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A. ‚. �μ¢ ·μ¢ 1

Ÿ·μ¸² ¢¸±μ¥ ¢Ò¸Ï¥¥ ¢μ¥´´μ¥ ÊÎ¨²¨Ð¥ �‚�, Ÿ·μ¸² ¢²Ó, �μ¸¸¨Ö

�μ± § ´μ, ÎÉμ ¢ · ³± Ì Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨ μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶-
Éμ±¢ ·±μ¢ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ´  ³ ¸¸Ò ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢. ˆ¸¸²¥¤μ¢ ´Ò ¶·μÍ¥¸¸Ò ¸
´ ·ÊÏ¥´¨¥³ ²¥¶Éμ´´μ£μ  ·μ³ É  li → ljγ,  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É ³Õμ´  ¨ ³ £´¨É´Ò°
³μ³¥´É ´¥°É·¨´μ. �μ± § ´μ, ÎÉμ ¶·¨ ÊÎ¥É¥ §´ Î¥´¨° ³ É·¨ÍÒ ¤μ¶μ²´¨É¥²Ó´μ£μ Ë¥·³¨μ´´μ£μ ¸³¥-
Ï¨¢ ´¨Ö KL

2 μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¸ Ô²¥±É·¨Î¥¸±¨³¨ § ·Ö¤ ³¨ 2/3 ¨ Ä1/3
¸μ¸É ¢²ÖÕÉ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì É¥· Ô²¥±É·μ´¢μ²ÓÉ.

It is shown that in the framework of four-color symmetry the restrictions on the masses of scalar
leptoquarks are much smaller than those of vector leptoquarks. The processes with the lepton 	avor
violation li → ljγ, the anomalous magnetic moment of the muon and the magnetic moment of the
neutrino are investigated. It is shown that the accounting values of the additional fermionic mixing
matrix KL

2 restrictions on the masses of scalar leptoquarks with electric charges 2/3 and Ä1/3 constitute
the order of several TeV.

PACS: 12.60.-i; 14.80.Sv

‚‚…„…�ˆ…

�¤´¨³ ¨§ ¢ ·¨ ´Éμ¢ ´μ¢μ° Ë¨§¨±¨ §  ¶·¥¤¥² ³¨ ‘Œ ³μ¦¥É ¡ÒÉÓ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢ Ö
¸¨³³¥É·¨Ö ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢ É¨¶  � É¨Ä‘ ² ³  [1]. �´  ¶·¥¤¸± §Ò¢ ¥É ¸ÊÐ¥¸É¢μ¢ ´¨¥
¢ ± ²¨¡·μ¢μÎ´μ³ ¸¥±Éμ·¥ ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ (SUc(3)-Í¢¥Éμ¢ÒÌ É·¨¶²¥Éμ¢) ¸ ³ ¸-
¸μ° ³ ¸ÏÉ ¡  ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨. ˆ§¢¥¸É´Ò ¸¨²Ó´Ò¥
μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ (¡μ²¥¥ 1200 ’Ô‚ [2Ä4]) ¨§ ´¥´ ¡²Õ¤¥´¨Ö
· ¸¶ ¤μ¢ É¨¶  K0

L → μ±e∓. �μÔÉμ³Ê ¶·¨´ÖÉμ ¸Î¨É ÉÓ, ÎÉμ ÔËË¥±ÉÒ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ°
¸¨³³¥É·¨¨ ¸²¨Ï±μ³ ¸² ¡Ò, ÎÉμ¡Ò ¶·μÖ¢¨ÉÓ ¸¥¡Ö ´  ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ê¸±μ·¨É¥²ÖÌ. Š ± ´¥-
¤ ¢´μ ¡Ò²μ ¶μ± § ´μ ¢ · ¡μÉ Ì [5,6], ´¨¦´ÖÖ £· ´¨Í  ³ ¸¸ ¢¥±Éμ·´μ£μ ²¥¶Éμ±¢ ·±  ¶·¨
ÊÎ¥É¥ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö ¨§ · ¸¶ ¤μ¢ K0

L → l+i l−j , B0 → l+i l−j , B0
s → l+i l−j ³μ¦¥É

¡ÒÉÓ ¶μ·Ö¤±  100 ’Ô‚. �¤´ ±μ ¶·μÖ¢²¥´¨Ö Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨ ¢μ§³μ¦´Ò ¶·¨
£μ· §¤μ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ (¶μ·Ö¤±  1 ’Ô‚). �£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·-
±μ¢, ¶·¥¤¸± §Ò¢ ¥³ÒÌ ³μ¤¥²ÓÕ ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ  ´μ³ ²Ó´μ³Ê ³ £´¨É´μ³Ê ³μ³¥´ÉÊ
³Õμ´ , ³ £´¨É´μ³Ê ³μ³¥´ÉÊ ´¥°É·¨´μ ¨ ²¥¶Éμ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ ´ ·ÊÏ¥´¨¥³  ·μ³ É ,
¶μ± §Ò¢ ÕÉ, ÎÉμ ¨Ì ³ ¸¸Ò ³μ£ÊÉ ¡ÒÉÓ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì É¥· Ô²¥±É·μ´¢μ²ÓÉ.
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‚ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥ £·Ê¶¶  Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨ ³μ¦¥É ¡ÒÉÓ ¢¥±Éμ·´μ° Å
SUV (4) Å £·Ê¶¶μ° ¨ μ¡Ñ¥¤¨´¥´  ¸ ¸¨³³¥É·¨¥° ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¢ ¢¨¤¥ ¶·Ö³μ£μ
¶·μ¨§¢¥¤¥´¨Ö

SUV (4) × SUL(2) × UR(1), (1)

´ §Ò¢ ¥³μ£μ ³¨´¨³ ²Ó´μ° ±¢ ·±-²¥¶Éμ´´μ° ¸¨³³¥É·¨Î´μ° ³μ¤¥²ÓÕ (ŒŠ‹‘-³μ-
¤¥²ÓÕ [7,8]).

‚§ ¨³μ¤¥°¸É¢¨Ö ± ²¨¡·μ¢μÎ´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¸ ´¨¦´¨³¨ ±¢ ·± ³¨ ¨ ²¥¶Éμ´ ³¨ ¢
μ¡Ð¥³ ¸²ÊÎ ¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

LV dl = (d̄pα[(gL
k )piγ

μPL + (gR
k )piγ

μPR]li)V k
αμ + h. c., (2)

£¤¥ (gL,R
k )pi Å Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ±μ´¸É ´ÉÒ, μ¶¨¸Ò¢ ÕÐ¨¥ ± ²¨¡·μ¢μÎ´μ¥ ¢§ ¨³μ-

¤¥°¸É¢¨¥ ¸ ÊÎ¥Éμ³ ¢μ§³μ¦´μ£μ ¸³¥Ï¨¢ ´¨Ö Ë¥·³¨μ´μ¢, ¨´¤¥±¸Ò p, i = 1, 2, 3, . . . ´Ê³¥-
·ÊÕÉ ±¢ ·±μ¢Ò¥ ¨ ²¥¶Éμ´´Ò¥ ¶μ±μ²¥´¨Ö, ¨´¤¥±¸ k ´Ê³¥·Ê¥É ± ²¨¡·μ¢μÎ´Ò¥ ²¥¶Éμ±¢ ·±¨,
α = 1, 2, 3 Å Í¢¥Éμ¢μ° SU(3)-¨´¤¥±¸ ¨ PL,R = (1 ± γ5)/2 Å ²¥¢Ò° ¨ ¶· ¢Ò° ¶·μ¥±Í¨-
μ´´Ò¥ μ¶¥· Éμ·Ò.

