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„ ´ µ¡§µ· ¶µ¸²¥¤´¨Ì ·¥§Ê²ÓÉ Éµ¢  ´ ²¨§  ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ³¥§µ´µ¢ ¢ ¸É ´¤ ·É´µ° ³µ-
¤¥²¨. �¸´µ¢´µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ÔËË¥±É ³ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.
�µ²ÊÎ¥´µ ¸µ£² ¸µ¢ ´´µ¥ µ¶¨¸ ´¨¥ ¶· ¢¨²  ∆I = 1/2 ¨ ©¶·Ö³µ£µª ´ ·ÊÏ¥´¨Ö CP-¨´¢ ·¨ ´É-
´µ¸É¨ ¢ · ¸¶ ¤ Ì K → ππ.

A review of recent development of the theoretical analysis of nonleptonic K-meson decays
within the Standard Model is presented. Attention is focused on large distance effects of strong
interactions. A consistent description of the ∆I = 1/2 rule and ªdirectª CP-violation in K → ππ
decays is obtained.

1. ‚‚…„…�ˆ…

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¸É ´¤ ·É´ Ö ³µ¤¥²Ó (‘Œ) Ô²¥±É·µ¸² ¡ÒÌ ¨ ¸¨²Ó´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨°, µ¸´µ¢ ´´ Ö ´  ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶¥ SUc(3)×SUL(2)×U(1)
[1Ä3], ¤ ¥É ¸µ£² ¸µ¢ ´´µ¥ µ¶¨¸ ´¨¥ ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨, ¶µ-¢¨¤¨³µ³Ê, Ö¢²Ö¥É¸Ö
·¥ ²Ó´Ò³ ¶·µÉµÉ¨¶µ³ ¤²Ö ¡Ê¤ÊÐ¨Ì É¥µ·¨° ¢¥²¨±µ£µ µ¡Ñ¥¤¨´¥´¨Ö. ‚ Éµ ¦¥
¢·¥³Ö ¸ÊÐ¥¸É¢ÊÕÉ ´¥±µÉµ·Ò¥ Ö¢²¥´¨Ö, ¶µ¶ÒÉ±¨ µ¡ÑÖ¸´¨ÉÓ ±µÉµ·Ò¥ ¢ · ³± Ì
‘Œ ´ É ²±¨¢ ÕÉ¸Ö ´  ¸¥·Ó¥§´Ò¥ É·Ê¤´µ¸É¨. ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ¤µ¡´ÒÌ Ö¢²¥´¨°
¶·¥¤¸É ¢²Ö¥É µ¸µ¡Ò° ¨´É¥·¥¸, ¶µ¸±µ²Ó±Ê ³µ¦¥É ¶·¨¢¥¸É¨ ²¨¡µ ± µÉ±·ÒÉ¨Õ
´µ¢µ° Ë¨§¨±¨, ¢ÒÌµ¤ÖÐ¥° §  ¶·¥¤¥²Ò ‘Œ, ²¨¡µ ± ¸µ§¤ ´¨Õ ´µ¢ÒÌ É¥µ·¥-
É¨Î¥¸±¨Ì ³¥Éµ¤µ¢,  ¤¥±¢ É´µ µ¶¨¸Ò¢ ÕÐ¨Ì ¤ ´´Ò¥ Ö¢²¥´¨Ö ¢ ‘Œ. �¤¨´ ¨§
´ ¨¡µ²¥¥ Ö·±¨Ì ¸ ÔÉµ° ÉµÎ±¨ §·¥´¨Ö ¶·¨³¥·µ¢ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¨¸É¥³ 
K-³¥§µ´µ¢ ¨, ¢ Î ¸É´µ¸É¨, ´¥²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò K-³¥§µ´µ¢.

� ¸¶ ¤Ò K → ππ µ¶¨¸Ò¢ ÕÉ¸Ö ¤¢Ê³Ö ¨§µÉµ¶¨Î¥¸±¨ ´¥¶·¨¢µ¤¨³Ò³¨  ³-
¶²¨ÉÊ¤ ³¨ A0 ¨ A2, µÉ¢¥Î ÕÐ¨³¨ ¶¥·¥Ìµ¤ ³ ¸ ¨§³¥´¥´¨¥³ ¨§µ¸¶¨´  ∆I =
1/2 ¨ ∆I = 3/2. �³¶²¨ÉÊ¤Ò ´ ¡²Õ¤ ¥³ÒÌ · ¸¶ ¤µ¢ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ A0 ¨
A2 ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

A(K0 → π0π0) =

√
2

3
eδ0A0 − 2

√
1

3
eδ2A2 , (1.1)

A(K0 → π+π−) =

√
2

3
eδ0A0 +

√
1

3
eδ2A2 , (1.2)
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A(K+ → π+π0) =

√
3

2
eδ2A2 . (1.3)

� ²¨Î¨¥ Ë §µ¢ÒÌ ³´µ¦¨É¥²¥° eδI ¸²¥¤Ê¥É ¨§ Ê´¨É ·´µ¸É¨ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö.
” §Ò δI µ¶¨¸Ò¢ ÕÉ ¢§ ¨³µ¤¥°¸É¢¨¥ π-³¥§µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨.

„µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ ¶·¥¤³¥Éµ³ ¨´É¥´¸¨¢´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ-
¢ ´¨° Ö¢²Ö¥É¸Ö ¨§¢¥¸É´µ¥ Ô³¶¨·¨Î¥¸±µ¥ ¶· ¢¨²µ µÉ¡µ·  ¶µ ¨§µÉµ¶¨Î¥¸±µ³Ê
¸¶¨´Ê ©∆I = 1/2ª, ¸µ£² ¸´µ ±µÉµ·µ³Ê  ³¶²¨ÉÊ¤  A0 §´ Î¨É¥²Ó´µ Ê¸¨²¥´ 
¶µ ¸· ¢´¥´¨Õ ¸  ³¶²¨ÉÊ¤µ° A2. �·µ¡²¥³  ©∆I = 1/2ª ¸µ¸Éµ¨É ¢ ¸²¥¤ÊÕ-
Ð¥³. �  ËÊ´¤ ³¥´É ²Ó´µ³ Ê·µ¢´¥ ‘Œ-· ¸¶ ¤Ò ¸ ¨§³¥´¥´¨¥³ ¸É· ´´µ¸É¨ ´ 
¥¤¨´¨ÍÊ (∆S = 1) µ¡Ê¸²µ¢²¥´Ò ¢§ ¨³µ¤¥°¸É¢¨¥³ ¤¢ÊÌ ¸² ¡ÒÌ § ·Ö¦¥´´ÒÌ
±¢ ·±µ¢ÒÌ Éµ±µ¢ ¸ ± ²¨¡·µ¢µÎ´Ò³ W -¡µ§µ´µ³. �·¨ Ô´¥·£¨ÖÌ, Ì · ±É¥·´ÒÌ
¤²Ö · ¸¶ ¤µ¢ K-³¥§µ´µ¢ ¢ ¢¥¤ÊÐ¥³ (¤·¥¢¥¸´µ³) ¶·¨¡²¨¦¥´¨¨ ¶µ ¸¨²Ó´µ³Ê
¢§ ¨³µ¤¥°¸É¢¨Õ, µ´µ ¸¢µ¤¨ÉcÖ ± ÔËË¥±É¨¢´µ³Ê Î¥ÉÒ·¥Ì±¢ ·±µ¢µ³Ê ¢§ ¨³µ-
¤¥°¸É¢¨Õ, µ¶¨¸Ò¢ ¥³µ³Ê £ ³¨²ÓÉµ´¨ ´µ³ [4]:

H∆S=1 =
GF√

2
VudV

∗
us s̄γµ(1− γ5)uūγµ(1− γ5)d+ Ô.¸. , (1.4)

£¤¥ GF Å ¶µ¸ÉµÖ´´ Ö ”¥·³¨ ¨ Vij Å Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ±¢ ·-
±µ¢ÒÌ  ·µ³ Éµ¢ Š ¡¨¡¡µ Å Šµ¡ ÖÏ¨ Å Œ ¸± ¢  (ŠŠŒ) [5, 6]. �³¶²¨ÉÊ¤Ò
· ¸¶ ¤µ¢ § ¤ ÕÉ¸Ö ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ÔËË¥±É¨¢´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ£µ £ ³¨²ÓÉµ´¨ ´  ¶µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ³¥§µ´´Ò³ ¸µ¸ÉµÖ´¨Ö³:

AI = 〈(ππ)I |H∆S=1|K〉 . (1.5)

…¸²¨ ¶·¥´¥¡·¥ÎÓ ¸¨²Ó´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ±¢ ·±µ¢ÒÌ Éµ±µ¢ (£¨¶µÉ¥§  Ë ±-
Éµ·¨§ Í¨¨ [7Ä9]), ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈(ππ)I |H∆S=1|K〉 ≡ 〈H∆S=1〉I , ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶ ¤ ³ K → ππ ¢ ¸µ¸ÉµÖ´¨Ö ¸ ¨§µÉµ¶¨Î¥¸±¨³ ¸¶¨´µ³
I = 0, 2, ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ´  µ¸´µ¢ ´¨¨  ²£¥¡·Ò Éµ±µ¢ [10] ¨ £¨-
¶µÉ¥§Ò µ Î ¸É¨Î´µ³ ¸µÌ· ´¥´¨¨  ±¸¨ ²Ó´µ£µ Éµ±  (—‘�’) [11]. �¤´ ±µ ¢Ò-
Î¨¸²¥´´µ¥ É ±¨³ ¸¶µ¸µ¡µ³ µÉ´µÏ¥´¨¥ ¨§µÉµ¶¨Î¥¸±¨ ´¥¶·¨¢µ¤¨³ÒÌ  ³¶²¨ÉÊ¤
A0/A2 ¢ ¤¢ ¤Í ÉÓ ¶ÖÉÓ · § (!) ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ£µ §´ -
Î¥´¨Ö [12]. ‚µ§´¨± ¥É ¢µ¶·µ¸, ³µ¦´µ ²¨ ´  µ¸´µ¢ ´¨¨ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨-
´ ³¨±¨ (Š•„) ¶µ²ÊÎ¨ÉÓ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨¸ ´¨¥ ÔÉ¨Ì · ¸¶ ¤µ¢ ¨ µ¡ÑÖ¸´¨ÉÓ
¶· ¢¨²µ ∆I = 1/2. ‚¶¥·¢Ò¥ ÔËË¥±ÉÒ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ´¥²¥¶Éµ´-
´ÒÌ · ¸¶ ¤ Ì K-³¥§µ´µ¢ ¨§ÊÎ ²¨¸Ó ¢ · ¡µÉ Ì [9, 13], £¤¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ,
ÎÉµ ÊÎ¥É ¦¥¸É±¨Ì £²Õµ´µ¢ ¶·¨ ¢Ò¢µ¤¥ ÔËË¥±É¨¢´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ
¤¥°¸É¢¨Ö ¶·¨¢µ¤¨É ± Ê¸¨²¥´¨Õ  ³¶²¨ÉÊ¤Ò A0 ¨ ¶µ¤ ¢²¥´¨Õ  ³¶²¨ÉÊ¤Ò A2.
�É±·ÒÉÒ¥ ¢ ¤ ²Ó´¥°Ï¥³ ¢ · ¡µÉ Ì [14, 15] É ± ´ §Ò¢ ¥³Ò¥ £²Õµ´´Ò¥ ©¶¨´-
£¢¨´Òª ¢Ò§Ò¢ ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò° ·µ¸É  ³¶²¨ÉÊ¤Ò A0. �¤´ ±µ ÊÎ¥É ¢²¨Ö´¨Ö
¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Éµ²Ó±µ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¢ · ³± Ì É¥µ·¨¨ ¢µ§-
³ÊÐ¥´¨° ´¥ ¸³µ£ ¶·¨¢¥¸É¨ É¥µ·¥É¨Î¥¸±¨¥ µÍ¥´±¨ ¢ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³.
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�µ¸²¥¤µ¢ É¥²Ó´Ò° ·¥´µ·³£·Ê¶¶µ¢µ°  ´ ²¨§ ÔËË¥±É¨¢´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ£µ ¤¥°¸É¢¨Ö, ¢±²ÕÎ ÕÐ¨° ±¢ ·±¨ É·¥ÉÓ¥£µ ¶µ±µ²¥´¨Ö [16, 17],   É ±¦¥
ÊÎ¥É ¡µ²ÓÏµ° ³ ¸¸Ò t-±¢ ·±  [18Ä20], ´¥ ¶·¨¢¥²¨ ± §´ Î¨É¥²Ó´µ³Ê ¨§³¥-
´¥´¨Õ É¥µ·¥É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éµ¢. ‚ ¶µ¸²¥¤´¨¥ £µ¤Ò Ê¸¨²¨Ö, ´ ¶· ¢²¥´´Ò¥
´  ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ∆I = 1/2, ¶·¨² £ ²¨¸Ó ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ. ‘ µ¤-
´µ° ¸Éµ·µ´Ò, ¤µ¸É¨£´ÊÉ ¶·µ£·¥¸¸ ¢  ´ ²¨§¥ ÔËË¥±Éµ¢ ³ ²ÒÌ · ¸¸ÉµÖ´¨° § 
¸Î¥É ¢ÒÎ¨¸²¥´¨Ö ¶µ¶· ¢µ± ± £² ¢´µ³Ê ²µ£ ·¨Ë³¨Î¥¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ ¤²Ö
ÔËË¥±É¨¢´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ £ ³¨²ÓÉµ´¨ ´  [21Ä27]. ‘ ¤·Ê£µ° ¸Éµ-
·µ´Ò, · §· ¡µÉ ´Ò ´µ¢Ò¥ ³¥Éµ¤Ò  ´ ²¨§  ÔËË¥±Éµ¢ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°, ¢
Éµ³ Î¨¸²¥ µ¸´µ¢ ´´Ò¥ ´  ±¨· ²Ó´µ° ÔËË¥±É¨¢´µ° É¥µ·¨¨ [28Ä30], 1/Nc-
· §²µ¦¥´¨¨ Š•„ ¢ ¶·¥¤¥²¥ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  Í¢¥Éµ¢ Nc → ∞ [31Ä35],
 ¤·µ´´ÒÌ ¶· ¢¨² Ì ¸Ê³³ [35Ä38],   É ±¦¥ ´  ·¥Ï¥ÉµÎ´ÒÌ ³µ¤¥²ÖÌ É¥µ·¨¨
¶µ²Ö [39Ä44]. �¥¸³µÉ·Ö ´  §´ Î¨É¥²Ó´Ò¥ Ê¸¨²¨Ö, µ±µ´Î É¥²Ó´µ¥ ·¥Ï¥´¨¥
¶·µ¡²¥³Ò ∆I = 1/2 ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µÉ¸ÊÉ¸É¢Ê¥É.

„·Ê£µ° ËÊ´¤ ³¥´É ²Ó´µ° É¥µ·¥É¨Î¥¸±µ° ¶·µ¡²¥³µ°, ¸¢Ö§ ´´µ° ¸ ´¥²¥¶-
Éµ´´Ò³¨ · ¸¶ ¤ ³¨ K-³¥§µ´µ¢, Ö¢²Ö¥É¸Ö ´ ·ÊÏ¥´¨¥ CP-¨´¢ ·¨ ´É´µ¸É¨ ¢
ÔÉ¨Ì · ¸¶ ¤ Ì. Š ± ¨§¢¥¸É´µ [6], ¢ ‘Œ ¸ É·¥³Ö ¶µ±µ²¥´¨Ö³¨ ±¢ ·±µ¢ ´ -
²¨Î¨¥ CP-´¥¨´¢ ·¨ ´É´µ° Ë §Ò δ ¢ ³ É·¨Í¥ ŠŠŒ ¶·¨¢µ¤¨É ± ´ ·ÊÏ¥´¨Õ
CP-¨´¢ ·¨ ´É´µ¸É¨ ¢ · ¸¶ ¤ Ì KL → ππ, £¤¥ KL Å ¤µ²£µ¦¨¢ÊÐ¥¥ ¸µ¸Éµ-
Ö´¨¥ ´¥°É· ²Ó´ÒÌ K-³¥§µ´µ¢. � §²¨Î ÕÉ ¸¢¥·Ì¸² ¡Ò° [45] ¨ ©¶·Ö³µ°ª [46]
³¥Ì ´¨§³Ò ÔÉµ£µ ´ ·ÊÏ¥´¨Ö.

ˆ§-§  ´ ²¨Î¨Ö CP-´¥¨´¢ ·¨ ´É´µ° Î ¸É¨ ¢  ³¶²¨ÉÊ¤¥ ¶¥·¥Ìµ¤µ¢
K0 ↔ K̄0 Ë¨§¨Î¥¸±¨¥ ¸µ¸ÉµÖ´¨Ö ¤µ²£µ¦¨¢ÊÐ¥£µ KL- ¨ ±µ·µÉ±µ¦¨¢ÊÐ¥£µ
KS-³¥§µ´µ¢ Ö¢²ÖÕÉ¸Ö ¸Ê¶¥·¶µ§¨Í¨Ö³¨ CP-Î¥É´µ°

Keven =
K0 + K̄0

√
2

(1.6)

¨ CP-´¥Î¥É´µ°

Kodd =
K0 − K̄0

√
2

(1.7)

±µ³¡¨´ Í¨° ´¥°É· ²Ó´ÒÌ K-³¥§µ´µ¢:

KS =
1√

1 + ε2
(Keven + εKodd) , (1.8)

KL =
1√

1 + ε2
(Kodd + εKeven) . (1.9)

� ²¨Î¨¥ ¶·¨³¥¸¨ Keven ¢ ¸µ¸ÉµÖ´¨¨ KL ¶·¨¢µ¤¨É ± ¢µ§³µ¦´µ¸É¨ · ¸¶ ¤µ¢
KL → ππ ¨ ¨§¢¥¸É´µ ± ± ¸¢¥·Ì¸² ¡µ¥ ´ ·ÊÏ¥´¨¥ CP-¨´¢ ·¨ ´É´µ¸É¨ [45].

� ¸¶ ¤Ò KL → ππ ³µ£ÊÉ É ±¦¥ ¨¤É¨ §  ¸Î¥É ¶·Ö³ÒÌ CP-´¥¨´¢ ·¨ ´É´ÒÌ
¶¥·¥Ìµ¤µ¢ Kodd → ππ. ‚¢µ¤Ö ¶ · ³¥É· ¶·Ö³µ£µ ´ ·ÊÏ¥´¨Ö CP-¨´¢ ·¨ ´É-
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´µ¸É¨ [46]:

ε′ ≡ A(Kodd → π+π−)

A(Keven → π+π−)
, (1.10)

¤²Ö ¶µ²´µ° µÉ´µ¸¨É¥²Ó´µ° ¢¥·µÖÉ´µ¸É¨ · ¸¶ ¤µ¢ KL → ππ ¢ ²¨´¥°´µ³ ¶·¨-
¡²¨¦¥´¨¨ ¶µ ε ¨ ε′ ³Ò ¨³¥¥³

A(KL → π+π−)

A(KS → π+π−)
= ε+ ε′, (1.11)

A(KL → π0π0)

A(KS → π0π0)
= ε− 2ε′. (1.12)

‘¢¥·Ì¸² ¡Ò° ³¥Ì ´¨§³ ´ ·ÊÏ¥´¨Ö CP-¨´¢ ·¨ ´É´µ¸É¨ ¤µ¸É ÉµÎ´µ Ìµ-
·µÏµ ¨§ÊÎ¥´ ± ± ´  É¥µ·¥É¨Î¥¸±µ³, É ± ¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´µ³ Ê·µ¢´¥
(µ¡§µ· ¶µ¸²¥¤´¨Ì ·¥§Ê²ÓÉ Éµ¢ ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ · ¡µÉ¥ [24]). ‚ Éµ ¦¥
¢·¥³Ö É¥µ·¥É¨Î¥¸±¨¥ µÍ¥´±¨ ¶ · ³¥É·  ε′ ´  ¶·µÉÖ¦¥´¨¨ ¶µ¸²¥¤´¨Ì ²¥É §´ -
Î¨É¥²Ó´µ ³¥´Ö²¨¸Ó. „µ ±µ´Í  ¢µ¸Ó³¨¤¥¸ÖÉÒÌ £µ¤µ¢ ¸Î¨É ²µ¸Ó, ÎÉµ §´ Î¥-
´¨¥ ¶ · ³¥É·  ε′ ¢ µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö ¢±² ¤µ³ £²Õµ´´µ£µ ©¶¨´£¢¨´ ª
[17,47Ä50], ¢ Éµ ¢·¥³Ö ± ± É ± ´ §Ò¢ ¥³Ò¥ Ô²¥±É·µ¸² ¡Ò¥ ©¶¨´£¢¨´Òª ¨£· ÕÉ
²¨ÏÓ ¢Éµ·µ¸É¥¶¥´´ÊÕ ·µ²Ó. ‚ · ¡µÉ¥ [51], µ¤´ ±µ, ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¶·¨
³ ¸¸¥ t-±¢ ·± , ¡µ²ÓÏ¥° ³ ¸¸Ò W -¡µ§µ´ , ¢±² ¤ Ô²¥±É·µ¸² ¡ÒÌ ©¶¨´£¢¨´µ¢ª
¸É ´µ¢¨É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³. �µ µÉ´µÏ¥´¨Õ ± ¢±² ¤Ê £²Õµ´´µ£µ ©¶¨´-
£¢¨´ ª µ´ ¨³¥¥É ¶·µÉ¨¢µ¶µ²µ¦´Ò° §´ ± ¨, ¸²¥¤µ¢ É¥²Ó´µ, ³µ¦¥É ¶·¨¢¥¸É¨ ±
¸ÊÐ¥¸É¢¥´´µ³Ê ¶µ¤ ¢²¥´¨Õ ¢¥²¨Î¨´Ò ε′ [19, 20, 52Ä55]. �¥¤ ¢´¥¥ Ô±¸¶¥·¨-
³¥´É ²Ó´µ¥ µÉ±·ÒÉ¨¥ t-±¢ ·±  [56, 57] ¨ ¢¥¸Ó³  ÉµÎ´µ¥ ¨§³¥·¥´¨¥ ¥£µ ³ ¸¸Ò
mt = (176±8(¸É É.)±10(¸¨¸É.)) ƒÔ‚ ¶µ§¢µ²¨²µ §´ Î¨É¥²Ó´µ ¶µ´¨§¨ÉÓ ´¥µ¶·¥-

¤¥²¥´´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¤²Ö ¶ · ³¥É·  ε′. �¸´µ¢´ Ö ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÓ ¢ µÍ¥´± Ì ¢ ´ ¸ÉµÖÐ¨° ³µ³¥´É ¸¢Ö§ ´  ¸ ¢ÒÎ¨¸²¥´¨¥³ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ÔËË¥±É¨¢´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ £ ³¨²ÓÉµ´¨ ´  [27].

–¥²Ó ¤ ´´µ° · ¡µÉÒ Å µ¡§µ· ¶µ¸²¥¤´¨Ì ·¥§Ê²ÓÉ Éµ¢ É¥µ·¥É¨Î¥¸±µ£µ  ´ -
²¨§  ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ K-³¥§µ´µ¢ ¢ ‘Œ. �¸´µ¢´µ¥ ¢´¨³ ´¨¥ ¢ ¸É ÉÓ¥
Ê¤¥²¥´µ  ´ ²¨§Ê ÔËË¥±Éµ¢ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.

‚ · §¤. 2 · ¸¸³µÉ·¥´Ò ¢µ§³µ¦´Ò¥ µ¡µ¡Ð¥´¨Ö ± ´µ´¨Î¥¸±µ£µ Î¥ÉÒ·¥Ì-
±¢ ·±µ¢µ£µ ÔËË¥±É¨¢´µ£µ ∆S = 1 £ ³¨²ÓÉµ´¨ ´ .

‚ · §¤. 3 ¶·¥¤¸É ¢²¥´Ò · §²¨Î´Ò¥ ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö  ¤·µ´´ÒÌ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ ²µ± ²Ó´ÒÌ Š•„-µ¶¥· Éµ·µ¢, µ¡· §ÊÕÐ¨Ì ÔËË¥±É¨¢´Ò° £ -
³¨²ÓÉµ´¨ ´.

‚ · §¤. 4 · ¸¸³µÉ·¥´ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢
K → ππ §  ¸Î¥É ¶¥·¥Ìµ¤µ¢ ¸ £²Õµ´ ³¨ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨.

‚ · §¤. 5 ¤ ´Ò ´µ¢Ò¥ µÍ¥´±¨ ¶ · ³¥É·µ¢ · ¸¶ ¤µ¢ K → ππ.
‚ ¶·¨²µ¦¥´¨¨ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [12] ¨ ·¥§Ê²ÓÉ ÉÒ

Î¨¸²¥´´µ£µ  ´ ²¨§  [27], ±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶·¨ ¨¸¸²¥¤µ¢ ´¨¨ · ¸¶ ¤µ¢
K → ππ.
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2. ��‚›… ‘’�“Š’“�› ‚ �””…Š’ˆ‚��Œ
�ˆ‡Š���…�ƒ…’ˆ—…‘Š�Œ ∆S = 1 ƒ�Œˆ‹œ’��ˆ��…

2.1. —¥ÉÒ·¥Ì±¢ ·±µ¢Ò° ÔËË¥±É¨¢´Ò° ∆S = 1 £ ³¨²ÓÉµ´¨ ´. „·¥¢¥¸-
´Ò° ÔËË¥±É¨¢´Ò° ∆S = 1 £ ³¨²ÓÉµ´¨ ´ ¢ µ¡² ¸É¨  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ-
¡µ¤Ò [58,59] ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  ³ ¸¸Ò W -¡µ§µ´  MW ¨³¥¥É ¢¨¤ [16]:

H∆S=1 =
GF√

2
VudV

∗
us

(
(Qu2 −Qc2) + τ(Qc2 −Qt2)

)
+ Ô.¸., (2.1)

£¤¥ Qq2 = (s̄q)V−A(q̄d)V−A ¨ τ = −VtdV ∗ts/VudV ∗us. �·¨³¥´ÖÖ µ¶¥· Éµ·´µ¥
· §²µ¦¥´¨¥ (��) [4, 60] ± ¶·µ¨§¢¥¤¥´¨Õ § ·Ö¦¥´´ÒÌ ¸² ¡ÒÌ ±¢ ·±µ¢ÒÌ Éµ-
±µ¢ ¨ ¨¸¶µ²Ó§ÊÖ ³¥Éµ¤ ·¥´µ·³ ²¨§ Í¨µ´´µ° £·Ê¶¶Ò [61Ä63], ÔËË¥±É¨¢´Ò°
£ ³¨²ÓÉµ´¨ ´ ³µ¦´µ ´ °É¨ ¶·¨ Ô´¥·£¨ÖÌ, Ì · ±É¥·´ÒÌ ¤²Ö ¸² ¡ÒÌ · ¸¶ ¤µ¢
²¥£±¨Ì  ¤·µ´µ¢ [9, 14Ä20, 22Ä26, 51, 64Ä70]. “Î¥É ¸¨²Ó´ÒÌ ¨ Ô²¥±É·µ¸² ¡ÒÌ
¶µ¶· ¢µ± ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢ ÔËË¥±É¨¢´µ³ £ ³¨²ÓÉµ-
´¨ ´¥. —¥ÉÒ·¥Ì±¢ ·±µ¢Ò° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨° ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´
¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤: [19]

H∆S=1 =
GF√

2
VudV

∗
us

10∑
i=1

[zi(µ) + τyi(µ)]Qi + Ô.¸. , (2.2)

£¤¥ yi(µ) ¨ zi(µ) Å ±µÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´ , ¢§ÖÉÒ¥ ¢ ÉµÎ±¥ ´µ·³¨·µ¢±¨
µ < mc. ‚ Ê· ¢´¥´¨¨ (2.2) Qi (i = 3, ..., 10) Å ¶µ²´Ò° ¡ §¨¸ ∆S = 1
²µ± ²Ó´ÒÌ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢, ¢±²ÕÎ ÕÐ¨Ì ²¥£±¨¥ u-, d- ¨
s-±¢ ·±¨:

Q1 = (s̄aub)V−A (ūbda)V−A ,

Q2 = (s̄u)V−A (ūd)V−A ,

Q3 = (s̄d)V−A

∑
q=u, d, s

(q̄q)V−A ,

Q4 = (s̄adb)V−A

∑
q=u, d, s

(q̄bqa)V−A ,

Q5 = (s̄d)V−A

∑
q=u, d, s

(q̄q)V+A ,

Q6 = (s̄adb)V−A

∑
q=u, d, s

(q̄bqa)V+A , (2.3)

Q7 =
3

2
(s̄d)V−A

∑
q=u, d, s

eq (q̄q)V+A ,

Q8 =
3

2
(s̄adb)V−A

∑
q=u, d, s

eq (q̄bqa)V+A ,
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Q9 =
3

2
(s̄d)V−A

∑
q=u, d, s

eq (q̄q)V−A ,

Q10 =
3

2
(s̄adb)V−A

∑
q=u, d, s

eq (q̄bqa)V−A ,

£¤¥ a, b Å ¨´¤¥±¸Ò £·Ê¶¶Ò Í¢¥Éµ¢ SUc(3), eq Å § ·Ö¤Ò ±¢ ·±µ¢ ¨ (q̄q)V±A
µ¡µ§´ Î ¥É q̄γµ(1 ± γ5)q.

