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� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ë¨§¨±¨

�µ¸Éµ¢¸±µ£µ £µ¸Ê¤ ·¸É¢¥´´µ£µ Ê´¨¢¥·¸¨É¥É , �µ¸Éµ¢-´ -„µ´Ê

�¡§µ· ¶µ¸¢ÖÐ¥´ Ë¥´µ³¥´µ²µ£¨¨ ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢ (‘Š), ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸¨´£²¥É ³¨
£·Ê¶¶Ò SU(2), ¨³¥ÕÉ £¨¶¥·§ ·Ö¤Ò Y = −1/3 ¨ ³ ¸¸Ò m > mt. ‚ µ¡² ¸É¨ Ê¸±µ·¨É¥²Ó´ÒÌ
Ô´¥·£¨° ÔËË¥±ÉÒ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ‘Š ¢ µ¸´µ¢´µ³ ¶·µÖ¢²ÖÕÉ¸Ö ¢ ´¥°É· ²Ó´ÒÌ Éµ± Ì ¸ ¨§³¥´¥-
´¨¥³  ·µ³ É  (�’ˆ�). �´ ²µ£¨Î´Ò¥ ¶·µÍ¥¸¸Ò ¢ ¸É ´¤ ·É´µ° ³µ¤¥²¨ (‘Œ), ¨³¥ÕÐ¨¥ ³¥¸Éµ
Éµ²Ó±µ ´  ¶¥É²¥¢µ³ Ê·µ¢´¥, · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± Ëµ´ ¤²Ö ¢Ò¤¥²¥´¨Ö ¸¨£´ ²µ¢ ´µ¢µ° Ë¨§¨±¨.
�µ± § ´µ, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·¥¤±¨³ ¶·µÍ¥¸¸ ³ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¥¤¸± -
§ ´¨Ö ‘Œ ¤µ¶Ê¸± ÕÉ ¶·¨¢²¥Î¥´¨¥ · ¸Ï¨·¥´¨° ‘Œ ±  ´ ²¨§Ê Ö¢²¥´¨°, µ¡Ê¸²µ¢²¥´´ÒÌ �’ˆ�.
�µ¸É·µ¥´  µ¡µ¡Ð¥´´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö ¸É ´¤ ·É´ÒÌ ±¢ ·±µ¢ ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ¸ ‘Š, ¶µ²Ê-
Î¥´Ò µ£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¨ µÍ¥´±  ´¨¦´¥° £· ´¨ÍÒ ³ ¸¸Ò ‘Š mD

>∼ 0,5 TÔ‚.
�¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ¶µ¢ÒÏ¥´¨Ö Ê·µ¢´Ö ¤µ¸Éµ¢¥·´µ¸É¨ £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ‘Š ¤µ
¨Ì ¶·Ö³µ£µ ´ ¡²Õ¤¥´¨Ö. �·µ ´ ²¨§¨·µ¢ ´Ò ¸¥Î¥´¨Ö ´¥¤¨ £µ´ ²Ó´µ£µ ·µ¦¤¥´¨Ö ‘Š ¢ ¶ ·¥ ¸µ
¸É ´¤ ·É´Ò³ ±¢ ·±µ³ ¢ e−e+-, ep- ¨ pp̄-¸µÊ¤ ·¥´¨ÖÌ, µ¶¨¸ ´  Ê´¨± ²Ó´ Ö ¸¨£´ ÉÊ·  É ±¨Ì ¸µ-
¡ÒÉ¨°. Š· É±µ µ¡¸Ê¦¤ ¥É¸Ö ³µ¤¥²Ó ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¸ £¨¶¥·§ ·Ö¤µ³ YU = 2/3 ¨
¥¥ ¶·¨²µ¦¥´¨Ö ± Ë¨§¨±¥ t-±¢ ·± .

The review is devoted to the phenomenology of singlet quarks, which are singlets with respect to
the SU(2), have hypercharges Y = −1/3 and masses m > mt. In the range of energy, accessible at
the present colliders, singlet quark existence mainly manifest itself in �avor changing neutral current
(FCNC). The similar processes in the Standard Model (SM), appearing at the loop level only, are
considered as being a background for the new physics signals. It is shown, that experimental data on
rare processes and the corresponding theoretical predictions of SM allow to invoke the SM extentions
for the analysis of the phenomena stimulated by FCNC. The extended matrix of standard and singlet
quark mixing is constructed, the restriction on mixing angles and the estimate of the low bound of
singlet quark mass mD

>∼ 0.5 TeV are obtained. Besides the direct observation, the perspectives
to increase the conˇdence level of the singlet quark existence are discussed. The cross-sections of
nondiagonal production of singlet quark in pair with standard one in e−e+-, ep- and pp̄-collisions
are analysed and the unique signature of such events is decribed. The model of up-singlet quark with
the hypercharge YU = 2/3 and its applications to the physics of t-quark is also described.

1. ‚‚…„…�ˆ…

�¥°É· ²Ó´Ò¥ Éµ±¨ ¸ ¨§³¥´¥´¨¥³  ·µ³ É  (�’ˆ�) Å ¨§³¥´¥´¨e  ·µ³ -
Éµ¢ ±¢ ·±µ¢ ¶·¨ ¨§²ÊÎ¥´¨¨ ËµÉµ´ , £²Õµ´  ¨²¨ Z-¡µ§µ´  Å ¶·¥¤¸É ¢²ÖÕÉ
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¸µ¡µ° ·¥¤±¨¥, ´µ Î·¥§¢ÒÎ °´µ ¢ ¦´Ò¥ Ö¢²¥´¨Ö ¤²Ö Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î -
¸É¨Í. ‚ ¸É ´¤ ·É´µ° ³µ¤¥²¨ (‘Œ) ÔÉ¨ Ö¢²¥´¨Ö ¶·µ¨¸Ìµ¤ÖÉ ´  Ê·µ¢´¥ Ô²¥±É·µ-
¸² ¡ÒÌ · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ±, µ¸´ Ð¥´´ÒÌ Š•„-¢±² ¤ ³¨; É¥³ ¸ ³Ò³ µ´¨
Ö¢²ÖÕÉ¸Ö ¨¸ÉµÎ´¨± ³¨ ¨´Ëµ·³ Í¨¨ µ ¸É·Ê±ÉÊ·¥ ¶¥·ÉÊ·¡ É¨¢´µ° ±µ³¶µ´¥´ÉÒ
¢ ±ÊÊ³  ‘Œ ´  ³ ²ÒÌ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ³ ¸ÏÉ ¡ Ì. …Ð¥ ¡µ²¥¥
¢ ¦´µ, ÎÉµ ÔËË¥±ÉÒ �’ˆ� µ± §Ò¢ ÕÉ¸Ö ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± · ¸Ï¨·¥-
´¨Ö³ ‘Œ Å ¢ ± ²¨¡·µ¢µÎ´µ³, Ë¥·³¨µ´´µ³ ¨ Ì¨££¸µ¢¸±µ³ ¸¥±Éµ· Ì É¥µ·¨¨.
�µ ÔÉ¨³ ¶·¨Î¨´ ³ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·µÍ¥¸¸ ³, µ¡Ê¸²µ¢²¥´´Ò³ �’ˆ�,
¶·¨¤ ¥É¸Ö ¸É ÉÊ¸ Ö¢²¥´¨°, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö
±µÉµ·ÒÌ ³µ£ÊÉ ¶·¨¢¥¸É¨ ± µ¡´ ·Ê¦¥´¨Õ ¸¨£´ ²µ¢ ´µ¢µ° Ë¨§¨±¨ §  ¶·¥¤¥-
² ³¨ ‘Œ.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ �’ˆ� ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖÉ ¨§ ¨§³¥·¥-
´¨° µÉ´µ¸¨É¥²Ó´ÒÌ ¢¥·µÖÉ´µ¸É¥° (¢ ¤ ²Ó´¥°Ï¥³Å¡·Ô´Î¨´£µ¢, µÉ  ´£²¨°¸±µ£µ
É¥·³¨´  ®branching ratio¯) ´¥±µÉµ·ÒÌ ·¥¤±¨Ì ²¥¶Éµ´´ÒÌ, ¶µ²Ê²¥¶Éµ´´ÒÌ ¨
· ¤¨ Í¨µ´´ÒÌ ± ´ ²µ¢ · ¸¶ ¤  ³¥§µ´µ¢,   É ±¦¥ ¶ · ³¥É·µ¢ ¸³¥Ï¨¢ ´¨Ö ¢
¸¨¸É¥³ Ì ´¥°É· ²Ó´ÒÌ ³¥§µ´µ¢. Š ¸µ¦ ²¥´¨Õ, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï-
´µ¸É¨ ¶µ±  ¥Ð¥ ¤µ¢µ²Ó´µ ¢¥²¨±¨, ÌµÉÖ Ê¦¥ ¶µ§¢µ²ÖÕÉ £µ¢µ·¨ÉÓ µ¡ Ê¸É ´µ¢-
²¥´´µ³ ¶µ·Ö¤±¥ ¢¥²¨Î¨´. 	µ²ÓÏ¨¥ ¶µ£·¥Ï´µ¸É¨ µ¡Ê¸²µ¢²¥´Ò É¥³, ÎÉµ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¨§³¥·¥´¨Ö ·¥¤±¨Ì · ¸¶ ¤µ¢ ¸¢µ¤ÖÉ¸Ö ± ¢Ò¤¥²¥´¨Õ ¸² ¡ÒÌ
¸¨£´ ²µ¢ ¨§ ¸¨²Ó´µ£µ Ëµ´ . ’¥µ·¨Ö �’ˆ� Ê¸²µ¢´µ ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ · §¤¥²µ¢.
�¥·¢Ò° ¨§ ´¨Ì µÉ´µ¸¨É¸Ö ± · §· ¡µÉ±¥ ³¥Éµ¤µ¢ ÉµÎ´µ£µ É¥µ·¥É¨Î¥¸±µ£µ µ¶¨-
¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¤µ-
¶µ²´¥´´µ° ¶·µÍ¥¤Ê· ³¨ ·¥´µ·³£·Ê¶¶µ¢µ£µ ¸Ê³³¨·µ¢ ´¨Ö ¨ µ¶¥· Éµ·´ÒÌ · §-
²µ¦¥´¨°. ‚Éµ·µ° · §¤¥² Å  ´ ²¨§ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éµ¢ ¢ ¶·µÍ¥¸¸ Ì
¤¥ ¤·µ´¨§ Í¨¨ ¨  ¤·µ´¨§ Í¨¨ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨°, ³¥¦¤Ê ±µ-
Éµ·Ò³¨ ¨ ¶·µ¨¸Ìµ¤¨É ¶¥·ÉÊ·¡ É¨¢´µ¥ ¢±²ÕÎ¥´¨¥ �’ˆ� ´  ±¢ ·±-£²Õµ´´µ³
Ê·µ¢´¥. �¥Ï¥´¨e § ¤ Î ¢Éµ·µ£µ É¨¶  ´¥µ¡Ìµ¤¨³o ¤²Ö ¢Ò¤¥²¥´¨Ö ¶¥·ÉÊ·¡ -
É¨¢´ÒÌ ÔËË¥±Éµ¢ �’ˆ� ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ¸²¥ ±µÉµ·µ£µ ¨
¶µÖ¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¸µ¶µ¸É ¢²¥´¨Ö É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. �´ ²¨§ ¸µ-
¢·¥³¥´´µ£µ ¸µ¸ÉµÖ´¨Ö É¥µ·¨¨ ¨ Ô±¸¶¥·¨³¥´É  ¢ µ¡² ¸É¨ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢
¶µ± §Ò¢ ¥É, ÎÉµ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢, ±µ£¤  É ±µ¥ ¢Ò¤¥²¥´¨¥ Ê¤ ¥É¸Ö ¶·µ¢¥¸É¨ ´ 
±µ´É·µ²¨·Ê¥³µ³ Ê·µ¢´¥ ÉµÎ´µ¸É¨, ¸µ£² ¸¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ö¢²Ö¥É¸Ö ´¥ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´Ò³. �·µ-
É¨¢µ·¥Î¨Ö É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¸£² ¦¨¢ ÕÉ¸Ö Éµ²Ó±µ ¢ ¸²ÊÎ ¥  ¶¥²²ÖÍ¨¨
± Ï¨·µ±µ³Ê ¨´É¥·¢ ²Ê ¶µ£·¥Ï´µ¸É¥°. �É³¥É¨³, ÎÉµ ·¥ÎÓ ¨¤¥É ´¥ Éµ²Ó±µ µ¡
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶µ£·¥Ï´µ¸ÉÖÌ, ´µ ¨ µ ¶µ£·¥Ï´µ¸ÉÖÌ É¥µ·¥É¨Î¥¸±¨Ì · ¸-
Î¥Éµ¢. �µ¸²¥¤´¨¥ ¶µ·µ¦¤ ÕÉ¸Ö ± ± ´¥¤µ¸É ÉµÎ´µ° ¨´Ëµ·³ Í¨¥° µ §´ Î¥´¨ÖÌ
·Ö¤  ¶ · ³¥É·µ¢, ¨¸¶µ²Ó§Ê¥³ÒÌ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ �’ˆ�, É ± ¨ ´¥±µÉµ·µ°
´¥µ¤´µ§´ Î´µ¸ÉÓÕ ¶·µÍ¥¤Ê·Ò Ë¨±¸ Í¨¨ ¶¥·ÉÊ·¡ É¨¢´ÒÌ Š•„-¢±² ¤µ¢.

Š· É±¨°  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¶·¥¤¸± § ´¨° ‘Œ ¶µ ·¥¤-
±¨³ ¶·µÍ¥¸¸ ³ ¶·¨¢µ¤¨É¸Ö ¢ · §¤. 2 ´ ¸ÉµÖÐ¥£µ µ¡§µ· . � §¤¥²Ò 3 ¨ 4 ¶µ-
¸¢ÖÐ¥´Ò µ¡¸Ê¦¤¥´¨Õ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ ¢ µ¤´µ³ ¨§  ±É¨¢´µ µ¡¸Ê¦¤ ¥³ÒÌ
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±² ¸¸µ¢ · ¸Ï¨·¥´¨° ‘Œ, ¸µ¤¥·¦ Ð¥³, ´ ·Ö¤Ê ¸ ¨§¢¥¸É´Ò³¨ Ë¥·³¨µ´ ³¨,
¤µ¶µ²´¨É¥²Ó´Ò¥ ÉÖ¦¥²Ò¥ ¸¨´£²¥É´Ò¥ ±¢ ·±¨ (‘Š). � §¢ ´¨¥ ÔÉ¨Ì ±¢ ·±µ¢
µ¡Ê¸²µ¢²¥´µ É¥³, ÎÉµ µ´¨ Ö¢²ÖÕÉ¸Ö ¸¨´£²¥É ³¨ £·Ê¶¶Ò SU(2). ‘¨´£²¥É´Ò¥
±¢ ·±¨ ¨³¥ÕÉ £¨¶¥·§ ·Ö¤Ò Y = −1/3 ¨²¨ 2/3 ¨ ³ ¸¸Ò m > mt. ‘² ¡Ò¥
¢§ ¨³µ¤¥°¸É¢¨Ö É ±¨Ì ‘Š ¥¸ÉÓ ·¥§Ê²ÓÉ É ¨Ì ¸³¥Ï¨¢ ´¨Ö ¸µ ¸É ´¤ ·É´Ò³¨
±¢ ·± ³¨. �±ÉÊ ²Ó´µ¸ÉÓ ¶·µ¡²¥³ É¨±¨ ‘Š µ¡Ê¸²µ¢²¥´  É·¥³Ö ¶·¨Î¨´ ³¨.
‚µ-¶¥·¢ÒÌ, ¸¨£´ ²Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ‘Š, ¥¸²¨ µ´¨ ¡Ê¤ÊÉ µ¡´ ·Ê¦¥´Ò Ô±¸-
¶¥·¨³¥´É ²Ó´µ, § Ë¨±¸¨·ÊÕÉ ¢¶µ²´¥ ±µ´±·¥É´Ò° ¢ ·¨ ´É ´µ¢µ° Ë¨§¨±¨ § 
¶·¥¤¥² ³¨ ‘Œ. ‚µ-¢Éµ·ÒÌ, ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ê¸±µ·¨É¥²ÖÌ ¸¨¸É¥³ É¨Î¥¸±¨
¨§ÊÎ ¥É¸Ö µ¡Ï¨·´Ò° ±² ¸¸ Ö¢²¥´¨°, ¸¶µ¸µ¡´ÒÌ ±µ¸¢¥´´µ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ‘Š. ‚-É·¥ÉÓ¨Ì, ´¥ ¨¸±²ÕÎ¥´µ, ÎÉµ ´  Ê¸±µ·¨É¥²ÖÌ ´µ¢µ£µ
¶µ±µ²¥´¨Ö ®Tevatron¯, SLC, LHC ¶µÖ¢¨É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·Ö³µ° ·¥£¨¸É· Í¨¨
‘Š ¢ ¶·µ¤Ê±É Ì e−e+-, pp̄- ¨ ep-¸µÊ¤ ·¥´¨°.

‘¨´£²¥É´Ò¥ ±¢ ·±¨ ¢µ§´¨± ÕÉ ¢ · §²¨Î´ÒÌ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¨ ¤·Ê£¨Ì
¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì · ¸Ï¨·¥´¨ÖÌ ‘Œ (¸³., ´ ¶·¨³¥·, [73, 76, 79, 81]). ‚
· §¤. 3 Ê± § ´Ò ³µ¤¥²¨, ¸µ¤¥·¦ Ð¨¥ ‘Š, ¨ ³¥¸Éµ ‘Š ¸·¥¤¨ ¤·Ê£¨Ì ´µ¢ÒÌ
Î ¸É¨Í, ¶·¥¤¸± §Ò¢ ¥³ÒÌ · ¸Ï¨·¥´¨Ö³¨ ‘Œ. ‚ ¤µ¸ÉÊ¶´µ° ¸¥£µ¤´Ö µ¡² ¸É¨
Ê¸±µ·¨É¥²Ó´ÒÌ Ô´¥·£¨° ÔËË¥±ÉÒ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ‘Š ³µ£ÊÉ ¶·µÖ¢¨ÉÓ¸Ö ¢ ¢¨¤¥
´µ¢ÒÌ, ¤µ¶µ²´¨É¥²Ó´ÒÌ ± ‘Œ ¢±² ¤µ¢ ¢ �’ˆ�. ‚ ³µ¤¥²ÖÌ ¸ ‘Š ÔËË¥±ÉÒ
�’ˆ� ¢µ§´¨± ÕÉ Ê¦¥ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ¶·¨ ¸³¥Ï¨¢ ´¨¨ ‘Š ¸ µ¡ÒÎ´Ò³¨
±¢ ·± ³¨ ¨ ¨´É¥·Ë¥·¨·ÊÕÉ ¸  ´ ²µ£¨Î´Ò³¨ ¶¥É²¥¢Ò³¨ ¶·µÍ¥¸¸ ³¨ ‘Œ. �µ
¶·¨Î¨´¥ ¢Ò¸µ±µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ ± ¤µ¶µ²´¨É¥²Ó´Ò³ ¤·¥-
¢¥¸´Ò³ ¢±² ¤ ³ ¶µÖ¢²Ö¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¢Ò¤¥²¨ÉÓ ÔËË¥±ÉÒ,
µ¡Ê¸²µ¢²¥´´Ò¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ‘Š.

�·¨ µ¶¨¸ ´¨¨ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ³µ¤¥²¨ ¸ ‘Š µ¸´µ¢´Ò³ ¨´¸É·Ê-
³¥´Éµ³ Ö¢²Ö¥É¸Ö µ¡µ¡Ð¥´´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö ¸É ´¤ ·É´ÒÌ ±¢ ·±µ¢ ¤·Ê£
¸ ¤·Ê£µ³ ¨ ¸ ‘Š. �É  ³ É·¨Í , ¶·¥¤¸É ¢²ÖÕÐ Ö ¸µ¡µ° µ¡µ¡Ð¥´¨¥ ³ É·¨ÍÒ
Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò, µ¶·¥¤¥²Ö¥É ¸É·Ê±ÉÊ·Ê ± ± § ·Ö¦¥´´ÒÌ, É ± ¨ ´¥°É· ²Ó-
´ÒÌ Éµ±µ¢. ˆ§³¥´¥´¨Ö ¸É ´¤ ·É´ÒÌ ¸É·Ê±ÉÊ· Éµ±µ¢ § ¢¨¸ÖÉ µÉ ¢¥²¨Î¨´ Ê£²µ¢
¸³¥Ï¨¢ ´¨Ö ‘Š ¸ µ¡ÒÎ´Ò³¨ ±¢ ·± ³¨ ¨ § ¤ ÕÉ µÉ±²µ´¥´¨Ö µÉ ¶·¥¤¸± § ´¨°
‘Œ. ‚ · §¤. 3 ¶µ± § ´µ, ÎÉµ µ£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¢ µ¡µ¡Ð¥´´µ°
³ É·¨Í¥ Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ´  µ¸´µ¢¥ Ê¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ.

‚ § ¢¥·Ï ÕÐ¥° Î ¸É¨ · §¤. 3 µ¶¨¸ ´Ò ÔËË¥±É¨¢´Ò¥ ´¥¤¨ £µ´ ²Ó´Ò¥ ¢¥·-
Ï¨´Ò ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨, ±µÉµ·Ò¥ ¸µ¤¥·¦ É ± ± ¢±² ¤Ò ‘Œ, É ± ¨
¤µ¶µ²´¨É¥²Ó´Ò¥ ¢±² ¤Ò ‘Š. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ³¥Éµ¤ ³ ¢ÒÎ¨¸²¥´¨°,
´¥ É·¥¡ÊÕÐ¨³ ¢¢¥¤¥´¨Ö ¸¨³³¥É·¨°´µ ´¥ µ¡Ê¸²µ¢²¥´´ÒÌ ±µ´É·Î²¥´µ¢.

‘¨¸É¥³ É¨Î¥¸±µ³Ê µ¶¨¸ ´¨Õ Ë¥´µ³¥´µ²µ£¨¨ ‘Š ¶µ¸¢ÖÐ¥´ · §¤. 4. �µ-
²ÊÎ¥´´Ò¥ §¤¥¸Ó µ£· ´¨Î¥´¨Ö ´  ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¸µ¢³¥¸É´µ
¸ ¶·¥¤¶µ²µ¦¥´¨¥³ µ ®seesaw¯-³¥Ì ´¨§³¥ ¸³¥Ï¨¢ ´¨Ö ¶µ§¢µ²ÖÕÉ µÍ¥´¨ÉÓ
´¨¦´ÕÕ £· ´¨ÍÊ ³ ¸¸ ‘Š: ¤²Ö ´¨¦´¥£µ mD

>∼ 0,5 TÔ‚, ¤²Ö ¢¥·Ì´¥£µ
mU

>∼ 0,2 TÔ‚. �´ ²¨§ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¶·µÖ¢²¥´¨° ‘Š Î¥·¥§ �’ˆ�
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¶µ§¢µ²¨² ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
´¥ ¨¸±²ÕÎ ÕÉ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ‘Š ¨ ¤µ¶Ê¸± ÕÉ µ¡Ê¸²µ¢²¥´´Ò¥ ¨³¨ § ³¥É´Ò¥
¢±² ¤Ò ¢ ·¥¤±¨¥ ¶·µÍ¥¸¸Ò. �¦¨¤ ¥³Ò° ¶·µ£·¥¸¸ ¢ µ¡² ¸É¨ Ô±¸¶¥·¨³¥´É 
¶µ§¢µ²Ö¥É ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³ ¡Ê¤¥É ¶µ²ÊÎ¥´  ´ ¤¥¦´ Ö
µÍ¥´±  Ê·µ¢´Ö ¤µ¸Éµ¢¥·´µ¸É¨ £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ‘Š ¤µ ¥£µ ¶·Ö³µ£µ
´ ¡²Õ¤¥´¨Ö.

„²Ö ¶·µ£´µ§¨·µ¢ ´¨Ö Ö¢²¥´¨° ¢ µ¡² ¸É¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ±µÉµ·Ò¥ ³µ¦´µ
¡Ê¤¥É ·¥£¨¸É·¨·µ¢ ÉÓ ´  ±µ²² °¤¥· Ì ¸²¥¤ÊÕÐ¥£µ ¶µ±µ²¥´¨Ö, ¸ÊÐ¥¸É¢¥´´µ¥
§´ Î¥´¨¥ ¤²Ö ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¡´ ·Ê¦¥´¨Ö ¨³¥¥É ÉµÉ Ë ±É, ÎÉµ ¸¨£-
´ ÉÊ·Ò ´¥±µÉµ·ÒÌ ¶·µÍ¥¸¸µ¢, ¶µ·µ¦¤ ¥³ÒÌ ‘Š, ± Î¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö µÉ
¸É ´¤ ·É´ÒÌ. ‚ · §¤. 4 ¶·µ ´ ²¨§¨·µ¢ ´Ò ¶·µÍ¥¸¸Ò ´¥¤¨ £µ´ ²Ó´µ£µ ·µ¦¤¥-
´¨Ö ¸¨´£²¥É´ÒÌ ¨ ¸É ´¤ ·É´ÒÌ ±¢ ·±µ¢ ¢ e−e+-, pp̄- ¨ ep-¸µÊ¤ ·¥´¨ÖÌ. �µ-
± § ´µ, ÎÉµ e−e+- ¨ pp̄-¸µÊ¤ ·¥´¨Ö ¶¥·¸¶¥±É¨¢´Ò ¤²Ö ´ ¡²Õ¤¥´¨° ÔËË¥±Éµ¢
¸ÊÐ¥¸É¢µ¢ ´¨Ö ‘Š. �¶¨¸ ´  Ê´¨± ²Ó´ Ö ¸¨£´ ÉÊ·  ¸µ¡ÒÉ¨Ö ·µ¦¤¥´¨Ö ‘Š ¢
¶ ·¥ ¸µ ¸É ´¤ ·É´Ò³ ±¢ ·±µ³, ¨³¥ÕÐ¥£µ ´ ¨³¥´ÓÏ¨° Ô´¥·£¥É¨Î¥¸±¨° ³ ¸-
ÏÉ ¡ ¨§ ¢¸¥Ì ¸µ¡ÒÉ¨°, ¢ ±µÉµ·ÒÌ ‘Š ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ.
�É³¥Î¥´µ, ÎÉµ ´ ¤¥¦´ Ö ¨¤¥´É¨Ë¨± Í¨Ö ÔÉµ£µ ¸µ¡ÒÉ¨Ö ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´ 
¶ÊÉ¥³ ¨§³¥·¥´¨° ¶µ²Ö·¨§ Í¨°,  ¸¨³³¥É·¨¨ ¢¶¥·¥¤-´ § ¤ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì Ì -
· ±É¥·¨¸É¨±  ¤·µ´´ÒÌ ¸É·Ê° ¨ ²¥¶Éµ´´ÒÌ ¶ ·.

ˆ´É¥·¥¸ ± · ¸Ï¨·¥´¨Ö³ ‘Œ, ¸µ¤¥·¦ Ð¨³ ¢¥·Ì´¨° ‘Š, Ê¸¨²¨²¸Ö ¢ ¶µ-
¸²¥¤´¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ ¸ ¨§ÊÎ¥´¨¥³ ¸¢µ°¸É¢ t-±¢ ·± . 	µ²ÓÏ Ö ³ ¸¸  ¶µ¸²¥¤-
´¥£µ µ¡Ê¸²µ¢²¨¢ ¥É ¥£µ § ³¥É´µ¥ ¸³¥Ï¨¢ ´¨¥ ¸ ÉÖ¦¥²Ò³ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³
±¢ ·±µ³, ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶·¨¢µ¤¨É ± ¶·µÖ¢²¥´¨Õ ¢µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
t-±¢ ·±  ´¥±µÉµ·ÒÌ ¸¶¥Í¨Ë¨Î¥¸±¨Ì µ¸µ¡¥´´µ¸É¥°. ‚ · §¤. 4, ¢ Î ¸É´µ¸É¨, · ¸-
¸³µÉ·¥´µ  ´µ³ ²Ó´µ¥ Ê¸¨²¥´¨¥ tcZ-¢¥·Ï¨´Ò, ±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ Ô±¸¶¥·¨-
³¥´É ²Ó´µ § ·¥£¨¸É·¨·µ¢ ´µ ¢ ·¥ ±Í¨¨ ·µ¦¤¥´¨Ö ´¥¤¨ £µ´ ²Ó´ÒÌ t̄c + tc̄-¶ ·
¢ µ¡² ¸É¨ Ô´¥·£¨°, ¤µ¸ÉÊ¶´ÒÌ LEP2. ‚ ¤ ´´µ³ ¸²ÊÎ ¥ ·¥ÎÓ ¨¤¥É ¨³¥´´µ µ
¶·µÍ¥¸¸¥ e+e− → t̄c + tc̄ µ±µ²µ ¶µ·µ£  ·µ¦¤¥´¨Ö. �É  ¦¥ µ¸µ¡¥´´µ¸ÉÓ ³µ-
¦¥É ¶·µÖ¢¨ÉÓ¸Ö ¢ ¢¥²¨Î¨´¥ Ï¨·¨´Ò · ¸¶ ¤  t → cZ. �´ ²¨§¨·Ê¥É¸Ö É ±¦¥
 ´µ³ ²Ó´ Ö ¸É·Ê±ÉÊ·  ¢¥·Ï¨´Ò tt̄Z, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É  ¸¨³³¥É·¨Õ ¢¶¥·¥¤-
´ § ¤.

2. �…‰’��‹œ�›… ’�Šˆ ‘ ˆ‡Œ…�…�ˆ…Œ ���Œ�’�
‚ ‘’��„��’��‰ Œ�„…‹ˆ

2.1. ”¨§¨Î¥¸± Ö ¶·¨·µ¤  ¨ ¸É ÉÊ¸ ´¥¤¨ £µ´ ²Ó´ÒÌ ´¥°É· ²Ó´ÒÌ Éµ±µ¢
¢ ¸É ´¤ ·É´µ° ³µ¤¥²¨. �¥°É· ²Ó´Ò¥ Éµ±¨ ¸ ¨§³¥´¥´¨¥³  ·µ³ É  ¢ ¸É ´-
¤ ·É´µ° ³µ¤¥²¨ ¢µ§´¨± ÕÉ ¶·¨ ¸µ¢³¥¸É´µ³ ÊÎ¥É¥ ¸³¥Ï¨¢ ´¨Ö ±¢ ·±µ¢ ¨
¶¥É²¥¢ÒÌ ¢±² ¤µ¢ ¢  ³¶²¨ÉÊ¤Ò Ô²¥±É·µ³ £´¨É´ÒÌ ¨ ¸² ¡ÒÌ ¶·µÍ¥¸¸µ¢. �±¸-
¶¥·¨³¥´É ²Ó´µ¥ µ¡´ ·Ê¦¥´¨¥ ÔËË¥±Éµ¢ �’ˆ� ¨³¥¥É ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¤²Ö
µÍ¥´±¨ ¸É ÉÊ¸  É¥µ·¥É¨Î¥¸±¨Ì ±µ´Í¥¶Í¨°, ¶µ²µ¦¥´´ÒÌ ¢ µ¸´µ¢Ê ‘Œ. Š ± ¨§-
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¢¥¸É´µ, ² £· ´¦¨ ´ ‘Œ ¸µ¸Éµ¨É ¨§ Î¥ÉÒ·¥Ì ¸¥±Éµ·µ¢: ± ²¨¡·µ¢µÎ´µ£µ, Ë¥·-
³¨µ´´µ£µ, Ì¨££¸µ¢¸±µ£µ ¨ ¸¥±Éµ·  Õ± ¢¸±¨Ì ¸¢Ö§¥°.

‚µ ¢Éµ·µ³ (Ë¥·³¨µ´´µ³) ¸¥±Éµ·¥ ‘Œ µ¡µ§´ Î¥´  ¶·µ¡²¥³ , ¢ÒÌµ¤ÖÐ Ö
§  · ³±¨ ‘Œ, ´µ ¨³¥ÕÐ Ö µÉ´µÏ¥´¨¥ ± É¥³¥ µ¡§µ· : ¶·µ¡²¥³  ¶·µ¨¸Ìµ¦¤¥-
´¨Ö É·¥Ì ±¢ ·±-²¥¶Éµ´´ÒÌ ¶µ±µ²¥´¨° ¨ ¸¨³³¥É·¨¨ ¶µ±µ²¥´¨° ¶µ µÉ´µÏ¥-
´¨Õ ± ± ²¨¡·µ¢µÎ´Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö³, É ± ´ §Ò¢ ¥³µ° Ë ³¨²µ´´µ°, ¨²¨
£µ·¨§µ´É ²Ó´µ°, ¸¨³³¥É·¨¨. ‘²µ¦´ Ö £·Ê¶¶  ± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ ¶µ-
±µ²¥´¨° Ë¥·³¨µ´´µ£µ ¸¥±Éµ·  ² £· ´¦¨ ´  ¸µ¸Éµ¨É ¨§ ¶·µ¨§¢¥¤¥´¨Ö ¶ÖÉ¨
¶·µ¸ÉÒÌ £·Ê¶¶: É·¥Ì ±¢ ·±µ¢ÒÌ ¨ ¤¢ÊÌ ²¥¶Éµ´´ÒÌ. (�¥§ ¢¨¸¨³Ò³ ¶·¥µ¡· -
§µ¢ ´¨Ö³ ¶µ¤¢¥·£ ÕÉ¸Ö ¶· ¢µ±¨· ²Ó´Ò¥ ¸¨´£²¥ÉÒ uR(a), dR(a), lR(a) ¨ ²¥¢µ-
±¨· ²Ó´Ò¥ SU(2)-¤Ê¡²¥ÉÒ qL(a), lL(a).) ‚ ¸¶¥±É·¥ ³ ¸¸ ±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢
Ê± § ´´ Ö ¸¨³³¥É·¨Ö ¶µ±µ²¥´¨° ¸¨²Ó´µ ´ ·ÊÏ¥´ , ÎÉµ ¸· §Ê ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ Éµ³, ÎÉµ Ë¨§¨Î¥¸±¨° ¢ ±ÊÊ³ ± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¥° ¶µ±µ²¥´¨° ´¥ µ¡² -
¤ ¥É. ’¥µ·¥É¨Î¥¸± Ö ±µ´Í¥¶Í¨Ö ¢ ±ÊÊ³  ¢¢µ¤¨É¸Ö ¢ É·¥ÉÓ¥³ (Ì¨££¸µ¢¸±µ³)
¸¥±Éµ·¥ ‘Œ: ¢ ±ÊÊ³ ¥¸ÉÓ ¡µ§¥-±µ´¤¥´¸ É £µ²¤¸ÉµÊ´µ¢¸±¨Ì ³µ¤, ¸ÊÐ¥¸É¢µ-
¢ ´¨¥ ±µÉµ·µ£µ ¸¶µ´É ´´µ ´ ·ÊÏ ¥É Ô²¥±É·µ¸² ¡ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ ¸¨³³¥-
É·¨Õ ¤µ Ô²¥±É·µ³ £´¨É´µ°. �¡´ ·Ê¦¥´¨¥ ¢µ§¡Ê¦¤¥´¨° ÔÉµ£µ ±µ´¤¥´¸ É  Å
Ì¨££¸µ¢¸±¨Ì ¡µ§µ´µ¢ Å Ö¢²Ö¥É¸Ö, ± ± ¨§¢¥¸É´µ, µ¸´µ¢´µ° Ô±¸¶¥·¨³¥´É ²Ó-
´µ° ¶·µ¡²¥³µ° ‘Œ, ·¥Ï¥´¨¥ ±µÉµ·µ° ¶² ´¨·Ê¥É¸Ö ¶µ²ÊÎ¨ÉÓ ¢ ¡²¨¦ °Ï¨¥
3Ä5 ²¥É.

� ¨¡µ²¥¥ ¸²µ¦´  ¤²Ö ¨´É¥·¶·¥É Í¨¨ ¸¨ÉÊ Í¨Ö ¢ Î¥É¢¥·Éµ³ (Õ± ¢¸±µ³)
¸¥±Éµ·¥ ‘Œ. ”µ·³ ²Ó´µ¥ ¶·¥¤´ §´ Î¥´¨¥ ÔÉµ£µ ¸¥±Éµ·  Å £¥´¥· Í¨Ö ³ ¸¸ ¨
¸³¥Ï¨¢ ´¨e Ë¥·³¨µ´µ¢. �·µ¨¸Ìµ¦¤¥´¨¥ ±¢ ·±-²¥¶Éµ´´ÒÌ ¶µ±µ²¥´¨° ¨ ³¥-
Ì ´¨§³ ´ ·ÊÏ¥´¨Ö ¨Ì ± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ ¤µ ¸¨Ì ¶µ· ´¥ Ö¸´Ò. �·¨
µÉ¸ÊÉ¸É¢¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê± § ´¨° ´  ¤¨´ ³¨Î¥¸±ÊÕ ·¥ ²¨§ Í¨Õ ¸¨³-
³¥É·¨¨ ¶µ±µ²¥´¨° ¨ ¸¶µ´É ´´Ò° Ì · ±É¥· ¥¥ ´ ·ÊÏ¥´¨Ö µÉ ´¥¥ ¶·µ¸Éµ µÉ± -
§Ò¢ ÕÉ¸Ö ¶·¨ § ¤ ´¨¨ Õ± ¢¸±¨Ì ¸¢Ö§¥° ±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢ ¸ Ì¨££¸µ¢¸±¨³¨
¶µ²Ö³¨. � ¨¡µ²¥¥ µ¡Ð¨° ¢¨¤ ÔÉ¨Ì ¸¢Ö§¥° ¤µ¶Ê¸± ¥É ¶·µ¨§¢µ²Ó´Ò° ¸¶¥±É·
³ ¸¸ ¨ ¶·µ¨§¢µ²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥ Ë¥·³¨µ´µ¢. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶ · ³¥É·Ò
‘Œ ¶µ¤¡¨· ÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �É³¥É¨³, ÎÉµ ¢ µ¡Ð¥³
¸²ÊÎ ¥ (¶·¨ ¢±²ÕÎ¥´¨¨ ¢ ‘Œ ¶· ¢µ±¨· ²Ó´ÒÌ ´¥°É·¨´µ) ·¥ÎÓ ¨¤¥É µ ¸³¥-
Ï¨¢ ´¨¨ ± ± ±¢ ·±µ¢ÒÌ, É ± ¨ ²¥¶Éµ´´ÒÌ ¸µ¸ÉµÖ´¨°. �·¥µ¡· §µ¢ ´¨¥ Ë¥·-
³¨µ´´µ° Î ¸É¨ ² £· ´¦¨ ´  ± Ë¨§¨Î¥¸±µ³Ê ¡ §¨¸Ê µ¸É ¢²Ö¥É ¤¨ £µ´ ²Ó´Ò³¨
´¥°É· ²Ó´Ò¥ Ë¥·³¨µ´´Ò¥ Éµ±¨, ´µ ¤¥² ¥É ´¥¤¨ £µ´ ²Ó´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
Ë¥·³¨µ´µ¢ ¸ § ·Ö¦¥´´Ò³¨ W±-¡µ§µ´ ³¨.

‘³¥Ï¨¢ ´¨¥ ¢ ¸¥±Éµ·¥ ±¢ ·±µ¢, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ¤¨· ±µ¢-
¸±¨³¨ Î ¸É¨Í ³¨, µ¡Ê¸²µ¢²¨¢ ¥É ¸² ¡Ò¥ · ¸¶ ¤Ò  ¤·µ´µ¢ Ê¦¥ ´  ¤·¥¢¥¸´µ³
Ê·µ¢´¥ ² £· ´¦¨ ´  ‘Œ. �¤´ ±µ ¸³¥Ï¨¢ ´¨¥ ±¢ ·±µ¢ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ
¨ ´  Ê·µ¢´¥ · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ±. ˆ³¥´´µ ¢ ´¨Ì ¸µ¤¥·¦¨É¸Ö ¨´Ëµ·³ Í¨Ö
µ¡ ÔËË¥±É Ì ¶µ²Ö·¨§ Í¨¨ Ë¨§¨Î¥¸±µ£µ ¢ ±ÊÊ³ , µ¡² ¤ ÕÐ¥£µ ´¥´Ê²¥¢Ò³¨
§ ·Ö¤ ³¨ µÉ´µ¸¨É¥²Ó´µ ± ²¨¡·µ¢µÎ´µ° ¸¨³³¥É·¨¨ ¶µ±µ²¥´¨°. ‘²¥¤Ê¥É, ¢¶·µ-
Î¥³, µÉ³¥É¨ÉÓ ¨¸±Ê¸¸É¢¥´´Ò° ¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨° Ì · ±É¥· ¶·µÍ¥¤Ê·Ò ´ -
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¤¥²¥´¨Ö ¢ ±ÊÊ³  ÔÉ¨³¨ § ·Ö¤ ³¨ ¢ ¶·µ¸É¥°Ï¨Ì ¢¥·¸¨ÖÌ ‘Œ. �µÔÉµ³Ê ¸µ£² -
¸¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´É ³¨, ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± · ¤¨ Í¨µ´´Ò³ ¶µ¶· ¢± ³,
§ · ´¥¥ ´¥ µÎ¥¢¨¤´µ.

‚Ò¤¥²¥´´Ò° ¸É ÉÊ¸ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢, ¶µ·µ¦¤¥´´ÒÌ �’ˆ�, µ¡Ê¸²µ¢²¥´
É¥³, ÎÉµ ¤²Ö ´¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ ¸ ¶µ²Ö·¨§µ¢ ´´Ò³ ¢ ±ÊÊ³µ³ ´¥
Ö¢²ÖÕÉ¸Ö ¶µ¶· ¢± ³¨ ± ´¥±µÉµ·Ò³ ¶·µÍ¥¸¸ ³, ¸ÊÐ¥¸É¢ÊÕÐ¨³ ¨ ´  ¤·¥¢¥¸-
´µ³ Ê·µ¢´¥. ‚ ¤ ´´µ³ ¸²ÊÎ ¥ ¸ ³¨ ¶·µÍ¥¸¸Ò Ëµ·³¨·ÊÕÉ¸Ö ¨³¥´´µ ¨ Éµ²Ó±µ
¶¥É²¥¢Ò³¨ ÔËË¥±É ³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¢ ±ÊÊ³µ³. �µ ÔÉµ° ¶·¨Î¨´¥ ·¥¤±¨¥
¶·µÍ¥¸¸Ò ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ¨¸ÉµÎ´¨± ¨´Ëµ·³ Í¨¨ µ ¢´ÊÉ·¥´´¥° ¤µ-
¸É ÉµÎ´µ ´¥É·¨¢¨ ²Ó´µ° ¸É·Ê±ÉÊ·¥ ¢ ±ÊÊ³  ‘Œ, ¨²¨ Å ¢ ¸²ÊÎ ¥ · §´µ£² ¸¨°
É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ Å ± ± ¨¸ÉµÎ´¨± ¸¨£´ ²µ¢ ´µ¢µ° Ë¨§¨±¨. ‚ ¦´µ
¨ Éµ, ÎÉµ ·¥¤±¨¥ ¶·µÍ¥¸¸Ò ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò ± · ¸Ï¨·¥´¨Ö³ ¶· ±É¨Î¥-
¸±¨ ²Õ¡µ£µ ¸¥±Éµ·  ‘Œ. ‚ Î ¸É´µ¸É¨, Ö¢²¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸ · ¸Ï¨·¥´¨¥³
Ë¥·³¨µ´´µ£µ ¸¥±Éµ· , ¡Ê¤ÊÉ µ¡¸Ê¦¤ ÉÓ¸Ö ¢ · §¤. 3 ¨ 4.

