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

�¡¸Ê¦¤ ¥É¸Ö ¶·¥¤¸É ¢²¥´¨¥ μ ±μ£¥·¥´É´μ¸É¨ ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨
 ´É¨´¥°É·¨´μ ´  Ö¤· Ì. ŒμÉ¨¢¨·μ¢ ´´Ò° ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´É  COHERENT,
¶·¥¤²μ¦¥´ ´μ¢Ò° ¢§£²Ö¤ ´  ±μ£¥·¥´É´μ¸ÉÓ ¢ ÔÉ¨Ì ¶·μÍ¥¸¸ Ì, ±μÉμ·Ò° ¶μ§¢μ²¨² μ¶¨-
¸ ÉÓ ¥¤¨´Ò³ μ¡· §μ³ Ê¶·Ê£¨¥ (±μ£¥·¥´É´Ò¥) ¨ ´¥Ê¶·Ê£¨¥ (´¥±μ£¥·¥´É´Ò¥) ¢±² ¤Ò ¢
¶μ²´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤· Ì ¶·¨ Ô´¥·£¨ÖÌ ( ´É¨)´¥°-
É·¨´μ ¢ ¤¨ ¶ §μ´¥ ³¥´¥¥ 100 ŒÔ‚. Š· É±μ μ¡¸Ê¦¤ ÕÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¨ Ë¨§¨Î¥¸±¨¥
§ ¤ Î¨ ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤· Ì. ‚ · ¸Ï¨·¥´´μ³ ¶·¨²μ-
¦¥´¨¨ ¸ ¶¥¤ £μ£¨Î¥¸±μ° ¶μ¤·μ¡´μ¸ÉÓÕ · ¸¸³ É·¨¢ ÕÉ¸Ö μ¸´μ¢´Ò¥ ¤¥É ²¨ ¨ ¢Ò¢μ¤Ò
¶·¥¤²μ¦¥´´μ£μ ¶μ¤Ìμ¤ .

The concept of coherence in the scattering of neutrinos and antineutrinos off nuclei
is discussed. Motivated by the results of the COHERENT experiment, a new approach to
coherence in these processes is proposed, which allows a uniˇed description of the elastic
(coherent) and inelastic (incoherent) contributions to the total cross section for neutrino and
antineutrino scattering off nuclei at energies below 100 MeV. Experiments and physical
problems for coherent scattering of (anti)neutrinos off nuclei are brie	y discussed. The
extended appendix covers the main points and conclusions of the proposed approach in
pedagogical detail.

PACS: 13.15.+g; 30.Pt

1. ‚‚…„…�ˆ…. …‘’œ ‹ˆ Š�ƒ…�…�’��‘’œ
‚ �Š‘�…�ˆŒ…�’… COHERENT?

’ ± ´ §Ò¢ ¥³μ¥ ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ´  ¸²μ¦´ÒÌ ¸μ¸É ¢´ÒÌ
¸¨¸É¥³ Ì (Ö¤· Ì ¨  Éμ³ Ì) Ê¦¥ §´ Î¨É¥²Ó´μ¥ ¢·¥³Ö ¸Î¨É ¥É¸Ö ¢ ¦´Ò³ ¨¸ÉμÎ-
´¨±μ³ ¨´Ëμ·³ Í¨¨ μ Ë¨§¨±¥ ´¥°É·¨´μ, ¢ Éμ³ Î¨¸²¥ ²¥¦ Ð¥° §  · ³± ³¨
¸μ¢·¥³¥´´μ° ‘É ´¤ ·É´μ° ³μ¤¥²¨. ƒ² ¢´Ò³ ¶·¨ÉÖ£ É¥²Ó´Ò³ ¸¢μ°¸É¢μ³ ÔÉμ£μ
Ö¢²¥´¨Ö Ö¢²Ö¥É¸Ö ¢¥¸Ó³  § ³¥É´μ¥ (´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ¶μ·Ö¤±μ¢) Ê¸¨²¥-
´¨¥ ¢¥·μÖÉ´μ¸É¨ ¥£μ ¶·μÉ¥± ´¨Ö ¶μ ¸· ¢´¥´¨Õ ¸  ´ ²μ£¨Î´μ° ¢¥·μÖÉ´μ¸ÉÓÕ ¢
¸²ÊÎ ¥ ¶·μ¸Éμ° ÉμÎ¥Î´μ° ³¨Ï¥´¨. �¸μ¡¥´´μ ¨´É¥·¥¸´Ò³ ¶·¥¤¸É ¢²Ö²¸Ö ÉμÉ
Ë ±É, ÎÉμ ´¥°É·¨´μ ³μ£ÊÉ ±μ£¥·¥´É´μ · ¸¸¥¨¢ ÉÓ¸Ö ´¥ Éμ²Ó±μ ´  ´Ê±²μ´ Ì ¢´Ê-
É·¨ Ö¤¥· [1Ä3], ´μ ¨ ´  Í¥²ÒÌ  Éμ³ Ì, ¢±²ÕÎ Ö μ·¡¨É ²Ó´Ò¥ Ô²¥±É·μ´Ò [4Ä6].
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�¥Ï ÕÐ¨³ Ë ±Éμ·μ³ §¤¥¸Ó Ö¢²Ö²¸Ö ±¢ ´Éμ¢μ-¤¨´ ³¨Î¥¸±¨° ¶·¨´Í¨¶,
¸ÊÉÓ ±μÉμ·μ£μ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¸μ¸ÉμÖ²  ¢ Éμ³, ÎÉμ ¥¸²¨ ¨´¤¨¢¨¤Ê ²Ó´Ò¥
 ³¶²¨ÉÊ¤Ò ´¥°É·¨´μ-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö ¸Ê³³¨·ÊÕÉ¸Ö ¸ μ¤¨´ ±μ¢μ° Ë §μ°
(É. ¥. ±μ£¥·¥´É´μ), ¢ ·¥§Ê²ÓÉ É¥ ¢μ§´¨± ¥É ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´μ¥ Ê¢¥²¨Î¥´¨¥ ¢¥-
·μÖÉ´μ¸É¨ É ±μ£μ ¶·μÍ¥¸¸ , ¶·μ¶μ·Í¨μ´ ²Ó´μ¥, £·Ê¡μ £μ¢μ·Ö, ±¢ ¤· ÉÊ ¸μ¸É -
¢²ÖÕÐ¨Ì Ö¤·μ ´Ê±²μ´μ¢. �¡Ð¥¶·¨§´ ´´Ò³ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨³ Ê¸²μ¢¨¥³
±μ£¥·¥´É´μ¸É¨ Ö¢²Ö¥É¸Ö ´¥· ¢¥´¸É¢μ

qR � 1, (1.1)

£¤¥ q Å ÔÉμ ¨³¶Ê²Ó¸, ¶¥·¥¤ ´´Ò° ´¥°É·¨´μ Ö¤·Ê, Ì · ±É¥·´Ò° · §³¥· ±μ-
Éμ·μ£μ μ¶·¥¤¥²Ö¥É¸Ö · ¤¨Ê¸μ³ R. ƒ·Ê¡μ £μ¢μ·Ö, ¤²¨´  ¢μ²´Ò ¶ ¤ ÕÐ¥£μ
´¥°É·¨´μ 1/q § ³¥É´μ ¶·¥¢ÒÏ ¥É · §³¥· ¶·¥¶ÖÉ¸É¢¨Ö R ´  ¥£μ ¶ÊÉ¨, ¶μÔÉμ³Ê
´¥°É·¨´μ ´¥ ¸¶μ¸μ¡´μ ®· §£²Ö¤¥ÉÓ¯ ¤¥É ²¨ ¸É·Ê±ÉÊ·Ò ÔÉμ£μ ¶·¥¶ÖÉ¸É¢¨Ö ¨
®ÎÊ¢¸É¢Ê¥É Ö¤·μ Í¥²¨±μ³¯.

�μ¸±μ²Ó±Ê Ì · ±É¥·´Ò° · §³¥· Ö¤¥· ´¥ ¸¨²Ó´μ ¢ÒÌμ¤¨É §  ¶·¥¤¥²Ò μ¡² -
¸É¨ μÉ 1/25 ¤μ 1/150 ŒÔ‚, Éμ μÉ³¥Î¥´´μ¥ ¢ÒÏ¥ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ ¢¥¸Ó³ 
Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö §´ Î¨É¥²Ó´μ£μ Î¨¸²  ¤μ¸ÉÊ¶´ÒÌ ¨¸ÉμÎ´¨±μ¢ ´¥°-
É·¨´μ (¨  ´É¨´¥°É·¨´μ), É ±¨Ì ± ± ·¥ ±Éμ·´Ò¥  ´É¨´¥°É·¨´μ, ¸μ²´¥Î´Ò¥
´¥°É·¨´μ, ( ´É¨)´¥°É·¨´μ μÉ ¢§·Ò¢μ¢ ¸¢¥·Ì´μ¢ÒÌ §¢¥§¤,   É ±¦¥ ´¥°É·¨´μ
μÉ Ê¸±μ·¨É¥²¥° [7]. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¶·¨¤ ¢ ²μ μ¸μ¡ÊÕ §´ Î¨³μ¸ÉÓ ±μ£¥-
·¥´É´μ³Ê · ¸¸¥Ö´¨Õ ´¥°É·¨´μ ´  Ö¤· Ì. �μ¤·μ¡´¥¥ μ ¸¶¥±É·¥ Ë¨§¨Î¥¸±¨Ì
§ ¤ Î, ·¥Ï¥´¨¥ ±μÉμ·ÒÌ ³μ¦¥É ¤ ÉÓ ÉÐ É¥²Ó´μ¥ ¨§ÊÎ¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸-
¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤· Ì, £μ¢μ·¨É¸Ö ¢ · §¤. 8.

’¥³ ´¥ ³¥´¥¥ ´¥°É·¨´μ ¸ Ô´¥·£¨¥° ¶μ·Ö¤±  40 ŒÔ‚ ¢Ò§Ò¢ ¥É ²¨ÏÓ ´¨-
ÎÉμ¦´ÊÕ Ô´¥·£¨Õ μÉ¤ Î¨ Ö¤·  (¢ μ¡² ¸É¨ ±¨²μÔ²¥±É·μ´¢μ²ÓÉ), ±μÉμ· Ö ¶·¥¤-
¸É ¢²Ö¥É ¸μ¡μ° ¥¤¨´¸É¢¥´´ÊÕ ´ ¡²Õ¤ ¥³ÊÕ ¢¥²¨Î¨´Ê ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö
¨ ¤μ ¸¨Ì ¶μ· ´¥¤μ¸ÉÊ¶´  ¶·Ö³μ³Ê ¨§³¥·¥´¨Õ. �¤´ ±μ ¢ 2017 £. ¢ Ô±¸¶¥·¨³¥´-
É¥ COHERENT ®μ¡μÏ²¨ ÔÉÊ ¶·μ¡²¥³Ê ¸μ ¸Éμ·μ´Ò¯ Å ¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ ´¨Ö
¶μÉμ±  ( ´É¨)´¥°É·¨´μ ¡�μ²ÓÏ¨Ì Ô´¥·£¨°.

� ¶μ³´¨³, ÎÉμ £² ¢´μ° Í¥²ÓÕ ±μ²² ¡μ· Í¨¨ COHERENT ¡Ò²  ·¥£¨¸É· -
Í¨Ö ¨ ¨§ÊÎ¥´¨¥ Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ ( ´£²¨°-
¸± Ö  ¡¡·¥¢¨ ÉÊ·  CEνNS). �Éμ ¶·¥¤¶μ² £ ²μ¸Ó ¸¤¥² ÉÓ ¸ ¶μ³μÐÓÕ ³μÐ-
´μ£μ ¨³¶Ê²Ó¸´μ£μ ¶ÊÎ±  ´¥°É·¨´μ ¸ Ô´¥·£¨¥° ¢ μ¡² ¸É¨ 10Ä55 ŒÔ‚, ±μÉμ·Ò°
¶·μ¨§¢μ¤¨²¸Ö ´  μ¸´μ¢¥ Spallation Neutron Source (SNS) �±·¨¤¦¸±μ° ´ Í¨-
μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨. ‚ 2017 £. ±μ²² ¡μ· Í¨Ö COHERENT [8] μ¡ÑÖ¢¨² 
μ ¶¥·¢μ³ ´ ¡²Õ¤¥´¨¨ CEνNS (·¨¸. 1) ¸ ¶μ³μÐÓÕ 14,6-±£ CsI[Na] ¸Í¨´É¨²²Ö-
Í¨μ´´μ£μ ¤¥É¥±Éμ·  [9]. �μ¤·μ¡´¥¥ μ ·¥§Ê²ÓÉ É Ì ±μ²² ¡μ· Í¨¨ COHERENT
¨ ¥¥ ¶² ´ Ì ³μ¦´μ Ê§´ ÉÓ ¨§ [8,10Ä18]. �¡¸Ê¦¤ Ö ¶μ¸É ´μ¢±Ê § ¤ Î¨,  ¢Éμ·Ò
Ô±¸¶¥·¨³¥´É  COHERENT [8] ¶·¥±· ¸´μ ¶μ´¨³ ²¨, ÎÉμ ®. . . coherent inter-
actions between neutrinos and all nucleons present in an atomic nucleus would
exist only as long as the momentum exchanged remained signiˇcantly smaller
than the inverse of the nuclear size. . . ¯. �¤´ ±μ ¶·μ¸ÉÒ¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ,
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�¨¸. 1. � ¡²Õ¤¥´¨¥ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (CEνNS) ¢
Ô±¸¶¥·¨³¥´É¥ COHERENT [8]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ (¡) Å · §´μ¸ÉÓ μÉ¸Î¥Éμ¢
CsI[Na]-¤¥É¥±Éμ·μ¢ ´  ¢Ò±²ÕÎ¥´´μ³ ¨ ¢±²ÕÎ¥´´μ³ ´¥°É·¨´´μ³ ¶ÊÎ±¥ ± ± ËÊ´±Í¨Ö
Ô´¥·£¨¨ (Î¨¸²  ËμÉμÔ²¥±É·μ´μ¢). �¨¸Ê´μ± ¨§ [8]

ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT ¤ ´´Ò¥, ¶μ¸²Ê¦¨¢Ï¨¥ μ¸´μ¢μ°
ÊÉ¢¥·¦¤¥´¨Ö μ ·¥£¨¸É· Í¨¨ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö, ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ-
¢¨Õ (1.1).

„¥°¸É¢¨É¥²Ó´μ, ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö · ¸¸¥Ö´´μ£μ Ö¤·  ¤ ¥É¸Ö ¢Ò· ¦¥-
´¨¥³ TA � q2/2MA, £¤¥ MA Å ³ ¸¸  Ö¤·  A. ‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ³ ¸¸  Ö¤· 
Í¥§¨Ö-133 ¢ ´ ÉÊ· ²Ó´ÒÌ ¥¤¨´¨Í Ì · ¢´  M = 123,7 ƒÔ‚, ¤²Ö ¶¥·¥¤ ´´μ£μ
¨³¶Ê²Ó¸  ¨³¥¥³

q = 15,7 ŒÔ‚

(
TA

±Ô‚

)1/2

= 14,5 ŒÔ‚ N1/2
p. e , (1.2)

£¤¥ ¢Éμ·μ¥ · ¢¥´¸É¢μ ÊÎ¨ÉÒ¢ ¥É, ÎÉμ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  Í¥§¨Ö TA = 1 ±Ô‚
μÉ¢¥Î ¥É ¶·¨¡²¨§¨É¥²Ó´μ 1,17 ËμÉμÔ²¥±É·μ´μ¢ (p. e.) [8]. �μ¸±μ²Ó±Ê · ¤¨Ê¸
Ö¤·  ¸  Éμ³´Ò³ ´μ³¥·μ³ A ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ ± ± RA � 1,2A1/3, Éμ ¤²Ö
133Cs ¶μ²ÊÎ ¥³

R � 6,13 Ë³ = 0,031 ŒÔ‚−1. (1.3)

�μÔÉμ³Ê ¨§ (1.2) ¨ (1.3) ¨³¥¥³

qR(Np. e) = 0,45 N1/2
p. e . (1.4)

�  ·¨¸. 1 ¨§ [8] ¶μ± § ´ ¨§³¥·¥´´Ò° ¸¶¥±É·, ¶μ¸²Ê¦¨¢Ï¨° μ¸´μ¢μ° ·¥£¨¸É· -
Í¨¨ ±μ£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, ± ± ËÊ´±Í¨Ö § ·¥£¨¸É·¨·μ-
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¢ ´´ÒÌ ËμÉμÔ²¥±É·μ´μ¢. �´ ´ Î¨´ ¥É¸Ö ¸ Np. e = 5, ¤μ¸É¨£ ¥É ³ ±¸¨³Ê³ 
¶·¨ Np. e � 14 ¨ ¶μ²´μ¸ÉÓÕ ¨¸Î¥§ ¥É ¶·¨ Np. e � 35. �É±Ê¤  ¸μ£² ¸´μ (1.4)
¶μ²ÊÎ ¥É¸Ö

qR(Np. e = 5) = 1, qR(Np. e = 14) = 1,69, qR(Np. e = 35) = 2,66 (1.5)

¨ ¢¨¤´μ, ÎÉμ Ê¸²μ¢¨¥ (1.1) ´¥ ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ¢¸¥Ì ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É 
COHERENT. Š ±μ¢ ·¥§Ê²ÓÉ É ÔÉμ° ´ ¨¢´μ° μÍ¥´±¨?

•μÉÖ ¸μ£² ¸´μ (1.5) Ê¸²μ¢¨¥ (1.1) Ö¢´μ ´¥ ¢Ò¶μ²´¥´μ ¢ Ô±¸¶¥·¨³¥´É¥
COHERENT [8] ¨ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ ¢μ¢¸¥ ´¥ (§´ Î¨É¥²Ó´μ) ³¥´ÓÏ¥ μ¡· É-
´μ£μ · §³¥·  Ö¤· , É¥³ ´¥ ³¥´¥¥ ´¥²Ó§Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ÔÉ  ±μ²² ¡μ· Í¨Ö
´¥ ¸³μ£²  Ê¢¨¤¥ÉÓ ±μ£¥·¥´É´μ¥ Ê¶·Ê£μ¥ ´¥°É·¨´μ-Ö¤¥·´μ¥ · ¸¸¥Ö´¨¥. —Éμ ¢
¤¥°¸É¢¨É¥²Ó´μ¸É¨ μ´  ®¢¨¤¥² ¯?

ˆ μÉ¢¥É É ±μ¢ Å ÔÉ  ±μ²² ¡μ· Í¨Ö ¢¨¤¥²  ¸μ¡ÒÉ¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°-
É·¨´μ ¢ ± ´ ²¥ ¸² ¡ÒÌ ´¥°É· ²Ó´ÒÌ Éμ±μ¢ ¸ Ö¤·μ³ ¢ μ¡² ¸É¨ ŒÔ‚-´ÒÌ Ô´¥·-
£¨°, ÎÉμ ¸ ³μ ¶μ ¸¥¡¥ μÎ¥´Ó ¢ ¦´μ¥ ¤μ¸É¨¦¥´¨¥. �¤´ ±μ ¶μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥
´¥²Ó§Ö μ¤´μ§´ Î´μ μÉ´¥¸É¨ ± · §·Ö¤Ê Î¨¸Éμ CEνNS, ± ± ÔÉμ ÌμÉ¥²¨ ¡Ò ¶·¥¤-
¸É ¢¨ÉÓ  ¢Éμ·Ò [8]. ‚ ÔÉ¨Ì ¤ ´´ÒÌ § ³¥É´Ò° ¢±² ¤ (10Ä20%) ¡Ò² μÉ ´¥Ê¶·Ê-
£¨Ì ( ´É¨)´¥°É·¨´μ-Ö¤¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ±μÉμ·Ò¥ ´¨± ± ´¥²Ó§Ö μÉ²¨Î¨ÉÓ
μÉ CEνNS, ¶μ¸±μ²Ó±Ê ·¥£¨¸É·¨·Ê¥É¸Ö Éμ²Ó±μ Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  [19,20].

�¥ ¡Ê¤Ó Ô±¸¶¥·¨³¥´É  COHERENT, ³Ò ¡Ò, ¢¥·μÖÉ´μ, ´¥ Ê§´ ²¨, ± ±
±μ£¥·¥´É´Ò° ·¥¦¨³ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¸²μ¦´μ° ¸¨¸É¥³¥ ¶² ¢´μ ¨ ¥¸É¥-
¸É¢¥´´μ ¶¥·¥Ìμ¤¨É ¢ ´¥±μ£¥·¥´É´Ò°. �μ¨¸± ±μ²¨Î¥¸É¢¥´´μ£μ μÉ¢¥É  ´  ÔÉμÉ
¢μ¶·μ¸ ¶μ¸²Ê¦¨² ¸É¨³Ê²μ³ ± Éμ° · ¡μÉ¥, ÎÉμ ¢μ¶²μÉ¨² ¸Ó ¢ ¤ ´´Ò° μ¡§μ·.

2. �‚�‹�–ˆŸ Š��–…�–ˆˆ Š�ƒ…�…�’��‘’ˆ
‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ��

2.1. Šμ£¥·¥´É´μ¥ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ´  Ö¤· Ì ¶μ ”·¨¤³ ´Ê.
‘Î¨É ¥É¸Ö, ÎÉμ ¢¶¥·¢Ò¥ μ¡¸Ê¦¤¥´¨¥ ¢μ¶·μ¸  μ ±μ£¥·¥´É´μ³ · ¸¸¥Ö´¨¨ ´¥°-

É·¨´μ ´  ¸μ¸É ¢²¥´´μ° ¨§ ´Ê±²μ´μ¢ ¸¨¸É¥³¥ (Ö¤·¥) ¡Ò²μ ¢Ò¶μ²´¥´μ ¢ · ¡μÉ Ì
”·¨¤³ ´  [1, 3]. ‚ ³ ²μ¨§¢¥¸É´μ° · ¡μÉ¥ ‚. 
.Šμ¶¥²¨μ¢¨Î  ¨ ‹. ‹.”· ´±-
ËÊ·É  [2] É ±¦¥ μ¡¸Ê¦¤ ²¸Ö ¢μ¶·μ¸ μ ±μ£¥·¥´É´μ³ ÔËË¥±É¥ ¶·¨ · ¸¸¥Ö´¨¨
´¥°É·¨´μ ´  Ö¤·¥.

‘²¥¤ÊÖ ”·¨¤³ ´Ê, ´ ¶μ³´¨³ ±· É±μ ²μ£¨±Ê ¥£μ · ¸¸Ê¦¤¥´¨° ¶μ ¶μ-
¢μ¤Ê ±μ£¥·¥´É´μ£μ ÔËË¥±É  ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´  Ö¤· Ì [1, 3]. ‚ · -
¡μÉ¥ [3] ¡Ò²μ μÉ³¥Î¥´μ, ÎÉμ § ³¥É´μ¥ Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  ν + A →
ν + A (·¨¸. 2, a) Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ μ¸´μ¢´μ£μ ¶·¨´Í¨¶  ±¢ ´Éμ¢μ° ³¥Ì -
´¨±¨. ‚ Éμ³ ¸³Ò¸²¥, ÎÉμ ÔÉμ Ö¢²¥´¨¥ ¨³¥¥É ³¥¸Éμ ¢¸¥£¤ , ±μ£¤  ¡¥¸¸É·Ê±-
ÉÊ·´ Ö ´ ²¥É ÕÐ Ö Î ¸É¨Í  (´¥°É·¨´μ) Ê¶·Ê£μ · ¸¸¥¨¢ ¥É¸Ö ´  ¸μ¸É ¢´μ° ¸¨-
¸É¥³¥ (Ö¤·¥), ±μÉμ· Ö ¶·¥¤¶μ² £ ¥É¸Ö ¸μ¸ÉμÖÐ¥° ¨§ A ´¥§ ¢¨¸¨³ÒÌ ¤·Ê£ μÉ
¤·Ê£  · ¸¸¥¨¢ ÕÐ¨Ì Í¥´É·μ¢ (´Ê±²μ´μ¢), ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ · ¸¶μ² £ ¥É¸Ö
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�¨¸. 2. a) ®‚´¥Ï´¨° ¢¨¤¯ ±μ£¥·¥´É´μ£μ (Ê¶·Ê£μ£μ) νA-· ¸¸¥Ö´¨Ö ¶μ¸·¥¤¸É¢μ³ μ¡-
³¥´  ´¥°É· ²Ó´μ£μ Z0-¡μ§μ´ . ¡) ˆ´¤¨¢¨¤Ê ²Ó´Ò¥ (´¥§ ¢¨¸¨³Ò¥) · ¸¸¥¨¢ ÕÐ¨¥ Í¥´-
É·Ò, ±μÉμ·Ò¥ · ¸¶μ²μ¦¥´Ò ¢ Ë¨±¸¨·μ¢ ´´ÒÌ ÉμÎ± Ì xj ¢´ÊÉ·¨ ¸μ¸É ¢´μ° ³¨Ï¥´¨ A.
ˆ³¥´´μ ÔÉ  ¶·μ¸É· ´¸É¢¥´´ Ö ®· §¤¥²Ó´μ¸ÉÓ¯ ¸μ£² ¸´μ [3] ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ
Ë §μ¢μ£μ ³´μ¦¨É¥²Ö eiq(xj−xi), ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ·¥Ï ÕÐ¨³ ¢ ¢μ¶·μ¸¥ ´ ²¨Î¨Ö ¨²¨
μÉ¸ÊÉ¸É¢¨Ö ±μ£¥·¥´É´μ¸É¨

¢ ´¥±μÉμ·μ° ¢¶μ²´¥ Ë¨±¸¨·μ¢ ´´μ° ÉμÎ±¥ ¶·μ¸É· ´¸É¢  xi, £¤¥ i = 1, . . . , A
(·¨¸. 2, ¡).

�μ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ³Ê ¶·¨´Í¨¶Ê ¸Ê¶¥·¶μ§¨Í¨¨ ¶μ²´ Ö  ³¶²¨ÉÊ¤ 
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¸μ¸É ¢´μ³ μ¡Ñ¥±É¥ M(k′,k), £¤¥ k ¨ k′ Å- ´ Î ²Ó´Ò°
¨ ±μ´¥Î´Ò° ¨³¶Ê²Ó¸Ò ´¥°É·¨´μ (·¨¸. 2, a), ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê³³Ê ¨´-
¤¨¢¨¤Ê ²Ó´ÒÌ  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ´¥§ ¢¨¸¨³ÒÌ · ¸¸¥¨¢ É¥²ÖÌ
¢´ÊÉ·¨ ¸μ¸É ¢´μ£μ μ¡Ñ¥±É  fj(k′,k), ¢§ÖÉÒÌ ¸ Ë §μ¢Ò³ Ë ±Éμ·μ³ ei(k′−k)xj ,
±μÉμ·Ò° ÊÎ¨ÉÒ¢ ¥É (μÉ´μ¸¨É¥²Ó´μ¥) ¨§³¥´¥´¨¥ Ë §Ò ¶ ¤ ÕÐ¥° (´¥°É·¨´´μ°)
¢μ²´Ò ¶·¨ ¥¥ · ¸¸¥Ö´¨¨ ´  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ · ¸¸¥¨¢ É¥²ÖÌ, · ¸¶μ²μ¦¥´´ÒÌ ¢
· §´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ ÉμÎ± Ì xj (·¨¸. 2, ¡):

M(k′,k) =
A∑

j=1

fj(k′,k) exp i(k′ − k) · xj =
A∑

j=1

fj(k′,k) eiq·xj . (2.1)

‡¤¥¸Ó q = k′ − k Å ¶¥·¥¤ ´´Ò° ¸μ¸É ¢´μ³Ê μ¡Ñ¥±ÉÊ ¨²¨ ¶μÉ¥·Ö´´Ò° ´¥°-
É·¨´μ ¨³¶Ê²Ó¸ [3]. ‚ ¸¨²Ê ³ ²μ¸É¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ν-· ¸¸¥Ö´¨Ö
fj(k′,k) (¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥) ¢ (2.1) μ¶ÊÐ¥´Ò Î²¥´Ò, μÉ¢¥Î ÕÐ¨¥ ¢μ§-
³μ¦´μ³Ê (¶μ¸²¥¤μ¢ É¥²Ó´μ³Ê) · ¸¸¥Ö´¨Õ ´  ´¥¸±μ²Ó±¨Ì · ¸¸¥¨¢ É¥²ÖÌ É¨¶ 
∝ fi(k′,k)fj(k′,k).


² £μ¤ ·Ö ´ ²¨Î¨Õ Ë §μ¢ÒÌ ³´μ¦¨É¥²¥° eiq·(xj−xi) ¢¥²¨Î¨´  ¤¨ËË¥·¥´-
Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö

dσ

dΩ
= |M(k′,k)|2 =

A∑
j=1

|fj(k′,k)|2 +
A∑

j �=i

A∑
i=1

fi(k′,k)f †
j (k′,k) eiq·(xi−xj)

(2.2)
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¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ ¸μμÉ´μÏ¥´¨Ö ¢¥²¨Î¨´Ò ¶¥·¥¤ ´´μ£μ ¨³-
¶Ê²Ó¸  q (q = |q| = 2|k| sin θ/2, £¤¥ θ Å Ê£μ² · ¸¸¥Ö´¨Ö ´¥°É·¨´μ) ¨ · §³¥· 
¸¨¸É¥³Ò · ¸¸¥¨¢ É¥²¥° R = maxij |xi − xj |.

‘μ£² ¸´μ [3], ¥¸²¨ ¡¥§· §³¥·´ Ö ¢¥²¨Î¨´  qR � 1 (¨²¨ qR � 1), Éμ
¢¸¥ ´¥§ ¢¨¸¨³Ò¥ · ¸¸¥¨¢ ÕÐ¨¥ Í¥´É·Ò (´Ê±²μ´Ò) ¸²¨Ï±μ³ ¤ ²¥±μ ¶·μ¸É· ´-
¸É¢¥´´μ μÉ¤¥²¥´Ò ¤·Ê£ μÉ ¤·Ê£  ¨ μÉ´μ¸¨É¥²Ó´Ò¥ Ë §μ¢Ò¥ Ë ±Éμ·Ò ¢ ¦´Ò
(¶μ¸±μ²Ó±Ê · §²¨Î´Ò). ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥É ³¥¸Éμ §´ Î¨É¥²Ó´μ¥ ¢§ ¨³´μ¥ ¸μ-
±· Ð¥´¨¥ Î²¥´μ¢ ¢μ ¢Éμ·μ³ (´¥¤¨ £μ´ ²Ó´μ³) A(A − 1)-¸² £ ¥³μ³, ¨ μ´μ
Ë ±É¨Î¥¸±¨ ´¥ ¤ ¥É ¢±² ¤ ¢ ¸¥Î¥´¨¥ (2.2), ±μÉμ·μ¥ μ± §Ò¢ ¥É¸Ö ³ ²Ò³ ¢ ¸¨²Ê
³ ²μ¸É¨ ¸ ³¨Ì  ³¶²¨ÉÊ¤ fj(k′,k) ¨ (¢¸¥£μ ²¨ÏÓ) ¶·μ¶μ·Í¨μ´ ²Ó´μ A.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò [3], ±μ£¤  qR � 1 (É. ¥. q §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ μ¡· É-
´μ£μ · §³¥·  ³¨Ï¥´¨), ¢¸¥ Ë §μ¢Ò¥ ³´μ¦¨É¥²¨ eiq·(xi−xj) ≈ 1 (É. ¥. μÉ´μ-
¸¨É¥²Ó´Ò¥ Ë §Ò ´¥ ¢ ¦´Ò, ¶μ¸±μ²Ó±Ê μ´¨ ¶· ±É¨Î¥¸±¨ · ¢´Ò ¤·Ê£ ¤·Ê£Ê), ¨
¢±² ¤Ò ¢¸¥Ì ´¥§ ¢¨¸¨³ÒÌ · ¸¸¥¨¢ É¥²¥° ¸±² ¤Ò¢ ÕÉ¸Ö ±μ£¥·¥´É´μ ¢μ ¢Éμ·μ°
¸Ê³³¥ Ëμ·³Ê²Ò (2.2). ‚ ·¥§Ê²ÓÉ É¥ ¶μ²´μ¥ ¸¥Î¥´¨¥ (´ §Ò¢ ¥³μ¥ ±μ£¥·¥´É´Ò³
¢ [3]) μ± §Ò¢ ¥É¸Ö Ê¸¨²¥´´Ò³ ³´μ¦¨É¥²¥³ A2:

dσ

dΩ
� A2

∣∣f̄(k′,k)
∣∣2 , £¤¥ f̄(k′,k) ≡ 1

A

∑
j

fj(k′,k). (2.3)

…¸²¨ ¢¸¥ · ¸¸¥¨¢ É¥²¨ μ¤¨´ ±μ¢Ò¥, Éμ f̄(k′,k) = fj(k′,k) ¨ ±μ£¥·¥´É´μ¥
¸¥Î¥´¨¥ ¤¥°¸É¢¨É¥²Ó´μ ¢ A2 · § ¶·¥¢ÒÏ ¥É ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ´  μÉ¤¥²Ó´μ

¢§ÖÉμ³ · ¸¸¥¨¢ É¥²¥ (∝
∣∣f̄(k′,k)

∣∣2). ‚ ÔÉμ³ ¸μ¸Éμ¨É μ¸´μ¢´ Ö ¨¤¥Ö ¶μ´ÖÉ¨Ö
±μ£¥·¥´É´μ¸É¨ ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ ¶μ ”·¨¤³ ´Ê [3].

�É³¥É¨³ Ê¦¥ §¤¥¸Ó, ÎÉμ μÉ¢¥É ´  ¢μ¶·μ¸, ± ± ¶· ¢¨²Ó´μ ¸Î¨É ÉÓ ¸¥Î¥´¨¥
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ Å ¡· ÉÓ Éμ²Ó±μ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ ¢Ò· ¦¥-
´¨¨ (2.2) ¨²¨ ¶μ Ëμ·³Ê²¥ (2.3), § ¢¨¸¨É μÉ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¢ÒÖ¸´¥´¨Ö Éμ£μ,
± ± ¡¥§· §³¥·´ Ö ¢¥²¨Î¨´  qR ¸μμÉ´μ¸¨É¸Ö ¸ ¥¤¨´¨Í¥° (qR � 1 ¨²¨ qR � 1),
É. ¥. μÉ Éμ£μ, ± ±μ° ¨§ ÔÉ¨Ì ¤¢ÊÌ ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ ¥¢ ·¥ ²¨§Ê¥É¸Ö. ‚ÒÖ¸´¥´¨¥
ÔÉμ£μ ¢μ¶·μ¸  ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥ ¶·¥¤Ï¥¸É¢Ê¥É ¶·μÍ¥¤Ê·¥ ¢ÒÎ¨¸²¥´¨Ö
¸¥Î¥´¨Ö. …¸²¨ qR � 1, Éμ μ¤´  ¶·μÍ¥¤Ê· , ¥¸²¨ ´ μ¡μ·μÉ, Éμ ¤·Ê£ Ö. ˆ´Ò³¨
¸²μ¢ ³¨, ´ Î¨´ Ö ¸ · ¡μÉÒ [3], ¢μ ¢¸¥Ì ¶μ¸²¥¤ÊÕÐ¨Ì §  ´¥° ¸É ÉÓÖÌ ¶μ ¤ ´-
´μ³Ê ¢μ¶·μ¸Ê ¶· ±É¨Î¥¸±¨ ¢¸¥£¤  ¸´ Î ²  ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥ μ¶·¥¤¥-
²Ö²μ¸Ó (¨²¨ ¶·¥¤¶μ² £ ²μ¸Ó, ¤¥±² ·¨·μ¢ ²μ¸Ó), ÎÉμ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨
¨³¥¥É ³¥¸Éμ (É. ¥. qR � 1) ¨ ³μ¦´μ ¶·¨³¥´ÖÉÓ Ëμ·³Ê²Ê É¨¶  (2.3).

„ ²¥¥  ¢Éμ· [3] ¶¨Ï¥É ¡Ê±¢ ²Ó´μ ¸²¥¤ÊÕÐ¥¥: ® . . . ³Ò ¶·¥¤¶μ² £ ²¨, ÎÉμ
¨´¤¨¢¨¤Ê ²Ó´Ò¥ · ¸¸¥¨¢ É¥²¨ ²μ± ²¨§μ¢ ´Ò ¢ μ¶·¥¤¥²¥´´ÒÌ ÉμÎ± Ì xj ¢´Ê-
É·¨ ¸μ¸É ¢´μ° ³¨Ï¥´¨. �Éμ μ£· ´¨Î¥´¨¥ ´¥ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³, ¨ ´ Ï¥
μ¡¸Ê¦¤¥´¨¥ ³μ¦¥É ¡ÒÉÓ μ¡μ¡Ð¥´μ ´  ¸²ÊÎ °, ±μ£¤  ³¨Ï¥´Ó · ¸¸³ É·¨¢ ¥É¸Ö
± ± ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸± Ö ¸¨¸É¥³ . ˆ³¥¥É ³¥¸Éμ, μ¤´ ±μ, μ¤¨´ ¶·¨´Í¨¶¨-
 ²Ó´Ò° ³μ³¥´É, ± ¸ ÕÐ¨°¸Ö · §²¨Î¨Ö ¢ ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨ÖÌ, É ±¨Ì ± ±
§ ·Ö¤ ¨ ¶·μ¥±Í¨Ö ¸¶¨´ , ¨´¤¨¢¨¤Ê ²Ó´ÒÌ · ¸¸¥¨¢ É¥²¥° ¢´ÊÉ·¨ ¸μ¸É ¢´μ°
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¸¨¸É¥³Ò. � ¨³¥´´μ, ¶· ¢¨²μ ¸Ê³³¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ · ¸¸¥-
¨¢ É¥²¥° ¢ Ëμ·³Ê²¥ (2.1) ¸²¥¤Ê¥É ¨§ ¶·¨´Í¨¶  ¸Ê¶¥·¶μ§¨Í¨¨ Éμ²Ó±μ, ¥¸²¨ ´¥
¶·μ¨¸Ìμ¤¨É ¨§³¥´¥´¨Ö ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨°. ”μ·³Ê²Ê (2.1) ´¥²Ó§Ö ¶·¨³¥´ÖÉÓ
¢ ¸²ÊÎ ¥ spin-	ip ¨ charge-exchange ¶·μÍ¥¸¸μ¢, ¨ ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ´¥
¶μ²ÊÎ ÕÉ A2-Ë ±Éμ·  Ê¸¨²¥´¨Ö §  ¸Î¥É ¸μ¸É ¢´μ° ³¨Ï¥´¨¯. �¤´ ±μ ¢¸¥ ÔÉ¨
ÊÉ¢¥·¦¤¥´¨Ö ¶·¨¢μ¤ÖÉ¸Ö ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥, É. ¥. ¡¥§ ¤μ± § É¥²Ó¸É¢. 
μ-
²¥¥ Éμ£μ, ¢ ·Ö¤¥ ¸μ¢·¥³¥´´ÒÌ · ¡μÉ, ± ± μ¡¸Ê¦¤ ¥É¸Ö ´¨¦¥ ¢ · §¤. 8, ¶·μ¸Éμ
¨£´μ·¨·ÊÕÉ¸Ö.

„²Ö ¶μ²´μÉÒ ± ·É¨´Ò ¶·μ¤μ²¦¨³ ¨§²μ¦¥´¨¥ ²μ£¨±¨ · ¡μÉÒ ”·¨¤-
³ ´  [3]. …¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢¸¥ · ¸¸¥¨¢ É¥²¨ μ¤¨´ ±μ¢Ò (fj(k′,k) =
f(k′,k)) ¨ ÉμÎ¥Î´Ò¥,   É ±¦¥ ÎÉμ ¤²Ö ´¨Ì ¶·μ¸É· ´¸É¢¥´´ Ö ¶²μÉ´μ¸ÉÓ ¨³¥¥É
¢¨¤ ρ(x) =

∑
j

δ(x − xj), É. ¥. ÎÉμ μ´¨ ®¶·¨¡¨ÉÒ¯ ¢ μ¶·¥¤¥²¥´´ÒÌ ÉμÎ± Ì

¢´ÊÉ·¨ ¸μ¸É ¢´μ° ³¨Ï¥´¨, Éμ ³μ¦´μ ¢ Ëμ·³Ê²¥ (2.1) ¸´ÖÉÓ ¸Ê³³¨·μ¢ ´¨¥
¶μ j ¨ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥

M(k′,k) = f(k′,k)
∫

d3x exp (iq · x) ρ(x) = f(k′,k)F (q). (2.4)

�μÔÉμ³Ê ¨³¥¥É ³¥¸Éμ ÊÉ¢¥·¦¤¥´¨¥, ÎÉμ ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ®¨§³¥·Ö¥É¯
Ëμ·³Ë ±Éμ· ¸μ¸É ¢´μ° ³¨Ï¥´¨

F (q) ≡ ρ(q) =
∫

d3x eiq·xρ(x), (2.5)

±μÉμ·Ò° ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ËÊ·Ó¥-μ¡· § · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ (¢¥Ð¥-
¸É¢ ) ¢´ÊÉ·¨ ÔÉμ° ³¨Ï¥´¨. „²Ö ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´μ° Ö¤¥·´μ° £ Ê¸¸μ¢μ°
¶²μÉ´μ¸É¨ ¸ R = r0A

1/3 ¨ r0 � 10−13 ¸³

ρ(r) = A(4πR2)−3/2 exp
(
− r2

4R2

)
¨³¥¥É¸Ö F (q) = ρ(q) = A exp (−q2R2).

‚ ·¥§Ê²ÓÉ É¥ ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥ ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ³μ¦´μ μ¶¨¸ ÉÓ ¸²¥-
¤ÊÕÐ¨³ μ¡· §μ³. �μ¸±μ²Ó±Ê ¶·¨ ¨³¶Ê²Ó¸¥ ¶ÊÎ±  k ³ ±¸¨³ ²Ó´Ò° ¶¥·¥¤ ´-
´Ò° ¨³¶Ê²Ó¸ · ¢¥´ qmax = 2k, Éμ ¤²Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ ¨²¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨°
(2kR � 1) ¸¥Î¥´¨¥ dσ/dΩ (2.3) ¨³¥¥É Ö·±μ ¢Ò· ¦¥´´Ò° ¶¨± ¢¶¥·¥¤ ¨ ¢ ¸¨²Ê
Ëμ·³Ë ±Éμ·  F (q) ¡Ò¸É·μ ¶ ¤ ¥É ¸ Ê¢¥²¨Î¥´¨¥³ Ê£²  ¢Ò²¥É  θ (¨²¨ q). �·¨
ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ¶μ²´μ¥ Ê¶·Ê£μ¥ ¸¥Î¥´¨¥

σel =
∫

dΩ
dσ

dΩ
∼ A4/3 (2.6)

¨³¥¥É ®´¥¢Ò¤ ÕÐ¥¥¸Ö¯ A4/3-¶μ¢¥¤¥´¨¥. �¤´ ±μ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ,
2kR � 1, Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ Ê¤μ¢²¥É¢μ·Ö¥É¸Ö ¤²Ö ¢¸¥Ì Ê£²μ¢ · ¸¸¥Ö´¨Ö ¨
¡² £μ¤ ·Ö F (q) � const ¢¸Ö Ê£²μ¢ Ö § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥-
²Ö¥É¸Ö ¨´¤¨¢¨¤Ê ²Ó´μ°  ³¶²¨ÉÊ¤μ° f(k′,k) ¢ (2.4). ‚ ¶μ²´μ° ³¥·¥ ÔËË¥±É
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±μ£¥·¥´É´μ¸É¨ ¶·μÖ¢²Ö¥É¸Ö ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¨ σel ∝ A2. �Éμ § ±²ÕÎ¥´¨¥
¢ §´ Î¨É¥²Ó´μ° ³¥·¥ ´¥ § ¢¨¸¨É μÉ ¶·¨·μ¤Ò ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ [3].

�É± § μÉ ´¥±μÉμ·ÒÌ Ê¶·μÐ ÕÐ¨Ì ¶·¥¤¶μ²μ¦¥´¨° ¶·μ¢¥¤¥´´μ£μ μ¡¸Ê-
¦¤¥´¨Ö ¢ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¶μ§¢μ²Ö¥É Ï¨·¥ ¶·¨³¥´ÖÉÓ ±μ´Í¥¶Í¨Õ ±μ£¥·¥´É-
´μ£μ · ¸¸¥Ö´¨Ö. ’ ±, ¢ ±·¨¸É ²² Ì ¨ ¸²μ¦´ÒÌ ³μ²¥±Ê² Ì ³ ±¸¨³Ê³ ¸¥Î¥-
´¨Ö (2.1) ¶·μÖ¢²Ö¥É¸Ö ´¥ ¶·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ÎÉμ
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ·¥£Ê²Ö·´μ¸É¨ ¢ · ¸¶μ²μ¦¥´¨¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ · ¸¸¥¨¢ -
É¥²¥°. �·¨³¥· Å ¶¨± 
·Ô££  ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ·¥´É£¥´μ¢¸±¨Ì ²ÊÎ¥° ´  ¡¨μ-
²μ£¨Î¥¸±¨Ì μ¡Ñ¥±É Ì ¨ ±·¨¸É ²² Ì [3]. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ´  Ö¤· Ì [21] Å
Ìμ·μÏμ ¨§ÊÎ¥´´μ¥ ¶·¨³¥´¥´¨¥ Ëμ·³ ²¨§³  ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö.

…¸²¨ μÉ¤¥²Ó´Ò¥ · ¸¸¥¨¢ É¥²¨ · §²¨Î´Ò, ± ± ÔÉμ ¨³¥¥É ³¥¸Éμ ¤²Ö ¶·μÉμ-
´μ¢ ¨ ´¥°É·μ´μ¢ ¸ · §²¨Î´Ò³¨ ¶·μ¥±Í¨Ö³¨ ¸¶¨´  ¢ Ö¤·¥, Éμ ¢μ§³μ¦´μ § -
³¥É´μ¥ ¸μ±· Ð¥´¨¥ ¢±² ¤μ¢ ¢ Ëμ·³Ê²¥ (2.3). 
¥§ ¤¥É ²Ó´μ£μ §´ ´¨Ö Ì · ±É¥-
·¨¸É¨± ¨´¤¨¢¨¤Ê ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ´¥¢μ§³μ¦´μ § · ´¥¥ ¶·¥¤¸± § ÉÓ ¢¥²¨Î¨´Ê
±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö. �¤´ ±μ, ¨£´μ·¨·ÊÖ Ô±¸É·¥³ ²Ó´Ò¥ ¸μ±· Ð¥´¨Ö, ¨³¥¥É
¸³Ò¸² μ¦¨¤ ÉÓ, ÎÉμ ¸¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¶·¨¡²¨§¨É¥²Ó´μ ¢ A2

· § Ê¸¨²¥´μ ¶μ ¸· ¢´¥´¨Õ ¸ ¸¥Î¥´¨¥³ · ¸¸¥Ö´¨Ö ´  μ¤´μ³ μÉ¤¥²Ó´μ ¢§ÖÉμ³
· ¸¸¥¨¢ ÕÐ¥³ Í¥´É·¥ [3]. ‚ [3] μ¡¸Ê¦¤ ¥É¸Ö ·μ²Ó ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ´  Ö¤¥·´μ° ¸·¥¤¥ ¶·¨ Ô¢μ²ÕÍ¨¨ ¸¢¥·Ì´μ¢ÒÌ §¢¥§¤. �·¨¢μ¤ÖÉ¸Ö Ëμ·-
³Ê²Ò ¤²Ö ¶μ²´μ°  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´  ¡¥¸¸¶¨´μ¢ÒÌ (J = 0)
Ö¤· Ì ¸ Z = N ,

M(k′,k) ∼ GA e−q2R2
(− sin2 θW ) ūl(ν′)γ0uν(ν), (2.7)

¨ Ëμ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¨ ¶μ²´ÒÌ ¸¥Î¥´¨°

dσA

d cos θ
� σ0

8
(− sin2 θW )2A2ω2(1 + cos θ), σA � σ0

4
(− sin2 θW )2A2ω2.

�·¨ ÔÉμ³ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Ô´¥·£¨Ö ´¥°É·¨´μ ω � mA (Ö¤·μ Å ÉμÎ¥Î´μ¥).
…¸²¨ J 
= 0 ¨ Z 
= N , Éμ ´¥μ¡Ìμ¤¨³μ ¸Ê³³¨·μ¢ ÉÓ ¶μ μÉ¤¥²Ó´Ò³ ´Ê±²μ´ ³
¢ ¢¨¤¥

M(k′,k) ∼ G e−q2R2

[
− sin2 θW (Z + N) +

1 − 2 sin2 θW

2
(Z − N)−

− gV

2
(Z↑ − Z↓) +

gA

2
(N↑ − N↓)

]
ū(ν′)γ0u(ν),

£¤¥ ¸É·¥²±  Ê± §Ò¢ ¥É ´  ´Ê±²μ´Ò ¸μ ¸¶¨´ ³¨ ¢¢¥·Ì ¨ ¢´¨§. „²Ö ¢¸¥Ì (§ 
¨¸±²ÕÎ¥´¨¥³ μÎ¥´Ó ²¥£±¨Ì) Ö¤¥· ´ ¨¡μ²¥¥ ¢ ¦´Ò° Î²¥´ ¢ M(k′,k) ¶·μ¶μ·-
Í¨μ´ ²¥´ (− sin2 θW )(Z+N), ¶μÔÉμ³Ê, ± ± ¶· ¢¨²μ, ¸μμÉ´μÏ¥´¨¥ (2.7) ¢¥·´μ.
„²Ö ¡¥¸¸¶¨´μ¢ÒÌ (J = 0) Ö¤¥· ¸ Z 
= N ¨³¥¥É¸Ö ¸¢Ö§Ó ¸ Ö¤¥·´Ò³ ¨§μ¸¶¨´μ³
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I3 = (1/2)(Z − N) ¢ ¢¨¤¥

dσJ=0
A

d cos θ
� σ0

8
A2 sin4 θW

[
1 +

1 − 2 sin2 θW

− sin2 θW

I3

A

]2

ω2(1 + cos θ),

σJ=0
A � σ0

4
sin4 θW A2[1 + . . .]2ω2.

�¸´μ¢´Ò¥ ¨¤¥¨ · ¡μÉÒ [3] ¶μ²ÊÎ¨²¨ ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥. � ¶·¨³¥·,
¢ · ¡μÉ¥ [22] ±μ£¥·¥´É´μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ (2.2) ¤²Ö ¡¥¸c¶¨´μ¢ÒÌ
Ö¤¥· J = 0 ¤ ´μ Ê¦¥ ¢ ¸μ¢·¥³¥´´μ³ ¢¨¤¥:

dσ

dΩ
=

dσ

dφ d(cos θ)
=

G2
F E2

ν

4(2π)2
(1 + cos θ)

[
(1 − 4 sin2 θW )Z − N

]2
. (2.8)

“£μ² Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö θ ¸¢Ö§ ´ ¸ Ô´¥·£¨¥° μÉ¤ Î¨ Ö¤·  T , ¶μÔÉμ³Ê · ¸¶·¥-
¤¥²¥´¨¥ ¶μ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  ¨³¥¥É ¢¨¤

dσ

dy
=

G2
F

2π

M(M + 2Eν)2

[M + 2Eν(1 − y)]3
E2

ν(1 − y)
[
(1 − 4 sin2 θW )Z − N

]2
, (2.9)

£¤¥ GF Å ¶μ¸ÉμÖ´´ Ö ”¥·³¨; Eν Å Ô´¥·£¨Ö ´¥°É·¨´μ; T Å Ô´¥·£¨Ö μÉ¤ Î¨
Ö¤· , y = T/Tmax ∈ [0, 1], Tmax = 2E2

ν/(M + 2Eν); M Å ³ ¸¸  Ö¤· . „²Ö
2Eν � M Tmax � 2E2

ν/M , ¨ ¸Î¨É ¥É¸Ö, ÎÉμ μÎ¥´Ó Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³
Ëμ·³Ê²Ò (2.9) ¡Ê¤¥É ¢Ò· ¦¥´¨¥ [22]

dσ

dy
� G2

F

2π
E2

ν(1 − y)
[
(1 − 4 sin2 θW )Z − N

]2 � G2
F

2π
E2

ν(1 − y)N2. (2.10)

�· ¢ Ö Î ¸ÉÓ ¢Ò· ¦¥´¨Ö (2.10) Å ´ ¨¡μ²¥¥ ¨§¢¥¸É´ Ö Ëμ·³Ê²  ±μ£¥·¥´É´μ£μ
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì, ±μ£¤  (± ± ¶· ¢¨²μ) ¢±² ¤ ¶·μÉμ´μ¢ ¶μ¤ ¢²¥´
³ ²μ° ¢¥²¨Î¨´μ° (1 − 4 sin2 θW ) ¨ ®±μ£¥·¥´É´μ¥¯ Ê¸¨²¥´¨¥ μ¡¥¸¶¥Î¨¢ ¥É¸Ö
±¢ ¤· Éμ³ μÉ Î¨¸²  ´¥°É·μ´μ¢ ¢ Ö¤·¥. 
μ²¥¥ Éμ£μ, ¢Ò· ¦¥´¨¥ (2.10) ¶·¥¤¶μ-
² £ ¥É, ÎÉμ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ (1.1) ¢Ò¶μ²´Ö¥É¸Ö ´  ¢¸¥ 100 % ¨ ¢²¨Ö´¨¥
Ö¤·  ¶μ²´μ¸ÉÓÕ μÉ¸ÊÉ¸É¢Ê¥É.

�¤´ ±μ ÔÉμÉ ®Ô±¸É·¥³ ²Ó´μ Î¨¸ÉÒ°¯ ¸²ÊÎ ° ¢·Ö¤ ²¨ ¤μ¸É¨¦¨³ ¶· ±É¨Î¥-
¸±¨, ¨ ¨¤¥ ²Ó´ Ö Ëμ·³  (2.10) ¤²Ö ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ
´  Ö¤·¥ ¤μ²¦´  ¡ÒÉÓ ³μ¤¨Ë¨Í¨·μ¢ ´  ´ ²¨Î¨¥³ § ¢¨¸¨³μ¸É¨ μÉ ¸É·Ê±ÉÊ·Ò
Ö¤· , É. ¥. Ö¤¥·´Ò³ Ëμ·³Ë ±Éμ·μ³, ± ± ÔÉμ ¨³¥²μ ³¥¸Éμ ¶·¨ · ¸¸¥Ö´¨¨ Ô²¥±-
É·μ´μ¢ ´  Ö¤· Ì (¸³., ´ ¶·¨³¥·, [21]). ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢±²ÕÎ¥´¨¥ Ëμ·³-
Ë ±Éμ·μ¢ Ö¢´μ ¨²¨ ´¥ Ö¢´μ μ§´ Î ¥É μÉ±²μ´¥´¨¥ μÉ Î¨¸Éμ° ±μ£¥·¥´É´μ¸É¨.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ÊÎ¥É  Ëμ·³Ë ±Éμ·μ¢ ´  μ¸´μ¢¥ Ë·¨¤³ ´μ¢¸±μ£μ ¶·¨´-
Í¨¶  ¸Ê¶¥·¶μ§¨Í¨¨ ¸²μ¦¥´¨Ö  ³¶²¨ÉÊ¤ [3] ¢ · ¡μÉ¥ [7] ¡Ò²μ ¶μ²ÊÎ¥´μ ¸¥Î¥-
´¨¥ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö ¤²Ö Ö¤¥· ¸ J = 0 ¢ ¢¨¤¥

dσ

dT
=

G2
F

2π
M

[
2 − 2T

Eν
+

(
T

Eν

)2

− MT

E2
ν

]
Q2

W

4
F 2(q2), (2.11)
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£¤¥ QW = N − Z(1 − 4 sin2 θW ) Å ¸² ¡Ò° § ·Ö¤ Ö¤· ; q2 = 2E2
νTM/(E2

ν −
EνT ) Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸; F (q2) Å Ëμ·³Ë ±Éμ· Ö¤· . C ¨¸¶μ²Ó§μ¢ ´¨¥³
¢Ò· ¦¥´¨Ö É¨¶  (2.11), ´ ¶·¨³¥· ¢ · ¡μÉ¥ [23], ¡Ò²μ ¶·¥¤²μ¦¥´μ ¨§³¥·ÖÉÓ
´¥°É·μ´´Ò° Ö¤¥·´Ò° Ëμ·³Ë ±Éμ· ¶μ¸·¥¤¸É¢μ³ ¨§ÊÎ¥´¨Ö ´¥°É·¨´μ-Ö¤¥·´μ£μ
Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¨³¥ÕÉ¸Ö ´¥°É·μ´´ Ö ¨ ¶·μÉμ´´ Ö
Ö¤¥·´Ò¥ ¶²μÉ´μ¸É¨ ρn,p(r), Éμ Ëμ·³Ë ±Éμ· ¢ · ¡μÉ¥ [24] ¤ ¥É¸Ö ¢ ¢¨¤¥

F (q2) =
1

QW

∫
[ρn(r) − (1 − 4 sin2 θw)ρp(r)]

sin(qr)
qr

r2dr. (2.12)

�μ¸±μ²Ó±Ê (1 − 4 sin2 θW ) ³ ²μ, ´¥°É·¨´μ Ê¶·Ê£μ · ¸¸¥¨¢ ¥É¸Ö ´  ¡¥¸¸¶¨´μ-
¢μ³ Ö¤·¥, £² ¢´Ò³ μ¡· §μ³ ´  ´¥°É·μ´ Ì, ¨ ¨§³¥·¥´¨¥ ¸¥Î¥´¨Ö ÔÉμ£μ ¶·μÍ¥¸¸ 
¤ ¥É ¤μ¸ÉÊ¶ ¨³¥´´μ ± ´¥°É·μ´´μ³Ê Ëμ·³Ë ±Éμ·Ê. C ¨¸¶μ²Ó§μ¢ ´¨¥³  ´ -
²¨É¨Î¥¸±¨x Ëμ·³Ê² [25], ¢ μ¸´μ¢¥ ±μÉμ·ÒÌ § ²μ¦¥´μ ¶·¥¤¸É ¢²¥´¨¥ μ Éμ³,
ÎÉμ ´Ê±²μ´Ò μ¡² ¤ ÕÉ ¢´ÊÉ·¨ Ö¤·  c · ¤¨Ê¸μ³ R ¶μ¸ÉμÖ´´μ° ¶²μÉ´μ¸ÉÓÕ,
  Éμ²Ð¨´  ¶μ¢¥·Ì´μ¸É¨ Ö¤·  · ¢´  s, ¤²Ö ËÊ·Ó¥-μ¡· §  ÔÉμ° ¶²μÉ´μ¸É¨ Å
Ëμ·³Ë ±Éμ·  Å ¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥ [25]

F (q2) =
3j1(qR0)

qR0
exp

(
− (qs)2

2

)
, (2.13)

£¤¥ R2
0 = R2 − 5s2. ‚ · ¡μÉ¥ [24] ¶μ²´Ò° Ëμ·³Ë ±Éμ·

F (q2) =
1

QW
[NFn(q2) − Z(1 − 4 sin2 θW )Fp(q2)] (2.14)

¡Ò² ¢Ò· ¦¥´ Î¥·¥§ Fn(q2) ¨ Fp(q2) Å ´¥°É·μ´´Ò° ¨ ¶·μÉμ´´Ò° Ëμ·³Ë ±-
Éμ·Ò. ”μ·³Ê²  (2.13) ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¤²Ö μÍ¥´±¨ · ¤¨Ê¸μ¢ ´¥°É·μ´  Rn

¨ ¶·μÉμ´  Rp ¢ [26].
�μ¤¢¥¤¥³ ¨Éμ£ μ¡¸Ê¦¤¥´¨Ö ®±μ£¥·¥´É´μ¸É¨ ¶μ ”·¨¤³ ´Ê¯. �¥§Ê²ÓÉ É

´¥°É·¨´μ-Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ
´  μÉ¤¥²Ó´ÒÌ ´Ê±²μ´ Ì. Š ¦¤Ò°  ±É · ¸¸¥Ö´¨Ö ´  k-³ ´Ê±²μ´¥ μ¶¨¸Ò-
¢ ¥É¸Ö, £·Ê¡μ £μ¢μ·Ö,  ³¶²¨ÉÊ¤μ° Ak. …¸²¨ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ÔÉ¨ ´Ê-
±²μ´Ò μ¡² ¤ ÕÉ Ë¨±¸¨·μ¢ ´´Ò³¨ ±μμ·¤¨´ É ³¨ (¢´ÊÉ·¨ Ö¤· ) xk, Éμ Ak

¶·¨μ¡·¥É ¥É ¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó eiqxk ¨ ¶μ²´ Ö  ³¶²¨ÉÊ¤  A · ¢´ 
A∑

k=1

Ak eiqxk .

‚ · ¡μÉ¥ [21], ¶μ¸¢ÖÐ¥´´μ°, ¢ Î ¸É´μ¸É¨, · ¸¸³μÉ·¥´¨Õ ±μ£¥·¥´É´μ£μ
· ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢, ¤²Ö ¨²²Õ¸É· Í¨¨ ¶μÖ¢²¥´¨Ö ³´μ¦¨É¥²Ö eiqx ¡Ò²μ ¸¤¥-
² ´μ ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·-
£¨° ´  · ¸¶·¥¤¥²¥´´μ³ § ·Ö¤¥ (Ö¤·¥) ¶·μ¨¸Ìμ¤¨É É ± ¦¥, ± ± Ë· Ê´£μË¥·μ¢-
¸± Ö ¤¨Ë· ±Í¨Ö ¢ μ¶É¨±¥ (·¨¸. 3). Š ± ¨§¢¥¸É´μ, ¤¢¥ (μ¶É¨Î¥¸±¨¥) ¢μ²´Ò ¸Î¨-
É ÕÉ¸Ö ±μ£¥·¥´É´Ò³¨, ¥¸²¨ μ´¨ ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ Î ¸ÉμÉÊ ¨ Ëμ·³Ê,   É ±¦¥
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�¨¸. 3. � §´μ¸ÉÓ Ë § (¶·μ¶μ·Í¨μ´ ²Ó´ Ö
· §´μ¸É¨ Ìμ¤ ) ³¥¦¤Ê ²ÊÎμ³, ¶·μÌμ¤Ö-
Ð¨³ Î¥·¥§ ÉμÎ±Ê x, ¨ ²ÊÎμ³, ¶·μÌμ¤Ö-
Ð¨³ Î¥·¥§ ÉμÎ±Ê x = 0, · ¢´  Δϕ =
(2π/λ)(l1 + l2), £¤¥ l1 = |x| cos φ = (k̂x)
¨ l2 = |x| cos θ = −(k̂′x) ≡ |x| cos(π−θ).
�μÔÉμ³Ê Δϕ = (2π/λ)[k̂x − k̂′x] ≡ qx,
£¤¥ q = k − k′ Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸

¶μ¸ÉμÖ´´ÊÕ · §´μ¸ÉÓ Ë §. ’ ± Ö ±μ£¥·¥´É´μ¸ÉÓ ¶·¨¢μ¤¨É ± ±μ´¸É·Ê±É¨¢´μ°
¨²¨ ¤¥¸É·Ê±É¨¢´μ° ¨´É¥·Ë¥·¥´Í¨¨. ˆÉ ±,  ³¶²¨ÉÊ¤Ò Ak ±μ£¥·¥´É´Ò, ¥¸²¨
¢¸¥ Ë §μ¢Ò¥ Ë ±Éμ·Ò qxk ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò. �Éμ Ê¸²μ¢¨¥ ±μ£¥·¥´É-
´μ¸É¨ (1.1) ¢Ò¶μ²´Ö¥É¸Ö, ±μ£¤  |qRA| � 1, É. ¥. ±μ£¤  · §³¥· (Ö¤· ), ¢ ±μÉμ-
·μ³ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ · ¸¶μ²μ¦¥´Ò ´Ê±²μ´Ò, §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ¤²¨´Ò
¢μ²´Ò ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ.

�μ ¶μ¢μ¤Ê ¨¸¶μ²Ó§μ¢ ´´μ° ¢ [21]  ´ ²μ£¨¨ ¸ · ¸¸¥Ö´¨¥³ ¸¢¥É  § ³¥É¨³,
ÎÉμ ¶·¨ Ë· Ê´£μË¥·μ¢¸±μ° ¤¨Ë· ±Í¨¨ (¸¢¥Éμ¢μ° ¢μ²´Ò, ¸¢¥Éμ¢μ£μ ¶μÉμ± ,
²ÊÎ ) ¶μ²μ¦¥´¨¥ · ¸¸¥¨¢ ÕÐ¨Ì Í¥´É·μ¢ ¤¥°¸É¢¨É¥²Ó´μ ¸É·μ£μ Ë¨±¸¨·μ¢ ´μ,
É. ¥. ¤¨Ë· ±Í¨μ´´ Ö ·¥Ï¥É±  Å ³ ±·μ¸±μ¶¨Î¥¸±¨° μ¡Ñ¥±É ¸ Ìμ·μÏμ μ¶·¥¤¥-
²¥´´Ò³¨ ¢ ¶·μ¸É· ´¸É¢¥ £¥μ³¥É·¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨ (¶μ²μ¦¥´¨¥³ ¨
¢¥²¨Î¨´μ° Ð¥²¥° ¨ É. ¶.). �¤´ ±μ ¤²Ö Ö¤·  ± ± ³¨±·μ¸±μ¶¨Î¥¸±μ°, ±¢ ´Éμ¢μ°
¸²μ¦´μ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò ´¥¢μ§³μ¦´μ ¢ ¶·¨´Í¨¶¥ ÉμÎ´μ Ë¨±¸¨·μ¢ ÉÓ ¶μ²μ-
¦¥´¨Ö · ¸¸¥¨¢ É¥²¥°, ¨, ¸É·μ£μ £μ¢μ·Ö, É ± Ö ²μ£¨±  ´¥¶· ¢μ³¥·´ . ˆ¸¶μ²Ó§μ-
¢ ´´ Ö  ´ ²μ£¨Ö (¡ §¨·ÊÕÐ Ö¸Ö ´  ¢μ²´μ¢μ° ¶·¨·μ¤¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í)
³μ¦¥É ¸²Ê¦¨ÉÓ Éμ²Ó±μ ¤²Ö ± Î¥¸É¢¥´´μ£μ ¶μ´¨³ ´¨Ö ¶·¨Î¨´ ¢μ§´¨±´μ¢¥´¨Ö
Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ Ë §μ¢μ£μ Ë ±Éμ· . ‘ ³  ¦¥ ¢μ²´μ¢ Ö ¶·¨·μ¤  Ô²¥³¥´-
É ·´ÒÌ Î ¸É¨Í ¢ §´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ μ¡Ê¸²μ¢²¥´  ¸É É¨¸É¨Î¥¸±μ° μ¸´μ¢μ°
´ Ï¥£μ μ¶¨¸ ´¨Ö ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ·μ¥ ´¥¨§¡¥¦´μ ¨ ËÊ´¤ ³¥´É ²Ó´μ
μ¶¨· ¥É¸Ö ´  μ¡Ö§ É¥²Ó´μ¥ ´ ²¨Î¨¥ ¶μÉμ±  (³ ±·μ¸±μ¶¨Î¥¸±¨ ¡μ²ÓÏμ£μ Î¨-
¸² ) Î ¸É¨Í.

2.2. � ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨ ¢ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ. ‘μ-
μÉ´μÏ¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¨ ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨ · ¸-
¸³ É·¨¢ ²μ¸Ó ¢ · ¡μÉ¥ [27], £¤¥  ¢Éμ·Ò § ¤ ²¨¸Ó ¢μ¶·μ¸μ³ μ Éμ³, ³μ¦¥É ²¨
±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ¨³¥ÉÓ ³¥¸Éμ ´  ³¨Ï¥´ÖÌ ³ ±·μ¸±μ¶¨Î¥¸±μ£μ
³ ¸ÏÉ ¡ , ¸²¥¤¸É¢¨¥³ Î¥£μ ¡Ò²μ ¡Ò ¥Ð¥ ¡μ²¥¥ §´ Î¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ ¸¥-
Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ.

ˆ§ÊÎ ²¸Ö ¶·μÍ¥¸¸ · ¤¨ Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´   Éμ³´ÒÌ Ô²¥±-
É·μ´ Ì (¨²¨ ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì ¢ ¶·μ¢μ¤´¨±¥), ¸μ¶·μ¢μ¦¤ ÕÐ¨°¸Ö ¨§²Ê-
Î¥´¨¥³ ËμÉμ´μ¢. �ÉμÉ ¶·μÍ¥¸¸ ³μ¦¥É ¡ÒÉÓ ±μ£¥·¥´É´Ò³, ±μ£¤  ¸Ê³³ ·´Ò°
¨³¶Ê²Ó¸ μÉ¤ Î¨ Ô²¥±É·μ´ , É. ¥. · §´μ¸ÉÓ ³¥¦¤Ê ¶μÉ¥·Ö´´Ò³ ´¥°É·¨´μ ¨³¶Ê²Ó-
¸μ³ ¨ ¨³¶Ê²Ó¸μ³ ¨¸¶ÊÐ¥´´μ£μ ËμÉμ´ , ¤μ¸É ÉμÎ´μ ³ ² [27]. ’ ±¨¥ · ¤¨ -
Í¨μ´´Ò¥ ¶·μÍ¥¸¸Ò ¢Ò£²Ö¤ÖÉ ¶·¨¢²¥± É¥²Ó´μ, ¶μ¸±μ²Ó±Ê Ô´¥·£¨Ö ¨¸¶ÊÐ¥´´ÒÌ
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ËμÉμ´μ¢ ³μ¦¥É ¡ÒÉÓ ¸Éμ²Ó ¦¥ ¡μ²ÓÏμ°, ± ± ¨ ¶¥·¥¤ ´´Ò° ¸¨¸É¥³¥ Ô²¥±-
É·μ´μ¢ ¨³¶Ê²Ó¸, ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·μ¡²¥³  ¤¥É¥±É¨·μ¢ ´¨Ö ±· °´¥ ³ ²μ°
Ô´¥·£¨¨ μÉ¤ Î¨ ³μ¦¥É ¡ÒÉÓ μ¡μ°¤¥´ .

’·¥¡μ¢ ´¨¥ ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨ ¢ μÎ¥´Ó ¸¨²Ó´μ° ¸É¥¶¥´¨
μ£· ´¨Î¨¢ ¥É ¤μ¸ÉÊ¶´Ò° Ë §μ¢Ò° μ¡Ñ¥³ ¤²Ö · ¸¸¥Ö´´μ° Î ¸É¨ÍÒ ¨ ¨¸¶ÊÐ¥´-
´μ£μ ËμÉμ´ . �¢Éμ·Ò [27] ¶μ± § ²¨, ÎÉμ ¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  · ¸¸¥Ö´¨¥ μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö §  ¸Î¥É μ¡ÒÎ´ÒÌ ¸² ¡ÒÌ ´¥°É· ²Ó´μ£μ ¨ § ·Ö¦¥´´μ£μ Éμ±μ¢, ÔÉμ
É·¥¡μ¢ ´¨¥ ¶·¨¢μ¤¨É ± ¸¨²Ó´μ³Ê ¶μ¤ ¢²¥´¨Õ Ô²¥³¥´É ·´ÒÌ (¨²¨ ¨´¤¨¢¨¤Ê-
 ²Ó´ÒÌ) ¸¥Î¥´¨°, ¨ ¶μ ÔÉμ° ¶·¨Î¨´¥ É·¥¡μ¢ ´¨¥ ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É-
´μ¸É¨ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ,   ´¥ ± Ê¸¨²¥´¨Õ ¶μ²´μ£μ ¸¥Î¥´¨Ö. �¤´ ±μ,
¥¸²¨ νe-· ¸¸¥Ö´¨¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö §  ¸Î¥É ´¥°É·¨´´μ£μ ³ £´¨É´μ£μ ³μ³¥´É 
¨²¨ Ô²¥±É·¨Î¥¸±μ£μ ¤¨¶μ²Ó´μ£μ ³μ³¥´É  ´¥°É·¨´μ, Éμ ±μ£¥·¥´É´Ò¥ ÔËË¥±ÉÒ
¸¶μ¸μ¡´Ò Ê¢¥²¨Î¨ÉÓ ¢ÒÌμ¤ ¤¥É¥±É¨·Ê¥³ÒÌ Î ¸É¨Í (ËμÉμ´μ¢). �É¨ ÔËË¥±ÉÒ
³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨ ¶μ§¢μ²Ö²¨ ¡Ò ¤¥É¥±É¨·μ¢ ÉÓ ´¥°É·¨´μ ¸
Ô´¥·£¨¥° 0,1Ä3,0 ±Ô‚, ±μÉμ·Ò¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥¤μ¸ÉÊ¶´Ò ¤²Ö Ô±¸¶¥·¨-
³¥´É . �¢Éμ·Ò ÊÉ¢¥·¦¤ ÕÉ, ÎÉμ  ´ ²μ£¨Î´Ò° ³¥Ì ´¨§³ ±μ£¥·¥´É´μ£μ Ê¸¨²¥-
´¨Ö ³μ¦¥É · ¡μÉ ÉÓ É ±¦¥ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¨§ ®É¥³´μ£μ ¸¥±Éμ· ¯,
μ¤´ ±μ ´¥ ¤²Ö μ¡ÒÎ´μ · ¸¸³ É·¨¢ ¥³ÒÌ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ³ ¸¸¨¢´ÒÌ Î ¸É¨Í
É¥³´μ° ³ É¥·¨¨.

�·μ¡²¥³  ·¥£¨¸É· Í¨¨ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´   Éμ³ Ì § -
±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ Ô´¥·£¨Ö μÉ¤ Î¨  Éμ³  μÎ¥´Ó ³ ²  ¨ ¶· ±É¨Î¥¸±¨ ´¥
¤¥É¥±É¨·Ê¥³  (¸³., ´ ¶·¨³¥·, · ¡μÉÒ �.‚. ƒ ¶μ´μ¢  [4,28]). „¥°¸É¢¨É¥²Ó´μ,
¸μ£² ¸´μ [27] ±μ£¥·¥´É´μ¸ÉÓ É·¥¡Ê¥É, ÎÉμ¡Ò ¶¥·¥¤ ´´Ò° · ¸¸¥¨¢ É¥²Õ ¨³-
¶Ê²Ó¸ |q| ¡Ò² ³¥´ÓÏ¥, Î¥³ μ¡· É´Ò° · ¤¨Ê¸ ÔÉμ£μ · ¸¸¥¨¢ É¥²Ö. ’μ²Ó±μ ¶·¨
ÔÉμ³ Ê¸²μ¢¨¨ ¡Ê¤¥É ´¥¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ, ´  ±μÉμ·μ° ¨§ ¸μ¸É ¢²ÖÕÐ¨Ì
³¨Ï¥´Ó Î ¸É¨Í¥ ¶·μ¨§μÏ²μ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ, ¨ ´¥°É·¨´´Ò¥ ¢μ²´Ò, · ¸-
¸¥Ö´´Ò¥ ´  · §²¨Î´ÒÌ ¸μ¸É ¢²ÖÕÐ¨Ì, ¡Ê¤ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¢ (μ¤´μ°) Ë §¥ ¤·Ê£
¸ ¤·Ê£μ³, ÎÉμ Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ Ê¸²μ¢¨¥³ ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö.
„²Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´   Éμ³¥ ÔÉμ μ§´ Î ¥É, ÎÉμ |q| � 1/(1−3 a) ∼ 1 ±Ô‚,
£¤¥ a � 0,53 
A Å · ¤¨Ê¸ Ö¤·  
μ· . „²Ö  Éμ³  ¸ ´μ³¥·μ³ A ∼ 100 Ô´¥·-
£¨Ö μÉ¤ Î¨ ¡Ê¤¥É Erec � q2/(2mA) ∼ 10−5 Ô‚, ÎÉμ ¶·¨³¥·´μ ´  8 ¶μ·Ö¤±μ¢
¢¥²¨Î¨´Ò ´¨¦¥ ¸μ¢·¥³¥´´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ [27].

�¤¨´ ¨§ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ [27] É ±μ¢, ÎÉμ ³ ±·μ¸±μ¶¨Î¥¸± Ö ±μ£¥·¥´É-
´μ¸ÉÓ ¢μ§³μ¦´  ¨ ¸¥Î¥´¨¥ ¸É ´μ¢¨É¸Ö μÎ¥´Ó ¡μ²ÓÏ¨³ Éμ²Ó±μ ¤²Ö ´¥°É·¨´μ,
· ¸¸¥¨¢ ÕÐ¨Ì¸Ö ´  μÎ¥´Ó ³ ²Ò° Ê£μ² ¢¶¥·¥¤, ±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É ´¥¨§³¥-
·¨³μ ³ ²Ò³ §´ Î¥´¨Ö³ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· ³¨Ï¥´¨. ’¥³ ´¥ ³¥´¥¥ ¨§¢¥¸É´μ,
ÎÉμ ³ ±·μ¸±μ¶¨Î¥¸± Ö ±μ£¥·¥´É´μ¸ÉÓ ²¥£±μ ¤μ¸É¨¦¨³  ¢ ¶·μÍ¥¸¸e · ¸¸¥Ö´¨Ö
¸¢¥É , X-²ÊÎ¥° ¨²¨ ´¥°É·μ´μ¢ ´  ³ ±·μ¸±μ¶¨Î¥¸±¨Ì ³¨Ï¥´ÖÌ, ¶μ¸±μ²Ó±Ê
¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ ·¥£¨¸É·¨·ÊÕÉ¸Ö · ¸¸¥Ö´´Ò¥ Î ¸É¨ÍÒ,   ´¥ Ô´¥·£¨Ö μÉ¤ Î¨
³¨Ï¥´¨.

‚ · ¡μÉ¥ [27] ¡Ò²  ¶μ± § ´  ´¥¸μ¸ÉμÖÉ¥²Ó´μ¸ÉÓ ¶·¥¤²μ¦¥´¨Ö Ô±¸¶¥·¨-
³¥´É  ‚¥¡¥·  [29Ä31] ¶μ · ¸¸¥Ö´¨Õ ´¥°É·¨´μ ´  ±·¨¸É ²²¥. �É¸ÊÉ¸É¢¨¥ μÉ-
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¤ Î¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ  Éμ³μ¢ (¢ ±·¨¸É ²²¥), ÎÉμ ²¥¦ ²μ ¢ μ¸´μ¢¥ ¶·¥¤²μ¦¥´¨Ö,
Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ Ê¸²μ¢¨¥³ ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨, ´μ ´¥¤μ-
¸É ÉμÎ´Ò³. �μ³¨³μ ÔÉμ£μ É·¥¡Ê¥É¸Ö, ÎÉμ¡Ò ´¥°É·¨´´Ò¥ ¢μ²´Ò, · ¸¸¥¨¢ Õ-
Ð¨¥¸Ö ´  · §²¨Î´ÒÌ Í¥´É· Ì, ¡Ò²¨ ¢ μ¤´μ° Ë §¥ ¤·Ê£ ¸ ¤·Ê£μ³. �³¶²¨ÉÊ¤Ò
· ¸¸¥Ö´¨Ö ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ´  £·Ê¶¶¥ · ¸¸¥¨¢ ÕÐ¨Ì Í¥´É·μ¢, ¢ μÉ²¨Î¨¥ μÉ
· ¸¸¥Ö´¨Ö ´  μ¤´μ³ Í¥´É·¥, ¤μ²¦´Ò ¸μ¤¥·¦ ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É·Ê±ÉÊ·-
´Ò¥ Ë ±Éμ·Ò, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ μÉ´μ¸¨É¥²Ó´Ò¥ Ë §Ò Ê  ³¶²¨ÉÊ¤, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì · §²¨Î´Ò³ · ¸¸¥¨¢ É¥²Ö³. „²Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ÔÉμÉ
¸É·Ê±ÉÊ·´Ò° Ë ±Éμ· ¤ ¥É¸Ö Ê¦¥ ¨§¢¥¸É´Ò³ ¢Ò· ¦¥´¨¥³

F (k − k′) =
N∑

i=1

ei(k−k′)ri ,

£¤¥ k ¨ k′ Å ¨³¶Ê²Ó¸Ò ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ´¥°É·¨´μ; ri Å ±μμ·¤¨´ É 
i-£μ · ¸¸¥¨¢ É¥²Ö; N Å ¶μ²´μ¥ Î¨¸²μ · ¸¸¥¨¢ É¥²¥° ¢ ³¨Ï¥´¨. ‚¢μ¤Ö ¶²μÉ-
´μ¸ÉÓ Î¨¸²  · ¸¸¥¨¢ É¥²¥° ρ(r) =

∑
i

δ3(r − ri), ³μ¦´μ § ¶¨¸ ÉÓ ÔÉμÉ ¸É·Ê±-

ÉÊ·´Ò° Ë ±Éμ· ¢ ¢¨¤¥ ¸É ´¤ ·É´μ£μ Ëμ·³Ë ±Éμ·  F (q) =
∫

d3r eiqrρ(r), £¤¥
q = k − k′ Å ¶¥·¥¤ ´´Ò° ³¨Ï¥´¨ ¨³¶Ê²Ó¸. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ÔÉ¨
¸É·Ê±ÉÊ·´Ò¥ Ë ±Éμ·Ò ±·¨É¨Î´Ò ¢ ¢μ¶·μ¸¥ μ ±μ£¥·¥´É´μ¸É¨ ¶·μÍ¥¸¸  · ¸¸¥Ö-
´¨Ö, É. ¥. μÉ ´¨Ì § ¢¨¸¨É μÉ¢¥É Å ¸²¥¤Ê¥É ²¨  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´¥°É·¨´μ
´  · §²¨Î´ÒÌ Î ¸É¨Í Ì ³¨Ï¥´¨ ¸±² ¤Ò¢ ÉÓ ±μ£¥·¥´É´μ ¨²¨ ´¥É [27]. •μÉÖ
ÉμÎ´ Ö Ëμ·³  ÔÉ¨Ì Ë ±Éμ·μ¢ § ¢¨¸¨É μÉ ¨¸¶μ²Ó§Ê¥³μ° ¢ Ô±¸¶¥·¨³¥´É¥ ¸¶¥-
Í¨Ë¨±¨ ³¨Ï¥´¨, Î¨¸Éμ ±μ£¥·¥´É´Ò° ¨/¨²¨ ´¥±μ£¥·¥´É´Ò° ·¥¦¨³Ò ³μ¦´μ
¨¸¸²¥¤μ¢ ÉÓ ¢ ¤μ¸É ÉμÎ´μ μ¡Ð¥³ ¢¨¤¥. „¥°¸É¢¨É¥²Ó´μ, ±¢ ¤· É ³μ¤Ê²Ö  ³¶²¨-
ÉÊ¤Ò ¶¥·¥Ìμ¤  ¸μ¤¥·¦¨É ³´μ¦¨É¥²Ó

|F (q)|2 =
N∑

i,j=1

eiq(ri−rj). (2.15)

…¸²¨ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ q Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ max
i,j

{|q(ri − rj)|} �
|q|L � 1, £¤¥ L Å ²¨´¥°´Ò° · §³¥· ³¨Ï¥´¨, Éμ ³μ¦´μ § ³¥´¨ÉÓ ¢¸¥ Ë §μ¢Ò¥
³´μ¦¨É¥²¨ ¢ ¶·¨¢¥¤¥´´μ° ¢ÒÏ¥ ¸Ê³³¥ ´  ¥¤¨´¨ÍÊ ¨ ¶μ²ÊÎ¨ÉÓ |F (q)|2 =
N2. �Éμ μ§´ Î ¥É, ÎÉμ ´¥°É·¨´μ, · ¸¸¥Ö´´Ò¥ ´  · §²¨Î´ÒÌ ¸μ¸É ¢²ÖÕÐ¨Ì
³¨Ï¥´¨, ´ Ìμ¤ÖÉ¸Ö ¢ μ¤´μ° Ë §¥ ¤·Ê£ ¸ ¤·Ê£μ³. ‚ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ¶·¥¤¥²¥,
±μ£¤  |q|L � 1, ¢Ò¦¨¢ ÕÉ Éμ²Ó±μ ¤¨ £μ´ ²Ó´Ò¥ (i = j) ¸² £ ¥³Ò¥ ¸Ê³³Ò,
¨ ¶μ²ÊÎ ¥É¸Ö, ÎÉμ |F (q)|2 � N , É. ¥. ¨³¥¥É¸Ö μ¡ÒÎ´ Ö § ¢¨¸¨³μ¸ÉÓ ¶μ²´μ£μ
¸¥Î¥´¨Ö μÉ Î¨¸²  Î ¸É¨Í ³¨Ï¥´¨. �Éμ ´¥±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ [27].

‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´  ±·¨¸É ²² Ì ¨³¥¥É ³¥¸Éμ ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ
ÔËË¥±É ³ ±·μ¸±μ¶¨Î¥¸±μ° ±μ£¥·¥´É´μ¸É¨, ±μ£¤  · §´μ¸ÉÓ Ë § q(ri − rj) ¢
¢Ò· ¦¥´¨¨ (2.15) ±· É´  2π. �Éμ ¢¥¤¥É ± ¨§¢¥¸É´μ³Ê Ê¸²μ¢¨Õ 
·Ô££  ¤²Ö
¤¨Ë· ±Í¨¨ ´  ±·¨¸É ²²¥:

2d sinϑ = nλ, (2.16)
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£¤¥ d Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ¶²μ¸±μ¸ÉÖ³¨ ¢ ±·¨¸É ²²¥; ϑ Å Ê£μ² ³¥¦¤Ê ¨³¶Ê²Ó-
¸μ³ ´¥°É·¨´μ ¨  Éμ³´μ° ¶²μ¸±μ¸ÉÓÕ (Ê£μ² · ¸¸¥Ö´¨Ö θ = 2ϑ); λ = 2π/|k|
¨ n Å Í¥²Ò¥ Î¨¸² . ’ ± ¦¥ ± ± ¢ ¸²ÊÎ ¥ ¤¨Ë· ±Í¨¨ X-²ÊÎ¥° ¢ ±·¨¸É ²²¥,
¨´É¥´¸¨¢´μ¸ÉÓ · ¸¸¥Ö´´μ° ¢μ²´Ò ´¥°É·¨´μ ¢ ´ ¶· ¢²¥´¨¨ ³ ±¸¨³Ê³  
·Ô££ 
¶·μ¶μ·Í¨μ´ ²Ó´  N2. �´  § ³¥É´μ μÉ²¨Î ¥É¸Ö μÉ ´Ê²Ö ¢ Ê§±¨Ì ±μ´Ê¸ Ì ¢μ-
±·Ê£ ¡·Ô££μ¢¸±¨Ì ´ ¶· ¢²¥´¨° c Ê£² ³¨ ΔΩ ∝ N−2/3 ¨ ¶· ±É¨Î¥¸±¨ ´Ê²¥¢ Ö
¢´¥ ÔÉ¨Ì ±μ´Ê¸μ¢. �·¨ ÔÉμ³ ¨´É¥´¸¨¢´μ¸ÉÓ · ¸¸¥Ö´´μ° ´¥°É·¨´´μ° ¢μ²´Ò
¢μ±·Ê£ ³ ±¸¨³Ê³  
·Ô££  ¶·μ¶μ·Í¨μ´ ²Ó´  N4/3 [32]. �μ¸±μ²Ó±Ê · ¸¸¥Ö´-
´Ò¥ ´¥°É·¨´μ ´¥ ¶μ¤¤ ÕÉ¸Ö ¤¥É¥±É¨·μ¢ ´¨Õ, Éμ Éμ²Ó±μ ¨³¶Ê²Ó¸ μÉ¤ Î¨ ¢¸¥£μ
±·¨¸É ²²  ¨ ³μ¦¥É ¡ÒÉÓ ¢ ¶·¨´Í¨¶¥ ¨§³¥·¥´ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨²¨ É  ¸¨² ,
ÎÉμ ¤¥°¸É¢Ê¥É ´  ¢¥¸Ó ±·¨¸É ²² [27].

„²Ö Ë¨±¸¨·μ¢ ´´μ£μ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ´¥°É·¨´μ μÉ´μ¸¨É¥²Ó´μ  Éμ³-
´ÒÌ ¶²μ¸±μ¸É¥° ±·¨¸É ²²  ¨ n 
= 0 ¢Ò· ¦¥´¨¥ (2.16) ®μÉ¡¨· ¥É¯ É¥ Ô´¥·-
£¨¨ ´¥°É·¨´μ, ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Õ 
·Ô££ . �μ¸±μ²Ó±Ê ³ ±¸¨³Ê³Ò

·Ô££  ¨³¥ÕÉ ±μ´¥Î´Ò¥ Ï¨·¨´Ò, Éμ ´¥°É·¨´μ ¢ ÔÉ¨Ì ±μ´¥Î´ÒÌ Ô´¥·£¥É¨Î¥-
¸±¨Ì ¨´É¥·¢ ² Ì Δω ¤¥°¸É¢¨É¥²Ó´μ ¡Ê¤ÊÉ ¶μ¤¢¥·¦¥´Ò ¤¨Ë· ±Í¨¨ 
·Ô££ , μ¤-
´ ±μ ÔÉ¨ ¨´É¥·¢ ²Ò μÎ¥´Ó ³ ²Ò ¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò 1/L ∝ N−1/3. ‚ ·¥§Ê²Ó-
É É¥ ¶μ²´Ò° ¶¥·¥¤ ´´Ò° ±·¨¸É ²²Ê ¨³¶Ê²Ó¸ ¡Ê¤¥É ¶·μ¶μ·Í¨μ´ ²¥´ N4/3 ×
N−1/3 = N , ¢ ÉμÎ´μ¸É¨ ± ± ¤²Ö  ³μ·Ë´μ£μ É¥²  [32]. �μÔÉμ³Ê ¢ Ô±¸¶¥·¨³¥´-
É Ì ‚¥¡¥·  ³ ±·μ¸±μ¶¨Î¥¸± Ö ±μ£¥·¥´É´μ¸ÉÓ ´¥ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  [27].

ˆÉ ±,  ¢Éμ·Ò [27] ¶·¨¤¥·¦¨¢ ÕÉ¸Ö Ë·¨¤³ ´μ¢¸±μ£μ ¢§£²Ö¤  ´  Éμ, ±μ£¤ 
³μ¦´μ ¶·¨³¥´ÖÉÓ Ëμ·³Ê²Ò ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¸μ¸É ¢-
´μ° ¸²μ¦´μ° ¸¨¸É¥³¥.

2.3. �μ¤Ìμ¤ �. ‚. ƒ ¶μ´μ¢  ± ±μ£¥·¥´É´μ³Ê · ¸¸¥Ö´¨Õ ´¥°É·¨´μ ´ 
 Éμ³¥. � ¶μ³´¨³ μ · ¡μÉ Ì �. ‚. ƒ ¶μ´μ¢  ¨ ‚.�. ’¨Ìμ´μ¢  1975 £. [4, 28],
¢ ±μÉμ·ÒÌ ¨¸¸²¥¤μ¢ ²μ¸Ó Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ´¨§±¨Ì Ô´¥·£¨° ´  ¸μ-
¸É ¢´ÒÌ  Éμ³´ÒÌ ¸¨¸É¥³ Ì. �μ ³´¥´¨Õ  ¢Éμ·μ¢, ¢ ¸²ÊÎ ¥ Éμ²Ó±μ ¢¥±Éμ·´μ£μ
¢ ·¨ ´É  ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ¶·μ¨¸Ìμ¤¨É ±μ£¥·¥´É´μ
´  ¢¸¥°  Éμ³´μ° ¸¨¸É¥³¥ ± ± Í¥²μ³ (Ô²¥±É·μ´ Ì, ¶·μÉμ´ Ì ¨ ´¥°É·μ´ Ì).
‚ ¸²ÊÎ ¥  ±¸¨ ²-¢¥±Éμ·´μ£μ ¢ ·¨ ´É  ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¸¸¥Ö´¨¥ ´¥°-
É·¨´μ ¶·μ¨¸Ìμ¤¨É ±μ£¥·¥´É´μ ¶μ μÉ¤¥²Ó´μ¸É¨ ´  ¤¢ÊÌ  Éμ³´ÒÌ ¶μ¤¸¨¸É¥-
³ Ì Å ´  Ô²¥±É·μ´ Ì μ¡μ²μÎ±¨ ¨ ´  ´Ê±²μ´ Ì Ö¤· . �¢Éμ·Ò ¶μ± § ²¨, ÎÉμ
¶·¨ Ô´¥·£¨ÖÌ ´¥°É·¨´μ ³¥´ÓÏ¥ ¨²¨ ¶μ·Ö¤±  10 ±Ô‚ (ÎÉμ ´¨¦¥ ¶μ·μ£  ´¥-
Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ∗) ¸ÊÐ¥¸É¢Ê¥É μ¡² ¸ÉÓ ±μ£¥·¥´É´μ-μ¶É¨Î¥¸±¨Ì ´¥°É·μ´´ÒÌ
Ö¢²¥´¨° (´μ¢ Ö μ¡² ¸ÉÓ ´¥°É·¨´´μ° Ë¨§¨±¨ Å ´¥°É·¨´´ Ö μ¶É¨± , ± ± ´ -
§¢ ²¨ ¥¥  ¢Éμ·Ò [4,28]), £¤¥ μ¸´μ¢´ÊÕ ·μ²Ó ¨£· ÕÉ ¶·μÍ¥¸¸Ò Ê¶·Ê£μ£μ · ¸¸¥-
Ö´¨Ö ´¥°É·¨´μ ´   Éμ³¥ ¢ Í¥²μ³.

∗�μ¦ ²Ê°, ¢¶¥·¢Ò¥ ¢ ÔÉ¨Ì · ¡μÉ Ì Ö¢´μ μ¡· Ð¥´μ ¢´¨³ ´¨¥ ´  ·μ²Ó ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢
¢ ±μ£¥·¥´É´μ³ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ. Œμ¦´μ ¸Î¨É ÉÓ, ÎÉμ ¢ · ¡μÉ¥ [19] ÔÉ  ·μ²Ó μËμ·³²¥´ 
±μ²¨Î¥¸É¢¥´´μ.
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„²Ö ¤ ²Ó´¥°Ï¥£μ · ¸¸³μÉ·¥´¨Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¶μÊÎ¨É¥²Ó´Ò³, ÎÉμ ¢
[4,28] ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨  Éμ³´μ° ¸¨¸É¥³Ò ¢ ±¢ ´Éμ¢μ-¶μ²¥¢μ³
¶μ¤Ìμ¤¥. �μ²´ Ö  ³¶²¨ÉÊ¤  ¨§ [4] ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ( ´É¨)´¥°É·¨´μ ´ 
¸²μ¦´μ°  Éμ³´μ° ¸¨¸É¥³¥ (¶·μÉμ´Ò, ´¥°É·μ´Ò ¨ Ô²¥±É·μ´  Éμ³´ÒÌ μ¡μ²μÎ¥±)
³μ¦¥É ¡ÒÉÓ ¶¥·¥¶¨¸ ´  ´  ¸μ¢·¥³¥´´Ò° ² ¤ ¢ ¢¨¤¥

M(q) =
GF√

2
Jα(q) ν̄(k′) γα(1 + γ5) ν(k). (2.17)

‡¤¥¸Ó q = k − k′ Å ¶¥·¥¤ ´´Ò° μÉ ´¥°É·¨´μ Ö¤·Ê ¨³¶Ê²Ó¸, q = |q| =
(2Eν)/c sin θ/2 ¨ θ Å Ê£μ² · ¸¸¥Ö´¨Ö ´¥°É·¨´μ. �μ²´Ò°  Éμ³´Ò° (´Ê±²μ´Ò
¨ Ô²¥±É·μ´Ò) Éμ± [4], ¶¥·¥¶¨¸ ´´Ò° ¢ ¸μ¢·¥³¥´´ÒÌ μ¡μ§´ Î¥´¨ÖÌ, ¨³¥¥É ¢¨¤

Jα(q) =
∫ Ze+ZA+N∏

k

drk Ψ(rk)

⎡⎣ ∑
i=e,p,n

Ze,ZA,N∑
ki

(V ki
α + Aki

α ) eiqrki

⎤⎦Ψ(rk) =

=
∫ Ze+ZA+N∏

k

drk

∑
i=e,p,n

eiqrki

Ze,ZA,N∑
ki

Ψ(rk)Hki
α Ψ(rk),

£¤¥ V ki
α = gi

V γki
α (Aki

α = gi
Aγki

α γki
5 ) Å ¢¥±Éμ·´Ò° ( ±¸¨ ²Ó´Ò°) μ¶¥· Éμ·,

μ¶¨¸Ò¢ ÕÐ¨° ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥°É·¨´μ ¸ ki-° Î ¸É¨Í¥°  Éμ³  ∗, ¨
Hki

α ≡ γki
α (gi

V + gi
Aγki

5 ). ‚¥±Éμ· rki ¤ ¥É ¶·μ¸É· ´¸É¢¥´´ÊÕ ±μμ·¤¨´ ÉÊ ki-°
Î ¸É¨ÍÒ ¢  Éμ³¥ (É¨¶  xi ´  ·¨¸. 2, ¡). ‚μ²´μ¢ Ö ËÊ´±Í¨Ö ¸μ¸É ¢´μ° ¸¨¸É¥³Ò
(¢ ¶·¥´¥¡·¥¦¥´¨¨ ¸¶¨´-¸¶¨´μ¢Ò³ Ô²¥±É·μ´-Ö¤¥·´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³) ¨³¥¥É
¢¨¤ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ ¶μ¤¸¨¸É¥³

Ψ(rk) = Ψe(rei )ΨA(rAi) = Ψ(re1, . . . , reZe)Ψ(rp1, . . . , rpZA ; rn1, . . . , rnN ).

Š ¦¤ Ö ¨§ ´¨Ì ¨³¥¥É ¸¢μ° Ë¨±¸¨·μ¢ ´´Ò° ¸¶¨´, μ¤´ ±μ ¸¨¸É¥³  ¢ Í¥²μ³
μ¶·¥¤¥²¥´´μ£μ ¸¶¨´  ´¥ ¨³¥¥É, ± ± ÊÉ¢¥·¦¤ ÕÉ  ¢Éμ·Ò [4]. �μ ¨Ì ³´¥-
´¨Õ, ÔÉμÉ Ë ±É ¶·¨¢μ¤¨É ± ¨¸Î¥§´μ¢¥´¨Õ ±μ£¥·¥´É´μ¸É¨ ¢ Î ¸É¨, ¸¢Ö§ ´-
´μ° ¸  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò³ ¢ ·¨ ´Éμ³ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‘μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ ¸¥Î¥´¨¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¶·μ¨§¢μ²Ó´μ° ¸²μ¦´μ°
 Éμ³´μ° ¸¨¸É¥³¥ · ¸¶ ¤ ¥É¸Ö ´  ¤¢  ¸² £ ¥³ÒÌ. �¤´μ μ¶¨¸Ò¢ ¥É ±μ£¥·¥´É-
´μ¥ ν-· ¸¸¥Ö´¨¥ ¢ Í¥²μ³ ´  ¢¸¥° ¸¨¸É¥³¥ §  ¸Î¥É ¢¥±Éμ·´μ£μ νe- ¨ νN -
¢§ ¨³μ¤¥°¸É¢¨Ö,   ¢Éμ·μ¥ Å · ¸¸¥Ö´¨¥ ´  Ze Ô²¥±É·μ´ Ì ¨ A ´Ê±²μ´ Ì ¶μ
μÉ¤¥²Ó´μ¸É¨ (¢ ÔÉμ³ ¸³Ò¸²¥ ´¥±μ£¥·¥´É´μ¥). ’¥³ ´¥ ³¥´¥¥ ¢ ± ¦¤μ° ¨§ ¶μ¤-
¸¨¸É¥³ · ¸¸¥Ö´¨¥ ±μ£¥·¥´É´μ ± ± ¤²Ö ¢¥±Éμ·´μ£μ ¸²ÊÎ Ö, É ± ¨ ¤²Ö  ±¸¨ ²-
¢¥±Éμ·´μ£μ, ¶μ¸±μ²Ó±Ê ¸μ¸ÉμÖ´¨¥ ¶μ¤¸¨¸É¥³ ´¥ ³¥´Ö¥É¸Ö [4].

∗‚ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ge
V = 1/2 + 2 sin2 θW , gp

V = 1/2 − 2 sin2 θW , gn
V = −1/2,

ge
A = 1/2, gp

A = gA/2, gn
A = −gA/2.



90 
…„�ŸŠ�‚ ‚.�., ��“Œ�‚ „.‚.

‘¥Î¥´¨¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¸ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ (2.17) ¶μ²ÊÎ ¥É¸Ö,
± ± ¶¨ÏÊÉ  ¢Éμ·Ò [4], ¶μ ¸É ´¤ ·É´μ° ¸Ì¥³¥ ∗. �´μ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¨ Ê£² 
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ θ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ [4]:

dσ

d cos θ
=

∑
|M(q)|2 =

1
2π

(
GF Eν

c2�2

)2

×

×
{

[ge
V Fe + g0

V FN + g1
V FN (τz)]2(1 + cos θ) +

+
∑
mz

[
(ge

A)2

2Je + 1
F 2

e (σz) +
[g0

AFN (σz) + g1
AFN (Yz)]2

2JA + 1

]
(3 − cos θ)

}
, (2.18)

£¤¥ g0
V = − sin2 θW , g1

V = −1/2+sin2 θW , g0
A = 0, g1

A = −gA/2. �É  Ëμ·³Ê² 
¸μ¤¥·¦¨É ± ± ¶μ²´μ¸ÉÓÕ ±μ£¥·¥´É´Ò° ¢¥±Éμ·´Ò° Î²¥´ (¢¥·Ì´ÖÖ ¸É·μ± ), É ± ¨
¤¢  ´¥±μ£¥·¥´É´ÒÌ ³¥¦¤Ê ¸μ¡μ° (´¨¦´ÖÖ ¸É·μ± ), μ¤´ ±μ ±μ£¥·¥´É´ÒÌ ¢´ÊÉ·¨
¸¥¡Ö (Ô²¥±É·μ´´Ò° ¨ ´Ê±²μ´´Ò°)  ±¸¨ ²-¢¥±Éμ·´Òx ¸² £ ¥³Òx. �μ ³´¥´¨Õ
 ¢Éμ·μ¢ [4], ´ ¨¡μ²¥¥ ¶·μ¸Éμ° ¢¨¤ ¨³¥ÕÉ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´¨§±¨Ì
Ô´¥·£¨° ¢ ¶·¨¡²¨¦¥´¨¨ ®É¥·³¨´μ²μ£¨¨ ¡¥É -· ¸¶ ¤ ¯ (±μ£¤  qR � 1, £¤¥
R Å · §³¥· ¸¨¸É¥³Ò), ¶·¨ Eν < αmec

2 ¤²Ö  Éμ³´μ° ¸¨¸É¥³Ò ¨²¨ Eν < mπc2

¤²Ö Î¨¸Éμ Ö¤¥·´μ°.
� ¨¡μ²¥¥ ¨´É¥·¥¸´Ò³¨ ¤²Ö ¤ ²Ó´¥°Ï¥£μ ¨§²μ¦¥´¨Ö ¢¥²¨Î¨´ ³¨ ¨§ [4]

Ö¢²ÖÕÉ¸Ö § ¢¨¸ÖÐ¨¥ μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q Ëμ·³Ë ±Éμ·Ò Ô²¥±É·μ´´μ° ¨
´Ê±²μ´´μ° ¶μ¤¸¨¸É¥³, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢¸¥°
¸μ¸É ¢´μ° ¸¨¸É¥³Ò:

Fe(q) =
∫

dVeΨ+
e

(
Ze∑

k=1

eiqrk

)
Ψe =

=
∫

dr eiqr

∫
dVeΨ+

e

Ze∑
k=1

δ(r − rk)Ψe =
∫

dr eiqrne(r) = ne(q);

FN (q) =
∫

dVAΨ+
A

(
A∑

k=1

eiqrk

)
ΨA =

=
∫

dr eiqr

∫
dVAΨ+

A

A∑
k=1

δ(r − rk)ΨA =
∫

dr eiqrnA(r) = nA(q);

∗’μ ¥¸ÉÓ ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ¶μ ´ Î ²Ó´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ¨ ¸Ê³³¨·μ¢ ´¨Õ ¶μ ¢¸¥³ ±μ-
´¥Î´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  Ö¤· , ± ± ÔÉμ Ö¢´μ ¢¨¤´μ ¨§ Ëμ·³Ê²Ò (2.18). Š ¸μ¦ ²¥´¨Õ, ¶·¨ ÔÉμ³
´¨Î¥£μ ´¥ Ê¶μ³¨´ ¥É¸Ö μ ´¥¨§³¥´´μ¸É¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· , ÎÉμ ´¥μ¡Ìμ¤¨³μ ¤²Ö ¢Ò¶μ²´¥-
´¨Ö Ê¸²μ¢¨Ö ±μ£¥·¥´É´μ¸É¨. �μ¤·μ¡´¥¥ ÔÉ  ¶·μ¡²¥³  μ¡¸Ê¦¤ ¥É¸Ö ¢ ¶. 8.1.
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FN (τz) =
∫

dVAΨ+
A

(
A∑

k=1

eiqrk τk
z

)
ΨA =

=
∫

dr eiqr

∫
dVAΨ+

A

(
A∑

k=1

τk
z δ(r − rk)

)
ΨA =

∫
dr eiqr×

×
∫

dVAΨ+
A

(
ZA∑
k=1

δ(r − rk) −
N∑

k=1

δ(r − rk)

)
ΨA = np(q) − nn(q),

Fe(σz) =
∫

dVeΨ+
e

(
Ze∑

k=1

eiqrkσk
z

)
Ψe =

=
∫

dr eiqr

∫
dVeΨ+

e

(
Ze∑

k=1

σk
z δ(r − rk)

)
Ψe =

∫
dr eiqr

∫
dVeΨ+

e ×

×

⎛⎝Ze∩(σk
z =1)∑

k=1

δ(r − rk) −
Ze∩(σk

z =−1)∑
k=1

δ(r − rk)

⎞⎠Ψe = n↑
e(q) − n↓

e(q),

(2.19)

FN (σz) =
∫

dVAΨ+
A

(
A∑

k=1

eiqrk σk
z

)
ΨA =

=
∫

dr eiqr

∫
dVAΨ+

A

(
A∑

k=1

σk
z δ(r − rk)

)
ΨA =

∫
dr eiqr

∫
dVAΨ+

A×

×

⎛⎝A∩(σk
z =1)∑

k=1

δ(r − rk) −
A∩(σk

z =−1)∑
k=1

δ(r − rk)

⎞⎠ΨA = n↑
A(q) − n↓

A(q),

FN (Yz) =
∫

dVAΨ+
A

(
A∑

k=1

eiqrk σk
z τk

z

)
ΨA =

=
∫

dr eiqr

∫
dVAΨ+

A

(
A∑

k=1

σk
z τk

z δ(r − rk)

)
ΨA =

∫
dr eiqr×

×
∫

dVAΨ+
A

(
Z∑

k=1

σk
z τk

z δ(r − rk) +
N∑

k=1

σk
z τk

z δ(r − rk)

)
ΨA =

=
∫

dr eiqr

∫
dVAΨ+

A

⎛⎝Z∩(σk
z =1)∑

k=1

δ(r − rk) −
Z∩(σk

z =−1)∑
k=1

δ(r − rk)

⎞⎠ΨA−

−
∫

dr eiqr

∫
dVAΨ+

A

⎛⎝N∩(σk
z =1)∑

k=1

δ(r − rk) −
N∩(σk

z =−1)∑
k=1

δ(r − rk)

⎞⎠ΨA =

= [n↑
Z(q) − n↓

Z(q)] − [n↑
N (q) − n↓

N (q)].
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‡¤¥¸Ó μ¶¥· Éμ·Ò ¸¶¨´  σz ¨ ¨§μ¸¶¨´  τz ¨³¥ÕÉ ¢¨¤ ³ É·¨ÍÒ � Ê²¨
( 1 0

0 −1

)
.

‚ ¶·¥¤¥²¥ q → 0 ¢¨¤´μ, ÎÉμ Ëμ·³Ë ±Éμ·Ò ¨³¥ÕÉ ¶·μ¸Éμ° Ë¨§¨Î¥¸±¨° ¸³Ò¸²:
¶μ²´μ£μ Î¨¸²   Éμ³´ÒÌ Ô²¥±É·μ´μ¢ Ze, ¶μ²´μ£μ Î¨¸²  ´Ê±²μ´μ¢ A, · §´μ¸É¨
¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢ Z−N , ¶μ²´μ£μ ¸¶¨´  Ô²¥±É·μ´´μ° μ¡μ²μÎ±¨ Se

z ¨ ¶μ²-
´μ£μ ¸¶¨´  Ö¤·  SA

z ,   É ±¦¥ · §´μ¸É¨ ¶μ²´ÒÌ ¸¶¨´μ¢ ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢
SZ

z − SN
z :

Fe(q) = ne(q) ≡ Ze
ne(q)
ne(0)

→ Fe(q → 0) = Ze,

FN (q) = nA(q) ≡ A
nA(q)
nA(0)

→ FN (q → 0) = A,

FN (τz) = np(q) − nn(q) ≡ Z
nZ(q)
nZ(0)

− N
nN (q)
nN(0)

→

→ FN (τz)(q → 0) = Z − N, x,

Fe(σz) = n↑
e(q) − n↓

e(q) ≡ Z↑
e

n↑
e(q)

n↑
e(0)

− Z↓
e

n↓
e(q)

n↓
e(0)

→ Fe(σz)(q → 0) = 2Se
z ,

FN (σz) = n↑
A(q) − n↓

A(q) ≡ A↑ n↑
A(q)

n↑
A(0)

− A↓ n↓
A(q)

n↓
A(0)

→ FN (σz)(q → 0) = 2SA
z ,

FN (Yz) = Z↑n↑
Z(q)

n↑
Z(0)

− Z↓ n↓
Z(q)

n↓
Z(0)

− N↑ n↑
N(q)

n↑
N (0)

+ N↓ n↓
N (q)

n↓
N (0)

→

→ FN (Yz)(q → 0) = 2SZ
z − 2SN

z .

‡¤¥¸Ó S
e (A,Z,N)
z Å ¶·μ¥±Í¨Ö ¶μ²´μ£μ ¸¶¨´  Ô²¥±É·μ´´μ° μ¡μ²μÎ±¨ (¢¸¥£μ

Ö¤· , ¢¸¥Ì ¶·μÉμ´μ¢ ¨ ¢¸¥Ì ´¥°É·μ´μ¢) ´  z-μ¸Ó.
‚  Éμ³´ÒÌ ¸¨¸É¥³ Ì, ¶¨ÏÊÉ  ¢Éμ·Ò [4], ¢ ¸²ÊÎ ¥ ¸¶¨´-μ·¡¨É ²Ó´μ° ¸¢Ö§¨

¸Ê³³ ·´Ò° ¸¶¨´ Ô²¥±É·μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¸¶¨´μ³ ´¥§ ¶μ²´¥´´μ°  Éμ³´μ°
μ¡μ²μÎ±¨. ‚ Ö¤¥·´μ° ¸¨¸É¥³¥ ¢¸²¥¤¸É¢¨¥ jj-¸¢Ö§¨ ¨ ¸¶ ·¨¢ ´¨Ö ´Ê±²μ´μ¢
¸Ê³³ ·´Ò° ¸¶¨´ ´Ê±²μ´μ¢ Ö¤·  SA ¶μ ¸ÊÐ¥¸É¢Ê μ¶·¥¤¥²Ö¥É¸Ö ¸¶¨´μ³ ¶μ¸²¥¤-
´¨Ì ´¥¸¶ ·¥´´ÒÌ ´Ê±²μ´μ¢ ¨ ¶μÔÉμ³Ê SA � 1. ’ ±¨³ μ¡· §μ³,  ±¸¨ ²Ó´Ò¥
Ëμ·³Ë ±Éμ·Ò ¤ ÕÉ ³ ±¸¨³ ²Ó´Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¤²Ö  Éμ³μ¢ ¸ ´¥§ ¶μ²-
´¥´´Ò³¨ Ô²¥±É·μ´´Ò³¨ μ¡μ²μÎ± ³¨ ¨ ¡μ²ÓÏ¨³ ¸¶¨´μ³, Ö¤¥·´Ò¥  ±¸¨ ²Ó´Ò¥
Ëμ·³Ë ±Éμ·Ò μÉ²¨Î´Ò μÉ ´Ê²Ö ¤²Ö Ö¤¥· ¸ ´¥Î¥É´Ò³ Î¨¸²μ³ ´¥°É·μ´μ¢ ¨
¶·μÉμ´μ¢, μ¤´ ±μ ¨Ì μ¡Ð¨° ¢±² ¤ ´¥¢¥²¨± [4].

‘ ÉμÎ±¨ §·¥´¨Ö ÔËË¥±É  ±μ£¥·¥´É´μ£μ Ê¸¨²¥´¨Ö ¸¥Î¥´¨Ö ´ ¨¡μ²ÓÏ¨° ¨´-
É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ±μ£¥·¥´É´Ò° ÔËË¥±É μÉ ¢¥±Éμ·´ÒÌ Ëμ·³Ë ±Éμ·μ¢, μ¶·¥-
¤¥²Ö¥³Ò° ¢¥²¨Î¨´μ°

K = [ge
V Fe + g0

V FN + g1
V FN (τz)]2 ∼ (ge

V Ze + g0
V (ZA + N) + g1

V (ZA − N))2.

Ÿ¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò FN ¨ FN (τz) ¶μ¸ÉμÖ´´Ò ¤μ q ∼ pF ∼ 200 ŒÔ‚/c,
ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Eν � 100 ŒÔ‚ [4]. �Éμ³´Ò° Ëμ·³Ë ±Éμ· Fe = Ze ¶·¨
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q � 1 ±Ô‚/c ¨ Ê¡Ò¢ ¥É ¢¤¢μ¥ ¶·¨ q ∼ 1,8
√

Z ±Ô‚/c. �μÔÉμ³Ê ¥£μ ¢±² ¤
³ ±¸¨³ ²¥´ ¤²Ö θ (¢ · ¤¨ ´ Ì), ±μ£¤  Eν ∼ (qc)/θ ∼ 1/θ ±Ô‚ [4].

„ ²¥¥ ¤¥² ¥É¸Ö § ±²ÕÎ¥´¨¥, ÎÉμ ¶·¨ θ, · ¢´μ³ ¶·¨³¥·´μ ´¥¸±μ²Ó±μ £· -
¤Ê¸μ¢, ¨³¥¥É¸Ö μ¡² ¸ÉÓ Eν � 10 ±Ô‚, ¤²Ö ±μÉμ·μ° ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ´ 
Ô²¥±É·μ´ Ì ¨ ´Ê±²μ´ Ì μ¤´μ¢·¥³¥´´μ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´μ. „²Ö ¶·μÍ¥¸¸μ¢ · ¸-
¸¥Ö´¨Ö ´  ³ ²Ò¥ Ê£²Ò ÔÉμÉ ÔËË¥±É ¡Ê¤¥É ¸± §Ò¢ ÉÓ¸Ö ¢¶²μÉÓ ¤μ Eν � 100 ±Ô‚.
�·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¤μ Eν � 100 ŒÔ‚ ¡Ê¤ÊÉ ¤ ¢ ÉÓ ¢±² ¤ Éμ²Ó±μ
Ö¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò [4].

„²Ö Ë ±Éμ·  ±μ£¥·¥´É´μ£μ Ê¸¨²¥´¨Ö ¢ [4] ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥

K± =
(

1
2
(ZA ± Ze) − 2 sin2 θW (ZA ∓ Ze) −

N

2

)2

.

‡¤¥¸Ó ± μÉ· ¦ ¥É ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ£μ §´ ±  Ô²¥±É·μ´´μ° ¨
´Ê±²μ´´μ° ±μ´¸É ´É ¸¢Ö§¨. Šμ£¤  μÉ¸ÊÉ¸É¢Ê¥É ¢±² ¤  Éμ³´μ£μ Ëμ·³Ë ±Éμ· ,
¶μ²ÊÎ ¥É¸Ö ·¥§Ê²ÓÉ É ”·¨¤³ ´ :

K0 =
(

(ZA − N)
2

− 2 sin2 θW ZA

)2

.

—¨¸²¥´´Ò¥ μÍ¥´±¨ ¤²Ö 238U ¨ Eν ∼ 10 ±Ô‚ ¨³¥ÕÉ ¢¨¤

K+ = (Z − N/2)2 ∼ 4 · 102, K− � (1,4Z + N/2)2 ∼ 4 · 104, K0 ∼ 8 · 103.

�μÔÉμ³Ê ¤²Ö Eν ∼ 10 ±Ô‚ ¶·¨ ¸·¥¤´¥³ ¸¥Î¥´¨¨ ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ¶μ·Ö¤± 
2 · 10−48 ¸³2 ÊÎ¥É  Éμ³´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¢ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ
³μ¦¥É ¤ ÉÓ ¸¥Î¥´¨¥ μÉ 7 · 10−46 ¤μ 7 · 10−44 ¸³2 (¡¥§ ÊÎ¥É   Éμ³´ÒÌ Ëμ·³-
Ë ±Éμ·μ¢ 1,4 · 10−44 ¸³2), ÎÉμ ¸μ¶μ¸É ¢¨³μ ¸ ¸¥Î¥´¨¥³ ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢
¶·¨ Eν ∼ 1 ŒÔ‚ [4].

‚ § ±²ÕÎ¥´¨¨  ¢Éμ·Ò [4] μÉ³¥Î ÕÉ, ÎÉμ ³μ¦´μ £μ¢μ·¨ÉÓ μ ´μ¢μ° μ¡² ¸É¨
´¥°É·¨´´μ° Ë¨§¨±¨ Å ´¥°É·¨´´μ° μ¶É¨±¥ ¶·¨ Eν ∼ 10 ±Ô‚, ¤²Ö ±μÉμ·μ°
¶·μÍ¥¸¸Ò Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´   Éμ³¥ ± ± Í¥²μ³ ¨£· ÕÉ μ¸´μ¢´ÊÕ
·μ²Ó. ‚ ÔÉμ° μ¡² ¸É¨ ¤²¨´  ¢μ²´Ò ´¥°É·¨´μ ¡μ²ÓÏ¥ ¨²¨ ¶μ·Ö¤±   Éμ³´ÒÌ
· ¸¸ÉμÖ´¨°, ¨ §¤¥¸Ó ´¥¸μ³´¥´´μ ¢μ§³μ¦´Ò ¨ ¤·Ê£¨¥ ±μ£¥·¥´É´Ò¥ μ¶É¨Î¥¸±¨¥
Ö¢²¥´¨Ö, ´ ¶·¨³¥· ¸¢Ö§ ´´Ò¥ ¸ · ¸¸¥Ö´¨¥³ ´¥°É·¨´μ ´  Ê¶μ·Ö¤μÎ¥´´ÒÌ, ±·¨-
¸É ²²¨Î¥¸±¨Ì ¸¨¸É¥³ Ì. �·¨ ÔÉμ³ ¡Ê¤ÊÉ ¢μ§´¨± ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ë ±Éμ·Ò
Ê¸¨²¥´¨Ö, ¢±²ÕÎ ÕÐ¨¥ Î¨¸²μ ±μ£¥·¥´É´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì  Éμ³μ¢ [4].

�μÌμ¦¨° ¶μ¤Ìμ¤ ¡Ò² ¨§²μ¦¥´ ¢ · ¡μÉ¥ [33], £¤¥ μ¡¸Ê¦¤ ²¨¸Ó ³¥Éμ¤Ò
¤¥É¥±É¨·μ¢ ´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ´¥°É·¨´μ (¸μ²´¥Î´ÒÌ ¸ Ô´¥·£¨¥° ¢ ŒÔ‚-¤¨ -
¶ §μ´¥ ¨²¨ ®·¥²¨±Éμ¢ÒÌ¯ ¸ m < 10−4 Ô‚) ¨, ¢ É¥·³¨´μ²μ£¨¨  ¢Éμ· , ´¥·¥²Ö-
É¨¢¨¸É¸±¨Ì ´¥°É·¨´μ (´ ¶·¨³¥· £ ² ±É¨Î¥¸±¨Ì ´¥°É·¨´μ ¸ 1 < m < 102 Ô‚).
„²Ö ÔÉ¨Ì ¤¢ÊÌ É¨¶μ¢ ´¥°É·¨´μ ¡Ò²¨ ¨§ÊÎ¥´Ò ¶·¨´Í¨¶¨ ²Ó´Ò¥ · §²¨Î¨Ö ¢ § -
¢¨¸¨³μ¸É¨  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö μÉ Ê£²  · ¸¸¥Ö´¨Ö, ³ ¸¸Ò ¨
´ ¶· ¢²¥´¨Ö ¸¶¨´  ´¥°É·¨´μ. �¡¸Ê¦¤ ²μ¸Ó ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ± ± ´  μÉ-
¤¥²Ó´ÒÌ Ö¤· Ì, É ± ¨ ´  ¶·μÉÖ¦¥´´μ³ μ¡Ñ¥³¥ ¢¥Ð¥¸É¢ , ¨ ¤²Ö ¶μ¸²¥¤´¥£μ
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¸²ÊÎ Ö ¡Ò²¨ · ¸Ï¨·¥´Ò ¸É ´¤ ·É´Ò¥ ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê
±μÔËË¨Í¨¥´Éμ³ μÉ· ¦¥´¨Ö ¨ ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö. 
Ò²μ μÉ³¥Î¥´μ, ÎÉμ
±μ£¥·¥´É´μ¸ÉÓ ³μ¦´μ ¨¸¸²¥¤μ¢ ÉÓ É ±¦¥ ´  ±μ³¶²¥±¸ Ì Ö¤¥· ¨ ´  ³ ±·μ¸±μ-
¶¨Î¥¸±¨ ¶·μÉÖ¦¥´´ÒÌ Ë· £³¥´É Ì ¢¥Ð¥¸É¢ , £¤¥ ¡μ²¥¥ Ê³¥¸É´μ μ¶¨¸ ÉÓ ¢§ -
¨³μ¤¥°¸É¢¨¥ ¶ ¤ ÕÐ¨Ì ¢μ²´ ¨ ³ É¥·¨¨ ¢ É¥·³¨´ Ì ¶μ± § É¥²Ö ¶·¥²μ³²¥´¨Ö
¨²¨ ¸·¥¤´¥£μ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö [33].