�¶¥· Éµ·Ò (2.3) ´¥ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨. Œ¥¦¤Ê ´¨³¨ ¸ÊÐ¥¸É¢ÊÕÉ
²¨´¥°´Ò¥ ¸¢Ö§¨:

Q4 = Q3 +Q2 −Q1 ,

Q9 =
1

2
(3Q1 −Q3) , (2.4)

Q10 = Q2 +
1

2
(Q1 −Q3) .

�¶¥· Éµ· Q2 µ¶·¥¤¥²Ö¥É ¢¥¤ÊÐ¥¥ ¶·¨¡²¨¦¥´¨¥ ¶µ ¸¨²Ó´µ³Ê ¨ Ô²¥±É·µ-
¸² ¡µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ. �¶¥· Éµ· Q1 ¸³¥Ï¨¢ ¥É¸Ö ¸ µ¶¥· Éµ·µ³ Q2 §  ¸Î¥É
µ¡³¥´  ¢¨·ÉÊ ²Ó´Ò³¨ £²Õµ´ ³¨ ³¥¦¤Ê ±¢ ·±µ¢Ò³¨ ²¨´¨Ö³¨ [9, 13]. �¶¥· -
Éµ·Ò Qi (i = 3, ..., 6) (É ± ´ §Ò¢ ¥³Ò¥ £²Õµ´´Ò¥ ©¶¨´£¢¨´Òª) ¢µ§´¨± ÕÉ ¢
ÔËË¥±É¨¢´µ³ £ ³¨²ÓÉµ´¨ ´¥ ¡² £µ¤ ·Ö  ´´¨£¨²ÖÍ¨µ´´Ò³ ¤¨ £· ³³ ³ ¸ ¢¨·-
ÉÊ ²Ó´Ò³ £²Õµ´µ³ [14, 15]. �¶¥· Éµ·Ò Qi (i = 7, ..., 10) (É ± ´ §Ò¢ ¥³Ò¥
Ô²¥±É·µ¸² ¡Ò¥ ©¶¨´£¢¨´Òª) ¢µ§´¨± ÕÉ §  ¸Î¥É  ´ ²µ£¨Î´ÒÌ ¤¨ £· ³³ ¸ ¢¨·-
ÉÊ ²Ó´Ò³ ËµÉµ´µ³ ¨²¨ Z0-¡µ§µ´µ³ ¨ ¸¨²Ó´ÒÌ ¶µ¶· ¢µ± ± ÔÉ¨³ ¤¨ £· ³-
³ ³ [51,67].

�µ²´Ò° ÔËË¥±É¨¢´Ò° ∆S = 1 £ ³¨²ÓÉµ´¨ ´, µ¤´ ±µ, ¢±²ÕÎ ¥É ¢ ¸¥¡Ö
É ±¦¥ µ¶¥· Éµ·´Ò¥ ¸É·Ê±ÉÊ·Ò, µÉ²¨Î´Ò¥ µÉ (2.3). ‚µ§´¨± ¥É ¢µ¶·µ¸ Å ´ -
¸±µ²Ó±µ Ìµ·µÏµ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ µ¶¨¸Ò¢ ¥É
´¥²¥¶Éµ´´Ò¥ · ¸¶ ¤Ò K-³¥§µ´µ¢. ‚ ¸²¥¤ÊÕÐ¨Ì ¶ · £· Ë Ì ³Ò · ¸¸³µÉ·¨³
´ ¨¡µ²¥¥ ¢ ¦´Ò¥ µ¡µ¡Ð¥´¨Ö Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨-
 ´  ¨ µÍ¥´¨³ ¢±² ¤Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì (´¥Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ) µ¶¥· Éµ·µ¢ ¢
 ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K-³¥§µ´µ¢.

2.2. Š¢ ·±-£²Õµ´´Ò° µ¶¥· Éµ· ¢ ÔËË¥±É¨¢´µ³ ∆S = 1 £ ³¨²ÓÉµ´¨-
 ´¥ ¶·¨ mt > MW . �·¨ Ô¢µ²ÕÍ¨¨ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  µÉ Ô´¥·£¨°
¶µ·Ö¤±  MW ¤µ ´¥±µÉµ·µ° Ï± ²Ò µ < MW ¢ ¸É ´¤ ·É´µ³ ¶µ¤Ìµ¤¥ ¤¥² ÕÉ¸Ö
¸²¥¤ÊÕÐ¨¥ Ê¶·µÐ¥´¨Ö:

i) ¢¸¥ ±¢ ·±¨ ¸ ³ ¸¸ ³¨ mq < µ ¸Î¨É ÕÉ¸Ö ¡¥§³ ¸¸µ¢Ò³¨,
ii) ³ ¸¸Ò ÉÖ¦¥²ÒÌ (mq > µ, q 6= t) ±¢ ·±µ¢ ¸Î¨É ÕÉ¸Ö ¶·¥´¥¡·¥¦¨³µ

³ ²Ò³¨ ¶µ ¸· ¢´¥´¨Õ ¸ MW , Éµ ¥¸ÉÓ ±µÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  ± ± ËÊ´±Í¨¨
µÉ´µÏ¥´¨Ö xq = m2

q/M
2
W ¡¥·ÊÉ¸Ö ¢ ÉµÎ±¥ xq = 0.

�µ¸²¥¤´¥¥ ¶·¨¡²¨¦¥´¨¥ ´¥ · ¡µÉ ¥É ¢ ¸²ÊÎ ¥ t-±¢ ·± , ¶µ¸±µ²Ó±Ê
mt ∼MW , ¨ § ¢¨¸¨³µ¸ÉÓ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  µÉ ³ ¸¸Ò t-±¢ ·±  ´¥µ¡-
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Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ÉµÎ´µ. �µ¸²¥¤µ¢ É¥²Ó´Ò° ·¥´µ·³£·Ê¶¶µ¢µ°  ´ ²¨§ ÔËË¥±-
É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  ¸ ÊÎ¥Éµ³ ¡µ²ÓÏµ° ³ ¸¸Ò t-±¢ ·±  ¡Ò² ¶·µ¢¥¤¥´ ¢ · -
¡µÉ Ì [18Ä20]. ‚ ÔÉ¨Ì · ¡µÉ Ì, µ¤´ ±µ, ´¥ ¡Ò² · ¸¸³µÉ·¥´ ¢±² ¤ ¢ ÔËË¥±É¨¢-
´Ò° £ ³¨²ÓÉµ´¨ ´ ±¢ ·±-£²Õµ´´µ£µ µ¶¥· Éµ·  msQ

(5) = mss̄RgsGµνσ
µνdL.

‡¤¥¸Ó qL(R) µ¡µ§´ Î ¥É ²¥¢Ò° (¶· ¢Ò°) ±¢ ·±, Gµν ≡ Gaµνta Å É¥´§µ· ´ ¶·Ö-
¦¥´´µ¸É¨ £²Õµ´´µ£µ ¶µ²Ö, ta Å £¥´¥· Éµ· £·Ê¶¶Ò Í¢¥Éµ¢ SUc(3) ¨ σµν =
i[γµ, γν ]/2. …¸²¨ ¡Ò ³ ¸¸Ò ¢¸¥Ì ±¢ ·±µ¢ ¡Ò²¨ ³´µ£µ ³¥´ÓÏ¥ ³ ¸¸ÒW -¡µ§µ´ ,
Éµ ¢ £² ¢´µ³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¢±² ¤ ±¢ ·±-£²Õµ´´µ£µ µ¶¥· -
Éµ·  µÉ¸ÊÉ¸É¢µ¢ ² ¡Ò [14,16] ¨§-§  ¸µ±· Ð¥´¨Ö ƒˆŒ [71], ÎÉµ ´  ¶·µÉÖ¦¥´¨¨
¤µ²£µ£µ ¢·¥³¥´¨ ¡Ò²µ ¶·¨Î¨´µ° ¶·¥´¥¡·¥¦¥´¨Ö ÔÉ¨³ µ¶¥· Éµ·µ³. �´ ²¨§
¢Éµ·µ£µ ¶µ·Ö¤±  É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶µ αs ¢ ¶·¥¤¶µ²µ¦¥´¨¨ mt � MW

É ±¦¥ µ¡´ ·Ê¦¨² ¸¨²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ±µÔËË¨Í¨¥´É  ‚¨²Ó¸µ´  ÔÉµ£µ µ¶¥· -
Éµ·  [14,21].

� ¸¸³µÉ·¨³ ¢±² ¤ ±¢ ·±-£²Õµ´´µ£µ µ¶¥· Éµ·  ¢ ¸²ÊÎ ¥ mt > MW

[72,73]. ˆ´É¥·¥¸ÊÕÐ¨° ´ ¸ ¢±² ¤ £¥´¥·¨·Ê¥É¸Ö  ´´¨£¨²ÖÍ¨µ´´Ò³¨ ¤¨ £· ³-
³ ³¨ ¸ ¢´¥Ï´¥° £²Õµ´´µ° ²¨´¨¥° ¨ t-, c- ¨ u-±¢ ·± ³¨ ¢ ¶¥É²¥. ‘µµÉ¢¥É¸É¢Ê-
ÕÐ¥¥  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥ ¥¸ÉÓ

GF√
2
VudV

∗
us ((Eu − Ec) + τ(Ec − Et)) , (2.5)

Eq = 4

∫
s̄LγµŜ(p+ l, mq)ÂŜ(p+ l + k, mq)γνdLDµν(p)

d4p

(2π)4
, (2.6)

£¤¥ Ŝ(p, mq) = Sµ(p, mq)γµ Å ¶·µ¶ £ Éµ· q-±¢ ·± , Dµν(p) Å ¶·µ¶ £ Éµ·

W -¡µ§µ´  ¨ Â ≡ Aaµγµta Å ¢´¥Ï´¥¥ £²Õµ´´µ¥ ¶µ²¥.
‚Ò¤¥²¨¢ ± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÊÕ ¸É·Ê±ÉÊ·Ê, ¶µ²µ¦¨¢ ¢´¥Ï´¨¥

¨³¶Ê²Ó¸Ò k ¨ l · ¢´Ò³¨ ´Ê²Õ ¨ Ê¤¥·¦¨¢ Ö ¢¥²¨Î¨´Ò ¶¥·¢µ£µ ¶µ·Ö¤± 
¶µ ms, ¶µ²ÊÎ ¥³ ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ (¶·¨
µ ∼MW ):

∆H∆S=1 =
GF√

2
VudV

∗
usτC

(5)(MW )msQ
(5)(MW ) + Ô.¸. , (2.7)

C(5)(MW ) =
1

16π2
(F (0)− F (xt)) ,

F (xq) = −1

3

1

(xq − 1)4

(
5

2
xq

4 − 7xq
3 +

39

2
xq

2 − 19xq + 4− 9xq
2 ln xq

)
,

(2.8)

F (0) = −4

3
.

‚¥²¨Î¨´Ò xc ¨ xu ¢ Ê· ¢´¥´¨¨ (2.7) ¸Î¨É ÕÉ¸Ö · ¢´Ò³¨ ´Ê²Õ. ‚±² ¤Ò ¶¥É¥²Ó
¸ c- ¨ u-±¢ ·± ³¨ ¸µ±· Ð ÕÉ ¤·Ê£ ¤·Ê£ , ¶µÔÉµ³Ê ¢±² ¤ µ¶¥· Éµ·  ¶·µ¶µ·Í¨-
µ´ ²¥´ τ . ’ ±¨³ µ¡· §µ³, µ¶¥· Éµ· msQ

(5) ¨£· ¥É ·µ²Ó ¶·¨  ´ ²¨§¥ ³´¨³µ°
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Î ¸É¨ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´ , £¤¥ ¸³¥Ï¨¢ ´¨¥ ¸ t-±¢ ·±µ³ ¨³¥¥É ·¥-
Ï ÕÐ¥¥ §´ Î¥´¨¥. „²Ö Éµ£µ ÎÉµ¡Ò ´ °É¨ ÔÉµÉ ¢±² ¤ ´  Ï± ²¥ µ ∼ 1 ƒÔ‚,
¢µ¸¶µ²Ó§Ê¥³¸Ö ³¥Éµ¤µ³ ·¥´µ·³ ²¨§ Í¨µ´´µ° £·Ê¶¶Ò. ‚ £² ¢´µ³ ²µ£ ·¨Ë³¨-
Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ µ¶¥· Éµ· msQ

(5) ´¥ ¸³¥Ï¨¢ ¥É¸Ö ¸ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³¨
µ¶¥· Éµ· ³¨ ¨ ¶¥·¥´µ·³¨·Ê¥É¸Ö ³Ê²ÓÉ¨¶²¨± É¨¢´µ [74].

�¥´µ·³£·Ê¶¶µ¢µ¥ Ê· ¢´¥´¨¥ ¤²Ö ±µÔËË¨Í¨¥´É  ‚¨²Ó¸µ´  ¨³¥¥É ¶·µ¸Éµ°
¢¨¤: (

µ
d

dµ
+
αs

4π
γ(5)

)
C(µ) = 0 , (2.9)

£¤¥ γ(5) = −28/3 Å  ´µ³ ²Ó´ Ö · §³¥·´µ¸ÉÓ µ¶¥· Éµ·  msQ
(5) [74]. �¥Ï Ö

Ê· ¢´¥´¨¥ (2.9), ¶µ²ÊÎ ¥³

C(µ) = η(µ)C(MW ) . (2.10)

�¥´µ·³£·Ê¶¶µ¢µ° Ë ±Éµ· η(µ) ¨³¥¥É ¢¨¤

η(µ) =

(
αs(mb)

αs(MW )

)γ(5)/2β5
(
αs(mc)

αs(mb)

)γ(5)/2β4
(
αs(µ)

αs(mc)

)γ(5)/2β3

, (2.11)

£¤¥ βnf = 11− 2
3nf Å µ¤´µ¶¥É²¥¢ Ö β-ËÊ´±Í¨Ö ¤²Ö nf ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢.

‚ ·¥§Ê²ÓÉ É¥ ¢³¥¸Éµ Ê· ¢´¥´¨Ö (2.7) ¶·¨ µ ∼ 1 ƒÔ‚ ¶µ²ÊÎ ¥³

∆H∆S=1 =
GF√

2
VudV

∗
usτC

(5)(µ)msQ
(5)(µ) + Ô.¸. (2.12)

—¨¸²¥´´µ¥ §´ Î¥´¨¥ ±µÔËË¨Í¨¥´É  C(5) µ± §Ò¢ ¥É¸Ö ³ ²Ò³ ¶µ ¸· ¢´¥-
´¨Õ ¸ ±µÔËË¨Í¨¥´É ³¨ ‚¨²Ó¸µ´  Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢, ¶µ¸±µ²Ó±Ê
F (x) ¸² ¡µ ³¥´Ö¥É¸Ö ¶·¨ ¨§³¥´¥´¨¨  ·£Ê³¥´É  µÉ ´Ê²Ö ¤µ ¥¤¨´¨ÍÒ, ¨ η(µ) < 1
¶·¨ µ < MW . ’ ±, ¢ ÉµÎ±¥ ΛMS = 0, 3 ƒÔ‚, µ = 1 ƒÔ‚, mt = 176 ƒÔ‚ ³Ò
¨³¥¥³ C(5) = −0, 001, ¢ Éµ ¢·¥³Ö ± ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ±µÔËË¨Í¨¥´É ‚¨²Ó-
¸µ´ , ´ ¶·¨³¥·, µ¶¥· Éµ·  Q6, ¨³¥¥É §´ Î¥´¨¥ y6 = −0, 102 [19]. �¤´ ±µ ¢
· ¡µÉ¥ [75] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¶µ¶· ¢±¨ ± ·¥§Ê²ÓÉ ÉÊ (2.12) §  ¸Î¥É ¸³¥Ï¨¢ -
´¨Ö µ¶¥· Éµ·  msQ

(5) ¸ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³¨ µ¶¥· Éµ· ³¨ ¢µ ¢Éµ·µ³ ¶µ·Ö¤±¥
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¡² £µ¤ ·Ö ÔÉµ³Ê ¸³¥Ï¨¢ ´¨Õ
±µÔËË¨Í¨¥´É ‚¨²Ó¸µ´  µ¶¥· Éµ·  msQ

(5) §´ Î¨É¥²Ó´µ Ê¸¨²¨¢ ¥É¸Ö. ‚ Ê± -
§ ´´µ° ÉµÎ±¥ ´µ·³¨·µ¢±¨ ¸ ÊÎ¥Éµ³ ¸³¥Ï¨¢ ´¨Ö ¢ · ¡µÉ¥ [75] ¡Ò²µ ¶µ²ÊÎ¥´µ
§´ Î¥´¨¥ C(5) = −0, 004, ÎÉµ ¸· ¢´¨³µ ¸µ §´ Î¥´¨Ö³¨ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó-
¸µ´  Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢.

2.3. �¶¥· Éµ·Ò · §³¥·´µ¸É¨ ¢µ¸¥³Ó ¢ ÔËË¥±É¨¢´µ³ ∆S = 1 £ ³¨²ÓÉµ-
´¨ ´¥. �·¨ ¢Ò¢µ¤¥ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  ¢ ��
ÊÎ¨ÉÒ¢ ÕÉ¸Ö µ¶¥· Éµ·Ò ¢¥¤ÊÐ¥° · §³¥·´µ¸É¨, ¢ Éµ ¢·¥³Ö ± ± Î²¥´Ò ¢¨¤ 
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Q(6+d)/md
q , £¤¥ Q(6+d) Å µ¶¥· Éµ·Ò · §³¥·´µ¸É¨ (6 + d) ¨ mq Å ³ ¸¸  ÉÖ-

¦¥²µ£µ ±¢ ·± , µÉ¡· ¸Ò¢ ÕÉ¸Ö. �Éµ ¶·¨¡²¨¦¥´¨¥ Ìµ·µÏµ · ¡µÉ ¥É ¢ ¸²ÊÎ ¥
t- ¨ b-±¢ ·±µ¢, ¶µ¸±µ²Ó±Ê  ¤·µ´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q(6+d)

¨³¥¥É ¶µ·Ö¤µ± 〈Q(6+d)〉I ∼ 〈Q(6)〉I × (1 ƒÔ‚)d (1 ƒÔ‚ ¥¸ÉÓ Ì · ±É¥·´ Ö Ï± ² 
³ ¸¸ ¢ ¸¥±Éµ·¥ ²¥£±¨Ì ±¢ ·±µ¢), ¨ ÔËË¥±É¨¢´Ò° ¶ · ³¥É· · §²µ¦¥´¨Ö µ± §Ò-
¢ ¥É¸Ö ¶µ·Ö¤±  (1 )/mq. �¤´ ±µ c-±¢ ·± ´¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ÉÖ¦¥²Ò³ ¶µ
¸· ¢´¥´¨Õ ¸ Ì · ±É¥·´µ° Ï± ²µ° ³ ¸¸ ¢ ¸¥±Éµ·¥ ²¥£±¨Ì ±¢ ·±µ¢. ˆ§-§  ÔÉµ£µ
¶µ¶· ¢±¨ ¶µ µ¡· É´µ° ³ ¸¸¥ c-±¢ ·±  ³µ£ÊÉ ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´Ò ¨ É·¥¡ÊÕÉ
¤¥É ²Ó´µ£µ  ´ ²¨§  [76].

„µ µÉÐ¥¶²¥´¨Ö c-±¢ ·±  ¤·¥¢¥¸´Ò° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨° ∆S = 1 £ ³¨²Ó-
Éµ´¨ ´ ¨³¥¥É ¢¨¤

H∆S=1 =
GF√

2
VudV

∗
us(Q

u
2 − (1− τ)Qc2) + Ô.¸. (2.13)

�·¨³¥´ÖÖ �� ¨ µ£· ´¨Î¨¢ Ö¸Ó ¢¥¤ÊÐ¨³¨ Î²¥´ ³¨ ¶µ αs ¨ 1/mc, ³Ò ¶µ²ÊÎ ¥³
ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ ¢¨¤ 

H∆S=1 = H(6) +H(8) . (2.14)

�¥·¢µ¥ ¸² £ ¥³µ¥ ¢ Ê· ¢´¥´¨¨ (2.14) ¸µµÉ¢¥É¸É¢Ê¥É ¢¥¤ÊÐ¨³ ¢±² ¤ ³
¶µ µ¡· É´µ° ³ ¸¸¥ c-±¢ ·±  ¨ ¸µ¢¶ ¤ ¥É ¸ ¶· ¢µ° Î ¸ÉÓÕ Ê· ¢´¥´¨Ö (2.2).
‚Éµ·µ¥ ¸² £ ¥³µ¥ ¢ Ê· ¢´¥´¨¨ (2.14) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢¥¤ÊÐ¨¥ ¶µ-
¶· ¢±¨ ¶µ 1/mc. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¸² £ ¥³µ£µ H(8) Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ³¥-
Éµ¤ Ëµ´µ¢µ£µ ¶µ²Ö. ˆ´É¥·¥¸ÊÕÐ¨° ´ ¸ ¢±² ¤ £¥´¥·¨·Ê¥É¸Ö  ´´¨£¨²ÖÍ¨µ´´µ°
¤¨ £· ³³µ° ¸ c-±¢ ·±µ³ ¢ ¶¥É²¥. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥  ´ ²¨É¨Î¥¸±µ¥ ¢Ò· ¦¥´¨¥
¥¸ÉÓ

4
GF√

2
VudV

∗
us(1 − τ)

∫
s̄LγµŜA(q,mc)γµdL

d4q

(2π)4
, (2.15)

£¤¥ ŜA(q,mc) = (q̂ + P̂ − mc)
−1 Å ¶·µ¶ £ Éµ· c-±¢ ·±  ¢µ ¢´¥Ï´¥³ ¶µ²¥,

Pµ Å µ¶¥· Éµ· ¨³¶Ê²Ó¸  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£µ £²Õµ´´µ£µ ¶µ²Ö Aµ, Pµ =

= i∂µ+Aµ, Aµ ≡ Aaµta. � §²µ¦¨³ ´¥²µ± ²Ó´Ò° µ¶¥· Éµ· ŜA(q,mc) ¢ ·Ö¤ ¨§
²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢

ŜA(q,mc) =
1

q̂ −mc
− 1

q̂ −mc
P̂

1

q̂ −mc
+ . . . (2.16)

�µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ¢¨·ÉÊ ²Ó´µ³Ê ¨³¶Ê²Ó¸Ê ·Ö¤ (2.16) ¶·¥¢· Ð ¥É¸Ö
¢ · §²µ¦¥´¨¥ ¶µ µ¡· É´µ° ³ ¸¸¥ c-±¢ ·± . ‚¥¤ÊÐ¨¥ ¶µ¶· ¢±¨ µ¶·¥¤¥²ÖÕÉ¸Ö
Î²¥´µ³, ±µÉµ·Ò° ¸µ¤¥·¦¨É ¶ÖÉÊÕ ¸É¥¶¥´Ó µ¶¥· Éµ·  Pµ:

1

m2
c

s̄LPµ1Pµ2Pµ3Pµ4Pµ5Γµ1µ2µ3µ4µ5dL , (2.17)
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£¤¥ ¢¥²¨Î¨´  Γµ1µ2µ3µ4µ5 ¶µ¸É·µ¥´  ¨§ ¶·µ¨§¢¥¤¥´¨° ³ É·¨Í „¨· ±  ¨ ³¥É·¨-
Î¥¸±µ£µ É¥´§µ· . Šµ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö [Pµ, Pν ] = iGµν ¨ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö

s̄P̂ = mss̄ , P̂ d = 0,

[Pµ, Gµν ] = −iJν ,

Jµ ≡ g2
s

∑
q=u,d,s

(q̄γµt
aq)ta

(2.18)

¶µ§¢µ²ÖÕÉ ¶¥·¥¶¨¸ ÉÓ ¢Ò· ¦¥´¨¥ (2.17) ¢ É¥·³¨´ Ì Gµν ¨ Jµ. ‚ ·¥§Ê²ÓÉ É¥
³Ò ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶µ¶· ¢µ± ¶µ·Ö¤±  1/m2

c:

H(8) =
GF√

2
VudV

∗
us(1− τ)

αs

4π

1

m2
c

(
7∑
i=1

C
(8)
i Q

(8)
i +

4∑
i=1

C
(7)
i msQ

(7)
i

)
+ Ô.¸. ,

(2.19)
£¤¥ ¡ §¨¸ Q(8)

i (i = 1, ..., 7), msQ
(7)
i (i = 1, ..., 4) ²µ± ²Ó´ÒÌ ∆S = 1 µ¶¥· Éµ-

·µ¢ · §³¥·´µ¸É¨ ¢µ¸¥³Ó ¢Ò¡· ´ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Q
(8)
1 = s̄L(D̂GµαGνµσαν +GνµσανD̂Gµα)dL ,

Q
(8)
2 = igss̄L(JµγαGαµ − γαGαµJµ)dL ,

Q
(8)
3 = s̄L(PαGµαγνGνµ + γνGνµGµαPα)dL ,

Q
(8)
4 = gss̄L(Gµνσµν Ĵ + ĴGµνσµν)dL ,

Q
(8)
5 = is̄L(GµνσµνγαGαβPβ − PβγαGαβGµνσµν)dL ,

Q
(8)
6 = s̄L(D2Ĵ)dL , (2.20)

Q
(8)
7 = is̄L(D̂GνµGνµ −GνµD̂Gνµ)dL ,

Q
(7)
1 = s̄R(GµνσµνGαβσαβ)dL ,

Q
(7)
2 = s̄R(GµνGνµ)dL ,

Q
(7)
3 = is̄R(GναGαµσνµ)dL , (2.21)

Q
(7)
4 = s̄R(JµPµ + PµJµ)dL .

ŠµÔËË¨Í¨¥´ÉÒ Cji ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ¶µ αs ±µ´¥Î´Ò ¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥
§´ Î¥´¨Ö:
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C
(8)
1 =

8

15
, C

(8)
2 = −16

15
, C

(8)
3 = −4

5
,

C
(8)
4 =

2

15
, C

(8)
5 = 0 , C

(8)
6 = − 8

15
,

C
(8)
7 = − 2

15
, C

(7)
1 = −2

5
, C

(7)
2 = −2

5
,

C
(7)
3 =

6

5
, C

(7)
4 = 0 .

