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‚¶¥·¢Ò¥ ¢Ò¶µ²´¥´ ¸µ¢³¥¸É´Ò°  ´ ²¨§ ¢¸¥Ì (· ´´¨Ì ¨ ¶µ§¤´¨Ì) Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
¶µ ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ Ê¶·Ê£µ£µ γp-· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨ÖÌ ËµÉµ´µ¢ ω < 150 ŒÔ‚
¸ Í¥²ÓÕ µ¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ° (αp) ¨ ³ £´¨É´µ° (βp) ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ . ”¨É¨-
·µ¢ ´¨¥ ¤ ´´ÒÌ É¥µ·¥É¨Î¥¸±¨³ ¸¥Î¥´¨¥³ ¸ ¤¢Ê³Ö ¸¢µ¡µ¤´Ò³¨ ¶ · ³¥É· ³¨ αp ¨ βp, ¶µ²ÊÎe´-
´Ò³ ´  µ¸´µ¢¥ s-± ´ ²Ó´ÒÌ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¶·¨ ±µ´¥Î´µ° Ô´¥·£¨¨, ¤ ¥É ³¨·µ¢Ò¥
¸·¥¤´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ : αÔ±¸¶

p = 11,7 ± 0,8 ± 0,7 ¨

βÔ±¸¶
p = 2,3± 0,9± 0,7 (¢ ¥¤. 10−4 Ë³3), £¤¥ ¶¥·¢ Ö ¶µ£·¥Ï´µ¸ÉÓ (±µ³¡¨´¨·µ¢ ´´ Ö) ÊÎ¨ÉÒ¢ ¥É

¸É É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨°,   ¢Éµ· Ö Å É¥µ·¥-
É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¤¨¸¶¥·¸¨µ´´µ£µ ¸¥Î¥´¨Ö. �É³¥Î ¥É¸Ö, ÎÉµ ¡µ²¥¥ ¶µ²´Ò¥ ¨ ÉµÎ´Ò¥
¤ ´´Ò¥ ¶·¨ ω � 100 ŒÔ‚ ¶µ§¢µ²ÖÉ ¢ ¡Ê¤ÊÐ¥³ Ê³¥´ÓÏ¨ÉÓ É¥µ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¶µ£·¥Ï´µ¸É¨ ¢ ¨§¢²¥± ¥³ÒÌ §´ Î¥´¨ÖÌ αp ¨ βp.

For the ˇrst time a global analysis of all (early and recent) experimental data on the differential
cross section of elastic γp scattering at photon energies ω < 150 MeV is fulˇlled in order to
determine the electric (αp) and (βp) polarizabilities of the proton. Fit of the data with the two free
parameters αp and βp embedded into a theoretical cross section obtained on the basis of ˇnite-energy
s-channel dispersion relations gives the world-average for the values of the proton electromagnetic
polarizabilities: αexp

p = 11.7 ± 0.8 ± 0.7 and βexp
p = 2.3 ± 0.9 ± 0.7 (in units of 10−4 fm3),

where the ˇrst error (combined) takes into account statistical and systematic errors of the experimental
cross section and the second error does theoretical uncertainties in the dispersion cross section. It
is emphasized that more complete and precise data at ω � 100 MeV will enable one to reduce
theoretical and experimental errors in the extracted values of αp and βp.

1. ‚‚…„…�ˆ…

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò § ³¥É´µ ¢Ò·µ¸ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ¸¢µ°¸É¢  ¶µ²Ö·¨-
§Ê¥³µ¸É¨ ´Ê±²µ´µ¢ ¨ ¶¨µ´µ¢, Éµ ¥¸ÉÓ ´ ¢¥¤¥´¨Ö Ê ´¨Ì ¤¨¶µ²Ó´ÒÌ ³µ³¥´-
Éµ¢ ¢´¥Ï´¨³ Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³, ¨ ¥£µ ¢²¨Ö´¨Ö ´  · §²¨Î´Ò¥ ¤¢ÊÌ-
ËµÉµ´´Ò¥ ¶·µÍ¥¸¸Ò ¸ ÊÎ ¸É¨¥³ ÔÉ¨Ì Î ¸É¨Í. ‚ ÔÉµ° ¸¢Ö§¨ ´  Ô²¥±É·µ´´ÒÌ
Ê¸±µ·¨É¥²ÖÌ BNL, MAMI, SAL ¨ ¤·Ê£¨Ì ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì Í¥´É·µ¢ ¢Ò¶µ²-
´¥´Ò ´µ¢Ò¥ ¨§³¥·¥´¨Ö [1Ä8] ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö
ËµÉµ´  (“�”) ´  ¶·µÉµ´¥ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¶ ¤ ÕÐ¥£µ ËµÉµ´  ¢ ².¸.
ω ≤ 150 ŒÔ‚ ¨ ¢ µ±·¥¸É´µ¸É¨ ∆33-·¥§µ´ ´¸ , ¨ ¶µ ¶µ²ÊÎ¥´´Ò³ ¤ ´´Ò³
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¶µ¢Éµ·´µ µ¶·¥¤¥²¥´Ò §´ Î¥´¨Ö Ô²¥±É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥°
¶·µÉµ´  αp ¨ βp ¸ooÉ¢¥É¸É¢¥´´µ. ˆ§ ¤ ´´ÒÌ ¶µ ¤·Ê£¨³ ¶·µÍ¥¸¸ ³ ¨§¢²¥± -
²¨¸Ó É ±¦¥ ¶µ²Ö·¨§Ê¥³µ¸É¨ ´¥°É·µ´ , § ·Ö¦¥´´µ£µ ¨ ´¥°É· ²Ó´µ£µ ¶¨µ´µ¢∗.
� °¤¥´´Ò¥ · §´Ò³¨ £·Ê¶¶ ³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°
´¥°É·µ´  ¨ ¶¨µ´µ¢ ¶²µÌµ ¸µ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ°; §¤¥¸Ó ´¥µ¡Ìµ¤¨³Ò ± ±
¡µ²¥¥ ÉµÎ´Ò¥ ¨§³¥·¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥Î¥´¨°, É ± ¨ · §¢¨É¨¥ ³¥Éµ¤µ¢
¨§¢²¥Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¨§ ¤ ´´ÒÌ. �µ²µ¦¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¢ Í¥²µ³ ²ÊÎÏ¥, ¨ ¥£µ  ´ ²¨§Ê ¶µ¸¢Ö-
Ð¥´  ´ ¸ÉµÖÐ Ö · ¡µÉ . ‚ µÉ²¨Î¨¥ µÉ [4,8] ³Ò µ¡¸Ê¦¤ ¥³ ± ± ¶µ§¤´¨¥, É ± ¨
· ´´¨¥ ¤ ´´Ò¥ ¶µ “�” ´  ¶·µÉµ´¥ ´¨¦¥ ¶µ·µ£  ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢, Î ¸ÉÓ
±µÉµ·ÒÌ ´¥ ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¥¦¤¥ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° αp ¨ βp.

‚¶¥·¢Ò¥ §´ Î¥´¨Ö αp ¨ βp ¡Ò²¨ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¥´Ò ¢ ”¨-
§¨Î¥¸±µ³ ¨´¸É¨ÉÊÉ¥ ¨³. �.�.‹¥¡¥¤¥¢  (”ˆ��) [23, 24]. ‘ ¶ÊÎ±µ³ Éµ·³µ§-
´µ£µ ¨§²ÊÎ¥´¨Ö ¨§³¥·Ö²µ¸Ó ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ “�” ¶·µÉµ´µ³ ¶·¨
Ê£² Ì · ¸¸¥Ö´¨Ö ËµÉµ´  ¢ ².¸. θ ≥ 75◦ ¢ É·¥Ì Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ² Ì
¸ Ï¨·¨´µ° 20 ÷ 40 ŒÔ‚ ¨ co ¸·¥¤´¨³¨ Ô´¥·£¨Ö³¨ ¶ ¤ ÕÐ¥£µ ËµÉµ´  〈ω〉,
· ¢´Ò³¨ 55 [23], 83 ¨ 109 MÔ‚ [24]. �µ Î¨¸²Ê ÉµÎ¥± Ê£²µ¢µ£µ · ¸¶·¥-
¤¥²¥´¨Ö (5 ÉµÎ¥±) · ¡µÉ  [23] ¨ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ µ¸É ¥É¸Ö ´ ¨¡µ²¥¥
¶µ²´µ° ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ‘¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²ÊÎ¥´´ÒÌ
§´ Î¥´¨ÖÌ ¸¥Î¥´¨Ö · ¢´Ò 6 % ¢ [23] ¨ 1−3, 7 % ¢ [24] (¶µ ¶µ¢µ¤Ê ¶µ¸²¥¤-
´¥° ¸³. · §¤. 2). ‘É É¨¸É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ ¡Ò²  4−6 %. �± § ²µ¸Ó, ÎÉµ
Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Ê£²¥ θ
¨ · §´ÒÌ ω ²¥¦¨É ´¨¦¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö �µÊÔ²²  [25], ±µÉµ-
·µ¥ µ¶¨¸Ò¢ ¥É · ¸¸¥Ö´¨¥ ËµÉµ´  ´  ÉµÎ¥Î´µ³ ¶·µÉµ´¥ ¸  ´µ³ ²Ó´Ò³ ³ £-
´¨É´Ò³ ³µ³¥´Éµ³ ( .³.³.). ‚ [23, 24] ´ ¡²Õ¤ ¥³µ¥ µÉ±²µ´¥´¨¥ ¨´É¥·¶·¥-
É¨·µ¢ ²µ¸Ó ± ± ¸¶¥Í¨Ë¨Î¥¸±µ¥ ¶·µÖ¢²¥´¨¥ ¸É·Ê±ÉÊ·Ò ¶·µÉµ´  ¢ ¤¢ÊÌËµÉµ´-
´µ³ ¶·µÍ¥¸¸¥, Éµ ¥¸ÉÓ ± ± ¢²¨Ö´¨¥ ´  “�” ¸¢µ°¸É¢  ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µ-
Éµ´  [26Ä28]. —Éµ¡Ò µ¶·¥¤¥²¨ÉÓ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ , Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨° Ë¨É¨·µ¢ ²¨¸Ó ¡¥§³µ¤¥²Ó´Ò³ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³, Éµ
¥¸ÉÓ · §²µ¦¥´´Ò³ ¶µ ω ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ω2- ¨²¨ ω3-Î²¥´µ¢, ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò³ ¸¥Î¥´¨¥³, § ¢¨¸ÖÐ¨³ µÉ ´¥¨§¢¥¸É´ÒÌ ¶ · ³¥É·µ¢ αp ¨ βp [28, 29]. ‚
·¥§Ê²ÓÉ É¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö αp ¨ βp, ¢µ¸¶·µ¨§¢¥-
¤¥´´Ò¥ ¢ É ¡². 1.

∗ˆ¸Éµ·¨Ö ¶µ¶ÒÉµ± µ¶·¥¤¥²¨ÉÓ Ô²¥±É·¨Î¥¸±ÊÕ ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ´¥°É·µ´  αn ¢ Ô±¸¶¥·¨³¥´-
É Ì ¶µ · ¸¸¥Ö´¨Õ ·¥ ±Éµ·´ÒÌ ´¥°É·µ´µ¢ ÉÖ¦¥²Ò³¨ Ö¤· ³¨ ´ ¸Î¨ÉÒ¢ ¥É Î¥ÉÒ·¥ ¤¥¸ÖÉ¨²¥É¨Ö [9].
�É¨³ ³¥Éµ¤µ³ ¡Ò²¨ ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö αÔ±¸¶

n = (12,0±1,5 (¸É É.)±2,0 (¸¨¸É.))·10−4 Ë³3 [10]
¨ αÔ±¸¶

n = (0±5) ·10−4 Ë³3 [11]. ‚¶·µÎ¥³, ¢Ò¶µ²´¥´´Ò° ¢ [12]  ´ ²¨§ ¶µ± § ², ÎÉµ ¸¨¸É¥³ É¨-
Î¥¸± Ö µÏ¨¡±  ¢ §´ Î¥´¨¨ αÔ±¸¶

n ¨§ [10], ¶µ-¢¨¤¨³µ³Ê, ¸¨²Ó´µ § ´¨¦¥´ . ‘ ¶·¨¡²¨§¨É¥²Ó´µ Éµ°
¦¥ ÉµÎ´µ¸ÉÓÕ ¶µ²Ö·¨§Ê¥³µ¸É¨ ´¥°É·µ´  ³µ¦´µ ¨§¢²¥± ÉÓ É ±¦¥ ¨§ ¤ ´´ÒÌ ¶µ ´¥Ê¶·Ê£µ³Ê [13,14]
¨ Ê¶·Ê£µ³Ê [15, 16] γd-· ¸¸¥Ö´¨Õ. �µ¸²¥ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¢ 80-¥ £µ¤Ò [17, 18] ¶µ²Ö·¨§Ê¥-
³µ¸É¨ ¶¨µ´µ¢ ¨§¢²¥± ²¨¸Ó ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¨§ ¤ ´´ÒÌ µ ¶·µÍ¥¸¸ Ì γγ → π+π− ¨ γγ → π0π0

(¸³., ´ ¶·¨³¥·, [19Ä22]).
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’ ¡²¨Í  1. �µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  (¢ ¥¤. 10−4 Ë³3) ¶µ ¶Ê¡²¨± Í¨Ö³ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ · ¡µÉ

’¥µ·. ¶·¨¡².

‘¸Ò²±  αp βp αp + βp αp − βp ’¥µ·¨Ö αp + βp

Gol60 9±2 2∓2 Å Å LEX 11
[23]

Bar74 10,7±1,1 −0,7±1,6 10,0±2,3 Å LEX Å
[24]

Fed91 Å Å 12,2±3,5±1,5 9,1±4,0±2,0 LEX Å
[1] 11,9±3,9±1,7 8,0±4,4±2,2 DR Å

10,9±2,2±1,3 3,3∓2,2∓1,3 Å Å LEX 14,2

Fed95 Å Å 15,8±4,5±0,1 11,9±5,3±0,2 DR Å
[4]

Zie92 Å Å Å 7,03+2,49+2,14
−2,27−2,05 DR Å

[2] 10,6+1,25+1,07
−1,19−1,03 3,6−1,25−1,07

+1,19+1,03 Å Å DR 14,2

Hal93 9,8±0,4±1,1 4,4∓0,4∓1,1 Å 5,5±0,7±2,1 DR 14,2
[3]

Mac95 Å Å 15,0±2,9±1,1 10,8±1,1±1,4 DR Å
[4] 12,5±0,6±0,7 1,7∓0,6∓0,7 Å Å DR 14,2

Ton98 Å Å 13,23±0,86+0,20
−0,49 10,11±1,74+1,22

−0,86 DR Å
[8]

�·¨³¥Î ´¨¥. �µ¸²¥¤´¨¥ ¤¢¥ ±µ²µ´±¨ Ê± §Ò¢ ÕÉ É¨¶ ¶·¨³¥´Ö¥³µ° É¥µ·¨¨ Å ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ¥ · §²µ¦¥´¨¥ (LEX) ¨²¨ ¤¨¸¶¥·¸¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (DR),   É ±¦¥ ¨¸¶µ²Ó§µ¢ ²µ¸Ó ²¨ ¶·¨
Ë¨É¥ É¥µ·¥É¨Î¥¸±µ¥ §´ Î¥´¨¥ ¸Ê³³Ò αp + βp � 14, 2 (¨²¨ 11,0 ¢ · ´´¥° · ¡µÉ¥ [23]). ‘É·µ± 
Fed95 µ§´ Î ¥É ·¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [1], ¨¸¶· ¢²¥´´Ò¥ ¥¥  ¢Éµ· ³¨ ¢ [4]. ‘É·µ±  Ton98 ¶·¥¤¸É -
¢²Ö¥É ·¥§Ê²ÓÉ É £²µ¡ ²Ó´µ£µ Ë¨É  · ¡µÉ [1Ä7, 24]. ‘³Ò¸² ¶·¨¢¥¤¥´´ÒÌ ¶µ£·¥Ï´µ¸É¥° · §²¨Î¥´
¢ · §´ÒÌ · ¡µÉ Ì. ‚ [23] Ê± § ´´ Ö ¶µ£·¥Ï´µ¸ÉÓ Å Éµ²Ó±µ ¸É É¨¸É¨Î¥¸± Ö,   ¢ [24] Å ¶µ²´ Ö.
‚ [1Ä3] · §¤¥²Ó´µ ¤ ´Ò ¸É É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨. ‚ [4,8] Ê± § ´Ò ¶µ²´Ò¥
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï´µ¸É¨ ¨ µÍ¥´±¨ ³µ¤¥²Ó´µ° § ¢¨¸¨³µ¸É¨

�É³¥É¨³, ÎÉµ ¢ ¨¸¶µ²Ó§µ¢ ´´µ³ ¢ [23] Ë¨É¨·ÊÕÐ¥³ ¸¥Î¥´¨¨ ¶ · ³¥É·
βp § ³¥´Ö²¸Ö ´  11 − αp (§¤¥¸Ó ¨ ¤ ²¥¥ ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·¨´ÖÉÒ ¥¤¨-
´¨ÍÒ 10−4 Ë³3) ¨ ¢ ·Ó¨·µ¢ ²¸Ö Éµ²Ó±µ ¶ · ³¥É· αp. ’ ±¨³ µ¡· §µ³, ¸Ê³³ 
¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·¨· ¢´¨¢ ² ¸Ó ± ¨§¢¥¸É´µ³Ê ¢ Éµ ¢·¥³Ö É¥µ·¥É¨Î¥¸±µ³Ê
§´ Î¥´¨Õ (αp + βp)É¥µ· = 11 [27], Éµ£¤  ± ± ¥¥ ¸µ¢·¥³¥´´µ¥ §´ Î¥´¨¥ · ¢´µ
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(14,0 ± 0,5) [24, 30Ä32]∗. ‘¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ 6 % ¢ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¸¥Î¥´¨ÖÌ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ¤ ´´ÒÌ [23] ´¥ ¶·¨´¨³ ² ¸Ó ¢µ ¢´¨³ ´¨¥.
‚ [24] µ¡  ¶ · ³¥É·  αp ¨ βp µ¶·¥¤¥²Ö²¨¸Ó ´¥§ ¢¨¸¨³µ, É ± ± ± ¸É É¨¸É¨Î¥-
¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¨§³¥·¥´´ÒÌ ¸¥Î¥´¨ÖÌ µÉ´µ¸¨É¥²Ó´µ
³ ²Ò. �É³¥É¨³, ÎÉµ ¨§ ¸· ¢´¥´¨Ö ¡¥§³µ¤¥²Ó´µ£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ¸¥Î¥-
´¨Ö “�” ´  ¶·µÉµ´¥ (µ¡µ§´ Î ¥³µ£µ ¤ ²¥¥ LEX) ¸ ¶·¥¤¸± § ´¨Ö³¨ ¤¨¸¶¥·¸¨-
µ´´µ° É¥µ·¨¨ [36Ä38], ±µÉµ· Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ ´¨¦¥ ∆33-·¥§µ´ ´¸ , ¸²¥¤Ê¥É, ÎÉµ µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨
LEX ²¥¦¨É ¶·¨ ω � 80 ŒÔ‚ (§ ¢¨¸¨É µÉ Ê£²  θ), ¢ Éµ ¢·¥³Ö ± ± ¨§³¥·¥´¨Ö
¢ [24] ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ËµÉµ´  80 ÷ 110 ŒÔ‚. ‚ · ³-
± Ì µ¶·¥¤¥²¥´´ÒÌ ³µ¤¥²Ó´ÒÌ ¶·¥¤¶µ²µ¦¥´¨° ¤¨¸¶¥·¸¨µ´´ Ö É¥µ·¨Ö Ê± § ² 
É ±¦¥ ´  ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨Ö ¸Ê³³Ò (αp + βp)Ô±¸¶ ¨ · §´µ¸É¨
(αp − βp)Ô±¸¶ ¨§ ¤ ´´ÒÌ ¶·¨ ω ≤ 150 ŒÔ‚, £¤¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¶·¥¤¸± -
§ ´¨ÖÌ ³¨´¨³ ²Ó´Ò, ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö · §²µ¦¥´¨Ö Ë¨É¨·ÊÕÐ¥£µ ¤¨ËË¥·¥´-
Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö “�” ´  ¶·µÉµ´¥ ¶µ ω [36, 37, 39, 40] (¸³. É ±¦¥ ¶. 3.2).
�ÉµÉ ¶ÊÉÓ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ´ ¸ÉµÖÐ¥° · ¡µÉ¥.

�µ¸²¥ · ¡µÉ [23, 24] ¤²¨É¥²Ó´µ¥ ¢·¥³Ö ¨§³¥·¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µ-
Éµ´  ´¥ ¶·µ¢µ¤¨²¨¸Ó. � ¡µÉÒ [1Ä4] ¡Ò²¨ ¸É¨³Ê²¨·µ¢ ´Ò, ¸ µ¤´µ° ¸Éµ·µ´Ò,
¶·µ£·¥¸¸µ³ ¢ É¥Ì´¨±¥ Ô±¸¶¥·¨³¥´É  (¸³. · §¤. 2), ¸ ¤·Ê£µ° Å · ¸Î¥É ³¨ ¶µ-
²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¢ · §²¨Î´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì (¸³., ´ ¶·¨-
³¥·, [31,41Ä44]). ‚ Î ¸É´µ¸É¨, ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ·-
±µ¢µ° ³µ¤¥²¨ (�ŠŒ), ´¥ ÊÎ¨ÉÒ¢ ÕÐ¥° ³¥§µ´´µ¥ µ¡² ±µ, ´¥ Ê¤ ¥É¸Ö µ¤´µ-
¢·¥³¥´´µ ¢µ¸¶·µ¨§¢¥¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö-
·¨§Ê¥³µ¸É¨ ¶·µÉµ´ , ±¢ ¤· É  ¥£µ § ·Ö¤µ¢µ£µ · ¤¨Ê¸  ¨ Ô´¥·£¨¨ ´¨§±µ²¥¦ -
Ð¨Ì ¢µ§¡Ê¦¤¥´¨° [31, 41, 42]. � ¸Ìµ¦¤¥´¨Ö ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° α�ŠŒ

p ¨
〈r2〉�ŠŒ

p ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¸µ¸É ¢²ÖÕÉ ´¥ ∼ 20 %, ± ± Î ¸Éµ ¶·¨´ÖÉµ
¸Î¨É ÉÓ (¸³., ´ ¶·¨³¥·, £². 1 ¨ 5 ¢ ±´¨£¥ [45]),   µ±µ²µ 3 · §. ‚¸¥ ÔÉµ ¶·¨¢¥²µ
± µ¸µ§´ ´¨Õ ¢µ§³µ¦´µ¸É¨ ¨ ¢ ¦´µ¸É¨ ¡µ²¥¥ ÉµÎ´µ£µ ¨§³¥·¥´¨Ö ¶µ²Ö·¨§Ê¥-
³µ¸É¥° ¶·µÉµ´ . �¶·¥¤¥²¥´¨¥ §´ Î¥´¨° αÔ±¸¶

p ¨ βÔ±¸¶
p ¸ ÉµÎ´µ¸ÉÓÕ 5−10 % ¨

20−30 % ¸µµÉ¢¥É¸É¢¥´´µ Ö¢²Ö¥É¸Ö ¶·µ¢¥·±µ° ¶·¥¤¸± § ´¨° · §´ÒÌ ¤¨¸¶¥·¸¨-

∗‚¶¥·¢Ò¥ §´ Î¥´¨¥ (αp + βp)É¥µ· = 14,1 ± 0,3 ¶µ²ÊÎ¥´µ ¢ [24] ¨§ ¤¨¸¶¥·¸¨µ´´µ£µ ¶· -
¢¨²  ¸Ê³³ [27, 33] (¸³. Ëµ·³Ê²Ê (11)) ¸ ¶·¨¢²¥Î¥´¨¥³ ¤ ´´ÒÌ ¶µ ¶µ²´µ³Ê ¸¥Î¥´¨Õ  ¤·µ´´µ£µ
ËµÉµ¶µ£²µÐ¥´¨Ö ´  ¶·µÉµ´¥. � ´¥¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¤¨¸¶¥·¸¨µ´´Ò° ¨´É¥£· ² ¢ÒÎ¨¸²Ö²¸Ö ¢
· ¡µÉ¥ [30],  ¢Éµ·Ò ±µÉµ·µ° ´¥ Ê¶µ³¨´ ÕÉ µ ¥£µ ¸¢Ö§¨ ¸ ¸Ê³³µ° αp + βp. �·¨¢¥¤¥´´µ¥
¢ [30] §´ Î¥´¨¥ ¨´É¥£· ²  ¤ ¥É (αp + βp)É¥µ· = 14,2 ± 0,3. �µ²ÊÎ¥´´µ¥ ´¥¤ ¢´µ §´ Î¥´¨¥
(αp + βp)É¥µ· = 13,69 ± 0,14 [32] ÊÎ¨ÉÒ¢ ¥É Éµ²Ó±µ ¸É É¨¸É¨Î¥¸±ÊÕ ¶µ£·¥Ï´µ¸ÉÓ ¨¸¶µ²Ó§µ-
¢ ´´ÒÌ ¸¥Î¥´¨°. �µ²´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ §´ Î¥´¨¨ (αp + βp)É¥µ· ¢ µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö
¸¨¸É¥³ É¨Î¥¸±µ° ¶µ£·¥Ï´µ¸ÉÓÕ, ±µÉµ· Ö ¸µ¸É ¢²Ö¥É ∼ 2−3 % ¨²¨ ±(0,3−0,4). �  Í¥´É· ²Ó´µ¥
§´ Î¥´¨¥ ·¥§Ê²ÓÉ É  [32] ¶µ¢²¨Ö²µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¸¥Î¥´¨°, ´ °¤¥´´ÒÌ ¸ ¶µ³µÐÓÕ ³Ê²ÓÉ¨¶µ²Ó-
´µ£µ  ´ ²¨§  ËµÉµ·µ¦¤¥´¨Ö [34], § ´¨¦ ÕÐ¥£µ ¸¥Î¥´¨¥ ËµÉµ¶µ£²µÐ¥´¨Ö ¢ µ±µ²µ¶µ·µ£µ¢µ° µ¡² -
¸É¨. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤·Ê£µ£µ  ´ ²¨§  [35] Í¥´É· ²Ó´µ¥ §´ Î¥´¨¥ (αp + βp)É¥µ· ¶µ¤´¨³ ¥É¸Ö
¤µ 14,0.
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µ´´ÒÌ ¶· ¢¨² ¸Ê³³ (�‘) [31], ¢ Î ¸É´µ¸É¨, Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³µ£µ �‘ ¤²Ö
αp + βp [27,33], ¨ · §´ÒÌ ³µ¤¥²¥° ¸É·Ê±ÉÊ·Ò  ¤·µ´µ¢ [41Ä44,46,47]. �µ ´¥-
¸³µÉ·Ö ´  §´ Î¨É¥²Ó´Ò¥ Ê¸¨²¨Ö ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¸¥Î¥´¨Ö “�” ´  ¶·µÉµ´¥
¢ · ¡µÉ Ì [1Ä4] µ± § ² ¸Ó ¢¸¥-É ±¨ ´¥¤µ¸É ÉµÎ´µ ¢Ò¸µ±µ° (¸³. · §¤. 2), É ± ÎÉµ
¶µ£·¥Ï´µ¸É¨ ¶µ²ÊÎ¥´´ÒÌ ¢ ´¨Ì §´ Î¥´¨° αÔ±¸¶

p , (αp − βp)Ô±¸¶ ¨ (αp + βp)Ô±¸¶

²¥¦ É ¢ ¶·¥¤¥² Ì 10 − 50 %,   §´ Î¥´¨° βÔ±¸¶
p Å 50 − 100 % (¸³. É ¡². 1)∗.