2.4. �μ¶ÒÉ±  ¶μ´ÖÉÓ, ±μ£¤  ±μ´Î ¥É¸Ö ±μ£¥·¥´É´μ¸ÉÓ. ‚¶¥·¢Ò¥ ¶μ¶ÒÉ± 
´  ±μ²¨Î¥¸É¢¥´´μ³ Ê·μ¢´¥ · §μ¡· ÉÓ¸Ö ¢ ¢μ¶·μ¸¥ μ ¸μμÉ´μÏ¥´¨¨ ±μ£¥·¥´É-
´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì ¡Ò²  ¶·¥¤¶·¨´ÖÉ  ¢ · -
¡μÉ¥ [34]. �±ÉÊ ²Ó´μ¸ÉÓ ÔÉμ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¡Ò²  ¢Ò§¢ ´  · ¸Ï¨·¥´¨¥³ Ô±¸-
¶¥·¨³¥´É ²Ó´μ° ¶·μ£· ³³Ò ¶μ ¶μ¨¸±Ê ¨ ¨¸¸²¥¤μ¢ ´¨Õ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö-
´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ´¥°É·¨´μ,
¨¸ÉμÎ´¨±μ¢, ³¨Ï¥´¥° ¨ ¤¥É¥±Éμ·´ÒÌ Ì · ±É¥·¨¸É¨± (¶μ·μ£μ¢, ÔËË¥±É¨¢´μ-
¸É¥° ¨ É. ¶.). �·¨ ÔÉμ³ Ê¦¥ ´¥ ¡Ò²μ μÎ¥¢¨¤´μ, ÎÉμ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨
¢¸¥£¤  ¢Ò¶μ²´Ö¥É¸Ö.

„¥°¸É¢¨É¥²Ó´μ, ´¥±¨° Ê´¨¢¥·¸ ²Ó´Ò° ³ ¸ÏÉ ¡ ¤²Ö Ô´¥·£¨¨ Eν < 50 ŒÔ‚
μ¡ÒÎ´μ ¸Î¨É ²¸Ö (´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥) ¤μ¸É ÉμÎ´Ò³ É·¥¡μ¢ ´¨¥³ ¤²Ö
μ¡¥¸¶¥Î¥´¨Ö ±μ£¥·¥´É´μ¸É¨ ¢ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´  Ö¤· Ì. �¢Éμ·Ò · -
¡μÉÒ [34] ¶μ¸É ¢¨²¨ ¸¥¡¥ § ¤ ÎÊ ¤ ÉÓ ±μ²¨Î¥¸É¢¥´´ÊÕ μÍ¥´±Ê Éμ£μ, ±μ£¤ 
³μ¦´μ £μ¢μ·¨ÉÓ μ ±μ£¥·¥´É´μ¸É¨,   ±μ£¤  Ê¦¥ ´¥É. ˆ³ Ê¤ ²μ¸Ó ¶·¥¤²μ¦¨ÉÓ
´¥±¨° ¶ · ³¥É· α, ±μÉμ·Ò°, ¶μ ¸²μ¢ ³  ¢Éμ·μ¢, ±μ´É·μ²¨·μ¢ ² ¸É¥¶¥´Ó ±μ-
£¥·¥´É´μ¸É¨. ‡´ Î¥´¨¥ α = 1 μ§´ Î ²μ ¶μ²´ÊÕ ±μ£¥·¥´É´μ¸ÉÓ,   α = 0 Å
¶μ²´ÊÕ ´¥±μ£¥·¥´É´μ¸ÉÓ. 
Ò²a ¨¸¸²¥¤μ¢ ´  § ¢¨¸¨³μ¸ÉÓ ÔÉμ£μ ¶ · ³¥É·  μÉ
Ô´¥·£¨¨ ´¥°É·¨´μ Eν , ¶μ·μ£  ·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  ³¨Ï¥´¨ Tmin

¨ É¨¶  ¸ ³μ° Ö¤¥·´μ° ³¨Ï¥´¨ A(Z, N). ‚ Î ¸É´μ¸É¨, ¡Ò²μ ¶μ± § ´μ, ÎÉμ
´¥μ¶·¥¤¥²¥´´μ¸É¨ Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò, ± ± ¨ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ μ¶·¥¤¥²¥-
´¨¨ ¢¥²¨Î¨´Ò α, ¢ §´ Î¨É¥²Ó´μ° ³¥·¥ ¸¶μ¸μ¡´Ò μ£· ´¨Î¨ÉÓ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ
®±μ£¥·¥´É´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢¯ ¶μ ¶μ¨¸±Ê ¨ ¨¸¸²¥¤μ¢ ´¨Õ ¶·μÖ¢²¥´¨° Ë¨§¨±¨
§  · ³± ³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨. ‘ ¶· ±É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¡Ò² ¶·¥¤²μ-
¦¥´ ¡μ²¥¥ ¨²¨ ³¥´¥¥ Ê¸²μ¢´Ò° ±·¨É¥·¨° ®¥Ð¥ ¸μÌ· ´¥´¨Ö ±μ£¥·¥´É´μ¸É¨¯
α > 0,95 ¨ ¡Ò²¨ μÍ¥´¥´Ò ³ ±¸¨³ ²Ó´Ò¥ Ô´¥·£¨¨ ´¥°É·¨´μ, ¥³Ê ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨¥. �¨¦¥ ¤ ¥É¸Ö ´¥¸±μ²Ó±μ ¡μ²¥¥ ¶μ¤·μ¡´μ¥ ¨§²μ¦¥´¨¥ ÔÉμ° · ¡μÉÒ.

„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  ν + A → ν + A ¢ · ¡μÉ¥ [34] ¨¸-
¶μ²Ó§Ê¥É¸Ö ¢ ¢¨¤¥ (¸³., ´ ¶·¨³¥·, [35,36])

dσ

dq2
(q2, Eν) =

1
2

G2
F

4π

(
1 − q2

4E2
ν

)[
εZFZ(q2) − NFN (q2)

]2
,

(2.20)
dσ

dT
= 2M

[
dσ

dq2

]
,

£¤¥ q ≡ |q| Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸, q2 = 2MT + T 2 � 2MT , ¶μ¸±μ²Ó±Ê ¶·¨
μ¡¸Ê¦¤¥´¨¨ ±μ£¥·¥´É´μ¸É¨ ¢ Ê¶·Ê£μ³ νA-¶·μÍ¥¸¸¥ μ¡ÒÎ´μ Ô´¥·£¨Ö ´¥°É·¨´μ
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Eν ¨ ¨§³¥·Ö¥³ Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  T § ³¥É´μ ³¥´ÓÏ¥, Î¥³ ³ ¸¸  Ö¤·  ³¨-
Ï¥´¨ M , ε ≡ (1 − 4 sin2θW) = 0,045. Š¨´¥³ É¨±  μ£· ´¨Î¨¢ ¥É ³ ±¸¨³ ²Ó-
´ÊÕ Ô´¥·£¨Õ μÉ¤ Î¨ ¢¥²¨Î¨´μ° Tmax = 2E2

ν/(M + 2Eν) � 2E2
ν/M . �μ²´μ¥

¸¥Î¥´¨¥, ¶·μ¨´É¥£·¨·μ¢ ´´μ¥ μÉ q2
min = 2MTmin ¤μ q2

max = 4E2
ν [M/(M +

2Eν)] � 4E2
ν , § ¢¨¸¨É μÉ Eν , Tmin; M, Z, N :

σ(Eν , Tmin; M, Z, N) =

q2
max∫

q2
min

[
dσ

dq2
(q2, Eν)

]
dq2. (2.21)

„²Ö Éμ£μ ÎÉμ¡Ò ¨³¥ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¤¥É¥±É¨·μ¢ ÉÓ ´¥°É·¨´μ ¸ Ô´¥·£¨¥° Eν ,
´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¶μ·μ£ ¶μ Ô´¥·£¨¨ ´¥ ¢ÒÏ¥ Tmin < 2E2

ν/M . �·μÉμ´´Ò°
FZ(q2) ¨ ´¥°É·μ´´Ò° FN (q2) Ö¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò Ö¤·  A(Z, N) ¨¸¶μ²Ó§Ê-
ÕÉ¸Ö  ¢Éμ· ³¨ ¢ ¥¤¨´μ° Ëμ·³¥, § ¤ ´´μ° Ëμ·³Ê²μ° (2.13) ¨§ [25]. Ÿ¤¥·´Ò¥
ÔËË¥±ÉÒ, Ì · ±É¥·¨§Ê¥³Ò¥ μÉ±²μ´¥´¨¥³ Ëμ·³Ë ±Éμ·μ¢ μÉ ¥¤¨´¨ÍÒ ¸ ·μ¸Éμ³
¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , μ± §Ò¢ ÕÉ¸Ö §´ Î¨É¥²Ó´Ò³¨ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·.

�·¨ q2 → 0 ¨ F (q2) � 1 ¨³¥¥É ³¥¸Éμ ¶μ²´ Ö ±μ£¥·¥´É´μ¸ÉÓ ¨ ¸¥Î¥´¨¥
³ ±¸¨³ ²Ó´μ, ¢ Î ¸É´μ¸É¨ ¤²Ö Tmin = 0:

σ(Tmin = 0) =
G2

F E2
ν

4π
[εZ − N ]2 , (2.22)

É. ¥. Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¸¢¨¤¥É¥²Ó¸É¢μ ¶μ²´μ° ±μ£¥·¥´É´μ¸É¨ Å ÔÉμ ±μ£¤  σ
¶·μ¶μ·Í¨μ´ ²Ó´μ [εZ − N ]2. �μ³¨³μ ÔÉμ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶·¨
³ ²ÒÌ T É ±¦¥ ¶·μ¶μ·Í¨μ´ ²Ó´μ [εZ − N ]2 ¨ ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Eν :

dσ

dT
(T → 0) � G2

F M

4π
[εZ − N ]2 . (2.23)

�μÔÉμ³Ê ¶μÉ¥·Ö ±μ£¥·¥´É´μ¸É¨ ¤²Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö σ Ì · ±É¥·¨§Ê¥É¸Ö μÉ-
±²μ´¥´¨¥³ μÉ [εZ − N ]2 ¸±¥°²¨´£  ¸ ·μ¸Éμ³ q2 [34].

�μ²´ Ö  ³¶²¨ÉÊ¤  A ¶·μÍ¥¸¸  νA → νA ¢ · ¡μÉ¥ [34] ¡Ò²  ¶·¥¤¸É ¢²¥´ 
¢ ¢¨¤¥ ¸Ê³³Ò ¶μ ¶·μÉμ´ ³ ¨ ´¥°É·μ´ ³

A =
Z∑

j=1

eiθjXj +
N∑

k=1

eiθkYk, (2.24)

£¤¥ Xj(Yk) μ¡μ§´ Î ¥É ±μ´¸É ´ÉÊ ¸¢Ö§¨,   eiθj (eiθk) Å Ë §Ê ¤²Ö ¶·μÉμ´μ¢
(´¥°É·μ´μ¢). ‚ ·¥§Ê²ÓÉ É¥ ¸¥Î¥´¨¥ · ¸¶ ¤ ¥É¸Ö ´  (N + Z)2 ¸² £ ¥³ÒÌ:

σ ∝ AA† =
Z∑

j=1

X 2
j +

N∑
k=1

Y2
k +

Z∑
j=l+1

Z−1∑
l=1

[
ei(θj−θl) + e−i(θj−θl)

]
XjXl +

+
N∑

k=m+1

N−1∑
m=1

[
ei(θk−θm) + e−i(θk−θm)

]
YkYm +

+
Z∑

j=1

N∑
k=1

[
ei(θj−θk) + e−i(θj−θk)

]
XjYk. (2.25)
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„ ²¥¥  ¢Éμ·Ò [34] ¶·¥¤¶μ² £ ÕÉ, ÎÉμ ÔËË¥±ÉÒ ®¶μÉ¥·¨ ±μ£¥·¥´É´μ¸É¨¯ (¤¥±μ-
£¥·¥´É´μ¸É¨) ³¥¦¤Ê ²Õ¡Ò³¨ ¶ · ³¨ ´Ê±²μ´μ¢ ³μ¦´μ ¶ · ³¥É·¨§μ¢ ÉÓ ¢ ¢¨¤¥
Ê¸·¥¤´¥´´μ£μ Ê£²  · ¸¸μ£² ¸μ¢ ´¨Ö Ë §Ò 〈φ〉 ∈ [0, π/2], Éμ£¤  ³μ¦´μ § ¶¨¸ ÉÓ[

ei(θj−θk) + e−i(θj−θk)
]

= 2 cos (θj − θk) = 2 cos 〈φ〉 (2.26)

¨ É ± ¤ ²¥¥ ¤²Ö ¤·Ê£¨Ì ¶ · ¢ (2.25) ¸ (j, k) ↔ (j, l) ¨ (k, m). �μÔÉμ³Ê
¸É¥¶¥´Ó ±μ£¥·¥´É´μ¸É¨ ³μ¦´μ ±μ²¨Î¥¸É¢¥´´μ μÌ · ±É¥·¨§μ¢ ÉÓ ¸ ¶μ³μÐÓÕ
¨§³¥·Ö¥³μ£μ ¶ · ³¥É·  α, μ¶·¥¤¥²Ö¥³μ£μ ± ± α ≡ cos 〈φ〉 ∈ [0, 1]. ’μ£¤ 
μÉ´μÏ¥´¨¥ ¸¥Î¥´¨° ´  Ö¤·¥ A(Z, N) ¨ ´¥°É·μ´¥ (0, 1) ¨³¥¥É ¢¨¤

σ(Z, N)
σ(0, 1)

= {ε2Z + N + ε2Z(Z − 1)α + N(N − 1)α − 2εZNα} =

= {Zε2[1 + α(Z − 1)] + N [1 + α(N − 1)] − 2αεZN}. (2.27)

�É±Ê¤  ¶·¨ α = 1 ¨³¥¥É¸Ö ¶μ²´ Ö ±μ£¥·¥´É´μ¸ÉÓ ¨ σ ∝ [εZ − N ]2, Éμ£¤ 
± ± ¶·¨ α = 0 ¶μ²ÊÎ ¥É¸Ö ¶μ²´ Ö ¤¥±μ£¥·¥´É´μ¸ÉÓ ¨ σ ∝ [ε2Z + N ] ∗. ˆ§
¸· ¢´¥´¨Ö Ëμ·³Ê² (2.27) ¨ (2.20) ¢¨¤´μ, ÎÉμ ·¥Ï ÕÐ¥¥ ¢²¨Ö´¨¥ ´  ¢ ·¨ -
Í¨¨ ¶ · ³¥É·  α ¸ ·μ¸Éμ³ q ¨³¥ÕÉ Ëμ·³Ë ±Éμ·Ò FZ(q2) ¨ FN (q2). Š ± ¨
¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ¢¸¥ μ¶·¥¤¥²Ö¥É¸Ö q-§ ¢¨¸¨³μ¸ÉÓÕ ÔÉ¨Ì Ëμ·³Ë ±Éμ·μ¢.

‚ · ¡μÉ¥ [34] ¶μ± § ´μ, ÎÉμ Ê¦¥ ¶·¨ Eν = 50 ŒÔ‚ (¨ Tmin = 0) ¨³¥¥É
³¥¸Éμ §´ Î¨É¥²Ó´ Ö ¸É¥¶¥´Ó ¶μÉ¥·¨ ±μ£¥·¥´É´μ¸É¨ (É ¡². 1). ‘ ·μ¸Éμ³ ¶μ-
·μ£  ·¥£¨¸É· Í¨¨ ¤¥É¥±Éμ·  (Tmin > 0) ±μ£¥·¥´É´μ¸ÉÓ É¥·Ö¥É¸Ö ¥Ð¥ ¡Ò¸É·¥¥.

’ ¡²¨Í  1. Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö μÉ-
¤ Î¨, ´¨¦´¨° ¶·¥¤¥² F (q2), Ë ±Éμ·Ò
±μ£¥·¥´É´μ¸É¨ α ¤²Ö Tmin = 0 ¶·¨
Eν = 50 ŒÔ‚. ‚¨¤´μ, ÎÉμ α § ³¥É´μ
μÉ²¨Î ¥É¸Ö μÉ 1. ˆ§ [34]

� · ³¥É· n Ar Ge Xe

Tmax, ±Ô‚ 4810 134 73,8 40,9

F (q2) > 0,97 0,63 0,49 0,32
α > Å 0,77 0,68 0,57

‘μ£² ¸´μ § ±²ÕÎ¥´¨Õ · ¡μÉÒ [34]
±μ³¡¨´¨·μ¢ ´´μ¥ ¨§³¥·¥´¨¥ ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¢ · §²¨Î´ÒÌ ¶μ-
¸É ´μ¢± Ì ¨ ´  · §²¨Î´ÒÌ ³¨Ï¥´ÖÌ ¶μ-
§¢μ²¨É ¨¸¸²¥¤μ¢ ÉÓ ¤¥É ²Ó´μ ¢μ¶·μ¸ μ
¶¥·¥Ìμ¤¥ ¨§ ±μ£¥·¥´É´μ£μ ·¥¦¨³  · ¸-
¸¥Ö´¨Ö ¢ ´¥±μ£¥·¥´É´Ò°. ‚ Î ¸É´μ¸É¨,
´¨§±μÔ´¥·£¥É¨Î´Ò¥ ¨¸ÉμÎ´¨±¨ ·¥ ±Éμ·-
´ÒÌ ν̄e- ¨ ¸μ²´¥Î´ÒÌ 8B νe-´¥°É·¨´μ
¸¶μ¸μ¡´Ò ¨¸¸²¥¤μ¢ ÉÓ μ¡² ¸ÉÓ ¶μ²´μ°
±μ£¥·¥´É´μ¸É¨ (α > 0,9), Éμ£¤  ± ± ¨¸-

ÉμÎ´¨±¨ ´¥°É·¨´μ ¶·μ³¥¦ÊÉμÎ´ÒÌ Ô´¥·£¨° (π-· ¸¶ ¤ ¢ ¶μ±μ¥) ¤ ÕÉ ¢μ§³μ¦-
´μ¸ÉÓ ¨§ÊÎ¥´¨Ö ¶¥·¥Ìμ¤´μ° μ¡² ¸É¨ (0,9 > α > 0,1).

∗‚ [34] É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¤·Ê£μ° ¶ · ³¥É· ¤²Ö Ì · ±É¥·¨¸É¨±¨ (Î ¸É¨Î´μ°) ±μ£¥-
·¥´É´μ¸É¨ Å μÉ´μ¸¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ¸¥Î¥´¨Ö: ξ ≡ σ(α)/σ(α = 1) = α + (1 −
α)(ε2Z + N)/(εZ − N)2, ±μÉμ·Ò° ²¨´¥°´μ § ¢¨¸¨É μÉ α ¨ μ´¨ μ¡  · ¢´Ò 1 ¢ ¸²ÊÎ ¥ ¶μ²-
´μ° ±μ£¥·¥´É´μ¸É¨.
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’ ¡²¨Í  2. Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö Eν ,
¤²Ö ±μÉμ·μ° ¥Ð¥ ¨³¥¥É ³¥¸Éμ ±μ£¥-
·¥´É´μ¸ÉÓ, Ì · ±É¥·¨§Ê¥³ Ö §´ Î¥´¨-
Ö³¨ ¶ · ³¥É·μ¢ F (q2

max) ¨ α > 0,95.
ˆ§ [34]

� · ³¥É· > 0,95
Emax

ν , ŒÔ‚

Ar Ge Xe

F (q2
max) > 0,95 17,2 14,1 11,6

Tmin = 0, α > 0,95 21,1 17,4 14,3

Š ± ¶¨ÏÊÉ  ¢Éμ·Ò [34], ¶μ¸±μ²Ó±Ê
Í¥²¨ ¨¸¸²¥¤μ¢ ´¨Ö ±μ£¥·¥´É´μ£μ νA-
· ¸¸¥Ö´¨Ö ¢ §´ Î¨É¥²Ó´μ° ³¥·¥ ¸¢Ö-
§ ´Ò ¸ ¶μ¨¸±μ³ �μ¢μ° Ë¨§¨±¨, ¨ ¶·μ-
Í¥¤Ê·  ÔÉμ£μ ¶μ¨¸±  ¸μ¸Éμ¨É ¢ Éμ³,
ÎÉμ¡Ò ¸· ¢´¨ÉÓ ¨§³¥·¥´´Ò¥ ¸¥Î¥´¨Ö
¸ ¶·¥¤¸± § ´¨Ö³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨
¶μ Ëμ·³Ê² ³ (2.20) ¨ (2.21), Éμ ÎÊ¢-
¸É¢¨É¥²Ó´μ¸ÉÓ ÔÉμ° ¶·μÍ¥¤Ê·Ò ¡Ê¤¥É
¸ÊÐ¥¸É¢¥´´μ μ£· ´¨Î¥´  ´¥μ¶·¥¤¥²¥´-
´μ¸ÉÖ³¨ Ëμ·³Ë ±Éμ·μ¢, μ¶¨¸Ò¢ ÕÐ¨Ì
Ö¤¥·´Ò¥ ÔËË¥±ÉÒ. �μ ÔÉμ° ¶·¨Î¨´¥ ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³¨ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¨§-
³¥·¥´¨Ö ¢ ·¥¦¨³¥ F (q2) � 1. ‚ Î ¸É´μ¸É¨, ¤²Ö ÔÉμ° Í¥²¨ ¢ É ¡². 2 ¤ ´Ò
§´ Î¥´¨Ö ³ ±¸¨³ ²Ó´ÒÌ Ô´¥·£¨° ´¥°É·¨´μ Eν , ¶·¨ ±μÉμ·ÒÌ ¨³¥¥É ³¥¸Éμ
F (q2

max) > 0,95. ˆ´É¥·¥¸´μ° ¸¨£´ ÉÊ·μ° �μ¢μ° Ë¨§¨±¨ ³μ¦¥É ¡ÒÉÓ Éμ, ÎÉμ
σ ´¥ ¡Ê¤¥É ¨³¥ÉÓ ¸±¥°²¨´£ É¨¶  [εZ − N ]2 ¤ ¦¥ ¢ ·¥¦¨³¥ ±μ£¥·¥´É´μ¸É¨
α � 1 [34]. • · ±É¥·´Ò¥ Î¥·ÉÒ É ±μ£μ μÉ±²μ´¥´¨Ö ³μ£²¨ ¡Ò ¶·μ²¨ÉÓ ¸¢¥É
´  ¶·¨·μ¤Ê �μ¢μ° Ë¨§¨±¨. � ¶·¨³¥·, ¸μ£² ¸´μ [37]  ´μ³ ²Ó´Ò¥ ³ £´¨É´Ò¥
³μ³¥´ÉÒ ´¥°É·¨´μ ¤ ¢ ²¨ ¡Ò ¤μ¶μ²´¨É¥²Ó´Ò° ¢±² ¤, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° Z2

¢ (2.24), Éμ£¤  ± ± ¸¶¨´-´¥§ ¢¨¸¨³μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Î ¸É¨Í É¥³´μ° ³ É¥·¨¨
¶·¨¢μ¤¨²μ ¡Ò ± ¢±² ¤ ³, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ A2.

’·Ê¤´μ ´¥ ¸μ£² ¸¨ÉÓ¸Ö ¸  ¢Éμ· ³¨ [34] ¢ Éμ³, ÎÉμ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¨§-
³¥·¥´¨° ¸¥Î¥´¨° ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì ¡Ê¤¥É § ³¥É´μ
μ£· ´¨Î¥´ , ¥¸²¨ μ´¨ ¡Ê¤ÊÉ ¶·μ¢μ¤¨ÉÓ¸Ö ¢ μ¡² ¸É¨ ¶²μÌμ ±μ´É·μ²¨·Ê¥³μ£μ
¨²¨ Î ¸É¨Î´μ£μ ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨Ö ±μ£¥·¥´É´μ¸É¨. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ
¢ · ¡μÉ¥ [34] ¢¶¥·¢Ò¥ ¶μ¸É ¢²¥´ ¢μ¶·μ¸ μ ±μ²¨Î¥¸É¢¥´´μ° μÍ¥´±¥ μ¡² ¸É¨
±μ£¥·¥´É´μ¸É¨ ¨ ¸¤¥² ´  ¶μ¶ÒÉ±  ¥£μ ·¥Ï¨ÉÓ.

3. ‘Œ…�� ����„ˆƒŒ› Š�ƒ…�…�’��‘’ˆ ‚ νA-��‘‘…Ÿ�ˆˆ

� ¶μ³´¨³ ±μ´Í¥¶Í¨Õ ±μ£¥·¥´É´μ¸É¨ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö ¶μ
”·¨¤³ ´Ê [3]. Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó (¨§ μ¶É¨±¨), ¤¢¥ ¢μ²´Ò ¸Î¨É ÕÉ¸Ö ±μ£¥-
·¥´É´Ò³¨, ¥¸²¨ μ´¨ ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ Î ¸ÉμÉÊ ¨ Ëμ·³Ê,   É ±¦¥ ¶μ¸ÉμÖ´´ÊÕ
· §´μ¸ÉÓ Ë §. ‚§ ¨³μ¤¥°¸É¢¨¥ ´¥°É·¨´μ ¸ Ö¤·μ³ (± ± ¸μ¸É ¢´μ° ¸¨¸É¥³μ°)
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·¥§Ê²ÓÉ É · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  μÉ¤¥²Ó´ÒÌ ´Ê±²μ´ Ì
Ö¤·  (¢ ¸¨²Ê ¸² ¡μ¸É¨ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö). Š ¦¤Ò°  ±É · ¸¸¥Ö´¨Ö ´ 
k-³ ´Ê±²μ´¥ ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ³¶²¨ÉÊ¤μ° Ak. „ ²¥¥ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ
ÔÉ¨ ´Ê±²μ´Ò μ¡² ¤ ÕÉ μ¶·¥¤¥²¥´´Ò³¨ ±μμ·¤¨´ É ³¨ xk, ¶μÔÉμ³Ê ¢¸²¥¤¸É¢¨¥
É· ´¸²ÖÍ¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨  ³¶²¨ÉÊ¤  Ak ¶·¨μ¡·¥É ¥É ¤μ¶μ²´¨É¥²Ó´Ò°
³´μ¦¨É¥²Ó eiqxk , ¨ ¶μ²´ Ö  ³¶²¨ÉÊ¤  ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¸μ-
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�¨¸. 4. a) � ¸¸¥Ö´¨¥ Ë·μ´É  ¶ ¤ ÕÐ¥° ´¥°É·¨´´μ° ¶²μ¸±μ° ¢μ²´Ò (¸¶²μÏ´ Ö ¢¥·-
É¨± ²Ó´ Ö ²¨´¨Ö) ´  ´Ê±²μ´ Ì, · ¸¶μ²μ¦¥´´ÒÌ ´  Ë¨±¸¨·μ¢ ´´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ
¶μ§¨Í¨ÖÌ xj ¨ xk. 
² £μ¤ ·Ö ´¥´Ê²¥¢μ³Ê §´ Î¥´¨Õ Ê£²  · ¸¸¥Ö´¨Ö θ ¢μ§´¨± ¥É · §-
´μ¸ÉÓ (Ìμ¤ ) Ë § Δϕ = q(xj − xk) ³¥¦¤Ê ¤¢Ê³Ö Ë·μ´É ³¨ · ¸¸¥Ö´´ÒÌ ¶²μ¸±¨Ì ¢μ²´
´¥°É·¨´μ (ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨), ¢¸²¥¤¸É¢¨¥ Î¥£μ É¥·Ö¥É¸Ö ±μ£¥·¥´É´μ¸ÉÓ ³¥¦¤Ê ÔÉ¨³¨
(¢μ²´ ³¨) Ë·μ´É ³¨. ¡) � ¸¸¥Ö´¨¥ ´¥°É·¨´μ ´  Nk-³ ¨²¨ Nj-³ ´Ê±²μ´¥, · ¸¶·¥¤¥²¥-
´¨¥ ±μÉμ·ÒÌ ¢´ÊÉ·¨ Ö¤·  μ¶¨¸Ò¢ ¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥°, ¨§μ¡· ¦¥´´μ° Ê¸²μ¢´μ ¢
¢¨¤¥ £ Ê¸¸μ¨¤Ò. “Ìμ¤ÖÐ Ö ´¥°É·¨´´ Ö ¢μ²´  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê¶¥·¶μ§¨Í¨Õ ¢μ²´
eiqxk , ¢§¢¥Ï¥´´ÒÌ ¸ ±¢ ¤· Éμ³ ¢μ²´μ¢μ° ËÊ´±Í¨¨

∣
∣ψn(x1, · · · ,xA)

∣
∣2

¸É ¢´μ° ¸¨¸É¥³¥ ¨³¥¥É ¢¨¤

A =
A∑

k=1

Ak eiqxk . (3.1)

‘μ£² ¸´μ [3] ¢¸¥ ÔÉ¨ ¨´¤¨¢¨¤Ê ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¸Î¨É ÕÉ¸Ö ±μ£¥·¥´É´Ò³¨
(¸±² ¤Ò¢ ÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£μ³ ±μ´¸É·Ê±É¨¢´μ), ¥¸²¨ ¤²Ö ²Õ¡μ£μ k (²Õ¡μ£μ ´Ê-
±²μ´ ) Ë §μ¢Ò¥ ³´μ¦¨É¥²¨ eiqxk ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò (¨Ì ³μ¦´μ ¢Ò´¥¸É¨
§  §´ ± ¸Ê³³¨·μ¢ ´¨Ö ± ± μ¡Ð¨° ³´μ¦¨É¥²Ó). �Éμ ¨³¥¥É ³¥¸Éμ, ±μ£¤  Ê¸²μ¢¨¥
±μ£¥·¥´É´μ¸É¨ (1.1) ¢Ò¶μ²´¥´μ: qR � 1, É. ¥. ¢¸¥ ¨´¤¨¢¨¤Ê ²Ó´Ò¥ Ë §μ¢Ò¥
³´μ¦¨É¥²¨ ¶· ±É¨Î¥¸±¨ · ¢´Ò +1 ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¤·Ê£ ¤·Ê£Ê. �  ·¨¸. 4, a
( ´ ²μ£¨Î´μ³ ·¨¸. 3) ¶μ± § ´ Ë· £³¥´É · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¤¢ÊÌ ´Ê±²μ-
´ Ì, · ¸¶μ²μ¦¥´´ÒÌ ¢ ´¥±μÉμ·ÒÌ Ë¨±¸¨·μ¢ ´´ÒÌ ÉμÎ± Ì xj ¨ xk, ±μÉμ·Ò¥
μÉ¤¥²¥´Ò ¶·μ¸É· ´¸É¢¥´´μ ¤·Ê£ μÉ ¤·Ê£ . �¥´Ê²¥¢μ¥ §´ Î¥´¨¥ Ê£²  · ¸¸¥Ö´¨Ö
´¥°É·¨´μ θ > 0 Ö¢²Ö¥É¸Ö ¶·¨Î¨´μ° ¢μ§´¨±´μ¢¥´¨Ö · §´μ¸É¨ Ë § ³¥¦¤Ê ¢μ²-
´ ³¨, ¶·μÌμ¤ÖÐ¨³¨ Î¥·¥§ ÔÉ¨ ÉμÎ±¨ ¶·μ¸É· ´¸É¢ , ¨, ± ± ¸²¥¤¸É¢¨¥, ¶μÉ¥·¨
±μ£¥·¥´É´o¸É¨ ³¥¦¤Ê ÔÉ¨³¨ ¢μ²´ ³¨.
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3.1. ®�μ¢ Ö¯ ±μ£¥·¥´É´μ¸ÉÓ ´  ¸²μ¦´μ³ ±¢ ´Éμ¢μ³ μ¡Ñ¥±É¥. ‚μ§´¨-
± ¥É ¢μ¶·μ¸, μ¸É ¥É¸Ö ²¨ É ±μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ ±μ£¥·¥´É´μ¸É¨ ¶·¨¥³²¥³Ò³,
±μ£¤  ¸´¨³ ¥É¸Ö ¶·¥¤¶μ²μ¦¥´¨¥ μ ¸É·μ£μ Ë¨±¸¨·μ¢ ´´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ
¶μ²μ¦¥´¨ÖÌ ´Ê±²μ´μ¢?

„¥°¸É¢¨É¥²Ó´μ, ´¥²Ó§Ö § Ë¨±¸¨·μ¢ ÉÓ ¶μ²μ¦¥´¨¥ ´Ê±²μ´  (¢´ÊÉ·¨ Ö¤· ),
¶μ¸±μ²Ó±Ê ÔÉμ ± ± ³¨´¨³Ê³ ¶·μÉ¨¢μ·¥Î¨É ¶·¨´Í¨¶Ê ´¥μ¶·¥¤¥²¥´´μ¸É¨. ‚μ§-
³μ¦´μ ²¨ÏÓ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ μÉ¤¥²Ó´μ ¢§ÖÉÒ° ´Ê±²μ´ ´ Ìμ¤¨É¸Ö ¢ Ö¤·¥, É. ¥.
´¥μ¶·¥¤¥²¥´´μ¸ÉÓ ¥£μ ¶·μ¸É· ´¸É¢¥´´μ£μ ¶μ²μ¦¥´¨Ö ´¥ ¶·¥¢ÒÏ ¥É · §³¥·
Ö¤·  Δxj < R. ‚¥·μÖÉ´μ¸ÉÓ μ¶·¥¤¥²¥´´μ£μ ¶μ²μ¦¥´¨Ö ´Ê±²μ´  (¢ Ö¤·¥) § -
¤ ¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥° ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò |m〉 = ψm(x1, . . . ,xA),
£¤¥ ¨´¤¥±¸Ò m μÉ¢¥Î ÕÉ ´ Î ²Ó´μ³Ê ¨²¨ ±μ´¥Î´μ³Ê ±¢ ´Éμ¢μ³Ê ¸μ¸ÉμÖ´¨Õ
Ö¤·  ± ± ¸²μ¦´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò.

‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²´ Ö  ³¶²¨ÉÊ¤  (3.1) ¶¥·¥Ìμ¤  Ö¤·  ¨§ ´ Î ²Ó´μ£μ ¸μ-
¸ÉμÖ´¨Ö |n〉 ¢ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ |m〉 μ¡μ¡Ð ¥É¸Ö ¢ ¢¨¤¥

Amn = 〈m|A|n〉 =
A∑

k=1

Ak
mn〈m|eiqxk |n〉 =

A∑
k=1

Ak
mnfk

mn(q). (3.2)

‡¤¥¸Ó Ëμ·³ ²Ó´μ ¸Î¨É ¥É¸Ö, ÎÉμ μ¤´μÎ ¸É¨Î´ Ö  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ´¥°-
É·¨´μ ´  k-³ ´Ê±²μ´¥ ³μ¦¥É ¶μÉ¥´Í¨ ²Ó´μ § ¢¨¸¥ÉÓ μÉ ¸μ¸ÉμÖ´¨° Ö¤·  |n〉
¨²¨ |m〉, É. ¥. Ak

mn 
= Ak. ‚ ¢Ò· ¦¥´¨¨ (3.2) ¢¢¥¤¥´  ¢¥²¨Î¨´ , μ¡μ¡Ð ÕÐ Ö
Ë §μ¢Ò° Ë ±Éμ· eiqxk ¨§ Ëμ·³Ê²Ò (3.1),

fk
mn(q) ≡ 〈m| eiqxk |n〉 =

=
∫ (

A∏
i=1

dxi

)
ψ∗

m(x1, . . . ,xA) eiqxkψn(x1, . . . ,xA) = 〈m| eiqX̂k |n〉. (3.3)

�´  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶¥·¥Ìμ¤´Ò° (¨§ ¸μ¸ÉμÖ´¨Ö |n〉 ¢ ¸μ¸ÉμÖ´¨¥ |m〉) ³ -

É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  ¸¤¢¨£  eiqX̂k , £¤¥ X̂k Å μ¶¥· Éμ· ±¢ ´Éμ¢μ£μ
¶μ²μ¦¥´¨Ö k-£μ ´Ê±²μ´ . „²Ö Ê¶·Ê£μ£μ ®¶¥·¥Ìμ¤ ¯ ¨§ ¸μ¸ÉμÖ´¨Ö |n〉 ¢ (Éμ ¦¥
¸ ³μ¥) ¸μ¸ÉμÖ´¨¥ |n〉 ¨§ (3.2) ¶μ²ÊÎ ¥É¸Ö

Ann =
A∑

k=1

Ak
nnfk

nn(q). (3.4)

®„¨ £μ´ ²Ó´Ò°¯ (Ê¶·Ê£¨°) ¢ ·¨ ´É Ëμ·³Ê²Ò (3.3) ¨³¥¥É ¢¨¤

fk
nn(q) =

∫ (
A∏

i=1

dxi

)∣∣ψn(x1, . . . ,xA)
∣∣2 eiqxk =

= 〈n| eiqxk |n〉 = 〈n| eiqX̂k |n〉 (3.5)
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¨ μ¶·¥¤¥²Ö¥É Ëμ·³Ë ±Éμ· ´Ê±²μ´ , ±μ£¤  Ö¤·μ ´ Ìμ¤¨É¸Ö ¢ ¸μ¸ÉμÖ´¨¨ |n〉.
‚¥²¨Î¨´Ò (3.3) ¨ (3.5) μÉ²¨Î ÕÉ¸Ö μÉ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ³´μ¦¨É¥²Ö eiqxk ¨§
Ëμ·³Ê²Ò (3.1) ¢ ¤¢ÊÌ ¢ ¦´ÒÌ  ¸¶¥±É Ì.

‚μ-¶¥·¢ÒÌ, ´¥¸³μÉ·Ö ´  Ö¢´μ¥ ¶·¨¸ÊÉ¸É¢¨¥ ¨´¤¥±¸  k, μ´¨ ´¥ § ¢¨¸ÖÉ μÉ
±μμ·¤¨´ ÉÒ k-£μ ´Ê±²μ´ . �μ ¢¸¥³ ¶¥·¥³¥´´Ò³, ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ±μ´±·¥É-
´μ³Ê ¶·μ¸É· ´¸É¢¥´´μ³Ê · ¸¶μ²μ¦¥´¨Õ μÉ¤¥²Ó´μ ¢§ÖÉμ£μ ´Ê±²μ´ , ¢ Ëμ·-
³Ê² Ì (3.3) ¨ (3.5) ¶·μ¢¥¤¥´μ ¨´É¥£·¨·μ¢ ´¨¥. „¥°¸É¢¨É¥²Ó´μ, ¤²Ö ²Õ¡μ£μ
¶·μ¨§¢μ²Ó´μ ¢§ÖÉμ£μ k ¢¥²¨Î¨´Ê fk

mn(q) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¨´É¥£· ² ,
Ö¢´μ ¢Ò¤¥²¨¢ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ xk , É. ¥.∫ ⎛⎝A−1∏

i�=k

dxi

⎞⎠ψ∗
m(x1, . . . ,xk, . . . ,xA)×

× ψn(x1, . . . ,xk, . . . ,xA) eiqxk dxk 
= f(xk),

±μÉμ·Ò°, μÎ¥¢¨¤´μ, ´¥ § ¢¨¸¨É μÉ xk.
‚μ-¢Éμ·ÒÌ, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ · §²¨Î¨Ö ³¥¦¤Ê ¶·μÉμ´ ³¨ ¨ ´¥°É·μ´ ³¨

fk
nn(q) ¨ fk

mn(q) ´¥ § ¢¨¸ÖÉ ¨ μÉ ¨´¤¥±¸  k. �Éμ ÊÉ¢¥·¦¤¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¤μ-
± § ´μ ¶ÊÉ¥³ § ³¥´Ò ¶¥·¥³¥´´ÒÌ ¨´É¥£·¨·μ¢ ´¨Ö ¨ μÉ· ¦ ¥É ¸¢μ°¸É¢  ¸¨³-
³¥É·¨¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¶·¨ ¶¥·¥¸É ´μ¢±¥ ¥¥  ·£Ê³¥´Éμ¢. �Ê¦´μ, ÎÉμ¡Ò
ËÊ´±Í¨¨ ψm(x1, . . . ,xA) ¨ ψn(x1, . . . ,xA) ¨³¥²¨ μ¤¨´ ±μ¢ÊÕ ¸¨³³¥É·¨Õ
(μ¡¥ ¸¨³³¥É·¨Î´Ò ¨²¨ μ¡¥  ´É¨¸¨³³¥É·¨Î´Ò) μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ±
´μ³¥·μ¢ ±μμ·¤¨´ É ¢¸¥Ì Î ¸É¨Í.


² £μ¤ ·Ö ÔÉ¨³ ¸¢μ°¸É¢ ³ ¢¥²¨Î¨´Ò fk
mn(q) ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ Ë §Ò

¢¸¥Ì ¨´¤¨¢¨¤Ê ²Ó´ÒÌ  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  μÉ¤¥²Ó´ÒÌ ´Ê±²μ´ Ì, ¢Ìμ¤ÖÐ¨Ì
¢ ¶μ²´ÊÕ  ³¶²¨ÉÊ¤Ê (3.2), · ¢´Ò ¤·Ê£ ¤·Ê£Ê. 
μ²¥¥ ÉμÎ´μ, μ´¨ ¢μμ¡Ð¥ ´¥
Ë¨£Ê·¨·ÊÕÉ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ (É. ¥. ´¥ ¨³¥ÕÉ ´¨± ±μ£μ §´ Î¥-
´¨Ö), ¨ ¢¸¥ μ¤´μÎ ¸É¨Î´Ò¥  ³¶²¨ÉÊ¤Ò ±μ£¥·¥´É´Ò ¶·¨ ²Õ¡ÒÌ q, ¢ μÉ²¨Î¨¥ μÉ
μ¡Ð¥¶·¨´ÖÉμ£μ Ë·¨¤³ ´μ¢¸±μ£μ ¸²ÊÎ Ö (3.1).

ˆ§ ÔÉμ£μ § ±²ÕÎ¥´¨Ö ¸μ¢¸¥³ ´¥ ¸²¥¤Ê¥É, ÎÉμ ¶μ²´ Ö  ³¶²¨ÉÊ¤  ¶¥·¥¸É ¥É
¸É·¥³¨ÉÓ¸Ö ± ´Ê²Õ ¶·¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì q. ’ ±μ¥ ¶μ¢¥¤¥´¨¥ ¶μ²´μ°  ³-
¶²¨ÉÊ¤Ò ¸μÌ· ´Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê ¸ ·μ¸Éμ³ q ¢¸¥ Ëμ·³Ë ±Éμ·Ò fnn(q) → 0.
‘ ³ É¥³ É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·¨Î¨´μ° É ±μ£μ ¶μ¢¥¤¥´¨Ö fnn(q) Ö¢²Ö-
¥É¸Ö ¸¨²Ó´μ μ¸Í¨²²¨·ÊÕÐ¨° Ë ±Éμ· eiqxk , § ´Ê²ÖÕÐ¨° ¨´É¥£· ² ¨§ (3.3).
”¨§¨Î¥¸± Ö ¶·¨Î¨´  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶·μ¨¸Ìμ¤¨É ´¥±μ£¥·¥´É´μ¥ (É. ¥. ¸ ¸μ-
¢¥·Ï¥´´μ ¶·μ¨§¢μ²Ó´Ò³¨ μÉ´μ¸¨É¥²Ó´Ò³¨ Ë § ³¨) ¸Ê³³¨·μ¢ ´¨¥ ¢μ²´, ¶·¨-
´ ¤²¥¦ Ð¨Ì ¢μ²´μ¢μ° ËÊ´±Í¨¨ μÉ¤¥²Ó´ÒÌ ´Ê±²μ´μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö (¢ ·Ö¤¥
¸²ÊÎ ¥¢ Ê¦¥) ¢´¥ Ö¤·  ³¨Ï¥´¨. „·Ê£¨¥  ·£Ê³¥´ÉÒ ¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ¢ ¶. 3.3.

Œμ¦¥É ¶μ± § ÉÓ¸Ö, ÎÉμ ¸¤¥² ´´μ¥ ¢ÒÏ¥ ÊÉ¢¥·¦¤¥´¨¥ ´ Ìμ¤¨É¸Ö ¢ ¶·μ-
É¨¢μ·¥Î¨¨ ¸ ¢μ²´μ¢μ° ËÊ´±Í¨¥°, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶μ²μ¦¥´¨Õ ´Ê±²μ´μ¢ ´ 
Ë¨±¸¨·μ¢ ´´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ ¶μ§¨Í¨ÖÌ. „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¸Î¨É ÉÓ,
ÎÉμ

|ψn(y1, . . . ,yA)|2 ∝
∏

i

δ3(yi − xi), (3.6)



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 101

£¤¥ yi Å ÔÉμ ¶¥·¥³¥´´Ò¥,   xi Å ¶ · ³¥É·Ò ËÊ´±Í¨¨, Éμ ¢Ò· ¦¥´¨¥ (3.5)
¸¢μ¤¨É¸Ö ± (3.1), ¢ ±μÉμ·μ³ ± ¦¤μ¥ ¸² £ ¥³μ¥ μ¡² ¤ ¥É ¸μ¡¸É¢¥´´μ° Ë §μ°,
ÎÉμ ´ Ìμ¤¨É¸Ö ¢ Ö¢´μ³ ¶·μÉ¨¢μ·¥Î¨¨ ¸ ´ Ï¨³ ÊÉ¢¥·¦¤¥´¨¥³. �Éμ ¶·μÉ¨¢μ·¥-
Î¨¥ ¢μ§´¨± ¥É ¶μ Éμ° ¶·¨Î¨´¥, ÎÉμ ¶·¥¤¶μ²μ¦¥´¨¥ (3.6) ´ ·ÊÏ ¥É ¶·¨´Í¨¶
¨¤¥´É¨Î´μ¸É¨ μ¤¨´ ±μ¢ÒÌ Î ¸É¨Í, ±μÉμ·Ò° É·¥¡Ê¥É, ÎÉμ¡Ò ¢μ²´μ¢ Ö ËÊ´±-
Í¨Ö ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¶·¨ ¶¥·¥¸É ´μ¢±¥ ¸¢μ¨Ì  ·£Ê³¥´Éμ¢ ¡Ò²  ²¨¡μ
¸¨³³¥É·¨Î´ Ö, ²¨¡μ  ´É¨¸¨³³¥É·¨Î´ Ö.

‚ ·¥§Ê²ÓÉ É¥ ´¥É ¢μ§³μ¦´μ¸É¨ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ, ¸± ¦¥³, i-Ö Î ¸É¨Í  (¢´Ê-
É·¨ ¸μ¸É ¢´μ° ¸¨¸É¥³Ò) · ¸¶μ²μ¦¥´  ¢ ÉμÎ±¥ xi, ¤ ¦¥ ¥¸²¨ ¨§¢¥¸É´μ, ÎÉμ ¢¸¥
Î ¸É¨ÍÒ § ´¨³ ÕÉ ´¥±μÉμ·Ò¥ Ë¨±¸¨·μ¢ ´´Ò¥ ¶·μ¸É· ´¸É¢¥´´Ò¥ ¶μ²μ¦¥´¨Ö
¢´ÊÉ·¨ ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. „ ´´ Ö i-Ö Î ¸É¨Í  ³μ¦¥É § ´¨³ ÉÓ ²Õ¡ÊÕ ¨§ ¢μ§-
³μ¦´ÒÌ ¶μ§¨Í¨° ¸·¥¤¨ ¢¸¥Ì ¤μ¸ÉÊ¶´ÒÌ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨° x1, · · · ,xA.
�μ ÔÉμ° ¶·¨Î¨´¥ · ¸¸³μÉ·¥´¨¥ ¢Ò· ¦¥´¨Ö (3.5) ¸ ´ ¤²¥¦ Ð¨³ μ¡· §μ³ ¸¨³-
³¥É·¨§μ¢ ´´μ° δ-¶μ¤μ¡´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¥° ¶·¨¢μ¤¨É ¥¸É¥¸É¢¥´´Ò³ μ¡· -
§μ³ ± ¢Ò· ¦¥´¨Õ (3.1) ¤²Ö ²Õ¡μ£μ ¨´¤¥±¸  k ¢ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ ´ Ï¨³
§ ±²ÕÎ¥´¨¥³. �Éμ ¶·μÉ¨¢μ·¥Î¨¥ ¶μ§¢μ²Ö¥É ²ÊÎÏ¥ ¶μ´ÖÉÓ ÉμÉ Ë ±É, ÎÉμ ¸ ³ 
Ëμ·³  ¢Ò· ¦¥´¨Ö (3.1) ¨£´μ·¨·Ê¥É ËÊ´¤ ³¥´É ²Ó´Ò° ¶·¨´Í¨¶ ±¢ ´Éμ¢μ° ³¥-
Ì ´¨±¨ Å ´¥· §²¨Î¨³μ¸ÉÓ μ¤¨´ ±μ¢ÒÌ Î ¸É¨Í. ‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ´ 
·¨¸. 4, ¡ ¶μ± § ´  ± ·É¨´  · ¸¸¥Ö´¨Ö, ÊÎ¨ÉÒ¢ ÕÐ Ö ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ ´Ê±²μ-
´μ¢, ¶·¥¤¸É ¢²¥´´ÊÕ ¤²Ö ¶·μ¸ÉμÉÒ ¢ £ Ê¸¸μ¢μ° Ëμ·³¥. ‘Ê³³¨·μ¢ ´¨¥ · ¸¸¥-
Ö´´ÒÌ ¨´¤¨¢¨¤Ê ²Ó´Ò³¨ ´Ê±²μ´ ³¨ ´¥°É·¨´´ÒÌ ¢μ²´, ¢§¢¥Ï¥´´ÒÌ ¸μ£² ¸´μ∣∣ψn(x1, . . . ,xA)

∣∣2, ¤ ¥É ¥¤¨´ÊÕ, Ë¨´ ²Ó´ÊÕ · ¸¸¥Ö´´ÊÕ ´¥°É·¨´´ÊÕ ¢μ²´Ê.
’ ±¨³ μ¡· §μ³, ¸μ£² ¸´μ ¨§²μ¦¥´´μ³Ê ¢ÒÏ¥ ´¥É μ¸´μ¢ ´¨Ö ¸Î¨É ÉÓ ¤¨ -

£μ´ ²Ó´Ò¥ (É. ¥. £¤¥ k = j) ¸² £ ¥³Ò¥ ¢ · §²μ¦¥´¨¨ É¨¶  ±¢ ¤· É  ¢Ò· ¦¥-
´¨Ö (3.4)

|Ann|2 = |fnn(q)|2
∑
k,j

Ak
nnAj ∗

nn = |fnn(q)|2
⎛⎝∑

k

|Ak
nn|2 +

∑
k �=j

Ak
nnAj ∗

nn

⎞⎠
¶·μ¨¸Ìμ¤ÖÐ¨³¨ ¨§-§  ´¥±μ£¥·¥´É´μ£μ (É. ¥. ®· §´μË §´μ£μ¯) ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥°É·¨´μ ¸ ´Ê±²μ´ ³¨. �¡  ¸² £ ¥³ÒÌ, ¤¨ £μ´ ²Ó´μ¥ (¶¥·¢μ¥) ¨ ´¥¤¨ £μ´ ²Ó-
´μ¥ (¢Éμ·μ¥), ¤ ÕÉ μ¤¨´ ±μ¢Ò° ¢±² ¤ ¢ |Ann|2, ¶·¨Î¥³ ¸ μ¤´μ° ¨ Éμ° ¦¥
§ ¢¨¸¨³μ¸ÉÓÕ μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q.

‡ ¢¥·Ï Ö ¤ ´´Ò° ¶Ê´±É, ³μ¦´μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ É· ¤¨Í¨μ´´Ò° (Ë·¨¤-
³ ´μ¢¸±¨°) ±μ£¥·¥´É´Ò° ÔËË¥±É ¢ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´  ¸μ¸É ¢´μ° ¸¨¸É¥³¥
²ÊÎÏ¥ ´ §¢ ÉÓ ÔËË¥±Éμ³ ±μ´¸É·Ê±É¨¢´μ° ¨´É¥·Ë¥·¥´Í¨¨ ¢¸¥Ì ¨´¤¨¢¨¤Ê ²Ó-
´ÒÌ (¨ ¢¸¥£¤  ±μ£¥·¥´É´ÒÌ)  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  μÉ¤¥²Ó´ÒÌ Ô²¥-
³¥´É Ì ¸μ¸É ¢´μ° ¸¨¸É¥³Ò.

‚μ§´¨± ¥É ¢μ¶·μ¸, ÎÉμ Éμ£¤  ¸Î¨É ÉÓ ´¥±μ£¥·¥´É´Ò³ (¶μ ”·¨¤³ ´Ê) ¢§ -
¨³μ¤¥°¸É¢¨¥³? �É¢¥É ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ É ±μ¥ ´¥±μ£¥·¥´É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö ¶·μÍ¥¸¸ ³¨, ¢ ±μÉμ·ÒÌ ¨§³¥´Ö¥É¸Ö ¢´ÊÉ·¥´´¥¥ ±¢ ´Éμ¢μ¥
¸μ¸ÉμÖ´¨¥ Ö¤· , É. ¥. n 
= m.
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3.2. —Éμ É¥¶¥·Ó ±μ£¥·¥´É´μ,   ÎÉμ ´¥±μ£¥·¥´É´μ? �·¨¢¥¤¥´´Ò¥ ´¨¦¥
± Î¥¸É¢¥´´Ò¥ · ¸¸Ê¦¤¥´¨Ö μÉ¢¥Î ÕÉ ´  ÔÉμÉ ¢μ¶·μ¸. �Ê¸ÉÓ Ö¤·μ ¨§´ Î ²Ó´μ
´ Ìμ¤¨É¸Ö ¢ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ n. …¸²¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ´¥²Ó§Ö ¢Ò¤¥²¨ÉÓ
±μ´±·¥É´μ¥ ±μ´¥Î´μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  m, Éμ ´¥μ¡Ìμ¤¨³μ ¶·¨´ÖÉÓ
¢μ ¢´¨³ ´¨¥ ¢¸¥ ¢μ§³μ¦´Ò¥ ±μ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤· , É. ¥. ¶μ ¢¸¥³ ¶μ ´¨³
¶·μ¸Ê³³¨·μ¢ ÉÓ. �μ¤Î¥·±´¥³, ÎÉμ ÔÉμÉ ³μ³¥´É ¨³¥¥É ±²ÕÎ¥¢μ¥ §´ Î¥´¨¥ ¤²Ö
¢¸¥£μ ¤ ²Ó´¥°Ï¥£μ · ¸¸³μÉ·¥´¨Ö. ‚ μÉ²¨Î¨¥ μÉ ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ¶·¥¤Ò-
¤ÊÐ¨Ì · ¡μÉ, £¤¥ Ö¢´μ ¨²¨ ´¥Ö¢´μ ¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥
¸μ¢¶ ¤ ¥É ¸ ´ Î ²Ó´Ò³ (¸³. μ¡¸Ê¦¤¥´¨¥ ¢ · §¤. 8), §¤¥¸Ó ´  · ¢´ÒÌ μ¸´μ¢ -
´¨ÖÌ ¤μ¶Ê¸± ÕÉ¸Ö ¢¸¥ ¨´Ò¥ (É. ¥. ´¥Ê¶·Ê£¨¥) ¢μ§³μ¦´μ¸É¨, ¤ ¦¥ ¥¸²¨ É ±¨Ì
³¨´¨³ ²Ó´μ¥ Î¨¸²μ. ˆ³¥´´μ ÔÉμ ¶μ§¢μ²Ö¥É μ¶¨¸ ÉÓ ¶² ¢´Ò° ¶¥·¥Ìμ¤ μÉ ±μ-
£¥·¥´É´μ£μ ·¥¦¨³  · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ ± ´¥±μ£¥·¥´É´μ³Ê.

‚ ·¥§Ê²ÓÉ É¥ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¢¸¥³ ¤μ¶Ê¸É¨³Ò³ ±μ´¥Î´Ò³ ¸μ¸ÉμÖ´¨Ö³
Ö¤·  ±¢ ¤· É ¶μ²´μ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö, § ¤ ´´μ° ¢ ¢¨¤¥ ¸Ê³³Ò (3.2),
³μ¦´μ § ¶¨¸ ÉÓ (Ëμ·³ ²Ó´μ) ± ±

|A|2 =
∑
m

|Amn|2 = |A0|2
∑
k,j

∑
m

fk
mnf j ∗

mn, (3.7)

£¤¥ ¤²Ö ¶·μ¸ÉμÉÒ ¨ ´ £²Ö¤´μ¸É¨ μ¶ÊÐ¥´  § ¢¨¸¨³μ¸ÉÓ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ  ³-
¶²¨ÉÊ¤ μÉ ¸¶¨´ , É¨¶  ´Ê±²μ´  ¨ ¨´¤¥±¸  k, É. ¥. ¸Î¨É ¥É¸Ö, ÎÉμ Ak

mn = A0.
‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²μ¦¥´¨Ö ¥¤¨´¨Î´μ£μ μ¶¥· Éμ·  ¶μ ¶μ²´μ³Ê ´ ¡μ·Ê ¸μ-
¸ÉμÖ´¨° ∑

m

|m〉〈m| = Î (3.8)

¨ Ëμ·³ ²Ó´μ£μ μ¶·¥¤¥²¥´¨Ö fk
mn = 〈m| eiqX̂k |n〉 ¢Ò· ¦¥´¨¥ (3.7) ³μ¦´μ ¶¥-

·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

|A|2 = |A0|2
∑
k,j

〈n| e−iqX̂j

∑
m

|m〉〈m| eiqX̂k |n〉 =

= |A0|2
∑
k,j

〈n| e−iqX̂j eiqX̂k |n〉. (3.9)

…¸²¨ ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥ 〈n| e−iqX̂j eiqX̂k |n〉 ¶μ²μ¦¨ÉÓ k = j, É. ¥. ´¥°É·¨-
´μ-Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·μ¨¸Ìμ¤¨É ´  μ¤´μ³ ¨ Éμ³ ¦¥ ´Ê±²μ´¥
(·¨¸. 5, a), Éμ

〈n| e−iqX̂j eiqX̂k=j |n〉 = 1 ¨ |A|2 = |A0|2
∑
k,j

〈n| e−iqX̂j eiqX̂j |n〉 =

= |A0|2
∑
k,j

1 = |A0|2A2. (3.10)
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�¨¸. 5. a) “¶·Ê£μ¥ ´¥°É·¨´μ-Ö¤¥·´μ¥ · ¸¸¥Ö´¨¥ §  ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸ μ¤-
´¨³ ¨ É¥³ ¦¥, k-³, ´Ê±²μ´μ³ Ö¤· . ¡) � ¸¸¥Ö´¨¥ §  ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ
¸ · §´Ò³¨, k-³ ¨ j-³, ´Ê±²μ´ ³¨ Ö¤· 

…¸²¨ k 
= j ¢ 〈n|e−iqX̂j eiqX̂k |n〉, Éμ ´¥°É·¨´μ-Ö¤¥·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶·μ¨¸-
Ìμ¤¨É ´  ¤¢ÊÌ · §²¨Î´ÒÌ ´Ê±²μ´ Ì (·¨¸. 5, ¡). ’μ£¤  ¢Ò· ¦¥´¨¥ (3.9) ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

|A|2
|A0|2

≡
∑
k,j

〈n|e−iqX̂j eiqX̂k |n〉 =

=
A∑

k=j

〈n| e−iqX̂j eiqX̂j |n〉 +
A∑

j,k �=j

〈n| e−iqX̂j eiqX̂k |n〉 =

=
A∑

k=j

1 + G(q)
A∑

j,k �=j

1 = A + A(A − 1)G(q) = A2G(q) + A(1 − G(q)).

‡¤¥¸Ó ¢¢¥¤¥´  ¤¢ÊÌÎ ¸É¨Î´ Ö ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö

Gnn(q) ≡ G(q) = 〈n| e−iqX̂j eiqX̂k |n〉, (3.11)

±μÉμ· Ö G(q) = 1, ¥¸²¨ k = j,   ¥¸²¨ k 
= j, Éμ G(q) (± ± ¨ fk
mn(q)) ´¥

§ ¢¨¸¨É μÉ §´ Î¥´¨° ¨´¤¥±¸μ¢ k, j, μ¤´ ±μ §¤¥¸Ó ¢ ¦´μ, ÎÉμ ¨´¤¥±¸Ò k ¨
j · §²¨Î´Ò. ˆ´Ò³¨ ¸²μ¢ ³¨, ¸É ·ÉÊÖ ¸ ¢Ò· ¦¥´¨Ö ¤²Ö ¶μ²´μ°  ³¶²¨ÉÊ¤Ò
¢¥·μÖÉ´μ¸É¨ ¢ ¢¨¤¥ (3.2) ¨ ¥¥ ±¢ ¤· É  ¢ ¢¨¤¥ (3.7) ¸ ÊÎ¥Éμ³ ±μ··¥²ÖÍ¨μ´-
´μ° ËÊ´±Í¨¨ (3.11), ¶·¨Ìμ¤¨³ ± μ±μ´Î É¥²Ó´μ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ±¢ ¤· É 
 ³¶²¨ÉÊ¤Ò ¢¥·μÖÉ´μ¸É¨

|A|2 = |A0|2 [A + G(q)A(A − 1)] = |A0|2
[
A2G(q) + A (1 − G(q))

]
, (3.12)

£¤¥ A Å Î¨¸²μ ´Ê±²μ´μ¢. ’ ±¨³ μ¡· §μ³, ±¢ ¤· É ¶μ²´μ°  ³¶²¨ÉÊ¤Ò |A|2
¢ Ëμ·³Ê²¥ (3.12) ¢±²ÕÎ ¥É ¤¢  ¸² £ ¥³ÒÌ, ¶¥·¢μ¥ ±¢ ¤· É¨Î´μ ¶μ A ¨ μ¤-
´μ¢·¥³¥´´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ G(q),   ¢Éμ·μ¥ ²¨´¥°´μ § ¢¨¸¨É μÉ A ¨ ¶·μ-
¶μ·Í¨μ´ ²Ó´μ ³´μ¦¨É¥²Õ [1 − G(q)]. “¦¥ §¤¥¸Ó ¢¨¤´μ, ÎÉμ ´ ²¨Î¨¥ ÔÉ¨Ì
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¤¢ÊÌ ¸² £ ¥³ÒÌ ¢ μ¤´μ° Ëμ·³Ê²¥ ¶μ§¢μ²Ö¥É ¨³¥ÉÓ ¶² ¢´Ò° ¶¥·¥Ìμ¤ ³¥¦¤Ê
±μ£¥·¥´É´Ò³ (¶μ ”·¨¤³ ´Ê, É. ¥. ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ A2) ¨ ´¥±μ£¥·¥´É´Ò³
(É. ¥. ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ A) ·¥¦¨³ ³¨ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥. …¸²¨
Ö¤¥·´ Ö ³´μ£μÎ ¸É¨Î´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸μ¸É ¢²¥´  ± ±  ´É¨¸¨³³¥É·¨§¨-
·μ¢ ´´μ¥ ¶·μ¨§¢¥¤¥´¨¥ μ¤´μÎ ¸É¨Î´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, Éμ G(q) ³μ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ |F (q)|2, £¤¥ F (q) Å μ¤´μÎ ¸É¨Î´Ò° ´Ê±²μ´´Ò°
Ëμ·³Ë ±Éμ· Ö¤· .

‚¨¤ ¸μμÉ´μÏ¥´¨Ö (3.12) ´¥ ¶μ§¢μ²Ö¥É Ê¢¨¤¥ÉÓ, ÎÉμ ¨³¥´´μ Ö¢²Ö¥É¸Ö ¨¸-
ÉμÎ´¨± ³¨ ±¢ ¤· É´μ£μ ¨ ²¨´¥°´μ£μ ¶μ A ¸² £ ¥³ÒÌ. �μ± ¦¥³, ÎÉμ ¢ ¶μ²-
´μ³ ¸μμÉ¢¥É¸É¢¨¨ ¸ μ¡Ð¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨ ±μ£¥·¥´É´Ò° ¨ ´¥±μ£¥·¥´É´Ò°
Î²¥´Ò ¤¥°¸É¢¨É¥²Ó´μ μ¡¥¸¶¥Î¥´Ò ¶·μÍ¥¸¸ ³¨, ¢ ±μÉμ·ÒÌ Ö¤·μ ²¨¡μ μ¸É ¥É¸Ö
¢ ¶¥·¢μ´ Î ²Ó´μ³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ (n = m), ²¨¡μ ±μ´¥Î´μ¥ ±¢ ´Éμ¢μ¥
¸μ¸ÉμÖ´¨¥ Ö¤·  ¨§³¥´Ö¥É¸Ö (n 
= m). ‘ ÔÉμ° Í¥²ÓÕ ¶¥·¥¶¨Ï¥³ ¢Ò· ¦¥´¨¥
¤²Ö ¶μ²´μ°  ³¶²¨ÉÊ¤Ò (3.9) ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ

|A|2 ≡ |A0|2
∑
m

∑
k,j

〈n| e−iqX̂j |m〉〈m|eiqX̂k |n〉 =

= |A0|2
∑
k,j

〈n| e−iqX̂j |n〉〈n| eiqX̂k |n〉+

+ |A0|2
∑
k,j

∑
m �=n

〈n| e−iqX̂j |m〉〈m| eiqX̂k |n〉, (3.13)

£¤¥ ¶¥·¢μ¥ ¸² £ ¥³μ¥ μÉ¢¥Î ¥É ¸²ÊÎ Õ m = n (Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥),   ¢Éμ·μ¥ Å
m 
= n (´¥Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥). �μ¸±μ²Ó±Ê ±¢ ¤· É Ëμ·³Ë ±Éμ·  ³μ¦´μ § ¶¨-
¸ ÉÓ ± ±

|F (q)|2 = 〈n| e−iqX̂j |n〉〈n| eiqX̂k |n〉,

Éμ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (3.13) ¶·¥μ¡· §Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

|A0|2
∑
k,j

〈n| e−iqX̂j |n〉〈n| eiqX̂k |n〉 =

= |A0|2
∑
k,j

|Fn(q)|2 = |A0|2A2|F (q)|2, (3.14)

¨ ¸μμÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ±μ£¥·¥´É´μ£μ (∝ A2) ¸² £ ¥³μ£μ ¢ ±¢ ¤· É ¶μ²´μ°
 ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö (¸³., ´ ¶·¨³¥·, Ëμ·³Ê²Ê (3.12)).

‚Éμ·μ¥ ®´¥¤¨ £μ´ ²Ó´μ¥¯ ¸² £ ¥³μ¥ ¢ (3.13), £¤¥ m 
= n, ¸ ¶μ³μÐÓÕ É ±
´ §Ò¢ ¥³μ° ±μ¢ ·¨ Í¨¨ ¤¢ÊÌ μ¶¥· Éμ·μ¢ ¸¤¢¨£ , μ¶·¥¤¥²¥´´μ° Ëμ·³ ²Ó´μ
± ±

cov
(
e−iqX̂j , eiqX̂k

)
≡ 〈n| e−iqX̂j eiqX̂k |n〉−〈n| e−iqX̂j |n〉〈n| eiqX̂k |n〉, (3.15)



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 105

³μ¦´μ, ¤μ¡ ¢¨¢ ¨ ¢ÒÎÉÖ ®¤¨ £μ´ ²Ó´μ¥¯ ¸² £ ¥³μ¥ ¸ m = n, ¶·¥¤¸É ¢¨ÉÓ
¸²¥¤ÊÕÐ¨³ μ¡· §μ³, ¢·¥³¥´´μ μ¶Ê¸É¨¢ |A0|2:∑

k,j

∑
m �=n

〈n| e−iqX̂j |m〉〈m| eiqX̂k |n〉 =

=
∑
k,j

[∑
m

〈n| e−iqX̂j |m〉〈m| eiqX̂k |n〉 −
∑
m=n

〈n| e−iqX̂j |m〉〈m| eiqX̂k |n〉
]

=

=
∑
k,j

[
〈n| e−iqX̂j eiqX̂k |n〉 − 〈n| e−iqX̂j |n〉〈n| eiqX̂k |n〉

]
≡

≡
∑
k,j

cov
(
e−iqX̂j , eiqX̂k

)
.

�μ¸±μ²Ó±Ê ¶·¨ k = j ±μ¢ ·¨ Í¨Ö (3.15) ¶·¥¢· Ð ¥É¸Ö ¢ ®¤μ¶μ²´¥´¨¥ ± Ëμ·³-
Ë ±Éμ·Ê¯:

cov
(
e−iqX̂k , eiqX̂k

)
= 〈n| e−iqX̂k eiqX̂k |n〉 − 〈n| e−iqX̂k |n〉〈n| eiqX̂k |n〉 =

= 1 − |Fn(q)|2,

Éμ ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¨§ (3.13), ¨³¥ÕÐ¥¥ ¢¨¤ ¸Ê³³Ò ±μ¢ ·¨ Í¨°, ³μ¦´μ ¶·¥-
μ¡· §μ¢ ÉÓ, ¢Ò¤¥²¨¢ Ö¢´μ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¸μ¢¶ ¤ ÕÐ¥³Ê ¨´¤¥±¸Ê k = j, É. ¥.
¨³¥¥³∑

k,j

cov
(
e−iqX̂j , eiqX̂k

)
=

=
∑
k=j

cov
(
e−iqX̂j , eiqX̂j

)
+

∑
k �=j

cov
(
e−iqX̂j , eiqX̂k

)
=

=
∑
k=j

(1 − |Fn(q)|2) +
∑
k �=j

cov
(
e−iqX̂j , eiqX̂k

)
.

‚ ·¥§Ê²ÓÉ É¥ ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¢ (3.13) ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ± ±

|A0|2
⎡⎣A

(
1 − |F (q)|2

)
+

∑
k �=j

cov
(
e−iqX̂j , eiqX̂k

)⎤⎦ .

‚Ìμ¤ÖÐ¨¥ ¢ ÔÉμ ¢Ò· ¦¥´¨¥ ±μ¢ ·¨ Í¨μ´´Ò¥ ¸² £ ¥³Ò¥ Éμ¦¤¥¸É¢¥´´μ · ¢´Ò
´Ê²Õ, ±μ£¤  ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¶·¥¤¸É ¢²Ö¥É ¸μ-
¡μ° ¶·μ¨§¢¥¤¥´¨¥ μ¤´μÎ ¸É¨Î´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, ¨ ¢ ÔÉμ³ Î ¸É´μ³ ¸²Ê-
Î ¥ (Ìμ·μÏμ, É¥³ ´¥ ³¥´¥¥, ¨²²Õ¸É·¨·ÊÕÐ¨³ ¸ÊÉÓ ¤¥² ) ¢Éμ·μ¥ ¸² £ ¥³μ¥
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¢ (3.13) ¸É ´μ¢¨É¸Ö ¶·μ¸Éμ · ¢´Ò³ ´¥±μ£¥·¥´É´μ³Ê (∝ A) ¸² £ ¥³μ³Ê ¢ Ëμ·-
³Ê²¥ (3.12):

|A0|2A(1 − |F (q)|2). (3.16)

ˆÉ ±, ±¢ ¤· É ¶μ²´μ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö, § ¤ ´´Ò° Ëμ·³Ê²μ° (3.13), ³μ¦´μ
¶·¥¤¸É ¢¨ÉÓ μ±μ´Î É¥²Ó´μ ¢ ¢¨¤¥ ∗

|A|2 ≡ |A0|2
∑
m

∑
k,j

〈n| e−iqX̂j |m〉〈m| eiqX̂k |n〉 =

= |A0|2
⎡⎣A2|F (q)|2 + A

(
1 − |F (q)|2

)
+

∑
k �=j

cov
(
e−iqX̂j , eiqX̂k

)⎤⎦ . (3.17)

3.3. Š¨´¥³ É¨Î¥¸±¨° ¶ · ¤μ±¸ É· ¤¨Í¨μ´´μ° ±μ£¥·¥´É´μ¸É¨. ‘Î¨É -
¥É¸Ö μ¡Ð¥¶·¨´ÖÉÒ³, ÎÉμ ±μ£¥·¥´É´μ¥ Ê¸¨²¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  · ¸¸¥Ö-
´¨Ö ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ (´¥°É·¨´μ) ´  ¸²μ¦´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³¥ (Ö¤·¥) μÉ-
¢¥Î ¥É Éμ³Ê ¸²ÊÎ Õ, ±μ£¤  ÔÉ  ¸¨¸É¥³  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¸É ¥É¸Ö ¢ ¸¢μ¥³
¶¥·¢μ´ Î ²Ó´μ³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨. �¤´ ±μ ÔÉμ (μÎ¥¢¨¤´μ¥ ¸ ÉμÎ±¨ §·¥´¨Ö
μ¸´μ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨) ÊÉ¢¥·¦¤¥´¨¥ ¸μ¢¥·Ï¥´´μ μ¡Ð¥£μ Ì · ±É¥·  ¶·¨
¡²¨¦ °Ï¥³ · ¸¸³μÉ·¥´¨¨ ¶·¨¢μ¤¨É ± ´¥±μ³Ê ±¨´¥³ É¨Î¥¸±μ³Ê ¶ · ¤μ±¸Ê,
±μÉμ·Ò°, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ´¨±μ£¤  ´¥ μ¡¸Ê¦¤ ²¸Ö ¢ ²¨É¥· ÉÊ·¥.

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ Ö¤·μ ± ± ¸²μ¦´ÊÕ ¸¨¸É¥³Ê ¨§ ´Ê±²μ-
´μ¢, ¸ ±μÉμ·Ò³¨ Éμ²Ó±μ ¨ ¶·μ¨¸Ìμ¤¨É ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥°É·¨´μ, Éμ ¢ ·¥§Ê²Ó-
É É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ ± ± ´Ê±²μ´, É ± ¨ Ö¤·μ (¥£μ ¸μ¤¥·¦ Ð¥¥)
¶·¨μ¡·¥É ÕÉ μ¤¨´ ±μ¢Ò° ¶¥·¥¤ ´´Ò° ¨³ ´¥°É·¨´μ ¨³¶Ê²Ó¸ q. �¥°É·¨´μ
®μÉ¤ ²μ¯ ÔÉμÉ ¨³¶Ê²Ó¸ (¢  ±É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö) ¨ Ê²¥É¥²μ ¤ ²ÓÏ¥, ´¥°É·¨´μ
®´¥ ¨´É¥·¥¸´μ¯ ±Éμ ¨ ± ± ¥£μ ¶μ²ÊÎ¨² ¨ ¶¥·¥· ¸¶·¥¤¥²¨² ¨ ÎÉμ ¢μμ¡Ð¥ ¸É ²μ
¸ Ö¤·μ³.

…¸²¨ ¸Î¨É ÉÓ, ÎÉμ ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ ± ± Ö¤·μ, É ± ¨ ÔÉμÉ
( ±É¨¢´Ò°) ´Ê±²μ´ ´ Ìμ¤ÖÉ¸Ö ¢ ¶μ±μ¥, Éμ ¶μ²ÊÎ ¥É¸Ö, ÎÉμ ±¨´¥É¨Î¥¸± Ö Ô´¥·-
£¨Ö ´Ê±²μ´  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ TN = q2/2mN ´  ¢¥²¨Î¨´Ê
mA/mN ¶·¥¢ÒÏ ¥É ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ ¢¸¥£μ Ö¤·  TA = q2/2mA.

�¤´ ±μ ¶μ¸±μ²Ó±Ê ¸Î¨É ¥É¸Ö, ÎÉμ Ö¤·μ μ¸É ¥É¸Ö ¢ Éμ³ ¦¥ ±¢ ´Éμ¢μ³ ¸μ-
¸ÉμÖ´¨¨ ¸ Éμ° ¦¥ ¢´ÊÉ·¥´´¥° Ô´¥·£¨¥° (¸μÌ· ´¥´¨¥ Ô´¥·£¨¨ ¨ Í¥²μ¸É´μ¸É¨
Ö¤· ), Éμ TN ¨ TA ¤μ²¦´Ò ¡ÒÉÓ · ¢´Ò μ¤´μ° ¨ Éμ° ¦¥ ¶μÉ¥·Ö´´μ° Ô´¥·-
£¨¨ ´¥°É·¨´μ Eν − E′

ν , É. ¥. ÔÉ¨ ¢¥²¨Î¨´Ò ¤μ²¦´Ò ¡ÒÉÓ · ¢´Ò ¤·Ê£ ¤·Ê£Ê.
”¨§¨Î¥¸±¨ ¶μ´ÖÉ´μ, ÎÉμ ¶·¨μ¡·¥É¥´´Ò° ´Ê±²μ´μ³ ¨³¶Ê²Ó¸ ¶¥·¥· ¸¶·¥¤¥²Ö-
¥É¸Ö ³¥¦¤Ê ¢¸¥³¨ μ¸É ²Ó´Ò³¨ ´Ê±²μ´ ³¨ (¶μ¸±μ²Ó±Ê Ö¤·μ ¸μÌ· ´Ö¥É ¸¢μÕ
Í¥²μ¸É´μ¸ÉÓ) ¨ ¢ ·¥§Ê²ÓÉ É¥ ¢¸¥ Ö¤·μ ¶·¨μ¡·¥É¥É ¶μ²´Ò° ¨³¶Ê²Ó¸, μÎ¥¢¨¤´μ,
· ¢´Ò° q.

∗‘³. É ±¦¥ ¢ÒÎ¨¸²¥´¨Ö ¢ ¶·¨². �.1.
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’¥³ ´¥ ³¥´¥¥ ÔÉμÉ ±¨´¥³ É¨Î¥¸±¨° ¶ · ¤μ±¸ ¢μ§´¨± ¥É ¨§-§  ¶·¥¤¶μ²μ-
¦¥´¨Ö, ÎÉμ ®¶·¨´¨³ ÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨¥¯ ´Ê±²μ´ ´ Ìμ¤¨É¸Ö ¢ ¶μ±μ¥. ’ ±μ¥
¶·¥¤¶μ²μ¦¥´¨¥ μ¡ÒÎ´μ ¢¶μ²´¥ ¶·¨³¥´¨³μ, ±μ£¤  ¨³¶Ê²Ó¸ ¢´ÊÉ·¥´´¥£μ ¤¢¨-
¦¥´¨Ö ´Ê±²μ´  ¢ Ö¤·¥ (¨³¶Ê²Ó¸ ”¥·³¨) p §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ³ ¸¸Ò ¸ ³μ£μ
´Ê±²μ´  mN . �¤´ ±μ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨³¥¥É¸Ö ±¨´¥³ É¨Î¥¸±μ¥ ¶·μÉ¨¢μ·¥-
Î¨¥ Å É·¥¡μ¢ ´¨¥ Í¥²μ¸É´μ¸É¨ Ö¤·  ¨ É·¥¡μ¢ ´¨¥ TN = TA ´¥ ³μ£ÊÉ Ê¤μ-
¢²¥É¢μ·ÖÉÓ¸Ö μ¤´μ¢·¥³¥´´μ ¶·¨ ²Õ¡ÒÌ ¨³¶Ê²Ó¸ Ì p ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö
´Ê±²μ´  ¢ Ö¤·¥ ∗.

�·¥¤¶μ² £ Ö, ÎÉμ TN = [Eν − E′
ν ] = TA, ¨ ¨¸¶μ²Ó§ÊÖ § ±μ´ ¸μÌ· ´¥´¨Ö

Ô´¥·£¨¨ (¤μ ¨ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö) ¢ ¢¨¤¥

(p + q)2

2mN
− p2

2mN
=

q2

2mA
, (3.18)

³μ¦´μ ´ °É¨ ¶μ¤Ìμ¤ÖÐ¨¥ §´ Î¥´¨Ö p ¤²Ö ¨³¶Ê²Ó¸  ¢´ÊÉ·¥´´¥£μ ¤¢¨¦¥´¨Ö
 ±É¨¢´μ£μ ´Ê±²μ´ , ¶·¨´Ö¢Ï¥£μ ´  ¸¥¡Ö ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ´¥°É·¨´μ. �´μ μ± -
§Ò¢ ¥É¸Ö · ¢´Ò³

p = −q
2

(
1 − mN

mA

)
. (3.19)

’ ±¨³ μ¡· §μ³, ¸μÌ· ´¥´¨¥ ³μ³¥´É -¨³¶Ê²Ó¸  ¨ É·¥¡μ¢ ´¨¥ ´¥¨§³¥´´μ¸É¨
±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤ ÕÉ ± Î¥¸É¢¥´´ÊÕ ± ·É¨´Ê
±μ£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¢¨¤¥, ¶·¥¤¸É ¢²¥´´μ³ ¸¨³-
¢μ²¨Î¥¸±¨ ´  ·¨¸. 6. ˆ§ ÔÉμ° ± ·É¨´Ò (¸³. ·¨¸. 6) ¸²¥¤ÊÕÉ ´¥¸±μ²Ó±μ ¢ ¦-
´ÒÌ, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ´ ¡²Õ¤¥´¨°, ´¥ μ¡¸Ê¦¤ ¢Ï¨Ì¸Ö ¢ ²¨É¥· ÉÊ·¥,

�¨¸. 6. ‚§ ¨³μ¤¥°¸É¢¨¥ ´¥°É·¨´μ ¸ ´Ê±²μ´μ³, μ¡² ¤ ¢Ï¨³ ¨³¶Ê²Ó¸μ³ p = αq ¨
· ¢´Ò³ (3.19). �μ¸±μ²Ó±Ê Ö¤·μ ´ Ìμ¤¨²μ¸Ó ¢ ¶μ±μ¥, ¢¸¥ μ¸É ²Ó´Ò¥ ´Ê±²μ´Ò ¨³¥²¨
¨³¶Ê²Ó¸ −p (ÏÉ·¨Ìμ¢Ò¥ ¸É·¥²±¨). �μ²ÊÎ¥´´Ò° ´Ê±²μ´μ³ ¨³¶Ê²Ó¸ p + q = (1 + α)q
´ ¶· ¢²¥´ ¢¤μ²Ó q. �  ·¨¸Ê´±¥ p ¨ p+q ´¥¸±μ²Ó±μ · §¢¥¤¥´Ò (¤²Ö ´ £²Ö¤´μ¸É¨). �·¨-
μ¡·¥É¥´´Ò¥ ´Ê±²μ´μ³ Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ q ¤ ²¥¥ ¶¥·¥¤ ÕÉ¸Ö ¢¸¥³Ê Ö¤·Ê, ´¥ ¨§³¥´ÖÖ
¶·¨ ÔÉμ³ ¥£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö

∗‡¤¥¸Ó ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Ö¤·μ ¨ ´ Ìμ¤ÖÐ¨°¸Ö ¢ ´¥³ ´Ê±²μ´ ¨³¥ÕÉ μ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö
¨³¶Ê²Ó¸ .
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¶μ ±· °´¥° ³¥·¥ ¢ ±μ´É¥±¸É¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¸¢Ö§ ´´μ°
¸μ¸É ¢´μ° ¸¨¸É¥³¥ (Ö¤·¥).

‚μ-¶¥·¢ÒÌ, ´¥ ²Õ¡μ° ´Ê±²μ´ ³μ¦¥É ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¸ ´¥°É·¨´μ É ±¨³
μ¡· §μ³, ÎÉμ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸ Ö¤·μ³ ¶μ¸²¥¤´¥¥ μ¸É ¢ ²μ¸Ó
¡Ò ¢ ¶¥·¢μ´ Î ²Ó´μ³ (´¥¨§³¥´´μ³) ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨. ’μ²Ó±μ É¥ ´Ê±²μ´Ò,
±μÉμ·Ò³ ®¶μ¸Î ¸É²¨¢¨²μ¸Ó¯ ¨³¥ÉÓ ¨³¶Ê²Ó¸ (¢´ÊÉ·¨ Ö¤·  ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö),
μ¶·¥¤¥²Ö¥³Ò° Ëμ·³Ê²μ° (3.19), ¨³¥¥É É ±ÊÕ ¢μ§³μ¦´μ¸ÉÓ. ‘²¥¤Ê¥É ¶μ¤Î¥·±-
´ÊÉÓ, ÎÉμ ¢ ¤ ´´μ³ μ¡¸Ê¦¤¥´¨¨ ¸²μ¢μ ´Ê±²μ´, μ¡ÒÎ´μ μ§´ Î ÕÐ¥¥ ¶·μ¸Éμ
Î ¸É¨ÍÊ, ¢Ìμ¤ÖÐÊÕ ¢ ¸μ¸É ¢ Ö¤· , ¶·¨μ¡·¥É ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ´ £·Ê§±Ê (¨²¨
¨¸É¨´´μ¥ §´ Î¥´¨¥) ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ §¤¥¸Ó ÔÉμÉ ¶·μÉμ´ ¨²¨ ´¥°É·μ´ ¢§ ¨-
³μ¤¥°¸É¢Ê¥É ¸ ´¥°É·¨´μ ¨ μ¤´μ¢·¥³¥´´μ ®μÐÊÐ ¥É¯ ´  ¸¥¡¥ ¢²¨Ö´¨¥ ¤·Ê£¨Ì
´Ê±²μ´μ¢ Ö¤·  ± ± ¸¢Ö§ ´´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. ˆ²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨,
¤²Ö ¸μÌ· ´¥´¨Ö ¸ ³μÉμ¦¤¥¸É¢¥´´μ¸É¨ Ö¤·  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢ ·¥§Ê²Ó-
É É¥ ±μÉμ·μ£μ μ´μ ¶·¨μ¡·¥É ¥É ¨³¶Ê²Ó¸ q, ÔÉμ Ö¤·μ ®¤μ²¦´μ ± ± ¡Ò § · ´¥¥
¢´ÊÉ·¨ ¸¥¡Ö ¶μ¤£μÉμ¢¨ÉÓ¯ ´Ê±²μ´ ¸ ¢´ÊÉ·¥´´¨³ ¨³¶Ê²Ó¸μ³ (3.19). ’μ²Ó±μ
Éμ£¤  ¢μ§³μ¦´μ (Ê¶·Ê£μ¥) ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥, ±μ£¤  Ö¤·μ ¸μÌ· ´Ö¥É ¸¢μ¥
¶¥·¢μ´ Î ²Ó´μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥.

‚μ-¢Éμ·ÒÌ, ¶μ¸±μ²Ó±Ê · ¸¶·¥¤¥²¥´¨¥ ¨³¶Ê²Ó¸μ¢ ´Ê±²μ´μ¢ ¢ Ö¤·¥ μ¶·¥-
¤¥²Ö¥É¸Ö ³´μ£μÎ ¸É¨Î´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¥° ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò (Ö¤· ), ²μ-
± ²¨§μ¢ ´´μ° ¢ ±μ´Ë¨£Ê· Í¨μ´´μ³ ¨²¨ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢ Ì, Éμ, ± ±
¶· ¢¨²μ, ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö ¨³¶Ê²Ó¸μ¢ ´Ê±²μ´μ¢ (¢´ÊÉ·¨ Ö¤· ) §´ Î¨É¥²Ó´μ
³¥´¥¥ ¢¥·μÖÉ´Ò, Î¥³ ³ ²Ò¥. �É¸Õ¤  ¶μ´ÖÉ´μ, ¶μÎ¥³Ê ¤²Ö ¡μ²ÓÏ¨Ì ¶¥·¥¤ ´-
´ÒÌ ¨³¶Ê²Ó¸μ¢ q Ë ±Éμ· ±μ£¥·¥´É´μ£μ Ê¸¨²¥´¨Ö ¸· ¡ ÉÒ¢ ¥É ¶²μÌμ (·¥¤±μ
´ °¤¥É¸Ö ¶μ¤Ìμ¤ÖÐ¨° ¨³¶Ê²Ó¸ ´Ê±²μ´ ), ¢ Éμ ¢·¥³Ö ± ± ¤²Ö ³ ²ÒÌ q, ´ μ¡μ-
·μÉ, ¢¥·μÖÉ´μ¸ÉÓ ´ °É¨ ¢ Ö¤·¥ ´Ê±²μ´ ¸ ¶μ¤Ìμ¤ÖÐ¨³ ¨³¶Ê²Ó¸μ³ §´ Î¨É¥²Ó´μ
¢ÒÏ¥ (¸·. ¸ Ê¸²μ¢¨¥³ (1.1)). ”μ·³ ²Ó´μ ³ É¥³ É¨Î¥¸±¨ ÔÉμÉ ÔËË¥±É ·¥£Ê²¨-
·Ê¥É¸Ö ±¢ ¤· Éμ³ Ö¤¥·´μ£μ Ëμ·³Ë ±Éμ·  |F (q)|2.

�·μ¢¥¤¥´´μ¥ μ¡¸Ê¦¤¥´¨¥ ³μ¦´μ · ¸¶·μ¸É· ´¨ÉÓ ´  ¸²ÊÎ ° ´¥±μ£¥·¥´É-
´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, É. ¥. ±μ£¤  Ö¤·μ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¨§³¥´Ö¥É ¸¢μ¥ ¢´ÊÉ·¥´´¥¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ |n〉 → |m〉, £¤¥ n 
= m.
“¸²μ¢¨¥ (3.18) ¸²¥¤Ê¥É μ¡μ¡Ð¨ÉÓ ¶ÊÉ¥³ ÊÎ¥É  ´¥´Ê²¥¢μ£μ §´ Î¥´¨Ö · §´μ¸É¨
Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° Ö¤·  Δεmn 
= 0, É. ¥.

Ep+q −Ep =
q2

2mA
+ Δεmn →

√
E2

p + 2pq + q2 −Ep =
q2

2mA
+ Δε, (3.20)

£¤¥ Ep =
√

m2
N + p2. ‚Ò· ¦¥´¨¥ (3.20) ¸μ¤¥·¦¨É ·¥²ÖÉ¨¢¨¸É¸±¨¥ Ëμ·³Ê²Ò

¤²Ö Ô´¥·£¨¨ ´Ê±²μ´μ¢, ¶μ¸±μ²Ó±Ê ¤²Ö ³ ²ÒÌ q ¨³¶Ê²Ó¸ p (·¥Ï¥´¨¥ (3.20))
³μ¦¥É ¡ÒÉÓ ¸· ¢´¨³ ¸ ³ ¸¸μ° ´Ê±²μ´  mN .

C ¶·¥¤¸É ¢²¥´¨¥³ p ¢ ¢¨¤¥ ¸Ê³³Ò ¶·μ¤μ²Ó´μ£μ pL ¨ ¶μ¶¥·¥Î´μ£μ ¨³-
¶Ê²Ó¸μ¢ pT ¤²Ö Ë¨±¸¨·μ¢ ´´μ£μ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q ÉμÎ´μ¥ ·¥Ï¥´¨¥
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�¨¸. 7. �·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  pL ¢´ÊÉ·¥´´¥£μ ¨³¶Ê²Ó¸  ( ±É¨¢´μ£μ) ´Ê±²μ´ , μÉ-
¢¥Î ÕÐ Ö § ±μ´Ê ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¢ ´¥°É·¨´μ-Ö¤¥·´μ³ · ¸¸¥Ö´¨¨, ± ±
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (3.21) ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  Δεmn

Ê· ¢´¥´¨Ö (3.20) ¨³¥¥É ¢¨¤ ∗

pL = −|q|
2

⎛⎝1 −
√

β

√
1 +

4m2
N,T

q2(1 − β)

⎞⎠ , (3.21)

£¤¥ β = E2
mn/q2, Emn = q2/(2mA) + Δεmn, m2

N,T = m2
N + p2

T . �  ·¨¸. 7
¶·¥¤¸É ¢²¥´Ò ·¥Ï¥´¨Ö (3.21) ± ± ËÊ´±Í¨¨ |q|.

‚ ¸²ÊÎ ¥ Δεmn = 0 ·¥Ï¥´¨¥ ´  ·¨¸. 7 ¢μ¸¶·μ¨§¢μ¤¨É ·¥§Ê²ÓÉ É (3.19).
‡¤¥¸Ó §´ Î¥´¨¥ β ¨§ (3.21) μÎ¥´Ó ³ ²μ: β = q2/(4m2

A) = TA/(2mA) � 1, ¨
pL � −|qL|/2 (1 − mN,T /mA) ¸μ¢¶ ¤ ¥É ¸ (3.19) ¶·¨ pT = 0.

ˆÉ ±, ¨§ ·¨¸. 7 ³μ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ ¶·μ¤μ²Ó´ Ö ±μ³¶μ´¥´É  ¨³¶Ê²Ó¸  ® ±-
É¨¢´μ£μ¯ ´Ê±²μ´ , ¸¶μ¸μ¡´μ£μ ÊÎ ¸É¢μ¢ ÉÓ ¢ ´¥°É·¨´μ-Ö¤¥·´μ³ ±μ£¥·¥´É´μ³
· ¸¸¥Ö´¨¨, ¢¸¥£¤  ´ ¶· ¢²¥´  ¶·μÉ¨¢ ¶¥·¥¤ ´´μ£μ Ö¤·Ê 3-¨³¶Ê²Ó¸  q. …¸²¨ ¦¥
¨³¥¥É¸Ö ´¥Ê¶·Ê£μ¸ÉÓ ¸ Δεmn 
= 0, Éμ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (3.20) ¸ÊÐ¥¸É¢¥´´Ò³
μ¡· §μ³ μÉ²¨Î ¥É¸Ö ¢ μ¡² ¸É¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸μ¢ q. ‚μ§³μ¦´Ò ´¥-
¸±μ²Ó±μ · §²¨Î´ÒÌ ¸²ÊÎ ¥¢.

’ ±, ¶·¨ q = 0 Ê· ¢´¥´¨¥ (3.20) ´¥ ¨³¥¥É ·¥Ï¥´¨Ö, ÎÉμ ¶·μ¸Éμ μÉ¢¥Î ¥É
´¥¢μ§³μ¦´μ¸É¨ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  ¶·¨ ´Ê²¥¢μ° ¶¥·¥¤ Î¥ ¥³Ê ¨³¶Ê²Ó¸ . „ ²¥¥
¶·¨ ³ ²ÒÌ |q|, ÎÊÉÓ ¡μ²¥¥ ¶·¥¢ÒÏ ÕÐ¨Ì ³¨´¨³ ²Ó´μ ¢μ§³μ¦´μ¥ §´ Î¥´¨¥
|qmin| = Δεmn + Δε2

mn/(2mA), ·¥Ï¥´¨¥ ¢ ¢¨¤¥ Ëμ·³Ê²Ò (3.21) · ¸Ìμ¤¨É¸Ö,

∗‘³. ¶·¨². �.1.
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É. ¥. pL → ∞, ¶μÔÉμ³Ê ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥ ¶·¨¡²¨¦¥´¨¥ ¢ Ê· ¢´¥´¨¨ (3.20) ´¥-
¶·¨³¥´¨³μ ¶·¨ ³ ²ÒÌ q. ‚¥·μÖÉ´μ¸ÉÓ ´ °É¨  ±É¨¢´Ò° (¢ ¸³Ò¸²¥ ÊÎ ¸É¨Ö ¢
¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö) ´Ê±²μ´ ¢ Ö¤·¥ ¸ É ±¨³ ¢´ÊÉ·¥´´¨³ ¨³¶Ê²Ó¸μ³ ´¨ÎÉμ¦´ .
�μÔÉμ³Ê ¤²Ö ³ ²ÒÌ |q| ´¥±μ£¥·¥´É´μ¥ (ÉμÎ´¥¥, ´¥Ê¶·Ê£μ¥) · ¸¸¥Ö´¨¥ ¶· ±-
É¨Î¥¸±¨ ´¥¢μ§³μ¦´μ, Éμ£¤  ± ± ´¥É ´¨± ±¨Ì μ£· ´¨Î¥´¨° ¤²Ö ±μ£¥·¥´É´μ£μ
(ÉμÎ´¥¥, Ê¶·Ê£μ£μ) · ¸¸¥Ö´¨Ö. ‘ ·μ¸Éμ³ |q| μÉ±·Ò¢ ¥É¸Ö ·¥ ²Ó´ Ö ¢μ§³μ¦-
´μ¸ÉÓ Ö¤¥·´μ£μ ¶¥·¥Ìμ¤  |n〉 → |m〉 ¸ · §´μ¸ÉÓÕ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° Ö¤· 
Δεmn, ¶·¨ ÔÉμ³ ¢´ÊÉ·¥´´¥³Ê ¨³¶Ê²Ó¸Ê  ±É¨¢´μ£μ ´Ê±²μ´  p ≈ 0 μÉ¢¥Î ¥É
³¨´¨³ ²Ó´ Ö ¸É¥¶¥´Ó ¶μ¤ ¢²¥´¨Ö. �¶ÖÉÓ ¨³¥¥É ³¥¸Éμ ¶μ²´μ¸ÉÓÕ μ¡· É´ Ö ¸¨-
ÉÊ Í¨Ö ¤²Ö ±μ£¥·¥´É´μ£μ (Ê¶·Ê£μ£μ) · ¸¸¥Ö´¨Ö. �·¨¢¥¤¥´´μ¥ ±¨´¥³ É¨Î¥¸±μ¥
· ¸¸³μÉ·¥´¨¥ ¶μ§¢μ²Ö¥É ± Î¥¸É¢¥´´μ ¶μ´ÖÉÓ § ¢¨¸¨³μ¸ÉÓ ´¥°É·¨´μ-Ö¤¥·´μ£μ
· ¸¸¥Ö´¨Ö μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q, ÌμÉÖ, ±μ´¥Î´μ, ´¥ ¤ ¥É ¶μ²´μ° ¥£μ

± ·É¨´Ò. �·¨ ¶¥·¥Ìμ¤¥ |n〉 → |m〉 (n 
= m) ³ É·¨Î´Ò° Ô²¥³¥´É 〈m| eiqX̂|n〉,
£¤¥ X̂ Å μ¶¥· Éμ· ±¢ ´Éμ¢μ£μ ¶μ²μ¦¥´¨Ö, Ë ±É¨Î¥¸±¨ μ¶·¥¤¥²Ö¥É ÔÉÊ ËÊ´±-
Í¨μ´ ²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ. Šμ²¨Î¥¸É¢¥´´μ¥ · ¸¸³μÉ·¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¤ ´μ
¢ ¶·¨². �.3.

Œ¥Ì ´¨Î¥¸± Ö  ´ ²μ£¨Ö Ê¶·Ê£μ£μ ¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. � ¸¸³μÉ·¥´´Ò°
¢ÒÏ¥ ±¨´¥³ É¨Î¥¸±¨° ¶ · ¤μ±¸ É· ¤¨Í¨μ´´μ° ±μ£¥·¥´É´μ¸É¨ ¨³¥¥É ¶·μ¸Éμ°
³¥Ì ´¨Î¥¸±¨°  ´ ²μ£. „²Ö ¨²²Õ¸É· Í¨¨ · ¸¸³μÉ·¨³ ³¥Ì ´¨Î¥¸±ÊÕ ¸¨¸É¥³Ê,
¸μ¸ÉμÖÐÊÕ ¨§ ¤¢ÊÌ Ï ·μ¢ μ¤¨´ ±μ¢μ° ³ ¸¸Ò m, ¸μ¥¤¨´¥´´ÒÌ ¡¥§³ ¸¸μ¢μ°
Ê¶·Ê£μ° ¶·Ê¦¨´μ°.

�Ê¸ÉÓ ¢ ¶¥·¢μ³ ¸²ÊÎ ¥ μ¡  Ï ·  ´ Ìμ¤ÖÉ¸Ö ¢ ¶μ±μ¥ ¨ μ¤¨´ ¨§ ´¨Ì (´ -
¶·¨³¥· ¶· ¢Ò°) ¶·¨μ¡·¥É ¥É (§  ¸Î¥É Ê¤ ·  ¨§¢´¥) ¨³¶Ê²Ó¸ q ¨, ¸μμÉ¢¥É-
¸É¢¥´´μ, Ô´¥·£¨Õ q2/2m (·¨¸. 8, ¸²¥¢ ). �μ¸²¥ ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ÔÉμ£μ ¨³-
¶Ê²Ó¸  ³¥¦¤Ê Ï · ³¨ ¨Ì Í¥´É· ³ ¸¸ ¤¢¨¦¥É¸Ö ¸ ¨³¶Ê²Ó¸μ³ q (§ ±μ´ ¸μÌ· -
´¥´¨Ö ¨³¶Ê²Ó¸ ), μ¤´ ±μ ¨Ì μ¡Ð Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¢¤¢μ¥ ³¥´ÓÏ¥ Å
q2/4m, ¶μ¸±μ²Ó±Ê ¨Ì ³ ¸¸  2m. �¸É ¢Ï Ö¸Ö ¶μ²μ¢¨´  ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨
¶· ¢μ£μ Ï ·  (·¨¸. 8, ¸¶· ¢ ) ¶¥·¥Ï²  ¢ ¶μÉ¥´Í¨ ²Ó´ÊÕ Ô´¥·£¨Õ ¶·Ê¦¨´Ò
¨ ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ Ï ·μ¢. ‚ ¶·¨¢¥¤¥´´μ³ ¸²ÊÎ ¥ Å  ´ ²μ£ ´¥Ê¶·Ê-

�¨¸. 8. �¡  Ï ·  ¨§´ Î ²Ó´μ ´ Ìμ¤ÖÉ¸Ö ¢ ¶μ±μ¥. ‡ É¥³ ¶· ¢Ò° ¶·¨μ¡·¥É ¥É ¨³¶Ê²Ó¸ q
(¸²¥¢ ). �μ¸²¥ ´¥±μÉμ·μ£μ ¢·¥³¥´¨ ¨Ì Í¥´É· ³ ¸¸ ¤¢¨¦¥É¸Ö ¸ ¨³¶Ê²Ó¸μ³ q ¨ ¶μ²μ¢¨´ 
¶μ²ÊÎ¥´´μ° ¨§¢´¥ Ô´¥·£¨¨  ±±Ê³Ê²¨·μ¢ ´  ¢ ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¶·Ê¦¨´Ò. �´ 
¸¦¨³ ¥É¸Ö ¨ · §¦¨³ ¥É¸Ö, ± ± ¶μ± § ´μ ´  ÔÉμ³ ·¨¸Ê´±¥ ¸¶· ¢ 



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 111

�¨¸. 9. Šμ²¥¡ ´¨¥ Ï ·μ¢ ¸ ³ ±¸¨³ ²Ó´Ò³ ¨³¶Ê²Ó¸μ³ ±q/4. –¥´É· ³ ¸¸ ¢ ¶μ±μ¥. �· -
¢Ò° Ï · ¢ ³μ³¥´É, ±μ£¤  −q/4, ¶·¨μ¡·¥É ¥É ¤μ¶μ²´¨É¥²Ó´μ ¨³¶Ê²Ó¸ q (¸²¥¢ ). �μ¸²¥
ÔÉμ£μ Í¥´É· ³ ¸¸ ¤¢¨¦¥É¸Ö ¸ ¨³¶Ê²Ó¸μ³ q,   ¶·Ê¦¨´  μ¡² ¤ ¥É ¨§´ Î ²Ó´μ° ¶μÉ¥´-
Í¨ ²Ó´μ° Ô´¥·£¨¥°, É. ¥. ¸¨¸É¥³  ¸μÌ· ´¨²  ¸¢μ¥ ¢´ÊÉ·¥´´¥¥ ¸μ¸ÉμÖ´¨¥ ´¥¨§³¥´´Ò³.
˜ ·Ò ¶·μ¤μ²¦ ÕÉ ¤¢¨£ ÉÓ¸Ö ¸ ³ ±¸¨³ ²Ó´Ò³ ¨³¶Ê²Ó¸μ³ ±q/4

£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Å ¨§´ Î ²Ó´μ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò (¶·Ê¦¨´  ¢
¶μ±μ¥) ¶¥·¥Ï²μ ¢ ´¥±μÉμ·μ¥ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ (¶·Ê¦¨´  μ¡² ¤ ¥É ¢´Ê-
É·¥´´¥° Ô´¥·£¨¥°), ¨ Ï ·Ò §  ¸Î¥É ÔÉμ£μ ¸μ¢¥·Ï ÕÉ ±μ²¥¡ É¥²Ó´Ò¥ ¤¢¨¦¥´¨Ö
¢μ±·Ê£ μ¡Ð¥£μ Í¥´É·  ³ ¸¸ (·¨¸. 8, ¸¶· ¢ ).

‚μ ¢Éμ·μ³ ¸²ÊÎ ¥ Ï ·Ò (§  ¸Î¥É ¸¦ É¨Ö ¨ · ¸ÉÖ¦¥´¨Ö ¶·Ê¦¨´Ò) ¸μ¢¥·-
Ï ÕÉ ¶¥·¨μ¤¨Î¥¸±μ¥ ¤¢¨¦¥´¨¥ ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê ¨ μ¡· É´μ, ¸μÌ· ´ÖÖ ¶·¨
ÔÉμ³ ´¥¶μ¤¢¨¦´Ò³ ¨Ì Í¥´É· ³ ¸¸. ˆ³¶Ê²Ó¸Ò Ï ·μ¢ ¢ ²Õ¡μ° ³μ³¥´É ¢·¥³¥´¨
· ¢´Ò ¶μ ¢¥²¨Î¨´¥ ¨ ¶·μÉ¨¢μ¶μ²μ¦´μ ´ ¶· ¢²¥´Ò. ‘¨¸É¥³  ´ Ìμ¤¨É¸Ö ¢ ´¥-
±μÉμ·μ³ ¢μ§¡Ê¦¤¥´´μ³ ¸μ¸ÉμÖ´¨¨. �Ê¸ÉÓ ³ ±¸¨³ ²Ó´Ò° ¨³¶Ê²Ó¸ Ï · , ±μ-
£¤  ¶·Ê¦¨´  μ¡² ¤ ¥É ´Ê²¥¢μ° ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¥°, · ¢¥´ ±q/4 (·¨¸. 9,
¸²¥¢ ). �¤¨´ ¨§ ÔÉ¨Ì ¨³¶Ê²Ó¸μ¢ ¸μ£² ¸´μ Ëμ·³Ê²¥ (3.19) ¢Ò¡· ´ · ¢´Ò³
−q/4. �μ²´ Ö Ô´¥·£¨Ö ¤¢ÊÌ Ï ·μ¢ · ¢´  (q/4)2/2m+(q/4)2/2m = q2/16m.
‘· §Ê ¶μ¸²¥ Éμ£μ, ± ± ¶· ¢Ò° Ï · (¸³. ·¨¸. 9), ¨³¶Ê²Ó¸ ±μÉμ·μ£μ ¡Ò² · ¢¥´
−q/4, ¶·¨μ¡·¥² ¤μ¶μ²´¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ q, ¨³¶Ê²Ó¸Ò ¨ Ô´¥·£¨¨ Ï ·μ¢ ¸É ²¨
(+q/4, +3/4q) ¨ (q2/32m, 9q2/32m). �μ²´ Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò É¥¶¥·Ó · ¢´ 
5q2/16m. �μ¸±μ²Ó±Ê ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Í¥´É·  ³ ¸¸ q2/4m, Éμ ¶μÉ¥´-
Í¨ ²Ó´ Ö Ô´¥·£¨Ö, § ¶ ¸¥´´ Ö ¢ ¶·Ê¦¨´¥, μ± §Ò¢ ¥É¸Ö ´¥¨§³¥´´μ° ¨ · ¢´μ°
q2/16m. ’ ±¨³ μ¡· §μ³, ÔÉ  ¸¨¸É¥³  (¨§ ¤¢ÊÌ Ï ·μ¢, ¸¢Ö§ ´´ÒÌ ¶·Ê¦¨´μ°)
μ¸É ¥É¸Ö ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¸ Éμ° ¦¥
¸ ³μ° ¢´ÊÉ·¥´´¥° ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¥° (¶·Ê¦¨´Ò). ˆ§³¥´¥´¨¥ ±¨´¥É¨Î¥-
¸±μ° Ô´¥·£¨¨ ¶μ¤¢¥·£Ï¥£μ¸Ö Ê¤ ·Ê Ï ·  ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¶·¨μ¡·¥-
É¥´´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Í¥´É·  ³ ¸¸ ¸¨¸É¥³Ò. �Éμ ¶·¨³¥· Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö.

3.4. �¥§Õ³¥ ¶μ ¶μ¢μ¤Ê ¸³¥´Ò ¶ · ¤¨£³Ò ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö.
1) �·¨ ¤¨Ë· ±Í¨¨ ¸¢¥Éμ¢μ£μ ²ÊÎ  ¶μ²μ¦¥´¨¥ · ¸¸¥¨¢ ÕÐ¨Ì Í¥´É·μ¢ ¤¥°-

¸É¢¨É¥²Ó´μ ¸É·μ£μ Ë¨±¸¨·μ¢ ´μ, É. ¥. ¤¨Ë· ±Í¨μ´´ Ö ·¥Ï¥É±  Å ³ ±·μ¸±μ-
¶¨Î¥¸±¨° μ¡Ñ¥±É ¸ Ìμ·μÏμ μ¶·¥¤¥²¥´´Ò³¨ ¢ ¶·μ¸É· ´¸É¢¥ £¥μ³¥É·¨Î¥¸±¨³¨
Ì · ±É¥·¨¸É¨± ³¨ (¶μ²μ¦¥´¨¥³ ¨ ¢¥²¨Î¨´μ° Ð¥²¥° ¨ É. ¶.). �¤´ ±μ ¤²Ö Ö¤· 
± ± ³¨±·μ¸±μ¶¨Î¥¸±μ°, ±¢ ´Éμ¢μ° (¸²μ¦´μ° ¨ ¸¢Ö§ ´´μ°) ¸¨¸É¥³Ò ´¥¢μ§-
³μ¦´μ ¢ ¶·¨´Í¨¶¥ ÉμÎ´μ Ë¨±¸¨·μ¢ ÉÓ ¶μ²μ¦¥´¨¥ · ¸¸¥¨¢ É¥²¥°, ¨ ¸É·μ£μ
£μ¢μ·Ö, É ± Ö ²μ£¨±  ´¥¶· ¢μ³¥·´ .



112 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

2) �¥ ²Õ¡μ° ´Ê±²μ´ ³μ¦¥É ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¸ ´¥°É·¨´μ É ±¨³ μ¡· §μ³,
ÎÉμ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸ Ö¤·μ³ ¶μ¸²¥¤´¥¥ μ¸É ¢ ²μ¸Ó ¡Ò ¢ ¶¥·¢μ-
´ Î ²Ó´μ³ (´¥¨§³¥´´μ³) ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨. ’μ²Ó±μ É¥ ´Ê±²μ´Ò, ±μÉμ·Ò³
®¶μ¸Î ¸É²¨¢¨²μ¸Ó¯ ¨³¥ÉÓ ¨³¶Ê²Ó¸ (¢´ÊÉ·¨ Ö¤·  ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö), μ¶·¥¤¥-
²Ö¥³Ò° Ëμ·³Ê²μ° (3.19), ¨³¥ÕÉ É ±ÊÕ ¢μ§³μ¦´μ¸ÉÓ. ˆ²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨,
¤²Ö ¸μÌ· ´¥´¨Ö ¸ ³μÉμ¦¤¥¸É¢¥´´μ¸É¨ Ö¤·  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢ ·¥§Ê²Ó-
É É¥ ±μÉμ·μ£μ Ö¤·μ ¶·¨μ¡·¥É ¥É ¨³¶Ê²Ó¸ q, ÔÉμ Ö¤·μ ®¤μ²¦´μ ± ± ¡Ò § · ´¥¥
¢´ÊÉ·¨ ¸¥¡Ö ¶μ¤£μÉμ¢¨ÉÓ¯ ´Ê±²μ´ ¸ ¢´ÊÉ·¥´´¨³ ¨³¶Ê²Ó¸μ³ (3.19). ’μ²Ó±μ
Éμ£¤  ¢μ§³μ¦´μ (Ê¶·Ê£μ¥) ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥, ±μ£¤  Ö¤·μ ¸μÌ· ´Ö¥É ¸¢μ¥
¶¥·¢μ´ Î ²Ó´μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥.

3) Šμ£¥·¥´É´Ò° (±μ£¤  ¸μ¸ÉμÖ´¨¥ Ö¤·  ´¥ ¨§³¥´Ö¥É¸Ö), ¨²¨, ÎÉμ ¢ ²¨É¥· -
ÉÊ·¥ É¥·³¨´μ²μ£¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´μ, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° A2, ¢±² ¤ ¢ ¸¥Î¥´¨¥
μÉ¢¥Î ¥É Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ ¨ ¨³¥¥É ¢¨¤ |A0|2A2|F (q)|2. �¥±μ£¥·¥´É´Ò°
(±μ£¤  Ö¤·μ ¶¥·¥Ìμ¤¨É ¢ ¤·Ê£μ¥ ¸μ¸ÉμÖ´¨¥), ¨²¨, ÎÉμ É¥·³¨´μ²μ£¨Î¥¸±¨ Ô±¢¨-
¢ ²¥´É´μ, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° A, ¢±² ¤ ¢ ¸¥Î¥´¨¥ μÉ¢¥Î ¥É ¢¸¥³ ¤μ¶Ê¸É¨³Ò³
´¥Ê¶·Ê£¨³ ¶·μÍ¥¸¸ ³ ¨ ¨³¥¥É ¢¨¤ |A0|2A(1 − |F (q)|2).

4) ’μ, ÎÉμ É· ¤¨Í¨μ´´μ ´ §Ò¢ ²μ¸Ó ±μ£¥·¥´É´Ò³ ÔËË¥±Éμ³ ¢ · ¸¸¥Ö-
´¨¨ ´¥°É·¨´μ ´  ¸μ¸É ¢´μ° ¸¨¸É¥³¥, ²ÊÎÏ¥ ´ §Ò¢ ÉÓ ÔËË¥±Éμ³ ±μ´¸É·Ê±-
É¨¢´μ° ¨´É¥·Ë¥·¥´Í¨¨ ¢¸¥Ì ¨´¤¨¢¨¤Ê ²Ó´ÒÌ (¨ ¢¸¥£¤  ±μ£¥·¥´É´ÒÌ)  ³¶²¨-
ÉÊ¤ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  μÉ¤¥²Ó´ÒÌ Ô²¥³¥´É Ì ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. „²Ö
( ´É¨)´¥°É·¨´μ ¸ Ô´¥·£¨Ö³¨ ¢ μ¡² ¸É¨ ¤¥¸ÖÉ±μ¢ ³¥£ Ô²¥±É·μ´¢μ²ÓÉ μ¡  ¸² -
£ ¥³ÒÌ ¸¥Î¥´¨Ö Ö¢²ÖÕÉ¸Ö ±μ£¥·¥´É´Ò³¨ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ¢¸¥ ´Ê±²μ´Ò ¶·¨-
´¨³ ÕÉ ÊÎ ¸É¨¥ ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö ´  Ê·μ¢´¥  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö (  ´¥
¸¥Î¥´¨°). �μÔÉμ³Ê, ¸É·μ£μ £μ¢μ·Ö, ¢ ÔÉμ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ¶· ¢¨²Ó´¥¥
¨¸¶μ²Ó§μ¢ ÉÓ ¶μ´ÖÉ¨Ö ®Ê¶·Ê£μ¥¯ ¨ ®´¥Ê¶·Ê£μ¥¯ · ¸¸¥Ö´¨¥ ¢³¥¸Éμ ®±μ£¥·¥´É-
´μ¥¯ ¨ ®´¥±μ£¥·¥´É´μ¥¯ [20].

4. Šˆ�…Œ�’ˆŠ� “��“ƒ�ƒ� ˆ �…“��“ƒ�ƒ� νA-��‘‘…Ÿ�ˆŸ

�¡μ§´ Î¨³ 4-¨³¶Ê²Ó¸Ò ¶ ¤ ÕÐ¥£μ ¨ ÊÌμ¤ÖÐ¥£μ ( ´É¨)´¥°É·¨´μ ¸μμÉ¢¥É-
¸É¢¥´´μ ± ± k = (Eν ,k) ¨ k′ = (E′

ν ,k′),   4-¨³¶Ê²Ó¸Ò ´ Î ²Ó´μ£μ ¨ ±μ´¥Î-
´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  Å ¢ ¢¨¤¥ Pn ¨ P ′

m (¸³. ·¨¸. 2, a). …¸²¨ ( ´É¨)´¥°É·¨´μ
´ ²¥É ¥É ¢¤μ²Ó z-μ¸¨ ´  ¶μ±μÖÐ¥¥¸Ö Ö¤·μ, Éμ ³μ¦´μ § ¶¨¸ ÉÓ

k = (Eν , 0, 0, kz = Eν), k′ = (E′
ν , k′

x = E′
ν sin θ, 0, k′

z = E′
ν cos θ),

Pn = (P 0
n = mA + εn, 0, 0, 0),

P ′
m = (P 0

m = εm +
√

m2
A + (P x

m)2 + (P z
m)2, P x

m, 0, P z
m),

£¤¥ εm Å Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö m-¸μ¸ÉμÖ´¨Ö.
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�μ²´ Ö Ô´¥·£¨Ö Ö¤¥·´μ£μ ¸μ¸ÉμÖ´¨Ö |Pn〉 · ¢´  P 0
n = Ep + εn, £¤¥ εn Å

¢´ÊÉ·¥´´ÖÖ Ô´¥·£¨Ö ¤ ´´μ£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· . ‚ ² ¡μ· Éμ·´μ° ¸¨-
¸É¥³¥ μÉ¸Î¥É  (£¤¥ Ö¤·μ ¶μ±μ¨É¸Ö) Ô´¥·£¨Ö · ¸¸¥Ö´´μ£μ ( ´É¨)´¥°É·¨´μ E′

ν ≡
k′
0 ´  Ö¤·¥ ³ ¸¸μ° mA § ¢¨¸¨É μÉ Ê£²  θ ³¥¦¤Ê ¢¥±Éμ· ³¨ k ¨ k′:

E′
ν =

mA(Eν − Δεmn) − EνΔεmn + Δε2
mn/2

mA + Eν(1 − cos θ) − Δεmn
, (4.1)

£¤¥ · §´μ¸ÉÓ Ô´¥·£¨° Ö¤¥·´ÒÌ |m〉 ¨ |n〉 ¸μ¸ÉμÖ´¨° μ¡μ§´ Î¥´  ± ±

Δεmn = εm − εn. (4.2)

�¥·¥¤ ´´Ò° Ö¤·Ê 4-¨³¶Ê²Ó¸ q = (q0,q) ≡ k − k′ ¶·¨ Ê¸²μ¢¨¨ ¡¥§³ ¸-
¸μ¢μ¸É¨ ( ´É¨)´¥°É·¨´μ m2

ν = 0 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ ¸¢Ö§ ´ ¸ ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¥° · ¸¸¥Ö´´μ£μ Ö¤·  TA ¨ ¤·Ê£¨³¨ ±¨´¥³ É¨Î¥¸±¨³¨ ¶¥·¥³¥´´Ò³¨:

q2 = (k − k′)2 = −2kk′ = −2(EνE′
ν − |k||k′| cos θ) = −2E′

νEν(1 − cos θ),

q0 = Eν − E′
ν = P 0

m − P 0
n = Δεmn + TA,

q2 = (k − k′)2 = E2
ν + (E′

ν)2 − 2E′
νEν cos θ � 2mATA,

|q| =
(
E2

ν + E′2
ν − 2EνE′

ν cos θ
)1/2 � (2mATA)1/2.

‚ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ( ´É¨)´¥°É·¨´μ ¨ Ö¤·  (¶¥·¥³¥´´Ò¥ μÉ³¥Î¥´Ò §´ -
±μ³ �) ¤²Ö ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¨³¥¥É¸Ö ¢Ò· ¦¥´¨¥

q2 = −4E�
ν,nE�

ν,m sin2 θ�

2
, (4.3)

£¤¥ E�
ν,n = (sA,n − m2

A,n)/(2
√

sA) Å Ô´¥·£¨Ö ( ´É¨)´¥°É·¨´μ, ±μÉμ·μ¥ · ¸¸¥-
¨¢ ¥É¸Ö ´  Ö¤¥·´μ³ ¸μ¸ÉμÖ´¨¨ |n〉, §¤¥¸Ó sA,n = (k + Pn)2 Å ±¢ ¤· É ¶μ²´μ°
(´ Î ²Ó´μ°) Ô´¥·£¨¨ ¨ mA,n = mA +εn Å ÔÉμ, Ê¸²μ¢´μ £μ¢μ·Ö, ¢μ§¡Ê¦¤¥´´ Ö
³ ¸¸  Ö¤· , ÊÎ¨ÉÒ¢ ÕÐ Ö ± ± ¢´ÊÉ·¥´´ÕÕ Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö Ö¤· , É ± ¨
¢´ÊÉ·¥´´ÕÕ Ô´¥·£¨Õ, § ¶ ¸¥´´ÊÕ ¢ ¥£μ ³ ¸¸¥.

