
¡ÒÉÓ ÊÎÉ¥´Ò ¢ ±µ´¥Î´µ³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„, £¤¥, ± ± ¡Ò²µ
Ê± § ´µ, ¢µ§´¨± ¥É § ¢¨¸¨³µ¸ÉÓ ¶ · ³¥É·µ¢ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö µÉ ³ ¸-
ÏÉ ¡  Ë ±Éµ·¨§ Í¨¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (¸³. Ê· ¢´¥´¨Ö
(2.8), (2.9)).

�¥É·Ê¤´µ ÊÎ¥¸ÉÓ ³µ¤¨Ë¨± Í¨Õ · ¸Î¥Éµ¢ ¢ ¶¥·¢µ³ ¶µ·Ö¤±¥ ¶µ ±µ´¸É ´É¥
¸¢Ö§¨ Š•„. „¥°¸É¢¨É¥²Ó´µ, ¢Ò¤¥²ÖÖ § ¢¨¸¨³µ¸ÉÓ µÉ µ¡·¥§ ´¨Ö ¨³¶Ê²Ó¸  £²Õ-
µ´ , ¶µ²ÊÎ¨³

µ2π = 2〈T 〉Λ̄(λ) + 4
3π

αs(λ) · λ2, (2.22)

£¤¥ ∆µ2pert(λ) =
4
3παs(λ) · λ2 ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ´  Ì · ±É¥·´µ³ ³ ¸ÏÉ ¡¥

λ = 1 ƒÔ‚:
∆µ2pert(λ) = (0, 215± 0, 010) ƒÔ‚2.

’µ£¤ 

Λ̄(λ) =
mbmc

mb −mc

{
ln

√
mb

mc

nth(cc̄)
nth(bb̄)

− δc − δb
2T

}
−

∆µ2pert(λ)
2T

, (2.23)
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£¤¥ µ¶ÊÐ¥´  § ¢¨¸¨³µ¸ÉÓ ³ ¸¸ ±¢ ·±µ¢ µÉ λ. ‚ ¨Éµ£¥

Λ̄(1 ƒÔ‚) = (0, 22± 0, 02) ƒÔ‚, µ2π(1 ƒÔ‚) = (0, 40± 0, 02) ƒÔ‚. (2.24)

�¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ δ = δc − δb ³µ¦¥É ¡ÒÉÓ Ê³¥´ÓÏ¥´  §  ¸Î¥É ¥¥ ¸¢Ö§¨ ¸
¢ ·¨ Í¨¥° ¶ · ³¥É·  T , ¨ ¥¥ ¢±² ¤ ¡Ò² ÊÎÉ¥´ ¢ ¤ ´´µ° µÍ¥´±¥. „²Ö ³ ¸¸
±¢ ·±µ¢ ´ Ìµ¤¨³

mb(1 ƒÔ‚) = (5, 05± 0, 01) ƒÔ‚, mc(1 ƒÔ‚) = (1, 63± 0, 02) ƒÔ‚.

’µ£¤  Ê²ÊÎÏ ¥É¸Ö ¸µ£² ¸¨¥ µÍ¥´µ± ³ ¸¸ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c)

mBc(1S) = (6, 317± 0, 030) ƒÔ‚,
mBc(2S) = (6, 892± 0, 030) ƒÔ‚, (2.25)

mBc(0
−) = (6, 267± 0, 035) ƒÔ‚

¸ · ¸Î¥É ³¨ ¢ ¤·Ê£¨Ì ³µ¤¥²ÖÌ.
‘²¥¤Ê¥É µÉ³¥É¨ÉÓ É ±¦¥ ¨ ³µ¤¨Ë¨± Í¨Õ µÍ¥´±¨ ²¥¶Éµ´´µ° ±µ´¸É ´ÉÒ

B-³¥§µ´  ¢ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥, · ¸¸³µÉ·¥´´µ³ ¢ ¶¥·¢µ³ · §¤¥²¥, §  ¸Î¥É
¢¢¥¤¥´¨Ö § ¢¨¸¨³µ¸É¨ µÉ ³ ¸ÏÉ ¡  Ë ±Éµ·¨§ Í¨¨, É ± ÎÉµ, ¨¸¶µ²Ó§ÊÖ ¶ · ³¥-
É·Ò, · ¸¸Î¨É ´´Ò¥ ¢ ¤ ´´µ³ · §¤¥²¥, ¶µ²ÊÎ¨³

f statB (1 ƒÔ‚) = (220± 30) ŒÔ‚.

