
”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2007. ’. 38. ‚›�. 5

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚
‚ �…„†…‚‘Š�Œ ��…„…‹… Š‚��’�‚�‰

•��Œ�„ˆ��ŒˆŠˆ
„. ‚. ‚ ¸¨´ ∗, ‚. �. ‘ ²¥¥¢∗∗

‘ ³ ·¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, ‘ ³ · , �μ¸¸¨Ö

‚‚…„…�ˆ… 1212

”��Œ�‹ˆ‡Œ ��Š•„ 1214

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚ ‚ Š�‹‹ˆ�…����‰
���’����‰ Œ�„…‹ˆ 1217

��„•�„ Š‚�‡ˆŒ“‹œ’ˆ�…„†…‚‘Š�‰ Šˆ�…Œ�’ˆŠˆ 1223

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚ ��ˆ ‘‹ˆŸ�ˆˆ �…-
„†…‡�‚���›• ƒ‹����‚ 1227

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚
�� Š�‹‹�‰„…�… ’	‚�’��� 1232

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚
�� Š�‹‹�‰„…�… LHC 1243

‡�Š‹�—…�ˆ… 1246

‘�ˆ‘�Š ‹ˆ’…��’“�› 1247

∗E-mail: vasin@ssu.samara.ru
∗∗E-mail: saleev@ssu.samara.ru



”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��
2007. ’. 38. ‚›�. 5

��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚
‚ �…„†…‚‘Š�Œ ��…„…‹… Š‚��’�‚�‰

•��Œ�„ˆ��ŒˆŠˆ
„. ‚. ‚ ¸¨´ ∗, ‚. �. ‘ ²¥¥¢∗∗

‘ ³ ·¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, ‘ ³ · , �μ¸¸¨Ö

‚ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ αs ¨ v
· ¸¸³μÉ·¥´μ  ¤·μ´´μ¥ ·μ¦¤¥´¨¥ ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ (cc̄, bb̄) ¶·¨ Ô´¥·£¨ÖÌ ±μ²² °¤¥·μ¢ ÉÔ¢ É·μ´
(I ¨ II ÔÉ ¶Ò · ¡μÉÒ) ¨ LHC ¢ ¶μ¤Ìμ¤¥ ±¢ §¨³Ê²ÓÉ¨·¥¤¦¥¢¸±μ° ±¨´¥³ É¨±¨. �·μ¢¥¤¥´μ Ë¨É¨-
·μ¢ ´¨¥ pT -¸¶¥±É·μ¢ · §²¨Î´ÒÌ S- ¨ P -¢μ²´μ¢ÒÌ ¸μ¸ÉμÖ´¨° ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ ¶·¨ Ô´¥·£¨ÖÌ
±μ²² °¤¥·  ÉÔ¢ É·μ´ (I ¨ II ¸É ¤¨¨ · ¡μÉÒ). �μ²ÊÎ¥´´Ò° ´ ¡μ· μ±É¥É´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö ¶·¥¤¸± § ´¨Ö ¢ÒÌμ¤  ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ ¶·¨ Ô´¥·£¨ÖÌ
±μ²² °¤¥·  LHC. �μ²ÊÎ¥´´Ò¥ ¢ ¶μ¤Ìμ¤¥ ±¢ §¨³Ê²ÓÉ¨·¥¤¦¥¢¸±μ° ±¨´¥³ É¨±¨ ·¥§Ê²ÓÉ ÉÒ ¸· ¢-
´¨¢ ÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ±μ²²¨´¥ ·´μ° ¶ ·Éμ´´μ° ³μ¤¥²¨.

We study heavy quarkonium (cc̄, bb̄) production at the Tevatron (run I and run II) and LHC
energies in the framework of nonrelativistic quantum chromodynamics at leading order in the strong-
coupling constant αs and the relative velocity v using the quasimulti-Regge kinematics approach.
The ˇt of the pT -spectra of different S- and P -wave heavy quarkonium states at the energies of the
Tevatron (run I and run II) was performed. The obtained set of the nonperturbative long-distance
matrix elements was used for prediction of heavy quarkonium production rates at the energy of
LHC collider. The results obtained in the quasimulti-Regge kinematics approach are compared with
predictions of the collinear parton model.

PACS: 12.38.-t, 12.40.Nn, 13.85.Ni, 14.40.Gx

‚‚…„…�ˆ…

�·μÍ¥¸¸Ò ·μ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ (cc̄, bb̄) ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ
¢ pp̄-¢§ ¨³μ¤¥°¸É¢¨ÖÌ ´  ±μ²² °¤¥· Ì ÉÔ¢ É·μ´ [1Ä4] ¨ LHC ¶·¥¤¸É ¢²ÖÕÉ
§´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¤²Ö ¶·μ¢¥·±¨ ·¥¤¦¥¢¸±μ£μ ¶·¥¤¥²  ±¢ ´Éμ¢μ° Ì·μ³μ-
¤¨´ ³¨±¨ (Š•„),   É ±¦¥ ¤²Ö ¨§ÊÎ¥´¨Ö μÉ´μ¸¨É¥²Ó´μ° ·μ²¨ ¶¥·ÉÊ·¡ É¨¢-
´ÒÌ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ Š•„ ¢ ¶·μÍ¥¸¸ Ì  ¤·μ´¨§ Í¨¨ ÉÖ¦¥²ÒÌ
±¢ ·±μ¢.

•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¢ ¶·μÍ¥¸¸ Ì ·μ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢
¢ ¸Éμ²±´μ¢¥´¨ÖÌ ¶·μÉμ´μ¢ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¤μ³¨´¨·ÊÕÐÊÕ ·μ²Ó ¨£· ¥É

∗E-mail: vasin@ssu.samara.ru
∗∗E-mail: saleev@ssu.samara.ru
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£²Õμ´-£²Õμ´´μ¥ ¸²¨Ö´¨¥. ‚§ ¨³μ¤¥°¸É¢¨¥ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¢ ¸²ÊÎ ¥
· ¸¸³ É·¨¢ ¥³ÒÌ ¶·μÍ¥¸¸μ¢ μ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì ³μ¤¥²¥°, μ¸´μ¢ ´´ÒÌ ´ 
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Š•„. ‚ ±μ²²¨´¥ ·´μ° ¶ ·Éμ´´μ° ³μ¤¥²¨ (Š�Œ) [5]
¤¨´ ³¨±  £²Õμ´μ¢ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ „μ±Ï¨-
Í¥· Äƒ·¨¡μ¢ Ä‹¨¶ Éμ¢ Ä�²É ·¥²²¨Ä� ·¨§¨ („ƒ‹��) [6] ¢ ¶·¥¤¶μ²μ¦¥´¨¨,
ÎÉμ S > μ2 � Λ2

QCD, £¤¥
√

S Å ¶μ²´ Ö Ô´¥·£¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶·μÉμ´μ¢,
  μ Å Ì · ±É¥·´Ò° ³ ¸ÏÉ ¡ ¦¥¸É±μ£μ ¶·μÍ¥¸¸ . �·¨ ÔÉμ³ ¢ Ê· ¢´¥´¨¨ Ô¢μ-
²ÕÍ¨¨ „ƒ‹�� ¢ ²¨¤¨·ÊÕÐ¥³ ²μ£ ·¨Ë³¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ (‹‹�) ÊÎÉ¥´
²¨ÏÓ ¢±² ¤ ¡μ²ÓÏ¨Ì ²μ£ ·¨Ë³μ¢ É¨¶  log(μ/ΛQCD) ¨ ¨¸¶μ²Ó§Ê¥É¸Ö ±μ²²¨-
´¥ ·´μ¥ ¶·¨¡²¨¦¥´¨¥, ¶·¨ ±μÉμ·μ³ ´ Î ²Ó´Ò¥ £²Õμ´Ò ´¥ ¨³¥ÕÉ ¶μ¶¥·¥Î´μ£μ
¨³¶Ê²Ó¸  μÉ´μ¸¨É¥²Ó´μ μ¸¨ ·¥ ±Í¨¨.

�·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ, ¢ É ± ´ §Ò¢ ¥³μ³ ·¥¤¦¥¢¸±μ³ (S � |t| ∼ μ2)
¶·¥¤¥²¥, ´ Î¨´ ÕÉ ¤μ³¨´¨·μ¢ ÉÓ ¶·μÍ¥¸¸Ò ¸ μ¡³¥´μ³ £²Õμ´μ³ ¢ t-± ´ ²¥,
¶μÔÉμ³Ê ¢ · ³± Ì ‹‹� ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤Ò ¡μ²ÓÏ¨Ì ²μ£ ·¨Ë³μ¢
´μ¢μ£μ É¨¶  log (

√
S/μ), ÎÉμ ¶·¨¢μ¤¨É ± ´¥±μ²²¨´¥ ·´μ° ¤¨´ ³¨±¥ £²Õμ-

´μ¢, ±μÉμ· Ö μ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³ Ô¢μ²ÕÍ¨¨ 	 ²¨Í±μ£μÄ” ¤¨´ ÄŠÊ· ¥¢ Ä
‹¨¶ Éμ¢  (	”Š‹) [7]. �·¨ ÔÉμ³ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸
¨ ¢¨·ÉÊ ²Ó´μ¸ÉÓ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì t-± ´ ²Ó´ÒÌ £²Õμ´μ¢. “Î¥É ÔÉ¨Ì ÔË-
Ë¥±Éμ¢ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´ ¢ ¶μ¤Ìμ¤¥ ±¢ §¨³Ê²ÓÉ¨·¥¤¦¥¢¸±μ° ±¨´¥³ É¨±¨
(ŠŒ�Š) [8], ±μÉμ·Ò° μ¸´μ¢ ´ ´  ÔËË¥±É¨¢´μ° ±¢ ´Éμ¢μ-¶μ²¥¢μ° É¥μ·¨¨ ¸ ´¥-
 ¡¥²¥¢Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ [9, 10], Ö¢²ÖÕÐ¥°¸Ö ¢Ò¸μ±μÔ´¥·-
£¥É¨Î¥¸±¨³ ¶·¥¤¥²μ³ Š•„.

‚ ¶μ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ · ¸¶ ¤  ¨ ·μ¦¤¥´¨Ö
ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ ¡Ò² · §¢¨É Ëμ·³ ²¨§³, μ¸´μ¢ ´´Ò° ´  ´¥·¥²ÖÉ¨¢¨¸É-
¸±μ° Š•„ (��Š•„) [11], ±μÉμ·Ò° ¶μ§¢μ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö
±¢ ·±μ´¨Ö ¢ ¶ ·Éμ´´μ³ ¶μ¤¶·μÍ¥¸¸¥ ± ± ¸Ê³³Ê Î²¥´μ¢, ¢ ±μÉμ·ÒÌ Ë ±Éμ-
·¨§ÊÕÉ¸Ö ¦¥¸É±¨¥  ³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¨ ´¥¶¥·ÉÊ·¡ É¨¢-
´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (�Œ�), μ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìμ¤ ¸¨¸É¥³Ò (QQ̄) ¢
±μ´¥Î´Ò° ±¢ ·±μ´¨°. ��Š•„ Ö¢²Ö¥É¸Ö ¶¥·ÉÊ·¡ É¨¢´μ° É¥μ·¨¥° ¸ ¤¢Ê³Ö ³ -
²Ò³¨ ¶ · ³¥É· ³¨: αs Å ±μ´¸É ´É  ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  ³ ¸ÏÉ ¡¥
³ ¸¸Ò ÉÖ¦¥²μ£μ ±¢ ·±  ¨ v Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢
¢ ±¢ ·±μ´¨¨.

�É³¥É¨³, ÎÉμ ·μ¦¤¥´¨¥ ±¢ ·±μ´¨¥¢ ¶·¨ Ô´¥·£¨ÖÌ pp̄-±μ²² °¤¥·  ÉÔ¢ É·μ´
¨§ÊÎ ²μ¸Ó · ´¥¥ ´  μ¸´μ¢¥ Š�Œ (¸³., ´ ¶·¨³¥·, μ¡§μ·Ò [12Ä14]) ¨ ¢ ¶μ¤Ìμ¤¥
kT -Ë ±Éμ·¨§ Í¨¨ [15Ä17], ±μÉμ·Ò° ±μ´Í¥¶ÉÊ ²Ó´μ ¡²¨§μ± ± ¶μ¤Ìμ¤Ê ŠŒ�Š,
´μ Ö¢²Ö¥É¸Ö ¢ ¡μ²ÓÏ¥° ¸É¥¶¥´¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³ [18]. ‚
Î ¸É´μ¸É¨, ¢ ¶μ¤Ìμ¤¥ kT -Ë ±Éμ·¨§ Í¨¨ ¨³¥ÕÉ¸Ö ¶·¨´Í¨¶¨ ²Ó´Ò¥ É·Ê¤´μ¸É¨
¸ · ¸Î¥É ³¨ ¢ ¸²¥¤ÊÕÐ¥³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ αs [19]. ‚ Éμ ¦¥
¢·¥³Ö ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š, ± ± ¶μ± § ´μ ¢ · ¡μÉ Ì [8, 20], ¶·μ¡²¥³  · ¸Î¥É 
¸²¥¤ÊÕÐ¨Ì ¶μ αs ¶μ¶· ¢μ± ± ¸¥Î¥´¨Õ ¶·μÍ¥¸¸μ¢ ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´ .

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š ¶·μ¢¥¤¥´ ¶μ¸²¥¤μ¢ É¥²Ó´Ò°  ´ ²¨§
¶·μÍ¥¸¸μ¢  ¤·μ´´μ£μ ·μ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ ¢ · ³± Ì ²¨¤¨·ÊÕÐ¥£μ
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¶·¨¡²¨¦¥´¨Ö ¶μ αs ¨ v ¢ ��Š•„. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ÕÉ¸Ö ¸
¶·¥¤¸± § ´¨Ö³¨ Š�Œ. “Î¥É ¶μ¶· ¢μ± ¢ ¸²¥¤ÊÕÐ¥³ ¶μ αs ¶μ·Ö¤±¥ É¥μ·¨¨
¢μ§³ÊÐ¥´¨° ²¥¦¨É §  ¶·¥¤¥² ³¨ ¤ ´´μ° · ¡μÉÒ ¨ ¡Ê¤¥É ¶·μ¢¥¤¥´ ¢ ¡Ê¤ÊÐ¥³.

1. ”��Œ�‹ˆ‡Œ ��Š•„

�  μ¸´μ¢¥ ��Š•„ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö H ¢ ¶ ·Éμ´-
¶ ·Éμ´´μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ σ̂(a + b → H + X) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ
± ± ¸Ê³³  Î²¥´μ¢, ¢ ±μÉμ·ÒÌ Ë ±Éμ·¨§ÊÕÉ¸Ö ±μÔËË¨Í¨¥´ÉÒ, μ¶·¥¤¥²Ö¥³Ò¥
Ë¨§¨±μ° ¦¥¸É±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨ �Œ�, μ¶¨¸Ò¢ ÕÐ¨¥ ÔËË¥±ÉÒ Ë¨§¨±¨
¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨° [11]:

dσ̂(H) =
∑

n

dσ̂(QQ̄[n])〈OH[n]〉. (1)

‡¤¥¸Ó n μ¡μ§´ Î ¥É ´ ¡μ· Í¢¥Éμ¢ÒÌ, ¸¶¨´μ¢ÒÌ ¨ μ·¡¨É ²Ó´ÒÌ ±¢ ´Éμ¢ÒÌ Î¨-
¸¥² QQ̄-¶ ·Ò, ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ±μÉμ·μ° · ¢´μ σ̂(QQ̄[n]). �¥¶¥·ÉÊ·¡ É¨¢-
´Ò° ¶¥·¥Ìμ¤ QQ̄-¶ ·Ò ¢ ±μ´¥Î´Ò° ±¢ ·±μ´¨° H μ¶¨¸Ò¢ ¥É¸Ö �Œ� 〈OH[n]〉,
±μÉμ·Ò° ³μ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´ ¢ · ³± Ì ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ³¥Éμ¤μ¢ Š•„ ¨²¨
¨§¢²¥Î¥´ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

� ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö S-¢μ²´μ¢μ£μ ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö
J/ψ (ψ(1S)) ¢μ²´μ¢ Ö ËÊ´±Í¨Ö Ë¨§¨Î¥¸±μ£μ É·¨¶²¥É´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ± ¸Ê¶¥·¶μ§¨Í¨Ö Ëμ±μ¢¸±¨Ì ¸μ¸ÉμÖ´¨°:

|J/ψ〉 = O(v0)|QQ̄[3S(1)
1 ]〉 + O(v1)|QQ̄[3P (8)

J ]g〉+

+ O(v2)|QQ̄[3S(1,8)
1 ]gg〉 + O(v2)|QQ̄[1S(8)

0 ]g〉 + . . . , (2)

£¤¥ ¤²Ö μ¶·¥¤¥²¥´¨Ö ±¢ ´Éμ¢ÒÌ Î¨¸¥² QQ̄-¶ ·Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö μ¡ÒÎ´Ò¥ ¸¶¥±-
É·μ¸±μ¶¨Î¥¸±¨¥ μ¡μ§´ Î¥´¨Ö,   ¢¥·Ì´¨¥ ¨´¤¥±¸Ò (1, 8) ¢ ±·Ê£²ÒÌ ¸±μ¡± Ì
μ¡μ§´ Î ÕÉ ¸¨´£²¥É´μ¥ ¨²¨ μ±É¥É´μ¥ ¶μ Í¢¥ÉÊ ¸μ¸ÉμÖ´¨¥.

