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�. �. �¥²Ó±µ¢

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‚ · ¡µÉ¥ ¤ ´ ±·¨É¨Î¥¸±¨° µ¡§µ· É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤µ¢ ± µ¶¨¸ ´¨Õ ¢ · ³± Ì ¸É ´¤ ·É´µ°
³µ¤¥²¨ (‘Œ) µÉ´µÏ¥´¨Ö ¶ · ³¥É·µ¢ ε′/ε, Ì · ±É¥·¨§ÊÕÐ¥£µ ¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥ ¢ · ¸¶ ¤ Ì
K0 → 2π. „¥É ²Ó´µ µ¡¸Ê¦¤ ¥É¸Ö ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨°  ´ ²¨§ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¸ ¶µ³µÐÓÕ
¡µ§µ´¨§µ¢ ´´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢. ’ ±¦¥ · ¸¸³µÉ·¥´Ò 1/Nc-¶µ¤Ìµ¤ ¨ ¥£µ ³µ¤¨Ë¨± -
Í¨¨, ±¨· ²Ó´ Ö ±¢ ·±µ¢ Ö ³µ¤¥²Ó, Š•„ ´  ·¥Ï¥É±¥ ¨ ¶· ¢¨²  ¸Ê³³ Š•„. �´ ²¨§ ·¥§Ê²ÓÉ Éµ¢,
¶µ²ÊÎ¥´´ÒÌ  ¢Éµ·µ³,   É ±¦¥ ¢ ¤·Ê£¨Ì · ¡µÉ Ì, ¶µ± §Ò¢ ¥É, ÎÉµ ÔËË¥±ÉÒ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ-
´¨° ¨£· ÕÉ µ¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¢ µ¶¨¸ ´¨¨ ± ± ¶· ¢¨²  ∆I = 1/2, É ± ¨ µÉ´µÏ¥´¨Ö ε′/ε.
�·¨ ÊÎ¥É¥ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ÔËË¥±Éµ¢ ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³-
³¥É·¨¨ µ¸µ¡¥´´µ ¢ ¦´Ò³¨ ¸É ´µ¢ÖÉ¸Ö ±¨· ²Ó´Ò¥ ¶µ¶· ¢±¨ ¤µ p6-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ. „²Ö
±µ²¨Î¥¸É¢¥´´µ° ¶·µ¢¥·±¨ ‘Œ ¢ ¶·Ö³µ³ CP -´ ·ÊÏ¥´¨¨ ´¥µ¡Ìµ¤¨³µ ¸ÊÐ¥¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ
´¥µ¶·¥¤¥²¥´´µ¸É¨ ¡µ²ÓÏµ£µ Î¨¸²  Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ ¨§ ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ  ´ -
²¨§  Ï¨·µ±µ£µ ±·Ê£  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢, ¢±²ÕÎ Ö · ¸¶ ¤Ò K → 3π,
K → 2πγ ¨ K → πe+e−. �Éµ É·¥¡Ê¥É ± ± ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ÔÉ¨³ ¶·µÍ¥¸-
¸ ³, É ± ¨ ¶·µ¢¥¤¥´¨Ö ¤¥É ²Ó´ÒÌ · ¸Î¥Éµ¢ ¨Ì  ³¶²¨ÉÊ¤ ¸ ÊÎ¥Éµ³ ±¨· ²Ó´ÒÌ ¶µ¶· ¢µ± ¢Ò¸Ï¥£µ
¶µ·Ö¤± .

This critical review of the Standard-Model-based approaches is given for description of the direct
CP violation in the K0 → 2π decays which is characterized by the ratio ε′/ε. The semiphenom-
enological analysis of these processes by using bosonized chiral Lagrangians is discussed in detail.
The 1/Nc approach and its modiˇcations, the chiral quark model, lattice QCD, and QCD sum rules
are under consideration. The analysis of the results obtained by the author of the review and from
other papers has shown that contributions of long-distance effects dominate in the description of both
∆I = 1/2 rule and ε′/ε. The chiral corrections up to and including O(p6) turn out to be very im-
portant when taking into account the ˇnal-state interactions and isotopical symmetry breaking effects.
To verify the SM quantitatively in the direct CP violation, it is necessary to decrease sufˇciently the
uncertainties of a big number of phenomenological input parameters from the self-consistent analy-
sis of a wide scope of the low-energy meson processes including decays K → 3π, K → 2πγ, and
K → πe+e−. This requires new experimental data on these processes as well as detailed calculations
of their amplitudes with the chiral higher-order corrections.

‚‚…„…�ˆ…

� ·ÊÏ¥´¨¥ CP -¸¨³³¥É·¨¨, µ¡´ ·Ê¦¥´´µ¥ ¢ 1964 £. ¶¥·¢µ´ Î ²Ó´µ ¢ · ¸-
¶ ¤ Ì ¤µ²£µ¦¨¢ÊÐ¨Ì ´¥°É· ²Ó´ÒÌ ± µ´µ¢ ´  ¤¢  ¶¨µ´  [1], ¤µ ¸¨Ì ¶µ· µ¸É -
¥É¸Ö µ¤´¨³ ¨§ ´ ¨¡µ²¥¥ § £ ¤µÎ´ÒÌ Ö¢²¥´¨° ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.
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�¥°É· ²Ó´Ò¥ ± µ´Ò K0 = (ds̄) ¨ K̄0 = (d̄s) ´¥ Ö¢²ÖÕÉ¸Ö ¸µ¡¸É¢¥´´Ò³¨ ¸µ¸Éµ-
Ö´¨Ö³¨ ¶µ²´µ£µ £ ³¨²ÓÉµ´¨ ´  ¸¨¸É¥³Ò ¸ µ¶·¥¤¥²¥´´Ò³¨ ³ ¸¸ ³¨. ‚ ¸²ÊÎ ¥
ÉµÎ´µ° CP -¸¨³³¥É·¨¨ ¸µ¡¸É¢¥´´Ò³¨ ³ ¸¸µ¢Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ Ö¢²ÖÕÉ¸Ö ¸µ¡-
¸É¢¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ±µ³¡¨´¨·µ¢ ´´µ£µ CP -¶·¥µ¡· §µ¢ ´¨Ö

K1 =
K0 + K̄0

√
2

(CP = +1), K2 =
K0 − K̄0

√
2

(CP = −1),

£¤¥ CP |K0〉 = |K̄0〉. ’ ± ± ± ππ-¸¨¸É¥³  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ · ¸¶ ¤ 
K → 2π Ì · ±É¥·¨§Ê¥É¸Ö ±µ³¡¨´¨·µ¢ ´´µ° Î¥É´µ¸ÉÓÕ CP = +1, Éµ, ¶·¨
¸µÌ· ´¥´¨¨ CP -¸¨³³¥É·¨¨, · ¸¶ ¤ ´  ¤¢  ¶¨µ´  · §·¥Ï¥´ Éµ²Ó±µ ¤²Ö K1-
¸µ¸ÉµÖ´¨Ö. …¸²¨ ¶µ¸²¥¤´¥¥ oÉµ¦¤¥¸É¢²ÖÉÓ ¸ ±µ·µÉ±µ¦¨¢ÊÐ¨³ K0

S-³¥§µ´µ³,  
K2-¸µ¸ÉµÖ´¨¥ Å ¸ ¤µ²£µ¦¨¢ÊÐ¨³ K0

L-³¥§µ´µ³, Éµ · ¸¶ ¤ K0
L → 2π ¤µ²¦¥´

¡ÒÉÓ ¸É·µ£µ § ¶·¥Ð¥´ ¢ ¸²ÊÎ ¥ ÉµÎ´µ° CP -¸¨³³¥É·¨¨ ¢§ ¨³µ¤¥°¸É¢¨°.
�¡´ ·Ê¦¥´¨¥ · ¸¶ ¤  K0

L → 2π [1] Ö¢¨²µ¸Ó ¶¥·¢Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
Ê± § ´¨¥³ ´  ´ ·ÊÏ¥´¨¥ CP -¸¨³³¥É·¨¨ ¸² ¡Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨. �ÉµÉ
ÔËË¥±É µ¡Ê¸²µ¢²¥´ É¥³, ÎÉµ K0

L- ¨ K0
S-³¥§µ´Ò Ö¢²ÖÕÉ¸Ö ´¥ ¸µ¡¸É¢¥´´Ò³¨

CP -¸µ¸ÉµÖ´¨Ö³¨,   ¸³¥¸ÓÕ ¸µ¸ÉµÖ´¨° K1 ¨ K2:

K0
S =

K1 + εK2

1 + |ε|2 , K0
L =

K2 + εK1

1 + |ε|2 .

� ¸¶ ¤ K0
L → 2π µ¡ÑÖ¸´Ö¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¢ KL-³¥§µ´¥ ³ ²µ° ¶·¨³¥¸¨

¸µ¸ÉµÖ´¨Ö K1, ¤²Ö ±µÉµ·µ£µ · §·¥Ï¥´ · ¸¶ ¤ ´  ¤¢  ¶¨µ´ . ‘³¥Ï¨¢ ´¨¥ K1-
¨ K2-¸µ¸ÉµÖ´¨° ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³ ´¥¤¨ £µ´ ²Ó´ÒÌ Ô²¥³¥´Éµ¢ ¢ ³ ¸¸µ¢µ°
³ É·¨Í¥ ¢ ¡ §¨¸¥ (K0, K̄0), ¶·¨¢µ¤ÖÐ¨Ì ± (K0− K̄0)-¸³¥Ï¨¢ ´¨Õ ¨ · ¸Ð¥¶-
²¥´¨Õ ³ ¸¸ KL- ¨ KS-¸µ¸ÉµÖ´¨° ∆M = M(KL)−M(KS) = 3,5 · 10−5 ŒÔ‚.
’ ±µ¥ CP -´ ·ÊÏ¥´¨¥, ¶·µÖ¢²ÖÕÐ¥¥¸Ö ¢ · ¸¶ ¤¥ K0

L → 2π, ¡Ò²µ ´ §¢ ´µ ´¥-
¶·Ö³Ò³, ¶µ¸±µ²Ó±Ê µ´µ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ CP -´ ·ÊÏ¥´¨Ö ¢ ³ ¸¸µ¢µ° ³ -
É·¨Í¥,   ´¥ ¢ · ¸¶ ¤¥ ¸µ¸ÉµÖ´¨Ö K2 ¸ ³µ£µ ¶µ ¸¥¡¥. �¥¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥
Ì · ±É¥·¨§Ê¥É¸Ö ¶ · ³¥É·µ³ ε:

A(KL → π+π−)
A(KS → π+π−)

=
A(KL → π0π0)
A(KS → π0π0)

= ε, (1)

±µÉµ·Ò° ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ¨§³¥·¥´ ¸ ¶·¥±· ¸´µ° ÉµÎ´µ¸ÉÓÕ:

ε = (2,28 ± 0,02) · 10−3 exp (iπ/4).

�·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥, É. ¥. · ¸¶ ¤ K2 → 2π, ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ µÉ´µ-
Ï¥´¨Ö A(KL → π+π−)/A(KS → π+π−) ¨ A(KL → π0π0)/A(KS → π0π0)
¶¥·¥¸É ÕÉ ¡ÒÉÓ · ¢´Ò³¨ ³¥¦¤Ê ¸µ¡µ°, ¨ ¢³¥¸Éµ (1) ¤µ²¦´Ò ¢Ò¶µ²´ÖÉÓ¸Ö
¡µ²¥¥ ÉµÎ´Ò¥ ¸µµÉ´µÏ¥´¨Ö

η+− ≡ A(KL → π+π−)
A(KS → π+π−)

= ε + ε′, η00 ≡ A(KL → π0π0)
A(KS → π0π0)

= ε − 2ε′,
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£¤¥ ¶ · ³¥É· ε′ ¨§³¥·Ö¥É ¢±² ¤ ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö. ‚ Ô±¸¶¥·¨³¥´É¥
¨§³¥·Ö¥É¸Ö ¤¢µ°´µ¥ µÉ´µÏ¥´¨¥ R = |η00/η+−|2, ¸¢Ö§ ´´µ¥ ¸ ¶ · ³¥É· ³¨
´ ·ÊÏ¥´¨Ö CP -¸¨³³¥É·¨¨ ¸µµÉ´µÏ¥´¨¥³ Re (ε′/ε) = (1 − R)/6.

�¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¨§³¥·¥´¨Õ ¢¥²¨Î¨´Ò ε′/ε ¶µ¸²¥ ¶µ²´µ° µ¡· -
¡µÉ±¨ ¤ ´´ÒÌ ¤ ²¨ §´ Î¥´¨Ö:

Re
(

ε′

ε

)
=
{

(23 ± 7) · 10−4 (NA31, CERN [2]),
(6 ± 7) · 10−4 (E731, FNAL [3]).

‘É É¨¸É¨Î¥¸±¨ ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ ´¥ ¶·µÉ¨¢µ·¥Î É ¤·Ê£ ¤·Ê£Ê, ¨ ¨Ì ¸·¥¤´¥¥
§´ Î¥´¨¥ ¸µ¢³¥¸É¨³µ ¸ ´Ê²¥³. ‚ Éµ ¦¥ ¢·¥³Ö ± ¦¤Ò° Ô±¸¶¥·¨³¥´É ¢ µÉ-
¤¥²Ó´µ¸É¨ ¶·¨¢µ¤¨² ± ¶·µÉ¨¢µ¶µ²µ¦´Ò³ ¢Ò¢µ¤ ³ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶·Ö³µ£µ
CP -´ ·ÊÏ¥´¨Ö. �±¸¶¥·¨³¥´É NA31 Ê± §Ò¢ ² ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´¥´Ê²¥¢µ£µ
ÔËË¥±É  ´  Ê·µ¢´¥ É·¥Ì ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°, ¢ Éµ ¢·¥³Ö ± ± ¢ ¤ ´´ÒÌ
±µ²² ¡µ· Í¨¨ …731 ÔËË¥±É ´¥ ´ ¡²Õ¤ ²¸Ö.

‚ 1999 £. ¶µÖ¢¨²¨¸Ó ¶¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É -
´µ¢µ±:

Re

(
ε′

ε

)
=
{

(18,5 ± 7,3) · 10−4 (NA48, CERN [4]),
(28,0 ± 4,1) · 10−4 (KTeV, FNAL [5]),

¶µ¤É¢¥·¤¨¢Ï¨¥ ´ ¡²Õ¤¥´¨¥ ¸¨£´ ²  ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É¥
NA31. �±µ´Î É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¡· ¡µÉ±¨ ¤ ´´ÒÌ ¢ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì

Re

(
ε′

ε

)
=
{

(14,7 ± 2,2) · 10−4 (NA48, CERN [4]),
(20,7 ± 2,8) · 10−4 (KTeV, FNAL [5]).

µ¤´µ§´ Î´µ Ê± §Ò¢ ÕÉ ´  ´ ²¨Î¨¥ ÔËË¥±É  ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö, µÉ²¨Î-
´µ£µ µÉ ´Ê²Ö ´  Ê·µ¢´¥ ¸¥³¨ ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°.

Š ¸µ¦ ²¥´¨Õ, ¸¨ÉÊ Í¨Ö ¸ É¥µ·¥É¨Î¥¸±¨³ µ¶¨¸ ´¨¥³ ¶·Ö³µ£µ CP -´ ·ÊÏ¥-
´¨Ö ¢ · ¸¶ ¤ Ì K0 → 2π ¤µ ¸¨Ì ¶µ· µ¸É ¥É¸Ö ´¥Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ° ¨ ´¥ ¸Éµ²Ó
µ¤´µ§´ Î´µ°, ± ± ¢ Ô±¸¶¥·¨³¥´É¥. ’ ±, ¡µ²ÓÏ¨´¸É¢µ µÍ¥´µ±, ¶µ²ÊÎ¥´´ÒÌ ¢
· §²¨Î´ÒÌ ¶µ¤Ìµ¤ Ì ¤µ 1998 £., ¤ ¢ ²¨ Í¥´É· ²Ó´µ¥ §´ Î¥´¨¥ Re (ε′/ε) <
1 · 10−3 ¨ ¡Ò²¨ ´¥¸µ¢³¥¸É¨³Ò ¸ ·¥§Ê²ÓÉ Éµ³ Ô±¸¶¥·¨³¥´É  NA48 ¤ ¦¥ ¢
· ³± Ì ¡µ²ÓÏ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°, ´ ¶·¨³¥·:

Re

(
ε′

ε

)
=


(3,6 ± 3,4) · 10−4 [6] (1/Nc-¶µ¤Ìµ¤),
(4 ± 5) · 10−4 [7] (±¨· ²Ó´ Ö ±¢ ·±µ¢ Ö ³µ¤¥²Ó),
(4,6 ± 3,2) · 10−4 [8] (Š•„ ´  ·¥Ï¥É±¥).

…¤¨´¸É¢¥´´ Ö µÍ¥´± , ¸µ£² ¸ÊÕÐ Ö¸Ö ¸ ¨§³¥·¥´¨¥³ NA48, ¡Ò²  ¶µ²ÊÎ¥´ 
¥Ð¥ ¢ 1993 £. ¢ · ³± Ì 1/Nc-¶µ¤Ìµ¤  ¢ · ¡µÉ¥ [9]: Re (ε′/ε) = (32 ± 26) ×
10−4. Š·µ³¥ Éµ£µ, µÍ¥´±  ¢ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¡Ò²  ´¥¸±µ²Ó±µ
¶¥·¥¸³µÉ·¥´  ± 1998 £.: Re (ε′/ε) = 17+14

−10 [10].
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�µ¸²¥ ¶µÖ¢²¥´¨Ö ¶¥·¢ÒÌ ·¥§Ê²ÓÉ Éµ¢ ±µ²² ¡µ· Í¨° NA48 ¨ KTeV ¨ ¤µ
³µ³¥´É  ´ ¶¨¸ ´¨Ö ÔÉµ° · ¡µÉÒ ¶·µÏ²µ Ê¦¥ ¶ÖÉÓ ²¥É. ‡  ÔÉµ ¢·¥³Ö ¶µÖ¢¨²µ¸Ó
¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ´µ¢ÒÌ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ, ¶µ¸¢ÖÐ¥´´ÒÌ ¢ÒÎ¨¸²¥´¨Õ
 ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π ¨ µÍ¥´±¥ ÔËË¥±É  ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ ´¨Ì.
�¤´ ±µ É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥ µÉ´µÏ¥´¨Ö ε′/ε, ± ± ¨  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢
K → 2π ¢ Í¥²µ³, ´ É ²±¨¢ ¥É¸Ö ´  ·Ö¤ ¤µ ¸¨Ì ¶µ· ´¥ ¶·¥µ¤µ²¥´´ÒÌ É·Ê¤-
´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ÊÎ¥Éµ³ É ± ´ §Ò¢ ¥³ÒÌ ÔËË¥±Éµ¢ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°,
¢ÒÌµ¤ÖÐ¨Ì §  · ³±¨ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„. �¡¸Ê¦¤¥´¨Õ ¶·µ¡²¥³ É¥µ·¥É¨-
Î¥¸±µ£µ µ¶¨¸ ´¨Ö · ¸¶ ¤µ¢ K → 2π ¨ CP -´ ·ÊÏ¥´¨Ö ¢ ´¨Ì ¶µ¸¢ÖÐ¥´ ÔÉµÉ
µ¡§µ·.

‚ · §¤. 1 µ¡¸Ê¦¤ ÕÉ¸Ö ÔËË¥±É¨¢´Ò¥ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò¥ ² £· ´¦¨ ´Ò,
µ¶¨¸Ò¢ ÕÐ¨¥ ¸² ¡Ò¥ ¶¥·¥Ìµ¤Ò ±¢ ·±µ¢ ¸ ¨§³¥´¥´¨¥³ ¸É· ´´µ¸É¨ ∆S = 1 ¨
∆S = 2. �É¨ ² £· ´¦¨ ´Ò ¢µ§´¨± ÕÉ ¢ · ³± Ì ‘Œ ¢ ¢¨²Ó¸µ´µ¢¸±µ³ µ¶¥· -
Éµ·´µ³ · §²µ¦¥´¨¨ ¶·¨ ÊÎ¥É¥ µ¡³¥´µ¢ ¦¥¸É±¨³¨ £²Õµ´ ³¨. �·¨ ÔÉµ³, ¢ ¸²Ê-
Î ¥ ¶¥·¥Ìµ¤µ¢ ¸ ∆S = 1, ¢µ§´¨± ¥É µ¸µ¡Ò° ±² ¸¸ £²Õµ´´ÒÌ ¨ Ô²¥±É·µ¸² ¡ÒÌ
¶¨´£¢¨´µ¢ÒÌ ¤¨ £· ³³, ¶·¨¢µ¤ÖÐ¨Ì ± ´ ·ÊÏ¥´¨Õ CP -¸¨³³¥É·¨¨ ¢ ´¥²¥¶Éµ´-
´ÒÌ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. —Éµ¡Ò ¢ÒÎ¨¸²¨ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → 2π
¢ É ±µ³ ¶µ¤Ìµ¤¥, ´¥µ¡Ìµ¤¨³µ Ê³¥ÉÓ ¢ÒÎ¨¸²ÖÉÓ  ¤·µ´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢. �Éµ ¤¥² ¥É¸Ö ¸ ¶µ³µÐÓÕ ±¨-
· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¶µ²ÊÎ¥´´ÒÌ ¢ · §¤. 2 ¨§ ¡µ§µ-
´¨§ Í¨¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ ¤²Ö ¶¥·¥Ìµ¤µ¢ ¸ ∆S = 1.

‚ · §¤. 3 · ¸¸³ É·¨¢ ¥É¸Ö ¢ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π ¢ p4-
¨ p6-¶µ·Ö¤± Ì ±¨· ²Ó´µ° É¥µ·¨¨ ¸ ³¥§µ´´Ò³¨ ¶¥É²Ö³¨ c ÊÎ¥Éµ³ ¤·¥¢¥¸´ÒÌ,
µ¤´µ- ¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¤¨ £· ³³ [11]. ’ ±¦¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ´ ·ÊÏ¥´¨¥ ¨§µÉµ-
¶¨Î¥¸±µ° ¸¨³³¥É·¨¨, µ¡Ê¸²µ¢²¥´´µ¥ ± ± (π0 − η − η′)-¸³¥Ï¨¢ ´¨¥³, É ± ¨
¤¨´ ³¨Î¥¸±¨³¨ ÔËË¥±É ³¨, ¸¢Ö§ ´´Ò³¨ ¸ · ¸Ð¥¶²¥´¨¥³ ³ ¸¸ ±¢ ·±µ¢, ¨ ±¨-
´¥³ É¨Î¥¸±¨³¨ ÔËË¥±É ³¨ µÉ · ¸Ð¥¶²¥´¨Ö ³ ¸¸ ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ
¶¨µ´µ¢. �µ²ÊÎ¥´´Ò¥  ³¶²¨ÉÊ¤Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ · §¤. 4 ¤²Ö  ´ ²¨§  · ¸¶ ¤µ¢
K → 2π ¸ ÊÎ¥Éµ³ ¢¸¥Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°, ¢µ§´¨± ÕÐ¨Ì ¢ É ±µ³ ¶µ¤Ìµ¤¥.
‚ ± Î¥¸É¢¥ ¢Ìµ¤´µ° ¨´Ëµ·³ Í¨¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö
¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π ¨ ¢¥²¨Î¨´  µÉ´µÏ¥´¨Ö ε′/ε. � -
· ³¥É· ³¨, µ¶·¥¤¥²Ö¥³Ò³¨ ¨§  ´ ²¨§  ¤ ´´ÒÌ, Ö¢²ÖÕÉ¸Ö Bi-Ë ±Éµ·Ò, §´ -
Î¥´¨Ö ±µÉµ·ÒÌ ¶µ§¢µ²ÖÕÉ ¸Ê¤¨ÉÓ µ ¢¥²¨Î¨´¥ ´¥ÊÎÉ¥´´ÒÌ ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì
· c¸ÉµÖ´¨°. Š·µ³¥ Éµ£µ, ¨§¢²¥± ¥É¸Ö ¨´Ëµ·³ Í¨Ö µ¡ µÉ´µ¸¨É¥²Ó´µ³ ¢±² ¤¥
£²Õµ´´ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢ ¶¥·¥Ìµ¤Ò ¸ ¨§³¥´¥´¨¥³ ¨§µÉµ¶¨Î¥¸±µ£µ
¸¶¨´  ∆I = 1/2,   É ±¦¥ µ ¶ · ³¥É·¥ ΩIB, Ì · ±É¥·¨§ÊÕÐ¥³ ¢²¨Ö´¨¥ ¨§µÉµ-
¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ¢ · ¸¶ ¤ Ì K → 2π ´  ¢¥²¨Î¨´Ê µÉ´µÏ¥´¨Ö ε′/ε.

‚ ¶µ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì µ¡§µ·  µ¡¸Ê¦¤ ÕÉ¸Ö · §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò ± µ¶¨-
¸ ´¨Õ · ¸¶ ¤µ¢ K → 2π, µ¸´µ¢ ´´Ò¥ ´  ¶·µÍ¥¤Ê·¥ ¸Ï¨¢ ´¨Ö ¢±² ¤µ¢ ³ ²ÒÌ
¨ ¡µ²ÓÏ¨Ì · ¸cÉµÖ´¨° ¢ · ³± Ì 1/Nc-· §²µ¦¥´¨Ö ¨ ¥£µ · ¸Ï¨·¥´¨° (· §¤. 5 ¨
6), ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ (· §¤. 7) ¨ Š•„ ´  ·¥Ï¥É±¥ (· §¤. 8). �¸µ¡µ¥
³¥¸Éµ µÉ¢¥¤¥´µ µÍ¥´± ³ ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ΩIB ¢ ³µ¤¥²ÖÌ
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¸ ÔËË¥±É¨¢´Ò³¨ ² £· ´¦¨ ´ ³¨ ¸ ±¨· ²Ó´Ò³¨ ¸É·Ê±ÉÊ· ³¨ ¸ ³µ£µ µ¡Ð¥£µ
¢¨¤  (· §¤. 9). ‚ · §¤. 10 · ¸¸³ É·¨¢ ÕÉ¸Ö µÍ¥´±¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Ô²¥±-
É·µ¸² ¡ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ´  µ¸´µ¢¥  ´ ²¨§  (V −A)-±µ··¥²ÖÉµ·µ¢
Š•„ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥. ‚ · §¤. 11 ¶·µ¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · §-
²¨Î´ÒÌ ¶µ¤Ìµ¤µ¢; ¢ § ±²ÕÎ¥´¨¨ Ëµ·³Ê²¨·ÊÕÉ¸Ö µ¸´µ¢´Ò¥ ¢Ò¢µ¤Ò ¨ µ¡¸Ê¦¤ -
ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨°.

1. ‘‹��›… �…‹…�’���›… ‚‡�ˆŒ�„…‰‘’‚ˆŸ
ˆ CP -���“˜…�ˆ… ‚ ‘Œ

‚ Ï¥¸É¨±¢ ·±µ¢µ° ‘Œ ¸ É·¥³Ö ¶µ±µ²¥´¨Ö³¨ ±¢ ·±µ¢ (u, d), (c, s), (t, b)
Ô²¥±É·µ¸² ¡Ò¥ ¸µ¡¸É¢¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ±¢ ·±µ¢ (d′, s′, b′) ¸¢Ö§ ´Ò ¸ ¨Ì ³ ¸-
¸µ¢Ò³¨ ¸µ¡¸É¢¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ (d, s, b) Î¥·¥§ Ê´¨É ·´µ¥ ¶·¥µ¡· §µ¢ ´¨¥,
§ ¤ ¢ ¥³µ¥ ¸ ¶µ³µÐÓÕ ³ É·¨ÍÒ Š ¡¨¡¡µÄŠµ¡ ÖÏ¨ÄŒ ¸± ¢Ò (ŠŠŒ) [12,13]: d′

s′

b′

 =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 d
s
b

 ≡ V̂

 d
s
b

 .

�²¥³¥´ÉÒ ŠŠŒ-³ É·¨ÍÒ V̂ µ¶¨¸Ò¢ ÕÉ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¸² ¡ÒÌ ´¥²¥¶Éµ´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° ¢ § ·Ö¦¥´´µ³ Éµ±¥, ¨³¥ÕÐ¨Ì ¢ É¥·³¨´ Ì ³ ¸¸µ¢ÒÌ ¸µ¡¸É¢¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ±¢ ·±µ¢ ¸²¥¤ÊÕÐ¨° ¢¨¤:

Lcc
W = − g2√

2
(ūL, c̄L, t̄L)γµV̂

 dL

sL

bL

W †
µ,

£¤¥ ±µ´¸É ´É  ¸¢Ö§¨ g2 ¸¢Ö§ ´  ¸ ± ²¨¡·µ¢µÎ´µ° £·Ê¶¶µ° SUL(2),   ¶µ²Ö Wµ

µ¶¨¸Ò¢ ÕÉ § ·Ö¦¥´´Ò¥ W -¡µ§µ´Ò.
‘²¥¤¸É¢¨¥³ Ê´¨É ·´µ¸É¨ ŠŠŒ-³ É·¨ÍÒ Ö¢²ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö

V ∗
kiVkj = δij , VikV ∗

jk = δij ,

±µÉµ·Ò¥ ¶·¨¢µ¤ÖÉ ± ¸¨¸É¥³¥ ¨§ 12 Ê· ¢´¥´¨°, ¢±²ÕÎ ÕÐ¨Ì ¢ ¸¥¡Ö 6 Ê¸²µ-
¢¨° ´µ·³¨·µ¢±¨ ¨ 6 Ê¸²µ¢¨° µ·Éµ£µ´ ²Ó´µ¸É¨. “´¨É ·´µ¸ÉÓ ŠŠŒ-³ É·¨ÍÒ
¸µ¤¥·¦¨É¸Ö ¢ Ö¢´µ³ ¢¨¤¥ ¢ ¥¥ ¸É ´¤ ·É´µ° ¶ · ³¥É·¨§ Í¨¨ ¸ ¶µ³µÐÓÕ É·¥Ì
µ¡µ¡Ð¥´´ÒÌ Ê£²µ¢ ± ¡¨¡¡µ¢¸±µ£µ É¨¶  θ12, θ13, θ23 ¨ ¥¤¨´¸É¢¥´´µ° ±µ³-
¶²¥±¸´µ° Ë §Ò δ:

V̂ =

 c12c13 s12c13 s13 e−iδ

−s12c23 − c12s23s13 eiδ c12c23 − s12s23s13 eiδ s23c13

s12s23 − c12c23s13 eiδ −c12s23 − s12c23s13 eiδ c23c13

 , (2)

£¤¥ cij ≡ cos θij ¨ sij ≡ sin θij .
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� ²¨Î¨¥ ±µ³¶²¥±¸´µ° Ë §Ò δ ¢ ŠŠŒ-³ É·¨Í¥ ¶·¨¢µ¤¨É ± CP -´ ·ÊÏ¥-
´¨Õ ¢ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‘µÌ· ´¥´¨¥ CP -¸¨³³¥É·¨¨ ¨³¥¥É ³¥¸Éµ,
Éµ²Ó±µ ¥¸²¨ δ = 0 ¨²¨ δ = π. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢µ-
¢ ´¨Ö Éµ²Ó±µ ¤¢ÊÌ ¶µ±µ²¥´¨° ±¢ ·±µ¢, (u, d) ¨ (c, s), ±µ³¶²¥±¸´ Ö Ë §  ¢
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ŠŠŒ-³ É·¨Í¥ µÉ¸ÊÉ¸É¢Ê¥É, ¨ CP -¸¨³³¥É·¨Ö ´¥ ³µ¦¥É ´ -
·ÊÏ ÉÓ¸Ö ¸² ¡Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨. ’ ±¨³ µ¡· §µ³, CP -´ ·ÊÏ¥´¨¥ ¸ ³Ò³
É¥¸´Ò³ µ¡· §µ³ ¸¢Ö§ ´µ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¶µ±µ²¥´¨Ö ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ (t, b)
¨ ¤¨´ ³¨±µ° ¨Ì ¢§ ¨³µ¤¥°¸É¢¨°.

�¨¸. 1. „¨ £· ³³Ò, ¶µ·µ¦¤ ÕÐ¨¥ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò¥ µ¶¥· Éµ·Ò ¸² ¡ÒÌ ´¥²¥¶Éµ´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢ ¢ ‘Œ

‚ · ³± Ì ‘Œ ¤¨´ ³¨±  ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ± µ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö ´ 
±¢ ·±µ¢µ³ Ê·µ¢´¥ (¡¥§ ÊÎ¥É  ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°) ÔËË¥±É¨¢´Ò³ ² £· ´-
¦¨ ´µ³ ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨§³¥´¥´¨¥³ ¸É· ´´µ¸É¨ ∆S = 1:

Lq
w(∆S = 1) =

GF√
2

VudV
∗
usQ2,

±µÉµ·Ò° ¸µµÉ¢¥É¸É¢Ê¥É ¤¨ £· ³³¥ ·¨¸. 1, a ¢ ¶·¥¤¥²¥ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³-
¶Ê²Ó¸µ¢, ±µ£¤  ¶·µ¶ £ Éµ· W -¡µ§µ´  ¸ÉÖ£¨¢ ¥É¸Ö ¢ ÉµÎ±Ê: 1/(q2 − m2

W ) →
−1/M2

W . ‡¤¥¸Ó GF =
√

2g2
2/8M2

W = 1,16639 ·10−6 ƒÔ‚2 Å ±µ´¸É ´É  ”¥·³¨
¤²Ö ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö; Q2 Å Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° µ¶¥· Éµ·, ¸µ¸É ¢²¥´-
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´Ò° ¨§ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ±¢ ·±µ¢ÒÌ (V − A)-Éµ±µ¢:

Q2 = 4s̄LγµuL ūLγµdL, (3)

£¤¥ qL =
1
2
(1 − γ5)q.

“Î¥É Š•„-¶µ¶· ¢µ± [14Ä22], ¸¢Ö§ ´´ÒÌ ¸ µ¡³¥´ ³¨ ¦¥¸É±¨³¨ £²Õµ´ ³¨,
¶·¨¢µ¤¨É ± ÔËË¥±É¨¢´µ³Ê ² £· ´¦¨ ´Ê, ±µÉµ·Ò° ¢ É¥·³¨´ Ì Î¥ÉÒ·¥Ì±¢ ·±µ-
¢ÒÌ µ¶¥· Éµ·µ¢ Qi § ¶¨¸Ò¢ ¥É¸Ö ± ±

LQCD
w (∆S = 1) =

GF√
2

VudV
∗
us

10∑
i=1

Ci(µ)Qi =
GF√

2
VudV

∗
usC(µ)Qi. (4)

�ÉµÉ ² £· ´¦¨ ´ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ ¢¨²Ó¸µ´µ¢¸±µ£µ µ¶¥· -
Éµ·´µ£µ · §²µ¦¥´¨Ö ¨§ ¤¨ £· ³³ ·¨¸. 1, ¡Ä£ ¤²Ö Ô²¥³¥´É ·´ÒÌ ¶·µÍ¥¸¸µ¢ ¸
µ¡³¥´µ³ ¦¥¸É±¨³¨ £²Õµ´ ³¨. ‚¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´É´Ò¥ ËÊ´±Í¨¨ Ci

¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¨ § ¢¨¸ÖÉ µÉ ¢Ò¡µ·  ÉµÎ±¨ ¶¥-
·¥´µ·³¨·µ¢±¨ µ,   É ±¦¥ ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨. ‘·¥¤¨ ³´µ£µÎ¨¸²¥´´ÒÌ ¢Ò-
Î¨¸²¥´¨° ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¸²¥¤Ê¥É µ¸µ¡µ ¢Ò¤¥²¨ÉÓ · ¸Î¥ÉÒ ¢
²¨¤¨·ÊÕÐ¥³ ¨ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤± Ì Š•„, ¢Ò¶µ²´¥´´Ò¥ ¢
· ¡µÉ Ì [16Ä22]. �ËË¥±É¨¢´Ò° ² £· ´¦¨ ´ (4) ¸µµÉ¢¥É¸É¢Ê¥É Ï± ²¥ ¶¥·¥-
´µ·³¨·µ¢±¨ µ < mc. � ·Ö¤Ê ¸ µ¶¥· Éµ·µ³ Q2 (3) ¢ ´¥£µ ¢Ìµ¤ÖÉ 9 ´µ¢ÒÌ
µ¶¥· Éµ·µ¢:

Q1 = 4s̄LγµdL ūLγµuL,

Q3 = 4
∑

q

s̄LγµdL q̄LγµqL, Q4 = 4
∑

q

s̄LγµqL q̄LγµdL,

Q5 = 4
∑

q

s̄LγµdL q̄RγµqR, Q6 = −8
∑

q

s̄LqR q̄RdL, (5)

Q7 = 6
∑

q

s̄LγµdL q̄RγµQqR, Q8 = −12
∑

q

s̄LqR Q q̄RdR,

Q9 = 6
∑

q

s̄LγµdL q̄LγµQqL, Q10 = 6
∑

q

s̄LγµqR Q q̄LγµdL,

£¤¥ qR =
1
2
(1 + γ5)q; ¸Ê³³¨·µ¢ ´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ±¢ ·±µ¢Ò³  ·µ³ É ³

q = u, d, s; Q = diag (2/3,−1/3,−1/3) Å ³ É·¨Í  Ô²¥±É·¨Î¥¸±¨Ì § ·Ö¤µ¢
±¢ ·±µ¢.

�¶¥· Éµ·Ò Q1,2 ¢µ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥ ÊÎ¥É  µ¡³¥´µ¢ ¦¥¸É±¨³¨ £²Õµ-
´ ³¨ ¢ ¤¨ £· ³³ Ì ·¨¸. 1, ¡. ˆ§ ¤¨ £· ³³ ¶¨´£¢¨´µ¢µ£µ É¨¶  ·¨¸. 1, ¢ ¸ µ¡³¥-
´µ³ £²Õµ´µ³ (£²Õµ´´Ò¥ ¶¨´£¢¨´µ¢Ò¥ ¤¨ £· ³³Ò) ¢µ§´¨± ÕÉ µ¶¥· Éµ·Ò Q3,4,
¸µ¸É ¢²¥´´Ò¥ ¨§ ¶·µ¨§¢¥¤¥´¨° ±¢ ·±µ¢ÒÌ (V − A)-Éµ±µ¢,   É ±¦¥ µ¶¥· Éµ·
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Q5, ¸µ¤¥·¦ Ð¨° (V +A)-Éµ±¨, ¨ µ¶¥· Éµ· Q6, ¸µ¸É ¢²¥´´Ò° ¨§ ¶·µ¨§¢¥¤¥´¨°
±¢ ·±µ¢ÒÌ ¶²µÉ´µ¸É¥°. �¶¥· Éµ·Ò Q7,8,9,10 ¶µ·µ¦¤ ÕÉ¸Ö ¢±² ¤ ³¨ ¤¨ £· ³³
¶¨´£¢¨´µ¢µ£µ É¨¶  ·¨¸. 1, £ ¸ µ¡³¥´µ³ ËµÉµ´µ³ ²¨¡µ ´¥°É· ²Ó´Ò³ Z-¡µ§µ´µ³
(Ô²¥±É·µ¸² ¡Ò¥ ¶¨´£¢¨´µ¢Ò¥ ¤¨ £· ³³Ò). ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ Éµ²Ó±µ ¸¥³Ó
µ¶¥· Éµ·µ¢ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨, É ± ± ±

Q4 = Q2 − Q1 + Q3, Q9 =
1
2
(3Q1 − Q3), Q10 = Q2 +

1
2
(Q1 − Q3). (6)

�¥¶¨´£¢¨´µ¢Ò¥ µ¶¥· Éµ·Ò Q1,2,   É ±¦¥ Ô²¥±É·µ¸² ¡Ò¥ ¶¨´£¢¨´µ¢Ò¥ µ¶¥· -
Éµ·Ò Q7,8,9,10 ¤ ÕÉ ¢±² ¤Ò ¢ ´¥²¥¶Éµ´´Ò¥ ¸² ¡Ò¥ ¶¥·¥Ìµ¤Ò ¸ ∆I = 1/2, 3/2.
‚ ¶·¥¤¥²¥ ÉµÎ´µ° ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ £²Õµ´´Ò¥ ¶¨´£¢¨´µ¢Ò¥ µ¶¥· -
Éµ·Ò Q3,4,5,6 ¤ ÕÉ ¢±² ¤Ò Éµ²Ó±µ ¢ ¶¥·¥Ìµ¤Ò ¸ ∆I = 1/2.

„²Ö Ê¸É· ´¥´¨Ö · ¸Ìµ¤¨³µ¸É¥°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Š•„-¶µ-
¶· ¢µ±, ¨¸¶µ²Ó§ÊÕÉ¸Ö · §³¥·´ Ö ·¥£Ê²Ö·¨§ Í¨Ö ¸ ¶µ³µÐÓÕ ¶·µ¤µ²¦¥´¨Ö ¢
µ¡² ¸ÉÓ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ · §³¥·´µ¸É¥° D = 4 − 2ε ¨ · §²¨Î´Ò¥
³¨´¨³ ²Ó´Ò¥ ¸Ì¥³Ò ¢ÒÎ¨É ´¨° · ¸Ìµ¤¨³µ¸É¥°. �¸µ¡µ ¢ ¦´ Ö ·µ²Ó ¶·¨ ÔÉµ³
µÉ¢µ¤¨É¸Ö Ê· ¢´¥´¨Ö³ ·¥´µ·³£·Ê¶¶Ò, ±µÉµ·Ò¥ § ¤ ÕÉ Ô¢µ²ÕÍ¨Õ ¢¨²Ó¸µ´µ¢-
¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ Š•„ µÉ MW ¨ ´¨¦¥ ¤µ µ < mc:

C(µ) = Û(µ, MW , α)C(MW ), (7)

£¤¥ Û(m1, m2, α) Å µ¡µ¡Ð¥´´ Ö Ô¢µ²ÕÍ¨µ´´ Ö ³ É·¨Í , ´¥ § ¢¨¸ÖÐ Ö µÉ
¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨ ¢ ²¨¤¨·ÊÕÐ¥³ Š•„-¶µ·Ö¤±¥. ‡ ¢¨¸¨³µ¸ÉÓ µÉ ¸Ì¥³Ò
¶¥·¥´µ·³¨·µ¢±¨ ¨ É· ±Éµ¢±¨ γ5-³ É·¨ÍÒ ¢ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ · §-
³¥·´µ¸ÉÖÌ D �= 4 ¢µ§´¨± ¥É ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥. ‚ ·¥§Ê²Ó-
É É¥ ¢¥²¨Î¨´Ò ¤¢ÊÌ¶¥É²¥¢ÒÌ Š•„-¶µ¶· ¢µ± ± ¢¨²Ó¸µ´µ¢¸±¨³ ±µÔËË¨Í¨¥´É ³
Ci(µ), ¢ÒÎ¨¸²¥´´Ò¥ ¢ ´ ¨¢´µ° · §³¥·´µ° ·¥£Ê²Ö·¨§ Í¨¨ (NDR-¸Ì¥³  ¸  ´É¨-
±µ³³ÊÉ¨·ÊÕÐ¥° γ5-³ É·¨Í¥°), µÉ²¨Î ÕÉ¸Ö µÉ  ´ ²µ£¨Î´ÒÌ ¶µ¶· ¢µ± ¢ ¸Ì¥³¥
'É •µËÉ Ä‚¥²ÓÉ³ ´  (HV-¸Ì¥³  ¸ ±µ³³ÊÉ¨·ÊÕÐ¥° γ5-³ É·¨Í¥°).

�¥£ÊÐ Ö Š•„-±µ´¸É ´É  ¸¢Ö§¨ αs(µ) ¨¸Î¥§ ¥É ¢ ¶·¥¤¥²¥ µ/ΛMS → ∞ ¢
¸µµÉ¢¥É¸É¢¨¨ ¸  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤µ° ±¢ ·±µ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ:

αs(µ) ≡ g2(µ)
4π

=
4π

β0 ln (µ2/Λ2
MS

)

[
1 −

β1 ln ln (µ2/Λ2
MS

)

ln (µ2/Λ2
MS

)

]
, (8)

§¤¥¸Ó ΛMS Å Ï± ²  ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³¨´¨³ ²Ó´µ° ¸Ì¥³Ò ¢ÒÎ¨É ´¨Ö · ¸-
Ìµ¤¨³µ¸É¥°;

β0 =
11Nc − 2nf

3
, β1 =

34
3

N2
c − 10

3
Ncnf − 2Cfnf , Cf =

N2
c − 1
2Nc

,

£¤¥ Nc Å Î¨¸²µ Í¢¥Éµ¢ ±¢ ·±µ¢; nf Å Î¨¸²µ  ±É¨¢´ÒÌ ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢.
’ ± ± ± β0 ∼ O(Nc) ¨ β1 ∼ O(N2

c ), Éµ ¶·¨ ¡µ²ÓÏ¨Ì Nc Š•„-±µ´¸É ´É 
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αs(µ) ∼ O(1/Nc) ¨¸Î¥§ ¥É ¢ ¶·¥¤¥²¥ Nc → ∞. Œ ¸¸Ò ±¢ ·±µ¢ ¢ Š•„ É ±¦¥
Ö¢²ÖÕÉ¸Ö ¡¥£ÊÐ¨³¨ ±µ´¸É ´É ³¨, § ¢¨¸ÖÐ¨³¨ µÉ µ:

m(µ) = m(m)

[
αs(µ)
αs(m)

] γm0
2β0

[
1 +

(
γm1

2β0
− β1γm0

2β2
0

)
αs(µ) − αs(m)

4π

]
,

£¤¥

γm0 = 6CF , γm1 = CF

(
3CF +

97
3

Nc −
10
3

nf

)
.