Œ¨´¨³ ²Ó´μ¥ ¨ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨Ö ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q2, μÉ¢¥-
Î ÕÐ¨¥ sin2 θ�/2 = 1 ¨ 0, ¸μμÉ¢¥É¸É¢¥´´μ · ¢´Ò

q2
min = −4E�

ν,nE�
ν,m =

−4E2
ν√(

1 +
2Eν

mA,n

)(
1 +

2Eν

mA,m

) , q2
max = 0. (4.4)

„²Ö ¤μ¸É ÉμÎ´μ ³ ¸¸¨¢´ÒÌ Ö¤¥· ¸ Δεmn ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¸μÉ¥´ ±¨²μÔ²¥±-
É·μ´¢μ²ÓÉ,   É ±¦¥ ±μ£¤  Ô±¸¶¥·¨³¥´É ²Ó´μ ¤¥É¥±É¨·Ê¥³Ò° ¸¨£´ ² μ¶·¥¤¥-
²Ö¥É¸Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° μÉ¤ Î¨ Ö¤· , ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ q2 ³μ¦´μ
É ±¦¥  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¢Ò· ¦¥´¨¥³

q2 ≈ −q2 � −2mATA. (4.5)



114 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ Ö¤·μ ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ( ´É¨)´¥°É·¨´μ ´ Ìμ¤¨É¸Ö
¢ ¶μ±μ¥ (¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ μÉ¸Î¥É ), ¤²Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¥£μ
μÉ¤ Î¨ ¨³¥¥É ³¥¸Éμ ¢Ò· ¦¥´¨¥

TA =
√

m2
A + q2 − mA (4.6)

¨²¨ TA = Eν − E′
ν − Δεmn. �É±Ê¤  c ¨¸¶μ²Ó§μ¢ ´¨¥³ E′

ν ¨§ (4.1) ¤²Ö
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ (μÉ¤ Î¨) Ö¤·  TA ¶μ²ÊÎ ¥É¸Ö ÉμÎ´ Ö Ëμ·³Ê² 

TA =
Eν(Eν − Δεmn)(1 − cos θ) + Δε2

mn/2
mA + Eν(1 − cos θ) − Δεmn

. (4.7)

…¸²¨ μ£· ´¨Î¨ÉÓ¸Ö (·¥ ²¨§Ê¥³Ò³ ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¸ Ìμ·μÏ¥° ÉμÎ-
´μ¸ÉÓÕ) ¸²ÊÎ ¥³ mA � Eν (  É ±¦¥, μÎ¥¢¨¤´μ, mA � Δεmn), Éμ ¤²Ö ±¨´¥-
É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤·  ¨³¥¥É¸Ö ¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥ ∗

TA ≈ Eν(Eν − Δεmn)(1 − cos θ) + Δε2
mn/2

mA
. (4.8)

� ¸¸³μÉ·¨³ É·¨ ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ Ö ¢Ò· ¦¥´¨Ö (4.8) ¤²Ö ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨ μÉ¤ Î¨.

1. � ¸¸¥Ö´¨Õ ( ´É¨)´¥°É·¨´μ ¢¶¥·¥¤ μÉ¢¥Î ¥É ´Ê²¥¢μ° Ê£μ² θ = 0, ¨²¨
cos θ = 1, Î¥³Ê ¸μμÉ¢¥É¸É¢Ê¥É ³¨´¨³ ²Ó´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Ö¤·  μÉ¤ Î¨

T min
A = lim

cos θ→1
TA ≈ Δε2

mn

2mA
, (4.9)

±μÉμ· Ö · ¢´  ´Ê²Õ, ¥¸²¨ m = n, ¶μ¸±μ²Ó±Ê ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¨ ¨³¶Ê²Ó¸, ´¨
Ô´¥·£¨Ö ´¥ ¶¥·¥¤ ÕÉ¸Ö Ö¤·Ê. �·¨ m 
= n Ö¤·Ê ¶¥·¥¤ ¥É¸Ö Ô´¥·£¨Ö q0 = Δεmn,
  É ±¦¥ 3-¨³¶Ê²Ó¸ q, · ¢´Ò° ¶μ ¢¥²¨Î¨´¥ q0 (¶μ¸±μ²Ó±Ê θ = 0), ¢ ·¥§Ê²ÓÉ É¥
T min

A = q2/2mA.
2. � ¸¸¥Ö´¨Õ ( ´É¨)´¥°É·¨´μ ´ § ¤ μÉ¢¥Î ¥É Ê£μ² θ = π, ¨²¨ cos θ = −1,

Î¥³Ê ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· 

Tmax
A = lim

cos θ→−1
TA ≈ (2Eν − Δεmn)2

2mA
. (4.10)

∗„¥°¸É¢¨É¥²Ó´μ, TA = Eν − Δ2εmn/2 + EνmA − ΔεmnmA − ΔεmnEν

mA + Eν − Eν cos θ − Δεmn
−Δεmn; ¶·¨-

¢μ¤Ö ± μ¡Ð¥³Ê §´ ³¥´ É¥²Õ, · ¸±·Ò¢ Ö ¸±μ¡±¨ ¨ ¸μ±· Ð Ö μ¤¨´ ±μ¢Ò¥ ¸² £ ¥³Ò¥, ¶μ²ÊÎ¨³

TA =
E2

ν − E2
ν cos θ − EνΔεmn + ΔεmnEν cos θ + Δ2εmn/2

mA + Eν − Eν cos θ − Δεmn
=

=
Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2

mA + Eν(1 − cos θ) − Δεmn
.

�É±Ê¤  ¸ ÊÎ¥Éμ³ mA � Eν , mA � Δεmn ¸²¥¤Ê¥É Ëμ·³Ê²  (4.8).
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„¥°¸É¢¨É¥²Ó´μ, ±μ£¤  m = n (Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥), ´¨± ± Ö Ô´¥·£¨Ö ´¥ ÊÌμ-
¤¨É ´  ¨§³¥´¥´¨¥ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò (¢μ§¡Ê¦¤¥´¨¥) Ö¤· , Éμ£¤  ± ± ¶¥·¥-
¤ ´´Ò° 3-¨³¶Ê²Ó¸ ¢¤¢μ¥ ¶·¥¢ÒÏ ¥É ´ Î ²Ó´Ò° ¨³¶Ê²Ó¸ (¨ Ô´¥·£¨Õ) ( ´É¨)-
´¥°É·¨´μ (· ¸¸¥Ö´¨¥ ´ § ¤). �μÔÉμ³Ê T max

A = (2Eν)2/2mA. Šμ£¤  ¦¥ m 
= n,
Ô´¥·£¨Ö, · ¢´ Ö Δεmn, ÊÌμ¤¨É ´  ¨§³¥´¥´¨¥ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò (¢μ§¡Ê¦¤¥-
´¨¥) Ö¤· , ´  ÔÉÊ ¢¥²¨Î¨´Ê ¤μ²¦´  ¡ÒÉÓ Ê³¥´ÓÏ¥´  Ô´¥·£¨Ö 2Eν (¨ ¨³¶Ê²Ó¸,
¶μ¸±μ²Ó±Ê mν = 0) ´¥°É·¨´μ, ±μÉμ· Ö ¸¶μ¸μ¡´  ¶¥·¥°É¨ ¢ ±¨´¥É¨Î¥¸±ÊÕ
Ô´¥·£¨Õ μÉ¤ Î¨ Ö¤· , ÎÉμ ¨ ¶μ± § ´μ ¢Ò· ¦¥´¨¥³ (4.10).

3. ‚ Í¥²μ³ ¶·¨ μ¤´μ° ¨ Éμ° ¦¥ Eν ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Ö¤·  μÉ¤ Î¨
³¥´ÓÏ¥ ¢ ¸²ÊÎ ¥, ±μ£¤  Ö¤·μ ¨§³¥´Ö¥É ¸¢μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ (m 
= n), ¶μ
¸· ¢´¥´¨Õ ¸ ¸¨ÉÊ Í¨¥°, ±μ£¤  Ö¤·μ μ¸É ¥É¸Ö ´¥¨§³¥´´Ò³ (m = n). ‘ ¶· ±É¨-
Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ÔÉμ ³μ¦´μ ÊÎ¥¸ÉÓ ¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö (´ Î ²Ó´μ°) Ô´¥·-

�¨¸. 10. Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö (μÉ¤ Î¨) Ö¤·  Í¥§¨Ö 133Cs, μ¦¨¤ ¥³ Ö ¢ ·¥§Ê²ÓÉ É¥
´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, ± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£μ ´¥°É·¨´μ. �¨¸. a, ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨° Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ, ±μ£¤  ´¥ ¶·μ¨¸Ìμ¤¨É ¢μ§¡Ê¦¤¥´¨Ö Ö¤· , É. ¥.
Δεmn = 0, ¶·¥¤¸É ¢²Ö¥É · §²¨Î´Ò¥ §´ Î¥´¨Ö cos θ, £¤¥ θ Å Ê£μ² · ¸¸¥Ö´¨Ö ´¥°É·¨´μ.
�¨¸. ¡ ¸μμÉ¢¥É¸É¢Ê¥É ´¥Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ, ±μ£¤  ¶·μ¨¸Ìμ¤¨É ¢μ§¡Ê¦¤¥´¨¥ Ö¤· , É. ¥.
Δεmn �= 0, ¨ μ¶¨¸Ò¢ ¥É · ¸¸¥Ö´¨¥ ´ § ¤ cos θ = −1
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£¨¨ ´¥°É·¨´μ ´  ¢¥²¨Î¨´Ê Δεmn. �Éμ Ê³¥´ÓÏ¥´¨¥ ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´Ò³,
±μ£¤  Ô´¥·£¨Ö ¶ ¤ ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ Eν ¸· ¢´¨³  ¸ Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥-
´¨Ö Ö¤·  Δεmn.

� ¶·¨³¥·, ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥·, É ±¨Ì ± ± Í¥§¨° 133Cs ¨/¨²¨ °μ¤ 127I, ¨¸-
¶μ²Ó§μ¢ ´´ÒÌ ¢ ± Î¥¸É¢¥ ³¨Ï¥´¨ ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT [8], Ô´¥·£¨¨
¶¥·¢ÒÌ Ê·μ¢´¥° ¢μ§¡Ê¦¤¥´¨Ö ¨³¥ÕÉ ¶μ·Ö¤μ± 100 ±Ô‚. ’ ±¨¥ Ô´¥·£¨¨ ¢μ§¡Ê-
¦¤¥´¨Ö ³μ¦´μ ´¥ ¶·¨´¨³ ÉÓ ¢μ ¢´¨³ ´¨¥, ¶μ¸±μ²Ó±Ê Ô´¥·£¨Ö ´¥°É·¨´´μ£μ
¶ÊÎ±  ´ Ìμ¤¨É¸Ö ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ³¥£ Ô²¥±É·μ´¢μ²ÓÉ. �μÔÉμ³Ê
±¨´¥É¨Î¥¸±¨¥ Ô´¥·£¨¨ Ö¤¥· μÉ¤ Î¨ ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò ± ±
¤²Ö Ê¶·Ê£μ£μ, É ± ¨ ¤²Ö ´¥Ê¶·Ê£μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö.

�  ·¨¸. 10 ¶μ± § ´Ò ¢μ§³μ¦´Ò¥ §´ Î¥´¨Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨
Ö¤¥· Í¥§¨Ö 133Cs ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ Eν ¸ ÊÎ¥-
Éμ³ ¢²¨Ö´¨Ö Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  Δεmn ¨ Ê£²  · ¸¸¥Ö´¨Ö ´¥°É·¨´μ cos θ.
ˆ§ ·¨¸. 10, a ¢¨¤´  ¸¨²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  TA

μÉ Ê£²  · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ θ. ’ ±¦¥ ¨³¥¥É ³¥¸Éμ § ¢¨¸¨³μ¸ÉÓ μÉ ´¥-
´Ê²¥¢ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  Δεmn (·¨¸. 10, ¡), μ¤´ ±μ ÔÉ 
§ ¢¨¸¨³μ¸ÉÓ § ³¥É´μ ¸² ¡¥¥ Ê£²μ¢μ°. �·¨Î¨´μ° É ±μ£μ μ¸² ¡²¥´¨Ö § ¢¨¸¨³μ-
¸É¨ μÉ ´¥´Ê²¥¢ÒÌ §´ Î¥´¨° Δεmn Ö¢²Ö¥É¸Ö Î ¸É¨Î´ Ö ±μ³¶¥´¸ Í¨Ö §  ¸Î¥É
¸² £ ¥³μ£μ Δε2

mn/2 ¢ Î¨¸²¨É¥²¥ ¢Ò· ¦¥´¨Ö (4.8) ¶·¨ Eν � Δεmn,   É ±¦¥
¶· ±É¨Î¥¸± Ö ¶μÉ¥·Ö § ¢¨¸¨³μ¸É¨ μÉ Δεmn, ±μ£¤  Eν � Δεmn.

5. �Œ�‹ˆ’“„� ��‘‘…Ÿ�ˆŸ (��’ˆ)�…‰’�ˆ�� �� Ÿ„�…

�·¥¤² £ ¥³μ¥ ´¨¦¥ ³¨±·μ¸±μ¶¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ
(¨  ´É¨´¥°É·¨´μ) ´  Ö¤·¥ ± ± ¸μ¸É ¢´μ° ¸¢Ö§ ´´μ° ¸¨¸É¥³¥ ¸²¥¤Ê¥É ¨§ ¶¥·¢ÒÌ
¶·¨´Í¨¶μ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¨ μ¶¨· ¥É¸Ö ´  ËÊ´¤ ³¥´É ²Ó´Ò° ¶·μÍ¥¸¸
· ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  ´Ê±²μ´¥ ± ± ¡ §¨¸´μ³ (¡¥¸¸É·Ê±ÉÊ·´μ³) ¸μ¸É -
¢²ÖÕÐ¥³ Ô²¥³¥´É¥ Ö¤· .

� Î ²Ó´μ¥ ¨ ±μ´¥Î´μ¥ Ö¤·μ ³¨Ï¥´¨ (¸³. ·¨¸. 2,  ) ¡Ê¤¥³ ¸Î¨É ÉÓ Ëμ±μ¢-
¸±¨³ ¸μ¸ÉμÖ´¨¥³ |Pl〉, ±μ£¤  Ö¤·μ ¨³¥¥É 4-¨³¶Ê²Ó¸ Pl ¨ ´ Ìμ¤¨É¸Ö ¢ ´¥±μ-
Éμ·μ³ l-³ ¢´ÊÉ·¥´´¥³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ (l = n, m), ¶·¥¤¸É ¢²ÖÖ ¸μ¡μ°
¸Ê¶¥·¶μ§¨Í¨Õ ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢, ¢§¢¥Ï¥´´ÒÌ ¸ ¨Ì μ¡Ð¥° ¢μ²´μ¢μ° ËÊ´±-
Í¨¥° ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚¥²¨Î¨´  |Pl〉 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·μ¨§¢¥¤¥´¨¥
¤¢ÊÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, μ¶¨¸Ò¢ ÕÐ¨Ì ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê Ö¤·  ¨ ¤¢¨¦¥-
´¨¥ Í¥´É·  ³ ¸¸ Ö¤·  ± ± ¥¤¨´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. ‚´ÊÉ·¥´´ÖÖ ¢μ²´μ¢ Ö
ËÊ´±Í¨Ö § ¢¨¸¨É μÉ A− 1 ÏÉÊ± 3-¨³¶Ê²Ó¸μ¢, ¶μ¸±μ²Ó±Ê μ¤¨´ ¨§ 3-¨³¶Ê²Ó¸μ¢
(ÉμÎ´¥¥, μ¤´  ±μ³¡¨´ Í¨Ö ¨§ A ÏÉÊ± 3-¨³¶Ê²Ó¸μ¢) ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö
¤¢¨¦¥´¨Ö Ö¤·  ¢ Í¥²μ³. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Ê¤μ¡´μ ¸Î¨É ÉÓ Ëμ±μ¢¸±μ¥ ¸μ¸ÉμÖ´¨¥
|n〉 μ¶¨¸Ò¢ ÕÐ¨³ ¶μ±μÖÐ¥¥¸Ö Ö¤·μ, ´ Ìμ¤ÖÐ¥¥¸Ö ¢ n-³ ¢´ÊÉ·¥´´¥³ ±¢ ´Éμ-
¢μ³ ¸μ¸ÉμÖ´¨¨. Šμ£¤  Ö¤·μ ¨³¥¥É ´Ê²¥¢μ° ¨³¶Ê²Ó¸, μ¡¥ ¢¥²¨Î¨´Ò |Pn〉 ¨ |n〉
μ¶¨¸Ò¢ ÕÉ μ¤´μ ¨ Éμ ¦¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤· , μ¤´ ±μ μÉ²¨Î ÕÉ¸Ö Éμ²Ó±μ
´μ·³¨·μ¢μÎ´Ò³¨ Ë ±Éμ· ³¨ (¸³. Ëμ·³Ê²Ò (5.5) ¨ (5.4)).
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5.1. ‚μ²´μ¢ Ö ËÊ´±Í¨Ö Ö¤·  ± ± ¸¢Ö§ ´´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. „²Ö
¤ ²Ó´¥°Ï¥£μ · ¸¸³μÉ·¥´¨Ö ´¥μ¡Ìμ¤¨³μ § ¤ ÉÓ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ö¤· . 
Ê-
¤¥³ ¸Î¨É ÉÓ (¸³. ¶·¨². �.2), ÎÉμ Ëμ±μ¢¸±μ¥ ¸μ¸ÉμÖ´¨¥ |Pn〉, ¶μ²´μ¸ÉÓÕ μ¶¨-
¸Ò¢ ÕÐ¥¥ Ö¤·μ A, ´ Ìμ¤ÖÐ¥¥¸Ö ¢ n-³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ ¸ 4-¨³¶Ê²Ó¸μ³
Pn (¸³. ·¨¸. 2,  ), ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ¸μ¸ÉμÖ´¨° ¸¢μ¡μ¤-
´ÒÌ ´Ê±²μ´μ¢ |{p}〉, ¢§¢¥Ï¥´´μ£μ ¸ ¨Ì μ¡Ð¥° ¢μ²´μ¢μ° ËÊ´±Í¨¥° ¸¢Ö§ ´´μ£μ
¸μ¸ÉμÖ´¨Ö ψ̃′

n({p}). �μ¸²¥¤´ÖÖ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶·μ¨§-
¢¥¤¥´¨¥ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ψ̃n({p�}), μ¶¨¸Ò¢ ÕÐ¥° ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê
Ö¤·  ¢ ¥£μ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³¶Ê²Ó¸Ò μÉ³¥Î¥´Ò ¨´¤¥±-
¸μ³ �), ¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ Φn(p), μ¶¨¸Ò¢ ÕÐ¥° ¤¢¨¦¥´¨¥ Ö¤·  ± ± Í¥²μ£μ,

¸ ¨³¶Ê²Ó¸μ³ p =
A∑

i=1

pi ¨ ¶·μ¥±Í¨¥° ¸¶¨´  Ö¤·  s:

ψ̃′
n({p}) = ψ̃n({p�})Φn(p), £¤¥ p = (p, s). (5.1)

‘ ÊÎ¥Éμ³ (5.1) ¤²Ö ¸μ¸ÉμÖ´¨Ö |Pn〉, ¶μ²´μ¸ÉÓÕ μ¶¨¸Ò¢ ÕÐ¥£μ Ö¤·μ A, ¡Ê¤¥³
¨¸¶μ²Ó§μ¢ ÉÓ ¢Ò· ¦¥´¨¥

|Pn〉 =
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
Φn(p)|{p�}〉, (5.2)

£¤¥ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö

Φn(p) = (2π)3
√

2P 0
nδ3(p − P) (5.3)

¸μμÉ¢¥É¸É¢Ê¥É Ö¤·Ê ¸ μ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³ 3-¨³¶Ê²Ó¸  P ¨ Ô´¥·£¨¥° P 0
n =

Ep+εn, ÊÎ¨ÉÒ¢ ÕÐ¥° Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  εn. ‚ Ëμ·³Ê²¥ (5.2) ¸¨³¢μ²
{p�} μ¡μ§´ Î ¥É § ¶¨¸Ó {p�} ≡ (p�

1 · · · p�
n), £¤¥ p�

i Å 4-¨³¶Ê²Ó¸ i-£μ ´Ê±²μ´  ¢
¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (¶μ±μÖÐ¥£μ¸Ö) Ö¤· ,   É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö μ¡μ§´ Î¥´¨¥

dp̃�
i =

dp�
i

(2π)3
√

2Ep�
i

.

„²Ö Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤·  |n〉 ¶·¨´ÖÉμ Ê¸²μ¢¨¥
´μ·³¨·μ¢±¨

〈m|n〉 ≡
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃n({p�})ψ̃∗

m({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
= δmn, (5.4)

±μÉμ·μ¥ ¤²Ö Ö¤¥·´μ£μ ¸μ¸ÉμÖ´¨Ö |Pn〉 ¨§ (5.2) ¤ ¥É ¶·μ¸Éμ¥ ´μ·³¨·μ¢μÎ´μ¥
Ê¸²μ¢¨¥

〈P ′
m|Pn〉 = (2π)32P 0

nδ3(P − P′)δnm. (5.5)
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‘μ¸ÉμÖ´¨¥ |n〉, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´μ·³¨·μ¢±¥ (5.4), ³μ¦´μ Ëμ·³ ²Ó´μ ¤ ÉÓ
¢ ¢¨¤¥

|n〉 =
∫ (

A∏
i=1

dp̃�
i

)
ψ̃n({p�})√

A!

[
(2π)3δ3

(
A∑

i=1

p�
i

)]1/2

|{p�}〉. (5.6)

5.2. ‚ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥. �  μ¸´μ¢¥
¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤·  ± ± ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò, ¸μ¸É ¢²¥´´μ° ¨§ ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì ¤·Ê£ ¸ ¤·Ê£μ³ ´Ê±²μ´μ¢ (5.2), ³μ¦´μ ¶¥·¥°É¨ ± ¢ÒÎ¨¸²¥´¨Õ  ³-
¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  É ±μ° ¸¨¸É¥³¥, ¨³¥Ö ¢ ¢¨¤Ê, ÎÉμ ËÊ´-
¤ ³¥´É ²Ó´Ò¥  ±ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¸ÊÐ¥¸É¢²ÖÕÉ¸Ö ³¥¦¤Ê ( ´É¨)´¥°É·¨´μ
¨ (¡¥¸¸É·Ê±ÉÊ·´Ò³¨) ´Ê±²μ´ ³¨. �Éμ ¶·¥¤¶μ²μ¦¥´¨¥ ¤μ¶Ê¸É¨³μ, ¶μ¸±μ²Ó±Ê
´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¸ Ô´¥·£¨Ö³¨ ¢ μ¡² ¸É¨ ´¥ ¡μ²¥¥ ¸μÉ¥´ ³¥£ Ô²¥±-
É·μ´¢μ²ÓÉ, ± ± ¶· ¢¨²μ, ´¥ ¸¶μ¸μ¡´Ò ¶·μ´¨± ÉÓ ¢´ÊÉ·Ó ´Ê±²μ´μ¢ (®´¥ ¢¨¤ÖÉ
±¢ ·±μ¢¯). �μÔÉμ³Ê ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ÔËË¥±É¨¢-
´Ò° ² £· ´¦¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¢ 4-Ë¥·³¨μ´´μ³ ¶·¨-
¡²¨¦¥´¨¨

L(x) =
GF√

2
Lμ(x)Hμ(x), (5.7)

£¤¥ Lμ(x) =: ψν(x)γμ(1 − γ5)ψν(x) : ¨

Hμ(x) =
∑

f=n,p

: ψf (x)γμ
(
gf

V − gf
Aγ5

)
ψf (x) : (5.8)

¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´¥°É·¨´´Ò° ¨ ´Ê±²μ´´Ò° μ¶¥· Éμ·Ò ¸² ¡ÒÌ Éμ±μ¢, § ¶¨-
¸ ´´Ò¥ ¢ ¢¨¤¥ ´μ·³ ²Ó´ÒÌ ¶·μ¨§¢¥¤¥´¨°. Š¢ ´Éμ¢μ-¶μ²¥¢Ò¥ μ¶¥· Éμ·Ò ψν(x)
¨ ψn,p(x) ¸μμÉ¢¥É¸É¢ÊÕÉ ( ´É¨)´¥°É·¨´μ ¨ ´Ê±²μ´ ³.

‘ ¶μ³μÐÓÕ S-³ É·¨ÍÒ  ³¶²¨ÉÊ¤  ¢¥·μÖÉ´μ¸É¨ 〈P ′
m, k′|S|Pn, k〉, μ¶¨¸Ò-

¢ ÕÐ Ö ¶¥·¥Ìμ¤ Ö¤·  ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ( ´É¨)´¥°É·¨´μ ¨§ ´ -
Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö |Pn, k〉 ¢ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ 〈P ′

m, k′| (¸³. ·¨¸. 2,  ), ³μ-
¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¸É ´¤ ·É´μ³ ¢¨¤¥ (¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ ±μ´¸É ´É¥
”¥·³¨ GF )

〈P ′
m, k′|S|Pn, k〉 = (2π)4δ4(q + Pn − P ′

m)iMmn,

iMmn = i
GF√

2
lμHμ

mn,
(5.9)

£¤¥  ¤·μ´´Ò° Éμ± (³ É·¨Î´Ò° Ô²¥³¥´É) § ¶¨¸ ´ ± ±

Hμ
mn(Pn, P ′

m) = 〈P ′
m|Hμ(0)|Pn〉, (5.10)

¨, ´ ¶·¨³¥·, ¤²Ö ´¥°É·¨´μ (¸¶¨· ²Ó´μ¸ÉÓ s = −1) ²¥¶Éμ´´Ò° Éμ± ¨³¥¥É ¢¨¤

lμ(k, k′) = u(k′,−1)γμ(1 − γ5)u(k,−1). (5.11)
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ˆ¸¶μ²Ó§ÊÖ ´μ·³¨·μ¢±Ê μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° (�.10), Éμ± (5.8) ¨  ´É¨-
¸¨³³¥É·¨Î´μ¸ÉÓ ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤· , ¤²Ö  ¤·μ´´μ£μ Éμ±  ¨§ (5.10) ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥

Hμ
mn(P, P ′) = 2

√
P 0

nP ′0
m hμ

mn, (5.12)

£¤¥  ¤·μ´´Ò° Éμ± ®¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤· ¯ ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ° ∗

hμ
mn =

A∑
k=1

∫ ⎛⎝ A∏
j=1

dp�
j

(2π)3

⎞⎠ u(pk + q, sk)Oμ
ku(pk, rk)√

2Epk
2Epk+q

×

× (2π)3δ3

(
A∑

l=1

p�
l

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}) ≡ 〈m|Hμ(0)|n〉. (5.13)

‡¤¥¸Ó ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥ Oμ
k = γμ(gk

V − gk
Aγ5) = γμ(gk

L (1 − γ5)+
gk

R(1 + γ5)) ¨ ±μ´¸É ´ÉÒ ¸¢Ö§¨ gk
V,A μ¡μ§´ Î ÕÉ g

p/n
V,A ¶·¨ k = ¶·μÉμ´/´¥°É·μ´.

�·¨ ÔÉμ³ ²¥¢Ò¥ ¨ ¶· ¢Ò¥ ´Ê±²μ´´Ò¥ ±¨· ²Ó´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¢Ò· ¦ ÕÉ¸Ö
Î¥·¥§ ¢¥±Éμ·´Ò¥ ¨  ±¸¨ ²-¢¥±Éμ·´Ò¥ ¢ ¢¨¤¥

g
p/n
L =

1
2

(
g

p/n
V + g

p/n
A

)
, g

p/n
R =

1
2

(
g

p/n
V − g

p/n
A

)
. (5.14)

�·£Ê³¥´É ³¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· ) ψ̃∗
m({p(k)

� }) ¨

ψ̃n({p�}) Ö¢²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö, μ¶·¥¤¥²Ö¥³Ò¥ ± ± {p�} = (p�
1 · · · p�

A), £¤¥ i-°

Ô²¥³¥´É ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶ ·Ê p�
i = (p�

i , ri),   {p(k)
� } ¸μ¢¶ ¤ ¥É ¸ {p�} § 

¨¸±²ÕÎ¥´¨¥³ k-£μ Ô²¥³¥´É , ±μÉμ·Ò° · ¢¥´ (p�
k + q, sk). ˆ³¶Ê²Ó¸ pk ± ±

 ·£Ê³¥´É ¤¨· ±μ¢¸±μ£μ ¸¶¨´μ·  u(pk) Ö¢²Ö¥É¸Ö 3-¨³¶Ê²Ó¸μ³ k-£μ ´Ê±²μ´ .
�¤·μ´´Ò° ¸² ¡Ò° Éμ± νA-· ¸¸¥Ö´¨Ö hμ

mn(q), § ¤ ´´Ò° Ëμ·³Ê²μ° (5.13),
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê³³Ê ¸² £ ¥³ÒÌ É¨¶  ū(pk + q, sk)Oμ

ku(pk, rk), μÉ¢¥Î -
ÕÐ¨Ì · ¸¸¥Ö´¨Õ ( ´É¨)´¥°É·¨´μ ´  μÉ¤¥²Ó´μ ¢§ÖÉμ³ k-³ ´Ê±²μ´¥, ±μÉμ·Ò°
¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ (² ¡μ· Éμ·´μ°) ¸¨¸É¥³¥ ¶μ±μÖ Ö¤·  μ¡² ¤ ² 3-¨³¶Ê²Ó¸μ³
pk ¨ ¶·μ¥±Í¨¥° ¸¶¨´  ´  ´¥±μÉμ·μ¥ ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ rk . �³¶²¨ÉÊ¤ 
¢¥·μÖÉ´μ¸É¨ ´ °É¨ ´Ê±²μ´ ¢ ´ Î ²Ó´μ³ Ö¤¥·´μ³ ¸μ¸ÉμÖ´¨¨ |Pn〉 ¨³¥´´μ ¸
ÔÉ¨³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ μ¶·¥¤¥²Ö¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥° ψ̃n({p�}), § -
¤ ´´μ° ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨ § ¢¨¸ÖÐ¥° μÉ ¨³¶Ê²Ó¸μ¢ ´Ê±²μ´μ¢ ¢
¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤· .

� ¸¸¥Ö´´Ò° ´Ê±²μ´ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤·  ¨³¥¥É 3-¨³¶Ê²Ó¸, · ¢´Ò° pk+q,
¨, ¢μμ¡Ð¥ £μ¢μ·Ö, Ê¦¥ ¶·μ¨§¢μ²Ó´ÊÕ ¶·μ¥±Í¨Õ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ -
¶· ¢²¥´¨¥ sk. ‘μμÉ¢¥É¸É¢ÊÕÐ Ö  ³¶²¨ÉÊ¤  ¢¥·μÖÉ´μ¸É¨ ´ °É¨ ´Ê±²μ´ ¢
±μ´¥Î´μ³ Ö¤·¥ ¨³¥´´μ ¸ É ±¨³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

ψ̃∗
m({p(k)

� }).

∗‚Ò¢μ¤ ¢Ò· ¦¥´¨Ö (5.13) ¤²Ö  ¤·μ´´μ£μ Éμ±  hμ
mn ¨§ Ëμ·³Ê²Ò (5.10) ¤ ´ ¢ ¶·¨². �.3.1.
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‡´ ³¥´ É¥²Ó
√

2Epk
2Epk+q § ¢¨¸¨É μÉ Ô´¥·£¨° ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ

´Ê±²μ´μ¢ ¨ ÊÎ¨ÉÒ¢ ¥É Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨ ¤¨· ±μ¢¸±¨Ì ¸¶¨´μ·μ¢, ¨³¥ÕÐ¥¥
¢¨¤ u†(p, s)u(p, s) = 2Ep (¶·¨². �.2). ‚¸¥ 3-¨³¶Ê²Ó¸Ò μ¸É ²Ó´ÒÌ ´Ê±²μ´μ¢-
¸¶¥±É Éμ·μ¢ (´¥ ÊÎ ¸É¢μ¢ ¢Ï¨Ì ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ´¥°É·¨´μ) μ¸É ÕÉ¸Ö ´¥-
¨§³¥´´Ò³¨ ¨ ¢Ò¶ ¤ ÕÉ ¨§ · ¸¸³μÉ·¥´¨Ö §  ¸Î¥É ¶· ¢¨² ´μ·³¨·μ¢±¨ ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° Ö¤·  (¶μ¤·μ¡´¥¥ ¢ ¶·¨².�.3.1).

„ ²Ó´¥°Ï¨¥ ¶·¥μ¡· §μ¢ ´¨Ö ¢Ò· ¦¥´¨Ö ¤²Ö  ¤·μ´´μ£μ Éμ±  (5.13) É·¥-
¡ÊÕÉ ´¥±μÉμ·ÒÌ Ê¶·μÐ ÕÐ¨Ì ¶·¥¤¶μ²μ¦¥´¨°.

‚μ-¶¥·¢ÒÌ, ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ μ¤´μÎ ¸É¨Î´ Ö ¸¶¨´μ·´ Ö ¸¢¥·É±  u(pk +
q, sk)Oμ

k u(pk, rk), ¢§ÖÉ Ö ¶·¨ ÔËË¥±É¨¢´μ³ §´ Î¥´¨¨ 3-¨³¶Ê²Ó¸  ´Ê±²μ´  p̄k,
±μÉμ·μ¥ ¥¸ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ´  ¸μÌ· ´¥´¨¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸  (3.20), ³μ-
¦¥É ¡ÒÉÓ ¢Ò´¥¸¥´  ¨§-¶μ¤ §´ ±  ¨´É¥£·¨·μ¢ ´¨Ö.

‚μ-¢Éμ·ÒÌ, ¶·¥¤¶μ²μ¦¨³, ÎÉμ ¸¶¨´μ¢ Ö ¨ ¨³¶Ê²Ó¸´ Ö § ¢¨¸¨³μ¸É¨ ¢μ²´μ-
¢μ° ËÊ´±Í¨¨ ψ̃n ´¥ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³ (´¥§ ¢¨¸¨³Ò) ¨ ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É -
¢²¥´Ò ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·μ¸É· ´¸É¢¥´´μ° (¨³¶Ê²Ó¸´μ°) ψ̃n ¨ ¸¶¨´μ¢ÒÌ
χn ¸μ³´μ¦¨É¥²¥°:

ψ̃n({p�}) = ψ̃n({p�})χn({r}), (5.15)

±μÉμ·Ò¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, § ¢¨¸ÖÉ μÉ ¶¥·¥³¥´´ÒÌ {p�} = (p�
1 · · ·p�

A) ¨ {r} =
(r1 · · · rA). ‘¶¨´μ¢Ò¥ ËÊ´±Í¨¨ Ê¤μ¡´μ ´μ·³¨·μ¢ ÉÓ Ê¸²μ¢¨¥³

χ∗
m({r})χn({r}) = δnm. (5.16)

‚ ·¥§Ê²ÓÉ É¥ ¢Ò· ¦¥´¨¥ (5.13) ¶¥·¥¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

hμ
mn(q) =

A∑
k=1

ū(p̄ + q, sk)Oμ
ku(p̄, rk)√

2Ep̄2Ep̄+q

χ∗
m({r(k)})χn({r})×

×
∫ ⎛⎝ A∏

j=1

dp�
j

(2π)3

⎞⎠ (2π)3δ3

(
A∑

l=1

p�
l

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}), (5.17)

£¤¥ {r(k)} ¸μ¢¶ ¤ ¥É ¸ {r}, §  ¨¸±²ÕÎ¥´¨¥³ k-£μ Ô²¥³¥´É , ±μÉμ·Ò° · ¢¥´ sk.
‚-É·¥ÉÓ¨Ì, ³´μ£μ³¥·´Ò° ¨´É¥£· ² ¢ Ëμ·³Ê²¥ (5.17) ¤²Ö hμ

mn(q) ¶·¥¤¸É -
¢¨³ ¢ ¢¨¤¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  3-³¥·´μ£μ μ¶¥· Éμ·  ¸¤¢¨£  k-£μ ´Ê±²μ´  X̂k:

∫ ⎛⎝ A∏
j=1

dp�
j

(2π)3

⎞⎠ (2π)3δ3

(
A∑

l=1

p�
l

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}) =

= 〈m| eiqX̂k |n〉 ≡ fk
mn(q). (5.18)

‚Ò¢μ¤ Ëμ·³Ê²Ò (5.18) ¤ ´ ¢ ¶·¨².�.3.2.
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‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶·¥¤¥²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  (5.9), ¢¨¤   ¤·μ´-
´μ£μ Éμ±  (5.10) ¨ ¢¨¤  ÔÉμ£μ Éμ±  ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤·  (5.13),   É ±¦¥
¢Ò· ¦¥´¨Ö (5.18) ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  (5.9) ¶μ²ÊÎ ¥É¸Ö ∗

iMmn =
iGF√

2

√
P ′0

m P 0
n

Ep̄Ep̄+q
lμ(k, k′)×

×
A∑

k=1

〈m| eiqX̂k |n〉χ∗
m({r(k)})χn({r})u(p̄+q, sk)Oμ

ku(p̄, rk). (5.19)

„²Ö Ê¤μ¡¸É¢  ¤ ²Ó´¥°Ï¥£μ ¨¸¶μ²Ó§μ¢ ´¨Ö μ¡μ§´ Î¨³ ¸¶¨´μ¢ÊÕ  ³¶²¨ÉÊ¤Ê
Ö¤·  ± ±

χ∗
m({r(k)})χn({r}) ≡ λmn(s, r). (5.20)

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ ¸¶¨´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ s ±μ-
´¥Î´μ£μ Ö¤·  ³μ¦¥É μ± § ÉÓ¸Ö μÉ²¨Î´Ò³ μÉ ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö r ´ Î ²Ó´μ£μ
Ö¤· . 
Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ´ Î ²Ó´μ¥ ¨ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨Ö Ö¤·  ¶·¥¤¸É ¢²ÖÕÉ
¸μ¡μ° ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·  ¸¶¨´  (¶μ²´μ£μ Ê£μ²μ¢μ£μ ³μ³¥´É )
¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ (J, J3).

Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¥¸²¨ m = n, Éμ ¸μ£² ¸´μ (5.20) ¨ Ê¸²μ¢¨Õ ´μ·³¨-
·μ¢±¨ ¸¶¨´μ¢ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (5.16)  ³¶²¨ÉÊ¤  λmn(s, r) = δsr. …¸²¨
μ¶·¥¤¥²¨ÉÓ ¤²Ö ¸²ÊÎ Ö m 
= n ÔÉÊ  ³¶²¨ÉÊ¤Ê ¢ ¢¨¤¥ λmn

sr , Éμ ¶·¨ ²Õ¡ÒÌ m, n
³μ¦´μ § ¶¨¸ ÉÓ

λmn(s, r) = δmnδsr + (1 − δmn)λmn
sr . (5.21)

�¡Ð¨° ±¨´¥³ É¨Î¥¸±¨° ³´μ¦¨É¥²Ó ¢ (5.19) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ, ¢Ò¤¥²¨¢ ¨§
´¥£μ ²¨¤¨·ÊÕÐ¨° Ë ±Éμ· mA/mN , £¤¥ mN ¨ mA Å ³ ¸¸Ò ´Ê±²μ´  ¨ Ö¤· ,
¨ ¢¢¥¤Ö ¶μ¶· ¢±Ê, ¢¥²¨Î¨´  ±μÉμ·μ° ¶μ·Ö¤±  ¥¤¨´¨ÍÒ C1,mn ∼ O(1):

C
1/2
1,mn =

(
P 0

n

Ep̄

P
′0
m

Ep̄+q

)1/2
mN

mA
. (5.22)

�μ¤¸É ¢²ÖÖ Ëμ·³Ê²Ò (5.18), (5.20) ¨ (5.22) ¢ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥-
³¥´É  (5.19), ¶μ²ÊÎ ¥³ ®μ±μ´Î É¥²Ó´ÊÕ¯ Ëμ·³Ê²Ê ¤ ´´μ£μ · §¤¥²  ¤²Ö  ³-
¶²¨ÉÊ¤Ò ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  νA → νA(∗) ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ ±μ´-
¸É ´É¥ ”¥·³¨:

∗„¥°¸É¢¨É¥²Ó´μ: iMmn = i(GF /
√

2)lμ(k, k′)Hμ
mn(Pn, P ′

m) = i(GF /
√

2)lμ(k, k′) ×√
2P 0

n2P ′0
mhμ

mn = i(GF /
√

2)lμ(k, k′)
√

(P 0
nP ′0

m)/(Ep̄Ep̄+q)
A∑

k=1

〈m| eiqX̂k |n〉χ∗
m({r(k)}) ×

χn({r})ū(p̄ + q, sk)Oμ
k u(p̄, rk).
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iMmn = i
GF√

2
mA

mN
C

1/2
1,mn

A∑
k=1

∑
sr

fk
mn(q)λmn(s, r)(l, hk

sr), (5.23)

£¤¥
(l, hk

sr) ≡ lμ(k, k′)ū(p̄ + q, sk)Oμ
ku(p̄, rk) (5.24)

¥¸ÉÓ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ²¥¶Éμ´´μ£μ ¨ k-£μ ´Ê±²μ´´μ£μ ¸² ¡ÒÌ ´¥°É· ²Ó-
´ÒÌ Éμ±μ¢. ‚ Î ¸É´μ¸É¨, ¤²Ö ´¥°É·¨´μ

(l, hk
sr) = ū(k′,−1)γμ(1 − γ5)u(k,−1)ū(p̄ + q, sk)Oμ

ku(p̄, rk).

Œ É·¨Î´Ò° Ô²¥³¥´É (5.23) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê³³Ê ²¥¶Éμ´-´Ê±²μ´´ÒÌ  ³-
¶²¨ÉÊ¤, ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ ¸± ²Ö·´μ³Ê ¶·μ¨§¢¥¤¥´¨Õ Éμ±μ¢ (l, hk

sr), ¢§¢¥Ï¥´-
´ÒÌ ¸ ¤¢Ê³Ö ³´μ¦¨É¥²Ö³¨, ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ ´¥ ¸¨²Ó´μ μÉ²¨Î ¥É¸Ö μÉ
¥¤¨´¨ÍÒ.

Š ± ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥ (μ¶·¥¤¥²¥´¨Ö (5.15), (5.16) ¨ (5.20)), ³´μ¦¨É¥²Ó
λmn(s, r) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸¶¨´μ¢ÊÕ  ³¶²¨ÉÊ¤Ê ¶¥·¥Ìμ¤  ³¥¦¤Ê |n〉 ¨ |m〉
¸μ¸ÉμÖ´¨Ö³¨ Ö¤·  ¨ § ¢¨¸¨É μÉ ´ Î ²Ó´μ£μ r ¨ ±μ´¥Î´μ£μ s §´ Î¥´¨° (Ê¤¢μ-
¥´´μ°) ¶·μ¥±Í¨¨ ¸¶¨´  Ö¤·  ´  ´¥±μÉμ·μ¥ § · ´¥¥ ¢Ò¡· ´´μ¥ ´ ¶· ¢²¥´¨¥.
‚Éμ·μ° ³´μ¦¨É¥²Ó, § ¤ ´´Ò° Ëμ·³Ê²μ° (5.18), ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¢Ò· ¦¥-
´¨¥, μ¶·¥¤¥²ÖÕÐ¥¥ ´Ê±²μ´´Ò° Ëμ·³Ë ±Éμ· ¶¥·¥Ìμ¤  Ö¤·  ¨§ n-¸μ¸ÉμÖ´¨Ö
¢ m-¸μ¸ÉμÖ´¨¥.

ˆ¸Ìμ¤Ö ¨§ μ¶·¥¤¥²¥´¨Ö fk
mn(q) ¢ ¢¨¤¥ (5.18) ¨ ¸¢μ°¸É¢ ¸¨³³¥É·¨¨ Ö¤¥·-

´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨, ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥,
Ëμ·³Ë ±Éμ· fk

mn ´¥ § ¢¨¸¨É μÉ §´ Î¥´¨Ö Î¨¸²  k,   § ¢¨¸¨É Éμ²Ó±μ μÉ Éμ£μ,
¶·μÉμ´Ê ¨²¨ ´¥°É·μ´Ê ¸μμÉ¢¥É¸É¢Ê¥É ÔÉμ k (¨²¨, ¨´Ò³¨ ¸²μ¢ ³¨, μÉ É¨¶ 
´Ê±²μ´ , ´  ±μÉμ·Ò° Ê± §Ò¢ ¥É ¨´¤¥±¸ k). �μÔÉμ³Ê ¢¸¥  ³¶²¨ÉÊ¤Ò ¢ Ëμ·-
³Ê²¥ (5.23) ¨³¥ÕÉ μ¤´Ê ¨ ÉÊ ¦¥ Ë §Ê ¨ ¨Ì ³μ¦´μ ¸Î¨É ÉÓ ±μ£¥·¥´É´Ò³¨ ¢
μ¡Ð¥¶·¨´ÖÉμ° É¥·³¨´μ²μ£¨¨.

„ ²¥¥, ¢Ò· ¦¥´¨¥ fk
mn(q) = 〈m| eiqX̂k |n〉 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡μ¡Ð¥´¨¥

±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ£μ ³´μ¦¨É¥²Ö eiqxk , ¨¸¶μ²Ó§μ¢ ´´μ£μ ¢ ¤ ´´μ³ ¢μ¶·μ¸¥
”·¨¤³ ´μ³ [1] (· §¤. 3). ’¥³ ´¥ ³¥´¥¥ ¨³¥¥É¸Ö ËÊ´¤ ³¥´É ²Ó´ Ö · §´¨Í 

³¥¦¤Ê 〈m| eiqX̂k |n〉 ¨ eiqxk . ‚ ¸²ÊÎ ¥, ±μ£¤  ®· ¡μÉ ¥É¯ eiqxk , Ö¢´μ ¸Î¨É ¥É¸Ö,
ÎÉμ k-° ´Ê±²μ´ ¨³¥¥É ¢¶μ²´¥ μ¶·¥¤¥²¥´´μ¥ ¶μ²μ¦¥´¨¥ ¢ Ö¤·¥ (®¶·¨¡¨É¯),
§ ¤ ´´μ¥ ±μμ·¤¨´ Éμ° xk. �Éμ ¶·¥¤¶μ²μ¦¥´¨¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ´  ¸¢μ¡μ¤´μ° Î ¸É¨Í¥, μ¶¨¸Ò¢ ¥³μ£μ ¶²μ¸±μ° ¢μ²´μ°. �¤´ ±μ É -
±μ¥ · ¸¸¥Ö´¨¥ ´  μ¤´μ³ ¸¢μ¡μ¤´μ³ ´Ê±²μ´¥ ´¥ ³μ¦¥É ¶·¨¢¥¸É¨ ± Éμ³Ê, ÎÉμ
¢¸¥ Ö¤·μ ¡Ê¤¥É ¤¢¨£ ÉÓ¸Ö ± ± ¥¤¨´μ¥ Í¥²μ¥, ¶μ¸±μ²Ó±Ê ´Ê±²μ´Ò ¤μ²¦´Ò ¡ÒÉÓ
¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³, ¨´ Î¥ Ö¤·μ ´¥ ¡Ê¤¥É ¥¤¨´Ò³ Í¥²Ò³. �μ¤Ìμ¤ ´  μ¸´μ¢¥
¶²μ¸±¨Ì ¢μ²´ ´¥ ¤ ¥É ¶· ¢¨²Ó´μ£μ μ¶¨¸ ´¨Ö ¸¨ÉÊ Í¨¨, ±μ£¤  ´Ê±²μ´Ò ¤μ²¦´Ò
¡ÒÉÓ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³, ¸μÌ· ´ÖÖ Í¥²μ¸É´μ¸ÉÓ Ö¤· . ‚ ¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ
ÔÉμ³Ê ¸²ÊÎ Õ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ´¥ μ¶¨· ÕÉ¸Ö ´  ´ -
²¨Î¨¥ (´¥ ¨³¥ÕÉ) Ë¨±¸¨·μ¢ ´´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ ¶μ²μ¦¥´¨° ´Ê±²μ´μ¢ ¢
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Ö¤·¥, ¨ ¶μ ÔÉμ° ¶·¨Î¨´¥ ³ É·¨Î´Ò° Ô²¥³¥´É 〈m| eiqX̂k |n〉 ´¥ § ¢¨¸¨É μÉ Î¨-

¸²  k (· §¤. 3). Œ É·¨Î´Ò° Ô²¥³¥´É 〈m| eiqX̂k |n〉 ´¥ § ¢¨¸¨É ¨ μÉ ±μμ·¤¨´ ÉÒ
(k-£μ ´Ê±²μ´ ), μ´  ¨¸Î¥§ ¥É ¢ ¶·μÍ¥¸¸¥ ¨´É¥£·¨·μ¢ ´¨Ö.

ˆ³¥´´μ ¢¥²¨Î¨´  fk
mn(q) = 〈m| eiqX̂k |n〉, § ¤ ´´ Ö Ëμ·³Ê²μ° (5.18),

Ö¢²Ö¥É¸Ö ±²ÕÎ¥¢μ° ¤²Ö Ê¸É ´μ¢²¥´¨Ö ¢§ ¨³μ¸¢Ö§¨ ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É-
´μ£μ ·¥¦¨³μ¢ ¢ ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ³ Ê¶·Ê£μ³ ¨ ´¥Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨,  
É ±¦¥ ¤²Ö ¶μ´¨³ ´¨Ö ³¥Ì ´¨§³  ¢μ§´¨±´μ¢¥´¨Ö ±¢ ¤· É¨Î´μ° ¨ ²¨´¥°´μ°
§ ¢¨¸¨³μ¸É¥° ´ ¡²Õ¤ ¥³ÒÌ ¸¥Î¥´¨° μÉ Î¨¸²  ´Ê±²μ´μ¢ Ö¤· .

�·¨ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ lim
q→0

〈n|eiqX̂k |n〉 → 1 ¨ ¸μ£² ¸´μ (5.23) ¢μ§´¨± ¥É

±¢ ¤· É¨Î´ Ö § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö μÉ Î¨¸²  ´Ê±²μ´μ¢. Šμ£¤  q → ∞, ÔÉμÉ ³ -

É·¨Î´Ò° Ô²¥³¥´É ¨¸Î¥§ ¥É, lim
q→∞

〈n| eiqX̂k |n〉 → 0,   ¢³¥¸É¥ ¸ ´¨³ ¨ ¢¸¥ Ê¶·Ê£μ¥

¸¥Î¥´¨¥. �μÔÉμ³Ê Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ¶μ²ÊÎ¨²μ ´ §¢ ´¨¥ ±μ£¥·¥´É´μ£μ ¢ É¥·³¨-
´μ²μ£¨¨ ”·¨¤³ ´ . ‚ ¸²ÊÎ ¥ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ ¸¨²Ê Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨

〈m|n〉 = 0 ¤²Ö n 
= m (5.4) ¶·¨ q → 0 ¶μ²ÊÎ ¥É¸Ö lim
q→0

〈m| eiqX̂k |n〉 → 0. ’μ

¥¸ÉÓ ´¥Ê¶·Ê£μ¥ ¸¥Î¥´¨¥ · ¢´μ ´Ê²Õ. �·¨ q 
= 0 ³ É·¨Î´Ò° Ô²¥³¥´É, ± ± ¶· -

¢¨²μ, 〈m| eiqX̂k |n〉 
= 0 ¨, ± ± ¶μ± § ´μ ¢ · §¤. 6, ¸¥Î¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
²¨´¥°´ÊÕ ËÊ´±Í¨Õ Î¨¸²  ´¥°É·μ´μ¢ ¢ Ö¤·¥ (±μ£¤  ¢¸¥ ¢μ§³μ¦´Ò¥ ´ Î ²Ó´Ò¥
¨ ±μ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö ¶·¨´ÖÉÒ ¢μ ¢´¨³ ´¨¥). �μ¸±μ²Ó±Ê É ±μ° ·¥§Ê²ÓÉ É
³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ ¶ÊÉ¥³ ¸Ê³³¨·μ¢ ´¨Ö  ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨° ±¢ ¤· Éμ¢
 ³¶²¨ÉÊ¤, ¥£μ ³μ¦´μ ´ §¢ ÉÓ ´¥±μ£¥·¥´É´Ò³ · ¸¸¥Ö´¨¥³.

6. ‘…—…�ˆŸ ��‘‘…Ÿ�ˆŸ (��’ˆ)�…‰’�ˆ�� �� Ÿ„�…

6.1. �É μ¡Ð¥£μ μ¶·¥¤¥²¥´¨Ö ¸¥Î¥´¨Ö ± ¸¥Î¥´¨Õ νA → νA∗-· ¸¸¥Ö´¨Ö.
Š ± ¨§¢¥¸É´μ (¸³., ´ ¶·¨³¥·, [38, 39]), ¢¥·μÖÉ´μ¸ÉÓ ¶¥·¥Ìμ¤  ¨§ ´ Î ²Ó´μ£μ
¸μ¸ÉμÖ´¨Ö |p〉, ¸μ¤¥·¦ Ð¥£μ s Î ¸É¨Í ¸ 4-¨³¶Ê²Ó¸ ³¨ pi = (Ei, pi), ¢ ±μ´¥Î-
´μ¥ ¸μ¸ÉμÖ´¨¥ |p′〉, ¸μ¤¥·¦ Ð¥¥ r Î ¸É¨Í ¸ 4-¨³¶Ê²Ó¸ ³¨ p′j = (E′

j , p′
j), § 

¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¨ ¢ ¥¤¨´¨Î´μ³ ¶·μ¸É· ´¸É¢¥´´μ³ μ¡Ñ¥³¥ · ¢´ 

dw = (2π)4δ4

⎛⎝ s∑
i=1

pi −
r∑

j=1

p′j

⎞⎠ n1 · · ·ns

2E1 · · · 2Es
|M|2

r∏
j=1

dp′
j

(2π)32E′
j

, (6.1)

£¤¥ dp = |p|2 d|p| dΩ = |p|2 d|p| sin θ dθ dφ = −|p|2 d|p| d cos θ dφ, θ ¨ φ Å
Ê£²Ò ¢Ò²¥É  ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ÍÒ; ni Å ¶²μÉ´μ¸É¨ ¶ÊÎ±μ¢ ´ Î ²Ó´ÒÌ
Î ¸É¨Í. „ ²¥¥  ³¶²¨ÉÊ¤  ¶·μÍ¥¸¸  M § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

〈out|S − 1|in〉 = i(2π)4δ4
(∑

p −
∑

p′
)
M, (6.2)
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£¤¥ ´ Î ²Ó´μ¥ |in〉 ¨ ±μ´¥Î´μ¥ 〈out| ¸μ¸ÉμÖ´¨Ö ´μ·³¨·μ¢ ´Ò ·¥²ÖÉ¨¢¨¸Éc±¨
¨´¢ ·¨ ´É´Ò³ μ¡· §μ³ (¸³. ¶·¨². �.2):

|in〉 = (2π)3s/2
√

2E1 · · · 2Es a+(p1) · · · a+(ps)|0〉,
ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ  ³¶²¨ÉÊ¤¥ (6.2).

„²Ö ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö a + b → X , ±μ£¤  ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¨³¥-
ÕÉ¸Ö Éμ²Ó±μ ¤¢¥ Î ¸É¨ÍÒ, Ê¤μ¡´μ ¢¢¥¸É¨ ¨´¢ ·¨ ´É´μ¥ ¸¥Î¥´¨¥ dσ, ±μÉμ·μ¥
μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

dw = dσ
n1n2

E1E2
I, £¤¥ I =

√
(p1p2)2 − m2

1m
2
2.

‚ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö 2 → 2 É¨¶  ν(p1)+A(p2) → ν(p′1)+A(∗)(p′2) ¶μ¸²¥ ¨´É¥-
£·¨·μ¢ ´¨Ö ¶μ Ê£²Ê dφ ¨ ¶μ dp′

2 ¸ ¶μ³μÐÓÕ ¤¥²ÓÉ -ËÊ´±Í¨¨ ¨§ ¢ÒÏ¥¶·¨¢¥-
¤¥´´μ° Ëμ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ° ¢¥·μÖÉ´μ¸É¨ dw ¨ (6.1) ¶μ²ÊÎ ¥É¸Ö
¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ∗

dσ ≡ dwE1E2

n1n2I
= −2π

δ(E1 + E2 − E′
1 − E′

2)|M|2|p′
1|2d|p′

1|d cos θ

64π2IE′
1E

′
2

, (6.3)

¨§ ±μÉμ·μ£μ ¸ ÊÎ¥Éμ³ ¡¥§³ ¸¸μ¢μ¸É¨ ( ´É¨)´¥°É·¨´μ (É. ¥. |p′
1| = E′

1, ¨ I =
E1p

0
2) ¶μ²ÊÎ ¥É¸Ö Ëμ·³Ê²  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ( ´É¨)-

´¥°É·¨´μ ´  Ö¤·¥

dσ

dE′
1 d cos θ

= −δ(E1 + E2 − E′
1 − E′

2)|M|2(E′
1)2

32π(E1p0
2)E

′
1E

′
2

=

= −E′
1

E1

|M|2
32πp0

2E
′
2

δ(E1 + E2 − E′
1 − E′

2(E
′
1)). (6.4)

�·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ Éμ, ÎÉμ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  Ö¤·μ ¤μ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¸Î¨É ¥É¸Ö ¶μ±μÖÐ¨³¸Ö ¨ ´ Ìμ¤ÖÐ¨³¸Ö ¢ ´¥±μÉμ·μ³ ¢´ÊÉ·¥´´¥³
±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ n, ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ¢ Ëμ·³Ê²¥ (6.4)
¨³¥¥³

E1 = Eν , E′
1 = E′

ν , p0
2 = EA = mA + εn,

E′
2 = E′

A = mA + εm + TA, EA − E′
A = εn − εm − TA.

’μ£¤ , ¥¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ ¸μ£² ¸´μ (4.2) Δεmn = εm − εn, Éμ ¢Ò· ¦¥´¨¥ (6.4)
¸ ³ É·¨Î´Ò³ Ô²¥³¥´Éμ³ (5.9) ¶·¨´¨³ ¥É ¢¨¤

d2σmn

dE′
ν d cos θ

= − E′
ν |iMmn|2

25πEν(mA + εn)
δ(Eν − E′

ν − TA(E′
ν) − Δεmn)

mA + TA + εm
, (6.5)

∗Š¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É  |iMmn|2 ´¥ § ¢¨¸¨É μÉ  §¨³ÊÉ ²Ó´μ£μ Ê£²  φ (¸³. ¶·¨². �.5
¨²¨ Ëμ·³Ê²Ò ¨§ ¶. 6.3), ¶μÔÉμ³Ê ¶μ ´¥³Ê ¶·μ¢¥¤¥´μ ¨´É¥£·¨·μ¢ ´¨¥.
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£¤¥ E′
ν ¤ ´μ Ëμ·³Ê²μ° (4.1). „ ²¥¥, ¶μ¸±μ²Ó±Ê ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨

Ö¤·  TA (4.6):

TA =
√

m2
A + q2 − mA =

√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ − mA, (6.6)

§ ¢¨¸¨É μÉ Ô´¥·£¨¨, Ê´¥¸¥´´μ° ´¥°É·¨´μ E′
ν , Éμ ¨´É¥£·¨·μ¢ ´¨¥ ¤¥²ÓÉ -ËÊ´±Í¨¨

¢ ¢Ò· ¦¥´¨¨ (6.5) ¤μ²¦´μ ¡ÒÉÓ ¶·μ¢¥¤¥´μ  ±±Ê· É´μ ¢ ¢¨¤¥

δ(f(E′
ν)) =

δ(E′
ν − Ẽ′

ν)
|df(Ẽ′

ν)/dE′
ν |

=
δ(E′

ν − Ẽ′
ν)

| − 1 − dTA(Ẽ′
ν)/dE′

ν |
. (6.7)

‡¤¥¸Ó Ẽ′
ν Å ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö f(E′

ν) ≡ Eν − Ẽ′
ν −TA(Ẽ′

ν)−Δεmn = 0. „²Ö
¶·μ¨§¢μ¤´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤·  ¶μ Ô´¥·£¨¨ ´¥°É·¨´μ ¨³¥¥É ³¥¸Éμ

dTA(E′
ν)

dE′
ν

=
E′

ν − Eν cos θ√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ

=
E′

ν − Eν cos θ

TA(E′
ν) + mA

.

‚ ¶μ¸²¥¤´¥³ · ¢¥´¸É¢¥ ±μ·¥´Ó ¢ §´ ³¥´ É¥²¥ § ³¥´¥´ ´  TA(E′
ν) + mA ¢

¸¨²Ê Ê¸²μ¢¨Ö (6.6). �μ¸±μ²Ó±Ê f(Ẽ′
ν) = 0, Éμ ¢³¥¸Éμ Ẽ′

ν ³μ¦´μ ¶μ¤¸É ¢¨ÉÓ
Eν − TA(Ẽ′

ν) − Δεmn, ¨ ¤²Ö (dTA(Ẽ′
ν))/(dE′

ν) + 1 ¨§ (6.7) ¶μ²ÊÎ ¥É¸Ö

dTA(Ẽ′
ν)

dE′
ν

+ 1 =
Eν − TA(Ẽ′

ν) − Δεmn − Eν cos θ + TA + mA

TA + mA
=

=
mA + Eν(1 − cos θ) − Δεmn

TA + mA
.

‘ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö (4.7) ¨§ · §¤. 4 ¤²Ö TA ¢ ¢¨¤¥

TA =
Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2

mA + Eν(1 − cos θ) − Δεmn
(6.8)

¶μ²ÊÎ ¥É¸Ö É ±¦¥, ÎÉμ

Ẽ′
ν = Eν − Δεmn − TA(Ẽ′

ν) =

= Eν − Δεmn − Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2
mA + Eν(1 − cos θ) − Δεmn

. (6.9)

‚ ·¥§Ê²ÓÉ É¥ ¸¥Î¥´¨¥ (6.5) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥ ¨´É¥£· ²  ¶μ E′
ν :

dσmn

d cos θ
=

∫
dE′

ν

(−1)E′
ν |iMmn|2

25πEν(mA + εn)
δ(Eν − E′

ν − TA(E′
ν) − Δεmn)

mA + TA + εm
=

=
∫

dE′
ν

(−1)E′
ν |iMmn|2

25πEν(mA + εn)
1

mA + TA + εm

δ(E′
ν − Ẽ′

ν)
[1 + dTA(Ẽ′

ν)/dE′
ν ]

=

=
∫

dE′
ν

(−1)E′
ν |iMmn|2

25πEν(mA + εn)
δ(E′

ν − Ẽ′
ν)

mA + TA + εm

TA + mA

mA + Eν(1 − cos θ) − Δεmn
.
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ˆ´É¥£·¨·μ¢ ´¨¥ ²¥£±μ ¢Ò¶μ²´Ö¥É¸Ö §  ¸Î¥É δ(E′
ν − Ẽ′

ν)-ËÊ´±Í¨¨, É. ¥. ¤¨ËË¥-
·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥, § ¢¨¸ÖÐ¥¥ μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨ Eν ¨ Ê£²  · ¸¸¥Ö´¨Ö
´¥°É·¨´μ θ, · ¢´μ

dσmn

d cos θ
= − Ẽ′

ν |iMmn|2
25πEν(mA + εn)

1
(mA + TA + εm)

×

× (mA + TA)
mA + Eν(1 − cos θ) − Δεmn

. (6.10)

‡¤¥¸Ó TA ¨ Ẽ′
ν μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (6.8) ¨ (6.9) Î¥·¥§ Eν ¨ cos θ

(  É ±¦¥ mA ¨ Δεmn).

”μ·³Ê²Ê (6.10) ³μ¦´μ Ê¶·μ¸É¨ÉÓ, ¶·¥´¥¡·¥£ Ö Eν(1 − cos θ) − Δεmn ¶μ
¸· ¢´¥´¨Õ ¸ mA, É. ¥. ¸Î¨É Ö mA � Eν(1 − cos θ) − Δεmn ¢ Ëμ·³Ê²¥ ¤²Ö
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤· 

TA =
Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2

mA + Eν(1 − cos θ) − Δεmn
�

� 2Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn

2mA
. (6.11)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (¶μ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· )
¸ ÊÎ¥Éμ³ ¶¥·¥Ìμ¤  μÉ d cos θ ± dTA ¢ ¢¨¤¥ Eν(Eν − Δεmn) d cos θ =
−mAdTA (6.11) ¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥

dσmn

dTA
=

dσmn

d cos θ

d cos θ

dTA
=

dσmn

d cos θ

mA

Eν

−1
Eν − Δεmn

=

=
|iMmn|2

25πEν(mA + εn)
Ẽ′

ν

(mA + TA + εm)
×

× (mA + TA)
mA + Eν(1 − cos θ) − Δεmn

mA

Eν

1
Eν − Δεmn

,

±μÉμ·μ¥ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ±μ³¶ ±É´μ³ ¢¨¤¥

dσmn

dTA
=

|iMmn|2
25πE2

νmA
C2,mn(TA), (6.12)
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¢¢¥¤Ö ±μÔËË¨Í¨¥´É (¶μ·Ö¤±  ¥¤¨´¨ÍÒ) ∗

C2,mn =
E′

ν

Eν − Δεmn

(
1 +

TA

mA

)(
1 +

εn

mA

)−1

(
1 +

TA + εm

mA

) ×

×
(

1 +
Eν(1 − cos θ) − Δεmn

mA

)−1

. (6.13)

„²Ö ¶μ²´μÉÒ ± ·É¨´Ò ¶·¨¢¥¤¥³ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥-
´¨Ö (6.10) ¡¥§ ¨¸¶μ²Ó§μ¢ ´¨Ö (Ê¶·μÐ ÕÐ¥£μ) ¶·¨¡²¨¦¥´¨Ö ¤²Ö ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  ¢ ¢¨¤¥ (6.11). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¥Î¥´¨Ö (6.10) É ±¦¥ ³μ¦´μ
¶·¨¢¥¸É¨ ± ¢¨¤Ê (6.12):

dσmn

dTA
=

|iMmn|2
25πE2

νmA
C̃2,mn(TA), (6.14)

´μ Ê¦¥ ¸ ´¥¸±μ²Ó±μ ¤·Ê£¨³ O(1)-±μÔËË¨Í¨¥´Éμ³ ∗∗

C̃2,mn =
[
1 +

εn

mA

]−1 [
1 +

TA

mA

] [
1 +

TA + εm

mA

]−1

. (6.15)

�¥§Ê²ÓÉ Éμ³ ¤ ´´μ£μ ¶Ê´±É  Ö¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥-
Î¥´¨Ö ¶·μÍ¥¸¸ 

ν(p1) + A(p2) → ν(p′1) + A(∗)(p′2),

μ¶·¥¤¥²Ö¥³μ¥ ¸μμÉ´μÏ¥´¨¥³ (6.12), £¤¥ ±μÔËË¨Í¨¥´É C2,mn § ¤ ´ Ëμ·³Ê-
²μ° (6.13). ˆ²¨ ¢ ¡μ²¥¥ μ¡Ð¥³ ¢¨¤¥ Ëμ·³Ê² ³¨ (6.14) ¨ (6.15) ¸μμÉ¢¥É-
¸É¢¥´´μ.

6.2. Šμ£¥·¥´É´Ò° ¨ ´¥±μ£¥·¥´É´Ò° ¢±² ¤Ò ¢ ¸¥Î¥´¨¥ νA → νA∗-· ¸-
¸¥Ö´¨Ö. ‚ ÔÉμ³ · §¤¥²¥ ¶·μ¢¥¤¥´´μ¥ · ´¥¥ ± Î¥¸É¢¥´´μ¥ μ¡¸Ê¦¤¥´¨¥ (¸³.
· §¤. 3) ¢§ ¨³μ¸¢Ö§¨ ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ ¢±² ¤μ¢ ¢ ¶·μÍ¥¸¸ · ¸-
¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤·¥ ¡Ê¤¥É μ¡· Ð¥´μ ¢ ±μ²¨Î¥¸É¢¥´´ÊÕ
Ëμ·³Ê, É. ¥. ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (6.12):

dσmn

dTA
=

|iMmn|2
25πE2

νmA
C2,mn, (6.16)

∗ˆ²¨ ¢ ¤·Ê£μ³ ¢¨¤¥: C2,mn =
m2

A

(mA + εn)

Ẽ′
ν

(mA + TA + εm)

(mA + TA)

mA + Eν(1 − cos θ) − Δεmn
×

× 1

Eν − Δεmn
=

Ẽ′
ν

Eν − Δεmn

(mA + TA)

(mA + εn)

mA

(mA + TA + εm)

mA

mA + Eν(1 − cos θ) − Δεmn
.

∗∗�μ¤·μ¡´μ¸É¨ ¢ ¶·¨²μ¦¥´¨¨ �.4.



128 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

¡Ê¤¥É ¶μ²ÊÎ¥´μ ¢Ò· ¦¥´¨¥, μ¤´μ¢·¥³¥´´μ ÊÎ¨ÉÒ¢ ÕÐ¥¥ ±μ£¥·¥´É´Ò° ¨ ´¥±μ-
£¥·¥´É´Ò° ¢±² ¤Ò.

� ¡²Õ¤ ¥³μ¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸μ¢ νA → νA(∗) ¨ ν̄A →
ν̄A(∗) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, Ê¸·¥¤´¨¢ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ´ Î ²Ó´Ò³ ¸μ¸ÉμÖ´¨Ö³
Ö¤· -³¨Ï¥´¨ |n〉 ¨ ¶·μ¸Ê³³¨·μ¢ ¢ ¶μ ¢¸¥³ ¤μ¶Ê¸É¨³Ò³ ±μ´¥Î´Ò³ (¢´ÊÉ·¥´-
´¨³) ¸μ¸ÉμÖ´¨Ö³ Ö¤· -μÉ¤ Î¨ |m〉:

dσ

dTA
=

∑
n,m

ωn
dσmn

dTA
, (6.17)

£¤¥ ¸¨³¢μ²μ³ ωn μ¡μ§´ Î¥´ ¸É É¨¸É¨Î¥¸±¨° ¢¥¸ (¢¥·μÖÉ´μ¸ÉÓ) ´ °É¨ Ö¤·μ-
³¨Ï¥´Ó ¢ ´ Î ²Ó´μ³ ¢´ÊÉ·¥´´¥³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ |n〉 ¶·¨ ´μ·³ ²Ó´ÒÌ
Ê¸²μ¢¨ÖÌ Ô±¸¶¥·¨³¥´É . ‚ ¤ ²Ó´¥°Ï¥³ · ¸¸³μÉ·¥´¨¨ ´¥É ¶·Ö³μ° ´¥μ¡Ìμ¤¨³μ-
¸É¨ ¢ Ö¢´ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö ¢¥²¨Î¨´ ωn, ¢ ¦´μ Éμ²Ó±μ, ÎÉμ μ´¨ ´μ·³¨·μ¢ ´Ò
Ê¸²μ¢¨¥³ (¶μ²´μÉÒ ¢¥·μÖÉ´μ¸É¨)∑

n

ωn = 1. (6.18)

ˆÉ ±, ¶μ¤¸É ¢¨¢ ¢ Ëμ·³Ê²Ê ¤²Ö ´ ¡²Õ¤ ¥³μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥-
´¨Ö (6.17) ¢Ò· ¦¥´¨Ö (5.23) ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¨ (6.12) ¤²Ö ¤¨ËË¥·¥´-
Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö, ¶μ²ÊÎ¨³

dσ

dTA
=

∑
m,n

ωn
dσmn

dTA
=

∑
m,n

ωn
|iMmn(q)|2
25πE2

νmA
C2,mn(q) ≡

≡ G2
F mA

26πm2
NE2

ν

[Tm=n + Tm �=n] , (6.19)

£¤¥ ¤²Ö ¶·μ¸ÉμÉÒ ¢·¥³¥´´μ μ¶ÊÐ¥´  § ¢¨¸¨³μ¸ÉÓ μÉ q ¨ ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö

Tm=n =
A∑
k,j

∑
n

ωn

[
C1,nnC2,nn fk

nnf j∗
nn

∑
r

(l, hk
rr)

∑
s

(l, hj
ss)

†

]
, (6.20)

Tm �=n =
A∑
k,j

∑
n

ωn

⎡⎣∑
m �=n

C1,mnC2,mn fk
mnf j∗

mn

∑
sr

λmn
sr (l, hk

sr) ×

×
(∑

s′r′

λmn
s′r′(l, hj

s′r′)

)†
⎤⎦. (6.21)

‡¤¥¸Ó μÉ¤¥²Ó´Ò³ ¸² £ ¥³Ò³, Tm=n, μ¡μ§´ Î¥´ ¢±² ¤, μÉ¢¥Î ÕÐ¨° ¸μÌ· ´¥-
´¨Õ Ö¤·μ³ ¥£μ ¶¥·¢μ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö, É. ¥. n = m, ¶·¨ ÔÉμ³ ¶·μ¥±-
Í¨Ö ¸¶¨´  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ( ±É¨¢´μ£μ) ´Ê±²μ´  ´¥ ³¥´Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê
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¸¶¨´μ¢Ò¥  ³¶²¨ÉÊ¤Ò ¶·¨ m = n ¤ ÕÉ ¤¥²ÓÉ -ËÊ´±Í¨Õ λnn
s,r = δsr (5.21) ¨

¢Ò¶ ¤ ÕÉ ¨§ ¤ ²Ó´¥°Ï¥£μ · ¸¸³μÉ·¥´¨Ö.
Š²ÕÎ¥¢ÊÕ ·μ²Ó ¢ ¢Ò· ¦¥´¨¨ (6.19) ¨£· ÕÉ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö

4-¢¥±Éμ·μ¢ ¸² ¡ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ (l, hp/n
sr ), £¤¥ ±μ³¶μ´¥´ÉÒ

²¥¶Éμ´´μ£μ Éμ±  lμ(k, k′), ´ ¶·¨³¥· ¤²Ö ´¥°É·¨´μ, § ¤ ´Ò ¢Ò· ¦¥´¨¥³ (5.11),
  ´Ê±²μ´´Ò° Éμ± ¨³¥¥É ¢¨¤

(hp/n
sr )μu(p̄ + q, s)Op/n

μ u(p̄, r), (6.22)

£¤¥ p̄ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ´  ¸μÌ· ´¥´¨¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
Ö¤·  (3.20), É. ¥.√

m2
N + p̄2 + 2p̄q + q2 −

√
m2

N + p̄2 =
q2

2mA
+ Δεmn.

‡ ¡¥£ Ö ´¥¸±μ²Ó±μ ¢¶¥·¥¤, μÉ³¥É¨³, ÎÉμ ± ¦¤Ò° ¨§ ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ-
¨§¢¥¤¥´¨° |(l, hp/n)|2 ¨§ ¶·¨². �.5 (¸³. É ±¦¥ ¶. 6.3) ¸μ¤¥·¦¨É μ¡Ð¨° ³´μ¦¨-
É¥²Ó 64(s − m2

N )2, £¤¥ s = (p + k)2 Å ±¢ ¤· É ¶μ²´μ° Ô´¥·£¨¨ ´¥°É·¨´μ ¨
´Ê±²μ´  ¢ ¨Ì μ¡Ð¥° ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¨ mN Å ³ ¸¸  ´Ê±²μ´ . ‚ ²¨¤¨·Ê-
ÕÐ¥³ (´¥·¥²ÖÉ¨¢¨¸É¸±μ³) ¶·¨¡²¨¦¥´¨¨ ÔÉμÉ ³´μ¦¨É¥²Ó ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±-
¸¨³¨·μ¢ ´ Ëμ·³Ê²μ° 28m2

NE2
ν . „²Ö ¤μ¸É¨¦¥´¨Ö ÉμÎ´μ£μ ¸μμÉ¢¥É¸É¢¨Ö ³¥¦¤Ê

ÔÉ¨³¨ ¢Ò· ¦¥´¨Ö³¨ ¢¢¥¤¥³ ¶μ¶· ¢μÎ´Ò° ³´μ¦¨É¥²Ó C3,mn, μÉ· ¦ ÕÐ¨° ÉμÉ
Ë ±É, ÎÉμ ´Ê±²μ´ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ μ¡² ¤ ¥É ´¥´Ê²¥¢Ò³ 3-¨³¶Ê²Ó¸μ³
(¸μ£² ¸´μ ·¥Ï¥´¨Õ (3.20)), É. ¥. ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ

(s − m2
N )2 = 4m2

NE2
νC3,mn. (6.23)

‚ ¤ ²Ó´¥°Ï¥³ ¢¸¥ ¶μ¶· ¢μÎ´Ò¥ ³´μ¦¨É¥²¨ μ¡μ§´ Î¨³ μ¤´¨³ ¸¨³¢μ²μ³ gmn:

gmn = C1,mnC2,mnC3,mn. (6.24)

�ÉμÉ ³´μ¦¨É¥²Ó É ±¦¥ ´¥ ¸¨²Ó´μ μÉ²¨Î ¥É¸Ö μÉ ¥¤¨´¨ÍÒ, μ¤´ ±μ μ´ ¨³¥¥É
· §´Ò¥ §´ Î¥´¨Ö ¤²Ö ¶¥·¢μ£μ (±μ£¥·¥´É´μ£μ) ¨ ¢Éμ·μ£μ (´¥±μ£¥·¥´É´μ£μ) ¸² -
£ ¥³ÒÌ ¢ Ëμ·³Ê²¥ (6.19). ‚Ò´¥¸¥³ ÔÉ¨ ³´μ¦¨É¥²¨ ¨§-¶μ¤ §´ ±  ¤¢μ°´μ£μ ¸Ê³-
³¨·μ¢ ´¨Ö ¢ (6.19), ¸Î¨É Ö, ÎÉμ ¤²Ö ±μ£¥·¥´É´μ£μ Î²¥´  ÔËË¥±É¨¢´μ¥ §´ Î¥´¨¥
É ±μ£μ ¶μ¶· ¢μÎ´μ£μ ±μÔËË¨Í¨¥´É  · ¢´μ gcoh = gc,   ¤²Ö ´¥±μ£¥·¥´É´μ£μ,
¸μμÉ¢¥É¸É¢¥´´μ, · ¢´μ ginc = gi.

„ ²¥¥ ³μ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¨´¤¥±¸Ê n ¢ ¶¥·¢μ³ ¸² £ -
¥³μ³ ¢Ò· ¦¥´¨Ö (6.19), É. ¥. ¢ Ëμ·³Ê²¥ (6.20), ¢¥¤¥É ± ¢μ§´¨±´μ¢¥´¨Õ Ëμ·³-
Ë ±Éμ·μ¢, Ê¸·¥¤´¥´´ÒÌ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ´ Î ²Ó´Ò³ ¸μ¸ÉμÖ´¨Ö³ Ö¤· , É. ¥.

∑
n

ωnfk
nnf j∗

nn =

⎧⎨⎩
|Fp/n(q)|2, ±μ£¤  (k, j) · ¢´Ò ²¨¡μ pp, ²¨¡μ nn;
Fp(q)F ∗

n (q), ±μ£¤  (k, j) · ¢´Ò pn;
Fn(q)F ∗

p (q), ±μ£¤  (k, j) · ¢´Ò np.
(6.25)
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ˆ´Ò³¨ ¸²μ¢ ³¨, ²¥¢ Ö Î ¸ÉÓ ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö · ¢´  ±¢ ¤· ÉÊ ³μ¤Ê²Ö Ö¤¥·-
´μ£μ ¶·μÉμ´´μ£μ ¨²¨ ´¥°É·μ´´μ£μ Ëμ·³Ë ±Éμ·  |Fp/n(q)|2, ¥¸²¨ ¨´¤¥±¸Ò
¸Ê³³¨·μ¢ ´¨Ö k ¨ j ¸μμÉ¢¥É¸É¢ÊÕÉ ²¨¡μ ¶ ·¥ ¶·μÉμ´μ¢, ²¨¡μ ¶ ·¥ ´¥°É·μ-
´μ¢. …¸²¨ ¦¥ ÔÉ¨ ¨´¤¥±¸Ò ´¥ ¸μμÉ¢¥É¸É¢ÊÕÉ μ¤´μ¢·¥³¥´´μ ¶ ·¥ μ¤¨´ ±μ¢ÒÌ
´Ê±²μ´μ¢, Éμ ¨³¥¥É ³¥¸Éμ ¶·μ¨§¢¥¤¥´¨¥ Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¶·μÉμ´  ¨
´¥°É·μ´  ¢ ¢¨¤¥ Fp(q)F ∗

n (q) ¨²¨ Fn(q)F ∗
p (q). �μ ÔÉμ° ¶·¨Î¨´¥ ¢Ò· ¦¥-

´¨¥ (6.20) ¶·μ¶μ·Í¨μ´ ²Ó´μ ±¢ ¤· ÉÊ ³μ¤Ê²Ö ¸Ê³³Ò ¢±² ¤μ¢ ¶·μÉμ´μ¢ ¨ ´¥°-
É·μ´μ¢

Tm=n ∝
∣∣∣∣∣

Z∑
k=1

∑
r

(l, hp
rr)Fp +

N∑
k=1

∑
r

(l, hn
rr)Fn

∣∣∣∣∣
2

. (6.26)

ˆ²¨ ¡μ²¥¥ ¶μ¤·μ¡´μ ÔÉμ ¸² £ ¥³μ¥ ¶·¥μ¡· §Ê¥É¸Ö ± ±

Tm=n(q) =

∣∣∣∣∣
Z∑
k

√
gp
coh

∑
r

(l, hp
rr(q))Fp(q)+

+
N∑
k

√
gn
coh

∑
r

(l, hn
rr(q))Fn(q)

∣∣∣∣∣
2

=

=

∣∣∣∣∣∣
∑

f=p,n

√
gf
coh

Af∑
k=1

∑
r

(l, hf
rr(q))Ff (q)

∣∣∣∣∣∣
2

. (6.27)

‡¤¥¸Ó ¢¢¥¤¥´Ò ¶μ¶· ¢μÎ´Ò¥ ±μÔËË¨Í¨¥´ÉÒ g
p/n
coh = C

p/n
1,nnC

p/n
2,nn ¤²Ö ±μ£¥·¥´É-

´μ£μ ¸² £ ¥³μ£μ ¢ Ëμ·³Ê²¥ (6.19),   É ±¦¥ Af , μ¡μ§´ Î ÕÐ¥¥ ¶μ²´μ¥ Î¨¸²μ
´Ê±²μ´μ¢ É¨¶  f = p, n ¢ Ö¤·¥.

�¡· É¨³¸Ö ± · ¸¸³μÉ·¥´¨Õ ¢Ò· ¦¥´¨Ö (6.21), Tm �=n, É. ¥. ´¥±μ£¥·¥´É´μ£μ
¸² £ ¥³μ£μ ¢ Ëμ·³Ê²¥ ¤²Ö ´ ¡²Õ¤ ¥³μ£μ ¸¥Î¥´¨Ö (6.19), ¸μ¤¥·¦ Ð¥£μ ¸Ê³-
³¨·μ¢ ´¨¥ ¶μ ¨´¤¥±¸ ³ m, n. �Éμ ¸Ê³³¨·μ¢ ´¨¥ ´¥ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´μ
¡¥§ ± ±¨Ì-²¨¡μ ³μ¤¥²Ó´ÒÌ ¶·¥¤¶μ²μ¦¥´¨° μ ¶μ¢¥¤¥´¨¨ ¸¶¨´μ¢ÒÌ  ³¶²¨ÉÊ¤
λmn

sr ¨§ (5.21), ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¢¥·μÖÉ´μ¸ÉÓ ¤²Ö  ±É¨¢´μ£μ ´Ê±²μ´  Ö¤· 
¶μ³¥´ÖÉÓ ´ ¶· ¢²¥´¨¥ ¸¶¨´  ¸ r ´  s ¶·¨ ¶¥·¥Ìμ¤¥ Ö¤·  ¨§ |n〉-¸μ¸ÉμÖ´¨Ö
¢ |m〉-¸μ¸ÉμÖ´¨¥.

…¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ´ ¶·¨³¥·, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³ÒÌ ¶·μÍ¥¸¸ Ì  ³¶²¨-
ÉÊ¤Ò λmn

sr ´¥ § ¢¨¸ÖÉ μÉ ¨´¤¥±¸μ¢ m ¨ n (¢´ÊÉ·¥´´¥£μ ¸μ¸ÉμÖ´¨Ö Ö¤· ), Éμ ÔÉμ
¸Ê³³¨·μ¢ ´¨¥ ¶μ m, n ³μ¦´μ ¶·μ¢¥¸É¨ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³.

� ¸¸³μÉ·¨³ ¸´ Î ²  ¶·μ¸Éμ° ¸²ÊÎ °, ±μ£¤  k ¨ j ®Ê± §Ò¢ ÕÉ¯ ´  μ¤¨´
¨ ÉμÉ ¦¥ É¨¶ ´Ê±²μ´ , ¸± ¦¥³, ´  ¶·μÉμ´. ’μ£¤ , ¥¸²¨ k = j, Éμ ¸ ÊÎ¥Éμ³
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Ê¸²μ¢¨Ö ¶μ²´μÉÒ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨°
∑
m

|m〉〈m| = Î , Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö ¢¥-

·μÖÉ´μ¸É¥° (6.18):
∑
n

ωn = 1, Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° (5.4):

〈m|n〉 = δmn, μ¶·¥¤¥²¥´¨Ö (5.18) ¤²Ö fk
mn(q) = 〈m|eiqX̂k |n〉 ¨ ¸μμÉ´μÏ¥´¨°

¤²Ö ¨Ì ±¢ ¤· Éμ¢ (6.25), ³μ¦´μ ¢Ò¶μ²´¨ÉÓ ¢¸¥ ¸Ê³³¨·μ¢ ´¨Ö ¨ ¶μ²ÊÎ¨ÉÓ, ÎÉμ

∑
n

ωn

∑
m �=n

fk
mnfk∗

mn =
∑

n

ωn

[∑
m

fk
mnfk∗

mn − fk
nnfk∗

nn

]
=

=
∑

n

ωn

[
〈n|eiqXk

∑
m

|m〉〈m|e−iqXk |n〉
]
−

− |Fp(q)|2 = 1 − |Fp(q)|2. (6.28)

…¸²¨ k 
= j, Éμ ¸ ÊÎ¥Éμ³ ¢¸¥ É¥Ì ¦¥ Ê¸²μ¢¨°, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸ ¢Ò¢μ¤μ³
¢Ò· ¦¥´¨Ö (6.28), ¤²Ö ¶·μÉμ´μ¢ (¨´¤¥±¸ p) ¨³¥¥É ³¥¸Éμ∑

n

ωn

∑
m �=n

fk
mnf j∗

mn = 〈cov (eiqX̂k , e−iqX̂j )〉p. (6.29)

‚ ¶· ¢μ° Î ¸É¨ Ëμ·³Ê²Ò (6.29) ¢¢¥¤¥´ μ¶¥· Éμ· ±μ¢ ·¨ Í¨¨ ±¢ ´Éμ¢ÒÌ μ¶¥-

· Éμ·μ¢ ¸¤¢¨£  e−iqX̂j ¨ eiqX̂k ¶μ ¸μ¸ÉμÖ´¨Õ |n〉 ¢ ¢¨¤¥

covnn(eiqX̂k , e−iqX̂j ) ≡

≡ 〈n|eiqX̂k e−iqX̂j |n〉 − 〈n|eiqX̂k |n〉〈n|e−iqX̂j |n〉. (6.30)

‡¤¥¸Ó ¨ ¢ (6.28) ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ÉμÉ Ë ±É, ÎÉμ ®´¥¶μ²´ÊÕ¯ ¸Ê³³Ê ¶μ m,∑
m �=n

fk
mnf j∗

mn, ³μ¦´μ ®¤μ¶μ²´¨ÉÓ ¤μ ¶μ²´μ°¯ ¨ ¶·¥¤¸É ¢¨ÉÓ ± ±
∑
m

fk
mnf j∗

mn −∑
m=n

fk
mnf j∗

mn ¨, ¢μ¸¶μ²Ó§μ¢ ¢Ï¨¸Ó Ê¸²μ¢¨¥³ ¶μ²´μÉÒ
∑
m

|m〉〈m| = Î , ¶μ²ÊÎ¨ÉÓ

¢Ò· ¦¥´¨¥ (6.30):

∑
m �=n

fk
mnf j∗

mn =
∑
m

〈n|eiqXk |m〉〈m|e−iqXj |n〉−

−
∑
m=n

〈n|eiqXk |m〉〈m|e−iqXj |n〉 =

= 〈n|eiqX̂ke−iqX̂j |n〉 − 〈n|eiqX̂k |n〉〈n|e−iqX̂j |n〉.
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‘¨³¢μ² Ê¸·¥¤´¥´¨Ö 〈. . . 〉 ¢ Ëμ·³Ê²¥ (6.29) § ¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈cov (eiqX̂k e−iqX̂j )〉p ≡
∑

n

ωn covnn(eiqX̂k , e−iqX̂j ). (6.31)

‚Ò· ¦¥´¨¥ (6.31) μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ± ± ¶·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì,
q → 0, É ± ¨ ¶·¨ ¡μ²ÓÏ¨Ì, q → ∞:

lim
q→0

〈cov (e−iqX̂j , eiqX̂k)〉p = 0,

lim
q→∞

〈cov (e−iqX̂j , eiqX̂k)〉p = 0.
(6.32)

‘Î¨É ¥É¸Ö, ÎÉμ ±μ£¤  ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ´Ê±²μ´ ³¨ ¢ Ö¤·¥ ¤μ¸É ÉμÎ´μ ¸² ¡Ò¥,
±μ¢ ·¨ Í¨μ´´Ò³¨ ËÊ´±Í¨Ö³¨ É¨¶  (6.29) ³μ¦´μ ¶·¥´¥¡·¥£ ÉÓ. ’ ±, ´ ¶·¨-
³¥·, ¢ ³μ¤¥²ÖÌ Ö¤¥·´ÒÌ μ¡μ²μÎ¥±, £¤¥ ³´μ£μÎ ¸É¨Î´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨
Ö¤¥· ±μ´¸É·Ê¨·ÊÕÉ¸Ö ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö μ¤´μÎ ¸É¨Î´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨°, ±μ¢ ·¨ Í¨Ö (6.29) μ¡· Ð ¥É¸Ö Éμ¦¤¥¸É¢¥´´μ ¢ ´Ê²Ó. ‚ ¶μ²Ó§Ê ³ ²μ¸É¨
±μ¢ ·¨ Í¨¨ (6.29) £μ¢μ·¨É ÉμÉ Ë ±É, ÎÉμ ´¥Ê¶·Ê£μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¸ Ìμ-
·μÏ¥° ÉμÎ´μ¸ÉÓÕ ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ Î¨¸² 
· ¸¸¥¨¢ É¥²¥°-´Ê±²μ´μ¢.

�´ ²μ£¨Î´μ¥ · ¸¸³μÉ·¥´¨¥ ²¥£±μ ¶·μÌμ¤¨É ¤²Ö ´¥°É·μ´μ¢. �¥ ¶·¥¤¸É -
¢²Ö¥É μ¸μ¡μ£μ É·Ê¤  μ¡μ¡Ð¨ÉÓ ÔÉμ · ¸¸³μÉ·¥´¨¥ ¨ ´  ¸μ¢³¥¸É´Ò° ¸²ÊÎ ° ¶·μ-
Éμ´μ¢ ¨ ´¥°É·μ´μ¢. �Ê¸ÉÓ, ´ ¶·¨³¥·, k μÉ¢¥Î ¥É ¶·μÉμ´Ê,   j Å ´¥°É·μ´Ê,
¶·¨ ÔÉμ³  ¢Éμ³ É¨Î¥¸±¨ k 
= j. ’μ£¤ ∑

n

ωn

∑
m �=n

fk
mnf j∗

mn = 〈cov (eiqX̂k , e−iqX̂j )〉pn. (6.33)

�  μ¸´μ¢¥ ¶·¥¤Ò¤ÊÐ¥£μ μ¡¸Ê¦¤¥´¨Ö Ö¸´μ, ÎÉμ ÔÉμÉ ¢±² ¤ ¢ ´ ¡²Õ¤ ¥³μ¥ ¸¥-
Î¥´¨¥ dσ/dTA (Ëμ·³Ê²  (6.19)) É ±¦¥ ¶·¥´¥¡·¥¦¨³μ ³ ².

‚ ¤ ²Ó´¥°Ï¥³ · ¸¸³μÉ·¥´¨¨ ±μ¢ ·¨ Í¨μ´´Ò³¨ ¢±² ¤ ³¨ É¨¶  (6.29)
¨ (6.33) ¶·¥´¥¡·¥£ ¥É¸Ö. ˆ²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨, ¢¸¥ ÔÉ¨ ±μ¢ ·¨ Í¨μ´´Ò¥
¢±² ¤Ò ¢§ÖÉÒ · ¢´Ò³¨ ´Ê²Õ.

Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó, ¤²Ö ¤ ²Ó´¥°Ï¥£μ ¶·¥μ¡· §μ¢ ´¨Ö ´¥±μ£¥·¥´É´μ£μ
¸² £ ¥³μ£μ Tm �=n (6.21) ´¥μ¡Ìμ¤¨³μ ¸¤¥² ÉÓ μ¶·¥¤¥²¥´´Ò¥ ¶·¥¤¶μ²μ¦¥´¨Ö ¶μ
¶μ¢μ¤Ê ´¥¨§¢¥¸É´μ£μ ¶μ¢¥¤¥´¨Ö ¸¶¨´μ¢ÒÌ  ³¶²¨ÉÊ¤ λmn

sr . 
Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ
®¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨¯ ÔÉ¨  ³¶²¨ÉÊ¤Ò ¸μμÉ¢¥É¸É¢¥´´μ · ¢´Ò ¸·¥¤´¨³ ¨Ì
§´ Î¥´¨Ö³ ¤²Ö ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢ ¨ ´¥ § ¢¨¸ÖÉ μÉ ¢´ÊÉ·¥´´¥£μ ¸μ¸ÉμÖ´¨Ö
Ö¤· , É. ¥.

λmn
sr � λp/n

sr . (6.34)

‘ ÊÎ¥Éμ³ ÔÉμ£μ Ê¶·μÐ ÕÐ¥£μ ¶·¥¤¶μ²μ¦¥´¨Ö ¨ ¶·¥´¥¡·¥¦¥´¨Ö ¢±² -
¤ ³¨ É¨¶  (6.29) ¨ (6.33) ´¥±μ£¥·¥´É´μ¥ ¸² £ ¥³μ¥ (6.21) ³μ¦´μ ¶·¥μ¡· -
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§μ¢ ÉÓ ± ¢¨¤Ê

Tm �=n(q) ≡
A∑
k,j

∑
n

ωnC1,mnC2,mn

∑
m �=n

fk
mnf j∗

mn

∑
s,r

λmn
sr (l, hk

sr)×

×

⎛⎝∑
s′,r′

λmn
s′r′(l, hj

s′r′)

⎞⎠†

= gp
inc

Z∑
k=1

∑
s,r

|λp
sr|2|(l, hp

sr)|2[1 − |Fp|2] +

+ gn
inc

N∑
k=1

∑
s,r

|λn
sr |2|(l, hn

sr)|2[1 − |Fn|2] ≡

≡
∑

f=p,n

gf
inc

Af∑
k=1

∑
s,r

|λf
sr|2|(l, hf

sr(q))|2[1 − |Ff (q)|2]. (6.35)

‡¤¥¸Ó ¢¢¥¤¥´Ò ®´¥±μ£¥·¥´É´Ò¥¯ ¶μ¶· ¢μÎ´Ò¥ ±μÔËË¨Í¨¥´ÉÒ g
p/n
inc =

C
p/n
1,mnC

p/n
2,mn.

ˆÉ ±, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ¶·¨¡²¨¦¥´¨¥ (6.23), ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (6.19) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ ¶·¨´Í¨¶¨ ²Ó´μ
μÉ²¨Î ÕÐ¨Ì¸Ö ¤·Ê£ μÉ ¤·Ê£  ¸² £ ¥³ÒÌ:

dσ

dTA
=

4G2
F mA

π

⎧⎨⎩gc

∣∣∣∣∣ ∑
f=n,p

Af∑
k=1

∑
r

(l, hf
rr)Ff

∣∣∣∣∣
2

+

+ gi

∑
f=n,p

Af∑
k=1

∑
s,r

|λf
sr |2|(l, hf

sr)|2[1 − |Ff |2]

⎫⎬⎭ , (6.36)

£¤¥ |λp/n
sr |2, · ¢´μ¥ ¸μ£² ¸´μ (6.34) |λmn

sr |2, ¨ gi/c μ¶·¥¤¥²¥´Ò ¶ÊÉ¥³ Ë ±Éμ·¨-
§ Í¨¨ ¨§-¶μ¤ ¤¢μ°´μ£μ ¸Ê³³¨·μ¢ ´¨Ö

∑
nm

¢ ¢Ò· ¦¥´¨¨ (6.19). „ ²¥¥ |λmn
sr |2

§ ¤ ´μ Ëμ·³Ê²μ° (5.21) ¨ gmn μ¶·¥¤¥²¥´μ ¢Ò· ¦¥´¨¥³ (6.24). Š ± Ê¦¥ Ê¶μ-
³¨´ ²μ¸Ó, ±¨´¥³ É¨Î¥¸±¨¥ ¶μ¶· ¢μÎ´Ò¥ ËÊ´±Í¨¨ gi/c ´¥¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö
μÉ ¥¤¨´¨ÍÒ. Š¢ ¤· ÉÒ Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ |Fp/n|2 ¤²Ö ¶·μÉμ´μ¢ ¨ ´¥°-
É·μ´μ¢ μ¶·¥¤¥²¥´Ò ¸μμÉ´μÏ¥´¨¥³ (5.18).

�μ¤¢μ¤Ö ¨Éμ£ ¤ ´´μ³Ê ¶Ê´±ÉÊ, μÉ³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨¥ (6.36) ¤²Ö ´ -
¡²Õ¤ ¥³μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ
´  Ö¤·¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° £² ¢´Ò° ·¥§Ê²ÓÉ É. � ¶μ³´¨³, ÎÉμ ¶·¨ ¶μ²Ê-
Î¥´¨¨ Ëμ·³Ê²Ò (6.36) ¡Ò²μ ¸¤¥² ´μ ¢ ¦´μ¥ Ê¶·μÐ ÕÐ¥¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ
¢μ§³μ¦´μ¸É¨ ¶·¥´¥¡·¥¦¥´¨Ö ¢¸¥³¨ ±μ··¥²ÖÍ¨μ´´Ò³¨ ¢±² ¤ ³¨ É¨¶  (6.29)
¨ (6.33). „ ²¥¥ ¶μ¤Î¥·±´¥³, ÎÉμ ¶¥·¢μ¥ ¨ ¢Éμ·μ¥ ¸² £ ¥³Ò¥ ¢ Ëμ·³Ê² Ì (6.19)
¨ (6.36) μÉ¢¥Î ÕÉ ¸μμÉ¢¥É¸É¢¥´´μ Ê¶·Ê£μ³Ê ¨ ´¥Ê¶·Ê£μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ
( ´É¨)´¥°É·¨´μ ¸ Ö¤·μ³. �¥·¢μ¥ ¸² £ ¥³μ¥ (±μ£¤ 

∑
n=m

) ¸μ¤¥·¦¨É μ¡  ¨´-

¤¥±¸  k ¨ j, ÎÉμ ¶·¨¢μ¤¨É ± ±¢ ¤· É¨Î´μ° § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö μÉ Î¨¸² 
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´Ê±²μ´μ¢ ¢ Ö¤·¥. ‚Éμ·μ¥ ¸² £ ¥³μ¥ (±μ£¤ 
∑

n�=m

) ¢ Ìμ·μÏ¥³ ¶·¨¡²¨¦¥´¨¨

¶·μ¶μ·Í¨μ´ ²Ó´μ δkj , ÎÉμ  ¢Éμ³ É¨Î¥¸±¨ ¶·¨¢μ¤¨É ± ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨
¸¥Î¥´¨Ö μÉ Î¨¸²  ´Ê±²μ´μ¢ ¢ Ö¤·¥. ‚ É¥·³¨´μ²μ£¨¨ ”·¨¤³ ´  ¶¥·¢μ¥ ¸² £ ¥-
³μ¥ μÉ¢¥Î ¥É ±μ£¥·¥´É´μ³Ê · ¸¸¥Ö´¨Õ,   ¢Éμ·μ¥ Å ´¥±μ£¥·¥´É´μ³Ê.


μ²¥¥ Éμ£μ, ¸Ê³³¨·μ¢ ´¨¥ ´  Ê·μ¢´¥  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ´  ¨´¤¨¢¨¤Ê-
 ²Ó´ÒÌ ´Ê±²μ´ Ì (ÎÉμ É· ¤¨Í¨μ´´μ ¸¢Ö§Ò¢ ¥É¸Ö ¸ ¶μ´ÖÉ¨¥³ ±μ£¥·¥´É´μ¸É¨)
Ö¢´μ ¶·μ¸²¥¦¨¢ ¥É¸Ö ¢ ¶¥·¢μ³ ¸² £ ¥³μ³ ¢Ò· ¦¥´¨Ö (6.36). ‡¤¥¸Ó ± ¦¤Ò°
´Ê±²μ´ (¶·μÉμ´ ¨ ´¥°É·μ´) ¢Ìμ¤¨É ¢ ¸Ê³³Ê ¢§¢¥Ï¥´´Ò³ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
¥³Ê Ö¤¥·´Ò³ Ëμ·³Ë ±Éμ·μ³ Fp/n(q). ’ ±¦¥ ¢ ¦´μ, ÎÉμ ÔÉμ ¸² £ ¥³μ¥ μÉ-
¢¥Î ¥É ¸²ÊÎ Õ, ±μ£¤  Ö¤·μ ´¥ ¨§³¥´Ö¥É ¸¢μ¥ ¸¶¨´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ (¶·μ¥±Í¨Õ
¸¶¨´  ´  ´¥±μÉμ·μ¥ § ¤ ´´μ¥ ´ ¶· ¢²¥´¨¥), ÎÉμ ¢¨¤´μ ¨§ Ì · ±É¥·  ¸Ê³³¨-
·μ¢ ´¨Ö ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´μ¢ ´Ê±²μ´μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨,

É. ¥.
∑
r

(l, hp/n
rr ). ‚¸¥  ±É¨¢´Ò¥ ´Ê±²μ´Ò ¸μÌ· ´ÖÕÉ μ·¨¥´É Í¨Õ ¸¶¨´  ¶μ¸²¥

¢§ ¨³μ¤¥°¸É¢¨Ö (r′ ≡ r).

‚Éμ·μ¥ ¸² £ ¥³μ¥ ¢ ¢Ò· ¦¥´¨¨ (6.36), É· ¤¨Í¨μ´´μ  ¸¸μÍ¨¨·Ê¥³μ¥ ¸ ´¥-

±μ£¥·¥´É´Ò³ ¢±² ¤μ³ ¢ ¸¥Î¥´¨¥, § ¢¨¸¨É μÉ ¸¶¨´μ¢ÒÌ  ³¶²¨ÉÊ¤ |λp/n
sr |2, ±μÉμ-

·Ò¥ μÉ¢¥Î ÕÉ (Ê¸·¥¤´¥´´Ò³ ¶μ n ¨ ¶·μ¸Ê³³¨·μ¢ ´´Ò³ ¶μ m) ¢¥·μÖÉ´μ¸ÉÖ³
¨§³¥´¨ÉÓ ´Ê±²μ´Ê ¸¢μ° ¸¶¨´μ¢Ò° ¨´¤¥±¸ ¸ r ´  s ¢ ¶·μÍ¥¸¸ Ì É¨¶  |n〉 → |m〉.
•μÉÖ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö |λp/n

sr |2 ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ Ö¤¥·´ÊÕ ³μ¤¥²Ó ¢μ²´μ¢ÒÌ
ËÊ´±Í¨°, ¢ ¤ ´´μ° · ¡μÉ¥ ∗ ¨¸¶μ²Ó§Ê¥É¸Ö ¶·μ¸Éμ¥ ¶·¨¡²¨¦¥´¨¥, ÎÉμ ¢¸¥ μ´¨

· ¢´Ò ¥¤¨´¨Í¥, É. ¥. |λp/n
sr |2 → 1, ¨²¨, ÎÉμ ¤²Ö ²Õ¡μ° ´ Î ²Ó´μ° μ·¨¥´É Í¨¨

¸¶¨´   ±É¨¢´μ£μ ´Ê±²μ´  (¨´¤¥±¸ r) ¸ μ¤¨´ ±μ¢μ° ¢¥·μÖÉ´μ¸ÉÓÕ ¢μ§³μ¦´ 
²Õ¡ Ö ±μ´¥Î´ Ö μ·¨¥´É Í¨Ö ¸¶¨´  ÔÉμ£μ ´Ê±²μ´  (¨´¤¥±¸ s).

„²Ö ¢Ò¶μ²´¥´¨Ö ¶μ¸²¥¤´¥£μ ÔÉ ¶  ¢Ò¢μ¤  Ëμ·³Ê²Ò dσ/dTA ¤²Ö ´ ¡²Õ-
¤ ¥³μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¸μ£² ¸´μ (6.36) ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¢Ò-

· ¦¥´¨Ö ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (l, hp/n
sr ) ¸² ¡ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´-

´ÒÌ Éμ±μ¢.

�É¨ ¢¥²¨Î¨´Ò ± ± ¤²Ö ν-´Ê±²μ´´μ£μ, É ± ¨ ¤²Ö ν̄-´Ê±²μ´´μ£μ Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ¶μ²ÊÎ¥´Ò ¢ ¶·¨². �.5 ¢ · ³± Ì ¡ §¨¸  ±¨· ²Ó´μ¸É¨ ¨ σ3-¡ §¨¸ .
�μ¸²¥¤´¨° ¡ §¨¸ μÉ¢¥Î ¥É ¸¨ÉÊ Í¨¨, ±μ£¤  ¶·μ¥±Í¨Ö ¸¶¨´  ´Ê±²μ´  · ¸¸³ -
É·¨¢ ¥É¸Ö μÉ´μ¸¨É¥²Ó´μ Ë¨±¸¨·μ¢ ´´μ° μ¸¨, ¸μ¢¶ ¤ ÕÐ¥° ¸ ´ ¶· ¢²¥´¨¥³
¨³¶Ê²Ó¸  ´ ²¥É ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ. •μÉÖ, ± ± ¶μ± § ´μ ¢ (�.152), Ë¨-
´ ²Ó´Ò° ·¥§Ê²ÓÉ É ´¥ § ¢¨¸¨É μÉ ¢Ò¡μ·  ¡ §¨¸ , É¥³ ´¥ ³¥´¥¥ μ± §Ò¢ ¥É¸Ö
Ê¤μ¡´Ò³ ¨¸¶μ²Ó§μ¢ ÉÓ ¡ §¨¸ ±¨· ²Ó´μ¸É¨ (¢Ò· ¦¥´¨Ö (�.122) ¨ (�.126)) ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ´¥±μ£¥·¥´É´μ£μ ¢±² ¤  ¢ ¸¥Î¥´¨¥ ¨ σ3-¡ §¨¸ (¢Ò· ¦¥´¨Ö (�.144)
¨ (�.145)) ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ£¥·¥´É´μ£μ ¢±² ¤ .

∗�Éμ ¶·¨¡²¨¦¥´¨¥ ³μ¦¥É ¶·¥¤¸É ¢²ÖÉÓ ¶·¥¤³¥É ¤²Ö μÉ¤¥²Ó´μ£μ μ¡¸Ê¦¤¥´¨Ö ¢ ¤ ²Ó´¥°Ï¥³.
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6.3. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ ¨ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ´¨³¨. �·μ-
Í¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Éμ±μ¢ ¤²Ö ´¥°É·¨´μ-´Ê±²μ´´μ£μ
(lν , hf

r′r) ¨  ´É¨´¥°É·¨´μ-´Ê±²μ´´μ£μ (lν̄ , hf
r′r) Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¶μ¤·μ¡´μ

¨§²μ¦¥´  ¢ ¶·¨². �.5. �¨¦¥ ¶·¨¢¥¤¥´Ò ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£μ
· ¸¸³μÉ·¥´¨Ö ¢Ò· ¦¥´¨Ö ¤²Ö ÔÉ¨Ì ¢¥²¨Î¨´ ¨ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ´¨³¨. ˆÉ ±,
¢ σ3-¡ §¨¸¥ (μ¡μ§´ Î¥´´μ³ ¨´¤¥±¸μ³ η) ¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö
¢¸¥Ì ´¥μ¡Ìμ¤¨³ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (¶¥·¢Ò° ¨´¤¥±¸ μÉ¢¥Î ¥É ¸¶¨´Ê
±μ´¥Î´μ£μ ´Ê±²μ´ , ¢Éμ·μ° Å ´ Î ²Ó´μ£μ):

(lν , hη
−−) = 8(s − m2) cos

θ

2
gR

[
1 −

(
1 − m√

s

)
sin2 θ

2

]
,

(lν̄ , hη
++) = 8(s − m2) cos

θ

2
gL

[
1 −

(
1 − m√

s

)
sin2 θ

2

]
,

(lν , hη
−+) = [+e+iφ]8(s − m2) sin

θ

2
×

×
(

gL − gR
m√
s

[
1 −

(
1 − m√

s

)
sin2 θ

2

])
,

(lν̄ , hη
+−) = [−e−iφ] 8(s − m2) sin

θ

2
×

×
(

gR − gL
m√
s

[
1 −

(
1 − m√

s

)
sin2 θ

2

])
,

(lν , hη
+−) = [−e−iφ] 8(s − m2) sin

θ

2
cos2

θ

2
gR

(
1 − m√

s

)
,

(lν̄ , hη
−+) = [+e+iφ]8(s − m2) sin

θ

2
cos2

θ

2
gL

(
1 − m√

s

)
,

(lν , hη
++) = 8(s − m2) cos

θ

2

[
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

]
,

(lν̄ , hη
−−) = 8(s − m2) cos

θ

2

[
gR + gL

m√
s

(
1 − m√

s

)
sin2 θ

2

]
.

„²Ö ´ £²Ö¤´μ¸É¨ §¤¥¸Ó ¨ ´¨¦¥ ¦¨·´Ò³ Ï·¨ËÉμ³ ¢Ò¤¥²¥´Ò · §²¨Î¨Ö ¢ ¶μ¤μ¡-
´ÒÌ Ëμ·³Ê² Ì, μÉ¢¥Î ÕÐ¨Ì ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ.

Š¢ ¤· ÉÒ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ |(lν̄/ν , hη,f
s′,s)|2, ¤¥²¥´´Ò¥ ´  ³´μ¦¨É¥²Ó

[82(s− m2)2], ¸μ£² ¸´μ ¶·¨´ÖÉμ³Ê ¢ Ëμ·³Ê²¥ (6.23) ¶·¨¡²¨¦¥´¨Õ, ¸ μ¡μ§´ -
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Î¥´¨Ö³¨ a = sin2 θ/2 ¨ b = m/
√

s ¢Ò· ¦ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

|(lν · hη
−−)|2 = cos2

θ

2
g2

R

[
1 −

(
1 − m√

s

)
sin2 θ

2

]2

=

= (1 − a)g2
R [1 − (1 − b)a]2,

|(lν̄ · hη
++)|2 = cos2

θ

2
g2

L

[
1 −

(
1 − m√

s

)
sin2 θ

2

]2

=

= (1 − a)g2
L [1 − (1 − b)a]2,

|(lν · hη
−+)|2 = sin2 θ

2

(
gL − gR

m√
s

[
1 −

(
1 − m√

s

)
sin2 θ

2

])2

=

= a (gL − gRb [1 − (1 − b) a])2,

|(lν̄ · hη
+−)|2 = sin2 θ

2

(
gR − gL

m√
s

[
1 −

(
1 − m√

s

)
sin2 θ

2

])2

=

= a (gR − gLb [1 − (1 − b) a])2,

|(lν · hη
+−)|2 = sin2 θ

2
cos4

θ

2
g2

R

(
1 − m√

s

)2

= a(1 − a)2g2
R(1 − b)2,

|(lν̄ · hη
−+)|2 = sin2 θ

2
cos4

θ

2
g2

L

(
1 − m√

s

)2

= a(1 − a)2g2
L(1 − b)2,

|(lν · hη
++)|2 = cos2

θ

2

[
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

]2

=

= (1 − a) [gL + gRb(1 − b)a]2,

|(lν̄ · hη
−−)|2 = cos2

θ

2

[
gR + gL

m√
s

(
1 − m√

s

)
sin2 θ

2

]2

=

= (1 − a) [gR + gLb(1 − b)a]2.

Š ± ¶μ± § ´μ ¢ ¶·¨².�.5 (Ëμ·³Ê²Ò (�.152)), ¨³¥¥É¸Ö ¸¢Ö§Ó ³¥¦¤Ê ±¢ ¤· É ³¨
ÔÉ¨Ì ¸± ²Ö·μ¢ ¢ · §´ÒÌ ¡ §¨¸ Ì:

|(lν , hη
++)|2 + |(lν , hη

−+)|2 = |(lν , hχ
+−)|2 + |(lν , hχ

−−)|2,
|(lν , hη

+−)|2 + |(lν , hη
−−)|2 = |(lν , hχ

++)|2 + |(lν , hχ
−+)|2.

(6.37)

�·¨ ¶¥·¥Ìμ¤¥ μÉ ´¥°É·¨´μ ±  ´É¨´¥°É·¨´μ, É. ¥. lν → lν̄ , ¢¥·Ì´ÖÖ ¸É·μ± 
¢ (6.37) ¶¥·¥Ìμ¤¨É ¢ ´¨¦´ÕÕ. �¡μ¡Ð¥´¨¥ ¸μμÉ´μÏ¥´¨° (6.37) ´  ¸²ÊÎ °
¶μ²´μ£μ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ´ Î ²Ó´μ£μ ¨
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±μ´¥Î´μ£μ ´Ê±²μ´μ¢ (¸³. (�.155)) ¤ ¥É · ¢¥´¸É¢μ∑
r′,r=±

|(lν/ν̄ , hχ,f
r′r )|2 =

∑
s′,s=±

|(lν/ν̄ , hη,f
s′s )|2, (6.38)

±μÉμ·μ¥ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¤ ²Ó´¥°Ï¥³ Éμ²Ó±μ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ±¢ -
¤· ÉÒ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, ¶μ²ÊÎ¥´´Ò¥ ¢ σ3-¡ §¨¸¥.

6.4. ‘¥Î¥´¨Ö νA → νA∗ ¨ ν̄A → ν̄A∗ · ¸¸¥Ö´¨Ö. Š ± ¸²¥¤Ê¥É ¨§
¢Ò· ¦¥´¨Ö (6.36), ´ ¡²Õ¤ ¥³Ò¥ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ
´  Ö¤·¥ ¶·¥¤¸É ¢¨³Ò ¢ ¢¨¤¥ ¸Ê³³Ò ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ ¸² £ ¥³ÒÌ,
±μÉμ·Ò¥ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¥¤¨´μ° ¤²Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ Ëμ·³¥

dσν̄,ν

dTA
=

dσν̄,ν
inc

dTA
+

dσν̄,ν
coh

dTA
≡ 4G2

F mA

π

(
dσ̃ν̄,ν

inc

dTA
+

dσ̃ν̄,ν
coh

dTA

)
, (6.39)

£¤¥ ´¥±μ£¥·¥´É´μ¥ ¸² £ ¥³μ¥ (¶·¨ Ê¸²μ¢¨¨ |λf
sr |2 = 1) ¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥

dσ̃ν̄,ν
inc

dTA
=

∑
f=p,n

gf
inc[1 − |Ff |2]

Af∑
k=1

∑
r′,r

|(lν̄,ν , hη,f
r′r )|2 =

=
∑

f=p,n

gf
inc[1 − |Ff |2]

Af∑
k=1

[
out∑

r′=±
|(lν̄,ν , hη,f

r′−)|2 +
out∑

r′=±
|(lν̄,ν , hη,f

r′+)|2
]

. (6.40)

‘μ£² ¸´μ (6.38) ¢ (6.40) ¨¸¶μ²Ó§μ¢ ´Ò Éμ²Ó±μ ±¢ ¤· ÉÒ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥-
´¨° |(lν̄,ν , hη,f

r′r )|2, ¢ÒÎ¨¸²¥´´Ò¥ ¢ σ3-¡ §¨¸¥. Šμ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¨§ (6.39),
£¤¥ ¶·μ¥±Í¨Ö ¸¶¨´  · ¸¸¥Ö´´μ£μ ´Ê±²μ´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ μ¸É ¥É¸Ö
´¥¨§³¥´´μ°, ¨³¥¥É ¢¨¤

dσ̃ν̄,ν
coh

dTA
=

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

Af∑
k=1

∑
r

(lν̄,ν , hη,f
rr (q))

∣∣∣∣∣
2

=

=

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

Af∑
k=1

[(lν̄,ν , hη,f
++) + (lν̄,ν , hη,f

−−)]

∣∣∣∣∣
2

. (6.41)

„ ²Ó´¥°Ï¥¥ ¶·¥μ¡· §μ¢ ´¨¥ ¢Ò· ¦¥´¨° ¤²Ö ±μ£¥·¥´É´μ£μ (6.41) ¨ ´¥±μ£¥-
·¥´É´μ£μ (6.40) ¢±² ¤μ¢ ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö-
´¨Ö (6.39) ¸μ¶·Ö¦¥´μ ¸ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨° ¤²Ö ¢Ìμ¤ÖÐ¨Ì ¢ ´¨Ì ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨° ¸² ¡ÒÌ ²¥¶Éμ´-´Ê±²μ´´ÒÌ Éμ±μ¢ (lν̄,ν , hη,f

r′r ). �É  ¶·μÍ¥¤Ê· 
¶μ¤·μ¡´μ · ¸¸³μÉ·¥´  ¢ ¶·¨².�.6. �É±Ê¤  ¸²¥¤Ê¥É ¶μ²´Ò° ´ ¡μ· Ëμ·³Ê²
¤²Ö ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ν(k) + A → ν(k′) + A(∗) ¨  ´É¨´¥°É·¨´μ
ν̄(k) + A → ν̄(k′) + A(∗) ´  Ö¤¥·´μ° ³¨Ï¥´¨ [19, 20], ±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ
¸μ¡μ° ¸Ê³³Ò ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ ¸² £ ¥³ÒÌ, § ¢¨¸ÖÐ¨Ì μÉ Ô´¥·-
£¨¨ μÉ¤ Î¨ Ö¤·  TA:

dσν/ν̄

dTA
=

dσ
ν/ν̄
incoh

dTA
+

dσ
ν/ν̄
coh

dTA
. (6.42)
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‡¤¥¸Ó ¨ ¤ ²¥¥ ²¥¢Ò¥ ¨ ¢¥·Ì´¨¥ ¨´¤¥±¸Ò Ê± §Ò¢ ÕÉ ´  ´¥°É·¨´μ,   ¶· ¢Ò¥ ¨
´¨¦´¨¥, ¸μμÉ¢¥É¸É¢¥´´μ, ´   ´É¨´¥°É·¨´μ. ‚ É¥·³¨´ Ì Af

±, É. ¥. Î¨¸²  ´Ê±²μ-
´μ¢ f -É¨¶ , ¨³¥ÕÐ¨Ì ¶·μ¥±Í¨Õ ¸¶¨´  ±1/2 ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  ¶ -
¤ ÕÐ¥£μ ²¥¶Éμ´ , ±μ£¥·¥´É´μ¥ ¨ ´¥±μ£¥·¥´É´μ¥ ¸² £ ¥³Ò¥ ¨§ (6.42) É ±μ¢Ò:

dσ
ν/ν̄
inc

dTA
=

4G2
F mA

π

∑
f=p,n

gf
inc

(
1 − |Ff (q2)|2

)
×

×
[
Af

∓(gf
R/L)2

s(1 − y)2 − m2(1 − y)
s − m2

+

+ Af
±

{(
gf

L/R − gf
R/L

ym2

s − m2

)2

+ (gf
R/L)2

ym2[s(1 − y) − m2]
(s − m2)2

}]
, (6.43)

dσ
ν/ν̄
coh

dTA
=

4G2
F mA

π

(
1 − TA

T max
A

) ∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf (q2)×

×
{

Af
±

[
gf

L/R + gf
R/L

my√
s + m

]
+ Af

∓ gf
R/L

[
1 −

√
sy√

s + m

]} ∣∣∣∣∣
2

. (6.44)

‚ É¥·³¨´ Ì Af = Af
++Af

− ¨ ΔAf = Af
+−Af

− ÔÉ¨ ¸² £ ¥³Ò¥, ¸μμÉ¢¥É¸É¢¥´´μ,
· ¢´Ò ∗

dσ
ν/ν̄
inc

dTA
=

2G2
F mA

π

∑
f=p,n

gf
inc(1 − |Ff (q2)|2)×

×
{

Af

[
(gf

L/R)2 + (gf
R/L)2(1 − y)2 − gf

Lgf
R

2m2y

s − m2

]
+

+ (±ΔAf )
[
gf

L/R − gf
R/L(1 − y)

] [
gf

L/R + gf
R/L

(
1 − y

s + m2

s − m2

)]}
, (6.45)

∗‚ Ö¢´μ³ ¢¨¤¥

dσν
inc

dTA
=

2G2
F mA

π

∑
f=p,n

F̂f

{
Af

[
(gf

L)2 + (gf
R)2(1 − y)2 − gf

Lgf
R

2m2y

s − m2

]
+

+ ΔAf
[
gf

L − gf
R(1 − y)

] [
gf

L + gf
R

(
1 − y

s + m2

s − m2

)]}
,

dσν̄
inc

dTA
=

2G2
F mA

π

∑
f=p,n

F̂f

{
Af

[
(gf

R)2 + (gf
L)2(1 − y)2 − gf

Lgf
R

2m2y

s − m2

]
−

−ΔAf
[
gf

R − gf
L(1 − y)

] [
gf

R + gf
L

(
1 − y

s + m2

s − m2

)]}
.
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dσ
ν/ν̄
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

) ∣∣∣Gν/ν̄
V (q2) + G

ν/ν̄
A (q2)

∣∣∣2 ,

£¤¥

G
ν/ν̄
V (q2) =

∑
f=p,n

√
gf
cohFf (q2)gf

V

[
Af

(
1 − yτ

2

)
+

y

2
(±ΔAf )

]
, (6.46)

G
ν/ν̄
A (q2) =

∑
f=p,n

√
gf
cohFf (q2)(±gf

A)
[
Af yτ

2
+

(
1 − y

2

)
(±ΔAf )

]
.