’ ± Ö ¸¨ÉÊ Í¨Ö ¶·¥¤¶µ² £ ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¶·¨¢²¥Î¥´¨Ö ¨²¨ ¶µ²ÊÎ¥´¨Ö ¤µ-
¶µ²´¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¸ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö ¶µ²´ÒÌ (±µ³¡¨´¨·µ¢ ´´ÒÌ)
¨ É¥µ·¥É¨Î¥¸±¨Ì (³µ¤¥²Ó´ÒÌ) ¶µ£·¥Ï´µ¸É¥° ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨ÖÌ
¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¨Ì µ¶·¥¤¥²¥´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ¢¸¥³Ê ³ ¸¸¨¢Ê ³¨-
·µ¢ÒÌ ¤ ´´ÒÌ ¶µ ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ “�” ´  ¶·µÉµ´¥ ¶·¨ Ô´¥·-
£¨ÖÌ ω < 150 ŒÔ‚. �ÉµÉ ³ ¸¸¨¢ ¸µ¸Éµ¨É ¨§ 94 Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥±,
  ¨³¥´´µ: 48 ¶µ§¤´¨Ì ¨§ [1Ä4] ¨ 46 · ´´¨Ì ¨§ [23, 24, 48Ä52]. ‘É É¨¸É¨-
Î¥¸±¨°  ´ ²¨§ ¶µ± §Ò¢ ¥É ¸µ¢³¥¸É¨³µ¸ÉÓ ¤·Ê£ ¸ ¤·Ê£µ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ · §´Ò³¨ £·Ê¶¶ ³¨, ¨ ¢µ§³µ¦´µ¸ÉÓ ¨Ì µ¡Ñ¥¤¨´¥´¨Ö ¢ µ¤-
´µ³ Ë¨É¥. ‚´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ¨ É¥µ·¥É¨Î¥¸±¨³ µÏ¨¡± ³ ¢ §´ Î¥´¨ÖÌ αÔ±¸¶

p ¨
βÔ±¸¶

p , ¢µ§´¨± ÕÐ¨³ ¨§-§  · §²¨Î´ÒÌ ³µ¤¥²Ó´ÒÌ ´¥µ¶·¥¤¥²¥´´µ¸É¥° ¢ Ë¨É¨·Ê-
ÕÐ¥³ ¤¨¸¶¥·¸¨µ´´µ³ ¸¥Î¥´¨¨, ³¥´ÓÏ¨³ ¶·¨ ´¨§±¨Ì ¨ ¡µ²ÓÏ¨³ ¶·¨ ¸·¥¤´¨Ì
Ô´¥·£¨ÖÌ ËµÉµ´  ω.

„ ²¥¥ ¢ · §¤. 2 ¶·¨¢µ¤¨É¸Ö ±· É±¨° µ¡§µ· · ´´¨Ì ¨ ¶µ§¤´¨Ì ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ “�” ´  ¶·µÉµ´¥, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ´ Ï¥³  ´ ²¨§¥. ‚
· §¤. 3 µ¡¸Ê¦¤ ÕÉ¸Ö É¥µ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ ¶·¨ Ë¨É¨·µ¢ ´¨¨
¤ ´´ÒÌ. ‚ · §¤. 4 µ¶¨¸ ´  ³¥Éµ¤¨±  Ë¨É¨·µ¢ ´¨Ö ¤ ´´ÒÌ ¸ ÊÎ¥Éµ³ ¨Ì ¸É -
É¨¸É¨Î¥¸±¨Ì ¨ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥°. ‚ · §¤. 5 ¶·¨¢µ¤ÖÉ¸Ö ·¥§Ê²Ó-
É ÉÒ Ë¨É¨·µ¢ ´¨Ö ¤ ´´ÒÌ µÉ¤¥²Ó´ÒÌ £·Ê¶¶ ¨ £²µ¡ ²Ó´µ£µ Ë¨É¨·µ¢ ´¨Ö ¢¸¥£µ
³ ¸¸¨¢  ¸¥Î¥´¨°. � §¤¥² 6 ¸µ¤¥·¦¨É ¢Ò¢µ¤Ò ¨ ·¥±µ³¥´¤ Í¨¨ ¤²Ö ¡Ê¤ÊÐ¨Ì
Ô±¸¶¥·¨³¥´Éµ¢ ¶µ µ¶·¥¤¥²¥´¨Õ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ .

2. �ˆ‡Š���…�ƒ…’ˆ—…‘Šˆ… �Š‘�…�ˆŒ…�’�‹œ�›… „���›…

‚¸¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ “�” ´  ¶·µÉµ´¥ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨°
ω = 30 ÷ 150 ŒÔ‚, £¤¥ ¢±² ¤ ω2-Î²¥´µ¢, § ¢¨¸ÖÐ¨Ì µÉ αp ¨ βp, ¢ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ²Ó´µ ´ ¡²Õ¤ ¥³, ³µ¦´µ Ê¸²µ¢´µ
· §¡¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò. ‚ µ¤´Ê ¢Ìµ¤ÖÉ ¤ ´´Ò¥ [23, 24, 48Ä52], ¶µ²ÊÎ¥´´Ò¥ ¢
50Ä70-Ì £µ¤ Ì (¸³. µ¡§µ· [53]), ¢ ¤·Ê£ÊÕ Å ¤ ´´Ò¥ ¶µ¸²¥¤´¨Ì ²¥É [1Ä4].

∗�µÉ·¥¡´µ¸ÉÓ ¢ ¡µ²¥¥ ÉµÎ´µ³ ¨§³¥·¥´¨¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¢µ§´¨± ¥É ¨ ¢ ¸¢Ö§¨ ¸
¨§³¥·¥´¨Ö³¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ´¥°É·µ´  ¢ µ¶ÒÉ Ì ¶µ Ê¶·Ê£µ³Ê γd-· ¸¸¥Ö´¨Õ, ¢ ±µÉµ·ÒÌ µ¶·¥-
¤¥²Ö¥É¸Ö ¸Ê³³  ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¨ ´¥°É·µ´  (¸³., ´ ¶·¨³¥·, [16]).
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� ´´¨¥ · ¡µÉÒ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¸ ¶ÊÎ± ³¨ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö, ¶µ²Ê-
Î¥´´Ò³¨ ´  Í¨±²¨Î¥¸±¨Ì Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²ÖÌ ¶¥·¢µ£µ ¶µ±µ²¥´¨Ö. ‚
´¨Ì ¶·µÍ¥¸¸ “�” ´  ¶·µÉµ´¥ ´ ¡²Õ¤ ²¸Ö, ± ± ¶· ¢¨²µ, ¶µ · ¸¸¥Ö´´µ³Ê Ëµ-
Éµ´Ê, ±µÉµ·Ò° ·¥£¨¸É·¨·µ¢ ²¸Ö É¥²¥¸±µ¶µ³ ¸Í¨´É¨²²ÖÍ¨µ´´ÒÌ ¸Î¥ÉÎ¨±µ¢ ¸
µÎ¥´Ó ¶²µÌ¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³. ’ ±µ° ³¥Éµ¤ ´ ¡²Õ¤¥´¨Ö ´¥ ¶µ-
§¢µ²Ö² ´ ¤¥¦´µ ¢Ò¤¥²ÖÉÓ “�” ´  ¶·µÉµ´¥ ´  Ëµ´¥ ¤·Ê£¨Ì Ô²¥±É·µ³ £´¨É´ÒÌ
¶·µÍ¥¸¸µ¢, ´ ¶·¨³¥· γp → e+e−γ′p, ¶·¨ Ê£² Ì · ¸¸¥Ö´¨Ö ËµÉµ´  θ � 60◦

¨ Ô´¥·£¨¨ ω � 80 ŒÔ‚. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨, µÉ´µ¸ÖÐ¨¥¸Ö ± ÔÉµ°
±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨, ´¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó  ¢Éµ· ³¨ µ·¨£¨´ ²Ó´ÒÌ · ¡µÉ
¢ ¶µ¸²¥¤ÊÕÐ¥³  ´ ²¨§¥. �´¨ ´¥ ¢±²ÕÎ¥´Ò ¨ ¢ ³ ¸¸¨¢ ¤ ´´ÒÌ, ±µÉµ·Ò¥ ³Ò
¤ ²¥¥ Ë¨É¨·Ê¥³.

�µ§¤´¨¥ · ¡µÉÒ [1Ä4] ¢Ò¶µ²´¥´Ò ´  Ô²¥±É·µ´´ÒÌ Ê¸±µ·¨É¥²ÖÌ ¸²¥¤ÊÕ-
Ð¥£µ ¶µ±µ²¥´¨Ö, µ¡² ¤ ÕÐ¨Ì £µ· §¤µ ²ÊÎÏ¨³ ±µÔËË¨Í¨¥´Éµ³ § ¶µ²´¥´¨Ö
¶ÊÎ±  (®duty factor¯): ³¨±·µÉ·µ´ ˆ²²¨´µ°¸±µ£µ Ê´¨¢¥·¸¨É¥É  MUSL-2 (¸¥°-
Î ¸ · §µ¡· ´), Ô²¥±É·µ´´Ò° Ê¸±µ·¨É¥²Ó ¸ · ¸ÉÖ¦¨É¥²¥³ ¢ ‘ ¸± Î¥¢ ´¥ (SAL),
³¨±·µÉ·µ´ ¢ Œ °´Í¥ MAMI-A (¸¥°Î ¸ · ¡µÉ ¥É ± ± ¶¥·¢ Ö ¸ÉÊ¶¥´Ó ³¨±·µ-
É·µ´  MAMI-B). � ¨¡µ²¥¥ ¢ ¦´µ° µ¸µ¡¥´´µ¸ÉÓÕ · ¡µÉ [1Ä4] ¡Ò²  ·¥£¨¸É· -
Í¨Ö · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¸¶¥±É·µ³¥É· ³¨ ¶µ²´µ£µ ¶µ£²µÐ¥´¨Ö ¸ ¡µ²ÓÏ¨³¨
±·¨¸É ²² ³¨ NaI(Tl), ±µÉµ·Ò¥ ¶µ§¢µ²Ö²¨ ¨§³¥·ÖÉÓ Ô´¥·£¨Õ ±µ´¥Î´µ£µ ËµÉµ´ 
ω′ ¸ ÉµÎ´µ¸ÉÓÕ ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢.

2.1. � ¡µÉÒ 50Å70-Ì £µ¤µ¢. ‚ · ¡µÉ Ì [48Ä52], £¤¥ ¨§³¥·Ö²µ¸Ó ¤¨ËË¥-
·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ “�” ´  ¶·µÉµ´¥, ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  αp ¨ βp ´¥
µ¶·¥¤¥²Ö²¨¸Ó.

‚ ”ˆ��e [48] ¨§³¥·¥´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¶·¨ ω ≈ 100 ŒÔ‚ ¤²Ö É·¥Ì
§´ Î¥´¨° Ê£²  θ. ‘É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨ÖÌ ¸¥-
Î¥´¨Ö · ¢´ÖÕÉ¸Ö ¢ ¸·¥¤´¥³ 20 %. ‘¨¸É¥³ É¨Î¥¸±ÊÕ ¶µ£·¥Ï´µ¸ÉÓ  ¢Éµ·Ò ´¥
¶·¨¢µ¤ÖÉ. �µÔÉµ³Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉµÎ±¨ [48] ´¥ ¶·¨£µ¤´Ò ¤²Ö Ë¨É¨·µ-
¢ ´¨Ö ¢ · ³± Ì ¶·¨´ÖÉµ° ´ ³¨ ¶·µÍ¥¤Ê·Ò, ÊÎ¨ÉÒ¢ ÕÐ¥° § ¢¨¸¨³µ¸ÉÓ χ2 µÉ
¸¨¸É¥³ É¨Î¥¸±µ° ¶µ£·¥Ï´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° (¸³. · §¤. 4). �´¨
´¥ ¢±²ÕÎ¥´Ò ´ ³¨ ¢ ³ ¸¸¨¢ Ë¨É¨·Ê¥³ÒÌ ¤ ´´ÒÌ.

ˆ§ É·¥Ì · ¡µÉ [49], ¢Ò¶µ²´¥´´ÒÌ ¢ —¨± £¸±µ³ Ê´¨¢¥·¸¨É¥É¥, ¢ ¶µ¸²¥¤´¥°
¶µ²ÊÎ¥´Ò ´ ¨¡µ²¥¥ ÉµÎ´Ò¥ ¤ ´´Ò¥. �´  ¢±²ÕÎ ¥É É ±¦¥ · ´´¨¥ ·¥§Ê²ÓÉ ÉÒ,
¢ ±µÉµ·Ò¥  ¢Éµ·Ò ¢´¥¸²¨ §´ Î¨É¥²Ó´Ò¥ ¶µ¶· ¢±¨ ´  ³´µ£µ±· É´Ò¥ Ëµ´µ¢Ò¥
¶·µÍ¥¸¸Ò ¢ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ³ ²ÒÌ Ê£²µ¢ θ. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸µ
¸± § ´´Ò³ ¢ ´ Î ²¥ ÔÉµ£µ · §¤¥²  Éµ²Ó±µ ¤ ´´Ò¥ ¶·¨ Ê£²¥ θ > 60◦ ¢±²ÕÎ¥´Ò
¢ É ¡². 2. ‘É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²ÊÎ¥´´ÒÌ ¸¥Î¥´¨ÖÌ · ¢´Ò ∼ 5 %,
¸¨¸É¥³ É¨Î¥¸± Ö Å 8 %.

‚ [50] Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¤²Ö Ê£²µ¢ θ = 50◦ ¨ 90◦ ¶µ-
± § ´  ¢ ¢¨¤¥ ¸¶²µÏ´ÒÌ ¶µ²µ¸, Ï¨·¨´  ±µÉµ·ÒÌ µ¶·¥¤¥²Ö¥É ¸É É¨¸É¨Î¥¸±ÊÕ
ÉµÎ´µ¸ÉÓ ¤ ´´ÒÌ (≈ 15 %). —¨¸²µ Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ²µ¢ ¸µµÉ¢¥É¸É¢Ê¥É
Î¨¸²Ê ¨§²µ³µ¢ ¢ ¶·¥¤¸É ¢²¥´´ÒÌ É ±¨³ µ¡· §µ³ ¸¥Î¥´¨ÖÌ. ‚ · ¡µÉ¥ µÉ³¥-
Î¥´µ, ÎÉµ ¤ ´´Ò¥ ¶·¨ θ = 50◦ ¨ ω ≤ 80 ŒÔ‚ ¸¨²Ó´µ ¨¸± ¦¥´Ò Ëµ´µ³. �µ-



�Š‘�…�ˆŒ…�’�‹œ�›‰ ‘’�’“‘ �‹…Š’�ˆ—…‘Š�‰ ˆ Œ�ƒ�ˆ’��‰ 705

ÔÉµ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¨¸¶µ²Ó§Ê¥³ ¸¥Î¥´¨Ö ¶·¨ θ = 50◦ Éµ²Ó±µ ¤²Ö Ô´¥·£¨°
ω > 80 ŒÔ‚. ‘¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ ¸¥Î¥´¨° ¨§ [50] · ¢´  ∼ 10 %.

’ ¡²¨Í  2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ “�” ´  ¶·µÉµ´¥ ¢ µ¡² ¸É¨ Ô´¥·£¨°
ËµÉµ´µ¢ ¤µ 150 ŒÔ‚. “± § ´Ò Î¨¸²µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± n, ¸¨¸É¥³ É¨Î¥¸± Ö
¶µ£·¥Ï´µ¸ÉÓ δ,   É ±¦¥ Ô´¥·£¨¨, Ê£²Ò ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢ ² ¡. ¸¨¸É¥³¥

‘¸Ò²±  n δ, % ω, ŒÔ‚ θ, £· ¤ dσ/dΩ, ´¡/¸·

Gov56 [48] ∗ 3 Ä 97 45 14, 0 ± 1, 7
90 13, 5 ± 1, 3
135 22, 5 ± 4, 5

Oxl58 [49] 4 8 60 70 10, 6 ± 0, 8
90 10, 8 ± 0, 4
120 11, 8 ± 0, 5
150 14, 7 ± 0, 6

Hym59 [50] 12 10 88 50 13, 9 ± 4, 0
99 50 13, 2 ± 3, 8
109 50 12, 3 ± 3, 8
120 50 12, 8 ± 8, 3
60 90 10, 9 ± 1, 8
70 90 10, 9 ± 1, 9
78 90 10, 9 ± 1, 8
87 90 10, 8 ± 1, 5
95 90 10, 6 ± 1, 4
106 90 10, 5 ± 1, 3
118 90 9, 8 ± 2, 0
128 90 9, 4 ± 4, 0

Gol60 [23] 5 6 55 75 11, 2 ± 0, 8
90 11, 0 ± 0, 5
120 13, 4 ± 0, 8
135 15, 6 ± 0, 8
150 19, 3 ± 0, 7

Ber61 [51] ∗∗ 2 10 120 134,5 14, 9 ± 2, 0
139 133,9 18, 9 ± 1, 9

Fri67 [52] 16 7 80 50 11, 8 ± 2, 4
95 50 9, 4 ± 2, 4
105 50 9, 4 ± 2, 4
115 50 8, 2 ± 2, 4
125 50 4, 7 ± 6, 0
55 90 10, 6 ± 1, 4
75 90 10, 6 ± 1, 4
95 90 10, 6 ± 1, 4
115 90 9, 9 ± 1, 9
125 90 9, 7 ± 2, 8
135 90 4, 7 ± 7, 0
65 135 15, 3 ± 4, 7
75 135 16, 5 ± 4, 7
95 135 18, 9 ± 4, 7
115 135 14, 2 ± 4, 7
125 135 18, 9 ± 9, 4

Bar74a [24] 3 1 80,9 90 11, 5 ± 0, 6
85,4 90 10, 9 ± 0, 4
109,9 90 10, 3 ± 0, 6

Bar74b [24] 4 3,7 81,9 150 14, 4 ± 1, 2
(¸³. É¥±¸É) 86,3 150 13, 7 ± 1, 0

106,7 150 16, 0 ± 0, 8
111,1 150 14, 4 ± 0, 6
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(¶·µ¤µ²¦¥´¨¥ É ¡²¨ÍÒ 2)

‘¸Ò²±  n δ, % ω, ŒÔ‚ θ, £· ¤ dσ/dΩ, ´¡/¸·

Fed91 [1] 16 3 33,5 60 15, 0 ± 1, 6
(¸³. É¥±¸É) 37,5 60 16, 1 ± 1, 4

44,2 60 11, 0 ± 1, 5

48,2 60 12, 0 ± 1, 4
55,0 60 13, 5 ± 1, 3
59,0 60 11, 7 ± 1, 2
65,8 60 12, 7 ± 1, 2
70,0 60 12, 2 ± 1, 0
33,5 135 14, 6 ± 1, 8
37,5 135 15, 0 ± 1, 5
44,2 135 20, 5 ± 1, 8
48,2 135 14, 8 ± 1, 6
55,0 135 14, 9 ± 1, 5
59,0 135 15, 7 ± 1, 4
65,8 135 15, 3 ± 1, 5
70,0 135 13, 5 ± 1, 3

Zie92 [2] ∗∗ 2 4,3 98 180 18, 4 ± 3, 4
132 180 21, 8 ± 1, 2

Hal93 [3] ∗∗ 12 4 135 45,6 8, 4 ± 1, 9
140 45,4 8, 1 ± 1, 5
146 45,2 7, 8 ± 1, 4
138 60,4 8, 3 ± 4, 5
144 60,1 4, 7 ± 3, 4
149 59,9 9, 2 ± 3, 2
132 82,9 12, 4 ± 1, 2
139 82,6 13, 0 ± 1, 1
145 82,3 11, 5 ± 0, 9
130 136,4 18, 3 ± 1, 4
138 136,1 20, 9 ± 1, 3
146 135,9 19, 7 ± 1, 3

Mac95 [4] 8 3,5 73,2 90 10, 4 ± 1, 7
(tagged) 81,8 90 9, 0 ± 1, 6

89,8 90 10, 7 ± 1, 5
96,8 90 8, 6 ± 1, 4
73,2 135 14, 3 ± 1, 8
81,8 135 16, 1 ± 1, 8
89,8 135 16, 7 ± 1, 7
96,8 135 16, 0 ± 1, 6

Mac95 [4] 10 2,9 105 90 9, 5 ± 1, 4
(untagged)∗∗∗ 115 90 12, 1 ± 1, 6

125 90 11, 2 ± 1, 0
135 90 11, 4 ± 1, 6
145 90 13, 1 ± 2, 4
105 135 14, 6 ± 2, 5
115 135 15, 9 ± 2, 0
125 135 14, 9 ± 1, 8
135 135 18, 8 ± 1, 4
145 135 18, 4 ± 2, 0

∗„ ´´Ò¥ ÔÉµ° · ¡µÉÒ ´¥ ¢±²ÕÎ¥´Ò ¢ Ë¨É ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¨´Ëµ·³ Í¨¨ µ ¸¨¸É¥³ É¨Î¥¸±µ°
¶µ£·¥Ï´µ¸É¨.
∗∗�µ²ÓÏ¨´¸É¢µ ¤ ´´ÒÌ ¨§ · ¡µÉ [3,51] µÉ´µ¸ÖÉ¸Ö ± Ô´¥·£¨Ö³ ¢ÒÏ¥ 150 ŒÔ‚ ¨ §¤¥¸Ó µ¶ÊÐ¥´Ò.
‘¥Î¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¢ [2, 3, 51] ¢ ¸.Í.³., ¤ ´Ò ¢ É ¡²¨Í¥ ¢ ² ¡. ¸¨¸É¥³¥.
∗∗∗“± § ´´Ò¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¸¥Î¥´¨ÖÌ ¶·¨ ± ¦¤µ³ Ê£²¥ · ¸¸¥Ö´¨Ö ¸¨²Ó´µ ±µ··¥²¨·µ¢ ´Ò,
ÎÉµ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ ¶µ¸É·µ¥´¨¨ ËÊ´±Í¨¨ χ2 (¸³. [4] ¨ · §¤¥² 4).
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‚ · ¡µÉ¥ [51], ¢Ò¶µ²´¥´´µ° ´  ¡¥É É·µ´¥ ˆ²²¨´µ°¸±µ£µ Ê´¨¢¥·¸¨É¥É ,
“�” ´  ¶·µÉµ´¥ ´ ¡²Õ¤ ²µ¸Ó ¶µ µ¤´µ¢·¥³¥´´µ° ·¥£¨¸É· Í¨¨ ¶·µÉµ´  µÉ-
¤ Î¨ ¨ · ¸¸¥Ö´´µ£µ ËµÉµ´ . ’µ²Ó±µ ¤¢  ¨§ ¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨° Ô±¸¶¥·¨³¥´-
É ²Ó´µ£µ ¸¥Î¥´¨Ö µÉ´µ¸ÖÉ¸Ö ± µ¡² ¸É¨ ω < 150 ŒÔ‚. ˆÌ ¸É É¨¸É¨Î¥¸±¨¥ ¨
¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ µ¤¨´ ±µ¢Ò ¨ · ¢´Ò 10 %.

‚ MIT [52] µ¶·¥¤¥²Ö² ¸Ó Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ¤²Ö É·¥Ì
Ê£²µ¢ θ. �µ²ÊÎ¥´µ 19 Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ¸µ ¸É É¨¸É¨Î¥¸±¨³¨ ¶µ-
£·¥Ï´µ¸ÉÖ³¨ ≈ 25% ¨ ¸¨¸É¥³ É¨Î¥¸±µ° ¶µ£·¥Ï´µ¸ÉÓÕ 7 %. �±µ´Î É¥²Ó´Ò¥
§´ Î¥´¨Ö ¸¥Î¥´¨° µ¡ÑÖ¢²¥´Ò Î¥·¥§ 10 ²¥É ¶µ¸²¥ ¶¥·¢ÒÌ ¶Ê¡²¨± Í¨°.

� · ¡µÉ Ì [23, 24], £¤¥ ¢¶¥·¢Ò¥ ¤µ¸É ÉµÎ´µ ´ ¤¥¦´µ µ¶·¥¤¥²¥´  Ô²¥±-
É·¨Î¥¸± Ö ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ¶·µÉµ´  ¨ ¡Ò²µ Ê¸É ´µ¢²¥´µ, ÎÉµ αÔ±¸¶

p > βÔ±¸¶
p ,

³Ò Ê¦¥ £µ¢µ·¨²¨ ¢ · §¤. 1. ‡¤¥¸Ó µ£· ´¨Î¨³¸Ö µ¤´¨³ ¢ ¦´Ò³ § ³¥Î ´¨¥³,
± ¸ ÕÐ¨³¸Ö ÉµÎ´µ¸É¨ · ¡µÉÒ [24]. �¡¸µ²ÕÉ´ Ö ´µ·³¨·µ¢±  ¸¥Î¥´¨Ö · ¸-
¸¥Ö´¨Ö ËµÉµ´µ¢ ´  ¶·µÉµ´ Ì ¢ [24] ¢Ò¶µ²´Ö² ¸Ó ¶µ ³µ´¨Éµ·´µ³Ê ¶·µÍ¥¸-
¸Ê Å · ¸¸¥Ö´¨Õ ËµÉµ´µ¢ ´   Éµ³´ÒÌ Ô²¥±É·µ´ Ì. �·¨ ¢ÒÎ¨¸²¥´¨¨ ¸¥Î¥´¨Ö
· ¸¸¥Ö´¨Ö ËµÉµ´  ´  Ô²¥±É·µ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó · ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨. “£µ²
· ¸¸¥Ö´¨Ö ËµÉµ´µ¢ θe ¢ ³µ´¨Éµ·´µ³ ¶·µÍ¥¸¸¥ ¢Ò¡¨· ²¸Ö É ±, ÎÉµ¡Ò · ¸¸¥Ö´-
´Ò¥ ËµÉµ´Ò ´  ¶·µÉµ´ Ì ¨ Ô²¥±É·µ´ Ì ¨³¥²¨ µ¤¨´ ±µ¢ÊÕ Ô´¥·£¨Õ ω′; ÔÉµÉ
Ê£µ² µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ ³ ¸¸ Ô²¥±É·µ´  ¨ ¶·µÉµ´  ¨ Ê£²µ³ · ¸¸¥Ö´¨Ö
¢ µ¸´µ¢´µ³ ¶·µÍ¥¸¸¥: sin (θe/2) = sin (θ/2)

√
me/M . ’µ£¤  ¶·¨ µ¶·¥¤¥²¥-

´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° µ¸´µ¢´µ£µ ¨ ³µ´¨Éµ·´µ£µ ¶·µ-
Í¥¸¸µ¢ ¸¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ, ¸¢Ö§ ´´ Ö ¸ ´¥¤µ¸É ÉµÎ´Ò³ §´ ´¨¥³
³´µ£¨Ì Ë ±Éµ·µ¢, ¢±²ÕÎ Ö Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ¸É¨ ·¥-
£¨¸É· Í¨¨ ËµÉµ´  γ-É¥²¥¸±µ¶µ³, ¸µ±· Ð ¥É¸Ö. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ´Ê¦´Ò°
Ê£µ² · ¸¸¥Ö´¨Ö ¢ ³µ´¨Éµ·´µ³ ¸¥ ´¸¥ ¡Ò² ¢Ò¤¥·¦ ´ Éµ²Ó±µ ¤²Ö θ = 90◦.
�µ É¥Ì´¨Î¥¸±¨³ ¶·¨Î¨´ ³ ¨§³¥´¨ÉÓ £¥µ³¥É·¨Õ ³µ´¨Éµ·´µ£µ ¸¥ ´¸  ¤²Ö ¶µ²-
´µ£µ ¸µ¢¶ ¤¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ²µ¢ (Ê¢¥²¨Î¨ÉÓ θe) ¶·¨ ¶¥·¥Ìµ¤¥ ±
θ = 150◦ ¡Ò²µ ´¥²Ó§Ö, ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ γ-É¥²¥¸±µ¶ ·¥£¨¸É·¨·µ¢ ² ËµÉµ´Ò
¸ Ô´¥·£¨¥° ´  ∼ 8 ŒÔ‚ ¡µ²ÓÏ¥, Î¥³ ¢ µ¸´µ¢´µ³ ¶·µÍ¥¸¸¥. �µ¶· ¢±  ´ 
¨§³¥´¥´¨¥ ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ γ-É¥²¥¸±µ¶  ¸ ·µ¸Éµ³ Ô´¥·£¨° ËµÉµ-
´µ¢ ¢ [24] ¢¢µ¤¨² ¸Ó. �¤´ ±µ  ´ ²¨§, ¶·µ¢¥¤¥´´Ò° ¢ · ³± Ì ¤ ´´µ° · ¡µÉÒ,
¶µ± § ², ÎÉµ ¸¢Ö§ ´´ Ö ¸ ÔÉ¨³ ³ ±¸¨³ ²Ó´ Ö ¶µ£·¥Ï´µ¸ÉÓ ³µ¦¥É ¶·¨¢¥¸É¨
± Ê¢¥²¨Î¥´¨Õ ¸¨¸É¥³ É¨Î¥¸±µ° ¶µ£·¥Ï´µ¸É¨ ¶µ²ÊÎ ¥³ÒÌ ¸¥Î¥´¨° “�” ¤µ
3, 7%.