’ ±¨³ µ¡· §µ³, ·¥£Ê²Ö·´ Ö ¸É·Ê±ÉÊ·  ¸¶¥±É·µ¢ ±¢ ·±µ´¨Ö ¶µ§¢µ²Ö¥É µÍ¥-
´¨ÉÓ · §³¥·´Ò¥ ¶ · ³¥É·Ò ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢.

3. Š��‘’��’› ��‘	�„� ’Ÿ†…‹�ƒ� ‚…Š’����ƒ� Š‚��Š��ˆŸ
�� 	��“ ’Ÿ†…‹›• Œ…‡���‚

�±¸¶¥·¨³¥´É ²Ó´Ò° ¶µ¨¸± B+c -³¥§µ´  ´  Ê¸É ´µ¢± Ì ¸ ¢¥·Ï¨´´Ò³¨ ¤¥-
É¥±Éµ· ³¨ (OPAL [71], ALEPH [73], DELPHI [72] ¨ CDF [74]) ¸É¨³Ê²¨·µ¢ ²
É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ ¸¶¥±É·µ¸±µ¶¨¨ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c), ³¥-
Ì ´¨§³ ³ ¥£µ µ¡· §µ¢ ´¨Ö ¢ · §²¨Î´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¨ µÍ¥´± ³ Ï¨·¨´
· §²¨Î´ÒÌ ³µ¤ · ¸¶ ¤  ± ± µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, É ± ¨ ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢-
´¥°. �¸µ¡¥´´µ¸ÉÓÕ ¸¨¸É¥³Ò (b̄c) Ö¢²Ö¥É¸Ö µÉ¸ÊÉ¸É¢¨¥  ´´¨£¨²ÖÍ¨µ´´ÒÌ ³µ¤
· ¸¶ ¤  §  ¸Î¥É ¸¨²Ó´µ£µ ¨²¨ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨°, É ± ÎÉµ
µ¸´µ¢´µ¥ ¶¸¥¢¤µ¸± ²Ö·´µ¥ ¸µ¸ÉµÖ´¨¥ B+c · ¸¶ ¤ ¥É¸Ö §  ¸Î¥É ¸² ¡µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¨ Ö¢²Ö¥É¸Ö ¤µ²£µ¦¨¢ÊÐ¥° Î ¸É¨Í¥°, τ(B+c ) = (0, 55±0, 15) ¶¸. �¨¦¥
¶µ·µ£  · ¸¶ ¤  ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ BD ¢µ§¡Ê¦¤¥´´Ò¥ Ê·µ¢´¨ ±¢ ·±µ´¨Ö
(b̄c) · ¤¨ Í¨µ´´µ ¶¥·¥Ìµ¤ÖÉ ¢ ¸µ¸ÉµÖ´¨Ö ÔÉµ£µ ±¢ ·±µ´¨Ö ¸ ³¥´ÓÏ¥° ³ ¸¸µ°.
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‚ÒÏ¥ ¶µ·µ£  ¶ ·Ò BD ´ Ìµ¤¨É¸Ö ¢¥±Éµ·´µ¥ B∗+
c (3S)-¸µ¸ÉµÖ´¨¥, · ¸¶ ¤ ±µ-

Éµ·µ£µ  ´ ²µ£¨Î¥´ Υ(4S) → B+B−. Šµ´¸É ´É  ¶µ¸²¥¤´¥£µ · ¸¶ ¤  ¡Ò² 
· ¸¸³µÉ·¥´  ¢ · ¡µÉ¥ [23] ¢ · ³± Ì ¶· ¢¨² ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ±µ¢.

‚ ¤ ´´µ³ · §¤¥²¥ ³Ò · ¸¸³ É·¨¢ ¥³ ±µ´¸É ´ÉÊ g · ¸¶ ¤  ¢¥±Éµ·´µ£µ
±¢ ·±µ´¨Ö, ¸µ¤¥·¦ Ð¥£µ, ¢µµ¡Ð¥ £µ¢µ·Ö, ±¢ ·±¨ · §´µ£µ  ·µ³ É , ¤²Ö µ¶·¥-
¤¥²¥´´µ¸É¨ µ¡µ§´ Î¥´¨°, ¸± ¦¥³, (b̄c). �ÉµÉ ÉÖ¦¥²Ò° ±¢ ·±µ´¨° ¸ ³ ¸¸µ°
M , Ê¤µ¢²¥É¢µ·ÖÕÐ¥° Ê¸²µ¢¨Õ mB+mD < M < mB∗ +mD∗ , · ¸¶ ¤ ¥É¸Ö ´ 
¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ B+D0. ŒÒ ¢Ò¢µ¤¨³ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥

g2

M

(
4µBD
M

)
= const,

£¤¥ µBD = mBmD/(mB+mD) Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¶ ·Ò ÉÖ¦¥²ÒÌ ³¥§µ´µ¢.
�µ¸ÉµÖ´´ Ö ¢ ¶· ¢µ° Î ¸É¨ ¸µµÉ´µÏ¥´¨Ö µ¤´  ¨ É  ¦¥ ¤²Ö · ¸¶ ¤µ¢ Υ(4S) →
→ B+B−, B∗+

c (3S) → B+D0 ¨ ψ(3770) → D+D−, £¤¥ Ê¦¥ µBB = MΥ(4S)/4,
µDD = Mψ(3770)/4.

�¨¦¥ · ¸¸³µÉ·¥´Ò ¶· ¢¨²  ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ±µ¢, ¶µ²ÊÎ¥´µ ³ ¸ÏÉ ¡-
´µ¥ ¸µµÉ´µÏ¥´¨¥ ¨ ¸¤¥² ´Ò Î¨¸²¥´´Ò¥ µÍ¥´±¨.

3.1. 	· ¢¨²  ¸Ê³³.  ¸¸³µÉ·¨³ ¢¥±Éµ·´Ò° Éµ± ³¥§µ´µ¢

JBDµ (x) =
i

2
[B+(x) · ∂µD0(x)− ∂µB

+(x) ·D0(x)]

¨ µ¶·¥¤¥²¨³ ¢±² ¤ ÔÉµ£µ Éµ±  ¢ ²¥¶Éµ´´ÊÕ ±µ´¸É ´ÉÊ fBD ¢¥±Éµ·´µ£µ ±¢ ·-
±µ´¨Ö (b̄c), ²¥¦ Ð¥£µ ¢ÒÏ¥ ¶µ·µ£  BD:

ifBDMε(λ)µ eipx = 〈0|J†BD
µ (x)|V(b̄c), λ〉, (3.1)

£¤¥ λ Å ¶µ²Ö·¨§ Í¨Ö ¸µ¸ÉµÖ´¨Ö V(b̄c), ε
(λ)
µ Å ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨, p Å ¨³-

¶Ê²Ó¸ V(b̄c), p
2 = M2.

„ ²¥¥, ¢¢¥¤¥³ Ëµ·³Ë ±Éµ· F ¶µ¶¥·¥Î´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ ·Ò BD ¸
¢¥±Éµ·´Ò³ Éµ±µ³ Aµ ¸ ¢¥·Ï¨´µ°

LtrJA = F(q2) Aµ · kµ, (3.2)

£¤¥ q = pB + pD, pB,D Å ¨³¶Ê²Ó¸Ò ¢ÒÌµ¤ÖÐ¨Ì ¨§ ¢¥·Ï¨´Ò ³¥§µ´´ÒÌ ²¨´¨°
¨ pB = qB + k, pD = qD − k, qB,D · k = 0. ’ ±¨³ µ¡· §µ³,

(
gµν − qµqν

q2

)
〈0|J†BD

ν (0)|B+(pB)D0(pD)〉 = i F(q2) kµ.

 ¸¸³µÉ·¨³ ¶µ¶¥·¥Î´ÊÕ Î ¸ÉÓ ±µ··¥²ÖÉµ·  Éµ±µ¢

ΠtrJJ (q
2) =

1
3

(
−gµν +

qµqν

q2

) ∫
d4xeiqx〈0|T J†BD

µ (x)JBDν (0)|0〉.



1120 Šˆ‘…‹…‚ B.B.

‚ ÔÉµ³ ±µ··¥²ÖÉµ·¥ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¢±² ¤ ·¥§µ´ ´¸ , ²¥¦ Ð¥£µ ¢ÒÏ¥ ¶µ·µ£ 
¶ ·Ò BD, É ± ÎÉµ

ΠtrJJ (q
2) =

f2BDM
2

M2 − q2
+

∫ ∞

sth

ds

s− q2
ρ(s),

£¤¥ ρ(s) Å ¶²µÉ´µ¸ÉÓ ´¥·¥§µ´ ´¸´µ£µ ¢±² ¤ . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Ëµ·³Ë ±Éµ·
¢ (3.2) µ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê

ImΠtrFF (q
2) =

1
8π

|k|3

3
√
q2

F2(q2), (3.3)