‚¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ ¸µ¤¥·¦ É ¤¢¥ ±µ³¶µ´¥´ÉÒ:

Ci(µ) = zi(µ) + τyi(µ), τ = − VtdV
∗
ts

VudV ∗
us

. (9)

� ²¨Î¨¥ ³´¨³µ° Î ¸É¨ Ê ±µÔËË¨Í¨¥´É  τ , ¸¢Ö§ ´´µ¥ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ Ë §Ò
δ ¢ ŠŠŒ-³ É·¨Í¥, ¶·¨¢µ¤¨É ± ¶·Ö³µ³Ê CP -´ ·ÊÏ¥´¨Õ ¢ ´¥²¥¶Éµ´´ÒÌ · ¸¶ -
¤ Ì ± µ´µ¢. ‚ÒÎ¨¸²¥´¨Ö ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ [16Ä19] ¶µ± §Ò¢ ÕÉ,
ÎÉµ y1 = y2 = 0, ¨ ¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥ ¸¢Ö§ ´µ ¸ ¶¨´£¢¨´µ¢Ò³¨ µ¶¥· Éµ-
· ³¨.

�³¶²¨ÉÊ¤Ò § ·Ö¤µ¢ÒÌ ± ´ ²µ¢ · ¸¶ ¤µ¢ K → 2π ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ ¢Ò-
· ¦ ÕÉ¸Ö Î¥·¥§ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò AI , £¤¥ I = 0,2 Å ¨§µÉµ¶¨Î¥¸±¨°
¸¶¨´ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö:

TK+→π+π0 =
√

3
2

A2,

TK0
S→π+π− =

√
2
3

A0 +
1√
3

A2, TK0
S→π0π0 =

√
2
3

A0 −
2√
3

A2, (10)

¶·¨Î¥³ A0 ¨ A2 µ¶¨¸Ò¢ ÕÉ ¸² ¡Ò¥ ¶¥·¥Ìµ¤Ò ¸ ¨§³¥´¥´¨¥³ ¨§µ¸¶¨´  ∆I =
1/2, 3/2 ¸µµÉ¢¥É¸É¢¥´´µ:

A2 = a2 eiδ2 , A0 = a0 eiδ0 , (11)

£¤¥ δ2,0 Å Ë §Ò s-¢µ²´µ¢µ£µ ππ-· ¸¸¥Ö´¨Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¨§µÉµ¶¨Î¥-
¸±¨Ì ¸µ¸ÉµÖ´¨ÖÌ. �±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´Ò¥ Ï¨·¨´Ò § ·Ö¤µ¢ÒÌ ± ´ ²µ¢
· ¸¶ ¤µ¢ K → 2π ¤ ÕÉ ¢¥²¨Î¨´Ò ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤

a0 = 4,71 · 10−4 ŒÔ‚, a2 = 0,21 · 10−4 ŒÔ‚, (12)

  Ë §Ò ππ-· ¸¸¥Ö´¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨³¥ÕÉ §´ Î¥´¨Ö [23]

δ0 = (34,2 ± 2,2)◦, δ2 = (−6,9 ± 0,2)◦. (13)
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�É´µÏ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ  ³¶²¨ÉÊ¤

ω = a2/a0 ≈ 1/22

Ê± §Ò¢ ¥É ´  §´ Î¨É¥²Ó´µ¥ Ê¸¨²¥´¨¥ ¶¥·¥Ìµ¤µ¢ ¸ ¨§³¥´¥´¨¥³ ¨§µ¸¶¨´  ∆I =
1/2 ¶µ µÉ´µÏ¥´¨Õ ± ¶¥·¥Ìµ¤ ³ ¸ ∆I = 3/2 (É ± ´ §Ò¢ ¥³µ¥ ¶· ¢¨²µ
∆I = 1/2).

� · ³¥É· ε′, Ì · ±É¥·¨§ÊÕÐ¨° ¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥ ¢ · ¸¶ ¤ Ì K →
2π, ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò (11):

ε′ = − ω√
2

Im a0

Re a0

(
1 − 1

ω

Im a2

Im a0

)
ei(π/2+δ2−δ0), ω =

Re a2

Re a0
. (14)

‘ ÊÎ¥Éµ³ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ë ±É , ÎÉµ ε′/ε ≈ Re ε′/ε ¨ arg ε ≈ arg ε′,
¶µ²ÊÎ ¥³

Re

(
ε′

ε

)
=

ω Im λt√
2|ε||Vud||Vus|

(
a
(y)
0

a
(z)
0

− a
(y)
2

a
(z)
2

)
, (15)

£¤¥
Im λt = Im (VtdV ∗

ts) = |Vub||Vcb| sin δ, (16)

a
(z)
I ∝

10∑
i=1

zi(µ)〈(ππ)I |Qi|K〉, a
(y)
I ∝

10∑
i=1

yi(µ)〈(ππ)I |Qi|K〉

¥¸ÉÓ z- ¨ y-±µ³¶µ´¥´ÉÒ ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤

AI = (a(z)
I + τa

(y)
I ) eiδI , (17)

¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¥¤¸É ¢²¥´¨Õ (9) ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢.
‚ · ³± Ì ‘Œ ¸³¥Ï¨¢ ´¨¥ K− K̄0 ¢µ§´¨± ¥É ´  Ê·µ¢´¥ ¤¨ £· ³³ ®ÖÐ¨Î-

´µ£µ¯ É¨¶  ·¨¸. 2. ‘ ÊÎ¥Éµ³ Š•„-¶µ¶· ¢µ± ± ÔÉ¨³ ¤¨ £· ³³ ³ ÔËË¥±É¨¢-
´Ò° ² £· ´¦¨ ´ ¶¥·¥Ìµ¤µ¢ ¸ ¨§³¥´¥´¨¥³ ¸É· ´´µ¸É¨ ∆S = 2, µ¶¨¸Ò¢ ÕÐ¨°
(K − K̄0)-¸³¥Ï¨¢ ´¨¥, ¨³¥¥É ¢¨¤

Leff(∆S = 2) =
G2

F

16π2
E(µ)Q(∆S = 2),

£¤¥ ¢¨²Ó¸µ´µ¢¸± Ö ±µÔËË¨Í¨¥´É´ Ö ËÊ´±Í¨Ö E(µ) µ¶·¥¤¥²Ö¥É¸Ö ± ±

E(µ) = M2
W

[
λ2

cη1S0(xc) + λ2
t η2S0(xt) + 2λcλtη3S0(xc, xt)

]
CK(µ),

CK(µ) =
[
αs(µ)

]−2/9
[
1 +

αs(µ)
4π

J3

]
.
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�¨¸. 2. „¨ £· ³³Ò ®ÖÐ¨Î´µ£µ¯ É¨¶ , µ¶¨¸Ò¢ ÕÐ¨¥ ¸³¥Ï¨¢ ´¨¥ K−K̄0 ¢ · ³± Ì ‘Œ

‡¤¥¸Ó λq = VqdV ∗
qs, q = c, t; S0(xi) ¨ S0(xi, xj) Å ËÊ´±Í¨¨ ˆ´ ³¨Ä‹¨³  [24],

¶·¥¤¸É ¢²ÖÕÐ¨¥ µ¸´µ¢´Ò¥ ¢±² ¤Ò ÖÐ¨Î´ÒÌ ¤¨ £· ³³ ¡¥§ Š•„-¶µ¶· ¢µ± ¨
§ ¢¨¸ÖÐ¨¥ µÉ xi = m2

i /M
2
W ; η1 = 1,38, η2 = 0,58 ¨ η3 = 0,47 Å ¶µ¶· -

¢µÎ´Ò¥ Ë ±Éµ·Ò, ±µÉµ·Ò¥ ÊÎ¨ÉÒ¢ ÕÉ Š•„-ÔËË¥±ÉÒ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ
¤µ ¸²¥¤ÊÕÐ¥£µ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤± ; J3 Å ±µÔËË¨Í¨¥´É, ¢µ§´¨± ÕÐ¨° ¢
¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ¨ § ¢¨¸ÖÐ¨° µÉ ¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨;
Q(∆S = 2) Å Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° µ¶¥· Éµ· ´¥²¥¶Éµ´´ÒÌ ¶¥·¥Ìµ¤µ¢ ±¢ ·-
±µ¢ ¸ ¨§³¥´¥´¨¥³ ¸É· ´´µ¸É¨ ∆S = 2, ¸µ¸É ¢²¥´´Ò° ¨§ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ
±¢ ·±µ¢ÒÌ (V − A)-Éµ±µ¢:

Q(∆S = 2) = s̄LγµdLs̄LγµdL, (18)

£¤¥ qL =
1
2
(1 − γ5)q.

� · ³¥É· ε, Ì · ±É¥·¨§ÊÕÐ¨° ´¥¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥ ¢ · ¸¶ ¤¥ K0
L →

2π, ¸¢Ö§ ´ ¸ ´¥¤¨ £µ´ ²Ó´Ò³ Ô²¥³¥´Éµ³ M12 ³ ¸¸µ¢µ° ³ É·¨ÍÒ ¤²Ö ¸¨¸É¥³Ò
´¥°É· ²Ó´ÒÌ ± µ´µ¢:

ε =
exp (iπ/4)√

2∆MK

(Im M12 + 2ζ Re M12). (19)

‡¤¥¸Ó ∆MK Å · §´¨Í  ³ ¸¸ K0
L- ¨ K0

S-³¥§µ´µ¢; ζ = Im a0/Re a0, £¤¥ a0 Å
 ³¶²¨ÉÊ¤  · ¸¶ ¤  K → ππ ¸ ¨§µÉµ¶¨Î¥¸±¨³ ¸¶¨´µ³ I = 0 ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨ (¸³. µ¶·¥¤¥²¥´¨¥ (11)); M12 µ¶·¥¤¥²Ö¥É¸Ö ± ±

2mKM∗
12 = 〈K̄0|Leff(∆S = 2)|K0〉.

‚Éµ·µ° Î²¥´ ¢ ¢Ò· ¦¥´¨¨ (19) ¤ ¥É ¢±² ¤ ¢ ε, ´¥ ¶·¥¢ÒÏ ÕÐ¨° 2 %, ¨ ¨³
³µ¦´µ ¶·¥´¥¡·¥ÎÓ. ’µ£¤  ¢ · ³± Ì ‘Œ

ε = CεB̂K Im λt{Re λc[η1S0(xc) − η3S0(xc, xt)]−
− Re λtη2S0(xt)} exp (iπ/4).
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‡¤¥¸Ó

Cε =
G2

F F 2
KmKM2

W

12
√

2π2∆MK

= 33,78 · 104,

B̂K = BK(µ)CK(µ), BK =
3
4

1
F 2

Km2
K

〈K̄0|Leff(∆S = 2)|K0〉, (20)

£¤¥ FK = 113 ŒÔ‚ Å ±µ´¸É ´É  · ¸¶ ¤  K → µν.

’ ±¨³ µ¡· §µ³, ¢ · ³± Ì ‘Œ ± ± ´¥¶·Ö³µ¥, É ± ¨ ¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨e
¶µÖ¢²ÖeÉ¸Ö ¨§-§  Ë §Ò δ ¢ ŠŠŒ-³ É·¨Í¥. �¥¶·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥, ¸¢Ö§ ´-
´µ¥ ¸ (K − K̄0)-¸³¥Ï¨¢ ´¨¥³, ¢µ§´¨± ¥É ¨§ ¤¨ £· ³³ ·¨¸. 2 ¢Éµ·µ£µ ¶µ·Ö¤± 
¶µ ¸² ¡µ° ±µ´¸É ´É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö GF . �·Ö³µ¥ CP -´ ·ÊÏ¥´¨¥ ¢Ò§¢ ´µ
¢±² ¤ ³¨ ¤¨ £· ³³ ¶¨´£¢¨´µ¢µ£µ É¨¶  ·¨¸. 1, ¢, £ ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ GF . ‡ -
³¥É¨³, ÎÉµ ¢ · ³± Ì £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¸Ê¶¥·¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,
¢Ò¤¢¨´ÊÉµ° ‚µ²ÓË¥´ÏÉ¥°´µ³ [25] ¤²Ö µ¡ÑÖ¸´¥´¨Ö ´¥¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö,
¨§ ´ ¡²Õ¤¥´¨Ö ¶µ¸²¥¤´¥£µ ¢µ¢¸¥ ´¥ ¢µ§´¨± ¥É, ± ± ¸²¥¤¸É¢¨¥, ¢µ§³µ¦´µ¸ÉÓ
¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ · ¸¶ ¤ Ì ± µ´µ¢. �µÔÉµ³Ê ´ ¡²Õ¤¥´¨¥ ¶·Ö³µ£µ
CP -´ ·ÊÏ¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì NA48 ¨ KTeV Ö¢¨²µ¸Ó ± Î¥¸É¢¥´´Ò³ ¶µ¤-
É¢¥·¦¤¥´¨¥³ ŠŠŒ-³¥Ì ´¨§³  CP -´ ·ÊÏ¥´¨Ö ¢ ‘Œ.

„²Ö ±µ²¨Î¥¸É¢¥´´µ° ¶·µ¢¥·±¨ ¶·¥¤¸± § ´¨° ‘Œ ¢ ÔËË¥±É Ì CP -´ ·Ê-
Ï¥´¨Ö ¢ · ¸¶ ¤ Ì ± µ´µ¢ ´¥µ¡Ìµ¤¨³µ Ê³¥ÉÓ ¢ÒÎ¨¸²ÖÉÓ ³¥§µ´´Ò¥ ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ ¸² ¡ÒÌ ´¥²¥¶Éµ´´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨°. �Éµ ³µ¦´µ ¸¤¥² ÉÓ ¸ ¶µ³µÐÓÕ ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ ´  ÔËË¥±-
É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´ Ì ¸¨²Ó´ÒÌ ¨ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ³¥§µ´µ¢,
¶µ²ÊÎ ¥³ÒÌ ¨§ ¡µ§µ´¨§ Í¨¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ²µ± ²Ó´ÒÌ ±¢ ·±µ¢ÒÌ ² £· ´-
¦¨ ´µ¢ [26Ä28].

2. ��„•�„ �””…Š’ˆ‚�›• �…‹ˆ�…‰�›•
Šˆ��‹œ�›• ‹�ƒ���†ˆ���‚

� ¸¸³µÉ·¨³  ²ÓÉ¥·´ É¨¢´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ÔËË¥±É¨¢´µ£µ ² £· ´¦¨-
 ´  ¸² ¡ÒÌ ´¥²¥¶Éµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢ ¢ É¥·³¨´ Ì Î¥ÉÒ·¥Ì±¢ ·±µ-
¢ÒÌ µ¶¥· Éµ·µ¢ Oi [14,29]:

LQCD
w (∆S = 1) =

√
2GF VudV

∗
us

8∑
i=1

C̃i(µ)Oi. (21)
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‡¤¥¸Ó

O1 = s̄LγµdLūLγµuL − s̄LγµuLūLγµdL,

O2 = s̄LγµdLūLγµuL + s̄LγµuLūLγµdL + 2s̄LγµdLd̄LγµdL+
+ 2s̄LγµdLs̄LγµsL,

O3 = s̄LγµdLūLγµuL + s̄LγµuLūLγµdL + 2s̄LγµdLd̄LγµdL−
− 3s̄LγµdLs̄LγµsL,

O4 = s̄LγµdLūLγµuL + s̄LγµuLūLγµdL − s̄LγµdLd̄LγµdL,

O5 =
∑

q

s̄Lγµλa
cdLq̄Rγµλa

c qR, O6 =
∑

q

s̄LγµdLq̄RγµqR,

O7 = 6
∑

q

s̄LγµdLq̄RγµQqR, O8 = 6
∑

q

s̄Lγµλa
cdLq̄Rγµλa

cQqR,

(22)

£¤¥ λa
c Å £¥´¥· Éµ·Ò Í¢¥Éµ¢µ° £·Ê¶¶Ò SU(Nc). �¶¥· Éµ·Ò O5,6, ¸µ¤¥·¦ Ð¨¥

±¢ ·±µ¢Ò¥ (V +A)-Éµ±¨, ¶µ·µ¦¤¥´Ò £²Õµ´´Ò³¨ ¶¨´£¢¨´µ¢Ò³¨ ¤¨ £· ³³ ³¨,
  µ¶¥· Éµ·Ò O7,8 ¢µ§´¨± ÕÉ ¨§ Ô²¥±É·µ¸² ¡ÒÌ ¶¨´£¢¨´µ¢ÒÌ ¤¨ £· ³³. ‚ ¶·¥-
¤¥²¥ ÉµÎ´µ° ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ µ¶¥· Éµ·Ò O1,2,3,5,6 ¨ O4 µ¶¨¸Ò¢ ÕÉ
¶¥·¥Ìµ¤Ò ¸ ∆I = 1/2 ¨ 3/2 ¸µµÉ¢¥É¸É¢¥´´µ, ¢ Éµ ¢·¥³Ö ± ± µ¶¥· Éµ·Ò O7,8

¤ ÕÉ ¢±² ¤ ¢ ¶¥·¥Ìµ¤Ò ¸ ∆I = 1/2 ¨ 3/2.
�¶¥· Éµ·Ò Oi (22) ¸¢Ö§ ´Ò ¸ µ¶¥· Éµ· ³¨ Qi (5) ¸µµÉ´µÏ¥´¨Ö³¨

Q1 =
2
15

(15O1 + 3O2 + 2O3 + 10O4),

Q2 =
2
15

(−15O1 + 3O2 + 2O3 + 10O4),

Q3 = 2(O1 + O2), Q4 = −2(O1 −O2),

Q5 = 4O6, Q6 = 2O5 +
4
3
O6,

Q7 = O7, Q8 =
1
2
O8 +

1
3
O7,

Q9 = 2(O1 + O4) +
2
5
(−O2 + O3),

Q10 = 2(−O1 + O4) +
2
5
(−O2 + O3).

‚¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ C̃i ÔËË¥±É¨¢´µ£µ ±¢ ·±µ¢µ£µ ² £· ´¦¨ ´  (21)
¸ µ¶¥· Éµ· ³¨ Oi ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ ¢¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ Ci,
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¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ² £· ´¦¨ ´Ê (21) ¸ µ¶¥· Éµ· ³¨ Qi:

C̃1 = C1 − C2 + C3 − C4 + C9 − C10,

C̃2 =
1
5
(
C1 + C2 − C9 − C10

)
+ C3 + C4,

C̃3 =
1
5
C̃4 =

1
5

(
2
3
(
C1 + C2

)
+ C9 + C10

)
,

C̃5 = C6, C̃6 = 2
(

C5 +
1
3
C6

)
,

C̃7 =
1
2

(
C7 +

1
3
C8

)
, C̃8 =

1
4
C8.

(23)

�µ§µ´¨§µ¢ ´´ Ö ¢¥·¸¨Ö ÔËË¥±É¨¢´µ£µ ² £· ´¦¨ ´  (21) ³µ¦¥É ¡ÒÉÓ ¶·¥¤-
¸É ¢²¥´  ¢ ¸²¥¤ÊÕÐ¥° Ëµ·³¥ [26]:

Lmes
w = G̃F

{
(−ξ1+ ξ2+ ξ3)

[
(J1

Lµ− iJ2
Lµ)(J4

Lµ+ iJ5
Lµ)−

−
(

J3
Lµ+

1√
3
J8

Lµ

)
(J6

Lµ+ iJ7
Lµ)

]
+

+ (ξ1 + 5 ξ2)

√
2
3

J0
Lµ(J6

Lµ+ iJ7
Lµ) +

10√
3

ξ3 J8
Lµ(J6

Lµ+ iJ7
Lµ)+

+ ξ4

[
(J1

Lµ− iJ2
Lµ)(J4

Lµ+ iJ5
Lµ) + 2 J3

Lµ(J6
Lµ+ iJ7

Lµ)
]
−

− 4 ξ5

[
(J1

R− iJ2
R)(J4

L+ iJ5
L) −

(
J3

R− 1√
3
J8

R−
√

2
3

J0
R

)
(J6

L+ iJ7
L)−

−
√

2
3

(J6
R+ iJ7

R)(
√

2J8
L − J0

L)
]
+

+ ξ6

√
3
2

(J6
Lµ+ iJ7

Lµ)J0
Rµ + 6 ξ7 (J6

Lµ+ iJ7
Lµ)

(
J3

Rµ +
1√
3

J8
Rµ

)
−

− 16 ξ8

[
(J1

R− iJ2
R)(J4

L+ iJ5
L) +

1
2

(
J3

R− 1√
3
J8

R−
√

2
3

J0
R

)
(J6

L+ iJ7
L)+

+
1√
6

(J6
R+ iJ7

R)(
√

2 J8
L − J0

L)
]}

. (24)

‡¤¥¸Ó G̃F =
√

2GF VudV ∗
us; Ja

L/R µ ¨ Ja
L/R Å ³¥§µ´´Ò¥ (V ∓ A)-Éµ±¨

¨ (S ∓ P )-¶²µÉ´µ¸É¨, ¢µ§´¨± ÕÐ¨¥ ¨§ ¡µ§µ´¨§ Í¨¨ ±¢ ·±µ¢ÒÌ Éµ±µ¢
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q̄γµ
1
4
(
1 ∓ γ5

)
λaq ¨ ¶²µÉ´µ¸É¥° q̄

1
4
(1 ∓ γ5)λaq ¸µµÉ¢¥É¸É¢¥´´µ; λa Å £¥´¥· -

Éµ·Ò U(3)F £·Ê¶¶Ò ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢;

ξ1 = C̃1

(
1 − 1

Nc

)
, ξ2,3,4 = C̃2,3,4

(
1 +

1
Nc

)
,

ξ5,8 = C̃5,8

(
1 − 1

N2
c

)
+

1
2Nc

C̃6,7, ξ6,7 = C̃6,7,

(25)

£¤¥ Í¢¥Éµ¢µ° Ë ±Éµ· 1/Nc ¢µ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ Ë¨·Í¥¢¸±µ£µ ¶·¥µ¡· §µ¢ -
´¨Ö µ¶¥· Éµ·µ¢ Oi (¸³. ¡µ²¥¥ ¶µ¤·µ¡´µ ¢ [26]).

Œ¥§µ´´Ò¥ Éµ±¨ Ja
L/Rµ ¨ ¶²µÉ´µ¸É¨ Ja

L/R ¶µ²ÊÎ ÕÉ¸Ö ¨§ ±¢ ·±µ¢µ£µ ¤¥-
É¥·³¨´ ´É  ¸ ¶µ³µÐÓÕ ¢ ·Ó¨·µ¢ ´¨Ö ¶µ ¤µ¶µ²´¨É¥²Ó´Ò³ ¢´¥Ï´¨³ ¨¸ÉµÎ´¨-
± ³,  ¸¸µÍ¨¨·µ¢ ´´Ò³ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ±¢ ·±µ¢Ò³¨ Éµ± ³¨ ¨ ¶²µÉ´µ-
¸ÉÖ³¨ [26]. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶· ¢¨² ³¨ ¸Î¥É  ¸É¥¶¥´¥° ¨³¶Ê²Ó¸´µ£µ · §²µ-
¦¥´¨Ö [30] ¨§ Î²¥´µ¢ p2n-¶µ·Ö¤±  ¢ ±¢ ·±µ¢µ³ ¤¥É¥·³¨´ ´É¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ
² £· ´¦¨ ´ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥§µ´µ¢ Leff Éµ£µ ¦¥ ¶µ·Ö¤± ,   É ±¦¥
Éµ±¨ Ja

L/Rµ ¨ ¶²µÉ´µ¸É¨ Ja
L/R ¢ p2n−1- ¨ p2n−2-¶µ·Ö¤± Ì ¸µµÉ¢¥É¸É¢¥´´µ.

� ¶·¨³¥·, ¨§ p2-Î²¥´µ¢ ±¢ ·±µ¢µ£µ ¤¥É¥·³¨´ ´É  ¶µ²ÊÎ ¥³

L(p2)
eff = −F 2

0

4
tr
(
L2

µ

)
+

F 2
0

4
tr
(
χU † + Uχ†),

J
(p1)a
Lµ =

iF 2
0

4
tr (λaLµ), J

(p0)a
L =

F 2
0

4
m̄R tr (λaU).

(26)

‡¤¥¸Ó U = exp

(
i
√

2
F0

ϕ

)
, £¤¥ ϕ Å ³ É·¨Í  ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢; Lµ =

DµU U †; DµU = ∂µU +(AL
µU −UAR

µ ); A
R/L
µ = Vµ±Aµ Å ²¥¢ Ö/¶· ¢ Ö ±µ³-

¡¨´ Í¨¨ ¢¥±Éµ·´ÒÌ ¨  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ ¶µ²¥°. Š·µ³¥ Éµ£µ, F0 Å £µ² Ö
±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´  π → µν; χ = diag (χ2

u, χ2
d, χ

2
s) = −2m0〈q̄q〉F−2

0 Å
³¥§µ´´ Ö ³ ¸¸µ¢ Ö ³ É·¨Í , ¤¨ £µ´ ²Ó´Ò¥ Ô²¥³¥´ÉÒ ±µÉµ·µ° ³µ¦´µ § Ë¨±-
¸¨·µ¢ ÉÓ ¶µ ³ ¸¸ ³ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢; m0 Å ³ ¸¸µ¢ Ö ³ É·¨Í  ¤²Ö
Éµ±µ¢ÒÌ ±¢ ·±µ¢; 〈q̄q〉 Å ±¢ ·±µ¢Ò° ±µ´¤¥´¸ É; m̄ Å Ê¸·¥¤´¥´´ Ö ³ ¸¸ 
¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·±µ¢ ¨ R = 〈q̄q〉/(m̄F 2

0 ). ‚ p2-¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ-
·¨¨ ¶ · ³¥É·Ò ² £· ´¦¨ ´  ¨ Éµ±µ¢ (26) Ë¨±¸¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:
F0 = Fπ = 93 ŒÔ‚, χ2

u = 0,0114 ƒÔ‚2, χ2
d = 0,025 ƒÔ‚2, χ2

s = 0,47 ƒÔ‚2,
〈q̄q〉 = (−220 ŒÔ‚)3, m̄ ≈ 265 ŒÔ‚, R = −4,96. Œ¥§µ´´Ò¥ (V + A)- ¨
(S + P )-Éµ±¨ (JRµ ¨ JR) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì (V − A)- ¨
(S−P )-Éµ±µ¢ (JLµ ¨ JL) ¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö Î¥É´µ¸É¨. ‚ p4-¶µ·Ö¤±¥
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¶µ²ÊÎ ¥³

L(p4)
eff ⇒

(
L1 −

1
2
L2

)(
tr L2

µ

)2 + L2 tr

(
1
2
[Lµ, Lν]2 + 3(L2

µ)2
)

+

+L3 tr
[
(L2

µ)2
]
− L4 tr

(
L2

µ

)
tr
(
χU † + Uχ†)− L5 tr

(
L2

µ

(
χU † + Uχ†))+

+ L8 tr
(
(χ†U)2 + (χU †)2

)
+ H2 tr χχ†, (27)

J
(p3)a
Lµ ⇒ i tr

{
λa

[
L4Lµ tr (χU † + Uχ†) +

1
2
L5{Lµ, (χU † + Uχ†)}

]}
,

J
(p2)a
L ⇒ −m̄R tr

{
λa
[
L4U tr (L2

µ) + L5(L2
µU) − 2L8Uχ†U − H2χ

]}
,

£¤¥ Li ¨ H2 Å ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ, ¢¢¥¤¥´´Ò¥ ƒ ¸¸¥·µ³ ¨ ‹¥°É¢¨²¥-
·µ³ [31]. „²Ö ±· É±µ¸É¨ §¤¥¸Ó ¨ ¤ ²¥¥ ¶·¨¢µ¤ÖÉ¸Ö Éµ²Ó±µ Î²¥´Ò, ´¥µ¡Ìµ¤¨³Ò¥
¤²Ö ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤ ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ± µ´µ¢.

„²Ö µ¶¨¸ ´¨Ö ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ± µ´µ¢ ¢ p6-¶µ·Ö¤±¥ ¶µÉ·¥¡Ê¥É¸Ö
Éµ²Ó±µ Î ¸ÉÓ Î²¥´µ¢ ¶µ²´µ£µ ² £· ´¦¨ ´ ∗:

L(p6)
eff ⇒ tr

{
Q12

(
χRµU †(DµDνU + DνDµU

)
U †Lν+

+ χ†LµU
(
D̄µD̄νU † + D̄νD̄µU †)URν

)
+

+ Q13

[
χ(D̄µD̄νU †LµLν + RνRµUD̄µD̄νU †)+

+ χ†(DµDνURµRν + LνLµDµDνU)
]
+

+ Q14

[
χ
(
U †DµDνUD̄µD̄νU † + D̄µD̄νU †DµDνUU †

)
+

+ χ†
(
UD̄µD̄νU †DµDνU + DµDνUD̄µD̄νU †U

)]
+

+ Q15χ
†LµχRµ + Q16

(
χ†χRµRµ + χχ†LµLµ

)
+

+ Q17

(
Uχ†Uχ†LµLµ + U †χU †χRµRµ

)
+

+ Q18

[
(χU †Lµ)2 + (χ†URµ)2

]
+

+ Q19

[
(χU †)3 + (χ†U)3

]
+ Q20

(
U †χχ†χ + Uχ†χχ†

)}
, (28)

£¤¥ Qi Å ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ, ¢¢¥¤¥´´Ò¥ ¢ [32]; D̄µU † = ∂µU †+(AR
µ U †−

U †AL
µ) ¨ Rµ = U †DµU . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ Î²¥´Ò ³¥§µ´´ÒÌ ¡µ§µ´¨§µ¢ ´´ÒÌ

∗�µ²´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¡µ§µ´¨§µ¢ ´´µ£µ p6-² £· ´¦¨ ´  ¶·¨¢¥¤¥´µ ¢ · ¡µÉ¥ [32].
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(V − A)- ¨ (S − P )-Éµ±µ¢ ¨³¥ÕÉ ¢¨¤

J
(p5)a
Lµ ⇒ i

1
4

tr

{
λa

[
− 2Q14

[
(Uχ† + χU †)DµDνU U †Lν+

+ DµDνU(U †χU † + χ†)Lν−

− UD̄ν
(
(U †χ + χ†U)D̄νD̄µU † + D̄νD̄µU †(Uχ† + χU †)

)
+

+ LνU
(
(U †χ + χ†U)D̄µD̄νU † + D̄µD̄νU †(Uχ† + χU †)

)
+

+ Dν
(
(Uχ† + χU †)DνDµU + DνDµU(U †χ + χ†U)

)
U †

]
+

+ 2Q15

(
Uχ†LµχU † + χU †LµUχ†)+ 2Q16

({
Uχ†χU †, Lµ

}
+
{
χχ†, Lµ

})
+

+2Q17

({(
Uχ†)2, Lµ

}
+
{(

χU †)2, Lµ

})
−4Q18

(
Uχ†LµUχ†+χU †LµχU †)]},

J
(p4)a
L ⇒ m̄R tr

{
λa
[
Q12 LµU{D̄µ, D̄ν}U † URν+

+ Q13

(
LνLµDµDνU + DµDνURµRν

)
+

+ Q14

(
UD̄νD̄µU †DνDµU + DνDµUD̄νD̄µU †U

)
+

+ Q15 LµχRµ + Q16

(
χR2

µ + L2
µχ
)

+ Q17

(
Uχ†UR2

µ + L2
µUχ†U

)
+

+ 2Q18 LµUχ†LµU + Q19

(
Uχ†)2U+

+ Q20(χU †χ + χχ†U + Uχ†χ)
]}

.

3. �Œ�‹ˆ’“„› ��‘��„�‚ K → 2π

„²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ±  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π ¨ µÉ´µÏ¥´¨Ö ε′/ε ¶µ-
É·¥¡ÊÕÉ¸Ö §´ Î¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ±µ´¸É ´É Li ¨ Qi ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ
p4- ¨ p6-² £· ´¦¨ ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ. ‚ · ³± Ì ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³Ê-
Ð¥´¨° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¸É ÉÊ¸ ÔËË¥±É¨¢´µ£µ ±¨· ²Ó´µ£µ p4-² £· ´¦¨ ´ 
(27) · ¸¸³ É·¨¢ ²¸Ö ¢ · ¡µÉ¥ [33], £¤¥ ¸É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ Ë¨±¸¨·µ¢ -
²¨¸Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ± ± ¶¥·¥´µ·³¨·Ê¥³Ò¥ ¢¥²¨Î¨´Ò Lr

i , § ¢¨¸ÖÐ¨¥ µÉ
ÉµÎ±¨ ¶¥·¥´µ·³¨·µ¢±¨ µ̃. ‚ É ¡². 1 ¶·¨¢¥¤¥´Ò ´ ¨²ÊÎÏ¨¥ Ë¥´µ³¥´µ²µ£¨Î¥-
¸±¨¥ µÍ¥´±¨ ÔÉ¨Ì ¶ · ³¥É·µ¢, § Ë¨±¸¨·µ¢ ´´Ò¥ ¶·¨ µ̃ = mρ. ‡ ¢¨¸¨³µ¸ÉÓ
¸É·Ê±ÉÊ·´ÒÌ ±µ´¸É ´É µÉ µ̃ µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³

Lr
i (µ̃2) = Lr

i (µ̃1) +
Γi

(4π)2
ln

µ̃1

µ̃2
, (29)

£¤¥ Γ1 = 3/32, Γ2 = 3/16, Γ3 = 0, Γ4 = 1/8, Γ5 = 3/8, Γ8 = 5/48.
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�·µ¨§¢µ² ¢ ¢Ò¡µ·¥ Ï± ²Ò µ̃ ³µ¦´µ Ê¸É· ´¨ÉÓ, ¨¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ¸Ê-
¶¥·¶·µ¶ £ Éµ·´µ° (‘�) ·¥£Ê²Ö·¨§ Í¨¨ [34, 35], · §· ¡µÉ ´´µ° ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ³¥§µ´´ÒÌ ¶¥É¥²Ó ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö ¸ ´¥²¨´¥°´Ò³¨ ÔËË¥±É¨¢´Ò³¨
² £· ´¦¨ ´ ³¨. ‘�-¶µ¤Ìµ¤ ¶·¨¢µ¤¨É ± É¥³ ¦¥ ·¥§Ê²ÓÉ É ³, ÎÉµ ¨ · §³¥·´ Ö

’ ¡²¨Í  1. ”¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨-
Í¨¥´Éµ¢ Li (¢ ¥¤¨´¨Í Ì 10−3)

Li

”¥´µ³¥´µ²µ£¨Ö Œµ¤¥²Ó �ˆ‹

Lr
i (mρ) [33] ‘�-¶µ¤Ìµ¤ �¥§ ·¥¤Ê±Í¨¨

·¥§µ´ ´¸µ¢
�µ¸²¥ ·¥¤Ê±Í¨¨

·¥§µ´ ´¸µ¢
1 0,4 ± 0,3 0,8 ± 0,3 0,79 0,85
2 1,4 ± 0,3 1,5 ± 0,5 1,58 1,70
3 −3,5 ± 1,1 −3,8 ± 1,6 −3,17 −4,30
4 −0,3 ± 0,5 0 0 0
5 1,4 ± 0,5 1,6 ± 0,3 0,98 1,64
8 0,9 ± 0,3 1,1 ± 0,2 0,36 1,12

·¥£Ê²Ö·¨§ Í¨Ö, ¨¸¶µ²Ó§Ê¥³ Ö ¢ ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°,
µ¤´ ±µ ¶ · ³¥É· µ̃ ¶·¨ ÔÉµ³ Ê¦¥ ´¥ Ö¢²Ö¥É¸Ö ¶·µ¨§¢µ²Ó´Ò³,   Ë¨±¸¨·Ê-
¥É¸Ö Ï± ²µ° ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö: µ̃SP = 4πF0 ≈ 1 ƒÔ‚, ¢ Éµ ¢·¥³Ö ± ±
“”-· ¸Ìµ¤¨³µ¸É¨ § ³¥´ÖÕÉ¸Ö ´  ±µ´¥Î´Ò¥ Î²¥´Ò:(

C − 1/ε
)
→ CSP = −1 + 4C + βπ,

£¤¥ C = 0,577 Å ±µ´¸É ´É  �°²¥· ; ε = (4 − D)/2; β Å ¶·µ¨§¢µ²Ó´ Ö ±µ´¸-
É ´É , ¢µ§´¨± ÕÐ Ö ¨§ ¨´É¥£· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö ‡µ³³¥·Ë¥²Ó¤ Ä‚ É¸µ´ .

”¥´µ³¥´µ²µ£¨Î¥¸±¨°  ´ ²¨§ ÔËË¥±É¨¢´µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¢
p4-¶µ·Ö¤±¥ ¢ · ³± Ì ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¸ ³¥§µ´´Ò³¨ ¶¥É²Ö³¨,
¢ÒÎ¨¸²Ö¥³Ò³¨ ¢ ‘�-¶µ¤Ìµ¤¥, ¡Ò² ¶·µ¢¥¤¥´ ¢ · ¡µÉ Ì [36], £¤¥ · ¸¸³ É·¨¢ -
²µ¸Ó µ¶¨¸ ´¨¥ ¤²¨´ ππ-· ¸¸¥Ö´¨Ö ¨ · ¸¶ ¤µ¢ η′ → ηππ. ‘ ÊÎ¥Éµ³ É ¤¶µ²Ó´ÒÌ
¶¥É¥²Ó, ¶·¨¢µ¤ÖÐ¨Ì ± ¶¥·¥´µ·³¨·µ¢±¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¶¸¥¢¤µ¸± ²Ö·´ÒÌ
³¥§µ´µ¢, ¶¥·¥µ¶·¥¤¥²¥´¨Õ ¨Ì ³ ¸¸ ¨ · ¸Ð¥¶²¥´¨Õ · ¸¶ ¤´ÒÌ ±µ´¸É ´É Fπ

¨ FK , ³µ¦´µ § Ë¨±¸¨·µ¢ ÉÓ F0 = 90 ŒÔ‚ ¨ ±µÔËË¨Í¨¥´ÉÒ L5, L8,   É ±¦¥
¶ · ³¥É· ‘�-·¥£Ê²Ö·¨§ Í¨¨ CSP ≈ 3 ± 1. �·¨ ÔÉµ³ ¶·µ¨¸Ìµ¤¨É ¶¥·¥µ¶·¥¤¥-
²¥´¨¥ ±µ´¸É ´É χ2

u, χ2
d ¨ χ2

s. ”¥´µ³¥´µ²µ£¨Î¥¸±¨¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢
Li, § Ë¨±¸¨·µ¢ ´´Ò¥ ¢ ‘�-¶µ¤Ìµ¤¥, Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ ±µÔËË¨Í¨¥´É ³¨
µ̃ = mρ (¸³. É ¡². 1), ÎÉµ Ê± §Ò¢ ¥É ´  ¸ ³µ¸µ£² ¸µ¢ ´´µ¸ÉÓ Ï± ² ¶¥·¥´µ·-
³¨·µ¢±¨ ¢ ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¨ ‘�-¶µ¤Ìµ¤¥.

‘É·Ê±ÉÊ·´Ò¥ ±µ´¸É ´ÉÒ Li ³µ¦´µ § Ë¨±¸¨·µ¢ ÉÓ É¥µ·¥É¨Î¥¸±¨ ¨§ ¡µ-
§µ´¨§ Í¨¨ ³µ¤¥²¨ � ³¡ÊÄˆµ´ -‹ §¨´¨µ (�ˆ‹). —Éµ¡Ò ¨§¡¥¦ ÉÓ ¤¢µ°´µ£µ
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¸Î¥É  ¶·¨ ÊÎ¥É¥ ·¥§µ´ ´¸´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ ¢ÒÎ¨¸²¥´¨ÖÌ  ³¶²¨ÉÊ¤ ¶·µ-
Í¥¸¸µ¢ ¸ ¶¸¥¢¤µ¸± ²Ö·´Ò³¨ ³¥§µ´ ³¨, ´Ê¦´µ É ±¦¥ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¶µ ÔÉ¨³
·¥§µ´ ´¸ ³ ¢ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥, ¢µ§´¨± ÕÐ¥³ ¶·¨ ¡µ§µ´¨§ Í¨¨.
’ ± Ö ¶·µÍ¥¤Ê·  ·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢ [37] ÔËË¥±É¨¢´µ ÊÎ¨ÉÒ¢ ¥É ¢±² ¤Ò
·¥§µ´ ´¸´ÒÌ µ¡³¥´µ¢ Î¥·¥§ ³µ¤¨Ë¨± Í¨Õ ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ Li.
�·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1 ¶·¥¤¸± § ´¨Ö ³µ¤¥²¨ �ˆ‹ ¤²Ö ¸É·Ê±ÉÊ·´ÒÌ ±µÔËË¨Í¨-
¥´Éµ¢ Li Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ë¥´µ³¥´µ²µ£¨¥°. �µÔÉµ³Ê ¸É·Ê±ÉÊ·´Ò¥ ±µ´-
¸É ´ÉÒ Qi ¤²Ö Î¨¸²¥´´ÒÌ µÍ¥´µ± ¢±² ¤µ¢ p6-² £· ´¦¨ ´  (28) ¢  ³¶²¨ÉÊ¤Ò
³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢ Ë¨±¸¨·µ¢ ²¨¸Ó ¨§ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹, ¶µ¸±µ²Ó±Ê
¸¤¥² ÉÓ ÔÉµ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¤µ ¸¨Ì ¶µ· ´¥¢µ§³µ¦´µ. CÉ·Ê±ÉÊ·´Ò¥ ±µ´-
¸É ´ÉÒ Qi, ¶µ²ÊÎ ¥³Ò¥ ¨§ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹ ¡¥§ ·¥¤Ê±Í¨¨ ¨ ¶µ¸²¥
·¥¤Ê±Í¨¨ ·¥§µ´ ´¸µ¢, ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ Ì [11,32].

„²Ö ¤ ²Ó´¥°Ï¨Ì µ¡¸Ê¦¤¥´¨° Ê¤µ¡´µ ¢¢¥¸É¨ ¸¶¥Í¨ ²Ó´µ¥ µ¡µ§´ Î¥´¨¥ A(i)
I

¤²Ö ¢±² ¤  Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ µ¶¥· Éµ·  Oi ¢ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò (10):

AI = FIAI , AI = −i

8∑
i=1

ξiA(i)
I , (30)

£¤¥ F2 =
√

2F0 =
√

3
2

G̃F F0(m2
K − m2

π). ‚ p2-¶µ·Ö¤±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³

¶·¥¤¥²Ê ³Ö£±¨Ì ¶¨µ´µ¢, ¤²Ö ´¥´Ê²¥¢ÒÌ ¤·¥¢¥¸´ÒÌ  ³¶²¨ÉÊ¤ A(i)
I ¶µ²ÊÎ ¥³

¢Ò· ¦¥´¨Ö

A(1)
0 = −A(2,3)

0 = −A(4)
2 = −1,

A(7)
0 = −A(7)

2 = 2, A(5)
0 = −32

(
Rm̄

F0

)2

L5,

A(8)
0 =

16(Rm̄)2

m2
K − m2

π

{
1 − 2

F 2
0

[
6L4(χ2

s + χ2
d + χ2

u)+

+(L5 − 4L8)(χ2
s + 3χ2

d + 2χ2
u) + 2L5m

2
π

]}
,

A(8)
2 =

8(Rm̄)2

m2
K − m2

π

{
1 − 2

F 2
0

[
6L4(χ2

s + χ2
d + χ2

u)+

+(L5 − 4L8)(χ2
s + 3χ2

d + 2χ2
u) + 2L5m

2
K

]}
. (31)

„²Ö Î²¥´µ¢ ¸ ±µÔËË¨Í¨¥´É ³¨ L8 ¨ H2 (¸³. (27)) ¢ ¶¨´£¢¨´µ¢ÒÌ µ¶¥-
· Éµ· Ì O5,8 ¸ÊÐ¥¸É¢ÊÕÉ ¸² ¡Ò¥ ¢¥·Ï¨´Ò É ¤¶µ²Ó´µ£µ É¨¶  K → ¢ ±ÊÊ³,
±µÉµ·Ò¥ ¤µ²¦´Ò ¡ÒÉÓ ¢±²ÕÎ¥´Ò ¢ · ¸¸³µÉ·¥´¨¥ Î¥·¥§ ¤¨ £· ³³Ò ¸ ¸¨²Ó´Ò³
¶¥·¥· ¸¸¥Ö´¨¥³ K → ππK ¸ ¶µ¸²¥¤ÊÕÐ¨³ ¶¥·¥Ìµ¤µ³ K → ¢ ±ÊÊ³. ‚±² ¤Ò
¸ ±µÔËË¨Í¨¥´É ³¨ L8 ¨ H2 ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ £²Õµ´´µ£µ ¶¨´£¢¨´µ¢µ£µ
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µ¶¥· Éµ·  O5 ¶µ²´µ¸ÉÓÕ ¸µ±· Ð ÕÉ¸Ö ¢±² ¤ ³¨ É ¤¶µ²Ó´ÒÌ ¤¨ £· ³³ ¢µ ¢¸¥Ì
¶µ·Ö¤± Ì ¢ÒÎ¨¸²¥´¨°, ¢±²ÕÎ Ö ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò. �µ²¥¥ Éµ£µ, ¸É·Ê±ÉÊ·-
´ Ö ±µ´¸É ´É  H2 Ö¢²Ö¥É¸Ö ´¥Ë¨§¨Î¥¸±µ° ¨ ´¥ ¤µ²¦´  ¢µµ¡Ð¥ ¢µ§´¨± ÉÓ ¢
Ë¨§¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ Ì.

