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„ ´ μ¡§μ· · ¡μÉ  ¢Éμ·μ¢, ¢ ±μÉμ·ÒÌ · §¢¨¢ ¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨° Ëμ·³ ²¨§³ ¤²Ö μ¶¨¸ -
´¨Ö ¸μ¸É ¢´ÒÌ ¸¨¸É¥³. Ÿ¤·μ³ Ëμ·³ ²¨§³  Ö¢²Ö¥É¸Ö ¶·μÍ¥¤Ê·  · §²μ¦¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
²μ± ²Ó´ÒÌ Éμ±μ¢ ¶·¨ ¶μ³μÐ¨  ´ ²μ£  É¥μ·¥³Ò ‚¨£´¥· Ä�±± ·É  ¤²Ö £·Ê¶¶Ò �Ê ´± ·¥. ‘Ëμ·³Ê-
²¨·μ¢ ´μ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ ¡¥§ ´ ·ÊÏ¥´¨Ö ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ ¨ § ±μ´  ¸μÌ· ´¥´¨Ö.
�·¨¢¥¤¥´Ò ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  ¤²Ö μ¶¨¸ ´¨Ö Ô²¥±É·μ¸² ¡μ° ¸É·Ê±ÉÊ·Ò
¸μ¸É ¢´ÒÌ ¸¨¸É¥³.

The review is devoted to the description of relativistic approach to composite systems. Basis
of this approach is the decomposition of the matrix elements of local currents by the WignerÄEckart
theorem on Poincar	e group. Impulse approximation is formulated without violation of the Lorentz-
covariance and conservation law. Some results of the description of the electroweak properties are
presented.

PACS: 03.65.Pm, 11.10.St

‚‚…„…�ˆ…

‚¸¥  Éμ³Ò, Ö¤·  ¨ ¡μ²ÓÏ¨´¸É¢μ É ± ´ §Ò¢ ¥³ÒÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í
¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¸μ¸É ¢´Ò¥ ¸¨¸É¥³Ò. ˆ³¥´´μ ¶μÔÉμ³Ê ·μ²Ó ±μ··¥±É-
´ÒÌ ³¥Éμ¤μ¢ ±μ²¨Î¥¸É¢¥´´μ£μ μ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ Ö¢²Ö-
¥É¸Ö μÎ¥´Ó ¢ ¦´μ°. ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ¤¨´ ³¨±¥ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¨³¥ÕÉ¸Ö
¤μ¸É ÉμÎ´μ ´ ¤¥¦´Ò¥ ³¥Éμ¤Ò, μ¶¨· ÕÐ¨¥¸Ö ´  ¨¸¶μ²Ó§μ¢ ´¨¥ ³μ¤¥²Ó´ÒÌ
¨²¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö. �¤´ ±μ ¤²Ö μ¶¨¸ ´¨Ö
¶·μÍ¥¸¸μ¢, ¶·μÉ¥± ÕÐ¨Ì ¸ ÊÎ ¸É¨¥³ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³, ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·-
£¨ÖÌ ´¥μ¡Ìμ¤¨³μ · §¢¨É¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ³¥Éμ¤μ¢. 
μ²¥¥ Éμ£μ, ¤ ¦¥ ¶·¨
´¨§±¨Ì Ô´¥·£¨ÖÌ μ¶¨¸ ´¨¥, ´ ¶·¨³¥·, ¸¨¸É¥³, ¸μ¤¥·¦ Ð¨Ì ²¥£±¨¥ ±¢ ·±¨,
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μ¡Ö§ É¥²Ó´μ É·¥¡Ê¥É ÊÎ¥É  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éμ¢. ‘²¥¤Ê¥É, μ¤´ ±μ, ¶μ¤-
Î¥·±´ÊÉÓ, ÎÉμ ±μ²¨Î¥¸É¢¥´´μ¥ μ¶¨¸ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì  ¤·μ´´ÒÌ ¸μ¸É ¢´ÒÌ
¸¨¸É¥³ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¢¥¸Ó³  ¸²μ¦´ÊÕ § ¤ ÎÊ, ±μÉμ· Ö ¢ ¶μ²´μ³ μ¡Ñ¥³¥
¢·Ö¤ ²¨ ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¢ ¡²¨¦ °Ï¨¥ £μ¤Ò, ¶μ¸±μ²Ó±Ê ¤²Ö ÔÉμ£μ ´Ê¦´μ
·¥Ï¨ÉÓ ³´μ£μÉ¥²Ó´ÊÕ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ § ¤ ÎÊ, ¤  ¨ Éμ ¸ ¥Ð¥ ¤ ²¥±μ ´¥ ¢¸¥£¤ 
Ìμ·μÏμ ¨§¢¥¸É´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³. �·¨³¥´¥´¨¥ ¦¥ ³¥Éμ¤μ¢ É¥μ·¨¨ ¶μ²Ö
¤²Ö ·¥Ï¥´¨Ö ÔÉμ° ¶·μ¡²¥³Ò ¸É ²±¨¢ ¥É¸Ö ¸ ¸¥·Ó¥§´Ò³¨ É·Ê¤´μ¸ÉÖ³¨. ’ ±,
´ ¶·¨³¥·, ¨§¢¥¸É´μ, ÎÉμ ¶¥·ÉÊ·¡ É¨¢´ Ö Š•„ ´¥ ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ±
¶·μ¡²¥³¥ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ±¢ ·±μ¢ (¸³., ´ ¶·¨³¥·, [1, 2]). ‚ ¸¢Ö§¨ ¸
ÔÉ¨³ ¤²Ö μ¶¨¸ ´¨Ö ¸μ¸É ¢´ÒÌ  ¤·μ´´ÒÌ ¸¨¸É¥³ ¶μ²ÊÎ¨²¨ Ï¨·μ±μ¥ · ¸¶·μ-
¸É· ´¥´¨¥ É ± ´ §Ò¢ ¥³Ò¥ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¸μ¸É ¢´Ò¥ ³μ¤¥²¨.

–¥²Ó ´ ¸ÉμÖÐ¥£μ μ¡§μ·  ¸μ¸Éμ¨É ¢ μ¶¨¸ ´¨¨ μ¤´μ° ¨§ ¢μ§³μ¦´ÒÌ ·¥²ÖÉ¨-
¢¨¸É¸±¨-¨´¢ ·¨ ´É´ÒÌ ³μ¤¥²¥° Ô²¥±É·μ¸² ¡μ° ¸É·Ê±ÉÊ·Ò ¤¢ÊÌÎ ¸É¨Î´μ° ¸μ-
¸É ¢´μ° ¸¨¸É¥³Ò. �¸´μ¢´μ° ¶·μ¡²¥³μ° ¶·¨ ¶μ¸É·μ¥´¨¨ É ±¨Ì ³μ¤¥²¥° Ö¢²Ö-
¥É¸Ö, ± ± ¨§¢¥¸É´μ, ¶·μ¡²¥³  ¶μ¸É·μ¥´¨Ö μ¶¥· Éμ·μ¢ Éμ±μ¢ ¶¥·¥Ìμ¤ . ‚μμ¡Ð¥
£μ¢μ·Ö, ¸²μ¦´μ¸É¨ ¸ ¶μ¸É·μ¥´¨¥³, ´ ¶·¨³¥·, μ¶¥· Éμ·  Ô²¥±É·μ³ £´¨É´μ£μ
Éμ±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò, Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Ö³ ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨
¨ ¸μÌ· ´¥´¨Ö, ¢μ§´¨± ÕÉ ¢μ ¢¸¥Ì ¶μ¤Ìμ¤ Ì, ¢ Éμ³ Î¨¸²¥ ¨ ¢ ¶¥·ÉÊ·¡ É¨¢-
´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. �É  ¶·μ¡²¥³  ¤μ¢μ²Ó´μ  ±É¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö ¢
²¨É¥· ÉÊ·¥ [3Ä9]. ’ ±, ¤²Ö μ¡¥¸¶¥Î¥´¨Ö § ±μ´  ¸μÌ· ´¥´¨Ö ¢ · ³± Ì Ê· ¢-
´¥´¨Ö 
¥É¥Ä‘μ²¶¨É¥·  ¨ ±¢ §¨¶μÉ¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ´¥μ¡Ìμ¤¨³ ¢ÒÌμ¤
§  · ³±¨ ¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö, É. ¥. ¢ μ¶¥· Éμ· Éμ±  ´¥μ¡Ìμ¤¨³μ ¤μ-
¡ ¢¨ÉÓ É ± ´ §Ò¢ ¥³Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Éμ±¨ [9], ±μÉμ·Ò¥, ´ ¶·¨³¥·, ¢ Ö¤¥·-
´μ° Ë¨§¨±¥ ¨´É¥·¶·¥É¨·ÊÕÉ¸Ö ± ± μ¡³¥´´Ò¥ ³¥§μ´´Ò¥ Éμ±¨ (�Œ’) [8, 10].
„²Ö ¤¥°É·μ´  ¢ Ô²¥±É·μ´-¤¥°É·μ´´μ³ · ¸¸¥Ö´¨¨ ÔÉμ ¡Ê¤¥É μ§´ Î ÉÓ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ¢¨·ÉÊ ²Ó´μ£μ γ-±¢ ´É  ¸ ¶·μÉμ´μ³ ¨ ´¥°É·μ´μ³ μ¤´μ¢·¥³¥´´μ. ‚
Éμ ¦¥ ¢·¥³Ö μÉ³¥É¨³ · ¡μÉÊ [11], ¢ ±μÉμ·μ° ¶μ± § ´μ, ÎÉμ, ÌμÉÖ É ±μ£μ
·μ¤  ¶·μÍ¥¸¸Ò ¤ ÕÉ ¢±² ¤ ¢ Ëμ·³Ë ±Éμ·Ò ¤¥°É·μ´ , μ¡¥¸¶¥Î¨ÉÓ § ±μ´ ¸μ-
Ì· ´¥´¨Ö Éμ±  ³μ¦´μ ¨ ¡¥§ ´¨Ì. ‚μμ¡Ð¥, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ²¨É¥· ÉÊ·¥
¶·¥μ¡² ¤ ¥É É¥´¤¥´Í¨Ö Ëμ·³Ê²¨·μ¢ ÉÓ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ ¸ ¸μÌ· ´¥-
´¨¥³ É· ´¸Ëμ·³ Í¨μ´´ÒÌ ¸¢μ°¸É¢ Éμ±  ¡¥§ ¤¨´ ³¨Î¥¸±μ£μ ÊÎ¥É  μ¡³¥´´ÒÌ
Éμ±μ¢ [4, 11Ä16]. �·¥¤¸É ¢²¥´´Ò° ¢ μ¡§μ·¥ ¶μ¤Ìμ¤ ± μ¶¨¸ ´¨Õ Ô²¥±É·μ¸² -
¡μ° ¸É·Ê±ÉÊ·Ò ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ Ì · ±É¥·-
´Ò¥ Î¥·ÉÒ.

1. Œ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·μ¸² ¡μ£μ Éμ±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò  ¢Éμ³ -
É¨Î¥¸±¨ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ ·¥²ÖÉ¨¢¨¸É¸±μ° ±μ¢ ·¨ ´É´μ¸É¨.

2. Œ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  Ê¤μ¢²¥É¢μ·Ö¥É § ±μ´Ê ¸μ-
Ì· ´¥´¨Ö.

3. �¥²ÖÉ¨¢¨¸É¸±μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥ (ˆ�) Ëμ·³Ê²¨·Ê¥É¸Ö ·¥²Ö-
É¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò³ μ¡· §μ³,   ¢ ¸²ÊÎ ¥ Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  Å ¨ ¸
ÊÎ¥Éμ³ § ±μ´  ¸μÌ· ´¥´¨Ö Å É ± ´ §Ò¢ ¥³μ¥ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ ¨³¶Ê²Ó¸´μ¥
¶·¨¡²¨¦¥´¨¥ (Œˆ�).
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4. �¶¨¸Ò¢ ¥³Ò° ¶μ¤Ìμ¤ ¤ ¥É ¥¸É¥¸É¢¥´´Ò° ¨ ¶· ¢¨²Ó´Ò° ´¥·¥²ÖÉ¨¢¨¸É-
¸±¨° ¶·¥¤¥², É. ¥. ¤²Ö ´¥£μ ¢Ò¶μ²´Ö¥É¸Ö ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö.

5. �·¨ μ¶¨¸ ´¨¨ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ (¢±²ÕÎ Ö ¸¨¸É¥³Ò ¸ ´¥´Ê²¥¢Ò³ ¸¶¨-
´μ³) ÔÉμÉ ¶μ¤Ìμ¤ ¤ ¥É μ¤´μ§´ Î´μ¥ μ¶¨¸ ´¨¥ Ô²¥±É·μ³ £´¨É´ÒÌ Ëμ·³Ë ±Éμ-
·μ¢ ¨ ´¥ μ¶¥·¨·Ê¥É ¸ ¶μ´ÖÉ¨Ö³¨ ®Ìμ·μÏ¨Ì¯ ¨ ®¶²μÌ¨Ì¯ ±μ³¶μ´¥´É Éμ± .

6. � ¸Î¥ÉÒ ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ ¤ ÕÉ Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ Ô²¥±É·μ¸² ¡ÒÌ
¸¢μ°¸É¢ ¸μ¸É ¢´ÒÌ ±¢ ·±μ¢ÒÌ (²¥£±¨¥ ³¥§μ´Ò, ³¥§μ´Ò, ¸μ¤¥·¦ Ð¨¥ μ¤¨´ ÉÖ-
¦¥²Ò° ±¢ ·±) ¨ ¸μ¸É ¢´ÒÌ ´Ê±²μ´´ÒÌ ¸¨¸É¥³ (¤¥°É·μ´).

Œ¥Éμ¤ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³, ±μÉμ·Ò³ ³Ò ¡Ê¤¥³
μ¶¥·¨·μ¢ ÉÓ, ¡ §¨·Ê¥É¸Ö ´  ¶·Ö³μ° ·¥ ²¨§ Í¨¨  ²£¥¡·Ò �Ê ´± ·¥ ´  ³´μ-
¦¥¸É¢¥ ¤¨´ ³¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ¸¨¸É¥³Ò [17]. �ÉμÉ ¶μ¤Ìμ¤ ´ §Ò¢ ÕÉ
É¥μ·¨¥° ¶·Ö³μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ·¥²ÖÉ¨¢¨¸É¸±μ° £ ³¨²ÓÉμ´μ¢μ° ¤¨´ ³¨±μ°
(�ƒ„) ¨²¨ ¶Ê ´± ·¥-¨´¢ ·¨ ´É´μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±μ° (�ˆŠŒ) (¸³., ´ -
¶·¨³¥·, [18Ä25] ¨ ¸¸Ò²±¨, ¶·¨¢¥¤¥´´Ò¥ ¢ ´¨Ì). ŒÒ ¡Ê¤¥³ ¶·¨¤¥·¦¨¢ ÉÓ¸Ö
¶μ¸²¥¤´¥£μ ´ ¨³¥´μ¢ ´¨Ö, Ê¸É ´μ¢¨¢Ï¥£μ¸Ö ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¢ ²¨É¥· ÉÊ·¥
(¸³., ´ ¶·¨³¥·, [25]). ‘ ÉμÎ±¨ §·¥´¨Ö ¶·¨´Í¨¶μ¢, ²¥¦ Ð¨Ì ¢ ¥¥ μ¸´μ¢¥,
�ˆŠŒ § ´¨³ ¥É ¶·μ³¥¦ÊÉμÎ´μ¥ ¶μ²μ¦¥´¨¥ ³¥¦¤Ê ²μ± ²Ó´μ° ±¢ ´Éμ¢μ° É¥-
μ·¨¥° ¶μ²Ö ¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨³¨ ³μ¤¥²Ö³¨.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ É¥μ·¨Ö ¶μ²Ö ¨ �ˆŠŒ Ëμ·³Ê²¨·ÊÕÉ¸Ö ± ± ¶·¨´-
Í¨¶¨ ²Ó´μ · §´Ò¥ ±μ´¸É·Ê±Í¨¨, ¨ Ê¸É ´μ¢²¥´¨¥ ¸¢Ö§¨ ³¥¦¤Ê ´¨³¨ Ö¢²Ö¥É¸Ö
É·Ê¤´μ° ¨ ¶μ±  ¥Ð¥ ´¥ ·¥Ï¥´´μ° ¶·μ¡²¥³μ°. ‚ μÉ²¨Î¨¥ μÉ É¥μ·¨¨ ¶μ²Ö
¢ �ˆŠŒ ¨¸Ìμ¤´μ ¢Ò¤¥²Ö¥É¸Ö ±μ´¥Î´μ¥ Î¨¸²μ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò, ÎÉμ, ¡¥§-
Ê¸²μ¢´μ, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥±μÉμ·ÊÕ ³μ¤¥²Ó. Šμ¢ ·¨ ´É´μ¸ÉÓ μ¶¨¸ ´¨Ö
¢ �ˆŠŒ μ¡¥¸¶¥Î¨¢ ¥É¸Ö ¶μ¸É·μ¥´¨¥³ ´  £¨²Ó¡¥·Éμ¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¸Éμ-
Ö´¨° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¸ ±μ´¥Î´Ò³ Î¨¸²μ³ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò μ¤´μ§´ Î-
´μ£μ Ê´¨É ·´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ´¥μ¤´μ·μ¤´μ° £·Ê¶¶Ò SL(2, C), ±μÉμ· Ö Ö¢²Ö-
¥É¸Ö Ê´¨¢¥·¸ ²Ó´μ° ´ ±·Ò¢ ÕÐ¥° £·Ê¶¶Ò �Ê ´± ·¥. �·¨ ÔÉμ³ ¢§ ¨³μ¤¥°-
¸É¢¨¥ ¢±²ÕÎ ¥É¸Ö ¢ £¥´¥· Éμ·Ò £·Ê¶¶Ò (μ¶¥· Éμ·Ò ´ ¡²Õ¤ ¥³ÒÌ ¸¨¸É¥³Ò).
�ˆŠŒ μ¸´μ¢ ´  ´  ¸μ£² ¸μ¢ ´¨¨ ¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶·¨´Í¨¶μ¢ Å ·¥-
²ÖÉ¨¢¨¸É¸±μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨ £ ³¨²ÓÉμ´μ¢μ¸É¨ ¨ Ö¢²Ö¥É¸Ö, ± ± ¶μ± §Ò¢ ÕÉ
¨¸¸²¥¤μ¢ ´¨Ö · §´ÒÌ  ¢Éμ·μ¢ [3, 12Ä16, 23Ä46], ´ ¨¡μ²¥¥ ¶·¨¸¶μ¸μ¡²¥´´Ò³
·¥²ÖÉ¨¢¨¸É¸±¨³ ¨´¸É·Ê³¥´Éμ³ ¤²Ö · ¡μÉÒ ¸ ¸¨¸É¥³ ³¨ ¸ ±μ´¥Î´Ò³ Î¨¸²μ³
¸É¥¶¥´¥° ¸¢μ¡μ¤Ò. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É �ˆŠŒ
¡²¨§μ± ± ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥, ¤μ¶Ê¸± ¥É ¢μ§³μ¦´μ¸ÉÓ  ¸-
¸¨³¨²¨·μ¢ ´¨Ö · §¢¨ÉÒÌ ³¥Éμ¤μ¢ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¨ ¤μ¶Ê¸-
± ¥É μ¡μ¡Ð¥´¨¥ ´  ¸²ÊÎ ° É·¥Ì ¨ ¡μ²¥¥ Î ¸É¨Í [25].

�ˆŠŒ ³μ¦¥É ¡ÒÉÓ ·¥ ²¨§μ¢ ´  · §²¨Î´Ò³¨ ¸¶μ¸μ¡ ³¨ ¨²¨, ± ± £μ¢μ-
·ÖÉ, ¢ · §²¨Î´ÒÌ Ëμ·³ Ì ¤¨´ ³¨±¨ (³£´μ¢¥´´ Ö Ëμ·³  ¤¨´ ³¨±¨, ÉμÎ¥Î´ Ö
Ëμ·³  ¤¨´ ³¨±¨, ¤¨´ ³¨±  ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥), ±μÉμ·Ò¥ μÉ²¨Î ÕÉ¸Ö ¸¶μ¸μ-
¡ ³¨ ¢±²ÕÎ¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¢  ²£¥¡·Ê £¥´¥· Éμ·μ¢ £·Ê¶¶Ò. ‚ · ¡μÉ¥ [47]
¡Ò²  ¶μ± § ´  S-³ É·¨Î´ Ö Ô±¢¨¢ ²¥´É´μ¸ÉÓ · §²¨Î´ÒÌ Ëμ·³ ¤¨´ ³¨±¨. �ÉμÉ
Ë ±É Ö¢²Ö¥É¸Ö ¢ ¦´Ò³, μ¤´ ±μ μ´ ´¥ μ§´ Î ¥É ¶μ²´μ° Ô±¢¨¢ ²¥´É´μ¸É¨, É ±
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± ± μ´ , ¢μ-¶¥·¢ÒÌ, ´¥ ¸¢μ¤¨É¸Ö ± Ô±¢¨¢ ²¥´É´μ¸É¨ Éμ²Ó±μ S-³ É·¨ÍÒ, ¸ÊÐ¥-
¸É¢Ê¥É ¥Ð¥, ´ ¶·¨³¥·, ¶·μ¡²¥³  μ¶¨¸ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨°. ‚μ-¢Éμ·ÒÌ,
¢ÒÎ¨¸²¥´¨Ö, ± ± ¶· ¢¨²μ, ¶·μ¢μ¤ÖÉ¸Ö ¢ ´¥±μÉμ·ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ, ¨ ¶·¨¡²¨-
¦¥´¨¥, ¸¶· ¢¥¤²¨¢μ¥ ¢ μ¤´μ° Ëμ·³¥ ¤¨´ ³¨±¨, ³μ¦¥É ¡ÒÉÓ ´¥¸¶· ¢¥¤²¨¢Ò³
¢ ¤·Ê£μ°.

� ¨¡μ²¥¥ · §¢¨Éμ° ¨ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ° ¤²Ö μ¶¨¸ ´¨Ö Ô²¥±É·μ¸² ¡ÒÌ
¸¢μ°¸É¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ Ö¢²Ö¥É¸Ö ¤¨´ ³¨±  ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥ [3, 13Ä
15, 26Ä36, 43, 45]. �É¨ · ¡μÉÒ, ¢ Î ¸É´μ¸É¨, ¶μ± § ²¨, ÎÉμ �ˆŠŒ Å ´¥ Éμ²Ó±μ
¨´É¥·¥¸´ Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ³μ¤¥²Ó, ´μ ¨ · ¡μÉμ¸¶μ¸μ¡´Ò° ¨´¸É·Ê³¥´É ¨ ³μ-
¦¥É Ê¸¶¥Ï´μ ±μ´±Ê·¨·μ¢ ÉÓ ¸ ¤·Ê£¨³¨ ¶μ¤Ìμ¤ ³¨ ¶·¨ μ¶¨¸ ´¨¨ ¨³¥ÕÐ¨Ì¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¤¨´ ³¨±¨ ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Éμ£μ, ÎÉμ ÔÉ  Ëμ·³  ¤¨´ ³¨±¨ ¨³¥¥É μÎ¥¢¨¤´Ò¥ ¤μ¸Éμ¨´-
¸É¢ :  ) ´ ¨³¥´ÓÏ¥¥ Î¨¸²μ £¥´¥· Éμ·μ¢, ¸μ¤¥·¦ Ð¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥, Å É·¨,
¡) ¶·μ¸Éμ¥ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´μ¥ μÉ¤¥²¥´¨¥ ®¢´ÊÉ·¥´´¨Ì¯ ¨ ®¢´¥Ï-
´¨Ì¯ ¶¥·¥³¥´´ÒÌ ¶·¨ Ëμ·³Ê²¨·μ¢±¥ ¥¥ ± ± £ ³¨²ÓÉμ´μ¢μ° É¥μ·¨¨ ¸ Ë¨±-
¸¨·μ¢ ´´Ò³ Î¨¸²μ³ Î ¸É¨Í, ¢) ¶·μ¸É Ö ¸É·Ê±ÉÊ·  ¢ ±ÊÊ³  ¶·¨ ¶μ¸É·μ¥´¨¨
¶¥·ÉÊ·¡ É¨¢´μ° ¶μ²¥¢μ° É¥μ·¨¨ ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥. �¤´ ±μ ¸ÊÐ¥¸É¢ÊÕÉ ¨
É·Ê¤´μ¸É¨, ¶·¥μ¤μ²¥¢ ÕÉ¸Ö ±μÉμ·Ò¥ ¤μ¸É ÉμÎ´μ ¸²μ¦´Ò³ μ¡· §μ³. � ¶·¨-
³¥·, ¡Ò²μ μ¡´ ·Ê¦¥´μ [28, 33], ÎÉμ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Ô²¥±É·μ³ £´¨É´ÒÌ
Ëμ·³Ë ±Éμ·μ¢ ¸¨¸É¥³Ò ¸ ¶μ²´Ò³ ³μ³¥´Éμ³ J = 1 (¤¥°É·μ´, ρ-³¥§μ´) ¸Ê-
Ð¥¸É¢¥´´μ ¨§³¥´ÖÕÉ¸Ö ¶·¨ ¢· Ð¥´¨¨ ¸¨¸É¥³Ò μÉ¸Î¥É . �É  ´¥μ¤´μ§´ Î´μ¸ÉÓ
μ¶·¥¤¥²¥´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¸¢Ö§ ´  ¸
´ ·ÊÏ¥´¨¥³ É ± ´ §Ò¢ ¥³μ£μ Ê£²μ¢μ£μ Ê¸²μ¢¨Ö [28, 33], ±μÉμ·μ¥ Ë ±É¨Î¥¸±¨
Ö¢²Ö¥É¸Ö ³ É¥³ É¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³ Ê¸²μ¢¨Ö ¢· Ð É¥²Ó´μ° ¨´¢ ·¨ ´É´μ¸É¨
É¥μ·¨¨. �¡¸Ê¦¤¥´¨¥ ´¥±μÉμ·ÒÌ É·Ê¤´μ¸É¥° ¤¨´ ³¨±¨ ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥ ³μ-
¦¥É ¡ÒÉÓ É ±¦¥ ´ °¤¥´μ ¢ [31]. ‚ · ¡μÉ¥ [30] Ê± § ´μ ´  Éμ, ÎÉμ ¶·μ¡²¥³ 
´¥μ¤´μ§´ Î´μ¸É¨ ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¶ÊÉ¥³ ¤μ¡ ¢²¥´¨Ö ¢ Ô²¥±É·μ³ £´¨É´Ò°
Éμ± ¤μ¶μ²´¨É¥²Ó´ÒÌ (´¥Ë¨§¨Î¥¸±¨Ì) Ëμ·³Ë ±Éμ·μ¢ (¸³. É ±¦¥ [15] ¨ ¸¸Ò²±¨,
¶·¨¢¥¤¥´´Ò¥ É ³). „·Ê£μ° ¶μ¤Ìμ¤ ± ¶·μ¡²¥³¥ ¶μ¸É·μ¥´¨Ö μ¶¥· Éμ·  Ô²¥±-
É·μ³ £´¨É´μ£μ Éμ±  ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¸μ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¢ ¤¨´ ³¨±¥ ´ 
¸¢¥Éμ¢μ³ Ë·μ´É¥ ¶·¥¤²μ¦¥´ ¢ [13]. �ÉμÉ ¸¶μ¸μ¡ ¶·¨¢μ¤¨É ± μ¤´μ§´ Î´μ³Ê
¶μ¸É·μ¥´¨Õ Ëμ·³Ë ±Éμ·μ¢ ¤¥°É·μ´ . �μ, ± ± μÉ³¥Î ÕÉ ¸ ³¨  ¢Éμ·Ò [13], ¨Ì
Éμ±μ¢Ò° μ¶¥· Éμ· ¨ μ¶¥· Éμ·, ¶μ¸É·μ¥´´Ò°  ´ ²μ£¨Î´Ò³ μ¡· §μ³ ¢ · ¡μ-
É Ì [3,29], Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´μ · §²¨Î´Ò³¨, É ± ± ±, ÌμÉÖ μ´¨ ¨ ¶μ²ÊÎ¥´Ò
¨§ ¸¢μ¡μ¤´μ£μ Éμ± , ´μ ¢ · §²¨Î´ÒÌ ¸¨¸É¥³ Ì μÉ¸Î¥É , ¸¢Ö§Ó ³¥¦¤Ê ±μÉμ·Ò³¨
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¡Ê¸É ³¨, ¸μ¤¥·¦ Ð¨³¨ ¢§ ¨³μ¤¥°¸É¢¨¥. Š·μ³¥ Éμ£μ, ± ± ¶μ-
± § ´μ ¢ · ¡μÉ Ì [48, 49], ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥, ¨¸¶μ²Ó§Ê¥³μ¥ ¢ [13],
Ö¢²Ö¥É¸Ö ´¥ ¢¶μ²´¥ ±μ··¥±É´Ò³, ÎÉμ ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ ³μ¤¨Ë¨Í¨-
·μ¢ ´¨Ö ¶μ¤Ìμ¤  ¶ÊÉ¥³ ÊÎ¥É  É ± ´ §Ò¢ ¥³ÒÌ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢.

’ ±μ£μ ·μ¤  Ë ±ÉÒ ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ § ¸É ¢²ÖÕÉ μ¡· É¨ÉÓ¸Ö ± ¤·Ê£¨³
Ëμ·³ ³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¤¨´ ³¨± ¨ · ¸¸³μÉ·¥ÉÓ ¨Ì ¢μ§³μ¦´μ¸É¨. ’ ±, ¢ ·Ö¤¥
· ¡μÉ ¶μ²ÊÎ¨²  · §¢¨É¨¥ ÉμÎ¥Î´ Ö Ëμ·³  ¤¨´ ³¨±¨ [12,16,40,41].
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‚ μ¡§μ·¥ μ¸´μ¢´μ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´μ μ¶¨¸ ´¨Õ Ô²¥±É·μ¸² ¡μ° ¸É·Ê±-
ÉÊ·Ò ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¢ · ³± Ì ³£´μ¢¥´´μ° Ëμ·³Ò �ˆŠŒ. �É  Ëμ·³ 
¨³¥¥É ¸¢μ¨ ¶·¥¨³ÊÐ¥¸É¢ , É ±¨¥ ± ± ¥¸É¥¸É¢¥´´Ò° ¢Ò¡μ· ¶¥·¥³¥´´ÒÌ, μ¶¨-
¸Ò¢ ÕÐ¨Ì ¸μ¸ÉμÖ´¨¥, ¶· ¢¨²Ó´Ò° ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥², ¢· Ð É¥²Ó´ Ö
¨´¢ ·¨ ´É´μ¸ÉÓ, ¶μ§¢μ²ÖÕÐ Ö ±μ··¥±É´Ò³ μ¡· §μ³ μ¶¨¸Ò¢ ÉÓ ¸¶¨´μ¢Ò¥ ÔË-
Ë¥±ÉÒ. �μ¸²¥¤´¥¥ ¸¢μ°¸É¢μ ¨³¥¥É ¶·¨´Í¨¶¨ ²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö ±μ··¥±É´μ£μ
μ¶¨¸ ´¨Ö ¸μ¢·¥³¥´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢. ‚ Î ¸É´μ¸É¨, ÉμÎ´μ¸ÉÓ Ô±¸¶¥·¨³¥´Éμ¢
¶μ ¨§³¥·¥´¨Õ Ëμ·³Ë ±Éμ·μ¢ ¤¥°É·μ´  ¨ π-³¥§μ´ , ¶·μ¢μ¤¨³ÒÌ ¨ ¶² ´¨-
·Ê¥³ÒÌ ¢ „¦¥ËË¥·¸μ´μ¢¸±μ° ² ¡μ· Éμ·¨¨ (JLab) [50], É·¥¡Ê¥É ÊÎ¥É  É ±¨Ì
ÔËË¥±Éμ¢.

„¨´ ³¨±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò, É. ¥. ¢§ ¨³μ¤¥°¸É¢¨¥ ±μ´¸É¨ÉÊ¥´Éμ¢, μ¶¨-
¸Ò¢ ¥É¸Ö ¢ ³£´μ¢¥´´μ° Ëμ·³¥, ± ± ¶· ¢¨²μ, ¢ · ³± Ì μ¡Ð¥°  ±¸¨μ³ É¨±¨
�ˆŠŒ. �¤´ ±μ ÔÉμÉ ¶μ¤Ìμ¤ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ É· ¤¨Í¨μ´´μ° �ˆŠŒ
¸¶μ¸μ¡μ³ ¶μ¸É·μ¥´¨Ö μ¶¥· Éμ·μ¢ Éμ±μ¢ ¶¥·¥Ìμ¤μ¢. Ÿ¤pμ³ p §¢¨Éμ£μ ¶μ¤Ìμ¤ 
± ¶μ¸É·μ¥´¨Õ μ¶¥· Éμ·  Ô²¥±É·μ¸² ¡μ£μ Éμ±  Ö¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ¶·μÍ¥-
¤Ê·  ± ´μ´¨Î¥¸±μ° ¶ p ³¥Ép¨§ Í¨¨ ³ Ép¨Î´ÒÌ Ô²¥³¥´Éμ¢ ²μ± ²Ó´ÒÌ μ¶¥p -
Éμpμ¢, μ¸´μ¢Ò ±μÉμ·μ° p §¢¨ÉÒ ¢ [51]. „ ´´ Ö ¶·μÍ¥¤Ê·  Ë ±É¨Î¥¸±¨ ·¥ ²¨-
§Ê¥É É¥μ·¥³Ê ‚¨£´¥· Ä�±± ·É  ´  £·Ê¶¶¥ �Ê ´± ·¥, É. ¥. ¶μ§¢μ²Ö¥É ¢Ò¤¥²¨ÉÓ
¨§ ³ É·¨Î´μ£μ Ô²¥³¥´É  μ¶¥· Éμ·  ²Õ¡μ° É¥´§μ·´μ° · §³¥·´μ¸É¨ ¶·¨¢¥¤¥´-
´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (Ëμ·³Ë ±Éμ·Ò), ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ¨´¢ ·¨ ´É ³¨
¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ¨§ £·Ê¶¶Ò �Ê ´± ·¥. Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ· 
¶·¥¤¸É ¢²Ö¥É¸Ö ¶·¨ ÔÉμ³ ¸Ê³³μ° ¸² £ ¥³ÒÌ, ± ¦¤μ¥ ¨§ ±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö
¶·μ¨§¢¥¤¥´¨¥³ ±μ¢ ·¨ ´É´μ£μ ¨ ¨´¢ ·¨ ´É´μ£μ Î²¥´μ¢. Šμ¢ ·¨ ´É´ Ö Î ¸ÉÓ
É ±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  μ¶¨¸Ò¢ ¥É ¥£μ É· ´¸Ëμ·³ Í¨μ´-
´Ò¥ (£¥μ³¥É·¨Î¥¸±¨¥) ¸¢μ°¸É¢ ,   ¢¸Ö ¤¨´ ³¨Î¥¸± Ö ¨´Ëμ·³ Í¨Ö μ ¶¥·¥Ìμ¤¥,
μ¶¨¸Ò¢ ¥³μ³ ¤ ´´Ò³ μ¶¥· Éμ·μ³, ¸μ¤¥·¦¨É¸Ö ¢ ¨´¢ ·¨ ´É´μ° Î ¸É¨ Å ¶·¨-
¢¥¤¥´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì ¨²¨ Ëμ·³Ë ±Éμ· Ì. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¤ ´´Ò¥
Ëμ·³Ë ±Éμ·Ò ± ´μ´¨Î¥¸±μ° ¶ · ³¥É·¨§ Í¨¨ Ö¢²ÖÕÉ¸Ö ´¥ ±² ¸¸¨Î¥¸±¨³¨,  
μ¡μ¡Ð¥´´Ò³¨ ËÊ´±Í¨Ö³¨. �É³¥É¨³, ÎÉμ ¶p¨ ¨§²μ¦¥´¨¨ μ¡Ð¥£μ Ëμp³ ²¨§-
³  ³Ò ¡Ê¤¥³ p ¸¸³ Ép¨¢ ÉÓ Éμ²Ó±μ μ¶¥p ÉμpÒ, ¤¨ £μ´ ²Ó´Ò¥ ¶μ ¶μ²´μ³Ê
³μ³¥´ÉÊ.