�µÔÉµ³Ê ¢ · ³± Ì ¶·¨´ÖÉµ° ´ ³¨ ¶·µÍ¥¤Ê·Ò Ë¨É¨·µ¢ ´¨Ö ¨ ¶µ¸É·µ¥´¨Ö
ËÊ´±Í¨¨ χ2 (¸³. Ëµ·³Ê²Ê (16) ¢ · §¤. 4) ³Ò · ¸¸³ É·¨¢ ¥³ ¤ ´´Ò¥ · ¡µÉÒ [24]
¶·¨ Ê£² Ì 90◦ ¨ 150◦ ± ± ¤¢  ´¥§ ¢¨¸¨³ÒÌ ´ ¡µ·  ¤ ´´ÒÌ ¸ ¸¨¸É¥³ É¨Î¥¸±µ°
¶µ£·¥Ï´µ¸ÉÓÕ 1 ¨ 3, 7 % ¸µµÉ¢¥É¸É¢¥´´µ.

2.2. � ¡µÉÒ 90-Ì £µ¤µ¢. ‚ · ¡µÉ¥ [1] ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¶¥·¢Ò¥ ¨§³¥·¥´¨Ö
¸¥Î¥´¨° “�” ´  ¶·µÉµ´¥ ¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨. �  ³¨±·µÉ·µ´¥ MUSL-2
¸¥Î¥´¨Ö ¨§³¥·¥´Ò ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ω µÉ 33 ¤µ 70 ŒÔ‚ ¶·¨ θ = 60◦ ¨
135◦. ‘É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¶µ²ÊÎ¥´´ÒÌ ¢ ÔÉµ° · ¡µÉ¥ ¸¥Î¥´¨° · ¢´Ò
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8−13 %, ¸¨¸É¥³ É¨Î¥¸± Ö Å 3 % ‚ ¤ ²Ó´¥°Ï¥³  ¢Éµ·Ò [1] µ¡´ ·Ê¦¨²¨ ´¥-
ÉµÎ´µ¸ÉÓ ± ²¨¡·µ¢±¨ γ-¤¥É¥±Éµ·µ¢, ¸¢Ö§ ´´ÊÕ ¸ ÊÎ¥Éµ³ ³¥·É¢µ£µ ¢·¥³¥´¨, ¨
¸±µ··¥±É¨·µ¢ ²¨ (Ê³¥´ÓÏ¨²¨) ¶¥·¢µ´ Î ²Ó´Ò¥ ¸¥Î¥´¨Ö ´  3−4 % (¸³., ´ -
¶·¨³¥·, ·¨¸. 9 ¢ [4]). ‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ³Ò ¨¸¶µ²Ó§Ê¥³ ÔÉ¨ ¨¸¶· ¢²¥´´Ò¥
§´ Î¥´¨Ö ¸¥Î¥´¨° [54].

‚ · ¡µÉ¥ [2], ¢Ò¶µ²´¥´´µ° ´  ³¨±·µÉ·µ´¥ MAMI-A ¸ ³¥Î¥´Ò³¨ ËµÉµ-
´ ³¨, ¶·µ¨§¢¥¤¥´µ Ê´¨± ²Ó´µ¥ ¨§³¥·¥´¨¥ ¸¥Î¥´¨Ö “�” ¶·¨ θ = 180◦. � ¡²Õ-
¤¥´¨¥ ¶·µÍ¥¸¸  ¶·µ¢µ¤¨²µ¸Ó ¶µ ·¥£¨¸É· Í¨¨ ¶·µÉµ´  µÉ¤ Î¨, ¢Ò²¥É ÕÐ¥£µ
¶µ¤ Ê£²µ³ 0◦, c ¶µ³µÐÓÕ ³ £´¨É´µ£µ ¸¶¥±É·µ³¥É· . ˆ§³¥·¥´¨Ö ¸¤¥² ´Ò ¤²Ö
Ô´¥·£¨° ω = 98 ¨ 132 ŒÔ‚ ¸ ¸É É¨¸É¨Î¥¸±¨³¨ ¶µ£·¥Ï´µ¸ÉÖ³¨ 18, 5 ¨ 5, 5 %
¸µµÉ¢¥É¸É¢¥´´µ. ‘¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ ¢ ¶µ²ÊÎ¥´´ÒÌ ¸¥Î¥´¨ÖÌ · ¢´ 
4, 3%.

‚ · ¡µÉ¥ [3], ¢Ò¶µ²´¥´´µ° ´  Ê¸±µ·¨É¥²¥ SAL ¸ Éµ·³µ§´Ò³ ¶ÊÎ±µ³ Ëµ-
Éµ´µ¢, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ “�” ¨§³¥·Ö²µ¸Ó ± ± ¢ÒÏ¥, É ± ¨ ´¨¦¥
¶µ·µ£  ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ ´  Ê¸É ´µ¢±¥, ·¥£¨¸É·¨·ÊÕÐ¥° Éµ²Ó±µ · ¸-
¸¥Ö´´Ò° ËµÉµ´. �Éµ ¸É ²µ ¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ ¡µ²ÓÏµ£µ
NaI(Tl)-¸¶¥±É·µ³¥É·  ËµÉµ´µ¢ ¸ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³ 1, 5 %. ‘É -
É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²ÊÎ¥´´ÒÌ ¸¥Î¥´¨ÖÌ · ¢´Ò
10−20 ¨ 4 % ¸µµÉ¢¥É¸É¢¥´´µ. ‚ ´ Ï¨Ì Í¥²ÖÌ ³Ò ¨¸¶µ²Ó§Ê¥³ Éµ²Ó±µ ³ ²ÊÕ
Î ¸ÉÓ ÔÉ¨Ì ¤ ´´ÒÌ, µÉ´µ¸ÖÐÊÕ¸Ö ± ¤µ¶µ·µ£µ¢Ò³ Ô´¥·£¨Ö³ ω ≤ 150 ŒÔ‚.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·¥¤¸É -
¢²¥´Ò ¢ [3] ¤¢Ê³Ö ¸¶µ¸µ¡ ³¨: ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ Ê£² Ì
¨ ± ± Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ Ô´¥·£¨ÖÌ (149 ŒÔ‚ ¢ ´ -
Ï¥³ ¸²ÊÎ ¥). ŒÒ ¶·µ¢µ¤¨²¨ µ¶·¥¤¥²¥´¨¥ ¶µ²Ö·¨§Ê¥³µ¸É¥°, ¨¸¶µ²Ó§ÊÖ µ¡ 
¢ ·¨ ´É  ¶·¥¤¸É ¢²¥´¨Ö ¸¥Î¥´¨°, ¨ ´ Ï²¨, ÎÉµ ¨Ì ·¥§Ê²ÓÉ ÉÒ ´¥³´µ£µ µÉ²¨-
Î ÕÉ¸Ö. ‚ ¶¥·¢µ³ §´ Î¥´¨¥ αÔ±¸¶

p ´  ∼ 1, 3 ·10−4 Ë³3 ¡µ²ÓÏ¥,   §´ Î¥´¨¥ βÔ±¸¶
p

´  ∼ 0, 6 ·10−4 Ë³3 ³¥´ÓÏ¥, Î¥³ ¢µ ¢Éµ·µ³, ÎÉµ, ¢¶·µÎ¥³, ´ Ìµ¤¨É¸Ö ¢ ¶·¥¤¥-
² Ì ¸É É¨¸É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥°. ‚ · ¡µÉ¥ [3] ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§³¥·Ö²¨¸Ó
Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Ë¨±¸¨·µ¢ ´´ÒÌ ¶µ²µ¦¥´¨ÖÌ γ-¤¥É¥±Éµ· ,
  Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ ω ¢Ò¢µ¤¨²¨¸Ó ¨§ ´¨Ì ´  µ¸´µ¢¥
¤ ²Ó´¥°Ï¨Ì ¶·¥¤¶µ²µ¦¥´¨° µ Ëµ·³¥ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¤¨ËË¥·¥´-
Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö, ±µÉµ·µ¥ ¨³¥¥É ¨§²µ³ (± ¸¶) ¢¡²¨§¨ ¶¨µ´´µ£µ ¶µ·µ£ . ‚
´ Ï¥° · ¡µÉ¥ ³Ò ¶·¥¤¶µÎ²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶¥·¢¨Î´Ò¥ Ô´¥·£¥É¨Î¥¸±¨¥,   ´¥
¢Éµ·¨Î´Ò¥ Ê£²µ¢Ò¥ § ¢¨¸¨³µ¸É¨ Å ¢¸¥£µ 12 ÉµÎ¥±.

‚ · ¡µÉ¥ [4], ¸¤¥² ´´µ° É ±¦¥ ´  Ê¸±µ·¨É¥²¥ SAL, ¨§³¥·¥´¨Ö ¢Ò¶µ²´Ö-
²¨¸Ó ¸ ¡µ²ÓÏ¨³¨ NaI(Tl)-¤¥É¥±Éµ· ³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ω = 73÷148 ŒÔ‚
¶·¨ Ê£² Ì θ = 90◦ ¨ 135◦. ‘¨¸É¥³  ³¥Î¥´¨Ö ¶µ§¢µ²Ö²  µÉ¤¥²Ó´µ ³¥É¨ÉÓ Ëµ-
Éµ´Ò ¸ Ô´¥·£¨Ö³¨ ω ≤ 100 ŒÔ‚. ‚ ´¥³¥Î¥´ÒÌ ¸µ¡ÒÉ¨ÖÌ ¸¶¥±É· ±µ´¥Î´ÒÌ
ËµÉµ´µ¢ ¶·¨ Ô´¥·£¨ÖÌ ω′ ≤ 80 ŒÔ‚ ¡Ò² § £·Ö§´¥´ ËµÉµ´ ³¨, ´¥ ¸¢Ö§ ´´Ò³¨
¸ “�” ´  ¶·µÉµ´¥. ˆÌ ¨¸ÉµÎ´¨±µ³ ¸²Ê¦¨É, ´ ¶·¨³¥·, ·¥ ±Í¨Ö γp → e+e−γ′p,
  É ±¦¥ · ¸¶ ¤ π0-³¥§µ´µ¢, ·µ¦¤ ¥³ÒÌ ËµÉµ´ ³¨ Éµ·³µ§´µ£µ ¸¶¥±É· , ³ ±-
¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±µÉµ·µ£µ (148 ŒÔ‚) ´¥³´µ£µ ¶·¥¢ÒÏ ²  ¶µ·µ£ ËµÉµ·µ-
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¦¤¥´¨Ö π0-³¥§µ´µ¢ (144,7 ŒÔ‚). �µÔÉµ³Ê ¸¥Î¥´¨Ö ¶·¨ ω < 100 ŒÔ‚ µ¶·¥-
¤¥²Ö²¨¸Ó Éµ²Ó±µ ¶µ ¸µ¡ÒÉ¨Ö³ ¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨,   ¶·¨ ω > 100 ŒÔ‚ Å
¶µ ´¥³¥Î¥´Ò³ ¸µ¡ÒÉ¨Ö³. ‘É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ §´ Î¥´¨ÖÌ ¸¥Î¥´¨°
¶·¨ ω < 100 ŒÔ‚ ¨ ω > 100 ŒÔ‚ · ¢´Ò 10−17 ¨ ∼ 13 % ¸µµÉ¢¥É¸É¢¥´´µ.
‘¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ ¨§³¥·¥´¨° ¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨ ¢ ¸·¥¤´¥³
· ¢´  3, 5 %,   ¸ Éµ·³µ§´Ò³¨ ËµÉµ´ ³¨ Å 2, 9 %.

�É³¥É¨³, ÎÉµ Ô´¥·£¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ± , ¨¸¶µ²Ó§µ¢ ´´µ£µ ¢ · ¡µÉ¥ [4],
¡Ò²  Ë¨±¸¨·µ¢ ´´µ°, É ± ÎÉµ Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö “�” ¸
Éµ·³µ§´Ò³¨ ËµÉµ´ ³¨ ¶µ²ÊÎ ² ¸Ó ¢ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ¸¶¥±É·  ·¥£¨¸É·¨·Ê-
¥³ÒÌ ËµÉµ´µ¢. ˆ§-§  ±µ´¥Î´µ£µ Ô´¥·£¥É¨Î¥¸±µ£µ · §·¥Ï¥´¨Ö ¤¥É¥±Éµ·  ¶µ²Ê-
Î ¥³Ò¥ ¸¥Î¥´¨Ö ¢ ¢Ò¡· ´´ÒÌ ¶ÖÉ¨ ¨´É¥·¢ ² Ì Ô´¥·£¨° µÉ 100 ¤µ 150 ŒÔ‚
¨³¥ÕÉ ¸¨²Ó´µ ±µ··¥²¨·µ¢ ´´Ò¥ ¸É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨, ÎÉµ ¸²¥¤Ê¥É
ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ³¥Éµ¤  χ2. ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ¸¥Î¥´¨Ö Éµ²Ó±µ
¸ ¤¨ £µ´ ²Ó´Ò³¨ Ô²¥³¥´É ³¨ ³ É·¨ÍÒ ¶µ£·¥Ï´µ¸É¥° [4]. ˆ¸¶µ²Ó§µ¢ ÉÓ ¡Ê-
±¢ ²Ó´µ Ê± § ´´Ò¥ ¶µ£·¥Ï´µ¸É¨ ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨³¥´É 
[4] ´¥²Ó§Ö. �· ¢¨²Ó´ Ö ¶·µÍ¥¤Ê·  µ¡¸Ê¦¤ ¥É¸Ö ¢ [4] (¸³. É ±¦¥ · §¤. 4).

‚ [8] ¸Ê³³  ¨ · §´µ¸ÉÓ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  αp ¨ βp ¨§¢²¥± ²¨¸Ó
¨§ ¤ ´´ÒÌ [1Ä4, 24] ¶·¨ ω ≤ 150 ŒÔ‚ ¨ ¶µ²ÊÎ¥´´ÒÌ ¸µ¢¸¥³ ´¥¤ ¢´µ ´ 
Ê¸±µ·¨É¥²ÖÌ BNL ¨ MAMI ¤ ´´ÒÌ [5Ä7], µÉ´µ¸ÖÐ¨Ì¸Ö ± µ±·¥¸É´µ¸É¨ ∆33-
·¥§µ´ ´¸ . ”¨É¨·µ¢ ´¨¥ ¢¸¥Ì ÔÉ¨Ì ¤ ´´ÒÌ, ¢Ò¶µ²´¥´´µ¥ ¢ [8], ¶µ± § ²µ, ÎÉµ
¶µ²ÊÎ ¥³µ¥ §´ Î¥´¨¥ · §´µ¸É¨ (αp − βp)Ô±¸¶ ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´µ ± ¤¥É ²Ö³
É¥µ·¥É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö “�” ¢ÒÏ¥ ¶µ·µ£  ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ (¸³. · §¤. 3
¨ 5). �µÔÉµ³Ê ¤ ²¥¥ ³Ò ´¥ ¨¸¶µ²Ó§Ê¥³ ¤ ´´Ò¥ ¶µ “�” ¶·¨ ω > 150 ŒÔ‚,

‚¸¥ ¤ ´´Ò¥ ¶µ ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ γp-· ¸¸¥Ö´¨Ö ¶·¨
ω ≤ 150 ŒÔ‚ ¸µ¡· ´Ò ¢ É ¡². 2, £¤¥ ¤²Ö ± ¦¤µ° · ¡µÉÒ ¶·¨¢µ¤¨É¸Ö Î¨-
¸²µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± (n), ¸¨¸É¥³ É¨Î¥¸± Ö ¶µ£·¥Ï´µ¸ÉÓ (δ) ¨ ¸ ³¨
¸¥Î¥´¨Ö ¶·¨ Ô´¥·£¨¨ ω ¤²Ö Ê£²  θ ¸µ ¸É É¨¸É¨Î¥¸±¨³¨ ¶µ£·¥Ï´µ¸ÉÖ³¨. ˆ§
É ¡². 2 ¢¨¤´µ, ÎÉµ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¨§³¥·¥´¨° ¸¥Î¥´¨Ö “�” ´ 
¶·µÉµ´¥ ¢ · ¡µÉ Ì ¶µ¸²¥¤´¨Ì ²¥É ¶·¨¡²¨§¨É¥²Ó´µ ¢ ¤¢  · §  ³¥´ÓÏ¥, Î¥³
¢ · ´´¨Ì · ¡µÉ Ì, §  ¨¸±²ÕÎ¥´¨¥³ [24]. �¤´ ±µ ¸É É¨¸É¨Î¥¸± Ö ÉµÎ´µ¸ÉÓ
¨§³¥·¥´¨° ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ ¸¥Î¥´¨Ö, ¤µ¸É¨£´ÊÉ Ö ¢ · ´´¨Ì · ¡µÉ Ì, ´¥
Éµ²Ó±µ ´¥ Ê¸ÉÊ¶ ¥É ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¶µ¸²¥¤´¨Ì ²¥É, ´µ ¢ ·Ö¤¥ · ¡µÉ ¥¥ ¶·¥-
¢µ¸Ìµ¤¨É. �µ Î¨¸²Ê ¶µ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± · ´´¨¥ ¨ ¶µ§¤´¨¥
· ¡µÉÒ ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÕÉ. �¥¸µ³´¥´´Ò³ ¤µ¸Éµ¨´¸É¢µ³ · ¡µÉ 90-Ì £µ¤µ¢
Ö¢²ÖÕÉ¸Ö ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö “�”. Š ´¥¤µ¸É É-
± ³ ÔÉ¨Ì · ¡µÉ µÉ´µ¸¨É¸Ö ¡¥¤´ Ö ¨´Ëµ·³ Í¨Ö ¶µ Ê£²µ¢µ³Ê · ¸¶·¥¤¥²¥´¨Õ,
 ¸¨³³¥É·¨Ö ±µÉµ·µ£µ µÉ´µ¸¨É¥²Ó´µ Ê£²  θ = 90◦ ÎÊ¢¸É¢¨É¥²Ó´  ± ¢¥²¨Î¨´¥
³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¨ ³µ¤¥²Ó´Ò³ ¶µ¶· ¢± ³ ¢ É¥µ·¥É¨Î¥¸±µ³
¸¥Î¥´¨¨. �µÔÉµ³Ê ¶·¨ µ¶·¥¤¥²¥´¨¨ ³¨·µ¢ÒÌ ¸·¥¤´¨Ì §´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ-
¸É¥° ¶·µÉµ´  αÔ±¸¶

p ¨ βÔ±¸¶
p ¢¸¥ ¥Ð¥ ¦¥² É¥²Ó´µ Ë¨É¨·µ¢ ÉÓ ¢¸Õ ¸µ¢µ±Ê¶´µ¸ÉÓ

´¥ µÎ¥´Ó ³´µ£µÎ¨¸²¥´´ÒÌ ¨ ´¥ µÎ¥´Ó ÉµÎ´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ
“�” ´  ¶·µÉµ´¥.
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3. ”ˆ’ˆ�“�™ˆ… „ˆ””…�…�–ˆ�‹œ�›… ‘…—…�ˆŸ

‚ ÔÉµ³ · §¤¥²¥ µ¡¸Ê¦¤ ÕÉ¸Ö ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¨ ¤¨¸¶¥·¸¨µ´´µ¥ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö “�” ´  ¶·µÉµ´¥, ±µÉµ·Ò¥ µ¡ÒÎ´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶·¨
Ë¨É¨·µ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ µ¶·¥¤¥²¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
§´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  αÔ±¸¶

p ¨ βÔ±¸¶
p . ‘¶¥Í¨ ²Ó´µ µ¡· Ð ¥É¸Ö

¢´¨³ ´¨¥ ´  µ¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨ ¨ ÉµÎ´µ¸ÉÓ É¥µ·¥É¨Î¥¸±¨Ì ¤¨ËË¥·¥´Í¨-
 ²Ó´ÒÌ ¸¥Î¥´¨°.

3.1. �¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥. � §²µ¦¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ£µ ¸¥Î¥´¨Ö “�” ´  ¶·µÉµ´¥ ¶µ ¸É¥¶¥´Ö³ Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£µ ËµÉµ´  ¢
².¸. ω ¥¸ÉÓ ¸²¥¤¸É¢¨¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì É¥µ·¥³ ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö-
´¨Ö Tfi (f = γ′p′ ¨ i = γp, ±µ´¥Î´µ¥ ¨ ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨Ö), ¢Ò¢¥¤¥´-
´ÒÌ ¡¥§ ¨¸¶µ²Ó§µ¢ ´¨Ö É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶µ ±µ´¸É ´É¥ ¸¨²Ó´µ° ¸¢Ö§¨ ¨§
µ¡Ð¨Ì ¶·¨´Í¨¶µ¢ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö: ·¥²ÖÉ¨¢¨¸É¸± Ö, ± ²¨¡·µ¢µÎ´ Ö,
P -, T -¨´¢ ·¨ ´É´µ¸É¨, ¶µ²´µÉ  ¸¨¸É¥³Ò ¸µ¸ÉµÖ´¨° ¨ É.¤. ’ ±, ¶µ É¥µ·¥³¥
’¨··¨´£  [55], ¸¶· ¢¥¤²¨¢µ° É ±¦¥ ¢µ ¢¸¥Ì ¶µ·Ö¤± Ì ¶µ ±µ´¸É ´É¥ Éµ´±µ°
¸É·Ê±ÉÊ·Ò e2 = 1/137 (� = c = 1),  ³¶²¨ÉÊ¤  “�” ´  ²Õ¡µ° § ·Ö¦¥´´µ°
Î ¸É¨Í¥ (¨µ´, Ö¤·µ,  ¤·µ´) ¢ ¶·¥¤¥²¥ ´Ê²¥¢µ° Ô´¥·£¨¨ ω ¸µ¢¶ ¤ ¥É ¸ ±² ¸¸¨-
Î¥¸±µ° Éµ³¸µ´µ¢¸±µ°  ³¶²¨ÉÊ¤µ° T T

fi = −(e2/M)e · e ′, £¤¥ e ¨ M Å § ·Ö¤
¨ ³ ¸¸  Î ¸É¨ÍÒ,   e ¨ e ′ Å ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ
ËµÉµ´µ¢.

’¥µ·¥³  ƒ¥²²-Œ ´´ Äƒµ²Ó¤¡¥·£¥· Ä‹µÊ [56,57] ÊÉ¢¥·¦¤ ¥É, ÎÉµ ¶µ¸ÉµÖ´-
´Ò¥ ±µÔËË¨Í¨¥´ÉÒ ¶·¨ ²¨´¥°´ÒÌ ¶µ ω ¸¶¨´-É¥´§µ·´ÒÌ ¸É·Ê±ÉÊ· Ì · §²µ¦¥-
´¨Ö  ³¶²¨ÉÊ¤Ò “�” ´  ¶·µÉµ´¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ § ·Ö¤ e, ³ ¸¸Ê M ¨  .³.³.
λ. �¤´ ±µ ¢¸¥ ω-Î²¥´Ò ¢  ³¶²¨ÉÊ¤¥ § ¢¨¸ÖÉ µÉ ¸¶¨´  ¶·µÉµ´  ¨ ´¥ ¢´µ¸ÖÉ
²¨´¥°´Ò° ¶µ ω ¢±² ¤ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
¶·µÉµ´µ¢.

�¡µ¡Ð¥´¨¥ ÔÉ¨Ì ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì É¥µ·¥³ ´  ω2-Î²¥´Ò  ³¶²¨ÉÊ¤Ò
“�” ¡Ò²µ ¶µ²ÊÎ¥´µ ¢ · ¡µÉ Ì [26,28,58Ä61], £¤¥ ¤µ± § ´µ, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨¥ ±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ e, M , λ ¨ ¤¢¥ ¸É·Ê±ÉÊ·´Ò¥
±µ´¸É ´ÉÒ αp ¨ βp, ¶µ²ÊÎ¨¢Ï¨¥ ´ §¢ ´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ .

‚ · ³± Ì Éµ£µ ¦¥ ±¢ ´Éµ¢µ-¶µ²¥¢µ£µ ¶µ¤Ìµ¤  ¢Ò¢¥¤¥´Ò ´µ¢Ò¥ Ëµ·³Ê²Ò
¨ ¤²Ö ¸ ³¨Ì ¶µ²Ö·¨§Ê¥³µ¸É¥°, ±µÉµ·Ò¥ ±·µ³¥ ¨§¢¥¸É´ÒÌ ¨§ ´¥·¥²ÖÉ¨¢¨¸É¸±µ°
É¥µ·¨¨ ¸Ê³³ ¶µ ¢µ§¡Ê¦¤¥´´Ò³ ¸µ¸ÉµÖ´¨Ö³ ¶·µÉµ´  ¨³¥ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò¥
·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶µ¶· ¢±¨, ¢Ò· ¦ ÕÐ¨¥¸Ö Î¥·¥§ e, M , λ ¨ § ·Ö¤µ¢Ò° · ¤¨Ê¸
¶·µÉµ´  [28, 58, 60Ä62]. ‘Ìµ¦¥¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ Ëµ·³Ê² ¸ ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨
¶µ¸²Ê¦¨²  µ¸´µ¢ ´¨¥³ ¤²Ö ¶·¨´ÖÉµ£µ ´ §¢ ´¨Ö ±µ´¸É ´É αp ¨ βp. �¡µ¡Ð¥´-
´ Ö ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö É¥µ·¥³  µÉ±·Ò²  ¢µ§³µ¦´µ¸ÉÓ ¢Ò¢¥¸É¨ ¤¨ËË¥·¥´-
Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ “�” ´  ¶·µÉµ´¥ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ω2-Î²¥´µ¢ ¨ É¥³ ¸ ³Ò³
¶µ¸É ¢¨²  § ¤ ÎÊ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¶·¥¤¥²¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° αp ¨ βp

´  ·¥ ²Ó´ÊÕ µ¸´µ¢Ê. ’ ±µ¥ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥,
¢Ò¢¥¤¥´´µ¥ ¢¶¥·¢Ò¥ ¢ [28a], ¶·¨ Ö¢´µ³ ÊÎ¥É¥ ±·µ¸¸¨´£-¸¨³³¥É·¨¨  ³¶²¨ÉÊ¤Ò
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Tfi ¶·¨´¨³ ¥É ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥ ¢¨¤

dσ

dΩ
=

1
2

( e2

M

)2(ω′

ω

)2
{

1 + cos2 θ +
ωω′

M2

[
1 + 2λ +

9
2
λ2 + 3λ3 +

3
4
λ4−

−(2 + 4λ + 5λ2 + 2λ3) cos θ + (1 + 2λ +
1
2
λ2 − λ3 − 1

4
λ4) cos2 θ

]
−

−2Mωω′

e2
[αp(1 + cos2 θ) + 2βp cos θ] + O(ω2ω′2)

}
, (1)

£¤¥ ω′ = ω/[1+(ω/M)(1−cosθ)] Å Ô´¥·£¨Ö ±µ´¥Î´µ£µ ËµÉµ´  ¢ ².¸. �µ¸²¥¤-
´¨° Î²¥´ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì ¢ Ëµ·³Ê²¥ (1) ¶µ²ÊÎ ¥É¸Ö ¨§-§  ¨´É¥·Ë¥·¥´-
Í¨¨ Éµ³¸µ´µ¢¸±µ£µ ¢±² ¤  ¢  ³¶²¨ÉÊ¤¥ ¸ É¥³¨ ω2-¢±² ¤ ³¨, ±µÉµ·Ò¥ § ¢¨¸ÖÉ
µÉ ¶µ²Ö·¨§Ê¥³µ¸É¥° αp ¨ βp. …¸²¨ ¥£µ µÉ¡·µ¸¨ÉÓ, Éµ (1) ¶¥·¥Ìµ¤¨É ¢ ¸¥Î¥´¨¥
�µÊÔ²²  dσ�/dΩ. …Ð¥ · § ¶µ¤Î¥·±´¥³, ÎÉµ ¶·¨ ¢Ò¢µ¤¥ Ëµ·³Ê²Ò (1) ´¨± -
±¨Ì ¶·¥¤¶µ²µ¦¥´¨° µ ¸É·Ê±ÉÊ·¥ ¶·µÉµ´  ¨ ³¥Ì ´¨§³ Ì ¥£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸ ËµÉµ´µ³ ´¥ ¤¥² ²µ¸Ó∗. �µÔÉµ³Ê ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (1) ´ §Ò¢ ÕÉ
¡¥§³µ¤¥²Ó´Ò³, ¨ µ´µ ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± µ¶¥· Í¨µ´ ²Ó´µ¥ µ¶·¥¤¥²¥-
´¨¥ ¶µ²Ö·¨§Ê¥³µ¸É¥° αp ¨ βp Î¥·¥§ “�” ´  ¶·µÉµ´¥. …¸²¨ ¢ (1) ¨¸±²ÕÎ¨ÉÓ
Ë ±Éµ· Ë §µ¢µ£µ µ¡Ñ¥³  (ω′/ω)2, Éµ ¢¨¤´µ, ÎÉµ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ · §²µ¦¥-
´¨¥ ¨¤¥É ¶µ ¥¤¨´¸É¢¥´´µ³Ê ±·µ¸¸¨´£-¸¨³³¥É·¨Î´µ³Ê ¶ · ³¥É·Ê ωω′. ’ ±¨³
µ¡· §µ³, Ëµ·³Ê²  (1) Ë ±É¨Î¥¸±¨ ¸¶· ¢¥¤²¨¢  ¤µ ω3-Î²¥´µ¢ ¢±²ÕÎ¨É¥²Ó´µ
(¸³. [29]). „²Ö ±· É±µ¸É¨ ³Ò µ¡µ§´ Î ¥³ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ · §²µ¦¥´¨¥
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (1) ± ± LEX.

