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�¡¸Ê¦¤ ¥É¸Ö ´μ¢Ò° ¶μ¤Ìμ¤ ± ¨¸¸²¥¤μ¢ ´¨Õ ´ ¡²Õ¤ ¥³ÒÌ ¸¶¨´μ¢ÒÌ ¨  ·μ³ É´ÒÌ  ´μ³ ²¨°
¢ Ë¨§¨±¥  ¤·μ´μ¢, μ¸´μ¢ ´´Ò° ´  ÊÎ¥É¥ ¸²μ¦´μ° ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³  Š•„. ’ ±, ¸ÊÐ¥¸É¢μ¢ ´¨¥
³μÐ´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢ ±ÊÊ³´ÒÌ £²Õμ´´ÒÌ ¶μ²¥° Å ¨´¸É ´Éμ´μ¢ ¶·¨¢μ¤¨É ± ¸¶¥Í¨Ë¨Î¥-
¸±¨³ ¸¶¨´- ¨  ·μ³ Éμ§ ¢¨¸¨³Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³ ³¥¦¤Ê ±¢ ·± ³¨ ¨ £²Õμ´ ³¨, ±μÉμ·Ò¥ ³μ£ÊÉ
²¥¦ ÉÓ ¢ μ¸´μ¢¥ ÔÉ¨Ì  ´μ³ ²¨°. ‚ ¶·¥¤² £ ¥³μ³ ¶μ¤Ìμ¤¥ ¢μ§´¨± ¥É É ±¦¥ £²Ê¡μ± Ö ¸¢Ö§Ó ³¥¦¤Ê
¸¶¨´μ¢Ò³¨ ¨  ·μ³ É´Ò³¨ ÔËË¥±É ³¨, ±μÉμ· Ö ¸²¥¤Ê¥É ¨§ ´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ¡²Õ¤¥´¨Ö ±¢ ·± ³¨
¶·¨´Í¨¶  � Ê²¨ ¢ ¶μ²¥ ¨´¸É ´Éμ´ . �μ¢Ò³ ¶μ²¥³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¨´¸É ´Éμ´´μ° ¸É·Ê±ÉÊ·Ò
Š•„-¢ ±ÊÊ³  Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸² ¡ÒÌ · ¸¶ ¤μ¢  ¤·μ´μ¢. ’ ±, ´ ¶·¨³¥·, ¸¶¥Í¨Ë¨Î¥¸±¨¥ ¶· -
¢¨²  μÉ¡μ·  ¶μ ¸¶¨· ²Ó´μ¸É¨ ¨  ·μ³ ÉÊ ¤²Ö ±¢ ·±-±¢ ·±μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¨´¤ÊÍ¨·Ê¥³ÒÌ
¨´¸É ´Éμ´ ³¨ ¨ μ¡³¥´ ³¨ Ô²¥±É·μ¸² ¡Ò³¨ ¢¥±Éμ·´Ò³¨ ¡μ§μ´ ³¨, ¶μ§¢μ²ÖÕÉ ¶μ´ÖÉÓ ¶·¨·μ¤Ê
§´ ³¥´¨Éμ£μ ¶· ¢¨²  ΔI = 1/2 ¤²Ö ´¥²¥¶Éμ´´ÒÌ  ¤·μ´´ÒÌ · ¸¶ ¤μ¢.

A new approach to investigation of observed spin and 	avor anomalies in hadron physics,
based on complex structure of QCD vacuum, is discussed. It is shown, that existence of strong
nonperturbative vacuum gluon ˇelds, instantons, leads to speciˇc spin- and 	avor-dependent quark
and gluon interactions, which can be behind of the anomalies. In the approach, due to the Pauli
principle for quarks in instanton ˇeld, deep connection between spin and 	avor effects is arisen. A
new ˇeld for investigation of instanton structure of QCD vacuum is the studying of hadron weak
decays. Thus, for example, speciˇc helicity and 	avor selection rules for quarkÄquark instanton and
electroweak induced interactions, allow us to understand the origin of famous ΔI = 1/2 rule for
nonleptonic weak decays of hadrons.

‚‚…„…�ˆ…

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ¡Ð¥¶·¨§´ ´´μ° É¥μ·¨¥° ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°
Ö¢²Ö¥É¸Ö ±¢ ´Éμ¢ Ö Ì·μ³μ¤¨´ ³¨±  (KX„), ±μÉμ· Ö μ¡² ¤ ¥É ¸²¥¤ÊÕÐ¨³¨ ¤μ-
¸Éμ¨´¸É¢ ³¨: μ´  ¶¥·¥´μ·³¨·Ê¥³  [1]; ÔËË¥±É¨¢´ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¸É·¥³¨É¸Ö ± ´Ê²Õ ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¨ ¶μÔÉμ³Ê É¥μ·¨Ö ® ¸¨³¶Éμ-
É¨Î¥¸±¨ ¸¢μ¡μ¤´ ¯ [2]; ¸ÊÐ¥¸É¢Ê¥É ´ ¤¥¦¤  ´  ¤μ± § É¥²Ó¸É¢μ ±μ´Ë °´³¥´É 
±¢ ·±μ¢ ¨ £²Õμ´μ¢. �¥·¢Ò¥ ¤¢  ¸¢μ°¸É¢  ¶μ§¢μ²¨²¨, ¨¸¶μ²Ó§ÊÖ É¥μ·¨Õ ¢μ§³Ê-
Ð¥´¨°, μ¡ÑÖ¸´¨ÉÓ Í¥²Ò° ±² ¸¸ ¶·μÍ¥¸¸μ¢ ¶·¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸ .
�¤´ ±μ ¸²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉμ ¶·μÍ¥¸¸Ò ¸ ¡μ²ÓÏμ° ¶¥·¥¤ Î¥° ¨³¶Ê²Ó¸  ³¥¦¤Ê
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¶ ·Éμ´ ³¨ ¸μ¸É ¢²ÖÕÉ ²¨ÏÓ μÎ¥´Ó ³ ²ÊÕ ¤μ²Õ ¢¸¥Ì ¶·μÍ¥¸¸μ¢, £¤¥ ¸¨²Ó´Ò¥
¢§ ¨³μ¤¥°¸É¢¨Ö ¤ ÕÉ ¢±² ¤. �¸´μ¢´μ° ¦¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ², ´ -
±μ¶²¥´´Ò° ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨, μÉ´μ¸¨É¸Ö ± ¸¢μ°¸É¢ ³  ¤·μ´μ¢, £¤¥ ¤¨´ -
³¨±  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨° ³¥¦¤Ê ±¢ ·± ³¨ ¨ £²Õμ´ ³¨ ¨£· ¥É ¸ÊÐ¥¸É¢¥´´ÊÕ
·μ²Ó ¨ ¶μÔÉμ³Ê ¨Ì μ¶¨¸ ´¨¥ É·¥¡Ê¥É ¢ÒÌμ¤  §  · ³±¨ Ìμ·μÏμ · §· ¡μÉ ´´μ£μ
 ¶¶ · É  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Š•„.

�¤´¨³ ¨§ ´ ¨¡μ²¥¥ ¶·Ö³ÒÌ ³¥Éμ¤μ¢ ÊÎ¥É  ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢
Ö¢²Ö¥É¸Ö Š•„ ´  ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´μ° ·¥Ï¥É±¥. �¤´ ±μ, ´¥¸³μÉ·Ö ´ 
¸ÊÐ¥¸É¢¥´´Ò° ¶·μ£·¥¸¸ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨ (¸³. μ¡§μ· [3]), Š•„ ´  ·¥Ï¥É±¥ ¢
´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ³μ¦¥É ¶·¥É¥´¤μ¢ ÉÓ ²¨ÏÓ ´  μ¶¨¸ ´¨¥ μÎ¥´Ó μ£· ´¨Î¥´´μ£μ
±² ¸¸   ¤·μ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. �Éμ ¸¢Ö§ ´μ ¸ ´¥±μÉμ·Ò³¨ ¢´ÊÉ·¥´-
´¨³¨ ¶·μ¡²¥³ ³¨ ·¥Ï¥ÉμÎ´μ° Š•„, É ±¨³¨, ± ±, ´ ¶·¨³¥·, ´¥μ¤´μ§´ Î´μ-
¸É¨ ¢ ¶¥·¥Ìμ¤¥ ± ´¥¶·¥·Ò¢´μ³Ê ¨ ±¨· ²Ó´μ³Ê ¶·¥¤¥²Ê ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ¥
¢¢¥¤¥´¨¥ ²¥£±¨Ì ±¢ ·±μ¢. �¸μ¡¥´´μ ÔÉ¨ ¶·μ¡²¥³Ò ¤ ÕÉ μ ¸¥¡¥ §´ ÉÓ ¶·¨ · ¸-
Î¥É Ì ¸¶¨´§ ¢¨¸¨³ÒÌ ¢¥²¨Î¨´, ¢ ±μÉμ·ÒÌ ÔËË¥±ÉÒ ´ ·ÊÏ¥´¨Ö ¸μÌ· ´¥´¨Ö
¸¶¨· ²Ó´μ¸É¨ ±¢ ·±μ¢, ¢Ò§¢ ´´Ò¥ ²¨¡μ ±μ´¥Î´Ò³ · §³¥·μ³ ·¥Ï¥É±¨, ²¨¡μ
´¥´Ê²¥¢Ò³¨ ³ ¸¸ ³¨ ±¢ ·±μ¢, ¨£· ÕÉ § ³¥É´ÊÕ ·μ²Ó. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò,
¨³¥´´μ ¸¶¨´μ¢ Ö Ë¨§¨±   ¤·μ´μ¢ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶·¨¢²¥± ¥É ¢¸¥¢μ§· -
¸É ÕÐ¥¥ ¢´¨³ ´¨¥ ± ± Ô±¸¶¥·¨³¥´É Éμ·μ¢, É ± ¨ É¥μ·¥É¨±μ¢ [4, 5]. ˆ´É¥-
·¥¸ ± ¶·μ¡²¥³¥ ¢Ò§¢ ´, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ¸¥´¸ Í¨μ´´Ò³ ·¥§Ê²ÓÉ Éμ³ ¨§³¥-
·¥´¨Ö ±μ²² ¡μ· Í¨¥° EMC [6] ¤μ²¨ ¶·μÉμ´´μ° ¸¶¨· ²Ó´μ¸É¨, ¶¥·¥´μ¸¨³μ°
±¢ ·± ³¨. �± § ²μ¸Ó, ÎÉμ ±¢ ·±¨ ¶¥·¥´μ¸ÖÉ Éμ²Ó±μ μÎ¥´Ó ³ ²ÊÕ ¤μ²Õ ¸¶¨-
· ²Ó´μ¸É¨ ´Ê±²μ´ , ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¶·μÉ¨¢μ·¥Î¨¨ ¸ μ¦¨¤ ´¨Ö³¨ ´ ¨¢´μ°
¶ ·Éμ´´μ° ³μ¤¥²¨ ´Ê±²μ´ , £¤¥ ¢¸Ö ¸¶¨· ²Ó´μ¸ÉÓ ¶·μÉμ´  ¶¥·¥´μ¸¨É¸Ö É·¥³Ö
¢ ²¥´É´Ò³¨ ±¢ ·± ³¨. „ ²Ó´¥°Ï¨¥ ¡μ²¥¥ ÉμÎ´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ¤É¢¥·¤¨²¨
ÔÉμÉ ¢Ò¢μ¤ [7].

Š·μ³¥ ¸¶¨´μ¢ÒÌ  ´μ³ ²¨°, ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö É ±¦¥ ¨´É¥´¸¨¢´μ μ¡¸Ê-
¦¤ ÕÉ¸Ö ¨ ´ ¡²Õ¤ ¥³Ò¥ ¢  ¤·μ´´μ³ ³¨·¥  ´μ³ ²¨¨, § ¢¨¸ÖÐ¨¥ μÉ  ·μ³ É 
±¢ ·±μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¤ ´´μ³ ¶·μÍ¥¸¸¥ [9]. �·¨ ÔÉμ³ Ô±¸¶¥·¨³¥´ÉÒ Ê± -
§Ò¢ ÕÉ ´  ¢§ ¨³μ¸¢Ö§Ó ³¥¦¤Ê μ¡μ¨³¨ Ö¢²¥´¨Ö³¨,   ¨³¥´´μ: Ê¸¨²¥´¨¥ ¸¥Î¥-
´¨° ¶·μÍ¥¸¸μ¢ ¢ μ¶·¥¤¥²¥´´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ μÉ´μ¸¨É¥²Ó´μ  ·μ³ É´ÒÌ SU(2)f -
¨ SU(3)f -£·Ê¶¶ μ± § ²μ¸Ó ¸¨²Ó´μ § ¢¨¸ÖÐ¨³ ¨ μÉ ¨Ì ¸¶¨´μ¢μ£μ ¸μ¤¥·¦ -
´¨Ö. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ  ·μ³ É´Ò¥  ´μ³ ²¨¨ μ¡ÒÎ´μ ¸¢Ö§Ò¢ ÕÉ
¸ ¡μ²ÓÏ¨³ ´ ·ÊÏ¥´¨¥³ ¢ ´¥±μÉμ·ÒÌ ± ´ ² Ì §´ ³¥´¨Éμ£μ ¶· ¢¨²  �±Ê¡μÄ
–¢¥°£ Äˆ¨§Ê±¨ (�–ˆ) [10], ¶μ¤ ¢²ÖÕÐ¥£μ ·¥ ±Í¨¨ ¸ · §·Ò¢´Ò³¨ ±¢ ·±μ-
¢Ò³¨ ²¨´¨Ö³¨. ‚  ¤·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¶· ¢¨²μ �–ˆ, ´ ¶·¨³¥·, § ¶·¥-
Ð ¥É ¶·¨³¥¸¨ ¸É· ´´ÒÌ ±¢ ·±μ¢ ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨ÖÌ  ¤·μ´μ¢, ¸μ¸ÉμÖÐ¨Ì
¨§ u- ¨ d-±¢ ·±μ¢. �Éμ ¶· ¢¨²μ ¤μ¢μ²Ó´μ Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ¡μ²ÓÏ¨´-
¸É¢  ·¥ ±Í¨°, μ¤´ ±μ ¢ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ ´ ¡²Õ¤ ¥É¸Ö ¥£μ  ´μ³ ²Ó´μ¥ ´ -
·ÊÏ¥´¨¥ (¸³. μ¡§μ· [11]). ‚ Š•„ ¶· ¢¨²μ �–ˆ Ö¢²Ö¥É¸Ö ¸É·μ£¨³ ¢ ¶·¥¤¥²¥
¡μ²ÓÏμ£μ Î¨¸²  Í¢¥Éμ¢, É. ¥. ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ 1/Nc-· §²μ¦¥´¨Õ,
±μÉμ·μ¥ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢  ¤·μ´´μ° Ë¨§¨±¥, ¨ ¶μÔÉμ³Ê Ê¸É ´μ¢²¥´¨¥
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¶·¨Î¨´ ¥£μ ´ ·ÊÏ¥´¨Ö ¥¸ÉÓ É ±¦¥ μ¤´  ¨§ ËÊ´¤ ³¥´É ²Ó´ÒÌ § ¤ Î ¢ É¥μ-
·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ˆ¸¸²¥¤μ¢ ´¨¥ ³¥Ì ´¨§³μ¢ ´ ·ÊÏ¥´¨Ö ¶· ¢¨² 
�–ˆ ¤ ¥É É ±¦¥ ¢ ¦´¥°ÏÊÕ ¨´Ëμ·³ Í¨Õ μ¡  ·μ³ É´μ° ¨ ¸¶¨´μ¢μ° ¸É·Ê±-
ÉÊ·¥ ±¢ ·±μ¢μ£μ ³μ·Ö ¢ ´Ê±²μ´¥.

Š ¸μ¦ ²¥´¨Õ, ¢ ¸¨²Ê μÉ³¥Î¥´´ÒÌ ¢ÒÏ¥ ¶·¨Î¨´, ´ ¨¡μ²¥¥ ¶·Ö³μ° ³¥Éμ¤
· ¸Î¥É  ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ Š•„ ´  ·¥Ï¥É±¥ μ± § ²¸Ö ´¥ μÎ¥´Ó
Ê¸¶¥Ï´Ò³ ¢ ¢ÒÎ¨¸²¥´¨¨ ¢¥²¨Î¨´, Ì · ±É¥·¨§ÊÕÐ¨Ì ¸¶¨´- ·μ³ É´ÊÕ ¸É·Ê±-
ÉÊ·Ê ±¢ ·±μ¢ÒÌ ³μ·¥° ¢  ¤·μ´ Ì. Š·μ³¥ ·¥Ï¥ÉμÎ´ÒÌ · ¸Î¥Éμ¢, ¸ÊÐ¥¸É¢ÊÕÉ
¨ · §²¨Î´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ³¥Éμ¤Ò ÊÎ¥É  ÔÉ¨Ì ÔËË¥±Éμ¢, μ¸´μ¢ ´´Ò¥ ´  ¸μ-
¢·¥³¥´´ÒÌ ³μ¤¥²ÖÌ ¢ ±ÊÊ³  Š•„. ˆ´¸É ´Éμ´Ò Å ³μÐ´Ò¥ ¢ ±ÊÊ³´Ò¥ Ë²Ê±-
ÉÊ Í¨¨ £²Õμ´´ÒÌ ¶μ²¥° Å ¶·¥¤¸É ¢²ÖÕÉ μ¤¨´ ¨§ ´ ¨¡μ²¥¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ
 ¸¶¥±Éμ¢ ´¥¶¥·ÉÊ·¡ É¨¢´μ° Š•„. �´¨ ¡Ò²¨ É¥μ·¥É¨Î¥¸±¨ μÉ±·ÒÉÒ ¨ ¢¶¥·-
¢Ò¥ ¨§ÊÎ¥´Ò ¢ · ¡μÉ Ì �μ²Ö±μ¢  ¸ ±μ²²¥£ ³¨ [12] ¨ 'É •μμËÉ  [13] μ±μ²μ
25 ²¥É Éμ³Ê ´ § ¤. ‘ ³μ³¥´É  μÉ±·ÒÉ¨Ö ¨´¸É ´Éμ´´ Ö Ë¨§¨±  · §¢¨¢ ² ¸Ó ¢
´¥¸±μ²Ó±¨Ì ´ ¶· ¢²¥´¨ÖÌ.

�¥·¢μ¥ ´ ¶· ¢²¥´¨¥ ¡Ò²μ ¢ Éμ° ¨²¨ ¨´μ° ¸É¥¶¥´¨ ¸¢Ö§ ´μ ¸ μ¡μ¸´μ¢ ´¨¥³
ËÊ´¤ ³¥´É ²Ó´μ° ·μ²¨ ¨´¸É ´Éμ´μ¢ ¢ ¸É·Ê±ÉÊ·¥ ¢ ±ÊÊ³  Š•„, ´ ¶·¨³¥·, ¢
μ¡μ¸´μ¢ ´¨¨ ¨´¸É ´Éμ´´μ£μ ³¥Ì ´¨§³  ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´μ°
¸¨³³¥É·¨¨ ¢ Š•„ ¨ ¢ ¢μ§´¨±´μ¢¥´¨¨ £²Õμ´´μ£μ ±μ´¤¥´¸ É  (¸³. μ¡§μ· [14]).

‚Éμ·μ¥ ´ ¶· ¢²¥´¨¥ ¡Ò²μ ¸¢Ö§ ´μ ¸ ¶·¨²μ¦¥´¨Ö³¨ ¨´¸É ´Éμ´´μ° Ë¨-
§¨±¨ ¤²Ö · ¸Î¥É  · §²¨Î´ÒÌ  ¤·μ´´ÒÌ ¸¢μ°¸É¢, É ±¨Ì, ´ ¶·¨³¥·, ± ± ³ ¸¸Ò
 ¤·μ´μ¢ ¨ ¨Ì Ëμ·³Ë ±Éμ·Ò (¸³. μ¡§μ· [15]).

’·¥ÉÓ¥ ´ ¶· ¢²¥´¨¥ Å ¨¸¸²¥¤μ¢ ´¨¥ ¨´¸É ´Éμ´μ¢ ´  ·¥Ï¥É±¥ Å ´ Î ²μ
¡Ê·´μ · §¢¨¢ ÉÓ¸Ö ²¨ÏÓ ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò [16]. ’ ±, ´ ¶·Ö³ÊÕ ¡Ò²μ ¶μ± -
§ ´μ, ÎÉμ ¨´¸É ´Éμ´Ò Ö¢²ÖÕÉ¸Ö ¢ ¦´¥°Ï¨³¨ Ë²Ê±ÉÊ Í¨Ö³¨ ¶μ²¥° ¢ ¢ ±ÊÊ³¥,
¶μ²ÊÎ¥´Ò μÍ¥´±¨ ¨Ì ¶²μÉ´μ¸É¨ ¨ ¸·¥¤´¥£μ · §³¥· .


μ²ÓÏ Ö · ¡μÉ , ¢Ò¶μ²´¥´´ Ö ¢ ÔÉ¨Ì ´ ¶· ¢²¥´¨ÖÌ, ¶·¨¢¥²  ± ¢Ò¢μ¤Ê,
ÎÉμ ³μ¤¥²Ó ¢ ±ÊÊ³  Š•„ ± ± ¦¨¤±μ¸É¨ ¨´¸É ´Éμ´μ¢ Ö¢²Ö¥É¸Ö, ¶μ-¢¨¤¨³μ³Ê,
´ ¨¡μ²¥¥  ¤¥±¢ É´μ° ³μ¤¥²ÓÕ ¤²Ö ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢ ±ÊÊ³  Š•„. „²Ö
μ±μ´Î É¥²Ó´μ£μ ¸É ´μ¢²¥´¨Ö É¥μ·¨¨ É·¥¡ÊÕÉ¸Ö, μ¤´ ±μ, Ê¡¥¤¨É¥²Ó´Ò¥ ¤μ± -
§ É¥²Ó¸É¢ , ÎÉμ ´ ¡²Õ¤ ¥³Ò¥ ¸¢μ°¸É¢   ¤·μ´μ¢ ´¥ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ¡¥§
¶·¨¢²¥Î¥´¨Ö ¨´¸É ´Éμ´μ¢. ‘¶¨´μ¢ Ö ¨  ·μ³ É´ Ö Ë¨§¨±   ¤·μ´μ¢, £¤¥ § É· -
£¨¢ ¥É¸Ö ¤¨´ ³¨±  ±¢ ·±μ¢ ¨ £²Õμ´μ¢ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ, Ö¢²Ö¥É¸Ö ± ±
· § ´ ¨¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´μ° μ¡² ¸ÉÓÕ ¤²Ö ¶·μ¢¥·±¨ · §²¨Î´ÒÌ ´¥¶¥·ÉÊ·¡ -
É¨¢´ÒÌ Š•„-³μ¤¥²¥°.

�¡§μ· ¶μ¸¢ÖÐ¥´ μ¡¸Ê¦¤¥´¨Õ ´μ¢μ£μ ´ ¶· ¢²¥´¨Ö ¢ ¨§ÊÎ¥´¨¨ ¸¶¨´μ¢ÒÌ ¨
 ·μ³ É´ÒÌ  ´μ³ ²¨°, ¶·μÖ¢²ÖÕÐ¨Ì¸Ö ¢  ¤·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¨ ¢ ¸Éμ²±-
´μ¢¥´¨ÖÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �¸´μ¢´ Ö ¨¤¥Ö ÔÉμ£μ ¶μ¤Ìμ¤  ¸μ¸Éμ¨É ¢ Ê¸É -
´μ¢²¥´¨¨ ¸¢Ö§¨ ÔÉ¨Ì  ´μ³ ²¨° ¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ ³μÐ´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
Ë²Ê±ÉÊ Í¨° £²Õμ´´ÒÌ ¨ ±¢ ·±μ¢ÒÌ ¶μ²¥° ¢ Š•„-¢ ±ÊÊ³¥.
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1. ˆ�‘’��’��› ˆ ‘’�“Š’“�� ‚�Š““Œ�
Š‚��’�‚�‰ •��Œ�„ˆ��ŒˆŠˆ

”Ê´¤ ³¥´É ²Ó´μ¥ μÉ²¨Î¨¥ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨, ¡ §¨·ÊÕÐ¥°¸Ö ´ 
± ²¨¡·μ¢μÎ´μ° £·Ê¶¶¥ SU(3)c, μÉ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨, μ¸´μ¢ ´´μ°
´  U(1)-£·Ê¶¶¥, ¸μ¸Éμ¨É ¢ ´ ²¨Î¨¨ ¸ ³μ¤¥°¸É¢¨Ö Ê £²Õμ´´ÒÌ ¶μ²¥°. �¥ ¡¥-
²¥¢μ¸ÉÓ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ¢ ±μ´¥Î´μ³ ¨Éμ£¥ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢μ¢ ´¨Õ
¸²μ¦´μ° ¸É·Ê±ÉÊ·Ò μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö É¥μ·¨¨, É. ¥. ¢ ±ÊÊ³  Š•„. „¥É ²Ó-
´μ¥ §´ ´¨¥ ÔÉμ° ¸É·Ê±ÉÊ·Ò ¨³¥¥É ¶·¨´Í¨¶¨ ²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö μ¶¨¸ ´¨Ö
 ¤·μ´´ÒÌ ¸¢μ°¸É¢, É ± ± ±  ¤·μ´Ò ¥¸ÉÓ ´¥ ÎÉμ ¨´μ¥, ± ± μ¶·¥¤¥²¥´´Ò¥ ¢μ§-
¡Ê¦¤¥´¨Ö Š•„-¢ ±ÊÊ³ . ’¥μ·¨Ö Š•„-¢ ±ÊÊ³  ´ Î ²  ¨´É¥´¸¨¢´μ · §¢¨¢ ÉÓ¸Ö
¶μ¸²¥ μ¡´ ·Ê¦¥´¨Ö ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¢ ´¥° ´¥É·¨¢¨ ²Ó´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨°
Ÿ´£ ÄŒ¨²²¸  ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ [12], ±μÉμ·Ò¥ ¢¶μ¸²¥¤¸É¢¨¨ ¡Ò²¨
´ §¢ ´Ò ¨´¸É ´Éμ´ ³¨ [24].

ˆ´¸É ´Éμ´´μ¥ ·¥Ï¥´¨¥ ¢ ¸¨´£Ê²Ö·´μ° ± ²¨¡·μ¢±¥ ¨³¥¥É ¢¨¤ [12]

Aa
μ =

2
gs

η̄a
μν(x − x0)νρ2

(x − x0)2((x − x0)2 + ρ2)
, (1)

£¤¥ η̄aμν = εaμν (μ, ν = 1, 2, 3), δaν (μ = 4), −δaμ (ν = 4) ¨ 0 (μ = ν = 4).
�´É¨¨´¸É ´Éμ´´μ¥ ·¥Ï¥´¨¥ ¶μ²ÊÎ ¥É¸Ö ¨§ ¨´¸É ´Éμ´´μ£μ § ³¥´μ° η̄ → η, £¤¥
¤²Ö η ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ §´ ±¨ ¶¥·¥¤ δ ¢ η̄ ¶·μÉ¨¢μ¶μ²μ¦´Ò. ˆ´¸É ´Éμ´ ( ´É¨-
¨´¸É ´Éμ´) μ¶¨¸Ò¢ ¥É ÉÊ´´¥²Ó´Ò° ¶¥·¥Ìμ¤ ³¥¦¤Ê · §²¨Î´Ò³¨ ±² ¸¸¨Î¥¸±¨³¨
¢ ±ÊÊ³ ³¨, μ¡² ¤ ÕÐ¨³¨ Í¥²Ò³¨ §´ Î¥´¨Ö³¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

Q =
αs

8π

∫
d4xGa

μν(x)G̃a
μν(x) = ±1,±2, . . . (2)

„¥°¸É¢¨¥ ´  ¨´¸É ´Éμ´´ÒÌ ·¥Ï¥´¨ÖÌ ±μ´¥Î´μ ¨ · ¢´μ

SE =
2π

αs
|Q|. (3)

�μÔÉμ³Ê ¢ ¶·¥¤¥²¥ ³ ²μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ αs � 1 μ¸´μ¢´μ° ¢±² ¤ ¢ ¢μ²´μ¢ÊÕ
ËÊ´±Í¨Õ ¢ ±ÊÊ³  ¤ ¥É μ¤´μ¨´¸É ´Éμ´´ Ö ±μ´Ë¨£Ê· Í¨Ö c |Q| = 1.

ˆ´¸É ´Éμ´Ò ¶·¨¢μ¤ÖÉ ± ¸¶¥Í¨Ë¨Î¥¸±μ° ³Ê²ÓÉ¨±¢ ·±μ¢μ° ¢¥·Ï¨´¥
'É •μμËÉ  [13], ±μÉμ· Ö ¤²Ö ¨´¸É ´Éμ´μ¢ ³ ²μ£μ · §³¥·  (ρ → 0) ¨ Nc =
Nf = 3 ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´  [25]

L(3)
eff =

∫
dρn(ρ)

⎧⎨⎩ ∏
i=u,d,s

(
miρ − 4π

3
ρ3q̄iRqiL

)
+

+
3
32

(
4
3
π2ρ3

)2 [(
ja
uja

d − 3
4
ja
uμνja

dμν

)(
msρ − 4

3
π2ρ3q̄SRqsL

)
+



‘’�“Š’“�� ‚�Š““Œ� Š•„ ˆ ‘‚�‰‘’‚� �„����‚ 1161

+
9
40

(
4
3
π2ρ3

)2

dabcja
uμνjdμνjc

s + 2 perm.

]
+

9
320

(
4
3
π2ρ3

)3

dabcja
ujb

dj
c
s+

+
igfabc

256

(
4
3
π2ρ3

)3

ja
uμνjb

dνλjc
sλμ + (R ←→ L)

}
, (4)

£¤¥ qR,L = (1 ± γ5)/2q(x), ja
i = q̄iRλaqiL, ja

iμν = q̄iRσμνλaqiL ¨ n(ρ) Å
¶²μÉ´μ¸ÉÓ ¨´¸É ´Éμ´μ¢. �ÉμÉ ² £· ´¦¨ ´ ¢ ¶·¥¤¥²¥ mq → 0 ¸¨³³¥É·¨Î¥´
μÉ´μ¸¨É¥²Ó´μ SU(3)f -£·Ê¶¶Ò, ´μ ´ ·ÊÏ ¥É  ±¸¨ ²Ó´ÊÕ UA(1)-¸¨³³¥É·¨Õ.

„²Ö ¡¥§³ ¸¸μ¢ÒÌ ±¢ ·±μ¢ ¨ Î¨¸²   ·μ³ Éμ¢ Nf = 2 ¸É·Ê±ÉÊ·  ÔËË¥±É¨¢-
´μ£μ ² £· ´¦¨ ´  Ê¶·μÐ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ:

L(2)
eff (x) =

∫
dρn(ρ)

(
4
3
π2ρ3

)2

×

×
{

ūRuLd̄RdL

[
1 +

3
32

(
1 − 3

4
σu

μνσd
μν

)
λa

uλa
d

]
+ (R ←→ L)

}
. (5)

�ÉμÉ ¶·μ¸Éμ° ¸²ÊÎ ° ÔËË¥±É¨¢´μ£μ Î¥ÉÒ·¥Ì±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´-
¤ÊÍ¨·Ê¥³μ£μ ¨´¸É ´Éμ´ ³¨, ± ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥, ¨£· ¥É Î·¥§¢ÒÎ °´μ
¢ ¦´ÊÕ ·μ²Ó ¢  ¤·μ´´μ° Ë¨§¨±¥. ‹ £· ´¦¨ ´Ò (4), (5) ¶μ²ÊÎ ÕÉ¸Ö ¨§ · ¸-
¸³μÉ·¥´¨Ö · ¸¸¥Ö´¨Ö ±¢ ·±μ¢ ´  É ± ´ §Ò¢ ¥³μ° ´Ê²¥¢μ° ³μ¤¥ ¢ ¶μ²¥ ¨´-
¸É ´Éμ´ . Š¢ ·±μ¢ Ö ´Ê²¥¢ Ö ³μ¤  ¡Ò²  ´ °¤¥´  É'•μμËÉμ³ [13], ±μÉμ·Ò°
¶μ± § ², ÎÉμ Ê· ¢´¥´¨¥ „¨· ± (

i∂μ + g
λa

2
Aa

μ(x)
)

Ψn(x) = εnΨn(x)

¢ ¶μ²¥ ¨´¸É ´Éμ´  (1) ¨³¥¥É ·¥Ï¥´¨¥ ¸ ´Ê²¥¢μ° Ô´¥·£¨¥° (ε0 = 0)

Ψ0(x − x0) =
ρ(1 − γ5)

2π((x − x0)2 + ρ2)3/2

x̂√
x2

ϕ, (6)

£¤¥ ϕ Ö¢²Ö¥É¸Ö ¤¢ÊÌ±μ³¶μ´¥´É´Ò³ ¸¶¨´μ·μ³ ϕa
m = εa

m/
√

2; a Å ¨´¤¥±¸
SU(2)c-Í¢¥É´μ° ¶μ¤£·Ê¶¶Ò SU(3)c-£·Ê¶¶Ò; m Å ¸¶¨´μ¢Ò° ¨´¤¥±¸.

ŒÒ ¤μ²¦´Ò μÉ³¥É¨ÉÓ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¢Ò· ¦¥´¨Ö (6). ‚μ-¶¥·¢ÒÌ,
´Ê²¥¢Ò¥ ³μ¤Ò ¢ ¶μ²¥ ¨´¸É ´Éμ´  ¨³¥ÕÉ μ¶·¥¤¥²¥´´ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ (¤²Ö  ´-
É¨¨´¸É ´Éμ´  ´Ê¦´μ ¸¤¥² ÉÓ § ³¥´Ê (1− γ5) → (1 + γ5) ¢ (6)). �μÔÉμ³Ê ¢Ìμ-
¤ÖÐ¨° ¢ ¨´¸É ´Éμ´´μ¥ ¶μ²¥ ±¢ ·±, · ¸¸¥¨¢ ÕÐ¨°¸Ö ´  ´Ê²¥¢μ° ³μ¤¥, ¤μ²¦¥´
¨³¥ÉÓ ¶· ¢ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ,   ¢ÒÌμ¤ÖÐ¨° ±¢ ·± Å ²¥¢ÊÕ (´   ´É¨¨´¸É ´Éμ´¥
¸¨ÉÊ Í¨Ö μ¡· É´ Ö). ‚μ-¢Éμ·ÒÌ, ´  ´Ê²¥¢μ° ³μ¤¥ §´ Î¥´¨Ö Í¢¥É  ±¢ ·±  ¨ ¥£μ
¸¶¨´  ¸É·μ£μ ±μ··¥²¨·μ¢ ´Ò Î¥·¥§ ¸¶¨´μ· ϕa

m, É ± ÎÉμ ¨Ì ¸Ê³³ 

σ ⊕ c = 0. (7)
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ˆ§ ÔÉ¨Ì ¸¢μ°¸É¢ ¨ ¶·¨´Í¨¶  � Ê²¨ ¸²¥¤Ê¥É, ÎÉμ Éμ²Ó±μ μ¤¨´ ±¢ ·± μ¶·¥¤¥-
²¥´´μ£μ  ·μ³ É  ³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö ¢ ´Ê²¥¢μ° ³μ¤¥. 
μ²¥¥ Éμ£μ, ¸¶¨· ²Ó´μ¸ÉÓ
±¢ ·±  ¶¥·¥¢μ· Î¨¢ ¥É¸Ö ¶·¨ · ¸¸¥Ö´¨¨ ´  ¨´¸É ´Éμ´¥. ‚ ¶μ¸²¥¤ÊÕÐ¨Ì £² -
¢ Ì ¡Ê¤¥É ¶μ± § ´μ, ÎÉμ ÔÉ¨ ¸¢μ°¸É¢  ¨£· ÕÉ μÎ¥´Ó ¢ ¦´ÊÕ ·μ²Ó ¢ μ¡ÑÖ¸´¥´¨¨
· §²¨Î´ÒÌ ¸¶¨´μ¢ÒÌ ¨  ·μ³ É´ÒÌ  ´μ³ ²¨°, ´ ¡²Õ¤ ¥³ÒÌ ¢ ¸¨²Ó´ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨ÖÌ.

”Ê´±Í¨Ö ƒ·¨´  ±¢ ·±  ¢ ¨´¸É ´Éμ´´μ³ ¶μ²¥ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§
¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ Ê· ¢´¥´¨Ö „¨· ±  ¸É ´¤ ·É´Ò³ μ¡· §μ³:

GI(x, y) =
∫

d4x0dρn(ρ)
∑
m

Ψm(x − x0)Ψ+
m(y − x0)

mq + iεm
. (8)

�Î¥¢¨¤´μ, ÎÉμ ¢±² ¤ ´Ê²¥¢ÒÌ ³μ¤ ¢ (8) ³ ±¸¨³ ²¥´ ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥
mq → 0. �ËË¥±É¨¢´Ò° ² £· ´¦¨ ´, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° (8), ¶μ²ÊÎ ¥É¸Ö ¸
¶μ³μÐÓÕ  ³¶ÊÉ Í¨¨ ±¢ ·±μ¢ÒÌ ±μ´Íμ¢ ¨ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥

L(1)(x) =
∫

dρn(ρ)2π2ρ3(q̄RqL + q̄LqR), (9)

£¤¥ ¢Éμ·μ° Î²¥´ μ¡Ö§ ´ ¢±² ¤Ê  ´É¨¨´¸É ´Éμ´μ¢. �ÉμÉ ² £· ´¦¨ ´ ¸μμÉ¢¥É-
¸É¢Ê¥É ¸²ÊÎ Õ ¸ÊÐ¥¸É¢μ¢ ´¨Ö μ¤´μ£μ ²¥£±μ£μ ±¢ ·±  ¢ É¥μ·¨¨ Nf = 1. ˆ§ (8)
³μ¦´μ ²¥£±μ ¶μ²ÊÎ¨ÉÓ Î¥ÉÒ·¥Ì- ¨ Ï¥¸É¨ÉμÎ¥Î´Ò¥ ËÊ´±Í¨¨ ƒ·¨´  ±¢ ·±μ¢
¢ ¨´¸É ´Éμ´´μ³ ¶μ²¥,   § É¥³, ¸ ¶μ³μÐÓÕ ¶·μÍ¥¤Ê·Ò  ³¶ÊÉ Í¨¨ ±¢ ·±μ¢ÒÌ
±μ´Íμ¢, ¨ ÔËË¥±É¨¢´Ò¥ ² £· ´¦¨ ´Ò (4) ¨ (5) ¤²Ö ¸²ÊÎ ¥¢ Nf = 2 ¨ Nf = 3.

‘ÊÐ¥¸É¢ÊÕÉ ¤¢  ¶·¨´Í¨¶¨ ²Ó´ÒÌ μÉ²¨Î¨Ö ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´, ¨´¤ÊÍ¨-
·μ¢ ´´ÒÌ ¨´¸É ´Éμ´ ³¨ (4), (5) ¨ (14), μÉ ±¢ ·±-£²Õμ´´μ° ¶¥·ÉÊ·¡ É¨¢´μ°
¢¥·Ï¨´Ò. ‚μ-¶¥·¢ÒÌ, ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ ¶¥·ÉÊ·¡ É¨¢´μ° ¢¥·Ï¨´¥, μ´¨
¶¥·¥¢μ· Î¨¢ ÕÉ ±¢ ·±μ¢ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ. �μÔÉμ³Ê ¤²Ö Nf -±¢ ·±μ¢μ° ¢¥·-
Ï¨´Ò ±¢ ·±μ¢ Ö ¸¶¨· ²Ó´μ¸ÉÓ ¨§³¥´Ö¥É¸Ö ´  ¢¥²¨Î¨´Ê 2Nf . ‚μ-¢Éμ·ÒÌ, ± ±
¸²¥¤¸É¢¨¥ ¶·¨´Í¨¶  � Ê²¨, μÉ³¥Î¥´´μ£μ ¢ÒÏ¥, ¢¥·Ï¨´Ò (4) ¨ (5) ¶·¨¢μ¤ÖÉ
± ´ ·ÊÏ¥´¨Õ ¶· ¢¨²  �–ˆ [10], É ± ± ± μ´¨ μÉ²¨Î´Ò μÉ ´Ê²Ö Éμ²Ó±μ ¤²Ö
· §´ÒÌ  ·μ³ Éμ¢ ±¢ ·±μ¢.

Œμ¤¥²Ó ¢ ±ÊÊ³  Š•„ ± ± ¦¨¤±μ¸É¨ ¨´¸É ´Éμ´μ¢ ¸¥°Î ¸ μ¤´  ¨§ ´ ¨¡μ-
²¥¥ ¶μ¶Ê²Ö·´ÒÌ ³μ¤¥²¥° ¤²Ö μ¶¨¸ ´¨Ö ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ ¸¨²Ó-
´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ (¸³. μ¡§μ· [15]). ‚ · ³± Ì ÔÉμ° ³μ¤¥²¨ ¢¸¥ ¨´¸É ´Éμ´Ò
¨³¥ÕÉ ¶·¨³¥·´μ μ¤¨´ · §³¥· ¨ ¶μÔÉμ³Ê ¨´¸É ´Éμ´´ Ö ¶²μÉ´μ¸ÉÓ  ¶¶·μ±¸¨-
³¨·Ê¥É¸Ö ¤¥²ÓÉ -ËÊ´±Í¨¥°:

n(ρ, x) = n0δ(ρ − ρc), (10)

£¤¥ ρc ≈ 1,6 ƒÔ‚−1 Å ¸·¥¤´¨° · §³¥· ¨´¸É ´Éμ´  ¢ ¢ ±ÊÊ³¥ Š•„,   §´ Î¥´¨¥
n0 μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° £²Õμ´´μ£μ ±μ´¤¥´¸ É :

n0 =
αs

16π
〈0|Ga

μνGa
μν |0〉. (11)
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ˆ§ (4) ²¥£±μ ¶μ²ÊÎ¨ÉÓ ¤¢ÊÌÎ ¸É¨Î´Ò° ² £· ´¦¨ ´, ¨´¤ÊÍ¨·μ¢ ´´Ò° ¨´¸É ´-
Éμ´ ³¨, ¢ ³μ¤¥²¨ ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ [20Ä22]. „²Ö ÔÉμ£μ ¤μ¸É ÉμÎ´μ
§ ³¥´¨ÉÓ ¢ (4) ¡¨²¨´¥°´Ò¥ ±μ³¡¨´ Í¨¨ ±¢ ·±μ¢ÒÌ ¶μ²¥° μ¶·¥¤¥²¥´´μ£μ
 ·μ³ É  ¨Ì ¢ ±ÊÊ³´Ò³¨ ¸·¥¤´¨³¨:

q̄iOijqj → 〈0|q̄iOijqj |0〉, (12)

£¤¥ Oij Å ¶·μ¨§¢μ²Ó´ Ö ³ É·¨Í ,   É ±¦¥ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¸¢Ö§ÓÕ ÔËË¥±É¨¢-
´μ° ¶²μÉ´μ¸É¨ ¨´¸É ´Éμ´μ¢ ¸ ±¢ ·±μ¢Ò³¨ ±μ´¤¥´¸ É ³¨ [15]:

neff = n0m
∗
um∗

dm
∗
sρ

3
c , m∗

i = mi + m∗,

m∗ = −2π2

3
〈0|q̄q|0〉ρ2

c , (13)

〈0|q̄q|0〉 = −
√

3neff

πρc
,

£¤¥ mi, m
∗
i Å Éμ±μ¢ Ö ¨ ±μ´¸É¨ÉÊ¥´É´ Ö ³ ¸¸Ò ±¢ ·±  ¸μμÉ¢¥É¸É¢¥´´μ ¨ i =

u, d, s. �±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³ [20,22]

Linst =
1
2

∑
i�=j

ηij

(
q̄iRqiLq̄jRqjL +

3
32

(
q̄iRλaqiLq̄jRλaqjL−

− 3
4
q̄iRσμνλaqiLq̄jRσμνλaqjL + (R ←→ L)

))
, (14)

£¤¥ ηij = (4π2ρ2
cm

∗2)/(3m∗
i m

∗
j ).

�É³¥É¨³ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ² £· ´¦¨ ´  (14). ‚μ-¶¥·¢ÒÌ, ÔË-
Ë¥±É¨¢´ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö μ± § ² ¸Ó Ë ±É¨Î¥¸±¨ ËÊ´±Í¨¥° Éμ²Ó±μ
μ¤´μ£μ ¶ · ³¥É·  Å · §³¥·  ¨´¸É ´Éμ´  ¢ ¢ ±ÊÊ³¥ Š•„, ¢ Éμ ¢·¥³Ö ± ±
§ ¢¨¸¨³μ¸ÉÓ μÉ ¶²μÉ´μ¸É¨ ¨´¸É ´Éμ´μ¢ ¨¸Î¥§² . ‚μ-¢Éμ·ÒÌ, ¶μ ¸· ¢´¥´¨Õ ¸
² £· ´¦¨ ´μ³ ¶¥·ÉÊ·¡ É¨¢´μ£μ £²Õμ´´μ£μ μ¡³¥´ , ¢Ò· ¦¥´¨¥ (14) μ¡² ¤ ¥É
¸μ¢¥·Ï¥´´μ ¤·Ê£μ° ¸É·Ê±ÉÊ·μ° ¢ Í¢¥É´μ³ ¨  ·μ³ É´μ³ ¶·μ¸É· ´¸É¢ Ì. �Éμ
Ìμ·μÏμ ¢¨¤´μ ¶μ¸²¥ ¶¥·¥Ìμ¤  ± ´¥·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¥¤¥²Ê ¢ (14), ¢ ±μÉμ·μ³
¤²Ö ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ ±¢ ·±μ¢ ¶μ²ÊÎ ¥³

V inst
ij = −π2ρ2

c(m
∗)2

6m∗
i m

∗
j

(1 + 3σiσjλ
a
i λa

j )

(
1 − τf

i τf
j

2

)
δ(rij). (15)

‹¨ÏÓ ¶μ¸²¥¤´¨° Î²¥´ ¢ (15) ´ ¶μ³¨´ ¥É ¶μÉ¥´Í¨ ² ”¥·³¨Ä
·¥°É  ¤²Ö μ¤´μ-
£²Õμ´´μ£μ μ¡³¥´  ³¥¦¤Ê ±¢ ·± ³¨, ¨¸¶μ²Ó§Ê¥³Ò° ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·-
±μ¢μ° ³μ¤¥²¨.
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2. ‚Š‹�„› ‚‡�ˆŒ�„…‰‘’‚ˆ‰ Š‚��Š�‚ —…�…‡ ‚�Š““Œ Š•„
‚ Œ�‘‘› �‘��‚�›• �„����›• ‘�‘’�Ÿ�ˆ‰

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ¢ ±ÊÊ³ Š•„ ¨³¥¥É ¸²μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê, ¸¢Ö§ ´´ÊÕ
¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ ±¢ ·±μ¢ÒÌ ¨ £²Õμ´´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶μ²¥°. �·¨ ¢Ò-
Î¨¸²¥´¨¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢±² ¤  ¢  ¤·μ´´Ò¥ ³ ¸¸Ò ÔÉ¨ ¶μ²Ö ¶μ²¥§´μ · §-
¤¥²¨ÉÓ ´  ¤¢  É¨¶  [21]. �¥·¢Ò° É¨¶ μÉ´μ¸¨É¸Ö ± ¢ ±ÊÊ³´Ò³ ¶μ²Ö³, ¤²¨´ 
¢μ²´Ò ±μÉμ·ÒÌ ´ ³´μ£μ ¶·¥¢ÒÏ ¥É · §³¥· ´Ê±²μ´ . ’ ±¨¥ ¶μ²Ö ³μ¦´μ ¸Î¨-
É ÉÓ ¶μ¸ÉμÖ´´Ò³¨ ´  · §³¥·¥ ´Ê±²μ´ , ¨ ¨Ì ÔËË¥±É ¸¢μ¤¨É¸Ö ± ¢§ ¨³μ¤¥°-
¸É¢¨Õ ±¢ ·±μ¢  ¤·μ´  ¸ ±¢ ·±μ¢Ò³¨ ¨ £²Õμ´´Ò³¨ ±μ´¤¥´¸ É ³¨. �ËË¥±É¨¢-
´Ò° £ ³¨²ÓÉμ´¨ ´, μ¶¨¸Ò¢ ÕÐ¨° ÔÉμ ¢§ ¨³μ¤¥°¸É¢¨¥, ¶μ²ÊÎ ¥É¸Ö ¨§ É¥´§μ· 
Ô´¥·£¨¨-¨³¶Ê²Ó¸  Š•„

T μν =
i

2
(Ψ̄γμ∂νΨ − ∂νΨ̄γμΨ) − gμνL (16)

¶ÊÉ¥³ · §¡¨¥´¨Ö ±¢ ·±μ¢ÒÌ ¨ £²Õμ´´ÒÌ ¶μ²¥° ´  ±¢ ´Éμ¢ÊÕ (q(x), b(x)) ¨
±² ¸¸¨Î¥¸±ÊÕ (Q(x), B(x)) Î ¸É¨:

Ψ(x) = q(x) + Q(x), Aa
μ(x) = ba

μ(x) + Ba
μ(x) (17)

¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸μμÉ´μÏ¥´¨Ö

H =
∫

T 00d3x. (18)

‚ ¢Ò· ¦¥´¨¨ (16)

L = −1
4
Ga

μνGa
μν + Ψ̄(iDμγμ − M)Ψ (19)

¥¸ÉÓ ¸É ´¤ ·É´Ò° ² £· ´¦¨ ´ Š•„ ¸

Ga
μν = ∂μAa

ν − ∂νAa
μ − gfabcAc

μAa
ν ,

iDμ = i∂μ − g
λa

2
Aa

μ,
(20)

Ψ Å ¸Éμ²¡¥Í; M Å ³ É·¨Í  ±¢ ·±μ¢ÒÌ ³ ¸¸ ¸ · §³¥·´μ¸ÉÓÕ Nf ⊗ Nf ¢
¶·μ¸É· ´¸É¢¥ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢.