£¤¥ |k|2 = −k2 = (q2 +m2B −m2D)
2/(4q2)−m2B . ‡ ¶¨Ï¥³ ¶· ¢¨²  ¸Ê³³ ¤²Ö

³¥§µ´´ÒÌ Éµ±µ¢

ΠtrJJ (q
2) =

1
π

∫ ∞

si

ds

s− q2
ImΠtrFF(s),

£¤¥ si = (mB +mD)2. ‘³µ¤¥²¨·Ê¥³ ¶²µÉ´µ¸ÉÓ ±µ´É¨´ÊÊ³  ¢ ¢¨¤¥

ρ(s) =
1
π
ImΠtrFF (s) θ(s− sth).

’µ£¤  ¶· ¢¨²  ¸Ê³³ ¶·¨³ÊÉ ¢¨¤

f2BDM
2

M2 − q2
=

1
π

∫ sth

si

ds

s− q2
ImΠtrFF(s). (3.4)

‡´ Î¥´¨¥ ¶µ·µ£  ±µ´É¨´ÊÊ³  µ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¨¥° µÉ±·ÒÉ¨Ö ´µ¢ÒÌ ± ´ ²µ¢
¢ ·µ¦¤¥´¨¨ Î ¸É¨Í Éµ±µ³ Jµ. Š ± ¡Ò²µ ¶µ± § ´µ ¢ [23] ¤²Ö Υ(4S) → B+B−

¨ ψ(3770) → D+D− · ¸¶ ¤µ¢, ÔÉ  ¢¥²¨Î¨´  § ¤ ¥É¸Ö ¶µ·µ£µ³ µ¡· §µ¢ ´¨Ö
¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨° B∗+B∗− ¨ D∗+D∗−, É ± ÎÉµ ³Ò ¶µ² £ ¥³

sth = (mB∗ +mD∗)2.

�¶·¥¤¥²¨³

v2(s) = 1− 4mBmD

s− (mB −mD)2
.

’µ£¤  v2th � 1.
 ¸¸³µÉ·¥´¨¥ Ëµ·³Ë ±Éµ·  F ¢ ³µ¤¥²¨ ¤²Ö B+B− ¨ D+D− Éµ±µ¢ [23]

¶µ± § ²µ, ÎÉµ ¸µµÉ´µÏ¥´¨¥ (3.4) ¨ ¥£µ ¶¥·¢Ò¥ Î¥ÉÒ·¥ ¶·µ¨§¢µ¤´Ò¥ ¶µ q2 ¶·¨
q2 = 0 ¤ ÕÉ ¸É ¡¨²Ó´µ¥ §´ Î¥´¨¥ f ¸ ÉµÎ´µ¸ÉÓÕ µÉ 5% ¤µ 25% ¸µµÉ¢¥É¸É¢¥´´µ.
ˆ³¥Ö ¢ ¢¨¤Ê Ê± § ´´ÊÕ µ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö (´µ³¥· ³µ³¥´É  ¸¶¥±É· ²Ó´µ°
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¶²µÉ´µ¸É¨ ³¥´ÓÏ¥ 5), ¶¥·¥°¤¥³ ¢ (3.4) ± ¨´É¥£·¨·µ¢ ´¨Õ ¶µ v2(s) ¨ ¶µ²µ¦¨³
q2 = 0 ¨ F(s) ≈ F(si) = F . ’µ£¤  ¶·¨ v2th � 1 ¨ |k| ≈ 2µBDv ¨³¥¥³

f2BD ≈ 1
π

∫ vth

0

dv2 · v3
(
4µBD
M

)4
F 2

64π
M2

3
.

’ ±¨³ µ¡· §µ³,

fBD =
FM

4π

(
4µBD
M

)2√
v5th
30

. (3.5)

‚¢¥¤¥³ ¶µ¶¥·¥Î´ÊÕ ¢¥·Ï¨´Ê · ¸¶ ¤  ¸µ¸ÉµÖ´¨Ö V(b̄c) ´  ¶ ·Ê B+D0:

Lg = g ε(λ)µ · kµ. (3.6)

‚¥·Ï¨´  (3.6) ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ³´¨³µ° Î ¸É¨ ±µ´¸É ´ÉÒ fBD, É ± ÎÉµ
Im fBD(q2) → 0 ¶·¨ q2 → si, ¨, ¸²¥¤µ¢ É¥²Ó´µ, Im fBD � Re fBD. ‘µ£² ¸´µ
¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨ ²¥£±µ ¶µ²ÊÎ¨ÉÓ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê Im fBD ¨ ¶µ-