ˆ¸¶µ²Ó§µ¢ ´¨¥ LEX ¤²Ö Ë¨É¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ µ¶·¥-
¤¥²¥´¨Ö §´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ¸É¥° αÔ±¸¶

p ¨ βÔ±¸¶
p µ¶· ¢¤ ´´µ, ¥¸²¨ ®·¥¤ÊÍ¨·µ-

¢ ´´µ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ ¸¥Î¥´¨¥¯

dσ̃Ô±¸¶

dΩ
=

( ω

ω′

)2 dσÔ±¸¶

dΩ
(2)

¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Ê£²¥ · ¸¸¥´¨Ö θ ²¨´¥°´µ § ¢¨¸¨É µÉ ωω′. Š ± ¨³¥-
ÕÐ¨¥¸Ö ¤ ´´Ò¥ Ê¤µ¢²¥É¢µ·ÖÕÉ ÔÉµ³Ê É·¥¡µ¢ ´¨Õ, ¶µ± § ´µ ´  ·¨¸. 1, £¤¥
¤ ´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·¨ θ = 90◦ ¨ 135◦. ’ ³ ¦¥ ¶µ± § ´ 
É¥µ·¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ µÉ ωω′ ¤·Ê£¨Ì ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¸¥Î¥´¨°,  
É ±¦¥ ¤¨¸¶¥·¸¨µ´´µ£µ ¸¥Î¥´¨Ö. ‚¨¤´µ, ÎÉµ µÉ¡· ¸Ò¢ ¥³Ò¥ ¢ LEX Î²¥´Ò

∗‚ [26,28,29,60,61] ´¨§±µÔ´¥·£¥É¨Î¥¸±¨¥ É¥µ·¥³Ò ¢Ò¢¥¤¥´Ò ¢ ´¨§Ï¥³ ¶µ e2 ¶·¨¡²¨¦¥´¨¨.
� ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨ ± Ëµ·³Ê²¥ (1) ¢ÒÎ¨¸²Ö²¨¸Ó ¢ [63,64]. �·¨ ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ Ô´¥·£¨ÖÌ
ω ¨ Ê£² Ì θ ÔÉ¨ ¶µ¶· ¢±¨ ¸¢µ¤ÖÉ¸Ö ± ¸¤¢¨£Ê ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ´  ¶·¥´¥¡·¥¦¨³µ ³ ²ÊÕ
¢¥²¨Î¨´Ê ¶µ·Ö¤±  e4/M3 = 0, 005 · 10−4 Ë³3.
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ·¥¤ÊÍ¨·µ¢ ´´µ£µ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö γp-· ¸¸¥Ö´¨Ö (2) µÉ
ωω′ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ Ê£²¥ θ = 90◦ (a) ¨²¨ 135◦ (¡). ’µÎ¥Î´Ò¥ ±·¨¢Ò¥ Å ¸¥Î¥´¨¥
�µÊÔ²²  (¢¥·Ì´ÖÖ ±·¨¢ Ö) ¨ Š²¥°´ Ä�¨Ï¨´ÒÄ’ ³³  (´¨¦´ÖÖ ±·¨¢ Ö); µ´¨ µÉ²¨Î -
ÕÉ¸Ö ÊÎ¥Éµ³ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ´¥ÊÎ¥Éµ³  ´µ³ ²Ó´µ£µ ³ £´¨É´µ£µ ³µ³¥´É  ¶·µÉµ´ .
�Ê´±É¨·´ Ö ±·¨¢ Ö Å ¸¥Î¥´¨¥ LEX (1) ¶·¨ αp = 12, 1 ¨ βp = 2, 1. ˜É·¨Ì¶Ê´±É¨·-
´ Ö ±·¨¢ Ö (ELEX) ¢±²ÕÎ ¥É ¶µ¶· ¢±¨ ∆1 ¨ ∆2 (¸³. É¥±¸É). ‘¶²µÏ´ Ö ±·¨¢ Ö Å
¶·¥¤¸± § ´¨Ö ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨°. „ ´´Ò¥ ¨§ · ¡µÉ [23, 24, 49, 51] (Î¥·´Ò¥
±·Ê¦±¨) ¨ [1, 4] (¸¢¥É²Ò¥ ±·Ê¦±¨)

O(ω2ω′2) ¶·¨ ω ≥ 80 ŒÔ‚ ´¥ ³ ²Ò. —Éµ¡Ò ¨³¥ÉÓ ¢µ§³µ¦´µ¸ÉÓ Ë¨É¨·µ-
¢ ÉÓ ¢¸¥ ¤ ´´Ò¥ ¶·¨ ω < 150 ŒÔ‚ ¶·µ¸ÉÒ³  ²£¥¡· ¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³,
¤µ¡ ¢¨³ ± Ëµ·³Ê²¥ (1) ω2ω′2-¶µ¶· ¢±Ê, µÉ¢¥É¸É¢¥´´ÊÕ §  ´¥²¨´¥°´Ò° ·µ¸É
®·¥¤ÊÍ¨·µ¢ ´´µ£µ ¸¥Î¥´¨Ö¯. �¡Ð Ö ¸É·Ê±ÉÊ·  É ±µ° ¶µ¶· ¢±¨ ¨³¥¥É ¢¨¤

∆1 =
(

ω′

ω

)2

ω2ω′2A(θ), (3)

£¤¥ A(θ) Å ¶µ²¨´µ³ É·¥ÉÓ¥° ¸É¥¶¥´¨ µÉ cos θ [65], §´ Î¥´¨¥ ±µÉµ·µ£µ ¶·¨
Ë¨±¸¨·µ¢ ´´µ³ θ ¡Ê¤¥³ ¸Î¨É ÉÓ ´µ¢Ò³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³∗. „·Ê£ Ö ¶µ-

∗�·¨ µ¤´µ¢·¥³¥´´µ³ Ë¨É¨·µ¢ ´¨¨ ¤ ´´ÒÌ, µÉ´µ¸ÖÐ¨Ì¸Ö ± · §´Ò³ Ê£² ³ θ, ´Ê¦´µ ¢ ·Ó¨-
·µ¢ ÉÓ ´ ·Ö¤Ê ¸ αp ¨ βp ¥Ð¥ Î¥ÉÒ·¥ ±µÔËË¨Í¨¥´É  ¶µ²¨´µ³  A(θ), ÎÉµ ¶·¨¢µ¤¨É ± § ³¥É´µ³Ê
Ê¢¥²¨Î¥´¨Õ µÏ¨¡µ± ¢ ¨§¢²¥± ¥³ÒÌ §´ Î¥´¨ÖÌ αÔ±¸¶

p ¨ βÔ±¸¶
p . ‚¸¥ ¨²¨ Î ¸ÉÓ ¨§ ÔÉ¨Ì ±µÔË-

Ë¨Í¨¥´Éµ¢ ³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¢ · ³± Ì ¤¨¸¶¥·¸¨µ´´µ£µ ¶µ¤Ìµ¤  (¸³. ¶. 3.2), ´µ ÔÉµ ¢´µ¸¨É ¢
´¨§±µÔ´¥·£¥É¨Î¥¸±µ¥ ¸¥Î¥´¨¥ ³µ¤¥²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ. ’ ±µ¢  ¶² É  §  · ¸Ï¨·¥´¨¥ µ¡² ¸É¨ ¶·¨-
³¥´¨³µ¸É¨ Ëµ·³Ê²Ò (1).
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¶· ¢±  ± Ëµ·³Ê²¥ (1), ¢²¨ÖÕÐ Ö ´  ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö, ¢µ§´¨± ¥É µÉ
¨´É¥·Ë¥·¥´Í¨¨ ω-Î²¥´µ¢ ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ°  ³¶²¨ÉÊ¤¥ ¸ ±Ê¡¨Î´µ° ¶µ
ω  ³¶²¨ÉÊ¤µ° ‹µÊ [51, 56], ÊÎ¨ÉÒ¢ ÕÐ¥° ¢±² ¤ ¡²¨¦ °Ï¥£µ ± Ë¨§¨Î¥¸±µ°
µ¡² ¸É¨ §´ Î¥´¨° ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ¶µ²Õ¸  ¢ t-± ´ ²¥ µÉ µ¡³¥´ 
´¥°É· ²Ó´Ò³ ¶¨µ´µ³. �´  ¨³¥¥É ¢¨¤∗

∆2 =
(

ω′

ω

)2
e2

M

ω2ω′2

M2

gπNNFπγγ

8π(m2
π − t)

[1 + 3λ + λ2 − (1 + λ) cos θ](1 − cos θ)2.

(4)

‚ (4) t = −2ωω′(1 − cos θ) Å ±¢ ¤· É ¶¥·¥¤ ¢ ¥³µ£µ ¶·µÉµ´Ê 4-¨³¶Ê²Ó¸ ,
mπ Å ³ ¸¸  ´¥°É· ²Ó´µ£µ ¶¨µ´ ,   ¶·µ¨§¢¥¤¥´¨¥ ±µ´¸É ´É πNN -¢§ ¨³µ¤¥°-
¸É¢¨Ö ¨ · ¸¶ ¤  π0 → γγ µÉ·¨Í É¥²Ó´µ (¢ ¸µµÉ¢¥É¸É¢¨¨ ¸µ ¸É·Ê±ÉÊ·µ°  ´µ-
³ ²¨¨ ¢  ²£¥¡·¥ Éµ±µ¢ ¨ ÔËË¥±É¨¢´ÒÌ ±¨· ²Ó´ÒÌ ² £· ´¦¨ ´ Ì; ¸³., ´ ¶·¨-
³¥·, [67]) ¨ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

gπNNFπγγ = −16π

√
g2

πNN

4π

Γπ0→γγ

m3
π

= −(0, 331± 0, 012) ƒÔ‚−1. (5)

‚ (5) ¶µ¤¸É ¢²¥´Ò ¸²¥¤ÊÕÐ¨¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ±µ´¸É ´É: g2
πNN/4π =

(13,75 ± 0,55) [68], Γπ0→γγ = (7,74 ± 0,55) Ô‚ [69]. ‚Ò¤¥²¥´¨¥ ¨´É¥·Ë¥·¥´-
Í¨µ´´µ£µ ¢±² ¤  (4) ¢ µÉ¤¥²Ó´µ¥ ¸² £ ¥³µ¥ µ¡ÑÖ¸´Ö¥É¸Ö ¥£µ ·¥§±µ° ¶µ²Õ¸´µ°
§ ¢¨¸¨³µ¸ÉÓÕ µÉ t. �·¥´¥¡·¥ÎÓ ÔÉµ° t-§ ¢¨¸¨³µ¸ÉÓÕ ´¥²Ó§Ö. „¥°¸É¢¨É¥²Ó´µ,
¶·¨ ω ≥ 70 ŒÔ‚ ¨ θ ≥ 90◦ §´ Î¥´¨Ö |t| ≥ m2

π ¨ · §²µ¦¥´¨¥ ∆2 ¢ ¸É¥¶¥´´µ°
·Ö¤ ¶µ t/m2

π ´¥¢µ§³µ¦´µ. ‘²¥¤µ¢ É¥²Ó´µ, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (1) ¸ ¶µ-
¶· ¢± ³¨ (3) ¨ (4), ±µÉµ·µ¥ ¡Ê¤¥³ µ¡µ§´ Î ÉÓ ± ± ELEX, ´¥ Ö¢²Ö¥É¸Ö ¶µ¸²¥¤µ-
¢ É¥²Ó´Ò³ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³ ¶·¨¡²¨¦¥´¨¥³, ¨ ¥£µ ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ
± ± µ¤´µ ¨§ ¶·µ¸ÉÒÌ  ¶¶·µ±¸¨³¨·ÊÕÐ¨Ì ¢Ò· ¦¥´¨°. �¡² ¸ÉÓ ¶·¨³¥´¨³µ¸É¨
ELEX, ± ± ¢¨¤´µ ¨§ ·¨¸. 1, ¶·µ¸É¨· ¥É¸Ö ¤µ Ô´¥·£¨° ω ≈ 130−140 ŒÔ‚.
ELEX Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨ Ë¨É¨·µ¢ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨°,
¨§³¥·¥´´ÒÌ ¶·¨ µ¤´µ³ Ê£²¥ θ ¨ · §´ÒÌ Ô´¥·£¨ÖÌ ω. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨³¥-
ÕÉ¸Ö ¤¢  ´¥¨§¢¥¸É´ÒÌ ¶ · ³¥É· : αp(1+cos2 θ)+2βp cos θ ¨ A(θ). ‚Ò¶µ²´¨¢
¶·µÍ¥¤Ê·Ê Ë¨É¨·µ¢ ´¨Ö ¤²Ö ¤¢ÊÌ Ê£²µ¢, ´ ¶·¨³¥· θ1 = 90◦ ¨ θ2 = 135◦,
¶µ²ÊÎ ¥³ ¤¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨Ö ¶¥·¢µ£µ ¶ · ³¥É·  ¨, ·¥Ï Ö ¸¨-
¸É¥³Ê ¨§ ¤¢ÊÌ Ê· ¢´¥´¨°, ´ Ìµ¤¨³ ¸ ³¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ αÔ±¸¶

p ¨ βÔ±¸¶
p . „ ²¥¥

³Ò ¨¸¶µ²Ó§Ê¥³ ELEX Éµ²Ó±µ ¤²Ö ´¥§ ¢¨¸¨³µ° ¶·µ¢¥·±¨ Ë¨Éµ¢ ¸ ¤¨¸¶¥·¸¨-
µ´´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨¥³ ¨§-§  ´¥¢µ§³µ¦´µ¸É¨ ¶·¨³¥´¨ÉÓ É ±µ°
®³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò°¯  ´ ²¨§ ±µ ¢¸¥³ ¤ ´´Ò³ ¢ É ¡². 2 ¨§-§  ¨Ì ¸±Ê¤µ¸É¨,

∗‚¶¥·¢Ò¥ ¢²¨Ö´¨¥ ¶µ¶· ¢µ± ∆1 ¨ ∆2 ´  §´ Î¥´¨Ö αÔ±¸¶
p ¨ βÔ±¸¶

p , ¨§¢²¥± ¥³Ò¥ ¨§ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, µ¡¸Ê¦¤ ²µ¸Ó ¢ [65, 66]. �¤´ ±µ ¨§-§  ´¥¶· ¢¨²Ó´µ£µ µ¶·¥¤¥²¥´¨Ö §´ ± 
¶µ¶· ¢±¨ ∆2 ´ °¤¥´´Ò¥ É ³ §´ Î¥´¨Ö (αp − βp)Ô±¸¶ § ³¥É´µ µÉ²¨Î ÕÉ¸Ö µÉ ¸µ¢·¥³¥´´ÒÌ.
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´¥¤µ¸É ÉµÎ´µ° ÉµÎ´µ¸É¨ ¨ ¡µ²ÓÏ¨Ì ¶µ£·¥Ï´µ¸É¥° ¢ ¶µ²ÊÎ ¥³ÒÌ §´ Î¥´¨ÖÌ
αÔ±¸¶

p ¨ βÔ±¸¶
p .

3.2. „¨¸¶¥·¸¨µ´´Ò° ¶µ¤Ìµ¤. ’¥¶¥·Ó ±· É±µ µ¡¸Ê¤¨³ ¤¨¸¶¥·¸¨µ´´Ò° · ¸-
Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö “�” ´  ¶·µÉµ´¥, ±µÉµ·µ¥ ¢ · §¤. 5 ¨¸¶µ²Ó-
§Ê¥É¸Ö ¤²Ö Ë¨É¨·µ¢ ´¨Ö ¤ ´´ÒÌ ¨§ É ¡². 2 ¨ µ¶·¥¤¥²¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
§´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ . ‚ µÉ²¨Î¨¥ µÉ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¸¥-
Î¥´¨° LEX ¨ ELEX µ¡² ¸ÉÓ ¶· ±É¨Î¥¸±µ° ¶·¨³¥´¨³µ¸É¨ ¤¨¸¶¥·¸¨µ´´µ£µ
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö §´ Î¨É¥²Ó´µ Ï¨·¥. ’ ±, ¢ [38] ¢ · ³± Ì ¤¨¸¶¥·-
¸¨µ´´µ£µ ¶µ¤Ìµ¤  ¶µ²ÊÎ¥´µ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥ ¢¸¥Ì ¤ ´´ÒÌ ¶µ
“�” ´  ¶·µÉµ´¥ ¶·¨ Ô´¥·£¨¨ ω � 1, 0 ƒÔ‚, ¢±²ÕÎ Ö ¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±-
É¥·¨¸É¨±¨. „ ²Ó´¥°Ï¥¥ ¨§²µ¦¥´¨¥ ¸²¥¤Ê¥É · ¡µÉ ³ [31,36,38], ± ±µÉµ·Ò³ ³Ò
µÉ¸Ò² ¥³ §  µÉ¸ÊÉ¸É¢ÊÕÐ¨³¨ ´¨¦¥ ¤¥É ²Ö³¨.

ˆ§ [70, 71] ¨§¢¥¸É´µ, ÎÉµ µ¡Ð Ö  ³¶²¨ÉÊ¤  “�” ´  ¶·µÉµ´¥ Tfi ¤²Ö ´ -
Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ¶µ²Ö·¨§ Í¨Ö³¨ ¢Ò· ¦ ¥É¸Ö
Î¥·¥§ Ï¥¸ÉÓ ¸± ²Ö·´ÒÌ  ³¶²¨ÉÊ¤, § ¢¨¸ÖÐ¨Ì µÉ ¤¢ÊÌ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥-
·¥³¥´´ÒÌ, ´ ¶·¨³¥·, µÉ Ô´¥·£¨¨ ¨ Ê£²  · ¸¸¥Ö´¨Ö ËµÉµ´ . ‚ ·¥²ÖÉ¨¢¨¸É-
¸±µ³ · ¸Î¥É¥ Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¢µ¡µ¤´Ò¥ µÉ ±¨´¥³ É¨Î¥¸±¨Ì µ¸µ¡¥´-
´µ¸É¥° ¨ ¸¢Ö§¥°  ³¶²¨ÉÊ¤Ò Ak=1...6(ν, t) [72] µÉ ¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ
ν = (s − u)/4M = ω + t/4M ¨ t, £¤¥ s, u, t Å ³ ´¤¥²Ó¸É ³µ¢¸±¨¥ ¶¥·¥³¥´-
´Ò¥. �µ µ¶·¥¤¥²¥´¨Õ Î¥É´Ò¥ ¶µ ν  ³¶²¨ÉÊ¤Ò Ak(ν, t) ¶·¨ Ë¨±¸¨·µ¢ ´´µ³
¨ ¶µ ±· °´¥° ³¥·¥ ³ ²µ³ |t| ≤ 12m2

π Ö¢²ÖÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨³¨ ËÊ´±Í¨Ö³¨
¢µ ¢¸¥° ±µ³¶²¥±¸´µ° ¶²µ¸±µ¸É¨ ν (¸³. [73,74]), ¨¸±²ÕÎ Ö ¶µ²Õ¸Ò ¨ · §·¥§Ò
´  ¢¥Ð¥¸É¢¥´´µ° µ¸¨, ¨ Ê¤µ¢²¥É¢µ·ÖÕÉ ¤¨¸¶¥·¸¨µ´´µ³Ê ¸µµÉ´µÏ¥´¨Õ ¶·¨
±µ´¥Î´µ° Ô´¥·£¨¨ [31,36,72]:

Re Ak(ν, t) =
ak(t)

ν2 − t2

16M2

+
2
π

P

ν³ ±c(t)∫
ν¶µ·(t)

ν′ Im Ak(ν′, t)
ν′2 − ν2

dν′ +

+
1
π

Re
∫ π

0

ν′2Ak(ν′, t)
ν′2 − ν2

dϕ
∣∣∣
ν′=ν³ ±c(t) exp (iϕ)

. (6)

�¥·¢Ò° Î²¥´ ¢ ¶· ¢µ° Î ¸É¨ (6) Å µ¤´µ´Ê±²µ´´Ò° ¶µ²Õ¸´Ò° ¢±² ¤ A¶µ²
k (ν, t),

¢ Î¨¸²¨É¥²¥ ±µÉµ·µ£µ ¸Éµ¨É ²¨´¥°´ Ö ËÊ´±Í¨Ö t ¸ ¨§¢¥¸É´Ò³¨ ±µÔËË¨Í¨¥´-
É ³¨, § ¢¨¸ÖÐ¨³¨ µÉ § ·Ö¤  e, ³ ¸¸Ò M ¨  .³.³. λ ¶·µÉµ´ . ‚§ÖÉÒ° µÉ-
¤¥²Ó´µ ¢±² ¤ A¶µ²

k (ν, t) ¶·¨¢µ¤¨É ± ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ �µÊÔ²² 
[25]. ‚Éµ·µ° Î²¥´, ¨´É¥£· ²Ó´Ò° ¢±² ¤ A¨´É

k (ν, t), ÊÎ¨ÉÒ¢ ¥É ´¨§Ï¨¥  ¤·µ´-
´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö ¶·µÉµ´  ¢ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ “�” ´  ¶·µÉµ´¥.
�¨¦´¨° ¶·¥¤¥² ¨´É¥£·¨·µ¢ ´¨Ö ν¶µ·(t) · ¢¥´ ¶µ·µ£Ê ËµÉµ·µ¦¤¥´¨Ö µ¤¨´µÎ-
´ÒÌ ¶¨µ´µ¢ ´  ¶·µÉµ´¥ ¶µ ¶¥·¥³¥´´µ° ν ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ t: ν¶µ·(t) =
mπ + m2

π/2M + t/4M . ‚Ò¡µ· ¢¥·Ì´¥£µ ¶·¥¤¥²  ν³ ±c(t) = ω³ ±c + t/4M
µ¶·¥¤¥²Ö¥É¸Ö ·¥ ²Ó´µ° ¢µ§³µ¦´µ¸ÉÓÕ ¢ÒÎ¨¸²¨ÉÓ ³´¨³ÊÕ Î ¸ÉÓ Ak(ν, t) ¢ ¨´-
É¥·¢ ²¥ µÉ ν¶µ·(t) ¤µ ν³ ±c(t), ¨¸¶µ²Ó§ÊÖ Ê¸²µ¢¨¥ Ê´¨É ·´µ¸É¨ ¤²Ö  ³¶²¨ÉÊ¤Ò
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Tfi ¢ e2-¶·¨¡²¨¦¥´¨¨:

2 Im Tfi =
∑

n

(2π)4δ(Pn − Pi)T ∗
nfTni (7)

¨ ·¥§Ê²ÓÉ ÉÒ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ  ´ ²¨§µ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ËµÉµ-
·µ¦¤¥´¨Õ ¶¨µ´µ¢ ´  ¶·µÉµ´¥. ‚ (7) ¸Ê³³¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶µ ¢¸¥³ · §-
·¥Ï¥´´Ò³ § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö ¸µ¸ÉµÖ´¨Ö³  ¤·µ´µ¢ |n〉 = |πN〉, |ππN〉, . . .
¸ ¶µ²´Ò³ 4-¨³¶Ê²Ó¸µ³ Pn. ” ±É¨Î¥¸±¨ ¢ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¨¸¶µ²Ó§ÊÕÉ¸Ö
Ëµ·³Ê²Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸²¥¤¸É¢¨¥³ (7) ¨ ¸¢Ö§Ò¢ ÕÐ¨¥ ³´¨³Ò¥ Î ¸É¨  ³¶²¨-
ÉÊ¤ Ak(ν, t) ¸ ±¢ ¤· É¨Î´Ò³¨ Ëµ·³ ³¨ µÉ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶¨µ´´µ£µ
ËµÉµ·µ¦¤¥´¨Ö. …¸²¨ ω³ ±c ¶µ²µ¦¨ÉÓ · ¢´Ò³ 1,5 ƒÔ‚, Éµ ¢ · ¸Î¥É Ì ¨´É¥-
£· ²Ó´µ£µ ¢±² ¤  A¨´É

k (ν, t) ³µ¦´µ µ£· ´¨Î¨ÉÓ¸Ö πN - ¨ ππN -¢±² ¤ ³¨ (¸³.
´¨¦¥).

’·¥É¨° Î²¥´ ¢ (6), É ± ´ §Ò¢ ¥³Ò°  ¸¨³¶ÉµÉ¨Î¥¸±¨° ¢±² ¤ A ¸
k (ν, t), ÊÎ¨-

ÉÒ¢ ¥É ¸¢Ö§Ó ®¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±µ£µ¯ ¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤Ò Ak(ν, t) ¸ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±¨³. �·¥¤¶µ² £ Ö ¶·¨³¥´¨³µ¸ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ¸É¥¶¥´´µ£µ
· §²µ¦¥´¨Ö ¶µ ν  ³¶²¨ÉÊ¤Ò Ak(ν, t), ¶·¥¤¸± §Ò¢ ¥³µ£µ ¶µ²Õ¸´µ° ³µ¤¥²ÓÕ
�¥¤¦¥, ´  ¶µ²Êµ±·Ê¦´µ¸É¨ ¸ · ¤¨Ê¸µ³ ν³ ±c(t), ¶µ ±µÉµ·µ° ¶·µ¢µ¤¨É¸Ö ¨´É¥-
£·¨·µ¢ ´¨¥, ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ ¢±² ¤ ∗:

A ¸
k (ν, t) ≈

∑
R

bR
k (t)(2Mα′

Rν³ ±c(t))αR(t)−nk

αR(t) − nk
×

×
[
1 +

αR(t) − nk

αR(t) − nk − 2

(
ν

ν³ ±c(t)

)2

+ . . .