�¨¸. 3. ’µ¶µ²µ£¨Ö µ¸´µ¢´ÒÌ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¢ p6-¶µ·Ö¤±¥ (É·¨¢¨ ²Ó´Ò¥ ¤¨ -
£· ³³Ò ¸ É ¤¶µ²Ó´Ò³¨ ¶¥É²Ö³¨ ´¥ ¶µ± § ´Ò). ‚´ÊÉ·¥´´¨¥ ²¨´¨¨ µÉ¢¥Î ÕÉ · §²¨Î´Ò³
±µ³¡¨´ Í¨Ö³ ¢¨·ÉÊ ²Ó´ÒÌ ¶¨µ´µ¢ ¨ ± µ´µ¢ ¢ · §´ÒÌ § ·Ö¤µ¢ÒÌ ± ´ ² Ì. ‚¥·Ï¨´Ò,
µÉ³¥Î¥´´Ò¥ Î¥·´Ò³¨ ±·Ê¦± ³¨, ¸µµÉ¢¥É¸É¢ÊÕÉ ¸² ¡Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö³,   ¸¢¥É²Ò³¨
±·Ê¦± ³¨ Å ¸¨²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö³

’ ± ± ± ´¥¶¨´£¢¨´µ¢Ò¥ µ¶¥· Éµ·Ò ¸É·µÖÉ¸Ö ¨§ ¶·µ¨§¢¥¤¥´¨° (V − A)-
Éµ±µ¢ Ja

Lµ, ¢ Éµ ¢·¥³Ö ± ± ¶¨´£¢¨´µ¢Ò¥ µ¶¥· Éµ·Ò Å ¨§ ¶·µ¨§¢¥¤¥´¨° (S−P )-
¶²µÉ´µ¸É¥° Ja

L, Éµ ´¨§Ï¨¥ ¢±² ¤Ò ´¥¶¨´£¢¨´µ¢ÒÌ ¨ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢
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¨³¥ÕÉ ¶µ·Ö¤±¨ p2 ¨ p0 ¸µµÉ¢¥É¸É¢¥´´µ. �¤´ ±µ ¡² £µ¤ ·Ö Ìµ·µÏµ ¨§¢¥¸É-
´µ³Ê ¸µ±· Ð¥´¨Õ ¢±² ¤µ¢ £²Õµ´´ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ O5 ¢ ´¨§Ï¥³
¶µ·Ö¤±¥ ²¨¤¨·ÊÕÐ¨¥ ¢±² ¤Ò £²Õµ´´ÒÌ ¶¨´£¢¨´µ¢ÒÌ, ± ± ¨ ´¥¶¨´£¢¨´µ¢ÒÌ,
µ¶¥· Éµ·µ¢ ´ Î¨´ ÕÉ¸Ö ¸ p2-¶µ·Ö¤± . ‚ ¸²ÊÎ ¥ Ô²¥±É·µ¸² ¡µ£µ ¶¨´£¢¨´µ¢µ£µ
µ¶¥· Éµ·  O8 ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É ±µ¥ ¸µ±· Ð¥´¨¥ ´¥ ¢µ§´¨± ¥É, ¨ ¶¥·¢Ò¥

Î²¥´Ò ¢ ¢Ò· ¦¥´¨ÖÌ (31) ¤²Ö  ³¶²¨ÉÊ¤ A(8)
0,2 ¸µµÉ¢¥É¸É¢ÊÕÉ p0-¢±² ¤ ³.

�µ²´Ò¥ · ¸Î¥ÉÒ  ³¶²¨ÉÊ¤ · ¸¶ ¤  K → 2π ¤µ p6-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ
¸µ¤¥·¦ É ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¤·¥¢¥¸´ÒÌ µ¤´µ- ¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ³¥§µ´´ÒÌ
¤¨ £· ³³. � ¨¡µ²ÓÏ¨¥ É·Ê¤´µ¸É¨ ¢µ§´¨± ²¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ
¤¨ £· ³³ ¢ p6-¶µ·Ö¤±¥, Î ¸ÉÓ ±µÉµ·ÒÌ ¶µ± § ´  ¸Ì¥³ É¨Î¥¸±¨ ´  ·¨¸. 3. „¨ -
£· ³³Ò ·¨¸. 3, a ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò  ´ ²¨É¨Î¥¸±¨, É ± ± ± ¨´É¥£·¨·µ¢ ´¨¥ ¢ ± -
¦¤µ° ¶¥É²¥ ³µ£²µ ¡ÒÉÓ ¶·µ¢¥¤¥´µ ´¥§ ¢¨¸¨³µ ¸ ¶µ³µÐÓÕ ‘�-·¥£Ê²Ö·¨§ Í¨¨.
„¢ÊÌ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ·¨¸. 3, ¡ ¸µ¤¥·¦ É ¶¥É²¥¢Ò¥ ¨´É¥£· ²Ò, ±µÉµ·Ò¥ ´¥
¶µ¤¤ ÕÉ¸Ö ¶·Ö³Ò³  ´ ²¨É¨Î¥¸±¨³ ¢ÒÎ¨¸²¥´¨Ö³. �¤´ ±µ ¢¥·Ì´¨¥ Î¨¸²¥´´Ò¥
µÍ¥´±¨ ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¶µ± § ²¨, ÎÉµ ¢±² ¤Ò ÔÉ¨Ì
¤¨ £· ³³ ´¥ ¶·¥¢ÒÏ ÕÉ 2 % ¨ ¨³¨ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ.

‚ É ¡². 2 ¶µ± § ´µ ¨§³¥´¥´¨¥ ¨§µÉµ¶¨Î¥¸±¨-¨´¢ ·¨ ´É´µ° Î ¸É¨  ³¶²¨-

ÉÊ¤ A(i)
I ¶·¨ ¶µ¸²¥¤µ¢ É¥²Ó´µ³ ÊÎ¥É¥ ¢±² ¤µ¢ p4- ¨ p6-¶µ·Ö¤±µ¢. ‚ É ¡²¨Í¥

¶·¨¢¥¤¥´Ò ¢±² ¤Ò ¤µ³¨´¨·ÊÕÐ¨Ì Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ ¶·¨ Í¥´-
É· ²Ó´ÒÌ §´ Î¥´¨ÖÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ Li ¨§ É ¡². 1 ¨ §´ Î¥-
´¨ÖÌ ±µ´¸É ´É Qi, ¶µ²ÊÎ¥´´ÒÌ ¨§ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹. ‚ ¸²ÊÎ ¥ ÉµÎ´µ°
¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ µ¶¥· Éµ· O4 ¤ ¥É ¢±² ¤ Éµ²Ó±µ ¢  ³¶²¨ÉÊ¤Ê A2,  
µ¶¥· Éµ·Ò O1,2,3,5,6 Å Éµ²Ó±µ ¢  ³¶²¨ÉÊ¤Ê A0. ‚±² ¤Ò µ¶¥· Éµ·µ¢ O6,7 ¶·¥-
´¥¡·¥¦¨³µ ³ ²Ò. ‚±² ¤Ò ¤¨ £· ³³ ¤·¥¢¥¸´µ£µ É¨¶  ¢ p6-¶µ·Ö¤±¥ ³ ²Ò ¶µ
¸· ¢´¥´¨Õ ¸ ¶¥É²¥¢Ò³¨ ¢±² ¤ ³¨ ¨ ´¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´µ° ·µ²¨.

” §Ò ππ-· ¸¸¥´¨Ö ¢ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ · ¸¶ ¤µ¢ K → 2π µ± §Ò¢ ÕÉ¸Ö
¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ¢±²ÕÎ¥´¨Õ ±¨· ²Ó´ÒÌ ¶µ¶· ¢µ± ¢Ò¸Ï¥£µ ¶µ·Ö¤± .
‚ p4-¶µ·Ö¤±¥ ¤²Ö Ë § ππ-· ¸¸¥Ö´¨Ö ¶µ²ÊÎ¨³ µÍ¥´±¨ δ0 ≈ 22◦ ¨ δ2 ≈ −13◦.
“Î¥É p6-¢±² ¤µ¢ ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´Ö¥É Ë §Ò: δ0 ≈ 35◦, δ2 ≈ −9◦, Ê²ÊÎÏ Ö
¶·¨ ÔÉµ³ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ (13). �Éµ µ§´ Î ¥É, ÎÉµ
¢ ¸²ÊÎ ¥ · ¸¶ ¤µ¢ K → 2π Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ´ ¸ÒÐ ¥É¸Ö Ê¦¥ ¢ p6-¶µ·Ö¤±¥.

�·¨ ÔÉµ³ µÉ´µÏ¥´¨¥ RI ≡ a
(pn)
I /a

(p2)
I , £¤¥ a

(pn)
I Å ¢¥²¨Î¨´  ¨§µÉµ¶¨Î¥¸±µ°

 ³¶²¨ÉÊ¤Ò ¸ ÊÎ¥Éµ³ ¢¸¥Ì ¤¨ £· ³³ ¤µ pn-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ (n = 4,6),
¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö ¶·¨ ¶¥·¥Ìµ¤¥ µÉ p4- ± p6-¶µ·Ö¤±Ê:

R0 ≈ 1,4 ÷ 1,5; R2 ≈ 1,0 ÷ 1,1. (32)

�É¨ §´ Î¥´¨Ö ¸µ£² ¸ÊÕÉ¸Ö ¸ µÍ¥´± ³¨

R0 ≈ 1,55 ± 0,10; R2 ≈ 0,92 ± 0,03, (33)

¶µ²ÊÎ¥´´Ò³¨ ¢ ¤¨¸¶¥·¸¨µ´´µ³ ¶µ¤Ìµ¤¥ [38].
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’ ¡²¨Í  2. „µ³¨´¨·ÊÕÐ¨¥ ¢±² ¤Ò Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ Oi ¢ ¨§µÉµ¶¨Î¥-
¸±¨¥  ³¶²¨ÉÊ¤Ò · ¸¶ ¤  K → 2π ¢ ¸²ÊÎ ¥ ÉµÎ´µ° ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨

ˆ§µ¸¶¨´ I = 0 I = 2

�¶¥· Éµ·Ò O1 O2 O3 O5 αO8 O4 αO8

�·¨¡²¨¦¥´¨¥ ³Ö£±¨Ì ¶¨µ´µ¢

O(p2) Re A(i)
I −1,000 1,000 1,000 −9,623 1,458 1,000 0,654

„¨ £· ³³Ò ¤·¥¢¥¸´µ£µ É¨¶ 

Re A(i)
I −0,249 0,255 0,255 −1,681 0,038 0,250 0,008

O(p4) �¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò

Re A(i)
I −0,171 0,171 0,111 −2,072 0,188 −0,149 −0,053

Im A(i)
I −0,482 0,482 0,482 −4,572 0,825 −0,213 −0,147

‘Ê³³ 
p2 + p4

Re A(i)
I −1,420 1,426 1,366 −13,377 1,684 1,101 0,609

Im A(i)
I −0,482 0,482 0,482 −4,572 0,825 −0,213 −0,147

„¨ £· ³³Ò ¤·¥¢¥¸´µ£µ É¨¶ 

Re A(i)
I −0,003 0,005 0,005 0,012 0,001 0,005 0,000

�¤´µ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò

Re A(i)
I −0,114 0,115 0,032 −0,223 0,015 −0,094 0,007

O(p6) Im A(i)
I −0,248 0,251 0,251 −1,771 0,073 −0,069 −0,006

„¢ÊÌ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò

Re A(i)
I 0,202 −0,202 −0,220 1,753 −0,075 −0,036 −0,033

Im A(i)
I −0,169 0,169 0,142 −1,704 0,115 0,034 0,018

‘Ê³³ 
p2+p4+p6

Re A(i)
I −1,334 1,343 1,182 −11,835 1,625 0,976 0,583

Im A(i)
I −0,900 0,903 0,876 −8,047 1,210 −0,248 −0,135

‚ ¦´ÊÕ ·µ²Ó ¢ µ¶¨¸ ´¨¨ ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ · ¸¶ ¤ Ì K → 2π
¨£· ÕÉ ÔËË¥±ÉÒ ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨, ¸¢Ö§ ´´Ò¥ ± ± ¸ (π0−
η − η′)-¸³¥Ï¨¢ ´¨¥³, É ± ¨ ¸ ÊÎ¥Éµ³ ´  ±¨´¥³ É¨Î¥¸±µ³ Ê·µ¢´¥ · ¸Ð¥¶²¥-
´¨Ö ³ ¸¸ ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ ¶¨µ´µ¢ (¸³. [29, 39Ä47]). ‘³¥Ï¨¢ ´¨¥
(π0 − η − η′) ¢µ§´¨± ¥É ¨§ Î²¥´  ² £· ´¦¨ ´  (26), ¶·µ¶µ·Í¨µ´ ²Ó´µ£µ · ¸-
Ð¥¶²¥´¨Õ ³ ¸¸ u- ¨ d-±¢ ·±µ¢:

L(ηπ)
SB =

1√
3

χ2
d − χ2

u

2
π0(η8 +

√
2η0).

‡¤¥¸Ó η8 ¨ η0 Å µ±É¥É´µ¥ ¨ ¸¨´£²¥É´µ¥ ¸µ¸ÉµÖ´¨Ö SU(3)-³Ê²ÓÉ¨¶²¥É  ¶¸¥¢-
¤µ¸± ²Ö·´ÒÌ ³¥§µ´µ¢, ¸¢Ö§ ´´Ò¥ ¸ Ë¨§¨Î¥¸±¨³¨ ¸µ¸ÉµÖ´¨Ö³¨ η- ¨ η′-³¥§µ´µ¢
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�¨¸. 4. „¨ £· ³³Ò · ¸¶ ¤µ¢ K → 2π c (π0 − η − η′)-¸³¥Ï¨¢ ´¨¥³

Î¥·¥§ Ê£µ² ¸³¥Ï¨¢ ´¨Ö θ ≈ −19◦:

η8 = η cos θ + η′ sin θ, η0 = −η sin θ + η′ cos θ.

‚ ´¨§Ï¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ ¢±² ¤ (π0 − η − η′)-c³¥Ï¨¢ ´¨Ö
¢  ³¶²¨ÉÊ¤Ò · ¸¶ ¤µ¢ K → 2π µ¶¨¸Ò¢ ¥É¸Ö ¤¨ £· ³³ ³¨ ¤·¥¢¥¸´µ£µ É¨¶ 

·¨¸. 4, ´¥´Ê²¥¢Ò¥ ¢±² ¤Ò ±µÉµ·ÒÌ ¢ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò AIB(i)
I ¨³¥ÕÉ

¢¨¤

AIB(1)
0 = −AIB(1)

2 =
1
9
(χ2

d − χ2
u)
(

Θ1 −
1
2
Θ2

)
,

AIB(2)
0 = −AIB(2)

2 = −1
9
(χ2

d − χ2
u)
(

Θ1 +
5
2
Θ2

)
,

AIB(3)
0 = −AIB(3)

2 =
1
3
AIB(4)

0 = −1
3
AIB(4)

2 = −1
9
(χ2

d − χ2
u)Θ1,

AIB(5)
0 = −AIB(5)

2 = −1
2
AIB(8)

0 =
1
2
AIB(8)

2 =
32
9

(
Rm̄

F0

)2

L5(χ2
d − χ2

u)Θ3,

£¤¥

Θ1 =
cos θ(cos θ −

√
2 sin θ)

m2
η − m2

π0

+
sin θ(sin θ +

√
2 cos θ)

m2
η′ − m2

π0

,

Θ2 = −
√

2 sin θ(cos θ −
√

2 sin θ)
m2

η − m2
π0

+
√

2 cos θ(sin θ +
√

2 cos θ)
m2

η′ − m2
π0

,

Θ3 =
(cos θ −

√
2 sin θ)2

m2
η − m2

π0

+
(sin θ +

√
2 cos θ)2

m2
η′ − m2

π0

.

„µ¶µ²´¨É¥²Ó´Ò¥ ¢±² ¤Ò ÃIB(i)
I ¢ ¨§µÉµ¶¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ ¢µ§´¨± ÕÉ

´  ±¨´¥³ É¨Î¥¸±µ³ Ê·µ¢´¥ ¨§ · ¸Ð¥¶²¥´¨Ö ³ ¸¸ ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ
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¶¨µ´µ¢ [47]:

ÃIB(1)
0 = −ÃIB(2,3,4)

0 = 2ÃIB(1)
2 = −2ÃIB(2,3,4)

2 = −2
3

m2
π0 − m2

π+

m2
K − m2

π

,

ÃIB(5)
0 = −1

2
ÃIB(8)

0 = ÃIB(5)
2 = −ÃIB(8)

2 = −64
3

(
Rm̄

F0

)2

L5
m2

π0 − m2
π+

m2
K − m2

π

.

‚ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ±¨· ²Ó´µ° É¥µ·¨¨, ´ ·Ö¤Ê ¸ (π0−η−η′)-c³¥Ï¨¢ ´¨¥³
¨ · ¸Ð¥¶²¥´¨¥³ ³ ¸¸ ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ ¶¨µ´µ¢, ¢±² ¤ ¢ ¨§µÉµ¶¨-
Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ ´ Î¨´ ÕÉ ¤ ¢ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ ÔËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸
· ¸Ð¥¶²¥´¨¥³ ³ ¸¸ ±¢ ·±µ¢ ¢ ³ É·¨Í¥ χ, ¢Ìµ¤ÖÐ¥° ¢ µÉ¤¥²Ó´Ò¥ Î²¥´Ò p4- ¨
p6-² £· ´¦¨ ´µ¢.

4. ”…��Œ…��‹�ƒˆ—…‘Šˆ‰ ���‹ˆ‡ ��‘��„�‚ K → 2π

� ¸¸³µÉ·¨³ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨° ¶µ¤Ìµ¤ [11] ± µ¶¨¸ ´¨Õ · ¸¶ ¤µ¢
K → 2π, ¢ ±µÉµ·µ³ ±µÔËË¨Í¨¥´ÉÒ ξi ¢ ¢Ò· ¦¥´¨¨ (30) É· ±ÉÊÕÉ¸Ö ¢ ± Î¥¸É¢¥
¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢, ´¥ § ¢¨¸ÖÐ¨Ì µÉ µ, ¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´É .
”¥´µ³¥´µ²µ£¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ξi ³µ¦´µ ¸¢Ö§ ÉÓ ¸ § ¢¨¸ÖÐ¨³¨ µÉ
µ ¶·¥¤¸± § ´¨Ö³¨ Š•„ ξi(µ) Î¥·¥§ Ë ±Éµ·Ò B̃i(µ):

ξ
ph
i = ξi(µ)B̃i(µ). (34)

…¸²¨ ¡Ò ¶µ²´ÊÕ Ô¢µ²ÕÍ¨Õ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ C̃i(µ) ¢ ² £· ´-
¦¨ ´¥ (21) ³µ¦´µ ¡Ò²µ ¢ÒÎ¨¸²¨ÉÓ ¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ µ µÉ MW ¨ ´¨¦¥
¤µ ´Ê²Ö ¢ · ³± Ì ¥¤¨´µ£µ ´¥¶¥·ÉÊ·¡ É¨¢´µ£µ ¶µ¤Ìµ¤ , Éµ Éµ£¤  ±µÔËË¨Í¨-
¥´ÉÒ ξi(µ = 0) ¸µ¢¶ ¤ ²¨ ¡Ò ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨, ¨ ¢ ÔÉµ³
¸²ÊÎ ¥ B̃i(µ = 0) = 1. ’ ±¨³ µ¡· §µ³, ¶ · ³¥É·Ò B̃i(µ) ¸µ¤¥·¦ É ÔËË¥±-
É¨¢´µ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ Š•„-¢±² ¤Ò ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¨ ¸É¥¶¥´Ó ¨Ì
µÉ²¨Î¨Ö µÉ ¥¤¨´¨ÍÒ µÉ· ¦ ¥É ¢²¨Ö´¨¥ ´¥ÊÎÉ¥´´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¢±² -
¤µ¢ ¢ Ô¢µ²ÕÍ¨Õ ±µÔËË¨Í¨¥´Éµ¢ ξi. ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢ É ±µ° É· ±Éµ¢±¥
³¥§µ´´Ò¥ ¶¥É²¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± Ê´¨É ·´Ò¥ ¶µ¶· ¢±¨ ± ¤·¥¢¥¸´Ò³  ³-
¶²¨ÉÊ¤ ³, ¨ Ï± ²  µ̃SP = 4πF0 ≈ 1 ƒÔ‚ ´¨± ± ´¥ ¸¢Ö§ ´  ¸ ÉµÎ±µ° ¢ÒÎ¨É ´¨Ö
µ ¢ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨ÖÌ.

…¸²¨ µ£· ´¨Î¨¢ ÉÓ¸Ö Éµ²Ó±µ ¤µ³¨´¨·ÊÕÐ¨³¨ ¢±² ¤ ³¨ Î¥ÉÒ·¥Ì±¢ ·±µ-
¢ÒÌ µ¶¥· Éµ·µ¢, Éµ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò · ¸¶ ¤  K → 2π ³µ¦´µ ¶·¥¤-
¸É ¢¨ÉÓ ¢ ¢¨¤¥

AI = A(z)
I + τA(y)

I ,

A(z,y)
I =

[
− ξ

(z,y)
1 (µ) + ξ

(z,y)
2 (µ) + ξ

(z,y)
3 (µ)

]
B̃1(µ)A(1)

I +

+ ξ
(z,y)
4 (µ)B̃4(µ)A(4)

I + ξ
(z,y)
5 (µ)B̃5(µ)A(5)

I + ξ
(z,y)
8 (µ)B̃8(µ)A(8)

I ,



��ŸŒ�… CP -���“˜…�ˆ… ‚ ��‘��„�• Š����‚: ε′/ε �Ÿ’œ ‹…’ ‘�“‘’Ÿ 533

£¤¥  ³¶²¨ÉÊ¤Ò A(i)
I ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¢¸¥ ¢µ§³µ¦´Ò¥ ¢±² ¤Ò µ¶¥· Éµ·µ¢ Oi,

¢ Éµ³ Î¨¸²¥ ¨ ¸¢Ö§ ´´Ò¥ ¸ ´ ·ÊÏ¥´¨¥³ ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨. ” ±Éµ·Ò

B̃1, B̃4, B̃5 ¨ B̃8 Ö¢²ÖÕÉ¸Ö  ´ ²µ£ ³¨ Ë ±Éµ·µ¢ B
(1/2)
2 , B

(3/2)
1 , B

(1/2)
6 ¨ B

(3/2)
8

¸µµÉ¢¥É¸É¢¥´´µ, ¢¢¥¤¥´´ÒÌ ¢ · ¡µÉ¥ [19].

‚±² ¤ ¢ ε′/ε µÉ ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ ΩIB ³µ¦´µ ¢Ò¤¥-
²¨ÉÓ Ö¢´µ, ¶¥·¥¶¨¸ ¢ ¢Ò· ¦¥´¨¥ (15) ¢ ¢¨¤¥

Re

(
ε
′

ε

)
=

ω Im λt√
2|ε||Vud||Vus|

1
Aexp

0

(
P0 − P2),

P0 = (1 − ΩIB)
∑

i

ξ
ph(y)
i A(i)

0 ≈ (1 − ΩIB)ξ(y)
5 B5 A(5)

0 ,

P2 =
2
ω

∑
i

ξ
ph(y)
i A(i)

2 ≈ 2
ω

ξ
(y)
8 B8 A(8)

2 ,

£¤¥

ΩIB =
1
ω

Im aIB
2

Im a0
=

√
2

ω

∑
i ξ

ph(y)
i (AIB(i)

2 + Ã IB(i)
2 )∑

i ξ
ph(y)
i A(i)

0

. (35)

‚ p2-¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ (π0 − η − η′)-¸³¥Ï¨¢ ´¨¥ ¤ ¥É

ΩIB ≈
√

2
ω

AIB(5)
2

A(5)
0

=
√

2
9ω

(χ2
d − χ2

u)Θ3 = 0,30, (36)

  · ¸Ð¥¶²¥´¨¥ ³ ¸¸ ´¥°É· ²Ó´ÒÌ ¨ § ·Ö¦¥´´ÒÌ ¶¨µ´µ¢ ¶·¨¢µ¤¨É ± (±¨´¥³ -
É¨Î¥¸±µ³Ê) ÔËË¥±ÉÊ

Ω̃IB ≈
√

2
ω

Ã IB(5)
2

A(5)
0

=
√

2
3ω

m2
π0 − m2

π+

m2
K − m2

π

= −0,058.

�·¥¦¤¥ Î¥³ ¶¥·¥°É¨ ± Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³Ê  ´ ²¨§Ê · ¸¶ ¤µ¢ K → 2π,
· ¸¸³µÉ·¨³ ¢ · ³± Ì ¨¸¶µ²Ó§Ê¥³µ£µ ¶µ¤Ìµ¤  ¢ÒÎ¨¸²¥´¨¥ BK (20) Å ´¥¶¥·-
ÉÊ·¡ É¨¢´µ£µ ¶ · ³¥É· , Ë¨±¸¨·ÊÕÐ¥£µ ¸¢Ö§Ó ³¥¦¤Ê ε ¨ Im λt. �µ§µ´¨§µ¢ ´-
´ Ö ¢¥·¸¨Ö µ¶¥· Éµ·  (18) ¢ É¥·³¨´ Ì ³¥§µ´´ÒÌ Éµ±µ¢ ¨³¥¥É ¢¨¤

Omes
|∆S|=2 =

(
1 +

1
Nc

)
(J6

Lµ+ iJ7
Lµ)(J6µ

L + iJ7µ
L ).

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ‘�-·¥£Ê²Ö·¨§ Í¨¨ ³¥§µ´´ÒÌ ¶¥É¥²Ó ¨ ÊÎ¥Éµ³ ¶¥·¥´µ·³¨-
·µ¢±¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ³¥§µ´µ¢ ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¶¥·¥-



534 �…‹œŠ�‚ �. �.

Ìµ¤  (K0 → K̄0) ¢ p4-¶µ·Ö¤±¥:

A
(p4)

K0→K̄0 =

(
1 +

1
Nc

)
F 2

0 m2
K×

×
{

1 − 4
F 2

0

[
2L4(χ2

u + χ2
d + χ2

s) − L5(χ2
u + χ2

s)
]
−

− 1
16π2

1
F 2

0

[
1
6

(
4m2

K + χ2
d + χ2

s + (11m2
K + 2χ2

d + 2χ2
s)CK

)
+

+

(
m2

π +
m4

π

4m2
K

)
Cπ +

3
2

(
m2

η +
m4

η

2m2
K

)
Cη×

× cos θ +
3
2

(
m

′2
η +

m′4
η

4m2
K

)
Cη′ sin θ

]}
,

£¤¥ Ci = CSP−1+ln (πm2
i /µ̃2

SP), i = π, K, η, η′. �É¸Õ¤  ¶µ²ÊÎ ¥É¸Ö Î¨¸²¥´´ Ö
µÍ¥´± 

BK(µ̃SP) = 0,78 ± 0,22, (37)

ÉµÎ´µ¸ÉÓ ±µÉµ·µ° µ¡Ê¸²µ¢²¥´  ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³¨ ¶ · ³¥É·µ¢ Li ¨ CSP.
�ÉµÉ ·¥§Ê²ÓÉ É ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö ¶·¨ ÊÎ¥É¥ p6-¶µ¶· ¢µ±.

‚ ¸É ´¤ ·É´µ³ µ¶·¥¤¥²¥´¨¨ (20) ¶ · ³¥É· BK(µ) Ê³´µ¦ ¥É¸Ö ´  Ë ±-
Éµ· CK(µ) É ±, ÎÉµ¡Ò ¨Ì ¶·µ¨§¢¥¤¥´¨¥ ´¥ § ¢¨¸¥²µ µÉ ÉµÎ±¨ ¢ÒÎ¨É ´¨Ö µ ¨
γ5-¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨. ‚ ¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ‘�-·¥£Ê²Ö·¨§ Í¨¨ Ö¢´ Ö § -
¢¨¸¨³µ¸ÉÓ BK µÉ Ï± ²Ò ¶¥·¥´µ·³¨·µ¢±¨ µÉ¸ÊÉ¸É¢Ê¥É,   ÔËË¥±É¨¢´ Ö Ï± ² 
µ̃SP Ë¨±¸¨·Ê¥É¸Ö ´  Ê·µ¢´¥ 1 ƒÔ‚, £¤¥ Î¨¸²¥´´µ¥ §´ Î¥´¨¥ ±µ´¸É ´ÉÒ αs(µ)
µ¶·¥¤¥²¥´µ ¶²µÌµ. �¤´ ±µ Ë ±Éµ· CK(µ) ¸² ¡µ § ¢¨¸¨É µÉ αs: ¢ NDR(HV)-
¸Ì¥³ Ì µ´ ³¥´Ö¥É¸Ö µÉ 1,26 (1,25) ¶·¨ αs = 0,4 ¤µ 1,22 (1,15) ¶·¨ αs = 0,6.
‘µµÉ¢¥É¸É¢¥´´µ ¢ ·¥§Ê²ÓÉ É¥ Ê³´µ¦¥´¨Ö ´  ÔÉµÉ Ë ±Éµ· ¸·¥¤´¥¥ §´ Î¥´¨¥ B̂K

³¥´Ö²µ¸Ó ¡Ò ¢ ¨´É¥·¢ ²¥ §´ Î¥´¨° µÉ 0,95 (0,90) ¤µ 0,98 (0,975). ’ ± ± ±
§´ Î¥´¨Ö BK(µ̃SP) (37) Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¢¥²¨Î¨´µ° B̂K = 0,80 ± 0,15,
¨¸¶µ²Ó§Ê¥³µ° ¢ · ¡µÉ¥ [54] ¶·¨ ¨§¢²¥Î¥´¨¨ Im λt, Éµ ¤²Ö ¶µ¸²¥¤´¥° ¢¥²¨Î¨´Ò
¶·¨´¨³ ¥É¸Ö ¨´É¥·¢ ² §´ Î¥´¨°

1, 04 · 10−4 � Im λt � 1, 63 · 10−4 [54]. (38)

„²Ö ¸· ¢´¥´¨Ö ´¨¦¥ ¶·¨¢µ¤ÖÉ¸Ö µÍ¥´±¨ ¶ · ³¥É·  B̂K , ¶µ²ÊÎ¥´´Ò¥ ¢
¤·Ê£¨Ì ¶µ¤Ìµ¤ Ì:

B̂K = 0,75 ± 0,15 (1/Nc-¶µ¤Ìµ¤) [6, 19],

0,6 < B̂K < 0,8 (1/Nc-· §²µ¦¥´¨¥) [48],
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B̂K = 1,1 ± 0,2 (±¨· ²Ó´ Ö ±¢ ·±µ¢ Ö ³µ¤¥²Ó) [49],

0,4 < B̂K < 0,7 (³µ¤¨Ë¨Í¨·µ¢ ´´Ò° 1/Nc-¶µ¤Ìµ¤) [50],

B̂K = 0,77 ± 0,10 (X-¡µ§µ´´ Ö ³µ¤¥²Ó) [51],

B̂K = 0,41 ± 0,09 (1/Nc-· §²µ¦¥´¨¥ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥) [52].

�¡§µ· ¶µ¸²¥¤´¨Ì ¢ÒÎ¨¸²¥´¨° ¶ · ³¥É·  BK(2 ƒÔ‚) ¢ Š•„ ´  ·¥Ï¥É±¥ ¤ ´ ¢
· ¡µÉ¥ [53].

�¨¸. 5. � ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶ · ³¥É·  B1 ¶·¨ B̃8 = 1.  ) Λ
(4)

MS
=

215 ŒÔ‚; ¡) Λ
(4)

MS
= 325 ŒÔ‚; ¢) Λ

(4)

MS
= 435 ŒÔ‚

‚ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ³  ´ ²¨§¥ [11] ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö  ³¶²¨ÉÊ¤
· ¸¶ ¤µ¢ K → 2π ¨ µÉ´µÏ¥´¨Ö ε′/ε ¢ p6-¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ ¸ ¡µ-
§µ´¨§µ¢ ´´Ò³¨ ² £· ´¦¨ ´ ³¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö Ë¨±¸ Í¨¨ Ë ±Éµ·µ¢ B̃i

(i = 1, 4, 5) ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‚ ± Î¥¸É¢¥ ¨§³¥·Ö¥³ÒÌ ¢Ìµ¤-
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�¨¸. 6. � ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶ · ³¥É·  B̃4 ¶·¨ B̃8 = 1.  ) Λ
(4)

MS
=

215 ŒÔ‚; ¡) Λ
(4)

MS
= 325 ŒÔ‚; ¢) Λ

(4)

MS
= 435 ŒÔ‚

´ÒÌ ¶ · ³¥É·µ¢ ¨¸¶µ²Ó§µ¢ ²¨¸Ó §´ Î¥´¨Ö (12) ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ a0,2

¨ ³¨·µ¢µ¥ ¸·¥¤´¥¥ §´ Î¥´¨¥

Re ε′/ε = (16, 2 ± 1,7) · 10−4, (39)

¢±²ÕÎ ÕÐ¥¥ ¢ ¸¥¡Ö ± ± ¸É ·Ò¥ ¨§³¥·¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì NA31 [2] ¨
E731 [3], É ± ¨ ¶µ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ ±µ²² ¡µ· Í¨° KTeV [5] ¨ NA48 [4].

‡ ¢¨¸¨³µ¸ÉÓ Ë ±Éµ·µ¢ B̃i (i = 1, 4, 5) µÉ · §²¨Î´ÒÌ ´¥µ¶·¥¤¥²¥´´µ¸É¥°,
¢±²ÕÎ Ö µÏ¨¡±¨ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢, ¨¸¸²¥¤µ¢ ² ¸Ó ¸ ¶µ³µÐÓÕ ®£ Ê¸¸µ¢-
¸±µ£µ ³¥Éµ¤ ¯. „²Ö ± ¦¤µ£µ ¶ · ³¥É·  B̃i ¢ÒÎ¨¸²Ö²µ¸Ó · ¸¶·¥¤¥²¥´¨¥ ¶²µÉ-
´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¥£µ §´ Î¥´¨° ¶·¨ ¸²ÊÎ °´µ³ · §Ò£·Ò¢ ´¨¨ ±µ´¸É ´É Li ¶µ
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�¨¸. 7. � ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶ · ³¥É·  B̃5 ¶·¨ B̃8 = 1.  ) Λ
(4)

MS
=

215 ŒÔ‚; ¡) Λ
(4)

MS
= 325 ŒÔ‚; ¢) Λ

(4)

MS
= 435 ŒÔ‚

£ Ê¸¸µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨Ö³ ¸ µÏ¨¡± ³¨, Ê± § ´´Ò³¨ ¢ É ¡². 1∗. � · ³¥É·
Im λt É ±¦¥ · §Ò£·Ò¢ ²¸Ö ¶µ £ Ê¸¸µ¢¸±µ³Ê · ¸¶·¥¤¥²¥´¨Õ, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
µÍ¥´±µ° [54]:

Im λt = (1,33 ± 0,14) · 10−4. (40)

Š·µ³¥ Éµ£µ, ¶ · ³¥É· CSP · §Ò£·Ò¢ ²¸Ö · ¢´µ³¥·´µ ¢ ¨´É¥·¢ ²¥ §´ Î¥´¨° µÉ
2 ¤µ 4∗∗.

∗ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²Ö¥É ±µÔËË¨Í¨¥´É L4, µ£· ´¨Î¥´¨Ö ´  ±µÉµ·Ò° ¶µ²ÊÎ¥´Ò ¨§ µ¡Ð¨Ì
É¥µ·¥É¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨°,   ´¥ ¨§ Ô±¸¶¥·¨³¥´É . �µÔÉµ³Ê ÔÉµÉ ¶ · ³¥É· · §Ò£·Ò¢ ²¸Ö · ¢´µ-
³¥·´µ ¢ ¶·¥¤¥² Ì, Ê± § ´´ÒÌ ¢ É ¡². 1.

∗∗‚ · ¡µÉ Ì [11] ¢¸¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨¢µ¤¨²¨¸Ó ¶·¨ ®Í¥´É· ²Ó´µ³¯ §´ Î¥´¨¨ CSP = 3.
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�  ·¨¸. 5, 6 ¨ 7 ¶µ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶ -
· ³¥É·µ¢ B̃1, B̃4 ¨ B̃5, ¶µ²ÊÎ¥´´Ò¥ £ Ê¸¸µ¢¸±¨³ ³¥Éµ¤µ³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ (9) ¨§ É ¡². XVIII · ¡µÉÒ [19]. �É¨ ¢¨²Ó¸µ-
´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¶·¨ µ = 1 ƒÔ‚ ¤²Ö mt = 170 ƒÔ‚ ¢
²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ (LO) ¨ ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ¶µ αs ¢
NDR- ¨ HV-¸Ì¥³ Ì ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Š•„-Ï± ²Ò:

Λ(4)

MS
= (325 ± 110) ŒÔ‚. (41)

ŠµÔËË¨Í¨¥´ÉÒ ξ
(z)
i ¨ ξ

(y)
i ¶µ²ÊÎ ÕÉ¸Ö ¨§ ±µ³¶µ´¥´É ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨-

Í¨¥´Éµ¢ zi ¨ yi ¸µµÉ¢¥É¸É¢¥´´µ ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (23) ¨ (25).
ˆ§ ·¨¸. 5, 6 ¸²¥¤Ê¥É, ÎÉµ ¤²Ö µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° a0,2

Ë ±Éµ· B̃1 ¤µ²¦¥´ ¢ 4Ä9 · § ¶·¥¢ÒÏ ÉÓ ¥¤¨´¨ÍÊ,   Ë ±Éµ· B̃4 ¤µ²¦¥´ ¡ÒÉÓ
³¥´ÓÏ¥ ¥¤¨´¨ÍÒ ¶µÎÉ¨ ¢ ¶µ²Éµ·  · § . ˆ§ ·¨¸. 7 ¢¨¤´µ, ÎÉµ ¤²Ö µ¶¨¸ ´¨Ö §´ -
Î¥´¨Ö ε′/ε ´  Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´µ³ Ê·µ¢´¥ Ë ±Éµ· B̃5 É ±¦¥ ¤µ²¦¥´
¡ÒÉÓ §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ. ’ ±¨³ µ¡· §µ³, ¢ ¸²ÊÎ ¥ ± ± ´¥¶¨´£¢¨-
´µ¢ÒÌ, É ± ¨ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢±² ¤ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éµ¢
¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¨§¢²¥± ¥³Ò¥ ±µ³¡¨´ Í¨¨ ξph

i (34) ¢¨²Ó¸µ´µ¢¸±¨Ì ±µ-

ÔËË¨Í¨¥´Éµ¢, ÔËË¥±É¨¢´µ ÊÎ¨ÉÒ¢ ¥³Ò° Ë ±Éµ· ³¨ B̃i, µ± §Ò¢ ¥É¸Ö µÎ¥´Ó
¡µ²ÓÏ¨³. ‘²¥¤Ê¥É É ±¦¥ µÉ³¥É¨ÉÓ ¸² ¡ÊÕ § ¢¨¸¨³µ¸ÉÓ ¨§¢²¥± ¥³ÒÌ ¶ · ³¥-
É·µ¢ B̃i (i = 1, 4, 5) µÉ ¢¥²¨Î¨´Ò B̃8 ¶·¨ ¥¥ ¨§³¥´¥´¨¨ ¢ ¸ ³ÒÌ Ï¨·µ±¨Ì
¶·¥¤¥² Ì. �Éµ ¸¢Ö§ ´µ ¸ ¸¨²Ó´Ò³ ¶µ¤ ¢²¥´¨¥³ ¢±² ¤  Ô²¥±É·µ¸² ¡µ£µ µ¶¥-
· Éµ·  Q8 ¢  ³¶²¨ÉÊ¤Ê a2. ˆ§ ·¨¸. 8 ¢¨¤´µ, ÎÉµ ¤ ¦¥ ´¥¸³µÉ·Ö ´  ¡µ²ÓÏµ¥
§´ Î¥´¨¥ B̃5 ¢ ¨§µÉµ¶¨Î¥¸±µ°  ³¶²¨ÉÊ¤¥ ¸ ∆I = 1/2 ¤µ³¨´¨·ÊÕÉ ¢±² ¤Ò ´¥-
¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢. �µ²ÓÏ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ B̃1 ¨ B̃5 Ê± §Ò¢ ÕÉ
´  Éµ, ÎÉµ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¢ · ¸¶ ¤ Ì K → 2π ¤µ ¸¨Ì ¶µ· ´¥
¤µ ±µ´Í  ¶µ´ÖÉÒ ¨ ´¥ ³µ£ÊÉ ¡ÒÉÓ ¸¢¥¤¥´Ò Éµ²Ó±µ ± ÊÎ¥ÉÊ ¢§ ¨³µ¤¥°¸É¢¨°

�¨¸. 8. � ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö µÉ´µ¸¨É¥²Ó´µ£µ ¢±² ¤  ¶¨´£¢¨´µ¢ÒÌ

µ¶¥· Éµ·µ¢ ¢ ¨§µÉµ¶¨Î¥¸±ÊÕ  ³¶²¨ÉÊ¤Ê ¶¥·¥Ìµ¤  K → 2π ¸ ∆I = 1/2. Λ
(4)

MS
=

325 ŒÔ‚
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�¨¸. 9. � ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¤²Ö ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥-

´¨Ö ΩIB. Λ
(4)

MS
= 325 ŒÔ‚

¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨. �¨¸. 9 ¶µ± §Ò¢ ¥É ¡µ²ÓÏÊÕ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ §´ Î¥-
´¨° ¶ · ³¥É·  ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¨´¢ ·¨ ´É´µ¸É¨ ΩIB, ¶µ ¸· ¢´¥´¨Õ
¸ µÍ¥´±µ° (36) ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨. �É  ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ
¸¢Ö§ ´  ¸ ¸¨²Ó´Ò³ ¢²¨Ö´¨¥³ p4- ¨ p6-¢±² ¤µ¢ ´  ÔÉµÉ ¶ · ³¥É·.

5. ��‘��„› K → 2π ‚ 1/Nc-��„•�„…

�·¥¤¸É ¢²¥´¨¥ ÔËË¥±É¨¢´µ£µ ² £· ´¦¨ ´  ´¥²¥¶Éµ´´ÒÌ ¸² ¡ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨° ¢ Ëµ·³¥ (4) ¶µ§¢µ²Ö¥É Ö¢´Ò³ µ¡· §µ³ · §¤¥²¨ÉÓ ¢±² ¤Ò µ¡² ¸É¥°
³ ²ÒÌ (µ � Q � MW , £¤¥ Q Å ¨³¶Ê²Ó¸ £²Õµ´ ) ¨ ¡µ²ÓÏ¨Ì (0 � Q � µ)
· ¸¸ÉµÖ´¨° ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ · ¸¶ ¤µ¢ K → 2π. �·¨
¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ µ ±µÔËË¨Í¨¥´ÉÒ Ci(µ) ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¢
· ³± Ì ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ê· ¢´¥´¨° ·¥´µ·³£·Ê¶¶Ò. ‚
Éµ ¦¥ ¢·¥³Ö ³ É·¨Î´Òe Ô²¥³¥´ÉÒ 〈ππ|Qi|K〉 ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì
· ¸¸ÉµÖ´¨°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ < 1 ƒÔ‚, £¤¥ ±¢ ·±-£²Õµ´´ Ö ± ·É¨´  ¸É ´µ-
¢¨É¸Ö ´¥¶·¨³¥´¨³µ°, ¨ É¥µ·¨Ö ¤µ²¦´  ¡ÒÉÓ ¶¥·¥Ëµ·³Ê²¨·µ¢ ´  ¢ É¥·³¨´ Ì
³¥§µ´´ÒÌ ¶µ²¥°.

’ ±µ¥ · §¤¥²¥´¨¥ ´  ¢±² ¤Ò ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° Ö¢²Ö¥É¸Ö ¢
± ±µ³-Éµ ¸³Ò¸²¥ ¨¸±Ê¸¸É¢¥´´Ò³, É ± ± ± ¶µ²´ Ö Ë¨§¨Î¥¸± Ö  ³¶²¨ÉÊ¤  ´¥
¤µ²¦´  § ¢¨¸¥ÉÓ µÉ ± ±µ°-²¨¡µ Ï± ²Ò µ, ¥¸²¨ µ¡  ¢±² ¤  ¢ÒÎ¨¸²¥´Ò ¸ ³µ-
¸µ£² ¸µ¢ ´´µ ¢ · ³± Ì Š•„. �¤´ ±µ ±µ´¸É ´É  ¸¢Ö§¨ αs(µ) ´¥ ³µ¦¥É ¡ÒÉÓ
¨¸¶µ²Ó§µ¢ ´  ¤²Ö É ±µ£µ ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ µ¶¨¸ ´¨Ö, ¨ ´¥µ¡Ìµ¤¨³µ ¢¢¥¸É¨
¢ É¥µ·¨Õ ´µ¢Ò° ¶ · ³¥É· · §²µ¦¥´¨Ö, ¶·¨³¥´¨³Ò° ¢ µ¡² ¸É¨ ± ± ³ ²ÒÌ, É ±
¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°. ’ ±¨³ ¶ · ³¥É·µ³ · §²µ¦¥´¨Ö ³µ¦¥É ¡ÒÉÓ ¢¥²¨Î¨´ 
1/Nc: É ± ± ± αs ∼ O(1/Nc) ¤²Ö ¡µ²ÓÏ¨Ì Nc, Éµ ¢ ÔÉµ³ ¶·¥¤¥²¥ Š•„ ¶¥·¥-
Ìµ¤¨É ¢ É¥µ·¨Õ ¸² ¡µ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥§µ´µ¢ ¸ ¶ · ³¥É·µ³ · §²µ¦¥´¨Ö
1/F 2

0 ∼ O(1/Nc).
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�µ¶ÒÉ±  ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ µ¶¨¸ ´¨Ö ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸-
¸ÉµÖ´¨° ¢ É ±µ³ ¶µ¤Ìµ¤¥ ¢¶¥·¢Ò¥ ¡Ò²  ¸¤¥² ´  ¢ · ¡µÉ Ì [55, 56] ± ± ¸¨-
¸É¥³ É¨§ Í¨Ö ¢ÒÎ¨¸²¥´¨° ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ Ci(µ) ¨  ¤·µ´´ÒÌ
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈ππ|Qi|K〉 ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ 1/Nc-· §²µ¦¥´¨Ö.
�·¨ ¢ÒÎ¨¸²¥´¨¨ ËÊ´±Í¨° Ci(µ) ¶ · ³¥É· 1/Nc ¶µÖ¢²Ö¥É¸Ö ¢ Ö¢´µ³ ¢¨¤¥ ¢
³ É·¨Í Ì  ´µ³ ²Ó´ÒÌ · §³¥·´µ¸É¥°, ±µÉµ·Ò¥ ¢µ§´¨± ÕÉ ¢ ·¥´µ·³£·Ê¶¶µ¢ÒÌ
Ê· ¢´¥´¨ÖÌ ¤²Ö Ô¢µ²ÕÍ¨¨ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ µÉ MW ¨ ´¨¦¥ ¤µ
ÉµÎ±¨ ´µ·³¨·µ¢±¨ µ. ‚ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì 〈ππ|Qi|K〉 · §²µ¦¥´¨¥ ¶µ
1/Nc ¢µ§´¨± ¥É ± ± · §²µ¦¥´¨¥ ¶µ ¶ · ³¥É·Ê 1/F 2

0 ∼ O(1/Nc) ¶·¨ ¢ÒÎ¨¸²¥-
´¨¨ ³¥§µ´´ÒÌ ¶¥É¥²Ó:

〈ππ|Qi(M)|K〉 = F0(M)Ai

[
1 +

Πi(M)
F 2

0 (M)
+ O

(
1

N2
c

)]
. (42)

‡¤¥¸Ó M Å Ë¨§¨Î¥¸±µ¥ µ¡·¥§ ´¨¥, ¢¢µ¤¨³µ¥ ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ µ¤´µ¶¥É²¥¢ÒÌ
¨´É¥£· ²µ¢; F0(M) Å ¡¥£ÊÐ Ö ±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´ , F0(0) = Fπ; Ai Å
²¨¤¨·ÊÕÐ¨° ¢±² ¤ ¤·¥¢¥¸´ÒÌ ¤¨ £· ³³; Πi(M) Å µ¤´µ¶¥É²¥¢ Ö ¶µ¶· ¢±  ±
 ³¶²¨ÉÊ¤¥ K → 2π, ´¥ § ¢¨¸ÖÐ Ö µÉ Nc ¨ ¨¸Î¥§ ÕÐ Ö ¶·¨ M = 0.