‚ ³μ¤¥²¨ Í¢¥Éμ¢ÒÌ ¸¨´£²¥Éμ¢ (Œ–‘) [21] ¢ · §²μ¦¥´¨¨ (2) ÊÎ¨ÉÒ¢ ¥É¸Ö
Éμ²Ó±μ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ∼ v0. ‚ ÔÉμ³ ¸²ÊÎ ¥ �Œ� ¤²Ö S-¢μ²´μ¢ÒÌ ±¢ ·-

±μ´¨¥¢ 〈OH[3S(1)
1 ]〉 ´ ¶·Ö³ÊÕ ¸¢Ö§ ´ ¸ ±¢ ¤· Éμ³ ³μ¤Ê²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨

±¢ ·±μ´¨Ö ¢ ´Ê²¥ |Ψ(0)|2, ±μÉμ·Ò° ³μ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´ ¢ · ³± Ì ¶μÉ¥´Í¨-
 ²Ó´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ [22]:

〈OH[3S(1)
1 ]〉 = 2Nc(2J + 1)|Ψ(0)|2, (3)

£¤¥ Nc = 3 ¨ J = 1.
�´ ²μ£¨Î´μ ¤²Ö P -¢μ²´μ¢ÒÌ ±¢ ·±μ´¨¥¢ ¨³¥¥³

〈OH[3P (1)
J ]〉 = 2Nc(2J + 1)|Ψ′(0)|2, (4)
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£¤¥ |Ψ′(0)|2 Å ±¢ ¤· É ³μ¤Ê²Ö ¶·μ¨§¢μ¤´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ P -¢μ²´μ¢μ£μ
±¢ ·±μ´¨Ö H ¢ ´Ê²¥.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H Î¥·¥§ μ¡· §μ¢ ´¨¥

QQ̄-¶ ·Ò ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ n = 2S+1L
(1,8)
J ¸¢Ö§ ´μ ¸ ¸¥Î¥´¨¥³ ·μ¦¤¥-

´¨Ö ¸μ¸ÉμÖ´¨Ö [n] ¢ ¦¥¸É±μ³ ¶μ¤¶·μÍ¥¸¸¥ ¨ �Œ� ¶¥·¥Ìμ¤  〈OH[2S+1L
(1,8)
J ]〉

¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [11,23]:

σ̂(a + b → QQ̄[2S+1L
(1,8)
J ] → H) =

= σ̂(a + b → QQ̄[2S+1L
(1,8)
J ])

〈OH[2S+1L
(1,8)
J ]〉

NcolNpol
. (5)

‚ ¸²ÊÎ ¥ ¸¨´£²¥É´μ£μ ¶μ Í¢¥ÉÊ ¸μ¸ÉμÖ´¨Ö Ncol = 2Nc,   ¢ ¸²ÊÎ ¥ μ±É¥É´μ£μ
Ncol = N2

c − 1, Npol = 2J + 1.
�³¶²¨ÉÊ¤  ·μ¦¤¥´¨Ö QQ̄-¶ ·Ò ¢ ¸μ¸ÉμÖ´¨¨ [n] = [2S+1L

(1,8)
J ] ³μ¦¥É ¡ÒÉÓ

¶μ²ÊÎ¥´  ¢ ·¥§Ê²ÓÉ É¥ ¶·μ¥Í¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö QQ̄-¶ ·Ò ¸ ¶·μ-
¨§¢μ²Ó´Ò³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨.

�·μ¥±Éμ·Ò ´  ¸μ¸ÉμÖ´¨¥ ¸μ §´ Î¥´¨¥³ ¸¶¨´  S = 0 ¨ S = 1, ¸μμÉ¢¥É-
¸É¢¥´´μ, ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ [24]:

Π0 =
1√
8m3

(
p̂

2
− q̂ − m

)
γ5

(
p̂

2
+ q̂ + m

)
, (6)

Πα
1 =

1√
8m3

(
p̂

2
− q̂ − m

)
γα

(
p̂

2
+ q̂ + m

)
, (7)

£¤¥ p̂ = γαpα, pα Å 4-¨³¶Ê²Ó¸ QQ̄-¶ ·Ò; q̂ = γαqα, qα Å 4-¨³¶Ê²Ó¸ μÉ´μ-
¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ¢; m = M/2 Å ³ ¸¸  ÉÖ¦¥²μ£μ ±¢ ·± ;
M Å ³ ¸¸  ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö.

�³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö QQ̄-¶ ·Ò ¢ ¸¨´£²¥É´μ³ ¨ μ±É¥É´μ³ ¶μ Í¢¥ÉÊ ¸μ¸Éμ-
Ö´¨¨ ¶μ²ÊÎ ÕÉ¸Ö ¸¢¥·É±μ° ¨¸Ìμ¤´μ°  ³¶²¨ÉÊ¤Ò ¸ ¶·μ¥±Í¨μ´´Ò³¨ μ¶¥· Éμ-
· ³¨:

C1 =
δij√
Nc

, (8)

C8 =
√

2T a
ij , (9)

£¤¥ T a
ij Å £¥´¥· Éμ·Ò ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(3), a = 1, . . . , N2

c − 1.
�·μ¥Í¨·μ¢ ´¨¥ ´  ¸μ¸ÉμÖ´¨¥ ¸ μ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³ μ·¡¨É ²Ó´μ£μ

³μ³¥´É  L QQ̄-¶ ·Ò ¢Ò¶μ²´Ö¥É¸Ö ¶ÊÉ¥³ L-±· É´μ£μ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö  ³-
¶²¨ÉÊ¤Ò, ¸¶·μ¥Í¨·μ¢ ´´μ° ´  É·¥¡Ê¥³μ¥ ¸¶¨´μ¢μ¥ ¨ Í¢¥Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥, ¶μ
4-¨³¶Ê²Ó¸Ê μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ±¢ ·±μ¢, § É¥³ q ¶μ² £ ¥É¸Ö · ¢´Ò³
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´Ê²Õ. „²Ö ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ ¸²ÊÎ ¥¢ ¸ L = 0 ¨ L = 1 ³μ¦´μ § ¶¨¸ ÉÓ:

A(a + b → QQ̄[1S(1,8)
0 ]) = Tr

[
C1,8Π0A(a + b → QQ̄)

] ∣∣
q=0

, (10)

A(a + b → QQ̄[3S(1,8)
1 ]) = Tr

[
C1,8Πα

1A(a + b → QQ̄)εα(Jz , p)
] ∣∣

q=0
, (11)

A(a + b → QQ̄[3P (1,8)
J ]) =

d

dqβ
Tr

[
C1,8Πα

1A(a + b → QQ̄)ε(J)
αβ (Jz , p)

] ∣∣∣
q=0

,

(12)

A(a + b → QQ̄[1P (1,8)
1 ]) =

d

dqβ
Tr

[
C1,8Π0A(a + b → QQ̄)εβ(Jz, p)

] ∣∣
q=0

,

(13)

£¤¥ A(a + b → QQ̄) Å ¸É ´¤ ·É´ Ö Š•„- ³¶²¨ÉÊ¤  ·μ¦¤¥´¨Ö QQ̄-¶ ·Ò ¸
® ³¶ÊÉ¨·μ¢ ´´Ò³¨¯ ±¢ ·±μ¢Ò³¨ ²¨´¨Ö³¨ ¸¶¨´μ·μ¢.

‘Ê³³¨·μ¢ ´¨¥ ¶μ ¶μ²Ö·¨§ Í¨Ö³ ±¢ ·±μ´¨Ö ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ³μ¦´μ
μ¸ÊÐ¥¸É¢¨ÉÓ ¶·¨ ¶μ³μÐ¨ ¢¸¶μ³μ£ É¥²Ó´μ£μ É¥´§μ· 

Pαβ(p) = −gαβ +
pαpβ

M2
. (14)

’ ±, ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¶μ²Ö·¨§ Í¨Ö³ ¢ ¸²ÊÎ ¥ ¸μ¸ÉμÖ´¨° [3S(1,8)
1 ]

¨ [1P (1,8)
1 ], μ¶¨¸Ò¢ ¥³ÒÌ 4-¢¥±Éμ· ³¨ ¶μ²Ö·¨§ Í¨¨ εα(Jz, p), ¶·¨¢μ¤¨É ± ¸²¥-

¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

∑
Jz

εα(Jz , p)ε∗α′(Jz , p) = Pαα′(p). (15)

‚ ¸²ÊÎ ¥ [3P (1,8)
J ]-¸μ¸ÉμÖ´¨°, ¤²Ö J = 0, 1 ¨ 2, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É¥´-

§μ·Ò ¶μ²Ö·¨§ Í¨¨ ¶μ¸²¥ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¶·μ¥±Í¨¨ Jz ¸¢μ· Î¨¢ ÕÉ¸Ö ¶μ
¶· ¢¨² ³:

ε
(0)
αβ(0, p)ε(0)∗

α′β′(0, p) =
1
3
Pαβ(p)Pα′β′(p), (16)∑

Jz

ε
(1)
αβ(Jz , p)ε(1)∗

α′β′(Jz, p) =
1
2

(Pαα′(p)Pββ′(p) − Pαβ′(p)Pα′β(p)) , (17)

∑
Jz

ε
(2)
αβ(Jz , p)ε(2)∗

α′β′(Jz, p) =
1
2

(Pαα′(p)Pββ′(p) + Pαβ′(p)Pα′β(p))−

− 1
3
Pαβ(p)Pα′β′(p). (18)
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2. ��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚ ‚ Š�‹‹ˆ�…����‰
���’����‰ Œ�„…‹ˆ

‚ ´¨§Ï¥³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ ±μ´¸É ´É¥ ¸¨²Ó´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö αs ·μ¦¤¥´¨¥ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±  ¨  ´É¨±¢ ·± 

¢ ¸²¨Ö´¨¨ ¤¢ÊÌ £²Õμ´μ¢ ¢ ¶·μÍ¥¸¸¥ g + g → H[1S(8)
0 , 3P

(1,8)
0,2 ] μ¶¨¸Ò¢ ¥É¸Ö

¤¨ £· ³³ ³¨, ¶·¥¤¸É ¢²¥´´Ò³¨ ´  ·¨¸. 1. ‚±² ¤ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ´¨°

�¨¸. 1. „¨ £· ³³Ò ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö ¢ £²Õμ´-£²Õμ´´μ³ ¸²¨Ö´¨¨

[n] = [3S(1,8)
1 ] ¨ [n] = [3P (1,8)

1 ] Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ. “¸·¥¤´¥´´Ò¥ ¶μ ´ -
Î ²Ó´Ò³ Í¢¥Éμ¢Ò³ ¸μ¸ÉμÖ´¨Ö³ ¨ ¶μ²Ö·¨§ Í¨Ö³ £²Õμ´μ¢ ¨ ¶·μ¸Ê³³¨·μ¢ ´´Ò¥
¶μ ±μ´¥Î´Ò³ ¶μ²Ö·¨§ Í¨Ö³ ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢, ±¢ ¤· ÉÒ ³μ¤Ê²¥°  ³¶²¨ÉÊ¤
¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ [25]:

|A(g + g → H[3P (1)
0 ])|2 =

8
3
π2α2

s

〈OH[3P (1)
0 ]〉

M5
M2, (19)

|A(g + g → H[3P (1)
2 ])|2 =

32
45

π2α2
s

〈OH[3P (1)
2 ]〉

M5
M2, (20)

|A(g + g → H[1S(8)
0 ])|2 =

5
12

π2α2
s

〈OH[1S(8)
0 ]〉

M3
M2, (21)

|A(g + g → H[3P (8)
0 ])|2 = 5π2α2

s

〈OH[3P (8)
0 ]〉

M5
M2, (22)

|A(g + g → H[3P (8)
2 ])|2 =

4
3
π2α2

s

〈OH[3P (8)
2 ]〉

M5
M2. (23)

�¤´ ±μ ¢ É ±¨Ì ¶μ¤¶·μÍ¥¸¸ Ì ±¢ ·±μ´¨¨ ·μ¦¤ ÕÉ¸Ö ¸ ´Ê²¥¢Ò³ ¶μ¶¥·¥Î-
´Ò³ ¨³¶Ê²Ó¸μ³ (pT = 0). �μÔÉμ³Ê ¢ Š�Œ ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ·μ¦¤¥-
´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ ¸ ´¥´Ê²¥¢Ò³ ¶μ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸μ³ É·¥¡Ê¥É¸Ö ÊÎ¥É
¤¨ £· ³³ ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤±  ¶μ αs ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ £²Õμ´μ³ ¢ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨¨, É. ¥. ¶μ¤¶·μÍ¥¸¸μ¢

g + g → H[3S
(1,8)
1 , 1S

(8)
0 , 3P

(1,8)
J ] + g. (24)
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�¨¸. 2. „¨ £· ³³Ò ¶·μÍ¥¸¸  g + g → H + g

� ¸Î¥É ±¢ ¤· Éμ¢ ³μ¤Ê²¥°  ³¶²¨ÉÊ¤ ¤²Ö ¶μ¤¶·μÍ¥¸¸μ¢ (24) ¡Ò² ¢Ò¶μ²-
´¥´ ¢ · ¡μÉ Ì [25, 26] ¸ ÊÎ¥Éμ³ ¶μ²´μ£μ ´ ¡μ·  Ë¥°´³ ´μ¢¸±¨Ì ¤¨ £· ³³,
¶μ± § ´´ÒÌ ´  ·¨¸. 2. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥:

|A(g + g → H[3S(1)
1 ] + g)|2 = π3α3

s

320M〈OH[3S(1)
1 ]〉

81(M2 − t̂)2(M2 − û)2(t̂ + û)2
×

× (M4 t̂2 − 2M2t̂3 + t̂4 + M4t̂û − 3M2t̂2û + 2t̂3û + M4û2−
− 3M2t̂û2 + 3t̂2û2 − 2M2û3 + 2t̂û3 + û4), (25)



��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚ ‚ �…„†…‚‘Š�Œ ��…„…‹… 1219

|A(g + g → H[3P (1)
0 ] + g)|2 = π3α3

s

128〈OH[3P (1)
0 ]〉

9M3ŝ(M2 − t̂)4 t̂(M2 − û)4û(t̂ + û)4
×

× (9M20(t̂ + û)4 + t̂2û2(t̂ + û)2(t̂2 + t̂û + û2)4 − 6M18(t̂+

+ û)3(9t̂2 + 14t̂û + 9û2)− 2M14(t̂ + û)3(135t̂4 + 393t̂3û + 545t̂2û2 + 393t̂û3+

+135û4)+M16(t̂+û)2(153t̂4+492t̂3û+695t̂2û2+492t̂û3+153û4)−2M2t̂û(t̂2+

+ t̂û + û2)2(3t̂7 + 15t̂6û + 37t̂5û2 + 55t̂4û3 + 55t̂3û4 + 37t̂2û5 + 15t̂û6+

+3û7)+2M12(162t̂8+1065t̂7û+3208t̂6û2+5852t̂5û3 +7096t̂4û4+5852t̂3û5+

+3208t̂2û6+1065t̂û7+162û8)−2M10(135t̂9+966t̂8û+3215t̂7û2+6627t̂6û3+

+9351t̂5û4+9351t̂4û5+6627t̂3û6 +3215t̂2û7+966t̂û8+135û9)+M8(153t̂10+

+ 1170t̂9û + 4249t̂8û2 + 9722t̂7û3 + 15548t̂6û4 + 18124t̂5û5 + 15548t̂4û6+

+9722t̂3û7 +4249t̂2û8 +1170t̂û9 +153û10)−2M6(27t̂11 +222t̂10û+885t̂9û2+

+ 2237t̂8û3 + 4001t̂7û4 + 5308t̂6û5 + 5308t̂5û6 + 4001t̂4û7 + 2237t̂3û8+

+ 885t̂2û9 + 222t̂û10 + 27û11) + M4(9t̂12 + 90t̂11û + 416t̂10û2 + 1190t̂9û3+

+ 2394t̂8û4 + 3582t̂7û5 + 4090t̂6û6 + 3582t̂5û7 + 2394t̂4û8 + 1190t̂3û9+

+ 416t̂2û10 + 90t̂û11 + 9û12)), (26)

|A(g + g → H[3P (1)
1 ] + g)|2 = π3α3

s

128〈OH[3P (1)
1 ]〉

3M3(M2 − t̂)4(M2 − û)4(t̂ + û)4
×

× (t̂2 + t̂û + û2 − M2(t̂ + û))2(M10(t̂2 + û2) − 2t̂û(t̂ + û)(t̂2+

+ t̂û + û2)2 − 2M8(3t̂3 + 2t̂2û + 2t̂û2 + 3û3) + M6(13t̂4 + 20t̂3û + 10t̂2û2+

+ 20t̂û3 + 13û4) − 4M4(3t̂5 + 8t̂4û + 6t̂3û2 + 6t̂2û3 + 8t̂û4 + 3û5)+

+ M2(4t̂6 + 18t̂5û + 25t̂4û2 + 20t̂3û3 + 25t̂2û4 + 18t̂û5 + 4û6)), (27)

|A(g + g → H[3P (1)
2 ] + g)|2 = π3α3

s

128〈OH[3P (1)
2 ]〉

3M3ŝ(M2 − t̂)4 t̂(M2 − û)4û(t̂ + û)4
×

× (12M20(t̂ + û)4 + 2t̂2û2(t̂ + û)2(t̂2 + t̂û + û2)4 − 24M18(t̂+

+ û)3(3t̂2 + 5t̂û + 3û2) + M16(t̂ + û)2(204t̂4 + 651t̂3û + 880t̂2û2 + 651t̂û3+

+ 204û4) − M2t̂û(t̂2 + t̂û + û2)2(12t̂7 + 60t̂6û + 91t̂5û2 + 49t̂4û3 + 49t̂3û4+

+ 91t̂2û5 + 60t̂û6 + 12û7) − M14(360t̂7 + 1995t̂6û + 4949t̂5û2 + 7428t̂4û3+

+7428t̂3û4+4949t̂2û5+1995t̂û6+360û7)+M12(432t̂8+2526t̂7û+6652t̂6û2+

+ 10877t̂5û3 + 12640t̂4û4 + 10877t̂3û5 + 6652t̂2û6 + 2526t̂û7 + 432û8)−
−M10(360t̂9 + 2274t̂8û + 6290t̂7û2 + 10647t̂6û3 + 13185t̂5û4 + 13185t̂4û5+
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+ 10647t̂3û6 + 6290t̂2û7 + 2274t̂û8 + 360û9)+