‚ · ³± Ì · §¢¨Éμ£μ ¶μ¤Ìμ¤  Ê¤ ¥É¸Ö · §·¥Ï¨ÉÓ ´¥±μÉμ·Ò¥ μ¡Ð¨¥ ¶·μ-
¡²¥³Ò, ¶·¨¸ÊÐ¨¥ ¸μ¸É ¢´Ò³ ³μ¤¥²Ö³. �¶¨¸ ´¨¥, ´ ¶·¨³¥·, Ô²¥±Épμ³ £´¨É-
´ÒÌ ¸¢μ°¸É¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¢ É¥p³¨´ Ì ¢¢¥¤¥´´ÒÌ Ëμp³Ë ±Éμpμ¢ Ë ±É¨-
Î¥¸±¨ p¥Ï ¥É § ¤ ÎÊ ¶μ¸Épμ¥´¨Ö μ¶¥· Éμ·  Ô²¥±Épμ³ £´¨É´μ£μ Éμ± , Ê¤μ¢²¥-
É¢μpÖÕÐ¥£μ Ê¸²μ¢¨Ö³ Ép ´¸²ÖÍ¨μ´´μ° ¨´¢ p¨ ´É´μ¸É¨, ²μp¥´Í-±μ¢ p¨ ´É-
´μ¸É¨, § ±μ´Ê ¸μÌp ´¥´¨Ö, ±² ¸É¥p´μ° ¸¥¶ p ¡¥²Ó´μ¸É¨ ¨ Ê¸²μ¢¨Õ ´¥p¥´μp³¨-
pÊ¥³μ¸É¨ § pÖ¤  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö [4].

”¨§¨Î¥¸±¨¥ ¶p¨¡²¨¦¥´¨Ö, ¨¸¶μ²Ó§Ê¥³Ò¥ ¶·¨ · ¸Î¥É Ì, Ëμ·³Ê²¨·ÊÕÉ¸Ö
¢ ´ Ï¥³ ¶μ¤Ìμ¤¥ ´  Ö§Ò±¥ ¶·¨¢¥¤¥´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. � ¶p¨³¥p,
Ï¨pμ±μ ¨¸¶μ²Ó§Ê¥³μ¥ ¢ ²¨É¥· ÉÊ·¥ p¥²ÖÉ¨¢¨¸É¸±μ¥ ¨³¶Ê²Ó¸´μ¥ ¶p¨¡²¨¦¥´¨¥.
�¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ¢ ´ Ï¥³ ¶μ¤Ìμ¤¥ ¤ ´´μ¥ ¶·¨¡²¨¦¥´¨¥ ´¥ ¶·¨¢μ¤¨É
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± ´ ·ÊÏ¥´¨Õ ¸É ´¤ ·É´ÒÌ Ê¸²μ¢¨° ´  Éμ±, ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥. ˆ§²μ¦¥´¨¥
³ É¥·¨ ²  ¶·μ¨§¢μ¤¨É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¡μÉ ³¨  ¢Éμ·μ¢, ¢ ±μÉμ·ÒÌ · §¢¨É
μ¶¨¸Ò¢ ¥³Ò° ³¥Éμ¤ [52Ä68].

1. �“��Š��…-ˆ�‚��ˆ��’�›… Š‚��’�‚›… Œ…•��ˆŠˆ

�¥²ÖÉ¨¢¨¸É¸± Ö ¨´¢ ·¨ ´É´μ¸ÉÓ μ§´ Î ¥É, ÎÉμ ´  £¨²Ó¡¥pÉμ¢μ³ ¶·μ¸É· ´-
¸É¢¥ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò ·¥ ²¨§Ê¥É¸Ö Ê´¨É ·´μ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò �Ê ´-
± ·¥ (  ÉμÎ´¥¥ ´¥μ¤´μ·μ¤´μ° £·Ê¶¶Ò SL(2, C), ±μÉμ· Ö Ö¢²Ö¥É¸Ö Ê´¨¢¥p¸ ²Ó-
´μ° ´ ±pÒ¢ ÕÐ¥° £·Ê¶¶Ò �Ê ´± ·¥) [69]. �Éμ §´ Î¨É, ÎÉμ ¥¸²¨ ¤¢¥ ¸¨¸É¥³Ò
μÉ¸Î¥É  ¸¢Ö§ ´Ò ¶·¥μ¡· §μ¢ ´¨¥³ �Ê ´± ·¥ (a, Λ), a Å 4-¢¥±Éμ· É· ´¸²Ö-
Í¨°, Λ Å ³ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í  (Λ0

0 > 0, detΛ = 1), Éμ ¢¥±Éμ·Ò
¸μ¸ÉμÖ´¨Ö ¢ ¤¢ÊÌ ¸¨¸É¥³ Ì ¸¢Ö§ ´Ò Ê´¨É ·´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³

|Ψ′〉 = Û( a, Λ) |Ψ〉. (1)

„²Ö μ¶¥· Éμ·μ¢ ¶·¥¤¸É ¢²¥´¨Ö ¢Ò¶μ²´Ö¥É¸Ö § ±μ´ £·Ê¶¶μ¢μ£μ Ê³´μ¦¥´¨Ö

Û(a1, Λ1) Û(a2, Λ2) = Û(Λ1a2 + a1, Λ1Λ2). (2)

� ¸¸³ É·¨¢ Ö ¨´Ë¨´¨É¥§¨³ ²Ó´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ¨ ¢¢μ¤Ö £¥´¥· Éμ·Ò É· ´¸-
²ÖÍ¨° P̂μ ¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ ¢· Ð¥´¨° M̂μν , μ¡ÒÎ´Ò³ μ¡· §μ³
¶·¨Ìμ¤¨³ ±  ²£¥¡·¥ �Ê ´± ·¥:

[M̂μν , P̂ σ] = −i(gμσP̂ ν − gνσP̂μ),

[M̂μν , M̂σρ] = −i(gμσM̂νρ − gνσM̂μρ) − (σ ↔ ρ), (3)

[P̂μ, P̂ ν ] = 0.

‚ (3) gμν Å ³¥É·¨Î¥¸±¨° É¥´§μ· ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ. �μ¸É·μ¥-
´¨¥ ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò �Ê ´± ·¥ ¢ £¨²Ó¡¥·Éμ¢μ³ ¶·μ¸É· ´¸É¢¥ ¸¢μ¤¨É¸Ö
± ´ Ìμ¦¤¥´¨Õ £¥´¥· Éμ·μ¢ P̂μ, M̂μν ¢ É¥·³¨´ Ì ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´-
´ÒÌ ¸¨¸É¥³Ò. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í £¥´¥· Éμ·Ò
¢ (3) ¨³¥ÕÉ Ö¸´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸²: P̂ 0 ≡ Ĥ Å μ¶¥· Éμ· ¶μ²´μ° Ô´¥·£¨¨,
P̂ = (P̂ 1, P̂ 2, P̂ 3) Å μ¶¥· Éμ· ¶μ²´μ£μ 3-¨³¶Ê²Ó¸ , Ĵ = (M̂23, M̂31, M̂12) Å
μ¶¥· Éμ· ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É , N̂ = (M̂01, M̂02, M̂03) Å £¥´¥· Éμ·Ò
²μ·¥´Í¥¢¸±¨Ì ¡Ê¸Éμ¢. ˆ§ ÔÉ¨Ì £¥´¥· Éμ·μ¢ ³μ¦´μ ¶μ¸É·μ¨ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨°
μ¶¥· Éμ· ¶μ²μ¦¥´¨Ö Í¥´É·  ³ ¸¸ Å ¢¥±Éμ· �ÓÕÉμ´ Ä‚¨£´¥·  X̂ [70], Ö¢´Ò°
¢¨¤ ±μÉμ·μ£μ ³Ò §¤¥¸Ó ¢Ò¶¨¸Ò¢ ÉÓ ´¥ ¡Ê¤¥³. �¤´ ±μ ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ´  ÔÉμ³ ¶ÊÉ¨ ¢μ§´¨± ÕÉ ¶·μ¡²¥³Ò, ¸ÊÉÓ ±μÉμ·ÒÌ
³μ¦´μ ¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ, · ¸¸³μÉ·¥¢ ¸´ Î ²  ±¢ ´Éμ¢ÊÕ ´¥·¥²ÖÉ¨¢¨¸É¸±ÊÕ
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É¥μ·¨Õ ¨ ¥¥ £·Ê¶¶Ê ¨´¢ ·¨ ´É´μ¸É¨ Å £·Ê¶¶Ê ƒ ²¨²¥Ö. �μ¸²¥ ¨§¢¥¸É´μ£μ ¶¥-
·¥Ìμ¤  ± Í¥´É· ²Ó´μ³Ê · ¸Ï¨·¥´¨Õ £·Ê¶¶Ò ƒ ²¨²¥Ö ¨ ´ ±·Ò¢ ÕÐ¥° £·Ê¶¶¥
SU(2) [71] ³Ò ¶μ²ÊÎ ¥³ 11-¶ · ³¥É·¨Î¥¸±ÊÕ £·Ê¶¶Ê ¸ ´ ¡μ·μ³ £¥´¥· Éμ·μ¢

Ĥ, P̂, Ĵ, K̂, M̂ ,

£¤¥ K̂ Å £¥´¥· Éμ·Ò £ ²¨²¥¥¢¸±¨Ì ¡Ê¸Éμ¢; M̂ Å μ¶¥· Éμ· ³ ¸¸Ò. �¸É ²Ó´Ò¥
£¥´¥· Éμ·Ò ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ £¥´¥· Éμ· ³¨ £·Ê¶¶Ò �Ê ´± ·¥.

‚  ²£¥¡·¥ ƒ ²¨²¥Ö ¸μ¤¥·¦ É¸Ö ¸²¥¤ÊÕÐ¨¥ ´¥´Ê²¥¢Ò¥ ±μ³³ÊÉ Í¨μ´´Ò¥
¸μμÉ´μÏ¥´¨Ö:

[Ĵi, Ĵj ] = iεijk Ĵk, [Ĵi, K̂j] = iεijk K̂k, [Ĵi, P̂j ] = iεijk P̂k,
(4)

[K̂i, Ĥ] = −i P̂i, [K̂i, P̂k] = −iδik M̂.

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥ μ¶¥· Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö ¤μ¡ -
¢²Ö¥É¸Ö ¢ μ¶¥· Éμ· ¶μ²´μ° Ô´¥·£¨¨: Ĥ → Ĥ + V̂ . „²Ö ¸μÌ· ´¥´¨Ö £ ²¨²¥-
¥¢¸±μ° ¨´¢ ·¨ ´É´μ¸É¨ É¥μ·¨¨, É. ¥. ¤²Ö ¸μÌ· ´¥´¨Ö  ²£¥¡·Ò (4), ¶·¨ É ±μ³
¶¥·¥μ¶·¥¤¥²¥´¨¨ μ¶¥· Éμ·  ¶μ²´μ° Ô´¥·£¨¨ ´  μ¶¥· Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥-
μ¡Ìμ¤¨³μ ´ ²μ¦¨ÉÓ Ê¸²μ¢¨Ö

[P̂, V̂ ] = [Ĵ, V̂ ] = [�P , V̂ ] = [M̂, V̂ ] = 0. (5)

’ ± ± ± £¥´¥· Éμ· Ĥ ¢ ¶· ¢ÒÌ Î ¸ÉÖÌ ±μ³³ÊÉ Í¨μ´´ÒÌ ¸μμÉ´μÏ¥´¨° (4)
μÉ¸ÊÉ¸É¢Ê¥É, Éμ ¤²Ö ¸μÌ· ´¥´¨Ö  ²£¥¡·Ò ƒ ²¨²¥Ö ´¥É ´¥μ¡Ìμ¤¨³μ¸É¨ ¢±²ÕÎ ÉÓ
¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ¤·Ê£¨¥ £¥´¥· Éμ·Ò £·Ê¶¶Ò.

ˆ´ Î¥ μ¡¸Éμ¨É ¤¥²μ ¢ ¸²ÊÎ ¥ £·Ê¶¶Ò �Ê ´± ·¥. � ¸¸³μÉ·¨³ μ¤¨´ ¨§ £¥-
´¥· Éμ·μ¢  ²£¥¡·Ò (3) (¸³., ´ ¶·¨³¥·, [2]):

[P̂ jN̂k] = iδjk Ĥ. (6)

�·¨ μ¶¨¸ ´´μ³ ¢ÒÏ¥ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¶¥· Éμ· ¶μ²´μ° Ô´¥·£¨¨
¶· ¢ Ö Î ¸ÉÓ (6) ¡Ê¤¥É § ¢¨¸¥ÉÓ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö, §´ Î¨É, μÉ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¤μ²¦´Ò § ¢¨¸¥ÉÓ ²¨¡μ μ¡  £¥´¥· Éμ·  ¢ ²¥¢μ° Î ¸É¨ (6), ²¨¡μ μ¤¨´
¨§ ´¨Ì. ’ ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¸μÌ· ´¨ÉÓ ±μ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö
¢ (3), ´¥μ¡Ìμ¤¨³μ ¸¤¥² ÉÓ § ¢¨¸ÖÐ¨³¨ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¤·Ê£¨¥ £¥´¥· -
Éμ·Ò ¢ ´ ¡μ·¥ (3). ƒ¥´¥· Éμ·Ò  ²£¥¡·Ò · §¤¥²ÖÕÉ¸Ö ¶·¨ ÔÉμ³ ´  ¤¢  É¨¶ :
£¥´¥· Éμ·Ò, ´¥ § ¢¨¸ÖÐ¨¥ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ μ¡· §ÊÕÐ¨¥ É ± ´ §Ò¢ ¥³ÊÕ
±¨´¥³ É¨Î¥¸±ÊÕ ¶μ¤£·Ê¶¶Ê, ¨ £¥´¥· Éμ·Ò, § ¢¨¸ÖÐ¨¥ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö, Å
£ ³¨²ÓÉμ´¨ ´Ò. � §¤¥²¥´¨¥ £¥´¥· Éμ·μ¢ ´  ±¨´¥³ É¨Î¥¸±¨¥ ¨ £ ³¨²ÓÉμ´¨-
 ´Ò ´¥ Ö¢²Ö¥É¸Ö μ¤´μ§´ Î´Ò³. � §²¨Î´Ò¥ ¸¶μ¸μ¡Ò ¢Ò¤¥²¥´¨Ö ±¨´¥³ É¨Î¥¸±μ°
¶μ¤£·Ê¶¶Ò ¶·¨¢μ¤ÖÉ ± · §²¨Î´Ò³ Ëμ·³ ³ ¤¨´ ³¨±¨. �¡ÒÎ´μ ¢Ò¤¥²ÖÕÉ É·¨
μ¸´μ¢´ÒÌ Ëμ·³Ò ¤¨´ ³¨±¨: ÉμÎ¥Î´ÊÕ, ³£´μ¢¥´´ÊÕ ¨ ¤¨´ ³¨±Ê ´  ¸¢¥Éμ¢μ³
Ë·μ´É¥.
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‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ³£´μ¢¥´´ÊÕ Ëμ·³Ê ¤¨´ ³¨±¨, ¢
±μÉμ·μ° ±¨´¥³ É¨Î¥¸±ÊÕ ¶μ¤£·Ê¶¶Ê ¸μ¸É ¢²ÖÕÉ £¥´¥· Éμ·Ò £·Ê¶¶Ò ¢· Ð¥-
´¨° ¨ ¸¤¢¨£μ¢ ¥¢±²¨¤μ¢  ¶·μ¸É· ´¸É¢ : Ĵ, P̂, μ¸É ²Ó´Ò¥ £¥´¥· Éμ·Ò Ö¢²ÖÕÉ¸Ö
£ ³¨²ÓÉμ´¨ ´ ³¨, É. ¥. § ¢¨¸ÖÉ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö: P̂ 0, N̂.

�¤´¨³ ¨§ É¥Ì´¨Î¥¸±¨Ì ¸¶μ¸μ¡μ¢ ¢±²ÕÎ¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¢  ²£¥¡·Ê (3),
¶μ§¢μ²ÖÕÐ¨Ì ¸μÌ· ´¨ÉÓ ±μ³³ÊÉ Í¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö, Ö¢²Ö¥É¸Ö  ¤¤¨É¨¢´μ¥
¢±²ÕÎ¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μ¶¥· Éμ· ³ ¸¸Ò Å É ± ´ §Ò¢ ¥³ Ö ¶·μÍ¥¤Ê· 

 ± ³¤¦ ´ Ä’μ³ ¸  [72] (¸³. É ±¦¥ [2,19,20,46,53]):

M̂0 → M̂I = M̂0 + V̂ . (7)

‡¤¥¸Ó M̂0 Å μ¶¥· Éμ· ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò ¸¨¸É¥³Ò ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö;
M̂I Å μ¶¥· Éμ· ³ ¸¸Ò ¸¨¸É¥³Ò ¸μ ¢§ ¨³μ¤¥°¸É¢¨¥³. ‚ ³£´μ¢¥´´μ° Ëμ·³¥ ¤¨-
´ ³¨±¨ μ¶¥· Éμ· ¢§ ¨³μ¤¥°¸É¢¨Ö ¤μ²¦¥´ Ê¤μ¢²¥É¢μ·ÖÉÓ ¸²¥¤ÊÕÐ¨³ Ê¸²μ¢¨Ö³:

M̂I = M̂+
I , M̂I > 0, (8)[

P̂, V̂
]

=
[
Ĵ, V̂

]
=

[
�P , V̂

]
= 0. (9)

“¸²μ¢¨Ö (8) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¸¶¥±É· ²Ó´Ò¥ Ê¸²μ¢¨Ö ¤²Ö ³ ¸¸μ¢μ£μ μ¶¥· -
Éμ· . � ¢¥´¸É¢  (9) μ¡¥¸¶¥Î¨¢ ÕÉ ¢Ò¶μ²´¥´¨¥  ²£¥¡· ¨Î¥¸±¨Ì ¸μμÉ´μÏ¥´¨°
(3) ¢ ¸¨¸É¥³¥ ¸μ ¢§ ¨³μ¤¥°¸É¢¨¥³. ‘μμÉ´μÏ¥´¨Ö (9) ´¥ Ö¢²ÖÕÉ¸Ö ¸²¨Ï±μ³
μ£· ´¨Î¨É¥²Ó´Ò³¨, ´ ¶·¨³¥·, ¨³ Ê¤μ¢²¥É¢μ·Ö¥É ²Õ¡μ° ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶μ-
É¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í (5). � ¢¥´¸É¢  (9) μ§´ Î ÕÉ, ÎÉμ ¶μÉ¥´Í¨ ²
¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ § ¢¨¸¨É μÉ ¶μ²´μ£μ ¨³¶Ê²Ó¸  ¸¨¸É¥³Ò, ÎÉμ ¤²Ö ´¥±μÉμ-
·ÒÌ ±μ´±·¥É´ÒÌ ¢¨¤μ¢ ¶μÉ¥´Í¨ ²μ¢, ´ ¶·¨³¥· ¤²Ö ¸¥¶ · ¡¥²Ó´ÒÌ, Ö¢²Ö¥É¸Ö
μ¡μ¸´μ¢ ´´Ò³ [73]. ’¥³ ´¥ ³¥´¥¥ Ê¸²μ¢¨Ö (7) ¨ (9) Ö¢²ÖÕÉ¸Ö ³μ¤¥²Ó´Ò³¨.
‚μ§³μ¦¥´, ¢ Î ¸É´μ¸É¨, ¤·Ê£μ° ¶μ¤Ìμ¤ [74], ¢ ±μÉμ·μ³ ¶μÉ¥´Í¨ ² ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¡Ê¤¥É § ¢¨¸¥ÉÓ μÉ ¶μ²´μ£μ ¨³¶Ê²Ó¸  ¸¨¸É¥³Ò, ´μ ÔÉμÉ ¶μ¤Ìμ¤ ¡Ê¤¥É
¢´¥ ´ Ï¥£μ · ¸¸³μÉ·¥´¨Ö. �μ¸²¥ Éμ£μ ± ± § ¤ ´ μ¶¥· Éμ· V̂ , ³μ¦´μ ¢¢¥¸É¨
¢§ ¨³μ¤¥°¸É¢¨¥ ¤·Ê£¨³ ¸¶μ¸μ¡μ³:

Û =
1
4
(M̂2

I − M̂2
0 ) =

1
4
(V̂ 2 + [M̂0, V̂ ]+). (10)

‚§ ¨³μ¤¥°¸É¢¨¥ (10) ¢¢μ¤¨É¸Ö ¨§ ¸μμ¡· ¦¥´¨° Ê¤μ¡¸É¢ , ¶μ¸±μ²Ó±Ê ¢ ÔÉμ³
¸²ÊÎ ¥ ¶·μ¡²¥³  ´ Ìμ¦¤¥´¨Ö ¸μ¡¸É¢¥´´μ£μ §´ Î¥´¨Ö μ¶¥· Éμ·  ³ ¸¸Ò ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥,  ´ ²μ£¨Î´μ³ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³Ê Ê· ¢´¥´¨Õ ˜·¥-
¤¨´£¥·  (¸³., ´ ¶·¨³¥·, [19]). ‚ ¸¨²Ê ¸¢μ¥£μ μ¶·¥¤¥²¥´¨Ö μ¶¥· Éμ· (10) É ±¦¥
Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ (9).

‚μ²´μ¢ Ö ËÊ´±Í¨Ö ¸¨¸É¥³Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢ �ˆŠŒ μ¶·¥¤¥-
²Ö¥É¸Ö ± ± ¸μ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ¶μ²´μ£μ ±μ³³ÊÉ¨·ÊÕÐ¥£μ ´ ¡μ·  μ¶¥· Éμ-
·μ¢. ‚ ³£´μ¢¥´´μ° Ëμ·³¥ ¤¨´ ³¨±¨ ÔÉμÉ ´ ¡μ· ¸μ¸É ¢²ÖÕÉ μ¶¥· Éμ·Ò

M̂2
I (¨²¨ M̂I), Ĵ2, Ĵ3, P̂. (11)
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Ĵ2 Å μ¶¥· Éμ· ±¢ ¤· É  ¶μ²´μ£μ ³μ³¥´É  ±μ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö. ‚ ³£´μ-
¢¥´´μ° Ëμ·³¥ ¤¨´ ³¨±¨ μ¶¥· Éμ·Ò Ĵ2, Ĵ3, P̂ ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
μ¶¥· Éμ· ³¨ ¸¨¸É¥³Ò ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö. ’ ±¨³ μ¡· §μ³, μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö
¢ (11) § ¢¨¸¨É Éμ²Ó±μ μ¶¥· Éμ· M̂2

I (M̂I).
„²Ö Ê¶·μÐ¥´¨Ö ·¥Ï¥´¨Ö § ¤ Î¨ ´  ¸μ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ (11) ´¥μ¡Ìμ¤¨³μ

¶μ¸É·μ¨ÉÓ ¶μ¤Ìμ¤ÖÐ¨° ¡ §¨¸ ¢ ¶·μ¸É· ´¸É¢¥ ¸μ¸ÉμÖ´¨° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. ‚
¸²ÊÎ ¥ ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ Î ¸É¨Í £¨²Ó¡¥·Éμ¢μ ¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨° ¢ �ˆŠŒ
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·Ö³μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ μ¤´μÎ ¸É¨Î´ÒÌ £¨²Ó¡¥·Éμ¢ÒÌ
¶·μ¸É· ´¸É¢: Hqq̄ ≡ Hq ⊗ Hq̄ . ‚ ± Î¥¸É¢¥ ¡ §¨¸  ¢ Hqq̄ ³μ¦¥É ¡ÒÉÓ ¢Ò¡· ´
¸²¥¤ÊÕÐ¨° ´ ¡μ· ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¢¥±Éμ·μ¢:

|p1, m1; p2, m2〉 = |p1 m1〉 ⊗ |p1 m2〉, 〈p, m |p′m′〉 = 2p0 δ(p − p′) δmm′ ,
(12)

£¤¥ p1, p2 Å 3-¨³¶Ê²Ó¸Ò Î ¸É¨Í; m1, m2 Å ¶·μ¥±Í¨¨ ¸¶¨´μ¢ ´  μ¸Ó z;
p0 =

√
p2 + M2, M Å ³ ¸¸  ±μ´¸É¨ÉÊ¥´É .

H ·Ö¤Ê ¸ ÔÉ¨³ ¡ §¨¸μ³ ³μ¦´μ ¢¢¥¸É¨ ¡ §¨¸, ¢ ±μÉμ·μ³ μÉ¤¥²¥´μ ¤¢¨¦¥´¨¥
Í¥´É·  ³ ¸¸ ¤¢ÊÌ Î ¸É¨Í ¨ É·¨ ¨§ Î¥ÉÒ·¥Ì μ¶¥· Éμ·μ¢ ´ ¡μ·  (11) Ö¢²ÖÕÉ¸Ö
¤¨ £μ´ ²Ó´Ò³¨:

|P,
√

s, J, l, S, mJ〉,

〈P,
√

s, J, l, S, mJ |P′,
√

s′, J ′, l′, S′, mJ′〉 =

= NCG δ(3)(P − P′)δ(
√

s −
√

s′)δJJ′δll′δSS′δmJmJ′ , (13)

NCG =
(2P0)2

8 k
√

s
, k =

√
λ(s , M2

1 , M2
2 )

2
√

s
,

£¤¥ Pμ = (p1 + p2)μ, P 2
μ = s;

√
s Å ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ¸¨¸É¥³Ò ¤¢ÊÌ

Î ¸É¨Í; l Å μ·¡¨É ²Ó´Ò° ³μ³¥´É ¢ ¸¨¸É¥³¥ Í¥´É·  ¨´¥·Í¨¨ (¸. Í. ¨.); S2 =
(S1 + S2)2 = S(S + 1), S Å ¸Ê³³ ·´Ò° ¸¶¨´ ¢ ¸. Í. ¨.; J Å ¶μ²´Ò° ³μ³¥´É
±μ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö; mJ Å ¶·μ¥±Í¨Ö ¶μ²´μ£μ ³μ³¥´É ; M1, M2 Å ³ ¸¸Ò
±μ´¸É¨ÉÊ¥´Éμ¢; λ(a, b, c) = a2 + b2 + c2 − 2(ab + ac + bc).


 §¨¸ (13) ¸¢Ö§ ´ ¸ ¡ §¨¸μ³ (12) ¶μ¸·¥¤¸É¢μ³ · §²μ¦¥´¨Ö Š²¥¡Ï Äƒμ·¤ -
´  ¤²Ö £·Ê¶¶Ò �Ê ´± ·¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ · §²μ¦¥´¨¥ ¶·Ö³μ£μ ¶·μ¨§¢¥¤¥-
´¨Ö (12) ¤¢ÊÌ ´¥¶·¨¢μ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò �Ê ´± ·¥ ´  ´¥¶·¨¢μ¤¨-
³Ò¥ (13) ¤²Ö Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [75]:

|p1, m1; p2, m2〉 =
∑

|P,
√

s, J, l, S, mJ〉×

× 〈JmJ |S l mS ml〉Y ∗
lml

(ϑ , ϕ)
〈
S mS

∣∣∣1
2
· 1
2

m̃1 m̃2

〉
×

× 〈m̃1|D1/2(P, p1) |m1〉〈m̃2 |D1/2(P, p2) |m2〉; (14)
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§¤¥¸Ó p = (p1 −p2)/2, p = |p|; ϑ, ϕ Å ¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò ¢¥±Éμ·  p ¢ ¸. Í. ¨.;
Ylml

Å ¸Ë¥·¨Î¥¸± Ö ËÊ´±Í¨Ö; 〈SmS |(1/2)(1/2)m̃1m̃2〉 ¨ 〈JmJ |SlmSml〉 Å
±μÔËË¨Í¨¥´ÉÒ Š²¥¡Ï Äƒμ·¤ ´  £·Ê¶¶Ò SU(2); 〈m̃|D1/2(P, p) |m〉 Å ³ -
É·¨Í  É·¥Ì³¥·´μ£μ ¶μ¢μ·μÉ  ¸¶¨´ , ´¥μ¡Ìμ¤¨³ Ö ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´-
É´μ£μ ¸²μ¦¥´¨Ö ¸¶¨´μ¢ Î ¸É¨Í. ‘Ê³³¨·μ¢ ´¨¥ ¨¤¥É ¶μ ¢¸¥³ ¤¨¸±·¥É´Ò³
¶¥·¥³¥´´Ò³ m̃1, m̃2, ml, mS , l, S, J , mJ .

�¡¸Ê¤¨³ ±· É±μ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¸¢μ°¸É¢  ¸¶¨´μ¢ÒÌ ³μ³¥´Éμ¢. ˆ§¢¥¸É´μ,
ÎÉμ ¶·¥μ¡· §μ¢ ´¨¥ ‹μ·¥´Í  ¤²Ö ¸¶¨´μ¢ § ¢¨¸¨É μÉ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ [69].
�μÔÉμ³Ê ¤²Ö ²μ·¥´Í-¨´¢ ·¨ ´É´μ£μ ¸²μ¦¥´¨Ö ¸¶¨´μ¢ Î ¸É¨Í, ¨³¥ÕÐ¨Ì · §-
´Ò¥ ¨³¶Ê²Ó¸Ò p ¨ p′, ´¥μ¡Ìμ¤¨³μ ®¸¤¢¨´ÊÉÓ¯ ¸¶¨´Ò ¢ ¸¨¸É¥³Ê μÉ¸Î¥É , £¤¥
¨³¶Ê²Ó¸Ò Î ¸É¨Í μ¤¨´ ±μ¢Ò. ’ ± ± ± ¸¶¨´ ¶·¥μ¡· §Ê¥É¸Ö ¶μ É ± ´ §Ò¢ ¥³μ°
³ ²μ° £·Ê¶¶¥, ¨§μ³μ·Ë´μ° £·Ê¶¶¥ ¢· Ð¥´¨°, Éμ μ¶¥· Éμ· ÔÉμ£μ ¸¤¢¨£  ¥¸ÉÓ
³ É·¨Í  3-³¥·´μ£μ ¢· Ð¥´¨Ö D(α, β, γ) ¸ Ê£² ³¨ �°²¥·  α, β, γ, ±μÉμ·Ò¥ ¢Ò-
· ¦ ÕÉ¸Ö Î¥·¥§ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·μ¢ p ¨ p′. �·μ¨¸Ìμ¤¨É É ± ´ §Ò¢ ¥³ Ö
®¶¥·¥¸ ¤± ¯ ¸¶¨´μ¢ ´  μ¤¨´ ¨ ÉμÉ ¦¥ ¨³¶Ê²Ó¸. „²Ö ¶μÖ¸´¥´¨Ö ÔÉμ£μ É¥·³¨´ 
· ¸¸³μÉ·¨³ ¶·¨³¥·. �Ê¸ÉÓ Î ¸É¨Í  ¸ ¨³¶Ê²Ó¸μ³ p1 ¨ ³ ¸¸μ° M1 ¨³¥¥É ¸¶¨´
j ¨ ¶·μ¥±Í¨Õ ¸¶¨´  m,   Î ¸É¨Í  ¸ ¨³¶Ê²Ó¸μ³ p2 ¨ ³ ¸¸μ° M2 ¡¥¸¸¶¨´μ¢ Ö.
‚ ¸²ÊÎ ¥ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö ÔÉμ° ¸¨¸É¥³Ò ¡Ê¤¥É
¨³¥ÉÓ ¸²¥¤ÊÕÐ¨° ¢¨¤:

|p1, M1, j, m; p2, M2〉 = |p1, M1, j, m〉 ⊗ |p2 , M2〉. (15)

� ¸¸³μÉ·¨³ É¥¶¥·Ó  ´ ²μ£¨Î´μ¥ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¸μ¸ÉμÖ´¨¥, ¢ ±μÉμ·μ³ ¶¥·¢ Ö
Î ¸É¨Í  ¡¥¸¸¶¨´μ¢ Ö,   ¢Éμ· Ö ¸μ ¸¶¨´μ³ j:

|p1, M1; p2, M2, j, m〉 = |p1, M1〉 ⊗ |p2, M2, j, m〉. (16)

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ Ê£²μ¢μ£μ ³μ³¥´É  ¸μ¸ÉμÖ´¨Ö (15) ¨ (16) ¨¤¥´-
É¨Î´Ò. �´¨ μ¶¨¸Ò¢ ÕÉ ¸¨¸É¥³Ê ¤¢ÊÌ Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨ p1 ¨ p2 ¨ ¸Ê³³ ·-
´Ò³ ¸¶¨´μ³ j c ¶·μ¥±Í¨¥° m.