(2.22)

�É¨ §´ Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÉ ÉµÎ±¥ ´µ·³¨·µ¢±¨ µ = mc. �·¨ mc > µ ∼ 1 ƒÔ‚
±µÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  µ¶¥· Éµ·µ¢ · §³¥·´µ¸É¨ ¢µ¸¥³Ó ³µ£ÊÉ ¡ÒÉÓ ¶µ²Ê-
Î¥´Ò ³¥Éµ¤µ³ ·¥´µ·³ ²¨§ Í¨µ´´µ° £·Ê¶¶Ò. —¨¸²¥´´µ, µ¤´ ±µ, µÉ´µ¸¨É¥²Ó-
´Ò° ¸¤¢¨£ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¶·¨ É ±µ³ ¨§³¥´¥´¨¨ ÉµÎ±¨ ´µ·³¨·µ¢±¨,
µÎ¥¢¨¤´µ, ¡Ê¤¥É ³ ² (¶µ·Ö¤±  αs(µ)

π ln( µ
mc

)).
2.4. �µ¢Ò¥ ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → ππ. ”µ·³Ê²Ò (2.12),

(2.19) ¨ (2.2) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° § ³±´ÊÉµ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ
∆S = 1 £ ³¨²ÓÉµ´¨ ´  ¢ £² ¢´µ³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¸ ÉµÎ-
´µ¸ÉÓÕ ¤µ Î²¥´µ¢ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ 1/m2

c ¨ ms ¶·¨ ÊÎ¥É¥ ¡µ²ÓÏµ° ³ ¸¸Ò
t-±¢ ·± .

„²Ö µÍ¥´±¨ ´µ¢ÒÌ ¢±² ¤µ¢ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ ´ ³ ´¥µ¡Ìµ¤¨³µ ¶µ²Ê-

Î¨ÉÓ µÍ¥´±¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qji 〉0 µ¶¥· Éµ·µ¢ Q(8)
i , msQ

(7)
i ¨ msQ

(5)

(µÎ¥¢¨¤´µ, 〈Qji 〉2 = 0).

„²Ö ´ Î ²  · ¸¸³µÉ·¨³ µ¶¥· Éµ·Ò msQ
(7)
i ¨ msQ

(5). �É¨ µ¶¥· Éµ·Ò ¸µ-
¤¥·¦ É Ö¢´µ ³ ¸¸Ê s-±¢ ·±  ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ
· §²µ¦¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÉ ©£µ²µ¢ ¸É¨± ³ª(tadpoles) ¢ ±¨· ²Ó´µ³ Ô²¥±É·µ¸² -
¡µ³ ² £· ´¦¨ ´¥. �µ²¥¥ ¶µ¤·µ¡´µ ©£µ²µ¢ ¸É¨±¨ª ¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò ¢ ¸²¥-
¤ÊÕÐ¥³ · §¤¥²¥. ‡¤¥¸Ó ³Ò µÉ³¥É¨³, ÎÉµ ¶µ¤µ¡´Ò¥ ¸É·Ê±ÉÊ·Ò ´¥ ¶·¨¢µ¤ÖÉ ±
´ ¡²Õ¤ ¥³Ò³ ÔËË¥±É ³ ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö (¢ ¶¥·¢µ³
¶µ·Ö¤±¥ ¶µ ms) ¢ · ¸¶ ¤ Ì K-³¥§µ´µ¢. ‚ Éµ ¦¥ ¢·¥³Ö ¨Ì ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ò
· ¸¶ ¤µ¢ ¸É· ´´ÒÌ £¨¶¥·µ´µ¢ µ± §Ò¢ ÕÉ¸Ö ´¥ ¶µ¤ ¢²¥´´Ò³¨ [77].

’ ±¨³ µ¡· §µ³, ¶·¨ µÍ¥´±¥  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K-³¥§µ´µ¢ ¶·µ¡²¥³  ¸¢¥-

² ¸Ó ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ Q(8)
i . �£· ´¨Î¨³ ´ ÏÊ

§ ¤ ÎÊ µÍ¥´±µ° ¢¥¤ÊÐ¨Ì 1/mc ¶µ¶· ¢µ± ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò. „²Ö ÔÉµ£µ
¨¸¶µ²Ó§Ê¥³ ¶·µ¸ÉÊÕ ³µ¤¥²Ó:

i) � ¸¸³µÉ·¨³ Éµ²Ó±µ É¥ µ¶¥· Éµ·Ò, ±µÉµ·Ò¥ ¨³¥ÕÉ ´¥´Ê²¥¢Ò¥ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ ¢ · ³± Ì £¨¶µÉ¥§Ò Ë ±Éµ·¨§ Í¨¨.

ii) ‚Ò¡¥·¥³ µ¶¥· Éµ·Ò, ±µÉµ·Ò¥ ¨³¥ÕÉ ¸É·Ê±ÉÊ·Ê (V − A) × (V + A) ¨
³µ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ± ±

(s̄LGµνσµνqR)(q̄RdL) ¨²¨ (s̄LqR)(q̄RGµνσµνdL) . (2.23)
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�ÉµÉ Ï £ ± ¦¥É¸Ö µ¶· ¢¤ ´´Ò³, ¶µ¸±µ²Ó±Ê ¢ ¸²ÊÎ ¥ µ¶¥· Éµ·µ¢ · §³¥·´µ¸É¨
Ï¥¸ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µ¶¥· Éµ·µ¢ ¶µ¤µ¡´µ° ¸É·Ê±ÉÊ·Ò §´ Î¨É¥²Ó´µ Ê¸¨-
²¥´Ò ¶µ ¸· ¢´¥´¨Õ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ (V − A) × (V − A) µ¶¥· Éµ-
·µ¢ [14].

iii) �µ¸²¥¤´¥¥ Ê¶·µÐ¥´¨¥ ¸µ¸Éµ¨É ¢ § ³¥´¥

ψ̄gsGµνσµνψ → m2
0ψ̄ψ , (2.24)

£¤¥ ¢¥²¨Î¨´  m0 µ¶·¥¤¥²¥´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [78,79]:

〈ψ̄gsGµνσµνψ〉 = m2
0〈ψ̄ψ〉 ,

m2
0(1 ƒÔ‚) = 0, 8± 0, 2 ƒÔ‚2 . (2.25)

�É  § ³¥´  ¸¶· ¢¥¤²¨¢  ¤²Ö µ¶¥· Éµ·  ψ̄gsGµνσµνψ · §³¥·´µ¸É¨ ¶ÖÉÓ. ŒÒ
¶µ² £ ¥³, ÎÉµ µ´  µ¶· ¢¤ ´´  ¨ ¢ ¸²ÊÎ ¥ µ¶¥· Éµ·µ¢ · §³¥·´µ¸É¨ ¢µ¸¥³Ó, ¶µ
±· °´¥° ³¥·¥, ¤²Ö µÍ¥´µ± ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò.

‚¸¥ Ê± § ´´Ò¥ ¶·¥¤¶µ²µ¦¥´¨Ö ¸É ´µ¢ÖÉ¸Ö ÉµÎ´Ò³¨ ¢ ¶·¥¤¥²¥ ¡µ²ÓÏµ£µ
Î¨¸²  Í¢¥Éµ¢ Nc →∞.

‚ · ³± Ì µ¶¨¸ ´´µ° ³µ¤¥²¨ ¥¤¨´¸É¢¥´´Ò³ µ¶¥· Éµ·µ³ · §³¥·´µ¸É¨ ¢µ-

¸¥³Ó, ¤ ÕÐ¨³ ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê A0, Ö¢²Ö¥É¸Ö µ¶¥· Éµ· Q(8)
4 . ‘µµÉ¢¥É¸É¢Ê-

ÕÐ¨° ³ É·¨Î´Ò° Ô²¥³¥´É ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ ³ É·¨Î´Ò° Ô²¥³¥´É
µ¶¥· Éµ·  Q6 (2.3):

〈Q(8)
4 〉0 =

m2
0

4
〈Q6〉0 . (2.26)

’ ±¨³ µ¡· §µ³, ÊÎ¥É ¶µ¶· ¢µ± ¶µ·Ö¤±  1/m2
c ¸¢¥²¸Ö ± ÔËË¥±É¨¢´µ³Ê ¸¤¢¨£Ê

±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  µ¶¥· Éµ·  Q6 ¢ £ ³¨²ÓÉµ´¨ ´¥ (2.2):

z6 →
(
z6 +

αs

4π

m2
0

4m2
c

C
(8)
4

)
, y6 →

(
y6 −

αs

4π

m2
0

4m2
c

C
(8)
4

)
. (2.27)

ˆ¸¶µ²Ó§ÊÖ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö z6 = −0, 013, y6 = −0, 102 ¢ ÉµÎ±¥ ΛMS =
0, 3 ƒÔ‚, µ = 1 ƒÔ‚, mt = 176 ƒÔ‚ [19], ³Ò ´ Ìµ¤¨³ µÉ´µ¸¨É¥²Ó´Ò¥ ¶µ¶· ¢±¨
± ±µÔËË¨Í¨¥´É ³ ‚¨²Ó¸µ´ 

z6 → z6(1− 0, 1), y6 → y6(1 + 0, 01). (2.28)

� ¨¡µ²ÓÏ¨¥ ¶µ¶· ¢±¨ ¢µ§´¨± ÕÉ ¢ ¤¥°¸É¢¨É¥²Ó´µ° Î ¸É¨  ³¶²¨ÉÊ¤Ò A0. � -
· ³¥É·¨Î¥¸±¨ ¨Ì µÉ´µ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  µ± §Ò¢ ¥É¸Ö ¶µ·Ö¤±  m2

0/m
2
c ∼ 0, 5.

�¤´ ±µ ¨§-§  ³ ²µ¸É¨ Î¨¸²¥´´µ£µ ±µÔËË¨Í¨¥´É  ¶µ¶· ¢±¨ ¶µ·Ö¤±  1/m2
c ¸µ-

¸É ¢²ÖÕÉ ¶·¨¡²¨§¨É¥²Ó´µ 10% µÉ ¢¥¤ÊÐ¨Ì ¢±² ¤µ¢. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ
ÔÉµÉ ·¥§Ê²ÓÉ É ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ ´ ¨¢´µ° Ë ±Éµ·¨§ Í¨¨  ¤·µ´´ÒÌ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ · §³¥·´µ¸É¨ ¢µ¸¥³Ó. �¥ ²Ó´Ò° ³ ¸ÏÉ ¡ ÔÉ¨Ì ¢±² -
¤µ¢ ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ¶·¨ ¡µ²¥¥ ´ ¤¥¦´µ° µÍ¥´±¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢,
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´ ¶·¨³¥·, ¢ ·¥Ï¥ÉµÎ´ÒÌ ³µ¤¥²ÖÌ. �¤´ ±µ Ö¸´µ, ÎÉµ ¶µ¶· ¢±¨ §  ¸Î¥É µ¶¥-
· Éµ·µ¢ ¢Ò¸Ï¨Ì · §³¥·´µ¸É¥° ¢·Ö¤ ²¨ ³µ£ÊÉ ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´¨ÉÓ §´ Î¥´¨Ö
 ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K-³¥§µ´µ¢, ¢ÒÎ¨¸²¥´´ÒÌ ¶·¨ ¶µ³µÐ¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ
ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  (2.2). ’ ±¨³ µ¡· §µ³, ·¥Ï¥´¨¥ ¶·µ¡²¥³ É¥µ-
·¥É¨Î¥¸±µ£µ  ´ ²¨§  ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ K-³¥§µ´µ¢ ¢ ‘Œ ¸¢Ö§ ´µ, ¶µ-
¢¨¤¨³µ³Ê, ¸ ¡µ²¥¥  ±±Ê· É´µ° µÍ¥´±µ°  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥-
ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢.

3. �„����›… Œ�’�ˆ—�›… �‹…Œ…�’›

3.1. Œ¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢. �¤´µ° ¨§
µ¸´µ¢´ÒÌ ¶·µ¡²¥³  ´ ²¨§  ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ K-³¥§µ´µ¢ Ö¢²Ö¥É¸Ö µÍ¥´± 
 ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ (2.3), µ¡· §Ê-
ÕÐ¨Ì ÔËË¥±É¨¢´Ò° ∆S = 1 £ ³¨²ÓÉµ´¨ ´ (2.2). ‡´ Î¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éµ¢ µ¶·¥¤¥²ÖÕÉ¸Ö ¤¨´ ³¨±µ° ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ´  ¡µ²ÓÏ¨Ì · ¸-
¸ÉµÖ´¨ÖÌ, ¨ ¨Ì ¢ÒÎ¨¸²¥´¨¥ É·¥¡Ê¥É ¶·¨³¥´¥´¨Ö ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ³¥Éµ¤µ¢.
ˆ§ ¨³¥ÕÐ¨Ì¸Ö ¶µ¤Ìµ¤µ¢ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ ¸²¥¤ÊÕÐ¨¥.

1. ‚ÒÎ¨¸²¥´¨Ö ´  ·¥Ï¥É± Ì [40Ä44] Ö¢²ÖÕÉ¸Ö, ¶µ-¢¨¤¨³µ³Ê, ¥¤¨´¸É¢¥´-
´Ò³ ³¥Éµ¤µ³ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, Í¥²¨±µ³ µ¸´µ¢ ´´Ò³ ´ 
¶¥·¢ÒÌ ¶·¨´Í¨¶ Ì. �¤´ ±µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÉµÎ´µ¸ÉÓ ¨ ´ ¤¥¦´µ¸ÉÓ ·¥-
Ï¥ÉµÎ´ÒÌ ³¥Éµ¤µ¢ ´¥¤µ¸É ÉµÎ´  ¤²Ö Éµ£µ, ÎÉµ¡Ò ¨Ì ·¥§Ê²ÓÉ ÉÒ ³µ£²¨ ¡ÒÉÓ
¨¸¶µ²Ó§µ¢ ´Ò ¢  ´ ²¨§¥ · ¸¶ ¤µ¢ K → ππ. Š·µ³¥ Éµ£µ, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ
É ±¨¥ ´¥¤µ¸É É±¨ ³¥Éµ¤ , ± ± µÉ¸ÊÉ¸É¢¨¥ Ö¢´µ£µ  ´ ²¨É¨Î¥¸±µ£µ ·¥Ï¥´¨Ö ¨
É·Ê¤´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ±¨· ²Ó´ÒÌ Ë¥·³¨µ´µ¢ ´  ·¥Ï¥É±¥.

2. ” ±Éµ·¨§ Í¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ [7Ä9]. Š ± Ê¦¥ ¡Ò²µ µÉ³¥Î¥´µ,
´ ¨¢´ Ö Ë ±Éµ·¨§ Í¨Ö ¶·¨¢µ¤¨É ± ± É ¸É·µË¨Î¥¸±µ³Ê · ¸Ìµ¦¤¥´¨Õ É¥µ·¥É¨-
Î¥¸±¨Ì ·¥§Ê²ÓÉ Éµ¢ ¨ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É . Š·µ³¥ Éµ£µ, ¢ · ³± Ì ¶·µÍ¥¤Ê·Ò
Ë ±Éµ·¨§ Í¨¨ ¢µ§´¨± ÕÉ É·Ê¤´µ¸É¨ ¸ ¸µ£² ¸µ¢ ´¨¥³ ¸Ì¥³ ¢ÒÎ¨¸²¥´¨Ö ±µÔË-
Ë¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢.
‚ ¸ ³µ³ ¤¥²¥,  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ ´¥ ¤µ²¦´Ò § ¢¨¸¥ÉÓ µÉ ÉµÎ±¨ ´µ·³¨·µ¢±¨.
‘²¥¤µ¢ É¥²Ó´µ, § ¢¨¸¨³µ¸ÉÓ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  µÉ µ ¤µ²¦´  ±µ³¶¥´-
¸¨·µ¢ ÉÓ¸Ö  ´ ²µ£¨Î´µ° § ¢¨¸¨³µ¸ÉÓÕ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢. ‚ Éµ ¦¥ ¢·¥³Ö
Ë ±Éµ·¨§µ¢ ´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ, ´ ¶·¨³¥·, µ¶¥· Éµ·  Q2, ·¥´µ·³-
¨´¢ ·¨ ´É´Ò (¢¸²¥¤¸É¢¨¥ ·¥´µ·³¨´¢ ·¨ ´É´µ¸É¨ (V − A)-Éµ±µ¢).

3. �ËË¥±É¨¢´Ò¥ ³µ¤¥²¨. � §²¨Î´Ò¥ ÔËË¥±É¨¢´Ò¥ ¶·¨¡²¨¦¥´¨Ö (¤¨-
±¢ ·±¨ [81], ¶µ¤µ¡´Ò¥ ³µ¤¥²¨ � ³¡Ê Å ˆµ´ -‹ §¨´¨µ [38, 82Ä84] ¨ É.¤.),
¶·¨¢µ¤ÖÉ ± Ê²ÊÎÏ¥´¨Õ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ±  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢. ‘¢Ö§Ó ÔÉ¨Ì
³µ¤¥²¥° ¸ Š•„, µ¤´ ±µ, ´¥ ¢¶µ²´¥ Ö¸´ .

4. Š¨· ²Ó´ Ö ÔËË¥±É¨¢´ Ö É¥µ·¨Ö [28, 29] ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö
´ ¨¡µ²¥¥ ³µÐ´Ò³ ¸·¥¤¸É¢µ³ ¨¸¸²¥¤µ¢ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ
³¥§µ´µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ.
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�¨¦¥ ³Ò · ¸¸³µÉ·¨³ ¶·¨´Í¨¶Ò ¶µ¸É·µ¥´¨Ö ÔËË¥±É¨¢´µ£µ ±¨· ²Ó´µ£µ
¤¥°¸É¢¨Ö.

3.2. Š¨· ²Ó´ Ö ÔËË¥±É¨¢´ Ö É¥µ·¨Ö. ”µ·³  ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ 
µ¶·¥¤¥²Ö¥É¸Ö [85Ä91]:

i) É· ´¸Ëµ·³ Í¨µ´´Ò³¨ ¸¢µ°¸É¢ ³¨ µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´µ° £·Ê¶¶Ò
SUL(3)× SUR(3),

ii) µÉµ¦¤¥¸É¢²¥´¨¥³ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¸ £µ²¤¸ÉµÊ´µ¢¸±¨³¨ ¡µ-
§µ´ ³¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸¶µ´É ´´µ³Ê ´ ·ÊÏ¥´¨Õ ¸¨³³¥É·¨¨
SUL(3)× SUR(3) ¤µ SUV (3).

”¨§¨Î¥¸±¨³ ¶µ²¥³ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  Ö¢²Ö¥É¸Ö µ±É¥É ¶¸¥¢¤µ¸± -
²Ö·´ÒÌ ³¥§µ´µ¢

φ =


π0/
√

2 + η/
√

6 π+ K+

π− −π0/
√

2 + η/
√

6 K0

K− K̄0 −2η/
√

6

 , (3.1)

±µÉµ·Ò° ¸µ¤¥·¦¨É¸Ö ¢ Ê´¨É ·´µ° ³ É·¨Í¥

U = exp

(
i
2φ

fπ

)
. (3.2)

Œ É·¨Í  U ¶·¥µ¡· §Ê¥É¸Ö µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´µ° £·Ê¶¶Ò ¸²¥¤ÊÕÐ¨³ µ¡· -
§µ³:

U → VRUV
†
L , (3.3)

£¤¥ VL (VR) Å Ô²¥³¥´É £·Ê¶¶Ò SUL(3) (SUR(3)).
�µ²¥ U ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ ¢¥±Éµ·´Ò³ vµ,  ±¸¨ ²Ó´Ò³ aµ, ¸± ²Ö·´Ò³ s ¨

¶¸¥¢¤µ¸± ²Ö·´Ò³ p ¨¸ÉµÎ´¨± ³¨. �µ²¥ χ = s + ip µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´µ°
£·Ê¶¶Ò ¶·¥µ¡· §Ê¥É¸Ö  ´ ²µ£¨Î´µ ¶µ²Õ U , ¢ Éµ ¢·¥³Ö ± ± ¶µ²Ö rµ = aµ + vµ
¨ lµ = aµ − vµ ¶·¥µ¡· §ÊÕÉ¸Ö ´¥µ¤´µ·µ¤´µ:

rµ → VRrµV
†
R + iVR∂µV

†
R ,

lµ → VLlµV
†
L + iVL∂µV

†
L .

(3.4)

Ÿ¢´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ±¢ ·±µ¢Ò³¨ ³ ¸¸ ³¨ ³µ¦¥É ¡ÒÉÓ
¶µ²ÊÎ¥´µ ¶ÊÉ¥³ Ë¨±¸¨·µ¢ ´¨Ö ´¥´Ê²¥¢µ£µ §´ Î¥´¨Ö ¶µ²Ö χ. “¤µ¡´µ ¶¥·¥-
µ¶·¥¤¥²¨ÉÓ ÔÉµ ¶µ²¥:

χ→ χ =
2mπ±

md +mu
(s+ ip) . (3.5)
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’µ£¤  ¶·¨ p = 0 ¨

s =

 mu 0 0
0 md 0
0 0 ms

 (3.6)

³ É·¨Í  χ Ö¢²Ö¥É¸Ö ³ É·¨Í¥° ³ ¸¸ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢.
�ËË¥±É¨¢´Ò° ±¨· ²Ó´Ò° ² £· ´¦¨ ´ ¸ § ¤ ´´Ò³¨ É· ´¸Ëµ·³ Í¨µ´´Ò³¨

¸¢µ°¸É¢ ³¨ ¸É·µ¨É¸Ö ¨§ µ¡Ñ¥±Éµ¢, ²¨´¥°´µ ¶·¥µ¡· §ÊÕÐ¨Ì¸Ö µÉ´µ¸¨É¥²Ó´µ
£·Ê¶¶Ò SUL(3)× SUR(3),   ¨³¥´´µ:

i) ²¥¢ÒÌ ¨ ¶· ¢ÒÌ Éµ±µ¢

Rµ = iU∇µU † ,
Lµ = iU †∇µU ,

(3.7)

£¤¥ ∇µ Å ±µ¢ ·¨ ´É´ Ö ¶·µ¨§¢µ¤´ Ö ∇µU = ∂µU − irµ + iUlµ,
ii) É¥´§µ·  ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²¥° lµ ¨ rµ,
iii) ¸± ²Ö·´ÒÌ ¶²µÉ´µ¸É¥° χ†U , Uχ†, U †χ ¨ χU † ¢ ¢¨¤¥ ·Ö¤  ¶µ ∇µ,

lµ, rµ, χ ¨ χ† (· §²µ¦¥´¨¥ ¶µ p2). �¥ ²Ó´Ò³ ¶ · ³¥É·µ³ ±¨· ²Ó´µ£µ · §-
²µ¦¥´¨Ö Ö¢²Ö¥É¸Ö ¡¥§· §³¥·´ Ö ¢¥²¨Î¨´  p2/Λ2

χ [89,90], £¤¥ p2 Å ¨³¶Ê²Ó¸
¶¸¥¢¤µ¸± ²Ö·´µ£µ ³¥§µ´  ¨²¨ ¢´¥Ï´¥£µ ¶µ²Ö ¨

Λ2
χ = 8π2f2

π ∼ 1 ƒÔ‚2 . (3.8)

ŠµÔËË¨Í¨¥´ÉÒ ·Ö¤  ´¥ Ë¨±¸¨·ÊÕÉ¸Ö ¸¨³³¥É·¨Ö³¨ ² £· ´¦¨ ´ ,   µ¶·¥-
¤¥²ÖÕÉ¸Ö ¤¨´ ³¨±µ° ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‚ µ¡Ð¥³ ¢¨¤¥ ¸¢Ö§Ó ³¥¦¤Ê
² £· ´¦¨ ´µ³ ‘Œ ¨ ÔËË¥±É¨¢´Ò³ ±¨· ²Ó´Ò³ ² £· ´¦¨ ´µ³ ³µ¦´µ § ¶¨-
¸ ÉÓ, ¨¸¶µ²Ó§ÊÖ ¶·¥¤¸É ¢²¥´¨¥ ±µ´É¨´Ê ²Ó´µ£µ ¨´É¥£· ²  ¤²Ö ¶·µ¨§¢µ¤ÖÐ¥£µ
ËÊ´±Í¨µ´ ²  ËÊ´±Í¨° ƒ·¨´ :

Z(vµ, aµ, s, p) =

∫
DAµDψ̄Dψ exp

(
i

∫
LŠ•„(vµ, aµ, s, p)dx

)
=

=

∫
DU exp

(
i

∫
Lχ(vµ, aµ, s, p)dx

)
, (3.9)

£¤¥ LŠ•„ Å ² £· ´¦¨ ´ (ÔËË¥±É¨¢´Ò°) ‘Œ, ¸µ¤¥·¦ Ð¨° ±¢ ·±µ¢Ò¥ ¨ £²Õ-
µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò, ¨ Lχ Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ±¨· ²Ó´Ò° ² £· ´¦¨ ´. ‚
¶·¨´Í¨¶¥ Ê· ¢´¥´¨¥ (3.9) ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²Ö¥É ±¨· ²Ó´Ò° ² £· ´¦¨ ´.

„·¥¢¥¸´Ò° ±¨· ²Ó´Ò° ² £· ´¦¨ ´ ´¥ Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ Ê´¨É ·´µ¸É¨.
‚µ¸¸É ´µ¢²¥´¨¥ Ê´¨É ·´µ¸É¨ É·¥¡Ê¥É ÊÎ¥É  ¶¥É²¥¢ÒÌ ¢±² ¤µ¢. •µÉÖ ±¨· ²Ó-
´Ò° ² £· ´¦¨ ´ ´¥ Ö¢²Ö¥É¸Ö ¶¥·¥´µ·³¨·Ê¥³Ò³, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶¥·¥´µ·-
³¨·µ¢±¨ ±µ´É·Î²¥´Ò ³µ£ÊÉ ¡ÒÉÓ ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²¥´Ò ¢ ²Õ¡µ³ ±µ´¥Î´µ³
¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö.

�µ¸²¥ Éµ£µ ± ± ±¨· ²Ó´Ò° ² £· ´¦¨ ´ µ¶·¥¤¥²¥´,  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸µ¢
¢ÒÎ¨¸²ÖÕÉ¸Ö ¸É ´¤ ·É´Ò³¨ ³¥Éµ¤ ³¨ É¥µ·¨¨ ¶µ²Ö.
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�·¨¢¥¤¥³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¨²Ó´µ£µ ¨ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ
² £· ´¦¨ ´  ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö. Š¨· ²Ó´Ò° ² £· ´-
¦¨ ´ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¨³¥¥É ¢¨¤ [91]:

Lχ¸¨² =
f2
π

8

(
trfl

(
∇µU †∇µU

)
+ trfl

(
U †χ+ χ†U

))
+O(p4) . (3.10)

‚µ ¢Éµ·µ³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ±¨· ²Ó´Ò° ² £· ´¦¨ ´ ¸¨²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ¸Éµ¨É ¨§ ¸² £ ¥³µ£µ ‚¥¸¸ Ä‡Ê³¨´µ, ±µÉµ·µ¥ µ¶¨¸Ò¢ ¥É ±¨-
· ²Ó´ÊÕ  ´µ³ ²¨Õ [88], ¨ ±¨· ²Ó´µ-¨´¢ ·¨ ´É´µ£µ ¸² £ ¥³µ£µ, ±µÉµ·µ¥ ¶ -
· ³¥É·¨§Ê¥É¸Ö ¤¢¥´ ¤Í ÉÓÕ ´¥§ ¢¨¸¨³Ò³¨ ±µ´¸É ´É ³¨. —¨¸²¥´´Ò¥ §´ Î¥´¨Ö
ÔÉ¨Ì ±µ´¸É ´É ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [91].