� ¶μ³´¨³, ÎÉμ gf
L/R = (1/2)(gf

V ± gf
A) ¨²¨ gf

V = gf
L + gf

R, gf
A = gf

L − gf
R,

¨ ±¨´¥³ É¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥ ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

q2 = (k − k′)2, y =
(p, q)
(p, k)

=
s − m2

s

q2

q2
max

� s − m2

s

TA

T max
A

,

Eν =
s − m2

2
√

s
¨ τ =

√
s − m√
s + m

.

‡¤¥¸Ó s = (p + k)2 Å ¶μ²´Ò° ±¢ ¤· É Ô´¥·£¨¨ ´¥°É·¨´μ ¨ ´Ê±²μ´ , £¤¥ k Å
4-¨³¶Ê²Ó¸ ´ Î ²Ó´μ£μ ²¥¶Éμ´ ,   p Å ÔËË¥±É¨¢´Ò° 4-¨³¶Ê²Ó¸ · ¸¸¥¨¢ ÕÐ¥£μ
´Ê±²μ´ , Ö¢²ÖÕÐ¨°¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ´  ¸μÌ· ´¥´¨¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
Ö¤·  (3.20). �¥·¥³¥´´Ò¥ y ¨ s ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²ÖÕÉ¸Ö ±¨´¥³ É¨±μ° ¸¨¸É¥³Ò
´¥°É·¨´μÄ´Ê±²μ´.

„ ²¥¥, Ap = Z, An = N , ΔAp ≡ ΔZ = Z+ − Z−, ΔAn ≡ ΔN =
N+ − N−, £¤¥ Z±, N± Å Î¨¸²μ ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢, ¨³¥ÕÐ¨Ì ¶·μ¥±Í¨Õ
¸¶¨´  ´  ´ ¶· ¢²¥´¨¥ ´ Î ²Ó´μ£μ ´¥°É·¨´μ, · ¢´ÊÕ ±1/2. �μ¶· ¢μÎ´Ò¥

ËÊ´±Í¨¨ g
p/n
i ´¥¸¨²Ó´μ μÉ²¨Î ÕÉ¸Ö μÉ ¥¤¨´¨ÍÒ ¨ μ¡¸Ê¦¤ ²¨¸Ó · ´¥¥ ¢ (6.24).

…¸²¨ Ö¤·  ³¨Ï¥´¨ ´¥ ¶μ²Ö·¨§μ¢ ´Ò, Éμ ¸² £ ¥³Ò¥, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥
ΔAf ¢ (6.45), ¨¸Î¥§ ÕÉ ¨§ ´ ¡²Õ¤ ¥³μ£μ ¸¥Î¥´¨Ö ¶μ¸²¥ Ê¸·¥¤´¥´¨Ö, ±μÉμ·μ¥
¶·¨μ¡·¥É ¥É (Ìμ·μÏμ ¨§¢¥¸É´Ò°) ¢¨¤

dσ
ν/ν̄
inc

dTA
=

2G2
F mA

π
gi

∑
f=n,p

[1 − |Ff (q2)|2]Af ×

×
{

(gf
L/R)2 + (gf

R/L)2(1 − y)2 − gf
Lgf

R

2ym2

s − m2

}
, (6.47)

³μ¤¨Ë¨Í¨·μ¢ ´´Ò° Ö¤¥·´μ-¸É·Ê±ÉÊ·´Ò³ ³´μ¦¨É¥²¥³ 1 − |Ff (q2)|2.
“¸·¥¤´¥´¨¥ ¶μ ¸¶¨´Ê ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö § ´Ê²Ö¥É

¢±² ¤Ò, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ ΔAf , ¨ Ëμ·³Ê²  (6.46) ¶μ¸²¥ · ¸±·ÒÉ¨Ö ±¢ ¤· É 
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³μ¤Ê²Ö ¶·¨μ¡·¥É ¥É ¢¨¤

dσ
ν/ν̄
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

)
gc

∑
f,f ′

FfF ∗
f ′ ×

×
{

gf
V gf ′

V

[
AfAf ′

(
1 − yτ

2

)2

+ ΔAfΔAf ′

(y

2

)2
]

+

+ gf
Agf ′

A

[
AfAf ′

(yτ

2

)2

+ ΔAfΔAf ′

(
1 − y

2

)2
]

+

+ 2gf
V (±gf ′

A )
[
AfAf ′

(
1 − yτ

2

) yτ

2
+ ΔAfΔAf ′

y

2

(
1 − y

2

)]}
. (6.48)

� ±μ´¥Í, ¢Ò· ¦¥´¨Ö (6.47) ¨ (6.48) ³μ¦´μ § ³¥É´μ Ê¶·μ¸É¨ÉÓ, ¥¸²¨ ¶·¨´ÖÉÓ
¸²¥¤ÊÕÐ¨¥ ¶·¨¡²¨¦¥´¨Ö. ‚μ-¶¥·¢ÒÌ, μ¶Ê¸É¨ÉÓ Î²¥´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥
(³ ²μ³Ê §´ Î¥´¨Õ ¶¥·¥³¥´´μ°) y ≈ 3 %Eν/(30 ŒÔ‚) ¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥
ΔAfΔAf ′ . �μ¸²¥¤´¥¥ ¢¶μ²´¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö ¡¥¸¸¶¨´μ¢ÒÌ Ö¤¥· ¨²¨ ¤²Ö
ÉÖ¦¥²ÒÌ Ö¤¥· ¸ ΔA � A. ‚μ-¢Éμ·ÒÌ, ¶·¥´¥¡·¥ÎÓ ·μ²ÓÕ ±¨´¥³ É¨Î¥¸±¨Ì
¶μ¶· ¢μ±, ¶μ²μ¦¨¢ gc/i → 1. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ
¸¥Î¥´¨° ¶μ²ÊÎ ÕÉ¸Ö ¤μ¸É ÉμÎ´μ ¶·μ¸ÉÒ¥ Ëμ·³Ê²Ò

dσcoh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

) ∑
f=n,p

A2
f |Ff |2(gf

V )2,

dσincoh

dTA
=

2G2
F mA

π

∑
f=n,p

Af [1 − |Ff |2][(gf
L)2 + (gf

R)2],
(6.49)

¨§ ±μÉμ·ÒÌ ¢¨¤´μ, ÎÉμ (¢ Ê¶μ³Ö´ÊÉμ³ ¢ÒÏ¥ ¶·¨¡²¨¦¥´¨¨) ¸¥Î¥´¨Ö νA →
νA(∗) ¨ ν̄A → ν̄A(∗) ´¥· §²¨Î¨³Ò.

Š·μ³¥ Éμ£μ, ³μ¦´μ É ±¦¥ μ¶Ê¸É¨ÉÓ ¸² £ ¥³Ò¥, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ gp
V ,

¶μ¸±μ²Ó±Ê ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ gp
V � 1, ÎÉμ ¶¥·¥¢μ¤¨É Ëμ·³Ê²Ê (6.48)

¢ Ìμ·μÏμ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ
´  Ö¤·¥ [1, 7, 33, 35, 40Ä47], ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ±¢ ¤· ÉÊ Î¨¸²  ´¥°É·μ´μ¢
¢ Ö¤·¥:

dσcoh

dTA
≈ G2

F mA

π

(
1 − TA

T max
A

)
|Fn|2 (gn

V )2 N2. (6.50)

�μ²Ó ¶μ¶· ¢μ± ± ÔÉμ° Ëμ·³Ê²¥ μ¡¸Ê¦¤ ¥É¸Ö ´¨¦¥ ¢ ¶. 7.3.
ˆÉ ±, § ¢¥·Ï Ö ¤ ´´Ò° ¶Ê´±É, ¶μ¤Î¥·±´¥³, ÎÉμ ¶μ²ÊÎ¥´ ´μ¢Ò° ¨ μ·¨£¨-

´ ²Ó´Ò° ·¥§Ê²ÓÉ É [19,20], ¶·¥¤¸É ¢²¥´´Ò° ¢ Ëμ·³Ê² Ì (6.42) ¨ (6.43), (6.44)
¨²¨ (6.45), (6.46), ¸ÊÉÓ ±μÉμ·μ£μ ¸μ¸Éμ¨É ¢ ®¶² ¢´μ³¯ ¶¥·¥Ìμ¤¥ ¸¥Î¥´¨Ö
( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö μÉ ±μ£¥·¥´É´μ£μ ·¥¦¨³  (6.46) ± ´¥±μ-
£¥·¥´É´μ³Ê (6.45).
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„¥°¸É¢¨É¥²Ó´μ, Ê¶·Ê£¨¥ (±μ£¥·¥´É´Ò¥ ¢ ¸É ´¤ ·É´μ° É¥·³¨´μ²μ£¨¨) ¢§ ¨-
³μ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ ¸μÌ· ´ÖÕÉ Ö¤·μ ¢ ¶¥·¢μ´ Î ²Ó´μ³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨,
¶·¨¢μ¤ÖÉ ± ±¢ ¤· É¨Î´μ³Ê ¢ É¥·³¨´ Ì Î¨¸²  ´Ê±²μ´μ¢ Ê¸¨²¥´¨Õ (∝ A2

f ) ´ -
¡²Õ¤ ¥³μ£μ ¸¥Î¥´¨Ö ¨ μ¤´μ¢·¥³¥´´μ ± § ¢¨¸¨³μ¸É¨ ÔÉμ£μ ¸¥Î¥´¨Ö μÉ ±¢ ¤· É 
´μ·³¨·μ¢ ´´ÒÌ ´  ¥¤¨´¨ÍÊ Ö¤¥·´ÒÌ ¶·μÉμ´´μ£μ ¨ ´¥°É·μ´´μ£μ Ëμ·³Ë ±Éμ-
·μ¢ |Fp/n(q)|2.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¸¥Î¥´¨¥ ´¥Ê¶·Ê£¨Ì (¨²¨ ´¥±μ£¥·¥´É´ÒÌ ¢ ¸É ´¤ ·É´μ°
É¥·³¨´μ²μ£¨¨) ¶·μÍ¥¸¸μ¢, ±μ£¤  ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤· -³¨Ï¥´¨ ¨§³¥´Ö-
¥É¸Ö, μ¡² ¤ ¥É ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ Î¨¸²  ´Ê±²μ´μ¢ (∝ Af ) ¨ μ¤´μ¢·¥-
³¥´´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ¢Ò· ¦¥´¨Õ

[
1 − |Fp/n(q)|2

]
. �·¨ ÔÉμ³ μ¡  ¸² £ ¥-

³ÒÌ (6.45) ¨ (6.46) ¶μ²´μ£μ ¸¥Î¥´¨Ö (6.42) § ¢¨¸ÖÉ μÉ μ¤´¨Ì ¨ É¥Ì ¦¥ Ö¤¥·´ÒÌ
Ëμ·³Ë ±Éμ·μ¢ Fp/n(q).

…¸²¨ q → 0, Éμ Ëμ·³Ë ±Éμ·Ò Fp/n(q) → 1, ¨ ¢±² ¤ ´¥±μ£¥·¥´É´μ£μ
¸² £ ¥³μ£μ (6.45) ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, ¢ Éμ ¢·¥³Ö ± ± ±μ£¥-
·¥´É´μ¥ ¸² £ ¥³μ¥ (6.46) ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É ´ ¡²Õ¤ ¥³μ¥ ¸¥Î¥´¨¥ (6.42).
‚ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ¸²ÊÎ ¥ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ¶¥·¥¤ ´´μ£μ 3-¨³¶Ê²Ó¸  q,
Ëμ·³Ë ±Éμ·Ò Fp/n(q) → 0, ¨ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ (6.46) ´¥ ¤ ¥É ¢±² ¤ ,
Éμ£¤  ± ± ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ (6.45) ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É ¢¥²¨Î¨´Ê ´ -
¡²Õ¤ ¥³μ£μ ¶μ²´μ£μ ¸¥Î¥´¨Ö (6.42). �Î¥¢¨¤´μ, ÎÉμ ¢ ¶·μ³¥¦ÊÉμÎ´μ° μ¡² -
¸É¨ §´ Î¥´¨° ¶¥·¥¤ ´´μ£μ Ö¤·Ê 3-¨³¶Ê²Ó¸  q ±μ£¥·¥´É´Ò° ¨ ´¥±μ£¥·¥´É-
´Ò° ¢±² ¤Ò ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö μ¤´μ¢·¥³¥´´μ. ‚μ-
¶·μ¸ μ ¤μ³¨´¨·μ¢ ´¨¨ Éμ£μ ¨²¨ ¨´μ£μ ¸² £ ¥³μ£μ ³μ¦´μ £·Ê¡μ μÍ¥´¨ÉÓ
(¸³., ´ ¶·¨³¥·, (6.49)) ¨§ ¸· ¢´¥´¨Ö ³´μ¦¨É¥²¥° É¨¶  Ap/n

(
1 − |Fp/n(q)|2

)
¨

A2
p/n|Fp/n(q)|2. ‚ ¶· ±É¨Î¥¸±μ° ¶²μ¸±μ¸É¨ ÔÉμÉ ¢μ¶·μ¸ μ¡¸Ê¦¤ ¥É¸Ö

´¨¦¥ ¢ ¶. 7.1.

7. —ˆ‘‹…��›… �…‡“‹œ’�’› ˆ �
‘“†„…�ˆŸ

�  ¶·¨³¥·¥ ´¥¸±μ²Ó±¨Ì É¨¶¨Î´ÒÌ Ö¤¥·-³¨Ï¥´¥°, ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö ´¨§-
±μ¶μ·μ£μ¢ÒÌ ¨§³¥·¥´¨°, ¢ Î ¸É´μ¸É¨ ¤²Ö ¤¥É¥±É¨·μ¢ ´¨Ö ¨ ¨¸¸²¥¤μ¢ ´¨Ö ±μ-
£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, μ¡¸Ê¤¨³ ¢ ¤ ´´μ³ · §¤¥²¥ ¶μ²Ê-
Î¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ ¨ Î¨¸²¥´´μ μÍ¥´¨³ μÉ´μ¸¨É¥²Ó´ÊÕ ¢ ¦´μ¸ÉÓ ¢±² -
¤μ¢ ±μ£¥·¥´É´ÒÌ ¨ ´¥±μ£¥·¥´É´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö
( ´É¨)´¥°É·¨´μ ´  ÔÉ¨Ì Ö¤· Ì.

’·¨ É¨¶¨Î´ÒÌ ¤¥É¥±Éμ·  ¨ Ö¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò. ‘ ¶· ±É¨Î¥¸±μ°
ÉμÎ±¨ §·¥´¨Ö Ê¤μ¡´μ ¨³¥ÉÓ ¤¥²μ ¸ ¸¥Î¥´¨¥³ ¨¸¸²¥¤Ê¥³μ£μ ¶·μÍ¥¸¸ , ¶·μ¨´É¥-
£·¨·μ¢ ´´Ò³ ¶μ ¤μ¶Ê¸É¨³μ³Ê ¨´É¥·¢ ²Ê ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· ,

σ(Eν/ν̄ , T min
A ) =

Tmax
A∫

Tmin
A

dσν/ν̄

dTA
dTA. (7.1)
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�Éμ ¨´É¥£· ²Ó´μ¥ ¸¥Î¥´¨¥ ¢ §´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ § ¢¨¸¨É μÉ ¶μ·μ£  T min
A

·¥£¨¸É· Í¨¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤·  μÉ¤ Î¨ (³¨´¨³ ²Ó´μ ¤μ¸ÉÊ¶´μ° ·¥-
£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨) ± ¦¤μ£μ μÉ¤¥²Ó´μ ¢§ÖÉμ£μ ¤¥É¥±Éμ· .

„²Ö ¶·μ¢¥¤¥´¨Ö ¤ ´´μ£μ  ´ ²¨§  · ¸¸³μÉ·¨³ (¢ ± Î¥¸É¢¥ ¶·¨³¥· ) É·¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê¸É ´μ¢±¨, ±μÉμ·Ò¥ μ¡² ¤ ÕÉ ²ÊÎÏ¨³¨ ¢ ¸¢μ¥³ ±² ¸¸¥
Ô´¥·£¥É¨Î¥¸±¨³¨ ¶μ·μ£ ³¨ [19].

ˆÉ ±, ¶¥·¢ Ö É¥¸Éμ¢ Ö Ê¸É ´μ¢±  Å ÔÉμ £¥·³ ´¨¥¢Ò° ¤¥É¥±Éμ·, μ¡ÒÎ´μ
¨¸¶μ²Ó§Ê¥³Ò° ¤²Ö ·¥£¨¸É· Í¨¨ ¶μÉμ±μ¢ ν̄e μÉ Ö¤¥·´ÒÌ ·¥ ±Éμ·μ¢. 
Ê¤¥³ ¸Î¨-
É ÉÓ (¤²Ö ¶·μ¸ÉμÉÒ), ÎÉμ ¥£μ · ¡μÎ¨³ ¢¥Ð¥¸É¢μ³ Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ ¨§μÉμ¶Ò
´ ÉÊ· ²Ó´μ£μ £¥·³ ´¨Ö 74Ge. �¦¨¤ ¥³Ò° ¶μ·μ£ ·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ Ô²¥±-
É·μ´μ¢ (μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ν̄e) ¢ £¥·³ ´¨¥¢ÒÌ ¡μ²μ³¥É·¨Î¥¸±¨Ì ¤¥É¥±Éμ· Ì
¸μ¸É ¢²Ö¥É 200 Ô‚ [48], ÎÉμ ¸μ£² ¸´μ μÍ¥´±¥ ±μÔËË¨Í¨¥´É  ¶·¥μ¡· §μ¢ -
´¨Ö Ô´¥·£¨¨ (±¢¥´Î¨´£ ) ¤²Ö £¥·³ ´¨¥¢ÒÌ ¤¥É¥±Éμ·μ¢ [49] μÉ¢¥Î ¥É ¶·¨³¥·´μ
1 ±Ô‚ ¤²Ö ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· 74Ge. Šμ´±·¥É´Ò³ ¶·¨³¥·μ³
¨¸¶μ²Ó§μ¢ ´¨Ö É ±μ£μ É¨¶  ¤¥É¥±Éμ·  ¸²Ê¦¨É Ô±¸¶¥·¨³¥´É νGEN, ¶·μ¢μ¤¨-
³Ò° ±μ²² ¡μ· Í¨¥° �ˆŸˆÄˆ’�” ´  Š ²¨´¨´¸±μ°  Éμ³´μ° ¸É ´Í¨¨ [50].
„ ²¥¥, ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ÔÉμ£μ ¤¥É¥±Éμ·  ¢ÒÎ¨¸²ÖÕÉ¸Ö ´¨¦¥
¶·¨ Ô´¥·£¨¨ ( ´É¨)´¥°É·¨´μ Eν̄ = 5 ¨ 8 ŒÔ‚,   ¶μ²´Ò¥ ¸¥Î¥´¨Ö ¢ÒÎ¨¸²¥´Ò
¤²Ö ¨´É¥·¢ ²  ¢μ§³μ¦´ÒÌ Ô´¥·£¨°  ´É¨´¥°É·¨´´μ£μ ¶ÊÎ±  Eν̄ ∈ (1, 20) ŒÔ‚.
‚ ± Î¥¸É¢¥ μÍ¥´±¨ Ô´¥·£¨¨ ´¨§Ï¥£μ Ê·μ¢´Ö ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  74Ge ¢§ÖÉ  ¢¥-
²¨Î¨´  Δε = 900 ±Ô‚.

‚Éμ· Ö É¥¸Éμ¢ Ö Ê¸É ´μ¢±  Å ÔÉμ ¸Í¨´É¨²²ÖÍ¨μ´´Ò° CsI-¤¥É¥±Éμ· (± ²μ-
·¨³¥É·), ¨¸¶μ²Ó§μ¢ ´´Ò° ±μ²² ¡μ· Í¨¥° COHERENT ¤²Ö ·¥£¨¸É· Í¨¨ ´¥°-
É·¨´μ μÉ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ¢ �±-�¨¤¦¥ [8]. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥-
´¨Ö ¤²Ö É ±μ° Ê¸É ´μ¢±¨ ¢ÒÎ¨¸²¥´Ò ¶·¨ § ³¥É´μ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ´¥°-
É·¨´μ: Eν = 30 ¨ 50 ŒÔ‚. �Í¥´±  ¶μ²´ÒÌ ¸¥Î¥´¨° ¤ ´  ¢ ¨´É¥·¢ ²¥
Eν ∈ (1, 150) ŒÔ‚. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  133Cs
¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ Δε = 100 ±Ô‚. �μ·μ£ ¶μ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  133Cs
· ¢¥´, ± ± ¨ ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT, 5 ±Ô‚.

’·¥ÉÓÖ É¥¸Éμ¢ Ö Ê¸É ´μ¢±  Å ÔÉμ ¦¨¤±μ ·£μ´μ¢Ò° ¤¥É¥±Éμ· ¸ ¡¥¸¶·¥Í¥-
¤¥´É´μ ´¨§±¨³ ¶μ·μ£μ³ ·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨, · ¢´Ò³ 0,6 ±Ô‚ ¤²Ö Ö¤¥·
 ·£μ´  40Ar, ¤μ¸É¨£´ÊÉÒ³ ¢ Ô±¸¶¥·¨³¥´É¥ DarkSide [51]. „¨ËË¥·¥´Í¨ ²Ó´Ò¥
¨ ¶μ²´Ò¥ ¸¥Î¥´¨Ö ¤²Ö ÔÉμ° Ê¸É ´μ¢±¨ ¸μμÉ¢¥É¸É¢¥´´μ ¶μ²ÊÎ¥´Ò ¤²Ö Ô´¥·£¨¨
´¥°É·¨´μ Eν = 15(20) ŒÔ‚ ¨ ¢ ¨´É¥·¢ ²¥ Eν ∈ (1, 50) ŒÔ‚.

„²Ö ¶μ²ÊÎ¥´¨Ö Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¤¢  (¤²Ö ¶·μÉμ-
´μ¢ ¨ ´¥°É·μ´μ¢) Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·  Fp/n(q) ¨ ¤ ´´Ò¥ μ¡ Ê·μ¢´ÖÌ Ô´¥·£¨¨
¢μ§¡Ê¦¤¥´¨Ö · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤¥·-³¨Ï¥´¥°. 
Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢  (´ ¨¡μ-
²¥¥ ¶μ¶Ê²Ö·´ÒÌ) É¨¶  ¶ · ³¥É·¨§ Í¨¨ Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ´  ¡ §¥ ¸¨³-
³¥É·¨§μ¢ ´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ”¥·³¨ [52] ¨ Ö¤¥·´Ò° Ëμ·³Ë ±Éμ· •¥²Ó³ 
(Helm) [53]. �·¨ Ê¸²μ¢¨¨ ¢Ò¡μ·  ¶ · ³¥É·μ¢ ÔÉ¨Ì ³μ¤¥²¥° ´  μ¸´μ¢¥ É·¥-
¡μ¢ ´¨Ö · ¢¥´¸É¢  RMS · ¤¨Ê¸μ¢ ¶·μÉμ´  ¨ ´¥°É·μ´  ¤²Ö ¨´É¥·¥¸ÊÕÐ¨Ì
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�¨¸. 11. Ÿ¤¥·´Ò° Ëμ·³Ë ±Éμ· •¥²Ó³  FHelm [53] ¤²Ö É·¥Ì Ö¤¥·-³¨Ï¥´¥° ± ± ËÊ´±Í¨Ö
 ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  |q| (´¨¦´ÖÖ £μ·¨§μ´É ²Ó´ Ö μ¸Ó). ‚¥·Ì-
´ÖÖ £μ·¨§μ´É ²Ó´ Ö μ¸Ó Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  133Cs, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö
¤ ´´μ³Ê |q|

´ ¸ Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò¥ ·¥-
§Ê²ÓÉ ÉÒ ∗.

‚ ¤ ²Ó´¥°Ï¥³, ± ± ¨ ¢ · ¡μÉ Ì [19, 20], ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¶μ-
²ÊÎ¥´´Ò¥ ¢ ¶·¥¤¶μ²μ¦¥´¨¨ · ¢¥´¸É¢  RMS · ¤¨Ê¸μ¢ ¶·μÉμ´  ¨ ´¥°É·μ´ 
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ (¤²Ö μ¶·¥¤¥²¥´´μ¸É¨) Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ •¥²Ó³ . � 
·¨¸. 11 ¤²Ö É·¥Ì ¢Ò¡· ´´ÒÌ Ö¤¥· ¶μ± § ´μ ¶μ¢¥¤¥´¨¥ Ëμ·³Ë ±Éμ·  •¥²Ó³ 
± ± ËÊ´±Í¨Ö ¶¥·¥¤ ´´μ£μ Ö¤·Ê 3-¨³¶Ê²Ó¸  |q|. ‚¨¤´μ, ÎÉμ ¤²Ö Ö¤¥· Í¥§¨Ö ¶·¨
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  TA � 12−15 ±Ô‚, £¤¥ · ¸¶μ²μ¦¥´ ³ ±-
¸¨³Ê³ ´ ¡²Õ¤ ¥³μ£μ ±μ²² ¡μ· Í¨¥° COHERENT ¸¨£´ ² , §´ Î¥´¨¥ ¶¥·¥¤ ´-
´μ£μ ¨³¶Ê²Ó¸  |q| � 50−60 ŒÔ‚/c ¨ ±¢ ¤· É Ëμ·³Ë ±Éμ·  |F (q)|2 � 0,6−0,5,
ÎÉμ Ö¢´μ Ê± §Ò¢ ¥É ´  § ³¥É´μ¥ ¶μ¤ ¢²¥´¨¥ Î¨¸Éμ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¨
´  ´ ²¨Î¨¥ ¢±² ¤  μÉ ´¥±μ£¥·¥´É´ÒÌ ¶·μÍ¥¸¸μ¢ (¢μ§¡Ê¦¤¥´¨Ö Ö¤· ).

7.1. 
 ² ´¸ ³¥¦¤Ê ±μ£¥·¥´É´Ò³ ¨ ´¥±μ£¥·¥´É´Ò³ ¸² £ ¥³Ò³¨. ‘μ-
£² ¸´μ § ±²ÕÎ¥´¨Õ ¶. 6.4 ´ ¨¡μ²¥¥ ¢ ¦´Ò³ (¨ ´μ¢Ò³) ¸¢μ°¸É¢μ³ ¶μ²ÊÎ¥´´μ£μ
¢ · ¡μÉ Ì [19,20] ¨ μ¡¸Ê¦¤ ¥³μ£μ §¤¥¸Ó ·¥§Ê²ÓÉ É  Ö¢²Ö¥É¸Ö ¶² ¢´Ò° ¶¥·¥Ìμ¤
¸¥Î¥´¨Ö ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö μÉ ±μ£¥·¥´É´μ£μ ·¥¦¨³  ± ´¥±μ-
£¥·¥´É´μ³Ê, ÎÉμ Ö¢´Ò³ μ¡· §μ³ ¶·¥¤¸É ¢²¥´μ ¢ Ëμ·³Ê² Ì (6.42) ¨ (6.45), (6.46)
¨²¨ ¢ Ê¶·μÐ¥´´μ³ ¢¨¤¥ ¢ Ëμ·³Ê² Ì (6.49). ” ±É¨Î¥¸±¨³ ®·¥£Ê²ÖÉμ·μ³¯ É -
±μ£μ ¶¥·¥Ìμ¤  Ö¢²ÖÕÉ¸Ö Ö¤¥·´Ò¥ ´Ê±²μ´´Ò¥ Ëμ·³Ë ±Éμ·Ò Fp/n(q), μ¶·¥¤¥-
²¥´´Ò¥ ¢ μ¡Ð¥³ ¢¨¤¥ ¢Ò· ¦¥´¨Ö³¨ (6.25) ¨ ¶·¥¤¸É ¢²¥´´Ò¥ ¤²Ö ¨²²Õ¸É· Í¨¨

∗�¥¸±μ²Ó±μ ¶μ¤·μ¡´¥¥ ¶·μ ÔÉ¨ Ëμ·³Ë ±Éμ·Ò ³μ¦´μ Ê§´ ÉÓ ¨§ · §¤. 8.
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(¢ ³μ¤¥²¨ •¥²Ó³  [53]) ´  ·¨¸. 11. �ÉμÉ ·¨¸Ê´μ± Ö¢´Ò³ μ¡· §μ³ ¤¥³μ´-
¸É·¨·Ê¥É, ÎÉμ, ± ± Ê¦¥ ¡Ò²μ ¶μ± § ´μ ¨§ μ¡Ð¨Ì ¸μμ¡· ¦¥´¨° ¢ÒÏ¥ ¢ ¶. 6.4,
¶·¨ q → 0 Ëμ·³Ë ±Éμ· F(q) → 1, ¢ ·¥§Ê²ÓÉ É¥ ¢±² ¤ ´¥±μ£¥·¥´É´μ£μ ¸¥-
Î¥´¨Ö ¨¸Î¥§ ¥É ¨ ¶μ²´μ¸ÉÓÕ ¤μ³¨´¨·Ê¥É ±μ£¥·¥´É´μ¥ ¸² £ ¥³μ¥. ‘ ¤·Ê£μ°
¸Éμ·μ´Ò, ¤²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨° q Ëμ·³Ë ±Éμ· F(q) → 0, ¨ Ê¦¥ ¨¸Î¥§ ¥É ±μ-
£¥·¥´É´μ¥ ¸² £ ¥³μ¥, ¨ ¶μ²´μ¸ÉÓÕ ¤μ³¨´¨·Ê¥É ¸¥Î¥´¨¥ ´¥±μ£¥·¥´É´μ£μ · ¸-
¸¥Ö´¨Ö.

�μ¸³μÉ·¨³, ± ± ÔÉμ ·¥ ²¨§Ê¥É¸Ö ´  ¶· ±É¨±¥. �  ·¨¸. 12 ¨ 13 ¶μ± § ´Ò
¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¨ ¶μ²´Ò¥ (¨´É¥£· ²Ó´Ò¥ ¢ ¸³Ò¸²¥ μ¶·¥¤¥²¥´¨Ö (7.1)) ¸¥-
Î¥´¨Ö ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´ 
Ö¤· Ì ¢Ò¡· ´´ÒÌ ¢ÒÏ¥ É¥¸Éμ¢ÒÌ Ê¸É ´μ¢μ±.

ˆ§ ¸· ¢´¥´¨Ö ²¥¢ÒÌ ¨ ¶· ¢ÒÌ Ë· £³¥´Éμ¢ ÔÉ¨Ì ·¨¸Ê´±μ¢ ¢¨¤´μ, ÎÉμ ±μ£¥-
·¥´É´μ¥ ¨ ´¥±μ£¥·¥´É´μ¥ ´¥°É·¨´μ-Ö¤¥·´μ¥ ¨  ´É¨´¥°É·¨´μ-Ö¤¥·´μ¥ ¸¥Î¥´¨Ö,
¢ÒÎ¨¸²¥´´Ò¥ ¶μ Ëμ·³Ê² ³ (6.45) ¨ (6.46), ¤¥³μ´¸É·¨·ÊÕÉ ¸μ£² ¸´μ Ëμ·³Ê-
² ³ (6.49) ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢μ¥ ¶μ¢¥¤¥´¨¥ ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨
TA ¨ Ô´¥·£¨¨ ¶ ¤ ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ Eν , ¸ μ¤´¨³ Éμ²Ó±μ ´¥§´ Î¨É¥²Ó-
´Ò³ μÉ²¨Î¨¥³ ¤²Ö ÉÖ¦¥²μ£μ Ö¤·  133Cs, μ¡² ¤ ÕÐ¥£μ ´¥´Ê²¥¢Ò³ §´ Î¥´¨¥³
¶μ²´μ£μ ¸¶¨´ . „ ²¥¥, μÉ´μ¸¨É¥²Ó´μ ¡ ² ´¸  ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ
¸¥Î¥´¨° ¨³¥ÕÉ¸Ö μ¡Ð¨¥ ¸¢μ°¸É¢  ¤²Ö ´¥°É·¨´´μ£μ ¨  ´É¨´¥°É·¨´´μ£μ ¶ÊÎ±μ¢.

…¸²¨ Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  ¸É·¥³¨É¸Ö ± ´Ê²Õ, TA → 0, Éμ ±μ£¥·¥´É´μ¥
¸¥Î¥´¨¥ ¤μ³¨´¨·Ê¥É ¨ ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É ¶μ²´μ¥ ¸¥Î¥´¨¥ νA- ¨ ν̄A-
· ¸¸¥Ö´¨Ö (6.42), ¶μ¸±μ²Ó±Ê ´¥±μ£¥·¥´É´Ò° ¢±² ¤ ¶μ²´μ¸ÉÓÕ μÉ¸ÊÉ¸É¢Ê¥É. „²Ö
μÉ¤¥²Ó´μ ¢§ÖÉμ£μ Ö¤·  ¢¥²¨Î¨´  ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö ¢
ÔÉμ³ ¶·¥¤¥²¥ (¸ ÉμÎ´μ¸ÉÓÕ ¤μ ´¥§´ Î¨É¥²Ó´ÒÌ ¶μ¶· ¢μ± ¸μ£² ¸´μ (6.46)) ´¥
§ ¢¨¸¨É μÉ Ô´¥·£¨¨ ( ´É¨)´¥°É·¨´μ.

…¸²¨ Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  ¸É·¥³¨É¸Ö ± ¸¢μ¥³Ê ±¨´¥³ É¨Î¥¸±μ³Ê ¶·¥¤¥²Ê,
TA → T max

A , Éμ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¤μ¢μ²Ó´μ ¡Ò¸É·μ ¸¶ ¤ ¥É ¨ ¶μ²´μ¸ÉÓÕ
μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, ¶μ¸±μ²Ó±Ê μ´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ³´μ¦¨É¥²Õ 1−TA/T max

A ,
μ¤´ ±μ ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¸ ·μ¸Éμ³ TA ¶μ¸ÉμÖ´´μ · ¸É¥É. �É³¥É¨³, ÎÉμ
¨§-§  ¢μ§³μ¦´μ¸É¨ ¨§· ¸Ìμ¤μ¢ ÉÓ ¶·¨μ¡·¥É¥´´ÊÕ Ö¤·μ³ Ô´¥·£¨Õ ´  ¢μ§¡Ê¦¤¥-
´¨¥ ³ ±¸¨³ ²Ó´μ ¤μ¸É¨¦¨³ Ö ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö Ö¤·  TA ¢ ´¥±μ£¥·¥´É´ÒÌ
¶·μÍ¥¸¸ Ì μ± §Ò¢ ¥É¸Ö ¸¨¸É¥³ É¨Î¥¸±¨ ³¥´ÓÏ¥, Î¥³ ³ ±¸¨³ ²Ó´μ ¤μ¸É¨¦¨³ Ö
¢ ±μ£¥·¥´É´μ³ ¸²ÊÎ ¥ Ô´¥·£¨Ö μÉ¤ Î¨ T max

A (¸³. Ëμ·³Ê²Ê (4.10)). �μÔÉμ³Ê ´ 
·¨¸. 12 ÏÉ·¨Ìμ¢Ò¥ (®´¥±μ£¥·¥´É´Ò¥¯) ±·¨¢Ò¥ μ¡·Ò¢ ÕÉ¸Ö ¸ ·μ¸Éμ³ TA ¢¸¥£¤ 
´¥¸±μ²Ó±μ · ´ÓÏ¥ ¸¶²μÏ´ÒÌ (®±μ£¥·¥´É´ÒÌ¯).

�·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ Eν/ν̄ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¢¸¥£¤  ¸ÊÐ¥-
¸É¢¥´´μ ¶·¥¢ÒÏ ¥É ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¤²Ö ²Õ¡ÒÌ §´ Î¥´¨° ±¨´¥É¨Î¥¸±μ°
Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  TA. �·¨ ¡�o²ÓÏ¨Ì Eν/ν̄ Ê¦¥ ³μ£ÊÉ ¶μÖ¢²ÖÉÓ¸Ö §´ Î¥´¨Ö
Ô´¥·£¨¨ μÉ¤ Î¨ TA, ¢ÒÏ¥ ±μÉμ·ÒÌ ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ´ Î¨´ ¥É ¶·¥¢Ò-
Ï ÉÓ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥, ± ± ÔÉμ ³μ¦´μ Ê¢¨¤¥ÉÓ ¤²Ö Eν/ν̄ = 50 ŒÔ‚ ´ 
£· Ë¨± Ì ¶μ¸¥·¥¤¨´¥ ·¨¸. 12. ‚ Î ¸É´μ¸É¨, ÔÉμ ¶·μ¨¸Ìμ¤¨É ´  Ö¤·¥ 133Cs ¶·¨
TA � 30 ±Ô‚.
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�¨¸. 12 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö dσν/ν̄/dTA ± ±
ËÊ´±Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  TA ¤²Ö ±μ£¥·¥´É´μ£μ (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ´¥±μ£¥·¥´É-
´μ£μ (ÏÉ·¨Ìμ¢Ò¥) ν-Ö¤¥·´μ£μ (¸²¥¢ ) ¨ ν̄-Ö¤¥·´μ£μ (¸¶· ¢ ) · ¸¸¥Ö´¨Ö ¤²Ö ³¨Ï¥´¥°
¨§ Ö¤¥· 74Ge (¢¢¥·ÌÊ), 133Cs (¶μ¸¥·¥¤¨´¥) ¨ 40Ar (¢´¨§Ê) ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ
´ Î ²Ó´ÒÌ ( ´É¨)´¥°É·¨´μ. ‚¥·É¨± ²Ó´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£ ³ ¤²Ö ± ¦¤μ° ¨§ ³¨Ï¥´¥°



146 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

�·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¶ÊÎ±  Eν/ν̄ ¨´É¥£· ²Ó´μ¥ ±μ£¥·¥´É´μ¥ ¸¥-
Î¥´¨¥ (¸³. ·¨¸. 13) ¶·¥¢ÒÏ ¥É ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¶μ ¢¥²¨Î¨´¥ ´  ´¥-
¸±μ²Ó±μ ¶μ·Ö¤±μ¢, ¶μ¸±μ²Ó±Ê ³´μ¦¨É¥²¨ [1 − |Fp/n(q)|2] ¸¨²Ó´μ ¶μ¤ ¢²ÖÕÉ
´¥±μ£¥·¥´É´Ò° ¢±² ¤ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ 3-¨³¶Ê²Ó¸  q. �¤-
´ ±μ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ( ´É¨)´¥°É·¨´μ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ¶μ¤ ¢²ÖÕÐ¥° ¤μ³¨-
´ ´É´μ¸É¨ ±μ£¥·¥´É´μ£μ ¢±² ¤  ¨§³¥´Ö¥É¸Ö ¨ ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ Eν/ν̄

¨´É¥£· ²Ó´μ¥ ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¸É ´μ¢¨É¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³.

�¨¸. 13 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ˆ´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö σν/ν̄ ± ± ËÊ´±Í¨¨
Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ ¤²Ö ±μ£¥·¥´É´μ£μ (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ´¥±μ£¥-
·¥´É´μ£μ (ÏÉ·¨Ìμ¢Ò¥) ν-Ö¤¥·´μ£μ (¸²¥¢ ) ¨ ν̄-Ö¤¥·´μ£μ (¸¶· ¢ ) · ¸¸¥Ö´¨Ö ¤²Ö ³¨Ï¥-
´¥° ¨§ Ö¤¥· 74Ge (¢¢¥·ÌÊ), 133Cs (¶μ¸¥·¥¤¨´¥) ¨ 40Ar (¢´¨§Ê). ‘¥Î¥´¨Ö ¢ÒÎ¨¸²¥´Ò ± ±
¤²Ö ¨¤¥ ²¨§¨·μ¢ ´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´μ¢μ± ¸ ´Ê²¥¢Ò³ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ-
£μ³ (Tmin

A = 0), É ± ¨ ¤²Ö ·¥ ²Ó´ÒÌ Ê¸É ´μ¢μ± ¸ ´ ¨²ÊÎÏ¨³¨ ¤²Ö ´¨Ì Ô´¥·£¥É¨Î¥¸±¨³¨
¶μ·μ£ ³¨ Tmin

A
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„ ²¥¥, ´ ²¨Î¨¥ ·¥ ²Ó´μ£μ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¶μ·μ£  ·¥£¨¸É· Í¨¨
T min

A > 0 § ³¥É´Ò³ μ¡· §μ³ Ê³¥´ÓÏ ¥É §´ Î¥´¨Ö ¨´É¥£· ²Ó´ÒÌ ¸¥Î¥´¨°, ¶·¨-
Î¥³ ´¥¸±μ²Ó±μ ¸² ¡¥¥ ¢ ¸²ÊÎ ¥ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö. �¥´Ê²¥¢μ° ¶μ·μ£
(¢¥·É¨± ²Ó´Ò¥ ²¨´¨¨ ´  ·¨¸. 12) Ë ±É¨Î¥¸±¨ ´¥ ÊÎ¨ÉÒ¢ ¥É §´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ
¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö, ¶·¨Î¥³ ¢ Éμ° μ¡² ¸É¨, £¤¥ ÔÉμ ¸¥Î¥´¨¥ ¨³¥¥É
³ ±¸¨³ ²Ó´Ò° ¢±² ¤ ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö, ± ± ÔÉμ ¢¨¤´μ ¨§ ·¨¸. 12.

�¨¸. 14 ¨²²Õ¸É·¨·Ê¥É ÔÉμ ÊÉ¢¥·¦¤¥´¨¥ ±μ²¨Î¥¸É¢¥´´μ. �  ´¥³ ¤²Ö ÉÖ-
¦¥²μ£μ Ö¤·  133Cs ¶μ± § ´μ μÉ´μÏ¥´¨¥ ¨´É¥£· ²Ó´ÒÌ ¸¥Î¥´¨° σincoh/σcoh,
¢ÒÎ¨¸²¥´´ÒÌ ¸μ£² ¸´μ μ¶·¥¤¥²¥´¨Õ (7.1). ‚¨¤´μ, ÎÉμ ¤²Ö νA-· ¸¸¥Ö´¨Ö
(·¨¸. 14,  ) ¶·¨ Ô´¥·£¨¨ ´¥°É·¨´μ Eν � 30(60) ŒÔ‚ ÔÉμ μÉ´μÏ¥´¨¥ · ¢´μ
¶·¨³¥·´μ 7(20)%, ±μ£¤  Tmin

A = 0, ¨ ¤μ¸É¨£ ¥É 15(30)% ¢ ¸²ÊÎ ¥ ·¥ ²Ó´μ£μ
Ô´¥·£¥É¨Î¥¸±μ£μ ¶μ·μ£  T min

A = 5 ±Ô‚. ‚ ÔÉμ³ ¸²ÊÎ ¥ ´¥±μ£¥·¥´É´Ò° ¢±² ¤
¸É ´μ¢¨É¸Ö · ¢´Ò³ ±μ£¥·¥´É´μ³Ê, ±μ£¤  Ô´¥·£¨Ö ¶ ¤ ÕÐ¥£μ ´¥°É·¨´μ Eν �
110 ŒÔ‚. �Î¥¢¨¤´μ, ÎÉμ ·μ²Ó ´¥±μ£¥·¥´É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸ÊÐ¥¸É¢¥´´μ
Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö (´ ²¥É ÕÐ¥£μ ´¥°É·¨´μ).

�¨¸. 14. �É´μÏ¥´¨¥ σinc/σcoh ´¥±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö ± ±μ£¥·¥´É´μ³Ê ´  Ö¤·¥ 133Cs
± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ Eν/ν̄ ¤²Ö ν Cs-· ¸¸¥Ö´¨Ö ( ) ¨ ν̄ Cs-· ¸¸¥Ö´¨Ö (¡). Š·¨¢Ò¥ ¸μμÉ-
¢¥É¸É¢ÊÕÉ Tmin

A = 0 ¨ ·¥ ²Ó´μ³Ê ¶μ·μ£Ê ·¥£¨¸É· Í¨¨ ( ´É¨)´¥°É·¨´μ ¢ 5 ±Ô‚
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Šμ£¥·¥´É´Ò¥ ¨ ´¥±μ£¥·¥´É´Ò¥ ¸¥Î¥´¨Ö ¶·¨ gp
A = 1/2 ¨ gp

A = 1,27. ‚ ¤ ´-
´μ³ ¶Ê´±É¥ ¸μ¡· ´Ò ¢¸¶μ³μ£ É¥²Ó´Ò¥ ·¨¸Ê´±¨, ¸μ¤¥·¦ Ð¨¥ ¸· ¢´¥´¨¥ μ±μ´-
Î É¥²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ
· ¸¸¥Ö´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ  ±¸¨ ²Ó´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨
´Ê±²μ´μ¢ ¢ Ö¤·¥ gp

A = 1/2 ¨ gp
A = 1,27, ¢ Î ¸É´μ¸É¨ ¢ · ¡μÉ¥ [19]. �  ·¨¸. 15

�¨¸. 15. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö dσ/dTA ±μ£¥·¥´É´μ£μ (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ´¥-
±μ£¥·¥´É´μ£μ (ÏÉ·¨Ìμ¢Ò¥) νA-· ¸¸¥Ö´¨Ö ´  Ö¤· Ì 74Ge (¢¢¥·ÌÊ), 133Cs (¶μ¸¥·¥¤¨´¥)
¨ 40Ar (¢´¨§Ê) ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ´¥°É·¨´μ. ‚¥·É¨± ²Ó´Ò¥ ²¨´¨¨ μÉ¢¥Î ÕÉ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³ ¶μ·μ£ ³. �¨¸Ê´±¨ ¸²¥¢  ¶μ²ÊÎ¥´Ò ¶·¨ gp

A = 1/2, ¸¶· ¢  Å ¶·¨
gp

A = 1,27
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¨ 16 ¤ ´Ò ¸μμÉ¢¥É¸É¢¥´´μ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¨ ¨´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö ±μ£¥-
·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤· Ì.
‚ Í¥²μ³ §  ¸Î¥É ¶¥·¥Ìμ¤  μÉ gp

A = 1/2 ± gp
A = 1,27 ¶μ²ÊÎ¥´´μ¥ μÉ²¨Î¨¥ ¢

±·¨¢ÒÌ ¤²Ö ¸¥Î¥´¨° μ± §Ò¢ ¥É¸Ö ¶· ±É¨Î¥¸±¨ ´¥§ ³¥É´Ò³, ¥¸²¨ · ¸¸³ É·¨-
¢ ÉÓ ¤μ¸É ÉμÎ´μ ²¥£±¨¥ Ö¤· , É ±¨¥ ± ± 74Ge (¢¢¥·ÌÊ) ¨ 40Ar (¢´¨§Ê).

�¨¸. 16. ˆ´É¥£· ²Ó´Ò¥ ¸¥Î¥´¨Ö σ ±μ£¥·¥´É´μ£μ (¸¶²μÏ´Ò¥ ²¨´¨¨) ¨ ´¥±μ£¥·¥´É´μ£μ
(ÏÉ·¨Ìμ¢Ò¥) νA-· ¸¸¥Ö´¨Ö ´  Ö¤· Ì 74Ge (¢¢¥·ÌÊ), 133Cs (¶μ¸¥·¥¤¨´¥) ¨ 40Ar (¢´¨§Ê)
± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ´¥°É·¨´μ. ‘¥Î¥´¨Ö ¢ÒÎ¨¸²¥´Ò ± ± ¤²Ö ¨¤¥ ²¨§¨·μ¢ ´´ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´μ¢μ± ¸ ´Ê²¥¢Ò³ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ (Tmin

A = 0), É ± ¨ ¤²Ö
·¥ ²Ó´ÒÌ Ê¸É ´μ¢μ± ¸ ´ ¨²ÊÎÏ¨³¨ ¤²Ö ´¨Ì Ô´¥·£¥É¨Î¥¸±¨³¨ ¶μ·μ£ ³¨ Tmin

A . �¨¸Ê´±¨
¸²¥¢  ¶μ²ÊÎ¥´Ò ¶·¨ gp

A = 1/2, ¸¶· ¢  Å ¶·¨ gp
A = 1,27
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�¨¸. 17. �É´μÏ¥´¨¥ σinc/σcoh ´¥±μ£¥·¥´É´μ£μ ν Cs-¸¥Î¥´¨Ö ± ±μ£¥·¥´É´μ³Ê ν Cs-
¸¥Î¥´¨Õ ± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ Eν . Š·¨¢Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ Tmin

A = 0 ¨ ·¥ ²Ó´μ³Ê
¶μ·μ£Ê ·¥£¨¸É· Í¨¨ ´¥°É·¨´μ ¢ 5 ±Ô‚. �¨¸.   ¶μ²ÊÎ¥´ ¶·¨ gp

A = 1/2, ·¨¸. ¡ Å ¶·¨
gp

A = 1,27

�¨¸. 17 ´  ¶·¨³¥·¥ Ö¤·  133Cs ¤ ¥É ¶·¥¤¸É ¢²¥´¨¥ μ ¢²¨Ö´¨¨ §´ Î¥´¨Ö
 ±¸¨ ²Ó´μ° ´Ê±²μ´´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ gp

A ´  μÉ´μÏ¥´¨¥ ´¥±μ£¥·¥´É´μ£μ ¸¥-
Î¥´¨Ö ± ±μ£¥·¥´É´μ³Ê. ‚¨¤´μ, ÎÉμ ¢ÒÎ¨¸²¥´¨Ö ¸ ¡μ²¥¥ ·¥ ²¨¸É¨Î¥¸±μ°  ±¸¨-
 ²Ó´μ° ´Ê±²μ´´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ gp

A = 1,27 ¶·¨¢μ¤ÖÉ ± Ê¢¥²¨Î¥´¨Õ ·μ²¨
´¥±μ£¥·¥´É´μ£μ ¢±² ¤  ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ´¥°É·¨´μ ¤²Ö ¤μ¸É ÉμÎ´μ ÉÖ¦¥²μ£μ
Ö¤·  133Cs, μ¡² ¤ ÕÐ¥£μ ± Éμ³Ê ¦¥ ´¥´Ê²¥¢Ò³ ¶μ²´Ò³ ¸¶¨´μ³.

7.2. �¥±μ£¥·¥´É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Å ¨¸ÉμÎ´¨± γ-±¢ ´Éμ¢ ¡�μ²ÓÏ¨Ì
Ô´¥·£¨°. Ÿ¸´μ, ÎÉμ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ ¨²¨  ´É¨´¥°É·¨´μ μ¡-
¸Ê¦¤ ¥³ÒÌ ¢ ¤ ´´μ³ μ¡§μ·¥ Ô´¥·£¨° Ê Ö¤·  ¨³¥ÕÉ¸Ö Éμ²Ó±μ ¤¢¥ ¢μ§³μ¦´μ¸É¨.
‹¨¡μ Ö¤·μ μ¸É ¥É¸Ö ¢ Éμ³ ¦¥ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨ (Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥), ²¨¡μ
¥£μ ¢´ÊÉ·¥´´¥¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ ³¥´Ö¥É¸Ö (´¥Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥). �¤´ ±μ
¥¸²¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢±  ¸¶μ¸μ¡´  ¨§³¥·ÖÉÓ Éμ²Ó±μ ±¨´¥É¨Î¥¸±ÊÕ
Ô´¥·£¨Õ μÉ¤ Î¨ Ö¤· , Éμ ¶· ±É¨Î¥¸±¨ ´¥¢μ§³μ¦´μ μ¶·¥¤¥²¨ÉÓ, μ¸É ²μ¸Ó ²¨
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Ö¤·μ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¨²¨ ¶·μ¨§μ-
Ï¥² ¶¥·¥Ìμ¤ Ö¤·  ´  ¢μ§¡Ê¦¤¥´´Ò° Ê·μ¢¥´Ó (¸μ¸ÉμÖ´¨¥ Ö¤·  ¨§³¥´¨²μ¸Ó).

…¸²¨ ¶¥·¥Ìμ¤ ´  ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  Ô´¥·£¥É¨Î¥¸±¨ ¢μ§³μ¦¥´,
Éμ ¶·μ¨§μÏ¥¤Ï¥¥ ¡² £μ¤ ·Ö ¥³Ê ´¥Ê¶·Ê£μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¤μ²¦´μ ¸μ¶·μ-
¢μ¦¤ ÉÓ¸Ö ¨¸¶Ê¸± ´¨¥³ ËμÉμ´μ¢, ¢μ§´¨± ÕÐ¨Ì ¡² £μ¤ ·Ö ¸´ÖÉ¨Õ ¢μ§¡Ê¦¤¥-
´¨Ö ¨ ¢μ§¢· Ð¥´¨Õ Ö¤·  ¢ ¨¸Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥. �´¥·£¨Ö ÔÉ¨Ì ËμÉμ´μ¢ ¡Ê¤¥É
μ¶·¥¤¥²ÖÉÓ¸Ö ±μ´±·¥É´μ° · §´¨Í¥° Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° ¤ ´´μ£μ Ö¤·  [21].
’ ±, ´ ¶·¨³¥·, ¢·¥³¥´´μ° ³ ¸ÏÉ ¡ ¨¸¶Ê¸± ´¨Ö É ±¨Ì £ ³³ -±¢ ´Éμ¢ ¤²Ö Ö¤· 
133Cs ²¥¦¨É ¢ μ¡² ¸É¨ μÉ ¶¨±μ¸¥±Ê´¤ ¤μ ´ ´μ¸¥±Ê´¤, ¨ ¨Ì Ô´¥·£¨¨ ´ Ìμ¤ÖÉ¸Ö
¢ · °μ´¥ ´¥¸±μ²Ó±¨Ì ¸μÉ¥´ ±¨²μÔ²¥±É·μ´¢μ²ÓÉ. �μ´ÖÉ´μ, ÎÉμ ÔÉ¨ ËμÉμ´Ò (μÉ
¸´ÖÉ¨Ö Ö¤¥·´μ£μ ¢μ§¡Ê¦¤¥´¨Ö Ö¤· -³¨Ï¥´¨) ¤μ²¦´Ò ¶·μ¨§¢μ¤¨ÉÓ ¢ ¸Í¨´É¨²-
²ÖÍ¨μ´´μ³ ¤¥É¥±Éμ·¥-± ²μ·¨³¥É·¥ ¢¶μ²´¥ ¤¥É¥±É¨·Ê¥³Ò° ¸¨£´ ², ±μÉμ·Ò°,
¢μμ¡Ð¥ £μ¢μ·Ö, ¤μ²¦¥´ ¡ÒÉÓ ¸±μ··¥²¨·μ¢ ´ ¸μ ¢·¥³¥´¥³ μ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨
´¥°É·¨´´Ò³ ¶ÊÎ±μ³ μÉ Ê¸±μ·¨É¥²Ö.

‘±μ·μ¸ÉÓ ¸Î¥É  É ±¨Ì γ-±¢ ´Éμ¢ μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ Ninc/Ncoh, £¤¥

Ninc/coh =
∫

dEν Φ(Eν)

dTmax
A∫

dTmin
A

dTA

dσinc/coh

dTA
ε(TA)

¨ ε(TA) Å ÔËË¥±É¨¢´μ¸ÉÓ ¤¥É¥±Éμ· . ‘μ£² ¸´μ ·¨¸. 14 ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¶μ²´¥
·¥ ²Ó´μ° ¶¥·¸¶¥±É¨¢  ·¥£¨¸É· Í¨¨ § ³¥É´μ£μ Î¨¸²  ¸μ¡ÒÉ¨° ¸ γ-±¢ ´É ³¨ μÉ
´¥±μ£¥·¥´É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ( ´É¨)´¥°É·¨´μ ¸ Ö¤·μ³ Í¥§¨Ö (¢μ§¡Ê¦¤¥´¨¥
ÔÉμ£μ Ö¤· ).

�¨¸. 14 ¢¥¸Ó³  ¶μÊÎ¨É¥²¥´. ˆ§ ´¥£μ ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ ¢ Ô±¸¶¥·¨-
³¥´É¥ COHERENT (¸ ³¨Ï¥´ÓÕ ¨§ 133Cs) ¤¥°¸É¢¨É¥²Ó´μ ´ ¡²Õ¤ ² ¸Ó ¢¥¸Ó³ 
§ ³¥É´ Ö Î ¸ÉÓ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ (Coherent
Elastic Neutrino Nucleus Scattering Å CEνNS), μ¤´ ±μ ¸ 15Ä20%-° ´¥μ¶·¥¤¥-
²¥´´μ¸ÉÓÕ, ±μÉμ· Ö μ¡Ê¸²μ¢²¥´  ± ± ¢Ò¸μ±μ° Ô´¥·£¨¥° ¶ÊÎ±  ( ´É¨)´¥°É·¨´μ,
É ± ¨ ¢Ò¸μ±¨³ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ Ê¸É ´μ¢±¨ ¢ 5 ±Ô‚. �¨¸. 14 ¶μ± §Ò-
¢ ¥É, ÎÉμ ´¥Ê¶·Ê£ Ö (´¥±μ£¥·¥´É´ Ö) ¶·¨³¥¸Ó ´  Ê·μ¢´¥ 15Ä20% ´¥¨§¡¥¦´  ¢
¨§³¥·¥´´ÒÌ ¤ ´´ÒÌ ÔÉμ£μ Ô±¸¶¥·¨³¥´É , ¥¸²¨ γ-±¢ ´ÉÒ μÉ ¸´ÖÉ¨Ö ¢μ§¡Ê¦¤¥-
´¨Ö Ö¤·  ´¥ ¶μ¤¤ ÕÉ¸Ö ¤¥É¥±É¨·μ¢ ´¨Õ. �μÔÉμ³Ê, μÎ¥¢¨¤´μ, ÎÉμ ¶·¨ ²Õ¡μ³
¤μ¸É ÉμÎ´μ  ±±Ê· É´μ³  ´ ²¨§¥ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  É¨¶  COHERENT (´ -
¶·¨³¥· ¢ · ¡μÉ Ì [54Ä64]) ¤μ²¦¥´ ¶·¨´¨³ ÉÓ¸Ö ¢μ ¢´¨³ ´¨¥ ÔÉμÉ § ³¥É´Ò°
¢±² ¤ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö.

�  ´ Ï ¢§£²Ö¤, ¨³¥ÕÉ¸Ö ¤¢  ¶ÊÉ¨ ¢ ´ ¶· ¢²¥´¨¨ ¶·¥Í¨§¨μ´´μ£μ ¨§ÊÎ¥´¨Ö
CEνNS ¨ ¥£μ ¸²¥¤¸É¢¨°. �¥·¢Ò° μ¸´μ¢ ´ ´  Éμ³, ÎÉμ¡Ò μÉ¤¥²¨ÉÓ ®¨¸É¨´´μ
±μ£¥·¥´É´Ò° ¨ ¨¸É¨´´μ Ê¶·Ê£¨°¯ ¸¨£´ ² μÉ ´¥±μ£¥·¥´É´μ° ¶·¨³¥¸¨, μ¸´μ-
¢Ò¢ Ö¸Ó ´  ¶·¨¢¥¤¥´´μ° ¢ÒÏ¥ ¢μ§³μ¦´μ¸É¨ ´ ¡²Õ¤¥´¨Ö ¸´¨³ ÕÐ¨Ì Ö¤¥·´μ¥
¢μ§¡Ê¦¤¥´¨¥ ËμÉμ´μ¢, ±μÉμ· Ö ¢¶¥·¢Ò¥ Ê¶μ³¨´ ² ¸Ó ¥Ð¥ ¢ 1975 £. [21,65] ¨
´¥¤ ¢´μ, ¢ ±μ´É¥±¸É¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ, ¢ · ¡μÉ Ì [19,20].
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„¥°¸É¢¨É¥²Ó´μ, ´¥±μ£¥·¥´É´Ò¥ (´¥Ê¶·Ê£¨¥) ¶·μÍ¥¸¸Ò, ¡Ê¤ÊÎ¨ ¸μ£² ¸´μ
·¨¸. 14 μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏ¨³ Ëμ´μ³ ± ±μ£¥·¥´É´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³
(¢ · ¸¸³ É·¨¢ ¥³μ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨), É¥³ ´¥ ³¥´¥¥, ¥¸²¨ ¨³¥¥É¸Ö
¢μ§³μ¦´μ¸ÉÓ § ·¥£¨¸É·¨·μ¢ ÉÓ γ-±¢ ´ÉÒ, ¨¸¶ÊÐ¥´´Ò¥ ¢μ§¡Ê¦¤¥´´Ò³ ¢ ·¥-
§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¤·μ³, ¤ ÕÉ ¢ ·Ê±¨ Ô±¸¶¥·¨³¥´É Éμ·  ¢¥¸Ó³  ¢ ¦´ÊÕ
¨´Ëμ·³ Í¨Õ.

„²Ö ± ¦¤μ£μ ±μ´±·¥É´μ£μ Ö¤· -³¨Ï¥´¨ ÔÉ¨ ËμÉμ´Ò ¡Ê¤ÊÉ Ì · ±É¥·¨§μ-
¢ ÉÓ¸Ö É·¥³Ö ¢ ¦´Ò³¨ ¶ · ³¥É· ³¨. ‚μ-¶¥·¢ÒÌ, ¨Ì Ô´¥·£¨Ö, ± ± ¶· ¢¨²μ,
§ ³¥É´μ ¡μ²ÓÏ¥ Ô´¥·£¨¨ ¸¨£´ ²  Ö¤·  μÉ¤ Î¨ (TCs � 40 ±Ô‚ ´  ·¨¸. 12) ¨
Ì · ±É¥·¨§Ê¥É¸Ö · §´μ¸ÉÓÕ Ê·μ¢´¥° ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  (¤²Ö 133Cs ¤μ 900 ±Ô‚).
‚μ-¢Éμ·ÒÌ, ¨¸¶Ê¸± ´¨¥ ËμÉμ´μ¢ ¸ Ô´¥·£¨¥°, μ¶·¥¤¥²¥´´μ° · §´μ¸ÉÓÕ Ê·μ¢-
´¥° ¢μ§¡Ê¦¤¥´¨Ö Ö¤· , ¡Ê¤¥É ¸¤¢¨´ÊÉμ ¶μ ¢·¥³¥´¨ (μÉ´μ¸¨É¥²Ó´μ ¶¥·¢μ´ -
Î ²Ó´μ£μ ´¥°É·¨´´μ£μ ¶ÊÎ± ) ´  ¸μ¢¥·Ï¥´´μ Ì · ±É¥·´Ò¥ ¤²Ö ¤ ´´μ£μ Ö¤· 
¢·¥³¥´  ¸´ÖÉ¨Ö ¢μ§¡Ê¦¤¥´¨Ö ¤ ´´μ° Ô´¥·£¨¨. ˆ, ¢-É·¥ÉÓ¨Ì, ¸±μ·μ¸ÉÓ ¸Î¥É 
μ¡¸Ê¦¤ ¥³ÒÌ ËμÉμ´μ¢ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö Ê¶μ³Ö´ÊÉÒ³ ¢ÒÏ¥ μÉ´μÏ¥´¨¥³
Ninc/Ncoh.

�μÔÉμ³Ê μ¤´μ¢·¥³¥´´μ¥ (ÉμÎ´¥¥, ¸±μ··¥²¨·μ¢ ´´μ¥) ¤¥É¥±É¨·μ¢ ´¨¥ ¤¢ÊÌ
¸¨£´ ²μ¢ ¢ ¢¨¤¥ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  ¨ Ô´¥·£¨¨ ËμÉμ´μ¢ μÉ ¸´ÖÉ¨Ö ¢μ§¡Ê¦¤¥-
´¨Ö Ö¤·  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¥¤¨´¸É¢¥´´Ò° ¸¶μ¸μ¡ μÉ¤¥²¥´¨Ö Î¨¸Éμ£μ CEνNS
μÉ ®¶μ¡μÎ´ÒÌ¯ ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·¥Í¨§¨μ´´μ£μ ¨¸¸²¥-
¤μ¢ ´¨Ö ´  ¡ §¥ CEνNS Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò ¨ ¶μ¨¸±  ¸¨£´ ²μ¢ ´μ¢μ° Ë¨§¨±¨,
± ± ÔÉμ ¨´É¥´¸¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö [54Ä64,66Ä68].

‡ ³¥É¨³, ÎÉμ ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¶ÊÎ±¨ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ §´ -
Î¨É¥²Ó´μ ³¥´ÓÏ¨Ì Ô´¥·£¨° (¶μ ¸ ¸· ¢´¥´¨Õ Ô±¸¶¥·¨³¥´Éμ³ COHERENT),
´ ¶·¨³¥· μÉ Ö¤¥·´ÒÌ ·¥ ±Éμ·μ¢ ¨²¨ μÉ ‘μ²´Í , Éμ ¨³¥¥É¸Ö ¤·Ê£μ° ¶ÊÉÓ ¤²Ö
¨§ÊÎ¥´¨Ö CEνNS. �´ ¨§´ Î ²Ó´μ, § ¤μ²£μ ¤μ ¨¤¥° ¨ ·¥§Ê²ÓÉ Éμ¢ Ô±¸¶¥·¨³¥´É 
COHERENT, · ¸¸³ É·¨¢ ²¸Ö ± ± ¥¤¨´¸É¢¥´´Ò° ¨ ¡Ò² μ¸´μ¢ ´ ´  ¸É·¥³²¥-
´¨¨ ¸μ§¤ ÉÓ ¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¤¥É¥±Éμ·Ò ( ´É¨)´¥°É·¨´μ ¸ ±· °´¥ ´¨§±¨³¨ ¶μ-
·μ£ ³¨ ·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· (³¥´¥¥ ¸μÉ´¨ Ô²¥±É·μ´¢μ²ÓÉ). ‘¡μ·
¤ ´´ÒÌ ¸ ¨Ì ¶μ³μÐÓÕ ¶·¥¤¶μ² £ ²¸Ö ¢ É¥Ì ±¨´¥³ É¨Î¥¸±¨Ì μ¡² ¸ÉÖÌ, £¤¥
´¥±μ£¥·¥´É´μ¥ (´¥Ê¶·Ê£μ¥) ¢§ ¨³μ¤¥°¸É¢¨¥ ¶· ±É¨Î¥¸±¨ ´¥ ³μ¦¥É ¨³¥ÉÓ ³¥-
¸Éμ (±¨´¥³ É¨Î¥¸±¨) ¨²¨ ±· °´¥ ¶μ¤ ¢²¥´μ, É. ¥. £¤¥ Ëμ·³Ë ±Éμ·Ò |Fp/n(q)|2
¶· ±É¨Î¥¸±¨ ´¥μÉ²¨Î¨³Ò μÉ ¥¤¨´¨ÍÒ. ‘¥£μ¤´Ö · ¡μÉÒ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨
¶·μ¤μ²¦ ÕÉ¸Ö (¸³., ´ ¶·¨³¥·, [59]). ‘ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ¡² £μ¤ ·Ö ±· °´¥
´¨§±¨³ Ê¦¥ ¤μ¸É¨£´ÊÉÒ³ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£ ³ ´ ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´Ò³¨
¢Ò£²Ö¤ÖÉ ¶·μ¥±É �ˆŸˆÄˆ’�” νGeN [48,50] ´  Š ²¨´¨´¸±μ°  Éμ³´μ° ¸É ´-
Í¨¨ ¨, ¢¥·μÖÉ´μ, ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³ Ô±¸¶¥·¨³¥´É DarkSide [51] ¢ ƒ· ´-
‘ ¸¸μ. „·Ê£¨¥ ¢μ§³μ¦´μ¸É¨ μ¡¸Ê¦¤ ÕÉ¸Ö, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [59] ¨ ±· É±μ
¢ · §¤. 8.

7.3. �¥ÉμÎ´μ¸É¨ ®μ¡Ð¥¶·¨´ÖÉμ£μ¯ ¢Ò· ¦¥´¨Ö ¤²Ö ±μ£¥·¥´É´μ£μ ¸¥Î¥-
´¨Ö. ˆ´É¥·¥¸´μ ¸· ¢´¨ÉÓ ¶μ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö
´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (6.46) ¨ (6.48) ¸ É¥³, ÎÉμ μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö
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¢ ²¨É¥· ÉÊ·¥, ´ ¶·¨³¥·, ¢ [10]:

dσ0
coh

dTA
=

G2
F mA

2π

[
(GV + GA)2+

+ (GV − GA)2(1 − y)2 − (G2
V − G2

A)
mATA

E2
ν

]
≈

≈ G2
F mA

π

[
G2

V

(
1 − TA

T max
A

)
+ G2

A

(
1 +

TA

T max
A

)]
≈

≈ G2
F mA

π

(
1 − TA

T max
A

)
|Fn|2(gn

V )2N2, (7.2)

£¤¥ GV = FpZgp
V + FnNgn

V ¨ GA = FpΔZgp
A + FnΔNgn

A. �¥·¢μ¥ ¶·¨-
¡²¨¦¥´´μ¥ · ¢¥´¸É¢μ (¢Éμ· Ö ¸É·μ± ) ¢ Ëμ·³Ê²¥ (7.2) Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³
¤μ¸É ÉμÎ´μ ÉμÎ´μ£μ ¶·¨¡²¨¦¥´¨Ö y = TA/Eν → 0. �μ¸²¥¤´ÖÖ ¸É·μ±  Å
Ê¦¥ ¸²¥¤¸É¢¨¥ ¤ ²Ó´¥°Ï¨Ì Ê¶·μÐ¥´¨°; ¢μ-¶¥·¢ÒÌ, ¸Î¨É ¥É¸Ö, ÎÉμ gp

V → 0, ¨,
¢μ-¢Éμ·ÒÌ, ÎÉμ Ö¤·μ ¨³¥¥É ´Ê²¥¢μ° ¶μ²´Ò° ¸¶¨´.

�μ¸²¥ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ ¶·¨¡²¨¦¥´¨°, ± § ²μ¸Ó ¡Ò, É·¥ÉÓÖ ¸É·μ±  ¢Ò-
· ¦¥´¨° (7.2) ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ¥É ¸ ¶μ²ÊÎ¥´´μ° ¢ÒÏ¥ ¶·¨¡²¨¦¥´´μ° Ëμ·-
³Ê²μ° ¤²Ö ±μ£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ ¸¥Î¥´¨Ö (6.50). �¤´ ±μ ¢Ò¢μ¤
Ëμ·³Ê²Ò (7.2), ¶μÌμ¦¥, ´¥ ¨³¥¥É ´¨Î¥£μ μ¡Ð¥£μ ¸ ¶μ´ÖÉ¨¥³ ±μ£¥·¥´É´μ-
¸É¨. �μ¸±μ²Ó±Ê, ± ± μ¡¸Ê¦¤ ²μ¸Ó ¢ÒÏ¥, ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ μÉ¢¥Î ¥É Éμ³Ê
¸²ÊÎ Õ, ±μ£¤  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´¥°É·¨´μ Ö¤·μ (¨, ¸μμÉ¢¥É¸É¢¥´´μ, ´Ê-
±²μ´, ¸ ±μÉμ·Ò³ ¶·μ¨§μÏ²μ ¢§ ¨³μ¤¥°¸É¢¨¥) μ¸É ¥É¸Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó-
´μ³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨.

‘É·Ê±ÉÊ·  ¦¥ ¶¥·¢μ° ¸É·μ±¨ ¢ (7.2) μÎ¥´Ó ´ ¶μ³¨´ ¥É ¶μ²ÊÎ¥´´μ¥ ¢ÒÏ¥
¢Ò· ¦¥´¨¥ ¤²Ö ´¥±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö νA-· ¸¸¥Ö´¨Ö, ±μ£¤  Ö¤·μ ¨§³¥´Ö¥É
¸¢μ¥ ¸¶¨´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ (6.47):

dσν
inc

dTA
=

2G2
F mA

π
gi

∑
f=n,p

[
1 − |Ff (q2)|2

]
Af ×

×
{

(gf
L)2 + (gf

R)2(1 − y)2 − 2gf
Lgf

R

ym2

s − m2

}
,

¶μ¸²¥ § ³¥´Ò ¢ ¶μ¸²¥¤´¥³ gL/R → (1/2)(gV ± gA) ¨ gi

[
1 − |Ff |2

]
→ |Ff |2.

‘μ¢¶ ¤¥´¨¥ ¸É ´μ¢¨É¸Ö ¶·μ¸Éμ ®³ £¨Î¥¸±¨³¯, ¥¸²¨ Fp = Fn, Z = N ¨ ΔZ =
ΔN , ÉμÎ´¥¥, Z = N = ΔZ = ΔN .

� §·¥Ï¥´¨¥ ¶ · ¤μ±¸ , ¶μÎ¥³Ê ®±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥¯ (7.2) ¸μ¢¶ ¤ ¥É ¸
Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ ¸ ´¥±μ£¥·¥´É´Ò³ (6.45) ¨ ¤ ²¥¥ ¸ (6.47), μ¡ÑÖ¸´Ö¥É¸Ö
¨¸¶μ²Ó§μ¢ ´¨¥³ ¤²Ö ¢Ò¢μ¤  (7.2) ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ ¶·¨¡²¨¦¥´¨Ö ¨ ¸Ê³³¨-
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·μ¢ ´¨¥³ ¶μ ¢¸¥³ ¶·μ¥±Í¨Ö³ ¸¶¨´   ±É¨¢´μ£μ ´Ê±²μ´  ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨
(É. ¥. ¨£´μ·¨·μ¢ ´¨¥³ Ê¸²μ¢¨Ö ±μ£¥·¥´É´μ¸É¨) ∗.

„¥°¸É¢¨É¥²Ó´μ, ¤¢  ¸² £ ¥³ÒÌ ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥, ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ
¸± ²Ö·´Ò³ ¶·μ¨§¢¥¤¥´¨Ö³ Éμ±μ¢ (l, hη

+−) ¨ (l, hη
−+), ±μÉμ·Ò¥ μÉ¢¥Î ÕÉ ¨§³¥-

´¥´¨Õ ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¢Ò¡· ´´ÊÕ μ¸Ó, ´¥ ¤μ²¦´Ò ¤ ¢ ÉÓ ¢±² ¤
¢ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ (¶μ¸±μ²Ó±Ê ¨§³¥´ÖÕÉ ¸¶¨´ Ö¤· ), μ¤´ ±μ μ´¨ Ö¢´μ
¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ ¢Ò· ¦¥´¨¨ (7.2). ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ ¶¥·¢Ò°
¸± ²Ö· (l, hη

+−) · ¢¥´ ´Ê²Õ, Éμ£¤  ± ± ¢Éμ·μ° ¸± ²Ö· (l, hη
−+) ¶·μ¶μ·Í¨μ´ -

²¥´ gA ¨ É ±¦¥ § ´Ê²Ö¥É¸Ö ¤²Ö ¡¥¸¸¶¨´μ¢ÒÌ Ö¤¥·, ± ± ÔÉμ ¢¨¤´μ ¨§ (�.146).
�μ¸²¥¤´¥¥ ÊÉ¢¥·¦¤¥´¨¥ ¸¶· ¢¥¤²¨¢μ, ¥¸²¨ ´Ê±²μ´Ò ¢ Ö¤·¥ ´ Ìμ¤ÖÉ¸Ö ¢ ¶μ±μ¥
(É. ¥. ¨³¥¥É ³¥¸Éμ ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥ ¶·¨¡²¨¦¥´¨¥).

„²Ö ¨²²Õ¸É· Í¨¨ §´ Î¨³μ¸É¨ ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ¤¢¨¦¥´¨¥³ ´Ê±²μ´ -
³¨Ï¥´¨, ¨ ¶μ¸ÉμÖ´¸É¢  ¸¶¨´  Ö¤·  ¶·¨ Ê¶·Ê£μ³ ´¥°É·¨´μ-Ö¤¥·´μ³ · ¸¸¥Ö-
´¨¨ ´  ·¨¸. 18 ¤²Ö Ö¤·  133Cs ¶μ± § ´Ò μÉ´μÏ¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ±μ-
£¥·¥´É´ÒÌ ¸¥Î¥´¨° dσ/dTA, ¢ÒÎ¨¸²¥´´ÒÌ ¸μ£² ¸´μ (6.46) ¨ ¸μ£² ¸´μ ¢Ò· -
¦¥´¨Õ (7.2), ¤²Ö É·¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¶ÊÎ±  ´¥°É·¨´μ. ‚¨¤´μ, ÎÉμ ÔÉ¨
¸¥Î¥´¨Ö ¸μ¢¶ ¤ ÕÉ ¶·¨ ´Ê²¥¢μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  TA = 0 ¨ ´ Î¨´ ÕÉ · §-
²¨Î ÉÓ¸Ö ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢ ¸ ·μ¸Éμ³ TA. Œ ±¸¨³ ²Ó´μ¥ · §-
²¨Î¨¥ ¤μ¸É¨£ ¥É¸Ö ´  ±μ´Í¥ ¸¶¥±É·  ¤μ¶Ê¸É¨³μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤· 
¨ · ¸É¥É ¸ Ô´¥·£¨¥° μÉ 5% ¶·¨ Eν = 30 ŒÔ‚ ¤μ 20 % ¶·¨ Eν = 100 ŒÔ‚.

�¨¸. 18. �É´μÏ¥´¨¥ R ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´μ£μ ±μ£¥·¥´É´μ£μ
¸¥Î¥´¨Ö dσ/dTA, ¢ÒÎ¨¸²¥´´μ£μ
¶μ Ëμ·³Ê²¥ (6.46), ± ¤¨ËË¥-
·¥´Í¨ ²Ó´μ³Ê ±μ£¥·¥´É´μ³Ê ¸¥-
Î¥´¨Õ, ¨¸¶μ²Ó§μ¢ ´´μ³Ê ±μ²² -
¡μ· Í¨¥° COHERENT ¨ ¶·¥¤-
¸É ¢²¥´´μ³Ê Ëμ·³Ê²μ° (7.2).
�¡  ¸¥Î¥´¨Ö Ê¸·¥¤´¥´Ò ¶μ
¸¶¨´Ê Ö¤·  ¨ μÉ¢¥Î ÕÉ · ¸¸¥-
Ö´¨Õ ´¥°É·¨´μ ´  Ö¤·¥ 133Cs.
�É´μÏ¥´¨¥ ¤ ´μ ± ± ËÊ´±Í¨Ö
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤·  μÉ-
¤ Î¨ TA

ˆÉ ±, ¨³¥ÕÉ¸Ö ¤¢¥ μ¸´μ¢´Ò¥ ¶·¨Î¨´Ò É ±μ£μ · §²¨Î¨Ö. ‚μ-¶¥·¢ÒÌ, ¢
¸²ÊÎ ¥ ±μ£¥·¥´É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ μ¡Ð¨¥ Ëμ·³Ê²Ò μ¶¨-
· ÕÉ¸Ö ´  ÊÎ¥É Éμ²Ó±μ É¥Ì ´Ê±²μ´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, ±μÉμ·Ò¥ μÉ-
¢¥Î ÕÉ μ¤´μ³Ê ¨ Éμ³Ê ¦¥ ´ Î ²Ó´μ³Ê ¨ ±μ´¥Î´μ³Ê ¸¶¨´μ¢μ³Ê ¸μ¸ÉμÖ´¨Õ
´Ê±²μ´  (Ö¤· ), ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¶·μÉ¨¢μ·¥Î¨¨ ¸ ± ´μ´¨Î¥¸±¨³ ¢Ò¢μ¤μ³ Ëμ·-

∗�Éμ ¸Ê³³¨·μ¢ ´¨¥ μ¡¸Ê¦¤ ¥É¸Ö ¢ ¶. 8.1.
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³Ê²Ò ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö (¨¸¶μ²Ó§μ¢ ´´μ° ¢ [10]), ±μ£¤  Ö¢´μ ÊÎ¨-
ÉÒ¢ ÕÉ¸Ö É ±¦¥ ¨ ¢±² ¤Ò ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´  ´Ê±²μ´ . ‚μ-¢Éμ·ÒÌ, ´Ê±²μ´
³¨Ï¥´¨ ´¥ ¶·¥¤¶μ² £ ¥É¸Ö ´ Ìμ¤ÖÐ¨³¸Ö ¢ ¶μ±μ¥ (¢´ÊÉ·¨ Ö¤· ), ÎÉμ ¶·¨¢μ¤¨É
± ¶μ¶· ¢± ³ ¢ ¢¥±Éμ·´μ³ ¨  ±¸¨ ²Ó´μ³ Ëμ·³Ë ±Éμ· Ì Ö¤· .

’ ±¨³ μ¡· §μ³, ¨¸¶μ²Ó§μ¢ ´¨¥ ¶·¨¡²¨¦¥´´μ° Ëμ·³Ê²Ò (7.2) ¤²Ö μ¶¨¸ -
´¨Ö ¨  ´ ²¨§  ¤ ´´ÒÌ ¶μ CEνNS ¢ ¶μ¸É ´μ¢±¥ Ô±¸¶¥·¨³¥´É  É¨¶  COHERENT
Î·¥¢ Éμ ¥Ð¥ μ¤´μ° ¸¨¸É¥³ É¨Î¥¸±μ° μÏ¨¡±μ° ´  Ê·μ¢´¥ 5Ä15%.

7.4. � ¢μ§³μ¦´μ¸É¨ ¶¥·¥¢μ·μÉ  ¸¶¨´  ´Ê±²μ´  ¶·¨ ±μ£¥·¥´É´μ³ · ¸-
¸¥Ö´¨¨. �μ¤·μ¡´μ ¨§²μ¦¥´´Ò° ¢ÒÏ¥ ¶μ¤Ìμ¤ ± ¥¤¨´μμ¡· §´μ³Ê μ¶¨¸ ´¨Õ
±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤·¥
μ¸´μ¢ ´ ´  · ¡μÉ¥ [19] ¨ ¨¸Ìμ¤¨É ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢. �Î¥¢¨¤´μ, ÎÉμ ¨¸-
¶μ²Ó§μ¢ ´¨¥ ¢ · ¡μÉ Ì [19,20]  ´ ²¨É¨Î¥¸±¨Ì Ëμ·³Ê² ¤²Ö μ¶¨¸ ´¨Ö · ¸¸¥Ö´¨Ö
( ´É¨)´¥°É·¨´μ ´  ´Ê±²μ´¥, ´ Ìμ¤ÖÐ¥³¸Ö ¢ ¸μ¸É ¢¥ ¸²μ¦´μ¸¢Ö§ ´´μ° ¸¨¸É¥³Ò
(Ö¤·μ), ¡Ò²μ ¢μ§³μ¦´μ Éμ²Ó±μ ¡² £μ¤ ·Ö ·Ö¤Ê Ê¶·μÐ ÕÐ¨Ì ¶·¨¡²¨¦¥´¨° ¨
¶·¥¤¶μ²μ¦¥´¨°.

‚ Î ¸É´μ¸É¨, ´ ¨¡μ²ÓÏ¥° ±·¨É¨±¥, ¢¨¤¨³μ, ¶μ¤¢¥·¦¥´μ ¸¤¥² ´´μ¥ ¢ [19]
¶·¥¤¶μ²μ¦¥´¨¥ μ¡ μÉ¸ÊÉ¸É¢¨¨ ¢±² ¤  ¢ ±μ£¥·¥´É´μ¥ (¨²¨ Ê¶·Ê£μ¥) ¸¥Î¥´¨¥
É¥Ì  ³¶²¨ÉÊ¤ (¨²¨ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°), ±μÉμ·Ò¥ ¸¢Ö-
§ ´Ò ¸ ¢μ§³μ¦´μ¸ÉÓÕ ¶¥·¥¢μ·μÉ  ¸¶¨´  ´Ê±²μ´  ¢  ±É Ì · ¸¸¥Ö´¨Ö ´  ´¥³
¶ ¤ ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ. Š ¦¥É¸Ö ¡μ²¥¥ ¨²¨ ³¥´¥¥ ¶μ´ÖÉ´Ò³, ÎÉμ ¶¥·¥-
¢μ·μÉ ¸¶¨´  ´  Ê·μ¢´¥ ´Ê±²μ´  ¢¶μ²´¥ ³μ¦¥É ¡ÒÉÓ ®´¥§ ³¥É¥´¯ ´  Ê·μ¢´¥
Ö¤· . �·μ¥±Í¨Ö ¸¶¨´  Ö¤·  (´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥) ¶·¨ ÔÉμ³ ³μ¦¥É ¨
´¥ ¨§³¥´¨ÉÓ¸Ö, ¶μ¸±μ²Ó±Ê ´¥²Ó§Ö μÉ·¨Í ÉÓ ¢μ§³μ¦´μ¸É¨ ±μ³¶¥´¸ Í¨¨ ¶¥·¥-
¢μ·μÉ  ¸¶¨´  μ¤´μ£μ ´Ê±²μ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ¶¥·¥¢μ·μÉμ³ ¸¶¨´  ¤·Ê£μ£μ
´Ê±²μ´ . �μÔÉμ³Ê, ¢·μ¤¥ ¡Ò, ¶¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§-
³μ¦´Ò³ ± ± ¤²Ö ´¥Ê¶·Ê£μ£μ, É ± ¨ ¤²Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. �·¨ ÔÉμ³ μ¸É -
¥É¸Ö, μ¤´ ±μ, μÉ±·ÒÉÒ³ ¢μ¶·μ¸ μ Éμ³, §  ± ±μ¥ Ì · ±É¥·´μ¥ ¢·¥³Ö ®¤·Ê£μ°
´Ê±²μ´¯ Ê¸¶¥¢ ¥É ¶μ¤¸É·μ¨ÉÓ¸Ö ¶μ¤ ®¶¥·¢Ò° ´Ê±²μ´¯ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò
Ö¤·μ, ¨Ì ¸μ¤¥·¦ Ð¥¥, ¸´μ¢  μ± § ²μ¸Ó ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨,
¨ ± ± ÔÉμ ¢·¥³Ö ®¢μ¸¸É ´μ¢²¥´¨Ö ¸¶¨´  Ö¤· ¯ ¸μμÉ´μ¸¨É¸Ö ¸ Ì · ±É¥·´Ò³
¤²Ö ¤ ´´μ£μ Ö¤·  ¢·¥³¥´¥³ ¸´ÖÉ¨Ö ¢μ§¡Ê¦¤¥´¨Ö §  ¸Î¥É ¢μ§¢· Ð¥´¨Ö Ö¤·  ¸
¢μ§¡Ê¦¤¥´´μ£μ Ê·μ¢´Ö ¢ ¶¥·¢μ´ Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥.

ˆ´Ò³¨ ¸²μ¢ ³¨, ¢μ¶·μ¸ ¸μ¸Éμ¨É ¢ Éμ³, ¸±μ²Ó±μ ¤μ²¦´μ ¶·μ°É¨ ¢·¥³¥´¨
¸ ³μ³¥´É  ¢§ ¨³μ¤¥°¸É¢¨Ö, ¤²Ö Éμ£μ ÎÉμ¡Ò ¸Î¨É ÉÓ ¶·μÍ¥¸¸ Ê¶·Ê£¨³ (Ö¤·μ
μ¸É ²μ¸Ó ¢ ¨¸Ìμ¤´μ³ ¸μ¸ÉμÖ´¨¨ ¨²¨ ¢¥·´Ê²μ¸Ó ¢ ´¥£μ É ± ¡Ò¸É·μ, ÎÉμ ´¨± -
±¨Ì ¸¨£´ ²μ¢ μ ¢μ§³μ¦´μ° ¢·¥³¥´´μ° ¸³¥´¥ ¨¸Ìμ¤´μ£μ ¸μ¸ÉμÖ´¨Ö ¶μ²ÊÎ¥´μ
´¥ ¡Ò²μ) ¨²¨ ´¥Ê¶·Ê£¨³ (Ö¤·μ ¢μ§¢· É¨²μ¸Ó ¢ ¨¸Ìμ¤´μ¥ ¸μ¸ÉμÖ´¨¥ ¶ÊÉ¥³ ¨¸-
¶Ê¸± ´¨Ö ËμÉμ´μ¢ μÉ ¸´ÖÉ¨Ö ¢μ§¡Ê¦¤¥´¨Ö Ö¤· )?

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢¥·μÖÉ´μ¸É¨ É ±¨Ì ¶¥·¥¢μ·μÉμ¢ ¸¶¨´  μ¶·¥¤¥²ÖÕÉ¸Ö
Ö¤¥·´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¥°, ±μÉμ· Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢·Ö¤ ²¨ ³μ¦¥É ¡ÒÉÓ
¶μ²ÊÎ¥´  ¨§ É¥Ì ¦¥ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢, ±μÉμ·Ò¥ ²¥¦ ²¨ ¢ μ¸´μ¢¥ ¶μ¤Ìμ¤ ,
¨¸¶μ²Ó§μ¢ ´´μ£μ ¢ · ¡μÉ¥ [19].
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μ²¥¥ Éμ£μ, ²Õ¡μ° ¶¥·¥¢μ·μÉ ¸¶¨´  μÉ¤¥²Ó´μ ¢§ÖÉμ£μ ´Ê±²μ´  ¨§ Ö¤¥·´μ°
³¨Ï¥´¨, μ¡² ¤ ÕÐ¥° ´Ê²¥¢Ò³ ¶μ²´Ò³ ¸¶¨´μ³, ¤μ²¦¥´ ¸ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ
(ÌμÉÖ ¡Ò ´  ´¥±μÉμ·μ¥ ¢·¥³Ö) ¨§³¥´ÖÉÓ ¶μ²´Ò° ¸¶¨´ Ö¤·  ¨, ¸²¥¤μ¢ É¥²Ó´μ,
¢Ò§Ò¢ ÉÓ ¢μ§¡Ê¦¤¥´¨¥ ÔÉμ£μ Ö¤· . Šμ´¥Î´μ, ÔÉμ ¢μ§¡Ê¦¤¥´¨¥ · ´μ ¨²¨ ¶μ§¤´μ
¸´¨³ ¥É¸Ö ¶μ¸²¥¤ÊÕÐ¨³ ®¨¸Î¥§´μ¢¥´¨¥³ ´ ¢¥¤¥´´μ£μ¯ ¸¶¨´  Ö¤·  ¨ ¨¸¶Ê¸-
± ´¨¥³ ¢Ò¸¢μ¡μ¤¨¢Ï¥°¸Ö Ô´¥·£¨¨. �μÔÉμ³Ê, ¸±μ·¥¥ ¢¸¥£μ, Ö¤· , Ê ±μÉμ·ÒÌ
§´ Î¥´¨¥ ¸Ê³³ ·´μ£μ ¸¶¨´  ´Ê±²μ´μ¢ § ³¥É´μ ³¥´ÓÏ¥ Î¨¸²  ¸ ³¨Ì ´Ê±²μ´μ¢,
É. ¥. Ap/n � ΔAp/n, ¡Ê¤ÊÉ ¢¥¸É¨ ¸¥¡Ö  ´ ²μ£¨Î´Ò³ ¡¥¸¸¶¨´μ¢μ³Ê Ö¤·Ê μ¡· -
§μ³, É. ¥. ²Õ¡μ° ¶¥·¥¢μ·μÉ ¸¶¨´  μÉ¤¥²Ó´μ ¢§ÖÉμ£μ ´Ê±²μ´  ¨§ Ö¤·  ³¨Ï¥´¨
¡Ê¤¥É ¶·¨¢μ¤¨ÉÓ ± ¨§³¥´¥´¨Õ Ô´¥·£¥É¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¢¸¥£μ Ö¤·  ³¨Ï¥´¨,
  ¸²¥¤μ¢ É¥²Ó´μ, ± ´¥Ê¶·Ê£μ³Ê ¶·μÍ¥¸¸Ê ¢μ§¡Ê¦¤¥´¨Ö Ö¤· . �μ ÔÉ¨³ ¶·¨Î¨´ ³
¨£´μ·¨·μ¢ ´¨¥ ¢±² ¤  ¸μ¡ÒÉ¨° ¸ ¶¥·¥¢μ·μÉ ³¨ ¸¶¨´  ´Ê±²μ´μ¢ ¢ ¸¥Î¥´¨¥ ±μ-
£¥·¥´É´μ£μ ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, ¢¶μ²´¥
¸μμÉ¢¥É¸É¢Ê¥É Ê·μ¢´Õ ÉμÎ´μ¸É¨ ¶·μ¢¥¤¥´´μ£μ · ¸¸³μÉ·¥´¨Ö.

7.5. (�¥)±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ¨²¨ (´¥)Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥? ‘μ£² ¸´μ
É· ¤¨Í¨¨, ¢μ¸Ìμ¤ÖÐ¥° ± ¶¨μ´¥·¸±μ° · ¡μÉ¥ ”·¨¤³ ´ , ¸² £ ¥³Ò¥ (6.45)
¨ (6.46) ¶μ²´μ£μ ¸¥Î¥´¨Ö ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (6.42) μ¡μ§´ -
Î¥´Ò, ¸μμÉ¢¥É¸É¢¥´´μ, ¨´¤¥±¸ ³¨ ®±μ£¥·¥´É´μ¥¯ ¨ ®´¥±μ£¥·¥´É´μ¥¯. ” ±É¨-
Î¥¸±¨ ÔÉ  É¥·³¨´μ²μ£¨Ö ¶μ¢¸¥³¥¸É´μ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¨ ¢ ¤ ´´μ³ É¥±¸É¥.

’¥³ ´¥ ³¥´¥¥, ± ± ¡Ò²μ ¶μ± § ´μ ¢ÒÏ¥, ¤²Ö Ô´¥·£¨° ´¥°É·¨´μ ¨  ´É¨-
´¥°É·¨´μ ¢ μ¡² ¸É¨ ¤¥¸ÖÉ±μ¢ ³¥£ Ô²¥±É·μ´¢μ²ÓÉ μ¡  ÔÉ¨Ì ¸² £ ¥³ÒÌ (6.45)
¨ (6.46) Ö¢²ÖÕÉ¸Ö ±μ£¥·¥´É´Ò³¨ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ¢¸¥ ´Ê±²μ´Ò Ö¤·  ¢μ¢²¥-
Î¥´Ò (¶· ±É¨Î¥¸±¨) ¢ · ¢´μ° ¸É¥¶¥´¨ ¢ ¶·μÍ¥¸¸ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  Ê·μ¢´¥
 ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö [19]. ˆ³¥´´μ ÔÉμ ¸¢μ°¸É¢μ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ±μ´-
¸É·Ê±É¨¢´μ ¤²Ö ¶μ²ÊÎ¥´¨Ö ±²ÕÎ¥¢ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¸¥Î¥´¨Ö ( ´É¨)´¥°É·¨´μ-
Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (6.42) ¨ (6.45), (6.46). �μÔÉμ³Ê, ¸É·μ£μ £μ¢μ·Ö, ± ± ³¨-
´¨³Ê³ ¢ μ¡¸Ê¦¤ ¥³μ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ¡μ²¥¥ ¶· ¢¨²Ó´μ ¨¸¶μ²Ó§μ-
¢ ÉÓ, ¸μμÉ¢¥É¸É¢¥´´μ, ¶μ´ÖÉ¨Ö (¨´¤¥±¸Ò) ®Ê¶·Ê£μ¥¯ ¨ ®´¥Ê¶·Ê£μ¥¯ · ¸¸¥Ö-
´¨¥/¢§ ¨³μ¤¥°¸É¢¨¥ ¢³¥¸Éμ ®±μ£¥·¥´É´μ¥¯ ¨ ®´¥±μ£¥·¥´É´μ¥¯.

�·¨ §´ Î¨É¥²Ó´μ ¡�μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ (¤¥¸ÖÉ±¨ £¨£ Ô²¥±É·μ´¢μ²ÓÉ ¨ ¤ ²¥¥),
± ± ³¨´¨³Ê³ ´  ± Î¥¸É¢¥´´μ³ Ê·μ¢´¥, ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´μ° ¢μ§³μ¦´μ¸ÉÓ
μ¡μ¡Ð¥´¨Ö ¶μ´ÖÉ¨Ö ¶μ²´μÉÒ Ê·μ¢´¥° ¢μ§¡Ê¦¤¥´¨Ö Ö¤· , ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¢
¤ ´´μ³ · ¸¸³μÉ·¥´¨¨ ¤²Ö ¶·μÍ¥¸¸  νA → νA∗, ´  ¸²ÊÎ °, ±μ£¤  Ö¤·μ-³¨Ï¥´Ó
¶μ²´μ¸ÉÓÕ · §·ÊÏ ¥É¸Ö, É. ¥. νA → νX (£²Ê¡μ±μ´¥Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥). �Î¥-
¢¨¤´μ, ÎÉμ ¶μ²´μ¥ · §·ÊÏ¥´¨¥ Ö¤·  μ§´ Î ¥É, ÎÉμ É¥·Ö¥É ¸³Ò¸² É ±¦¥ ¶μ-
´ÖÉ¨¥ ¥£μ ´Ê±²μ´´ÒÌ Ëμ·³Ë ±Éμ·μ¢, ÎÉμ Ô±¢¨¢ ²¥´É´μ Fp/n(q) ≡ 0. �μ-
ÔÉμ³Ê ´¥Ê¶·Ê£μ¥ (´¥±μ£¥·¥´É´μ¥) ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤·¥
¢ ¢¨¤¥ (6.45) ¸É ´μ¢¨É¸Ö μÎ¥´Ó ¶μÌμ¦¨³ ´  μ¸´μ¢´μ° ·¥§Ê²ÓÉ É ¶ ·Éμ´´μ°
³μ¤¥²¨ ¸ ¥¥ §´ ³¥´¨Éμ° ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ ¶μ²´μ£μ Î¨¸²  ´Ê±²μ´μ¢
Ö¤·  A.

�¤´¨³ ¨§ ¢ ·¨ ´Éμ¢ ¤ ²Ó´¥°Ï¥£μ · §¢¨É¨Ö (μ¡μ¡Ð¥´¨Ö) ¶·¥¤²μ¦¥´´μ£μ
¶μ¤Ìμ¤  ³μ¦¥É ¡ÒÉÓ ¢±²ÕÎ¥´¨¥ ¢ · ¸¸³μÉ·¥´¨¥ ¶μ³¨³μ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ´Ê-
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±²μ´´ÒÌ Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ Fp/n(q) É ±¦¥ ¶·μÉμ´´ÒÌ ¨ ´¥°É·μ´´ÒÌ
Ëμ·³Ë ±Éμ·μ¢ fp/n(q), ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê ¶μ¸²¥¤´¨Ì.
� ¶·¨³¥·, ¢ ¢¨¤¥ § ³¥´Ò ±¨· ²Ó´ÒÌ ´Ê±²μ´´ÒÌ ¸² ¡ÒÌ ±μ´¸É ´É ¢§ ¨³μ¤¥°-

¸É¢¨Ö g
p/n
L/R ´  ¢Ò· ¦¥´¨Ö, § ¢¨¸ÖÐ¨¥ μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  É¨¶ 

g
p/n
L/Rfp/n(q).

„·Ê£μ° ¢ ·¨ ´É μ¡μ¡Ð¥´¨Ö · ¸¸³μÉ·¥´´μ£μ ¶μ¤Ìμ¤  [19, 20] ³μ¦¥É ¡ÒÉÓ
¸¢Ö§ ´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤²Ö μ¶¨¸ ´¨Ö Ë¥·³¨μ´μ¢ ¢³¥¸Éμ ¶²μ¸±¨Ì ¢μ²´ ¢μ²-
´μ¢ÒÌ ¶ ±¥Éμ¢ (¸³., ´ ¶·¨³¥·, [69Ä71]). �Éμ μ¡μ¡Ð¥´¨¥ ¶·¥¤¸É ¢²Ö¥É μ¸μ¡Ò°
¨´É¥·¥¸ ¸ ÉμÎ±¨ §·¥´¨Ö ´μ¢ÒÌ Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨° ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö ´¥°-
É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤· Ì.

8. ”ˆ‡ˆ—…‘Šˆ… ‡�„�—ˆ ˆ �Š‘�…�ˆŒ…�’› CEνNS

8.1. ”¨§¨Î¥¸±¨¥ § ¤ Î¨ ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ. ‚ ¤ ´-
´μ³ · §¤¥²¥ ¤ ¥É¸Ö ±· É±¨° μ¡§μ· ·¥Ï¥´¨° ·Ö¤  Ë¨§¨Î¥¸±¨Ì § ¤ Î, ¢ ´ -
¸ÉμÖÐ¥¥ ¢·¥³Ö ¸¢Ö§ ´´ÒÌ ¸ ¨¸¸²¥¤μ¢ ´¨¥³ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ´  Ö¤· Ì (CEνNS).

8.1.1. �μ²Ó CEνNS ¶·¨ ¢§·Ò¢¥ ¸¢¥·Ì´μ¢μ° §¢¥§¤Ò. ‚ ¶¥·¢ÊÕ μÎ¥·¥¤Ó
¸²¥¤Ê¥É ´ Î ÉÓ ¸ · ¡μÉÒ ”·¨¤³ ´  1973 £. [1], £¤¥ ¢¶¥·¢Ò¥ μ¡¸Ê¦¤ ² ¸Ó ·μ²Ó
§´ Î¨É¥²Ó´μ£μ Ê¢¥²¨Î¥´¨Ö ¸¥Î¥´¨Ö CEνNS ¢ ±μ´É¥±¸É¥ μ¡ÑÖ¸´¥´¨Ö ¢§·Ò¢ 
¸¢¥·Ì´μ¢μ° §¢¥§¤Ò. „ ²¥¥ ¢ 1974 £. ‚¨²¸μ´ ¢ · ¡μÉ¥ [72] ¶·¥¤²μ¦¨² ´μ¢Ò°
³¥Ì ´¨§³ ±μ²² ¶¸  §¢¥§¤Ò ´  μ¸´μ¢¥ ®μÉ±·ÒÉμ°¯ ”·¨¤³ ´μ³ ±μ£¥·¥´É´μ-
¸É¨ ¨ ¸¢Ö§ ´´μ° ¸ ÔÉ¨³ ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´ 
ÉÖ¦¥²ÒÌ Ö¤· Ì (´¥°É· ²Ó´Ò° Éμ±) ±¢ ¤· ÉÊ  Éμ³´μ£μ ¢¥¸ . ‘μ£² ¸´μ [72] ±μ²-
² ¶¸ §¢¥§¤Ò ¸ ¦¥²¥§´Ò³ Ö¤·μ³ ¶·¨¢μ¤¨É ± μ¡· §μ¢ ´¨Õ £μ·ÖÎ¥° ´¥°É·μ´´μ°
§¢¥§¤Ò, μ±·Ê¦¥´´μ° Éμ´±¨³ ¸²μ¥³ ¦¥²¥§ . �¥°É·¨´μ, μ¡· §ÊÕÐ¨¥¸Ö ¢ £μ·Ö-
Î¥³ ´¥°É·μ´´μ³ ±μ·¥, ¨§-§  ¡μ²ÓÏμ£μ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¢μ ¢´¥Ï´¥³
(¦¥²¥§´μ³) ¸²μ¥ ¸¶μ¸μ¡´Ò ¸¢μ¨³ ¤ ¢²¥´¨¥³ · §μ£´ ÉÓ ÔÉμÉ ¸²μ° ¦¥²¥§  ¤μ
¸±μ·μ¸É¥° μÉ·Ò¢  ¨ É¥³ ¸ ³Ò³ ¢§μ·¢ ÉÓ §¢¥§¤Ê.

‚ · ¡μÉ¥ [73] ¶·¨¢¥¤¥´Ò ¨´É¥·¥¸´Ò¥  ·£Ê³¥´ÉÒ ¢ ¶μ²Ó§Ê Éμ£μ, ÎÉμ ÊÎ¥É
Ö¤¥·´μ° É¥³¶¥· ÉÊ·Ò §¢¥§¤Ò ³μ¦¥É μ± § ÉÓ¸Ö É ±¦¥ ¢ ¦´Ò³ Ë ±Éμ·μ³ Ê¢¥²¨-
Î¥´¨Ö ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¤¥· ¢´ÊÉ·¨
¸ ³μ° §¢¥§¤Ò. �  ÔÉμ° μ¸´μ¢¥ ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Î¥ÉÒ ¸¥-
Î¥´¨° ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö, μÉ´μ¸ÖÐ¨Ì¸Ö ± ¶·μÍ¥¸¸ ³ ¢ ¸¢¥·Ì´μ¢ÒÌ
§¢¥§¤ Ì [73].

‘μ£² ¸´μ ¸μ¢·¥³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ CEνNS ¨£· ¥É ¢ ¦´ÊÕ ·μ²Ó ¢
Ô¢μ²ÕÍ¨¨ ¸¢¥·Ì´μ¢μ° Å CEνNS ¥¥ ®¢§·Ò¢ ¥É¯, É. ¥. ³μÐ´Ò° ¶μÉμ± ´¥°É·¨´μ
¨§ ±μ·  §¢¥§¤Ò ¸ μ£·μ³´μ° ¸¨²μ° ¸·Ò¢ ¥É ¸ ´¥¥ ¢´¥Ï´¨° ¸²μ° ¨ ¢Ò¡· ¸Ò¢ ¥É
¥£μ ¢ ±μ¸³¨Î¥¸±μ¥ ¶·μ¸É· ´¸É¢μ, ÎÉμ ¸μ¡¸É¢¥´´μ ¨ ´ ¡²Õ¤ ¥É¸Ö ± ± ¢§·Ò¢
¸¢¥·Ì´μ¢μ° (SN).
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μ²¥¥ Éμ£μ, ¸μ¢·¥³¥´´Ò¥ ³μ¤¥²¨·μ¢ ´¨Ö Ô¢μ²ÕÍ¨¨ SN-§¢¥§¤ ¢±²ÕÎ ÕÉ
ÔÉμÉ ¶·μÍ¥¸¸ ¢ ± Î¥¸É¢¥ £² ¢´μ£μ ¨¸ÉμÎ´¨±  ´¥¶·μ§· Î´μ¸É¨ ¤²Ö ´¥°É·¨´μ,
ÎÉμ ¨³¥¥É μ¸μ¡μ¥ §´ Î¥´¨¥ ¢μ ¢·¥³Ö Ë §Ò ±μ²² ¶¸  §¢¥§¤Ò ¶¥·¥¤ ¸μ¡¸É¢¥´´μ
¢§·Ò¢μ³ SN [74]. ‚μ ¢·¥³Ö ±μ²² ¶¸  Ö¤·μ ³ ¸¸¨¢´μ° §¢¥§¤Ò ¡Ò¸É·μ ¤¥-
²¥¶Éμ´¨§¨·Ê¥É¸Ö, É. ¥. ¶μ£²μÐ ¥É Ô²¥±É·μ´Ò ¸ ¨¸¶Ê¸± ´¨¥³ ´¥°É·¨´μ, ¸É -
´μ¢Ö¸Ó ¡μ²¥¥ ¡μ£ ÉÒ³ ´¥°É·μ´ ³¨. �μ ³¥·¥ § Ì¢ É  ÔÉ¨Ì ´¥°É·¨´μ (§  ¸Î¥É
CEνNS) ¸±μ·μ¸ÉÓ ¤¥²¥¶Éμ´¨§ Í¨¨ § ³¥¤²Ö¥É¸Ö. ‚ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò
CEνNS ³μ³¥´É, ¢ ±μÉμ·Ò° ´¥°É·¨´μ ¸É ´μ¢ÖÉ¸Ö § Ì¢ Î¥´´Ò³¨, ¨§³¥´Ö¥É¸Ö.
‚ Î ¸É´μ¸É¨, ¢μ§· ¸É ´¨¥ ¢¥²¨Î¨´Ò CEνNS ¢Ò§Ò¢ ¥É § Ì¢ É ´¥°É·¨´μ ¶·¨
¡μ²¥¥ ¢Ò¸μ±μ° Ô²¥±É·μ´´μ° Ë· ±Í¨¨, ¢ Éμ ¢·¥³Ö ± ± Ê³¥´ÓÏ¥´¨¥ CEνNS-
¢¥²¨Î¨´Ò ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ ´¥°É·¨´μ § Ì¢ ÉÒ¢ ¥É¸Ö ¶μ§¤´¥¥ ¶·¨ ¡μ²¥¥
´¨§±μ° Ô²¥±É·μ´´μ° Ë· ±Í¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¡�μ²ÓÏ¥¥ §´ Î¥´¨¥ CEνNS ¤ ¥É
¡μ²¥¥ ³ ¸¸¨¢´μ¥ Ö¤·μ,   ³¥´ÓÏ¥¥ §´ Î¥´¨¥ CEνNS Å ¡μ²¥¥ ²¥£±μ¥ Ö¤·μ.
„ ²¥¥, ¡μ²¥¥ ÉÖ¦¥²μ¥ Ö¤·μ ¢Ò§Ò¢ ¥É Ê¤ ·´ÊÕ ¢μ²´Ê, ±μÉμ· Ö ¸´ Î ²  ¨¤¥É
¢´ÊÉ·¨ §¢¥§¤Ò, ´μ § É¥³ μ¸É ´ ¢²¨¢ ¥É¸Ö ´  μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏμ³ ¥¥ · -
¤¨Ê¸¥. � ¶·μÉ¨¢, Ê¤ ·´ Ö ¢μ²´  ¢ ¸²ÊÎ ¥ ²¥£±μ£μ Ö¤·  ¸´ Î ²  ¨¤¥É ¤μ¸É ÉμÎ´μ
³¥¤²¥´´μ, ´μ ´¥ μ¸É ´ ¢²¨¢ ¥É¸Ö ´  Éμ³ ¦¥ ³ ²μ³ · ¤¨Ê¸¥. ‘ ÔÉ¨³ ÔËË¥±Éμ³
¸¢Ö§ ´μ ¨§³¥´¥´¨¥ ¸¢¥É¨³μ¸É¨ ¨¸¶ÊÐ¥´´ÒÌ μ- ¨ τ -´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ.
’ ±, ´ ¶·¨³¥·, ¨§³¥´¥´¨¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö CEνNS ¢ ¤¢  · §  ¶·¨¢μ¤¨É ±
¨§³¥´¥´¨Õ ¶¨±μ¢μ° ¸¢¥É¨³μ¸É¨ νμ ¨ ντ μÉ ¢§·Ò¢  ¸¢¥·Ì´μ¢μ° ´  10% [74].

“´¨± ²Ó´Ò³ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ÔÉμÉ ¦¥ ¸ ³Ò° CEνNS-ÔËË¥±É ¤ ¥É ¢ ·Ê±¨
Ô±¸¶¥·¨³¥´É Éμ·μ¢ ¸¶μ¸μ¡ ¤²Ö ·¥£¨¸É· Í¨¨ ¨ ¨§ÊÎ¥´¨Ö ¶μÉμ±  ®³μ£ÊÎ¨Ì¯ ´¥°-
É·¨´μ μÉ ¢§·Ò¢  ¸¢¥·Ì´μ¢μ° ¨ É¥³ ¸ ³Ò³ ¶μ§¢μ²Ö¥É ¶·μ¢¥·ÖÉÓ ³μ¤¥²Ó´Ò¥
¶·¥¤¸É ¢²¥´¨Ö μ ³¥Ì ´¨§³¥ ¸ ³μ£μ ¢§·Ò¢ .

„¥°¸É¢¨É¥²Ó´μ, μ¡ÒÎ´Ò° (´¥ CEνNS) ¤¥É¥±Éμ· ¤²Ö ·¥£¨¸É· Í¨¨ ´¥°É·¨´μ
μÉ ¸¢¥·Ì´μ¢μ° ¨³¥¥É É ±μ° ´¥¤μ¸É Éμ±, ÎÉμ ¢ ´¥³ ´ ¨¡μ²ÓÏ¥¥ Î¨¸²μ ¸μ¡ÒÉ¨°
μÉ £ ² ±É¨Î¥¸±μ° ¸¢¥·Ì´μ¢μ° μ¦¨¤ ¥É¸Ö ¢ ± ´ ²¥ § ·Ö¦¥´´μ£μ Éμ± , É. ¥. § 
¸Î¥É ·¥ ±Í¨¨ μ¡· É´μ£μ β-· ¸¶ ¤ : ν̄e + p → n + e+. �·¨ ÔÉμ³ Í¥²Ó ¨§³¥-
·¥´¨Ö Å ¸¶¥±É· ´¥°É·¨´μ · §´ÒÌ  ·μ³ Éμ¢, ¶·¨Î¥³ ¶μ ¢μ§³μ¦´μ¸É¨ ¨³¥´´μ
É ±μ°, ± ±μ° ¡Ò² ¨¸¶ÊÐ¥´ ´¥°É·μ´´μ° ¶·μÉμ§¢¥§¤μ° ¨§ Í¥´É·  ¸¢¥·Ì´μ¢μ°.
�¤´ ±μ ÔËË¥±ÉÒ ´¥°É·¨´´ÒÌ μ¸Í¨²²ÖÍ¨° ¢ ¢¥Ð¥¸É¢¥, ¢μ§³μ¦´Ò¥ ÔËË¥±ÉÒ
¸ ³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¨ É. ¶. ¡Ê¤ÊÉ ¸³¥Ï¨¢ ÉÓ ¸¶¥±É·Ò μÉ¤¥²Ó´ÒÌ ´¥°É·¨´-
´ÒÌ  ·μ³ Éμ¢ ´  ¢ÒÌμ¤¥ ´¥°É·¨´μ ¨§ ¸¢¥·Ì´μ¢ÒÌ. �¥ ±Í¨¨ ´¥°É· ²Ó´μ£μ
Éμ±  ¢ ¢¨¤¥ CEνNS ´¥ÎÊ¢¸É¢¨É¥²Ó´Ò ± ÔÉμ³Ê ¸³¥Ï¨¢ ´¨Õ, ¨ ¸±μ·μ¸ÉÓ ¢ ÔÉ¨Ì
·¥ ±Í¨ÖÌ μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³μ° ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¢¸¥Ì É·¥Ì  ·μ³ Éμ¢.
ˆÌ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸μ¢³¥¸É´μ ¸ ¸¨£´ ² ³¨ § ·Ö¦¥´´μ£μ Éμ± , ÎÉμ¡Ò μÉ-
¤¥²¨ÉÓ ÔËË¥±ÉÒ ¶·¥μ¡· §μ¢ ´¨Ö  ·μ³ É  μÉ ¨¸Ìμ¤´μ£μ ´¥°É·¨´´μ£μ ¸¨£´ ² .
�Éμ ¤¥² ¥É CEνNS μ¸μ¡¥´´μ ¢ ¦´Ò³ ³¥Ì ´¨§³μ³ μ¡´ ·Ê¦¥´¨Ö ¸¢¥·Ì´μ¢ÒÌ ¨
±²ÕÎ¥¢μ° ·¥ ±Í¨¥° ¤²Ö ¨§³¥·¥´¨Ö Ì · ±É¥·  Ô¢μ²ÕÍ¨¨ ¶μÉμ±  ´¥°É·¨´μ μÉ
¢§·Ò¢  ¸¢¥·Ì´μ¢ÒÌ.

ˆÉ ±, μ¡´ ·Ê¦¥´¨¥ £ ² ±É¨Î¥¸±¨Ì ´¥°É·¨´μ μÉ ¢§·Ò¢μ¢ ¸¢¥·Ì´μ¢ÒÌ §¢¥§¤
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¤´Ê ¨§ ¢ ¦´¥°Ï¨Ì ¸μ¢·¥³¥´´ÒÌ § ¤ Î ´¥°É·¨´´μ° Ë¨-



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 159

§¨±¨ ¨  ¸É·μË¨§¨±¨ ¤μ¸É ÉμÎ´μ ´¨§±¨Ì Ô´¥·£¨°. Š²ÕÎ¥¢ Ö ·μ²Ó ¢ ·¥Ï¥´¨¨
ÔÉμ° § ¤ Î¨ ¶·¨´ ¤²¥¦¨É CEνNS (¸³., ´ ¶·¨³¥·, [44,75,76]).

8.1.2. CEνNS ¨ ¸É·Ê±ÉÊ·  Ö¤· . �μ¸±μ²Ó±Ê ¨³¥´´μ ´ ²¨Î¨¥ ¤μ¸É ÉμÎ´μ
¸²μ¦´μ° Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò ¶·¨¤ ¥É CEνNS μ¸μ¡ÊÕ §´ Î¨³μ¸ÉÓ ¢ ·Ö¤¥ ¢ ¦-
´¥°Ï¨Ì ¢μ¶·μ¸μ¢ Ë¨§¨±¨ ¨  ¸É·μË¨§¨±¨ ´¥°É·¨´μ, Éμ ¸μ¢¥·Ï¥´´μ μÎ¥¢¨¤´μ,
ÎÉμ  ¤¥±¢ É´μ¥ §´ ´¨¥ ÔÉμ° ¸É·Ê±ÉÊ·Ò ¢ ¢¨¤¥ ³μ¤¥²¥° Ö¤·  ¨ ¶μ²ÊÎ¥´¨¥ ±μ²¨-
Î¥¸É¢¥´´ÒÌ ¶·¥¤¸± § ´¨° ´  ¨Ì μ¸´μ¢¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ±²ÕÎ¥¢Ò³ ³μ³¥´Éμ³
¢ § ¤ Î Ì ¨¸¶μ²Ó§μ¢ ´¨Ö CEνNS ± ± ¤²Ö ·¥Ï¥´¨Ö ËÊ´¤ ³¥´É ²Ó´ÒÌ Ë¨§¨Î¥-
¸±¨Ì § ¤ Î (¤¥É¥±É¨·μ¢ ´¨¥ ¢§·Ò¢μ¢ ¸¢¥·Ì´μ¢ÒÌ §¢¥§¤ ¨ É. ¶.), É ± ¨ ¢ ¶· ±-
É¨Î¥¸±μ° ¶²μ¸±μ¸É¨ (³μ´¨Éμ·¨´£ ¶·μ³ÒÏ²¥´´ÒÌ  Éμ³´ÒÌ ·¥ ±Éμ·μ¢ ¨ É. ¶.).

�·¨³¥· É ±μ£μ ¸μ·É  ¢ÒÎ¨¸²¥´¨° ´  ¡ §¥ ¸μ¢·¥³¥´´ÒÌ Ö¤¥·´ÒÌ ³μ¤¥²¥°
¶·¥¤¸É ¢²¥´ ¢ · ¡μÉ Ì [47, 77]. 
Ò²¨ ¢ÒÎ¨¸²¥´Ò ± ± ¶μ²´Ò¥ ¸¥Î¥´¨Ö, É ± ¨
μ¦¨¤ ¥³Ò¥ ¸±μ·μ¸É¨ ¸Î¥É  ¸μ¡ÒÉ¨°, μ¡Ê¸²μ¢²¥´´Ò¥ ±μ£¥·¥´É´Ò³ ¨ ´¥±μ£¥-
·¥´É´Ò³ · ¸¸¥Ö´¨¥³ ´¥°É·¨´μ (± ´ ² ´¥°É· ²Ó´μ£μ Éμ± ) ´  ¨§μÉμ¶ Ì 40Ar ¨
132Xe ¶·¨ Ô´¥·£¨ÖÌ ´¥°É·¨´μ E < 100 ŒÔ‚. Šμ£¥·¥´É´Ò° ± ´ ² μ¶¨¸Ò¢ ²¸Ö
¶¥·¥Ìμ¤μ³ 0+

gs → 0+
gs, ±μÉμ·Ò° ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ ¤μ³¨´¨·μ¢ ² ´ ¤ ´¥±μ-

£¥·¥´É´Ò³, ±μÉμ·μ³Ê μÉ¢¥Î ² Ö¤¥·´Ò° ¶¥·¥Ìμ¤ 0+
gs → Jf . ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³

· ¸¶·¥¤¥²¥´¨Ö ”¥·³¨Ä„¨· ±  ¤²Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·μ¢ SN-´¥°É·¨´μ ¡Ò²
¢ÒÎ¨¸²¥´ μ¦¨¤ ¥³Ò° μÉ±²¨± ¢ÒÏ¥Ê± § ´´ÒÌ ¨§μÉμ¶μ¢ ´  ¢μ§³μ¦´Ò° ´¥°-
É·¨´´Ò° ¸¨£´ ² μÉ SN-¢§·Ò¢  [47]. �´ ²μ£¨Î´Ò¥ Ö¤¥·´μ-³μ¤¥²Ó´Ò¥ · ¸Î¥ÉÒ
¢¥·μÖÉ´μ¸É¥° ¤¥É¥±É¨·μ¢ ´¨Ö ´¥°É·¨´´μ£μ ¨  ´É¨´¥°É·¨´´μ£μ ¸¨£´ ²μ¢ μÉ
¢μ§³μ¦´μ£μ ¢§·Ò¢  ¸¢¥·Ì´μ¢μ° ¤²Ö ¤·Ê£¨Ì ³¨Ï¥´¥° μÉ 4He ¤μ 208Pb ¡Ò²¨
¶·¥¤¸É ¢²¥´Ò ¢ · ¡μÉ¥ [77]. �É³¥É¨³, ÎÉμ ¢ ÔÉ¨Ì · ¡μÉ Ì ¶μ¤· §Ê³¥¢ ²μ¸Ó
(¡¥§ ¤μ²¦´μ£μ μ¡μ¸´μ¢ ´¨Ö), ÎÉμ ±μ£¥·¥´É´μ¥ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ¨
 ´É¨´¥°É·¨´μ ´  Ö¤· Ì μ¶¨¸Ò¢ ¥É¸Ö μ¤´¨³¨ ¨ É¥³¨ ¦¥ Ëμ·³Ê² ³¨.