‚ 1/Nc-¶µ¤Ìµ¤¥ [56] ¶ · ³¥É· µ¡·¥§ ´¨Ö M ¢ (42) µÉµ¦¤¥¸É¢²Ö¥É¸Ö ¸ µ
É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¢ ¶µ²´µ°  ³¶²¨ÉÊ¤¥

TI(K → 2π) =
GF√

2

10∑
i=1

〈(ππ)I |Qi(M = µ)|K〉Ci(µ) ≡

≡ GF√
2
〈QT (µ)〉IC(µ) (43)

§ ¢¨¸¨³µ¸ÉÓ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ Ci(µ) µÉ µ ±µ³¶¥´¸¨·µ¢ ² ¸Ó § -
¢¨¸¨³µ¸ÉÓÕ ³ É·¨Î´µ£µ Ô²¥³¥´É  〈ππ|Qi(M = µ)|K〉. �Éµ¦¤¥¸É¢²¥´¨¥ Ï± ²
M ¨ µ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¸ ³µ¸µ£² ¸µ¢ ´´Ò³ µ¡· §µ³ ¸¢Ö§ ÉÓ (¸Ï¨ÉÓ) µ¡² -
¸É¨ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ µ ±¢ ·±-
£²Õµ´´µ° ¨ ³¥§µ´´µ° ¤Ê ²Ó´µ¸É¨ ¢ ¶·¥¤¥²¥ Nc → ∞.

‘µµÉ´µÏ¥´¨¥ (43) ¨³¥¥É £µ· §¤µ ¡µ²¥¥ µ¡Ð¨° ¸³Ò¸², Î¥³ ÉµÉ, ±µÉµ·Ò°
¥³Ê ¶·¨¤ ¥É¸Ö ¢ 1/Nc-¶µ¤Ìµ¤¥ [56], É ± ± ± µ´µ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö ¨ §  ¶·¥-
¤¥² ³¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨¤¥µ²µ£¨¥° 1/Nc-¶µ¤Ìµ¤  [56],
·¥´µ·³£·Ê¶¶µ¢ Ö Ô¢µ²ÕÍ¨Ö ³µ¦¥É ¡ÒÉÓ · §¤¥²¥´  ´  ¤¢¥ Î ¸É¨: Ô¢µ²ÕÍ¨Õ
¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ (µÉ MW ¨ ´¨¦¥ ¤µ µ),
µ¶¨¸Ò¢ ¥³ÊÕ ± ±

C(µ) = Û(µ, MW , α)C(MW ),

¨ Ô¢µ²ÕÍ¨Õ  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ (µÉ
´Ê²Ö ¨ ¢ÒÏ¥ ¤µ µ):

〈QT (µ)〉 = 〈QT (0)〉Û (0, µ, α), (44)
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£¤¥ Û(0, µ, α) Å ³ É·¨Í  Ô¢µ²ÕÍ¨¨ ¢ ·¥¦¨³¥ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°. ‚ Î ¸É-
´µ¸É¨, ³µ¦´µ ¶µ²µ¦¨ÉÓ µ = 0, É ± ± ± ¢Ò¡µ· Ï± ²Ò µ Ö¢²Ö¥É¸Ö ¢ ÔÉµ³
¸²ÊÎ ¥ ¸µ¢¥·Ï¥´´µ ¶·µ¨§¢µ²Ó´Ò³. „·Ê£¨³¨ ¸²µ¢ ³¨, ¢ ¸ ³µ³ µ¡Ð¥³ ¸²ÊÎ ¥
¸ÊÐ¥¸É¢Ê¥É ¸¢µ¡µ¤  ¢Ò¡µ· , ± ±ÊÕ Î ¸ÉÓ Ô¢µ²ÕÍ¨¨ µÉ´¥¸É¨ ± ³ É·¨Î´µ³Ê
Ô²¥³¥´ÉÊ,   ± ±ÊÕ Å ± ¢¨²Ó¸µ´µ¢¸±¨³ ±µÔËË¨Í¨¥´É´Ò³ ËÊ´±Í¨Ö³.

�µ²´ Ö Ë¨§¨Î¥¸± Ö  ³¶²¨ÉÊ¤  É ±¦¥ ´¥ ¤µ²¦´  § ¢¨¸¥ÉÓ µÉ ¢Ò¡µ·  ¸Ì¥³Ò
·¥£Ê²Ö·¨§ Í¨¨. �µÔÉµ³Ê ¢ ¥¤¨´µ³ ¸ ³µ¸µ£² ¸µ¢ ´´µ³ µ¶¨¸ ´¨¨ ¢±² ¤µ¢ ¡µ²Ó-
Ï¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° § ¢¨¸¨³µ¸ÉÓ µÉ ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨, ¢µ§´¨± ÕÐ Ö
¢ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É Ì ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ αs ¶µ·Ö¤±¥,
¤µ²¦´  ±µ³¶¥´¸¨·µ¢ ÉÓ¸Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° § ¢¨¸¨³µ¸ÉÓÕ  ¤·µ´´ÒÌ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ µÉ ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨.

‚ÒÎ¨¸²¥´¨¥  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ 1/Nc-¶µ¤Ìµ¤¥ [56] µ¸´µ¢Ò-
¢ ¥É¸Ö ´  ¨¸¶µ²Ó§µ¢ ´¨¨ Ê¸¥Î¥´´µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´ , ¢µ¸¶·µ¨§¢µ¤Ö-
Ð¥£µ ¸É·Ê±ÉÊ·Ê ¡µ§µ´¨§µ¢ ´´µ° Š•„ ¶·¨ ¡µ²ÓÏ¨Ì Nc ¢ É¥·³¨´ Ì ³¥§µ´´ÒÌ
¶µ²¥°:

Ltr =
F 2

0

4

[
tr (DµUDµU †)+r tr [m(U +U †)]− r

Λ2
χ

tr [m(D2U +D2U †)]

]
, (45)

£¤¥ m = diag (mu, md, ms) Å ³ É·¨Í  ±¢ ·±µ¢ÒÌ ³ ¸¸. �ÉµÉ ² £· ´¦¨ ´
µÉ· ¦ ¥É ¸É·Ê±ÉÊ·Ê Š•„ ¶·¨ ¡µ²ÓÏ¨Ì Nc ¨ ¸µ¤¥·¦¨É Î²¥´Ò Éµ²Ó±µ ¸ µ¤´¨³
¸²¥¤µ³ ¶µ ¨´¤¥±¸ ³  ·µ³ Éµ¢ ±¢ ·±µ¢. �¥·¢Ò¥ ¤¢  Î²¥´  ¢ (45) Å ÔÉµ ±¨´¥-

É¨Î¥¸±¨° ¨ ³ ¸¸µ¢Ò° Î²¥´Ò ² £· ´¦¨ ´  L(p2)
eff (26),   ¶µ¸²¥¤´¨° ¶·¨¢µ¤¨É ±

· ¸Ð¥¶²¥´¨Õ ±µ´¸É ´É · ¸¶ ¤µ¢ π, K → µν ¨ µÉ²¨Î¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ µÉ ´Ê²Ö. ‹ £· ´¦¨ ´ (45) ¶·¨¢µ¤¨É ± ±¨· ²Ó´µ³Ê
¶·¥¤¸É ¢²¥´¨Õ ±¢ ·±µ¢ÒÌ Éµ±µ¢ ¨ ¶²µÉ´µ¸É¥° ¢ É¥·³¨´ Ì ³¥§µ´´ÒÌ ¶µ²¥°:

(q̄jqi)V −A = i
F 2

0

2

{
(∂µU)U † − U(∂µU †) − r

Λ2
χ

[m(∂µU †) − (∂µU)m]
}

ij

,

(46)
q̄j
Rqi

L =
F 2

0

4
r

[
U − 1

Λ2
χ

∂2U

]
ij

.

� · ³¥É·Ò F0, r ¨ Λχ ² £· ´¦¨ ´  (45) ³µ¦´µ § Ë¨±¸¨·µ¢ ÉÓ Ë¥´µ³¥´µ²µ-
£¨Î¥¸±¨ ¶µ §´ Î¥´¨Ö³ ±µ´¸É ´É · ¸¶ ¤µ¢ ¨ ³ ¸¸ ³¥§µ´µ¢.

‚ · ¸¸³ É·¨¢ ¥³µ³ ¶µ¤Ìµ¤¥ Nc-¢±² ¤Ò ¢µ§´¨± ÕÉ ´  Ê·µ¢´¥ ¤¨ £· ³³
¤·¥¢¥¸´µ£µ ¢¨¤ . �´¨ Ö¢²ÖÕÉ¸Ö Ë ±Éµ·¨§Ê¥³Ò³¨, É ± ± ± µ¶¥· Éµ·Ò Qi ¢
±¨· ²Ó´µ³ ¶·¥¤¸É ¢²¥´¨¨ § ¤ ÕÉ¸Ö ¶·µ¨§¢¥¤¥´¨Ö³¨ ±¢ ·±µ¢ÒÌ Éµ±µ¢ ²¨¡µ
¶²µÉ´µ¸É¥° (46). ‹¨¤¨·ÊÕÐ¨¥ 1/Nc-¶µ¶· ¢±¨ ¢µ§´¨± ÕÉ ¶·¨ ¢ÒÎ¨¸²¥´¨¨
µ¤´µ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¸ ¸¨²Ó´Ò³¨ ¢¥·Ï¨´ ³¨, µ¶¨¸Ò¢ ¥³Ò³¨ ² £· ´¦¨ -
´µ³ (45), ¨ ¸² ¡Ò³¨ µ¶¥· Éµ·´Ò³¨ ¢¥·Ï¨´ ³¨ ¢ ³¥§µ´´µ³ ¶·¥¤¸É ¢²¥´¨¨
±¢ ·±µ¢ÒÌ Éµ±µ¢ ¨ ¶²µÉ´µ¸É¥° (46). �¥É²¥¢Ò¥ ¤¨ £· ³³Ò ¶µ·µ¦¤ ÕÉ ´¥Ë ±-
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Éµ·¨§Ê¥³Ò¥ ¢±² ¤Ò, ¢µ§´¨± ÕÐ¨¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ³¥§µ´ ¢ ¶¥É²¥ ¸µ¥¤¨´Ö¥É
· §²¨Î´Ò¥ ±¢ ·±µ¢Ò¥ Éµ±¨ (¶²µÉ´µ¸É¨) ¢ µ¶¥· Éµ·´µ° ¢¥·Ï¨´¥.

”¨§¨Î¥¸±µ¥ “”-µ¡·¥§ ´¨¥ M ¢ µ¤´µ¶¥É²¥¢ÒÌ ¨´É¥£· ² Ì µ£· ´¨Î¥´µ
¸¢¥·ÌÊ ÉµÎ±µ° ¶¥·¥´µ·³¨·µ¢±¨ µ, É ± ± ± ³¥§µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ (45), (46)
¸¶· ¢¥¤²¨¢µ Éµ²Ó±µ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ ¨ ´¥ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´µ
¢ µ¡² ¸É¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨°. …¸²¨ µ£· ´¨Î¨ÉÓ¸Ö Éµ²Ó±µ ¶¸¥¢¤µ¸± ²Ö·´Ò³¨
³¥§µ´ ³¨, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¤´µ¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¨³¥ÕÉ ¸³Ò¸² Éµ²Ó±µ ¢
µ¡² ¸É¨ 0,6 � M � 0,8 ƒÔ‚.

‚ 1/Nc-¶µ¤Ìµ¤¥ ´¥¶¥·ÉÊ·¡ É¨¢´ Ö Ô¢µ²ÕÍ¨Ö Û(0, µ, α) ¢ (44) µÉµ¦¤¥-
¸É¢²Ö¥É¸Ö ¸ M -Ô¢µ²ÕÍ¨¥°  ¤·µ´´µ£µ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¢ µ¤´µ¶¥É²¥¢µ³
¶·¨¡²¨¦¥´¨¨. ‚ É ±µ° É· ±Éµ¢±¥ ³¥§µ´´ÒÌ ¶¥É¥²Ó ¶µ¸²¥¤´¨¥ Ê¦¥ ´¥ ¨£· ÕÉ
·µ²¨ Ê´¨É ·´ÒÌ ¶µ¶· ¢µ±, ¨  ¡¸µ·¡É¨¢´Ò¥ Î ¸É¨  ³¶²¨ÉÊ¤ ´¥ · ¸¸³ É·¨-
¢ ÕÉ¸Ö ¢µµ¡Ð¥, É. ¥. Ë §Ò ππ-· ¸¸¥Ö´¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¶µ²ÊÎ ÕÉ¸Ö
´Ê²¥¢Ò³¨. ‚ ± Î¥¸É¢¥ ¶µ²Ê±µ²¨Î¥¸É¢¥´´µ£µ ±·¨É¥·¨Ö ¸Ï¨¢ ¥³µ¸É¨ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ 〈ππ|Qi(µ)|K〉 ¨ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ Ci(µ) ¢Ò¸ÉÊ-
¶ ¥É Ê¸²µ¢¨¥, ÎÉµ¡Ò ¶·¨ Ë¨±¸ Í¨¨ ¶ · ³¥É·  µ¡·¥§ ´¨Ö M = µ ¶µ²´ Ö  ³-
¶²¨ÉÊ¤  (43) ¨§³¥´Ö² ¸Ó ´¥ ¡µ²¥¥ Î¥³ ´  ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢ ¢ ¨´É¥·¢ ²¥
0,6 � M � 0,8 ƒÔ‚.

�Éµ¦¤¥¸É¢²¥´¨¥ Ï± ² µ ¨ M Ö¢²Ö¥É¸Ö ¢¸¥£µ ²¨ÏÓ ´ ¨¢´Ò³ ¶·¨¡²¨¦¥-
´¨¥³, É ± ± ± ¶·¨ §´ Î¥´¨ÖÌ µ = M ≈ 0,6 ƒÔ‚, ¤µ ±µÉµ·ÒÌ ³µ¦¥É ¡ÒÉÓ ¶·µ-
¤µ²¦¥´  ¸´¨§Ê Ô¢µ²ÕÍ¨Ö  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¢ÒÎ¨¸²¥´¨¥ ¢¨²Ó-
¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¢ · ³± Ì ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¸É ´µ¢¨É¸Ö ¶·µ¡²¥-
³ É¨Î´Ò³. Š·µ³¥ Éµ£µ, µ¤´µ¶¥É²¥¢Ò¥  ³¶²¨ÉÊ¤Ò ¢ 1/Nc-¶µ¤Ìµ¤¥ Ì · ±É¥·¨-
§ÊÕÉ¸Ö ´ ²¨Î¨¥³ ±¢ ¤· É¨Î´µ° § ¢¨¸¨³µ¸É¨ µÉ M , ¢ Éµ ¢·¥³Ö ± ± ¤Ê ²Ó´ Ö
Ô±¢¨¢ ²¥´É´µ¸ÉÓ ³¥§µ´´µ£µ ¨ ±¢ ·±-£²Õµ´´µ£µ ¶·¥¤¸É ¢²¥´¨° Š•„ É·¥¡Ê¥É,
ÎÉµ¡Ò ¢ ¶µ²´µ° ³¥§µ´´µ° É¥µ·¨¨ § ¢¨¸¨³µ¸ÉÓ  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢ µÉ M ¡Ò²  Éµ²Ó±µ ²µ£ ·¨Ë³¨Î¥¸±µ°.

„²Ö ¤ ²Ó´¥°Ï¨Ì µ¡¸Ê¦¤¥´¨° Ê¤µ¡´µ ¢¢¥¸É¨ ¶ · ³¥É·Ò B
(∆I)
i (µ), ¨§³¥-

·ÖÕÐ¨¥  ¤·µ´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Qi(µ)〉I ¢ ¥¤¨´¨Í Ì ¨Ì §´ Î¥´¨°

〈Qi〉(vac)
I , ¢ÒÎ¨¸²¥´´ÒÌ ¢ ³¥Éµ¤¥ ¢ ±ÊÊ³´ÒÌ ¢¸É ¢µ±:

〈Qi(µ)〉I = 〈Qi〉(vac)
I B

(∆I)
i (µ),

£¤¥ ±µ´¥Î´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¸ ¨§µÉµ¶¨Î¥¸±¨³ ¸¶¨´µ³ I = 0,2 µÉ¢¥Î ÕÉ ¶¥-
·¥Ìµ¤Ò ¸ ∆I = 1/2 ¨ 3/2 ¸µµÉ¢¥É¸É¢¥´´µ. �  ¶¥·¢µ³ ÔÉ ¶¥ ¢ÒÎ¨¸²¥´¨° ¢
³¥Éµ¤¥ ¢ ±ÊÊ³´ÒÌ ¢¸É ¢µ± ³ É·¨Î´Ò° Ô²¥³¥´É Î¥ÉÒ·¥Ì±¢ ·±µ¢µ£µ µ¶¥· Éµ· 
Ë ±Éµ·¨§Ê¥É¸Ö ¢¸¥³¨ ¢µ§³µ¦´Ò³¨ ¸¶µ¸µ¡ ³¨ (¸ ¶µ³µÐÓÕ ¶·¥µ¡· §µ¢ ´¨Ö
”¨·Í ) ¢ ¢¨¤¥ ¶·µ¨§¢¥¤¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ±¢ ·±µ¢ÒÌ Éµ±µ¢. ‡ É¥³
¶µ¸²¥¤´¨¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨§³¥·Ö¥³Ò¥ Ë¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò: ±µ´¸É ´ÉÒ
¨ Ëµ·³Ë ±Éµ·Ò · ¸¶ ¤µ¢ ³¥§µ´µ¢, ³¥§µ´´Ò¥ ³ ¸¸Ò ¨ ¨³¶Ê²Ó¸Ò. ‚ ³¥Éµ¤¥ ¢ -
±ÊÊ³´ÒÌ ¢¸É ¢µ±, ¢µ¸¶·µ¨§¢µ¤ÖÐ¥³ ·¥§Ê²ÓÉ ÉÒ 1/Nc-¶µ¤Ìµ¤  ¢ ²¨¤¨·ÊÕÐ¥³

¶µ·Ö¤±¥, B
(∆I)
i = 1 ¨ ´¥ § ¢¨¸¨É µÉ µ.
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„²Ö µ¶¥· Éµ·µ¢ Q1,2 ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢ 1/Nc-¶µ¤Ìµ¤¥ ¨³¥ÕÉ ¢¨¤ [18]

〈Q1〉0 = −1/9XB
(1/2)
1 , 〈Q2〉0 = 5/9XB

(1/2)
2 ,

〈Q1〉2 = 〈Q2〉2 =
4
√

2
9

XB
(3/2)
1 ,

£¤¥ X =
√

3/2Fπ(m2
K − m2

π),   µ-§ ¢¨¸¨³µ¸ÉÓ ¢ ¶ · ³¥É· Ì Bi ¢µ§´¨± ¥É ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ · §²µ¦¥´¨¥³ (42) ¨§ ¤¨ £· ³³ ¸ ³¥§µ´´Ò³¨ ¶¥É²Ö³¨:

Bi(µ) =
F0(µ2)
F0(0)

[
1 +

Πi(µ2)
F 2

0 (µ)2

]
.

Š ± ¶µ± §Ò¢ ÕÉ µ¤´µ¶¥É²¥¢Ò¥ 1/Nc-¢ÒÎ¨¸²¥´¨Ö [56], ¶ · ³¥É·Ò B
(1/2)
1,2 ¨

B
(3/2)
1 Ì · ±É¥·¨§ÊÕÉ¸Ö µ-§ ¢¨¸¨³µ¸ÉÓÕ, ¤µ¸É ÉµÎ´µ° ¤²Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó-

´µ£µ ¸Ï¨¢ ´¨Ö ´  ¶µ²Ê±µ²¨Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´-
Éµ¢ C1,2(µ) ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ 〈Q1,2(µ)〉I . �¡µ¡Ð¥´¨¥³ ·¥§Ê²ÓÉ Éµ¢

· ¡µÉÒ [56] Ö¢²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ B
(1/2)
1,2 ¨ B

(3/2)
1 ¢ ÉµÎ±¥

µ ≈ 0,6 ƒÔ‚ [18]:

B
(1/2)
1 = 5,2; B

(1/2)
2 = 2,2; B

(3/2)
1 = 0,55. (47)

�² £µ¤ ·Ö Éµ³Ê, ÎÉµ B
(1/2)
1,2 > 1 ¨ B

(3/2)
1 < 1, ¢ 1/Nc-¶µ¤Ìµ¤¥ Ê¤ ¥É¸Ö ´¥-

¸±µ²Ó±µ ¶·¨¡²¨§¨ÉÓ¸Ö ± µ¶¨¸ ´¨Õ ¶· ¢¨²  ∆I = 1/2, ±µÉµ·µ¥ ¢ ¶·¨¡²¨¦¥-
´¨¨ ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö ´¥ µ¶¨¸Ò¢ ¥É¸Ö ¢µµ¡Ð¥.

„²Ö ¤µ³¨´¨·ÊÕÐ¨Ì ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ Q6,8 ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
¨³¥ÕÉ ¢¨¤ [18]

〈Q6〉0 = −4

√
3
2

[
m2

K

ms(µ) + md(µ)

]2
Fπ

κ
B

(1/2)
6 ,

〈Q8〉0 = −
[

1
2
〈Q6〉0(κ + 1) − X

6

]
B

(1/2)
8 ,

〈Q6〉2 = 0 , 〈Q8〉2 = −
[

κ

2
√

2
〈Q6〉0 +

√
2

6
X

]
B

(3/2)
8 ,

£¤¥ κ = Λ2
χ/(m2

K − m2
π) = Fπ/(FK − Fπ), 〈Q6〉0 = 〈Q6〉0/B

(1/2)
6 .

’ ± ± ± ¢¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ C6,8 ∼
O(1/Nc) ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc, Éµ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ Ë¨§¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ ¢
1/Nc-¶µ·Ö¤±¥ ¸²¥¤Ê¥É µ£· ´¨Î¨ÉÓ¸Ö Éµ²Ó±µ ²¨¤¨·ÊÕÐ¨³ ¢±² ¤µ³ ¤·¥¢¥¸´ÒÌ
¤¨ £· ³³ ¢ 〈Q6,8〉. �Éµ µ§´ Î ¥É, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ¤´µ¶¥É²¥¢Ò¥ ¢±² ¤Ò
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Πi(µ2)/F 2
0 (µ2) ∼ Πi(µ2)/Nc ´¥ ¤µ²¦´Ò ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ ¢µµ¡Ð¥, ¨ ± ± ¸²¥¤-

¸É¢¨¥ ÔÉµ£µ B6,8 = 1. ‡ ¢¨¸¨³µ¸ÉÓ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q6,8〉 µÉ µ ¢µ§-
´¨± ¥É Ê¦¥ ¢ ¤·¥¢¥¸´µ³ ¶·¨¡²¨¦¥´¨¨ ¨§ ²µ£ ·¨Ë³¨Î¥¸±µ° µ-§ ¢¨¸¨³µ¸É¨
¡¥£ÊÐ¥° ³ ¸¸Ò ¸É· ´´µ£µ ±¢ ·± :

m2
s(µ) = m2

s(1 ƒÔ‚)
[

αs(µ)
αs(1 ƒÔ‚)

]am

,

£¤¥

am =
3
β0

N2
c − 1
2Nc

=
{

8/9, Nc = 3, nf = 3;
9/11, Nc → ∞.

‡ ¢¨¸¨³µ¸ÉÓ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q6,8〉 ∼ m−2
s (µ) ∼ [αs(µ)]−am ¶µÎÉ¨

¶µ²´µ¸ÉÓÕ ¸µ±· Ð ¥É µ-§ ¢¨¸¨³µ¸ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔË-
Ë¨Í¨¥´Éµ¢: C6(µ) ∼ [αs(µ)]a6 , C8(µ) ∼ [αs(µ)]a8 , £¤¥

a6 =
1
β0

[
3Nc −

3
Nc

− nf

3

]
=
{

7/9, Nc = 3, nf = 3;
9/11, Nc → ∞;

a8 =
1
β0

[
3Nc −

3
Nc

]
=
{

8/9, Nc = 3, nf = 3;
9/11, Nc → ∞.

ƒ² ¢´ Ö ¶·µ¡²¥³ , ¢µ§´¨± ÕÐ Ö ¶·¨ µ¶¨¸ ´¨¨ ¢±² ¤µ¢ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ-
·µ¢, Å ÔÉµ ¢Ò¡µ· §´ Î¥´¨Ö ³ ¸¸Ò ¸É· ´´µ£µ ±¢ ·±  ms(µ) ¢ Ë¨±¸¨·µ¢ ´´µ°
ÉµÎ±¥ ¢ÒÎ¨É ´¨Ö µ. ‚ · ¡µÉ Ì [18,56] ¶·¨ µ = 1 ƒÔ‚ ¨¸¶µ²Ó§µ¢ ²¸Ö ¨´É¥·¢ ²
§´ Î¥´¨° 125 � ms(1 ƒÔ‚) � 200 ŒÔ‚.

�Î¥¢¨¤´µ, ÎÉµ 1/Nc-¶µ¤Ìµ¤ [56] ´¥ ¶µ§¢µ²Ö¥É Ê¸É· ´¨ÉÓ § ¢¨¸¨³µ¸ÉÓ µÉ
¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨, ¢µ§´¨± ÕÐÊÕ ¢ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É Ì ¢ ¸²¥-
¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ Š•„. Š·µ³¥ Éµ£µ, ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
µ¶¥· Éµ·µ¢ Q1,2, ¢ÒÎ¨¸²¥´´Ò¥ ¢ É ±µ³ ¶µ¤Ìµ¤¥, ´¥ ¤ ÕÉ ¶µ²´µ£µ µ¶¨¸ ´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ a0,2. �µÔÉµ³Ê ¢ · -

¡µÉ¥ [18] ¡Ò²µ ¶·¥¤²µ¦¥´µ ¨§¢²¥± ÉÓ ¶ · ³¥É·Ò B
(∆I)
i (µ), ¨¸¶µ²Ó§ÊÖ, ¸ µ¤´µ°

¸Éµ·µ´Ò, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤ a0,2,   ¸ ¤·Ê£µ° Å ³ É·¨Î-

´Ò¥ Ô²¥³¥´ÉÒ 〈Qi〉(vac)
I ¨ É¥µ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö z-±µ³¶µ´¥´É ¢¨²Ó¸µ´µ¢¸±¨Ì

±µÔËË¨Í¨¥´Éµ¢ ¤²Ö · §²¨Î´ÒÌ Ï± ² ΛMS ¢ · §´ÒÌ ¸Ì¥³ Ì ¶¥·¥´µ·³¨·µ¢±¨.
’ ± ± ± µ¸´µ¢´µ° ¢±² ¤ ¢ ¶¥·¥Ìµ¤Ò ¸ ∆I = 3/2 ¤ ÕÉ µ¶¥· Éµ·Ò Q1,2,9,10,

¤²Ö ±µÉµ·ÒÌ ¢Ò¶µ²´ÖÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö 〈Q1〉2 = 〈Q2〉2 ¨ 〈Q9〉2 = 〈Q10〉2 =
3/2〈Q1〉2, Éµ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò a2 ³µ¦´µ ¨§¢²¥ÎÓ

¸²¥¤ÊÕÐ¨¥ µÍ¥´±¨ ¤²Ö ¶ · ³¥É·  B
(3/2)
1 ¢ ÉµÎ±¥ ¢ÒÎ¨É ´¨Ö µ = mc = 1,3 ƒÔ‚

¶·¨ Λ(4)

MS
= 325 ŒÔ‚ ¢ NDR- ¨ HV-¸Ì¥³ Ì ¶¥·¥´µ·³¨·µ¢±¨ [18]:

B
(3/2)
1,NDR(mc) = 0,453, B

(3/2)
1,HV (mc) = 0,472,
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±µÉµ·Ò¥ ¸· ¢´¨³Ò ¸ ¶·¥¤¸± § ´¨¥³ (47), ¶µ²ÊÎ¥´´Ò³ ¢ µ¤´µ¶¥É²¥¢ÒÌ 1/Nc-
¢ÒÎ¨¸²¥´¨ÖÌ.

‚  ³¶²¨ÉÊ¤Ê a0, ´ ·Ö¤Ê ¸ Q1,2, ³µ£ÊÉ ¤ ¢ ÉÓ ¢±² ¤ ¨ ¤·Ê£¨¥ µ¶¥· Éµ·Ò.
’µÎ±  ¢ÒÎ¨É ´¨Ö µ = mc ¡Ò²  ¢Ò¡· ´  ¢ · ¡µÉ¥ [18] ¨³¥´´µ ¶µÉµ³Ê, ÎÉµ
¶·¨ µ = mc ¢ HV-¸Ì¥³¥ ¢±² ¤ ¢ a0 ¤ ÕÉ Éµ²Ó±µ µ¶¥· Éµ·Ò Q1,2. ˆ¸¶µ²Ó§ÊÖ
¸µµÉ´µÏ¥´¨Ö (6) ¨ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi〉0 ¢ 1/Nc-
¶µ¤Ìµ¤¥,   É ±¦¥ ¶·¥´¥¡·¥£ Ö ´¥¸ÊÐ¥¸É¢¥´´Ò³ ¢±² ¤µ³ µ¶¥· Éµ·  Q3, Ê¤ ¥É¸Ö
¸¢Ö§ ÉÓ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨¥ §´ Î¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q1(mc)〉0 ¨
〈Q2(mc)〉0 ¢ HV-¸Ì¥³¥,   É ±¦¥ ¶µ²ÊÎ¨ÉÓ 〈Q4(mc)〉0, 〈Q9(mc)〉0 ¨ 〈Q10(mc)〉0
± ± ËÊ´±Í¨¨ 〈Q2(mc)〉0. ‡ É¥³ ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ HV-¸Ì¥³¥, ³µ£ÊÉ
¡ÒÉÓ ¶¥·¥¸Î¨É ´Ò ¢ ²Õ¡ÊÕ ¤·Ê£ÊÕ ¸Ì¥³Ê.

’ ±¨³ µ¡· §µ³ ¤²Ö ¶ · ³¥É·  B
(1/2)
2 ¶·¨ Λ(4)

MS
= 325 ŒÔ‚ ¡Ò²¨ ¶µ²ÊÎ¥´Ò

µÍ¥´±¨:

B
(1/2)
2,LO (mc) = 5,7 ± 1,1; B

(1/2)
2,NDR(mc) = 6,6 ± 1,0;

B
(1/2)
2,HV (mc) = 6,2 ± 1,0.

(48)

�±¸É· ¶µ²ÖÍ¨Ö ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¨§ ÉµÎ±¨ ¢ÒÎ¨É ´¨Ö µ ≈ 0,6 ŒÔ‚ ± µ = mc

¤ ¥É B
(1/2)
2 ≈ 2,8. � · ³¥É· B

(1/2)
1 (mc) ¸¨²Ó´µ ±µ··¥²¨·Ê¥É ¸ B

(1/2)
2 (mc),

¨ ¥£µ Í¥´É· ²Ó´µ¥ §´ Î¥´¨¥ ¤µ¸É¨£ ¥É ¢¥²¨Î¨´Ò B
(1/2)
1 (mc) ≈ 15. � · -

³¥É· B
(1/2)
4 (mc) ³¥´¥¥ ÎÊ¢¸É¢¨É¥²¥´ ± ¢¥²¨Î¨´¥ B

(1/2)
2 (mc) ¨ µ± §Ò¢ ¥É¸Ö

´  (10Ä15) % ³¥´ÓÏ¥ §´ Î¥´¨° (48). �µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨¥ µÍ¥´±¨ ¤²Ö

¶ · ³¥É·µ¢ B
(1/2)
1,2 (mc) ´¥ Éµ²Ó±µ ¸¨²Ó´µ µÉ²¨Î ÕÉ¸Ö µÉ ¨Ì ¥¤¨´¨Î´µ£µ §´ -

Î¥´¨Ö ¢ ³¥Éµ¤¥ ¢ ±ÊÊ³´ÒÌ ¢¸É ¢µ±, ´µ É ±¦¥ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÕÉ 1/Nc-
¶·¥¤¸± § ´¨Ö (47). �É´µ¸¨É¥²Ó´Ò° ¢±² ¤ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢  ³¶²¨-
ÉÊ¤Ê a0 ¶·¨ µ < mc ³ ² ¶µ ¸· ¢´¥´¨Õ ¸ ¢±² ¤µ³ µ¶¥· Éµ·µ¢ Q1,2 ¤ ¦¥ ¢
NDR-¸Ì¥³¥ ¨ ´¥ ¶·¥¢ÒÏ ¥É 10 % ¶·¨ µ ≈ 1 ƒÔ‚ (¸³. É ±¦¥ [16,54]).

‚ ·Ó¨·ÊÖ · ¢´µ³¥·´µ ¶ · ³¥É·Ò B6 ¨ B8 ¢ µ±·¥¸É´µ¸É¨ B6,8 = 1,0±0,2,

  ¶ · ³¥É·Ò Λ(4)

MS
¨ Im λt Å ¢ ¶·¥¤¥² Ì (41) ¨ (38) ¸µµÉ¢¥É¸É¢¥´´µ, ¶·¨

§´ Î¥´¨ÖÌ ΩIB = 0,25±0,08, ¢ · ³± Ì ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±µ£µ ¶µ¤Ìµ¤  [18,
19] ¤²Ö µÉ´µÏ¥´¨Ö ε′/ε ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ µÍ¥´±¨ [6]:

1,2 · 10−4 � ε′/ε � 16,0 · 10−4 ¶·¨ ms(mc) = (150 ± 20) ŒÔ‚,

0 � ε′/ε � 43,0 · 10−4 ¶·¨ ms(mc) = (100 ± 20) ŒÔ‚,

  ¢ £ Ê¸¸µ¢¸±µ° É· ±Éµ¢±¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¤²Ö §´ Î¥-
´¨° λt (40):

ε′/ε =
{

(3,6 ± 3,4) · 10−4 ¶·¨ ms(mc) = (150 ± 20) ŒÔ‚,
(10,4 ± 8,3) · 10−4 ¶·¨ ms(mc) = (100 ± 20) ŒÔ‚,

£¤¥ µÏ¨¡±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ê·µ¢´Õ ¤µ¸Éµ¢¥·´µ¸É¨ 68 %. ˆ´É¥·¢ ² ms(mc) =
(100 ± 20) ŒÔ‚ ¡Ò² · ¸¸³µÉ·¥´ ¶µÉµ³Ê, ÎÉµ ¨³¥´´µ É ±¨¥ ³ ²Ò¥ §´ Î¥´¨Ö
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ms(mc) ¡Ò²¨ ¶µ²ÊÎ¥´Ò ± Éµ³Ê ¢·¥³¥´¨ ¢ · ³± Ì Š•„ ´  ·¥Ï¥É±¥ [57]. �¤-
´ ±µ ÔÉ¨ §´ Î¥´¨Ö ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± Ô±¸É·¥³ ²Ó´Ò° ¸²ÊÎ °, É ± ± ±
¸µ¢·¥³¥´´Ò¥ µÍ¥´±¨ ¢ Š•„ ´  ·¥Ï¥É±¥ ¤ ÕÉ ms(mc) = (130± 25) ŒÔ‚. ’ -
±¨³ µ¡· §µ³, ¢ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±µ³ ¶µ¤Ìµ¤¥ [6,18,19] ¶·¨ B6 ≈ B8 ≈ 1
¨ µ¡Ð¥¶·¨´ÖÉÒÌ §´ Î¥´¨ÖÌ ms(mc) ´¥ Ê¤ ¥É¸Ö µ¡ÑÖ¸´¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ¥
§´ Î¥´¨¥ ε′/ε (39).

‚ µÉ²¨Î¨¥ µÉ · ¡µÉÒ [56], ¢  ´ ²¨§¥ [9] ¢ · ¸¸³µÉ·¥´¨¥ ¢±² ¤µ¢ ¶¨´£¢¨-
´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¡Ò²¨ ¢±²ÕÎ¥´Ò ³¥§µ´´Ò¥ ¶¥É²¨. ‘ ÉµÎ±¨ §·¥´¨Ö ¶· ¢¨²
¸Î¥É  ¸É¥¶¥´¥° 1/Nc-· §²µ¦¥´¨Ö ÔÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¢ÒÌµ¤Ê §  · ³±¨ ²¨¤¨·Ê-
ÕÐ¥£µ ¶µ·Ö¤± , ÎÉµ ¶·¨¢µ¤¨É ± ¸¨²Ó´µ³Ê µÉ²¨Î¨Õ Ë ±Éµ·  B6 µÉ ¥¤¨´¨ÍÒ:

B
(1/2)
6 ≈ 2,4 ± 0,2,

¢ Éµ ¢·¥³Ö ± ± B
(3/2)
8 ≈ 1. ‚ ·¥§Ê²ÓÉ É¥ ¢µ§´¨± ¥É §´ Î¨É¥²Ó´µ¥ Ê¸¨²¥-

´¨¥ µÉ´µÏ¥´¨Ö ε′/ε, ¤²Ö ±µÉµ·µ£µ ¶·¨ §´ Î¥´¨¨ ³ ¸¸Ò ¸É· ´´µ£µ ±¢ ·± 
ms(1 ƒÔ‚) = 125 ŒÔ‚ ¡Ò²¨ ¶µ²ÊÎ¥´Ò µ£· ´¨Î¥´¨Ö

7,6 · 10−4 � ε′/ε � 60 · 10−4,

  ¤²Ö 100 � ms(1 ƒÔ‚) � 150 ŒÔ‚ Å ¡µ²¥¥ Ï¨·µ±¨° ¤¨ ¶ §µ´ §´ Î¥´¨°:

4,5 · 10−4 � ε′/ε � 100 · 10−4.

‚ · ¸Î¥É Ì ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥ ΩIB ≈ 0,20, ¶µ²ÊÎ¥´´µ¥ ¢ · ¡µÉ¥ [58] ¸
ÊÎ¥Éµ³ µ¤´µ¶¥É²¥¢ÒÌ ¶µ¶· ¢µ± ± ¤¨ £· ³³ ³ ¸ (π0 − η − η′)-¸³¥Ï¨¢ ´¨¥³.

‚ · ¡µÉ¥ [54] ·¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔË-
Ë¨Í¨¥´Éµ¢ ¨  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¡Ò²¨ µ¡µ¡Ð¥´Ò ¢ ¢¨¤¥ ËÊ´±Í¨¨
Fε′ µÉ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢:

ε′/ε = Im λtFε′

(
mt, Λ

(4)

MS
, ms, B

(1/2)
6 , B

(3/2)
8 , ΩIB

)
,

Fε′ ≈ 13
[

110 ŒÔ‚

ms(2 ƒÔ‚)

]2
[
B

(1/2)
6 (1 − ΩIB)−

− 0,4B
(3/2)
8

( mt

165 ƒÔ‚

)2,5
](

Λ(4)

MS

340 ŒÔ‚

)
. (49)

‚  ´ ²¨§¥ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢:

B
(1/2)
6 = 1,0 ± 0,3; B

(3/2)
8 = 0,8 ± 0,2; ΩIB = 0,25 ± 0,08; ms(2 ƒÔ‚) =

(110 ± 20) ŒÔ‚; mt = (165 ± 5) ƒÔ‚; Λ(4)

MS
= (340 ± 50) ŒÔ‚. “± § ´´µ¥

§´ Î¥´¨¥ ms(2 ƒÔ‚) µÉ¢¥Î ¥É ¢¥²¨Î¨´¥ ms(mc) = (130±25) ŒÔ‚. �·¨ ¢ ·Ó¨-

·µ¢ ´¨¨ ¶ · ³¥É·µ¢ B6,8 É·¥¡µ¢ ²µ¸Ó ¢Ò¶µ²´¥´¨¥ Ê¸²µ¢¨Ö B
(1/2)
6 � B

(3/2)
8 .
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‚ £ Ê¸¸µ¢¸±µ° É· ±Éµ¢±¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¤²Ö
Im λt = (1,33 ± 0,14) · 10−4 ¡Ò²¨ ¶µ²ÊÎ¥´Ò µÍ¥´±¨:

ε′/ε =

{
(7,7+6,0

−3,5) · 10−4 (¢ NDR-¸Ì¥³¥),

(5,2+4,6
−2,7) · 10−4 (¢ HV-¸Ì¥³¥).

(50)

“± § ´´Ò¥ µÏ¨¡±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ê·µ¢´Õ ¤µ¸Éµ¢¥·´µ¸É¨ 68 %. –¥´É· ²Ó-
´Ò³ §´ Î¥´¨Ö³ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ µÉ¢¥Î ÕÉ ¢¥²¨Î¨´Ò Fε′ = 5,2 ¨ ¸µµÉ-
¢¥É¸É¢¥´´µ (ε′/ε)centr = 7,0 · 10−4. �·¨ · ¢´µ³¥·´µ³ ¸± ´¨·µ¢ ´¨¨ ¢Ìµ¤´ÒÌ
¶ · ³¥É·µ¢ ¤²Ö 1,04 · 10−4 � Im λt � 1,63 · 10−4 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥
µ£· ´¨Î¥´¨Ö:

1,05 · 10−4 � ε′/ε � 28,2 · 10−4 (¢ NDR-¸Ì¥³¥),

0,26 · 10−4 � ε′/ε � 22,0 · 10−4 (¢ HV-¸Ì¥³¥).

’ ±¨³ µ¡· §µ³,  ´ ²¨§ [54] ¶µ¤É¢¥·¤¨², ÎÉµ ¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶·¨
B6,8 ≈ 1 Ê¤ ¥É¸Ö ¤µ¸É¨ÎÓ, Éµ²Ó±µ ¥¸²¨ ¤²Ö ¢¸¥Ì ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¡¥·ÊÉ¸Ö
§´ Î¥´¨Ö, ¡²¨§±¨¥ ± Ô±¸É·¥³ ²Ó´Ò³, É. ¥. ²¥¦ Ð¨¥ ¢ Éµ° µ¡² ¸É¨, £¤¥ ¶²µÉ-
´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ε′/ε µ± §Ò¢ ¥É¸Ö ³ ²µ°.

6. Œ�„ˆ”ˆŠ�–ˆˆ 1/Nc-��„•�„�

ˆ¤¥Ö ¸Ï¨¢ ´¨Ö ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ¢  ³¶²¨ÉÊ¤ Ì · ¸-
¶ ¤µ¢ K → 2π ¢ · ³± Ì 1/Nc-¶µ¤Ìµ¤  ¶µ²ÊÎ¨²  ¤ ²Ó´¥°Ï¥¥ ±µ´Í¥¶ÉÊ ²Ó´µ¥
· §¢¨É¨¥ ¢ [50,59,60,62].