‚ ŒŠ‹‘-³μ¤¥²¨ ¡ §¨¸´Ò¥ ¶μ²Ö ²¥¢ÒÌ (L) ¨ ¶· ¢ÒÌ (R) ±¢ ·±μ¢ Q′L,R
iaα ¨ ²¥¶Éμ´μ¢

l′
L,R
ia μ¡· §ÊÕÉ ËÊ´¤ ³¥´É ²Ó´Ò¥ ±¢ ·É¥ÉÒ Í¢¥Éμ¢μ° £·Ê¶¶Ò SUV (4) ¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥

Ö¢²ÖÕÉ¸Ö ¸Ê¶¥·¶μ§¨Í¨Ö³¨ Ë¨§¨Î¥¸±¨Ì ±¢ ·±μ¢ QL,R
iaα ¨ ²¥¶Éμ´μ¢ lL,R

ia ,

Q′L,R
iaα =

∑
j

(AL,R
Qa

)ij QL,R
jaα , l′

L,R
ia =

∑
j

(AL,R
la

)ij lL,R
ja , (3)

£¤¥ i, j = 1, 2, 3 Å ¨´¤¥±¸Ò Ë¥·³¨μ´´ÒÌ ¶μ±μ²¥´¨°; a = 1, 2 ¨ α = 1, 2, 3 Å ¨´¤¥±¸Ò
£·Ê¶¶Ò SUL(2) ¨ £·Ê¶¶Ò SUc(3), Qi1 ≡ ui = (u, c, t), Qi2 ≡ di = (d, s, b) Å ¢¥·Ì´¨¥
¨ ´¨¦´¨¥ ±¢ ·±¨; lj1 ≡ νj Å ³ ¸¸μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ´¥°É·¨´μ; lj2 ≡ lj = (e−, μ−, τ−) Å

§ ·Ö¦¥´´Ò¥ ²¥¶Éμ´Ò. “´¨É ·´Ò¥ ³ É·¨ÍÒ AL,R
Qa

¨ AL,R
la

μ¶¨¸Ò¢ ÕÉ Ë¥·³¨μ´´μ¥ ¸³¥-
Ï¨¢ ´¨¥ ¨ ¤¨ £μ´ ²¨§¨·ÊÕÉ ³ ¸¸μ¢Ò¥ ³ É·¨ÍÒ ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢, ¢μ§´¨± ÕÐ¨¥ ¶μ¸²¥

¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. ˆ§ ´¨Ì ¸É·μÖÉ¸Ö ³ É·¨ÍÒ Å CQ = (
+

AL
Q1

)AL
Q2

Å ³ -
É·¨Í  Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò, μ¡Ê¸²μ¢²¥´´ Ö, ± ± ¨§¢¥¸É´μ, ¨³¥ÕÐ¨³¸Ö · §²¨Î¨¥³

³ É·¨Í ¸³¥Ï¨¢ ´¨Ö AL
Q1

¨ AL
Q2

¤²Ö ¢¥·Ì´¨Ì ¨ ´¨¦´¨Ì ²¥¢ÒÌ ±¢ ·±μ¢, Cl = (
+

AL
l1)A

L
l2

Å

 ´ ²μ£¨Î´ Ö ³ É·¨Í  ¢ ²¥¶Éμ´´μ³ ¸¥±Éμ·¥ (¶·¨ ÔÉμ³ ³ É·¨Í  C†
l μ¶¨¸Ò¢ ¥É ¸³¥Ï¨¢ ´¨¥

´¥°É·¨´μ ¨ ¸μ¢¶ ¤ ¥É ¸ ¨¸¶μ²Ó§Ê¥³μ° ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ³ É·¨Í¥° �μ´É¥±μ·¢μÄŒ ±¨Ä
� ± £ ¢ÒÄ‘ ± ÉÒ), μ¡Ê¸²μ¢²¥´´ Ö · §²¨Î¨¥³ ³ É·¨Í ¸³¥Ï¨¢ ´¨Ö AL

l1
¨ AL

l2
¤²Ö ¢¥·Ì´¨Ì

¨ ´¨¦´¨Ì ²¥¢ÒÌ ²¥¶Éμ´μ¢, KL,R
a = (

+

AL,R
Qa

)AL,R
la

Å Î¥ÉÒ·¥ Ê´¨É ·´ÒÌ ³ É·¨ÍÒ ¸³¥Ï¨-
¢ ´¨Ö, μ¡Ê¸²μ¢²¥´´Ò¥ ¢μ§³μ¦´Ò³ · §²¨Î¨¥³ ±¢ ·±μ¢ÒÌ ¨ ²¥¶Éμ´´ÒÌ ³ É·¨Í ¸³¥Ï¨¢ -

´¨Ö AL,R
Qa

¨ AL,R
la

, ¸¶¥Í¨Ë¨Î´Ò¥ ¤²Ö Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨ ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢.
�É³¥É¨³, ÎÉμ, ÌμÉÖ £·Ê¶¶  (1) Ö¢²Ö¥É¸Ö ¢¥±Éμ·´μ°, ¢§ ¨³μ¤¥°¸É¢¨¥ (2) ´¥ ¨³¥¥É Î¨¸Éμ
¢¥±Éμ·´μ£μ Ì · ±É¥·  ¨§-§  ¢μ§³μ¦´μ£μ · §²¨Î¨Ö ³ É·¨Í ¸³¥Ï¨¢ ´¨Ö ¢ (3) ¤²Ö ²¥¢ÒÌ ¨
¶· ¢ÒÌ ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢. — ¸É´Ò° ¸²ÊÎ ° Î¨¸Éμ ¢¥±Éμ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ (2) ¶·¨
KL

2 = KR
2 · ¸¸³ É·¨¢ ²¸Ö ¢ · ¡μÉ Ì [2,9, 10].

‚¢¥¤¥´¨¥ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö ³μ¦¥É ¶·¨¢¥¸É¨ ± ¸¨²Ó´μ³Ê μ¸² ¡²¥´¨Õ μ£· -
´¨Î¥´¨° ´  ³ ¸¸Ò ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ [10Ä12]. ”¨É¨·μ¢ ´¨¥³ Ê£²μ¢ ¸³¥Ï¨¢ ´¨Ö
¢ KL,R

2 ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¢¥±Éμ·´μ£μ ²¥¶Éμ±¢ ·±  ¨§ ¶·μÍ¥¸¸μ¢



456 �μ¢ ·μ¢ �. ‚.

K0
L → l+i l−j , B0 → l+i l−j , B0

s → l+i l−j . �·¨ ÔÉμ³ ¶μ²ÊÎ¥´Ò §´ Î¥´¨Ö Ê£²μ¢ ¸³¥Ï¨¢ ´¨Ö,
¶·¨ ±μÉμ·ÒÌ ³ ¸¸Ò ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ³¥´ÓÏ¥ 100 ’Ô‚.

‚ Î ¸É´μ¸É¨, ¶·¨

KL
2 =

⎡
⎣ 0 0 −0,383

0 0 0,924
−0,818 0,574 0

⎤
⎦ , KR

2 =

⎡
⎣ 0 0 −0,818

0 0 0,574
−0,383 0,924 0

⎤
⎦ (4)

³¨´¨³ ²Ó´μ¥ μ£· ´¨Î¥´¨¥ ´  ³ ¸¸Ê ¢¥±Éμ·´μ£μ ²¥¶Éμ±¢ ·±  ¸μ¸É ¢²Ö¥É mV > 91,5 ’Ô‚
¨²¨ ¶·¨

KL
2 =

⎡
⎣ 0 0 1

−0,79 0,61 0
−0,61 −0,79 0

⎤
⎦ , KR

2 =

⎡
⎢⎣

0 0 1
0 1 0
−1 0 0

⎤
⎥⎦ , (5)

mV > 91,7 ’Ô‚.
ˆ¸Ìμ¤Ö ¨§ ¶μ²ÊÎ¥´´ÒÌ μ£· ´¨Î¥´¨° ´  ³ É·¨ÍÒ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö KL,R

2 ,
· ¸¸³μÉ·¨³ μ£· ´¨Î¥´¨Ö, ´ ±² ¤Ò¢ ¥³Ò¥ ´  ¸± ²Ö·´Ò¥ ²¥¶Éμ±¢ ·±¨ ¢ ³μ¤¥²¨ ¨§ Ô±¸¶¥-
·¨³¥´Éμ¢ ¶μ  ´μ³ ²Ó´μ³Ê ³ £´¨É´μ³Ê ³μ³¥´ÉÊ ³Õμ´  (�ŒŒŒ), ³ £´¨É´μ³Ê ³μ³¥´ÉÊ
´¥°É·¨´μ (ŒŒ�) ¨ ²¥¶Éμ´´Ò³ ¶·μÍ¥¸¸ ³ ¸ ¨§³¥´¥´¨¥³  ·μ³ É  É¨¶  li → ljγ.