]
. (8)

‚ (8) αR(t) = αR(0) + α′
Rt Å É· ¥±Éµ·¨¨ ¶µ²Õ¸µ¢ �¥¤¦¥ R = P (¶µ³¥·µ´),

f2, a2, π, σ, . . . , µ¡³¥´ ±µÉµ·Ò³¨ ¢ t-± ´ ²¥ “�” ´  ¶·µÉµ´¥ ¶·¨¢µ¤¨É ±
¸² £ ¥³Ò³ ¸ · §´µ° § ¢¨¸¨³µ¸ÉÓÕ µÉ ν ¢  ¸¨³¶ÉµÉ¨± Ì  ³¶²¨ÉÊ¤ Ak(ν, t). ˆ´-
É¥·¸¥¶ÉÒ αR(0) ¨ ´ ±²µ´Ò α′

R É· ¥±Éµ·¨° αR(t) ¨§¢¥¸É´Ò ¨§ Ô±¸¶¥·¨³¥´É :
αP (0) ≈ 1, 1, αf2,a2(0) ≈ 0,5, απ(0) ≈ 0, ασ(0) ≈ −0, 5; α′

P ≈ 0,2 ƒÔ‚−2,
α′

f2,a2,π,σ ≈ 0,9 ƒÔ‚−2. –¥²Ò¥ Î¨¸²  n1,2 = 0, n3,5,6 = 2, n4 = 3 µ¶·¥¤¥-
²ÖÕÉ ¸¨£´ ÉÊ·Ê (Î¥É´µ¸ÉÓ ¸¶¨´µ¢) ¶µ²Õ¸µ¢ �¥¤¦¥ τR = (−1)nk , ¢´µ¸ÖÐ¨Ì
¢±² ¤ ¢  ¸¨³¶ÉµÉ¨±Ê  ³¶²¨ÉÊ¤Ò Ak(ν, t); bR

k (t) Å ¢¥Ð¥¸É¢¥´´Ò¥ ËÊ´±Í¨¨ t,
¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ¢ÒÎ¥É ³ ¢ ¶µ²Õ¸ Ì R. Œ ¸ÏÉ ¡ ¨ t-§ ¢¨¸¨³µ¸ÉÓ ËÊ´±-
Í¨° bR

k (t), ± ± ¶· ¢¨²µ, ³µ¦´µ µ¶·¥¤¥²¨ÉÓ Éµ²Ó±µ £·Ê¡µ, ¶·¨¢²¥± Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ¶·µÍ¥¸¸ Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´  ¸ ¶·µÉµ´µ³

∗�·¨ ¢Ò¢µ¤¥ (8) ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö É¥µ·¥É¨Î¥¸±¨ ¢µ§³µ¦´Ò° ¢±² ¤ Ë¨±¸¨·µ¢ ´´µ£µ ¶µ²Õ¸ 
¨²¨ ±·µ´¥±¥·µ¢¸±µ£µ Î²¥´  [75] ¢  ¸¨³¶ÉµÉ¨±Ê  ³¶²¨ÉÊ¤Ò Ak(ν, t), É ± ± ± Ê¡¥¤¨É¥²Ó´µ£µ Ô±¸-
¶¥·¨³¥´É ²Ó´µ£µ ¸¢¨¤¥É¥²Ó¸É¢  ¥£µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥É [30, 76].
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¶·¨ Ô´¥·£¨¨ ω ≥ 1,5 ƒÔ‚ ¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ ³µ¤¥²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö. ‘
ÊÎ¥Éµ³ P, C-¸¨³³¥É·¨¨ ¨ ¸¨£´ ÉÊ·Ò τR £² ¢´Ò¥ ¢±² ¤Ò ¢ A ¸

k (ν, t) ¢´µ¸ÖÉ
É· ¥±Éµ·¨¨ αR(t) ¸ ¨´É¥·¸¥¶Éµ³ αR(0) > −1: P , f2(1270), a2(1320), σ
(¨²¨ f0(400−1200)) ¶·¨ k = 1, 3, 5, 6; P , f2(1270), a2(1320), π ¶·¨ k = 2;
a1(1260), f1(1285) ¶·¨ k = 4. ’ ±¨³ µ¡· §µ³, ¨§ (8) ¸²¥¤Ê¥É, ÎÉµ  ¸¨³¶Éµ-
É¨Î¥¸±¨¥ ¢±² ¤Ò A ¸

k (ν, t) § ¢¨¸ÖÉ µÉ ´¥¸±µ²Ó±¨Ì ´¥´ ¤¥¦´µ µ¶·¥¤¥²Ö¥³ÒÌ
ËÊ´±Í¨° bR

k (t), ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ÊÉµÎ´¥´Ò ´  µ¸´µ¢¥ ¡Ê¤ÊÐ¨Ì ¡µ²¥¥ ¶µ²-
´ÒÌ ¨ ¡µ²¥¥ ÉµÎ´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ “�” ´  ¶·µÉµ´¥ ¶·¨
· §´ÒÌ ν ¨ t, ¢ Î ¸É´µ¸É¨, ¶µ  ¸¨³³¥É·¨¨ · ¸¸¥Ö´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´-
´ÒÌ ËµÉµ´µ¢ ´  ¶·µÉµ´ Ì ¶·¨ ω ≥ 1,5 ƒÔ‚. �É³¥É¨³, ÎÉµ  ¸¨³¶ÉµÉ¨Î¥¸±¨¥
¢±² ¤Ò (8) ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö ¢ §´ ³¥´ É¥²¥ ¢Ò· ¦¥´¨Ö αR(t) − nk ¨³¥ÕÉ
¶µ²Õ¸Ò, Ì · ±É¥·´Ò¥ ¤²Ö µ¡³¥´  Î ¸É¨Í ³¨ ¢ t-± ´ ²¥, ¢ Î ¸É´µ¸É¨, π- ¨
σ-³¥§µ´ ³¨.

‚ ¤µ¶µ·µ£µ¢µ° µ¡² ¸É¨, £¤¥ ν ≤ mπ+m2
π/2M , |t| ≤ 3,5m2

π ¨ ν2/ν2
³ ±c(t) �

1, § ¤ Î  µ¶·¥¤¥²¥´¨Ö ¢±² ¤µ¢ A ¸
k (ν, t) ´¥¸±µ²Ó±µ Ê¶·µÐ ¥É¸Ö, É ± ± ± µ´¨,

¢µ-¶¥·¢ÒÌ, ¶¥·¥¸É ÕÉ ¶· ±É¨Î¥¸±¨ § ¢¨¸¥ÉÓ µÉ ν, Éµ ¥¸ÉÓ A ¸
k (ν, t) ≈ A ¸

k (0, t).
‚µ-¢Éµ·ÒÌ, ¶·¨ µÉ´µ¸¨É¥²Ó´µ ³ ²ÒÌ t ¢³¥¸Éµ (8) ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ µ¤´µ-
¨²¨ ¤¢ÊÌ¶µ²Õ¸´ÊÕ  ¶¶·µ±¸¨³ Í¨Õ

A ¸
k (ν, t) ≈ ak

M2
k

M2
k − t

, k = 1, 3, 4, 5, 6 (9)

¨

A ¸
2 (ν, t) ≈ a2

M2
2

M2
2 − t

+
gπNNFπγγ

t − m2
π

Λ2
π − m2

π

Λ2
π − t

, (10)

£¤¥ ak Å ´¥ µ¶·¥¤¥²¥´´Ò¥ ¶µ±  ±µ´¸É ´ÉÒ,   Mk Å ³ ¸¸Ò ÔËË¥±É¨¢´ÒÌ
¶·µ³¥¦ÊÉµÎ´ÒÌ Î ¸É¨Í ¢ t-± ´ ²¥. ŒÒ Ö¢´µ ¢Ò¤¥²¨²¨ ¢ A ¸

2 (ν, t) ¡Ò¸É·µ³¥-
´ÖÕÐ¨°¸Ö ¸ ¨§³¥´¥´¨¥³ t ¢±² ¤ µÉ π0-µ¡³¥´ , ¢ ±µÉµ·µ³ ¢ µÉ²¨Î¨¥ µÉ (4)
ÊÎÉ¥´ ±µ³¡¨´¨·µ¢ ´´Ò° Ëµ·³Ë ±Éµ· πNN - ¨ π0γγ-¢¥·Ï¨´ ¸ Λπ = 0,7 ƒÔ‚.
„·Ê£¨¥ ¢±² ¤Ò ¢ (9) ¨ (10) ´¥ É ± ·¥§±µ § ¢¨¸ÖÉ µÉ t, É ± ± ± ³ ¸¸Ò ÔËË¥±-
É¨¢´ÒÌ Î ¸É¨Í Mk ²¥¦ É ¢ ¶·¥¤¥² Ì µÉ 0,5 ¤µ 1,0 ƒÔ‚. ‘µ£² ¸´µ (8)  ¸¨³¶Éµ-
É¨Î¥¸±¨¥ ¢±² ¤Ò A ¸

1,2(ν, t) ¶·µ¶µ·Í¨µ´ ²Ó´Ò ν³ ±c(t),   A ¸
3,4,5,6(ν, t) Ê¡Ò¢ ÕÉ

± ± 1/ν³ ±c(t) ¨²¨ ¡Ò¸É·¥¥. …¸²¨ ν³ ±c(t) ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥, ³µ¦´µ µ¦¨-
¤ ÉÓ, ÎÉµ ¢±² ¤Ò A ¸

3,4,5,6(ν, t) ³ ²Ò ¶µ ¸· ¢´¥´¨Õ ¸ ¨´É¥£· ²Ó´Ò³¨ ¢±² ¤ ³¨
A¨´É

3,4,5,6(ν, t). „²Ö ¢¥²¨Î¨´ A ¸
3+6(0, 0) = A ¸

3 (0, 0) + A ¸
6 (0, 0) ¨ A¨´É

3+6(0, 0) =
A¨´É

3 (0, 0) + A¨´É
6 (0, 0) ÔÉµ ¶·Ö³µ ¸²¥¤Ê¥É ¨§ ¤¨¸¶¥·¸¨µ´´µ£o �‘ ¤²Ö αp + βp,



�Š‘�…�ˆŒ…�’�‹œ�›‰ ‘’�’“‘ �‹…Š’�ˆ—…‘Š�‰ ˆ Œ�ƒ�ˆ’��‰ 717

§ ¶¨¸ ´´µ£µ ¢ ¢¨¤¥ [72]∗:

αp + βp = − 1
2π

(
A¨´É

3+6(0, 0) + A ¸
3+6(0, 0)

)
=

=
1

2π2

(∫ ν³ ±c(0)

ν¶µ·(0)

σ¶µ²(ν)
ν2

dν +
∫ ∞

ν³ ±c(0)

σ¶µ²(ν)
ν2

dν

)
. (11)

‚ (11) ¶µ¤ §´ ± ³¨ ¨´É¥£· ²µ¢ ¸Éµ¨É Ê³´µ¦¥´´µ¥ ´  1/ν2 ¶µ²´µ¥ ¸¥Î¥´¨¥
 ¤·µ´´µ£µ ËµÉµ¶µ£²µÐ¥´¨Ö ´  ¶·µÉµ´¥. ‚ ¨´É¥·¢ ²¥ Ô´¥·£¨° ν µÉ 1,3 ¤µ
20 ƒÔ‚ µ´µ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° Ëµ·³Ê²µ° σ¶µ²(ν) =
Ap +Bf2+a2/

√
ν, £¤¥ Ap ≈ 100 ³±¡ ¨ Bf2+a2 ≈ 57 ³±¡·ƒÔ‚1/2, ÊÎ¨ÉÒ¢ ÕÐ¥°

µ¡³¥´Ò P -, f2- ¨ a2-É· ¥±Éµ·¨Ö³¨ �¥¤¦¥ [79]. ‚ ¸Ê³³¥ ¶µ²Ö·¨§Ê¥³µ¸É¥°

(αp + βp)É¥µ· = 14, 0 ± 0, 5, (12)

¢ÒÎ¨¸²¥´´µ° ¸ ¶µ³µÐÓÕ (11), ¶·¨ ν³ ±c(0) = 1,5 ƒÔ‚ ¢±² ¤ ¢Éµ·µ£µ ¨´É¥-
£· ² , ±µÉµ·Ò° ¶µ²ÊÎ¥´ ¶ÊÉ¥³ ¶·¥µ¡· §µ¢ ´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¨´É¥£· ² 
¶µ ¶µ²Êµ±·Ê¦´µ¸É¨ ¢ (6), ¸µ¸É ¢²Ö¥É ¢¸¥£µ 6%. „ ²¥¥ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ
´¥· ¢¥´¸É¢µ |A¨´É

3+6(ν, t)| 
 |A ¸
3+6(ν, t)| ¢Ò¶µ²´Ö¥É¸Ö ´¥ Éµ²Ó±µ ¶·¨ ´Ê²¥¢ÒÌ,

´µ, ¶µ ±· °´¥° ³¥·¥, ¨ ³ ²ÒÌ ν ¨ t. �¸¨³¶ÉµÉ¨Î¥¸±¨¥ ¢±² ¤Ò A ¸
3,4,5(ν, t)

¨³¥ÕÉ ¤µ¶µ²´¨É¥²Ó´Ò° Ë ±Éµ· ³ ²µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¢±² ¤µ³ A ¸
6 (ν, t).

�´ µ¡Ê¸²µ¢²¥´ É¥³, ÎÉµ  ³¶²¨ÉÊ¤Ò A3,4,5(ν, t) ¶·¨ ¡µ²ÓÏ¨Ì ν µ¶¨¸Ò¢ ÕÉ
“�” ´  ¶·µÉµ´¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´µ¢ Î ¸É¨Í, ±µÉµ·µ¥, ± ± ¨§¢¥¸É´µ ¨§
Ô±¸¶¥·¨³¥´É , ¶µ¤ ¢²¥´µ ¢ ´¥¸±µ²Ó±µ · § ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¸¥Ö´¨¥³ ¡¥§
¶¥·¥¢µ·µÉ  ¸¶¨´µ¢ [80, 81]. ‘²¥¤µ¢ É¥²Ó´µ, ¢±² ¤Ò A ¸

3,4,5(ν, t) ¥Ð¥ ³¥´ÓÏ¥,
Î¥³ A ¸

3+6(ν, t), ¨ ±µÔËË¨Í¨¥´ÉÒ a3,4,5 ¢ (9) ¡Ê¤¥³ ¸Î¨É ÉÓ · ¢´Ò³¨ ´Ê²Õ.
‚ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ ¥¸É¥¸É¢¥´´Ò³¨ ¶ · ³¥É· ³¨  ³¶²¨ÉÊ¤ Ak(ν, t) ¨ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö Ö¢²ÖÕÉ¸Ö µ¸É ÕÐ¨¥¸Ö ±µÔËË¨Í¨¥´ÉÒ a1,2,6 ¨ ³ ¸¸Ò
M1,2,6. ŠµÔËË¨Í¨¥´ÉÒ a1,2,6 ¢ (9) ¨ (10) ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ αp − βp,
αp + βp ¨ γπ, £¤¥ ¶µ¸²¥¤´ÖÖ ¢¥²¨Î¨´  ¥¸ÉÓ ¸¶¨´µ¢ Ö ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ´ -
§ ¤ (¸³., ´ ¶·¨³¥·, [82]). „²Ö ÔÉµ£µ ´Ê¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¶¥·¢Ò³ · ¢¥´-
¸É¢µ³ ¢ (11) ¨ ¸µµÉ´µÏ¥´¨Ö³¨ 2π(αp − βp) = −(A¨´É

1 (0, 0) + A ¸
1 (0, 0)) ¨

∗�‘ (11) ¢¸¥ ¥Ð¥ ´¥ ¨³¥¥É Ê¸ÉµÖ¢Ï¥£µ¸Ö ´ §¢ ´¨Ö. � ¶·¨³¥·, ¢ [38] µ´µ ´ §Ò¢ ¥É¸Ö �‘
� ²¤¨´ Ä‹ ¶¨¤Ê¸ ,   ¢ [32] Å �‘ � ²¤¨´ . �É³¥É¨³, ÎÉµ �‘ (11), ¸É·µ£µ £µ¢µ·Ö, ¸¶· ¢¥¤²¨¢µ
¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¢¥Ð¥¸É¢¥´´µ°  ¤¤¨É¨¢´µ° ±µ´¸É ´ÉÒ C, ±µÉµ· Ö ¶µÖ¢²Ö¥É¸Ö ¨§-§  ¶·¨´Í¨¶¨-
 ²Ó´µ° ¢µ§³µ¦´µ¸É¨ ¤µ¡ ¢¨ÉÓ ±  ´ ²¨É¨Î¥¸±µ° ËÊ´±Í¨¨ A3(ν, t) + A6(ν, t) ¶µ¸ÉµÖ´´µ¥ ¸² £ -
¥³µ¥ (¢±² ¤ Ë¨±¸¨·µ¢ ´´µ£µ ¶µ²Õ¸  J = 2), ´¥ ¨§³¥´ÖÖ ¥¥ µ¸µ¡¥´´µ¸É¥° [77]. Šµ´¸É ´ÉÊ C
³µ¦´µ ¶µ¶ÒÉ ÉÓ¸Ö µ¶·¥¤¥²¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ. ‚ Î ¸É´µ¸É¨, ¶µÔÉµ³Ê ¢ · §¤. 5 ³Ò ¢ ·Ó¨·Ê¥³
αp ¨ βp ± ± ´¥§ ¢¨¸¨³Ò¥ ¶ · ³¥É·Ò. ”¨±¸¨·µ¢ ´´Ò° ¶µ²Õ¸ J = 2 ³¥´Ö¥É  ¸¨³¶ÉµÉ¨Î¥¸±µ¥
¶µ¢¥¤¥´¨¥  ³¶²¨ÉÊ¤Ò “�” ¢¶¥·¥¤ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¢²¨Ö¥É ´  Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö dσ/dt ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ˆ¸¶µ²Ó§ÊÖ ¤ ´´Ò¥ FNAL ¶µ dσ/dt ¶·¨
ω = 50÷130 ƒÔ‚ [78], ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤µ¸É ÉµÎ´µ ¸¨²Ó´µ¥ µ£· ´¨Î¥´¨¥ |C| � 0, 02·10−4 Ë³3.
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2πMγπ = −(A¨´É
2+5(0, 0) + A ¸

2+5(0, 0)). ‚ ·¥§Ê²ÓÉ É¥ ¢³¥¸Éµ É·¥Ì ¤¨¸¶¥·¸¨µ´-
´ÒÌ ¸µµÉ´µÏ¥´¨° (6) ¤²Ö  ³¶²¨ÉÊ¤ A1,2,6(ν, t) ¶µ²ÊÎ ¥³

Re A1(ν, t) = A¶µ²
1 (ν, t) + A¨´É

1 (ν, t) −
[
A¨´É

1 (0, 0) + 2π(αp − βp)
]

M2
1

M2
1 − t

, (13)

ReA2+5(ν, t) = A¶µ²
2+5(ν, t) + A¨´É

2+5(ν, t) −

−
[
A¨´É

2+5(0, 0) + 2πMγπ − gπNNFπγγ

m2
π

]
M2

2

M2
2 − t

+
gπNNFπ0γγ

t − m2
π

Λ2
π − m2

π

Λ2
π − t

, (14)

Re A3+6(ν, t)=A¶µ²
3+6(ν, t)+A¨´É

3+6(ν, t)−
[
A¨´É

3+6(0, 0)+2π(αp+βp)
]

M2
6

M2
6 − t

. (15)

„²Ö ¢¥²¨Î¨´ αp−βp ¨ γπ, ± ± ¨ ¤²Ö αp +βp, ¨§ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨°
(6) ³µ¦´µ ¢Ò¢¥¸É¨ ¶· ¢¨²  ¸Ê³³ ¶·¨ ±µ´¥Î´µ° Ô´¥·£¨¨. ‚ [31, 72, 83] É ±¨¥
¶· ¢¨²  ¸Ê³³ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ¡µ²¥¥ ¨²¨ ³¥´¥¥ ÉµÎ´ÒÌ · ¸Î¥Éµ¢ §´ Î¥-
´¨° αp − βp ¨ γπ. �¤´ ±µ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¤¨¸¶¥·¸¨µ´´Ò³ ¸¥Î¥´¨¥³ ´¥±µÉµ·Ò¥ ¨§ ¥£µ ¶ · ³¥É·µ¢
¢ ·Ó¨·ÊÕÉ: αp − βp ¢ [2], αp − βp ¨ αp + βp ¢ [1, 4], αp − βp, αp + βp ¨
γπ ¢ [8]. �·¨ µ¤´µ³ ¨ Éµ³ ¦¥ ³ ¸¸¨¢¥ Ë¨É¨·Ê¥³ÒÌ ÉµÎ¥± ¸ ·µ¸Éµ³ Î¨¸² 
¢ ·Ó¨·Ê¥³ÒÌ ¶ · ³¥É·µ¢ ÉµÎ´µ¸ÉÓ ¶µ²ÊÎ ¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°
ÔÉ¨Ì ¶ · ³¥É·µ¢, ±µ´¥Î´µ, Ê³¥´ÓÏ ¥É¸Ö. „ ²¥¥ ³Ò µ¡¸Ê¤¨³ µ¸´µ¢´Ò¥ ¨¸ÉµÎ-
´¨±¨ ´¥µ¶·¥¤¥²¥´´µ¸É¥°, ¢µ§´¨± ÕÐ¨¥ ¶·¨ · ¸Î¥É¥ ¤¨¸¶¥·¸¨µ´´µ£µ ¸¥Î¥´¨Ö,
¢ Î ¸É´µ¸É¨, ¨§-§  · §¡·µ¸  ¨¸¶µ²Ó§Ê¥³ÒÌ §´ Î¥´¨° ¶ · ³¥É·µ¢, ±µÉµ·Ò¥ ´¥
¢ ·Ó¨·ÊÕÉ¸Ö.

3.3. ˆ¸ÉµÎ´¨±¨ É¥µ·¥É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°. —¨¸²¥´´Ò° · ¸Î¥É
¨´É¥£· ²Ó´ÒÌ ¢±² ¤µ¢ A¨´É

k (ν, t) ¢´µ¸¨É ¸· ¢´¨É¥²Ó´µ ³ ²Ò¥ ´¥µ¶·¥¤¥²¥´´µ-
¸É¨ ¢ ¤¨¸¶¥·¸¨µ´´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ §´ -
Î¥´¨Ö ¶ · ³¥É·µ¢, µ¶·¥¤¥²Ö¥³ÒÌ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ¤ ´´ÒÌ ¢ ¤µ¶µ·µ£µ¢µ°
µ¡² ¸É¨. �¸´µ¢´µ° ¢±² ¤ ¢ A¨´É

k (ν, t) ¢´µ¸¨É ¨´É¥£·¨·µ¢ ´¨¥ ¶µ µ¡² ¸É¨ ν′ ≤
0,5 ƒÔ‚. ˆ¸¶µ²Ó§ÊÖ ¤¢  ´ ¡µ·  ¤µ¢µ²Ó´µ ÉµÎ´ÒÌ ¶·¨ ν′ ≤ 0,5 ƒÔ‚ ®Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ¯ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ËµÉµ·µ¦¤¥´¨Ö µ¤¨´µÎ´ÒÌ ¶¨µ´µ¢
´  ¶·µÉµ´¥, ± ± µ¸´µ¢´µ° Å SAID ¨§ [34] ¨ ± ±  ²ÓÉ¥·´ É¨¢´Ò° Å HDD
¨§ [35], ³µ¦´µ µÍ¥´¨ÉÓ ¶µ£·¥Ï´µ¸ÉÓ, ¢µ§´¨± ÕÐÊÕ ¶·¨ µ¶·¥¤¥²¥´¨¨ §´ -
Î¥´¨° αÔ±¸¶

p ¨ βÔ±¸¶
p . —¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢¸¥Ì É¥µ·¥É¨Î¥¸±¨Ì (³µ¤¥²Ó´ÒÌ)

¶µ£·¥Ï´µ¸É¥° ¶·¨¢µ¤ÖÉ¸Ö ¢ · §¤. 5. ƒ² ¢´µ¥ · §²¨Î¨¥ ³¥¦¤Ê ´ ¡µ· ³¨ [34]
¨ [35] § ±²ÕÎ ¥É¸Ö ¢ ¶µ·µ£µ¢µ³ ¶µ¢¥¤¥´¨¨ s-¢µ²´µ¢µ°  ³¶²¨ÉÊ¤Ò E0+. ŒÒ
¨§³¥´Ö¥³ É ±¦¥ ·¥§µ´ ´¸´ÊÕ  ³¶²¨ÉÊ¤Ê M1+ ´  ±2 % É ±, ± ± ÔÉµ µ¶¨¸ ´µ
¢ [84]. “Î¥É ¶ ·´µ£µ ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢, ±µÉµ·µ¥ ´ Î¨´ ¥É ¢´µ¸¨ÉÓ § -
³¥É´Ò° ¢±² ¤ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ σ¶µ²´(γp →  ¤·µ´Ò), ¶·¨ ω � 0,4 ƒÔ‚ ³ ²µ
¨§³¥´Ö¥É ¤µ³¨´¨·ÊÕÐ¨¥ ¨´É¥£· ²Ó´Ò¥ ¢±² ¤Ò A¨´É

1 (ν, t) ¨ A¨´É
3+6(ν, t). ‚ ¤¨¸-

¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ (13)Ä(15) ¸¨²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¨´É¥£· ²Ó´ÒÌ ¢±² -
¤µ¢ µÉ ¡µ²ÓÏ¨Ì ν′ ¶·µ¨¸Ìµ¤¨É ¨§-§  ¢ÒÎ¨É ´¨°, ´ ¶·¨³¥·, ¨§-§  ¶·¨¸ÊÉ¸É¢¨Ö
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Î²¥´  A¨´É
3+6(ν, t) − A¨´É

3+6(0, 0)M2
6 /(M2

6 − t) ¢ (15). �Éµ ²¥£±µ ¶·µ¢¥·¨ÉÓ ¶·¨
t = 0 ¨ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¢ÒÎ¨É ´¨¥ ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´µ£µ
µ¡·¥§ ÕÐ¥£µ Ë ±Éµ·  ν2/ν′2 ¶µ¤ §´ ±µ³ ¨´É¥£· ² . „²Ö ¶µ²ÊÎ¥´¨Ö ¢¥·Ì´¥°
µÍ¥´±¨ ¶µ£·¥Ï´µ¸É¨, ¸¢Ö§ ´´µ° ¸ ÊÎ¥Éµ³ ¶ ·´µ£µ ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢, ³Ò
· ¸¸³ É·¨¢ ¥³ ¢ · §¤. 5 ¸²ÊÎ °, ±µ£¤  µ´µ ¢µµ¡Ð¥ µ¶Ê¸± ¥É¸Ö.

Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, µ¸´µ¢´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢µ§´¨± ¥É ¶·¨ ÊÎ¥É¥
 ¸¨³¶ÉµÉ¨Î¥¸±¨Ì ¢±² ¤µ¢ ¢ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨ÖÌ (13)Ä(15). �·¨
· §´ÒÌ k ·µ²Ó A ¸

k (ν, t), ± ± ³Ò Ê¦¥ µÉ³¥É¨²¨ · ´¥¥, ´¥ µ¤¨´ ±µ¢ . ‚±² ¤
A ¸

1 (ν, t) ¶µÎÉ¨ Í¥²¨±µ³ µ¶·¥¤¥²Ö¥É Ô±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ · §´µ¸É¨
¶µ²Ö·¨§Ê¥³µ¸É¥° αÔ±¸¶

p − βÔ±¸¶
p ≈ 10, ¨ µÉ §´ Î¥´¨Ö ³ ¸¸Ò M1 § ³¥É´µ § ¢¨-

¸ÖÉ ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö. ‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¢Ò¡· ´µ M1 = 0,5 ƒÔ‚,
ÌµÉÖ ¢ [38] ¤²Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ£µ µ¶¨¸ ´¨Ö ¤ ´´ÒÌ ¢ÒÏ¥ ∆33-·¥§µ´ ´¸ 
¶·¨Ìµ¤¨²µ¸Ó ¡· ÉÓ M1 = 0, 6 ƒÔ‚, ±µÉµ·µ¥ É ³ ´ §Ò¢ ²µ¸Ó ®³ ¸¸µ° σ-
³¥§µ´ ¯. ‚  ¸¨³¶ÉµÉ¨Î¥¸±µ³ ¢±² ¤¥ A ¸

2+5(ν, t) (14) ¶¥·¢Ò° Î²¥´ µÉ´µ¸¨-
É¥²Ó´µ ³ ² ¨ ³´µ¦¨É¥²Ó M2

2 /(M2
2 − t) ´¥ É ± ¸ÊÐ¥¸É¢¥´. ‚±² ¤ ¸ ³µ£µ

π0-µ¡³¥´  § ³¥É¥´, ¨ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ §´ Î¥´¨ÖÌ Λπ ¨ (5) ¸²¥¤Ê¥É ÊÎ¨-
ÉÒ¢ ÉÓ. �¤´ ±µ ¶·¨ ³ ²ÒÌ t ¨§³¥´¥´¨¥ Λπ ´¥ ¨³¥¥É ¸ ³µ¸ÉµÖÉ¥²Ó´µ£µ
§´ Î¥´¨Ö ¨ ¸¢µ¤¨É¸Ö ± ¸¤¢¨£Ê ±µÔËË¨Í¨¥´É  a2+5 ¨, ¸µµÉ¢¥É¸É¢¥´´µ, γπ.
‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡¥·¥³ Λπ = 0,7 ƒÔ‚,   ¸¶¨´µ¢ÊÕ ¶µ²Ö·¨§Ê¥³µ¸ÉÓ ¡¥§
¢±² ¤  π0-µ¡³¥´  ³¥´Ö¥³ ¢ ¶·¥¤¥² Ì ÉµÎ´µ¸É¨ É¥µ·¥É¨Î¥¸±µ£µ · ¸Î¥É  [85]:

γ
(non−π0)
π = γπ − gπNNFπγγ/2πMm2

π = (5,5 ± 1,8) · 10−4 Ë³4. ’ ± ± ±
¢±² ¤ A ¸

3+6(ν, t) ¸ ³ ¶µ ¸¥¡¥ ³ ², Éµ ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸ÖÉ µÉ §´ Î¥´¨Ö M6.