Š¢ ·±μ¢ Ö Î ¸ÉÓ ÔËË¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´  ¶μ²ÊÎ ¥É¸Ö ¢ ¢¨¤¥

Hq
vac =

i

2
(q̄γ0∂0Q − ∂0q̄γ0Q) − iq̄γμDμQ + Mq̄Q + (q ←→ Q). (21)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  ¤²¨´´μ¢μ²´μ¢ÒÌ Ë²Ê±ÉÊ Í¨° ¢ ¸¤¢¨£ ¸μ¡¸É¢¥´´μ°
Ô´¥·£¨¨  ¤·μ´μ¢ ¤μ¸É ÉμÎ´μ ¢ÒÎ¨¸²¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É

Elong =
〈

Φ
∣∣∣∣∫ Hq

vacd
3x

∣∣∣∣Φ〉 (22)

¸  ¤·μ´´Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ Φ.
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Š·μ³¥ ¢±² ¤  ¤²¨´´μ¢μ²´μ¢ÒÌ Ë²Ê±ÉÊ Í¨°, ¸ÊÐ¥¸É¢Ê¥É É ±¦¥ ¢±² ¤ μÉ
¢ ±ÊÊ³´ÒÌ Ë²Ê±ÉÊ Í¨° ¸ ¤²¨´ ³¨ ¢μ²´ ³¥´ÓÏ¨³¨, Î¥³ · §³¥· μ¡² ¸É¨ ±μ´-
Ë °´³¥´É  ρ < Rconf ≈ 1 Ë³. � ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¥° ³μ¤¥²ÓÕ ¤²Ö ÔÉ¨Ì ´¥-
¶¥·ÉÊ·¡ É¨¢´ÒÌ Ë²Ê±ÉÊ Í¨° Ö¢²Ö¥É¸Ö ³μ¤¥²Ó ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨, μ¶¨-
¸ ´´ Ö ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥. ‚ ÔÉμ° ³μ¤¥²¨ Ì · ±É¥·´Ò° · §³¥· ¨´¸É ´-
Éμ´´μ° Ë²Ê±ÉÊ Í¨¨ ρc ≈ 0,3 Ë³. ‚±² ¤ ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ ¢ Ô´¥·-
£¨Õ  ¤·μ´  ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ± ± ³ É·¨Î´Ò° Ô²¥³¥´É μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö
'É •μμËÉ  (14):

Einst = −
〈

Φ
∣∣∣∣∫ Linstd

3x

∣∣∣∣Φ〉 . (23)

„²Ö ±μ²¨Î¥¸É¢¥´´ÒÌ μÍ¥´μ± ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ³μ-
¤¥²¨ ³¥Ï±μ¢, ±μÉμ·Ò¥ ¤²Ö ±¢ ·±  ¸ ³ ¸¸μ° m ¢ 1S-¸μ¸ÉμÖ´¨¨ ¨³¥ÕÉ
¢¨¤ [17,18]

u(x) =
N√
4π

(
i
√

(ω + m)/ωj0(χr/R)χ

−
√

(ω − m)/ωj1(χr/R)σr̂χ

)
, (24)

£¤¥ R Å · ¤¨Ê¸ ³¥Ï± ; ω =
√

χ2/R2 + m2 Å μ¤´μÎ ¸É¨Î´ Ö Ô´¥·£¨Ö ±¢ ·± ,
μ¶·¥¤¥²Ö¥³ Ö ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö tg χ = χ/(1 −
mR − ωR), ¨ ´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É  N2 = ω(ω − m)/(R3j2

0(χ)(2ω(ω −
1/R) + m/R)).

‚ · ³± Ì ÔÉμ° ³μ¤¥²¨ Ëμ·³Ê²  ¤²Ö ³ ¸¸Ò  ¤·μ´μ¢ ¨³¥¥É ¢¨¤

M2 = E2 − 〈p2〉, (25)

£¤¥ E Å Ô´¥·£¨Ö ³¥Ï± ; 〈p2〉 Å ¢±² ¤ ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸ [23]. ‚ ´ Ï¥°
¢¥·¸¨¨ ³μ¤¥²¨ Ô´¥·£¨Ö ³¥Ï± 

E = Ekin + EG + Elong + Einst (26)

¸μ¸Éμ¨É ¨§ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ±¢ ·±μ¢ Ekin =
∑

i Niωi, Ni Å ±μ²¨Î¥¸É¢μ
±¢ ·±μ¢ ¸μ·É  i ¢  ¤·μ´¥; ¶μÉ¥´Í¨ ²  μ¤´μ£²Õμ´´μ£μ μ¡³¥´  EG ¨ Ô´¥·£¨¨
¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ ¸ ¤²¨´´μ¢μ²´μ¢Ò³¨ Elong ¨ ±μ·μÉ±μ¢μ²´μ¢Ò³¨ Einst

¢ ±ÊÊ³´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ (·¨¸. 1). �É³¥É¨³ ±μ·¥´´μ¥ μÉ²¨Î¨¥ ´ Ï¥° ¢¥·-
¸¨¨ ³μ¤¥²¨ ³¥Ï±μ¢ μÉ MIT-¢¥·¸¨¨. ’ ±, Ê ´ ¸ ´¥É É ± ´ §Ò¢ ¥³μ£μ μ¡Ñ¥³´μ£μ

�¨¸. 1. ‚±² ¤Ò ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ (a), μ¤´μ£²Õμ´´μ£μ μ¡³¥´  (¡), ¢§ ¨³μ¤¥°¸É¢¨Ö
Î¥·¥§ ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É (¢) ¨ ¨´¸É ´Éμ´μ¢ (£) ¢ Ô´¥·£¨Õ  ¤·μ´ . ˆ´¸É ´Éμ´ μ¡μ-
§´ Î¥´ I , ±·¥¸ÉÒ μ¡μ§´ Î ÕÉ ±¢ ·±μ¢Ò¥ ±μ´ÍÒ, ¸¢Ö§ ´´Ò¥ Î¥·¥§ ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É
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Î²¥´  BR3, ±μÉμ·Ò° ¡Ò² ¢¢¥¤¥´ ®·Ê± ³¨¯ ¢ [17] ¤²Ö μ¡¥¸¶¥Î¥´¨Ö · ¢´μ¢¥¸¨Ö
±¢ ·±μ¢μ£μ ³¥Ï±  ¢ MIT-¢¥·¸¨¨. ‘É ¡¨²¨§ Í¨Ö ´ Ï¥£μ ³¥Ï±  ¤μ¸É¨£ ¥É¸Ö
§  ¸Î¥É ¢±² ¤  ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ ¸ ¤²¨´´μ¢μ²´μ¢μ° Î ¸ÉÓÕ ¢ ±ÊÊ³´ÒÌ
Ë²Ê±ÉÊ Í¨°. �ÉμÉ ¢±² ¤ ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ £ ³¨²ÓÉμ´¨ ´  (21) ¨ ¨¸-
¶μ²Ó§μ¢ ´¨Ö ± ²¨¡·μ¢±¨ [26] Ë¨±¸¨·μ¢ ´´μ° ÉμÎ±¨ x0

μAμ(x0) = 0. ‚ ÔÉμ°
± ²¨¡·μ¢±¥ ¶μ²Ö ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ·Ö¤  ¶μ μÉ±²μ´¥´¨Õ μÉ ÉμÎ±¨ x0

μ = 0:

Qvac(x) = Qvac(0) + xσ∇σQvac(0) +
xσxρ

2
∇σ∇ρQ

vac(0) + . . . ,

Avac a
μ (x) =

xρ

2
Ga

ρμ +
xρxσ

3
(DσGρμ)a + . . .

(27)

” ±É¨Î¥¸±¨ ¢ ´ Ï¥° ³μ¤¥²¨ ÔËË¥±É¨¢´Ò³ ¶ · ³¥É·μ³ · §²μ¦¥´¨Ö Ö¢²Ö¥É¸Ö
μÉ´μÏ¥´¨¥ Î ¸ÉμÉ ¢ ±ÊÊ³´ÒÌ ¶μ²¥° ± Î ¸ÉμÉ¥ ¤¢¨¦¥´¨Ö ±¢ ·±μ¢ ¢ ³¥Ï±¥. ‚
¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ ÔÉμ³Ê ¶ · ³¥É·Ê ³Ò ¶μ²ÊÎ ¥³

Elong =
∑

i

NiAR2, (28)

£¤¥

Ai = − π

12
〈0 | Q̄iQi | 0〉 (y + 2)2y

χ2
i [2y(y − 1) + a]

, (29)

y = ωR, a = mR. � ¸ÉÊÐ¨° ¸ · ¤¨Ê¸μ³ ± ± R2 ¢ ±ÊÊ³´Ò° Î²¥´ ¢ (28)
μ¡¥¸¶¥Î¨¢ ¥É, ¢ ¨Éμ£¥, ±μ´¥Î´μ¸ÉÓ  ¤·μ´´μ° ³ ¸¸Ò.

‚±² ¤ ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ ¸ ±μ·μÉ±μ¢μ²´μ¢μ° Î ¸ÉÓÕ ¢ ±ÊÊ³´ÒÌ Ë²Ê±-
ÉÊ Í¨° ¨´¸É ´Éμ´ ³¨

Einst = −ρ2
c(M

I2
00 λ0 + M I2

0s λs)
R3

, (30)

£¤¥

λ0 = πN̄4
0 R6ρ2

cI0/6; λs = λ0
m∗Is

m∗
sI0

/6; (31)

I0 =
∫ 1

0

dx x2[j2
0(χ0x) + j2

1(χ0x)]2;

Is =
N̄2

s

N̄2
0

∫ 1

0

dx x2

{
[j2

0(χ0x) − j2
1(χ0x)]2

[
j2
0(χsx)

(
1 +

ms

ω

)
−

− j2
1(χsx)

(
1 − ms

ω

)]
+

4χs

ωR
j0(χ0x)j1(χ0x)j0(χsx)j1(χsx)

}
;

N̄0, N̄s Å ´μ·³¨·μ¢±¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢ ³μ¤¥²¨ ³¥Ï±μ¢ ¤²Ö ¡¥§³ ¸-
¸μ¢ÒÌ, u-, d- ¨ ³ ¸¸¨¢´ÒÌ s-±¢ ·±μ¢. ‡´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ M I2

00 , M I2
0s
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¶·¨¢¥¤¥´Ò ¢ É ¡². 1. ‚ ÔÉμ° ¦¥ É ¡²¨Í¥ ´ Ìμ¤ÖÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤-
´μ£²Õμ´´μ£μ μ¡³¥´ , μ¶·¥¤¥²ÖÕÐ¨¥ ¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ [31]:

EG = −0,044αs

R

[
M�ƒ�

00 + (1 − 0,13msR)M�ƒ�
0s + (1 − 0,25msR)M�ƒ�

ss

]
.

(32)
�É³¥É¨³, ÎÉμ ¤²Ö ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢ ¨ ¡ ·¨μ´μ¢ ¤¥±Ê¶²¥É  ±μÔËË¨Í¨¥´ÉÒ
M I2

ij = 0. �É¸ÊÉ¸É¢¨¥ ¢±² ¤  ¨´¸É ´Éμ´μ¢ ¢ ÔÉ¨Ì ± ´ ² Ì ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ
² £· ´¦¨ ´ (14) ¸É·μ¨É¸Ö ´  ´Ê²¥¢ÒÌ Ë¥·³¨μ´´ÒÌ ³μ¤ Ì ¢ ¶μ²¥ ¨´¸É ´Éμ´ .

’ ¡²¨Í  1. „¢ÊÌÎ ¸É¨Î´Ò¥ Í¢¥É-¸¶¨´μ-
¢Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μ£²Õμ´-
´μ£μ ¨ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨°
¤²Ö μ¸´μ¢´ÒÌ  ¤·μ´´ÒÌ ¸μ¸ÉμÖ´¨°

�¤·μ´ M�ƒ�
00 M�ƒ�

0s M�ƒ�
ss MI2

00 MI2
0s

π 16 0 0 6 0

K 0 16 0 0 6

η 16/3 0 32/3 Ä2 8

η′ 32/3 0 16/3 Ä4 Ä8

ρ/ω Ä16/3 0 0 0 0

K∗ 0 Ä16/3 0 0 0

Φ 0 0 Ä16/3 0 0

N 8 0 0 9/2 0

Λ 16/3 8/3 0 3 3/2

Ξ 0 8 0 0 9/2

Σ 0 8 0 0 9/2

Δ Ä8 0 0 0 0

Σ∗ 0 Ä8/3 Ä16/3 0 0

Ξ∗ 0 Ä8/3 Ä16/3 0 0

Ω 0 0 Ä8 0 0

�μÔÉμ³Ê ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
M I2

ij μÉ²¨Î´Ò μÉ ´Ê²Ö ¤²Ö É¥Ì  ¤·μ-
´μ¢, ¢ ±μÉμ·ÒÌ ¶ ·  ±¢ ·±μ¢ ³μ¦¥É
´ Ìμ¤¨ÉÓ¸Ö ¢ ¸μ¸ÉμÖ´¨¨ ¸ ±¢ ´Éμ¢Ò³¨
Î¨¸² ³¨ ´Ê²¥¢μ° ³μ¤Ò, § ¤ ¢ ¥³Ò³¨
Ê¸²μ¢¨¥³ (7). �Î¥¢¨¤´μ, ¤²Ö ¢¥±Éμ·-
´ÒÌ ³¥§μ´μ¢ ¨ Î ¸É¨Í ¨§ ¤¥±Ê¶²¥É 
¡ ·¨μ´μ¢ ÔÉμ · ¢¥´¸É¢μ ´¥ ³μ¦¥É
¡ÒÉÓ ¢Ò¶μ²´¥´μ μ¤´μ¢·¥³¥´´μ ¤²Ö
¢¸¥Ì ±¢ ·±μ¢, ¸μ¸É ¢²ÖÕÐ¨Ì ¤ ´´Ò°
 ¤·μ´. �· ¢¨²μ μÉ¡μ·  (7) ¶·¨¢μ-
¤¨É É ±¦¥ ± μÉ¸ÊÉ¸É¢¨Õ É·¥ÌÎ ¸É¨Î-
´ÒÌ ¸¨², ¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¨´¸É ´Éμ-
´ ³¨, ¢ ¡ ·¨μ´ Ì [21].

� ¨¡μ²¥¥ ´¥μ¶·¥¤¥²¥´´Ò³ Î²¥-
´μ³ ¢ ³ ¸¸μ¢μ° Ëμ·³Ê²¥ (55) Ö¢²Ö-
¥É¸Ö ¢±² ¤ ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸. � -
¶μ³´¨³, ÎÉμ Ô´¥·£¨Ö ³¥Ï±  ¢ÒÎ¨-
¸²Ö² ¸Ó ¢ ¶·¨¡²¨¦¥´¨¨ ¸É É¨Î¥¸±μ£μ
±¢ ·±μ¢μ£μ ³¥Ï± , É. ¥. ±¢ ·±¨ ¸Î¨-
É ²¨¸Ó ±¢ §¨´¥§ ¢¨¸¨³Ò³¨. Š ± ¸²¥¤-
¸É¢¨¥, ¸μ¸ÉμÖ´¨¥ ³¥Ï±  ´¥ Ö¢²Ö¥É¸Ö
¸μ¡¸É¢¥´´Ò³ ¸μ¸ÉμÖ´¨¥³ μ¶¥· Éμ· 
¨³¶Ê²Ó¸ . ‘ÊÐ¥¸É¢Ê¥É, μ¤´ ±μ,  ¶¶·μ±¸¨³ Í¨Ö ¤²Ö ¢¥²¨Î¨´Ò 〈p2〉, ÊÎ¨ÉÒ-
¢ ÕÐ Ö ¸μÌ· ´¥´¨¥ ¨³¶Ê²Ó¸  ¢ ³μ¤¥²¨ ³¥Ï±μ¢ ¢ ¸·¥¤´¥³ [23]:

〈p2〉 ≈ N0(χ0/R)2 + Ns(χs/R)2. (33)

ˆÉ ±, ³Ò ¶μ²ÊÎ¨²¨ Ö¢´Ò° ¢¨¤ ± ¦¤μ£μ Î²¥´  ¢ ³ ¸¸μ¢μ° Ëμ·³Ê²¥ (55).
�¡¸Ê¤¨³ É¥¶¥·Ó ¢Ò¡μ· ¶ · ³¥É·μ¢ ³μ¤¥²¨. ‚ μÉ²¨Î¨¥ μÉ ¸É ´¤ ·É´μ° ³μ¤¥²¨
MIT [17], £¤¥ ¨Ì §´ Î¥´¨Ö μ¶·¥¤¥²Ö²¨¸Ó ¨§ Ë¨É   ¤·μ´´μ£μ ¸¶¥±É·  ³ ¸¸,
μ¸´μ¢´Ò¥ ¶ · ³¥É·Ò ´ Ï¥° ³μ¤¥²¨ ¢Ò¡¨· ²¨¸Ó É ±¨³¨ ¦¥, ± ± ¢ ¶· ¢¨² Ì
¸Ê³³ Š•„ [27] ¨ ³μ¤¥²¨ ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ [15]:

αs = 0,7; ρ2
c = 1,6 ŒÔ‚−1; ms = 250 ŒÔ‚; 〈Q̄Q〉 = −(250 ŒÔ‚)3. (34)
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C ÔÉ¨³¨ ¶ · ³¥É· ³¨ ¨ ¤μ¶μ²´¨É¥²Ó´Ò³ Ê¸²μ¢¨¥³ ´  · ¢´μ¢¥¸¨¥ ³¥Ï± 

dM2

dR
= 0 (35)

¡Ò²¨ · ¸¸Î¨É ´Ò ³ ¸¸Ò  ¤·μ´μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±¨Ì u-, d-, s-±¢ ·±μ¢.
Œ ¸¸  ¸É· ´´μ£μ ±¢ ·±  ms = 250 MÔ‚ μ¶·¥¤¥²Ö² ¸Ó ´¥§ ¢¨¸¨³μ ¨§ Ê¸²μ-
¢¨Ö ³¨´¨³Ê³  ¢¥²¨Î¨´Ò

f =
1
N

N∑
i=1

(
M i

th − M i
exp

M i
exp

)2

. (36)

ŒÒ ´¥ ¢§Ö²¨ ¢¥²¨Î¨´Ê ms ¨§ ¶· ¢¨² ¸Ê³³ Š•„ ¤²Ö ¡ ·¨μ´μ¢ [28], É ± ± ±
¢ ÔÉ¨Ì · ¡μÉ Ì ´¥ ¡Ò²¨ ÊÎÉ¥´Ò ¶μ¶· ¢±¨ ´  ¢§ ¨³μ¤¥°¸É¢¨¥ ±¢ ·±μ¢ Î¥-
·¥§ ¨´¸É ´Éμ´Ò, ±μÉμ·Ò¥ ¸¨²Ó´μ § ¢¨¸ÖÉ μÉ ³ ¸¸ ±¢ ·±μ¢. �¥§Ê²ÓÉ ÉÒ · ¸-
Î¥É   ¤·μ´´ÒÌ ³ ¸¸ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2. Š ± ¢¨¤¨³, ³Ò ¢μ¸¶·μ¨§¢μ¤¨³
¸¶¥±É· ³ ¸¸ μ¸´μ¢´ÒÌ  ¤·μ´´ÒÌ ¸μ¸ÉμÖ´¨°. 
μ²¥¥ Éμ£μ, ³μ¤¥²Ó ¶μ§¢μ²Ö¥É

’ ¡²¨Í  2. Œ ¸¸Ò ¨ · ¤¨Ê¸Ò μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨°  ¤·μ´μ¢

�¤·μ´ M0, ŒÔ‚ EG, ŒÔ‚ EI , ŒÔ‚ M , ŒÔ‚ R, ƒÔ‚−1 Mexp, ŒÔ‚

π 765 Ä48 Ä183 466 5,83 140
K 901 Ä40 Ä137 684 5,71 498
η 942 Ä38 Ä120 750 5,66 550
η′ 850 Ä43 306 1150 5.74 960

ρ/ω 765 16 0 784 5,83 770
K∗ 901 13 0 917 5,71 896
φ 1093 11 0 1052 5,59 1020
N 1219 Ä22 Ä223 941 6,25 940
Λ 1360 Ä23 Ä201 1100 6,17 1116
Σ 1360 Ä17 Ä162 1160 6,17 1192
Ξ 1501 Ä20 Ä169 1292 6,09 1315
Δ 1219 22 0 1243 6,25 1236
Σ∗ 1360 20 0 1381 6,17 1386
Ξ∗ 1501 17 0 1520 6,09 1532
Ω 1644 14 0 1660 6,02 1672

�·¨³¥Î ´¨¥. M0 Å ³ ¸¸   ¤·μ´  ¡¥§ ÊÎ¥É  ¢±² ¤μ¢ ¨´¸É ´Éμ´μ¢ ¨ μ¤´μ£²Õμ´-
´μ£μ μ¡³¥´ ; EI ¨ EG Å ¶μ¶· ¢±¨ §  ¸Î¥É ¨´¸É ´Éμ´μ¢ ¨ μ¡³¥´  £²Õμ´μ³
(¶μ²Ê¦¨·´Ò³ Ï·¨ËÉμ³ ¢Ò¤¥²¥´Ò É¥ §´ Î¥´¨Ö ³ ¸¸, ¶μ ±μÉμ·Ò³ Ë¨É¨·μ¢ ²¨¸Ó
¶ · ³¥É·Ò) ¨ Mexp Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ³ ¸¸  ¤·μ´μ¢.

É ±¦¥ μ¡ÑÖ¸´¨ÉÓ ¨ μ¸μ¡¥´´μ¸É¨ ¸¶¨´-¸¶¨´μ¢μ£μ · ¸Ð¥¶²¥´¨Ö ³¥¦¤Ê  ¤·μ´-
´Ò³¨ ³Ê²ÓÉ¨¶²¥É ³¨,   ¨³¥´´μ: ¨´¸É ´Éμ´Ò ¤ ÕÉ μ¶·¥¤¥²ÖÕÐ¨° ¢±² ¤ ¢ ´ -
¡²Õ¤ ¥³μ¥ · ¸Ð¥¶²¥´¨¥ ³ ¸¸ ³¥¦¤Ê μ±É¥Éμ³ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ¨ ¢¥±Éμ·´ÒÌ



‘’�“Š’“�� ‚�Š““Œ� Š•„ ˆ ‘‚�‰‘’‚� �„����‚ 1169

³¥§μ´μ¢,   É ±¦¥ ³¥¦¤Ê μ±É¥Éμ³ ¨ ¤¥±Ê¶²¥Éμ³ ¡ ·¨μ´μ¢. �·¨Î¨´ , ¢¥¤ÊÐ Ö ±
¡μ²ÓÏμ³Ê · ¸Ð¥¶²¥´¨Õ, ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ μ¤¨´ ±μ¢ . ˆ´¸É ´Éμ´Ò ¤ ÕÉ ¸¨²Ó-
´μ¥ ¶·¨ÉÖ¦¥´¨¥ ¢ ± ´ ² Ì, £¤¥ ±¢ ·±- ´É¨±¢ ·± ²¨¡μ ¤¢  ±¢ ·±  ´ Ìμ¤ÖÉ¸Ö
¢ ¸μ¸ÉμÖ´¨¨ ¸μ ¸¶¨´μ³ ´μ²Ó. ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ÔÉμ ¶·¨¢μ¤¨É ± ¶· ±É¨Î¥¸±¨
¡¥§³ ¸¸μ¢μ³Ê ¶¨μ´Ê (É ¡². 2) ¨ ¸²Ê¦¨É ËÊ´¤ ³¥´É ²Ó´μ° ¶·¨Î¨´μ° ´ ¡²Õ-
¤ ¥³μ£μ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ±¨· ²Ó´μ° ¸¨³³¥É·¨¨, É. ¥. ¢μ§´¨±´μ¢¥´¨Ö
±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  [14, 15]. �·¨ÉÖ¦¥´¨¥ ¢ ±¢ ·±-±¢ ·±μ¢μ³ ± ´ ²¥ ¶·¨-
¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ ±¢ §¨¸¢Ö§ ´´μ£μ ¸± ²Ö·´μ£μ ¤¨±¢ ·±  ¢ ´Ê±²μ´¥ [29]
¨ ¢μ§³μ¦´μ¸É¨ μ¡· §μ¢ ´¨Ö Í¢¥É´μ£μ ¤¨±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É . �É³¥É¨³, ÎÉμ
¤¨´ ³¨±  ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢μ£μ ¨ ¤¨±¢ ·±μ¢ÒÌ ±μ´¤¥´¸ Éμ¢ ¢ ¶μ¸²¥¤-
´¥¥ ¢·¥³Ö ¨´É¥´¸¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö ¢ ¸¢Ö§¨ ¸ ¢μ§³μ¦´μ¸ÉÓÕ ¸ÊÐ¥¸É¢μ¢ ´¨Ö
¸¢¥·Ì¶·μ¢μ¤ÖÐ¥° ±¢ ·±μ¢μ° ³ É¥·¨¨ [30].

�¤´¨³ ¨§ ´ ¨¡μ²¥¥ §´ Î¨³ÒÌ ¤μ¸É¨¦¥´¨° ´ Ï¥° ¢¥·¸¨¨ ³μ¤¥²¨ ³¥Ï±μ¢
Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥ É ± ´ §Ò¢ ¥³μ° UA(1)-¶·μ¡²¥³Ò, ¸¢Ö§ ´´μ° ¸  ´μ³ ²Ó´μ
¡μ²ÓÏμ° ³ ¸¸μ° η′-³¥§μ´ . ‚ · ³± Ì ¸É ´¤ ·É´μ° MIT-³μ¤¥²¨, ± ±, ¢¶·μ-
Î¥³, ¨ ¢ ²Õ¡ÒÌ ¤·Ê£¨Ì ³μ¤¥²ÖÌ, μ¸´μ¢ ´´ÒÌ ´  μ¤´μ£²Õμ´´μ³ μ¡³¥´¥, ÔÉ 
¶·μ¡²¥³  ´¥ ¡Ò²  ·¥Ï¥´ . 
μ²¥¥ Éμ£μ, ± ± ¶· ¢¨²μ, É ±¨¥ ³μ¤¥²¨ ¶·¥¤¸± -
§Ò¢ ÕÉ ¤ ¦¥ ´¥¶· ¢¨²Ó´Ò° §´ ± · ¸Ð¥¶²¥´¨Ö ³ ¸¸ Mη − Mη′ . ˆ´¸É ´Éμ´Ò
¤ ÕÉ ¥¸É¥¸É¢¥´´μ¥ ·¥Ï¥´¨¥ UA(1)-¶·μ¡²¥³Ò [24]. „¥²μ ¢ Éμ³, ÎÉμ ¢§ ¨-
³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ±¢ ·± ³¨, ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´ ³¨, Ö¢´Ò³ μ¡· §μ³
´ ·ÊÏ ¥É ¶¥·¢μ´ Î ²Ó´ÊÕ UA(1)-¸¨³³¥É·¨Õ ² £· ´¦¨ ´  Š•„, ¨ ¶μÔÉμ³Ê
¤ ¦¥ ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥ ¸¨´£²¥É´Ò° ¶μ  ·μ³ ÉÊ ¡¥§³ ¸¸μ¢Ò° ¶¸¥¢¤μ¸± -
²Ö·´Ò° ³¥§μ´ ¸ ±¢ ·±μ¢Ò³ ¸μ¤¥·¦ ´¨¥³ η1 = (ūu + d̄d + s̄s)/

√
3 μÉ¸ÊÉ¸É¢Ê¥É

¢  ¤·μ´´μ³ ¸¶¥±É·¥. ‚ ¶·¥¤² £ ¥³μ° ³μ¤¥²¨ ¶μ¶· ¢±¨ ¨´¸É ´Éμ´μ¢ ± ³ ¸¸¥
η1 Ö¢´Ò³ μ¡· §μ³ ¢ÒÎ¨¸²ÖÕÉ¸Ö. ˆ§ É ¡². 1 ¸²¥¤Ê¥É, ÎÉμ ¨´¸É ´Éμ´Ò ¶·¨¢μ¤ÖÉ
± μÉÉ ²±¨¢ ´¨Õ ¢ ÔÉμ³ ± ´ ²¥ ¨ ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´Ò ¸¤¢¨£  ³ ¸¸
η1-³¥§μ´ , ¢Ò§¢ ´´μ£μ ÔÉ¨³ μÉÉ ²±¨¢ ´¨¥³, ¶·¥¤¸É ¢²¥´´Ò° ¢ É ¡². 2, £μ¢μ·¨É
μ Éμ³, ÎÉμ ÔÉμ μÉÉ ²±¨¢ ´¨¥ ¸¨²Ó´μ¥. „²Ö ¢μ¸Ó³μ° ±μ³¶μ´¥´ÉÒ ¶¸¥¢¤μ¸± ²Ö·-
´μ£μ μ±É¥É  η8 ¸¨ÉÊ Í¨Ö ³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ. ‡¤¥¸Ó ¨´¸É ´Éμ´Ò
¶·¨¢μ¤ÖÉ ± ¶·¨ÉÖ¦¥´¨Õ ³¥¦¤Ê ±¢ ·± ³¨ ¨ ¸μμÉ¢¥É¸É¢¥´´μ ± Ê³¥´ÓÏ¥´¨Õ
³ ¸¸Ò ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö. ’ ±¨³ μ¡· §μ³, ´ Ï  ³μ¤¥²Ó ¶·¨¢μ¤¨É ± ¡μ²ÓÏμ³Ê
· ¸Ð¥¶²¥´¨Õ ³ ¸¸ ³¥¦¤Ê ¶¸¥¢¤μ¸± ²Ö·´Ò³¨ ¸¨´£²¥Éμ³ ¨ μ±É¥Éμ³ ¨ É¥³ ¸ -
³Ò³ ·¥Ï ¥É §´ ³¥´¨ÉÊÕ UA(1)-¶·μ¡²¥³Ê.

3. �””…Š’› ���“˜…�ˆŸ ���‚ˆ‹� �Š“	�Ä–‚…‰ƒ�Äˆˆ‡“Šˆ
‚ �„�����Œ ‘�…Š’�… Œ�‘‘ ˆ ˆ�‘’��’��›

�· ¢¨²μ �–ˆ [10] Ö¢²Ö¥É¸Ö Ô³¶¨·¨Î¥¸±¨³ ¶· ¢¨²μ³, § ¶·¥Ð ÕÐ¨³ ¶¥-
·¥Ìμ¤Ò ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ¸ · §²¨Î´Ò³¨  ·μ³ É ³¨ ±¢ ·±μ¢. �´ ²¨§ · ¸-
¶ ¤μ¢ ¢¥±Éμ·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¶·¨¢μ¤¨É ± ¢Ò¢μ¤Ê, ÎÉμ ÔÉμ
¶· ¢¨²μ Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö ¢ ¢¥±Éμ·´μ³ ± ´ ²¥, £¤¥ ³Ò ´ ¡²Õ¤ ¥³ ¨¤¥-



1170 Š�—…‹…‚ �.ˆ.

 ²Ó´μ ¸³¥Ï ´´Ò¥ Ê´¨É ·´Ò¥ ¸μ¸ÉμÖ´¨Ö, É. ¥. Φ = s̄s ¨ ω = (ūu + d̄d)/
√

2.
�·μÉ¨¢μ¶μ²μ¦´ Ö ¸¨ÉÊ Í¨Ö ¢ ¶¸¥¢¤μ¸± ²Ö·´μ³ ´μ´¥É¥. ‡¤¥¸Ó μ±É¥É ¨ ¸¨´£²¥É
¶· ±É¨Î¥¸±¨ ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö. ’ ±μ¥ · §²¨Î¨¥ ³μ¦¥É ¨³¥ÉÓ ³¥¸Éμ ²¨ÏÓ ¢
Éμ³ ¸²ÊÎ ¥, ¥¸²¨ ¢ ¢¥±Éμ·´μ³ ± ´ ²¥ �–ˆ ¶· ¢¨²μ ¢Ò¶μ²´Ö¥É¸Ö,   ¢ ¶¸¥¢¤μ-
¸± ²Ö·´μ³ ± ´ ²¥ μÎ¥´Ó ¸¨²Ó´μ ´ ·ÊÏ ¥É¸Ö. ‚ · ³± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°
Š•„ ¶μ¤ ¢²¥´¨¥ ¶¥·¥Ìμ¤  s̄s → ūu + d̄d ¢ ¢¥±Éμ·´μ³ ¸²ÊÎ ¥ ¶μ ¸· ¢´¥´¨Õ ¸
¶¸¥¢¤μ¸± ²Ö·´Ò³ μ¡ÒÎ´μ μ¡ÑÖ¸´ÖÕÉ É¥³ μ¡¸ÉμÖÉ¥²Ó¸É¢μ³, ÎÉμ É ±μ° ¶¥·¥Ìμ¤
¶·μ¨¸Ìμ¤¨É Î¥·¥§ É·¥Ì£²Õμ´´Ò° μ¡³¥´ ¤²Ö ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢ ¨ ¤¢ÊÌ£²Õμ´-
´Ò° Å ¤²Ö ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢. �Éμ μ¡ÑÖ¸´¥´¨¥ ´¥Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ
¶μ ¸²¥¤ÊÕÐ¨³ ¶·¨Î¨´ ³. ‚μ-¶¥·¢ÒÌ, ¶·¨ É ±μ³ ³¥Ì ´¨§³¥  ³¶²¨ÉÊ¤Ò ¶¥·¥-
Ìμ¤μ¢ s̄s → ūu + d̄d ¢ ¶¸¥¢¤μ¸± ²Ö·´μ³ ¨ ¢¥±Éμ·´ÒÌ ± ´ ² Ì ¤μ²¦´Ò · §²¨-
Î ÉÓ¸Ö ´  ¢¥²¨Î¨´Ê ¶μ·Ö¤±  αs ≈ 0,7. �¤´ ±μ ¢ Ô±¸¶¥·¨³¥´É¥ ³Ò ´ ¡²Õ¤ ¥³
¸³¥Ï¨¢ ´¨¥ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢ ¢ ¶¥·¢μ³ ¸²ÊÎ ¥ ¨ ¶· ±É¨Î¥¸±¨
¶μ²´μ¥ ¸³¥Ï¨¢ ´¨¥ ¢μ ¢Éμ·μ³. 
μ²¥¥ Éμ£μ, ¢ É¥´§μ·´μ³ ´μ´¥É¥ (Jp = 2+),
É ± ¦¥, ± ± ¢ ¶¸¥¢¤μ¸± ²Ö·´μ³, ¶¥·¥Ìμ¤ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ·É ³¨ ±¢ ·±μ¢
³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ Î¥·¥§ ¤¢ÊÌ£²Õμ´´μ¥ ¶·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥. ‚ Ô±¸-
¶¥·¨³¥´É¥ · ¸¶ ¤ f ′(1525) → 2π ¶μ¤ ¢²¥´ μÉ´μ¸¨É¥²Ó´μ f ′(1525) → 2K ,
  f(1270) → 2π · §·¥Ï¥´. ‘²¥¤μ¢ É¥²Ó´μ, f ′ ¤μ²¦¥´ ¡ÒÉÓ ¶μÎÉ¨ Î¨¸ÉÒ³
s̄s-¸μ¸ÉμÖ´¨¥³,   f = (ūu + d̄d)/

√
2. �μÔÉμ³Ê ´¥μ¡Ìμ¤¨³ ¤μ¶μ²´¨É¥²Ó´Ò°

³¥Ì ´¨§³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¶· ¢¨²  �–ˆ ¢ É¥´§μ·´μ³ ± ´ ²¥. ˆ, ´ ±μ´¥Í, É¥μ-
·¨Ö ¢μ§³ÊÐ¥´¨° Š•„ ¶·¨¢μ¤¨É ± Ê£² ³ ¸³¥Ï¨¢ ´¨Ö, ±μÉμ·Ò¥ ³´μ£μ ³¥´ÓÏ¥
Ô±¶¥·¨³¥´É ²Ó´ÒÌ [32].

�¨¸. 2. ‚±² ¤ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¢ ¶¥·¥Ìμ¤Ò ³¥¦¤Ê · §²¨Î´Ò³¨
¸μ·É ³¨ ±¢ ·±μ¢

‘ÊÐ¥¸É¢μ¢ ´¨¥ ¨´¸É ´Éμ´μ¢ ¢
Š•„-¢ ±ÊÊ³¥ ¤ ¥É ´μ¢Ò°, ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò° ³¥Ì ´¨§³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö μ¸μ-
¡¥´´μ¸É¥° ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  �–ˆ ¢
³¥§μ´´μ³ ¸¥±Éμ·¥. �ÉμÉ ³¥Ì ´¨§³ μ¸´μ-
¢ ´ ´  ¸¶¨´- ·μ³ É´ÒÌ ¸¢μ°¸É¢ Ì ¢§ -
¨³μ¤¥°¸É¢¨Ö (14), ¨´¤ÊÍ¨·μ¢ ´´μ£μ
³¥¦¤Ê ±¢ ·± ³¨ ¨´¸É ´Éμ´ ³¨ [21]
(¸³. É ±¦¥ [28, 33]). �  ·¨¸. 2 ¶·¨¢¥-
¤¥´  ¤¨ £· ³³ , μ¶·¥¤¥²ÖÕÐ Ö ¸³¥Ï¨-
¢ ´¨¥ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸μ·É ³¨ ±¢ ·-

±μ¢ §  ¸Î¥É ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �ÉμÉ ¢±² ¤ ¢ ÉμÎ´μ¸É¨ · ¢¥´ ´Ê²Õ
¤²Ö ¢¥±Éμ·´ÒÌ ¨ É¥´§μ·´ÒÌ ³¥§μ´μ¢ ¨§-§  ¶· ¢¨²  μÉ¡μ·  (7), ±μÉμ·μ¥ § -
¶·¥Ð ¥É ±¢ ·± ³ ¢ ³¥§μ´¥ ´ Ìμ¤¨ÉÓ¸Ö ¢ ¸μ¸ÉμÖ´¨¨ ¸ ¶μ²´Ò³ ¸¶¨´μ³ S = 1.
�μÔÉμ³Ê ¶· ¢¨²μ �–ˆ ¢ ÔÉ¨Ì ± ´ ² Ì Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö. ‚ ¶¸¥¢¤μ¸± -
²Ö·´μ³ ± ´ ²¥ ¢±² ¤ ÔÉμ° ¤¨ £· ³³Ò ´¥ ¨¸Î¥§ ¥É ¨ ¤ ¥É ¡μ²ÓÏμ° ¢±² ¤ ¢
π0 − η − η′-¸³¥Ï¨¢ ´¨¥ [21]. � ¸¸³μÉ·¨³ ¸´ Î ²  η − η′-¸³¥Ï¨¢ ´¨¥. ‚
¡ §¨¸¥

η1 =
(ūu + d̄d + s̄s)√

3
, η8 =

(ūu + d̄d − 2s̄s)√
6

(37)
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³ ¸¸μ¢ Ö ³ É·¨Í 

M =
(

M11 M18

M81 M88

)
, (38)

£¤¥ Mij = 〈ηi|H |ηj〉,   H Å ¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò. �·¨¢μ¤Ö (38) ±
¤¨ £μ´ ²Ó´μ³Ê ¢¨¤Ê ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö

η = η8 cos θP + η1 sin θP , η′ = −η8 sin θP + η1 cos θP , (39)

¶μ²ÊÎ ¥³ ¤²Ö ¸¨´£²¥É-μ±É¥É´μ£μ Ê£²  ¸³¥Ï¨¢ ´¨Ö

tg (2θP ) =
2M18

M88 − M11
. (40)

�¥¤¨ £μ´ ²Ó´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨° (37) ¨ · ¢¥´

M18 =
√

2
3

(
Mq̄q − Ms̄s −

ρ2
c(M

I2
00 λ0 − M I2

0s λs)
R̄3

)
, (41)

£¤¥ R̄ Å ¸·¥¤´¨° · ¤¨Ê¸ η1 ¨ η8; Mq̄q ¨ Ms̄s Å ³ ¸¸Ò ¶¸¥¢¤μ¸± ²Ö·´ÒÌ
Î ¸É¨Í, ±μÉμ·Ò¥ ¸μ¸ÉμÖÉ ¨§ ´¥¸É· ´´ÒÌ ¨ ¸É· ´´ÒÌ ±¢ ·±μ¢ ¸μμÉ¢¥É¸É¢¥´´μ.
�μ¸²¥¤´¨° Î²¥´ ¢ ÔÉμ° Ëμ·³Ê²¥ ¶·¥¤¸É ¢²Ö¥É ¨´¸É ´Éμ´´Ò° ¢±² ¤. �μ¤¸É ¢¨¢
¢ (40) ¨ (41) §´ Î¥´¨Ö Mq̄q = 591 ŒÔ‚ ¨ Ms̄s = 907 ŒÔ‚, · ¸¸Î¨É ´´Ò¥
¶μ ³ ¸¸μ¢μ° Ëμ·³Ê²¥ (55), ¨ M11 = 1239 ŒÔ‚, M88 = 553 ŒÔ‚ ¨§ É ¡². 2,
¶μ²ÊÎ¨³ ¤²Ö Ê£²  ¸³¥Ï¨¢ ´¨Ö

θP = 14◦. (42)

’ ±¨³ μ¡· §μ³, ¶·¥¤² £ ¥³ Ö ³μ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ³ ²μ¸ÉÓ Ê£²  ¸¨´£²¥É-
μ±É¥É´μ£μ ¸³¥Ï¨¢ ´¨Ö ¤²Ö ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¨ ¶μÔÉμ³Ê μ¡ÑÖ¸´Ö¥É
´ ¡²Õ¤ ¥³μ¥ ¡μ²ÓÏμ¥ ´ ·ÊÏ¥´¨¥ ¶· ¢¨²  �–ˆ ¢ ÔÉμ³ ± ´ ²¥. —Éμ ± ¸ ¥É¸Ö
¥£μ  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´Ò, Éμ §´ Î¥´¨¥ (42) Ö¢²Ö¥É¸Ö ± Î¥¸É¢¥´´μ° μÍ¥´±μ°.
„¥²μ ¢ Éμ³, ÎÉμ, ± ± ¸²¥¤Ê¥É ¨§ É ¡². 2, ¢ ¸²ÊÎ ¥ π- ¨ η′-³¥§μ´μ¢ ¨¸¶μ²Ó-
§μ¢ ´¨¥ ²¨ÏÓ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ ¨´¸É ´Éμ´´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ´¥ μÎ¥´Ó
μ¶· ¢¤ ´´μ, É ± ± ± ¶μ¶· ¢±  ¤μ¸Éμ¢¥·´μ ¢¥²¨± . �É³¥É¨³ ¢ ÔÉμ° ¸¢Ö§¨, ÎÉμ
ÔÉμÉ ·¥§Ê²ÓÉ É ¶μ¤É¢¥·¦¤ ¥É¸Ö · ¸Î¥É ³¨ ¢ · ³± Ì ¶· ¢¨² ¸Ê³³ Š•„ [33],
£¤¥ ¡Ò² ÊÎÉ¥´ ¢±² ¤ ¶·Ö³ÒÌ ¨´¸É ´Éμ´μ¢ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¨ ¶μ²ÊÎ¥´μ É ±¦¥
μÎ¥´Ó ¡μ²ÓÏμ¥ §´ Î¥´¨¥ ³ ¸¸Ò η′-³¥§μ´  Mη′ = 1,4 ƒÔ‚.

�´ ²μ£¨Î´μ ³μ¦´μ μÍ¥´¨ÉÓ π0−η(η′)-¸³¥Ï¨¢ ´¨¥. 
¥·¥³ ¢μ²´μ¢ÊÕ ËÊ´±-
Í¨Õ π0-³¥§μ´  ¢ ¢¨¤¥ (ūu−d̄d)/

√
2 ¨ ¶μ²ÊÎ ¥³ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ ¶ · ³¥É·Ê

Δm = md − mu §´ Î¥´¨Ö ´¥¤¨ £μ´ ²Ó´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ [36]

Mπ0η1 = −0,52Δm, Mπ0η8 = −1,02Δm. (43)
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‘μ §´ Î¥´¨¥³ md − mu = 3,67 ŒÔ‚, ¶μ²ÊÎ¥´´Ò³ ¨§ · ¸¸³μÉ·¥´¨Ö Ô²¥±-
É·μ³ £´¨É´ÒÌ · §´μ¸É¥° ³ ¸¸ ¢ · ³± Ì ´ Ï¥° ³μ¤¥²¨ [35], ¨ ¢¥²¨Î¨´μ°
θP = 14◦ (42) ¨³¥¥³

Mπ0η = −4,10 ŒÔ‚, Mπ0η′ = −0,95 ŒÔ‚, (44)

¨²¨ ¤²Ö Ê£²μ¢

θπ0η = −0,99 · 10−2, θπ0η′ = −0,11 · 10−2. (45)

�ÉμÉ ·¥§Ê²ÓÉ É ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ ·¥§Ê²ÓÉ Éμ³, μ¸´μ¢ ´´Ò³ ´  £¨¶μÉ¥§¥ Î -
¸É¨Î´μ£μ ¸μÌ· ´¥´¨Ö  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ±  [37]:

θπ0η = −1,3 · 10−2, θπ0η′ = −0,1 · 10−2. (46)

ˆÉ ±, ±¢ ·±μ¢ Ö ³μ¤¥²Ó ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ ±¢ ·±μ¢ Î¥·¥§ ¨´¸É ´Éμ´Ò
μ¡ÑÖ¸´Ö¥É μ¸μ¡¥´´μ¸É¨ ¸³¥Ï¨¢ ´¨Ö ³¥¦¤Ê · §²¨Î´Ò³¨  ·μ³ É´Ò³¨ ¸μ¸ÉμÖ-
´¨Ö³¨ ¢ ³¥§μ´´ÒÌ ³Ê²ÓÉ¨¶²¥É Ì. �É³¥É¨³, ÎÉμ ¢ ´¥° ¥¸É¥¸É¢¥´´Ò³ μ¡· -
§μ³ ¢μ§´¨± ¥É, ¸ μ¤´μ° ¸Éμ·μ´Ò, ¶· ±É¨Î¥¸±¨ ¡¥§³ ¸¸μ¢Ò° π-³¥§μ´,   ¸ ¤·Ê-
£μ° Å ³ ¸¸¨¢´Ò° η′-³¥§μ´. ’¥³ ¸ ³Ò³ ·¥Ï ÕÉ¸Ö ¸· §Ê ¤¢¥ ËÊ´¤ ³¥´É ²Ó´Ò¥
¶·μ¡²¥³Ò  ¤·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨: £μ²¤¸ÉμÊ´μ¢¸±μ£μ π-³¥§μ´  ¨ UA(1)-¶·μ-
¡²¥³ . �É¨ ¤¢¥ ¶·μ¡²¥³Ò ¢¸¥£¤  ¡Ò²¨ É·Ê¤´μ· §·¥Ï¨³Ò³¨ ¢ ¸μ¸É ¢´ÒÌ ±¢ ·-
±μ¢ÒÌ ³μ¤¥²ÖÌ.