1. ‘Š�‹Ÿ��›… ‹…�’�Š‚��Šˆ ‚ Œ�„…‹ˆ

‘± ²Ö·´Ò° ¸¥±Éμ· ³μ¤¥²¨ ¸μ¤¥·¦¨É ¢ μ¡Ð¥³ ¸²ÊÎ ¥ Î¥ÉÒ·¥ ³Ê²ÓÉ¨¶²¥É  Φ(1), Φ(2),
Φ(3) ¨ Φ(4), ¶·¥μ¡· §ÊÕÐ¨Ì¸Ö ¸μμÉ¢¥É¸É¢¥´´μ ¶μ ¶·¥¤¸É ¢²¥´¨Ö³ (4, 1, 1), (1, 2, 1),
(15, 2, 1) ¨ (15, 1, 0) £·Ê¶¶Ò SUV (4)× SUL(2)×UR(1), ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢ ±ÊÊ³´Ò³¨
¸·¥¤´¨³¨ η1, η2, η3, η4. ˆ³¥ÕÐ¨¥ SUL(2)-¤Ê¡²¥É´ÊÕ ¸É·Ê±ÉÊ·Ê ³Ê²ÓÉ¨¶²¥ÉÒ Φ(2) ¨
Φ(3) Õ± ¢¸±¨³ μ¡· §μ³ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¸ Ë¥·³¨μ´ ³¨, ¶·¨¤ ¢ Ö ¨³ ³ ¸¸Ò ³¥Ì ´¨§³μ³
¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. �·¨ ÔÉμ³ ¸ ¶μ³μÐÓÕ ³Ê²ÓÉ¨¶²¥É  Φ(3) ¤μ¸É¨£ ¥É¸Ö
· ¸Ð¥¶²¥´¨¥ ³ ¸¸ ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢ ¢ ± ¦¤μ³ ¶μ±μ²¥´¨¨.

ŒÊ²ÓÉ¨¶²¥É Φ(3) ¸μ¤¥·¦¨É ¤¢  ¤Ê¡²¥É  ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ S
(±)
aα ¸ £¨¶¥·§ ·Ö¤μ³

YS = 1± 4/3, ¢μ¸¥³Ó ¤Ê¡²¥Éμ¢ ¸± ²Ö·´ÒÌ £²Õμ´μ¢ Fja, j = 1, 2, . . . , 8 ¸ YF = 1 ¨ ¤Ê¡²¥É

Φ(3)
15,a, ±μÉμ·Ò°, ¸³¥Ï¨¢ Ö¸Ó ¸ ¤Ê¡²¥Éμ³ Φ(2)

a ¶ÊÉ¥³ ¸Ê¶¥·¶μ§¨Í¨¨:

Φ(SM)
a = Φ(2)

a cos β + Φ(3)
15,a sin β,

Φ′
a = −Φ(2)

a sin β + Φ(3)
15,a cos β,

μ¡· §Ê¥É ¸É ´¤ ·É´Ò° ¤Ê¡²¥É

Φ(SM) =

⎛
⎜⎝ Φ(SM)

1

η + χ(SM) + iω√
2

⎞
⎟⎠

¨ ¤μ¶μ²´¨É¥²Ó´Ò° ¸± ²Ö·´Ò° ¤Ê¡²¥É

Φ′ =

⎛
⎝ Φ′

1

χ′ + iω′
√

2

⎞
⎠ .

“£μ² β μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ¢ ±ÊÊ³´ÒÌ ¸·¥¤´¨Ì ± ± tg β = η3/η2.
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�´ ²¨§ ¨¸Ìμ¤´μ£μ ² £· ´¦¨ ´  ¸± ²Ö·´ÒÌ ¶μ²¥° ¶μ± §Ò¢ ¥É, ÎÉμ ´ ·Ö¤Ê ¸ £μ²¤¸ÉμÊ-

´μ¢¸±¨³¨ ³μ¤ ³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨ Φ(SM)
1 ¨ ω £μ²¤¸ÉμÊ´μ¢¸±μ° ³μ¤μ° Ö¢²Ö¥É¸Ö É ±¦¥

S0 =

⎡
⎣−η1

2
S(1) +

√
2
3

⎛
⎝η3

S
(+)
2 +

∗
S

(−)
2√

2
+ η4S

(4)

⎞
⎠

⎤
⎦
/ √

η1
2

4
+

2
3
(η3

2 + η4
2), (6)

£¤¥ S(1) ¨ S(4) Å ¶μ²Ö ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¸ § ·Ö¤μ³ 2/3, ¸μ¤¥·¦ Ð¨¥¸Ö ¢ ³Ê²Ó-

É¨¶²¥É Ì Φ(1) ¨ Φ(4). �μ¸±μ²Ó±Ê ³μ¤  S0 ¶μ¸É·μ¥´  ¨§ ¶μ²¥° S
(+)
2α ,

∗
S

(−)
2α , S

(1)
α , S

(4)
α ,

¸³¥Ï¨¢ ´¨¥ ÔÉ¨Ì ¶μ²¥° Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ ¨ ¨Ì ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê¶¥·¶μ-
§¨Í¨° £μ²¤¸ÉμÊ´μ¢¸±μ° ³μ¤Ò S0 ¨ μ·Éμ£μ´ ²Ó´ÒÌ ± ´¥° Ë¨§¨Î¥¸±¨Ì ²¥¶Éμ±¢ ·±μ¢ S1, S2,
S3 ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 2/3. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ÔÉ¨ ¸Ê¶¥·¶μ§¨Í¨¨ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
¢ ¢¨¤¥

S
(+)
2 =

∑
m

c(+)
m Sm,

∗
S

(−)
2 =

∑
m

c(−)
m Sm,

(7)
S(1) =

∑
k

c(1)
m Sm, S(4) =

∑
k

c(4)
m Sm,

£¤¥ c
(±)
m , c

(1)
m , c

(4)
m , k = 0, 1, 2, 3 Å Ô²¥³¥´ÉÒ Ê´¨É ·´μ° 4 × 4 ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö.

�É³¥É¨³, ÎÉμ ¶·¨³¥¸Ó £μ²¤¸ÉμÊ´μ¢¸±μ° ³μ¤Ò ± ´¨¦´¨³ ±μ³¶μ´¥´É ³ ¤Ê¡²¥Éμ¢ ¤μ¸É -
ÉμÎ´μ ¸² ¡ Ö:

|c(±)
0 |2 =

2
3

η2
3(

η2
1

4
+

2
3
(η2

3 + η2
4)

) =
2
3

g2
4η

2
3

m2
V

=
2
3
g2
4

η2 sin2 β

m2
V

= ξ2 sin2 β,

£¤¥ g4 Å ± ²¨¡·μ¢μÎ´ Ö ±μ´¸É ´É  £·Ê¶¶Ò SU(4); mV Å ³ ¸¸  ¢¥±Éμ·´μ£μ ²¥¶Éμ±¢ ·± ,
É ±, ξ2 � 7,6 · 10−6 ¶·¨ mV = 91 ’Ô‚ (´¨¦´¨° ¶·¥¤¥² ´  ³ ¸¸Ê ¢¥±Éμ·´μ£μ ²¥¶Éμ±¢ ·± 
¢ ³μ¤¥²ÖÌ ¸ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¥° É¨¶  � É¨Ä‘ ² ³  [11,12]). �Ê¦´μ μÉ³¥É¨ÉÓ,

ÎÉμ c
(+)
0 = c

(−)
0 .