�¨¸. 1. �¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò, ¶µ·µ¦¤ ÕÐ¨¥ �’ˆ�

‚ ‘Œ ´¥°É· ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ¸ ¨§³¥´¥´¨¥³  ·µ³ É  ´  ËÊ´¤ ³¥´É ²Ó-
´µ³ Ê·µ¢´¥ µ¶¨¸Ò¢ ÕÉ¸Ö É·¥³Ö É¨¶ ³¨ µ¤´µ¶¥É²¥¢ÒÌ ¤¨ £· ³³ (¸³. ·¨¸. 1),
¶µ²ÊÎ¨¢Ï¨Ì ¸É ´¤ ·É´Ò¥ ´ §¢ ´¨Ö ®¶¨´£¢¨´¯-¤¨ £· ³³Ò (PD); ®¸µ¡¸É¢¥´´µ-
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Ô´¥·£¥É¨Î¥¸±¨¥¯ ¤¨ £· ³³Ò (SED) ¨ ®¡µ±¸¯-¤¨ £· ³³Ò (BD). �  ¢¸¥Ì ¤¨ -
£· ³³ Ì i �= j. �  ¢¸¥Ì ¤¨ £· ³³ Ì ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´  § ³¥´  ui ←→ di;
¶·¨  ´ ²¨§¥ ²Õ¡ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ÔÉ¨ ¤¨ £· ³³Ò ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¸µ-
¢³¥¸É´µ ¢ ¸Ê¶¥·¶µ§¨Í¨ÖÌ. (� §¤¥²¥´¨¥ ¤¨ £· ³³ ´  PD- ¨ SED-±² ¸¸Ò µ¡Ê¸-
²µ¢²¥´µ · §²¨Î¨Ö³¨ ¢ ³ É¥³ É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· Ì ¶¥É²¥¢ÒÌ ¨´É¥£· ²µ¢.) � 
¤¨ £· ³³ Ì ¢¸¥Ì É·¥Ì É¨¶µ¢ ³µ¦´µ § ³¥´¨ÉÓ ¢¥±Éµ·´Ò¥ W±- ¨ Z0-¡µ§µ´Ò,
¸µµÉ¢¥É¸É¢¥´´µ, ´  § ·Ö¦¥´´Ò¥ H± ¨ ´¥°É· ²Ó´Ò¥ H0 Ì¨££¸µ¢¸±¨¥ ¡µ§µ´Ò.
�µ¤Î¥·±´¥³, ÎÉµ ¶µÖ¢²¥´¨¥ Ì¨££¸µ¢¸±¨Ì ¡µ§µ´µ¢ ¢  ³¶²¨ÉÊ¤ Ì ·¥¤±¨Ì ¶·µ-
Í¥¸¸µ¢ Ö¢´µ ¤¥³µ´¸É·¨·Ê¥É · ´¥¥ ¢Ò¸± § ´´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö µ ¢Ò¸µ±µ° ÎÊ¢-
¸É¢¨É¥²Ó´µ¸É¨ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ± ¸É·Ê±ÉÊ·¥ ¢ ±ÊÊ³  ‘Œ. �É³¥É¨³ É ±¦¥, ÎÉµ
´  BD-¤¨ £· ³³ Ì ±¢ ·±µ¢Ò¥ ²¨´¨¨ ³µ¦´µ § ³¥´¨ÉÓ ´  ²¥¶Éµ´´Ò¥, ¶· ¢¤ ,
¢ ÔÉµ³ ¸²ÊÎ ¥ ²¥¶Éµ´´Ò° ¡²µ± ¤µ²¦¥´ ¡ÒÉÓ ¤¨ £µ´ ²¥´ ¶µ  ·µ³ ÉÊ.

“¦¥ ´  Ê·µ¢´¥ µ¤´µ¶¥É²¥¢ÒÌ PD+SED- ¨ BD-¤¨ £· ³³ ³µ¦´µ ¤ ÉÓ ¶· ±-
É¨Î¥¸±¨ ¨¸Î¥·¶Ò¢ ÕÐÊÕ ±² ¸¸¨Ë¨± Í¨Õ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ¶µ·µ¦¤ -
¥³ÒÌ �’ˆ�. PD+SED-¤¨ £· ³³Ò ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¶·¨ V = Z0

µ¶¨¸Ò¢ ÕÉ ´¥¤¨ £µ´ ²Ó´Ò¥ · ¸¶ ¤Ò Z0-¡µ§µ´ , ¶·¨ V = γ Å ·¥¤±¨¥ · -
¤¨ Í¨µ´´Ò¥ · ¸¶ ¤Ò ³¥§µ´µ¢ M → M ′γ. �É¨ ¦¥ ¤¨ £· ³³Ò ¸µ¢³¥¸É´µ
¸ BD-¤¨ £· ³³µ° ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¢¥±Éµ·´µ° Î ¸É¨ÍÒ µ¶¨¸Ò¢ ÕÉ
´¥¤¨ £µ´ ²Ó´µ¥ ·µ¦¤¥´¨¥ ¶ · qiq̄j ¨ ´¥°É· ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ¸ ¨§³¥´¥´¨¥³
 ·µ³ É  qi → qj ¢ e−e+-, pp̄- ¨ ep-¸Éµ²±´µ¢¥´¨ÖÌ. BD-¤¨ £· ³³Ò µ¶¨¸Ò¢ ÕÉ
¸³¥Ï¨¢ ´¨¥ ¢ ´¥°É· ²Ó´ÒÌ ¸¨¸É¥³ Ì ³¥§µ´µ¢ M0ÄM̄0. ‘µ¢³¥¸É´µ PD+SED-
¨ BD-¤¨ £· ³³Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶·¨ ±µ´¸É·Ê¨·µ¢ ´¨¨ ¶µ¤¶·µÍ¥¸¸µ¢, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨Ì ·¥¤±¨³ ²¥¶Éµ´´Ò³ M → l+l−, ¶µ²Ê²¥¶Éµ´´Ò³ M → M ′l+l− ¨
´¥²¥¶Éµ´´Ò³ M → M1M2 · ¸¶ ¤ ³ ³¥§µ´µ¢,   É ±¦¥ ¶·¨  ´ ²¨§¥ ÔËË¥±Éµ¢
CP -´ ·ÊÏ¥´¨Ö ¢ · ¸¶ ¤ Ì ³¥§µ´µ¢.

ˆ´É¥´¸¨¢´µ¸ÉÓ ¶¥·¥Î¨¸²¥´´ÒÌ ¶·µÍ¥¸¸µ¢ µÎ¥´Ó ³ ² , ÎÉµ µ¶· ¢¤Ò¢ ¥É
¨Ì ´ §¢ ´¨¥ ®·¥¤±¨¥ ¶·µÍ¥¸¸Ò¯. Š ± ¶· ¢¨²µ, ¡·Ô´Î¨´£¨ ·¥¤±¨Ì · ¸¶ ¤µ¢,
¶·µÉ¥± ÕÐ¨Ì Î¥·¥§ �’ˆ�, ¨³¥ÕÉ §´ Î¥´¨Ö ¢ ¨´É¥·¢ ²¥ 10−6 ÷ 10−12. „¨ -
£· ³³Ò, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 1, ¸µµÉ¢¥É¸É¢ÊÕÉ ·¥¤±¨³ ¶µ¤¶·µÍ¥¸¸ ³, ¶·µ¨¸-
Ìµ¤ÖÐ¨³ ´  ±¢ ·±-²¥¶Éµ´´µ³ Ê·µ¢´¥. � ¸Î¥É ÔÉ¨Ì ¤¨ £· ³³ Ö¢²Ö¥É¸Ö Éµ²Ó±µ
¶¥·¢Ò³ ¨, ³µ¦´µ ¸± § ÉÓ, ¶µ¤£µÉµ¢¨É¥²Ó´Ò³ ÔÉ ¶µ³ É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥-
¤µ¢ ´¨Ö ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢. „²Ö µ¶¨¸ ´¨Ö ´¥±µÉµ·ÒÌ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ ³µ-
¦¥É µ± § ÉÓ¸Ö ´¥µ¡Ìµ¤¨³Ò³  ´ ²¨§ ¤¢ÊÌ¶¥É²¥¢ÒÌ ´¥¤¨ £µ´ ²Ó´ÒÌ ¤¨ £· ³³.
�·¨³¥· É ±¨Ì ¤¢ÊÌ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¸ ¶·µ³¥¦ÊÉµÎ´Ò³ ¤¢ÊÌËµÉµ´´Ò³ ¸µ-
¸ÉµÖ´¨¥³, ¨³¥ÕÐ¨Ì µÉ´µÏ¥´¨¥ ± ·¥¤±¨³ ²¥¶Éµ´´Ò³ · ¸¶ ¤ ³ ³¥§µ´µ¢, ¶·¨-
¢¥¤¥´ ¢ ¶. 2.3. ’ ± ± ± ¢µ ¢¸¥Ì ·¥¤±¨Ì ¶·µÍ¥¸¸ Ì µ¡Ö§ É¥²Ó´Ò³¨ ÊÎ ¸É´¨± ³¨
Ö¢²ÖÕÉ¸Ö ±¢ ·±¨, Éµ ´  ¢Éµ·µ³ ÔÉ ¶¥ ¨¸¸²¥¤µ¢ ´¨Ö ´¥µ¡Ìµ¤¨³µ ¨§ÊÎ¨ÉÓ ¶¥·-
ÉÊ·¡ É¨¢´Ò¥ Š•„-¶µ¶· ¢±¨ (É ± ´ §Ò¢ ¥³Ò¥ ÔËË¥±ÉÒ ³ ²ÒÌ · ¸¸ÉµÖ´¨° Å
Short Distance, SD-ÔËË¥±ÉÒ). �µ²´Ò° ¦¥ · ¸Î¥É ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢, ¸µ¤¥·-
¦ Ð¨Ì ¢±² ¤Ò µÉ ¤¨ £· ³³ ´  ·¨¸. 1, ¶·¥¤¶µ² £ ¥É É·¥É¨° ÔÉ ¶ ¨¸¸²¥¤µ¢ -
´¨Ö Å ÊÎ¥É ¤µ¶µ²´¨É¥²Ó´ÒÌ Ë ±Éµ·µ¢, µ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¶¥·¥´µ¸ ·¥§Ê²ÓÉ Éµ¢
´   ¤·µ´´Ò° Ê·µ¢¥´Ó. Š Î¨¸²Ê É ±¨Ì Ë ±Éµ·µ¢ µÉ´µ¸ÖÉ¸Ö ±µ´¸É ´ÉÒ · ¸-
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¶ ¤µ¢, Ëµ·³Ë ±Éµ·Ò ¶¥·¥Ìµ¤µ¢, ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ³¥§µ´µ¢, ¡ ·¨µ´µ¢ ¨ ¶·.
‚¸¥ ÔÉ¨ Ë ±Éµ·Ò ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ÔËË¥±É ³¨ ¡µ²ÓÏ¨Ì
· ¸¸ÉµÖ´¨° (Long Distance, LD-ÔËË¥±ÉÒ). �  ± ¦¤µ³ ¨§ ÔÉ ¶µ¢ ¢µ§´¨± ÕÉ
¸¶¥Í¨Ë¨Î¥¸±¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¶·µ¡²¥³Ò, É·¥¡ÊÕÐ¨¥ ¤¥É ²Ó´µ£µ µ¡¸Ê¦¤¥´¨Ö.

�¥±µÉµ·Ò¥ ±µ´±·¥É´Ò¥ ¶·µÍ¥¸¸Ò, ´ ¨¡µ²¥¥ ¨´É¥·¥¸´Ò¥ ¸ ÉµÎ±¨ §·¥´¨Ö
¢µ§³µ¦´µ¸É¥° Ô±¸¶¥·¨³¥´É , µ¡¸Ê¦¤ ÕÉ¸Ö ´¨¦¥.

2.2. �¥¤¨ £µ´ ²Ó´Ò¥ µ¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò. Š ± ¶·¨³¥· ·¥ ²Ó´µ£µ
 ¤·µ´´µ£µ ¶·µÍ¥¸¸ , · ¸¸³µÉ·¨³ ¸³¥Ï¨¢ ´¨¥ ´¥°É· ²Ó´ÒÌ ³¥§µ´µ¢ M0ÄM̄0.
‘µµÉ¢¥É¸É¢ÊÕÐ¨° ¶µ¤¶·µÍ¥¸¸ qiq̄j ←→ q̄iqj µ¶¨¸Ò¢ ¥É¸Ö ®¡µ±¸¯-¤¨ £· ³³ ³¨
(·¨¸. 1) ¨ ¨³¥¥É µÎ¥´Ó ³ ²ÊÕ  ³¶²¨ÉÊ¤Ê ∼ G2

F . �É¸Õ¤  ¸²¥¤Ê¥É ³ ²µ¸ÉÓ ± ±
¸³¥Ï¨¢ ´¨Ö, Ì · ±É¥·¨§Ê¥³µ£µ · §´µ¸ÉÓÕ ³ ¸¸ ∆m ÉÖ¦¥²µ° ¨ ²¥£±µ° ±µ³-
¶µ´¥´É, É ± ¨ ¸¢Ö§ ´´ÒÌ ¸ ´¨³ µ¸Í¨²²ÖÍ¨°, ±µÉµ·Ò¥ É ±¦¥ µÉ´µ¸ÖÉ ± ·¥¤-
±¨³ ¶·µÍ¥¸¸ ³. Š·µ³¥ Éµ£µ, ¤¨ £· ³³Ò É ±µ£µ É¨¶  µ¶·¥¤¥²ÖÕÉ ´¥¶·Ö³µ¥
CP -´ ·ÊÏ¥´¨¥,   É ±¦¥ ¤ ÕÉ ¢±² ¤ ¢ ·¥¤±¨¥ · ¸¶ ¤Ò.

‚¶¥·¢Ò¥ ®¡µ±¸¯-¤¨ £· ³³Ò ¡Ò²¨ · ¸¸Î¨É ´Ò ¤²Ö µ¶¨¸ ´¨Ö ¸¨¸É¥³Ò
K0 − K̄0 ¢ [1], £¤¥ ¤²Ö ¸²ÊÎ Ö ´Ê²¥¢ÒÌ ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸µ¢ ¨ ³ ²ÒÌ ¶µ
¸· ¢´¥´¨Õ ¸ mW ±¢ ·±µ¢ÒÌ ³ ¸¸ ´  ¢´ÊÉ·¥´´¨Ì ²¨´¨ÖÌ ¡Ò² ¶µ²ÊÎ¥´ ÔËË¥±-
É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´. „²Ö ¸²ÊÎ Ö ÉÖ¦¥²ÒÌ (mq ∼ mW ) ¢´ÊÉ·¥´´¨Ì ±¢ ·±µ¢
· ¸Î¥É ®¡µ±¸¯-¤¨ £· ³³ ¶·µ¢¥¤¥´ ¢ [2], ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö  ³¶²¨ÉÊ¤  ¶¥·¥-
Ìµ¤  ds̄ ←→ d̄s ¨³¥¥É ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ° ¢¨¤:

F =
∑
j,k

λjλkF (xjxk). (2.1)

‡¤¥¸Ó λj = U∗
jsUjd, Uij Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò;

xj = m2(qj)/m2
W ; F(xjxk) Å ´¥±µÉµ· Ö ¢ÒÎ¨¸²Ö¥³ Ö ËÊ´±Í¨Ö.

‘²ÊÎ ° ´¥´Ê²¥¢ÒÌ ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸µ¢ ¢ ®¡µ±¸¯-¤¨ £· ³³ Ì ¤²Ö ¶·µÍ¥¸-
¸µ¢ ¸ ÉÖ¦¥²Ò³ ¨ ²¥£±¨³ ¢´ÊÉ·¥´´¨³¨ ±¢ ·± ³¨ · ¸¸³µÉ·¥´ ¢ · ¡µÉ Ì [3Ä5].
Šµ´¥Î´Ò¥ ³ ¸¸Ò ¢´¥Ï´¨Ì ±¢ ·±µ¢ ÊÎÉ¥´Ò É ±¦¥ ¢ [6], £¤¥ ¶·µ ´ ²¨§¨·µ-
¢ ´ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ´ ¡µ· ®¡µ±¸¯-¤¨ £· ³³ ¤²Ö ¶·µ¨§¢µ²Ó´µ°
± ²¨¡·µ¢±¨. �·¨ ¶·µ¨§¢µ²Ó´ÒÌ ÉÖ¦¥²ÒÌ ±¢ ·± Ì ´  ¢´ÊÉ·¥´´¨Ì ¨ ¢´¥Ï´¨Ì
²¨´¨ÖÌ ¢ [7] ¢ÒÎ¨¸²¥´   ³¶²¨ÉÊ¤  ¢ ±¢ ¤· ÉÊ· Ì. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥-
´¨¥ ´¥ ¶·¨¢µ¤¨É¸Ö Ö¢´µ, ¶µ¸±µ²Ó±Ê ¨³¥¥É ¢¥¸Ó³  £·µ³µ§¤±¨° ¨ ´¥Ê¤µ¡´Ò°
¤²Ö ±µ´±·¥É´ÒÌ ¶·¨²µ¦¥´¨° ¢¨¤. ˆ³¥¥É ¸³Ò¸² É ±¦¥ ¶·¨¢¥¸É¨ ÉµÎ´µ¥  ´ -
²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ®¡µ±¸¯- ³¶²¨ÉÊ¤Ò ¶¥·¥Ìµ¤µ¢ ¢ ¸¨¸É¥³¥ ¶¸¥¢¤µ-
¸± ²Ö·´ÒÌ ³¥§µ´µ¢ P 0 → P̄ 0 ¶·¨ ¶·µ¨§¢µ²Ó´µ³ ¨³¶Ê²Ó¸¥ µ¤´µ£µ ¨§ ¢´¥Ï´¨Ì
±¢ ·±µ¢ [8]:

M12 =
G2

F m2
W BP f2

P MP

12π2

∑
i,j

λiλjD(xi, xj). (2.2)

‡¤¥¸Ó, ± ± ¨ ¢ÒÏ¥, λi = U∗
ihUil, qh, ql Å ÉÖ¦¥²Ò° ¨ ²¥£±¨° ¢´¥Ï´¨¥ ±¢ ·±¨

¸µµÉ¢¥É¸É¢¥´´µ; MP Å ³ ¸¸  ³¥§µ´  P 0 = qhq̄l; BP , fP Å ®bag¯-Ë ±Éµ· ¨
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±µ´¸É ´É  · ¸¶ ¤  ³¥§µ´  P 0. Ÿ¢´Ò° ¢¨¤ D(xi, xj) ¢ ±¢ ¤· ÉÊ· Ì ¶·¨¢¥¤¥´
¢ [5],   ÉµÎ´µ¥  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¸µ¤¥·¦¨É¸Ö ¢ [8]. ‚¢¨¤Ê ¥£µ £·µ-
³µ§¤±µ¸É¨ ¶·¨¢¥¤¥³ ²¨ÏÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ¸²¥¤´¥£µ ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê²¥¢ÒÌ
¢´¥Ï´¨Ì ¨³¶Ê²Ó¸µ¢ ¶·¨ xi � 1:

D(xi, xi) ≈ −3
2

(
xi

xi − 1

)3

ln xi −
xi

4

[
1 − 9

xi − 1
− 6

(xi − 1)2

]
,

D(xi, xj)≈−xi

4

[
1− 6

xi − 1
− 3

(xi − 1)2

]
ln xi −

3
4

xixj

xj − 1
+ xj ln xj ,

D(xj , xj) ≈ xj .

(2.3)

�µ¸²¥¤´ÖÖ Ëµ·³Ê²  ¶·¨³¥´¨³  ¤²Ö · ¸Î¥É  · ¸Ð¥¶²¥´¨Ö ³ ¸¸ ¢ ¸¨¸É¥³ Ì
K0ÄK̄0 ¨ B0ÄB̄0. „²Ö ¸¨¸É¥³Ò D0ÄD̄0 ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ, ÎÉµ mc � ms, md ¨
mc ∼ mb. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö D(xi, xj) ´ Ìµ¤¨³ ¶·¨ i = j = b [9]:

D(mb) = Ib
1 +

5
8
Ib
2m2

D,

Ib
1 =

m2
b

2m2
W

+
m2

c

6m2
W

ln
m2

b

m2
c

− m2
c

6m2
W

, Ib
2 =

1
3
m2

W ln
m2

b

m2
c

.

(2.4)

�  ³ ²ÒÌ · ¸cÉµÖ´¨ÖÌ ®¡µ±¸¯-¤¨ £· ³³Ò ¤ ÕÉ ¢±² ¤ ± ± ¢ · ¸Ð¥¶²¥´¨¥
³ ¸¸ ∆m, É ± ¨ ¢ ´¥¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥. ‚ Î ¸É´µ¸É¨, ¤²Ö K0ÄK̄0-¸¨¸É¥³Ò
∆mSD ≈ 2Re (M12),   ¶ · ³¥É· CP -´ ·ÊÏ¥´¨Ö ε ∼ Im (M12)/Re (M12),
¶·¨Î¥³ ¢ ³µ¤¥²¨ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò µ´ Ë¨±¸¨·Ê¥É¸Ö ¢¥²¨Î¨´µ° Ë §Ò.

�Ê¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ´ Ìµ¦¤¥´¨¥ ÉµÎ´ÒÌ ¢±² ¤µ¢ ®¡µ±¸¯-¤¨ £· ³³ ¢ ·¥-
 ²Ó´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò µ¡ÒÎ´µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤µ¸É ÉµÎ´µ £·µ-
³µ§¤±ÊÕ ¢ÒÎ¨¸²¨É¥²Ó´ÊÕ § ¤ ÎÊ, µ¤´ ±µ Ê¦¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ
¶µ± §Ò¢ ÕÉ ¥¥ ¶·¨´Í¨¶¨ ²Ó´ÊÕ ¢Ò¶µ²´¨³µ¸ÉÓ. �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ µÉ¸ÊÉ-
¸É¢¨¨ · ¸Ìµ¤¨³µ¸É¥° ¢ É ±¨Ì ¤¨ £· ³³ Ì, ¶µÔÉµ³Ê ¢ ±µ´±·¥É´ÒÌ ·¥ ±Í¨ÖÌ
¸Ê³³  ®¡µ±¸¯-¢±² ¤µ¢ Ö¢²Ö¥É¸Ö ±µ´¥Î´Ò³ ¢Ò· ¦¥´¨¥³, ¤²Ö ±µÉµ·µ£µ ³µ¦´µ
¶µ²ÊÎ¨ÉÓ · §²¨Î´Ò¥ ¶·¨¡²¨¦¥´¨Ö ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶·µÍ¥¸¸ .

‚ÒÎ¨¸²¥´¨¥ BD+SED-¤¨ £· ³³, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 1, ¶·¥¤¸É ¢²Ö¥É¸Ö
¡µ²¥¥ ¸²µ¦´Ò³, ¶µ¸±µ²Ó±Ê ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ ÉÐ É¥²Ó´µ ¶·µ±µ´É·µ-
²¨·µ¢ ÉÓ ¸µ±· Ð¥´¨¥ · ¸Ìµ¤¨³µ¸É¥°. ‚ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ¤¢ÊÌ ¤¥¸ÖÉ¨²¥É¨°
· ¸Î¥É ÔËË¥±É¨¢´ÒÌ �’ˆ�-¢¥·Ï¨´ ¡Ò² ¶·µ¢¥¤¥´ ³´µ£¨³¨  ¢Éµ· ³¨ ¸ · §-
²¨Î´µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨. „µ ´ Î ²  80-Ì £µ¤µ¢ ¡Ò²¨ ¨§¢¥¸É´Ò ²¨ÏÓ ¶·¨¡²¨-
¦¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ÔÉ¨Ì ¢¥·Ï¨´ Å ¢ ¶·¥´¥¡·¥¦¥´¨¨ ³ ¸¸ ³¨ ¢´¥Ï´¨Ì ±¢ ·-
±µ¢, ¢´¥Ï´¨³¨ ¨³¶Ê²Ó¸ ³¨, ¨ ¶·¨ ÊÎ¥É¥ Éµ²Ó±µ ¢¥¤ÊÐ¨Ì Î²¥´µ¢ ∼ mq/mW .
…¸É¥¸É¢¥´´µ, ¶·¨ ÔÉµ³ ¨¸¸²¥¤µ¢ ²¨¸Ó ¨ ³¥Éµ¤µ²µ£¨Î¥¸±¨¥  ¸¶¥±ÉÒ É ±¨Ì ¢Ò-
Î¨¸²¥´¨°. �¥·¢Ò° ¤¥É ²Ó´Ò° · ¸Î¥É ¨  ´ ²¨§ ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ É ±µ£µ
É¨¶  ¡Ò² ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [2] ¢ ¶·¨¡²¨¦¥´¨¨ ÉÖ¦¥²ÒÌ ¢´ÊÉ·¥´´¨Ì ²¨´¨°.
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�µ¸±µ²Ó±Ê mt � ms, mb, ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨³¥´¨³Ò ¶· ±É¨Î¥¸±¨ ±µ
¢¸¥³ ¶·µÍ¥¸¸ ³ ¸ ÊÎ ¸É¨¥³ K-, Bd-, Bs-³¥§µ´µ¢ ¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤µ ´ ¸ÉµÖ-
Ð¥£µ ¢·¥³¥´¨, É¥³ ¡µ²¥¥ ÎÉµ ´ °¤¥´´Ò¥ Ëµ·³Ê²Ò µ± § ²¨¸Ó ±µ³¶ ±É´Ò³¨ ¨
Ê¤µ¡´Ò³¨ ¤²Ö · ¸Î¥Éµ¢.

�  µ¸´µ¢¥ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¤²Ö ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ¡Ò²¨ ¶µ¸É·µ¥´Ò
´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ÔËË¥±É¨¢´Ò¥ ² £· ´¦¨ ´Ò, µ¶¨¸Ò¢ ÕÐ¨¥ · ¸¶ ¤Ò
KL → µ+µ−, K → πνν̄ ¨ ¸³¥Ï¨¢ ´¨¥ K0ÄK̄0. ‚ · ¡µÉ Ì [10Ä12] ¡Ò² µ¸Ê-
Ð¥¸É¢²¥´ ¶µ²´Ò° · ¸Î¥É ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ γqiqj ¨ Gqiqj ¢´¥ ³ ¸¸µ¢µ°
¶µ¢¥·Ì´µ¸É¨ ¢ ± ²¨¡·µ¢±¥ 'É •µËÉ Ä”¥°´³ ´ . �·¨ ÔÉµ³ É ±¦¥ ¡Ò²  ¶·µ-
 ´ ²¨§¨·µ¢ ´  ¶·µÍ¥¤Ê·  ¶¥·¥´µ·³¨·µ¢±¨ ¨ ¥¥ ¸¢Ö§Ó ¸ ¢Ò¶µ²´¥´¨¥³ Éµ¦¤¥¸É¢
“µ·¤ Ä’ ± Ì Ï¨ ¤²Ö ¢¥·Ï¨´Ò ¸ ËµÉµ´µ³ ¨ Éµ¦¤¥¸É¢ ‘² ¢´µ¢ Ä’¥°²µ·  ¤²Ö
ÔËË¥±É¨¢´µ° ¢¥·Ï¨´Ò ¸ £²Õµ´µ³ (¨²¨ Z-¡µ§µ´µ³). ‘É·Ê±ÉÊ·  ¶µ²ÊÎ¥´´ÒÌ
¢Ò· ¦¥´¨° ¤µ¢µ²Ó´µ £·µ³µ§¤± , ¶µÔÉµ³Ê  ¢Éµ· ³¨, ± ± ¨ ¢ [2], ¡Ò²µ · ¸-
¸³µÉ·¥´µ ¶·¨¡²¨¦¥´¨¥ ÉÖ¦¥²ÒÌ ¢´ÊÉ·¥´´¨Ì ±¢ ·±µ¢. ‚ ¤ ²Ó´¥°Ï¥³ ¶µ²´Ò°
 ´ ²¨§ ¢ ±¢ ¤· ÉÊ· Ì ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ γqiqj ¨ Zqiqj ¢´¥ ³ ¸¸µ¢µ° ¶µ-
¢¥·Ì´µ¸É¨ ¶·µ¢µ¤¨²¸Ö ¢ · ¡µÉ¥ [13]. ‚ ÔÉµ³ ¸²ÊÎ ¥ É ±¦¥ ¨¸¶µ²Ó§µ¢ ² ¸Ó
± ²¨¡·µ¢±  'É •µËÉ Ä”¥°´³ ´ . „²Ö ±µ´É·µ²Ö ·¥§Ê²ÓÉ Éµ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó
Éµ¦¤¥¸É¢  “µ·¤ Ä’ ± Ì Ï¨ ¨ ‘² ¢´µ¢ Ä’¥°²µ·  (¤ ²¥¥ ¡Ê¤¥³ µ¡µ§´ Î ÉÓ ¨Ì
“’‘’-Éµ¦¤¥¸É¢ ), ¶·¨Î¥³ ¶µ± § ´µ ÉµÎ´µ¥ ¸µ±· Ð¥´¨¥ · ¸Ìµ¤¨³µ¸É¥° ´ 
³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ˆ§ÊÎ¥´¨¥  ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° ¤²Ö ÔËË¥±É¨¢´ÒÌ
¢¥·Ï¨´ ¨ ¨Ì ¸É·Ê±ÉÊ·Ò ¶·µ¤µ²¦ ²µ¸Ó ¢ [14], £¤¥ ¤µ¶µ²´¨É¥²Ó´µ · ¸¸³ É·¨¢ -
²µ¸Ó ¶·¨¡²¨¦¥´¨¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ´  ¢´ÊÉ·¥´´¨Ì ²¨´¨ÖÌ. �´ ²µ£¨Î´Ò¥ ¢Ò-
Î¨¸²¥´¨Ö ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [15], µ¤´ ±µ ¶·¨ ÔÉµ³ ¢Ò¡¨· ² ¸Ó ´¥¸±µ²Ó±µ ¨´ Ö
 ¶¶·µ±¸¨³ Í¨Ö, ¶µÔÉµ³Ê µÉ¢¥ÉÒ ´¥ ¸µ¢¶ ²¨. ‚ ¦´Ò° ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´
¢ [16], £¤¥ ¶·Ö³Ò³ · ¸Î¥Éµ³ ¡Ò²µ ¤µ± § ´µ ÊÉ¢¥·¦¤¥´¨¥ µ Éµ³, ÎÉµ ´¥¶µ-
¸·¥¤¸É¢¥´´µ° ¶·¨Î¨´µ° · ¸Ìµ¦¤¥´¨Ö ¶µ²ÊÎ ¥³ÒÌ ·¥§Ê²ÓÉ Éµ¢ ³µ¦¥É Ö¢¨ÉÓ¸Ö
¢Ò¡µ· É ± ´ §Ò¢ ¥³µ° γ5-¤¥Ë¨´¨Í¨¨, É.¥. ±µ³³ÊÉ Í¨µ´´ÒÌ ¸¢µ°¸É¢ γ5 ¨ γi

¢ n-³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µÍ¥¤Ê·Ò · §³¥·´µ° ·¥£Ê²Ö·¨-
§ Í¨¨. ‚ Î ¸É´µ¸É¨, µ¡´ ·Ê¦¥´µ, ÎÉµ ¶·¨ · ¸Î¥É¥ Zbs̄-¢¥·Ï¨´Ò ´  ³ ¸¸µ¢µ°
¶µ¢¥·Ì´µ¸É¨ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ · ³± Ì ®´ ¨¢-
´µ°¯ ¸Ì¥³Ò ¨ ¸Ì¥³Ò 	· °É¥´²µ´¥· ÄŒÔ°§µ´  (	Œ-¸Ì¥³Ò), ¸µ¸É ¢²Ö¥É µ±µ²µ
43 %. �·¨ ÔÉµ³ µ± §Ò¢ ¥É¸Ö, ÎÉµ Éµ¦¤¥¸É¢µ “µ·¤ Ä’ ± Ì Ï¨ ¢Ò¶µ²´Ö¥É¸Ö
²¨ÏÓ ¢ ®´ ¨¢´µ°¯ ¸Ì¥³¥. ‚ ¸¨²Ê ÔÉ¨Ì ¶·¨Î¨´ Ö¸´µ, ÎÉµ ¢µ¶·µ¸ µ ¢Ò¡µ·¥
γ5-¤¥Ë¨´¨Í¨¨ ¶·¨ · ¸Î¥É¥ ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¢ ¦´Ò³,
± ± ¨ ¢¸¥¸Éµ·µ´´ÖÖ ¶·µ¢¥·±  ·¥§Ê²ÓÉ Éµ¢ ¢ÒÎ¨¸²¥´¨°.

�É¨ ¸µµ¡· ¦¥´¨Ö ¨¸¶µ²Ó§µ¢ ´Ò ¢ · ¡µÉ¥ [17], £¤¥ ¨§²µ¦¥´  ´¥±µÉµ· Ö
 ·£Ê³¥´É Í¨Ö ¢ ¶µ²Ó§Ê ®´ ¨¢´µ°¯ ¸Ì¥³Ò. �·¥¤¶µÎÉ¥´¨¥ É ±µ° ¸Ì¥³¥ µÉ¤ -
¥É¸Ö ¢ · ³± Ì µ¡µ¡Ð¥´¨Ö ¡¨´ ·´µ° ¸É·Ê±ÉÊ·Ò ¶·¥¤¸É ¢²¥´¨° ¶µ²´µ° £·Ê¶¶Ò
�Ê ´± ·¥ ´  ¸²ÊÎ ° n-³¥·´µ£µ ¶·µ¸É· ´¸É¢  ¨ µ¶·¥¤¥²¥´¨Ö γ5-³ É·¨ÍÒ ± ±
±µ³¶µ´¥´ÉÒ µ¶¥· Éµ·  ¶·µ¥±É¨·µ¢ ´¨Ö γ5Ψ± = ±Ψ±. �É³¥É¨³, ÎÉµ ¢¸¥ · -
´¥¥ ¨§¢¥¸É´Ò¥ · ¸Î¥ÉÒ ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ¶·µ¢µ¤¨²¨¸Ó ¢ ´¥Ë¨§¨Î¥¸±¨Ì
± ²¨¡·µ¢± Ì,   ÔÉµ ·¥§±µ Ê¢¥²¨Î¨¢ ¥É Î¨¸²µ · ¸¸³ É·¨¢ ¥³ÒÌ ¤¨ £· ³³ ¤ ¦¥
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¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨. ‚ÒÎ¨¸²¥´¨Ö ¦¥ ¢ [17] ¶·µ¢¥¤¥´Ò ¢ Ê´¨É ·´µ°
± ²¨¡·µ¢±¥, ¨ ÔÉµ, ¸ µ¤´µ° ¸Éµ·µ´Ò, Ê³¥´ÓÏ ¥É Î¨¸²µ ÊÎ¨ÉÒ¢ ¥³ÒÌ ¤¨ -
£· ³³ (µ¸µ¡¥´´µ ¸ÊÐ¥¸É¢¥´´Ò³ ÔÉµ ³µ¦¥É ¸É ÉÓ ¶·¨ · ¡µÉ¥ ¢ · ¸Ï¨·¥´¨ÖÌ
‘Œ),   ¸ ¤·Ê£µ° Å ¢ Ê´¨É ·´µ° ± ²¨¡·µ¢±¥ § ³¥É´µ Ê¶·µÐ ¥É¸Ö ¸É·Ê±ÉÊ· 
“’‘’-Éµ¦¤¥¸É¢. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ´¥ É·¥¡Ê¥É¸Ö ·¥´µ·³¨·µ¢±¨ ¢¥·Ï¨´, ¨
Éµ¦¤¥¸É¢µ ¶·µ¢¥·Ö¥É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ, ¶·¨Î¥³ ¢Ò¶µ²´Ö¥É¸Ö µ´µ ´¥§ ¢¨¸¨³µ
± ± ¤²Ö ±µ´¥Î´ÒÌ, É ± ¨ ¤²Ö · ¸Ìµ¤ÖÐ¨Ì¸Ö Î ¸É¥°. ‚ ¦´µ É ±¦¥ ¨ Éµ, ÎÉµ
¢¸²¥¤¸É¢¨¥ ±µ³¶¥´¸ Í¨¨ ¢¥¤ÊÐ¨Ì Î²¥´µ¢ ´  ´ Î ²Ó´µ° ¸É ¤¨¨ ¢ÒÎ¨¸²¥´¨°
¸É¥¶¥´Ó ¨³¶Ê²Ó¸´µ° · ¸Ìµ¤¨³µ¸É¨ µ± §Ò¢ ¥É¸Ö ´¥ ´ ³´µ£µ ¢ÒÏ¥, Î¥³ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ´¥Ë¨§¨Î¥¸±¨Ì ± ²¨¡·µ¢µ±. …Ð¥ µ¤´¨³  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê
¶·µ¢¥¤¥´¨Ö · ¸Î¥Éµ¢ ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ¢ Ê´¨É ·´µ° ± ²¨¡·µ¢±¥ ¶µ¸²Ê-
¦¨²  ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÉÐ É¥²Ó´µ° ´¥§ ¢¨¸¨³µ° ¶·µ¢¥·±¨ · ´¥¥ ¶µ²ÊÎ¥´´ÒÌ ¢
‘Œ ·¥§Ê²ÓÉ Éµ¢.

‚ [17] ¶µ²ÊÎ¥´Ò ÉµÎ´Ò¥ ¢Ò· ¦¥´¨Ö ¢ ±¢ ¤· ÉÊ· Ì ¤²Ö ¢¥·Ï¨´ V qiq̄j ,
V = γ, G, Z. „²Ö ¢¥·Ï¨´ γqiq̄j ¨ Gqiq̄j ¶·¥¤²µ¦¥´Ò Ê¤µ¡´Ò¥  ¶¶·µ±¸¨³ -
Í¨¨ ¢ ¶·¨¡²¨¦¥´¨¨ ³ ²ÒÌ ³ ¸¸ ¢´¥Ï´¨Ì ±¢ ·±µ¢ mi,j � mW . ‚µ ¢Éµ·µ³
¶·¨¡²¨¦¥´¨¨ ¶µ ¶ · ³¥É· ³ βi,j = m2

i,j/m2
W (¶¥·¢µ¥ ¶·¨¡²¨¦¥´¨¥ § ´Ê²Ö-

¥É¸Ö ÉµÎ´µ) ÔËË¥±É¨¢´ Ö ¢¥·Ï¨´  γqiqj ¨³¥¥É ¢¨¤ [17]:

Γµ
γ(β) =

eg2Ak
ij

9 · 27π2

iσµνkν

mW
(
√

βiR +
√

βjL)Aγ(xk), (2.5)

Aγ(xk) = 3xk

[
7 − 5xk − 8x2

k

(xk − 1)3
+

6xk(3xk − 2)
(xk − 1)4

ln xk

]
+ Aγ(0), (2.6)

£¤¥ xk = m2
k/m2

W , k = u, c, t; Ak
ij = U∗

kjUki; Aγ(0) = 46 Å GIM-´¥§ ¢¨¸¨³ Ö
Î ¸ÉÓ, ¢ · ³± Ì ‘Œ ´¥ ¢´µ¸ÖÐ Ö ¢±² ¤  ¢ �’ˆ�. „²Ö ¶µ²´µ° £²Õµ´´µ°
¢¥·Ï¨´Ò Gqiqj  ´ ²µ£¨Î´µ ´ Ìµ¤¨É¸Ö ¢Ò· ¦¥´¨¥

Γµ
G(β) =

gsg
2Ak

ij

3 · 28π2

iσµνkν

mW
(
√

βiR +
√

βjL)AG(xk)λn. (2.7)

‡¤¥¸Ó

AG(xk) = 3xk

[
2 + 5xk − x2

k

(xk − 1)3
− 6xk

(xk − 1)4
ln xk

]
.

‚Ò· ¦¥´¨Ö (2.5) ¨ (2.7) ¤²Ö ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ-
¸É¨ ¢ Ê´¨É ·´µ° ± ²¨¡·µ¢±¥ ¸µ¢¶ ¤ ÕÉ ¸ ´ °¤¥´´Ò³¨ · ´¥¥ ¢ Ë¥°´³ ´µ¢¸±µ°
¨ Rξ-± ²¨¡·µ¢± Ì. ’ ±¨³ µ¡· §µ³, · ¸Î¥ÉÒ ¢ Ê´¨É ·´µ° ± ²¨¡·µ¢±¥, ¶µ³¨³µ
Éµ£µ, ÎÉµ µ´¨ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³ É¥¸Éµ³ ´  ¶· ¢¨²Ó´µ¸ÉÓ ¨§¢¥¸É´ÒÌ ·¥-
§Ê²ÓÉ Éµ¢, ¤¥³µ´¸É·¨·ÊÕÉ µ¶·¥¤¥²¥´´µ¥ É¥Ì´¨Î¥¸±µ¥ ¶·¥¨³ÊÐ¥¸É¢µ ¶¥·¥¤ ¢Ò-
Î¨¸²¥´¨Ö³¨ ¢ ´¥Ë¨§¨Î¥¸±¨Ì ± ²¨¡·µ¢± Ì (¤¥É ²¨ ¶·¨¢µ¤ÖÉ¸Ö ¢ · ¡µÉ¥ [17]).
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�Ê¦´µ µÉ³¥É¨ÉÓ, ÎÉµ µ¶·¥¤¥²¥´´Ò° ¨´É¥·¥¸ ¢Ò§Ò¢ ÕÉ ¨ �’ˆ�, ¨´¤Ê-
Í¨·Ê¥³Ò¥ ¶¥É²Ö³¨ ¨ ¢¥·Ï¨´ ³¨ ¸ ÊÎ ¸É¨¥³ Ì¨££¸µ¢¸±µ£µ ¡µ§µ´ . ‚¥·Ï¨´Ò
É¨¶  bsH · ¸¸³µÉ·¥´Ò ¢ · ¡µÉ Ì [18Ä22], ¶·¨Î¥³ ¢ ¶µ¸²¥¤´¥° · ¡µÉ¥ É ±¦¥
¶·µ ´ ²¨§¨·µ¢ ´Ò ·¥§Ê²ÓÉ ÉÒ · §²¨Î´ÒÌ γ5-¤¥Ë¨´¨Í¨° ¨ ¶µ± § ´µ, ÎÉµ ¶·¨
±µ··¥±É´µ³ ÊÎ¥É¥ ±¨· ²Ó´µ¸É¥° Ë¥·³¨µ´µ¢ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ®´ ¨¢´µ°¯ ¨ 	Œ-
¸Ì¥³ ¸µ¢¶ ¤ ÕÉ. �·µ¨²²Õ¸É·¨·Ê¥³ ÔËË¥±É Ì¨££¸µ¢¸±µ° Î ¸É¨ÍÒ ¢ �’ˆ�,
¶·¨¢¥¤Ö ¶µ²ÊÎ¥´´µ¥ ¢ [18] ¶·µ¸Éµ¥ ¢Ò· ¦¥´¨¥ ¤²Ö bsH-¢¥·Ï¨´Ò ¢ ¶·¨¡²¨-
¦¥´¨¨ mt, mW � mb, ms:

Γ(bsH) ≈ 3
256π2

g3U∗
tsUtb(mbm

2
t /m3

W )s̄(1 + γ5)b. (2.8)

�µ¨¸± ¸¨£´ ²µ¢ ¶·¨¸ÊÉ¸É¢¨Ö ¢¨·ÉÊ ²Ó´µ£µ Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  ¢ ·¥¤±¨Ì · ¸-
¶ ¤ Ì B-³¥§µ´µ¢, ¢µ§³µ¦´µ, ¨³¥¥É ´¥±µÉµ·Ò¥ ¶¥·¸¶¥±É¨¢Ò.