’· ´¸Ëµ·³ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ , µ¶¨¸Ò¢ ÕÐ¥£µ
∆S = 1 ¢§ ¨³µ¤¥°¸É¢¨¥ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢, µ¶·¥¤¥²ÖÕÉ¸Ö ÔËË¥±É¨¢-
´Ò³ £ ³¨²ÓÉµ´¨ ´µ³ (2.2). �´ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê³³Ê (8L × 1R)+
+(27L × 1R) ´¥¶·¨¢µ¤¨³ÒÌ ¶·¥¤¸É ¢²¥´¨° ±¨· ²Ó´µ° £·Ê¶¶Ò [28]:

Lχ∆S=1 = L8
∆S=1 + L27

∆S=1 , (3.11)

£¤¥

L8
∆S=1 = c8f

2
π

(
∇µU †∇µU

)
23

+ c′8f
2
π

(
U †χ+ χ†U

)
23

+ Ô.¸. +O(p4) , (3.12)

L27
∆S=1 = c27f

2
π

(
2

3

(
U †∇µU

)
21

(
U †∇µU

)
13

+
(
U †∇µU

)
23

(
U †∇µU

)
11

)
+

+Ô.¸. +O(p4) , (3.13)

¨ cf Å ´¥±µÉµ·Ò¥ Î¨¸² . ‘É·Ê±ÉÊ·  ¶µ²´µ£µ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² -
£· ´¦¨ ´ , ±µÉµ·Ò° µ¶¨¸Ò¢ ¥É ± ± ´¥²¥¶Éµ´´Ò¥, É ± ¨ · ¤¨ Í¨µ´´Ò¥ · ¸-
¶ ¤Ò K-³¥§µ´µ¢, ¢ ¶µ·Ö¤±¥ O(p4) §´ Î¨É¥²Ó´µ ¡µ²¥¥ ¸²µ¦´  ¨ ¢±²ÕÎ ¥É 78
´¥§ ¢¨¸¨³ÒÌ ¶ · ³¥É·µ¢ [29]. ˆ³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´¥¤µ-
¸É ÉµÎ´Ò ¤²Ö µ¶·¥¤¥²¥´¨Ö ÔÉ¨Ì ¶ · ³¥É·µ¢.

� ¸¸³µÉ·¨³ ¢Éµ·µ¥ ¸² £ ¥³µ¥ ¢ µ±É¥É´µ° Î ¸É¨ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó-
´µ£µ ² £· ´¦¨ ´  (3.12), ±µÉµ·µ¥ ¢±²ÕÎ ¥É ³ É·¨ÍÊ χ (χ†). �Éµ ¸² £ ¥³µ¥
¸µ¤¥·¦¨É ¶¥·¢ÊÕ ¸É¥¶¥´Ó ¶µ²Ö φ ¨ µÉ´µ¸¨É¸Ö ± É ± ´ §Ò¢ ¥³Ò³ ©£µ²µ¢ ¸É¨-
± ³ª. ©ƒµ²µ¢ ¸É¨±¨ª Ê¦¥ Ê¶µ³¨´ ²¨¸Ó ´ ³¨ ¢ · §¤. 2 ¶·¨ µÍ¥´±¥ ³ É·¨Î´ÒÌ

Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ msQ
(5) ¨ msQ

(7)
i . �É¨ µ¶¥· Éµ·Ò ¸µ¤¥·¦ É Ö¢´µ ±¢ ·-

±µ¢ÊÕ ³ ¸¸Ê ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö
¸µµÉ¢¥É¸É¢ÊÕÉ ©£µ²µ¢ ¸É¨± ³ª ¢ ±¨· ²Ó´µ³ ² £· ´¦¨ ´¥.

ˆ§¢¥¸É´µ, ÎÉµ ¢±² ¤Ò ©£µ²µ¢ ¸É¨±µ¢ª Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ ¨¸¶µ²Ó§µ¢ ´¨Ö
´¥¶· ¢¨²Ó´µ£µ ¢ ±ÊÊ³´µ£µ ¸µ¸ÉµÖ´¨Ö. „¥°¸É¢¨É¥²Ó´µ, ´ ²¨Î¨¥ ¢ ² £· ´¦¨ ´¥
²¨´¥°´ÒÌ ¶µ ¶µ²Õ Î²¥´µ¢ £µ¢µ·¨É µ Éµ³, ÎÉµ Ê¸²µ¢¨¥

δ

δφ
Sχ|φ=φ0 = 0 , (3.14)
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£¤¥ Sχ Å ±¨· ²Ó´µ¥ ¤¥°¸É¢¨¥, µ¶·¥¤¥²Ö¥É ¢ ±ÊÊ³ φ0 6= 0. �¤´ ±µ ¨§-§  ¸¶µ´-
É ´´µ£µ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ ¢ ±ÊÊ³ Ö¢²Ö¥É¸Ö ¢Ò·µ¦¤¥´´Ò³. � §²¨Î´Ò¥ ¢ -
±ÊÊ³Ò ¸¢Ö§ ´Ò ³¥¦¤Ê ¸µ¡µ° ¶·¥µ¡· §µ¢ ´¨Ö³¨ £·Ê¶¶Ò SUA(3). � ¡²Õ¤ ¥³Ò¥
 ³¶²¨ÉÊ¤Ò ´¥ § ¢¨¸ÖÉ µÉ ±µ´±·¥É´µ£µ ¢Ò¡µ·  µ¤´µ£µ ¨§ Ô±¢¨¢ ²¥´É´ÒÌ ¢ -
±ÊÊ³µ¢. �µÔÉµ³Ê, ¥¸²¨ ¢µ§³µ¦´µ ¶¥·¥µ¶·¥¤¥²¨ÉÓ ¶µ²Ö φ → φ′ ¸ ¶µ³µÐÓÕ
SUA(3)-¶·¥µ¡· §µ¢ ´¨Ö É ±¨³ µ¡· §µ³, ÎÉµ φ′0 = 0, Éµ ©£µ²µ¢ ¸É¨±¨ª ´¥ ¶·¨-
¢µ¤ÖÉ ± ´ ¡²Õ¤ ¥³Ò³ ÔËË¥±É ³. ‚ ¶µ·Ö¤±¥ O(p2) ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö Ö¢-
´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö SUA(3)-¶·¥µ¡· §µ¢ ´¨Ö, ±µÉµ·µ¥ µ¶·¥¤¥²Ö¥É ¶· ¢¨²Ó´Ò°
¢ ±ÊÊ³ ¶·¨ ÊÎ¥É¥ ©£µ²µ¢ ¸É¨± ª ¢ Ô²¥±É·µ¸² ¡µ³ ² £· ´¦¨ ´¥, ¡Ò²µ ´ °¤¥´µ
¢ · ¡µÉ¥ [92]. ‘ ¶µ³µÐÓÕ ÔÉµ£µ ¶·¥µ¡· §µ¢ ´¨Ö ©£µ²µ¢ ¸É¨±ª ¶µ£²µÐ ¥É¸Ö
³ ¸¸µ¢Ò³ Î²¥´µ³ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (3.10).
’ ±¨³ µ¡· §µ³, ²¨´¥°´Ò° ¶µ ¶µ²Õ U (U †) Î²¥´ ¢ Ê· ¢´¥´¨¨ (3.12) ´¥ ¤ ¥É
¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → ππ ¢ ¶µ·Ö¤±¥ O(p2). ‚ · ¡µÉ¥ [93] ¡Ò²µ
¶·¥¤²µ¦¥´µ ¤·Ê£µ¥ ¤µ± § É¥²Ó¸É¢µ ÔÉµ£µ Ë ±É . �¢Éµ·Ò [93] ¶µ± § ²¨, ÎÉµ ¢
¶¥·¢µ³ ¶µ·Ö¤±¥ ¶µ p2 ¨ GF ©£µ²µ¢ ¸É¨±ª Ö¢²Ö¥É¸Ö ¶µ²´µ° ¤¨¢¥·£¥´Í¨¥° ¨,
¸²¥¤µ¢ É¥²Ó´µ, ´¥ ¤ ¥É ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ ´  ³ ¸¸µ¢µ° µ¡µ²µÎ±¥ (¢
µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¶µ²Ö).

�·¨¢¥¤¥´´Ò¥ · ¸¸Ê¦¤¥´¨Ö, µ¤´ ±µ, µÉ´µ¸ÖÉ¸Ö Éµ²Ó±µ ± ¶¸¥¢¤µ¸± ²Ö·´Ò³
³¥§µ´ ³, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö £µ²¤¸ÉµÊ´µ¢¸±¨³¨ ¡µ§µ´ ³¨. ‚ ¸²ÊÎ ¥ · ¸¶ ¤µ¢,
´ ¶·¨³¥·, ¸É· ´´ÒÌ £¨¶¥·µ´µ¢ ¤µ¶µ²´¨É¥²Ó´µ¥ ±¨· ²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ µ¶¥· -
Éµ·µ¢, ¸µ¤¥·¦ Ð¨Ì Ö¢´µ ³ ¸¸Ê ±¢ ·± , µÉ¸ÊÉ¸É¢Ê¥É [77].

�·µ¡²¥³  µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¢ · ³± Ì
±¨· ²Ó´µ° ÔËË¥±É¨¢´µ° É¥µ·¨¨ ¸¢¥² ¸Ó, É ±¨³ µ¡· §µ³, ± µ¶·¥¤¥²¥´¨Õ ¶ -
· ³¥É·µ¢ ÔËË¥±É¨¢´µ£µ ±¨· ²Ó´µ£µ ¤¥°¸É¢¨Ö ´  µ¸´µ¢ ´¨¨ Š•„. „²Ö ÔÉµ°
Í¥²¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò.

i) ‚ · ¡µÉ Ì [33,34] Ô²¥±É·µ¸² ¡Ò° ±¨· ²Ó´Ò° ² £· ´¦¨ ´ ¨¸¸²¥¤µ¢ ²¸Ö ¸
¶µ³µÐÓÕ 1/Nc-· §²µ¦¥´¨Ö. �¢Éµ· ³¨ [33,34] ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸µ£² ¸µ¢ ´´Ò¥
µÍ¥´±¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢, ¨, É ±¨³ µ¡· -
§µ³, §´ Î¨É¥²Ó´µ Ê³¥´ÓÏ¥´µ · ¸Ìµ¦¤¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ±  ³¶²¨ÉÊ¤
· ¸¶ ¤µ¢ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚µ¶·µ¸ µ ´ ¤¥¦´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢
1/Nc-· §²µ¦¥´¨Ö, É¥³ ´¥ ³¥´¥¥, µ¸É ¥É¸Ö µÉ±·ÒÉÒ³. Š·µ³¥ Éµ£µ, ¢ · ³± Ì
ÔÉµ£µ ³¥Éµ¤  ´¥ Ê¤ ²µ¸Ó ¤µ ±µ´Í  ·¥Ï¨ÉÓ ¶·µ¡²¥³Ê ¸µ£² ¸µ¢ ´¨Ö ¸Ì¥³ ¢ÒÎ¨-
¸²¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢.

ii) ‚ · ¡µÉ Ì [35Ä38] ¡Ò²  ¸¤¥² ´  ¶µ¶ÒÉ±  ¢ÒÎ¨¸²¨ÉÓ ¶ · ³¥É·Ò Ô²¥±-
É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ , ¨¸¶µ²Ó§ÊÖ ¶· ¢¨²  ¸Ê³³ ¤²Ö ¤¢ÊÌÉµÎ¥Î-
´µ° ËÊ´±Í¨¨ ƒ·¨´  〈0|TQi(x)Qj(y)|0〉. �¤´ ±µ ¨§-§  ¡µ²ÓÏ¨Ì  ¤·µ´´ÒÌ ¨
Š•„-¶µ¶· ¢µ± ¨ ´¥¸É ¡¨²Ó´µ¸É¨ ¶· ¢¨² ¸Ê³³ ¢ · ³± Ì ÔÉµ£µ ³¥Éµ¤  µ± § -
²µ¸Ó ´¥¢µ§³µ¦´Ò³ ¸¢Ö§ ÉÓ  ¤·µ´´µ¥ ¨ Š•„-¶·¥¤¸É ¢²¥´¨Ö ËÊ´±Í¨¨ ƒ·¨´  ¨
¶µ²ÊÎ¨ÉÓ µ¶·¥¤¥²¥´´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ¶ · ³¥É·µ¢ ±¨· ²Ó´µ£µ ² £· ´¦¨-
 ´  ¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ Qi.

iii) ‚ · ¡µÉ¥ [30] ¡Ò²  ¸¤¥² ´  ¶µ¶ÒÉ±  µÍ¥´¨ÉÓ ¶ · ³¥É·Ò Ô²¥±É·µ¸² -
¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ , ´ ¸ÒÐ Ö ¨Ì ¢±² ¤ ³¨ ´¨§±µ²¥¦ Ð¨Ì ·¥§µ´ ´-
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¸µ¢. �ÉµÉ ³¥Éµ¤ Ö¢²Ö¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¨ ´¥ ¨³¥¥É ¶·Ö³µ° ¸¢Ö§¨ ¸
Š•„, ¶µ¸±µ²Ó±Ê ±µ´¸É ´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¸ ´¨§-
±µ²¥¦ Ð¨³¨ ·¥§µ´ ´¸ ³¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´É . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
É ±¨³ µ¡· §µ³ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥ ´¥¢¥¤ÊÐ¨Ì
¶µ·Ö¤±µ¢ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ . �µ¤µ¡´Ò°  ´ ²¨§ ± ¦¥É¸Ö
¢¶µ²´¥ µ¡µ¸´µ¢ ´´Ò³, ¶µ¸±µ²Ó±Ê ¨§¢¥¸É´µ, ÎÉµ ¶ · ³¥É·Ò ¸¨²Ó´µ£µ ±¨· ²Ó-
´µ£µ ² £· ´¦¨ ´  ¸ÊÐ¥¸É¢¥´´Ò³ µ¡· §µ³ µ¶·¥¤¥²ÖÕÉ¸Ö ¢±² ¤ ³¨ ´¨§±µ²¥¦ -
Ð¨Ì ·¥§µ´ ´¸µ¢ [94, 95]. �¤´ ±µ ´¥¤µ¸É ÉµÎ´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥
¨ ¸²µ¦´ Ö ¸É·Ê±ÉÊ·  Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¶·¥¶ÖÉ¸É¢ÊÕÉ
¶µ²´µ³Ê ¶·µ¢¥¤¥´¨Õ ÔÉµ° ¶·µ£· ³³Ò.

iv) ‚ · ¡µÉ Ì [96, 97] ¤²Ö µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ Ô²¥±É·µ¸² ¡µ£µ ±¨-
· ²Ó´µ£µ ² £· ´¦¨ ´  ¡Ò² ¶·¥¤²µ¦¥´ ³¥Éµ¤, µ¸´µ¢ ´´Ò° ´  ¨¸¸²¥¤µ¢ ´¨¨
É·¥ÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´  ³¥Éµ¤µ³ Š•„-¶· ¢¨² ¸Ê³³. � ¸¸³µÉ·¨³ ¥£µ
¡µ²¥¥ ¶µ¤·µ¡´µ.

3.3. �· ¢¨²  ¸Ê³³ ¤²Ö É·¥ÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ . ‚ ‘Œ ÔËË¥±-
É¨¢´Ò° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨° ∆S = 1 £ ³¨²ÓÉµ´¨ ´ § ¤ ´ ¢Ò· ¦¥´¨¥³ (2.2).
�ËË¥±É¨¢´Ò° ±¨· ²Ó´Ò° ∆S = 1 ² £· ´¦¨ ´ ¨³¥¥É ¢¨¤ (3.11). � Ï  § -
¤ Î  Å ¸¢Ö§ ÉÓ ÔÉ¨ ¤¢  ¶·¥¤¸É ¢²¥´¨Ö ¸µ£² ¸´µ Ê· ¢´¥´¨Õ (3.9) ¨ ¢Ò· §¨ÉÓ
¶ · ³¥É·Ò ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  Î¥·¥§ ¶ · ³¥É·Ò Š•„.

�· ±É¨Î¥¸±¨ § ¤ Î  ¸¢µ¤¨É¸Ö ± ¶µ¸É·µ¥´¨Õ ±¨· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö
Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ (2.3). “¤µ¡´µ ¶¥·¥°É¨ ± ¡ §¨¸Ê ¨§µÉµ¶¨Î¥-
¸±¨ ´¥¶·¨¢µ¤¨³ÒÌ µ¶¥· Éµ·µ¢ Qfi , ¶·¨´ ¤²¥¦ Ð¨Ì ¶·¥¤¸É ¢²¥´¨Õ (fL× 1R)
(f = 8, 27) ±¨· ²Ó´µ° £·Ê¶¶Ò, ±µÉµ·Ò° ¸¢Ö§ ´ ¸ ¡ §¨¸µ³ (2.3) ²¨´¥°´Ò³
¶·¥µ¡· §µ¢ ´¨¥³. Ÿ¢´Ò° ¢¨¤ ÔÉµ£µ ¡ §¨¸  ´ ³ ´¥ ¶µ´ ¤µ¡¨É¸Ö. �·¥¤¸É ¢¨³
µ¶¥· Éµ·Ò Qfi ¢ ¢¨¤¥ ·Ö¤  ¶µ p2:

Q8
i = (Q8

i )χ ≡ gi8f4
π

(
∂µU

†∂µU
)

23
+ g′8

i
f4
π

(
U †χ+ χ†U

)
23

+O(p4) , (3.15)

Q27
i = (Q27

i )χ ≡ gi27f
4
π

(
2

3

(
U †∂µU

)
21

(
U †∂µU

)
13

+

+
(
U †∂µU

)
23

(
U †∂µU

)
11

)
+O(p4) . (3.16)

ŠµÔËË¨Í¨¥´ÉÒ gif ·Ö¤µ¢ (3.15), (3.16) µ¶·¥¤¥²ÖÕÉ¸Ö Ê¸²µ¢¨¥³

〈Q8
i 〉I = 〈(Q8

i )χ〉I , (3.17)

〈Q27
i 〉I = 〈(Q27

i )χ〉I . (3.18)

�¶·¥¤¥²¨¢ ÔÉ¨ ±µÔËË¨Í¨¥´ÉÒ ¤²Ö ¢¸¥Ì µ¶¥· Éµ·µ¢ Qfi , ³Ò ¶µ²´µ¸ÉÓÕ µ¶·¥-
¤¥²¨³ ¶ · ³¥É·Ò cf ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¢ ¶µ·Ö¤±¥ O(p2).

�µ²ÊÎ¨ÉÓ ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¶ · ³¥É· Ì gif ³Ò ³µ¦¥³, ¢ÒÎ¨¸²¨¢
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µ¶¥· Éµ·µ¢ Q8

i ³¥¦¤Ê µ¤´µ³¥§µ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨.
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‚ ¸ ³µ³ ¤¥²¥, ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨, ´ ¶·¨³¥·, K+- ¨
π+-³¥§µ´µ¢

〈π+(p1)|Q8
i |K+(p2)〉 = −4f2

π(gi8(p1p2) + g′8
i
m2
K) , (3.19)

〈π+(p1)|Q27
i |K+(p2)〉 =

8

3
gi27f

2
π(p1p2) (3.20)

µ¤´µ§´ Î´µ µ¶·¥¤¥²ÖÕÉ ¢¥²¨Î¨´Ò gif . ‚±² ¤Ò, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ gi8 ¨ g′8
i, ¢

Ê· ¢´¥´¨¨ (3.19) ³µ£ÊÉ ¡ÒÉÓ ²¥£±µ · §¤¥²¥´Ò ¡² £µ¤ ·Ö · §²¨Î´µ° § ¢¨¸¨³µ-
¸É¨ µÉ ¨³¶Ê²Ó¸µ¢ ³¥§µ´µ¢.

’ ±¨³ µ¡· §µ³, § ¤ Î  ¢ÒÎ¨¸²¥´¨Ö ¶·µ¨§¢µ²Ó´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
µ¶¥· Éµ·µ¢ Qfi ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¸¢¥² ¸Ó ± ¢ÒÎ¨-
¸²¥´¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ³¥¦¤Ê µ¤´µ³¥§µ´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨. „²Ö ÔÉµ°
Í¥²¨ ³Ò ¶·¥¤² £ ¥³ ¨¸¸²¥¤µ¢ ÉÓ ³¥Éµ¤µ³ Š•„-¶· ¢¨² ¸Ê³³ É·¥ÌÉµÎ¥Î´ÊÕ
ËÊ´±Í¨Õ ƒ·¨´  [98,99] ¢¨¤ 

Gi(p, q) = i2
∫
〈0|T jπ(x)Qfi (0)jK(y)|0〉eip2x−ip1ydxdy =

= i2
∫
〈0|T jπ(x)Qfi (y)jK(0)|0〉ei(p−

q
2 )x−iqydxdy , (3.21)

£¤¥ p1 = p+ q/2, p2 = p− q/2 ¨ jK (jπ) Å ´¥±µÉµ·Ò° ¨´É¥·¶µ²¨·ÊÕÐ¨° Éµ±
¤²Ö ¶µ²Ö K-³¥§µ´  (π-³¥§µ´ ).

ˆ¸¶µ²Ó§ÊÖ ¤¨¸¶¥·¸¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö, ³Ò ´ Ìµ¤¨³ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ËÊ´±Í¨¨ ƒ·¨´  (3.21):

Gi(p, q) =
〈jπ|π(p2)〉〈π(p2)|Qfi |K(p1)〉〈K(p1)|jK〉

p2
2(p2

1 −m2
K)

+

+
RL

p2
2

+
RR

p2
1 −m2

K

+ . . . , (3.22)

£¤¥ ³´µ£µÉµÎ¨¥ µ¡µ§´ Î ¥É ¢±² ¤Ò, ¢ ±µÉµ·ÒÌ K-³¥§µ´´Ò° ¨ π-³¥§µ´´Ò°
¶µ²Õ¸Ò µÉ¸ÊÉ¸É¢ÊÕÉ. �µ¤¸É ¢²ÖÖ ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ (3.15), (3.16) ¢
Ê· ¢´¥´¨¥ (3.22) ¨ ¢ÒÎ¨¸²ÖÖ Ö¢´µ ³ É·¨Î´Ò° Ô²¥³¥´É 〈π(p2)|Qfi |K(p1)〉, ³Ò
¶µ²ÊÎ ¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ (3.22) ± ± ËÊ´±Í¨Õ ¶ · ³¥É·µ¢
gif . ’ ±¨³ µ¡· §µ³, ¢ ¶µ·Ö¤±¥ O(p2) ·¥§µ´ ´¸´ Ö Î ¸ÉÓ ËÊ´±Í¨¨ ƒ·¨´  (3.21)

¤²Ö µ¶¥· Éµ·  Qfi ¶ · ³¥É·¨§Ê¥É¸Ö µ¤´µ° ±µ´¸É ´Éµ° ¶·¨ f = 27 ¨ ¤¢Ê³Ö
±µ´¸É ´É ³¨ ¶·¨ f = 8.

„²Ö Éµ£µ ÎÉµ¡Ò ¨§¢²¥ÎÓ ¨§ Ê· ¢´¥´¨Ö (3.22) ¨´Ëµ·³ Í¨Õ µ¡ ÔÉ¨Ì ¶ · -
³¥É· Ì, ´¥µ¡Ìµ¤¨³µ µÉ¤¥²¨ÉÓ ·¥§µ´ ´¸´Ò° ¢±² ¤ µÉ ¸³¥Ï ´´ÒÌ ¢±² ¤µ¢. �Éµ
¢µ§³µ¦´µ, ¶µ¸±µ²Ó±Ê ¢ µÉ²¨Î¨¥ µÉ µ¸É ²Ó´ÒÌ ¢±² ¤µ¢ ·¥§µ´ ´¸ ¶·¨¢µ¤¨É ±
¶µ²Õ¸Ê ¢Éµ·µ£µ ¶µ·Ö¤±  ¢ ¤¨¸¶¥·¸¨µ´´µ³ ¸µµÉ´µÏ¥´¨¨. ‚ Ê· ¢´¥´¨¨ (3.22)
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ÔÉµ£µ ³µ¦´µ ¤µ¸É¨ÎÓ, ´ ±² ¤Ò¢ Ö ±¨´¥³ É¨Î¥¸±µ¥ Ê¸²µ¢¨¥ (pq) = m2
K/2.

�µ² £ Ö (pq) = m2
K/2 ¨ Ê³´µ¦ Ö (3.22) ´  (p2 + q2/4−m2

K/2), ³Ò ¶µ²ÊÎ ¥³

〈jπ|π(p2)〉〈π(p2)|Qfi |K(p1)〉〈K(p1)|jK〉
(p2 + q2

4 −
m2
K

2 )
+RL +RR + . . . , (3.23)

£¤¥ ·¥§µ´ ´¸´Ò° ¢±² ¤ Ö¢´µ ¢Ò¤¥²¥´ ± ± ¶µ²Õ¸ ¶¥·¢µ£µ ¶µ·Ö¤± . ‚Ò· ¦¥´¨¥
(3.23) ¤ ²¥¥ ³µ¦¥É ¡ÒÉÓ µ¡· ¡µÉ ´µ ¸É ´¤ ·É´Ò³¨ ³¥Éµ¤ ³¨ ¶· ¢¨² ¸Ê³³.
‚µ§³µ¦´µ¸ÉÓ · §¤¥²¥´¨Ö ·¥§µ´ ´¸´ÒÌ ¨ ´¥·¥§µ´ ´¸´ÒÌ ¢±² ¤µ¢ Ö¢²Ö¥É¸Ö ¸Ê-
Ð¥¸É¢¥´´Ò³ ¶·¥¨³ÊÐ¥¸É¢µ³ ´ Ï¥£µ ³¥Éµ¤  ¶µ ¸· ¢´¥´¨Õ ¸ ³¥Éµ¤µ³
[35Ä38], ¢ ±µÉµ·µ³ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ
² £· ´¦¨ ´  ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶· ¢¨²  ¸Ê³³ ¤²Ö ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ 
〈0|TQi(x)Qj(y)|0〉. ‚ ¸²ÊÎ ¥ ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´  ¨´É¥·¥¸ÊÕÐ¨¥
´ ¸ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶µ ¸µ¸ÉµÖ´¨Ö³ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢ ¤ ÕÉ ¢±² ¤
¢ ±µ´É¨´ÊÊ³ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨, ¨ ¢Ò¤¥²¨ÉÓ ¥£µ ´  Ëµ´¥ ¢±² ¤µ¢ ¤·Ê-
£¨Ì ¸µ¸ÉµÖ´¨° ¸²µ¦´µ. ‚ ·¥§Ê²ÓÉ É¥ ¢±² ¤Ò ¢Ò¸Ï¨Ì ¸µ¸ÉµÖ´¨° ¶·¨Ìµ¤¨É¸Ö
ÊÎ¨ÉÒ¢ ÉÓ Ö¢´µ, ÎÉµ §´ Î¨É¥²Ó´µ ¸´¨¦ ¥É ´ ¤¥¦´µ¸ÉÓ ¶µ²ÊÎ ¥³ÒÌ µÍ¥´µ±.

‚ÒÎ¨¸²¨³ ËÊ´±Í¨Õ ƒ·¨´  (3.21) ¢ Š•„. �·¨ ¡µ²ÓÏµ³ ¥¢±²¨¤µ¢µ³ ¨³-
¶Ê²Ó¸¥ p2 → −∞ ¨ q ∼ 0 ËÊ´±Í¨Ö ƒ·¨´  (3.21) ¨³¥¥É  ¸¨³¶ÉµÉ¨Î¥¸±µ¥
· §²µ¦¥´¨¥ ¢¨¤  [100,101]:

Gi(p, q) =
∑
n

Kn(p, q)〈0|On|0〉+
∑
n

Cn(p2)Bn(q) , (3.24)

£¤¥ ±µÔËË¨Í¨¥´ÉÒ Cn(p2) µ¶·¥¤¥²ÖÕÉ¸Ö �� ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ :

i

∫
T jπ(x)jK(0)eip2xdx =

∑
n

Cn(p2)O′n , (3.25)

¨

Bn(q) = i

∫
〈0|TO′n(0)Qfi (y)|0〉e−iqydy (3.26)

¥¸ÉÓ ¢ ±ÊÊ³´Ò¥ µ¦¨¤ ´¨Ö ¡¨²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢. ‚ Ê· ¢´¥´¨ÖÌ (3.24), (3.25)
On ¨ O′n Å ²µ± ²Ó´Ò¥ Š•„-µ¶¥· Éµ·Ò ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±¢ ´Éµ¢Ò³¨ Î¨-
¸² ³¨.