‚ Ê´¨É ·´μ° ± ²¨¡·μ¢±¥ £μ²¤¸ÉμÊ´μ¢¸±¨¥ ³μ¤Ò ¨¸±²ÕÎ ÕÉ¸Ö ¨ Ë¨§¨Î¥¸±¨³¨ ¶μ²Ö³¨

Ö¢²ÖÕÉ¸Ö ¤¢  É·¨¶²¥É  ¢¥·Ì´¨Ì ²¥¶Éμ±¢ ·±μ¢ S
(+)
1α , S

(−)
1α ¸ Ô²¥±É·¨Î¥¸±¨³¨ § ·Ö¤ ³¨ 5/3

¨ 1/3, É·¨ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±  Smα, m = 1, 2, 3 ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 2/3.
‚§ ¨³μ¤¥°¸É¢¨¥ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¸ Ë¥·³¨μ´ ³¨ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

L
S

(+)
1 uilj

= ūiα

[
(hL

+)ijPL + (hR
+)ijPR

]
ljS

(+)
1α + h. c.,

L
S

(−)
1 νidj

= ν̄i

[
(hL

−)ijPL + (hR
−)ijPR

]
djαS

(−)
1α + h. c.,

(8)

LSmuiνj = ūiα

[
(hL

1m)ijPL + (hR
1m)ijPR

]
νjSmα + h. c.,

LSmdilj = d̄iα

[
(hL

2m)ijPL + (hR
2m)ijPR

]
ljSmα + h. c.,

£¤¥ PL,R = (1±γ5)/2 Å ²¥¢Ò° ¨ ¶· ¢Ò° ¶·μ¥±Í¨μ´´Ò° μ¶¥· Éμ·Ò; (hL,R
± )ij ¨ (hL,R

am )ij Å
Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö; i, j Å ¨´¤¥±¸Ò ¶μ±μ²¥´¨°.
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‚ ¸¨²Ê ¸¢μ¥£μ Ì¨££¸μ¢¸±μ£μ ¶·μ¨¸Ìμ¦¤¥´¨Ö ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¶μ·Í¨μ-
´ ²Ó´Ò μÉ´μÏ¥´¨Õ ³ ¸¸ Ë¥·³¨μ´μ¢ ± ¢ ±ÊÊ³´μ³Ê ¸·¥¤´¥³Ê ¢ ‘Œ η = 246 ƒÔ‚. ’ ± ± ±
ÔÉ¨ μÉ´μÏ¥´¨Ö μÎ¥´Ó ³ ²Ò: mu/η, md/η ∼ 10−5, ms/η ∼ 10−3 ¨ mc/η, mb/η ∼ 10−2, § 
¨¸±²ÕÎ¥´¨¥³ mt/η ∼ 0,7, Éμ ¤²Ö ¤ ²Ó´¥°Ï¥£μ Ê¶·μÐ¥´¨Ö ¢ÒÎ¨¸²¥´¨° ³Ò ¶·¥´¥¡·¥£ ¥³
³ ¸¸ ³¨ Ë¥·³¨μ´μ¢ ¢ ±μ´¸É ´É Ì, ±·μ³¥ ³ ¸¸ b- ¨ t-±¢ ·±μ¢.

„μ³¨´¨·ÊÕÐ¨¥ ¢±² ¤Ò ¢ ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö (8) Éμ£¤  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
¢ ¢¨¤¥ [13,14]

(hL
+)3j =

√
3
2

mt

η sinβ
(KL

1 Cl)3j ,

(hR
+)3j = −

√
3
2

mb

η sin β

[
(CQ)33(KR

2 )3j

]
,

(hL
−)i3 =

√
3
2

mt

η sinβ
(

+

K R
1 )i3(CQ)33,

(9)

(hR
−)i3 = −

√
3
2

1
η sin β

[
(Cl

+

K L
2 )i3mb

]
,

(hL,R
1m )3j = −

√
3
2

mt

η sin β
(KL,R

1 )3jc
(±)
m ,

(hL,R
2m )3j = −

√
3
2

mb

η sin β
(KL,R

2 )3jc
(∓)
m .

‘± ²Ö·´Ò¥ ²¥¶Éμ±¢ ·±¨ ¢ ŒŠ‹‘-³μ¤¥²¨, ± ± ¢¨¤´μ ¨§ (8), (9), μ¡² ¤ ÕÉ μ¸μ¡¥´´μ-
¸ÉÖ³¨, ¶·¨¸ÊÐ¨³¨ Éμ²Ó±μ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ¸¨³³¥É·¨¨¨:  ) μ´¨ ´¥ ±¨· ²Ó´Ò, ¡) ³μ£ÊÉ
ÊÎ ¸É¢μ¢ ÉÓ ¢ ´¥¤¨ £μ´ ²Ó´ÒÌ ¶μ  ·μ³ ÉÊ ¶·μÍ¥¸¸ Ì, ¢) ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¢§ ¨³μ¤¥°-
¸É¢ÊÕÉ ¸ ÉÖ¦¥²Ò³¨ Ë¥·³¨μ´ ³¨ (μ¸μ¡¥´´μ ¸ t-±¢ ·±μ³), É. ¥. ¢¥¤ÊÉ ¸¥¡Ö ± ± ²¥¶Éμ±¢ ·±¨
É·¥ÉÓ¥£μ ¶μ±μ²¥´¨Ö.

2. ‹…�’���›… ���–…‘‘› ‘ ���“˜…�ˆ…Œ ���Œ�’� li → ljγ

�·μÍ¥¸¸Ò ¸ ´ ·ÊÏ¥´¨¥³ ²¥¶Éμ´´μ£μ  ·μ³ É  É¨¶  li → ljγ ³μ£ÊÉ ¨¤É¨ Î¥·¥§ ¸± -

²Ö·´Ò¥ ²¥¶Éμ±¢ ·±¨ Sm ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 2/3 ¨ ¸± ²Ö·´Ò° ²¥¶Éμ±¢ ·± S
(+)
1

¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 5/3.
‚±² ¤ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ li → ljγ μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö ¤¨ £· ³³ ³¨, ¨§μ¡· -

¦¥´´Ò³¨ ´  ·¨¸. 1. � ¨¡μ²ÓÏ¨° ¢±² ¤ μÉ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¡Ê¤¥É, ±μ£¤  ¢ ¶¥É²¥

�¨¸. 1. „¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ¢±² ¤ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ ¶·μÍ¥¸¸ li → ljγ. q = ui(di) Å
¢¥·Ì´¨° (´¨¦´¨°) ±¢ ·± i-£μ ¶μ±μ²¥´¨Ö; SLQ = S

(+)
1 (Sm) Å ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¨³ ¸± ²Ö·´Ò°

²¥¶Éμ±¢ ·±
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¢³¥¸É¥ ¸ ²¥¶Éμ±¢ ·±μ³ ´ Ìμ¤¨É¸Ö ±¢ ·± 3-£μ ¶μ±μ²¥´¨Ö, ¤²Ö S
(+)
1 ÔÉμ t-±¢ ·±,   ¤²Ö

Sm Å b-±¢ ·±. ‚±² ¤ Sm-²¥¶Éμ±¢ ·±  ¸ b-±¢ ·±μ³ ¢ ¶¥É²¥ ¢ ¶·μÍ¥¸¸ li → ljγ ¡Ê¤¥É

¶μ¤ ¢²ÖÉÓ¸Ö ¢ ¸· ¢´¥´¨¨ ¸  ´ ²μ£¨Î´Ò³ ¢±² ¤μ³ S
(+)
1 -²¥¶Éμ±¢ ·±  ¨ t-±¢ ·±  ¢ m2

t /m2
b

· § ¢ ¸¨²Ê Éμ£μ, ÎÉμ ¢ ±μ´¸É ´É Ì (9) ¤²Ö S
(+)
1 -²¥¶Éμ±¢ ·±  μ¤´  ¨§ ±μ´¸É ´É ¶·μ¶μ·Í¨-

μ´ ²Ó´  ³ ¸¸¥ t-±¢ ·± ,   ´¥ b-±¢ ·± . �μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ¢ μ¡Ð¨Ì ¢Ò· ¦¥´¨ÖÌ ³Ò

¡Ê¤¥³ ¶·¥¤¶μ² £ ÉÓ ¶·μÍ¥¸¸, ¨¤ÊÐ¨° Î¥·¥§ S
(+)
1 -²¥¶Éμ±¢ ·± ¨ t-±¢ ·±.