+ M8(204t̂10 + 1455t̂9û + 4328t̂8û2 + 7504t̂7û3+

+ 9232t̂6û4 + 9614t̂5û5 + 9232t̂4û6 + 7504t̂3û7 + 4328t̂2û8 + 1455t̂û9+

+204û10)−M6(72t̂11+615t̂10û+2085t̂9û2+3878t̂8û3+4748t̂7û4+4678t̂6û5+

+4678t̂5û6 +4748t̂4û7 +3878t̂3û8 +2085t̂2û9 +615t̂û10 +72û11)+M4(12t̂12+

+ 144t̂11û + 616t̂10û2 + 1345t̂9û3 + 1824t̂8û4 + 1806t̂7û5 + 1688t̂6û6+

+ 1806t̂5û7 + 1824t̂4û8 + 1345t̂3û9 + 616t̂2û10 + 144t̂û11 + 12û12)), (28)

|A(g + g → H[3S(8)
1 ] + g)|2 =

= π3α3
s

8〈OH[3S(8)
1 ]〉

9M3(M2 − t̂)2(M2 − û)2(t̂ + û)2
(19M4−

− 27M2(t̂ + û) + 27(t̂2 + t̂û + û2))(M4(t̂2 + t̂û + û2) + (t̂2 + t̂û + û2)2−
− M2(2t̂3 + 3t̂2û + 3t̂û2 + 2û3)), (29)

|A(g + g → H[1S(8)
0 ] + g)|2 =

= π3α3
s

20〈OH[1S(8)
0 ]〉

Mŝ(M2 − t̂)2 t̂(M2 − û)2û(t̂ + û)2
(M8 − 2M6(t̂ + û)+

+3M4(t̂+û)2−2M2(t̂+û)3+(t̂2+t̂û+û2)2)(M4(t̂2+t̂û+û2)+(t̂2+t̂û+û2)2−
− M2(2t̂3 + 3t̂2û + 3t̂û2 + 2û3)), (30)

|A(g + g → H[3P (8)
0 ] + g)|2 =

= π3α3
s

80〈OH[3P (8)
0 ]〉

3M3ŝ(M2 − t̂)4t̂(M2 − û)4û(t̂ + û)4
(9M20(t̂ + û)2(t̂2+

+ t̂û + û2) + t̂2û2(t̂ + û)2(t̂2 + t̂û + û2)4 − 6M18(t̂ + û)3(9t̂2 + 7t̂û + 9û2)+

+ M16(153t̂6 + 708t̂5û+ 1468t̂4û2 + 1822t̂3û3 + 1468t̂2û4 + 708t̂û5 + 153û6)−
− M2t̂û(t̂2 + t̂û + û2)2(6t̂7 + 30t̂6û + 75t̂5û2+

+ 113t̂4û3 + 113t̂3û4 + 75t̂2û5 + 30t̂û6 + 6û7)−
M14(270t̂7 + 1482t̂6û + 3677t̂5û2 + 5507t̂4û3 + 5507t̂3û4+

+ 3677t̂2û5 + 1482t̂û6 + 270û7)+

+ M12(324t̂8 + 2040t̂7û + 5865t̂6û2 + 10326t̂5û3 + 12350t̂4û4+

+ 10326t̂3û5 + 5865t̂2û6 + 2040t̂û7 + 324û8)−
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− M10(270t̂9 + 1887t̂8û + 6128t̂7û2 + 12375t̂6û3 + 17252t̂5û4+

+ 17252t̂4û5 + 12375t̂3û6 + 6128t̂2û7 + 1887t̂û8 + 270û9)+

+ M8(153t̂10 + 1155t̂9û + 4166t̂8û2 + 9470t̂7û3 + 15071t̂6û4+

+ 17534t̂5û5 + 15071t̂4û6 + 9470t̂3û7 + 4166t̂2û8+

+1155t̂û9 +153û10)−M6(54t̂11 +441t̂10û+1765t̂9û2 +4479t̂8û3 +8030t̂7û4+

+10663t̂6û5+10663t̂5û6+8030t̂4û7+4479t̂3û8+1765t̂2û9+441t̂û10+54û11)+

+M4(9t̂12 +90t̂11û+418t̂10û2 +1205t̂9û3 +2441t̂8û4 +3668t̂7û5 +4194t̂6û6+

+ 3668t̂5û7 + 2441t̂4û8 + 1205t̂3û9 + 418t̂2û10 + 90t̂û11 + 9û12)), (31)

|A(g + g → H[3P (8)
1 ] + g)|2 =

= π3α3
s

160〈OH[3P (8)
1 ]〉

3M3(M2 − t̂)4(M2 − û)4(t̂ + û)4
(M14(t̂2 + t̂û + û2)2−

− t̂û(t̂+ û)(t̂2 + t̂û+ û2)4−M12(6t̂5 +13t̂4û+18t̂3û2 +18t̂2û3 +13t̂û4 +6û5)+

+ M2(t̂2 + t̂û + û2)2(2t̂6 + 11t̂5û + 17t̂4û2 + 15t̂3û3 + 17t̂2û4 + 11t̂û5 + 2û6)+

+ M10(16t̂6 + 41t̂5û + 56t̂4û2 + 63t̂3û3 + 56t̂2û4 + 41t̂û5 + 16û6)−
−M8(24t̂7 +77t̂6û+117t̂5û2 +137t̂4û3 +137t̂3û4 +117t̂2û5 +77t̂û6 +24û7)+

+ M6(21t̂8 + 86t̂7û + 158t̂6û2 + 203t̂5û3 + 219t̂4û4+

+ 203t̂3û5 + 158t̂2û6 + 86t̂û7 + 21û8)−
−M4(10t̂9+53t̂8û+122t̂7û2+185t̂6û3+221t̂5û4+221t̂4û5+185t̂3û6+122t̂2û7+

+ 53t̂û8 + 10û9)), (32)

|A(g + g → H[3P (8)
2 ] + g)|2 =

= π3α3
s

32〈OH[3P (8)
2 ]〉

3M3ŝ(M2 − t̂)4t̂(M2 − û)4û(t̂ + û)4
(6M20(t̂ + û)2(t̂2+

+ t̂û + û2) + t̂2û2(t̂ + û)2(t̂2 + t̂û + û2)4−
− 3M18(12t̂5 + 47t̂4û + 77t̂3û2 + 77t̂2û3 + 47t̂û4+

+12û5)+M16(102t̂6+477t̂5û+940t̂4û2+1129t̂3û3+940t̂2û4+477t̂û5+102û6)−
− M2t̂û(t̂2 + t̂û + û2)2(6t̂7 + 30t̂6û + 45t̂5û2+

+ 23t̂4û3 + 23t̂3û4 + 45t̂2û5 + 30t̂û6 + 6û7)−
− M14(180t̂7 + 945t̂6û + 2141t̂5û2 + 2972t̂4û3 + 2972t̂3û4+

+ 2141t̂2û5 + 945t̂û6 + 180û7) + M12(216t̂8 + 1242t̂7û+
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+ 3111t̂6û2 + 4791t̂5û3 + 5411t̂4û4 + 4791t̂3û5 + 3111t̂2û6+

+1242t̂û7+216û8)−M10(180t̂9+1143t̂8û+3110t̂7û2+5115t̂6û3+6188t̂5û4+

+6188t̂4û5 +5115t̂3û6 +3110t̂2û7 +1143t̂û8 +180û9)+M8(102t̂10 +735t̂9û+

+2198t̂8û2+3812t̂7û3+4706t̂6û4+4919t̂5û5+4706t̂4û6+3812t̂3û7+2198t̂2û8+

+735t̂û9 +102û10)−M6(36t̂11 +309t̂10û+1060t̂9û2 +1995t̂8û3 +2498t̂7û4+

+2536t̂6û5 +2536t̂5û6 +2498t̂4û7 +1995t̂3û8 +1060t̂2û9 +309t̂û10 +36û11)+

+ M4(6t̂12 + 72t̂11û + 310t̂10û2 + 680t̂9û3 + 932t̂8û4 + 944t̂7û5 + 897t̂6û6+

+ 944t̂5û7 + 932t̂4û8 + 680t̂3û9 + 310t̂2û10 + 72t̂û11 + 6û12)), (33)

£¤¥ ŝ = (k1 + k2)2, t̂ = (k1 − p)2 ¨ û = (k2 − p)2 Å ¸É ´¤ ·É´Ò¥ ³ ´¤¥²Ó¸É -
³μ¢¸±¨¥ ¶¥·¥³¥´´Ò¥ ¶·μÍ¥¸¸  (24).

�¶·¥¤¥²¨³ ±¨´¥³ É¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥ ¤²Ö ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö ÉÖ¦¥²μ£μ
±¢ ·±μ´¨Ö ¢ pp̄-¢§ ¨³μ¤¥°¸É¢¨ÖÌ: pμ = (p0,pT , p3) Å 4-¨³¶Ê²Ó¸ ±¢ ·±μ´¨Ö;
yp ¨ ηp Å ¡Ò¸É·μÉ  ¨ ¶¸¥¢¤μ¡Ò¸É·μÉ  ±¢ ·±μ´¨Ö:

yp =
1
2

ln
(

p0 + p3

p0 − p3

)
, ηp =

1
2

ln
(
|p| + p3

|p| − p3

)
. (34)

‚ Š�Œ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H ¢ ¶·μÍ¥¸¸¥ p+p → H+X ¸¢Ö§ ´μ
¸ ±¢ ¤· Éμ³ ³μ¤Ê²Ö  ³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö H ¢ ¶μ¤¶·μÍ¥¸¸¥ (24) ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

σ(p + p → H + X) =
1

(2π)2

∫
d2pT dyp d2k3T dyk3 δ(2)(pT + kT )×

× x1G(x1, μ
2)x2G(x2, μ

2)
|A(g + g → H + g)|2

I
, (35)

£¤¥ kμ
i = xiP

μ
i Å 4-¨³¶Ê²Ó¸ ´ Î ²Ó´μ£μ i-£μ £²Õμ´ ; xi Å ¤μ²Ö ¨³¶Ê²Ó¸ 

¶·μÉμ´ , Ê´μ¸¨³ Ö £²Õμ´μ³; Pμ
i Å 4-¨³¶Ê²Ó¸ i-£μ ¸É ²±¨¢ ÕÐ¥£μ¸Ö ¶·μÉμ´ ;

Ei Å ¥£μ Ô´¥·£¨Ö; S = 4E1E2; I = 2x1x2S Å ¶μÉμ±μ¢Ò° Ë ±Éμ· ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö £²Õμ´μ¢; yk3 Å ¡Ò¸É·μÉ  ±μ´¥Î´μ£μ £²Õμ´ ; μ2 = M2

T = M2+|pT |2 Å
Ì · ±É¥·´Ò° ³ ¸ÏÉ ¡ ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö.

„¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥

dσ(p + p → H + X)
d|pT |dyp

=

=
|pT |
8π

∫
dx2

x2 − ξ2
G(x1, μ

2)G(x2, μ
2)
|A(g + g → H + g)|2

x1x2S2
, (36)
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£¤¥

x1 =
x2ξ1S − M2

(x2 − ξ2)S
, (37)

ξ1 =
p0 + p3

2E1
, ξ2 =

p0 − p3

2E2
. (38)

3. ��„•�„ Š‚�‡ˆŒ“‹œ’ˆ�…„†…‚‘Š�‰ Šˆ�…Œ�’ˆŠˆ

‚ ¶μ¤Ìμ¤¥ ŠŒ�Š · ¸¸³ É·¨¢ ÕÉ¸Ö ¤μ³¨´¨·ÊÕÐ¨¥ ¢ ·¥¤¦¥¢¸±μ³ ¶·¥¤¥²¥
¶·μÍ¥¸¸Ò ¸ μ¡³¥´μ³ ·¥¤¦¥§μ¢ ´´Ò³ £²Õμ´μ³ ¢ t-± ´ ²¥. „²Ö ¢ÒÎ¨¸²¥´¨Ö ³ -
É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶·μÍ¥¸¸μ¢ ¸ ÊÎ ¸É¨¥³ ·¥¤¦¥§μ¢ ´´μ£μ £²Õμ´  ´¥¤ ¢´μ
¡Ò²¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò ¶· ¢¨²  ”¥°´³ ´  [10] ¤²Ö ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¨ ·Ö¤ 
ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ÔËË¥±É¨¢´μ° ±¢ ´Éμ¢μ-¶μ²¥¢μ° É¥μ-
·¨¨ ¸ ´¥ ¡¥²¥¢Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ [9]. ‘²¥¤ÊÖ · ¡μÉ¥ [10],
¶·¥¤¸É ¢¨³ ¶μ¤¡μ·±Ê μ¸´μ¢´ÒÌ Ë¥°´³ ´μ¢¸±¨Ì ¶· ¢¨².

ˆ´¤ÊÍ¨·μ¢ ´´ Ö ¢¥·Ï¨´  ¶¥·¥Ìμ¤  ·¥¤¦¥§μ¢ ´´μ£μ £²Õμ´  ¢ £²Õμ´
R± → g (PR-¢¥·Ï¨´ , ·¨¸. 3,  ) ¨³¥¥É ¢¨¤

Γ±ν
ab (q) = iδabq2(n±)ν , (39)

�¨¸. 3. �· ¢¨²  ”¥°´³ ´ 
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£¤¥ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ μ¶·¥¤¥²¥´¨Ö ¤²Ö 4-¢¥±Éμ·μ¢ (n±)ν :

(n+)ν = P ν
1 /E1, (n−)ν = P ν

2 /E2, (40)

(n+n−) = 2, (n±n±) = 0. (41)

�μ μ¶·¥¤¥²¥´¨Õ ¤²Ö ²Õ¡μ£μ 4-¢¥±Éμ·  kμ k± = (kn±). �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ
4-¨³¶Ê²Ó¸Ò ·¥¤¦¥§μ¢ ´´ÒÌ £²Õμ´μ¢ ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥

qμ
1 = qμ

1T +
q−1
2

(n+)μ, qμ
2 = qμ

2T +
q+
2

2
(n−)μ, q+

1 = q−2 = 0. (42)

ˆ´¤ÊÍ¨·μ¢ ´´ Ö ¢¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥¤¦¥§μ¢ ´´μ£μ £²Õμ´  ¸ ¤¢Ê³Ö
Ö´£-³¨²²¸μ¢¸±¨³¨ £²Õμ´ ³¨ (PPR-¢¥·Ï¨´ , ·¨¸. 3, ¤) ¥¸ÉÓ

Γμ±ν
acb (k1, q, k2) = −gsf

abc q2

k±
1

(n±)μ(n±)ν , (43)

£¤¥ fabc Å  ´É¨¸¨³³¥É·¨Î´ Ö ¸É·Ê±ÉÊ·´ Ö ¶μ¸ÉμÖ´´ Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò
SU(3).