‚ · ¡µÉ Ì [9, 56] ¸¢Ö§Ó ³¥¦¤Ê ±¢ ·±µ¢Ò³¨ Éµ± ³¨ (¶²µÉ´µ¸ÉÖ³¨) ¢ ±¨-
· ²Ó´µ³ ¶·¥¤¸É ¢²¥´¨¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ Qi · ¸¸³ É·¨¢ ² ¸Ó
± ± ÉµÎ¥Î´ Ö, ¨ ¢ ± Î¥¸É¢¥ ¶¥·¥³¥´´µ° ¨´É¥£·¨·µ¢ ´¨Ö ¢ ³¥§µ´´µ° ¶¥É²¥ ¨¸-
¶µ²Ó§µ¢ ²¸Ö ¨³¶Ê²Ó¸ ¢¨·ÉÊ ²Ó´µ£µ ³¥§µ´ . ‚ É ±µ° É· ±Éµ¢±¥ ¶·µÍ¥¤Ê·  ¸Ï¨-
¢ ´¨Ö ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ¢Ò£²Ö¤¨É ´¥ ¸µ¢¸¥³ ¥¸É¥¸É¢¥´´µ°,
É ± ± ± ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ µÉ¸ÊÉ¸É¢Ê¥É ¶¥·¥³¥´´ Ö, ±µÉµ·ÊÕ ³µ¦´µ ¡Ò²µ
¡Ò ¶µ¸É ¢¨ÉÓ ¢ ¸µµÉ¢¥É¸É¢¨¥ ¨³¶Ê²Ó¸Ê ¢¨·ÉÊ ²Ó´µ£µ ³¥§µ´ . …¸²¨ ±¢ ·±µ¢Ò¥
Éµ±¨ (¶²µÉ´µ¸É¨) ¢ µ¶¥· Éµ· Ì Qi · ¸¸³ É·¨¢ ÉÓ ± ± ¸¢Ö§ ´´Ò¥ Î¥·¥§ µ¡³¥´
ÔËË¥±É¨¢´Ò³ ¡¥¸Í¢¥É´Ò³ ¡µ§µ´µ³, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸ ³µ¸µ£² ¸µ¢ ´´µ¥ ¸Ï¨-
¢ ´¨¥ Ô¢µ²ÕÍ¨° ¤µ¸É¨£ ¥É¸Ö, ¥¸²¨ ÔÉµ³Ê ¡µ§µ´Ê ¶·¨¶¨¸Ò¢ ¥É¸Ö µ¤¨´ ¨ ÉµÉ
¦¥ ¨³¶Ê²Ó¸ ± ± ´  ¡µ²ÓÏ¨Ì, É ± ¨ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ [63]. ‚ ÔÉµ³ ¸²Ê-
Î ¥ ¨³¶Ê²Ó¸ ÔÉµ£µ ¡µ§µ´  ¢Ò¸ÉÊ¶ ¥É ¢ ± Î¥¸É¢¥ ¶¥·¥³¥´´µ° ¨´É¥£·¨·µ¢ ´¨Ö ¢
³¥§µ´´ÒÌ ¶¥É²ÖÌ.

‚ É ±µ° É· ±Éµ¢±¥ [50,59] ´¥µ¡Ìµ¤¨³µ · §²¨Î ÉÓ ¢ Ö¢´µ³ ¢¨¤¥ Ë ±Éµ·¨§Ê-
¥³Ò¥ ¨ ´¥Ë ±Éµ·¨§Ê¥³Ò¥ ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò. ‚ Ë ±Éµ·¨§Ê¥³ÒÌ ¤¨ £· ³³ Ì
¢¨·ÉÊ ²Ó´Ò° ³¥§µ´ ¢ ¶¥É²¥ ¶·¨´ ¤²¥¦¨É µ¤´µ³Ê ¨ Éµ³Ê ¦¥ Éµ±Ê (¶²µÉ´µ¸É¨) ¢
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µ¶¥· Éµ·´µ° ¢¥·Ï¨´¥, ¨ É ± Ö ³¥§µ´´ Ö ¶¥É²Ö  ¸¸µÍ¨¨·Ê¥É¸Ö ¸ ¸¥±Éµ·µ³ ¸¨²Ó-
´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. �¥Ë ±Éµ·¨§Ê¥³Ò¥ ¤¨ £· ³³Ò, ¢ ±µÉµ·ÒÌ ¢¨·ÉÊ ²Ó´Ò°
³¥§µ´ ¸¢Ö§Ò¢ ¥É · §´Ò¥ Éµ±¨ (¶²µÉ´µ¸É¨) ¢ µ¶¥· Éµ·´µ° ¢¥·Ï¨´¥, µÉ´µ¸ÖÉ¸Ö ±
¸¥±Éµ·Ê ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. ’ ± ± ± Ë ±Éµ·¨§Ê¥³Ò¥ ¨ ´¥Ë ±Éµ·¨§Ê¥³Ò¥
¶µ¶· ¢±¨ µÉ´µ¸ÖÉ¸Ö ± · §´Ò³ ¸¥±Éµ· ³ ¢§ ¨³µ¤¥°¸É¢¨°, Éµ ¤²Ö ´¨Ì ¢¢µ¤ÖÉ¸Ö
¤¢¥ ´¥§ ¢¨¸¨³Ò¥ Ï± ²Ò “”-µ¡·¥§ ´¨Ö: λc Å ¤²Ö Ë ±Éµ·¨§Ê¥³ÒÌ ¨ Λc Å ¤²Ö
´¥Ë ±Éµ·¨§Ê¥³ÒÌ ¤¨ £· ³³.

‚ · ¡µÉ Ì [50, 59] ´ ·Ö¤Ê ¸ · §²µ¦¥´¨¥³ ¶µ 1/Nc É ±¦¥ ¨¸¶µ²Ó§µ¢ -
²µ¸Ó · §²µ¦¥´¨¥ ¶µ ¢´¥Ï´¥³Ê ¨³¶Ê²Ó¸Ê p. „²Ö ÊÎ¥É  µ¤´µ¶¥É²¥¢ÒÌ ¶µ¶· -
¢µ± ¤µ p2/Nc-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ ¨¸¶µ²Ó§µ¢ ² ¸Ó 1/Nc-Î ¸ÉÓ ÔËË¥±É¨¢-
´µ£µ ±¨· ²Ó´µ£µ ² £· ´¦¨ ´  ¸ p4-Î²¥´ ³¨, µ¶¨¸Ò¢ ¥³Ò³¨ ±µÔËË¨Í¨¥´É ³¨
ƒ ¸¸¥· Ä‹¥°É¢¨²¥·  L5,8 ¨ H2:

L(1/Nc)
eff =

F 2
0

4

[
tr (DµU †DµU) + r tr (mU † + Um†)+

+
a

4Nc
[tr (ln U † − ln U)]2

]
+ rL5tr [DµU †DµU(m†U + U †m)]+

+ r2L8 tr (m†Um†U + mU †mU †) + r2H2 tr (m†m),

£¤¥ r = −2〈q̄q〉/F 2
0 . ’·¥É¨° Î²¥´ ¢ L(1/Nc)

eff ´ ·ÊÏ ¥É UA(1)-¸¨³³¥É·¨Õ ¨
¶·¨¢µ¤¨É ± · ¸Ð¥¶²¥´¨Õ ³ ¸¸ η- ¨ η′-³¥§µ´µ¢. —²¥´ ¸ ±µÔËË¨Í¨¥´Éµ³ L5

Ë¨§¨Î¥¸±¨ Ô±¢¨¢ ²¥´É¥´ É·¥ÉÓ¥³Ê Î²¥´Ê ² £· ´¦¨ ´  (45).
‚ ¸²ÊÎ ¥ (Éµ±×Éµ±)-µ¶¥· Éµ·µ¢ ¤·¥¢¥¸´Ò¥ ¤¨ £· ³³Ò ¸ ¢¥·Ï¨´ ³¨, ¢µ§-

´¨± ÕÐ¨³¨ ¨§ p2- ¨ p4-Î ¸É¥° ² £· ´¦¨ ´  L(1/Nc)
eff , ¨ µ¤´µ¶¥É²¥¢Ò¥ ¢±² ¤Ò

¸ p2-¢¥·Ï¨´ ³¨ ¨³¥ÕÉ ¶µ·Ö¤±¨ O(p2), O(p4) ¨ O(p2/Nc) ¸µµÉ¢¥É¸É¢¥´´µ.
„²Ö µ¶¥· Éµ·µ¢ ¸µ ¸É·Ê±ÉÊ·µ° ¶²µÉ´µ¸ÉÓ× ¶²µÉ´µ¸ÉÓ É¥ ¦¥ ¤¨ £· ³³Ò ¤ ÕÉ
¢±² ¤Ò ¶µ·Ö¤±  O(p2), O(p4) ¨ O(p2/Nc) ¸µµÉ¢¥É¸É¢¥´´µ. Š¢ ¤· É¨Î´Ò¥ ¨
²µ£ ·¨Ë³¨Î¥¸±¨¥ · ¸Ìµ¤¨³µ¸É¨ ¶µ λc, ¢µ§´¨± ÕÐ¨¥ ¢ Ë ±Éµ·¨§Ê¥³ÒÌ ¶¥É²¥-

¢ÒÌ ¤¨ £· ³³ Ì, ¶µ£²µÐ ÕÉ¸Ö ¶¥·¥´µ·³¨·µ¢±µ° ² £· ´¦¨ ´  L(1/Nc)
eff ¢ ¤ÊÌ¥

¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°. �É¸ÊÉ¸É¢¨¥ “”-· ¸Ìµ¤¨³µ¸É¥° ¢
ÔÉµ³ ¸²ÊÎ ¥ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ · §³¥·´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ, ±µÉµ· Ö Ö¢²Ö-
¥É¸Ö É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ°.

’ ± ± ± ¢ ·¥§Ê²ÓÉ É¥ ¶·µÍ¥¤Ê·Ò ¶¥·¥´µ·³¨·µ¢±¨ Ï± ²  λc ¨¸Î¥§ ¥É ¶µ²-
´µ¸ÉÓÕ, ¸Ï¨¢ ´¨¥ Ô¢µ²ÕÍ¨° ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ¢ ¶µ²´µ°
Ë¨§¨Î¥¸±µ°  ³¶²¨ÉÊ¤¥ ¢ ¸²ÊÎ ¥ (Éµ±× Éµ±)-µ¶¥· Éµ·µ¢ Q1,2 ¸É ´µ¢¨É¸Ö ¢µ§-
³µ¦´µ° Éµ²Ó±µ ¶·¨ µÉµ¦¤¥¸É¢²¥´¨¨ Š•„-Ï± ²Ò µ ¸µ Ï± ²µ° “”-µ¡·¥§ ´¨Ö
Λc, ¢µ§´¨± ÕÐ¥° ¢ ´¥Ë ±Éµ·¨§Ê¥³ÒÌ ¤¨ £· ³³ Ì. �·¨ ¢ÒÎ¨¸²¥´¨¨ ´¥Ë ±-
Éµ·¨§Ê¥³ÒÌ ¶¥É²¥¢ÒÌ ¢±² ¤µ¢ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì (Éµ±×Éµ±)-µ¶¥· Éµ·µ¢
¢µ§´¨± ÕÉ ± ± ²µ£ ·¨Ë³¨Î¥¸±¨¥, É ± ¨ ±¢ ¤· É¨Î´Ò¥ ¶µ Λc · ¸Ìµ¤¨³µ¸É¨.
�·¨ ¸Ï¨¢ ´¨¨ ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨° ´  Ï± ²¥ Λc = µ ¶µ-
¸²¥¤´ÖÖ ¢ ·Ó¨·µ¢ ² ¸Ó ¢ ¤¨ ¶ §µ´¥ §´ Î¥´¨° µÉ 0,6 ¤µ 0,9 ƒÔ‚.
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� ²¨Î¨¥ ±¢ ¤· É¨Î´ÒÌ ¶µ Λc Î²¥´µ¢ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì 〈Q1,2〉0 ¶·¨-
¢µ¤¨É ± §´ Î¨É¥²Ó´µ³Ê Ê¸¨²¥´¨Õ ¶¥·¥Ìµ¤µ¢ ¸ ∆I = 1/2, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ
É¥µ·¥É¨Î¥¸±µ¥ §´ Î¥´¨¥  ³¶²¨ÉÊ¤Ò a0 ¶·¨Ìµ¤¨É ¢ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´-
Éµ³ [50]. ‚ Éµ ¦¥ ¢·¥³Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q1,2〉2 µ± §Ò¢ ÕÉ¸Ö ¶µ¤ ¢²¥´-
´Ò³¨ ´ ³´µ£µ ¸¨²Ó´¥¥, Î¥³ ÔÉµ É·¥¡Ê¥É¸Ö ¤²Ö µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
§´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò a2. �µ²¥¥ Éµ£µ, ¢ Ê± § ´´µ³ ¤¨ ¶ §µ´¥ ¨§³¥´¥´¨° Λc

³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q1,2〉2 ¤ ¦¥ ³¥´ÖÕÉ §´ ± ´  ¶·µÉ¨¢µ¶µ²µ¦´Ò°. ‚ É¥·-

³¨´ Ì ¶ · ³¥É·µ¢ B
(∆I)
i ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° [50] ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢

¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

B
(1/2)
1 = 8,2 ÷ 14,2; B

(1/2)
2 = 2,9 ÷ 4,6 (51)

¨
B

(3/2)
1 = B

(3/2)
2 = 0,11 ÷−0,61.

‡¤¥¸Ó ¶·¥¤¥²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ B
(∆I)
i µÉ¢¥Î ÕÉ ´¨¦´¥° ¨ ¢¥·Ì´¥°

£· ´¨Í ³ ¨´É¥·¢ ²  Λc = 0,6 ÷ 0,9 ƒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ.
„²Ö µ¶¥· Éµ·µ¢, ¨³¥ÕÐ¨Ì ¸É·Ê±ÉÊ·Ê ¶²µÉ´µ¸ÉÓ×¶²µÉ´µ¸ÉÓ, ²¨¤¨·ÊÕÐ¨¥

´¥Ë ±Éµ·¨§Ê¥³Ò¥ ¢±² ¤Ò ¶µ·Ö¤±  O(p0/Nc) ¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q6,8〉
¸µ¤¥·¦ É Éµ²Ó±µ ²µ£ ·¨Ë³¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ Λc. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ-§ -
¢¨¸¨³µ¸ÉÓ ¢ 〈Q6,8〉 ¢µ§´¨± ¥É ´¥ Éµ²Ó±µ ¢¸²¥¤¸É¢¨¥ µÉµ¦¤¥¸É¢²¥´¨Ö Λc = µ,
´µ É ±¦¥ ¨§ Ô¢µ²ÕÍ¨¨ ¡¥£ÊÐ¥° ³ ¸¸Ò ¸É· ´´µ£µ ±¢ ·±  ¢ ³´µ¦¨É¥²¥ m−2

s (µ),
µ¡Ð¥³ ± ± ¤²Ö Ë ±Éµ·¨§Ê¥³ÒÌ, É ± ¨ ¤²Ö ´¥Ë ±Éµ·¨§Ê¥³ÒÌ ¶¥É²¥¢ÒÌ ¤¨ -

£· ³³. „²Ö ¤¨ ¶ §µ´  Λc = 0,6 ÷ 0,9 ƒÔ‚ ¶ · ³¥É·Ò B
(1/2)
6 ¨ B

(3/2)
8 ¶·¨´¨-

³ ÕÉ §´ Î¥´¨Ö ¢ £· ´¨Í Ì [59]

B
(1/2)
6 = 1,10 ÷ 0,72; B

(3/2)
8 = 0,64 ÷ 0,42. (52)

Š¢ ¤· É¨Î´Ò¥ ¶µ Λc Î²¥´Ò ¢µ§´¨± ÕÉ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì µ¶¥· Éµ·µ¢
Q6,8, ´ Î¨´ Ö ¸ ¢Ò¸Ï¨Ì ¶µ¶· ¢µ± ¶µ·Ö¤±  O(p2/Nc), É. ¥. ¢ 1/Nc-¶µ¶· ¢± Ì
¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö. Š¢ ¤· É¨Î´Ò¥
¶µ Λc Î²¥´Ò ¤ ÕÉ ¡µ²ÓÏ¨¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ¶µ¶· ¢±¨ ¢ 〈Q6〉0, ´µ £µ· §¤µ
¸² ¡¥¥ ¢²¨ÖÕÉ ´  ¶µ¢¥¤¥´¨¥ 〈Q8〉2. Š ± ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ¥ [60], ¶µ¸²¥
ÊÎ¥É  ¶µ¶· ¢µ± ¶µ·Ö¤±  O(p2/Nc)

B
(1/2)
6 = 1,50 ÷ 1,62 (53)

¶·¨ ¨§³¥´¥´¨¨ Λc µÉ 0,6 ¤µ 0,9 ƒÔ‚.
‚ · ¡µÉ¥ [60] ¨¸¸²¥¤µ¢ ² ¸Ó § ¢¨¸¨³µ¸ÉÓ ¶·¥¤¸± § ´¨° ¤²Ö ε′/ε µÉ §´ Î¥-

´¨° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ É¥µ·¨¨ ¶·¨ ¨Ì · ¢´µ³¥·´µ³ ¢ ·Ó¨·µ¢ ´¨¨ ¢ ¶·¥¤¥-
² Ì

125 � ms(1 ƒÔ‚) � 175 ŒÔ‚, 0,15 � ΩIB � 0,35,

245 � Λ(4)

MS
� 405 ŒÔ‚, 1,04 � Im λt · 104 � 1,63.

(54)
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‚ · ¡µÉ¥ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¢¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ, ¢ÒÎ¨¸²¥´´Ò¥ ¢
²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ Š•„,   É ±¦¥ ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ¢
NDR- ¨ HV-¸Ì¥³ Ì.

’ ± ± ± ³´¨³Ò¥ Î ¸É¨ ³¥§µ´´ÒÌ ¶¥É¥²Ó, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¢ÒÎ¨¸²¥-
´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi〉I , µ± § ²¨¸Ó ¸²¨Ï±µ³ ³ ²Ò³¨, ÎÉµ¡Ò µ¡¥¸-
¶¥Î¨ÉÓ µ¶¨¸ ´¨¥ Ë § ππ-¶¥·¥· ¸¸¥Ö´¨Ö δ0,2 ¢ ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ · ¸¶ -
¤µ¢ K → 2π, ÔÉ¨ Ë §Ò ÊÎ¨ÉÒ¢ ²¨¸Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±¨. „²Ö ÔÉµ£µ ·¥ ²Ó-
´Ò¥ Î ¸É¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi〉0,2, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´µ³
1/Nc-¶µ¤Ìµ¤¥, ¤µ³´µ¦ ²¨¸Ó ¢ Ëµ·³Ê²¥ ¤²Ö µÍ¥´±¨ ε′/ε ´  (cos δ0,2)−1 ¸µµÉ-
¢¥É¸É¢¥´´µ. „²Ö Í¥´É· ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·µ¢ (54) ¡¥§ ÊÎ¥É  ¶µ¶· ¢µ±

¶µ·Ö¤±  O(p2/Nc) ¢ ³ É·¨Î´µ³ Ô²¥³¥´É¥ 〈Q6〉0, É. ¥. ¶·¨ B
(1/2)
6 ¢ ¤¨ ¶ §µ´¥

(52), ¤²Ö µÉ´µÏ¥´¨Ö ε′/ε ¡Ò²¨ ¶µ²ÊÎ¥´Ò µ£· ´¨Î¥´¨Ö [60]:

4,2 � ε′/ε · 104 � 9,5 (A), 5,8 � ε′/ε · 104 � 12,9 (B).

‡¤¥¸Ó (A) Å ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¡¥§ ÊÎ¥É  Ë § ππ-¶¥·¥· ¸¸¥Ö´¨Ö (δ0,2 =
0),   (B) Å ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ÊÎ¥Éµ³ Ë § δ0,2. �¨¦´¨¥ ¨ ¢¥·Ì´¨¥ £· -
´¨ÍÒ ¤²Ö ε′/ε µÉ¢¥Î ÕÉ ¶·¥¤¥² ³ Λc = 0,6÷0,9 ƒÔ‚. �·¨ ¢ ·Ó¨·µ¢ ´¨¨ ¢¸¥Ì
¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¢ ¨´É¥·¢ ² Ì (54) ¶µ²ÊÎ ÕÉ¸Ö ¡µ²¥¥ Ï¨·µ±¨¥ £· ´¨ÍÒ
¤²Ö ε′/ε:

1,5 � ε′/ε · 104 � 23,2 (A), 1,9 � ε′/ε · 104 � 31,6 (B).

’ ±¨³ µ¡· §µ³, ¶·¨ §´ Î¥´¨ÖÌ (52) ¶ · ³¥É·µ¢ B
(1/2)
6 ¨ B

(3/2)
8 ¢ · ³± Ì

¶µ¤Ìµ¤  [50, 59, 60], ± ± ¨ ¢ ¸É ´¤ ·É´µ³ 1/Nc-¶µ¤Ìµ¤¥ [54], ¶·¥¤¸± § ´¨Ö
¤²Ö ε′/ε ¤µ¸É¨£ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´µ£µ Ê·µ¢´Ö Éµ²Ó±µ ¢ ¸²ÊÎ ¥,
±µ£¤  ¢¸¥ ¢Ìµ¤´Ò¥ ¶ · ³¥É·Ò ¸É ´µ¢ÖÉ¸Ö ¡²¨§±¨³¨ ± ¸¢µ¨³ Ô±¸É·¥³ ²Ó´Ò³
§´ Î¥´¨Ö³.

�µ¶· ¢±¨ ¶µ·Ö¤±  O(p2/Nc) ¤ ÕÉ ¡µ²ÓÏµ° ¶µ²µ¦¨É¥²Ó´Ò° ¢±² ¤ ¢ ³ -
É·¨Î´Ò° Ô²¥³¥´É 〈Q6〉0, ÎÉµ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ §´ Î¥´¨° ¶ · ³¥É· 

B
(1/2)
6 (¸³. (53)) ¨ Ê¸¨²¥´¨Õ ε′/ε [60]:

7,0 � ε′/ε · 104 � 19,4 (A), 9,3 � ε′/ε · 104 � 24,7 (B)

¤²Ö Í¥´É· ²Ó´ÒÌ §´ Î¥´¨° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ (54) ¨ Λc = 0,6 ÷ 0,9 ƒÔ‚;

2,2 � ε′/ε · 104 � 49,8 (A), 2,8 � ε′/ε · 104 � 63,9 (B)

¶·¨ · ¢´µ³¥·´µ³ ¢ ·Ó¨·µ¢ ´¨¨ ¢¸¥Ì ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¢ Ê± § ´´ÒÌ ¢ÒÏ¥
¶·¥¤¥² Ì. ’ ±¨³ µ¡· §µ³, ÊÎ¥É ¶µ¶· ¢µ± ¶µ·Ö¤±  O(p2/Nc) ¶µ§¢µ²Ö¥É ¶·¨¢¥-
¸É¨ ¢ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ µ£· ´¨Î¥´¨Ö ´  ε′/ε, ¶µ²ÊÎ¥´´Ò¥ ¢ ³µ¤¨Ë¨-
Í¨·µ¢ ´´µ³ 1/Nc-¶µ¤Ìµ¤¥ [50, 59, 60]. �¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ §´ Î¥´¨ÖÌ ¢Ìµ¤-
´ÒÌ ¶ · ³¥É·µ¢ É¥µ·¨¨ (54),   É ±¦¥ Ï± ²Ò Λc = µ, ´  ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É
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¸Ï¨¢ ´¨¥ ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨°, ¶·¨¢µ¤ÖÉ ± §´ Î¨É¥²Ó´µ³Ê
· §¡·µ¸Ê ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° ε′/ε. „µ¶µ²´¨É¥²Ó´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ´ 
Ê·µ¢´¥ ∼ 25 % ¢µ§´¨± ¥É ¨§-§  µÉ¸ÊÉ¸É¢¨Ö µ¶¨¸ ´¨Ö Ë § ππ-¶¥·¥· ¸¸¥Ö´¨Ö,
±µÉµ·Ò¥ ¢  ´ ²¨§¥ [60] ÊÎ¨ÉÒ¢ ²¨¸Ó Ë¥´µ³¥´µ²µ£¨Î¥¸±¨.

‚ ´¥¤ ¢´¥° · ¡µÉ¥ [61] ¢ÒÎ¨¸²¥´¨Ö ¤²Ö ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ Q6,8

¡Ò²¨ ¶µ¢Éµ·¥´Ò ¢ Éµ³ ¦¥ ¶µ¤Ìµ¤¥, ´µ ¸ ¤µ¶µ²´¨É¥²Ó´Ò³ ÊÎ¥Éµ³ ρ-·¥§µ´ ´¸-
´ÒÌ µ¡³¥´µ¢. ‚±²ÕÎ¥´¨¥ ¢ · ¸¸³µÉ·¥´¨¥ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¶·¨¢µ¤¨É ±
Ê¸É· ´¥´¨Õ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì 〈Q6,8〉 ±¢ ¤· É¨Î´µ° § ¢¨¸¨³µ¸É¨ µÉ ¶ -
· ³¥É·  µ¡·¥§ ´¨Ö Λc, ¶µÖ¢²Ö¢Ï¥°¸Ö ¢ · ¸Î¥É Ì [60], ´ Î¨´ Ö ¸ ¶µ·Ö¤± 
O(p2/Nc). ‚ ·¥§Ê²ÓÉ É¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¸µ-
¤¥·¦ É Éµ²Ó±µ ²µ£ ·¨Ë³¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ Λc, ¡² £µ¤ ·Ö Î¥³Ê Ê²ÊÎÏ -
¥É¸Ö ¸Ï¨¢ ´¨¥ ¶µ¸²¥¤´¥° ¸ ²µ£ ·¨Ë³¨Î¥¸±µ° µ-§ ¢¨¸¨³µ¸ÉÓÕ ¢¨²Ó¸µ´µ¢¸±¨Ì
±µÔËË¨Í¨¥´Éµ¢. �¥¸µ³´¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¶µ¢Éµ·¥´¨¥ ¡µ²¥¥ ¸²µ¦-
´ÒÌ ¢ÒÎ¨¸²¥´¨° [50] ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ´¥¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ 〈Q1,2〉
¢ Éµ³ ¦¥ ¶µÌµ¤¥, ´µ ¸ ÊÎ¥Éµ³ ¢¥±Éµ·´ÒÌ ·¥§µ´ ´¸µ¢.

‡´ Î¨É¥²Ó´µ¥ Ê²ÊÎÏ¥´¨¥ ¸Ï¨¢ ´¨Ö ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸¸ÉµÖ-
´¨° ¢ 1/Nc-¶µ¤Ìµ¤¥ ¤µ¸É¨£´ÊÉµ ¢ · ¡µÉ¥ [62], £¤¥ ¶ · ³¥É· “”-µ¡·¥§ ´¨Ö M
¢ µ¤´µ¶¥É²¥¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì 〈Qi(M)〉 · ¸¸³ É·¨¢ ¥É¸Ö ± ± ËÊ´±-
Í¨Ö µÉ ÉµÎ±¨ ¶¥·¥´µ·³¨·µ¢±¨ µ, É. ¥. M = M(µ) (ËÊ´±Í¨µ´ ²Ó´µ¥ ¨³-
¶Ê²Ó¸´µ¥ µ¡·¥§ ´¨¥). ‚¨¤ ËÊ´±Í¨¨ M(µ) µ¶·¥¤¥²Ö¥É¸Ö É·¥¡µ¢ ´¨¥³, ÎÉµ¡Ò
Š•„-Ô¢µ²ÕÍ¨Ö ´  ´¨¦´¥³ ¨´Ë· ±· ¸´µ³ ¶·¥¤¥²¥ µ ¸Ï¨¢ ² ¸Ó  ´ ²¨É¨Î¥-
¸±¨ ¸ µ¤´µ¶¥É²¥¢µ° Ô¢µ²ÕÍ¨¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ´  ¢¥·Ì´¥³ “”-¶·¥¤¥²¥
M(µ = Λχ ≈ 1 ƒÔ‚). �·¨ ÔÉµ³ µ¡¥ Ô¢µ²ÕÍ¨¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢ ²¨¤¨·ÊÕÐ¥³
¶µ·Ö¤±¥ 1/Nc-· §²µ¦¥´¨Ö. „²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi(M)〉
¨¸¶µ²Ó§Ê¥É¸Ö ² £· ´¦¨ ´ (50) ¨ É  ¦¥ ·¥£Ê²Ö·¨§ Í¨Ö µ¤´µ¶¥É²¥¢ÒÌ ¨´É¥£· -
²µ¢, ÎÉµ ¨ ¢ · ¡µÉ¥ [56], ´µ Ê¤¥·¦¨¢ ÕÉ¸Ö Éµ²Ó±µ ±¢ ¤· É¨Î´Ò¥ ¶µ M ¢±² ¤Ò
¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ m2

π, m2
K � Λ2

χ.

ˆ§ Ê¸²µ¢¨Ö  ´ ²¨É¨Î¥¸±µ£µ ¸Ï¨¢ ´¨Ö Ô¢µ²ÕÍ¨° ´  ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ
· ¸¸ÉµÖ´¨ÖÌ ¤²Ö ËÊ´±Í¨µ´ ²Ó´µ£µ ¨³¶Ê²Ó¸´µ£µ µ¡·¥§ ´¨Ö ¡Ò²  ¶µ²ÊÎ¥´  ²µ-
£ ·¨Ë³¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ µÉ µ [62]:

4M2(µ)
Λ2

F

≈ 3αs

4π
+

3αs

4π
ln

(
µ2

µ2
0

)
,

£¤¥ µ0 ¨ ΛF ∼ Λχ ∼ 1 ƒÔ‚ Å ´¥±µÉµ·Ò¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ Ï± ²Ò,
¶·¨Î¥³ M(µ = Λχ ≈ 1 ƒÔ‚) ≈ 0,71+0,11

−0,10 ƒÔ‚. ˆ§ Ê¸²µ¢¨° ¸Ï¨¢ ´¨Ö
É ±¦¥ Ë¨±¸¨·Ê¥É¸Ö §´ Î¥´¨¥ ³ ¸¸Ò ¸É· ´´µ£µ ±¢ ·±  ´  ±¨· ²Ó´µ° Ï± ²¥
ms(µ = Λχ) = 196 ŒÔ‚. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²´ Ö Ô¢µ²ÕÍ¨Ö  ¤·µ´´ÒÌ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ ¸µ¤¥·¦¨É Éµ²Ó±µ ²µ£ ·¨Ë³¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ µÉ µ.
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‚ É¥·³¨´ Ì Ë ±Éµ·µ¢ B
(∆I)
i (M(µ)) ¢ ÉµÎ±¥ ¢ÒÎ¨É ´¨Ö µ ≈ 1 ƒÔ‚ ·¥§Ê²Ó-

É ÉÒ · ¡µÉÒ [62] ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

B
(1/2)
1 = 6,0+2,0

−1,3, B
(1/2)
2 = 2,6+0,4

−0,3, B
(3/2)
1 = 0,55+0,09

−0,06,

B
(1/2)
6 = 3,2+0,7

−0,4, B
(3/2)
8 = 1,

£¤¥ µÏ¨¡±¨ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° µ¡Ê¸²µ¢²¥´Ò ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³¨ ¢
Ë¨±¸ Í¨¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì Ï± ²:

ΛQCD = (325 ± 80) ŒÔ‚, µ0 ≈ ΛF

√
3αs(µ0)/(16π) ≈ (453 ± 70) ŒÔ‚,

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É αs(µ0)/(4π) ≈ 0,19+0,06
−0,05. ‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ §´ Î¥´¨Ö ¢¨²Ó-

¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢, ¢ÒÎ¨¸²¥´´ÒÌ ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ Š•„ ¢ ÉµÎ±¥
¶¥·¥´µ·³¨·µ¢±¨ µ = Λχ ≈ 1 ƒÔ‚, ¨ ¸ ÊÎ¥Éµ³ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ Ë §Ò
ππ-· ¸¸¥Ö´¨Ö δ0,2 (13) ¤²Ö ¨§µÉµ¶¨Î¥¸±¨Ì  ³¶²¨ÉÊ¤ · ¸¶ ¤µ¢ K → 2π ¡Ò²¨
¶µ²ÊÎ¥´Ò µÍ¥´±¨

a0 = (3,6+1,1
−0,5) · 10−4(cos δ0)−1 = (4,4+1,3

−0,9) · 10−4 ŒÔ‚,

a2 = (0,17 ± 0,03) · 10−4(cos δ2)−1 = (0,17 ± 0,03) · 10−4 ŒÔ‚,

Ìµ·µÏµ ¸µ£² ¸ÊÕÐ¨¥¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ (12). „²Ö ´¨¦´¥£µ
¨ ¢¥·Ì´¥£µ ¶·¥¤¥²µ¢ §´ Î¥´¨° 0,7 · 10−4 � Im λt � 1,4 · 10−4 ¶·¨ ΩIB ≈
0,16 [44] ¢ · ¡µÉ¥ [62] ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ µ£· ´¨Î¥´¨Ö ¤²Ö µÉ´µÏ¥´¨Ö
ε′/ε:

13,8+7,2
−4,5 · 10−4 � ε′/ε � 33,6+17,6

−11,1 · 10−4.

7. Šˆ��‹œ��Ÿ Š‚��Š�‚�Ÿ Œ�„…‹œ

‚ µ¸´µ¢¥ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ [49, 64, 65] ²¥¦¨É · ¸Ï¨·¥´´ Ö
³µ¤¥²Ó �ˆ‹ ¸ ²¥£±¨³¨ (¸µ¸É ¢²ÖÕÐ¨³¨) ±¢ ·± ³¨, ¸¢Ö§ ´´Ò³¨ ¸ £µ²¤¸Éµ-
Ê´µ¢¸±¨³¨ ³¥§µ´ ³¨ Î¥·¥§ ¢§ ¨³µ¤¥°¸É¢¨¥

Lint
χQM = −M(q̄RUqL + q̄LU †qR), (55)

£¤¥ M Å ³ ¸¸  ¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·± , ¢µ§´¨± ÕÐ Ö ¢³¥¸É¥ ¸ ±¢ ·±µ¢Ò³
±µ´¤¥´¸ Éµ³ 〈q̄q〉 ¶·¨ ¸¶µ´É ´´µ³ ´ ·ÊÏ¥´¨¨ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. ‚ É -
±µ³ ¶µ¤Ìµ¤¥ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¢ ¶·µ¨§¢µ¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥ Ê¦¥ ¢Ò¶µ²-
´¥´µ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ¶µ²Ö³ ¦¥¸É±¨Ì £²Õµ´µ¢, ¨³¶Ê²Ó¸ ±µÉµ·ÒÌ µ£· ´¨Î¥´
¸´¨§Ê Ï± ²µ° ±¨· ²Ó´µ£µ ´ ·ÊÏ¥´¨Ö Λχ, ¨£· ÕÐ¥° ·µ²Ó ¨´Ë· ±· ¸´µ£µ µ¡-
·¥§ ´¨Ö. �ËË¥±É µ¸É ÉµÎ´ÒÌ ´¨§±µÎ ¸ÉµÉ´ÒÌ ³µ¤ µ¶¨¸Ò¢ ¥É¸Ö £²Õµ´´Ò³
±µ´¤¥´¸ Éµ³ 〈αsGG/π〉,   ¸µ¸É ¢²ÖÕÐ¨¥ ±¢ ·±¨ · ¸¶·µ¸É· ´ÖÕÉ¸Ö ¢ Ë¨±¸¨-
·µ¢ ´´µ³ Ëµ´¥ ³Ö£±¨Ì £²Õµ´µ¢.
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ƒµ²¤¸ÉµÊ´µ¢¸±¨¥ ¡µ§µ´Ò ¨ ³Ö£±¨¥ £²Õµ´Ò ¢Ò¸ÉÊ¶ ÕÉ ¢ É ±µ³ ¶µ¤Ìµ¤¥ ¢
± Î¥¸É¢¥ ¢´¥Ï´¨Ì ¶µ²¥°. Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ-
·µ¢ Qi, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¸ ¶µ³µÐÓÕ ¨´É¥£·¨·µ¢ -
´¨Ö ¶µ ¶¥É²Ö³ ¨§ ¸µ¸É ¢²ÖÕÐ¨Ì ±¢ ·±µ¢, § ¢¨¸ÖÉ µÉ γ5-¸Ì¥³Ò ¨¸¶µ²Ó§Ê¥³µ°
· §³¥·´µ° ·¥£Ê²Ö·¨§ Í¨¨, ´µ ´¥ ¸µ¤¥·¦ É § ¢¨¸¨³µ¸É¨ µÉ ± ±¨Ì-²¨¡µ Ï± ².
�µ¸²¥¤´ÖÖ ¢µ§´¨± ¥É ¶·¨ · ¸¸³µÉ·¥´¨¨ ³¥§µ´´ÒÌ ¶¥É¥²Ó, ±µÉµ·Ò¥ É ±¦¥ ¢Ò-
Î¨¸²ÖÕÉ¸Ö ¢ · §³¥·´µ° ·¥£Ê²Ö·¨§ Í¨¨ ¨ ¸µ¤¥·¦ É ²µ£ ·¨Ë³¨Î¥¸±ÊÕ § ¢¨¸¨-
³µ¸ÉÓ µÉ µ̃. ‚ µÉ²¨Î¨¥ µÉ ¸É ´¤ ·É´µ° ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ ±¨-
· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ ¤·¥¢¥¸´Ò¥ ±µ´É·Î²¥´Ò ¸Î¨É ÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨
µÉ µ̃ ¨ Ë¨±¸¨·ÊÕÉ¸Ö ¨§ ¡µ§µ´¨§ Í¨¨ ³µ¤¥²¨ �ˆ‹,   § ¢¨¸¨³µ¸ÉÓ µÉ Ï± ²Ò
µ̃ ¸Ï¨¢ ¥É¸Ö ¸ µ-§ ¢¨¸¨³µ¸ÉÓÕ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ¢
´ ¨¢´µ³ ¶·¨¡²¨¦¥´¨¨ µ̃ = µ.

ˆ´É¥£·¨·µ¢ ´¨¥ ¶µ ±¢ ·±µ¢Ò³ ¸É¥¶¥´Ö³ ¸¢µ¡µ¤Ò ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³
¶·¨¢µ¤¨É ± ÔËË¥±É¨¢´µ³Ê ¡µ§µ´´µ³Ê ¶·¥¤¸É ¢²¥´¨Õ ¤²Ö ±¢ ·±µ¢µ£µ ² £· ´-
¦¨ ´  ´¥²¥¶Éµ´´ÒÌ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸ ∆S = 1. ‚ ¶µ²´µ³ ±¨· ²Ó-
´µ³ ¶·¥¤¸É ¢²¥´¨¨ ÔÉµ£µ ² £· ´¦¨ ´  ¢ p2-¶µ·Ö¤±¥ [64] ± ¦¤Ò° ²µ± ²Ó´Ò°
Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò° µ¶¥· Éµ· Qi ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ²¨´¥°´µ° ±µ³¡¨´ Í¨¨
¡µ§µ´´ÒÌ µ¶¥· Éµ·µ¢ Bα,   ¨³¥´´µ Qi →

∑
α G(Qi)αBα. ‚ ·¥§Ê²ÓÉ É¥ ÔË-

Ë¥±É¨¢´Ò° ±¢ ·±µ¢Ò° ² £· ´¦¨ ´ (4) § ³¥´Ö¥É¸Ö ´  ¡µ§µ´¨§µ¢ ´´Ò°:

L(p2)
χQM(∆S = 1) =

GF√
2

VudV
∗
us

∑
i,α

Ci(µ)Gα(Qi)Bα, (56)

£¤¥ ¸É·Ê±ÉÊ·´Ò¥ ±µÔËË¨Í¨¥´ÉÒ Gα ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ § ¢¨¸ÖÉ µÉ
γ5-¸Ì¥³Ò. �É  § ¢¨¸¨³µ¸ÉÓ Î ¸É¨Î´µ ±µ³¶¥´¸¨·Ê¥É¸Ö (´  ¶µ²Ê±µ²¨Î¥¸É¢¥´-
´µ³ Ê·µ¢´¥) § ¢¨¸¨³µ¸ÉÓÕ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ µÉ ¢Ò¡µ·  ¸Ì¥³Ò
·¥£Ê²Ö·¨§ Í¨¨ ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ¶µ αs.

Š¨· ²Ó´ Ö ±¢ ·±µ¢ Ö ³µ¤¥²Ó ¶µ§¢µ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ · §²µ¦¥´¨¥ ³¥§µ´´ÒÌ
 ³¶²¨ÉÊ¤ ¶µ ¸É¥¶¥´Ö³ ¶ · ³¥É·µ¢ M2/Λχ ¨ p2/Λχ. ‚¸¥ ¢Ìµ¤´Ò¥ ¶ · ³¥É·Ò
³µ¤¥²¨, 〈q̄q〉, 〈αsGG/π〉 ¨ M , Ë¨±¸¨·ÊÕÉ¸Ö ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥-
´¨Ö³  ³¶²¨ÉÊ¤ a0,2. ’·¥¡µ¢ ´¨¥ ³¨´¨³¨§ Í¨¨ § ¢¨¸¨³µ¸É¨ µÉ γ5-¸Ì¥³Ò ¶µ-
§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ µ£· ´¨Î¥´¨Ö ´  ¨´É¥·¢ ² §´ Î¥´¨° ³ ¸¸Ò
¸µ¸É ¢²ÖÕÐ¥£µ ±¢ ·± .

‚ · ¡µÉ Ì [10, 49] ¶·µ¢¥¤¥´Ò ´ ¨¡µ²¥¥ ¶µ²´Ò¥ ¢ÒÎ¨¸²¥´¨Ö  ¤·µ´´ÒÌ
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi〉 ¢ p4-¶µ·Ö¤±¥ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨. �·¨

Λ(4)

MS
= (340 ± 40) ŒÔ‚ ¨§  ´ ²¨§   ³¶²¨ÉÊ¤ a0,2 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥

µÍ¥´±¨ ¤²Ö ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¤¥²¨:

M =200+5
−3 ŒÔ‚; 〈q̄q〉 = −(240+30

−10)
3 ŒÔ‚3;

〈αsGG/π〉 = (334 ± 4)4 ŒÔ‚4.
(57)

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° [49] ¢ HV-¸Ì¥³¥, ¶·¨ Í¥´É· ²Ó´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥-
É·µ¢ M ¨ 〈αsGG/π〉 ¨ ¢ ·Ó¨·µ¢ ´¨¨ 〈q̄q〉 ¢ Ê± § ´´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì
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¶·¥¤¥² Ì, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ É¥·³¨´ Ì ¶ · ³¥É·µ¢ B
(∆I)
i ¸²¥¤ÊÕÐ¨³ µ¡· -

§µ³:
B

(1/2)
1 = 9,5; B

(1/2)
2 = 2,9; B

(3/2)
1 = B

(3/2)
2 = 0,41;

B
(1/2)
0 = 1,6 ± 0,3; B

(3/2)
8 = 0,92 ± 0,02.

(58)

‚ · ¡µÉ¥ [10] ¤²Ö ¨´É¥·¢ ²  §´ Î¥´¨° 0,62 � Im λt · 104 � 1,4, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥£µ BK = (1,1 ± 0,2) [49], ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢¥²¨Î¨´Ò ΩIB =
0,25 ± 0,05 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ µ£· ´¨Î¥´¨Ö ´  ε′/ε:

ε′/ε = 17+14
−10 · 10−4.

‡¤¥¸Ó ÊÎÉ¥´Ò ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢¸¥Ì ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¤¥²¨, ±µÉµ·Ò¥
· ¢´µ³¥·´µ ¢ ·Ó¨·µ¢ ²¨¸Ó ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶·¥¤¥² Ì (57). �·¨ ÔÉµ³
Ï± ²  µ̃ = µ, ´  ±µÉµ·µ° ¶·µ¨§¢µ¤¨²µ¸Ó ¸Ï¨¢ ´¨¥ ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ
· ¸¸ÉµÖ´¨°, ¨§³¥´Ö² ¸Ó ³¥¦¤Ê 0,8 ¨ 1 ƒÔ‚.

�¤´µ¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö  ¡¸µ·¡É¨¢´ÒÌ Î ¸É¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
Im 〈Qi〉I ¢ · ³± Ì ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ [10, 49] ¶·¨¢µ¤ÖÉ ± Ë § ³
δ0 ≈ 20◦, δ2 ≈ −12◦, ¸µ£² ¸ÊÕÐ¨³¸Ö ¸ p4-¢ÒÎ¨¸²¥´¨Ö³¨ ¢ ¶µ¤Ìµ¤¥, µ¶¨¸ ´-
´µ³ ¢ · §¤. 2Ä4. �µ¸±µ²Ó±Ê ¢ p4-¶µ·Ö¤±¥ Ë §Ò δ0,2 ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö
µÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°, ¶µ¸²¥¤´¨¥ ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢  ´ ²¨§ [65]
Ë¥´µ³¥´µ²µ£¨Î¥¸±¨. „²Ö ÔÉµ£µ ¤¨¸¶¥·¸¨µ´´Ò¥ Î ¸É¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
Re 〈Qi〉I ¢ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ Ê³´µ¦ ²¨¸Ó ´  Ë¥´µ³¥´µ²µ£¨Î¥¸±¨°
³´µ¦¨É¥²Ó (cos δI)−1.

‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö Λ(4)

MS
= (340 ± 40) ŒÔ‚ ¨ µ = 0,6 ƒÔ‚ ¡Ò²¨ ¶µ²ÊÎ¥´Ò

¸²¥¤ÊÕÐ¨¥ µÍ¥´±¨ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ³µ¤¥²¨:
¢ HV-¸Ì¥³¥

M = 195+25
−15 ŒÔ‚, 〈q̄q〉 = −(235 ± 25)3 ŒÔ‚3,

〈αsGG/π〉 = (330 ± 5)4 ŒÔ‚4,

¢ NDR-¸Ì¥³¥

M = 195+15
−10 ŒÔ‚, 〈q̄q〉 = −(245 ± 15)3 ŒÔ‚3,

〈αsGG/π〉 = (333+7
−6)

4 ŒÔ‚4.

‘µµÉ¢¥É¸É¢¥´´µ ¢ HV-¸Ì¥³¥

B
(1/2)
1 = 9,3; B

(1/2)
2 = 2,8; B

(3/2)
1 = B

(3/2)
2 = 0,42;

B
(1/2)
6 = 1,9+0,8

−0,5; B
(3/2)
8 = 0,89,

¢ NDR-¸Ì¥³¥

B
(1/2)
1 = 9,7; B

(1/2)
2 = 2,9; B

(3/2)
1 = B

(3/2)
2 = 0,39;

B
(1/2)
6 = 1,2+0,3

−0,2; B
(3/2)
8 = 0,84.
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�·¨ ΩIB = 0,25 ± 0,10, Im λt = (1,14 ± 0,11) · 10−4 ¨ · ¢´µ³¥·´µ³ ¢ ·Ó¨-
·µ¢ ´¨¨ ¢¸¥Ì ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶·¥¤¥² Ì ¡Ò²¨ ¶µ-
²ÊÎ¥´Ò ´µ¢Ò¥ µ£· ´¨Î¥´¨Ö ¤²Ö µÉ´µÏ¥´¨Ö ε′/ε:

9 � ε′/ε · 104 � 48.