‚ ·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ¸μ¸ÉμÖ´¨Ö (15) ¨ (16) ¸ÊÐ¥¸É¢¥´´μ · §²¨Î´Ò.
� §²¨Î¨¥ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ μ´¨ ¶μ-· §´μ³Ê ¶·¥μ¡· §ÊÕÉ¸Ö ¶·¨ ¶¥·¥Ìμ¤¥
¨§ μ¤´μ° ¨´¥·Í¨ ²Ó´μ° ¸¨¸É¥³Ò ± ¤·Ê£μ°, É ± ± ± ¸¶¨´Ò ¢ ¸μ¸ÉμÖ´¨ÖÌ (15)
¨ (16) ¶·¨´ ¤²¥¦ É Î ¸É¨Í ³ ¸ · §´Ò³¨ ¨³¶Ê²Ó¸ ³¨. —Éμ¡Ò ¸¢Ö§ ÉÓ ¢¥±Éμ·Ò
¸μ¸ÉμÖ´¨° (15) ¨ (16), ´¥μ¡Ìμ¤¨³μ, ´ ¶·¨³¥·, ¢ (16) ¢¥±Éμ· ¸¶¨´  ®¸¤¢¨´ÊÉÓ¯
¢ ¸¨¸É¥³Ê μÉ¸Î¥É , £¤¥ ¨³¶Ê²Ó¸ ¢Éμ·μ° Î ¸É¨ÍÒ · ¢¥´ p1. �Éμ ¶·¥μ¡· §μ-
¢ ´¨¥ ¢Ò¶μ²´Ö¥É ³ É·¨Í  Dj(p2, p1) ¨§ ³ ²μ° £·Ê¶¶Ò. � ¸¸³μÉ·¨³ ¢¥±Éμ·
¸μ¸ÉμÖ´¨Ö

|p1, M1〉 ⊗ Dj(p2, p1) |p2, M2, j, m〉. (17)

� ¶μ³´¨³, ÎÉμ ¶·¥μ¡· §μ¢ ´¨¥ ¨§ ³ ²μ° £·Ê¶¶Ò ´¥ § É· £¨¢ ¥É ¨³¶Ê²Ó¸ .
‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¶μ²ÊÎ¨¢Ï¨°¸Ö ¢¥±Éμ· μ¶¨¸Ò¢ ¥É Éμ ¦¥ ¸μ¸ÉμÖ´¨¥, ÎÉμ ¨
¢¥±Éμ· (15), ¨ ¶·¥μ¡· §Ê¥É¸Ö ¶·¨ ¶¥·¥Ìμ¤¥ ¨§ μ¤´μ° ¸¨¸É¥³Ò μÉ¸Î¥É  ¢ ¤·Ê£ÊÕ
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É ± ¦¥, ± ± ¨ (15). ’ ±¨³ μ¡· §μ³, ¸¶· ¢¥¤²¨¢μ ¸²¥¤ÊÕÐ¥¥ ±μ¢ ·¨ ´É´μ¥
· ¢¥´¸É¢μ:

|p1, M1, j, m; p2, M2〉 =
∑
m′

|p1, M1; p2, M2, j, m
′〉 〈m′|Dj(p2, p1) |m〉. (18)

Š ± ¢¨¤´μ ¨§ (18), ³Ò ®¶¥·¥¸ ¤¨²¨¯ ¸¶¨´ ´  ¤·Ê£μ° ¨³¶Ê²Ó¸. �  Ö§Ò±¥
£¥´¥· Éμ·μ¢ ²μ·¥´Í¥¢¸±¨Ì ¡Ê¸Éμ¢ N̂j

1 , N̂2 ®¶¥·¥¸ ¤± ¯ Ëμ·³Ê²¨·Ê¥É¸Ö É ±:

Dj(p2, p1) (N̂j
1 + N̂2) [Dj(p2, p1)]−1 = N̂1 + N̂j

2. (19)

ˆ³¥´´μ ÔÉ¨ Ë ±ÉÒ (18) ¨ (19) (¨ Éμ²Ó±μ μ´¨) ¸μ¸É ¢²ÖÕÉ ÉμÎ´μ¥ ÊÉ¢¥·¦¤¥´¨¥,
ÎÉμ D-ËÊ´±Í¨Ö ®¶¥·¥¸ ¦¨¢ ¥É¯ ¸¶¨´ Î ¸É¨ÍÒ ¸ μ¤´μ£μ ¨³¶Ê²Ó¸  ´  ¤·Ê£μ°.
�´ ²μ£¨Î´Ò¥, ´μ ¡μ²¥¥ £·μ³μ§¤±¨¥ Ëμ·³Ê²Ò ¡Ê¤ÊÉ ¨³¥ÉÓ ³¥¸Éμ ¢ ¸²ÊÎ ¥ ¤¢ÊÌ
¸¶¨´μ¢ÒÌ Î ¸É¨Í.

�·¨¢¥¤¥³ ¶μ²¥§´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¨Ì · ¸Î¥Éμ¢ ¢Ò· ¦¥´¨Ö ¤²Ö D-ËÊ´±-
Í¨° [76] ¢ ¸²ÊÎ ¥ Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¨ 1:

D1/2(p1, p2) = cos (ω/2)− 2i(k · j) sin (ω/2),

D1(p1, p2) = I − i(k · j) sinω + (k · j)2 (cosω − 1), (20)

k =
[p1 · p2 ]
|[p1 · p2 ]| , ω = 2 arctg

|[p1 · p2 ]|
(p10 + M1)(p20 + M2) − (p1 · p2)

.

�¥μ¡Ìμ¤¨³μ ¸¤¥² ÉÓ § ³¥Î ´¨¥ μÉ´μ¸¨É¥²Ó´μ ¨´¢ ·¨ ´É´μ¸É¨ · §²μ¦¥-
´¨Ö (14). ‚Ò¤¥²¥´´Ò¥ ¢ ¸. Í. ¨. ¸Ê³³ ·´Ò° ¸¶¨´ S ¨ μ·¡¨É ²Ó´Ò° ³μ³¥´É
l ¢ · §²μ¦¥´¨¨ (14) ¨£· ÕÉ ·μ²Ó ¨´¢ ·¨ ´É´ÒÌ ¶ · ³¥É·μ¢ ¢Ò·μ¦¤¥´¨Ö. �¤-
´ ±μ μ¶·¥¤¥²¥´´Ò° ¶μ Ëμ·³Ê²¥ S2 = (S1+S2)2 ±¢ ¤· É ¸Ê³³ ·´μ£μ ¸¶¨´  ´¥
Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´Éμ³. ˆ¸¶μ²Ó§ÊÖ ÉμÉ Ë ±É, ÎÉμ ¸¶¨´ ¶·¥μ¡· §Ê¥É¸Ö ¶μ ¶·¥¤-
¸É ¢²¥´¨Õ ³ ²μ° £·Ê¶¶Ò,   ·¥ ²¨§ÊÕÉ ÔÉμ ¶·¥¤¸É ¢²¥´¨¥ D-ËÊ´±Í¨¨, ³μ¦´μ
μ¶·¥¤¥²¨ÉÓ ±¢ ¤· É ¸Ê³³ ·´μ£μ ¸¶¨´  ¨´¢ ·¨ ´É´Ò³ μ¡· §μ³:

{
[DS1(p1, P )]−1 S1 DS1(p1, P ) + [DS2(p2, P )]−1 S2 DS2(p2, P )

}2
= S(S + 1).

(21)
P Å 4-¨³¶Ê²Ó¸ Í¥´É·  ¨´¥·Í¨¨. ‚¨¤´μ, ÎÉμ ¢ ¸. Í. ¨. μ¶·¥¤¥²¥´¨¥ (21) ¸μ-
¢¶ ¤ ¥É ¸ μ¡ÒÎ´Ò³. �´ ²μ£¨Î´Ò³ μ¡· §μ³ ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¨´¢ ·¨ ´É´Ò°
μ·¡¨É ²Ó´Ò° ³μ³¥´É l.

„²Ö ¶μ²ÊÎ¥´¨Ö ¢Ò· ¦¥´¨Ö ¡ §¨¸  (13) Î¥·¥§ ¢¥±Éμ·Ò (12) μ¡· É¨³ (14):

|P,
√

s, J, l, S, mJ〉 =
∑

m1 m2

∫
dp1

2p10

dp2

2p20
|p1, m1; p2, m2〉×

× 〈p1, m1; p2, m2 |P,
√

s, J, l, S, mJ 〉, (22)
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£¤¥

〈p1, m1;p2, m2|P,
√

s, J, l, S, mJ〉 =
√

2s[λ(s, M2
1 , M2

2 )]−1/22P0δ(P−p1−p2)×

×
∑

〈m1|D1/2(p1, P ) |m̃1〉〈m2|D1/2(p2, P ) |m̃2〉×

×
〈1

2
· 1
2

m̃1 m̃2

∣∣∣S mS

〉
Ylml

(ϑ, ϕ) 〈S l ms ml |JmJ 〉.


 §¨¸ (13) ¤¨ £μ´ ²¨§Ê¥É μ¶¥· Éμ·Ò Ĵ2, Ĵ3, P̂ ¢ (11). ’ ±¨³ μ¡· §μ³, § ¤ Î 
¢ÒÎ¨¸²¥´¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸¨¸É¥³Ò ¸¢μ¤¨É¸Ö ± ¤¨ £μ´ ²¨§ Í¨¨ μ¶¥· -
Éμ·  M̂2

I (¨²¨ M̂I ). ‡ ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ÔÉ¨Ì μ¶¥· Éμ·μ¢ ¢
¡ §¨¸¥ (13) ¨³¥¥É ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê (¸³., ´ ¶·¨³¥·, [19,20]):

(k2 + Û)|pc〉 = η|pc〉, (23)(√
k2 + M2

1 +
√

k2 + M2
2 + V̂

)
|pc〉 = λ|pc〉. (24)

‡¤¥¸Ó |pc〉 Å ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö ¸μ¸É ¢´μ° ¸¨¸É¥³Ò.
‚¨¤´μ, ÎÉμ ¥¸²¨ Ê· ¢´¥´¨¥ (24) ¨³¥¥É ®É¨¶¨Î´μ¯ ·¥²ÖÉ¨¢¨¸É¸±¨° ¢¨¤

(É ± ± ± ¸μ¤¥·¦¨É ¸² £ ¥³Ò¥
√

k2 + M2
i , i = 1, 2), Éμ Ê· ¢´¥´¨¥ (23) ¨³¥¥É

¢¨¤ ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· . ’ ±¨³ μ¡p §μ³, μ¶¥p Éμp Û
³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± Ë¥´μ³¥´μ²μ£¨Î¥¸±¨° ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶μÉ¥´Í¨ ².

‘μμÉ¢¥É¸É¢ÊÕÐ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¤²Ö ¸μ¸É ¢´μ° Î ¸É¨ÍÒ ¨³¥¥É ¢¨¤

〈P,
√

s, J, l, S, mJ |pc〉 = NC δ(P − pc)δJJcδmJmJc ϕJc

lS (k),
(25)

NC =
√

2pc0

√
NCG

4k
,

£¤¥ Jc, mJc Å ±¢ ´Éμ¢Ò¥ Î¨¸²  ¸μ¸ÉμÖ´¨Ö |pc〉.
‚μ²´μ¢ Ö ËÊ´±Í¨Ö ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö ¤¢ÊÌ Î ¸É¨Í ¶·¨ Ë¨±¸¨·μ¢ ´-

´μ³ ¶μ²´μ³ ³μ³¥´É¥ ±μ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨

ϕJc

lS (k(s)) =
√√

s(1 − η2/s2)ulS(k) k,
∑
lS

∫
u2

lS(k) k2 dk = 1, (26)

£¤¥ η = M2
1 − M2

2 ; ulS(k) Å ³μ¤¥²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö, Ö¢²ÖÕÐ Ö¸Ö
·¥Ï¥´¨¥³ μ¤´μ£μ ¨§ Ê· ¢´¥´¨° (23), (24), ¢¥²¨Î¨´  k μ¶·¥¤¥²¥´  ¢ · ¢¥´-
¸É¢¥ (13). �μ·³¨·μ¢μÎ´Ò¥ ³´μ¦¨É¥²¨ ¢ (26) ¶¥·¥¤ ulS(k) ¸μμÉ¢¥É¸É¢ÊÕÉ
¶¥·¥Ìμ¤Ê ± ·¥²ÖÉ¨¢¨¸É¸±μ° ¶²μÉ´μ¸É¨ ¸μ¸ÉμÖ´¨°. ‚ ¸²ÊÎ ¥ Î ¸É¨Í · ¢´μ°
³ ¸¸Ò M1 = M2 = M ÔÉμÉ ¶¥·¥Ìμ¤ ¨³¥¥É μ¸μ¡¥´´μ ´ £²Ö¤´Ò° ¢¨¤:

k2 dk → k2 dk

2
√

k2 + M2
. (27)
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ �ˆŠŒ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¨, ¢
Î ¸É´μ¸É¨, ¢μ²´μ¢ Ö ËÊ´±Í¨Ö (25), μ¶·¥¤¥²¥´´ Ö ± ± ¸μ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö
´ ¡μ·  μ¶¥· Éμ·μ¢ (11), ¢μμ¡Ð¥ £μ¢μ·Ö, μÉ²¨Î ÕÉ¸Ö μÉ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ±μ¢ -
·¨ ´É´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, μ¶·¥¤¥²¥´´ÒÌ ± ± ·¥Ï¥´¨Ö ¢μ²´μ¢ÒÌ Ê· ¢´¥-
´¨° ¨²¨ ± ± ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ²μ± ²Ó´μ£μ £¥°§¥´¡¥·£μ¢¸±μ£μ ¶μ²Ö.

2. ��ˆ‘��ˆ… �‹…Š’��Œ�ƒ�ˆ’��‰ ‘’�“Š’“�›
�� ��ˆŒ…�… ���‘’�‰ „‚“•—�‘’ˆ—��‰ ‘ˆ‘’…Œ›

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ¨§² £ ¥É¸Ö ¶μ¤Ìμ¤ ± ·¥²ÖÉ¨¢¨¸É¸±μ³Ê μ¶¨¸ ´¨Õ
¤¢ÊÌÎ ¸É¨Î´ÒÌ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¨ ¨Ì Ô²¥±É·μ¸² ¡ÒÌ ¸¢μ°¸É¢. ˆ§²μ¦¥´¨¥
¸É·μ¨É¸Ö ´  ¶·¨³¥·¥ ¶·μ¸Éμ° ³μ¤¥²¨. � ¨³¥´´μ μ¶¨¸Ò¢ ¥É¸Ö Ô²¥±É·μ³ £-
´¨É´ Ö ¸É·Ê±ÉÊ·  ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ ¤¢ÊÌ ¡¥¸¸¶¨´μ¢ÒÌ Î ¸É¨Í, μ¤´  ¨§
±μÉμ·ÒÌ Ö¢²Ö¥É¸Ö ´¥§ ·Ö¦¥´´μ°, ¢ S-¸μ¸ÉμÖ´¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö.
‡ ³¥É¨³, ÎÉμ ¶μ¤μ¡´ Ö ³μ¤¥²Ó ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ [20] ¤²Ö ¤¥³μ´¸É· Í¨¨ μ¶¨-
¸ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ´¸É¨ÉÊ¥´Éμ¢ ¢ · ³± Ì ³£´μ¢¥´´μ° Ëμ·³Ò �ˆŠŒ, ¢
Î ¸É´μ¸É¨, ¶·¨ μ¶¨¸ ´¨¨ ¸¶¥±É·  ¸μ¸ÉμÖ´¨° É ±μ° ¸¨¸É¥³Ò. ŒÒ ¨¸¶μ²Ó§Ê¥³
ÔÉÊ ¶·μ¸ÉÊÕ ³μ¤¥²Ó ¤²Ö ¤¥³μ´¸É· Í¨¨ μ¶¨¸ ´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢
¢ · ³± Ì ´ Ï¥° Ëμ·³Ê²¨·μ¢±¨ ³£´μ¢¥´´μ° Ëμ·³Ò �ˆŠŒ. ‚ ¦´μ ¶μ¤Î¥·±-
´ÊÉÓ, ÎÉμ ¶·¥¤² £ ¥³Ò° ³¥Éμ¤ ´μ¸¨É ¤μ¸É ÉμÎ´μ μ¡Ð¨° Ì · ±É¥·. ˆ¸¶μ²Ó§μ-
¢ ´¨¥ ¥£μ ¤²Ö μ¶¨¸ ´¨Ö ¡μ²¥¥ ¸²μ¦´ÒÌ ¸¨¸É¥³ ¶·μÌμ¤¨É ¶μ ¸Ì¥³¥, μ¶¨¸ ´´μ°
¢ ¤ ´´μ³ · §¤¥²¥.

�²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ¢¢¥¤¥´´μ° ¢ÒÏ¥ ¶·μ¸Éμ° ¸¨¸É¥³Ò μ¶¨¸Ò¢ -
ÕÉ¸Ö ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ μ¶¥· Éμ·  Éμ± , ±μÉμ·Ò° ¢Ò· ¦ ¥É¸Ö Î¥·¥§ § ·Ö-
¤μ¢Ò° Ëμ·³Ë ±Éμ· ¸¨¸É¥³Ò:

〈pc |jμ(0)|p′c〉 = (pc + p′c)μ Fc(Q2), (28)

£¤¥ p′c, pc Å 4-¨³¶Ê²Ó¸Ò ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸Éμ-
Ö´¨ÖÌ; Q2 = −t, t = (pc − p′c)

2 = q2; q2 Å ±¢ ¤· É ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ .
‚¨¤ Ëμ·³Ê²Ò (28) μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ Ê¸²μ¢¨¥³ ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ ¨
§ ±μ´μ³ ¸μÌ· ´¥´¨Ö ¨ ´¥ § ¢¨¸¨É μÉ ³μ¤¥²¨ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ¸¨¸É¥³Ò.

�·¥¤¸É ¢²¥´¨¥ (28) Ö¢²Ö¥É¸Ö ¶·μ¸É¥°Ï¨³ ¶·¨³¥·μ³ ·¥ ²¨§ Í¨¨  ´ ²μ£ 
É¥μ·¥³Ò ‚¨£´¥· Ä�±± ·É  ´  £·Ê¶¶¥ �Ê ´± ·¥. Š ± ¨§¢¥¸É´μ, ÔÉ  É¥μ·¥³ 
¸Ëμ·³Ê²¨·μ¢ ´  ¤²Ö £·Ê¶¶Ò ¢· Ð¥´¨° [77] ¨ ÊÉ¢¥·¦¤ ¥É, ÎÉμ ³ É·¨Î´Ò°
Ô²¥³¥´É ´¥¶·¨¢μ¤¨³μ£μ É¥´§μ·´μ£μ μ¶¥· Éμ·  ´  £·Ê¶¶¥ ¢· Ð¥´¨° ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ±μ¢ ·¨ ´É´μ° Î ¸É¨, μ¶¨¸Ò¢ ÕÐ¥° É· ´¸-
Ëμ·³ Í¨μ´´Ò¥ (£¥μ³¥É·¨Î¥¸±¨¥) ¸¢μ°¸É¢  ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨ ¢· Ð¥-
´¨ÖÌ, ¨ ¨´¢ ·¨ ´É´μ° μÉ´μ¸¨É¥²Ó´μ ¢· Ð¥´¨° Î ¸É¨ (¶·¨¢¥¤¥´´μ£μ ³ É·¨Î-
´μ£μ Ô²¥³¥´É ). �·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¸μ¤¥·¦¨É ¢¸Õ Ë¨§¨Î¥¸±ÊÕ
¨´Ëμ·³ Í¨Õ μ ¶¥·¥Ìμ¤¥, μ¶¨¸Ò¢ ¥³μ³ ¤ ´´Ò³ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³.
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Š ± ¢¨¤´μ, ¢ ¢Ò· ¦¥´¨¨ (28) É ±¦¥ ¶·μ¨§¢μ¤¨É¸Ö ¢Ò¤¥²¥´¨¥ ¶·¨¢¥¤¥´-
´μ£μ ³ É·¨Î´μ£μ Ô²¥³¥´É . 4-¢¥±Éμ· (pc + p′c)μ μ¶¨¸Ò¢ ¥É ¸¨³³¥É·¨°´Ò¥ ¨²¨
É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  ³ É·¨Î´μ£μ Ô²¥³¥´É . �·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò°
Ô²¥³¥´É (¨²¨ Ëμ·³Ë ±Éμ·) ¸μ¤¥·¦¨É ¢¸Õ ¤¨´ ³¨Î¥¸±ÊÕ ¨´Ëμ·³ Í¨Õ μ ¶·μ-
Í¥¸¸¥, μ¶¨¸Ò¢ ¥³μ³ Éμ±μ³. �·¥¤¸É ¢²¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ É¥·³¨´ Ì
Ëμ·³Ë ±Éμ·μ¢ ´ §Ò¢ ÕÉ ¶ · ³¥É·¨§ Í¨¥° ³ É·¨Î´μ£μ Ô²¥³¥´É .

�¥·¥Î¨¸²¨³ Ê¸²μ¢¨Ö, ±μÉμ·Ò¥ ´ ±² ¤Ò¢ ÕÉ¸Ö ´  μ¶¥· Éμ· Ô²¥±É·μ³ £-
´¨É´μ£μ Éμ±  ¶·¨ ·¥²ÖÉ¨¢¨¸É¸±μ³ · ¸¸³μÉ·¥´¨¨ (¸³., ´ ¶·¨³¥·, [22]).

‹μ·¥´Í-±μ¢ ·¨ ´É´μ¸ÉÓ:

Û−1(Λ)ĵμ(x)Û(Λ) = Λμ
ν ĵν(Λ−1x). (29)

’· ´¸²ÖÍ¨μ´´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ:

Û−1(a)ĵμ(x)Û(a) = ĵμ(x − a). (30)

‡ ±μ´ ¸μÌ· ´¥´¨Ö Éμ± :

[P̂ν ĵν(0)] = 0. (31)

�  Ö§Ò±¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·  〈ĵμ(0)〉 § ±μ´ ¸μÌ· ´¥´¨Ö ³μ¦´μ
§ ¶¨¸ ÉÓ É ±:

qμ 〈ĵμ(0)〉 = 0, (32)

£¤¥ qμ Å 4-¢¥±Éμ· ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ .
�·¥μ¡· §μ¢ ´¨Ö μ¶¥· Éμ·  Éμ±  ¶·¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ μÉ-

· ¦¥´¨ÖÌ:

ÛP

(
ĵ0(x0,x), ĵ(x0,x)

)
Û−1

P =
(
ĵ0(x0,−x),−ĵ(x0,−x)

)
,

(33)
ÛRĵμ(x)Û−1

R = ĵμ(−x).

‚ (33) ÛP Å Ê´¨É ·´Ò° μ¶¥· Éμ· ¶·¥¤¸É ¢²¥´¨Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ μÉ· ¦¥-
´¨°, ÛR Å  ´É¨Ê´¨É ·´Ò° μ¶¥· Éμ· ¶·¥¤¸É ¢²¥´¨Ö ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´-
´ÒÌ μÉ· ¦¥´¨°, R = P T .

“¸²μ¢¨¥ ±² ¸É¥·´μ° ¸¥¶ · ¡¥²Ó´μ¸É¨: ¶·¨ ¢Ò±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
μ¶¥· Éμ· Éμ±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò · ¢¥´ ¸Ê³³¥ μ¶¥· Éμ·μ¢ μ¤´μÎ ¸É¨Î´ÒÌ
Éμ±μ¢.

�¥·¥´μ·³¨·Ê¥³μ¸ÉÓ § ·Ö¤  ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö: Ô²¥±É·¨Î¥-
¸±¨° § ·Ö¤ ¸¨¸É¥³Ò ¸μ ¢§ ¨³μ¤¥°¸É¢¨¥³ · ¢¥´ ¸Ê³³¥ Ô²¥±É·¨Î¥¸±¨Ì § ·Ö¤μ¢
±μ´¸É¨ÉÊ¥´Éμ¢.

� ¸¸³μÉ·¨³ ¸´ Î ²  ¸¨¸É¥³Ê ¤¢ÊÌ Î ¸É¨Í ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö (¸¢μ¡μ¤´ÊÕ
¸¨¸É¥³Ê), ¨³¥ÕÐÊÕ É¥ ¦¥ ±¢ ´Éμ¢Ò¥ Î¨¸² , ÎÉμ ¨ ¸¨¸É¥³ , μ¶¨¸Ò¢ ¥³ Ö · -
¢¥´¸É¢μ³ (28). �²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ¡Ê¤ÊÉ μ¶¨¸Ò¢ ÉÓ¸Ö μ¶¥· Éμ·μ³
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Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò j
(0)
μ (0). �ÉμÉ μ¶¥-

· Éμ· ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ²¨¡μ ¢ ¶·¥¤¸É ¢²¥´¨¨, § ¤ ¢ ¥³μ³ ¡ §¨¸μ³ (12),
²¨¡μ ¢ ¶·¥¤¸É ¢²¥´¨¨, § ¤ ¢ ¥³μ³ ¡ §¨¸μ³ (13). ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ μ¶¥· -
Éμ· ¢Ò· ¦ ¥É¸Ö Î¥·¥§ μ¤´μÎ ¸É¨Î´Ò° Éμ± ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸É ¢²¥´¨¥³

j
(0)
μ (0) = j1μ ⊗ I2. ‡¤¥¸Ó j1μ Å Ô²¥±É·μ³ £´¨É´Ò° Éμ± § ·Ö¦¥´´μ° Î ¸É¨ÍÒ,

I2 Å ¥¤¨´¨Î´Ò° μ¶¥· Éμ· ¢ £¨²Ó¡¥·Éμ¢μ³ ¶·μ¸É· ´¸É¢¥ ¸μ¸ÉμÖ´¨° ´¥§ ·Ö-
¦¥´´μ° Î ¸É¨ÍÒ,

〈p1;p2|j(0)
μ |p′

1;p
′
2〉 = 〈p2|p′

2〉〈p1|j1μ|p′
1〉. (34)

Œ É·¨Î´Ò° Ô²¥³¥´É μ¤´μÎ ¸É¨Î´μ£μ Éμ±  ¡¥¸¸¶¨´μ¢μ° Î ¸É¨ÍÒ ¢Ò· ¦ ¥É¸Ö
Î¥·¥§ ¥¤¨´¸É¢¥´´Ò° Ëμ·³Ë ±Éμ· Å § ·Ö¤μ¢Ò° Ëμ·³Ë ±Éμ· Î ¸É¨ÍÒ f1(Q2):

〈p1|j1μ|p′
1〉 = (p1 + p′1)μ f1(Q2). (35)

’ ±¨³ μ¡· §μ³, Ô²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ ´¥¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì Î ¸É¨Í μ¶¨¸Ò¢ ÕÉ¸Ö Ë ±É¨Î¥¸±¨ Ëμ·³Ë ±Éμ·μ³ f1(Q2), ±μÉμ·Ò°
¸μ¤¥·¦¨É ¢¸Õ ¤¨´ ³¨Î¥¸±ÊÕ ¨´Ëμ·³ Í¨Õ μ¡ Ê¶·Ê£¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ ¶¥-
·¥Ìμ¤ Ì, μ¶¨¸Ò¢ ¥³ÒÌ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ (34) (¸³. É ±¦¥ [20]). ‚ Î ¸É-
´μ¸É¨, § ·Ö¤ ¸¨¸É¥³Ò § ¤ ¥É¸Ö §´ Î¥´¨¥³ ÔÉμ£μ Ëμ·³Ë ±Éμ·  ¢ ´Ê²¥:

lim
Q2→0

f1(Q2) = f1(0) = ec, (36)

£¤¥ ec Å § ·Ö¤ ¸¨¸É¥³Ò.
‡ ¶¨Ï¥³ É¥¶¥·Ó ³ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¸¨¸É¥³Ò ¨§

¤¢ÊÌ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢ ¡ §¨¸¥ ¸ μÉ¤¥²¥´´Ò³ ¤¢¨¦¥´¨¥³ Í¥´É· 
³ ¸¸ (13):

〈P,
√

s |j(0)
μ | P′,

√
s′〉. (37)

‚ ¢¥±Éμ· Ì ¸μ¸ÉμÖ´¨° (13) μ¶ÊÐ¥´Ò ¶¥·¥³¥´´Ò¥, ±μÉμ·Ò¥ ¢ · ¸¸³ É·¨¢ ¥³μ°
¸¨¸É¥³¥ · ¢´Ò ´Ê²Õ: J = S = l = 0. �ÉμÉ ³ É·¨Î´Ò° Ô²¥³¥´É ³μ¦´μ
· ¸¸³ É·¨¢ ÉÓ ± ± ³ É·¨Î´Ò° Ô²¥³¥´É ´¥¶·¨¢μ¤¨³μ£μ É¥´§μ·´μ£μ μ¶¥· Éμ· 
´  £·Ê¶¶¥ �Ê ´± ·¥ ¨ ¶·¨³¥´¨ÉÓ ± ´¥³Ê  ´ ²μ£ É¥μ·¥³Ò ‚¨£´¥· Ä�±± ·É 
(¸³. [12]).

‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ · §²μ¦¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  (37) ¨³¥¥É ¢¨¤

〈P,
√

s |j(0)
μ | P′,

√
s′〉 = Aμ(s, Q2, s′)〈

√
s ‖g0(Q2)‖

√
s′〉 =

= Aμ(s, Q2, s′)g0(s, Q2, s′). (38)

‚ ¸¨²Ê ¶·μ¸ÉμÉÒ · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò ³μÉ¨¢ Í¨Õ ¶ · ³¥É·¨§ Í¨¨ (38)
²¥£±μ ¶μ´ÖÉÓ: 4-¢¥±Éμ· Aμ μ¶¨¸Ò¢ ¥É É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  ³ É·¨Î-
´μ£μ Ô²¥³¥´É ,   g0(s, Q2, s′) Å ¨´¢ ·¨ ´É´ Ö ËÊ´±Í¨Ö, ±μÉμ·ÊÕ ³Ò ¡Ê¤¥³
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´ §Ò¢ ÉÓ ¸¢μ¡μ¤´Ò³ ¤¢ÊÌÎ ¸É¨Î´Ò³ Ëμ·³Ë ±Éμ·μ³, Å ¸μ¤¥·¦¨É ¤¨´ ³¨Î¥-
¸±ÊÕ ¨´Ëμ·³ Í¨Õ μ ¶·μÍ¥¸¸¥. „²Ö ¡μ²¥¥ ¸²μ¦´ÒÌ ¸¨¸É¥³ ¶·μÍ¥¤Ê·  ¶ · ³¥-
É·¨§ Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ É¥μ·¥³μ° ‚¨£´¥· Ä�±± ·É 
¤²Ö £·Ê¶¶Ò �Ê ´± ·¥ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´μ£μ ³ É¥³ É¨Î¥¸±μ£μ  ¶¶ · É , ±μÉμ-
·Ò° ¡Ê¤¥É · ¸¸³μÉ·¥´ ¢ · §¤. 7.

‚¥±Éμ· Aμ(s, Q2, s′), μ¶¨¸Ò¢ ÕÐ¨° É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  ³ -
É·¨Î´μ£μ Ô²¥³¥´É , ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Éμ²Ó±μ Î¥·¥§ 4-¢¥±Éμ·Ò ´ Î ²Ó´μ£μ
¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨°, É ± ± ± ´¨± ±¨Ì ¤·Ê£¨Ì 4-¢¥±Éμ·μ¢ ¢ ´ Ï¥³ · ¸¶μ-
·Ö¦¥´¨¨ ´¥É. � ±² ¤Ò¢ Ö ´  Éμ± (37) Ê¸²μ¢¨¥ (32), ¶μ²ÊÎ ¥³

Aμ =
1

Q2
[(s − s′ + Q2)Pμ + (s′ − s + Q2)P ′

μ]. (39)

ˆÉ ±, ¨ ¢ ¶·¥¤¸É ¢²¥´¨¨, § ¤ ¢ ¥³μ³ ¡ §¨¸μ³ (12), ¨ ¢ ¶·¥¤¸É ¢²¥´¨¨, § -
¤ ¢ ¥³μ³ ¡ §¨¸μ³ (13), ³Ò ¶¥·¥Ï²¨ μÉ μ¶¨¸ ´¨Ö ¸¢μ°¸É¢ ¸¨¸É¥³Ò ¢ É¥·³¨´ Ì
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ± μ¶¨¸ ´¨Õ ¸¨¸É¥³Ò ¢ É¥·³¨´ Ì ²μ·¥´Í-¨´¢ ·¨ ´É´ÒÌ
ËÊ´±Í¨° Å Ëμ·³Ë ±Éμ·μ¢. �¡  μ¶¨¸ ´¨Ö Ö¢²ÖÕÉ¸Ö Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É-
´Ò³¨. Š ± ³Ò ¶μ± ¦¥³ ´¨¦¥, ¸¢μ¡μ¤´Ò° ¤¢ÊÌÎ ¸É¨Î´Ò° Ëμ·³Ë ±Éμ·
g0(s, Q2, s′) Ö¢²Ö¥É¸Ö ´¥ ±² ¸¸¨Î¥¸±μ°,   ·¥£Ê²Ö·´μ° μ¡μ¡Ð¥´´μ° ËÊ´±Í¨¥°
¶μ ¶¥·¥³¥´´Ò³ s, s′, ¶μ·μ¦¤¥´´μ° ²μ± ²Ó´μ ¨´É¥£·¨·Ê¥³μ° ËÊ´±Í¨¥° [78].
’ ±¨³ μ¡· §μ³, ¢¸¥ ¸¢μ°¸É¢  g0(s, Q2, s′) ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¸¢μ°-
¸É¢  ËÊ´±Í¨μ´ ² ,   ¨³¥´´μ ¨´É¥£· ²  ¶μ ¶¥·¥³¥´´Ò³ s, s′ μÉ ËÊ´±Í¨¨
g0(s, Q2, s′), Ê³´μ¦¥´´μ° ´  ´¥±μÉμ·ÊÕ ËÊ´±Í¨Õ ¨§ ¶·μ¸É· ´¸É¢  μ¸´μ¢´ÒÌ.

‹μ± ²Ó´μ ¨´É¥£·¨·Ê¥³ Ö ËÊ´±Í¨Ö g0(s, Q2, s′) ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ 
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²μ¦¥´¨Ö Š²¥¡Ï Äƒμ·¤ ´  ¤²Ö £·Ê¶¶Ò �Ê ´± ·¥ (22).
�·¨³¥´ÖÖ · §²μ¦¥´¨¥ ± (38), ¶μ²ÊÎ ¥³

〈P,
√

s |j(0)
μ | P′,

√
s′〉 =

∫
dp1

2p10

dp2

2p20

dp′
1

2p′10

dp′
2

2p′20
〈P,

√
s |p1;p2〉×

× 〈p1;p2|j(0)
μ |p′

1;p
′
2〉〈p′

1;p
′
2|P′,

√
s′〉. (40)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¢μ¡μ¤´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ Ëμ·³Ë ±Éμ·  ´¥μ¡Ìμ¤¨³μ ¨¸-
¶μ²Ó§μ¢ ÉÓ · ¢¥´¸É¢  (34), (35), (38),   É ±¦¥ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±μÔËË¨-
Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´  (22) ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ · ¸¸³ É·¨¢ ¥³μ° ³μ-
¤¥²¨. ˆ´É¥£·¨·μ¢ ´¨¥ ¢ (40) Ê¤μ¡´μ ¢Ò¶μ²´¨ÉÓ ¢ ¸¨¸É¥³¥ μÉ¸Î¥É  P′ = 0,
P = (0, 0, P ). ‚ ¨Éμ£¥ ¤²Ö ËÊ´±Í¨¨ g0(s, Q2, s′) ¶μ²ÊÎ ¥³ ·¥²ÖÉ¨¢¨¸É¸±¨-
¨´¢ ·¨ ´É´μ¥ ¢Ò· ¦¥´¨¥, ±μÉμ·μ¥, ¥¸É¥¸É¢¥´´μ, ´¥ § ¢¨¸¨É μÉ ¸¨¸É¥³Ò ±μμ·-
¤¨´ É, ¢ ±μÉμ·μ° ¶·μ¢μ¤¨É¸Ö ¨´É¥£·¨·μ¢ ´¨¥:

g0(s, Q2, s′) =
(s + s′ + Q2)2 Q2

2
√

(s − 4M2)(s′ − 4M2)
ϑ(s, Q2, s′)

[λ(s,−Q2, s′)]3/2
f1(Q2). (41)
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‡¤¥¸Ó ϑ(s, Q2, s′) = θ(s′ − s1) − θ(s′ − s2), θ Å ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö,

s1,2 = 2M2+
1

2M2
(2M2+Q2)(s−2M2)∓ 1

2M2

√
Q2(Q2 + 4M2)s(s − 4M2).