‚¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  li → ljγ, ÊÎ¨ÉÒ¢ Ö ¢¨¤ ±μ´¸É ´É (9), ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
¢ ¢¨¤¥ [18]

W (li → ljγ) =
9αmi

256(4π)4

(
mi

η

)4 (
mt

mLQ

)4

×

×
(

B2
1(x)k(1)

ij − 2
mb

mi
B1(x)B2(x)Re (k(12)

ij ) + 4
(

mb

mi

)2

B2
2(x)k(2)

ij

)
, (10)

£¤¥

B1(x) =
2
3
F5(x) +

5
3
F2(x),

B2(x) =
2
3
F6(x) +

5
3
F3(x);

F2(x) =
1

6(1 − x)4
(1 − 6x + 3x2 + 2x3 − 6x2 ln x),

F3(x) =
1

(1 − x)3
(1 − x2 + 2x ln x),

F5(x) =
1

6(1 − x)4
(2 + 3x − 6x2 + x3 − 6x ln x),

F6(x) =
1

(1 − x)3
(−3 + 4x − x2 − 2 ln x)

¨ x = m2
t /m2

LQ.

k
(1)
ij =

|(KL
1 Cl)3j |2|(KL

1 Cl)3i|2

sin4 β
,

k
(2)
ij =

|(KL
1 Cl)3j |2|(KR

2 )3i|2 + |(KL
1 Cl)3i|2|(KR

2 )3j |2

sin4 β
,

k
(12)
ij =

(|(KL
1 Cl)3j |2 + |(KR

2 )3j |2)((KL
1 Cl)∗3i(K

R
2 )3i + (KR

2 )∗3i(K
L
1 Cl)3i)

sin4 β
+ i ↔ j.

�É´μ¸¨É¥²Ó´Ò¥ ¢¥·μÖÉ´μ¸É¨ § ¶¨¸Ò¢ ÕÉ¸Ö ± ± Br (li → ljγ) = W (li → ljγ)/Γ(li →
total), £¤¥ Γ(li → total) Å ¶μ²´ Ö Ï¨·¨´  · ¸¶ ¤  ²¥¶Éμ´  li. ’ ±, ¤²Ö ³Õμ´ 

Γ(μ → total) = Γμ = 2,97 · 10−19 ƒÔ‚

¨ ¤²Ö μ → eγ ¶μ²ÊÎ¨³

Br (μ → eγ) = 1,1 · 10−4x2
(
B2

1(x)k(1)
μe − 84B1(x)B2(x)Re (k(12)

μe ) + 7056B2
2(x)k(2)

μe

)
.
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’¥±ÊÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸  ¨³¥ÕÉ ¢Ò¸μ±ÊÕ ÉμÎ´μ¸ÉÓ ¨
¸μ¸É ¢²ÖÕÉ [19]:

Br (μ → eγ) < 4,2 · 10−13.

Š ± ¢¨¤´μ ¨§ (10), ¤²Ö ¶·μÍ¥¸¸  μ → eγ μ¸´μ¢´Ò³ ¢±² ¤μ³ Ö¢²Ö¥É¸Ö É·¥ÉÓ¥ ¸² £ ¥³μ¥,
¶·μ¶μ·Í¨μ´ ²Ó´μ¥ (m2

b/m2
μ). �Éμ ¶μ§¢μ²Ö¥É Ê¶·μ¸É¨ÉÓ § ¶¨¸Ó Br (μ → eγ):

Br (μ → eγ) = 0,7x2B2
2(x)k(2)

μe ,

k(2)
μe =

|(KL
1 Cl)31|2|(KR

2 )32|2 + |(KL
1 Cl)32|2|(KR

2 )31|2

sin4 β
.

‚ ¶ · ³¥É· ¸³¥Ï¨¢ ´¨Ö ³μ¤¥²¨ k
(2)
μe ¢Ìμ¤¨É ´¥¨§¢¥¸É´Ò° Ê£μ² ¸³¥Ï¨¢ ´¨Ö β, ´ 

±μÉμ·Ò° ¥¸ÉÓ ¥¤¨´¸É¢¥´´μ¥ μ£· ´¨Î¥´¨¥ ¨§ ¶·¨³¥´¨³μ¸É¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ± ±μ´-
¸É ´É ³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ t-±¢ ·±μ³ h2/4π ∼ 3m2

t /(8πη2 sin2 β) < 1, μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ
sinβ > 0,25. „²Ö Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ (KL,R

2 ) §´ Î¥´¨¥ ³μ¦´μ ¢Ò¡· ÉÓ (KR
2 )32 = 0,92 ¨

(KR
2 )31 = −0,38 ¨§ (4) ¨²¨ ¨§ (5) (KR

2 )32 = 0 ¨ (KR
2 )31 = 1. �μ  ´ ²μ£¨¨ ¸ ³ É·¨Í ³¨

¸³¥Ï¨¢ ´¨Ö ¢ ±¢ ·±μ¢μ³ ¸¥±Éμ·¥ CQ = VCKM ¨ ¢ ²¥¶Éμ´´μ³
+

Cl = UPNSM [20] Ô²¥-

³¥´ÉÒ ³ É·¨ÍÒ (KL,R
1 ) ¤μ¶μ²´¨É¥²Ó´μ£μ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö ³μ£ÊÉ ¡ÒÉÓ μÉ ¸μÉÒÌ

¤μ ¤¥¸ÖÉÒÌ ¤μ²¥° ¥¤¨´¨ÍÒ ¨ k
(2)
μe ¢¶μ²´¥ ³μ¦¥É ¡ÒÉÓ ¶μ·Ö¤±  10−4−10−2.

�£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¨§ Br (μ → eγ) ¶·¨ · §²¨Î´ÒÌ

§´ Î¥´¨ÖÌ k
(2)
μe ¶·¨¢¥¤¥´Ò ´  ·¨¸. 2. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ³ ¸¸  ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·± 

S
(+)
1 ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ 100 ’Ô‚.

�£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¨§ ¶·μÍ¥¸¸μ¢ τ → μγ ¨ τ →

eγ §´ Î¨É¥²Ó´μ ¸² ¡¥¥, É ± ± ± ³¥´ÓÏ¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μ£· ´¨Î¥´¨Ö ´  ¢¥·μÖÉ´μ¸É¨
· ¸¶ ¤μ¢.

…¸²¨ ¢ ¶¥É²¥ b-±¢ ·± ¨ Sm-²¥¶Éμ±¢ ·±, Éμ ¨§ Br (μ → eγ) < 4,2 · 10−13 ³μ£ÊÉ ¡ÒÉÓ
¶μ²ÊÎ¥´Ò μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ²¥£Î °Ï¥£μ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm ¸ § ·Ö¤μ³ 2/3.

�£· ´¨Î¥´¨Ö ¸² ¡¥¥, Î¥³ ¤²Ö ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¢ (mt/mb)2 · §, É ± ÎÉμ ¶·¨

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ Br (μ → eγ) μÉ ³ ¸¸Ò ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ

k
(2)
μe . ƒμ·¨§μ´É ²Ó´μ° ²¨´¨¥° ¶μ± § ´ Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¶·¥¤¥² Br (μ → eγ) < 4,2 · 10−13



�£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ³μ¤¥²¨ 461

k
(2)
b < 1 μ´¨ ´¨¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶·¥¤¥²μ¢ ¤²Ö ²¥¶Éμ±¢ ·±  ¸ § ·Ö¤μ³ 2/3, ±μÉμ·Ò¥

¸μ¸É ¢²ÖÕÉ 850 ƒÔ‚ [15]. �·¨ k
(2)
b = 10 ´¨¦´ÖÖ £· ´¨Í  ³μ¦¥É ¸μ¸É ¢²ÖÉÓ 1,35 ’Ô‚.

3. ���Œ�‹œ�›‰ Œ�ƒ�ˆ’�›‰ Œ�Œ…�’ Œ����

‚±² ¤ ¢  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É ³Õμ´  (�ŒŒŒ) ³μ£ÊÉ ¤ ¢ ÉÓ ¸± ²Ö·´Ò¥

²¥¶Éμ±¢ ·±¨ Sm ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 2/3 ¨ ¸± ²Ö·´Ò° ²¥¶Éμ±¢ ·± S
(+)
1 ¸ Ô²¥±É·¨-

Î¥¸±¨³ § ·Ö¤μ³ 5/3.
�´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É ³Õμ´  ¢ÒÎ¨¸²Ö¥³ ± ± ³ £´¨É´Ò° Ëμ·³Ë ±Éμ· g(0),

¢§ÖÉÒ° ¶·¨ p = 0, £¤¥ p Å 4-¨³¶Ê²Ó¸ ËμÉμ´ . ‚±² ¤ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ �ŒŒŒ
μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö ¤¨ £· ³³ ³¨, ¨§μ¡· ¦¥´´Ò³¨ ´  ·¨¸. 1, £¤¥ ´Ê¦´μ ¶μ²μ¦¨ÉÓ
li = lj = μ.