ƒ Ê¸¸µ¢¸± Ö É· ±Éµ¢±  ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¤ ¥É

ε′/ε = (22 ± 8) · 10−4.

8. Š•„ �� �…˜…’Š…

Š•„ ´  ·¥Ï¥É±¥ µ± § ² ¸Ó Ìµ·µÏµ ¶·¨³¥´¨³µ° ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î-
´µ£µ Ô²¥³¥´É  (K0−K̄0)-¸³¥Ï¨¢ ´¨Ö, µ¶·¥¤¥²ÖÕÐ¥£µ BK-Ë ±Éµ· (20). ‚ ¦-
´Ò³ ¢±² ¤µ³ Š•„ ´  ·¥Ï¥É±¥ ¢ Ë¥´µ³¥´µ²µ£¨Õ · ¸¶ ¤µ¢ K → 2π ³µ£²µ ¡Ò
¸É ÉÓ ¢ÒÎ¨¸²¥´¨¥ ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶µ¢ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ 〈(ππ)I |Qi|K〉 ≡ 〈Qi〉I , ¶·¥¤¸É ¢²ÖÕÐ¨Ì
¢±² ¤ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° ¢ ¶µ²´ÊÕ  ³¶²¨ÉÊ¤Ê (43). �¤´¨³ ¨§ ¶·¥¨³ÊÐ¥¸É¢
¨¸¶µ²Ó§µ¢ ´¨Ö  ¤·µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ-
·µ¢ 〈Qi〉I , ¢ÒÎ¨¸²¥´´ÒÌ ¢ · ³± Ì Š•„ ´  ·¥Ï¥É±¥, Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¢ ÔÉµ³
¸²ÊÎ ¥ § ¢¨¸¨³µ¸ÉÓ ± ± µÉ Ï± ²Ò ¶¥·¥´µ·³¨·µ¢±¨, É ± ¨ µÉ γ5-¸Ì¥³Ò ·¥£Ê-
²Ö·¨§ Í¨¨ ¶µ¤¤ ¥É¸Ö ¶µ²´µ³Ê É¥µ·¥É¨Î¥¸±µ³Ê ±µ´É·µ²Õ. �Éµ ¶µ§¢µ²Ö¥É, ¢
¶·¨´Í¨¶¥, ¶·µ¨§¢µ¤¨ÉÓ ¡µ²¥¥ ÉµÎ´µ¥ ¸Ï¨¢ ´¨¥ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É-
´ÒÌ ËÊ´±Í¨° ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ 〈Qi〉I ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³
¶µ·Ö¤±¥ ¶µ αs.

�µ²¥¥ Éµ£µ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö É¨¶¨Î´µ³Ê §´ Î¥´¨Õ µ¡· É´µ£µ ¶·µ¸É· ´-
¸É¢¥´´µ£µ Ï £  ·¥Ï¥É±¨ Ï± ²  ¶¥·¥´µ·³¨·µ¢±¨ µ = 2 ÷ 3 ƒÔ‚, ´  ±µÉµ·µ°
¶·µ¨§¢µ¤¨É¸Ö ¸Ï¨¢ ´¨¥, ´ Ìµ¤¨É¸Ö ± ± · § ¢ Éµ° µ¡² ¸É¨, £¤¥ ¢¨²Ó¸µ´µ¢¸±¨¥
±µÔËË¨Í¨¥´ÉÒ ³µ¦´µ ¢ÒÎ¨¸²ÖÉÓ ¸ µÎ¥´Ó ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ. ‚¨²Ó¸µ´µ¢-
¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ Ci(µ) ¢ Ï¨·µ±µ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° µ µÉ 1,5 ¤µ 10 ƒÔ‚
¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì [20, 21] ± ± ¢ ²¨¤¨·ÊÕÐ¥³, É ± ¨ ¢ ¸²¥¤ÊÕÐ¥³ § 
²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤± Ì ¶µ αs ¢ HV- ¨ NDR-¸Ì¥³ Ì ·¥£Ê²Ö·¨§ Í¨¨. ’ ± ± ±
Ï± ²  µ = 2÷3 ƒÔ‚ ¶·¥¢ÒÏ ¥É §´ Î¥´¨¥ mc, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢ ² £· ´¦¨ ´¥
(4) ¤µ²¦´Ò ¡ÒÉÓ ¢¢¥¤¥´Ò ¤µ¶µ²´¨É¥²Ó´µ ¥Ð¥ ¤¢  µ¶¥· Éµ· :

Qc
1 = 4s̄LγµdLc̄γµcL, Qc

2 = 4s̄LγµcLc̄LγµdL.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¨§-§  É·Ê¤´µ¸É¥° ¨§¢²¥Î¥´¨Ö Ë¨§¨Î¥¸±¨Ì ³´µ£µ-
Î ¸É¨Î´ÒÌ  ³¶²¨ÉÊ¤ ¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ [66] ´  ·¥Ï¥É±¥
³µ¦´µ ¢ÒÎ¨¸²ÖÉÓ ´¥¶µ¸·¥¤¸É¢¥´´µ Éµ²Ó±µ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈0|Qi|K〉 ¨
〈π|Qi|K〉. ”¨§¨Î¥¸±¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨§¢²¥± ÕÉ¸Ö § É¥³ ¸ ¶µ³µÐÓÕ
¸µµÉ´µÏ¥´¨° ³¥¦¤Ê  ³¶²¨ÉÊ¤ ³¨ ¶¥·¥Ìµ¤µ¢ K → 2π, K → π ¨ K → 0,
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¶µ²ÊÎ ¥³ÒÌ ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ ±¨· ²Ó´µ° É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° [67]. ’ ± Ö
¶·µÍ¥¤Ê·  ¸ ¸ ³µ£µ ´ Î ²  ´¥ ¨¸±²ÕÎ ¥É ¢µ§³µ¦´µ¸É¨ ¢µ§´¨±´µ¢¥´¨Ö ¡µ²Ó-
Ïµ° ¸¨¸É¥³ É¨Î¥¸±µ° µÏ¨¡±¨ ¨§-§  ¡µ²ÓÏ¨Ì ¶µ¶· ¢µ± µÉ ±¨· ²Ó´ÒÌ ¢±² ¤µ¢
¢Ò¸Ï¥£µ ¶µ·Ö¤± , ¢±²ÕÎ Ö ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨.

�¥·¢Ò¥ µÍ¥´±¨ µÉ´µÏ¥´¨Ö ε′/ε ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
〈Qi〉I , ¢ÒÎ¨¸²¥´´ÒÌ ¢ Š•„ ´  ·¥Ï¥É±¥, ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [22],   § É¥³
¸ÊÐ¥¸É¢¥´´µ ÊÉµÎ´¥´Ò ¢ [8, 21]. Š Éµ³Ê ¢·¥³¥´¨ ¡Ò²¨ ¨§¢¥¸É´Ò ¸²¥¤ÊÕÐ¨¥

·¥Ï¥ÉµÎ´Ò¥ §´ Î¥´¨Ö Ë ±Éµ·µ¢ B
(∆I)
i ¶·¨ µ = 2 ƒÔ‚ [68]:

B
(1/2)
5,6 = 1,0 ± 0,2; B

(3/2)
7 = 0,6 ± 0,1;

B
(3/2)
8 = 0,80 ± 0,15; B

(3/2)
9 = 0,62 ± 0,10.

(59)

‚  ´ ²¨§¥ [8, 21] Ë ±Éµ·Ò B
(1/2)
7,8,9 ¶µ² £ ²¨¸Ó · ¢´Ò³¨ ¥¤¨´¨Í¥. „²Ö Éµ£µ,

ÎÉµ¡Ò ÊÎ¥¸ÉÓ ÌµÉÖ ¡Ò Î ¸É¨Î´µ ·µ²Ó ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢ µ¶¨¸ ´¨¨

¶· ¢¨²  ∆I = 1/2, ¶ · ³¥É·Ò B
(1/2)
3,4 ¢ ·Ó¨·µ¢ ²¨¸Ó ¢ ¶·¥¤¥² Ì µÉ 1 ¤µ 6.

„²Ö ¶ · ³¥É·µ¢ B
c(∆I)
1,2 ´¥¢µ§³µ¦´µ ¤ ¦¥ ¢¢¥¸É¨ µ¶·¥¤¥²¥´¨¥ ¨§-§  Éµ£µ, ÎÉµ

¢ ¶·¨¡²¨¦¥´¨¨ ¢ ±ÊÊ³´ÒÌ ¢¸É ¢µ± 〈Qc
1,2〉

(vac)
I = 0. �µÔÉµ³Ê ³ ²Ò¥ ¢±² ¤Ò

³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qc
1,2〉I , µ¦¨¤ ¥³Ò¥ §  ¶·¥¤¥² ³¨ ¶·¨¡²¨¦¥´¨Ö ¢ -

±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö, ÊÎ¨ÉÒ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ ¶ · ³¥É·¨§ Í¨¨ 〈Qc
1,2〉I =

B
c(∆I)
1,2 〈Q1,2〉(vac)

I , £¤¥ Ë ±Éµ· B
c(∆I)
1,2 ¶µ² £ ²¸Ö ³ ²Ò³ ¨ ¢ ·Ó¨·µ¢ ²¸Ö ¢ ¶·¥-

¤¥² Ì µÉ 0 ¤µ 0,15.
’ ± ± ± §´ Î¥´¨Ö Ë ±Éµ·µ¢ B

(1/2)
6 ¨ B

(3/2)
8 (59) µ± § ²¨¸Ó ¡²¨§±¨³¨ ±

¥¤¨´¨Í¥, Éµ ¨§-§  ¸¨²Ó´µ£µ ¢§ ¨³´µ£µ ¸µ±· Ð¥´¨Ö ¢±² ¤µ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
µ¶¥· Éµ·µ¢ Š•„ ´  ·¥Ï¥É±¥ ´¥¨§³¥´´µ ¤ ¢ ²  §´ Î¥´¨Ö ε′/ε < 10−3 ¢ ¶·¥-
¤¥² Ì ¡µ²ÓÏ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°:

ε′/ε =
{

(3,1 ± 2,5) · 10−4 [21],
(4,6 ± 3,2) · 10−4 [8]. (60)

‚¨²Ó¸µ´µ¢¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ ¢ÒÎ¨¸²Ö²¨¸Ó ¶·¨ µ = 2 ƒÔ‚ ¨ Λ(5)
QCD = (230 ±

80) ŒÔ‚,   ³ ¸¸  ¸É· ´´µ£µ ±¢ ·±  µ¶·¥¤¥²Ö² ¸Ó ± ± ms(2 ƒÔ‚) = (128 ±
18) ŒÔ‚. „²Ö ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥
ΩIB = 0,25 ± 0,10.

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨, ´ ·Ö¤Ê ¸ [68], ¶µÖ¢¨²µ¸Ó ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ
¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q8〉2 ¢ · §²¨Î´ÒÌ Ëµ·³Ê²¨·µ¢± Ì Ë¥·³¨-
µ´´ÒÌ ¤¥°¸É¢¨° ´  ·¥Ï¥É±¥ ¨ · §´ÒÌ ¶¥·¥´µ·³¨·µ¢± Ì [69, 70]. �¥§Ê²ÓÉ ÉÒ
ÔÉ¨Ì · ¡µÉ ¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ¢ ¶·¥¤¥² Ì 20 %. �¤´ ±µ ¸¨ÉÊ Í¨Ö ¸
¢ÒÎ¨¸²¥´¨¥³ ³ É·¨Î´µ£µ Ô²¥³¥´É  〈Q6〉0 ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢Ò£²Ö¤¨É ¤ ¦¥
¡µ²¥¥ ´¥µ¶·¥¤¥²¥´´µ°, Î¥³ ÔÉµ ¡Ò²µ ¢µ ¢·¥³Ö ¶µ²ÊÎ¥´¨Ö ¶¥·¢ÒÌ ·¥Ï¥ÉµÎ´ÒÌ
µÍ¥´µ± ¤²Ö ε′/ε [8,21]. ’ ±, ¡µ²¥¥ ÉµÎ´Ò¥ ¢ÒÎ¨¸²¥´¨Ö [71] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
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SF-Ëµ·³ ²¨§³  (staggered fermions) ¤ ²¨ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

B
(1/2)
6 =

{
(0,67 ± 0,04 ± 0,05) ¤²Ö ´ ¸ÒÐ¥´´µ£µ  ´¸ ³¡²Ö,
(0,76 ± 0,03 ± 0,05) ¤²Ö ¤¨´ ³¨Î¥¸±µ£µ  ´¸ ³¡²Ö, nf = 2.

(61)
‡¤¥¸Ó ¶¥·¢Ò¥ µÏ¨¡±¨ Ö¢²ÖÕÉ¸Ö ¸É É¨¸É¨Î¥¸±¨³¨,   ¢Éµ·Ò¥ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö
¶¥·ÉÊ·¡ É¨¢´Ò¥ ¶µ¶· ¢±¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤± . �¤´ ±µ, ± ± ¡Ò²µ µÉ³¥Î¥´µ
¢ [72], ¢ SF-¶µ¤Ìµ¤¥ ¸ÊÐ¥¸É¢Ê¥É ³´µ£µ · §²¨Î´ÒÌ ¨¸ÉµÎ´¨±µ¢ ¡µ²ÓÏ¨Ì ¸¨-
¸É¥³ É¨Î¥¸±¨Ì µÏ¨¡µ±, ´¥ ¶µ¤¤ ÕÐ¨Ì¸Ö ·¥ ²Ó´µ³Ê ±µ´É·µ²Õ.

‚ µÉ¸ÊÉ¸É¢¨¥ µ¶·¥¤¥²¥´´µ¸É¨ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ 〈Q5,6〉0 ´  ·¥-
Ï¥É±¥, ¢ · ¡µÉ¥ [73] ¨³ ¶·¨¸¢ ¨¢ ²¨¸Ó §´ Î¥´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥

B
HV/NDR
6 = 1,1±1,0 ¨ B

HV/NDR
5 = 1/3B

HV/NDR
6 ¶·¨ µ = 2 ƒÔ‚ ¨ mMS

s +mMS
d =

130 ŒÔ‚. „·Ê£¨³¨ ¸²µ¢ ³¨, Í¥´É· ²Ó´Ò¥ §´ Î¥´¨Ö 〈Q6〉0 ¡· ²¨¸Ó · ¢´Ò³¨
¶·¥¤¸± § ´¨Õ ³¥Éµ¤  ¢ ±ÊÊ³´ÒÌ ¢¸É ¢µ± ¸ µÏ¨¡± ³¨ 100 %. „²Ö ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉2 ¨¸¶µ²Ó§µ¢ ²¨¸Ó ·¥§Ê²ÓÉ ÉÒ, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µÉ¥ [69]
¸ ´µ¢µ° ¶ · ³¥É·¨§ Í¨¥° Î¥ÉÒ·¥ÌË¥·³¨µ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ±µÉµ-
· Ö ¶µ§¢µ²Ö¥É ¨¸±²ÕÎ¨ÉÓ Ö¢´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ³ ¸¸ ±¢ ·±µ¢ ¨ É¥³ ¸ ³Ò³
Ê³¥´ÓÏ¨ÉÓ ¸¨¸É¥³ É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨. �É¨³ ·¥§Ê²ÓÉ É ³ ¸µµÉ¢¥É-

¸É¢ÊÕÉ §´ Î¥´¨Ö Ë ±Éµ·µ¢ B
(3/2)
7 = 0,89 ± 0,30 ¨ B

(3/2)
8 = 0,93 ± 0,18 ¶·¨

µ = 2 ƒÔ‚. „²Ö ¤·Ê£¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Qi〉I ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ë ±-

Éµ·Ò B
(∆i)
i ¢ ·Ó¨·µ¢ ²¨¸Ó ¢ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¥² Ì: B

c(1/2)
1,2 = 0,075 ± 0,075;

B
(1/2)
3,4 = 3,5±2,5; B

(3/2)
9 = 0,63±0,09. �·¨ · ¢´µ³¥·´µ³ ¢ ·Ó¨·µ¢ ´¨¨ §´ -

Î¥´¨° µ¸É ²Ó´ÒÌ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¢ ¨´É¥·¢ ² Ì, Ê± § ´´ÒÌ ¢ [73], ¡Ò²¨
¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ µ£· ´¨Î¥´¨Ö ´  ε′/ε:

−11 � ε′/ε · 104 � 27 (HV), −10 � ε′/ε · 104 � 30 (NDR).

‚ £ Ê¸¸µ¢¸±µ° É· ±Éµ¢±¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¡Ò²¨ ¶µ²Ê-
Î¥´Ò µÍ¥´±¨

ε′/ε =

{
(3,6+6,7

−6,3 ± 0,5) · 10−4 (HV),

(6,7+9,2
−8,5 ± 0,4) · 10−4 (NDR).

(62)

‡¤¥¸Ó ¶µ¸²¥¤´¨¥ µÏ¨¡±¨ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¢µ§³µ¦´Ò¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨, ¸¢Ö-
§ ´´Ò¥ ± ± ¸ § ¢¨¸¨³µ¸ÉÓÕ µÉ ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨, É ± ¨ ¸ ´¥¨§¢¥¸É´Ò³¨ ±¨-
· ²Ó´Ò³¨ ¶µ¶· ¢± ³¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤± . ‚  ´ ²¨§¥ [73] ¤²Ö ¶ · ³¥É·  ´ ·Ê-
Ï¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ ¨¸¶µ²Ó§µ¢ ²µ¸Ó §´ Î¥´¨¥ ΩIB = 0,25± 0,15.
ˆ¸¶µ²Ó§µ¢ ´¨¥ §´ Î¥´¨Ö ΩIB = 0,16 ± 0,03 [44] ³ ²µ ³¥´Ö¥É ·¥§Ê²ÓÉ ÉÒ  ´ -
²¨§  (62). ‚ ÔÉµ³ ¸²ÊÎ ¥ [74]:

−13 � ε′/ε · 104 � 26 (HV), −13 � ε′/ε · 104 � 37 (NDR)
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¶·¨ · ¢´µ³¥·´µ³ ¢ ·Ó¨·µ¢ ´¨¨ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢, ¨

ε′/ε =

{
(4,6+7,7

−7,2 ± 0,4) · 10−4 (HV),

(8,1+10,3
−9,5 ± 0,3) · 10−4 (NDR)

(63)

¢ £ Ê¸¸µ¢¸±µ° É· ±Éµ¢±¥ µÏ¨¡µ±.
Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¨§-§  ¡µ²ÓÏ¨Ì ¸¨¸É¥³ É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°

¸ÊÐ¥¸É¢ÊÕÐ¨¥ ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨° ¢ Š•„ ´  ·¥Ï¥É±¥, ¶µ-¢¨¤¨³µ³Ê, ¢¸¥ ¥Ð¥

´¥ ¢ ¸µ¸ÉµÖ´¨¨ µ¡¥¸¶¥Î¨ÉÓ ¤µ¸Éµ¢¥·´ÊÕ µÍ¥´±Ê ¶ · ³¥É·  B
(1/2)
6 , ¨£· ÕÐ¥£µ

¸Éµ²Ó ¢ ¦´ÊÕ ·µ²Ó ¢ µ¶¨¸ ´¨¨ µÉ´µÏ¥´¨Ö ε′/ε. ‘±µ·¥¥ ¢¸¥£µ, ¨³¥´´µ ÔÉ¨³
µ¡¸ÉµÖÉ¥²Ó¸É¢µ³ ¨ ¸²¥¤Ê¥É µ¡ÑÖ¸´ÖÉÓ µ¡¥¸±Ê· ¦¨¢ ÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ, ¶µ²Ê-
Î¥´´Ò¥ ´¥¤ ¢´µ ¢ · §²¨Î´ÒÌ ·¥Ï¥ÉµÎ´ÒÌ ¶µ¤Ìµ¤ Ì ¢ · ¡µÉ Ì [75Ä77]. ‚
´¨Ì ¡Ò²µ ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ¥´µ µ¶¨¸ ´¨¥ ¶· ¢¨²  ∆I = 1/2 §  ¸Î¥É ´¥¶¨´-

£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢, ´µ ¶·¨ ÔÉµ³ ¶µ²ÊÎ¥´Ò µÉ·¨Í É¥²Ó´Ò¥ Ë ±Éµ·Ò B
(1/2)
6 ,

ÎÉµ ¸µµÉ¢¥É¸É¢¥´´µ ¶·¨¢¥²µ ± µÉ·¨Í É¥²Ó´Ò³ §´ Î¥´¨Ö³ ε′/ε. ’ ±, ¢ÒÎ¨-
¸²¥´¨Ö [75], µ¸´µ¢ ´´Ò¥ ´  SF-Ëµ·³ ²¨§³¥, ¤ ²¨ ¶·¨ Im λt = 1,5 · 10−4,
ΩIB = 0,25 ·¥§Ê²ÓÉ É

ε′/ε = (−38,6 ± 2,1(¸É É.) ± 9,1(¸¨¸É.)) · 10−4. (64)

‡¤¥¸Ó ¸¨¸É¥³ É¨Î¥¸± Ö µÏ¨¡±  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö Éµ²Ó±µ ¢µ§³µ¦´µ¥ ¢²¨Ö´¨¥
¶µ¶· ¢µ± ¢Ò¸Ï¥£µ ¶µ·Ö¤± . ‚ · ³± Ì DWF-Ëµ·³ ²¨§³  (domain-wall fermion)
¶µ²ÊÎ¥´Ò ¤¢¥ ¡²¨§±¨¥ µÍ¥´±¨

ε′/ε =
{

(−7,7 ± 2,0) · 10−4 [76],
(−4,0 ± 2,3) · 10−4 [77],

(65)

¸¨²Ó´µ µÉ²¨Î ÕÐ¨¥¸Ö ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ µÉ (64), £¤¥ ¶·¨¢¥¤¥´Ò Éµ²Ó±µ
¸É É¨¸É¨Î¥¸±¨¥ µÏ¨¡±¨.

9. �””…Š’› ���“˜…�ˆŸ
ˆ‡�’��ˆ—…‘Š�‰ ‘ˆŒŒ…’�ˆˆ

� ¸¸³µÉ·¨³ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¶ · ³¥É·  ΩIB ¢ · ³± Ì ´¨§±µÔ´¥·-
£¥É¨Î¥¸±µ£µ ±¨· ²Ó´µ£µ ¶·¥¤¸É ¢²¥´¨Ö, ¶µ²ÊÎ¥´´µ£µ ¢ ¸ ³µ³ µ¡Ð¥³ ¢¨¤¥ ¤²Ö
² £· ´¦¨ ´  ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ²¨¤¨·ÊÕÐ¥³ [78] ¨ ¸²¥¤ÊÕÐ¥³ §  ²¨-
¤¨·ÊÕÐ¨³ [79, 80] ¶µ·Ö¤± Ì ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö. ‚ ²¨¤¨·ÊÕÐ¥³ p2-¶µ-
·Ö¤±¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¸µ¤¥·¦¨É ¤¢¥ ±¨· ²Ó´Ò¥
¸É·Ê±ÉÊ·Ò:

Lχ(2)
w = G8F

4
0 tr (λ(23)DµU †DµU) − G27F

4
0

(
Lµ23L

µ
11 +

2
3
Lµ21L

µ
13

)
. (66)
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‡¤¥¸Ó λ
(23)
ij = δi1δj3, i, j = 1, 2, 3,   ¡¥§· §³¥·´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨

G8,27 = −GF√
2

VudV
∗
us g8,27 (67)

µÉ¢¥Î ÕÉ µ±É¥É´µ° ¨ 27-¶²¥É´µ° Î ¸ÉÖ³ ¸² ¡µ£µ ² £· ´¦¨ ´ . ‚ ¸²¥¤ÊÕÐ¥³
§  ²¨¤¨·ÊÕÐ¨³ p4-¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¸² ¡Ò° ÔËË¥±É¨¢´Ò° ² -
£· ´¦¨ ´ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö Ê¦¥ ´ ³´µ£µ ¡µ²ÓÏ¥ ¸É·Ê±ÉÊ·:

Lχ(4)
w =

37∑
i=1

G8NiF
2
0 O

(8)
i +

34∑
i=1

G27DiF
2
0 O

(27)
i . (68)

‡¤¥¸Ó Ni ¨ Di Å ¡¥§· §³¥·´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨,   ¶·¥¤¸É ¢²¥´¨¥ µ¶¥· Éµ-

·µ¢ Q
(8)
i ¨ O

(27)
i ¢ É¥·³¨´ Ì ³¥§µ´´ÒÌ ¶µ²¥° ³µ¦´µ ´ °É¨ ¢ Ö¢´µ³ ¢¨¤¥

¢ · ¡µÉ¥ [79]. �±¢¨¢ ²¥´É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ±É¥É´µ° Î ¸É¨ ² £· ´¦¨-
 ´  [80]

Lχ(4)
w(8) =

48∑
i=1

G8EiF
2
0 Õ

(8)
i (69)

¸µ¤¥·¦¨É 48 µ¶¥· Éµ·µ¢ Q̃
(8)
i ¢³¥¸Éµ µ¶¥· Éµ·µ¢ O

(8)
i . „²Ö µ¶¨¸ ´¨Ö · ¸¶ -

¤µ¢ K → 2π ´¥µ¡Ìµ¤¨³Ò Éµ²Ó±µ Î²¥´Ò ¸ ±µ´¸É ´É ³¨ Ni (i = 5, . . . , 13)
¨ Di (i = 1, 2, 4, . . . , 7) ¨§ ² £· ´¦¨ ´  (68), ²¨¡µ Î²¥´Ò ¸ ±µ´¸É ´É ³¨ Ei

(i = 1, . . . , 5, 10, . . . , 12, 14, 15) ¨§ ² £· ´¦¨ ´  (69). ‘¨²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
µ¶¨¸Ò¢ ÕÉ¸Ö ² £· ´¦¨ ´µ³ (26) ¢ p2-¶µ·Ö¤±¥,   ¢ p4-¶µ·Ö¤±¥ Å ² £· ´¦¨ -
´µ³ ƒ ¸¸¥· Ä‹¥°É¢¨²¥· .

‚ · ³± Ì · ¸¸³ É·¨¢ ¥³µ£µ ¶µ¤Ìµ¤  ¸¨²Ó´µ¥ ¨§µÉµ¶¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥
¢ · ¸¶ ¤ Ì K → 2π (É. ¥. ¸¢Ö§ ´´µ¥ ¸ ¸¨²Ó´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨) ¢µ§´¨-
± ¥É ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ ¡² £µ¤ ·Ö π0η-¸³¥Ï¨¢ ´¨Õ ¨ Ì · ±É¥·¨§Ê¥É¸Ö
¢¥²¨Î¨´µ°

Ω(2)
IB =

2
√

2 ε
(2)
π0η

3
√

3 ω
= 0,13, (70)

£¤¥

ε
(2)
π0η =

√
3

4
md − mu

ms − m̂

¥¸ÉÓ Ê£µ² π0η-¸³¥Ï¨¢ ´¨Ö ¢ ²¨¤¨·ÊÕÐ¥³ p2-¶µ·Ö¤±¥ ¨ m̂ = (mu + md)/2.
� §´¨Í  ³¥¦¤Ê ¢¥²¨Î¨´µ° (70) ¨ ®¸É ´¤ ·É´Ò³¯ §´ Î¥´¨¥³ ΩIB ≈

0,25 [40], ¨¸¶µ²Ó§µ¢ ´´Ò³ ¢µ ³´µ£¨Ì µÍ¥´± Ì µÉ´µÏ¥´¨Ö ε′/ε, µ¡Ê¸²µ¢²¥´ 
¢±² ¤µ³ π0η′-¸³¥Ï¨¢ ´¨Ö, ±µÉµ·Ò° ¤µ²¦¥´ ¤µ³¨´¨·µ¢ ÉÓ ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì
Nc [81]. �¤´ ±µ ¢ · ³± Ì µ¡¸Ê¦¤ ¥³µ£µ Ëµ·³ ²¨§³  π-, K- ¨ η-³¥§µ´Ò
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Ö¢²ÖÕÉ¸Ö ¥¤¨´¸É¢¥´´Ò³¨ ¸É¥¶¥´Ö³¨ ¸¢µ¡µ¤Ò,   η′-³¥§µ´, ± ± ¨ ÉÖ¦¥²Ò¥ ·¥-
§µ´ ´¸Ò, ¨¸±²ÕÎ¥´ ¨§ ÔËË¥±É¨¢´µ£µ ¤¥°¸É¢¨Ö Î¥·¥§ ·¥¤Ê±Í¨Õ ¢ ¶·µ¨§¢µ-
¤ÖÐ¥³ ËÊ´±Í¨µ´ ²¥. �¥¤Ê±Í¨Ö η′-³¥§µ´  £¥´¥·¨·Ê¥É ¢ ² £· ´¦¨ ´¥ ƒ ¸¸¥· Ä
‹¥°É¢¨²¥·  Î²¥´, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° ¸É·Ê±ÉÊ·´µ° ±µ´¸É ´É¥ L7, ¨ ¶µ²´µ¸ÉÓÕ
´ ¸ÒÐ ¥É ¥¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ¥ §´ Î¥´¨¥ L7 ≈ −0,4 · 10−4 [81]. �µÔÉµ³Ê
¢±² ¤ π0η′-¸³¥Ï¨¢ ´¨Ö ¢ ¶ · ³¥É· ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ΩIB É· ±ÉÊ-
¥É¸Ö ¢ É ±µ³ ¶µ¤Ìµ¤¥ ± ± ÔËË¥±É ¸²¥¤ÊÕÐ¥£µ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±  ±¨-

· ²Ó´µ£µ · §²µ¦¥´¨Ö, ¶µ²´µ¸ÉÓÕ ¸µ¤¥·¦ Ð¨°¸Ö ¢ p4-¶µ¶· ¢±¥ ε
(4)
π0η ± Ê£²Ê

π0η-¸³¥Ï¨¢ ´¨Ö ε
(2)
π0η. �¤´ ±µ ÔÉµÉ ¢±² ¤, ¶·µ¶µ·Í¨µ´ ²Ó´Ò° L7, ¶µÖ¢²Ö¥É¸Ö

¢ ε
(4)
π0η ¢³¥¸É¥ ¸ ¢±² ¤µ³, ¨´¤ÊÍ¨·µ¢ ´´Ò³ µ¡³¥´µ³ ¸± ²Ö·´Ò³ ·¥§µ´ ´¸µ³

¨ ¶·µ¶µ·Í¨µ´ ²Ó´Ò³ ¸É·Ê±ÉÊ·´µ° ±µ´¸É ´É¥ L8 ≈ 0,9 · 10−3. ‚ ·¥§Ê²ÓÉ É¥

¸¨²Ó´µ£µ ¸µ±· Ð¥´¨Ö ³¥¦¤Ê L7 ¨ L8 ¢ p4-¶µ¶· ¢±¥ Ω(4)
IB ± ¶ · ³¥É·Ê Ω(2)

IB

§´ Î¥´¨¥ ¶µ²´µ° ¢¥²¨Î¨´Ò Ω′
IB = Ω(2)

IB + Ω(4)
IB ¶µ´¨¦ ¥É¸Ö µÉ ®¸É ´¤ ·É´µ£µ¯

ΩIB ≈ 0,25 ¤µ
Ω′

IB = 0,16 ± 0,03 [44], (71)

£¤¥ µÏ¨¡±  ¸¢Ö§ ´  ¸ ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³¨ Ë¨±¸ Í¨¨ ±µ´¸É ´É L7 ¨ L8.
�¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [44] Ê± §Ò¢ ÕÉ ´  ¢ ¦´µ¸ÉÓ ÊÎ¥É  p4-¢±² ¤µ¢ ¢ ¶ · -

³¥É· ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ΩIB, ±µÉµ·Ò¥ ´¥ ¸¢µ¤ÖÉ¸Ö Éµ²Ó±µ ± ¶µ¶· ¢±¥

ε
(4)
π0η ± Ê£²Ê π0η-¸³¥Ï¨¢ ´¨Ö. ’ ±, ¢ · ¡µÉ¥ [43] ¡Ò² · ¸¸³µÉ·¥´ ¤µ¶µ²´¨É¥²Ó-

´Ò° ÔËË¥±É ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö, ¸¢Ö§ ´´Ò° ¸ · §´µ¸ÉÓÕ ³ ¸¸ u- ¨ d-
±¢ ·±µ¢ ¢  ¤·µ´´µ³ ¶·¥¤¸É ¢²¥´¨¨ µ¶¥· Éµ·  Q6 ¨ ´ ²¨Î¨¥³ ¢ ² £· ´¦¨ ´¥
(69) Î²¥´µ¢ ¸ ³ ¸¸µ¢µ° ³ É·¨Í¥° χ. ‚±² ¤ µ¶¥· Éµ·  Q6 ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
±µ´¸É ´ÉÒ ¸¢Ö§¨ Ei µÍ¥´¨¢ ²¸Ö ¢ ³µ¤¥²¨ Ë ±Éµ·¨§ Í¨¨ ¨ ·¥§µ´ ´¸´µ£µ ´ -
¸ÒÐ¥´¨Ö. ‘ ÊÎ¥Éµ³ ¡µ²ÓÏ¨Ì ³µ¤¥²Ó´ÒÌ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¶·¨ Ë¨±¸ Í¨¨
±µ´¸É ´É Ei ¤µ¶µ²´¨É¥²Ó´ Ö ¶µ¶· ¢±  ¢ ¨§µÉµ¶¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥ ¡Ò²  µÍ¥-

´¥´  ± ± Ω(4,p)
IB = −0,79 ÷ −0,21. Š·µ³¥ Éµ£µ, ¢ · ¡µÉ¥ [43] ÊÎ¨ÉÒ¢ ²¨¸Ó

¢±² ¤Ò π0η- ¨ π0η′-¸³¥Ï¨¢ ´¨° ¢ ¸² ¡µ¥ p4-¢§ ¨³µ¤¥°¸É¢¨¥, µ¶¨¸Ò¢ ¥³µ¥
¨§µÉµ¶¨Î¥¸±¨-¨´¢ ·¨ ´É´µ° Î ¸ÉÓÕ ² £· ´¦¨ ´  (69). ‘µµÉ¢¥É¸É¢ÊÕÐ Ö ¶µ-

¶· ¢±  ¡Ò²  µÍ¥´¥´  ± ± Ω(4,ηη′)
IB = −0,12÷−0,03. ‚ ·¥§Ê²ÓÉ É¥ ¶µ¸²¥ ÊÎ¥É 

µ¡¥¨Ì ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶µ¶· ¢µ± ¶µ²´ Ö ¢¥²¨Î¨´  ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ
´ ·ÊÏ¥´¨Ö ¸É ´µ¢¨É¸Ö ¤ ¦¥ µÉ·¨Í É¥²Ó´µ°:

Ω′′
IB = Ω′

IB + Ω(4,p)
IB + Ω(4,ηη′)

IB = −0,7 ÷ 0,1 [43]. (72)

‚Ò¶µ²´¥´´Ò¥ ¢ · ¡µÉ¥ [46] ¢ÒÎ¨¸²¥´¨Ö p4-¶µ¶· ¢µ± ± ¶ · ³¥É·Ê ΩIB

¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ± ± ¸Ê³³Ê ¢¸¥Ì ¤·¥¢¥¸´ÒÌ ¤¨ £· ³³ ¸ ¸¨²Ó´Ò³¨ ¨ ¸² -
¡Ò³¨ p4-¢¥·Ï¨´ ³¨, µ¶¨¸Ò¢ ¥³Ò³¨ µ±É¥É´µ° Î ¸ÉÓÕ ² £· ´¦¨ ´  (68) ¸
±µ´¸É ´É ³¨ ¸¢Ö§¨ Ni, É ± ¨ ¢±² ¤Ò ³¥§µ´´ÒÌ ¶¥É¥²Ó. ‘² ¡Ò¥ ±µ´¸É ´ÉÒ
¸¢Ö§¨ Ni(i = 5, . . . , 13) µÍ¥´¨¢ ²¨¸Ó ¢ · ³± Ì ¤¢ÊÌ ³µ¤¥²¥°: ³µ¤¥²¨ ¸² -
¡µ° Éµ¶µ²µ£¨Î¥¸±µ° ¤¥Ëµ·³ Í¨¨ (WDM) [79] ¨ ±¨· ²Ó´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨
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(χQM) [49,64]. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ¤²Ö p4-¢±² ¤  ¢ ¶ · ³¥É· ¸¨²Ó´µ£µ ¨§µÉµ¶¨-

Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ¡Ò²  ¶µ²ÊÎ¥´  µÍ¥´±  Ω(4,WDM)
IB ≈ −0,095,   ¢µ ¢Éµ·µ³ Å

Ω(4,χQM)
IB ≈ −0,047. ‚ · ¡µÉ¥ [46] ¢¥²¨Î¨´  Ω(χQM)

IB = Ω(2)
IB + Ω(4,χQM)

IB ≈ 0,08
· ¸¸³ É·¨¢ ² ¸Ó ¢ ± Î¥¸É¢¥ Í¥´É· ²Ó´µ£µ §´ Î¥´¨Ö,   §´ Î¥´¨¥ Ω(WDM)

IB =
Ω(2)

IB + Ω(4,WDM)
IB ≈ 0,03 É· ±Éµ¢ ²µ¸Ó ± ± ³¨´¨³ ²Ó´ Ö ³¥·  ³µ¤¥²Ó´µ° ´¥-

µ¶·¥¤¥²¥´´µ¸É¨, ¢µ§´¨± ÕÐ¥° ¶·¨ Ë¨±¸ Í¨¨ ±µ´¸É ´É ¸¢Ö§¨ N5−13. �¥§Ê²Ó-
É É ÊÎ¥É  ¢¸¥Ì p4-¶µ¶· ¢µ± ¡Ò² ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

ΩIB = (0,08 ± 0,05) [46]. (73)

‚ · ¡µÉ¥ [45], ´ ·Ö¤Ê ¸ p4-¢±² ¤ ³¨ ¢ ¸¨²Ó´µ¥ ¨§µÉµ¶¨Î¥¸±µ¥ ´ ·ÊÏ¥´¨¥,
· ¸¸³µÉ·¥´´Ò³¨ ¢ [46], É ±¦¥ ¡Ò²¨ ÊÎÉ¥´Ò Ô²¥±É·µ³ £´¨É´Ò¥ ¶µ¶· ¢±¨ ¢
p2-¶µ·Ö¤±¥ ¨³¶Ê²Ó¸´µ£µ · §²µ¦¥´¨Ö. ‘² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¶¨¸Ò¢ ²µ¸Ó ¢
É¥·³¨´ Ì ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ (66) ¨ (68). �²¥±É·µ³ £-
´¨É´µ¥ ¨ Ô²¥±É·µ¸² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ÊÎ¨ÉÒ¢ ²¨¸Ó ¸ ¶µ³µÐÓÕ ±¨· ²Ó´ÒÌ
¶·¥¤¸É ¢²¥´¨° ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´µ¢:

Lχ
elm = e2ZF 4

0 tr (QU †QU) + e2
∑

i

KiF
2
0 O

(e2p2)
i ,

Lχ
ew = e2G8gewF 6

0 tr (λU †QU) + e2
∑

i

G8ZiF
4
0 O

(ew,8)
i ,

(74)

£¤¥ Z, Ki, gew ¨ Zi Å ¡¥§· §³¥·´Ò¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨. Š¨· ²Ó´ Ö ¸É·Ê±-

ÉÊ·  µ¶¥· Éµ·µ¢ Q
(e2p2)
i ¶·¨¢¥¤¥´  ¢ Ö¢´µ³ ¢¨¤¥ ¢ · ¡µÉ¥ [82],   µ¶¥· -

Éµ·µ¢ O
(ew,8)
i Å [83]. Š·µ³¥ Éµ£µ, ´ ·Ö¤Ê ¸ p4-² £· ´¦¨ ´µ³ ¢ ¶·¥¤¸É -

¢²¥´¨¨ ƒ ¸¸¥· Ä‹¥°É¢¨²¥· , ¨¸¶µ²Ó§µ¢ ²¨¸Ó ´¥±µÉµ·Ò¥ Î²¥´Ò ¸¨²Ó´µ£µ p6-
² £· ´¦¨ ´  ¢ ¶·¥¤¸É ¢²¥´¨¨ [84]. ‡  ´¥±µÉµ·Ò³ ¨¸±²ÕÎ¥´¨¥³ ¡µ²ÓÏ¨´¸É¢µ
´¥¨§¢¥¸É´ÒÌ ±µ´¸É ´É ¸¢Ö§¨ ¡Ò²µ § Ë¨±¸¨·µ¢ ´µ ¸ ¶µ³µÐÓÕ Ë ±Éµ·¨§ Í¨¨
Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ Qi ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc.

‚ µÉ¸ÊÉ¸É¢¨¥ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (α = 0) ÊÎ¥É p4-¶µ¶· -

¢µ± ¢ · ¡µÉ¥ [45] ¤ ² ¢¥²¨Î¨´Ê Ω(α=0)
IB = 0,160 ± 0,045, ¡²¨§±ÊÕ ± (71), ´µ ¢

¤¢  · §  ¶·¥¢ÒÏ ÕÐÊÕ §´ Î¥´¨¥ (73), ¶µ²ÊÎ¥´´µ¥ ¢ · ¡µÉ¥ [46] ¸ ÊÎ¥Éµ³ É¥Ì
¦¥ p4-ÔËË¥±Éµ¢. “Î¥É Ô²¥±É·µ³ £´¨É´µ£µ ¨ Ô²¥±É·µ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨°

(74) ¶·¨¢¥², ¸ µ¤´µ° ¸Éµ·µ´Ò, ± ¶µ²µ¦¨É¥²Ó´µ° ¶µ¶· ¢±¥ ± Ω(2)
IB ,   ¸ ¤·Ê-

£µ° Å ± ¶µÖ¢²¥´¨Õ ´¥´Ê²¥¢µ°  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìµ¤  K → 2π ¸ ¨§³¥´¥´¨¥³
¨§µ¸¶¨´  ∆I = 5/2, ¤ ÕÐ¥° µÉ·¨Í É¥²Ó´Ò° ¢±² ¤ ¢ ¶ · ³¥É· ¨§µÉµ¶¨Î¥-
¸±µ£µ ´ ·ÊÏ¥´¨Ö∗. �±µ´Î É¥²Ó´Ò° ·¥§Ê²ÓÉ É, ÊÎ¨ÉÒ¢ ÕÐ¨° ¢¸¥ ÔËË¥±ÉÒ

∗�´ ²µ£¨Î´Ò° ·¥§Ê²ÓÉ É ¡Ò² ¶µ²ÊÎ¥´ ¥Ð¥ · ´ÓÏ¥ ¢ · ¡µÉ¥ [85]. „²Ö ¸· ¢´¥´¨Ö ¸³. · -
¡µÉÊ [86], ¢ ±µÉµ·µ° É ±¦¥ · ¸¸³ É·¨¢ ¥É¸Ö ¢²¨Ö´¨¥ ¶¥·¥Ìµ¤µ¢ ¸ ∆I = 5/2, ´µ, ¢ µÉ²¨Î¨¥
µÉ [45, 85], ¶µ²ÊÎ¥´ ¶µ²µ¦¨É¥²Ó´Ò° ¢±² ¤ ¶¥·¥Ìµ¤  ¸ ∆I = 5/2 ¢ ¶ · ³¥É· ΩIB.
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p4-¶µ·Ö¤± ,

Ω(α�=0)
IB = (0,060 ± 0,077) [45], (75)

¸µ¤¥·¦¨É ¡µ²ÓÏÊÕ µÏ¨¡±Ê, µ¡Ê¸²µ¢²¥´´ÊÕ · §²¨Î´Ò³¨ ³µ¤¥²Ó´Ò³¨ ´¥µ¶·¥-
¤¥²¥´´µ¸ÉÖ³¨, ¢ Éµ³ Î¨¸²¥ ¨ ¸¢Ö§ ´´Ò³¨ ¸ Ë¨±¸ Í¨¥° ¡µ²ÓÏµ£µ Î¨¸²  ´¥-
¨§¢¥¸É´ÒÌ ±µ´¸É ´É ¸¢Ö§¨ ¨§ Ë ±Éµ·¨§ Í¨¨ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢
¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc. �µ²¥¥ Éµ£µ, µ¦¨¤ ¥É¸Ö, ÎÉµ ¶µ¤²¨¤¨·ÊÕÐ¨¥ 1/Nc-
ÔËË¥±ÉÒ ³µ£ÊÉ ¤ ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ µÉ·¨Í É¥²Ó´Ò¥ ¢±² ¤Ò ¢ Ωα�=0

IB , ¢ ·¥-
§Ê²ÓÉ É¥ Î¥£µ Í¥´É· ²Ó´µ¥ §´ Î¥´¨¥ ÔÉµ£µ ¶ · ³¥É·  ³µ¦¥É ¶µ´¨§¨ÉÓ¸Ö µÉ
0,060 ¤µ −0,014 [45].

10. Œ�’�ˆ—�›… �‹…Œ…�’› 〈Q7,8〉2
ˆ‡ ���‹ˆ‡� Š•„-Š���…‹Ÿ’���‚

‚ µÉ²¨Î¨¥ µÉ ´¥¶¨´£¢¨´µ¢ÒÌ ¨ £²Õµ´´ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢, ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ô²¥±É·µ¸² ¡ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ 〈Q7,8〉2 ¨³¥ÕÉ
´¥´Ê²¥¢ÊÕ p0-±µ³¶µ´¥´ÉÊ. �µÔÉµ³Ê µ´¨ ´¥ ¨¸Î¥§ ÕÉ ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥,
±µ£¤  SU(3)-¸¨³³¥É·¨Ö Ö¢²Ö¥É¸Ö ÉµÎ´µ°, ¨ ¨Ì ³µ¦´µ ¸¢Ö§ ÉÓ ¸ (V − A)-
±µ··¥²ÖÉµ·µ³ Š•„

2i

∫
d4x eiqx〈0|T [q̄L(x)γµq′L(x)q̄R(0)γνq′R(0)]|0〉 =

= (qµqν − gµνq2)ΠLR(Q2), (76)

£¤¥ (q, q′) = (u, d) ²¨¡µ (q, q′) = (d, s) ¨ Q2 = −q2. ‚ ´ ¸ÉµÖÐ¥³ · §¤¥²¥
¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò · §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éµ¢ 〈Q7,8〉2, µ¸´µ¢ ´´Ò¥ ´   ´ ²¨§¥ ±µ··¥²ÖÉµ·  ΠLR(Q2) ¢ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ³  ¤·µ´´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ ¢ µ¶¥· Éµ·´µ³ · §²µ¦¥´¨¨ Š•„. ‚ ±¨· ²Ó-
´µ³ ¶·¥¤¥²¥ µ¶¥· Éµ·Ò Q7,8 ¸³¥Ï¨¢ ÕÉ¸Ö Éµ²Ó±µ ³¥¦¤Ê ¸µ¡µ°, ¶µÔÉµ³Ê µ´¨
¤µ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ¸µ¢³¥¸É´µ.