�¥¤ ¢´μ ¢ Ô±¸¶¥·¨³¥´É Ì ´  Ê¸±μ·¨É¥²¥ LEAR ¶·¨ ·μ¦¤¥´¨¨ Φ-³¥§μ´μ¢
¡Ò²μ μ¡´ ·Ê¦¥´μ  ´μ³ ²Ó´μ¥ ´ ·ÊÏ¥´¨¥ ¶· ¢¨²  �–ˆ ¢ ¶·μÍ¥¸¸ Ì NN̄- ´-
´¨£¨²ÖÍ¨¨ (¸³. μ¡§μ· [11]).


Ò²¨ ¶·¥¤²μ¦¥´Ò · §²¨Î´Ò¥ μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ Ë¥´μ³¥´ . ’ ±, ¢ · ¡μ-
É Ì [38] μ¡¸Ê¦¤ ² ¸Ó ¢μ§³μ¦´μ¸ÉÓ ± Î¥¸É¢¥´´μ£μ μ¡ÑÖ¸´¥´¨Ö Ö¢²¥´¨Ö ¸ ¶μ³μ-
ÐÓÕ £¨¶μÉ¥§Ò μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¡μ²ÓÏμ° ¶·¨³¥¸¨ ¸É· ´´ÒÌ ¶μ²Ö·¨§μ¢ ´´ÒÌ
±¢ ·±μ¢ ¢ ´ Î ²Ó´ÒÌ ´Ê±²μ´ Ì. —¨¸Éμ  ¤·μ´´Ò° ¶μ¤Ìμ¤, É ± ´ §Ò¢ ¥³ Ö ³μ-
¤¥²Ó ¶¥·¥· ¸¸¥Ö´¨°, ¡Ò² ¶·¥¤²μ¦¥´ ¢ · ¡μÉ Ì [39]. ‚ ÔÉμ³ ¶μ¤Ìμ¤¥ ¶·μÍ¥¸¸
 ´´¨£¨²ÖÍ¨¨ ¶·μ¨¸Ìμ¤¨É Î¥·¥§ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¶·μ³¥¦ÊÉμÎ´Ò¥ K-, K̄- ¨
KK̄∗ + K̄K∗-³¥§μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö. Š ¸μ¦ ²¥´¨Õ, ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Î·¥§-
¢ÒÎ °´μ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¡μ·Ê ¶ · ³¥É·μ¢ ¢¥·Ï¨´´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¢´¥
³ ¸¸μ¢μ° μ¡μ²μÎ±¨. Š Éμ³Ê ¦¥ § ±μ´´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö Î¨¸Éμ ³¥§μ´´ÒÌ
μ¡³¥´μ¢ ¶·¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  ´ ¡²Õ¤ ¥³ÒÌ ¶·μÍ¥¸¸μ¢ ´¥ μÎ¥-
¢¨¤´ .

‘ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, Ô±¸¶¥·¨³¥´ÉÒ ¶μ ·μ¦¤¥´¨Õ ¸É· ´´μ¸É¨ ¢ ¶·μ-
Í¥¸¸ Ì  ´´¨£¨²ÖÍ¨¨ ¶·¨ ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸ , ±μ£¤  Ì · ±É¥·´Ò¥ · ¸¸ÉμÖ´¨Ö
³¥¦¤Ê ±¢ ·± ³¨ ¤μ¸É ÉμÎ´μ ³ ²Ò, ¤ ÕÉ μÎ¥´Ó ¢ ¦´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¸É·μ-
¥´¨¨ ¢ ±ÊÊ³  Š•„,   ¨³¥´´μ ¨´Ëμ·³ Í¨Õ μ ±μ·μÉ±μ¢μ²´μ¢μ° Î ¸É¨ ¢ ±Ê-
Ê³´ÒÌ Ë²Ê±ÉÊ Í¨°. ’ ±, ¢ · ¡μÉ Ì [34] ¶μ± § ´μ, ÎÉμ ¸¶¥Í¨Ë¨Î¥¸±¨¥ μ¸μ-
¡¥´´μ¸É¨ ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  �–ˆ ¢ ¶·μÍ¥¸¸ Ì ´Ê±²μ´- ´É¨´Ê±²μ´´μ°  ´´¨-
£¨²ÖÍ¨¨,   É ±¦¥ ¥£μ ´ ·ÊÏ¥´¨¥ ¢  ¤·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨, · ¸¸³μÉ·¥´´μ¥
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¢ÒÏ¥, ³μ£ÊÉ ¡ÒÉÓ μ¡ÑÖ¸´¥´Ò ¢±² ¤ ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·Ê¥³μ£μ ¨´-
¸É ´Éμ´ ³¨ ³¥¦¤Ê ±¢ ·± ³¨ (4). ’ ±¨³ μ¡· §μ³, ¨´¸É ´Éμ´´Ò° ³¥Ì ´¨§³,
· ¸¸³μÉ·¥´´Ò° ¢ ¤ ´´μ³ · §¤¥²¥, Ö¢²Ö¥É¸Ö, ¶μ-¢¨¤¨³μ³Ê, μ¸´μ¢´Ò³ ³¥Ì ´¨§-
³μ³, μÉ¢¥É¸É¢¥´´Ò³ §  ¶¥·¥Ìμ¤Ò ³¥¦¤Ê · §²¨Î´Ò³¨ ±¢ ·±μ¢Ò³¨  ·μ³ É ³¨.

4. ‚‹ˆŸ�ˆ… ‘‹�†��‰ ‘’�“Š’“�› ‚�Š““Œ� Š•„
�� ‘‚�‰‘’‚� Œ“‹œ’ˆŠ‚��Š�‚›• �„����‚

4.1. ˆ´¸É ´Éμ´Ò ¨ ¸É·Ê±ÉÊ·  ¶¥´É ±¢ ·± . �¥¤ ¢´μ ¢μ ³´μ£¨Ì Ô±¸¶¥-
·¨³¥´É Ì [43Ä46], ¢±²ÕÎ Ö Ô±¸¶¥·¨³¥´ÉÒ, ¶·μ¢μ¤¨³Ò¥ ¢ �ˆŸˆ [47], ¡Ò²¨
¶μ²ÊÎ¥´Ò Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢μ¢ ´¨¥ Ô±§μÉ¨Î¥¸±μ£μ Θ+-¡ ·¨μ´  ¸μ ¸É· ´-
´μ¸ÉÓÕ S = +1. „μ¶μ²´¨É¥²Ó´μ ± ÔÉ¨³ ·¥§Ê²ÓÉ É ³ ¡Ò²¨ É ±¦¥ ¶μ²ÊÎ¥´Ò
´¥±μÉμ·Ò¥ Ê± § ´¨Ö ´  ¢μ§³μ¦´μ¥ ·μ¦¤¥´¨¥ Ê§±¨Ì ¶¥´É ±¢ ·±μ¢ÒÌ ¸μ¸ÉμÖ´¨°
¸μ ¸É· ´´μ¸ÉÓÕ S = −2 ¨ Î ·³μ³ [48,49]. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò° ¸É ÉÊ¸ ´μ¢ÒÌ ¸μ¸ÉμÖ´¨° μ¸É ¥É¸Ö ¤μ¢μ²Ó´μ ´¥μ¶·¥¤¥²¥´´Ò³ [50], ÔÉ¨
¤ ´´Ò¥ ¶μÉ·¥¡μ¢ ²¨ ¸ÊÐ¥¸É¢¥´´μ£μ Ê£²Ê¡²¥´¨Ö ´ Ï¥£μ ¶μ´¨³ ´¨Ö ¤¨´ ³¨±¨
±¢ ·±μ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ·μ²¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ±¢ ·±μ¢ ¢  ¤·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ ¨ ¢ ·¥ ±Í¨ÖÌ ¸ ÊÎ ¸É¨¥³
 ¤·μ´μ¢.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢¶¥·¢Ò¥ Ô±§μÉ¨Î¥¸±¨¥ ¶¥´É ±¢ ·±μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö
¸ ±¢ ·±μ¢Ò³ ¸μ¸É ¢μ³ ududs̄ μ¡¸Ê¦¤ ²¨¸Ó ³´μ£μ ²¥É ´ § ¤ ¢ ³μ¤¥²¨ ±¢ ·±μ-
¢ÒÌ ³¥Ï±μ¢ [51, 52]. �¤´ ±μ ¢ · ³± Ì ÔÉμ° ³μ¤¥²¨ ¶¥´É ±¢ ·±¨ ¤μ²¦´Ò
¡Ò²¨ ¨³¥ÉÓ μÎ¥´Ó ¡μ²ÓÏ¨¥ ³ ¸¸Ò ¨ Ï¨·¨´Ò, ÎÉμ ¤¥² ²μ ¶·μ¡²¥³ É¨Î´Ò³ ¨Ì
Ô±¸¶¥·¨³¥´É ²Ó´μ¥ μ¡´ ·Ê¦¥´¨¥. 
μ²¥¥ Éμ£μ, ³μ¤¥²Ó ³¥Ï±μ¢ ¶·¥¤¸± §Ò¢ ² 
μÎ¥´Ó ¡μ²ÓÏμ¥ Î¨¸²μ É ±¨Ì ¸μ¸ÉμÖ´¨°, ±μÉμ·Ò¥ ¤μ²¦´Ò ¡Ò²¨ ¶¥·¥³¥Ï¨-
¢ ÉÓ¸Ö ± ± ³¥¦¤Ê ¸μ¡μ°, É ± ¨ ¸ ¡¥cÍ¢¥É´Ò³¨ Î¨¸Éμ  ¤·μ´´Ò³¨ ·¥§μ´ ´¸ ³¨
¢ ¸¨¸É¥³¥ KN .

ˆ´É¥·¥¸ ± Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê ¶μ¨¸±Ê ¶¥´É ±¢ ·±μ¢ ¢μ§´¨± ´¥¸±μ²Ó±μ
²¥É ´ § ¤ ¶μ¸²¥ · ¸Î¥Éμ¢ ¨Ì ¸¢μ°¸É¢ ¢ · ³± Ì ±¨· ²Ó´μ° ¸μ²¨Éμ´´μ° ³μ¤¥²¨.
’ ±, ¸μ²¨Éμ´´ Ö ³μ¤¥²Ó ¶·¥¤¸± § ²  ¸· ¢´¨É¥²Ó´μ ²¥£±¨¥ ¶¥´É ±¢ ·±μ¢Ò¥ ¸μ-
¸ÉμÖ´¨Ö ¨, ÎÉμ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´μ, μÎ¥´Ó ³ ²ÊÕ Ï¨·¨´Ê Θ+-¸É· ´´μ£μ Ô±§μ-
É¨Î¥¸±μ£μ ¡ ·¨μ´  [53Ä55].

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ, ÌμÉÖ ÔÉ¨ ¶·¥¤¸± § ´¨Ö ¶μ²ÊÎ¨²¨ ¶μ¤É¢¥·¦¤¥´¨¥ ¢
Ô±¸¶¥·¨³¥´É Ì, ¢ ±μÉμ·ÒÌ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶μ²μ¦¨É¥²Ó´Ò¥ Ê± § ´¨Ö ´  ¶¥´-
É ±¢ ·±¨, ¢ ¶μ¸²¥¤ÊÕÐ¨Ì · ¡μÉ Ì ¡Ò²μ ¶μ± § ´μ, ÎÉμ ÔÉ¨ ¢ÒÎ¨¸²¥´¨Ö ¤μ¶Ê¸-
± ÕÉ ¤μ¢μ²Ó´μ Ï¨·μ±¨° ¨´É¥·¢ ² ¨Ì ³ ¸¸ ¨ Ï¨·¨´ [56,57]. 
μ²¥¥ Éμ£μ, ¶·¨-
¡²¨¦¥´¨¥ ¦¥¸É±μ£μ ·μÉ Éμ·  ¤²Ö ¸μ²¨Éμ´´μ£μ ¶μ²Ö, ¨¸¶μ²Ó§μ¢ ´´μ£μ ¢ [55],
¢Ò£²Ö¤¨É ´¥¤μ¸É ÉμÎ´μ μ¡μ¸´μ¢ ´´Ò³ ¸ ÉμÎ±¨ §·¥´¨Ö É¥μ·¨¨ [58].

�μ¸²¥ ¶μÖ¢²¥´¨Ö ¶¥·¢ÒÌ ¶Ê¡²¨± Í¨° ¶μ ¢μ§³μ¦´μ³Ê μ¡´ ·Ê¦¥´¨Õ ¶¥´-
É ±¢ ·±μ¢μ° Ô±§μÉ¨±¨ ¡Ò²μ ¶·μ¢¥¤¥´μ μ£·μ³´μ¥ ±μ²¨Î¥¸É¢μ ¢ÒÎ¨¸²¥´¨°
¸¢μ°¸É¢ ÔÉ¨Ì ¸μ¸ÉμÖ´¨° ¢ · §²¨Î´ÒÌ ¢ ·¨ ´É Ì ¸μ¸É ¢´ÒÌ ±¢ ·±μ¢ÒÌ ³μ-
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¤¥²¥° [59Ä64]. ‚ Î ¸É´μ¸É¨, ¢ ´¥±μÉμ·ÒÌ ¨§ ´¨Ì, ± ±, ´ ¶·¨³¥·, ¢ ³μ¤¥-
²ÖÌ, ¶·¥¤²μ¦¥´´ÒÌ „¦ ËË¥ ¨ ‚¨²ÓÍ¥±μ³ (JW) [59], Š ·²¨´¥·μ³ ¨ ‹¨¶±¨-
´Ò³ (KL) [60],   É ±¦¥ ˜Ê·Ö±μ³ ¨ ‡ Ì¥¤μ³ (SZ) [61], · ¸¸³ É·¨¢ ² ¸Ó ¢μ§-
³μ¦´μ¸ÉÓ Ëμ·³¨·μ¢ ´¨Ö Í¢¥É´ÒÌ ±¢ ·±μ¢ÒÌ ±² ¸É¥·μ¢ ¢´ÊÉ·¨ ¶¥´É ±¢ ·± 
¨ ÔÉ¨³ μ¡ÓÖ¸´Ö² ¸Ó ¥£μ ³ ² Ö ³ ¸¸  ¨ Ï¨·¨´ . ’ ±μ° ¶μ¤Ìμ¤ ¶·¨¢μ¤¨É ± ¸Ê-
Ð¥¸É¢¥´´μ³Ê Ê¶·μÐ¥´¨Õ ¤¨´ ³¨±¨ ³´μ£μ±¢ ·±μ¢μ£μ ¸μ¸ÉμÖ´¨Ö, μ¤´ ±μ ¢μ§-
´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¸É·μ£μ£μ μ¡μ¸´μ¢ ´¨Ö Ö¢²¥´¨Ö ±² ¸É¥·¨§ Í¨¨ ±¢ ·±μ¢
¢ μ¡² ¸É¨ ±μ´Ë °´³¥´É .

‚ ÔÉμ³ · §¤¥²¥ ³Ò ¶·¨¢¥¤¥³  ·£Ê³¥´ÉÒ ¢ ¶μ²Ó§Ê Éμ£μ, ÎÉμ ¢§ ¨³μ¤¥°-
¸É¢¨¥, ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´ ³¨, ¤¥°¸É¢¨É¥²Ó´μ ¶·¨¢μ¤¨É ± μ¶·¥¤¥²¥´-
´μ³Ê É¨¶Ê ±¢ ·±μ¢ÒÌ ±² ¸É¥·μ¢. � ¨¡μ²¥¥ ¢ ¦´Ò³ ¤²Ö ´ ¸ §¤¥¸Ó Ö¢²Ö¥É¸Ö
Éμ, ÎÉμ ¨´¸É ´Éμ´Ò ¶·¨¢μ¤ÖÉ ± ¸¨²Ó´μ³Ê ¶·¨ÉÖ¦¥´¨Õ ¢  ´É¨¸¨³³¥É·¨Î´ÒÌ
¶μ  ·μ³ ÉÊ ¸μ¸ÉμÖ´¨ÖÌ. ‚¥²¨Î¨´  ÔÉμ£μ ¶·¨ÉÖ¦¥´¨Ö, ´ ¶·¨³¥· ¢ ¸± ²Ö·´μ³
(ud) ¤¨±¢ ·±μ¢μ³ ¸μ¸ÉμÖ´¨¨ ¤²Ö ¸²ÊÎ Ö Nc = 2, · ¢´  ¢¥²¨Î¨´¥ ¶·¨ÉÖ¦¥-
´¨Ö ¢ ¶¨μ´´μ³ ± ´ ²¥, ÎÉμ ¶·¨¢μ¤¨É ± ¨§¢¥¸É´μ° ¸¨³³¥É·¨¨ � Ê²¨ÄƒÕ·¸¨. ‚
·¥ ²¨¸É¨Î´μ³ ¸²ÊÎ ¥ Nc = 3 ¶·¨ÉÖ¦¥´¨¥ ¢ ¤¨±¢ ·±μ¢μ³ ± ´ ²¥ ²¨ÏÓ ´ ¶μ-
²μ¢¨´Ê ¸² ¡¥¥ ¶¨μ´´μ£μ [61]. ‚ ·¥§Ê²ÓÉ É¥ ³μ¦¥É μ¡· §μ¢ ÉÓ¸Ö ±¢ §¨¸¢Ö§ ´-
´μ¥, μÎ¥´Ó ²¥£±μ¥ ud-¸μ¸ÉμÖ´¨¥. „ ´´Ò° ³¥Ì ´¨§³ μ§´ Î ¥É, ÎÉμ ±² ¸É¥·´Ò¥
³μ¤¥²¨ ¶¥´É ±¢ ·±μ¢ ¢Ò£²Ö¤ÖÉ ¶·¥¤¶μÎÉ¨É¥²Ó´¥¥ ³μ¤¥²¥°, ±μÉμ·Ò¥ ´¥ ÊÎ¨ÉÒ-
¢ ÕÉ ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ±¢ ·± ³¨. 
μ²¥¥ Éμ£μ, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ ¶·¥¤Ò¤Ê-
Ð¨Ì · §¤¥² Ì, ¨´¸É ´Éμ´Ò μ¶·¥¤¥²ÖÕÉ ¤¨´ ³¨±Ê ±¢ ·±μ¢ ´  ¶·μ³¥¦ÊÉμÎ´ÒÌ
· ¸¸ÉμÖ´¨ÖÌ r ≈ ρc ≈ 0,3 Ë³. „ ´´Ò° ³ ¸ÏÉ ¡ ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ · §³¥· 
±μ´Ë °´³¥´É  R ≈ 1 Ë³, ¨ ¶μÔÉμ³Ê ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¸· ¢´¨É¥²Ó´μ ³ ²¥´Ó±¨Ì
±¢ ·±μ¢ÒÌ ±² ¸É¥·μ¢, ¨³¥ÕÐ¨Ì · §³¥· ¶μ·Ö¤±  ¨´¸É ´Éμ´´μ£μ, ¢´ÊÉ·¨ ¡μ²Ó-
Ïμ° μ¡² ¸É¨ ±μ´Ë °´³¥´É  ¢μ§³μ¦´μ. �¨¦¥ ¡Ê¤¥É · ¸¸³μÉ·¥´  É·¨±¢ ·±-
¤¨±¢ ·±μ¢ Ö ³μ¤¥²Ó ¶¥´É ±¢ ·± , ¢ ±μÉμ·μ° ¢§ ¨³μ¤¥°¸É¢¨¥, ¨´¤ÊÍ¨·μ¢ ´´μ¥
¨´¸É ´Éμ´ ³¨, ¨£· ¥É μ¶·¥¤¥²ÖÕÐÊÕ ·μ²Ó.

4.2. �¥·ÉÊ·¡ É¨¢´μ¥ ¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·-
± ³¨ ¢ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ  ¤·μ´ Ì. �¨μ´¥·¸±¨¥ · ¡μÉÒ „¦ ËË¥ [67] ¶μ
Ë¨§¨±¥ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¢ ³μ¤¥²¨ ±¢ ·±μ¢ÒÌ ³¥Ï±μ¢ ¸É¨³Ê²¨·μ-
¢ ²¨ Ï¨·μ±μ¥ μ¡¸Ê¦¤¥´¨¥ ¨Ì ¸¢μ°¸É¢ ¢ · ³± Ì · §²¨Î´ÒÌ ³μ¤¥²¥°. 
μ²Ó-
Ï¨´¸É¢μ ¶·¥¤¸± § ´¨° ¡Ò²μ μ¸´μ¢ ´μ ´  ¶·¥¤¶μ²μ¦¥´¨¨ μ ¤μ³¨´ ´É´μ¸É¨
¶¥·ÉÊ·¡ É¨¢´μ£μ μ¤´μ£²Õμ´´μ£μ μ¡³¥´  ¢ ³Ê²ÓÉ¨±¢ ·±μ¢μ° ¸¶¥±É·μ¸±μ¶¨¨. ‚
¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ¡Ò² ¨§²μ¦¥´  ²ÓÉ¥·´ É¨¢´Ò° ¶μ¤Ìμ¤ ±  ¤·μ´´μ° ¸¶¥±-
É·μ¸±μ¶¨¨, ¡ §¨·ÊÕÐ¨°¸Ö ´  ÊÎ¥É¥ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ, ¨´¸É ´Éμ´´ÒÌ ¢§ ¨³μ-
¤¥°¸É¢¨° ³¥¦¤Ê ±¢ ·± ³¨.

‚ · ³± Ì ÔÉμ£μ ¶μ¤Ìμ¤  ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¨´¸É ´Éμ´´μ¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥ ¨£· ¥É ¢ ¦´ÊÕ ·μ²Ó ¢ ¤¨´ ³¨±¥ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ ¸μ¸ÉμÖ´¨°, μ¶·¥¤¥-
²Ö¥É ¸¶¨´- ¨  ·μ³ Éμ§ ¢¨¸¨³Ò¥ · ¸Ð¥¶²¥´¨Ö ³ ¸¸ ³¥¦¤Ê ³Ê²ÓÉ¨±¢ ·±μ¢Ò³¨
¸μ¸ÉμÖ´¨Ö³¨ ¨ ¶·¨¢μ¤¨É ± ¸¨²Ó´μ³Ê ¶¥·¥³¥Ï¨¢ ´¨Õ ³¥¦¤Ê ´¨³¨ [42,68,69].

‚ ÔÉμ³ · §¤¥²¥ ¡Ê¤¥É · ¸¸³μÉ·¥´  ³μ¤¥²Ó ¶¥´É ±¢ ·± , ¡ §¨·ÊÕÐ Ö¸Ö ´ 
¨´¸É ´Éμ´ Ì [70]. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ´ ¨¡μ²¥¥ ¢ ¦´Ò³ ¨´¸É ´Éμ´´Ò³ ¢§ ¨-
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³μ¤¥°¸É¢¨¥³ ¢ ±¢ ·±μ¢ÒÌ ¸¨¸É¥³ Ì Ö¢²Ö¥É¸Ö ³Ê²ÓÉ¨±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
'É •μμËÉ  (4) (·¨¸. 3, a). �ËË¥±É¨¢´μ¥ ¤¢ÊÌ±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¨´¤Ê-
Í¨·Ê¥³μ¥ ¨´¸É ´Éμ´ ³¨, ¶μ²ÊÎ ¥É¸Ö ¨§ É·¥Ì±¢ ·±μ¢μ£μ (4) ¶·¨ § ³Ò± ´¨¨
¤¢ÊÌ ±¢ ·±μ¢ÒÌ ±μ´Íμ¢ Î¥·¥§ ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É (·¨¸. 3, ¡).

�¨¸. 3. ‚§ ¨³μ¤¥°¸É¢¨Ö Î¥·¥§ ¨´¸É ´Éμ´Ò: a) É·¥Ì±¢ ·±μ¢μ¥ uds; ¡) ¤¢ÊÌ±¢ ·±μ¢Ò¥
ud, us, ds. I μ¡μ§´ Î ¥É ¨´¸É ´Éμ´, i, j = u, d, s, i �= j

‚ ¶·¥¤¥²¥ ³ ²μ£μ ¨´¸É ´Éμ´´μ£μ · §³¥·  ÔËË¥±É¨¢´Ò¥ ¤¢ÊÌ- ¨ É·¥ÌÎ -
¸É¨Î´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥ÕÉ ¢¨¤ [42,68,69]∗

H(2)
eff (r) = −V2

∑
i�=j

1
mimj

q̄iR(r)qiL(r)q̄jR(r)qjL(r)×

×
[
1 +

3
32

(λa
uλa

d + perm.) +
9
32

(σu · σdλ
a
uλa

d + perm.)
]

+ (R ←→ L) (47)

¨

H(3)
eff (r) = −V3

∏
i=u,d,s

q̄iR(r)qiL(r)
[
1 +

3
32

(λa
uλa

d + perm.)+

+
9
32

(σu · σdλ
a
uλa

d + perm.) − 9
320

dabcλaλbλc(1 − 3(σu · σd + perm.))−

− 9fabc

64
λaλbλc(σu × σd) · σs

]
+ (R ←→ L), (48)

£¤¥ mi = mcur
i + m∗ Å ÔËË¥±É¨¢´ Ö ³ ¸¸  ±¢ ·±  ¢ ¨´¸É ´Éμ´´μ° ¸·¥¤¥.

�É¨ Ëμ·³Ò Ê¤μ¡´Ò ¤²Ö ¢ÒÎ¨¸²¥´¨° ¨´¸É ´Éμ´´ÒÌ ÔËË¥±Éμ¢ ¢ ¸μ¸É ¢´ÒÌ
±¢ ·±μ¢ÒÌ ³μ¤¥²ÖÌ.

∗„²Ö ±¢ ·±μ¢ ¸ ´¥´Ê²¥¢μ° ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2
i ¢¥·Ï¨´Ê (4) ´Ê¦´μ Ê³´μ¦¨ÉÓ ´  Ë ±Éμ·Ò

Zi = F (k2
i ) ¤²Ö ± ¦¤μ° ¢Ìμ¤ÖÐ¥° ¨ ¢ÒÌμ¤ÖÐ¥° ¨§ ¨´¸É ´Éμ´  ±¢ ·±μ¢μ° ²¨´¨¨. „²Ö ¸²ÊÎ Ö

³ ²ÒÌ §´ Î¥´¨° ¢¨·ÉÊ ²Ó´μ¸É¥° μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¡μ²¥¥ ¶·μ¸É Ö Ëμ·³Ê²  F (k2
i ) ≈ e

−ρ
√

k2
i .
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‚ ´ Ï¨Ì μÍ¥´± Ì, ¶·¨¢¥¤¥´´ÒÌ ´¨¦¥, ÎÉμ¡Ò μ¡μ°É¨ ´¥±μÉμ·Ò¥ ´¥μ¶·¥¤¥-
²¥´´μ¸É¨ ¢ ¶ · ³¥É· Ì ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ (¸³. ´¥¤ ¢´ÕÕ ¤¨¸±Ê¸¸¨Õ ¢ [71])
¨ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ Ëμ·³¥ ±¢ ·±μ¢ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°,  ¸¸μÍ¨¨·Ê¥³Ò¥
¸ ¢¨¤μ³ ¶μÉ¥´Í¨ ²  ±μ´Ë °´³¥´É , ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¶·μ¨§¢¥¤¥´¨¥ ±μ´-
¸É ´ÉÒ Î¥ÉÒ·¥Ì±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö V2 ¨ ±¢ ·±μ¢ÒÌ · ¤¨ ²Ó´ÒÌ ËÊ´±-
Í¨° ¢ Ê· ¢´¥´¨¨ (47) ¢ ± Î¥¸É¢¥ ¸¢μ¡μ¤´μ£μ ¶ · ³¥É·   ´ ²μ£¨Î´μ ¶μ¤Ìμ¤Ê
¢ · ¡μÉ¥ ˜Ê·Ö±  ¨ �μ¸´¥·  [72]. ŒÒ Ë¨±¸¨·Ê¥³ ¥£μ §´ Î¥´¨¥ ¨§ Ë¨É  ³ ¸¸
μ¸´μ¢´ÒÌ  ¤·μ´´ÒÌ ¸μ¸ÉμÖ´¨°: ¡ ·¨μ´´μ£μ μ±É¥É  ¨ ¤¥±Ê¶²¥É ,   É ±¦¥ ´μ-
´¥É  ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢. ’ ±¨³ μ¡· §μ³, ´ Ï¥ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

V qq
inst = −

∑
i�=j

a

mimj

[
1+

3
32

(λa
uλa

d +perm.)+
9
32

(σu ·σdλ
a
uλa

d +perm.)
]

(49)

¤²Ö ¸²ÊÎ Ö ±¢ ·±-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‘É·Ê±ÉÊ·  ±¢ ·±- ´É¨±¢ ·±μ-
¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Î¥·¥§ ¨´¸É ´Éμ´ ¶μ²ÊÎ ¥É¸Ö ±·μ¸¸¨´£μ³ ¨§ (47):

V qq̄
inst = −

∑
i�=j

a

mimj

[
1− 3

32
(λa

uλa
s̄ +perm.)+

9
32

(σu ·σs̄λ
a
uλa

s̄ +perm.)
]
, (50)

£¤¥
λq̄ = −λ∗, σq̄ = −σ∗ (51)

Ö¢²ÖÕÉ¸Ö £¥´¥· Éμ· ³¨ Í¢¥É  ¨ ¸¶¨´  ¤²Ö  ´É¨±¢ ·± .
„μ¶μ²´¨É¥²Ó´μ ± ¨´¸É ´Éμ´´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ³Ò ¢±²ÕÎ¨³ É ±¦¥ ¢

Ë¨É ¨ ¶¥·ÉÊ·¡ É¨¢´μ¥ μ¤´μ£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ (�ƒ�) ³¥¦¤Ê ±¢ ·± ³¨

V qq
�ƒ� = −

∑
i>j

b

mimj
σi · σjλ

a
i λa

j . (52)

„²Ö ±¢ ·±- ´É¨±¢ ·±μ¢μ£μ ± ´ ²  ¤²Ö �ƒ� ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ § ³¥´Ê
(51) [67].

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ É·¥ÌÎ ¸É¨Î´μ¥ ¨´¸É ´Éμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥
¤ ¥É ¢±² ¤  ¢ ³ ¸¸Ò μ¡ÒÎ´ÒÌ É·¥Ì±¢ ·±μ¢ÒÌ ¡ ·¨μ´μ¢. �ÉμÉ Ë ±É ¸²¥¤Ê¥É ¨§
´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ¡²Õ¤¥´¨Ö ¶· ¢¨² 

σ ⊕ c = 0 (53)

¤²Ö ±¢ ·±μ¢ ´  ´Ê²¥¢ÒÌ ³μ¤ Ì. ˆ§ ´¥£μ, μÎ¥¢¨¤´μ, ¸²¥¤Ê¥É, ÎÉμ ´¥¢μ§³μ¦´μ
¤²Ö ¡¥cÍ¢¥É´ÒÌ μ¸´μ¢´ÒÌ ¡ ·¨μ´´ÒÌ ¸μ¸ÉμÖ´¨°

∑
i ci = 0 ¶μ³¥¸É¨ÉÓ ¢¸¥

±¢ ·±¨ μ¤´μ¢·¥³¥´´μ ´  ´Ê²¥¢Ò¥ ³μ¤Ò. ’ ±¨³ μ¡· §μ³, ÔÉμÉ § ¶·¥É ¶·¨-
¢μ¤¨É ± Éμ³Ê, ÎÉμ ¶ · ³¥É·Ò É·¥ÌÎ ¸É¨Î´μ£μ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥ ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò ¨§ Ë¨É  ¨§¢¥¸É´ÒÌ ³ ¸¸ ¨ ´¥μ¡Ìμ¤¨³μ ¶·¨¢²¥± ÉÓ
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³μ¤¥²Ó´Ò¥ μÍ¥´±¨. ‚¶¥·¢Ò¥ É·¥ÌÎ ¸É¨Î´Ò¥ ¸¨²Ò ¢ · ³± Ì ³μ¤¥²¨ ¨´¸É ´-
Éμ´´μ° ¦¨¤±μ¸É¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤²Ö ±¢ ·±μ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ³μ¤¥²¨
³¥Ï±μ¢ ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¢ · ¡μÉ¥ [68], £¤¥ ¡Ò² μÍ¥´¥´ ¨Ì ¢±² ¤ ¢ ³ ¸¸Ê Ï¥-
¸É¨±¢ ·±μ¢μ£μ Ô±§μÉ¨Î¥¸±μ£μ H-¤¨¡ ·¨μ´ . �Í¥´±  ¡ §¨·μ¢ ² ¸Ó ´  ³μ¤¥²¨
¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ [66], ¢ ±μÉμ·μ° ¨´¸É ´Éμ´´ Ö ¶²μÉ´μ¸ÉÓ  ¶¶·μ±¸¨³¨-
·μ¢ ² ¸Ó ¢Ò· ¦¥´¨¥³ n(ρ) ∝ δ(ρ−ρc). ‚ · ³± Ì ÔÉμ° ³μ¤¥²¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
¶·μ¸Éμ¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ±μ´¸É ´É ³¨ É·¥Ì- ¨ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¢§ ¨³μ¤¥°-
¸É¢¨°, ¨´¤ÊÍ¨·Ê¥³ÒÌ ¨´¸É ´Éμ´ ³¨, ¤²Ö ´Ê²¥¢ÒÌ ±¢ ·±μ¢ÒÌ ¢¨·ÉÊ ²Ó´μ¸É¥°:

V3 = −V2
4π2ρ2

c

3mumdms
. (54)

‘μμÉ´μÏ¥´¨¥ (54) ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ´μ ´¨¦¥ ¤²Ö μÍ¥´±¨ ¢±² ¤  É·¥ÌÎ ¸É¨Î-
´ÒÌ ¸¨² ¢ ³ ¸¸Ê ¶¥´É ±¢ ·± .

‡¤¥¸Ó ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐÊÕ μ¡ÐÊÕ Ëμ·³Ê²Ê ¤²Ö ³ ¸¸ μ¸´μ¢-
´ÒÌ ¸μ¸ÉμÖ´¨°  ¤·μ´μ¢:

Mh = EB,M
0 +

∑
i

Nimi + EI2 + E�ƒ�, (55)

£¤¥ Ni Å ±μ²¨Î¥¸É¢μ ±¢ ·±μ¢ ¸  ·μ³ Éμ³ i ¢ ¤ ´´μ³  ¤·μ´¥. ‚ ÔÉμ³ Ê· ¢´¥´¨¨

EI2 = 〈h|VI2|h〉 = −
∑
i�=j

a

mimj
M I2

i,j ,

E�ƒ� = 〈h|V�ƒ�|h〉 = −
∑
i>j

b

mimj
M�ƒ�

i,j

(56)

μ¶·¥¤¥²¥´Ò ± ± ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨´¸É ´Éμ´´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¨ μ¤´μ£²Õμ´´μ£μ μ¡³¥´ . �μ ¸· ¢´¥´¨Õ ¸ ¸μ¸É ¢´μ° ±¢ ·±μ¢μ°
³μ¤¥²ÓÕ ˜Ê·Ö±  ¨ �μ¸´¥·  [72], £¤¥ ¡Ò² ÊÎÉ¥´ ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨°, ¨´¤ÊÍ¨·Ê¥³ÒÌ ¨´¸É ´Éμ´ ³¨, ³Ò ¤μ¡ ¢¨²¨ ¢±² ¤ �ƒ� ¨ ´μ¢Ò°
¶ · ³¥É· EM,B

0 . �ÉμÉ ¶ · ³¥É· ¶·¥¤¸É ¢²Ö¥É ¢±² ¤ ¸¨² ±μ´Ë °´³¥´É  ¨ ´ -
·ÊÏ ¥É  ¤¤¨É¨¢´μ¸ÉÓ ¶·μ¸Éμ° ¸μ¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨. „²Ö ¶·¨³¥· , ¢
MIT-³μ¤¥²¨ ³¥Ï±μ¢ ÔÉμÉ Î²¥´ ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ ³¥Ï± . ŒÒ ¡Ê¤¥³ ¶μ-
² £ ÉÓ, ÎÉμ ÔÉμÉ ¶ · ³¥É· μ¤¨´ ¨ ÉμÉ ¦¥ ¤²Ö  ¤·μ´μ¢ ¸ μ¤¨´ ±μ¢Ò³ Î¨¸²μ³
¢ ²¥´É´ÒÌ ±¢ ·±μ¢.

‚¥²¨Î¨´Ò Í¢¥É-¸¶¨´μ¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1.
ŒÒ ¶μ² £ ¥³ mu = md = m0 ¨ ¶·¥´¥¡·¥£ ¥³ ¸³¥Ï¨¢ ´¨¥³ ¢ ¶¸¥¢¤μ¸± -
²Ö·´μ³ ´μ´¥É¥ ³¥§μ´μ¢ ³¥¦¤Ê  ·μ³ É´Ò³¨ μ±É¥Éμ³ ¨ ¸¨´£²¥Éμ³. ‚ ´μ´¥É¥
¢¥±Éμ·´ÒÌ ³¥§μ´μ¢ ¶·¥¤¶μ² £ ¥É¸Ö ¨¤¥ ²Ó´μ¥ ¸³¥Ï¨¢ ´¨¥ ³¥¦¤Ê ¢μ²´μ¢Ò³¨
ËÊ´±Í¨Ö³¨.

�¥§Ê²ÓÉ É ´ Ï¥£μ Ë¨É  ³ ¸¸ ¡ ·¨μ´μ¢ ¨ ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢ ¶μ± § ´
¢ É ¡². 3. ‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¸²¥¤ÊÕÐ¨¥:
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m0 = 263 ŒÔ‚, ms = 407 ŒÔ‚, EM
0 = 214 ŒÔ‚,

(57)
EB

0 = 429 ŒÔ‚, a = 0,0039 ƒÔ‚3, b = 0,00025 ƒÔ‚3.

ˆ§ É ¡². 3 ¸²¥¤Ê¥É, ÎÉμ ¢±² ¤ μ¤´μ£²Õμ´´μ£μ μ¡³¥´  ¢  ¤·μ´´Ò¥ ³ ¸¸Ò ³ ²
¨ μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¶¨´-¸¶¨´μ¢μ¥ · ¸Ð¥¶²¥´¨¥ ³¥¦¤Ê  ¤·μ´´Ò³¨ ³Ê²ÓÉ¨-
¶²¥É ³¨ ¤ ÕÉ ¸¨²Ò, ¨´¤ÊÍ¨·μ¢ ´´Ò¥ ¨´¸É ´Éμ´ ³¨. �ÉμÉ ¢Ò¢μ¤ ¶μ¤É¢¥·-
¦¤ ¥É¸Ö ¨ ¶·Ö³Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨ ¢ · ³± Ì ¸μ¸É ¢´ÒÌ ±¢ ·±μ¢ÒÌ ³μ¤¥²¥°

’ ¡²¨Í  3. ‚±² ¤Ò ¢ ³ ¸¸Ò ¡ ·¨μ´μ¢
¨ Î ¸É¨Í ¨§ ³¥§μ´´μ£μ ´μ´¥É  Mh μÉ
μ¤´μ£²Õμ´´μ£μ μ¡³¥´  (E�ƒ�), ¤¢ÊÌÎ -
¸É¨Î´´μ£μ ¨´¸É ´Éμ´´μ£μ (EI2), ¸Ê³³Ò
±¢ ·±μ¢ÒÌ ³ ¸¸ ¨ ¢±² ¤  ¸¨² ±μ´Ë °´-
³¥´É . Mexp

h Å Ô±¶¥·¨³¥´É ²Ó´Ò¥ §´ -
Î¥´¨Ö ³ ¸¸

�¤·μ´ M0
h E�ƒ� EI2 Mh Mexp

h

ρ 740 19 0 759 770

ω 740 19 0 759 780

K∗ 884 12 0 896 896

Φ 1028 8 0 1036 1020

N 1218 Ä29 Ä254 935 940

Λ 1362 Ä25 Ä224 1113 1116

Σ 1362 Ä19 Ä164 1179 1192

Ξ 1506 Ä19 Ä164 1323 1315

Δ 1218 29 0 1247 1236

Σ∗ 1362 22 0 1384 1386

Ξ∗ 1506 16 0 1522 1532

Ω 1650 12 0 1662 1672

¸ ¨´¸É ´Éμ´´Ò³¨ ¸¨² ³¨ ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ · §²¨Î´ÒÌ Ëμ·³ ¤²Ö ±¢ ·±μ-
¢ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° [73Ä75]. �ÉμÉ
·¥§Ê²ÓÉ É ¶μ²ÊÎ¨² É ±¦¥ ´¥§ ¢¨¸¨³μ¥
¶μ¤É¢¥·¦¤¥´¨¥ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ ¸¸
 ¤·μ´μ¢ ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¸ ÊÎ¥-
Éμ³ ¨´¸É ´Éμ´´ÒÌ ¢±² ¤μ¢ [76]. ‘
¢¥²¨Î¨´ ³¨ ¶ · ³¥É·μ¢, Ê± § ´´ÒÌ ¢
(57), ³ ¸¸Ò ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢
¶μ²ÊÎ¨²¨¸Ó ¸²¥¤ÊÕÐ¨³¨:

mπ = 344 ŒÔ‚ (140 ŒÔ‚),
mK = 628 ŒÔ‚ (498 ŒÔ‚),
mη = 709 ŒÔ‚ (550 ŒÔ‚),
mη′ = 1302 ŒÔ‚ (960 ŒÔ‚),

(58)

£¤¥ ¢ ¸±μ¡± Ì ¤ ´Ò ¨Ì Ô±¸¶¥·¨³¥´-
É ²Ó´Ò¥ §´ Î¥´¨Ö.

�Î¥¢¨¤´μ, ´ Ï  ¶·μ¸É Ö ³μ¤¥²Ó
¤ ¥É § ¢ÒÏ¥´´Ò¥ §´ Î¥´¨Ö ³ ¸¸ Î -
¸É¨Í ¨§ ¶¸¥¢¤μ¸± ²Ö·´μ£μ ´μ´¥É .
�·¨Î¨´  ÔÉμ£μ · ¸Ìμ¦¤¥´¨Ö ¢ Éμ³,
ÎÉμ ³Ò Ë ±É¨Î¥¸±¨ ¶·¥´¥¡·¥£²¨ · §-

´¨Í¥° ¢ · §³¥· Ì Î ¸É¨Í, μÉ´μ¸ÖÐ¨Ì¸Ö ± ¶¸¥¢¤μ¸± ²Ö·´μ³Ê ¨ ¢¥±Éμ·´μ³Ê
´μ´¥É ³. ˆ§¢¥¸É´μ, ÎÉμ ¢±² ¤ μ¤´μ£²Õμ´´μ£μ μ¡³¥´  § ¢¨¸¨É μÉ · §³¥· 
 ¤·μ´  ± ± ≈ 1/R [17],   ¨´¸É ´Éμ´´Ò° ¢±² ¤ ¢¥¤¥É ¸¥¡Ö ± ± ≈ 1/R3 [73].
‚ ¸²ÊÎ ¥ ¶¸¥¢¤μ¸± ²Ö·´μ£μ μ±É¥É  μ¡  μ¡³¥´ , μ¤´μ£²Õμ´´Ò° ¨ ¨´¸É ´Éμ´-
´Ò°, ¤ ÕÉ μÎ¥´Ó ¸¨²Ó´μ¥ ¶·¨ÉÖ¦¥´¨¥ ³¥¦¤Ê ±¢ ·± ³¨. �ÉμÉ ÔËË¥±É ¸¢Ö§ ´ ¸
¡μ²ÓÏμ° ¢¥²¨Î¨´μ° Í¢¥É-¸¶¨´μ¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö ÔÉ¨Ì ¸μ¸ÉμÖ´¨°
(¸³. É ¡². 1). �Éμ ¶·¨ÉÖ¦¥´¨¥ ¶·¨¢μ¤¨É ± ³ ²μ³Ê ÔËË¥±É¨¢´μ³Ê · ¤¨Ê¸Ê ¤²Ö
±¢ ·±- ´É¨±¢ ·±μ¢μ° ¸¨¸É¥³Ò. ” ±É¨Î¥¸±¨ ÔÉμÉ · §³¥· ¸É ´μ¢¨É¸Ö ¸· ¢´¨-
³Ò³ ¸ · §³¥·μ³ ¨´¸É ´Éμ´ . —Éμ¡Ò ÊÎ¥¸ÉÓ ¤ ´´Ò° ÔËË¥±É, ³Ò ¢¢¥¤¥³ ´μ¢Ò°
¶ · ³¥É· r = Reff/R ¢ ¨´¸É ´Éμ´´μ¥ ¨ μ¤´μ£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥. ŒÒ
¢Ò¡¥·¥³ R ≈ 1 Ë³ ¢ ± Î¥¸É¢¥ · §³¥·  μ¡ÒÎ´ÒÌ ¡ ·¨μ´μ¢. ’ ±¨³ μ¡· §μ³,
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¢ (56) ¤²Ö ¸²ÊÎ Ö ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ³Ò Ê³´μ¦¨³ ¢±² ¤ μ¤´μ£²Õμ´-
´μ£μ μ¡³¥´  ´  1/r,   ¨´¸É ´Éμ´´μ£μ Å ´  1/r3. 
μ²¥¥ Éμ£μ, É ± ± ± · §³¥·
¸¨¸É¥³Ò ¸É ´μ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ · §³¥·μ³ ¨´¸É ´Éμ´ , ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ É ±¦¥
Ëμ·³Ë ±Éμ· ¨´¸É ´Éμ´ 

F (r) ≈ e−2Nρc/Reff , (59)

£¤¥ ≈ 1/R2
eff ¥¸ÉÓ ¸·¥¤´ÖÖ ¢¨·ÉÊ ²Ó´μ¸ÉÓ ±¢ ·±μ¢ ¢ ¸¨¸É¥³¥, N = 2 ¨²¨ 3 ¤²Ö

¤¢ÊÌ- ¨ É·¥ÌÎ ¸É¨Î´ÒÌ ¨´¸É ´Éμ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸μμÉ¢¥É¸É¢¥´´μ. �μ¢Ò°
Ë¨É ³ ¸¸ Î ¸É¨Í ¶¸¥¢¤μ¸± ²Ö·´μ£μ μ±É¥É  ¤ ¥É §´ Î¥´¨Ö

mπ = 112 ŒÔ‚, mK = 498 ŒÔ‚, mη = 581 ŒÔ‚ (60)

¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³. ŒÒ É ±¦¥ ´ ¡²Õ¤ ¥³ ¸ÊÐ¥¸É¢¥´´μ¥
Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É¨¢´μ£μ · §³¥·  ¢ ¸¨¸É¥³ Ì ¸ ¸¨²Ó´Ò³ ¨´¸É ´Éμ´´Ò³ ¢§ -
¨³μ¤¥°¸É¢¨¥³. ’ ±, ´ Ï Ë¨É ¤ ¥É ¤²Ö ´¥£μ §´ Î¥´¨¥

Reff ≈ 0,72R, (61)

£¤¥ R ≈ 1 Ë³ ¥¸ÉÓ · §³¥· μ¡ÒÎ´ÒÌ  ¤·μ´μ¢. Šμ´¥Î´μ, ÔÉ  μÍ¥´±  ¤μ¢μ²Ó´μ
£·Ê¡ Ö, μ¤´ ±μ ¨ μ´  Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ±¢ ·±μ¢Ò¥ ¸¨¸É¥³Ò ¸ ¸¨²Ó´Ò³
¨´¸É ´Éμ´´Ò³ ¶·¨ÉÖ¦¥´¨¥³ ¤μ²¦´Ò ¡ÒÉÓ ¡μ²¥¥ ±μ³¶ ±É´Ò³¨ μ¡Ó¥±É ³¨ ¶μ
¸· ¢´¥´¨Õ ¸ μ¡ÒÎ´Ò³¨ ¸¨¸É¥³ ³¨∗.