2.3. �¥¤±¨¥ · ¸¶ ¤Ò ³¥§µ´µ¢
2.3.1. �¥¤±¨¥ ²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò. ‘·¥¤¨ ·¥¤±¨Ì ²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢

³¥§µ´µ¢ ¢Ò¤¥²¥´ · ¸¶ ¤ KL → µ−µ+, Ìµ·µÏµ ¨§ÊÎ¥´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´µ
[23]:

Br(KL → µ+µ−)exp = (7,15 ± 0,16) · 10−9. (2.9)

”µ·³¨·µ¢ ´¨¥ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ÔÉµ³ · ¸¶ ¤¥ ¸²¥¤Ê¥É µ¡¸Ê¦¤ ÉÓ ¸
ÊÎ¥Éµ³ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ± ´ ²  KL → 2γ, ¨³¥ÕÐ¥£µ ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏÊÕ
µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥·µÖÉ´µ¸ÉÓ: Br(KL → 2γ) = (5,92 ± 0,15) · 10−4. „¥°-
¸É¢¨É¥²Ó´µ, ²¥¶Éµ´´ Ö ¶ ·  ³µ¦¥É ¢µ§´¨± ÉÓ ± ± §  ¸Î¥É ÔËË¥±É  �’ˆ�
(PD+SED- ¨ BD-¤¨ £· ³³Ò, µ¸´ Ð¥´´Ò¥ Š•„-¢±² ¤ ³¨), É ± ¨ Î¥·¥§ ¶·µ³¥-
¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¸µ¤¥·¦ Ð¨¥ ¨ ·¥ ²Ó´Ò¥, KL → γγ → µ+µ−, ¨ ¢¨·ÉÊ-
 ²Ó´Ò¥, KL → γ∗γ∗ → µ+µ−, ËµÉµ´Ò. �·µ¡²¥³Ò É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§ 
ÔÉµ£µ Ö¢²¥´¨Ö ¢µ§´¨± ÕÉ ¢¸²¥¤¸É¢¨¥ Éµ£µ, ÎÉµ ¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö Ëµ·-
³¨·ÊÕÉ¸Ö ± ± ´  ³ ²ÒÌ, É ± ¨ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.

�³¶²¨ÉÊ¤  µ¡¸Ê¦¤ ¥³µ£µ ¶·µÍ¥¸¸  ¸µ¤¥·¦¨É ¶ÖÉÓ · §²¨Î´ÒÌ ¢±² ¤µ¢:

A(KL → µ+µ−) = A
(0)
R(SD) + A

(2γ∗)
R(SD) + A

(2γ∗)
R(LD) + i(A(2γ)

I(SD) + A
(2γ)
I(LD)).

‡¤¥¸Ó A
(0)
R(SD) Å ÔËË¥±ÉÒ �’ˆ�, µ¶¨¸Ò¢ ¥³Ò¥ PD+SED- ¨ BD-¤¨ £· ³-

³ ³¨ (·¨¸. 2), µ¸´ Ð¥´´Ò¥ Š•„-¶µ¶· ¢± ³¨ (·¨¸. 4); A
(2γ∗)
R(SD), A

(2γ)
I(SD) Å ·¥-

 ²Ó´ Ö ¨ ³´¨³ Ö Î ¸É¨  ³¶²¨ÉÊ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·µ³¥¦ÊÉµÎ´Ò³ ¤¢ÊÌ-
ËµÉµ´´Ò³ ¸µ¸ÉµÖ´¨Ö³, ¢µ§´¨± ÕÐ¨³ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ §  ¸Î¥É ¤¢ÊÌ¶¥-

É²¥¢ÒÌ ÔËË¥±Éµ¢ (·¨¸. 3); A
(2γ∗)
R(SD), A

(2γ)
I(SD) Å  ´ ²µ£¨Î´Ò¥  ³¶²¨ÉÊ¤Ò, µ¶¨¸Ò-

¢ ÕÐ¨¥ ÔËË¥±ÉÒ ¢§ ¨³µ¤¥°cÉ¢¨° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.
’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ SD-¢±² ¤µ¢ ¶µ§¢µ²¨², ¢µ-¶¥·¢ÒÌ, ¢ÒÎ¨¸²¨ÉÓ ÔË-

Ë¥±ÉÒ �’ˆ� ¸ Š•„-¶µ¶· ¢± ³¨ [24]:

A
(0)
R(SD) ∼ Br(KL → µ+µ−)SD(0)

theor = (1,2 ± 0,6) · 10−9, (2.10)
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�¨¸. 2. ‚±² ¤ PD+SED- ¨ BD-¤¨ £· ³³ ¢ ·¥¤±¨¥ ²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò M0(dαd̄β) →
l+l−, νν̄

�¨¸. 3. „¢ÊÌ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ¸ ¶·µ³¥¦ÊÉµÎ´Ò³ ¤¢ÊÌËµÉµ´´Ò³ ¸µ¸ÉµÖ´¨¥³ ¢ ¶¥·¥-
Ìµ¤¥ dαd̄β → µ+µ−

¨, ¢µ-¢Éµ·ÒÌ, ¶·µ¢¥¸É¨ µÍ¥´±Ê ¤¢ÊÌ¶¥É²¥¢ÒÌ ÔËË¥±Éµ¢, ¨§µ¡· ¦¥´´ÒÌ ´ 
·¨¸. 3. ‚¥²¨Î¨´  A2γ∗

R(SD) µ± § ² ¸Ó ³ ²µ° (∼ 10 %) ¶µ ¸· ¢´¥´¨Õ ¸ ¢±² -
¤ ³¨ µ¤´µ¶¥É²¥¢ÒÌ PD+SED- ¨ BD-¤¨ £· ³³; ¸ ÊÎ¥Éµ³ ¶µ£·¥Ï´µ¸É¨ É¥µ·¥-
É¨Î¥¸±µ£µ ¶·µ£´µ§  (2.10) ¥¥ ³µ¦´µ ¨¸±²ÕÎ¨ÉÓ ¨§ µ¡¸Ê¦¤¥´¨Ö. ’¥µ·¨Ö É ±¦¥
´ ¤¥¦´µ ±µ´É·µ²¨·Ê¥É ¢±² ¤ ¸Ê³³ ·´µ°  ¡¸µ·¡Í¨µ´´µ° Î ¸É¨ [25,26]:

|A2γ
I(SD) + A2γ

I(LD)|
2 ∼ Br(KL → γγ → µ+µ−),

Br(KL → γγ → µ+µ−)
Br(KL → γγ)

= α2

(
mµ

mK

)2 1
2β

ln2 1 + β

1 − β
,

(2.11)

£¤¥ β = (1 − 4m2
µ/m2

K)1/2. ˆ§ ¸µµÉ´µÏ¥´¨Ö (2.11) ¶µ²ÊÎ ¥É¸Ö É ± ´ §Ò¢ ¥-
³Ò° Ê´¨É ·´Ò° ¶·¥¤¥² Å µ£· ´¨Î¥´¨¥ ¸´¨§Ê ´  µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥·µÖÉ´µ¸ÉÓ
·¥¤±µ£µ ²¥¶Éµ´´µ£µ · ¸¶ ¤ :

Br(KL → µ+µ−)unit
>∼ Br(KL → γγ → µ+µ−) = (7,07 ± 0,18) · 10−9.

(2.12)
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�¨¸. 4. Š•„-¶µ¶· ¢±¨ ± ´¥¤¨ £µ´ ²Ó´Ò³ PD+SED- ¨ BD-¤¨ £· ³³ ³ ¢ ¶¥·¥Ìµ¤ Ì
dαd̄β → µ+µ−

‘· ¢´¥´¨¥ (2.12) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (2.9) ¶µ§¢µ²Ö¥É § Ë¨±-
¸¨·µ¢ ÉÓ ¸Ê³³ ·´Ò° ¢±² ¤ ·¥ ²Ó´µ° Î ¸É¨  ³¶²¨ÉÊ¤Ò

Br(KL → µ+µ−)R = (0,13+0,68
−0,13) · 10−9. (2.13)

�£· ´¨Î¥´¨¥ ¸¢¥·ÌÊ ´  ¢¥²¨Î¨´Ê (2.13) Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [27]:

Br(KL → µ+µ−)R < 0,56 · 10−9. (2.14)

�Í¥´±¨ (2.13), (2.14), ¶µ²ÊÎ¥´´Ò¥ ¸µ¢¥·Ï¥´´µ · §²¨Î´Ò³¨ ¸¶µ¸µ¡ ³¨, É¥³ ´¥
³¥´¥¥ Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³; ¶µÔÉµ³Ê ¨³¥ÕÉ¸Ö µ¸´µ¢ ´¨Ö ÊÉ¢¥·-
¦¤ ÉÓ, ÎÉµ ¢¥²¨Î¨´  ¤¨¸¶¥·¸¨µ´´µ£µ ¢±² ¤  ¢ µ¡¸Ê¦¤ ¥³Ò° ·¥¤±¨° · ¸¶ ¤
¨§¢¥¸É´  ¤µ¸É ÉµÎ´µ ´ ¤¥¦´µ. �·µ¡²¥³ , µ¤´ ±µ, ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¢Ò¤¥-
²¨ÉÓ ¨§ (2.13) ¢±² ¤ �’ˆ�. —¨¸Éµ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ³¥Éµ¤µ³ ÔÉµ£µ ¸¤¥-
² ÉÓ ´¥ Ê¤ ¥É¸Ö. …¸²¨ ¶µ²µ¦¨ÉÓ¸Ö ´  É¥µ·¥É¨Î¥¸±ÊÕ µÍ¥´±Ê ÔËË¥±É  �’ˆ�
(2.10), Éµ ¨§ (2.13) ¸²¥¤Ê¥É, ÎÉµ ¤¨¸¶¥·¸¨µ´´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò Ëµ·³¨·Ê-
¥É¸Ö §  ¸Î¥É ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ SD- ¨ LD-¢±² ¤µ¢ Å Éµ²Ó±µ ¢
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ÔÉµ³ ¸²ÊÎ ¥ ¶·¥¤¸± § ´¨¥ ‘Œ ¡Ê¤¥É ¸µ£² ¸µ¢Ò¢ ÉÓ¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. 	µ²¥¥
Éµ£µ, ¶·¥¤¶µ²µ¦¥´¨¥ µ ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ¡¥§ ´¥§ ¢¨¸¨³µ£µ  ´ -
²¨§  ¤¨¸¶¥·¸¨µ´´µ£µ LD-¢±² ¤  ¶·¨¢µ¤¨É ± ¶µÉ¥·¥ ¢µµ¡Ð¥ ± ±¨Ì-²¨¡µ µ·¨-
¥´É¨·µ¢ µÉ´µ¸¨É¥²Ó´µ ¢¥²¨Î¨´Ò ¤¨¸¶¥·¸¨µ´´µ£µ SD-¢±² ¤ . ‘ ÊÎ¥Éµ³ ÔÉµ£µ
µ¡¸ÉµÖÉ¥²Ó¸É¢  ¢ [28] ¶·¥¤¶·¨´ÖÉ  ¶µ¶ÒÉ±  É¥µ·¥É¨Î¥¸±µ£µ  ´ ²¨§  ¤¨¸¶¥·-
¸¨µ´´µ£µ LD-¢±² ¤  ¸ ÊÎ¥Éµ³ ¶µ²Õ¸´µ£µ ¨ ¢¥±Éµ·-¤µ³¨´ ´É´µ£µ ³¥Ì ´¨§³µ¢
Ëµ·³¨·µ¢ ´¨Ö ¶·µ³¥¦ÊÉµÎ´µ£µ ¤¢ÊÌËµÉµ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ·¥§Ê²ÓÉ É¥ ¢
· ³± Ì ¶·¥¤¶µ²µ¦¥´¨Ö µ ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ¶µ²ÊÎ¥´µ µ£· ´¨Î¥-
´¨¥ ¸¢¥·ÌÊ ´  SD-¢±² ¤ ÔËË¥±Éµ¢ �’ˆ�:

Br(KL → µ+µ−)(0)SD < 2,8 · 10−9, (2.15)

ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ É¥µ·¥É¨Î¥¸±¨³ ¶·µ£´µ§µ³ (2.10).
Š ± ¢¨¤´µ ¨§ ¨§²µ¦¥´´µ£µ, ¸¨ÉÊ Í¨Ö ¸ ·¥¤±¨³ ²¥¶Éµ´´Ò³ · ¸¶ ¤µ³ KL →

µ−µ+ ´¥ ¶µ§¢µ²Ö¥É ¶µ±  ´ ¤¥¦´µ § Ë¨±¸¨·µ¢ ÉÓ ÔËË¥±É �’ˆ� ¶µ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³ ¤ ´´Ò³ ¨ É¥³ ¸ ³Ò³ ¶·¥Í¨§¨µ´´µ ¶·µÉ¥¸É¨·µ¢ ÉÓ ‘Œ. „ ²Ó-
´¥°Ï¨° ¶·µ£·¥¸¸ É·¥¡Ê¥É ´¥ Éµ²Ó±µ ÊÉµÎ´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,
´µ ¨ ·¥Ï¥´¨Ö ¸²µ¦´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¢µ¶·µ¸µ¢ µ¡ µÍ¥´±¥ ¤¨¸¶¥·¸¨µ´´µ£µ
LD-¢±² ¤  ¨ Ì · ±É¥·¥ ¥£µ ¨´É¥·Ë¥·¥´Í¨¨ ¸ SD-¢±² ¤µ³.

Š· É±µ µ¶¨Ï¥³ É¥Ì´µ²µ£¨Õ É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ÔËË¥±Éµ¢ �’ˆ�
¢ ·¥¤±¨Ì ²¥¶Éµ´´ÒÌ · ¸¶ ¤ Ì. �¸´µ¢´µ° ¢±² ¤ ¢§ ¨³µ¤¥°¸É¢¨° ´  ³ ²ÒÌ
· ¸¸ÉµÖ´¨ÖÌ ¢ ÔÉ¨ ¶·µÍ¥¸¸Ò ¨§µ¡· ¦ ¥É¸Ö ¤¨ £· ³³ ³¨ ´  ·¨¸. 2, £¤¥ § -
ÏÉ·¨Ìµ¢ ´´Ò¥ É·¥Ê£µ²Ó´¨± ¨ Î¥ÉÒ·¥ÌÊ£µ²Ó´¨± µ¡µ§´ Î ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ,
PD+SED- ¨ BD-¤¨ £· ³³Ò, µ¸´ Ð¥´´Ò¥ Š•„-¶µ¶· ¢± ³¨.

‚Éµ·µ° ±² ¸¸ ÔËË¥±Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¶·¨¢µ¤¨É
± ¶¥·ÉÊ·¡ É¨¢´µ³Ê Ëµ·³¨·µ¢ ´¨Õ ¶·µ³¥¦ÊÉµÎ´µ£µ ¤¢ÊÌËµÉµ´´µ£µ ¸µ¸ÉµÖ´¨Ö
[29]; ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³Ò ¨§µ¡· ¦¥´Ò ´  ·¨¸. 3.

� §Ê³¥¥É¸Ö, ¤²Ö µ¶¨¸ ´¨Ö · ¸¶ ¤µ¢ ´   ¤·µ´´µ³ Ê·µ¢´¥ ´¥µ¡Ìµ¤¨³µ ¸µ-
¸É ¢²ÖÉÓ ¸Ê¶¥·¶µ§¨Í¨¨ ¤¨ £· ³³ ¤²Ö M0

αβ ¨ M̄0
αβ , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÉÖ¦¥²µ°

¨ ²¥£±µ° ±µ³¶µ´¥´É ³ M0ÄM̄0-¸¨¸É¥³Ò.
‘· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ¢±² ¤µ¢ ¶·µÍ¥¸¸µ¢, ¨§µ¡· ¦¥´´ÒÌ ´  ·¨¸. 2 ¨ 3,

¡¥§ ÊÎ¥É  Š•„-¶µ¶· ¢µ± ¶·µ¢¥¤¥´ ¢ [29], £¤¥, ¢ Î ¸É´µ¸É¨, Ê¸É ´µ¢²¥´µ, ÎÉµ
´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¤µ³¨´¨·ÊÕÉ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶·¨¢µ¤ÖÐ¨¥ ± ¶·µ³¥¦Ê-
ÉµÎ´µ³Ê ¸µ¸ÉµÖ´¨Õ, ¸µ¸ÉµÖÐ¥³Ê ¨§ ¤¢ÊÌ ·¥ ²Ó´ÒÌ ËµÉµ´µ¢. �É³¥É¨³, µ¤´ ±µ,
ÎÉµ ¸ ÉµÎ±¨ §·¥´¨Ö ¶·µ¢¥·±¨ ¶·¥¤¸± § ´¨° ‘Œ µ¸´µ¢´µ° ¨´É¥·¥¸ ¶·¥¤¸É -
¢²ÖÕÉ ¤¨ £· ³³Ò, ¨§µ¡· ¦¥´´Ò¥ ´  ·¨¸. 2. —Éµ ¦¥ ± ¸ ¥É¸Ö ¶·µ³¥¦ÊÉµÎ´µ£µ
¤¢ÊÌËµÉµ´´µ£µ ¸µ¸ÉµÖ´¨Ö, Éµ, ± ± ¡Ò²µ ¶µ± § ´µ ¢ÒÏ¥, ¥£µ ±µ²¨Î¥¸É¢¥´´Ò°
¢±² ¤ Ê¤ ¥É¸Ö ¢Ò· §¨ÉÓ Î¥·¥§ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥.

�µ¤¨ £· ³³´Ò°  ´ ²¨§ Š•„-¶µ¶· ¢µ± ± ¨´É¥·¥¸ÊÕÐ¨³ ´ ¸ ¶·µÍ¥¸¸ ³ ´ 
·¨¸. 2 ¶·µ¢µ¤¨²¸Ö ¢ · ¡µÉ Ì [30,31]; ¶ÖÉÓ ¨§ ¤¢ ¤Í É¨ Î¥ÉÒ·¥Ì · ¸¸Î¨É ´´ÒÌ
¤¨ £· ³³ ¨§µ¡· ¦¥´Ò ´  ·¨¸. 4.
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Š·Ê¦±¨ ¸ ±·¥¸É ³¨ ´  ±¢ ·±µ¢ÒÌ ²¨´¨ÖÌ µ¡µ§´ Î ÕÉ ³¥¸É  ¢µ§³µ¦-
´ÒÌ ¶µ¶ ·´ÒÌ ¸µ¥¤¨´¥´¨° ¸ £²Õµ´´Ò³¨ ²¨´¨Ö³¨; ´  ·¨¸. 4 ¤²Ö ¨²²Õ¸É· -
Í¨¨ ¢Ò¡· ´Ò ¶·µ¨§¢µ²Ó´Ò¥ ¶ ·Ò É ±¨Ì ³¥¸É. �´ ²¨§ ¨§µ¡· ¦¥´´ÒÌ §¤¥¸Ó
Š•„-¢±² ¤µ¢ ¶µ²ÊÎ¨² · §¢¨É¨¥ ¢ · ¡µÉ Ì [32Ä34]; ¢ [35] ¤ ´ µ¡§µ· ·¥§Ê²Ó-
É Éµ¢. �ËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´, ¨¸¶µ²Ó§Ê¥³Ò° ¤²Ö · ¸Î¥É  SD-¢±² ¤µ¢ ¢
·¥¤±¨° ²¥¶Éµ´´Ò° · ¸¶ ¤ KL-³¥§µ´µ¢, ¨³¥¥É ¢¨¤

Heff(KL → µ+µ−)SD = −GF√
2

2α

π sin2 θW

(U∗
csUcdYNL(xc)+

+U∗
tsUtdY (xt)) s̄LγµdLµ̄LγµµL + h.c.,

(2.16)

£¤¥ xc,t = m2
c,t/m2

W . ‚¸Ö ¨´Ëµ·³ Í¨Ö µ¡ µ¤´µ¶¥É²¥¢ÒÌ ´¥¤¨ £µ´ ²Ó´ÒÌ ¢¥·-
Ï¨´ Ì ¨ Š•„-¢±² ¤ Ì ¸µ¡· ´  ¢ ËÊ´±Í¨ÖÌ Y (xt) ¨ YNL(xc), Ö¢´Ò° ¢¨¤ ±µÉµ-
·ÒÌ ¶·¨¢¥¤¥´ ¢ [35]. Š•„-¶µ¶· ¢±¨ ± ¢¥·Ï¨´ ³, ¸µ¤¥·¦ Ð¨³ t-±¢ ·±, µ± § -
²¨¸Ó ³ ²Ò³¨ (¶µ·Ö¤±  1 %) ¨§-§  ³ ²µ¸É¨ αs(mt); ¤²Ö ¨Ì  ´ ²¨§  ¤µ¸É ÉµÎ´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨¡²¨¦¥´¨¥ ²¨¤¨·ÊÕÐ¨Ì ²µ£ ·¨Ë³µ¢. � ¶·µÉ¨¢, Š•„-¢±² ¤Ò
¢ ¢¥·Ï¨´Ò, ¸µ¤¥·¦ Ð¨¥ c-±¢ ·±, ¢¥¸Ó³  ¢¥²¨±¨ (¶µ·Ö¤±  200 %); ¨Ì  ´ ²¨§
¶·µ¢µ¤¨É¸Ö ¸ ÊÎ¥Éµ³ ´¥²¨¤¨·ÊÕÐ¨Ì ²µ£ ·¨Ë³µ¢ ¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¢Ò· ¦¥´¨°
¤²Ö Ì·µ³µ¤¨´ ³¨Î¥¸±µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨. �É³¥É¨³, ÎÉµ µ¶¨¸ ´´ Ö ¸¨ÉÊ Í¨Ö
Ö¢²Ö¥É¸Ö µ¡Ð¥° ¤²Ö ¢¸¥Ì ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢: Š•„-¢±² ¤Ò ¢ ¢¥·Ï¨´Ò, ¸µ¤¥·-
¦ Ð¨¥ c- ¨ ¡µ²¥¥ ²¥£±¨¥ ±¢ ·±¨, ¢¸¥£¤  µ± §Ò¢ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨. ‚ [35]
¶·µ¢¥¤¥´  ´ ²¨§ ¨ ¢Ò¶¨¸ ´Ò ¢ Ö¢´µ³ ¢¨¤¥ ÔËË¥±É¨¢´Ò¥ £ ³¨²ÓÉµ´¨ ´Ò ¨
¤²Ö ¤·Ê£¨Ì ·¥¤±¨Ì · ¸¶ ¤µ¢ ³¥§µ´µ¢ KL → νν̄, Bd → l+l−, Bs → l+l−. �É¨
· ¸¶ ¤Ò, µ¤´ ±µ, ¶µ±  ´ Ìµ¤ÖÉ¸Ö §  ¶·¥¤¥² ³¨ ¢µ§³µ¦´µ¸É¥° Ô±¸¶¥·¨³¥´É .

2.3.2. �¥¤±¨¥ ¶µ²Ê²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò. Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ µ¸´µ¢´Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ·¥¤±¨³ ¶µ²Ê²¥¶Éµ´´Ò³ · ¸¶ ¤ ³ ¶µ²ÊÎ¥´Ò
¤²Ö · ¸¶ ¤µ¢ K- ¨ B-³¥§µ´µ¢. „²Ö ¸µ¶µ¸É ¢²¥´¨Ö Ô±¸¶¥·¨³¥´É  ¸ É¥µ·¨¥°
´ ¨¡µ²ÓÏ¥¥ ¢´¨³ ´¨¥ ¶·¨¢²¥± ¥É · ¸¶ ¤ K+ → π+νν̄, µÉ´µ¸¨É¥²Ó´ Ö ¢¥·µ-
ÖÉ´µ¸ÉÓ ±µÉµ·µ£µ ¡Ò²  ´¥¤ ¢´µ ¨§³¥·¥´  [23]:

Br(K+ → π+νν̄)exp = (1,5+3,4
−1,2) · 10−10. (2.17)

‘ ÉµÎ±¨ §·¥´¨Ö É¥µ·¨¨ ¸¶¥Í¨Ë¨±  ÔÉµ£µ · ¸¶ ¤  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢¥²¨Î¨´ 
¡·Ô´Î¨´£  (2.17) ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É¸Ö ÔËË¥±É ³¨ ¢§ ¨³µ-
¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ. „¥°¸É¢¨É¥²Ó´µ, ¢ · ¸¶ ¤¥ K+ → π+νν̄
·µ¦¤¥´¨¥ ´¥°É·¨´o- ´É¨´¥°É·¨´´ÒÌ ¶ · § ¢¥¤µ³µ ¶·µ¨¸Ìµ¤¨É ´  µÎ¥´Ó ³ -
²ÒÌ · ¸¸ÉµÖ´¨ÖÌ (¢ ÔÉµ³ µÉ²¨Î¨¥ µ¡¸Ê¦¤ ¥³µ£µ ¶·µÍ¥¸¸  µÉ ¤·Ê£¨Ì ·¥¤±¨Ì
¶µ²Ê²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ K+ → π+e+e−, π+µ+µ−). ‚ ÔÉµ° ¸¨ÉÊ Í¨¨ ¥¸ÉÓ
µ¸´µ¢ ´¨Ö µ¦¨¤ ÉÓ, ÎÉµ ¢±² ¤ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° ¶ · ³¥É·¨§Ê¥É¸Ö Ëµ·³-
Ë ±Éµ·µ³ ¸² ¡µ£µ · ¸¶ ¤ , ±µÉµ·Ò°, ¡Ê¤ÊÎ¨ µ¤´¨³ ¨ É¥³ ¦¥ ¤²Ö µ¸´µ¢´ÒÌ ¨
·¥¤±¨Ì ± ´ ²µ¢, ¸µ±· Ð ¥É¸Ö ¢ ¢Ò· ¦¥´¨¨ ¤²Ö µÉ´µ¸¨É¥²Ó´µ° ¢¥·µÖÉ´µ¸É¨.
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’¥µ·¨Ö, µ¡§µ· ±µÉµ·µ° ¡Ê¤¥É ¶·¨¢¥¤¥´ ´¨¦¥, ¶·¥¤¸± §Ò¢ ¥É ¸²¥¤ÊÕÐÊÕ
¢¥²¨Î¨´Ê ¡·Ô´Î¨´£  [35]:

Br(K+ → π+νν̄)theor = (0,82 ± 0,32) · 10−10. (2.18)

Š ± ¢¨¤´µ ¨§ (2.17) ¨ (2.18), ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥° É¥µ·¨Ö ´¥ ¶·µÉ¨-
¢µ·¥Î¨É Ô±¸¶¥·¨³¥´ÉÊ. Œµ¦´µ, µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ Ö¢´µ ¶·µ¸²¥¦¨¢ ¥É¸Ö É¥´¤¥´Í¨Ö ± ¶·¥¢ÒÏ¥´¨Õ É¥µ·¥É¨Î¥¸±µ£µ ¶·¥¤-
¸± § ´¨Ö. …¸²¨ ÔÉ  É¥´¤¥´Í¨Ö ¶·¨ ¡µ²¥¥ ÉµÎ´ÒÌ ¨§³¥·¥´¨ÖÌ ¸É ´¥É Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³ Ë ±Éµ³, Éµ Éµ£¤  ³µ¦´µ ¡Ê¤¥É £µ¢µ·¨ÉÓ µ ¸¨£´ ²¥ ´µ¢µ°
Ë¨§¨±¨, ´ Ìµ¤ÖÐ¥°¸Ö §  · ³± ³¨ µ¤´µ¤Ê¡²¥É´µ° ¢¥·¸¨¨ ‘Œ.

�¨¸. 5. ‚±² ¤ PD+SED- ¨ BD-¤¨ £· ³³ ¢ · ¸¶ ¤ M(qαq) → M(qβq)l+l−, (νν̄)

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¢ ¡·Ô´Î¨´£ ·¥¤±µ£µ ¶µ²Ê²¥¶Éµ´´µ£µ · ¸¶ ¤  ¤µ-
³¨´¨·ÊÕÐ¨° ¢±² ¤ ¤ ÕÉ ¢§ ¨³µ¤¥°¸É¢¨Ö ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ. 	¥§ ÊÎ¥É 
Š•„-¶µ¶· ¢µ± ÔÉµÉ · ¸¶ ¤ µ¶¨¸Ò¢ ¥É¸Ö ¤¨ £· ³³ ³¨, ¨§µ¡· ¦¥´´Ò³¨ ´ 
·¨¸. 5, £¤¥ § ÏÉ·¨Ìµ¢ ´´Ò³ É·¥Ê£µ²Ó´¨±µ³ ¨ ¶·Ö³µÊ£µ²Ó´¨±µ³ µ¡µ§´ Î¥´Ò,
¸µµÉ¢¥É¸É¢¥´´µ, PD+SED- ¨ BD-¤¨ £· ³³Ò.

�¥¸¢Ö§ ´´ Ö ±¢ ·±µ¢ Ö ²¨´¨Ö ¸µµÉ¢¥É¸É¢Ê¥É É ± ´ §Ò¢ ¥³µ³Ê ¸¶¥±É Éµ·-
´µ³Ê ±¢ ·±Ê. ‘¶¥Í¨Ë¨±  Š•„-¶µ¶· ¢µ± ± µ¡¸Ê¦¤ ¥³µ³Ê ¶·µÍ¥¸¸Ê ¸µ¸Éµ¨É
¢ Éµ³, ÎÉµ ÔÉ¨ ¶µ¶· ¢±¨ ´¥ Éµ²Ó±µ µ¸´ Ð ÕÉ PD+SED- ¨ BD-¤¨ £· ³³Ò
(± ± ÔÉµ ¨³¥²µ ³¥¸Éµ ¢ · ¸¶ ¤¥ KL → µ+µ−), ´µ ¨ µ¶¨¸Ò¢ ÕÉ ±µ··¥²ÖÍ¨Õ
¸¶¥±É Éµ·´µ£µ ±¢ ·±  ¸ ±¢ ·± ³¨, ÊÎ ¸É¢ÊÕÐ¨³¨ ¢ �’ˆ�. ‘ ³Ò° ¶·µ¸Éµ°
¶µ¤Ìµ¤ ± µÍ¥´±¥ Š•„-¢±² ¤µ¢ Å ¨Ì ¶µ¤¨ £· ³³´Ò°  ´ ²¨§; ¡µ²¥¥ ¸É·µ£¨°
¶µ¤Ìµ¤ ¶·¥¤¶µ² £ ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ µ¶¥· Éµ·´ÒÌ · §²µ¦¥´¨° ¨ ·¥´µ·³£·Ê¶-
¶µ¢µ¥ ·¥¸Ê³³¨·µ¢ ´¨¥ ¢Ò¸Ï¨Ì £²Õµ´´ÒÌ ¶µ¶· ¢µ±. „²Ö ·¥¤±¨Ì ¶µ²Ê²¥¶Éµ´-
´ÒÌ ¶·µÍ¥¸¸µ¢ ¡ §¨¸ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ¤µ¢µ²Ó´µ £·µ³µ§¤µ±, É ± ± ±
µ´ ¸µ¤¥·¦¨É, ´ ·Ö¤Ê ¸ ±¢ ·± ³¨, Ëµ·³¨·ÊÕÐ¨³¨ �’ˆ�, ¥Ð¥ ¨ ¸¶¥±É Éµ·-
´Ò¥ ±¢ ·±¨. �µÔÉµ³Ê ¶¥·¢Ò° Ï £ · §Ê³´µ ¢¸¥ ¦¥ ¸¤¥² ÉÓ ¢ · ³± Ì  ´ ²¨§ 
±µ´±·¥É´ÒÌ ¤¨ £· ³³. ’ ±¨¥ ¤¨ £· ³³Ò ¨§µ¡· ¦¥´Ò ´  ·¨¸. 6, £¤¥ Ö¢´µ ¶µ-
± § ´Ò Éµ²Ó±µ ¸¶¥±É Éµ·´Ò¥ ¶µ¶· ¢±¨,   ¢¸¥ ¶·µÎ¨¥ ¢µ§³µ¦´Ò¥ ¶µ¶· ¢±¨
¶µ²ÊÎ ÕÉ¸Ö ¨§ ¶·¨¢¥¤¥´´ÒÌ ¤¨ £· ³³ ¶·¨ ¶µ¶ ·´µ³ ¸µ¥¤¨´¥´¨¨ £²Õµ´´Ò³¨
²¨´¨Ö³¨ ÉµÎ¥±, µ¡µ§´ Î¥´´ÒÌ ±·¥¸É¨± ³¨.
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�¨¸. 6. C¶¥±É Éµ·´Ò¥ Š•„-¶µ¶· ¢±¨ ± SD-¢±² ¤ ³ ¢ · ¸¶ ¤ M(qα q) →
→ M(qβ q)l+l−, (νν̄)

�É³¥É¨³, ÎÉµ ¢ µ¡¸Ê¦¤ ¥³µ³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ¤¥²µ ¸ ¸Ê¶¥·¶µ§¨Í¨¥°
Š•„-¶µ¶· ¢µ± ± ´¥¤¨ £µ´ ²Ó´Ò³ ¢¥·Ï¨´ ³ ¨ ±µ··¥²ÖÍ¨µ´´ÒÌ Š•„-¶µ¶· -
¢µ±. “Î¥É ±µ··¥²ÖÍ¨° ¸µ ¸¶¥±É Éµ·´Ò³ ±¢ ·±µ³ µ§´ Î ¥É ¶¥·¥Ìµ¤ µÉ µ¶¨¸ ´¨Ö
Ô²¥³¥´É ·´µ£µ ±¢ ·±µ¢µ£µ ¶µ¤¶·µÍ¥¸¸  qα → qβl+l− ± µ¶¨¸ ´¨Õ ¨´±²Õ§¨¢-
´µ£µ ¶·µÍ¥¸¸  ´  ³¥§µ´´µ³ Ê·µ¢´¥: M(qαq) → X(qβq)l+l−.

� ¸Î¥É ¤¨ £· ³³, ¶·¨¢¥¤¥´´ÒÌ ´  ·¨¸. 5 ¨ 6, ¶·µ¢µ¤¨²¸Ö ¢ · ¡µÉ Ì
[30Ä35]; ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ÔËË¥±É¨¢´Ò¥ £ ³¨²ÓÉµ´¨-
 ´Ò ¸ ÊÎ¥Éµ³ Š•„-¢±² ¤µ¢ ¶·¨¢¥¤¥´Ò ¢ [35]. ‚ Î ¸É´µ¸É¨, ¤²Ö · ¸¶ ¤ 
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K+ → π+νν̄ ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ ¨³¥¥É ¢¨¤

Heff =
GF√

2
2α

π sin2 ΘW

∑
l=e,µ,τ

(U∗
csUcdX

l
NL(xc) + U∗

tsUtdX(xt)) ×

× s̄γµdL · ν̄lγµνl, (2.19)

£¤¥ xc,t = m2
c,t/m2

W ,   ËÊ´±Í¨¨ X l
NL(xc) ¨ X(xt) ¸µ¤¥·¦ É Š•„-¢±² ¤Ò,

±µÉµ·Ò³¨ µ¸´ Ð ÕÉ¸Ö PD+SED- ¨ BD-¤¨ £· ³³Ò,   É ±¦¥ ÊÎ¨ÉÒ¢ ÕÉ ¤µ-
¶µ²´¨É¥²Ó´Ò¥ ÔËË¥±ÉÒ ¢§ ¨³µ¤¥°¸É¢¨° ¸µ ¸¶¥±É Éµ·´Ò³ ±¢ ·±µ³. �µ¸²¥¤-
´¥¥ ¶·¨¢µ¤¨É ± µÉ²¨Î¨Ö³ ÔÉ¨Ì ËÊ´±Í¨° µÉ  ´ ²µ£¨Î´ÒÌ ËÊ´±Í¨° YNL(xc) ¨
Y (xt), Ë¨£Ê·¨·ÊÕÐ¨Ì ¢ ÔËË¥±É¨¢´µ³ £ ³¨²ÓÉµ´¨ ´¥ (2.16) ·¥¤±µ£µ ²¥¶Éµ´-
´µ£µ · ¸¶ ¤ . Ÿ¢´Ò° ¢¨¤ ÔÉ¨Ì ËÊ´±Í¨° ¸µ¤¥·¦¨É¸Ö ¢ [35].

‚ÒÎ¨¸²¥´¨Ö ¡·Ô´Î¨´£  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´ 
(2.19) ¶µ§¢µ²¨²¨ ¢ÒÖ¸´¨ÉÓ µÉ´µ¸¨É¥²Ó´ÊÕ ·µ²Ó ´¥¤¨ £µ´ ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ Î¥-
·¥§ ±¢ ·±¨ · §²¨Î´ÒÌ  ·µ³ Éµ¢ ¨, ±·µ³¥ Éµ£µ, ·µ²Ó Š•„-ÔËË¥±Éµ¢. �  Ê·µ¢´¥
Ô²¥±É·µ¸² ¡ÒÌ ¤¨ £· ³³, Ê± § ´´ÒÌ ´  ·¨¸. 5, ¢ÒÖ¸´Ö¥É¸Ö, ÎÉµ ¶µ¤ ¢²ÖÕÐ¨°
¢±² ¤ ¤ ÕÉ ¶¥·¥Ìµ¤Ò Î¥·¥§ t-±¢ ·± (Î²¥´Ò ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´ , ¶·µ-
¶µ·Í¨µ´ ²Ó´Ò¥ X(xt)). Š•„-¶µ¶· ¢±¨ ´¥¸±µ²Ó±µ ¸£² ¦¨¢ ÕÉ ¸¨ÉÊ Í¨Õ: ±
¤µ³¨´¨·ÊÕÐ¥° ¢¥·Ï¨´¥ ¶µ¶· ¢±¨ ³ ²Ò (¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ¶·µÍ¥´Éµ¢, ÎÉµ
¸¢Ö§ ´µ ¸ ³ ²µ¸ÉÓÕ αs(mt));   ± ´¥¤µ³¨´¨·ÊÕÐ¥°, ±µÉµ· Ö ¶·µ¶µ·Í¨µ´ ²Ó´ 
X l

NL ¨ µ¶¨¸Ò¢ ¥É ¶¥·¥Ìµ¤Ò Î¥·¥§ c-±¢ ·±, µ´¨ ¢¥²¨±¨ Å ¶µ·Ö¤±  100 %. ‚
·¥§Ê²ÓÉ É¥ ¶µ²´Ò° ¢±² ¤ µÉ ´¥¤µ³¨´¨·ÊÐ¥° ¢¥·Ï¨´Ò ¢ ¸Ê³³ ·´Ò° ¡·Ô´Î¨´£
µ± §Ò¢ ¥É¸Ö ¶µ·Ö¤±  10 %. —¨¸²¥´´µ¥ É¥µ·¥É¨Î¥¸±µ¥ §´ Î¥´¨¥ ¡·Ô´Î¨´£  ¨
¶¥·¸¶¥±É¨¢Ò ¥£µ ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ Ê¦¥ µ¡¸Ê¦¤ ²¨¸Ó ¢ÒÏ¥. „µ¡ -
¢¨³ É ±¦¥, ÎÉµ µ¶·¥¤¥²¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É É¥µ·¥É¨Î¥¸±µ¥ µ£· ´¨Î¥-
´¨¥, µ¸´µ¢ ´´µ¥ ´  ¨´Ëµ·³ Í¨¨ µ¡ Ô²¥³¥´É Ì ³ É·¨ÍÒ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò,
¨§¢²¥± ¥³µ° ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ µ¸Í¨²²ÖÍ¨Ö³ B-³¥§µ´µ¢ Å
∆M(Bd) ¨ ∆M(Bs). ‚ [35] ¶µ²ÊÎ¥´  µÍ¥´±  ¸¢¥·ÌÊ

Br(K+ → π+νν̄)theor ≤ 1,67 · 10−10, (2.20)

¶·¨Î¥³ ¤²Ö Í¥´É· ²Ó´ÒÌ §´ Î¥´¨° ¢Ìµ¤ÖÐ¨Ì ¢ · ¸Î¥É ¶ · ³¥É·µ¢ Î¨¸²µ 1,67
§ ³¥´Ö¥É¸Ö ´  0,94, É.¥. ¶µ²ÊÎ¥´´ Ö µÍ¥´±  ¡²¨§±  ± ·¥§Ê²ÓÉ ÉÊ (2.18). �Éµ
µ£· ´¨Î¥´¨¥ ¤µ¸É ÉµÎ´µ ¦¥¸É±µ¥, ÎÉµ¡Ò ¤µ¶Ê¸É¨ÉÓ ¢ ¡Ê¤ÊÐ¥³ ¢µ§³µ¦´µ¸ÉÓ
±µ´Ë²¨±É  ¸ ‘Œ, ¥¸²¨ ¤ ²Ó´¥°Ï¨¥ ¨§³¥·¥´¨Ö ¶µ± ¦ÊÉ, ÎÉµ Br(K+ →
π+νν̄)exp ≥ 2 · 10−10.

Š· É±µ ¶·µ±µ³³¥´É¨·Ê¥³ ¸¨ÉÊ Í¨Õ ¸ · ¸¶ ¤ ³¨ KL → π0νν̄, π0e+e−,
K+ → π+l+l−. �±¸¶¥·¨³¥´É ²Ó´Ò¥ µ£· ´¨Î¥´¨Ö ´  µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥·µÖÉ-
´µ¸ÉÓ ¶¥·¢µ£µ ¨§ ÔÉ¨Ì · ¸¶ ¤µ¢ Ö¢²ÖÕÉ¸Ö ´¥ µÎ¥´Ó ¦¥¸É±¨³¨ [23]: Br(KL →
π0νν̄)exp ≤ 5,9 · 10−7. ’¥µ·¥É¨Î¥¸±¨¥ µÍ¥´±¨ ¤ ÕÉ §´ Î¥´¨Ö ´  ´¥¸±µ²Ó±µ
¶µ·Ö¤±µ¢ ´¨¦¥: Br(KL → π0νν̄)theor = (3,1±1,3)·10−11. �Éµ §´ Î¥´¨¥ ¶µ²Ê-
Î¥´µ ± ± ·¥§Ê²ÓÉ É ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ¢ÒÎ¨¸²¥´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ÔËË¥±-
É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´ , ÊÎ¨ÉÒ¢ ÕÐ¥£µ Š•„-¶µ¶· ¢±¨ ¨ · §¡·µ¸ ¢ §´ Î¥´¨ÖÌ



1024 	…‰‹ˆ� ‚.A., ‚…�…˜Š�‚ ƒ.Œ., Š“Š‘� ‚.ˆ.

³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¸³¥Ï¨¢ ´¨Ö. �Í¥´±  ¸¢¥·ÌÊ Br(KL → π0νν̄)theor <
6,7 · 10−11 ¶µ²ÊÎ ¥É¸Ö ¶·¨ ÊÎ¥É¥ ¤µ¶µ²´¨É¥²Ó´µ° ¨´Ëµ·³ Í¨¨ µ¡ Ê£² Ì ¸³¥-
Ï¨¢ ´¨Ö, ¨§¢²¥± ¥³µ° ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ µ¸Í¨²²ÖÍ¨Ö³ B-
³¥§µ´µ¢. Š ± ¢¨¤¨³, ÔÉµÉ · ¸¶ ¤ ¶µ±  ´¥  ±ÉÊ ²¥´ ¤²Ö ¸µ¶µ¸É ¢²¥´¨Ö É¥µ-
·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. ˆ¸¶µ²Ó§ÊÖ ¤ ´´Ò¥ µ ¶ · ³¥É· Ì CP -´ ·ÊÏ¥´¨Ö ε′/ε ¨
Br(KL → µ+µ−) ¤²Ö ÔÉµ£µ ¦¥ · ¸¶ ¤ , ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´¥¸±µ²Ó±µ ÌÊ¤ÏÊÕ
É¥µ·¥É¨Î¥¸±ÊÕ µÍ¥´±Ê ¸¢¥·ÌÊ,   ¤²Ö · ¸¶ ¤  K0

L → π0e+e− ´ °¤¥´µ [27]:
Br(K0

L → π0e+e−)theor ≤ 3,6 · 10−11. �±¸¶¥·¨³¥´É ²Ó´ Ö £· ´¨Í  ¢ ÔÉµ³
¸²ÊÎ ¥ ²¥¦¨É ´  ¤¢  ¶µ·Ö¤±  ¢ÒÏ¥: Br(K0

L → π0e+e−)exp < 4,3 · 10−9, ÎÉµ
É ±¦¥ ¶µ±  ´¥ ¤ ¥É ¢µ§³µ¦´µ¸É¨ ¤²Ö ¶·µ¢¥·±¨ É¥µ·¨¨ ¶·¨ ¥¥ ¸· ¢´¥´¨¨ ¸
Ô±¸¶¥·¨³¥´Éµ³.