�·μ¶ £ Éμ· ·¥¤¦¥§μ¢ ´´μ£μ £²Õμ´  (·¨¸. 3, ¡) μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

Dμν
ab (q) = −iδab 1

2q2

[
(n+)μ(n−)ν + (n+)ν(n−)μ

]
. (44)

‹ £· ´¦¨ ´ É¥μ·¨¨ [9] ¶μ³¨³μ ¨´¤ÊÍ¨·μ¢ ´´μ° Î ¸É¨, μÉ¢¥Î ÕÐ¥° § 
·¥¤¦¥§μ¢ ´´μ¥ £²Õμ´-£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, É ±¦¥ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸É ´-
¤ ·É´ÊÕ Ö´£-³¨²²¸μ¢¸±ÊÕ Î ¸ÉÓ, μÉ¢¥Î ÕÐÊÕ §  ±¢ ·±-£²Õμ´´μ¥ ¨ £²Õμ´-
£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. �·¨¢¥¤¥³ ¤²Ö ¶μ²´μÉÒ ¨§²μ¦¥´¨Ö ¸É ´¤ ·É´Ò¥
¶· ¢¨²  ”¥°´³ ´  ¤²Ö ÔÉμ° Î ¸É¨ ² £· ´¦¨ ´ :
£²Õμ´´Ò° ¶·μ¶ £ Éμ· (·¨¸. 3, ¢)

Dμν
ab (k) = −iδab gμν

k2
, (45)

±¢ ·±μ¢Ò° ¶·μ¶ £ Éμ· (·¨¸. 3, £)

D(k, m) = i
k̂ + m

k2 − m2
, (46)

±¢ ·±-£²Õμ´´ Ö ¢¥·Ï¨´  (·¨¸. 3, ¥)

V μ
a (p1, k, p2) = igsT

aγμ, (47)

3-£²Õμ´´ Ö ¢¥·Ï¨´  (·¨¸. 3,¦)

V λμν
abd (k1, k2, k3) =

= −gsf
abd

[
(k1 − k2)νgλμ + (k2 − k3)λgμν + (k3 − k1)μgνλ

]
, (48)
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4-£²Õμ´´ Ö ¢¥·Ï¨´  (·¨¸. 3, §)

V λμνσ
abcd (k1, k2, k3, k4) =

= −ig2
s

[
fabef cde(gλνgμσ − gλσgμν) + facef bde(gλμgνσ − gλσgμν)+

+ fadef cbe(gλνgμσ − gλμgσν)
]
. (49)

ˆ¸¶μ²Ó§ÊÖ ¶· ¢¨²  ”¥°´³ ´  ¤²Ö ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¢¥·Ï¨´ ¢§ ¨³μ¤¥°-
¸É¢¨Ö (39), (43), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ÔËË¥±É¨¢´Ò¥ ¢¥·Ï¨´Ò, ´ ¶·¨³¥·, ÔËË¥±-
É¨¢´ÊÕ ¢¥·Ï¨´Ê ·μ¦¤¥´¨Ö μ¤¨´μÎ´μ£μ £²Õμ´  ¤¢Ê³Ö ·¥¤¦¥§μ¢ ´´Ò³¨ £²Õμ-
´ ³¨ R+R− → g (PRR-¢¥·Ï¨´ , ·¨¸. 3, ¨) [10]:

Γ+μ−
cba (q1, k, q2) = V ηνμ

cab (−q1,−q2, k)(n+)η(n−)ν+

+ Γη−μ
cab (q1, q2, k)(n+)η + Γν+μ

acb (q2, q1, k)(n−)ν =

= 2gsf
cba

(
(n−)μ

(
q+
2 +

q2
2

q−1

)
− (n+)μ

(
q−1 +

q2
1

q+
2

)
+ (q1 − q2)μ

)
, (50)

£¤¥ ¶·¨ ¢Ò¢μ¤¥ ÊÎÉ¥´μ, ÎÉμ

Γ±ν
ab (q)Dμν

bc (q) = δac(n±)μ. (51)

’·¥¡μ¢ ´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ÔËË¥±É¨¢´μ° É¥μ·¨¨ [9] ¶·¨-
¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê Ê¸²μ¢¨Õ ¤²Ö  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸μ¢ ¢ ŠŒ�Š:

lim
|q1T,2T |→0

|A(R + R → H + X)|2 = 0. (52)

‚ ŠŒ�Š  ¤·μ´´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H ¢ ¶·μÍ¥¸¸¥

p + p → H + X (53)

¸¢Ö§ ´μ ¸ ±¢ ¤· Éμ³ ³μ¤Ê²Ö  ³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H ¢ ¶μ¤¶·μÍ¥¸¸¥
¸ ·¥¤¦¥§μ¢ ´´Ò³¨ £²Õμ´ ³¨ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨

R + R → H + X (54)

¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  2 → 1 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

σ(p+p → H+X) =
1

8(2π)

∫
d2pT dyp

d2q1T

|q1T |2
d2q2T

|q2T |2
δ(2)(pT −q1T −q2T )×

× Φ(x1, |q1T |2, μ2)Φ(x2, |q2T |2, μ2)|A(R + R → H)|2, (55)
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¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  2 → 2:

σ(p + p → H + X) =
1

16(2π)4

∫
d2pT dyp d2k3T dyk3

d2q1T

|q1T |2
d2q2T

|q2T |2
×

× δ(2)(pT + kT − q1T − q2T )Φ(x1, |q1T |2, μ2)Φ(x2, |q2T |2, μ2)×
× |A(R + R → H + g)|2, (56)

¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  2 → n:

σ(p + p → H + X) =
1
4

1
2n(2π)3n−2

∫ ( n∏
j=1

d2pjT dypj

)
d2q1T

|q1T |2
d2q2T

|q2T |2
×

× δ(2)

⎛
⎝( n∑

j=1

pjT

)
− q1T − q2T

⎞
⎠Φ(x1, |q1T |2, μ2)Φ(x2, |q2T |2, μ2)×

×

∣∣∣∣∣∣A
⎛
⎝R + R →

( n∑
j=1

aj

)⎞
⎠

∣∣∣∣∣∣
2

, (57)

£¤¥ ai μ¡μ§´ Î ¥É ±μ´¥Î´ÊÕ Î ¸É¨ÍÊ ¨²¨ ¸É·ÊÕ ¸ ¶μ¶¥·¥Î´Ò³ 4-¨³¶Ê²Ó¸μ³
pμ

iT ¨ ¡Ò¸É·μÉμ° ypi , Φ(x, |qT |2, μ2) Å ´¥±μ²²¨´¥ ·´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥-

²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥, x1 =
q−1
P−

1

, x2 =
q+
2

P+
2

; ¡Ò¸É·μÉÊ ±¢ ·±μ´¨Ö ³μ¦´μ

¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ yp =
1
2

ln
(

p+

p−

)
. �·¨ ÔÉμ³ ´¥±μ²²¨´¥ ·´ Ö ËÊ´±Í¨Ö

· ¸¶·¥¤¥²¥´¨Ö ·¥¤¦¥§μ¢ ´´ÒÌ £²Õμ´μ¢ ´μ·³¨·μ¢ ´  ´  ¸É ´¤ ·É´ÊÕ ±μ²²¨-
´¥ ·´ÊÕ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥:

xG(x, μ2) =
∫

d2qT

π
Φ(x, |qT |2, μ2). (58)

Š¢ ¤· ÉÒ ³μ¤Ê²¥°  ³¶²¨ÉÊ¤ ¶μ¤¶·μÍ¥¸¸μ¢ ¸²¨Ö´¨Ö Ö´£-³¨²²¸μ¢¸±¨Ì ¨
·¥¤¦¥§μ¢ ´´ÒÌ £²Õμ´μ¢ ¸¢Ö§ ´Ò ¸²¥¤ÊÕÐ¨³ ¶·¥¤¥²Ó´Ò³ ¶¥·¥Ìμ¤μ³:

|A(g + g → H + X)|2 = lim
|q1T |,|q2T |→0

∫
dϕ1

2π

dϕ2

2π
N |A(R + R → H + X)|2,

(59)
£¤¥ ϕ1,2 Å Ê£μ² ³¥¦¤Ê q1T (q2T ) ¨ pT ,   N Å ´μ·³¨·μ¢μÎ´Ò° ³´μ¦¨É¥²Ó,
μ¡¥¸¶¥Î¨¢ ÕÐ¨° ¶· ¢¨²Ó´Ò° ¶¥·¥Ìμ¤ ± ±μ²²¨´¥ ·´μ³Ê ¶ ·Éμ´´μ³Ê ¶·¥¤¥²Ê:

N =
(q−1 q+

2 )2

16|q1T |2|q2T |2
. (60)
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‘ ÊÎ¥Éμ³ (58) ¨ (60) ¢ ¶·¥¤¥²¥ q1T = q2T = 0 ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö Ë ±Éμ-
·¨§ Í¨μ´´ Ö Ëμ·³Ê²  ±μ²²¨´¥ ·´μ° ¶ ·Éμ´´μ° ³μ¤¥²¨, É. ¥. (56) ¶¥·¥Ìμ¤¨É
¢  ¤·μ´´μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  (35).

‚ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  2 → 1

cosϕ = cos (ϕ1 − ϕ2) =
λq − t1 − t2 − M2

2
√

t1t2
, (61)

  ¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸  2 → 2

cosϕ1 =
λ1 + t1 + t̂ − M2

2
√

t1(λp − M2)
, (62)

cosϕ2 =
λ2 + t2 + û − M2

2
√

t2(λp − M2)
. (63)

‡¤¥¸Ó ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: λq = q−1 q+
2 , λp = p−p+,

λ1 = q−1 p+, λ2 = p−q+
2 , t1 = |q1T |2, t2 = |q2T |2.

4. ��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚ ��ˆ ‘‹ˆŸ�ˆˆ
�…„†…‡�‚���›• ƒ‹����‚

„²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢ (cc̄, bb̄) ¢ ¶·μÍ¥¸¸¥
¸²¨Ö´¨Ö ·¥¤¦¥§μ¢ ´´ÒÌ £²Õμ´μ¢ (·¨¸. 4) ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ αs ¨ v
´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ ¢±² ¤ ¸²¥¤ÊÕÐ¨Ì ¸μ¸ÉμÖ´¨° ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢μ²´μ¢Ò¥

ËÊ´±Í¨¨: [n] = [3S(1)
1 , 3S

(8)
1 , 1S

(8)
0 , 3P

(8)
J ], ¥¸²¨ H = J/ψ, ψ′, Υ(1S), Υ(2S),

�¨¸. 4. „¨ £· ³³Ò ¶·μÍ¥¸¸  ¸²¨Ö´¨Ö ¤¢ÊÌ ·¥¤¦¥§μ¢ ´´ÒÌ £²Õμ´μ¢ ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö
ÉÖ¦¥²μ£μ ±¢ ·±μ´¨Ö
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Υ(3S), ¨²¨ [n] = [3P (1)
J , 3S

(8)
1 ], ¥¸²¨ H = χcJ , χbJ (1P ), χbJ(2P ), £¤¥ J = 0,

1 ¨²¨ 2. „·Ê£¨³¨ ¸²μ¢ ³¨, ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ ¢±² ¤ ¸²¥¤ÊÕÐ¨Ì ¶ ·Éμ´´ÒÌ
¶μ¤¶·μÍ¥¸¸μ¢:

R + R → H
[
3P

(1)
J , 3S

(8)
1 , 1S

(8)
0 , 3P

(8)
J

]
, (64)

R + R → H
[
3S

(1)
1

]
+ g. (65)

�¶Ê¸± Ö É¥Ì´¨Î¥¸±¨¥ ¤¥É ²¨ ¢ÒÎ¨¸²¥´¨°, ¶·¨¢¥¤¥³ μÉ¢¥ÉÒ ¤²Ö ±¢ ¤· Éμ¢ ³μ-
¤Ê²¥°  ³¶²¨ÉÊ¤ · ¸¸³ É·¨¢ ¥³ÒÌ ¶·μÍ¥¸¸μ¢ (64):

|A(R + R → H[3P (1)
0 ])|2 =

8
3
π2α2

s

〈OH[3P (1)
0 ]〉

M5
F [3P0](t1, t2, λq),

|A(R + R → H[3P (1)
1 ])|2 =

16
3

π2α2
s

〈OH[3P (1)
1 ]〉

M5
F [3P1](t1, t2, λq),

|A(R + R → H[3P (1)
2 ])|2 =

32
45

π2α2
s

〈OH[3P (1)
2 ]〉

M5
F [3P2](t1, t2, λq),

|A(R + R → H[3S(8)
1 ])|2 =

1
2
π2α2

s

〈OH[3S(8)
1 ]〉

M3
F [3S1](t1, t2, λq),

|A(R + R → H[1S(8)
0 ])|2 =

5
12

π2α2
s

〈OH[1S(8)
0 ]〉

M3
F [1S0](t1, t2, λq),

|A(R + R → H[3P (8)
0 ])|2 = 5π2α2

s

〈OH[3P (8)
0 ]〉

M5
F [3P0](t1, t2, λq),

|A(R + R → H[3P (8)
1 ])|2 = 10π2α2

s

〈OH[3P (8)
1 ]〉

M5
F [3P1](t1, t2, λq),

|A(R + R → H[3P (8)
2 ])|2 =

4
3
π2α2

s

〈OH[3P (8)
2 ]〉

M5
F [3P2](t1, t2, λq),

(66)

£¤¥

F [3S1](t1, t2, λq) =
16t1t2

[
(M2 + t1 + t2)2 − λqM

2
]

λq(M2 + t1 + t2)2
,

F [1S0](t1, t2, λq) =
8M2

[
4t1t2 − (λq − M2 − t1 − t2)2

]
(M2 + t1 + t2)2

,

F [3P0](t1, t2, λq) =

=
8
9

M2
[
3M4 + 4M2(t1 + t2) + (t1 − t2)2 − λq(3M2 + t1 + t2)2

]2

(M2 + t1 + t2)4
,
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F [3P1](t1, t2, λq) =

=
8
9

M2

(M2 + t1 + t2)4

[
2λq

(
(t1 + t2)2 + M2(t21 + t22)

)
− (67)

− λ2
q(t1 + t2)2 − (t1 − t2)2(M2 + t1 + t2)2

]
,

F [3P2](t1, t2, λq) =

=
4
3

M2

(M2 + t1 + t2)4

[
M4(t1 + t2)2 +

(
(t1 − t2)2 − λq(t1 + t2)

)2 −

− 2M2
(
λq(t21 + t22 − 4t1t2) − (t1 − t2)2(t1 + t2)

) ]
.

‡ ³¥É¨³, ÎÉμ Ëμ·³Ê²Ò (66) ¨ (67) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ μ¡Ð¥£μ ³´μ¦¨É¥²Ö N
· ¢´Ò ¶μ²ÊÎ¥´´Ò³ ´ ³¨ · ´¥¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ±¢ ¤· É ³ ³μ¤Ê²Ö  ³¶²¨ÉÊ¤
¢ ¶μ¤Ìμ¤¥ kT -Ë ±Éμ·¨§ Í¨¨ [17] É ±¨³ μ¡· §μ³, ÎÉμ

|AKT(R + R → H[n])|2 = N|A(R + R → H[n])|2. (68)

‚ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H Î¥·¥§ ¸¨´£²¥É´μ¥ ¶μ Í¢¥ÉÊ ¸μ¸ÉμÖ´¨¥

[3S(1)
1 ] ¢ ¶μ¤¶·μÍ¥¸¸e (65), ¤¨ £· ³³Ò ±μÉμ·μ£μ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 5, ±¢ ¤· É

³μ¤Ê²Ö  ³¶²¨ÉÊ¤Ò ¨³¥¥É ¡μ²¥¥ ¸²μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê ¨ ¤μ¸É ÉμÎ´μ £·μ³μ§¤μ±:

|A(R + R → H[3S(1)
1 ] + g)|2 =

=
−1280α3

sπ
3

81M(M2 − t̂ + t1)2(M2 + t2 − û)2(t̂ + t1 + t2 + û)2
×

×
[
−3M8λp − 2M6λ2

p + 6M6λp t̂ + 4M4λ2
p t̂ − 3M4λp t̂

2−
− 2M2λ2

pt̂
2 − 4M6λpt1 − 3M6t̂t1 + 4M4λp t̂t1 + 2M4t̂2t1 − M4λpt

2
1−

− 4M4t̂t21 + 2M2λp t̂t
2
1 − λp t̂

2t21 − M2t̂t31 − 4M6λpt2 + 8M4λpt̂t2−
− 4M2λp t̂

2t2 − 3M6t1t2 − 2M4λpt1t2 − 3M4t̂t1t2 + 2M2t̂2t1t2 + 2λpt̂
2t1t2−

−5M4t21t2−2M2t̂t21t2−3M2t31t2− t̂t31t2−t41t2−M4λpt
2
2+2M2λp t̂t

2
2−λp t̂

2t22−
−5M4t1t

2
2−M2t̂t1t

2
2−4M2t21t

2
2 +2t̂t21t

2
2 + t31t

2
2−3M2t1t

3
2− t̂t1t

3
2 + t21t

3
2− t1t

4
2−

− λ2
2(2M6 + M4(−4t̂ + 5t1) + t1(t1 + t2)2 + 2M2(t̂2 − 2t̂t1 + t1(2t1 + t2)))+

+ 6M6λpû + 4M4λ2
pû − 3M6t̂û − 10M4λp t̂û − 4M2λ2

p t̂û + 3M4t̂2û+

+4M2λp t̂
2û+8M4λpt1û−M4t̂t1û−4M2λp t̂t1û+2M2λpt

2
1û+3M2t̂t21û−
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− 2λp t̂t
2
1û + t̂2t21û + t̂t31û − 3M6t2û + 4M4λpt2û − M4t̂t2û − 4M2λp t̂t2û+