„·Ê£μ° ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  É¥μ·¨¨ Ë¥·³¨-¦¨¤±μ¸É¨, ¡Ò² ¶·¨³¥´¥´ ¢
· ¡μÉ¥ [78] ¤²Ö μÍ¥´±¨ ¸¥Î¥´¨° Ê¶·Ê£μ£μ ¨ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´ 
´Ê±²μ´ Ì, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ ¶·μÉÖ¦¥´´μ° Ö¤¥·´μ° ¸·¥¤¥. ‘¥Î¥´¨Ö ¡Ò²¨ · ¸¸Î¨-
É ´Ò ¤²Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  ÉÖ¦¥²ÒÌ Ö¤· Ì ¶·¨ Ô´¥·£¨ÖÌ ´¨¦¥ 50 ŒÔ‚
¢ É¥·³¨´ Ì ¤¨´ ³¨Î¥¸±¨Ì Ëμ·³Ë ±Éμ·μ¢. �É¨ ¸¥Î¥´¨Ö ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²Ó-
É É ³¨ ¤·Ê£¨Ì, £μ· §¤μ ¡μ²¥¥ ¸²μ¦´ÒÌ Ö¤¥·´ÒÌ ³μ¤¥²¥°.

’Ð É¥²Ó´Ò¥ Ö¤¥·´μ-³μ¤¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¨ ¶μ²´ÒÌ
¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ´¥°É·¨´μ (± ´ ² ´¥°É· ²Ó´μ£μ Éμ± ) ´  ´ ¨¡μ²¥¥ · ¸¶·μ-
¸É· ´¥´´μ³ ¨§μÉμ¶¥ ±¸¥´μ´  ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ · ¡μÉ¥ [79]. �É¨ · ¸Î¥ÉÒ
¡Ò²¨ ¸¤¥² ´Ò ¢ ³μ¤¥²¨ Ö¤¥·´ÒÌ μ¡μ²μÎ¥± ¤²Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¨ ¢ ±¢ -
§¨Î ¸É¨Î´μ³ ¶·¨¡²¨¦¥´¨¨ ¸²ÊÎ °´ÒÌ Ë § (QRPA) ± ± ¤²Ö Ê¶·Ê£μ£μ, É ± ¨
¤²Ö ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö. 
Ò²¨ É ±¦¥ μÍ¥´¥´Ò Ê¸·¥¤´¥´´Ò¥ ¸¥Î¥´¨Ö ¤²Ö
¸μ²´¥Î´ÒÌ 8B-´¥°É·¨´μ ¨ ´¥°É·¨´μ μÉ ¸¢¥·Ì´μ¢ÒÌ [79].

‚ · ¡μÉ¥ [64] ¡Ò²¨ ¨§ÊÎ¥´Ò ¢μ§³μ¦´μ¸É¨ Ô±¸¶¥·¨³¥´É  COHERENT ¢
¢μ¶·μ¸¥ μ¶·¥¤¥²¥´¨Ö ¨ ¨¸¸²¥¤μ¢ ´¨Ö ¢ ¦´μ° Ì · ±É¥·¨¸É¨±¨ Ö¤¥·´μ° ¸É·Ê±-
ÉÊ·Ò Å ´¥°É·μ´´μ£μ Ö¤¥·´μ£μ Ëμ·³Ë ±Éμ· . Ÿ¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò ¢ [64]
μ¶·¥¤¥²¥´Ò ± ± ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨Ö ¶²μÉ´μ¸É¥° § ·Ö¤μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°
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¢ Ö¤·¥:

Fn,p(q2) =
1

Nn,p

∫
ρp,n(r) eiq·r d3r, (8.1)

¶·¨ ÔÉμ³ ´¥ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Fp = Fn. �É¨ Ö¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò ³μ£ÊÉ
¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ³μ³¥´É ³ · ¸¶·¥¤¥²¥´¨° § ·Ö¤μ¢μ°
¶²μÉ´μ¸É¨ [41]

Fp,n(q2) ≈ 1 − q2

3!
〈R2

p,n〉 +
q4

5!
〈R4

p,n〉 −
q6

7!
〈R6

p,n〉 + . . . , (8.2)

£¤¥ k-° ³μ³¥´É μ¶·¥¤¥²Ö¥É¸Ö ± ±

〈Rk
p,n〉 =

∫
ρp,n(r) |r|k d3r∫

ρp,n(r) d3r
. (8.3)

�¢Éμ· ³¨ [64] ¡Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ´  μ¸´μ¢¥ ¸μ¢·¥³¥´´μ° ³μ¤¥²¨ ¤¥-
Ëμ·³¨·μ¢ ´´ÒÌ Ö¤¥·´ÒÌ μ¡μ²μÎ¥± (DSM). „²Ö ¢ÒÎ¨¸²¥´¨Ö Ëμ·³Ë ±Éμ·μ¢
Ö¤¥· 127I ¨ 133Cs ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ [80] ¨
¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨° ¸Ë¥·¨Î¥¸±¨Ì μ·¡¨É ²¥° 0g7/2, 1d5/2, 1d3/2, 2s1/2 ¨
0h11/2 ´  μ¸´μ¢¥ § ¶μ²´¥´´μ£μ ±μ·  100Sn. 
Ò²¨ ÊÎÉ¥´Ò Ï¥¸ÉÓ ¢´ÊÉ·¥´´¨Ì
±μ´Ë¨£Ê· Í¨° ¤²Ö 127I ¨ É·¨ Å ¤²Ö 133Cs. �Éμ£μ μ± § ²μ¸Ó ¤μ¸É ÉμÎ´μ ¤²Ö
 ¤¥±¢ É´μ£μ ¢μ¸¶·μ¨§¢¥¤¥´¨Ö ´ ¨¡μ²¥¥ ¢ ¦´ÒÌ Ì · ±É¥·¨¸É¨± ÔÉ¨Ì ¨§μÉμ-
¶μ¢. 
Ò²μ ¶·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ³¥¦¤Ê · ¸Î¥É ³¨ ¢ DSM-¶μ¤Ìμ¤¥ ¨ Ï¨·μ±μ
¨¸¶μ²Ó§Ê¥³Ò³¨  ¶¶·μ±¸¨³ Í¨Ö³¨ Ëμ·³Ë ±Éμ·μ¢ •¥²Ó³  [81], ¸¨³³¥É·¨§μ-
¢ ´´μ£μ ”¥·³¨ [82] ¨ Š²Ö°´ Ä�¨¸É· ´¤  [83].

Š ± ¨§¢¥¸É´μ, ¶·¨¡²¨¦¥´´Ò° ¶μ¤Ìμ¤ •¥²Ó³  μ¸´μ¢ ´ ´  ¸¢¥·É±¥ ¤¢ÊÌ
Ö¤¥·´ÒÌ ¶²μÉ´μ¸É¥°: μ¤´  Å · ¢´μ³¥·´ Ö ¶²μÉ´μ¸ÉÓ ¸ · ¤¨Ê¸μ³ μ¡·¥§ ´¨Ö
R0 (¤¨Ë· ±Í¨μ´´Ò° · ¤¨Ê¸), Ì · ±É¥·¨§ÊÕÐ¨³ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê Ö¤· ,
¤·Ê£ Ö ¶²μÉ´μ¸ÉÓ  ¸¸μÍ¨¨·μ¢ ´  ¸ £ Ê¸¸μ¢Ò³ ¸¶ ¤μ³ · ¸¶·¥¤¥²¥´¨Ö ´  £· -
´¨Í¥ Ö¤·  ¨ ¢Ò· ¦¥´  ¢ É¥·³¨´ Ì Éμ²Ð¨´Ò ¶μ¢¥·Ì´μ¸É¨ s (s = 0,9 ¸²¥¤Ê¥É
¨§ ¤ ´´ÒÌ ³Õμ´´μ° ¸¶¥±É·μ¸±μ¶¨¨):

FHelm(q2) = 3
j1(qR0)

qR0
e−(qs)2/2, (8.4)

£¤¥ j1(x) = sin (x)/x2 − cos (x)/x Å ¸Ë¥·¨Î¥¸± Ö ËÊ´±Í¨Ö 
¥¸¸¥²Ö 1-£μ
¶μ·Ö¤± . �¥·¢Ò¥ É·¨ ³μ³¥´É  ¢ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ ¢Ò· §¨ÉÓ  ´ ²¨É¨Î¥-
¸±¨ [52] ± ±

〈R2
n〉 =

3
5
R2

0 + 3s2,

〈R4
n〉 =

3
7
R4

0 + 6R2
0s

2 + 15s4,

〈R6
n〉 =

1
3
R6

0 + 9R4
0s

2 + 63R2
0s

4 + 105s6.

(8.5)
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�  μ¸´μ¢¥ μ¡Ð¥¶·¨´ÖÉμ£μ · ¸¶·¥¤¥²¥´¨Ö ”¥·³¨ (¨²¨ ‘ ±¸μ´ Ä‚Ê¤¸ ) § ·Ö-
¤μ¢μ° ¶²μÉ´μ¸É¨ ¸¨³³¥É·¨§μ¢ ´´Ò° Ëμ·³Ë ±Éμ· ”¥·³¨ (SF) ¸μ£² ¸´μ [82]
¨³¥¥É ¢¨¤

FSF(q2) =
3

qc[(qc)2 + (πqa)2]

[
πqa

sinh (πqa)

]
×

×
[
πqa sin (qc)
tanh (πqa)

− qc cos (qc)
]

, (8.6)

£¤¥ ¶ · ³¥É·Ò, ¢Ò· ¦¥´´Ò¥ ¢ Ë¥³Éμ³¥É· Ì,

c = 1,23A1/3 − 0,60 ¨ a = 0,52, (8.7)

¨³¥ÕÉ ¸³Ò¸² ¶μ²μ¢¨´Ò · ¤¨Ê¸  ¶²μÉ´μ¸É¨ ¨ ®· §³ÒÉμ¸É¨¯ (diffuseness). ’μ²-
Ð¨´  ¶μ¢¥·Ì´μ¸É¨ Ö¤·  ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶ · ³¥É·¨§Ê¥É¸Ö ¢ ¢¨¤¥ ¸μμÉ´μÏ¥´¨Ö
t = 4a ln 3 [84]. �¥·¢Ò¥ É·¨ ³μ³¥´É , ¢Ìμ¤ÖÐ¨¥ ¢ · §²μ¦¥´¨¥ (8.2), ¤²Ö
SF-Ëμ·³Ë ±Éμ·  ¸μ£² ¸´μ [52] É ±μ¢Ò:

〈R2
n〉 =

3
5
c2 +

7
5
(πa)2,

〈R4
n〉 =

3
7
c4 +

18
7

(πa)2c2 +
31
7

(πa)4,

〈R6
n〉 =

1
3
c6 +

11
3

(πa)2c4 +
239
15

(πa)4c2 +
127
5

(πa)6.

(8.8)

ˆ³¥¥É¸Ö É ±¦¥ Ëμ·³Ë ±Éμ· Š²Ö°´ Ä�¨¸É· ´¤  (KN), ±μÉμ·Ò° Ëμ·³ ²Ó´μ
¸²¥¤Ê¥É ¨§ ¸¢¥·É±¨ Õ± ¢¸±μ£μ ¶μÉ¥´Í¨ ²  ¸ · §³¥·´Ò³ ¶ · ³¥É·μ³ a =
0,7 Ë³ ¸ · ¸¶·¥¤¥²¥´¨¥³ ‘ ±¸μ´ Ä‚Ê¤¸ ,  ¶¶·μ±¸¨³¨·μ¢ ´´μ£μ ¦¥¸É±μ° ¸Ë¥-
·μ° ¸ · ¤¨Ê¸μ³ RA. ‚ ·¥§Ê²ÓÉ É¥ [83] ¶μ²ÊÎ ¥É¸Ö

FKN(q2) = 3
j1(qRA)

qRA

1
1 + (qa)2

, (8.9)

£¤¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ¢Ò£²Ö¤¨É É ±:

〈R2〉KN =
3
5
R2

A + 6a2.

�  ·¨¸. 19 ¨§ [64] ¶μ± § ´Ò Ëμ·³Ë ±Éμ·Ò, ¢ÒÎ¨¸²¥´´Ò¥ ¢ DSM-¶μ¤Ìμ¤¥,
¨ ¶ · ³¥É·¨§ Í¨¨ Ëμ·³Ë ±Éμ·μ¢ •¥²Ó³ , SF ¨ KN. ‚¨¤´μ, ÎÉμ ¶·¨¡²¨¦¥´¨¥
Fp = Fn ´¥ Ö¢²Ö¥É¸Ö, ¢μμ¡Ð¥ £μ¢μ·Ö, ¢¸¥£¤  Ìμ·μÏ¨³, ¶μ¸±μ²Ó±Ê ± ± ³¨´¨³Ê³
Ô±¸É·¥³Ê³Ò Ëμ·³Ë ±Éμ·μ¢ ¶·μÉμ´μ¢ Fp ¨ ´¥°É·μ´μ¢ Fn · ¸¶μ²μ¦¥´Ò ¶·¨
· §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ 3-¨³¶Ê²Ó¸ .
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�¨¸. 19. ‘² ¡Ò¥ ¶·μÉμ´´Ò¥ ¨ ´¥°É·μ´´Ò¥ Ëμ·³Ë ±Éμ·Ò Ö¤¥· 133Cs ( ) ¨ 127I (¡) ± ±
ËÊ´±Í¨¨ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q = Q, ¢ÒÎ¨¸²¥´´Ò¥ ¢ DSM-¶μ¤Ìμ¤¥. „²Ö ¸· ¢´¥´¨Ö
¶μ± § ´Ò Ëμ·³Ë ±Éμ·Ò •¥²Ó³ , SF- ¨ KN-Ëμ·³Ë ±Éμ·Ò. ˆ§ · ¡μÉÒ [64]

‚ · ¡μÉ¥ [64] ¶μ± § ´μ, ÎÉμ ¶·μ¢¥¤¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö, μ¶¨· ÕÐ¨¥¸Ö ´ 
ÊÎ¥É ¤¥Ëμ·³ Í¨° · ¸¸³μÉ·¥´´ÒÌ Ö¤¥·, § ³¥É´μ ²ÊÎÏ¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ¤ ´´Ò³
CEνNS, ¶μ¸±μ²Ó±Ê §´ Î¨É¥²Ó´ Ö ¶μ·Í¨Ö É¥μ·¥É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥°
μ¡Ê¸²μ¢²¥´  ¨³¥´´μ ´¥°É·μ´´Ò³ Ö¤¥·´Ò³ Ëμ·³Ë ±Éμ·μ³. “³¥´ÓÏ¥´¨¥ ÔÉμ°
´¥μ¶·¥¤¥²¥´´μ¸É¨ ±· °´¥ ¢ ¦´μ ¤²Ö ´ ¤¥¦´μ£μ  ´ ²¨§  ¤ ´´ÒÌ ¨ ¶μ²ÊÎ¥´¨Ö
¶·¥Í¨§¨μ´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ [64].

�  ¢ ¦´μ¸ÉÓ ±μ£¥·¥´É´μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ ± -
´ ²¥ ´¥°É· ²Ó´ÒÌ Éμ±μ¢ ¤²Ö ¨§³¥·¥´¨Ö ¨ ¨§ÊÎ¥´¨Ö Ô²¥±É·μ¸² ¡ÒÌ Ëμ·³Ë ±-
Éμ·μ¢ ¤²Ö ¡μ²ÓÏμ£μ Î¨¸²  · §²¨Î´ÒÌ Ö¤¥· ¨ ¨§¢²¥Î¥´¨Ö ¨´Ëμ·³ Í¨¨ μ · ¸-
¶·¥¤¥²¥´¨¨ ´¥°É·μ´μ¢ ¢´ÊÉ·¨ Ö¤·  ¨ ¢ Í¥²μ³ ´¥°É·μ´-Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò
Ê± §Ò¢ ²μ¸Ó ¢ ²¨É¥· ÉÊ·¥ ´¥μ¤´μ±· É´μ (¸³., ´ ¶·¨³¥·, [26,41,85]).

ˆ§³¥·¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ ´¥°É·μ´μ¢ ¢ Ö¤· Ì ¶·¥¤¸É ¢²Ö¥É ¨´-
É¥·¥¸ ¸ · §´ÒÌ ÉμÎ¥± §·¥´¨Ö. ‚ Î ¸É´μ¸É¨, ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ´¥°-
É·μ´μ¢ Rn ¨ · §´μ¸ÉÓ ³¥¦¤Ê Rn ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò³ · ¤¨Ê¸μ³ ¶·μÉμ´μ¢
Rp (É ± ´ §Ò¢ ¥³ Ö ®´¥°É·μ´´ Ö μ¡μ²μÎ± ¯) Ö¢²ÖÕÉ¸Ö ¢ ¦´¥°Ï¨³¨ ¸μ¸É -
¢²ÖÕÐ¨³¨ Ê· ¢´¥´¨Ö ¸μ¸ÉμÖ´¨Ö Ö¤¥·´μ° ³ É¥·¨¨ (EOS). �μ¸²¥¤´ÖÖ ¨£· ¥É
¸ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó ¢ ¶μ´¨³ ´¨¨ ·Ö¤  ¶·μÍ¥¸¸μ¢, É ±¨Ì ± ± ¸¢μ°¸É¢  Ö¤¥·
¢ ² ¡μ· Éμ·´ÒÌ Ô±¸¶¥·¨³¥´É Ì, μ¸μ¡¥´´μ¸É¨ ¸Éμ²±´μ¢¥´¨° ÉÖ¦¥²ÒÌ ¨μ´μ¢,
¸¢μ°¸É¢  ¸¢¥·ÌÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢,   É ±¦¥ ¸É·Ê±ÉÊ·  ¨ Ô¢μ²ÕÍ¨Ö ±μ³¶ ±É-
´ÒÌ  ¸É·μË¨§¨Î¥¸±¨Ì μ¡Ñ¥±Éμ¢ É¨¶  ´¥°É·μ´´ÒÌ §¢¥§¤ (¸³., ´ ¶·¨³¥·, [84] ¨
¸¸Ò²±¨ É ³).

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤ ´´ÒÌ CEνNS Ô±¸¶¥·¨³¥´É  COHERENT ¨ ¸¨³³¥-
É·¨§μ¢ ´´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ”¥·³¨ ¨ •¥²Ó³  (¸³. (8.6) ¨ (8.4)) ¢ · ¡μÉ¥ [84]
¡Ò²¨ ¢¶¥·¢Ò¥ μ¶·¥¤¥²¥´Ò ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ · ¤¨Ê¸Ò · ¸¶·¥¤¥²¥´¨Ö ´¥°-
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É·μ´μ¢ ¢ Ö¤· Ì 133Cs ¨ 127I. �· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÐ¥¥ μÉ ³μ¤¥²¥° §´ Î¥´¨¥
ÔÉμ£μ · ¤¨Ê¸  ¡Ò²μ ¶μ²ÊÎ¥´μ · ¢´Ò³ Rn = 5,5+0,9

−1,0 Ë³.
� ¶μ³´¨³, ÎÉμ § ·Ö¤μ¢Ò° ¸·¥¤´¥±¢ ¤· É¨Î´Ò° (RMS) · ¤¨Ê¸ · ¸¶·¥¤¥-

²¥´¨Ö ¶·μÉμ´  μ¶·¥¤¥²Ö¥É¸Ö (¨§ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ´  ¶·μÉμ´ Ì) Ê¸²μ-
¢¨¥³ [86]

R2 = −6
G(q2)
dq2

∣∣∣
q=0

,

£¤¥ G(q2) Å Ô²¥±É·¨Î¥¸±¨° Ëμ·³Ë ±Éμ· ¶·μÉμ´ . ’ ±μ¥ μ¶·¥¤¥²¥´¨¥ ¶·¨³¥-
´¨³μ ¨ ¤²Ö Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢. …¸²¨ Ëμ·³Ë ±Éμ· ¶ · ³¥É·¨§μ¢ ÉÓ ¢ ¢¨¤¥
·Ö¤  ¶μ q2 (¸³., ´ ¶·¨³¥·, · §²μ¦¥´¨¥ (8.2)): G(q2) = 1−(q2R2/6)+O(q4), Éμ
¶·¥Í¨§¨μ´´Ò¥ ¤ ´´Ò¥ ¶·¨ ¤μ¸É ÉμÎ´μ ³ ²ÒÌ q2 ´ ¶·Ö³ÊÕ ¤ ÕÉ ¢μ§³μ¦´μ¸ÉÓ
μ¶·¥¤¥²¨ÉÓ (q2R2/6)-Î²¥´, É. ¥. ¢¥²¨Î¨´Ê R.

„²Ö Ö¤¥·´μ£μ ´¥°É·μ´´μ£μ Ëμ·³Ë ±Éμ·  •¥²Ó³  (8.4) ¸·¥¤´¥±¢ ¤· É¨Î-
´Ò° ´¥°É·μ´´Ò° · ¤¨Ê¸ ¤ ¥É¸Ö ¢¥·Ì´¥° Ëμ·³Ê²μ° (8.5). „·Ê£μ° ¢ ¦´μ° ¢¥-
²¨Î¨´μ° Ö¢²Ö¥É¸Ö · §´μ¸ÉÓ ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ Ö¤¥·´ÒÌ · ¤¨Ê¸μ¢ ¶·μÉμ´μ¢
¨ ´¥°É·μ´μ¢

ΔRnp = Rn − Rp, (8.10)

±μÉμ· Ö ´μ¸¨É ´ §¢ ´¨¥ ®´¥°É·μ´´ Ö μ¡μ²μÎ± ¯. ˆ´Ëμ·³ Í¨Ö μ¡ ÔÉμ° ¢¥-
²¨Î¨´¥ ¢¥¸Ó³  ¢μ¸É·¥¡μ¢ ´ , ¶μÉμ³Ê ÎÉμ ΔRnp ±μ··¥²¨·Ê¥É ¸ ´¥¸±μ²Ó±¨³¨
¸¢μ°¸É¢ ³¨, Ì · ±É¥·¨§ÊÕÐ¨³¨ ¡μ£ Éμ¥ ´¥°É·μ´ ³¨ ¢¥Ð¥¸É¢μ (¸³. ¸¸Ò²±¨
¢ [84]). 
�μ²ÓÏ Ö ´¥°É·μ´´ Ö μ¡μ²μÎ±  ¶·¥¤¶μ² £ ¥É ¡μ²ÓÏ¨° · ¤¨Ê¸ ´¥°-
É·μ´´μ° §¢¥§¤Ò RNS. �μ¸±μ²Ó±Ê Ô´¥·£¨Ö ¸¢Ö§¨ ´¥°É·μ´´μ° §¢¥§¤Ò μ¡· É´μ
¶·μ¶μ·Í¨μ´ ²Ó´  · ¤¨Ê¸Ê ¸ ³μ° §¢¥§¤Ò RNS, Éμ Î¥³ ¡μ²ÓÏ¥ RNS, É¥³ ³¥´ÓÏ¥
Ô´¥·£¨Ö £· ¢¨É Í¨μ´´μ° ¸¢Ö§¨, ÎÉμ ³μ¦¥É ¡ÒÉÓ ¶·μ¢¥·¥´μ ¶ÊÉ¥³ ´ ¡²Õ¤¥´¨Ö
¨´É¥´¸¨¢´μ£μ ´¥°É·¨´´μ£μ ¢¸¶²¥¸±  μÉ ¢§·Ò¢  ¸¢¥·Ì´μ¢μ° [84]. �¥°É·μ´´ Ö
μ¡μ²μÎ±  É ±¦¥ ¸¢Ö§ ´  ¸ ·Ö¤μ³ ¤·Ê£¨Ì Ö¤¥·´ÒÌ ¢¥²¨Î¨´ (¸³. μ¡§μ· [87]).

‚ · ¡μÉ¥ [84] ¤²Ö Ö¤¥· 127I ¨ 133Cs ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ¶·μÉμ´´ÒÌ ¸·¥¤-

´¥±¢ ¤· É¨Î´ÒÌ · ¤¨Ê¸μ¢ RCs
p = 〈r2

p〉
1/2
Cs = 4,804 Ë³ ¨ RI

p = 〈r2
p〉

1/2
I =

4,749 Ë³, ´  μ¸´μ¢¥ ±μÉμ·ÒÌ ¶μ²ÊÎ¥´  μÍ¥´±  ¤²Ö ´¥°É·μ´´μ° μ¡μ²μÎ±¨
ΔRnp � 0,7+0,9

−1,1 Ë³, ´¥ ¶μ§¢μ²ÖÕÐ Ö ÊÉ¢¥·¦¤ ÉÓ Ë ±É μÉ²¨Î¨Ö ÔÉμ° ¢¥²¨Î¨´Ò
μÉ ´Ê²Ö. �¤´ ±μ Ê¦¥ ¢ 2018 £. ¸ ÊÎ¥Éμ³ ¤μ¶μ²´¨É¥²Ó´μ° ¨´Ëμ·³ Í¨¨ ¨§ μ¡² -
¸É¨ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢  Éμ³´ÒÌ ¸¨¸É¥³ Ì ÔÉ¨³  ¢Éμ· ³ [54] Ê¤ ²μ¸Ó ¶μ²Ê-
Î¨ÉÓ ¡μ²¥¥ ÉμÎ´Ò° ·¥§Ê²ÓÉ É: Rn = (5,42±0,31) Ë³. �Éμ §´ Î¥´¨¥ ¶μ§¢μ²¨²μ
¢¶¥·¢Ò¥ ¢ÒÎ¨¸²¨ÉÓ ´¥°É·μ´´ÊÕ μ¡μ²μÎ±Ê Í¥§¨Ö, ΔRnp = (0,62 ± 0,31) Ë³,
ÎÉμ Ê¦¥ μÉ²¨Î ¥É¸Ö μÉ ´Ê²Ö ´  2σ-Ê·μ¢´¥ [54].

�μÌμ¦¨°  ´ ²¨§ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT ¡Ò² ¶·μ¢¥¤¥´ ¢ · -
¡μÉ¥ [62], £¤¥ ¤²Ö Ö¤·  Í¥§¨Ö ¡Ò²¨ ¶μ²ÊÎ¥´Ò ´¥¸±μ²Ó±μ ¨´Ò¥ §´ Î¥´¨Ö ´¥°-
É·μ´´μ° μ¡μ²μÎ±¨: ΔRnp = 0,24 Ë³ ¸μ¢³¥¸É´μ ¸ ¢¥²¨Î¨´μ° ¸² ¡μ£μ Ê£² 
‚ °´¡¥·£  sin2 θ∗W = 0,21, μ¤´ ±μ ¸μ §´ Î¨É¥²Ó´μ° ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ, ±μ-
Éμ·ÊÕ  ¢Éμ·Ò μ¡¸Ê¦¤ ²¨ ¸ ÉμÎ±¨ §·¥´¨Ö ¢μ§³μ¦´ÒÌ ÔËË¥±Éμ¢ �μ¢μ° Ë¨-
§¨±¨ [62].
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‘Éμ¨É μ¸μ¡μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ · ¡μÉ¥ [84] Ë ±É¨Î¥¸±¨ ¢¶¥·¢Ò¥ μÉ³¥Î¥´μ,
ÎÉμ ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´É  COHERENT ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ¶μ¤ ¢²¥´¨¨ ¶μ²´μ°
±μ£¥·¥´É´μ¸É¨ Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò ´  2,3σ-Ê·μ¢´¥. �μ¸²¥¤ÊÕÐ¨°  ´ ²¨§ ÔÉ¨Ì
 ¢Éμ·μ¢ [88], ÊÎ¨ÉÒ¢ ÕÐ¨° ¡μ²¥¥ ÉμÎ´μ¥ §´ Î¥´¨¥ É ± ´ §Ò¢ ¥³μ£μ ±¢¥´Î¨´£-
Ë ±Éμ·  ¨§ · ¡μÉÒ [66], Ê¢¥²¨Î¨² §´ Î¨³μ¸ÉÓ ¶μ¤ ¢²¥´¨Ö ¶μ²´μ° ±μ£¥·¥´É-
´μ¸É¨ ¤μ Ê·μ¢´Ö 3,7σ. �ÉμÉ ·¥§Ê²ÓÉ É Ë ±É¨Î¥¸±¨ μ¤´μ§´ Î´μ ¶μ¤É¢¥·¦¤ ¥É
¸¤¥² ´´μ¥ ´ ³¨ ¢ [19] ÊÉ¢¥·¦¤¥´¨¥ μ ¢ ¦´μ¸É¨ ´¥±μ£¥·¥´É´μ° ¸μ¸É ¢²ÖÕÐ¥°
¤²Ö  ´ ²¨§  ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT.

Š ± Ê¦¥ ´¥μ¤´μ±· É´μ Ê¶μ³¨´ ²μ¸Ó, ¸¥Î¥´¨¥ CEνNS § ¢¨¸¨É μÉ ´¥-
μ¶·¥¤¥²¥´´μ¸É¨ Ëμ·³Ë ±Éμ·  Ö¤· , ±μÉμ· Ö ¢ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨ μ¡Ê¸²μ-
¢²¥´  ´¥ÉμÎ´μ¸ÉÓÕ §´ ´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ · ¤¨Ê¸  · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ-
´μ¸É¨ ´¥°É·μ´μ¢ ¢ Ö¤·¥. �É¨ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¤²Ö ¤¥É¥±Éμ·μ¢ ¨§ °μ¤¨¤ 
Í¥§¨Ö, £¥·³ ´¨Ö, ±¸¥´μ´  ¨  ·£μ´  ¡Ò²¨ ÉÐ É¥²Ó´μ ¨§ÊÎ¥´Ò ¢ · ¡μÉ¥ [61].

Ò²μ ¶μ± § ´μ, ÎÉμ μ´¨ ¸É ´μ¢ÖÉ¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³¨, ±μ£¤  ¶¥·¥¤ ´-
´Ò° Ö¤·Ê ¨³¶Ê²Ó¸ ¤μ¸É¨£ ¥É ¢¥²¨Î¨´Ò q > 20 ŒÔ‚/c, ¨ ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸ÖÉ μÉ ±μ´±·¥É´μ° ¶ · ³¥É·¨§ Í¨¨ Ëμ·³Ë ±Éμ·μ¢ ÔÉ¨Ì Ö¤¥·. �¥μ¶·¥-
¤¥²¥´´μ¸É¨ ¡μ²ÓÏ¥ ¤²Ö ¡μ²¥¥ ²¥£±¨Ì Ô²¥³¥´Éμ¢, ´ ¶·¨³¥· ¤²Ö  ·£μ´  μ´¨
¸μ¸É ¢²ÖÕÉ 11%. �¢Éμ· ³¨ [61] ¶μ± § ´μ, ÎÉμ ´¥μ¶·¥¤¥²¥´´μ¸É¨ Ëμ·³Ë ±-
Éμ·μ¢ ´¥ ¢ ¦´Ò ¤²Ö CEνNS, ¢Ò§¢ ´´μ£μ ·¥ ±Éμ·´Ò³¨ ¨²¨ ¸μ²´¥Î´Ò³¨ ´¥°-
É·¨´μ (¢ ¸¨²Ê ¡μ²¥¥ ´¨§±¨Ì Ô´¥·£¨°). ‘ ÊÎ¥Éμ³ ÔÉ¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥° ¡Ò² 
¸¤¥² ´  μÍ¥´±  ¨Ì ¢²¨Ö´¨Ö ´  ÉμÎ´μ¸ÉÓ ¡Ê¤ÊÐ¨Ì ¨§³¥·¥´¨° CEνNS ¢ Ô±¸¶¥-
·¨³¥´É¥ COHERENT, ¢Ò§¢ ´´ÒÌ ´¥°É·¨´μ μÉ ¤¨ËËÊ§´μ£μ Ëμ´  ¸¢¥·Ì´μ¢ÒÌ
§¢¥§¤ (DSNB) ¨  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¸ Ô´¥·£¨¥° ³¥´¥¥ £¨£ Ô²¥±É·μ´¢μ²ÓÉ.

Ò²μ ¶μ± § ´μ, ÎÉμ ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ μÉ¤ Î¨ ¨ É¨¶  ³¨Ï¥´¨ μÉ´μ¸¨-
É¥²Ó´Ò¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ Î¨¸²¥ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¸μ¡ÒÉ¨° ³μ£ÊÉ ¸μ¸É -
¢²ÖÉÓ ¤μ 50%. „²Ö DSNB ¨  É³μ¸Ë¥·´ÒÌ ¶μÉμ±μ¢ ´¥°É·¨´μ ´¥μ¶·¥¤¥²¥´´μ-
¸É¨ ³μ£ÊÉ ¤μ¸É¨£ ÉÓ §´ Î¥´¨° ¤μ 7 ¨ 16% ¸μμÉ¢¥É¸É¢¥´´μ. 
Ò²μ É ±¦¥ ¶μ± -
§ ´μ, ÎÉμ ·¥§Ê²ÓÉ É ¶μ¨¸±  �μ¢μ° Ë¨§¨±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤ ´´ÒÌ CEνNS
¢¥¸Ó³  ¸¨²Ó´μ § ¢¨¸¨É μÉ ´¥μ¶·¥¤¥²¥´´μ¸É¥° Ö¤¥·´μ£μ Ëμ·³Ë ±Éμ·  · ¸¶·¥-
¤¥²¥´¨Ö ´¥°É·μ´μ¢, ±μÉμ·Ò¥, ¥¸²¨ ¨Ì ´¥¶· ¢¨²Ó´μ ÊÎ¨ÉÒ¢ ÉÓ, ³μ£ÊÉ ¶·¨¢¥¸É¨
± μÏ¨¡μÎ´μ° ¨¤¥´É¨Ë¨± Í¨¨ ´μ¢ÒÌ Ë¨§¨Î¥¸±¨Ì ¸¨£´ ²μ¢ [61].

‡  ¢·¥³Ö ¶μ¤£μÉμ¢±¨ ¤ ´´μ£μ μ¡§μ·  ¡Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò ´μ¢Ò¥ · ¡μÉÒ
¢ ´ ¶· ¢²¥´¨¨ ÉÐ É¥²Ó´μ£μ ÊÎ¥É  Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò ¢ ¶·μÍ¥¸¸ Ì · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ´  Ö¤· Ì [89,90].

8.1.3. CEνNS ¨ ¶·Ö³μ° ¶μ¨¸± É¥³´μ° ³ É¥·¨¨. ‚ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ¸¢Ö§Ó
³¥¦¤Ê CEνNS ¨ ´ §¥³´Ò³¨ Ô±¸¶¥·¨³¥´É ³¨, ´ Í¥²¥´´Ò³¨ ´  ¶·Ö³μ° ¶μ¨¸±
É¥³´μ° ³ É¥·¨¨ (DM), ¢Ò§¢ ´  ¥¤¨´Ò³ ¸É·¥³²¥´¨¥³ ´ ¡²Õ¤ ÉÓ ¸¨£´ ², μ¡Ê-
¸²μ¢²¥´´Ò° ¢Ò¤¥²¥´¨¥³ ¢ ¤¥É¥±Éμ·¥ Ô´¥·£¨¨ μÉ μÉ¤ Î¨ Ö¤· -³¨Ï¥´¨ ¢¸²¥¤-
¸É¢¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ÔÉμ£μ Ö¤·  ¸ ´¥°É·¨´μ ¨²¨ DM-Î ¸É¨Í¥°. �μ ÔÉμ° ¶·¨-
Î¨´¥, ¥¸²¨ Í¥²Ó Ô±¸¶¥·¨³¥´É  Å ¶·Ö³μ° ¶μ¨¸± ¸μ¡ÒÉ¨° μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö
Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ¸ ¢¥Ð¥¸É¢μ³ ³¨Ï¥´¨ ´¨§±μ¶μ·μ£μ¢μ£μ ¢Ò¸μ±μÎÊ¢¸É¢¨-
É¥²Ó´μ£μ ¤¥É¥±Éμ·  (· ¸¶μ²μ¦¥´´μ£μ £²Ê¡μ±μ ¶μ¤ §¥³²¥°), Éμ ²Õ¡μ° Ë¨§¨Î¥-
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¸±¨° ¶·μÍ¥¸¸, É ±¦¥ ¢Ò§Ò¢ ÕÐ¨° Éμ²Ó±μ μÉ¤ ÎÊ Ö¤· -³¨Ï¥´¨, ¸É ´μ¢¨É¸Ö
´¥Ê¸É· ´¨³Ò³ Ëμ´μ³. „¥°¸É¢¨É¥²Ó´μ, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μ¢¥¤¥´¨¥ Ö¤¥· μÉ-
¤ Î¨ μÉ CEνNS ¶· ±É¨Î¥¸±¨ ´¥μÉ²¨Î¨³μ μÉ Éμ£μ, ± ± ¡Ê¤ÊÉ ¢¥¸É¨ ¸¥¡Ö Ö¤· 
μÉ¤ Î¨ ¶μ¸²¥ ¨Ì (μ¦¨¤ ¥³μ£μ) ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ³ ¸¸¨¢´Ò³¨ ´¥°É· ²Ó´Ò³¨
Î ¸É¨Í ³¨ É¥³´μ° ³ É¥·¨¨ (WIMP).

�μ¸±μ²Ó±Ê ¸μ¢·¥³¥´´ Ö É¥´¤¥´Í¨Ö ¢ ´ ¶· ¢²¥´¨¨ Ê¢¥²¨Î¥´¨Ö ÎÊ¢¸É¢¨-
É¥²Ó´μ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¶·Ö³μ³Ê ¶μ¨¸±Ê É¥³´μ° ³ É¥·¨¨ ¢ §¥³´ÒÌ Ê¸²μ-
¢¨ÖÌ ¸¢Ö§ ´  ¸ ¡μ·Ó¡μ° §  ¶μ´¨¦¥´¨¥ · ¸¶μ²μ¦¥´¨Ö É ± ´ §Ò¢ ¥³ÒÌ ±·¨¢ÒÌ
¨¸±²ÕÎ¥´¨Ö (exclusion curves) ¢ ¶²μ¸±μ¸É¨ DM-¸¥Î¥´¨¥ Ä DM-³ ¸¸  ∗, Éμ, μÎ¥-
¢¨¤´μ, μÎ¥´Ó ¸±μ·μ ¶·μ£·¥¸¸ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨ ®´ É±´¥É¸Ö¯ ± ± · § ´  ´¥-
¨§¡¥¦´Ò¥ ¸¨£´ ²Ò (¢ ¢¨¤¥ μÉ¤ Î¨ Ö¤¥·) μÉ ¸μ²´¥Î´ÒÌ,  É³μ¸Ë¥·´ÒÌ (§¥³´ÒÌ,
·¥ ±Éμ·´ÒÌ ¨ É. ¶.) ´¥°É·¨´μ (·¨¸. 20).

�¨¸. 20. ˆ²²Õ¸É· Í¨Ö ·μ²¨ ®´¥°É·¨´´μ° ¶μ¤²μ¦±¨¯ ¤²Ö ¶¥·¸¶¥±É¨¢ ¶·Ö³μ£μ ¤¥É¥±-
É¨·μ¢ ´¨Ö Î ¸É¨Í É¥³´μ° ³ É¥·¨¨. ˆ§ · ¡μÉÒ [93]

�μÔÉμ³Ê ¡¥§ ¤μ¶μ²´¨É¥²Ó´μ° ¨´Ëμ·³ Í¨¨, ¶μ§¢μ²ÖÕÐ¥° ¢ ¤¥É¥±Éμ·¥ É¥³-
´μ° ³ É¥·¨¨ μÉ¤¥²¨ÉÓ Ëμ´μ¢Ò° ´¥°É·¨´´Ò° CEνNS-¸¨£´ ² μÉ ¨¸±μ³μ£μ (¨¸-
É¨´´μ£μ) WIMP-¸¨£´ ² , Ê ¶·Ö³μ£μ ¶μ¨¸±  É¥³´μ° ³ É¥·¨¨, ¶μÌμ¦¥, ´¥É ¡Ê-
¤ÊÐ¥£μ. ˆ²¨, ¡μ²¥¥ ³Ö£±μ, ¢μ§´¨± ÕÉ § ³¥É´Ò¥ ¸²μ¦´μ¸É¨ ¶·¨ ¨´É¥·¶·¥É Í¨¨

∗‡  ³ ²Ò³ ¨¸±²ÕÎ¥´¨¥³ ¢ ²¨Í¥, ´ ¶·¨³¥·, ±μ²² ¡μ· Í¨¨ DAMA/LIBRA [91, 92].
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·¥§Ê²ÓÉ Éμ¢ É ±¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¢ É¥·³¨´ Ì μ£· ´¨Î¥´¨° ´  ³ ¸¸Ê ¨ ¸¥Î¥´¨¥
WIMP-¢§ ¨³μ¤¥°¸É¢¨Ö. ’ ±¨³ μ¡· §μ³, CEνNS Å ÔÉμ ¶·¥¤¥² ÎÊ¢¸É¢¨É¥²Ó-
´μ¸É¨ ¤²Ö ¡Ê¤ÊÐ¥£μ (É· ¤¨Í¨μ´´μ£μ) ¶·Ö³μ£μ ¶μ¨¸±  É¥³´μ° ³ É¥·¨¨ (¸³.,
´ ¶·¨³¥·, [44,93]).

‡¤¥¸Ó ¸²¥¤Ê¥É, μ¤´ ±μ, § ³¥É¨ÉÓ, ÎÉμ Ê¦¥ ³´μ£μ ²¥É ¤²¨É¸Ö ¸μ·¥¢´μ¢ -
´¨¥ ´  ¶·¥¤³¥É ¶μ²ÊÎ¥´¨Ö ´ ¨²ÊÎÏ¥° ±·¨¢μ° ¨¸±²ÕÎ¥´¨Ö, ¢ ±μÉμ·μ³ ¶·¨-
´¨³ ÕÉ ÊÎ ¸É¨¥ ¶· ±É¨Î¥¸±¨ ¢¸¥ Ô±¸¶¥·¨³¥´ÉÒ, É ± ¨²¨ ¨´ Î¥ ´ Í¥²¥´´Ò¥
´  ¶·Ö³μ° ¨ ±μ¸¢¥´´Ò° ¶μ¨¸± É¥³´μ° ³ É¥·¨¨ ¢ ´ §¥³´ÒÌ Ê¸²μ¢¨ÖÌ. �¤-
´ ±μ ÔÉμ ¸μ·¥¢´μ¢ ´¨¥, ± ¸μ¦ ²¥´¨Õ, ¨³¥¥É μÎ¥´Ó ³ ²μ μ¡Ð¥£μ ¸ ·¥ ²Ó-
´μ° ¢μ§³μ¦´μ¸ÉÓÕ μ¡´ ·Ê¦¥´¨Ö DM-Î ¸É¨Í. � ¸ÉμÖÐ¨¥ Î ¸É¨ÍÒ É¥³´μ°
³ É¥·¨¨ μ¡² ¤ ÕÉ Ô±¸±²Õ§¨¢´μ° £ ² ±É¨Î¥¸±μ° ¸¨£´ ÉÊ·μ° Å £μ¤μ¢μ° ³μ-
¤Ê²ÖÍ¨¥° ¸¨£´ ² , ±μÉμ· Ö ¸¥£μ¤´Ö ¤μ¸É¨¦¨³  Éμ²Ó±μ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ
¶·Ö³μ³Ê DM-¤¥É¥±É¨·μ¢ ´¨Õ. �ÉÊ ¸¨£´ ÉÊ·Ê ´¨± ± ´¥²Ó§Ö μ¡´ ·Ê¦¨ÉÓ ¸ ¶μ-
³μÐÓÕ ±μ²² °¤¥· , Ê¸±μ·¨É¥²Ö ¨²¨ ¢ Ô±¶¥·¨³¥´É Ì ¶μ ´¥¶·Ö³μ³Ê ¶μ¨¸±Ê
É¥³´μ° ³ É¥·¨¨. �μÔÉμ³Ê ¤²Ö ¤μ± § É¥²Ó¸É¢  ¶·¨´ ¤²¥¦´μ¸É¨ μ¡´ ·Ê¦¥´-
´μ£μ (¥¸²¨ É ±μ¥ ¸²ÊÎ¨É¸Ö) ´  ±μ²² °¤¥·¥ DM-± ´¤¨¤ É  ± Î¨¸²Ê ´ ¸ÉμÖÐ¨Ì
DM-Î ¸É¨Í μ¡Ö§ É¥²Ó´μ ´¥μ¡Ìμ¤¨³μ § ·¥£¨¸É·¨·μ¢ ÉÓ ¥£μ ¢ Ô±¸¶¥·¨³¥´É¥ ¶μ
¶·Ö³μ³Ê DM-¤¥É¥±É¨·μ¢ ´¨Õ ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ¥£μ £ ² ±É¨Î¥¸±ÊÕ ¸ÊÐ-
´μ¸ÉÓ [94]. 
μ²¥¥ Éμ£μ, ÔÉ  Ô±¸±²Õ§¨¢´ Ö £ ² ±É¨Î¥¸± Ö DM-¸¨£´ ÉÊ·  Å
£μ¤μ¢ Ö ³μ¤Ê²ÖÍ¨Ö ¸¨£´ ²  Å ¸É ´μ¢¨É¸Ö ´¥¨§¡¥¦´μ° ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ²Õ-
¡μ£μ DM-Ô±¸¶¥·¨³¥´É , ¶μ¸±μ²Ó±Ê ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶·¥¤¸É ¢²Ö¥É¸Ö ¥¤¨´-
¸É¢¥´´μ° ·¥ ²Ó´μ° ¢μ§³μ¦´μ¸ÉÓÕ · §¤¥²¥´¨Ö ¸¨£´ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö DM-
Î ¸É¨Í μÉ ´¥°É·¨´´μ£μ (Ëμ´μ¢μ£μ) CEνNS-¸¨£´ ²  ¢ ²Õ¡μ³ ´ §¥³´μ³ DM-
¤¥É¥±Éμ·¥ [94].

�¤´ ±μ ¨´É¥·¥¸´ Ö ¢μ§³μ¦´μ¸ÉÓ (ÌμÉÖ ¡Ò ¢·¥³¥´´μ) μ¡μ°É¨ ÔÉÊ ®Ê£·μ-
§Ê¯ ¡Ò²  ¶·¥¤²μ¦¥´  ¢ · ¡μÉ¥ [95], £¤¥ ¡Ò²μ ¶·μ¢¥¤¥´μ ÉÐ É¥²Ó´μ¥ ³μ¤¥-
²¨·μ¢ ´¨¥ μ¦¨¤ ¥³ÒÌ DM- ¨ CEνNS-¸¨£´ ²μ¢ c ÊÎ¥Éμ³ ·¥§Ê²ÓÉ Éμ¢  ´ ²¨§ 
¤μ¸É¨£´ÊÉÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì · §·¥Ï¥´¨° ¨ ¶μ·μ£μ¢,   É ±¦¥ ¡¥É - ¨ £ ³³ -
Ëμ´μ¢. ‚ ·¥§Ê²ÓÉ É¥  ¢Éμ·Ò [95] ÊÉ¢¥·¦¤ ²¨, ÎÉμ §  ¸Î¥É · §²¨Î¨Ö ¢ ¶μ¢¥-
¤¥´¨¨ CEνNS- ¨ DM-¸¶¥±É·  ¤²Ö ³ ¸¸ DM-Î ¸É¨Í, ¡�μ²ÓÏ¨Ì 15 ƒÔ‚/c2, ¨
Ô±¸¶μ§¨Í¨¨ ¢ 10 ±£ · ²¥É ¨ ¡μ²¥¥ Ê¤ ¥É¸Ö ´ °É¨ ¢μ§³μ¦´μ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö
WIMP-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¨¦¥ ´¥°É·¨´´μ° CEνNS-¶μ¤²μ¦±¨. � ¨-
¡μ²ÓÏ¨Ì Ê¸¶¥Ìμ¢ ¢ É ±μ³ ´ ¶· ¢²¥´¨¨ ³μ¦´μ ¤μ¸É¨ÎÓ, ¸Î¨É ÕÉ  ¢Éμ·Ò [95],
¥¸²¨ ´ ¤¥¦´μ ¨§³¥·¨ÉÓ CEνNS-¸¶¥±É· μÉ  É³μ¸Ë¥·´ÒÌ ¨ ¸μ²´¥Î´ÒÌ ´¥°-
É·¨´μ (ÎÉμ ¶μÉ·¥¡Ê¥É 50 ±£ · ²¥É Ô±¸¶μ§¨Í¨¨) ¨ · ¸¸³ É·¨¢ ÉÓ ÔÉμÉ ¸¶¥±É· ± ±
Ê¦¥ Ê¸É· ´¨³Ò° (¢ÒÎ¨É ¥³Ò°) Ëμ´ [95].

‚μ¶·μ¸ μ Éμ³, ± ± ¢Ò¸μ±μ ´  ¸ ³μ³ ¤¥²¥ ³μ¦¥É ¡ÒÉÓ · ¸¶μ²μ¦¥´  μ¡Ê¸²μ-
¢²¥´´ Ö CEνNS ®´¥°É·¨´´ Ö ¶μ¤²μ¦± ¯, ¨²¨ ´¥°É·¨´´μ¥ ¤´μ, ±· °´¥ ¢ ¦¥´
¤²Ö ¶¥·¸¶¥±É¨¢ ¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö É¥³´μ° ³ É¥·¨¨. ‡ ¢¨¸¨³μ¸ÉÓ · ¸-
¶μ²μ¦¥´¨Ö ÔÉμ£μ ´¥°É·¨´´μ£μ ¤´  μÉ ¸μ¢·¥³¥´´ÒÌ ³μ¤¥²¥° �μ¢μ° Ë¨§¨±¨
¢ ¸¥±Éμ·¥ ´¥°É·¨´μ ¡Ò²  ¨§ÊÎ¥´  ¢ · ¡μÉ¥ [55]. 
Ò²μ, ¢ Î ¸É´μ¸É¨, μ¡´ -
·Ê¦¥´μ, ÎÉμ ¢ ¸²ÊÎ ¥ ¸± ²Ö·´ÒÌ ¶¥·¥´μ¸Î¨±μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö (³¥¤¨ Éμ·μ¢)
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�μ¢μ° Ë¨§¨±¨ ÔÉ  ´¥°É·¨´´ Ö ¶μ¤²μ¦±  ³μ¦¥É ¶μ¤´ÖÉÓ¸Ö ¢¢¥·Ì ± ± ³¨´¨³Ê³
´  ¶μ·Ö¤μ± ¢ μ¡² ¸É¨ ³ ²ÒÌ ³ ¸¸ É¥³´μ° ³ É¥·¨¨ (´¨¦¥ 10 ƒÔ‚/c2). ‚ ¸²ÊÎ ¥
¢¥±Éμ·´ÒÌ ³¥¤¨ Éμ·μ¢ �μ¢μ° Ë¨§¨±¨ ÔÉμ Ê¢¥²¨Î¥´¨¥ ¢μ§³μ¦´μ ¢ ¤¢  · § .
�μÔÉμ³Ê, ± ± ÊÉ¢¥·¦¤ ÕÉ  ¢Éμ·Ò [55], ¸¨£´ ² ¶·Ö³μ£μ μ¡´ ·Ê¦¥´¨Ö Î ¸É¨Í
É¥³´μ° ³ É¥·¨¨ ¢ μ¡² ¸É¨ ³ ²ÒÌ ³ ¸¸ É·¥¡Ê¥É μ¸μ¡μ ÉÐ É¥²Ó´μ£μ  ´ ²¨§  ´ 
¶·¥¤³¥É ´ ¤¥¦´μ£μ ¶·¥¢ÒÏ¥´¨Ö ´¥°É·¨´´μ£μ Ëμ´ .

ˆ¤¥Ö ¨¸¶μ²Ó§μ¢ ´¨Ö Ê¸É ´μ¢μ±, ¨§´ Î ²Ó´μ ´ Í¥²¥´´ÒÌ ´  ¶·Ö³μ¥ ¤¥É¥±-
É¨·μ¢ ´¨¥ Î ¸É¨Í É¥³´μ° ³ É¥·¨¨, ¤²Ö ¶μ¨¸±  CEνNS · ¸¸³ É·¨¢ ² ¸Ó · ´¥¥,
´ ¶·¨³¥· ¢ · ¡μÉ¥ [96]. �´  ¡ §¨·Ê¥É¸Ö ´  Éμ³, ÎÉμ ¸¨£´ ÉÊ·Ò (¶μ Ô´¥·£¨¨
μÉ¤ Î¨ Ö¤¥·) ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¨ WIMP-Ö¤· 
¡Ê¤ÊÉ μÎ¥´Ó ¶μÌμ¦¨. 
Ò²¨ ¸¤¥² ´Ò μÍ¥´±¨ Éμ£μ, ± ± ¤¥É¥±Éμ· É¥³´μ° ³ É¥-
·¨¨ ¸²¥¤ÊÕÐ¥£μ ¶μ±μ²¥´¨Ö ³μ¦¥É μ¡´ ·Ê¦¨ÉÓ ´¥°É·μ´´μ-Ö¤¥·´μ¥ ±μ£¥·¥´É-
´μ¥ · ¸¸¥Ö´¨¥ ¨ É. ¶. [96].

� μ¡μ·μÉ, ¢ · ¡μÉ¥ [97] ¡Ò²¨ ¨§ÊÎ¥´Ò ¢μ§³μ¦´μ¸É¨ Ô±¸¶¥·¨³¥´Éμ¢, ´ -
¶· ¢²¥´´ÒÌ ¨§´ Î ²Ó´μ ´  μ¡´ ·Ê¦¥´¨¥ CEνNS, ¢ ¢μ¶·μ¸¥ ¤¥É¥±É¨·μ¢ ´¨Ö ¨
¨¸¸²¥¤μ¢ ´¨Ö ´μ¢ÒÌ ²¥£±¨Ì ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸μ¸ÉμÖ´¨°, É ±¨Ì ± ±
Î ¸É¨ÍÒ É¥³´μ° ³ É¥·¨¨ ¸ ³ ¸¸μ° ³¥´¥¥ ƒÔ‚/c2 ¨§ · §²¨Î´ÒÌ · ¸Ï¨·¥´¨°
‘É ´¤ ·É´μ° ³μ¤¥²¨. 
Ò²μ ¶μ± § ´μ, ÎÉμ ¶·¥¤² £ ¥³Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ±μ-
£¥·¥´É´μ³Ê · ¸¸¥Ö´¨Õ ´¥°É·¨´μ, É ±¨¥ ± ± COHERENT ¢ SNS ¨ CEνNS
¢μ FNAL, ¡Ê¤ÊÉ ¨³¥ÉÓ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ± É ±μ£μ ¸μ·É  ¸μ¸ÉμÖ´¨Ö³, § ³¥É´μ
¶·¥¢ÒÏ ÕÐÊÕ Ê¦¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ¶·¥¤¥²Ò [97].

‚ · ¡μÉ¥ [98] ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´Éμ¢ TEXONO ¨ COHERENT ¡Ò²¨ ¨¸-
¶μ²Ó§μ¢ ´Ò ¤²Ö ¶μ²ÊÎ¥´¨Ö ´μ¢ÒÌ μ£· ´¨Î¥´¨° ´  ®ËμÉμ´´Ò° ¶μ·É ²¯, ¢ ±μ-
Éμ·μ³ É¥³´Ò° ËμÉμ´ ±¨´¥³ É¨Î¥¸±¨ ¸³¥Ï¨¢ ¥É¸Ö ¸ μ¡ÒÎ´Ò³ ËμÉμ´μ³ ‘É ´-
¤ ·É´μ° ³μ¤¥²¨. �·¨ ÔÉμ³  ´ ²¨§¨·μ¢ ²¨¸Ó ¸μ¡ÒÉ¨Ö ¶μ Ô´¥·£¨¨ μÉ¤ Î¨ Ô²¥±-
É·μ´μ¢ ¢ ·¥ ±Éμ·´μ³ Ô±¸¶¥·¨³¥´É¥ TEXONO ¨ ¸μ¡ÒÉ¨Ö ¶μ Ô´¥·£¨¨ μÉ¤ Î¨
Ö¤¥· ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT. ‚ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ¡Ò²μ ¶μ± § ´μ, ÎÉμ
¸μ¢³¥¸É´Ò¥ μ£· ´¨Î¥´¨Ö ¤ ÕÉ ¶·¥¤¥² ´  ³ ¸¸Ê É ±¨Ì Î ¸É¨Í É¥³´μ° ³ É¥·¨¨
³¥´¥¥ 30 ŒÔ‚/c2 [98].

‚μ§³μ¦´μ¸ÉÓ ·μ¦¤¥´¨Ö ´μ¢μ£μ Ë¥·³¨μ´  (¸ ŒÔ‚-´μ° ³ ¸¸μ°) ¢ ±μ£¥·¥´É-
´μ³ Ê¶·Ê£μ³ ´¥°É·¨´μ-Ö¤¥·´μ³ · ¸¸¥Ö´¨¨ ¡Ò²  · ¸¸³μÉ·¥´  ¢ · ¡μÉ¥ [56].
’ ±μ° Ë¥·³¨μ´ ³μ£ ¡Ò ¡ÒÉÓ Î ¸É¨Í¥° É¥³´μ° ³ É¥·¨¨ ¨/¨²¨ ¨³¥ÉÓ μÉ´μÏ¥-
´¨¥ ± ¢μ¶·μ¸Ê μ¡· §μ¢ ´¨Ö ³ ¸¸ Ê ²¥£±¨Ì ´¥°É·¨´μ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨.

Ò²μ · ¸¸Î¨É ´μ ¢²¨Ö´¨¥ ÊÎ¥É  ÔÉμ£μ ÔËË¥±É  ´  ¨§³¥·Ö¥³Ò° ¸¶¥±É· μÉ¤ Î¨
´Ê±²μ´ . ˆ§ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨Î¥´¨Ö
´  ³ ¸¸Ê ¨ ¶ · ³¥É·Ò ¸¢Ö§¨ É ±μ£μ Ë¥·³¨μ´  ¸ ´¥°É·¨´μ ¨ ±¢ ·± ³¨ [56].

8.1.4. ‘¢μ°¸É¢  ´¥°É·¨´μ ¨ CEνNS. �¡Ð¥¶·¨´ÖÉμ ¸Î¨É ÉÓ, ÎÉμ ´¥°É·¨´μ
Ö¢²ÖÕÉ¸Ö ´¥°É· ²Ó´Ò³¨ Î ¸É¨Í ³¨, μ¤´ ±μ ¶μ±  ´¥É ¸¥·Ó¥§´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì
¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ § ¶·¥Éμ¢ ´  Éμ, ÎÉμ μ´¨ ³μ£ÊÉ ¨³¥ÉÓ μÎ¥´Ó ³ ²¥´Ó±¨°
Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ ¨ Ê ´¨Ì ¥¸ÉÓ (Ô²¥±É·¨Î¥¸±¨¥) § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò (¸³., ´ -
¶·¨³¥·, [99]). ‚ É¥μ·¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° § ·Ö-
¤μ¢Ò¥ · ¤¨Ê¸Ò ´¥°É·¨´μ μ¶·¥¤¥²¥´Ò ¤²Ö ³ ¸¸μ¢ÒÌ ¸μ¸ÉμÖ´¨° ´¥°É·¨´μ [99].
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� ¸¸³ É·¨¢ ÕÉ¸Ö É ±¦¥ ÔËË¥±É¨¢´Ò¥ § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò 〈r2
ν�
〉 [57] ¤²Ö ´¥°-

É·¨´μ Ë¨±¸¨·μ¢ ´´μ£μ  ·μ³ É  ν�(� = e, μ, τ ), ¢±² ¤ ±μÉμ·ÒÌ ¢ Ê¶·Ê£μ¥ · ¸-
¸¥Ö´¨¥ ν� ´  § ·Ö¦¥´´ÒÌ Î ¸É¨Í Ì ³μ¦´μ ¢Ò· §¨ÉÓ ¢ ¢¨¤¥ ¸¤¢¨£  ¢¥²¨Î¨´Ò
¸² ¡μ£μ Ê£²  ¸³¥Ï¨¢ ´¨Ö ‚ °´¡¥·£  θW . �ÉμÉ ¸¤¢¨£ ¶·μ¶μ·Í¨μ´ ²¥´ ±¢ -
¤· ÉÊ ³ ¸¸Ò W -¡μ§μ´ , mW [37,100]:

sin2 θW → sin2 θW

(
1 +

1
3
m2

W 〈r2
ν�
〉
)

. (8.11)

‘μ£² ¸´μ [57] ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨³¥ÕÉ¸Ö ¶·¥¤¸± § ´¨Ö ¤²Ö ÔËË¥±É¨¢´ÒÌ
§ ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´¥°É·¨´μ, μ¡Ê¸²μ¢²¥´´ÒÌ ¢±² ¤ ³¨ ¶¥É²¥¢ÒÌ ¤¨ £· ³³
¢Ò¸Ï¥£μ ¶μ·Ö¤± 

〈r2
ν�
〉SM = − GF

2
√

2π2

[
3 − 2 ln

(
m2

�

m2
W

)]
,

£¤¥ m� Å ³ ¸¸  § ·Ö¦¥´´μ£μ ²¥¶Éμ´ . ‚ Î¨¸²¥´´μ³ ¢¨¤¥ [57] ÔÉ¨ ¶·¥¤¸± § -
´¨Ö É ±μ¢Ò:

{〈r2
νe
〉, 〈r2

νμ
〉, 〈r2

ντ
〉}SM = −{0,83, 0,48, 0,30} · 10−32 ¸³2. (8.12)

‚ · ¡μÉ¥ [57] ¡Ò²μ ¨¸¸²¥¤μ¢ ´μ ¢²¨Ö´¨¥ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´¥°É·¨´μ ´  ¢¥-
²¨Î¨´Ê ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö [46,101],
¨ ´  μ¸´μ¢¥  ´ ²¨§  ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT [8, 11] ¡Ò²¨ ¶μ²Ê-
Î¥´Ò μ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ò ÔÉ¨Ì ´¥°É·¨´´ÒÌ · ¤¨Ê¸μ¢. ‚ μ¸´μ¢¥ ¶μ¤-
Ìμ¤  [57] ²¥¦ ²μ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  ν� +
A →

∑
�′

ν�′ +A ´  ¡¥¸¸¶¨´μ¢μ³ Ö¤·¥ A ¢ ¶·¨¡²¨¦¥´¨¨ ³ ²μ¸É¨ ±¨´¥É¨Î¥¸±μ°

Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· , TA � Eν :

dσν�A

dTA
(Eν , TA) � G2

FM

π

(
1 − MTA

2E2
ν

){
[(gp

V − Q̃��)ZFZ(q2)+

+ gn
V NFN (q2)]2 + Z2F 2

Z(q2)
∑
�′ �=�

|Q̃�′�|2
}

, (8.13)

£¤¥ ¢¥²¨Î¨´  Q̃��′ = (2/3)m2
W sin2 θW 〈r2

ν��′
〉 Ö¢´μ ÊÎ¨ÉÒ¢ ¥É ¢±² ¤ ´¥¤¨ £μ-

´ ²Ó´μ£μ ÔËË¥±É¨¢´μ£μ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ´¥°É·¨´μ 〈r2
ν��′

〉, TA Å ±¨´¥É¨-

Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· ; Eν Å Ô´¥·£¨Ö ´¥°É·¨´μ, gp
V = (1/2)− 2 sin2 θW ,

gn
V = −(1/2). ‚ Ëμ·³Ê²¥ (8.13) ¢Ò¤¥²¥´Ò ¤¨ £μ´ ²Ó´Ò¥ § ·Ö¤μ¢Ò¥ · ¤¨Ê¸Ò
〈r2

ν�
〉 ≡ 〈r2

ν��
〉, ±μÉμ·Ò¥ ¤ ÕÉ ¢±² ¤ ¶ÊÉ¥³ ¤μ¡ ¢±¨ Q̃�� ± ¸² ¡μ° ¢¥±Éμ·´μ°

±μ´¸É ´É¥ ¸¢Ö§¨ gp
V , ÎÉμ Ô±¢¨¢ ²¥´É´μ Ê¶μ³Ö´ÊÉμ³Ê ¢ÒÏ¥ ¸¤¢¨£Ê (8.11).

�ÊÉ¥³ ÉÐ É¥²Ó´μ° ¶μ¤£μ´±¨ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT (¸ ÊÎ¥-
Éμ³ ¢·¥³¥´´�μ° § ¢¨¸¨³μ¸É¨ ÔÉ¨Ì ¤ ´´ÒÌ, ´¥μ¶·¥¤¥²¥´´μ¸É¥° · ¸¶·¥¤¥²¥´¨Ö
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´¥°É·μ´μ¢ ¢ Ö¤·  133Cs ¨ 127I ¨ É. ¶.) ¢ · ¡μÉ¥ [57] ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨Î¥-
´¨Ö ± ± ¤²Ö ¤¨ £μ´ ²Ó´ÒÌ ÔËË¥±É¨¢´ÒÌ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´¥°É·¨´μ 〈r2

νe
〉

¨ 〈r2
νμ
〉, É ± ¨ ¤²Ö ¶¥·¥Ìμ¤´ÒÌ § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ 〈r2

νeμ
〉, 〈r2

νeτ
〉 ¨ 〈r2

νμτ
〉.

’ ±, ´ ¶·¨³¥·, ¤²Ö § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ³Õμ´´μ£μ ´¥°É·¨´μ ¡Ò²μ ¶μ²ÊÎ¥´μ
μ£· ´¨Î¥´¨¥

−8 · 10−32 < 〈r2
νμ
〉 < 11 · 10−32 ¸³2.

‚¶¥·¢Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨Î¥´¨Ö (90%-° Ê·μ¢¥´Ó ¤μ¸Éμ¢¥·´μ¸É¨) ´ 
¶¥·¥Ìμ¤´Ò¥ · ¤¨Ê¸Ò ¢ ¢¨¤¥

(|〈r2
νeμ

〉|, |〈r2
νeτ

〉|, |〈r2
νμτ

〉|) < (22, 38, 27) · 10−32 ¸³2.

�É  ¨´Ëμ·³ Í¨Ö ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö ¶·μ¢¥·±¨ ·Ö¤  ³μ¤¥²¥° �μ¢μ°
Ë¨§¨±¨, ¢ ±μÉμ·ÒÌ ¨³¥ÕÉ¸Ö ³¥Ì ´¨§³Ò £¥´¥· Í¨¨ ¶¥·¥Ìμ¤´ÒÌ ÔËË¥±É¨¢´ÒÌ
§ ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ´¥°É·¨´μ [102]. �μÌμ¦¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò
¢ · ¡μÉ¥ [101].

‹¥£±¨¥ ¸É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ¡Ò²¨ ¢¢¥¤¥´Ò ¢ ± Î¥¸É¢¥ ¢μ§³μ¦´μ£μ μ¡Ñ-
Ö¸´¥´¨Ö ´¥°É·¨´´ÒÌ μ¸Í¨²²ÖÍ¨° ´  ±μ·μÉ±μ° ¡ §¥ ¶·¨ Δm2 ∼ 1 Ô‚2. ‚ · -
¡μÉ¥ [103] ¡Ò² ¶·¥¤²μ¦¥´ Ô±¸¶¥·¨³¥´É ¶μ ¶·Ö³μ³Ê ¶μ¨¸±Ê μ¸Í¨²²ÖÍ¨°  ±-
É¨¢´ÒÌ ´¥°É·¨´μ ¢ ¸É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ´  μ¸´μ¢¥ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì. Š ± ¨§¢¥¸É´μ, Ì · ±É¥· μ¸Í¨²²ÖÍ¨¨ ´¥°É·¨´μ
£² ¢´Ò³ μ¡· §μ³ § ¢¨¸¨É μÉ Ô´¥·£¨¨ ´¥°É·¨´μ ¨ ¶·μ°¤¥´´μ£μ · ¸¸ÉμÖ´¨Ö. �μ-
¸±μ²Ó±Ê Ô´¥·£¨¨ ´ Î ²Ó´ÒÌ ´¥°É·¨´μ ´¥ ³μ£ÊÉ ¡ÒÉÓ ·¥±μ´¸É·Ê¨·μ¢ ´Ò ¢ ·¥-
§Ê²ÓÉ É¥ CEνNS, Éμ ¢ μ¸´μ¢Ê ·¥£¨¸É· Í¨¨ Ê¶μ³Ö´ÊÉÒÌ μ¸Í¨²²ÖÍ¨° (¢ ³μ¤¥ ¨¸-
Î¥§´μ¢¥´¨Ö  ±É¨¢´ÒÌ ´¥°É·¨´μ) ¡Ò²μ ¶·¥¤²μ¦¥´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ö¢´Ò³ μ¡· -
§μ³ § ¢¨¸¨³μ¸ÉÓ μÉ · ¸¸ÉμÖ´¨Ö, ±μÉμ·μ¥ Ìμ·μÏμ μ¶·¥¤¥²Ö¥É¸Ö ³¥¸Éμ¶μ²μ-
¦¥´¨¥³ ³¨Ï¥´¨ μÉ´μ¸¨É¥²Ó´μ Ê¸±μ·¨É¥²Ó´μ£μ (´ ¶·¨³¥·, μÉ SNS) ¨¸ÉμÎ´¨± 
´¥°É·¨´μ. �μ ³´¥´¨Õ  ¢Éμ·μ¢ [103], É ±μ° Ô±¸¶¥·¨³¥´É ³μ£ ¡Ò μ±μ´Î É¥²Ó´μ
¤μ± § ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´μ ¨ Ê¸É ´μ¢¨ÉÓ μ£· ´¨Î¥´¨Ö ´ 
¨Ì ¶ · ³¥É·Ò ¸³¥Ï¨¢ ´¨Ö.

�μ¨¸± ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´μ ¢ μÉ³¥Î¥´´μ° ¢ÒÏ¥ μ¡² ¸É¨ ³ ¸¸ ¶ÊÉ¥³ ¨§-
³¥·¥´¨Ö ¸±μ·μ¸É¨ ¸Î¥É  CEνNS-¸μ¡ÒÉ¨° μÉ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ´¥°É·¨´μ
(É¨¶  SNS) ¡Ò² ¶·¥¤²μ¦¥´ É ±¦¥ ¢ · ¡μÉ¥ [60]. �μ¸±μ²Ó±Ê CEνNS Ö¢²Ö¥É¸Ö
Ê´¨¢¥·¸ ²Ó´Ò³ ¶·μÍ¥¸¸μ³ ¤²Ö ¢¸¥Ì  ±É¨¢´ÒÌ É¨¶μ¢ ´¥°É·¨´μ, Éμ É ±¨³ ¶Ê-
É¥³ ¢μ§³μ¦´μ ¨§³¥·¥´¨¥ μ¡Ð¥£μ ´¥°É·¨´´μ£μ ¶μÉμ±  ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨.
ˆ¸¶μ²Ó§ÊÖ ¨§³¥·¥´¨Ö ´  · §´ÒÌ ¡ §μ¢ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¨ ÊÎ¨ÉÒ¢ Ö ¢·¥³¥´´�ÊÕ
¨´Ëμ·³ Í¨Õ μ ¸μ¡ÒÉ¨ÖÌ, ³μ¦´μ §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ¨ÉÓ ¸¨¸É¥³ É¨Î¥¸±¨¥
´¥μ¶·¥¤¥²¥´´μ¸É¨ ¨ ´¥§ ¢¨¸¨³μ ¨§³¥·ÖÉÓ ¶μÉμ±¨ νμ-, νe- ¨²¨ ν̄μ-´¥°É·¨´μ.
�¢Éμ· ³¨ [60] ¡Ò²μ ¶μ± § ´μ, ÎÉμ CsI-¤¥É¥±Éμ· ³ ¸¸μ° 100 ±£ ¡Ê¤¥É ÎÊ¢¸É¢¨-
É¥²¥´ ± §´ Î¨É¥²Ó´μ° μ¡² ¸É¨ ¶·μ¸É· ´¸É¢  ¶ · ³¥É·μ¢ ²¥£±μ£μ ¸É¥·¨²Ó´μ£μ
´¥°É·¨´μ.

‚μ§³μ¦´μ¸É¨ ¸μ¢·¥³¥´´ÒÌ ¨ ¡Ê¤ÊÐ¨Ì CEνNS-Ô±¸¶¥·¨³¥´Éμ¢ ¢ ¨¸¸²¥¤μ-
¢ ´¨¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ´¥°É·¨´μ ¡Ò²¨ ¨§ÊÎ¥´Ò, ´ ¶·¨³¥·,
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¢ · ¡μÉ¥ [104]. �·¨¢¥¤¥³ ´¥±μÉμ·Ò¥ ¶μ²¥§´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¨§ ÔÉμ° · ¡μÉÒ.
‚ ¶·μ¸É¥°Ï¥° SU(2)L ⊗ U(1)Y ³μ¤¥²¨ ³ °μ· ´μ¢¸±¨° ¶¥·¥Ìμ¤´Ò° (¨§ ³ ¸-
¸μ¢μ£μ ¸μ¸ÉμÖ´¨Ö i ¢ ³ ¸¸μ¢μ¥ ¸μ¸ÉμÖ´¨¥ j 
= i) ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ
¨³¥¥É ¢¨¤ [99,105]

μM
ij = − 3ieGF

16π2
√

2
(mνi + mνj)

∑
α=e,μ,τ

Im

[
U∗

αiUαj

(
mlα

MW

)2
]
, (8.14)

£¤¥ GF Å ±μ´¸É ´É  ”¥·³¨; mνi Å ³ ¸¸  ³ ¸¸μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ´¥°É·¨´μ
νi; Uαi Å Ô²¥³¥´É ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö; mlα ¨ MW Å ³ ¸¸Ò § ·Ö¦¥´´μ£μ
²¥¶Éμ´  ¨ W -¡μ§μ´ . �ËË¥±É¨¢´Ò° ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ, (μF

ν )2, ±μ-
Éμ·Ò° ¢ ¶·¨´Í¨¶¥ ³μ¦¥É ¡ÒÉÓ ´ ¡²Õ¤ ¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ, ¢Ò· ¦ ¥É¸Ö Î¥-
·¥§ ³ É·¨ÍÊ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢ ´¥°É·¨´μ ¨  ³¶²¨ÉÊ¤Ò ¶μ²μ¦¨É¥²Ó´ÒÌ ¨
μÉ·¨Í É¥²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ¸¶¨· ²Ó´μ¸É¨ ´¥°É·¨´μ [104].

„²Ö ·¥ ±Éμ·´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ (¸  ´É¨´¥°É·¨´μ) ¨³¥¥É¸Ö ÔËË¥±É¨¢´Ò°
³ °μ· ´μ¢¸±¨° ¶¥·¥Ìμ¤´Ò° ³μ³¥´É (¢ ¡ §¨¸¥ ´¥°É·¨´´μ£μ  ·μ³ É ) [106],
μ¡μ§´ Î¥´´Ò° ¢ · ¡μÉ¥ [104] ± ± (μF

ν, reactor)
2. �´, ¢μμ¡Ð¥ £μ¢μ·Ö, μÉ²¨Î ¥É¸Ö

μÉ  ´ ²μ£¨Î´μ£μ ¶ · ³¥É· , ¨§³¥·Ö¥³μ£μ ¢ Ê¸±μ·¨É¥²Ó´μ° ¶μ¸É ´μ¢±¥, ¶μ-
¸±μ²Ó±Ê ¢ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ · §²¨Î¨ÉÓ É ± ´ §Ò¢ ¥³Ò¥
¶·Ö³Ò¥ ¨ § ¤¥·¦ ´´Ò¥ ´¥°É·¨´´Ò¥ ¶μÉμ±¨ [57,107]. ‡¤¥¸Ó  ¢Éμ·Ò [104] ¶·¥¤-
² £ ÕÉ ¨¸¶μ²Ó§μ¢ ÉÓ ± ± ¶·Ö³Ò¥ (μF

ν, prompt)
2, É ± ¨ § ¤¥·¦ ´´Ò¥ (μF

ν, delayed)2

ÔËË¥±É¨¢´Ò¥ ¶¥·¥Ìμ¤´Ò¥ ³μ³¥´ÉÒ ³ °μ· ´μ¢¸±¨Ì ´¥°É·¨´μ.
ˆ¤¥Ö  ´ ²¨§  μ¸´μ¢Ò¢ ² ¸Ó ´  Éμ³, ÎÉμ ¢ CEνNS-Ô±¸¶¥·¨³¥´É¥, μ¡² -

¤ ÕÐ¥³ ¤μ¸É ÉμÎ´μ ´¨§±¨³ ¶μ·μ£μ³ ¶μ Ô´¥·£¨¨ μÉ¤ Î¨ (´¨¦¥ ±Ô‚), ¢±² ¤
´¥¸É ´¤ ·É´ÒÌ Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ´¥°É·¨´μ ³μ¦¥É ´¥ Éμ²Ó±μ
¡ÒÉÓ § ³¥É´Ò³, ´μ ¨ ¤μ³¨´¨·μ¢ ÉÓ [108], ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¤μ²¦´μ ¶·¨-
¢μ¤¨ÉÓ ± ¨¸± ¦¥´¨Õ ¸¶¥±É·  μÉ¤ Î¨ Ö¤¥·, μ¦¨¤ ¥³μ£μ ¢ ‘É ´¤ ·É´μ° ³μ-
¤¥²¨. �μ¸±μ²Ó±Ê ¸É ´¤ ·É´μ¥ ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸μÌ· ´Ö¥É ¸¶¨· ²Ó´μ¸ÉÓ,
  Ô²¥±É·μ³ £´¨É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨¤¥É ¸ ´ ·ÊÏ¥´¨¥³ ¸¶¨· ²Ó´μ¸É¨, Éμ ¨Ì
¢±² ¤Ò ³μ¦´μ ¸²μ¦¨ÉÓ ´  Ê·μ¢´¥ ¸¥Î¥´¨°. �μÔÉμ³Ê ¢  ´ ²¨§¥ ¤ ´´ÒÌ [104]
¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¸Ê³³  ¸¥Î¥´¨°(

dσ

dTA

)
¶μ²´μ¥

=
(

dσ

dTA

)
SM

+
(

dσ

dTA

)
EM

.

„ ²¥¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ CEνNS-¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¸
Ô´¥·£¨¥° Eν ´  Ö¤·¥ (A, Z) ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ®¸É ´¤ ·É´ Ö¯ Ëμ·³Ê²  [1,
35,79]:(

dσ

dTA

)
SM

=
G2

F mA

π

[
G2

V

(
1 − mATA

2E2
ν

)
+

+ G2
A

(
1 +

mATA

2E2
ν

)]
F 2(q2), (8.15)
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£¤¥ TA Å ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· ; mA Å ³ ¸¸  Ö¤· -³¨Ï¥´¨ ¸ Z
¶·μÉμ´ ³¨ ¨ N = A−Z ´¥°É·μ´ ³¨. ‚¥±Éμ·´Ò¥ GV ¨  ±¸¨ ²-¢¥±Éμ·´Ò¥ GA

¢±² ¤Ò [109] ¡Ò²¨ § ¤ ´Ò Ëμ·³Ê² ³¨

GV =
[
2(gL

u + gR
u ) + (gL

d + gR
d )

]
Z +

[
(gL

u + gR
u ) + 2(gL

d + gR
d )

]
N,

GA =
[
2(gL

u − gR
u ) + (gL

d − gR
d )

]
(δZ) +

[
(gL

u − gR
u ) + 2(gL

d − gR
d )

]
(δN),

£¤¥ (δZ) = Z+ − Z− ¨ (δN) = N+ − N− ¨ Z+ (N+), Z− (N−) Å ¶μ²´μ¥
Î¨¸²μ ¶·μÉμ´μ¢ (´¥°É·μ´μ¢) ¸μ ¸¶¨´μ³ ¢¢¥·Ì ¨ ¢´¨§ [7]. ‚  ´ ²¨§¥ [104] ¤²Ö
Ö¤¥·´μ£μ Ëμ·³Ë ±Éμ·  F (q2) ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¸¨³³¥É·¨§μ¢ ´´ Ö ¶ · ³¥-
É·¨§ Í¨Ö ”¥·³¨ (8.6) [82],   ²¥¢Ò¥ ¨ ¶· ¢Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨ u- ¨ d-±¢ ·±μ¢
¸ Z-¡μ§μ´μ³ ¢§ÖÉÒ ¸ ÊÎ¥Éμ³ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± [110]. �²¥±É·μ³ £´¨É-
´μ¥ ¸¥Î¥´¨¥ ¶ · ³¥É·¨§μ¢ ²μ¸Ó ¢ · ¡μÉ¥ [104] ¸ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨Ö(

dσ

dTqA

)
EM

=
πa2

EMμ2
ν Z2

m2
e

(
1 − TA/Eν

TA

)
F 2(q2). (8.16)

�  μ¸´μ¢¥ ÉÐ É¥²Ó´μ£μ ¸É É¨¸É¨Î¥¸±μ£μ  ´ ²¨§  ¨³¥ÕÐ¥£μ¸Ö ¸¶¥±É·  ¤ ´´ÒÌ
¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (8.16) ¨ ¢Ò· ¦¥´¨Ö (8.15) ¡Ò²¨ ¶μ²ÊÎ¥´Ò μ£· ´¨Î¥´¨Ö
´  Ê¶μ³Ö´ÊÉÒ¥ ¢ÒÏ¥ ÔËË¥±É¨¢´Ò¥ ³ °μ· ´μ¢¸±¨¥ ¶¥·¥Ìμ¤´Ò¥ ³μ³¥´ÉÒ ¨ ¤ -
²¥¥ ´  ¡μ²¥¥ ËÊ´¤ ³¥´É ²Ó´Ò¥ ¶ · ³¥É·Ò É¥μ·¨¨. Šμ´±·¥É´Ò¥ ¤¥É ²¨ ³μ¦´μ
´ °É¨ ¢ ¸ ³μ° · ¡μÉ¥ [104]. 
Ò²μ ¶μ± § ´μ, ÎÉμ ¡Ê¤ÊÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ
CEνNS ¸ ´¨§±μ¶μ·μ£μ¢Ò³¨ ¤¥É¥±Éμ· ³¨ ³μ£ÊÉ § ³¥É´μ Ê²ÊÎÏ¨ÉÓ ¨³¥ÕÐ¨¥¸Ö
¶·¥¤¥²Ò ´  ±μ³¶μ´¥´ÉÒ ¶¥·¥Ìμ¤´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  ³ °μ· ´μ¢¸±μ£μ
´¥°É·¨´μ, ¶μ²ÊÎ¥´´Ò¥ ¨§ ¤ ´´ÒÌ Borexino [104]. �μ²Ó CEνNS ¢ ¢μ¶·μ¸¥
¶μ²ÊÎ¥´¨Ö ¡μ²¥¥ ÉμÎ´ÒÌ μ£· ´¨Î¥´¨° ´  §´ Î¥´¨¥ ³ £´¨É´μ£μ ³μ³¥´É  ´¥°-
É·¨´μ μ¡¸Ê¦¤ ² ¸Ó É ±¦¥ ¢ · ¡μÉ Ì [101,111].

ˆ´É¥·¥¸´ Ö ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μÍ¥¸¸ ±μ£¥·¥´É´μ£μ Éμ·³μ§´μ£μ
¨§²ÊÎ¥´¨Ö ´  Ö¤·¥ νA → Aν + γ ¤²Ö μÍ¥´±¨ ³ ¸¸Ò ´¥°É·¨´μ ¶ÊÉ¥³ Ô±¸¶¥-
·¨³¥´É ²Ó´μ£μ μ¶·¥¤¥²¥´¨Ö ¶μ²μ¦¥´¨Ö ±μ´Í  ¸¶¥±É·  ËμÉμ´μ¢ ¡Ò²  ¶·¥¤²μ-
¦¥´  ¢ · ¡μÉ¥ [58]. Š ¸μ¦ ²¥´¨Õ, ± ± ¶μ± § ²¨  ¢Éμ·Ò, ¡μ²ÓÏ Ö É·¥¡Ê¥³ Ö
³μÐ´μ¸ÉÓ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ¨¸ÉμÎ´¨±  ´¥°É·¨´μ ¨/¨²¨ ¡μ²ÓÏ Ö É·¥¡Ê¥-
³ Ö ³ ¸¸  ¤¥É¥±Éμ·  ´¥ ¶μ§¢μ²ÖÕÉ ÔÉμ³Ê ³¥Éμ¤Ê ±μ´±Ê·¨·μ¢ ÉÓ ¸ É· ¤¨Í¨μ´-
´Ò³¨ ¨§³¥·¥´¨Ö³¨ ±μ´¥Î´μ° ÉμÎ±¨ Ô²¥±É·μ´´μ£μ ¸¶¥±É·  ¶·¨ Ö¤¥·´μ³ ¡¥É -
· ¸¶ ¤¥. ˆ´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸μ£² ¸´μ  ¢Éμ· ³ [58] ¶·μÍ¥¸¸ νA → Aν+γ
ÎÊ¢¸É¢¨É¥²¥´ ± ¶·¨·μ¤¥ ´¥°É·¨´μ, É. ¥. μ´, ¢ ¶·¨´Í¨¶¥, · §²¨Î ¥É¸Ö ¤²Ö ¤¨-
· ±μ¢¸±¨Ì ¨ ³ °μ· ´μ¢¸±¨Ì ´¥°É·¨´μ. �¤´ ±μ ¶·¨´Í¨¶¨ ²Ó´μ¥ · §²¨Î¨¥ ¢
¸¶¥±É· Ì ËμÉμ´μ¢ ¤²Ö ÔÉ¨Ì ¸²ÊÎ ¥¢ ¨³¥¥É ¶μ·Ö¤μ± mν/Eν , ÎÉμ ±· °´¥ ³ ²μ,
´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ´¥°É·¨´μ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ μ± §Ò¢ ¥É¸Ö ¶· ±É¨Î¥-
¸±¨ ¢ ¶μ±μ¥. ’ ±¨³ μ¡· §μ³, ®É¥μ·¥³  μ ´¥· §²¨Î¨³μ¸É¨ „¨· ± ÄŒ °μ· ´Ò¯
μ¸É ¥É¸Ö ´¥¨§³¥´´μ°, ¤ ¦¥ ¥¸²¨ Ê¸²μ¢¨¥ ®´¥· §²¨Î¨³μ¸É¨¯ ¢ ¢¨¤¥ Eν � mν
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¶·¨³¥´Ö¥É¸Ö ¤²Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ³μ¦¥É ´¥ ¢Ò¶μ²´ÖÉÓ¸Ö ¢ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨¨ (Eν � mν � 0) [58].

‘² ¡Ò° Ê£μ² ¸³¥Ï¨¢ ´¨Ö ‚ °´¡¥·£  sin2 θW Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ μ¸´μ¢-
´ÒÌ ¶ · ³¥É·μ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨, ¨ μ´ ¨§³¥·¥´ ¸ ¡μ²ÓÏμ° ÉμÎ´μ¸ÉÓÕ ´ 
Z-¶μ²Õ¸¥ [110]. �·¨ μÎ¥´Ó ´¨§±¨Ì ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì ¡Ò²¨ É ±¦¥ ¶·μ¢¥-
¤¥´Ò ¨§³¥·¥´¨Ö ÔÉμ° ¢ ¦´μ° ¢¥²¨Î¨´Ò, ÌμÉÖ ÉμÎ´μ¸ÉÓ ¨Ì § ³¥É´μ ´¨¦¥ [112].
�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ ÔÉμ³ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ ¶μ²ÊÎ¥´Ò ¨§ ¨§³¥·¥-
´¨° ¸² ¡ÒÌ § ·Ö¤μ¢ Ö¤¥· ¨ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢  Éμ³ Ì. �·μÍ¥¸¸ ±μ£¥-
·¥´É´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¤ ¥É
´μ¢ÊÕ ´¥§ ¢¨¸¨³ÊÕ ¨´Ëμ·³ Í¨Õ ¤²Ö ¨§³¥·¥´¨Ö ¸² ¡μ£μ Ê£²  ¸³¥Ï¨¢ ´¨Ö
¢ ÔÉμ° μ¡² ¸É¨. ‚ · ¡μÉ¥ [113] ¶μ± § ´μ, ÎÉμ Ô±¸¶¥·¨³¥´ÉÒ CEνNS ¨³¥ÕÉ
§ ³¥É´Ò° ¶μÉ¥´Í¨ ² ¢ ´ ¶· ¢²¥´¨¨ ¤μ¸É¨¦¥´¨Ö ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ μ¶·¥¤¥-
²¥´¨Ö ®´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ¯ §´ Î¥´¨Ö sin2 θW ¶·¨ Ê¸²μ¢¨¨ ¸´¨¦¥´¨Ö ¸¨-
¸É¥³ É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥°. �´ ²μ£¨Î´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¢Ò¶μ²´¥´μ ¢
· ¡μÉ Ì [63,114].

‚²¨Ö´¨¥ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT ´  ÉμÎ´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö
sin2 θW μ¡¸Ê¦¤ ²μ¸Ó ¢ · ¡μÉ¥ [54], £¤¥, ¢ Î ¸É´μ¸É¨, ´  μ¸´μ¢¥ ÔÉ¨Ì ¤ ´´ÒÌ
¨ ¤ ´´ÒÌ ¶μ ´ ·ÊÏ¥´¨Õ  Éμ³´μ° Î¥É´μ¸É¨ (APV) ´  Ö¤· Ì Í¥§¨Ö ¤²Ö ¶·μ-
Í¥¸¸μ¢ ¸ ´¨§±¨³ ¶¥·¥¤ ´´Ò³ ¨³¶Ê²Ó¸μ³ ¤ ¥É¸Ö ´μ¢Ò° ·¥§Ê²ÓÉ É: sin2 θW =
0,239+0,006

−0,007, ±μÉμ·Ò° ¢¶μ²´¥ ¸· ¢´¨³ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶·¥¤¸± § ´¨Ö³¨

‘É ´¤ ·É´μ° ³μ¤¥²¨: sin2 θW = 0,23857(5).

8.1.5. �μ¢ Ö Ë¨§¨± , ¨²¨ ´¥¸É ´¤ ·É´Ò¥ ´¥°É·¨´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
¨ CEνNS. ‚μ¶·μ¸ μ ´¥¸É ´¤ ·É´ÒÌ ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ (NSI) μ¡-
¸Ê¦¤ ¥É¸Ö ¢ ²¨É¥· ÉÊ·¥ ¤ ¢´μ ¨ Ï¨·μ±μ. �¤´¨³ ¨§ ¶·¨³¥·μ¢ ¶μ¸ÉμÖ´´μ°
 ±É¨¢´μ¸É¨ ¢ ´ ¶· ¢²¥´¨¨ £²μ¡ ²Ó´μ£μ  ´ ²¨§  ´¥°É·¨´´ÒÌ (¢ μ¸´μ¢´μ³ μ¸-
Í¨²²ÖÉμ·´ÒÌ) ¤ ´´ÒÌ ¸ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨° ´  NSI ³μ£ÊÉ ¸²Ê¦¨ÉÓ,
´ ¶·¨³¥·, · ¡μÉÒ [63,101,114,115].

�μ ¸ÊÐ¥¸É¢Ê NSI Ö¢²ÖÕÉ¸Ö ¶·μÖ¢²¥´¨¥³ ¢ ¸¥±Éμ·¥ ´¥°É·¨´μ (¨²¨, ¡μ²¥¥
μ¡Ð¥¥, ´¥°É· ²Ó´ÒÌ ²¥¶Éμ´μ¢) É ± ´ §Ò¢ ¥³μ° �μ¢μ° Ë¨§¨±¨ Å É. ¥. Î ¸É¨Í
¨ ¢§ ¨³μ¤¥°¸É¢¨°, ±μÉμ·Ò³ ´¥É ³¥¸É  ¢ · ³± Ì ‘É ´¤ ·É´μ° ³μ¤¥²¨. �¡´ -
·Ê¦¥´¨¥ CEνNS ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT Éμ²Ó±μ Ê¸¨²¨²μ ¨´É¥·¥¸ ± NSI,
¶μ¸±μ²Ó±Ê Ë ±É¨Î¥¸±¨ ¤ ²μ ¸μ¢¥·Ï¥´´μ ´μ¢Ò° (ÌμÉÖ ¨ μ¦¨¤ ¥³Ò°) ¨¸ÉμÎ-
´¨± ¨´Ëμ·³ Í¨¨ μ ´¥°É·¨´μ ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ¢¥Ð¥¸É¢μ³. „μ¸É ÉμÎ´μ
¶·¥Í¨§¨μ´´μ¥ ¨§³¥·¥´¨¥ ¸¶¥±É·  CEνNS ¢ · §Ê³´μ¥ ¢·¥³Ö ¶·¥¤¸É ¢²Ö¥É¸Ö
¢¶μ²´¥ ·¥ ²Ó´μ° ¶¥·¸¶¥±É¨¢μ°. �·¨ ÔÉμ³ μÎ¥¢¨¤´μ, ÎÉμ ´ ²¨Î¨¥ ²Õ¡ÒÌ ´μ-
¢ÒÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ´¥°É·¨´μ ¸ ¢¥Ð¥¸É¢μ³ ³μ¦¥É Ê¢¥²¨Î¨-
¢ ÉÓ, Ê³¥´ÓÏ ÉÓ ¨²¨ § ³¥É´μ ¨¸± ¦ ÉÓ Ëμ·³Ê ¸¶¥±É·  ¨ Î ¸ÉμÉÊ ·¥£¨¸É· Í¨¨
¸μ¡ÒÉ¨° CEνNS.

‚ · ¡μÉ¥ [116] ¡Ò² ¨¸¸²¥¤μ¢ ´ ¢μ¶·μ¸ μ ¢§ ¨³μ¤μ¶μ²´Ö¥³μ¸É¨ Ê¸±μ·¨-
É¥²Ó´ÒÌ ¨ ·¥ ±Éμ·´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ CEνNS ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ²ÊÎ¥´¨Ö
§´ Î¨³ÒÌ μ£· ´¨Î¥´¨° ´  ´¥¸É ´¤ ·É´Ò¥ ´¥°É·¨´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. 
Ò²μ,
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¢ Î ¸É´μ¸É¨, ¶μ± § ´μ, ÎÉμ μ¤´μ¢·¥³¥´´Ò°  ´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ É ±¨Ì Ô±¸¶¥·¨-
³¥´Éμ¢, ¢ ± ¦¤μ³ ¨§ ±μÉμ·ÒÌ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶μ ³¥´ÓÏ¥° ³¥·¥ ¤¢  · §²¨Î´ÒÌ
³ É¥·¨ ²  ³¨Ï¥´¨, ³μ¦¥É ¤ ÉÓ ¸ÊÐ¥¸É¢¥´´μ¥ Ê²ÊÎÏ¥´¨¥ ÉμÎ´μ¸É¨  ´ ²¨§  ¨
¸´ÖÉÓ ¢Ò·μ¦¤¥´¨¥ ³¥¦¤Ê ¤¨ £μ´ ²Ó´Ò³¨ ¶μ  ·μ³ ÉÊ ´¥°É·¨´μ NSI, ±μÉμ·Ò¥
¶²μÌμ ¶μ¤¤ ÕÉ¸Ö μ£· ´¨Î¥´¨Õ ¢ μ¸Í¨²²ÖÉμ·´ÒÌ ´¥°É·¨´´ÒÌ Ô±¸¶¥·¨³¥´É Ì.
’ ±, · ¸¸³ É·¨¢ Ö Î¥ÉÒ·¥ É¨¶  É ±¨Ì ¶ · ³¥É·μ¢,  ¢Éμ·Ò ÊÉ¢¥·¦¤ ²¨, ÎÉμ ¢¸¥
μ´¨ ³μ£ÊÉ ¡ÒÉÓ ¨§³¥·¥´Ò ¸ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¢ Ô±¸¶¥·¨³¥´É Ì
¸²¥¤ÊÕÐ¥£μ ¶μ±μ²¥´¨Ö [116].

‚ · ¡μÉ¥ [117] ¨¸¸²¥¤μ¢ ´Ò ¨³¥ÕÐ¨¥¸Ö μ£· ´¨Î¥´¨Ö ¨ ¡Ê¤ÊÐ Ö ÎÊ¢¸É¢¨-
É¥²Ó´μ¸ÉÓ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ±μ£¥·¥´É´μ³Ê Ê¶·Ê£μ³Ê ´¥°É·¨´μ-Ö¤¥·´μ³Ê · ¸-
¸¥Ö´¨Õ ± · §²¨Î´Ò³ · ¸Ï¨·¥´¨Ö³ ‘É ´¤ ·É´μ° ³μ¤¥²¨ §  ¸Î¥É ¢¢¥¤¥´¨Ö ¤μ-
¶μ²´¨É¥²Ó´μ£μ Z ′-¡μ§μ´  (¤μ¶μ²´¨É¥²Ó´Ò¥ ´¥°É· ²Ó´Ò¥ Éμ±¨). ‚²¨Ö´¨¥ Z ′-
¡μ§μ´  ¸¢μ¤¨É¸Ö ± ¶¥·¥μ¶·¥¤¥²¥´¨Õ ±μ´¸É ´É ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸
±¢ ·± ³¨, gV ¨ gA, ¶ÊÉ¥³ ÊÎ¥É  ³ ¸¸Ò Z ′-¡μ§μ´  ¨ Ê£²  ¥£μ ¸³¥Ï¨¢ ´¨Ö
¸ Z-¡μ§μ´μ³ ‘É ´¤ ·É´μ° ³μ¤¥²¨. 
Ò²¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò ·¥§Ê²ÓÉ ÉÒ ´¥°-
É·¨´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ´  Ë¨±¸¨·μ¢ ´´μ° ³¨Ï¥´¨, ¸ ´ ·ÊÏ¥´¨¥³ Î¥É´μ-
¸É¨ ¢  Éμ³ Ì, Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¸μ²´¥Î´Ò³¨ ´¥°É·¨´μ ¨ ¤·. �¢Éμ· ³¨ ¡Ò²μ
¶μ± § ´μ, ÎÉμ ¨³¥¥É¸Ö §´ Î¨É¥²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ÔÉ¨Ì μ£· ´¨Î¥´¨° μÉ ´¥-
Ê´¨¢¥·¸ ²Ó´μ¸É¨ ¸¢Ö§¨ Z ′-¡μ§μ´  ¸ Î ¸É¨Í ³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨,   É ±¦¥
¢ ¦´μ¸ÉÓ ¤²Ö É ±μ£μ É¨¶   ´ ²¨§  ¤ ´´ÒÌ μÉ CEνNS [117].

�·¨³¥·´μ É ±μ£μ ¦¥ É¨¶   ´ ²¨§, μ¤´ ±μ ¤²Ö ³ ²ÒÌ (³¥´ÓÏ¥ 50 ŒÔ‚)
¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ³ ¸¸Ò ´μ¢μ£μ ¶·μ³¥¦ÊÉμÎ´μ£μ Z ′-¡μ§μ´ , ¡Ò² ¶·μ¢¥-
¤¥´ ¢ · ¡μÉ¥ [118]. �¥§Ê²ÓÉ ÉÒ μ± § ²¨¸Ó ¤μ¸É ÉμÎ´μ ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ±
³ ¸¸¥ ÔÉμ£μ ¡μ§μ´ , ¨ ¢ ¸²ÊÎ ¥ ¡μ²ÓÏ¨Ì ³ ¸¸ ´ ¡²Õ¤ ²μ¸Ó ¢Ò·μ¦¤¥´¨¥ ³¥¦¤Ê
¶ · ³¥É· ³¨ �μ¢μ° Ë¨§¨±¨, ÎÉμ ¸¨²Ó´μ μ¸² ¡²Ö²μ §´ Î¨³μ¸ÉÓ ¶μ²ÊÎ¥´´ÒÌ
μ£· ´¨Î¥´¨° [118].

‚ ± Î¥¸É¢¥ ¶·¨³¥·  μÍ¥´±¨ NSI ¨§ ¤ ´´ÒÌ COHERENT μ¸É ´μ¢¨³¸Ö
´¥¸±μ²Ó±μ ¶μ¤·μ¡´¥¥ ´  · ¡μÉ¥ [119]. �¡ÒÎ´μ ¤²Ö  ´ ²¨§  CEνNS-¶·μÍ¥¸¸μ¢
´  ¶·¥¤³¥É ¶·¨¸ÊÉ¸É¢¨Ö �μ¢μ° Ë¨§¨±¨ ¨¸¶μ²Ó§Ê¥É¸Ö ¶μ´ÖÉ¨¥ ´¥¸É ´¤ ·É´ÒÌ
´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (NSI), ±μÉμ·μ¥ ³μ¦´μ ¶ · ³¥É·¨§μ¢ ÉÓ ¢ ¢¨¤¥
ÔËË¥±É¨¢´μ£μ 4-Ë¥·³¨μ´´μ£μ ² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö

LNSI
eff = −

√
2GF

∑
q=u,d

ν̄iγ
μ(1 − γ5)νj q̄

(
εqV
ij + γ5ε

qA
ij

)
q. (8.17)

‡¤¥¸Ó ε
q(V,A)
ij Å ¸¢μ¡μ¤´Ò¥ ¶ · ³¥É·Ò, ±μÉμ·Ò¥ μ¡ÒÎ´μ Ê¦¥ μ£· ´¨Î¥´Ò ¢ Éμ°

¨²¨ ¨´μ° ¸É¥¶¥´¨ ¤ ´´Ò³¨ ¶μ ´¥°É·¨´´μ³Ê · ¸¸¥Ö´¨Õ ¨ ´¥°É·¨´´Ò³ μ¸Í¨²-
²ÖÍ¨Ö³, q = u, d (¸³., ´ ¶·¨³¥·, [120]). �É¨ ¶ · ³¥É·Ò § ¤ ÕÉ ¨´É¥´¸¨¢´μ¸ÉÓ
´μ¢ÒÌ ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¶μ μÉ´μÏ¥´¨Õ ± GF . ‚ ³ ±¸¨³ ²Ó´μ μ¡-
Ð¥³ ¢¨¤¥ NSI ³μ¦´μ § ¤ ÉÓ ± ± ¸μ¢μ±Ê¶´μ¸ÉÓ ¢¸¥Ì ²μ·¥´Í-¨´¢ ·¨ ´É´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ´¥°É·¨´μ ¸ ±¢ ·± ³¨ ¶¥·¢μ£μ ¶μ±μ²¥´¨Ö ¡¥§ ¶·μ¨§¢μ¤´ÒÌ
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(¸³., ´ ¶·¨³¥·, [121]):

LNSI
eff =

GF√
2

∑
X

ν̄ΓXν q̄ ΓX(Cq
X + iγ5 Dq

X)q. (8.18)

‡¤¥¸Ó ΓX = {I, iγ5, γμ, γμγ5, σμν} Å ¶μ²´Ò° ´ ¡μ· 4 × 4-³ É·¨Í, £¤¥ σμν =
i[γμ, γν ]/2.


μ²¥¥ ¨²¨ ³¥´¥¥ ¸É ´¤ ·É´ Ö ¶·μÍ¥¤Ê·  ¶¥·¥Ìμ¤  μÉ ´¥°É·¨´μ-±¢ ·±μ¢μ£μ
² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ± ÔËË¥±É¨¢´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ´¥°É·¨´μ ¸
Ö¤·μ³ ´ Î¨´ ¥É¸Ö ¸ ¶¥·¥Ìμ¤  μÉ ±¢ ·±μ¢ ± ´Ê±²μ´ ³ ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ±¢ ·-
±μ¢ÒÌ Éμ±μ¢ ¶μ ´Ê±²μ´´Ò³ ¸μ¸ÉμÖ´¨Ö³,   § É¥³ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶¥·¥Ìμ¤ μÉ
´Ê±²μ´μ¢ ± Ö¤·Ê ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ ¶μ Ö¤¥·´Ò³ ¸μ¸ÉμÖ´¨Ö³
¨ ¢¢¥¤¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ö¤¥·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ (¶μ¤·μ¡´¥¥ ¸³., ´ ¶·¨-
³¥·, [119, 122]). ‚ ¨Éμ£¥ ´¥°É·¨´μ-Ö¤¥·´Ò° ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ´¥-
¸É ´¤ ·É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨§ · ¡μÉÒ [119] ¶·¨´¨³ ¥É ¢¨¤

LνN ∼
∑

X=S,V,T

ν̄ ΓXνN̄CXΓXN +
∑

(X,Y )=(P,S), (A,V )

ν̄ ΓXνN̄iDXΓY N, (8.19)

£¤¥ ±μÔËË¨Í¨¥´ÉÒ CX ¨ DX , ¶ · ³¥É·¨§ÊÕÐ¨¥ ÔËË¥±É¨¢´μ¥ νN -¢§ ¨³μ-
¤¥°¸É¢¨¥, μ¶·¥¤¥²¥´Ò (±¢ ·±μ¢Ò³¨) ¶ · ³¥É· ³¨ Cq

X ¨ Dq
X ¨§ Ëμ·³Ê²Ò (8.18)

¨ ¨³¥ÕÉ ¢¨¤

CS = Z
∑

q=u,d

Cq
S

mp

mq
fp

Tq
+ (A − Z)

∑
q=u,d

Cq
S

mn

mq
fn

Tq
,

CV = Z
(
2Cu

V + Cd
V

)
+ (A − Z)

(
Cu

V + 2Cd
V

)
, (8.20)

CT = Z
(
δp
uCu

T + δp
dCd

T

)
+ (A − Z)

(
δn
uCu

T + δn
d Cd

T

)
.

—¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ ¶ · ³¥É·μ¢ ¨§ ¶μ¸²¥¤´¥° ¸É·μ±¨ É -
±μ¢Ò [119]: δp

u = 0,54, δp
d = −0,23, δn

u = −0,23, δn
d = 0,54. ‚Ò· ¦¥´¨Ö

¤²Ö ±μÔËË¨Í¨¥´Éμ¢ DP ¶μ²ÊÎ ÕÉ¸Ö ¨§ CS § ³¥´μ° Cq
S ´  Dq

P , Éμ£¤  ± ± ¤²Ö
DA ¨§ CV Å § ³¥´μ° Cq

V ´  Dq
A [119]. ‘μμÉ´μÏ¥´¨Ö (8.20) ¸¢Ö§Ò¢ ÕÉ ÔË-

Ë¥±É¨¢´Ò¥ ¶ · ³¥É·Ò νN -¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ±μ´¸É ´É ³¨ ² £· ´¦¨ ´  ËÊ´-
¤ ³¥´É ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (8.18). „ ²¥¥ ÔÉ¨ ¶ · ³¥É·Ò  ¢Éμ·Ò [119]
¨¸¶μ²Ó§ÊÕÉ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö CEνNS ´  Ö¤·¥-
³¨Ï¥´¨ É¨¶  a ¢ ¢¨¤¥

dσa(q2)
dEr

=
G2

F

4π
mNaN2

aF (q2)
[
ξ2
S Er

Emax
r

+ ξ2
V

(
1 − Er

Emax
r

− Er

Eν

)
+

+ ξ2
T

(
1 − Er

2Emax
r

− Er

Eν

)
− REr

Eν

]
, (8.21)



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 175

£¤¥ Emax
r � (2E2

ν)/mNa Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· , ¨ ¢Ò· ¦¥´¨Ö

ξ2
S =

C2
S + D2

P

N2
, ξ2

V =
C2

V + D2
A

N2
, ξ2

T = 8
C2

T

N2
, R = 2

CSCT

N2

É ±¦¥ ´¥Ö¢´μ § ¢¨¸ÖÉ μÉ É¨¶  Ö¤· -³¨Ï¥´¨ a. ”μ·³Ê²  (8.21) ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° Ê¶·μÐ¥´´μ¥ ¢Ò· ¦¥´¨¥ (4.9) ¨§ · ¡μÉÒ [121]. ˆ³¥´´μ ÔÉμ ¢Ò· ¦¥´¨¥
¤²Ö ¸¥Î¥´¨Ö CEνNS (¶·¨ · §²¨Î´μ£μ ·μ¤  Ê¶·μÐ ÕÐ¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ μ¡
μÉ´μ¸¨É¥²Ó´μ° §´ Î¨³μ¸É¨ É¥Ì ¨²¨ ¨´ÒÌ ¶ · ³¥É·μ¢)  ¢Éμ·Ò [119] ¸· ¢´¨-
¢ ²¨ ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É  COHERENT ¨ ¶μ²ÊÎ¨²¨ μ£· ´¨Î¥´¨Ö ´  ¢¸¥
§´ Î¨³Ò¥ ¶ · ³¥É·Ò ± ± ¢ μ¤´μ¶ · ³¥É·¨Î¥¸±μ³ Ë¨É¥, É ± ¨ ¶·¨ μ¤´μ¢·¥³¥´-
´μ° ¶μ¤£μ´±¥ ¤ ´´ÒÌ ¸ ¤¢Ê³Ö ¶ · ³¥É· ³¨. �¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢
¢¨¤¥ ´ ¡μ·  ±μ··¥²ÖÍ¨μ´´ÒÌ £· Ë¨±μ¢, ´ ¶·¨³¥·, ¢ ¶²μ¸±μ¸ÉÖÌ ¶ · ³¥É·μ¢
Cu

S−Cd
V , Cu

S−Cd
T , Cu

V −Cd
T ¨ É. ¶. [119].

‡ ¢¥·Ï Ö ¸¢μ° ³´μ£μ¶² ´μ¢Ò° ¨ ÉÐ É¥²Ó´Ò°  ´ ²¨§,  ¢Éμ·Ò ÊÉ¢¥·¦¤ ²¨,
ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´ ¨¡μ²¥¥ ¸É·μ£¨¥ μÍ¥´±¨ ¤²Ö
ÔËË¥±É¨¢´ÒÌ μ¡μ¡Ð¥´´ÒÌ ´¥°É·¨´μ-±¢ ·±μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¸²ÊÎ ¥, ±μ-
£¤  ³ ¸¸Ò ¶¥·¥´μ¸Î¨±μ¢ ÔÉ¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¶μ·Ö¤±  1 ƒÔ‚/c2 [119].

�μ²Ó§ÊÖ¸Ó ¸²ÊÎ ¥³, μÉ³¥É¨³, ÎÉμ ¢ · ¡μÉ¥ [119], ¢ ±μÉμ·μ° ¨¸¶μ²Ó§ÊÕÉ¸Ö
¶·¨¡²¨¦¥´´Ò¥ Ëμ·³Ê²Ò ¨§ [121], ´  ´ Ï ¢§£²Ö¤, ¢¶¥·¢Ò¥ ¢ Ö¢´μ³ ¢¨¤¥ ¡Ò² § -
É·μ´ÊÉ ¢μ¶·μ¸ μ · §²¨Î¨¨ ³¥¦¤Ê ±μ£¥·¥´É´Ò³ Ê¶·Ê£¨³ νA- ¨ ν̄A-· ¸¸¥Ö´¨¥³.
ƒ² ¢´Ò° ¢Ò¢μ¤ μ ¢μ§³μ¦´μ¸É¨ ¶·¥´¥¡·¥¦¥´¨Ö ÔÉ¨³ · §²¨Î¨¥³ ¶·¨ ¤μ¸É -
ÉμÎ´μ · §Ê³´ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ, ´ ¶·¨³¥·, μ ³ ²μ¸É¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ
¢±² ¤  ¨²¨ μ¡ μÉ¸ÊÉ¸É¢¨¨ μ¤´μ¢·¥³¥´´ÒÌ ¢±² ¤μ¢ ¸± ²Ö·´μ£μ ¨ É¥´§μ·´μ£μ
NSI ¢Ò£²Ö¤¨É ¢¶μ²´¥ μ¶· ¢¤ ´´Ò³ ¨ ¸μ£² ¸Ê¥É¸Ö ¸ ÉμÎ´Ò³¨ · ¸Î¥É ³¨ ¨ ¢Ò-
¢μ¤ ³¨ ¨§ [20] ¨²¨ Ëμ·³Ê² ³¨ (6.49) ¨ (6.50).

�¤´ ±μ μ¡μ¸´μ¢ ´¨¥ ÔÉ¨Ì ¶·¨¡²¨¦¥´´ÒÌ Ëμ·³Ê² ¢ [121] ¢¥¸Ó³  ¸μ³´¨-
É¥²Ó´μ, ÌμÉÖ ¸ ³¨ Ëμ·³Ê²Ò ¤²Ö ¡¥¸¸¶¨´μ¢μ£μ Ö¤·  ¢Ò£²Ö¤ÖÉ ¢¶μ²´¥ É· ¤¨Í¨-
μ´´μ:

dσ

dT
=

σSM
s=0

M

(
1 − T

Tmax

)
,

σSM
s=0 ≡

G2
F

[
N − (1 − 4s2

W )Z
]2

F 2(q2)M2

4π
.

(8.22)

ƒ² ¢´ Ö ¶·μ¡²¥³  ¢ Éμ³, ÎÉμ  ¢Éμ·Ò [121] ¨§´ Î ²Ó´μ ¶·μ¸Éμ ¤¥±² ·¨-
·ÊÕÉ, ÎÉμ μ´¨ ¢ÒÎ¨¸²ÖÕÉ ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ νA-· ¸¸¥Ö´¨Ö (¨/¨²¨ ν̄A-
· ¸¸¥Ö´¨Ö), ´¨± ± ´¥ ÊÎ¨ÉÒ¢ Ö ¸μ¡¸É¢¥´´μ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ ¤²Ö Ö¤· 
(É. ¥. ´¥¨§³¥´´μ¸ÉÓ ¥£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö).

�· ±É¨Î¥¸±¨ ÔÉμ ¸¢μ¤¨É¸Ö ± Éμ³Ê, ÎÉμ ¨Ì ³ É·¨Î´Ò° Ô²¥³¥´É iMss′
(νA →

νA) ¢Ò£²Ö¤¨É ± ± ³ É·¨Î´Ò° Ô²¥³¥´É · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  ¡¥¸¸É·Ê±-
ÉÊ·´μ° ¸± ²Ö·´μ° (¶μ¸±μ²Ó±Ê J = 0) Î ¸É¨Í¥, Ê³´μ¦¥´´Ò° ´  ¸² ¡Ò° § ·Ö¤
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Ö¤·  QW = N − (1 − 4s2
W )Z ¨ Ëμ·³Ë ±Éμ· F (q2), É. ¥.

iMss′
(νA → νA) = i

√
2

2
GF QW F (q2)gν

L(p2 + k2)μ vs(p1)γμ(1 − γ5)vs′
(k1),

£¤¥ s, s′ Å ¸¶¨· ²Ó´μ¸É¨ ( ´É¨)´¥°É·¨´μ. „ ²¥¥ ¸É ´¤ ·É´Ò³ μ¡· §μ³ ¢ÒÎ¨-
¸²Ö¥É¸Ö ±¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É 

|iM|2 =
∑
ss′

|iMss′ |2 = 32G2
F Q2

W F 2(gν
L)2M2

AE2
ν

(
1 − TA

Eν
− MATA

2E2
ν

)
, (8.23)

£¤¥, ± ± μ¡ÒÎ´μ, MA Å ³ ¸¸  Ö¤· -³¨Ï¥´¨; Eν Å Ô´¥·£¨Ö ´¥°É·¨´μ ¨ TA Å
±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· . �μ¸²¥ ´¥¡μ²ÓÏ¨Ì Ê¶·μÐ¥´¨° ¨§ (8.23)
¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥ (8.22).

‘¶· ¢¥¤²¨¢μ¸É¨ · ¤¨ ´ ¤μ μÉ³¥É¨ÉÓ, ÎÉμ  ¢Éμ·Ò [121] μ¡¸Ê¦¤ ÕÉ ¸²ÊÎ °,
±μ£¤  Ö¤·μ ¨³¥¥É μÉ²¨Î´Ò° μÉ ´Ê²Ö ¸¶¨´,   νA-· ¸¸¥Ö´¨¥ μÉ²¨Î ¥É¸Ö μÉ ν̄A-
· ¸¸¥Ö´¨Ö. �´¨ ¸Î¨É ÕÉ, ÎÉμ ´ ²¨Î¨¥ ´¥´Ê²¥¢μ£μ ¸¶¨´  Ö¤· , J 
= 0, ¨³¥¥É
¢¥¸Ó³  ´¥§´ Î¨É¥²Ó´μ¥ ¢²¨Ö´¨¥ ´  Ëμ·³Ê²Ê ¤²Ö ¸¥Î¥´¨Ö, ±μ£¤  J = 0. �¡ÑÖ¸-
´ÖÕÉ μ´¨ ÔÉμ É¥³, ÎÉμ (ÉÖ¦¥²μ¥) Ö¤·μ ¸μ¤¥·¦¨É ³´μ£μ Ë¥·³¨μ´μ¢ ¸μ ¸¶¨´μ³
1/2 (¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢), ±μÉμ·Ò¥, μ¡· §ÊÖ Ö¤·μ, ¶· ±É¨Î¥¸±¨ ±μ³¶¥´¸¨-
·ÊÕÉ ¸¶¨´Ò ¤·Ê£ ¤·Ê£ . …¸²¨ μ¤¨´ ¶·μÉμ´ ¶¥·¥¢¥·´¥É ¸¢μ° ¸¶¨´, Éμ ¸¶¨´
Ö¤·  ³μ¦¥É ¨§³¥´¨ÉÓ¸Ö, ´ ¶·¨³¥·, ¸ 0 ´  1. �μ¸±μ²Ó±Ê  ¢Éμ·Ò ¸Î¨É ÕÉ,
ÎÉμ ±μ£¥·¥´É´μ¥ νA-· ¸¸¥Ö´¨¥ ´¥ÎÊ¢¸É¢¨É¥²Ó´μ ± ¸μ¸ÉμÖ´¨Õ μ¤´μ£μ ¶·μÉμ´ 
¢´ÊÉ·¨ Ö¤· , Éμ μ´¨ ¤¥² ÕÉ ¢Ò¢μ¤ (¢ μ·¨£¨´ ²¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸²μ¢μ ®¶μ¤μ§·¥-
¢ ÕÉ¯), ÎÉμ ´¥ ¤μ²¦´μ ¡ÒÉÓ §´ Î¨É¥²Ó´μ° · §´¨ÍÒ ³¥¦¤Ê ¸²ÊÎ Ö³¨ ¸ ´Ê²¥¢Ò³
¨ ´¥´Ê²¥¢Ò³ ¸¶¨´ ³¨ ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¸ ³ Ö¤¥·´Ò° ¸¶¨´ ´¥ μÎ¥´Ó ¢¥²¨±.

‘²¥¤ÊÖ ÔÉμ° ²μ£¨±¥, ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ±μ£¥·¥´É´μ£μ νA- ¨ ν̄A-· ¸-
¸¥Ö´¨Ö ´  Ö¤·¥ (± ± ÉμÎ¥Î´μ° Î ¸É¨Í¥) ¸ J = 1/2  ¢Éμ·Ò [121] ¤ ÕÉ ¢ ¢¨¤¥

iMr′rss′
(νA → νA) = i

GF√
2

QW F (q2)gν
L

[
ur′

(k2)γμur(p2)
]
×

×
[
us′

(k1)γμ(1 − γ5)us(p1)
]
, (8.24)

iMr′rss′
(νA → νA) = i

GF√
2

QW F (q2)gν
L

[
ur′

(k2)γμur(p2)
]
×

×
[
vs(p1)γμ(1 − γ5)vs′

(k1)
]
. (8.25)

‡¤¥¸Ó ur′
(k2) ¨ ur(p2) Å ±μ´¥Î´Ò° ¨ ´ Î ²Ó´Ò° ¤¨· ±μ¢¸±¨¥ ¸¶¨´μ·Ò Éμ-

Î¥Î´μ£μ Ö¤·  ¸μ ¸¶¨´μ³ 1/2. ‚ÒÎ¨¸²ÖÖ ¸É ´¤ ·É´Ò³ μ¡· §μ³ ¸²¥¤Ò ³ É·¨Í
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„¨· ± ,  ¢Éμ·Ò [121] ¶μ²ÊÎ ÕÉ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ (8.24) ¨ (8.25) ±¢ -
¤· ÉÒ ¢ ¸μ¢¥·Ï¥´´μ μ¤¨´ ±μ¢μ³ ¢¨¤¥

|M|2 =
∑
ss′

1
2

∑
rr′

|iMr′rss′ |2 =

= 32G2
F Q2

W F 2(gν
L)2M2

AE2
ν

(
1 − TA

Eν
− MATA

2E2
ν

+
T 2

A

2E2
ν

)
. (8.26)

’μ£¤  ¨ ¤²Ö ¸¥Î¥´¨° ¨³¥¥É¸Ö μ¤´μ ¨ Éμ ¦¥ ¢Ò· ¦¥´¨¥

dσ

dTA

∣∣∣∣
J=1/2

=
G2

F (2gν
LQW )2F 2(q2)

4π
MA

(
1 − TA

Eν
− MATA

2E2
ν

+
T 2

A

2E2
ν

)
. (8.27)

�·¨Î¨´  É ±μ£μ ¸μ¢¶ ¤¥´¨Ö νA- ¨ νA-¸¥Î¥´¨° ¸μ£² ¸´μ [121] ¸μ¸Éμ¨É ¢ ¶·¥¤-
¶μ²μ¦¥´¨¨ μ ¸μÌ· ´¥´¨¨ Î¥É´μ¸É¨ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ Ö¤·  ¸ Z-¡μ§μ´μ³ ¨²¨
ÊÎ¥É¥ Éμ²Ó±μ ¢¥±Éμ·´μ£μ Éμ± . �Î¥¢¨¤´μ, ÎÉμ ÊÎ¥É  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ± ,
É. ¥. γμγ5 ³¥¦¤Ê ur′

(k2) ¨ ur(p2), ¶·¨¢μ¤¨É ± · §²¨Î¨Õ νA- ¨ νA-¸¥Î¥´¨°,
±μÉμ·Ò³  ¢Éμ·Ò [121] ¶·¥´¥¡·¥£ ÕÉ.