4.3. „¨±¢ ·±-É·¨±¢ ·±μ¢ Ö ³μ¤¥²Ó ¤²Ö ¶¥´É ±¢ ·±  ¨ ¨´¸É ´Éμ´Ò.
‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ¡Ò²μ ¶μ± § ´μ ¸¨²Ó´μ¥ ¢²¨Ö´¨¥ ¨´¸É ´Éμ´μ¢ ´  ¤¨-
´ ³¨±Ê ¡¥cÍ¢¥É´ÒÌ ±¢ ·±μ¢ÒÌ ¸¨¸É¥³. ‡¤¥¸Ó ¡Ê¤¥É · ¸¸³μÉ·¥´μ ¶·¨²μ¦¥´¨¥
¨´¸É ´Éμ´´μ° ¤¨´ ³¨±¨ ± Í¢¥É´Ò³ ±¢ ·±μ¢Ò³ ¶μ¤¸¨¸É¥³ ³, ±μÉμ·Ò¥ Ëμ·³¨-
·ÊÕÉ¸Ö ¢ ¶¥´É ±¢ ·±μ¢μ° ¸¨¸É¥³¥. ‚´ Î ²¥ μ¡¸Ê¤¨³ ¢μ§³μ¦´Ò° ¢¨¤ ¢μ²´μ-
¢μ° ËÊ´±Í¨¨ Θ+ (ududs̄) ¢ ³μ¤¥²¨ ¸ ¸¨²Ó´Ò³¨ ±μ··¥²ÖÍ¨Ö³¨ ³¥¦¤Ê ±¢ ·-
± ³¨, ¨´¤ÊÍ¨·Ê¥³Ò³¨ ¨´¸É ´Éμ´ ³¨. � ¡²Õ¤ ¥³μ¥ ¸μ¸ÉμÖ´¨¥ Θ+ Ö¢²Ö¥É¸Ö
μÎ¥´Ó ²¥£±¨³ ¶¥´É ±¢ ·±μ¢Ò³  ¤·μ´´Ò³ ¸μ¸ÉμÖ´¨¥³ ¶μ ¸· ¢´¥´¨Õ ¸ μ¦¨¤ -
´¨Ö³¨ ¸μ¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ ¤²Ö É¨¶¨Î´μ° ³ ¸¸Ò ududs̄-¸¨¸É¥³Ò∗∗ ¨
¨³¥¥É μÎ¥´Ó ³ ²ÊÕ Ï¨·¨´Ê. �μÔÉμ³Ê ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ¢μ²´μ¢ Ö ËÊ´±-
Í¨Ö ¶¥´É ±¢ ·±  ¡Ê¤¥É ¨³¥ÉÓ ´¥μ¡ÒÎ´ÊÕ ¸É·Ê±ÉÊ·Ê. �¤´μ° ¨§ μ¸μ¡¥´´μ¸É¥°
¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ¥£μ ¸¨²Ó´ Ö  ·μ³ É´ Ö § ¢¨¸¨³μ¸ÉÓ.
’ ±, μ´μ ´¥ ¨¸Î¥§ ¥É Éμ²Ó±μ ¤²Ö · §²¨Î´ÒÌ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢. �μÔÉμ³Ê ¢

∗‚ ³μ¤¥²¨ ³¥Ï±μ¢ · §³¥· ¸¨¸É¥³Ò μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ³¨´¨³Ê³  ³ ¸¸Ò  ¤·μ´  ± ±
ËÊ´±Í¨¨ · ¤¨Ê¸  ³¥Ï±  R, ¨ ¶μÔÉμ³Ê ¸¨²Ó´μ¥ ¨´¸É ´Éμ´´μ¥ ¶·¨ÉÖ¦¥´¨¥ ¸¤¢¨£ ¥É ÔÉμÉ ³¨´¨³Ê³
¢ μ¡² ¸ÉÓ ³¥´ÓÏ¨Ì · §³¥·μ¢.

∗∗‹¥£±μ μÍ¥´¨ÉÓ ÔÉμ §´ Î¥´¨¥, ¨¸¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ´ Ï¥£μ Ë¨É  ¢ÒÏ¥: M(ududs̄) ≈
EB

0 + EM
0 + 4m0 + ms ≈ 2100 ŒÔ‚, ÎÉμ ³´μ£μ ¡μ²ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ §´ Î¥´¨Ö MΘ+ ≈

1540 ŒÔ‚.
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ud-¤¨±¢ ·±μ¢μ° ¸¨¸É¥³¥ ¸¨²Ó´μ¥ ¶·¨ÉÖ¦¥´¨¥ §  ¸Î¥É ¨´¸É ´Éμ´μ¢ ¢μ§³μ¦´μ ¢
± ´ ²¥ Éμ²Ó±μ ¸ ¶μ²´Ò³ ¨§μ¸¶¨´μ³ I = 0. ’ ±¨³ μ¡· §μ³, ¶·¥¤¶μÎÉ¨É¥²Ó´μ°
±μ´Ë¨£Ê· Í¨¥° ¢ udud-¶μ¤¸¨¸É¥³¥ ¤μ²¦´Ò ¡ÒÉÓ ¤¢  · §¤¥²¥´´ÒÌ ¨§μ¸± ²Ö·-
´ÒÌ ud-¤¨±¢ ·± . �¸É ¢Ï¨°¸Ö  ´É¨±¢ ·± s̄ ³μ¦¥É ¶·¨¸μ¥¤¨´¨ÉÓ¸Ö ± μ¤´μ³Ê
¨§ ¤¨±¢ ·±μ¢ ¨ μ¡· §μ¢ ÉÓ É·¨±¢ ·±μ¢ÊÕ uds̄-±μ´Ë¨£Ê· Í¨Õ ¢ ¨´¸É ´Éμ´-
´μ³ ¶μ²¥. ‚ ÔÉμ³ É·¨±¢ ·±μ¢μ³ ¸μ¸ÉμÖ´¨¨ ¢¸¥ ±¢ ·±¨ ¨³¥ÕÉ · §´Ò°  ·μ³ É,
¨ ¶μÔÉμ³Ê μ¦¨¤ ¥É¸Ö ³ ±¸¨³ ²Ó´Ò° ¢±² ¤ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.
„·Ê£μ° μ¸μ¡¥´´μ¸ÉÓÕ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö Éμ, ÎÉμ μ´μ
³ ±¸¨³ ²Ó´μ ¢ ¸¨¸É¥³ Ì ¸ ³¨´¨³ ²Ó´Ò³ μ¡Ð¨³ ¸¶¨´μ³. �μÔÉμ³Ê ±μ´Ë¨£Ê-
· Í¨Ö ¶¥´É ±¢ ·±  ¸ S = 1/2 uds̄-É·¨±¢ ·±μ³ ¨ S = 0 ud-¤¨±¢ ·±μ³ ¤μ²¦´ 
¡ÒÉÓ ¶·¥¤¶μÎÉ¨É¥²Ó´μ°. �±μ´Î É¥²Ó´ Ö ¸É·Ê±ÉÊ·  ¤²Ö ¶¥´É ±¢ ·±  ± ± ¸¢Ö-
§ ´´μ° ¸¨¸É¥³Ò É·¨±¢ ·±  ¨ ¤¨±¢ ·±  ¸ ¨´¸É ´Éμ´´Ò³¨ ¸¨² ³¨ ¢´ÊÉ·¨ ÔÉ¨Ì
±² ¸É¥·μ¢ ¶μ± § ´  ´  ·¨¸. 4, a, ´  ±μÉμ·μ³ É·¨±¢ ·± ¥¸ÉÓ ±¢ §¨¸¢Ö§ ´´μ¥ ¸μ-

�¨¸. 4. a) ’·¨±¢ ·±-¤¨±¢ ·±μ¢ Ö ¨´¸É ´Éμ´´ Ö ³μ¤¥²Ó ¤²Ö ¶¥´É ±¢ ·± ; ¡) ¨´¸É ´Éμ´-
´ Ö ¸É·Ê±ÉÊ·  ¤²Ö JW- ¨ SZ-³μ¤¥²¥°. I(A) μ¡μ§´ Î ¥É ¨´¸É ´Éμ´ ( ´É¨¨´¸É ´Éμ´);
ÏÉ·¨Ìμ¢Ò³¨ ²¨´¨Ö³¨ μ¡μ§´ Î¥´Ò £²Õμ´´Ò¥ μ¡³¥´Ò

¸ÉμÖ´¨¥ ¢ ¶μ²¥ ¨´¸É ´Éμ´  ( ´É¨¨´¸É ´Éμ´ ),   ¤¨±¢ ·± Ö¢²Ö¥É¸Ö ¸¢Ö§ ´´Ò³
¸μ¸ÉμÖ´¨¥³ ¢ ¶μ²¥  ´É¨¨´¸É ´Éμ´  (¨´¸É ´Éμ´ )∗. —Éμ¡Ò ´¥ ¤μ¶Ê¸É¨ÉÓ ¸²¨Ö-
´¨Ö É·¨±¢ ·±-¤¨±¢ ·±μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¥¤¨´Ò° ¡¥¸Í¢¥É´Ò° ±² ¸É¥· ududs̄,
¢ ±μÉμ·μ³, ± ± μ¦¨¤ ¥É¸Ö, ¢§ ¨³μ¤¥°¸É¢¨¥ Î¥·¥§ ¨´¸É ´Éμ´Ò ¡Ê¤¥É ´ ³´μ£μ
¸² ¡¥¥ ¨§-§  ¶·¨´Í¨¶  � Ê²¨ ¢ ¨´¸É ´Éμ´´μ³ ¶μ²¥ ¤²Ö ±¢ ·±μ¢ μ¤¨´ ±μ-
¢μ£μ  ·μ³ É , ¥¸É¥¸É¢¥´´μ ¶·¥¤¶μ²μ¦¨ÉÓ ´ ²¨Î¨¥ ´¥´Ê²¥¢μ£μ μ·¡¨É ²Ó´μ£μ

∗•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ¶·¨ÉÖ¦¥´¨¥ (μÉÉ ²±¨¢ ´¨¥) ³¥¦¤Ê ¶¸¥¢¤μÎ ¸É¨Í ³¨ ¸
μ¤¨´ ±μ¢Ò³¨ (¶·μÉ¨¢μ¶μ²μ¦´Ò³¨) §´ Î¥´¨Ö³¨ Éμ¶μ²μ£¨Î¥¸±¨Ì § ·Ö¤μ¢. �μÔÉμ³Ê ¨´¸É ´Éμ´-
 ´É¨¨´¸É ´Éμ´´ Ö (IA) (¸³. ·¨¸. 4) ±μ´Ë¨£Ê· Í¨Ö ¨³¥¥É ³¥´ÓÏÊÕ Ô´¥·£¨Õ ¶μ ¸· ¢´¥´¨Õ ¸ II-
¨ AA-±μ´Ë¨£Ê· Í¨Ö³¨.
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³μ³¥´É  L = 1 ¢ É·¨±¢ ·±-¤¨±¢ ·±μ¢μ° ¸¨¸É¥³¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ Í¥´É·μ¡¥¦-
´Ò° ¡ ·Ó¥· ´¥ ¶μ§¢μ²Ö¥É Í¢¥É´Ò³ ±² ¸É¥· ³ ¸¨²Ó´μ ¶¥·¥±·Ò¢ ÉÓ¸Ö ¨ ¶μÔÉμ³Ê
§ ¶·¥Ð ¥É Ëμ·³¨·μ¢ ´¨¥ ³¥´¥¥ ¸¢Ö§ ´´μ£μ ¶¥´É ±¢ ·±μ¢μ£μ ±² ¸É¥· .

’ ¡²¨Í  4. –¢¥É-¸¶¨´μ¢Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μ£²Õμ´´μ£μ ¨ ¨´¸É ´Éμ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨° ¤²Ö É·¨±¢ ·±μ¢μ£μ uds̄- ¨ ¤¨±¢ ·±μ¢μ£μ ud-¸μ¸ÉμÖ´¨°

‘μ¸ÉμÖ´¨¥ M�ƒ�
00 M�ƒ�

0s MI2
00 MI2

0s MI3

ud 8 0 3 0 0

〈A|H |A〉 8 0 3 9/4 9/2

〈B|H |B〉 4/3 40/3 3/2 51/8 27/4

〈A|H |B〉 0 −(96)1/2 0 −(243/32)1/2 −(243/8)1/2

ŒÒ É ±¦¥ ¤μ²¦´Ò § ³¥É¨ÉÓ, ÎÉμ, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ¢¥·μÖÉ´μ¸ÉÓ
¶¥´É ±¢ ·±μ¢μ° ±μ´Ë¨£Ê· Í¨¨, ¸μ¸É ¢²¥´´μ° ¨§ ¤¢ÊÌ ud-¤¨±¢ ·±μ¢ÒÌ ±² -
¸É¥·μ¢ ¨ μÉ¤¥²Ó´μ£μ  ´É¨±¢ ·±  s̄, ¶μ± § ´´ Ö ´  ·¨¸. 4, ¡∗, ¤μ²¦´  ¡ÒÉÓ
¶μ¤ ¢²¥´  ¤μ¶μ²´¨É¥²Ó´Ò³ Ë ±Éμ·μ³, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ ³ ²μ° ¶²μÉ´μ¸É¨
¨´¸É ´Éμ´μ¢ ¢ Š•„-¢ ±ÊÊ³¥, f = neffπ2ρ4

c ≈ 1/10, ¶μ ¸· ¢´¥´¨Õ ¸ É·¨±¢ ·±-
¤¨±¢ ·±μ¢μ° ±μ´Ë¨£Ê· Í¨¥° (·¨¸. 4, a). ‘μ£² ¸´μ ¶·¨´Í¨¶Ê � Ê²¨ ¢ I = 0
uds̄-É·¨±¢ ·±¥ ud-¤¨±¢ ·± ³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö ²¨¡μ ¢ ¸μ¸ÉμÖ´¨¨ ¸μ ¸¶¨´μ³
S = 0 ¨ Í¢¥Éμ³ 3̄c (¸μ¸ÉμÖ´¨¥ A), ²¨¡μ ¢ ¸μ¸ÉμÖ´¨¨ ¸ S = 1 ¨ 6c (¸μ-
¸ÉμÖ´¨¥ B). ‚ KL-³μ¤¥²¨ ¡Ò²μ · ¸¸³μÉ·¥´μ Éμ²Ó±μ ¸μ¸ÉμÖ´¨¥ ‚. �¤´ ±μ ³Ò
¤μ²¦´Ò ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ¸¨²Ó´μ¥ ¸³¥Ï¨¢ ´¨¥ ³¥¦¤Ê ÔÉ¨³¨ ¤¢Ê³Ö
É·¨±¢ ·±μ¢Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, ¢Ò§¢ ´´μ¥ ± ± μ¤´μ£²Õμ´´Ò³, É ± ¨ ¨´¸É ´Éμ´-
´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨ (¸³. ´¨¦¥). �μÔÉμ³Ê ¥£μ ÊÎ¥É Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³∗∗.
‚ É ¡². 4 ¶·¥¤¸É ¢²¥´Ò ¤¨ £μ´ ²Ó´Ò¥ (〈A|H |A〉, 〈B|H |B〉) ¨ ´¥¤¨ £μ´ ²Ó´Ò¥
(〈A|H |B〉) Í¢¥É-¸¶¨´μ¢Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μ£²Õμ´´μ£μ ¨ ¨´¸É ´Éμ´-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨° ¤²Ö uds̄-É·¨±¢ ·±  ¨ ¸± ²Ö·´μ£μ-¨§μ¸± ²Ö·´μ£μ ud-¤¨-
±¢ ·± . „²Ö ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Ò É ±¦¥ ¢±²ÕÎ¨²¨ É·¥ÌÎ ¸É¨Î-
´Ò¥ Í¢¥É-¸¶¨´μ¢Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M I3 μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö (48). …£μ
ÉμÎ´ Ö Ëμ·³  ¤²Ö uds̄ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

EI3
uds̄ = b3

[
1 +

3
32

(λa
uλa

d − λa
uλa

s̄ − λa
dλa

s̄) +
9
32

(σu · σdλ
a
uλa

d + perm.)+

+
9

320
dabcλa

uλb
dλ

c
s̄(1 − 3(σu · σd − σu · σs̄ − σd · σs̄))−

− 9
64

fabcλa
uλb

dλ
c
s̄(σu × σd) · σs̄

]
. (62)

∗’ ± Ö ¸É·Ê±ÉÊ·  ¶¥´É ±¢ ·±  ¶·¥¤¶μ² £ ² ¸Ó, ´ ¶·¨³¥·, ¢ JW- ¨ SZ-³μ¤¥²ÖÌ.
∗∗„·Ê£μ° É¨¶ ¸³¥Ï¨¢ ´¨Ö ¢ ¶¥´É ±¢ ·±μ¢μ° ¸¨¸É¥³¥ μ¡¸Ê¦¤ ²¸Ö ´¥¤ ¢´μ ¢ [63].
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ˆ§ É ¡². 4 ¸²¥¤Ê¥É, ÎÉμ μ¤´μ£²Õμ´´Ò¥ ¨ ¨´¸É ´Éμ´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
¤ ÕÉ ¸¨²Ó´μ¥ ¶·¨ÉÖ¦¥´¨¥ ¢ ¤¨±¢ ·±μ¢μ³ ¨ É·¨±¢ ·±μ¢μ³ ± ´ ² Ì. ’ ±, ´ -
¶·¨³¥·, ¸· ¢´¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢ É ¡². 1 ¨ 4, ¢ ¶·¥¤¥²¥
SU(3)f -¸¨³³¥É·¨¨, ¶μ± §Ò¢ ¥É, ÎÉμ ¤²Ö É·¨±¢ ·±  ¢ B-¸μ¸ÉμÖ´¨¨ ¶·¨ÉÖ¦¥-
´¨¥ ¤ ¦¥ ¡μ²ÓÏ¥, Î¥³ ¢ £μ²¤¸ÉμÊ´μ¢¸±μ³ ¶¨μ´¥! �μÔÉμ³Ê ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ
¸ÊÐ¥¸É¢Ê¥É μÎ¥´Ó ²¥£±¨° ±² ¸É¥· ¶μ·Ö¤±  · §³¥·  ¶¨μ´ . ŒÒ É ±¦¥ ¢¨¤¨³,
ÎÉμ ´¥¤¨ £μ´ ²Ó´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ A ¨ B ¤μ¢μ²Ó´μ
¡μ²ÓÏ¨¥, ¨ Ë¨§¨Î¥¸±¨¥ ¸μ¸ÉμÖ´¨Ö ¶μÖ¢²ÖÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¸³¥Ï¨¢ ´¨Ö ³¥¦¤Ê
´¨³¨. ’·¥ÌÎ ¸É¨Î´Ò¥ ¸¨²Ò ¤ ÕÉ μÉÉ ²±¨¢ ´¨¥ ¢ μ¡μ¨Ì ¸μ¸ÉμÖ´¨ÖÌ ¨§-§  ¶·μ-
É¨¢μ¶μ²μ¦´μ£μ §´ ±  ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¸· ¢´¥´¨Õ ¸ ¤¢ÊÌÎ ¸É¨Î´Ò³¨ ¸¨² ³¨
(54). �±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¢±² ¤  É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨² § ¢¨¸¨É μÉ ¶¥-
·¥±·Ò¢ ´¨Ö ³¥¦¤Ê ±¢ ·±μ¢Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¢ ¸¨¸É¥³¥. ŒÒ μÍ¥´¨³
ÔÉμÉ ¢±² ¤, ¨¸¶μ²Ó§ÊÖ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ³μ¤¥²¨ ³¥Ï±μ¢:

ΔMI3 ≈ −0,03M I3ΔMN
I2

4π2ρ2
c

3msR3r6
e4ρc/R(1−3/2r), (63)

£¤¥ ΔMN
I2 Å ¨´¸É ´Éμ´´Ò° ¢±² ¤ ¢ ³ ¸¸Ê ´Ê±²μ´ ; r = Rtri/R; ³Ò ÊÎ²¨

· §´¨ÍÊ ¢ Ëμ·³Ë ±Éμ· Ì ¤²Ö ¤¢ÊÌ- ¨ É·¥ÌÎ ¸É¨Î´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (59).
�μ² £ ¥³, ÎÉμ, ¢¢¨¤Ê ¶·¨³¥·´μ£μ · ¢¥´¸É¢  ¸¨² ¢ ¶¸¥¢¤μ¸± ²Ö·´μ³ μ±É¥É¥
³¥§μ´μ¢, ¢ É·¨±¢ ·±¥ ¨ ¤¨±¢ ·±¥ · §³¥·Ò ÔÉ¨Ì ¸¨¸É¥³ ¤μ²¦´Ò ¡ÒÉÓ ¶·¨³¥·´μ
· ¢´Ò. �μÔÉμ³Ê ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¥¤¨´Ò° ¶ · ³¥É·

r = Reff/R ≈ Rtri/r ≈ Rdi/R (64)

¤²Ö ¢¸¥Ì ÔÉ¨Ì ¸¨¸É¥³. �±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³

• ¤¨±¢ ·±: Mdi = 442 ŒÔ‚, M0di = 740 ŒÔ‚,

ΔM�ƒ� = −24 ŒÔ‚, ΔMI2 = −274 ŒÔ‚;
• É·¨±¢ ·± A: Mtri = 955 ŒÔ‚, M0tri = 1362 ŒÔ‚,

ΔM�ƒ� = −40 ŒÔ‚, ΔMI2 = −407 ŒÔ‚, ΔMI3 = 40 ŒÔ‚;
(65)

• É·¨±¢ ·± B: Mtri = 859 ŒÔ‚, M0tri = 1362 ŒÔ‚,

ΔM�ƒ� = −50 ŒÔ‚, ΔMI2 = −513 ŒÔ‚, ΔMI3 = 60 ŒÔ‚;
• ´¥¤¨ £μ´ ²Ó´Ò° ¶¥·¥Ìμ¤ AB: ΔM�ƒ� = 32 ŒÔ‚, ΔMI2 = 164 ŒÔ‚,

ΔMI3 = −49 ŒÔ‚,

£¤¥ M0 Å ³ ¸¸  ¸μ¸ÉμÖ´¨Ö ¡¥§ ¢±² ¤  μ¤´μ£²Õμ´´μ£μ ¨ ¨´¸É ´Éμ´´μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨°. ˆ§ (65) ¸²¥¤Ê¥É, ÎÉμ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¨´¸É ´Éμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
¤ ¥É μÎ¥´Ó ¡μ²ÓÏμ° μÉ·¨Í É¥²Ó´Ò° ¢±² ¤ ¢ ³ ¸¸Ò ¤¨±¢ ·±  ¨ É·¨±¢ ·±μ¢. ‚
Éμ ¦¥ ¢·¥³Ö ¢±² ¤ μ¤´μ£²Õμ´´μ£μ μ¡³¥´  ³ ²¥´Ó±¨°. �μ¸²¥ ¤¨ £μ´ ²¨§ Í¨¨
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³ É·¨ÍÒ ³ ¸¸ ¤²Ö A- ¨ B-¸μ¸ÉμÖ´¨° ¶μ²ÊÎ ÕÉ¸Ö ¤¢  ¸³¥Ï ´´ÒÌ É·¨±¢ ·±μ-
¢ÒÌ ¸μ¸ÉμÖ´¨Ö:

M tri
light = 753 ŒÔ‚ ¨ M tri

heavy = 1061 ŒÔ‚. (66)

‘· ¢´¨¢ Ö ³ ¸¸Ò ´¥¸³¥Ï ´´ÒÌ (65) ¨ ¸³¥Ï ´´ÒÌ (66) ¸μ¸ÉμÖ´¨°, ¢¨¤¨³, ÎÉμ
¸³¥Ï¨¢ ´¨¥ ¢´μ¸¨É ¸ÊÐ¥¸É¢¥´´Ò° ÔËË¥±É ¢ ¸¶¥±É·μ¸±μ¶¨Õ É·¨±¢ ·±μ¢ÒÌ
¸μ¸ÉμÖ´¨°. ’ ±, μ´μ Ê¢¥²¨Î¨¢ ¥É · §´¨ÍÊ ³ ¸¸ ³¥¦¤Ê ¤¢Ê³Ö ¸μ¸ÉμÖ´¨Ö³¨ ¸ 96
¤μ 308 ŒÔ‚. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ¶μÖ¢²Ö¥É¸Ö μÎ¥´Ó ²¥£±μ¥ uds̄-É·¨±¢ ·±μ¢μ¥
¸μ¸ÉμÖ´¨¥ ¸ ³ ¸¸μ° 753 ŒÔ‚. �Éμ ¸μ¸ÉμÖ´¨¥ μ± §Ò¢ ¥É¸Ö ¡μ²¥¥ Î¥³ ´ 
360 ŒÔ‚ ¸¢Ö§ ´´¥¥, Î¥³ ²¥£Î °Ï¥¥ uds Λ-¸μ¸ÉμÖ´¨¥. �·¨Î¨´  ÔÉμ£μ μÎ¥-
¢¨¤´ . ˆ μ¤´μ£²Õμ´´μ¥, ¨ ¨´¸É ´Éμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨¢μ¤ÖÉ ± ¶·¨ÉÖ-
¦¥´¨Õ ¢ ±¢ ·±- ´É¨±¢ ·±μ¢μ³ ± ´ ²¥, ±μÉμ·μ¥ ¢ ¤¢  · §  ¡μ²ÓÏ¥ ¶·¨ÉÖ¦¥´¨Ö
¢ ±¢ ·±-±¢ ·±μ¢μ³ ± ´ ²¥. ’ ±¨³ μ¡· §μ³, μ± §Ò¢ ¥É¸Ö, ÎÉμ ³ ¸¸  É·¨±¢ ·-
±μ¢μ£μ ±² ¸É¥·  ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥, Î¥³ ¸Ê³³  ³ ¸¸ K-³¥§μ´  ¨ ±μ´¸É¨ÉÊ-
¥´É´ÒÌ u- ¨ d-±¢ ·±μ¢. �μÔÉμ³Ê ¶¥´É ±¢ ·± ´¥ ³μ¦¥É ¤¨¸¸μÍ¨¨·μ¢ ÉÓ ´ 
Ku(d)-¸¨¸É¥³Ê. ’ ±¨³ μ¡· §μ³, Θ+ ± ± ¸¨¸É¥³  ¨§ ²¥£±¨Ì É·¨±¢ ·±μ¢ÒÌ
¨ ¤¨±¢ ·±μ¢ÒÌ ±² ¸É¥·μ¢ ³μ¦¥É · ¸¶ ¤ ÉÓ¸Ö Éμ²Ó±μ §  ¸Î¥É μ¡³¥´  ±¢ ·-
± ³¨ ³¥¦¤Ê ÔÉ¨³¨ ±² ¸É¥· ³¨. �¤´ ±μ ÔÉμÉ μ¡³¥´ ¸¨²Ó´μ ¶μ¤ ¢²¥´ ´¥´Ê-
²¥¢Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ L = 1 ³¥¦¤Ê ±² ¸É¥· ³¨. ’ ±¨³ μ¡· §μ³,
³ ²ÊÕ ´ ¡²Õ¤ ¥³ÊÕ Ï¨·¨´Ê Θ+ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ Í¥´É·μ¡¥¦´Ò³ ¡ ·Ó¥·μ³
³¥¦¤Ê ±² ¸É¥· ³¨. „·Ê£μ° ÉÖ¦¥²Ò° É·¨±¢ ·± ¸ ³ ¸¸μ° 1061 ŒÔ‚ (66) ³μ¦¥É
²¥£±μ ¤¨¸¸μÍ¨¨·μ¢ ÉÓ ¢ Ku(d)-¸¨¸É¥³Ê. ‘μ¸ÉμÖ´¨¥, ±μÉμ·μ¥ ¢±²ÕÎ ¥É ÔÉμÉ
É·¨±¢ ·±, ¤μ²¦´μ ²¥¦ ÉÓ ¶·¨³¥·´μ ´  300 ŒÔ‚ ¢ÒÏ¥ Θ+ ¨ ¨³¥ÉÓ ¡μ²Ó-
ÏÊÕ Ï¨·¨´Ê. � Ï  ³μ¤¥²Ó ¤ ¥É ¤μ¢μ²Ó´μ ³ ²ÊÕ ¢¥²¨Î¨´Ê ³ ¸¸Ò (442 ŒÔ‚)
¤²Ö S = 0, I = 0 ud-¤¨±¢ ·± . �É  ³ ¸¸  ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ μÍ¥´±μ°
≈ 420 ŒÔ‚ ¤²Ö ÔÉμ£μ ¤¨±¢ ·± , ¶μ²ÊÎ¥´´μ° ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¸ ÊÎ¥Éμ³
¨´¸É ´Éμ´μ¢ [77].

�Í¥´¨³ ¶μ²´ÊÕ ³ ¸¸Ê Θ+ ± ± ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ É·¨±¢ ·±μ¢μ£μ
±² ¸É¥·  ¸ ³ ¸¸μ° 753 ŒÔ‚ ¨ ¤¨±¢ ·±  ¸ ³ ¸¸μ° 442 ŒÔ‚, ¢ ¸μ¸ÉμÖ´¨¨
L = 1 ¶μ μ·¡¨É ²Ó´μ³Ê ³μ³¥´ÉÊ. �·¨¢¥¤¥´´ Ö ³ ¸¸  ¤²Ö É ±μ° É·¨±¢ ·±-
¤¨±¢ ·±μ¢μ° ¸¨¸É¥³Ò · ¢´  M tri−di

red = 279 ŒÔ‚. �É  ³ ¸¸  ¶·¨¡²¨§¨-
É¥²Ó´μ · ¢´  ®ÔËË¥±É¨¢´μ°¯ ¶·¨¢¥¤¥´´μ° ³ ¸¸¥ ¸É· ´´ÒÌ ±¢ ·±μ¢ ¢ Φ-³¥-
§μ´¥, MΦ

red ≈ MΦ/4 = 255 ŒÔ‚. „²Ö ¤¢ÊÌ ¸É· ´´ÒÌ ±¢ ·±μ¢ Ô´¥·£¨Ö μ·¡¨-
É ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¸ L = 1 ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´  ¶μ Ô±¸¶¥·¨³¥´É ²Ó´μ°
· §´¨Í¥ ³ ¸¸ ³¥¦¤Ê Φ-³¥§μ´μ³ ¨ L = 1 f1(1420)-¸μ¸ÉμÖ´¨¥³

ΔE(L = 1) ≈ Mf1(1420) − MΦ = 400 ŒÔ‚. (67)

�·¥´¥¡·¥£ Ö ³ ²μ° · §´μ¸ÉÓÕ ³ ¸¸ ³¥¦¤Ê ¶·¨¢¥¤¥´´Ò³¨ ³ ¸¸ ³¨ ¢ ¸¨¸É¥³¥
¸É· ´´ÒÌ ±¢ ·±μ¢ ¨ É·¨±¢ ·±-¤¨±¢ ·±μ¢μ° ¸¨¸É¥³¥, ³μ¦´μ μÍ¥´¨ÉÓ ³ ¸¸Ê
²¥£±μ£μ ¶¥´É ±¢ ·±  ¢ É·¨±¢ ·±-¤¨±¢ ·±μ¢μ° ±² ¸É¥·´μ° ³μ¤¥²¨ ¸ ¨´¸É ´-
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Éμ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³:

MΘ+ = M tri
light + Mdi + ΔE(L = 1) ≈ 1595 ŒÔ‚, (68)

ÎÉμ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥.
‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ´ Ï  μÍ¥´±  L = 1 Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¶·¨-

³¥·´μ ´  Ë ±Éμ· 2 ¡μ²ÓÏ¥ μÍ¥´±¨ KL (207 ŒÔ‚) [60]. �Í¥´±  KL ¡Ò²  ¶μ-
²ÊÎ¥´  ¢ ¶·¥¤¶μ²μ¦¥´¨¨ ¶·¨³¥·´μ£μ · ¢¥´¸É¢  ¶·¨¢¥¤¥´´ÒÌ ³ ¸¸ É·¨±¢ ·±-
¤¨±¢ ·±μ¢μ° ¨ cs̄-¸¨¸É¥³. ‚ ÔÉμ³ ¶μ¤Ìμ¤¥ Ô´¥·£¨Ö μ·¡¨É ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö
¡· ² ¸Ó · ¢´μ° Ô´¥·£¨¨ L = 1 ¢μ§¡Ê¦¤¥´¨Ö ¢ Ds-³¥§μ´ Ì. „μ¡ ¢μÎ´μ¥ ¶·¥¤-
¶μ²μ¦¥´¨¥  ¢Éμ·μ¢ ¸μ¸ÉμÖ²μ ¢ ¨´É¥·¶·¥É Í¨¨ ´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö Ds(2317) [80]
± ± 0+-¢μ§¡Ê¦¤¥´¨Ö 0−Ds(1969)-¸μ¸ÉμÖ´¨Ö. ŒÒ ´¥ ÌμÉ¨³ μ¡¸Ê¦¤ ÉÓ §¤¥¸Ó
¤μ¢μ²Ó´μ ¶·μÉ¨¢μ·¥Î¨¢Ò° ¸É ÉÊ¸ Ds(2317)-¸μ¸ÉμÖ´¨Ö ¢ ¸μ¸É ¢´μ° ±¢ ·±μ-
¢μ° ³μ¤¥²¨∗, Éμ²Ó±μ ÌμÉ¨³ μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¤²Ö É·¨±¢ ·±-
¤¨±¢ ·±μ¢μ° ¸¨¸É¥³Ò 458 ŒÔ‚ ¢ ¨Ì Ê· ¢´¥´¨¨ (2.4) ¡Ò²  ¶μ²ÊÎ¥´  ¡¥§ ÊÎ¥É 
¢±² ¤  μÉ ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö. �μ¸²¥ ¢±²ÕÎ¥´¨Ö ÔÉμ£μ ÔËË¥±É  ³ ¸¸ 
É·¨±¢ ·±  ¶μ²ÊÎ ¥É¸Ö · ¢´μ° 890 ŒÔ‚,   ³ ¸¸  ¤¨±¢ ·±  495 ŒÔ‚. ‚ ·¥-
§Ê²ÓÉ É¥ ±μ··¥±É´ Ö ¶·¨¢¥¤¥´´ Ö ³ ¸¸  ¢ KL-³μ¤¥²¨ · ¢´  318 ŒÔ‚, ÎÉμ
´ ³´μ£μ ³¥´ÓÏ¥ ¶·¨¢¥¤¥´´μ° ³ ¸¸Ò ¢ cs̄-¸¨¸É¥³¥ 410 ŒÔ‚ ¨§ [60]. Œμ¦´μ
μÍ¥´¨ÉÓ Ô´¥·£¨Õ μ·¡¨É ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¢ KL-³μ¤¥²¨, ¨¸¶μ²Ó§ÊÖ ¶·μ¸ÉÊÕ
§ ¢¨¸¨³μ¸ÉÓ ÔÉμ° Ô´¥·£¨¨ μÉ ¶·¨¢¥¤¥´´μ° ³ ¸¸Ò [78]∗∗

ΔE(L = 1) ∝ M
−n/(n+2)
red . (69)

�Éμ Ê· ¢´¥´¨¥ ¶μ²ÊÎ ¥É¸Ö ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¸ ¶μÉ¥´Í¨ ²μ³
±μ´Ë °´³¥´É  ∝ rn. ‚Ò¡¨· Ö n = 1 ¢ (69) ¨ ¨¸¶μ²Ó§ÊÖ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ
¨´Ëμ·³ Í¨Õ μ ¢¥²¨Î¨´¥ L = 1 Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¢ ss̄-¸¨¸É¥³¥, ¶μ²ÊÎ ¥³

ΔE(L = 1)corrKL ≈ 370 ŒÔ‚. (70)

�É  ¢¥²¨Î¨´  ´ ³´μ£μ ¡μ²ÓÏ¥ μ·¨£¨´ ²Ó´μ° μÍ¥´±¨ [60] 207 ŒÔ‚ ¨ ¤μ²¦´ 
¶·¨¢μ¤¨ÉÓ ± ¸ÊÐ¥¸É¢¥´´μ³Ê μÉ±²μ´¥´¨Õ ¨Ì μ±μ´Î É¥²Ó´μ£μ ·¥§Ê²ÓÉ É  ¤²Ö
³ ¸¸Ò Θ+ μÉ Ô±¸¶¥·¨³¥´É .

’ ±¨³ μ¡· §μ³, ¢ ¤ ´´μ³ · §¤¥²¥ μ¡¸Ê¦¤ ² ¸Ó É·¨±¢ ·±-¤¨±¢ ·±μ¢ Ö ³μ-
¤¥²Ó ¤²Ö ¶¥´É ±¢ ·± , ¡ §¨·ÊÕÐ Ö¸Ö ´  ¢§ ¨³μ¤¥°¸É¢¨¨, ¨´¤ÊÍ¨·Ê¥³μ³ ¨´-
¸É ´Éμ´ ³¨. �μ± § ´μ, ÎÉμ ÔÉμ ¸¨²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ±μÉμ·μ¥ μÉ¢¥É¸É¢¥´´μ
§  μ¡· §μ¢ ´¨¥ ²¥£±μ£μ μ±É¥É  ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢, ¶·¨¢μ¤¨É É ±¦¥

∗„μ¢μ²Ó´μ É·Ê¤´μ μ¡ÑÖ¸´¨ÉÓ ³ ²ÊÕ ´ ¡²Õ¤ ¥³ÊÕ ³ ¸¸Ê ÔÉμ£μ ³¥§μ´  ¢ ±¢ ·±μ¢μ° ³μ¤¥²¨
(¸³. ¸¸Ò²±¨ ¢ [80]).

∗∗�¢Éμ· ¡² £μ¤ ·¥´ ‘. ƒ¥· ¸¨³μ¢Ê §  ¶²μ¤μÉ¢μ·´μ¥ μ¡¸Ê¦¤¥´¨¥ ¶·μ¡²¥³Ò μÍ¥´±¨ Ô´¥·£¨¨
μ·¡¨É ²Ó´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ¢ ¸μ¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨.
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± μÎ¥´Ó ²¥£±¨³ Í¢¥É´Ò³ uds̄-É·¨±¢ ·±Ê ¨ ud-¤¨±¢ ·±Ê. ‚ ·¥§Ê²ÓÉ É¥ ¶μ-
Ö¢²Ö¥É¸Ö Ê´¨± ²Ó´ Ö ¢μ§³μ¦´μ¸ÉÓ μ¡ÑÖ¸´¨ÉÓ ³ ²Ò¥ ´ ¡²Õ¤ ¥³Ò¥ §´ Î¥´¨Ö
³ ¸¸Ò ¨ Ï¨·¨´Ò Θ+. ˆ³¥ÕÉ¸Ö É ±¦¥ ¤·Ê£¨¥ ¢μ§³μ¦´Ò¥ ¸¨£´ ²Ò ¤²Ö ¸Ê-
Ð¥¸É¢μ¢ ´¨Ö μÎ¥´Ó ²¥£±μ£μ uds̄-É·¨±¢ ·±μ¢μ£μ ¸μ¸ÉμÖ´¨Ö. �¤´μ° ¨§ ¨´-
É¥·¥¸´ÒÌ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ ¸¨¸É¥³ ¸ μ¦¨¤ ¥³μ° ³ ²μ° Ï¨·¨´μ° ³μ£²  ¡Ò
¡ÒÉÓ É·¨±¢ ·±- ´É¨É·¨±¢ ·±μ¢ Ö ¸¨¸É¥³  ¸ ´¥´Ê²¥¢Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´-
Éμ³. �Í¥´±¨ ³ ¸¸Ò É ±μ° ¸¨¸É¥³Ò ¢ L = 1 ¸μ¸ÉμÖ´¨¨ ¢ ´ Ï¥° ³μ¤¥²¨ ¤ ÕÉ
§´ Î¥´¨¥

Mtri−antitri = 2M tri
light + ΔE(L = 1, Mred = 377 ŒÔ‚) ≈ 1860 ŒÔ‚. (71)

�É  ³ ¸¸  ´¥³´μ£μ ³¥´ÓÏ¥ ³ ¸¸ ¤¢ÊÌ ´Ê±²μ´μ¢ 2MN = 1880 ŒÔ‚, ¨ ¶μ-
ÔÉμ³Ê ¤ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¨§ É·¨±¢ ·±  ¨  ´É¨É·¨±¢ ·±  ³μ¦¥É ¡ÒÉÓ ± ´¤¨¤ -
Éμ³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ¡μ²ÓÏμ£μ μ±μ²μ¶μ·μ£μ¢μ£μ ¸¥Î¥´¨Ö ¢ pp̄-¸¶¥±É·¥ ¢ ·¥ ±-
Í¨¨ J/Ψ → γpp̄, μ¡´ ·Ê¦¥´´μ£μ ±μ²² ¡μ· Í¨¥° BES [79].

Œμ¦´μ É ±¦¥ · ¸¸³μÉ·¥ÉÓ ¸¢μ°¸É¢  ¸¨¸É¥³, ¸μ¸ÉμÖÐ¨Ì ¨§ ²¥£±μ£μ
(uds̄)-É·¨±¢ ·±  ¨  ´É¨¸¨³³¥É·¨Î´ÒÌ ¶μ  ·μ³ ÉÊ us- ¨ ds-¤¨±¢ ·±μ¢. ‚ · ³-
± Ì ´ Ï¥° ³μ¤¥²¨ us- ¨ ds-¤¨±¢ ·±¨ ¤μ²¦´Ò ¡ÒÉÓ ÉÖ¦¥²¥¥ ´  250 ŒÔ‚,
¶μÔÉμ³Ê ³ ¸¸Ò ÔÉ¨Ì ¸¨¸É¥³ ¤μ²¦´Ò ¡ÒÉÓ ¶μ·Ö¤±  1800 ŒÔ‚. ŒÒ ¤μ²¦´Ò μÉ-
³¥É¨ÉÓ, ÎÉμ ´¥ μ¦¨¤ ¥³ μÎ¥´Ó Ê§±¨Ì ¸μ¸ÉμÖ´¨° ¸ ud̄s- ¨²¨ dūs-É·¨±¢ ·±μ¢Ò³¨
±² ¸É¥· ³¨ ¢´ÊÉ·¨. �·¨Î¨´  ÔÉμ£μ ¶·μ¸É . ˆ§-§  ³ ²μ° ³ ¸¸Ò ¶¨μ´  ÔÉμÉ É·¨-
±¢ ·± ³μ¦¥É ²¥£±μ · ¸¶ ¤ ÉÓ¸Ö ´  ¶¨μ´ ¨ ¸μ¸É ¢²ÖÕÐ¨° ¸É· ´´Ò° ±¢ ·±∗.
‘²¥¤Ê¥É É ±¦¥ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¡² £μ¤ ·Ö ¸¶¥Í¨Ë¨Î¥¸±¨³ ¸¢μ°¸É¢ ³ ²¥£-
±μ£μ ±¢ ·±μ¢μ£μ uds̄-¸μ¸ÉμÖ´¨Ö μ´μ ¤μ²¦´μ ¨£· ÉÓ ¢ ¦´ÊÕ ·μ²Ó ´¥ Éμ²Ó±μ
¢ ¸¶¥±É·μ¸±μ¶¨¨ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ  ¤·μ´μ¢, ´μ É ±¦¥ ¢ · §²¨Î´ÒÌ  ¤·μ´´ÒÌ
·¥ ±Í¨ÖÌ. ’·¨±¢ ·± É ±¦¥ ³μ¦¥É ¢²¨ÖÉÓ ´  ¸¢μ°¸É¢  ±¢ ·±-£²Õμ´´μ° ¶² §³Ò
¨ ±¢ ·±μ¢μ° ³ É¥·¨¨.

ˆÉ ±, ¶·¥¤² £ ¥É¸Ö ´μ¢Ò°, ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ³¥Ì ´¨§³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö
¸¶¨´-¸¶¨´μ¢ÒÌ ¨  ·μ³ É´ÒÌ · ¸Ð¥¶²¥´¨° ³¥¦¤Ê  ¤·μ´´Ò³¨ ³Ê²ÓÉ¨¶²¥É ³¨.
�ÉμÉ ³¥Ì ´¨§³ ¡ §¨·Ê¥É¸Ö ´  ¡μ²ÓÏμ³ ¢±² ¤¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ±¢ ·-
± ³¨, ¨´¤ÊÍ¨·Ê¥³μ£μ ¨´¸É ´Éμ´ ³¨, ¢  ¤·μ´´Ò¥ ³ ¸¸Ò ¨ ¢ ¸³¥Ï¨¢ ´¨¥ ¨Ì
¢μ²´μ¢ÒÌ ËÊ´±Í¨°. ’ ±, ¶μ± § ´μ, ÎÉμ ¸¨²Ó´ Ö ¸¶¨´- ·μ³ É´ Ö § ¢¨¸¨³μ¸ÉÓ
ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ · §²¨Î´Ò¥ ¸¶¨´μ¢Ò¥ ¨  ·μ³ É-
´Ò¥  ´μ³ ²¨¨, ´ ¡²Õ¤ ¥³Ò¥ ´¥ Éμ²Ó±μ ¢  ¤·μ´´μ³ ¸¶¥±É·¥ ³ ¸¸, ´μ É ±¦¥ ¢
NN̄ - ´´¨£¨²ÖÍ¨¨ ¢¡²¨§¨ ¶μ·μ£ . ’ ±¦¥ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨´¸É ´Éμ´´ Ö
³μ¤¥²Ó ¶μ§¢μ²Ö¥É ·¥Ï¨ÉÓ μ¤´Ê ¨§ ¸É ·¥°Ï¨Ì ¶·μ¡²¥³ ¸μ¸É ¢´ÒÌ ±¢ ·±μ¢ÒÌ
³μ¤¥²¥°, μ¸´μ¢ ´´ÒÌ ´  μ¤´μ£²Õμ´´μ³ μ¡³¥´¥,   ¨³¥´´μ μ¡ÑÖ¸´¨ÉÓ ³ ²μ¸ÉÓ
¸¶¨´-μ·¡¨É ²Ó´ÒÌ · ¸Ð¥¶²¥´¨°, ´ ¡²Õ¤ ¥³ÊÕ ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ  ¤·μ´´ÒÌ

∗�¥·¢μ¥ Ê± § ´¨¥ ¤²Ö ± ´¤¨¤ Éμ¢ ¢ Ê§±¨¥ ¶¥´É ±¢ ·±μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ ±¢ ·±μ¢Ò³ ¸μ¸É ¢μ³
dūsds ¨ ud̄sds ¡Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò ±μ²² ¡μ· Í¨¥° NA49 [48]. �¤´ ±μ ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ ´¥¤ ¢´μ
¡Ò²¨ ¶μ¤¢¥·£´ÊÉÒ ±·¨É¨±¥ ¢ · ¡μÉ¥ [81].
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¸μ¸ÉμÖ´¨° [40]. •μ·μÏμ ¨§¢¥¸É´μ (¸³. ´¥¤ ¢´¥¥ μ¡¸Ê¦¤¥´¨¥ ¢ [19]), ÎÉμ
¥¸²¨ ¡Ò ¢¸Ö ¢¥²¨Î¨´  ¸¶¨´-¸¶¨´μ¢μ£μ · ¸Ð¥¶²¥´¨Ö μ¶·¥¤¥²Ö² ¸Ó ¶μ²´μ¸ÉÓÕ
¤²¨´´μ¤¥°¸É¢ÊÕÐ¨³ £²Õμ´´Ò³ μ¡³¥´μ³, Éμ ¤μ²¦´μ ¡Ò ¡ÒÉÓ É ±¦¥ ¡μ²Ó-
Ïμ¥ ¸¶¨´-μ·¡¨É ²Ó´μ¥ · ¸Ð¥¶²¥´¨¥, ±μÉμ·μ¥ ¶·μÉ¨¢μ·¥Î¨É Ô±¸¶¥·¨³¥´ÉÊ. ‚
´ Ï¥° ³μ¤¥²¨ ¤μ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ ¸¶¨´-¸¶¨´μ¢Ò¥ ¸¨²Ò ¤ ¥É ±μ·μÉ±μ¤¥°-
¸É¢ÊÕÐ¥¥ ¨´¸É ´Éμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¨ ¶μÔÉμ³Ê μ´μ ´¥ ¶·¨¢μ¤¨É ± ¢±² ¤Ê
¢ ¸¶¨´-μ·¡¨É ²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. ‚ ·¥§Ê²ÓÉ É¥,
μ¸É ÉμÎ´μ¥ ¸¶¨´-μ·¡¨É ²Ó´μ¥ · ¸Ð¥¶²¥´¨¥ μÎ¥´Ó ³ ²¥´Ó±μ¥ ¨ ´ Ìμ¤¨É¸Ö ¢
¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³ [40]. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ É ±¦¥, ÎÉμ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ É¥Ì´¨±¨ ¶· ¢¨² ¸Ê³³ Š•„ ¡Ò²  ¶·μ¢¥¤¥´  ´¥§ ¢¨¸¨³ Ö ¶·μ¢¥·± 
μ¸´μ¢´μ£μ ´ Ï¥£μ ·¥§Ê²ÓÉ É  μ ¤μ³¨´¨·μ¢ ´¨¨ ¸¶¨´- ¨  ·μ³ Éμ§ ¢¨¸¨³μ£μ
¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨° ¢ · ¸Ð¥¶²¥´¨ÖÌ ³¥¦¤Ê  ¤·μ´´Ò³¨ ³Ê²ÓÉ¨-
¶²¥É ³¨. �μ± § ´μ, ÎÉμ ¢±² ¤ ¨´¸É ´Éμ´μ¢ ¸ÊÐ¥¸É¢¥´´μ ³¥´Ö¥É ¶· ¢¨²  ¸Ê³³
Š•„ ¢ ¶¸¥¢¤μ¸± ²Ö·´μ³ ´μ´¥É¥ ³¥§μ´μ¢ ¨ ¡ ·¨μ´´μ³ μ±É¥É¥ [29, 33, 41], ¨
μ±μ´Î É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö  ¤·μ´´ÒÌ ³ ¸¸ ´ Ìμ¤ÖÉ¸Ö ¢ ¸μ£² ¸¨¨ ¸ ¢¥²¨-
Î¨´ ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ÒÏ¥ ¢ · ³± Ì ¸μ¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨.