(42)
”Ê´±Í¨¨ s1,2(s, Q2) § ¤ ÕÉ ±¨´¥³ É¨Î¥¸±¨ ¤μ¶Ê¸É¨³ÊÕ μ¡² ¸ÉÓ ¨§³¥´¥´¨Ö
¶¥·¥³¥´´ÒÌ ¢ ¶²μ¸±μ¸É¨ (s, s′), ¶μ²μ¦¥´¨¥ ±μÉμ·μ° § ¢¨¸¨É μÉ ±¢ ¤· É  ¶¥-
·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  t = −Q2. � °É¨ ËÊ´±Í¨¨ s1,2 ³μ¦´μ £¥μ³¥É·¨Î¥¸±¨³
¶ÊÉ¥³ [79].

�μ¸É·μ¨³ É·¥Ê£μ²Ó´¨±, ¸Ì¥³ É¨Î¥¸±¨ ¨§μ¡· ¦¥´´Ò° ´  ·¨¸. 1. �  ´¥³
μÉ·¥§μ± OB ¨§μ¡· ¦ ¥É ¢¥±Éμ· p2μ = p′2μ (34). �É·¥§μ± CB Å ¢¥±Éμ·
p1μ ¨ AB Å p′1μ. ’μ£¤  ¸Éμ·μ´Ò É·¥Ê£μ²Ó´¨±  AOC ¡Ê¤ÊÉ μ¡· §μ¢Ò¢ ÉÓ

¢¥±Éμ·Ò Pμ, P ′
μ ¨ (Pμ − P ′

μ), ¤²¨´  ±μÉμ·ÒÌ
√

s,
√

s′,
√

t ¸μμÉ¢¥É¸É¢¥´´μ.
�¥μ¡Ìμ¤¨³μ ´ °É¨ ¢μ§³μ¦´Ò¥ §´ Î¥´¨Ö s, ¥¸²¨ s′ ¨ t, ¢¥±Éμ·Ò ´ Î ²Ó´μ£μ
¸μ¸ÉμÖ´¨Ö p′1μ, p′2μ = p2μ, P ′

μ Ö¢²ÖÕÉ¸Ö Ë¨±¸¨·μ¢ ´´Ò³¨. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ
¤²¨´  ¢¥±Éμ·  p1μ (p2

1μ = M2) Ö¢²Ö¥É¸Ö ´¥¨§³¥´´μ°, É·¥Ê£μ²Ó´¨±¨ Ö¢²ÖÕÉ¸Ö
¶μ²´μ¸ÉÓÕ § ¤ ´´Ò³¨. �¤´ ±μ É·¥Ê£μ²Ó´¨± ABC ³μ¦¥É ¡ÒÉÓ ¶μ¢¥·´ÊÉ ¢μ±·Ê£
¸Éμ·μ´Ò AB (p′1μ), ÎÉμ μ§´ Î ¥É ¢μ§³μ¦´Ò¥ ¨§³¥´¥´¨Ö μ·¨¥´É Í¨¨ ¢¥±Éμ· 
p1μ. Œ¨´¨³ ²Ó´ Ö

√
s1 ¨ ³ ±¸¨³ ²Ó´ Ö

√
s2 ¤²¨´Ò ¸Éμ·μ´Ò OC (¤²¨´ 

¢¥±Éμ·  Pμ) ³μ£ÊÉ ¡ÒÉÓ ²¥£±μ ´ °¤¥´Ò ¶·¨ É ±μ³ ¢· Ð¥´¨¨.
ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢ÊÌÎ ¸É¨Î´μ£μ Ëμ·³Ë ±Éμ·  (41) ²¥£±μ

¢¨¤¥ÉÓ, ÎÉμ g0(s, Q2, s′) ¤¥°¸É¢¨É¥²Ó´μ Ö¢²Ö¥É¸Ö μ¡μ¡Ð¥´´μ° ËÊ´±Í¨¥°. ‚ ¸ -
³μ³ ¤¥²¥, ¶μÉμÎ¥Î´Ò° ¶·¥¤¥² ÔÉμ° ËÊ´±Í¨¨ ¶·¨ Q2 → 0 · ¢¥´ ´Ê²Õ ¨§-§ 
´ ²¨Î¨Ö μ¡·¥§ ÕÐ¥° ϑ-ËÊ´±Í¨¨, ¨ ¶·¥¤¥² ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ ¢ ¸² ¡μ³ ¸³Ò-
¸²¥. ”Ê´±Í¨μ´ ², § ¤ ÕÐ¨° ·¥£Ê²Ö·´ÊÕ μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ, μ¶·¥¤¥²¨³
± ± ËÊ´±Í¨μ´ ² ¢ S(R2) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈g0(s, Q2, s′), φ(s, s′)〉 =
∫

dμ(s, s′) g0(s, Q2, s′)φ(s, s′), (43)

�¨¸. 1. Š¨´¥³ É¨Î¥¸±¨° É·¥Ê£μ²Ó´¨± ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´μ¸¨É¥²Ö μ¡μ¡Ð¥´´μ° ËÊ´±Í¨¨
g0(s, Q

2, s′)
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£¤¥

dμ(s, s′) = 16 θ(s − 4M2) θ(s′ − 4M2) 4
√

ss′ dμ(s) dμ(s′), dμ(s) =
1
4
k d

√
s.

(44)
θ-ËÊ´±Í¨¨ ¢ μ¶·¥¤¥²¥´¨¨ (44) § ¤ ÕÉ Ë¨§¨Î¥¸±ÊÕ μ¡² ¸ÉÓ ¨§³¥´¥´¨Ö ±¢ -
¤· É  ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, ³¥·  ¨´É¥-
£·¨·μ¢ ´¨Ö (44) ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥Ìμ¤Ê ± ·¥²ÖÉ¨¢¨¸É¸±μ° ¶²μÉ´μ¸É¨ ¸μ¸ÉμÖ-
´¨° (26), (27), φ(s, s′) Å ËÊ´±Í¨Ö ¨§ ¶·μ¸É· ´¸É¢  μ¸´μ¢´ÒÌ.

�·¥¤¥² Q2 → 0 (¸É É¨Î¥¸±¨° ¶·¥¤¥²) ¢ g0(s, Q2, s′) ¨³¥¥É ¸³Ò¸² Éμ²Ó±μ
± ± ¶·¥¤¥² ËÊ´±Í¨μ´ ² :

lim
Q2→0

〈g0, φ〉 = 〈ecδ(μ(s′) − μ(s)), φ〉. (45)

‚ ¸²ÊÎ ¥, ¥¸²¨ μ¸´μ¢´Ò¥ ËÊ´±Í¨¨ ´μ·³¨·μ¢ ´Ò ¸ ·¥²ÖÉ¨¢¨¸É¸±μ° ¶²μÉ´μ¸ÉÓÕ
¸μ¸ÉμÖ´¨°, ¶· ¢ Ö Î ¸ÉÓ ¢Ò· ¦¥´¨Ö (45) · ¢´  ¶μ²´μ³Ê § ·Ö¤Ê ¸¢μ¡μ¤´μ°
¸¨¸É¥³Ò.

�¥·¥°¤¥³ É¥¶¥·Ó ± μ¶¨¸ ´¨Õ Ô²¥±É·μ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¸¨¸É¥³Ò ¢§ ¨-
³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢ ´ Ï¥° ¶·μ¸Éμ° ³μ¤¥²¨, É. ¥. ¢¥·´¥³¸Ö ± μ¡¸Ê¦¤¥´¨Õ
Ëμ·³Ê²Ò (28). ‚ �ˆŠŒ ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö |pc〉 ¶·¨´ ¤²¥¦¨É ¶·Ö³μ³Ê ¶·μ-
¨§¢¥¤¥´¨Õ ¤¢ÊÌ μ¤´μÎ ¸É¨Î´ÒÌ ¶·μ¸É· ´¸É¢. �μÔÉμ³Ê ³Ò ³μ¦¥³ ¶·μ¨§¢¥¸É¨
· §²μ¦¥´¨¥ ÔÉμ£μ ¢¥±Éμ·  ¢ (28) ¶μ ¡ §¨¸Ê (13) ¶·¨ J = l = S = mJ = 0:

∫
dP dP′

NCG N ′
CG

d
√

s d
√

s′〈pc|P,
√

s〉〈P,
√

s|jμ(0)|P′,
√

s′〉〈P′,
√

s′|p′c〉 =

= (pc + p′c)μ Fc(Q2). (46)

‡¤¥¸Ó 〈P′,
√

s′|p′c〉 Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ¸³Ò¸²¥ ³£´μ¢¥´´μ° Ëμ·³Ò
�ˆŠŒ (25). ‘ ÊÎ¥Éμ³ (25) ¢Ò· ¦¥´¨¥ (46) ·¥¤ÊÍ¨·Ê¥É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê:∫

Nc N ′
c

NCG N ′
CG

d
√

s d
√

s′ ϕ(s)〈pc,
√

s|jμ(0)|p′
c,
√

s′〉ϕ(s′) = (pc + p′c)μ Fc(Q2).

(47)
�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ (26), (44), ¢Ò· ¦¥´¨¥ (47) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ:

∫
Nc N ′

c

NCG N ′
CG

dμ(s, s′)u(k(s))〈pc,
√

s|jμ(0)|p′
c,
√

s′〉u(k(s′)) =

= (pc + p′c)μ Fc(Q2). (48)

�¡¸Ê¤¨³ ¢μ§³μ¦´μ¸ÉÓ ¶·¨³¥´¥´¨Ö É¥μ·¥³Ò ‚¨£´¥· Ä�±± ·É  (¨²¨ ± ´μ´¨Î¥-
¸±μ° ¶ · ³¥É·¨§ Í¨¨) ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  〈pc,

√
s|jμ(0)|p′

c,
√

s′〉 ¢ (47).
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„μ ¸¨Ì ¶μ· ³Ò ¢Ò· ¦ ²¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¶¥· Éμ·μ¢ Éμ±  Î¥·¥§ Ëμ·³-
Ë ±Éμ·Ò (35), (38) ¢ ¸²ÊÎ ¥, ±μ£¤  ¢¥±Éμ·Ò ¸μ¸ÉμÖ´¨° ¢ μ¡±² ¤± Ì ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢ ¨ μ¶¥· Éμ·Ò ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ μ¤´μ³Ê ¨ Éμ³Ê ¦¥ ¶·¥¤¸É ¢²¥´¨Õ
´¥μ¤´μ·μ¤´μ° £·Ê¶¶Ò SL(2, C) [69]. �Éμ ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê:

Û−1(Λ)jμ(0)Û(Λ) = j̃μ(0), (49)

¨²¨ ¢ É¥·³¨´ Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢:

〈p|j̃μ(0)|p′〉 = 〈p|Û−1(Λ)jμ(0)Û(Λ)|p′〉 = 〈Λp|jμ(0)|Λp′〉. (50)

�Éμ μ§´ Î ¥É, ÎÉμ É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  4-¢¥±Éμ·  Éμ±  ¢ (50) ³μ£ÊÉ
¡ÒÉÓ μ¶¨¸ ´Ò ¶·¨ ¶μ³μÐ¨ 4-¢¥±Éμ·μ¢ ¨³¶Ê²Ó¸μ¢ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ
¸μ¸ÉμÖ´¨°, ÎÉμ ³Ò ¨ ¸¤¥² ²¨, ´ ¶·¨³¥·, ¢ (38).

‚ ³ É·¨Î´μ³ Ô²¥³¥´É¥ ¶μ¤ §´ ±μ³ ¨´É¥£· ²  (48) ¢¥±Éμ·Ò ¸μ¸ÉμÖ´¨°
¨ μ¶¥· Éμ· ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ · §´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ ´¥μ¤´μ·μ¤´μ° £·Ê¶¶Ò
SL(2, C). �¶¥· Éμ· Éμ±  μ¶¨¸Ò¢ ¥É ¸¨¸É¥³Ê ¤¢ÊÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î -
¸É¨Í ¨ ¶·¥μ¡· §Ê¥É¸Ö ¶μ ¶·¥¤¸É ¢²¥´¨Õ, £¥´¥· Éμ·Ò ²μ·¥´Í¥¢¸±¨Ì ¡Ê¸Éμ¢
±μÉμ·μ£μ § ¢¨¸ÖÉ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö (11). ‚¥±Éμ·Ò μ¡±² ¤μ± Ë¨§¨Î¥¸±¨ μ¶¨-
¸Ò¢ ÕÉ ¸¨¸É¥³Ê ¤¢ÊÌ ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í ¨ ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ ¶·¥¤¸É ¢²¥´¨Õ,
£¥´¥· Éμ·Ò ±μÉμ·μ£μ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ § ¢¨¸ÖÉ. ‚ ¸¨²Ê ÔÉμ£μ ³ É·¨Î-
´Ò° Ô²¥³¥´É μ¶¥· Éμ·  Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¢ (48) ´¥²Ó§Ö ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ (38), (39).

�¤´ ±μ ³ É·¨Î´Ò° Ô²¥³¥´É Éμ±  ´¥μ¡Ìμ¤¨³μ · ¸¸³ É·¨¢ ÉÓ ± ± μ¡μ¡-
Ð¥´´ÊÕ ËÊ´±Í¨Õ, É. ¥. ± ± μ¡Ñ¥±É, ¨³¥ÕÐ¨° ¸³Ò¸² Éμ²Ó±μ ¶μ¤ §´ ±μ³ ¨´É¥-
£· ²  ¢ (47), (48). ‚μ¸¶μ²Ó§Ê¥³¸Ö ¶μ²´μÉμ° ´ ¡μ·  ¤¢ÊÌÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°
|P,

√
s〉:

Î =
∫

dP
NCG

d
√

s|P,
√

s〉〈P,
√

s|. (51)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ (25), (51), ¶μ²ÊÎ¨³

∫
Nc N ′

c

NCG N ′
CG

d
√

s d
√

s′ ϕ(k)ϕ(k′)〈pc,
√

s|Û−1(Λ)jμ(0)Û(Λ)|p′
c,
√

s′〉 =

= 〈pc|Û−1(Λ) Î jμ(0) Î Û(Λ)|p′c〉 = 〈Λpc|Î jμ(0) Î|Λp′c〉 =

=
∫

Nc N ′
c

NCG N ′
CG

d
√

s d
√

s′ ϕ(k)ϕ(k′)〈Λpc,
√

s|jμ(0)|Λp′
c,
√

s′〉. (52)

’ ±¨³ μ¡· §μ³, ³Ò ¨³¥¥³  ´ ²μ£ · ¢¥´¸É¢  (50) ¢ ¸³Ò¸²¥ μ¡μ¡Ð¥´´ÒÌ ËÊ´±-
Í¨° ¨ ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ É¥μ·¥³Ê ‚¨£´¥· Ä�±± ·É  ¢ ¸² ¡μ³ ¸³Ò¸²¥.

�·μ¡²¥³  ± ´μ´¨Î¥¸±μ° ¶ · ³¥É·¨§ Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  (48) ³μ-
¦¥É ¡ÒÉÓ ·¥Ï¥´ , ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ · ¢¥´¸É¢μ (48) ± ± · ¢¥´¸É¢μ ¤¢ÊÌ ËÊ´±-
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Í¨μ´ ²μ¢. “Î¨ÉÒ¢ Ö (26) ¨ (44), · ¢¥´¸É¢μ (48) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥∫
dμ(s, s′)u(k(s))Jμ(pc,

√
s;p′

c,
√

s′)u(k(s′)) = (pc + p′c)μ Fc(Q2),

(53)

Jμ(pc,
√

s;p′
c,
√

s′) =
Nc N ′

c

NCG N ′
CG

〈pc,
√

s|jμ|p′
c,
√

s′〉.

‚¢¥¤¥³ μ¡μ§´ Î¥´¨¥
ψ(s, s′) = u(k(s))u(k′(s′)). (54)

ˆ´É¥£· ² ¢ ²¥¢μ° Î ¸É¨ (53) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ËÊ´±Í¨μ´ ² ¢ R2

´  ³´μ¦¥¸É¢¥ μ¸´μ¢´ÒÌ ËÊ´±Í¨° ψ(s, s′), § ¤ ÕÐ¨° ´¥±μÉμ·ÊÕ ²μ·¥´Í-±μ¢ -
·¨ ´É´ÊÕ μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ ¸μ §´ Î¥´¨Ö³¨ ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ,
§ ¢¨¸ÖÐÊÕ μÉ ¶ · ³¥É·  Q2 (¸³., ´ ¶·¨³¥·, [78]).

�·¥¤¸É ¢¨³ ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¢¨¤¥,  ´ ²μ£¨Î´μ³ (38):

Jμ(pc,
√

s;p′
c,
√

s′) = Bμ(s, Q2, s′)G(s, Q2, s′). (55)

‚ (55), ± ± ¨ ¢ (38), ±μ¢ ·¨ ´É´ÊÕ Î ¸ÉÓ, É. ¥. ¢¥±Éμ· Bμ(s, Q2, s′), ¡Ê¤¥³
¸Î¨É ÉÓ £² ¤±μ° ËÊ´±Í¨¥°,   ¨´¢ ·¨ ´É´ÊÕ Î ¸ÉÓ G(s, Q2, s′) Å μ¡μ¡Ð¥´-
´μ° ËÊ´±Í¨¥°. ’ ±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ²μ·¥´Í-±μ¢ ·¨ ´É´μ° μ¡μ¡Ð¥´´μ° ËÊ´±-
Í¨¨ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ²μ·¥´Í-±μ¢ ·¨ ´É´μ° £² ¤±μ° ËÊ´±Í¨¨ ¨ ²μ·¥´Í-
¨´¢ ·¨ ´É´μ° μ¡μ¡Ð¥´´μ° ËÊ´±Í¨¨ μ¶¨¸ ´μ ¢ [78]. �μ¤¸É ¢¨³ (55) ¢ (53):∫

dμ(s, s′)ψ(s, s′)Bμ(s, Q2, s′)G(s, Q2, s′) = (pc + p′c)μ Fc[ψ](Q2). (56)

„²Ö μ¶·¥¤¥²¥´¨Ö ¢¥±Éμ·  Bμ ¶μÉ·¥¡Ê¥³, ÎÉμ¡Ò · ¢¥´¸É¢μ (56) ¡Ò²μ ±μ¢ -
·¨ ´É´Ò³ ¢ ¸³Ò¸²¥ μ¡μ¡Ð¥´´ÒÌ ËÊ´±Í¨°, É. ¥. ÎÉμ¡Ò μ´μ ¢Ò¶μ²´Ö²μ¸Ó ¤²Ö
²Õ¡μ° μ¸´μ¢´μ° ËÊ´±Í¨¨ ψ(s, s′) ¢ ²Õ¡μ° Ë¨±¸¨·μ¢ ´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É .
‚ ·Ó¨·μ¢ ´¨¥ μ¸´μ¢´μ° ËÊ´±Í¨¨ ¢ ËÊ´±Í¨μ´ ²¥ (56) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (54)
μ§´ Î ¥É Ë ±É¨Î¥¸±¨ ¢ ·Ó¨·μ¢ ´¨¥ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö
Î ¸É¨Í. �·¨ ¢ ·Ó¨·μ¢ ´¨¨ ¢¥±Éμ· ¢ ¶· ¢μ° Î ¸É¨ (56) ´¥ ¡Ê¤¥É ¨§³¥´ÖÉÓ¸Ö,
É ± ± ± μ´ ¸μ¸É ¢²¥´ ¨§ 4-¢¥±Éμ·μ¢, μ¶¨¸Ò¢ ÕÐ¨Ì ¤¢¨¦¥´¨¥ ¸¨¸É¥³Ò ± ±
Í¥²μ£μ ¨ ´¥ § ¢¨¸ÖÐ¨Ì μÉ ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö ±μ´¸É¨ÉÊ¥´Éμ¢. ”μ·³Ë ±Éμ·
¦¥ ¢ ¶· ¢μ° Î ¸É¨ ¶·¨ ¨§³¥´¥´¨¨ μ¸´μ¢´μ° ËÊ´±Í¨¨ ¡Ê¤¥É ¨§³¥´ÖÉÓ¸Ö, É. ¥.
¶·¨ ¢ ·Ó¨·μ¢ ´¨¨ μ¸´μ¢´μ° ËÊ´±Í¨¨ ¶· ¢ Ö Î ¸ÉÓ ¢ (56) ¡Ê¤¥É μ¸É ¢ ÉÓ¸Ö
±μ²²¨´¥ ·´μ° ¢¥±Éμ·Ê (pc +p′c)μ. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·¨ ¶·μ¨§¢μ²Ó´μ³ ¨§³¥-
´¥´¨¨ μ¸´μ¢´μ° ËÊ´±Í¨¨ ¢¥±Éμ· ¢ ²¥¢μ° Î ¸É¨, ¢μμ¡Ð¥ £μ¢μ·Ö, ¡Ê¤¥É ³¥´ÖÉÓ
¸¢μ¥ ´ ¶· ¢²¥´¨¥. ’ ±¨³ μ¡· §μ³, ÎÉμ¡Ò · ¢¥´¸É¢μ (56) ¢Ò¶μ²´Ö²μ¸Ó ¶·¨
²Õ¡μ° μ¸´μ¢´μ° ËÊ´±Í¨¨ (É. ¥. ¢ ¸³Ò¸²¥ μ¡μ¡Ð¥´´ÒÌ ËÊ´±Í¨°), ¤μ¸É ÉμÎ´μ
¶μÉ·¥¡μ¢ ÉÓ ¢Ò¶μ²´¥´¨Ö · ¢¥´¸É¢ 

Bμ(s, Q2, s′) = (pc + p′c)μ. (57)
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‚Ò¡μ· ¢¥±Éμ·  Bμ ¢ (57) ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ²¥¢ Ö Î ¸ÉÓ ¢ (53) Ê¤μ¢²¥-
É¢μ·Ö¥É ± ± Ê¸²μ¢¨Õ ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ Éμ± , É ± ¨ Ê¸²μ¢¨Õ ¸μÌ· ´¥´¨Ö
Éμ± .

�¡¸Ê¤¨³ Ë¨§¨Î¥¸±¨° ¸³Ò¸² ¶·¥¤¸É ¢²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ ¢¨-
¤¥ (55), (57). �μ¸±μ²Ó±Ê É ±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ± 
Ö¢²Ö¥É¸Ö Ö¢´μ ²μ·¥´Í-±μ¢ ·¨ ´É´Ò³ ¨ Ê¤μ¢²¥É¢μ·Ö¥É § ±μ´Ê ¸μÌ· ´¥´¨Ö, ÔÉμ
μ§´ Î ¥É, ÎÉμ μ¶¥· Éμ· Éμ±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¸μ¤¥·¦¨É ¢±² ¤Ò ± ± μ¤´μ-
Î ¸É¨Î´ÒÌ Éμ±μ¢, É ± ¨ ¤¢ÊÌÎ ¸É¨Î´ÒÌ (¸³., ´ ¶·¨³¥·, [20]):

j =
∑

k

j(k) +
∑
k<m

j(km). (58)

�¥·¢μ¥ ¸² £ ¥³μ¥ μ§´ Î ¥É ¸Ê³³Ê μ¤´μÎ ¸É¨Î´ÒÌ Éμ±μ¢,   ¢Éμ·μ¥ ¸Ê³³Ê ¤¢ÊÌ-

Î ¸É¨Î´ÒÌ Éμ±μ¢. •μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¢ ¶·¨¡²¨¦¥´¨¨ j ≈
∑

k

j(k) (¨³-

¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥) μ¶¥· Éμ· Éμ±  ¢ ³£´μ¢¥´´μ° Ëμ·³¥ ¤¨´ ³¨±¨ ´¥
Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³ ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ ¨ § ±μ´Ê ¸μÌ· ´¥´¨Ö [20].
’ ±¨³ μ¡· §μ³, ±μ¢ ·¨ ´É´ Ö Î ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  (55), μ¶¨¸Ò¢ -
ÕÐ Ö É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  Éμ± , μ¶·¥¤¥²Ö¥É¸Ö ¸ Ë¨§¨Î¥¸±μ° ÉμÎ±¨
§·¥´¨Ö ¶·¥¤¸É ¢²¥´¨¥³ (58), É. ¥. ¸μ¤¥·¦¨É ¢±² ¤Ò ± ± μ¤´μÎ ¸É¨Î´ÒÌ, É ± ¨
¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢.

ˆ´¢ ·¨ ´É´ Ö Î ¸ÉÓ · §²μ¦¥´¨Ö (55) Å Ëμ·³Ë ±Éμ· ¨²¨ ¶·¨¢¥¤¥´´Ò°
³ É·¨Î´Ò° Ô²¥³¥´É G(s, Q2, s′) Å ¸μ¤¥·¦¨É ¨´Ëμ·³ Í¨Õ μ ¤¨´ ³¨±¥ · ¸¸¥-
Ö´¨Ö §μ´¤¨·ÊÕÐ¥° Î ¸É¨ÍÒ ± ± ´  ± ¦¤μ³ μÉ¤¥²Ó´μ³ ±μ´¸É¨ÉÊ¥´É¥ (¶¥·¢μ¥
¸² £ ¥³μ¥ ¢ (58)), É. ¥. Ë ±É¨Î¥¸±¨ ´  ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³¥, É ± ¨
´  ¤¢ÊÌ ±μ´¸É¨ÉÊ¥´É Ì μ¤´μ¢·¥³¥´´μ (¢Éμ·μ¥ ¸² £ ¥³μ¥ ¢ (58)). �Éμ μ§´ Î ¥É,
ÎÉμ Ëμ·³Ë ±Éμ· ¸μ¤¥·¦¨É ¢±² ¤ ¸¢μ¡μ¤´μ£μ Ëμ·³Ë ±Éμ·  (41), μ¶¨¸Ò¢ Õ-
Ð¥£μ ¸¢μ¡μ¤´ÊÕ ¸¨¸É¥³Ê, ¨ ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢:

G(s, Q2, s′) = g0(s, Q2, s′) + Gi(s, Q2, s′). (59)

Gi Å ¶·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É, μ¶¨¸Ò¢ ÕÐ¨° ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ
Éμ±μ¢ (58). � ¢¥´¸É¢μ (56) ¸ ÊÎ¥Éμ³ (57) ¶·¨¢μ¤¨É ´ ¸ ± ¸± ²Ö·´μ³Ê · -
¢¥´¸É¢Ê, ±μÉμ·μ¥ ¶·¨ Ê¸²μ¢¨¨ ¢Ò¶μ²´¥´¨Ö (26), (44), (54) § ¶¨¸Ò¢ ¥É¸Ö ¢
¢¨¤¥

∫
d
√

s d
√

s′ ϕ(s)G(s, Q2, s′)ϕ(s′) = Fc(Q2). (60)

‡ ³¥É¨³, ÎÉμ ¶·¥¤¸É ¢²¥´¨¥ § ·Ö¤μ¢μ£μ Ëμ·³Ë ±Éμ·  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò (60)
Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´μ μ¡Ð¨³.
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�·μ¡²¥³  ¶μ²´μ£μ ¢ÒÎ¨¸²¥´¨Ö Ëμ·³Ë ±Éμ·  G(s, Q2, s′) ¢ (60), ¢±²ÕÎ -
ÕÐ¥£μ ÊÎ¥É ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢, Ö¢²Ö¥É¸Ö É·Ê¤´μ° § ¤ Î¥°. ‚ ± Î¥¸É¢¥ ¶·¨-
¡²¨¦¥´´μ£μ ·¥Ï¥´¨Ö ³μ¦´μ ¶·¥¤²μ¦¨ÉÓ ´¥±μÉμ·Ò°  ´ ²μ£ ·¥²ÖÉ¨¢¨¸É¸±μ£μ
¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö, ±μÉμ·μ¥ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ¡Ò ¢ (59) μ¸É ¢¨ÉÓ
¢±² ¤ Éμ²Ó±μ μ¤´μÎ ¸É¨Î´ÒÌ Éμ±μ¢,   ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢ μÉ¡·μ¸¨ÉÓ.
�·¨ ÔÉμ³ ±μ¢ ·¨ ´É´ÊÕ Î ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  Bμ ¢ (55), (57) ³Ò
¨§³¥´ÖÉÓ ´¥ ¡Ê¤¥³, É. ¥. ±μ¢ ·¨ ´É´ Ö Î ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  ¡Ê¤¥É
¶μ-¶·¥¦´¥³Ê ¸μ¤¥·¦ ÉÓ ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢ ¨, §´ Î¨É, É· ´¸Ëμ·³ -
Í¨μ´´Ò¥ ¸¢μ°¸É¢  ³ É·¨Î´μ£μ Ô²¥³¥´É  ´¥ ¨§³¥´ÖÉ¸Ö. ’ ±¨³ μ¡· §μ³, ¶·¨-
¡²¨¦¥´¨¥ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ³Ò § ³¥´Ö¥³ ¢ (55) μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ
G(s, Q2, s′) ´  μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ g0(s, Q2, s′) ¨§ (38), (41), μ¶¨¸Ò¢ Õ-
ÐÊÕ, ± ± ³Ò μÉ³¥Î ²¨ ¢ÒÏ¥, Ô²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ¸¨¸É¥³Ò ¨§ ¤¢ÊÌ
¸¢μ¡μ¤´ÒÌ Î ¸É¨Í. ‚ ¤ ´´μ³ ¶·¨¡²¨¦¥´¨¨ ³ É·¨Î´Ò° Ô²¥³¥´É (55) ¢ Í¥²μ³
¡Ê¤¥É ¸μ¤¥·¦ ÉÓ ¢±² ¤Ò (¶· ¢¤ , Ê¸¥Î¥´´Ò¥) ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢.

ˆÉ ±, ´ Ï ¶μ¤Ìμ¤ ´¥ ¶·μÉ¨¢μ·¥Î¨É μ¡Ð¨³ ÊÉ¢¥·¦¤¥´¨Ö³ (¸³. [20]), ÎÉμ
¤²Ö ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨° ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ ¨ § ±μ´  ¸μÌ· ´¥´¨Ö ¤²Ö
μ¶¥· Éμ·  Éμ±  ´¥μ¡Ìμ¤¨³ ÊÎ¥É ³´μ£μÎ ¸É¨Î´ÒÌ Éμ±μ¢.

’ ±¨³ μ¡· §μ³, ¢ Ê± § ´´μ³ ¶·¨¡²¨¦¥´¨¨ ¸± ²Ö·´μ¥ · ¢¥´¸É¢μ (60) ¶¥-
·¥°¤¥É ¢ ¶·¨¡²¨¦¥´´μ¥ ¸± ²Ö·´μ¥ · ¢¥´¸É¢μ, Ë¨§¨Î¥¸±¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¨³¶Ê²Ó¸´μ³Ê ¶·¨¡²¨¦¥´¨Õ. ‚ · §¢¨Éμ³ ³ É¥³ É¨Î¥¸±μ³
Ëμ·³ ²¨§³¥ ¶·¨ ÔÉμ³ Ë¨§¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ ´¥ ´ ·ÊÏ ¥É¸Ö ´¨ ²μ·¥´Í-
±μ¢ ·¨ ´É´μ¸ÉÓ μ¶¥· Éμ·  Éμ± , ´¨ § ±μ´ ¸μÌ· ´¥´¨Ö Éμ± , ±·μ³¥ Éμ£μ, ¤²Ö
¢ÒÎ¨¸²¥´¨Ö Ëμ·³Ë ±Éμ·  ´¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ± ±¨¥-²¨¡μ ¢Ò¤¥²¥´´Ò¥ ±μ³¶μ-
´¥´ÉÒ Éμ± , ÎÉμ ¨³¥¥É ³¥¸Éμ ¢ ¤·Ê£¨Ì ³ É¥³ É¨Î¥¸±¨Ì Ëμ·³Ê²¨·μ¢± Ì �ˆŠŒ
(¸³., ´ ¶·¨³¥·, [3,29]). � ÏÊ Ëμ·³Ê²¨·μ¢±Ê ¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö ¡Ê¤¥³
´ §Ò¢ ÉÓ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³ ¨³¶Ê²Ó¸´Ò³ ¶·¨¡²¨¦¥´¨¥³ (Œˆ�). ”μ·³Ê² 
¤²Ö Ëμ·³Ë ±Éμ·  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¢ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

Fc(Q2) =
∫

d
√

s d
√

s′ ϕ(s) g0(s, Q2, s′)ϕ(s′). (61)

�É³¥É¨³, ÎÉμ · ¢¥´¸É¢μ (57) ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ëμ·³Ê²  (61) ³μ£ÊÉ ¡ÒÉÓ
Ëμ·³ ²Ó´μ ¶μ²ÊÎ¥´Ò ¶·¨ § ³¥´¥ ¢ (46) ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  ¸μ ¢§ ¨-
³μ¤¥°¸É¢¨¥³ ´  Éμ± ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò (38) ¶·¨ ¸²¥¤ÊÕÐ¥³
¨§³¥´¥´¨¨ ±μ¢ ·¨ ´É´μ° Î ¸É¨ (39):

Aμ(s, Q2, s′)
∣∣
P=pc,P ′=p′

c
= (pc + p′c )μ. (62)

”μ·³Ê²  (62) ¤ ¥É ¶·μ¸Éμ° ·¥Í¥¶É ¶·¥¤¸É ¢²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
Éμ±  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò ¢ ¡ §¨¸¥ (13) ¢ Œˆ�, μ¶¨· Ö¸Ó ´  ¶ · -
³¥É·¨§ Í¨Õ Éμ±  ¸¢μ¡μ¤´μ° ¸¨¸É¥³Ò (38). �¥Í¥¶É § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¢



Œƒ��‚…���Ÿ ”��Œ� �“��Š��…-ˆ�‚��ˆ��’��‰ Š‚��’�‚�‰ Œ…•��ˆŠˆ 291

¢¥±Éμ· Ì ¶ · ³¥É·¨§ Í¨¨ (38), (39) ´¥μ¡Ìμ¤¨³μ § ³¥´¨ÉÓ ¨³¶Ê²Ó¸Ò Í¥´É· 
¨´¥·Í¨¨ ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ´  ¨³¶Ê²Ó¸Ò ¸μ¸É ¢´μ° Î ¸É¨ÍÒ.
‡ ³¥É¨³, ÎÉμ ÔÉμÉ ·¥Í¥¶É ¡Ê¤¥É · ¡μÉ ÉÓ ¨ ¢ ¸²ÊÎ ¥ · ¸¸³μÉ·¥´¨Ö ¡μ²¥¥ ¸²μ¦-
´ÒÌ ¸¨¸É¥³, ±μÉμ·Ò¥ ³Ò · ¸¸³μÉ·¨³ ¢ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì. �·μ¡²¥³Ê ¢ÒÌμ¤ 
§  ¶·¥¤¥²Ò Œˆ�, É. ¥. ¢ÒÎ¨¸²¥´¨¥ ¶μ¶· ¢μ± ± ¸¢μ¡μ¤´μ³Ê ¤¢ÊÌÎ ¸É¨Î´μ³Ê
Ëμ·³Ë ±Éμ·Ê g0(s, Q2, s′) ¢ (61), ³Ò ¢ ´ Ï¥³ μ¡§μ·¥ μ¡¸Ê¦¤ ÉÓ ´¥ ¡Ê¤¥³.