4. ”ˆ’ˆ��‚��ˆ… ‘ “—…’�Œ ‘ˆ‘’…Œ�’ˆ—…‘Šˆ•
��ƒ�…˜��‘’…‰

�·¨ µ¶·¥¤¥²¥´¨¨ Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·µ¢ (¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ ) ¨§
´¥¸±µ²Ó±¨Ì (NÔ±¸¶) ´¥§ ¢¨¸¨³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§³¥·¥´¨Õ ¤¨ËË¥·¥´Í¨-
 ²Ó´ÒÌ ¸¥Î¥´¨° γp-· ¸¸¥Ö´¨Ö ¢µ§´¨± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¸µ¢³¥¸É´µ£µ ÊÎ¥É 
± ± ¸É É¨¸É¨Î¥¸±¨Ì, É ± ¨ ¸¨¸É¥³ É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥°. „²Ö ± ¦¤µ£µ µÉ-
¤¥²Ó´µ ¢§ÖÉµ£µ Ô±¸¶¥·¨³¥´É  j = 1, . . .NÔ±¸¶, · ¸¸³ É·¨¢ ¥³µ£µ ¢ ¤ ´´µ³
 ´ ²¨§¥, µÉ´µ¸¨É¥²Ó´Ò¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¨§³¥·Ö¥³ÒÌ ¸¥Î¥´¨°
σÔ±¸¶

ij ≡ σÔ±¸¶, j(ωij , θij), i = 1, . . . nj ¸² ¡µ § ¢¨¸ÖÉ µÉ Ô´¥·£¨° ¨²¨ Ê£²µ¢ · ¸¸¥-
Ö´¨Ö ËµÉµ´µ¢ ¨ ¢ µ¸´µ¢´µ³ ¸¢µ¤ÖÉ¸Ö ± ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ µ¡Ð¥° ´µ·³¨·µ¢±¥
kj ÔÉ¨Ì ¸¥Î¥´¨°. ŠµÔËË¨Í¨¥´ÉÒ kj ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ´¥¨§¢¥¸É´Ò¥ ¶ -
· ³¥É·Ò µ¡µ¡Ð¥´´µ£µ É¥µ·¥É¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´Éµ¢, ¶·¨ ±µÉµ·µ³
É¥µ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö σ

É¥µ·
ij ≡ σ(ωij , θij ; αp, βp), § ¢¨¸ÖÐ¨¥ µÉ ¶µ²Ö·¨§Ê¥³µ-

¸É¥° ¶·µÉµ´ , ¤µ²¦´Ò ¸µ£² ¸µ¢Ò¢ ÉÓ¸Ö ¸ ¶¥·¥³ ¸ÏÉ ¡¨·µ¢ ´´Ò³¨ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò³¨ ¸¥Î¥´¨Ö³¨ kjσ

Ô±¸¶
ij . ’µÉ Ë ±É, ÎÉµ ¢¥²¨Î¨´Ò kj · ¢´Ò ¥¤¨´¨Í¥

¢ ¶·¥¤¥² Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥° δj  ¡¸µ²ÕÉ¨§ Í¨¨ ¸¥Î¥´¨° µÉ¤¥²Ó´ÒÌ Ô±¸¶¥-
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·¨³¥´Éµ¢, ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ´¥§ ¢¨¸¨³µ¥ ®¨§³¥·¥´¨¥¯ ÔÉ¨Ì ¢¥²¨Î¨´.
‘µµÉ¢¥É¸É¢¥´´µ ËÊ´±Í¨Ö χ2 § ¶¨¸Ò¢ ¥É¸Ö ± ± [86]

χ2(k; αp, βp) =
NÔ±¸¶∑
j=1

{ nj∑
i=1

(kjσ
Ô±¸¶
ij − σÉ¥µ·

ij

kj∆σÔ±¸¶
ij

)2

+
(kj − 1

kjδj

)2
}

, (16)

£¤¥ ∆σÔ±¸¶
ij Å ¸É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨. ’ ± ± ± ¢Ò· ¦¥´¨¥ (16) Å ±¢ -

¤· É¨Î´ Ö ËÊ´±Í¨Ö µÉ 1/kj , ¥£µ ³¨´¨³¨§ Í¨Ö ¶µ ¢¥²¨Î¨´ ³ kj ²¥£±µ ¤¥² ¥É¸Ö
¢  ´ ²¨É¨Î¥¸±µ³ ¢¨¤¥. �¥§Ê²ÓÉ É ¨³¥¥É ¢¨¤

χ2(αp, βp) = min
k

χ2(k; αp, βp) =
NÔ±¸¶∑
j=1

{
Xee

j −
(Xte

j )2δ2
j

1 + Xtt
j δ2

j

}
, (17)

£¤¥

Xee
j =

nj∑
i=1

(
σÔ±¸¶

ij − σÉ¥µ·
ij

∆σÔ±¸¶
ij

)2

,

Xte
j =

nj∑
i=1

σÔ±¸¶
ij − σÉ¥µ·

ij

∆σÔ±¸¶
ij

σÉ¥µ·
ij

∆σÔ±¸¶
ij

, Xtt
j =

nj∑
i=1

(
σÉ¥µ·

ij

∆σÔ±¸¶
ij

)2

. (18)

‚ Ê· ¢´¥´¨¨ (17) Î²¥´ Xee
j ÊÎ¨ÉÒ¢ ¥É ¸É É¨¸É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ j-£µ Ô±¸-

¶¥·¨³¥´É . �´ Ö¢²Ö¥É¸Ö µ¡ÒÎ´Ò³ ¤²Ö ³¥Éµ¤¨±¨ Ë¨É¨·µ¢ ´¨Ö ¶µ ±·¨É¥·¨Õ χ2.
‚Éµ·µ° (µÉ·¨Í É¥²Ó´Ò°) Î²¥´ ¢µ§´¨± ¥É ¡² £µ¤ ·Ö µ¶É¨³¨§ Í¨¨ χ2 ¶µ ´µ·-
³¨·µ¢µÎ´Ò³ ¶ · ³¥É· ³ kj ¨ µ¶¨¸Ò¢ ¥É ¢²¨Ö´¨¥ ¸¨¸É¥³ É¨Î¥¸±µ° ¶µ£·¥Ï´µ-
¸É¨ j-£µ Ô±¸¶¥·¨³¥´É . Œ¨´¨³Ê³ (17) ¤µ¸É¨£ ¥É¸Ö ¶·¨ ¶¥·¥³ ¸ÏÉ ¡¨·µ¢ ´¨¨
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° Ë ±Éµ· ³¨

kj =

(
1 +

Xte
j δ2

j

1 + Xtt
j δ2

j

)−1

(19)

(§ ¢¨¸ÖÐ¨³¨ µÉ ¶µ²Ö·¨§Ê¥³µ¸É¥°). ‚µ§´¨± ÕÐ Ö ËÊ´±Í¨Ö (17) § ¢¨¸¨É Éµ²Ó±µ
µÉ ¤¢ÊÌ ¶ · ³¥É·µ¢, ÎÉµ ¤¥² ¥É ¥¥ µ¸µ¡¥´´µ Ê¤µ¡´µ° ¤²Ö Ë¨É¨·µ¢ ´¨Ö ¢ ¸²ÊÎ ¥
¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  Ô±¸¶¥·¨³¥´Éµ¢.

ˆ¸¶µ²Ó§µ¢ ´¨¥ χ2 ¢¨¤  (17) (¨²¨ (16)) ¢¥¤¥É ± ¤¢Ê³ ¢ ¦´Ò³ ¶µ¸²¥¤¸É¢¨Ö³.
‚µ-¶¥·¢ÒÌ, ¶µ²Ö·¨§Ê¥³µ¸É¨ αp ¨ βp Ë ±É¨Î¥¸±¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¨¸¶· ¢²¥´-
´ÒÌ §´ Î¥´¨° Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨° kjσ

Ô±¸¶
ij , ÎÉµ ¶·¨¢µ¤¨É ± ¸³¥Ð¥´¨Õ

(µ¡ÒÎ´µ ¢ ¶·¥¤¥² Ì ¶µ²´ÒÌ ¶µ£·¥Ï´µ¸É¥°) §´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ¸É¥°, µ¶·¥-
¤¥²Ö¥³ÒÌ ¨§ ¨¸Ìµ¤´ÒÌ (´¥¨¸¶· ¢²¥´´ÒÌ) ¸¥Î¥´¨° σÔ±¸¶

ij . ‚µ-¢Éµ·ÒÌ, µÏ¨¡±¨
¢ ¶µ²Ö·¨§Ê¥³µ¸ÉÖÌ µ± §Ò¢ ÕÉ¸Ö ¡µ²ÓÏ¥, Î¥³ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ²Ó±µ ¶¥·-
¢µ£µ Î²¥´  ¢ (17), É ± ± ± É¥¶¥·Ó µ´¨ ¢±²ÕÎ ÕÉ ± ± ¸É É¨¸É¨Î¥¸±¨¥, É ± ¨
¸¨¸É¥³ É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¥Î¥´¨°.
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�É³¥É¨³, ÎÉµ ¤ ´´Ò¥ · ¡µÉÒ [4] ¸ ´¥³¥Î¥´Ò³¨ ËµÉµ´ ³¨ ¢Ìµ¤ÖÉ ¢ χ2

¸ ÊÎ¥Éµ³ ±µ··¥²ÖÍ¨° ¸É É¨¸É¨Î¥¸±¨Ì ¶µ£·¥Ï´µ¸É¥° ¸¥Î¥´¨° σÔ±¸¶
i , µÉ´µ¸Ö-

Ð¨Ì¸Ö ± · §´Ò³ Ô´¥·£¨Ö³ ωi. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ [4] ¢³¥¸Éµ ¸ ³¨Ì ¸¥Î¥´¨° σi

(¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ, ¨ É¥µ·¥É¨Î¥¸±¨Ì) ³Ò ¢±²ÕÎ ¥³ ¢ (17) ¨Ì ²¨´¥°´Ò¥
±µ³¡¨´ Í¨¨ σ′

i =
∑

i′ Vii′σi′ , ¨³¥ÕÐ¨¥ ´¥±µ··¥²¨·µ¢ ´´Ò¥ ¶µ£·¥Ï´µ¸É¨.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¢¥²¨Î¨´ σ′

i ¨ ¨Ì ¶µ£·¥Ï´µ¸É¥° ∆σ′
i,   É ±¦¥

³ É·¨Í  Vii′ , ¤¨ £µ´ ²¨§¨·ÊÐ Ö ³ É·¨ÍÊ ¶µ£·¥Ï´µ¸É¥° ¸¥Î¥´¨° σÔ±¸¶
i , ¶·¨¢¥-

¤¥´Ò ¢ [4].
‚ ¤ ²Ó´¥°Ï¥³ Ë¨É¨·µ¢ ´¨¥ ¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ ËÊ´±Í¨¨ (17) ¶·µ¢µ¤¨-

²µ¸Ó ¢ ´¥¸±µ²Ó±¨Ì ¢ ·¨ ´É Ì ¢Ò¡µ·  É¥µ·¥É¨Î¥¸±µ° ³µ¤¥²¨ ¤²Ö ¸¥Î¥´¨° σÉ¥µ·
ij

¨ µÉ¡µ·  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ´¨§±µÔ´¥·£¥É¨Î¥-
¸±µ£µ ¶·¨¡²¨¦¥´¨Ö, µ¶¨¸ ´´µ£µ ¢ · §¤. 3, É¥µ·¥É¨Î¥¸±¨¥ ¸¥Î¥´¨Ö Ö¢²ÖÕÉ¸Ö
Ô²¥³¥´É ·´µ° ËÊ´±Í¨¥° Ô´¥·£¨¨ ω, Ê£²  θ ¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° αp, βp. �·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨ ¸¥Î¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¸²µ¦´Ò³ Î¨-
¸²¥´´Ò³  ²£µ·¨É³µ³, É ± ÎÉµ ¤²Ö Í¥²¥° Ë¨É¨·µ¢ ´¨Ö ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·¥¤-
¢ ·¨É¥²Ó´ Ö É ¡Ê²ÖÍ¨Ö ¨ ¶µ¸²¥¤ÊÕÐ Ö ¨´É¥·¶µ²ÖÍ¨Ö É¥µ·¥É¨Î¥¸±¨Ì ¸¥Î¥´¨°
¶µ Î¥ÉÒ·¥³ ¶¥·¥³¥´´Ò³.

‘µ¢³¥¸É¨³µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ É¥µ·¨¥° ¶·µ¢¥·Ö² ¸Ó ¶µ ¢¥-
²¨Î¨´¥ µ¶É¨³ ²Ó´µ£µ §´ Î¥´¨Ö χ2 ¨ ¢¥·µÖÉ´µ¸É¨ P ¨³¥ÉÓ É ±µ¥ ¨²¨ ¡µ²ÓÏ¥¥
χ2 ¶·¨ Î¨¸²¥ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò Nf = n − 2, £¤¥ n Å Î¨¸²µ Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ÉµÎ¥± ¸ ¸¥Î¥´¨Ö³¨ · ¸¸¥Ö´¨Ö. ‚¥·µÖÉ´µ¸ÉÓ P ´¥ ¤µ²¦´  ¡ÒÉÓ ¸²¨Ï±µ³
³ ² . �¡ÒÎ´µ ¸Î¨É ¥É¸Ö ¤µ¶Ê¸É¨³Ò³, ¥¸²¨ P > 10 %, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¢¥-
·µÖÉ´µ¸É¨ ¢ ¶·¥¤¥² Ì 1,64 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°; ´¥·¥¤±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö
¨ ¡µ²¥¥ ³Ö£±¨¥ ±·¨É¥·¨¨: P > 5 % (1,96 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°) ¨ ¤ ¦¥
P > 1 % (2,58 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°).

— ¸ÉÓ Ë¨Éµ¢ ¢ · §¤. 5 ¢Ò¶µ²´¥´  ¶·¨ ´ ²µ¦¥´´µ° ¸¢Ö§¨ αp + βp = 14,0±
0,5 ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ �‘ (11). ŒÒ · ¸¸³ É·¨¢ ¥³ ÔÉÊ ¸¢Ö§Ó ± ± ¤µ¶µ²´¨É¥²Ó-
´µ¥ ®¨§³¥·¥´¨¥¯ ¨ ¢±²ÕÎ ¥³ ¥£µ ¢ Ê· ¢´¥´¨¥ (17):

χ2(αp, βp) → χ2(αp, βp) +
(

αp + βp − 14, 0
0,5

)2

. (20)

‡¤¥¸Ó Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò · ¢´µ Nf = n − 1. ’ ±µ° Ë¨É ¶·¨Ìµ¤¨É¸Ö
¤¥² ÉÓ, ´ ¶·¨³¥·, ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥-
Î¥´¨Ö γp-· ¸¸¥Ö´¨Ö ¶·¨ ¥¤¨´¸É¢¥´´µ³ Ê£²¥ θ.

5. ���…„…‹…�ˆ… ��‹Ÿ�ˆ‡“…Œ�‘’…‰ ���’���

ŒÒ µ¶·¥¤¥²Ö²¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¤¥² Ö:
1) · §¤¥²Ó´Ò¥ Ë¨ÉÒ µÉ¤¥²Ó´µ ¢§ÖÉÒÌ Ô±¸¶¥·¨³¥´Éµ¢, 2) · §¤¥²Ó´Ò¥ Ë¨ÉÒ ¶µ
£·Ê¶¶ ³ · ´´¨Ì ¨ ¶µ§¤´¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¨ 3) µ¡Ñ¥¤¨´¥´´Ò° (£²µ¡ ²Ó´Ò°)
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Ë¨É ¶µ ¢¸¥³ Ô±¸¶¥·¨³¥´É ³. ‚µ ¢¸¥Ì ¸²ÊÎ ÖÌ, ±·µ³¥ o¶¨¸ ´´ÒÌ ´¨¦¥ ¢ ¶. 5.4,
Ë¨É¨·ÊÕÐ¥¥ ¸¥Î¥´¨¥ ´ Ìµ¤¨²µ¸Ó ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨, µ¶¨¸ ´-
´µ° ¢ ¶. 3.2.

‘ µ¤´µ° ¸Éµ·µ´Ò, É ± Ö ¶·µÍ¥¤Ê·  ¶µ§¢µ²Ö¥É ¸Ê¤¨ÉÓ µ Éµ³, ± ±¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ´ ¨¡µ²¥¥ ¨´Ëµ·³ É¨¢´Ò ¸ ÉµÎ±¨ §·¥´¨Ö µ¶·¥¤¥²¥´¨Ö
¶µ²Ö·¨§Ê¥³µ¸É¥° ¨ ¶· ¢µ³¥·´µ ²¨ µÉ¡· ¸Ò¢ ÉÓ ¸É ·Ò¥ ¤ ´´Ò¥ ¢ ´Ò´¥Ï´¥°
Ô±¸¶¥·¨³¥´É ²Ó´µ° ¸¨ÉÊ Í¨¨. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÔÉ  ¶·µÍ¥¤Ê·  ¶µ§¢µ²Ö¥É
¸± § ÉÓ, ¸µ¢³¥¸É¨³Ò ²¨ · §²¨Î´Ò¥ £·Ê¶¶Ò ¤ ´´ÒÌ ¤·Ê£ ¸ ¤·Ê£µ³ ¨ ³µ¦´µ
²¨ µ¡Ñ¥¤¨´ÖÉÓ ¨Ì ¢ µ¤¨´ £²µ¡ ²Ó´Ò° Ë¨É. �¨¦¥ ¶·¨¢µ¤ÖÉ¸Ö ¶µ²ÊÎ¥´´Ò¥
·¥§Ê²ÓÉ ÉÒ.

5.1. �µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ , µ¶·¥¤¥²¥´´Ò¥ ¶µ µÉ¤¥²Ó´Ò³ Ô±¸¶¥·¨³¥´-
É ³. �µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  αp ¨ βp, µ¶·¥¤¥²¥´´Ò¥ ¤²Ö ± ¦¤µ£µ ¨§ Ô±¸¶¥-
·¨³¥´Éµ¢ [1Ä4, 23, 24, 49Ä52], ¶·¨¢¥¤¥´Ò ¢ É ¡². 3. ’ ± ± ± ¢ · ¡µÉ Ì [2, 51]
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¨§³¥·Ö²µ¸Ó ¶·¨ ¥¤¨´¸É¢¥´´µ³ Ê£²¥, µ¡  ¶ · ³¥É· 
αp ¨ βp ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨§ ´¨Ì ²¨ÏÓ ¶·¨ ¶·¨¢²¥Î¥´¨¨ ¶· ¢¨²  ¸Ê³³ (11).

„¢ÊÌ¶ · ³¥É·¨Î¥¸±¨¥ Ë¨ÉÒ ¸ ´¥§ ¢¨¸¨³Ò³¨ ¶µ²Ö·¨§Ê¥³µ¸ÉÖ³¨ ¶·µÉµ´ 
Ìµ·µÏµ µ¶¨¸Ò¢ ÕÉ ± ¦¤Ò° ¨§ Ô±¸¶¥·¨³¥´Éµ¢, · ¸¸³ É·¨¢ ¥³Ò° ¢ µÉ¤¥²Ó´µ-
¸É¨, µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨° Ê·µ¢¥´Ó ¤µ¸Éµ¢¥·´µ¸É¨ P .
�µ²¥¥ Éµ£µ, ¢ ¶·¥¤¥² Ì 1Ä2 ¶µ²ÊÎ ¥³ÒÌ ¶µ£·¥Ï´µ¸É¥° ¡µ²ÓÏ¨´¸É¢µ ·¥§Ê²Ó-
É Éµ¢, ¤ ´´ÒÌ ¢ · §²¨Î´ÒÌ ¸É·µ± Ì É ¡²¨ÍÒ, ¸µ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³ ¨
¸µ ¸·¥¤´¥¢§¢¥Ï¥´´Ò³¨ ¶µ ¢¥·Ì´¥° Î ¸É¨ É ¡²¨ÍÒ ¢¥²¨Î¨´ ³¨ αp � 11, 3,
βp � 1, 8, µ¶·¥¤¥²Ö¥³Ò³¨ ¡¥§ ¶·¨¢²¥Î¥´¨Ö �‘ (11). �¥¸±µ²Ó±µ ¢Ò¶ ¤ ÕÉ
²¨ÏÓ §´ Î¥´¨Ö ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¨, ¶µ²ÊÎ ¥³Ò¥ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ¸¥-
Î¥´¨° ¨§ · ¡µÉ [24,49] (¸µµÉ¢¥É¸É¢¥´´µ ´  2,3 ¨ 2,6 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨Ö).

…¸²¨ ´¥ µ¡· Ð ÉÓ ¢´¨³ ´¨Ö ´  ¶µ£·¥Ï´µ¸É¨, Éµ ³µ¦´µ § ³¥É¨ÉÓ, ÎÉµ
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö É·¥Ì · ¡µÉ [24,49,50] ¶·¨¢µ¤ÖÉ ± µÉ·¨Í É¥²Ó´Ò³
§´ Î¥´¨Ö³ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ . „µ ¸¨Ì ¶µ· ¶µ ®· ´´¨³ Ô±¸¶¥-
·¨³¥´É ³¯ [49, 50] ¶µ²Ö·¨§Ê¥³µ¸É¨ ¢µµ¡Ð¥ ´¥ µ¶·¥¤¥²Ö²¨¸Ó (¢µ ¢¸Ö±µ³ ¸²Ê-
Î ¥, ´¥ ¶Ê¡²¨±µ¢ ²¨¸Ó), ¨ ¡Ò²µ ¶·¨´ÖÉµ ¸Î¨É ÉÓ, ÎÉµ Éµ²Ó±µ µ¤´  · ¡µÉ  [24]
Ê± §Ò¢ ¥É ´  µÉ·¨Í É¥²Ó´µ¥ §´ Î¥´¨¥ βp. �¤´ ±µ ¶·¨ ÊÎ¥É¥ ¶µ£·¥Ï´µ¸É¥°
¢¸¥ βp ¸µ¢³¥¸É¨³Ò ¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³.

„·Ê£¨³ ²Õ¡µ¶ÒÉ´Ò³ µ¡¸ÉµÖÉ¥²Ó¸É¢µ³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ §´ Î¥´¨Ö ¶µ²Ö-
·¨§Ê¥³µ¸É¥°, ¢Ò¢µ¤¨³Ò¥ ¨§ ¶µ¸²¥¤´¥£µ Ô±¸¶¥·¨³¥´É  [4], ¶·¥¤µ¶·¥¤¥²ÖÕÉ¸Ö
´ ¡µ·µ³ ÉµÎ¥±, ¶µ²ÊÎ¥´´ÒÌ ¸ ´¥³¥Î¥´Ò³¨ ËµÉµ´ ³¨. �µ¤³´µ¦¥¸É¢µ ÉµÎ¥±,
¶µ²ÊÎ¥´´ÒÌ ¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨, µ¡² ¤ ¥É ´¨§±µ° ÉµÎ´µ¸ÉÓÕ ¨, ¥¸²¨ µ¶ÖÉÓ
§ ¡ÒÉÓ µ ¶µ£·¥Ï´µ¸ÉÖÌ, ¤ ¥É ·¥±µ·¤´µ ¡µ²ÓÏµ¥ ¶µ²µ¦¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö
βp ¨ ¤²Ö ¸Ê³³Ò αp +βp Å ¸³. ¶µ¸²¥¤´ÕÕ ¸É·µ±Ê É ¡². 3. ’ ±¨³ µ¡· §µ³, ¨§-
³¥·¥´¨Ö ¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨, ±µÉµ·Ò¥ µ¡² ¤ ÕÉ ·Ö¤µ³ ´¥µ¸¶µ·¨³ÒÌ ³¥Éµ-
¤¨Î¥¸±¨Ì ¶·¥¨³ÊÐ¥¸É¢, ¶µ±  ´¥ ³µ£ÊÉ ¸· ¢´¨ÉÓ¸Ö ¶µ ¤µ¸É¨£´ÊÉÒ³ ·¥§Ê²ÓÉ É ³
¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¸ ¨§³¥·¥´¨Ö³¨ ´  µ¡ÒÎ´µ³ Éµ·³µ§´µ³ ¶ÊÎ±¥.

„²Ö · ¡µÉ 90-Ì £µ¤µ¢ ¨³¥¥É¸Ö ¡²¨§±µ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨,
¶·¨¢¥¤¥´´Ò³¨ ¢ É ¡². 3, ¨ µ·¨£¨´ ²Ó´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¸ ³¨Ì  ¢Éµ·µ¢ (É ±¦¥
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’ ¡²¨Í  3. �µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¢ ¥¤¨´¨Í Ì 10−4 Ë³3, ´ °¤¥´´Ò¥ ¶µ ¤ ´´Ò³
µÉ¤¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨

�±¸¶¥·¨³¥´É (¸¸Ò²± ) n αp βp αp + βp χ2/Nf P , %

Oxl58 [49] 4 17, 0±8, 1 −6, 7±3, 7 10, 2±9, 2 4,2/2 12
Hym59 [50] 12 13, 9±5, 6 −4, 7±7, 2 9, 2±6, 1 0,6/10 100
Gol60 [23] 5 10, 1±7, 8 9, 0±5, 0 19, 1±10, 2 2,3/3 52
Fri67 [52] 16 14, 2±4, 0 5, 6±4, 2 19, 8±4, 3 2,4/14 100
Bar74 [24] 7 11, 4±1, 4 −4, 7±2, 5 6, 7±3, 3 8,0/5 15

Fed91 [1] 16 13, 7±3, 7 2, 1±3, 1 15, 9±4, 4 17,3/14 24
Hal93 [3] 12 9, 1±1, 7 3, 7±1, 5 12, 7±2, 0 5,9/10 82
Mac95 [4] 18 12, 2±1, 7 3, 3±1, 8 15, 5±3, 1 7,4/16 97

Ber61 [51] 2 11, 4±2, 9 2, 6±2, 9 Å 0,7/1 41
Zie92 [2] 2 10, 0±1, 4 4, 0±1, 4 Å 0,1/1 73

Mac95 (tagged) 8 18, 3±5, 7 13, 2±7, 2 31, 5±12, 3 2,2/6 90

�·¨³¥Î ´¨¥. n Å Î¨¸²µ ÉµÎ¥± ¢ · ¡µÉ¥ ¢ µ¡² ¸É¨ Ô´¥·£¨° ¤µ 150 ŒÔ‚. �µ£·¥Ï´µ¸É¨ ¢±²ÕÎ ÕÉ
¸É É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨. P Ä Ê·µ¢¥´Ó ¤µ¸Éµ¢¥·´µ¸É¨ ¶·¨ ´ °¤¥´-
´µ³ χ2. ‘Ê³³  αp +βp ´¥ Ë¨±¸¨·µ¢ ´  ¢ ¶¥·¢µ° Î ¸É¨ É ¡²¨ÍÒ. ‚ ¸²¥¤ÊÕÐ¥° Î ¸É¨ É ¡²¨ÍÒ
Ë¨É ¸¥Î¥´¨° ¨§ · ¡µÉ [2,51], ¨§³¥·¥´´ÒÌ ¶·¨ ¥¤¨´¸É¢¥´´µ³ Ê£²¥, ¤¥² ²¸Ö ¶·¨ ¤µ¶µ²´¨É¥²Ó´µ³
Ê¸²µ¢¨¨ (12). �µ¸²¥¤´ÖÖ ¸É·µ±  ¶·¥¤¸É ¢²Ö¥É ·¥§Ê²ÓÉ ÉÒ Ë¨É  ¶µ¤³´µ¦¥¸É¢  Ô±¸¶¥·¨³¥´É  [4]
¸ ³¥Î¥´Ò³¨ ËµÉµ´ ³¨.