�¥¤±¨¥ ¶µ²Ê²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò K+-³¥§µ´µ¢ ¸ µ¡· §µ¢ ´¨¥³ ¶ ·Ò § ·Ö-
¦¥´´ÒÌ ²¥¶Éµ´µ¢ ¨§ÊÎ¥´Ò ¤µ¸É ÉµÎ´µ Ìµ·µÏµ [23]:

Br(K+ → π+e+e−)exp = (2,88 ± 0,13) · 10−7,

Br(K+ → π+µ+µ−)exp = (7,6 ± 2,1) · 10−8.

�¤´ ±µ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉ¨ ¤ ´´Ò¥ ¤²Ö ¸µ¶µ¸É ¢²¥´¨Ö ¸ É¥µ·¥É¨Î¥¸±¨³¨ · ¸Î¥-
É ³¨ SD-ÔËË¥±Éµ¢ �’ˆ� ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·µ¡²¥³ É¨Î´Ò³. „¥²µ ¢ Éµ³, ÎÉµ
µ¡· §µ¢ ´¨¥ § ·Ö¦¥´´µ° ²¥¶Éµ´´µ° ¶ ·Ò ¶·µ¨¸Ìµ¤¨É ¢ Éµ³ Î¨¸²¥ ¨ Î¥·¥§ ¢¨·-
ÉÊ ²Ó´Ò° ËµÉµ´, ±µÉµ·Ò° ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ¸Ö §  ¸Î¥É ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ
ÔËË¥±Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ. ˆ§²ÊÎ¥´¨¥ ¢¨·ÉÊ ²Ó´ÒÌ
ËµÉµ´µ¢ ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¢ ¶·µÍ¥¸¸ Ì ¤¥ ¤·µ´¨§ Í¨¨ ´ Î ²Ó´µ£µ ¨  ¤·µ-
´¨§ Í¨¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°, ¶µÔÉµ³Ê ÔÉµÉ É¨¶ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éµ¢
´¥ ¨¸±²ÕÎ ¥É¸Ö ¨§ ¢Ò· ¦¥´¨° ¤²Ö ¡·Ô´Î¨´£µ¢ ¶ÊÉ¥³ ¸µ±· Ð¥´¨Ö Ëµ·³Ë ±-
Éµ·µ¢.

� ·Ö¤Ê ¸ · ¸¶ ¤µ³ K+ → π+νν̄ Ìµ·µÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ¤²Ö ¨¸¸²¥¤µ¢ -
´¨Ö �’ˆ� ¶·¥¤µ¸É ¢²ÖÕÉ ·¥¤±¨¥ ¶µ²Ê²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò B-³¥§µ´µ¢. �±¸¶¥-
·¨³¥´É ²Ó´µ¥ µ£· ´¨Î¥´¨¥ ´  ¶µ²´Ò° ¡·Ô´Î¨´£ ¨´±²Õ§¨¢´ÒÌ · ¸¶ ¤µ¢ [36]
¢Ò£²Ö¤¨É µ¶É¨³¨¸É¨Î´µ ¢ ¸· ¢´¥´¨¨ ¸ É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨¥³ [37]:

Br(B → XSνν̄)exp < 1,0 · 10−3, Br(B → XSνν̄)theor ≤ 3,9 · 10−4.

…Ð¥ ¡µ²¥¥ Ê¤µ¡´Ò³¨ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö Ö¢²ÖÕÉ¸Ö ± ´ ²Ò · ¸¶ ¤  ÉÖ¦¥²ÒÌ
B-³¥§µ´µ¢ ¸ µ¡· §µ¢ ´¨¥³ ¶ ·Ò § ·Ö¦¥´´ÒÌ ²¥¶Éµ´µ¢. ‡¤¥¸Ó, ¢ µÉ²¨Î¨¥ µÉ
 ´ ²µ£¨Î´ÒÌ · ¸¶ ¤µ¢ ²¥£±¨Ì K-³¥§µ´µ¢, ¢Ò¤¥²¥´¨¥ ¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±-
Éµ¢ ¢ �’ˆ� µ¡¥¸¶¥Î¨¢ ¥É¸Ö µÉ´µ¸¨É¥²Ó´µ ³ ²Ò³ §´ Î¥´¨¥³ αs(mb). �·¨¢¥-
¤¥³ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ [23] ¨ É¥µ·¥É¨Î¥¸±¨¥ [36,38] ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¨´±²Õ-
§¨¢´µ£µ ± ´ ² :

Br(b → se+e−)exp < 5,7 · 10−5, Br(b → se+e−)theor ≈ 3 · 10−5

¨ ¤¢ÊÌ Ô±¸±²Õ§¨¢´ÒÌ · ¸¶ ¤µ¢:

Br(B → K∗(892)e+e−)exp < 2,9 · 10−4,
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Br(B → K∗(892)e+e−)theor ≈ 5 · 10−6,

Br(B → Ke+e−)exp < 6 · 10−5, Br(B → Ke+e−)theor ≈ 10−6.

�¡· É¨³ ¢´¨³ ´¨¥, ÎÉµ ¢ ¨´±²Õ§¨¢´µ³ ± ´ ²¥ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ£· -
´¨Î¥´¨¥ ¢¶²µÉ´ÊÕ ¶µ¤µÏ²µ ± É¥µ·¥É¨Î¥¸±µ° µÍ¥´±¥, ¶µÔÉµ³Ê ¶µ¸²¥ ÊÉµÎ´¥-
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ Ô±¸±²Õ§¨¢´Ò³ ¶·µÍ¥¸¸ ³ ¶µÖ¢¨É¸Ö ¢µ§-
³µ¦´µ¸ÉÓ ¤¥É ²Ó´µ£µ ¸µ¶µ¸É ¢²¥´¨Ö É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. …¸É¥¸É¢¥´´µ,
¢ ÔÉµ° ¸¨ÉÊ Í¨¨ ¶µÖ¢²ÖÕÉ¸Ö ¶µ¢ÒÏ¥´´Ò¥ É·¥¡µ¢ ´¨Ö ± É¥µ·¨¨. ˆ¸¶µ²Ó§Ê¥-
³ Ö ¸¥£µ¤´Ö É¥Ì´µ²µ£¨Ö É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ·¥¤±¨Ì · ¸¶ ¤µ¢ B-³¥§µ´µ¢
¢±²ÕÎ ¥É ¢ÒÎ¨¸²¥´¨¥ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  (¤²Ö ÊÎ¥É  SD-¢±² ¤µ¢) ¨
¢ÒÎ¨¸²¥´¨Ö Ëµ·³Ë ±Éµ·µ¢ ¶¥·¥Ìµ¤µ¢ ¨§ ³¥§µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ±¢ ·±µ¢Ò¥
(¤²Ö  ±±Ê³Ê²¨·µ¢ ´¨Ö LD-¢±² ¤µ¢ ¢ · ¸Î¥É Ì Ô±¸±²Õ§¨¢´ÒÌ ± ´ ²µ¢). �µ-
¸É·µ¥´¨¥ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´  µ¸´µ¢¥ · §²µ¦¥-
´¨Ö  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  ¶µ ²µ± ²Ó´Ò³ ±¢ ·±µ¢Ò³ µ¶¥· Éµ· ³,   ¢ÒÎ¨¸²¥´¨Ö
Ëµ·³Ë ±Éµ·µ¢ ¶¥·¥Ìµ¤µ¢ ¶·µ¢µ¤ÖÉ¸Ö ± ± ´  µ¸´µ¢¥ ·¥²ÖÉ¨¢¨¸É¸±µ° ³µ¤¥²¨
±µ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±µ¢, É ± ¨ ¸ ¶·¨¢²¥Î¥´¨¥³ ³¥Éµ¤  Š•„-¶· ¢¨² ¸Ê³³ ¨
ÔËË¥±É¨¢´µ° É¥µ·¨¨ ®heavy quark expansion¯ [39Ä42].

2.3.3. � ¤¨ Í¨µ´´Ò¥ · ¸¶ ¤Ò. ‘·¥¤¨ ³´µ¦¥¸É¢  · ¤¨ Í¨µ´´ÒÌ · ¸¶ -
¤µ¢ ´ ¨¡µ²ÓÏ¥¥ ¢´¨³ ´¨¥ ¶·¨¢²¥± ÕÉ · ¸¶ ¤Ò B-³¥§µ´µ¢. ’µ²Ó±µ ¤²Ö ÔÉ¨Ì
· ¸¶ ¤µ¢ ¨³¥ÕÉ¸Ö ±µ´±·¥É´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶·¨Î¥³ ± ± ¤²Ö
¨´±²Õ§¨¢´µ£µ · ¸¶ ¤  (Br(B → Xsγ) ≈ Br(b → sγ)) [43]:

Br(b → sγ)exp = (3,11 ± 0,80 ¸É É. ± 0,72 ¸¨¸É.) · 10−4, (2.21)

É ± ¨ ¤²Ö Ô±¸±²Õ§¨¢´µ£µ ± ´ ²  [44]:

Br(B → K∗(892)γ)exp = (4,3+1,1
−1,0 ± 0,35) · 10−5. (2.22)

�¥É·¨¢¨ ²Ó´µ¥ ¸¢µ°¸É¢µ · ¤¨ Í¨µ´´ÒÌ · ¸¶ ¤µ¢ B-³¥§µ´µ¢, µ¸²µ¦´ÖÕ-
Ð¥¥ ¨Ì É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§, ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢ · §·¥Ï¥´´µ° µ¡² ¸É¨ ±¨-
´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ËµÉµ´  ¨³¥¥É¸Ö J/Ψ-·¥§µ´ ´¸. �µ ÔÉµ° ¶·¨Î¨´¥
´¥µ¡Ìµ¤¨³ ¶µ²´Ò° ÊÎ¥É ÔËË¥±Éµ¢ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨ ¢ Ëµ·³¨·µ¢ -
´¨¨ · ¤¨ Í¨µ´´µ£µ ¶¥·¥Ìµ¤ . �´ ²¨§ ÔÉ¨Ì ÔËË¥±Éµ¢, ¶·µ¢¥¤¥´´Ò° · §²¨Î-
´Ò³¨  ¢Éµ· ³¨, ¶µ± §Ò¢ ¥É, ÎÉµ ¨Ì ¢±² ¤ ¢ ¡·Ô´Î¨´£ · ¤¨ Í¨µ´´µ£µ ¶¥·¥-
Ìµ¤  ³µ¦¥É ¸µ¸É ¢²ÖÉÓ µÉ 10 [45] ¤µ 30 % [46]. ‚¥²¨Î¨´  ¢±² ¤  Ö¢²Ö¥É¸Ö
¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´µ° ± ¢¨¤Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨ (Ëµ·³Ë ±Éµ· ) ±µ´¥Î´µ£µ
¸µ¸ÉµÖ´¨Ö. „µ¶µ²´¨É¥²Ó´Ò¥ ÔËË¥±ÉÒ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨ ¸¢Ö§ ´Ò ¸
¶·µ¥±Í¨¥° J/Ψ-·¥§µ´ ´¸  ´  É·¥Ì£²Õµ´´µ¥ ¸µ¸ÉµÖ´¨¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¤¨´
¨§ É·¥Ì £²Õµ´µ¢, Ëµ·³¨·ÊÕÐ¨Ì J/Ψ-·¥§µ´ ´¸, ¢µ§´¨± ¥É ¢ bsG-¢¥·Ï¨´¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ¤´µ¶¥É²¥¢Ò³ ´¥¤¨ £µ´ ²Ó´Ò³ PD+SED-¤¨ £· ³³ ³; ¤¢ 
¤·Ê£¨Ì £²Õµ´  ¨³¥ÕÉ ¸ÊÐ¥¸É¢¥´´µ ´¥¶¥·ÉÊ·¡ É¨¢´µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥ ¨ ¢µ§-
´¨± ÕÉ, ± ± ¶· ¢¨²µ, ¶·¨  ¤·µ´¨§ Í¨¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö. �µ²´Ò°  ´ -
²¨§ ÔÉµ£µ ÔËË¥±É  ¶µ±  ´¥ ¶·µ¢¥¤¥´, ¨§¢¥¸É´µ, µ¤´ ±µ, ÎÉµ ´¥¤¨ £µ´ ²Ó´ Ö
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bsG-¢¥·Ï¨´  Ê¸¨²¨¢ ¥É¸Ö Š•„-¶µ¶· ¢± ³¨ ¶·¨³¥·´µ ¢ 2Ä3 · §  [47,48]. �¥-
Ö¸¥´ É ±¦¥ Ì · ±É¥· ¨´É¥·Ë¥·¥´Í¨¨ SD- ¨ ¢¥±Éµ·-¤µ³¨´ ´É´ÒÌ ¢±² ¤µ¢.

’¥µ·¨Ö ´ ¤¥¦´µ ±µ´É·µ²¨·Ê¥É Éµ²Ó±µ ¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¢§ ¨³µ-
¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ. �¸´ Ð¥´¨¥ ´¥¤¨ £µ´ ²Ó´µ° bsγ-¢¥·Ï¨´Ò
Š•„-¢±² ¤ ³¨ ¸¨¸É¥³ É¨Î¥¸±¨ ¨§ÊÎ ²µ¸Ó ¢ · ¡µÉ Ì [48Ä53]. �·¨ ÔÉµ³ ÊÎ¨-
ÉÒ¢ ²¨¸Ó ²¨¤¨·ÊÕÐ¨¥ ²µ£ ·¨Ë³Ò ¨ Î ¸ÉÓ ´¥²¨¤¨·ÊÕÐ¨Ì ²µ£ ·¨Ë³¨Î¥¸±¨Ì
¶µ¶· ¢µ±. ‘ Í¥²ÓÕ ¸´¨¦¥´¨Ö § ¢¨¸¨³µ¸É¨ µÉ Ï± ²Ò ·¥´µ·³¨·µ¢±¨ ¶·µ¢µ¤¨-
²¨¸Ó · ¸Î¥ÉÒ ¨ ¸ ÊÎ¥Éµ³ ¢¸¥Ì ´¥²¨¤¨·ÊÕÐ¨Ì ¢±² ¤µ¢. � ¨¡µ²¥¥ ¶µ²´µ É ±¨¥
· ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¢ · ¡µÉ Ì [49,52,54Ä57]. –¥²Ó ÔÉ¨Ì · ¸Î¥Éµ¢ Å ¶µ¸É·µ-
¥´¨¥ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´ . �Éµ ¶µ¸É·µ¥´¨¥ µ¸´µ¢ ´µ ´  ¶·µÍ¥¤Ê·¥
µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö, ¢ · ³± Ì ±µÉµ·µ£µ ¶·µ¢µ¤¨É¸Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ
¢´ÊÉ·¥´´¨³ ²¨´¨Ö³ ÉÖ¦¥²ÒÌ Î ¸É¨Í (¶µ ²¨´¨Ö³ t-±¢ ·± , W - ¨ Z-¡µ§µ´µ¢).
�É¨³ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶¥·¥Ìµ¤ µÉ ¶µ²´µ° U(1)×SU(2)×SU(3)-É¥µ·¨¨ ± ÔË-
Ë¥±É¨¢´µ° U(1) × SU(3), ¶µ¸²¥ Î¥£µ ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ § ¶¨¸Ò¢ -
¥É¸Ö ¢ ¢¨¤¥ µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö ¶µ Qi(µ)-²µ± ²Ó´Ò³ ·¥´µ·³¨·µ¢ ´´Ò³
µ¶¥· Éµ· ³ µ¶·¥¤¥²¥´´µ° · §³¥·´µ¸É¨ ¸ ±µÔËË¨Í¨¥´É ³¨ · §²µ¦¥´¨Ö Ci(µ)
(µ Å ³ ¸ÏÉ ¡ ·¥´µ·³¨·µ¢±¨):

Heff(b → sγ) = −4GF√
2

U∗
tsUtb

∑
i

Ci(µ)Qi(µ). (2.23)

‚ · ¡µÉ Ì [57,58] ³µ¦´µ ´ °É¨ µ¶¥· Éµ·´Ò° ¡ §¨¸ ¢ ¢¨¤¥ ´ ¡µ·  14 µ¶¥· Éµ-
·µ¢ · §³¥·´µ¸É¨ 6 ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. �·¨ ¸¶Ê¸±¥ ¶µ ·¥´µ·³¨·µ¢µÎ-
´µ° Ï± ²¥ ¤µ ³ ¸ÏÉ ¡   ¤·µ´  ¢ ±µÔËË¨Í¨¥´É Ì µ¶¥· Éµ·´µ£µ · §²µ¦¥´¨Ö
¶·µ¨§¢µ¤¨É¸Ö ÔËË¥±É¨¢´µ¥ ·¥´µ·³£·Ê¶¶µ¢µ¥ ¸Ê³³¨·µ¢ ´¨¥ ¢¥¤ÊÐ¨Ì ¨ ¸²¥¤Ê-
ÕÐ¨Ì §  ´¨³¨ ²µ£ ·¨Ë³¨Î¥¸±¨Ì ¢±² ¤µ¢ (¸³., ´ ¶·¨³¥·, [58, 60]). ’¥µ·¨Ö
É ±¦¥ ¶µ§¢µ²Ö¥É µÉ¢¥É¨ÉÓ ´  ¢µ¶·µ¸ µ ·µ²¨ ¸¶¥±É Éµ·´µ£µ ±¢ ·±  ¢ µ¸´ Ð¥-
´¨¨ ´¥¤¨ £µ´ ²Ó´µ° bsγ-¢¥·Ï¨´Ò Š•„-¢±² ¤ ³¨. ‚ · ¡µÉ¥ [61] ¶µ± § ´µ, ÎÉµ
Š•„-¢±² ¤Ò ¶·¨³¥·´µ ¢ 3 · §  Ê¸¨²¨¢ ÕÉ bsγ-¢§ ¨³µ¤¥°cÉ¢¨Ö, µ¤´ ±µ ·µ²Ó
¸¶¥±É Éµ·´µ£µ ±¢ ·±  ¶·¨ ÔÉµ³ ´¥ ¶·¥¢ÒÏ ¥É 5 %. �µ¸²¥¤´¥¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ
¶µ§¢µ²Ö¥É ¨§ ¸µ¶µ¸É ¢²¥´¨Ö É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ²ÊÎ ÉÓ ¨´Ëµ·³ Í¨Õ
´¥¶µ¸·¥¤¸É¢¥´´µ µ ±¢ ·±µ¢µ° bsγ-¢¥·Ï¨´¥.

�¡§µ· É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¨ µ¡µ¸´µ¢ ´´Ò¥ É¥µ·¥É¨Î¥¸±¨¥
µÍ¥´±¨ ¶·¥¤¸É ¢²¥´Ò ¢ [57,58]:

Br(B → Xsγ)SD
theor = (3,28 ± 0,33) · 10−4; (3,51 ± 0,31) · 10−4, (2.24)

ÎÉµ ´ Ìµ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³. �µ¶ÒÉ±  ÊÎ¥¸ÉÓ ¢ · ³± Ì
ÔËË¥±É¨¢´µ° É¥µ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ · ¸¶·¥¤¥²¥´¨¥ ¶µ ¨³¶Ê²Ó¸Ê b-±¢ ·± 
¢ B-³¥§µ´¥,   É ±¦¥ Š�„-¶µ¶· ¢±¨ ¶·¨  ´ ²¨§¥ ´¥²¨¤¨·ÊÕÐ¨Ì ¢±² ¤µ¢ ¢
Br(B → Xsγ) [59] ¶·¨¢¥²  ± ·¥§Ê²ÓÉ ÉÊ, § ³¥É´µ µÉ²¨Î ÕÐ¥³Ê¸Ö µÉ ¶µ¸²¥¤-
´¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ CLEO ¨ ALEPH.
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’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ SD-¢±² ¤µ¢ ¢ Ô±¸±²Õ§¨¢´Ò° · ¸¶ ¤ ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ · §²¨Î´ÒÌ ³µ¤¥²¥° Ëµ·³Ë ±Éµ·µ¢ K∗-³¥§µ´  ¸ ÊÎ¥Éµ³ Š•„-¶µ¶· ¢µ±,
´µ ¡¥§ ÊÎ¥É  ÔËË¥±Éµ¢ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨, ¶·µ¢µ¤¨²¸Ö ¢ [62,63]. ‘µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨³¥ÕÉ ¢¨¤

Br(B → K∗(892)γ)theor ≈ 2,8 · 10−5,

Br(B → K∗(892)γ)theor ≈ (0,6 − 3,4) · 10−5.
(2.25)

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¢±² ¤ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ¸É¨ ³µ¦¥É Ê¢¥²¨Î¨ÉÓ ÔÉ¨
Î¨¸²  ´  30 % ¨ ¡µ²¥¥ [46], ÎÉµ ¶·¨¢¥¤¥É ± ¸µ£² ¸¨Õ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´-
Éµ³ (2.22). � ¤¥¦´µ¸ÉÓ É¥µ·¥É¨Î¥¸±µ£µ ³µ¤¥²¨·µ¢ ´¨Ö Ô±¸±²Õ§¨¢´ÒÌ ± -
´ ²µ¢, µ¤´ ±µ, ´¥¢Ò¸µ± , ¶µÔÉµ³Ê µÉ µ¡Ð¥° µÍ¥´±¨ ¸¨ÉÊ Í¨¨ ¶µ±  ¸²¥¤Ê¥É
¢µ§¤¥·¦ ÉÓ¸Ö. ‚µ ¢¸Ö±µ³ ¸²ÊÎ ¥, µÎ¥¢¨¤´µ, ÎÉµ ¤ ²Ó´¥°Ï¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ·¥¤±¨Ì · ¤¨ Í¨µ´´ÒÌ · ¸¶ ¤µ¢ B-³¥§µ´µ¢,
¨³¥ÕÐ¨Ì ¸ ³Ò¥ ¢Ò¸µ±¨¥ ¡·Ô´Î¨´£¨ ¸·¥¤¨ ¢¸¥Ì ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢, ¢¥¸Ó³ 
¶¥·¸¶¥±É¨¢´Ò ¤²Ö ¶µ¨¸±  ¸¨£´ ²µ¢ ´µ¢µ° Ë¨§¨±¨.

2.4. ‘³¥Ï¨¢ ´¨¥ ¢ ¸¨¸É¥³ Ì ´¥°É· ²Ó´ÒÌ ³¥§µ´µ¢. ‘³¥Ï¨¢ ´¨¥, µ¸-
Í¨²²ÖÍ¨¨ ¨ ¸µ¶·Ö¦¥´´Ò¥ ¸ ´¨³¨ ÔËË¥±ÉÒ CP -´ ·ÊÏ¥´¨Ö ¸µ¸É ¢²ÖÕÉ µÉ-
¤¥²Ó´Ò° ±² ¸¸ Ö¢²¥´¨°, µ¡Ê¸²µ¢²¥´´ÒÌ �’ˆ�. ˆÌ ¢ ¦´¥°Ï¥° Ì · ±É¥·¨¸É¨-
±µ° Ö¢²Ö¥É¸Ö · §´µ¸ÉÓ ³ ¸¸ ÉÖ¦¥²µ° ¨ ²¥£±µ° ±µ³¶µ´¥´É M0ÄM̄0-¸¨¸É¥³Ò.
‚¸¥£µ ¨§¢¥¸É´Ò Î¥ÉÒ·¥ É ±¨e ¸¨¸É¥³Ò, ¨§ ±µÉµ·ÒÌ ´ ¨¡µ²¥¥ ¤¥É ²Ó´µ ¨§ÊÎ¥´Ò
± µ´Ò [64]:

∆MK = (3,4853± 0,0130 ± 0,0020) · 10−12 MÔ‚. (2.26)

„²Ö B0
d-¸¨¸É¥³Ò · §´µ¸ÉÓ ³ ¸¸ É ±¦¥ ¨§³¥·¥´  ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ,   ¤²Ö

B0
s -¸¨¸É¥³Ò ¨³¥¥É¸Ö µ£· ´¨Î¥´¨¥ ¸´¨§Ê [35,65]:

∆MB0
d

= (3,100+0,513
−0,448 ± 0,224) · 10−10 MÔ‚,

∆MB0
s

> 8,2 · 10−9 MÔ‚.
(2.27)

� ¨¡µ²¥¥ ¸²µ¦´  ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¸¨¸É¥³  D0-³¥§µ´µ¢:
µ£· ´¨Î¥´¨¥ ¸¢¥·ÌÊ ∆MD < 4,6 · 10−11 MÔ‚ [23] µÉ¸É ¥É µÉ É¥µ·¥É¨Î¥¸±¨
µ¦¨¤ ¥³µ£µ §´ Î¥´¨Ö ´  3Ä4 ¶µ·Ö¤±a.

� §´µ¸ÉÓ ³ ¸¸ ÉÖ¦¥²µ° ¨ ²¥£±µ° ±µ³¶µ´¥´É M0ÄM̄0-¸¨¸É¥³Ò µ¶·¥¤¥²Ö-
¥É¸Ö Ê¤¢µ¥´´Ò³ ³µ¤Ê²¥³  ³¶²¨ÉÊ¤Ò ¸² ¡µ£µ ¶¥·¥Ìµ¤ . ‚ µÉ²¨Î¨¥ µÉ µÉ´µ¸¨-
É¥²Ó´ÒÌ ¢¥·µÖÉ´µ¸É¥° ·¥¤±¨Ì · ¸¶ ¤µ¢, £¤¥ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³Ò ¨³¥²¨ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ Î¨¸² , ¸² ¡µ § ¢¨¸ÖÐ¨¥ µÉ LD-¢±² ¤µ¢, ¢ ∆M ¶·¨¸ÊÉ¸É¢ÊÕÉ
¨ ¶·¨´Í¨¶¨ ²Ó´µ ´¥ ¨¸±²ÕÎ ÕÉ¸Ö Ë ±Éµ·Ò, Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ±µÉµ·ÒÌ
Ëµ·³¨·ÊÕÉ¸Ö ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ. Š ÔÉ¨³ Ë ±Éµ· ³
µÉ´µ¸ÖÉ¸Ö ±µ´¸É ´É  ¸² ¡µ£µ · ¸¶ ¤  fM ¨ É ± ´ §Ò¢ ¥³Ò° ®bag¯-Ë ±Éµ·
BM , ¶ · ³¥É·¨§ÊÕÐ¨° ¶·¨¡²¨¦¥´¨¥ ¢ ±ÊÊ³´µ° ¤µ³¨´ ´É´µ¸É¨:

〈M̄0|q̄LγµqL · q̄LγµqL|M0〉 ≈ BM 〈M̄0|q̄LγµqL|0〉〈0|q̄lγ
µqL|M0〉.
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‚¥²¨Î¨´Ò fM , BM ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ · §²¨Î´ÒÌ ¶µ¤Ìµ¤ Ì: ¢ ·¥²ÖÉ¨¢¨¸É¸±µ°
±¢ ·±µ¢µ° ³µ¤¥²¨ [66], Š•„ ´  ·¥Ï¥É±¥ [67] ¨ ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³µ¤¥-
²ÖÌ [68]. � ¨¡µ²¥¥ ´ ¤¥¦´µ · ¸Î¥ÉÒ ¶·µ¢µ¤ÖÉ¸Ö ¢ ³¥Éµ¤¥ Š•„-¶· ¢¨² ¸Ê³³
¨ ´  ·¥Ï¥É±¥, µ¤´ ±µ ¶·¨ ÔÉµ³ ¶µ£·¥Ï´µ¸ÉÓ ¶·µ¨§¢¥¤¥´¨Ö ¶ · ³¥É·µ¢ ¤µ-
¸É¨£ ¥É 50 % [69]. „²Ö ³¥§µ´µ¢ M0

αβ = M(dαd̄β), ¶µ¸É·µ¥´´ÒÌ ¨§ ´¨¦´¨Ì
±¢ ·±µ¢, ¢Ò· ¦¥´¨¥ ¤²Ö · §´µ¸É¨ ³ ¸¸ ÉÖ¦¥²µ° ¨ ²¥£±µ° ±µ³¶µ´¥´É ¨³¥¥É ¢¨¤

∆Mαβ =
1

6π2
G2

F f2
MBMm2

W mM [η1(Ac
αβ)2D(xc) +

+ η2(At
αβ)2D(xt) + η3A

c
αβAt

αβD(xc, xt)], (2.28)

£¤¥ Aαβ,q = U∗
qαUqβ ; Uqα Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò; η1,2,3 Å

³Ê²ÓÉ¨¶²¨± É¨¢´Ò¥ Ë ±Éµ·Ò, ¶ · ³¥É·¨§ÊÕÐ¨¥ Š•„-¢±² ¤Ò; D(xc), D(xt),
D(xc, xt) Å ËÊ´±Í¨¨, ¸É·Ê±ÉÊ·  ±µÉµ·ÒÌ ¶µ²´µ¸ÓÕ µ¶·¥¤¥²Ö¥É¸Ö BD-¤¨ -
£· ³³ ³¨ (¸³. (2.3)).

„²Ö K-³¥§µ´µ¢ ®bag¯-Ë ±Éµ· µÍ¥´¨¢ ¥É¸Ö ¸ ¶µ£·¥Ï´µ¸ÉÓÕ ¢ 10Ä20 %:
BK = 0,7 − 0,8,   Š•„-¢±² ¤Ò Ë¨±¸¨·ÊÕÉ¸Ö ¶µ ·¥§Ê²ÓÉ É ³ ´¥¸±µ²Ó±¨Ì ´¥-
§ ¢¨¸¨³ÒÌ ¢ÒÎ¨¸²¥´¨°, ±µÉµ·Ò¥ ¶·¨¢¥¤¥´Ò ¢ [70]: η1 = 1,1, η2 = 0,57,
η3 = 0,36. Š ± ¢¨¤¨³, ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ §´ Î¥´¨¨ ®bag¯-Ë ±Éµ·  £µ· §¤µ
¢ÒÏ¥, Î¥³ ¶µ£·¥Ï´µ¸É¨ Ô±¸¶¥·¨³¥´É . �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ,   É ±¦¥ ¶µ£·¥Ï-
´µ¸É¨ ¢ §´ Î¥´¨ÖÌ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò ¶·¨¢µ¤ÖÉ ± ´¥µ¶·¥-
¤¥²¥´´µ¸É¨ É¥µ·¥É¨Î¥¸±µ£µ ¶·¥¤¸± § ´¨Ö

∆MK(theor) = (1,71+0,61
−0,50) · 10−12 MÔ‚. (2.29)

‘¨²Ó´µ¥ µÉ²¨Î¨¥ (2.29) µÉ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ·¥§Ê²ÓÉ É  (2.26) ¶·¨´ÖÉµ µ¡Ñ-
Ö¸´ÖÉÓ É¥³, ÎÉµ ¢ É¥µ·¥É¨Î¥¸±µ³ ·¥§Ê²ÓÉ É¥ ´¥ ÊÎÉ¥´ ¡µ²ÓÏµ° ¢±² ¤ ´¥¶¥·ÉÊ·-
¡ É¨¢´ÒÌ LD-ÔËË¥±Éµ¢, ±µÉµ·Ò¥, ± ± ¢¨¤´µ, ³µ£ÊÉ ¤µ¸É¨£ ÉÓ 50 %. �É´µ¸¨-
É¥²Ó´µ ¶·¨·µ¤Ò ÔÉ¨Ì ÔËË¥±Éµ¢ ¶µ²´µ° Ö¸´µ¸É¨ ´¥É; ¢µ§³µ¦´µ, §´ Î¨É¥²Ó´ÊÕ
·µ²Ó ¨£· ÕÉ ¶µ²Õ¸´Ò¥ ÔËË¥±ÉÒ ¢ ¶¥·¥Ìµ¤ Ì K0ÄK̄0 Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´Ò¥
π0- ¨ η-¸µ¸ÉµÖ´¨Ö. ‡ ³¥É¨³ É ±¦¥, ÎÉµ ¢ ¤¥É ²Ó´µ³ ¨¸¸²¥¤µ¢ ´¨¨ ´Ê¦¤ ¥É¸Ö ¨
¤µ¶µ²´¨É¥²Ó´Ò° SD-¢±² ¤ Î¥·¥§ ¤¢¥ ÔËË¥±É¨¢´Ò¥ sdG-¢¥·Ï¨´Ò. ‚ÒÏ¥ Ê¦¥
Ê¶µ³¨´ ²µ¸Ó µ Éµ³, ÎÉµ ¢¥·Ï¨´Ò É ±µ£µ É¨¶  Ê¸¨²¨¢ ÕÉ¸Ö Š•„-¢±² ¤ ³¨ ¢
2Ä3 · §  ¨, ±·µ³¥ Éµ£µ, ¢ ¤¢µ°´µ³ ®¶¨´£¢¨´¯-¶¥·¥Ìµ¤¥ ÔÉµ Ê¸¨²¥´¨¥ ³Ê²Ó-
É¨¶²¨Í¨·Ê¥É¸Ö ±µ³¡¨´ Éµ·´Ò³¨ Ë ±Éµ· ³¨, ¶·¨Ï¥¤Ï¨³¨ ¨§ ¨´É¥·Ë¥·¥´Í¨¨
PD + SED-¤¨ £· ³³. ‘ ÊÎ¥Éµ³ ¢¸¥£µ ¸± § ´´µ£µ ¸²¥¤Ê¥É ¶·¨§´ ÉÓ, ÎÉµ ¢µ¶·µ¸
µ É¥µ·¥É¨Î¥¸±µ³ µ¶¨¸ ´¨¨ ¢¥²¨Î¨´Ò ∆mK ¤ ²¥± µÉ § ¢¥·Ï¥´¨Ö, ÎÉµ ´¥ ¶µ-
§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ´ ¨¡µ²¥¥ ÉµÎ´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ (2.26) ¤²Ö
¶·¥Í¨§¨µ´´µ° ¶·µ¢¥·±¨ ‘Œ.

�¥µ¶·¥¤¥²¥´´µ¸É¨ ¢µ§´¨± ÕÉ ¨ ¢ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨ÖÌ · §´µ¸É¥°
³ ¸¸ ¤²Ö B0ÄB̄0-¸¨¸É¥³ [71]:

∆MB0
d
(theor) = (3,0+9,0

−2,7) · 10−10 MÔ‚.

∆MB0
s (theor) = (7,4+8,6

−4,3) · 10−9 MÔ‚.
(2.30)
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‘· ¢´¥´¨¥ (2.30) ¸ (2.27) ¤¥³µ´¸É·¨·Ê¥É ¸¶µ¸µ¡´µ¸ÉÓ ‘Œ ±µ²¨Î¥¸É¢¥´´µ ¨´-
É¥·¶·¥É¨·µ¢ ÉÓ Ô±¸¶¥·¨³¥´É. �É³¥É¨³, µ¤´ ±µ, ÎÉµ Í¥´É· ²Ó´µ¥ §´ Î¥´¨¥
É¥µ·¥É¨Î¥¸±µ£µ ¶·µ£´µ§  ¤²Ö ∆MB0

s
Ê¦¥ ¢ÒÏ²µ §  ¶·¥¤¥²Ò Ô±¸¶¥·¨³¥´É ²Ó-

´µ£µ µ£· ´¨Î¥´¨Ö, É.¥. ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸ÉÓ ‘Œ µ¡¥¸¶¥Î¨¢ ¥É¸Ö Éµ²Ó±µ ¡µ²Ó-
Ï¨³ ¨´É¥·¢ ²µ³ µÏ¨¡µ±. …¸ÉÓ ¢¸¥ µ¸´µ¢ ´¨Ö ¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¢ ¡²¨¦ °Ï¥¥
¢·¥³Ö Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ£· ´¨Î¥´¨¥ § ³¥´¨É¸Ö ±µ´±·¥É´Ò³ Î¨¸²µ³ ¨ ¸µ-
¶µ¸É ¢²¥´¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ ³µ¦´µ ¡Ê¤¥É ¶·µ¢¥¸É¨ ¡µ²¥¥ ¤¥É ²Ó´µ.
‚ ÔÉµ° ¸¢Ö§¨ ¢ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¨§³¥·¥´¨¥ ∆MB0

s
¶·¥¤µ¸É ¢¨É ´µ¢Ò¥ ¢µ§-

³µ¦´µ¸É¨ ¤²Ö É¥¸É¨·µ¢ ´¨Ö ‘Œ ¶µ µÉ´µÏ¥´¨Õ

rB =
∆MB0

d

∆MB0
s

≈
MB0

d

MB0
s

|Utd|2
|Uts|2

f2
Bs

BBd

f2
Bs

BBd

. (2.31)

�·¥¤¶µÎÉ¨É¥²Ó´µ¸ÉÓ ¶µ¤µ¡´µ£µ É¥¸É  µ¡Ê¸²µ¢²¥´  É¥³, ÎÉµ µÉ´µÏ¥´¨¥ ®bag¯-
Ë ±Éµ·µ¢ ³¥§µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¸µ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥° ¶µ£·¥Ï´µ¸ÉÓÕ, Î¥³
¸ ³¨ ¢¥²¨Î¨´Ò ®bag¯-Ë ±Éµ·µ¢ [69,72]. �´ ²¨§, ¶·µ¢¥¤¥´´Ò° ¢ [35], ¶·¨¢¥²
± ·¥§Ê²ÓÉ ÉÊ

fBs

√
BBs

fBd

√
BBd

= 1,14 ± 0,08.

“Î¨ÉÒ¢ Ö, ÎÉµ §´ Î¥´¨Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò Utd ¨ Uts

¡Ê¤ÊÉ ¤µ¸É ÉµÎ´µ ÉµÎ´µ Ê¸É ´µ¢²¥´Ò ¢ ¶·µÍ¥¸¸¥ ¨§ÊÎ¥´¨Ö t-±¢ ·± , ³µ¦´µ
¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¢ ¡²¨¦ °Ï¥¥ ¢·¥³Ö ³Ò ¡Ê¤¥³ ¨³¥ÉÓ ¢¥¸Ó³  ÉµÎ´Ò° ¶·µ-
£´µ§ ¤²Ö ¢¥²¨Î¨´Ò rB ¨, É¥³ ¸ ³Ò³, ¶µ²ÊÎ¨³ ¢µ§³µ¦´µ¸ÉÓ ¶·¥Í¨§¨µ´´µ£µ
É¥¸É¨·µ¢ ´¨Ö ‘Œ ¶µ ¤ ´´Ò³ µ¡ µ¸Í¨²²ÖÍ¨ÖÌ ¢ B0ÄB̄0-¸¨¸É¥³ Ì.

‘ Ö¢²¥´¨¥³ ¸³¥Ï¨¢ ´¨Ö ¢ ¸¨¸É¥³ Ì ´¥°É· ²Ó´ÒÌ ³¥§µ´µ¢ É¥¸´µ ¸¢Ö-
§ ´ ÔËË¥±É CP -´ ·ÊÏ¥´¨Ö. ‚ ‘Œ ÔÉ  ¸¢Ö§Ó Ö¢²Ö¥É¸Ö µ¸µ¡¥´´µ ¦¥¸É±µ°
¨§-§  ´ ²¨Î¨Ö ¢¸¥£µ ²¨ÏÓ µ¤´µ£µ ¶ · ³¥É·  (Ë §Ò ¢ ³ É·¨Í¥ Šµ¡ ÖÏ¨Ä
Œ ¸± ¢Ò), µ¶·¥¤¥²ÖÕÐ¥£µ ¢¥²¨Î¨´Ê CP -´ ·ÊÏ¥´¨Ö. �·¥Í¨§¨µ´´ Ö ¶·µ¢¥·± 
‘Œ ¢µ§³µ¦´  ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ µ CP -´ ·ÊÏ¥´¨¨ ¢ ¸¨¸É¥³¥
B0-³¥§µ´µ¢, µ¤´ ±µ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·µ£· ³³  ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ¥Ð¥
¤ ²¥±  µÉ § ¢¥·Ï¥´¨Ö.

3. �…„ˆ�ƒ���‹œ�›… ’�Šˆ ‘ ˆ‡Œ…�…�ˆ…Œ ���Œ�’�
‚ Œ�„…‹ˆ ‘ ‘ˆ�ƒ‹…’�›Œ Š‚��Š�Œ

3.1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¶µ¸Ò²±¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö
¸¨´£²¥É´µ£µ ±¢ ·± . ’ ± ± ± ‘Œ ¨³¥¥É ´¥§ ³±´ÊÉÊÕ ¸É·Ê±ÉÊ·Ê, Éµ  ±ÉÊ ²Ó-
´Ò³ Ö¢²Ö¥É¸Ö ´¥ Éµ²Ó±µ ·¥ ²¨§ Í¨Ö ¢µ§³µ¦´ÒÌ ¸¶µ¸µ¡µ¢ ¥¥ · ¸Ï¨·¥´¨Ö, ´µ ¨
 ´ ²¨§ ¢ ·¨ ´Éµ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¡´ ·Ê¦¥´¨Ö ¸¨£´ ²µ¢ ´µ¢µ° Ë¨§¨±¨.
�µ¨¸± ÔÉ¨Ì ¸¨£´ ²µ¢ ¢¥¤¥É¸Ö ¶µ ¤¢Ê³ ´ ¶· ¢²¥´¨Ö³. �¥·¢µ¥ ¸¢Ö§ ´µ ¸ ·µ¸Éµ³
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¤µ¸ÉÊ¶´ÒÌ Ô´¥·£¨°, ±µÉµ·Ò¥ ¡Ò ¶µ§¢µ²¨²¨ ´¥¶µ¸·¥¤¸É¢¥´´µ § ·¥£¨¸É·¨·µ¢ ÉÓ
¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨¥ ÔËË¥±ÉÒ (¶·Ö³µ° ¶ÊÉÓ). ‚Éµ·µ¥ ¸¢Ö§ ´µ ¸ ¶µ¨¸±µ³
´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¶·µÖ¢²¥´¨° · ¸Ï¨·¥´¨° ‘Œ ¨ É·e¡Ê¥É ¶·¥Í¨§¨µ´´µ£µ
É¥¸É¨·µ¢ ´¨Ö (±µ¸¢¥´´Ò° ¶ÊÉÓ). �¤´  ¨§ ´ ¨¡µ²¥¥ µ¡Ï¨·´ÒÌ µ¡² ¸É¥° ±µ¸-
¢¥´´µ£µ ¶µ¨¸±  ÔÉ¨Ì ¸¨£´ ²µ¢ Å ¶·µÍ¥¸¸Ò, µ¡Ê¸²µ¢²¥´´Ò¥ �’ˆ�. ‚ · §¤. 3
¨ 4 ¡Ê¤ÊÉ ¶µ¤·µ¡´µ ¶·µ ´ ²¨§¨·µ¢ ´Ò ÔËË¥±ÉÒ �’ˆ�, ¸¢Ö§ ´´Ò¥ ¸ É ± ´ -
§Ò¢ ¥³Ò³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³. �¸É ´µ¢¨³¸Ö ´  ¶·¨Î¨´ Ì ¢Ò¡µ·  ¶·¥¤³¥Éµ³
¨§ÊÎ¥´¨Ö É ±µ£µ Ô±§µÉ¨Î¥¸±µ£µ ¨ ´¥§ ·¥£¨¸É·¨·µ¢ ´´µ£µ Ô±¸¶¥·¨³¥´É ²Ó´µ
µ¡Ñ¥±É .