‘¥Î¥´¨¥ (8.27) μÉ²¨Î ¥É¸Ö ®¶·¥´¥¡·¥¦¨³μ ³ ²Ò³¨ ¶μ¶· ¢± ³¨¯, ± ±
ÊÉ¢¥·¦¤ ²¨  ¢Éμ·Ò [121], μÉ ¸¥Î¥´¨Ö (8.22) ¤²Ö Ö¤·  ¸ J = 0. �μ ÔÉμ° ¶·¨-
Î¨´¥ μ´¨ · ¸¸³ É·¨¢ ²¨ Éμ²Ó±μ ¡¥¸¸¶¨´μ¢Ò¥ Ö¤·  ¸ ¢¥±Éμ·´Ò³ Ì · ±É¥·μ³
¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ μ¡· É¨³ μ¸μ¡μ¥ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ¸Ê³³¨·μ¢ ´¨¥ ¢ (8.26)
¨¤¥É ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  Ö¤· , ÎÉμ ´¥¶·¨¥³²¥³μ ¢ ¸²ÊÎ ¥,
±μ£¤  Ö¤·μ μ¸É ¥É¸Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨, É. ¥. ¢§ ¨³μ¤¥°¸É¢Ê¥É
±μ£¥·¥´É´μ. 
Ê±¢ ²Ó´μ Éμ ¦¥ ¸ ³μ¥ μÉ´μ¸¨É¸Ö ± ¢Ò¢μ¤Ê ¢ · ¡μÉ¥ [121] Ëμ·-
³Ê²Ò (8.21) ¤²Ö ¸²ÊÎ Ö Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, § ¤ ´´ÒÌ ¢
¢¨¤¥ ² £· ´¦¨ ´  (8.18). ‡¤¥¸Ó É ±¦¥  ³¶²¨ÉÊ¤  νA-· ¸¸¥Ö´¨Ö (Ëμ·³Ê²  (4.7)
¨§ [121]), ¸²¥¤ÊÕÐ Ö ¨§ ¢Ò· ¦¥´¨Ö É¨¶  (8.19), ±¢ ¤·¨·Ê¥É¸Ö ¸É ´¤ ·É´Ò³
μ¡· §μ³ ¶ÊÉ¥³ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ±μ´¥Î´Ò³ (r′) ¨ Ê¸·¥¤´¥´¨Ö ¶μ ´ Î ²Ó´Ò³ (r)
¶·μ¥±Í¨Ö³ ¸¶¨´  Ö¤·  |M|2 =

∑
ss′

(1/2)
∑
rr′

|Ms′sr′r|2 (Ëμ·³Ê²  (4.8) ¨§ [121]),

¨§ ±μÉμ·μ° ¸²¥¤Ê¥É Ëμ·³Ê²  (8.21).
ˆ´Ò³¨ ¸²μ¢ ³¨, μ¡μ¸´μ¢ ´¨¥ ¢Ò· ¦¥´¨° ¤²Ö ¸¥Î¥´¨° ±μ£¥·¥´É´μ£μ Ê¶·Ê-

£μ£μ (νA) ν̄A-· ¸¸¥Ö´¨Ö ¢ [121] ¢Ò£²Ö¤¨É ¸²¨Ï±μ³ Ê¶·μÐ¥´´Ò³ ¨ ´¥Ê¡¥¤¨-
É¥²Ó´Ò³, ¶μ¸±μ²Ó±Ê ± ± ³¨´¨³Ê³ ´¥ ÊÎ¨ÉÒ¢ ¥É ´¥¨§³¥´´μ¸ÉÓ ¸μ¸ÉμÖ´¨Ö Ö¤· 
¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö (±μ£¥·¥´É´μ¸ÉÓ), ± ± ÔÉμ ¡Ò²μ ¸¤¥² ´μ ¨¸Ìμ¤Ö ¨§ ¶¥·-
¢ÒÌ ¶·¨´Í¨¶μ¢ ¢ · ¡μÉ¥ [20]. �μÔÉμ³Ê ¤ ¦¥ ¸ ³Ò° ÉÐ É¥²Ó´Ò° ¨  ±±Ê· É´Ò°
 ´ ²¨§ ¤ ´´ÒÌ (´ ¶·¨³¥·, ¶·μ¢¥¤¥´´Ò° ¢ [119]) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê²
É¨¶  (8.21) ¨§ [121] ¢¶μ²´¥ ³μ¦¥É ¶·¨¢¥¸É¨ ± μÏ¨¡μÎ´Ò³ ·¥§Ê²ÓÉ É ³.

‚ · ¡μÉ¥ [122] ¡Ò² ¨¸¸²¥¤μ¢ ´ ¶μÉ¥´Í¨ ² Ô±¸¶¥·¨³¥´Éμ¢ COHERENT
¨ CONUS [123] ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨° ´  ¤·Ê£μ°, ¤μ¸É -
ÉμÎ´μ Î ¸É´Ò° ¢ ·¨ ´É ´¥¸É ´¤ ·É´ÒÌ ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, μ¡Ê¸²μ-
¢²¥´´Ò° ¤μ¶μ²´¨É¥²Ó´μ° ²¥£±μ° ¸± ²Ö·´μ° Î ¸É¨Í¥° φ, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥°
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± ± ¸ ´¥°É·¨´μ, É ± ¨ ¸ ±¢ ·± ³¨. �¢Éμ·Ò · ¸¸³μÉ·¥²¨ ¤¢  ¢ ·¨ ´É  É ±μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö Å ¸ ¸μÌ· ´¥´¨¥³ ²¥¶Éμ´´μ£μ Î¨¸²  ¨ ¸ ¥£μ ´ ·ÊÏ¥´¨¥³. �¡ 
μ´¨ μÉ¢¥Î ÕÉ · ¸¸¥Ö´¨Õ ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´  ¨ ¶μÔÉμ³Ê ¤ ÕÉ  ¤¤¨É¨¢´Ò°
¢±² ¤ ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ (¨´É¥·Ë¥·¥´Í¨Ö ¸  ³¶²¨ÉÊ¤μ° CEνNS μÉ¸ÊÉ¸É¢Ê¥É).

Ò²μ ¶μ± § ´μ, ÎÉμ É¥±ÊÐ¨¥ (¡Ê¤ÊÐ¨¥) Ô±¸¶¥·¨³¥´ÉÒ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ³ ¸¸ ³
ÔÉ¨Ì ¸± ²Ö·´ÒÌ Î ¸É¨Í ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ³¥£ Ô²¥±É·μ´¢μ²ÓÉ ¨ ±μ´¸É ´-
É ³ ¸¢Ö§¨ ³ ¸ÏÉ ¡  10−4(10−6). …¸²¨ ³ ¸¸Ò ÔÉ¨Ì ¸± ²Ö·´ÒÌ Î ¸É¨Í μ± ¦ÊÉ¸Ö
¶μ·Ö¤±  Ô´¥·£¨¨ ¶ ¤ ÕÐ¨Ì ´¥°É·¨´μ, Éμ ¨Ì ³μ¦´μ ¡Ê¤¥É Ê¢¨¤¥ÉÓ ¸ ¶μ³μÐÓÕ
Ì · ±É¥·´μ£μ ¨¸± ¦¥´¨Ö Ëμ·³Ò ¸¶¥±É·  [122].

�¤´ ±μ, ± ¸μ¦ ²¥´¨Õ,  ¢Éμ·Ò ÔÉμ° · ¡μÉÒ, ± ± ¨  ¢Éμ·Ò · ¡μÉÒ [121],
¶·¨ ¢Ò¢μ¤¥ Ëμ·³Ê² ¤²Ö ±μ£¥·¥´É´μ£μ νA-· ¸¸¥Ö´¨Ö ¶ÊÉ¥³ μ¡³¥´  φ-Î ¸É¨Í¥°
É ±¦¥ ¸Ê³³¨·ÊÕÉ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¸μ¸ÉμÖ´¨Ö³ ¸¶¨´  Ö¤· . ‡¤¥¸Ó μ¶ÖÉÓ
±μ£¥·¥´É´μ¸ÉÓ ¤¥±² ·¨·Ê¥É¸Ö,   ´¥ ¨¸¶μ²Ó§Ê¥É¸Ö ±μ´¸É·Ê±É¨¢´μ ¶·¨ ¢Ò¢μ¤¥
Ëμ·³Ê² ¤²Ö ¸¥Î¥´¨Ö.

‚ · ¡μÉ¥ [111] É ±¦¥ ¡Ò² ¨¸¸²¥¤μ¢ ´ ¶μÉ¥´Í¨ ² μ¡´ ·Ê¦¥´¨Ö �μ¢μ°
Ë¨§¨±¨ ¢ ¶·μÍ¥¸¸¥ CEνNS ¸ ¶μ³μÐÓÕ ¸μ¢·¥³¥´´ÒÌ ´¨§±μÉ¥³¶¥· ÉÊ·´ÒÌ
¡μ²μ³¥É·μ¢, · ¸¶μ²μ¦¥´´ÒÌ ¶μ¡²¨§μ¸É¨ μÉ  Éμ³´ÒÌ ·¥ ±Éμ·μ¢. 
Ò²¨ · ¸-
¸³μÉ·¥´Ò ¢±² ¤Ò ¢ CEνNS μÉ ¶·¨¸ÊÉ¸É¢¨Ö ´¥°É·¨´´μ£μ ³ £´¨É´μ£μ ³μ³¥´É ,
´¥¸É ´¤ ·É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨ Ê¶·μÐ¥´´ÒÌ ³μ¤¥²¥°, ¸μ¤¥·¦ Ð¨Ì ³ ¸¸¨¢-
´Ò° ¸± ²Ö·´Ò° ¨²¨ ¢¥±Éμ·´Ò° ¶·μ³¥¦ÊÉμÎ´Ò° ¡μ§μ´. 
Ò²¨ ¨¸¸²¥¤μ¢ ´Ò ³¨-
Ï¥´¨ ¨§ Ge, Zn, Si, CaWO4 ¨ Al2O3. �μ± § ´μ, ÎÉμ ¶·¨ ¤μ¸É¨¦¥´¨¨ ÉμÎ´μ£μ
¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  CEνNS ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢
¢¶²μÉÓ ¤μ Ô´¥·£¨¨ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ Ô²¥±É·μ´¢μ²ÓÉ ¢ ¡Ê¤ÊÐ¨Ì
Ô±¸¶¥·¨³¥´É Ì ¢μ§³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ê²ÊÎÏ¥´¨¥ ´  ¤¢  ¶μ·Ö¤±  ¶·¥¤¥²μ¢ ± ±
´  ´¥°É·¨´´Ò° ³ £´¨É´Ò° ³μ³¥´É, É ± ¨ ´  ³ ¸¸Ò Ê± § ´´ÒÌ ¶·μ³¥¦ÊÉμÎ´ÒÌ
Î ¸É¨Í [111].

‚μ¶·μ¸ μ Éμ³, ± ± ¸ ¶μ³μÐÓÕ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  COHERENT ¶μ²Ê-
Î¨ÉÓ ¢μ§³μ¦´μ¸ÉÓ ´ ²μ¦¨ÉÓ μ£· ´¨Î¥´¨Ö ¨²¨ ¤ ¦¥ ¨¸±²ÕÎ¨ÉÓ É ± ´ §Ò¢ ¥-
³Ò¥ ®¡μ²ÓÏ¨¥ NSI¯, μ¡¸Ê¦¤ ²¸Ö ¢ · ¡μÉ¥ [124]. � ²¨Î¨¥ É ±μ£μ ¸μ·É  NSI
³μ¦¥É ¶μ¢²¨ÖÉÓ ´  Ì · ±É¥· ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ μ¸Í¨²²ÖÍ¨μ´´ÒÌ Ô±¸¶¥-
·¨³¥´Éμ¢. ‚ Î ¸É´μ¸É¨, ¶μ±  ´¥ ¶·μÉ¨¢μ·¥Î¨É ÔÉ¨³ ¤ ´´Ò³ (¨ ¢¶μ²´¥ ±μ´±Ê-
·¥´Éμ¸¶μ¸μ¡´μ ¸μ ¸É ´¤ ·É´Ò³ μ¶¨¸ ´¨¥³ μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ) ·¥Ï¥´¨¥,
¨§¢¥¸É´μ¥ ± ± ®LMA Ä Dark¯, ±μÉμ·μ¥ É·¥¡Ê¥É θ12 > π/4, ¨ μ¶·¥¤¥²¥´´Ò°
É¨¶ NSI ¸ ÔËË¥±É¨¢´μ° ¸¢Ö§ÓÕ ¶μ·Ö¤±  GF (μÉ¸Õ¤  ®¡μ²ÓÏ¨¥ NSI¯). ‚μ-
¶·¥±¨ μ¡Ð¥¶·¨´ÖÉÒ³ μ¦¨¤ ´¨Ö³ ¸ÊÐ¥¸É¢Ê¥É ±² ¸¸ ³μ¤¥²¥°, ±μÉμ·Ò¥ ³μ£ÊÉ
¶·¨¢¥¸É¨ ± É ±¨³ ¡μ²ÓÏ¨³ NSI. �¢Éμ·Ò [124] ÊÉ¢¥·¦¤ ÕÉ, ÎÉμ ÔÉ¨ ³μ¤¥²¨
¢ ¶·¨´Í¨¶¥ ³μ£ÊÉ ¡ÒÉÓ ¶·μ¢¥·¥´Ò ¸ ¶μ³μÐÓÕ CEνNS-Ô±¸¶¥·¨³¥´Éμ¢, É ±¨Ì
± ± COHERENT ¨ ¶·¥¤¸ÉμÖÐ¨° Ô±¸¶¥·¨³¥´É ´  ·¥ ±Éμ·¥ CONUS [123].

‚¶¥·¢Ò¥ ¢μ¶·μ¸ μ ¢²¨Ö´¨¨ NSI ¸ ´ ·ÊÏ¥´¨¥³ CP-Î¥É´μ¸É¨ ´  ·¥§Ê²Ó-
É ÉÒ ¨§³¥·¥´¨Ö ¸¶¥±É·  CEνNS ¢ ¤¥É¥±Éμ· Ì COHERENT ¨§ ´ É·¨Ö-°μ¤ ,
¦¨¤±μ£μ  ·£μ´  ¨ £¥·³ ´¨Ö ¡Ò² · ¸¸³μÉ·¥´ ¢ · ¡μÉ¥ [125]. �¢Éμ·Ò ¨¤¥´É¨-
Ë¨Í¨·μ¢ ²¨ μ¡² ¸ÉÓ ¢ ¶·μ¸É· ´¸É¢¥ ¶ · ³¥É·μ¢, ¤²Ö ±μÉμ·μ° Î ¸ÉμÉ  ´ ¡μ· 
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¸μ¡ÒÉ¨° ¢¸¥£¤  ¢±²ÕÎ ¥É ´¥±¨° ¶·μ¢ ², ¨ ¤·Ê£ÊÕ μ¡² ¸ÉÓ, ¤²Ö ±μÉμ·μ° ÔÉμÉ
¶·μ¢ ² ´¨±μ£¤  ´¥ ¨³¥¥É ³¥¸É . �μ± § ´μ, ÎÉμ ´ ²¨Î¨¥ É ±μ£μ ¶·μ¢ ²  ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μ£· ´¨Î¥´¨Ö ‘�-´ ·ÊÏ ÕÐ¨Ì ÔËË¥±Éμ¢ ¢ NSI. ‚ μ¡² ¸É¨,
£¤¥ ´¥É ¶·μ¢ ²μ¢, ¶ · ³¥É·Ò, ´ ·ÊÏ ÕÐ¨¥ CP-Î¥É´μ¸ÉÓ, ³μ£ÊÉ ¢¶μ²´¥ ¢Ò£²Ö-
¤¥ÉÓ ± ± ¶·¥¤¸± § ´¨Ö CEνNS ‘É ´¤ ·É´μ° ³μ¤¥²¨ [125].

�¥·¸¶¥±É¨¢Ò ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨, ¢ÒÌμ¤ÖÐ¥° §  · ³±¨ Ë¨§¨±¨ ‘É ´-
¤ ·É´μ° ³μ¤¥²¨, ´  μ¸´μ¢¥ μ¤´μ¢·¥³¥´´μ£μ  ´ ²¨§  Ô´¥·£¥É¨Î¥¸±μ£μ ¨ ¢·¥-
³¥´´�μ£μ · ¸¶·¥¤¥²¥´¨° ¤ ´´ÒÌ CEνNS ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT ¡Ò²¨
¨§ÊÎ¥´Ò ¢ · ¡μÉ¥ [107]. ’ ±, ´ ¶·¨³¥·, · ¸¸³μÉ·¥´¨¥ ¤μ¸É ÉμÎ´μ ²¥£±¨Ì ¶·μ-
³¥¦ÊÉμÎ´ÒÌ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¡μ§μ´μ¢ ¸ ³ ¸¸ ³¨ ¢ μ¡² ¸É¨ 10Ä1000 ŒÔ‚/c2

¶μ± § ²μ, ÎÉμ μ¡Ñ¥¤¨´¥´´Ò¥ ¤ ´´Ò¥ ¶μ ¸· ¢´¥´¨Õ ¸μ ‘É ´¤ ·É´μ° ³μ¤¥²ÓÕ
²ÊÎÏ¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¨Ì ÊÎ¥Éμ³ (· §²¨Î¨¥ ´  Ê·μ¢´¥ 2σ). ’ ± Ö ¸¨´Ì·μ-
´¨§ Í¨Ö ¶·¥¤μ¸É ¢²Ö¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ ¤μ¶μ²´¨É¥²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ
μ · ¸¶·¥¤¥²¥´¨¨ Ô²¥±É·μ´´ÒÌ ¨ ³Õμ´´ÒÌ ´¥°É·¨´μ, Î¥£μ ´¥²Ó§Ö ¸¤¥² ÉÓ
´  μ¸´μ¢¥  ´ ²¨§  Éμ²Ó±μ · ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨° Ö¤¥· μÉ¤ Î¨. �μÔÉμ³Ê μÉ-
±·Ò¢ ¥É¸Ö ¤μ¶μ²´¨É¥²Ó´ Ö ¢μ§³μ¦´μ¸ÉÓ ¶μ¤ ¢²¥´¨Ö Ëμ´ , ¶μ²ÊÎ¥´¨Ö ¡μ²¥¥
ÉμÎ´ÒÌ ¤ ´´ÒÌ μ ¸É·Ê±ÉÊ·¥ Ö¤·  ¨ ¡μ²¥¥ ¦¥¸É±¨Ì μ£· ´¨Î¥´¨° ´  �μ¢ÊÕ
Ë¨§¨±Ê [107].

‡ ¢¥·Ï Ö μ¡¸Ê¦¤¥´¨¥ ´¥¸É ´¤ ·É´ÒÌ ´¥°É·¨´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¸²¥-
¤Ê¥É μ¸É ´μ¢¨ÉÓ¸Ö ´  · ¡μÉ¥ [59], £¤¥ NSI ¶μ¤¢¥·£´ÊÉÒ ¶μ²´μ° Ëμ·³ ²¨§ Í¨¨
¢ · ³± Ì ÔËË¥±É¨¢´μ° É¥μ·¨¨ ¶μ²Ö (�’�). ‚±² ¤Ò NSI ¢ ¸¥Î¥´¨Ö ±μ£¥·¥´É-
´μ£μ · ¸¸¥Ö´¨Ö (¨ £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö) μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ
¸ ²¥£±¨³¨ ±¢ ·± ³¨, ²¥¶Éμ´ ³¨, £²Õμ´ ³¨ ¨ ËμÉμ´ ³¨ ¡Ò²¨ ¶ · ³¥É·¨§μ-
¢ ´Ò ¢ ¢¨¤¥ ¢¸¥Ì ¢μ§³μ¦´ÒÌ μ¶¥· Éμ·μ¢ · §³¥·´μ¸É¨ 5, 6 ¨ 7. ‚ ¥¸É¥-
¸É¢¥´´μ³ ¶·¥¤¶μ²μ¦¥´¨¨ μ ¤μ³¨´¨·μ¢ ´¨¨ Éμ²Ó±μ μ¤´μ£μ μ¶¥· Éμ·  É ±μ£μ
É¨¶  ¨§  ´ ²¨§  ¤ ´´ÒÌ ±μ²² ¡μ· Í¨° COHERENT ¨ CHARM  ¢Éμ·Ò ¶μ²Ê-
Î¨²¨ μ£· ´¨Î¥´¨Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢Ò¤¥²¥´´μ³Ê μ¶¥· Éμ·Ê ±μÔËË¨Í¨¥´É
‚¨²Ó¸μ´  (¨²¨ ¢¥¸μ¢μ° ³´μ¦¨É¥²Ó ¶¥·¥¤ μ¶¥· Éμ·μ³). 
Ò² μÉ³¥Î¥´ ¢Ò¸μ±¨°
¶μÉ¥´Í¨ ² ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ CEνNS ¢ ¢μ¶·μ¸¥ ¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨°
´  ¶·μ¸É· ´¸É¢  ¶ · ³¥É·μ¢ ¢μ§³μ¦´ÒÌ §´ Î¥´¨° · ¸¸³μÉ·¥´´ÒÌ ÔËË¥±É¨¢-
´ÒÌ μ¶¥· Éμ·μ¢ [59]. „¥°¸É¢¨É¥²Ó´μ,  ¢Éμ·Ò ¶·μ¤¥² ²¨ ¡μ²ÓÏÊÕ · ¡μÉÊ,
μ¤´ ±μ, ± ¸μ¦ ²¥´¨Õ, ¸ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, §´ Î¨³μ¸ÉÓ ÔÉμ° · ¡μÉÒ ´¥-
¢¥²¨± . �·¨Î¨´  ¢ ¸²¨Ï±μ³ Ê¶·μÐ¥´´μ° É· ±Éμ¢±¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ´  Ö¤· Ì, ¶μÌμ¦¥° ´  Éμ, ÎÉμ Ê¦¥ Ê¶μ³¨´ ²μ¸Ó ¢ÒÏ¥ (¸³. μ¡¸Ê¦¤¥-
´¨¥ · ¡μÉ [121] ¨ [119]).

’ ±, ´ ¶·¨³¥·, ¸ ¸ ³μ£μ ´ Î ²   ¢Éμ·Ò [59] ¸É·μÖÉ ¸¢μ¨ · ¸¸Ê¦¤¥´¨Ö,
ÊÉ¢¥·¦¤ Ö, ÎÉμ ´¥°É·μ´Ò ¨ ¶·μÉμ´Ò ¢´ÊÉ·¨ Ö¤¥· Ö¢²ÖÕÉ¸Ö ´¥·¥²ÖÉ¨¢¨¸É-
¸±¨³¨, ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ¸Ö ±¨· ²Ó´μ° �’� ¸ ´¥·¥²Ö-
É¨¢¨¸É¸±¨³¨ ´Ê±²μ´ ³¨. ‘Î¨É ¥É¸Ö, ÎÉμ ¶¥·¥¤ ´´Ò° ¢ CEνNS ¨³¶Ê²Ó¸ q ³ ²,
¶μÔÉμ³Ê Ö¤·μ μ¸É ¥É¸Ö Í¥²Ò³,   ´¥°É·μ´Ò ¨ ¶·μÉμ´Ò Å ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥
¢ É¥Î¥´¨¥ ¢¸¥£μ · ¸¸¥Ö´¨Ö. „ ²¥¥, ¶μ¸±μ²Ó±Ê ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT
É¨¶¨Î´Ò° q ´ Ìμ¤¨É¸Ö ¢ μ¡² ¸É¨ 30Ä70 ŒÔ‚, ÎÉμ ´ ³´μ£μ ´¨¦¥ ¶ · ³¥É· 
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μ¡·¥§ ´¨Ö ¢ ±¨· ²Ó´μ° �’�, Λ ∼ O (1 ƒÔ‚), Éμ ÔËË¥±É¨¢´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥°É·¨´μ ³μ¦´μ μ¶¨¸Ò¢ ÉÓ ¢ · ³± Ì ±¨· ²Ó´μ° �’� [59]. Š ± ¡Ò²μ ¸¶¥Í¨-
 ²Ó´μ · ¸¸³μÉ·¥´μ ¢ · §¤. 3, É ± Ö É· ±Éμ¢±  ± ± ³¨´¨³Ê³ ´¥ ¸μ¢³¥¸É¨³  ¸
Ê¸²μ¢¨¥³ ±μ£¥·¥´É´μ¸É¨ ¢ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´  Ö¤·¥. „ ²¥¥ μÉ±²¨± Ö¤·  ´ 
NSI ¢ · ¡μÉ¥ [59] ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

dσA

dER
=

mA

πE2
ν

M2,

£¤¥ ER Å Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· , ¨ ±¢ ¤· É Ê¸·¥¤´¥´´μ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö
¨³¥¥É ¢¨¤

M2 =
1

2JA + 1

∑
spins

|M|2 =

=
4π

2JA + 1

∑
τ,τ ′=0,1

(
Rττ ′

M W ττ ′

M + Rττ ′

Σ′′ W ττ ′

Σ′′ + Rττ ′

Σ′ W ττ ′

Σ′

)
. (8.28)

‡¤¥¸Ó JA Å ¸¶¨´ Ö¤· -³¨Ï¥´¨; WM,Σ′,Σ′′(q) Å ËÊ´±Í¨¨ μÉ±²¨±  Ö¤· . ‘Ê³-
³¨·μ¢ ´¨¥ ¶μ ¨§μ¸¶¨´μ¢Ò³ ¨´¤¥±¸ ³ τ, τ ′ ¶·μ¢μ¤¨É¸Ö ¸ ÊÎ¥Éμ³ ±¨´¥³ É¨-
Î¥¸±¨Ì ³´μ¦¨É¥²¥° ¸²¥¤ÊÕÐ¥£μ ¢¨¤ :

Rττ ′

M = Tr (PL/p1l
†
0,τ ′/p2l0,τ ),

Rττ ′

Σ′′ = Tr (PL/p1l
j†
5,τ ′/p2l

i
5,τ ) q̂i q̂j ,

Rττ ′

Σ′ = Tr (PL/p1l
j†
5,τ ′/p2l

i
5,τ )(δij − q̂i q̂j),

±μÉμ·Ò¥ ¸ q̂ ≡ q/q  ±±Ê³Ê²¨·ÊÕÉ ¢ ¤¨· ±μ¢¸±¨¥ ¸É·Ê±ÉÊ·Ò l0 ¨ l5 (¸³. Ëμ·-
³Ê²Ò (34), (35) ¢ [59]), ¢Ìμ¤ÖÐ¨¥ ¢ ÔËË¥±É¨¢´Ò° ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ² £· ´-
¦¨ ´ ´¥°É·¨´μ-Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö

LNR = (ν̄l0PLν)N̄vNv + 2(ν̄l5PLν) N̄vSNNv.

‚¨¤´μ, ÎÉμ ¢ Ëμ·³Ê²¥ (8.28) ¨¤¥É ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¶·μ¥±Í¨Ö³ ¸¶¨´ 
´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ö¤¥·,   É ±¦¥ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¶·μ¥±Í¨Ö³ ´ Î ²Ó-
´μ£μ ¨ ±μ´¥Î´μ£μ ¨§μ¸¶¨´μ¢, ÎÉμ ¤μ¶Ê¸± ¥É ¢μ§³μ¦´μ¸ÉÓ ¨§³¥´¥´¨Ö ¸¶¨´  ¨
¨§μ¸¶¨´  ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. Š ± Ê¦¥ ´¥μ¤´μ±· É´μ μÉ³¥Î ²μ¸Ó,
É ± Ö ¶·μÍ¥¤Ê·  ´¥ ¨³¥¥É ´¨Î¥£μ μ¡Ð¥£μ ¸ ¶μ´ÖÉ¨¥³ ±μ£¥·¥´É´μ¸É¨.

‡ ¢¥·Ï Ö ±· É±¨° μ¡§μ· Ë¨§¨Î¥¸±¨Ì § ¤ Î ¤²Ö CEνNS-Ô±¸¶¥·¨³¥´Éμ¢,
¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μÉ¥´Í¨ ² ´μ¢¨§´Ò ÔÉ¨Ì § ¤ Î ¤¥°¸É¢¨É¥²Ó´μ ¢¥²¨±.
�μ¸ÉμÖ´´μ ¶μÖ¢²ÖÕÉ¸Ö ´μ¢Ò¥ · ¡μÉÒ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨, ¸³., ´ ¶·¨³¥·,
[126Ä136],   É ±¦¥ [137Ä144].

�¤´ ±μ, ± ¸μ¦ ²¥´¨Õ, ¶·μ¢¥¤¥´´Ò¥  ´ ²¨§Ò Ê¦¥ ¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ ´¥
¢¸¥£¤  ¤μ¸É ÉμÎ´μ  ±±Ê· É´μ μ¡μ¸´μ¢ ´Ò Ë¨§¨Î¥¸±¨. Š ± ³¨´¨³Ê³ μÉ¸ÊÉ¸É¢Ê-



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 181

¥É Î¥É±μ¥ ( ´ ²¨É¨Î¥¸±μ¥) μ¡μ¸´μ¢ ´¨¥ ¶·¨³¥´¨³μ¸É¨ ¨¸¶μ²Ó§μ¢ ´´ÒÌ Ëμ·-
³Ê² ¤²Ö ¶·¥Í¨§¨μ´´μ£μ  ´ ²¨§  ¨³¥´´μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°-
É·¨´μ ´  Ö¤· Ì. — ¸Éμ ´ ²¨Î¨¥ ±μ£¥·¥´É´μ¸É¨ (¨²¨, ÎÉμ ¶· ±É¨Î¥¸±¨ Ô±¢¨-
¢ ²¥´É´μ, ¶·μ¶μ·Í¨μ´ ²Ó´μ¸ÉÓ ¸¥Î¥´¨Ö ±¢ ¤· ÉÊ Î¨¸²  ´¥°É·μ´μ¢) ¸Î¨É ¥É¸Ö
§ ¤ ´´Ò³  ¶·¨μ·¨ ¶·μ¸Éμ ¶μÉμ³Ê, ÎÉμ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ ¸· ¢´¨³ ¸ μ¡· É-
´Ò³ · ¤¨Ê¸μ³ Ö¤· -³¨Ï¥´¨. ‚μ§³μ¦´μ, ¤μ · ¡μÉ [19,20], £¤¥ ±μ£¥·¥´É´Ò° ¨
´¥±μ£¥·¥´É´Ò° ·¥¦¨³Ò ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì · ¸¸³μÉ·¥´Ò
¶μ¸²¥¤μ¢ É¥²Ó´μ ³ É¥³ É¨Î¥¸±¨ ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢, ÔÉμ ¨ ¡Ò²μ ¶·¨¥³²¥³μ.

8.2. �¥±μÉμ·Ò¥ CEνNS-Ô±¸¶¥·¨³¥´ÉÒ ¨ ¨Ì ¢μ§³μ¦´μ¸É¨. ‚ ÔÉμ³ ¶Ê´±É¥
¤ ´  ±· É± Ö ¨´Ëμ·³ Í¨Ö μ ´ ¨¡μ²¥¥ §´ Î¨³ÒÌ (´  ±μ´¥Í 2019 £.) Ô±¸¶¥·¨-
³¥´É Ì, ´ Í¥²¥´´ÒÌ ´  ·¥£¨¸É· Í¨Õ ¨ ¨§ÊÎ¥´¨¥ CEνNS. �μ³¨³μ Ê¦¥ μ¡¸Ê-
¦¤ ¢Ï¥£μ¸Ö Ô±¸¶¥·¨³¥´É  COHERENT, ¢ ±μÉμ·μ³ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶ÊÎ±¨ Ê¸±μ-
·¨É¥²Ó´ÒÌ ( ´É¨)´¥°É·¨´μ ∗ μÉ · ¸¶ ¤  μ¸É ´μ¢¨¢Ï¨Ì¸Ö ¶¨μ´μ¢, ¶·μ¨§¢¥¤¥´-
´ÒÌ ´  ¸¶¥Í¨ ²Ó´ÒÌ ´¥°É·μ´´ÒÌ ¨¸ÉμÎ´¨± Ì ¶ÊÉ¥³ É ± ´ §Ò¢ ¥³μ° ·¥ ±Í¨¨
¸± ²Ò¢ ´¨Ö ´¥°É·μ´μ¢ ´  Ö¤· Ì (Spallation Neutron Source, ¨²¨ ±· É±μ SNS),
¢ ¶·¨¢¥¤¥´´ÒÌ ´¨¦¥ Ô±¸¶¥·¨³¥´É Ì ¢ μ¸´μ¢´μ³ ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ
¶ÊÎ±¨  ´É¨´¥°É·¨´μ μÉ Ö¤¥·´ÒÌ ·¥ ±Éμ·μ¢ ¨²¨ μÉ ¥¸É¥¸É¢¥´´ÒÌ ¨¸ÉμÎ´¨±μ¢
´¥°É·¨´μ, É ±¨Ì ± ± ‘μ²´Í¥ ¨²¨ ¸¢¥·Ì´μ¢ Ö. ˆ´Ëμ·³ Í¨Õ μ¡§μ·´μ£μ Ì · ±-
É¥·  μÉ´μ¸¨É¥²Ó´μ ¸μ¢·¥³¥´´ÒÌ ´¥°É·¨´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¸ ·¥ ±Éμ·´Ò³¨ ¨
Ê¸±μ·¨É¥²Ó´Ò³¨ ( ´É¨)´¥°É·¨´μ ³μ¦´μ ´ °É¨, ´ ¶·¨³¥·, ¢ [145Ä148]. ˆ´É¥-
·¥¸ ± ¨§ÊÎ¥´¨Õ CEνNS ¡Ò² ¶·μÖ¢²¥´ É ±¦¥ ¢ …¢·μ¶¥ ´  European Spallation
Source [149].

ˆ¸¸²¥¤μ¢ É¥²Ó¸± Ö ¶·μ£· ³³  ±μ²² ¡μ· Í¨¨ TEXONO É· ¤¨Í¨μ´´μ ¢¥-
¸Ó³  Ï¨·μ±  [150]. ‚ Î ¸É´μ¸É¨, μ´  ¡Ò²  ´ ¶· ¢²¥´  ´  ¶μ¨¸± ¨ ´ ¡²Õ¤¥´¨¥
CEνNS, ¢Ò§¢ ´´μ£μ ( ´É¨)´¥°É·¨´μ μÉ  Éμ³´ÒÌ ·¥ ±Éμ·μ¢. ‚ ÔÉμ³ ´ ¶· ¢²¥-
´¨¨ ±μ²² ¡μ· Í¨¥° ¤²Ö ¶·μÉμÉ¨¶  £¥·³ ´¨¥¢μ£μ ´¨§±μ¶μ·μ£μ¢μ£μ ¸¢¥·ÌÎ¨-
¸Éμ£μ ¤¥É¥±Éμ·  ¡Ò²μ ¤μ¸É¨£´ÊÉμ §´ Î¥´¨¥ ¶μ·μ£  ¤²Ö Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· 
¢ μ¡² ¸É¨ 100Ä200 Ô‚. “¸É ´μ¢±Ê ¸ É ±¨³ ´¨§±¨³ ¶μ·μ£μ³ ¶·¥¤¶μ² £ ²μ¸Ó
É ±¦¥ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¶·Ö³μ£μ ¶μ¨¸±  Ìμ²μ¤´μ° É¥³´μ° ³ É¥·¨¨ ¢ μ¡² -
¸É¨ ³ ²ÒÌ ³ ¸¸,   É ±¦¥ ¤²Ö ¶μ¢ÒÏ¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¶μ¨¸±  ³ £´¨É´ÒÌ
³μ³¥´Éμ¢ ´¥°É·¨´μ [151].

‚ 2012 £. ¡Ò² ¶·¥¤²μ¦¥´ ´μ¢Ò° (·μ¸¸¨°¸±¨°) ¶·μ¥±É ¶μ¤ ´ §¢ ´¨¥³ RED
(Russian Emission Detector) Å ¤¢ÊÌË §´Ò° Ô³¨¸¸¨μ´´Ò° ¤¥É¥±Éμ· ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ¦¨¤±μ£μ ±¸¥´μ´  ¢ ± Î¥¸É¢¥ · ¡μÎ¥£μ É¥²  [152]. ‘·¥¤¨ ´¥¸±μ²Ó±¨Ì
§ ¤ Î ÔÉμ£μ ¶·μ¥±É  μ¤´μ° ¨§ ¶¥·¢μ´ Î ²Ó´ÒÌ ¡Ò²μ μ¡´ ·Ê¦¥´¨¥ ±μ£¥·¥´É-
´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´¥°É· ²Ó´μ£μ Éμ±  ´   Éμ³´ÒÌ Ö¤· Ì. �¦¨¤ ¥³Ò¥
¸¨£´ ²Ò ¨ Ëμ´ ¡Ò²¨ μÍ¥´¥´Ò ¨§´ Î ²Ó´μ ¤²Ö ¤¢ÊÌ ¢μ§³μ¦´ÒÌ ²μ± ²¨§ -

∗‚ Ô±¸¶¥·¨³¥´É¥ COHERENT Ö¤· -³¨Ï¥´¨ ¨³¥ÕÉ ´¥´Ê²¥¢μ° ¸¶¨´, ¶μÔÉμ³Ê ¸μ£² ¸´μ Ëμ·-
³Ê² ³ (6.45) ¨ (6.46) CEνNS, ¢Ò§¢ ´´μ¥  ´É¨´¥°É·¨´μ, ´¥¸±μ²Ó±μ μÉ²¨Î ¥É¸Ö μÉ CEνNS, μ¡Ê-
¸²μ¢²¥´´μ£μ ´¥°É·¨´μ.
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Í¨° ¤¥É¥±Éμ· : Š ²¨´¨´¸±μ°  Éμ³´μ° Ô²¥±É·μ¸É ´Í¨¨ ¢ �μ¸¸¨°¸±μ° ”¥¤¥-
· Í¨¨ ¨ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ SNS �±-�¨¤¦¸±μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨
¢ ‘˜� [152]. �μ¸²¥ ¶·μ¢¥¤¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³μ¤¥²¨·μ¢ ´¨° ¨ R&D
μ¡  ¢μ§³μ¦´ÒÌ · ¸¶μ²μ¦¥´¨Ö ¢Ò£²Ö¤¥²¨ ¶·¨¥³²¥³Ò³¨ ¤²Ö ¶·μ¢¥¤¥´¨Ö ÔÉμ£μ
Ô±¸¶¥·¨³¥´É , μ¤´ ±μ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö μ¡¸Ê¦¤ ²μ¸Ó ¢μ§³μ¦´μ¥ ¨¸¶μ²Ó§μ-
¢ ´¨¥ Ê¸É ´μ¢±¨ RED ¤²Ö ¨§ÊÎ¥´¨Ö CEνNS Éμ²Ó±μ ´  ¶ÊÎ±¥ μÉ Ö¤¥·´μ£μ
·¥ ±Éμ·  [153]. ‡ ³¥É¨³, ÎÉμ ±μ³ ´¤ , ¶·¥¤²μ¦¨¢Ï Ö Ô±¸¶¥·¨³¥´É RED, ¢
§´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ ¶·¥Ê¸¶¥²  ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT.

‚ 2014 £. ¡Ò²μ ¶·¥¤²μ¦¥´μ ¨¸¶μ²Ó§μ¢ ÉÓ £ §μ¢Ò° ¤¥É¥±Éμ· Å É·¥Ì¸¥±-
Í¨μ´´Ò° ´¨§±μËμ´μ¢Ò° ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ¸Î¥ÉÎ¨± Å ¤²Ö ·¥£¨¸É· Í¨¨ ·¥-
 ±Éμ·´ÒÌ  ´É¨´¥°É·¨´μ ´  μ¸´μ¢¥ ¨Ì ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´  Ö¤· Ì [154].
‚ ± Î¥¸É¢¥ · ¡μÎ¥£μ ¢¥Ð¥¸É¢  ¶² ´¨·μ¢ ²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ  ·£μ´ ¨ ±¸¥´μ´.

Ò²μ ¶μ± § ´μ, ÎÉμ · §¤¥²¥´¨¥ ¸¨£´ ²  ¶μ Ëμ·³¥ ¨³¶Ê²Ó¸  ¶μ§¢μ²Ö¥É ¤μ¸É -
ÉμÎ´μ ÔËË¥±É¨¢´μ ¶μ¤ ¢²ÖÉÓ Ëμ´ μÉ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ³¥Ì ¨ ³¨±·μËμ´-
´ÒÌ ÔËË¥±Éμ¢ ¢ ¤¨ ¶ §μ´¥ §´ Î¥´¨° Ô´¥·£¨¨ μÉ 20 ¤μ 100 Ô‚, £¤¥ μ¦¨¤ ¥É¸Ö
μ¸´μ¢´μ¥ ¶·μÖ¢²¥´¨¥ ÔËË¥±É  CEνNS. �  μ¸´μ¢¥  ´ ²¨§  ´¥°É·μ´´μ£μ Ëμ´ ,
£¥´¥·¨·Ê¥³μ£μ ³Õμ´ ³¨ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°, ¡Ò²  ¶·¥¤¸É ¢²¥´  ¸Ì¥³  ¢μ§-
³μ¦´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨ [154]. �μ¸²¥ 2014 £. · ¡μÉ ¶μ ÔÉμ³Ê
¶·¥¤²μ¦¥´¨Õ μ¶Ê¡²¨±μ¢ ´μ ´¥ ¡Ò²μ.

ˆ¸Ìμ¤Ö ¨§ ¨¤¥¨ ¨¸¶μ²Ó§μ¢ ´¨Ö CEνNS ¢ ¸μÎ¥É ´¨¨ ¸ ³μ´μÔ´¥·£¥É¨Î¥¸-
±¨³¨ ¨¸ÉμÎ´¨± ³¨ ´¥°É·¨´μ ¤²Ö ¶μ¨¸±  �μ¢μ° Ë¨§¨±¨, ´ ¶·¨³¥· ¢ ¢¨¤¥ ·¥-
£¨¸É· Í¨¨ ²¥£±¨Ì ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´μ, ¢ · ¡μÉ¥ [155] ¡Ò²μ ¶·μ¢¥¤¥´μ ¸¶¥-
Í¨ ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¢μ§³μ¦´μ¸É¨ μ¶É¨³¨§ Í¨¨ ±·¨μ£¥´´ÒÌ É¢¥·¤μÉ¥²Ó-
´ÒÌ ¡μ²μ³¥É·μ¢ ¸ Í¥²ÓÕ ¤μ¸É¨¦¥´¨Ö Î·¥§¢ÒÎ °´μ ´¨§±¨Ì ¶μ·μ£μ¢ ·¥£¨¸É· -
Í¨¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· ´  Ê·μ¢´¥ 10 Ô‚. 
Ò²  ¨¸¸²¥¤μ¢ ´ 
ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ³ ¸¸¨¢  É ±¨Ì ¤¥É¥±Éμ·μ¢ ± ¢μ§³μ¦´μ¸É¨ μ¡´ ·Ê¦¥´¨Ö μ¸-
Í¨²²ÖÍ¨¨ ´¥°É·¨´μ ¢ ¸É¥·¨²Ó´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¨ ¶μ± § ´  ¶¥·¸¶¥±É¨¢´μ¸ÉÓ ¨Ì
¨¸¶μ²Ó§μ¢ ´¨Ö [155].

‚ 2013 £. ¡Ò²μ ¶·μ¢¥¤¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ¢μ§³μ¦´μ¸É¨ ¨ ¸¤¥² ´μ ¶·¥¤²μ-
¦¥´¨¥ ¨¸± ÉÓ CEνNS ¸ ¶μ³μÐÓÕ far-off-axis (> 45◦) ´¥°É·¨´´μ£μ ¶ÊÎ±  μÉ
¡Ê¸É¥·  FNAL ¸ Ô´¥·£¨¥° ³¥´¥¥ 50 ŒÔ‚. �·¨ ÔÉμ³ ¶·¥¤² £ ²μ¸Ó ¨¸¶μ²Ó§μ-
¢ ÉÓ ¤¥É¥±Éμ·, · ¸¶μ²μ¦¥´´Ò° ¶μ¶¥·¥± ³¨Ï¥´¨, ¢ ±μÉμ·μ° ¶·¥¤¶μ² £ ²μ¸Ó
μ¡· §μ¢ ´¨¥ ¶ÊÎ±  ´¥°É·¨´μ ¢Ò¸μ±μ° Ô´¥·£¨¨. ’ ±μ° ¤¥É¥±Éμ· ³μ£ ¡ÒÉÓ ÎÊ¢-
¸É¢¨É¥²¥´ ± ´¥°É·¨´μ ´¨§±μ° Ô´¥·£¨¨, ¢μ§´¨± ÕÐ¨³ ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤ 
¶¨μ´  ¢ ¶μ±μ¥. 
Ò²¨ ¨¸¸²¥¤μ¢ ´Ò Ëμ´ ¨ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ, ¨ ¶μ± § ´μ, ÎÉμ
μ¤´μË §´Ò° ¦¨¤±μ ·£μ´μ¢Ò° ¤¥É¥±Éμ· ¸ 1 É · ¡μÎ¥£μ ¢¥Ð¥¸É¢  ³μ¦¥É μ¡-
´ ·Ê¦¨ÉÓ (´  Ê·μ¢´¥ 7,5σ) CEνNS ¶·¨ ¶μ·μ£¥ ¤¥É¥±Éμ·  25 ±Ô‚ ¶μ Ô´¥·£¨¨
μÉ¤ Î¨ Ö¤·  [156].

‚ Ô±¸¶¥·¨³¥´É¥ CONNIE (Coherent Neutrino-Nucleus Interaction Experi-
ment) ¤²Ö ·¥£¨¸É· Í¨¨ ³ ²ÒÌ Ô´¥·£¨° μÉ¤ Î¨ Ö¤¥· ±·¥³´¨Ö, ¢Ò§¢ ´´ÒÌ ·¥-
 ±Éμ·´Ò³¨  ´É¨´¥°É·¨´μ, ¨¸¶μ²Ó§ÊÕÉ¸Ö ³ ²μÏÊ³ÖÐ¨¥ CCD-¶·¨¡μ·Ò ¸ § -
·Ö¤μ¢μ° ¸¢Ö§ÓÕ (Charge-Coupled Devices) [157]. �¦¨¤ ¥É¸Ö, ÎÉμ ¸ ¶μ³μÐÓÕ
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É ±μ£μ É¨¶  ¶·¨¡μ·μ¢ ³μ¦´μ ¡Ê¤¥É ¤μ¸É¨ÎÓ ·¥±μ·¤´μ£μ ¶μ·μ£  ·¥£¨¸É· Í¨¨
Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· ¢ 28 Ô‚ [158]. �¥¸³μÉ·Ö ´  ¨§¢¥¸É´Ò¥ ¤μ¸É¨¦¥´¨Ö Ô±¸¶¥-
·¨³¥´É  COHERENT, CEνNS ¥Ð¥ ´¥ ´ ¡²Õ¤ ²μ¸Ó ¶·¨ Ô´¥·£¨ÖÌ μÉ¤ Î¨ ´¨¦¥
´¥¸±μ²Ó±¨Ì ±¨²μÔ²¥±É·μ´¢μ²ÓÉ. ‚ 2016 £. ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ
¸ ´ ¡μ·  ¤¥É¥±Éμ·μ¢ ¸  ±É¨¢´μ° ³ ¸¸μ° 73,2 £ (12 CCD) ´  · ¸¸ÉμÖ´¨¨ 30 ³
μÉ  ±É¨¢´μ° §μ´Ò Ö¤¥·´μ£μ ·¥ ±Éμ·  ¸ É¥¶²μ¢μ° ³μÐ´μ¸ÉÓÕ 3,8 ƒ‚É. �·μ-
¢μ¤¨²¸Ö ¶μ¨¸± ´¥°É·¨´´ÒÌ ¸μ¡ÒÉ¨° ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ¤ ´´ÒÌ, ¸μ¡· ´´ÒÌ ¸
¢±²ÕÎ¥´´Ò³ ·¥ ±Éμ·μ³ (2,1 ±£ ¢ ¤¥´Ó) ¨ ¢Ò±²ÕÎ¥´´Ò³ ·¥ ±Éμ·μ³ (1,6 ±£ ¢
¤¥´Ó). ˆ§¡ÒÉ±  ¤ ´´ÒÌ ´  ¢±²ÕÎ¥´´μ³ ·¥ ±Éμ·¥ ´¥ ¡Ò²μ μ¡´ ·Ê¦¥´μ. ’¥³ ´¥
³¥´¥¥ ¡Ò² ¤μ¸É¨£´ÊÉ ·¥±μ·¤´Ò° Ê·μ¢¥´Ó ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¢¶²μÉÓ ¤μ Ô´¥·£¨°
μÉ¤ Î¨ μ±μ²μ 1 ±Ô‚ (Ô²¥±É·μ´-Ô±¢¨¢ ²¥´É 0,1 ±Ô‚) [159].

‚ ±μ´Í¥ 2016 £. ¡Ò² ¶·¥¤²μ¦¥´ Ô±¸¶¥·¨³¥´É RICOCHET, ´ Í¥²¥´´Ò° ´ 
¶μ¨¸± CEνNS ¸ ¶μ³μÐÓÕ ´¨§±μÉ¥³¶¥· ÉÊ·´ÒÌ ¡μ²μ³¥É·μ¢ ´  ·¥ ±Éμ·´μ³
±μ³¶²¥±¸¥ Chooz (”· ´Í¨Ö) ¢ ± Î¥¸É¢¥ ¨¸ÉμÎ´¨±  ·¥ ±Éμ·´ÒÌ ( ´É¨)´¥°-
É·¨´μ [160]. 
Ò²  ¨§ÊÎ¥´  ¶μÉ¥´Í¨ ²Ó´ Ö CEνNS-ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ É ±μ£μ
Ô±¸¶¥·¨³¥´É , ¶·¥¤¸É ¢²ÖÕÐ¥£μ ¸μ¡μ° ¸μ¸É ¢´μ° ¤¥É¥±Éμ· (¡μ²μ³¥É·¨Î¥¸± Ö
³ É·¨Í ) ¨§ ´¥¡μ²ÓÏ¨Ì £¥·³ ´¨¥¢ÒÌ ¨ Í¨´±μ¢ÒÌ ³μ¤Ê²¥° ¸ μ¡Ð¥° ³ ¸¸μ° ¶μ-
·Ö¤±  10 ±£. 
Ò²μ ¶μ± § ´μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¤²Ö μÉ¤¥²¥´¨Ö Ëμ´  μÉ ¸¨£´ ² 
±μ··¥²ÖÍ¨¨ ¸ · ¡μÉμ° ·¥ ±Éμ·  ¨ ¸ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ 100 Ô‚ ¶μ§¢μ²Ö¥É
§ ·¥£¨¸É·¨·μ¢ ÉÓ ¸¨£´ ² μÉ CEνNS ¢ É¥Î¥´¨¥ μ¤´μ£μ £μ¤  · ¡μÉÒ [160].

‡ ¤ Î¥° ´¥¡μ²ÓÏμ£μ Ô±¸¶¥·¨³¥´É  ν-cleus (¨²¨ NU-CLEUS) ¡Ò²μ μ¡´ ·Ê-
¦¥´¨¥ CEνNS ¶ÊÉ¥³ ·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· ¢¶²μÉÓ ¤μ 10 Ô‚ [161].
„¥É¥±Éμ· ¸μ¸ÉμÖ² ¨§ ¸¡μ·μ± ´¨§±μ¶μ·μ£μ¢ÒÌ ± ²μ·¨³¥É·μ¢ ´  ¡ §¥ CaWO4 ¨
Al2O3 μ¡Ð¥° ³ ¸¸μ° μ±μ²μ 10 £ ¨ ´¥¸±μ²Ó±¨Ì ±·¨μ£¥´´ÒÌ ¢¥Éμ-¤¥É¥±Éμ·μ¢,
· ¡μÉ ÕÐ¨Ì ¶·¨ É¥³¶¥· ÉÊ· Ì ¢ μ¡² ¸É¨ ´¥¸±μ²Ó±¨Ì ³¨²²¨±¥²Ó¢¨´. ‘¥£³¥´-
É Í¨Ö ¤¥É¥±Éμ·  μ¡¥¸¶¥Î¨¢ ²   ±É¨¢´μ¥ · ¸¶μ§´ ¢ ´¨¥ Ëμ´μ¢ÒÌ γ-±¢ ´Éμ¢,
´¥°É·μ´μ¢ ¨ ¶μ¢¥·Ì´μ¸É´ÒÌ ÔËË¥±Éμ¢. �  ¶¥·¢μ³ ¶·μÉμÉ¨¶¥ ¨§ ¸ ¶Ë¨· 
(Al2O3) ¢ ´ §¥³´ÒÌ Ê¸²μ¢¨ÖÌ (¡¥§ Ô±· ´¨·μ¢±¨ Ëμ´ ) ¡Ò² ¤μ¸É¨£´ÊÉ Ô´¥·£¥-
É¨Î¥¸±¨° ¶μ·μ£ ¢ 20 Ô‚. ˆ¸¸²¥¤μ¢ ´¨¥ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ± CEνNS ´  ¶ÊÎ± Ì
 ´É¨´¥°É·¨´μ μÉ  Éμ³´ÒÌ Ô²¥±É·μ¸É ´Í¨° ¶μ± § ²μ, ÎÉμ μÉ±·ÒÉ¨¥ CEνNS
(5σ) ³μ¦´μ ¡Ò²μ ¡Ò ¸¤¥² ÉÓ ¢ É¥Î¥´¨¥ 2 ´¥¤¥²Ó ¨§³¥·¥´¨°. �μ± § ´μ, ÎÉμ
¸ ¶μ³μÐÓÕ ÔÉμ° É¥Ì´μ²μ£¨¨ ¢μ§³μ¦¥´ ³μ´¨Éμ·¨´£  Éμ³´ÒÌ Ô²¥±É·μ¸É ´Í¨°
¢ ·¥¦¨³¥ ·¥ ²Ó´μ£μ ¢·¥³¥´¨ [161]. ˆ¸¶μ²Ó§μ¢ ´¨¥ ±·¨μ£¥´´ÒÌ ¤¥É¥±Éμ·μ¢
¡μ²ÓÏμ£μ μ¡Ñ¥³  ¤²Ö ¶μ¨¸±  CEνNS ¨ ·¥£¨¸É· Í¨¨ ´¥°É·¨´μ μÉ ¸¢¥·Ì´μ¢ÒÌ
μ¡¸Ê¦¤ ²μ¸Ó · ´¥¥ ¢ [162].

ˆ¸¸²¥¤μ¢ ´¨¥ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¶Ê§Ò·Ó±μ¢ÒÌ ± ³¥· É¨¶  PICO-500 ¤²Ö
·¥£¨¸É· Í¨¨ ´¥°É·¨´μ μÉ ¸¢¥·Ì´μ¢ÒÌ ¶μ¸·¥¤¸É¢μ³ CEνNS ¡Ò²μ ¶·μ¢¥¤¥´μ ¢
· ¡μÉ¥ [163]. ƒ² ¢´ Ö ¶·μ¡²¥³  ¢ ÔÉμ° μ¡² ¸É¨ ¸μ¸Éμ¨É ¢ μ¡¥¸¶¥Î¥´¨¨ ¸¶μ¸μ¡-
´μ¸É¨ ¢¥¸Ó³  ±·Ê¶´μ³ ¸ÏÉ ¡´ÒÌ ¤¥É¥±Éμ·μ¢ ·¥£¨¸É·¨·μ¢ ÉÓ ´¨§±¨¥ Ô´¥·£¨¨
μÉ¤ Î¨ ¶μ·Ö¤±  10 ±Ô‚, ±μÉμ·Ò¥ ¢μ§´¨± ÕÉ §  ¸Î¥É ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ¸¢¥·Ì´μ¢ÒÌ ´¥°É·¨´μ ´  Ö¤· Ì ³¨Ï¥´¨. 
μ²ÓÏ¨¥ ¤¥É¥±Éμ·Ò ¸ ¶¥-
·¥£·¥Éμ° ¦¨¤±μ¸ÉÓÕ, É ±¨¥ ± ± ¶Ê§Ò·Ó±μ¢ Ö ± ³¥·  PICO-500, ±μÉμ· Ö § ¶μ²-
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´¥´   ±É¨¢´μ° ³¨Ï¥´ÓÕ ¨§ 1 É C3F8, ¤μ²¦´Ò Ê¢¨¤¥ÉÓ CEνNS-¸μ¡ÒÉ¨Ö ¢ ¢¨¤¥
´¥¸±μ²Ó±¨Ì ¶Ê§Ò·Ó±μ¢, ¥¸²¨ ¤¥É¥±Éμ· ¡Ê¤¥É ´ Ìμ¤¨ÉÓ¸Ö ¢ · ¡μÎ¥³ ¸μ¸ÉμÖ´¨¨
¢μ ¢·¥³Ö ´¥°É·¨´´μ£μ ¨³¶Ê²Ó¸  μÉ ¢§μ·¢ ¢Ï¥°¸Ö ¶μ¡²¨§μ¸É¨ (10 ±¶±) ¸¢¥·Ì-
´μ¢μ°. �¡¸Ê¦¤ ² ¸Ó ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö É ±¨Ì ¶Ê§Ò·Ó±μ¢ÒÌ ± ³¥·
¢ ± Î¥¸É¢¥ ´¥§ ¢¨¸¨³μ£μ ³¥Éμ¤  ¨§ÊÎ¥´¨Ö ¢§·Ò¢  ¸¢¥·Ì´μ¢μ°, ¶μ¤μ¡´μ° SN
1987A, ¸ μ¸μ¡μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓÕ ± ± ´ ²Ê ¸ ÉÖ¦¥²Ò³¨ ²¥¶Éμ´ ³¨ [163].

‚ Ö¤¥·´μ³ Í¥´É·¥ ’¥Ì ¸¸±μ£μ Ê´¨¢¥·¸¨É¥É  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´¨§±μ¶μ-
·μ£μ¢ÒÌ ±·¨μ£¥´´ÒÌ £¥·³ ´¨¥¢ÒÌ ¨ ±·¥³´¨¥¢ÒÌ ¤¥É¥±Éμ·μ¢ ¶·μ¢μ¤¨É¸Ö Ô±¸-
¶¥·¨³¥´É MINER (Mitchell Institute Neutrino Experiment at Reactor) ¶μ ¶μ¨¸±Ê
CEνNS ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨ (μ±μ²μ 2 ³) μÉ  ±É¨¢´μ° §μ´Ò Ö¤¥·´μ£μ
·¥ ±Éμ·  TRIGA ³μÐ´μ¸ÉÓÕ 1 Œ‚É. �·μ¢¥¤¥´´Ò¥ ¢ 2016 £. ³μ¤¥²¨·μ¢ ´¨Ö
Ê¸²μ¢¨° Ô±¸¶¥·¨³¥´É  ¸ ÊÎ¥Éμ³ ±μ£¥·¥´É´μ£μ Ê¸¨²¥´¨Ö μ¦¨¤ ¥³μ£μ ¸¥Î¥´¨Ö,
´¥°É·μ´´μ£μ, ³Õμ´´μ£μ ¨ £ ³³ -Ëμ´μ¢,   É ±¦¥ ¶·¥¤¶μ² £ ¥³μ° ¡²¨§μ¸É¨
¤¥É¥±Éμ·μ¢ ± ·¥ ±Éμ·Ê ¤²Ö μ¦¨¤ ¥³μ£μ Î¨¸²  ¸¨£´ ²Ó´ÒÌ ¸μ¡ÒÉ¨° ¡Ò²  ¶μ²Ê-
Î¥´  μÍ¥´±  ¢ 5Ä20 ¸μ¡ÒÉ¨°/±£/¤¥´Ó. �·¨ ÔÉμ³ ¸Î¨É ²μ¸Ó, ÎÉμ ¶μ¤¤ ÕÐ¨¥¸Ö
¨§³¥·¥´¨Õ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤¥· ²¥¦ É ¢ μ¡² ¸É¨ μÉ 10 ¤μ 1000 Ô‚ [164].

μ²¥¥ ¶μ§¤´¨Ì ¤ ´´ÒÌ ¶μ ÔÉμ³Ê Ô±¸¶¥·¨³¥´ÉÊ ´ °É¨ ´¥ Ê¤ ²μ¸Ó.

Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó · ´¥¥, μ¡´ ·Ê¦¥´¨¥ £ ² ±É¨Î¥¸±¨Ì ´¥°É·¨´μ μÉ
¢§·Ò¢μ¢ ¸¢¥·Ì´μ¢ÒÌ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¤´Ê ¨§ £² ¢´ÒÌ § ¤ Î ´¥°É·¨´´μ°
Ë¨§¨±¨ ¨  ¸É·μË¨§¨±¨ ´¨§±¨Ì Ô´¥·£¨°. ‚ · ¡μÉ Ì [75, 76] ¡Ò²μ ¶·¥¤²μ¦¥´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ÔÉμ° Í¥²¨ £ §μ¢Ò° ¸Ë¥·¨Î¥¸±¨° TPC (¢·¥³Ö¶·μ²¥É´ Ö ± -
³¥· ) ¤¥É¥±Éμ· ´¥¡μ²ÓÏμ£μ · §³¥· , ´ ¶μ²´¥´´Ò° ¡² £μ·μ¤´Ò³ £ §μ³. ˆ¤¥Ö
¤¥É¥±É¨·μ¢ ´¨Ö ´¥°É·¨´μ μ¶¨· ² ¸Ó ´  ÔËË¥±É CEνNS. �Í¥´±¨ ¶μ± §Ò¢ ²¨,
ÎÉμ ¢ ¸Ë¥·¥ · ¤¨Ê¸μ³ 3 ³, § ¶μ²´¥´´μ° ±¸¥´μ´μ³ ¶·¨ 10  É³, ¸ ¶μ·μ£μ³
·¥£¨¸É· Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ 100 Ô‚ ³μ¦´μ μ¦¨¤ ÉÓ 300Ä500 ¸μ¡ÒÉ¨° (¢ § -
¢¨¸¨³μ¸É¨ μÉ ¨¥· ·Ì¨¨ ´¥°É·¨´´ÒÌ ³ ¸¸). “¢¥²¨Î¥´¨¥ ¤ ¢²¥´¨Ö ¤μ 50  É³
μ¡¥Ð ²μ, ¸μμÉ¢¥É¸É¢¥´´μ, 1500Ä2500 ¸μ¡ÒÉ¨°. ˆ¸¶μ²Ó§μ¢ ´¨¥ 40Ar ¶μ§¢μ²Ö²μ
μ¦¨¤ ÉÓ 150Ä200 ¸μ¡ÒÉ¨° ¶·¨ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ.

‚Éμ· Ö ¨¤¥Ö ÔÉ¨Ì  ¢Éμ·μ¢ ¸μ¸ÉμÖ²  ¢ Éμ³, ÎÉμ¡Ò · ¸¶μ²μ¦¨ÉÓ ´¥¸±μ²Ó±μ
É ±¨Ì ¶·μ¸ÉÒÌ ¢ μ¡¸²Ê¦¨¢ ´¨¨ ¨ μÉ´μ¸¨É¥²Ó´μ ¤¥Ï¥¢ÒÌ ¤¥É¥±Éμ·μ¢ (´ ¶μ²-
´¥´´ÒÌ  ·£μ´μ³ ¶·¨ μÉ´μ¸¨É¥²Ó´μ ³ ²ÒÌ ¤ ¢²¥´¨ÖÌ) ¢ · §´ÒÌ ³¥¸É Ì §¥³´μ£μ
Ï · . ’ ±ÊÕ ¸¥ÉÓ £ §μ¢ÒÌ TPC-¤¥É¥±Éμ·μ¢ (¶·¨ · ¡μÉ¥ ´  ¸μ¢¶ ¤¥´¨¥ ¨ ¸
Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ ´¨¦¥ 1 ±Ô‚) ¶·¥¤² £ ²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ³μ´¨Éμ-
·¨·μ¢ ´¨Ö ±μ¸³μ¸  ¢ ´¥°É·¨´´μ³ ± ´ ²¥ ´¨§±¨Ì Ô´¥·£¨°. ‚ μ¦¨¤ ´¨¨ ¸¨£-
´ ²  μÉ ¢§·Ò¢  ¸¢¥·Ì´μ¢μ° ÔÉ¨ ¤¥É¥±Éμ·Ò ³μ¦´μ Ô±¸¶²Ê É¨·μ¢ ÉÓ ¡¥§ μ¸μ¡ÒÌ
É·Ê¤´μ¸É¥° (¤ ¦¥ ¸ÉÊ¤¥´É ³) ¤²¨É¥²Ó´μ¥ ¢·¥³Ö [75,76].

„¢ÊÌË §´Ò° £ §μ¢Ò° TPC-¤¥É¥±Éμ·, ¸¶μ¸μ¡´Ò° ¨§³¥·ÖÉÓ Ô´¥·£¨Õ μÉ¤ Î¨
Ö¤¥· ¢ μ¡² ¸É¨ ´¨¦¥ 1 ±Ô‚ ¨ ·¥£¨¸É·¨·μ¢ ÉÓ §  ¸Î¥É CEνNS  ´É¨´¥°É·¨´μ μÉ
 Éμ³´μ£μ ·¥ ±Éμ· , ¡Ò² ¶·¥¤²μ¦¥´ ´  ¡ §¥  ·£μ´  É ±¦¥ ¢ · ¡μÉ¥ [165]. �ÉμÉ
¤¥É¥±Éμ· ¶·¥¤¶μ² £ ²μ¸Ó ¨¸¶μ²Ó§μ¢ ÉÓ ¸´ Î ²  ¤²Ö ¨§³¥·¥´¨Ö ¢ ¦´μ£μ ¶ · -
³¥É·  Å Ö¤¥·´μ£μ ¨μ´¨§ Í¨μ´´μ£μ ±¢¥´Î¨´£-Ë ±Éμ·  ¢ ¥Ð¥ ´¥ ¨¸¸²¥¤μ¢ ´´μ³
¤¨ ¶ §μ´¥ Ô´¥·£¨° μÉ¤ Î¨ μÉ ´¥¸±μ²Ó±¨Ì ±¨²μÔ²¥±É·μ´¢μ²ÓÉ ¨ ´¨¦¥ [165].
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‚ 2016 £. £·Ê¶¶μ° ¨§ ˆ´¸É¨ÉÊÉ  Œ ±¸  �² ´±  (ƒ¥·³ ´¨Ö) ¡Ò² ¶·¥¤²μ¦¥´
·¥ ±Éμ·´Ò° Ô±¸¶¥·¨³¥´É CONUS (COherent NeUtrino Scattering), ´ ¶· ¢²¥´-
´Ò° ´  μ¡´ ·Ê¦¥´¨¥ CEνNS ¢ ¶μ²´μ¸ÉÓÕ (± ± ÊÉ¢¥·¦¤ ÕÉ  ¢Éμ·Ò) ±μ£¥-
·¥´É´μ³ ·¥¦¨³¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¸μ¡μ Î¨¸ÉÒÌ ´¨§±μ¶μ·μ£μ¢ÒÌ (240 Ô‚)
£¥·³ ´¨¥¢ÒÌ (Ge) ¤¥É¥±Éμ·μ¢ [166]. ‚ 2017 £. Ê¸É ´μ¢±  ¨§ Î¥ÉÒ·¥x (¶μ 1 ±£)
³μ¤Ê²¥° ´ Î ²  ´ ¡μ· ¤ ´´ÒÌ ´  ±μ³³¥·Î¥¸±μ°  Éμ³´μ° Ô²¥±É·μ¸É ´Í¨¨ ¢

·μ±¤μ·Ë¥ (ƒ¥·³ ´¨Ö) ´  · ¸¸ÉμÖ´¨¨ 17 ³ μÉ  ±É¨¢´μ° §μ´Ò ·¥ ±Éμ·  (¶μÉμ±
 ´É¨´¥°É·¨´μ μ¦¨¤ ²¸Ö ¡μ²¥¥ 1013 ¸³−2 · ¸−1). „²Ö Ê¸¶¥Ï´μ£μ ¶·μ¢¥¤¥´¨Ö
Ô±¸¶¥·¨³¥´É  É·¥¡μ¢ ²μ¸Ó Ìμ·μÏ¥¥ ¶μ´¨³ ´¨¥ Ëμ´μ¢ÒÌ Ê¸²μ¢¨°, ¢Ò§¢ ´´ÒÌ
´¥°É·μ´ ³¨, ¶μ¸±μ²Ó±Ê ¸¨£´ ²Ò μÉ¤ Î¨ Ö¤¥· μÉ Ê¤ ·μ¢ ´¥°É·μ´μ¢ ¶μ²´μ-
¸ÉÓÕ ¨³¨É¨·ÊÕÉ ¨¸±μ³Ò¥ CEνNS-¢§ ¨³μ¤¥°¸É¢¨Ö. �¸μ¡¥´´μ ´¥¶·¨ÖÉ´Ò³¨
¤²Ö CONUS Ö¢²ÖÕÉ¸Ö ¸μ¡ÒÉ¨Ö, ¢Ò§¢ ´´Ò¥ ´¥°É·μ´ ³¨, ¸μ¶·μ¢μ¦¤ ÕÐ¨³¨
¢Ò· ¡μÉ±Ê É¥¶²μ¢μ° Ô´¥·£¨¨.

‚ 2019 £. ¡Ò²¨ (¢¶¥·¢Ò¥) ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Ëμ´μ¢ÒÌ
Ê¸²μ¢¨°, ¶·μ¢¥¤¥´´ÒÌ ´  ³¥¸É¥ · ¡μÉÒ ¤¥É¥±Éμ· . 
Ò²μ ¶μ± § ´μ ´ ²¨Î¨¥ ¢Ò-
¸μ±μÉ¥·³¨§μ¢ ´´μ£μ ´¥°É·μ´´μ£μ ¶μ²Ö, ¸±μ··¥²¨·μ¢ ´´μ£μ c É¥¶²μ¢μ° ³μÐ-
´μ¸ÉÓÕ ·¥ ±Éμ· . �ÊÉ¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° § Ð¨ÉÒ Ê¸É ´μ¢±¨ CONUS ¶μÉμ±
ÔÉ¨Ì ´¥°É·μ´μ¢, ±μÉμ·Ò¥ μ¡· §ÊÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´μ£μ ¤¥²¥´¨Ö ¢´ÊÉ·¨  ±-
É¨¢´μ° §μ´Ò, ¶μ ³´¥´¨Õ  ¢Éμ·μ¢ [123], Ê¤ ¥É¸Ö ¶μ¤ ¢¨ÉÓ ¶·¨³¥·´μ ¢ 1020 · §.
‘ ¶μ³μÐÓÕ ¢Ò¸μ±μÎ¨¸Éμ£μ Ge-¤¥É¥±Éμ·  ¡Ò² ¨¸¸²¥¤μ¢ ´ É ±¦¥ γ-Ëμ´. ‚ ·¥-
§Ê²ÓÉ É¥ ÉÐ É¥²Ó´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸ ÊÎ¥Éμ³ ÔÉ¨Ì ¤ ´´ÒÌ ¡Ò²μ ¶μ± § ´μ,
ÎÉμ μ¦¨¤ ¥³Ò° CEνNS-¸¨£´ ² ¶μ ±· °´¥° ³¥·¥ ´  μ¤¨´ ¶μ·Ö¤μ± ¶·¥¢ÒÏ ¥É
¨´¤ÊÍ¨·μ¢ ´´Ò° ·¥ ±Éμ·μ³ Ëμ´ ¢ μ¡² ¸É¨ ¨§³¥·¥´¨Ö [123].

ˆ¸Ìμ¤Ö ¨§ μÎ¥¢¨¤´μ£μ É·¥¡μ¢ ´¨Ö, ÎÉμ ¤²Ö ¶μ¨¸±  �μ¢μ° Ë¨§¨±¨ ¢ CEνNS
´¥μ¡Ìμ¤¨³μ ³ ±¸¨³ ²Ó´μ ÉμÎ´μ¥ §´ ´¨¥ ¶μÉμ±  ¨ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É· 
´¥°É·¨´μ, ¢ · ¡μÉ¥ [167] ¡Ò²  ¨¸¸²¥¤μ¢ ´  ¨´É¥·¥¸´ Ö ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥¤¥-
´¨Ö CEνNS-Ô±¸¶¥·¨³¥´É  ´  μ¸´μ¢¥ 51Cr-¨¸ÉμÎ´¨± , ¸¶¥±É· ´¥°É·¨´μ ±μÉμ-
·μ£μ ¨§¢¥¸É¥´ ¨ ÎÓÖ  ±É¨¢´μ¸ÉÓ ³μ¦¥É ±μ´É·μ²¨·μ¢ ÉÓ¸Ö É¥¶²μ¢Ò³ ¸¥´¸μ·μ³
´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ¶·μ³¨²²¥. 
Ò²μ ¶μ± § ´μ, ÎÉμ ¸ ¨¸ÉμÎ´¨±μ³  ±É¨¢´μ-
¸ÉÓÕ 5 ³Š¨, · ¸¶μ²μ¦¥´´Ò³ ´  · ¸¸ÉμÖ´¨¨ 25 ¸³ μÉ ¤¥É¥±Éμ· , §  ¶·¨³¥·´μ
55 ¤´¥° Ô±¸¶μ§¨Í¨¨ ³μ¦´μ μ¦¨¤ ÉÓ 3900 (900) μÉ¸Î¥Éμ¢ ´  ³¨Ï¥´¨ ¨§ £¥·-
³ ´¨Ö (¸ ¶Ë¨·) μ¡Ñ¥³μ³ ¢ 2 ¤³3 ¸ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ 8(20) Ô‚ [167].

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ±μ²² ¡μ· Í¨Ö EDELWEISS [168] ´  ¶ÊÉ¨ ¶·Ö³μ£μ
¶μ¨¸±  ²¥£±¨Ì (¸ ³ ¸¸ ³¨ ³¥´ÓÏ¥ 1 ƒÔ‚/c2) Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ¤μ¸É¨£² 
·¥±μ·¤´ÒÌ §´ Î¥´¨° Ô´¥·£¥É¨Î¥¸±μ£μ ¶μ·μ£  ¢ 60 Ô‚ ¤²Ö 33,4-£ ±·¨μ£¥´´μ£μ
Ge-¤¥É¥±Éμ· . ’ ±μ¥ §´ Î¥´¨¥ ¤²Ö ¶μ·μ£  Ê¤ ²μ¸Ó ¶μ²ÊÎ¨ÉÓ ¶ÊÉ¥³ ¨§³¥·¥´¨Ö
¢Ò¤¥²¨¢Ï¥°¸Ö ¢ ¡μ²μ³¥É·¥ Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤·  ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²¨§¨·μ-
¢ ´´μ£μ (neutron-transmutation-doped) Ge-É¥·³μ¤ ÉÎ¨±  ¸ ¡ §μ¢Ò³ · §·¥Ï¥-
´¨¥³ É¥¶²μ¢μ° Ô´¥·£¨¨ 17,7 Ô‚ [169]. 
² £μ¤ ·Ö ÔÉμ³Ê, ¶μ³¨³μ ´ ¨¡μ²¥¥
¸É·μ£¨Ì μ£· ´¨Î¥´¨° ´  ¸¶¨´-´¥§ ¢¨¸¨³μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Î ¸É¨Í É¥³´μ° ³ -
É¥·¨¨ ¤²Ö ³ ¸¸ ¢ÒÏ¥ 600 ŒÔ‚/c2 ¨ ´  ¸¶¨´-§ ¢¨¸¨³Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Î -
¸É¨Í É¥³´μ° ³ É¥·¨¨ ¸ ¶·μÉμ´ ³¨ ¨ ´¥°É·μ´ ³¨ ¤²Ö ³ ¸¸ ´¨¦¥ 1,3 ƒÔ‚/c2,
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¢ Ô±¸¶¥·¨³¥´É¥ EDELWEISS ¶·μ¤¥³μ´¸É·¨·μ¢ ´Ò Ê´¨± ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨
¸μ¢·¥³¥´´ÒÌ £¥·³ ´¨¥¢ÒÌ ¡μ²μ³¥É·μ¢ ¢ ´ ¶· ¢²¥´¨¨ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¥É¨-
Î¥¸±μ£μ ¶μ·μ£  ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¤ ²Ó´¥°Ï¥£μ ¨Ì Ê¸¶¥Ï´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö
¤²Ö ¶μ¨¸±  ¨ ·¥£¨¸É· Í¨¨ CEνNS ¢ ´ ¨¡μ²¥¥ ¶¥·¸¶¥±É¨¢´μ° μ¡² ¸É¨ ®³ ±¸¨-
³ ²Ó´μ ³ ²ÒÌ¯ Ô´¥·£¨° μÉ¤ Î¨ Ö¤¥·, £¤¥ Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ ¢Ò¶μ²´Ö¥É¸Ö
´ ¨¡μ²¥¥ ÉμÎ´μ. �ÉμÉ μ¶ÒÉ ±· °´¥ ¢ ¦¥´ ¤²Ö Ô±¸¶¥·¨³¥´É  νGEN [50], ¢Ò-
¶μ²´Ö¥³μ£μ ·μ¸¸¨°¸±μ° Î ¸ÉÓÕ ±μ²² ¡μ· Í¨¨ EDELWEISS ´  Š ²¨´¨´¸±μ°
 Éμ³´μ° Ô²¥±É·μ¸É ´Í¨¨.

�±¸¶¥·¨³¥´É νGeN Å ÔÉμ ´μ¢Ò° Ô±¸¶¥·¨³¥´É ´  Š ²¨´¨´¸±μ° ��‘, § -
¤ Î  ±μÉμ·μ£μ ¸μ¸Éμ¨É ¢ μ¡´ ·Ê¦¥´¨¨ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°-
É·¨´μ ´  Ö¤· Ì £¥·³ ´¨Ö. ‚ ´¥³ ¨¸¶μ²Ó§ÊÕÉ¸Ö ´¨§±μ¶μ·μ£μ¢Ò¥ ¢Ò¸μ±μÎ¨¸ÉÒ¥
Ge-¤¥É¥±Éμ·Ò (HPGe), · §· ¡μÉ ´´Ò¥ ¢ �ˆŸˆ („Ê¡´ ) ¢ ¸μÉ·Ê¤´¨Î¥¸É¢¥ ¸ BSI
(Baltic Scientiˇc Instruments, ‹ É¢¨Ö). ‚ ± Î¥¸É¢¥ ³μÐ´μ£μ ¨¸ÉμÎ´¨±  ´¥°-
É·¨´μ ¢ Ô±¸¶¥·¨³¥´É¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ô²¥±É·μ´´Ò¥  ´É¨´¥°É·¨´μ μÉ μ¤´μ£μ ¨§
Ô´¥·£μ¡²μ±μ¢ Š��‘. CEνNS ¶·¥¤¶μ² £ ¥É¸Ö ´ ¡²Õ¤ ÉÓ ´  μ¸´μ¢¥ ¤¨ËË¥·¥´-
Í¨ ²Ó´μ£μ ³¥Éμ¤ , ¢ ±μÉμ·μ³ ¸· ¢´¨¢ ÕÉ¸Ö ¸¶¥±É·Ò, ¨§³¥·¥´´Ò¥ ¶·¨ · ¡μÉ¥
·¥ ±Éμ·  ¨ ¶¥·¨μ¤ Ì ¥£μ μ¸É ´μ¢±¨,   É ±¦¥ ¸¶¥±É·Ò, ¨§³¥·¥´´Ò¥ ´  · §´ÒÌ
· ¸¸ÉμÖ´¨ÖÌ μÉ  ±É¨¢´μ° §μ´Ò ·¥ ±Éμ·  ¢μ ¢·¥³Ö ¥£μ · ¡μÉÒ. „²Ö Ê¸É ´μ¢±¨
¸ Î¥ÉÒ·Ó³Ö HPGe-¤¥É¥±Éμ· ³¨ (400 £ ± ¦¤Ò°), · ¸¶μ²μ¦¥´´μ° ´  · ¸¸ÉμÖ´¨¨
10 ³ μÉ Í¥´É·   ±É¨¢´μ° §μ´Ò ·¥ ±Éμ·  ¨ Ô´¥·£¥É¨Î¥¸±¨³ ¶μ·μ£μ³ 350 Ô‚,
μ¦¨¤ ¥É¸Ö ¤μ 10 ¸μ¡ÒÉ¨° CEνNS ¢ ¤¥´Ó. —Ê¢¸É¢¨É¥²Ó´μ¸ÉÓ Ê¸É ´μ¢±¨ ¡Ê¤¥É
¥Ð¥ ¡μ²ÓÏ¥ Ê¢¥²¨Î¥´  ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´μ¢ÒÌ ¤¥É¥±Éμ·μ¢ μ¡Ð¥° ³ ¸¸μ°
¤μ 5 ±£ [50]. ‚ 2018 £. ¢ ÔÉμ³ ¶·μ¥±É¥ Ê¦¥ ¡Ò² ¤μ¸É¨£´ÊÉ ¶μ·μ£ ¢ 200 Ô‚ [48].

‚ § ±²ÕÎ¥´¨¥ ÔÉμ£μ · §¤¥²  ¶μ²¥§´μ Ê¶μ³Ö´ÊÉÓ μ¤´μ ¨§ ¶¥·¢ÒÌ ¶·¥¤-
²μ¦¥´¨° (1983 £.) ¶μ ¸μ§¤ ´¨Õ [40] ´ ¸ÉμÖÐ¥° ´¥°É·¨´´μ° μ¡¸¥·¢ Éμ·¨¨
¤²Ö μ¡´ ·Ê¦¥´¨Ö ŒÔ‚-´ÒÌ ´¥°É·¨´μ ¶μ¸·¥¤¸É¢μ³ ¨Ì Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ
· ¸¸¥Ö´¨Ö ´  Ö¤· Ì ¨ ¨¤¥´É¨Ë¨± Í¨¨ Ô´¥·£¨¨ μÉ¤ Î¨ ¸ ¶μ³μÐÓÕ ¤μ¸É -
ÉμÎ´μ ±μ³¶ ±É´μ£μ ¤¥É¥±Éμ· . ’ ±μ° ¤¥É¥±Éμ· ¶·¥¤² £ ²μ¸Ó ·¥ ²¨§μ¢ ÉÓ ´ 
μ¸´μ¢¥ ¨¤¥¨ ®¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ §¥·´ ¯, ±μÉμ· Ö ¶·¥¤¸É ¢²Ö² ¸Ó μ¸ÊÐ¥¸É¢¨-
³μ° ¶·¨ Ô±¸É· ¶μ²ÖÍ¨¨ Ê¦¥ ¨§¢¥¸É´ÒÌ ³¥Éμ¤μ¢. �´ ³μ£ ¡Ò ¨§³¥·ÖÉÓ Ô´¥·-
£¥É¨Î¥¸±¨° ¸¶¥±É· ´¥°É·¨´μ ¨ ¡Ò² ¡Ò ´¥ÎÊ¢¸É¢¨É¥²¥´ ± μ¸Í¨²²ÖÍ¨Ö³ ´¥°-
É·¨´μ, ¶μ¸±μ²Ó±Ê ·¥£¨¸É·¨·μ¢ ² ¡Ò ¢¸¥ É¨¶Ò ´¥°É·¨´μ. …£μ ¶·¥¤¶μ² £ ²μ¸Ó
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ·¥£¨¸É· Í¨¨ ·¥ ±Éμ·´ÒÌ, ¸¢¥·Ì´μ¢ÒÌ, ¸μ²´¥Î´ÒÌ ¨ §¥³-
´ÒÌ ´¥°É·¨´μ,   É ±¦¥ Ê¸±μ·¨É¥²Ó´ÒÌ ´¥°É·¨´μ μÉ · ¸¶ ¤  μ¸É ´μ¢¨¢Ï¨Ì¸Ö
¶¨μ´μ¢ [40].

‚ 1979 £. ¡Ò² É ±¦¥ ¶·¥¤²μ¦¥´ ®±μ£¥·¥´É´Ò°¯ ¤¥É¥±Éμ· ´  ¡ §¥ ¶μ²-
´μ£μ μÉ· ¦¥´¨Ö ´¥°É·¨´μ ´¨§±¨Ì Ô´¥·£¨° μÉ ¶²μ¸±μ° ¶μ¢¥·Ì´μ¸É¨. ‚ μ¸´μ¢¥
²¥¦ ²  ¨¤¥Ö ±μ£¥·¥´É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö É ±¨Ì ´¥°É·¨´μ ¸ ¤¥É¥±Éμ·μ³ ± ±
Í¥²Ò³ (¥¤¨´Ò³) μ¡Ñ¥±Éμ³, ¨ ¶·¥¤² £ ²μ¸Ó ·¥£¨¸É·¨·μ¢ ÉÓ ÉμÉ ¶μ²´Ò° ¨³-
¶Ê²Ó¸, ±μÉμ·Ò° ¶·¨μ¡·¥É ¥É ÔÉμÉ ¤¥É¥±Éμ· ¢ ·¥§Ê²ÓÉ É¥ μÉ· ¦¥´¨Ö ´¥°É·¨´-
´μ£μ ¶ÊÎ±  [170]. ‚ ´¥¤ ¢´¥° · ¡μÉ¥ [27] ¡Ò²  ¶μ± § ´  ´¥¸μ¸ÉμÖÉ¥²Ó´μ¸ÉÓ
ÔÉμ° ¢μ§³μ¦´μ¸É¨.



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 187

‡�Š‹�—…�ˆ…

Š· É±μ ¸Ëμ·³Ê²¨·Ê¥³ μ¸´μ¢´Ò¥ μ¡¸Ê¦¤ ¢Ï¨¥¸Ö ¢μ¶·μ¸Ò.
1. �μ¤·μ¡´μ ¨§²μ¦¥´Ò ¢¸¥ Ô²¥³¥´ÉÒ ´μ¢μ£μ É¥μ·¥É¨Î¥¸±μ£μ ¶μ¤Ìμ¤ , · §-

· ¡μÉ ´´μ£μ ¢ · ¡μÉ¥ [19] ¤²Ö μ¶¨¸ ´¨Ö ´¥°É·¨´μ-Ö¤¥·´μ£μ ¶·μÍ¥¸¸  νA →
νA(∗), ±μ£¤  Ö¤·μ-³¨Ï¥´Ó A ³μ¦¥É ¶¥·¥Ìμ¤¨ÉÓ ¢ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥
A(∗) ¸ ¸μÌ· ´¥´¨¥³ ¸¢μ¥° Í¥²μ¸É´μ¸É¨. �μ¤Ìμ¤ μ¸´μ¢ ´ ´  ³¨±·μ¸±μ¶¨Î¥-
¸±μ³ μ¶¨¸ ´¨¨ Ö¤·  ± ± ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸μ¸É ¢²ÖÕÐ¨Ì ¥£μ ´Ê±²μ´μ¢ ´ 
¡ §¥ ³´μ£μÎ ¸É¨Î´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤·  μ¡Ð¥£μ ¢¨¤ . �¡μ¡Ð¥´¨¥ ¤ ´-
´μ£μ ¶μ¤Ìμ¤  ´  ¸²ÊÎ °  ´É¨´¥°É·¨´μ-Ö¤¥·´μ£μ ν̄A → ν̄A(∗) ¢§ ¨³μ¤¥°¸É¢¨Ö
¤ ´μ ¢ [20]. ‚ Î ¸É´μ¸É¨, ¢¶¥·¢Ò¥ ¶μ± § ´μ, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³ÒÌ ±¨´¥-
³ É¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ Ö¢²Ö¥É¸Ö · ¢¥´¸É¢μ
¸¥Î¥´¨° νA → νA(∗) ¨ ν̄A → ν̄A(∗).

2. 
² £μ¤ ·Ö ÊÎ¥ÉÊ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ±¢ ´Éμ¢ÒÌ ¸μ-
¸ÉμÖ´¨° Ö¤·  (Ê¸²μ¢¨¥ ¶μ²´μÉÒ) ¢ ¤μ¸É ÉμÎ´μ μ¡Ð¥³ ¢¨¤¥ (É. ¥. ´¥§ ¢¨¸¨³μ μÉ
¤¥É ²¥° ³μ¤¥²¨ Ö¤· ) ¢ · ³± Ì ÔÉμ£μ ¶μ¤Ìμ¤  Ê¤ ¥É¸Ö ¶μ²ÊÎ¨ÉÓ ¥¤¨´μ¥ μ¶¨¸ -
´¨¥ Ê¶·Ê£¨Ì (±μ£¥·¥´É´ÒÌ) ¨ ´¥Ê¶·Ê£¨Ì (´¥±μ£¥·¥´É´ÒÌ) ¶·μÍ¥¸¸μ¢ · ¸¸¥Ö´¨Ö
´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤· Ì.

3. �μ± § ´μ, ÎÉμ Ê¶·Ê£μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¸μÌ· ´ÖÕÐ¥¥ ¨§´ Î ²Ó´μ¥ ±¢ ´-
Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤· , ¶·¨¢μ¤¨É ¢ ±¢ ¤· É¨Î´μ³Ê Ê¸¨²¥´¨Õ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
´ ¡²Õ¤ ¥³μ£μ ¸¥Î¥´¨Ö ¢ É¥·³¨´ Ì Î¨¸²  ´Ê±²μ´μ¢. ‚ Éμ ¦¥ ¢·¥³Ö ´ ¡²Õ¤ ¥-
³μ¥ ¸¥Î¥´¨¥ (¢¸¥Ì ¢μ§³μ¦´ÒÌ) ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢, ±μ£¤  ±¢ ´Éμ¢μ¥ ¸μ¸Éμ-
Ö´¨¥ Ö¤·  ¨§³¥´Ö¥É¸Ö, μ¡² ¤ ¥É ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ Î¨¸²  ´Ê±²μ´μ¢.
‚ É¥·³¨´μ²μ£¨¨ ”·¨¤³ ´  ÔÉ¨ ¤¢  ±² ¸¸  ¶·μÍ¥¸¸μ¢ ´μ¸ÖÉ ´ §¢ ´¨Ö, ¸μμÉ-
¢¥É¸É¢¥´´μ, ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ.

4. ‚¶¥·¢Ò¥ ¶μ± § ´μ, ÎÉμ ¶μ¢¥¤¥´¨¥ Ê¶·Ê£μ£μ (±μ£¥·¥´É´μ£μ) ¨ ´¥Ê¶·Ê-
£μ£μ (´¥±μ£¥·¥´É´μ£μ) ¸¥Î¥´¨° ¸μμÉ¢¥É¸É¢¥´´μ μ¶·¥¤¥²Ö¥É¸Ö ³´μ¦¨É¥²Ö³¨
|Fp/n(q)|2 ¨ (1 − |Fp/n(q)|2), £¤¥ Fp/n(q) Å ´μ·³¨·μ¢ ´´Ò° ´  ¥¤¨´¨ÍÊ ¨
Ê¸·¥¤´¥´´Ò° ¶μ ´ Î ²Ó´μ³Ê ¸μ¸ÉμÖ´¨Õ Ö¤·  Ëμ·³Ë ±Éμ· ¶·μÉμ´ /´¥°É·μ´ .
�É¨ Ëμ·³Ë ±Éμ·Ò ·¥£Ê²¨·ÊÕÉ ¶² ¢´Ò° ¶¥·¥Ìμ¤ μÉ ·¥¦¨³  Ê¶·Ê£μ£μ (±μ-
£¥·¥´É´μ£μ) ± ·¥¦¨³Ê ´¥Ê¶·Ê£μ£μ (´¥±μ£¥·¥´É´μ£μ) ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ
· ¸¸¥Ö´¨Ö. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ μ¡  ·¥¦¨³  ¤ ÕÉ ¢±² ¤ ¢ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò.
‚μ¶·μ¸ μ ¤μ³¨´¨·μ¢ ´¨¨ Ê¶·Ê£μ£μ (±μ£¥·¥´É´μ£μ) ¨²¨ ´¥Ê¶·Ê£μ£μ (´¥±μ£¥-
·¥´É´μ£μ) ¸² £ ¥³μ£μ ¢ ´ ¡²Õ¤ ¥³μ³ ¸¥Î¥´¨¨ μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³
³¥¦¤Ê § ¢¨¸ÖÐ¨³¨ μÉ ¶¥·¥¤ ´´μ£μ Ö¤·Ê ¨³¶Ê²Ó¸  q ¢¥²¨Î¨´ ³¨ ³´μ¦¨É¥²¥°
A2

p/n|Fp/n(q)|2 ¨ Ap/n(1 − |Fp/n(q)|2).
5. �¡¸Ê¦¤ ¢Ï¨¥¸Ö Ê¶·Ê£¨¥ ¨ ´¥Ê¶·Ê£¨¥ ν(ν̄)A-¶·μÍ¥¸¸Ò ¡² £μ¤ ·Ö ¨Ì μ¡-

Ð¥° ¶·¨·μ¤¥, μ¡Ê¸²μ¢²¥´´μ° ¸² ¡Ò³¨ ´¥°É· ²Ó´Ò³¨ Éμ± ³¨, μ± §Ò¢ ÕÉ¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´μ ´¥· §²¨Î¨³Ò³¨, ±μ£¤  ¥¤¨´¸É¢¥´´μ° ´ ¡²Õ¤ ¥³μ° ¢¥²¨Î¨-
´μ° Ö¢²Ö¥É¸Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  ³¨Ï¥´¨. �μÔÉμ³Ê ¢ Ô±¸¶¥·¨³¥´É Ì, ´ Í¥-
²¥´´ÒÌ ´  ¨§ÊÎ¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ (¶·¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ-
±¨Ì Ô´¥·£¨ÖÌ) ¶ÊÉ¥³ ¤¥É¥±É¨·μ¢ ´¨Ö Éμ²Ó±μ Ô´¥·£¨¨ μÉ¤ Î¨, ³μ¦¥É ¶·¨¸ÊÉ-
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¸É¢μ¢ ÉÓ ´¥±μ£¥·¥´É´Ò° Ëμ´, ±μÉμ·Ò° ´¥μÉ²¨Î¨³ μÉ μ¸´μ¢´μ£μ ¸¨£´ ² , ¥¸²¨
ËμÉμ´Ò μÉ ¸´ÖÉ¨Ö Ö¤¥·´μ£μ ¢μ§¡Ê¦¤¥´¨Ö ´¥ ¶μ¤¤ ÕÉ¸Ö ·¥£¨¸É· Í¨¨.

‚ Î ¸É´μ¸É¨, ¤²Ö Ö¤·  Í¥§¨Ö 133Cs ¨ Ô´¥·£¨¨ ´¥°É·¨´μ 30Ä50 ŒÔ‚ ´¥-
±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ³μ¦¥É ¸μ¸É ¢²ÖÉÓ 15Ä20% μÉ ±μ£¥·¥´É´μ£μ. �μÔÉμ³Ê
¥¸²¨ ¢ Ô±¸¶¥·¨³¥´É¥ COHERENT (¸ Ö¤·μ³ 133Cs) ´¥ ¤¥É¥±É¨·ÊÕÉ¸Ö ®´¥±μ-
£¥·¥´É´Ò¥¯ γ-±¢ ´ÉÒ μÉ ¸´ÖÉ¨Ö Ö¤¥·´μ£μ ¢μ§¡Ê¦¤¥´¨Ö, Éμ ¢ ¤ ´´ÒÌ ÔÉμ£μ
Ô±¸¶¥·¨³¥´É  CEνNS-¸μ¡ÒÉ¨Ö (É. ¥. ¨¸±μ³Ò¥ ¸μ¡ÒÉ¨Ö ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤· Ì) ¸μ¤¥·¦ É¸Ö ¸ ´¥Ê¶·Ê£μ° ¶·¨³¥¸ÓÕ ´  Ê·μ¢´¥
15Ä20%. ‚ ¶·¥Í¨§¨μ´´μ³  ´ ²¨§¥ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  É ±μ£μ É¨¶  ¤μ²¦´ 
¶·¨´¨³ ÉÓ¸Ö ¢μ ¢´¨³ ´¨¥ μÉ³¥Î¥´´ Ö ¶·¨³¥¸Ó ´¥±μ£¥·¥´É´μ¸É¨.

6. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ · ¸¸³ É·¨¢ ¥³μ° μ¡² ¸É¨ Ô´¥·£¨° ( ´É¨)´¥°É·¨´μ
ÔÉμÉ ´¥±μ£¥·¥´É´Ò° ¢±² ¤ ³μ¦¥É ¡ÒÉÓ ¨§³¥·¥´ (μÍ¥´¥´) ´ ¶·Ö³ÊÕ ¶ÊÉ¥³
·¥£¨¸É· Í¨¨ ËμÉμ´μ¢, ¨¸¶ÊÐ¥´´ÒÌ ¢μ§¡Ê¦¤¥´´Ò³¨ ¢ ·¥§Ê²ÓÉ É¥ ´¥Ê¶·Ê£¨Ì
¶·μÍ¥¸¸μ¢ Ö¤· ³¨ ³¨Ï¥´¨. �É¨ ËμÉμ´Ò ¤μ²¦´Ò ±μ··¥²¨·μ¢ ÉÓ ¢μ ¢·¥³¥´¨
¸ ´¥°É·¨´´Ò³ ¶ÊÎ±μ³ ¨ ¨³¥ÉÓ Ô´¥·£¨Õ, ± ± ¶· ¢¨²μ, §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥
±¨´¥³ É¨Î¥¸±μ° Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· , ÎÉμ ¤¥² ¥É ¨Ì ·¥£¨¸É· Í¨Õ ¤μ¸É ÉμÎ´μ
¶·μ¸Éμ°; ¡μ²¥¥ Éμ£μ, Î¨¸²μ É ±¨Ì ËμÉμ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö μÉ´μÏ¥´¨¥³ ´¥Ê¶·Ê-
£μ£μ ¸¥Î¥´¨Ö ± Ê¶·Ê£μ³Ê.

7. �¤´μ¢·¥³¥´´μ¥ ¤¥É¥±É¨·μ¢ ´¨¥ ¤¢ÊÌ ¸¨£´ ²μ¢ Å Ô´¥·£¨¨ μÉ¤ Î¨ Ö¤· 
¨ γ-±¢ ´Éμ¢ μÉ ¸´ÖÉ¨Ö Ö¤¥·´μ£μ ¢μ§¡Ê¦¤¥´¨Ö Å ¶μ§¢μ²Ö¥É ¢Ò¤¥²ÖÉÓ Î¨¸ÉÒ°
CEνNS-¢±² ¤ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·μ¢μ¤¨ÉÓ ¤¥É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ Ö¤¥·´μ° ¸É·Ê±-
ÉÊ·Ò ¨ ¢¥¸É¨ ¶·¥Í¨§¨μ´´Ò° ¶μ¨¸± �μ¢μ° Ë¨§¨±¨ ¢ É ±μ£μ É¨¶  ´¥°É·¨´´ÒÌ
¶·μÍ¥¸¸ Ì. „·Ê£μ° ¶ÊÉÓ ¶·¥Í¨§¨μ´´μ£μ ¨§ÊÎ¥´¨Ö CEνNS μ¸´μ¢ ´ ´  ¨¸¶μ²Ó-
§μ¢ ´¨¨ ( ´É¨)´¥°É·¨´´ÒÌ ¶ÊÎ±μ¢ ´¥¸±μ²Ó±μ ³¥´ÓÏ¨Ì Ô´¥·£¨° ¨ ¤¥É¥±Éμ·μ¢
´μ¢μ£μ ¶μ±μ²¥´¨Ö ¸ ±· °´¥ ´¨§±¨³¨ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶μ·μ£ ³¨, ÎÉμ ¶μ§¢μ-
²Ö¥É ´ ¡¨· ÉÓ ¨  ´ ²¨§¨·μ¢ ÉÓ ¤ ´´Ò¥ ¢ μ¡² ¸É¨ μÎ¥´Ó ³ ²ÒÌ Ô´¥·£¨° μÉ¤ Î¨,
£¤¥ ´¥Ê¶·Ê£¨¥ ¶·μÍ¥¸¸Ò ²¨¡μ ¸¨²Ó´μ ¶μ¤ ¢²¥´Ò, ²¨¡μ ¶·μ¸Éμ ´¥¢μ§³μ¦´Ò.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ £²Ê¡μ±ÊÕ ¡² £μ¤ ·´μ¸ÉÓ �.…Ë·¥³¥´±μ, �.Šμ´μ¢ ²μ-
¢Ê, ‚. �Ê¡ ±μ¢Ê, ‚.� Ê³μ¢Ê, …. Ÿ±ÊÏ¥¢Ê ¨ ‚.ŠÊ§Ó³¨´Ê §  ¢ ¦´Ò¥ § ³¥Î ´¨Ö
¨ ¶²μ¤μÉ¢μ·´Ò¥ μ¡¸Ê¦¤¥´¨Ö. ‚.�. 
¥¤´Ö±μ¢ ¶μ¸¢ÖÐ ¥É ÔÉÊ · ¡μÉÊ ¸¢¥É²μ°
¶ ³ÖÉ¨ �.‚. ƒ ¶μ´μ¢ , ÊÏ¥¤Ï¥£μ μÉ ´ ¸ ¢ 2009 £. (·μ¢´μ 10 ²¥É ´ § ¤ ± ±
¶¥·¢ Ö ¢¥·¸¨Ö μ¡§μ·  ¡Ò²  ¶μ¤£μÉμ¢²¥´ ).

�·¨²μ¦¥´¨Ö

���…„…‹…�ˆŸ, ‚›‚�„› ”��Œ“‹, ��Ÿ‘�…�ˆŸ

�.1. �μ ¶μ¢μ¤Ê ¸³¥´Ò ¶ · ¤¨£³Ò ±μ£¥·¥´É´μ¸É¨. �¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (3.20) ´  ¸μÌ· ´¥´¨¥ Ô´¥·£¨¨ ¨ ¸É·Ê±ÉÊ·´μ¸É¨ Ö¤· . �Éμ Ê· ¢´¥´¨¥,
¨³¥ÕÐ¥¥ ¢¨¤√

m2
N + p2 + 2pq + q2 −

√
m2

N + p2 =
q2

2mA
+ Δεmn,
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³μ¦´μ ·¥Ï¨ÉÓ  ´ ²¨É¨Î¥¸±¨, μ¡μ§´ Î¨¢ ¢·¥³¥´´μ

E ≡
√

m2 + p2 + 2pq + q2 −
√

m2 + p2, Éμ£¤ 

m2 + p2 + 2pq + q2 = (E +
√

m2 + p2)2 = E2 + 2E
√

m2 + p2 + m2 + p2,

μÉ±Ê¤ , ¸μ±· Ð Ö μ¤¨´ ±μ¢Ò¥ ¸² £ ¥³Ò¥ ¸¶· ¢  ¨ ¸²¥¢ , ¨³¥¥³

2pq + q2 = E2 + 2E
√

m2 + p2 ¨²¨ 2pq + d = 2E
√

m2 + p2,

£¤¥ ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥ d = (q2 − E2). „ ²¥¥, ¢μ§¢μ¤Ö ¢ ±¢ ¤· É 4E2(m2 +
p2) = (2pq + d)2 = 4p2q2 + 4dpq + d2 ¨ ¶·¥μ¡· §ÊÖ ¶μ²ÊÎ¨¢Ï¥¥¸Ö ¢Ò· ¦¥´¨¥
± 4p2(E2 − q2)−4dpq+4E2m2−d2 = 0, ¶·¨Ìμ¤¨³ ± ±¢ ¤· É´μ³Ê Ê· ¢´¥´¨Õ

4dp2+4dpq+d2−4E2m2 = 0 ¨²¨ p2+pq+b = 0, £¤¥ b =
d2 − 4E2m2

4d
.

�Éμ Ê· ¢´¥´¨¥ ¨³¥¥É ¤¢  ·¥Ï¥´¨Ö

p1,2 = − q

2

(
1 ±

[
q2 − 4b

q2

]1/2
)

.

„ ²¥¥ q2 − 4b = E2 + 4E2m2/(q2 −E2) = q2β(1 + (4m2/q2)(1/(1− β))), £¤¥
β = E2/q2 ≡ (1/q2)(q2/2mA + Δεmn)2.

‚ ¨Éμ£¥ μ¤´μ Ë¨§¨Î¥¸±μ¥ ·¥Ï¥´¨¥ ¨³¥¥É ¢¨¤

p = − q

2

(
1 −

√
β

√
1 +

4m2

q2

1
1 − β

)
.

Š ¢μ¶·μ¸Ê μ¡ Ê¶·Ê£μ³ ¨ ´¥Ê¶·Ê£μ³ ¢±² ¤ Ì ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥. � §²μ¦¥-
´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö ´  Ê¶·Ê£μ¥ ¨ ´¥Ê¶·Ê£μ¥ ¸² £ ¥³Ò¥ (¶μ³¨³μ Ëμ·³Ê-
²Ò (3.17)) ³μ¦´μ ¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ ¶μ-¨´μ³Ê. ‘É ·ÉÊÖ ¸ Ëμ·³Ê²Ò ¤²Ö ¶μ²-
´μ£μ ¸¥Î¥´¨Ö

(3.9) :
dσ

dΩ
∝ |A|2 = |A0|2

∑
k,j

〈n|e−iqX̂j eiqX̂k |n〉,

³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¤·Ê£μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ±¢ ¤· É   ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö
É¨¶  (3.12), ¥¸²¨ μ¶·¥¤¥²¨ÉÓ ËÊ´±Í¨Õ ¶ ·´ÒÌ ±μ··¥²ÖÍ¨° ¢ ¨´μ³ ¢¨¤¥:

Ĝ(q) ≡ A−1(A − 1)−1
∑
k �=j

〈n|e−iqX̂j eiqX̂k |n〉. (�.1)



190 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

�É  ËÊ´±Í¨Ö μ¶¨¸Ò¢ ¥É ¶ ·´Ò¥ ±μ··¥²ÖÍ¨¨ ¢ ¸²ÊÎ ¥ ± ± Ê¶·Ê£μ£μ, É ± ¨
´¥Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚Ò¤¥²¨¢ ¨§ Ëμ·³Ê²Ò (3.9) Ö¢´μ ¸² £ ¥³μ¥, μÉ¢¥-
Î ÕÐ¥¥ k = j, ¸· §Ê ¶μ²ÊÎ¨³

|A|2 = |A0|2
⎡⎣∑

k=j

〈n|e−iqX̂j eiqX̂j |n〉 +
∑
k �=j

〈n|e−iqX̂j eiqX̂k |n〉

⎤⎦ =

= |A0|2
[
A + A(A − 1)Ĝ(q)

]
. (�.2)

�É¸Õ¤  ¢¨¤´μ, ÎÉμ ¢ ¶·¥¤¥²¥ q → ∞ ËÊ´±Í¨Ö Ĝ(q) → 0 ¨ |A|2 = |A0|2A, ÎÉμ
´¥ § ¢¨¸¨É μÉ ¸É·Ê±ÉÊ·Ò Ö¤·  ¨  ¸¸μÍ¨¨·Ê¥É¸Ö ¸ ´¥Ê¶·Ê£¨³ (´¥±μ£¥·¥´É´Ò³)
¢±² ¤μ³. —¨¸Éμ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ¢ ¸¨²Ê μ¶·¥¤¥²¥´¨Ö Ëμ·³Ë ±Éμ·  Ö¤· 

|F (q)|2 = 〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉 ³μ¦¥É ¡ÒÉÓ ¶·¨¢¥¤¥´μ ± ¢¨¤Ê

|Ann|2 = |A0|2
∑
k,j

〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉 ≡ |A0|2A2|F (q)|2. (�.3)

”μ·³ ²Ó´μ ¶·¨¡ ¢²ÖÖ ¨ ¢ÒÎ¨É Ö ¨§ Ëμ·³Ê²Ò (�.2) ¢Ò· ¦¥´¨¥ (�.3), ¶μ²ÊÎ¨³
μ±μ´Î É¥²Ó´Ò°  ´ ²μ£ Ëμ·³Ê²Ò (3.12):

|A|2 = |A0|2{A2|F (q)|2︸ ︷︷ ︸
Ê¶·Ê£¨°

+ A2[Ĝ(q) − |F (q)|2] + A[1 − Ĝ(q)]︸ ︷︷ ︸
´¥Ê¶·Ê£¨°

}. (�.4)

�·¨³¥Î É¥²Ó´μ, ÎÉμ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ´¥Ê¶·Ê£¨° ¢±² ¤ ¢ ¸¥Î¥´¨¥ É ±¦¥ ¨³¥¥É
¸² £ ¥³μ¥, ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ ±¢ ¤· ÉÊ Î¨¸²  · ¸¸¥¨¢ É¥²¥° A2. �¤´ ±μ, ± ±
¶· ¢¨²μ, Ĝ(q) � |F (q)|2, ¨ Ëμ·³Ê²  ¶·¨´¨³ ¥É ®§´ ±μ³Ò°¯ ¢¨¤

|A|2 = |A0|2{A2|F (q)|2︸ ︷︷ ︸
Ê¶·Ê£¨°

+ A[1 − |F (q)|2]︸ ︷︷ ︸
´¥Ê¶·Ê£¨°

}.

”μ·³Ê²Ê (�.4) ¸ ÊÎ¥Éμ³ (�.1) ¢ ¢¨¤¥

Ĝ(q)A(A − 1) −
∑
k �=j

〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉︸ ︷︷ ︸
|Fn(q)|2

≡

≡
∑
k �=j

[〈n|e−iqX̂j eiqX̂k |n〉 − 〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉︸ ︷︷ ︸
cov ( e−iqX̂j , eiqX̂k )

]
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³μ¦´μ μ¡μ¸´μ¢ ÉÓ É ±¦¥ ¸²¥¤ÊÕÐ¨³ ¶·¥μ¡· §μ¢ ´¨¥³:

|A|2
|A0|2

=
(m=n)∑

k,j

〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉+

+
∑
k,j

∑
m �=n

〈n|e−iqX̂j |m〉〈m|eiqX̂k |n〉 =

=
∑
k,j

|Fn(q)|2 +
∑
k,j

[∑
m

〈n|e−iqX̂j |m〉〈m|eiqX̂k |n〉−

−
∑
m=n

〈n|e−iqX̂j |m〉〈m|eiqX̂k |n〉
]

=
∑
k,j

|Fn(q)|2+

+
∑
k,j

⎡⎢⎢⎣〈n|e−iqX̂j eiqX̂k |n〉 − 〈n|e−iqX̂j |n〉〈n|eiqX̂k |n〉︸ ︷︷ ︸
≡cov (e−iqX̂j ,eiqX̂k )

⎤⎥⎥⎦ =

= A2|Fn(q)|2 +
∑
k=j

cov (e−iqX̂j , eiqX̂j ) +
∑
k �=j

cov (e−iqX̂j , eiqX̂k) =

= A2|Fn(q)|2 +
∑
k=j

(1 − |Fn(q)|2) + A(A − 1)[Ĝ(q) − |Fn(q)|2].

‡ ³¥É¨³, ÎÉμ ¥¸²¨ ¢ ¢Ò· ¦¥´¨ÖÌ (3.2) ¨ (3.4) ¶μ²μ¦¨ÉÓ Ai
mn = Ai

nn ≡ Ai,
Éμ ¢ ¸¨²Ê ´¥§ ¢¨¸¨³μ¸É¨ ¢¥²¨Î¨´ fk

mn(q) μÉ ¨´¤¥±¸  ´Ê±²μ´  k (¸²¥¤¸É¢¨¥
¸¨³³¥É·¨¨ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° Ö¤· ) ³μ¦´μ ¢Ò¶μ²´¨ÉÓ ¸Ê³³¨·μ¢ ´¨Ö ¨ ¶μ-
²ÊÎ¨ÉÓ, ÎÉμ  ³¶²¨ÉÊ¤Ò Ê¶·Ê£μ£μ (3.4) ¨ ´¥Ê¶·Ê£μ£μ (3.2) νA-¢§ ¨³μ¤¥°¸É¢¨Ö
¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ § ¢¨¸¨³μ¸ÉÓ μÉ Î¨¸²  ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢:

Ann ≡ 〈n|A|n〉 =
A∑

k=1

Ak fk
nn(q) =

Ai∑
i=p,n

Ai
nn f i

nn(q) =

= ZAp fp
nn(q) + NAn fn

nn(q),

Amn ≡ 〈m|A|n〉 =
A∑

k=1

Ak fk
mn(q) =

Ai∑
i=p,n

Ai f i
mn(q) =

= ZAp fp
mn(q) + NAn fn

mn(q).

(�.5)

‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¨ ±¢ ¤·¨·μ¢ ´¨¨ ¶μ²´μ°  ³¶²¨ÉÊ¤Ò É¥·Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ
±μ´É·μ²Ö ¨´É¥·Ë¥·¥´Í¨¨ ¢±² ¤μ¢ μÉ · §²¨Î´ÒÌ · ¸¸¥¨¢ É¥²¥°. �·¨ ÔÉμ³ ± ±
Ê¶·Ê£μ¥, É ± ¨ ´¥Ê¶·Ê£μ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¶·μ¨¸Ìμ¤ÖÉ ´  μ¤´μ³ ´Ê-
±²μ´¥, ®¨§¡· ´´μ³¯ ¶·¥¤¸É ¢¨É¥²¥ Ö¤· .
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…¸²¨ ¸μ¢¸¥³ ¶·¥´¥¡·¥ÎÓ · §²¨Î¨¥³ ³¥¦¤Ê ¶·μÉμ´ ³¨ ¨ ´¥°É·μ´ ³¨
(É. ¥. fn

mn = fp
mn = fmn), Éμ ¨§ (�.5) ¸· §Ê ¨³¥¥³ μ¤¨´ ±μ¢ÊÕ A2-§ ¢¨¸¨³μ¸ÉÓ

¤²Ö ±¢ ¤· Éμ¢ ¶μ²´ÒÌ Ö¤¥·´ÒÌ  ³¶²¨ÉÊ¤ ± ± Ê¶·Ê£μ£μ, É ± ¨ ´¥Ê¶·Ê£μ£μ · ¸-
¸¥Ö´¨Ö:

|Ann|2 =
∣∣∣∣ Ai∑

i=

Ai f i
nn(q)

∣∣∣∣2 = A2|A0|2 f2
nn,

|Amn|2 =
∣∣∣∣ Ai∑

i

Ai f i
mn(q)

∣∣∣∣2 = A2|A0|2 f2
mn.

(�.6)

�Éμ ®¶·μÉ¨¢μ·¥Î¨¥¯ ¸´¨³ ¥É¸Ö É¥³, ÎÉμ Ê¶·Ê£¨° fnn(q) ¨ ´¥Ê¶·Ê£¨° fmn(q)
Ö¤¥·´Ò¥ Ëμ·³Ë ±Éμ·Ò ¤μ¸É ÉμÎ´μ ¸¨²Ó´μ · §²¨Î ÕÉ¸Ö. „¥°¸É¢¨É¥²Ó´μ, ¶·Ö-
³μ¥ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  〈Ψm|Â|Ψn〉 μ¤´μÎ ¸É¨Î´μ£μ μ¶¥· Éμ· 

Â ≡
A∑

k=1

ak(q,xk) =
A∑

k=1

ak eixkq (�.7)

¸ ¶μ³μÐÓÕ ¶μ²´μ¸ÉÓÕ ¸¨³³¥É·¨§μ¢ ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢ ¸²ÊÎ ¥ ¤¢ÊÌ
¨ É·¥Ì ´Ê±²μ´μ¢ ¶μ§¢μ²Ö¥É § ±²ÕÎ¨ÉÓ, ÎÉμ ¥¸²¨ Ö¤¥·´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨
Ψm ¨ Ψn ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¡· §μ³ ( ´É¨)¸¨³-
³¥É·¨§μ¢ ´´Ò³ ¶·μ¨§¢¥¤¥´¨¥³ A ÏÉÊ± μ¤´μ´Ê±²μ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°
(É¨¶  ¤¥É¥·³¨´ ´É  ‘²ÔÉ¥· ), Éμ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μÎ ¸É¨Î´μ£μ μ¶¥· -
Éμ·  (�.7) ¶·¨ ak(q,xk) = a(q,xk) ¸μμÉ´μ¸ÖÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈Ψm|Â|Ψn〉 = Afmn(q) = f1
mn(q),

£¤¥ fmn(q) ≡
∫

a(q,x) dx dy · · ·Ψ∗
m(x,y, . . .)Ψn(x,y, . . .),

〈Ψn|Â|Ψn〉 = Afnn(q) = Af1
nn(q),

£¤¥ fnn(q) ≡
∫

a(q,x) dx dy · · ·Ψ∗
n(x,y, . . .)Ψn(x,y, . . .).

(�.8)

‡¤¥¸Ó μ¤´μÎ ¸É¨Î´Ò¥ ¢¥·¸¨¨ ´¥Ê¶·Ê£μ£μ ¨ Ê¶·Ê£μ£μ Ëμ·³Ë ±Éμ·μ¢ ¨³¥ÕÉ ¢¨¤

f1
mn(q) =

∫
a(q,x) dxψ∗

m(x)ψn(x),

f1
nn(q) =

∫
a(q,x) dxψ∗

n(x)ψn(x).

ˆ´Ò³¨ ¸²μ¢ ³¨, ± ± ¨ μ¦¨¤ ¥É¸Ö, ¢ ¤ ´´μ° μ¡² ¸É¨ Ô´¥·£¨° ¸μ£² ¸´μ (�.8)
Ê¶·Ê£¨° ³ É·¨Î´Ò° Ô²¥³¥´É ¶·¨³¥·´μ ¢ A · § ¡μ²ÓÏ¥ ´¥Ê¶·Ê£μ£μ.

�.2. �μ¸É·μ¥´¨¥ n-Î ¸É¨Î´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ Ö¤·  ¨§ μ¤´μÎ ¸É¨Î-
´ÒÌ ¸μ¸ÉμÖ´¨°. �¤´μÎ ¸É¨Î´Ò¥ Ë¥·³¨μ´´Ò¥ ±¢ ´Éμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö. �¥±μ-
Éμ·μ¥ Ë¥·³¨μ´´μ¥ (¸¶¨´ · ¢¥´ 1/2) ¸μ¸ÉμÖ´¨¥ ¸ ³ ¸¸μ° m, μ¶·¥¤¥²¥´´μ¥
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§´ Î¥´¨¥³ 3-¨³¶Ê²Ó¸  p, Ô´¥·£¨¥° Ep =
√

p2 + m2 ¨ ¶·μ¥±Í¨¥° ¸¶¨´  ´ 
´¥±μÉμ·μ¥ ´ ¶· ¢²¥´¨¥ s, ´ Ìμ¤¨É¸Ö Î¥·¥§ μ¶¥· Éμ· ·μ¦¤¥´¨Ö a+

s (p) ¸μ£² ¸´μ
Ëμ·³Ê²¥ [38]

|p, s〉 =
√

2Epa+
s (p)|0〉, (�.9)

¶·¨ ÔÉμ³ ¨³¥¥É ³¥¸Éμ ¢ ±ÊÊ³´ Ö 〈0|0〉 = 1 ¨ ²μ·¥´Í-¨´¢ ·¨ ´É´ Ö ∗ ´μ·³¨-
·μ¢±¨ [38]:

〈k, s|p, r〉 = (2π)32Epδ3(p − k)δrs. (�.10)

”¥·³¨μ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ μ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³ x ³μ¦¥É ¡ÒÉÓ § ¤ ´μ ¢Ò-
· ¦¥´¨¥³

〈x| = 〈0|ψ̂(x), (�.11)

£¤¥ ψ̂(x) Å ¶μ²¥¢μ° μ¶¥· Éμ· ¸¢μ¡μ¤´μ° Î ¸É¨ÍÒ ¢ ¶·¥¤¸É ¢²¥´¨¨ ˜·¥¤¨´-
£¥·  (´¥É § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨), μ¶·¥¤¥²¥´´Ò°, ´ ¶·¨³¥·, ¢ ¸É ´¤ ·É´μ³
¢¨¤¥ [38] Î¥·¥§ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö, a+

r (p), b+
s (p), ¨ Ê´¨ÎÉμ¦¥´¨Ö, as(p),

br(p), ± ±

ψ̂(x) =
1

(2π)3/2

∫
dp√
2Ep

∑
s=1,2

(e−ipx as(p)u(p, s) + eipx b+
s (p) v(p, s)),

(�.12)

ψ̂(x) =
1

(2π)3/2

∫
dp√
2Ep

∑
r=1,2

(e−ipx br(p) v(p, r) + eipx a+
r (p)u(p, r)).

‘¶¨´μ·´Ò¥ ËÊ´±Í¨¨ u(p, s) ¨ v(p, s) Ö¢²ÖÕÉ¸Ö ·¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨Ö „¨· ± 

(γμpμ − m)u(p, s) = 0, (γμpμ + m) v(p, s) = 0, (�.13)

¸ ÊÎ¥Éμ³ μ¶·¥¤¥²¥´¨Ö ū ≡ [u∗]T γ0 = u†γ0 μ´¨ ´μ·³¨·μ¢ ´Ò ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

ū(p, s)u(p, s′) = 2δss′m,

v̄(p, s) v(p, s′) = −2δss′m,

ū(p, s) v(p, s′) = 0.

�¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (�.13) ¸ ¶μ³μÐÓÕ ³ É·¨Í � Ê²¨ σ = (σ1, σ2, σ3) ¨³¥ÕÉ
Ö¢´Ò° ¢¨¤

u(p, s) =
√

E + m

(
χs

σp
E + m

χs

)
=

(
λ+χs

λ−
σp
|p| χs

)
,

v(p, s) =
√

E + m

( σp
E + m

χ̄s

χ̄s

)
=

(
λ−

σp
|p| χ̄s

λ+χ̄s

)
,

(�.14)

∗�μ¸±μ²Ó±Ê Epδ3(p − k) = Ep�δ3(p� − k�).



194 
…„�ŸŠ�‚ ‚. �., ��“Œ�‚ „.‚.