� ¨¡μ²ÓÏ¨° ¢±² ¤ μÉ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ �ŒŒŒ ¡Ê¤¥É, ±μ£¤  ¢ ¶¥É²¥ ¢³¥¸É¥

¸ ²¥¶Éμ±¢ ·±μ³ ´ Ìμ¤¨É¸Ö ±¢ ·± 3-£μ ¶μ±μ²¥´¨Ö, ¤²Ö S
(+)
1 ÔÉμ t-±¢ ·±,   ¤²Ö Sm Å

b-±¢ ·±.
‘Ê³³ ·´μ³Ê μ¤´μ¶¥É²¥¢μ³Ê ¢±² ¤Ê ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¸μμÉ¢¥É¸É¢Ê¥É [16]

δaμ = −
Ncm

2
μ

16π2m2
LQ

[
(QiF5(x) − QSF2(x))(|(hL)i2|2 + |(hR)i2|2)+

+
mi

mμ
(QiF6(x) − QSF3(x))

(
(
+

hL)2i(hR)i2 + (
+

hR)2i(hL)i2

2

)]
, (11)

£¤¥ Nc = 3 Å Í¢¥Éμ¢μ° Ë ±Éμ·; Qi Å § ·Ö¤ ±¢ ·±  qi ¢ ¶¥É²¥ (2/3 ¤²Ö t-±¢ ·±  ¨ Ä1/3

¤²Ö b-±¢ ·± ); QS Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ²¥¶Éμ±¢ ·±  ¢ ¶¥É²¥ (Ä5/3 ¤²Ö S
(+)
1 ¨ Ä2/3 ¤²Ö

Sm); mμ, mi Å ³ ¸¸Ò ³Õμ´  ¨ qi-±¢ ·± ; mLQ Å ³ ¸¸  ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  hL,R

±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ Ëμ·³¥ (9).
Š ± ¢¨¤´μ ¨§ §´ Î¥´¨° ±μ´¸É ´É ¸¢Ö§¨ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ (9), ¢±² ¤ ¸± ²Ö·-

´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm ¢ �ŒŒŒ ³¥´ÓÏ¥, Î¥³ Ê S
(+)
1 ¸ § ·Ö¤μ³ 5/3, ± ± ³¨´¨³Ê³

¢ (mt/mb)2 · §. �μÔÉμ³Ê ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó · ¸¸³μÉ·¨³ ¢±² ¤ ¸± ²Ö·´μ£μ ²¥¶Éμ-

±¢ ·±  S
(+)
1 .

� ¸¸³μÉ·¨³ ²¨¤¨·ÊÕÐ¨¥ ¢±² ¤Ò ¢ �ŒŒŒ μÉ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 . Š ±

¢¨¤´μ ¨§ (9), ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (11) ¶·μ¶μ·Í¨μ´ ²Ó´μ (mt/η)2 (¨§ (hL
+)2),   ¢Éμ·μ¥

¸² £ ¥³μ¥ ∼ (mtmb/η2) (¨§ ¶·μ¨§¢¥¤¥´¨° ²¥¢ÒÌ ¨ ¶· ¢ÒÌ ±μ´¸É ´É ¸¢Ö§¨), ´μ §  ¸Î¥É
μÉ´μÏ¥´¨Ö ³ ¸¸Ò ±¢ ·±  ¢ ¶¥É²¥ ± ³ ¸¸¥ ³Õμ´  mt/mμ ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¡μ²ÓÏ¥ ¶¥·¢μ£μ
¢ mb/mμ · §, ¶μÔÉμ³Ê ¢ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³μ¦´μ μ£· ´¨Î¨ÉÓ¸Ö Éμ²Ó±μ ¨³. ‚ ÔÉμ³
¸²ÊÎ ¥ ¢Ò· ¦¥´¨¥ (11) ¶·¨ ÊÎ¥É¥ ±μ´¸É ´É (9) ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

δaμ =
3Ncm

2
μ

32π2m2

S
(+)
1

m2
t

η2

mb

mμ
(QtF6(x) − QSF3(x)) k,

(12)

£¤¥ k =
(

(KL
1 Cl)∗32(KR

2 )32 + (KR
2 )∗32(KL

1 Cl)32
2 sin2 β

)

Å ¶ · ³¥É· ¸³¥Ï¨¢ ´¨Ö ³μ¤¥²¨ ¨ x = (mt/m
S

(+)
1

)2.
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„²Ö (KR
2 )32 §´ Î¥´¨¥ ³μ¦´μ ¢Ò¡· ÉÓ 0,92 ¨§ (4) ¨²¨ 0 ¨§ (5). �μ  ´ ²μ£¨¨ ¸ ³ É·¨-

Í ³¨ ¸³¥Ï¨¢ ´¨Ö ¢ ±¢ ·±μ¢μ³ ¸¥±Éμ·¥ CQ = VCKM ¨ ¢ ²¥¶Éμ´´μ³
+

C l = UPNSM [20]

Ô²¥³¥´ÉÒ ³ É·¨Í (KL,R
1 )32 ¤μ¶μ²´¨É¥²Ó´μ£μ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö ³μ£ÊÉ ¡ÒÉÓ μÉ

¸μÉÒÌ ¤μ ¤¥¸ÖÉÒÌ ¤μ²¥° ¥¤¨´¨ÍÒ ¨ k ¢¶μ²´¥ ³μ¦¥É ¡ÒÉÓ ¶μ·Ö¤±  10−2.
�μ¤¸É ¢²ÖÖ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢ ¢Ò· ¦¥´¨¥ (12), ¶μ²ÊÎ ¥³

δaμ = 1910 · 10−10x(QtF6(x) − QSF3(x))k.

„²Ö ¸· ¢´¥´¨Ö ¶μ ¤ ´´Ò³ [15] ¨³¥¥³

19,2 · 10−10 < δaμ < 34,4 · 10−10. (13)

�£· ´¨Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¨§ �ŒŒŒ ¶·¨

· §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  k, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3. Š ± ¢¨¤´μ ¨§ ·¨¸. 3, ¤²Ö
§´ Î¥´¨° �ŒŒŒ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì (13), μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·± 

S
(+)
1 ³μ£ÊÉ ¡ÒÉÓ ¶μ·Ö¤±  1 ’Ô‚ (  ¢ ¸²ÊÎ ¥ (5) (KR

2 )32 = 0 ¨Ì ´¥É).
�·¥¤¶μ²μ¦¨³ ¤²Ö ¶·μ¸ÉμÉÒ ¢Ò·μ¦¤¥´¨¥ ³ ¸¸ Ê ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¸ § ·Ö-

¤μ³ 2/3, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥ μ¡Ö§ É¥²Ó´μ, Éμ£¤  ³Ò ³μ¦¥³ ¨§¡ ¢¨ÉÓ¸Ö μÉ ´¥¨§¢¥¸É´ÒÌ

Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ ²¥¶Éμ±¢ ·±μ¢μ£μ ¸³¥Ï¨¢ ´¨Ö c
(±)
m . �μ Ê¸²μ¢¨Õ Ê´¨É ·´μ¸É¨

4∑
m

+
c (±)

m c(∓)
m = 0,

3∑
m

+
c (±)

m c(∓)
m = −+

c
(±)
0 c

(∓)
0 = −ξ2 sin2 β.