´ °¤¥´´Ò³¨ ¤²Ö ¸²ÊÎ Ö ´¥Ë¨±¸¨·µ¢ ´´µ° ¸Ê³³Ò αp + βp), ±µÉµ·Ò¥ É ±¦¥
¨¸¶µ²Ó§µ¢ ²¨ ¤¨¸¶¥·¸¨µ´´ÊÕ É¥µ·¨Õ (¢ ¥¥ ¡µ²¥¥ · ´´¥° Ëµ·³¥ [36]) ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°. ˆ¸±²ÕÎ¥´¨¥³ Ö¢²Ö¥É¸Ö Éµ²Ó±µ · ¡µÉ  [1] Ä
¨§-§  Éµ£µ, ÎÉµ ¶¥·¢µ´ Î ²Ó´µ ¨§³¥·¥´´Ò¥ É ³ ¸¥Î¥´¨Ö ¡Ò²¨ ¶µ§¦¥ ¸±µ··¥±-
É¨·µ¢ ´Ò (¸³. · §¤. 2); ´ Ï ·¥§Ê²ÓÉ É µÎ¥´Ó ¡²¨§µ± ± ·¥§Ê²ÓÉ ÉÊ µ¡· ¡µÉ±¨
¨¸¶· ¢²¥´´ÒÌ ¤ ´´ÒÌ [1], ¶·¨¢¥¤¥´´µ³Ê ¢ [4]. � ¸Ìµ¦¤¥´¨¥ ¸ µ·¨£¨´ ²Ó-
´Ò³¨ ·¥§Ê²ÓÉ É ³¨ [3] £² ¢´Ò³ µ¡· §µ³ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ³Ò ¨¸¶µ²Ó§Ê¥³
Éµ²Ó±µ ³ ²ÊÕ Î ¸ÉÓ ¨Ì ¤ ´´ÒÌ, µÉ´µ¸ÖÐÊÕ¸Ö ± ¤µ¶µ·µ£µ¢Ò³ Ô´¥·£¨Ö³ ´¨¦¥
150 ŒÔ‚, Éµ£¤  ± ± ¢ [3] ¢ Ë¨É ¢±²ÕÎ ²¨¸Ó ¤ ´´Ò¥ ¶·¨ Ô´¥·£¨ÖÌ ¢¶²µÉÓ ¤µ
293 ŒÔ‚, £¤¥ ³µ¤¥²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¸É ´µ¢¨É¸Ö ¶·¥¤³¥Éµ³ µ¸µ¡ÒÌ § ¡µÉ.

Š ± Ê¦¥ ¶µ¤Î¥·±¨¢ ²µ¸Ó ¢ · §¤. 2, ¶µ£·¥Ï´µ¸É¨ ¸¥Î¥´¨° ¶·¨ ω > 100 ŒÔ‚
¨§ · ¡µÉÒ [4] µ¡² ¤ ÕÉ ¸¨²Ó´µ° ±µ··¥²ÖÍ¨¥°, ±µÉµ· Ö µ§´ Î ¥É ´ ²¨Î¨¥ ¤µ-
¶µ²´¨É¥²Ó´ÒÌ ¸¢Ö§¥° ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ ¨ É¥³ ¸ ³Ò³ ¨Ì ¡µ²¥¥ ¢Ò¸µ±ÊÕ ÉµÎ-
´µ¸ÉÓ ¶µ ¸· ¢´¥´¨Õ ¸ Éµ°, ±µÉµ· Ö ´ ¨¢´µ ¸²¥¤Ê¥É ¨§ É ¡². 2. �·Ö³µ²¨´¥°´µ¥
¨¸¶µ²Ó§µ¢ ´¨¥ ¢ (17) ¢³¥¸Éµ ¶· ¢¨²Ó´ÒÌ ²¨´¥°´ÒÌ ±µ³¡¨´ Í¨° ¸¥Î¥´¨° σ′

i,
Ê¶µ³Ö´ÊÉÒÌ ¢ · §¤. 4, ¸ ³¨Ì ¢¥²¨Î¨´ ¨§ É ¡². 2 ¶·¨¢¥²µ ¡Ò ± Ê¢¥²¨Î¥´¨Õ αp

´  +2,   βp ´  +3, ¶µ¤´Ö²µ ¡Ò ¸Ê³³Ê αp + βp ¤µ 21 ¨ Ê¢¥²¨Î¨²µ ¡Ò ¢¸¥
¶µ£·¥Ï´µ¸É¨ ¶·¨³¥·´µ ¢¤¢µ¥. ’ ±¨³ µ¡· §µ³, ÊÎ¥É ±µ··¥²ÖÍ¨° ¶·¥¤¸É ¢²Ö¥É
¢ ¦´Ò° Ô²¥³¥´É ¶·¨ ¨´É¥·¶·¥É Í¨¨ ¸¥Î¥´¨°, ¶µ²ÊÎ¥´´ÒÌ ¢ [4]. ‘²¥¤Ê¥É § -
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³¥É¨ÉÓ, ÎÉµ ´¨ ¢ µ¤´µ° ¤·Ê£µ° ¨§ · ¸¸³ É·¨¢ ¥³ÒÌ §¤¥¸Ó Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
· ¡µÉ ÊÎ¥É ±µ··¥²ÖÍ¨° ¸¥Î¥´¨° ´¥ ¶·µ¨§¢µ¤¨²¸Ö. Œµ¦´µ ¤Ê³ ÉÓ, ÎÉµ ¸¨²Ó´Ò¥
±µ··¥²ÖÍ¨¨ ¢ [4] Ö¢¨²¨¸Ó ·¥§Ê²ÓÉ Éµ³ · §¡¨¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ² 
´  ¸²¨Ï±µ³ ³ ²¥´Ó±¨¥ ÊÎ ¸É±¨, ±µÉµ·Ò¥ ¡Ò²¨ ³¥´ÓÏ¥ ·¥ ²Ó´µ£µ Ô´¥·£¥É¨Î¥-
¸±µ£µ · §·¥Ï¥´¨Ö Ê¸É ´µ¢±¨. �µ¸²¥¤´¥¥ ´¥ Ê± § ´µ Ö¢´µ ¢ ¶Ê¡²¨± Í¨¨ [4].

“Î¨ÉÒ¢ Ö · §¡·µ¸ ¨ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²Ö·¨§Ê¥³µ¸ÉÖÌ, ¶·¨¢¥¤¥´´ÒÌ ¢
É ¡². 3, ³Ò ¶·¨Ìµ¤¨³ ± ¢Ò¢µ¤Ê µ ¤µ¶Ê¸É¨³µ¸É¨ µ¡Ñ¥¤¨´¥´¨Ö ¤ ´´ÒÌ ¤²Ö £²µ-
¡ ²Ó´ÒÌ Ë¨Éµ¢ · ´´¨Ì, ¶µ§¤´¨Ì ¨²¨ ¢¸¥Ì · ¡µÉ.

5.2. �µ²Ö·¨§Ê¥³µ¸É¨, ¶µ²ÊÎ¥´´Ò¥ ¶µ ¢¸¥³ · ´´¨³ ¨ ¢¸¥³ ¶µ§¤´¨³ Ô±¸-
¶¥·¨³¥´É ³. �µ ¶·¨³¥´Ö¥³µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ³¥Éµ¤¨±¥ · ¡µÉÒ [1Ä4,23,
24,49Ä52] Î¥É±µ · ¸¶ ¤ ÕÉ¸Ö ´  · ´´¨¥ (50Ä70-¥ £µ¤Ò) ¨ ¶µ§¤´¨¥ (90-¥ £µ¤Ò).
‚ ¶Ê¡²¨± Í¨ÖÌ ¶µ¸²¥¤´¨Ì ²¥É ·¥§Ê²ÓÉ ÉÒ · ´´¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ´¥·¥¤±µ
¨£´µ·¨·ÊÕÉ¸Ö ¸µ ¸¸Ò²±µ° ´  ¨Ì Ö±µ¡Ò ´¨§±ÊÕ ¸¨¸É¥³ É¨Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ.
—Éµ¡Ò ±µ²¨Î¥¸É¢¥´´µ ¶·µ¢¥·¨ÉÓ · §Ê³´µ¸ÉÓ É ±µ£µ ¶·¥´¥¡·¥¦¥´¨Ö, ³Ò ¶·µ-
¢¥²¨ · §¤¥²Ó´Ò¥ Ë¨ÉÒ · ´´¨Ì [23,24,49Ä52] ¨ ¶µ§¤´¨Ì [1Ä4] Ô±¸¶¥·¨³¥´Éµ¢.
�¥§Ê²ÓÉ ÉÒ ¸¢¥¤¥´Ò ¢ É ¡². 4. ˆ§ ´¨Ì ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ · ´´¨¥ ¨ ¶µ§¤´¨¥
· ¡µÉÒ ¤ ÕÉ ¶·¨¡²¨§¨É¥²Ó´µ µ¤¨´ ±µ¢Ò¥ ¶µ²´Ò¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²Ö·¨§Ê¥-
³µ¸ÉÖÌ, µ¸µ¡¥´´µ ¤²Ö αp. �¥³´µ£µ ²ÊÎÏ Ö ÉµÎ´µ¸ÉÓ ¶µ§¤´¨Ì · ¡µÉ ¤µ¸É¨£ -
¥É¸Ö ¢ µ¸´µ¢´µ³ §  ¸Î¥É ¶·¨¸ÊÉ¸É¢¨Ö ¡µ²ÓÏ¥£µ Î¨¸²  ÉµÎ¥± ¢ µ¡² ¸É¨ Ô´¥·£¨°
¢ÒÏ¥ 100 ŒÔ‚, £¤¥ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ± ¶µ²Ö·¨§Ê¥³µ¸ÉÖ³ ¢ÒÏ¥ (´µ ¢ÒÏ¥ ¨
³µ¤¥²Ó´Ò¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨). ‘²¥¤µ¢ É¥²Ó´µ, ´¥É ¤µ¸É ÉµÎ´ÒÌ µ¸´µ¢ ´¨°
¨£´µ·¨·µ¢ ÉÓ · ´´¨¥ · ¡µÉÒ. �¡¥ £·Ê¶¶Ò (· ´´¨Ì ¨ ¶µ§¤´¨Ì) Ô±¸¶¥·¨³¥´Éµ¢
¤¥³µ´¸É·¨·ÊÕÉ Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ ¤¢ÊÌ¶ · ³¥É·¨Î¥¸±¨³ É¥µ·¥É¨Î¥¸±¨³ ¸¥-
Î¥´¨¥³ ¨ ¶µ± §Ò¢ ÕÉ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ ¸µ£² ¸¨¥ ³¥¦¤Ê ¨´¤¨¢¨¤Ê ²Ó´Ò³¨
· ¡µÉ ³¨ ¢ ± ¦¤µ° ¨§ £·Ê¶¶. � ´´¨¥ ¨ ¶µ§¤´¨¥ Ô±¸¶¥·¨³¥´ÉÒ ¢ Í¥²µ³ ¶·¨-
¢µ¤ÖÉ ± ¸µ£² ¸ÊÕÐ¨³¸Ö ·¥§Ê²ÓÉ É ³ ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ , ¨ ¨Ì µ¡Ñ-
¥¤¨´¥´¨¥ ¢ £²µ¡ ²Ó´µ³ Ë¨É¥ ´¥ Éµ²Ó±µ ¤µ¶Ê¸É¨³µ, ´µ ¨ Í¥²¥¸µµ¡· §´µ ¤²Ö
Ê³¥´ÓÏ¥´¨Ö ¶µ²´µ° µÏ¨¡±¨.

5.3. �µ²Ö·¨§Ê¥³µ¸É¨, ¶µ²ÊÎ¥´´Ò¥ ¶·¨ µ¡Ñ¥¤¨´¥´¨¨ ¢¸¥Ì Ô±¸¶¥·¨³¥´-
Éµ¢. �¥§Ê²ÓÉ ÉÒ £²µ¡ ²Ó´ÒÌ Ë¨Éµ¢ ¢¸¥Ì ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ ¶·¨ Ô´¥·£¨ÖÌ
ËµÉµ´  ¤µ 150 ŒÔ‚ ± ± ¸µ ¸¢µ¡µ¤´Ò³ §´ Î¥´¨¥³ αp +βp (Ë¨É ( )), É ± ¨ ¶·¨
µ£· ´¨Î¥´¨¨ (12) (Ë¨É (¡)) ¶·¨¢¥¤¥´Ò ¢ É ¡². 4. ‚ Ë¨É¥ ( ) ´ °¤¥´´ Ö ¸Ê³³ 
¶µ²Ö·¨§Ê¥³µ¸É¥° Ê¤¨¢¨É¥²Ó´µ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¥¤¸± § ´¨¥³ �C (11).
‘²¥¤¸É¢¨¥³ É ±µ£µ ¸µ£² ¸¨Ö Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¶µ²Ö·¨§Ê¥³µ¸É¨, ´ °¤¥´´Ò¥ ¢
Ë¨É¥ (¡), ¶µÎÉ¨ ´¥ µÉ²¨Î ÕÉ¸Ö µÉ ¶µ²Ö·¨§Ê¥³µ¸É¥°, ´ °¤¥´´ÒÌ ¢ Ë¨É¥ ( ).

‘Éµ¨É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ ¤µ¸É¨£´ÊÉµ³ Ê·µ¢´¥ ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¶µ-
£·¥Ï´µ¸É¨ ¢ ¶µ²Ö·¨§Ê¥³µ¸ÉÖÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ Ë¨É¥ (¡), ¢ §´ Î¨É¥²Ó´µ° ¸É¥-
¶¥´¨ µ¶·¥¤¥²Ö¥É¸Ö ´¥ ¶µ£·¥Ï´µ¸ÉÖ³¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ ¸¥Î¥´¨ÖÌ “�” ´  ¶·µÉµ´¥,   ¶µ£·¥Ï´µ¸ÉÓÕ ¢ É¥µ·¥É¨Î¥¸±µ³ §´ Î¥´¨¨
(12). �µÔÉµ³Ê ³µ¦¥É ¶µ± § ÉÓ¸Ö, ÎÉµ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ (Ë¨É ( )) ´¥ Ê²ÊÎÏ ÕÉ
§´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°, ´ °¤¥´´Ò¥ ¢ ®£²µ¡ ²Ó´µ³¯ Ë¨É¥ É·¥Ì · ¡µÉ 90-Ì
£µ¤µ¢ [4] ¨ ¢µÏ¥¤Ï¨e ¢ ±µ³¶¨²ÖÍ¨Õ ®Particle Data Group¯ [69] (¸³. É ¡². 4).
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‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ®£²µ¡ ²Ó´Ò°¯ Ë¨É ¢ [4] ¡Ò² ¸¤¥² ´ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
É¥µ·¥É¨Î¥¸±µ£µ µ£· ´¨Î¥´¨Ö (αp + βp)É¥µ· = 14,2 ± 0,5, ¨ ¶µ£·¥Ï´µ¸É¨ ¢
¶µ²ÊÎ¥´´ÒÌ ¸·¥¤´¨Ì §´ Î¥´¨ÖÌ αÔ±¸¶

p ¨ βÔ±¸¶
p µ¶·¥¤¥²ÖÕÉ¸Ö ¢ µ¸´µ¢´µ³ ¶µ-

£·¥Ï´µ¸ÉÓÕ ±0,5,   ÔÉµ ³µ¦¥É ¸µ§¤ ÉÓ § ¢ÒÏ¥´´µ¥ ¢¶¥Î É²¥´¨¥ µ¡ Ê·µ¢´¥
¶µ£·¥Ï´µ¸É¥° ¢ ¸ ³¨Ì Ô±¸¶¥·¨³¥´É Ì. �µ²Ó · ´´¨Ì ¤ ´´ÒÌ Ö¸´µ ¢¨¤´  ¨§ ´ -
Ï¥£µ £²µ¡ ²Ó´µ£µ Ë¨É  (¡), ¶µ£·¥Ï´µ¸É¨ ¢ ±µÉµ·µ³ ³¥´ÓÏ¥ É¥Ì, ÎÉµ ¶µ²ÊÎ¥´Ò
¢ [4] (¸³. É ±¦¥ ·¨¸. 1).

’ ¡²¨Í  4. �µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¢ ¥¤¨´¨Í Ì 10−4 Ë³3, ´ °¤¥´´Ò¥ ¶µ · ´´¨³
(50Ä70-¥ ££.), ´µ¢Ò³ (90-¥ ££.) ¨ ¢¸¥³ Ô±¸¶¥·¨³¥´É ³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤¨¸¶¥·¸¨µ´-
´µ° É¥µ·¨¨

�±¸¶¥·¨³¥´É n αp βp αp + βp αp − βp χ2/Nf

( ) αp + βp ´¥ Ë¨±¸¨·µ¢ ´µ

50Ä70-¥ ££. 46 12,8 ± 1,1 −0,3 ± 1,6 12,5 ± 2,2 13,0 ± 1,7 33,1/44
90-¥ ££. 48 10,8 ± 1,0 3,2 ± 1,0 14,0 ± 1,6 7,7 ± 1,2 33,7/46

‚¸¥ Ô±¸¶¥·.∗) 94 11,7 ± 0,8 2,3 ± 0,9 14,0 ± 1,3 9,5 ± 1,0 73,1/92

(¡) (αp + βp)É¥µ· = 14,0 ± 0,5

50Ä70-¥ ££. 46 13,3 ± 0,8 0,6 ± 0,9 Ä 12,7 ± 1,6 33,6/45
90-¥ ££. 48 10,8 ± 0,7 3,2 ± 0,7 Ä 7,7 ± 1,2 33,7/47

‚¸¥ Ô±¸¶¥·. 94 11,7 ± 0,5 2,3 ± 0,6 Ä 9,5 ± 1,0 73,1/93

(¢) (αp + βp)É¥µ· = 14,2 ± 0,5

PDG98 36 12,1 ± 0,8 2,1 ± 0,8 Ä 10,0 ± 1,5

∗�É¨ §´ Î¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ ·¥±µ³¥´¤µ¢ ´Ò ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö PDG. “± § ´´Ò¥ ¶µ£·¥Ï´µ-
¸É¨ ¢±²ÕÎ ÕÉ ¸É É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨. n Å Î¨¸²µ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ÉµÎ¥±. �É¤¥²Ó´µ ¶µ± § ´ Ë¨É (¡) ¸ Ë¨±¸¨·µ¢ ´´µ° ¸Ê³³µ° αp + βp, Ê·-¥ (11),  
É ±¦¥ Ë¨É (¢) Å ®£²µ¡ ²Ó´µ¥ ¸·¥¤´¥¥¯ ¶µ · ¡µÉ ³ [1, 2, 4], ¶µ²ÊÎ¥´´µ¥ ¢ [4] ¶·¨ Ê¸²µ¢¨¨

αp + βp = 14,2 ± 0,5 ¨ ¢±²ÕÎ¥´´µ¥ ¢ ¶µ¸²¥¤´¥¥ ¨§¤ ´¨¥ ®Particle Data Group¯ [69].

“¤µ¢²¥É¢µ·¨É¥²Ó´ Ö ¢¥²¨Î¨´  χ2/Nf ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¢ Í¥²µ³ µ ¸µ¢³¥¸É-
´µ¸É¨ ³ ¸¸¨¢  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¸ É¥µ·¥É¨Î¥¸±¨³ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò³ ¸¥Î¥´¨¥³. �¤´ ±µ ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¨ ¨´¤¨¢¨¤Ê ²Ó´Ò¥ ¢±² ¤Ò χ2

j

¢ ¸Ê³³ ·´ÊÕ ¢¥²¨Î¨´Ê χ2 µÉ ¸¥Î¥´¨° ¨§ µÉ¤¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢, ±µÉµ-
·Ò¥ ¶µ§¢µ²ÖÕÉ ±µ²¨Î¥¸É¢¥´´µ ¸Ê¤¨ÉÓ µ ¸µ¢³¥¸É´µ¸É¨ ·¥§Ê²ÓÉ Éµ¢ · §´ÒÌ Ô±¸-
¶¥·¨³¥´Éµ¢ ¤·Ê£ ¸ ¤·Ê£µ³. Š ± ¨ ¸²¥¤µ¢ ²µ µ¦¨¤ ÉÓ, ´ ¨¡µ²ÓÏ¨° ¢±² ¤ ¢
χ2/Nf ¤ ÕÉ ¸¥Î¥´¨Ö ¨§ · ¡µÉ [24, 49] (¢ [24] Å Ë ±É¨Î¥¸±¨ Éµ²Ó±µ ÉµÎ±¨
¶·¨ θ = 150◦), ±µÉµ·Ò¥ ¶·¨ ´¥§ ¢¨¸¨³ÒÌ Ë¨É Ì ¶·¨¢µ¤ÖÉ ± µÉ·¨Í É¥²Ó´Ò³
βp. ‚¥·µÖÉ´µ¸É¨ Î¨¸Éµ ¸É É¨¸É¨Î¥¸±µ£µ ¶·µ¨¸Ìµ¦¤¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ χ2

j ¸µ-
¸É ¢²ÖÕÉ ¤²Ö [49] ¨ [24] (θ = 150◦), ¸µµÉ¢¥É¸É¢¥´´µ, 4 ¨ 1 %, ÎÉµ ³µ¦¥É ¸Î¨-
É ÉÓ¸Ö ¤µ¶Ê¸É¨³Ò³ ¶·¨ ³Ö£±µ³ ±·¨É¥·¨¨ ¡· ±µ¢±¨. ‚±² ¤Ò µ¸É ²Ó´ÒÌ · ¡µÉ ¢
χ2/Nf § ³¥É´µ ³¥´ÓÏ¥, ¨  ´ ²µ£¨Î´Ò¥ ¢¥·µÖÉ´µ¸É¨ ¸µ¸É ¢²ÖÕÉ 33 % ¨ ¡µ²¥¥.
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�µ·³¨·µ¢µÎ´Ò¥ ³´µ¦¨É¥²¨ kj (Ê· ¢´¥´¨¥ (19)), ±µ··¥±É¨·ÊÕÐ¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö, ¤²Ö ¡µ²ÓÏ¨´¸É¢  · ¡µÉ ¡²¨§±¨ ± ¥¤¨´¨Í¥ ¨ ´ Ìµ¤ÖÉ¸Ö
¢ ¶·¥¤¥² Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨¸É¥³ É¨Î¥¸±¨Ì ´¥µ¶·¥¤¥²¥´´µ¸É¥°. � ¨¡µ²Ó-
Ï Ö ±µ··¥±Í¨Ö ¸¥Î¥´¨° ¶·µ¨¸Ìµ¤¨É ¤²Ö · ¡µÉ [49] ¨ [24] (θ = 150◦), ¤²Ö
±µÉµ·ÒÌ kj = 1, 08 ¨ 1,10 ¸µµÉ¢¥É¸É¢¥´´µ. ˆ³¥´´µ É ± Ö ¡µ²ÓÏ Ö ±µ··¥±Í¨Ö
µÉ¢¥Î ¥É Ê± § ´´µ³Ê ¢ÒÏ¥ Ê·µ¢´Õ ¸µ£² ¸¨Ö ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¸ £²µ¡ ²Ó´Ò³
Ë¨Éµ³ ´  Ê·µ¢´¥ 4 ¨ 1 %.

’ ¡²¨Í  5. Œµ¤¥²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¶·¨ ¨§¢²¥Î¥´¨¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¸ ¶µ-
³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨

ˆ§³¥´¥´¨¥ δαp δβp δ(αp + βp) δ(αp − βp)

SAID → HDT −0,44 −0,08 −0,51 −0,36
(−0,19) (+0,03) (−0,16) (−0,22)

M1+ → +2% +0,18 −0,11 +0,06 +0,29
(+0,07) (−0,04) (+0,03) (+0,11)

�É¸ÊÉ¸É¢¨¥ +0,00 −0,09 −0,09 +0,09
¤¢µ°´µ£µ ËµÉµ·µ¦¤¥´¨Ö (+0,00) (−0,02) (−0,02) (+0,02)

M1 = 500 ŒÔ‚ → 700 ŒÔ‚ −0,35 +0,53 +0,19 −0,88
(−0,20) (+0,24) (+0,04) (−0,44)

|gπNN Fπγγ | → +4% −0,14 +0,10 −0,04 −0,24
(−0,09) (+0,07) (−0,02) (−0,16)

γ
(non−π0)
π = 5,5 → 7,3 +0,40 −0,45 −0,05 +0,84

(+0,18) (−0,15) (+0,03) (+0,32)

OÍ¥´¨¢ ¥³ Ö ³µ¤¥²Ó´ Ö 0,72 0,72 0,56 1,33
´¥µ¶·¥¤¥²¥´´µ¸ÉÓ (0,34) (0,29) (0,17) (0,62)

�·¨³¥Î ´¨¥. �µ± § ´Ò ¨§³¥´¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° (¢ ¥¤. 10−4 Ë³3) ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ · §-
´ÒÌ  ³¶²¨ÉÊ¤ ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ ¢¡²¨§¨ ¶µ·µ£  (SAID ¨ HDT), ¶·¨ Ê¢¥²¨Î¥´¨¨ ·¥§µ-
´ ´¸´µ°  ³¶²¨ÉÊ¤Ò ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ M1+, ¶·¨ ´¥ÊÎ¥É¥ ¤¢µ°´µ£µ ËµÉµ·µ¦¤¥´¨Ö ¢ ¤¨¸-

¶¥·¸¨µ´´ÒÌ ¨´É¥£· ² Ì, ¶·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ M1, gπNNFπγγ ¨ γ
(non−π0)
π (¸³. ¶. 3.2).

�·¨¢¥¤¥´´ Ö ¢ ±µ´Í¥ É ¡²¨ÍÒ ¶µ²´ Ö ³µ¤¥²Ó´ Ö ´¥¶·¥¤¥²¥´´µ¸ÉÓ ¶µ²ÊÎ¥´  ±¢ ¤· É¨Î´Ò³ ¸²µ-
¦¥´¨¥³ Ê± § ´´ÒÌ ¢ÒÏ¥ ¨§³¥´¥´¨°. �É¤¥²Ó´µ ¤ ´Ò ´¥¶·¥¤¥²¥´´µ¸É¨ ¶·¨ Ë¨É¨·µ¢ ´¨¨ ¢¸¥Ì
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ¨ (¢ ¸±µ¡± Ì) Ä ¶·¨ Ë¨É¨·µ¢ ´¨¨ Éµ²Ó±µ ÉµÎ¥± ´¨¦¥ 100 ŒÔ‚.

5.4. Œµ¤¥²Ó´ Ö § ¢¨¸¨³µ¸ÉÓ ¨ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò¥ µ¶·¥¤¥²¥´¨Ö.
‚ ¦´µ° Ì · ±É¥·¨¸É¨±µ° ¨§¢²¥± ¥³ÒÌ §´ Î¥´¨° αÔ±¸¶

p ¨ βÔ±¸¶
p Ö¢²ÖÕÉ¸Ö É¥-

µ·¥É¨Î¥¸±¨¥ (³µ¤¥²Ó´Ò¥) ´¥µ¶·¥¤¥²¥´´µ¸É¨, ¢µ§´¨± ÕÐ¨¥ ¶·¨ · ¸Î¥É¥ ¤¨¸-
¶¥·¸¨µ´´µ£µ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö. ‚ É ¡². 5 ¶·¨¢¥¤¥´Ò ¨§³¥´¥´¨Ö
¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·¨ ¢ ·Ó¨·µ¢ ´¨¨ ±µ³¶µ´¥´É ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨, µ¡-
¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ ¶. 3.2. ˆÌ ±¢ ¤· É¨Î´µ¥ ¸²µ¦¥´¨¥ ¤ ¥É µÍ¥´±Ê ³µ¤¥²Ó´µ°
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´¥µ¶·¥¤¥²¥´´µ¸É¨. � ¨¡µ²ÓÏ¨° ¢±² ¤ ¢ ´¥¥ ¤ ÕÉ Ë ±Éµ·Ò, ¸¢Ö§ ´´Ò¥ ¸ t-
§ ¢¨¸¨³µ¸ÉÓÕ  ³¶²¨ÉÊ¤Ò A1 (®³ ¸¸ ¯ σ-³¥§µ´  M1), ¸ Ëµ´µ³  ³¶²¨ÉÊ¤Ò ‹µÊ

(¶ · ³¥É· a2 ¨²¨ γ
(non−π0)
π ),   É ±¦¥ ¸  ³¶²¨ÉÊ¤ ³¨ ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ ¢

µ¡² ¸É¨ Ô´¥·£¨° ´¨¦¥ ∆-·¥§µ´ ´¸ .
�·¨ Ë¨É¨·µ¢ ´¨¨ ¢¸¥Ì ¤ ´´ÒÌ ¤µ 150 ŒÔ‚ µ¡Ð Ö ³µ¤¥²Ó´ Ö ´¥µ¶·¥¤¥-

²¥´´µ¸ÉÓ ¢ αp ¨ βp ¸µ¸É ¢²Ö¥É ±0,7 ¨ µ± §Ò¢ ¥É¸Ö ²¨ÏÓ ´¥³´µ£¨³ ³¥´ÓÏ¥,
Î¥³ Î¨¸Éµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï´µ¸É¨, ¢Ò§¢ ´´Ò¥ ¶µ£·¥Ï´µ¸ÉÖ³¨ ¨§³¥-
·¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö “�”. Œµ¤¥²Ó´ Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¸´¨-
¦ ¥É¸Ö ¡µ²¥¥ Î¥³ ¢ ¤¢  · §  ¢ ¸²ÊÎ ¥, ±µ£¤  Ë¨É¨·µ¢ ´¨¥ µ£· ´¨Î¨¢ ¥É¸Ö µ¡² -
¸ÉÓÕ Ô´¥·£¨° 100 ŒÔ‚. �¤´ ±µ ¶·¨ É ±¨Ì Ô´¥·£¨ÖÌ ¶ ¤ ¥É ¨ ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ± ¶µ²Ö·¨§Ê¥³µ¸ÉÖ³, É ± ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¸É É¨¸É¨Î¥¸±¨¥ ¨ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¶µ£·¥Ï´µ¸É¨ ¢ ¶µ²Ö·¨§Ê¥³µ¸ÉÖÌ Ê¢¥²¨Î¨-
¢ ÕÉ¸Ö ¶µÎÉ¨ ¢¤¢µ¥ (¸³. É ¡². 6).