10.1. „¨¸¶¥·¸¨µ´´Ò¥ ¶· ¢¨²  ¸Ê³³ Š•„. ‚ p0-¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §-
²µ¦¥´¨Ö ¶·¨³¥´¨³µ ¶·¨¡²¨¦¥´¨¥ ³Ö£±¨Ì ¶¨µ´µ¢ ¨ ± µ´µ¢, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ
¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¢µ§´¨± ÕÉ ¸µµÉ´µÏ¥´¨Ö [87]

〈Q7〉(p
0)

2 = − 2

F
(0)3
π

〈Õ1〉, 〈Q8〉(p
0)

2 = − 2

F
(0)3
π

(
1
3
〈Õ1〉 +

1
2
〈Õ8〉

)
,

¸¢Ö§Ò¢ ÕÐ¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q7,8〉2 ¸ ¢ ±ÊÊ³´Ò³¨ µ¦¨¤ ´¨Ö³¨

〈Õ1,8〉 ≡ 〈0|Õ1,8|0〉 ²µ± ²Ó´ÒÌ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢

Õ1 ≡ q̄γµ
τ3

2
q q̄γµ τ3

2
q − q̄γµγ5

τ3

2
q q̄γµγ5

τ3

2
q,

Õ8 ≡ q̄γµλc τ3

2
q q̄γµλc τ3

2
q − q̄γµγ5λ

c τ3

2
q q̄γµγ5λ

c τ3

2
q.
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‡¤¥¸Ó F
(0)
π Å ±µ´¸É ´É  · ¸¶ ¤  ¶¨µ´  ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥; τ3 Å ³ É·¨Í 

� Ê²¨ ¤²Ö ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢.
‚ ±ÊÊ³´Ò¥ µ¦¨¤ ´¨Ö 〈O1,8〉 ³µ¦´µ ¸¢Ö§ ÉÓ ¸µ ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¥°

(V − A)-±µ··¥²ÖÉµ· 

∆ρLR(s) ≡ ρV (s) − ρA(s) =
1
π

Im ΠLR(s),

¨¸¶µ²Ó§ÊÖ ¤²Ö ¶µ¸²¥¤´¥£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¤¨¸¶¥·¸¨µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥

ΠLR(Q2) =
1

Q4

∫ ∞

0

ds
s2

s + Q2
∆ρLR(s). (77)

‘¶¥±É· ²Ó´ Ö ËÊ´±Í¨Ö ∆ρLR(s) ¤µ²¦´  Ê¤µ¢²¥É¢µ·ÖÉÓ ¶· ¢¨² ³ ¸Ê³³ ‚ °´-
¡¥·£  [88] ∫ ∞

0

ds ∆ρLR(s) = F (0)2
π ,

∫ ∞

0

ds s∆ρLR(s) = 0. (78)

‚ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ 4m2
π � s � m2

τ ¸¶¥±É· ²Ó´ Ö ËÊ´±Í¨Ö
∆ρLR(s) µ¶·¥¤¥²¥´  ¨§  ´ ²¨§  · ¸¶ ¤µ¢ τ -²¥¶Éµ´  ¢  ¤·µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö
¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³ ¢ ¸¨¸É¥³¥ ¶µ±µÖ J = 1 [89,90].

�·¨ ¡µ²ÓÏ¨Ì Q2 ¶µ¢¥¤¥´¨¥ ±µ··¥²ÖÉµ·  ΠLR(Q2) µ¶·¥¤¥²Ö¥É¸Ö µ¶¥· -
Éµ·´Ò³ · §²µ¦¥´¨¥³ Š•„, ±µÉµ·µ¥ ¢ α2

s-¶µ·Ö¤±¥ ¨³¥¥É ¢¨¤

ΠLR(Q2) ∼
∑
d�2

1
Qd

[
ad(µ) + bd(µ) ln

(
Q2

µ2

)]
. (79)

‡¤¥¸Ó ad(µ) ¨ bd(µ) Å ±µ³¡¨´ Í¨¨ ¢ ±ÊÊ³´ÒÌ µ¦¨¤ ´¨° ²µ± ²Ó´ÒÌ µ¶¥-
· Éµ·µ¢ · §³¥·´µ¸É¨ d. ‚ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¢±² ¤ · §³¥·´µ¸É¥° d = 2, 4
¨¸Î¥§ ¥É ¨ ¸Ê³³¨·µ¢ ´¨¥ ¢ (79) ´ Î¨´ ¥É¸Ö ¸ d = 6. ŠµÔËË¨Í¨¥´ÉÒ a6, b6

¸¢Ö§ ´Ò ¸ ¢ ±ÊÊ³´Ò³¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ 〈Õ8〉µ ¨ 〈Õ1〉µ [91]:

a6(µ) = [2παs(µ) + A8α
2
s(µ)]〈Õ8〉µ + A1α

2
s(µ)〈Õ1〉µ,

b6(µ) = α2
s(µ)[B8〈Õ8〉µ + B1〈Õ1〉µ].

‚  ´ ²¨§¥ [87] ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¶µ¢¥¤¥´¨¥ ±µ··¥²ÖÉµ·  ΠLR(Q2) ¢ £² ¢´µ³
²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨:

ΠLR(Q2) ∼ 1
Q6

[
2παs(µ)〈Õ8〉µ + ln

(
Q2

µ2

)
α2

s(µ)

(
8
3
〈Õ1〉µ − 〈Õ8〉µ

)]
. (80)

�µ²¥¥ ¤¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¡Ò²µ ¶·µ¢¥¤¥´µ ¢ · ¡µÉ Ì [91,92], £¤¥ §´ Î¥´¨Ö
±µÔËË¨Í¨¥´Éµ¢ A1,8 ¨ B1,8 ¢ µ¶¥· Éµ·´µ³ ¶·¥¤¸É ¢²¥´¨¨ (79) ¡Ò²¨ ¢ÒÎ¨-
¸²¥´Ò ¢ NDR- ¨ HV-¸Ì¥³ Ì MS-¶¥·¥´µ·³¨·µ¢±¨ (¸³. É ¡². 1 · ¡µÉÒ [91]).
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ˆ´¢¥·É¨·ÊÖ ¨´É¥£· ² ¢ µ¶·¥¤¥²¥´¨¨ (76), ¶µ²ÊÎ¨³ ¢ · §³¥·´µ° ·¥£Ê²Ö·¨-
§ Í¨¨ ¸ D = 4 − 2ε:

〈0|T [ūL(x)γµdL(x) ūR(0)γvdR(0)]|0〉 =

=
1 − D

16π2

(4πµ2)ε

Γ(2 − ε)

∞∫
0

dQ2 e−iqx(Q2)1−ε[−Q2ΠLR(Q2)]D. (81)

ˆ¸¶µ²Ó§ÊÖ ÔÉµ ¸µµÉ´µÏ¥´¨¥ ¨  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ (80),  ¢Éµ·Ò [87]
¢Ò¢¥²¨ ¤¨¸¶¥·¸¨µ´´Ò¥ ¶· ¢¨²  ¸Ê³³

16π2

3
〈Õ1〉(cut off)

µ = I1 ≡
∞∫
0

ds s2 ln
(

s + µ2

s

)
∆ρLR(s),

2παs(µ)〈Õ8〉(cut off)
µ = I8 ≡

∞∫
0

ds
s2µ2

s + µ2
∆ρLR(s),

(82)

£¤¥ Ï± ²  µ ¸¢Ö§ ´  ¸ µ¡·¥§ ´¨¥³ Q2 = µ2, ±µÉµ·µ¥ ¢¢µ¤¨É¸Ö ¢ ¨´É¥£· ²¥ ¢
¶· ¢µ° Î ¸É¨ ¸µµÉ´µÏ¥´¨Ö (81) ¤²Ö ·¥£Ê²Ö·¨§ Í¨¨ · ¸Ìµ¤¨³µ¸É¨, ¢µ§´¨± Õ-
Ð¥° ¶·¨ ¶¥·¥Ìµ¤¥ ± ¶·¥¤¥²Ê x → 0. ‘Ï¨¢ ´¨¥ ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¸ ¢±² ¤ ³¨
³ ²ÒÌ · ¸¸ÉµÖ´¨° ¢ ¸É ´¤ ·É´µ° MS-¸Ì¥³¥ ¢ÒÎ¨É ´¨° ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥°

¸¢Ö§¨ ³¥¦¤Ê 〈Õ1,8〉(cut off)
µ ¨ 〈Õ1,8〉(MS)

µ :

〈Õ1〉(MS)
µ = 〈Õ1〉(cut off)

µ +
3αs(µ)

8π

(
3
2

+ 2ds

)
〈Õ8〉µ,

〈Õ8〉(MS)
µ =

(
1 − 119αs(µ)

24π

)
〈Õ8〉(cut off)

µ − αs(µ)
π

〈Õ1〉µ,

(83)

£¤¥ ds = −5/6 ¢ NDR-¸Ì¥³¥, ds = 1/6 ¢ HV-¸Ì¥³¥ ·¥£Ê²Ö·¨§ Í¨¨.
�· ¢¨²  ¸Ê³³ (82) ¶µ§¢µ²ÖÕÉ ¨§¢²¥ÎÓ ¢ ±ÊÊ³´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ

〈Õ1,8〉µ ¨§ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¸¶¥±É· ²Ó´Ò³ ËÊ´±Í¨Ö³ ∆ρLR(s)
¨§  ´ ²¨§  τ -· ¸¶ ¤µ¢. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ¢ É ±µ³ ¶µ¤Ìµ¤¥ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ 〈Q7,8〉2 ¢ NDR-¸Ì¥³¥ ¶·¨ µ = 2 ƒÔ‚ ¨ αs(2 ƒÔ‚) = 0,334 ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ ± ± [87]

B
(3/2)
7 = 0,7 ± 0,2; B

(3/2)
8 = 1,3 ± 0,4. (84)

‡¤¥¸Ó ¨ ¤ ²¥¥ §´ Î¥´¨Ö Ë ±Éµ·µ¢ B
(3/2)
7,8 (µ = 2 ƒÔ‚) ¶·¨¢µ¤ÖÉ¸Ö ¢ ¥¤¨´¨Í Ì

¢¥²¨Î¨´ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¶·¨¡²¨¦¥´¨¨ ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö
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〈Q8〉(vac)
2 = 3〈Q7〉(vac)

2 =
2F

(0)
π m4

K

(ms + md)2µ=2 ƒÔ‚
≈ 0,94 ƒÔ‚3 (85)

¶·¨ (ms + md)µ=2 ƒÔ‚ = 110 ŒÔ‚ ¨ F
(0)
π = (87 ± 3) ŒÔ‚.

‘ ÊÎ¥Éµ³ ¢±² ¤µ¢ µ¶¥· Éµ·µ¢ ¸ · §³¥·´µ¸ÉÓÕ d > 6 ¨ · ¤¨ Í¨µ´´ÒÌ
Š•„-¶µ¶· ¢µ± ¢ ¸²¥¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤±¥ ¶µ αs ¤¨¸¶¥·¸¨µ´´Ò¥
¶· ¢¨²  ¸Ê³³, ¸±µ´¸É·Ê¨·µ¢ ´´Ò¥ ¶ÊÉ¥³ ¸Ï¨¢ ´¨Ö ¶·¥¤¸É ¢²¥´¨° (77) ¨ (79)
¤²Ö ±µ··¥²ÖÉµ·  ΠLR(Q2), ¶·¨´¨³ ÕÉ ¢¨¤ [91]

〈Õ1〉µ − 3C8

8π
αs(µ)〈Õ8〉µ =

3
(4π)2

[I1(µ) + H1(µ)],

[2παs(µ) + A8α
2
s(µ)]〈Õ8〉µ + A1α

2
s(µ)〈Õ1〉µ = I8(µ) − H8(µ),

H1(µ) =
∫ ∞

µ2
dQ2 Q4[ΠLR(Q6)]d>6, H8(µ) = µ6[ΠLR(µ)]d>6.

‡¤¥¸Ó C8 Å ±µÔËË¨Í¨¥´É, § ¢¨¸ÖÐ¨° µÉ ¸Ì¥³Ò ¶¥·¥´µ·³¨·µ¢±¨, §´ Î¥´¨Ö
±µÉµ·µ£µ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1 · ¡µÉÒ [91].

C ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´ÒÌ ¶µ ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ ¨§  ´ ²¨§  τ -· ¸¶ -
¤µ¢ ¢ Ô±¸¶¥·¨³¥´É Ì ALEPH [89] ¨ OPAL [90] ¢ · ¡µÉ Ì [92] (¸³. É ±¦¥ [93])
¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ µ¶¥· Éµ·µ¢ 〈Q7,8〉2 ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¢ NDR- ¨
HV-¸Ì¥³ Ì ·¥£Ê²Ö·¨§ Í¨¨ ¶·¨ µ = 2 ƒÔ‚ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ:

B
(3/2)
7 =

{
0,66 ± 0,09 (NDR),
1,44 ± 0,25 (HV); B

(3/2)
8 =

{
1,76 ± 0,48 (NDR),
1,96 ± 0,49 (HV). (86)

„¨¸¶¥·¸¨µ´´Ò¥ ¶· ¢¨²  ¸Ê³³ (82) ¨ ¸µµÉ´µÏ¥´¨Ö (83) ¡Ò²¨ É ±¦¥ ¨¸-
¶µ²Ó§µ¢ ´Ò ¢ [94] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉2 ¸ ¶µ³µÐÓÕ
¸¶¥±É· ²Ó´ÒÌ ËÊ´±Í¨°, ¨§¢²¥± ¥³ÒÌ ¨§ τ -· ¸¶ ¤µ¢. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°
¢ NDR-¸Ì¥³¥ ¶·¨ µ = 2 ƒÔ‚ ¨ αs(2 ƒÔ‚)≈ 0,321± 0,05 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

B
(3/2)
7 = 0,8 ± 0,2; B

(3/2)
8 = 2,7 ± 1,4. (87)

� §´¨Í  ³¥¦¤Ê ÔÉ¨³¨ §´ Î¥´¨Ö³¨ ¨ ·¥§Ê²ÓÉ É ³¨ (84) · ¡µÉÒ [87] µ¡ÑÖ¸-
´Ö¥É¸Ö · §²¨Î¨Ö³¨ ¢ ¸¶µ¸µ¡ Ì ¨¸¶µ²Ó§µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨
¢Ò¡µ·¥ µ¡·¥§ ´¨° ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸¶¥±É· ²Ó´ÒÌ ¨´É¥£· ²µ¢,   É ±¦¥ ¢ ¨´-
É¥·¶·¥É Í¨¨ ¨¸ÉµÎ´¨±µ¢ ´¥µ¶·¥¤¥²¥´´µ¸É¥°.

10.2. Œ É·¨Î´Ò° Ô²¥³¥´É 〈Q8〉2 ¨§ ¢¥·µÖÉ´µ¸É¨ τ -· ¸¶ ¤µ¢. ‚ ± Î¥¸É¢¥
 ²ÓÉ¥·´ É¨¢´µ£µ ¶µ¤Ìµ¤  ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´µ£µ Ô²¥³¥´É  〈Q8〉2 ¢ [94]
¡Ò²  · ¸¸³µÉ·¥´  ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢³¥¸Éµ ¸¶¥±É· ²Ó´ÒÌ ËÊ´±Í¨°,
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¨§¢²¥± ¥³ÒÌ ¨§ τ -· ¸¶ ¤µ¢, ¨´Ëµ·³ Í¨¨ µ ¶µ²´µ° ¢¥·µÖÉ´µ¸É¨ (V − A)-
· ¸¶ ¤µ¢ ¤²Ö  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ ¸ Ê£²µ¢Ò³ ³µ³¥´Éµ³ J = 1:

Rτ,V −A = 12π2Sew

∫ m2
τ

0

ds

m2
τ

(
1 − s

m2
τ

)2(
1 +

2s

m2
τ

)
∆ρLR(s + iε). (88)

‡¤¥¸Ó Sew = 1,0194 Å Ô²¥±É·µ¸² ¡ Ö ¶µ¶· ¢± . ‚ · ³± Ì µ¶¥· Éµ·´µ£µ · §²µ-
¦¥´¨Ö Š•„ ÔÉ  ¢¥·µÖÉ´µ¸ÉÓ (88) ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¸Ê³³Ê ¢±² ¤µ¢ µ¶¥· Éµ·µ¢
· §³¥·´µ¸É¥° d = 2, 4 . . .:

Rτ,V −A =
3
2
|Vud|2Sew

∑
d=2,4,...

δ
(d)
V −A,

δ
(2)
V −A =

8mumd

m2
τ

(
1 − 25

3
αs

π

)
,

δ
(4)
V −A ≈ −16π2 m2

πF
(0)2
π

m4
τ

(
1 +

9
2

α2
s

π2

)
+ O(m4

u,d),

δ
(6)
V −A = −96π3 αs

m6
τ

{[
1 +

235
48

αs

π
±
(

235
48

αs

π

)2

− λ2

m2
τ

]
〈Õ8〉 +

αs

π
〈Õ1〉

}
,

£¤¥ ¡¥£ÊÐ¨¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ αs ¨ ³ ¸¸Ò ±¢ ·±µ¢ mu,d ¡¥·ÊÉ¸Ö ¶·¨ µ =
mτ ,   αsλ

2/π ≈ −0,06 ƒÔ‚2. „²Ö ¢±² ¤  µ¶¥· Éµ·µ¢ · §³¥·´µ¸É¨ d = 8
¨§  ´ ²¨§  ±µ³¡¨´¨·µ¢ ´´ÒÌ ALEPH/OPAL-¤ ´´ÒÌ ¡Ò²  ¶µ²ÊÎ¥´  µÍ¥´± 

δ
(8)
V −A = (−1,58 ± 0,12) · 10−2.

ˆ¸¶µ²Ó§ÊÖ µ¶·¥¤¥²¥´´Ò¥ ¤µ¶ÊÐ¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ¢¥²¨Î¨´Ò µÉ´µÏ¥´¨Ö
〈Õ1〉/〈Õ8〉, µ¸´µ¢ ´´Ò¥ ´  ¢ÒÎ¨¸²¥´¨ÖÌ ¢ ±ÊÊ³´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ± ±
¢ Š•„ ´  ·¥Ï¥É±¥, É ± ¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö, ¨§ Ô±¸¶¥·¨-

³¥´É ²Ó´µ£µ §´ Î¥´¨Ö ALEPH/OPAL R
(exp)
τ,V −A = (5, 0±1,7)·10−2 ¢ · ¡µÉ¥ [94]

¶·¨ µ = mτ ≈ 2 ƒÔ‚ ¶µ²ÊÎ¥´   ²ÓÉ¥·´ É¨¢´ Ö µÍ¥´±  ³ É·¨Î´µ£µ Ô²¥³¥´É 
〈Õ8〉2:

B
(3/2)
8 ≈ 1,83 ± 0,42. (89)

10.3. �¤·µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ Š•„-±µ··¥²ÖÉµ·  ¶·¨ ¡µ²ÓÏ¨Ì Nc .
‚±² ¤ µÉ ¡µ§µ´¨§ Í¨¨ µ¶¥· Éµ·µ¢ Q7,8, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° p0-¶µ·Ö¤±Ê ±¨· ²Ó-
´µ£µ · §²µ¦¥´¨Ö, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶¥·¢µ£µ Î²¥´  ² £· ´¦¨ ´  Lχ

ew

(74), ¸µ¤¥·¦ Ð¥£µ ±¨· ²Ó´µ-¨´¢ ·¨ ´É´ÊÕ ¸É·Ê±ÉÊ·Ê tr (λ(23)U †QU). �µ-
ÔÉµ³Ê ¢ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ ¡µ§µ´¨§µ¢ ´´Ò¥ µ¶¥· Éµ·Ò Q7,8 ³µ¦´µ ¸¢Ö§ ÉÓ
Ëµ·³ ²Ó´µ (Î¥·¥§ Éµ¦¤¥¸É¢  “µ·¤   ²£¥¡·Ò Éµ±µ¢) ¸ ¢ ±ÊÊ³´Ò³¨ µ¦¨¤ ´¨Ö³¨
Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ O1,2:

Q7 = 6〈O1(µ)〉 tr (λ(23)U †(x)QU(x))†, 〈O1〉 ≡ 〈0|s̄LγµdLd̄RγµsR|0〉;
Q8 = −12〈O2(µ)〉 tr (λ(23)U †(x)QU(x))†, 〈O2〉 ≡ 〈0|s̄LsRd̄RdL|0〉.
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’µ£¤  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q7,8〉2 ¢ p0-¶µ·Ö¤±¥ ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¨³¥-
ÕÉ ¢¨¤

〈Q7〉(p
0)

2 = − 1

3F
(0)
π

〈π+|Q7|K+〉 = − 4

F
(0)3
π

〈O1〉,

〈Q8〉(p
0)

2 = − 1

3F
(0)
π

〈π+|Q8|K+〉 =
8

F
(0)3
π

〈O2〉.

’ ± ± ± µ¶¥· Éµ· O1 ¸µ¸É ¢²¥´ ¨§ ¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ±¢ ·±µ¢ÒÌ Éµ±µ¢,
  µ¶¥· Éµ· O2 Å ¨§ ¶·µ¨§¢¥¤¥´¨Ö ±¢ ·±µ¢ÒÌ ¶²µÉ´µ¸É¥°, Éµ µ¶¥· Éµ·Ò O1

¨ O2 ¢¥¤ÊÉ ¸¥¡Ö · §²¨Î´µ ¸ ÉµÎ±¨ §·¥´¨Ö ¸Î¥É  ¸É¥¶¥´¥° ¢ 1/Nc-· §²µ¦¥´¨¨.
’ ±, ¢ ±ÊÊ³´µ¥ µ¦¨¤ ´¨¥ 〈O1〉 ´¥ ¸µ¤¥·¦¨É Ë ±Éµ·¨§µ¢ ´´ÒÌ ¢±² ¤µ¢ ¨ ¢¥¤¥É
¸¥¡Ö ± ± 〈O1〉 = O(Nc) + O(N0

c ), ¢ Éµ ¢·¥³Ö ± ± ¢ 〈O2〉 ²¨¤¨·Ê¥É Ë ±Éµ·¨§µ-
¢ ´´Ò° ¢±² ¤ N2

c -¶µ·Ö¤±  ¨ 〈O2〉 = O(N2
c ) + O(Nc).

‚ ±ÊÊ³´µ¥ µ¦¨¤ ´¨¥ 〈O1〉 ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥ · ¸Ìµ¤ÖÐ¥-
£µ¸Ö ¨´É¥£· ²  [95]

〈O1〉 =
1
2i

gµν

∫
d4q

(2π)4
(qµqν − q2gµν)ΠLR(Q2), (90)

±µÉµ·Ò° ¢ · §³¥·´µ° ·¥£Ê²Ö·¨§ Í¨¨ § ¶¨¸Ò¢ ¥É¸Ö ± ±

〈O1〉reg =
1 − D

32π2

(4πµ2)ε

Γ(2 − ε)

∫ ∞

0

dQ2(Q2)1−ε[−Q2ΠLR(Q2)]D. (91)

‘Ï¨¢ ´¨¥ ¸ ¢±² ¤ ³¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨°, ¸µ¤¥·¦ Ð¨³¨¸Ö ¢ ¢¨²Ó¸µ´µ¢¸±µ³
±µÔËË¨Í¨¥´É¥ C7(µ), ±µ´É·µ²¨·Ê¥É¸Ö µ¶¥· Éµ·´Ò³ · §²µ¦¥´¨¥³ Š•„ ¨ ¶·¨-
¢µ¤¨É ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc ± ¸µµÉ´µÏ¥´¨Õ

lim
Q2→∞

(1 − D)[−Q2ΠLR(Q2)]D =

= −12π2

(
αs

π
+ O(α2

s)

)[
1 + ε

(
κ̃ − 2

3

)]
〈q̄q〉2
Q4

, (92)

£¤¥ κ̃ = −1/2 ¢ NDR-¸Ì¥³¥, κ̃ = 3/2 ¢ HV-¸Ì¥³¥.
‚ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc ¤²Ö ¸¶¥±É· ²Ó´µ° ËÊ´±Í¨¨ ∆ρLR(s) ¸¶· ¢¥¤²¨¢µ

 ¤·µ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢ ¢¨¤¥ · §´µ¸É¨ ³¥¦¤Ê ¡¥¸±µ´¥Î´Ò³ Î¨¸²µ³ ¢¥±Éµ·-
´ÒÌ ¨ ¡¥¸±µ´¥Î´Ò³ Î¨¸²µ³  ±¸¨ ²Ó´µ-¢¥±Éµ·´ÒÌ Ê§±¨Ì ·¥§µ´ ´¸´ÒÌ ¸µ¸ÉµÖ-
´¨° ¢³¥¸É¥ ¸ ¶¨µ´´Ò³ ¶µ²Õ¸µ³:

∆ρLR(s) =
∑
V

f2
V m2

V δ(s − m2
V ) −

∑
A

f2
Am2

Aδ(s − m2
A) − F (0)2

π δ(s).
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‚ ±¨· ²Ó´µ³ ¶·¥¤¥²¥ µÉ¸ÊÉ¸É¢¨¥ ¢ µ¶¥· Éµ·´µ³ · §²µ¦¥´¨¨ ¤²Ö ΠLR µ¶¥· Éµ-
·µ¢ ¸ · §³¥·´µ¸ÉÖ³¨ d = 2, 4 ¶·¨¢µ¤¨É ± µ£· ´¨Î¥´¨Ö³, ±µÉµ·Ò¥ ¶·¨´¨³ ÕÉ
¢¨¤ ¶· ¢¨² ¸Ê³³ ‚ °´¡¥·£  (78):∑

V

f2
V m2

V −
∑
A

f2
Am2

A = F (0)2
π ,

∑
V

f2
V m4

V −
∑
A

f2
Am4

A = 0.

’ ± ± ± ΠLR(Q2) Ê¤µ¢²¥É¢µ·Ö¥É ¤¨¸¶¥·¸¨µ´´µ³Ê ¸µµÉ´µÏ¥´¨Õ ¡¥§ ¢ÒÎ¨É ´¨°
(77), Éµ µÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ

−Q2ΠLR(Q2) =
∑
A

f2
Am6

A

Q2(Q2 + m2
A)

−
∑
V

f2
V m6

V

Q2(Q2 + m2
V )

, (93)

¨ ¨´É¥£· ² ¢ (91) ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¢  ¤·µ´´µ³ ¶·¥¤¸É ¢²¥´¨¨ Š•„ ¢ ¶·¥¤¥²¥
¡µ²ÓÏ¨Ì Nc:

〈O1〉MS(µ, κ̃) = − 3
32π2

[∑
A

f2
Am6

A ln

(
Λ2

m2
A

)
−
∑
V

f2
V m6

V ln

(
Λ2

m2
V

)]
, (94)

£¤¥ Λ2 = µ2 exp (1/3 + κ̃).
‚ ±ÊÊ³´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É 〈O2〉 ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc ¨³¥¥É ¢¨¤

〈O2〉 =
1
4
〈q̄q〉2 +

∫
d4q

(2π)4
ΠSP(Q2), (95)

£¤¥

ΠSP(Q2) =
∫

d4x eiqx〈0|T [d̄L(x)dLs̄R(0)sR(0)]|0〉. (96)

‚ ¢Ò· ¦¥´¨¨ (95) ¶¥·¢Ò° Î²¥´ ²¨¤¨·ÊÕÐ¥£µ N2
c -¶µ·Ö¤±  µÉ¢¥Î ¥É ¢±² ¤Ê

¤¨ £· ³³ Ë ±Éµ·¨§Ê¥³µ£µ É¨¶  ¸ ¤¢Ê³Ö ´¥¸¢Ö§ ´´Ò³¨ ¸¨´£²¥É´Ò³¨ ¶µ Í¢¥ÉÊ
±¢ ·±µ¢Ò³¨ ¶¥É²Ö³¨. ‚Éµ·µ° Î²¥´ ¶·¥¤¸É ¢²Ö¥É ¢±² ¤ Ê¶µ³Ö´ÊÉÒÌ ±¢ ·±µ-
¢ÒÌ ¶¥É¥²Ó, ¸¢Ö§ ´´ÒÌ Î¥·¥§ ¶² ´ ·´Ò¥ £²Õµ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¨ ¨³¥¥É
N0

c -¶µ·Ö¤µ±. ‚ ¢Ò· ¦¥´¨¨ (95) ´¥²Ó§Ö µ£· ´¨Î¨ÉÓ¸Ö Éµ²Ó±µ ¶¥·¢Ò³ Î²¥´µ³,
É ± ± ± ¢Éµ·µ° Î²¥´ µ± §Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¸µ-
¤¥·¦¨É Ë ±Éµ· ¶µ¤ ¢²¥´¨Ö 1/N2

c . �¤´ ±µ, ¢ µÉ²¨Î¨¥ µÉ (V −A)-±µ··¥²ÖÉµ· 
ΠLR, ´¥ ¸ÊÐ¥¸É¢Ê¥É  ¤·µ´´µ£µ  ´§ Í , ±µÉµ·Ò° ³µ¦´µ ¡Ò²µ ¡Ò ¨¸¶µ²Ó§µ¢ ÉÓ
¤²Ö ·¥ ²¨¸É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ±µ··¥²ÖÉµ·  ΠSP ¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Nc. ’ -
±µ°  ´§ Í ¤µ²¦¥´ ¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¸± ²Ö·´Ò¥ ¨ ¶¸¥¢¤µ¸± ²Ö·´Ò¥ ·¥§µ´ ´¸Ò,
¨¤¥´É¨Ë¨± Í¨Ö ¨ É· ±Éµ¢±  ±µÉµ·ÒÌ ¤µ ¸¨Ì ¶µ· µ¸É ÕÉ¸Ö ¶·µ¡²¥³ É¨Î´Ò³¨.

…¸²¨ ¶·¨ · ¸¸³µÉ·¥´¨¨ ¶µ¢¥¤¥´¨Ö ΠLR(Q2) ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ´¥
µ£· ´¨Î¨¢ ÉÓ¸Ö ¶·¥¤¥²µ³ ¡µ²ÓÏ¨Ì Nc, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥, ± ± ¶µ± § ´µ ¢ · -
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¡µÉ¥ [87], ¢ ±ÊÊ³´µ¥ µ¦¨¤ ´¨¥ 〈O2〉 ¶µÖ¢²Ö¥É¸Ö É ±¦¥ ¨ ¢ µ¶¥· Éµ·´µ³ · §²µ-
¦¥´¨¨ (92), µ¶·¥¤¥²ÖÕÐ¥³ ¶µ¢¥¤¥´¨¥ ΠLR(Q2) ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ [96,97]:

lim
Q2→∞

[−Q2ΠLR(Q2)]DQ4 =

= 4παs

[
4

(
1 + ξ(κ̃)

αs

π
+ . . .

)
〈O2〉 +

(
2

Nc
+ . . .

)
〈O1〉

]
. (97)

‡¤¥¸Ó ξ(κ̃ = −1/2) = 25/8 (NDR), ξ(κ̃ = 3/2) = 21/8 (HV) Å § ¢¨¸ÖÐ¨¥
µÉ ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨ ±µÔËË¨Í¨¥´ÉÒ, ¢ÒÎ¨¸²¥´´Ò¥ ¢ · ¡µÉ¥ [91]. �·¥´¥-
¡·¥£ Ö ¢ ¶· ¢µ° Î ¸É¨ ¸µµÉ´µÏ¥´¨Ö (97) ³ ²Ò³ Î²¥´µ³, ¶·µ¶µ·Í¨µ´ ²Ó´Ò³
〈O1〉, ¨ ¨¸¶µ²Ó§ÊÖ  ´§ Í (93), ¶µ²ÊÎ ¥³

〈O2〉MS(µ, κ̃) =
∑

A f2
Am6

A −
∑

V f2
V m6

V

16παs(µ)[1 + ξ(κ̃)αs(µ)/π + O(α2
s)]

. (98)

�£· ´¨Î¨¢ Ö¸Ó, ±·µ³¥ ¶¨µ´´µ£µ ¶µ²Õ¸ , µ¤´¨³ ¢¥±Éµ·´Ò³ ¨ µ¤´¨³  ±¸¨-
 ²Ó´µ-¢¥±Éµ·´Ò³ ·¥§µ´ ´¸µ³ ¢ ¸¶¥±É·¥ Ê§±¨Ì ¸µ¸ÉµÖ´¨° ¶·¨ ¡µ²ÓÏ¨Ì Nc,
³µ¦´µ ¶¥·¥¶¨¸ ÉÓ Ëµ·³Ê²Ò (94) ¨ (98) ¢ ¢¨¤¥

〈O1〉(µ) = − 3
32π2

F
(0)2
π m4

V

1 − gA
log

[
gA

(
gAΛ2

m2
V

)1/gA−1]
,

〈O2〉(µ) =
1

16παs(µ)[1 + ξ(κ̃)αs(µ)/π]
F

(0)2
π m4

V

gA
,

£¤¥ gA = m2
V /m2

A. �¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉2
¶·¨ µ = 2 ƒÔ‚ ¨ §´ Î¥´¨ÖÌ ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ mV = (750 ± 25) ŒÔ‚,
gA = 0,50 ± 0,06 ¨ αs(2 ƒÔ‚) = 0,33 ± 0,04 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± [98]

B
(3/2)
7 =

{
0,34 ± 0,09 (NDR),
2,00 ± 0,09 (HV); B

(3/2)
8 =

{
2,49 ± 0,71 (NDR),
2,68 ± 0,84 (HV). (99)

10.4. X-¡µ§µ´´ Ö ³µ¤¥²Ó. ‚ µ¸´µ¢¥ ¶µ¤Ìµ¤  [99] ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉2 ²¥¦¨É ³µ¤¥²Ó ¸ X-¡µ§µ´ ³¨ [51,100], ¢§ ¨³µ¤¥°¸É¢Ê-
ÕÐ¨³¨ ¸ ±¢ ·±µ¢Ò³¨ Éµ± ³¨ ¨ ¶²µÉ´µ¸ÉÖ³¨:

LX = g7(µ)Xµ
7

(
s̄LγµdL +

3
2
eq

∑
q

q̄RγµqR

)
+

+ g8(µ)
∑

q

Xq,8(q̄LdL − 3eqs̄RqR).
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Šµ´¸É ´ÉÒ ¸¢Ö§¨ g7,8(µ) ¢ÒÎ¨¸²ÖÕÉ¸Ö ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¢ · ³± Ì ¶¥·-
ÉÊ·¡ É¨¢´µ° Š•„ ± ± ËÊ´±Í¨¨ µÉ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ C7,8(µ),  
Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò¥ µ¶¥· Éµ·Ò Q7,8 £¥´¥·¨·ÊÕÉ¸Ö X-¡µ§µ´´Ò³¨ µ¡³¥´ ³¨. ‚
É ±µ³ ¶µ¤Ìµ¤¥ Ê¤ ¥É¸Ö µ¸ÊÐ¥¸É¢¨ÉÓ  ´ ²¨É¨Î¥¸±µ¥ ¸Ï¨¢ ´¨¥ ¢ § ¢¨¸¨³µ¸É¨
± ± µÉ Ï± ²Ò ¶¥·¥´µ·³¨·µ¢±¨, É ± ¨ µÉ γ5-¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨ ¢¨²Ó¸µ´µ¢-
¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¨ ¢ ±ÊÊ³´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈O1〉µ. �µ¸²¥¤´¨¥
¨³¥ÕÉ ¢¨¤

〈O1〉µ = − 3
32π2

(
1 +

r
(1)
1

24
αs

π

)
ALR(µ) +

r
(1)
2

4
αs

π
BSP(µ),

〈O2〉µ = − 3
32π2

r
(2)
1

24
αs

π
ALR(µ) +

(
1 +

r
(2)
2

4
αs

π

)
BSP(µ),

ALR(µ) =

s0∫
0

ds s2 ln

(
s

µ2

)
∆ρLR(s),

BSP(µ) =
1
4
〈q̄q〉2µ +

1
12

1
16π2

s̃0∫
0

ds s ln

(
s

µ2

)
∆ρSP(s).

(100)

‡¤¥¸Ó r
(1)
1 = r

(1)
2 = 1, r

(2)
1 = 9, r

(2)
2 = 23/3 ¢ NDR-¸Ì¥³¥; r

(1)
1 = r

(1)
2 = −11,

r
(2)
1 = −3, r

(2)
2 = 35/3 ¢ HV-¸Ì¥³¥; ∆ρSP(s) Å ¸¶¥±É· ²Ó´ Ö ËÊ´±Í¨Ö ±µ··¥-

²ÖÉµ·  ΠSP(Q2); s0 ¨ s̃0 Å ¶µ·µ£¨, ¢ÒÏ¥ ±µÉµ·ÒÌ ¤²Ö ¸¶¥±É· ²Ó´ÒÌ ËÊ´±Í¨°
∆ρLR(s) ¨ ∆ρSP(s) ¸µµÉ¢¥É¸É¢¥´´µ ¸É ´µ¢ÖÉ¸Ö ¸¶· ¢¥¤²¨¢Ò³¨ ¸µµÉ´µÏ¥´¨Ö
²µ± ²Ó´µ° ¤Ê ²Ó´µ¸É¨:

∞∫
s0

ds s2 ln

(
s

µ2

)
∆ρLR(s) = O(α2

s),

∞∫
s̃0

ds s ln

(
s

µ2

)
∆ρSP(s) = O(α2

s).

‘ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤ ´´ÒÌ ±µ²² ¡µ· Í¨° ALEPH ¨ OPAL ¤²Ö ¸¶¥±É· ²Ó-
´µ° ËÊ´±Í¨¨ ∆ρLR(s) ¢ · ¡µÉ¥ [99] ¡Ò²  ¶µ²ÊÎ¥´  µÍ¥´±  s0 ≈ 2,5 ƒÔ‚2

¨§  ´ ²¨§  ¶· ¢¨² ¸Ê³³ ‚ °´¡¥·£  (78) ¶·¨ Éµ³ ¦¥ ¢¥·Ì´¥³ ¶µ·µ£¥ µ¡·¥§ -
´¨Ö ¢ ¨´É¥£· ² Ì ¶µ s. ‚ ±ÊÊ³´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈O1,2〉 ¢ÒÎ¨¸²Ö²¨¸Ó
¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (100) ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¨´É¥£· ²µ³ µÉ ¸¶¥±É· ²Ó-
´µ° ËÊ´±Í¨¨ ∆ρSP(s) ¢ BSP. ‚ ³µ¤¥²Ó´ÒÌ µÍ¥´± Ì ÔÉµÉ ¨´É¥£· ² ¤ ¢ ²
¶µ¶· ¢±Ê µÉ −10 ¤µ −30% ± ¢±² ¤Ê ±¢ ·±µ¢µ£µ ±µ´¤¥´¸ É  ¢ BSP. �¥§Ê²Ó-
É ÉÒ µÍ¥´µ± ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉2, ¶µ²ÊÎ¥´´Ò¥ ¢ [99] ¶·¨ µ = 2 ƒÔ‚,
αs(2 ƒÔ‚) = 0,320 ¨ 〈q̄q〉2 ƒÔ‚ = −(0,018 ± 0,004) ƒÔ‚3, ¨³¥ÕÉ ¢¨¤

B
(3/2)
7 =

{
0,81 ± 0,09 (NDR),
1,22 ± 0,19 (HV); B

(3/2)
8 =

{
1,27 ± 0,53 (NDR),
1,38 ± 0,64 (HV). (101)
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�µ¤É¢¥·¦¤¥´¨¥ ¢ 1999 £. ÔËË¥±É  ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ ¤¢ÊÌ ´¥-
§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´É Ì NA48 [4] ¨ KTeV [5] ¤ ²µ ´µ¢Ò° Éµ²Îµ± É¥µ·¥-
É¨Î¥¸±¨³ ¨¸¸²¥¤µ¢ ´¨Ö³ ¢ ÔÉµ³ ´ ¶· ¢²¥´¨¨. ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¡² £µ-
¤ ·Ö · ¡µÉ ³ [16Ä22] ± ÔÉµ³Ê ¢·¥³¥´¨ ¡Ò² ¤µ¸É¨£´ÊÉ §´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸
¢ · ¸Î¥É Ì ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´É´ÒÌ ËÊ´±Í¨° ¢ ²¨¤¨·ÊÕÐ¥³ ¨ ¸²¥-
¤ÊÕÐ¥³ §  ²¨¤¨·ÊÕÐ¨³ ¶µ·Ö¤± Ì Š•„. �¤´ ±µ ¢ÒÎ¨¸²¥´¨Ö ¸  ¤·µ´´Ò³¨
³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢, ¶µ²ÊÎ¥´´Ò³¨ ¢ ²¨¤¨·ÊÕ-
Ð¥³ ¶µ·Ö¤±¥ 1/Nc-· §²µ¦¥´¨Ö, ¤ ¢ ²¨ µÍ¥´±Ê µÉ´µÏ¥´¨Ö ε′/ε ´ ³´µ£µ ´¨¦¥
Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö.

‚ ÔÉµ³ ¶µ·Ö¤±¥ 1/Nc-¶µ¤Ìµ¤ ¶·¨¢µ¤¨² ± ¡µ²ÓÏ¨³ ¢±² ¤ ³ ³¥§µ´´ÒÌ ¶¥-
É¥²Ó ¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ´¥¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢. C ³µ ¶µ ¸¥¡¥ ÔÉµ
Ê± §Ò¢ ²µ ´  ´ ²¨Î¨¥ §´ Î¨É¥²Ó´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°, ¸¢Ö-
§ ´´ÒÌ ¸ ÔËË¥±É ³¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°, ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨§µÉµ¶¨Î¥¸±¨Ì
 ³¶²¨ÉÊ¤ ¶¥·¥Ìµ¤µ¢ K → 2π ¨, ¢ Î ¸É´µ¸É¨, µ¶¨¸ ´¨¨ ¶· ¢¨²  ∆I = 1/2.
’¥³ ´¥ ³¥´¥¥ ¢ ¸²ÊÎ ¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ 〈Q6,8〉
µ¦¨¤ ²µ¸Ó, ÎÉµ ¢ ²¨¤¨·ÊÕÐ¥³ ¶µ·Ö¤±¥ 1/Nc-¶µ¤Ìµ¤  ¤²Ö ¶µ¸²¥¤´¨Ì ¤µ¸É -
ÉµÎ´µ µ£· ´¨Î¨ÉÓ¸Ö ¡µ·´µ¢¸±¨³¨ ¤¨ £· ³³ ³¨, ¢µ¸¶·µ¨§¢µ¤ÖÐ¨³¨ · ¸Î¥ÉÒ
¢ ¶·¨¡²¨¦¥´¨¨ ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö, É. ¥. ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ë ±Éµ·Ò B6,8

¤µ²¦´Ò ¡ÒÉÓ ¡²¨§±¨³¨ ± ¥¤¨´¨Í¥. �·¥¤¶µ¸Ò²±µ° ¤²Ö É ±¨Ì µ¦¨¤ ´¨° Ö¢¨²¸Ö
ÉµÉ Ë ±É, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ-§ ¢¨¸¨³µ¸ÉÓ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢
C6,8 ¸Ï¨¢ ¥É¸Ö  ´ ²¨É¨Î¥¸±¨ ¸ µ-§ ¢¨¸¨³µ¸ÉÓÕ ¡µ·´µ¢¸±¨Ì ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éµ¢ 〈Q6,8〉 ∼ m−2

s (µ). �¦¨¤ ´¨Ö, ÎÉµ B6,8 ≈ 1, ± § ²µ¸Ó ¡Ò, ¶µ¤É¢¥·¦¤ -
²¨¸Ó ¨ ¢ÒÎ¨¸²¥´¨Ö³¨ ¢ Š•„ ´  ·¥Ï¥É±¥ [68].

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶µ²ÊË¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µ¤Ìµ¤µ³ [18] ¢¥²¨Î¨´Ò ω ¨

a
(z)
0,2 ¢ §´ ³¥´ É¥²ÖÌ ¢Ò· ¦¥´¨Ö (15) ¤²Ö ε′/ε ³µ¦´µ § Ë¨±¸¨·µ¢ ÉÓ ¶µ Ô±¸-

¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³  ³¶²¨ÉÊ¤ a0,2. ’µ£¤  µÍ¥´±¨ µÉ´µÏ¥´¨Ö ε′/ε
¡Ê¤ÊÉ ¸¢µ¡µ¤´Ò µÉ É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°, ¢´µ¸¨³ÒÌ ÔËË¥±É ³¨
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° ¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ´¥¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢. …¸²¨
B6,8 ≈ 1, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ÔËË¥±É ³¨ ¡µ²Ó-
Ï¨Ì · ¸cÉµÖ´¨°, µ± §Ò¢ ÕÉ¸Ö ´¥§´ Î¨É¥²Ó´Ò³¨ ¤²Ö ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢,

µ¶·¥¤¥²ÖÕÐ¨Ì ¢¥²¨Î¨´Ò a
(y)
0,2 ¢ Î¨¸²¨É¥²ÖÌ ¢Ò· ¦¥´¨Ö (15), ¨ Ë ±Éµ· Fε′ ¢

Ëµ·³Ê²¥ (49) ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ³µ¦´µ ¡Ò²µ ¡Ò µÍ¥´¨ÉÓ ¢ · ³± Ì ¶¥·ÉÊ·-
¡ É¨¢´µ° Š•„ ¨ ¶·¨¡²¨¦¥´¨Ö ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥´¨Ö. ’ ±¨³ µ¡· §µ³, ¶·¨
Ê¸²µ¢¨¨ B6,8 ≈ 1 Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§³¥·¥´¨¥ ¢¥²¨Î¨´Ò ε′/ε ¶µ§¢µ²¨²µ ¡Ò
µ¸ÊÐ¥¸É¢¨ÉÓ ¤µ¸É ÉµÎ´µ ´ ¤¥¦´ÊÕ ¶·µ¢¥·±Ê ‘Œ.