+4M2t̂2t2û−3M4t1t2û+2M2t̂t1t2û+4λpt̂t1t2û−2t̂2t1t2û−M2t21t2û−t̂t21t2û−
− t31t2û − 4M4t22û + 2M2λpt

2
2û + 3M2t̂t22û − 2λpt̂t

2
2û + t̂2t22û − 2M2t1t

2
2û−

− t̂t1t
2
2û + 2t21t

2
2û−M2t32û+ t̂t32û− t1t

3
2û− 3M4λpû

2 − 2M2λ2
pû

2 +3M4t̂û2+

+4M2λp t̂û
2−2M2t̂2û2−4M2λpt1û

2+4M2t̂t1û
2−λpt

2
1û

2+ t̂t21û
2+2M4t2û

2+

+ 2M2t1t2û
2 + 2λpt1t2û

2 − 2t̂t1t2û
2 − λpt

2
2û

2 + t̂t22û
2 + (λ2

qM
2(M2 + t1+

+t2)2+λqλ1(M2+t1+t2)(M4−M2(t1−2t2+û)+(t1+t2)(t2+û))−λ2
1(2M6+

+ t2(t1 + t2)2 + M4(5t2 − 4û) + 2M2(t1t2 + 2t22 − 2t2û + û2))) + λ2(3M8+

+ M6(4λp − 6t̂ + 7t1 + 4t2 − 3û) + M4(3t̂2 + 5t21 + 8t1t2 + t22 − 7t1û−
− 4λp(2t̂− t1 + û)+ t̂(−5t1 − 8t2 +7û))+M2(t31 +6t21t2 + t1t

2
2 +4t̂2(t2 − û)−

− 5t21û + 2t1t2û − t22û + 4λp(t̂ − t1)(t̂ + û) + 2t̂(t21 − 2t1t2 − t22 + 4t1û))+

+(t1−t2)(t̂2(t1−t2)+t1(t1(2t2−û)+t2(2t2+û))+t̂(t21−t2û+t1(3t2+û))))+
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+ (λqλ2(M2 + t1 + t2)(M4 − M2(t̂ − 2t1 + t2) + (t̂ + t1)(t1 + t2))+

+ λq(−3M8 + M6(−5λp + 3t̂ − 7t1 − 7t2 + 3û) + (t1 + t2)2(−(λp(t̂ + û))+

+ (t̂ + t1)(t2 + û))+M4(−5t21 − 11t1t2 − 5t22 + t̂(4t1 +7t2 − û)+7t1û+4t2û+

+ λp(5t̂ − 4t1 − 4t2 + 5û)) + M2(λp(t21 + 4t̂t2 − 2t1t2 + t22 − 4t̂û + 4t1û)+

+(t1 + t2)(−t21−2t1t2− t22 + t̂(t1 +5t2)+5t1û+ t2û)))+λ1(3M8 +M6(4λp−
− 3t̂ + 4t1 + 7t2 − 6û) + M4(t21 − 7t̂t2 + 5t22 + 8t1(t2 − û) + 7t̂û− 5t2û + 3û2−
−4λp(t̂− t2 +2û))− (t1 − t2)(2t21t2 + t̂(t1 − t2)(t2 − û)+ t2û(t2 + û)+ t1(2t22+

+ 3t2û− û2)) + M2(t32 + t21(t2 − 2û)− 4λpt2û + 2t22û + 4λpû
2 − t̂(t21 − 2t1t2+

+ 5t22 + 4λp(t2 − û) − 8t2û + 4û2) + t1(6t22 − 4t2û + 4û2))))
]
, (69)

£¤¥ ŝ = (k1 + k2)2, t̂ = (k1 − p)2 ¨ û = (k2 − p)2, ± ± μ¡ÒÎ´μ, ¸É ´¤ ·É´Ò¥
³ ´¤¥²Ó¸É ³μ¢¸±¨¥ ¶¥·¥³¥´´Ò¥ ¶μ¤¶·μÍ¥¸¸  (65).

‘μμÉ¢¥É¸É¢ÊÕÐ¨° (69) ·¥§Ê²ÓÉ É ¢ ±μ²²¨´¥ ·´μ° ¶ ·Éμ´´μ° ³μ¤¥²¨ ¤²Ö
¶μ¤¶·μÍ¥¸¸  (24) ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ¢ ·¥§Ê²ÓÉ É¥ ¶·¥¤¥²Ó´μ£μ ¶¥·¥Ìμ¤  (59);
μ´ ¸μ¢¶ ¤ ¥É ¸ Ëμ·³Ê²μ° (25).

“Î¨ÉÒ¢ Ö ±¨´¥³ É¨±Ê ¶μ¤¶·μÍ¥¸¸  2 → 1 (64) ¨ μ¶·¥¤¥²¥´¨¥ (55), ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥  ¤·μ´´μ£μ ·μ¦¤¥´¨Ö ±¢ ·±μ´¨Ö H ³μ¦´μ § ¶¨¸ ÉÓ ¢
¢¨¤¥

dσ(p + p → H + X)
d|pT |dyp

=
|pT |
8

∫
d2q1T

|q1T |2
∫

d2q2T

|q2T |2
Φ(ξ1, |q1T |2, μ2)×

× δ(2)(q1T + q1T − pT )Φ(ξ2, |q2T |2, μ2)|A(R + R → H)|2. (70)

‚ ¸²ÊÎ ¥ ¶μ¤¶·μÍ¥¸¸  2 → 2 (65) ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ § ¶¨¸Ò¢ ¥É¸Ö
´¥¸±μ²Ó±μ ¨´ Î¥:

dσ(p + p → H + X)
d|pT |dyp

=
|pT |

128π3

∫
d2q1T

|q1T |2
∫

d2q2T

|q2T |2
∫

dx2

x2 − ξ2
×

× Φ(x1, |q1T |2, μ2)Φ(x2, |q2T |2, μ2)|A(R + R → H + g)|2, (71)

£¤¥

x1 =
1

(x2 − ξ2)S

(
(q1T + q2T − pT )2 − M2 − |pT |2 + x2ξ1S

)
, (72)

a ξ1 ¨ ξ2 ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ξ1 =
p+

P−
1

, ξ2 =
p−

P+
2

.
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�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö pT -¸¶¥±É·μ¢ Î ·³μ´¨¥¢ (§¤¥¸Ó ¨ ¤ ²¥¥
pT = |pT |, y = yp ¨ η = ηp), ¶μ²ÊÎ¥´´Ò¥ ±μ²² ¡μ· Í¨¥° CDF (I ÔÉ ¶
· ¡μÉÒ) [1] (

√
S = 1,8 ’Ô‚, 5 < pT < 20 ƒÔ‚, |η| < 0,6), ¢±²ÕÎ ÕÉ ¢

¸¥¡Ö ¸¶¥±É·Ò J/ψ-³¥§μ´μ¢ μÉ · ¸¶ ¤μ¢ B-³¥§μ´μ¢, μÉ · ¸¶ ¤μ¢ χcJ -³¥§μ´μ¢,
ψ′-³¥§μ´μ¢,   É ±¦¥ pT -¸¶¥±É·Ò ¶·Ö³ÒÌ (direct) J/ψ-³¥§μ´μ¢. „ ´´Ò¥ CDF
(II ÔÉ ¶ · ¡μÉÒ) ¶·¨ Ô´¥·£¨¨

√
S = 1,96 ’Ô‚ [2] (|y| < 0,6) ¶·¥¤¸É ¢²¥´Ò ¢ ¡μ-

²¥¥ Ï¨·μ±μ° μ¡² ¸É¨ ¶μ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸μ¢ J/ψ-³¥§μ´μ¢: 0 < pT < 20 ƒÔ‚.
�¤´ ±μ ¶·¨ Ô´¥·£¨¨

√
S = 1,96 ’Ô‚ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢Ò¤¥²¥´Ò Éμ²Ó±μ ¤¢ 

¢±² ¤  ¢ ¸¶¥±É· J/ψ-³¥§μ´μ¢: μÉ · ¸¶ ¤μ¢ B-³¥§μ´μ¢ ¨ ¸Ê³³ ·´Ò° (prompt)
¢±² ¤ μÉ ¶·Ö³ÒÌ J/ψ-³¥§μ´μ¢, J/ψ μÉ · ¸¶ ¤μ¢ χcJ ¨ ψ′. Šμ²² ¡μ· -
Í¨¥° CDF μ¶Ê¡²¨±μ¢ ´Ò ¤ ´´Ò¥ ¶μ pT -¸¶¥±É· ³ S-¢μ²´μ¢ÒÌ ¡μÉÉμ³μ´¨¥¢
Υ(1S), Υ(2S), Υ(3S) ¶·¨

√
S = 1,8 ’Ô‚ [3] (|y| < 0,4) ¨ ¶μ pT -¸¶¥±É· ³

Υ(1S)-³¥§μ´μ¢ ¢ · §²¨Î´ÒÌ ¨´É¥·¢ ² Ì ¶μ ¡Ò¸É·μÉ¥ ¶·¨
√

S = 1,96 ’Ô‚ [4]
(|y| < 1,8). �·¨ ÔÉμ³, ¥¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ £¨¶μÉ¥É¨Î¥¸±¨° ¢±² ¤ μÉ · ¸¶ ¤μ¢
χbJ (3P )-¸μ¸ÉμÖ´¨°, Υ(3S) ·μ¦¤ ÕÉ¸Ö Éμ²Ó±μ ´ ¶·Ö³ÊÕ,   ¸¶¥±É·Ò Υ(2S) ¨
Υ(1S) ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¶·Ö³μ° ¢±² ¤ ¨ ¢±² ¤ μÉ · ¸¶ ¤μ¢ ¡μ²¥¥ ¢Ò¸μ±μ ²¥¦ -
Ð¨Ì S- ¨ P -¢μ²´μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¡μÉÉμ³μ´¨Ö, ¢±²ÕÎ Ö ± ¸± ¤´Ò¥ ¶¥·¥Ìμ¤Ò,
´ ¶·¨³¥·: Υ(3S) → χb1(2P ) → Υ(1S).

‚ ·¥§Ê²ÓÉ É¥ Ë¨É¨·μ¢ ´¨Ö ¶μ²´μ£μ ´ ¡μ·  ¤ ´´ÒÌ ¶μ pT -¸¶¥±É· ³ J/ψ- ¨

Υ-³¥§μ´μ¢ ³Ò μ¶·¥¤¥²¨²¨ §´ Î¥´¨Ö μ±É¥É´ÒÌ �Œ� 〈OH[2S+1L
(8)
J ]〉 ¤²Ö É·¥Ì

´¥±μ²²¨´¥ ·´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥: JB [27], JS [28]
¨ KMR [29]. ‘¨´£²¥É´Ò¥ ¶μ Í¢¥ÉÊ �Œ� ´¥ Ë¨É¨·ÊÕÉ¸Ö, É ± ± ± ³μ£ÊÉ ¡ÒÉÓ
¨§¢²¥Î¥´Ò ¨§ ¨§³¥·¥´´ÒÌ Ï¨·¨´ · ¸¶ ¤μ¢ ψ(nS) → l+l−, Υ(nS) → e+e− ¨
χc2 → γγ [30, 31],   ¥¸²¨ ÔÉμ ´¥¢μ§³μ¦´μ ¨§-§  μÉ¸ÊÉ¸É¢¨Ö Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ ¶μ Ï¨·¨´ ³ · ¸¶ ¤μ¢, Éμ ¨¸¶μ²Ó§ÊÕÉ¸Ö §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥
É¥μ·¥É¨Î¥¸±¨ ´  μ¸´μ¢¥ ¶μÉ¥´Í¨ ²Ó´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ [22].

‚ É ¡². 1 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶·μ¢¥¤¥´´μ£μ ´ ³¨ Ë¨É¨·μ¢ ´¨Ö �Œ�
¤²Ö Î ·³μ´¨¥¢ ¢ Š�Œ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ±μ²²¨´¥ ·´μ° ËÊ´±Í¨¨ · ¸¶·¥-
¤¥²¥´¨Ö GRV LO [36] ¨ ¢ ŠŒ�Š ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´¥¨´É¥£·¨·μ¢ ´´ÒÌ
ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥: JB [27], JS [28] ¨ KMR [29].
„ ´´Ò¥ ±μ²² ¡μ· Í¨¨ CDF ¶μ ¶·Ö³μ³Ê ·μ¦¤¥´¨Õ J/ψ-³¥§μ´μ¢ ¤²Ö I [1] ¨
II [2] ÔÉ ¶μ¢ · ¡μÉÒ ÉÔ¢ É·μ´  ¡Ò²¨ ¨¸±²ÕÎ¥´Ò ¨§ ¶·μÍ¥¤Ê·Ò Ë¨É¨·μ¢ ´¨Ö
¤²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö JB, É ± ± ± ÊÎ¥É ÔÉ¨Ì ¤ ´´ÒÌ ¶·¨¢μ¤¨É ± §´ Î¥-
´¨Ö³ χ2/d.o.f. > 20.

�  ·¨¸. 6 ¶μ± § ´ pT -¸¶¥±É· ·μ¦¤¥´¨Ö ¶·Ö³ÒÌ (direct) J/ψ-³¥§μ´μ¢ ¶·¨√
S = 1,8 ’Ô‚ ¨ |η| < 0,6. Š·¨¢ Ö 1 Å ¢±² ¤ ¸¨´£²¥É´μ£μ ¶μ Í¢¥ÉÊ

�Œ� 〈OJ/ψ [3S(1)
1 ]〉, 2 Å ¸Ê³³ ·´Ò° ¢±² ¤ μ±É¥É´ÒÌ �Œ� 〈OJ/ψ[3S(8)

1 ]〉,
〈OJ/ψ [1S(8)

0 ]〉 ¨ 〈OJ/ψ[3P (8)
J ]〉, 3 Å ¸Ê³³  ¢±² ¤μ¢ 1 ¨ 2. B μ§´ Î ¥É μÉ-
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’ ¡²¨Í  1. �¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö ψ(nS)- ¨ χcJ(1P )-³¥§μ´μ¢,
¶μ²ÊÎ¥´´Ò¥ ¶·¨ Ë¨É¨·μ¢ ´¨¨ ¢ · ³± Ì Š�Œ ¸ ¶·¨³¥´¥´¨¥³ ËÊ´±Í¨¨ · ¸¶·¥¤¥-
²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ GRV LO [36] ¨ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
´¥¨´É¥£·¨·μ¢ ´´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥: JB [27], JS [28] ¨
KMR [29]

�Œ� ”¨É GRV LO ”¨É JB ”¨É JS ”¨É KMR

〈OJ/ψ [3S
(1)
1 ]〉

ƒÔ‚3
1,3±0,1 1,3±0,1 1,3±0,1 1,3±0,1

〈OJ/ψ [3S
(8)
1 ]〉

ƒÔ‚3
(7,6±0,3) · 10−3 (1,5±0,1) · 10−3 (6,1±0,2) · 10−3 (2,7±0,1) · 10−3

〈OJ/ψ [1S
(8)
0 ]〉

ƒÔ‚3
Å (6,6±2,3) · 10−3 (9,0±0,6) · 10−3 (1,4±0,1) · 10−2

〈OJ/ψ [3P
(8)
0 ]〉

ƒÔ‚5
Å (0,0±7,0) · 10−4 (0,0±6,6) · 10−5 (0,0±3,5) · 10−5

M
J/ψ
3,4

ƒÔ‚3
(5,3±0,3) · 10−2 (6,6±5,4) · 10−3 (9,0±0,7) · 10−3 (1,4±0,1) · 10−2

〈Oψ′
[3S

(1)
1 ]〉

ƒÔ‚3
(6,5±0,6) · 10−1 (6,5±0,6) · 10−1 (6,5±0,6) · 10−1 (6,5±0,6) · 10−1

〈Oψ′
[3S

(8)
1 ]〉

ƒÔ‚3
(2,6±0,2) · 10−3 (3,0±0,5) · 10−4 (1,5±0,2) · 10−3 (8,3±0,9) · 10−4

〈Oψ′
[1S

(8)
0 ]〉

ƒÔ‚3
Å (0,0±3,5) · 10−4 (0,0±3,9) · 10−4 (0,0±5,8) · 10−4

〈Oψ′
[3P

(8)
0 ]〉

ƒÔ‚5
Å (0,0±1,0) · 10−4 (0,0±7,1) · 10−5 (0,0±5,3) · 10−5

Mψ′

3,5

ƒÔ‚3
(4,1±4,4) · 10−3 (0,0±4,9) · 10−4 (0,0±4,9) · 10−5 (0,0±6,5) · 10−4

〈Oχc0 [3P
(1)
0 ]〉

ƒÔ‚5
(8,9±1,3) · 10−2 (8,9±1,3) · 10−2 (8,9±1,3) · 10−2 (8,9±1,3) · 10−2

〈Oχc0 [3S
(8)
1 ]〉

ƒÔ‚3
(6,8±1,3) · 10−4 (0,0±4,0) · 10−6 (2,2±0,9) · 10−4 (4,7±4,7) · 10−5

χ2

d.o.f.
1,7 2,2 4,1 3,0

´μ¸¨É¥²Ó´ÊÕ Ï¨·¨´Ê ²¥¶Éμ´´μ£μ · ¸¶ ¤  J/ψ-³¥§μ´μ¢. �  ·¨¸. 6,   ¶μ± -
§ ´Ò É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¢ · ³± Ì Š�Œ ¸ ¶·¨³¥´¥´¨¥³ ¶ · ³¥É·¨§ -
Í¨¨ GRV LO [36] ±μ²²¨´¥ ·´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥.
’¥μ·¥É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ ŠŒ�Š ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´¥¨´É¥-
£·¨·μ¢ ´´ÒÌ £²Õμ´´ÒÌ · ¸¶·¥¤¥²¥´¨°, ¶μ± § ´Ò ´  ¸²¥¤ÊÕÐ¨Ì ·¨¸Ê´± Ì:
JB [27] Å ·¨¸. 6, ¡, JS [28] Å ·¨¸. 6, ¢ ¨ KMR [29] Å ·¨¸. 6, £. �  ·¨¸. 6
¢¨¤´μ, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì pT , pT > 10 ƒÔ‚, μ¸´μ¢´μ° ¢±² ¤ ¢ ¶·Ö³μ¥ (di-

rect) ·μ¦¤¥´¨¥ J/ψ-³¥§μ´μ¢ ¤ ¥É μ±É¥É´μ¥ ¸μ¸ÉμÖ´¨¥ 〈OJ/ψ [3S(8)
1 ]〉, É ± ¦¥
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�¨¸. 6. C¶¥±É· ·μ¦¤¥´¨Ö ¶·Ö³ÒÌ (direct) J/ψ-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (pT )
¶·¨