�¸É ´μ¢¨³¸Ö ´  ¢Ò¶μ²´¥´¨¨ ¢ ´ Ï¥° ¶·μÍ¥¤Ê·¥ ¶μ¸É·μ¥´¨Ö Éμ±  Ê¸²μ-
¢¨° (29)Ä(33),   É ±¦¥ Ê¸²μ¢¨° ±² ¸É¥·´μ° ¸¥¶ · ¡¥²Ó´μ¸É¨ ¨ ´¥·¥´μ·³¨·Ê¥-
³μ¸É¨ § ·Ö¤  ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö. “¸²μ¢¨Ö (29)Ä(32) ¢Ò¶μ²´ÖÕÉ¸Ö
¢ ´ Ï¥³ ¶μ¤Ìμ¤¥ ¶μ ¶μ¸É·μ¥´¨Õ. “¸²μ¢¨¥ (33) ¢Ò¶μ²´Ö¥É¸Ö É·¨¢¨ ²Ó´μ, É ±
± ± ¢ ´ Ï¥° ¶·μ¸Éμ° ³μ¤¥²¨ ¨ Ëμ·³Ë ±Éμ· g0(s, Q2, s′) ¢ (38), ¨ Ëμ·³Ë ±Éμ·
G(s, Q2, s′) ¢ (55) Ö¢²ÖÕÉ¸Ö ¸± ²Ö· ³¨. ’. ¥. ¢Ò¶μ²´¥´¨¥ ÔÉμ£μ Ê¸²μ¢¨Ö μ¡¥¸-
¶¥Î¨¢ ¥É¸Ö ¶· ¢¨²Ó´Ò³¨ É· ´¸Ëμ·³ Í¨μ´´Ò³¨ ¸¢μ°¸É¢ ³¨ 4-¢¥±Éμ·μ¢ ¢ (38)
¨ ¢ (55), (57).

�É¤¥²Ó´μ ¸²¥¤Ê¥É μ¡¸Ê¤¨ÉÓ Ê¸²μ¢¨¥ ±² ¸É¥·´μ° ¸¥¶ · ¡¥²Ó´μ¸É¨. �·¨ Ê¢¥-
²¨Î¥´¨¨ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ (¨²¨ ¶·¨ ¢Ò±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö)
¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ±μ¢ ¢ (59) ¤μ²¦¥´ μ¡· Ð ÉÓ¸Ö ¢ ´Ê²Ó: Gi(s, Q2, s′) →
0. �Éμ §´ Î¨É, ÎÉμ ¢ ¶·¥¤¸É ¢²¥´¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  (59) Ëμ·³Ë ±-
Éμ· G(s, Q2, s′) ¤μ²¦¥´ ¶¥·¥°É¨ ¢ Ëμ·³Ë ±Éμ· g0(s, Q2, s′), ÎÉμ Ê¦¥ ¸¤¥² ´μ
´ ³¨ ¢ Œˆ�. �μ²ÊÎ¨¢Ï¨°¸Ö ³ É·¨Î´Ò° Ô²¥³¥´É ¢Ò· ¦ ¥É¸Ö Î¥·¥§ μ¤´μÎ -
¸É¨Î´Ò¥ Éμ±¨ (40), (41). ’ ±¨³ μ¡· §μ³, Ê¸²μ¢¨¥ ±² ¸É¥·´μ° ¸¥¶ · ¡¥²Ó´μ¸É¨
¢Ò¶μ²´Ö¥É¸Ö, É. ¥. Éμ± ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¶¥·¥Ìμ¤¨É ¢ ¸Ê³³Ê μ¤´μÎ ¸É¨Î´ÒÌ
Éμ±μ¢.

“¸²μ¢¨¥ ´¥·¥´μ·³¨·Ê¥³μ¸É¨ § ·Ö¤  ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢
Œˆ� É ±¦¥ ¢Ò¶μ²´Ö¥É¸Ö É·¨¢¨ ²Ó´μ ¢ ¸¨²Ê ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¸² ¡μ£μ ¶·¥-
¤¥²  (45) ´  μ¸´μ¢´ÒÌ ËÊ´±Í¨ÖÌ (54).

‚Ò§Ò¢ ¥É ¨´É¥·¥¸ ¸· ¢´¥´¨¥ ˆ� ¨ Mˆ� ¢ ³£´μ¢¥´´μ° Ëμ·³¥ ¤¨´ ³¨±¨.
�·μ¨§¢¥¤¥³ ÔÉμ ¸· ¢´¥´¨¥ ´  ¶·¨³¥·¥ ´ Ï¥° ¶·μ¸Éμ° ³μ¤¥²¨. „²Ö ÔÉμ£μ ¢Ò-
Î¨¸²¨³ Ëμ·³Ë ±Éμ· · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ ¢ ³£´μ¢¥´´μ° Ëμ·³¥ ¤¨´ ³¨±¨
¡¥§ ¶·μÍ¥¤Ê·Ò ± ´μ´¨Î¥¸±μ° ¶ · ³¥É·¨§ Í¨¨. ‚ Î ¸É´μ¸É¨, ¸Ëμ·³Ê²¨·Ê¥³
ˆ� ¢ É¥·³¨´ Ì μ¶¥· Éμ·μ¢, ± ± ÔÉμ μ¡ÒÎ´μ ¤¥² ¥É¸Ö. � §²μ¦¨³ ³ É·¨Î´Ò°
Ô²¥³¥´É (28) ¶μ ´ ¡μ·Ê ¸μ¸ÉμÖ´¨° (12):

〈pc |jμ(0)|p′c〉 =

=
∫

dp1 dp2

2p10 2p20

dp′
1 dp′

2

2p′10 2p′20
〈pc |p1;p2〉〈p1;p2 |jμ|p′

1;p
′
2〉〈p′

1;p
′
2|p′c〉, (63)

£¤¥ 〈p1;p2 |pc〉 Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸μ¸É ¢´μ° ¸¨¸É¥³Ò.
„²Ö Éμ£μ ÎÉμ¡Ò ¢Ò· §¨ÉÓ Ëμ·³Ë ±Éμ· ¢ É¥·³¨´ Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (25),

´¥μ¡Ìμ¤¨³μ ¶·μ¨§¢¥¸É¨ · §²μ¦¥´¨¥ Š²¥¡Ï Äƒμ·¤ ´  ¡ §¨¸  (12) ¶μ ¡ §¨-
¸Ê (13) ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨ÖÌ ¢ · ¢¥´¸É¢¥ (63) ¨ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö Ö¢´Ò³ ¢¨¤μ³
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±μÔËË¨Í¨¥´Éμ¢ Š²¥¡Ï Äƒμ·¤ ´  (14) ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ · ¸¸³ É·¨¢ ¥-
³μ° ³μ¤¥²¨:

〈p1;p2 |pc〉 =

√
2
π
〈P,

√
s, J, l, S, mJ |pc〉. (64)

Œ É·¨Î´Ò° Ô²¥³¥´É Éμ±  ¢ (63) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ (34), (35). �·¨· ¢-
´¨¢ Ö μÉ¤¥²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ¢ (63) ¨ ¸´¨³ Ö Î ¸ÉÓ ¨´É¥£· ²μ¢ ¶·¨ ¶μ³μÐ¨
δ-ËÊ´±Í¨°, ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ Ëμ·³Ë ±Éμ· ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. �¥§Ê²ÓÉ É ¢Ò-
Î¨¸²¥´¨Ö Ëμ·³Ë ±Éμ·  § ¢¨¸¨É μÉ Éμ£μ, ¨§ ± ±μ° ±μ³¶μ´¥´ÉÒ Éμ±  ¢ (63) μ´
¢ÒÎ¨¸²Ö¥É¸Ö, ±·μ³¥ Éμ£μ, ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨Ö § ¢¨¸¨É μÉ ¢Ò¡μ·  ¸¨¸É¥³Ò
μÉ¸Î¥É , ¢ ±μÉμ·μ° ¶·μ¨§¢μ¤¨É¸Ö ¨´É¥£·¨·μ¢ ´¨¥ ¢ (63). �Éμ ¸μμÉ¢¥É¸É¢Ê¥É
μ¡Ð¨³ ÊÉ¢¥·¦¤¥´¨Ö³ μÉ´μ¸¨É¥²Ó´μ£μ ˆ� ¢ μ¡ÒÎ´μ° Ëμ·³Ê²¨·μ¢±¥ ³£´μ-
¢¥´´μ° Ëμ·³Ò ¤¨´ ³¨±¨ (¸³., ´ ¶·¨³¥·, [20]). �·¨¢¥¤¥³ μ±μ´Î É¥²Ó´Ò°
·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨° ¤²Ö ¸²ÊÎ Ö, ±μ£¤  Ëμ·³Ë ±Éμ· ¢ÒÎ¨¸²Ö¥É¸Ö ¨§ ´Ê²¥¢μ°
±μ³¶μ´¥´ÉÒ Éμ±  ¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶·μ¨§¢μ¤¨É¸Ö ¢ ¸¨¸É¥³¥ μÉ¸Î¥É  p′

c = 0,
pc = (0, 0, pc). �μ¸²¥ ¶¥·¥Ìμ¤  ± ¨´¢ ·¨ ´É´Ò³ ¶¥·¥³¥´´Ò³ s, s′ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨° Ëμ·³Ë ±Éμ· ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

Fc(Q2) =
Mc

4

√
2 (2M2

c + Q2)
4M2

c + Q2
×

×
∫ √

s

s′
d
√

s d
√

s′√
(s − 4 M2)(s′ − 4 M2)

(s + s′ + Q2)4 Q2

[λ(s,−Q2, s′)]3/2
×

× 1
(s s′)1/4

ϑ(s, Q2, s′)√
s′ (s + Q2)

ϕ(s)ϕ(s′) f1(Q2). (65)

‚Ò· ¦¥´¨¥ (65) μÉ²¨Î ¥É¸Ö μÉ ¢Ò· ¦¥´¨Ö (61), ¶μ²ÊÎ¥´´μ£μ ¢ Œˆ�. „²Ö
¢μ²´μ¢ÒÌ ËÊ´±Í¨°, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Ö³ (26), Ëμ·³Ë ±Éμ· (65) Ê¤μ-
¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ ´¥·¥´μ·³¨·Ê¥³μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤ : Fc(0) = 1.

‚ÒÎ¨¸²¨³ · §´μ¸ÉÓ ³¥¦¤Ê (61) ¨ (65):

ΔFc(Q2) =
∫

d
√

s d
√

s′ ϕ(s)ϕ(s′) g0(s, Q2, s′)
[
1 − R(s, Q2, s′)

]
, (66)

R(s, Q2, s′) =
Mc

2

√
2 (2M2

c + Q2)
4M2

c + Q2

√
s

s′
(s + s′ + Q2)2

(s s′)1/4

1√
s′ (s + Q2)

. (67)

�μ ¸¢μ¥³Ê ¸³Ò¸²Ê ¢¥²¨Î¨´  R(s, Q2, s′) μ¶¨¸Ò¢ ¥É ¢±² ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Éμ-
±μ¢, ¶·¨¢μ¤ÖÐ¨° ± ¶μ²´μ° ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸É¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  Ô²¥±-
É·μ³ £´¨É´μ£μ Éμ±  ¨ ¢Ò¶μ²´¥´¨Õ § ±μ´  ¸μÌ· ´¥´¨Ö. ‡ ³¥É¨³, ÎÉμ ÔÉ 
¤μ¡ ¢± , μ¡¥¸¶¥Î¨¢ ÕÐ Ö ²μ·¥´Í-±μ¢ ·¨ ´É´μ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ± 
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¢ (56), ´¥ ¸μ¤¥·¦¨É ¤¨´ ³¨Î¥¸±μ° ¨´Ëμ·³ Í¨¨ μ ¢§ ¨³μ¤¥°¸É¢¨¨ §μ´¤¨·Ê-
ÕÐ¥° Î ¸É¨ÍÒ ¸ ¤¢Ê³Ö ±μ´¸É¨ÉÊ¥´É ³¨ μ¤´μ¢·¥³¥´´μ, É. ¥. É¥Ì´¨Î¥¸±¨ ´¥
§ ¢¨¸¨É, ´ ¶·¨³¥·, μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ´¸É ´É ¸¢Ö§¨.

R(s, Q2, s′) ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ¢ · §´μ¸É¨ (66) ¢³¥¸Éμ Ëμ·³-
Ë ±Éμ·  (65), ¶μ²ÊÎ¥´´μ£μ ¨§ ´Ê²¥¢μ° ±μ³¶μ´¥´ÉÒ Éμ±  ¢ (63), Ëμ·³Ë ±Éμ·,
¶μ²ÊÎ¥´´Ò° ¨§ É·¥ÉÓ¥° ±μ³¶μ´¥´ÉÒ. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  ÔÉμ° ¤μ¡ ¢±¨
¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ (67). ’ ±¨³ μ¡· §μ³, R(s, Q2, s′) ´¥ Ö¢²Ö¥É¸Ö ¨´¢ ·¨-
 ´Éμ³ ¨, §´ Î¨É, § ¢¨¸¨É μÉ ¢Ò¡μ·  ¸¨¸É¥³Ò μÉ¸Î¥É , ¢ ±μÉμ·μ° ¶·μ¨¸Ìμ¤¨É
¢ÒÎ¨¸²¥´¨¥ ¢ ˆ�. ‚ÒÎ¨¸²¥´¨Ö ¢ Œˆ� μÉ ¸¨¸É¥³Ò μÉ¸Î¥É  ´¥ § ¢¨¸ÖÉ. ‡ -
³¥É¨³, ÎÉμ ˆ� ¨ Œˆ� ¸μ¢¶ ¤ ÕÉ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥. ‚ ´¥·¥²ÖÉ¨-
¢¨¸É¸±μ³ ¶·¥¤¥²¥ Ëμ·³Ë ±Éμ·Ò ¢ ˆ�, ¢ÒÎ¨¸²¥´´Ò¥ ¨§ · §²¨Î´ÒÌ ±μ³¶μ´¥´É
Éμ± , ¸μ¢¶ ¤ ÕÉ. ’ ±¨³ μ¡· §μ³, · §´¨Í  ³¥¦¤Ê ˆ� ¨ Œˆ� ¢Ò§¢ ´  ¨³¥´´μ
´ ·ÊÏ¥´¨¥³ Ê¸²μ¢¨° ·¥²ÖÉ¨¢¨¸É¸±μ° ±μ¢ ·¨ ´É´μ¸É¨.

4. �…�…‹Ÿ’ˆ‚ˆ‘’‘Šˆ‰ ��…„…‹

ˆ´É¥·¶·¥É Í¨Ö Ëμ·³Ë ±Éμ·μ¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ± ± ²¨´¥°´ÒÌ ËÊ´±Í¨-
μ´ ²μ¢, § ¤ ÕÐ¨Ì μ¡μ¡Ð¥´´Ò¥ ËÊ´±Í¨¨, ´¥ Ö¢²Ö¥É¸Ö μ¸μ¡¥´´μ¸ÉÓÕ Éμ²Ó±μ
μ¶¨¸Ò¢ ¥³μ£μ ¢ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¶μ¤Ìμ¤ . �´ ²μ£¨Î´Ò°
Ëμ·³ ²¨§³ (ÌμÉÖ ¨ ¡¥§ ¸¸Ò²μ± ´  ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É μ¡μ¡Ð¥´´ÒÌ ËÊ´±-
Í¨°) ¤μ¸É ÉμÎ´μ ¤ ¢´μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ¸μ¸É ¢´ÒÌ
¸¨¸É¥³ [80]. �¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥² ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö § ·Ö-
¤μ¢μ£μ Ëμ·³Ë ±Éμ·  (61) ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

FNR(Q2) =
∫

k2 dk k′ 2 dk′ u(k) g0NR(k, Q2, k′)u(k′), (68)

g0NR(k, Q2, k′) =
f1(Q2)
k k′ Q

ϑ(k, Q2, k′),

(69)

ϑ(k, Q2, k′) = θ

(
k′ −

∣∣∣∣k − Q

2

∣∣∣∣
)
− θ

(
k′ − k − Q

2

)
.

‚ ÔÉμ³ ¢Ò· ¦¥´¨¨ g0NR(k, Q2, k′) Å ¸¢μ¡μ¤´Ò° ´¥·¥²ÖÉ¨¢¨¸É¸±¨° Ëμ·³-
Ë ±Éμ·, ±μÉμ·Ò° ¶μ²ÊÎ ¥É¸Ö ¨§ (41) ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥; f1(Q2) Å
Ëμ·³Ë ±Éμ· § ·Ö¦¥´´μ° Î ¸É¨ÍÒ.

‚Ò· ¦¥´¨¥ (68) ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Ëμ·³Ë ±Éμ·  ¸μ-
¸É ¢´μ° ¸¨¸É¥³Ò ¢ S-¸μ¸ÉμÖ´¨¨ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³
¨³¶Ê²Ó¸´μ³ ¶·¨¡²¨¦¥´¨¨ Î¥·¥§ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É -
¢²¥´¨¨, ¶μ²ÊÎ¥´´μ³ ¢ · ¡μÉ¥ [80] ¨§ ¸É ´¤ ·É´ÒÌ Ëμ·³Ê² ¤²Ö Ëμ·³Ë ±Éμ·μ¢
Î¥·¥§ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨. ”μ·³Ê²  (68) ³μ¦¥É
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¡ÒÉÓ ¨´É¥·¶·¥É¨·μ¢ ´  ± ± ËÊ´±Í¨μ´ ², ¶μ·μ¦¤¥´´Ò° ËÊ´±Í¨¥°
g0NR(k, Q2, k′) ¨ § ¤ ´´Ò° ´  ËÊ´±Í¨ÖÌ u(k)u(k′). ”Ê´±Í¨μ´ ², § ¤ ÕÐ¨°
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ·¥£Ê²Ö·´ÊÕ μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ, μ¶·¥¤¥²¨³ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³ (¸·. ¸ (43), (44)):

〈g0NR(k, Q2, k′), ψ(k, k′)〉 =
∫

dμ(k, k′) g0NR(k, Q2, k′)ψ(k, k′),

(70)
dμ(k, k′) = θ(k) θ(k′) dμ(k) dμ(k′), dμ(k) = k2 dk.

�μ ¸¢μ¥³Ê Ë¨§¨Î¥¸±μ³Ê ¸³Ò¸²Ê ¢¥²¨Î¨´  g0NR(k, Q2, k′), Ëμ·³ ²Ó´μ ¶μÖ¢²Ö-
ÕÐ Ö¸Ö ¢ [80], μ¶¨¸Ò¢ ¥É Ô²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ¸¨-
¸É¥³Ò ¤¢ÊÌ ¸¢μ¡μ¤´ÒÌ ¡¥¸¸¶¨´μ¢ÒÌ Î ¸É¨Í ¢ S-¸μ¸ÉμÖ´¨¨ μÉ´μ¸¨É¥²Ó´μ£μ
¤¢¨¦¥´¨Ö, μ¤´  ¨§ ±μÉμ·ÒÌ ´¥ § ·Ö¦¥´ . ‘É É¨Î¥¸±¨° ¶·¥¤¥² ÔÉμ° ¢¥²¨Î¨´Ò
lim

Q2→0
g0NR(k, Q2, k′), § ¤ ÕÐ¨° § ·Ö¤ ¸¨¸É¥³Ò, ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ ¢ ¸² ¡μ³

¸³Ò¸²¥ ± ± ¶·¥¤¥² ËÊ´±Í¨μ´ ²  (70):

lim
Q2→0

〈g0NR(k, Q2, k′), ψ(k, k′)〉 = 〈ec δ(μ(k′) − μ(k)), ψ(k, k′)〉. (71)

�  μ¸´μ¢´ÒÌ ËÊ´±Í¨ÖÌ ¢¨¤  ψ(k, k′) = u(k)u(k′), £¤¥ u(k) Å ´μ·³¨·μ¢ ´´ Ö
¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, ËÊ´±Í¨μ´ ² (70) § ¤ ¥É Ëμ·³Ë ±Éμ·
¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ÔÉ¨Ì Î ¸É¨Í ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¨³¶Ê²Ó¸´μ³ ¶·¨¡²¨-
¦¥´¨¨ (68). ‘² ¡Ò° ¶·¥¤¥² (71) ¡Ê¤¥É · ¢¥´ § ·Ö¤Ê ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò:

lim
Q2→0

〈g0NR(k, Q2, k′), ψ(k, k′)〉 = ec

∞∫
0

k2 dk u2(k) = ec. (72)

‡ ³¥É¨³, ÎÉμ ¶·¨ μ¶¨¸ ´¨¨ ¡μ²¥¥ ¸²μ¦´ÒÌ ¸¨¸É¥³ (´ ¶·¨³¥· ρ-³¥§μ´ ) ·¥²Ö-
É¨¢¨¸É¸±¨¥ Ëμ·³Ë ±Éμ·Ò ¢ Œˆ� É ±¦¥ ¨³¥ÕÉ ¶· ¢¨²Ó´Ò¥ ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥
¶·¥¤¥²Ò, ¸μ¢¶ ¤ ÕÐ¨¥ ¸ [80].

5. ‘‚Ÿ‡œ ‘ „ˆ‘�…�‘ˆ���›Œˆ ‘��’��˜…�ˆŸŒˆ

�  ¶·¨³¥·¥ · ¸¸³ É·¨¢ ¥³μ° ¢ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ¶·μ¸Éμ° ³μ¤¥²¨ ¤¢ÊÌ-
Î ¸É¨Î´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ³Ò μ¡¸Ê¤¨³ μ¤´Ê ¨§ ´¥ ·¥Ï¥´´ÒÌ ¶μ±  ¶·μ¡²¥³
�ˆŠŒ Å ¶·μ¡²¥³Ê ¸¢Ö§¨ ÔÉμ° É¥μ·¨¨ ¸ ±¢ ´Éμ¢μ° É¥μ·¨¥° ¶μ²Ö (Š’�) [20,
22,81]. ’μÉ Ë ±É, ÎÉμ �ˆŠŒ ¢ μÉ²¨Î¨¥ μÉ Š’� μ¶¥·¨·Ê¥É ²¨ÏÓ ¸ ±μ´¥Î´Ò³
Î¨¸²μ³ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò, ¤¥² ¥É ¥¥ ¶μÌμ¦¥° ´  ¤¨¸¶¥·¸¨μ´´Ò° ¶μ¤Ìμ¤, ±μ-
Éμ·Ò°, ¢ ¶·¨´Í¨¶¥, É ±¦¥ ¨³¥¥É ¤¥²μ ¸ ±μ´¥Î´Ò³ Î¨¸²μ³ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò.
�¤´ ±μ ¤¨¸¶¥·¸¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö, μ¶¨· ÕÐ¨¥¸Ö ´   ´ ²¨É¨Î¥¸±¨¥ ¸¢μ°-
¸É¢   ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö, ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, Ëμ·³Ë ±Éμ·μ¢ ¢ ±μ³¶²¥±¸-
´μ° ¶²μ¸±μ¸É¨ Ô´¥·£¨°, ¨³¥ÕÉ ¤μ¢μ²Ó´μ ¸É·μ£μ¥ μ¡μ¸´μ¢ ´¨¥ ¢ Š’� [82].
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’ ±¨³ μ¡· §μ³, ´ ³ ¶·¥¤¸É ¢²Ö¥É¸Ö, ÎÉμ ·¥Ï ÉÓ ¶·μ¡²¥³Ê ¸¢Ö§¨ �ˆŠŒ ¨
Š’� ³μ¦´μ ´¥ Éμ²Ó±μ ¶·Ö³Ò³ ¸· ¢´¥´¨¥³ μ¤´μ° ¨ ¤·Ê£μ°, ´μ ¨ ¸· ¢´¥´¨¥³
�ˆŠŒ ¸ ¤¨¸¶¥·¸¨μ´´Ò³ ¶μ¤Ìμ¤μ³.

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ³Ò ´  ¶·¨³¥·¥ ¶·μ¸Éμ° ³μ¤¥²¨ ¶·μ¢¥¤¥³ ¸· ¢´¥´¨¥
´ Ï¥° Ëμ·³Ê²¨·μ¢±¨ �ˆŠŒ ¸ É ± ´ §Ò¢ ¥³Ò³ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³ ¤¨¸¶¥-
·¸¨μ´´Ò³ ¶μ¤Ìμ¤μ³ ± ¶·μ¡²¥³¥ μ¶¨¸ ´¨Ö ¸μ¸É ¢´ÒÌ  ¤·μ´´ÒÌ ¸¨¸É¥³. �ÉμÉ
¶μ¤Ìμ¤ ¶μ§¢μ²¨² ¢Ò· §¨ÉÓ Ô²¥±É·μ³ £´¨É´Ò¥ Ëμ·³Ë ±Éμ·Ò É ±¨Ì ¸μ¸É ¢´ÒÌ
¸¨¸É¥³, ¢ Î ¸É´μ¸É¨ ¤¥°É·μ´ , Î¥·¥§ Ë¨§¨Î¥¸±ÊÕ Ë §Ê · ¸¸¥Ö´¨Ö ´Ê±²μ´μ¢
¨ μ¡¥¸¶¥Î¨² Ìμ·μÏ¥¥ μ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ Ê¶·Ê£μ³Ê ed-
· ¸¸¥Ö´¨Õ. �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ¤ ´´μ£μ ¤¨¸¶¥·¸¨μ´´μ£μ ¶μ¤Ìμ¤  ³μ¦¥É
¡ÒÉÓ ´ °¤¥´μ ¢ [79, 83Ä88] (¸³. É ±¦¥ [89]). �¥¶μ¸·¥¤¸É¢¥´´μ¥ ¨¸¶μ²Ó§μ¢ -
´¨¥ ¥£μ ¢ μ¶¨¸ ´¨¨ ±¢ ·±μ¢ÒÌ ¸¨¸É¥³ § É·Ê¤´¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê ¨³¥¥É ³¥¸Éμ
Ö¢²¥´¨¥ ´¥¢Ò²¥É ´¨Ö ±¢ ·±μ¢. ’¥³ ´¥ ³¥´¥¥ ¸ÊÐ¥¸É¢ÊÕÉ · ¡μÉÒ, ¢ ¨¤¥°´μ³
¶² ´¥ ¶·¨³Ò± ÕÐ¨¥ ± Ê¶μ³Ö´ÊÉÒ³, ¢ ±μÉμ·ÒÌ ¨¸¸²¥¤ÊÕÉ¸Ö Ëμ·³Ë ±Éμ·Ò
 ¤·μ´μ¢ ± ± ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ±μ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±μ¢ ¢ · ³± Ì É¥Ì´¨±¨
¤¨¸¶¥·¸¨μ´´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ³ ¸¸¥ [90].

ˆ§²μ¦¨³ ±· É±μ ¸ÊÉÓ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¤¨¸¶¥·¸¨μ´´μ£μ ¶μ¤Ìμ¤  ¨ ¢Ò-
¢¥¤¥³ Ëμ·³Ê²Ò ¤²Ö Ô²¥±É·μ³ £´¨É´μ£μ Ëμ·³Ë ±Éμ·  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¤²Ö
´ Ï¥° ¶·μ¸Éμ° ³μ¤¥²¨, ¸²¥¤ÊÖ · ¡μÉ¥ [79]. ƒ¥°§¥´¡¥·£μ¢¸±¨° μ¶¥· Éμ· Éμ± 
¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (58) ¶·¥¤¸É -
¢¨³ ¢ ¢¨¤¥ ¸Ê³³Ò ¤¢ÊÌ μ¶¥· Éμ·μ¢:

jμ = j(0)
μ + j(int)

μ . (73)

‚ (73) j
(0)
μ Å Éμ± ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò (¸³. (34), (38)), j

(int)
μ Å

μ¶¥· Éμ·, ¢±²ÕÎ ÕÐ¨° ¢ ¸¥¡Ö ¢§ ¨³μ¤¥°¸É¢¨¥. �·¥¤¶μ²μ¦¨³, ÎÉμ ¢ ¸¨¸É¥³¥
±μ´¸É¨ÉÊ¥´Éμ¢ ¢ ´ Ï¥° ³μ¤¥²¨ ¸ÊÐ¥¸É¢ÊÕÉ ¸μ¸ÉμÖ´¨Ö · ¸¸¥Ö´¨Ö, ¨ ¢ÒÎ¨¸²¨³
³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  (73) ¢ μ¡±² ¤± Ì ¨§ in- ¨ out-¸μ¸ÉμÖ´¨°. 
Ê¤¥³
¸Î¨É ÉÓ, ÎÉμ ¢ ¸μ¸ÉμÖ´¨¨ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ ´ Ìμ¤ÖÉ¸Ö ¢ S-¸μ¸ÉμÖ´¨¨ μÉ´μ-

¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö. Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  j
(0)
μ ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö

Î¥·¥§ ¸¢μ¡μ¤´Ò° ¤¢ÊÌÎ ¸É¨Î´Ò° Ëμ·³Ë ±Éμ· (38), ±μÉμ·Ò° Ê¦¥ ¢ÒÎ¨¸²¥´
´ ³¨, ¸³. (41). Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ· , ÊÎ¨ÉÒ¢ ÕÐ¥£μ ¢§ ¨³μ¤¥°-
¸É¢¨¥,

〈P(±) |j(int)
μ | P′(±)〉

¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö Î¥·¥§ Ëμ·³Ë ±Éμ·

Gi(s ∓ iε, Q2, s′ ± iε). (74)

‡´ ± ®+¯ ¸μμÉ¢¥É¸É¢Ê¥É in-¸μ¸ÉμÖ´¨Õ, ®−¯ Å out-¸μ¸ÉμÖ´¨Õ. ”μ·³Ë ±Éμ·
¢ (74) ¨³¥¥É ±¨´¥³ É¨Î¥¸±¨¥ · §·¥§Ò ¢ ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨ ¶¥·¥³¥´´ÒÌ
s, s′, ¨¤ÊÐ¨¥ ¶μ ¤¥°¸É¢¨É¥²Ó´μ° μ¸¨ μÉ ÉμÎ±¨ 4M2 ¤μ ¡¥¸±μ´¥Î´μ¸É¨. ‡ ¶¨¸Ó
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Gi(s+ iε, Q2, s′− iε) μ§´ Î ¥É, ÎÉμ Ëμ·³Ë ±Éμ·  ´ ²¨É¨Î¥¸±¨ ³μ¦´μ ¶·μ¤μ²-
¦¨ÉÓ ¨§ Ë¨§¨Î¥¸±μ° μ¡² ¸É¨ ¶¥·¥³¥´´μ° s ¢ ¢¥·Ì´ÕÕ ¶μ²Ê¶²μ¸±μ¸ÉÓ ±μ³-
¶²¥±¸´μ° ¶²μ¸±μ¸É¨,   ¶μ ¶¥·¥³¥´´μ° s′, ¸μμÉ¢¥É¸É¢¥´´μ, ¢ ´¨¦´ÕÕ. ”μ·³-
Ë ±Éμ·, ¶ · ³¥É·¨§ÊÕÐ¨° ¶μ²´Ò° Éμ± (73), ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò
Ëμ·³Ë ±Éμ·μ¢ (59). � ¸¸³μÉ·¨³ ³ É·¨Î´Ò° Ô²¥³¥´É ¶μ²´μ£μ Éμ± . ‡ Ë¨±-
¸¨·Ê¥³ ¶¥·¥³¥´´ÊÕ s,   ¢¥±Éμ·Ò ¡ §¨¸  ¶¥·¥³¥´´μ° s′ ¸¢Ö¦¥³ ¶·¨ ¶μ³μÐ¨
S-³ É·¨ÍÒ:

〈P |jμ |P′(+)〉 = 〈P |jμ |P′(−)〉S(s′); (75)

S(s) = exp (2iδ), δ Å Ë §  · ¸¸¥Ö´¨Ö. S-³ É·¨ÍÊ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

S(s) =
B(s − iε)
B(s + iε)

. (76)

‡¤¥¸Ó B(s) Å ·¥²ÖÉ¨¢¨¸É¸±¨°  ´ ²μ£ ËÊ´±Í¨¨ ‰μ¸É . � ¢¥´¸É¢μ (75) ¢ É¥·-
³¨´ Ì Ëμ·³Ë ±Éμ·μ¢ ¸ ÊÎ¥Éμ³ · ¢¥´¸É¢ (74), (76) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Gi(s, Q2, s′ − iε)B(s′ − iε) − Gi(s, Q2, s′ + iε)B(s′ + iε) =

= −g0(s, Q2, s′) (B(s′ − iε) − B(s′ + iε)). (77)

� ¢¥´¸É¢μ (77) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É ± ´ §Ò¢ ¥³ÊÕ § ¤ ÎÊ �¨³ ´ Äƒ¨²Ó¡¥·É 
´  ¶μ²Ê¶·Ö³μ°, ·¥Ï¥´¨¥ ±μÉμ·μ° ¤ ´μ ¢ [91]:

Gi(s, Q2, s′)B(s′) = G̃(s, Q2, s′) + C1(s, Q2, s′), (78)

G̃(s, Q2, s′) = − 1
2πi

∞∫
4M2

ds′′ g0(s, Q2, s′′)Δ(s′′)
s′ − s′′

,

(79)
Δ(s) = (B(s + iε) − B(s − iε)),

C1(s, Q2, s′) Å ´¥¨§¢¥¸É´ Ö ËÊ´±Í¨Ö, ·¥£Ê²Ö·´ Ö ¶μ ¶¥·¥³¥´´μ° s′ ¢ μ±·¥¸É-
´μ¸É¨ ¤¥°¸É¢¨É¥²Ó´μ° μ¸¨ ¶·¨ 4M2 � s′ < ∞. …¸²¨ ¸¢Ö§ ÉÓ É¥¶¥·Ó in- ¨
out-¡ §¨¸Ò ¶μ ¶¥·¥³¥´´μ° s, Éμ, ¨¸¶μ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ ËÊ´±Í¨¨ Gi (78), (79),
¶μ²ÊÎ¨³ ±· ¥¢ÊÕ § ¤ ÎÊ �¨³ ´ Äƒ¨²Ó¡¥·É  ¤²Ö ËÊ´±Í¨¨ C1 ¶μ ¶¥·¥³¥´´μ°
s, ·¥Ï¥´¨¥ ±μÉμ·μ° § ¶¨Ï¥É¸Ö ¢ ¢¨¤¥,  ´ ²μ£¨Î´μ³ (78), (79). �μ¸²¥ ¢Ò-
¶μ²´¥´¨Ö  ´ ²¨É¨Î¥¸±μ£μ ¶·μ¤μ²¦¥´¨Ö ¶μ ¶¥·¥³¥´´Ò³ s, s′ ¢Ò· ¦¥´¨Ö ¤²Ö
Ëμ·³Ë ±Éμ·  (74) ¢ ÉμÎ±Ê ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö s = s′ = M2

c (Mc Å ³ ¸¸ 
¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö) ¨ ¢§ÖÉ¨Ö ¢ÒÎ¥Éμ¢ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ²Õ¸ Ì ³Ò ¶μ-
²ÊÎ¨³ Ëμ·³Ë ±Éμ· ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò, ¢Ò· ¦¥´´Ò° ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ É¥·-
³¨´ Ì S-Ë §Ò · ¸¸¥Ö´¨Ö ±μ´¸É¨ÉÊ¥´Éμ¢:

Fc(Q2) = Γ2

∞∫
4M2

ds ds′
g0(s, Q2, s′)Δ(s)Δ(s′)

(s − M2
c )(s′ − M2

c )
. (80)
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�μ¸ÉμÖ´´ Ö Γ2 μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö Fc(0) = ec ¨ ÊÎ¨ÉÒ¢ ¥É ¢±² ¤ É ±
´ §Ò¢ ¥³ÒÌ ´¥Ë¨§¨Î¥¸±¨Ì · §·¥§μ¢. ‘± Î±¨ ËÊ´±Í¨¨ ‰μ¸É  ¢Ò· ¦ ÕÉ¸Ö Î¥-
·¥§ Ë §Ê · ¸¸¥Ö´¨Ö, ¨§³¥·Ö¥³ÊÕ ¢ Ô±¸¶¥·¨³¥´É¥. ‘¢μ¡μ¤´Ò° ¤¢ÊÌÎ ¸É¨Î´Ò°
Ëμ·³Ë ±Éμ· ¤²Ö ´ Ï¥° ³μ¤¥²¨ § ¤ ¥É¸Ö Ëμ·³Ê²μ° (41). Fc(Q2) Å ËÊ´±Í¨-
μ´ ², ¶μ·μ¦¤¥´´Ò° g0(s, Q2, s′) ´  ËÊ´±Í¨ÖÌ Δ(s)/(s−M2

c ). ˆ§²μ¦¥´´Ò° ¢
· ¡μÉ Ì [84,88] Ëμ·³ ²¨§³ ¡Ò² ¶·¨³¥´¥´ ± ¤¥°É·μ´Ê ¨ ¤ ² Ìμ·μÏ¥¥ ¸μ£² ¸¨¥
¸ Ô±¸¶¥·¨³¥´É ³¨.