μ²¥¥ Éμ£μ, ¢§ ¨³μ¤¥°¸É¢¨¥, ¨´¤ÊÍ¨·Ê¥³μ¥ ¨´¸É ´Éμ´ ³¨, μ± §Ò¢ ¥É ¡μ²Ó-
Ïμ¥ ¢²¨Ö´¨¥ ´¥ Éμ²Ó±μ ´  ¸¢μ°¸É¢  μ¡ÒÎ´ÒÌ  ¤·μ´μ¢, ´μ ¨ ´  ¤¨´ ³¨±Ê
Ô±§μÉ¨Î¥¸±¨Ì, ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ  ¤·μ´μ¢, ÎÉμ ³μ¦¥É É ±¦¥ ¶·¨¢μ¤¨ÉÓ ± μÎ¥´Ó
¢ ¦´Ò³ ±μ¸³μ²μ£¨Î¥¸±¨³ ¶μ¸²¥¤¸É¢¨Ö³. ‚μ§³μ¦´μ¸ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¸É -
¡¨²Ó´μ£μ, §  ¸Î¥É ¨´¸É ´Éμ´μ¢, H-¤¨¡ ·¨μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ¥¸É¥¸É¢¥´´μ¥
μ¡ÑÖ¸´¥´¨¥ ¨³  ´μ³ ²¨¨ ¢ ¸¶¥±É·¥ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¥¸ÉÓ ²¨ÏÓ μ¤¨´ ¨§
¶·¨³¥·μ¢ ¢μ§³μ¦´ÒÌ ¨´¸É ´Éμ´´ÒÌ ÔËË¥±Éμ¢ ¢  ¸É·μË¨§¨±¥ [65].

5. ‘�ˆ��‚�Ÿ ˆ ���Œ�’��Ÿ ‘’�“Š’“�� �“Š‹���
ˆ ‚�Š““Œ Š•„

5.1. ‘¶¨´ ¶·μÉμ´  ¢ Š•„. ˆ³¥ÕÉ¸Ö ¸¥·Ó¥§´Ò¥ μ¸´μ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉμ
¸²μ¦´ Ö ¸É·Ê±ÉÊ·  ¢ ±ÊÊ³  Š•„ ¨³¥¥É ¸ ³μ¥ ´¥¶μ¸·¥¤¸É¢¥´´μ¥ μÉ´μÏ¥´¨¥ ´¥
Éμ²Ó±μ ± · ¸¸³μÉ·¥´´Ò³ ¢ÒÏ¥ ¸¶¨´μ¢Ò³ ¨  ·μ³ É´Ò³ ÔËË¥±É ³ ¢ ¸¶¥±É·μ-
¸±μ¶¨¨  ¤·μ´μ¢, É. ¥. ± Ë¨§¨±¥ ´¨§±¨Ì Ô´¥·£¨°, ´μ É ±¦¥ ± ¸¶¨´- ·μ³ É´μ°
¤¨´ ³¨±¥ ¢ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³
¶·¥¤¸É ¢²ÖÕÉ ´¥¸μ³´¥´´Ò° ¨´É¥·¥¸ ¶·μÍ¥¸¸Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ²Ö·¨§μ¢ ´-
´ÒÌ Î ¸É¨Í ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ. �ÉμÉ ¨´É¥·¥¸ ¢Ò§¢ ´, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó,
·¥§Ê²ÓÉ Éμ³ ¨§³¥·¥´¨Ö …Œ‘-±μ²² ¡μ· Í¨¥° [6] ¸¶¨· ²Ó´μ¸É¨ § ·Ö¦¥´´ÒÌ ¸μ-
¸É ¢²ÖÕÐ¨Ì ¶·μÉμ´ . ’ ±,  ´ ²¨§ ¤ ´´ÒÌ ¶·¨¢¥² ± ¢Ò¢μ¤Ê, ÎÉμ ¸Ê³³  ¸¶¨-
· ²Ó´μ¸É¥° ±¢ ·±μ¢ ¢´ÊÉ·¨ ¶·μÉμ´  ¥¸ÉÓ ¢¥²¨Î¨´  μÎ¥´Ó ³ ²¥´Ó± Ö, ¶· ±É¨-
Î¥¸±¨ ´Ê²¥¢ Ö (ΔΣ ≈ 0). �ÉμÉ ·¥§Ê²ÓÉ É ´ Ìμ¤¨É¸Ö ¢ Ö¢´μ³ ¶·μÉ¨¢μ·¥Î¨¨
¸ μ¦¨¤ ´¨Ö³¨ ¸μ¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ (ΔΣ ≈ 1), £¤¥ ¢¸Ö ¸¶¨· ²Ó´μ¸ÉÓ
¶·μÉμ´  ¶¥·¥´μ¸¨É¸Ö ¢ ²¥´É´Ò³¨ ±¢ ·± ³¨.
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‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¸· §Ê ¢μ§´¨± ¥É ³´μ¦¥¸É¢μ ¢μ¶·μ¸μ¢. ‚μÉ Éμ²Ó±μ ´¥±μ-
Éμ·Ò¥ ¨§ ´¨Ì. ‚μ-¶¥·¢ÒÌ, ± ±μ° ¤¨´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ¶·¨¢μ¤¨É ± ¶· ±-
É¨Î¥¸±¨ ¶μ²´μ° ±μ³¶¥´¸ Í¨¨ ¸¶¨· ²Ó´μ¸É¨ ¢ ²¥´É´ÒÌ ±¢ ·±μ¢? ‚μ-¢Éμ·ÒÌ,
¥¸²¨ ¸¶¨· ²Ó´μ¸ÉÓ ¶·μÉμ´  ´¥ μ¶·¥¤¥²Ö¥É¸Ö ±¢ ·± ³¨, Éμ ± ±¨¥ ¸μ¸É ¢²ÖÕÐ¨¥
¤μ²¦´Ò ¤ ¢ ÉÓ ´ ¡²Õ¤ ¥³Ò° ¶·μÉμ´´Ò° ¸¶¨´, É. ¥. ®£¤¥ ¸¶¨´ ¶·μÉμ´ ¯ [5,82]?
‚-É·¥ÉÓ¨Ì, Î¥³ Éμ£¤  ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ Ê¸¶¥Ì ¢ μ¶¨¸ ´¨¨ ¸¢μ°¸É¢  ¤·μ´μ¢ ¸μ-
¸É ¢´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ (‘ŠŒ), £¤¥ ¸¶¨´ Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö ¸¶¨´ ³¨
¸μ¸É ¢²ÖÕÐ¨Ì ±¢ ·±μ¢?

�É³¥É¨³, ÎÉμ ´  ¸ ³μ³ ¤¥²¥  ´μ³ ²Ó´Ò¥ ¶μ²Ö·¨§ Í¨μ´´Ò¥ Ö¢²¥´¨Ö ´ -
¡²Õ¤ ²¨¸Ó Ê¦¥ ¤μ¢μ²Ó´μ ¤ ¢´μ ± ± ¢ Ô±¸±²Õ§¨¢´ÒÌ, É ± ¨ ¢ ¨´±²Õ§¨¢´ÒÌ
 ¤·μ´´ÒÌ ¶·μÍ¥¸¸ Ì ¶·¨ ¢Ò¸μ±μ° Ô´¥·£¨¨ [8]. �¸´μ¢´μ° ¢Ò¢μ¤, ¸¤¥² ´´Ò°
¨§  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éμ¢, ¶·¨¢μ¤¨² ± § ±²ÕÎ¥´¨Õ, ÎÉμ ¸μ-
Ì· ´¥´¨¥ ¸¶¨· ²Ó´μ¸É¨ ¸ÊÐ¥¸É¢¥´´μ ´ ·ÊÏ ¥É¸Ö ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ. �·¨
ÔÉμ³ ´ ·ÊÏ¥´¨¥ ¢μ§· ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . �Éμ ´ -
Ìμ¤¨É¸Ö ¢ Ö¢´μ³ ¶·μÉ¨¢μ·¥Î¨¨ ¸ ¶·¥¤¸± § ´¨¥³ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„, £¤¥
ÔËË¥±ÉÒ ´ ·ÊÏ¥´¨Ö ¸μÌ· ´¥´¨Ö ¸¶¨· ²Ó´μ¸É¨ ±¢ ·±μ¢ ¤μ²¦´Ò ¡Ò²¨ ¢Ò³¨-
· ÉÓ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¨ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  ± ± m/

√
s, m/p⊥, £¤¥

m Å Éμ±μ¢ Ö ³ ¸¸  ±¢ ·± , ÊÎ ¸É¢ÊÕÐ¥£μ ¢ ¶¥·ÉÊ·¡ É¨¢´μ³ ¶μ¤¶·μÍ¥¸¸¥.
„·Ê£μ¥, ´μ¢μ¥ ¨ μÎ¥´Ó ¨´É¥·¥¸´μ¥ Ö¢²¥´¨¥ Å ÔÉμ μÉ±·ÒÉμ¥ ¢ ¶μ¸²¥¤-

´¥¥ ¢·¥³Ö ¸¨²Ó´μ¥ ´ ·ÊÏ¥´¨¥ SU(2)f -¸¨³³¥É·¨¨ ±¢ ·±μ¢μ£μ ³μ·Ö ¢ ´Ê±²μ´¥
(¸³. μ¡§μ· [84]). ’ ±, μ± § ²μ¸Ó, ÎÉμ Î¨¸²μ  ´É¨-d-±¢ ·±μ¢ ¢ ¶·μÉμ´¥ ´ ³´μ£μ
¶·¥¢ÒÏ ¥É ±μ²¨Î¥¸É¢μ  ´É¨-u-±¢ ·±μ¢. �ÉÊ  ¸¨³³¥É·¨Õ Î·¥§¢ÒÎ °´μ É·Ê¤´μ
μ¡ÑÖ¸´¨ÉÓ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„, É ± ± ± ¶¥·ÉÊ·¡ É¨¢´μ¥ ±¢ ·±μ¢μ¥
³μ·¥ ¢ ´Ê±²μ´¥ ¢μ§´¨± ¥É §  ¸Î¥É £²Õμ´μ¢, ±μÉμ·Ò¥ ´¥ · §²¨Î ÕÉ ±¢ ·±μ¢Ò¥
 ·μ³ ÉÒ.

�¨¦¥ ¡Ê¤¥É ¶μ± § ´μ, ÎÉμ ´ ¡²Õ¤ ¥³Ò¥ ¢  ¤·μ´´μ³ ³¨·¥ ¸¶¨´μ¢Ò¥ ¨  ·μ-
³ É´Ò¥  ´μ³ ²¨¨ É¥¸´Ò³ μ¡· §μ³ ¸¢Ö§ ´Ò ¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ ´Ê²¥¢ÒÌ ±¢ ·±μ-
¢ÒÌ ³μ¤ ¢ ¶μ²¥ ¨´¸É ´Éμ´  ¨ c ¶·¨´Í¨¶μ³ � Ê²¨ ¤²Ö ±¢ ·±μ¢, · ¸¸¥¨¢ ¥³ÒÌ
´  ÔÉ¨Ì ³μ¤ Ì.

‚ Ô±¸¶¥·¨³¥´É¥ …Œ‘ [6] ¸ ¶μ³μÐÓÕ · ¸¸¥Ö´¨Ö ¶·μ¤μ²Ó´μ-¶μ²Ö·¨§μ¢ ´-
´ÒÌ μ-³¥§μ´μ¢ ´  ¶μ²Ö·¨§μ¢ ´´ÒÌ ¶·μÉμ´ Ì ¡Ò²  ¨§³¥·¥´  ¸¶¨´§ ¢¨¸¨³ Ö
¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö g1(x, Q2) ¨ ¶μ²ÊÎ¥´  μÍ¥´±  ¨´É¥£· ²  (¶¥·¢μ£μ ³μ-
³¥´É  ¸É·Ê±ÉÊ·´μ° ËÊ´±Í¨¨):

Ip(Q2) =

1∫
0

gp
1(x, Q2)dx. (72)

�É³¥É¨³, ÎÉμ ±¨´¥³ É¨Î¥¸± Ö μ¡² ¸ÉÓ, ¨§³¥·¥´´ Ö ¶μ ¶¥·¥³¥´´μ° 
Ó¥·±¥´ 
x, ¢ …Œ‘-Ô±¸¶¥·¨³¥´É¥ ¡Ò²  μ£· ´¨Î¥´´μ°: 0,01−0,7. ‚´¥ ÔÉμ° μ¡² ¸É¨ §´ -
Î¥´¨¥ gp

1(x) ¢μ¸¸É ´ ¢²¨¢ ²μ¸Ó ¸ ¶μ³μÐÓÕ Ô±¸É· ¶μ²ÖÍ¨¨. �·¨ ÔÉμ³ ¶·¥¤¶μ-
² £ ²μ¸Ó μÉ¸ÊÉ¸É¢¨¥ ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¶μ¢¥¤¥´¨¨ gp

1(x) ¶·¨ x → 1 ¨ x → 0.
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‘ ÔÉ¨³¨ ¶·¥¤¶μ²μ¦¥´¨Ö³¨ §´ Î¥´¨¥ ¨´É¥£· ²  (72) ¡Ò²μ ¸²¥¤ÊÕÐ¨³:

Ip(〈Q2〉 = 10,7 ƒÔ‚2) = 0,123 ± 0,013 ± 0,019. (73)

‚ · ³± Ì ±¢ ·±-¶ ·Éμ´´μ° ³μ¤¥²¨ [5] ¨´É¥£· ² (72) μÉ gp
1 ³μ¦¥É ¡ÒÉÓ

¢Ò· ¦¥´ Î¥·¥§ ¸¶¨· ²Ó´μ¸ÉÓ, ¶¥·¥´μ¸¨³ÊÕ ±¢ ·± ³¨ · §²¨Î´ÒÌ ¸μ·Éμ¢ ¢ ¶·μ-
Éμ´¥:

Ip =

1∫
0

gp
1(x)dx =

2
9
Δu +

1
18

Δd +
1
18

Δs, (74)

£¤¥

Δqi =

1∫
0

Δqi(x)dx. (75)

…¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢±² ¤ ¶μ²Ö·¨§ Í¨¨ ¸É· ´´ÒÌ ±¢ ·±μ¢ ¢ ¸¶¨· ²Ó´μ¸ÉÓ
¶·μÉμ´  ³ ², Δs = 0, Éμ ¸μμÉ´μÏ¥´¨¥ (74) ¶·¨¢μ¤¨É ± ¶· ¢¨²Ê ¸Ê³³ �²²¨¸ Ä
„¦ ËË¥ [86].

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢¥²¨Î¨´Ò (75) ³μ£ÊÉ ¡ÒÉÓ μ¶·¥¤¥²¥´Ò Î¥·¥§ ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ μÉ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ± :

ΔqiSμ =
1
2
(〈p, S | q̄i(1 + γ5)γμqi | p, S〉 − 〈p, S | q̄i(1 − γ5)γμqi | p, S〉) =

= 〈p, S | q̄iγ5γμqi | p, S〉. (76)

�¥±μÉμ·Ò¥ ±μ³¡¨´ Í¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ (76), ¢ ¶·¥¤¶μ²μ¦¥´¨¨
¸¶· ¢¥¤²¨¢μ¸É¨ SUf (3)-¸¨³³¥É·¨¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¡ ·¨μ´´μ£μ μ±É¥É ,
³μ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ±μ´¸É ´ÉÒ ¸² ¡ÒÌ · ¸¶ ¤μ¢ £¨¶¥·μ´μ¢:

Δu − Δd = F + D, Δu + Δd − 2Δs = 3F − D. (77)

”¨É · ¸¶ ¤μ¢ £¨¶¥·μ´μ¢ [85] ¤ ¥É §´ Î¥´¨Ö

F = 0,47 ± 0,04, D = 0,81 ± 0,03. (78)

Šμ³¡¨´¨·ÊÖ (74)Ä(78) ¨ ¨¸¶μ²Ó§ÊÖ §´ Î¥´¨¥ ¨´É¥£· ²  μÉ gp
1(x), ¨§³¥·¥´´μ¥

±μ²² ¡μ· Í¨¥° …Œ‘ (73), ¶μ²ÊÎ ¥³ [6]

Δu = 0,74 ± 0,10, Δd = −0,54 ± 0,10, Δs = −0,20 ± 0,11. (79)

ˆ§ (79) ´¥³¥¤²¥´´μ ¸²¥¤Ê¥É, ÎÉμ ¶μ²´ Ö ¸¶¨· ²Ó´μ¸ÉÓ, ¶¥·¥´μ¸¨³ Ö ±¢ ·-
± ³¨, ³ ² :

ΔΣEMC = Δu + Δd + Δs = 0,01 ± 0,29. (80)
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•μÉÖ ¸μ¢·¥³¥´´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¢¥²¨Î¨´Ò ΔΣ ≈ 0,2−0,3 ´ Ìμ¤¨É¸Ö ´¥-
¸±μ²Ó±μ ¢ÒÏ¥ §´ Î¥´¨Ö (80), μ¤´ ±μ μ¸´μ¢´μ° ¢Ò¢μ¤ …Œ‘-±μ²² ¡μ· Í¨¨ μ
³ ²μ¸É¨ ¢¥²¨Î¨´Ò ¸¶¨· ²Ó´μ¸É¨, ¶¥·¥´μ¸¨³μ° ±¢ ·± ³¨ ¢ ´Ê±²μ´¥, μ¸É ²¸Ö
´¥¨§³¥´´Ò³.

�¥§Ê²ÓÉ ÉÒ (79), (80) ´ Ìμ¤ÖÉ¸Ö ¢ Ö¢´μ³ ¶·μÉ¨¢μ·¥Î¨¨ ¸ μ¦¨¤ ´¨Ö³¨ ´¥-
·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·±μ¢μ° ³μ¤¥²¨, £¤¥ ¢¥¸Ó ¸¶¨´ ¶·μÉμ´  ¶¥·¥´μ¸¨É¸Ö É·¥³Ö
¢ ²¥´É´Ò³¨ ±¢ ·± ³¨, ¨ ¶μÔÉμ³Ê ¤μ²¦´μ ¡ÒÉÓ Δs = 0 ¨ ΔΣNQM = 1. “Î¥É
·¥²ÖÉ¨¢¨§³  ´¥¸±μ²Ó±μ ¨§³¥´Ö¥É ¢¥²¨Î¨´Ê ΔΣ. �Éμ ¸¢Ö§ ´μ ¸ ¶·¨³¥¸ÓÕ ¸μ-
¸ÉμÖ´¨Ö ¸ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³ l = 1 ¢ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ£μ
±¢ ·± . ’ ±, ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ±¢ ·± , ¤¢¨¦ÊÐ¥£μ¸Ö ¢ ¸± ²Ö·´μ³ ¸Ë¥·¨Î¥¸±¨-
¸¨³³¥É·¨Î´μ³ ¶μÉ¥´Í¨ ²¥, ¨³¥¥É ¢¨¤

Ψm =
(

f(r)Um

ig(r)σ̂r̂Um

)
, (81)

£¤¥ Um Å ¤¢ÊÌ±μ³¶μ´¥´É´Ò° ¸¶¨´μ·, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¶·μ¥±Í¨¨ Ê£²μ¢μ£μ
³μ³¥´É  m; f ¨ g Å ËÊ´±Í¨¨, § ¢¨¸ÖÐ¨¥ μÉ ±μ´±·¥É´μ£μ ¢¨¤  ¶μÉ¥´Í¨ ² .
„¢¥ ¢¥·Ì´¨¥ ±μ³¶μ´¥´ÉÒ Î¥ÉÒ·¥Ì±μ³¶μ´¥´É´μ£μ ¸¶¨´μ·  μÉ¢¥Î ÕÉ §´ Î¥´¨Õ
l = 0,   ¤¢¥ ´¨¦´¨¥ l = 1. ‘·¥¤´¥¥ §´ Î¥´¨¥ ¶·μ¥±Í¨¨ ¸¶¨´  ±¢ ·± 

ΔΣq =
〈

q

∣∣∣∣∫ d3xΨγ5γ3Ψ
∣∣∣∣ q〉 =

∫ (
f2 − 1

3
g2

)
r2dr∫

(f2 + g2)r2dr
. (82)

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥ g = 0, ¶μÔÉμ³Ê ΔΣ = 1. ‚ ·¥²ÖÉ¨¢¨¸É¸±μ³
¸²ÊÎ ¥ ¨³¥¥³ g = 0 ¨ §´ Î¥´¨¥ (82) μ¶·¥¤¥²Ö¥É¸Ö Ê¦¥ ¢¨¤μ³ ¶μÉ¥´Í¨ ² 
±μ´Ë °´³¥´É . � ¶·¨³¥·, Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨° ¢ ·¨ ´É ¶μ¶Ê²Ö·´μ° ³μ¤¥²¨
³¥Ï±μ¢ ¸ ¡¥§³ ¸¸μ¢Ò³¨ ±¢ ·± ³¨ ¨ ¸ ËÊ´±Í¨Ö³¨

f(r) = j0(χr/R), g(r) = j1(χr/R), χ = 2,043

¤ ¥É §´ Î¥´¨¥ [17,18]:
ΔΣbag = 0,65, (83)

¶·¨ ÔÉμ³ ¢±²ÕÎ¥´¨¥ ³ ¸¸ ±¢ ·±μ¢ ¶·¨¢μ¤¨É ²¨ÏÓ ± ·μ¸ÉÊ (83).
’ ±¨³ μ¡· §μ³, ÊÎ¥É ·¥²ÖÉ¨¢¨§³  ÌμÉÖ ¨ ·¥¤ÊÍ¨·Ê¥É §´ Î¥´¨¥ ¸¶¨· ²Ó-

´μ¸É¨, ¶¥·¥´μ¸¨³μ° ¢ ²¥´É´Ò³¨ ±¢ ·± ³¨ ¶·μÉμ´ , μ¤´ ±μ ÔÉ  ·¥¤Ê±Í¨Ö ´¥
´ ¸Éμ²Ó±μ ¡μ²ÓÏ Ö, ÎÉμ¡Ò μ¡ÑÖ¸´¨ÉÓ ¨§³¥·¥´´ÊÕ ¢¥²¨Î¨´Ê (80). ‘²¥¤μ-
¢ É¥²Ó´μ, ¸¶¨· ²Ó´μ¸ÉÓ ¶·μÉμ´  ´¥ μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ¸¶¨´ ³¨ ¢ ²¥´É´ÒÌ
±¢ ·±μ¢.

�ÉμÉ ¢Ò¢μ¤ ¸É ¢¨É ¶μ¤ ¸μ³´¥´¨¥ ³´μ£¨¥ ¤μ¸É¨¦¥´¨Ö ‘ŠŒ ¢ μ¶¨¸ ´¨¨
¸¢μ°¸É¢  ¤·μ´μ¢. �Éμ μÉ´μ¸¨É¸Ö, ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó, ± É¥³ Ì · ±É¥·¨¸É¨± ³,
±μÉμ·Ò¥ ¨³¥ÕÉ ´¥¶μ¸·¥¤¸É¢¥´´μ¥ μÉ´μÏ¥´¨¥ ± ¸¶¨´Ê, ´ ¶·¨³¥·, ± ³ £´¨É-
´Ò³ ³μ³¥´É ³ ¡ ·¨μ´μ¢. ’ ±, Ê¸¶¥Ï´μ¥ μ¶¨¸ ´¨¥ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ¢
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‘ŠŒ, £¤¥ ¡ ·¨μ´Ò ¸μ¸ÉμÖ²¨ ¨§ É·¥Ì ±¢ ·±μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ 1S1/2-¸μ¸ÉμÖ´¨¨,
¸Î¨É ²μ¸Ó μ¤´¨³ ¨§ μ¸´μ¢´ÒÌ ¤μ¸É¨¦¥´¨° ŠŒŒ. ‘¨ÉÊ Í¨Ö ¢Ò£²Ö¤¥²  ´ -
¸Éμ²Ó±μ ¸¥·Ó¥§´μ°, ÎÉμ ¶μ²ÊÎ¨²  ´ §¢ ´¨¥ ®¸¶¨´μ¢Ò° ±·¨§¨¸¯ [82].

‚ · ³± Ì Š•„ ÔËË¥±É …Œ‘ μ¡ÑÖ¸´Ö¥É¸Ö ¢±² ¤μ³ £²Õμ´μ¢ ¢ ¸É·Ê±ÉÊ·´ÊÕ
ËÊ´±Í¨Õ gp

1(x) ¤¨ £· ³³, ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 5 [83].

�¨¸. 5. ‚±² ¤ £²Õμ´μ¢ ¢ ¸¶¨´§ ¢¨¸¨³ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ´Ê±²μ´  g1(x,Q2)

‚±² ¤ £²Õμ´μ¢ ¢ ¶¥·¢Ò° ³μ³¥´É ¸É·Ê±ÉÊ·´μ° ËÊ´±Í¨¨ gp
1(x) ¸μμÉ¢¥É-

¸É¢Ê¥É ¸ÉÖ£¨¢ ´¨Õ ¤¢ÊÌ ¢¥·Ï¨´ ´  ·¨¸. 5. �μ²ÊÎ¥´´ Ö É·¥Ê£μ²Ó´ Ö  ´μ³ ²¨Ö
�¤²¥· Ä
¥²² Ä„¦ ±¨¢  [91] μ¶·¥¤¥²Ö¥É ´¥¸μÌ· ´¥´¨¥ ¸¨´£²¥É´μ£μ  ±¸¨ ²Ó´μ-
¢¥±Éμ·´μ£μ Éμ± :

∂μj0
μ5 = 2

Nf∑
i=1

miq̄iγ5qi +
Nfαs

4π
Ga

μνG̃a
μν . (84)

�¥¸μÌ· ´¥´¨¥ ¸¨´£²¥É´μ£μ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ±  (84), ¢ ¸¢μÕ μÎ¥·¥¤Ó,
μ§´ Î ¥É ´¥¸μÌ· ´¥´¨¥ ¸¶¨· ²Ó´μ¸É¨ Ê ±¢ ·±μ¢. �·¨ ÔÉμ³  ´μ³ ²¨Ö ´¥ ¶¥-
·¥´μ·³¨·Ê¥É¸Ö ¢Ò¸Ï¨³¨ ¶μ·Ö¤± ³¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¨ ´μ¸¨É Ö¢´Ò° ´¥-
¶¥·ÉÊ·¡ É¨¢´Ò° Ì · ±É¥·. ‚¥²¨Î¨´  ´¥¸μÌ· ´¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ³ É·¨Î´Ò³
Ô²¥³¥´Éμ³

M =
〈
p, s
∣∣∣αs

8π
Ga

μνG̃a
μν

∣∣∣ p, s
〉

, (85)

±μÉμ·Ò° Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ μ¡Ñ¥±Éμ³ ¨§ÊÎ¥´¨Ö ³´μ£¨Ì ¶μ¤Ìμ¤μ¢, μ¸´μ¢ ´´ÒÌ
´  Š•„.

‚ [92],   É ±¦¥ ¢ ´ Ï¥° · ¡μÉ¥ [93], ¡Ò²μ § ³¥Î¥´μ, ÎÉμ £²Õμ´´Ò° μ¶¥-
· Éμ· ¢ (85) ¥¸ÉÓ μ¶¥· Éμ· ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 

Q(x) =
αs

8π
Ga

μν(x)G̃a
μν(x). (86)

‘²¥¤μ¢ É¥²Ó´μ, ÔËË¥±É …Œ‘ ¨³¥¥É £²Ê¡μ±ÊÕ ¶·¨Î¨´Ê, ¢Ò§¢ ´´ÊÕ ´¥É·¨¢¨-
 ²Ó´μ° Éμ¶μ²μ£¨Î¥¸±μ° ¸É·Ê±ÉÊ·μ° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö É¥μ·¨¨ Å Š•„-¢ -
±ÊÊ³ . ’ ±, ¨§¢¥¸É´μ, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ¢ ±ÊÊ³  ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨
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Š•„-¢ ±ÊÊ³ μ¡² ¤ ¥É ¸²μ¦´μ° ¸É·Ê±ÉÊ·μ°, ¸¢Ö§ ´´μ° ¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ ¨´-
¸É ´Éμ´μ¢. ˆ´¸É ´Éμ´Ò Ö¢²ÖÕÉ¸Ö Ê¤μ¡´Ò³¨ μ¡Ñ¥±É ³¨ ¤²Ö μ¶¨¸ ´¨Ö ÉÊ´´¥²Ó-
´ÒÌ ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê · §²¨Î´Ò³¨ ³¨´¨³Ê³ ³¨ Š•„-¶μÉ¥´Í¨ ² . Œμ¦´μ ¶μ-
± § ÉÓ, ÎÉμ ¶·¨ ± ²¨¡·μ¢μÎ´μ³ ¶·¥μ¡· §μ¢ ´¨¨

Âμ → UÂμU+ − i

g
(∂μU)U+,

£¤¥ U Å ¶·μ¨§¢μ²Ó´ Ö ³ É·¨Í  ¨§ SU(3)c, ¢¥²¨Î¨´  Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 
Q ¶·¥μ¡· §Ê¥É¸Ö ¶μ § ±μ´Ê

Q → Q +
1

12π2

∫
d4xεμναβ∂μ(Tr (U+∂νU)(U+∂αU)(U+∂βU)) = Q + n,

£¤¥ n = 0,±1,±2,± . . . Å Í¥²μ¥ Î¨¸²μ. Š ²¨¡·μ¢μÎ´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ´¥
³¥´ÖÕÉ Ô´¥·£¨Õ ¸¨¸É¥³Ò, ¶μÔÉμ³Ê μÉ¸Õ¤  ´¥³¥¤²¥´´μ ¸²¥¤Ê¥É ¢Ò¢μ¤ μ ¶¥-
·¨μ¤¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ Š•„ μÉ Q. 
¥¸±μ´¥Î´μ¥
¢Ò·μ¦¤¥´¨¥ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¸´¨³ ¥É¸Ö ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ¤¡ ·Ó¥·-
´Ò³¨ ÉÊ´´¥²Ó´Ò³¨ ¶¥·¥Ìμ¤ ³¨. ‚μ§³μ¦´μ¸ÉÓ ¶¥·¥Ìμ¤  μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¨´-
¸É ´Éμ´ ³¨, ¨ ÉÊ´´¥²¨·μ¢ ´¨¥ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ¢ ±ÊÊ³ Š•„ ¸É ´μ¢¨É¸Ö
¸Ê¶¥·¶μ§¨Í¨¥° ¸μ¸ÉμÖ´¨° ¸ μ¶·¥¤¥²¥´´Ò³ Q:

Ψvac =
∑
Q

eiQΘΨΘ,

£¤¥ Θ Å ±¢ §¨¨³¶Ê²Ó¸ ®Θ-¢ ±ÊÊ³ ¯ [87]. „ ²¥¥, ¥¸²¨ ¶μ³¥¸É¨ÉÓ ¡¥§³ ¸¸μ-
¢Ò° ±¢ ·± ¢ ®Θ-¢ ±ÊÊ³¯, Éμ μ´ ´¥ ¡Ê¤¥É ¨³¥ÉÓ μ¶·¥¤¥²¥´´μ° ¸¶¨· ²Ó´μ¸É¨.
�Éμ ¸²¥¤Ê¥É ¨§ Éμ£μ, ÎÉμ ¶·μ¨§¢μ¤´ Ö μÉ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ±  ¸¢Ö§ ´ 
Î¥·¥§  ±¸¨ ²Ó´ÊÕ  ´μ³ ²¨Õ ¸ μ¶¥· Éμ·μ³ ¶²μÉ´μ¸É¨ Éμ¶μ²μ£¨Î¥¸±μ£μ § ·Ö¤ 
¸μμÉ´μÏ¥´¨¥³ (84). ‚μ§³μ¦´μ¸ÉÓ ¸¤¢¨£μ¢ ¢¤μ²Ó Q-±μμ·¤¨´ ÉÒ μ§´ Î ¥É ´¥-
¸μÌ· ´¥´¨¥ ±¢ ·±μ¢μ° ¸¶¨· ²Ó´μ¸É¨ ¢ Θ-¢ ±ÊÊ³¥. ’ ±, ´  ¨´¸É ´Éμ´¥ ¨³¥¥³
ΔQ = −1, ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¨§³¥´¥´¨¥ ¸¶¨· ²Ó´μ¸É¨ ±¢ ·±μ¢

ΔΣq = ΔQ5 = −2Nf . (87)

‚²¨Ö´¨¥ ¨´¸É ´Éμ´μ¢ ´  ¶μ²Ö·¨§ Í¨Õ ±¢ ·±μ¢ ¢´ÊÉ·¨ ´Ê±²μ´  ¡Ò²μ · ¸-
¸³μÉ·¥´μ ¢ Í¨±²¥ · ¡μÉ [93Ä104]. �μ± § ´μ, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ ¤¢  · §²¨Î´ÒÌ
¢±² ¤  μÉ ¨´¸É ´Éμ´μ¢ ¢ ´Ê±²μ´´Ò° ¸¶¨´. �¤¨´ ¨§ ´¨Ì ¸¢Ö§ ´ ¸ ¢±² ¤μ³
¨´¸É ´Éμ´-¨´¤ÊÍ¨·μ¢ ´´μ£μ ±¢ ·±-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (14). �É³¥-
É¨³, μ¤´ ±μ, ÎÉμ ² £· ´¦¨ ´ (14) ¸¶· ¢¥¤²¨¢ ²¨ÏÓ ¤²Ö ´Ê²¥¢ÒÌ ¢¨·ÉÊ ²Ó-
´μ¸É¥° ±¢ ·±μ¢ÒÌ ²¨´¨°. ‚ £²Ê¡μ±μ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ´¥±μÉμ·Ò¥ ±¢ ·±¨
³μ£ÊÉ ¨³¥ÉÓ ¡μ²ÓÏÊÕ ¢¨·ÉÊ ²Ó´μ¸ÉÓ. �¡μ¡Ð¥´¨¥ (14) ´  ¸²ÊÎ ° ´¥´Ê²¥¢ÒÌ
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§´ Î¥´¨° ±¢ ·±μ¢ÒÌ ¢¨·ÉÊ ²Ó´μ¸É¥° ¤ ¥É

L(2)
eff = F (k2

1 , k2
2 , k

2
3, k

2
4 , ρc)

4π2ρ2
c

3

∑
i�=j

(
q̄iR(k1)qiL(k2)q̄jR(k3)qjL(k4)×

×
(

1 +
3
8

(
1 − 3

4
σi

μνσj
μν

)
tautad + (R ←→ L)

))
, (88)

£¤¥ F (k2
1 , k

2
2 , k

2
3 , k

2
4 , ρc) Å Ëμ·³Ë ±Éμ·, ¸¢Ö§ ´´Ò° ¸ ´Ê²¥¢Ò³¨ ±¢ ·±μ¢Ò³¨

³μ¤ ³¨ ¢ ¶μ²¥ ¨´¸É ´Éμ´ ; ρc ≈ 1,6 ƒÔ‚2 Å ¸·¥¤´¨° · §³¥· ¨´¸É ´Éμ´ ,
i, j = u, d, s.

‚Éμ·μ° ¢±² ¤ ¸¢Ö§ ´ ¸μ ¸¶¥Í¨Ë¨Î¥¸±¨³ ¨´¸É ´Éμ´´Ò³ ±¢ ·±-£²Õμ´´Ò³
Ì·μ³μ³ £´¨É´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ [105]. �ËË¥±É¨¢´Ò° ² £· ´¦¨ ´, ¨´¤Ê-
Í¨·μ¢ ´´Ò° ¨´¸É ´Éμ´ ³¨, ¸ ÊÎ¥Éμ³ £²Õμ´μ¢ ¨³¥¥É ¢¨¤ [87]

Leff =
∫ ∏

q

(
mqρ − 2π2ρ3q̄R

(
1 +

i

4
τaUaa′ η̄a′μνσμν

)
qL

)
×

× exp
(
−2π2

g
ρ2Ubb′ η̄b′γδG

b
γδ

)
dρ

ρ5
d0(ρ)dô + R ←→ L, (89)

§¤¥¸Ó ρ Å · §³¥· ¨´¸É ´Éμ´ ; τa Å ³ É·¨ÍÒ SU(2)c-¶μ¤£·Ê¶¶Ò SU(3)c-
Í¢¥É´μ° £·Ê¶¶Ò; d0(ρ) Å ¨´¸É ´Éμ´´ Ö ¶²μÉ´μ¸ÉÓ; dô μ¡μ§´ Î ¥É ¨´É¥£·¨-
·μ¢ ´¨¥ ¶μ μ·¨¥´É Í¨¨ ¨´¸É ´Éμ´  ¢ Í¢¥É´μ³ ¶·μ¸É· ´¸É¢¥ ¸ ´μ·³¨·μ¢±μ°∫

dô = 1; U Å ³ É·¨Í  μ·¨¥´É Í¨¨ ¨´¸É ´Éμ´ ; η̄aμν Å Î¨¸²¥´´Ò¥ ¸¨³¢μ²Ò

'É •μμËÉ  ¨ σμν = [γμ, γν ]/2.
�ËË¥±É¨¢´ Ö ±¢ ·±-£²Õμ´´ Ö ¢¥·Ï¨´  ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  · §²μ¦¥-

´¨¥³ (89) ¢ ·Ö¤ ¶μ ¸É¥¶¥´Ö³ £²Õμ´´μ£μ ¶μ²Ö ¨ ¨´É¥£·¨·μ¢ ´¨¥³ ¶μ μ·¨¥´É -
Í¨Ö³ dô∗. ‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ Gb

γδ ´ Ìμ¤¨³ [105]

ΔLA =
∑

q

∫
dρ

neff(ρ)π4ρ4

m∗
qg

iq̄σμνtaqGa
μν , (90)

§¤¥¸Ó neff(ρ) = d0(ρ)
∏

q(m
∗
qρ)/ρ5 Å ÔËË¥±É¨¢´ Ö ¨´¸É ´Éμ´´ Ö ¶²μÉ´μ¸ÉÓ

¢ ¢ ±ÊÊ³¥; m∗
q = mq − 2π2ρ2〈0|q̄q|0〉/3 Å ÔËË¥±É¨¢´ Ö ³ ¸¸  ±¢ ·±  [15];

ta = λa/2 ¶·¥¤¸É ¢²ÖÕÉ SU(3)c-³ É·¨ÍÒ.
�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ (90) ¶μ²ÊÎ¥´ ¢ ·¥§Ê²ÓÉ É¥ Ë ±Éμ·¨§ Í¨¨ ² -

£· ´¦¨ ´  (89). �·μÍ¥¤Ê·  Ë ±Éμ·¨§ Í¨¨ ¸¢μ¤¨É¸Ö ± § ³Ò± ´¨Õ ´¥±μÉμ·ÒÌ

∗ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ dô μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ²¨¡μ ³¥Éμ¤μ³, ¨§²μ¦¥´´Ò³ ¢ · ¡μÉ¥ [88], ²¨¡μ
³¥Éμ¤μ³ [89].
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±¢ ·±μ¢ÒÌ ±μ´Íμ¢, ¢ÒÌμ¤ÖÐ¨Ì ¨§ ¨´¸É ´Éμ´´μ° ¢¥·Ï¨´Ò, Î¥·¥§ ±¢ ·±μ¢Ò°
±μ´¤¥´¸ É [15].

‚ ³μ¤¥²¨ ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ ÔËË¥±É¨¢´ Ö ¶²μÉ´μ¸ÉÓ ¤ ¥É¸Ö ¢Ò· -
¦¥´¨¥³

neff(ρ) = ncδ(ρ − ρc), (91)

£¤¥ nc μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° £²Õμ´´μ£μ ±μ´¤¥´¸ É : nc =
〈0|αsG

a
μνGa

μν |0〉/16π.
ˆ¸¶μ²Ó§ÊÖ (91), ¶μ²ÊÎ ¥³

ΔLA = i
fπ

2αs(ρc)

∑
q

g

2m∗
q

q̄σμνtaqGa
μν , (92)

£¤¥ f = ncπ
2ρ4 Å É ± ´ §Ò¢ ¥³Ò° Ê¶ ±μ¢μÎ´Ò° ¶ · ³¥É· ¨´¸É ´Éμ´μ¢ ¢

Š•„-¢ ±ÊÊ³¥.
’ ±¨³ μ¡· §μ³, §  ¸Î¥É ¨´¸É ´Éμ´μ¢ ¢μ§´¨± ¥É Ì·μ³μ³ £´¨É´μ¥ ¢§ ¨³μ-

¤¥°¸É¢¨¥
ΔLA = −iμa

∑
q

g

2mq
q̄σμνtaqGa

μν (93)

¸ ¢¥²¨Î¨´μ°  ´μ³ ²Ó´μ£μ Ì·μ³μ³ £´¨É´μ£μ ³μ³¥´É 

μa = − fπ

2αs(ρc)
. (94)

�μ¤Î¥·±´¥³, ÎÉμ ¢ μ±μ´Î É¥²Ó´μ³ μÉ¢¥É¥ ¤²Ö Ì·μ³μ³ £´¨É´μ£μ ³μ³¥´É  (94)
¢¥²¨Î¨´  ±¢ ·±-£²Õμ´´μ° ±μ´¸É ´ÉÒ ¢Ìμ¤¨É ¢ §´ ³¥´ É¥²Ó ¨ ¶μÔÉμ³Ê ´¥¢μ§-
³μ¦´μ ¢ ¶·¨´Í¨¶¥ ¶μ²ÊÎ¨ÉÓ ¶μ¤μ¡´Ò° ·¥§Ê²ÓÉ É ¢ · ³± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥-
´¨° Š•„.

„²Ö Î¨¸²¥´´ÒÌ μÍ¥´μ± ¢¥²¨Î¨´Ò ´ ¢¥¤¥´´μ£μ ±¢ ·±μ¢μ£μ Ì·μ³μ³ £´¨É-
´μ£μ ³μ³¥´É  ¨¸¶μ²Ó§Ê¥³ NLO-¶·¨¡²¨¦¥´¨¥ ¤²Ö ±μ´¸É ´ÉÒ ¸¨²Ó´μ° ¸¢Ö§¨

αs(ρ) = − 2π

β1t

(
1 +

2β2 log t

β1t

)
, (95)

£¤¥

β1 = −33 − 2Nf

6
, β2 = −153 − 19Nf

12
, (96)

t = log
(

1
ρ2Λ2

+ δ

)
. (97)

‚ Ê· ¢´¥´¨¨ (97) ¶ · ³¥É· δ ≈ 1/ρ2
cΛ2 μ¡¥¸¶¥Î¨¢ ¥É ¶² ¢´ÊÕ ¨´É¥·¶μ²ÖÍ¨Õ

αs(ρ) ¨§ ¶¥·ÉÊ·¡ É¨¢´μ° (ρ → 0) ¢ ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ μ¡² ¸ÉÓ (ρ → ∞) [90].
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„²Ö §´ Î¥´¨° Nf = 3, Λ = 230 ŒÔ‚, ¨¸¶μ²Ó§ÊÖ ¸É ´¤ ·É´ÊÕ ¢¥²¨Î¨´Ê
£²Õμ´´μ£μ ±μ´¤¥´¸ É 〈

0
∣∣∣αs

π
Ga

μνGa
μν

∣∣∣ 0〉 = 0,012 ƒÔ‚4, (98)

¶μ²ÊÎ ¥³
μa = −0,2. (99)

�·¨´Í¨¶¨ ²Ó´ Ö · §´¨Í  ³¥¦¤Ê ¨´¸É ´Éμ´´Ò³¨ ¢¥·Ï¨´ ³¨ (88), (93)
¨ ¶¥·ÉÊ·¡ É¨¢´μ° ±¢ ·±-£²Õμ´´μ° ¢¥·Ï¨´μ° ¸μ¸Éμ¨É ¢ ´ ²¨Î¨¨ ¶¥·¥¢μ·μÉ 
¸¶¨· ²Ó´μ¸É¨ ±¢ ·±  ¢ ¨´¸É ´Éμ´´μ° ¢¥·Ï¨´¥. �μÔÉμ³Ê ÔÉ¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
¤μ²¦´Ò ¤ ¢ ÉÓ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¸¶¨´§ ¢¨¸¨³ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ
¶·μÉμ´  gp

1(x, Q2).
‚´ Î ²¥ ¢ÒÎ¨¸²¨³ ¨´¸É ´Éμ´´Ò¥ ¢±² ¤Ò ´  ¶ ·Éμ´´μ³ Ê·μ¢´¥, É. ¥. ¢

¸¶¨´§ ¢¨¸¨³ÊÕ ±¢ ·±μ¢ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ gq
1(x, Q2). ‚±² ¤Ò μÉ ±¢ ·±-

±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (88) ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 6.