Š ¤µ¸Éµ¨´¸É¢ ³ ¶·¥¤² £ ¥³µ£µ ³¥Éµ¤  ¸²¥¤Ê¥É µÉ´¥¸É¨ ¢µ§³µ¦´µ¸ÉÓ £¨¡-
±µ£µ ¢Ò¡µ·  ¨´É¥·¶µ²¨·ÊÕÐ¨Ì Éµ±µ¢. ˆ´É¥·¶µ²¨·ÊÕÐ¨¥ Éµ±¨ ¤²Ö  ´ ²¨§ 
± ¦¤µ£µ µ¶¥· Éµ·  ¢Ò¡¨· ÕÉ¸Ö É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¸¢¥¸É¨ ± ³¨´¨³Ê³Ê
¢²¨Ö´¨¥ ¶²µÌµ ±µ´É·µ²¨·Ê¥³ÒÌ ¢±² ¤µ¢ ¡¨²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢, ©¶·Ö³ÒÌª
¨´¸É ´Éµ´µ¢ [102, 103] ¨ É.¤.,   É ±¦¥ ¸¤¥² ÉÓ ¢ÒÎ¨¸²¥´¨Ö É¥Ì´¨Î¥¸±¨ ¡µ²¥¥
¶·µ¸ÉÒ³¨.

� §²µ¦¥´¨¥ (3.24) Ìµ·µÏµ µ¶·¥¤¥²¥´µ ¨ ³µ¦¥É ¡ÒÉÓ ¶µ¸É·µ¥´µ É ±¨³
µ¡· §µ³, ÎÉµ ±µÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Kn(p, q) Ö¢²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³¨
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ËÊ´±Í¨Ö³¨ ¨³¶Ê²Ó¸  q ¶·¨ q ∼ 0. �µÔÉµ³Ê ³Ò ³µ¦¥³ ¶µ²µ¦¨ÉÓ q2 = 0 ¨
· ¡µÉ ÉÓ ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ · §²µ¦¥´¨Ö ¶µ ¸É¥¶¥´Ö³ q2 ¸ µ¤´µ¶ · ³¥É·¨-
Î¥¸±¨³  ¸¨³¶ÉµÉ¨Î¥¸±¨³ · §²µ¦¥´¨¥³ ¶µ 1/p2. ‚ Éµ ¦¥ ¢·¥³Ö ¸± ²Ö·´µ¥
¶·µ¨§¢¥¤¥´¨¥ (pq) µ¸É ¥É¸Ö Ë¨±¸¨·µ¢ ´´Ò³ Ê¸²µ¢¨¥³ (pq) = m2

K/2.
ŒÒ ¶µ²ÊÎ¨²¨ ¶·¥¤¸É ¢²¥´¨Ö ËÊ´±Í¨¨ ƒ·¨´  (3.21) ¶·¨ ³ ²ÒÌ (3.22) ¨

¡µ²ÓÏ¨Ì (3.24) ¨³¶Ê²Ó¸ Ì. � · ³¥É·Ò gif ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ± ± ËÊ´±-
Í¨¨ ¶ · ³¥É·µ¢ Š•„, ¥¸²¨ ¸¢Ö§ ÉÓ ÔÉ¨ ¶·¥¤¸É ¢²¥´¨Ö ¸ ¶µ³µÐÓÕ ¡µ·¥²¥¢¸±¨Ì
¶· ¢¨² ¸Ê³³ [99]:∫ ∞

0

ρ
 ¤·
i (s) exp

(
− s

M2

)
ds =

∫ ∞
0

ρŠ•„
i (s) exp

(
− s

M2

)
ds (3.27)

¨²¨ ¶· ¢¨² ¸Ê³³ ¶·¨ ±µ´¥Î´µ° Ô´¥·£¨¨ (�‘Š�) [98,104Ä106]∫ s0

0

skρ
 ¤·
i (s)ds =

∫ s0

0

skρŠ•„
i (s)ds , k = 1, 2, . . . , (3.28)

£¤¥ ρ ¤·
i (s) ¨ ρŠ•„

i (s) Å ¸µµÉ¢¥É¸É¢¥´´µ  ¤·µ´´µ¥ ¨ Š•„-¶·¥¤¸É ¢²¥´¨Ö ¸¶¥±-
É· ²Ó´µ° ¶²µÉ´µ¸É¨ ËÊ´±Í¨¨ (3.21), s = p2, M Å ¶¥·¥³¥´´ Ö �µ·¥²Ö ¨ s0

Å ¨´É¥·¢ ² ¤Ê ²Ó´µ¸É¨. …¸²¨ µ¶¥· Éµ·´µ¥ · §²µ¦¥´¨¥ (3.24) ¸Ìµ¤¨É¸Ö ¨ ´¥
¸µ¤¥·¦¨É ¡µ²ÓÏ¨Ì ¢±² ¤µ¢ ¶²µÌµ ±µ´É·µ²¨·Ê¥³ÒÌ Ô±¸¶µ´¥´Í¨ ²Ó´ÒÌ Î²¥-
´µ¢, ¶· ¢¨²  ¸Ê³³ ¶µ§¢µ²ÖÕÉ ¸ Ìµ·µÏ¥° ÉµÎ´µ¸ÉÓÕ µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò
±¨· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö (3.15), (3.16).

�·µ¤¥³µ´¸É·¨·Ê¥³ ¤¥°¸É¢¨¥ µ¶¨¸ ´´µ£µ ¢ÒÏ¥ ³¥Éµ¤  ´  ¶·¨³¥·¥ ¢ÒÎ¨¸-
²¥´¨Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  £²Õµ´´µ£µ ª¶¨´£¢¨´ ª [97].

3.4. Œ É·¨Î´Ò° Ô²¥³¥´É £²Õµ´´µ£µ ©¶¨´£¢¨´ ª. ƒ²Õµ´´Ò° ª¶¨´£¢¨´ª
Å µ¶¥· Éµ· Q6 Å ¶·¥¤¸É ¢²Ö¥É ¡µ²ÓÏµ° ¨´É¥·¥¸, ¶µ¸±µ²Ó±Ê:

i) ´¥¸¥É ¨§µÉµ¶¨Î¥¸±¨° ¸¶¨´ I = 1/2 ¨, ¶µ-¢¨¤¨³µ³Ê, ¨£· ¥É ¢ ¦´ÊÕ ·µ²Ó
¤²Ö ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò ∆I = 1/2 [14],

ii) ¤ ¥É ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ ³´¨³ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ ¨,
¸²¥¤µ¢ É¥²Ó´µ, µ¶·¥¤¥²Ö¥É §´ Î¥´¨¥ ¶ · ³¥É·  ε′ ¶·Ö³µ£µ ´ ·ÊÏ¥´¨Ö CP-
¨´¢ ·¨ ´É´µ¸É¨ [47],

iii) ¸ÊÐ¥¸É¢ÊÕÉ §´ Î¨É¥²Ó´Ò¥ · ¸Ìµ¦¤¥´¨Ö ¢ ¨³¥ÕÐ¨Ì¸Ö É¥µ·¥É¨Î¥¸±¨Ì
µÍ¥´± Ì ³ É·¨Î´µ£µ Ô²¥³¥´É  ÔÉµ£µ µ¶¥· Éµ·  [14,15,33Ä35,38,41,53,107].

’·Ê¤´µ¸É¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6 ¸¢Ö§ ´Ò
¸ É¥³, ÎÉµ ´ ¨¢´ Ö µÍ¥´±  ©Ë ±Éµ·¨§ Í¨Ö + —‘�’ª ¶·¨¢µ¤¨É ± ´Ê²¥¢µ³Ê
§´ Î¥´¨Õ ÔÉµ£µ ³ É·¨Î´µ£µ Ô²¥³¥´É . „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ¶¥·¢µ¥ ´¥-
¨¸Î¥§ ÕÐ¥¥ ¶·¨¡²¨¦¥´¨¥, ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¶µ¶· ¢±¨ ± ¸µµÉ´µÏ¥´¨Ö³
—‘�’. �É¸ÊÉ¸É¢¨¥ ´ ¤¥¦´µ£µ ´ Î ²Ó´µ£µ ¶·¨¡²¨¦¥´¨Ö ¶·¨¢µ¤¨É ± ¸¨²Ó´µ°
§ ¢¨¸¨³µ¸É¨ ·¥§Ê²ÓÉ É  µÉ ¨¸¶µ²Ó§Ê¥³µ° ³µ¤¥²¨.

� · ³¥É·¨§Ê¥³ ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q6 ¸²¥¤ÊÕÐ¨³ ¸¶µ¸µ¡µ³:

〈Q6〉0 = −
√

3

2
fKm

2
KB

(1/2)
6 , (3.29)
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£¤¥ ³´µ¦¨É¥²Ó fKm2
K Ë¨±¸¨·Ê¥É Ì · ±É¥·´ÊÕ Ï± ²Ê ³ ¸¸, ³´µ¦¨É¥²Ó −

√
3
2

¢¢¥¤¥´ ¤²Ö Ê¤µ¡¸É¢  ¨ B(1/2)
6 Å ¡¥§· §³¥·´Ò° ¶ · ³¥É·, ±µÉµ·Ò° ´¥µ¡Ìµ¤¨³µ

¢ÒÎ¨¸²¨ÉÓ.
�¶¥· Éµ· Q6 ¶·¨´ ¤²¥¦¨É (8L × 1R) ´¥¶·¨¢µ¤¨³µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ±¨-

· ²Ó´µ° £·Ê¶¶Ò. ‚ ¶µ·Ö¤±¥ O(p2) ¥£µ ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¶ · ³¥É·¨-
§Ê¥É¸Ö ¤¢Ê³Ö ±µ´¸É ´É ³¨ g ≡ g6

8 ¨ g′ ≡ g′8
6 (3.15):

(Q6)χ = gf4
π

(
∂µU

†∂µU
)

23
+ g′f4

π

(
U †χ+ χ†U

)
23

+O(p4) (3.30)

(¤²Ö ¶·µ¸ÉµÉÒ µ¡µ§´ Î¥´¨° ³Ò µ¶Ê¸± ¥³ ¨´¤¥±¸Ò i = 6 ¨ f = 8).

� · ³¥É· B(1/2)
6 ¸¢Ö§ ´ ¸ ¶ · ³¥É·µ³ g ¸µµÉ´µÏ¥´¨¥³

B
(1/2)
6 = 4

fπ

fK
g . (3.31)

‘² £ ¥³µ¥, ¶ · ³¥É·¨§Ê¥³µ¥ ±µ´¸É ´Éµ° g′ (©£µ²µ¢ ¸É¨±ª), ´¥ ¤ ¥É ¢±² ¤  ¢
 ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢.

„²Ö Éµ£µ ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò g ¨ g′, · ¸¸³µÉ·¨³ ËÊ´±Í¨Õ ƒ·¨´ 

Gµ(p, q) = (p+ q)µG(p, q) = i2
∫
〈0|T j5

µ(x)Q6(0)j5(y)|0〉eip2x−ip1ydxdy =

= i2
∫
〈0|T j5

µ(x)Q6(y)j5(0)|0〉ei(p−
q
2 )x−iqydxdy . (3.32)

ˆ´É¥·¶µ²¨·ÊÕÐ¨¥ Éµ±¨

j5
µ = d̄γµγ5u , j5 = ūγ5s (3.33)

¨³¥ÕÉ ¶·µ¥±Í¨¨ ´  ³¥§µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö

〈0|j5
µ|π+(p2)〉 = ifπp2µ , 〈K+(p1)|j5|0〉 = −ifKm

2
K

ms
. (3.34)

�·¨Î¨´Ò É ±µ£µ ´¥¸¨³³¥É·¨Î´µ£µ ¢Ò¡µ·  Éµ±µ¢ ¸É ´ÊÉ Ö¸´Ò ¨§ ¤ ²Ó´¥°Ï¥£µ
 ´ ²¨§ .

ˆ¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨Ö (3.30), (3.34), ¶µ²ÊÎ ¥³ ·¥§µ´ ´¸´ÊÕ Î ¸ÉÓ  ¤·µ´-
´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ËÊ´±Í¨¨ ƒ·¨´  (3.32):

G(p, q) = −4
f3
πfKm

2
K

ms

(
g(p1p2) + g′m2

K

p2
2(p2

1 −m2
K)

)
=

= −4
f3
πfKm

2
K

ms

(
g(pq) + g′m2

K

(p2 − m2
K

2 )2

)
+O(q2) , (3.35)
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£¤¥ ³Ò ¨¸¶µ²Ó§µ¢ ²¨ · ¢¥´¸É¢µ (p1p2) = (pq)−q2/2, ¸¶· ¢¥¤²¨¢µ¥ ¶·¨ (pq) =
m2
K/2 ¨ p2 = m2

K/2.
‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Š•„ ¤ ¥É ¤²Ö ËÊ´±Í¨¨ G(p, q) ¸²¥¤ÊÕÐ¥¥  ¸¨³¶ÉµÉ¨-

Î¥¸±µ¥ · §²µ¦¥´¨¥:

G(p, q) = − 3

π2

(pq)

p2
ln

(
−p2

µ2

)
〈ψ̄ψ〉+

3

4π2
γ ln

(
−p2

µ2

)
〈ψ̄ψ〉+

+O(p−6) +O(q2) + (¡¨²µ± ²Ó´Ò¥ ¢±² ¤Ò) , (3.36)

£¤¥ 〈ūu〉 = 〈d̄d〉 ≡ 〈ψ̄ψ〉, γ = 〈s̄s〉/〈ψ̄ψ〉 − 1 6= 0. �µ¸±µ²Ó±Ê ´ ¸ ¨´É¥·¥-
¸Ê¥É ¶¥·¢Ò° ¶µ·Ö¤µ± ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö, ¶·¨ ¢Ò¢µ¤¥ Ê· ¢´¥´¨Ö (3.36) ¢
�� ³Ò µ£· ´¨Î¨²¨¸Ó ¢¥²¨Î¨´ ³¨ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ ms, (pq) = m2

K/2 ¨
γ = O(ms). ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±¨· ²Ó´µ° ¸É·Ê±ÉÊ·µ° µ¶¥· Éµ·  Q6 ¢¸¥ Î²¥´Ò
´Ê²¥¢µ£µ ¶µ·Ö¤±  ¶µ ms ¢ Ê· ¢´¥´¨¨ (3.36) ¸µ±· É¨²¨ ¤·Ê£ ¤·Ê£ . �¥§ ¢¨-
¸¨³µ¸ÉÓ µÉ ¨³¶Ê²Ó¸  q ¸² £ ¥³µ£µ, ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ ¢¥²¨Î¨´¥ γ ¢ Ê· ¢´¥-
´¨¨ (3.36), £µ¢µ·¨É µ Éµ³, ÎÉµ ÔÉµ ¸² £ ¥³µ¥ µ¶·¥¤¥²Ö¥É ¢±² ¤ ©£µ²µ¢ ¸É¨± ª
¢ ¶·¥¤¸É ¢²¥´¨¥ (3.30).

� ¸¸³µÉ·¨³ ¡¨²µ± ²Ó´ÊÕ Î ¸ÉÓ ��. � §²µ¦¥´¨¥ (3.25) ¨³¥¥É ¢¨¤∑
n

Cn(p2)On = p2µ

(
d̄s

p2
2

+O(p−6
2 )

)
. (3.37)

�µ± ¦¥³, ÎÉµ ¡¨²µ± ²Ó´Ò¥ µ¶¥· Éµ·Ò ´¥ ¤ ÕÉ ¢±² ¤ ¢ ·¥§µ´ ´¸´ÊÕ Î ¸ÉÓ
¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¤µ ¶µ·Ö¤±  O(p−6). ‚ ¸ ³µ³ ¤¥²¥, ¶·¨ ¢Ò¤¥²¥´¨¨
·¥§µ´ ´¸´µ£µ ¢±² ¤  ³Ò Ê³´µ¦ ¥³ ËÊ´±Í¨Õ Gµ(p, q) ´  p2

2 = (p2 + q2/4 −
m2
K/2). �µ ¶µ¸²¥ Ê³´µ¦¥´¨Ö ´  p2

2 ¶¥·¢Ò° Î²¥´ · §²µ¦¥´¨Ö (3.37) ¸É ´µ¢¨É¸Ö
 ´ ²¨É¨Î´Ò³ ¶µ p2 ¶·¨ p2 = 0 ¨ ´¥ ¤ ¥É ¢±² ¤ ¢ ¸¶¥±É· ²Ó´ÊÕ ¶²µÉ´µ¸ÉÓ. �Éµ
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ´¥¸¨³³¥É·¨Î´µ° Ëµ·³Ò ËÊ´±Í¨¨ ƒ·¨´  (3.32). Š ± Ê¦¥
¡Ò²µ µÉ³¥Î¥´µ, ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö É·¥¡Ê¥É ¸µ±· Ð¥´¨Ö Î²¥´µ¢ ´Ê²¥¢µ£µ
¶µ·Ö¤±  ¶µ ms ¢ · §²µ¦¥´¨¨ (3.36). …¸²¨ ¡Ò ¢ Ê· ¢´¥´¨¨ (3.32) ³Ò ¢§Ö²¨ ¤¢ 
 ±¸¨ ²Ó´ÒÌ ¨²¨ ¤¢  ¶¸¥¢¤µ¸± ²Ö·´ÒÌ Éµ± , ÔÉµ ¸µ±· Ð¥´¨¥ ¨³¥²µ ¡Ò ³¥¸Éµ
Éµ²Ó±µ ¶·¨ ÊÎ¥É¥ ¡¨²µ± ²Ó´ÒÌ ¢±² ¤µ¢, ÎÉµ ¶·¨¢¥²µ ¡Ò ± ¸¨²Ó´µ° § ¢¨¸¨³µ-
¸É¨ ·¥§Ê²ÓÉ É  µÉ §´ Î¥´¨° ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨° ¡¨²µ± ²Ó´ÒÌ µ¶¥· Éµ·µ¢.
�Éµ Ö¢²¥´¨¥ ´¥¦¥² É¥²Ó´µ, ¶µ¸±µ²Ó±Ê ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Î¨¸²¥´´ Ö µÍ¥´± 
¡¨²µ± ²Ó´ÒÌ ¢±² ¤µ¢ ¸¢Ö§ ´  ¸µ §´ Î¨É¥²Ó´Ò³¨ µÏ¨¡± ³¨. ‚Ò¡µ· ´¥¸¨³³¥É-
·¨Î´µ° Ëµ·³Ò ËÊ´±Í¨¨ ƒ·¨´  ¶µ§¢µ²Ö¥É ¨§¡¥¦ ÉÓ Ê± § ´´ÒÌ É·Ê¤´µ¸É¥°.
�µ²¥¥ Éµ£µ, ¶·¨ É ±µ³ ¢Ò¡µ·¥ ¢ · §²µ¦¥´¨¨ (3.36) µÉ¸ÊÉ¸É¢ÊÕÉ Î¥ÉÒ·¥Ì±¢ ·-
±µ¢Ò¥ µ¶¥· Éµ·Ò, ¨ ´¥ ¢µ§´¨± ÕÉ ¶µ£·¥Ï´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ Ë ±Éµ·¨§ Í¨¥°
¶·¨ µÍ¥´±¥ ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨° ÔÉ¨Ì µ¶¥· Éµ·µ¢.

� °¤¥³ ¸¶¥±É· ²Ó´ÊÕ ¶²µÉ´µ¸ÉÓ ËÊ´±Í¨¨

G(p) =

(
p2 − m2

K

2

)
G(p, q) |

q2=0, (pq)=
m2
K
2

. (3.38)



�””…Š’› ‘ˆ‹œ�›• ‚‡�ˆŒ�„…‰‘’‚ˆ‰ ‚ �…‹…�’���›• ��‘��„�• 725

ˆ§ Ê· ¢´¥´¨Ö (3.35) ¶µ²ÊÎ ¥³  ¤·µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸¶¥±É· ²Ó´µ° ¶²µÉ-
´µ¸É¨

ρ ¤·(s) = 2
f3
πfKm

2
K

ms
(g + 2g′) δ

(
s−m2

K

)
+ . . . (3.39)

“· ¢´¥´¨¥ (3.36) ¤ ¥É Š•„-¶·¥¤¸É ¢²¥´¨¥ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨

ρŠ•„(s) =
3

4π2
〈ψ̄ψ〉

(
2m2

K + sγ
)
θ(s) + . . . (3.40)

�·¨³¥´ÖÖ �‘Š� (3.28) ¶·¨ k = 0 ± ¢Ò· ¦¥´¨Ö³ (3.39), (3.40), ¤²Ö ¶ · ³¥É·µ¢
g ¨ g′ ³Ò ¶µ²ÊÎ ¥³

g = − 3

4π2

ms〈ψ̄ψ〉s0

fKf3
πm

2
K

, g′ = − 3

32π2

ms〈ψ̄ψ〉s2
0

fKf3
πm

4
K

γ . (3.41)

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö —‘�’ 2ms〈ψ̄ψ〉 = −f2
Km

2
K , ¶¥·¥¶¨Ï¥³ Ê· ¢´¥-

´¨Ö (3.41) ¢ ¢¨¤¥

g =
3

8π2

fK

fπ

s0

f2
π

, g′ =
3

64π2

fK

fπ

s2
0

f2
πm

2
K

γ . (3.42)

„²Ö ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ s0 ³Ò ¨¸¶µ²Ó§Ê¥³ §´ Î¥´¨¥ ¨´É¥·¢ ²  ¤Ê ²Ó-
´µ¸É¨ π-³¥§µ´  sπ0 = 0, 8 ƒÔ‚2 [105]. �µÖ¸´¨³ ´ Ï ¢Ò¡µ·. ‡´ Î¥´¨¥ sπ0
Ë¨É¨·Ê¥É �‘Š� ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ 

Gπµ(p2) = i

∫
〈0|T j5

µ(x) ūRdL(0)|0〉eip2xdx , (3.43)

±µÉµ· Ö ¶µ²ÊÎ ¥É¸Ö ¶·¨ Ë ±Éµ·¨§ Í¨¨ É·¥ÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´  (3.32).
�·¨ É ±µ³ ¢Ò¡µ·¥ ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ ³Ò ÔËË¥±É¨¢´µ ÊÎ¨ÉÒ¢ ¥³ ¢¸¥ Ë ±-
Éµ·¨§Ê¥³Ò¥ ¢±² ¤Ò ¢ÒcÏ¨Ì ¶µ·Ö¤±µ¢ �� (¢ ¤ ´´µ³ ¸²ÊÎ ¥ µ´¨ ¨³¥ÕÉ ¶µ-
·Ö¤µ± O(p−6) ¨ ¢ÒÏ¥) ¢ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ Î ¸ÉÓ Ë ±Éµ·¨§µ¢ ´´µ° ËÊ´±Í¨¨
ƒ·¨´  (3.32) [80]. …¸²¨ ¶·¥´¥¡·¥ÎÓ · §´µ¸ÉÓÕ ³ ¸¸ ²¥£±¨Ì ±¢ ·±µ¢ ¨ · ¸-
¸³µÉ·¥ÉÓ SUV (3) ¸¨³³¥É·¨Î´Ò° ¶·¥¤¥² ms = mu = md, Éµ §´ Î¥´¨¥ sπ0
Ë¨É¨·Ê¥É É ±¦¥ �‘Š� ¢Éµ·µ° ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ 

GK(p1) = i

∫
〈0|T s̄LuR(0) j5(y)|0〉e−ip1ydy , (3.44)

±µÉµ· Ö ¶µ²ÊÎ ¥É¸Ö ¶·¨ Ë ±Éµ·¨§ Í¨¨ ËÊ´±Í¨¨ (3.32). ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
�‘Š� ¤²Ö ËÊ´±Í¨¨ ƒ·¨´  (3.44) ¸ ÊÎ¥Éµ³ ¡µ²ÓÏµ° ³ ¸¸Ò s-±¢ ·±  Ë¨É¨·Ê-
¥É¸Ö §´ Î¥´¨¥³ sK0 = 1, 2 ƒÔ‚2 ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ K-³¥§µ´  [105]. �µ-
¸±µ²Ó±Ê ´ Ï¥° § ¤ Î¥° Ö¢²Ö¥É¸Ö ¢Ò¤¥²¥´¨¥ ¢¥¤ÊÐ¨Ì Î²¥´µ¢ ±¨· ²Ó´µ£µ · §-
²µ¦¥´¨Ö, ¸²¥¤Ê¥É ¨¸¶µ²Ó§µ¢ ÉÓ §´ Î¥´¨¥ ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ ¢ ±¨· ²Ó´µ³
¶·¥¤¥²¥, Éµ ¥¸ÉÓ ¨´É¥·¢ ² ¤Ê ²Ó´µ¸É¨ π-³¥§µ´ ,   ¸µ¤¥·¦ Ð¨¥ ³ ¸¸Ê s-±¢ ·± 
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Ë ±Éµ·¨§Ê¥³Ò¥ Î²¥´Ò · §²µ¦¥´¨Ö (3.36), ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö · §²µ¦¥´¨¥³
ËÊ´±Í¨¨ (3.44) ¨ Ö¢²ÖÕÉ¸Ö ¶·¨Î¨´µ° ´¥· ¢¥´¸É¢  sK0 6= sπ0 , ÊÎ¨ÉÒ¢ ÉÓ Ö¢´µ.

’µÎ´µ¥ §´ Î¥´¨¥ ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´µ ¨§ �‘Š�
(3.28) ¤²Ö k > 0 ¶·¨ ÊÎ¥É¥ ¸É¥¶¥´´ÒÌ ¶µ¶· ¢µ± ¢ · §²µ¦¥´¨¨ (3.36). �¤´ ±µ
¢¥¤ÊÐ¨¥ ¸É¥¶¥´´Ò¥ ¶µ¶· ¢±¨ ¶µ·Ö¤±  O(p−4) µÉ¸ÊÉ¸É¢ÊÕÉ ¨, ¸²¥¤µ¢ É¥²Ó´µ,
¶µ²ÊÎ¥´´µ¥ É ±¨³ µ¡· §µ³ §´ Î¥´¨¥ ¸² ¡µ µÉ²¨Î ¥É¸Ö µÉ sπ0 .

�±µ´Î É¥²Ó´µ ¤²Ö ¶ · ³¥É·  B
(1/2)
6 ¢ ÉµÎ±¥ ´µ·³¨·µ¢±¨ µ2 = sπ0 ¨§

Ê· ¢´¥´¨° (3.31), (3.42) ¶µ²ÊÎ ¥³

B
(1/2)
6 (sπ0 ) =

3

2π2

sπ0
f2
π

= 7 . (3.45)

“Î¨ÉÒ¢ Ö ³Ê²ÓÉ¨¶²¨± É¨¢´ÊÕ ¶¥·¥´µ·³¨·µ¢±Ê, ±µÉµ· Ö ¢ µ¸´µ¢´µ³ µ¶·¥¤¥-
²Ö¥É ·¥´µ·³ ²¨§ Í¨µ´´Ò¥ ¸¢µ°¸É¢  µ¶¥· Éµ·  Q6, ¢ ¶·µ¨§¢µ²Ó´µ° ÉµÎ±¥ ´µ·-
³¨·µ¢±¨ µ < mc ¶µ²ÊÎ ¥³

B
(1/2)
6 (µ2) = B

(1/2)
6 (sπ0 )

(
αs(s

π
0 )

αs(µ2)

)−γ6/2β3

, (3.46)

£¤¥ γ6 = −14 Å  ´µ³ ²Ó´ Ö · §³¥·´µ¸ÉÓ µ¶¥· Éµ·  Q6 [14]. �¥´µ·³£·Ê¶¶µ-

¢µ° Ë ±Éµ·
(
αs(s

π
0 )

αs(µ2)

)−γ6/2β3

§´ Î¨É¥²Ó´µ ¸£² ¦¨¢ ¥É § ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ É 

µÉ ¢Ò¡µ·  ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ s0. ‚ ¸ ³µ³ ¤¥²¥, ¥¸²¨ ¢ Ê· ¢´¥´¨¥ (3.45)
³Ò ¶µ¤¸É ¢¨³ §´ Î¥´¨¥ sK0 ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ K-³¥§µ´  [105], §´ Î¥´¨¥

¶ · ³¥É·  B(1/2)
6 (1 ƒÔ‚) Ê¢¥²¨Î¨É¸Ö Éµ²Ó±µ ´  ∼ 25% (¶·¨ ΛMS = 0, 3 ƒÔ‚).