� ¸¸³µÉ·¨³ ±² ¸¸¨Ë¨± Í¨Õ ¢µ§³µ¦´ÒÌ É¨¶µ¢ Ë¥·³¨µ´µ¢, ¶µ·µ¦¤ ¥³ÊÕ
£·Ê¶¶µ° SU(2). ‘µ£² ¸´µ ÔÉµ° ±² ¸¸¨Ë¨± Í¨¨ ¢¸¥ Ë¥·³¨µ´Ò ³µ¦´µ · §¤¥-
²¨ÉÓ ´  Î¥ÉÒ·¥ ±² ¸¸  [73].

I. ‘É ´¤ ·É´Ò¥ Ë¥·³¨µ´Ò (¶µ¸²¥¤µ¢ É¥²Ó´Ò¥, ¸¥±¢¥´Í¨ ²Ó´Ò¥ (sequential,
usual, standard, ordinary)).{

f1

f2

}
L

, {fα}R Å
²¥¢µ±¨· ²Ó´Ò¥ ¤Ê¡²¥ÉÒ ¨ ¶· ¢µ±¨· ²Ó´Ò¥ ¸¨´-
£²¥ÉÒ. ‘É ´¤ ·É´Ò¥ ²¥¶Éµ´Ò ¨ ±¢ ·±¨, µ¶¨¸Ò¢ -
¥³Ò¥ £·Ê¶¶µ° SU(2)L.

II. ‡¥·± ²Ó´Ò¥ Ë¥·³¨µ´Ò (mirror fermions).

{fα}L,
{

f1

f2

}
R

Å
²¥¢µ±¨· ²Ó´Ò¥ ¸¨´£²¥ÉÒ ¨ ¶· ¢µ±¨· ²Ó´Ò¥ ¤Ê-
¡²¥ÉÒ (É.¥. §¥·± ²Ó´µ¥ µÉ· ¦¥´¨¥ ¸É ´¤ ·É´ÒÌ
Ë¥·³¨µ´µ¢).

III. ‚¥±Éµ·´Ò¥ ¤Ê¡²¥ÉÒ (vector doublets, doublet fermions).{
f1

f2

}
L

,

{
f1

f2

}
R

Å ²¥¢µ±¨· ²Ó´Ò¥ ¨ ¶· ¢µ±¨· ²Ó´Ò¥ ¤Ê¡²¥ÉÒ.

IV. ‚¥±Éµ·´Ò¥ ¸¨´£²¥ÉÒ (vector singlets, singlet fermions).

{f}L, {f}R Å ²¥¢µ±¨· ²Ó´Ò¥ ¨ ¶· ¢µ±¨· ²Ó´Ò¥ ¸¨´£²¥ÉÒ.

�·¥¤³¥Éµ³ ´ Ï¥£µ  ´ ²¨§  Ö¢²Ö¥É¸Ö ¢¥±Éµ·´Ò° ¸¨´£²¥É (IV) ¸ ±¢ ´Éµ-
¢Ò³¨ Î¨¸² ³¨ ±¢ ·± . ’ ±µ° Ë¥·³¨µ´ ¢µ§´¨± ¥É ¢ Ï¨·µ±µ³ ±² ¸¸¥ ¸Ê¶¥·-
¸¨³³¥É·¨Î´ÒÌ · ¸Ï¨·¥´¨° ‘Œ. � §¢ ´¨¥ ®¢¥±Éµ·´Ò°¯ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ
ÔÉµ ¶µ²¥ ¨³¥¥É ¢¥±Éµ·´ÊÕ ¸¢Ö§Ó ¸ ± ²¨¡·µ¢µÎ´Ò³¨ ¡µ§µ´ ³¨. � ¸¸³µÉ·¨³
´¥±µÉµ·Ò¥ ¢ ·¨ ´ÉÒ £¥´¥§¨¸  ¸¨´£²¥É´µ£µ ±¢ ·± .

�¨¦´¨¥ ¸¨´£²¥É´Ò¥ ±¢ ·±¨, É.¥. ¢¥±Éµ·´Ò¥ ¸¨´£²¥ÉÒ, ¨³¥ÕÐ¨¥ µ¸É ²Ó-
´Ò¥ ±¢ ´Éµ¢Ò¥ Î¨¸²  µ¡ÒÎ´ÒÌ ±¢ ·±µ¢, ¢µ§´¨± ÕÉ ´ ·Ö¤Ê ¸ ¤·Ê£¨³¨ Ô±§µÉ¨-
Î¥¸±¨³¨ Î ¸É¨Í ³¨ ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ³µ¤¥²ÖÌ. � ¨¡µ²¥¥ ¶µ¶Ê²Ö·´µ° ¤µ
´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ Ö¢²Ö¥É¸Ö ³µ¤¥²Ó ¸Ê¶¥·¸É·Ê´Ò ¢ 10-³¥·´µ³ ¶·µ¸É· ´¸É¢¥,
¶µ¸²¥ ±µ³¶ ±É¨Ë¨± Í¨¨ 6 ¨§³¥·¥´¨° ±µÉµ·µ£µ ¢ µ¡ÒÎ´µ³ 4-¶·µ¸É· ´¸É¢¥
¢µ§´¨± ¥É ³Ê²ÓÉ¨¶²¥É Ë¥·³¨µ´´ÒÌ ¶µ²¥°, ±µÉµ·Ò° Ö¢²Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó-
´Ò³ 27-³¥·´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ £·Ê¶¶Ò E6 ¨ ¸µ¤¥·¦¨É ¢ ¸¥¡¥ ³Ê²ÓÉ¨¶²¥ÉÒ
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¸É ´¤ ·É´µ£µ ¶µ±µ²¥´¨Ö ±¢ ·±µ¢ÒÌ ¨ ²¥¶Éµ´´ÒÌ ¶µ²¥°, ¸¨´£²¥É´Ò° ±¢ ·±,
´µ¢Ò¥ ²¥¶Éµ´Ò ¨ ´¥°É·¨´µ. ‚ É ¡². 1 ¨²²Õ¸É·¨·Ê¥É¸Ö £¥´¥§¨¸ ¸É ´¤ ·É´ÒÌ
¨ Ô±§µÉ¨Î¥¸±¨Ì Î ¸É¨Í ¶·¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° ·¥¤Ê±Í¨¨ E6 → SO(10) →
SU(5) → SU(2) · U(1) [73].

’ ¡²¨Í  1. ƒ¥´¥§¨¸ ¸É ´¤ ·É´ÒÌ ¨ Ô±§µÉ¨Î¥¸±¨Ì Î ¸É¨Í ¢ E6-³µ¤¥²¨

SO(10) → SU(5) → SU(2) · U(1)

16 5∗
{ νe

e−

}
L

, dc
L

10 uc
L,
{u

d

}
L

, e+
L

1 νc
eL

10 5 DL,

{
E+

Nc

}
L

5∗
{

N

E−

}
L

, Dc
L

1 1 SL

ŒÊ²ÓÉ¨¶²¥É {16} → {5∗, 10, 1} ¸µµÉ¢¥É¸É¢Ê¥É ¸É ´¤ ·É´µ³Ê ´ ¡µ·Ê ²¥¶-
Éµ´µ¢ ¨ ±¢ ·±µ¢ µ¤´µ£µ ¶µ±µ²¥´¨Ö, ¶µ²Ö νc

eL, NL ¨ SL Å ´µ¢Ò¥ ¢¥°²¥¢¸±¨¥
´¥°É·¨´µ, E−

L Å ´µ¢Ò° § ·Ö¦¥´´Ò° ²¥¶Éµ´,   DL Å ´¨¦´¨° ¸¨´£²¥É´Ò°
±¢ ·±. � ·  {DL, Dc

L} ¸µ¸É ¢²Ö¥É ¢¥±Éµ·´Ò° ¸¨´£²¥É ¸µ£² ¸´µ ¶·¨¢¥¤¥´´µ°
¢ÒÏ¥ ±² ¸¸¨Ë¨± Í¨¨ Ë¥·³¨µ´µ¢ £·Ê¶¶Ò SU(2).

‚µ ³´µ£¨Ì ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ · ¸Ï¨·¥´¨ÖÌ ‘Œ ´¨¦´¨° ¸¨´£²¥É´Ò°
±¢ ·± ¶µÖ¢²Ö¥É¸Ö ¢ ¸µ¶·µ¢µ¦¤¥´¨¨ ¤µ¢µ²Ó´µ ¡µ²ÓÏµ£µ Î¨¸²  ¤·Ê£¨Ì Ô±§µÉ¨-
Î¥¸±¨Ì Î ¸É¨Í (¢ E6-³µ¤¥²¨, ´ ¶·¨³¥·, É ±¨Ì Î ¸É¨Í 11), ¶·¨Î¥³ ÔÉµÉ ´ ¡µ·
³Ê²ÓÉ¨¶²¨Í¨·Ê¥É¸Ö Î¨¸²µ³ ¶µ±µ²¥´¨°. �µ²µ¦¥´¨¥ ³µ¦¥É µ¸²µ¦´ÖÉÓ¸Ö ¥Ð¥ ¨
É¥³, ÎÉµ ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö ·¥¤Ê±Í¨Ö ¸Ê¶¥·¸É·Ê´Ò ¸µ¤¥·¦¨É ¤µ¶µ²´¨É¥²Ó-
´ÊÕ ± ²¨¡·µ¢µÎ´ÊÕ £·Ê¶¶Ê U ′(1) ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¤µ¶µ²´¨É¥²Ó´Ò° Z ′-¡µ§µ´.
‘³¥Ï¨¢ ´¨¥ Z−Z ′ Ê¸²µ¦´Ö¥É Ë¥´µ³¥´µ²µ£¨Õ ± ± ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢, É ±
¨ ¤·Ê£¨Ì ´¥¸É ´¤ ·É´ÒÌ Î ¸É¨Í. ‚ ÔÉµ° ¸¨ÉÊ Í¨¨ ³µ¦¥É ¶·¥¤¸É ¢²ÖÉÓ ¨´É¥-
·¥¸ ¤·Ê£µ°, ¡µ²¥¥ ¶·µ¸Éµ° ¨ Ê¤µ¡´Ò° ¤²Ö  ´ ²¨§  ¢ ·¨ ´É £¥´¥§¨¸  ¸¨´£²¥É-
´µ£µ ±¢ ·± , ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ·¥¤Ê±Í¨¨ ¸Ê¶¥·¸¨³³¥É·¨Î´µ° SU(5)-³µ¤¥²¨.
‡¤¥¸Ó ¸¨´£²¥É´Ò° ±¢ ·± ¶µÖ¢²Ö¥É¸Ö ± ± ¸¶¨´µ·´ Ö ±µ³¶µ´¥´É  ¸ £¨¶¥·§ -
·Ö¤µ³ Y = −2/3 ¢ ·¥§Ê²ÓÉ É¥ ·¥¤Ê±Í¨¨ Ì¨££¸µ¢¸±µ£µ ¸Ê¶¥·³Ê²ÓÉ¨¶²¥É  ¢
¸µ¶·µ¢µ¦¤¥´¨¨ Ì¨££¸¨´µ [74]:

{5}L,R → {2 ⊗ 1}L,R ⊕ {1 ⊗ 3Y =−2/3}L,R. (3.1)
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’ ±¨³ µ¡· §µ³, ¢ ÔÉµ³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ¤¥²µ Éµ²Ó±µ ¸ ´¨¦´¨³ ¸¨´£²¥É´Ò³
±¢ ·±µ³ ¨ Ì¨££¸¨´µ, É.¥., ¶µ-¸ÊÐ¥¸É¢Ê, ¸ ±¢ ·±µ³ ¨ ²¥¶Éµ´µ³. ‚µ§´¨±´µ¢¥´¨¥
¨ Ë¥´µ³¥´µ²µ£¨Ö ‘Š ¸ q = −1/3 ¢ Œ‘‘Œ · ¸¸³µÉ·¥´Ò ¢ [75Ä77].

�É³¥É¨³, ÎÉµ ¸ÊÐ¥¸É¢µ¢ ´¨¥ Î ¸É¨Í ¸ Ô±§µÉ¨Î¥¸±¨³¨ ±¢ ´Éµ¢Ò³¨ Î¨-
¸² ³¨ ¥¸É¥¸É¢¥´´µ ¤²Ö ³µ¤¥²¥° ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö. Šµ´¥Î´µ, ¸ ³¨ ³µ¤¥²¨
¶·¨ ÔÉµ³ ´ ±² ¤Ò¢ ÕÉ ´  Ì · ±É¥·¨¸É¨±¨ Î ¸É¨Í µ¶·¥¤¥²¥´´Ò¥ µ£· ´¨Î¥´¨Ö.
‘¨´£²¥É´Ò¥ ±¢ ·±¨, ¢ Î ¸É´µ¸É¨, ´¥ ¶µ·µ¦¤ Ö ± ²¨¡·µ¢µÎ´ÒÌ  ´µ³ ²¨°, ³µ-
£ÊÉ, µ¤´ ±µ, ´ ·ÊÏ¨ÉÓ ¢ · ³± Ì ‘Œ ¸Ìµ¦¤¥´¨¥ ¡¥£ÊÐ¨Ì ±µ´¸É ´É. �·¨-
Î¨´  ¢ Éµ³, ÎÉµ ¶·¨ ´¥¨§³¥´´µ³ ¶µ¢¥¤¥´¨¨ SU(2)-±µ´¸É ´ÉÒ Ì · ±É¥· ®¡¥-
£ ¯ SU(3)- ¨ U(1)-±µ´¸É ´É ³¥´Ö¥É¸Ö. ’¥³ ´¥ ³¥´¥¥ ¤²Ö ´¨¦´¨Ì ¸¨´£²¥É´ÒÌ
±¢ ·±µ¢ Ê´¨Ë¨± Í¨Ö ¢§ ¨³µ¤¥°¸É¢¨° ¸µÌ· ´Ö¥É¸Ö ¶·¨ ´ ¨¡µ²¥¥ Ô±µ´µ³´µ³
¢¢¥¤¥´¨¨ ‘Š ¢ 5 + 5∗-³Ê²ÓÉ¨¶²¥É Ì SU(5) ¨²¨ ¢ · ³± Ì ³Ê²ÓÉ¨¶²¥É  10 ¢
SO(10).

‚¥·Ì´¨° ‘Š ³µ¦¥É ¶µÖ¢¨ÉÓ¸Ö ¢ ± Î¥¸É¢¥ ±µ³¶µ´¥´ÉÒ ³Ê²ÓÉ¨¶²¥É  ¶·¨-
¸µ¥¤¨´¥´´µ£µ ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö. ‡ ³¥É¨³, ÎÉµ
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¸²¨Ï±µ³ ¢¥²¨±¨ Å 45 ¤²Ö SO(10) ¨²¨ 78
¤²Ö E6. ˆ§¡¥¦ ÉÓ ÔÉµ£µ,   § µ¤´µ ¨ ´ ·ÊÏ¥´¨Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ¶µ¢¥¤¥´¨Ö
¸¨²Ó´µ° ±µ´¸É ´ÉÒ, ³µ¦´µ, ¢¢µ¤Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ³ É¥·¨ ²Ó-
´ÒÌ ¶µ²¥°. � ¶·¨³¥·, ¢ SU(5) ¶µÖ¢²¥´¨¥ µ¤´µ£µ ¢¥·Ì´¥£µ ‘Š  ¸¸µÍ¨¨·Ê¥É¸Ö
¸ ¤µ¶µ²´¨É¥²Ó´Ò³¨ ²¥£±¨³¨ 10 + 10∗-³Ê²ÓÉ¨¶²¥É ³¨. “´¨Ë¨± Í¨Ö ± ²¨¡·µ-
¢µÎ´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ÔÉµ³ É ±¦¥ ¨³¥¥É ³¥¸Éµ.

	µ²¥¥ ¶µ¤·µ¡´µ ¨¸¸²¥¤µ¢ ´¨¥ ¶µ¢¥¤¥´¨Ö ¡¥£ÊÐ¨Ì ±µ´¸É ´É ¢ · §²¨Î´ÒÌ
¢ ·¨ ´É Ì É¥µ·¨¨ ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö, ¢ Éµ³ Î¨¸²¥ ¨ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ,
´  Ê·µ¢´¥ µ¤´µ° ¨ ¤¢ÊÌ ¶¥É¥²Ó ¶·µ¢¥¤¥´µ ¢ · ¡µÉ¥ [84].

3.2. �¡§µ· Ë¥´µ³¥´µ²µ£¨¨ ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢. � ¸¸³µÉ·¨³ ±· É±µ µ¸-
´µ¢´Ò¥ ¶·µÖ¢²¥´¨Ö ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢, É.¥. ¶·Ö³Ò¥ ¨ ±µ¸¢¥´´Ò¥ ÔËË¥±ÉÒ,
µ¡Ê¸²µ¢²¥´´Ò¥ ÔÉ¨³¨ ±¢ ·± ³¨. „²Ö Ê¶·µÐ¥´¨Ö § ¤ Î¨ ³Ò µ¶Ê¸± ¥³ ¢¸Õ
µ¸É ²Ó´ÊÕ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±ÊÕ ´ ¤¸É·µ°±Ê, ¸µ¶·µ¢µ¦¤ ÕÐÊÕ ¸¨´£²¥É´Ò°
±¢ ·±.

Šµ¸³µ²µ£¨Î¥¸±¨¥ µ£· ´¨Î¥´¨Ö ´  · ¸¶·µ¸É· ´¥´´µ¸ÉÓ ÉÖ¦¥²ÒÌ Î ¸É¨Í
¨¸±²ÕÎ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸É ¡¨²Ó´ÒÌ Ô±§µÉ¨Î¥¸±¨Ì Ë¥·³¨µ-
´µ¢ [78]. � ¨¡µ²¥¥ ¥¸É¥¸É¢¥´´Ò° ³¥Ì ´¨§³ · ¸¶ ¤  É ±¨Ì Î ¸É¨Í Å ¸² ¡µ¥
¢§ ¨³µ¤¥°¸É¢¨¥; ´µ ¨§-§  ¸¨´£²¥É´µ° ¶·¨·µ¤Ò É ±¨¥ Ë¥·³¨µ´Ò, ± ± ¢¥±Éµ·-
´Ò¥ ¸¨´£²¥ÉÒ, ´¥ ³µ£ÊÉ · ¸¶ ¤ ÉÓ¸Ö ´  µ¡ÒÎ´Ò¥ Î ¸É¨ÍÒ. ‘² ¡Ò° · ¸¶ ¤
¸¨´£²¥É´µ£µ ±¢ ·±  ³µ¦¥É ¨³¥ÉÓ ³¥¸Éµ Éµ²Ó±µ ¶·¨ ¸³¥Ï¨¢ ´¨¨ ¥£µ ¸µ ¸É ´-
¤ ·É´Ò³¨, ¨³¥ÕÐ¨³¨ ÉµÉ ¦¥ § ·Ö¤. �¸´µ¢´Ò³ ¸²¥¤¸É¢¨¥³ É ±µ£µ ¸³¥Ï¨¢ -
´¨Ö, µ¶·¥¤¥²ÖÕÐ¨³ ¶· ±É¨Î¥¸±¨ ¢¸Õ ´¨§±µÔ´¥·£¥É¨Î¥¸±ÊÕ Ë¥´µ³¥´µ²µ£¨Õ
¸¨´£²¥É´µ£µ ±¢ ·± , Ö¢²Ö¥É¸Ö £¥´¥§¨¸ �’ˆ� ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ¢ ¸¥±Éµ·¥
É¥Ì ±¢ ·±µ¢, ¸ ±µÉµ·Ò³¨ µ´ ¸³¥Ï¨¢ ¥É¸Ö. �µÖ¢²¥´¨¥ ´¥¤¨ £µ´ ²Ó´ÒÌ ¢¥·-
Ï¨´ ¢¨¤  gijZµq̄iΓµqj ¤ ¥É ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ É ±¨¥ ¶·µÍ¥¸¸Ò, ± ± ·¥¤-
±¨¥ ²¥¶Éµ´´Ò¥ ¨ ¶µ²Ê²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò ³¥§µ´µ¢, ¸³¥Ï¨¢ ´¨¥ ´¥°É· ²Ó´ÒÌ
³¥§µ´µ¢ ¢¨¤  M0ÄM̄0, CP -´ ·ÊÏ¥´¨¥ ¢ · ¸¶ ¤ Ì ³¥§µ´µ¢ ¨ ´¥¤¨ £µ´ ²Ó-
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´µ¥ ·µ¦¤¥´¨¥ ¶ · ±¢ ·±µ¢ didj . ˆ³¥ÕÐ¨¥¸Ö ´  ¸¥£µ¤´Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
µ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ê �’ˆ� ¤µ¶Ê¸± ÕÉ ´¥¤¨ £µ´ ²Ó´Ò¥ ¢¥·Ï¨´Ò ¸ ³ -
²Ò³¨ ±µ´¸É ´É ³¨ gij . ’ ± ± ± ¢¥²¨Î¨´  ¶µ¸²¥¤´¨Ì ¶·µ¶µ·Í¨µ´ ²Ó´  Ê£² ³
¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ¸µ ¸É ´¤ ·É´Ò³¨ qi ¨ qj , Éµ ¨ ¸³¥Ï¨¢ ´¨¥
¤µ¶Ê¸É¨³µ ¤µ¢µ²Ó´µ ³ ²µ¥.

‘³¥Ï¨¢ ´¨¥ ¸¨´£²¥É´ÒÌ Ë¥·³¨µ´µ¢ ¸ µ¡ÒÎ´Ò³¨ ¨ µ£· ´¨Î¥´¨Ö ´  ¥£µ
¢¥²¨Î¨´Ê, ¢ÒÉ¥± ÕÐ¨¥ ¨§ Ô±¸¶¥·¨³¥´É , · ¸¸³µÉ·¥´Ò ¢ [79Ä85]. ‚ ÔÉ¨Ì
· ¡µÉ Ì ±· É±µ µ¶¨¸ ´ £¥´¥§¨¸ ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢ ¨ ¨§ÊÎ¥´ ³¥Ì ´¨§³ ¨Ì
¸³¥Ï¨¢ ´¨Ö ¸µ ¸É ´¤ ·É´Ò³¨. „²Ö ¶µ²ÊÎ¥´¨Ö µÍ¥´µ± ¢¥²¨Î¨´Ò ¸³¥Ï¨¢ ´¨Ö
¨¸¶µ²Ó§Ê¥É¸Ö, ¢ Î ¸É´µ¸É¨, É ± ´ §Ò¢ ¥³Ò° ®seesaw¯-³¥Ì ´¨§³ [73, 86]. � 
µ¸´µ¢¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ¡ ¨´É¥´¸¨¢´µ¸É¨ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ ¶µ²Ê-
Î¥´Ò µ£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö. �·Ö³Ò³ ¸²¥¤¸É¢¨¥³ ´ ²¨Î¨Ö ´¥¤¨ -
£µ´ ²Ó´ÒÌ ¢¥·Ï¨´ gijZµq̄iΓµqj Ö¢²ÖÕÉ¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶ ¤Ò Z → q̄iqj

´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥. �Í¥´±¨ ¡·Ô´Î¨´£µ¢ ´¥¤¨ £µ´ ²Ó´ÒÌ ± ´ ²µ¢ · ¸¶ ¤ 
Z-¡µ§µ´ , µ¡Ê¸²µ¢²¥´´ÒÌ ¸¨´£²¥É´Ò³ ±¢ ·±µ³, ¸· ¢´¥´¨¥ ¨Ì ¸ ¶¥É²¥¢Ò³¨
¢±² ¤ ³¨ ‘Œ ¨  ´ ²¨§ ¨´Ëµ·³ Í¨¨ µ¡ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ µ£· ´¨Î¥´¨ÖÌ ´ 
ÔÉ¨ ¡·Ô´Î¨´£¨ ¶·µ¢¥¤¥´Ò ¢ [87Ä91]. ‚ ÔÉ¨Ì · ¡µÉ Ì · ¸¸³µÉ·¥´Ò É ±¦¥ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ·¥£¨¸É· Í¨¨ ·µ¦¤¥´¨Ö ´¥¤¨ £µ´ ²Ó´ÒÌ ¶ · ¨
µÍ¥´±¨ ¸¥Î¥´¨° ¢ ¶·µÍ¥¸¸ Ì ¢¨¤  e+e− → qiq̄j . �Í¥´±¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥-
Î¥´¨° c- ¨ b-·µ¦¤¥´¨Ö ¢ · ³± Ì ‘Œ ´  e+e−-Ë ¡·¨± Ì ¶·µ¢¥¤¥´Ò ¢ [91].
‚ · ¡µÉ¥ [90] · ¸¸³µÉ·¥´Ò ¸µ¶·µ¢µ¦¤ ÕÐ¨¥ · ¸¶ ¤ Z → did̄j ÔËË¥±ÉÒ
CP -´ ·ÊÏ¥´¨Ö ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³.

‘³¥Ï¨¢ ´¨¥ ¢ ´¥°É· ²Ó´ÒÌ ³¥§µ´ Ì M0ÄM̄0 Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ÎÊ¢-
¸É¢¨É¥²Ó´Ò³ ± �’ˆ� ÔËË¥±Éµ³. ‚ ‘Œ É ±µ¥ ¸³¥Ï¨¢ ´¨¥ ¶·µÉ¥± ¥É Î¥·¥§
®¡µ±¸¯-¤¨ £· ³³Ò, É.¥. ¨´É¥´¸¨¢´µ¸ÉÓ É ±µ£µ ¶·µÍ¥¸¸  ∼ G2

F . ‚ ³µ¤¥²¨
¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¸³¥Ï¨¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥, ¶·¨-
Î¥³ ¨´É¥´¸¨¢´µ¸ÉÓ ∼ GF , ÎÉµ ¨ µ¡Ê¸²o¢²¨¢ ¥É ¥£µ ¡µ²ÓÏÊÕ ÎÊ¢¸É¢¨É¥²Ó-
´µ¸ÉÓ ± �’ˆ�. �¶¨¸ ´¨¥ ¨ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ M0ÄM̄0-¸³¥Ï¨¢ ´¨Ö ¢
‘Œ ¨ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¶·µ¢¥¤¥´Ò ¢ · ¡µÉ Ì [79, 81, 92Ä95].
ˆ§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¢¥²¨Î¨´¥ ¸³¥Ï¨¢ ´¨Ö ¢
K0ÄK̄0- ¨ B0ÄB̄0-¸¨¸É¥³ Ì,   É ±¦¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ´¨¦´¨Ì ¶·¥¤¥²µ¢
´  ¢¥²¨Î¨´Ê ¸³¥Ï¨¢ ´¨Ö ¢ B0

sÄB̄0
s - ¨ D0ÄD̄0-¸¨¸É¥³ Ì ¶µ²ÊÎ¥´Ò µ£· ´¨Î¥´¨Ö

´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´ÒÌ ¨ ¸É ´¤ ·É´ÒÌ ±¢ ·±µ¢. �¥¤±¨¥ ²¥¶Éµ´´Ò¥
¨ ¶µ²Ê²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò ³¥§µ´µ¢ É ±¦¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ´ ²¨Î¨Õ �’ˆ�,
µ¡Ê¸²µ¢²¥´´ÒÌ ¤·¥¢¥¸´Ò³¨ ´¥¤¨ £µ´ ²Ó´Ò³¨ ¢¥·Ï¨´ ³¨. �´ ²¨§ ¨ · ¸Î¥É
É ±¨Ì · ¸¶ ¤µ¢ ¢ ‘Œ ¨ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¶·µ¢¥¤¥´Ò ¢ · ¡µ-
É Ì [74,79,81,96,97]. �¥¤±¨¥ · ¸¶ ¤Ò ³¥§µ´µ¢ ´¥¸±µ²Ó±µ ³¥´¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò
± �’ˆ�, ´¥¦¥²¨ ¸³¥Ï¨¢ ´¨¥ ¢ M0ÄM̄0-¸¨¸É¥³ Ì. �¤´ ±o Ô±¸¶¥·¨³¥´É ²Ó-
´Ò° ³ É¥·¨ ² ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ £µ· §¤µ ¡µ£ Î¥, ÎÉµ ¶µ§¢µ²Ö¥É ¡µ²¥¥ ¶µ²´µ
¨¸¸²¥¤µ¢ ÉÓ ÔËË¥±ÉÒ ¸¨´£²¥É´µ£µ ±¢ ·± .

Š ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ¶·µÖ¢²¥´¨Ö³ ¸¨´£²¥É´µ£µ ±¢ ·±  µÉ´µ¸¨É¸Ö
É ±¦¥ ¨ ¶¥·¥¸É·µ°±  ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¢ ¸É·Ê±ÉÊ·¥ § ·Ö¦¥´´ÒÌ Éµ±µ¢.
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Œ É·¨Í  Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò, µ¶¨¸Ò¢ ÕÐ Ö ÔÉÊ ¸É·Ê±ÉÊ·Ê ¢ ‘Œ, ¶·¨ ¸³¥Ï¨-
¢ ´¨¨ ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ µ¡ÒÎ´Ò³ ¨§³¥´Ö¥É¸Ö. �Éµ ¨§³¥´¥´¨¥ ¢ ³µ¤¥²¨ ¸
´¨¦´¨³ ‘Š ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ (3 × 3)-³ É·¨Í  ¶¥·¥Ìµ¤¨É ¢ (3 × 4)-³ É·¨ÍÊ,
¶·¨Î¥³ ¸É ´¤ ·É´Ò° (3 × 3)-¡²µ± ´¥ ¸µ¸É ¢²Ö¥É Ê´¨É ·´ÊÕ ³ É·¨ÍÊ, ± ± ¢
‘Œ, ¨ ´¥ ¸µ¢¶ ¤ ¥É ¸ ³ É·¨Í¥° Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò. �µ¤·µ¡´µ ÔÉµÉ ÔËË¥±É
· ¸¸³ É·¨¢ ¥É¸Ö ¢ [98], £¤¥ ¶µ¸É·µ¥´  É ± ´ §Ò¢ ¥³ Ö µ¡µ¡Ð¥´´ Ö (4 × 4)-
³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö, µ¶¨¸Ò¢ ÕÐ Ö µ¤´µ¢·¥³¥´´µ ± ± ¸É·Ê±ÉÊ·Ê § ·Ö¦¥´-
´ÒÌ Éµ±µ¢, É ± ¨ ¸É·Ê±ÉÊ·Ê �’ˆ�. �·Ö³Ò³ ¸²¥¤¸É¢¨¥³ É ±µ° ³µ¤¨Ë¨± -
Í¨¨ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö Ö¢²Ö¥É¸Ö ¢µ§´¨±´µ¢¥´¨¥ ¤µ¶µ²´¨É¥²Ó´ÒÌ ÔËË¥±Éµ¢
CP -´ ·ÊÏ¥´¨Ö [9,98,99].

�´ ²¨§ · §²¨Î¨° ³¥¦¤Ê ¶·µÖ¢²¥´¨Ö³¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ £¨¶µÉ¥É¨Î¥¸±µ£µ
Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö ¨ ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢ ¶·µ¢¥¤¥´ ¢ [100] ¤²Ö ¸²ÊÎ Ö ¨Ì
£¥´¥· Í¨¨ ´  pp̄-±µ²² °¤¥· Ì. ‘É·µ¨É¥²Ó¸É¢µ ¨ ¶Ê¸± ¢ Ô±¸¶²Ê É Í¨Õ ±µ²-
² °¤¥·µ¢, · ¡µÉ ÕÐ¨Ì ¢ µ¡² ¸É¨ Ô´¥·£¨° ∼ 102÷103 ƒÔ‚, ¢Ò§Ò¢ ¥É ¨´É¥·¥¸
± ¨¸¸²¥¤µ¢ ´¨Õ ¢µ§³µ¦´µ¸É¥° ·µ¦¤¥´¨Ö ¨ ·¥£¨¸É· Í¨¨ Ô±§µÉ¨Î¥¸±¨Ì ÉÖ¦¥-
²ÒÌ Ë¥·³¨µ´µ¢ ¢ e+e−-, pp̄- ¨ ep-¸µÊ¤ ·¥´¨ÖÌ [79, 101Ä104]. �¸µ¡¥´´µ-
¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¶·µÖ¢²¥´¨Ö É ±¨Ì Ë¥·³¨µ´µ¢ ¢ µ¸´µ¢´µ³ ¸¢Ö§ ´Ò ¸µ
¸¶¥Í¨Ë¨±µ° ¨Ì · ¸¶ ¤µ¢ ¨  ¸¨³³¥É·¨¥° ¢¶¥·¥¤-´ § ¤ ¶·¨ ¨Ì µ¡· §µ¢ ´¨¨ ¢
e+e−- ´´¨£¨²ÖÍ¨¨ [79, 105Ä108]. �Í¥´±  ¸¥Î¥´¨° ´¥¤¨ £µ´ ²Ó´µ£µ ·µ¦¤¥-
´¨Ö ¸¨´£²¥É´ÒÌ ¨ µ¡ÒÎ´ÒÌ ±¢ ·±µ¢,   É ±¦¥ µ¶¨¸ ´¨¥ ¸¨£´ ÉÊ·Ò ¸µ¡ÒÉ¨°
·µ¦¤¥´¨Ö ¨ ¶µ¸²¥¤ÊÕÐ¥£µ · ¸¶ ¤  ¸¨´£²¥É´µ£µ ±¢ ·±  ¶·µ¢¥¤¥´Ò ¢ [109].

•·µ³µ¤¨´ ³¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¸¨´£²¥É´ÒÌ ±¢ ·±µ¢ ¸µ¢¶ ¤ ÕÉ ¸µ ¸É ´-
¤ ·É´Ò³¨, É.¥. ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì ¢·¥³¥´ Ì ¦¨§´¨ µ´¨ ³µ£ÊÉ µ¡· -
§µ¢Ò¢ ÉÓ ¸¢Ö§ ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ± ± ¤·Ê£ ¸ ¤·Ê£µ³, Ëµ·³¨·ÊÖ ´µ¢Ò° ÉÖ¦¥²Ò°
±¢ ·±µ´¨° H = (DD̄), É ± ¨ ¸ µ¡ÒÎ´Ò³¨ ±¢ ·± ³¨, µ¡· §ÊÖ ´µ¢Ò¥ ÉÖ¦¥-
²Ò¥ ³¥§µ´Ò (Hq = Dq̄), £¤¥ D Å ¸¨´£²¥É´Ò° ±¢ ·±. ‘¢µ°¸É¢  ÉÖ¦¥²µ£µ
±¢ ·±µ´¨Ö H ¨ ¨Ì µÉ²¨Î¨Ö µÉ ¸¢µ°¸É¢ ±¢ ·±µ´¨Ö Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö · ¸-
¸³µÉ·¥´Ò ¢ [110,111]. ‚ · ¡µÉ Ì [112,113] µ¡¸Ê¦¤ ÕÉ¸Ö · ¸¶ ¤´Ò¥ ¸¢µ°¸É¢ 
´µ¢ÒÌ ³¥§µ´µ¢ ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ³ ¸¸  D-±¢ ·±  ³¥´ÓÏ¥ ³ ¸¸Ò W -¡µ§µ´ ,
¶·¨Î¥³ ¢ [112] µÉ³¥Î ¥É¸Ö ´ ²¨Î¨¥ ¡µ²ÓÏµ£µ ¸³¥Ï¨¢ ´¨Ö ¢ ´¥°É· ²Ó´µ° ¸¨-
¸É¥³¥ H0

dÄH̄0
d . ‘¢µ°¸É¢  ´µ¢ÒÌ ÉÖ¦¥²ÒÌ ³¥§µ´µ¢ Hq ¶·¨ Ê¸²µ¢¨¨ mD > mW

· ¸¸³µÉ·¥´Ò ¢ · ¡µÉ¥ [114]. ‚ ÔÉµ° · ¡µÉ¥ ¨¸¶µ²Ó§µ¢ ² ¸Ó µÍ¥´±  ³ ¸¸Ò D-
±¢ ·± , ¶µ²ÊÎ¥´´ Ö ´  µ¸´µ¢¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ µ£· ´¨Î¥´¨° ´  ¢¥²¨Î¨´Ê
¥£µ ¸³¥Ï¨¢ ´¨Ö ¸ µ¡ÒÎ´Ò³¨ ±¢ ·± ³¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ®seesaw¯-³¥Ì ´¨§³ 
¸³¥Ï¨¢ ´¨Ö. �Éµ ¶·¥¤¶µ²µ¦¥´¨¥ ¨¸¶µ²Ó§µ¢ ²µ¸Ó É ±¦¥ ¶·¨ ·¥±µ´¸É·Ê±Í¨¨
Ô²¥³¥´Éµ¢ µ¡µ¡Ð¥´´µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¨ µÍ¥´±¨ mD ¢ · ¡µÉ¥ [115].

�±¸¶¥·¨³¥´É ²Ó´ Ö ·¥£¨¸É· Í¨Ö t-±¢ ·±  ¸É¨³Ê²¨·µ¢ ²  ¢ ¶µ¸²¥¤´¨¥ £o-
¤Ò ¨´É¥·¥¸ ± ¢¥·Ì´¥³Ê ¸¨´£²¥É´µ³Ê ±¢ ·±Ê. ‚µ-¶¥·¢ÒÌ, ¡µ²ÓÏ Ö ³ ¸¸  t-
±¢ ·±  ³µ¦¥É ¡ÒÉÓ ²¥£±µ µ¡ÑÖ¸´¥´  ¥£µ ¸³¥Ï¨¢ ´¨¥³ ¸ ÉÖ¦¥²Ò³ ¢¥·Ì´¨³
¸¨´£²¥Éµ³. ‚µ-¢Éµ·ÒÌ, ¶·¥¤¶µ² £ ¥³µ¥ ¡µ²ÓÏµ¥ ¸³¥Ï¨¢ ´¨¥ t-±¢ ·±  ¨ ¸¨´-
£²¥É´µ£µ ±¢ ·±  ¶·¨¢¥¤¥É ± § ³¥É´µ³Ê µÉ±²µ´¥´¨Õ ¥£µ ¸¢µ°¸É¢ µÉ ¸É ´¤ ·É-
´ÒÌ. ‚²¨Ö´¨¥ ¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ ±¢ ·±  ´  Ëµ·³¨·µ¢ ´¨¥ ³¥Ì ´¨§³µ¢
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·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ · ¸¸³µÉ·¥´µ ¢ · ¡µÉ Ì [77,95,116], ¶·¨Î¥³ ¢ [116] · ¸¸³µ-
É·¥´Ò ¥£µ ¢µ§³µ¦´Ò¥ ÔËË¥±ÉÒ ¢ ·¥£¨¸É· Í¨¨ t-±¢ ·± . �µ²Ó ¡µ²ÓÏµ° ³ ¸¸Ò
t-±¢ ·±  ¢ ¥£µ ¸³¥Ï¨¢ ´¨¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¨ ¢µ§³µ¦´Ò¥  ´µ³ ²Ó´Ò¥
¸¢µ°¸É¢  t-±¢ ·±  · ¸¸³µÉ·¥´Ò ¢ [117Ä124].

�µ¤·µ¡´Ò°  ´ ²¨§ Ë¥´µ³¥´µ²µ£¨¨ ¸¨´£²¥É´ÒÌ Ë¥·³¨µ´µ¢ ¶·¨¢µ¤¨É ±
´¥µ¡Ìµ¤¨³µ¸É¨ · ¸¸³µÉ·¥ÉÓ ¨´É¥·Ë¥·¥´Í¨Õ ¶¥É²¥¢ÒÌ ¢±² ¤µ¢ ‘Œ ¨ ¤µ¶µ²-
´¨É¥²Ó´ÒÌ ¢±² ¤µ¢ · ¸Ï¨·¥´´ÒÌ ³µ¤¥²¥° ¢ �’ˆ�. �É  ¤µ¢µ²Ó´µ É·Ê¤µ¥³± Ö
§ ¤ Î  µ¸²µ¦´Ö¥É¸Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ÊÎ¥É  Š•„-¶µ¶· ¢µ±, ±µÉµ·Ò¥ ¢ ´¥±µÉµ-
·ÒÌ ¶·µÍ¥¸¸ Ì ³µ£ÊÉ ¨£· ÉÓ ¤µ³¨´¨·ÊÕÐÊÕ ·µ²Ó. ‚¶¥·¢Ò¥ ¢ÒÏ¥Ê± § ´´ Ö
¨´É¥·Ë¥·¥´Í¨Ö ´  ± Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¡Ò²  · ¸¸³µÉ·¥´  ¢ · ¡µÉ¥ [125],  
¡µ²¥¥ ¶µ²´µ ¢ ±µ²¨Î¥¸É¢¥´´µ³ µÉ´µÏ¥´¨¨ Å ¢ [115].

3.3. �¨§±µÔ´¥·£¥É¨Î¥¸±¨° ² £· ´¦¨ ´ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³.
‘É·Ê±ÉÊ·  ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ Éµ±µ¢. �µ²´Ò° ² £· ´¦¨ ´, µ¶¨-
¸Ò¢ ÕÐ¨° ¸¨´£²¥É´Ò° ±¢ ·± ´ ·Ö¤Ê ¸ ¤·Ê£¨³¨ Ô±§µÉ¨Î¥¸±¨³¨ Î ¸É¨Í ³¨,
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ° É¥µ·¨¥°, ¢ ±µÉµ·µ° µ´ ¢µ§´¨± ¥É. �·¨
´¨§±¨Ì Ô´¥·£¨ÖÌ (< 1 ’Ô‚) ³Ò ³µ¦¥³ ´¥µ¡Ìµ¤¨³ÊÕ Î ¸ÉÓ ² £· ´¦¨ ´  ¢¢¥¸É¨
¢ ± Î¥¸É¢¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ£µ Î²¥´  ¢ ‘Œ. „ ²¥¥ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ
³µ¤¥²Ó ¸ µ¤´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³, ¸³¥Ï¨¢ ´¨¥ ±µÉµ·µ£µ ¸ µ¡ÒÎ´Ò³¨ ¢µ§-
´¨± ¥É ¶·¨ ´ ·ÊÏ¥´¨¨ SU(2)-¸¨³³¥É·¨¨ ¢ Õ± ¢¸±¨Ì Î²¥´ Ì ¢§ ¨³µ¤¥°¸É¢¨Ö
±¢ ·±µ¢ ¸ Ì¨££¸µ¢¸±¨³ ¶µ²¥³.

‹ £· ´¦¨ ´ ³µ¤¥²¨ ¸ ´¨¦´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¸µ¸Éµ¨É ¨§ ² £· ´¦¨-
 ´  ‘Œ, ±¨´¥É¨Î¥¸±µ£µ ± ²¨¡·µ¢µÎ´µ£µ Î²¥´  ¤²Ö ¸¨´£²¥É´µ£µ ±¢ ·± , Õ± ¢-
¸±¨Ì Î²¥´µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ÔÉµ£µ ±¢ ·±  ¸ Ì¨££¸µ¢¸±¨³ ¤Ê¡²¥Éµ³ ¨ ³ ¸¸µ¢ÒÌ
Î²¥´µ¢, ¤µ¶Ê¸É¨³ÒÌ SU(2)-¸¨³³¥É·¨¥° [98]:

L = LSM + L′
0D + L′

Y D, (3.2)

£¤¥ LSM Å ² £· ´¦¨ ´ ‘Œ,

L′
0D = iD̄′

LD̂D′
L + iD̄′

RD̂D′
R + µDD̄′

LD′
R + µαD̄′

Ld′Rα + h.c.,

L′
Y D = λαq̄′LαφD′

R + h.c., q′α =
(

u′

d′

)
α

, α = 1, 2, 3; φ =
(

φ+

φ0

)
,

iD̄′D̂D′ = iD̄′γµ(γµ + Y
1
2
g′Bµ)D′, Y Å £¨¶¥·§ ·Ö¤ ¶µ²Ö D′.