�¨¸. 6. ˆ´¸É ´Éμ´´Ò° ¢±² ¤ ¢ ±¢ ·±μ¢ÊÕ ËÊ´±Í¨Õ · ¸¶·¥¤¥²¥´¨Ö: a) ¢±² ¤ ¢ · ¸¶·¥-
¤¥²¥´¨¥ ³μ·¸±¨Ì ±¢ ·±μ¢; ¡) ¢±² ¤ ¢ · ¸¶·¥¤¥²¥´¨¥ ¢ ²¥´É´ÒÌ ±¢ ·±μ¢. ‘¨³¢μ² I(Ī)
μ¡μ§´ Î ¥É ¨´¸É ´Éμ´ ( ´É¨¨´¸É ´Éμ´)

‚±² ¤ μÉ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¶¨´§ ¢¨¸¨³ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ
gq
1(x, Q2) ¶μ²ÊÎ ¥É¸Ö ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ μ¶·¥¤¥²¥´´μ° ¶·μ¥±Í¨¨ ³´¨³μ° Î -

¸É¨ ±μ³¶Éμ´μ¢¸±μ°  ³¶²¨ÉÊ¤Ò ¢¶¥·¥¤ Tμν :

gq
1(x, Q2) = − ieμνρσpρqσ Im Tμν

pq
, (100)

£¤¥ p Å ¨³¶Ê²Ó¸ ¢ ²¥´É´μ£μ ±¢ ·±  ¢ ´Ê±²μ´¥. �·Ö³μ¥ ¢ÒÎ¨¸²¥´¨¥ ¢±² ¤ 
¤¨ £· ³³Ò ´  ·¨¸. 6, ¡∗ ¤ ¥É μÉ¢¥É

gq,q
1 (x, Q2) = ×

×
e2

qρ
4
c

128

∫ Q2(1−x)
4x

0

dk2
⊥

∫ −∞

−k2
⊥

1−x

dk2 (k4
⊥ + k2

⊥k2(1 − x))
x2k4

F 2

(
|k|ρc

2

)
, (101)

∗‚ÒÎ¨¸²¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢±² ¤ μÉ ¤¨ £· ³³Ò ´  ·¨¸. 6, a μÎ¥´Ó ³ ²¥´Ó±¨° ¨ ¶μÔÉμ³Ê
¨³ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ. —²¥´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ Í¢¥É´μ° ³ É·¨Í¥ ta ¢ (88), ¨³¥ÕÉ Ë ±Éμ·
¶μ¤ ¢²¥´¨Ö 1/Nc ¨ ¤ ÕÉ É ±¦¥ μÎ¥´Ó ³ ²¥´Ó±¨° ¢±² ¤.
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£¤¥

F (z) = z
d

dz
[I0(z)K0(z) − I1(z)K1(z)] (102)

¨ x = Q2/2pq.
„¨ £· ³³ , ¶·¥¤¸É ¢²ÖÕÐ Ö ¢±² ¤ μÉ ±¢ ·±-£²Õμ´´μ£μ Ì·μ³μ³ £´¨É´μ£μ

¢§ ¨³μ¤¥°¸É¢¨Ö (92), ¶·¨¢¥¤¥´  ´  ·¨¸. 7.
‚ÒÎ¨¸²¥´¨¥ ÔÉμ£μ ¢±² ¤  ¤ ¥É

gq,g
1 (x, Q2) = −

e2
q

8
|μa|ρ2

c

(1 − x)

∫ Q2(1−x)
4x

0

dk2
⊥

F 2(kρc/2)√
1 − 4xk2

⊥
(1 − x)Q2

, (103)

£¤¥ k2 = k2
⊥/(1 − x), ¨ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¸μμÉ´μÏ¥´¨¥ αsμ

2
a/m∗2

q ρ2
c =

3π|μa|/8, ¢ÒÉ¥± ÕÐ¥¥ ¨§ (13) ¨ (74).
�Î¥´Ó ¨´É¥·¥¸´ Ö μ¸μ¡¥´´μ¸ÉÓ ¨´¸É ´Éμ´´ÒÌ ¢±² ¤μ¢ ¸μ¸Éμ¨É ¢ ¨Ì ¸¶¥-

Í¨Ë¨Î¥¸±μ° Q2-§ ¢¨¸¨³μ¸É¨. ’ ±, ¶·¨ Q2 � 1/ρ2
c μ´¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò Q2,

�¨¸. 7. ˆ´¸É ´Éμ´´Ò° ¢±² ¤ ¢ ¸É·Ê±ÉÊ·´ÊÕ
ËÊ´±Í¨Õ μÉ  ´μ³ ²Ó´μ£μ Ì·μ³μ³ £´¨É´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö

  ¤²Ö Q2 � 1/ρ2
c μ´¨ ¢ÒÌμ¤ÖÉ

´  ±μ´¸É ´ÉÊ. �μÔÉμ³Ê Q2-§ ¢¨-
¸¨³μ¸ÉÓ ¨´¸É ´Éμ´´μ£μ ¢±² ¤ 
¢ ¶μ²Ö·¨§μ¢ ´´Ò¥ ¸É·Ê±ÉÊ·´Ò¥
ËÊ´±Í¨¨ ¤μ²¦´  ¡ÒÉÓ μÉ²¨Î´ 
μÉ Log (Q2/Λ2) Ô¢μ²ÕÍ¨¨ ¶¥·-
ÉÊ·¡ É¨¢´ÒÌ £²Õμ´´ÒÌ ¢±² ¤μ¢ ±
¸É·Ê±ÉÊ·´Ò³ ËÊ´±Í¨Ö³. ”Ê´¤ -
³¥´É ²Ó´μ° ¶·¨Î¨´μ° ÔÉμ£μ Ö¢²Ö-
¥É¸Ö ¶¥·¥¢μ·μÉ ¸¶¨· ²Ó´μ¸É¨ Ê
±¢ ·± , ¨´¤ÊÍ¨·Ê¥³Ò° ¨´¸É ´Éμ´-
´μ° ¢¥·Ï¨´μ°. ‚μ§´¨± ÕÐ¨° ¶·¨
ÔÉμ³ μ·¡¨É ²Ó´Ò° ³μ³¥´É, ´¥μ¡-
Ìμ¤¨³Ò° ¤²Ö ¢Ò¶μ²´¥´¨Ö ¸μÌ· ´¥´¨Ö ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É , ¤ ¥É ¤μ-
¶μ²´¨É¥²Ó´Ò¥ ¸É¥¶¥´¨ k⊥ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É ±μ³¶Éμ´μ¢¸±μ°  ³¶²¨ÉÊ¤Ò
¢¶¥·¥¤. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ Q2 = 0 ¨´¸É ´Éμ´´Ò° ¢±² ¤ ¢ g1(x, Q2) μ¡· Ð ¥É¸Ö
¢ ´μ²Ó.

‚ ¶·¥¤¥²¥ ¡μ²ÓÏ¨Ì Q2 ¨ ³ ²ÒÌ x ¢±² ¤ ¢ gq
1(x, Q2) μÉ ±¢ ·±-±¢ ·±μ¢μ£μ

¢§ ¨³μ¤¥°¸É¢¨Ö (·¨¸. 6, ¡) ¨³¥¥É  ´μ³ ²Ó´μ¥ 1/x2-¶μ¢¥¤¥´¨¥. �Éμ ¶μ¢¥¤¥´¨¥
¶·μ¨¸Ìμ¤¨É μÉ ÉμÎ¥Î´μ¶μ¤μ¡´ÒÌ ¨´¸É ´Éμ´´ÒÌ ¢¥·Ï¨´ (4), (88), ±μÉμ-
·Ò¥ ¶·¨¢μ¤ÖÉ ± ¡Ò¸É·μ³Ê Ê¢¥²¨Î¥´¨Õ q̄q-¸¥Î¥´¨Ö ¸ ·μ¸Éμ³ S = (p − k)2.
�·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì S ¢±² ¤ ¨´¸É ´Éμ´μ¢ ¤μ²¦¥´ ¢Ò³¨· ÉÓ, É ± ± ± ¢ ÔÉμ°
μ¡² ¸É¨ ¶¥·ÉÊ·¡ É¨¢´ Ö Š•„ ¤μ²¦´  ¡ÒÉÓ ¸¶· ¢¥¤²¨¢μ°. Œ´¨³ Ö Î ¸ÉÓ μÉ
´¨¦´¥° Î ¸É¨ ¤¨ £· ³³Ò ´  ·¨¸. 6, ¡ ¶·μ¶μ·Í¨μ´ ²Ó´  ¸Ê³³¥ ³´¨³ÒÌ Î ¸É¥°
±μ··¥²ÖÉμ·μ¢ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ j = q̄γ5q ¨ ¸± ²Ö·´ÒÌ j = q̄q Éμ±μ¢ (s =

√
S)
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(¸³. ¸É·Ê±ÉÊ·Ê ² £· ´¦¨ ´  (88)):

Π(s) = i

∫
dx eisx〈0‖T {j(x), j(0)}‖0〉. (104)

�ÉμÉ ±μ··¥²ÖÉμ· ¡Ò² ¶·μ ´ ²¨§¨·μ¢ ´ ¢ · ³± Ì ¶· ¢¨² ¸Ê³³ Š•„ ¸ ÊÎ¥Éμ³
¢±² ¤μ¢ ¨´¸É ´Éμ´μ¢ [33]. ’ ³ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ÒÌμ¤ ´  ¶¥·ÉÊ·¡ É¨¢-
´Ò° ·¥¦¨³ μ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³ ¨´É¥·¢ ²  ¤Ê ²Ó´μ¸É¨ ¢ ¶· ¢¨² Ì ¸Ê³³
S0 ≈ 2 ƒÔ‚2. �μÔÉμ³Ê μ±μ´Î É¥²Ó´ Ö Ëμ·³Ê²  ¤²Ö ¢±² ¤  ±¢ ·±-±¢ ·±μ¢ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ¢ gq

1(x) ¢ ¡Ó¥·±¥´μ¢¸±μ³ ¶·¥¤¥²¥ Q2 → ∞ ³μ¦¥É ¨³¥ÉÓ ¢¨¤

gq
1(x, Q2) =

e2
qρ

4
c

128

∫ S0

0

dS

∫ ∞

Sx
1−x

dk2 S(xS − k2(1 − x))
k4

F 2

(
kρc

2

)
. (105)

ˆ§-§  ¢¢¥¤¥´´μ£μ μ¡·¥§ ´¨Ö ¶μ S 1/x-· ¸Ìμ¤¨³μ¸ÉÓ μÉ¸ÊÉ¸É¢Ê¥É ¨ ¨´¸É ´-
Éμ´´Ò° ¢±² ¤ ¢ ¶¥·¢Ò° ³μ³¥´É g1(x) ±μ´¥Î¥´.

‚ Éμ³ ¦¥ ¸ ³μ³ ¶·¥¤¥²¥ ¢±² ¤ ¢ gq
1(x), ¸¢Ö§ ´´Ò° ¸ ±¢ ·±-£²Õμ´´Ò³

¢§ ¨³μ¤¥°¸É¢¨¥³ (94), · ¢¥´

gq
1(x) = −

e2
q

4
|μa|. (106)

‡´ ± μ¡μ¨Ì ¢±² ¤μ¢ μÉ·¨Í É¥²¥´ ¨ ¸¢Ö§ ´ ¸ μÉ·¨Í É¥²Ó´μ° ¶μ²Ö·¨§ Í¨¥°
±¢ ·±μ¢, ¨´¤ÊÍ¨·Ê¥³μ° ¨´¸É ´Éμ´ ³¨ ¢ ¶·μÉμ´¥.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  ¨´¸É ´Éμ´μ¢ ¢ ¶·μÉμ´´ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ
¨¸¶μ²Ó§Ê¥³ ±μ´¢μ²ÕÍ¨μ´´ÊÕ Ëμ·³Ê²Ê

gp
1(x) =

∑
q

∫ 1

x

dy

y
gq
1

(
x

y

)
ΔqV (y), (107)

£¤¥ ΔqV (y) Å ´ Î ²Ó´Ò¥ ¶μ²Ö·¨§ Í¨¨ ¢ ²¥´É´ÒÌ ±¢ ·±μ¢, ¢§ÖÉÒ¥ ¢ Ëμ·³¥

ΔuV (x) = 3,7(1 − x)3, ΔdV (x) = −1,3(1 − x)3 (108)

¨ ´μ·³¨·μ¢ ´´Ò¥ ´  Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ±μ´¸É ´É ¸² ¡ÒÌ · ¸¶ ¤μ¢
£¨¶¥·μ´μ¢

g3
A = ΔuV − ΔdV = 1,25; g8

A = ΔuV + ΔdV = 0,6. (109)

‚¨¤ (108) ¸μμÉ¢¥É¸É¢Ê¥É ¶· ¢¨²Ó´Ò³  ¸¨³¶ÉμÉ¨± ³ ¶·¨ ³ ²ÒÌ ¨ ¡μ²ÓÏ¨Ì
§´ Î¥´¨ÖÌ x, μ¦¨¤ ¥³ÒÌ ¨§ É¥μ·¨¨ �¥¤¦¥ ¨ ¶· ¢¨² ±¢ ·±μ¢μ£μ ¸Î¥É .

�  ·¨¸. 8 ¶μ± § ´ ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  ±¢ ·±-±¢ ·±μ¢ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨°, ¨´¤ÊÍ¨·Ê¥³ÒÌ ¨´¸É ´Éμ´ ³¨, ¢ gp

1(x) ¢ μ¡² ¸É¨ ¡Ó¥·±¥´μ¢¸±μ°
¶¥·¥³¥´´μ° x > 0,0001. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ÔÉμÉ ¢±² ¤ μÉ·¨Í É¥²Ó´Ò°
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¨ ¤μ¢μ²Ó´μ ¡μ²ÓÏμ°, μ¸μ¡¥´´μ ¢ μ¡² ¸É¨ ³ ²ÒÌ x. ‚±² ¤ ¢ ¶¥·¢Ò° ³μ-
³¥´É gp

1(x)

δIp,q
inst =

∫ 1

0

dxgp,q
1 (x) = −0,007. (110)

�É  ¢¥²¨Î¨´  ¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ μ¤´Ê Î¥É¢¥·ÉÊÕ Î ¸ÉÓ ´ ¡²Õ¤ ¥³μ£μ ´ ·Ê-
Ï¥´¨Ö ¶· ¢¨²  ¸Ê³³ �²²¨¸ Ä„¦ ËË¥ ¤²Ö ¨´É¥£· ²  μÉ ¸É·Ê±ÉÊ·´μ° ËÊ´±Í¨¨
g1(x) [106]. �¸É ¢Ï Ö¸Ö Î ¸ÉÓ ´ ·ÊÏ¥´¨Ö ³μ¦¥É ¡ÒÉÓ μÉ´¥¸¥´  ´  ¢±² ¤
 ´μ³ ²Ó´μ£μ Ì·μ³μ³ £´¨É´μ£μ ±¢ ·±-£²Õμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ-
¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨.

�¨¸. 8. ‚±² ¤ ¢ ¶·μÉμ´´ÊÕ ¸¶¨´§ ¢¨¸¨-
³ÊÕ ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ gp

1(x), ¢Ò-
§¢ ´´Ò° ±¢ ·±-±¢ ·±μ¢Ò³ ¨´¸É ´Éμ´´Ò³
¢§ ¨³μ¤¥°¸É¢¨¥³

�¨¸. 9. ‚±² ¤ ¢ ¶·μÉμ´´ÊÕ ¸É·Ê±ÉÊ·´ÊÕ
ËÊ´±Í¨Õ, ¢μ§´¨± ÕÐ¨° ¢ gp

1(x) μÉ Ì·μ-
³μ³ £´¨É´μ£μ ±¢ ·±-£²Õμ´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´ ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤  Ì·μ³μ³ £´¨É´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¢ gp

1(x). �ÉμÉ ¢±² ¤ É ±¦¥ μÉ·¨Í É¥²¥´ ¨ ¨³¥¥É ¡μ²¥¥ ¦¥¸É-
±ÊÕ x-§ ¢¨¸¨³μ¸ÉÓ, Î¥³ ¢±² ¤ μÉ ±¢ ·±-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �μÔÉμ³Ê
¨³¥´´μ ÔÉ¨³ ¢±² ¤μ³ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ Ê³¥´ÓÏ¥´¨¥ gp

1(x) ¢ μ¡² ¸É¨ ¡μ²Ó-
Ï¨Ì x.

‚±² ¤ ¢ ¶¥·¢Ò° ³μ³¥´É gp
1(x) μÉ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö

δIp,g
inst =

∫ 1

0

dxgp,g
1 (x) = −0,019. (111)

�¡Ð¨° ¢±² ¤ μÉ μ¡μ¨Ì ¢§ ¨³μ¤¥°¸É¢¨° δIp
inst = −0,026. �Éμ Î¨¸²μ ¸²¥-

¤Ê¥É ¸· ¢´¨ÉÓ ¸μ §´ Î¥´¨¥³ ´ ¡²Õ¤ ¥³μ£μ ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  ¸Ê³³ �²²¨¸ Ä
„¦ ËË¥ [106] δIp

exp = −0,02 ÷−0,04.
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�μÔÉμ³Ê, ÊÎ¨ÉÒ¢ Ö ÉμÎ´μ¸ÉÓ ¸μ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨
´¥μ¶·¥¤¥²¥´´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥μ¤´μ§´ Î´μ¸ÉÓÕ Ô±¸É· ¶μ²ÖÍ¨¨ ¢ μ¡² ¸ÉÓ
μÎ¥´Ó ³ ²ÒÌ §´ Î¥´¨° x, ³μ¦´μ ±μ´¸É É¨·μ¢ ÉÓ, ÎÉμ ¨´¸É ´Éμ´´ Ö ³μ¤¥²Ó
¤ ¥É Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ ´ ·ÊÏ¥´¨Ö ¶· ¢¨²  ¸Ê³³ �²²¨¸ Ä„¦ ËË¥ ´  ¶·μÉμ´¥.

6. ���Œ�’��Ÿ ‘’�“Š’“�� �“Š‹��� ˆ ˆ�‘’��’��›

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ï¨·μ±μ μ¡¸Ê¦¤ ¥É¸Ö ¶·¨Î¨´  ¡μ²ÓÏμ£μ ´ ·ÊÏ¥´¨Ö
SU(2)f -¸¨³³¥É·¨¨ ±¢ ·±μ¢μ£μ ³μ·Ö ¢ ´Ê±²μ´¥ [84]. �Éμ ´ ·ÊÏ¥´¨¥ ¡Ò²μ
¢¶¥·¢Ò¥ μÉ³¥Î¥´μ NMC-±μ²² ¡μ· Í¨¥° [108] ¢ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥·±¨ ¶· ¢¨² 
¸Ê³³ ƒμÉÉË·¨¤  [107]

1∫
0

[F p
2 (x) − Fn

2 (x)]
x

dx =
1
3

(112)

¤²Ö ´¥¶μ²Ö·¨§μ¢ ´´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´Ê±²μ´  F2(x, Q2). ‚ · ³± Ì
¶ ·Éμ´´μ° ³μ¤¥²¨ · §´¨Í  F p−n

2 (x, Q2) ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¤²Ö ¶·μÉμ´ 
¨ ´¥°É·μ´  ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¸²¥¤ÊÕÐÊÕ ±μ³¡¨´ Í¨Õ ¢ ²¥´É´ÒÌ ¨ ³μ·¸±¨Ì
±¢ ·±μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°:

1∫
0

[F p
2 (x) − Fn

2 (x)]
x

dx =
1
3

1∫
0

(uV (x)−dV (x))dx− 2
3

1∫
0

(d̄(x)−ū(x))dx, (113)

£¤¥ ¶¥·¢Ò° Î²¥´ μÉ¢¥Î ¥É ¶· ¢¨²Ê ¸Ê³³ ƒμÉÉË·¨¤ . NMC-±μ²² ¡μ· Í¨Ö ¤ ² 
¸²¥¤ÊÕÐÊÕ ¢¥²¨Î¨´Ê ´  ´ ·ÊÏ¥´¨¥ ud-¸¨³³¥É·¨¨ ¶·μÉμ´´μ£μ ³μ·Ö:

1∫
0

(d̄(x) − ū(x))dx = 0,11 ± 0,02. (114)

�´ ²μ£¨Î´μ¥ ´ ·ÊÏ¥´¨¥ d̄ ≈ 2ū ¶·¨ 〈x〉 = 0,18 ¡Ò²μ É ±¦¥ μ¡´ ·Ê¦¥´μ
±μ²² ¡μ· Í¨¥° NA51 [109] ¶·¨  ´ ²¨§¥ ¸¥Î¥´¨° ¶·μÍ¥¸¸μ¢ ·μ¦¤¥´¨Ö ¶ ·
„·¥²² ÄŸ´  ¢ pp- ¨ pD-¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �¥¤ ¢´μ ¤¥É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥
x-§ ¢¨¸¨³μ¸É¨  ¸¨³³¥É·¨¨ d̄(x) − ū(x) ¡Ò²μ ¸¤¥² ´μ E866-±μ²² ¡μ· Í¨-
¥° [110]. ‚¸¥ ÔÉ¨ Ô±¸¶¥·¨³¥´ÉÒ ¶μ± §Ò¢ ÕÉ μÎ¥´Ó ¡μ²ÓÏÊÕ  ·μ³ É´ÊÕ  ¸¨³-
³¥É·¨Õ ¶·μÉμ´´μ£μ ³μ·Ö.

‚ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ´ ¡²Õ¤ ¥³μ¥ ´ ·ÊÏ¥´¨¥ Î·¥§¢ÒÎ °´μ
É·Ê¤´μ ¶μ´ÖÉÓ, É ± ± ± ¶¥·ÉÊ·¡ É¨¢´μ¥ ³μ·¥, μ¡· §μ¢ ´´μ¥ §  ¸Î¥É £²Õμ-
´μ¢, ¤μ²¦´μ ¡ÒÉÓ ´¥°É· ²Ó´Ò³ ¶μ  ·μ³ É´Ò³ ¨´¤¥±¸ ³. ‚ · ¡μÉ Ì [98Ä100]
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¡Ò²μ ¶μ± § ´μ, ÎÉμ ¨´¸É ´Éμ´Ò ¤ ÕÉ μÎ¥´Ó ¶·μ¸Éμ¥ μ¡ÑÖ¸´¥´¨¥ ¸ÊÐ¥¸É¢¥´-
´μ£μ ´ ·ÊÏ¥´¨Ö SU(2)f -¸¨³³¥É·¨¨ ±¢ ·±μ¢μ£μ ³μ·Ö ¨ ¶·¥¤¸± §Ò¢ ÕÉ

d̄(x) = 2ū(x), (115)

¥¸²¨ ¤μ³¨´¨·Ê¥É ³μ·¥, μ¡· §μ¢ ´´μ¥ §  ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö 'É •μμËÉ  (88).
�ÉμÉ ·¥§Ê²ÓÉ É Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éμ£μ, ÎÉμ ¨´¸É ´Éμ´´ Ö ¢¥·Ï¨´  (88) μÉ-
²¨Î´  μÉ ´Ê²Ö Éμ²Ó±μ ¤²Ö ´¥μ¤¨´ ±μ¢ÒÌ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢. �μÔÉμ³Ê ®ÏÊ¡ ¯
³μ·¸±¨Ì ±¢ ·±μ¢ Ê ¢ ²¥´É´μ£μ u-±¢ ·±  ¤μ²¦´  ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¸μ¸ÉμÖÉÓ ¨§
dd̄-¶ ·,   Ê d-±¢ ·±  ´ μ¡μ·μÉ, É. ¥. ¨§ uū-¶ · (·¨¸. 10). 
μ²¥¥ Éμ£μ, ±μ··¥²Ö-
Í¨Ö ¸¶¨· ²Ó´μ¸É¥° ¢ ²¥´É´ÒÌ ¨ ³μ·¸±¨Ì ±¢ ·±μ¢ ¢ ¶μ²¥ ¨´¸É ´Éμ´  ¶·¨¢μ¤¨É
± ´ ·ÊÏ¥´¨Õ  ·μ³ É´μ° ¸¨³³¥É·¨¨ ¨ ¶μ²Ö·¨§μ¢ ´´μ£μ ³μ·Ö Δū = −4Δd̄ ¢
¶·μÉμ´¥. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢¥·Ï¨´  'É •μμËÉ  ¸É·μ¨É¸Ö ´  ´Ê²¥¢ÒÌ
³μ¤ Ì ±¢ ·±μ¢ ¢ ¶μ²¥ ¨´¸É ´Éμ´  ¨ ¶μÔÉμ³Ê ¥¥  ·μ³ É´Ò¥ ¸¢μ°¸É¢  ¥¸ÉÓ ¶·μ-
Ö¢²¥´¨¥ ¶·¨´Í¨¶  � Ê²¨ ¤²Ö ±¢ ·±μ¢ ¢ ¶μ²¥ ¨´¸É ´Éμ´ .

�¨¸. 10. ‚±² ¤ ±¢ ·±-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨, ¢
 ·μ³ É´ÊÕ  ¸¨³³¥É·¨Õ ³μ·¸±¨Ì ±¢ ·±μ¢ ¢ ¶·μÉμ´¥

7. ˆ�‘’��’��› ˆ �„��‘�ˆ��‚›… �‘ˆŒŒ…’�ˆˆ ‚
�„���-�„����›• ‚‡�ˆŒ�„…‰‘’‚ˆŸ•

�¤´μ° ¨§ ¶·μ¡²¥³ Š•„ ± ± É¥μ·¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ´¥-
μ¡Ìμ¤¨³μ¸ÉÓ μ¶¨¸ ´¨Ö ¡μ²ÓÏ¨Ì μ¤´μ¸¶¨´μ¢ÒÌ  ¸¨³³¥É·¨°, ´ ¡²Õ¤ ¥³ÒÌ ¢
 ¤·μ´- ¤·μ´´ÒÌ ¨ ²¥¶Éμ´- ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. ˆ§ ´¨Ì μ¸μ¡Ò° ¨´É¥·¥¸
¢Ò§Ò¢ ÕÉ ¡μ²ÓÏ¨¥ μ¤´μ¸¶¨´μ¢Ò¥  ¸¨³³¥É·¨¨ π-³¥§μ´μ¢, ±μÉμ·Ò¥ ¡Ò²¨ ¨§-
³¥·¥´Ò ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  ¢ FERMILAB
¢ Ô±¸¶¥·¨³¥´É¥ …-704 c ¶μ¶¥·¥Î´μ-¶μ²Ö·¨§μ¢ ´´Ò³¨ ¶·μÉμ´´Ò³¨ ¨  ´É¨-
¶·μÉμ´´Ò³¨ ¶ÊÎ± ³¨, · ¸¸¥¨¢ ÕÐ¨³¨¸Ö ´  ¶·μÉμ´´μ° ³¨Ï¥´¨ [111]. A´μ-
³ ²Ó´μ ¡μ²ÓÏ¨¥ μ¤´μ¸¶¨´μ¢Ò¥  ¸¨³³¥É·¨¨ (�‘A) ´ ¡²Õ¤ ²¨¸Ó ¨ ¢ ¤·Ê£¨Ì
Ô±c±²Õ§¨¢´ÒÌ ¨ ¨´±²Õ§¨¢´ÒÌ Ô±¸¶¥·¨³¥´É Ì [112]. „²Ö ¢ÒÖ¸´¥´¨Ö ³¥Ì -
´¨§³  μ¤´μ¸¶¨´μ¢ÒÌ  ¸¨³³¥É·¨° ·Ö¤ ´μ¢ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¢±²ÕÎ¥´ ¢ ¶·μ-
£· ³³Ò ±μ²² ¡μ· Í¨¨ RHIC-SPIN ¢ 
·Ê±Ì¥°¢¥´¥ (‘˜�), ¶·μ¥±É HERA-N ¢
DESY (ƒ¥·³ ´¨Ö) ¨ ¶·μ¥±É COMPASS (CERN).
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‘ É¥μ·¥É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·¨Î¨´  ¢μ§´¨±´μ¢¥´¨Ö ¡μ²ÓÏ¨Ì μ¤´μ¸¶¨-
´μ¢ÒÌ  ¸¨³³¥É·¨° ¡Ò²  ¸μ¢¥·Ï¥´´μ ´¥¶μ´ÖÉ´ . „¥²μ ¢ Éμ³, ÎÉμ μ¤´μ¸¶¨´μ-
¢Ò¥  ¸¨³³¥É·¨¨ μ¡ÒÎ´μ É·¥¡ÊÕÉ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¤¢ÊÌ ¢ ¦´ÒÌ ±μ³¶μ´¥´É ¢
 ³¶²¨ÉÊ¤ Ì, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ¤ ´´ÊÕ ·¥ ±Í¨Õ. ‚μ-¶¥·¢ÒÌ,  ³¶²¨ÉÊ¤ 
¤μ²¦´  ¸μ¤¥·¦ ÉÓ Î ¸ÉÓ ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨· ²Ó´μ¸É¨. ‚μ-¢Éμ·ÒÌ, ¤μ²¦´ 
¡ÒÉÓ ³´¨³ Ö Î ¸ÉÓ Ê  ³¶²¨ÉÊ¤Ò. �¡  ÔÉ¨ É·¥¡μ¢ ´¨Ö ´¥¢μ§³μ¦´μ ¢Ò¶μ²´¨ÉÓ
¢ · ³± Ì ²¨¤¨·ÊÕÐ¥£μ ¶μ·Ö¤±  ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ (¶Š•„). ’ ±, ¶¥·ÉÊ·-
¡ É¨¢´Ò° ¶μ¤Ìμ¤ ¶·¥¤¸± §Ò¢ ¥É μÎ¥´Ó ³ ²¥´Ó±ÊÕ ¢¥²¨Î¨´Ê �‘A, ±μÉμ· Ö
¶·μ¶μ·Í¨μ´ ²Ó´  Éμ±μ¢μ° ³ ¸¸¥ ±¢ ·±  ¨ ¨¸Î¥§ ¥É ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¨ ¶¥-
·¥¤ Î ¨³¶Ê²Ó¸  [113]. �·¨ ÔÉμ³ ³ ²μ¸ÉÓ �‘A ¸¢Ö§ ´  ´¥ Éμ²Ó±μ ¸ ³ ²Ò³¨
Éμ±μ¢Ò³¨ ³ ¸¸ ³¨ ²¥£±¨Ì ±¢ ·±μ¢, ´μ ¨ ¸ ¤μ¶μ²´¨É¥²Ó´Ò³¨ ¶μ¤ ¢²ÖÕÐ¨³¨
Ë ±Éμ· ³¨, ¢μ§´¨± ÕÐ¨³¨ ¨§-§  ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ±¢ ·±μ¢μ° ¶¥É²¥, ´¥μ¡-
Ìμ¤¨³μ° ¤²Ö £¥´¥· Í¨¨ ³´¨³μ° Î ¸É¨, ¨ ¢±²ÕÎ¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¸É¥¶¥´¥°
¸¨²Ó´μ° ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö αs.

‘ÊÐ¥¸É¢ÊÕÉ ´¥¸±μ²Ó±μ ¶μ¤Ìμ¤μ¢ ± ¶·μ¡²¥³¥, μ¸´μ¢ ´´ÒÌ ´  ÔËË¥±É Ì
¢´¥ · ³μ± ²¨¤¨·ÊÕÐ¥£μ ¶μ·Ö¤±  ¶Š•„. ’ ±, ¢ · ¡μÉ¥ [114] ¡Ò²μ μÉ³¥-
Î¥´μ, ÎÉμ ¢±² ¤Ò É¢¨¸É -3 ³μ£ÊÉ ¡ÒÉÓ ¢ ¦´Ò ¤²Ö μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ ÔËË¥±É .
�¥¤ ¢´μ ¢ [115] ¡Ò²  ¶μ²ÊÎ¥´  ±μ´¢μ²ÕÍ¨μ´´ Ö Ëμ·³Ê²  ¤²Ö �‘A, ¢±²ÕÎ -
ÕÐ Ö É¢¨¸É-3 ±¢ ·±-£²Õμ´´ÊÕ ±μ··¥²ÖÍ¨μ´´ÊÕ ËÊ´±Í¨Õ, ¸¤¥² ´Ò ¶¥·¢Ò¥
μÍ¥´±¨ ¤²Ö �‘A ¢ ¨´±²Õ§¨¢´μ³ ·μ¦¤¥´¨¨ ¶¨μ´μ¢. �¸´μ¢´μ° ¶·μ¡²¥³μ°
¤ ´´μ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö ´¥§´ ´¨¥ ¸¶¨´§ ¢¨¸¨³ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö
É¢¨¸É -3. ”Ê´±Í¨¨ É¢¨¸É -3 ¢ μ¡Ð¥³ ¸²ÊÎ ¥ Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ ¤¢ÊÌ ¶¥·¥-
³¥´´ÒÌ ¨ ¶·¥¤¸É ¢²ÖÕÉ ´¥¶¥·ÉÊ·¡ É¨¢´ÊÕ Î ¸ÉÓ ±μ´¢μ²ÕÍ¨μ´´μ° Ëμ·³Ê²Ò.
�´¨ ¤μ²¦´Ò ¡ÒÉÓ ²¨¡μ ¨§¢²¥Î¥´Ò ¨§ Ô±¸¶¥·¨³¥´É , ²¨¡μ ¢ÒÎ¨¸²¥´Ò ¢ · ³± Ì
´¥±μÉμ·μ£μ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¤Ìμ¤ . �É³¥É¨³ ¢ ÔÉμ° ¸¢Ö§¨, ÎÉμ ¤ ¦¥ ¡μ²¥¥
¶·μ¸ÉÒ¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö É¢¨¸É -2 ´¥ ¨§¢¥¸É´Ò ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¢
´ ¸ÉμÖÐ¥¥ ¢·¥³Ö. ’ ±¦¥ ¸ÊÐ¥¸É¢Ê¥É ´¥¸±μ²Ó±μ Î¨¸Éμ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì
¶μ¤Ìμ¤μ¢ ± ¶·μ¡²¥³¥, ±μÉμ·Ò¥ ¶ÒÉ ÕÉ¸Ö ÊÎ¥¸ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ
¢ μ¤´μ¸¶¨´μ¢ÒÌ  ¸¨³³¥É·¨ÖÌ. �¥±μÉμ·Ò¥ ¨§ ´¨Ì ¨¸¶μ²Ó§ÊÕÉ ¶·¥¤¶μ²μ¦¥´¨¥
μ ´¥¸¨³³¥É·¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê ¢ ËÊ´±Í¨ÖÌ · ¸¶·¥-
¤¥²¥´¨Ö ¶ ·Éμ´μ¢ ¢ ¶μ²Ö·¨§μ¢ ´´μ³ ´Ê±²μ´¥ (É ± ´ §Ò¢ ¥³Ò° ÔËË¥±É ‘¨-
¢¥·¸  [116]) ¨²¨ ¢ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±μ´¥Î´μ£μ ±¢ ·±  (É ± ´ §Ò¢ ¥³Ò°
ÔËË¥±É Šμ²²¨´¸  [117]). ‚ ´¥¤ ¢´¥° · ¡μÉ¥ [118] ¡Ò²  ¸¤¥² ´  ¨´É¥·¥¸´ Ö
¶μ¶ÒÉ±  μ¡Ñ¥¤¨´¥´¨Ö μ¡μ¨Ì ³¥Ì ´¨§³μ¢. �¤´ ±μ ¢¸¥ ¨§ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ
¶μ¤Ìμ¤μ¢ μ¸´μ¢ ´Ò Ë ±É¨Î¥¸±¨ ´  Ë¨É¥ Ô±¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ �‘A,
¶μÔÉμ³Ê ¨Ì ¶·¥¤¸± § É¥²Ó´ Ö ¸¨²  ±· °´¥ ´¨§± Ö.

‘ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ¡μ²¥¥ μ¡¥Ð ÕÐ¨° ¶ÊÉÓ Å ÔÉμ ÉμÎ´μ¥ ¢ÒÎ¨¸²¥-
´¨¥ �‘A ¢ · ³± Ì ·¥ ²¨¸É¨Î´μ° ³μ¤¥²¨ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ Š•„.
�¤´μ° ¨§ É ±¨Ì ³μ¤¥²¥° Ö¢²Ö¥É¸Ö ¨´¸É ´Éμ´´ Ö ³μ¤¥²Ó ¤²Ö ¢ ±ÊÊ³  Š•„, μ¶¨-
¸ ´´ Ö ¢ÒÏ¥ (¸³. ´¥¤ ¢´¨° μ¡§μ· [15]). ‚ · ¡μÉ Ì [105,119] ¡Ò² ¶·¥¤²μ¦¥´
´μ¢Ò° ³¥Ì ´¨§³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö �‘A, μ¸´μ¢ ´´Ò° ´  ¢±² ¤¥ ¨´¸É ´Éμ´μ¢
¢ ¨´±²Õ§¨¢´μ¥ ·μ¦¤¥´¨¥  ¤·μ´μ¢. �ÉμÉ ³¥Ì ´¨§³ ¸¢Ö§ ´ ¸μ ¸¶¥Í¨Ë¨Î¥¸±μ°
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§ ¢¨¸¨³μ¸ÉÓÕ ÔËË¥±É¨¢´ÒÌ ±¢ ·±-¨´¸É ´Éμ´´ÒÌ ¢¥·Ï¨´ μÉ ¢¨·ÉÊ ²Ó´μ¸É¥°
±¢ ·±μ¢, ±μÉμ·Ò¥ · ¸¸¥¨¢ ÕÉ¸Ö ¢ ¶μ²¥ ¨´¸É ´Éμ´ .

„²Ö μ¶·¥¤¥²¥´´μ¸É¨ ³Ò · ¸¸³μÉ·¨³ ¢±² ¤ ¨´¸É ´Éμ´μ¢ ¢ ·μ¦¤¥´¨¥
π+-³¥§μ´μ¢ ¶·¨ · ¸¸¥Ö´¨¨ ¤¢ÊÌ u-±¢ ·±μ¢, μ¤¨´ ¨§ ±μÉμ·ÒÌ ¶μ¶¥·¥Î´μ-
¶μ²Ö·¨§μ¢ ´. � Ï¥° Í¥²ÓÕ Ö¢²Ö¥É¸Ö μ¡ÑÖ¸´¥´¨¥ ¡μ²ÓÏ¨Ì �‘�, ±μÉμ·Ò¥ ´ -
¡²Õ¤ ÕÉ¸Ö ¢ μ¡² ¸É¨ Ë· £³¥´É Í¨¨ ¶μ²Ö·¨§μ¢ ´´μ£μ ±¢ ·±  ¶·¨ ¢Ò¸μ±μ°
Ô´¥·£¨¨. ‚ ÔÉμ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ Éμ²Ó±μ ¤¨ £· ³³Ò, ¶·¥¤¸É ¢²¥´´Ò¥
´  ·¨¸. 11, ¤ ÕÉ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤∗. ‘ÊÐ¥¸É¢Ê¥É ¸É ´¤ ·É´Ò° ³¥Éμ¤ ¤²Ö

�¨¸. 11. ‚±² ¤ ¨´¸É ´Éμ´  ¢  ³¶²¨ÉÊ¤Ê π+-·μ¦¤¥´¨Ö ¢ μ¡² ¸É¨ Ë· £³¥´É Í¨¨ ¶μ²Ö-
·¨§μ¢ ´´μ£μ ±¢ ·±  ¶·¨ · ¸¸¥Ö´¨¨ ¤¢ÊÌ u-±¢ ·±μ¢. I Å ¨´¸É ´Éμ´

¢ÒÎ¨¸²¥´¨Ö ÔÉ¨Ì ¤¨ £· ³³ [120]. ”μ·³Ê²  ¤²Ö μ¤´μ¸¶¨´μ¢μ°  ¸¨³³¥É·¨¨
³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [121]:

A =
2 Im(Φ∗

5(Φ1 + Φ3))
|Φ1|2 + |Φ3|2 + 4|Φ5|2

, (116)

§¤¥¸Ó ³Ò ¶·¥´¥¡·¥£²¨ ¢±² ¤ ³¨, ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ  ³¶²¨ÉÊ¤ ³ ¸ ¤¢μ°-
´Ò³ ¶¥·¥¢μ·μÉμ³ ¸¶¨´  Φ2 ¨ Φ4. �É¨  ³¶²¨ÉÊ¤Ò ¶μ¤ ¢²¥´Ò Ë ±Éμ·μ³
(mq/

√
S) μÉ´μ¸¨É¥²Ó´μ ²¨¤¨·ÊÕÐ¥£μ ¢±² ¤ ; mq Å ³ ¸¸  ±¢ ·± ,   S =

(p1 + p2)2. ‘¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò, ¢Ìμ¤ÖÐ¨¥ ¢ (116), μ¶·¥¤¥²¥´Ò ¸É ´¤ ·É-
´Ò³ μ¡· §μ³:

Φ1 = M+,+;+,+, Φ3 = M+,−;+,−, Φ5 = M++;−+. (117)

�Î¥´Ó Ê¤μ¡´μ ¢ ¶·¥¤¥²¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° · ¸Ð¥¶¨ÉÓ ¢¸¥ ¨³¶Ê²Ó¸Ò ´  ¶·μ-
¤μ²Ó´Ò¥ ¨ ¶μ¶¥·¥Î´Ò¥ ¨ ¶·¥¤¸É ¢¨ÉÓ ¶μ²Ö·¨§ Í¨μ´´Ò° ¢¥±Éμ· ¤²Ö £²Õμ´  ´ 
·¨¸. 6 ¢ ¢¨¤¥ [120]

Dμν = gμν
⊥ +

2
S

(pμ
1pν

2 + pν
1pμ

2 ) ≈ 2
S

(pμ
1pν

2 + pν
1pμ

2 ), (118)

∗ŒÒ ¶μ² £ ¥³, ÎÉμ ±¢ ·±-±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê πqq-¢¥·Ï¨´Ò.
�Éμ μ¤´μ ¨§ ´ ¨¡μ²¥¥ ¢ ¦´ÒÌ ¸²¥¤¸É¢¨° ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ (¸³. μ¡§μ· [15] ¨ ¸¸Ò²±¨ ¢ ´¥³).



1202 Š�—…‹…‚ �.ˆ.

£¤¥ ¶¥·¢Ò° Î²¥´ § ¢¨¸¨É Éμ²Ó±μ μÉ ¶μ¶¥·¥Î´ÒÌ ±μ³¶μ´¥´É. Œ É·¨Î´Ò° Ô²¥-
³¥´É ¤²Ö ·¥ ±Í¨¨

u(p1) ↑ +u(p2) → d(p′1) + u(p′2) + π+(l) (119)

¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

M̃ =
2g2

sgπ+qq

Sq2
ū(p′2)p̂1t

au(p2)ū(p′1)p
μ
2Qμu(p1), (120)

£¤¥ gs Å ¸¨²Ó´ Ö ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö; gπ+qq Å π+-±¢ ·±μ¢ Ö ±μ´-
¸É ´É , ¨´¤ÊÍ¨·μ¢ ´´ Ö ¨´¸É ´Éμ´ ³¨;

Qμ = γ5

(
l̂γμ

d1
F (k2

1) − γμ l̂

d2
F (k2

2)

)
. (121)

„²Ö ¶μ²ÊÎ¥´¨Ö (121) ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö. ‚ (121)
F (k2) Å ÔÉμ Ëμ·³Ë ±Éμ·, ¸¢Ö§ ´´Ò° ¸ ÊÎ¥Éμ³ ±μ´¥Î´μ£μ · §³¥·  ¨´¸É ´Éμ´ ,
d1,2 ¶·¥¤¸É ¢²ÖÕÉ ±¢ ·±μ¢Ò¥ ¶·μ¶ £ Éμ·Ò ´  ·¨¸. 9:

d1 = (p′1 + l)2 − m2
q, d2 = (p1 − l)2 − m2

q. (122)

‚ ¶·¨´Í¨¶¥, ¢Ò· ¦¥´¨¥ (120) ¤μ²¦´μ ¢±²ÕÎ ÉÓ ¨´É¥£· ² ¶μ · §³¥·Ê ¨´-
¸É ´Éμ´  ρ μÉ ¶²μÉ´μ¸É¨ ¨´¸É ´Éμ´μ¢ n(ρ). �¤´ ±μ §¤¥¸Ó ¤²Ö μÍ¥´±¨ �‘�
¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ´  ³μ¤¥²Ó ¨´¸É ´Éμ´´μ£μ ¢ ±ÊÊ³  ¸ ¤¥²ÓÉ μ¡· §´Ò³ ¢¨¤μ³
¶²μÉ´μ¸É¨: n(ρ) = n0δ(ρ − ρc) ¨ Ë¨±¸¨·μ¢ ´´Ò³ · §³¥·μ³ ¨´¸É ´Éμ´  ρc =
1,6 ƒÔ‚−1. Š ± ¡Ò²μ ¶μ± § ´μ ¢μ ¢¢¥¤¥´¨¨, ÔÉ  ³μ¤¥²Ó ¤ ¥É Ìμ·μÏ¥¥ μ¶¨¸ -
´¨¥ ¸¢μ°¸É¢  ¤·μ´μ¢ ¨ ¶μÔÉμ³Ê ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¤²Ö μÍ¥´μ± ¨´¸É ´-
Éμ´´ÒÌ ¢±² ¤μ¢ ¢ · §²¨Î´Ò¥ ¶·μÍ¥¸¸Ò [15]. ‚ (116) ¶²μÉ´μ¸ÉÓ ¨´¸É ´Éμ´μ¢
¢Ìμ¤¨É μ¤´μ¢·¥³¥´´μ ¢ Î¨¸²¨É¥²Ó ¨ §´ ³¥´ É¥²Ó, ¶μÔÉμ³Ê ¢ μ±μ´Î É¥²Ó´μ³
μÉ¢¥É¥ μ´  ¸μ±· Ð ¥É¸Ö. –¢¥Éμ¢ Ö ¸É·Ê±ÉÊ·  ¢¸¥Ì ¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¢
(116) μ¤¨´ ±μ¢ , ¨ ³Ò ³μ¦¥³ μ¶Ê¸É¨ÉÓ ¢¸¥ μ¡Ð¨¥ Í¢¥Éμ¢Ò¥ Ë ±Éμ·Ò ¢ (120).
�μÔÉμ³Ê ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É

M =
1

Sq2
ū(p′2)p̂1u(p2)ū(p′1)p

μ
2Qμu(p1). (123)

�·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸Ê¤ ±μ¢¸±¨¥ ¶¥·¥³¥´´Ò¥

l = xF p̃1 + βlp̃2 + l⊥,

p′1 = (1 − xF )p̃1 + β1p̃2 + p1⊥
′,

q = αp̃2 + βq p̃1 + q⊥,

(124)

£¤¥

p̃1 = pμ
1 −

m2
q

S
pμ
2 , p̃2 = pμ

2 −
m2

q

S
pμ
1 (125)
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¨ p̃2
1 = p̃2

2 → 0 ¶·¨ S � m2
q . ‚ ¶·¥¤¥²¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢ ¢¥·Ì´¥° Î ¸É¨

¤¨ £· ³³, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 11, ¸¶¨· ²Ó´μ¸É¨ ¸μÌ· ´ÖÕÉ¸Ö:

{ū(p′2)p̂1u(p2)}λλ′ ≈ δλ2λ′
2
S, (126)

¨ ¶μÔÉμ³Ê ¤²Ö ¸¶¨· ²Ó´μ°  ³¶²¨ÉÊ¤Ò ²¥£±μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥

M{λ1,λ2;λ′
1,λ′

2} = −δλ2λ′
2

1
q2βq

{ū(p′1)q
μ
⊥Oμu(p1)}λ1,λ′

1
, (127)

£¤¥ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸μÌ· ´¥´¨¥ Éμ±  ¢ ¢¥·Ì´¥° ²¨´¨¨ ´  ·¨¸. 11, qJ1 = 0, ¨

βq =
m2

qx
2
F + l2⊥ + xF (q2

⊥ − 2l⊥q⊥)
SxF (1 − xF )

. (128)

ˆ¸¶μ²Ó§ÊÖ Ê¸²μ¢¨¥ p′1 = p′2 = m2
q ¨ ¶·¥´¥¡·¥£ Ö ³ ¸¸μ° ¶¨μ´ , l2 = 0,

³μ¦´μ ²¥£±μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±¢ ·±μ¢ÒÌ ¶·μ¶ £ Éμ·μ¢
d1,2 ¨ ¢¥²¨Î¨´ ±¢ ·±μ¢ÒÌ ¢¨·ÉÊ ²Ó´μ¸É¥° k2

1,2 ¢ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ
´  ·¨¸. 11:

d1 =
m2

qx
2
F + (xF q⊥ − l⊥)2

xF (1 − xF )
, d2 =

m2
qxF + (xF q⊥ − l⊥)2

xF (1 − xF )
, (129)

k2
1 =

m2
qxF + (xF q⊥ − l⊥)2

xF (1 − xF )
, k2

2 =
l2⊥ − xF (1 − xF )m2

q

xF
. (130)

ˆ¸¶μ²Ó§ÊÖ Éμ¦¤¥¸É¢μ
γνμ = gμν + iσμν , (131)

³μ¦´μ ´ ¶¨¸ ÉÓ

ū(p′1)γ5 l̂q̂⊥ = −(q⊥l⊥)ū(p′1)γ5u(p1) + lνqμ
⊥ū(p′1)iγ5σμνu(p1). (132)

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¶¥· Éμ·μ¢ ¢ (132) ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ¶·¨ ¢Ò¸μ±¨Ì
Ô´¥·£¨ÖÌ ¨§¢¥¸É´Ò:

[ūγ5u]λ1λ′
1
≈ δλ1λ′

1
2mq + δλ1,−λ′

1
|q⊥ − l⊥|,

[ūiγ5lνqμ
⊥u]λ1λ′

1
≈ −δλ1,−λ′

1

l2⊥|q⊥|
2xF

.
(133)

�μÔÉμ³Ê μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¢ (116)

Φλ1,λ′
1;λ2,λ′

2
=

δλ2,λ′
2

q2βq

{
δλ1,−λ′

1
×

×
[
(q⊥l⊥)|q⊥ − l⊥|

(
F (k2

1)
d1

− F (k2
2)

d2

)
l2⊥|q⊥|
2xF

(
F (k2

1)
d1

+
F (k2

2)
d2

)]
+

+ δλ1,λ′
1
2mq(q⊥l⊥)

(
F (k2

1)
d1

− F (k2
2)

d2

)}
. (134)
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�¸´μ¢´μ° μ¸μ¡¥´´μ¸ÉÓÕ Ëμ·³Ë ±Éμ· , ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨ F (k2)
¢ (134), Ö¢²Ö¥É¸Ö ¥£μ ´¥É·¨¢¨ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ μÉ ¢¨·ÉÊ ²Ó´μ¸É¥° ¢Ìμ¤ÖÐ¨Ì
¢ ¨´¸É ´Éμ´ ±¢ ·±μ¢. ‚ μ¡Ð¥³ ¸²ÊÎ ¥, ±μ£¤  ¶¨μ´ ´ Ìμ¤¨É¸Ö ´  ³ ¸¸μ¢μ°
μ¡μ²μÎ±¥,   ±¢ ·±¨ ¢´¥³ ¸¸μ¢Ò¥ ¸ ¢¨·ÉÊ ²Ó´μ¸ÉÖ³¨ k2

1 ¨ k2
2 , ÔËË¥±É¨¢´ Ö

±¢ ·±-¶¨μ´´ Ö ¢¥·Ï¨´  ¨³¥¥É ¢¨¤∗

gπqq(k2
1 , k2

2) = gπqqF (k2
1)F (k2

2), (135)

£¤¥ F (k2
i ) Å ËÊ·Ó¥-μ¡· § ´Ê²¥¢μ° Ë¥·³¨μ´´μ° ³μ¤Ò ¢ ¶μ²¥ ¨´¸É ´Éμ´  ¢

¸¨´£Ê²Ö·´μ° ± ²¨¡·μ¢±¥:

F (k2) =
ρ2

2
d

dx
{I0(x)K0(x) − I1(x)K1(x)}, (136)

x = ρ
√

k2/2.
ˆ´¸É ´Éμ´ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Š•„ ¢ ¥¢±²¨¤μ¢μ³

¶·μ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨ Ì · ±É¥·¨§Ê¥É¸Ö ¥£μ · §³¥·μ³ ρ ¢ ÔÉμ³ ¶·μ¸É· ´-
¸É¢¥. �μÔÉμ³Ê, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ·¥§Ê²ÓÉ É ¤²Ö ¸¥Î¥´¨Ö, ¤μ²¦´μ ¡ÒÉÓ ¢Ò-
¶μ²´¥´μ  ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤μ²¦¥´¨¥ ¨´¸É ´Éμ´´μ°  ³¶²¨ÉÊ¤Ò ¢ Ë¨§¨Î¥¸±μ¥
¶·μ¸É· ´¸É¢μ-¢·¥³Ö Œ¨´±μ¢¸±μ£μ. �Éμ ¶·μ¤μ²¦¥´¨¥ ¤μ²¦´μ ¡ÒÉÓ ¢Ò¶μ²´¥´μ
 ±±Ê· É´μ, É ± ± ±  ³¶²¨ÉÊ¤Ò ¨³¥ÕÉ · §·¥§ ¶·¨ ±¢ ·±μ¢μ° ¢¨·ÉÊ ²Ó´μ¸É¨
k2 = 0 (¸³. ´¨¦¥). ˆ³¥´´μ ÔÉμÉ · §·¥§ μÉ¢¥É¸É¢¥´ §  ¶μÖ¢²¥´¨¥ ³´¨³μ° Î -
¸É¨, ´¥μ¡Ìμ¤¨³μ° ¤²Ö μ¡ÑÖ¸´¥´¨Ö �‘�.