�¶·¥¤¥²¨³ ¶µ£·¥Ï´µ¸É¨ ¶µ²ÊÎ¥´´µ£µ ·¥§Ê²ÓÉ É . „²Ö µ¶¥· Éµ·  Q6 ³Ò
¨¸¶µ²Ó§Ê¥³ ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ (3.30), ¢ ±µÉµ·µ³ ¶·¥´¥¡·¥£ ¥³ Î²¥´ ³¨
¶µ·Ö¤±  O(p4). �É´µ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  ¶µ£·¥Ï´µ¸É¨, ¸¢Ö§ ´´µ° ¸ µÉ¡· ¸Ò-
¢ ´¨¥³ Î²¥´µ¢ ¢Ò¸µ±¨Ì ¶µ·Ö¤±µ¢ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö, ¸É·µ£µ £µ¢µ·Ö, ´¥
¨§¢¥¸É´ . �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ ± ± Ô±¸¶¥·¨³¥´É ²Ó´Ò¥, É ± ¨ É¥µ·¥É¨Î¥¸±¨¥
µ¸´µ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉµ µ´  µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ [89,90]:

m2
K

Λ2
χ

∼ 0, 25 , (3.47)

Éµ ¥¸ÉÓ ¸µ¸É ¢²Ö¥É ∼ 25% µÉ ¢¥¤ÊÐ¨Ì ¢±² ¤µ¢.
Š•„-¶·¥¤¸É ¢²¥´¨¥ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¢±²ÕÎ ¥É ´¥µ¶·¥¤¥²¥´´µ-

¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥¶¥·ÉÊ·¡ É¨¢´Ò³¨ ¢±² ¤ ³¨ ¢Ò¸Ï¨Ì Î²¥´µ¢ �� ¨ ¶¥·ÉÊ·-
¡ É¨¢´Ò³¨ ¶µ¶· ¢± ³¨ ± ±µÔËË¨Í¨¥´É´Ò³ ËÊ´±Í¨Ö³ ¢¥¤ÊÐ¨Ì µ¶¥· Éµ·µ¢.
‚¥¤ÊÐ¨¥ ¸É¥¶¥´´Ò¥ ¶µ¶· ¢±¨ ¢ · §²µ¦¥´¨¨ (3.36) ¸µ±· É¨²¨¸Ó, ¨ ´¥¶¥·ÉÊ·-
¡ É¨¢´Ò¥ ¶µ¶· ¢±¨, ¢±²ÕÎ Ö ¡¨²µ± ²Ó´Ò¥ ¢±² ¤Ò, ¨³¥ÕÉ ¶µ·Ö¤µ± O(p−6).
‘²¥¤µ¢ É¥²Ó´µ, µ´¨ ´¥ ³µ£ÊÉ ¶·¨¢¥¸É¨ ± §´ Î¨É¥²Ó´µ³Ê ¨§³¥´¥´¨Õ ´ Ï¥£µ
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·¥§Ê²ÓÉ É . ŠµÔËË¨Í¨¥´É ‚¨²Ó¸µ´  µ¶¥· Éµ·  Q6 ¨³¥¥É ¶µ·Ö¤µ± O(αs), ¶µ-
ÔÉµ³Ê ¶µ¶· ¢±¨ αs ± ³ É·¨Î´µ³Ê Ô²¥³¥´ÉÊ µ¶¥· Éµ·  Q6 ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ-
¶· ¢± ³ ¶µ·Ö¤±  O(α2

s) ±  ³¶²¨ÉÊ¤ ³ · ¸¶ ¤µ¢. Šµ··¥±É´Ò° ÊÎ¥É ÔÉ¨Ì ¢±² -
¤µ¢ É·¥¡Ê¥É ¸µ£² ¸µ¢ ´´µ£µ ¢ÒÎ¨¸²¥´¨Ö ¢¸¥£µ ÔËË¥±É¨¢´µ£µ £ ³¨²ÓÉµ´¨ ´  ¢
¶µ·Ö¤±¥ O(α2

s).
’ ±¨³ µ¡· §µ³, ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6 ³Ò ¶µ²ÊÎ ¥³

〈Q6(1 ƒÔ‚)〉0 = −(0, 31± 0, 08) ƒÔ‚3 , (3.48)

¨²¨ ¢ É¥·³¨´ Ì ¶ · ³¥É·  B(1/2)
6 :

B
(1/2)
6 (1 ƒÔ‚) = 7, 4± 1, 9 , (3.49)

£¤¥ Ê± § ´´Ò¥ ¶µ£·¥Ï´µ¸É¨ µÍ¥´¨¢ ÕÉ ¢±² ¤Ò ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ ±¨· ²Ó´µ£µ
· §²µ¦¥´¨Ö. �·µ¢¥¤¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ¥É, ÎÉµ µ¸É ²Ó´Ò¥ ¶µ£·¥Ï´µ¸É¨
µÉ´µ¸¨É¥²Ó´µ ³ ²Ò. �µ¸±µ²Ó±Ê ¶·¨³¥´Ö¥³Ò° ³¥Éµ¤ µ¸´µ¢ ´ ´  ËÊ´¤ ³¥´-
É ²Ó´ÒÌ ¸¢µ°¸É¢ Ì ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° Å ¤Ê ²Ó´µ¸É¨ ¨ ±¨· ²Ó´µ° ¸¨³-
³¥É·¨¨, ¨ ´¥ ¨¸¶µ²Ó§ÊÕÉ¸Ö ´¥µ¡µ¸´µ¢ ´´Ò¥ ³µ¤¥²¨ ¨²¨ ¶·¨¡²¨¦¥´¨Ö, ·¥-
§Ê²ÓÉ É (3.49), ¶µ-¢¨¤¨³µ³Ê, ¤µ¸É ÉµÎ´µ ´ ¤¥¦¥´.

4. �…�…•�„› K → ππ ‘ ƒ‹����Œˆ
‚ ���Œ…†“’�—��Œ ‘�‘’�Ÿ�ˆˆ

4.1. ‹µ± ²Ó´Ò° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê · ¸¶ ¤ . ‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¡Ò²
¶·¥¤¸É ¢²¥´ ·¥£Ê²Ö·´Ò° ³¥Éµ¤ ¢ÒÎ¨¸²¥´¨Ö ¶µ¶· ¢µ± ± ·¥§Ê²ÓÉ ÉÊ Ë ±Éµ·¨-
§ Í¨¨ ¤²Ö  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢. „ ´´Ò° ³¥Éµ¤ Ê¤µ¡¥´ ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö ¶ · ³¥É·µ¢ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¢ ¶µ·Ö¤±¥ O(p2). �·¨  ´ ²¨§¥
¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¢µ§´¨± ÕÉ ´¥±µÉµ·Ò¥ É·Ê¤´µ¸É¨.

i) ˆ§-§  ¸²µ¦´µ° ¸É·Ê±ÉÊ·Ò Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¢
¶µ·Ö¤±¥ O(p4) ¢µ§´¨± ¥É ¶·µ¡²¥³  · §¤¥²¥´¨Ö ¢±² ¤µ¢ ¶·¨ µ¶·¥¤¥²¥´¨¨ · §-
²¨Î´ÒÌ ¶ · ³¥É·µ¢.

ii) �·¨Ìµ¤¨É¸Ö ¨³¥ÉÓ ¤¥²µ ¸ ¡µ²¥¥ ¢Ò¸µ±¨³¨ ¶µ·Ö¤± ³¨ ��, ÎÉµ ¤¥² ¥É
¢ÒÎ¨¸²¥´¨Ö É¥Ì´¨Î¥¸±¨ ¸²µ¦´Ò³¨,   ·¥§Ê²ÓÉ ÉÒ ³¥´¥¥ ´ ¤¥¦´Ò³¨.

‘ÊÐ¥¸É¢Ê¥É, µ¤´ ±µ, ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ¨´Ëµ·³ Í¨Õ µ ´¥±µÉµ·µ° Î -
¸É¨ ´ ·ÊÏ ÕÐ¨Ì Ë ±Éµ·¨§ Í¨Õ ¢±² ¤µ¢ ¶µ·Ö¤±  O(p4) ¢  ¤·µ´´Ò¥ ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ ¤·Ê£¨³ ¸¶µ¸µ¡µ³ [96, 108]. � ¸¸³µÉ·¨³ ¶·µÍ¥¸¸, ¶·¨ ±µÉµ·µ³
¶ ·  ²¥£±¨Ì ±¢ ·±µ¢ ¨§ Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ µ¶¥· Éµ·   ´´¨£¨²¨·Ê¥É ¢ µ¡² ±µ
³Ö£±¨Ì £²Õµ´µ¢, ¶·¨Î¥³ ¶ ·  ¶¨µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ Ëµ·³¨·Ê¥É¸Ö ¨§
£²Õµ´´µ£µ µ¡² ± . „·Ê£¨³¨ ¸²µ¢ ³¨, · ¸¸³µÉ·¨³ ¶¥·¥Ìµ¤Ò K → ππ ¸ £²Õ-
µ´ ³¨ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. �µ¸±µ²Ó±Ê £²Õµ´Ò ´¥¸ÊÉ ´Ê²¥¢µ° ¨§µÉµ-
¶¨Î¥¸±¨° ¸¶¨´, ÔÉ¨ ¶¥·¥Ìµ¤Ò ¤ ÕÉ ¢±² ¤ Éµ²Ó±µ ¢  ³¶²¨ÉÊ¤Ê A0 ¨ ³µ£ÊÉ ¡ÒÉÓ
¢ ¦´Ò ¤²Ö ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò ∆I = 1/2.
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� ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢¥¤ÊÐ¨° µ¶¥· Éµ· Q2, ¤²Ö ±µ-
Éµ·µ£µ ±µÔËË¨Í¨¥´É ‚¨²Ó¸µ´  ¨³¥¥É ¶µ·Ö¤µ± O(1). �¥·¥¤ É¥³, ± ± ¶¥·¥°É¨
±  ´ ²¨§Ê ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤µ¢ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2,
¶µ²¥§´µ · ¸¸³µÉ·¥ÉÓ  ´´¨£¨²ÖÍ¨Õ ¶ ·Ò ±¢ ·±µ¢ c-c̄ ¨§ µ¶¥· Éµ·  Qc2 ¢ ¤·¥-
¢¥¸´µ³ ÔËË¥±É¨¢´µ³ £ ³¨²ÓÉµ´¨ ´¥ (2.13). ‚ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ · §²µ¦¥´¨Ö
 ´´¨£¨²ÖÍ¨µ´´µ° ¤¨ £· ³³Ò ¶µ ¸É¥¶¥´Ö³ µ¡· É´µ° ³ ¸¸Ò c-±¢ ·±  ¢±² ¤
¢ ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉµ´¨ ´ ¤ ÕÉ ²µ± ²Ó´Ò¥ µ¶¥· Éµ·Ò · §³¥·´µ¸É¨ ¢µ-
¸¥³Ó (2.20). �É¨ µ¶¥· Éµ·Ò ¸µ¤¥·¦ É ± ± ±¢ ·±µ¢Ò¥, É ± ¨ £²Õµ´´Ò¥ ¶µ²Ö ¨,
¸²¥¤µ¢ É¥²Ó´µ, ³µ£ÊÉ µ¶¨¸Ò¢ ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥§µ´´ÒÌ ¨ £²Õµ´´ÒÌ ¸É¥¶¥-
´¥° ¸¢µ¡µ¤Ò. �£· ´¨Î¨³  ´ ²¨§ ¸± ²Ö·´µ° ¡¥¸Í¢¥É´µ° ±µ´Ë¨£Ê· Í¨¥° £²Õ-

µ´´µ£µ ¶µ²Ö GaµνG
a
µν . �¶¥· Éµ·Ò Q

(8)
3 , msQ

(7)
1 ¨ msQ

(7)
2 ¨§ ¡ §¨¸  (2.20)

¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ÔÉÊ ±µ´Ë¨£Ê· Í¨Õ. �·¥´¥¡·¥£ Ö µ¸É ²Ó´Ò³¨ µ¶¥· Éµ· ³¨ ¨
¢Ò¤¥²ÖÖ Ö¢´µ ¸É·Ê±ÉÊ·Ê GaµνG

a
µν , ¶¥·¥¶¨Ï¥³ ¤µ¡ ¢±Ê (2.19) ± ÔËË¥±É¨¢´µ³Ê

£ ³¨²ÓÉµ´¨ ´Ê ¢ ¢¨¤¥

HG
∆S=1 = −GF√

2
VudV

∗
us(1− τ)

(
1

120

1

m2
c

mss̄RdL
αs

π
GaµνG

a
µν

)
+ Ô.¸. (4.1)

„²Ö Éµ£µ ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¢±² ¤ (4.1) ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢, ¶µ¸É·µ¨³ ±¨-
· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ Š•„- µ¶¥· Éµ· 

mss̄RdL
αs

π
GaµνG

a
µν . (4.2)

�¶¥· Éµ· (4.2) ¸µ¤¥·¦¨É Ö¢´µ ³ ¸¸Ê s-±¢ ·±  ¨ ¶·¨´ ¤²¥¦¨É (8L×1R) ´¥¶·¨-
¢µ¤¨³µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ±¨· ²Ó´µ° £·Ê¶¶Ò. ‘²¥¤µ¢ É¥²Ó´µ, ¥£µ ±¨· ²Ó´µ¥
¶·¥¤¸É ¢²¥´¨¥ ¨³¥¥É ¢¨¤

(mss̄RdL
αs

π
GaµνG

a
µν)χ = Af6

π(U †χ)23 +Bf4
π(U †χ)23trfl(∂µU

†∂µU)+

+(¤·Ê£¨¥ O(p4) Î²¥´Ò) +O(p6) , (4.3)

£¤¥ A ¨ B Å ¡¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò. ‚Éµ·µ° Î²¥´ ¢ ¶·¥¤¸É ¢²¥´¨¨ (4.3)
µÉ¤¥²¥´ µÉ ¤·Ê£¨Ì Î²¥´µ¢ ¶µ·Ö¤±  O(p4) ¶µ ¶·¨Î¨´¥, ±µÉµ· Ö ¸É ´¥É Ö¸´  ¨§
¤ ²Ó´¥°Ï¥£µ  ´ ²¨§ . ‘² £ ¥³µ¥ ¶µ·Ö¤±  O(p2) ¢ Ê· ¢´¥´¨¨ (4.3) ¶·¥¤¸É ¢-
²Ö¥É ¸µ¡µ° ©£µ²µ¢ ¸É¨±ª ¨ ³µ¦¥É ¡ÒÉÓ µÉ¡·µÏ¥´µ. ’ ±¨³ µ¡· §µ³, ¢±² ¤
µ¶¥· Éµ·  (4.2) ¢ Ë¨§¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò § ¤ ¥É¸Ö Î²¥´ ³¨ ¶µ·Ö¤±  O(p4).
�·µ¸É¥°Ï¨° ¸¶µ¸µ¡ µ¶·¥¤¥²¨ÉÓ ÔÉ¨ Î²¥´Ò ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò Ë ±Éµ·¨§µ-
¢ ÉÓ µ¶¥· Éµ· (4.2) ¨ · ¸¸³µÉ·¥ÉÓ ¥£µ ± ± ¶·µ¨§¢¥¤¥´¨¥ ´¥¢§ ¨³µ¤¥°¸É¢ÊÕ-
Ð¨Ì (S−P ) ±¢ ·±µ¢µ£µ Éµ±  ¨ ¸± ²Ö·´µ£µ ¡¥¸Í¢¥É´µ£µ £²Õµ´´µ£µ µ¶¥· Éµ· .
„ ²¥¥ ±¢ ·±µ¢Ò° Éµ± § ³¥´Ö¥É¸Ö ´  ±¨· ²Ó´Ò° µ¶¥· Éµ· ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ £¨-
¶µÉ¥§µ° —‘�’ ¨  ²£¥¡·µ° Éµ±µ¢:

mss̄RdL → −
f2
π

8
(U †χ)23 . (4.4)
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‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¸ÊÐ¥¸É¢Ê¥É ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö É¥µ·¥³ , µ¸´µ¢ ´´ Ö ´ 
µ¡Ð¨Ì ¸¢µ°¸É¢ Ì É¥´§µ·  Ô´¥·£¨¨ ¨³¶Ê²Ó¸ , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É ±¨· ²Ó´µ¥
¶·¥¤¸É ¢²¥´¨¥ £²Õµ´´µ£µ µ¶¥· Éµ·  [109,110]:

(
αs

π
GaµνG

a
µν)χ = − 2

β3
f2
πtrfl(∂µU

†∂µU) +O(p4) , β3 = 9 . (4.5)

“· ¢´¥´¨Ö (4.4), (4.5) ¶µ§¢µ²ÖÕÉ µ¶·¥¤¥²¨ÉÓ ±µ´¸É ´ÉÊ B:

B =
1

4β3
, (4.6)

±µÉµ· Ö, ¢ ´ Ï¥° ³µ¤¥²¨, ¶ · ³¥É·¨§Ê¥É ¢¥¤ÊÐ¨° Î²¥´ ±¨· ²Ó´µ£µ · §²µ¦¥-
´¨Ö µ¶¥· Éµ·  (4.2). ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶µ²ÊÎ¨²¨ ¢±² ¤ ¢ ±¨· ²Ó´Ò° ² £· ´-
¦¨ ´

LG∆S=1 =
GF√

2
VudV

∗
us(1−τ)

(
1

480β3

f4
π

m2
c

(U †χ)23trfl(∂µU
†∂µU)

)
+Ô.¸. , (4.7)

±µÉµ·Ò° µ¶·¥¤¥²Ö¥É ¶µ¶· ¢±Ê ±  ³¶²¨ÉÊ¤¥ A0:

∆A0 =
GF√

2
VudV

∗
us(1 − τ)

1

30β3

m2
K

m2
c

fKm
2
K . (4.8)

� ¸¸³µÉ·¥´´µ¥ ¶·¨¡²¨¦¥´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¸É¥°Ï¥° Ë¨§¨Î¥¸±µ° ± ·-
É¨´¥ · ¸¶ ¤  K → ππ, ¢ ±µÉµ·µ° K-³¥§µ´  ´´¨£¨²¨·Ê¥É¸Ö ¶¸¥¢¤µ¸± ²Ö·-
´Ò³ ±¢ ·±µ¢Ò³ Éµ±µ³ ¨ ¶ ·  π-³¥§µ´µ¢ ·µ¦¤ ¥É¸Ö £²Õµ´´Ò³ µ¶¥· Éµ·µ³.
„·Ê£¨³¨ ¸²µ¢ ³¨, ±¨· ²Ó´Ò° ² £· ´¦¨ ´ (4.7) µ¶¨¸Ò¢ ¥É ± ´ ² · ¸¶ ¤  ¸
£²Õµ´ ³¨ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. —¨¸²¥´´µ µÉ´µ¸¨É¥²Ó´ Ö ¶µ¶· ¢±  ±

 ³¶²¨ÉÊ¤¥ A0 µ± §Ò¢ ¥É¸Ö ¶µ·Ö¤±  1
30β3

m2
K

m2
c
∼ 10−3.

4.2. � ·ÊÏ ÕÐ¨° Ë ±Éµ·¨§ Í¨Õ ´¥²µ± ²Ó´Ò° ¢±² ¤ ¢ ³ É·¨Î´Ò°
Ô²¥³¥´É µ¶¥· Éµ·  Q2. ‚ÒÏ¥ ¡Ò² · ¸¸³µÉ·¥´ ¸²ÊÎ °, ±µ£¤  £²Õµ´Ò, ¨§
±µÉµ·ÒÌ Ëµ·³¨·Ê¥É¸Ö ¶ ·  π-³¥§µ´µ¢, µ¡· §ÊÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥  ´´¨£¨²ÖÍ¨¨
¶ ·Ò ±¢ ·±µ¢ c-c̄ ¨§ µ¶¥· Éµ·  Qc2. �² £µ¤ ·Ö µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ° ³ ¸¸¥
c-±¢ ·± , ¢§ ¨³µ¤¥°¸É¢¨¥, µÉ¢¥Î ÕÐ¥¥ §  ¶¥·¥Ìµ¤ÒK → GaµνG

a
µν , ³µ¦¥É ¡ÒÉÓ

µ¶¨¸ ´µ ²µ± ²Ó´Ò³ £ ³¨²ÓÉµ´¨ ´µ³ (4.1). �´´¨£¨²ÖÍ¨Ö ¶ ·Ò ±¢ ·±µ¢ u-ū ¨§
µ¶¥· Éµ·  Q2 ¨§-§  ³ ²µ° ³ ¸¸Ò u-±¢ ·±  ´¥ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ²µ-
± ²Ó´µ° ¢¥·Ï¨´µ°. „²Ö Éµ£µ, ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ ¢±² ¤ ¶¥·¥Ìµ¤µ¢ K → ππ
¸ ¶·µ¸É¥°Ï¥° ±µ´Ë¨£Ê· Í¨¥° £²Õµ´´µ£µ ¶µ²Ö GaµνG

a
µν ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ-

¸ÉµÖ´¨¨ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2, É·¥¡Ê¥É¸Ö ´¥¶¥·ÉÊ·¡ É¨¢´Ò°
³¥Éµ¤. ŒÒ ¢µ¸¶µ²Ó§Ê¥³¸Ö µ¡Ð¨³ ³¥Éµ¤µ³, µ¶¨¸ ´´Ò³ ¢ · §¤. 3, Éµ ¥¸ÉÓ ¨¸-
¶µ²Ó§Ê¥³ ±¨· ²Ó´ÊÕ ÔËË¥±É¨¢´ÊÕ É¥µ·¨Õ ¨ Š•„-¶· ¢¨²  ¸Ê³³.

‡ ¤ Î  ¸µ¸Éµ¨É ¢ ¶µ¸É·µ¥´¨¨ Î ¸É¨ ±¨· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö µ¶¥· Éµ· 
Q2, ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ¶¥·¥Ìµ¤ ³¨ K → GaµνG

a
µν → ππ. �  µ¸´µ¢ ´¨¨



730 �…�ˆ� A.A., �ˆ‚�‚���‚ A.A.

·¥§Ê²ÓÉ Éµ¢ ¶·¥¤Ò¤ÊÐ¥£µ ¶Ê´±É  ÔÉ  Î ¸ÉÓ ±¨· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ³µ¦¥É
¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

(Q2)Gχ = gGf2
π(U †χ)23trfl(∂µU

†∂µU) , (4.9)

£¤¥ gG Å ¡¥§· §³¥·´Ò° ¶ · ³¥É·. ‚ ¸ ³µ³ ¤¥²¥, ¶µ²´µ¥ ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢-
²¥´¨¥ µ¶¥· Éµ·  Q2 ¢ ¶µ·Ö¤±¥ O(p4) ¸µ¤¥·¦¨É ¥¤¨´¸É¢¥´´Ò° Î²¥´ ¢¨¤  (4.9),
±µÉµ·Ò° ¤ ¥É ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → ππ ¨ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ±µ´-
Ë¨£Ê· Í¨Õ trfl(∂µU

†∂µU), ± ± ÔÉµ£µ É·¥¡Ê¥É Ê· ¢´¥´¨¥ (4.5) [29]. „²Ö µ¶·¥-
¤¥²¥´¨Ö ¶ · ³¥É·  gG ¨¸¶µ²Ó§Ê¥³ ¶· ¢¨²  ¸Ê³³ ¤²Ö ¶µ¤Ìµ¤ÖÐ¥° ËÊ´±Í¨¨
ƒ·¨´ . ’¥Ì´¨Î¥¸±¨ ¡µ²¥¥ Ê¤µ¡´µ · ¡µÉ ÉÓ ¸ ¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¥° ƒ·¨´ .
…¸É¥¸É¢¥´´Ò³ ¢Ò¡µ·µ³ Ö¢²Ö¥É¸Ö ËÊ´±Í¨Ö ƒ·¨´  ¢¨¤ 

G(p) =

∫
〈0|T αs

π
GaµνG

a
µν(x)Q2(0)|K0(q)〉eipxdx|q=0 , (4.10)

£¤¥ ¢ ± Î¥¸É¢¥ ¨´É¥·¶µ²¨·ÊÕÐ¥£µ µ¶¥· Éµ·  ¤²Ö π-³¥§µ´µ¢ ¨¸¶µ²Ó§Ê¥É¸Ö µ¶¥-
· Éµ· GaµνG

a
µν . � ¸ÒÐ Ö ËÊ´±Í¨Õ ƒ·¨´  (4.10) ¸µ¸ÉµÖ´¨Ö³¨ π+π− ¨ π0π0

(´¨§Ï¨³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¸ ¶µ¤Ìµ¤ÖÐ¨³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨), ¨¸¶µ²Ó§ÊÖ ¶µ²-
´µ¥ ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ·  Q2 ¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±ÊÕ É¥µ·¥³Ê
(4.5), ¶·¨ ³ ²µ³ ¨³¶Ê²Ó¸¥ p ∼ 0 ¶µ²ÊÎ ¥³  ¤·µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ÔÉµ°
ËÊ´±Í¨¨

G(p) = −gG 32

π2β3

m2
K

fπ
p4 ln

(
−p2

µ2

)
+ O(p6) (4.11)

¨ ¤²Ö ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ÔÉµ° ËÊ´±Í¨¨

ρ ¤·(s) = gG
32

π2β3

m2
K

fπ
s2 θ(s) . (4.12)

�² £µ¤ ·Ö ¸¶¥Í¨ ²Ó´µ³Ê ¢Ò¡µ·Ê ËÊ´±Í¨¨ ƒ·¨´ , Î²¥´Ò ¶µ·Ö¤±  O(p2) ´¥
¤ ÕÉ ¢±² ¤ ¢ Ê· ¢´¥´¨¥ (4.11). ’ ±¨³ µ¡· §µ³, ³Ò ³µ¦¥³ ¨¸¸²¥¤µ¢ ÉÓ ¢±² ¤
¶µ·Ö¤±  O(p4), ¶ · ³¥É·¨§Ê¥³Ò° ±µ´¸É ´Éµ° gG, ´¥¶µ¸·¥¤¸É¢¥´´µ,   ´¥ ± ±
¶µ¶· ¢±Ê ± ´¥±µÉµ·µ³Ê ¢¥¤ÊÐ¥³Ê ·¥§Ê²ÓÉ ÉÊ. �Éµ ¤¥² ¥É ·¥§Ê²ÓÉ ÉÒ £µ-
· §¤µ ¡µ²¥¥ ´ ¤¥¦´Ò³¨. ‘²¥¤Ê¥É ¸¤¥² ÉÓ § ³¥Î ´¨¥ µÉ´µ¸¨É¥²Ó´µ ±¨· ²Ó´µ£µ
¶·¥¤¥²  ¤²Ö K-³¥§µ´  ¢ Ê· ¢´¥´¨¨ (4.10). �·¥¤¸É ¢²¥´¨¥ (4.9) Ë¨±¸¨·Ê¥É
¶· ¢¨²Ó´Ò° ¶µ·Ö¤µ±  ³¶²¨ÉÊ¤Ò · ¸¸³ É·¨¢ ¥³µ£µ ¶·µÍ¥¸¸ , ¶·¨Î¥³ ¸² £ ¥-
³µ¥ (Q2)Gχ ´¥ § ¢¨¸¨É (Ö¢´µ) µÉ ¨³¶Ê²Ó¸  K-³¥§µ´ . ‘µÌ· ´¥´¨¥ ¢ Ê· ¢´¥-
´¨¨ (4.10) ´¥´Ê²¥¢µ£µ ¨³¶Ê²Ó¸  K-³¥§µ´  ¶·¨¢¥¤¥É ± ¸¤¢¨£Ê  ³¶²¨ÉÊ¤Ò ´ 
¢¥²¨Î¨´Ê ¶µ·Ö¤±  O(p6), ÎÉµ ´ Ìµ¤¨É¸Ö §  ¶·¥¤¥² ³¨ ÉµÎ´µ¸É¨ ´ Ï¥£µ ³¥-
Éµ¤ . �µÔÉµ³Ê ³Ò ³µ¦¥³ ¶µ²µ¦¨ÉÓ q = 0 ¨ · ¡µÉ ÉÓ ¸ ËÊ´±Í¨¥° µ¤´µ£µ
 ·£Ê³¥´É  p.