√
S = 1,8 ’Ô‚ ¨ |η| < 0,6 ´  ±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [1]:  ) · ¸Î¥ÉÒ ¢ Š�Œ ¸

¨¸¶μ²Ó§μ¢ ´¨¥³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ GRV LO [36]; ¡) · ¸Î¥ÉÒ ¢
ŠŒ�Š ¸ ¶·¨³¥´¥´¨¥³ ´¥¨´É¥£·¨·μ¢ ´´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥
JB [27]; ¢) Éμ ¦¥ ¸ ¶·¨³¥´¥´¨¥³ JS [28]; £) Éμ ¦¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ KMR [29]. Š·¨¢ Ö
1 Å ¢±² ¤ ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö; 2 Å ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³ ; 3 Å
¸Ê³³  ¢±² ¤μ¢ 1 ¨ 2. B Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  J/ψ → μ+μ−

± ± ¨ ¢ Š�Œ. �·¨Î¥³ ¸·¥¤´¥¥ ¶μ · §²¨Î´Ò³ ´¥¨´É¥£·¨·μ¢ ´´Ò³ ËÊ´±Í¨Ö³

· ¸¶·¥¤¥²¥´¨Ö §´ Î¥´¨¥ μ±É¥É´μ£μ �Œ� 〈OJ/ψ[3S(8)
1 ]〉 μÎ¥´Ó ¡²¨§±μ ± ¢¥²¨-

Î¨´¥, ¶μ²ÊÎ¥´´μ° · ´¥¥ ¢ Š�Œ. ‚ Éμ ¦¥ ¢·¥³Ö ¢±² ¤ ¸¨´£²¥É´μ£μ �Œ�

〈OJ/ψ [3S(1)
1 ]〉 ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š ¸ÊÐ¥¸É¢¥´´μ ¢ÒÏ¥, Î¥³ ¢ Š�Œ, μ¸μ¡¥´´μ ¢

μ¡² ¸É¨ ³ ²ÒÌ pT .

ŒÒ ´ Ï²¨, ÎÉμ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š, ¢ μÉ²¨Î¨¥ μÉ Š�Œ, �Œ� 〈Oψ′
[3P (8)

0 ]〉 ¨

〈Oψ′
[1S(8)

0 ]〉 ¨³¥ÕÉ §´ Î¥´¨Ö, ¡²¨§±¨¥ ± ´Ê²Õ, ´¥§ ¢¨¸¨³μ μÉ ¢Ò¡μ·  ´¥¨´É¥-
£·¨·μ¢ ´´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢. ‚ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö
J/ψ-³¥§μ´μ¢ ¢ · ¸¶ ¤ Ì ψ′-³¥§μ´μ¢ (·¨¸. 7) ÔÉμ μ§´ Î ¥É, ÎÉμ ± ´ ²Ò ·μ¦¤¥-

´¨Ö Éμ²Ó±μ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò¥ 3S
(1)
1 - ¨ 3S

(8)
1 -¸μ¸ÉμÖ´¨Ö Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ

μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‚±² ¤ ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥-
´¨Ö ¢ ŠŒ�Š ´  ¶μ·Ö¤μ± ¢ÒÏ¥, Î¥³ ¢ Š�Œ, ´μ ¢¸¥ ¥Ð¥ ´¥¤μ¸É ÉμÎ¥´ ¤²Ö
μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

”¨É¨·μ¢ ´¨¥ ¤ ´´ÒÌ ¤²Ö J/ψ-³¥§μ´μ¢, ·μ¦¤¥´´ÒÌ ¢ · ¤¨ Í¨μ´´ÒÌ · ¸-
¶ ¤ Ì χcJ -³¥§μ´μ¢, ´ ¨¡μ²¥¥ ¶·μ¸Éμ¥, É ± ± ± ¨³¥¥É¸Ö ²¨ÏÓ μ¤¨´ ¸¢μ¡μ¤´Ò°

¶ · ³¥É· 〈Oχc0 [3S(8)
1 ]〉. ŒÒ ¶μ¤É¢¥·¦¤ ¥³ ¢Ò¢μ¤ · ¡μÉÒ [15], ÎÉμ ¢ ¶μ¤Ìμ¤¥,
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�¨¸. 7. C¶¥±É· ·μ¦¤¥´¨Ö J/ψ-³¥§μ´μ¢, ¶μ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤μ¢ ψ′-³¥§μ´μ¢
¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¶·¨

√
S = 1,8 ’Ô‚ ¨ |η| < 0,6 ´  ±μ²² °¤¥·¥ ÉÔ¢ -

É·μ´ [1]. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 6

�¨¸. 8. C¶¥±É· ·μ¦¤¥´¨Ö J/ψ-³¥§μ´μ¢, ¶μ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤μ¢ χcJ -³¥§μ´μ¢
¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¶·¨

√
S = 1,8 ’Ô‚ ¨ |η| < 0,6 ´  ±μ²² °¤¥·¥ ÉÔ¢ -

É·μ´ [1]. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 6
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�¨¸. 9. ‘Ê³³ ·´Ò° (prompt) ¸¶¥±É· ·μ¦¤¥´¨Ö J/ψ-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê
(pT ) ¶·¨

√
S = 1,96 ’Ô‚ ¨ |y| < 0,6 ´  ±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [2]. �¡μ§´ Î¥´¨Ö, ± ±

´  ·¨¸. 6

ÊÎ¨ÉÒ¢ ÕÐ¥³ 	”Š‹-¤¨´ ³¨±Ê ´ Î ²Ó´ÒÌ £²Õμ´μ¢, ¸¶¥±É·Ò P -¢μ²´μ¢ÒÌ Î ·-
³μ´¨¥¢ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò Éμ²Ó±μ ¢ · ³± Ì ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ-
¦¤¥´¨Ö, ÎÉμ ¤¥³μ´¸É·¨·Ê¥É ·¨¸. 8, ´  ±μÉμ·μ³ ¶μ± § ´ pT -¸¶¥±É· ·μ¦¤¥´¨Ö
J/ψ-³¥§μ´μ¢ μÉ · ¸¶ ¤μ¢ χcJ . � ¨²ÊÎÏ¨° Ë¨É ¶μ²ÊÎ ¥É¸Ö, ±μ£¤  §´ Î¥´¨¥

μ±É¥É´μ£μ �Œ� 〈Oχc0 [3S(8)
1 ]〉 ¶μ² £ ¥É¸Ö · ¢´Ò³ ´Ê²Õ. ‚ ¸²ÊÎ ¥ ËÊ´±Í¨¨

· ¸¶·¥¤¥²¥´¨Ö JB [27] ¶·¨ Ë¨É¨·μ¢ ´¨¨ ¢μ§´¨± ÕÉ ´¥Ë¨§¨Î¥¸±¨¥ μÉ·¨Í -

É¥²Ó´Ò¥ §´ Î¥´¨Ö 〈Oχc0 [3S(8)
1 ]〉, É ± ± ± ¢±² ¤ ¸¨´£²¥É´μ£μ �Œ� ¶·¥¢ÒÏ ¥É

Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨ pT < 8 ƒÔ‚. �Éμ ¶·¨¢μ¤¨É ± ¡μ²ÓÏ¨³ §´ -
Î¥´¨Ö³ ËÊ´±Í¨¨ χ2, Ê± §Ò¢ ÕÐ¨³ ´  ´¥¢μ§³μ¦´μ¸ÉÓ ¤μ¸Éμ¢¥·´μ£μ μ¶¨¸ ´¨Ö
¤ ´´ÒÌ ¸ ´¥±μ²²¨´¥ ·´Ò³ · ¸¶·¥¤¥²¥´¨¥³ JB [27].

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´ ¸Ê³³ ·´Ò° (prompt) pT -¸¶¥±É· J/ψ-³¥§μ´μ¢ ¶·¨√
S = 1,96 ’Ô‚. ŒÒ ¢¨¤¨³, ÎÉμ ¢ μ¡² ¸É¨ ³ ²ÒÌ pT , pT < 5 ƒÔ‚, ¶·¥μ¡² ¤ ¥É

¢±² ¤ ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö, ¢ μ¸´μ¢´μ³ μÉ · ¸¶ ¤μ¢ χcJ -³¥§μ´μ¢,
  ¢ μ¡² ¸É¨ pT > 5 ƒÔ‚ ¶·¥μ¡² ¤ ¥É ¢±² ¤ ¶·Ö³μ£μ (direct) ³¥Ì ´¨§³  ·μ¦¤¥-
´¨Ö, μ¡Ê¸²μ¢²¥´´μ£μ ¢±² ¤μ³ μ±É¥É´ÒÌ �Œ�. ‚±² ¤ μÉ · ¸¶ ¤μ¢ ψ′-³¥§μ´μ¢
´¥ ¶·¥¢ÒÏ ¥É ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ pT . �  ·¨¸. 9 ¢¨¤´μ
Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ [2] ¢ ¸²ÊÎ ¥ ´¥±μ²²¨´¥ ·´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢
¢ ¶·μÉμ´¥ JS [28] ¨ KMR [29]. ‚ ¸²ÊÎ ¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö JB [27] ¨³¥-
¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ¥ ¶·¥¢ÒÏ¥´¨¥ ¢ μ¡² ¸É¨ pT < 5 ƒÔ‚, ±μÉμ·μ¥ ´¥¢μ§³μ¦´μ
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¨¸±²ÕÎ¨ÉÓ ¢Ò¡μ·μ³ μ±É¥É´ÒÌ �Œ�. �·¨Î¨´  · ¸Ìμ¦¤¥´¨Ö Å ¢ ¡Ò¸É·μ³ ·μ-
¸É¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Φ(x, |qT |2, μ2) ¶·¨ |qT | → 0 ¤²Ö JB [27]. ‚
μÉ²¨Î¨¥ μÉ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö JB [27] ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö JS [28] ¨
KMR [29] ¶·¥¤¸± §Ò¢ ÕÉ ³¥´ÓÏ¨¥ §´ Î¥´¨Ö Φ(x, |qT |2, μ2), ¸² ¡μ § ¢¨¸ÖÐ¨¥
μÉ |qT | ¢ ÔÉμ° μ¡² ¸É¨. „·Ê£¨³ ¶·¨´Í¨¶¨ ²Ó´Ò³ ¶μ²μ¦¨É¥²Ó´Ò³ μÉ²¨Î¨¥³
¶μ¤Ìμ¤  ŠŒ�Š μÉ Š�Œ Ö¢²Ö¥É¸Ö μ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ Î ·-
³μ´¨¥¢ ¢ μ¡² ¸É¨ pT < 6 ƒÔ‚, ÎÉμ É ±¦¥ ¤¥³μ´¸É·¨·Ê¥É ·¨¸. 9.

�´ ²¨§ μ±É¥É´ÒÌ �Œ� ¤²Ö J/ψ-, ψ′- ¨ χcJ -³¥§μ´μ¢, ¶μ²ÊÎ¥´´ÒÌ Ë¨-
É¨·μ¢ ´¨¥³ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š, ¶μ± §Ò¢ ¥É, ÎÉμ ¶¥·¥Ìμ¤ ¨§ ¶·μ³¥¦ÊÉμÎ´μ£μ
μ±É¥É´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ±μ´¥Î´μ¥ ¸¨´£²¥É´μ¥ Ê¤μ¢²¥É¢μ·Ö¥É ¶·¨¡²¨¦¥´´Ò³
¶· ¢¨² ³: �L 	 0 ¨ �S 	 0, É. ¥. Ö¢²Ö¥É¸Ö ¤¢ ¦¤Ò Ì·μ³μÔ²¥±É·¨Î¥¸±¨³
¨ ¸μÌ· ´Ö¥É ¸¶¨´ ¨ Ê£²μ¢μ° ³μ³¥´É ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±μ¢.
‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ · ´¥¥ ¢ Š�Œ Ë¨É¨·μ¢ ´¨¥ ¤ ´´ÒÌ CDF [1] μ¸Ê-

Ð¥¸É¢²Ö²μ¸Ó ¶·¨ pT > 5 ƒÔ‚, £¤¥ ¢±² ¤Ò �Œ� 〈OH[1S(8)
0 ]〉 ¨ 〈OH[3P (8)

0 ]〉
¤²Ö H = J/ψ, ψ′ ´¥¢μ§³μ¦´μ ¡Ò²μ · §¤¥²¨ÉÓ, ¨ ·¥§Ê²ÓÉ Éμ³ Ë¨É  Ö¢²Ö²μ¸Ó
¶μ²ÊÎ¥´¨¥ ¨Ì ±μ³¡¨´ Í¨¨:

MH
r = 〈OH[1S(8)

0 ]〉 +
r

m2
c

〈OH[3P (8)
0 ]〉. (73)

‚ ´ Ï¥° · ¡μÉ¥ Ë¨É¨·μ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¤²Ö ¢¸¥Ì pT . �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ § ¢¨¸¨³μ¸ÉÓ μÉ pT

¢±² ¤μ¢ �Œ� 〈OH[1S(8)
0 ]〉 ¨ 〈OH[3P (8)

0 ]〉 ¶·¨ pT < 5 ƒÔ‚ · §²¨Î´  [17, 32],
³Ò ¸³μ£²¨ ¨Ì · §¤¥²¨ÉÓ, ÎÉμ ¶μ± § ´μ ¢ É ¡². 1.

Š ± Ìμ·μÏμ ¨§¢¥¸É´μ, ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ¡μÉÉμ³μ´¨¥¢, ¨§³¥·¥´´μ¥ ´ 
±μ²² °¤¥·¥ ÉÔ¢ É·μ´ ¶·¨ ¡μ²ÓÏ¨Ì pT , ¶·¨³¥·´μ ´  ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò ¡μ²ÓÏ¥,
Î¥³ ¶·¥¤¸± § ´¨¥, ¶μ²ÊÎ¥´´μ¥ ¢ ³μ¤¥²¨ Í¢¥Éμ¢ÒÌ ¸¨´£²¥Éμ¢ ¢ Š�Œ [14].
“Î¥É μ±É¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö ¡μÉÉμ³μ´¨¥¢ ¢ · ³± Ì Š�Œ ¶μ§¢μ²Ö¥É
Ê²ÊÎÏ¨ÉÓ ¸μ£² ¸¨¥ · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¢ μ¡² ¸É¨ pT � 10 ƒÔ‚, ´μ ´¥
¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ ¤ ´´Ò¥ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ pT . ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, Ëμ·³Ê
pT -¸¶¥±É·μ¢ ¡μÉÉμ³μ´¨¥¢ ³μ¦´μ μ¶¨¸ ÉÓ ¢ ³μ¤¥²¨ ¨¸¶ ·¥´¨Ö Í¢¥É  [33] ¶·¨
ÊÎ¥É¥ ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ¨¸¶Ê¸± ´¨¥³ ³Ö£±¨Ì £²Õμ´μ¢ ¢ μ¡² ¸É¨ pT < M .
�¤´ ±μ μ¡Ð Ö ´μ·³¨·μ¢±  ¸¥Î¥´¨° ·μ¦¤¥´¨Ö ¡μÉÉμ³μ´¨¥¢ ´¥ ³μ¦¥É ¡ÒÉÓ
¶·¥¤¸± § ´  ¢ ÔÉμ³ ¶μ¤Ìμ¤¥ [33,34].