¶¥·¥Î´Ò³ ±µ··¥²ÖÉµ·µ³, µ¶·¥¤¥²Ö¥³Ò³ Éµ±µ³ · ¸¶ ¤  ε(λ)µ ¨ ³¥§µ´´Ò³ Éµ±µ³
Jν [23]:

ImΠtrFg(q
2) = −M

2
Im fBD,

£¤¥ ImΠtrFg ¸µ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¢ (3.3) ¶·¨ § ³¥´¥ F 2 → Fg. ’µ£¤ 
¤¨¸¶¥·¸¨µ´´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ËÊ´±Í¨¨ fBD ¶·¨ q2 = si = (mB +mD)2

¤ ¥É

fBD =
1

16π2
Fg

9

(
4µBD
M

)3
Mv3th. (3.7)

‘· ¢´¨¢ Ö (3.5) ¸ (3.7), ´ Ìµ¤¨³

g =
(

M

4µBD

)
12π

√
3

10vth
. (3.8)

3.2. Œ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¨ Î¨¸²¥´´Ò¥ µÍ¥´±¨. Š ± Ê¦¥ Ê¶µ³¨´ -
²µ¸Ó, §´ Î¥´¨¥ vth µ¶·¥¤¥²Ö¥É¸Ö ¶µ·µ£µ³ µ¡· §µ¢ ´¨Ö ¢¥±Éµ·´ÒÌ ¢µ§¡Ê¦¤¥´¨°
ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ B∗+ ¨ D∗0:

v2th ≈
1

2µBD
(∆mB +∆mD),

£¤¥ ∆mB = mB∗−mB, ∆mD = mD∗−mD. ‚ ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢ (¸³. µ¡§µ· ¢ [7]) ¨³¥¥³

mB∆mB = mD∆mD = const,
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’ ¡²¨Í  7. 	·¥¤¸± § ´¨Ö ³ ¸ÏÉ ¡´µ£µ ¸µµÉ´µÏ¥´¨Ö ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨

‚¥²¨Î¨´  �±¸¶¥·¨³¥´É Œ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥

gΥ(4S)→B+B− 52 input

gψ(3770)→D+D− 31 31

g
B∗+

c (3S)→B+D0 Å 49

¢´¥ § ¢¨¸¨³µ¸É¨ µÉ  ·µ³ É  ÉÖ¦¥²µ£µ ±¢ ·±  ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¶· ¢µ± ¶µ
ΛQCD/mB,D. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ

vth · µBD = const. (3.9)

ˆ¸¶µ²Ó§ÊÖ (3.9) ¨ (3.8), ²¥£±µ ¶µ²ÊÎ¨ÉÓ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ±µ´-
¸É ´É · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ¸ ³ ¸¸µ° mB + mD < M <
< mB∗ +mD∗ :

g2

M

(
4µBD
M

)
= const. (3.10)

‘µµÉ´µÏ¥´¨¥ (3.10) ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¤²Ö µÉ´µÏ¥´¨Ö ±µ´¸É ´É · ¸¶ ¤µ¢ Υ(4S) → B+B− ¨ ψ(3770) →
→ D+D−, ¨§¢¥¸É´Òx ¸ ÉµÎ´µ¸ÉÓÕ ∆g � 3 (¸³. É ¡². 7). ‡ ³¥É¨³, ÎÉµ µÍ¥´± 
¶µ Ëµ·³Ê²¥ (3.8), ¤ ÕÐ¥° gΥBB̄ = 57, ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¢¥²¨-
Î¨´µ°, ¢§ÖÉµ° ¢ ± Î¥¸É¢¥ ¢Ìµ¤ÖÐ¥£µ ¶ · ³¥É·  ¤²Ö ³ ¸ÏÉ ¡´µ£µ ¸µµÉ´µÏ¥´¨Ö.
�µ¸²¥¤´¨° Ë ±É Ê± §Ò¢ ¥É ´  ¸ ³µ¸µ£² ¸µ¢ ´´µ¸ÉÓ ³¥Éµ¤  ¶µ²ÊÎ¥´¨Ö (3.10).
—Éµ ± ¸ ¥É¸Ö ÉµÎ´µ¸É¨ ³ ¸ÏÉ ¡´µ£µ ¸µµÉ´µÏ¥´¨Ö, Éµ µ´  § ¤ ¥É¸Ö ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓÕ ¢ ¶· ¢¨² Ì ¸Ê³³, £¤¥ ¡Ò²  ¶µ²ÊÎ¥´  Ëµ·³Ê²  (3.8). � ¶µ³´¨³, ÎÉµ
¸ Ê³¥´ÓÏ¥´¨¥³ ³ ¸¸Ò ¢¥±Éµ·´µ£µ ¸µ¸ÉµÖ´¨Ö ¸É ¡¨²Ó´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ±µ´-
¸É ´ÉÒ f ¶µ ´ Î ²Ó´Ò³ ¶ÖÉ¨ ³µ³¥´É ³ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¨§³¥´Ö¥É¸Ö
µÉ 5% ¤²Ö Υ(4S) ¤µ 25% ¤²Ö ψ(3770), ÎÉµ ¸²¥¤Ê¥É µÉ´¥¸É¨ ± ¸¨¸É¥³ É¨Î¥¸±µ°
´¥µ¶·¥¤¥²¥´´µ¸É¨ ¨¸¶µ²Ó§Ê¥³µ£µ ³¥Éµ¤ . ŒÒ µÍ¥´¨¢ ¥³ ∆g/g ∼ 15 − 20%
¤²Ö B∗+