�·¨ ¡µ²ÓÏµ³ ¥¢±²¨¤µ¢µ³ ¨³¶Ê²Ó¸¥ p2 → −∞ µ¶¥· Éµ·´µ¥ · §²µ¦¥´¨¥
¤²Ö ËÊ´±Í¨¨ ƒ·¨´  (4.10) ¨³¥¥É ¢¨¤

G(p) = i
1

2π2
ln

(
−p2

µ2

)
αs

π
〈0|mss̄RgsG

a
µνt

aσµνdL|K0(q)〉|q=0+
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+O(α2
sp

2) +O(p−2) . (4.13)

Œ´µ¦¨É¥²Ó ms ¢ Ê· ¢´¥´¨¨ (4.13) µ¡¥¸¶¥Î¨¢ ¥É ¶· ¢¨²Ó´µ¥ ¶µ¢¥¤¥´¨¥ ËÊ´±-
Í¨¨ ƒ·¨´  ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥. �¥¤ÊÍ¨·ÊÖ K-³¥§µ´, ¶·¥µ¡· §Ê¥³ Ê· ¢´¥-
´¨¥ (4.13) ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

G(p) = − 1

4π2
ln

(
−p2

µ2

)
αs

π
fKm

2
Km

2
0 . (4.14)

‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¸¶¥±É· ²Ó´ Ö ¶²µÉ´µ¸ÉÓ ¨³¥¥É ¢¨¤

ρŠ•„(s) =
1

4π2

αs

π
fKm

2
Km

2
0 θ(s) . (4.15)

„²Ö Éµ£µ ÎÉµ¡Ò µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨¥ gG, ¨¸¶µ²Ó§Ê¥³ Ê· ¢´¥´¨Ö (4.12), (4.15)
¨ ¸É ´¤ ·É´ÊÕ ¶·µÍ¥¤Ê·Ê �‘Š�. �¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤

gG =
3β3

128

fK

fπ

f2
πm

2
0

s2
0

αs(s0)

π
. (4.16)

�¸É ¥É¸Ö ¢µ¶·µ¸ µ ¢Ò¡µ·¥ §´ Î¥´¨Ö ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ s0. �µ± ¦¥³,
ÎÉµ ·¥§Ê²ÓÉ É (4.16) Ö¢²Ö¥É¸Ö ¸ ³µ¸µ£² ¸µ¢ ´´Ò³ ¢ ¤µ¸É ÉµÎ´µ Ê§±µ³ ¨´É¥·-
¢ ²¥ §´ Î¥´¨° s0. ‚ ¸ ³µ³ ¤¥²¥, ¤²Ö Éµ£µ ÎÉµ¡Ò ¶µ¤ ¢¨ÉÓ ¢±² ¤Ò ¢Ò¸Ï¨Ì
¸µ¸ÉµÖ´¨°, ´ ¶·¨³¥·, ¢±² ¤ ¸± ²Ö·´µ£µ ³¥§µ´  σ(0, 9 ƒÔ‚) ¢  ¤·µ´´µ¥ ¶·¥¤-
¸É ¢²¥´¨¥ (4.11), ³Ò ¤µ²¦´Ò ¶µ²µ¦¨ÉÓ s0 < (0, 9 ƒÔ‚)2. Š·µ³¥ Éµ£µ, ¢Ò· ¦¥-
´¨¥ (4.11) ¶µ²ÊÎ¥´µ ´ ³¨ ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ · §²µ¦¥´¨Ö ¶µ p2 ¨ µ¶· ¢¤ ´µ ¤µ
É¥Ì ¶µ·, ¶µ±  µÉ´µÏ¥´¨¥ s0/Λ

2
χ µ¸É ¥É¸Ö ³ ²Ò³. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ´  Ï± ²¥

µ < 0, 8 ƒÔ‚ ¶¥·ÉÊ·¡ É¨¢´Ò¥ αs-¶µ¶· ¢±¨ ± ÔËË¥±É¨¢´µ³Ê £ ³¨²ÓÉµ´¨ ´Ê
¸É ´µ¢ÖÉ¸Ö ¶²µÌµ ±µ´É·µ²¨·Ê¥³Ò³¨ [25], ÎÉµ µ£· ´¨Î¨¢ ¥É ¢µ§³µ¦´µ¥ §´ Î¥-
´¨¥ ¨´É¥·¢ ²  ¤Ê ²Ó´µ¸É¨ ¸´¨§Ê s0 > (0, 8 ƒÔ‚)2. ’ ±¨³ µ¡· §µ³, ´ ¨¡µ²¥¥
µ¡µ¸´µ¢ ´´Ò³ ± ¦¥É¸Ö ¢Ò¡µ· s0 ∼ (0, 8 ƒÔ‚)2.

�µ¶·µ¡Ê¥³ µÍ¥´¨ÉÓ ¶µ£·¥Ï´µ¸ÉÓ ¶µ²ÊÎ¥´´µ£µ ·¥§Ê²ÓÉ É . � ¸¸³µÉ·¨³ ¶µ-
¶· ¢±¨ ± Š•„-¶·¥¤¸É ¢²¥´¨Õ ËÊ´±Í¨¨ ƒ·¨´  (4.10). �¥·ÉÊ·¡ É¨¢´Ò¥ ¶µ-
¶· ¢±¨ ± �� (¥¤¨´¨Î´Ò° µ¶¥· Éµ· ¢ · §²µ¦¥´¨¨ (4.13)) ¶µ¤ ¢²¥´Ò ¶¥É²¥-
¢Ò³ Ë ±Éµ·µ³ αs/4π ∼ 10−3. �¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¶µ¶· ¢±¨ §  ¸Î¥É µ¶¥· Éµ-
·µ¢ ¢Ò¸Ï¨Ì · §³¥·´µ¸É¥°, ¶µ-¢¨¤¨³µ³Ê, ¡µ²¥¥ ¢ ¦´Ò. ‚¥¤ÊÐ¨¥ ¸É¥¶¥´´Ò¥
¶µ¶· ¢±¨ ¢ �� (4.13) µ¶·¥¤¥²ÖÕÉ¸Ö µ¶¥· Éµ· ³¨ · §³¥·´µ¸É¨ ¢µ¸¥³Ó. „²Ö
Î¨¸²¥´´µ° µÍ¥´±¨ ¸É¥¶¥´´ÒÌ ¶µ¶· ¢µ± ´¥µ¡Ìµ¤¨³µ µÍ¥´¨ÉÓ ³ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ ÔÉ¨Ì µ¶¥· Éµ·µ¢ ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ ¸µ¸ÉµÖ´¨¥³ K-³¥§µ´ . …¸²¨ ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µ¸ÉÊÕ Ë ±Éµ·¨§ Í¨Õ, Éµ
µÉ´µ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  ¸É¥¶¥´´ÒÌ ¶µ¶· ¢µ± µ± §Ò¢ ¥É¸Ö ¶µ·Ö¤±  10%.

• · ±É¥·´ Ö ¢¥²¨Î¨´  ¶µ£·¥Ï´µ¸É¨, ¸¢Ö§ ´´µ° ¸ µÉ¡· ¸Ò¢ ´¨¥³ ¢Ò¸Ï¨Ì
Î²¥´µ¢ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö, ¨³¥¥É ¶µ·Ö¤µ± ∼ 25%. �¤´ ±µ ¢  ¤·µ´´µ³
¶·¥¤¸É ¢²¥´¨¨ (4.11) ³Ò ´¥ ³µ¦¥³ ¢Ò¤¥²¨ÉÓ ¨´É¥·¥¸ÊÕÐ¨° ´ ¸ ¢±² ¤ ± ± ·¥-
§µ´ ´¸, ¢ µÉ²¨Î¨¥ µÉ  ¤·µ´´µ£µ ¶·¥¤¸É ¢²¥´¨Ö (3.35) ËÊ´±Í¨¨ ƒ·¨´  (3.32).
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�Éµ §´ Î¨É¥²Ó´µ ¸´¨¦ ¥É ´ ¤¥¦´µ¸ÉÓ ¶µ²ÊÎ ¥³µ£µ ·¥§Ê²ÓÉ É . ‚ ¸ ³µ³ ¤¥²¥,
¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ (3.39) ¨§-§  ´ ²¨Î¨Ö δ-ËÊ´±Í¨¨
³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q6 ¡¥·¥É¸Ö ¢ ÉµÎ±¥ p2 = m2

K/2, £¤¥ ±¨· ²Ó´µ¥
· §²µ¦¥´¨¥ Ìµ·µÏµ ¸Ìµ¤¨É¸Ö. ‚ Éµ ¦¥ ¢·¥³Ö ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¸¶¥±É· ²Ó-
´µ° ¶²µÉ´µ¸É¨ (4.12) ¶µ ¨´É¥·¢ ²Ê ¤Ê ²Ó´µ¸É¨ ´ ³ ¶·¨Ìµ¤¨É¸Ö § ÉÖ£¨¢ ÉÓ
±¨· ²Ó´ÊÕ É¥µ·¨Õ ¢µ§³ÊÐ¥´¨° ¢ µ¡² ¸ÉÓ p2 ∼ s0. ’ ±¨³ µ¡· §µ³, µÉ´µ-
¸¨É¥²Ó´Ò° ¢±² ¤ ¸²¥¤ÊÕÐ¨Ì Î²¥´µ¢ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¢ ¨´É¥£· ² µÉ
¸¶¥±É· ²Ó´µ° ¶²µÉ´µ¸É¨ ¨³¥¥É ¶µ·Ö¤µ± 3s0/4Λχ ∼ 0, 5 (Ë ±Éµ· 3/4 ¤ ¥É ¨´-
É¥£·¨·µ¢ ´¨¥ · §²¨Î´ÒÌ ¸É¥¶¥´¥° s). “³¥´ÓÏ Ö ¢¥²¨Î¨´Ê s0, ³µ¦´µ ¸¤¥² ÉÓ
±¨· ²Ó´Ò¥ ¶µ¶· ¢±¨ ³¥´¥¥ §´ Î¨É¥²Ó´Ò³¨. �·¨ ÔÉµ³, µ¤´ ±µ, ÊÌÊ¤Ï ¥É¸Ö
¸Ìµ¤¨³µ¸ÉÓ �� (4.13). �µ¤µ¡´ Ö ¶·µ¡²¥³  ¢µ§´¨± ¥É ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶ -
· ³¥É·µ¢ Ô²¥±É·µ¸² ¡µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ³¥Éµ¤µ³ ¶· ¢¨² ¸Ê³³ ¤²Ö
¤¢ÊÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´  〈0|TQi(x)Qj(y)|0〉 [35Ä38]. �¢Éµ·Ò [35Ä38],
µ¤´ ±µ, Ê¶Ê¸± ÕÉ ¨§ ¢¨¤  ÔÉÊ ¶·µ¡²¥³Ê, ÌµÉÖ µ´  ³µ¦¥É Ö¢²ÖÉÓ¸Ö ¶·¨Î¨´µ°
§´ Î¨É¥²Ó´ÒÌ µÏ¨¡µ± ¢ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´± Ì. ŒÒ µ£· ´¨Î¨¢ ¥³¸Ö £·Ê¡µ°
µÍ¥´±µ° ¢¥²¨Î¨´Ò ´µ¢µ£µ ¢±² ¤ . �µ²¥¥ ÉµÎ´µ¥ µ¶·¥¤¥²¥´¨¥ ÔÉµ° ¢¥²¨Î¨´Ò
Ö¢²Ö¥É¸Ö Ìµ·µÏ¥° § ¤ Î¥° ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´  ·¥Ï¥É± Ì.

ˆ¸¶µ²Ó§ÊÖ Ê· ¢´¥´¨Ö (4.9), (4.16), ¶µ²ÊÎ ¥³ ¤µ¶µ²´¨É¥²Ó´Ò° ¢±² ¤ ¢ ³ -
É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2:

∆〈Q2(s0)〉0 =
3β3

8

m2
0m

2
K

s2
0

αs(s0)

π
∼ 0, 018 ƒÔ‚3 . (4.17)

� · ³¥É·¨§Ê¥³ ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2  ´ ²µ£¨Î´µ ¶ · ³¥É·¨§ Í¨¨
(3.29) ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6:

〈Q2〉0 =
5

9

√
3

2
fKm

2
KB

(1/2)
2 . (4.18)

�µ·³¨·µ¢±  ¶ · ³¥É·  B(1/2)
2 ¢Ò¡· ´  É ±¨³ µ¡· §µ³, ÎÉµ ¶·¨ Ë ±Éµ·¨§ -

Í¨¨ ³Ò ¨³¥¥³ B
(1/2)
2 = 1. ‚ É¥·³¨´ Ì ¶ · ³¥É·  B

(1/2)
2 ·¥§Ê²ÓÉ É (4.17)

¶·¨´¨³ ¥É ¢¨¤

∆B
(1/2)
2 (1 ƒÔ‚) ∼ 0, 67 . (4.19)

“· ¢´¥´¨Ö (4.17), (4.19) µ¶·¥¤¥²ÖÕÉ ¢±² ¤ ¶¥·¥Ìµ¤µ¢ K → ππ ¸ ¶·µ¸É¥°-
Ï¥° ±µ´Ë¨£Ê· Í¨¥° £²Õµ´´µ£µ ¶µ²Ö GaµνG

a
µν ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨ ¢

³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2. ‚ µÉ´µÏ¥´¨¨ ¤ ´´µ£µ ¢±² ¤  ´¥µ¡Ìµ¤¨³µ
¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ § ³¥Î ´¨Ö:

i) ‚±² ¤ ¨³¥¥É ¶µ·Ö¤µ± O(p4). �¥¸³µÉ·Ö ´  ÔÉµ, Î¨¸²¥´´µ µ´ µ± §Ò¢ ¥É¸Ö
¸· ¢´¨³Ò³ ¸ ·¥§Ê²ÓÉ Éµ³ ´ ¨¢´µ° Ë ±Éµ·¨§ Í¨¨ ¤²Ö ¢¸¥£µ ³ É·¨Î´µ£µ Ô²¥-
³¥´É . �ÉµÉ Ë ±É £µ¢µ·¨É µ §´ Î¨É¥²Ó´µ³ ´ ·ÊÏ¥´¨¨ Ë ±Éµ·¨§ Í¨¨ ¢ ¶µ·Ö¤±¥
O(p4) ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¨ ´¥µ¡Ìµ¤¨³µ¸É¨ ¤ ²Ó´¥°Ï¥£µ ¨¸¸²¥¤µ¢ ´¨Ö
∆S = 1 ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¢ ¶µ·Ö¤±¥ O(p4).
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ii) ‚±² ¤ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ ¢¥¤ÊÐ¥³ ¶µ·Ö¤±¥ 1/Nc-· §²µ¦¥´¨Ö.
iii) ‚±² ¤ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·¨ Ë ±Éµ·¨§ Í¨¨ ³ É·¨Î´µ£µ Ô²¥³¥´É ,  

É ±¦¥ ¢ ²Õ¡µ³ ¶µ¤Ìµ¤¥, £¤¥ ±¢ ·±µ¢Ò¥ Éµ±¨ § ³¥´ÖÕÉ¸Ö ¨Ì ³¥§µ´´Ò³¨ ·¥ -
²¨§ Í¨Ö³¨ ´¥§ ¢¨¸¨³µ, ´ ¶·¨³¥·, ¢ · ³± Ì ³¥Éµ¤  [34].

iv) ƒ²Õµ´Ò ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨ ´¥ µ¡· §ÊÕÉ ¸¢Ö§ ´´µ¥ ¸µ¸Éµ-
Ö´¨¥. �µÔÉµ³Ê ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê ´¥ ¶µ¤ ¢²¥´ µ¡· É´µ° ³ ¸¸µ° µ¤´µ£µ ¨§
¸± ²Ö·´ÒÌ ·¥§µ´ ´¸µ¢.

v) ‚ µÉ²¨Î¨¥ µÉ  ´´¨£¨²ÖÍ¨¨ ¶ ·Ò ±¢ ·±µ¢ c-c̄ ¢ µ¶¥· Éµ·¥ Qc2 ¢ ¤ ´´µ³
¸²ÊÎ ¥ ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê µ¶·¥¤¥²Ö¥É ¸³¥Ï ´´ Ö ±¢ ·±-£²Õµ´´ Ö ±µ³¶µ´¥´É 
¢µ²´µ¢µ° ËÊ´±Í¨¨ K-³¥§µ´ .

vi) ‚ ¶·¨´Í¨¶¥ ¡µ²¥¥ ¸²µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨ £²Õµ´´µ£µ ¶µ²Ö, ´ ¶·¨³¥·

fabcGaµνG
b
νλG

c
λµ , (4.20)

£¤¥ fabc Å ¸É·Ê±ÉÊ·´ Ö ±µ´¸É ´É  £·Ê¶¶Ò SUc(3), ³µ£ÊÉ ¨£· ÉÓ ·µ²Ó ¶·µ-
³¥¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö. �¤´ ±µ ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö É¥µ·¥³  (4.5) £µ¢µ·¨É
µ Éµ³, ÎÉµ ³ É·¨Î´Ò° Ô²¥³¥´É É ±¨Ì µ¶¥· Éµ·µ¢ ³¥¦¤Ê ¢ ±ÊÊ³µ³ ¨ ¸µ¸ÉµÖ-
´¨¥³ ππ ¨³¥¥É ¶µ·Ö¤µ± O(p4). „¥°¸É¢¨É¥²Ó´µ, É¥µ·¥³  (4.5) Ê¸É ´ ¢²¨¢ ¥É
Ô±¢¨¢ ²¥´É´µ¸ÉÓ ¶·¥¤¸É ¢²¥´¨° ¸²¥¤  É¥´§µ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  Î¥·¥§ Š•„
¨ ³¥§µ´´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. ‚ ±¨· ²Ó´µ³ ¶·¥¤¥²¥, ¢ ¶µ·Ö¤±¥ O(p2) ¸ÊÐ¥-
¸É¢Ê¥É ¥¤¨´¸É¢¥´´Ò° ±¨· ²Ó´µ-¸¨³³¥É·¨Î´Ò° ²µ·¥´Í-¨´¢ ·¨ ´É´Ò° ³¥§µ´-
´Ò° µ¶¥· Éµ· (4.5). �´ ¶·µ¶µ·Í¨µ´ ²¥´ ¸²¥¤Ê É¥´§µ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ . ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ¨§¢¥¸É´µ, ÎÉµ ¶µ¶· ¢±¨ ± ±µ´Ëµ·³´µ°  ´µ³ ²¨¨ µÉ¸ÊÉ¸É¢ÊÕÉ
¨ µ¶¥· Éµ·Ò ¢¨¤  (4.20) ´¥ ¤ ÕÉ ¢±² ¤ ¢ ¸²¥¤ É¥´§µ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸ . �µ-
ÔÉµ³Ê ±¨· ²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ·  (4.20) ´ Î¨´ ¥É¸Ö ¸ Î²¥´µ¢ ¶µ·Ö¤± 
O(p4). ‘²¥¤µ¢ É¥²Ó´µ, ¢±² ¤ ¶¥·¥Ìµ¤µ¢ K → ππ ¸ ¶µ¤µ¡´Ò³¨ ±µ´Ë¨£Ê· -
Í¨Ö³¨ £²Õµ´´µ£µ ¶µ²Ö ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨ ¨³¥¥É, ¶µ ±· °´¥° ³¥·¥,
¶µ·Ö¤µ± O(p6).

5. ”…��Œ…��‹�ƒˆŸ ��‘��„�‚ K → ππ

5.1. �¤·µ´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ  ³-
¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢, ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ
µ¶¥· Éµ·µ¢ (2.3). ‘ ÊÎ¥Éµ³ ²¨´¥°´µ° § ¢¨¸¨³µ¸É¨ µ¶¥· Éµ·µ¢ (2.4) ³Ò ³µ¦¥³
§ ¶¨¸ ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ µ¶¥· Éµ·µ¢ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

〈Q1〉0 = − 1

9

√
3

2
fKm

2
KB

(1/2)
1 (µ) ,

〈Q2〉0 =
5

9

√
3

2
fKm

2
KB

(1/2)
2 (µ) ,
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〈Q3〉0 =
1

3

√
3

2
fKm

2
KB

(1/2)
3 (µ) ,

〈Q4〉0 = 〈Q3〉0 + 〈Q2〉0 − 〈Q1〉0 ,

〈Q5〉0 =
1

3
〈Q6〉0B(1/2)

5 (µ) ,

〈Q6〉0 = −
√

3

2
fKm

2
K B

(1/2)
6 (µ) ,

〈Q7〉0 = −2

3

√
3

2

(
m2
K

m2
s(µ)

)
fKm

2
KB

(1/2)
7 (µ) ,

〈Q8〉0 = −2

√
3

2

(
m2
K

m2
s(µ)

)
fKm

2
KB

(1/2)
8 (µ) , (5.1)

〈Q9〉0 =
3

2
〈Q1〉0 −

1

2
〈Q3〉0 ,

〈Q10〉0 = 〈Q2〉0 +
1

2
〈Q1〉0 −

1

2
〈Q3〉0 ,

〈Q1〉2 = 〈Q2〉2 =
4

3
√

3
fKm

2
KB

(3/2)
1 (µ) ,

〈Qi〉2 = 0 , i = 3, . . . , 6 ,

〈Q7〉2 = − 1√
3

(
m2
K

m2
s(µ)

)
B

(3/2)
7 (µ) ,

〈Q8〉2 = −
√

3

(
m2
K

m2
s(µ)

)
B

(3/2)
8 (µ) ,

〈Q9〉2 = 〈Q10〉2 =
3

2
〈Q1〉2 .

�¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò Bij (j 6= 6) ´µ·³¨·µ¢ ´Ò É ±¨³ µ¡· §µ³, ÎÉµ, ¨¸-
¶µ²Ó§ÊÖ ¶·µÍ¥¤Ê·Ê Ë ±Éµ·¨§ Í¨¨, ³Ò ¶µ²ÊÎ ¥³ Bij = 1 (± ± ¡Ò²µ µÉ³¥Î¥´µ ¢
· §¤. 3, Ë ±Éµ·¨§ Í¨Ö ´¥ ¤ ¥É µ¤´µ§´ Î´µ° µÍ¥´±¨ ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É 
µ¶¥· Éµ·  Q6).

‚ · ¡µÉ¥ [97] ¶·¨ ¶µ³µÐ¨ ¶· ¢¨² ¸Ê³³ ¤²Ö É·¥ÌÉµÎ¥Î´µ° ËÊ´±Í¨¨ ƒ·¨´ 
¨ ±¨· ²Ó´µ° ÔËË¥±É¨¢´µ° É¥µ·¨¨ ¡Ò² ¢ÒÎ¨¸²¥´  ¤·µ´´Ò° ³ É·¨Î´Ò° Ô²¥-
³¥´É µ¶¥· Éµ·  Q6 (¸³. · §¤. 3). ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö  ´ ²¨§ µ¸É ²Ó´ÒÌ µ¶¥-
· Éµ·µ¢ ¢ · ³± Ì ÔÉµ£µ ³¥Éµ¤  µÉ¸ÊÉ¸É¢Ê¥É. ˆ§ ¤·Ê£¨Ì ¨³¥ÕÐ¨Ì¸Ö ³¥Éµ¤µ¢
¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ´ ¨¡µ²¥¥ ¸ ³µ¸µ£² ¸µ¢ ´´Ò³ ¢Ò£²Ö¤¨É ³¥-
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Éµ¤, µ¸´µ¢ ´´Ò° ´  1/Nc-· §²µ¦¥´¨¨ [34]. ‚ É¥·³¨´ Ì ¶ · ³¥É·µ¢ Bij ¤²Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ (2.3) ¢ · ¡µÉ Ì [19,34] ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥-
¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

B
1/2
1 = 3, 92 , B

1/2
2 = 1, 66 , B

1/2
3 = 0, 42 ,

B
1/2
3 = 0, 75 , B

1/2
5 = 1, 00 , B

1/2
6 = 4, 49 ,

B
1/2
7 = 1, 09 , B

1/2
8 = 1, 00 , B

3/2
1 = 0, 75 ,

B
3/2
7 = 0, 61 , B

3/2
8 = 0, 79 .

(5.2)
Š ± ¡Ò²µ µÉ³¥Î¥´µ, ¢ · ³± Ì 1/Nc-· §²µ¦¥´¨Ö ´¥ ·¥Ï¥´  ¶·µ¡²¥³  ¸µ£² -
¸µ¢ ´¨Ö ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨Ö (ÉµÎ±¨ ´µ·³¨·µ¢±¨) ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¨
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢. ‚ Î ¸É´µ¸É¨, §´ Î¥´¨Ö (5.2) ¸µµÉ¢¥É¸É¢ÊÕÉ
ÉµÎ±¥ ´µ·³¨·µ¢±¨ ¶µ·Ö¤±  µ ∼ mK , ¶·¨Î¥³ ¶·¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ³¥Éµ¤
´¥¶·¨³¥´¨³ ¨§-§  ´¥±µ´É·µ²¨·Ê¥³ÒÌ ¶µ¶· ¢µ± ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨°. ‚ Éµ ¦¥ ¢·¥³Ö ·¥´µ·³£·Ê¶¶µ¢µ°  ´ ²¨§ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ´ 
Ô´¥·£¨ÖÌ, ³¥´ÓÏ¨Ì 0,8 ƒÔ‚, ´¥¶·¨³¥´¨³ ¨§-§  ´¥±µ´É·µ²¨·Ê¥³ÒÌ ¶µ¶· ¢µ±
αs [25]. ‘µ£² ¸µ¢ ´´µ¥ ¢ÒÎ¨¸²¥´¨¥ ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¨ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢, ¢¥·µÖÉ´µ, ³µ¦¥É ¡ÒÉÓ ¶·µ¢¥¤¥´µ ¢ · ³± Ì ³¥Éµ¤  [97].
�  ¤ ´´Ò° ³µ³¥´É ± ¦¥É¸Ö ´ ¨¡µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö Ë¥-
´µ³¥´µ²µ£¨Î¥¸±µ£µ  ´ ²¨§  · ¸¶ ¤µ¢ K → ππ ·¥§Ê²ÓÉ É (3.45) · §¤. 3 ¤²Ö
³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6 ¨ ·¥§Ê²ÓÉ ÉÒ 1/Nc-· §²µ¦¥´¨Ö (5.2) ¤²Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¸É ²Ó´ÒÌ µ¶¥· Éµ·µ¢, ¶·¨Î¥³ §´ Î¥´¨Ö ¢¸¥Ì ±µÔËË¨-
Í¨¥´Éµ¢ ‚¨²Ó¸µ´  ¡· ÉÓ ¢ ÉµÎ±¥ ´µ·³¨·µ¢±¨ µ ∼ 0, 8 ƒÔ‚. Š·µ³¥ Éµ£µ, ´¥-
µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ ¢±² ¤ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É µ¶¥· Éµ·  Q2 §  ¸Î¥É ¶¥·¥Ìµ¤µ¢
K → ππ ¸ £²Õµ´ ³¨ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨, ±µÉµ·Ò° ¡Ò² ¢ÒÎ¨¸²¥´ ¢
· §¤. 4. Š ± ¡Ò²µ µÉ³¥Î¥´µ, ÔÉµÉ ¢±² ¤ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¢ · ³± Ì ³¥Éµ¤  [34].