�¥§Ê²ÓÉ ÉÒ Ë¨É¨·μ¢ ´¨Ö μ±É¥É´ÒÌ �Œ� ¤²Ö ¡μÉÉμ³μ´¨¥¢ ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 2 [35]. ”¨É¨·μ¢ ´¨¥ ¶·μ¢μ¤¨²μ¸Ó ´  μ¸´μ¢¥ Š�Œ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
¶ · ³¥É·¨§ Í¨¨ GRV LO [36] ±μ²²¨´¥ ·´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢
¨ ´  μ¸´μ¢¥ ŠŒ�Š ¸ ¶·¨³¥´¥´¨¥³ ´¥¨´É¥£·¨·μ¢ ´´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥-
´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥: JB [27], JS [28] ¨ KMR [29]. �  ·¨¸. 10Ä12 ¶μ± § ´Ò
· ¸¸Î¨É ´´Ò¥ ´ ³¨ pT -¸¶¥±É·Ò Υ(1S)-, Υ(2S)- ¨ Υ(3S)-³¥§μ´μ¢, ¸μμÉ¢¥É-
¸É¢¥´´μ, ¶·¨

√
S = 1,8 ’Ô‚. �¡μ§´ Î¥´¨Ö ±·¨¢ÒÌ É ±¨¥ ¦¥, ± ± ´  ·¨¸. 6.

�μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö Υ(3S)-³¥§μ´μ¢ ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³ 
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’ ¡²¨Í  2. �¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö Υ(nS)- ¨ χbJ (nP )-³¥§μ´μ¢,
¶μ²ÊÎ¥´´Ò¥ ¶·¨ Ë¨É¨·μ¢ ´¨¨ ¢ · ³± Ì Š�Œ ¸ ¶·¨³¥´¥´¨¥³ ËÊ´±Í¨¨ · ¸¶·¥¤¥-
²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ GRV LO [36] ¨ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
´¥¨´É¥£·¨·μ¢ ´´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥: JB [27], JS [28] ¨
KMR [29]

�Œ� ”¨É GRV LO ”¨É JB ”¨É JS ”¨É KMR

〈OΥ(1S)[3S
(1)
1 ]〉

ƒÔ‚3
10,9±1,6 10,9±1,6 10,9±1,6 10,9±1,6

〈OΥ(1S)[3S
(8)
1 ]〉

ƒÔ‚3
(4,0±1,7)·10−2 (5,3±0,5)·10−3 (0,0±1,8)·10−4 (0,0±3,1)·10−3

〈OΥ(1S)[1S
(8)
0 ]〉

ƒÔ‚3
Å (0,0±4,7)·10−4 (0,0±5,2)·10−5 (0,0±4,3)·10−3

〈OΥ(1S)[3P
(8)
0 ]〉

ƒÔ‚5
Å (0,0±1,3)·10−3 (0,0±1,6)·10−4 (9,5±2,0)·10−2

M
Υ(1S)
5

ƒÔ‚3
(1,4±9,2)·10−2 (0,0±7,6)·10−4 (0,0±8,7)·10−5 (2,1±0,9)·10−2

〈Oχb0(1P )[3P
(1)
0 ]〉

ƒÔ‚5
2,4±0,4 2,4±0,4 2,4±0,4 2,4±0,4

〈Oχb0(1P )[3S
(8)
1 ]〉

ƒÔ‚3
(0,0±7,8)·10−3 (0,0±2,1)·10−3 (0,0±8,4)·10−5 (0,0±1,4)·10−3

〈OΥ(2S)[3S
(1)
1 ]〉

ƒÔ‚3
4,5±0,7 4,5±0,7 4,5±0,7 4,5±0,7

〈OΥ(2S)[3S
(8)
1 ]〉

ƒÔ‚3
(0,0±2,5)·10−2 (0,0±5,9)·10−3 (0,0±4,1)·10−4 (3,3±0,8)·10−2

〈OΥ(2S)[1S
(8)
0 ]〉

ƒÔ‚3
Å (0,0±9,2)·10−4 (0,0±8,3)·10−5 (0,0±3,7)·10−3

〈OΥ(2S)[3P
(8)
0 ]〉

ƒÔ‚5
Å (0,0±2,6)·10−3 (0,0±2,8)·10−4 (0,0±1,6)·10−2

M
Υ(2S)
5

ƒÔ‚3
(0,0±6,6)·10−2 (0,0±1,5)·10−3 (0,0±1,4)·10−4 (0,0±7,2)·10−3

〈Oχb0(2P )[3P
(1)
0 ]〉

ƒÔ‚5
2,6±0,5 2,6±0,5 2,6±0,5 2,6±0,5

〈Oχb0(2P )[3S
(8)
1 ]〉

ƒÔ‚3
(7,7±1,7)·10−2 (1,1±0,4)·10−2 (0,0±2,8)·10−4 (0,0±5,7)·10−3

〈OΥ(3S)[3S
(1)
1 ]〉

ƒÔ‚3
4,3±0,9 4,3±0,9 4,3±0,9 4,3±0,9

〈OΥ(3S)[3S
(8)
1 ]〉

ƒÔ‚3
(3,9±1,4)·10−2 (1,4±0,3)·10−2 (5,9±4,2)·10−3 (1,1±0,4)·10−2
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�·μ¤μ²¦¥´¨¥ É ¡². 2

�Œ� ”¨É GRV LO ”¨É JB ”¨É JS ”¨É KMR

〈OΥ(3S)[1S
(8)
0 ]〉

ƒÔ‚3
Å (0,0±2,6)·10−3 (0,0±8,1)·10−4 (0,0±2,7)·10−3

〈OΥ(3S)[3P
(8)
0 ]〉

ƒÔ‚5
Å (2,4±0,8)·10−2 (3,4±4,2)·10−3 (5,2±1,1)·10−2

M
Υ(3S)
5

ƒÔ‚3
(7,7±7,4)·10−2 (5,2±4,4)·10−3 (7,4±10,2)·10−4 (1,1±0,5)·10−2

〈Oχb0(3P )[3P
(1)
0 ]〉

ƒÔ‚5
2,7±0,7 2,7±0,7 2,7±0,7 2,7±0,7

χ2

d.o.f.
0,5 2,9 27 0,5

´¥μ¡Ìμ¤¨³ ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š. �¤-
´ ±μ Ê¦¥ ¤²Ö Υ(2S)-,   μ¸μ¡¥´´μ ¤²Ö Υ(1S)-³¥§μ´μ¢, ¢±² ¤ ¸¨´£²¥É´μ£μ ³¥-
Ì ´¨§³  Ö¢²Ö¥É¸Ö ¤μ³¨´¨·ÊÕÐ¨³. ‘· ¢´¨¢ Ö §´ Î¥´¨Ö �Œ� ¤²Ö Î ·³μ´¨¥¢ ¨
¡μÉÉμ³μ´¨¥¢, ³Ò ¢¨¤¨³, ÎÉμ ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö ¤²Ö ¡μÉÉμ-
³μ´¨¥¢ ¶μ¤ ¢²¥´ μÉ´μ¸¨É¥²Ó´μ ¢±² ¤  ¤²Ö Î ·³μ´¨¥¢. �μ¸²¥¤´¥¥ ¸μ£² ¸Ê¥É¸Ö

�¨¸. 10. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¸¶¥±É· ·μ¦¤¥´¨Ö Υ(1S)-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î-
´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¨ Ê¸·¥¤´¥´´Ò° ¶μ ¡Ò¸É·μÉ¥ (|y| < 0,4) ¶·¨

√
S = 1,8 ’Ô‚ ´ 

±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [3]. B(Υ(1S) → μ+μ−) Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ 
Υ(1S) → μ+μ−. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 6
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�¨¸. 11. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¸¶¥±É· ·μ¦¤¥´¨Ö Υ(2S)-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î-
´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¨ Ê¸·¥¤´¥´´Ò° ¶μ ¡Ò¸É·μÉ¥ (|y| < 0,4) ¶·¨

√
S = 1,8 ’Ô‚ ´ 

±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [3]. B(Υ(2S) → μ+μ−) Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ 
Υ(2S) → μ+μ−. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 6

�¨¸. 12. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¸¶¥±É· ·μ¦¤¥´¨Ö Υ(3S)-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î-
´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¨ Ê¸·¥¤´¥´´Ò° ¶μ ¡Ò¸É·μÉ¥ (|y| < 0,4) ¶·¨

√
S = 1,8 ’Ô‚ ´ 

±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [3]. B(Υ(3S) → μ+μ−) Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ 
Υ(3S) → μ+μ−. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 6
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�¨¸. 13. „¢ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò° ¸¶¥±É· ·μ¦¤¥´¨Ö Υ(nS)-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î-
´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¨ Ê¸·¥¤´¥´´Ò° ¶μ ¡Ò¸É·μÉ¥ (|y| < 0,4) ¶·¨

√
S = 1,8 ’Ô‚ ´ 

±μ²² °¤¥·¥ ÉÔ¢ É·μ´ [3]:  ) · ¸Î¥ÉÒ ¢ ŠŒ�Š ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´¥¨´É¥£·¨·μ¢ ´´μ°
ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ KMR [29] ¨ ¶·¨ ÊÎ¥É¥ ¢±² ¤  μÉ · ¸¶ ¤μ¢
χbJ (3P ) ¶·¨ ¸Ê³³ ·´μ³ ·μ¦¤¥´¨¨ Υ(1S); ¡) Éμ ¦¥ ¤²Ö Υ(2S); ¢) Éμ ¦¥ ¤²Ö Υ(3S).
B(Υ(nS) → μ+μ−) Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  Υ(nS) → μ+μ−

¸ μ¦¨¤ ¥³Ò³ ¢ ��Š•„ ¶μ¢¥¤¥´¨¥³ μ±É¥É´ÒÌ �Œ� ¢ § ¢¨¸¨³μ¸É¨ μÉ μÉ´μ-
¸¨É¥²Ó´μ° ¸±μ·μ¸É¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¢ ±¢ ·±μ´¨¨: v2 	 0,1 ¤²Ö ¡μÉÉμ³μ´¨¥¢
¨ v2 	 0,3 ¤²Ö Î ·³μ´¨¥¢. � ¶·μÉ¨¢, ¢ Š�Œ ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³  ·μ-
¦¤¥´¨Ö Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ¤²Ö ¢¸¥Ì Υ(nS)-³¥§μ´μ¢. Š ± ¨ ¤²Ö Î ·³μ´¨¥¢,
¢ Š�Œ, ¢ ¶·¨´Í¨¶¥, ´¥¢μ§³μ¦´μ μ¶¨¸ ÉÓ pT -¸¶¥±É·Ò ¡μÉÉμ³μ´¨¥¢ ¢ μ¡² -
¸É¨ ³ ²ÒÌ ¶μ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸μ¢ ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ αs ¨ · §¤¥²¨ÉÓ

¢±² ¤Ò �Œ� 〈OH[1S(8)
0 ]〉 ¨ 〈OH[3P (8)

0 ]〉.
�¥μ¡Ìμ¤¨³μ § ³¥É¨ÉÓ, ÎÉμ ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨ £¨¶μÉ¥É¨Î¥¸±¨° ¢±² ¤ ¢ ¸¶¥±-

É·Ò Υ(nS)-³¥§μ´μ¢ μÉ · ¸¶ ¤μ¢ χbJ(3P )-³¥§μ´μ¢, ±μÉμ·Ò¥ ¥Ð¥ ´¥ μ¡´ ·Ê-
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’ ¡²¨Í  3. ‚¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¡μÉÉμ³μ´¨Ö ¸
ÊÎ¥Éμ³ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ± ¸± ¤´ÒÌ ¶·μÍ¥¸¸μ¢

� Î ²Ó´μ¥
¸μ¸ÉμÖ´¨¥

Šμ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥

Υ(3S) χb2(2P ) χb1(2P ) χb0(2P ) Υ(2S) χb2(1P ) χb1(1P ) χb0(1P ) Υ(1S)

Υ(3S) 1 0,114 0,113 0,054 0,106 0,007208 0,00742 0,004028 0,102171

χb2(2P ) Å 1 Å Å 0,162 0,011016 0,01134 0,006156 0,129565

χb1(2P ) Å Å 1 Å 0,21 0,01428 0,0147 0,00798 0,160917

χb0(2P ) Å Å Å 1 0,046 0,003128 0,00322 0,001748 0,0167195

Υ(2S) Å Å Å Å 1 0,068 0,07 0,038 0,319771

χb2(1P ) Å Å Å Å Å 1 Å Å 0,22

χb1(1P ) Å Å Å Å Å Å 1 Å 0,35

χb0(1P ) Å Å Å Å Å Å Å 1 0,06

Υ(1S) Å Å Å Å Å Å Å Å 1

¦¥´Ò ¨ ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò · ¸¶ ¤  ±μÉμ·ÒÌ ´¥¨§¢¥¸É´Ò. �¤´ ±μ ¸¨´£²¥É-

´Ò° �Œ� 〈Oχb0(3P )[3P (1)
0 ]〉 ³μ¦¥É ¡ÒÉÓ · ¸¸Î¨É ´ ¢ ¶μÉ¥´Í¨ ²Ó´μ° ±¢ ·±μ-

¢μ° ³μ¤¥²¨: 〈Oχb0(3P )[3P (1)
0 ]〉 = 2,7 ƒÔ‚5 [22, 31],   ¶ ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò

· ¸¶ ¤  χbJ (3P ) ¢ Υ(1S)-, Υ(2S)- ¨ Υ(3S)-³¥§μ´Ò ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ô±¸É· -
¶μ²ÖÍ¨¥°  ´ ²μ£¨Î´ÒÌ Ï¨·¨´ ¤²Ö χbJ(1P )- ¨ χbJ (2P )-³¥§μ´μ¢,   ¨³¥´´μ:
¶·¨´¨³ Ö, ÎÉμ μ´¨ · ¢´Ò 12, 9 ¨ 7 % ¤²Ö · ¸¶ ¤μ¢ ¢ Υ(3S)-, Υ(2S)- ¨ Υ(1S)-
³¥§μ´Ò ¸μμÉ¢¥É¸É¢¥´´μ. ”¨É ¤ ´´ÒÌ ¸ ÊÎ¥Éμ³ ¢±² ¤  μÉ · ¸¶ ¤μ¢ χbJ (3P )-
³¥§μ´μ¢ ¶μ± §Ò¢ ¥É, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³  ¢ ·μ¦¤¥´¨¥
¡μÉÉμ³μ´¨¥¢ Ö¢²Ö¥É¸Ö ¶·¥´¥¡·¥¦¨³μ ³ ²Ò³. ‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ÔÉμ£μ
´  ·¨¸. 13 ¶μ± § ´Ò pT -¸¶¥±É·Ò Υ(nS)-³¥§μ´μ¢ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´¥¨´É¥-
£·¨·μ¢ ´´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö KMR [29] ¨ ¸ ÊÎ¥Éμ³ ²¨ÏÓ ¸¨´£²¥É´μ£μ
³¥Ì ´¨§³  ·μ¦¤¥´¨Ö [21].

�μ²ÊÎ¥´´Ò° ¢ ·¥§Ê²ÓÉ É¥ Ë¨É¨·μ¢ ´¨Ö ¤ ´´ÒÌ ¸ ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö
JS [28] ´ ¡μ· μ±É¥É´ÒÌ �Œ� ´¥ ¶μ§¢μ²Ö¥É ¸ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ° ¤μ¸Éμ¢¥·´μ-
¸ÉÓÕ (χ2/d.o.f. = 27) μ¶¨¸ ÉÓ ¤ ´´Ò¥ ¶μ ¸¶¥±É· ³ ¡μÉÉμ³μ´¨¥¢, ÌμÉÖ ¸¶¥±É·Ò
Î ·³μ´¨¥¢ μ¶¨¸Ò¢ ²¨¸Ó Éμ²Ó±μ ´¥³´μ£μ ÌÊ¦¥, Î¥³ ¸¶¥±É·Ò ¤²Ö ËÊ´±Í¨¨ · ¸-
¶·¥¤¥²¥´¨Ö KMR [29]. „²Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö JB [27] ¸¨ÉÊ Í¨Ö μ¡· É-
´ Ö: ¢ μÉ²¨Î¨¥ μÉ pT -¸¶¥±É·μ¢ Î ·³μ´¨¥¢ ¸¶¥±É·Ò ¡μÉÉμ³μ´¨¥¢ μ¶¨¸Ò¢ ²¨¸Ó
Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ (χ2/d.o.f. = 2,9). ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö KMR [29] ¶μ-
§¢μ²Ö¥É μ¤¨´ ±μ¢μ Ìμ·μÏμ μ¶¨¸ ÉÓ ¸¶¥±É·Ò ± ± Î ·³μ´¨¥¢ (χ2/d.o.f. = 3,0),
É ± ¨ ¡μÉÉμ³μ´¨¥¢ (χ2/d.o.f. = 0,5).