c (3S), É ± ÎÉµ
gBcBD = 49± 8.

˜¨·¨´  · ¸¶ ¤  µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(B∗+
c (3S) → B+D0) =

1
24π

g2
|k|3
M2

≈ (90± 35) ŒÔ‚, (3.11)

¨, ¸ ÊÎ¥Éµ³ ± ´ ²  B0D+ ¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ± ´ ²µ³ · ¸¶ ¤  B∗D
³µ¦´µ ¶·¥´¥¡·¥ÎÓ, É ± ± ± µ´ ¶µ¤ ¢²¥´ É·¥ÉÓ¥° ¸É¥¶¥´ÓÕ ¨³¶Ê²Ó¸  ¶·µ¤Ê±-
Éµ¢ · ¸¶ ¤  §  ¸Î¥É ¡µ²ÓÏ¥° ³ ¸¸Ò B∗ ¶µ ¸· ¢´¥´¨Õ ¸ ³ ¸¸µ° B, ¶µ²´ Ö
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Ï¨·¨´  B∗+
c (3S) ¸µ¸É ¢²Ö¥É Γtot = (180±70) ŒÔ‚. �·¨ Î¨¸²¥´´µ° µÍ¥´±¥ ¢

(3.11) ³Ò ¶µ² £ ²¨ M(B∗+
c (3S)) = 7, 250 ƒÔ‚. ‡ ³¥É¨³, ÎÉµ Ï¨·¨´  ¸¨²Ó´µ

§ ¢¨¸¨É µÉ · §´µ¸É¨ ³ ¸¸ ∆M = M − (mB +mD), µ¶·¥¤¥²ÖÕÐ¥° |k|. �·¨
¨¸¶µ²Ó§Ê¥³µ° ¢¥²¨Î¨´¥ ³ ¸¸Ò ±¢ ·±µ´¨Ö ¨³¥¥³ ∆M ∼ 110 ŒÔ‚, ¢ µÉ²¨-
Î¨¥ µÉ ∆M ∼ 30 ŒÔ‚ ¤²Ö · ¸¶ ¤µ¢ Υ(4S) → B+B− ¨ ψ(3770) → D+D−.
fµ²ÓÏ¨° Ë §µ¢Ò° µ¡Ñ¥³ ¨ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¶µ²´ Ö Ï¨·¨´  B∗+

c (3S)
´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥ ¶µ²´ÒÌ Ï¨·¨´ Υ(4S)- ¨ ψ(3770)-¸µ¸ÉµÖ´¨°, ¨³¥ÕÐ¨Ì
Γtot � 24 ŒÔ‚.

’ ±¨³ µ¡· §µ³, ¢ ¤ ´´µ³ · §¤¥²¥ ³Ò · ¸¸³µÉ·¥²¨ ¶· ¢¨²  ¸Ê³³ ¤²Ö ³¥-
§µ´´ÒÌ Éµ±µ¢, ¶µ§¢µ²ÖÕÐ¨¥ µ¶·¥¤¥²¨ÉÓ ±µ´¸É ´ÉÊ ¸¢Ö§¨ ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ
±¢ ·±µ´¨Ö (b̄c), · ¸¶ ¤ ÕÐ¥£µ¸Ö ´  ¶ ·Ê ÉÖ¦¥²ÒÌ ³¥§µ´µ¢:

g =
(

M

4µBD

)
12π

√
3

10vth
,

£¤¥ mB +mD < M < mB∗ +mD∗ . ‚¥²¨Î¨´  vth, µ¶·¥¤¥²ÖÕÐ Ö ¶µ·µ£ ´¥-
·¥§µ´ ´¸´µ£µ ¢±² ¤  ¢ ¶µ¶¥·¥Î´Ò° ±µ··¥²ÖÉµ· Éµ±µ¢, § ¤ ¥É¸Ö · ¸Ð¥¶²¥´¨¥³
³ ¸¸ ¢¥±Éµ·´µ£µ ¨ ¶¸¥¢¤µ¸± ²Ö·´µ£µ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ ¨ µ¡² ¤ ¥É
µ¶·¥¤¥²¥´´Ò³¨ ³ ¸ÏÉ ¡´Ò³¨ ¸¢µ°¸É¢ ³¨, É ± ÎÉµ ¶µ²ÊÎ¥´µ ¸µµÉ´µÏ¥´¨¥

g2

M

(
4µBD
M

)
= const,

±µÉµ·µ¥ ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ
±µ´¸É ´É ³ · ¸¶ ¤µ¢ Υ(4S) → B+B− ¨ ψ(3770) → D+D−. —¨¸²¥´´ Ö
µÍ¥´±  Ï¨·¨´Ò · ¸¶ ¤  B∗+

c (3S) → B+D0 ¸¨²Ó´µ § ¢¨¸¨É µÉ · §´µ¸É¨ ³ ¸¸
∆M = M − (mB +mD), µ¶·¥¤¥²ÖÕÐ¥° Ë §µ¢Ò° µ¡Ñ¥³.

‡�Š‹H—…�ˆ…

‚ § ±²ÕÎ¥´¨¥ ¶·¨¢¥¤¥³ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ.
1. �·¥¤²µ¦¥´  ¨ · §· ¡µÉ ´  ´µ¢ Ö ±¢ §¨²µ± ²Ó´ Ö ³µ¤¥²Ó ¶· ¢¨² ¸Ê³³,

¶µ§¢µ²ÖÕÐ Ö ¨¸¶µ²Ó§µ¢ ÉÓ ·¥£Ê²Ö·´µ¸ÉÓ ¸¶¥±É·  ³ ¸¸ ¨ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö
¶²µÉ´µ¸É¨ Ê·µ¢´¥° ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö, ´¥·¥²ÖÉ¨¢¨¸É¸±µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±µ¢
¢ ±¢ ·±µ´¨¨, ¶µ¤ ¢²¥´´µ¸ÉÓ ¸É¥¶¥´´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶µ¶· ¢µ± ¶µ µ¡· É-
´µ° ³ ¸¸¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¨ ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²ÖÉÓ ¢±² ¤Ò µÉ¤¥²Ó´ÒÌ ·¥-
§µ´ ´¸µ¢.

2. ‚ · ³± Ì ¶·¥¤² £ ¥³µ£µ ¶µ¤Ìµ¤  ¶µ²ÊÎ¥´Ò Ê´¨¢¥·¸ ²Ó´Ò¥ ³ ¸ÏÉ ¡-
´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ¸ · §²¨Î´Ò³
±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³, ¶·¨Î¥³ ± ± ¤²Ö µ¸´µ¢´ÒÌ S-¢µ²´µ¢ÒÌ ¸µ¸ÉµÖ´¨°, É ± ¨
¤²Ö ¨Ì · ¤¨ ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨°.
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3. �·µ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¸ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ Ï¨·¨´ ³ ²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ Υ(nS) → l+l− ¨
ψ(nS) → l+l−.

4. ‚ · ³± Ì ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö ²¥¶Éµ´´ÒÌ ±µ´¸É ´É Î ·³µ´¨Ö
¨ ¡µÉÉµ³µ´¨Ö ¶µ ¨³¥ÕÐ¨³¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¸¤¥² ´Ò Î¨¸²¥´´Ò¥
µÍ¥´±¨ ¶ · ³¥É·µ¢ Š•„ ¢ ¸¥±Éµ·¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢: ³ ¸¸ c- ¨ b-±¢ ·±µ¢ ¨
±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö Š•„ αs(m2Z). �¶·¥¤¥²¥´Ò ÉµÎ´µ¸ÉÓ ¨ £· ´¨ÍÒ
¶·¨³¥´¨³µ¸É¨ ³¥Éµ¤ .