‘²¥¤µ¢ É¥²Ó´µ, ¶ · ³¥É· B1/2
2 ¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q2 ³µ¦¥É

¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ± ± ¸Ê³³ 

B
1/2
2 =

(
B

1/2
2

)
1/Nc

+ ∆B
1/2
2 = 2, 3 , (5.3)

£¤¥ ∆B
1/2
2 ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (4.19) ¨

(
B

1/2
2

)
1/Nc

Å ·¥§Ê²ÓÉ É 1/Nc-· §²µ-

¦¥´¨Ö (5.2).
5.2. �· ¢¨²µ ∆I = 1/2. “¤µ¡´µ ¢¢¥¸É¨ ¸²¥¤ÊÕÐÊÕ ¶ · ³¥É·¨§ Í¨Õ

 ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢:

Re A0 =
5

9

√
3

2

GF√
2
VudV

∗
usfKm

2
Kg0, (5.4)

Re A2 =
4
√

2

9

√
3

2

GF√
2
VudV

∗
usfKm

2
Kg2. (5.5)
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�¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò g0 ¨ g2 ´µ·³¨·µ¢ ´Ò É ±¨³ µ¡· §µ³, ÎÉµ, ¶·¥´¥-
¡·¥£ Ö ¸¨²Ó´Ò³¨ ¶µ¶· ¢± ³¨ ± ÔËË¥±É¨¢´µ³Ê £ ³¨²ÓÉµ´¨ ´Ê (¶µ² £ Ö zi = 0

¶·¨ i 6= 2 ¨ z2 = 1) ¨ ¨¸¶µ²Ó§ÊÖ ¶·µÍ¥¤Ê·Ê Ë ±Éµ·¨§ Í¨¨ (¶µ² £ Ö B1/2
2 = 1),

¶µ²ÊÎ ¥³
g0 = g2 = 1 . (5.6)

�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨³ §´ Î¥´¨Ö³
ÔÉ¨Ì ¶ · ³¥É·µ¢ [12]:

gÔ±¸
0 = 6, 87 , gÔ±¸

2 = 0, 276 . (5.7)

�µ¸²¥¤´¨¥ ¨§ ¨³¥ÕÐ¨Ì¸Ö É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ±  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢
K → ππ ¡Ò²¨ ¤ ´Ò ¢ · ¡µÉ¥ [25]. �¢Éµ·Ò [25] ÊÎ¨ÉÒ¢ ²¨ ¶µ¶· ¢±¨ ¶¥·-
¢µ£µ ¶µ·Ö¤±  ± £² ¢´µ³Ê ²µ£ ·¨Ë³¨Î¥¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ ¤²Ö ±µÔËË¨Í¨¥´-
Éµ¢ ‚¨²Ó¸µ´  (É ¡². 1) ¨ ¨¸¶µ²Ó§µ¢ ²¨ ·¥§Ê²ÓÉ ÉÒ 1/Nc-· §²µ¦¥´¨Ö (5.2) ¤²Ö
 ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢. „²Ö ¶ · ³¥É·µ¢ g0 ¨ g2 ¨³¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò
§´ Î¥´¨Ö

g0 = 4, 0 , g2 = 0, 23 , (5.8)

¶·¨ ΛMS = 0, 3 ƒÔ‚, µ = 0, 8 ƒÔ‚. ’µÎ±  ´µ·³¨·µ¢±¨ ¢Ò¡· ´  É ±¨³ µ¡· -
§µ³, ÎÉµ µÉ´µ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  ¶µ¶· ¢µ± ± £² ¢´µ³Ê ²µ£ ·¨Ë³¨Î¥¸±µ³Ê
¶·¨¡²¨¦¥´¨Õ ¤²Ö  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ ´¥ ¶·¥¢µ¸Ìµ¤¨É 20%, É ± ÎÉµ ³Ò ´¥ ¢Ò-
Ìµ¤¨³ §  £· ´¨ÍÒ ¶·¨³¥´¨³µ¸É¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. Š ± ³Ò ¢¨¤¨³, µÍ¥´± 
 ³¶²¨ÉÊ¤Ò A2 ¢ ¶·¥¤¥² Ì 15% ¶µ£·¥Ï´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨-
³¥´É , ¢ Éµ ¢·¥³Ö ± ± µÍ¥´±   ³¶²¨ÉÊ¤Ò A0 ¶·¨¡²¨§¨É¥²Ó´µ ´  40% ³¥´ÓÏ¥
Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö.

„²Ö ´µ¢µ° µÍ¥´±¨  ³¶²¨ÉÊ¤Ò A0 ¶µ¤¸É ¢¨³ ¢ ¢Ò· ¦¥´¨¥ (1.5) §´ Î¥´¨¥

¶ · ³¥É·  B
1/2
6 ¨§ Ê· ¢´¥´¨° (3.45), (3.46) ¨ §´ Î¥´¨¥ ¶ · ³¥É·  B

1/2
2 ¨§

Ê· ¢´¥´¨Ö (5.3). ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³

g0 = 6, 1 . (5.9)

�·¨Î¥³ ¶·¨¡²¨§¨É¥²Ó´µ ¶µ 20% µÉ É¥µ·¥É¨Î¥¸±µ£µ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò A0

¸µ¸É ¢²ÖÕÉ ¢±² ¤Ò µ¶¥· Éµ·  Q6 ¨ ∆〈Q2〉0. ’ ±¨³ µ¡· §µ³, ´µ¢ Ö É¥µ·¥É¨Î¥-
¸± Ö µÍ¥´±   ³¶²¨ÉÊ¤Ò A0 É ±¦¥ ´ Ìµ¤¨É¸Ö ¢ ¶·¥¤¥² Ì 15% ¶µ£·¥Ï´µ¸É¨ µÉ
Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö. Š ± ¨§¢¥¸É´µ, É ± Ö ÉµÎ´µ¸ÉÓ Ì · ±É¥·´  ¤²Ö
¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³¥Éµ¤µ¢  ´ ²¨§  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ‘ ¤·Ê£µ°
¸Éµ·µ´Ò, ¤²Ö µÉ´µÏ¥´¨Ö  ³¶²¨ÉÊ¤ ³Ò ¶µ²ÊÎ ¥³

A0

A2
∼ 23 , (5.10)

ÎÉµ ¶·¥±· ¸´µ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³:(
A0

A2

)Ô±¸

= 22, 2 . (5.11)
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‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ÔÉµÉ ·¥§Ê²ÓÉ É ¶µ²ÊÎ¥´ ¡² £µ¤ ·Ö ¡µ²¥¥  ±±Ê· É´µ³Ê
ÊÎ¥ÉÊ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² ¤µ¢,   ´¥ §  ¸Î¥É É· ¤¨Í¨µ´´µ£µ § ÉÖ£¨¢ ´¨Ö Ëµ·-
³Ê² É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ µ¡² ¸ÉÓ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°. „ ²Ó´¥°Ï¥¥ ¶µ¢ÒÏ¥-
´¨¥ ÉµÎ´µ¸É¨ µ¶¨¸ ´¨Ö ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ K-³¥§µ´µ¢ É·¥¡Ê¥É ± Î¥¸É-
¢¥´´µ£µ ¸± Î±  ¢ µÍ¥´± Ì  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

5.3. � · ³¥É· ε′/ε. � · ³¥É· ε′ (1.10) ³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ ¨§µÉµ-
¶¨Î¥¸±¨-´¥¶·¨¢µ¤¨³Ò¥  ³¶²¨ÉÊ¤Ò ¨ Ë §Ò · ¸¶ ¤µ¢:

ε′ = − ω√
2
ξ (1− Ω) eıφ , (5.12)

£¤¥

ξ =
Im A0

Re A0
, ω =

Re A2

Re A0
, Ω =

1

ω

Im A2

Im A0
, (5.13)

¨ φ = π/2 + δ2 − δ0 ≈ π/4. �·¨´ÖÉµ · ¡µÉ ÉÓ ¸ ¢¥²¨Î¨´µ° ε′/ε, ±µÉµ· Ö Ì -
· ±É¥·¨§Ê¥É µÉ´µ¸¨É¥²Ó´µ¥ µÉ±²µ´¥´¨¥ µÉ ¸¢¥·Ì¸² ¡µ£µ ³¥Ì ´¨§³  ´ ·ÊÏ¥´¨Ö
CP-¨´¢ ·¨ ´É´µ¸É¨. ŒÒ · ¸¸³ É·¨¢ ¥³ ³µ¤¥²Ó, ¢ ±µÉµ·µ° ¥¤¨´¸É¢¥´´µ° ¶·¨-
Î¨´µ° ´ ·ÊÏ¥´¨Ö CP-¨´¢ ·¨ ´É´µ¸É¨ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ CP-´¥¨´¢ ·¨ ´É´µ°
Ë §Ò δ ¢ ³ É·¨Í¥ ŠŠŒ. ˆ§ Ê· ¢´¥´¨° (1.5), (5.12), (5.13) ¶µ²ÊÎ ¥³

ε′

ε
= Im (V ∗tsVtd)

(
r
∑

yi〈Qi〉0
(
1− Ωη+η′

)
+
r

ω

∑
yi〈Qi〉2

)
, (5.14)

£¤¥

r =
GF ω

2 |ε|Re A0
= 350 ƒÔ‚−3 . (5.15)

�µ¸±µ²Ó±Ê arg (ε) ≈ π/4, Ë §  µÉ´µÏ¥´¨Ö ε′/ε ¡²¨§±  ± ´Ê²Õ. � · ³¥É·
Ωη+η′ µ¶¨¸Ò¢ ¥É π− η− η′-¸³¥Ï¨¢ ´¨¥ ¨§-§  ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³-
³¥É·¨¨ §  ¸Î¥É ´¥´Ê²¥¢µ° · §´µ¸É¨ ³ ¸¸ u- ¨ d-±¢ ·±µ¢

Ωη+η′ =
1

ω

(Im A2)I.B.
Im A0

. (5.16)

‚ÒÎ¨¸²¥´¨¥ ÔÉµ£µ ¶ · ³¥É·  ¢ ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° [111] ¨ ¢ · ³-
± Ì 1/Nc-· §²µ¦¥´¨Ö [112] ¶·¨¢µ¤¨É ± ·¥§Ê²ÓÉ ÉÊ

Ωη+η′ = 0, 25 ± 0, 05 . (5.17)

‚ ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢ ¶· ¢µ° Î ¸É¨ Ê· ¢´¥´¨Ö (5.14) ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤
¤ ÕÉ µ¶¥· Éµ·Ò Q4 ¨ Q6, ¢µ ¢Éµ·µ¥ ¸² £ ¥³µ¥ Å µ¶¥· Éµ·Ò Q8, Q9 ¨ Q10.
�± §Ò¢ ¥É¸Ö, ÎÉµ ¢±² ¤Ò · §²¨Î´ÒÌ µ¶¥· Éµ·µ¢ ¸µ±· Ð ÕÉ ¤·Ê£ ¤·Ê£ . ‚
·¥§Ê²ÓÉ É¥ µÉ´µ¸¨É¥²Ó´ Ö ÉµÎ´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¸´¨¦ ¥É¸Ö, ¨
µÉ¢¥É ¸¨²Ó´µ § ¢¨¸¨É µÉ ¸¶µ¸µ¡  µÍ¥´±¨  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

— ¸É¨Î´µ ÔÉÊ ¶·µ¡²¥³Ê Ê¤ ²µ¸Ó ·¥Ï¨ÉÓ ¢ · ¡µÉ¥ [27], £¤¥ ¶·¨ ¢ÒÎ¨¸-
²¥´¨¨ ¶ · ³¥É·  ε′/ε ¨¸¶µ²Ó§µ¢ ² ¸Ó ÉµÎ±  ´µ·³¨·µ¢±¨ µ = mc. „¥²µ ¢
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Éµ³, ÎÉµ ¶·¨ µ = mc ¢ ¤¥°¸É¢¨É¥²Ó´ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ µ¶·¥¤¥²Ö-
ÕÐ¨° ¢±² ¤ ¤ ÕÉ µ¶¥· Éµ·Ò Q1 ¨ Q2. „¥°¸É¢¨É¥²Ó´µ, ¢ ÔÉµ° ÉµÎ±¥ ¢±² ¤
Š•„-©¶¨´£¢¨´µ¢ª µÉ¸ÊÉ¸É¢Ê¥É ¨§-§  ¸µ±· Ð¥´¨Ö ƒˆŒ. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
¢±² ¤Ò µ¶¥· Éµ·µ¢, ¸µ¤¥·¦ Ð¨Ì c-±¢ ·± ¢ ÔÉµ° ÉµÎ±¥, ¶µ¤ ¢²¥´Ò ³´µ¦¨É¥-
²¥³ αs/4π, ¶·µ¨¸Ìµ¤ÖÐ¨³ ¨§ ¶¥É²¨, ±µÉµ· Ö µ¶¨¸Ò¢ ¥É ¶¥·¥Ìµ¤Ò ¶ ·Ò c-c̄
¢ ²¥£±¨¥ ±¢ ·±¨. ’ ±¨³ µ¡· §µ³, µ± §Ò¢ ¥É¸Ö ¢µ§³µ¦´Ò³ ¨§¢²¥ÎÓ §´ Î¥´¨Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q1,2(mc)〉0,2 ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ CP-
· §·¥Ï¥´´Ò³ · ¸¶ ¤ ³ K → ππ:

B
1/2
1 = 16± 3 ,

B
1/2
2 = 4, 4± 0, 8 , (5.18)

B
3/2
1 = 0, 35 .

ˆ¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê µ¶¥· Éµ· ³¨, Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ É ±¦¥ µÍ¥´±¨
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ Qi(mc) (i = 4, 9, 10). ‚±² ¤Ò µ¸É ²Ó´ÒÌ
µ¶¥· Éµ·µ¢, §  ¨¸±²ÕÎ¥´¨¥³ µ¶¥· Éµ·µ¢ Q6 ¨ Q8, ¸² ¡µ ¢²¨ÖÕÉ ´  ±µ´¥Î´Ò°
·¥§Ê²ÓÉ É. ’ ±¨³ µ¡· §µ³, ÉµÎ´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ± ¶ · ³¥É·  ε′/ε ¢
µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö ÉµÎ´µ¸ÉÓÕ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q6〉0 ¨
〈Q8〉2.

� §²¨Î´Ò¥ ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö, ¢±²ÕÎ Ö ·¥Ï¥É±¨ ¨ 1/Nc-· §²µ¦¥´¨¥,
¤ ÕÉ §´ Î¥´¨Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q8, ¡²¨§±¨¥ ± ·¥§Ê²ÓÉ ÉÊ Ë ±-
Éµ·¨§ Í¨¨ [19,53Ä55,107]:

B
3/2
8 = 1± 0, 2. (5.19)

‘µ£² ¸µ¢ ´´µ¸ÉÓ µÍ¥´µ± Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ µ¸µ¡µ° ¸É·Ê±ÉÊ·Ò Ô²¥±É·µ¸² -
¡ÒÌ ©¶¨´£¢¨´µ¢ª, ¡² £µ¤ ·Ö ±µÉµ·µ° ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ÔÉ¨Ì µ¶¥· Éµ·µ¢
´¥ ¨¸Î¥§ ÕÉ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¢ µÉ²¨Î¨¥ µÉ µ¶¥· Éµ·µ¢ Qi (i = 1, . . . , 6)
[113,114].

�Í¥´±  ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6, ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó, µ± §Ò-
¢ ¥É¸Ö ¡µ²¥¥ ´¥µ¶·¥¤¥²¥´´µ°, ÎÉµ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ Ö¢²Ö²µ¸Ó µ¸´µ¢´Ò³
¶·¥¶ÖÉ¸É¢¨¥³ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ε′/ε [27]. �¥§Ê²ÓÉ É (3.45) ¤²Ö ³ -
É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6 ¶µ§¢µ²Ö¥É §´ Î¨É¥²Ó´µ ¸´¨§¨ÉÓ ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨ ¶·¥¤¸± §Ò¢ ¥³µ£µ §´ Î¥´¨Ö.

„²Ö ´µ¢µ° µÍ¥´±¨ ¶ · ³¥É·  ε′/ε ¶µ¤¸É ¢¨³ ¢ ¢Ò· ¦¥´¨¥ (5.14) §´ Î¥-

´¨¥ ¶ · ³¥É·  B1/2
6 ¨§ Ê· ¢´¥´¨° (3.45), (3.46), §´ Î¥´¨¥ ¶ · ³¥É·  B3/2

8 ¨§
Ê· ¢´¥´¨Ö (5.19) ¨ ©Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ª §´ Î¥´¨Ö (5.18). „²Ö µ¶·¥¤¥²¥´¨Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ Qi(mc) (i = 4, 9, 10) ³Ò ¨¸¶µ²Ó§Ê¥³ ¸µ-
µÉ´µÏ¥´¨Ö ³¥¦¤Ê µ¶¥· Éµ· ³¨ (2.4), ¤²Ö ¶·µÎ¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Å
·¥§Ê²ÓÉ ÉÒ 1/Nc-· §²µ¦¥´¨Ö (5.2). �µ¸±µ²Ó±Ê ¢ ÉµÎ±¥ µ = mc ´¥¢¥¤ÊÐ¨¥ αs-
¶µ¶· ¢±¨ ´¥¸ÊÐ¥¸É¢¥´´Ò, ³Ò ¨¸¶µ²Ó§Ê¥³ ±µÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  ¢ £² ¢´µ³
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²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ (É ¡². 2). ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¶ · ³¥É·  ε′/ε
¶µ²ÊÎ ¥³

ε′

ε
=

{
(6, 8± 2, 5(ŠŠŒ) ± 1, 7(Q6) ± 1, 4(mt) ± 1, 1(Q8)) · 10−4, 0 < δ < π

2 ,
(4, 6± 2, 2(ŠŠŒ) ± 1, 2(Q6) ± 1, 1(mt) ± 1, 0(Q8)) · 10−4, π

2 < δ < π .
(5.20)

„¢  ¨´É¥·¢ ²  ¢ Ê· ¢´¥´¨¨ (5.20) ¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢Ê³ ¢µ§³µ¦´Ò³ §´ Î¥´¨Ö³
Ë §Ò δ ³ É·¨ÍÒ ŠŠŒ, ¸²¥¤ÊÕÐ¨³ ¨§ Ô±c¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸¢¥·Ì-
¸² ¡µ³Ê ´ ·ÊÏ¥´¨Õ CP-¨´¢ ·¨ ´É´µ¸É¨ [115]. “± § ´´Ò¥ ¶µ£·¥Ï´µ¸É¨ µÉ-
· ¦ ÕÉ, ¸µµÉ¢¥É¸É¢¥´´µ, ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ §´ Î¥´¨ÖÌ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ
ŠŠŒ, ³ É·¨Î´µ£µ Ô²¥³¥´É  µ¶¥· Éµ·  Q6, ³ ¸¸Ò t-±¢ ·±  ¨ ³ É·¨Î´µ£µ Ô²¥-
³¥´É  µ¶¥· Éµ·  Q8, ¢ Éµ ¢·¥³Ö ± ± ¶µ£·¥Ï´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓÕ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ Qi (i 6= 6, 8), ¶·¥¤¶µ² £ ÕÉ¸Ö
³¥´¥¥ §´ Î¨É¥²Ó´Ò³¨.

� Ï ·¥§Ê²ÓÉ É ¸µ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´Éµ¢ ´  Ê¸É ´µ¢±¥ E731
[116]:

Re

(
ε′

ε

)
= (7, 4± 6, 0) · 10−4 (5.21)

¨ ´¥¸±µ²Ó±µ ³¥´ÓÏ¥ §´ Î¥´¨Ö, ¶µ²ÊÎ¥´´µ£µ ´  Ê¸É ´µ¢±¥ NA31 [117]:

Re

(
ε′

ε

)
= (23± 7) · 10−4 . (5.22)

Š ± ¨ ¢ ¸²ÊÎ ¥ CP-· §·¥Ï¥´´ÒÌ · ¸¶ ¤µ¢, ³Ò µ¡´ ·Ê¦¨¢ ¥³ ¸µ£² ¸¨¥ ³¥¦¤Ê
Ô±¸¶¥·¨³¥´Éµ³ ¨ ¶·¥¤¸± § ´¨Ö³¨ ‘Œ, ÌµÉÖ ¸ÊÐ¥¸É¢Ê¥É ´¥±µÉµ·µ¥ · ¸Ìµ¦¤¥-
´¨¥ ³¥¦¤Ê ´ Ï¨³¨ µÍ¥´± ³¨ ¨ ·¥§Ê²ÓÉ É ³¨, ¶µ²ÊÎ¥´´Ò³¨ ´  Ê¸É ´µ¢±¥
NA31. Š ±¨¥-²¨¡µ ¢Ò¢µ¤Ò µ §´ Î¥´¨¨ ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö ³µ¦´µ ¡Ê¤¥É ¸¤¥-
² ÉÓ ¶µ¸²¥ Éµ£µ, ± ± ¡Ê¤¥É ¶µ¢ÒÏ¥´  ÉµÎ´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§³¥·¥´¨Ö
¶ · ³¥É·  ε′/ε ¨ µ¶·¥¤¥²¥´µ §´ Î¥´¨¥ Ë §Ò δ ³ É·¨ÍÒ ŠŠŒ.

6. ‡�Š‹�—…�ˆ…

‚ µ¡§µ·¥ · ¸¸³µÉ·¥´Ò ¶µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  ´¥²¥¶Éµ´´ÒÌ · ¸¶ -
¤µ¢ K-³¥§µ´µ¢ ¢ ‘Œ. �¡¸Ê¦¤ ÕÉ¸Ö µ¶¥· Éµ·´Ò¥ ¶µ¶· ¢±¨ ± ± ´µ´¨Î¥¸±µ³Ê
Î¥ÉÒ·¥Ì±¢ ·±µ¢µ³Ê ÔËË¥±É¨¢´µ³Ê ∆S = 1 £ ³¨²ÓÉµ´¨ ´Ê. „ ´Ò µÍ¥´±¨
¢±² ¤µ¢ ´µ¢ÒÌ µ¶¥· Éµ·´ÒÌ ¸É·Ê±ÉÊ·, ¢Ìµ¤ÖÐ¨Ì ¢ ¶µ²´Ò° ÔËË¥±É¨¢´Ò° £ -
³¨²ÓÉµ´¨ ´, ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → ππ. �·¥¤cÉ ¢²¥´ ·¥£Ê²Ö·´Ò° ³¥-
Éµ¤ ¢ÒÎ¨¸²¥´¨Ö  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ²µ± ²Ó´ÒÌ Š•„-µ¶¥· Éµ·µ¢,
µ¡· §ÊÕÐ¨Ì ÔËË¥±É¨¢´Ò° ∆S = 1 £ ³¨²ÓÉµ´¨ ´, ¢´¥ · ³µ± £¨¶µÉ¥§Ò Ë ±Éµ-
·¨§ Í¨¨. � ¸¸³µÉ·¥´ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → ππ
§  ¸Î¥É ¶¥·¥Ìµ¤µ¢ ¸ £²Õµ´ ³¨ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. �µ²ÊÎ¥´Ò ´µ-
¢Ò¥ µÍ¥´±¨ ¤²Ö §´ Î¥´¨° CP-¨´¢ ·¨ ´É´ÒÌ ¨ CP-´¥¨´¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤
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· ¸¶ ¤µ¢ K → ππ, ¨ ¶µ± § ´µ, ÎÉµ ¶·¨ ¨³¥ÕÐ¥³¸Ö Ê·µ¢´¥ ÉµÎ´µ¸É¨ É¥µ·¥-
É¨Î¥¸±µ£µ  ´ ²¨§  ¶·¥¤¸± § ´¨Ö ‘Œ ¤²Ö ¶ · ³¥É·µ¢ ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢
K-³¥§µ´µ¢ ± ± ¤²Ö CP-¨´¢ ·¨ ´É´ÒÌ, É ± ¨ ¤²Ö CP-´¥¨´¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤
´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

�¢Éµ·Ò ¡² £µ¤ ·´Ò ‚.�.Œ É¢¥¥¢Ê, ‚.�.�Ê¡ ±µ¢Ê ¨ �.�.’ ¢Ì¥²¨¤§¥ §  ¶µ-
¸ÉµÖ´´µ¥ ¢´¨³ ´¨¥, ¶µ¤¤¥·¦±Ê ¨ ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ �µ¸¸¨°¸±µ£µ Ëµ´¤  ËÊ´¤ -
³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (£· ´É N 97-02-17065) ¨ Œ¥¦¤Ê´ ·µ¤´µ£µ ´ ÊÎ´µ£µ
Ëµ´¤  (£· ´É N 6NJ000). �.�.�¥´¨´ ¡² £µ¤ ·¨É §  Ë¨´ ´¸µ¢ÊÕ ¶µ¤¤¥·¦±Ê
Œ¥¦¤Ê´ ·µ¤´Ò° Í¥´É· ËÊ´¤ ³¥´É ²Ó´µ° Ë¨§¨±¨ ¢ Œµ¸±¢¥ ¨ Šµ·µ²¥¢¸±ÊÕ
Ï¢¥¤¸±ÊÕ  ± ¤¥³¨Õ ´ Ê±.

7. ��ˆ‹�†…�ˆ…

Œ ¸¸Ò ±¢ ·±µ¢:

mb ∼ 4, 8 ƒÔ‚ mt = (176± 15) ƒÔ‚
ms (1ƒÔ‚) = (199± 33) ŒÔ‚ mc = (1, 35± 0, 05) ŒÔ‚
md (1 ƒÔ‚) = (9, 9± 1, 1) ŒÔ‚ mu (1ƒÔ‚) = (5, 6± 1, 1) ŒÔ‚.

Œ ¸¸Ò ¨ ±µ´¸É ´ÉÒ · ¸¶ ¤µ¢ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢:

mK = 498 ŒÔ‚ fK = 161 ŒÔ‚
mπ = 135 ŒÔ‚ fπ = 132 ŒÔ‚.

� · ³¥É·Ò Ô²¥±É·µ¸² ¡ÒÌ ¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°:

ΛMS = (300± 100) ŒÔ‚ GF = 1, 166 · 10−5ƒÔ‚−2

α = 1/128 MW = 80, 0 ƒÔ‚.

�²¥³¥´ÉÒ ³ É·¨ÍÒ ŠŠŒ:

|Vus| = 0, 221 |Vud| = 0, 9753
|Vcb| = 0, 043± 0, 004 |Vub/Vcb| = 0, 10± 0, 03
Im (V ∗tsVtd) = (1, 5± 0, 5) · 10−4 ¶·¨ 0 < δ < π

2
Im (V ∗tsVtd) = (1, 0± 0, 5) · 10−4 ¶·¨ π

2 < δ < π.

K → ππ · ¸¶ ¤Ò ¨ K0 − K̄0 ¸³¥Ï¨¢ ´¨¥:

Re A0 = 3, 33 · 10−7 ƒÔ‚ Re A2 = 1, 50 · 10−8 ƒÔ‚
ω = 1/22, 2 Ωηη′ = 0, 25
ε = (2, 258± 0, 018) · 10−3 ∆MK = 3, 5 · 10−15 ƒÔ‚.
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—¨¸²¥´´Ò¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ‚¨²Ó¸µ´  [27]:

’ ¡²¨Í  1. ŠµÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  zi (i = 1, 2, 6) ¶·¨ µ = 0, 8 ƒÔ‚ ¢ £² ¢´µ³
²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ (l.o.) ¨ ¸ ÊÎ¥Éµ³ ¶µ¶· ¢µ± ¶¥·¢µ£µ ¶µ·Ö¤±  (n.l.),

zi ∼ 10−5 ¶·¨ i > 6

Λ
MS

, ŒÔ‚ z1 z2 z3 z4 z5 z6

l.o. 200 -0,668 1,369 0,007 -0,017 0,005 -0,019
n.l 200 -0,812 1,479 0,021 -0,047 0,012 -0,053
l.o. 300 -0,839 1,494 0,010 -0,025 0,008 -0,028
n.l 300 -1,197 1,778 0,040 -0,081 0,018 -0,098
l.o. 400 -1,045 1,654 0,015 -0,035 0,011 -0,042
n.l 400 -1,964 2,428 0,093 -0,159 0,026 -0,216

’ ¡²¨Í  2. ŠµÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸µ´  yi (i = 4, 6, 7) ¶·¨ µ = mc, mt = 176 ƒÔ‚
¢ £² ¢´µ³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨, yi = 0 ¶·¨ i = 1, 2

Λ
MS

, ŒÔ‚ y3 y4 y5 y6 y7/α y8/α (y9 + y10)/α

200 0,024 -0,047 0,013 -0,068 -0,029 0,084 -0,929
300 0,029 -0,055 0,014 -0,085 -0,037 0,107 -0,886
400 0,035 -0,063 0,015 -0,102 -0,044 0,133 -0,846
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