—Éμ¡Ò ¶μ± § ÉÓ, ± ± ¶μÖ¢²Ö¥É¸Ö ³´¨³ Ö Î ¸ÉÓ, ´ ¨¡μ²¥¥ Ê¤μ¡´μ ¨¸¶μ²Ó-
§μ¢ ÉÓ Ìμ·μÏ¥¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ¨´¸É ´Éμ´´μ£μ Ëμ·³Ë ±Éμ· , ±μÉμ·μ¥ ¤ ¥É
¶· ¢¨²Ó´μ¥ ¶μ¢¥¤¥´¨¥ ±¢ ·±μ¢μ° ´Ê²¥¢μ° ³μ¤Ò ¶·¨ k2 → ∞:

F (k2) ≈ 1
1 + ρ3(

√
k2)3/6

. (137)

„²Ö ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ §´ Î¥´¨° ±¢ ·±μ¢μ° ¢¨·ÉÊ ²Ó´μ¸É¨ ¢ ¶·μ³¥-
¦ÊÉμÎ´μ³ ¸μ¸ÉμÖ´¨¨ ´  ·¨¸. 11,   ³Ò ¨³¥¥³ k2

2 < 0, ¨ ¶μÔÉμ³Ê ¢ ¶·μ¸É· ´¸É¢¥
Œ¨´±μ¢¸±μ£μ Ëμ·³Ë ±Éμ· ¸É ´μ¢¨É¸Ö

F (k2
2) ≈

1
1 + ρ3(

√
|k2|2)3/6

. (138)

‚ Éμ ¦¥ ¢·¥³Ö ¤²Ö ¢·¥³¥´¨¶μ¤μ¡´ÒÌ §´ Î¥´¨° ¢¨·ÉÊ ²Ó´μ¸É¨ ´  ·¨¸. 11, ¡
k2
1 > 0 ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ ¶μ²ÊÎ ¥É¸Ö ³´¨³ Ö Î ¸ÉÓ ¢ Ëμ·³Ë ±Éμ·¥

F (k2
1) ≈

1
1 + iρ3(

√
|k1|2)3/6

. (139)

∗‚ ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ ÔËË¥±É¨¢´ Ö ¶¨μ´-±¢ ·±μ¢ Ö ¢¥·Ï¨´  ¶μ²ÊÎ ¥É¸Ö ¨§ Î¥ÉÒ·¥Ì-
Ë¥·³¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö 'É •μμËÉ  (88) ¸ ¶μ³μÐÓÕ ¶·μÍ¥¤Ê·Ò ¡μ§μ´¨§ Í¨¨ (¤¥É ²¨
¸³. [15]).
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•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸ÊÐ¥¸É¢¥´´μ° μ¤´μ¸¶¨´μ¢μ°  ¸¨³³¥-
É·¨¨ ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ´¥ Éμ²Ó±μ ¡μ²ÓÏÊÕ ³´¨³ÊÕ Î ¸ÉÓ, ´μ É ±¦¥ ¨ ¸¶¨´-
Ë²¨¶μ¢ÊÕ Î ¸ÉÓ ¢  ³¶²¨ÉÊ¤¥ ±¢ ·±-±¢ ·±μ¢μ£μ · ¸¸¥Ö´¨Ö. “· ¢´¥´¨Ö (134)

�¨¸. 12. ‚±² ¤ ¨´¸É ´Éμ´μ¢ ¢ μ¤´μ¸¶¨-
´μ¢ÊÕ  ¸¨³³¥É·¨Õ ¤²Ö ·μ¦¤¥´¨Ö ¶¨μ´μ¢
± ± ËÊ´±Í¨Ö xF

¨ (139) ¶μ± §Ò¢ ÕÉ, ÎÉμ, ¤¥°¸É¢¨É¥²Ó-
´μ, ¨´¸É ´Éμ´-¨´¤ÊÍ¨·μ¢ ´´Ò¥ ¤¨ -
£· ³³Ò ¨³¥ÕÉ μ¡¥ ÔÉ¨ ±μ³¶μ´¥´ÉÒ.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ·¥§Ê²ÓÉ É
¤²Ö  ¸¨³³¥É·¨¨ ¶·μ¶μ·Í¨μ´ ²¥´ ¨´-
É¥·Ë¥·¥´Í¨¨ μ¡¥¨Ì ¤¨ £· ³³, ¶·¥¤-
¸É ¢²¥´´ÒÌ ´  ·¨¸. 11. �Î¥¢¨¤´μ, ÎÉμ
³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ¢±² ¤ ¶¥·-
¢μ° ¤¨ £· ³³Ò (·¨¸. 11,  ) ± ± ÔËË¥±É
‘¨¢¥·¸  [116] ¢ ±¢ ·±μ¢μ° ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö,   ¢±² ¤ ¢Éμ·μ° ¤¨ -
£· ³³Ò (·¨¸. 11, ¡) ± ± ¢±² ¤ ¢ ±¢ ·±μ-
¢ÊÕ ËÊ´±Í¨Õ Ë· £³¥´É Í¨¨, (É ± ´ -
§Ò¢ ¥³Ò° ÔËË¥±É Šμ²²¨´¸  [117]).

—Éμ¡Ò ¶μ²ÊÎ¨ÉÓ μ±μ´Î É¥²Ó´Ò°
·¥§Ê²ÓÉ É ¤²Ö  ¸¨³³¥É·¨¨, ´¥μ¡Ìμ-
¤¨³μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¢ (116) Î¨¸²¨-

�¨¸. 13. ‚±² ¤ ¨´¸É ´Éμ´μ¢ ¢ μ¤´μ¸¶¨-
´μ¢ÊÕ  ¸¨³³¥É·¨Õ ± ± ËÊ´±Í¨Ö xF ¨
pt = |l⊥|. ‘¶²μÏ´ Ö ±·¨¢ Ö Å ·¥§Ê²Ó-
É É ¤²Ö xF = 0,9; ÏÉ·¨Ìμ¢ Ö Å ¤²Ö
xF = 0,6; ¶Ê´±É¨·´ Ö Å ¤²Ö xF = 0,3

É¥²Ó ¨ §´ ³¥´ É¥²Ó ¶μ q⊥ ¨ ·¥£Ê²Ö·¨-
§μ¢ ÉÓ £²Õμ´´Ò° ¶·μ¶ £ Éμ· ¶·¨ ³ -
²ÒÌ q2. �¡ÒÎ´ Ö ¶·μÍ¥¤Ê·  (¸³., ´ -
¶·¨³¥·, [120]) ¸μ¸Éμ¨É ¢ § ³¥´¥ ¢ £²Õ-
μ´´μ³ ¶·μ¶ £ Éμ·¥ q2 → −(q2

⊥ + μ2),
£¤¥ ¢¢¥¤¥´ ¨´Ë· ±· ¸´Ò° ·¥£Ê²ÖÉμ·
μ ≈ ΛQCD ≈ mq ≈ 0,35 ƒÔ‚. ‚¥-
²¨Î¨´  mq = 0,35 ƒÔ‚ ¥¸ÉÓ ±μ´¸É¨ÉÊ-
¥´É´ Ö ±¢ ·±μ¢ Ö ³ ¸¸  ¢ ³μ¤¥²¨ ¨´-
¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ [15].

�¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö  ¸¨³³¥É·¨¨
± ± ËÊ´±Í¨¨ xF ¶·¥¤¸É ¢²¥´ ´ 
·¨¸. 12. �  ·¨¸. 13  ¸¨³³¥É·¨Ö ¨§μ-
¡· ¦¥´  ± ± ËÊ´±Í¨Ö ¤¢ÊÌ ¶¥·¥³¥´-
´ÒÌ xF ¨ p⊥. �μ²ÊÎ¥´´ Ö  ¸¨³³¥É·¨Ö
¤μ¢μ²Ó´μ ¡μ²ÓÏ Ö, A ≈ 30 %, ¢ μ¡² -
¸É¨ ¡μ²ÓÏ¨Ì xF ¨ p⊥. ‚¥²¨Î¨´  ¨
§´ ±  ¸¨³³¥É·¨¨ ¤²Ö π+-³¥§μ´μ¢ ´ Ìμ¤ÖÉ¸Ö ¢ ± Î¥¸É¢¥´´μ³ ¸μ£² ¸¨¨ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ [111].

’ ±¨³ μ¡· §μ³, ¶·¥¤²μ¦¥´ ´μ¢Ò° ³¥Ì ´¨§³ ¤²Ö μ¡ÑÖ¸´¥´¨Ö μ¤´μ¸¶¨-
´μ¢ÒÌ  ¸¨³³¥É·¨° ¢ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. ”Ê´¤ ³¥´É ²Ó´ Ö ¶·¨Î¨´ 
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 ¸¨³³¥É·¨¨ ²¥¦¨É ¢ ¢μ§´¨±´μ¢¥´¨¨ ¡μ²ÓÏ¨Ì ³´¨³ÒÌ Î ¸É¥° ¢ μ¶·¥¤¥²¥´-
´μ³ ±² ¸¸¥ ±¢ ·±-±¢ ·±μ¢ÒÌ  ³¶²¨ÉÊ¤, £¤¥ ±¢ ·± ³μ¦¥É ¨³¥ÉÓ ¢·¥³¥´¨¶μ¤μ¡-
´ÊÕ ¢¨·ÉÊ ²Ó´μ¸ÉÓ. �É  ³´¨³ Ö Î ¸ÉÓ ¢μ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥  ´ ²¨É¨Î¥¸±μ£μ
¶·μ¤μ²¦¥´¨Ö ¨´¸É ´Éμ´´μ°  ³¶²¨ÉÊ¤Ò ¨§ ¥¢±²¨¤μ¢  ¶·μ¸É· ´¸É¢ , £¤¥ ¨´-
¸É ´Éμ´Ò μ¶·¥¤¥²¥´Ò, ¢ Ë¨§¨Î¥¸±μ¥ ¶·μ¸É· ´¸É¢μ Œ¨´±μ¢¸±μ£μ.

ˆÉ ±, ¶μ± § ´μ, ÎÉμ ¸É·Ê±ÉÊ·  ¢ ±ÊÊ³  Š•„ ¨£· ¥É ¨¸±²ÕÎ¨É¥²Ó´μ ¢ ¦-
´ÊÕ ·μ²Ó ¢ ¢μ§´¨±´μ¢¥´¨¨ ¡μ²ÓÏ¨Ì ¸¶¨´μ¢ÒÌ ¨  ·μ³ É´ÒÌ ÔËË¥±Éμ¢ ¢ · §-
²¨Î´ÒÌ ·¥ ±Í¨ÖÌ. � §´μμ¡· §´Ò¥ ±¢ ·±-±¢ ·±μ¢Ò¥ ¨ ±¢ ·±-£²Õμ´´Ò¥ ¸¨²Ò,
¨´¤ÊÍ¨·Ê¥³Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ Ë²Ê±ÉÊ Í¨Ö³¨ £²Õμ´´ÒÌ ¶μ²¥° Å ¨´¸É ´-
Éμ´ ³¨, μ¡² ¤ ÕÉ Ê´¨± ²Ó´Ò³¨ ¸¶¨´μ¢Ò³¨ ¨  ·μ³ É´Ò³¨ ¸¢μ°¸É¢ ³¨. �É¨
 ´μ³ ²Ó´Ò¥ ¸¢μ°¸É¢  ¶μ§¢μ²ÖÕÉ ´¥ Éμ²Ó±μ μ¡ÑÖ¸´¨ÉÓ ¡μ²ÓÏ¨¥ μ¤´μ¸¶¨´μ¢Ò¥
 ¸¨³³¥É·¨¨ ¢  ¤·μ´- ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ, ´μ ¨ ¶μ²ÊÎ¨ÉÓ ¶· ¢¨²Ó´ÊÕ
¸¶¨´μ¢ÊÕ ¨  ·μ³ É´ÊÕ ¸É·Ê±ÉÊ·Ê ´Ê±²μ´ . �·¨ ÔÉμ³ Ê¤ ¥É¸Ö ¸¢Ö§ ÉÓ É ±¨¥
ËÊ´¤ ³¥´É ²Ó´Ò¥ ÔËË¥±ÉÒ, ± ± ³ ²μ¸ÉÓ ¸¶¨· ²Ó´μ¸É¨ ¶·μÉμ´ , ¶¥·¥´μ¸¨³μ°
±¢ ·± ³¨, ¨ ´ ·ÊÏ¥´¨¥  ·μ³ É´μ° ¸¨³³¥É·¨¨ ±¢ ·±μ¢μ£μ ³μ·Ö, ¸ ¸ÊÐ¥¸É¢μ-
¢ ´¨¥³ ¸²μ¦´μ° ¸É·Ê±ÉÊ·Ò μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö É¥μ·¨¨ Å ¢ ±ÊÊ³  Š•„.

8. �””…Š’ˆ‚�›… Š‚��Š-ƒ‹
���›… ‚…�˜ˆ�›,
ˆ�„“–ˆ�“…Œ›… ˆ�‘’��’���Œˆ, ˆ ���–…‘‘

�Š�‹�����ƒ�‚�ƒ� ��†„…�ˆŸ η-Œ…‡���‚

ˆ´É¥·¥¸ ± ¨¸¸²¥¤μ¢ ´¨Õ ¶·μÍ¥¸¸μ¢ μ±μ²μ¶μ·μ£μ¢μ£μ ·μ¦¤¥´¨Ö ³¥§μ´μ¢ ¢
´Ê±²μ´-´Ê±²μ´´ÒÌ ¨ ´Ê±²μ´- ´É¨´Ê±²μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ §´ Î¨É¥²Ó´μ ¢μ§-
·μ¸ ¶μ¸²¥ μ¡´ ·Ê¦¥´¨Ö ¢ ´¨Ì · §²¨Î´ÒÌ  ´μ³ ²¨° [122Ä125]. �É¨  ´μ³ ²¨¨
Ì · ±É¥·¨§ÊÕÉ¸Ö ´¥μ¦¨¤ ´´Ò³ Ê¸¨²¥´¨¥³ ¢ÒÌμ¤  ³¥§μ´μ¢, ¢ ¢μ²´μ¢μ° ËÊ´±-
Í¨¨ ±μÉμ·ÒÌ ¸μ¤¥·¦¨É¸Ö ¡μ²ÓÏ Ö ¶·¨³¥¸Ó ¸É· ´´ÒÌ ±¢ ·±μ¢. �Éμ ¸¥·Ó¥§´μ¥
´ ·ÊÏ¥´¨¥ ¶· ¢¨²  �–ˆ ¶·μÉ¨¢μ·¥Î¨É ¡μ²ÓÏ¨´¸É¢Ê É¥μ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± -
§ ´¨°, μÉ´μ¸ÖÐ¨Ì¸Ö ± ¤¨´ ³¨±¥ ·μ¦¤¥´¨Ö ¸É· ´´ÒÌ ±¢ ·±μ¢ ¢ ¸¨²Ó´ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨ÖÌ (¸³. μ¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¢ [127]).

�¤´  ¨§ É ±¨Ì  ´μ³ ²¨° ¸¢Ö§ ´  ¸μ §´ Î¨É¥²Ó´μ° ¢¥²¨Î¨´μ° μ±μ²μ¶μ·μ£μ-
¢μ£μ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö η-³¥§μ´μ¢ ¢ ¶·μÉμ´-´¥°É·μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ [123,
125]. �¥¤ ¢´μ [125] ¡Ò²μ μ¡´ ·Ê¦¥´μ, ÎÉμ μ´μ ¶μÎÉ¨ ¢ ¸¥³Ó · § ¡μ²ÓÏ¥, Î¥³
¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö η-³¥§μ´μ¢ ¢ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ ¶·¨ É¥Ì ¦¥
±¨´¥³ É¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ.

„²Ö μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ Ö¢²¥´¨Ö ¡Ò² ¶·¥¤²μ¦¥´ ³¥Ì ´¨§³, ¸¢Ö§ ´´Ò° ¸
¡μ²ÓÏ¨³ ¢±² ¤μ³ N∗(1535) S11-·¥§μ´ ´¸  [128]. �·¨ ÔÉμ³ ±μ´¥Î´Ò° ·¥§Ê²Ó-
É É μÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± ¢¥²¨Î¨´¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ³¥§μ´  ¸ S11, ±μÉμ· Ö ¢
´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥¨§¢¥¸É´ . �μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²μ¦´Ò³ ´ °É¨ ¢¥²¨-
Î¨´Ê ¢±² ¤ , μ¡Ê¸²μ¢²¥´´μ£μ ÔÉ¨³ ³¥Ì ´¨§³μ³, ¢ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö η-³¥§μ´ .

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ¤²Ö μ¡ÑÖ¸´¥´¨Ö  ´μ³ ²Ó´μ ¢Ò¸μ±μ£μ ¢ÒÌμ¤  η-³¥-
§μ´μ¢ ¢ ¶·μÉμ´-´¥°É·μ´´μ³ · ¸¸¥Ö´¨¨ ¶·¥¤² £ ¥É¸Ö ËÊ´¤ ³¥´É ²Ó´Ò°
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Š•„-³¥Ì ´¨§³, ¸¢Ö§ ´´Ò° ¸ ´ ²¨Î¨¥³ ¢ ¢ ±ÊÊ³¥ Š•„ ¸¨²Ó´ÒÌ Ë²Ê±ÉÊ -
Í¨° £²Õμ´´μ£μ ¶μ²Ö Å ¨´¸É ´Éμ´μ¢ [126]. ˆ´¸É ´Éμ´Ò ¨´¤ÊÍ¨·ÊÕÉ ±¢ ·±-
±¢ ·±μ¢Ò¥ [13] ¨ ±¢ ·±-£²Õμ´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö [129], § ¢¨¸ÖÐ¨¥ μÉ  ·μ-
³ É  ±¢ ·±μ¢. � ¨¡μ²¥¥ ¨§¢¥¸É´Ò³ ¨Ì ¢¨¤μ³ Ö¢²Ö¥É¸Ö ±¢ ·±-±¢ ·±μ¢μ¥ ¢§ ¨-
³μ¤¥°¸É¢¨¥ 'É •μμËÉ  [13], ÊÎ¥É ±μÉμ·μ£μ ¶·¨¢¥² ± Ê¸¶¥Ï´μ³Ê μ¡ÑÖ¸´¥´¨Õ
¸¶¥±É·μ¸±μ¶¨¨  ¤·μ´μ¢ [15]. �μ³¨³μ ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢±²ÕÎ ÕÐ¥£μ
2Nf ¢´¥Ï´¨Ì ±¢ ·±μ¢ÒÌ ²¨´¨°, ¨´¸É ´Éμ´Ò ¶μ·μ¦¤ ÕÉ É ±¦¥ ¤·Ê£¨¥ É¨¶Ò
¢§ ¨³μ¤¥°¸É¢¨°, ¢¥·Ï¨´Ò ±μÉμ·ÒÌ ¸¢Ö§Ò¢ ÕÉ ¡μ²ÓÏ¥¥ Î¨¸²μ ¢´¥Ï´¨Ì ± ±
±¢ ·±μ¢ÒÌ, É ± ¨ £²Õμ´´ÒÌ ²¨´¨°. ƒ²Õμ´Ò, ·μ¦¤ ÕÐ¨¥¸Ö ¢ ´¨Ì, ³μ£ÊÉ §´ -
Î¨É¥²Ó´μ Ê¢¥²¨Î¨¢ ÉÓ ¢ÒÌμ¤ ¸É· ´´ÒÌ ±¢ ·±μ¢. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ¸É ´μ¢¨É¸Ö
¢μ§³μ¦´Ò³ § ³¥É´μ¥ ´ ·ÊÏ¥´¨¥ ¶· ¢¨²  �–ˆ ¢ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ.
�¤¨´ ¨§ ¶·¨³¥·μ¢ É ±μ£μ ´ ·ÊÏ¥´¨Ö, ¶·¨¢μ¤ÖÐ¨° ± ´¥´Ê²¥¢μ³Ê §´ Î¥´¨Õ
Ì·μ³μ³ £´¨É´μ£μ ³μ³¥´É  ±¢ ·±μ¢, μ¡¸Ê¦¤ ²¸Ö ¢ÒÏ¥.

�ËË¥±É¨¢´Ò° ² £· ´¦¨ ´, ¨´¤ÊÍ¨·Ê¥³Ò° ¨´¸É ´Éμ´ ³¨ (¤²Ö  ´É¨¨´-
¸É ´Éμ´μ¢ ´¥μ¡Ìμ¤¨³μ ¶·μ¨§¢¥¸É¨ § ³¥´Ê R ↔ L), ¨³¥¥É ¸²¥¤ÊÕÐÊÕ Ëμ·-
³Ê [130]:

Linst =
∫ ∏

q

(
mqρ − 2π2ρ3q̄R

(
1 +

i

4
τaUaa′ η̄a′μνσμν

)
qL

)
×

× exp
(
−2π2

g
ρ2Ubb′ η̄b′γδG

b
γδ

)
dρ

ρ5
d0(ρ)dô, (140)

£¤¥ ρ Å · §³¥· ¨´¸É ´Éμ´ ; τa Å ³ É·¨ÍÒ � Ê²¨, ¸¢Ö§ ´´Ò¥ ¸ £¥´¥· Éμ· ³¨
¶μ¤£·Ê¶¶Ò SU(2)c Í¢¥Éμ¢μ° £·Ê¶¶Ò SU(3)c; d0(ρ) Å ¶²μÉ´μ¸ÉÓ ¨´¸É ´Éμ´μ¢;
dô ¸μμÉ¢¥É¸É¢Ê¥É ¨´É¥£·¨·μ¢ ´¨Õ ¶μ ¶ · ³¥É· ³ μ·¨¥´É Í¨¨ ¨´¸É ´Éμ´  ¢

Í¢¥Éμ¢μ³ ¶·μ¸É· ´¸É¢¥,

∫
dô = 1; U Å ³ É·¨Í  μ·¨¥´É Í¨¨ ¨´¸É ´Éμ´ ;

η̄aμν Å ¸¨³¢μ²Ò 'É •μμËÉ . „ ´´Ò° ² £· ´¦¨ ´ μ¶¨¸Ò¢ ¥É ÔËË¥±É¨¢´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê £²Õμ´ ³¨ ¨ ±¢ ·± ³¨, ¶μÖ¢²ÖÕÐ¥¥¸Ö ¢ Š•„ ¢¸²¥¤¸É¢¨¥
´ ²¨Î¨Ö Ê ¨´¸É ´Éμ´  Í¢¥Éμ¢μ£μ ¤¨¶μ²Ó´μ£μ ³μ³¥´É .

�ËË¥±É¨¢´μ¥ ±¢ ·±-£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, £¥´¥·¨·ÊÕÐ¥¥ μ¡¸Ê¦¤ ¥-
³Ò° ¢±² ¤ ¢ ·μ¦¤¥´¨¥ η-³¥§μ´μ¢, ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ¶ÊÉ¥³ · §²μ¦¥´¨Ö (140)
¢ ·Ö¤ ¶μ £²Õμ´´Ò³ ¶μ²Ö³ ¨ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ dô. �ËË¥±É¨¢´Ò³ ¶ · ³¥-
É·μ³ É ±μ£μ · §²μ¦¥´¨Ö Ö¢²Ö¥É¸Ö μÉ´μÏ¥´¨¥ ¸·¥¤´¥£μ · §³¥·  ¨´¸É ´Éμ´  ρc

± · ¤¨Ê¸Ê ±μ´Ë °´³¥´É  Rconf . ‚ ·¥ ²¨¸É¨Î¥¸±¨Ì ³μ¤¥²ÖÌ Š•„-¢ ±ÊÊ³  [15]
ÔÉμ μÉ´μÏ¥´¨¥ ¤μ¸É ÉμÎ´μ ³ ²μ, ρ2

c/R2
conf ≈ 0,1, ¶μÔÉμ³Ê ³Ò ³μ¦¥³ μ£· ´¨-

Î¨ÉÓ¸Ö ¶¥·¢Ò³¨ Î²¥´ ³¨ · §²μ¦¥´¨Ö.
‘ ÉμÎ´μ¸ÉÓÕ ¤μ Î²¥´μ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  ³ ²μ¸É¨ ¶μ Gb

γδ ¶μ²ÊÎ ¥³ ÔË-
Ë¥±É¨¢´Ò° ² £· ´¦¨ ´, μÉ¢¥É¸É¢¥´´Ò° §  ¶·μÍ¥¸¸ ·μ¦¤¥´¨Ö η-³¥§μ´μ¢:

ΔLη = −
∫

L 't Hooft
π3ρ4dρ

8αs(ρ)
Ga

μνG̃a
μν , (141)
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£¤¥ L 't Hooft Å ¢§ ¨³μ¤¥°¸É¢¨¥ 'É •μμËÉ , ±μÉμ·μ¥ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ u- ¨
d-±¢ ·±μ¢ ¨³¥¥É ¢¨¤

L 't Hooft =
16π4d0(ρ)ρ

9
×

×
(

ūRuLd̄RdL +
3
8

(
ūRtauLd̄RtadL − 3

4
ūRσμνtaūLd̄RσμνtadL

))
. (142)

Š¢ ·±-£²Õμ´´ Ö ¢¥·Ï¨´ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ÔÉμ³Ê ² £· ´¦¨ ´Ê, ¶·¨¢¥¤¥´ 
´  ·¨¸. 14. ‚ ¶·μ¸É¥°Ï¥° ³μ¤¥²¨ ¢ ±ÊÊ³  Š•„ ± ± ¦¨¤±μ¸É¨ ¨´¸É ´Éμ´μ¢

�¨¸. 14. �ËË¥±É¨¢´ Ö ±¢ ·±-£²Õμ´´ Ö
¢¥·Ï¨´ , ¤ ÕÐ Ö ¢±² ¤ ¢ ¶·μÍ¥¸¸ ·μ¦¤¥-
´¨Ö η-³¥§μ´μ¢

· §³¥· ¨´¸É ´Éμ´  Ë¨±¸¨·Ê¥É¸Ö μ¶·¥-
¤¥²¥´´Ò³ §´ Î¥´¨¥³

d0(ρ) ∼ δ(ρ − ρc), (143)

£¤¥ ρc ∼ 1,6 ÷ 2,0 ƒÔ‚−1 [15]. Š
¸μ¦ ²¥´¨Õ, ¸·¥¤´¨° · §³¥· ¨´¸É ´-
Éμ´  ¢ ¢ ±ÊÊ³¥ ´¥¨§¢¥¸É¥´ ¸ ¤μ¸É -
ÉμÎ´μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨. � ¶·¨-
³¥·, ¶μ¸²¥¤´¨¥ ¤ ´´Ò¥ ·¥Ï¥ÉμÎ´ÒÌ
· ¸Î¥Éμ¢ [16] ¤ ÕÉ ¡μ²ÓÏ¥¥ §´ Î¥´¨¥:
ρc ∼ 2,5 ƒÔ‚−1. �μÔÉμ³Ê ¢ ¶·¨¢¥¤¥´-

´ÒÌ ´¨¦¥ · ¸Î¥É Ì · ¸¸³ É·¨¢ ¥É¸Ö Ï¨·μ±¨° ¨´É¥·¢ ² ¨§³¥´¥´¨Ö Ì · ±É¥·-
´μ£μ · §³¥·  ¨´¸É ´Éμ´  ρc ∼ 1,6 ÷ 2,5 ƒÔ‚−1.

ˆ¸¶μ²Ó§ÊÖ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨¥ É¥μ·¥³Ò, μ¸´μ¢ ´´Ò¥ ´   ±¸¨ ²Ó´μ°
 ´μ³ ²¨¨, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¸²¥¤ÊÕÐ¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éμ¢ [131,132]: 〈

0
∣∣∣∣3αs

4π
Ga

μνG̃a
μν

∣∣∣∣ η〉 ≈
√

3fπm2
η, (144)

£¤¥ ³ ¸¸ ³¨ u- ¨ d-±¢ ·±μ¢ mu ¨ md ¶·¥´¥¡·¥£ ¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸¸μ°
s-±¢ ·±  ms. ‘²¥¤ÊÖ ¶μ²μ¦¥´¨Ö³ ¸É ÉÓ¨ [132], ¢§ ¨³μ¤¥°¸É¢¨¥ ±¢ ·±μ¢ ¸
η-³¥§μ´ ³¨ (141) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Lη =
2π6ρ6

cfπm2
η√

3α2
s(ρc)

(
ūRuLd̄RdL+

+
3
8

(
ūRtauLd̄RtadL − 3

4
ūRσμνtaūLd̄RσμνtadL

))
φη, (145)

£¤¥ φη Å ¶μ²¥ η-³¥§μ´μ¢. �¥¡Ìμ¤¨³μ ¶μ³´¨ÉÓ, ÎÉμ É ±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ÔË-
Ë¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¶· ¢¥¤²¨¢μ Éμ²Ó±μ ¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  Î ¸ÉμÉ 
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì £²Õμ´´ÒÌ ¶μ²¥° ³ ² . ‚ ´ Ï¥³ ¸²ÊÎ ¥, μ±μ²μ ¶μ·μ£  ·μ-
¦¤¥´¨Ö η-³¥§μ´μ¢, ¤ ´´μ¥ É·¥¡μ¢ ´¨¥ ¢Ò¶μ²´Ö¥É¸Ö.
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‡ ³¥Î É¥²Ó´Ò³ ¸¢μ°¸É¢μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö (145) Ö¢²Ö¥É¸Ö ¥£μ ¸¨²Ó´ Ö § -
¢¨¸¨³μ¸ÉÓ μÉ  ·μ³ É  ±¢ ·±μ¢. �Éμ ¢§ ¨³μ¤¥°¸É¢¨¥ μÉ²¨Î´μ μÉ ´Ê²Ö Éμ²Ó±μ
¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  ±¢ ·±¨ ¨³¥ÕÉ · §´Ò¥  ·μ³ ÉÒ. ’ ±¨³ μ¡· §μ³, ¸²¥¤Ê¥É
μ¦¨¤ ÉÓ, ÎÉμ ¥£μ ¢±² ¤ ¢ ¶·μÍ¥¸¸ ·μ¦¤¥´¨Ö η-³¥§μ´μ¢ ¢ ¶·μÉμ´-´¥°É·μ´´ÒÌ
¸Éμ²±´μ¢¥´¨ÖÌ ¡Ê¤¥É §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥, Î¥³ ¢ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¨ ´¥°É·μ´-
´¥°É·μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ ¢¸²¥¤¸É¢¨¥ Ê¢¥²¨Î¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ³¥¦¤Ê ±¢ ·± ³¨ ¸ · §´Ò³¨  ·μ³ É ³¨.

‚±² ¤ ¨´¸É ´Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¶·¥¤¥²Ö¥É¸Ö ³ É·¨Î´Ò³ Ô²¥³¥´-
Éμ³ (145)

〈NN |Lη|NNη〉 ∝ 〈NN |L 't Hooft|NN〉. (146)

‚¸²¥¤¸É¢¨¥ ¸¨²Ó´μ° ¸¶¨´- ·μ³ É´μ° § ¢¨¸¨³μ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö 'É •μμËÉ 
(142) ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É μÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± ¸¶¨´- ·μ³ É´μ° ¸É·Ê±ÉÊ·¥
¢μ²´μ¢μ° ËÊ´±Í¨¨ ´Ê±²μ´ . ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ³μ¤¥²Ó ´Ê-
±²μ´ , ¨³¥ÕÐ Ö μ¡μ¸´μ¢ ´¨¥ ¢ · ³± Ì ¨´¸É ´Éμ´´μ£μ ¶μ¤Ìμ¤  ± ¸É·Ê±ÉÊ·¥
 ¤·μ´μ¢.

•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¸¨²Ó´μ¥ ´ ·ÊÏ¥´¨¥ SU(6)-¸¨³³¥É·¨¨ ¢ ´Ê±²μ´´μ°
¢μ²´μ¢μ° ËÊ´±Í¨¨ ´¥μ¡Ìμ¤¨³μ ¤²Ö μ¡ÑÖ¸´¥´¨Ö É ±¨Ì ¸¢μ°¸É¢ ´Ê±²μ´ , ± ±
· ¸Ð¥¶²¥´¨¥ ³ ¸¸ ´Ê±²μ´ÄΔ, ·μ¸É · ¸¶·¥¤¥²¥´¨Ö u-±¢ ·±μ¢ ¶μ μÉ´μÏ¥´¨Õ ±
· ¸¶·¥¤¥²¥´¨Õ d-±¢ ·±μ¢ ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¡Ó¥·±¥´μ¢¸±μ° ¶¥·¥³¥´´μ°
x ¢ £²Ê¡μ±μ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨, ¶μ¢¥¤¥´¨¥ ´Ê±²μ´´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¨ É. ¤.
(¸³. [133]). 
Ò²μ É ±¦¥ ¶μ± § ´μ [29,134], ÎÉμ · §´¨ÍÊ ³ ¸¸ ´Ê±²μ´ÄΔ ³μ¦¥É
μ¡ÑÖ¸´¨ÉÓ ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´ ³¨ ¢§ ¨³μ¤¥°¸É¢¨¥, ¶·¨¢μ¤ÖÐ¥¥ ± Ëμ·-
³¨·μ¢ ´¨Õ ¢ ´Ê±²μ´¥ ±¢ §¨¸¢Ö§ ´´μ£μ ¸± ²Ö·´μ£μ ud-¤¨±¢ ·± . ‚ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö É ±μ¥ ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´ ³¨ ¤¨±¢ ·±μ¢μ¥ ¸μ¸ÉμÖ´¨¥ ¢ ´Ê±²μ´¥
Ö¢²Ö¥É¸Ö ¶·¥¤³¥Éμ³ Ï¨·μ±μ£μ μ¡¸Ê¦¤¥´¨Ö ¢ ¸¢Ö§¨ ¸  ¤·μ´´μ° ¸¶¥±É·μ¸±μ-
¶¨¥°,   É ±¦¥ ¸ ¢μ§³μ¦´μ¸ÉÓÕ Ëμ·³¨·μ¢ ´¨Ö Í¢¥Éμ¢μ£μ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ
¸μ¸ÉμÖ´¨Ö ¢ ±¢ ·±-£²Õμ´´μ° ³ É¥·¨¨ [135]. �μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¤μ¸É -
ÉμÎ´μ° ¸É¥¶¥´¨ μ¡μ¸´μ¢ ´´Ò³ ¨¸¶μ²Ó§μ¢ ´¨¥ É ±μ° ¶·μ¸Éμ° ³μ¤¥²¨.

‚ · ³± Ì ±¢ ·±-¤¨±¢ ·±μ¢μ° ³μ¤¥²¨ ¶·μÉμ´ ¨ ´¥°É·μ´ ¸μ¸ÉμÖÉ ¨§ ¸± -
²Ö·´μ£μ ud-¤¨±¢ ·±  ¨ u- ¨²¨ d-±¢ ·±  ¸μμÉ¢¥É¸É¢¥´´μ. �Î¥¢¨¤´μ, ÎÉμ ¶μ
¶·¨Î¨´¥ ¸¨²Ó´μ°  ·μ³ É´μ° § ¢¨¸¨³μ¸É¨ ¨´¸É ´Éμ´´μ° ¢¥·Ï¨´Ò Éμ²Ó±μ ¢§ -
¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ±¢ ·± ³¨ ¸ · §²¨Î´Ò³¨  ·μ³ É ³¨, ±μÉμ·Ò¥ ´¥ ¸¢Ö§ ´Ò
¢ ¤¨±¢ ·± ¢´ÊÉ·¨ ´Ê±²μ´μ¢, ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± μ¡· §μ¢ ´¨Õ η-³¥§μ´μ¢ ¢
´Ê±²μ´-´Ê±²μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ (¸³. ·¨¸. 15). „¨±¢ ·±-±¢ ·±μ¢μ¥ ¢§ ¨³μ-
¤¥°¸É¢¨¥, ¨´¤ÊÍ¨·Ê¥³μ¥ μ¤´¨³ ¨´¸É ´Éμ´μ³, ´¥ ¢μ§´¨± ¥É, ¶μ¸±μ²Ó±Ê μ¶·¥-
¤¥²Ö¥É¸Ö ³¥Ì ´¨§³μ³ 'É •μμËÉ , ¢ ±μÉμ·μ³ ´¥ ³μ£ÊÉ ¶·¨´¨³ ÉÓ ÊÎ ¸É¨¥ ¤¢ 
±¢ ·±  ¸ μ¤¨´ ±μ¢Ò³¨  ·μ³ É ³¨. „¨±¢ ·±-±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ É -
±μ³ ¶μ¤Ìμ¤¥ ¢μ§´¨± ¥É Éμ²Ó±μ ¶·¨ ÊÎ ¸É¨¨ ¶μ ±· °´¥° ³¥·¥ ¤¢ÊÌ · §²¨Î´ÒÌ
¨´¸É ´Éμ´μ¢, Î¥³ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ, ÊÎ¨ÉÒ¢ Ö ³ ²ÊÕ ¶²μÉ´μ¸ÉÓ ¨´¸É ´Éμ-
´μ¢ ¢ Š•„-¢ ±ÊÊ³¥. ’ ±¨³ μ¡· §μ³, ¨´¤ÊÍ¨·Ê¥³Ò° ¨´¸É ´Éμ´ ³¨ ¶·μÍ¥¸¸
·μ¦¤¥´¨Ö η-³¥§μ´μ¢ ¢ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ ¤μ²¦¥´ ¡ÒÉÓ ¢ §´ -
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�¨¸. 15. ˆ´¸É ´Éμ´´Ò° ¢±² ¤ ¢ ·μ¦¤¥´¨¥ η-³¥§μ´  ¢ ¶·μÉμ´-´¥°É·μ´´μ³ ¢§ ¨³μ¤¥°-
¸É¢¨¨

Î¨É¥²Ó´μ° ¸É¥¶¥´¨ ¶μ¤ ¢²¥´ ¶μ ¸· ¢´¥´¨Õ ¸ ¶·μÉμ´-´¥°É·μ´´Ò³ · ¸¸¥Ö´¨¥³.
‚ ¸²ÊÎ ¥ Î¨¸Éμ° ±¢ ·±-¤¨±¢ ·±μ¢μ° ±μ´Ë¨£Ê· Í¨¨ ¨ μ¡· §μ¢ ´¨Ö η-³¥§μ´μ¢
¢ μ¸´μ¢´μ³ Î¥·¥§ ¢§ ¨³μ¤¥°¸É¢¨¥ (142) μÉ´μÏ¥´¨¥ σpp/σpn ≈ 0. �±¸¶¥·¨-
³¥´É ²Ó´μ¥ ´ ¡²Õ¤¥´¨¥ §´ Î¨É¥²Ó´μ£μ Ê¸¨²¥´¨Ö ¢ÒÌμ¤  η-³¥§μ´μ¢ ¢ ¶·μÉμ´-
´¥°É·μ´´μ³ · ¸¸¥Ö´¨¨ ¤ ¥É  ·£Ê³¥´É ¢ ¶μ²Ó§Ê ¡μ²ÓÏμ° ¶·¨³¥¸¨ ¤¨±¢ ·±μ¢μ°
±μ³¶μ´¥´ÉÒ ¢ ´Ê±²μ´´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, ¢ Éμ ¢·¥³Ö ± ± ¶·¥¤²μ¦¥´´Ò°
³¥Ì ´¨§³ μ¡¥¸¶¥Î¨¢ ¥É ÔÉμ Ê¸¨²¥´¨¥ ¨ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤·Ê£¨Ì ³μ¤¥²¥°
¸É·Ê±ÉÊ·Ò ´Ê±²μ´ . � ¶·¨³¥·, ¢ ¸²ÊÎ ¥ Î¨¸Éμ° SU(6)-¢μ²´μ¢μ° ËÊ´±Í¨¨
´Ê±²μ´  ¸²¥¤Ê¥É, μ¸´μ¢Ò¢ Ö¸Ó ´  ·¥§Ê²ÓÉ É Ì [136], £¤¥ ¡Ò² · ¸¸Î¨É ´ μ¤-
´μ¨´¸É ´Éμ´´Ò° ¢±² ¤ ¢ Ê¶·Ê£μ¥ pp- ¨ nn-· ¸¸¥Ö´¨¥, μ¦¨¤ ÉÓ μÉ´μÏ¥´¨Ö
σpp/σpn ≈ 1/4.

�¥·¥°¤¥³ É¥¶¥·Ó ± ¢ÒÎ¨¸²¥´¨Õ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö η-³¥§μ´μ¢ ¢ ¶·μÉμ´-
´¥°É·μ´´μ³ · ¸¸¥Ö´¨¨. 
Ê¤¥³ ¶·¨¤¥·¦¨¢ ÉÓ¸Ö ¸²¥¤ÊÕÐ¨Ì μ¡μ§´ Î¥´¨° ¤²Ö
¨³¶Ê²Ó¸μ¢ Î ¸É¨Í:

p(p1) + n(p2) → p(p′1) + n(p′2) + η(pη). (147)

‚Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ¤ ¥É¸Ö Ëμ·³Ê²μ°

dσ =
dPS3

4
√

(p1p2)2 − m4
p

∑
spin

|M |2, (148)

£¤¥

dPS3 =
d3p′1d

3p′2d
3pη

(2π)92E′
12E′

22Eη
(2π)4δ(p1 + p2 − p′1 − p′2 − pη) (149)

¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ë §μ¢Ò° μ¡Ñ¥³ É·¥Ì ±μ´¥Î´ÒÌ Î ¸É¨Í; M Å ³ É·¨Î-
´Ò° Ô²¥³¥´É ¢§ ¨³μ¤¥°¸É¢¨Ö (146),  

∑
spin μ¸ÊÐ¥¸É¢²Ö¥É ¸Ê³³¨·μ¢ ´¨¥ ¶μ

±μ´¥Î´Ò³ ¨ Ê¸·¥¤´¥´¨¥ ¶μ ´ Î ²Ó´Ò³ ¶μ²Ö·¨§ Í¨Ö³.
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‚±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (147) ³μ¦¥É ¢´μ¸¨ÉÓ Éμ²Ó±μ ¡¥¸Í¢¥É´ Ö Î ¸ÉÓ
¨´¤ÊÍ¨·Ê¥³μ£μ ¨´¸É ´Éμ´ ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ · ³± Ì ±¢ ·±-¤¨±¢ ·±μ¢μ°
³μ¤¥²¨ ³μ¦´μ Ë ±Éμ·¨§μ¢ ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É ¨, ¨¸¶μ²Ó§ÊÖ ´¥·¥²ÖÉ¨¢¨¸É-
¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ±¢ ·±μ¢μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ´Ê±²μ´¥, ¶μ²ÊÎ¨ÉÓ

M ∼ 〈PN |ūRuLd̄RdL|PN〉 ∼
∼ 〈P |ūRuL|P 〉〈N |d̄RdL|N〉 ≈ P̄RPLN̄RNL. (150)

‘ ÊÎ¥Éμ³ ¢±² ¤   ´É¨¨´¸É ´Éμ´μ¢, ±μÉμ·Ò° ¸¢μ¤¨É¸Ö ± ¶μÖ¢²¥´¨Õ ¤μ¶μ²-
´¨É¥²Ó´μ£μ Ë ±Éμ·  2, ³ É·¨Î´Ò° Ô²¥³¥´É ¶·¨¢μ¤¨É¸Ö ± ¢¨¤Ê

∑
spin

|M |2 =
π12ρ12

c f2
πm4

η

54α4
s(ρc)

(8m4
p − 2m2

p(t1 + t2) + t1t2)FN (t1)2FN (t2)2, (151)

£¤¥
t1 = (p1 − p′1)

2, t2 = (p2 − p′2)
2,

FN (t) Å ´Ê±²μ´´Ò° Ëμ·³Ë ±Éμ· ¢ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ, ¤²Ö ±μÉμ·μ£μ
³Ò ¢Ò¡¥·¥³ Ëμ·³Ê Ô²¥±É·μ³ £´¨É´μ£μ Ëμ·³Ë ±Éμ·  [137]:

FN (t) =
4m2

p − 2,79t

(4m2
p − t)(1 − t/0,71)2

. (152)

„²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¨¸¶μ²Ó§μ¢ ´μ ¸²¥¤ÊÕÐ¥¥ §  ²¨¤¨·ÊÕÐ¨³ ¶·¨-
¡²¨¦¥´¨¥ ¤²Ö ¸¨²Ó´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨

αs(ρ) = − 2π

β1t

(
1 +

2β2 log t

β1t

)
, (153)

£¤¥

β1 = −33 − 2Nf

6
, β2 = −153 − 19Nf

12
, (154)

t = log
(

1
ρ2
0Λ2

+ δ

)
. (155)

‚ Ê· ¢´¥´¨¨ (155) ¶ · ³¥É· δ ≈ 1/ρ2
0Λ

2 μ¡¥¸¶¥Î¨¢ ¥É £² ¤±¨° ¶¥·¥Ìμ¤ ¢¥²¨-
Î¨´Ò αs(ρ) μÉ ¶¥·ÉÊ·¡ É¨¢´μ° (ρ → 0) ± ´¥¶¥·ÉÊ·¡ É¨¢´μ° (ρ → ∞) μ¡² -
¸É¨ [138]; ¤²Ö Nf = 3 ¨¸¶μ²Ó§μ¢ ´Ò §´ Î¥´¨Ö Λ = 230 ŒÔ‚, ρ0 = 1,6 ƒÔ‚−1.