�É³¥É¨³, ÎÉμ Ëμ·³Ê²  (80), ¶μ²ÊÎ¥´´ Ö ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¤¨¸¶¥·-
¸¨μ´´μ³ ¶μ¤Ìμ¤¥, Ö¢²Ö¥É¸Ö ¢¶μ²´¥  ´ ²μ£¨Î´μ° Ëμ·³Ê²¥ (61), ¶μ²ÊÎ¥´´μ° ¢
³£´μ¢¥´´μ° Ëμ·³¥. �É   ´ ²μ£¨Ö ³μ¦¥É ¡ÒÉÓ ¡μ²¥¥ Ö¢´μ°, ¥¸²¨ ¢μ¸¶μ²Ó§μ-
¢ ÉÓ¸Ö ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [87], £¤¥ ´¥°É·μ´-¶·μÉμ´´ Ö ¸¨¸É¥³  · ¸¸³ É·¨¢ -
² ¸Ó ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¤¨¸¶¥·¸¨μ´´μ³ ¶μ¤Ìμ¤¥. ‚ ÔÉμ° · ¡μÉ¥ ¶μ± § ´μ, ÎÉμ
¥¸²¨  ³¶²¨ÉÊ¤  Ô²¥±É·μ· ¸Ð¥¶²¥´¨Ö ¤¥°É·μ´  Ê¤μ¢²¥É¢μ·Ö¥É ¶·¥¤¸É ¢²¥´¨Õ
Œ ´¤¥²Ó¸É ³ , Éμ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ´¥°É·μ´-¶·μÉμ´´μ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö
Ìμ·μÏμ μ¶·¥¤¥²¥´´μ° ¨ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  ¢ É¥·³¨´ Ì Ë § np-· ¸¸¥Ö´¨Ö
(¤¥É ²¨ ¢Ò¢μ¤  ¸³. ¢ [87]):

u(r) = Γ̃

∞∫
−∞

dx
Δ(x)
x − κ

sin (xr), (81)

§¤¥¸Ó κ2 Å Ô´¥·£¨Ö ¸¢Ö§¨ ¤¥°É·μ´ ; Γ̃ Å ´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É , ¢±²ÕÎ -
ÕÐ Ö ¢±² ¤Ò É ± ´ §Ò¢ ¥³ÒÌ ´¥Ë¨§¨Î¥¸±¨Ì · §·¥§μ¢.

�¥·¥²ÖÉ¨¢¨¸É¸±¨°  ´ ²μ£ Ëμ·³Ê²Ò (80), § ¶¨¸ ´´Ò° ¢ É¥·³¨´ Ì ¢μ²´μ-
¢ÒÌ ËÊ´±Í¨° (81) ¸ ÊÎ¥Éμ³ ´¥Ë¨§¨Î¥¸±¨Ì · §·¥§μ¢, ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ¥É ¸
Ëμ·³Ê²μ° (61). ’ ±¨³ μ¡· §μ³, Ëμ·³Ê²  (61) ³μ¦¥É ¡ÒÉÓ μ¡μ¸´μ¢ ´  (¢μ
¢¸Ö±μ³ ¸²ÊÎ ¥, ¤²Ö ¸¨¸É¥³, ¨³¥ÕÐ¨Ì ¸μ¸ÉμÖ´¨Ö · ¸¸¥Ö´¨Ö) ¢ · ³± Ì ³μ¤¨-
Ë¨Í¨·μ¢ ´´μ£μ ¤¨¸¶¥·¸¨μ´´μ£μ ¶μ¤Ìμ¤ , É. ¥. Ë ±É¨Î¥¸±¨ ¸ É¥³¨ ¦¥ ¶·¨¡²¨-
¦¥´¨Ö³¨ ¨ É¥³ ¦¥ Ê·μ¢´¥³ ¸É·μ£μ¸É¨, ¸ ±μÉμ·Ò³¨ ¢ · ³± Ì Š’� ¶μ²ÊÎ¥´Ò
 ´ ²¨É¨Î¥¸±¨¥ ¸¢μ°¸É¢  Ëμ·³Ë ±Éμ·μ¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³.

6. ����Œ…’�ˆ‡�–ˆŸ Œ�’�ˆ—�›• �‹…Œ…�’�‚
�„��—�‘’ˆ—�›• ��…��’���‚

�·μÍ¥¤Ê·Ê ¶μ¸É·μ¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  μ¶¥· Éμ·  Éμ± , É. ¥. ¶·¥¤¸É -
¢²¥´¨¥ ¥£μ Î¥·¥§ Ëμ·³Ë ±Éμ·Ò, ´ §Ò¢ ÕÉ ¶ · ³¥É·¨§ Í¨¥° ³ É·¨Î´μ£μ Ô²¥-
³¥´É . ‚ ¶·μ¸É¥°Ï¨Ì ¸²ÊÎ ÖÌ, ´ ¶·¨³¥·, ¤²Ö Î ¸É¨Í ¸μ ¸¶¨´ ³¨ 0 ¨ 1/2, ¶ · -
³¥É·¨§ Í¨Õ Ê¤ ¥É¸Ö ¶·μ¢¥¸É¨ ¨§ ¶μ²ÊÔ³¶¨·¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°, μ¤´ ±μ ¶μ-
¸É·μ¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  Éμ± , ´ ¶·¨³¥·, ¤²Ö Ö¤·  ¸ ¶·μ¨§¢μ²Ó-
´Ò³ ¸¶¨´μ³ ¡¥§ μ¡Ð¥° ³¥Éμ¤¨±¨ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³μ¦´μ. ‚ μ¡§μ·¥ [20] ¶·¨-
¢¥¤¥´Ò ¤¢  ¢μ§³μ¦´ÒÌ ¢ ·¨ ´É  ¶ · ³¥É·¨§ Í¨¨ Å Ô²¥³¥´É ·´μ-Î ¸É¨Î´ Ö ¨
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³Ê²ÓÉ¨¶μ²Ó´ Ö. �²ÓÉ¥·´ É¨¢´Ò³ ± ´¨³ Ö¢²Ö¥É¸Ö μ¡Ð¨° ³¥Éμ¤ ¶ · ³¥É·¨§ -
Í¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ²μ± ²Ó´ÒÌ μ¶¥· Éμ·μ¢, μ¸´μ¢Ò ±μÉμ·μ£μ · §¢¨ÉÒ
¢ · ¡μÉ¥ [51]. ’ ± ± ± ¶·¨ Ëμ·³Ê²¨·μ¢±¥ ÔÉμ£μ ³¥Éμ¤  ¨¸¶μ²Ó§Ê¥É¸Ö ± -
´μ´¨Î¥¸±¨° ¡ §¨¸ ¢ £¨²Ó¡¥·Éμ¢μ³ ¶·μ¸É· ´¸É¢¥, ¥£μ ¥¸É¥¸É¢¥´´μ ´ §¢ ÉÓ ± -
´μ´¨Î¥¸±¨³ ³¥Éμ¤μ³ ¶ · ³¥É·¨§ Í¨¨. ‘ É¥μ·¥É¨±μ-£·Ê¶¶μ¢μ° ÉμÎ±¨ §·¥´¨Ö
¶·μÍ¥¤Ê·  ¶ · ³¥É·¨§ Í¨¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ë ±É¨Î¥¸±¨ ·¥ ²¨§ Í¨Õ ¨§-
¢¥¸É´μ° É¥μ·¥³Ò ‚¨£´¥· Ä�±± ·É  ´  £·Ê¶¶¥ �Ê ´± ·¥. ’. ¥. ¶ · ³¥É·¨§ Í¨Ö
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·μÍ¥¤Ê·Ê ¢Ò¤¥²¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
(Ëμ·³Ë ±Éμ·μ¢), ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ¨´¢ ·¨ ´É ³¨ ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ¨§
£·Ê¶¶Ò �Ê ´± ·¥.

�¸´μ¢´ Ö ¨¤¥Ö ± ´μ´¨Î¥¸±μ° ¶ · ³¥É·¨§ Í¨¨ ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ-
¢ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ˆ§ ¶¥·¥³¥´´ÒÌ, μÉ ±μÉμ·ÒÌ § ¢¨¸ÖÉ ¢¥±Éμ·Ò £¨²Ó-
¡¥·Éμ¢  ¶·μ¸É· ´¸É¢  ¢ μ¡±² ¤± Ì μ¶¥· Éμ· , ´¥μ¡Ìμ¤¨³μ ¶μ¸É·μ¨ÉÓ μ¡Ñ¥±ÉÒ
¤¢ÊÌ É¨¶μ¢.

1. � ¡μ· ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ³ É·¨Í ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´  ¢ ´ Î ²Ó´μ³
¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ. � ¡μ· ÔÉ¨Ì ³ É·¨Í ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¤´μ¢·¥-
³¥´´μ ´ ¡μ· ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ²μ·¥´Í¥¢¸±¨Ì ¸± ²Ö·μ¢ (¸± ²Ö·μ¢ ¨ ¶¸¥¢-
¤μ¸± ²Ö·μ¢). „ ´´Ò° ´ ¡μ· μ¶¨¸Ò¢ ¥É ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Éμ± , ´¥¤¨ £μ-
´ ²Ó´Ò¥ ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´  ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ,   É ±¦¥ ¶μ-
¢¥¤¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨ ¤¨¸±·¥É´ÒÌ ¶·¥μ¡· §μ¢ ´¨ÖÌ ¶·μ¸É· ´¸É¢ -
¢·¥³¥´¨.

2. � ¡μ· ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ μ¡Ñ¥±Éμ¢, ¨³¥ÕÐ¨Ì É ±ÊÕ ¦¥ É¥´§μ·-
´ÊÕ · §³¥·´μ¸ÉÓ, ÎÉμ ¨ μ¶¥· Éμ· (ÔÉμ ³μ¦¥É ¡ÒÉÓ, ´ ¶·¨³¥·, 4-¢¥±Éμ· ¨²¨
4-É¥´§μ· ´¥±μÉμ·μ£μ · ´£ ). „ ´´Ò° ´ ¡μ· μ¶¨¸Ò¢ ¥É ¶μ¢¥¤¥´¨¥ ³ É·¨Î´μ£μ
Ô²¥³¥´É  ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ‹μ·¥´Í . …¸²¨ μ¶¥· Éμ· Ö¢²Ö¥É¸Ö ²μ·¥´Í¥¢-
¸±¨³ ¸± ²Ö·μ³, Éμ ÔÉμÉ ¢Éμ·μ° ´ ¡μ· ¸μ¢¶ ¤ ¥É ¸ ¶¥·¢Ò³.

Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò ¢¸¥Ì ¢μ§³μ¦-
´ÒÌ ¶·μ¨§¢¥¤¥´¨° μ¡Ñ¥±Éμ¢ ¶¥·¢μ£μ É¨¶  ´  μ¡Ñ¥±ÉÒ ¢Éμ·μ£μ É¨¶ . ŠμÔË-
Ë¨Í¨¥´ÉÒ ¶·¨ Ô²¥³¥´É Ì ÔÉμ° ¸Ê³³Ò ¨ ¡Ê¤ÊÉ ¨¸±μ³Ò³¨ ¶·¨¢¥¤¥´´Ò³¨ ³ -
É·¨Î´Ò³¨ Ô²¥³¥´É ³¨-Ëμ·³Ë ±Éμ· ³¨. �μ²ÊÎ¨¢Ï Ö¸Ö ²¨´¥°´ Ö ±μ³¡¨´ Í¨Ö
³μ¤¨Ë¨Í¨·Ê¥É¸Ö ¶·¨ ´ ²μ¦¥´¨¨ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨° ´  μ¶¥· Éμ· Éμ± ,
´ ¶·¨³¥·, § ±μ´μ¢ ¸μÌ· ´¥´¨Ö.

„²Ö ¶μÖ¸´¥´¨Ö ¸± § ´´μ£μ · ¸¸³μÉ·¨³ ´¥¸±μ²Ó±μ ¶·μ¸ÉÒÌ ¸²ÊÎ ¥¢. � -
Î´¥³ ¸ ¶ · ³¥É·¨§ Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¸± ²Ö·´μ£μ μ¶¥· Éμ·  A(x)
³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ¸¢μ¡μ¤´μ° ¡¥¸¸¶¨´μ¢μ° Î ¸É¨ÍÒ ³ ¸¸μ° M . ‚ ¸¨²Ê É· ´¸-
²ÖÍ¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ μ¶¥· Éμ· A(0). ˆ§ ¶¥·¥-
³¥´´ÒÌ, μÉ ±μÉμ·ÒÌ § ¢¨¸ÖÉ ¢¥±Éμ·Ò £¨²Ó¡¥·Éμ¢  ¶·μ¸É· ´¸É¢  ¢ ´ Î ²Ó´μ³
¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, ³μ¦´μ ¶μ¸É·μ¨ÉÓ ¤¢  ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö· 
p2 = p′

2 = M2, (p−p′)2 = q2 = −Q2. �¥É·¨¢¨ ²Ó´Ò³ ¸± ²Ö·μ³ ¡Ê¤¥É Éμ²Ó±μ
¢Éμ·μ° Å ±¢ ¤· É ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . ’ ± ± ± §´ Î¥´¨¥ M ¢ ´ Î ²Ó´μ³
¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ μ¤´μ ¨ Éμ ¦¥, ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ μ¶Ê¸± ÉÓ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨¥  ·£Ê³¥´ÉÒ ¢ ËÊ´±Í¨ÖÌ. …¸²¨ ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö Î ¸É¨ÍÒ ¨³¥¥É
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´μ·³¨·μ¢±Ê (12), Éμ ³ É·¨Î´Ò° Ô²¥³¥´É ¸± ²Ö·´μ£μ μ¶¥· Éμ·  ³μ¦¥É ¡ÒÉÓ
§ ¶¨¸ ´ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈p, M |A(0)|p′, M〉 = f(Q2). (82)

� ¸¸³μÉ·¨³ É¥¶¥·Ó ³ É·¨Î´Ò° Ô²¥³¥´É ¸± ²Ö·´μ£μ μ¶¥· Éμ·  ³¥¦¤Ê ¸μ-
¸ÉμÖ´¨Ö³¨ Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ j:

〈p, M, j, m |A(0)|p′, M, j, m′〉, (83)

m, m′ Å ¶·μ¥±Í¨¨ ¸¶¨´  Î ¸É¨ÍÒ.
’¥´§μ·´ Ö · §³¥·´μ¸ÉÓ μ¶¥· Éμ·  ´¥ ¨§³¥´¨² ¸Ó, μ¤´ ±μ ³ É·¨Î´Ò° Ô²¥-

³¥´É ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³ É·¨ÍÊ ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´  ¢ ´ Î ²Ó´μ³ ¨ ±μ-
´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ. �ÉÊ ³ É·¨ÍÊ ³μ¦´μ · §²μ¦¨ÉÓ ¶μ ´ ¡μ·Ê ³ É·¨Í, ¶μ-
¸É·μ¥´´ÒÌ ¨§ μ¶¥· Éμ·  ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¸¶¨´  Γμ(p) [92]. ‚ ¸¨¸É¥³¥ ¶μ±μÖ
Î ¸É¨ÍÒ ÔÉμÉ μ¶¥· Éμ· ¸μ¢¶ ¤ ¥É Ë ±É¨Î¥¸±¨ ¸ μ¶¥· Éμ·μ³ ¸¶¨´  Î ¸É¨ÍÒ:

Γ0(0) = 0, Γ(0) = M j, [ji, jk] = i εikl jl. (84)

‚¢¥¤¥´´Ò° μ¶¥· Éμ· ¸¶¨´  ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ ¢¥±Éμ· ‹Õ¡ ´Ó¸±μ£μÄ
� Ê²¨ wμ [69] ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Γμ
mm′(p) = 〈p, m|wμ|p, m′〉 = 〈0, m|U−1(Λp)wμU(Λp)|0, m′〉 =

= (Λp)
μ
ν 〈0, m|wν |0, m′〉 = (Λp)

μ
ν Γν

mm′(0). (85)

‡¤¥¸Ó Λp Å ¡Ê¸É, ¸¢Ö§Ò¢ ÕÐ¨° ² ¡μ· Éμ·´ÊÕ ¸¨¸É¥³Ê μÉ¸Î¥É  ¸ ¸¨¸É¥³μ° ¶μ-
±μÖ Î ¸É¨ÍÒ; U(Λp) Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨° μ¶¥· Éμ· ¶·¥¤¸É ¢²¥´¨Ö. Œ É·¨Í 
Λp ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ³ É·¨ÍÊ ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í , ¶·¥μ¡· §Ê-
ÕÐÊÕ ¢¥±Éμ· p′ ¢ p:

Λμ
ν = δμ

ν +
2

M2
pμ p′ν − (pμ + p′

μ)(pν + p′ν)
M2 + pλ p′λ

. (86)

Λp § ¤ ´  · ¢¥´¸É¢μ³ (86) ¶·¨ p′ = (M, 0, 0, 0).
� ¢¥´¸É¢  (84) ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¢ ¢¨¤¥

Γ0
mm′(0) = 〈0, m|w0|0, m′〉 = 0, Γmm′(0) = 〈0, m|w|0, m′〉 = M jmm′ .

(87)
ˆ¸¶μ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ Λp, ¶μ²ÊÎ ¥³

Γ0(p) = (pj), Γ(p) = M j +
p(pj)

p0 + M
, Γ2 = −M2 j(j + 1). (88)

�¶¥· Éμ· 4-¸¶¨´  ¶·¨ ¶·¥μ¡· §μ¢ ´¨ÖÌ ‹μ·¥´Í  pμ = Λμ
ν p′ν ¶·¥μ¡· §Ê¥É¸Ö

¶μ ¶·¥¤¸É ¢²¥´¨Õ ³ ²μ° £·Ê¶¶Ò:

Γμ(p) = Λμ
ν Dj(p, p′) Γν(p′)Dj(p′, p). (89)
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‘ ¶μ³μÐÓÕ (89) ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ· 
Dj(p, p′)Γμ(p′) ¶·¥μ¡· §Ê¥É¸Ö ± ± 4-¢¥±Éμ· (ÉμÎ´¥¥, ± ± ¶¸¥¢¤μ¢¥±Éμ·),   ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¶¥· Éμ·μ¢ Dj(p, p′)pμΓμ(p′) ¨ p′μΓμ(p)Dj(p, p′) ¢¥¤ÊÉ
¸¥¡Ö ± ± 4-¶¸¥¢¤μ¸± ²Ö·Ò.

’ ±¨³ μ¡· §μ³, ´ ¡μ· ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·μ¢, ¸μ¸É ¢²¥´´ÒÌ ¨§
¢¥±Éμ·μ¢ pμ, p′μ ¨ ¶¸¥¢¤μ¢¥±Éμ·  Γμ(p′), ¡Ê¤¥É ¸μ¤¥·¦ ÉÓ ´¥ Éμ²Ó±μ ¤¨ £μ-
´ ²Ó´Ò¥ ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´  ¢¥²¨Î¨´Ò, ´μ ¨ ´¥¤¨ £μ´ ²Ó´Ò¥. ‡ ³¥É¨³, ÎÉμ ¢
μ¡· §μ¢ ´¨¨ ¸± ²Ö·μ¢ ´¥ ÊÎ ¸É¢Ê¥É ¶¸¥¢¤μ¢¥±Éμ· Γμ(p)Dj(p, p′), É ± ± ± μ´
Ö¢²Ö¥É¸Ö ²¨´¥°´μ § ¢¨¸¨³Ò³. �Éμ ³μ¦´μ ¶μ± § ÉÓ, ¥¸²¨ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¸μ-
μÉ´μÏ¥´¨¥³ (89) ¨ Ö¢´Ò³ ¢¨¤μ³ ³ É·¨ÍÒ Λμ

ν (86). �μ¸²¥ ¶·μ¸ÉÒÌ ¢Ò±² ¤μ±
¶μ²ÊÎ ¥³

Γμ(p)Dj(p, p′) = Dj(p, p′)
[
Γμ(p′) − pμ + p′

μ

M2 + pμp′μ
[pνΓν(p′)]

]
. (90)

’ ± ± ± p′μΓμ(p′) = 0, Éμ ¨¸±μ³Ò° ´ ¡μ· ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ³ É·¨Í ¶μ
¶·μ¥±Í¨Ö³ ¸¶¨´  ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, ±μÉμ·Ò¥ μ¡· §ÊÕÉ
´ ¡μ· ´¥§ ¢¨¸¨³ÒÌ ²μ·¥´Í¥¢¸±¨Ì ¸± ²Ö·μ¢, ¸μ¸É ¢ÖÉ 2j + 1 ¢¥²¨Î¨´

Dj(p, p′) (pμΓμ(p′))n, n = 0, 1, 2 . . . , 2j. (91)

—¨¸²μ ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·μ¢ ¢ (91) μ£· ´¨Î¥´μ É¥³, ÎÉμ ¶·μ¨§¢¥-
¤¥´¨¥, ¸μ¤¥·¦ Ð¥¥ ¡μ²ÓÏ¥¥, Î¥³ 2j, Î¨¸²μ ³´μ¦¨É¥²¥° Γμ(p′), ¸¢μ¤¨É¸Ö ±
¶·μ¨§¢¥¤¥´¨Ö³ ¸ ³¥´ÓÏ¨³ Î¨¸²μ³ ¸μ³´μ¦¨É¥²¥°, É. ¥. ´¥ Ö¢²Ö¥É¸Ö ²¨´¥°´μ
´¥§ ¢¨¸¨³Ò³. �·¨ Î¥É´μ³ n ¶μ²ÊÎ¥´´Ò¥ ¢¥²¨Î¨´Ò ¡Ê¤ÊÉ ¸± ²Ö· ³¨,   ¶·¨
´¥Î¥É´μ³ n Å ¶¸¥¢¤μ¸± ²Ö· ³¨. ’ ±¨³ μ¡· §μ³, ³ É·¨Î´Ò° Ô²¥³¥´É Éμ± 
³μ¦´μ · §²μ¦¨ÉÓ ¶μ ¸¨¸É¥³¥ ÔÉ¨Ì ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·μ¢. ŠμÔËË¨-
Í¨¥´ÉÒ ¢ ÔÉμ° ²¨´¥°´μ° ±μ³¡¨´ Í¨¨ fn(Q2) ¨ ¡Ê¤ÊÉ ¨¸±μ³Ò³¨ Ëμ·³Ë ±Éμ-
· ³¨. ’ ± ± ± ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Å Ëμ·³Ë ±Éμ·Ò Å ¢ ¸¨²Ê
¸¢μ¥° ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ ¢· Ð¥´¨° ´¥ ¤μ²¦´Ò § ¢¨¸¥ÉÓ μÉ ¶·μ-
¥±Í¨° ¸¶¨´ , Éμ μ´¨ ¡Ê¤ÊÉ § ¢¨¸¥ÉÓ Éμ²Ó±μ μÉ μ¤´μ° ¸± ²Ö·´μ° ±μ³¡¨´ Í¨¨
¶¥·¥³¥´´ÒÌ Å ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ .

� ²μ¦¥´¨¥ ´  μ¶¥· Éμ· A(0) Ê¸²μ¢¨Ö ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨ É·¥¡Ê¥É ³¨-
´¨³ ²Ó´μ° ³μ¤¨Ë¨± Í¨¨ ´ ¡μ·  (91),   ¨³¥´´μ, ¢ ¸± ²Ö·´μ³ ¶·μ¨§¢¥¤¥´¨¨
¢ (91) ¢μ§´¨± ¥É ¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó Å ³´¨³ Ö ¥¤¨´¨Í  i. ˆÉ ±, ¸
ÊÎ¥Éμ³ Ê¸²μ¢¨Ö ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨ ³ É·¨Î´Ò° Ô²¥³¥´É Éμ±  § ¶¨Ï¥É-
¸Ö ¢ ¢¨¤¥

〈p, M, j, m|A(0)|p′, M, j, m′〉 =

=
2j∑

n=0

j∑
m′′=−j

〈m|Dj(p, p′)|m′′〉〈m′′ |{ipμΓμ(p′)}n|m′〉 fn(Q2). (92)
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‘ ³μ¸μ¶·Ö¦¥´´μ¸ÉÓ ¶μ¸É·μ¥´´μ£μ μ¶¥· Éμ·  ³μ¦´μ ¤μ± § ÉÓ, ¨¸¶μ²Ó§ÊÖ ¸²¥-
¤ÊÕÐ¥¥ ¨§ (90) ¸μμÉ´μÏ¥´¨¥

p′μΓμ(p)Dj(p, p′) = −Dj(p, p′)pμΓμ(p′). (93)

„²Ö ¸± ²Ö·´μ£μ μ¶¥· Éμ·  n ¡Ê¤¥É ¶·¨´¨³ ÉÓ Éμ²Ó±μ Î¥É´Ò¥ §´ Î¥´¨Ö, ¤²Ö
¶¸¥¢¤μ¸± ²Ö·´μ£μ Å ´¥Î¥É´Ò¥.

� ¸¸³μÉ·¨³ μ¶¥· Éμ· jμ(0), Ö¢²ÖÕÐ¨°¸Ö 4-¢¥±Éμ·μ³. „²Ö ¶ · ³¥É·¨§ -
Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¨§ ¶¥·¥³¥´´ÒÌ, μÉ ±μÉμ·ÒÌ § ¢¨¸ÖÉ ¢¥±Éμ·Ò ¸μ¸Éμ-
Ö´¨Ö, ´¥μ¡Ìμ¤¨³μ ¶μ¸É·μ¨ÉÓ ´ ¡μ· ¢¥²¨Î¨´ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° É¥´§μ·´μ° · §-
³¥·´μ¸É¨. ˆ§ ¨³¥ÕÐ¨Ì¸Ö ¶¥·¥³¥´´ÒÌ ¢ ¢¥±Éμ· Ì ¸μ¸ÉμÖ´¨° Î ¸É¨ÍÒ ³μ¦´μ
¸μ¸É ¢¨ÉÓ μ¤¨´ ¶¸¥¢¤μ¢¥±Éμ· Γμ(p′) ¨ É·¨ ´¥§ ¢¨¸¨³ÒÌ ¢¥±Éμ· 

Kμ = (p − p′)μ = qμ, K ′
μ = (p + p′)μ, Rμ = εμνλρ pν p′λ Γρ(p′); (94)

εμνλρ Å  ¡¸μ²ÕÉ´μ  ´É¨¸¨³³¥É·¨Î´Ò° ¶¸¥¢¤μÉ¥´§μ· 4-£μ · ´£ , ε0123 = −1.
Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ· , ÎÉμ¡Ò ¡ÒÉÓ 4-¢¥±Éμ·μ³, ¡Ê¤¥É ¢Ò· ¦ ÉÓ¸Ö Î¥-
·¥§ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ê± § ´´ÒÌ ¢¥²¨Î¨´, Ê³´μ¦¥´´ÒÌ ¸²¥¢  ´  Dj(p, p′).
�·¨ ÔÉμ³ ± ¦¤Ò° É ±μ° μ¡Ñ¥±É ¤μ²¦¥´ ¡ÒÉÓ Ê³´μ¦¥´ ´  ¸Ê³³Ê ²¨´¥°´μ
´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·μ¢, ¶μ¸É·μ¥´´ÒÌ ¶·¨ ¶ · ³¥É·¨§ Í¨¨ (92):

〈p, M, j, m|jμ(0)|p′, M, j, m′〉 =
∑
m′′

〈m|Dj(p, p′)|m′′〉×

× 〈m′′|F1K
′
μ + F2Γμ(p′) + F3Rμ + F4Kμ|m′〉, (95)

£¤¥
Fi =

2j∑
n=0

fin(Q2)(ipμΓμ(p′))n. (96)

� ²μ¦¨³ ´  μ¶¥· Éμ· ´¥±μÉμ·Ò¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ê¸²μ¢¨Ö.
1. “¸²μ¢¨¥ ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨.
ˆ¸¶μ²Ó§ÊÖ (93), ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ Ê¸²μ¢¨¥ ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨ ¢ ¶· -

¢μ° Î ¸É¨ (95) ¤²Ö Î²¥´ , ¸μ¤¥·¦ Ð¥£μ F2 ¶·¨ n = 0, ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨-
³μ¸É¨ ´¥¸±μ²Ó±μ ³μ¤¨Ë¨Í¨·μ¢ ÉÓ ¢¥±Éμ· ¶·¨ F2 ¸ ¶μ³μÐÓÕ Ê¦¥ ¢¢¥¤¥´´ÒÌ
¢ (95) 4-¢¥±Éμ·μ¢:

Γμ(p′) → Γμ(p′) − K ′μ

K ′2 (pμΓμ(p′)).

“¸²μ¢¨¥ ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨ ¤²Ö Î²¥´μ¢, ¸μ¤¥·¦ Ð¨Ì F2 ¨ F3 ¶·¨ n = 0,
¤ ¥É ¥Ð¥ μ¤´Ê ³μ¤¨Ë¨± Í¨Õ ÔÉ¨Ì Î²¥´μ¢:

FiA
μ → 1

2
(FiA

μ + AμFi) = {FiA
μ}+ , i = 2, 3. (97)

‡¤¥¸Ó Aμ Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥±Éμ·Ò ¢ (95).
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‘ ³μ¸μ¶·Ö¦¥´´μ¸ÉÓ Î²¥´μ¢, ¸μ¤¥·¦ Ð¨Ì F3 ¨ F4, ¶·¨¢μ¤¨É ± Ê³´μ¦¥´¨Õ
¨Ì ´  ³´¨³ÊÕ ¥¤¨´¨ÍÊ.

2. “¸²μ¢¨Ö μ·Éμ£μ´ ²Ó´μ¸É¨ ¢¥±Éμ·μ¢ ¶ · ³¥É·¨§ Í¨¨.
�Éμ ¶·¨¢¥¤¥É ¥Ð¥ ± μ¤´μ° ³μ¤¨Ë¨± Í¨¨ ¢¥±Éμ·  ¶·¨ F2:

Γμ(p′) −
(

K ′ μ

K ′2 +
Kμ

K2

)
(pμΓμ(p′)) .

3. “¸²μ¢¨¥ ¸μÌ· ´¥´¨Ö Î¥É´μ¸É¨.
CÊ³³¨·μ¢ ´¨¥ ¢ (96) μ£· ´¨Î¥´μ É¥³, ÎÉμ ± ¦¤μ¥ ¸² £ ¥³μ¥ ¢ ¶· ¢μ°

Î ¸É¨ (95) ¸μ¤¥·¦¨É ²¨´¥°´μ ´¥§ ¢¨¸¨³Ò¥ Î²¥´Ò Éμ²Ó±μ ¶·¨ Ê¸²μ¢¨¨ ´ ²¨Î¨Ö
´¥ ¡μ²¥¥ 2j ¸μ³´μ¦¨É¥²¥° Γμ (¸³. (91)). �·¨ ´ ²μ¦¥´¨¨ Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö
Î¥É´μ¸É¨ ¸Ê³³¨·μ¢ ´¨¥ ¢ (96) ¡Ê¤¥É μ£· ´¨Î¥´μ É ±¦¥ É¥³, ÎÉμ ¢¸¥ ¸² £ ¥³Ò¥
¤μ²¦´Ò ¸μ¤¥·¦ ÉÓ Éμ²Ó±μ Î¥É´μ¥ Î¨¸²μ ¶¸¥¢¤μ¢¥±Éμ·´ÒÌ ³´μ¦¨É¥²¥° Γμ.
’ ±¨³ μ¡· §μ³, ¸Ê³³¨·μ¢ ´¨¥ ¢ F1 ¨ F4 ¶·μ¨¸Ìμ¤¨É ¶μ Î¥É´Ò³ n: 2j � n �
0, ¢ F3 ¶μ Î¥É´Ò³ n: 2j − 1 � n � 0,   ¢ F2 ¶μ ´¥Î¥É´Ò³ n: 2j − 1 � n > 0.