’ ¡²¨Í  6. Œµ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò¥ Ë¨ÉÒ ¶µ²Ö·¨§Ê¥³µ¸É¥° (¢ ¥¤. 10−4 Ë³3) ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ LEX ¨ ELEX ¸ ´¥µ¶·¥¤¥²¥´´µ° ËÊ´±Í¨¥° A(θ)). ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥
Ë¨É¨·ÊÕÉ¸Ö ¤ ´´Ò¥ ¶·¨ µ¤´µ³ Ê£²¥ ¨ Ë¨±¸¨·µ¢ ´´µ° ¸Ê³³¥ ¶µ²Ö·¨§Ê¥³µ¸É¥°. „²Ö
¸· ¢´¥´¨Ö ¶µ± § ´Ò ·¥§Ê²ÓÉ ÉÒ Ë¨É  É¥Ì ¦¥ ÉµÎ¥± ¸ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¥° (¡¥§
ÊÎ¥É  ³µ¤¥²Ó´ÒÌ ´¥µ¶·¥¤¥²¥´´µ¸É¥°)

’¨¶ Ë¨É  n αp βp αp + βp αp − βp

ω < 100 ŒÔ‚
LEX 53 11,8 ± 1,1 1,1 ± 1,4 12,8 ± 2,0 10,7 ± 1,6
DR 11,9 ± 1,3 1,0 ± 1,6 12,9 ± 2,2 10,9 ± 1,9

ω < 150 ŒÔ‚ (αp + βp) = 14,0 ± 0,5

ELEX(θ = 90◦) 28 11,3 ± 2,2 2,7 ± 2,2 Å 8,5 ± 4,4

DR(θ = 90◦) 11,7 ± 1,0 2,3 ± 1,1 Å 9,4 ± 2,0

ELEX(θ = 135◦) 28 12,0 ± 1,8 2,0 ± 1,8 Å 10,0 ± 3,5
DR(θ = 135◦) 11,1 ± 0,7 2,9 ± 0,7 Å 8,2 ± 1,3

ELEX(θ = 150◦) 6 14,4 ± 2,7 −0,4 ± 2,7 Å 14,7 ± 5,4
DR(θ = 150◦) 14,6 ± 1,1 −0,6 ± 1,1 Å 15,2 ± 2,1

�¥§ ¢¨¸¨³Ò° ±µ´É·µ²Ó Ë¨Éµ¢, ¨¸¶µ²Ó§ÊÕÐ¨Ì ¤¨¸¶¥·¸¨µ´´ÊÕ É¥µ·¨Õ,
³µ¦¥É ¡ÒÉÓ ¸¤¥² ´ ¸ ¶µ³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³ÒÌ · §²µ¦¥´¨° LEX ¨
ELEX, µ¶¨¸ ´´ÒÌ ¢ ¶. 3.1. � §²µ¦¥´¨¥ LEX ´¥¶·¨³¥´¨³µ ¶·¨ Ô´¥·£¨ÖÌ,
¶·¨¡²¨¦ ÕÐ¨Ì¸Ö ± ¶¨µ´´µ³Ê ¶µ·µ£Ê, ¶µÔÉµ³Ê ¢ Ë¨É¥ ¸ ¶µ³µÐÓÕ LEX ³Ò
µ£· ´¨Î¨¢ ¥³¸Ö ÉµÎ± ³¨ ¸ ω < 100 ŒÔ‚. �·¨ É ±¨Ì Ô´¥·£¨ÖÌ Ë¨É ¸ LEX ¨
Ë¨É ¸ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¥° (DR) ¤ ¥É ¶µÎÉ¨ ¨¤¥´É¨Î´Ò° ·¥§Ê²ÓÉ É (É ¡². 6).
…¸²¨ ¡Ò ³Ò ¢±²ÕÎ¨²¨ ¢ Ë¨É LEX ¢¸¥ ÉµÎ±¨ ¤µ Ô´¥·£¨¨ 150 ŒÔ‚, ·¥§Ê²ÓÉ ÉÒ
¶µ²ÊÎ¨²¨¸Ó ¡Ò µÉ²¨Î´Ò³¨ µÉ Ë¨É  DR. ‚ Î ¸É´µ¸É¨, Ô²¥±É·¨Î¥¸± Ö ¶µ²Ö·¨-
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§Ê¥³µ¸ÉÓ ¶µ²ÊÎ¨² ¸Ó ¡Ò · ¢´µ° 9,4±0,5 ¢³¥¸Éµ §´ Î¥´¨Ö 11,7±0,8, ¶µ²ÊÎ ¥-
³µ£µ ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨. ’ ±µ¥ µÉ²¨Î¨¥ ¨²²Õ¸É·¨·Ê¥É ¸É¥¶¥´Ó
¢ ¦´µ¸É¨ ÊÎ¥É  ¢Ò¸Ï¨Ì ¶µ¶· ¢µ± ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ³ · §²µ¦¥´¨¨ (1)∗.

‚ Ë¨É¥ ¸ ¶µ³µÐÓÕ ELEX, ¢ ±µÉµ·µ³ £² ¢´Ò¥ ¶µ¶· ¢±¨ ¸²¥¤ÊÕÐ¥£µ ¶µ-
·Ö¤±  ¶µ Ô´¥·£¨¨ ¢±²ÕÎ¥´Ò ¢ Î²¥´Ò ∆1 ¨ ∆2, ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö ÉµÎ¥±
¢¶²µÉÓ ¤µ Ô´¥·£¨¨ 150 ŒÔ‚ ¶µ²ÊÎ ÕÉ¸Ö ¤µ¢µ²Ó´µ ¡²¨§±¨³¨ ± §´ Î¥´¨Ö³, ´ °-
¤¥´´Ò³ ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨. �¤´ ±µ ´ ²¨Î¨¥ ¤µ¶µ²´¨É¥²Ó´ÒÌ
Ë¨É¨·Ê¥³ÒÌ ¶ · ³¥É·µ¢ (´¥¨§¢¥¸É´µ° ËÊ´±Í¨¨ A(θ)) ¶·¨¢µ¤¨É ± ¸´¨¦¥´¨Õ
ÉµÎ´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°. �¡¥ ÔÉ¨ Î¥·ÉÒ ¨²²Õ¸É·¨·ÊÕÉ ·¥§Ê²Ó-
É ÉÒ, ¶µ³¥Ð¥´´Ò¥ ¢ É ¡². 6, £¤¥ ¶µ± § ´Ò §´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°, ´ °¤¥´-
´Ò¥ ¨§ ¤¢ÊÌ¶ · ³¥É·¨Î¥¸±¨Ì Ë¨Éµ¢ ¢¥²¨Î¨´ αp ¨ A(θ) ¶·¨ Ë¨±¸¨·µ¢ ´´µ³
Ê£²¥ θ ¨ ¶·¨ ´ ²µ¦¥´´µ³ µ£· ´¨Î¥´¨¨ ´  ¸Ê³³Ê ¶µ²Ö·¨§Ê¥³µ¸É¥° (12). “£²Ò
90◦, 135◦ ¨ 150◦ ¢Ò¡· ´Ò ¶µÉµ³Ê, ÎÉµ ¶·¨ ÔÉ¨Ì Ê£² Ì ¨³¥ÕÉ¸Ö ¤ ´´Ò¥ ± ± ¶·¨
µÎ¥´Ó ´¨§±¨Ì Ô´¥·£¨ÖÌ, É ± ¨ ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ 100 ŒÔ‚, ÎÉµ ´¥µ¡Ìµ¤¨³µ
¤²Ö  ´ ²¨§  Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö.

‘·¥¤´¥¥ ¶µ ·¥§Ê²ÓÉ É ³ ¶·¨ É·¥Ì Ê£² Ì ¤ ¥É §´ Î¥´¨¥ αp = 12,3 ± 1,2
(ELEX), ±µÉµ·µ¥ ³µ¦´µ ¸· ¢´¨ÉÓ ¸ ¢¥²¨Î¨´µ° 12,0 ± 0,6 (DR), ¶µ²ÊÎ¥´´µ°
Ë¨É¨·µ¢ ´¨¥³ É¥Ì ¦¥ 62 ÉµÎ¥± ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´µ° É¥µ·¨¨ ¨ Éµ£µ ¦¥
µ£· ´¨Î¥´¨Ö (12). …¸É¥¸É¢¥´´µ, ÎÉµ ¶µ£·¥Ï´µ¸É¨ ¢ µ¤´µ¶ · ³¥É·¨Î¥¸±µ³
Ë¨É¥ (DR) ³¥´ÓÏ¥, Î¥³ ¢ Ë¨É¥ ELEX ¸ 4 ¶ · ³¥É· ³¨ (αp, A(90◦), A(135◦)
¨ A(150◦)). �¤´ ±µ ¸µ£² ¸¨¥ ¶µ²ÊÎ ¥³ÒÌ ¸·¥¤´¨Ì §´ Î¥´¨° ¶µ¤É¢¥·¦¤ ¥É
¶µ²ÊÎ¥´´ÊÕ ¢ÒÏ¥ µÍ¥´±Ê, ÎÉµ É¥µ·¥É¨Î¥¸±¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¶µ²Ö·¨§Ê¥-
³µ¸ÉÖÌ, ´ °¤¥´´ÒÌ ¸ ¶µ³µÐÓÕ ¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨, ´¥ ¶·¥¢ÒÏ ÕÉ ±0,7.

6. ‡�Š‹�—…�ˆ…

�·µ¢¥¤¥´´Ò°  ´ ²¨§ ¢¸¥Ì ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ
¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ “�” ¶·¨ Ô´¥·£¨ÖÌ ¤µ 150 ŒÔ‚ ¶·¨¢¥² ± ´ ¨-
¡µ²¥¥ ¶µ²´µ³Ê ¨ ÉµÎ´µ³Ê ´  ¸¥£µ¤´ÖÏ´¨° ¤¥´Ó µ¶·¥¤¥²¥´¨Õ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ §´ Î¥´¨° Ô²¥±É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´ . � §-
¤¥²Ó´Ò°  ´ ²¨§ · ´´¨Ì ¨ ¶µ§¤´¨Ì Ô±¸¶¥·¨³¥´Éµ¢, ¸¤¥² ´´Ò° ¸ ÊÎ¥Éµ³ ¨¸-
¶· ¢²¥´¨°, ¢´¥¸¥´´ÒÌ ¸ ³¨³¨  ¢Éµ· ³¨ µ·¨£¨´ ²Ó´ÒÌ · ¡µÉ, ¶µ± § ², ÎÉµ
¨Ì ·¥§Ê²ÓÉ ÉÒ ¸µ¢³¥¸É´Ò ± ± ¶µ ¸¥Î¥´¨Ö³, É ± ¨ ¶µ ¶µ²ÊÎ ¥³Ò³ ¶µ²Ö·¨-
§Ê¥³µ¸ÉÖ³. � ´´¨¥ ¨ ¶µ§¤´¨¥ · ¡µÉÒ ¤ ÕÉ ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò¥ ±µ´¥Î´Ò¥
¶µ£·¥Ï´µ¸É¨ ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°, ¨ ¨Ì µ¡Ñ¥¤¨´¥´¨¥ ¶·¨¢µ¤¨É ± § ³¥É´µ³Ê
¸´¨¦¥´¨Õ ·¥§Ê²ÓÉ¨·ÊÕÐ¨Ì ¶µ£·¥Ï´µ¸É¥°. � ¨¡µ²¥¥ ¤µ¸Éµ¢¥·´Ò¥ §´ Î¥´¨Ö

∗�¥±µÉµ·µ¥ Ê¢¥²¨Î¥´¨¥ ¶µ£·¥Ï´µ¸É¥° ¢ Ë¨É¥ É¨¶  DR ¶·µ¨¸Ìµ¤¨É ¨§-§  Éµ£µ, ÎÉµ ¢ · ³± Ì
¤¨¸¶¥·¸¨µ´´µ° É¥µ·¨¨ § ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö µÉ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ´µ-
¸¨É ´¥ ²¨´¥°´Ò°,   ±¢ ¤· É¨Î´Ò° Ì · ±É¥·, ÎÉµ Ê³¥´ÓÏ ¥É ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö ± ¶µ²Ö·¨§Ê¥³µ¸ÉÖ³ ¶·µÉµ´ .
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¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  · ¢´Ò

αÔ±¸¶
p = 11,7 ± 0,8 (¸É É.+¸¨¸É.) ± 0,7 (É¥µ·.), (21)

βÔ±¸¶
p = 2,3 ± 0,9 (¸É É.+¸¨¸É.) ± 0,7 (É¥µ·.). (22)

‚ µÉ²¨Î¨¥ µÉ ®£²µ¡ ²Ó´ÒÌ¯ §´ Î¥´¨° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¨§ [4], ¢µÏ¥¤Ï¨Ì ¢
±µ³¶¨²ÖÍ¨Õ PDG [69], Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö (21) µ¶·¥¤¥²¥´Ò ¡¥§
¨¸¶µ²Ó§µ¢ ´¨Ö É¥µ·¥É¨Î¥¸±µ° ¢¥²¨Î¨´Ò (αp + βp)É¥µ·, ¶·¥¤¸± §Ò¢ ¥³µ° �‘
(11). ‘²¥¤ÊÕÐ Ö ¨§ (21) ¨ (22) ¸Ê³³  ¶µ²Ö·¨§Ê¥³µ¸É¥°

αÔ±¸¶
p + βÔ±¸¶

p = 14,0 ± 1,3 (¸É É.+¸¨¸É.) ± 0,6 (É¥µ·.) (23)

Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ É¥µ·¥É¨Î¥¸±¨³ §´ Î¥´¨¥³ (12) ¨ Ê± §Ò¢ ¥É ¢ ¶·¥¤¥² Ì
¶µ£·¥Ï´µ¸É¥° ´  ´Ê²¥¢ÊÕ  ¤¤¨É¨¢´ÊÕ ±µ´¸É ´ÉÊ ¢ ¶· ¢¨²¥ ¸Ê³³ (¸³. ¸´µ¸±Ê
´  ¸.231). �¤´ ±µ µÉ³¥É¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¶µ£·¥Ï-
´µ¸É¨ ¢ (21), (22) ¨ (23) ¢¸¥ ¥Ð¥ ´¥ ³ ²Ò. �Éµ ¶·¥¦¤¥ ¢¸¥£µ µÉ´µ¸¨É¸Ö ±
§´ Î¥´¨Ö³ βÔ±¸¶

p ¨ αÔ±¸¶
p + βÔ±¸¶

p .
�² ´¨·µ¢ ´¨¥ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° “�” ´  ¶·µÉµ´¥

¢ ¤µ¶µ·µ£µ¢µ° µ¡² ¸É¨ ¤µ²¦´µ ¨¸Ìµ¤¨ÉÓ ¨§ Ê¦¥ ¤µ¸É¨£´ÊÉµ£µ Ê·µ¢´Ö ÉµÎ´µ¸É¨
¨§³¥·¥´¨°. —Éµ¡Ò ¸ÊÐ¥¸É¢¥´´µ Ê³¥´ÓÏ¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶µ£·¥Ï´µ¸É¨
¢ §´ Î¥´¨ÖÌ αÔ±¸¶

p ¨ βÔ±¸¶
p , ´¥µ¡Ìµ¤¨³µ ¶µ¢Ò¸¨ÉÓ ¸É É¨¸É¨Î¥¸±ÊÕ ¨ ¸¨¸É¥³ É¨-

Î¥¸±ÊÕ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¤µ 1Ä2 %. “³¥´ÓÏ¥-
´¨¥ É¥µ·¥É¨Î¥¸±µ° (³µ¤¥²Ó´µ°) ¶µ£·¥Ï´µ¸É¨ ¢ §´ Î¥´¨ÖÌ αÔ±¸¶

p ¨ βÔ±¸¶
p ³µ¦¥É

¡ÒÉÓ ¤µ¸É¨£´ÊÉµ, ¥¸²¨ É ±¨¥ ¨§³¥·¥´¨Ö ¶·µ¢µ¤¨ÉÓ ¢ ¨´É¥·¢ ²¥ ω � 100 ŒÔ‚,
£¤¥ ¢ ± Î¥¸É¢¥ Ë¨É¨·ÊÕÐ¥£µ ¸¥Î¥´¨Ö ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ LEX ¨²¨ ELEX. „²Ö
¸´¨¦¥´¨Ö ¶µ£·¥Ï´µ¸É¨ ¢ §´ Î¥´¨¨ βÔ±¸¶

p ¢ ¦´µ ¶·µ¢¥¸É¨ ÉµÎ´Ò¥ ¨§³¥·¥´¨Ö
Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¶·¨ · §´ÒÌ Ô´¥·£¨ÖÌ. �·µ-
¥±ÉÒ É ±¨Ì ¨§³¥·¥´¨° ¸ÊÐ¥¸É¢ÊÕÉ [87, 88]. ˆ§³¥·¥´¨Ö  ¸¨³³¥É·¨¨ ¸¥Î¥´¨Ö
· ¸¸¥Ö´¨Ö ¸ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ É ±¦¥ ¡Ò²¨ ¡Ò ¶µ²¥§´Ò,
´µ, ¶µ-¢¨¤¨³µ³Ê, µ´¨ ¶µ±  ¶µÎÉ¨ ´¥ ·¥ ²Ó´Ò.

ˆ´É¥·¥¸´µ ¸· ¢´¨ÉÓ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  (21) ¸ ¶·¥¤¸± § ´¨Ö³¨ ´¥-
±µÉµ·ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ³µ¤¥²¥° (¸³. É ¡². 7). ‡´ Î¥´¨¥ Ô²¥±É·¨Î¥¸±µ° ¶µ²Ö-
·¨§Ê¥³µ¸É¨ α�ŠŒ

p = 3,1, ¶µ²ÊÎ ¥³µ¥ ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ·±µ¢µ°
³µ¤¥²¨ [31,42], ¡µ²¥¥ Î¥³ ¢ É·¨ · §  µÉ²¨Î ¥É¸Ö µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ô±¸¶¥-
·¨³¥´É ²Ó´µ£µ ·¥§Ê²ÓÉ É . ‚¥²¨Î¨´  α�ŠŒ

p ¸² ¡µ § ¢¨¸¨É µÉ Ëµ·³Ò ¶µÉ¥´Í¨-
 ²  qq-¢§ ¨³µ¤¥°¸É¢¨Ö ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ¥£µ ¶ · ³¥É·Ò ¶µ¤µ¡· ´Ò É ±, ÎÉµ¡Ò
Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¢µ¸¶·µ¨§¢µ¤¨ÉÓ ¸¶¥±É· ´¨§Ï¨Ì ¢µ§¡Ê¦¤¥´¨° ¶·µÉµ´ . “± -
§ ´´µ¥ · ¸Ìµ¦¤¥´¨¥ ¢Ò§¢ ´µ ¸ÊÐ¥¸É¢¥´´Ò³¨ ´¥¤µ¸É É± ³¨ �ŠŒ, ¢ Î ¸É´µ-
¸É¨, ¨£´µ·¨·µ¢ ´¨¥³ ³¥§µ´´µ£µ µ¡² ±  ´  ¶¥·¨Ë¥·¨¨ ´Ê±²µ´ . “¦¥ ¤ ¢´µ
¡Ò²µ ¶µ± § ´µ, ÎÉµ ¢±² ¤ ¶¨µ´´µ£µ µ¡² ±  ¢ αp ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ∼ 10−20
[41, 89, 90], £¤¥ Î¨¸²¥´´µ¥ §´ Î¥´¨¥ § ¢¨¸¨É µÉ ¶ · ³¥É·  µ¡·¥§ ´¨Ö ´  ³ -
²ÒÌ · ¸¸ÉµÖ´¨ÖÌ. ‡ ·Ö¤µ¢Ò° · ¤¨Ê¸ ¶·µÉµ´  ¢ �ŠŒ (〈r2

E〉�ŠŒ
p = 0, 29 Ë³2)

É ±¦¥ ¶µ²ÊÎ ¥É¸Ö ³ ²¥´Ó±¨³ ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³
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〈r2
E〉Ô±¸¶

p = 0,78± 0,03 Ë³2 [91], ÎÉµ É ±¦¥ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ´¥ÊÎ¥Éµ³ ³¥§µ´-
´µ£µ µ¡² ± .

’ ¡²¨Í  7. ’¥µ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  (¢ ¥¤. 10−4 Ë³3),
¢ÒÎ¨¸²¥´´Ò¥ ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ·±µ¢µ° ³µ¤¥²¨ (�ŠŒ), ±¨· ²Ó´µ°
É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° (Š’‚) ¨ ¤¨¸¶¥·¸¨µ´´ÒÌ ¶· ¢¨² ¸Ê³³ (�‘)

’¥µ·¨Ö, ¸¸Ò²±  αp βp αp + βp αp − βp

�ŠŒ [31, 42] 3,1

Š’‚ [92] 10,5±2,0 3,5±3,6 14,0±4,1 7,0±4,1
[47] 20,8 14,7 35,2 6,1

�‘ [31, 72] 9,0±2,6 5,2∓2,6 14,2±0,5 3,8±4,7
[93] 3,2±2,6

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¤²Ö ÊÎ¥É  ³¥§µ´´µ° ¶¥·¨Ë¥·¨¨  ¤·µ´µ¢ Î ¸Éµ ¶·¨-
³¥´Ö¥É¸Ö ±¨· ²Ó´ Ö É¥µ·¨Ö ¢µ§³ÊÐ¥´¨° (Š’‚) [47, 92]. ‚ µ¤´µ³ ¨§ ¢ -
·¨ ´Éµ¢ É ±µ° É¥µ·¨¨ ¸ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¤µ¡ ¢²¥´¨¥³ ∆-·¥§µ´ ´¸´µ£µ
¢±² ¤  ¡Ò²¨ ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  αŠ’‚

p � 10,5 ¨
βŠ’‚

p � 3,5 [92] (¸³. ¢ É ¡². 7), ±µÉµ·Ò¥, ´  ¶¥·¢Ò° ¢§£²Ö¤, Ìµ·µÏµ ¸µ£² ¸Ê-
ÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. �¤´ ±µ · ¡µÉ  [92] ¶·¥¤¸± §Ò¢ ¥É ¸²¨Ï±µ³ ¡µ²Ó-
Ïµ¥ µÉ²¨Î¨¥ ¸Ê³³Ò ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  µÉ ¸Ê³³Ò ¶µ²Ö·¨§Ê¥³µ¸É¥°
´¥°É·µ´ ,   ¨³¥´´µ ¢¥²¨Î¨´a ∆S = (αp + βp) − (αn + βn) ¶µ²ÊÎ ¥É¸Ö ¢
[92] · ¢´µ° ∆S = 14,0 − 21,2 = −7,2, Éµ£¤  ± ± ¸É·µ£µ¥ �‘ (11) ¤ ¥É
∆S = 14,0 − 15,2 = −1,2 ± 0,3 (¸³. ¢ [16, 31]). “± § ´´µ¥ · ¸Ìµ¦¤¥´¨¥
³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ ¸ ´¥¶µ¸²¥¤µ¢ É¥²Ó´Ò³ ÊÎ¥Éµ³ ·¥§µ´ ´¸´ÒÌ ¨ ´¥±µÉµ·ÒÌ
¤·Ê£¨Ì ¢±² ¤µ¢ ¢ Š’‚. ‚ · ¡µÉ¥ [47], £¤¥ ¸¤¥² ´  ¶µ¶ÒÉ±  ¡µ²¥¥ ¶µ¸²¥¤µ-
¢ É¥²Ó´µ ÊÎ¥¸ÉÓ ∆-¨§µ¡ ·Ê, ¶µ²ÊÎ¥´´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥°
µ± § ²¨¸Ó ¤ ²¥±¨ µÉ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° (¸³. É ¡². 7).

„µ ¸¨Ì ¶µ· ´ ¨¡µ²¥¥ ´ ¤¥¦´Ò³ ³¥Éµ¤µ³ · ¸Î¥É  ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µ-
Éµ´  µ¸É ÕÉ¸Ö ¤¨¸¶¥·¸¨µ´´Ò¥ �‘. �¤´¨³ ¨§ É ±¨Ì �‘ Ö¢²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥
(11), µ¶·¥¤¥²ÖÕÐ¥¥ ¢¥²¨Î¨´Ê αp + βp. �µ²¥¥ ¸²µ¦´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¸ÊÐ¥-
¸É¢ÊÕÉ ¨ ¤²Ö · §´µ¸É¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° αp − βp (¸³. µ¡§µ· [31]). �·¨ ¢ÒÎ¨-
¸²¥´¨¨ · §´µ¸É¨ ¶·¨Ìµ¤¨É¸Ö ¨¸¶µ²Ó§µ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ ³Ê²ÓÉ¨¶µ²Ó´ÒÌ  ´ ²¨-
§µ¢ ËµÉµ·µ¦¤¥´¨Ö ¶¨µ´µ¢ ´  ¶·µÉµ´¥ ¨ µ¶¨· ÉÓ¸Ö ´  ¶²µÌµ ¨§¢¥¸É´Ò¥ ¶µ± 
¢¥²¨Î¨´Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ t-± ´ ²Ó´Ò¥ µ¡³¥´Ò ¢ “�”. �µÔÉµ³Ê ´¥µ¶·¥¤¥-
²¥´´µ¸É¨ ¢ ¶µ²ÊÎ ¥³ÒÌ ¶·¥¤¸± § ´¨ÖÌ ¶µ±  ´¥ ³ ²Ò (¸³. É ¡². 7). ‘¨ÉÊ Í¨Ö
³µ¦¥É ¨§³¥´¨ÉÓ¸Ö ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³ ¢ ¸¢Ö§¨ ¸ ¶·µ£·¥¸¸µ³ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° “�” ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¡¥§ ÊÎ¥É  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° ¶µ-
²Ö·¨§Ê¥³µ¸É¥° ´Ê±²µ´µ¢ (´ ·Ö¤Ê ¸ ¤·Ê£¨³¨ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ Ì · ±É¥·¨-
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¸É¨± ³¨) ´¥²Ó§Ö ¸Ëµ·³Ê²¨·µ¢ ÉÓ  ¤¥±¢ É´µ¥ ³µ¤¥²Ó´µ¥ µ¶¨¸ ´¨¥ ¨Ì ¸É·Ê±-
ÉÊ·Ò ´  ¸·¥¤´¨Ì ¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ.

� ¸ÉµÖÐ Ö · ¡µÉ  ¶µ¤¤¥·¦ ´  £· ´É ³¨ ˆ�’�‘ Å �””ˆ 97-576 ¨
�””ˆ 96-02-17590. �¤¨´ ¨§  ¢Éµ·µ¢ (�.‹.) ¡² £µ¤ ·¨É A.M.Nathan §  ¶·¥¤µ-
¸É ¢²¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö · ¸¸³µÉ·¥´-
´µ° ¶·µ¡²¥³Ò.
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