�·¨ · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ Ï¨·¨´
· ¸¶ ¤μ¢ [37]: B(Υ(3S) → μ+ + μ−) = 0,0181, B(Υ(2S) → μ+ + μ−) =
0,0131, B(Υ(1S) → μ+ + μ−) = 0,0248, B(J/ψ → μ+ + μ−) = 6,01 · 10−2,
B(ψ′ → J/ψ + X) = 0,576, B(χc0 → J/ψ + γ) = 0,012, B(χc1 → J/ψ +
γ) = 0,318 ¨ B(χc2 → J/ψ + γ) = 0,203. Œ ¸¸Ò ¸μ¸É ¢²ÖÕÐ¨Ì ±¢ ·±μ¢
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mc = 1,55 ƒÔ‚ ¨ mb = 4,77 ƒÔ‚. ˆ´±²Õ§¨¢´Ò¥ ¢¥·μÖÉ´μ¸É¨ ¶¥·¥Ìμ¤μ¢
³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¡μÉÉμ³μ´¨Ö ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ± ¸± -
¤μ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

6. ��†„…�ˆ… ’Ÿ†…‹›• Š‚��Š��ˆ…‚
�� Š�‹‹�‰„…�… LHC

‘· ¢´¥´¨¥ §´ Î¥´¨° μ±É¥É´ÒÌ �Œ�, ¶μ²ÊÎ¥´´ÒÌ ¢ Š�Œ ¨ ¢ ¶μ¤Ìμ¤¥
ŠŒ�Š Ë¨É¨·μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤²Ö pT -¸¶¥±É·μ¢ Î ·³μ-
´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢, ¶μ± §Ò¢ ¥É ¨Ì ¸ÊÐ¥¸É¢¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ ¢Ò¡μ· 
¶μ¤Ìμ¤ . „μ¶μ²´¨É¥²Ó´Ò³ É¥¸Éμ³ ¢ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦¥É ¡ÒÉÓ ¸· ¢´¥´¨¥ ¶·¥¤-
¸± § ´¨°, ¶μ²ÊÎ¥´´ÒÌ ¢ μ¡¸Ê¦¤ ¥³ÒÌ ¶μ¤Ìμ¤ Ì, ´  pT -¸¶¥±É·Ò Î ·³μ´¨¥¢ ¨
¡μÉÉμ³μ´¨¥¢ ¢ ¤·Ê£¨Ì ¶·μÍ¥¸¸ Ì, ´ ¶·¨³¥·, ¢ γp- ¨²¨ ep-¢§ ¨³μ¤¥°¸É¢¨ÖÌ
´  ±μ²² °¤¥·¥ HERA ¨²¨ ¢  ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨ ¤·Ê£¨Ì Ô´¥·-

�¨¸. 14. C¶¥±É· ·μ¦¤¥´¨Ö J/ψ-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¶·¨
√

S =
14 ’Ô‚ ¨ |y| < 2,5 ´  ±μ²² °¤¥·¥ LHC:  ) ¶·Ö³Ò¥ (direct) J/ψ-³¥§μ´Ò; ¡) J/ψ-
³¥§μ´Ò μÉ · ¸¶ ¤μ¢ χcJ ; ¢) J/ψ-³¥§μ´Ò μÉ · ¸¶ ¤μ¢ ψ′; £) ¸Ê³³ ·´Ò° ¢±² ¤ (prompt)
¢ ·μ¦¤¥´¨¥ J/ψ-³¥§μ´μ¢. Š·¨¢ Ö 1 Å ¢±² ¤ ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö ¢ ¶μ¤-
Ìμ¤¥ ŠŒ�Š ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´¥±μ²²¨´¥ ·´μ° ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢
¶·μÉμ´¥ KMR [29]; 2 Å ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³ ; 3 Å ¸Ê³³  ¢±² ¤μ¢ 1 ¨ 2. Š·¨¢ Ö
4 Å ¢±² ¤ ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³  ·μ¦¤¥´¨Ö ¢ · ³± Ì Š�Œ ¸ ¶·¨³¥´¥´¨¥³ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ GRV LO [36]; 5 Å ¢±² ¤ μ±É¥É´μ£μ ³¥Ì ´¨§³ ;
6 Å ¸Ê³³  ¢±² ¤μ¢ 4 ¨ 5. B Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  J/ψ → μ+μ−
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�¨¸. 15. C¶¥±É· ·μ¦¤¥´¨Ö Υ(nS)-³¥§μ´μ¢ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (pT ) ¶·¨
√

S =
14 ’Ô‚ ¨ |y| < 2,5 ´  ±μ²² °¤¥·¥ LHC:  ) Υ(1S); ¡) Υ(2S); ¢) Υ(3S). �¡μ§´ Î¥´¨Ö,
± ± ´  ·¨¸. 14. B(Υ(nS) → μ+μ−) Å μÉ´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  Υ(nS) →
μ+μ−

£¨ÖÌ. �·μ¢¥·±  ¶μ²ÊÎ¥´´ÒÌ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š μ±É¥É´ÒÌ �Œ� ¶·¨ ·μ¦¤¥-
´¨¨ Î ·³μ´¨¥¢ ´  ±μ²² °¤¥·¥ HERA [38],   É ±¦¥ ¢ γγ-¢§ ¨³μ¤¥°¸É¢¨ÖÌ
´  ±μ²² °¤¥·¥ LEP2 [39] ¡Ò²  ¶·μ¢¥¤¥´  ¢ ´ Ï¥° · ¡μÉ¥ [17]. ‚ ¤ ´-
´μ³ ¶Ê´±É¥ ³Ò · ¸¸³ É·¨¢ ¥³ ¶·¥¤¸± § ´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š
¨ Š�Œ ¤²Ö ¢ÒÌμ¤  Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢ ´  ±μ²² °¤¥·¥ LHC ¶·¨ Ô´¥·-
£¨¨

√
S = 14 ’Ô‚.

�  ·¨¸. 14 ¨ 15 ¶μ± § ´Ò pT -¸¶¥±É·Ò Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢, ¶·μ¨´-
É¥£·¨·μ¢ ´´Ò¥ ¶μ ¡Ò¸É·μÉ¥ ¢ ¨´É¥·¢ ²¥ |y| < 2,5. ˜É·¨Ìμ¢Ò¥ ±·¨¢Ò¥ Å
· ¸Î¥ÉÒ ´  μ¸´μ¢¥ Š�Œ, ¸¶²μÏ´Ò¥ Å · ¸Î¥ÉÒ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š. �·¨´¨-
³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ ¶·¥¤¸± § ´¨Ö Š�Œ ´¥ ¶·¥É¥´¤ÊÕÉ ´  μ¶¨¸ ´¨¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶·¨ ³ ²ÒÌ pT ¢ ¶·¨´Í¨¶¥, ¸· ¢´¨³ μÉ´μ¸¨É¥²Ó´Ò°
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�¨¸. 16. C¶¥±É· ·μ¦¤¥´¨Ö J/ψ-³¥§μ´μ¢ ¶μ ¡Ò¸É·μÉ¥ (y) ¶·¨
√

S = 14 ’Ô‚ ¨ 7 <
pT < 100 ƒÔ‚ ´  ±μ²² °¤¥·¥ LHC. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 14

¢ÒÌμ¤ ÉÖ¦¥²ÒÌ ±¢ ·±μ´¨¥¢, ¶·¥¤¸± §Ò¢ ¥³Ò° ¢ μ¡¸Ê¦¤ ¥³ÒÌ §¤¥¸Ó ¶μ¤Ìμ¤ Ì,
¢ μ¡² ¸É¨ pT > 10 ƒÔ‚. ‘¨ÉÊ Í¨Ö ¶·¨³¥·´μ μ¤¨´ ±μ¢ Ö ¤²Ö ¸¶¥±É·μ¢ ¢¸¥Ì
Î ¸É¨Í. Š�Œ ¶·¥¤¸± §Ò¢ ¥É ´¥¸±μ²Ó±μ ¡μ²ÓÏ¥¥ §´ Î¥´¨¥ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö
(Ë ±Éμ· ∼ 2 ¤²Ö Î ·³μ´¨¥¢ ¨ Ë ±Éμ· ∼ 4 ¤²Ö ¡μÉÉμ³μ´¨¥¢), Î¥³ ¶μ¤Ìμ¤
ŠŒ�Š. „²Ö Î ·³μ´¨¥¢ ¸Ê³³ ·´Ò¥ ¸¶¥±É·Ò (±·¨¢Ò¥ 3 ¨ 6), ¶μ²ÊÎ¥´´Ò¥ ¢
Š�Œ ¨ ŠŒ�Š, ¶¥·¥¸¥± ÕÉ¸Ö ¶·¨ pT 	 10 ƒÔ‚. Š·¨¢Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¢ Š�Œ
¤²Ö ¡μÉÉμ³μ´¨¥¢, ²¥¦ É ¢ÒÏ¥ ¶·¥¤¸± § ´¨° ŠŒ�Š ¶·¨ ¢¸¥Ì pT .

�  ·¨¸. 16 ¨ 17 ¶μ± § ´Ò y-¸¶¥±É·Ò Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢ ´  ±μ²-
² °¤¥·¥ LHC ¶μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê ¢ ¨´É¥·¢ ²¥
7 < pT < 100 ƒÔ‚. ŒÒ ¢¨¤¨³, ÎÉμ · ¸¶·¥¤¥²¥´¨Ö Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢
¶μ ¡Ò¸É·μÉ¥ y, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ Š�Œ, ´¥³´μ£μ Ï¨·¥, Î¥³ · ¸¸Î¨É ´-
´Ò¥ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š. �  ±· Õ Í¥´É· ²Ó´μ£μ ¶² Éμ ¶μ ¡Ò¸É·μÉ¥ ¸¶¥±É·Ò,
¶μ²ÊÎ¥´´Ò¥ ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š, ¸¶ ¤ ÕÉ £μ· §¤μ ±·ÊÎ¥, Î¥³ ¸¶¥±É·Ò, ¶μ²ÊÎ¥´-
´Ò¥ ¢ Š�Œ. � ¡²Õ¤ ¥³Ò¥ ÔËË¥±ÉÒ ¸¢Ö§ ´Ò, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¸ É¥³, ÎÉμ ¢
¶μ¤Ìμ¤¥ ŠŒ�Š ¤μ³¨´¨·Ê¥É ¢±² ¤ ¶μ¤¶·μÍ¥¸¸μ¢ 2 → 1,   ¢ Š�Œ ¢±² ¤ ¤ ÕÉ
Éμ²Ó±μ ¶·μÍ¥¸¸Ò 2 → 2. �μ¦¤¥´¨¥ ¤μ¶μ²´¨É¥²Ó´μ° ¦¥¸É±μ° ¸É·Ê¨ ¢ ¶ ·Éμ´-
´μ³ ¶μ¤¶·μÍ¥¸¸¥ ¶·¨¢μ¤¨É ± ÊÏ¨·¥´¨Õ ¸¶¥±É·μ¢ ±¢ ·±μ´¨Ö ¶μ ¡Ò¸É·μÉ¥ ¢
Š�Œ ¶μ ¸· ¢´¥´¨Õ ¸ ¶μ¤Ìμ¤μ³ ŠŒ�Š, ¢ ±μÉμ·μ³ ¶μ¤¶·μÍ¥¸¸ 2 → 2 Î¥·¥§
¸¨´£²¥É´μ¥ ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥ ´¥ Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³.

‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸¶¥±É·μ¢
Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢ ¢ Š�Œ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ μÍ¥´± ³¨,



1246 ‚�‘ˆ� „.‚., ‘�‹……‚ ‚. �.

�¨¸. 17. C¶¥±É· ·μ¦¤¥´¨Ö Υ(nS)-³¥§μ´μ¢ ¶μ ¡Ò¸É·μÉ¥ (y) ¶·¨
√

S = 14 ’Ô‚ ¨
7 < pT < 100 ƒÔ‚. �¡μ§´ Î¥´¨Ö, ± ± ´  ·¨¸. 14

¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢  ´ ²μ£¨Î´μ³ ¶μ¤Ìμ¤¥ ¢ · ¡μÉ¥ [40], ¨ ¸ ¶·¥¤¸± § ´¨Ö³¨
¢ · ³± Ì Ë· £³¥´É Í¨μ´´μ£μ ¶·¨¡²¨¦¥´¨Ö [41],   É ±¦¥ ¸ ¶·¥¤¸± § ´¨Ö³¨
³μ´É¥-± ·²μ¢¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ¶·μ£· ³³¥ PYTHIA [42].

‡�Š‹�—…�ˆ…

‘· ¢´¥´¨¥ ¶·¥¤¸± § ´¨° ¶μ¤Ìμ¤  ŠŒ�Š ¨ Š�Œ ¶μ± §Ò¢ ¥É, ÎÉμ, ¢ μÉ-
²¨Î¨¥ μÉ ±μ²²¨´¥ ·´μ£μ ¶·¨¡²¨¦¥´¨Ö, ¢ ¶μ¤Ìμ¤¥ ŠŒ�Š ¸¶¥±É·Ò ÉÖ¦¥²ÒÌ
±¢ ·±μ´¨¥¢ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ pT , ¢±²ÕÎ Ö μ¡² ¸ÉÓ
pT < M . ‡´ Î¥´¨Ö μ±É¥É´ÒÌ �Œ�, ¶μ²ÊÎ¥´´ÒÌ ¶·¨ Ë¨É¨·μ¢ ´¨¨ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ±μ²² ¡μ· Í¨¨ CDF ¢ ŠŒ�Š, §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³
 ´ ²μ£¨Î´Ò¥ §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ Š�Œ; É ±¦¥ ³¥´Ö¥É¸Ö ¨ μÉ´μ¸¨É¥²Ó-
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´Ò° ¢¥¸ · §²¨Î´ÒÌ �Œ�. ‚ ¶μ¤Ìμ¤¥ ŠŒ�Š, ¢ μÉ²¨Î¨¥ μÉ Š�Œ, pT -¸¶¥±É·Ò
P -¢μ²´μ¢ÒÌ Î ·³μ´¨¥¢,   É ±¦¥ ¸¶¥±É·Ò Υ(nS)-³¥§μ´μ¢ ¶·¨ ÊÎ¥É¥ ¢±² ¤ 
μÉ · ¸¶ ¤μ¢ χbJ(3P ) ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ¢ · ³± Ì ¸¨´£²¥É´μ£μ ³¥Ì ´¨§³ 
·μ¦¤¥´¨Ö.

�´ ²¨§ μ±É¥É´ÒÌ �Œ� ��Š•„ ¤²Ö · ¸¸³μÉ·¥´´ÒÌ ´¥±μ²²¨´¥ ·´ÒÌ ËÊ´±-
Í¨° · ¸¶·¥¤¥²¥´¨Ö £²Õμ´μ¢ ¢ ¶·μÉμ´¥ ¶μ± §Ò¢ ¥É, ÎÉμ, ¢μ-¶¥·¢ÒÌ, ËÊ´±Í¨Ö
· ¸¶·¥¤¥²¥´¨Ö KMR [29] ¶μ§¢μ²Ö¥É ´¥¶·μÉ¨¢μ·¥Î¨¢μ Ë¨É¨·μ¢ ÉÓ pT -¸¶¥±É·Ò
Î ·³μ´¨¥¢ ¨ ¡μÉÉμ³μ´¨¥¢ (χ2/d.o.f. = 3,0 ¨ 0,5); ¢μ-¢Éμ·ÒÌ, ´¥¶¥·ÉÊ·¡ É¨¢-
´Ò¥ ¶¥·¥Ìμ¤Ò ¨§ ¶·μ³¥¦ÊÉμÎ´μ£μ μ±É¥É´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ±μ´¥Î´μ¥ ¸¨´£²¥É´μ¥
¶·¨¡²¨¦¥´´μ Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¥³Ê Ê¸²μ¢¨Õ: �L 	 0 ¨ �S 	 0, É. ¥.
Ö¢²ÖÕÉ¸Ö ¤¢ ¦¤Ò Ì·μ³μÔ²¥±É·¨Î¥¸±¨³¨ ¨ ¸μÌ· ´ÖÕÉ ¸¶¨´ ¨ μ·¡¨É ²Ó´Ò°
³μ³¥´É ÉÖ¦¥²ÒÌ ±¢ ·±μ¢, ± ± ÔÉμ ¨ ¶·¥¤¸± §Ò¢ ¥É¸Ö ¶·¨´Í¨¶ ³¨ ¸¶¨´μ¢μ°
¸¨³³¥É·¨¨ ¶·μÍ¥¸¸μ¢ ¸ ÊÎ ¸É¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢; ¢-É·¥ÉÓ¨Ì, μÉ´μ¸¨É¥²Ó´Ò°
¢±² ¤ μ±É¥É´ÒÌ �Œ� ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö ¡μÉÉμ³μ´¨¥¢ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥,
Î¥³ ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö Î ·³μ´¨¥¢, ÎÉμ É ±¦¥ ¸μ£² ¸Ê¥É¸Ö ¸ ¶·¥¤¸± § ´¨¥³
��Š•„.

�¢Éμ·Ò ¡² £μ¤ ·´Ò 	.Š´¨²Õ, ‹. ‹¨¶ Éμ¢Ê, �.ŠÊ· ¥¢Ê, �. ’¥·Ö¥¢Ê,
Œ. �Ò¸±¨´Ê ¨ �. ‹¥μ´¨¤μ¢Ê §  ¨´É¥·¥¸ ± · ¡μÉ¥ ¨ ¶μ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨. „. ‚.
¡² £μ¤ ·¨É Œ¥¦¤Ê´ ·μ¤´Ò° Í¥´É· É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨ ¢ Œμ¸±¢¥ ¨ Ëμ´¤
®„¨´ ¸É¨Ö¯ §  ¶μ¤¤¥·¦±Ê.
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