’μ£¤ 

δaμ = − 3Nc

32π2

m2
μ

η2

mb

mμ
ξ2xm (QbF6(xm) − QSF3(xm)) kb,

kb =
(

(KL
1 )∗32(K

R
1 )32 + (KR

1 )∗32(K
L
1 )32

2

)
¨

δaμ = −1910 · 10−10ξ2xm (QbF6(xm) − QSF3(xm)) kb,

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ δaμ μÉ m
S

(+)
1

¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  k = 1, 0,25, 0,1. ƒμ·¨§μ´-

É ²Ó´Ò³¨ ²¨´¨Ö³¨ μ¡μ§´ Î¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶·¥¤¥²Ò (13)
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£¤¥ μÍ¥´¨¢ ¥³ ¢Ìμ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥´¨¥ ¶ · ³¥É·Ò ± ± xm < 10−5, ÎÉμ ¸¶· ¢¥¤²¨¢μ ¶·¨
mSm > 850 ƒÔ‚ (μ£· ´¨Î¥´¨¥ ¨§ ¶·Ö³ÒÌ ¶μ¨¸±μ¢ ¤²Ö ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ 3-£μ ¶μ±μ-
²¥´¨Ö ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ 2/3 [15]) ¨ ξ2 < 10−6, ÎÉμ ¸¶· ¢¥¤²¨¢μ ¶·¨ mV > 91 ’Ô‚.
‚Ò· ¦¥´¨¥ ¢ ¸±μ¡± Ì ´¥ ¶·¥¢μ¸Ìμ¤¨É 6 (¤²Ö ³ ¸¸ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¤μ 1 ’Ô‚),
  |kb| � 1. Š ± ¢¨¤´μ, ¢±² ¤ ¤ ¦¥ ¢Ò·μ¦¤¥´´ÒÌ ¶μ ³ ¸¸¥ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm

¤ ¥É μÎ¥´Ó ³ ²μ¥ §´ Î¥´¨¥ (δaμ ∼ 10−18), μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ ¨§ �ŒŒŒ ´¥²Ó§Ö ¶μ²ÊÎ¨ÉÓ
μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ¢Ò·μ¦¤¥´´ÒÌ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm.

‚ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö ¢Ò·μ¦¤¥´¨Ö ¶μ ³ ¸¸¥ Ê ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm ³μ¦´μ μÍ¥-
´¨ÉÓ ¢±² ¤ ²¥£Î °Ï¥£μ ¸μ¸ÉμÖ´¨Ö. �ÉμÉ ¢±² ¤ ¸μ¸É ¢¨É ∼ 10−7xmkbm, £¤¥ ¶ · ³¥É·
¸³¥Ï¨¢ ´¨Ö kbm � 25, ´μ ¢ ´¥£μ ¢Ìμ¤ÖÉ ±·μ³¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤μ¶μ²´¨É¥²Ó´μ£μ
Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö KL,R ¥Ð¥ ¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ²¥¶Éμ±¢ ·±μ¢μ£μ ¸³¥Ï¨¢ -

´¨Ö c
(±)
m , ¶·¨ ÔÉμ³ x = (mb/mSm)2 � 10−5. �·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ kbm μ£· ´¨Î¥´¨¥

´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶·¥¤¥² ,
¸²¥¤ÊÕÐ¥£μ ¨§ ¶·Ö³ÒÌ ¶μ¨¸±μ¢ (850 ƒÔ‚).

4. Œ�ƒ�ˆ’�›‰ Œ�Œ…�’ �…‰’�ˆ��

‚±² ¤Ê ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¢ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ (ŒŒ�) ¸μμÉ¢¥É¸É¢ÊÕÉ

¤¢¥ ¤¨ £· ³³Ò, ¶·¨¢¥¤¥´´Ò¥ ´  ·¨¸. 1, £¤¥ li = lj = νi ¨ SLQ = S
(−)
1 (Sm). ‚ ± Î¥¸É¢¥

¶ ·Ò: ±¢ ·± q, ²¥¶Éμ±¢ ·± SLQ Å ¢ ¶¥É²¥ ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö t-±¢ ·± ¨ Sm-²¥¶Éμ±¢ ·± ¸

Q = 2/3 ¨ b-±¢ ·± ¨ S
(−)
1 -²¥¶Éμ±¢ ·± ¸ Q = −1/3.

�¡Ð¨° ¢¨¤ ³ £´¨É´μ£μ ³μ³¥´É  ´¥°É·¨´μ νi ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨, μ¡Ê¸²μ¢-
²¥´´Ò° ¢±² ¤μ³ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  SLQ ¨ qj-±¢ ·±  ¢ ¶¥É²¥, ¨³¥¥É ¢¨¤ [17]

μνi = − Ncme

16π2m2
LQ

μB

[
mνi (QjF5(x) − QsF2(x))

(
|(hL)ji|2 + |(hR)ji|2

)
+

+ mj (QjF6(x) − QsF3(x))
( (

+

hL)ij(h
R)ji + (

+

hR)ij(hL)ji

2

)]
, (14)

£¤¥ Qj Å § ·Ö¤ ±¢ ·± ; QS Å § ·Ö¤ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·± ; mνi Å ³ ¸¸  ´¥°É·¨´μ;
mLQ Å ³ ¸¸  ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·± ; mj Å ³ ¸¸  qj-±¢ ·± ; μB Å ³ £´¥Éμ´ 
μ·  ¨
x = m2

j/m2
LQ.

�¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (14) ¶·μ¶μ·Í¨μ´ ²Ó´μ ³ ¸¸¥ ´¥°É·¨´μ ¨ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ
³ ²Ò³, μ´μ ¸μμÉ¢¥É¸É¢Ê¥É ¢±² ¤ ³ ±¨· ²Ó´ÒÌ ²¥¶Éμ±¢ ·±μ¢, Éμ£¤  ± ± ¢Éμ·μ¥ ¸² £ ¥-
³μ¥ ¢ (14) ¸μμÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ´¥ ±¨· ²Ó´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¨ ¶·μ¶μ·Í¨μ´ ²Ó´μ ³ ¸¸¥
qj-±¢ ·±  ¢ ¶¥É²¥ ¨ ¶μÔÉμ³Ê §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ ¶¥·¢μ£μ.

‚±² ¤ μÉ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm ¸ § ·Ö¤μ³ 2/3 ¢ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ

¶·¥μ¡² ¤ ¥É ´ ¤ ¢±² ¤μ³ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(−)
1 ¸ § ·Ö¤μ³ Ä1/3, É ± ± ± μ´ ¸μ¤¥·-

¦¨É t-±¢ ·± ¢ ¶¥É²¥ ¨ μ¡¥ ±μ´¸É ´ÉÒ ¶·μ¶μ·Í¨μ´ ²Ó´Ò ³ ¸¸¥ t-±¢ ·±  (9), ¢ Éμ ¢·¥³Ö ± ±

²¥¶Éμ±¢ ·± S
(−)
1 ¸μ¤¥·¦¨É b-±¢ ·± ¢ ¶¥É²¥ ¨ μ¤´  ¨§ ¥£μ ±μ´¸É ´É (9) ¶·μ¶μ·Í¨μ´ ²Ó´ 

³ ¸¸¥ t-±¢ ·± ,   ¤·Ê£ Ö Å b-±¢ ·± . �μÔÉμ³Ê ¢±² ¤ S
(−)
1 ¢ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ

¢ (mt/mb)2 · § ³¥´ÓÏ¥, Î¥³ Ê Sm.
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�±μ´Î É¥²Ó´Ò° ¢¨¤ ³ £´¨É´μ£μ ³μ³¥´É  ´¥°É·¨´μ, £¤¥ ÊÎÉ¥´ ¢¨¤ ±μ´¸É ´É (9) ¤²Ö
¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm (¶·¥´¥¡·¥£ Ö ¶¥·¢Ò³ ¸² £ ¥³Ò³ ¸ ³ ¸¸μ° ´¥°É·¨´μ ¢ (14)),
§ ¶¨Ï¥³ ± ±

μνi = −
3∑

m=1

9memt

32π2η2
xmμB (QtF6(xm) − QsF3(xm)) km,

km =
(

+

KR
1 )i3(KL

1 )3i
+
c

(+)
m c

(−)
m + (

+

KL
1 )i3(KR

1 )3i
+
c

(−)
m c

(+)
m

2 sin2 β
,

£¤¥ xm = m2
t /m2

Sm
.