4. “¸²μ¢¨¥ ¸μÌ· ´¥´¨Ö: jμKμ = jμqμ = 0. ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ÔÉμ Ê¸²μ¢¨¥
¡Ê¤¥É ¢Ò¶μ²´ÖÉÓ¸Ö Éμ²Ó±μ ¶·¨ F4 = 0.

’ ±¨³ μ¡· §μ³, ¶ · ³¥É·¨§ Í¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨ ´ ²μ¦¥´¨¨ ¢Ò-
Ï¥¶¥·¥Î¨¸²¥´´ÒÌ Ê¸²μ¢¨° ¨³¥¥É ¢¨¤

〈p, M, j, m|jμ(0)|p′, M, j, m′〉 =
∑
m′′

〈m|Dj(p, p′)|m′′〉 × 〈m′′|F1K
′
μ+

+
{

F2

[
Γμ(p′) − (pμΓμ(p′))

(
Kμ

K2
+

K ′
μ

K ′2

)]}
+

+ i {F3 Rμ}+ |m′〉. (98)

�μ¸É·μ¥´´ Ö ¶·μÍ¥¤Ê·  ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´ , ´ ¶·¨³¥·, ¤²Ö ¶μ¸É·μ¥´¨Ö
³ É·¨Î´μ£μ Ô²¥³¥´É  Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¤²Ö Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ 1/2 (¸³.
Ê¸²μ¢¨Ö (29)Ä(33)):

〈
p, M,

1
2
, m

∣∣∣jμ(0)
∣∣∣p ′, M,

1
2
, m′

〉
=

∑
m′′

〈m|D1/2(p, p′)|m′′〉×

× 〈m′′|f10(Q2)K ′
μ + if30(Q2)Rμ|m′〉. (99)

”μ·³Ë ±Éμ·Ò f10(Q2) = f1(Q2) ¨ f30(Q2) = f2(Q2) ¨³¥ÕÉ ¸³Ò¸² Ô²¥±É·¨-
Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ Ëμ·³Ë ±Éμ·μ¢ Î ¸É¨ÍÒ ¸μμÉ¢¥É¸É¢¥´´μ.

f1(Q2), f2(Q2) ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ μ¡Ð¥¶·¨´ÖÉÒ¥ ¸ ±¸μ¢¸±¨¥
GE(Q2) Å Ô²¥±É·¨Î¥¸±¨° ¨ GM (Q2) Å ³ £´¨É´Ò° Ëμ·³Ë ±Éμ·Ò Î ¸É¨-
ÍÒ [93]:

f1(Q2) =
2M√

4M2 + Q2
GE(Q2), f2(Q2) = − 4

M
√

4M2 + Q2
GM (Q2).

(100)
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‚¶μ²´¥  ´ ²μ£¨Î´μ, ÌμÉÖ ¨ ´¥¸±μ²Ó±μ ¡μ²¥¥ £·μ³μ§¤±μ, ¤ ´´ Ö ¶·μÍ¥¤Ê· 
¢Ò£²Ö¤¨É ¶·¨ ¶μ¸É·μ¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·μ¢ ¡μ²¥¥ ¢Ò¸μ±μ°
É¥´§μ·´μ° · §³¥·´μ¸É¨.

7. ����Œ…’�ˆ‡�–ˆŸ Œ�’�ˆ—�›• �‹…Œ…�’�‚
„‚“•—�‘’ˆ—��ƒ� ��…��’���

‘‚���„��ƒ� �‹…Š’��Œ�ƒ�ˆ’��ƒ� ’�Š�

‚ ÔÉμ³ · §¤¥²¥ ³Ò μ¡μ¡Ð¨³ ³¥Éμ¤ ¶ · ³¥É·¨§ Í¨¨, · §¢¨ÉÒ° ¢ · §¤. 6,
´  ¸²ÊÎ ° ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚μ§Ó³¥³ ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ
¸¢μ¡μ¤´ÒÌ Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¨ ¶·μ¢¥¤¥³ ¶ · ³¥É·¨§ Í¨Õ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢ μ¶¥· Éμ·μ¢ ´  ¶·¨³¥·¥ ¶μ¸É·μ¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  μ¶¥· -
Éμ·  Ô²¥±É·μ³ £´¨É´μ£μ Éμ± . ‡ ³¥É¨³, ÎÉμ  ´ ²μ£¨Î´ Ö § ¤ Î  ·¥Ï ¥É¸Ö ¢
· ¡μÉ¥ [94] ¢ Ëμ·³ ²¨§³¥ ³Ê²ÓÉ¨¶μ²Ó´μ° ¶ · ³¥É·¨§ Í¨¨. ‚ μÉ²¨Î¨¥ μÉ ¶·μ-
¸Éμ° ³μ¤¥²¨ (34) · §¤. 2 μ¶¥· Éμ· Éμ±  ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ´¥¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

j(0)
μ (0) = j(1)

μ ⊗ I(2) ⊕ j(2)
μ ⊗ I(1); (101)

j
(1,2)
μ Å Ô²¥±É·μ³ £´¨É´Ò¥ Éμ±¨ Î ¸É¨Í; I(1,2) Å ¥¤¨´¨Î´Ò¥ μ¶¥· Éμ·Ò ¢

μ¤´μÎ ¸É¨Î´ÒÌ £¨²Ó¡¥·Éμ¢ÒÌ ¶·μ¸É· ´¸É¢ Ì ¸μ¸ÉμÖ´¨° Î ¸É¨Í. ‚ É¥·³¨´ Ì
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢ ¡ §¨¸¥ (12) · ¢¥´¸É¢μ (101) ¶¥·¥¶¨Ï¥É¸Ö ¢ ¢¨¤¥ ¸Ê³³Ò
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¤´μÎ ¸É¨Î´ÒÌ Éμ±μ¢:

〈p1, m1;p2, m2|j(0)
μ (0)|p′

1, m
′
1;p

′
2, m

′
2〉 =

= 〈p1, m1|p′
1, m

′
1〉〈p2, m2|j2μ(0)|p′

2, m
′
2〉 + (1 ↔ 2). (102)

Š ¦¤Ò° ¨§ μ¤´μÎ ¸É¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ Éμ±μ¢ ¢ (102) ³μ¦´μ § -
¶¨¸ ÉÓ Î¥·¥§ Ëμ·³Ë ±Éμ·Ò, ± ± ÔÉμ μ¶¨¸ ´μ ¢ · §¤. 6. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò
Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 Ô²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ¸¨¸É¥³Ò ¡Ê¤ÊÉ μ¶¨¸Ò¢ ÉÓ¸Ö
Ëμ·³Ë ±Éμ· ³¨ f1, f2, § ¤ ´´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ (99), (100). � ¸¸³μÉ·¨³ É¥-
¶¥·Ó ³ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¤¢ÊÌ ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í ¢
¡ §¨¸¥ (13):

〈P,
√

s |j(0)
μ (0) |P′,

√
s′〉. (103)

„²Ö ¶μ¸É·μ¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μÍ¥¤Ê·Ê, · §-
¢¨ÉÊÕ ¢ · §¤. 6. � ¸¸³μÉ·¨³ ¸´ Î ²  ¶·μ¸Éμ° ¸²ÊÎ ° J = J ′ = S = S′ =
l = l′ = 0. „ ´´Ò° ´ ¡μ· ±¢ ´Éμ¢ÒÌ Î¨¸¥² ¢μ§´¨± ¥É, ´ ¶·¨³¥·, ¶·¨ μ¶¨-
¸ ´¨¨ ¢ · ³± Ì �ˆŠŒ ¶¨μ´  [63]. �·¨ ¶·μ¢¥¤¥´¨¨ ¶ · ³¥É·¨§ Í¨¨ ¸ ¤ ´-
´Ò³ ´ ¡μ·μ³ ±¢ ´Éμ¢ÒÌ Î¨¸¥² μÉ¸ÊÉ¸É¢Ê¥É ¶¸¥¢¤μ¢¥±Éμ· Γμ, μ¤´ ±μ ´ ·Ö¤Ê
¸μ ¸± ²Ö·μ³ (P − P ′)2 = −Q2 ¶μÖ¢²ÖÕÉ¸Ö ¥Ð¥ ¤¢  ´¥É·¨¢¨ ²Ó´ÒÌ ¸± ²Ö· 
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s′ = P ′2 ¨ s = P 2, ±μÉμ·Ò¥ ¨³¥ÕÉ ¸³Ò¸² ±¢ ¤· Éμ¢ ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò ¸¢μ-
¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ. ’ ±¨³
μ¡· §μ³, Ëμ·³Ë ±Éμ·Ò ¢ ¶ · ³¥É·¨§ Í¨¨ ¡Ê¤ÊÉ ËÊ´±Í¨Ö³¨ Q2, s, s′. Œ -
É·¨Î´Ò° Ô²¥³¥´É Éμ±  ¡Ê¤¥É ²¨´¥°´μ° ±μ³¡¨´ Í¨¥° 4-¢¥±Éμ·μ¢ Pμ ¨ P ′

μ, ¨

¶μ¸²¥ ´ ²μ¦¥´¨Ö Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö (32) j
(0)
μ (0)(P − P ′)μ = 0 ¶ · ³¥É·¨-

§ Í¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·¨³¥É ¢¨¤, ¸μ¢¶ ¤ ÕÐ¨° ¸ (38), (39). �¤´ ±μ
¤²Ö · ¸¸³ É·¨¢ ¥³μ° ¸¨¸É¥³Ò ¤¢ÊÌ ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¸¢μ¡μ¤-
´Ò° ¤¢ÊÌÎ ¸É¨Î´Ò° Ëμ·³Ë ±Éμ· g0(s, Q2, s′) ¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ (41). „²Ö
¶μ²ÊÎ¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¢Ò· ¦¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¢ (38) ¶·μ¨§¢¥¸É¨ · §²μ-
¦¥´¨¥ Š²¥¡Ï Äƒμ·¤ ´  ´¥¶·¨¢μ¤¨³μ£μ ¶·¥¤¸É ¢²¥´¨Ö (13) ´  ¶·Ö³μ¥ ¶·μ¨§-
¢¥¤¥´¨¥ ¤¢ÊÌ ´¥¶·¨¢μ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° (12) ¨ ¶μ¤¸É ¢¨ÉÓ · ¢¥´¸É¢  (99),
(102). ‚ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤ÖÉ¸Ö ¢¶μ²´¥  ´ ²μ£¨Î´μ ¢ÒÎ¨¸²¥´¨Ö³ ¸¢μ¡μ¤´μ£μ
Ëμ·³Ë ±Éμ·  (41) ¶·μ¸Éμ° ³μ¤¥²¨ ¢ · §¤. 2, μ¤´ ±μ ¶·¨¸ÊÉ¸É¢Ê¥É ·Ö¤ Ê¸²μ¦-
´¥´¨°. ‚μ-¶¥·¢ÒÌ, μ¶¥· Éμ· Éμ±  ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¡Ê¤¥É ¨³¥ÉÓ ¢ μÉ²¨-
Î¨¥ μÉ (34) ¢¨¤ (102). ‚μ-¢Éμ·ÒÌ, ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μÎ ¸É¨Î´ÒÌ Éμ±μ¢
¢ μÉ²¨Î¨¥ μÉ Ëμ·³Ê²Ò (35) ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ § ·Ö¤μ¢Ò° ¨ ³ £´¨É´Ò° Ëμ·-
³Ë ±Éμ·Ò Î ¸É¨ÍÒ (99), (100). ‚-É·¥ÉÓ¨Ì, ¢ · §²μ¦¥´¨¨ (40) ±μÔËË¨Í¨¥´ÉÒ
Š²¥¡Ï Äƒμ·¤ ´  ¡Ê¤ÊÉ ¨³¥ÉÓ ¡μ²¥¥ ¸²μ¦´Ò° ¢¨¤. ˆÌ Ö¢´Ò° ¢¨¤ ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ ¨§ (22), ¶μ²μ¦¨¢ J = S = l = 0. ‚¨¤´μ, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ¶·μ¸Éμ° ³μ¤¥²¨
· §¤. 2 ±μÔËË¨Í¨¥´ÉÒ Š²¥¡Ï Äƒμ·¤ ´  ¡Ê¤ÊÉ ¸μ¤¥·¦ ÉÓ ³ É·¨ÍÒ ¢¨£´¥·μ¢-
¸±¨Ì ¢· Ð¥´¨°. Ÿ¢´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö g0(s, Q2, s′) ¢ ¸²ÊÎ ¥ ¤¢ÊÌ Î ¸É¨Í ¸μ
¸¶¨´μ³ 1/2 ¨ · ¢´μ° ³ ¸¸Ò (´ ¶·¨³¥·, u- ¨ d̄-±¢ ·±μ¢) ¸ ¸Ê³³ ·´Ò³ ¸¶¨´μ³
¨ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³, · ¢´Ò³¨ ´Ê²Õ, ¢ÒÎ¨¸²¥´μ ¢ · ¡μÉ¥ [63]:

g0(s, Q2, s′)=nc
(s + s′ + Q2)Q2

2
√

(s−4M2)(s′−4M2)
ϑ(s, Q2, s′)

[λ(s,−Q2, s′)]3/2

1√
1+Q2/4M2

×

×
{

(s + s′ + Q2)(Gu
E(Q2) + Gd̄

E(Q2)) cos (ω1 + ω2)+

+
1
M

ξ(s, Q2, s′)(Gu
M (Q2) + Gd̄

M (Q2)) sin (ω1 + ω2)

}
. (104)

‡¤¥¸Ó ξ(s, Q2, s′) =
√

ss′Q2 − M2λ(s,−Q2, s′); nc Å Î¨¸²μ Í¢¥Éμ¢ ±¢ ·±μ¢;
ω1 ¨ ω2 Å ¶ · ³¥É·Ò ¢¨£´¥·μ¢¸±μ£μ ¶μ¢μ·μÉ  ¸¶¨´μ¢:

ω1 = arctg
ξ(s, Q2, s′)

M
[
(
√

s +
√

s′)2 + Q2
]

+
√

ss′(
√

s +
√

s′)
,

(105)

ω2 = arctg
α(s, s′)ξ(s, Q2, s′)

M(s + s′ + Q2)α(s, s′) +
√

ss′(4M2 + Q2)
,
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α(s, s′) = 2M +
√

s +
√

s′ ¨ Gu,d̄
E,M (Q2) Å ¸ ±¸μ¢¸±¨¥ Ëμ·³Ë ±Éμ·Ò u- ¨

d̄-±¢ ·±μ¢. ”Ê´±Í¨Ö ϑ μ¶·¥¤¥²Ö¥É¸Ö É ± ¦¥, ± ± ¢ ¢Ò· ¦¥´¨¨ (41). ‚Ò· ¦¥-
´¨¥ (104) ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¶·¨ μ¶¨¸ ´¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ ¶¨μ´ 
¢ · ¡μÉ Ì [52Ä54,57,58,61,63].

�·μ¢¥¤¥³ É¥¶¥·Ó  ´ ²μ£¨Î´ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¢ ¡ §¨¸¥ (13) ¤²Ö ¸¨¸É¥³Ò
¸ ´ ¡μ·μ³ ±¢ ´Éμ¢ÒÌ Î¨¸¥², ¢ ±μÉμ·μ³ J , J ′ = 0 (¸³. É ±¦¥ [75]). ‹μ·¥´Í-
±μ¢ ·¨ ´É´Ò¥ ¸¢μ°¸É¢  ³ É·¨Î´μ£μ Ô²¥³¥´É  (103) ¡Ê¤ÊÉ μ¶¨¸Ò¢ ÉÓ¸Ö ¶μ  ´ -
²μ£¨¨ ¸ (94) É·¥³Ö 4-¢¥±Éμ· ³¨ ¨ μ¤´¨³ ¶¸¥¢¤μ¢¥±Éμ·μ³:

K ′
μ = (P + P ′)μ, Kμ = (P − P ′)μ, Rμ = εμνλ�P

νP ′λΓ�(P ′), Γμ(P ′).
(106)

�¸¥¢¤μ¢¥±Éμ· Γμ(P ) ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ¶ · ³¥É·¨§ Í¨¨, É ± ± ± ¸¢Ö§ ´ ¸
Γμ(P ′) ¸μμÉ´μÏ¥´¨¥³,  ´ ²μ£¨Î´Ò³ (90):

1√
s

Γμ(P )Dj(P, P ′) =

= Dj(P, P ′)
{

1√
s′

Γμ(P ′)− 1√
ss′

√
s′ Pμ +

√
s P ′

μ

PνP ′ν +
√

ss′
[PνΓν(P ′)]

}
.

‹¨´¥°´μ ´¥§ ¢¨¸¨³Ò¥ ³ É·¨ÍÒ ¶μ ¶·μ¥±Í¨Ö³ ¶μ²´μ£μ ³μ³¥´É  ±μ²¨Î¥¸É¢ 
¤¢¨¦¥´¨Ö ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ ¸É·μÖÉ¸Ö ¨§ ¢¥±Éμ·μ¢ Pμ ¨
Γμ(P ′), ± ± ÔÉμ μ¶¨¸ ´μ ¢ (91):

DJ(P, P ′) (PμΓμ(P ′))n, n = 0, 1, 2, . . . , 2J. (107)

�·¨ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨ÖÌ ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨, ¸μÌ· ´¥´¨Ö Éμ± , ¸μÌ· -
´¥´¨Ö Î¥É´μ¸É¨,   É ±¦¥ ¢§ ¨³´μ° μ·Éμ£μ´ ²Ó´μ¸É¨ ¢¥±Éμ·μ¢ ¶ · ³¥É·¨§ Í¨Ö
³ É·¨Î´μ£μ Ô²¥³¥´É  ¶μ  ´ ²μ£¨¨ ¸ (98) ¶·¨´¨³ ¥É ¢¨¤ (¸³. É ±¦¥ (97))

〈P,
√

s, J, l, S, mJ |j(0)
μ |P′,

√
s′, J, l′, S′, m′

J〉 =

=
∑
m′′

J

〈mJ |DJ (P, P ′)|m′′
J 〉〈m′′

J |
3∑

i=1

{
F ll′SS′

i Ai
μ(s, Q2, s′)

}
+
|m′

J 〉, (108)

A1
μ =

1
Q2

[
(s − s′ + Q2)Pμ + (s′ − s + Q2)P ′

μ

]
,

A2
μ =

1√
s′

{
Γμ(P ′) − 1

2
√

s

[
(
√

s +
√

s′)
Kμ

−Q2
+

√
s′Pμ +

√
sP ′

μ

PP ′ +
√

ss′
+

+
√

s −
√

s′

λ(s,−Q2, s′)

[
(
√

s +
√

s′)2 + Q2
]

A1
μ

]
(PλΓλ(P ′))

}
, A3

μ =
i√
s′

Rμ.

(109)
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‚¥²¨Î¨´Ò F ll′SS′

i ¢ (108) μ¶·¥¤¥²ÖÕÉ¸Ö ¶μ  ´ ²μ£¨¨ ¸ · ¢¥´¸É¢μ³ (96):

F ll′SS′

i =
2J∑

n=0

f ll′SS′

in (s, Q2, s′)(iPμΓμ(P ′))n. (110)

‘Ê³³¨·μ¢ ´¨¥ ¢ (110) μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ÊÎ¥Éμ³ Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö Î¥É´μ¸É¨
É ± ¦¥, ± ± ¢ (98).

�¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Å ¨´¢ ·¨ ´É-
´Ò¥ Ëμ·³Ë ±Éμ·Ò ¢ μÉ²¨Î¨¥ μÉ Ëμ·³Ë ±Éμ·  (41) Å § ¢¨¸ÖÉ μÉ ¤μ¶μ²´¨-
É¥²Ó´ÒÌ ¨´¢ ·¨ ´É´ÒÌ ¢¥²¨Î¨´ l, l′, S, S′ Å ¨´¢ ·¨ ´É´ÒÌ ¶ · ³¥É·μ¢ ¢Ò-
·μ¦¤¥´¨Ö ¢ ¡ §¨¸¥ (13). �É³¥É¨³, ÎÉμ Ê¸²μ¢¨¥ ¸ ³μ¸μ¶·Ö¦¥´´μ¸É¨ ¢ (108)
¡Ê¤¥É ¢Ò¶μ²´ÖÉÓ¸Ö ¶·¨ ¸²¥¤ÊÕÐ¨Ì μ£· ´¨Î¥´¨ÖÌ ´  Ëμ·³Ë ±Éμ·Ò f ll′SS′

in :

f ll′SS′∗

in (s, Q2, s′) = f l′lS′S
in (s′, Q2, s), (111)

£¤¥ §¢¥§¤μÎ±μ° μ¡μ§´ Î¥´  μ¶¥· Í¨Ö ±μ³¶²¥±¸´μ£μ ¸μ¶·Ö¦¥´¨Ö.
�É¤¥²Ó´μ · ¸¸³μÉ·¨³ ¸²ÊÎ ° M1 = M2 = M , J = J ′ = S = S′ = 1, l =

l′ = 0. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨¸¶μ²Ó§μ¢ ²¨¸Ó
¢ [66] ¶·¨ μ¶¨¸ ´¨¨ ρ-³¥§μ´  ¢ Œˆ� ¡¥§ ÊÎ¥É  ¢μ§³μ¦´μ£μ D-¸μ¸ÉμÖ´¨Ö (¸³.
É ±¦¥ [95]). ‘ Ê± § ´´Ò³ ´ ¡μ·μ³ ±¢ ´Éμ¢ÒÌ Î¨¸¥² ËÊ´±Í¨¨ F ll′SS′

i ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° ¢¨¤ (¸·. ¸ · ¢¥´¸É¢ ³¨ (96), (98)):

F1 = f10(s, Q2, s′) + f12(s, Q2, s′)(iPνΓν(P ′))2,

F2 = f21(s, Q2, s′) (i PνΓν(P ′)), (112)

F3 = f30(s, Q2, s′).

‚ · ¢¥´¸É¢ Ì (112) μ¶ÊÐ¥´Ò Ë¨±¸¨·μ¢ ´´Ò¥ ¶¥·¥³¥´´Ò¥ l, l′, S, S′. ’·¥¡μ¢ -
´¨¥ ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ ¢·¥³¥´´ÒÌ μÉ· ¦¥´¨° ´ ±² ¤Ò¢ ¥É ¤μ¶μ²-
´¨É¥²Ó´Ò¥ Ê¸²μ¢¨Ö ´  Ëμ·³Ë ±Éμ·Ò:

f∗
in = fin, i = 1, 3; f∗

21 = −f21. (113)

� ¸¸³ É·¨¢ Ö Ê¸²μ¢¨Ö (111) ¨ (113) ¸μ¢³¥¸É´μ, ¶μ²ÊÎ ¥³

f ll′SS′

in (s, Q2, s′) = f l′lS′S
in (s′, Q2, s), i = 1, 3,

(114)
f ll′SS′

21 (s, Q2, s′) = −f l′lS′S
21 (s′, Q2, s).

ˆ§ (114) ¢¨¤´μ, ÎÉμ Ëμ·³Ë ±Éμ· f21 ¢μ§´¨± ¢ ¶ · ³¥É·¨§ Í¨¨ ¨§-§  ´¥· ¢¥´-
¸É¢  ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ. Š ± ³Ò Ê¢¨-
¤¨³ ¤ ²¥¥, ÔÉμÉ Ëμp³Ë ±Éμp ´¥ ¤ ¥É ¢±² ¤  ¢ Ê¶pÊ£¨¥ ¶·μÍ¥¸¸Ò, ´ ¶·¨³¥·,
· ¸¸¥Ö´¨¥ Ô²¥±Épμ´μ¢ ´  ¸μ¸É ¢´μ° Î ¸É¨Í¥, μ¤´ ±μ, ´ ¶·¨³¥·, ¢ ¶pμÍ¥¸¸Ò
· ¤¨ Í¨μ´´ÒÌ ¶¥·¥Ìμ¤μ¢ μ´ ¡Ê¤¥É ¤ ¢ ÉÓ ¢±² ¤.
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„²Ö Éμ£μ ÎÉμ¡Ò ¢¢¥¤¥´´Ò¥ Ëμ·³Ë ±Éμ·Ò fin ¢ (112) ¨³¥²¨ μ¡Ð¥¶·¨´ÖÉÒ°
¸³Ò¸², ¨Ì ´¥μ¡Ìμ¤¨³μ ¶¥·¥μ¶·¥¤¥²¨ÉÓ. ‚¢μ¤Ö ´μ¢Ò¥ μ¡μ§´ Î¥´¨Ö, ¶μ²ÊÎ ¥³

F1 = g0C(s, Q2, s′) + g0Q(s, Q2, s′)×

×
{

(iPνΓν(P ′))2 − 1
3

Sp (iPνΓν(P ′))2
}

2
Sp (PνΓν(P ′))2

,

F2 = g0MQ(s, Q2, s′) (i PνΓν(P ′)), F3 = g0M (s, Q2, s′).

(115)

‘± ²Ö·´Ò° ³´μ¦¨É¥²Ó ¶¥·¥¤ g0Q ¢Ò¡· ´ ¢ É ±μ³ ¢¨¤¥, ÎÉμ¡Ò g0Q ³μ¦´μ
¡Ò²μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ± ± ±¢ ¤·Ê¶μ²Ó´Ò° Ëμ·³Ë ±Éμ· ¸¨¸É¥³Ò ¤¢ÊÌ ¸¢μ-
¡μ¤´ÒÌ Î ¸É¨Í. �¸É ²Ó´Ò¥ ¸¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Ëμ·³Ë ±Éμ·Ò ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° Ë¨§¨Î¥¸±¨° ¸³Ò¸²: g0C Å § ·Ö¤μ¢Ò°, g0MQ = f21 Å ³ £´¨É-
´Ò° ±¢ ¤pÊ¶μ²Ó´Ò° 2-£μ pμ¤ , ±² ¸¸¨Î¥¸±¨³  ´ ²μ£μ³ ±μÉμ·μ£μ Ö¢²Ö¥É¸Ö É ±
´ §Ò¢ ¥³Ò° Éμ·μ¨¤´Ò° ³ £´¨É´Ò° ³μ³¥´É [96], g0M = f30 Å ³ £´¨É´Ò°
Ëμp³Ë ±Éμp ¸¢μ¡μ¤´μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò.

Š ± ¨ ¢ ¸²ÊÎ ¥ (41), ¸¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Ëμ·³Ë ±Éμ·Ò ¢ (115)
³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ Ëμ·³Ë ±Éμ·Ò ±μ´¸É¨ÉÊ¥´Éμ¢. ‚ ¸¨²Ê £·μ³μ§¤±μ¸É¨
Ëμ·³Ê² ³Ò §¤¥¸Ó ¶·¨¢¥¤¥³ Éμ²Ó±μ ¢Ò· ¦¥´¨¥ ¤²Ö § ·Ö¤μ¢μ£μ ¸¢μ¡μ¤´μ£μ ¤¢ÊÌ-
Î ¸É¨Î´μ£μ Ëμ·³Ë ±Éμ· , μ¸É ²Ó´Ò¥ ¶·¨¢¥¤¥´Ò ¢ [66], £¤¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó
¶·¨ μ¶¨¸ ´¨¨ Ô²¥±É·μ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ρ-³¥§μ´ :

g0C(s, Q2, s′) =
1
3

R(s, Q2, s′)Q2
{
(s + s′ + Q2)(Gu

E(Q2) + Gd̄
E(Q2))×

× [2 cos (ω1 − ω2) + cos (ω1 + ω2)] −
1
M

ξ(s, Q2, s′)×

× (Gu
M (Q2) + Gd̄

M (Q2)) [2 sin (ω1 − ω2) − sin (ω1 + ω2)]
}
, (116)

£¤¥

R(s, Q2, s′) =
(s + s′ + Q2)

2
√

(s − 4M2)(s′ − 4M2)
ϑ(s, Q2, s′)

[λ(s,−Q2, s′)]3/2

1√
1 + Q2/4M2

.

‚ ¶·¨¢¥¤¥´´ÒÌ Ëμ·³Ê² Ì ¢¸¥ ¢Ìμ¤ÖÐ¨¥ ¢ ´¨Ì ¢¥²¨Î¨´Ò μ¶·¥¤¥²¥´Ò É ± ¦¥,
± ± ¢ ¢Ò· ¦¥´¨¨ (104).

‘¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Ëμ·³Ë ±Éμ·Ò (104), (115), (116) ¤μ²¦´Ò · ¸-
¸³ É·¨¢ ÉÓ¸Ö ± ± μ¡μ¡Ð¥´´Ò¥ ËÊ´±Í¨¨ É ± ¦¥, ± ± ÔÉμ ¤¥² ²μ¸Ó ¢ · §¤. 2.
‘² ¡Ò¥ ¶·¥¤¥²Ò ÔÉ¨Ì Ëμ·³Ë ±Éμ·μ¢ ¤ ÕÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É É¨Î¥¸±¨¥ ³μ-
³¥´ÉÒ ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í: § ·Ö¤Ò, ±¢ ¤·Ê¶μ²Ó´Ò° ¨
³ £´¨É´Ò° ³μ³¥´ÉÒ. �É³¥É¨³, ÎÉμ Ê¸²μ¢¨Ö ´  ¸¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥
Ëμ·³Ë ±Éμ·Ò, ¸²¥¤ÊÕÐ¨¥ ¨§ É·¥¡μ¢ ´¨°, ´ ±² ¤Ò¢ ¥³ÒÌ ´  μ¶¥· Éμ· Ô²¥±-
É·μ³ £´¨É´μ£μ Éμ±  (114), É ±¦¥ ´Ê¦´μ · ¸¸³ É·¨¢ ÉÓ ¢ ¸² ¡μ³ ¸³Ò¸²¥.
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�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¶·μ¢μ¤¨É¸Ö ¶ · ³¥É·¨§ Í¨Ö ¨ ¢ÒÎ¨¸²¥´¨Ö ¸¢μ¡μ¤-
´ÒÌ ¤¢ÊÌÎ ¸É¨Î´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¤²Ö ¸¨¸É¥³Ò ¸ ´ ¡μ·μ³ ±¢ ´Éμ¢ÒÌ Î¨¸¥²
J = J ′ = S = S′ = 1, l, l′ = 0, 2. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¢μ¡μ¤´Ò¥ Ëμ·³Ë ±Éμ·Ò
Ö¢²ÖÕÉ¸Ö ³ É·¨Í ³¨ ¶μ μ·¡¨É ²Ó´μ³Ê ³μ³¥´ÉÊ. ‚ ¸¨²Ê ¨Ì £·μ³μ§¤±μ¸É¨ μ´¨
§¤¥¸Ó ´¥ ¶·¨¢μ¤ÖÉ¸Ö, ¨Ì Ö¢´Ò° ¢¨¤ ¤ ´ ¢ · ¡μÉ¥ [68], £¤¥ μ´¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó
¶·¨ · ¸Î¥É¥ Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ ¤¥°É·μ´ .

8. ����Œ…’�ˆ‡�–ˆŸ
Œ�’�ˆ—�›• �‹…Œ…�’�‚ ��…��’���‚

‘ˆ‘’…Œ› „‚“• ‚‡�ˆŒ�„…‰‘’‚“	™ˆ• —�‘’ˆ–

‚ ´ ¸ÉμÖÐ¥³ · §¤¥²¥ ³Ò ¶·μ¢¥¤¥³ μ¡μ¡Ð¥´¨¥ ¨§²μ¦¥´´μ£μ ¢ ¶·¥¤Ò¤ÊÐ¨Ì
· §¤¥² Ì ³¥Éμ¤  ¶ · ³¥É·¨§ Í¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ´  ¸²ÊÎ ° ¤¢ÊÌÎ ¸É¨Î-
´ÒÌ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³, É. ¥. Î ¸É¨Í, ¢´ÊÉ·¥´´ÖÖ ¸É·Ê±ÉÊ·  ±μÉμ·ÒÌ μ¶·¥¤¥²Ö-
¥É¸Ö ¢§ ¨³μ¤¥°¸É¢¨¥³ ¥¥ ¸μ¸É ¢²ÖÕÐ¨Ì.

�Ê¸ÉÓ μ¶¥· Éμ· jμ(0) μ¶¨¸Ò¢ ¥É ¶¥·¥Ìμ¤ ³¥¦¤Ê ¤¢Ê³Ö ¸μ¸ÉμÖ´¨Ö³¨ · ¸-
¸³ É·¨¢ ¥³μ° ¤¢ÊÌÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¨ Ö¢²Ö¥É¸Ö ¤¨ £μ´ ²Ó´Ò³ ¶μ ¶μ²´μ³Ê
³μ³¥´ÉÊ ¨³¶Ê²Ó¸ . � §²μ¦¥´¨¥,  ´ ²μ£¨Î´μ¥ · §²μ¦¥´¨Õ ‚¨£´¥· Ä�±± ·É ,
¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ÔÉμ£μ μ¶¥· Éμ·  ¨³¥¥É ¢¨¤ (95), (96). —Éμ¡Ò ¶μ¤-
Î¥·±´ÊÉÓ, ÎÉμ ·¥ÎÓ ¨¤¥É μ Î ¸É¨Í¥, ¨³¥ÕÐ¥° ¸μ¸É ¢´ÊÕ ¶·¨·μ¤Ê, ¶¥·¥¶¨Ï¥³
· ¢¥´¸É¢  (95), (96) ¸ μÎ¥¢¨¤´Ò³¨ ¨§³¥´¥´¨Ö³¨ ¢ μ¡μ§´ Î¥´¨ÖÌ:

〈pc, mJc |jμ(0)|p′
c, m

′
Jc〉 =

= 〈mJc|DJc(pc, p′c)
[
F c

1 K ′
μ + F c

2 Γμ(p′c)+ F c
3 Rμ + F c

4 Kμ] |m′
Jc〉, (117)

£¤¥

F c
i =

2Jc∑
n=0

f c
in(Q2)(ipcμΓμ(p′c))

n. (118)

‚ (117), (118) (pc − p′c)2 = −Q2, p2
cμ = p′cμ

2 = M2
c , Mc Å ³ ¸¸  ¸μ¸É ¢´μ°

Î ¸É¨ÍÒ. ‚ μ¡μ§´ Î¥´¨ÖÌ ¢¥±Éμ·μ¢ ¸μ¸ÉμÖ´¨° ¶μ ¸· ¢´¥´¨Õ ¸ (95) μ¶ÊÐ¥´Ò
¸¶¨´ ¨ ³ ¸¸  Î ¸É¨ÍÒ.