‚ (3.2) ³ ¸¸µ¢ Ö Î ¸ÉÓ L′
0D ¨ Î²¥´ L′

Y D Ö¢²ÖÕÉ¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨,
É.¥. µ´¨ ¨³¥ÕÉ µ¡Ð¨° ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´Ò° ¢¨¤ ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ¶ -
· ³¥É· ³¨ µD , µα ¨ λα. ‚ ¶·¨¢¥¤¥´´µ° Ëµ·³Ê²¥ ¤²Ö ±µ¢ ·¨ ´É´µ° ¶·µ-
¨§¢µ¤´µ° µ¶ÊÐ¥´ ¸É ´¤ ·É´Ò° Î²¥´ Í¢¥Éµ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ £²Õµ´ ³¨,
¶µ¸±µ²Ó±Ê ¢ ¤ ´´µ³ · §¤¥²¥ ´ ¸ ¨´É¥·¥¸Ê¥É Éµ²Ó±µ ¸É·Ê±ÉÊ·  Ô²¥±É·µ¸² ¡µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö.

‚ ·¥§Ê²ÓÉ É¥ ¢ ±ÊÊ³´µ£µ ¸¤¢¨£  ¢ Ì¨££¸µ¢¸±µ³ ¤Ê¡²¥É¥ φ ¢ Õ± ¢¸±¨Ì Î²¥-
´ Ì L′

Y D ¶µÖ¢²ÖÕÉ¸Ö ³ ¸¸µ¢Ò¥ Ëµ·³Ò ±¢ ·±µ¢ÒÌ ¶µ²¥° d′i ¨ u′
α; ¶·¨¢¥¤¥³
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¨Ì ´ ¨¡µ²¥¥ µ¡Ð¨° ¢¨¤ [114]:

M(q) = d̄′LM(d)d′R + ū′
LM(u)u′

R + h.c., (3.3)

£¤¥ d′a = (d′, s′, b′, D′)a, u′
a = (u′, c′, t′)a Å ±¢ ·±µ¢Ò¥ ¶µ²Ö ¢ ¡ §¨¸¥ ¸² ¡µ£µ

¢§ ¨³µ¤¥°¸É¢¨Ö, a = L, R; M(d), M(u) Å ³ ¸¸µ¢Ò¥ ³ É·¨ÍÒ. „¨ £µ´ ²¨§ -
Í¨Ö ±¢ ¤· É¨Î´µ° Ëµ·³Ò (3.3) ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¶·µ¢µ¤¨É¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
· §²¨Î´ÒÌ Ê´¨É ·´ÒÌ ³ É·¨Í ¤²Ö · §²¨Î´ÒÌ ±¨· ²Ó´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·-
±µ¢ÒÌ ¶µ²¥°:

d′a = Ua(d)da, u′
a = Ua(u)ua, a = L, R, (3.4)

£¤¥ da = (d, s, b, D)a, ua = (u, c, t)a; Ua(d), Ua(u) Å Ê´¨É ·´Ò¥ ³ É·¨ÍÒ c
· §³¥·´µ¸ÉÓÕ 4 × 4 ¨ 3 × 3 ¸µµÉ¢¥É¸É¢¥´´µ. ‚ (3.4) ¶µ²Ö da, ua µ¶¨¸Ò¢ ÕÉ
´¨¦´¨¥ ¨ ¢¥·Ì´¨¥ ±¢ ·±¨, ¨³¥ÕÐ¨¥ Éµ±µ¢Ò¥ ³ ¸¸Ò. ’ ± ± ± ¢¥·Ì´¨¥ ±¢ ·±¨
´¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³, Éµ ³ ¸¸µ¢ Ö ¨ ¤¨ £µ´ ²¨§¨·ÊÕÐ Ö
³ É·¨ÍÒ ¤²Ö ´¨Ì É¥ ¦¥, ÎÉµ ¨ ¢ ‘Œ. ‘É·Ê±ÉÊ·Ê ¤¨ £µ´ ²¨§¨·ÊÕÐ¥° ³ É·¨ÍÒ
´¨¦´¨Ì ±¢ ·±µ¢ Ua(d) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Ua(d) =
(

Uαβ γα

δβ u44

)
a

; a = L, R; α, β = 1, 2, 3. (3.5)

‡¤¥¸Ó α, β Å ¨´¤¥±¸Ò  ·µ³ Éµ¢, γα, δβ Å ³ ²Ò¥ ¶ · ³¥É·Ò, Ì · ±É¥·¨§Ê-
ÕÐ¨¥ ³ ²Ò¥, ¤µ¶Ê¸É¨³Ò¥ Ô±¸¶¥·¨³¥´Éµ³ ¢¥²¨Î¨´Ò ¸³¥Ï¨¢ ´¨Ö D-±¢ ·±  ¸
µ¡ÒÎ´Ò³¨ d-, s-, b-±¢ ·± ³¨. ‚¥²¨Î¨´  |u44| ≈ 1 ¸ ÉµÎ´µ¸ÉÓÕ ¤µ Î²¥´µ¢
¢Éµ·µ£µ ¶µ·Ö¤±  ¶µ ³ ²Ò³ ¶ · ³¥É· ³ γ2

α ¨ δ2
β , ÎÉµ ¸²¥¤Ê¥É ¨§ Ê´¨Éa·´µ¸É¨

Ua(d). �·¨ ÔÉµ³ (3 × 3)-³ É·¨Í  Uαβ ¸ Éµ° ¦¥ ÉµÎ´µ¸ÉÓÕ ¶·¨³¥·´µ ¸µ¢¶ -
¤ ¥É ¸µ ¸É ´¤ ·É´µ° ¤¨ £µ´ ²¨§¨·ÊÕÐ¥° ³ É·¨Í¥°, É.¥. ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥°
³ É·¨Í¥° ¢ · ³± Ì ‘Œ.

� ¸¸³µÉ·¨³ ¸É·Ê±ÉÊ·Ê ¸² ¡ÒÌ Éµ±µ¢ ¢ ¡ §¨¸¥ Éµ±µ¢ÒÌ ±¢ ·±µ¢ uα = u, c, t
¨ di = d, s, b, D. ‘É·Ê±ÉÊ·  § ·Ö¦¥´´µ£µ Éµ±  µ¶·¥¤¥²Ö¥É¸Ö (3 × 4)-³ É-
·¨Í¥° V :

J+
µ =

1√
2
gūLαγµVαidLi, α = 1, 2, 3; i = 1, 2, 3, 4. (3.6)

‚ (3.6) ³ É·¨Í  Vαi =
∑

β (U∗
L(u))βα (UL(d))βi, É.¥. ± ± ¸ ³  V , É ± ¨ ¥¥

¡²µ± Vαβ ´¥ Ê´¨É ·´Ò, ± ± ¢ ³µ¤¥²¨ Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò, µ¤´ ±µ µÉ²¨Î¨¥ Vαβ

µÉ (UKM)αβ ¶µ·Ö¤±  ³ ²ÒÌ ¶ · ³¥É·µ¢ γα ¨ δβ ¢ (3.5). Š·µ³¥ Éµ£µ, Ô²¥³¥´ÉÒ
Vα4 ∼ γα, É.¥. § ·Ö¦¥´´Ò¥ ¶¥·¥Ìµ¤Ò ¢¨¤  D → uα ¶µ¤ ¢²¥´Ò ¢¥²¨Î¨´µ°
Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö D-±¢ ·±  ¸ µ¡ÒÎ´Ò³¨, ÎÉµ, ¥¸É¥¸É¢¥´´µ, ¸± §Ò¢ ¥É¸Ö ´ 
· ¸¶ ¤´ÒÌ ¸¢µ°¸É¢ Ì D ¨ ¥£µ ¢·¥³¥´¨ ¦¨§´¨.

�¥°É· ²Ó´Ò° Éµ± ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ:

Jµ = J st
µ + ∆Jµ, (3.7)
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£¤¥ J st
µ Å ¸É ´¤ ·É´Ò° ´¥°É· ²Ó´Ò° Éµ± ¸ ¢±²ÕÎ¥´¨¥³ ¤¨ £µ´ ²Ó´ÒÌ Î²¥´µ¢

¢¨¤  D̄aγµDa,   ∆Jµ Å ´¥¤¨ £µ´ ²Ó´ Ö ¤µ¡ ¢± , µ¡Ê¸²µ¢²¥´´ Ö ¸¨´£²¥É´Ò³
±¢ ·±µ³ ¨ µ¶¨¸Ò¢ ÕÐ Ö �’ˆ� ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥:

∆Jµ = gikd̄LiγµdLk. (3.8)

‚ (3.8) ´¥¤¨ £µ´ ²Ó´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ gik µ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

gik =
1
2
gz(UL)∗4i(UL)4k, gz =

g

cos θW
, (UL) ≡ UL(d). (3.9)

ˆ§ (3.8), (3.9) ¨ (3.5) ¸²¥¤Ê¥É, ÎÉµ ¶¥·¥Ìµ¤Ò ¢¨¤  dα → dβ ¨ D → dα ¶·¨
³ ²ÒÌ Ê£² Ì ¸³¥Ï¨¢ ´¨Ö ¶µ¤ ¢²¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ±¢ ¤· É¨Î´µ ¨ ²¨´¥°´µ
¶µ ³ ²µ³Ê ¶ · ³¥É·Ê δ,   ´¥¶µ¤ ¢²¥´´ Ö ¤µ¡ ¢± 

1
2
gz|(UL)44|2D̄LγµDL ≈ 1

2
gzD̄LγµDL

¶·¨¢µ¤¨É ± ·¥§±µ³Ê µÉ²¨Î¨Õ V −A-¸É·Ê±ÉÊ·Ò ¢¥·Ï¨´Ò ZµD̄γµ(cV + γ5cA)D
µÉ ¸É ´¤ ·É´µ° ¢¥·Ï¨´Ò Zµd̄γµ(cst

V + γ5c
st
A)d:

cst
V =

1
4

(
−1 +

4
3

cos2 θW

)
, cst

A =
1
4
;

cV ≈ 1
3

sin2 θW , cA ∼ δ2.

(3.10)

�É²¨Î¨¥ ¢ ¸É·Ê±ÉÊ·¥ ¢¥·Ï¨´ ³µ¦¥É ¡ÒÉÓ § ·¥£¨¸É·¨·µ¢ ´µ ¢ Ô±¸¶¥·¨-
³¥´É¥ ¶µ ¨§³¥·¥´¨Õ  ¸¨³³¥É·¨¨ ¢¶¥·¥¤-´ § ¤ ¶·¨ ·µ¦¤¥´¨¨ ¶ · D̄D.

� ¸¸³µÉ·¨³ É¥¶¥·Ó ² £· ´¦¨ ´ ³µ¤¥²¨ ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ U.
�µ  ´ ²µ£¨¨ ¸ (3.2) ¥£µ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

L = LSM + L′
0U + L′

Y U, (3.11)

£¤¥ LSM Å ² £· ´¦¨ ´ ‘Œ;

L′
0U = iŪ′LD̂U′L + iŪ′RD̂U′R + µUŪ

′
LU

′
R + µαŪ

′
Lu′

Rα + h.c.;

L′
Y U = λαq̄′LαφcU′R + h.c.; α = 1, 2, 3; φc = −iτ2φ

∗ =
(
−φ0

φ−

)
.

�É²¨Î¨¥ (3.11) µÉ (3.2) § ±²ÕÎ ¥É¸Ö Éµ²Ó±µ ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸µ¶·Ö¦¥´-
´µ£µ ¤Ê¡²¥É  φc Ì¨££¸µ¢¸±¨Ì ¶µ²¥° ¨ ¤·Ê£µ° ¢¥²¨Î¨´Ò £¨¶¥·§ ·Ö¤  Y ¢
Ê¤²¨´¥´´µ° ¶·µ¨§¢µ¤´µ° D̂, ±µÉµ· Ö ¸µµÉ¢¥É¸É¢Ê¥É Ô²¥±É·¨Î¥¸±µ³Ê § ·Ö¤Ê
Q = 2/3. �µ¸²¥ ¢ ±ÊÊ³´µ£µ ¸¤¢¨£  ¢µ§´¨± ÕÉ ³ ¸¸µ¢Ò¥ Ëµ·³Ò ±¢ ·±µ-
¢ÒÌ ¶µ²¥° (3.3), ´µ É¥¶¥·Ó d′a = (d′, s′, b′)a, u′

a = (u′, c′, t′, U′)a,   M(d) ¨
M(u) Å Ô·³¨Éµ¢¸±¨¥ (3 × 3)- ¨ (4 × 4)-³ É·¨ÍÒ ¸µµÉ¢¥É¸É¢¥´´µ. ‘É·Ê±ÉÊ· 
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¤¨ £µ´ ²¨§¨·ÊÕÐ¥° ³ É·¨ÍÒ Ua(u) É  ¦¥, ÎÉµ ¨ ¢ (3.5), £¤¥ γα ¨ δβ Å ³ ²Ò¥
¶ · ³¥É·Ò.

‘É·Ê±ÉÊ·  § ·Ö¦¥´´µ£µ Éµ±  µ¶·¥¤¥²Ö¥É¸Ö (4 × 3)-³ É·¨Í¥° V :

J+ =
1√
2
gūLiγ

µViαdLα; α = 1, 2, 3; i = 1, 2, 3, 4. (3.12)

Œ É·¨Í  V ¢ (3.12) ´¥ Ê´¨É ·´ , ± ± ¨ ¥¥ ¡²µ± Vαβ , ¶·¨Î¥³ µÉ²¨Î¨¥ Vαβ µÉ
(VKM)αβ ¶µ·Ö¤±  ³ ²ÒÌ ¶ · ³¥É·µ¢ γα ¨ δβ . ’µ£µ ¦¥ ¶µ·Ö¤±  Ô²¥³¥´ÉÒ V4α,
É.¥. ¶¥·¥Ìµ¤Ò ¢¨¤  U → dα ¶µ¤ ¢²¥´Ò.

�¥°É· ²Ó´Ò° Éµ± ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ:

Jµ = J st
µ + ∆Jµ, (3.13)

£¤¥ J st
µ Å ¸É ´¤ ·É´Ò° ´¥°É· ²Ó´Ò° Éµ± ¸ ¢±²ÕÎ¥´¨¥³ ¤¨ £µ´ ²Ó´ÒÌ Î²¥´µ¢

¢¨¤  ŪaγµUa, a = L, R. �¥¤¨ £µ´ ²Ó´ Ö ¤µ¡ ¢±  ∆Jµ µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥-
´¨¥³

∆Jµ = gikūLiγµuLk, (3.14)

£¤¥

gik = −1
2
gz(UL)∗4i(UL)4k, (UL)4k ≡

(
UL(u)

)
4k

. (3.15)

�¥°É· ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ¸ ¨§³¥´¥´¨¥³  ·µ³ É  uα → uβ ¨ U → uα ¶µ¤ -

¢²¥´Ò ±¢ ¤· É¨Î´µ ¨ ²¨´¥°´µ ¶µ ³ ²µ³Ê ¶ · ³¥É·Ê,   ¤µ¡ ¢±  −1
2
gzŪLγµUL

¢ (3.14) ± ¤¨ £µ´ ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¥° ¢ J st
µ ¶·¨¢µ¤¨É ± µÉ²¨Î¨Õ ¢¥·Ï¨´Ò

gzZµŪL(cV + γ5cA)UL µÉ ¸É ´¤ ·É´µ°:

cst
V =

1
4

(
1 − 8

3
sin2 θW

)
, cst

A = −1
4
;

cV ≈ −2
3

sin2 2θW , cA ∼ δ2.

(3.16)

�É³¥É¨³ É ±¦¥, ÎÉµ Ô²¥±É·µ³ £´¨É´µ¥ ¨ Ì·µ³µ¤¨´ ³¨Î¥¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ ±¢ ·±  É ±¨¥ ¦¥, ± ± ¨ Ê µ¡ÒÎ´ÒÌ ±¢ ·±µ¢.

3.4. �¡µ¡Ð¥´´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö. ‚ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³
³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö ¨³¥¥É ÉµÉ ¦¥ ¸É ÉÊ¸, ÎÉµ ¨ ¢ ‘Œ, µ¤´ ±µ ¥¥ ¸É·Ê±ÉÊ· 
Ê¦¥ ¤·Ê£ Ö Å µ´  ´¥ Ê´¨É ·´ Ö ¨ ´¥ ±¢ ¤· É´ Ö. ‚ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³ ¶µ¤-
Ìµ¤¥ µ¶·¥¤¥²¥´¨Ö ÔÉµ° ³ É·¨ÍÒ É ± ¦¥, ± ± ¨ ¢ ‘Œ, ¢µ§´¨± ¥É § ¤ Î  ¢Ò¡µ· 
Ê¤µ¡´µ° ¶ · ³¥É·¨§ Í¨¨. ‘Ëµ·³Ê²¨·Ê¥³ ÔÉÊ § ¤ ÎÊ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ´ 
µ¸´µ¢¥ ¨³¥ÕÐ¥°¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ¡ Ô²¥³¥´É Ì ³ É·¨ÍÒ
V ¢ (3.6) ¨²¨ (3.12) ¨ ¢¥²¨Î¨´ ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ µ¡ÒÎ´Ò³¨
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¢µ¸¸É ´µ¢¨ÉÓ ¸É·Ê±ÉÊ·Ê § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ Éµ±µ¢ ´ ¨¡µ²¥¥ ¶µ²´Ò³
µ¡· §µ³. ‡¤¥¸Ó ¨³¥¥É¸Ö ¢ ¢¨¤Ê, ÎÉµ Ô±¸¶¥·¨³¥´É ¤ ¥É ¨´Ëµ·³ Í¨Õ Éµ²Ó±µ ¶µ
´¥±µÉµ·µ° Î ¸É¨ Ô²¥³¥´Éµ¢, ¨ ´ ¤µ, ¢Ò¡· ¢ Ê¤µ¡´ÊÕ ¶ · ³¥É·¨§ Í¨Õ, µ¶·¥-
¤¥²¨ÉÓ µ¸É ²Ó´ÊÕ Î ¸ÉÓ. „²Ö ¢Ò¶µ²´¥´¨Ö ÔÉµ° § ¤ Î¨ ¨  ´ ²¨§  ¸É·Ê±ÉÊ·Ò
Éµ±µ¢ ¸ ´ ¨¡µ²¥¥ µ¡Ð¨Ì ¶µ§¨Í¨° Ê¤µ¡´µ µ¡Ñ¥¤¨´¨ÉÓ ³ É·¨ÍÊ V (3×4) ¢ (3.6)
¨ Ô²¥³¥´ÉÒ U4k(dL) ¢ µ¤´Ê ³ É·¨ÍÊ U(4 × 4), ¢¥·Ì´¨¥ É·¨ ¸É·µ±¨ ±µÉµ·µ°
¸µ¸É ¢²Ö¥É ³ É·¨Í  V (3 × 4),   Î¥É¢¥·É Ö ¸É·µ±  µ¶·¥¤¥²Ö¥É¸Ö ¸µ£² ¸´µ · -
¢¥´¸É¢Ê U4k = U4k(dL) [98]. �¥ ¨³¥Ö ±µ´±·¥É´µ° ¨´Ëµ·³ Í¨¨ µ ³ ¸¸µ¢ÒÌ
Ëµ·³ Ì ±¢ ·±µ¢, ³Ò ´¥ ³µ¦¥³ µ¶·¥¤¥²¨ÉÓ ¤¨ £µ´ ²¨§¨·ÊÕÐ¨¥ ¨Ì ³ É·¨ÍÒ
Ua(q), É.¥. ¢ ±µ´¥Î´µ³ ¸Î¥É¥ ¸É·Ê±ÉÊ·Ò Éµ±µ¢. �¤´ ±µ ³Ò ³µ¦¥³ ÊÎ¥¸ÉÓ ´¥-
±µÉµ·Ò¥ ¸¢µ°¸É¢  µ¡Ñ¥¤¨´ÖÕÐ¥° ÔÉ¨ ¸É·Ê±ÉÊ·Ò ³ É·¨ÍÒ U(4×4) ¨, ´ ²µ¦¨¢
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ê¸²µ¢¨Ö, ¸¢¥¸É¨ ± ³¨´¨³Ê³Ê ±µ²¨Î¥¸É¢µ ¸¢µ¡µ¤´ÒÌ ¶ · ³¥-
É·µ¢. ‹¥£±µ ¶µ± § ÉÓ, ÎÉµ U(4 × 4) Å Ê´¨É ·´ Ö ³ É·¨Í . „¥°¸É¢¨É¥²Ó´µ, ¶µ
µ¶·¥¤¥²¥´¨Õ ³ É·¨Í  U(4 × 4) ¨³¥¥É ¸É·Ê±ÉÊ·Ê

U(4 × 4) =
(

Vαi

U4i(dL)

)
, (3.17)

£¤¥ Vαi = (U+(uL) · U(dL))αi, ¶·¨Î¥³ U(uL) Å ³ É·¨Í  (3× 3),   U(dL) Å
³ É·¨Í  (4 × 4). ‘ ÊÎ¥Éµ³ ÔÉµ£µ U(4 × 4) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ (4 × 4)-³ É·¨Í U ′(uL) · U(dL), £¤¥

U ′(uL) =
(

U+(uL) 0
0 1

)
.

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ê´¨É ·´µ¸ÉÓ ¤¨ £µ´ ²¨§¨·ÊÕÐ¥° ³ É·¨ÍÒ ¢¥·Ì´¨Ì
±¢ ·±µ¢ U(uL), ³µ¦´µ ¶·µ¢¥·¨ÉÓ, ÎÉµ (U ′(uL))+ U ′(uL) = 1, É.¥. U ′(uL) Å
Ê´¨É ·´ Ö ³ É·¨Í . ’ ± ± ±, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¤¨ £µ´ ²¨§¨·ÊÕÐ Ö ³ É·¨Í 
´¨¦´¨Ì ±¢ ·±µ¢ U(dL) Éµ¦¥ Ê´¨É ·´ , Éµ µÉ¸Õ¤  ¸²¥¤Ê¥É ¨ Ê´¨É ·´µ¸ÉÓ
U = U ′(uL) · U(dL) ± ± ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ Ê´¨É ·´ÒÌ ³ É·¨Í µ¤´µ£µ · ´£ .
’ ±¨³ µ¡· §µ³, ¶·¨  ´ ²¨§¥ ¸É·Ê±ÉÊ·Ò Éµ±µ¢ ³Ò ³µ¦¥³, ± ± ¨ ¢ ‘Œ, ¨¸-
¶µ²Ó§µ¢ ÉÓ Ê´¨É ·´µ¸ÉÓ ³ É·¨ÍÒ U(4 × 4). ‚ µÉ²¨Î¨¥ µÉ ‘Œ, ÔÉ  ³ É·¨Í 
É¥¶¥·Ó µ¶¨¸Ò¢ ¥É ´¥ Éµ²Ó±µ § ·Ö¦¥´´Ò¥ Éµ±¨, ´µ ¨ ´¥¤¨ £µ´ ²Ó´ÊÕ ¸µ¸É ¢²Ö-
ÕÐÊÕ ´¥°É· ²Ó´ÒÌ Éµ±µ¢, µ¡Ê¸²µ¢²¥´´ÊÕ ¸³¥Ï¨¢ ´¨¥³ ¸¨´£²¥É´µ£µ ±¢ ·± 
¸ µ¡ÒÎ´Ò³¨, ¶µÔÉµ³Ê ¤ ²¥¥ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¥¥ µ¡µ¡Ð¥´´µ° ³ É·¨Í¥° ¸³¥-
Ï¨¢ ´¨Ö.

�µ  ´ ²µ£¨¨ ³µ¦´µ ¶µ¸É·µ¨ÉÓ Ê´¨É ·´ÊÕ (4× 4)-³ É·¨ÍÊ ¸³¥Ï¨¢ ´¨Ö ¨
¢ ³µ¤¥²¨ ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³. ‘¶¥Í¨Ë¨±  ÔÉµ£µ ¸²ÊÎ Ö ¸µ¸Éµ¨É ¢
Éµ³, ÎÉµ ¥¥ ¸É·Ê±ÉÊ·  µ¶·¥¤¥²Ö¥É¸Ö ´¥ ¸µ£² ¸´µ (3.17),   Ëµ·³Ê²µ°

U(4 × 4) = (Viα|U∗
4i(uL)) , (3.18)

É.¥. ¶¥·¢Ò¥ É·¨ ¸Éµ²¡Í  ¸µ¸É ¢²ÖÕÉ ³ É·¨ÍÊ V ,   ¶µ¸²¥¤´¨°, Î¥É¢¥·ÉÒ°
¸Éµ²¡¥Í µ¶¨¸Ò¢ ¥É ´¥¤¨ £µ´ ²Ó´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ ´¥°É· ²Ó´µ£µ Éµ±  (3.15).
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‹¥£±µ ¶·µ¢¥·¨ÉÓ, ÎÉµ

U(4 × 4) = (U(uL))+ U ′(dL), U ′(dL) =
(

U+(dL) 0
0 1

)
, (3.19)

µÉ±Ê¤  ¶µ  ´ ²µ£¨¨ ¸ ¶·¥¤Ò¤ÊÐ¨³ ¸²ÊÎ ¥³ ¤µ± §Ò¢ ¥É¸Ö Ê´¨É ·´µ¸ÉÓ U(4×4).
’ ±¨³ µ¡· §µ³, ¶·¨  ´ ²¨§¥ ¸É·Ê±ÉÊ· § ·Ö¦¥´´µ£µ ¨ ´¥°É· ²Ó´µ£µ Éµ±µ¢

¢ ³µ¤¥²ÖÌ ¸ ´¨¦´¨³ ¨²¨ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ µ¡µ¡Ð¥´´µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö. Š·µ³¥ Éµ£µ, É.±. ³ -
É·¨Í  U ´ Ìµ¤¨É¸Ö ¢ ®µ¡±² ¤± Ì¯ ±¢ ·±µ¢ÒÌ ¶µ²¥° q̄Uq, Éµ ¤²Ö Ê³¥´ÓÏ¥´¨Ö
±µ²¨Î¥¸É¢  ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸¢µ¡µ¤µ° ¢Ò¡µ· 
Ë § ±¢ ·±µ¢ÒÌ ¶µ²¥°, É.¥. Ë §µ¢µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ ±¢ ·±µ¢ÒÌ Ëµ·³. � -
· ³¥É·¨§ Í¨Ö ³ É·¨Í, ¢Ìµ¤ÖÐ¨Ì ¢ ¸É·Ê±ÉÊ·Ò ¢¨¤  (3.6), · ¸¸³µÉ·¥´  ¢ · -
¡µÉ¥ [126], ¨ ÔÉÊ ¨´Ëµ·³ Í¨Õ ³Ò ¨¸¶µ²Ó§Ê¥³ ¶·¨ ¢Ò¡µ·¥ ¶ · ³¥É·¨§ Í¨¨
U ≡ U(4 × 4). ‚ · ¡µÉ¥ [98] ¶·µ¢¥¤¥´  ´ ²¨§ ¶ · ³¥É·¨§ Í¨¨ µ¡µ¡Ð¥´-
´µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö U ¨ ¶µ± § ´µ, ÎÉµ µ´  ³µ¦¥É ¡ÒÉÓ § ¤ ´  ¤¥¢ÖÉÓÕ
¶ · ³¥É· ³¨, ¨§ ±µÉµ·ÒÌ Ï¥¸ÉÓ Ê£²µ¢ÒÌ δk ¨ É·¨ Ë §µ¢ÒÌ ϕα:

U =




a1 δ1 δ2 e−iϕ1 δ3 e−iϕ2

r1 eiα1 a2 δ4 δ5 e−iϕ3

r2 eiα2 r3 eiα3 a3 δ6

r4 eiα4 r5 eiα5 r6 eiα6 a4


 . (3.20)

‚ (3.20) ¶¥·¥³¥´´Ò¥ a1 − a4, r1 − r6 ¨ α1 − α6 µ¶·¥¤¥²ÖÕÉ¸Ö ± ± ËÊ´±Í¨¨
¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢ δ1−δ6 ¨ ϕ1−ϕ3 ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸¢µ°¸É¢ Ê´¨É ·´µ¸É¨
U . �·µÍ¥¸¸ µ¶·¥¤¥²¥´¨Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Î¥·¥§ ¥¥ ¢Ìµ¤´Ò¥ (¸¢µ¡µ¤´Ò¥)
¶ · ³¥É·Ò µ¡ÒÎ´µ ´ §Ò¢ ¥É¸Ö ¢ ²¨É¥· ÉÊ·¥ ·¥±µ´¸É·Ê±Í¨¥° ³ É·¨ÍÒ.

‚ ‘Œ ¤²Ö µ¶¨¸ ´¨Ö ³ É·¨ÍÒ ŠŒ, É.¥. UKM(3×3), ¢ µ¸´µ¢´µ³ ¶·¨³¥´ÖÕÉ
¤¢  ¸¶µ¸µ¡  ¶ · ³¥É·¨§ Í¨¨ Å ³¥Éµ¤ Ô°²¥·µ¢¸±¨Ì Ê£²µ¢ ¨ λ-¶ · ³¥É·¨§ Í¨Õ.
‚ ¶¥·¢µ³ ¸¶µ¸µ¡¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö É·¨ Ê£²  ¸³¥Ï¨¢ ´¨Ö ±¢ ·±µ¢ÒÌ ¶µ±µ²¥´¨° ¨
µ¤´  Ë §µ¢ Ö ¶¥·¥³¥´´ Ö. ‚µ ¢Éµ·µ³ ¸¶µ¸µ¡¥ ¢¢µ¤¨É¸Ö ³ ²Ò° ¶ · ³¥É· λ, Ì -
· ±É¥·¨§ÊÕÐ¨° Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ¨¥· ·Ì¨Õ ¢¥²¨Î¨´ ¸³¥Ï¨¢ ´¨Ö · §²¨Î-
´ÒÌ ¶µ±µ²¥´¨°, ¨ É·¨ ¶µ¤£µ´µÎ´ÒÌ ¶ · ³¥É· . ˜¨·µ±µ Ê¶µÉ·¥¡²Ö¥³Ò³¨ ¶·¨-
³¥· ³¨ É ±¨Ì ¸¶µ¸µ¡µ¢ Ö¢²ÖÕÉ¸Ö ¶ · ³¥É·¨§ Í¨Ö Šµ¡ ÖÏ¨ÄŒ ¸± ¢Ò [127] ¨
¶ · ³¥É·¨§ Í¨Ö ‚µ²ÓË¥´ÏÉ¥°´  [128] ¸µµÉ¢¥É¸É¢¥´´µ. �É³¥É¨³, ÎÉµ ¢ ¶µ-
¸²¥¤´¥¥ ¢·¥³Ö ¨¸¶µ²Ó§Ê¥É¸Ö É ±¦¥ Ô±¸¶µ´¥´Í¨ ²Ó´ Ö ¶ · ³¥É·¨§ Í¨Ö [129] ¨
³¥Éµ¤ Ê´¨É ·´ÒÌ É·¥Ê£µ²Ó´¨±µ¢ [130,131].

„²Ö ·¥±µ´¸É·Ê±Í¨¨ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö (3.20) Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ
λ-¶ · ³¥É·¨§ Í¨Õ. ‘ µ¤´µ° ¸Éµ·µ´Ò, ´ ²¨Î¨¥ ³ ²µ£µ ¶ · ³¥É·  ¢ ³ É·¨Í¥
Ê¶·µÐ ¥É ¶·µÍ¥¸¸ ¢Ò· ¦¥´¨Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Î¥·¥§ ¢Ìµ¤´Ò¥ ¶ · ³¥É·Ò,
  ¸ ¤·Ê£µ° Å ¨¸¶µ²Ó§µ¢ ´¨¥ λ-¶ · ³¥É·  ¶µ§¢µ²Ö¥É ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³
¸µÌ· ´¨ÉÓ ¸É ´¤ ·É´ÊÕ ¸É·Ê±ÉÊ·Ê (3× 3) ¡²µ±  Uαβ . Š·µ³¥ Éµ£µ, § ¶¨¸Ó Ô²¥-
³¥´Éµ¢ (4×4)-³ É·¨ÍÒ ¢ ¢¨¤¥ Ô°²¥·µ¢¸±¨Ì Ê£²µ¢ ¤µ¢µ²Ó´µ £·µ³µ§¤± . ’ ± ± ±
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(3 × 3)-³¨´µ· Uαβ µ¡µ¡Ð¥´´µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¶·¨¡²¨¦¥´´µ ¤µ²¦¥´
¸µ¢¶ ¤ ÉÓ ¸µ ¸É ´¤ ·É´µ° ³ É·¨Í¥° ŠŒ, Éµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¥³Ê ¢Ìµ¤´Ò¥
¶ · ³¥É·Ò µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ  ´ ²µ£¨¨ ¸ ¶ · ³¥É·¨§ Í¨¥° ‚µ²ÓË¥´ÏÉ¥°´ :

δ1 = λ, δ2 = A1λ
3, δ4 = A2λ

2, £¤¥ λ ≈ 0,22, Aα ∼ 1. (3.21)

‚ (3.21) ³Ò ´¥ ¨¸¶µ²Ó§Ê¥³ ¡µ²¥¥ ÉµÎ´µ¥ §´ Î¥´¨¥ λ, ±µÉµ·µ¥ ¨´µ£¤  Ê¶µÉ·¥-
¡²Ö¥É¸Ö ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö, É.±. ¢ ´ Ï¥³ ¸²ÊÎ ¥ ÉµÎ´µ¥ µ¶·¥¤¥²¥´¨¥ λ µÉ²¨Î -
¥É¸Ö µÉ ¸É ´¤ ·É´µ£µ ¨ ¸¢Ö§ ´µ ¸ ¶·µÍ¥¤Ê·µ° Ë¨É¨·µ¢ ´¨Ö Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ
(3.20). � · ³¥É·Ò δ3, δ5 ¨ δ6 Ì · ±É¥·¨§ÊÕÉ ¢¥²¨Î¨´Ê ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É-
´µ£µ ±¢ ·±  ¸ µ¡ÒÎ´Ò³¨. �Éµ ¸³¥Ï¨¢ ´¨¥ ³µ¦¥É ¨ ´¥ ¸µ¤¥·¦ ÉÓ ¢ ¸¥¡¥
¨¥· ·Ì¨¨ ¢¨¤  λ : λ2 : λ3, ± ± ¢ (3.21), É.¥. ¢ ¸É ´¤ ·É´µ° Î ¸É¨, µ¤´ ±µ ¢µ
¨§¡¥¦ ´¨¥ ¢¢¥¤¥´¨Ö ´µ¢µ£µ ¨ ´¥¨§¢¥¸É´µ£µ ³ ²µ£µ ¶ · ³¥É·  ¢ µ¸É ²Ó´µ° Î -
¸É¨ ³ É·¨ÍÒ ¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö É ±¦¥ ¶ · ³¥É· λ. ”¨§¨Î¥¸±µ¥ µ¶· ¢¤ ´¨¥
É ±µ³Ê ¶·¨¥³Ê ³µ¦´µ ´ °É¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ µ ®seesaw¯-³¥Ì ´¨§³¥ ¸³¥Ï¨-
¢ ´¨Ö, ±µ£¤  Ê£µ² ¸³¥Ï¨¢ ´¨Ö ²¥£±µ£µ ¨ ÉÖ¦¥²µ£µ ¸µ¸ÉµÖ´¨° θα ∼

√
mα/mD.

‚ ÔÉµ³ ¸²ÊÎ ¥ µÉ´µÏ¥´¨Ö Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö b-, s- ¨ d-±¢ ·±µ¢ ¸ D-±¢ ·±µ³
¤µ²¦´Ò ¸µ¸É ¢²ÖÉÓ ¶·µ¶µ·Í¨Õ

1 :
θs

θb
:

θd

θb
= 1 :

√
ms

mb
:
√

md

mb
. (3.22)

�µ¤¸É ´µ¢±  ¢ (3.22) ¸·¥¤´¨Ì §´ Î¥´¨° ³ ¸¸ Éµ±µ¢ÒÌ ±¢ ·±µ¢ md =
6 ŒÔ‚, ms = 120 ŒÔ‚, mb = 4200 ŒÔ‚ [23] ¤ ¥É ¨¥· ·Ì¨Õ 1 : λ : λ2:

1 :
√

ms

mb
:
√

md

mb
≈ 1 : λ : λ2. (3.23)

�¥ ²Ó´ Ö ÉµÎ´µ¸ÉÓ ¸µµÉ´µÏ¥´¨° (3.23), ±µ´¥Î´µ, ´¨¦¥, É.±. ¢ µ¶·¥¤¥²¥´¨¨ Éµ-
±µ¢ÒÌ ³ ¸¸ ±¢ ·±µ¢ ¥¸ÉÓ ¸ÊÐ¥¸É¢¥´´Ò° ¶·µ¨§¢µ², É.¥. ±µ´±·¥É´µ¥ ¸µ¢¶ ¤¥´¨¥
Í¨Ë· ¢ (3.23) ´µ¸¨É ¢ ± ±µ°-Éµ ¸É¥¶¥´¨ ¸²ÊÎ °´Ò° Ì · ±É¥·. �¤´ ±µ ´ ²¨Î¨¥
¨¥· ·Ì¨¨ ¢ ¸µµÉ´µÏ¥´¨¨ (3.22), ¶µ-¢¨¤¨³µ³Ê, ´¥ ¸²ÊÎ °´µ. �·¨¢¥¤¥³ ·¥§Ê²Ó-
É É ·¥±µ´¸É·Ê±Í¨¨ µ¡µ¡Ð¥´´µ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö (3.20) ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
λ-¶ · ³¥É·¨§ Í¨¨ ¢ Ë¨§¨Î¥¸±¨ ¢ ¦´µ³ ¸²ÊÎ ¥, ±µ£¤  ¶·¨ ¸³¥Ï¨¢ ´¨¨ ÉÖ¦¥-
²µ£µ ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ µ¡ÒÎ´Ò³¨ ¨³¥¥É ³¥¸Éµ ¨¥· ·Ì¨Ö (3.23). ‚ ÔÉµ³
¸²ÊÎ ¥ § ¤ ´¨¥ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ (3.21) ¤µ¶µ²´Ö¥É¸Ö ¢Ò¡µ·µ³

δ3 = A3λ
3, δ5 = A4λ

2, δ6 = A5λ. (3.24)

‘µ£² ¸´µ (3.23) ¶µ²ÊÎ ¥³ A3 ≈ A4 ≈ A5, ¨ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¥¤¨´Ò°
¶ · ³¥É· A. �¤´ ±µ ³Ò ¶·¥¤¸É ¢¨³ µ¡Ð¨° ¸²ÊÎ °. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸
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ÉµÎ´µ¸ÉÓÕ ¤µ λ3 ¢±²ÕÎ¨É¥²Ó´µ ¨³¥ÕÉ ¢¨¤

U=




1 − λ2/2 λ A1λ
3e−iϕ1 A3λ

3e−iϕ2

−λ 1 − λ2/2 A2λ
2 A4λ

2e−iϕ3

λ3(A2 − A1e
iϕ1) −λ2(A2 + A4A5λeiϕ3) 1 − A2

5λ
2/2 A5λ

λ3(A4e
iϕ3 − A3e

iϕ2) −λ2(A4e
iϕ3 − λA2A5) −λA5 1 − A2

5λ
2/2


.

(3.25)

Œ É·¨Í  ¸³¥Ï¨¢ ´¨Ö (3.25) ¶µ²ÊÎ¥´  ¨ ¨¸¶µ²Ó§µ¢ ´  ¤²Ö · ¸Î¥Éµ¢ ¢ [98],
  Ë¨±¸¨·µ¢ ´¨¥ ¶ · ³¥É·µ¢ Ai ¨ ϕα ¨§ Ô±¸¶¥·¨³¥´É  ¡Ò²µ ¶·µ¢¥¤¥´µ ¢ [115].

3.5. �ËË¥±É¨¢´Ò¥ ¢¥·Ï¨´Ò ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³. �µ²´Ò°
· ¸Î¥É ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ �’ˆ� ¶·¥¤¶µ² £ ¥É ÊÎ¥É ¨´É¥·Ë¥·¥´Í¨¨ ¶¥-
É²¥¢ÒÌ ¢±² ¤µ¢ ‘Œ ¨ ¢±² ¤µ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ¸¨´£²¥É´Ò³ ±¢ ·±µ³. ‚ ¶. 2.2
¡Ò²¨ · ¸¸³µÉ·¥´Ò ÔËË¥±É¨¢´Ò¥ �’ˆ�-¢¥·Ï¨´Ò V qiq̄j , V = γ, Z, G ¢ ‘Œ.
‡¤¥¸Ó ³Ò ¶µ²ÊÎ¨³ ÔËË¥±É¨¢´Ò¥ ¢¥·Ï¨´Ò γqiqj ¨ Gqiqj ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É-
´Ò³ ±¢ ·±µ³. �  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ÔÉ¨ ¢¥²¨Î¨´Ò µÉ¸ÊÉ¸É¢ÊÕÉ,   ¶·¨ µ¤´µ¶¥-
É²¥¢µ³ · ¸Î¥É¥ ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥
¤¨ £· ³³Ò (p¨¸. 7).

�¨¸. 7. �ËË¥±É¨¢´ Ö ¢¥·Ï¨´  γdidj ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³

„µ¶µ²´¨É¥²Ó´Ò¥ ¤¨ £· ³³Ò ´  p¨¸. 7 ¶µ·µ¦¤ ÕÉ¸Ö ´¥¤¨ £µ´ ²Ó´µ° ¢¥·-
Ï¨´µ° Zdidk ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥. �´ ²µ£¨Î´µ ¢Ò£²Ö¤ÖÉ ¤µ¶µ²´¨É¥²Ó´Ò¥
¢±² ¤Ò ¨ ¢ ¢¥·Ï¨´Ê Gdidj . ‚¥·Ï¨´  Zdidj ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·-
±µ³ ¨³¥¥É ¡µ²¥¥ ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê ¤ ¦¥ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨. ‚
ÔÉµ³ ¸²ÊÎ ¥, µ¤´ ±µ, ³µ¦´µ ¸¤¥² ÉÓ ± Î¥¸É¢¥´´Ò° ¢Ò¢µ¤ µ ¤µ³¨´ ´É´µ¸É¨
¤·¥¢¥¸´µ° ¢¥·Ï¨´Ò Zdidk ´ ¤ ¶¥É²¥¢Ò³¨, ¶µ·µ¦¤¥´´Ò³¨ ÔÉµ° ¤·¥¢¥¸´µ°
¢¥·Ï¨´µ°.