£¤¥ λ± =
√

E ± m. 
¨c¶¨´μ·Ò χs (¨/¨²¨ χ̄s) ³μ¦´μ ¢Ò¡· ÉÓ ¢ ¢¨¤¥ ¤¢ÊÌ
μ·Éμ£μ´ ²Ó´ÒÌ ¡ §¨¸´ÒÌ ¢¥±Éμ·μ¢

χ↑ ≡ χ1 ≡ χ+1 =
(

1
0

)
¨ χ↓ ≡ χ2 ≡ χ−1 =

(
0
1

)
, (�.15)

Ö¢²ÖÕÐ¨Ì¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ ³ É·¨ÍÒ � Ê²¨ σ3 =
(

1 0
0 −1

)
¸ ¸μ¡-

¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ +1 ¨ −1 ¨ μ·¨¥´É¨·μ¢ ´´Ò³¨ ¸μμÉ¢¥É¸É¢¥´´μ ¢¤μ²Ó
¨ ¶·μÉ¨¢ 3-° (z-μ¸¨).

‘μ¸ÉμÖ´¨¥ (�.11) Ö¢²Ö¥É¸Ö ¤¨· ±μ¢¸±¨³ ¸¶¨´μ·μ³ ¨ ´μ·³¨·μ¢ ´μ ¸μ-
£² ¸´μ Ê¸²μ¢¨Õ

〈y|x〉 = δ3(x − y)Î4×4,

£¤¥ ¢Ò· ¦¥´¨¥ Î4×4 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¥¤¨´¨Î´ÊÕ 4×4-³ É·¨ÍÊ ¢ ¸¶¨´μ¢μ³
¶·μ¸É· ´¸É¢¥.

…¤¨´¨Î´Ò¥ μ¶¥· Éμ·Ò (μ¶¥· Éμ·Ò ®1¯) ¢ μ¤´μÎ ¸É¨Î´μ³ ¡ §¨¸¥ ³μ¦´μ
§ ¤ ÉÓ ¢ ¢¨¤¥

Îp,1 =
∫

dp
(2π)3

|p, s〉〈p, s|
2Ep

,

Îx,1 =
∫

dx|x〉〈x|.
(�.16)

‘± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¸μ¸ÉμÖ´¨°, μ¶·¥¤¥²¥´´ÒÌ ¸μμÉ´μÏ¥´¨Ö³¨ (�.9)
¨ (�.11),

〈x|p, s〉 = u(p, s) eipx, (�.17)

¶μ§¢μ²Ö¥É ¢Ò· §¨ÉÓ ¨Ì ¤·Ê£ Î¥·¥§ ¤·Ê£ :

〈p, s| =
∫

dxu†(p, s) e−ipx〈x|,

〈x| =
∫

dp
(2π)3

u(p, s) eipx

2Ep
〈p, s|.

(�.18)

Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¶·¨¢¥¤¥´´μ¥ ¢ (�.18) ¢Ò· ¦¥´¨¥ ¤²Ö 〈x|, § ¤ ´´μ¥
Ëμ·³Ê²μ° (�.11), μÉ²¨Î ¥É¸Ö (´μ·³¨·μ¢μÎ´Ò³ ³´μ¦¨É¥²¥³) μÉ ´¥·¥²ÖÉ¨¢¨¸É-
¸±μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¡¥¸¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö

〈x| =
∫

dp
(2π)3

eixp√
2Ep

〈p|, (�.19)

£¤¥ 〈p| § ¤ ¥É¸Ö  ´ ²μ£¨Î´μ Ëμ·³Ê²¥ (�.9), μ¤´ ±μ ¤²Ö ¡¥¸¸¶¨´μ¢μ° Î ¸É¨ÍÒ.
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�¤´μÎ ¸É¨Î´μ¥ ¸μ¸ÉμÖ´¨¥ |ψ〉 ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ |p, s〉 ¨ |x〉 ¸μ¸ÉμÖ-
´¨Ö, ¨¸¶μ²Ó§ÊÖ Ê¸²μ¢¨¥ ¶μ²´μÉÒ ¢ ¢¨¤¥ ¥¤¨´¨Î´ÒÌ μ¶¥· Éμ·μ¢ (�.16):

|ψ〉 ≡ Îp,1|ψ〉 =
∫

dp
(2π)3

|p, s〉〈p, s|ψ〉
2Ep

=
∫

dp
(2π)3

|p, s〉 ψ̃(p, s)√
2Ep

,

|ψ〉 ≡ Îx,1|ψ〉 =
∫

dx|x〉〈x|ψ〉 ≡
∫

dx|x〉ψ(x).

(�.20)

‡¤¥¸Ó ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö ψ̃(p, s) = 〈p, s|ψ〉/
√

2Ep ¨ ψ(x) = 〈x|ψ〉.
ˆ§ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ ¸μ¸ÉμÖ´¨° (�.20) ¢ ¢¨¤¥ 〈ψ|ψ〉 = 1 ¤²Ö ¢μ²´μ¢ÒÌ

ËÊ´±Í¨° ψ̃(p, s) ¨ ψ(x) ¶μ²ÊÎ ÕÉ¸Ö ¸¢μ¨ Ê¸²μ¢¨Ö ´μ·³¨·μ¢ ´¨Ö:

〈ψ|ψ〉 =
∫

dp
(2π)3

〈ψ|p, s〉〈p, s|ψ〉
2Ep

=
∫

dp
(2π)3

|ψ̃(p, s)|2 = 1,

〈ψ|ψ〉 =
∫

dx〈ψ|x〉〈x|ψ〉 =
∫

dx|ψ(x)|2 = 1.

ˆ²¨ ∫
dp

(2π)3
|ψ̃(p, s)|2 =

∫
dx|ψ(x)|2 = 1. (�.21)

‘± ²Ö·´ Ö ËÊ´±Í¨Ö ψ̃(p, s) ¨ ¸¶¨´μ· „¨· ±  ψ(x) ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³
ËÊ·Ó¥-¶·¥μ¡· §μ¢ ´¨¥³ ∗

ψ(x) =
∫

dp
(2π)3

ψ̃(p, s)√
2Ep

u(p, s) eipx,

ψ̃(p, s) =
u†(p, s)√

2Ep

∫
dxψ(x) e−ipx.

(�.22)

∗„²Ö ¶·μ¢¥·±¨ ¶· ¢¨²Ó´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨Ö ³μ¦´μ ¶μ¤¸É ¢¨ÉÓ ¢¥·Ì´¥¥ ¢Ò· ¦¥´¨¥ (�.22)

¢ ´¨¦´¥¥, ÊÎ¥¸ÉÓ ´μ·³¨·μ¢±Ê ¸¶¨´μ·μ¢ u†(p, s)u(p, s) = 2Ep, ÎÉμ
∫
(dx ei(p′−p)x)/(2π)3 =

δ3(p′ − p), ¨ ¶μ²ÊÎ¨ÉÓ Éμ¦¤¥¸É¢μ

ψ̃(p, s) =

∫
dx

u†(p, s) e−ipx√
2Ep

∫
dp′

(2π)3
u(p′, s)

eip′x√
2Ep′

ψ̃(p′, s) =

=

∫
dp′
∫

dx ei(p′−p)x

(2π)3
u†(p, s)u(p′, s)√

2Ep
√

2Ep′
ψ̃(p′, s) =

u†(p, s)u(p, s)

2Ep
ψ̃(p, s) = ψ̃(p, s).
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μ²¥¥ ¶μ¤·μ¡´μ ÔÉ¨ Ëμ·³Ê²Ò ³μ¦´μ ¶μÖ¸´¨ÉÓ ± ±

ψ(x) ≡ 〈x|ψ〉 =
∫

dp
(2π)3

u(p, s)
eipx√
2Ep

〈p, s|ψ〉√
2Ep

=

=
∫

dp
(2π)3

u(p, s)
eipx√
2Ep

ψ̃(p, s),

ψ̃(p, s) ≡ 〈p, s|ψ〉√
2Ep

=
∫

dx
u†(p, s) e−ipx√

2Ep

〈x|
∫

dy|y〉ψ(y) =

=
∫

dx dy
u†(p, s) e−ipx√

2Ep

〈x|y〉ψ(y) =
∫

dx
u†(p, s) e−ipx√

2Ep

ψ(x).

„¥°¸É¢¨¥ μ¶¥· Éμ·  É· ´¸²ÖÍ¨¨. ‚ ¤ ´´μ³ · ¸¸³μÉ·¥´¨¨ ¢ ¦´ÊÕ ·μ²Ó
¨£· ¥É ¢Ò· ¦¥´¨¥ ¤²Ö ¤¥°¸É¢¨Ö μ¶¥· Éμ·  ¸¤¢¨£  ´  μ¤´μÎ ¸É¨Î´μ¥ ¸μ¸ÉμÖ´¨¥
¢ p-¶·¥¤¸É ¢²¥´¨¨

eiqX̂|p〉 =

√
2Ep√

2Ep+q

|p + q〉. (�.23)

‚ ± Î¥¸É¢¥ ¶μÖ¸´¥´¨Ö ¥£μ ¸³Ò¸²  § ³¥É¨³, ÎÉμ μ¶¥· Éμ· ¶·μ¸É· ´¸É¢¥´´μ£μ
¸¤¢¨£  (É· ´¸²ÖÍ¨¨), μ¶·¥¤¥²Ö¥³Ò° Ê¸²μ¢¨¥³ T̂a|x〉 = |x − a〉, ¤ ¥É¸Ö ¢Ò-

· ¦¥´¨¥³ T̂a = e−iaP̂, £¤¥ P̂ = −i(∂/∂x) Å μ¶¥· Éμ· ¨³¶Ê²Ó¸ . �´ -
²μ£¨Î´μ μ¶¥· Éμ· ¸¤¢¨£  ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´¸É¢¥, μ¶·¥¤¥²Ö¥³Ò° Ê¸²μ-

¢¨¥³ T̂q|p〉 = |p + q〉, ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ T̂q = e+iqX̂. ‡¤¥¸Ó μ¶¥· Éμ·

X̂ = −i(∂/∂p) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¶¥· Éμ· (3-³¥·´μ°) ±μμ·¤¨´ ÉÒ. …£μ
¤¥°¸É¢¨¥ ´  ¸μ¸ÉμÖ´¨¥ |x〉 ¸ Ë¨±¸¨·μ¢ ´´Ò³ §´ Î¥´¨¥³ ±μμ·¤¨´ ÉÒ ¸¢μ¤¨É¸Ö
± Ê³´μ¦¥´¨Õ ÔÉμ£μ ¸μ¸ÉμÖ´¨Ö ´  ¢¥²¨Î¨´Ê ÔÉμ° ±μμ·¤¨´ ÉÒ: X̂|x〉 = x|x〉.
�μÔÉμ³Ê μ¶¥· Éμ· eiqX̂ ¶¥·¥¢μ¤¨É ¸μ¸ÉμÖ´¨¥ ¸ ¨³¶Ê²Ó¸μ³ p ¢ ¸μ¸ÉμÖ´¨¥ ¸ ¨³-

¶Ê²Ó¸μ³ p+q, É. ¥. ¨³¥¥É ³¥¸Éμ eiqX̂|p〉 = C|p+q〉, ¨ μ¸É ¥É¸Ö ¶μ± § ÉÓ, ÎÉμ

´μ·³¨·μ¢μÎ´ Ö ±μ´¸É ´É  C =
√

2Ep/
√

2Ep+q.
�Éμ, ´ ¶·¨³¥·, ³μ¦´μ Ê¢¨¤¥ÉÓ ¨§ ´μ·³¨·μ¢μÎ´ÒÌ Ê¸²μ¢¨°: 〈p|p′〉 =

(2π)32Epδ(p−p′) ¨ 〈p+q|p+q〉 = (2π)32Ep+q, É. ¥.
〈p + q|p + q〉

2Ep+q
=

〈p|p〉
2Ep

,

μÉ±Ê¤ 
(√

2Ep/
√

2Ep+q

)
|p + q〉 = eiqX̂|p〉.

„·Ê£μ° ¢ ·¨ ´É μ¡μ¸´μ¢ ´¨Ö ¢Ò· ¦¥´¨Ö (�.23) ³μ¦¥É ¡ÒÉÓ μ¸´μ¢ ´ ´ 
´ ¡²Õ¤¥´¨¨, ÎÉμ ¥¸²¨ q ´¥ § ¢¨¸¨É μÉ p, Éμ dp = d(p + q) ¨, ¶μ¸±μ²Ó±Ê
¤¥°¸É¢¨¥ μ¶¥· Éμ·  ±μμ·¤¨´ ÉÒ ´  ËÊ´±Í¨Õ eixp ¨³¥¥É ¢¨¤ X̂ eixp = −i(d/

dp) eixp = x eixp, Éμ ¤¥°¸É¢¨¥ μ¶¥· Éμ·  ¸¤¢¨£  eiqX̂ ´  ÔÉÊ ËÊ´±Í¨Õ ¤ ¸É
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eiqX̂ eixp = eix(q+p). „ ²¥¥, § ³¥´ÖÖ ¶¥·¥³¥´´ÊÕ ¨´É¥£·¨·μ¢ ´¨Ö ¢ Ëμ·³Ê²¥
¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ ¸μ¸ÉμÖ´¨Ö (�.19), ¨³¥¥³∫

dp eixp

(2π)3
〈p|√
2Ep

=
∫

d(p + q) eix(p+q)

(2π)3
〈p + q|√
2Ep+q

=

=
∫

dp eixp

(2π)3
〈p + q| eiqX̂√

2Ep+q

.

‘μ¢¶ ¤¥´¨¥ ¶μ¤Ò´É¥£· ²Ó´ÒÌ ËÊ´±Í¨° μ¡μ¸´μ¢Ò¢ ¥É ¢Ò· ¦¥´¨¥ (�.23).
‘μ¸ÉμÖ´¨Ö, ¸μ¤¥·¦ Ð¨¥ n Î ¸É¨Í. …¤¨´¨Î´Ò¥ μ¶¥· Éμ·Ò, μ¶·¥¤¥²¥´-

´Ò¥ Ëμ·³Ê² ³¨ (�.16), μ¡μ¡Ð ÕÉ¸Ö ´  ¸²ÊÎ ° n-Î ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¢¨¤¥

Îp,n =
∫ (

n∏
i=1

dpi

(2π)32Epi

)
|{p}〉〈{p}|

n!
,

Îx,n =
∫ (

n∏
i=1

dxi

)
|{x}〉〈{x}|

n!
.

(�.24)

‡¤¥¸Ó ¨ ¤ ²¥¥ ¸¨³¢μ²Ò {p} ¨ {x} ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ±μ³¶ ±É´μ° § ¶¨¸¨ ¢Ò-
· ¦¥´¨° {p} ≡ (p1, . . . , pn) ¨ {x} ≡ (x1, . . . , xn). ’ ± ´ §Ò¢ ¥³Ò° ³´μ£μÎ -
¸É¨Î´Ò° ¡· -¢¥±Éμ· 〈{x}| ¨³¥¥É ¢¨¤

〈{x}| = 〈0|ψm1(x1), . . . , ψmn(xn), (�.25)

£¤¥ xi = (xi, mi), ¨ mi ´Ê³¥·ÊÕÉ ¸¶¨´μ·´Ò¥ ¸É·μ±¨ ¶μ²¥° ψ(xi). �μ  ´ ²μ-
£¨¨ ¸ ¢Ò· ¦¥´¨¥³ (�.20) ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ ¨³¶Ê²Ó¸´μ³ ¨ ±μμ·¤¨´ É´μ³
¶·¥¤¸É ¢²¥´¨ÖÌ ¤²Ö ¸μ¸ÉμÖ´¨Ö ¨§ n Î ¸É¨Í |ψ〉 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸ ¶μ³μÐÓÕ
¥¤¨´¨Î´ÒÌ μ¶¥· Éμ·μ¢ (�.24)

|ψ〉 ≡ Îp,n|ψ〉 =
∫ (

n∏
i=1

dp̃i

)
ψ̃({p})√

n!
|{p}〉,

|ψ〉 ≡ Îx,n|ψ〉 =
∫ (

n∏
i=1

dxi

)
ψ({x})√

n!
|{x}〉,

(�.26)

£¤¥ ψ̃({p}) =
〈{p}|ψ〉√

n!
∏
i

√
2Epi

=
〈{p}|ψ〉√

n!

(
n∏
i

1√
2Epi

)
,

ψ({x}) =
1√
n!
〈{x}|ψ〉

(�.27)
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¨ ¤²Ö Ê¤μ¡¸É¢  ¢¢¥¤¥´μ μ¡μ§´ Î¥´¨¥

dp̃i ≡
dpi

(2π)3
√

2Epi

.

Œ´μ£μÎ ¸É¨Î´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ψ̃({p}) ¨ ψ({x})  ´É¨¸¨³³¥É·¨Î´Ò
¶·¨ ¶¥·¥¸É ´μ¢±¥ ¢¸¥Ì n Î ¸É¨Í, μ´¨ É ±¦¥ Ö¢²ÖÕÉ¸Ö ËÊ·Ó¥-μ¡· § ³¨ ¤·Ê£
¤·Ê£  ∗:

ψ({x}) =
∫ (

n∏
i=1

dp̃i umi(pi, si) eipixi

)
ψ̃({p}),

ψ̃({p}) =
∫ (

n∏
i=1

dxi

u†
mi

(pi, si)√
2Epi

e−ipixi

)
ψ({x}).

(�.28)

�·¨ ¶μ²ÊÎ¥´¨¨ ¢Ò· ¦¥´¨° (�.28) ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ Ê¸²μ¢¨Ö ´μ·³¨-
·μ¢±¨:

〈{x}|{p}〉 = n!
n∏
j

umj(pj , sj) eipjxj ,

〈{p}|{x}〉 = 〈{x}|{p}〉† = n!
n∏
j

u†
mj

(pj , sj) e−ipjxj .

(�.29)

‘ ¨Ì ÊÎ¥Éμ³ ¨§ μ¶·¥¤¥²¥´¨° (�.27) ¸²¥¤Ê¥É

ψ({x}) =
〈{x}|Îp,n|ψ〉√

n!
=

1
n!

∫ n∏
i

dp̃i ψ̃n({p})〈{x}|{p}〉 =

=
∫ n∏

i

dp̃i umi(pi, si) eipixiψ̃({p}),

(�.30)

ψ̃({p}) =
〈{p}Îx,n|ψ〉√

n!

n∏
i

1√
2Epi

=
∫ n∏

i

dxi√
2Epi

ψ({x})
n!

〈{p}|{x}〉 =

=
∫ n∏

i

dxi

u†
mi

(pi, si)√
2Epi

e−ipixiψ({x}).

∗�Éμ ¶·μ¢¥·Ö¥É¸Ö ¶·Ö³μ° ¶μ¤¸É ´μ¢±μ° ψ({x}) ¢ ψ̃({p}) ¨ ¶·¨³¥´¥´¨¥³ Ê¸²μ¢¨Ö ´μ·³¨-
·μ¢±¨ ¸¶¨´μ·μ¢.
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ˆ§ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ ³´μ£μÎ ¸É¨Î´ÒÌ ËÊ´±Í¨° 〈ψ|ψ〉 = 1 ¤²Ö ¢μ²´μ-

¢ÒÌ ËÊ´±Í¨° ψ̃({p}) ¨ ψ({x}) ¸²¥¤ÊÕÉ ´μ·³¨·μ¢μÎ´Ò¥ Ê¸²μ¢¨Ö ¢ ¢¨¤¥∫ (
n∏

i=1

dpi

(2π)3

)
|ψ̃({p})|2 =

∫ (
n∏

i=1

dxi

)
|ψ({x})|2 = 1. (�.31)

„¥°¸É¢¨É¥²Ó´μ, ÔÉμ ³μ¦´μ ¶μ± § ÉÓ, ¨¸¶μ²Ó§ÊÖ μ¶·¥¤¥²¥´¨¥ ¢μ²´μ¢ÒÌ ËÊ´±-
Í¨° |ψ〉 ¸μ£² ¸´μ (�.26). „²Ö ¨Ì ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¢ p-¶·¥¤¸É ¢²¥´¨¨
¨³¥¥É¸Ö

〈ψ|ψ〉 =
∫ (

n∏
i

dp̃i

)
ψ̃({p})√

n!
〈ψ|{p}〉 ≡

≡
∫ (

n∏
i

dpi

(2π)3
√

2Epi

)
ψ̃({p})√

n!
〈ψ|{p}〉.

‘ ÊÎ¥Éμ³ Ô·³¨Éμ¢μ-¸μ¶·Ö¦¥´´μ£μ ± (�.27) ¢Ò· ¦¥´¨Ö

[ψ̃({p})]†
√

n!

(
n∏
i

√
2Epi

)
= 〈{p}|ψ〉† = 〈ψ|{p}〉

¤²Ö 〈ψ|ψ〉 ¨§ ¶·¥¤Ò¤ÊÐ¥° Ëμ·³Ê²Ò ¸²¥¤Ê¥É

∫ (
n∏
i

dpi

(2π)3
√

2Epi

)
ψ̃({p})√

n!
[ψ̃({p})]†

√
n!

(
n∏
i

√
2Epi

)
=

=
∫ (

n∏
i

dpi

(2π)3

)
|ψ̃({p})|2 = 1.

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¶·¥¤¥²¥´¨Ö ËÊ´±Í¨° |ψ〉 (�.26) ¤²Ö ¸± ²Ö·´μ£μ ¶·μ¨§¢¥-
¤¥´¨Ö ¢ x-¶·¥¤¸É ¢²¥´¨¨ ¸ ÊÎ¥Éμ³ Ô·³¨Éμ¢μ£μ ¸μ¶·Ö¦¥´¨Ö ± (�.27) ¢ ¢¨¤¥
〈ψ|{x}〉 = 〈{x}|ψ〉† = ψ({x})†

√
n! ¶μ²ÊÎ ¥É¸Ö

〈ψ|ψ〉 =
∫ (

n∏
i=1

dxi

)
ψ({x})√

n!
〈ψ|{x}〉 =

∫ (
n∏
i

dxi

)
|ψ({x})|2 = 1. (�.32)

„²Ö ¶μ²´μÉÒ ± ·É¨´Ò ¶μ± ¦¥³, ÎÉμ ³´μ£μÎ ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö ´μ·³¨·μ¢ ´Ò
¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈{p}|{p′}〉 = n!
n∏
i

(2π)32Epiδ
3(pi − p′

i) δri,r′
i
. (�.33)
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„¥°¸É¢¨É¥²Ó´μ, ¸μ¸ÉμÖ´¨¥

|{p′}〉 ≡ Îp,n|{p′}〉 =
∫ (

n∏
i

dpi

(2π)32Epi

)
|{p}〉
n!

〈{p}|{p′}〉

¤μ²¦´μ ¡ÒÉÓ Ô±¢¨¢ ²¥´É´μ (Éμ¦¤¥¸É¢¥´´μ · ¢´μ) ¸μ¸ÉμÖ´¨Õ |{p′}〉. �μÔÉμ³Ê
¶·μ¨§¢¥¤¥´¨¥ |{p}〉〈{p}|{p′}〉 Éμ¦¥ ¤μ²¦´μ ¡ÒÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´μ |{p′}〉, μ¤-
´ ±μ É ±μ¥ ¢μ§³μ¦´μ, Éμ²Ó±μ ¥¸²¨ 〈{p}|{p′}〉 = Cδ({p} − {p′}). �μÔÉμ³Ê

Îp,n|{p′}〉 =
∫ (

n∏
i

dpi

(2π)32Epi

)
|{p}〉
n!

Cδ({p} − {p′}) =

= |{p′}〉
(

n∏
i

1
(2π)32Ep′

i

)
C

n!

¸μ¢¶ ¤ ¥É ¸ |{p′}〉 ¶·¨ C = n!
(

n∏
i

(2π)32Ep′
i

)
. �É±Ê¤  ¸²¥¤Ê¥É ¢Ò· ¦¥-

´¨¥ (�.33).
‚μ²´μ¢ Ö ËÊ´±Í¨Ö Ö¤·  ± ± ¸¢Ö§ ´´μ° ¸μ¸É ¢´μ° ¸¨¸É¥³Ò. �  μ¸´μ¢¥

Ëμ·³ ²Ó´ÒÌ ¸μμÉ´μÏ¥´¨° ¶·¥¤Ò¤ÊÐ¥£μ · §¤¥²  ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ |Pn〉, ±μ-
Éμ· Ö ¶μ²´μ¸ÉÓÕ μ¶¨¸Ò¢ ¥É Ö¤·μ A, ´ Ìμ¤ÖÐ¥¥¸Ö ¢ n-³ ±¢ ´Éμ¢μ³ ¸μ¸ÉμÖ´¨¨
¸ 4-¨³¶Ê²Ó¸μ³ Pn (¸³. ·¨¸. 2,  ), ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö
¸μ¸ÉμÖ´¨° A ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢ |{p}〉, ¢§¢¥Ï¥´´μ£μ ¸ ¢μ²´μ¢μ° ËÊ´±Í¨¥°
¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö, ±μÉμ·ÊÕ μ¡μ§´ Î¨³ ¶μ±  ± ± ψ̃′

n({p}). ‚ (¨³¶Ê²Ó¸´μ³)
p-¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥³

|Pn〉 =
∫ (

A∏
i=1

dp̃i

)
ψ̃′

n({p})√
A!

|{p}〉. (�.34)

‚μ²´μ¢ Ö ËÊ´±Í¨Ö ψ̃′
n({p}) ¶·¨§¢ ´  μ¶¨¸Ò¢ ÉÓ ¢¸Õ ¸¶¥Í¨Ë¨±Ê ¢´ÊÉ·¥´´¥°

¸É·Ê±ÉÊ·Ò Ö¤·  ¨ ¥£μ ¤¢¨¦¥´¨Ö ± ± Í¥²μ¥ c ¶·μ¥±Í¨¥° ¸¶¨´  s ¨ ¶μ²´Ò³
3-¨³¶Ê²Ó¸μ³

p =
A∑

i=1

pi. (�.35)

�μ¸±μ²Ó±Ê ¢´ÊÉ·¥´´¥¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ¨§ A ´Ê±²μ´μ¢ ´¥ ³μ¦¥É
§ ¢¨¸¥ÉÓ μÉ ¤¢¨¦¥´¨Ö ¨Ì μ¡Ð¥£μ Í¥´É·  ³ ¸¸, Éμ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ψ̃′

n({p})
³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ ψ̃n({p�}),
μ¶¨¸Ò¢ ÕÐ¥° ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê Ö¤·  ¢ ¥£μ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ ¥° ¨³¶Ê²Ó¸Ò μÉ³¥Î¥´Ò ¢¥·Ì´¨³ ¨´¤¥±¸μ³ �), ¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 201

Φn(p), μ¶¨¸Ò¢ ÕÐ¥° ¤¢¨¦¥´¨¥ Ö¤·  ± ± Í¥²μ£μ, ¸ ¨³¶Ê²Ó¸μ³ p ¨§ (�.35) ¨
¶·μ¥±Í¨¥° ¸¶¨´  Ö¤·  s:

ψ̃′
n({p}) = ψ̃n({p�})Φn(p). (�.36)

‡¤¥¸Ó μ¡¥ £²μ¡ ²Ó´Ò¥ ¶¥·¥³¥´´Ò¥ p ¨ s ®¸¶·ÖÉ ´Ò¯ ¢  ·£Ê³¥´É¥ p = (p, s)
ËÊ´±Í¨¨ Φn(p). �μ´ÖÉ´μ, ÎÉμ Ë ±Éμ·¨§ Í¨Ö (�.36) ¨³¥¥É ¸³Ò¸² Éμ²Ó±μ ¤²Ö
Ö¤¥· ¸ A > 1. ‚ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  (¥¸²¨ μ´  ´¥ ¸μ¢¶ ¤ ¥É
¸ ¸¨¸É¥³μ° ¶μ±μÖ Ö¤· , É. ¥. p 
= 0) 3-¨³¶Ê²Ó¸ i-£μ ´Ê±²μ´  pi μ¶·¥¤¥²Ö¥É¸Ö
¸μμÉ´μÏ¥´¨¥³

pi = p�
i + p/A, (�.37)

£¤¥ p Å ¶μ²´Ò° ¨³¶Ê²Ó¸ Ö¤·  Å § ¤ ´ Ëμ·³Ê²μ° (�.35),   3-¨³¶Ê²Ó¸ i-£μ
´Ê±²μ´  ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (¶μ±μÖ) Ö¤·  μ¡μ§´ Î¥´ ± ± p�

i .
‘ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨Ö (�.36) Ëμ±μ¢¸±μ¥ ¸μ¸ÉμÖ´¨¥ (�.34) ³μ¦´μ ¶¥·¥¶¨-

¸ ÉÓ ± ± ∗

|Pn〉 =
∫ (

A∏
i

dp̃i

)
ψ̃′

n({p})√
A!

|{p}〉 =

=
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
Φn(p)|{p�}〉. (�.38)

‚μ²´μ¢ÊÕ ËÊ´±Í¨Õ Φn(p) ¡Ê¤¥³ ¶·¥¤¸É ¢²ÖÉÓ ¢ ¢¨¤¥

Φn(p) = (2π)3
√

2P 0
nδ3(p− P) δsS , (�.39)

±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É Ö¤·Ê ¸ ¶μ²´Ò³ ¸¶¨´μ³ S, μ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨¥³
3-¨³¶Ê²Ó¸  P ¨ Ô´¥·£¨¥° P 0

n = Ep + εn, ÊÎ¨ÉÒ¢ ÕÐ¥° Ô´¥·£¨Õ ¢μ§¡Ê¦¤¥´¨Ö
Ö¤·  εn.

‚Ò¡¥·¥³ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° |Pn〉 ¨§ (�.38) ¢ Éμ³ ¦¥
¢¨¤¥, ± ± ÔÉμ ¨³¥¥É ³¥¸Éμ ¤²Ö μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° |p, s〉 ¢ (�.10), É. ¥.

〈P ′
m|Pn〉 = (2π)32P 0

nδ3(P − P′) δnm. (�.40)

∗”μ·³ ²Ó´μ (�.38) ¢Ò£²Ö¤¨É, ± ± ¡Ê¤Éμ dp̃i ≡ dpi/
(
(2π)3

√
2Epi

)
= dp̃�

i ≡
dp�

i /
(
(2π)3

√
2Ep�

i

)
. �¤´ ±μ ¥¸²¨ p = P �= 0 ¨ Ë¨±¸¨·μ¢ ´μ, Éμ ¨§ (�.37) ¸²¥¤Ê¥É dpi = dp�

i .

ˆ Éμ£¤  dp̃i �= dp̃�
i ¶μ¸±μ²Ó±Ê Epi �= Ep�

i
. ’¥³ ´¥ ³¥´¥¥ ¨³¥ÕÉ¸Ö ²μ·¥´Í-¨´¢ ·¨ ´ÉÒ

Epδ3(p − k) = Ep�δ3(p� − k�), dp�/Ep� = dp/Ep ¨
√

Ep�as
p� =

√
Epas

p. �μ-
¸²¥¤´¥¥ ¸²¥¤Ê¥É ¨§ [38] (¸. 74, (3.109) ¨ (3.110)) ¨ ¢Ò£²Ö¤¨É ²μ£¨Î´μ ¸ ÉμÎ±¨ §·¥´¨Ö μ¶·¥¤¥-
²¥´¨Ö μ¤´μÎ ¸É¨Î´μ£μ ¨´¢ ·¨ ´É´μ£μ ¸μ¸ÉμÖ´¨Ö (�.9). ’μ£¤  ¸É ÉÊ¸ ¨´¢ ·¨ ´É  ¶·¨μ¡·¥É ¥É
¶·μ¨§¢¥¤¥´¨¥ (dp�/Ep� )(

√
Ep� as

p� ) = (dp/Ep)(
√

Ep as
p), μÉ±Ê¤  ¸²¥¤Ê¥É ¨´¢ ·¨ ´É´μ¸ÉÓ

(dp�/
√

Ep� ) as
p� = (dp/

√
Epi) as

p, ¶μ¸±μ²Ó±Ê ¨³¥´´μ ¢³¥¸É¥ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¶¥· Éμ-

·μ³ ·μ¦¤¥´¨Ö ¨²¨ Ê´¨ÎÉμ¦¥´¨Ö ¢Ò· ¦¥´¨¥ dp/
√

Ep ¢Ìμ¤¨É ¢ μ¶·¥¤¥²¥´¨Ö ¶μ²¥¢ÒÌ μ¶¥· Éμ-
·μ¢ (�.12) ¨ É. ¶.
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’μ£¤  ¤²Ö Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° |n〉, μ¶¨¸Ò¢ ÕÐ¨Ì Ö¤·μ ¢ ¥£μ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸, ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨ ¢ ¢¨¤¥

〈m|n〉 ≡
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃n({p�})ψ̃∗

m({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
= δmn. (�.41)

„¥²ÓÉ -ËÊ´±Í¨Ö δ3

(
A∑

i=1

p�
i

)
Ê³¥´ÓÏ ¥É Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ ¨³¶Ê²Ó¸μ¢

¢ (�.41) ´  ¥¤¨´¨ÍÊ. �É³¥É¨³, ÎÉμ ¶·¨ P = 0 ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ |n〉 ¨
|Pn〉 μ¶¨¸Ò¢ ÕÉ μ¤´μ ¨ Éμ ¦¥ ¸μ¸ÉμÖ´¨¥ Ö¤· , μ¤´ ±μ μÉ²¨Î ÕÉ¸Ö ´μ·³¨·μ-
¢μÎ´Ò³ Ê¸²μ¢¨¥³. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´μ·³¨·μ¢±¥ (�.41) Ö¢´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö
|n〉 ³μ¦´μ § ¶¨¸ ÉÓ Î¨¸Éμ Ëμ·³ ²Ó´μ ¢ ¢¨¤¥

|n〉 =
∫ (

A∏
i=1

dp̃�
i

)
ψ̃n({p�})√

A!

[
(2π)3δ3

(
A∑

i=1

p�
i

)]1/2

|{p�}〉. (�.42)

…¸²¨ Ö¢´μ ÊÎ¥¸ÉÓ ¢¨¤ dp̃�
i , Éμ

|n〉 =
∫ (

A∏
i

dp�
i

(2π)3
√

2Ep�
i

)
ψ̃n({p�})√

A!

√√√√(2π)3δ3

(
A∑

i=1

p�
i

)
|{p�}〉.

“¡¥¤¨³¸Ö ¢ ¶· ¢¨²Ó´μ¸É¨ ´μ·³¨·μ¢±¨ (�.40), É. ¥. ¢ÒÎ¨¸²¨³ ¸± ²Ö·´μ¥ ¶·μ-
¨§¢¥¤¥´¨¥ Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° 〈P ′

m|Pn〉. …¸²¨ |Pn〉 § ¤ ´μ ¸μ£² ¸´μ (�.38), Éμ
¸ ÊÎ¥Éμ³ ¶¥·¥μ¡μ§´ Î¥´¨Ö ¶¥·¥³¥´´μ° ¨´É¥£·¨·μ¢ ´¨Ö

〈P ′
m| =

∫ ⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
Φ∗

m(p′)〈{p′�}|. (�.43)

’μ£¤ 

〈P ′
m|Pn〉 =

∫ ⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
Φ∗

m(p′)〈{p′�}|×

×
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
Φn(p)|{p�}〉 =

=
∫ ⎛⎝ A∏

j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j
2Ep�

i

⎞⎠ ψ̃∗
m({p′�})ψ̃n({p�})×

× Φ∗
m(p′)Φn(p)

〈{p′�}|{p�}〉
A!

.
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ˆ¸¶μ²Ó§ÊÖ ¤ ²¥¥ Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨ (�.33) ¤²Ö ³´μ£μÎ ¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö

〈{p′�}|{p�}〉
A!

=
A∏
k

(2π)32Ep�
k
δ3(p�

k − p′�
k )δrk,r′

k

¨ μ¶·¥¤¥²¥´¨¥ (�.39) ¤²Ö ËÊ´±Í¨° Φ∗
m(p′) ¨ Φn(p), ¶¥·¥°¤¥³ ± ¢Ò· ¦¥´¨Õ

〈P ′
m|Pn〉 =

∫ ⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j
2Ep�

i

⎞⎠ ψ̃∗
m({p′�})ψ̃n({p�})×

×
[
(2π)6

√
2P 0

m2P 0
nδ3(p′ − P′

m)δ3(p − Pn)
] A∏

k

(2π)32Ep�
k
δ3(p�

k − p′�
k ).

‘´¨³ Ö ¨´É¥£·¨·μ¢ ´¨¥ ¶μ p′�
k ¸ ¶μ³μÐÓÕ ¤¥²ÓÉ -ËÊ´±Í¨°, ¶μ²ÊÎ¨³ ¢Ò· ¦¥-

´¨¥

(2π)6
∫ (

A∏
k

(2π)32Ep�
k

)⎛⎝ A∏
i

dp�
i

(2π)6
√

(2Ep�
i
)2

⎞⎠ ×

× ψ̃∗
m({p�})ψ̃n({p�})

[
2P 0

nδ3(Pn − P′
m)δ3

(
A∑

i=1

p�
i

)]
,

±μÉμ·μ¥ μ±μ´Î É¥²Ó´μ ¶¥·¥¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

〈P ′
m|Pn〉 =

[
(2π)32P 0

nδ3(Pn − P′
m)

]
×

×
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p�})ψ̃n({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
︸ ︷︷ ︸

〈m|n〉≡δmn

,

¸μ¢¶ ¤ ÕÐ¥³ ¸ Ëμ·³Ê²μ° (�.40). �·¨ ÔÉμ³ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ · ¢¥´¸É¢μ

δ3(p′ − P′
m)δ3(p − Pn)

A∏
k

δ3(p�
k − p′�

k ) = δ3(Pn − Pm)δ3

(
A∑

i=1

p�
i

)
,

¢ÒÉ¥± ÕÐ¥¥ ¨§
A∏
k

δ3(p�
k −p′�

k ) =
A∏
k

δ3(pk −p′
k), ´  μ¸´μ¢¥ p =

A∑
j=1

pj ¨ p′ =
A∑

j=1

p′
j .
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�.3. �μÖ¸´¥´¨Ö ± ¢ÒÎ¨¸²¥´¨Õ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö. �.3.1. ”μ·³Ê² 
¤²Ö  ¤·μ´´μ£μ Éμ±  hμ

mn. �μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ (5.13) ¤²Ö  ¤·μ´´μ£μ Éμ± 
hμ

mn, ´ Î¨´ Ö ¸ Ëμ·³Ê²Ò (5.10), É. ¥. Hμ
mn(Pn, P ′

m) = 〈P ′
m|Hμ(0)|Pn〉. ‚μ²-

´μ¢Ò¥ ËÊ´±Í¨¨ Ö¤·  ¢ ±μ´¥Î´μ³ ¨ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨ÖÌ ¤ ÕÉ¸Ö Ëμ·³Ê-
² ³¨ (�.38) ¨ (�.43):

〈P ′
m| =

∫ ⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
Φ∗

m(p′)〈{p′�}|,

|Pn〉 =
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
Φn(p)|{p�}〉.

(�.44)

‘μ£² ¸´μ μ¶·¥¤¥²¥´¨Õ (�.39) ¨²¨ (5.3) ¶·μ¨§¢¥¤¥´¨¥ ®¢´¥Ï´¨Ì¯ ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° É ±μ¢μ:

Φ∗
m(p′)Φn(p) = (2π)3

√
2P 0′

m δ3(p′ − P′
m)(2π)3

√
2P 0

nδ3(p − Pn),

£¤¥ Pn ¨ P′
m Å 3-¨³¶Ê²Ó¸Ò ¤¢¨¦¥´¨Ö ¢¸¥£μ Ö¤·  ± ± Í¥²μ£μ,   p =

A∑
i

pi

¨ p′ =
A∑
i

p′
i Å ¶¥·¥³¥´´Ò¥  ·£Ê³¥´ÉÒ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°. ˆ§ μ¶·¥¤¥²¥´¨Ö

Hμ(x) (5.8) ¨³¥¥³ ¤²Ö x = 0:

Hμ
mn(Pn, P ′

m) = 〈P ′
m|Hμ(0)|Pn〉 ≡

≡ 〈P ′
m|

A∑
k

: ψ̄k(0)Oμ
k ψk(0) : |Pn〉 × [δ4(q + Pn − P ′

m)].

� ²¨Î¨¥ ÔÉμ° δ4-ËÊ´±Í¨¨ ´¥Ö¢´μ ¶μ¤· §Ê³¥¢ ¥É¸Ö. ˆ§ μ¶·¥¤¥²¥´¨Ö μ¤´μÎ -
¸É¨Î´ÒÌ Ë¥·³¨μ´´ÒÌ ±¢ ´Éμ¢μ-¶μ²¥¢ÒÌ μ¶¥· Éμ·μ¢ (�.12) ¨³¥¥³ ¤²Ö ´Ê±²μ-
´μ¢ ¸ ´Ê²¥¢Ò³  ·£Ê³¥´Éμ³

ψ̂(0) =
1

(2π)3/2

∫
dy′√
2Ey′

∑
s=1,2

a+
s (y′)u(y′, s),

ψ̂(0) =
1

(2π)3/2

∫
dy√
2Ey

∑
r=1,2

ar(y)u(y, r).

�μ¤¸É ¢²ÖÖ ÔÉ¨ ¤¢¥ Ëμ·³Ê²Ò ¢  ¤·μ´´Ò° Éμ± Hμ
mn(Pn, P ′

m), ¶μ²ÊÎ ¥³ ¤²Ö
´¥£μ ¢Ò· ¦¥´¨¥

〈P ′
m| 1

(2π)3

A∑
k

:
∫

dy′
k√

2Ey′
k

∑
s=1,2

a+
s (y′

k)u(y′
k, sk)Oμ

k

∫
dyk√
2Eyk

×
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×
∑

r=1,2

ar(yk)u(yk, rk) : |Pn〉 =
A∑
k

1,2∑
sk,rk

∫
dy′

k dyk

(2π)3
√

2Ey′
k
2Eyk

×

× 〈P ′
m|a+

s (y′
k)[u(y′

k, sk)Oμ
ku(yk, rk) ar(yk)]|Pn〉.

�É±Ê¤ , ÊÎ¨ÉÒ¢ Ö Ö¢´Ò° ¢¨¤ 〈P ′
m| ¨ |Pn〉 ¨ ¢¢¥¤Ö μ¡μ§´ Î¥´¨¥ Hμ

mn ≡
Hμ

mn(Pn, P ′
m), ¨³¥¥³

Hμ
mn =

A∑
k

1,2∑
sk,rk

∫
dy′

k dyk

(2π)3
√

2Eyk
2Ey′

k

×

×
∫ ⎛⎝ A∏

j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
Φ∗

m(p′)
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
×

× Φn(p)〈{p′�}|a+
s (y′

k)[u(y′
k, sk)Oμ

k u(yk, rk)] ar(yk)|{p�}〉. (�.45)

‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É μ¤´μÎ ¸É¨Î´μ£μ μ¶¥· Éμ· 
¸² ¡μ£μ Éμ±  ¶μ ³´μ£μÎ ¸É¨Î´μ³Ê ¸μ¸ÉμÖ´¨Õ ¨§ A ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢:

wk
A ≡ 〈{p′�}|a+

s (y′
k)[u(y′

k, sk)Oμ
ku(yk, rk)] ar(yk)|{p�}〉. (�.46)

“Î¨ÉÒ¢ Ö μ¶·¥¤¥²¥´¨¥ {p�}, ¸μ¸ÉμÖ´¨Ö 〈{p′�}| ¨ |{p�}〉 ³μ¦´μ § ¶¨¸ ÉÓ, ¢Ò-
¤¥²¨¢  ±É¨¢´Ò° k-° ´Ê±²μ´, ´ ¶·¨³¥·, ¢ ¢¨¤¥

A〈{p′�}| = 〈0|(. . . , p′�k , . . .); . . . , asp′ (p′�
k ), . . . |,

|{p�}〉A = | . . . , a+
rp

(p�
k), . . . ; (. . . , p�

k, . . .)|0〉.

’μ£¤  wk
A ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± ¶·μ¨§¢¥¤¥´¨¥ ´μ·³¨·μ¢μÎ´μ£μ ¸± ²Ö·´μ£μ ¶·μ-

¨§¢¥¤¥´¨Ö ¤²Ö (A − 1) ´Ê±²μ´μ¢ (¸³. Ê¸²μ¢¨¥ (�.33)):

A−1〈{p′�}||{p�}〉A−1 ≡ 〈0| . . . , p′�k−1, p
′�
k+1, . . . | . . . , p�

k−1, p
�
k+1, . . .)|0〉 =

= (A − 1)!

⎛⎝A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l )δrl,r′

l

⎞⎠
¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¸² ¡μ£μ Éμ±  ¶μ μ¤´μ´Ê±²μ´´μ³Ê k-³Ê ¸μ¸ÉμÖ´¨Õ

wk
1 ≡ 〈p′�

k , sp′ |a+
s (y′

k)[u(y′
k, sk)Oμ

ku(yk, rk)] ar(yk)|p�
k, rp〉. (�.47)
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’μ ¥¸ÉÓ ¢Ò· ¦¥´¨¥ (�.46) ¶·¨´¨³ ¥É ¢¨¤

wk
A = 〈0|(. . . , p′�k , . . .); . . . , asp′ (p′�

k ), . . . |a+
s (y′

k)[u(y′
k, sk)×

× Oμ
ku(yk, rk)] ar(yk)| . . . , a+

rp
(p�

k), . . . ; (. . . , p�
k, . . .)|0〉 =

= A−1〈{p′�}||{p�}〉A−1 × wk
1 . (�.48)

�¤´μÎ ¸É¨Î´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É wk
1 ¨§ (�.47) ¶·¥μ¡· §Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³

μ¡· §μ³:

wk
1 = 〈p′�

k , sp′ |a+
s (y′

k)[u(y′
k, sk)Oμ

k u(yk, rk)] ar(yk)|p�
k, rp〉 =

= (2π)3
√

2Ep�
k
2Ep

′�
k︸ ︷︷ ︸

´μ·³¨·μ¢± 

〈0| asp′ (p′�
k )|a+

s (y′
k)︸ ︷︷ ︸

δ3(p′�
k −y′

k))δs,s
p′

[u(y′
k, sk)Oμ

ku(yk, rk)]︸ ︷︷ ︸
×δ3(yk+q−y′

k)?

×

× ar(yk)| . . . , a+
rp

(p�
k)︸ ︷︷ ︸

δ3(p�
k−yk))δr,rp

|0〉 = (2π)3
√

2Ep�
k
2Ep

′�
k

δ3(p′�
k − y′

k)δs,sp′ ×

× δ3(p�
k − yk)δr,rp [u(y′

k, sk)Oμ
ku(yk, rk)]︸ ︷︷ ︸

×δ3(yk+q−y′
k)

〈0|0〉︸︷︷︸
1

.

” ±Éμ· μ¤´μÎ ¸É¨Î´μ° ´μ·³¨·μ¢±¨ k-° Î ¸É¨ÍÒ ¤μ²¦¥´ ¨³¥ÉÓ ³´μ¦¨É¥²Ó
(2π)2·3/2 ¤²Ö Éμ£μ, ÎÉμ¡Ò ´μ·³¨·μ¢μÎ´μ¥ Ê¸²μ¢¨¥ (�.33) μ¸É ²μ¸Ó ¸¶· ¢¥¤²¨-
¢Ò³ É ±¦¥ ¤²Ö A Î ¸É¨Í (´ ¶·¨³¥·, ¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  μ¶¥· Éμ· Oμ

k ≡ 1).
„¥²ÓÉ -ËÊ´±Í¨Ö δ3(yk + q − y′

k) μ§´ Î ¥É, ÎÉμ ´¥°É·¨´μ ¢§ ¨³μ¤¥°¸É¢Ê¥É
¨³¥´´μ ¸ k-³ ´Ê±²μ´μ³, ¨§³¥´ÖÖ ¥£μ ¨³¶Ê²Ó¸ ¸ yk ´  y′

k = q + yk.
‘ ÊÎ¥Éμ³ ÔÉμ£μ ¢Ò· ¦¥´¨Ö ¤²Ö wk

1 ³ É·¨Î´Ò° Ô²¥³¥´É ¸² ¡μ£μ Éμ±  ¶μ
¸μ¸ÉμÖ´¨Õ ¨§ A ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢ (�.48) ¶·¨´¨³ ¥É ¢¨¤

wk
A = (A − 1)!

⎛⎝A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l )δrl,r′

l

⎞⎠×

× [u(y′
k, sk)Oμ

ku(yk, rk)] δ3(yk + q − y′
k)×

× (2π)3
√

2Ep�
k
2Ep

′�
k

δ3(p′�
k − y′

k) δsk,sp′ δ
3(p�

k − yk) δrk,rp .

�μ¤¸É ¢²ÖÖ ÔÉμ ¢Ò· ¦¥´¨¥ ¢ Ëμ·³Ê²Ê ¤²Ö  ¤·μ´´μ£μ Éμ±  (�.45) ¨ ÊÎ¨ÉÒ¢ Ö,
ÎÉμ  ±É¨¢´Ò° k-° ´Ê±²μ´ ³μ¦¥É ¡ÒÉÓ ´  ²Õ¡μ³ ¨§ A ³¥¸É ¢ Ö¤·¥, ÎÉμ ¤ ¥É
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³´μ¦¨É¥²Ó A, ¶μ²ÊÎ ¥³

Hμ
mn =

A∑
k

∑
sk,rk

∫
dy′

k dyk

(2π)3
√

2Eyk
2Ey′

k

×

×
∫ ⎛⎝ A∏

j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j
2Ep�

i

⎞⎠ ψ̃∗
m({p′�})ψ̃n({p�})

A!
Φ∗

m(p′)Φn(p)×

× A(A − 1)!

⎛⎝A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l )δrl,r′

l

⎞⎠ ×

× [u(y′
k, sk)Oμ

k u(yk, rk)] δ3(yk + q − y′
k)×

× (2π)3
√

2Ep�
k
2Ep

′�
k

δ3(p′�
k − y′

k) δsy′
k

,sp′
k

δ3(p�
k − yk) δsyk

,spk
=

=
A∑
k

∫ ⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

4Ep′�
j
Ep�

i

⎞⎠⎡⎣A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l ) δrl,r′

l

⎤⎦ ×

× ψ̃∗
m({p′�})ψ̃n({p�})Φ∗

m(p′)Φn(p)
∫

dy′
k dykδ3(p′�

k − y′
k)δ3(p�

k − yk)√
4Eyk

Ey′
k

×

×
√

4Ep�
k
Ep

′�
k

[u(y′
k, sk)Oμ

ku(yk, rk)] δ3(yk + q− y′
k).

ˆ´É¥£·¨·μ¢ ´¨¥ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¶μ dy′
kdyk (¨ ÊÎ¥É

∑
sk,rk

δsyk
,spk

×

δsy′
k

,sp′
k

) ¤ ¥É

Hμ
mn =

A∑
k

∫ ⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

4Ep′�
j
Ep�

i

⎞⎠ ×

×

⎡⎣A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l )δrl,r′

l

⎤⎦ ψ̃∗
m({p′�}) ψ̃n({p�})×

×

√
4Ep�

k
Ep

′�
k√

4Ep�
k
Ep

′�
k

[u(p′�
k , sk)Oμ

k u(p�
k, rk)]×

× δ3(p�
k + q − p′�

k )[Φ∗
m(p′)Φn(p)].
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’¥¶¥·Ó ³μ¦´μ ¶·μ¢¥¸É¨ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ dp′�
j (±·μ³¥ p′�

k ), ¶¥·¥¶¨¸ ¢
Hμ

mn ± ±

Hμ
mn =

A∑
k

∫ ⎛⎝ A∏
j,i�=k

A−1∏
l�=k

(2π)3dp′�
j dp�

i δ
3(p�

l − p′�
l )

(2π)6
√

Ep′�
j
Ep�

i

Ep�
l

⎞⎠ ×

×
dp′�

k dp�
k

{
δ3(p�

k + q− p′�
k )

}
(2π)6

√
4Ep′�

k
Ep�

k

×

× ψ̃∗
m({p′�})ψ̃n({p�})[Φ∗

m(p′)Φn(p)]
[
u(p′�

k , sp′
k
)Oμ

ku(p�
k, rpk

)
]

=

=
A∑
k

∫ ⎛⎝ A∏
j,i�=k

dp′�
j dp�

i δ
3(p�

i − p′�
j )

(2π)3
√

Ep′�
j
Ep�

i

Ep�
i

⎞⎠ ×

× ψ̃∗
m({p′�})ψ̃n({p�})

[
u(p′�

k , sp′
k
)Oμ

k u(p�
k, rpk

)
]
×

×
[
(2π)6

√
4P 0′

m P 0
nδ3(p′ − P′

m)δ3(p − Pn)
]
×

×
dp′�

k dp�
k

{
δ3(p�

k + q − p′�
k )

}
(2π)6

√
4Ep′�

k
Ep�

k

,

¨ ¶μ¸²¥ ¢¢¥¤¥´¨Ö μ¡μ§´ Î¥´¨Ö

ψ̃∗
m({p(k)

� }) ≡ ψ̃∗
m({p�},p′�

k 
= p�
k, sp′

k

= rpk

),

£¤¥  ·£Ê³¥´É {p(k)
� } ¸μ¢¶ ¤ ¥É ¸ {p�}, §  ¨¸±²ÕÎ¥´¨¥³ Éμ£μ, ÎÉμ ´  k-³ ³¥¸É¥

¢ {p(k)
� } ¸Éμ¨É ´¥ ¶ ·  (p�

k, rpk
),   ¤·Ê£ Ö ¶ ·  (p′�

k , sp′
k
) 
= (p�

k, rpk
), ¶μ²ÊÎ¨ÉÓ

Hμ
mn =

A∑
k

∫ ⎛⎝ A∏
i�=k

Ep�
i
dp�

i

(2π)3
√

Ep�
i
Ep�

i

⎞⎠ ×

× ψ̃∗
m({p(k)

� })ψ̃n({p�})
[
u(p′�

k , sp′
k
)Oμ

ku(p�
k, rpk

)
]
×

×
[√

4P 0′
m P 0

nδ3(p′ − P′
m) δ3(p − Pn)

]
dp′�

k dp�
k δ3(p�

k + q− p′�
k )√

4Ep′�
k
Ep�

k

.
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‡ ³¥´  dp�
k ´  (2π)3(dp�

k/(2π)3) ¨ ¨´É¥£·¨·μ¢ ´¨¥ ¸ δ3(p�
k +q−p

′�
k ) ¶μ dp′�

k

¤ ¥É ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¤·μ´´μ£μ Éμ±  (�.45):

Hμ
mn(P ′

m, Pn) = (2π)3
A∑
k

∫ (
A∏
i

dp�
i

(2π)3

)
×

×

[
u(p′�

k = p�
k + q, sp′

k
)Oμ

k u(p�
k, rpk

)
]

√
4Ep′�

k =p�
k+qEp�

k

ψ̃∗
m({p(k)

� },p′�
k = p�

k + q) ψ̃n({p�})×

×
√

4P 0
mP 0

n δ3(p′ − P′
m) δ3(p − Pn). (�.49)

�¸É ²μ¸Ó · §μ¡· ÉÓ¸Ö ¸ ¶·μ¨§¢¥¤¥´¨¥³ δ3(p′ − P′
m) δ3(p − Pn), £¤¥ p =

A∑
i

pi ¨ p′ =
A∑
i

p′
i, É. ¥. ¶μ± § ÉÓ, ÎÉμ ¶·μ¨§¢¥¤¥´¨¥ ®¢´¥Ï´¨Ì¯ ËÊ´±Í¨°

Φ∗
m(p′)Φn(p) ³μ¦´μ § ¶¨¸ ÉÓ ± ±

Φ∗
m(p′)Φn(p) = (2π)62

√
P 0′

m P 0
n δ3(q + pn − p′

m) δ3

(
A∑

i=1

p�
i

)
. (�.50)

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ´¥°É·¨´μ ¶·μ¢§ ¨³μ¤¥°¸É¢μ¢ ²μ ¸ k-³ ´Ê±²μ´μ³ (¢ ¸¨-
¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤· ) ¨ ¶¥·¥¤ ²μ ¥³Ê ¨³¶Ê²Ó¸ q, Éμ p′�

k = p�
k +q, ¸ ¤·Ê£μ°

(®¢´¥Ï´¥°¯) ¸Éμ·μ´Ò ÉμÉ ¦¥ ¶¥·¥¤ ´´Ò° ´¥°É·¨´μ ¨³¶Ê²Ó¸ q ¶·¨´¨³ ¥É ¢
¨Éμ£¥ ¢¸¥ Ö¤·μ, É. ¥. q = Pn − P′

m. …¸²¨ Ö¤·μ ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´ Ìμ¤¨-
²μ¸Ó ¢ ¶μ±μ¥ (Pn = 0), Éμ δ3(p − Pn) ¶¥·¥Ìμ¤¨É ¢ δ3(p), ¤ ¢ Ö p = 0, ´μ

¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· , ¶μ μ¶·¥¤¥²¥´¨Õ, pi = p�
i , ¨ Éμ£¤  p ≡

A∑
i

pi = p� ≡
A∑

i=1

p�
i = 0, ÎÉμ Ô±¢¨¢ ²¥´É´μ ´ ²¨Î¨Õ δ3(p�) ≡ δ3

(
A∑

i=1

p�
i

)
. „ ²¥¥ Ö¸´μ,

ÎÉμ ¥¸²¨ Pn = 0, Éμ q = P′
m, Î¥³Ê μÉ¢¥Î ¥É δ3(q − P′

m). �¡μ¡Ð¥´¨¥ ÔÉμ°
¤¥²ÓÉ -ËÊ´±Í¨¨ ´  ¸²ÊÎ ° Pn > 0 ¤ ¥É δ3(q + Pn − P′

m). ˆ´Ò³¨ ¸²μ¢ ³¨,

δ3(p′ − P′
m) δ3(p − Pn) = δ3

(
A∑

i=1

p�
i

)
δ3(q + Pn − P′

m) ∗.

∗ˆ²¨ δ3

(
A∑

i=j

p′
j − P′

m

)
δ3

(
A∑

i=j

pj − Pn

)
= δ3

(
A∑

i=j

p′
j

︸ ︷︷ ︸
p+q

−P′
m

)
δ3

(
A∑
j

pj

︸ ︷︷ ︸
p

+
A∑
j

p�
j

︸ ︷︷ ︸
0

−Pn

)
=

= δ3(q + Pn − P′
m)δ3

(
A∑

i=1

p�
i

)
.
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�μÔÉμ³Ê μ±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ¤·μ´´μ£μ Éμ±  (�.49) ¶·¨´¨-
³ ¥É ¢¨¤

Hμ
mn(P ′

m, Pn) = 〈P ′
m|Hμ(0)|Pn〉 =

= 2
√

P ′0
m P 0

n × hμ
mn(q) δ3(q + Pn − P′

m), (�.51)

£¤¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (5.13) ¤²Ö  ¤·μ´´μ£μ Éμ±  ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ Ö¤·  ¨³¥¥³

hμ
mn =

A∑
k

∫ A∏
i

dp�
i

(2π)3
u(p�

k + q, spk
)Oμ

k u(p�
k, rpk

)√
4Ep�

k
Ep�

k+q
×

× ψ̃∗
m({p(k)

� },p�
k + q) ψ̃n({p�})(2π)3 δ3

(
A∑

i=1

p�
i

)
. (�.52)

�·£Ê³¥´ÉÒ ¸¶¨´μ·´ÒÌ ËÊ´±Í¨° p�
i ¢§ÖÉÒ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· . �É³¥É¨³, ÎÉμ

¥¸²¨ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¶μ²μ¦¨ÉÓ Oμ
k ≡ 1 ¨ q = 0, Éμ hμ

mn ¤μ²¦¥´ ¸μ¢¶ ¤ ÉÓ
¸ Ëμ·³Ê²μ° (�.41) ¤²Ö ´μ·³¨·μ¢±¨ 〈m|n〉, ¶μ¸±μ²Ó±Ê ū(pk + q, s)u(pk, r) =
ū(pk, s)u(pk, r) = 2Epk

δ(pk + q − pk)δsr.
�.3.2. ”μ·³Ê²  ¤²Ö  ¤·μ´´μ° ¸É·Ê±ÉÊ·Ò fk

mn. „²Ö ¢Ò¢μ¤  Ëμ·³Ê²Ò (5.18)

¤²Ö  ¤·μ´´μ° ¸É·Ê±ÉÊ·Ò (Ëμ·³Ë ±Éμ· ) fk
mn = 〈m|eiqX̂k |n〉 § ³¥É¨³, ÎÉμ μ¶¥-

· Éμ· eiqX̂ Ê¢¥²¨Î¨¢ ¥É 3-¨³¶Ê²Ó¸ p ¸μ¸ÉμÖ´¨Ö |p〉 ´  ¢¥²¨Î¨´Ê q, ¶¥·¥¢μ¤Ö
¸μ¸ÉμÖ´¨¥ |p〉 ¢ ¸μ¸ÉμÖ´¨¥ |p + q〉 ¶ÊÉ¥³ μ¶¥· Í¨¨

eiqX̂|p〉 =

√
2Ep√

2Ep+q

|p + q〉, (�.53)

μ¡μ¸´μ¢ ´¨¥ ±μÉμ·μ° ¤ ´μ ¢ ¶·¨².�.2. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢Ò· ¦¥´¨° (�.53)

¨ (�.42) ´¨¦¥ ¤ ´μ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  〈m|eiqX̂k |n〉.
‚ÒÎ¨¸²¨³ ¸´ Î ²  ³ É·¨Î´Ò° Ô²¥³¥´É 〈P ′

m| eiqX̂k |Pn〉. ‘ ÊÎ¥Éμ³ ´ Î ²Ó-
´μ£μ |Pn〉 ¨ ±μ´¥Î´μ£μ 〈P ′

m| Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨°, § ¤ ´´ÒÌ ¢ ¢¨¤¥ (�.44),
¨³¥¥³

〈P ′
m|eiqX̂k |Pn〉 =

∫ ⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
Φ∗

m(p′)〈{p′�}|eiqX̂k ×

×
∫ (

A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
Φn(p)|{p�}〉 =

∫ ⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j
2Ep�

i

⎞⎠×

× ψ̃∗
m({p′�}) ψ̃n({p�})

A!
Φ∗

m(p′)Φn(p) 〈{p′�}|eiqX̂k |{p�}〉︸ ︷︷ ︸
Qk

. (�.54)
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Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  ¸¤¢¨£  k-£μ ´Ê±²μ´  eiqX̂k ¶μ ³´μ£μÎ -
¸É¨Î´μ³Ê ¸μ¸ÉμÖ´¨Õ ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¶·μ¨§¢¥-
¤¥´¨Ö ´μ·³¨·μ¢±¨ ¸¶¥±É Éμ·´ÒÌ ´Ê±²μ´μ¢ ¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  μÉ ¤¥°¸É¢¨Ö

μ¶¥· Éμ·  eiqX̂k ´  k-° ´Ê±²μ´:

Qk ≡ 〈{p′�}|eiqX̂k |{p�}〉 = 〈. . . , p′�k , . . . |eiqX̂k | . . . , p�
k, . . .〉 =

= 〈. . . , p′�k−1, p
′�
k+1, . . . | . . . , p�

k−1, p
�
k+1, . . .〉〈p′�

k |eiqX̂k |p�
k〉 δrk,r′

k
. (�.55)

‡ ³¥É¨³, ÎÉμ ¥¸²¨ ¢ (�.55) ¶μ²μ¦¨ÉÓ q = 0, Éμ eiqX̂k = 1, ¨ ³ É·¨Î´Ò° Ô²¥-

³¥´É 〈{p′�}|eiqX̂k |{p�}〉 ¶·¥¢· Ð ¥É¸Ö ¢ Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨ (�.33) ³´μ£μÎ -
¸É¨Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· : 〈{p′�}|{p�}〉 =

A!
(

A∏
l

(2π)3 2Ep�
l
δ3(p�

l − p′�
l )δrl,r′

l

)
. �μÔÉμ³Ê ¶·¨ q = 0 Ëμ·³Ê²  ¤²Ö Qk

¤μ²¦´  ¶·¨´¨³ ÉÓ ¢¨¤, ¶¥·¥Ìμ¤ÖÐ¨° ¨³¥´´μ ¢ ÔÉÊ Ëμ·³Ê²Ê, É. ¥. ¸ ÊÎ¥-
Éμ³ (�.53) ¨ ´μ·³¨·μ¢±¨ μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨° ¢Ò· ¦¥´¨¥ (�.55) ³μ¦´μ
§ ¶¨¸ ÉÓ ± ±

Qk = A(A − 1)!

⎛⎝A−1∏
l�=k

(2π)32Ep�
l
δ3(p�

l − p′�
l ) δrl,r′

l

⎞⎠ ×

× δrk,r′
k
2
√

Ep�
k
Ep�

k
+q(2π)3 δ3(p�

k + q − p′�
k ), (�.56)

£¤¥ ¶·¨´ÖÉμ ¢μ ¢´¨³ ´¨¥, ÎÉμ k-° ´Ê±²μ´ ³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö ¢ ²Õ¡μ³ ¨§ A
¢μ§³μ¦´ÒÌ ¶μ²μ¦¥´¨° ¢ A-Ö¤·¥, ÎÉμ ¤ ¥É ¤μ¶μ²´¨É¥²Ó´Ò° ¶¥·¥¸É ´μ¢μÎ´Ò°
³´μ¦¨É¥²Ó A.

�μ¤¸É ¢¨¢ (�.56) ¢ Ö¤¥·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É (�.54) (¨ μ¶Ê¸É¨¢ ¢¸¥
δrl,r′

l
, δrk,r′

k
, ¶μ¸±μ²Ó±Ê μ¶¥· Éμ· ¸¤¢¨£  ´¥ ¢²¨Ö¥É ´  ¸¶¨´), ¶μ²ÊÎ¨³

〈P ′
m|eiqX̂k |Pn〉 =

∫ ⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j
2Ep�

i

⎞⎠ ×

×

⎛⎝ A∏
j �=k

(2π)3 2Ep�
j
δ3(p�

j − p′�
j )

⎞⎠√
2Ep�

k
2Ep�

k
+q(2π)3 δ3(p�

k + q− p′�
k )×

× ψ̃∗
m({p′�}) ψ̃n({p�})[Φ∗

m(p′)Φn(p)].
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�μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ dp′�
j (¡¥§ dp′�

k ) ¨ ¶μ¤¸É ´μ¢±¨ ¢Ò· ¦¥´¨Ö (�.50)
¤²Ö [Φ∗

m(p′)Φn(p)] ¨³¥¥³

〈P ′
m|eiqX̂k |Pn〉 =

∫ ⎛⎝ A∏
i�=k

dp�
i

(2π)32Ep�
i

A∏
l�=k

2Ep�
l

⎞⎠×

×
(2π)3dp�

k

√
Ep�

k
Ep�

k+q

(2π)6
√

Ep′�
k
Ep�

k

dp′�
k δ3(p�

k + q − p′�
k ) ψ̃∗

m({p�},

p′�
k 
= p�

k)ψ̃n({p�})
[
(2π)6 2

√
P 0′

m P 0
nδ3(q + Pn − P′

m) δ3

(
A∑

i=1

p�
i

)]
.

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ dp′�
k ¡² £μ¤ ·Ö ¤¥²ÓÉ -ËÊ´±Í¨¨ δ3(p�

k +q−p′�
k ) § ³¥´Ö¥É

p′�
k ´  p�

k + q, ¨ ¶¥·¥¢μ¤¨É ³´μ¦¨É¥²Ó
dp�

k

√
Ep�

k
Ep�

k+q

(2π)3
√

Ep′�
k
Ep�

k

¢
dp�

k

(2π)3
. ‚ ¨Éμ£¥,

¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ Ë ±Éμ·¨§ Í¨¨ ¸¶¨´μ¢μ° ¨ ¨³¶Ê²Ó¸-
´μ° § ¢¨¸¨³μ¸É¥° (5.15): ψ̃n({p�}) = ψ̃n({p�})χn({r}), ¨ ¤¨ £μ´ ²Ó´μ¸ÉÓ ¶μ
¸¶¨´Ê, É. ¥. χ∗

m({r})χn({r}) = δmn, ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  (�.54) ¶·¨Ìμ-
¤¨³ ± ¢Ò· ¦¥´¨Õ

〈P ′
m|eiqX̂k |Pn〉 = (2π)62

√
P 0′

m P 0
nδ3(q + Pn − P′

m)×

×
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p(k)
� })ψ̃n({p�})δ3

(
A∑

i=1

p�
i

)
.

…¸²¨ ¸Î¨É ÉÓ, ÎÉμ

〈m|eiqX̂k |n〉 ≡
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p(k)
� })ψ̃n({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
, (�.57)

Éμ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  (�.54) ¢μ§´¨± ¥É ¢Ò· ¦¥´¨¥

〈P ′
m|eiqX̂k |Pn〉 = (2π)3

[
2
√

P 0′
m P 0

nδ3(Pn + q − P′
m)

]
〈m|eiqX̂k |n〉,

¸¢Ö§Ò¢ ÕÐ¥¥ Ö¤¥·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  ¸¤¢¨£  ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ Ö¤·  ¸ ¥£μ  ´ ²μ£μ³ ¢ ¤·Ê£μ° ¸¨¸É¥³¥ μÉ¸Î¥É , £¤¥ ´ Î ²Ó´Ò° ¨³¶Ê²Ó¸
Ö¤·  · ¢¥´ Pn.

‚ÒÎ¨¸²¨³ ³ É·¨Î´Ò° Ô²¥³¥´É (5.18) fk
mn ≡ 〈m|eiqX̂k |n〉. �μ μ¶·¥¤¥²¥-

´¨Õ μ´ § ¤ ´ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· , £¤¥

p ≡
A∑
j

pj =
A∑
j

p�
j = 0.
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„²Ö Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° |n〉, § ¤ ´´ÒÌ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤· , ´  μ¸´μ¢¥
Ëμ·³Ê²Ò (�.42):

|n〉 =
∫ (

A∏
i=1

dp̃�
i

)
ψ̃n({p�})√

A!

[
(2π)3δ3

(
A∑

i=1

p�
i

)]1/2

|{p�}〉,

¡Ê¤¥³ (¢·¥³¥´´μ) ¸Î¨É ÉÓ, ÎÉμ ±μ´¥Î´μ¥ ¨ ´ Î ²Ó´μ¥ ±¢ ´Éμ¢Ò¥ ¸μ¸ÉμÖ´¨Ö
Ö¤·  É ±μ¢Ò:

〈m| =
∫

φ∗
m(0)

⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
〈{p′�}|,

|n〉 =
∫

φn(0)

(
A∏
i

dp̃�
i

)
ψ̃n({p�})√

A!
|{p�}〉.

(�.58)

’μ£¤  ³ É·¨Î´Ò° Ô²¥³¥´É (5.18) ¶·¨´¨³ ¥É ¢¨¤

fk
mn =

∫
φ∗

m(0)φn(0)

⎛⎝ A∏
j

dp̃′�
j

⎞⎠ ψ̃∗
m({p′�})√

A!
〈{p′�}|×

×
∫ (

A∏
i

dp̃�
i

)
eiqX̂k

ψ̃n({p�})√
A!

|{p�}〉 =

=
∫

C

⎛⎝ A∏
j,i

dp′�
j dp�

i

(2π)6
√

2Ep′�
j

2Ep�
i

⎞⎠ ψ̃∗
m({p′�})ψ̃n({p�})

A!
Qk, (�.59)

£¤¥ C ≡ φ∗
m(0)φn(0) ¨ Qk = 〈{p′�}|eiqX̂k |{p�}〉 Å ³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥-

· Éμ·  ¸¤¢¨£  k-£μ ´Ê±²μ´  eiqX̂k ¶μ ³´μ£μÎ ¸É¨Î´μ³Ê ¸μ¸ÉμÖ´¨Õ ¸¢μ¡μ¤´ÒÌ
´Ê±²μ´μ¢ (¤¨ £μ´ ²Ó´Ò° ¶μ ¸¶¨´Ê Ö¤· ), Ö¢´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ±μÉμ·μ£μ ¤ ´μ
Ëμ·³Ê²μ° (�.56). �μÔÉμ³Ê ¢¥²¨Î¨´  fk

mn ¶μ¸²¥  ´ ²μ£¨Î´ÒÌ ¶·μ¤¥² ´´Ò³
¢ÒÏ¥ ¢Ò±² ¤± ³ ¶μ²ÊÎ ¥É¸Ö ¢ ¢¨¤¥

fk
mn =

∫
C

⎛⎝ A∏
l,i�=k

dp�
i 2Ep�

l

(2π)32Ep�
i

⎞⎠ ×

×
(

dp′�
k dp�

k

√
2Ep�

k
2Ep�

k+q

(2π)3
√

2Ep′�
k

2Ep�
k

δ3(p�
k + q − p′�

k )

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}).
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�μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ dp′�
k ´μ·³¨·μ¢μÎ´Ò¥ ³´μ¦¨É¥²¨ ¸μ±· Ð ÕÉ¸Ö

¨ ¶·μ¨¸Ìμ¤¨É ®¸¤¢¨£¯  ·£Ê³¥´É  ¢μ²´μ¢μ° ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· 
(p�

k → p�
k + q), É. ¥.

fk
mn =

∫
C

⎛⎝ A∏
i�=k

dp�
i

(2π)3

⎞⎠(
dp�

k

(2π)3

√
2Ep�

k+q2Ep�
k√

2Ep�
k
2Ep�

k+q

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}) =

=
∫

C

(
A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p(k)
� })ψ̃n({p�}). (�.60)

…¸²¨ É¥¶¥·Ó ¸Î¨É ÉÓ, ÎÉμ C ≡ (2π)3δ3

(
A∑
j

p�
j

)
, Éμ ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ÒÏ¥

Ö¤¥·´Ò¥ ¸μ¸ÉμÖ´¨Ö (�.58) ¶μ²´μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢ÊÕÉ ¨Ì μ¶·¥¤¥²¥´¨Õ ¸μ£² ¸´μ
Ëμ·³Ê²¥ (�.42) ¨ Ö¤¥·´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
Ö¤·  (5.18) ¤¥°¸É¢¨É¥²Ó´μ ¨³¥¥É ¢¨¤ (p-¶·¥¤¸É ¢²¥´¨¥)

fk
mn = 〈m|eiqX̂k |n〉 =

=
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p(k)
� })ψ̃n({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
. (�.61)

‡ ³¥É¨³, ÎÉμ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤·  (£¤¥ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¡Ò²μ

¶μ μ¶·¥¤¥²¥´¨Õ
A∑
i

p�
i = 0) ¸Ê³³ ·´Ò° ¨³¶Ê²Ó¸ ¢¸¥Ì ´Ê±²μ´μ¢ ¢ ±μ´¥Î´μ³

¸μ¸ÉμÖ´¨¨
A∑
i

p′�
i =

A∑
i�=k

p�
i + p′�

k =
A∑

i�=k

p�
i + p�

k + q = q. ’μ ¥¸ÉÓ ÔÉμÉ ¸Ê³³ ·-

´Ò° ¨³¶Ê²Ó¸ · ¢¥´ ¨³¶Ê²Ó¸Ê q, ¶¥·¥¤ ´´μ³Ê ´¥°É·¨´μ Ö¤·Ê. ‡¤¥¸Ó ¸μ§¤ ¥É¸Ö

¢¶¥Î É²¥´¨¥, ÎÉμ ³ É·¨Î´Ò° Ô²¥³¥´É 〈m|eiqX̂k |n〉 μÉ¢¥Î ¥É ¶¥·¥Ìμ¤Ê Ö¤·  ¨§
¶μ±μÖÐ¥£μ¸Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö |n〉 ¢ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ 〈m|, ±μÉμ·μ¥
¤¢¨¦¥É¸Ö ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¸ ¨³¶Ê²Ó¸μ³ q. Ÿ¤·μ ¤¥°¸É¢¨É¥²Ó´μ ¤¢¨-
¦¥É¸Ö ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¨³¶Ê²Ó¸μ³ q ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. �¤´ ±μ
¶μ¸²¥¤´ÖÖ Ê¦¥ ´¥ ¸μ¢¶ ¤ ¥É ¸ ¸¨¸É¥³μ° Í¥´É·  ³ ¸¸ Ö¤· , £¤¥ ¢´ÊÉ·¥´´¥¥
¸μ¸ÉμÖ´¨¥ Ö¤·  μ¶¨¸Ò¢ ¥É¸Ö ¨³¥´´μ ËÊ´±Í¨¥° 〈m|.

�¤·μ´´ Ö ¸É·Ê±ÉÊ·  fk
mn. ‚¸¶μ³μ£ É¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö. �·μ¢¥·¨³ ¢§ ¨-

³μ¸¢Ö§Ó ³¥¦¤Ê p- ¨ x-¶·¥¤¸É ¢²¥´¨Ö³¨ ³ É·¨Î´μ£μ Ô²¥³¥´É  fk
mn =

〈m|eiqX̂k |n〉. ‚μ¸¶μ²Ó§Ê¥³¸Ö Ëμ·³Ê² ³¨ ¨§ ¶·¨².�.2:

〈{x}|{p}〉 = A!
A∏
j

umj (pj , sj) eipjxj ,

〈{p}|{x}〉 = A!
A∏
j

u†
mj

(pj , sj) e−ipjxj ; dp̃i ≡
dpi

(2π)3
√

2Epi

,
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  É ±¦¥ μ¶·¥¤¥²¥´¨¥³ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò ¢ (±μμ·-
¤¨´ É´μ³) x-¶·¥¤¸É ¢²¥´¨¨ (�.27), (�.28) ¨ (�.30) Î¥·¥§ ËÊ´±Í¨¨ ¢ p-¶·¥¤-
¸É ¢²¥´¨¨. …¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¢Ò· ¦¥´¨Ö ¢ p-¶·¥¤¸É ¢²¥´¨¨ ¢ ¸¨¸É¥³¥ ¶μ±μÖ
Ö¤· , É. ¥. ¢ p�-¶·¥¤¸É ¢²¥´¨¨, Éμ ¸²¥¤Ê¥É ÊÎ¥¸ÉÓ · §²¨Î¨¥ ¢ ´μ·³¨·μ¢± Ì ÔÉ¨Ì
¨³¶Ê²Ó¸´ÒÌ ¶·¥¤¸É ¢²¥´¨° ¤²Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, Ëμ·³ ²Ó´μ ¢¢¥¤Ö ³´μ¦¨-
É¥²Ó

√
C. ’μ£¤  (�.30) ³μ¦´μ § ¶¨¸ ÉÓ ± ±

|n〉x ≡ ψn({x}) =
√

C

∫ A∏
i

dp̃�
i

ψ̃n({p�})
A!

〈{x}|{p�}〉 =

=
√

C

∫ A∏
i

dp̃�
i umi(p

�
i , si) eip�

i xiψ̃n({p�}),

〈m|x ≡ ψ�
m({x}) =

√
C

∫ A∏
j

dp̃�
j

ψ̃�
m({p�})

A!
〈{p�}|{x}〉 =

=
√

C

∫ A∏
j

dp̃�
j u†

mj
(p�

j , sj) e−ip�
j xj ψ̃�

m({p�}).

(�.62)

‘ ÔÉ¨³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ 〈m|x ¨ |n〉x ¢ÒÎ¨¸²¨³ ³ É·¨Î´Ò° Ô²¥³¥´É

fk
mn =

∫ (
A∏

i=1

dxi

)
ψ∗

m(x1, . . . ,xA) eiqxkψn(x1, . . . ,xA) = 〈m|eiqX̂k |n〉x

¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤· . �μ¸²¥ ¸μ±· Ð¥´¨Ö ¢¸¥x ¸¶¨´μ¢ÒÌ ¨´¤¥±¸μ¢ (¶μ¸±μ²Ó±Ê
μ¶¥· Éμ· É· ´¸²ÖÍ¨¨ μÉ ´¨Ì ´¥ § ¢¨¸¨É) ¨³¥¥³

fk
mn = 〈m|eiqX̂k |n〉x =

∫ (
A∏

i=1

dxi

)
ψ∗

m({x}) eiqX̂kψn({x}) =

=
∫ (

A∏
i=1

dxi

)⎛⎝ A∏
j,l

dp�
j dp�

l

(2π)6
√

2Ep�
j
2Ep�

l

⎞⎠ C ψ̃∗
m({p�}j)ψ̃n({p�}l)

(A!)2
×

× 〈{p�}j |{x}i〉 eiqX̂k〈{x}i|{p�}l〉.

�μ¸±μ²Ó±Ê μ¶¥· Éμ· eiqX̂k ¤¥°¸É¢Ê¥É ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ´  ¨³¶Ê²Ó¸´Ò¥ ¶¥·¥³¥´-
´Ò¥, Éμ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¶¥·¥³¥´´Ò³ xi Ë ±É¨Î¥¸±¨ ¶·¨¢μ¤¨É ± ¢μ§´¨±-
´μ¢¥´¨Õ ³´μ£μÎ ¸É¨Î´μ£μ ¥¤¨´¨Î´μ£μ μ¶¥· Éμ·  ¢ x-¶·¥¤¸É ¢²¥´¨¨ (�.24),

É. ¥. Îx,A =
∫ A∏

i=1

dxi|{x}i〉〈{x}i|/A!, ¨, ¶μ³¥´Ö¢ ¤²Ö Ê¤μ¡¸É¢  μ¡μ§´ Î¥´¨Ö
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¶¥·¥³¥´´ÒÌ ¨´É¥£·¨·μ¢ ´¨Ö ¨ Ê¡· ¢ ÔÉμÉ ¥¤¨´¨Î´Ò° μ¶¥· Éμ·, ¶μ²ÊÎ ¥³

fk
mn =

∫ A∏
j,i

dp′�
jdp

�
l

(2π)6
√

2Ep′�
j
2Ep�

l

×

× Cψ̃∗
m({p′�}j)ψ̃n({p�}l)

A!
〈{p′�}j |eiqX̂k |{p�}l〉︸ ︷︷ ︸

Qk

.

�Éμ ¢Ò· ¦¥´¨¥ ¤²Ö fk
mn ¢ ÉμÎ´μ¸É¨ ¸μ¢¶ ¤ ¥É ¸ Ëμ·³Ê²μ° (�.59), £¤¥ ¨¸-

¶μ²Ó§Ê¥É¸Ö ³ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  ¸¤¢¨£  k-£μ ´Ê±²μ´  eiqX̂k ¶μ ³´μ-
£μÎ ¸É¨Î´μ³Ê ¸μ¸ÉμÖ´¨Õ ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢ Qk (�.56). �μÔÉμ³Ê ¸ ÊÎ¥Éμ³

C = (2π)3δ3

(
A∑
j

p�
j

)
¶μ²ÊÎ ¥É¸Ö Ëμ·³Ê²  (�.61):

fk
mn =

∫ (
A∏
l

dp�
l

(2π)3

)
ψ̃∗

n({p�},p�
k → p�

k + q)ψ̃n({p�})(2π)3 δ3

(
A∑
i

p�
i

)
.

’ ±¨³ μ¡· §μ³, ´ Î ¢ ¸ x-¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸Éμ-
Ö´¨° (¶¥·¢Ò¥ Ëμ·³Ê²Ò ¢ (�.62)), ¶μ²ÊÎ¨²¨ Ëμ·³Ê²Ê ¤²Ö fk

mn(q) ¢ p-¶·¥¤-
¸É ¢²¥´¨¨.

� ¸¸³μÉ·¨³ μ¡· É´Ò° ¸²ÊÎ °, É. ¥. ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö fk
mn ¢ x-¶·¥¤-

¸É ¢²¥´¨¨, ´ Î¨´ Ö ¸ ¢Ò· ¦¥´¨Ö ¤²Ö fk
mn ¢ p-¶·¥¤¸É ¢²¥´¨¨.

�μ  ´ ²μ£¨¨ ¸  ·£Ê³¥´É ³¨, ¶·¨¢¥¤¥´´Ò³¨ ¶μ ¶μ¢μ¤Ê Ëμ·³Ê² (�.62),
¨§ ¢Ò· ¦¥´¨° ¤²Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ³´μ£μÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ (�.27), (�.28)
¨ (�.30) ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° Ö¤·  ¢ ¥£μ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸, É. ¥. ¢ p�-¶·¥¤¸É ¢²¥´¨¨, ¶·¨³¥´¨³ Ëμ·³Ê²Ò ¸ ÊÎ¥Éμ³ · §²¨Î¨Ö ¢ ´μ·-
³¨·μ¢± Ì p- ¨ p�-¶·¥¤¸É ¢²¥´¨°:

ψ̃n({p�}) =
1√
C

∫ (
A∏
i

dyi√
2Ep�

i

)
ψn({y})

A!
〈{p�}|{y}〉 =

=
1√
C

∫ (
A∏
i

dyi
u†

i (p
�
i , si)√

2Ep�
i

e−ip�
i yi

)
ψn({y}),

ψ̃∗
m({p�}) =

1√
C

∫ (
A∏
i

dxi√
2Ep�

i

)
ψ∗

m({x})
A!

〈{p�}|{x}〉∗ =

=
1√
C

∫ (
A∏
i

dxi
ui(p

�
i , si)√

2Ep�
i

eip�
i xi

)
ψ∗

m({x}).

(�.63)

’μ£¤  ¸μ£² ¸´μ ¶¥·¢μ° Ëμ·³Ê²¥ (¨§ ¢Éμ·μ° ¸É·μ±¨) ¢ (�.63) ¤²Ö ®¸¤¢¨´ÊÉμ°¯
¢μ²´μ¢μ° ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö, ¢Ìμ¤ÖÐ¥° ¢ ¢Ò· ¦¥´¨¥ (�.61) ¤²Ö
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fk
mn, ³μ¦´μ § ¶¨¸ ÉÓ

ψ̃∗
m({p�},p�

k → p�
k + q) =

∫ ⎛⎝ A∏
i�=k

dzi√
2Ep�

i

⎞⎠ ×

× dzk√
2Ep�

k
+q

ψ∗
n({z})√
CA!

〈{z}|{p�},p�
k → p�

k + q〉. (�.64)


Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ®¸¤¢¨´ÊÉμ¥¯ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ 〈{z}|{p�},p�
k →

p�
k + q〉 ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ±

〈. . . , zk, . . . | . . . , p�
k−1,p

�
k → p�

k + q, p�
k+1, . . .〉 =

= 〈. . . , zk−1, zk+1 . . . | . . . , p�
k−1, p

�
k+1, . . .〉〈zk|p�

k + q〉,

Éμ£¤  ¤²Ö ´¥£μ ¸μ£² ¸´μ (�.29) ¸¶· ¢¥¤²¨¢μ ¢Ò· ¦¥´¨¥

〈{z}|{p�},p�
k → p�

k + q〉 = (A − 1)!
A−1∏
j �=k

uj(p�
j , sj) eip�

j zj 〈zk|p�
k + q〉.

“Î¨ÉÒ¢ Ö (�.53), É. ¥. |p�
k + q〉 = eiqX̂k

(√
2Ep�

k
+q /

√
2Ep�

k

)
|p�

k〉, ¨ Éμ, ÎÉμ

〈zk|eiqX̂k = 〈zk|eiqzk , ¨³¥¥³

〈zk|p�
k + q〉 =

√
2Ep�

k
+q√

2Ep�
k

〈zk|eiqX̂k |p�
k〉 =

√
2Ep�

k
+q√

2Ep�
k

eiqzk〈zk|p�
k〉 =

=

√
2Ep�

k+q√
2Ep�

k

eiqzk uk(p�
k, sk) eizkp�

k . (�.65)

’μ£¤  ¸ ÊÎ¥Éμ³ ¢μ§³μ¦´ÒÌ A ¶¥·¥¸É ´μ¢μ± k-£μ ´Ê±²μ´  ¤²Ö ®¸¤¢¨´ÊÉμ°¯ ¢μ²-
´μ¢μ° ËÊ´±Í¨¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö (�.64) ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨
¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥

ψ̃∗
m({p�},p�

k → p�
k + q) =

=
∫ ⎛⎝ A∏

i�=k

dzi√
2Ep�

i

⎞⎠ dzk eiqzk√
2Ep�

k
+q

ψ∗
n({z})
A!

√
C

√
2Ep�

k
+q√

2Ep�
k

A!
A∏
j

uj(p�
j , sj) eip�

j zj =

=
1√
C

∫ (
A∏
i

dzi
ui(p�

i , si)√
2Ep�

i

eip�
i zi

)
eiqzkψ∗

n({z}). (�.66)
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®‘¤¢¨´ÊÉÊÕ¯ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ (�.64) ³μ¦´μ É ±¦¥ § ¶¨¸ ÉÓ ¸· §Ê Î¥·¥§
¸¶¨´μ·´Ò¥ ËÊ´±Í¨¨ ui(p

�
i , ri), É. ¥. ¨¸¶μ²Ó§ÊÖ ¢Éμ·ÊÕ (¨§ ¢Éμ·μ° ¸É·μ±¨) Ëμ·-

³Ê²Ê ¨§ (�.63), ± ±

ψ̃∗
m({p�},p�

k → p�
k + q) =

1√
C

∫ ⎛⎝A−1∏
i�=k

dzi
ui(p

�
i , ri)√

2Ep�
i

eip�
i zi

⎞⎠ ×

×
(

dzk
uk(p�

k + q, rk)√
2Ep�

k
+q

ei(p�
k+q)zk

)
ψ∗

m({z}).

„ ²¥¥ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¶·¥¤¥²¥´¨¥ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö (�.17)
〈z|p�〉 = u(p�, sk) eip�z ¢ ¢¨¤¥ 〈zk|p�

k + q〉 = uk(p�
k + q, sk) ei(p�

k+q)zk , Ê¸²μ-

¢¨¥ (�.53) ¨ ¤¥°¸É¢¨¥ μ¶¥· Éμ·  ¸¤¢¨£  ´  z-¸μ¸ÉμÖ´¨¥ 〈zk|eiqX̂k = eiqzk〈zk|.
’μ£¤  μ¶ÖÉÓ ¶μ²ÊÎ ¥É¸Ö ¢Ò· ¦¥´¨¥ (�.65):

uk(p�
k + q, sk) ei(p�

k+q)zk =

√
2Ep�

k
+q√

2Ep�
k

eiqzk〈zk|p�
k〉 =

= eiqzk

√
2Ep�

k+q√
2Ep�

k

uk(p�
k, sk) eip�

kzk .

‚ ·¥§Ê²ÓÉ É¥ ®¸¤¢¨´ÊÉ Ö¯ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö (�.64) ¶·¨μ¡·¥É ¥É ¢¨¤, ¸μ¢¶ -
¤ ÕÐ¨° ¸ (�.66):

ψ̃∗
m({p�},p�

k → p�
k + q) =

=
1√
C

∫ (
A∏
i

dzi
ui(p

�
i , ri)√

2Ep�
i

eip�
i zi

)
eiqzkψ∗

m({z}). (�.67)

�μ²ÊÎ¨³ ¸ ¶μ³μÐÓÕ (�.67) ¢Ò· ¦¥´¨Ö ¤²Ö fk
mn(q), § ¤ ´´μ£μ Ëμ·³Ê²μ° (�.61):

fk
mn(q) =

∫ (
A∏
i

dp�
i

(2π)3

)
ψ̃∗

m({p�},p�
k → p�

k + q)ψ̃n({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
.

�μ¸±μ²Ó±Ê ψ̃∗
m({p�}) ¨ ψ̃n({p�}) Å ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨, Éμ ¨Ì ³μ¦´μ ¶¥·¥-

¸É ¢¨ÉÓ ³¥¸É ³¨, É. ¥. fk
mn(q) § ¶¨¸ ÉÓ ¢ ¢¨¤¥

fk
mn(q) =

∫ (
A∏
i

dp�
i

(2π)3

)
ψ̃n({p�})ψ̃∗

m({p�},p�
k → p�

k + q)(2π)3δ3

(
A∑

i=1

p�
i

)
.
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’μ£¤ , ¶μ¤¸É ¢²ÖÖ ¢ ÔÉμ ¢Ò· ¦¥´¨¥ Ëμ·³Ê²Ò (�.63) ¨ (�.67), ¨³¥¥³

fk
mn(q) =

∫ (
A∏
i

dp�
i

(2π)3

) (2π)3δ3

(
A∑

i=1

p�
i

)
C

×

×
∫ (

A∏
l

dyl
u†

l (p
�
i , si)√

2Ep�
i

e−ip�
i yl

)
ψn({y})×

×
∫ (

A∏
i

dzi
ui(p�

i , ri)√
2Ep�

i

eip�
i zi

)
eiqzkψ∗

m({z}).

…¸²¨, ± ± ¨ ¶·¥¦¤¥, ´μ·³¨·μ¢μÎ´Ò° ±μÔËË¨Í¨¥´É C = (2π)3δ3

(
A∑

i=1

p�
i

)
¨

¶μ Ê¸²μ¢¨Õ ´μ·³¨·μ¢±¨ ¸¶¨´μ·μ¢ „¨· ± 

u†
l (p

�
i , si)√

2Ep�
i

ui(p
�
i , ri)√

2Ep�
i

= δliδsi,ri ,

Éμ fk
mn(q) ¶·¨μ¡·¥É ¥É ¢¨¤ ³´μ£μ±· É´μ£μ ¨´É¥£· ² :

∫ (
A∏
i

dp�
i

(2π)3

)∫ ⎛⎝ A∏
i,l

dyldziδliδsi,ri eip�
i (zi−yl)

⎞⎠ψn({y}) eiqzkψ∗
m({z}),

¨²¨ fk
mn(q) =

∫ (
A∏
l

∫
dyldzl

)
×

×
[

A∏
i

∫ (
dp�

i

(2π)3

)
eip�

i (zl−yl)

]
ψn({y}) eiqzkψ∗

m({z}),

£¤¥ A-±· É´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ dp�
i /(2π)3 ¤ ¥É A ÏÉÊ± δ3(zl−yl), ±μÉμ·Ò¥

¸´¨³ ÕÉ A ¨´É¥£·¨·μ¢ ´¨° ¶μ dyl, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¶μ²ÊÎ ¥É¸Ö μ±μ´Î É¥²Ó-
´ Ö Ëμ·³Ê²  ¤²Ö fk

mn(q) ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨:

fk
mn(q) = 〈m|eiqX̂k |n〉x =

∫ A∏
i

dzi ψ∗
m({z}) eiqzkψn({z}) =

≡ 〈m|eiqxk |n〉 =
∫ A∏

i=1

dxi ψ∗
m(x1, . . . ,xA) eiqxkψn(x1, . . . ,xA). (�.68)
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Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¥¸²¨ ¢ Ëμ·³Ê²¥ (�.68) ¶μ²μ¦¨ÉÓ q = 0, Éμ μ´ 
¤μ²¦´  ¶¥·¥Ìμ¤¨ÉÓ ¢ Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨ ¸μ¸ÉμÖ´¨° 〈m|n〉 ¢ ±μμ·¤¨´ É´μ³
¶·¥¤¸É ¢²¥´¨¨, É. ¥. ¢Ò· ¦¥´¨¥ (�.32), § ¶¨¸ ´´μ¥ ¢ ¢¨¤¥ 〈m|n〉x = δmn. �·Ö-
³ Ö ¶·μ¢¥·±  ¢Ò¶μ²´¥´¨Ö ÔÉμ£μ Ê¸²μ¢¨Ö ¡Ê¤¥É μ§´ Î ÉÓ ¶· ¢¨²Ó´μ¸ÉÓ ¨¸¶μ²Ó-
§μ¢ ´¨Ö ¶¥·¥Ìμ¤´μ£μ (μÉ p�- ± p-¶·¥¤¸É ¢²¥´¨Õ) ´μ·³¨·μ¢μÎ´μ£μ ³´μ¦¨É¥²Ö

C = (2π)3δ3

(
A∑

i=1

p�
i

)
.

„¥°¸É¢¨É¥²Ó´μ, ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨Ö ¤²Ö Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨ Ö¤¥·´ÒÌ ¸μ-
¸ÉμÖ´¨° ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ö¤·  (�.41) Î¥·¥§ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ ±μμ·¤¨´ É´μ³
¶·¥¤¸É ¢²¥´¨¨, ¸É ·ÉÊÖ ¸ Ëμ·³Ê²Ò (�.41), § ¤ ´´μ° ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É -
¢²¥´¨¨ (¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Ö¤· ):

〈m|n〉 =
∫ (

A∏
i

dp�
i

(2π)3

)
ψ̃n({p�})ψ̃∗

m({p�})(2π)3δ3

(
A∑

i=1

p�
i

)
= δmn.

„²Ö ÔÉμ£μ ´ ¤μ ¶·μ¨§¢¥¤¥´¨¥ ψ̃n({p�}) ψ̃∗
m({p�}) ¢Ò· §¨ÉÓ Î¥·¥§ x-¶¥·¥³¥´´Ò¥,

É. ¥. ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢Éμ·Ò³¨ Ëμ·³Ê² ³¨ ¨§ ¸μμÉ´μÏ¥´¨° (�.63):

ψ̃n({p�})ψ̃∗
m({p�}) =

1
C

∫ (
A∏
i

dyi
u†

i (p
�
i , si)√

2Ep�
i

e−ip�
i yi

)
ψn({y})×

×
∫ ⎛⎝ A∏

j

dzj

uj(p
�
j , sj)√

2Ep�
j

eip�
j zj

⎞⎠ψ∗
m({z}) =

=
∫ ⎛⎝ A∏

i,j

dyi dzj
u†

i (p
�
i , si)√

2Ep�
i

uj(p�
j , sj)√

2Ep�
j

eip�
jzj−ip�

i yi

⎞⎠ψn({y})ψ∗
m({z}).

’μ£¤  〈m|n〉x ¸ ÊÎ¥Éμ³ C = (2π)3δ3

(
A∑

i=1

p�
i

)
¶·¨´¨³ ¥É ¢¨¤

∫ (
A∏
i

dp�
i

(2π)3

)⎛⎝ A∏
i,j

dyi dzj

u†
i (p

�
i , si)uj(p�

j , sj)√
2Ep�

i

√
2Ep�

j

eip�
j zj−ip�

i yi

⎞⎠ ×

× ψn({y})ψ∗
m({z}).
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“Î¨ÉÒ¢ Ö ´μ·³¨·μ¢±Ê ¸¶¨´μ·μ¢ u†
i (p

�
i , si)uj(p

�
j , sj) = 2Ep�

i
δ3(p�

i −p�
j)δsi,sj δij ,

¨³¥¥³∫ (
A∏
i

dp�
i

(2π)3

)⎛⎝ A∏
i,j

dyi dzj

Ep�
i
δ3(p�

i − p�
j ) δsi,sj δij√

Ep�
i

√
Ep�

i

eip�
i (zj−yi)

⎞⎠ ×

× ψn({y})ψ∗
m({z}).

“ÎÉÖ, ÎÉμ

∫
dp�

i

(2π)3
eip�

i (zj−yi) = δ3(zj − yi), ³μ¦´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ p�
i

¢Ò· ¦¥´¨¥(
A∏
i

∫
dp�

i

(2π)3
eip�

i (zj−yi)

)∫ ⎛⎝ A∏
i,j

dyi dzj

⎞⎠ψn({y})ψ∗
m({z})

¨ ¶μ²ÊÎ¨ÉÓ

∫ ⎛⎝ A∏
i,j

dyi dzj δ3(zj − yi)

⎞⎠ψn({y})ψ∗
m({z}), μÉ±Ê¤  μ±μ´Î É¥²Ó´μ

¨³¥¥³

〈m|n〉x =
∫ (

A∏
i

dyi

)
ψn({y})ψ∗

m({y}) = δmn,

ÎÉμ ¸μ¢¶ ¤ ¥É ¸ Ëμ·³Ê²μ° (�.32) ¶·¨ m = n.
�.4. �·¥μ¡· §μ¢ ´¨¥ ¸¥Î¥´¨Ö νA → νA(∗)-· ¸¸¥Ö´¨Ö ¸ ¶μ³μÐÓÕ ¤¥²Ó-

É -ËÊ´±Í¨°. ‚ · §¤. 6 ¤²Ö ¶·μÍ¥¸¸  ν(p1) + A(p2) → ν(p′1) + A(∗)(p′2) ¶μ²Ê-
Î¥´μ ¢Ò· ¦¥´¨¥ (6.3):

dσ ≡ dw E1E2

n1n2I
= −2π

δ(E1 + E2 − E′
1 − E′

2)|M|2|p′
1|2d|p′

1|d cos θ

64π2IE′
1E

′
2

,

¨§ ±μÉμ·μ£μ ¸ ÊÎ¥Éμ³ ¡¥§³ ¸¸μ¢μ¸É¨ ( ´É¨)´¥°É·¨´μ (É. ¥. |p′
1| = E′

1 ¨ I =
E1E2) ¸²¥¤Ê¥É Ëμ·³Ê²  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ( ´É¨)-
´¥°É·¨´μ ´  Ö¤·¥:

dσ

dE′
1d cos θ

= −δ(E1 + E2 − E′
1 − E′

2)|M|2(E′
1)

2

32π(E1E2)E′
1E

′
2

=

= −E′
1

E1

|M|2δ(E1 + E2 − E′
1 − E′

2(E
′
1))

32πE2E′
2

.

‚ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ¤²Ö ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ¢ ÔÉμ° Ëμ·-
³Ê²¥ ¨³¥¥³

E1 = Eν , E′
1 = E′

ν , E2 = EA = mA + εn,

E′
2 = E′

A = mA + εm + TA, E2 − E′
2 = εn − εm − TA.
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’μ£¤  ¶·¨ Δεmn = εm − εn ¶μ²ÊÎ ¥³

d2σmn

dE′
ν d cos θ

= − E′
ν |iMmn|2

25πEν(mA + εn)
δ(Eν − E′

ν − TA(E′
ν) − Δεmn)

mA + TA + εm
, (�.69)

£¤¥ E′
ν ¨ cos θ Å ¤¢¥ ´¥§ ¢¨¸¨³Ò¥ ¶¥·¥³¥´´Ò¥. �μ¸±μ²Ó±Ê ±¨´¥É¨Î¥¸± Ö

Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤· 

TA =
√

m2
A + q2 − mA =

√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ − mA (�.70)

§ ¢¨¸¨É μÉ Ô´¥·£¨¨ ´¥°É·¨´μ E′
ν , Éμ ¨´É¥£·¨·μ¢ ´¨¥ ¤¥²ÓÉ -ËÊ´±Í¨¨ ¶μ ¶¥·¥-

³¥´´μ° E′
ν ¢ ¢Ò· ¦¥´¨¨ (�.69) ¤μ²¦´μ ¡ÒÉÓ ¶·μ¢¥¤¥´μ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò

δ(f(E′
ν)) =

δ(E′
ν − Ẽ′

ν)
|df(Ẽ′

ν)/dE′
ν |

=
δ(E′

ν − Ẽ′
ν)

| − 1 − dTA(Ẽ′
ν)/dE′

ν |
. (�.71)

‡¤¥¸Ó

Ẽ′
ν =

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

mA − Δεmn + Eν(1 − cos θ)
(�.72)

¥¸ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

f(Ẽ′
ν) ≡ Eν − Ẽ′

ν − TA(Ẽ′
ν) − Δεmn = 0, (�.73)

μ¡· Ð ÕÐ¥£μ  ·£Ê³¥´É ÔÉμ° ¤¥²ÓÉ -ËÊ´±Í¨¨ ¢ ´Ê²Ó ¨, ¸²¥¤μ¢ É¥²Ó´μ, μ¡¥¸-
¶¥Î¨¢ ÕÐ¥£μ ¥° ´¥´Ê²¥¢μ¥ §´ Î¥´¨¥. „¥°¸É¢¨É¥²Ó´μ, ¸ ÊÎ¥Éμ³ (�.70) ¨§ ¸μ-
μÉ´μÏ¥´¨Ö

Eν − E′
ν − Δεmn =

√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ − mA

¨³¥¥³ (Eν − E′
ν − Δεmn + mA)2 = m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ, μÉ±Ê¤ 

¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²μ¦¥´¨Ö(
Eν − E′

ν − Δεmn + mA

)2 = m2
A + E2

ν + (E′
ν)2 + Δε2

mn − 2EνE′
ν −

− 2EνΔεmn + 2EνmA + 2E′
νΔεmn − 2E′

νmA − 2mAΔεmn (�.74)

¶μ²ÊÎ ¥É¸Ö, ÎÉμ Δε2
mn−2EνE′

ν −2EνΔεmn +2EνmA +2E′
νΔεmn−2E′

νmA−
2mAΔεmn = −2E′

νEν cos θ. ’μ£¤  ¨§ Δε2
mn − 2mAΔεmn + 2Eν(mA −

Δεmn) = 2E′
ν

(
Eν − Eν cos θ − Δεmn + mA

)
¸²¥¤Ê¥É Ëμ·³Ê²  (�.72). �¥Ï¥-

´¨¥ (�.72) ¤ ¥É § ¢¨¸¨³μ¸ÉÓ Ô´¥·£¨¨ · ¸¸¥Ö´´μ£μ ´¥°É·¨´μ μÉ Ê£²  ¥£μ · ¸-
¸¥Ö´¨Ö, ¸²¥¤ÊÕÐ¥¥ ¨§ Ê¸²μ¢¨Ö ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢ ¢¨¤¥ (�.73).

„²Ö ¶·μ¨§¢μ¤´μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ Ö¤·  ¶μ Ô´¥·£¨¨ · ¸¸¥Ö´´μ£μ ´¥°-
É·¨´μ (¢§ÖÉμ° ¢ ÉμÎ±¥ Ẽ′

ν ) ¨³¥¥É ³¥¸Éμ ¢Ò· ¦¥´¨¥

dTA(Ẽ′
ν)

dE′
ν

=
Ẽ′

ν − Eν cos θ√
m2

A + E2
ν + (Ẽ′

ν)2 − 2E′
νEν cos θ

=
Ẽ′

ν − Eν cos θ

TA(Ẽ′
ν) + mA

,
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¢ ±μÉμ·μ³ cos θ (¢¸¥ ¥Ð¥ ¶μ± ) ¸Î¨É ¥É¸Ö ´¥§ ¢¨¸¨³μ° μÉ E′
ν ¶¥·¥³¥´´μ°,  

É ±¦¥ ¢ ¶μ¸²¥¤´¥³ · ¢¥´¸É¢¥ ±μ·¥´Ó ¢ §´ ³¥´ É¥²¥ § ³¥´¥´ ´  TA(Ẽ′
ν) +

mA ¢ ¸¨²Ê μ¶·¥¤¥²¥´¨Ö ¸ ³μ° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ (�.70). �μ¸±μ²Ó±Ê
f(Ẽ′

ν) = 0, Éμ ¢³¥¸Éμ Ẽ′
ν ³μ¦´μ ¶μ¤¸É ¢¨ÉÓ Eν − TA(Ẽ′

ν) − Δεmn, É. ¥.

Ẽ′
ν = Eν − TA(Ẽ′

ν) − Δεmn

¨ ¤²Ö ¶·μ¨§¢μ¤´μ° |df(Ẽ′
ν)/dE′

ν | = dTA(Ẽ′
ν)/dE′

ν + 1 ¨§ (�.71) ¶μ²ÊÎ ¥É¸Ö

∣∣∣df(Ẽ′
ν)

dE′
ν

∣∣∣ =
Eν − TA(Ẽ′

ν) − Δεmn − Eν cos θ + TA(Ẽ′
ν) + mA

TA(Ẽ′
ν) + mA

=

=
Eν(1 − cos θ) + mA − Δεmn

TA(Ẽ′
ν) + mA

.

‘ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨° (�.72) ¨ (�.73) ¤²Ö TA (¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ẽ′
ν) ¨³¥¥É¸Ö

Ëμ·³Ê² 

TA =
Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2

Eν(1 − cos θ) + mA − Δεmn
, (�.75)

±μÉμ· Ö ¸²¥¤Ê¥É ¨§ ´¥¡μ²ÓÏμ£μ ¶·¥μ¡· §μ¢ ´¨Ö ±μ³¡¨´ Í¨¨ Ëμ·³Ê²Ò (�.73)
¸ (�.72) ¢ ¢¨¤¥

TA = Eν − Δεmn − Ẽ′
ν = Eν − Δεmn −

− Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

mA − Δεmn + Eν(1 − cos θ)
=

=
(Eν − Δεmn)(mA − Δεmn + Eν(1 − cos θ))

mA − Δεmn + Eν(1 − cos θ)
−

− Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

mA − Δεmn + Eν(1 − cos θ)
.

’¥¶¥·Ó ¸¥Î¥´¨¥ (�.69) ³μ¦´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ E′
ν ¸ ¶μ³μÐÓÕ ¤¥²ÓÉ -

ËÊ´±Í¨¨ (�.71):

dσmn

d cos θ
=

∫
dE′

ν

(−1)E′
ν |iMmn|2

25πEν(mA + εn)
1

mA + TA + εm

δ(E′
ν − Ẽ′

ν)∣∣∣df(Ẽ′
ν)

dE′
ν

∣∣∣ =

=
∫

dE′
ν

(−1)E′
ν |iMmn|2

25πEν(mA + εn)
δ(E′

ν − Ẽ′
ν)

mA + TA + εm

TA + mA

Eν(1 − cos θ) + mA − Δεmn
.
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ˆ´É¥£·¨·μ¢ ´¨¥ ²¥£±μ ¢Ò¶μ²´Ö¥É¸Ö §  ¸Î¥É δ(E′
ν − Ẽ′

ν)-ËÊ´±Í¨¨, ¨ ¤¨ËË¥-
·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥, § ¢¨¸ÖÐ¥¥ μÉ ´ Î ²Ó´μ° Ô´¥·£¨¨ Eν ¨ Ê£²  · ¸¸¥Ö´¨Ö
´¥°É·¨´μ θ, · ¢´μ

dσmn

d cos θ
= − Ẽ′

ν |iMmn|2
25πEν(mA + εn)

×

× 1
mA + TA(Ẽ′

ν) + εm

mA + TA(Ẽ′
ν)

Eν(1 − cos θ) + mA − Δεmn
. (�.76)

‡¤¥¸Ó TA ¨ Ẽ′
ν μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (�.75) ¨ (�.72) Î¥·¥§ cos θ (  É ±¦¥

Eν , mA ¨ Δεmn). „ ²¥¥ ´ ¤μ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ³ ¸¥Î¥´¨¨ (�.76) ¶¥·¥°É¨
μÉ d cos θ ± dTA. ˆ¸¶μ²Ó§Ê¥³ ¤²Ö ÔÉμ£μ ¢Ò· ¦¥´¨¥ (�.75) ¤²Ö § ¢¨¸¨³μ¸É¨ TA

μÉ cos θ:

TA =
Eν(Eν − Δεmn)(1 − cos θ) + Δ2εmn/2

Eν(1 − cos θ) + mA − Δεmn
≡ A(1 − cos θ) + B

E(1 − cos θ) + C
,

£¤¥ A = Eν(Eν − Δεmn), B = Δ2εmn/2, C = mA − Δεmn ¨ E = Eν , Éμ£¤ 
Ö±μ¡¨ ´ ¶¥·¥Ìμ¤  ¶·¨μ¡·¥É ¥É ¢¨¤ ∗

dTA

d cos θ
=

BE − AC

(E(1 − cos θ) + C)2
=

= Eν
Δ2εmn/2 − (Eν − Δεmn)(mA − Δεmn)

[Eν(1 − cos θ) + mA − Δεmn]2
=

= −Eν
Eν(mA − Δεmn) + Δε2

mn/2 − mAΔεmn

[Eν(1 − cos θ) + mA − Δεmn]2
, (�.77)

£¤¥ ÊÎÉ¥´μ, ÎÉμ Δ2εmn/2−(Eν−Δεmn)(mA−Δεmn) = Δ2εmn/2−Eν(mA−
Δεmn) + ΔεmnmA − Δε2

mn = −[Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn].

∗ˆ¸¶μ²Ó§μ¢ ´μ, ÎÉμ −A[E(1 − cos θ) + C] + [A(1 − cos θ) + B]E = −AE(1 − cos θ) −
AC + AE(1 − cos θ) + BE.
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�μ¤¸É ¢²ÖÖ ÔÉμÉ Ö±μ¡¨ ´ ¨ ¢Ò· ¦¥´¨¥ ¤²Ö Ẽ′
ν ¢ ¸¥Î¥´¨¥ (�.76), ¶μ²ÊÎ ¥³

dσmn

dTA
=

dσmn

d cos θ

d cos θ

dTA
=

=
dσmn

d cos θ

−1
Eν

[Eν(1 − cos θ) + mA − Δεmn]2

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

=

=
|iMmn|2

25πEν(mA + εn)
1

(mA + TA + εm)
(mA + TA)

Eν(1 − cos θ) + mA − Δεmn
Ẽ′

ν ×

× 1
Eν

[Eν(1 − cos θ) + mA − Δεmn]2

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

=

=
|iMmn|2

25πE2
ν (mA + εn)

1
(mA + TA + εm)

(mA + TA)
Eν(1 − cos θ) + mA − Δεmn

×

× Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

mA − Δεmn + Eν(1 − cos θ)
×

× [Eν(1 − cos θ) + mA − Δεmn]2

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

.

ˆ ¤ ²¥¥ ¶μ¸²¥ μÎ¥¢¨¤´ÒÌ ¸μ±· Ð¥´¨°

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

(mA − Δεmn + Eν(1 − cos θ))2
×

× [Eν(1 − cos θ) + mA − Δεmn]2

Eν(mA − Δεmn) + Δε2
mn/2 − mAΔεmn

= 1

¸¥Î¥´¨¥ ¶·¨´¨³ ¥É (¶·μ¸Éμ°) ¢¨¤

dσmn

dTA
=

|iMmn|2
25πE2

ν (mA + εn)
(mA + TA)

(mA + TA + εm)
≡

≡ |iMmn|2
25πE2

νmA
C̃2,mn(TA), (�.78)

£¤¥

C̃2,mn(TA) =
mA

(mA + εn)
(mA + TA)

(mA + TA + εm)
≡

≡ 1[
1 +

εn

mA

]
[
1 +

TA

mA

]
[
1 +

TA + εm

mA

] = O(1).
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�Éμ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ¶μ²ÊÎ¥´μ ¶ÊÉ¥³ ¨´É¥£·¨·μ¢ ´¨Ö ¤¥²ÓÉ -ËÊ´±Í¨¨
¶μ E′

ν ¢ ´ Î ²Ó´μ° Ëμ·³Ê²¥ ¤²Ö ¸¥Î¥´¨Ö (�.69).
‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶μ¸±μ²Ó±Ê ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö μÉ¤ Î¨ Ö¤·  (�.70)

§ ¢¨¸¨É ± ± μÉ Ô´¥·£¨¨ ´¥°É·¨´μ E′
ν , É ± ¨ μÉ cos θ, Éμ ¨´É¥£·¨·μ¢ ´¨¥ ¤¥²ÓÉ -

ËÊ´±Í¨¨ ¢ ¢Ò· ¦¥´¨¨ (�.69) ³μ¦´μ ¸´ Î ²  ¶·μ¢¥¸É¨ ¶μ cos θ ¸ ¶μ³μÐÓÕ
¸μμÉ´μÏ¥´¨Ö

δ(f(cos θ)) =
δ(cos θ − cos θi)
|df(cos θi)/d cos θ| , (�.79)

£¤¥

cos θi = 1 − (Eν − E′
ν)(mA − Δεmn) − Δεmn(mA − Δεmn/2)

E′
νEν

=

= 1 +
(mA − Δεmn)

Eν
− (mA − Δεmn)

E′
ν

+
ΔεmnmA − Δε2

mn/2
E′

νEν
(�.80)

¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° §´ Î¥´¨¥ cos θ, μ¡· Ð ÕÐ¥¥ ¢ ´Ê²Ó  ·£Ê³¥´É ¤¥²ÓÉ -
ËÊ´±Í¨¨ ¶·¨ ¶·μ¨§¢μ²Ó´μ³ (¥Ð¥ ¶μ± ) §´ Î¥´¨¨ ¢Éμ·μ° ¸¢μ¡μ¤´μ° ¶¥·¥-
³¥´´μ° E′

ν , É. ¥. ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö

f(cos θ) ≡ Eν − E′
ν − TA(cos θ) − Δεmn = 0. (�.81)

®�¡· Ð¥´¨¥¯ (�.80) ¤ ¥É Ê¦¥ ¨§¢¥¸É´ÊÕ Ëμ·³Ê²Ê ¤²Ö § ¢¨¸¨³μ¸É¨ E′
ν μÉ

cos θ (�.72). �¥Ï¥´¨¥ (�.80) ³μ¦´μ ´ °É¨, ´ Î¨´ Ö ¸ · ¢¥´¸É¢  (�.81), ÊÎÉÖ
Ö¢´μ Ëμ·³Ê²Ê ¤²Ö TA, É. ¥.

Eν − E′
ν + mA − Δεmn =

√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ.

„¥°¸É¢¨É¥²Ó´μ, ¢μ§¢μ¤Ö ÔÉμ · ¢¥´¸É¢μ ¢ ±¢ ¤· É ¨ ¨¸¶μ²Ó§ÊÖ · §²μ¦¥´¨¥
(�.74), ¨³¥¥³

cos θ =
m2

A + E2
ν + (E′

ν)2 − (Eν − E′
ν + mA − Δεmn)2

2E′
νEν

=

−Δε2
mn+2EνE′

ν−2EνmA+2EνΔεmn+2E′
νmA−2E′

νΔεmn+2mAΔεmn

2E′
νEν

=

= 1 +
(mA − Δεmn)

Eν
+

−Eν(mA − Δεmn) + Δεmn(mA − Δεmn/2)
E′

νEν
.

�É±Ê¤  ¸²¥¤Ê¥É Ëμ·³Ê²  (�.80), ¨§ ±μÉμ·μ°, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¤²Ö ¶·μ¨§¢μ¤´μ°
¨³¥¥É¸Ö

dE′
ν

d cos θ
=

(E′
ν)2Eν

Eν(mA − Δεmn) − ΔεmnmA + Δε2
mn/2

=

=
E′

νEν

Eν(1 − cos θ) + (mA − Δεmn)
.
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�μ¸±μ²Ó±Ê ¤μ ³μ³¥´É  ¢§ÖÉ¨Ö ¨´É¥£· ²  ¸ ¶μ³μÐÓÕ ¤¥²ÓÉ -ËÊ´±Í¨¨
(�.79) ¶¥·¥³¥´´Ò¥ E′

ν ¨ cos θ ¢¸¥ ¥Ð¥ μ¸É ÕÉ¸Ö ´¥§ ¢¨¸¨³Ò³¨, Éμ ¢ ËÊ´±Í¨¨
f(cos θ) ¨§ (�.81) ¢¸Ö § ¢¨¸¨³μ¸ÉÓ μÉ cos θ ¢Ìμ¤¨É Éμ²Ó±μ Î¥·¥§ TA, ¨ ¶μ ÔÉμ°
¶·¨Î¨´¥ ¶·μ¨§¢μ¤´ Ö ¢ Ëμ·³Ê²¥ (�.79) É ±μ¢ :

df(cos θi)
d cos θ

= − dTA

d cos θ
= −d

√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ

d cos θ
=

=
E′

νEν√
m2

A + E2
ν + (E′

ν)2 − 2E′
νEν cos θ

=
E′

νEν

TA + mA
.

‘ ÊÎ¥Éμ³ ÔÉμ° ¶·μ¨§¢μ¤´μ° ¤¥²ÓÉ -ËÊ´±Í¨Ö (�.79) ¶·¨´¨³ ¥É ¢¨¤

δ(f(cos θ)) = δ(cos θ − cos θi)
TA(cos θi) + mA

E′
νEν

.

’¥¶¥·Ó ¸¥Î¥´¨¥ (�.69) ³μ¦´μ ¶·μ¨´É¥£·¨·μ¢ ÉÓ ¶μ cos θ ¸ ÔÉμ° ¤¥²ÓÉ -ËÊ´±-
Í¨¥°:

dσmn

dE′
ν

=
∫

d cos θ
(−1)E′

ν |iMmn|2
25πEν(mA + εn)

δ(Eν − E′
ν − TA(cos θ) − Δεmn)
mA + TA + εm

=

=
∫

d cos θ
(−1)E′

ν |iMmn|2
25πEν(mA + εn)

δ(cos θ − cos θi)
mA + TA(cos θi) + εm

TA(cos θi) + mA

E′
νEν

=

=
(−1)|iMmn|2

25πE2
ν (mA + εn)

TA + mA

mA + TA + εm
.

„ ²¥¥ ¸²¥¤Ê¥É μ¸ÊÐ¥¸É¢¨ÉÓ ¶¥·¥Ìμ¤ μÉ ¶¥·¥³¥´´μ° E′
ν ± ¨§³¥·Ö¥³μ° TA, ¶·¨

ÔÉμ³ ´ ¤μ ÊÎ¥¸ÉÓ, ÎÉμ cos θi, ¢Ìμ¤ÖÐ¨° ¢ μ¶·¥¤¥²¥´¨¥ TA, § ¢¨¸¨É É ±¦¥ μÉ
E′

ν ¸μ£² ¸´μ (�.80). ˆÉ ±,

dTA(cos θi)
dE′

ν

=
d
√

m2
A + E2

ν + (E′
ν)2 − 2E′

νEν cos θ

dE′
ν

=

=

d(E′
ν)2

dE′
ν

− 2d(E′
νEν cos θ)
dE′

ν

2
√

m2
A + E2

ν + (E′
ν)2 − 2E′

νEν cos θ
=

=
E′

ν − Eν cos θ − E′
νEν

d cos θ

dE′
ν√

m2
A + E2

ν + (E′
ν)2 − 2E′

νEν cos θ
=

E′
ν − Eν cos θ − E′

νEν
d cos θ

dE′
ν

TA + mA
.
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‘ ÊÎ¥Éμ³ ¶·μ¨§¢μ¤´μ°
d cos θ

dE′
ν

=
Eν(1 − cos θ) + (mA − Δεmn)

E′
νEν

,   É ±¦¥

¢¸¶μ³¨´ Ö, ÎÉμ ¨§ (�.81) ¸²¥¤Ê¥É, ÎÉμ E′
ν − Eν + Δεmn = −TA, ¨³¥¥³

dTA(cos θi)
dE′

ν

=
E′

ν − Eν cos θ − E′
νEν

Eν(1 − cos θ) + (mA − Δεmn)
E′

νEν

TA + mA
=

=
E′

ν − Eν cos θ − Eν + Eν cos θ − mA + Δεmn

TA + mA
=

=
E′

ν − Eν + Δεmn − mA

TA + mA
= −1.