�μ¸²¥ ¶μ¤¸É ´μ¢±¨ Î¨¸²¥´´ÒÌ §´ Î¥´¨° ¨§¢¥¸É´ÒÌ ¶ · ³¥É·μ¢ ¨ ³ ¸¸ ¶μ²ÊÎ ¥³

μνi = −4 · 10−8μB

3∑
m=1

xm (QtF6(xm) − QsF3(xm)) km. (15)

’·Ê¤´μ¸ÉÓÕ ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ¢±² ¤  ¢ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ μÉ ¸± ²Ö·´ÒÌ
²¥¶Éμ±¢ ·±μ¢ Sm ³μ¦¥É Ö¢²ÖÉÓ¸Ö · ¸Ð¥¶²¥´¨¥ ¨Ì ³ ¸¸ (¢ μ¡Ð¥³ ¸²ÊÎ ¥). „²Ö Ê¶·μÐ¥´¨Ö
 ´ ²¨§  ¶·¥¤¶μ² £ ¥³ ¢Ò·μ¦¤¥´¨¥ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm ¶μ ³ ¸¸¥ ¨ ¸Ê³³¨·Ê¥³
¶μ Î¨¸²Ê Ë¨§¨Î¥¸±¨Ì ¶μ²¥°.

�É±Ê¤  ¶μ²ÊÎ ¥³

μνi = 0,3 · 10−12μBx (QtF6(x) − QsF3(x)) k,

£¤¥

k =
(

+

KR
1 )i3(KL

1 )3i + (
+

KL
1 )i3(KR

1 )3i

2
¨ x =

m2
t

m2
Sm

.

ˆ¸Ìμ¤Ö ¨§  ¸É·μË¨§¨Î¥¸±μ£μ μ£· ´¨Î¥´¨Ö ´  ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ [15]

μν < 3 · 10−12μB, (16)

¶μ²ÊÎ ¥³ μ£· ´¨Î¥´¨¥ ´  ´¨¦´ÕÕ £· ´¨ÍÊ ¤²Ö ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ³¥´ÓÏ¥
¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μ£· ´¨Î¥´¨° mSm > 850 ƒÔ‚.

�Í¥´¨³ ¢±² ¤ ²¥£Î °Ï¥£μ ¨§ ²¥¶Éμ±¢ ·±μ¢ ¢ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö ¢Ò·μ¦¤¥´¨Ö ³ ¸¸ Ê
¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ Sm.

�  ·¨¸. 4 ¶μ± § ´ ¢±² ¤ ²¥£Î °Ï¥£μ ¶μ ³ ¸¸¥ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm ¢ ³ £´¨É´Ò°
³μ³¥´É ´¥°É·¨´μ ¢ § ¢¨¸¨³μ¸É¨ μÉ ³ ¸¸Ò ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  mSm ¶·¨ · §²¨Î´ÒÌ
§´ Î¥´¨ÖÌ ¶ · ³¥É·  km. � ¶μ³´¨³, ÎÉμ ¢ ¶ · ³¥É· ¸³¥Ï¨¢ ´¨Ö km, ±·μ³¥ ´¥¨§¢¥¸É´ÒÌ
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ (KL,R)3i, ¢Ìμ¤ÖÉ ´¥¨§¢¥¸É´Ò¥ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ ²¥¶Éμ±¢ ·±μ¢μ£μ

¸³¥Ï¨¢ ´¨Ö c
(±)
m . Š ± ¢¨¤´μ ¨§ ·¨¸. 4, μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm

¸μ¸É ¢²ÖÕÉ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì É¥· Ô²¥±É·μ´¢μ²ÓÉ.

’ ± ± ± ¢±² ¤ ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(−)
1 ¸ Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³ Ä1/3 ¢ ³ £´¨É-

´Ò° ³μ³¥´É ´¥°É·¨´μ ¢ (mt/mb)2 · § ³¥´ÓÏ¥, Î¥³ Ê ²¥¶Éμ±¢ ·±μ¢ Sm ¸ Ô²¥±É·¨Î¥¸±¨³
§ ·Ö¤μ³ 2/3, Éμ ¨ μ£· ´¨Î¥´¨Ö ´  ¥£μ ³ ¸¸Ê §´ Î¨É¥²Ó´μ ¸² ¡¥¥.

�μ¤¸É ¢²ÖÖ Î¨¸²¥´´Ò° Ë ±Éμ· (mb/mt)2 ∼ 5,8 · 10−4 ¢ (15) ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ x =
(mb/m

S
(−)
1

)2 < 5 · 10−5 (¸ÊÐ¥¸É¢ÊÕÐ¨° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ¶·¥¤¥² ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ μν/μB μÉ ³ ¸¸Ò ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ km.

ƒμ·¨§μ´É ²Ó´μ° ²¨´¨¥° ¶μ± § ´  ¸É·μË¨§¨Î¥¸±¨° ¶·¥¤¥² μν < 3 · 10−12μB

²¥¶Éμ±¢ ·±  É·¥ÉÓ¥£μ ¶μ±μ²¥´¨Ö ¸ Q = 1/3 ¤ ¥É m
S

(−)
1

> 625 ƒÔ‚), ¶μ²ÊÎ¨³

μ
(S

(−)
1 )

νi < 10−16μBk(−),

μÉ±Ê¤  ¢¨¤´μ, ÎÉμ ¶·¨ ²Õ¡μ³ ¢μ§³μ¦´μ³ §´ Î¥´¨¨ ¶ · ³¥É·  k(−) ¢±² ¤ ¸± ²Ö·´μ£μ

²¥¶Éμ±¢ ·±  S
(−)
1 ¢ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ ³¥´ÓÏ¥ μ£· ´¨Î¥´¨Ö (16). ‘²¥¤μ¢ -

É¥²Ó´μ, μÍ¥´±  ´  ³ ¸¸Ê ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(−)
1 ¨§ ŒŒ� ¸² ¡¥¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì

Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μ£· ´¨Î¥´¨° ¨§ ¶·Ö³ÒÌ ¶μ¨¸±μ¢.
‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ ¶μ¨¸±¨ ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢ ¨ μ£· ´¨Î¥´¨° ´  ¨Ì ¶ -

· ³¥É·Ò Ö¢²ÖÕÉ¸Ö  ±ÉÊ ²Ó´μ° § ¤ Î¥° (¸³. [21] ¨ Í¨É¨·Ê¥³ÊÕ ²¨É¥· ÉÊ·Ê). �£· ´¨Î¥´¨Ö
´  ³ ¸¸Ò ¸± ²Ö·´ÒÌ ²¥¶Éμ±¢ ·±μ¢, ¶μ²ÊÎ¥´´Ò¥ ¸ ÊÎ¥Éμ³ §´ Î¥´¨° ³ É·¨Í ¤μ¶μ²´¨É¥²Ó-
´μ£μ Ë¥·³¨μ´´μ£μ ¸³¥Ï¨¢ ´¨Ö ¢ Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ° ³μ¤¥²¨, ¸²¥¤ÊÕÐ¨¥: ¤²Ö ¸± ²Ö·´μ£μ

²¥¶Éμ±¢ ·±  S
(−)
1 ¸ Q = 1/3 Å ´¨¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μ£· ´¨Î¥´¨°

¨§ ¶·Ö³ÒÌ ¶μ¨¸±μ¢ (625 ƒÔ‚), ¤²Ö ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  Sm ¸ Q = 2/3 Å ¶μ·Ö¤± 

´¥¸±μ²Ó±¨Ì É¥· Ô²¥±É·μ´¢μ²ÓÉ ¨ ¤²Ö ¸± ²Ö·´μ£μ ²¥¶Éμ±¢ ·±  S
(+)
1 ¸ Q = 5/3 Å ³¥´ÓÏ¥

¨²¨ ¶μ·Ö¤±  ³ ¸¸ ¢¥±Éμ·´ÒÌ ²¥¶Éμ±¢ ·±μ¢. ’ ±¨³ μ¡· §μ³, ¶·μÖ¢²¥´¨Ö Î¥ÉÒ·¥ÌÍ¢¥Éμ¢μ°
¸¨³³¥É·¨¨ ¢μ§³μ¦´Ò ¨ ¶·¨ É¥· Ô²¥±É·μ´¢μ²ÓÉ´ÒÌ Ô´¥·£¨ÖÌ.
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