� ¸Î¥É ¢Ò· ¦¥´¨° ¤²Ö ÔËË¥±É¨¢´ÒÌ ¢¥·Ï¨´ ´  p¨¸. 7 ¶·µ¢¥¤¥´ ¢ [17].
’ ³ ¦¥ µÉ³¥Î¥´µ, ÎÉµ ¤¢  ¢¨¤  ¤¨ £· ³³, ´¥ Ê± § ´´ÒÌ ´  ·¨¸. 7, ¤ ÕÉ ´Ê²¥¢µ°
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¢±² ¤ ¨§-§  Ë¥·³¨µ´´µ£µ ®£µ²µ¢ ¸É¨± ¯ (tad-pole),   ¤¨ £· ³³  (£) ¤ ¥É ´Ê²¥-
¢µ° ¢±² ¤ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. ’ ±¨³ µ¡· §µ³, ¤µ¶µ²´¨É¥²Ó´Ò¥ ¢±² ¤Ò
´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¢´µ¸ÖÉ ¤¨ £· ³³Ò (aÄ¢). ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¶µ²-
´Ò¥ ¢Ò· ¦¥´¨Ö £·µ³µ§¤±¨ ¨ ¶·¨¢¥¤¥´Ò ¢ [17]. � ¸¸³µÉ·¨³  ¶¶·µ±¸¨³ Í¨µ´-
´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¥·Ï¨´ ± ± ËÊ´±Í¨° ³ ²ÒÌ ¶ · ³¥É·µ¢ βi,j = m2

i,j/m2
W ,

£¤¥ mi,j Å ³ ¸¸Ò ¢´¥Ï´¨Ì ±¢ ·±µ¢.
�¥·¢µ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ¸Ê³³Ò Γµ = Γµ

a +Γµ
¡+¢ ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨,

± ± ¨ ¢ ‘Œ, · ¢´µ ´Ê²Õ,   ¢Éµ·µ¥ ¨³¥¥É ¢¨¤

Γµ(β) =
eg2AD

ij

9 · 28π2

iσµνkν

mW

(√
βiR +

√
βjL

)[
A(xD) − (1 + v)A(0)

]
, (3.26)

£¤¥ 1 + v = 2 − 4 sin2 θW /3,

A(xD) =
8 − 30xD + 9x2

D − 5x3
D

(xD − 1)3
+

18x2
D

(xD − 1)4
ln xD,

A(0) ≈ −8, A(xD) ≈ −5 ¶·¨ xD = m2
D/m2

W � 1 (mD ≥ 500 ƒÔ‚).

’ ±¨³ µ¡· §µ³, ¢±² ¤ ¸¨´£²¥É´µ£µ ±¢ ·±  Î¥·¥§ ¤µ¶µ²´¨É¥²Ó´Ò¥ ¤¨ -
£· ³³Ò p¨¸. 7 µ¶·¥¤¥²Ö¥É¸Ö ¶ · ³¥É· ³¨ AD

ij = U∗
DjUDi, É.¥. ¢¥²¨Î¨´µ° ¸³¥-

Ï¨¢ ´¨Ö D-±¢ ·±  ¸ di ¨ dj .
�·¨ ¸Ê³³¨·µ¢ ´¨¨ ¶µ  ·µ³ ÉÊ ¢¸¥Ì ¢±² ¤µ¢, ± ± É¥Ì, ÎÉµ Ë¨£Ê·¨·ÊÕÉ ¢

‘Œ, É ± ¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉµ µ¡ÒÎ´Ò° ƒˆŒ-³¥-
Ì ´¨§³ É¥¶¥·Ó ´¥ · ¡µÉ ¥É, É.¥. ´¥ § ¢¨¸ÖÐ¨¥ µÉ xk Î²¥´Ò µ¶Ê¸± ÉÓ ´¥²Ó§Ö,
É.±. (3 × 3)-¶µ¤³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö, ± ± Î ¸ÉÓ µ¡µ¡Ð¥´´µ° (4 × 4)-³ É·¨ÍÒ,
¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ´¥ Ê´¨É ·´ . ‘ ÊÎ¥Éµ³ ÔÉµ£µ ¤²Ö ¶µ²´µ°
didjγ-¢¥·Ï¨´Ò, É.¥. ¤²Ö ¸Ê³³Ò Γµ

γ (β) ¢ ‘Œ (2.5) ¨ Γµ
γ (β), ¶·¥¤¸É ¢²¥´´µ°

(3.26), ¨³¥¥³

Γµ
γ(β) ≈ eg2

9 · 27π2

iσµνkν

mW

(√
βiR +

√
βjL

)
×

×
[
AW

γ (xk)Ak
ij +

AD
ij

2
{
AZ

γ (xD) − (1 + v)AZ
γ (0)

}]
, (3.27)

£¤¥ AW
γ ¨ AZ

γ µ¶·¥¤¥²ÖÕÉ ¢±² ¤ ‘Œ ¨ ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¸µµÉ¢¥É¸É¢¥´´µ;
µ´¨ µ¶·¥¤¥²¥´Ò ¢ (2.6) ¨ (3.26). ‡ ¶¨¸ ¢ AW

γ (xk) = AW
γ (0) + ĀW

γ (xk), £¤¥
ĀW

γ (xk) µ¶·¥¤¥²¥´  ¢ (2.6), ¨ ¨¸¶µ²Ó§ÊÖ Ê´¨É ·´µ¸ÉÓ (4 × 4)-³ É·¨ÍÒ Uik:
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3∑
k=1

Ak
ij ≡

3∑
k=1

U∗
kjUki = −U∗

DjUDi = −AD
ij , (3.28)

¶µ²ÊÎ ¥³

Γµ
γ(β) ≈ eg2

9 · 27π2

iσµνkν

mW

(√
βiR +

√
βjL

){
Ak

ijĀ
W
γ (xk)+

+AD
ij

[
−AW

γ (0) +
1
2
AZ

γ (xD) − 1
2
(1 + v)AZ

γ (0)
]}

. (3.29)

�µ¸±µ²Ó±Ê AW
γ (0) = 46, AZ

γ (xD) ≈ −5, AZ
γ (0) = −8, Éµ ¨§ (3.29) ¸²¥¤Ê¥É,

ÎÉµ ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¸¨´£²¥É´µ£µ ±¢ ·±  µ¡Ê¸²µ¢²¥´ ´¥Ê´¨É ·´µ¸ÉÓÕ
(3 × 3)-¶µ¤³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö U .

ƒ²Õµ´´ Ö ¢¥·Ï¨´  ¶µ²ÊÎ ¥É¸Ö ¨§ (3.26) § ³¥´µ° −e/3 → (gs/2)λn. �µ²-
´ Ö ¢¥·Ï¨´  ± ± ¸Ê³³  ¢±² ¤µ¢ ‘Œ ¨ ³µ¤¥²¨ ¸ ‘Š ¨³¥¥É ¢¨¤

Γµ
G(β) ≈ gsg

2

3 · 28π2

iσµνkν

mW

(√
βiR +

√
βjL

){
ĀW

G (xk)Ak
ij+

+AD
ij

[
−AW

G (0) − 1
2
AZ

G(xD) +
1
2
(1 + v)AZ

G(0)
]}

λn, (3.30)

£¤¥ AW
G (0) = −AW

G (0) = 8, AZ
G(xh) = AZ

γ (xh) ≈ −5 ¶·¨ xD � 1. ’ ±¨³
µ¡· §µ³, ¤²Ö £²Õµ´´µ° ¢¥·Ï¨´Ò ¢¸¥ ¢±² ¤Ò ¸¨´£²¥É´µ£µ ±¢ ·±  µ± §Ò¢ ÕÉ¸Ö
µ¤´µ£µ ¶µ·Ö¤± . ‚Ò· ¦¥´¨Ö (3.29) ¨ (3.30) ¸µ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ Éµ³ ¢ [132]
¢ ®¸É ´¤ ·É´µ°¯ Î ¸É¨, É.¥. µ¶·¥¤¥²Ö¥³µ° W -¢±² ¤µ³, ´µ Z-¢±² ¤Ò µÉ²¨Î -
ÕÉ¸Ö (§ ³¥É¨³, ÎÉµ ¢ · ¡µÉ¥ [132] ¶·µ¢µ¤ÖÉ¸Ö Î¨¸²¥´´Ò¥ µÍ¥´±¨ Z-¢±² ¤µ¢,
µ¸´µ¢ ´´Ò¥ ´  ± Î¥¸É¢¥´´ÒÌ  ·£Ê³¥´É Ì).

4. ”…��Œ…��‹�ƒˆŸ ‘ˆ�ƒ‹…’��ƒ� Š‚��Š�

4.1. �£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ µ¡ÒÎ-
´Ò³¨. ‚ · §¤. 3 µ¶¨¸ ´ £¥´¥§¨¸ �’ˆ� ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥, ¶·¨Î¥³ ¢¥·Ï¨´ 
¨³¥¥É ¢¨¤ gik q̄iLγµqkL. ˆ´É¥´¸¨¢´µ¸ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢
§ ¢¨¸¨É µÉ ¢¥²¨Î¨´ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ µ¡ÒÎ´Ò³¨, É.¥.
gik ∼ U∗

DiUDk, ¨ ¢ ¸¨²Ê ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥¤±¨Ì ¶¥·¥Ìµ¤µ¢ ± ¢¥²¨Î¨´ ³
UDk ¨²¨ UUk ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¨´Ëµ·³ Í¨¨ µ¡ ÔÉ¨Ì ¶ · ³¥É· Ì ¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µÎ¥¢¨¤´ . �¨¦¥ ³Ò µÍ¥´¨³ §´ Î¥´¨Ö ¶ · ³¥É·µ¢
¸³¥Ï¨¢ ´¨Ö ¨§ ¤ ´´ÒÌ ¶µ ·¥¤±¨³ · ¸¶ ¤ ³ ¨ ¸³¥Ï¨¢ ´¨Õ ¢ ³¥§µ´´ÒÌ ¸¨-
¸É¥³ Ì.
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�¨¸. 8. ‹¥¶Éµ´´Ò° ·¥¤±¨° · ¸¶ ¤
M0

αβ → l+l−

�  ·¨¸. 8 ¶·¨¢¥¤¥´  ¤¨ £· ³³ ,
µ¶¨¸Ò¢ ÕÐ Ö ·¥¤±¨° ²¥¶Éµ´´Ò° · ¸-
¶ ¤ ´¥°É· ²Ó´µ£µ ³¥§µ´  M0

αβ ¸ ±¢ ·-
±µ¢Ò³ ¸µ¸É ¢µ³ qαq̄β ´  ¤·¥¢¥¸´µ³
Ê·µ¢´¥.

„²Ö ¶µ²ÊÎ¥´¨Ö ¢¥·Ì´¨Ì £· ´¨Í ´ 
¶ · ³¥É·Ò ¸³¥Ï¨¢ ´¨Ö µ¡ÒÎ´µ µ£· -
´¨Î¨¢ ÕÉ¸Ö Éµ²Ó±µ ¤·¥¢¥¸´Ò³ ¢±² ¤µ³
¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¥£µ ¤µ³¨´¨·µ¢ ´¨Ö.
’ ±µ°  ´ ²¨§ ²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ · §-
²¨Î´ÒÌ ³¥§µ´µ¢ ¶·µ¢µ¤¨²¸Ö ¢ · ¡µÉ Ì [79, 81, 97, 125]. ‘µ¢³¥¸É´Ò° ÊÎ¥É ¶¥-
É²¥¢ÒÌ ¢±² ¤µ¢ ‘Œ ¨ ¤·¥¢¥¸´ÒÌ ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ · ¸¸³µÉ·¥´
¢ [115,125].

”¨§¨Î¥¸±¨³¨ ¸µ¸ÉµÖ´¨Ö³¨ ´¥°É· ²Ó´µ° ¸¨¸É¥³Ò ¸ ±¢ ·±µ¢Ò³ ¸µ¸É ¢µ³
qαq̄β Ö¢²ÖÕÉ¸Ö ±µ·µÉ±µ- ¨ ¤µ²£µ¦¨¢ÊÐ¨¥ ±µ³¶µ´¥´ÉÒ M0

S,L(αβ) ≈ (M0(αβ)±
M̄0(αβ))/

√
2. ˜¨·¨´  ²¥¶Éµ´´µ£µ · ¸¶ ¤  ÔÉ¨Ì ±µ³¶µ´¥´É ¢ ³µ¤¥²¨ ¸ ‘Š

µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Γ(M0
S,L(αβ) → l+l−) =

G2
F f2

M

16π

∣∣∣∣∣ 1√
2
(Aαβ ± A∗

αβ)

∣∣∣∣∣
2

mMm2
l

(
1 − 4

m2
l

m2
M

)1/2

,

(4.1)

£¤¥ fM Å ±µ´¸É ´É  · ¸¶ ¤  M , Aαβ = U∗
4αU4β ¤²Ö ³¥§µ´µ¢, ¸µ¸É ¢²¥´´ÒÌ

¨§ ´¨¦´¨Ì ±¢ ·±µ¢ ¨ Aαβ = U∗
α4Uβ4 ¤²Ö ³¥§µ´µ¢ ¨§ ¢¥·Ì´¨Ì ±¢ ·±µ¢.

‚ · ¸Î¥É Ì Î ¸Éµ ¨¸¶µ²Ó§Ê¥É¸Ö ¨§¢¥¸É´Ò° ¶·¨¥³, ¶µ§¢µ²ÖÕÐ¨° ¨§¡¥-
¦ ÉÓ ¡µ²ÓÏ¨Ì ¢µ§³µ¦´ÒÌ ¶µ£·¥Ï´µ¸É¥°, ¶µ·µ¦¤ ¥³ÒÌ µ¶·¥¤¥²¥´¨¥³ ±µ´-
¸É ´É · ¸¶ ¤ ,   ¨³¥´´µ: ¢Ò· ¦¥´¨¥ ´µ·³¨·Ê¥É¸Ö ´  Ï¨·¨´Ê ¤µ³¨´¨·ÊÕÐ¥£µ
²¥¶Éµ´´µ£µ ± ´ ² :

Br(M0
S,L → l+l−)

Br(M+ → l+νe)
≈ τ(MS,L(αβ))

τ(M+(αβ))|Uαβ |2
(Re(Im)(Aαβ))2

(1 − 4m2
l /m2

M0)1/2

(1 − m2
l /m2

M+)2
.

(4.2)

‡¤¥¸Ó Uαβ Å Ô²¥³¥´É ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶¥·¥Ìµ¤Ê dα →
uβ, Re(Im)(Aαβ) Å ·¥ ²Ó´ Ö ¨²¨ ³´¨³ Ö Î ¸ÉÓ Aαβ , τ(M) Å ¢·¥³Ö ¦¨§´¨
³¥§µ´  M .

�·¨ · ¸¸³µÉ·¥´¨¨ ±µ´±·¥É´µ£µ · ¸¶ ¤  KL → µ+µ−  ³¶²¨ÉÊ¤  · ¸¶ ¤ 
Atot ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¸Ê³³Ò (¸³. ¶. 2.3.1):

Atot = AI + AR
LD + AR

SD, (4.3)

£¤¥ AI Å ³´¨³ Ö Î ¸ÉÓ Atot, µ¡Ê¸²µ¢²¥´´ Ö ¢±² ¤µ³ ¶·µ³¥¦ÊÉµÎ´µ£µ ¤¢ÊÌ-
ËµÉµ´´µ£µ ¸µ¸ÉµÖ´¨Ö, AR

LD(SD) Å ·¥ ²Ó´ Ö Î ¸ÉÓ Atot, ¸¢Ö§ ´´ Ö ¸ ÔËË¥±É ³¨
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¡µ²ÓÏ¨Ì (³ ²ÒÌ) · ¸¸ÉµÖ´¨°. ‚±² ¤ ¤¨ £· ³³Ò, ¶·¨¢¥¤¥´´µ° ´  ·¨¸. 8, µ¶·¥-
¤¥²Ö¥É ¢¥²¨Î¨´Ê AR

SD ¨ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µÍ¥´±¨ ¢¥·Ì´¥° £· ´¨ÍÒ Ê£²µ¢ ¸³¥-
Ï¨¢ ´¨Ö. ‚ · ¡µÉ¥ [27] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö [23]
Br(KL → µ+µ−)exp = (7,15 ± 0,16) · 10−9 ¨ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ± ¢±² ¤µ¢
AI

LD ¨ AR
LD ´ °¤¥´µ µ£· ´¨Î¥´¨¥

Br(KL → µ+µ−)SD < 2,8 · 10−9. (4.4)

“Î¨ÉÒ¢ Ö, ÎÉµ · ¸¶ ¤ KL → µ+µ− ¶·µ¨¸Ìµ¤¨É ¡¥§ CP -´ ·ÊÏ¥´¨Ö (Éµ ¥¸ÉÓ
· ¸¶ ¤ ¥É¸Ö K2-±µ³¶µ´¥´É  KL, ¨³¥ÕÐ Ö CP = −1, (CP |K0〉 = |K̄0〉, KL ≈
K2), ¨§ Ëµ·³Ê²Ò (4.2) ¸ ÊÎ¥Éµ³ (4.4) ´ Ìµ¤¨³ µ£· ´¨Î¥´¨¥

|Im Ads| < 0,7 · 10−5, Ads = U∗
DdUDs. (4.5)

‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ AR
SD ¤ ¥É¸Ö ¤¨ -

£· ³³µ° ·¨¸. 8 ¨ |AR
SD| ∼ |Im Ads|.

‚ · ¸¶ ¤ Ì D0- ¨ B0-³¥§µ´µ¢ L- ¨ S-±µ³¶µ´¥´ÉÒ ´¥ · §¤¥²¥´Ò, É ± ÎÉµ ¢
(4.1) Ë¨£Ê·¨·Ê¥É ¢¥²¨Î¨´  |Adβ |2, ±µÉµ· Ö ¨ ¶µ¤¸É ¢²Ö¥É¸Ö ¢ Ëµ·³Ê²Ê ¢³¥¸Éµ
2|Re Adβ|2 ¨²¨ 2|Im Adβ |2. ˆ§ Ô±¸¶¥·¨³¥´É  ¨§¢¥¸É´Ò µ£· ´¨Î¥´¨Ö [23]:

Br(D0 → µ+µ−)exp < 4,1 · 10−6, Br(B0 → µ+µ−)exp < 6,8 · 10−7, (4.6)

µÉ±Ê¤  ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¤µ³¨´¨·µ¢ ´¨Ö ¤·¥¢¥¸´µ£µ SD-¢±² ¤  ¸²¥¤ÊÕÉ µ£· -
´¨Î¥´¨Ö:

|Auc| = |U∗
uU ||UcU | ≤ 5 · 10−2,

|Adb| = |U∗
Dd||UDb| ≤ 7 · 10−3.

�·¨ ¢Ò¢µ¤¥ ÔÉ¨Ì ´¥· ¢¥´¸É¢ ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥ LD-¢±² ¤Ò,
  É ±¦¥ Š•„-¶µ¶· ¢±¨, ¶µÔÉµ³Ê ¢ ·¥§Ê²ÓÉ É¥ ³Ò ¶µ²ÊÎ ¥³ ²¨ÏÓ £·Ê¡Ò¥

�¨¸. 9. �µ²Ê²¥¶Éµ´´Ò°
·¥¤±¨° · ¸¶ ¤ M(qαq) →
M(qβq)l+l−, (νν̄) ¢ ³µ-
¤¥²¨ ¸ ‘Š

µÍ¥´±¨ ¸¢¥·ÌÊ.
�µ²Ê²¥¶Éµ´´Ò° · ¸¶ ¤ ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³

±¢ ·±µ³ ¨§µ¡· ¦¥´ ¤¨ £· ³³µ° ´  ·¨¸. 9.
� ¶µ³´¨³, ÎÉµ  ³¶²¨ÉÊ¤Ò ·¥¤±¨Ì ¶µ²Ê²¥¶Éµ´-

´ÒÌ · ¸¶ ¤µ¢ K0
L,S-³¥§µ´µ¢ ¸µ¤¥·¦ É § ³¥É´Ò¥ LD-

¨ Š•„-¢±² ¤Ò. Š·µ³¥ Éµ£µ, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
µ£· ´¨Î¥´¨Ö ¤²Ö Ï¨·¨´ ÔÉ¨Ì · ¸¶ ¤µ¢ ¤µ¢µ²Ó´µ ¸² -
¡Ò¥, É ± ÎÉµ ¤²Ö ¤ ²Ó´¥°Ï¨Ì µÍ¥´µ± Ê¤µ¡´¥¥ ¶µ²Ó-
§µ¢ ÉÓ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ · ¸¶ ¤ ³
K+ → π+µ+µ− ¨ K+ → π+νν̄. ˆ¸¶µ²Ó§ÊÖ Í¥´-
É· ²Ó´µ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ (2.17) ¨ É¥µ-
·¥É¨Î¥¸±ÊÕ µÍ¥´±Ê, ¶µ²ÊÎ¥´´ÊÕ ¢ ‘Œ (2.18), ³µ¦´µ
¢Ò¤¥²¨ÉÓ ¢¥²¨Î¨´Ê

Br(K+ → π+νν̄) ≈ 0,68 · 10−10
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¨ µÉ´¥¸É¨ ¥¥ ´  ¸Î¥É ¤·¥¢¥¸´µ£µ ¢±² ¤ , µ¡Ê¸²µ¢²¥´´µ£µ ¸¨´£²¥É´Ò³ ±¢ ·±µ³.
�µ·³¨·ÊÖ ¤·¥¢¥¸´Ò° ¢±² ¤ ´  ¡·Ô´Î¨´£ ¤µ³¨´¨·ÊÕÐ¥£µ ± ´ ² , § ¶¨Ï¥³:

Br(K+ → π+νν̄)
Br(K+ → π0e+ν)

≈ |Ads|2
4|Uus|2

,

µÉ±Ê¤  ¸ ÊÎ¥Éµ³ §´ Î¥´¨Ö Br(K+ → π0e+ν)exp = (4,82 ± 0,06)% ¨ |Uus| ≈
0,22 ´ Ìµ¤¨³ µÍ¥´±Ê:

|Ads| = |U∗
Dd||UDs| ≈ 1,7 · 10−5, (4.7)

ÎÉµ ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸µ£² ¸Ê¥É¸Ö ¸ µÍ¥´±µ°, ¶·¨¢¥¤¥´´µ° ¢ÒÏ¥.
�¡· É¨³ ¢´¨³ ´¨¥ ´  µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ±µÉµ·µ¥, ¢µ§³µ¦´µ, ¨³¥¥É ¶·¨´Í¨-

¶¨ ²Ó´µ¥ §´ Î¥´¨¥. ˆ§ ¢¸¥Ì �’ˆ�-ÔËË¥±Éµ¢, ¨§ÊÎ ¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´µ,
Éµ²Ó±µ ¤²Ö ·¥¤±µ£µ ¶µ²Ê²¥¶Éµ´´µ£µ · ¸¶ ¤  K+ → π+νν̄ ¨³¥ÕÉ¸Ö µ¸´µ-
¢ ´¨Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ¢¥²¨Î¨´  ¡·Ô´Î¨´£  Í¥²¨±µ³ Ëµ·³¨·Ê¥É¸Ö §  ¸Î¥É
¢§ ¨³µ¤¥°¸É¢¨° ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ. ‘¥£µ¤´Ö ¨³¥´´µ ÔÉµÉ · ¸¶ ¤ Ì · ±-
É¥·¨§Ê¥É ¢µ§³µ¦´µ¸É¨ É¥µ·¨¨ ¢ µ¶¨¸ ´¨¨ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢. Š ± Ê¦¥ µÉ³¥-
Î ²µ¸Ó ¢ ¶. 2.3.2, ´ ³¥Î ¥É¸Ö ´¥±µÉµ·Ò° ±µ´Ë²¨±É ³¥¦¤Ê Ô±¸¶¥·¨³¥´Éµ³ ¨
¶·¥¤¸± § ´¨¥³ ‘Œ. ‚ Éµ ¦¥ ¢·¥³Ö · ¸Ï¨·¥´¨¥ ‘Œ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³
´¥¸±µ²Ó±µ Ê²ÊÎÏ ¥É ±µ²¨Î¥¸É¢¥´´ÊÕ ¨´É¥·¶·¥É Í¨Õ ÔÉµ£µ · ¸¶ ¤  Å ¤²Ö
ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ ²¨ÏÓ § Ë¨±¸¨·µ¢ ÉÓ ¶·µ¨§¢¥¤¥´¨¥ Ô²¥³¥´Éµ¢ µ¡µ¡Ð¥´´µ°
³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö (4.7).

‚ · ¡µÉ¥ [84] ¶·¨¢¥¤¥´Ò µ£· ´¨Î¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶µ ¨´±²Õ§¨¢´µ³Ê · ¸¶ ¤Ê B → Xµ+µ−:

|Adb| ≤ 10−3, |Asb| ≤ 10−3.

� ¤¨ Í¨µ´´Ò¥ · ¸¶ ¤Ò ¶·µÉ¥± ÕÉ Éµ²Ó±µ ´  ¶¥É²¥¢µ³ Ê·µ¢´¥ ¨ ¢ ³µ¤¥²¨
¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³, É ± ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò ³ ²Ò. �µ ÔÉµ°
¶·¨Î¨´¥ ·¥¤±¨¥ · ¤¨ Í¨µ´´Ò¥ · ¸¶ ¤Ò ¸² ¡µ ÎÊ¢¸É¢¨É¥²Ó´Ò ± · ¸Ï¨·¥´¨Õ
³µ¤¥²¨ ¸ ¢±²ÕÎ¥´¨¥³ ¸¨´£²¥É´µ£µ ±¢ ·± , ¨ ¨§ ¨Ì · ¸¸³µÉ·¥´¨Ö ¶· ±É¨Î¥¸±¨
´¥¢µ§³µ¦´µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶µ²ÊÎ¨ÉÓ ´ ¤¥¦´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò
¸³¥Ï¨¢ ´¨Ö.

�¨¸. 10. ‘³¥Ï¨¢ ´¨¥ M0 − M̄0 ¢ ³µ¤¥²¨ ¸ ‘Š

� ¸¸³µÉ·¨³ É¥¶¥·Ó µ£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·± 
¸µ ¸É ´¤ ·É´Ò³¨, ¢ÒÉ¥± ÕÐ¨¥ ¨§ ÔËË¥±Éµ¢ ¸³¥Ï¨¢ ´¨Ö ¢ ¸¨¸É¥³ Ì ´¥°É· ²Ó-
´ÒÌ ³¥§µ´µ¢. Œ¥Ì ´¨§³ ¸³¥Ï¨¢ ´¨Ö ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É-
´Ò³ ±¢ ·±µ³ ¨²²Õ¸É·¨·Ê¥É¸Ö ¤¢Ê³Ö ¤¨ £· ³³ ³¨ ´  ·¨¸. 10.
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‚¥²¨Î¨´  ¦¥ ¸³¥Ï¨¢ ´¨Ö, Ì · ±É¥·¨§Ê¥³ Ö · ¸Ð¥¶²¥´¨¥³ ³ ¸¸, ¸¢Ö§ ´ 
¸  ³¶²¨ÉÊ¤µ° ¶¥·¥Ìµ¤  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ∆m = 2|A(M0 → M̄0)|. ‚±² ¤
¤·¥¢¥¸´µ° ¸µ¸É ¢²ÖÕÐ¥°, É.¥. ¤¨ £· ³³ ´  ·¨¸. 10, ¨³¥¥É ¢¨¤

∆mtr
αβ =

√
2

3
GF f2

MmMBMηM |U∗
4αU4β |2, (4.8)

£¤¥ mM Å ³ ¸¸  ³¥§µ´  M0, BM Å ®bag¯-Ë ±Éµ·, ηM Å ¶µ¶· ¢µÎ´Ò°
Š•„-Ë ±Éµ·. ’ ±¨³ µ¡· §µ³, ¤·¥¢¥¸´Ò° ¢±² ¤ ∆mtr ∼ GF , ¢ Éµ ¢·¥³Ö ± ±
¸É ´¤ ·É´Ò° ¶¥É²¥¢µ° ¢±² ¤ BD-¤¨ £· ³³ ∆mloop ∼ G2

F , ÎÉµ ¨ ¶·¨¢µ¤¨É ±
Î·¥§¢ÒÎ °´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ¸³¥Ï¨¢ ´¨Ö ± ¢¥·Ï¨´¥ qαqβZ. �É³¥É¨³, ÎÉµ
· ¸Î¥É µ¶¨¸ ´´ÒÌ ¢±² ¤µ¢ ¨³¥¥É ¸³Ò¸² ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ.

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ´¥±µÉµ·ÒÌ ¨¸Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¨ · ¸¸Î¨-
É ´´Ò¥ ¸ ¨Ì ¨¸¶µ²Ó§µ¢ ´¨¥³ µ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ò Aαβ .

’ ¡²¨Í  2. �£· ´¨Î¥´¨Ö ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ‘Š ¸ µ¡ÒÎ´Ò³¨

M ∆m, h̄s−1 fM
√

BM , ƒÔ‚ ηM Aαβ

K0 0,53 · 1010 0,16 0,76 < 2,6 · 10−4

B0
d 0,46 · 1012 0,20 0,55 ≤ 7,0 · 10−4

B0
s > 9,1 · 1012 ≈ 0,20 ≈ 0,55 > 3,0 · 10−3

D0 < 7 · 1010 ≈ 0,18 ≈ 1,0 < 3,8 · 10−4

—¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¢§ÖÉÒ ¨§ · ¡µÉ [23,84,95,125].
“± ¦¥³, ÎÉµ µ£· ´¨Î¥´¨¥ ´  Ads ³µ¦¥É ¡ÒÉÓ Ê¸¨²¥´µ ¸ ÊÎ¥Éµ³ ¢µ§³µ¦´µ£µ
¶µ¢ÒÏ¥´¨Ö LD-¢±² ¤  ¢ K0ÄK̄0-¸³¥Ï¨¢ ´¨¥ ¤µ 50 % [125]. �ÉµÉ Ë ±É,  
É ±¦¥ Éµ, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤²Ö B0

s ¨ D0 ¨³¥ÕÉ¸Ö Éµ²Ó±µ µ£· ´¨Î¥´¨Ö,
µ§´ Î ¥É ´ ²¨Î¨¥ §´ Î¨É¥²Ó´ÒÌ ¶µ£·¥Ï´µ¸É¥° ¢ µ¶·¥¤¥²¥´¨¨ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨Ì Aαβ .

‚ [125] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö ¶ · ³¥É· 
CP -´ ·ÊÏ¥´¨Ö |εK | ¢ K0ÄK̄0-¸¨¸É¥³¥ ¶µ²ÊÎ¥´  µÍ¥´± 

|Im (Ads)|2 < 9,2 · 10−10,

±µÉµ· Ö ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸µ£² ¸Ê¥É¸Ö ¸ ¶µ²ÊÎ¥´´Ò³¨ · ´¥¥.
ˆ§ ¨³¥ÕÐ¨Ì¸Ö µÍ¥´µ± ¢¥·Ì´¨Ì £· ´¨Í ´  Ê£²Ò ¸³¥Ï¨¢ ´¨Ö ´ ¨¡µ²¥¥

¦¥¸É±µ° Ö¢²Ö¥É¸Ö µÍ¥´±  (4.5), µ¤´ ±µ µÍ¥´±  (4.7) ¡µ²¥¥ ´ ¤¥¦´  ¤²Ö ¶µ²Ê-
Î¥´¨Ö ¨´Ëµ·³ Í¨¨ µ¡  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ Ê£²µ¢ ¸³¥Ï¨¢ ´¨Ö. „ ²¥¥ ¡Ê¤¥³
¨¸¶µ²Ó§µ¢ ÉÓ µÍ¥´±Ê ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò

|Ads| = |U∗
Dd| · |UDs| ≤ 10−5.
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ˆ¸¶µ²Ó§ÊÖ ÔÉµ µ£· ´¨Î¥´¨¥, ¶µ²ÊÎ¨³ µÍ¥´±Ê ´¨¦´¥£µ ¤µ¶Ê¸É¨³µ£µ §´ Î¥´¨Ö
³ ¸¸Ò D-±¢ ·± . ‚ ¶·¥¤¶µ²µ¦¥´¨¨ ®seesaw¯-³¥Ì ´¨§³  ¸³¥Ï¨¢ ´¨Ö

|UDα|2 ∼ (mα/mD)p, p = 1 ¨²¨ 2. (4.9)

�·¨ p = 1, |UDα|2 ∼ (mα/mD) (linear seesaw) ¨ ¤²Ö ¸·¥¤´¨Ì §´ Î¥´¨°
Éµ±µ¢ÒÌ ³ ¸¸ ±¢ ·±µ¢ md ≈ 10 MÔ‚ ¨ ms ≈ 200 ŒÔ‚ ´ Ìµ¤¨³ ´¨¦´ÕÕ
£· ´¨ÍÊ mD ≥ 0,5 ’Ô‚.

�µ² £ Ö p = 2, |UDα|2 ∼ (mα/mD)2 (quadratic seesaw), ¤²Ö É¥Ì ¦¥ §´ Î¥-
´¨° ³ ¸¸ ±¢ ·±µ¢ ¶µ²ÊÎ ¥³ mD ≥ 20 ƒÔ‚, ÎÉµ ¨¸±²ÕÎ ¥É¸Ö Ô±¸¶¥·¨³¥´Éµ³.
�µÔÉµ³Ê ¢ ·¨ ´É ¸ p = 2 ¢ ¤ ²Ó´¥°Ï¥³ ´¥ · ¸¸³ É·¨¢ ¥É¸Ö.

�É³¥É¨³, ÎÉµ ¨¸¶µ²Ó§ÊÖ µ£· ´¨Î¥´¨¥ |Auc| ≤ 3,8·10−4,  ´ ²µ£¨Î´µ ¢ÒÏ¥-
¨§²µ¦¥´´µ³Ê ³µ¦´µ µÍ¥´¨ÉÓ ´¨¦´ÕÕ £· ´¨ÍÊ ³ ¸¸Ò ¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ
±¢ ·±  ¶·¨ p = 1: mU ≥ 220 ƒÔ‚. ’ ±¨³ µ¡· §µ³, ¨§ ¨§¢¥¸É´ÒÌ ¤ ´´ÒÌ
¸²¥¤Ê¥É µÎ¥´Ó ¸² ¡µ¥ µ£· ´¨Î¥´¨¥ ´  ³ ¸¸Ê ¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ ±¢ ·± , ÎÉµ
µ¡Ê¸²µ¢²¥´µ ¡µ²ÓÏ¨³ (´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢) · ¸Ìµ¦¤¥´¨¥³ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ µ£· ´¨Î¥´¨° ¨ É¥µ·¥É¨Î¥¸±¨Ì ¸¢¥¤¥´¨° µ ¢¥²¨Î¨´¥ ∆mD .

4.2. �¥¤¨ £µ´ ²Ó´Ò¥ ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ¸¨´£²¥É´ÒÌ ¨ µ¡ÒÎ´ÒÌ ±¢ ·-
±µ¢ ¢ e+e−-, ep- ¨ pp̄-·¥ ±Í¨ÖÌ. ‘ ·µ¸Éµ³ Ô´¥·£¨¨ ±µ²² °¤¥·µ¢ ¸É ´µ¢¨É¸Ö
 ±ÉÊ ²Ó´Ò³ ¶·µ£´µ§ ¢µ§³µ¦´ÒÌ ¶ÊÉ¥° ·µ¦¤¥´¨Ö ¨ ¶·Ö³µ° ¨¤¥´É¨Ë¨± Í¨¨
¸¨´£²¥É´µ£µ ±¢ ·±  ¨²¨ ¤·Ê£¨Ì Ô±§µÉ¨Î¥¸±¨Ì Î ¸É¨Í. ‚ ²¨É¥· ÉÊ·¥ · ¸¸³µ-
É·¥´Ò ¶·µÍ¥¸¸Ò ¶ ·´µ£µ ·µ¦¤¥´¨Ö D-±¢ ·±  ¨ µ¡· §µ¢ ´¨¥ ÉÖ¦¥²µ£µ ±¢ ·-
±µ´¨Ö H = (DD̄) (¸³., ´ ¶·¨³¥·, [110,111]). �µ µÍ¥´±¥, ¶µ²ÊÎ¥´´µ° ¢ ¶. 4.1,
³ ¸¸  D-±¢ ·±  mD > mW ¨ ³µ¦¥É ¡ÒÉÓ ∼ 1 ’Ô‚, É.¥. ¶ ·´µ¥ ·µ¦¤¥´¨¥ DD̄
¸±µ·¥¥ ¢¸¥£µ ¢µ§³µ¦´µ ¶·¨ Ô´¥·£¨ÖÌ > 1 ’Ô‚. ‚ ÔÉµ° ¸¨ÉÊ Í¨¨ ¶·¥¤¸É ¢²Ö¥É
¨´É¥·¥¸  ´ ²¨§ Ô´¥·£¥É¨Î¥¸±¨ ¡µ²¥¥ ¤µ¸ÉÊ¶´µ£µ, ÌµÉÖ ¨ ¶µ¤ ¢²¥´´µ£µ ³ ²Ò³
Ê£²µ³ ¸³¥Ï¨¢ ´¨Ö, ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö ¶ · ¢¨¤  Dd̄α, D̄dα [109].

�¥¤¨ £µ´ ²Ó´Ò¥ ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ¶ · ¢¨¤  did̄k ¨ d̄idk, £¤¥ di = d, s, b,
¢ ‘Œ ¸¨²Ó´µ ¶µ¤ ¢²¥´Ò, É.±. ¶·µÉ¥± ÕÉ ´  ¶¥É²¥¢µ³ Ê·µ¢´¥. ˆÌ ¨´É¥´¸¨¢-
´µ¸ÉÓ ¸· ¢´¨³  ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ ·¥¤±¨Ì · ¸¶ ¤µ¢, µ¡Ê¸²µ¢²¥´´ÒÌ É¥³¨ ¦¥
¢¥·Ï¨´ ³¨. ‚ ³µ¤¥²ÖÌ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ÔÉ¨ ¶·µÍ¥¸¸Ò ¨³¥ÕÉ ³¥¸Éµ ´ 
¤·¥¢¥¸´µ³ Ê·µ¢´¥, ´µ ¶µ¤ ¢²¥´Ò ³ ²Ò³¨ ¤µ¶Ê¸É¨³Ò³¨ Ê£² ³¨ ¸³¥Ï¨¢ ´¨Ö
D-±¢ ·±  ¸ µ¡ÒÎ´Ò³¨. ‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶µ²ÊÎ¨³ µÍ¥´±¨ ¸¥Î¥´¨° ´¥¤¨ £µ-
´ ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ ·µ¦¤¥´¨Ö ¶ · ±¢ ·±µ¢ did̄k ¢ e+e−- ep- ¨ pp̄-¸µÊ¤ ·¥´¨ÖÌ
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ µ£· ´¨Î¥´¨°, ¶µ²ÊÎ¥´´ÒÌ ¢ ¶. 4.1.

�£· ´¨Î¥´¨Ö ´  Uki ´¥µ¡Ìµ¤¨³Ò ¤²Ö · ¸Î¥É  ¸¥Î¥´¨° ¶µ¤¶·µÍ¥¸¸µ¢

a) e+e− → Z → Dd̄α; dαd̄β ,
¡) ed → Z → eD,
¢) eu → W → νD,
£) qq̄ → Z → Ddα.

(4.10)

‡´ Î¥´¨Ö ¸¥Î¥´¨° ¶µ¤¶·µÍ¥¸¸µ¢ ¸²Ê¦ É µ¸´µ¢µ° ¤²Ö µÍ¥´±¨ ¸¥Î¥´¨° ·¥ ²Ó-
´ÒÌ ¶·µÍ¥¸¸µ¢ (¸³. ·¨¸. 11). �  ÔÉµ³ ·¨¸Ê´±¥ ¶µ± § ´Ò ·¥ ±Í¨¨ e+e− →
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2 jet, ep → eFD, ep → νF ′
D , pp̄ → FFD , £¤¥ F , FD Å µ¡ÒÎ´Ò° ¨ ÉÖ¦¥-

²Ò° ¡ ·¨µ´Ò. ‘É·Ê¨ ¶µ·µ¦¤ ÕÉ¸Ö ´¥¤¨ £µ´ ²Ó´µ° ¶ ·µ° dαd̄β ¨²¨ Dd̄β .
Š ¦¤o³Ê ·¥ ²Ó´µ³Ê ¶·µÍ¥¸¸Ê ´  ·¨¸. 11 ¸µµÉ¢¥É¸É¢Ê¥É µ¤¨´ ¨§ ¶µ¤¶·µÍ¥¸¸µ¢
(4.10). �¥ ±Í¨Ö (4.10,a) Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´µ°, ÎÉµ µ¡ÒÎ´µ Ê± §Ò¢ ¥É¸Ö ¢
Ëµ·³¥ Z → dαd̄β + d̄αdβ .

�¨¸. 11. �·µÍ¥¸¸Ò ´¥¤¨ £µ´ ²Ó´µ£µ ·µ¦¤¥´¨Ö h-±¢ ·±a ¢ e+e−-, ep- ¨ pp̄-¸µÊ¤ ·¥´¨ÖÌ:
 ) e+e− → 2 jet; ¡) ep → eFD; ¢) ep → νF ′

D; £) pp̄ → FFD

�Í¥´±  ¸¥Î¥´¨Ö ¶µ¤¶·µÍ¥¸¸  e+e− → Z → Dd̄β , D̄dβ ¶·µ¢¥¤¥´  ¢ µ±µ-
²µ¶µ·µ£µ¢µ° µ¡² ¸É¨ ·µ¦¤¥´¨Ö D-±¢ ·± , É.¥. ¶·¨

√
s ≈ mD, ¶·¨Î¥³ Ô´¥·£¨Ö

µ¡· §µ¢ ¢Ï¥£µ¸Ö ²¥£±µ£µ ±¢ ·±  Ed ≈
√

s − mD Ê¤µ¢²¥É¢µ·Ö¥É ´¥· ¢¥´¸É¢ ³
m(dα) � Ed �

√
s. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥£· ²Ó´µ¥ ¸¥Î¥´¨¥

¨³¥¥É ¢¨¤

σ = A|U∗
DDUDβ |2(1 + a2

e)
mD√

s

(√
s − mD

s − m2
Z

)2

, (4.11)

£¤¥ A = 3g4
z/27π, ae = 1 − 4 sin2 θW , mD

>∼ 500 ƒÔ‚. ˆ§ (4.11) ¸²¥¤Ê¥É,
ÎÉµ ¶·¨ UDb =

√
mb/mD ¨ mD ∼ 500 ƒÔ‚, É.¥. ¶·¨ UDb ∼ 0,1 ¸¥Î¥´¨¥ ¢

µ±µ²µ¶µ·µ£µ¢µ° µ¡² ¸É¨ ∼ 1 Ë¡.
�·¨ µ¡· §µ¢ ´¨¨ ´¥¤¨ £µ´ ²Ó´ÒÌ ¶ · µ¡ÒÎ´ÒÌ ±¢ ·±µ¢ ¸¥Î¥´¨¥ ³ ±¸¨-

³ ²Ó´µ ¶·¨
√

s = mZ (´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ ·¥§µ´ ´¸Ò ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö). ˆ¸-
¶µ²Ó§ÊÖ ¢ ¶·µ¶ £ Éµ·¥ Z-¡µ§µ´  ¡·¥°É-¢¨£´¥·µ¢¸±ÊÕ  ¶¶·µ±¸¨³ Í¨Õ ¸ ÊÎ¥Éµ³
´¥· ¢¥´¸É¢  ΓZ � mZ , § ¶¨Ï¥³ £² ¢´Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¢ ¢¨¤¥

σ =
A

6
|U∗

DαUDβ |2(1 + a2
e)s[(s − m2

Z)2 + Γ2
Zm2

Z ]−1. (4.12)
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‘µ£² ¸´µ (4.12) ¶·¨ |UDα| ∼
√

mα/mD ´ ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ ·µ¦¤¥´¨¥
´¥¤¨ £µ´ ²Ó´ÒÌ ¶ · bs̄, b̄s. �·¨

√
s = mZ ¨§ (4.12) ´ Ìµ¤¨³ σ ∼ 102 Ë¡, ÎÉµ

´  ¤¢  ¶µ·Ö¤±  ¢ÒÏ¥, Î¥³ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö ¶ · Db̄, D̄b.
�µ¤¶·µÍ¥¸¸ ¤²Ö ·¥ ±Í¨¨ pp̄ → FFD (¸³. ·¨¸. 11,£) ¨§µ¡· ¦ ¥É¸Ö  ´ -

²µ£¨Î´µ° s-± ´ ²Ó´µ° ¤¨ £· ³³µ°. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö
σ(dd̄ → sb̄, s̄b) ´ Ìµ¤¨É¸Ö ¨§ (4.11) § ³¥´µ° ¢¥²¨Î¨´Ò ae → ad = 0,693,
Ì · ±É¥·¨§ÊÕÐ¥° ¢§ ¨³µ¤¥°¸É¢¨¥ Z-¡µ§µ´  ¸ ¶¥·¢¨Î´Ò³¨ Ë¥·³¨µ´ ³¨. �µ¤-
¸É ´µ¢±  ad ¢ (4.11), (4.12) ¤ ¥É ·¥§Ê²ÓÉ ÉÒ,  ´ ²µ£¨Î´Ò¥ ¢ÒÏ¥µ¶¨¸ ´´Ò³
(±µ²¨Î¥¸É¢¥´´µ ¸¥Î¥´¨Ö ¢µ§· ¸É ÕÉ ¢ 1,5 · § ), É.¥. ¶µ¤ ¢²¥´¨¥ ¨´É¥´¸¨¢´µ-
¸É¨ ·µ¦¤¥´¨Ö Db̄-¶ · ´  ¤¢  ¶µ·Ö¤±  ¶µ ¸· ¢´¥´¨Õ ¸ ·µ¦¤¥´¨¥³ bs̄-¶ ·.