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ Ë §μ¢μ³Ê μ¡Ñ¥³Ê ¢Ò· ¦¥´¨Ö (148) ¤ ¥É ¶μ²´μ¥ ¸¥-
Î¥´¨¥ ·¥ ±Í¨¨ ± ± ËÊ´±Í¨Õ Ô´¥·£¨¨ ´ ¤ ¶μ·μ£μ³ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
Q =

√
S − mn − mp − mη, S = (p1 + p2)2. ƒ· Ë¨± ÔÉμ° § ¢¨¸¨³μ¸É¨

¶·¥¤¸É ¢²¥´ ´  ·¨¸. 16 ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° · §³¥·  ¨´¸É ´Éμ´  ρc. �¥-
§Ê²ÓÉ ÉÒ · ¸Î¥É  ´ Ìμ¤ÖÉ¸Ö ¢ ± Î¥¸É¢¥´´μ³ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ ±μ²² ¡μ· Í¨¥° WASA/PROMICE ´  Ê¸±μ·¨É¥²¥
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CELSIUS [125]. �¥μ¡Ìμ¤¨³μ ¶μ³´¨ÉÓ, ÎÉμ ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´´Ò³
¢§ ¨³μ¤¥°¸É¢¨¥³ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö η-³¥§μ´μ¢ μ¡² ¤ ¥É μÎ¥´Ó ¢Ò¸μ±μ° ÎÊ¢-
¸É¢¨É¥²Ó´μ¸ÉÓÕ ± ¸·¥¤´¥³Ê · §³¥·Ê ¨´¸É ´Éμ´  ¢ Š•„-¢ ±ÊÊ³¥; μ´μ μ¶¨¸Ò-
¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨ §´ Î¥´¨¨ ρc = 2,1 ƒÔ‚−1. Š ± ¢¨¤´μ

�¨¸. 16. Q-§ ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ·μ¦¤¥-
´¨Ö η-³¥§μ´μ¢ ¶·¨ · §²¨Î´ÒÌ §´ Î¥-
´¨ÖÌ ¸·¥¤´¥£μ · §³¥·  ¨´¸É ´Éμ´  ¢
¸· ¢´¥´¨¨ ¸ ¤ ´´Ò³¨ ±μ²² ¡μ· Í¨¨
WASA/PROMICE: 1 Å ρc = 2,5 ƒÔ‚−1;
2 Å ρc = 2,1 ƒÔ‚−1; 3 Å ρc =
1,6 ƒÔ‚−1

¨§ £· Ë¨± , ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨¨ ³ ²�μ ¨ ¶·μÖ¢²Ö¥É¸Ö
Éμ²Ó±μ ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨
μÉ ¶μ·μ£  ·¥ ±Í¨¨. ‚ Í¥²μ³ § ¢¨¸¨-
³μ¸ÉÓ ¸¥Î¥´¨Ö μÉ Ô´¥·£¨¨ μ¶·¥¤¥²Ö¥É¸Ö
¶· ±É¨Î¥¸±¨ ¶μ²´μ¸ÉÓÕ ¨§³¥´¥´¨¥³
Ë §μ¢μ£μ μ¡Ñ¥³  ±μ´¥Î´ÒÌ Î ¸É¨Í.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ · §´¨ÍÊ
³¥¦¤Ê ¶μ¤Ìμ¤μ³, ¶·¥¤²μ¦¥´´Ò³ ´ ³¨,
¨ ® ¤·μ´´Ò³¯ ¶μ¤Ìμ¤μ³ [128]. ‚ ¶μ-
¸²¥¤´¥³ ¶μ¤Ìμ¤¥ ±¢ ´Éμ¢Ò¥ Î¨¸²  ¨
Ô´¥·£¨Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö μ¶·¥-
¤¥²ÖÕÉ ¤¨´ ³¨±Ê ¶·μ³¥¦ÊÉμÎ´μ£μ ³¥-
§μ´ , ±μ´¸É ´ÉÒ ¸¢Ö§¨ ±μÉμ·μ£μ ¸ ´Ê-
±²μ´ ³¨ ¨ ³¥§μ´ ³¨ ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ´¥¨§¢¥¸É´Ò,   ³ ¸¸Ê ¨ Ï¨·¨´Ê
Éμ²Ó±μ ¶·¥¤¸Éμ¨É ¸ ¤μ¸É ÉμÎ´μ° ¸É¥¶¥-
´ÓÕ ÉμÎ´μ¸É¨ Ê§´ ÉÓ ¢ Ìμ¤¥ Ô±¸¶¥·¨-
³¥´Éμ¢. ‚ ´ Ï¥³ ¶μ¤Ìμ¤¥ ¥¤¨´¸É¢¥´-
´Ò³ ¶ · ³¥É·μ³, ¨§¢¥¸É´Ò³ ¸ ´¥¢Ò¸μ-
±μ° ÉμÎ´μ¸ÉÓÕ, Ö¢²Ö¥É¸Ö Ì · ±É¥·´Ò°
· §³¥· ¨´¸É ´Éμ´ . �¥§ ¢¨¸¨³μ¥ μ¶·¥-
¤¥²¥´¨¥ ±μ´¸É ´É ¸¢Ö§¨ S11 ¤μ²¦´μ ¶μ-

± § ÉÓ, ¸¶μ¸μ¡¥´ ²¨  ¤·μ´´Ò° ¶μ¤Ìμ¤ ±μ´±Ê·¨·μ¢ ÉÓ ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³
³¨±·μ¸±μ¶¨Î¥¸±¨³ ¶μ¤Ìμ¤μ³, ¶·¥¤²μ¦¥´´Ò³ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥.

’ ±¨³ μ¡· §μ³, ¶μ± § ´μ, ÎÉμ ¶·¥¤²μ¦¥´´Ò° ³¥Ì ´¨§³ ·μ¦¤¥´¨Ö η-³¥§μ-
´μ¢ ¢¡²¨§¨ ¶μ·μ£  ¢ ´Ê±²μ´-´Ê±²μ´´μ³ · ¸¸¥Ö´¨¨ ³μ¦¥É ¡ÒÉÓ ¶·¨Î¨´μ°  ´μ-
³ ²Ó´μ ¡μ²ÓÏμ£μ ¢ÒÌμ¤  ·¥ ±Í¨¨ ¢ ¶·μÉμ´-´¥°É·μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ. �ÉμÉ
³¥Ì ´¨§³ ¸¢Ö§ ´ ¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ ¢ ¢ ±ÊÊ³¥ Š•„ ¸¨²Ó´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
Ë²Ê±ÉÊ Í¨° £²Õμ´´ÒÌ ¶μ²¥° Å ¨´¸É ´Éμ´μ¢. �μ± § ´μ, ÎÉμ ¨´¤ÊÍ¨·μ¢ ´´μ¥
¨´¸É ´Éμ´ ³¨ ±¢ ·±-£²Õμ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¶μ ¶·¨Î¨´¥ ¸¨²Ó´μ° § ¢¨¸¨-
³μ¸É¨ μÉ  ·μ³ É  Î ¸É¨Í, ¸¶μ¸μ¡´μ μ¡ÑÖ¸´¨ÉÓ ¢Ò¸μ±¨° ¢ÒÌμ¤ η-³¥§μ´μ¢ ´ 
¶μ·μ£¥ ¢ ¶·μÉμ´-´¥°É·μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ. � ¸Î¥É ¡Ò² ¶·μ¨§¢¥¤¥´ ¢ · ³± Ì
¶·μ¸Éμ° ±¢ ·±-¤¨±¢ ·±μ¢μ° ³μ¤¥²¨ ¸É·Ê±ÉÊ·Ò ¡ ·¨μ´ , ±μÉμ· Ö μ¡¥¸¶¥Î¨¢ ¥É
´ ¨¡μ²ÓÏÊÕ  ·μ³ É´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¶·μÉμ´-´¥°É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚
Éμ ¦¥ ¢·¥³Ö Ê± § ´´μ¥ Ê¸¨²¥´¨¥ ¢ÒÌμ¤  η-³¥§μ´μ¢ ¢ ¶·μÉμ´-´¥°É·μ´´μ³ · ¸-
¸¥Ö´¨¨ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶·¥¤²μ¦¥´´Ò³ ËÊ´¤ ³¥´É ²Ó´Ò³ ³¥Ì ´¨§³μ³ ¨ ¢ · ³-
± Ì ¤·Ê£¨Ì ³μ¤¥²¥° ¸É·Ê±ÉÊ·Ò ¡ ·¨μ´ .
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Šμ´¥Î´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸¥Î¥´¨Ö μÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± · §³¥·Ê ¨´¸É ´-
Éμ´ . �Éμ ¶μ§¢μ²Ö¥É ¨¸¸²¥¤μ¢ ÉÓ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¢ ±ÊÊ³  Š•„ ¸ ¶μ³μ-
ÐÓÕ ¶·μÍ¥¸¸  ·μ¦¤¥´¨Ö η (¨ ¤·Ê£¨Ì ³¥§μ´μ¢) ´  ¶μ·μ£¥ ¸ ¡μ²ÓÏμ° ÉμÎ´μ¸ÉÓÕ.

�·¥¤²μ¦¥´´Ò° ³¥Ì ´¨§³ ¤μ²¦¥´ ¶·μÖ¢²ÖÉÓ¸Ö ¢ ·¥ ±Í¨ÖÌ ¸μ¢³¥¸É´μ ¸
¤·Ê£¨³¨. ˆÌ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ · §¤¥²¥´¨¥, ¢ ¸¢Ö§¨ ¸ ¢μ§³μ¦´μ¸ÉÓÕ μ¶·¥-
¤¥²¥´¨Ö ¶ · ³¥É·μ¢ ¢ ±ÊÊ³  Š•„, ³μ¦¥É ¨³¥ÉÓ ¡μ²ÓÏμ¥ §´ Î¥´¨¥. �¤¨´
¨§ ¸¶μ¸μ¡μ¢ É ±μ£μ · §¤¥²¥´¨Ö μ¸´μ¢Ò¢ ¥É¸Ö ´  · §²¨Î´μ° Ô´¥·£¥É¨Î¥¸±μ°
¨ Ê£²μ¢μ° § ¢¨¸¨³μ¸É¨ ¶·μÍ¥¸¸  ¤²Ö · §´ÒÌ ³¥Ì ´¨§³μ¢. ‚ ¸¢Ö§¨ ¸ ÉμÎ¥Î-
´μ¶μ¤μ¡´μ° ¸É·Ê±ÉÊ·μ° ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¥£μ
§ ¢¨¸¨³μ¸ÉÓ μÉ Ê£²  ¨ Ô´¥·£¨¨ ¡Ê¤¥É ¸μ¢¥·Ï¥´´μ μÉ²¨Î´μ° μÉ ÔÉ¨Ì § ¢¨¸¨-
³μ¸É¥° ¤²Ö ¤·Ê£¨Ì ³¥Ì ´¨§³μ¢. ‚ ¶·¨¢¥¤¥´´μ³ ¶·¨³¥·¥ ·μ¦¤¥´¨Ö η-³¥§μ´μ¢
¡Ê¤¥É ¶·μÖ¢²ÖÉÓ¸Ö É ±¦¥  ¤·μ´´Ò° ³¥Ì ´¨§³, ¸¢Ö§ ´´Ò° ¸ ·¥§μ´ ´¸μ³ S11.
“£²μ¢ Ö ¨ ¢ μ¸μ¡¥´´μ¸É¨ Ô´¥·£¥É¨Î¥¸± Ö Ì · ±É¥·¨¸É¨±¨ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸ 
¶·¨ ·μ¦¤¥´¨¨ ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥§μ´ ´¸  ¡Ê¤ÊÉ ¸¨²Ó´μ μÉ²¨Î ÉÓ¸Ö μÉ É ±¨Ì
§ ¢¨¸¨³μ¸É¥° ¤²Ö ÉμÎ¥Î´μ¶μ¤μ¡´μ° ¨´¸É ´Éμ´´μ° ¢¥·Ï¨´Ò. � ¨¡μ²¥¥ ¶·Ö-
³Ò³ ¸¶μ¸μ¡μ³ · §¤¥²¥´¨Ö ÔÉ¨Ì ¤¢ÊÌ ¶·μÍ¥¸¸μ¢ Ö¢²ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶μ-
²Ö·¨§μ¢ ´´Ò³¨ ¶ÊÎ±μ³ ¨ ³¨Ï¥´ÓÕ. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨´¸É ´Éμ´Ò ¤ ÕÉ ¡μ²ÓÏμ°
¢±² ¤ ¢ ¤¢ÊÌ¸¶¨´μ¢ÊÕ  ¸¨³³¥É·¨Õ ¢ ¸¢Ö§¨ ¸ ¸¨²Ó´μ° ¸¶¨´μ¢μ° § ¢¨¸¨³μ¸ÉÓÕ
¢§ ¨³μ¤¥°¸É¢¨Ö 'É •μμËÉ .

9. ‘’�“Š’“�� ‚�Š““Œ� Š•„ ˆ ���‚ˆ‹� ΔI = 1/2

�¥¤ ¢´¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ¤É¢¥·¤¨²¨ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¡μ²ÓÏμ£μ CP -´ ·Ê-
Ï¥´¨Ö ¢ · ¸¶ ¤ Ì K → ππ [139, 140]. �ÉμÉ ÔËË¥±É ¤μ¢μ²Ó´μ É·Ê¤´μ μ¡ÑÖ¸-
´¨ÉÓ ¢ · ³± Ì ‘É ´¤ ·É´μ° ³μ¤¥²¨ [141,142]. �¤´¨³ ¨§ ±· ¥Ê£μ²Ó´ÒÌ ± ³´¥°
ÔÉμ° ¶·μ¡²¥³Ò Ö¢²Ö¥É¸Ö ¨§¢¥¸É´μ¥ ¶· ¢¨²μ ΔI = 1/2. �Éμ Ë¥´μ³¥´μ²μ£¨Î¥-
¸±μ¥ ¶· ¢¨²μ ¸¢Ö§ ´μ ¸ ´ ¡²Õ¤ ¥³Ò³ ¡μ²ÓÏ¨³ Ê¸¨²¥´¨¥³ ¸² ¡ÒÌ · ¸¶ ¤μ¢ ¸
¨§³¥´¥´¨¥³ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  ´  ¢¥²¨Î¨´Ê ΔI = 1/2 ¶μ μÉ´μÏ¥´¨Õ ±
· ¸¶ ¤ ³ ¸ ΔI = 3/2. ’ ±, Ô±¸¶¥·¨³¥´É ¤ ¥É ¤²Ö μÉ´μÏ¥´¨Ö  ³¶²¨ÉÊ¤ ¸ · §-
²¨Î´Ò³ ¶μ²´Ò³ ¨§μ¸¶¨´μ³ ±μ´¥Î´ÒÌ ¶¨μ´μ¢ ¢¥²¨Î¨´Ê |A0|/|A2| ≈ 22 [147].

Ò²μ ¶·¥¤²μ¦¥´μ ´¥¸±μ²Ó±μ ¢μ§³μ¦´ÒÌ ³¥Ì ´¨§³μ¢ ÔÉμ£μ Ö¢²¥´¨Ö [143Ä145].
�¤´¨³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö Ìμ·μÏμ ¨§¢¥¸É´Ò° ¶¥·ÉÊ·¡ É¨¢´Ò° Š•„-³¥Ì ´¨§³,
¢μ§´¨± ÕÐ¨° §  ¸Î¥É μ¡³¥´  ¦¥¸É±¨³¨ £²Õμ´ ³¨ [146]. �´ ¢μ§´¨± ¥É μÉ
¢±² ¤  ³ ²ÒÌ · ¸¸ÉμÖ´¨°, É. ¥. ¡μ²ÓÏ¨Ì ¢¨·ÉÊ ²Ó´μ¸É¥° ±¢ ·±μ¢ ¨ £²Õμ´μ¢.
Œ ±¸¨³ ²Ó´μ¥ Ê¸¨²¥´¨¥, ±μÉμ·μ¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ §  ¸Î¥É ÔÉμ£μ ³¥Ì ´¨§³ ,
¸μ¸É ¢²Ö¥É Ë ±Éμ· 4, ÎÉμ ¶·¨³¥·´μ ¢ ¶ÖÉÓ · § ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ°
¢¥²¨Î¨´Ò. „·Ê£μ° ¢μ§³μ¦´Ò° ¨¸ÉμÎ´¨± ÔÉμ£μ ¶· ¢¨²  ¨¤¥É μÉ ¢±² ¤μ¢ ¢§ ¨-
³μ¤¥°¸É¢¨° ±¢ ·±μ¢ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ ¨ ¸¢Ö§ ´ ¸ ÔËË¥±É ³¨ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. �É¨ ÔËË¥±ÉÒ ¤μ¢μ²Ó´μ ¡μ²ÓÏ¨¥ ¨ ³μ£ÊÉ
¶·¨¢¥¸É¨ ± Ê¸¨²¥´¨Õ A0- ³¶²¨ÉÊ¤Ò ¤μ Ê·μ¢´Ö ¶μ²μ¢¨´Ò ¥¥ Ô±¸¶¥·¨³¥´É ²Ó-
´μ£μ §´ Î¥´¨Ö [148,149].
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‚ ¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì ¡Ò²μ ¶μ± § ´μ, ÎÉμ ´¥¶¥·ÉÊ·¡ É¨¢´μ¥ ³Ê²ÓÉ¨-
±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ 'É •μμËÉ , ¨´¤ÊÍ¨·Ê¥³μ¥ ¨´¸É ´Éμ´ ³¨, Î·¥§¢Ò-
Î °´μ ÎÊ¢¸É¢¨É¥²Ó´μ ±  ·μ³ É ³ ¨ ¸¶¨· ²Ó´μ¸ÉÖ³ ±¢ ·±μ¢. Š ± Ìμ·μÏμ ¨§-
¢¥¸É´μ, ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ É ±¦¥ μ¡² ¤ ¥É Ê´¨± ²Ó´Ò³¨ ¸¶¨· ²Ó´Ò³¨ ¨
 ·μ³ É´Ò³¨ ¸¢μ°¸É¢ ³¨. �Éμ ´ ¡²Õ¤¥´¨¥ ¶·¨¢¥²μ ± μÉ±·ÒÉ¨Õ ¢ · ¡μÉ¥ [150]
´μ¢μ£μ ³¥Ì ´¨§³  Ê¸¨²¥´¨Ö ¸² ¡ÒÌ · ¸¶ ¤μ¢ ¢ ± ´ ² Ì ¸ ±¢ ´Éμ¢Ò³¨ Î¨-
¸² ³¨, · §·¥Ï ÕÐ¨³¨ ¢±² ¤ ¢§ ¨³μ¤¥°¸É¢¨Ö Î¥·¥§ ¨´¸É ´Éμ´Ò [24]. �Éμ
¢§ ¨³μ¤¥°¸É¢¨¥ ¨³¥¥É  ·μ³ É´Ò¥ ¸¢μ°¸É¢ , ¸¨²Ó´μ μÉ²¨Î ÕÐ¨¥¸Ö μÉ ¶¥·ÉÊ·-
¡ É¨¢´μ£μ £²Õμ´´μ£μ μ¡³¥´ , ¶·¨Î¥³ μ´¨ Ê¸¨²¨¢ ÕÉ ¢§ ¨³μ¤¥°¸É¢¨¥ Éμ²Ó±μ
¢ μ¶·¥¤¥²¥´´ÒÌ ± ´ ² Ì ¸ ¢ ±ÊÊ³´Ò³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ ¶μ¤μ¡´μ I = 0
± ´ ²Ê ¢ ¸² ¡ÒÌ · ¸¶ ¤ Ì. ‚ÒÏ¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ÔÉ¨ ¸¢μ°¸É¢  ¡Ò²¨ μ¶·¥-
¤¥²ÖÕÐ¨³¨ ¢ μ¡ÑÖ¸´¥´¨¨ ³´μ£¨Ì ´ ¡²Õ¤ ¥³ÒÌ ´ ·ÊÏ¥´¨° ¶· ¢¨²  �–ˆ.
‡¤¥¸Ó ³Ò ¶μ± ¦¥³, ÎÉμ ÉμÉ ¦¥ ¸ ³Ò° ³¥Ì ´¨§³ ²¥¦¨É ¨ ¢ μ¸´μ¢¥ ¶· ¢¨² 
ΔI = 1/2.

9.1. ‚±² ¤ ¨´¸É ´Éμ´μ¢ ¢ ´¥²¥¶Éμ´´Ò¥ ¸² ¡Ò¥ · ¸¶ ¤Ò. ŒÊ²ÓÉ¨±¢ ·-
±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¨´¤ÊÍ¨·μ¢ ´´μ¥ ¨´¸É ´Éμ´ ³¨, μ¶¨¸Ò¢ ¥É¸Ö Ëμ·³Ê-
²μ° (4). „²Ö μÍ¥´μ± ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ´  ³μ¤¥²Ó ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ ¤²Ö
Š•„-¢ ±ÊÊ³  [15]. „²Ö ±¢ ·±μ¢ ¸ ´¥´Ê²¥¢μ° ¢¨·ÉÊ ²Ó´μ¸ÉÓÕ k2

i ¢¥·Ï¨´  (4)
¤μ²¦´  ¡ÒÉÓ Ê³´μ¦¥´  ´  ¶·μ¨§¢¥¤¥´¨¥ ËÊ·Ó¥-μ¡· §μ¢ ±¢ ·±μ¢ÒÌ ´Ê²¥¢ÒÌ
³μ¤ ¢ ¨´¸É ´Éμ´´μ³ ¶μ²¥

Z =
∏

i

F (k2
i ), (156)

±μÉμ·Ò¥ ¢ ¸¨´£Ê²Ö·´μ° ± ²¨¡·μ¢±¥ ¨³¥ÕÉ ¢¨¤

F (k2
i ) = −x

d

dx
{I0(x)K0(x) − I1(x)K1(x)}, (157)

£¤¥ x = ρ
√

k2
i /2. ‚§ ¨³μ¤¥°¸É¢¨¥ (4) ¶·¨¢μ¤¨É ± ¡μ²ÓÏμ³Ê ¨§³¥´¥´¨Õ ¸¶¨-

· ²Ó´μ¸É¥° ±¢ ·±μ¢ ´  ¢¥²¨Î¨´Ê ΔQ = 2Nf . �Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¤²Ö
± ¦¤μ£μ ±¢ ·±μ¢μ£μ  ·μ³ É  ¢Ìμ¤ÖÐ¨° ¢ ¨´¸É ´Éμ´ ±¢ ·± ¤μ²¦¥´ ¡ÒÉÓ ²¥-
¢μ¸¶¨· ²Ó´Ò³,   ¢ÒÌμ¤ÖÐ¨° Å ¶· ¢μ¸¶¨· ²Ó´Ò³. 
μ²¥¥ Éμ£μ, ¶·¨´Í¨¶ � Ê²¨
¤²Ö ±¢ ·±μ¢ ¢ ´Ê²¥¢ÒÌ ³μ¤ Ì ¢ ¶μ²¥ ¨´¸É ´Éμ´  μ§´ Î ¥É, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥
¤μ²¦´μ ¡ÒÉÓ  ´É¨¸¨³³¥É·¨Î´μ μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ± ²Õ¡ÒÌ ¢Ìμ¤ÖÐ¨Ì
¨ ¢ÒÌμ¤ÖÐ¨Ì ±¢ ·±μ¢. ˆ³¥´´μ ÔÉμ ¸¢μ°¸É¢μ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ μ¤´μ¨´-
¸É ´Éμ´´Ò° ¢±² ¤ ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ¸² ¡μ° ΔI = 1/2  ³¶²¨ÉÊ¤¥ ¨ μÉ¸ÊÉ¸É¢Ê¥É
¢ ΔI = 3/2  ³¶²¨ÉÊ¤¥ (¸³. ·¨¸. 17).

‘É ´¤ ·É´Ò° ΔS = 1 ¸² ¡Ò° ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´

HΔS=1
eff =

√
2GF VudV

∗
us

8∑
i=1

Ci(μ)Qi(μ), (158)

£¤¥ Qi Å μ¶¥· Éμ·Ò ¸ · §³¥·´μ¸ÉÓÕ d = 6 [146], ±μÔËË¨Í¨¥´ÉÒ Ci(μ) ¶μ²Ê-
Î ÕÉ¸Ö ¨§ ¢ÒÎ¨¸²¥´¨Ö ¢±² ¤μ¢ ¦¥¸É±¨Ì £²Õμ´´ÒÌ μ¡³¥´μ¢ ¢ ¸² ¡Ò¥  ³¶²¨-
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ÉÊ¤Ò. Œ ¸ÏÉ ¡ μ ≈ 1 ƒÔ‚ ¢ ÔÉ¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ μ¶·¥¤¥²Ö¥É ±¨´¥³ É¨Î¥¸±ÊÕ
μ¡² ¸ÉÓ, £¤¥ ³μ¦´μ ¢¥·¨ÉÓ ¢ § ±μ´´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶¥·ÉÊ·¡ É¨¢´μ° Š•„,
¨ Ö¢²Ö¥É¸Ö ´¨¦´¨³ ¶·¥¤¥²μ³ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¢¨·ÉÊ ²Ó´μ¸ÉÖ³ ±¢ ·±μ¢ ¨
£²Õμ´μ¢ ¢ ¶¥É²ÖÌ, ¢μ§´¨± ÕÐ¨Ì ¶·¨ £²Õμ´´ÒÌ μ¡³¥´ Ì. Œ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ μ¶¥· Éμ·μ¢ Qi(μ) ¢ (158) μ¡ÒÎ´μ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ · ³± Ì ´¥¶¥·ÉÊ·¡ -
É¨¢´ÒÌ ¶μ¤Ìμ¤μ¢, ´ ¶·¨³¥·, ¸ ¶μ³μÐÓÕ ¡μ§μ´¨§ Í¨¨ ±¢ ·±μ¢ÒÌ μ¶¥· Éμ·μ¢
¨²¨ ´  ·¥Ï¥É± Ì.

�¨¸. 17. ‚±² ¤ Ï¥¸É¨±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨, ¢
¸² ¡ÊÕ ΔI = 1/2  ³¶²¨ÉÊ¤Ê

‚ ¦´Ò³ ´ ¡²Õ¤¥´¨¥³ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ¤μ¶μ²´¨É¥²Ó´Ò° Î²¥´
¢ ¸² ¡μ³ £ ³¨²ÓÉμ´¨ ´¥ ¸ ΔS = 1, ¢μ§´¨± ÕÐ¨° ¨§-§  Ï¥¸É¨±¢ ·±μ¢μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö (·¨¸. 17) ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤Ê μ¶¥· Éμ·  · §³¥·´μ¸É¨
d = 9:

Qd=9
I+Ī =

2Nc + 1
2Nc + 4

ūRdLs̄RuLd̄RdL +
3

8(Nc + 2)
ūRdLs̄Rσμν ūLd̄RσμνdL+

+ (−1)P perm. (uR, dR, sR) + (R ↔ L), (159)

£¤¥ P Å Î¨¸²μ ±¢ ·±μ¢ÒÌ ¶¥·¥¸É ´μ¢μ±. ‹¥£±μ Ê¡¥¤¨ÉÓ¸Ö, ÎÉμ ÔÉμÉ μ¶¥· Éμ·
¤ ¥É ¢±² ¤ Éμ²Ó±μ ¢ ΔI = 1/2 ¶¥·¥Ìμ¤Ò, ¨ ¶μ ¸· ¢´¥´¨Õ ¸ μ¶¥· Éμ· ³¨, ¨´¤Ê-
Í¨·Ê¥³Ò³¨ ¦¥¸É±¨³¨ £²Õμ´ ³¨ (158), ´μ¢Ò° μ¶¥· Éμ· ´ ·ÊÏ ¥É ¸μÌ· ´¥´¨¥
¸¶¨· ²Ó´μ¸É¨.

�¥μ¡Ìμ¤¨³μ ÊÉμÎ´¨ÉÓ ÔËË¥±É¨¢´Ò° ³ ¸ÏÉ ¡ ¤²Ö ÔÉμ£μ μ¶¥· Éμ· . ŒÒ
ÌμÉ¨³ É· ±Éμ¢ ÉÓ μ¶¥· Éμ·Ò ¢ (158) ± ± ²μ± ²Ó´Ò¥, ¶μÔÉμ³Ê ¨´É¥£·¨·μ¢ ´¨¥
¶μ ±¢ ·±μ¢Ò³ ¢¨·ÉÊ ²Ó´μ¸ÉÖ³ ¢ ¶¥É²¥ ´  ·¨¸. 17 ¤μ²¦´μ ¡ÒÉÓ μ£· ´¨Î¥´μ Ì -
· ±É¥·´Ò³ ³ ¸ÏÉ ¡μ³  ¤·μ´¨§ Í¨¨ μ̃ ≈ ΛQCD ≈ 1/R ≈ m∗ = 260 ŒÔ‚, £¤¥
ÔËË¥±É¨¢´ Ö ³ ¸¸  ±¢ ·±  ¢ ¨´¸É ´Éμ´´μ³ ¢ ±ÊÊ³¥ m∗ = −2π2ρ2

c〈0|q̄q|0〉/3.
9.2. ‚±² ¤ ¨´¸É ´Éμ´μ¢ ¢ · ¸¶ ¤ K → ππ. �¤´¨³ ¨§ ´ ¨¡μ²¥¥ Ö·±¨Ì

¶·μÖ¢²¥´¨° ¶· ¢¨²  ΔI = 1/2 Ö¢²Ö¥É¸Ö ´ ¡²Õ¤ ¥³μ¥ μ£·μ³´μ¥ (¢ 22,2 · § )
Ê¸¨²¥´¨¥ K → ππ- ³¶²¨ÉÊ¤Ò A0 ¸ ´Ê²¥¢Ò³ ¨§μÉμ¶¨Î¥¸±¨³ ¸¶¨´μ³ ¶μ ¸· ¢-
´¥´¨Õ ¸  ³¶²¨ÉÊ¤μ° A2 ¸ ¨§μ¸¶¨´μ³ 2 ¤²Ö ππ-¸μ¸ÉμÖ´¨Ö.

„¨ £· ³³ , ¤ ÕÐ Ö ¢±² ¤ ¢ K0-· ¸¶ ¤Ò §  ¸Î¥É ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É-
¢¨Ö, ¢μ§´¨± ÕÐ¥£μ §  ¸Î¥É ¨´É¥·Ë¥·¥´Í¨¨ ¨´¸É ´Éμ´´μ£μ ¨ μ¡ÒÎ´μ£μ ¸² ¡μ£μ
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�¨¸. 18. ‚±² ¤ Ï¥¸É¨±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¨´¸É ´Éμ´ ³¨, ¢
· ¸¶ ¤ K0 → ππ

¢§ ¨³μ¤¥°¸É¢¨°, ¨§μ¡· ¦¥´  ´  ·¨¸. 18. ˆ¸¶μ²Ó§Ê¥³ ´μ·³¨·μ¢±Ê K → ππ-
 ³¶²¨ÉÊ¤Ò ¨§ [142]:

MK0→π+π− =

√
2
3
A0 eiδ0 +

1√
3
A2 eiδ2 ,

MK0→π0π0 =

√
2
3
A0 eiδ0 − 2√

3
A2 eiδ2 , (160)

MK+→π+π0 =
√

3
2

A2 eiδ2 .

‚ÒÎ¨¸²¥´¨¥ ¤¨ £· ³³Ò ´  ·¨¸. 18 ¤ ¥É ¤²Ö ÔËË¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´ ,
μÉ¢¥Î ÕÐ¥£μ §  · ¸¶ ¤ K0 → π+π−, ¶·¨ Nc = 3 ¢Ò· ¦¥´¨¥

HK0→π+π−

inst =
C1(μ)GF√

2
VudV

∗
us

∫
dρ

n(ρ)
2π2

(
4π2ρ3

3

)3

×

×
∫ μ

μ̃

dkkF 2(kρ/2)ūRdL

{
s̄RuLd̄RdL +

3
32

(
s̄RλauLd̄RλadL−

− 3
4
s̄RσμνλauLd̄RσμνλadL

)}
, (161)

£¤¥ C1(μ) Å ¢¨²Ó¸μ´μ¢¸±¨° ±μÔËË¨Í¨¥´É ¶·¨ μ¶¥· Éμ·¥ Q1 ¸ I = 0 ¢ (158),
±μÉμ·Ò° ¸¢Ö§ ´ ¸ ¶¥·ÉÊ·¡ É¨¢´Ò³ ¢±² ¤μ³ ¤²Ö ¢¥²¨Î¨´ ¢¨·ÉÊ ²Ó´μ¸É¥° ±¢ ·-
±μ¢ ³¥¦¤Ê μ ¨ MW .

ˆ¸¶μ²Ó§ÊÖ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¶·¥μ¡· §μ¢ ´¨¥ ”¨·Í  ¨ ¸μμÉ´μÏ¥´¨Ö, ¸²¥-
¤ÊÕÐ¨¥ ¨§ £¨¶μÉ¥§Ò Î ¸É¨Î´μ£μ ¸μÌ· ´¥´¨Ö  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ± ,

d̄γ5u =
−i

√
2Fπm2

π

mu + md
φπ+ ,

ūγ5d =
−i

√
2Fπm2

π

mu + md
φπ− , (162)

s̄γ5d =
−i

√
2FKm2

K

ms + md
φK0 ,
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£¤¥ Fπ = 93 ŒÔ‚, ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê ³ É·¨Î´μ³Ê Ô²¥³¥´ÉÊ:

MK0→π+π− = −C1(μ)GF VudV
∗
us

11
96π2

(
Fπm2

π

mu + md

)2(
FKm2

K

ms + md

)
×

×
∫

dρn(ρ)
(

4π2ρ3

3

)3 ∫ μ

μ̃

dkkF 2(kρ/2). (163)

�Í¥´¨³ ¨´¸É ´Éμ´´Ò° ¢±² ¤, ¨¸¶μ²Ó§ÊÖ ³μ¤¥²Ó ¨´¸É ´Éμ´´μ° ¦¨¤±μ-
¸É¨ [66] ¸ ¶²μÉ´μ¸ÉÓÕ

n(ρ) =
neff

(m∗ρ)3
δ(ρ − ρc), (164)

neff = 1 Ë³−4, ρc = 1,6 ƒÔ‚−1. (165)

‚ ±¨· ²Ó´μ³ ¶·¥¤¥²¥ mu = md = ms = 0 ¤²Ö (163) ¶μ²ÊÎ ¥³

MK0→π+π− = −C1(μ)GF VudV
∗
us

11
12π2F 3

π

neff

∫ μ

μ̃

dkkF 2(kρc/2), (166)

£¤¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¸μμÉ´μÏ¥´¨Ö ƒ¥²²-Œ ´´ Ä�±¸ Ä�¨´´¥· 

F 2
πm2

π = −mu〈0|ūu|0〉 − md〈0|d̄d|0〉,

F 2
Km2

K = −ms〈0|s̄s|0〉 − md〈0|d̄d|0〉.
(167)

�μÔÉμ³Ê μ±μ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¢±² ¤  Ï¥¸É¨±¢ ·±μ¢μ£μ ¨´¸É ´-
Éμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢  ³¶²¨ÉÊ¤Ê A0

Ad=9
0 = −

√
3C1(μ)GF√

2
VudV ∗

us

11
12π2F 3

π

neff

∫ μ

μ̃

dkkF 2(kρc/2). (168)

‘ ¢Ò¡· ´´Ò³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥É·μ¢ (165) ¨ ¢¥²¨Î¨´μ° C1(1 ƒÔ‚) ≈
c1(1 ƒÔ‚) − c2(1 ƒÔ‚) ≈ 1,9, ¢§ÖÉμ° ¢ £² ¢´μ³ ¶μ·Ö¤±¥, £¤¥ c1 ¨ c2 Å ¨§

· ¡μÉÒ [142] ¤²Ö Λ(4)

MS
= 215 ŒÔ‚, ¶μ²ÊÎ ¥³ μÉ´μÏ¥´¨¥

Ad=9
0 /Aexp

0 = 0,5, (169)

£¤¥ Aexp
0 Å Ô±¸¶¥·¨³¥´É ²Ó´ Ö  ³¶²¨ÉÊ¤  [152].

�μÔÉμ³Ê ¨´¸É ´Éμ´Ò ¢¥¤ÊÉ ± ¡μ²ÓÏμ³Ê Ê¸¨²¥´¨Õ  ³¶²¨ÉÊ¤Ò A0 ¢ ¸² -
¡ÒÌ K-· ¸¶ ¤ Ì. �¡¸Ê¤¨³ · §²¨Î´Ò¥ ¢±² ¤Ò ¢ μ±μ´Î É¥²Ó´μ¥ Î¨¸²μ (169),
¨¸¶μ²Ó§ÊÖ ± ± ´μ·³¨·μ¢±Ê  ³¶²¨ÉÊ¤Ê A0 ¢ ¶·¥¤¥²¥ ¡μ²ÓÏμ£μ NC :

ANc→∞
0 = −

√
3
2
GF VudV

∗
usFπ(m2

K − m2
π). (170)
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Šμ··¥±Í¨Ö μÉ ¶¥·ÉÊ·¡ É¨¢´μ° Š•„ ¤ ¥É Ë ±Éμ· 1,9, ¢ Éμ ¢·¥³Ö ± ± Î¨¸ÉÒ°
¨´¸É ´Éμ´´Ò° ¢±² ¤ ¤ ¥É ¶·¨³¥·´μ Ë ±Éμ· 2. ŒÒ ´¥ ¤μ²¦´Ò § ¡Ò¢ ÉÓ, ÎÉμ
¢±² ¤ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨, μ¶ÊÐ¥´´Ò° §¤¥¸Ó, ¤μ²¦¥´ É ±¦¥
Ê¢¥²¨Î¨ÉÓ ÔÉμ μÉ´μÏ¥´¨¥ ¢ ¸Éμ·μ´Ê ¸μ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éμ³.

‚μ§³μ¦´Ò É ±¦¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò μÉ μ¶¥· Éμ·μ¢ ¡μ²¥¥ ´¨§±¨Ì · §-
³¥·´μ¸É¥°, ¨´¤ÊÍ¨·Ê¥³ÒÌ ¨´¸É ´Éμ´ ³¨. � ¨¡μ²¥¥ ¢ ¦´Ò³¨ §¤¥¸Ó Ö¢²ÖÕÉ¸Ö
μ¶¥· Éμ·Ò ¸ · §³¥·´μ¸ÉÓÕ d = 6. �´¨ ¶μÖ¢²ÖÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ·¥¤Ê±Í¨¨ Ï¥-
¸É¨±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ± ÔËË¥±É¨¢´μ³Ê Î¥ÉÒ·¥Ì±¢ ·±μ¢μ³Ê ¢§ ¨³μ-
¤¥°¸É¢¨Õ ¢¸²¥¤¸É¢¨¥ § ³Ò± ´¨Ö μ¤´μ° ¨§ ±¢ ·±μ¢ÒÌ ²¨´¨° Î¥·¥§ ±¢ ·±μ¢Ò°
±μ´¤¥´¸ É. ‚ SU(3)f -¶·¥¤¥²¥ ¨ ¤²Ö Nc = 3 Î²¥´ ¢ ² £· ´¦¨ ´¥ ¸ ΔS = 1 μÉ
ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨³¥¥É Ëμ·³Ê (158) ¸

Qd=6
I+Ī = ūRdLs̄RuL +

1
4
ūRσμνdLs̄RσμνuL − (uR ↔ dR) + (R ↔ L) (171)

¨

C(μ)d=6 =
2C1(μ)neff

3〈0|q̄q|0〉2π2

∫ μ

μ̃

dkkF 2(kρc/2). (172)

�¤´ ±μ ¨¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤  ¢ ±ÊÊ³´μ£μ ¶·μ±² ¤Ò¢ ´¨Ö [151] ¶μ± §Ò¢ ¥É,
ÎÉμ ¢±² ¤ ÔÉμ£μ μ¶¥· Éμ·  ¢  ³¶²¨ÉÊ¤Ê · ¸¶ ¤  K0 → π+π− μ¡· Ð ¥É¸Ö ¢
´Ê²Ó ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥. �μÔÉμ³Ê ÔÉ¨ ¢±² ¤Ò ³μ£ÊÉ ¡ÒÉÓ ¢ ¦´Ò Éμ²Ó±μ ¶·¨
ÊÎ¥É¥ ´¥´Ê²¥¢ÒÌ ±¢ ·±μ¢ÒÌ ³ ¸¸.

�μ± § ´μ, ÎÉμ ´μ¢Ò° ³¥Ì ´¨§³, ¢μ§´¨± ÕÐ¨° ¨§ Nf = 3 ³Ê²ÓÉ¨±¢ ·-
±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö 'É •μμËÉ , ¤ ¥É ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ Ô³¶¨·¨Î¥¸±μ¥
¶· ¢¨²μ ΔI = 1/2, ´ ¡²Õ¤ ¥³μ¥ ¢ ΔS = 1 ¸² ¡ÒÌ · ¸¶ ¤ Ì. �Éμ ¨´¸É ´Éμ´-
´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨§-§  ¥£μ μÎ¥´Ó ¸¶¥Í¨Ë¨Î¥¸±μ°  ·μ³ É´μ° § ¢¨¸¨³μ¸É¨
¤ ¥É  ´μ³ ²Ó´μ¥ Ê¸¨²¥´¨¥  ³¶²¨ÉÊ¤Ò A0 ¢ · ¸¶ ¤ Ì K → ππ. 
μ²¥¥ Éμ£μ,
´ Ï ·¥§Ê²ÓÉ É É ±¦¥ ¶μ± §Ò¢ ¥É ¢ ¦´μ¸ÉÓ ÊÎ¥É  ¢±² ¤μ¢ μ¶¥· Éμ·μ¢ ¡μ²¥¥
¢Ò¸μ±μ° · §³¥·´μ¸É¨ [153], ¢ Î ¸É´μ¸É¨ d = 9, ¢ ¸² ¡ÒÌ · ¸¶ ¤ Ì.

� Ï¨ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¢¥¤¥´Ò ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥. �Î¥´Ó ¡μ²ÓÏμ° μ¡Ñ¥³
· ¡μÉ ¤μ²¦¥´ ¡ÒÉÓ ¶·μ¤¥² ´ ¤²Ö ¶μ²ÊÎ¥´¨Ö ´ ¤¥¦´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¢´¥ ÔÉμ£μ
¶·¥¤¥² . �¤´ ±μ Ê¦¥ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ ±¨· ²Ó´μ³ ¶·¥¤¥²¥,
£μ¢μ·ÖÉ μ Î·¥§¢ÒÎ °´μ° ¢ ¦´μ¸É¨ ¨´¸É ´Éμ´´ÒÌ ÔËË¥±Éμ¢ ¢ ÔÉμ° μ¡² ¸É¨
‘É ´¤ ·É´μ° ³μ¤¥²¨. �μÔÉμ³Ê ³Ò ³μ¦¥³ § ±²ÕÎ¨ÉÓ, ÎÉμ ¶·Ö³Ò¥ ¨´¸É ´-
Éμ´´Ò¥ ¢±² ¤Ò, É¨¶  μ¡¸Ê¦¤¥´´ÒÌ §¤¥¸Ó, ´¥ ³μ£ÊÉ ¡ÒÉÓ μ¶ÊÐ¥´Ò ¢ ²Õ¡μ³
¸¥·Ó¥§´μ³ ¨¸¸²¥¤μ¢ ´¨¨ ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ ¨ Î¨¸²¥´´μ ¢ ¦´Ò ¢ § ¶μ²-
´¥´¨¨ § §μ·  ³¥¦¤Ê É¥μ·¥É¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¥° ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨.

‡�Š‹
—…�ˆ…

‚ μ¡§μ·¥ μ¡¸Ê¦¤ ²μ¸Ó ¢²¨Ö´¨¥ ¸²μ¦´μ° ¸É·Ê±ÉÊ·Ò ¢ ±ÊÊ³  Š•„ ´  ¸¢μ°-
¸É¢   ¤·μ´μ¢. �¸´μ¢´μ¥ ¢´¨³ ´¨¥ ¡Ò²μ Ê¤¥²¥´μ ÔËË¥±É ³ ¨´¸É ´Éμ´μ¢ Å
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³μÐ´ÒÌ Ë²Ê±ÉÊ Í¨° ¢ ±ÊÊ³´ÒÌ £²Õμ´´ÒÌ ¶μ²¥° Å ¢  ¤·μ´´μ° ¸¶¥±É·μ-
¸±μ¶¨¨ ¨ ¢ ·¥ ±Í¨ÖÌ ¸ ÊÎ ¸É¨¥³  ¤·μ´μ¢. �μ± § ´μ, ÎÉμ ¸¶¥Í¨Ë¨Î¥¸±¨¥
±¢ ·±-±¢ ·±μ¢Ò¥ ¨ ±¢ ·±-£²Õμ´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨´¤ÊÍ¨·μ¢ ´´Ò¥ ¨´¸É ´-
Éμ´ ³¨, ¨£· ÕÉ ¨¸±²ÕÎ¨É¥²Ó´μ ¢ ¦´ÊÕ ·μ²Ó ¢  ¤·μ´´μ° Ë¨§¨±¥. ’ ±, μ´¨ ¤μ-
³¨´¨·ÊÕÉ ¢ ¸¶¨´-¸¶¨´μ¢ÒÌ ¨  ·μ³ É´ÒÌ · ¸Ð¥¶²¥´¨ÖÌ ¢  ¤·μ´´μ³ ¸¶¥±É·¥
³ ¸¸. �Î¥´Ó ¡μ²ÓÏ¨¥ ÔËË¥±ÉÒ ¨´¸É ´Éμ´μ¢ μ¦¨¤ ÕÉ¸Ö ¢ ³Ê²ÓÉ¨±¢ ·±μ¢ÒÌ
 ¤·μ´ Ì. ˆ§ÊÎ¥´¨¥ ±¢ ·±μ¢μ° Ô±§μÉ¨±¨ ³μ¦¥É ¶·μ²¨ÉÓ ¸¢¥É ´  ¸É·Ê±ÉÊ·Ê
¢ ±ÊÊ³  Š•„. ˆ´¸É ´Éμ´Ò É ±¦¥ ¶·¨¢μ¤ÖÉ ± ´¥É·¨¢¨ ²Ó´μ° ¸¶¨´μ¢μ° ¨  ·μ-
³ É´μ° ¸É·Ê±ÉÊ·¥ ±¢ ·±μ¢μ£μ ³μ·Ö ¢ ´Ê±²μ´¥, ÎÉμ μ¡ÑÖ¸´Ö¥É ´ ¡²Õ¤ ¥³μ¥
¡μ²ÓÏμ¥ ´ ·ÊÏ¥´¨¥ ¶· ¢¨² ¸Ê³³ �²²¨¸ Ä„¦ ËË¥ ¨ ƒμÉÉË·¨¤ . ŒÒ É ±¦¥
μ¡¸Ê¤¨²¨ ¢μ§³μ¦´μ¥ ¶·μÖ¢²¥´¨¥ ¨´¸É ´Éμ´μ¢ ¢ ¸² ¡ÒÌ · ¸¶ ¤ Ì ¨ ¶μ± § ²¨
¢ ¦´μ¸ÉÓ ¨Ì ÊÎ¥É  ¢ · ¸¶ ¤¥ K → ππ. ‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¶·μ¡²¥³ 
ÊÎ¥É  ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¶·¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  ¢ ´ ¸Éμ-
ÖÐ¥¥ ¢·¥³Ö ¶·¨¢²¥± ¥É ¶·¨¸É ²Ó´μ¥ ¢´¨³ ´¨¥ ³´μ£¨Ì É¥μ·¥É¨±μ¢, ¨ ¶μÔÉμ³Ê
¶μ¸É·μ¥´¨¥ ³¨±·μ¸±μ¶¨Î¥¸±μ° É¥μ·¨¨ ÔÉ¨Ì ÔËË¥±Éμ¢ Ö¢²Ö¥É¸Ö ±· °´¥  ±ÉÊ-
 ²Ó´μ° § ¤ Î¥°.

�¢Éμ· ¡² £μ¤ ·¥´ ¸¢μ¨³ ¸μ ¢Éμ· ³ �. …. „μ·μÌμ¢Ê, �. ‚. ‚¨´´¨±μ¢Ê,
‚. ‚¥´Éμ, •.-†. ‹¨ ¨ „.�.Œ¨´Ê §  ³´μ£μ²¥É´¥¥ ¶²μ¤μÉ¢μ·´μ¥ ¸μÉ·Ê¤´¨Î¥-
¸É¢μ. �´ É ±¦¥ ¶·¨§´ É¥²¥´ ‘. 
. ƒ¥· ¸¨³μ¢Ê ¨ �.�.ŠÊ· ¥¢Ê §  ¶μ²¥§´Ò¥ μ¡-
¸Ê¦¤¥´¨Ö ¶·μ¡²¥³, ¨§²μ¦¥´´ÒÌ ¢ μ¡§μ·¥. � ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´É ³¨ �””ˆ
03-02-17291 ¨ 04-02-16445,   É ±¦¥ ¶·μ£· ³³μ° ®Korean Brain Pool¯, Šμ·¥°-
¸±¨³ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨³ Ëμ´¤μ³ (KOFST), £· ´É 042T-1-1.
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