‡´ Î¨É¥²Ó´µ¥ µÉ²¨Î¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö (39) µÉ ¶·¥¤¸± § -
´¨° 1/Nc-¶µ¤Ìµ¤  (50) ¨ Š•„ ´  ·¥Ï¥É±¥ (60) ³µ¦´µ É· ±Éµ¢ ÉÓ ± ± Ê± § -
´¨¥ ²¨¡µ ´  ¸¨£´ ² µÉ Ë¨§¨±¨ §  ¶·¥¤¥² ³¨ ‘Œ, ²¨¡µ ´  ´ ²¨Î¨¥ ´¥ÊÎÉ¥´´ÒÌ
(´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ) ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°. �¤´ ±µ µÍ¥´±¨ ¶µ± § ²¨,
ÎÉµ ´¨± ±¨¥ ÔËË¥±ÉÒ §  ¶·¥¤¥² ³¨ ‘Œ ´¥ ³µ£ÊÉ ¤ ÉÓ Ê¸¨²¥´¨Ö ε′/ε, ´¥µ¡-
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Ìµ¤¨³µ£µ ¤²Ö ¶·¨¢¥¤¥´¨Ö ¶·¥¤¸± § ´¨° 1/Nc-¶µ¤Ìµ¤  (É. ¥. ¶·¨ B6,8 ≈ 1) ¢
¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³. ‚ Éµ ¦¥ ¢·¥³Ö Ê¦¥ ¢ · ¡µÉ¥ [9] ¢ÒÌµ¤ §  · ³±¨
²¨¤¨·ÊÕÐ¥£µ ¶µ·Ö¤±  1/Nc-· §²µ¦¥´¨Ö ¶·¨ ÊÎ¥É¥ ¢±² ¤  ³¥§µ´´ÒÌ ¶¥É¥²Ó
¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ¶·¨¢µ¤¨² ± §´ Î¨É¥²Ó´µ³Ê
Ê¸¨²¥´¨Õ Ë ±Éµ·  B6 ¨, ± ± ¸²¥¤¸É¢¨¥, ± Ê¸¨²¥´¨Õ ε′/ε. �ËË¥±É Ê¸¨²¥´¨Ö
Ë ±Éµ·  B6 ´ ¡²Õ¤ ²¸Ö ¶µ§¤´¥¥ ¨ ¢ · ¸Î¥É Ì ¢ · ³± Ì ±¨· ²Ó´µ° ±¢ ·±µ¢µ°
³µ¤¥²¨ [10]. �Éµ Ê± §Ò¢ ²µ ´  Éµ, ÎÉµ ¶·¨¡²¨¦¥´¨¥ ¢ ±ÊÊ³´µ£µ ´ ¸ÒÐ¥-
´¨Ö, ¶µ-¢¨¤¨³µ³Ê, Ö¢²Ö¥É¸Ö ´¥¤µ¸É ÉµÎ´Ò³ ¤²Ö µÍ¥´±¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢
± ± ´¥¶¨´£¢¨´µ¢ÒÌ, É ± ¨ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢. �µÔÉµ³Ê Ê¸¨²¨Ö É¥µ-
·¥É¨±µ¢ ¢ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ¶ÖÉ¨ ²¥É ¡Ò²¨ ´ ¶· ¢²¥´Ò ¶·¥¦¤¥ ¢¸¥£µ ´ 
· §¢¨É¨¥ · §²¨Î´ÒÌ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ¶µ¤Ìµ¤µ¢ ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ 〈Qi〉.

�¥±µÉµ·Ò¥ ¶·¨´Í¨¶¨ ²Ó´Ò¥ ´¥¤µ¸É É±¨ ¸É ´¤ ·É´µ£µ 1/Nc-¶µ¤Ìµ¤  Ê¤ -
²µ¸Ó ¶·¥µ¤µ²¥ÉÓ ¢ ¥£µ ³µ¤¨Ë¨± Í¨ÖÌ [59, 60, 62], · ¸¸³µÉ·¥´´ÒÌ ¢ · §¤. 6.
‚ Î ¸É´µ¸É¨, ¨¸¶µ²Ó§µ¢ ´¨¥ ¡µ²¥¥ ¨§µÐ·¥´´µ° É¥Ì´¨±¨ ¢ÒÎ¨¸²¥´¨° ¶µ§¢µ-
²Ö¥É §´ Î¨É¥²Ó´µ Ê²ÊÎÏ¨ÉÓ ¸Ï¨¢ ´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ-
¢ÒÌ µ¶¥· Éµ·µ¢ ¸ ¢¨²Ó¸µ´µ¢¸±¨³¨ ±µÔËË¨Í¨¥´É´Ò³¨ ËÊ´±Í¨Ö³¨,   É ±¦¥
Ê¸É· ´¨ÉÓ ±¢ ¤· É¨Î´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ ¶ · ³¥É·  “”-µ¡·¥§ ´¨Ö ¢ ³¥§µ´-
´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì. �¤´ ±µ µ¶¨¸ ´¨¥ Ë § ππ-· ¸¸¥Ö´¨Ö ¨ ¶· ¢¨² 
∆I = 1/2 ¢ ÔÉ¨Ì ¶µ¤Ìµ¤ Ì ¶µ-¶·¥¦´¥³Ê µ¸É ¥É¸Ö ¶·µ¡²¥³ É¨Î´Ò³. ’¥³ ´¥
³¥´¥¥ ¶µ²ÊÎ¥´´Ò¥ µÍ¥´±¨ µÉ´µÏ¥´¨Ö ε′/ε Ìµ·µÏµ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´-
Éµ³ (¶·¨ ´ ²¨Î¨¨ ¡µ²ÓÏ¨Ì É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°). �·¨ ÔÉµ³ ¤²Ö

Ë ±Éµ·  B
(1/2)
6 ¶µ²ÊÎ ÕÉ¸Ö §´ Î¥´¨Ö, ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÕÐ¨¥ ¥¤¨´¨ÍÊ.

Š·µ³¥ Éµ£µ, ¢ · ¡µÉ¥ [59] ´ ¡²Õ¤ ²µ¸Ó §´ Î¨É¥²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¢±² ¤  Ô²¥±-

É·µ¸² ¡µ£µ ¶¨´£¢¨´µ¢µ£µ µ¶¥· Éµ· : B
(3/2)
8 = 0,64 ÷ 0,42.

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö É ±¦¥ ¨´É¥´¸¨¢´µ · §¢¨¢ ²¨¸Ó ³¥Éµ¤Ò ¢ÒÎ¨¸²¥´¨Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Î¥ÉÒ·¥Ì±¢ ·±µ¢ÒÌ µ¶¥· Éµ·µ¢ ¢ Š•„ ´  ·¥Ï¥É±¥. �¤-
´ ±µ, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ µÉ·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  〈Q6〉0
¨ µÉ´µÏ¥´¨Ö ε′/ε Ö¢²ÖÕÉ¸Ö µ¡Ð¥° µ¸µ¡¥´´µ¸ÉÓÕ ¶µ¸²¥¤´¨Ì ¢ÒÎ¨¸²¥´¨° ´ 
·¥Ï¥É±¥ (64) [75] ¨ (65) [76,77], ´ ¡²Õ¤ ÕÐ¥¥¸Ö ¢ ´¨Ì ¸¨²Ó´µ¥ ¶·µÉ¨¢µ·¥Î¨¥
¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ±  ¥Ð¥ ¶·¥¦¤¥¢·¥³¥´´µ · ¸¸³ É·¨¢ ÉÓ ± ± Ê± § ´¨¥ ´ 
´¥±µ··¥±É´µ¸ÉÓ ‘Œ ¢ ¶·¨³¥´¥´¨¨ ± µ¶¨¸ ´¨Õ ¶·Ö³µ£µ CP -´ ·ÊÏ¥´¨Ö ¢ · ¸-
¶ ¤ Ì K → 2π. ‡´ Î¨É¥²Ó´µ¥ · ¸Ìµ¦¤¥´¨¥ ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ³¥¦¤Ê
·¥§Ê²ÓÉ É ³¨ (64) ¨ (65), ¶µ²ÊÎ¥´´Ò³¨ ¢ SF- ¨ DWF-Ëµ·³ ²¨§³ Ì, Ê± §Ò¢ ¥É
´  Éµ, ÎÉµ ´¥±µ´É·µ²¨·Ê¥³Ò¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ µÏ¨¡±¨ ¢ ÔÉ¨Ì ¶µ¤Ìµ¤ Ì ¶µ± 
¥Ð¥ ¢¥²¨±¨ ¨ ´Ê¦¤ ÕÉ¸Ö ¢ ¤ ²Ó´¥°Ï¥³ Ê²ÊÎÏ¥´¨¨.

„²Ö ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éµ¢  ´ ²¨§  ±µ··¥²ÖÉµ·  ΠLR(Q2) ¢ · §²¨Î´ÒÌ
¶µ¤Ìµ¤ Ì ¸ ·¥§Ê²ÓÉ É ³¨ ¢ÒÎ¨¸²¥´¨° ¢ Š•„ ´  ·¥Ï¥É± Ì ¶µ¸²¥¤´¨¥ ¤µ²¦´Ò

¡ÒÉÓ ¶¥·¥¸Î¨É ´Ò ± É¥³ ¦¥ §´ Î¥´¨Ö³ FK = Fπ = F
(0)
π ¨ (ms + md)µ=2 ƒÔ‚,

ÎÉµ ¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ 〈Q7,8〉vac
2 (85). ’ ±, ´ ¨¡µ²¥¥

Î ¸Éµ Í¨É¨·Ê¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ [101], ¶µ²ÊÎ¥´´Ò¥ ¢ Š•„ ´  ·¥Ï¥É±¥, ¶µ¸²¥
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É ±µ£µ ¶¥·¥¸Î¥É  ¶·¨³ÊÉ ¢¨¤

B
(3/2)
7 =

{
0,34 ± 0,13 (NDR),
0,56 ± 0,19 (HV); B

(3/2)
8 =

{
0,54 ± 0,11 (NDR),
0,61 ± 0,13 (HV). (102)

�Í¥´±¨ (84) ¨ (101) ¤²Ö ¶ · ³¥É·  B
(3/2)
8 ¢ ¤¢  · §  ¶·¥¢ÒÏ ÕÉ ¥£µ §´ Î¥´¨Ö

(102) ¢ Š•„ ´  ·¥Ï¥É±¥. �¥§Ê²ÓÉ ÉÒ (86), (87) ¨ (99) ¤²Ö B
(3/2)
8 ¶·¥¢ÒÏ ÕÉ

·¥Ï¥ÉµÎ´Ò¥ §´ Î¥´¨Ö ¢ 3Ä4 · § ∗.
„²Ö Éµ£µ ÎÉµ¡Ò µÉ´µÏ¥´¨¥ ε′/ε ¶µ²ÊÎ ²µ¸Ó ¶µ²µ¦¨É¥²Ó´Ò³ ¶·¨ É ±¨Ì

¡µ²ÓÏ¨Ì ¢±² ¤ Ì Ô²¥±É·µ¸² ¡µ£µ ¶¨´£¢¨´µ¢µ£µ µ¶¥· Éµ·  Q8, ¢¥²¨Î¨´  ¶ · -

³¥É·  B
(1/2)
6 , Ì · ±É¥·¨§ÊÕÐ Ö ¢±² ¤ £²Õµ´´µ£µ ¶¨´£¢¨´µ¢µ£µ µ¶¥· Éµ·  Q6,

¤µ²¦´  ¡ÒÉÓ ´ ³´µ£µ ¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ ¤ ¦¥ ¶·¨ ΩIB = 0. ’ ±, ¢ · ¡µÉ¥ [102]
¢ÒÎ¨¸²Ö²¸Ö ¢±² ¤ ¢ ±µ´¸É ´ÉÊ ¸¢Ö§¨ g8 (67) µ±É¥É´µ° Î ¸É¨ ¸² ¡µ£µ ² £· ´¦¨-
 ´  (66) µÉ ¡µ§µ´¨§ Í¨¨ £²Õµ´´ÒÌ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ Q4,6 ¢ ±¨· ²Ó´µ³
¶·¥¤¥²¥ ¶·¨ ¡µ²ÓÏ¨Ì Nc. ‚±² ¤ ¢ g8 µÉ Ë ±Éµ·¨§Ê¥³ÒÌ ±µ´Ë¨£Ê· Í¨° ¨³¥¥É
¶µ·Ö¤µ± O(N2

c ) ¨ ¸¢Ö§ ´ ¸ ¢¨²Ó¸µ´µ¢¸±¨³¨ ±µÔËË¨Í¨¥´É ³¨ ± ±

g8|fact
Q6,Q4

= C6(µ)
[
−16L5

〈q̄q〉2
F 6

0

]
+ C4(µ) 1.

�¥Ë ±Éµ·¨§Ê¥³Ò¥ ¢±² ¤Ò ¶µ·Ö¤±  O

(
N2

c

nf

Nc

)
, ¢ÒÌµ¤ÖÐ¨¥ §  · ³±¨ ²¨¤¨·Ê-

ÕÐ¥£µ ¶µ·Ö¤±  1/Nc-· §²µ¦¥´¨Ö, ¢µ§´¨± ÕÉ ± ± ¨´É¥£· ²Ò

g8|unfact
Q6,Q4 = C6(µ)

8nf

16π2F 4
0

[
(4πµ2)ε

Γ(2 − ε)

∫ ∞

0

dQ2(Q2)1−εWDGRR(Q2)
]

MS

−

− C4(µ)
4nf

16π2F 4
0

[
(4πµ2)ε

Γ(2 − ε)

∫ ∞

0

dQ2(Q2)1−εWLLRR(Q2)
]

MS

.

‡¤¥¸Ó WDGRR(Q2) ¨ WLLRR(Q2) Å ¨´¢ ·¨ ´É´Ò¥ ËÊ´±Í¨¨, ¢¢¥¤¥´´Ò¥
¢ [102] ¤²Ö ¸¢Ö§ ´´ÒÌ ¤¢ÊÌÉµÎ¥Î´ÒÌ Š•„-ËÊ´±Í¨° ƒ·¨´ , ±µÉµ·Ò¥ µ¶¨¸Ò-
¢ ÕÉ ´¥Ë ±Éµ·¨§Ê¥³Ò¥ ±µ´Ë¨£Ê· Í¨¨ É¨¶  ®£² §¯, ¢µ§´¨± ÕÐ¨¥ ¶·¨ ¡µ§µ´¨-
§ Í¨¨. „²Ö ËÊ´±Í¨° WDGRR ¨ WLLRR ¡Ò²µ ¨¸¶µ²Ó§µ¢ ´µ  ¤·µ´´µ¥ ¶·¥¤-
¸É ¢²¥´¨¥ ¶·¨ ¡µ²ÓÏ¨Ì Nc Î¥·¥§ ¸¶¥±É· Ê§±¨Ì ¸µ¸ÉµÖ´¨°, ÊÎ¥É ±µÉµ·ÒÌ ¢
¶·¨¡²¨¦¥´¨¨ ³¨´¨³ ²Ó´µ£µ  ¤·µ´´µ£µ  ´§ Í  ¸¢µ¤¨É¸Ö ± ¢¥±Éµ·´µ³Ê ¨ ¸± -
²Ö·´µ³Ê ¶µ²Õ¸ ³ ¸ ³ ¸¸ ³¨ mV ¨ mS ≈ 1 ƒÔ‚ ¸µµÉ¢¥É¸É¢¥´´µ.

—¨¸²¥´´Ò¥ µÍ¥´±¨ ¶µ± § ²¨, ÎÉµ ¢ É ±µ³ ¶µ¤Ìµ¤¥ ´¥Ë ±Éµ·¨§Ê¥³Ò° ¢±² ¤
¢ ³ É·¨Î´Ò° Ô²¥³¥´É 〈Q6〉0 ¢ É·¨ · §  ¶·¥¢ÒÏ ¥É Ë ±Éµ·¨§Ê¥³Ò° ¢±² ¤.

∗�Í¥´±¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  〈Q8〉2 ¨§  ´ ²¨§  Š•„-±µ··¥²ÖÉµ·  É ±¦¥ ¶·µÉ¨¢µ·¥Î É
¢ÒÎ¨¸²¥´¨Ö³ ¢ · ³± Ì ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ 1/Nc-¶µ¤Ìµ¤  [59].
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ˆ³¥´´µ §  ¸Î¥É Ê¸¨²¥´¨Ö ¢±² ¤  £²Õµ´´µ£µ ¶¨´£¢¨´µ¢µ£µ µ¶¥· Éµ·  Q6 ´¥-
Ë ±Éµ·¨§Ê¥³Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ É¨¶  ®£² §¯µÉ´µÏ¥´¨¥ ε′/ε ¸É ´µ¢¨É¸Ö ´¥
Éµ²Ó±µ ¶µ²µ¦¨É¥²Ó´Ò³, ´µ ¨ ¡²¨§±¨³ ± Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´µ³Ê §´ -
Î¥´¨Õ (¶·¨ ΩIB = 0,16 ± 0,03)

ε′/ε = (16,6 ± 1,6) · 10−4 [102], (103)

´¥¸³µÉ·Ö ´  ¡µ²ÓÏµ° µÉ·¨Í É¥²Ó´Ò° ¢±² ¤ ¢ ε′/ε µÉ Ô²¥±É·µ¸² ¡µ£µ ¶¨´-

£¢¨´µ¢µ£µ µ¶¥· Éµ· , Ì · ±É¥·¨§Ê¥³µ£µ ¶ · ³¥É·µ³ B
(3/2)
8 (99). Š·µ³¥ Éµ£µ,

´¥Ë ±Éµ·¨§Ê¥³Ò¥ ¢±² ¤Ò, ¢µ§´¨± ÕÐ¨¥ µÉ ±µ´Ë¨£Ê· Í¨° É¨¶  ®£² §¯ ¨ ¶·¨
¡µ§µ´¨§ Í¨¨ ¶¨´£¢¨´µ¢µ£µ µ¶¥· Éµ·  Q2, Ê¸¨²¨¢ ÕÉ ¡µ²¥¥ Î¥³ ¢ 1,5 · § 
 ³¶²¨ÉÊ¤Ê a0 ¨ É¥³ ¸ ³Ò³ Ê²ÊÎÏ ÕÉ µ¶¨¸ ´¨¥ ¶· ¢¨²  ∆I = 1/2.

…Ð¥ · ´ÓÏ¥  ´ ²µ£¨Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ´¥Ë ±Éµ·¨§Ê¥³ÒÌ ¢±² ¤µ¢ ¢ ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈Q6〉0 ¨ 〈Q2〉0 ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ³± Ì X-¡µ§µ´´µ£µ ¶µ¤-
Ìµ¤  [100,103]. ‚ Î ¸É´µ¸É¨, ¶·¨ µ = 2 ƒÔ‚ ¨ ms(2 ƒÔ‚) = (119 ± 19) ŒÔ‚
¢ NDR-¸Ì¥³¥

B
(1/2)
6 = 2,5 ± 0,4; B

(3/2)
8 = 1,35 ± 0,20. (104)

�É¨³ §´ Î¥´¨Ö³ ¶·¨ ΩIB = 0,16 ± 0,03 ¸µµÉ¢¥É¸É¢Ê¥É µÍ¥´±  [103]

ε′/ε ≈ (60 ± 30) · 10−4,

±µÉµ· Ö ´ ³´µ£µ ¶·¥¢ÒÏ ¥É µÍ¥´±Ê (103) ¨§-§  Éµ£µ, ÎÉµ ¶ · ³¥É· B
(3/2)
8

(104) µ± §Ò¢ ¥É¸Ö ¶µÎÉ¨ ¢ ¤¢  · §  ³¥´ÓÏ¥ ¶µ ¢¥²¨Î¨´¥, Î¥³ ¢ ¸²ÊÎ ¥ (99).
‚ · ¸¸³µÉ·¥´´ÒÌ ¢ÒÏ¥ ¶µ¤Ìµ¤ Ì ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¢²¨Ö´¨¥ ¢§ ¨-

³µ¤¥°¸É¢¨° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ÊÎ¨ÉÒ¢ ¥É¸Ö, ÔÉµ ¤¥² ¥É¸Ö ¸ ¶µ³µÐÓÕ
¢±²ÕÎ¥´¨Ö ¢ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò ²¨¡µ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³´µ¦¨-
É¥²¥° (cos δ0,2)−1, ²¨¡µ Ë ±Éµ·µ¢ R0,2 (33), µÍ¥´¥´´ÒÌ ¢ ¤¨¸¶¥·¸¨µ´´µ³
¶µ¤Ìµ¤¥ [38]. „²Ö ÊÎ¥É  ¢²¨Ö´¨Ö ÔËË¥±Éµ¢ ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ¶·¨
µÍ¥´±¥ ¢¥²¨Î¨´Ò ε′/ε ¢µ ¢¸¥Ì ÔÉ¨Ì · ¡µÉ Ì ¨¸¶µ²Ó§ÊÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¤·Ê£¨Ì
¶µ¤Ìµ¤µ¢: ²¨¡µ ®¸É ´¤ ·É´µ¥¯ §´ Î¥´¨¥ ¶ · ³¥É·  ΩIB [40], ²¨¡µ Ê²ÊÎÏ¥´´ Ö
µÍ¥´±  [44].

‚ÒÎ¨¸²¥´¨Ö ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö ΩIB [43Ä46] µ± § -
²¨¸Ó Î·¥§¢ÒÎ °´µ ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ¢±² ¤ ³, ¢µ§´¨± ÕÐ¨³ ¢ ¢Ò¸Ï¨Ì ¶µ-
·Ö¤± Ì ±¨· ²Ó´µ° É¥µ·¨¨. �·¨ ®¸É ´¤ ·É´µ°¯ ¢¥²¨Î¨´¥ ¶ · ³¥É·  ΩIB ¨

B
(1/2)
6 = B

(3/2)
8 = 1, ¨¸¶µ²Ó§ÊÖ Í¥´É· ²Ó´Ò¥ §´ Î¥´¨Ö ¢¸¥Ì µ¸É ²Ó´ÒÌ ¶ -

· ³¥É·µ¢ ¢ Ëµ·³Ê²¥ (49), ³µ¦´µ ¶µ²ÊÎ¨ÉÓ µÍ¥´±Ê ε′/ε ≈ 7 · 10−4. �µ¤-
¸É ´µ¢±  ¢ Ëµ·³Ê²Ê (49) §´ Î¥´¨Ö ΩIB (71) Ê¢¥²¨Î¨¢ ¥É µÉ´µÏ¥´¨¥ ε′/ε
¶µÎÉ¨ ´  30 %. ˆ¸¶µ²Ó§µ¢ ´¨¥ §´ Î¥´¨° (72) ¤²Ö ΩIB ¶·¨¢µ¤¨É ± µÍ¥´±¥
ε′/ε = (28 ÷ 13) · 10−4, ¢ Éµ ¢·¥³Ö ± ± ¸ ³Ò¥ ¶µ¸²¥¤´¨¥ ¢ÒÎ¨¸²¥´¨Ö ΩIB,
(73) ¨ (75), ¤ ÕÉ Ê¢¥²¨Î¥´¨e ε′/ε ´  50 ¨ 80 % ¸µµÉ¢¥É¸É¢¥´´µ. �¤´ ±µ ¢ÒÎ¨-
¸²¥´¨Ö ¢ · ¡µÉ Ì [43,45,46] ¸µ¤¥·¦ É ¡µ²ÓÏ¨¥ ³µ¤¥²Ó´Ò¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨.
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‚ Î ¸É´µ¸É¨, µ¤´¨ ¨ É¥ ¦¥ Ë¨§¨Î¥¸±¨¥ ¢±² ¤Ò ¢ · §´ÒÌ · ¸Î¥É Ì ¸¨²Ó´µ
· §²¨Î ÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° ± ± ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥, É ± ¨ ¶µ §´ ±Ê.

’ ±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö ´  §´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸ ¢ ´ ¶· ¢²¥´¨¨ ¸ -
³µ¸µ£² ¸µ¢ ´´µ£µ ÊÎ¥É  ¢±² ¤µ¢ ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · c¸ÉµÖ´¨° ¢  ³¶²¨ÉÊ¤Ò
· ¸¶ ¤µ¢ K → 2π, ÉµÎ´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¤²Ö µÉ´µÏ¥´¨Ö ε′/ε
¢¸¥ ¥Ð¥ µ¸É ¥É¸Ö ´¥Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ°. �Éµ ¸¢Ö§ ´µ ¸ ¤µ³¨´¨·µ¢ ´¨¥³ ÔË-
Ë¥±Éµ¢ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° ¢ µ¶¨¸ ´¨¨ · ¸¶ ¤µ¢ K → 2π ¨ µÉ¸ÊÉ¸É¢¨¥³
¥¤¨´µ£µ ¶µ¤Ìµ¤ , µ¡¥¸¶¥Î¨¢ ÕÐ¥£µ µ¤´µ¢·¥³¥´´µ:

Å Ê´¨¢¥·¸ ²Ó´ÊÕ ¸Ì¥³Ê ¸Ï¨¢ ´¨Ö ¢±² ¤  ¡µ²ÓÏ¨Ì ¨ ³ ²ÒÌ · ¸cÉµÖ´¨°
¢ ¶µ²´ÊÕ  ³¶²¨ÉÊ¤Ê;

Å ¶µ¸²¥¤µ¢ É¥²Ó´Ò° ÊÎ¥É ¢¸¥Ì ¶µ¶· ¢µ± ¢Ò¸Ï¥£µ ¶µ·Ö¤± , ¢±²ÕÎ Ö ¢§ -
¨³µ¤¥°¸É¢¨¥ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ÔËË¥±ÉÒ ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ°
¸¨³³¥É·¨¨;

Å ¸ ³µ¸µ£² ¸µ¢ ´´µ¥ µ¶¨¸ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¨§µÉµ¶¨Î¥-
¸±¨Ì  ³¶²¨ÉÊ¤ a0,2 ¨ Ë § δ0,2.

”¥´µ³¥´µ²µ£¨Î¥¸±¨°  ´ ²¨§ · ¸¶ ¤µ¢ K → 2π ¢ ¶µ¤Ìµ¤¥ ¡µ§µ´¨§µ¢ ´-
´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ (¸³. · §¤. 4) ¶µ§¢µ²Ö¥É ¨§¢²¥ÎÓ §´ Î¥´¨Ö ¶ · -
³¥É·µ¢ B̃i(µ) ¤²Ö ¤µ³¨´¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢ Oi ¶·¨ ´ ¨¡µ²¥¥ ¶µ²´µ³ ÊÎ¥É¥
¢§ ¨³µ¤¥°¸É¢¨° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ÔËË¥±Éµ¢ ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥-
´¨Ö ¤µ p6-¶µ·Ö¤±  ±¨· ²Ó´µ£µ · §²µ¦¥´¨Ö ¢±²ÕÎ¨É¥²Ó´µ. � · ³¥É·Ò B̃i(µ)
Ì · ±É¥·¨§ÊÕÉ µÉ´µ¸¨É¥²Ó´Ò° ¢±² ¤ ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ ¶ · ³¥É·Ò ξ

ph
i

(34) µÉ ´¥¶¥·ÉÊ·¡ É¨¢´µ° Ô¢µ²ÕÍ¨¨ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¢ µ¡² -
¸É¨ µÉ ´Ê²Ö ¤µ Ë¨±¸¨·µ¢ ´µ° ÉµÎ±¨ ¢ÒÎ¨É ´¨Ö µ. �É  Ô¢µ²ÕÍ¨Ö ´¥ ³µ¦¥É
¡ÒÉÓ ¢ÒÎ¨¸²¥´  É¥µ·¥É¨Î¥¸±¨, ¶µÔÉµ³Ê Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶ · -
³¥É·µ¢ B̃i(µ) ¸µ¤¥·¦ É ¢ ¸¥¡¥ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¢¥²¨Î¨´¥ ´¥ÊÎÉ¥´´ÒÌ
¢±² ¤µ¢ ¡µ²ÓÏ¨Ì · ¸cÉµÖ´¨°. ‚¥²¨Î¨´Ò ¨§¢²¥Î¥´´ÒÌ ¨§  ´ ²¨§  ¶ · ³¥É·µ¢
B̃1,5(µ) Ê± §Ò¢ ÕÉ ´  Éµ, ÎÉµ ÔÉ¨ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¢ ¸²ÊÎ ¥ ± ± ´¥-
¶¨´£¢¨´µ¢ÒÌ, É ± ¨ ¶¨´£¢¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ ³µ£ÊÉ ¢µ ³´µ£µ · § ¶·¥¢ÒÏ ÉÓ
¶¥·ÉÊ·¡ É¨¢´ÊÕ Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìµ¤  K → 2π ¸ ∆I = 1/2. �·¨ ÔÉµ³,
´¥¸³µÉ·Ö ´  ¡µ²ÓÏµ¥ §´ Î¥´¨¥ B̃5, ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ ÔÉµÉ ¶¥·¥Ìµ¤ ¤ ÕÉ
´¥¶¨´£¢¨´µ¢Ò¥ µ¶¥· Éµ·Ò.

‚ · ¡µÉ¥ [104] µ¡¸Ê¦¤ ¥³Ò¥ ÔËË¥±ÉÒ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨°, ´¥ ¶µ¤¤ Õ-
Ð¨¥¸Ö ÊÎ¥ÉÊ ¢ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„, ¡Ò²¨ ¢¶¥·¢Ò¥ µÍ¥´¥´Ò É¥µ·¥É¨Î¥¸±¨ ± ±
¢±² ¤Ò, ¨´¤ÊÍ¨·µ¢ ´´Ò¥ ¨´¸É ´Éµ´ ³¨. � ·Ö¤Ê ¸ Î¥ÉÒ·¥Ì±¢ ·±µ¢Ò³¨ µ¶¥· -
Éµ· ³¨ · §³¥·´µ¸É¨ d = 6, ¢ ÔÉµ³ ¶µ¤Ìµ¤¥ É ±¦¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö µ¶¥· Éµ·Ò
¢Ò¸Ï¥° · §³¥·´µ¸É¨ (d = 9), ¸¢Ö§ ´´Ò¥ ¸ Ï¥¸É¨±¢ ·±µ¢Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³
'É •µËÉ  [105]. �Ò²µ ¶µ± § ´µ, ÎÉµ ¨´¸É ´Éµ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö Ê¸¨²¨¢ ÕÉ
¶¥·¥Ìµ¤Ò ¸ ∆I = 1/2 ± ± ³¨´¨³Ê³ ¢ ¤¢  · § , ÎÉµ ± Î¥¸É¢¥´´µ µ¡ÑÖ¸´Ö¥É
¡µ²ÓÏ¨¥ §´ Î¥´¨Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ B̃1,5(µ).

‚ · ¡µÉ Ì [38] ¶µ¸²¥ ¢¢¥¤¥´¨Ö ¢ ¨§µÉµ¶¨Î¥¸±¨¥  ³¶²¨ÉÊ¤Ò a0,2 Ë ±Éµ·µ¢
R0,2 (33), ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ¢Ò· ¦¥´¨¥
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(49) ¤²Ö µÍ¥´±¨ µÉ´µÏ¥´¨Ö ε′/ε ³µ¤¨Ë¨Í¨·µ¢ ²µ¸Ó ± ¢¨¤Ê

ε′/ε ∼
[
B

(1/2)
6 R0

(
1 − ΩIBR2/R0

)
− 0,4B

(3/2)
8 R2

]
.

�·¨ ΩIB = 0,16 ¨ ¡µ²¥¥ ´¨§±¨Ì §´ Î¥´¨ÖÌ ¶ · ³¥É·  ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·Ê-
Ï¥´¨Ö ÔÉµ ¸µµÉ´µÏ¥´¨¥ Ëµ·³ ²Ó´µ ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ
¢¥²¨Î¨´Ê ε′/ε (39) ¤ ¦¥ ¶·¨ B6 = B8 = 1. �¤´ ±µ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨¥
§´ Î¥´¨Ö ¶ · ³¥É·  B̃5(µ), Ö¢²ÖÕÐ¥£µ¸Ö  ´ ²µ£µ³ B5, µ± §Ò¢ ÕÉ¸Ö ´ ³´µ£µ
¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ, ´¥¸³µÉ·Ö ´  ¡²¨§µ¸ÉÓ Î¨¸²¥´´ÒÌ §´ Î¥´¨° (32) ¨ (33) ¤²Ö
Ë ±Éµ·µ¢ R0,2 ¨ ¸¨²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¢±² ¤  Ô²¥±É·µ¸² ¡µ£µ ¶¨´£¢¨´µ¢µ£µ
µ¶¥· Éµ·  Q8 ¢  ³¶²¨ÉÊ¤Ê a2.

�Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ ±¨· ²Ó´Ò¥ ¶µ¶· ¢±¨ ¢Ò¸Ï¥£µ ¶µ·Ö¤±  ´¥ ¸¢µ-
¤ÖÉ¸Ö Éµ²Ó±µ ± ¶¥É²¥¢Ò³ ¢±² ¤ ³ ¢  ¡¸µ·¡É¨¢´Ò¥ Î ¸É¨ ¨§µÉµ¶¨Î¥¸±¨Ì  ³-
¶²¨ÉÊ¤, ¨ ¨Ì ¢²¨Ö´¨¥ ´  µÍ¥´±Ê µÉ´µÏ¥´¨Ö ε′/ε ´¥ ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´µ
Éµ²Ó±µ ± ¢¢¥¤¥´¨Õ Ê± § ´´Ò³ ¸¶µ¸µ¡µ³ ¶µ¶· ¢µÎ´ÒÌ ³´µ¦¨É¥²¥° R0,2. � 
¸ ³µ³ ¤¥²¥, ¶·¨ ¶·Ö³µ³ ¢ÒÎ¨¸²¥´¨¨ ¤·¥¢¥¸´ÒÌ ¨ ¶¥É²¥¢ÒÌ ¤¨ £· ³³ · ¸¶ ¤ 
K → 2π ¤µ p6-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ ¨³¥¥É ³¥¸Éµ ´ ³´µ£µ ¡µ²¥¥ ¸²µ¦´ Ö
¶¥·¥¸É·µ°±  · §²¨Î´ÒÌ ¢±² ¤µ¢ ¢ ·¥ ²Ó´Ò¥ ¨ ³´¨³Ò¥ Î ¸É¨ ¨§µÉµ¶¨Î¥¸±¨Ì
 ³¶²¨ÉÊ¤, ¢±²ÕÎ Ö ÔËË¥±ÉÒ ¨§µÉµ¶¨Î¥¸±µ£µ ´ ·ÊÏ¥´¨Ö. “Î¥É ¶µ¶· ¢µ± ¢Ò¸-
Ï¥£µ ¶µ·Ö¤±  É ±¦¥ É·¥¡Ê¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶¥·¥µ¶·¥¤¥²¥´¨Ö ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° ³¥§µ´µ¢ ¨ ±µ´¸É ´É F0, χ2

u, χ2
d ¨ χ2

s. ‚ Î ¸É´µ¸É¨, ÔÉµ ¶·¨¢µ-
¤¨É ± ¡µ²ÓÏµ³Ê · §¡·µ¸Ê §´ Î¥´¨° ΩIB, ¸¢Ö§ ´´µ³Ê ¸ ´¥µ¶·¥¤¥²¥´´µ¸ÉÖ³¨
¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢, ÎÉµ É ±¦¥ Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ° ¸¨²Ó´µ° ³µ¤¥²Ó´µ° § ¢¨-
¸¨³µ¸É¨ µÍ¥´µ± ¢²¨Ö´¨Ö ´µ¢ÒÌ ¨¸ÉµÎ´¨±µ¢ ´ ·ÊÏ¥´¨Ö ¨§µÉµ¶¨Î¥¸±µ° ¸¨³³¥-
É·¨¨ [43Ä46], ¢µ§´¨± ÕÐ¨Ì §  ¶·¥¤¥² ³¨ ²¨¤¨·ÊÕÐ¥£µ ¶µ·Ö¤±  ±¨· ²Ó´µ£µ
· §²µ¦¥´¨Ö.

‡�Š‹	—…�ˆ…

�·µ¢¥¤¥´´Ò° ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ±·¨É¨Î¥¸±¨°  ´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ · §-
²¨Î´ÒÌ ¶µ¤Ìµ¤µ¢ ± µ¶¨¸ ´¨Õ · ¸¶ ¤µ¢ K → 2π ¶µ± §Ò¢ ¥É, ÎÉµ ÔËË¥±ÉÒ
¡µ²ÓÏ¨Ì · ¸cÉµÖ´¨° ¨£· ÕÉ µ¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¶·¨ µ¡ÑÖ¸´¥´¨¨ ± ± ¶· -
¢¨²  ∆I = 1/2, É ± ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö µÉ´µÏ¥´¨Ö ε′/ε. �·¨
ÊÎ¥É¥ ¢§ ¨³µ¤¥°¸É¢¨° ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ÔËË¥±Éµ¢ ´ ·ÊÏ¥´¨Ö ¨§µ-
Éµ¶¨Î¥¸±µ° ¸¨³³¥É·¨¨ µ¸µ¡¥´´µ ¢ ¦´Ò³¨ ¸É ´µ¢ÖÉ¸Ö ±¨· ²Ó´Ò¥ ¶µ¶· ¢±¨
¤µ p6-¶µ·Ö¤±  ¢±²ÕÎ¨É¥²Ó´µ. „²Ö ±µ²¨Î¥¸É¢¥´´µ° ¶·µ¢¥·±¨ ‘Œ ¢ ¶·Ö³µ³
CP -´ ·ÊÏ¥´¨¨ ´¥µ¡Ìµ¤¨³µ ¸ÊÐ¥¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ ´¥µ¶·¥¤¥²¥´´µ¸É¨ Ë¥-
´µ³¥´µ²µ£¨Î¥¸±¨Ì §´ Î¥´¨° ¡µ²ÓÏµ£µ Î¨¸²  ¢Ìµ¤´ÒÌ ¶ · ³¥É·µ¢ ¸ ¶µ³µÐÓÕ
¸ ³µ¸µ£² ¸µ¢ ´´µ£µ  ´ ²¨§  Ï¨·µ±µ£µ ±·Ê£  ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ
¶·µÍ¥¸¸µ¢, ¢±²ÕÎ Ö · ¸¶ ¤Ò K → 3π, K → 2πγ ¨ K → πe+e−. �Éµ É·¥¡Ê¥É
± ± ¶µ²ÊÎ¥´¨Ö ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ÔÉ¨³ ¶·µÍ¥¸¸ ³, É ± ¨
¶·µ¢¥¤¥´¨Ö ¤¥É ²Ó´ÒÌ · ¸Î¥Éµ¢ ¨Ì  ³¶²¨ÉÊ¤ ¸ ÊÎ¥Éµ³ ±¨· ²Ó´ÒÌ ¶µ¶· ¢µ±
¢Ò¸Ï¥£µ ¶µ·Ö¤± .
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� ¸¸³µÉ·¥´´Ò° ¢ µ¡§µ·¥ ¶µ¤Ìµ¤ ¡µ§µ´¨§µ¢ ´´ÒÌ ² £· ´¦¨ ´µ¢ ¶µ§¢µ²Ö¥É
¸¢Ö§ ÉÓ ±¨· ²Ó´ÊÕ ¤¨´ ³¨±Ê ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ± µ´µ¢ ¸ ¸¨³³¥É·¨Ö³¨
ÔËË¥±É¨¢´ÒÌ ¸¨²Ó´ÒÌ ¨ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ±¢ ·±µ¢. �·¨ Ë¨±¸ Í¨¨ Ë¥-
´µ³¥´µ²µ£¨Î¥¸±¨Ì §´ Î¥´¨° ¶ · ³¥É·µ¢ ξph

i ¨§  ´ ²¨§  · ¸¶ ¤µ¢ K → 2π
¢ ¥¤¨´µ³ ¶µ¤Ìµ¤¥ Ê¤ ¥É¸Ö ´¥ Éµ²Ó±µ ¸ ³µ¸µ£² ¸µ¢ ´´µ µ¶¨¸ ÉÓ ¤ ´´Ò¥ ¶µ
Ï¨·µ±µ³Ê ±·Ê£Ê ´¥²¥¶Éµ´´ÒÌ · ¸¶ ¤µ¢ ± µ´µ¢, ¢±²ÕÎ Ö ± ´ ²Ò K → 3π,
K → 2πγ ¨ K → πe+e− [27], ´µ É ±¦¥ µÍ¥´¨ÉÓ ´ ¡²Õ¤ ¥³Ò¥ ÔËË¥±ÉÒ
CP -´ ·ÊÏ¥´¨Ö ¢ ÔÉ¨Ì ¶·µÍ¥¸¸ Ì. �µ²ÊÎ ¥³Ò¥ É ±¨³ µ¡· §µ³ ¶·¥¤¸± § ´¨Ö,
¢ µÉ²¨Î¨¥ µÉ ¨§¢²¥± ¥³ÒÌ §´ Î¥´¨° B̃i(µ), Ê¦¥ ´¥ ¸µ¤¥·¦ É ´¥µ¶·¥¤¥²¥´-
´µ¸É¥°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¢¨²Ó¸µ´µ¢¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢, É. ¥.
´¥ § ¢¨¸ÖÉ µÉ ÉµÎ±¨ ¢ÒÎ¨É ´¨Ö µ, ¸Ì¥³Ò ·¥£Ê²Ö·¨§ Í¨¨ ¨ Š•„-Ï± ²Ò ΛMS.
‚ Î ¸É´µ¸É¨, ¤²Ö § ·Ö¤µ¢µ° CP - ¸¨³³¥É·¨¨ ¶ · ³¥É·  ²¨´¥°´µ£µ ´ ±²µ´  g
¤ ²¨ÉÍ-¶²µÉ  · ¸¶ ¤  K → 2π

∆g(K± → 3π) =
g(K+ → 3π) − g(K− → 3π)
g(K+ → 3π) + g(K− → 3π)

¶µ²ÊÎ¥´Ò µÍ¥´±¨ [11]:

0,5 < ∆g(K± → π±π±π∓) · 104 < 4,5,

0,4 < ∆g(K± → π±π0π0) · 104 < 2,6

´  Ê·µ¢´¥ ¤µ¸Éµ¢¥·´µ¸É¨ 68 % ¶·¨ ÊÎ¥É¥ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢Ìµ¤´ÒÌ ¶ · -
³¥É·µ¢ £ Ê¸cµ¢c±¨³ ³¥Éµ¤µ³. �¥¸³µÉ·Ö ´  ³ ²Ò¥ µ¦¨¤ ¥³Ò¥ §´ Î¥´¨Ö § ·Ö-
¤µ¢ÒÌ  ¸¨³³¥É·¨°, ¨Ì ´ ¡²Õ¤¥´¨¥ ³µ¦¥É µ± § ÉÓ¸Ö ¢µ§³µ¦´Ò³, ´ ¶·¨³¥·, ¢
Ô±¸¶¥·¨³¥´É¥ NA48/2, ¶·µ¢µ¤¨³µ³ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ CERN.

„²Ö ¡µ²¥¥ ´ ¤¥¦´µ° µÍ¥´±¨ ´ ¡²Õ¤ ¥³ÒÌ ÔËË¥±Éµ¢ CP -´ ·ÊÏ¥´¨Ö ´¥-
µ¡Ìµ¤¨³Ò ¤µ¶µ²´¨É¥²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò ¡µ§µ´¨§µ¢ ´´ÒÌ
±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢, ¤²Ö Î¥£µ ¶µÉ·¥¡ÊÕÉ¸Ö ´µ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶µ Ï¨·µ±µ³Ê ±·Ê£Ê ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ³¥§µ´´ÒÌ ¶·µÍ¥¸¸µ¢. �µ²¥¥
ÉµÎ´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·µ¢ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´µ¢ ¶µ§¢µ²¨²¨ ¡Ò ¸ÊÐ¥-
¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ É¥µ·¥É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ± ± ¢ µ¶¨¸ ´¨¨ ± µ´´ÒÌ
· ¸¶ ¤µ¢, É ± ¨ ¢ ¶·¥¤¸± § ´¨ÖÌ ÔËË¥±Éµ¢ CP -´ ·ÊÏ¥´¨Ö.

�² £µ¤ ·´µ¸É¨. �¢Éµ· ¡² £µ¤ ·¥´ ƒ. �µ³Ê, 	-‹¨ ´£ ‚Ê, �. ‹ ´¥¢Ê ¨
�. � ¸±µ¸Ê §  ¶²µ¤µÉ¢µ·´Ò¥ ¤¨¸±Ê¸¸¨¨ ´  · §´ÒÌ ÔÉ ¶ Ì ¶µ¤£µÉµ¢±¨ ÔÉµ° · -
¡µÉÒ,   É ±¦¥ ‘. �¥·¨¸Ê ¨ ‰. �· ¤¥¸Ê §  ¶µ²¥§´ÊÕ ¶¥·¥¶¨¸±Ê. �¢Éµ· £²Ê¡µ±µ
¶·¨§´ É¥²¥´ �. ˆ. ŠµÎ¥²¥¢Ê §  Í¥´´Ò¥ § ³¥Î ´¨Ö ¢ Ìµ¤¥ µ¡¸Ê¦¤¥´¨Ö ·Ê±µ¶¨¸¨
µ¡§µ· .
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