5. �  µ¸´µ¢¥ ³ ¸ÏÉ ¡´ÒÌ ¸µµÉ´µÏ¥´¨° ¶·¥¤¸± § ´Ò ¢¥²¨Î¨´Ò ²¥¶Éµ´-
´ÒÌ ±µ´¸É ´É ´µ¢µ£µ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö Bc. �·µ¢¥¤¥´µ ¸· ¢´¥´¨¥ · ¸Î¥Éµ¢
²¥¶Éµ´´ÒÌ ±µ´¸É ´É ±¢ ·±µ´¨Ö ¢ ¶µÉ¥´Í¨ ²Ó´ÒÌ ³µ¤¥²ÖÌ ¨ ¢ · ³± Ì ±¢ §¨-
²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³.

6. �·µ¢¥¤¥´µ µ¡µ¡Ð¥´¨¥ ±¢ §¨²µ± ²Ó´ÒÌ ¶· ¢¨² ¸Ê³³ ´  ³¥§µ´Ò ¸ µ¤´¨³
ÉÖ¦¥²Ò³ ±¢ ·±µ³. �·µ ´ ²¨§¨·µ¢ ´µ ³ ¸ÏÉ ¡´µ¥ ¸µµÉ´µÏ¥´¨¥ ¤²Ö ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì ²¥¶Éµ´´ÒÌ ±µ´¸É ´É ¢ ¸É É¨Î¥¸±µ³ ¶·¥¤¥²¥.

7. �µ²ÊÎ¥´Ò ¢¥²¨Î¨´Ò · §³¥·´ÒÌ ¶ · ³¥É·µ¢ ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥-
²ÒÌ ±¢ ·±µ¢: Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ¸·¥¤´¥£µ ±¢ ¤· É  ¨³¶Ê²Ó¸  ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢
³¥§µ´¥.

8. �·¥¤²µ¦¥´  ´µ¢ Ö ³µ¤¥²Ó ¶· ¢¨² ¸Ê³³ ¤²Ö ³¥§µ´´ÒÌ Éµ±µ¢, µ¶·¥¤¥-
²ÖÕÐ¨Ì ±µ´¸É ´ÉÒ · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ´  ¶ ·Ê ÉÖ¦¥²ÒÌ
³¥§µ´µ¢, ²¥¦ Ð¥£µ ¢ Ê§±µ° Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ´¨¦¥ ¶µ·µ£  · ¸¶ ¤  ´ 
¶ ·Ê ¡µ²¥¥ ÉÖ¦¥²ÒÌ, Î¥³ ¶¸¥¢¤µ¸± ²Ö·´Ò¥, ¢¥±Éµ·´ÒÌ ¸µ¸ÉµÖ´¨°.  ¸¸³ É·¨-
¢ ¥³Ò° ¶µ¤Ìµ¤ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ § ¢¨¸¨³µ¸ÉÓ · §³¥·  Ô´¥·£¥É¨Î¥¸±µ°
Ð¥²¨ µÉ ³ ¸¸ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ³ ¸ÏÉ ¡´µ¥
¸µµÉ´µÏ¥´¨¥ ¤²Ö ±µ´¸É ´É · ¸¶ ¤  ÉÖ¦¥²µ£µ ¢¥±Éµ·´µ£µ ±¢ ·±µ´¨Ö ¸ · §²¨Î-
´Ò³ ±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³.

9. �·µ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¸µ£² ¸¨Ö ³ ¸ÏÉ ¡´µ£µ ¸µµÉ´µÏ¥´¨Ö ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ · ¸¶ ¤ ³ Υ → BB̄ ¨ ψ(3770) → DD̄.

10. �µ± § ´µ ¶· ±É¨Î¥¸±µ¥ ¶·¨³¥´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ¸µµÉ´µÏ¥´¨° ¤²Ö
¶·¥¤¸± § ´¨Ö ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´µ¢µ£µ ÉÖ¦¥²µ£µ ±¢ ·±µ´¨Ö (b̄c), ¶µ¨¸±¨ ±µ-
Éµ·µ£µ ¢¥¤ÊÉ¸Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¢¥·Ï¨´´Ò³¨ ¤¥É¥±Éµ· ³¨ ´  ±µ²² °¤¥· Ì
CERN ¨ FNAL (µ ¶¥·¢µ³ ´ ¡²Õ¤¥´¨¨ Bc ¢ Ô±¸¶¥·¨³¥´É¥ CDF ¸³. [75]), ¨
¶·¥¤¸± § ´  ¢¥²¨Î¨´  Ï¨·¨´Ò · ¸¶ ¤  B∗+

c (3S) → B+D0.
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