„²Ö ´ £²Ö¤´μ¸É¨ ¨§²μ¦¥´¨Ö ³Ò ¶μ±  ´¥ ¡Ê¤¥³ ´ ±² ¤Ò¢ ÉÓ ´  ³ É·¨Î-
´Ò° Ô²¥³¥´É μ¶¥· Éμ·  (117) ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨°, ± ± ÔÉμ ¤¥² ²μ¸Ó ¶·¨
¶μ¸É·μ¥´¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  (98). Š ± Ê¦¥ £μ¢μ·¨²μ¸Ó ¢ · §¤. 1, ¢¥±Éμ·
¸μ¸ÉμÖ´¨° ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥ Éμ±  (117) ¢ �ˆŠŒ ³μ¦¥É ¡ÒÉÓ · §²μ¦¥´
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¶μ ¡ §¨¸Ê (13):

〈pc, mJc|jμ(0)|p′
c, m

′
Jc〉 =

=
∑ ∫

dP dP ′

NCG N ′
CG

d
√

s d
√

s′ 〈pc, mJc|P,
√

s, J, l, S, mJ〉×

× 〈P,
√

s, J, l, S, mJ |jμ(0)|P′,
√

s′, J ′, l′, S′, mJ′〉×
× 〈P′,

√
s′, J ′, l′, S′, mJ′ |p′

c, m
′
Jc〉. (119)

‡¤¥¸Ó 〈P′,
√

s′, J ′, l′, S′, mJ′ |p′, m′
Jc〉 Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ¸³Ò¸²¥ ³£´μ¢¥´-

´μ° Ëμ·³Ò �ˆŠŒ (26),   ¸Ê³³¨·μ¢ ´¨¥ ¨¤¥É ¶μ ¢¸¥³ ¤¨¸±·¥É´Ò³ ¶¥·¥³¥´-
´Ò³ ¡ §¨¸  (13).

’·Ê¤´μ¸É¨ ¶ · ³¥É·¨§ Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  Éμ±  ¢ (119) ¶μ¤·μ¡´μ
μ¡¸Ê¦¤ ÕÉ¸Ö ¢ · §¤. 2 ¶·¨ ¶ · ³¥É·¨§ Í¨¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ (47), (48).
‚ ¤ ´´μ³ · §¤¥²¥ ³Ò § ¶¨Ï¥³ Éμ²Ó±μ  ´ ²μ£ Ëμ·³Ê² (49) ¨ (50) ¤²Ö ¸²ÊÎ Ö
Î ¸É¨Í ¸μ ¸¶¨´μ³:

Û−1(Λ)jμ(0)Û(Λ) = j̃μ(0), (120)

〈pc, mJc|j̃μ(0)|p′
c, m

′
Jc〉 = 〈pc, mJc|Û−1(Λ)jμ(0)Û(Λ)|p′

c, m
′
Jc〉 =

=
∑

m̃Jc,m̃′
Jc

〈mJc|[DJc(RΛ)]−1|m̃Jc〉〈Λpc, m̃Jc|jμ(0)|Λp′
c, m̃

′
Jc〉×

× 〈m̃′
Jc|DJc(RΛ)|m′

Jc〉. (121)

DJ (RΛ) Å ³ É·¨Í  ¢· Ð¥´¨°, μ¸ÊÐ¥¸É¢²ÖÕÐ Ö ¶·¥μ¡· §μ¢ ´¨¥ ¸¶¨´  ¶·¨
¶·¥μ¡· §μ¢ ´¨ÖÌ ‹μ·¥´Í . � ¢¥´¸É¢μ (121) ¶μ  ´ ²μ£¨¨ ¸ (50) ¶μ± §Ò¢ ¥É, ÎÉμ
¢ ¸²ÊÎ ¥, ±μ£¤  μ¶¥· Éμ· ¨ ¢¥±Éμ·Ò μ¡±² ¤μ± ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ μ¤´μ³Ê ¨ Éμ³Ê
¦¥ ¶·¥¤¸É ¢²¥´¨Õ £·Ê¶¶Ò ‹μ·¥´Í , É· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢  Éμ±  ± ±
4-¢¥±Éμ·  (29) ³μ¦´μ μ¶¨¸Ò¢ ÉÓ, ¨¸¶μ²Ó§ÊÖ 4-¢¥±Éμ·Ò ´ Î ²Ó´μ£μ ¨ ±μ´¥Î-
´μ£μ ¸μ¸ÉμÖ´¨°.

Š ± ¨ ¢ · §¤. 2, ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É ¢ (119) ± ± ´¥±μ-
Éμ·ÊÕ ·¥£Ê²Ö·´ÊÕ ²μ·¥´Í-±μ¢ ·¨ ´É´ÊÕ μ¡μ¡Ð¥´´ÊÕ ËÊ´±Í¨Õ. �¥¤ÊÍ¨·Ê¥³
¢Ò· ¦¥´¨¥ (119) ¸ ¶μ³μÐÓÕ · ¢¥´¸É¢  (26) ± ¸²¥¤ÊÕÐ¥³Ê:

〈pc, mJc|jμ(0)|p′
c, m

′
Jc〉 =

∑
l,l′,S,S′

∫
Nc N ′

c

NCG N ′
CG

d
√

s d
√

s′ ϕJc
lS (s)×

× 〈pc,
√

s, Jc, l, S, mJc|jμ(0)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉ϕJc
l′S′(s′). (122)

‚ (122) ÊÎÉ¥´μ, ÎÉμ ¶μ²´Ò° ³μ³¥´É ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ´¥ ¨§³¥´Ö¥É¸Ö.
‚μ¸¶μ²Ó§Ê¥³¸Ö ¶μ²´μÉμ° ´ ¡μ·  ¸μ¸ÉμÖ´¨°:

Î =
∑∫

dP
NCG

d
√

s |P,
√

s, J, l, S, mJ〉〈P,
√

s, J, l, S, mJ |. (123)



310 Š�“’�‚ �.”., ’��ˆ–Šˆ‰ ‚. ….

‘Ê³³¨·μ¢ ´¨¥ ¢ (123) ¶·μ¨§¢μ¤¨É¸Ö ¶μ ¢¸¥³ ¤¨¸±·¥É´Ò³ ¶¥·¥³¥´´Ò³ ¡ -
§¨¸  (13).

‚³¥¸Éμ · ¢¥´¸É¢ (52) ¨³¥¥³:

∑ ∫
Nc N ′

c

NCG N ′
CG

d
√

s d
√

s′ ϕJc
lS (s)ϕJc

l′S′(s′)×

× 〈pc,
√

s, Jc, l, S, mJc|Û−1(Λ)jμ(0)Û(Λ)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉 =

= 〈pc, mJc|Û−1(Λ) Î jμ(0) Î Û(Λ)|p′
c, m

′
Jc〉 =

=
∑

m̃Jc,m̃′
Jc

〈mJc|[DJ (RΛ)]−1|m̃Jc〉〈Λp, m̃Jc|Î jμ(0)Î|Λp′, m̃′
Jc〉×

× 〈m̃′
Jc|DJ(RΛ)]|m′

Jc〉 =

=
∑∫

Nc N ′
c

NCG N ′
CG

d
√

s d
√

s′ ϕJc
lS (s)ϕJc

l′S′(s′)
∑

m̃Jc,m̃′
Jc

〈mJc|[DJ (RΛ)]−1|m̃Jc〉×

×〈Λpc,
√

s, Jc, l, S, m̃Jc|jμ(0)|Λp′
c,
√

s′, Jc, l
′, S′, m̃′

Jc〉〈m̃′
Jc|DJ(RΛ)]|m′

Jc〉.
(124)

‚¨¤´μ, ÎÉμ ¶μ¤ §´ ±μ³ ¨´É¥£· ²  ³ É·¨Î´Ò° Ô²¥³¥´É Éμ±  Ê¤μ¢²¥É¢μ·Ö¥É  ´ -
²μ£Ê ¸μμÉ´μÏ¥´¨° (121) ¨, §´ Î¨É, ± ´¥³Ê ¶μ¤ §´ ±μ³ ¨´É¥£· ²μ¢ ¨ ¸Ê³³
¶·¨³¥´¨³  É¥μ·¥³  ‚¨£´¥· Ä�±± ·É  ¤²Ö £·Ê¶¶Ò �Ê ´± ·¥ ¢ ¸² ¡μ³ ¸³Ò¸²¥.

�· ¢ÊÕ Î ¸ÉÓ ¢ (122) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ËÊ´±Í¨μ´ ² ´  ¶·μ¸É· ´-
¸É¢¥ μ¸´μ¢´ÒÌ ËÊ´±Í¨° ¢¨¤  (¸³. É ±¦¥ (26))

ψll′SS′
(s, s′) = ulS(k(s))ul′S′(k(s′)). (125)

�¥·¥¶¨Ï¥³ (122) ¢ ¢¨¤¥

〈pc, mJc|jμ(0)|p′
c, m

′
Jc〉 =

∑
l,l′,S,S′

∫
dμ(s, s′)

Nc N ′
c

NCG N ′
CG

ψll′SS′
(s, s′)×

× 〈pc,
√

s, Jc, l, S, mJc|jμ(0)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉. (126)

Œ¥·  ¨´É¥£·¨·μ¢ ´¨Ö ¢ (126) ¢Ò¡· ´  ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ´μ·³¨·μ¢±μ° ¢μ²´μ-
¢ÒÌ ËÊ´±Í¨° ¸ ·¥²ÖÉ¨¢¨¸É¸±μ° ¶²μÉ´μ¸ÉÓÕ ¸μ¸ÉμÖ´¨° (26):

dμ(s, s′) = 16θ(s − (M1 + M2)2) θ(s′ − (M1 + M2)2)×

×
√√

s(1 − η2/s2)
√

s′(1 − η2/s′ 2) dμ(s) dμ(s′), (127)

£¤¥ dμ(s) § ¤ ´μ · ¢¥´¸É¢μ³ (44).
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‡ ³¥É¨³, ÎÉμ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¤¨¸±·¥É´Ò³ ¨´¢ ·¨ ´É´Ò³ ¶¥·¥³¥´´Ò³
³μ¦´μ § ³¥´¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥³, ¢¢μ¤Ö ¶μ¤ §´ ± ¨´É¥£· ²  ¸Ê³³Ê ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì ¤¥²ÓÉ -ËÊ´±Í¨°. ’μ£¤  ¶μ²ÊÎ¨¢Ï¥¥¸Ö ¢Ò· ¦¥´¨¥ ´¥μ¡Ìμ¤¨³μ · ¸-
¸³ É·¨¢ ÉÓ ± ± ËÊ´±Í¨μ´ ² ¢ R6. ‚ ¸¨²Ê (124) ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¶· ¢μ°
Î ¸É¨ (126) ³μ¦¥É ¡ÒÉÓ · §²μ¦¥´ ¶μ Éμ³Ê ¦¥ ´ ¡μ·Ê ²¨´¥°´μ ´¥§ ¢¨¸¨³ÒÌ
¸± ²Ö·μ¢, ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ ¶· ¢ÊÕ Î ¸ÉÓ (117), (118):

Nc N ′
c

NCG N ′
CG

〈pc,
√

s, Jc, l, S, mJc|jμ(0)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉 =

= 〈mJc|DJc(pc, p
′
c)

2Jc∑
n=0

(ipcμΓμ(p′c))
nAll′SS′

nμ (s, Q2, s′)|m′
Jc〉, (128)

£¤¥ All′SS′

nμ (s, Q2, s′) Å ²μ·¥´Í-±μ¢ ·¨ ´É´ Ö μ¡μ¡Ð¥´´ Ö ËÊ´±Í¨Ö.
�·¨· ¢´Ö¥³ ¢Ò· ¦¥´¨Ö ¶·¨ μ¤¨´ ±μ¢ÒÌ ¸± ²Ö· Ì ¢ ¶· ¢ÒÌ Î ¸ÉÖÌ (117)

¨ (126) ¸ ÊÎ¥Éμ³ (128):

∑
l,l′,S,S′

∫
dμ(s, s′)ψll′SS′

(s, s′)〈mJc|All′SS′

nμ (s, Q2, s′) |m′
Jc〉 =

= 〈mJc|
[
f c
1nK ′

μ + f c
2nΓμ(p′c) + f c

3nRμ + f c
4nKμ

]
|m′

Jc〉. (129)

ˆ§ ¶μ²ÊÎ¥´´μ£μ · ¢¥´¸É¢  ¢¨¤´μ, ÎÉμ μ¡μ¡Ð¥´´ Ö ËÊ´±Í¨Ö ¢ ²¥¢μ° Î ¸É¨
¤μ²¦´  ¸μ¤¥·¦ ÉÓ Î ¸É¨ ¤¨ £μ´ ²Ó´Ò¥ ¨ ´¥¤¨ £μ´ ²Ó´Ò¥ ¶μ mJc, m′

Jc:

All′SS′

nμ (s, Q2, s′) = All′SS′

1nμ (s, Q2, s′) + All′SS′

2nμ (s, Q2, s′). (130)

�¥·¢μ¥ ¸² £ ¥³μ¥ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¤¨ £μ´ ²Ó´μ ¶μ ¶·μ¥±Í¨Ö³ ³μ³¥´É ,  
¢Éμ·μ¥ Å ´¥¤¨ £μ´ ²Ó´μ. � ¸¸³μÉ·¨³ ¤¨ £μ´ ²Ó´ÊÕ ¶μ ¶·μ¥±Í¨Ö³ ¶μ²´μ£μ
³μ³¥´É  Î ¸ÉÓ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ (129):

∑
l,l′S,S′

∫
dμ(s, s′)ψll′SS′

(s, s′)〈mJc|All′SS′

1nμ (s, Q2, s′) |mJc〉 =

= 〈mJc|
[
f c
1n[ψ] K ′

μ + f c
4n[ψ] Kμ

]
|mJc〉. (131)

‡ ¶¨¸Ó f c
in[ψ] μ§´ Î ¥É, ÎÉμ Ëμ·³Ë ±Éμ·Ò ¸μ¸É ¢´μ° Î ¸É¨ÍÒ Ö¢²ÖÕÉ¸Ö ËÊ´±-

Í¨μ´ ² ³¨ ´  μ¸´μ¢´ÒÌ ËÊ´±Í¨ÖÌ (125). �μÉ·¥¡Ê¥³, ÎÉμ¡Ò · ¢¥´¸É¢μ (131)
¡Ò²μ ¸¶· ¢¥¤²¨¢μ ¶·¨ ²Õ¡μ° μ¸´μ¢´μ° ËÊ´±Í¨¨ ψll′SS′

(s, s′). � ¸¸Ê¦¤ Ö É ±
¦¥, ± ± ¶·¨ ¶μ²ÊÎ¥´¨¨ (57) ¢ ¶·μÍ¥¤Ê·¥ ¶ · ³¥É·¨§ Í¨¨ (56), ¶μ²ÊÎ ¥³, ÎÉμ
¢¥±Éμ· ¶· ¢μ° Î ¸É¨ (131) ²¥¦¨É ¢ £¨¶¥·¶²μ¸±μ¸É¨, μ¶·¥¤¥²Ö¥³μ° ¢¥±Éμ· ³¨
Kμ, K ′

μ. �μ  ´ ²μ£¨¨ ¸ (57), ÎÉμ¡Ò · ¢¥´¸É¢μ (131) ¢Ò¶μ²´Ö²μ¸Ó ´  ¢¸¥³
¶·μ¸É· ´¸É¢¥ μ¸´μ¢´ÒÌ ËÊ´±Í¨°, μ¡μ¡Ð¥´´ Ö ËÊ´±Í¨Ö ¢ ²¥¢μ° Î ¸É¨ ¤μ²¦´ 
¨³¥ÉÓ ¢¨¤

All′SS′

1nμ (s, Q2, s′) = Kμ Gll′SS′

1n (s, Q2, s′) + K ′
μ Gll′SS′

4n (s, Q2, s′). (132)
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‡¤¥¸Ó Gll′SS′

in (s, Q2, s′), i = 1, 4, Å ²μ·¥´Í-¨´¢ ·¨ ´É´Ò¥ μ¡μ¡Ð¥´´Ò¥ ËÊ´±-
Í¨¨. �μ¤¸É ¢²ÖÖ (132) ¢ (131), ¶μ²ÊÎ ¥³ ¸ ÊÎ¥Éμ³ (26) ¨ (44) ¸²¥¤ÊÕÐ¨¥
 ´ ²μ£¨ Ëμ·³Ê²Ò (60):

f c
in(Q2)=

∑
l,l′,S,S′

∞∫
M1+M2

d
√

s d
√

s′ ϕJc
lS (s)Gll′SS′

in (s, Q2, s′)ϕJc
l′S′(s′), i=1, 4.

(133)
� ¸¸³ É·¨¢ Ö ´¥¤¨ £μ´ ²Ó´Ò¥ ¶μ mJc, m′

Jc ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢ (129) ¨
¶μ¢Éμ·ÖÖ · ¸¸Ê¦¤¥´¨Ö ¶·¨ ¶μ²ÊÎ¥´¨¨ (133), ¶μ²ÊÎ ¥³ ¨´É¥£· ²Ó´Ò¥ ¶·¥¤¸É -
¢²¥´¨Ö ¤²Ö f c

in(Q2), i = 2, 3. ’ ±¨³ μ¡· §μ³, ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¶· ¢μ°
Î ¸É¨ (126) ± ± ²μ·¥´Í-±μ¢ ·¨ ´É´ Ö μ¡μ¡Ð¥´´ Ö ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤-
¸É ¢²¥´ ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥£μ · §²μ¦¥´¨Ö,  ´ ²μ£¨Î´μ£μ · §²μ¦¥´¨Õ ‚¨£´¥· Ä
�±± ·É :

〈pc,
√

s, Jc, l, S, mJc|jμ(0)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉 =
NCG N ′

CG

Nc N ′
c

×

× 〈mJc|DJc(pc, p′c)
[
F1K

′
μ + F2Γμ(p′c)+ F3Rμ + F4Kμ] |m′

Jc〉, (134)

Fi =
2Jc∑
n=0

Gll′SS′

in (s, Q2, s′)(ipcμΓμ(p′c))
n, (135)

c ¤μ¶μ²´¨É¥²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨ (133).

‚ ¢Ò· ¦¥´¨ÖÌ (134), (135) ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (Ëμ·³Ë ±-
Éμ·Ò) ¸μ¤¥·¦ É ¢¸Õ ¨´Ëμ·³ Í¨Õ μ ¶¥·¥Ìμ¤¥, μ¶¨¸Ò¢ ¥³μ³ μ¶¥· Éμ·μ³ jμ(0).
‚ Î ¸É´μ¸É¨, Ë¨§¨Î¥¸±¨¥ ¶·¨¡²¨¦¥´¨Ö, ¨¸¶μ²Ó§Ê¥³Ò¥ ¶·¨ · ¸Î¥É Ì, Ëμ·³Ê-
²¨·ÊÕÉ¸Ö ¢ ´ Ï¥³ ¶μ¤Ìμ¤¥ ¢ É¥·³¨´ Ì Ëμ·³Ë ±Éμ·μ¢ Gll′SS′

in (s, Q2, s′) (¡μ²¥¥
¤¥É ²Ó´μ¥ μ¡¸Ê¦¤¥´¨¥ ¸μ¤¥·¦¨É¸Ö ¢ · §¤. 3). ’· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢ 
³ É·¨Î´μ£μ Ô²¥³¥´É  μ¶¨¸Ò¢ ÕÉ¸Ö 4-¢¥±Éμ· ³¨ ¶· ¢μ° Î ¸É¨ (134).

� ²μ¦¨³ É¥¶¥·Ó ¤μ¶μ²´¨É¥²Ó´Ò¥ Ê¸²μ¢¨Ö ´  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (117)
¨ (134) ¶μ  ´ ²μ£¨¨ ¸ (98) ¨ (115). �· ¢ Ö Î ¸ÉÓ · ¢¥´¸É¢ (117) ¨ (134) ¸μ¤¥·-
¦¨É É¥ ¦¥ ¸ ³Ò¥ 4-¢¥±Éμ·Ò ¨ ²μ·¥´Í¥¢¸±¨¥ ¸± ²Ö·Ò, ÎÉμ ¨ · ¢¥´¸É¢  (118)
¨ (135), ¶μÔÉμ³Ê, ÎÉμ¡Ò ÊÎ¥¸ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ê¸²μ¢¨Ö, ´¥μ¡Ìμ¤¨³μ ¶¥·¥-
μ¶·¥¤¥²¨ÉÓ 4-¢¥±Éμ·Ò ¸μ£² ¸´μ · ¢¥´¸É¢ ³ (95)Ä(98). � ¶·¨³¥·, § ±μ´ ¸μ-
Ì· ´¥´¨Ö Éμ±  ¤ ¥É F4 = 0. ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¤²Ö ¶¥·¥μ¶·¥¤¥²¥´´ÒÌ Ëμ·³-
Ë ±Éμ·μ¢ · ¢¥´¸É¢μ (133) μ¸É ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³.

‡ ¶¨Ï¥³ ¶ · ³¥É·¨§ Í¨Õ (134), (135) ¸ ÊÎ¥Éμ³ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨°
¤²Ö Î ¸É´μ£μ ¸²ÊÎ Ö Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¸μ¸É ¢´μ° ¸¨¸É¥³Ò ¸ ±¢ ´Éμ¢Ò³¨
Î¨¸² ³¨ J = J ′ = S = S′ = 1, ±μÉμ·Ò° ·¥ ²¨§Ê¥É¸Ö, ´ ¶·¨³¥·, ¢ ¸²ÊÎ ¥ ¤¥°-
É·μ´ . �É¤¥²ÖÖ ±¢ ¤·Ê¶μ²Ó´Ò° Ëμ·³Ë ±Éμ· ¶μ  ´ ²μ£¨¨ ¸ (115) ¨ ¨¸¶μ²Ó§ÊÖ
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¢Ò· ¦¥´¨Ö (134) ¨ (135), ¶μ²ÊÎ¨³:

〈pc,
√

s, Jc, l, S, mJc|jμ(0)|p′
c,
√

s′, Jc, l
′, S′, m′

Jc〉 =

=
NCG N ′

CG

Nc N ′
c

〈mJc|D1(pc, p
′
c)

[
F̃1K

′
μ +

i

Mc
F̃3Rμ

]
|m′

Jc〉, (136)

F̃1 = G̃ll′

10(s, Q
2, s′)+

+ G̃ll′

12(s, Q
2, s′)

{
[ipcν Γν(p′c)]

2 − 1
3

Sp [ipcν Γν(p′c)]
2

}
2

Sp [pcν Γν(p′c)]2
,

F̃3 = G̃ll′

30(s, Q
2, s′). (137)

�·¨ ¶μ²ÊÎ¥´¨¨ (136), (137) ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥, ÎÉμ ¢ ¸² ¡μ³ ¸³Ò-
¸²¥ Ö¢²Ö¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ · ¢¥´¸É¢μ G̃ll′

21(s, Q2, s′) = 0 ´  μ¸´μ¢´ÒÌ ËÊ´±-
Í¨ÖÌ (125).

9. ��ˆŒ…�…�ˆ… Š ��ˆ‘��ˆ	 ‘�‘’�‚�›• ‘ˆ‘’…Œ

‚ ÔÉμ³ · §¤¥²¥ ³Ò ±· É±μ ¶·¥¤¸É ¢¨³ ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ μ¶¨¸ ´¨Ö
·Ö¤  ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ ¢ · ³± Ì · §¢¨Éμ£μ ³¥Éμ¤ .

‚ · ¡μÉ¥ [52] ¢ Œˆ� ¡Ò² · ¸¸Î¨É ´ ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ¶¨μ´ 

〈 r2
π〉 = −6

dFπ(Q2)
dQ2

∣∣∣∣
Q2=0

. (138)

”μ·³Ë ±Éμ· ¶¨μ´  Fπ(Q2) · ¸¸Î¨ÉÒ¢ ²¸Ö ¶μ Ëμ·³Ê²¥ (61), £¤¥ ¸¢μ¡μ¤´Ò°
¤¢ÊÌÎ ¸É¨Î´Ò° Ëμ·³Ë ±Éμ· g0(s, Q2, s′) § ¤ ´ ¢ (104). ‚μ²´μ¢ Ö ËÊ´±Í¨Ö
μ¶·¥¤¥²Ö² ¸Ó · ¢¥´¸É¢μ³ (26) ¶·¨ M1 = M2 = M , S = l = 0, M Å ³ ¸¸  ²¥£-
±μ£μ ±¢ ·± . Œμ¤¥²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢Ò¡¨· ² ¸Ó ¢ £ Ê¸¸μ¢¸±μ° Ëμ·³¥:

u(k) = NHO exp
(
− k2

2b2

)
. (139)

‚ ¶·¨¡²¨¦¥´¨¨ ÉμÎ¥Î´μ¸É¨ ±¢ ·±μ¢ ·¥²ÖÉ¨¢¨¸É¸±¨° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · -
¤¨Ê¸ ¶¨μ´  ¨³¥¥É ¢¨¤

〈r2
π〉 = 〈 r2

π〉NR H(V ), V =
M

b
, (140)

£¤¥
H(V ) =

√
π V exp (V 2) erfc (V ) + exp (V 2)E1(V 2),
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E1(x) =

∞∫
x

e−t

t
dt, x > 0,

erfc (x) = 1 − erf (x), erf (x) =
2√
π

x∫
0

e− t2dt.

‡¤¥¸Ó E1(x) Å ¨´É¥£· ²Ó´ Ö ¶μ± § É¥²Ó´ Ö ËÊ´±Í¨Ö; erf (x) Å ËÊ´±Í¨Ö μÏ¨-
¡μ±; 〈r2

π〉NR = 3/8b2 Å ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥ §´ Î¥´¨¥ ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · -
¤¨Ê¸ . ˆ§ Ê¸²μ¢¨Ö ¸μ¢¶ ¤¥´¨Ö (140) ¸ Ô±¸¶¥·¨³¥´Éμ³ ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨-
Î¥´¨Ö ´  ¶ · ³¥É·Ò ³μ¤¥²¨ b ¨ M .

�¥²ÖÉ¨¢¨¸É¸±¨° · ¸Î¥É Ô²¥±É·μ³ £´¨É´μ° ¸É·Ê±ÉÊ·Ò ¶¨μ´  ¨ ± μ´  ¡Ò²
¢Ò¶μ²´¥´ ¢ · ¡μÉ Ì [54, 55], ·¥§Ê²ÓÉ ÉÒ ±μÉμ·ÒÌ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �μ²Ó ·¥²ÖÉ¨¢¨¸É¸±μ£μ ÔËË¥±É  ¶μ¢μ·μÉ  ¸¶¨´  ¢
Ô²¥±É·μ³ £´¨É´μ° ¸É·Ê±ÉÊ·¥ ¶¨μ´  ¡Ò²  ¨¸¸²¥¤μ¢ ´  ¢ [58]. ‚ [61] ¡Ò²  μ¡-
´ ·Ê¦¥´  ¸¨²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ Ëμ·³Ë ±Éμ·  ¶¨μ´  μÉ ³ ¸¸Ò ²¥£±μ£μ ±μ´¸É¨-
ÉÊ¥´É´μ£μ ±¢ ·± . � £²Ö¤´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ¡ ÔÉμ° § ¢¨¸¨³μ¸É¨ ¤ ¥É ·¨¸. 2,
¨§ ±μÉμ·μ£μ ¢¨¤´μ, ÎÉμ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶¨μ´´μ£μ Ëμ·³Ë ±Éμ·  ¢ · §-
²¨Î´ÒÌ ³μ¤¥²ÖÌ ±¢ ·±- ´É¨±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ Ë¨±¸¨·μ¢ ´´μ°
³ ¸¸¥ ±μ´¸É¨ÉÊ¥´É´μ£μ ±¢ ·±  ¸μ¡¨· ÕÉ¸Ö ¢ ®¶ÊÎ±¨¯. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ -
Éμ¢ · ¸Î¥Éμ¢ ¸ ¶μ¸²¥¤´¨³¨ Ô±¸¶¥·¨³¥´É ³¨ JLab [97] ¤ ¥É §´ Î¥´¨¥ ³ ¸¸Ò
±μ´¸É¨ÉÊ¥´É  M = 0,21 ƒÔ‚.

�¨¸. 2. ”μ·³Ë ±Éμ· ¶¨μ´  ¢ μ¡² ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢ JLab [97]. �μ± § ´μ, ÎÉμ ·¥-
§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢ · §²¨Î´ÒÌ ³μ¤¥²ÖÌ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±μ¢ ¢
¶¨μ´¥ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ³ ¸¸¥ (M = 0,21, 0,25, 0,33 ƒÔ‚) ³ ²μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£
μÉ ¤·Ê£  (£·Ê¶¶¨·ÊÕÉ¸Ö ¢ ®¶ÊÎ±¨¯). �μ± § ´μ É ±¦¥ ¨§³¥´¥´¨¥ ¶μ²μ¦¥´¨Ö ®¶ÊÎ± ¯ ¢
§ ¢¨¸¨³μ¸É¨ μÉ ³ ¸¸Ò ±μ´¸É¨ÉÊ¥´É 
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‚ · ¡μÉ¥ [56] ¡Ò² ¶μ¸É·μ¥´ ²μ·¥´Í-±μ¢ ·¨ ´É´Ò° μ¶¥· Éμ· ¸² ¡μ£μ Éμ± 
¨ μ¶¨¸ ´Ò ²¥¶Éμ´´Ò¥ · ¸¶ ¤Ò ²¥£±¨Ì ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢.

� ¡μÉ  [59] ¶μ¸¢ÖÐ¥´  ¶μ¸É·μ¥´¨Õ μ¶¥· Éμ·μ¢ Éμ±μ¢ ¶μ²Ê²¥¶Éμ´´ÒÌ · ¸-
¶ ¤μ¢ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¨ · ¸Î¥ÉÊ Ëμ·³Ë ±Éμ·μ¢ F±(t) ¶·μÍ¥¸¸ 
K− → π0 + μ− + ν̄μ. ‡´ Î¥´¨Ö ±μ´¸É ´É λ+ ¨ λ0 ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸  Ìμ·μÏμ
¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ³¨ [98].

‚ · ¡μÉ¥ [62] ¶μ²ÊÎ¥´Ò ³μ¤¥²Ó´μ-´¥§ ¢¨¸¨³Ò¥ μ£· ´¨Î¥´¨Ö ´  ´ ±²μ´
ËÊ´±Í¨¨ ˆ¸£Ê· Ä‚ °§¥ ρ2 = −ξ′IW(1):

0,93 � ρ2 � 1,38, (141)

±μÉμ·Ò¥ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¢
LEP [99,100].

�²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢  ρ-³¥§μ´  ¨ ¤¥°É·μ´  · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¢ · ¡μ-
É Ì [66,68] ¸μμÉ¢¥É¸É¢¥´´μ. �²¥±É·μ³ £´¨É´Ò¥ Ëμ·³Ë ±Éμ·Ò ¤²Ö ÔÉ¨Ì Î ¸É¨Í
· ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶μ Ëμ·³Ê² ³

GC(Q2) =
∑
l,l′

∫
d
√

s d
√

s′ ϕl(s) gll′

0C(s, Q2, s′)ϕl′(s′),

GQ(Q2) =
2 M2

D

Q2

∑
l,l′

∫
d
√

s d
√

s′ ϕl(s) gll′

0Q(s, Q2, s′)ϕl′(s′), (142)

GM (Q2) = −MD

∑
l,l′

∫
d
√

s d
√

s′ ϕl(s) gll′

0M (s, Q2, s′)ϕl′ (s′).

‡¤¥¸Ó GC Å § pÖ¤μ¢Ò°; GQ Å ±¢ ¤pÊ¶μ²Ó´Ò°; GM Å ³ £´¨É´Ò° Ëμ·³Ë ±-
Éμ·Ò ¤¥°Épμ´ ; gll′

0i (s, Q
2, s′), i = C, Q, M , Å § ·Ö¤μ¢Ò°, ±¢ ¤·Ê¶μ²Ó´Ò° ¨

³ £´¨É´Ò° ¸¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Ëμ·³Ë ±Éμ·Ò.
�·¨ · ¸Î¥É Ì ¸¢μ°¸É¢ ρ-³¥§μ´  ¢ (142) ³Ò ¶μ² £ ²¨ μ·¡¨É ²Ó´Ò¥ ³μ³¥´ÉÒ

l, l′ = 0, ¢ ¸²ÊÎ ¥ ¤¥°É·μ´  l, l′ = 0, 2, ϕl(s) Å ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ ¸³Ò¸²¥
�ˆŠŒ. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¢μ¡μ¤´Ò¥ ¤¢ÊÌÎ ¸É¨Î´Ò¥ Ëμ·³Ë ±Éμ·Ò ¶·¨¢¥-
¤¥´Ò ¢ [66, 68]. ‚ · ¸Î¥É Ì ρ-³¥§μ´  μ¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ´¥´Ê²¥¢μ¥
§´ Î¥´¨¥ ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ³¥´É , ´¥¸³μÉ·Ö ´  · ¢´μ¥ ´Ê²Õ §´ Î¥´¨¥ μ·¡¨-
É ²Ó´μ£μ ³μ³¥´É . �¥´Ê²¥¢μ¥ §´ Î¥´¨¥ ÔÉμ£μ ³μ³¥´É  Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³
·¥²ÖÉ¨¢¨¸É¸±μ£μ ÔËË¥±É  ¶μ¢μ·μÉ  ¸¶¨´ .

‚ · ¡μÉ¥ [68] ¢ÒÎ¨¸²Ö² ¸Ó ±μ³¶μ´¥´É  T20(Q2) É¥´§μ·  ¶μ²Ö·¨§ Í¨¨ ¤¥°-
É·μ´  ¢ Ê¶·Ê£μ³ ed-· ¸¸¥Ö´¨¨. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3. ‘· ¢-
´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥Éμ¢ ¸ Ô±¸¶¥·¨³¥´Éμ³ ¶μ§¢μ²Ö¥É ¢Ò¤¥²¨ÉÓ ´ ¨¡μ²¥¥
 ¤¥±¢ É´ÊÕ ³μ¤¥²Ó ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö [101,102].
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�¨¸. 3. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ±μ³¶μ´¥´ÉÒ T20(Q
2) É¥´-

§μ·  ¶μ²Ö·¨§ Í¨¨ ¤¥°É·μ´  ¢ Ê¶·Ê£μ³ ed-· ¸¸¥Ö´¨¨. ‚ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¸ · §-
²¨Î´Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨. � ¨²ÊÎÏ¥¥ μ¶¨¸ ´¨¥ ³μ¤¥²¨ ¢ [101,102]

’ ±¨³ μ¡· §μ³, ³¥Éμ¤ · ¸Î¥É  Ô²¥±É·μ¸² ¡ÒÌ ¸¢μ°¸É¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³,
μ¶¨¸ ´´Ò° ¢ ´ ¸ÉμÖÐ¥³ μ¡§μ·¥, Ö¢²Ö¥É¸Ö ¢¶μ²´¥ · ¡μÉμ¸¶μ¸μ¡´Ò³ ¨´¸É·Ê-
³¥´Éμ³. ‚ ¥£μ · ³± Ì Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ Í¥²Ò° ·Ö¤ ¨´É¥·¥¸´ÒÌ ·¥§Ê²ÓÉ Éμ¢,
¨ ³μ¦´μ · ¸¸Î¨ÉÒ¢ ÉÓ ´  ¥£μ ¤ ²Ó´¥°Ï¥¥ Ê¸¶¥Ï´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥ ¶·¨ ·¥²Ö-
É¨¢¨¸É¸±μ³ μ¶¨¸ ´¨¨ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Î ¸É¨Î´μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É 07-02-00962).
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