„²Ö t-± ´ ²Ó´ÒÌ ·¥ ±Í¨° ep → eFD, νF ′
D (·¨¸. 11,¡,¢) £² ¢´Ò° ¢±² ¤ ¢

¸¥Î¥´¨¥ ¢ µ±µ²µ¶µ·µ£µ¢µ° µ¡² ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

σ ≈ A

12
|U∗

DDUDd|2(3 + 2ae + 3a2
e)

[
mD

√
s

(
1 +

m2
Z

mD(
√

s − mD)

)]−1

.

(4.13)

„²Ö σ(ed → eD) ¢ · °µ´¥
√

s ≈ 500 ƒÔ‚ ´ Ìµ¤¨³ σ ∼ 0,01 Ë¡, É.¥. ¸¨²Ó´µ¥
¤µ¶µ²´¨É¥²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¶¥·¥Ìµ¤  d → D ¢¸²¥¤¸É¢¨¥ ³ ²µ¸É¨ ¢¥²¨Î¨´
UDD, UDd, ¨³¥ÕÐ¨Ì ¶µ·Ö¤µ± 10−3.

‘¥Î¥´¨Ö ¶µ¤¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö µ¡ÒÎ´ÒÌ ±¢ ·±µ¢ ¢ ep-¸µÊ¤ ·¥´¨ÖÌ µ¶¨-
¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³

σ =
A

8
|U∗

1DU1α|2J(a, ae)/s, (4.14)

£¤¥

J(a, ae) =
∫

dθ
[
4(1 + a2

e) + (1 − ae)2(1 − cos θ)2
]
(a + sin θ)−2,

a = 1 + 2m2
Z/s.

�·µ¸Éµ°  ´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨
√

s � mZ ¸ ÊÎ¥Éµ³ ae � 1 Ëµ·³Ê² 
(4.14) ¶·¨´¨³ ¥É ¢¨¤

σ ≈ A

12m2
Z

|U∗
1DU1α|2. (4.15)

�·¨
√

s � mZ ´ Ìµ¤¨³ ¨§ (4.1)

σ ≈ A s

16m4
Z

|U∗
1DU1α|2. (4.16)

’ ±¨³ µ¡· §µ³, ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ¸¥Î¥´¨¥ · ¸É¥É ¶·µ¶µ·Í¨µ´ ²Ó´µ
±¢ ¤· ÉÊ ¶µ²´µ° Ô´¥·£¨¨ s,   ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¨³¥¥É ³¥¸Éµ ´ ¸ÒÐ¥´¨¥.
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�Í¥´±¨ ¢¥²¨Î¨´ ¸¥Î¥´¨Ö ¤ ÕÉ σ ∼ 10−6 Ë¡ ¶·¨
√

s = 10 ƒÔ‚ ¨ σ ∼ 10−3 Ë¡
¶·¨

√
s � mZ , É.¥. ¢¥¸Ó³  ³ ²Ò¥ §´ Î¥´¨Ö. „²Ö ¶·µÍ¥¸c  ep → νF ′

D ·¥-
§Ê²ÓÉ ÉÒ  ´ ²µ£¨Î´Ò; ¸²¥¤µ¢ É¥²Ó´µ, ep-¸µÊ¤ ·¥´¨Ö ³¥´¥¥ ¶¥·¸¶¥±É¨¢´Ò ¤²Ö
Ë¨±¸ Í¨¨ ¢±² ¤µ¢ ¸¨´£²¥É´µ£µ ±¢ ·±  ¢ ¸¥Î¥´¨Ö ¶·µÍ¥¸µ¢ ´¥¤¨ £µ´ ²Ó´µ£µ
·µ¦¤¥´¨Ö ¶ ·.

�Í¥´±¨, ¶·µ¢¥¤¥´´Ò¥ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ®seesaw¯-³¥Ì ´¨§³ , ¶µ± §Ò¢ ÕÉ,
ÎÉµ ´ ¨¡µ²¥¥ ¶¥·¸¶¥±É¨¢´Ò³¨ ¨§ · ¸¸³µÉ·¥´´ÒÌ ¶·µÍ¥¸¸µ¢ Ö¢²ÖÕÉ¸Ö ·¥ ±Í¨¨
¸ ·µ¦¤¥´¨¥³ ¶ · Db̄, D̄b ¨ bs̄, b̄s ¢ e+e−- ´´¨£¨²ÖÍ¨¨. � ¸¸³µÉ·¨³ ¤¥É ²Ó´¥¥
¶¥·¢ÊÕ ¨§ ´¨Ì. �¥¸³µÉ·Ö ´  ³ ²µ¥ ¸¥Î¥´¨¥ ¨ ¡µ²ÓÏµ° Ëµ´, ·µ¦¤¥´¨¥ ¶ ·
Db̄, D̄b ³µ¦´µ § Ë¨±¸¨·µ¢ ÉÓ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¸¢¥É¨³µ¸É¨ ±µ²² °-
¤¥·  ¡² £µ¤ ·Ö Ê´¨± ²Ó´µ° ¸¨£´ ÉÊ·¥ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨°. �µ¦¤¥´¨¥ ±¢ ·± 
dα (d̄α) ¸ ³ ²µ° Ô´¥·£¨¥° ¨ ³¥¤²¥´´µ£µ D-±¢ ·±  ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ
¸É·Ê¨ ¸ ³ ²µ° ¶µ²´µ° Ô´¥·£¨¥° Eα ¨ ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  D-±¢ ·± , Ê´µ¸ÖÐ¨Ì
µ¸´µ¢´ÊÕ Î ¸ÉÓ Ô´¥·£¨¨. �¸´µ¢´Ò³¨ ± ´ ² ³¨ · ¸¶ ¤  Ö¢²ÖÕÉ¸Ö D → Wuβ

¨ D → Zdβ ¸ µÉ´µÏ¥´¨¥³ ¢¥·µÖÉ´µ¸É¨ Br(WX)/Br(ZX) ≈ 2. �¡· §µ¢ ¢-
Ï¨¥¸Ö ±¢ ·±¨ uβ, dβ ¶µ·µ¦¤ ÕÉ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨¥ (¶µ ¸· ¢´¥´¨Õ ¸ Eα)
¸É·Ê¨ ¸ ¶µ²´µ° Ô´¥·£¨¥° Eβ ≈ (m2

D − m2
Z)/2mD ≈ mD/2. �·µ³¥¦ÊÉµÎ´Ò¥

¡µ§µ´Ò W ¨ Z · ¸¶ ¤ ÕÉ¸Ö ¶µ ²¥¶Éµ´´µ³Ê ¨  ¤·µ´´µ³Ê ± ´ ² ³. �µ¸²¥¤´¨°
Ì · ±É¥·¥´ ·µ¦¤¥´¨¥³ µ¡ÒÎ´ÒÌ ¸É·Ê° ¸ ¶µ²´µ° Ô´¥·£¨¥° E ∼ mD/2,  ¸-
¸µÍ¨¨·µ¢ ´´ÒÌ ¸ ¤¨ £µ´ ²Ó´µ° qq̄- ¨²¨ ´¥¤¨ £µ´ ²Ó´µ° ūidj-¶ · ³¨. ’ ±¨³
µ¡· §µ³, µ¡Ð Ö ± ·É¨´  ¶·µÍ¥¸¸  e+e− → Z → Dd̄α, D̄dα ¢Ò£²Ö¤¨É ¸²¥¤Ê-
ÕÐ¨³ µ¡· §µ³: ¢ ²¥¶Éµ´´µ³ ± ´ ²¥ · ¸¶ ¤  W ¨ Z µ¡· §ÊÕÉ¸Ö ¤¢¥ ¸É·Ê¨ ¸
· §²¨Î´Ò³¨ ¶µ²´Ò³¨ Ô´¥·£¨Ö³¨ Eα � mD , Eβ ∼ mD/2 (É.¥. Eα � Eβ) ¨
Ô´¥·£¨Î´ Ö ²¥¶Éµ´´ Ö ¶ ·  ¸ ¸Ê³³ ·´µ° Ô´¥·£¨¥° El ∼ mD/2; ¢  ¤·µ´´µ³
± ´ ²¥ · ¸¶ ¤  W ¨ Z µ¡· §ÊÕÉ¸Ö ¤¢¥ É ±¨¥ ¦¥ ´¥¸¨³³¥É·¨Î´Ò¥ ¸É·Ê¨ ¨
¤¢¥ ¸É·Ê¨, ¶µ·µ¦¤ ¥³Ò¥ µ¡ÒÎ´µ° ¶ ·µ° ±¢ ·±µ¢ ¸ ¶µ²´µ° Ô´¥·£¨¥° ∼ mD/2.
�É´µÏ¥´¨¥ ¢¥·µÖÉ´µ¸É¥° ¤¢ÊÌ¸É·Ê°´ÒÌ ¨ Î¥ÉÒ·¥Ì¸É·Ê°´ÒÌ ¸µ¡ÒÉ¨° ¸ ÊÎ¥Éµ³
· ¸¶ ¤´ÒÌ ¸¢µ°¸É¢ D-±¢ ·±  µÍ¥´¨¢ ¥É¸Ö ¶µ Ëµ·³Ê²¥

Br(2 jet, l1, l2)
Br(4 jet)

≈ 3 − 2RW
H − RZ

H

2RW
H + RZ

H

, (4.17)

£¤¥ RW
H , RZ

H Å ¢¥·µÖÉ´µ¸É¨  ¤·µ´´µ£µ ± ´ ²  · ¸¶ ¤  W - ¨ Z-¡µ§µ´µ¢ ¸µµÉ-
¢¥É¸É¢¥´´µ. �µ¤¸É ´µ¢±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° RW

H ≈ 0,7, RZ
H ≈ 0,7

¤ ¥É ¤²Ö µÉ´µÏ¥´¨Ö (4.17) §´ Î¥´¨¥, ¶·¨³¥·´µ · ¢´µ¥ 0,43.
�·µ ´ ²¨§¨·Ê¥³ É¥¶¥·Ó ¶·µ¸É· ´¸É¢¥´´ÊÕ ± ·É¨´Ê ¶·µÍ¥¸¸  e+e− →

Z → Dd̄α, D̄dα. Œ´µ¦¥¸É¢µ ¶¥·¢µ´ Î ²Ó´ÒÌ ´ ¶· ¢²¥´¨° µ¸¨ ¸É·Ê¨ dα ¨
¨³¶Ê²Ó¸  D-±¢ ·±  µ¡² ¤ ¥É ¶·¨¡²¨¦¥´´µ° ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¥°, É ±
± ± ´ ·ÊÏ ÕÐ¨° ¥¥ Î²¥´ ¢ ¸¥Î¥´¨¨ ³ ². ˆ´É¥£· ²Ó´Ò° ÔËË¥±É É¨¶   ¸¨³³¥-
É·¨¨ ¢¶¥·¥¤-´ § ¤ § ³¥É¥´, µ¤´ ±µ µ´ ´¥¶µ¸·¥¤¸É¢¥´´µ ´¥ ¨§³¥·¨³ ¢¸²¥¤¸É¢¨¥
¡Ò¸É·µ£µ · ¸¶ ¤  D-±¢ ·± . ‘ ÊÎ¥Éµ³ ÔÉµ£µ ¤¨ £· ³³Ê ´ ¶· ¢²¥´¨° · §²¥É 
¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ Ê¤µ¡´µ · ¸¸³ É·¨¢ ÉÓ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ (¶·µ¨§¢µ²Ó´Ò³
µ¡· §µ³) ´ ¶· ¢²¥´¨¨ ¸É·Ê¨ dα Å ´ ¶· ¢²¥´¨¥ pα ´  ·¨¸. 12.
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�¨¸. 12. ’¨¶¨Î´ Ö ¶·µ¸É· ´¸É¢¥´´ Ö ± ·É¨´  · §²¥É  ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨ e+e− →
Z → Ddα ¤²Ö ¤¢ÊÌ- (a) ¨ Î¥ÉÒ·¥Ì¸É·Ê°´ÒÌ (¡) ¸µ¡ÒÉ¨°

� ¨¡µ²¥¥ Ì · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ´¥¤¨ £µ´ ²Ó´µ£µ  ¤·µ´´µ£µ ·µ¦¤¥-
´¨Ö ¢ e+e−-·¥ ±Í¨ÖÌ ¶·¨

√
s ≈ mD Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¤¢ÊÌ ¸É·Ê°, ´ ¶· ¢²¥´-

´ÒÌ ¶µ¤ ¶·µ¨§¢µ²Ó´Ò³ Ê£²µ³ ¤·Ê£ ± ¤·Ê£Ê, ¶·¨Î¥³ ¨´¢ ·¨ ´É´Ò¥ ³ ¸¸Ò ÔÉ¨Ì
¸É·Ê° ¸¨²Ó´µ µÉ²¨Î ÕÉ¸Ö. �Éµ ¤µ²¦´µ ¶·µÖ¢²ÖÉÓ¸Ö ¢ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¶µ ¡Ò¸É·µÉ ³ Î ¸É¨Í ¢ ¸É·ÊÖÌ. ’ ±¨¥ ´¥¸¨³³¥É·¨Î-
´Ò¥ ¸É·Ê¨ ¸µ¶·µ¢µ¦¤ ÕÉ¸Ö ²¥¶Éµ´´µ° ¶ ·µ° ²¨¡µ ¶ ·µ° ¸¨³³¥É·¨Î´ÒÌ ¶µ
Ô´¥·£¨¨  ¤·µ´´ÒÌ ¸É·Ê° ¸ ¸Ê³³ ·´µ° Ô´¥·£¨¥° ≈ mD/2. �¡¥ ¶ ·Ò £·Ê¶¶¨·Ê-
ÕÉ¸Ö ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö, ¶·µÉ¨¢µ¶µ²µ¦´µ£µ ¨³¶Ê²Ó¸Ê ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ°
¸É·Ê¨ pβ , ¶·¨Î¥³, É ± ± ± pα ³ ² ¶µ ¸· ¢´¥´¨Õ ¸ pβ, Éµ ¸Ê³³ ·´Ò° ¨³¶Ê²Ó¸
¶ ·Ò ¶·¨³¥·´µ · ¢¥´ pβ , ÎÉµ ¨²²Õ¸É·¨·Ê¥É¸Ö ´  ·¨¸. 12.

4.3. ‘¢µ°¸É¢  t-±¢ ·±  ¢ ³µ¤¥²¨ ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³. ˆ¸¸²¥-
¤µ¢ ´¨¥ ¸¢µ°¸É¢ t-±¢ ·±  ³µ¦¥É ¸Ò£· ÉÓ ¢ ¦´ÊÕ ·µ²Ó ¢ ¶·µ¢¥·±¥ ¸É ´¤ ·É´µ°
³µ¤¥²¨. 	² £µ¤ ·Ö ¡µ²ÓÏµ° ³ ¸¸¥ ±¢ ·±  ¢ ¶·µÍ¥¸¸ Ì ¸ ¥£µ ÊÎ ¸É¨¥³ ³µ£ÊÉ
¶·µÖ¢¨ÉÓ¸Ö µÉ±²µ´¥´¨Ö µÉ ¸¥±¢¥´Í¨ ²Ó´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥-
¸±¨³¨ · ¸Ï¨·¥´¨Ö³¨ ‘Œ. �¸µ¡Ò° ¨´É¥·¥¸ ¢Ò§Ò¢ ¥É ¶·µÍ¥¸¸ ´¥¤¨ £µ´ ²Ó-
´µ£µ ·µ¦¤¥´¨Ö t-±¢ ·±  ¢¡²¨§¨ ¶µ·µ£ , µ¡Ê¸²µ¢²¥´´Ò° �’ˆ�, ´ ¶·¨³¥·, ¢
·¥ ±Í¨¨ e+e− → Z → tc̄ + t̄c. Š¨´¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ±µ´¥Î´µ£µ ¸µ¸Éµ-
Ö´¨Ö ¢ ÔÉµ° ·¥ ±Í¨¨ ¢¥¸Ó³  Ì · ±É¥·´ , É ± ± ± ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ¸É·Ê¨,
¶µ·µ¦¤ ¥³µ° c-±¢ ·±µ³, ¡²¨§±  ± ´Ê²Õ ¢ ÔÉµ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨. Š·µ³¥
Éµ£µ, ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥¥É¸Ö Ê´¨± ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ ¶·¥¤¸± § ´¨°
‘Œ ´  ¶¥É²¥¢µ³ Ê·µ¢´¥ ´  ³ ¸ÏÉ ¡¥ ≈ 2mW [133].

‚ ³µ¤¥²¨ ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¢¥²¨Î¨´  ³ ¸¸Ò t-±¢ ·±  ¨³¥eÉ
µ¸µ¡µ¥ §´ Î¥´¨¥. ‚ É ±µ° ³µ¤¥²¨ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ¢µ§´¨± ÕÉ �’ˆ�

LZ =
g

2 cosΘW
U∗

UαUUβ q̄αLγµqβLZµ, (4.18)

±µÉµ·Ò¥ µ§´ Î ÕÉ ´ ²¨Î¨¥ U − uα-¸³¥Ï¨¢ ´¨Ö. � · ³¥É· UUα, µ¶¨¸Ò¢ Õ-
Ð¨° ¸³¥Ï¨¢ ´¨¥, ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ®seesaw¯-³¥Ì ´¨§³  § ¢¨¸¨É µÉ ³ ¸¸ ¸²¥-
¤ÊÕÐ¨³ µ¡· §µ³: UUα ≈ (mα/mU )1/2. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨´É¥´¸¨¢´µ¸ÉÓ tc-¸¢Ö§¨
µ¶·¥¤¥²Ö¥É¸Ö ±µ´¸É ´Éµ° gtc ∼ √

mtmc/mU , ¨ ´  ³ ¸ÏÉ ¡¥ mU ≤ 1 ’Ô‚
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¤·¥¢¥¸´ Ö �’ˆ�-¢¥·Ï¨´  ¡Ê¤¥É ¤µ³¨´¨·µ¢ ÉÓ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸É ´¤ ·É-
´µ° ¶¥É²¥¢µ° ¢¥·Ï¨´µ°. �µ³¨³µ ÔÉµ£o ¡µ²ÓÏµ¥ t−U -¸³¥Ï¨¢ ´¨¥ ¶·¨¢¥¤¥É
± § ³¥É´Ò³ µÉ±²µ´¥´¨Ö³ ¸¢µ°¸É¢ t-±¢ ·±  µÉ ¸É ´¤ ·É´ÒÌ. �É¨ Ë ±ÉÒ ¶µ-
¢ÒÏ ÕÉ ¨´É¥·¥¸ ± ¶µ¨¸±Ê ¸¨£´ ²µ¢ ¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ ±¢ ·± , µ¸µ¡¥´´µ
¶µ¸²¥ ´ Î ²  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶·µ£· ³³ LHC ¨ ®Tevatron¯ ¨ µ¡· ¡µÉ±¨
·¥§Ê²ÓÉ Éµ¢ ¨¸¸²¥¤µ¢ ´¨° e+e−-¶·µÍ¥¸¸µ¢ ´  LEP2.

‚ ¶. 4.1 ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ê
∆mD ¨ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ®seesaw¯-³¥Ì ´¨§³  ¡Ò²  ¶µ²ÊÎ¥´  ´¨¦´ÖÖ µÍ¥´± 
³ ¸¸Ò ¢¥·Ì´¥£µ ¸¨´£²¥É´µ£µ ±¢ ·±  mU ≥ 220 ƒÔ‚; µ£· ´¨Î¥´¨Ö ´  Ô²¥³¥´ÉÒ
³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ É ±µ¢Ò:

|UUu| ≤ 10−3, |UUc| ≤ 10−1, |UUt| ≤ Umax =
1√
2
. (4.19)

‚ÒÏ¥¶·¨¢¥¤¥´´Ò¥ µÍ¥´±¨ ¢¥¸Ó³  ¶·¨¡²¨¦¥´´Ò, ¢µ-¶¥·¢ÒÌ, ¶µÉµ³Ê, ÎÉµ ¶µ-
²ÊÎ¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ´¥ ÉµÎ´µ µ¶·¥¤¥²¥´´µ° ¢¥²¨Î¨´Ò ∆mD, ¢µ-¢Éµ·ÒÌ,
¶µ¸±µ²Ó±Ê ¢¥²¨± · §¡·µ¸ ¢ ³ ¸¸ Ì Éµ±µ¢ÒÌ ±¢ ·±µ¢. �¤´ ±µ ¨§ ÔÉ¨Ì µÍ¥´µ±
¸²¥¤Ê¥É, ÎÉµ ±µ´¸É ´É  ¢§ ¨³µ¤¥°¸É¢¨Ö gtc ∼ U∗

UtUUc ≤ 10−1,   §´ Î¨É, ³µ¦¥É
¡ÒÉÓ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢ÒÏ¥ ÔËË¥±É¨¢´µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ ´  ¶¥É²¥-
¢µ³ Ê·µ¢´¥. �É³¥É¨³, ÎÉµ ¨§ÊÎ¥´¨Õ Ë¥´µ³¥´µ²µ£¨¨  ´µ³ ²Ó´µ° tc-¸¢Ö§¨ ¢
¶µ¸²¥¤´¥¥ ¢·¥³Ö Ê¤¥²Ö¥É¸Ö ¶µ¢ÒÏ¥´´µ¥ ¢´¨³ ´¨¥ [122, 123],   Ô±¸¶¥·¨³¥´É
¶µ±  ¤ ¥É ¢¥¸Ó³  ¸² ¡µ¥ µ£· ´¨Î¥´¨¥ [134]:

(Br(t → cZ) + Br(t → uZ))exp < 0,33 (95 % c.l.).

� ´¥¥ ¡Ò²µ ¶µ± § ´µ, ÎÉµ (3 × 3)-³ É·¨Í  ŠŒ ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³
±¢ ·±µ³ µ¡µ¡Ð ¥É¸Ö ¤µ Ê´¨É ·´µ° (4 × 4)-³ É·¨ÍÒ, µÉ±Ê¤  ¢ ¶·¨¡²¨¦¥´¨¨
³ ²ÒÌ U−u- ¨ U−c-¸³¥Ï¨¢ ´¨° ¸²¥¤Ê¥É

(|Utb|2 + |UtU |2)1/2 ≈ 1, (|UtU |2 + |UUU |2)1/2 ≈ 1. (4.20)

�É³¥É¨³, ÎÉµ ¢ ‘Œ |Utb| ≈ 1,   ¢ · ¸Ï¨·¥´¨¨ ¸ ¸¨´£²¥É´Ò³ ¢¥·Ì´¨³ ±¢ ·±µ³
¤¨ ¶ §µ´ ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢ ¸³¥Ï¨¢ ´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° UUt.
�±¸¶¥·¨³¥´É ²Ó´Ò° ·¥§Ê²ÓÉ É [135]

Br(t → bW )exp = 0,87+0,13+0,13
−0,30−0,11

´¥ ¤ ¥É ¤µ¶µ²´¨É¥²Ó´µ° ¨´Ëµ·³ Í¨¨ ¤²Ö Ê¦¥¸ÉµÎ¥´¨Ö µ£· ´¨Î¥´¨°.
�¸´µ¢´Ò³ ¸²¥¤¸É¢¨¥³ ¡µ²ÓÏµ£µ t−U -¸³¥Ï¨¢ ´¨Ö Ö¢²Ö¥É¸Ö §´ Î¨É¥²Ó´µ¥

Ê¢¥²¨Î¥´¨¥ ¡·Ô´Î¨´£  ·¥¤±µ£µ (¢ ‘Œ) ± ´ ²  · ¸¶ ¤  t → cZ:

Br(t → cZ)
Br(t → bW )

≈ 1
2

1 − 3α2
Z + 2α3

Z

1 − 3α2
W + 2α3

W

|U∗
tUUcU |2
|Utb|2

. (4.21)
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‚ ‘Œ ´  Ê·µ¢´¥ ¶¥É¥²Ó Br(t → cZ)theor ∼ 10−13 [136,137] ¢ ³µ¤¥²¨ ¸ ¤¢Ê³Ö
Ì¨££¸µ¢¸±¨³¨ ¤Ê¡²¥É ³¨ ¡¥§ ¤¨¸±·¥É´µ° ¸¨³³¥É·¨¨ Br(t → cZ)theor ∼ 10−7

[133, 138]. ‚ ³µ¤¥²¨ ¸ ¢¥·Ì´¨³ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ¶·¨ mU < 1 ’Ô‚ ¶µ²Ê-
Î ¥³ ·¥§Ê²ÓÉ É ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¢ÒÏ¥: Br(t → cZ)theor ∼ 10−4−10−5.
�±¸¶¥·¨³¥´É ²Ó´Ò° ¶·¥¤¥² ¤²Ö Ztc-¸¢Ö§¨ k2

Ztc < 0,533 [139], £¤¥ kZtc =
(g/2 cos θW )|U∗

UtUUc|, ¤µ¶µ²´¨É¥²Ó´µ° ¨´Ëµ·³ Í¨¨ ´¥ ¸µ¤¥·¦¨É.
	µ²ÓÏµ¥ t−U -¸³¥Ï¨¢ ´¨¥ ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´Ö¥É É ±¦¥ CV −CA-¸É·Ê±-

ÉÊ·Ê ¢¥·Ï¨´ t̄tZ ¨ ŪUZ. ‚ ‘Œ ¤²Ö t̄tZ-¢¥·Ï¨´

CSM
V =

1
4

(
1 − 8

3
sin2 ΘW

)
, CSM

A = −1
4
, (4.22)

  ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¸³¥Ï¨¢ ´¨Ö ¤²Ö ¢¥·Ï¨´Ò ŪUZ:

C0
V = −2

3
sin2 ΘW , C0

A = 0, (4.23)

¶·¨ ¸³¥Ï¨¢ ´¨¨ U ¨ t-±¢ ·±µ¢

a)Ct
V = CSM

V − 1
4
|UtU |2, Ct

A = CSM
A +

1
4
|UtU |2,

¡)CU
V = CSM

V − 1
4
|UUU |2, CU

A = CSM
A +

1
4
|UUU |2.

(4.24)

Š ± ¢¨¤´µ, ¶·¨ ¡µ²ÓÏµ³ ¸³¥Ï¨¢ ´¨¨ UtU µÉ±²µ´¥´¨Ö ¢¥²¨Î¨´ CV ¨ CA

µÉ ¨Ì ¸É ´¤ ·É´ÒÌ §´ Î¥´¨° ³µ£ÊÉ ¡ÒÉÓ §´ Î¨É¥²Ó´Ò, ÎÉµ ³µ¦¥É ¡ÒÉÓ § -
·¥£¨¸É·¨·µ¢ ´µ ¢ Ô±¸¶¥·¨³¥´É¥ ¶·¨ ¨§³¥·¥´¨ÖÌ  ¸¨³³¥É·¨¨ ¢¶¥·¥¤-´ § ¤ ¢
·µ¦¤¥´¨¨ tt̄- ¨ UŪ -¶ ·, ¶µ¸±µ²Ó±Ê AFB = f(CV , CA).

�´µ³ ²Ó´µ ¸¨²Ó´ Ö tc-¸¢Ö§Ó, µ¡Ê¸²µ¢²¥´´ Ö ¸³¥Ï¨¢ ´¨¥³ t ¨ c-±¢ ·±µ¢
¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³, ³µ¦¥É ¶·µÖ¢¨ÉÓ¸Ö ¨ ¢ ´¥¤¨ £µ´ ²Ó´µ³ ·µ¦¤¥´¨¨ ¶ ·
t̄c, tc̄ ¢ e+e−-, ep-, pp̄-·¥ ±Í¨ÖÌ. � ¸Î¥ÉÒ ¸¥Î¥´¨Ö e+e−- ´´¨£¨²ÖÍ¨¨ ¸ µ¡· -
§µ¢ ´¨¥³ t̄c+ tc̄ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¸¥Î¥´¨¥ ¢¥¸Ó³  ³ ²µ [140]: σmax ≈ 1−3 Ë¡.
‘¥Î¥´¨¥ ·µ¦¤¥´¨Ö t̄c + tc̄ ¢ pp̄-·¥ ±Í¨¨ Éµ£µ ¦¥ ¶µ·Ö¤± ,   ¢ ep Å ¥Ð¥ ´ 
´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ´¨¦¥. �² ´¨·Ê¥³µ¥ · ´¥¥ ¶µ¢ÒÏ¥´¨¥ ¸¢¥É¨³µ¸É¨ LEP2
¤µ 500 ¶¡−1 µ¸É ¢²Ö²µ § ³¥É´Ò¥ Ï ´¸Ò ´  µ¡´ ·Ê¦¥´¨¥ É ±¨Ì ¸µ¡ÒÉ¨°, É¥³
¡µ²¥¥, ÎÉµ µ¤¨´µÎ´µ¥ ·µ¦¤¥´¨¥ t-±¢ ·±  ¨³¥¥É Ê´¨± ²Ó´ÊÕ ¸¨£´ ÉÊ·Ê ±µ´¥Î-
´µ£µ ¸µ¸ÉµÖ´¨Ö. �µ²ÊÎ¥´´Ò¥ ± ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ É¥µ·¥É¨Î¥¸±¨¥ ·¥§Ê²Ó-
É ÉÒ ¶µ¤É¢¥·¦¤ ÕÉ  ±ÉÊ ²Ó´µ¸ÉÓ ¶·µ¤µ²¦¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶·µ£· ³³
´  Ê¸±µ·¨É¥²ÖÌ É¨¶  LEP2 ¢ ¡Ê¤ÊÐ¥³.

‡�Š‹�—…�ˆ…

�±¸¶¥·¨³¥´É ²Ó´µ¥ ¨ É¥µ·¥É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ �’ˆ� Ö¢²Ö¥É¸Ö µ¤´¨³
¨§ ¢ ¦´¥°Ï¨Ì · §¤¥²µ¢ ¶·µ£· ³³Ò ¶·µ¢¥·±¨ ¸ÊÐ¥¸É¢ÊÕÐ¥° É¥µ·¨¨ Ô²¥³¥´-
É ·´ÒÌ Î ¸É¨Í. ‚ ¶·µÍ¥¸¸¥ ·¥ ²¨§ Í¨¨ ÔÉµ° ¶·µ£· ³³Ò ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ
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ÔËË¥±ÉÒ �’ˆ� ÎÊ¢¸É¢¨É¥²Ó´Ò ± · ¸Ï¨·¥´¨Ö³ ‘Œ. ‚ ÔÉµ° ¸¨ÉÊ Í¨¨ ¢µ§´¨-
± ¥É § ¤ Î  ¸¨¸É¥³ É¨§ Í¨¨ ¢µ§³µ¦´ÒÌ µ¡µ¡Ð¥´¨° ‘Œ ¨ ¨Ì ¶·µÖ¢²¥´¨° ¢
µ¡² ¸É¨ ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢.

‚ ± Î¥¸É¢¥ ¤µ³¨´¨·ÊÕÐ¥° ±µ´Í¥¶Í¨¨ · ¸Ï¨·¥´¨Ö ‘Œ · ¸¸³ É·¨¢ ¥É¸Ö
É ± ´ §Ò¢ ¥³Ò° ¸Ê¶¥·¸É·Ê´´Ò° ¸Í¥´ ·¨° Å ¢ Î ¸É´µ¸É¨, ³µ¤¥²Ó ¸Ê¶¥·¸É·Ê´Ò
¢ 10-³¥·´µ³ ¶·µ¸É· ´¸É¢¥, ±µÉµ· Ö ¶µ¸²¥¤µ¢ É¥²Ó´µ ·¥¤ÊÍ¨·Ê¥É¸Ö Î¥·¥§ E6

¤µ £·Ê¶¶Ò ¸É ´¤ ·É´µ° ³µ¤¥²¨ U(1) × SUL(2) × SUc(3). �¥µ¡Ìµ¤¨³µ ¶µ¤-
Î¥·±´ÊÉÓ, ÎÉµ µ¡· Ð¥´¨¥ ± ÔÉµ³Ê ¸Í¥´ ·¨Õ ¸ ´¥¨§¡¥¦´µ¸ÉÓÕ ¶·¨¢µ¤¨É ± ¢µ§-
³µ¦´µ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ´ ·Ö¤Ê ¸ ¤·Ê£¨³¨ ´¥¸É ´¤ ·É-
´Ò³¨ Î ¸É¨Í ³¨. ‚Ò¤¥²¥´´µ¸ÉÓ ¸¨´£²¥É´µ£µ ±¢ ·±  ¶µ ¸· ¢´¥´¨Õ ¸ ¤·Ê£¨³¨
´µ¢Ò³¨ Î ¸É¨Í ³¨ ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ µ´ µ¡² ¤ ¥É ´¥´Ê²¥¢Ò³ ¡ ·¨µ´´Ò³ § -
·Ö¤µ³, ÔÉµ § ¸É ¢¨²µ ¸Ëµ·³¨·µ¢ ÉÓ µÉ¤¥²Ó´ÊÕ ¶·µ£· ³³Ê ¥£µ ¨¸¸²¥¤µ¢ ´¨Ö.
Šµ¸³µ²µ£¨Î¥¸±¨¥ µ£· ´¨Î¥´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´µ¢ÒÌ ¸É ¡¨²Ó´ÒÌ ¸¨²Ó´µ-
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¨¸±²ÕÎ ÕÉ ¶·¥¤¶µ²µ¦¥´¨¥ µ ¸É ¡¨²Ó´µ¸É¨ ‘Š
¢´¥ § ¢¨¸¨³µ¸É¨ µÉ ¥£µ ¶·µ¨¸Ìµ¦¤¥´¨Ö. �· ±É¨Î¥¸±¨ ¥¤¨´¸É¢¥´´Ò³ ¸¶µ¸µ-
¡µ³ µ¡¥¸¶¥Î¨ÉÓ · ¸¶ ¤ ¸¨´£²¥É´µ£µ ±¢ ·±  Ö¢²Ö¥É¸Ö ¥£µ ¸³¥Ï¨¢ ´¨¥ ¸ µ¡ÒÎ-
´Ò³¨ ±¢ ·± ³¨.

‘³¥Ï¨¢ ´¨¥ ‘Š ¸µ ¸É ´¤ ·É´Ò³¨ ¶·¨¢µ¤¨É ± ¶¥·¥¸É·µ°±¥ ¸É·Ê±ÉÊ·Ò
± ± § ·Ö¦¥´´ÒÌ, É ± ¨ ´¥°É· ²Ó´ÒÌ Éµ±µ¢, ±µÉµ· Ö É¥¶¥·Ó · ¸¸³ É·¨¢ ¥É¸Ö ¸
¥¤¨´ÒÌ ¶µ§¨Í¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ É ± ´ §Ò¢ ¥³µ° µ¡µ¡Ð¥´´µ° ³ É·¨ÍÒ ¸³¥-
Ï¨¢ ´¨Ö. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶·µÖ¢²¥´¨Ö ¸¨´£²¥É´µ£µ ±¢ ·±  ³µ£ÊÉ ¡ÒÉÓ ± ±
¶·Ö³Ò³¨ (¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨³¨, ¤µ¸ÉÊ¶´Ò³¨ ±µ²² °¤¥· ³ ¡Ê¤ÊÐ¨Ì ¶µ±µ-
²¥´¨°), É ± ¨ ±µ¸¢¥´´Ò³¨ (¢ ¤µ¸É¨£´ÊÉµ° µ¡² ¸É¨ Ô´¥·£¨°). ‚¥²¨Î¨´  ÔÉ¨Ì
ÔËË¥±Éµ¢ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° Ô´¥·£¥É¨Î¥¸±¨° ¤¨ ¶ §µ´ § ¢¨¸ÖÉ µÉ ³ ¸¸Ò ¸¨´-
£²¥É´µ£µ ±¢ ·±  ¨ ¢¥²¨Î¨´Ò ¥£µ ¸³¥Ï¨¢ ´¨Ö ¸µ ¸É ´¤ ·É´Ò³¨. ˆ³¥ÕÐ¨¥¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ·¥¤±¨³ ¶·µÍ¥¸¸ ³ ¨ É¥µ·¥É¨Î¥¸±¨¥ µÍ¥´±¨ ± ±
¢ · ³± Ì ‘Œ, É ± ¨ ¢ ³µ¤¥²¨ ¸ ¸¨´£²¥É´Ò³ ±¢ ·±µ³ ´¥ ¶·µÉ¨¢µ·¥Î É £¨¶µÉ¥§¥
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¸¨´£²¥É´µ£µ ±¢ ·±  ¸ ³ ¸¸µ° 0,5−1,0 TÔ‚. ‚ ´ ¸ÉµÖÐ¨° ³µ-
³¥´É µ¶·¥¤¥²¥´´Ò³  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê · ¸Ï¨·¥´¨Ö ‘Œ ¶ÊÉ¥³ ¢±²ÕÎ¥´¨Ö
¢ ´¥¥ ‘Š Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ±µ²¨Î¥¸É¢¥´´µ° ¨´É¥·¶·¥É Í¨¨ ·¥¤±µ£µ ¶µ-
²Ê²¥¶Éµ´´µ£µ · ¸¶ ¤  K+ → π+νν̄ ¢ · ³± Ì · ¸Ï¨·¥´´µ° ³µ¤¥²¨. 	µ²¥¥
µ¶·¥¤¥²¥´´Ò¥ ¢Ò¢µ¤Ò µ ¸É ÉÊ¸¥ ‘Š ³µ¦´µ ¡Ê¤¥É ¸¤¥² ÉÓ ¶µ¸²¥ ¸ÊÐ¥¸É¢¥´-
´µ£µ ÊÉµÎ´¥´¨Ö ¤ ´´ÒÌ ¶µ ·¥¤±¨³ ¶·µÍ¥¸¸ ³ ¸ µ¤´µ¢·¥³¥´´Ò³ · §¢¨É¨¥³
É¥µ·¥É¨Î¥¸±¨Ì É¥Ì´µ²µ£¨° ¨Ì  ´ ²¨§ .

�£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ‘Š ¨ Ê£²Ò ¥£µ ¸³¥Ï¨¢ ´¨Ö ¸µ ¸É ´¤ ·É´Ò³¨ ±¢ ·-
± ³¨, ¶µ²ÊÎ¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ·¥¤±¨³ ¶·µÍ¥¸¸ ³, ¶µ-
§¢µ²¨²¨ µÍ¥´¨ÉÓ ¢µ§³µ¦´µ¸É¨ ·¥£¨¸É· Í¨¨ ´¥ Éµ²Ó±µ ±µ¸¢¥´´ÒÌ (´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì) ÔËË¥±Éµ¢, µ¡Ê¸²µ¢²¥´´ÒÌ ‘Š, ´µ ¨ ¶·Ö³ÒÌ ÔËË¥±Éµ¢, ¸¢Ö§ ´´ÒÌ
¸ ·µ¦¤¥´¨¥³ ÔÉµ£µ ±¢ ·± . �¥·¸¶¥±É¨¢´Ò³ Ö¢²Ö¥É¸Ö ¶µ¨¸± ¸¨£´ ²µ¢ ´¥¤¨ -
£µ´ ²Ó´µ£µ ·µ¦¤¥´¨Ö ‘Š ¢ ¶ ·¥ ¸µ ¸É ´¤ ·É´Ò³¨ ¢ e+e−- ¨ pp̄-¸µÊ¤ ·¥´¨ÖÌ.
�¥¸³µÉ·Ö ´  ³ ²Ò¥ ¸¥Î¥´¨Ö É ±¨Ì ¶·µÍ¥¸¸µ¢, µ´¨ Ö¢²ÖÕÉ¸Ö Ô´¥·£¥É¨Î¥¸±¨
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¤µ¸ÉÊ¶´Ò³¨ ¢ ¡²¨¦ °Ï¥¥ ¢·¥³Ö. Š·µ³¥ Éµ£µ, É ±¨¥ ¸µ¡ÒÉ¨Ö µ¡² ¤ ÕÉ Ê´¨-
± ²Ó´µ° ¸¨£´ ÉÊ·µ°, µ¡²¥£Î ÕÐ¥° ¨Ì ¶µ¨¸±.

’ ±¨³ µ¡· §µ³, ·¥¤±¨¥ ¶·µÍ¥¸¸Ò, ¶µ·µ¦¤¥´´Ò¥ �’ˆ�, ¸ ÊÎ ¸É¨¥³ ¸¨´-
£²¥É´µ£µ ±¢ ·±  ¨³¥ÕÉ ¸¶¥Í¨Ë¨Î¥¸±¨° ¸É ÉÊ¸ Ö¢²¥´¨°, ¸¢Ö§Ò¢ ÕÐ¨Ì ³¥¦¤Ê
¸µ¡µ° £¨¶µÉ¥É¨Î¥¸±ÊÕ Ë¨§¨±Ê ¸¢¥·Ì¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ Ë¨§¨±Ê ±µ²² °¤¥·-
´ÒÌ Ô´¥·£¨°. ‚ · ³± Ì ¸Í¥´ ·¨Ö, ¶·¨¢²¥± ÕÐ¥£µ ´ ¨¡µ²ÓÏ¥¥ ¢´¨³ ´¨¥, ÔÉ¨
Ö¢²¥´¨Ö ¸¢Ö§Ò¢ ÕÉ ¸Ê¶¥·¸É·Ê´´ÊÕ ¶ · ¤¨£³Ê ¸  ¤·µ´´µ° Ë¥´µ³¥´µ²µ£¨¥°.

�¢Éµ·Ò ¡² £µ¤ ·´Ò �.‹ ² ±Ê²¨Î §  ¶µ³µÐÓ ¢ · ¡µÉ¥ ´ ¤ É¥±¸Éµ³ µ¡§µ· .
� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ £· ´É  ®ˆ¸¸²¥¤µ¢ ´¨¥ ¶·µÍ¥¸¸µ¢, ¨´-

¤ÊÍ¨·µ¢ ´´ÒÌ �’ˆ�, ¢ ‘Œ ¨ ¥¥ · ¸Ï¨·¥´¨ÖÌ¯ ±µ´±Ê·¸´µ£µ –¥´É·  ËÊ´¤ -
³¥´É ²Ó´µ£µ ¥¸É¥¸É¢µ§´ ´¨Ö Œ¨´µ¡· §µ¢ ´¨Ö �”.
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