�ÉÊ ®−1¯ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ É ±¦¥ ¸· §Ê ¶ÊÉ¥³ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö ¢Ò· ¦¥-
´¨Ö (�.81) ¤²Ö cos θi, É. ¥. ¨§ −dE′

ν − dTA = 0. ‚ ·¥§Ê²ÓÉ É¥ ¸ ÊÎ¥Éμ³ ÔÉμ°
¶·μ¨§¢μ¤´μ° ¤²Ö ¸¥Î¥´¨Ö νA-· ¸¸¥Ö´¨Ö ¶μ²ÊÎ ¥É¸Ö Ê¦¥ §´ ±μ³ Ö Ëμ·³Ê² 

dσmn

dTA
=

dσmn

dE′
ν

dE′
ν

dTA(cos θi)
=

=
(−1)|iMmn|2

25πE2
ν(mA + εn)

(−1)(TA + mA)
mA + TA + εm

=
|iMmn|2
25πE2

νmA
C2,mn, (�.82)

£¤¥ C2,mn =
[
1 +

εn

mA

]−1[
1 +

TA

mA

][
1 +

TA + εm

mA

]−1

, ÎÉμ ¸μ¢¶ ¤ ¥É ¸ ¢Ò· -

¦¥´¨¥³ (�.78), ¶μ²ÊÎ¥´´Ò³ ¶ÊÉ¥³ ¨´É¥£·¨·μ¢ ´¨Ö ¤¥²ÓÉ -ËÊ´±Í¨¨ ¶μ E′
ν ¢

Ëμ·³Ê²¥ ¤²Ö ¸¥Î¥´¨Ö (�.69).
ˆÉ ±, ¶μ± § ´μ, ÎÉμ ¨´É¥£·¨·μ¢ ´¨¥ ¤¥²ÓÉ -ËÊ´±Í¨¨ § ±μ´  ¸μÌ· ´¥´¨Ö

δ(Eν − E′
ν − TA(E′

ν) − Δεmn) ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ³ ¸¥Î¥´¨¨ νA-· ¸¸¥Ö-
´¨Ö (�.69) ¤ ¥É μ¤¨´ ¨ ÉμÉ ¦¥ ·¥§Ê²ÓÉ É ´¥§ ¢¨¸¨³μ μÉ Éμ£μ, ¶μ ± ±μ° ¨§
¤¢ÊÌ μ¸´μ¢´ÒÌ ¶¥·¥³¥´´ÒÌ, E′

ν ¨²¨ cos θ, μ´μ ¶·μ¢μ¤¨É¸Ö.
�.5. ‚ÒÎ¨¸²¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Éμ±μ¢. „¨ËË¥·¥´Í¨ ²Ó´μ¥

¸¥Î¥´¨¥ ²¥¶Éμ´-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (6.36) É·¥¡Ê¥É ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ-
¨§¢¥¤¥´¨° ¤¢ÊÌ Éμ±μ¢, ²¥¶Éμ´´μ£μ (´¥°É·¨´´μ£μ ¢ ¤ ´´μ³ ¸²ÊÎ ¥),
u(k′, s′)Oμu(k, s), ¨ ´Ê±²μ´´μ£μ, u(p′, r′)O′

μu(p, r), £¤¥ Oμ, O′
μ Å ±μ³¡¨´ -

Í¨¨ ³ É·¨Í „¨· ± . Š ¸μ¦ ²¥´¨Õ, Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥³ Ö ¸É ´¤ ·É´ Ö ¶·μ-
Í¥¤Ê·  ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶ÊÉ¥³ ®¢§ÖÉ¨Ö¯ ¸²¥¤μ¢ γ-³ É·¨Í § 
¸Î¥É ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¸¶¨´μ¢Ò³ ¨´¤¥±¸ ³ ´ Î ²Ó´ÒÌ, s, r, ¨ ±μ´¥Î´ÒÌ, s′, r′,
Ë¥·³¨μ´μ¢ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ³ ²μ ¶·¨£μ¤´ . �·¨Î¨´  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ´¥
Ê¤ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¨§¢¥¸É´ÊÕ Ëμ·³Ê²Ê ¤²Ö ¸¶¨´μ·μ¢ „¨· ± 

u(p, r)u(p, r) =
1
2

(/p + m) (1 + γ5/sr) ,
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£¤¥ sr μ¡μ§´ Î ¥É 4-¢¥±Éμ· ¸¶¨´  Ë¥·³¨μ´ , ¶μ¸±μ²Ó±Ê ± ± ³¨´¨³Ê³ ¤²Ö ¸²Ê-
Î Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥μ¡Ìμ¤¨³μ Î¥É±μ ±μ´É·μ²¨·μ¢ ÉÓ §´ Î¥´¨Ö ¶·μ-
¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ. ˆ´Ò³¨ ¸²μ¢ ³¨,
´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ¶·μ¨§¢μ²Ó´ÒÌ ¸μÎ¥É ´¨° ±μ-
´¥Î´ÒÌ ¨ ´ Î ²Ó´ÒÌ ¶·μ¥±Í¨° ¸¶¨´  Ë¥·³¨μ´μ¢.

�μÔÉμ³Ê ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ÒÎ¨¸²ÖÕÉ¸Ö ®´ ¶·Ö³ÊÕ¯ (¸³., ´ -
¶·¨³¥·, [38]), ¶ÊÉ¥³ ¶¥·¥³´μ¦¥´¨Ö ¤¢ÊÌ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ 4-¢¥±Éμ·μ¢ Éμ±μ¢.

„²Ö Ê¶·μÐ¥´¨Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢Ò±² ¤μ± ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶-
Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¡Ê¤ÊÉ ¶μ²ÊÎ¥´Ò ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ´¥°É· ²Ó-
´μ£μ ²¥¶Éμ´  ¨ ´Ê±²μ´ , £¤¥ Ô´¥·£¨¨ ¢Ìμ¤ÖÐ¨Ì ¨ ¢ÒÌμ¤ÖÐ¨Ì ¨§ ¶·μÍ¥¸¸ 
Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ν(k)+N(p) → ν(k′)+N(p′) Ë¥·³¨μ´μ¢ · ¢´Ò. ‘μμÉ¢¥É-
¸É¢¥´´μ ¤²Ö ( ´É¨)´¥°É·¨´μ ¨ ´Ê±²μ´  ÔÉ¨ Ô´¥·£¨¨ É ±μ¢Ò:

Eν =
s − m2

2
√

s
, EN = Ep =

s + m2

2
√

s
,

£¤¥ s = (p + k)2; p ¨ m Å 4-¨³¶Ê²Ó¸ ¨ ³ ¸¸  ´Ê±²μ´ ; k Å 4-¨³¶Ê²Ó¸
( ´É¨)´¥°É·¨´μ. ‚ ¤ ²Ó´¥°Ï¥³ ¢¸¥ ¢¥²¨Î¨´Ò ¢ ¤ ´´μ³ · §¤¥²¥, § ¢¨¸ÖÐ¨¥
μÉ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, ¤ ´Ò ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ( ´É¨)´¥°É·¨´μ
¨ ´Ê±²μ´ . Š¨´¥³ É¨±  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  ´Ê±²μ´¥ ¢ ¸¨-
¸É¥³¥ ¨Ì Í¥´É·  ³ ¸¸ ³μ¦¥É ¡ÒÉÓ ¶μ¸É·μ¥´  ´  ¡ §¥ ¥¤¨´¨Î´μ£μ 3-¢¥±Éμ· , ´ -
¶· ¢²¥´´μ£μ ¶μ μ¸¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, ±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ (¡¥§ ¶μÉ¥·¨
μ¡Ð´μ¸É¨) ¢Ò¡· ´  ¢¤μ²Ó ±μμ·¤¨´ É´μ° z-μ¸¨ (·¨¸. 21). ’μ£¤  ´ ¶· ¢²¥´¨Ö
¤¢¨¦¥´¨Ö ¢¸¥Ì ÊÎ ¸É¢ÊÕÐ¨Ì ¢ · ¸¸¥Ö´¨¨ Î ¸É¨Í ¡Ê¤ÊÉ § ¤ ´Ò ¥¤¨´¨Î´Ò³¨
¢¥±Éμ· ³¨

nk = (0, 0, 1), np = −nk,
(�.83)

nk′ = (cosϕ sin θ, sin ϕ sin θ, cos θ), np′ = −nk′ .

�¨¸. 21. � ¸¶μ²μ¦¥´¨¥ ¥¤¨´¨Î´ÒÌ ¢¥±Éμ·μ¢ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ´¥°É·¨´μ ¨ ´Ê±²μ´ 
(¸²¥¢ ). ‘¶¨´Ò Î ¸É¨Í ¶μ± § ´Ò ¸¶· ¢ . „²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ ( ´É¨´¥°É·¨´μ)
´ Î ²Ó´Ò¥ ¨ ±μ´¥Î´Ò¥ ¶·μ¥±Í¨¨ ¨Ì ¸¶¨´μ¢ (sν ¨ s′ν ) ¢¸¥£¤   ´É¨¶ · ²²¥²Ó´Ò (¶ -
· ²²¥²Ó´Ò) ¨Ì ¨³¶Ê²Ó¸ ³ (ki ¨ kf ). „²Ö ³ ¸¸¨¢´ÒÌ ´Ê±²μ´μ¢ 3-¢¥±Éμ·Ò ¨Ì ¸¶¨´μ¢
(r ¨ r′), ¢μμ¡Ð¥ £μ¢μ·Ö, ³μ£ÊÉ ¡ÒÉÓ ¶·μ¨§¢μ²Ó´μ ´ ¶· ¢²¥´Ò ¶μ μÉ´μÏ¥´¨Õ ± ¨Ì
3-¨³¶Ê²Ó¸ ³ (pi ¨ pf )
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‡¤¥¸Ó nk ≡ nki ¨ nk′ ≡ nkf
¸μμÉ¢¥É¸É¢ÊÕÉ ´ Î ²Ó´μ³Ê ¨ ±μ´¥Î´μ³Ê ( ´É¨)-

´¥°É·¨´μ,   np ≡ npi ¨ np′ ≡ npf
Å ´ Î ²Ó´μ³Ê ¨ ±μ´¥Î´μ³Ê ´Ê±²μ´Ê

(¶·μÉμ´Ê ¨²¨ ´¥°É·μ´Ê). ‚ Ö¢´μ³ ¢¨¤¥ μ´¨ É ±μ¢Ò:

npi = −nki = (0, 0,−1)
npf

= −nkf
= (− cosφ sin θ,− sinφ sin θ,− cos θ).

�± §Ò¢ ¥É¸Ö Ê¤μ¡´Ò³ ¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ · §-
²¨Î´ÒÌ ¡ §¨¸ Ì ¤¢ÊÌ±μ³¶μ´¥´É´ÒÌ ¸¶¨´μ·μ¢ χr. ’ ±, ´ ¶·¨³¥·, ¸Ê³³¨·μ¢ -
´¨¥ ¶μ ¸¶¨´μ¢Ò³ ¨´¤¥±¸ ³ r, r′ ¢ ´¥±μ£¥·¥´É´μ³ ¸² £ ¥³μ³ ¤¨ËË¥·¥´Í¨ ²Ó-
´μ£μ ¸¥Î¥´¨Ö (6.36) ²¥£Î¥ ¶·μ¢μ¤¨ÉÓ ´  μ¸´μ¢¥ ¸¶¨· ²Ó´μ£μ ¡ §¨¸ , £¤¥ r, r′ Å
¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨. Šμ£¥·¥´É´μ¥ ¸² £ ¥³μ¥ ¸¥Î¥-
´¨Ö (6.36) É·¥¡Ê¥É · ¸¸³μÉ·¥´¨Ö ´Ê±²μ´´μ£μ Éμ± , ¸μÌ· ´ÖÕÐ¥£μ ¶·μ¥±Í¨Õ
¸¶¨´  ´Ê±²μ´  ´  § ¤ ´´μ¥ ´ ¶· ¢²¥´¨¥. „²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ´ ¨¡μ²¥¥
Ê¤μ¡¥´ ¡ §¨¸ ¡¨¸¶¨´μ·μ¢ χr, ±μÉμ·Ò¥ ¸ÊÉÓ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ· 
σ3 = (nk · σ). �·¨ ÔÉμ³ μÎ¥¢¨¤´μ, ÎÉμ Ë¨§¨Î¥¸±¨¥ ´ ¡²Õ¤ ¥³Ò¥ ´¥ ¤μ²¦´Ò
§ ¢¨¸¥ÉÓ μÉ ¢Ò¡μ·  ¡ §¨¸ .

�.5.1. � §¨¸ ¸¶¨· ²Ó´μ¸É¨. ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ¨ ±μ³¶μ´¥´ÉÒ Éμ-
±μ¢. ‘´ Î ²  μ¶·¥¤¥²¨³ ¡ §¨¸´Ò¥ ¢¥±Éμ·Ò μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ( ´É¨)-
´¥°É·¨´μ ¨ ´Ê±²μ´  Ĥpj/kj

≡ npj/kj
· σ, £¤¥ ¸É ´¤ ·É´Ò¥ ³ É·¨ÍÒ � Ê²¨

¨³¥ÕÉ ¢¨¤

σ = (σ1, σ2, σ3); σ1 = σ1 =
(

0 1
1 0

)
,

σ2 = σ2 =
(

0 −i
i 0

)
, σ3 = σ3 =

(
1 0
0 −1

)
.

„²Ö ÔÉμ£μ ´ ¤μ ·¥Ï¨ÉÓ § ¤ ÎÊ ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó-
´μ¸É¨

Ĥpj/kj
χr(npj/kj

) = rχr(npj/kj
). (�.84)

Š ± ¨§¢¥¸É´μ, ¤¢ÊÌ±μ³¶μ´¥´É´Ò° ¸¶¨´μ· χr(n) Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´Ò³ ¢¥±Éμ-
·μ³ μ¶¥· Éμ·  É ±μ£μ ¸μ·É  ¸ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ r = ±1, ¨§¢¥¸É´Ò³ ± ±
¸¶¨· ²Ó´μ¸ÉÓ ¨²¨ Ê¤¢μ¥´´ Ö ¶·μ¥±Í¨Ö ¸¶¨´  Ë¥·³¨μ´  ´  ¥£μ 3-¨³¶Ê²Ó¸.

„¥°¸É¢¨É¥²Ó´μ, ¸μ£² ¸´μ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´  ¢¤μ²Ó
É·¥ÉÓ¥° (¨²¨ z) μ¸¨ (�.83) μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ¨³¥¥É ¶·μ¸Éμ° ¢¨¤ ∗:

Ĥki = nki · σ = σ3 =
(

1 0
0 −1

)
.

∗�μ¸±μ²Ó±Ê nki
· σ = (0, 0, 1) ·

[(
0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)]
=

(
1 0
0 −1

)
.
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‡ ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ²¥¶Éμ´ 

Ĥkiχ∓(nki) ≡ σ3χ∓(nki ) =
(

1 0
0 −1

)
χ∓(nki) = ∓χ∓(nki)

¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r = −1 ¨ r = +1, ±μ£¤  ¸¶¨´  ´É¨¶ · ²²¥²¥´
(s ↓↑ ki) ¨ ¶ · ²²¥²¥´ (s ↑↑ ki) ¨³¶Ê²Ó¸Ê, ¨³¥¥É ·¥Ï¥´¨Ö ¢ ¢¨¤¥

χ−(ki) ≡ χ−(nki) = χ−1(nki) =
(

0
1

)
,

χ+(ki) ≡ χ+(nki) = χ+1(nki) =
(

1
0

)
.

(�.85)

„ ²¥¥ ¸μ£² ¸´μ (�.83) ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ´Ê±²μ´  ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ ¸É·μ£μ ¶·μÉ¨¢μ¶μ²μ¦´μ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶-
Éμ´ , É. ¥. ¢¤μ²Ó z-μ¸¨, ¶μÔÉμ³Ê μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ¤²Ö ´ Î ²Ó´μ£μ ´Ê-
±²μ´ 

Ĥpi = npi · σ = −σ3 = −Ĥki .

‡ ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ´Ê±²μ´ 

Ĥpiχ∓(npi) ≡ [−σ3]χ∓(npi) =
(

−1 0
0 1

)
χ∓(npi) = ∓χ∓(npi) (�.86)

¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r = −1 ¨ r = +1, μÉ¢¥Î ÕÐ¨Ì ¸²ÊÎ Õ, ±μ£¤  ¸¶¨´
´Ê±²μ´   ´É¨¶ · ²²¥²¥´ (r ↓↑ pi) ¨ ¶ · ²²¥²¥´ (r ↑↑ pi) ¥£μ ¨³¶Ê²Ó¸Ê, ¨³¥¥É
·¥Ï¥´¨¥ ¢ ¢¨¤¥ ∗

χ−(pi) ≡ χ−(npi) =
(

1
0

)
,

χ+(pi) ≡ χ+(npi) =
(

0
1

)
¨²¨ χ+(npi) =

(
0
−1

)
.

(�.87)

‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ³μ¦´μ ¢Ò¡· ÉÓ ²Õ¡μ° ¨§ Ô±¢¨¢ ²¥´É´ÒÌ ¢ ·¨ ´Éμ¢, É. ¥.
¸μ §´ ±μ³ +1 ¨²¨ ¸μ §´ ±μ³ −1.

�¥·¥°¤¥³ ± ´ Ìμ¦¤¥´¨Õ ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ-
¸É¨ ±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢. ‘μ£² ¸´μ (�.83) μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ
²¥¶Éμ´ , Ê²¥É ÕÐ¥£μ ¢ ´ ¶· ¢²¥´¨¨ nkf

, ¨³¥¥É ¢¨¤

Ĥkf
= nkf

· σ =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
,

∗�μ¸±μ²Ó±Ê É¥¶¥·Ó

(
−1 0
0 1

)(
1
0

)
= −

(
1
0

)
¨

(
−1 0
0 1

)(
0

(±)1

)
= +

(
0

(±)1

)
.
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ÎÉμ ³μ¦´μ ¶μ± § ÉÓ ¶·Ö³μ° ¢Ò±² ¤±μ° ∗:

nkf
· σ = (cosφ sin θ, sin φ sin θ, cos θ)×

×
[(

0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)]
=

=
(

0 cosφ sin θ
cosφ sin θ 0

)
+

(
0 −i sinφ sin θ

i sinφ sin θ 0

)
+

+
(

cos θ 0
0 − cos θ

)
=

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
.

’μ£¤  § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ
²¥¶Éμ´ 

Ĥkf
χ∓(nkf

) =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
χ∓(nkf

) = ∓χ∓(nkf
)

¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r = −1 ¨ r = +1, ±μ£¤  ¸¶¨´  ´É¨¶ · ²²¥²¥´
(s′ ↓↑ kf ) ¨ ¶ · ²²¥²¥´ (s′ ↑↑ kf ) ¨³¶Ê²Ó¸Ê ²¥¶Éμ´ , ¨³¥¥É ·¥Ï¥´¨Ö ¢ ¢¨¤¥

χ−(kf ) ≡ χ−(nkf
) =

(
−e−iφ tg θ

2
1

)
,

χ+(kf ) ≡ χ+(nkf
) =

(
e−iφ ctg θ

2
1

)
.

(�.88)

„¥°¸É¢¨É¥²Ó´μ, ¶·Ö³ Ö ¶μ¤¸É ´μ¢±  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸μμÉ´μÏ¥´¨° ¨§
¸´μ¸±¨ (∗) ¤ ¥É

Ĥkf
χ−(nkf

) =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)(
−e−iφ tg θ

2
1

)
=

=
(
−e−iφ tg θ

2 cos θ + e−iφ sin θ
−e−iφ tg θ

2eiφ sin θ − cos θ

)
=

(
−e−iφ[ tg θ

2 cos θ − sin θ]
−tg θ

2 sin θ − cos θ

)
=

= (−1)
(

e−iφ tg θ
2 [cos θ − sin θ ctg θ

2 ]
tg θ

2 sin θ + cos θ

)
= (−1)

(
−e−iφ tg θ

2
1

)
;

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö É·¨£μ´μ³¥É·¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö: eiφ = cos φ + i sinφ →
−i cos φ + sinφ = −ieiφ, i cos φ + sin φ = ie−iφ. cos θ = 1 − 2 sin2 θ

2
, sin θ = 2 sin

θ

2
cos

θ

2
,

tg
θ

2
sin θ + cos θ = 1, ctg

θ

2
sin θ − cos θ = 1.
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Ĥkf
χ+(nkf

) =

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
e−iφ ctg θ

2

1

)
=

=

(
cos θe−iφ ctg θ

2 + e−iφ sin θ

eiφ sin θe−iφ ctg θ
2 − cos θ

)
=

(
e−iφ[cos θ ctg θ

2 + sin θ]
sin θ ctg θ

2 − cos θ

)
=

=

(
e−iφ ctg θ

2 [cos θ + sin θ tg θ
2 ]

sin θ ctg θ
2 − cos θ

)
= (+1)χ+(nkf

).

�μ¸±μ²Ó±Ê ´ ¶· ¢²¥´¨¥ ¢Ò²¥É  ±μ´¥Î´μ£μ ´Ê±²μ´  ¸É·μ£μ ¶·μÉ¨¢μ¶μ-
²μ¦´μ ´ ¶· ¢²¥´¨Õ ¢Ò²¥É  ±μ´¥Î´μ£μ ²¥¶Éμ´ , Éμ ³ É·¨Í  μ¶¥· Éμ·  ¸¶¨-
· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ ´Ê±²μ´  Hpf

= −Hkf
. �¥Ï¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° § -

¤ Î¨ ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ±μ´¥Î´μ£μ ´Ê±²μ´ 

Ĥpf
χ∓(npf

) ≡
(

− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)
χ∓(npf

) = ∓χ∓(npf
) (�.89)

¤²Ö r = −1 (±μ£¤  (r′ ↓↑ pf )) ¨ r = +1 (±μ£¤  (r′ ↑↑ pf )) ¨³¥¥É ¢¨¤

χ−(pf ) ≡ χ−(npf
) =

(
e−iφ ctg θ

2

1

)
,

χ+(pf ) ≡ χ+(npf
) =

(
−e−iφ tg θ

2

1

)
.

(�.90)

‚Ò· ¦¥´¨Ö (�.85), (�.87), (�.88), (�.90) ¸μ¤¥·¦ É ¶μ²´Ò° ´ ¡μ· ¸μ¡¸É¢¥´´ÒÌ
¸μ¸ÉμÖ´¨° μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨. �·¨ ÔÉμ³ μÎ¥¢¨¤´μ, ÎÉμ ¸μ¡¸É¢¥´´Ò¥ ¸μ-
¸ÉμÖ´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´ÒÌ Ë¥·³¨μ´μ¢ (�.85) ¨ (�.87) Ê¦¥
´μ·³¨·μ¢ ´Ò ´  ¥¤¨´¨ÍÒ, É. ¥. |χ±(p/ki)|2 = 1, ¢ Éμ ¢·¥³Ö ± ± ¸μ¡¸É¢¥´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢ ¢ ¢¨¤¥ (�.88)
¨ (�.90) É ±¨³ ¸¢μ°¸É¢μ³ ´¥ μ¡² ¤ ÕÉ, É. ¥. |χ±(p/kf )|2 
= 1. „¥°¸É¢¨É¥²Ó´μ,

χ†
−(kf )χ−(kf ) =

(
−e−iφ tg θ

2
1

)† ( −e−iφ tg θ
2

1

)
=

=
(

−e+iφ tg θ
2

1

)(
−e−iφ tg θ

2
1

)
= cos−2 θ

2
;

χ†
+(kf )χ+(kf ) =

(
e−iφ ctg θ

2
1

)† (
e−iφ ctg θ

2
1

)
= ctg2 θ

2
+ 1 = sin−2 θ

2
.

ˆ§ ¶μ¸É ´μ¢±¨ § ¤ Î¨ ´  ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ ¢¨¤´μ, ÎÉμ ¥¸²¨ χ+(pf ) Å
¸μ¡¸É¢¥´´Ò° ¢¥±Éμ· μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ¤²Ö ¸μ¡¸É¢¥´´μ£μ §´ Î¥´¨Ö +1,
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Éμ χ̃+(pf ) = a χ+(pf ) É ±¦¥ ¸μ¡¸É¢¥´´Ò° ¢¥±Éμ· ¤²Ö ¸μ¡¸É¢¥´´μ£μ §´ Î¥´¨Ö
+1, £¤¥ a Å ¶·μ¨§¢μ²Ó´Ò° ³´μ¦¨É¥²Ó. �μÔÉμ³Ê, ÊÎÉÖ, ÎÉμ ¸μ£² ¸´μ (�.88)
¨ (�.90) ¨³¥¥É ³¥¸Éμ χ†

−(kf )χ−(kf ) = χ†
+(pf )χ+(pf ) ¨ χ†

+(kf )χ+(kf ) =
χ†
−(pf )χ−(pf ),   É ±¦¥ ¶¥·¥μ¶·¥¤¥²¨¢ 2-¸¶¨´μ·Ò, ´ ¶·¨³¥·, ¢ ¢¨¤¥

χ̃−(kf ) = cos
θ

2
χ−(kf ), χ̃+(kf ) = eiφ sin

θ

2
χ+(kf ),

χ̃−(pf ) = sin
θ

2
χ−(pf ), χ̃+(pf ) = −eiφ cos

θ

2
χ+(pf )

¨ μ¶Ê¸É¨¢ §´ ± É¨²Ó¤Ò, ¶μ²ÊÎ¨³ ¨Ì Ê¤μ¢²¥É¢μ·ÖÕÐ¨³¨ Ê¸²μ¢¨Õ
|χ±(p/ki/f )|2 = 1.

ˆÉ ±, ´μ·³¨·μ¢ ´´Ò¥ ´  ¥¤¨´¨ÍÊ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò (2-±μ³¶μ´¥´É´Ò¥
¸¶¨´μ·Ò) μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ( ´É¨)´¥°É·¨´μ ¨
´Ê±²μ´μ¢ ¢ ¸¨¸É¥³¥ ¨Ì Í¥´É·  ³ ¸¸ ¨³¥ÕÉ ¢¨¤

χ−(ki) =

(
0
1

)
, χ−(kf ) = cos

θ

2

(
−e−iφ tg θ

2

1

)
=

(
−e−iφ sin θ

2

cos θ
2

)
,

χ+(ki) =

(
1
0

)
, χ+(kf ) = eiφ sin

θ

2

(
e−iφ ctg θ

2

1

)
=

(
cos θ

2

eiφ sin θ
2

)
,

(�.91)

χ−(pi) =

(
1
0

)
, χ−(pf ) = sin

θ

2

(
e−iφ ctg θ

2

1

)
=

(
e−iφ cos θ

2

sin θ
2

)
,

χ+(pi) =

(
0
1

)
, χ+(pf ) = −eiφ cos

θ

2

(
−e−iφ tg θ

2

1

)
=

(
sin θ

2

−eiφ cos θ
2

)
.

‚ ¸É ÉÓ¥ [19] ¡¨¸¶¨´μ· ´ Î ²Ó´μ£μ ´Ê±²μ´  χ+(np) μ¶·¥¤¥²¥´ ¸ ¤·Ê£¨³
§´ ±μ³:

χ+(nk) =

(
1
0

)
, χ+(nk′) =

(
cos θ

2

eiϕ sin θ
2

)
,

χ−(nk) =

(
0
1

)
, χ−(nk′) =

(
−e−iϕ sin θ

2

cos θ
2

)
,

(�.92)

χ+(np) =

(
0
−1

)
, χ+(np′) =

(
sin θ

2

−eiϕ cos θ
2

)
,

χ−(np) =

(
1
0

)
, χ−(np′) =

(
e−iϕ cos θ

2

sin θ
2

)
.
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�Î¥¢¨¤´μ, ÎÉμ ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É ´¥ § ¢¨¸¨É μÉ ÔÉμ£μ · §²¨Î¨Ö ¢ Ëμ·³Ê-
² Ì (�.91) ¨ (�.92).

Šμ³¶μ´¥´ÉÒ Éμ±μ¢. ‚ ¡ §¨¸¥ γ-³ É·¨Í „¨· ±  γμ = (γ0, γ), γμ =
(γ0,−γ) = gμνγν , £¤¥

γ0 = γ0 =
(

1 0
0 −1

)
, γ5 = γ5 =

(
0 1
1 0

)
, γ =

(
0 σ
−σ 0

)
,

4-¸¶¨´μ· ¸ 3-¨³¶Ê²Ó¸μ³ p ¨ ¸¶¨´μ¢Ò³ ¨´¤¥±¸μ³ r = ±1, Ö¢²ÖÕÐ¨°¸Ö ·¥Ï¥-
´¨¥³ Ê· ¢´¥´¨Ö „¨· ± , ¸μ£² ¸´μ ¢Ò· ¦¥´¨Õ (�.14) ¤²Ö ³ ¸¸¨¢´μ£μ Ë¥·³¨-
μ´  (´Ê±²μ´ ) ¨³¥¥É ¢¨¤

u(p, r) =
(

λ+

λ−αp

)
χr(p). (�.93)

ˆ´¤¥±¸ r ´Ê³¥·Ê¥É ¤¢  ²¨´¥°´μ-´¥§ ¢¨¸¨³ÒÌ ¡¨¸¶¨´μ·  χr(p). ‘μμÉ¢¥É-
¸É¢¥´´μ, 4-¸¶¨´μ· ¸ 3-¨³¶Ê²Ó¸μ³ k ¨ ¸¶¨´μ¢Ò³ ¨´¤¥±¸μ³ s = ±1 ¸μ£² ¸´μ
¢Ò· ¦¥´¨Õ (�.14) ¤²Ö ³ ¸¸¨¢´μ£μ  ´É¨Ë¥·³¨μ´  ¨³¥¥É ¢¨¤

v(k, s) =
(

λ−αk

λ+

)
χs(k), (�.94)

£¤¥ λ± =
√

EN ± m ¨ αp = np ·σ = npi ·σ; αk = nk ·σ = nki ·σ. „ ²¥¥ ¡Ê¤ÊÉ
´¥μ¡Ìμ¤¨³Ò ±μ³¡¨´ Í¨¨ ¡¨¸¶¨´μ·μ¢ ¨ ³ É·¨Í � Ê²¨, ¢ÒÉ¥± ÕÐ¨¥ ¨§ (�.93)
¨ (�.94):

u†(p′, r′) = χ†
r′(p′)(λ+, λ−α†

p′), v†(k′, s′) = χ†
s′(k′)(λ−α†

k′ , λ+);

ū(p′, r′) = u†(p′, r′)γ0 = χ†
r′(p′)(λ+, λ−α†

p′)
(

1 0
0 −1

)
=

= χ†
r′(p′)(λ+,−λ−α†

p′),

ū(p′, r′)γ0 = u†(p′, r′)γ2
0 = u†(p′, r′) = χ†

r′(p′)(λ+, λ−α†
p′),

(�.95)

ū(p′, r′)γ = χ†
r′(p′)(λ+,−λ−α†

p′)
(

0 σ
−σ 0

)
= χ†

r′(p′)(λ−α†
p′σ, λ+σ),

ū(p′, r′)γ0γ5 = χ†
r′(p′)(λ+, λ−α†

p′)
(

0 1
1 0

)
= χ†

r′(p′)(λ−α†
p′ , λ+),

ū(p′, r′)γγ5 = χ†
r′(p′)(λ−α†

p′σ, λ+σ)
(

0 1
1 0

)
= χ†

r′(p′)(λ+σ, λ−α†
p′σ).

‡¤¥¸Ó αk′/p′ = nk′/p′ · σ = nkf /pf
· σ ¨ α†

k′/p′ = αk′/p′ , ¶μ¸±μ²Ó±Ê σ† = σ.
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‘ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨° (�.95) ¢¸¥ ±μ³¶μ´¥´ÉÒ, μÉ¢¥Î ÕÐ¨¥ μ = 0, 1, 2, 3,
¢¥±Éμ·´μ£μ ¨  ±¸¨ ²-¢¥±Éμ·´μ£μ ´Ê±²μ´´ÒÌ Éμ±μ¢, ±μÉμ·Ò¥ § ¤ ´Ò Ëμ·³Ê-
² ³¨

V μ
r′r(p

′,p) ≡ u(p′, r′)γμu(p, r),

Aμ
r′r(p

′,p) ≡ u(p′, r′)γμγ5u(p, r),
(�.96)

¤²Ö ¢¸¥Ì §´ Î¥´¨° ¸¶¨· ²Ó´μ¸É¨ ¨ ¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ (r = ±, p) ¨ ±μ´¥Î-
´μ£μ (r′ = ±, p′) ´Ê±²μ´μ¢ ³μ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ-
´¨Ö ´Ê±²μ´´ÒÌ μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ¢ ¢¨¤¥

V 0
r′r(p

′,p) = χ†
r′(np′)

[
λ2

+ + λ2
−αp′αp

]
χr(np) = χ†

r′(p′)V̂ 0(p′,p)χr(p),

Vr′r(p′,p) = χ†
r′(np′)λ+λ− [σαp + αp′σ] χr(np) = χ†

r′(p′)V̂(p′,p)χr(p),

A0
r′r(p

′,p) = χ†
r′(np′)λ+λ− [αp′ + αp] χr(np) = χ†

r′(p′)Â0(p′,p)χr(p),

Ar′r(p′,p) = χ†
r′(np′)

[
λ2

+σ + λ2
−αp′σαp

]
χr(np) = χ†

r′(p′)Â(p′,p)χr(p).

(�.97)

‡¤¥¸Ó ¢¢¥¤¥´Ò ®Éμ±μ¢Ò¥¯ ³ É·¨ÍÒ

V̂ 0(p′,p) ≡ λ2
+ + λ2

−α†
p′αp, V̂(p′,p) ≡ λ−λ+[α†

p′σ + σαp],
(�.98)

Â0(p′,p) ≡ λ+λ−[α†
p′ + αp], Â(p′,p) ≡ λ2

+σ + λ2
−α†

p′σαp.

„¥°¸É¢¨É¥²Ó´μ, ¶μ¤¸É ¢²ÖÖ ¡¨¸¶¨´μ·Ò (�.95) ¢ Éμ±¨ (�.96), ¶μ²ÊÎ ¥³ Ëμ·-
³Ê²Ò (�.97):

V 0
r′r(p

′,p) = ū(p′, r′)γ0u(p, r) = χ†
r′(p′)(λ+, λ−α†

p′)
(

λ+

λ−αp

)
χr(p) =

= χ†
r′(p′)(λ2

+ + λ2
−α†

p′αp)χr(p);

Vr′r(p′,p) = ū(p′, r′)γu(p, r) = χ†
r′(p′)(λ−α†

p′σ, λ+σ)
(

λ+

λ−αp

)
χr(p) =

= λ−λ+χ†
r′(p′)(α†

p′σ + σαp)χr(p);

A0
r′r(p

′,p) = ū(p′, r′)γ0γ5u(p, r) = χ†
r′(p′)(λ−α†

p′ , λ+)
(

λ+

λ−αp

)
χr(p) =

= λ+λ−χ†
r′(p′)(α†

p′ + αp)χr(p);

Ar′r(p′,p) = ū(p′, r′)γγ5u(p, r) = χ†
r′(p′)(λ+σ, λ−α†

p′σ)
(

λ+

λ−αp

)
χr(p) =

= χ†
r′(p′)[λ2

+σ + λ2
−α†

p′σαp]χr(p).
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…¸²¨ ¢ Ëμ·³Ê² Ì (�.93), (�.96) ¨ (�.97) § ³¥´¨ÉÓ p,p′ ´  k,k′ ¸ ÊÎ¥Éμ³
αk = nk · σ = nki · σ ¨ αk′ = nk′ · σ = nkf

· σ, Éμ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ  ´ ²μ£
Ëμ·³Ê² (�.97) ¤²Ö ´¥°É·¨´μ:

V 0
r′r(k

′,k) = ū(k′, r′)γ0u(k, r) = χ†
r′(k′)V̂ 0(k′,k)χr(k),

Vr′r(k′,k) = ū(k′, r′)γu(k, r) = χ†
r′(k′)V̂(k′,k)χr(k),

A0
r′r(k

′,k) = ū(k′, r′)γ0γ5u(k, r) = χ†
r′(k′)Â0(k′,k)χr(k),

Ar′r(k′,k) = ū(k′, r′)γγ5u(k, r) = χ†
r′(k′)Â(k′,k)χr(k),

(�.99)

£¤¥ ´¥°É·¨´´Ò¥ Éμ±μ¢Ò¥ ³ É·¨ÍÒ ¨³¥ÕÉ ¢¨¤

V̂ 0(k′,k) ≡ λ2
+ + λ2

−α†
k′αk, V̂(k′,k) ≡ λ−λ+[α†

k′σ + σαk],

Â0(k′,k) ≡ λ+λ−[α†
k′ + αk], Â(k′,k) ≡ λ2

+σ + λ2
−α†

k′σαk.

’¥³ ´¥ ³¥´¥¥ ¢ ¦´μ ¶μ²ÊÎ¨ÉÓ ´ ¶·Ö³ÊÕ ±μ³¶μ´¥´ÉÒ Éμ±μ¢ ´¥°É·¨´μ ¨  ´-
É¨´¥°É·¨´μ. „²Ö ÔÉμ£μ ¨¸¶μ²Ó§ÊÕÉ¸Ö 4-¸¶¨´μ·Ò Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ Å
·¥Ï¥´¨° Ê· ¢´¥´¨Ö „¨· ±  Å (�.93) ¨ (�.94) ¶·¨ m = 0 ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
λ =

√
Eν . �´¨ ¨³¥ÕÉ ¢¨¤

u(k, r) = λ

(
1
αk

)
χr(k), u†(k′, r′) = λχ†

r′(k′)(1, α†
k′ ),

ū(k′, r′) = λχ†
r′(k′)(1,−α†

k′),
(�.100)

v(k, r) = λ

(
αk

1

)
χr(k), v†(k′, r′) = λχ†

r′(k′)(α†
k′ , 1),

v̄(k′, r′) = λχ†
r′(k′)(α†

k′ ,−1).
(�.101)

‚Ò· ¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±μ¢ ´¥°É·¨´μ
¶μ²ÊÎ ÕÉ¸Ö ¨§ (�.99) ¡¥§ ¨¸¶μ²Ó§μ¢ ´¨Ö (�.100) § ³¥´μ° λ± → λ, É. ¥.

V 0
r′r(k

′,k) = ū(k′, r′)γ0u(k, r) = λ2χ†
r′(k′)[1 + α†

k′αk]χr(k),

Vr′r(k′,k) = ū(k′, r′)γu(k, r) = λ2χ†
r′(k′)[α†

k′σ + σαk]χr(k),

A0
r′r(k

′,k) = ū(k′, r′)γ0γ5u(k, r) = λ2χ†
r′(k′)[α†

k′ + αk]χr(k),

Ar′r(k′,k) = ū(k′, r′)γγ5u(k, r) = λ2χ†
r′(k′)[σ + α†

k′σαk]χr(k).

(�.102)

�μ  ´ ²μ£¨¨ ¸ Ëμ·³Ê² ³¨ (�.95) ¤²Ö 4-¸¶¨´μ·μ¢ Î ¸É¨Í ´  ¡ §¥ 4-¸¶¨-
´μ·  (�.101) ³μ¦´μ ¶μ¸É·μ¨ÉÓ μ¸É ²Ó´Ò¥ ´¥μ¡Ìμ¤¨³Ò¥ ±μ³¡¨´ Í¨¨ ¡¨¸¶¨-
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´μ·μ¢ ¨ ³ É·¨Í � Ê²¨ ¤²Ö  ´É¨Î ¸É¨ÍÒ ( ´É¨´¥°É·¨´μ). �´¨ É ±μ¢Ò:

v̄(k′, r′)γ0 = v†(k′, r′)γ2
0 = v†(k′, r′) = λχ†

r′(k′)(α†
k′ , 1),

v̄(k′, r′)γ = λχ†
r′(k′)(α†

k′ ,−1)
(

0 σ
−σ 0

)
= λχ†

r′(k′)(σ, α†
k′σ),

v̄(k′, r′)γ0γ5 = λχ†
r′(k′)(α†

k′ , 1)
(

0 1
1 0

)
= λχ†

r′(k′)(1, α†
k′ ),

v̄(k′, r′)γγ5 = λχ†
r′(k′)(σ, α†

k′σ)
(

0 1
1 0

)
= λχ†

r′(k′)(α†
k′σ, σ).

(�.103)

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ (�.103) ±μ³¶μ´¥´ÉÒ Éμ±μ¢ ¤²Ö  ´É¨´¥°É·¨´μ,  ´ ²μ-
£¨Î´Ò¥ (�.102), ¶μ²ÊÎ ÕÉ¸Ö ¢ ¢¨¤¥

V̄ 0
r′r(k

′,k) = v̄(k′, r′)γ0v(k, r) =

= λ2χ†
r′(k′)(α†

k′ , 1)
(

αk

1

)
χr(k) = λ2χ†

r′(k′)[α†
k′αk + 1]χr(k),

V̄r′r(k′,k) = v̄(k′, r′)γv(k, r) =

= λ2χ†
r′(k′)(σ, α†

k′σ)
(

αk

1

)
χr(k) = λ2χ†

r′(k′)[σαk + α†
k′σ]χr(k),

Ā0
r′r(k

′,k) = v̄(k′, r′)γ0γ5v(k, r) =

= λ2χ†
r′(k′)(1, α†

k′)
(

αk

1

)
χr(k) = λ2χ†

r′(k′)[αk + α†
k′ ]χr(k),

Ār′r(k′,k) = v̄(k′, r′)γγ5v(k, r) =

= λ2χ†
r′(k′)(α†

k′σ, σ)
(

αk

1

)
χr(k) = λ2χ†

r′(k′)[α†
k′σαk + σ]χr(k).

(�.104)

‘· ¢´¨¢ Ö Ëμ·³Ê²Ò (�.104) ¨ (�.102), ³μ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¢ É¥·³¨´ Ì ¡¨¸-
¶¨´μ·μ¢ χ†

r′(k′) ¨ χr(k) ÔÉ¨ ¢Ò· ¦¥´¨Ö ¸μ¢¶ ¤ ÕÉ, ¶μ¸±μ²Ó±Ê ¶μ¤ §´ ±μ³
¸Ê³³Ò ³ É·¨ÍÒ ³μ¦´μ ¶¥·¥¸É ¢²ÖÉÓ. �μÔÉμ³Ê ´¥°É·¨´´Ò° ¨  ´É¨´¥°É·¨´-
´Ò° V - ¨ A-Éμ±¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¥¤¨´μ° Ëμ·³¥:

V 0
r′r(k

′,k) = V̄ 0
r′r(k

′,k) = χ†
r′(k′)V̂ 0(k′,k)χr(k),

Vr′r(k′,k) = V̄r′r(k′,k) = χ†
r′(k′)V̂(k′,k)χr(k),

A0
r′r(k

′,k) = Ā0
r′r(k

′,k) = χ†
r′(k′)Â0(k′,k)χr(k),

Ar′r(k′,k) = Ār′r(k′,k) = χ†
r′(k′)Â(k′,k)χr(k),

(�.105)
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£¤¥ ¢¢¥¤¥´Ò μ¡Ð¨¥ ¤²Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ Éμ±μ¢Ò¥ ³ É·¨ÍÒ

V̂ 0(k′,k) ≡ λ2[1 + α†
k′αk], V̂(k′,k) ≡ λ2[α†

k′σ + σαk],

Â0(k′,k) ≡ λ2[α†
k′ + αk], Â(k′,k) ≡ λ2[σ + α†

k′σαk].
(�.106)

�É²¨Î¨¥ Éμ±μ¢ ´¥°É·¨´μ μÉ Éμ±μ¢  ´É¨´¥°É·¨´μ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ¸±μ²Ó±Ê
±¨· ²Ó´μ¸ÉÓ ( ´É¨)´¥°É·¨´μ ¸μ¢¶ ¤ ¥É ¸μ ¸¶¨· ²Ó´μ¸ÉÓÕ ¨ ¸μÌ· ´Ö¥É¸Ö, Éμ
¶·¨ mν = mν̄ = 0 ´¥°É·¨´μ ¢¸¥£¤  ¨³¥ÕÉ ²¥¢ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ, ¨ ¢ ÔÉ¨Ì
¢Ò· ¦¥´¨ÖÌ ¸²¥¤Ê¥É ¤²Ö ´¨Ì ¨¸¶μ²Ó§μ¢ ÉÓ ¡¨¸¶¨´μ·Ò χ†

−(k′) ¨ χ−(k). �´É¨-
´¥°É·¨´μ ¢¸¥£¤  ¨³¥ÕÉ ¶· ¢ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ, ¨ ¸²¥¤Ê¥É ¤²Ö ´¨Ì ¨¸¶μ²Ó§μ¢ ÉÓ
¡¨¸¶¨´μ·Ò χ†

+(k′) ¨ χ+(k).
Šμ³¶μ´¥´ÉÒ ²¥¶Éμ´´ÒÌ Éμ±μ¢. �μ¸±μ²Ó±Ê ´¥°É·¨´μ μ¡² ¤ ¥É ¢¸¥£¤  ²¥-

¢μ° ¸¶¨· ²Ó´μ¸ÉÓÕ (É. ¥. ¸¶¨´ ´¥°É·¨´μ ´ ¶· ¢²¥´ ¶·μÉ¨¢ ¥£μ ¨³¶Ê²Ó¸ ), Éμ
¤²Ö ¶μ²´μ£μ μ¶¨¸ ´¨Ö ´¥°É·¨´μ ´¥μ¡Ìμ¤¨³Ò Éμ²Ó±μ ¡¨¸¶¨´μ·Ò χ−(ki) ¨
χ−(kf ) ¨§ (�.91). �μÔÉμ³Ê ¤²Ö ´¥°É·¨´μ ¸²¥¤Ê¥É ¢ÒÎ¨¸²¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ±μ³-
¶μ´¥´ÉÒ ¸² ¡μ£μ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ£μ Éμ±μ¢:

V 0
−−(k′,k) = χ†

−(k′)V̂ 0(k′,k)χ−(k),

V−−(k′,k) = χ†
−(k′)V̂(k′,k)χ−(k),

A0
−−(k′,k) = χ†

−(k′)Â0(k′,k)χ−(k),

A−−(k′,k) = χ†
−(k′)Â(k′,k)χ−(k).

„²Ö  ´É¨´¥°É·¨´μ, μ¡² ¤ ÕÐ¨Ì ¢¸¥£¤  ¶· ¢μ° ¸¶¨· ²Ó´μ¸ÉÓÕ (É. ¥. ¸¶¨´  ´É¨-
´¥°É·¨´μ ´ ¶· ¢²¥´ ¶μ ¥£μ ¨³¶Ê²Ó¸Ê), ¶·¨³¥´¨³Ò Éμ²Ó±μ ¡¨¸¶¨´μ·Ò χ+(ki)
¨ χ+(kf ) ¨§ (�.91), ¨ ´¥μ¡Ìμ¤¨³μ ¢ÒÎ¨¸²¨ÉÓ ¤·Ê£¨¥ (¤μ¶μ²´¨É¥²Ó´Ò¥ ± ´¥°-
É·¨´´Ò³) ±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ£μ Éμ±μ¢ ∗:

V̄ 0
++(k′,k) = χ†

+(k′)V̂ 0(k′,k)χ+(k),

V̄++(k′,k) = χ†
+(k′)V̂(k′,k)χ+(k),

Ā0
++(k′,k) = χ†

+(k′)Â0(k′,k)χ+(k),

Ā++(k′,k) = χ†
+(k′)Â(k′,k)χ+(k).

‚ É¥·³¨´ Ì ´ ¡²Õ¤ ¥³ÒÌ Ê£²μ¢ · ¸¸¥Ö´¨Ö θ ¨ φ, ¸¢Ö§ ´´ÒÌ ¸ ÊÌμ¤ÖÐ¨³
3-¨³¶Ê²Ó¸μ³ ( ´É¨)´¥°É·¨´μ k′ ≡ kf , ³ É·¨ÍÒ ¢¥±Éμ·´ÒÌ V̂ 0,1,2,3(k′,k) ¨

∗‚μ§³μ¦´μ¸ÉÓ ¨§³¥´¥´¨Ö ¸¶¨· ²Ó´μ¸É¨ ( ´É¨)´¥°É·¨´μ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ · ¸¸³ -
É·¨¢ ¥É¸Ö. •μÉÖ ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ¨¸±  ¶·μÖ¢²¥´¨° �μ¢μ° Ë¨§¨±¨ É ±μ° ¢ ·¨ ´É ³μ¦¥É, ¢
¶·¨´Í¨¶¥, ¨³¥ÉÓ ¶· ¢μ ´  ¸ÊÐ¥¸É¢μ¢ ´¨¥, ´ ¶·¨³¥·, ¥¸²¨ ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ ´¥´Ê²¥¢Ò¥ ³ ¸¸Ò
( ´É¨)´¥°É·¨´μ.
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 ±¸¨ ²-¢¥±Éμ·´ÒÌ Â0,1,2,3(k′,k) ²¥¶Éμ´´ÒÌ Éμ±μ¢, μ¶·¥¤¥²¥´´Ò¥ ¢Ò· ¦¥´¨-
Ö³¨ (�.105) ¨ (�.106), ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° Ö¢´Ò° ¢¨¤:

V 0(kf ) ≡ V̂ 0(k′,k) = λ2[1 + α†
k′αk] = Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
,

V 1(kf ) ≡ V̂ 1(k′,k) = λ2[αk′σ1 + σ1αk] = Eν

(
e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)
,

V 2(kf ) ≡ V̂ 2(k′,k) = λ2[αk′σ2 + σ2αk] = (�.107)

= Eν

(
ie−iφ sin θ i − i cos θ
i − i cos θ −ieiφ sin θ

)
= iA1(kf ),

V 3(kf ) ≡ V̂ 3(k′,k) = λ2[αk′σ3 + σ3αk] =

= Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
= V 0(kf );

A0(kf ) ≡ Â0(k′,k) = λ2[αk′ + αk] = Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
,

A1(kf ) ≡ Â1(k′,k) = λ2[σ1 + αk′σ1αk] = Eν

(
e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)
,

A2(kf ) ≡ Â2(k′,k) = λ2[σ2 + αk′σ2αk] = (�.108)

= Eν

(
ie−iφ sin θ −i(1 − cos θ)
i(1 − cos θ) ieiφ sin θ

)
= iV 1(kf ),

A3(kf ) ≡ Â3(k′,k) = λ2[σ3 + αk′σ3αk] =

= Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
= A0(kf ).

„¥°¸É¢¨É¥²Ó´μ, ¶·Ö³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ± §Ò¢ ÕÉ

V 0(kf ) = λ2 + λ2αk′αk = Eν

(
1 0
0 1

)
+

+ Eν

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
1 0
0 −1

)
= Eν

(
1 0
0 1

)
+

+ Eν

(
cos θ −e−iφ sin θ

eiφ sin θ cos θ

)
= Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
,
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V 1(kf ) = λ2[αk′σ1 + σ1αk] = Eν

[(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
×

×
(

0 1
1 0

)
+

(
0 1
1 0

)(
1 0
0 −1

)]
= Eν

[(
e−iφ sin θ cos θ
− cos θ eiφ sin θ

)
+

+
(

0 −1
1 0

)]
= Eν

(
e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)
,

V 2(kf ) = λ2[αk′σ2 + σ2αk] = Eν

[(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
×

×
(

0 −i
i 0

)
+

(
0 −i
i 0

)(
1 0
0 −1

)]
= Eν

[(
ie−iφ sin θ −i cos θ
−i cos θ −ieiφ sin θ

)
+

+
(

0 i
i 0

)]
= Eν

(
ie−iφ sin θ i − i cos θ
i − i cos θ −ieiφ sin θ

)
,

V 3(kf ) = λ2[αk′σ3 + σ3αk] =

= Eν

[(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
1 0
0 −1

)
+

(
1 0
0 −1

)(
1 0
0 −1

)]
=

= Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
.

A0(kf ) = λ2[αk′ + αk] = Eν

[(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
+

(
1 0
0 −1

)]
=

= Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
,

A1(kf ) = λ2σ1 + λ2αk′σ1αk =

= Eν

[(
0 1
1 0

)
+

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
0 1
1 0

)(
1 0
0 −1

)]
=

= Eν

[(
0 1
1 0

)
+

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
0 −1
1 0

)]
=

= Eν

(
e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)
,

A2(kf ) = λ2σ2 + λ2αk′σ2αk = Eν

(
ie−iφ sin θ −i(1 − cos θ)
i(1 − cos θ) ieiφ sin θ

)
,

A3(kf ) = λ2σ3 + λ2αk′σ3αk = Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
.
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‘ ¶μ³μÐÓÕ Ö¢´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ³ É·¨Í (�.107) ¨ (�.108) ¨ Ö¢´μ£μ ¢¨¤ 
¡¨¸¶¨´μ·μ¢

χ−(ki) =
(

0
1

)
, χ−(kf ) = cos

θ

2

(
−e−iφ tg θ

2
1

)
=

(
−e−iφ sin θ

2

cos θ
2

)
³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¢¸¥ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±μ¢ ¤²Ö
´¥°É·¨´μ:

V 0
−− = χ†

−(kf )V 0(kf )χ−(ki) =

= χ†
−(kf )

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
χ−(ki) =

= cos
θ

2

(
−e−iφ tg θ

2
1

)† ( 1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)(−e−iφ sin θ

1 + cos θ

)
=

= cos
θ

2

(
1 + sin θ tg

θ

2
+ cos θ

)
= 2 cos

θ

2
;

V 1
−− = χ†

−(kf )V 1(kf )χ−(ki) = cos
θ

2

(
−e−iφ tg θ

2
1

)†
×

×
(

e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)(−1 + cos θ

eiφ sin θ

)
=

= cos
θ

2
eiφ

[
tg

θ

2
(1 − cos θ) + sin θ

]
= 2eiφ sin

θ

2
;

V 2
−− = χ†

−(kf )V 2(kf )χ−(ki) = cos
θ

2

(
−e−iφ tg θ

2
1

)†
×

×
(

ie−iφ sin θ i − i cos θ
i − i cos θ −ieiφ sin θ

)(
0
1

)
=

= cos
θ

2
i
(
−eiφ tg θ

2 , 1
)( 1 − cos θ

−eiφ sin θ

)
=

= −ieiφ cos
θ

2

[
tg

θ

2
(1 − cos θ) + sin θ

]
= −i2eiφ sin

θ

2
;
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V 3
−− = χ†

−(kf )V 3(kf )χ−(ki) = cos
θ

2

(
−e−iφ tg θ

2
1

)†
×

×
(

1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)(−e−iφ sin θ

1 + cos θ

)
=

= cos
θ

2

(
1 + cos θ + tg

θ

2
sin θ

)
= 2 cos

θ

2
.

A0
−− = χ†

−(kf )A0(kf )χ−(ki) =

= cos
θ

2

(
−e−iφ tg θ

2
1

)† (
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)( e−iφ sin θ

−1 − cos θ

)
=

= − cos
θ

2

[
1 + cos θ + tg

θ

2
sin θ

]
= −2 cos

θ

2
;

A1
−− = χ†

−(kf )A1(kf )χ−(ki) =

= cos
θ

2

(
−e−iφ tg θ

2
1

)† (
e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)( 1 − cos θ

−eiφ sin θ

)
=

= −eiφ cos
θ

2

[
tg

θ

2
(1 − cos θ) + sin θ

]
= −2eiφ sin

θ

2
;

A2
−− = χ†

−(kf )A2(kf )χ−(ki) =

= cos
θ

2

(
−e−iφ tg θ

2
1

)† (
ie−iφ sin θ −i(1 − cos θ)
i(1 − cos θ) ieiφ sin θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)(−i(1 − cos θ)

ieiφ sin θ

)
=

= ieiφ cos
θ

2

[
tg

θ

2
(1 − cos θ) + sin θ

]
= i2eiφ sin

θ

2
;

A3
−− = χ†

−(kf )A3(kf )χ−(ki) =

= cos
θ

2

(
−e−iφ tg θ

2
1

)† (
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)(
0
1

)
=

= cos
θ

2
(
−eiφ tg θ

2 , 1
)( e−iφ sin θ

−1 − cos θ

)
= −2 cos

θ

2
.
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‚ ÔÉ¨Ì ¢Ò±² ¤± Ì ¡Ò² ¢·¥³¥´´μ μ¶ÊÐ¥´ μ¡Ð¨° ³´μ¦¨É¥²Ó Eν . ‚μ§¢· Ð Ö
¥£μ ´  ³¥¸Éμ, ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¤²Ö ±μ³¶μ´¥´É ¢¥±Éμ·´μ£μ ´¥°É·¨´´μ£μ
¸² ¡μ£μ Éμ±  ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ´¥°É·¨´μ ¨ ´Ê±²μ´  ¨³¥¥³

V 0
−−(k′,k) = ū(k′,−1)γ0u(k,−1) = χ†

−(kf )V 0(kf )χ−(ki) = 2Eν cos
θ

2
,

V1
−−(k′,k) = ū(k′,−1)γ1u(k,−1) = χ†

−(kf )V 1(kf )χ−(ki) = 2eiφEν sin
θ

2
,

V2
−−(k′,k) = ū(k′,−1)γ2u(k,−1) = χ†

−(kf )V 2(kf )χ−(ki) =

= −2ieiφEν sin
θ

2
= −V 1

−−(k′,k),

V3
−−(k′,k) = ū(k′,−1)γ3u(k,−1) =

= χ†
−(kf )V 3(kf )χ−(ki) = 2Eν cos

θ

2
= V 0

−−(k′,k).

„²Ö ±μ³¶μ´¥´É  ±¸¨ ²Ó´μ£μ ´¥°É·¨´´μ£μ ¸² ¡μ£μ Éμ±  ¸μμÉ¢¥É¸É¢¥´´μ ¨³¥¥³

A0
−−(k′,k) = ū(k′,−1)γ0γ5u(k,−1) = χ†

−(kf )A0(kf )χ−(ki) =

= −2Eν cos
θ

2
= −V 0

−−(k′,k),

A1
−−(k′,k) = ū(k′,−1)γ1γ5u(k,−1) = χ†

−(kf )A1(kf )χ−(ki) =

= −2eiφEν sin
θ

2
= −V 1

−−(k′,k),

A2
−−(k′,k) = ū(k′,−1)γ2γ5u(k,−1) = χ†

−(kf )A2(kf )χ−(ki) =

= 2ieiφEν sin
θ

2
= −A1

−−(k′,k),

A3
−−(k′,k) = ū(k′,−1)γ3γ5u(k,−1) = χ†

−(kf )A3(kf )χ−(ki) =

= −2Eν cos
θ

2
= A0

−−(k′,k).

‚ ¡μ²¥¥ Ê¤μ¡´μ³ ¨ ±μ³¶ ±É´μ³ ¢¨¤¥ ¤²Ö ´¥°É·¨´μ Éμ±¨ § ¶¨¸Ò¢ ÕÉ¸Ö ± ±

V χ
−−(kf ) = 2Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
, (�.109)

Aχ
−−(kf ) = 2Eν

(
− cos

θ

2
,−eiφ sin

θ

2
, ieiφ sin

θ

2
,− cos

θ

2

)
= −V χ

−−(kf ).

‚ · ¡μÉ¥ [19] ¸ ÊÎ¥Éμ³ μ¡μ§´ Î¥´¨° cθ/2 ≡ cos
θ

2
, sθ/2 ≡ sin

θ

2
ÔÉ¨ ¢Ò· ¦¥´¨Ö

¢Ò£²Ö¤ÖÉ É ±:

V
χ(0,1,2,3)
−− = 2Eν

(
cθ/2, sθ/2e+iϕ,−isθ/2e+iϕ, cθ/2

)
,

A
χ(0,1,2,3)
−− = 2Eν

(
−cθ/2,−sθ/2e+iϕ, isθ/2e+iϕ,−cθ/2

)
.

(�.110)
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ˆ§ (�.109) ¸²¥¤Ê¥É, ¢μ-¶¥·¢ÒÌ, ÎÉμ ¤²Ö ´¥°É·¨´μ ¶· ¢Ò° ¸² ¡Ò° Éμ± Éμ¦¤¥-
¸É¢¥´´μ · ¢¥´ ´Ê²Õ, V χ

−− + Aχ
−− ≡ 0, ¨, ¢μ-¢Éμ·ÒÌ, ÎÉμ ²¥¢Ò° V − A-Éμ±

¨³¥¥É ¢¨¤

lν(k′,k) = ū(k′,−1)γμu(k,−1) − ū(k′,−1)γμγ5u(k,−1) =

= ū(k′,−1)γμ(1 − γ5)u(k,−1) = V χ
−−(kf ) − Aχ

−−(kf ) =

= 4Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
. (�.111)

�ÉμÉ ¸² ¡Ò° ´¥°É·¨´´Ò° Éμ± ¤μ²¦¥´ ¡ÒÉÓ ¸¢¥·´ÊÉ ¸  ´ ²μ£¨Î´μ ¶μ²ÊÎ¥´´Ò³
´¨¦¥ ¸² ¡Ò³ ´Ê±²μ´´Ò³ Éμ±μ³ ¤²Ö ´ Ìμ¦¤¥´¨Ö ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö
(lχν , hχ) ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨.

�¡· É¨³¸Ö ± ¢ÒÎ¨¸²¥´¨Õ ±μ³¶μ´¥´É ¢¥±Éμ·´μ£μ V̄ 0,1,2,3
++ (k′,k)=χ†

+(k′)×
V̂ 0,1,2,3(kf )χ+(k) ¨  ±¸¨ ²Ó´μ£μ Ā0,1,2,3

++ (k′,k) = χ†
+(k′)Â0,1,2,3(kf )χ+(k) Éμ-

±μ¢ ¤²Ö  ´É¨´¥°É·¨´μ. �´ ²μ£¨Î´μ ®´¥°É·¨´´μ³Ê¯ ¸²ÊÎ Õ ¸ ¶μ³μÐÓÕ ¢Ò· -
¦¥´¨° ¤²Ö ³ É·¨Í (�.107) ¨ (�.108) ¨ Ö¢´μ£μ ¢¨¤  ® ´É¨´¥°É·¨´´ÒÌ¯ ¡¨¸¶¨-
´μ·μ¢

χ+(ki) =
(

1
0

)
, χ+(kf ) = eiφ sin

θ

2

(
e−iφ ctg

θ

2
1

)
=

⎛⎜⎝ cos
θ

2

eiφ sin
θ

2

⎞⎟⎠
¢ÒÎ¨¸²ÖÕÉ¸Ö ¢¸¥ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±μ¢ ¤²Ö
 ´É¨´¥°É·¨´μ ∗:

V 0
++ = χ†

+(kf )V 0(kf )χ+(ki) =

= χ†
+(kf )

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg

θ

2
1

)† (
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)(
1
0

)
=

= e−iφ sin
θ

2

(
eiφ ctg

θ

2
, 1

)(
1 + cos θ
eiφ sin θ

)
=

= e−iφ sin
θ

2
eiφ

[
ctg

θ

2
(1 + cos θ) + sin θ

]
= 2 cos

θ

2
;

∗ˆ¸¶μ²Ó§μ¢ ´μ, ÎÉμ e−iφ sin
θ

2
eiφ

[
ctg

θ

2
(1 + cos θ) + sin θ

]
= sin

θ

2

(1 + cos θ)2 + sin2 θ

sin θ
=

2 sin
θ

2

1 + cos θ

sin θ
= 2 cos

θ

2
.
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V 1
++ = χ†

+(kf )V 1(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( e−iφ sin θ

1 − cos θ

)
=

= e−iφ sin
θ

2

[
ctg

θ

2
sin θ + 1 − cos θ

]
= 2e−iφ sin

θ

2
;

V 2
++ = χ†

+(kf )V 2(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
ie−iφ sin θ i − i cos θ
i − i cos θ −ieiφ sin θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( ie−iφ sin θ

i − i cos θ

)
=

= ie−iφ sin
θ

2

[
ctg

θ

2
sin θ + 1 − cos θ

]
= 2ie−iφ sin

θ

2
;

V 3
++ = χ†

+(kf )V 3(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† ( 1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( 1 + cos θ

eiφ sin θ

)
= 2 cos

θ

2
.

A0
++ = χ†

+(kf )A0(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( 1 + cos θ

eiφ sin θ

)
= 2 cos

θ

2
;

A1
++ = χ†

+(kf )A1(kf )χ+(ki)Eν =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( e−iφ sin θ

1 − cos θ

)
= 2e−iφ sin

θ

2
;

A2
++ = χ†

+(kf )A2(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
ie−iφ sin θ −i(1 − cos θ)
i(1 − cos θ) ieiφ sin θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( ie−iφ sin θ

i(1 − cos θ)

)
= 2ie−iφ sin

θ

2
;
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A3
++ = χ†

+(kf )A3(kf )χ+(ki) =

= e−iφ sin
θ

2

(
e−iφ ctg θ

2
1

)† (
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)(
1
0

)
=

= e−iφ sin
θ

2
(
eiφ ctg θ

2 , 1
)( 1 + cos θ

eiφ sin θ

)
= 2 cos

θ

2
.

‚ ·¥§Ê²ÓÉ É¥ (¶μ¸²¥ ¢μ¸¸É ´μ¢²¥´¨Ö ³´μ¦¨É¥²Ö Eν) ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ
¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±μ¢  ´É¨´¥°É·¨´μ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¶·¨´¨³ ÕÉ
¢¨¤

V̄
χ(0,1,2,3)
++ (kf ) = 2Eνe−iφ

(
eiφ cos

θ

2
, sin

θ

2
, i sin

θ

2
, eiφ cos

θ

2

)
=

= 2Eν

(
cos

θ

2
, e−iφ sin

θ

2
, ie−iφ sin

θ

2
, cos

θ

2

)
,

Ā
χ(0,1,2,3)
++ (kf ) = 2Eνe−iφ

(
eiφ cos

θ

2
, sin

θ

2
, i sin

θ

2
, eiφ cos

θ

2

)
=

= V̄
χ(0,1,2,3)
++ (kf ).

(�.112)

ˆ§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ±μ³¶μ´¥´É ¸² ¡ÒÌ Éμ±μ¢  ´É¨´¥°É·¨-
´μ (�.112) ¸²¥¤Ê¥É, ÎÉμ ¤²Ö  ´É¨´¥°É·¨´μ ¢ ¶μ²´μ° ¶·μÉ¨¢μ¶μ²μ¦´μ¸É¨ ¸²Ê-
Î Õ ¸ ´¥°É·¨´μ (�.111), ¢μ-¶¥·¢ÒÌ, · §´μ¸ÉÓ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ£μ Éμ±μ¢
· ¢´  ´Ê²Õ, É. ¥. V̄ χ

++ − Āχ
++ ≡ 0, ¨, ¢μ-¢Éμ·ÒÌ, ÎÉμ ¶· ¢Ò° ¸² ¡Ò° Éμ± ¨³¥¥É

¢¨¤

lν̄(k′,k) = v̄(k′, +1)γμv(k, +1) + v̄(k′, +1)γμγ5v(k, +1) =
= v̄(k′, +1)γμ(1 + γ5)v(k, +1) = V̄ χ

++(kf ) + Āχ
++(kf ) =

= 4Eν

(
cos

θ

2
, e−iφ sin

θ

2
, ie−iφ sin

θ

2
, cos

θ

2

)
. (�.113)

’ ±¨³ μ¡· §μ³, ¶·¨ § ¤ ´´μ³ Ëμ·³Ê² ³¨ (�.96) ¢¨¤¥ V - ¨ A-¸² ¡μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¸μμÉ´μÏ¥´¨¥ V̄ χ

++ − Āχ
++ = 0 μ§´ Î ¥É, ÎÉμ ¥¸²¨ ¸¶¨´ ¡¥§³ ¸-

¸μ¢μ£μ Ë¥·³¨μ´  ¶ · ²²¥²¥´ ¥£μ ¨³¶Ê²Ó¸Ê (¸²ÊÎ ° [++], É. ¥. νR ¨ ν̄R), Éμ
É ±μ° Ë¥·³¨μ´ ´¥ ³μ¦¥É ÊÎ ¸É¢μ¢ ÉÓ ¢ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ V ÄA-É¨¶ .
�¤´ ±μ μ´ ³μ¦¥É ÊÎ ¸É¢μ¢ ÉÓ ¢ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ V +A-É¨¶ , ¶μ¸±μ²Ó±Ê
Ṽ χ

++ + Ãχ
++ 
= 0, ÎÉμ ¨ ¤¥² ¥É ·¥ ²Ó´μ ¸ÊÐ¥¸É¢ÊÕÐ¥¥ ¶· ¢μ¥  ´É¨´¥°É·¨´μ

ν̄R ¢ μÉ²¨Î¨¥ μ´ ´¥¸ÊÐ¥¸É¢ÊÕÐ¥£μ ¶· ¢μ£μ ´¥°É·¨´μ νR. Šμ£¤  ¸¶¨´  ´É¨-
¶ · ²²¥²¥´ ¨³¶Ê²Ó¸Ê (¸²ÊÎ ° [Ä Ä], É. ¥. νL ¨ ν̄L), ¨³¥¥É¸Ö μ¡· É´ Ö ¸¨ÉÊ Í¨Ö,
É. ¥. ²¥¢μ¥ (·¥ ²Ó´μ¥) ´¥°É·¨´μ νL ÊÎ ¸É¢Ê¥É ¢ V ÄA-¢§ ¨³μ¤¥°¸É¢¨¨,   ²¥¢μ¥
 ´É¨´¥°É·¨´μ ν̄L ¢ ´¥³ ´¥ ¶·μÖ¢²Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê ´¥ ¸ÊÐ¥¸É¢Ê¥É.

�μ²ÊÎ¥´´Ò° ¢ÒÏ¥  ´É¨´¥°É·¨´´Ò° ¸² ¡Ò° Éμ± ¤μ²¦¥´ ¡ÒÉÓ ¸¢¥·´ÊÉ ¸
 ´ ²μ£¨Î´Ò³ Éμ±μ³ ¤²Ö ´Ê±²μ´  ¸ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö ¨¸±μ³μ£μ ¸± ²Ö·´μ£μ
¶·μ¨§¢¥¤¥´¨Ö (lν̄ , hχ).
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Šμ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ Éμ±μ¢. ˆ¸Ìμ¤Ö ¨§ Ëμ·³Ê² (�.96) ¨ (�.97) ¤²Ö
¢¥±Éμ·´μ£μ ¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±  ´Ê±²μ´ :

V 0
r′r(p

′,p) = ū(p′, r′)γ0u(p, r) = χ†
r′(p′)V̂ 0(pf )χr(p),

£¤¥ V̂ 0(pf ) ≡ λ2
+ + λ2

−αp′αp;

Vr′r(p′,p) = ū(p′, r′)γ u(p, r) = χ†
r′(p′)V̂(pf )χr(p),

£¤¥ V̂(pf ) ≡ λ−λ+[αp′σ + σαp];

A0
r′r(p

′,p) = ū(p′, r′)γ0γ5u(p, r) = χ†
r′(p′)Â0(pf )χr(p),

£¤¥ Â0(pf ) ≡ λ+λ−[αp′ + αp];

Ar′r(p′,p) = ū(p′, r′)γ γ5u(p, r) = χ†
r′(p′)Â(pf )χr(p),

£¤¥ Â(pf ) ≡ λ2
+σ + λ2

−αp′σαp,

¢ÒÎ¨¸²¨³ ±μ³¶μ´¥´ÉÒ ÔÉ¨Ì Éμ±μ¢, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ ²¥¶Éμ´  ¨ ´Ê±²μ´  ¸¶· ¢¥¤²¨¢μ

λ2
± = Ep ± m ¨ λ+λ− =

√
E2

p − m2 = Eν .

‘´ Î ²  ¶μ²ÊÎ¨³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Í V̂ μ(pf ) ¨ Âμ(pf ), ÊÎ¨ÉÒ¢ Ö,
ÎÉμ ¸μ£² ¸´μ (�.86) ¨ (�.89)

αp = npi · σ =
(
−1 0
0 1

)
¨ αp′ = npf

· σ =
(

− cos θ −e−iφ sin θ
−eiφ sin θ cos θ

)
.

ˆÉ ±, ¶·Ö³Ò¥ ¢Ò±² ¤±¨ ¤²Ö ³ É·¨Í ¢¥±Éμ·´μ£μ Éμ±  ´Ê±²μ´  ¤ ÕÉ ¸²¥¤ÊÕÐ¥¥:

V̂ 0(pf ) = λ2
+ + λ2

−αp′αp = λ2
+ + λ2

−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
−1 0
0 1

)
=

=
(

λ2
+ 0
0 λ2

+

)
+

(
λ2
− cos θ −λ2

−e−iφ sin θ
λ2
−eiφ sin θ λ2

− cos θ

)
=

=
(

λ2
+ + λ2

− cos θ −λ2
−e−iφ sin θ

λ2
−eiφ sin θ λ2

+ + λ2
− cos θ

)
=

=
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ
eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)
,
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V̂ 1(pf ) = λ−λ+[αp′σ1 + σ1αp] =

= Eν

[(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 1
1 0

)
+

(
0 1
1 0

)(
−1 0
0 1

)]
=

= Eν

[(
−e−iφ sin θ − cos θ

cos θ −eiφ sin θ

)
+

(
0 1
−1 0

)]
=

= Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)
,

V̂ 2(pf ) = λ−λ+[αp′σ2 + σ2αp] =

= Eν

[(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 −i
i 0

)
+

(
0 −i
i 0

)(
−1 0
0 1

)]
=

= Eν

[(
−ie−iφ sin θ i cos θ

i cos θ ieiφ sin θ

)
+

(
0 −i
−i 0

)]
=

= iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)
,

V̂ 3(pf ) = λ−λ+[αp′σ3 + σ3αp] =

= Eν

[(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
1 0
0 −1

)
+

(
1 0
0 −1

)(
−1 0
0 1

)]
=

= Eν

[(
− cos θ e−iφ sin θ

−eiφ sin θ − cos θ

)
+

(
−1 0
0 −1

)]
=

= Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)
.

„²Ö ³ É·¨Í  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±  ´Ê±²μ´  ¨³¥¥É ³¥¸Éμ

Â0(pf ) = λ+λ−[αp′ + αp] = Eν

[(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)
+

(
−1 0
0 1

)]
=

= Eν

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)
,

Â1(pf ) = λ2
+σ1 + λ2

−αp′σ1αp = λ2
+

(
0 1
1 0

)
+

+ λ2
−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 1
1 0

)(
−1 0
0 1

)
=

=
(

0 λ2
+

λ2
+ 0

)
+ λ2

−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 1
−1 0

)
=
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=
(

0 λ2
+

λ2
+ 0

)
+ λ2

−

(
e−iφ sin θ − cos θ
− cos θ −eiφ sin θ

)
=

=
(

λ2
−e−iφ sin θ λ2

+ − λ2
− cos θ

λ2
+ − λ2

− cos θ −λ2
−eiφ sin θ

)
=

=
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)
,

Â2(pf ) = λ2
+σ2 + λ2

−αp′σ2αp = λ2
+

(
0 −i
i 0

)
+

+ λ2
−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 −i
i 0

)(
−1 0
0 1

)
=

=
(

0 −iλ2
+

iλ2
+ 0

)
+ λ2

−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 −i
−i 0

)
=

=
(

0 −iλ2
+

iλ2
+ 0

)
+ λ2

−

(
ie−iφ sin θ i cos θ
−i cos θ ieiφ sin θ

)
=

= i

(
λ2
−e−iφ sin θ −λ2

+ + λ2
− cos θ

λ2
+ − λ2

− cos θ λ2
−eiφ sin θ

)
=

= i

(
(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ

(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)
,

Â3(pf ) = λ2
+σ3 + λ2

−αp′σ3αp = λ2
+

(
1 0
0 −1

)
+

+ λ2
−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
1 0
0 −1

)(
−1 0
0 1

)
=

=
(

λ2
+ 0
0 −λ2

+

)
+ λ2

−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
−1 0
0 −1

)
=

=
(

λ2
+ 0
0 −λ2

+

)
+ λ2

−

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
=

=
(

λ2
+ + λ2

− cos θ λ2
−e−iφ sin θ

λ2
−eiφ sin θ −λ2

+ − λ2
− cos θ

)
=

=
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)
.
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� ¶μ³´¨³, ÎÉμ ¸μ£² ¸´μ (�.91) ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ´Ê±²μ´´Ò¥ ´ Î ²Ó´Ò¥
χ±(p) = χ±(pi) ¨ ±μ´¥Î´Ò¥ ¡¨¸¶¨´μ·Ò χ†

±(p′) = χ†
±(pf ) ´μ·³¨·μ¢ ´Ò

Ê¸²μ¢¨¥³ χ†
±χ± = 1 ¨ ¨³¥ÕÉ ¢¨¤

χ−(pi) =
(

1
0

)
,

χ†
−(pf ) = sin

θ

2

(
e+iφ ctg

θ

2
, 1

)
=

(
e+iφ cos

θ

2
, sin

θ

2

)
,

(�.114)
χ+(pi) =

(
0
1

)
,

χ†
+(pf ) = −e−iφ cos

θ

2

(
−e+iφ tg

θ

2
, 1

)
=

(
sin

θ

2
, −e−iφ cos

θ

2

)
.

�μ¤¸É ¢²ÖÖ ¨Ì ¢ Ëμ·³Ê²Ò ¤²Ö ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ£μ Éμ±μ¢ (�.96) ¨ (�.97)
¨ ÊÎ¨ÉÒ¢ Ö ¶μ²ÊÎ¥´´Ò° ¢ÒÏ¥ Ö¢´Ò° ¢¨¤ ³ É·¨Í V̂ μ(pf ) ¨ Âμ(pf ), ¶μ  ´ -
²μ£¨¨ ¸μ ¸²ÊÎ ¥³ ¤²Ö ( ´É¨)´¥°É·¨´μ ∗ ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö
¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ ¸² ¡ÒÌ Éμ±μ¢:

V 0
−−(p′,p) = ū(p′,−1)γ0u(p,−1) = χ†

−(pf )V0(pf )χ−(pi) = 2eiφEp cos
θ

2
,

V 0
−+(p′,p) = ū(p′,−1)γ0u(p, +1) = χ†

−(pf )V0(pf )χ+(pi) = 2m sin
θ

2
,

V 0
+−(p′,p) = ū(p′, +1)γ0u(p,−1) = χ†

+(pf )V0(pf )χ−(pi) = 2m sin
θ

2
,

V 0
++(p′,p) = ū(p′, +1)γ0u(p, +1) =

= χ†
+(pf )V0(pf )χ+(pi) = −2Epe−iφ cos

θ

2
;

V1
−−(p′,p) = ū(p′,−1)γ1u(p,−1) = χ†

−(pf )V1(pf )χ−(pi) = −2Eν sin
θ

2
,

V1
−+(p′,p) = ū(p′,−1)γ1u(p, +1) = χ†

−(pf )V1(pf )χ+(pi) = 0,

V1
+−(p′,p) = ū(p′, +1)γ1u(p,−1) = χ†

+(pf )V1(pf )χ−(pi) = 0,

V1
++(p′,p) = ū(p′, +1)γ1u(p, +1) = χ†

+(pf )V1(pf )χ+(pi) = 2Eν sin
θ

2
;

V2
−−(p′,p) = ū(p′,−1)γ2u(p,−1) = χ†

−(pf )V2(pf )χ−(pi) = −2iEν sin
θ

2
,

∗ˆ²¨ ¶ · ²²¥²Ó´μ ¨¸¶μ²Ó§ÊÖ ¶ ±¥É MATHEMATICA.
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V2
−+(p′,p) = ū(p′,−1)γ2u(p, +1) = χ†

−(pf )V2(pf )χ+(pi) = 0,

V2
+−(p′,p) = ū(p′, +1)γ2u(p,−1) = χ†

+(pf )V2(pf )χ−(pi) = 0,

V2
++(p′,p) = ū(p′, +1)γ2u(p, +1) =

= χ†
+(pf )V2(pf )χ+(pi) = −2iEν sin

θ

2
;

V3
−−(p′,p) = ū(p′,−1)γ3u(p,−1) =

= χ†
−(pf )V3(pf )χ−(pi) = −2eiφEν cos

θ

2
,

V3
−+(p′,p) = ū(p′,−1)γ3u(p, +1) = χ†

−(pf )V3(pf )χ+(pi) = 0,

V3
+−(p′,p) = ū(p′, +1)γ3u(p,−1) = χ†

+(pf )V3(pf )χ−(pi) = 0,

V3
++(p′,p) = ū(p′, +1)γ3u(p, +1) =

= χ†
+(pf )V3(pf )χ+(pi) = 2Eνe−iφ cos

θ

2
.

A0
−−(p′,p) = ū(p′,−1)γ0γ5u(p,−1) =

= χ†
−(pf )A0(pf )χ−(pi) = −2eiφEν cos

θ

2
,

A0
−+(p′,p) = ū(p′,−1)γ0γ5u(p, +1) = χ†

−(pf )A0(pf )χ+(pi) = 0,

A0
+−(p′,p) = ū(p′, +1)γ0γ5u(p,−1) = χ†

+(pf )A0(pf )χ−(pi) = 0,

A0
++(p′,p) = ū(p′, +1)γ0γ5u(p, +1) =

= χ†
+(pf )A0(pf )χ+(pi) = −2Eνe−iφ cos

θ

2
;

A1
−−(p′,p) = ū(p′,−1)γ1γ5u(p,−1) =

= χ†
−(pf )A1(pf )χ−(pi) = 2Ep sin

θ

2
,

A1
−+(p′,p) = ū(p′,−1)γ1γ5u(p, +1) =

= χ†
−(pf )A1(pf )χ+(pi) = 2eiφm cos

θ

2
,

A1
+−(p′,p) = ū(p′, +1)γ1γ5u(p,−1) =

= χ†
+(pf )A1(pf )χ−(pi) = −2me−iφ cos

θ

2
,

A1
++(p′,p) = ū(p′, +1)γ1γ5u(p, +1) =

= χ†
+(pf )A1(pf )χ+(pi) = 2Ep sin

θ

2
;
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A2
−−(p′,p) = ū(p′,−1)γ2γ5u(p,−1) =

= χ†
−(pf )A2(pf )χ−(pi) = 2iEp sin

θ

2
,

A2
−+(p′,p) = ū(p′,−1)γ2γ5u(p, +1) =

= χ†
−(pf )A2(pf )χ+(pi) = −2ieiφm cos

θ

2
,

A2
+−(p′,p) = ū(p′, +1)γ2γ5u(p,−1) =

= χ†
+(pf )A2(pf )χ−(pi) = −2ime−iφ cos

θ

2
,

A2
++(p′,p) = ū(p′, +1)γ2γ5u(p, +1) =

= χ†
+(pf )A2(pf )χ+(pi) = −2iEp sin

θ

2
;

A3
−−(p′,p) = ū(p′,−1)γ3γ5u(p,−1) =

= χ†
−(pf )A3(pf )χ−(pi) = 2eiφEp cos

θ

2
,

A3
−+(p′,p) = ū(p′,−1)γ3γ5u(p, +1) =

= χ†
−(pf )A3(pf )χ+(pi) = −2m sin

θ

2
,

A3
+−(p′,p) = ū(p′, +1)γ3γ5u(p,−1) =

= χ†
+(pf )A3(pf )χ−(pi) = 2m sin

θ

2
,

A3
++(p′,p) = ū(p′, +1)γ3γ5u(p, +1) =

= χ†
+(pf )A3(pf )χ+(pi) = 2Epe−iφ cos

θ

2
.

�μ¸²¥ ¸¡μ·±¨ ÔÉ¨Ì ±μ³¶μ´¥´É ¢ ±μ³¶ ±É´ÊÕ § ¶¨¸Ó 4-¢¥±Éμ·´Ò° ¨ 4- ±¸¨ ²-
¢¥±Éμ·´Ò° Éμ±¨ ´Ê±²μ´  ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¶·¨´¨³ ÕÉ ¢¨¤ ∗

V χ
−− = 2

(
eiφEp cos

θ

2
,−Eν sin

θ

2
,−iEν sin

θ

2
,−eiφEν cos

θ

2

)
,

V χ
−+ = 2m

(
sin

θ

2
, 0, 0, 0

)
= (−)2m

(
− sin

θ

2
, 0, 0, 0

)
,

V χ
+− = 2m

(
sin

θ

2
, 0, 0, 0

)
,

V χ
++ = 2

(
−Epe−iφ cos

θ

2
, Eν sin

θ

2
,−iEν sin

θ

2
, Eνe−iφ cos

θ

2

)
=

= (−)2
(

Epe−iφ cos
θ

2
,−Eν sin

θ

2
, iEν sin

θ

2
,−Eνe−iφ cos

θ

2

)
;

∗‚Ò¤¥²¥´´Ò° ´¨¦¥ ¢·¥³¥´´μ §´ ± (−) μÉ· ¦ ¥É (Ê¶μ³¨´ ¢Ï¥¥¸Ö ¢ÒÏ¥ ¨ ´¥¸ÊÐ¥-
¸É¢¥´´μ¥) · §²¨Î¨¥ ¢ μ¶·¥¤¥²¥´¨¨ ´Ê±²μ´´μ£μ ´ Î ²Ó´μ£μ ¸¶¨´μ·  χ+(pi): χ+(pi)§¤¥¸Ó
¢ (�.91) = −χ+(pi) ¢ (�.92) ¨§ [19].
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Aχ
−− = 2

(
−eiφEν cos

θ

2
, Ep sin

θ

2
, iEp sin

θ

2
, eiφEp cos

θ

2

)
,

Aχ
−+ = 2m

(
0, eiφ cos

θ

2
,−ieiφ cos

θ

2
,− sin

θ

2

)
=

= (−)2m

(
0,−eiφ cos

θ

2
, ieiφ cos

θ

2
, sin

θ

2

)
,

Aχ
+− = 2m

(
0,−e−iφ cos

θ

2
,−ie−iφ cos

θ

2
, sin

θ

2

)
,

Aχ
++ = 2

(
−Eνe−iφ cos

θ

2
, Ep sin

θ

2
,−iEp sin

θ

2
, Epe−iφ cos

θ

2

)
=

= (−)2
(

Eνe−iφ cos
θ

2
,−Ep sin

θ

2
, iEp sin

θ

2
,−Epe−iφ cos

θ

2

)
.

‚ · ¡μÉ¥ [19] ÔÉ¨ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢
¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (μ¡μ§´ Î¥´´μ³ ¨´¤¥±¸μ³ χ) ¸ ÊÎ¥Éμ³ μ¡μ§´ Î¥´¨°

cθ/2 = cos
θ

2
, sθ/2 = sin

θ

2
§ ¶¨¸ ´Ò ¸ ¤·Ê£¨³ §´ ±μ³ (¸³. ¸´μ¸±Ê ´  ¸. 253)

É ±:

V χ
++ = 2

(
cθ/2e−iϕEp,

(
−sθ/2, isθ/2,−cθ/2e−iϕ

)
Eν

)
,

V χ
−− = 2

(
cθ/2e+iϕEp,

(
−sθ/2,−isθ/2,−cθ/2e+iϕ

)
Eν

)
,

V χ
+− = 2m

(
sθ/2, 0, 0, 0

)
,

V χ
−+ = 2m

(
−sθ/2, 0, 0, 0

)
,

Aχ
++ = 2

(
cθ/2e−iϕEν ,

(
−sθ/2, isθ/2,−cθ/2e−iϕ

)
Ep

)
,

Aχ
−− = 2

(
−cθ/2e+iϕEν ,

(
sθ/2, isθ/2, cθ/2e+iϕ

)
Ep

)
,

Aχ
+− = 2m

(
0,−cθ/2e−iϕ,−icθ/2e−iϕ, sθ/2

)
,

Aχ
−+ = 2m

(
0,−cθ/2e+iϕ, icθ/2e+iϕ, sθ/2

)
.

(�.115)

ˆ§ ÔÉ¨Ì μ¡Ð¨Ì ¢Ò· ¦¥´¨° ¢¨¤´μ, ÎÉμ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ ¨  ´É¨´¥°-
É·¨´μ ¨³¥¥É ³¥¸Éμ V+− = V−+ = A+− = A−+ = 0, ÎÉμ μ§´ Î ¥É ¸μÌ· ´¥´¨¥
¸¶¨· ²Ó´μ¸É¨ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �μÔÉμ³Ê,
´ ¶·¨³¥·, ¢ (�.109) Éμ²Ó±μ ²¥¢Ò¥ ´¥°É·¨´´Ò¥ Éμ±¨ ´¥μ¡Ìμ¤¨³Ò ¤²Ö ¢ÒÎ¨-
¸²¥´¨° ¸¥Î¥´¨° Ê¶·Ê£μ£μ ´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö.

ˆÉ ±, ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¸² ¡Ò° ´Ê±²μ´´Ò° Éμ± ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ
§´ Î¥´¨ÖÌ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ (¢Éμ·μ° ¨´¤¥±¸) ¨ ±μ´¥Î´μ£μ (¶¥·¢Ò°
¨´¤¥±¸) ´Ê±²μ´μ¢ ¨³¥¥É ¢¨¤

hμ
±± = ū(pf ,±)γμ(gV − gAγ5)u(pi,±) = gV ū(pf ,±)γμu(pi,±)−

− gAū(pf ,±)γμγ5u(pi,±) = gV V χ,μ
±± − gA Aχ,μ

±±. (�.116)
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�μ±μ³¶μ´¥´É´μ ÔÉμÉ ´Ê±²μ´´Ò° Éμ± hχ,μ
r′r = gV V χ,μ

r′r − gA Aχ,μ
r′r ³μ¦´μ § ¶¨-

¸ ÉÓ ± ±

hχ,μ=0,1,2,3
−− (p′,p) =

= 2
{

eiφ(EνgA + EpgV ) cos
θ

2
,−(EpgA + EνgV ) sin

θ

2
,

−i(EpgA + EνgV ) sin
θ

2
,−eiφ(EpgA + EνgV ) cos

θ

2

}
,

hχ,μ=0,1,2,3
−+ (p′,p) =

= 2
{

gV m sin
θ

2
,−eiφgAm cos

θ

2
, ieiφgAm cos

θ

2
, gAm sin

θ

2

}
, (�.117)

hχ,μ=0,1,2,3
+− (p′,p) =

= 2
{

gV m sin
θ

2
, e−iφgAm cos

θ

2
, ie−iφgAm cos

θ

2
,−gAm sin

θ

2

}
,

hχ,μ=0,1,2,3
++ (p′,p) =

= 2
{

e−iφ(EνgA − EpgV ) cos
θ

2
, (−EpgA + EνgV ) sin

θ

2
,

i(EpgA − EνgV ) sin
θ

2
, e−iφ(−EpgA + EνgV ) cos

θ

2

}
.

ˆ³¥´´μ ÔÉ¨ ¢Ò· ¦¥´¨Ö ´¥μ¡Ìμ¤¨³Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
(lν/ν̄ , hχ).

�.5.2. � §¨¸ ¸¶¨· ²Ó´μ¸É¨. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ (l, h). � -
¶μ³´¨³, ÎÉμ ¸² ¡Ò¥ ´¥°É·¨´´Ò° ¨  ´É¨´¥°É·¨´´Ò° Éμ±¨ ¸μ£² ¸´μ (�.111)
¨ (�.113) ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¶μ±μ³¶μ´¥´É´μ ¨³¥ÕÉ ¢¨¤

lχ,μ=0,1,2,3
ν (k′,k) = 4Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
, (�.118)

lχ,μ=0,1,2,3
ν̄ (k′,k) = 4Eν

(
cos

θ

2
, e−iφ sin

θ

2
, ie−iφ sin

θ

2
, cos

θ

2

)
. (�.119)

‘ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨° (�.117, �.118) ¨ (�.119),   É ±¦¥ ³¥É·¨Î¥¸±μ£μ É¥´-
§μ·  gμν

∗ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¨¸±μ³Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´ÒÌ ¨ ´Ê-

∗gμν =

⎛
⎜⎜⎝

1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

⎞
⎟⎟⎠. „²Ö ´¥°É·¨´μ: (lν , hr′r) = u(k′,−1)γμ(1−γ5)u(k,−1)×

u(p′, r′)γμ(gV − gAγ5)u(p, r).
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±²μ´´ÒÌ Éμ±μ¢

(lν · hχ
r′r) ≡

4∑
μ,ν

lμν gμνhχ,ν
r′r , (lν̄ · hχ

r′r) ≡
4∑

μ,ν

lμν̄ gμνhχ,ν
r′r . (�.120)

�É¨ ¢ÒÎ¨¸²¥´¨Ö ³μ¦´μ ¶·μ¢¥¸É¨ ´ ¶·Ö³ÊÕ ∗, ´ ¶·¨³¥·, ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥°
¢Ò±² ¤±¨:

(lν · hχ
−−) =

4∑
μ,ν

lμν gμνhχ,ν
−− = 4Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
×

× (gμν) 2
{

eiφ(EνgA + EpgV ) cos
θ

2
,−(EpgA + EνgV ) sin

θ

2
,

−i(EpgA + EνgV ) sin
θ

2
,−eiφ(EpgA + EνgV ) cos

θ

2

}
=

= 8Eν

{[
cos

θ

2

] [
eiφ(EνgA + EpgV ) cos

θ

2

]
−

−
[
eiφ sin

θ

2

] [
−(EpgA + EνgV ) sin

θ

2

]
−

−
[
−ieiφ sin

θ

2

] [
−i(EpgA + EνgV ) sin

θ

2

]
−

−
[
cos

θ

2

] [
−eiφ(EpgA + EνgV ) cos

θ

2

]}
=

= 8Eνeiφ

{
(EνgA + EpgV ) cos2

θ

2
+ (EpgA + EνgV ) sin2 θ

2
+

+(EpgA + EνgV ) sin2 θ

2
+ (EpgA + EνgV ) cos2

θ

2

}
=

= 8Eνeiφ

{
(EνgA + EpgV )

[
1 − sin2 θ

2

]
+

+(EpgA + EνgV ) sin2 θ

2
+ (EpgA + EνgV )

}
=

= 8Eνeiφ

{
[Eν + Ep][gA + gV ] + [Ep − Eν ][gA − gV ] sin2 θ

2

}
=

= 8
s− m2

2
√

s
eiφ

{
[
√

s][2gL] −
[
m2

√
s

]
[2gR] sin2 θ

2

}
=

= 8eiφ(s − m2)
(

gL − gR
m2

s
sin2 θ

2

)
→ (�.122).

∗ˆ²¨ ¸ ¶μ³μÐÓÕ ¶ ±¥É   ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° MATHEMATICA.
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‚ ·¥§Ê²ÓÉ É¥ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ²¥¶Éμ´Ä´Ê±²μ´)
¸ ÊÎ¥Éμ³

gV/A = gL ± gR, Ep/ν =
s ± m2

2
√

s
¨ cos θ = 1 − 2 sin2 θ

2
(�.121)

¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ´¥°É·¨´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¶·¨ ¢¸¥Ì ¢μ§³μ¦-
´ÒÌ §´ Î¥´¨ÖÌ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê±²μ´μ¢ ¢Ò£²Ö¤ÖÉ ¸²¥-
¤ÊÕÐ¨³ μ¡· §μ³:

(lν · hχ
++) = (−)8 e−iφgR(s − m2)(1 − sin2 θ

2
),

(lν · hχ
−−) = 8 eiφ(s − m2)

(
gL − gR sin2 θ

2
m2

s

)
,

(lν · hχ
+−) = 8gR(s − m2)

m√
s

sin
θ

2
cos

θ

2
,

(lν · hχ
−+) = (+)8gR(s − m2)

m√
s

sin
θ

2
cos

θ

2
.

(�.122)

‚ · ¡μÉ¥ [19] ¢Ò· ¦¥´¨Ö ¤²Ö (l, hχ
++) ¨ (l, hχ

−+) ¶·¥¤¸É ¢²¥´Ò ¸ ¤·Ê£¨³ §´ -
±μ³, ¶μ¸±μ²Ó±Ê, ± ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó, χ+(pi)§¤¥¸Ó = −χ+(pi) ¢ [19]:

(l, hχ
++) = 8(s − m2) e−iϕ cos2

θ

2
gR,

(l, hχ
−−) = 8(s − m2) e+iϕ

(
gL − gR sin2 θ

2
m2

s

)
,

(l, hχ
+−) = 8(s − m2)

m√
s

sin
θ

2
cos

θ

2
gR,

(l, hχ
−+) = −8(s − m2)

m√
s

sin
θ

2
cos

θ

2
gR.

(�.123)

�É  · §´¨Í  ¢ §´ ±¥ ¨¸Î¥§ ¥É ¢ ±¢ ¤· É Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, ±μÉμ·Ò¥
¢Ìμ¤ÖÉ ¢ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò.

Š¢ ¤· ÉÒ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° |(lν ·hχ
r′r)|2 ¨ ¨Ì ¶μ²´ Ö ¸Ê³³  ¶μ ´ -

Î ²Ó´Ò³ ¨ ±μ´¥Î´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ´Ê±²μ´  (¢¸¥³ ¸¶¨· ²Ó´μ¸ÉÖ³),∑
r′r

|(lν · hχ
r′r)|2, ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

|(lν · hχ
−−)|2 =

16
s2

(
m2 − s

)2 (−gRm2 + 2gLs + gRm2 cos θ
)2

,

|(lν · hχ
−+)|2 =

16
s

g2
Rm2

(
m2 − s

)2
sin2 θ,
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|(lν · hχ
+−)|2 =

16
s

g2
Rm2

(
m2 − s

)2
sin2 θ,

|(lν · hχ
++)|2 = 16g2

R

(
m2 − s

)2
(1 + cos θ)2;∑

r′r
|(lν · hχ

r′r)|2

64(m2 − s)2
= g2

L +
gLgRm2(−1 + cos θ)

s
+

+
g2

R

(
m2 + s +

(
−m2 + s

)
cos θ

)2

4s2
= g2

L + g2
R(1 − y)2 − 2gLgR

ym2

s − m2
.

�μ¸²¥¤´ÖÖ ¸É·μ±  ¸μμÉ¢¥É¸É¢Ê¥É ¨§¢¥¸É´μ° Ëμ·³Ê²¥ ¤²Ö ´¥°É·¨´μ-´Ê±²μ´´μ£μ
· ¸¸¥Ö´¨Ö ¸ μ¡³¥´μ³ Z0-¡μ§μ´μ³ (¸³., ´ ¶·¨³¥·, [39,171]):

∑
r,r′

|(l, hχ
r′r)|2 = 26(s − m2)2

(
g2

L + g2
R(1 − y)2 − 2gLgR

ym2

s − m2

)
. (�.124)

‚ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ´¥°É·¨´μ ¨ ´Ê±²μ´  ¡Ó¥·±¥´μ¢¸± Ö ¶¥·¥³¥´´ Ö y ¨

sin2 θ

2
¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨Ö³¨

y =
(p, q)
(p, k)

, sin2 θ

2
=

ys

s − m2
, cos θ = 1 − 2ys

s − m2
. (�.125)

�´ ²μ£¨Î´μ ¢Ò· ¦¥´¨Ö³ (�.122) ¸ ÊÎ¥Éμ³ (�.119) ¨ ¶μ¤¸É ´μ¢μ± (�.121)
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö  ´É¨´¥°É·¨´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¢ ¡ §¨¸¥ ¸¶¨-
· ²Ó´μ¸É¨ ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨ÖÌ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î-
´μ£μ ´Ê±²μ´μ¢ ¢Ò£²Ö¤ÖÉ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(lν̄ · hχ
−−) = 4 eiφgL(−m2 + s)(1 + cos θ),

(lν̄ · hχ
−+) =

4gLm(−m2 + s) sin θ√
s

,

(lν̄ · hχ
+−) =

4gLm(−m2 + s) sin θ√
s

,

(lν̄ · hχ
++) =

4 e−iφ(m2 − s)(−gLm2 + 2gRs + gLm2 cos θ)
s

.

(�.126)

Š¢ ¤· ÉÒ ÔÉ¨Ì ( ´É¨´¥°É·¨´´ÒÌ) ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° |(lν̄ · hχ
r′r)|2 ¨ ¨Ì

¶μ²´ Ö ¸Ê³³  ¶μ ´ Î ²Ó´Ò³ ¨ ±μ´¥Î´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ´Ê±²μ´  (¢¸¥³
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¸¶¨· ²Ó´μ¸ÉÖ³ ´Ê±²μ´ )
∑
r′r

|(lν̄ · hχ
r′r)|2 ¶·¨´¨³ ÕÉ ¢¨¤

|(lν̄ · hχ
−−)|2 = 16g2

L(m2 − s)2(1 + cos θ)2,

|(lν̄ · hχ
−+)|2 = 16g2

L

m2

s
(m2 − s)2 sin2 θ,

|(lν̄ · hχ
+−)|2 = 16g2

L

m2

s
(m2 − s)2 sin2 θ,

|(lν̄ · hχ
++)|2 =

16(m2 − s)2(−gLm2 + 2gRs + gLm2 cos θ)2

s2
;∑

r′r
|(lν̄ · hχ

r′r)|2

64(m2 − s)2
= g2

R +
gLgRm2(−1 + cos θ)

s
+

+
g2

L(m2 + s + (−m2 + s) cos θ)2

4s2
= g2

R + g2
L(1 − y)2 − 2gLgR

ym2

s − m2
.

(�.127)

‚Ò· ¦¥´¨¥ (�.127) ¸μμÉ¢¥É¸É¢Ê¥É ¨§¢¥¸É´μ° Ëμ·³Ê²¥ ¤²Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö
 ´É¨´¥°É·¨´μ ´  ´Ê±²μ´¥ (Ô²¥±É·μ´¥), ±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¨§ ¢Ò-
· ¦¥´¨Ö ¤²Ö ´¥°É·¨´μ-´Ê±²μ´´μ£μ (Ô²¥±É·μ´´μ£μ) · ¸¸¥Ö´¨Ö (�.124) ¶ÊÉ¥³
§ ³¥´Ò gL ´  gR ¨ ´ μ¡μ·μÉ (¸³., ´ ¶·¨³¥·, [39,171]).

ˆÉ ±, Ëμ·³Ê²Ò (�.122) ¨ (�.126) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¨¸±μ³Ò° ´ ¡μ·
¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ²¥¶Éμ´-´Ê±²μ´´ÒÌ ¸² ¡ÒÌ Éμ±μ¢ ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, ¶μ²ÊÎ¥´´Ò° ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¤²Ö ¢¸¥Ì
¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ (¢Éμ·μ° ¨´¤¥±¸ ±) ¨ ±μ´¥Î-
´μ£μ (¶¥·¢Ò° ¨´¤¥±¸ ±) ´Ê±²μ´ . ”μ·³Ê²  (�.122) μÉ¢¥Î ¥É ¸²ÊÎ Õ ´¥°É·¨´μ-
´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö,   Ëμ·³Ê²  (�.126) Å ¸²ÊÎ Õ · ¸¸¥Ö´¨Ö  ´É¨´¥°É·¨´μ
´  ´Ê±²μ´¥.

�.5.3. � §¨¸ σ3. ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ¨ ±μ³¶μ´¥´ÉÒ Éμ±μ¢. Š ± ¨
· ´¥¥, ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ´ ¶· ¢²¥´¨¥ ¶ ¤ ÕÐ¥£μ (´  Ö¤·μ ¨/¨²¨ ´Ê±²μ´)
´ Î ²Ó´μ£μ ( ´É¨)´¥°É·¨´μ ¸μ¢¶ ¤ ¥É ¸ z-μ¸ÓÕ (·¨¸. 21) ¨ § ¤ ¥É¸Ö ¥¤¨´¨Î´Ò³
¢¥±Éμ·μ³ nki = (0, 0, 1). �¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¨

 ´É¨´¥°É·¨´μ αki = nki · σ = σ3 =
(

1 0
0 −1

)
¨³¥¥É ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö

−1 ¨ +1 ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ´μ·³¨·μ¢ ´´Ò¥, |η±(ki)|2 = 1, ¸μ¡¸É¢¥´´Ò¥
¢¥±Éμ·Ò:

η−(ki) =
(

0
1

)
¨ η+(ki) =

(
1
0

)
. (�.128)

Š ± ¨ · ´¥¥, ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ±μ´¥Î´μ£μ ( ´É¨)´¥°É·¨´μ § ¤ ¥É¸Ö ¥¤¨-
´¨Î´Ò³ ¢¥±Éμ·μ³ nkf

= (cosφ sin θ, sin φ sin θ, cos θ). �¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨
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¤²Ö ±μ´¥Î´μ£μ ²¥¶Éμ´  ¨³¥¥É ¸É ´¤ ·É´Ò° ¢¨¤

αkf
= nkf

· σ =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
.

…£μ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ −1 ¨ +1 μÉ¢¥Î ÕÉ ´μ·³¨·μ¢ ´´Ò¥ |η±(kf )|2 =1,
¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò

η−(kf ) ≡ χ−(kf ) ¨ η+(kf ) ≡ χ+(kf ), (�.129)

Ö¢´Ò° ¢¨¤ ±μÉμ·ÒÌ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨Ö³¨ (�.91). ˆ´Ò³¨ ¸²μ¢ ³¨, ¶μ-
¸±μ²Ó±Ê ¸¶¨· ²Ó´μ¸ÉÓ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¸μÌ· ´Ö¥É¸Ö, Éμ ¸μ¡¸É¢¥´´Ò¥
¸μ¸ÉμÖ´¨Ö ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (´ Î ²Ó´μ£μ ´¥°É· ²Ó´μ£μ ¡¥§³ ¸¸μ¢μ£μ ²¥¶-
Éμ´ ) ¨ ¢ σ3-¡ §¨¸¥ ¸μ¢¶ ¤ ÕÉ.

„²Ö ³ ¸¸¨¢´μ£μ ´Ê±²μ´  ¸¨ÉÊ Í¨Ö ³¥´Ö¥É¸Ö. 
Ê¤¥³ É¥¶¥·Ó ±¢ ´Éμ¢ ÉÓ
¸¶¨´ ´Ê±²μ´  ´¥ ¶μ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ¸ ³μ£μ ´Ê±²μ´  (¡ §¨¸ ¸¶¨· ²Ó-
´μ¸É¨),   ¢¤μ²Ó μ¸¨ nk ´ ²¥É ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
²¥¶Éμ´Ä´Ê±²μ´. �Éμ μ§´ Î ¥É, ÎÉμ ¡¨¸¶¨´μ·Ò ´ Î ²Ó´μ£μ ηr(pi) ¨ ±μ´¥Î´μ£μ
ηr′(pf ) ´Ê±²μ´μ¢ Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ μ¶¥· Éμ·  nk × σ = σ3

(μÉ¸Õ¤  σ3-¡ §¨¸), É. ¥.

σ3ηr(pi) =
(

1 0
0 −1

)
ηr(pi) = rηr(pi),

σ3ηr′(pf ) =
(

1 0
0 −1

)
ηr′(pf ) = r′ηr′(pf ).

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ´ Î ²Ó´μ£μ ´Ê±²μ´  ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò η∓(pi) μÉ¢¥Î ÕÉ
¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ r = ∓1. �μ¸±μ²Ó±Ê ± ± ¸¶¨´ ´ Î ²Ó´μ£μ, É ± ¨
¸¶¨´ ±μ´¥Î´μ£μ ´Ê±²μ´μ¢ ±¢ ´ÉÊ¥É¸Ö ¶μ μ¤´μ° ¨ Éμ° ¦¥ μ¸¨ (É. ¥. ¸μÌ· ´Ö¥É
§´ Î¥´¨¥ ¸¢μ¥° ¶·μ¥±Í¨¨ ´  ÔÉÊ μ¸Ó ¨²¨ ³¥´Ö¥É ÔÉÊ ¶·μ¥±Í¨Õ ¸É·μ£μ ´ 
¶·μÉ¨¢μ¶μ²μ¦´ÊÕ), § ¤ ´´μ° ´ ¶· ¢²¥´¨¥³ ¶ ¤ ÕÐ¥£μ ²¥¶Éμ´  nki , Éμ ¤²Ö
¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨¨ ¸¶¨´  ±μ´¥Î´μ£μ ´Ê±²μ´  r′ = ∓1 ¨³¥ÕÉ¸Ö
´μ·³¨·μ¢ ´´Ò¥ Ê¸²μ¢¨¥³ |η±(pf,i)|2 = 1 ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò η∓(pf ) =
η∓(pi), ¨²¨ ¢ Ö¢´μ³ ¢¨¤¥:

η+ = η+(pi) = η+(pf ) =
(

1
0

)
,

η− = η−(pi) = η−(pf ) =
(

0
1

)
.

(�.130)

’ ±¨³ μ¡· §μ³, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢¸¥Ì ¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²-¢¥±Éμ·´ÒÌ ( ´É¨)-
´¥°É·¨´´ÒÌ ¨ ´Ê±²μ´´ÒÌ ±μ³¶μ´¥´É Éμ±μ¢ ¢ σ3-¡ §¨¸¥, ±μ£¤  ¸¶¨´ ´Ê±²μ´ 
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±¢ ´Éμ¢ ´ ¢¤μ²Ó μ¸¨ ¶ ¤ ÕÐ¥£μ ( ´É¨)´¥°É·¨´μ, ´¥μ¡Ìμ¤¨³Ò ¸²¥¤ÊÕÐ¨¥ ¡ -
§¨¸´Ò¥ ¡¨¸¶¨´μ·Ò, ´μ·³¨·μ¢ ´´Ò¥ Ê¸²μ¢¨¥³ |η|2 = 1:

� Î ²Ó´Ò¥ : η−(ki) =
(

0
1

)
≡ χ−(ki), η+(ki) =

(
1
0

)
≡ χ+(ki),

η−(pi) =
(

0
1

)
≡ χ+(pi), η+(pi) =

(
1
0

)
≡ χ−(pi). (�.131)

Šμ´¥Î´Ò¥ : η−(pf ) =
(

0
1

)
≡ η−(pi), η+(pf ) =

(
1
0

)
≡ η+(pi),

η−(kf ) = cos
θ

2

(
−e−iφ tg θ

2
1

)
≡ χ−(kf ),

η+(kf ) = eiφ sin
θ

2

(
e−iφ ctg θ

2
1

)
≡ χ+(kf ).

ˆ§ ÔÉ¨Ì Ëμ·³Ê² ¢¨¤´μ, ÎÉμ ¡ §¨¸´Ò¥ ¸¶¨´μ·Ò ¤²Ö ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ
´¥°É· ²Ó´ÒÌ (¡¥§³ ¸¸μ¢ÒÌ) ²¥¶Éμ´μ¢ μ¤¨´ ±μ¢Ò ¢ μ¡μ¨Ì ¡ §¨¸ Ì. „²Ö ³ ¸-
¸¨¢´ÒÌ ´Ê±²μ´μ¢ ¨´ Î¥. �μ¸±μ²Ó±Ê ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ²¥¶Éμ´  ¨ ´Ê-
±²μ´  ki = −pi, Éμ η∓-¸¶¨´μ·Ò ´ Î ²Ó´ÒÌ ´Ê±²μ´μ¢ ¢ σ3-¡ §¨¸¥ (¶·μ¥±Í¨Ö
´  ´ ¶· ¢²¥´¨¥ ki) μÉ¢¥Î ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ χ±-
¸¶¨´μ·μ¢ ¨§ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ (¶·μ¥±Í¨Ö ´  ´ ¶· ¢²¥´¨¥ pi).

Šμ³¶μ´¥´ÉÒ ²¥¶Éμ´´ÒÌ Éμ±μ¢. ‘μ£² ¸´μ ¶·μ¢¥¤¥´´μ³Ê ¢ ¡ §¨¸¥ ¸¶¨-
· ²Ó´μ¸É¨ · ¸¸³μÉ·¥´¨Õ Éμ±μ¢Ò¥ ³ É·¨ÍÒ V̂ 0,1,2,3(kf ,ki) ¨ Â0,1,2,3(kf ,ki) ∗

μ¤¨´ ±μ¢Ò ¤²Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¨ ¨³¥ÕÉ ¢¨¤ (�.107) ¨ (�.108):

V̂ 0(kf ,ki) = Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
,

V̂ 1(kfki) = Eν

(
e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)
,

V̂ 2(kf ,ki) = Eν

(
ie−iφ sin θ i − i cos θ
i − i cos θ −ieiφ sin θ

)
,

V̂ 3(kf ,ki) = Eν

(
1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
;

∗‚ ¸¨²Ê Ö¢´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö 4-¸¶¨´μ·μ¢ u(k) ¨ v(k),   É ±¦¥ ¶·μÍ¥¤Ê·Ò ¶μ²ÊÎ¥´¨Ö
Ëμ·³Ê² (�.107) ¨ (�.108).
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Â0(kf ,ki) = Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
,

Â1(kf ,ki) = Eν

(
e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)
,

Â2(kf ,ki) = Eν

(
ie−iφ sin θ −i(1 − cos θ)
i(1 − cos θ) ieiφ sin θ

)
,

Â3(kf ,ki) = Eν

(
1 + cos θ e−iφ sin θ
eiφ sin θ −1 − cos θ

)
.

‘ ¶μ³μÐÓÕ ÔÉ¨Ì ³ É·¨Í ¤²Ö (²¥¢μ£μ) ´¥°É·¨´μ c η−(ki/f ) ¨ (¶· ¢μ£μ)  ´É¨-
´¥°É·¨´μ c η+(ki/f ) ¢ σ3-¡ §¨¸¥ ¸²¥¤Ê¥É ¢ÒÎ¨¸²¨ÉÓ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ
¨  ±¸¨ ²-¢¥±Éμ·´μ£μ Éμ±μ¢:

V μ
−−(kf ,ki) = η†

−(kf )V̂ μ(kf ,ki)η−(ki),

Aμ
−−(kf ,ki) = η†

−(kf )Âμ(kf ,ki)η−(ki),

V μ
++(kf ,ki) = η†

+(kf )V̂ μ(kf ,ki)η+(ki),

Aμ
++(kf ,ki) = η†

+(kf )Âμ(kf ,ki)η+(ki).

�μ¸±μ²Ó±Ê ¸μ£² ¸´μ (�.129) Ö¢´Ò° ¢¨¤ η±(ki/f ) ¸μ¢¶ ¤ ¥É ¸ χ±(ki/f ), Éμ
¢Ò· ¦¥´¨Ö ¤²Ö ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢ σ3-¡ §¨¸¥ ¤μ²¦´Ò É ±¦¥ ¸μ¢¶ ¤ ÉÓ ¸ ¶μ-
²ÊÎ¥´´Ò³¨ · ´¥¥ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ÔÉ¨Ì Éμ±μ¢ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨, ¨,
¸²¥¤μ¢ É¥²Ó´μ, ¶μ²´Ò¥ ´¥°É·¨´´Ò¥ ¨  ´É¨´¥°É·¨´´Ò¥ ¸² ¡Ò¥ Éμ±¨ ¨³¥ÕÉ
ÉμÉ ¦¥ ¢¨¤:

lν(kf ,ki) = 4Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
; (�.132)

lν̄(kf ,ki) = 4Eν

(
cos

θ

2
, e−iφ sin

θ

2
, ie−iφ sin

θ

2
, cos

θ

2

)
. (�.133)

‚ ¸¨²Ê ¸É·μ£μ£μ ¸μÌ· ´¥´¨Ö ¸¶¨· ²Ó´μ¸É¨ ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ ¨  ´É¨´¥°-
É·¨´μ ¨¸¶μ²Ó§μ¢ ´¨¥ σ3-¡ §¨¸  §´ Î¨³μ Éμ²Ó±μ ¤²Ö ´Ê±²μ´´ÒÌ Éμ±μ¢.

Šμ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ Éμ±μ¢. ‚ σ3-¡ §¨¸¥ ¤¨· ±μ¢¸±¨¥ 4-¸¶¨´μ·Ò ´ -
Î ²Ó´μ£μ (c p ≡ pi) ¨ ±μ´¥Î´μ£μ (c p′ ≡ pf ) ´Ê±²μ´μ¢, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ¸² ¡ÒÌ Éμ±μ¢ ¶μ Ëμ·³Ê² ³ (�.96), ¨³¥ÕÉ ¢¨¤

u(p, r) =
(

λ+

λ−αp

)
ηr(p), u†(p′, r′) = η†

r′(p′)(λ+, λ−α†
p′). (�.134)
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‘μ£² ¸´μ ±¨´¥³ É¨±¥ Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ²¥¶Éμ´Ä
´Ê±²μ´ μ¶¥· Éμ·Ò ¸¶¨· ²Ó´μ¸É¨ ´Ê±²μ´μ¢ αp ¨ αp′ , ¢Ìμ¤ÖÐ¨¥ ¢ ¢Ò· ¦¥-
´¨Ö (�.134), ¸μ¢¶ ¤ ÕÉ ¸ μ¶¥· Éμ· ³¨ ¸¶¨· ²Ó´μ¸É¨ ´Ê±²μ´μ¢ ¢ ¡ §¨¸¥ ¸¶¨-
· ²Ó´μ¸É¨ ¨ ¢Ò· ¦ ÕÉ¸Ö ¢ ¢¨¤¥

αp = αpi = npi · σ = −σ3 =
(
−1 0
0 1

)
,

αp′ = αpf
= npf

· σ =
(

− cos θ −e−iφ sin θ
−eiφ sin θ cos θ

)
.

’μ£¤  ¨§ μ¶·¥¤¥²¥´¨Ö Éμ±μ¢ (�.96) ¨³¥¥³ ¢ σ3-¡ §¨¸¥

V μ
r′r(p

′,p) = ū(p′, r′)γμu(p, r) = η†
r′(p′)V̂ μ(pf )ηr(p) ≡ η†

r′ V̂
μ(pf )ηr,

Aμ
r′r(p

′,p) = ū(p′, r′)γμγ5u(p, r) = η†
r′(p′)Âμ(pf )ηr(p) ≡ η†

r′Â
μ(pf )ηr,

(�.135)

£¤¥ ³ É·¨ÍÒ Éμ±μ¢ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ³ É·¨ÍÒ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ¨
±μ´¥Î´μ£μ ´Ê±²μ´μ¢

V̂ 0(pf ) ≡ λ2
+ + λ2

−αp′αp, V̂(pf ) ≡ λ−λ+[αp′σ + σαp],

Â0(pf ) ≡ λ+λ−[αp′ + αp], Â(pf ) ≡ λ2
+σ + λ2

−αp′σαp.

�μ¸±μ²Ó±Ê ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ λ2
± = Ep ± m ¨ λ+λ− =

√
E2

p − m2 = Eν ,

  É ±¦¥ ¸ ÊÎ¥Éμ³ Ö¢´μ£μ ¢¨¤  αp′ ¨ αp, ¢ σ3-¡ §¨¸¥ ¨³¥¥³ ¤²Ö ³ É·¨Í V̂ μ(pf )
¨ Âμ(pf ) ¢Ò· ¦¥´¨Ö, ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ÕÐ¨¥ ¸ ¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢ ¡ §¨¸¥
¸¶¨· ²Ó´μ¸É¨:

V̂ 0(pf ) =
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ
eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)
,

V̂ 1(pf ) = Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)
,

V̂ 2(pf ) = iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)
,

V̂ 3(pf ) = Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)
;

Â0(pf ) = Eν

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)
,
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Â1(pf ) =
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)
,

Â2(pf ) = i

(
(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ

(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)
,

Â3(pf ) =
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)
.

�μ¤¸É ¢²ÖÖ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢ ¶· ¢Ò¥ Î ¸É¨ μ¶·¥¤¥²¥´¨° Éμ±μ¢ ¢ σ3-¡ -
§¨¸¥ (�.135) ¸ ÊÎ¥Éμ³

η− ≡ η−(pi) =
(

0
1

)
, η+ ≡ η+(pi) =

(
1
0

)
,

η†
− ≡ η†

−(pf ) = ( 0 1 ), η†
+ ≡ η†

+(pf ) = ( 1 0 ),

¶μ²ÊÎ¨³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ±μ³¶μ´¥´É ´Ê±²μ´´μ£μ Éμ±  ¶·¨ ¢¸¥Ì
¢μ§³μ¦´ÒÌ ¶·μ¥±Í¨ÖÌ ¸¶¨´  ´Ê±²μ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ
²¥¶Éμ´ :

V 0
−−(pf ) = η†

−V̂ 0(pf )η− =

= (0 1)
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ
eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
0
1

)
=

= (0 1)
(

−e−iφ(Ep − m) sin θ
Ep + m + (Ep − m) cos θ

)
= Ep + m + (Ep − m) cos θ,

V 1
−−(pf ) = η†

−V̂ 1(pf )η− =

= (0 1)Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)(
0
1

)
= −Eνeiφ sin θ,

V 2
−−(pf ) = η†

−V̂ 2(pf )η− =

= (0 1) iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)(
0
1

)
= iEνeiφ sin θ,

V 3
−−(pf ) = η†

−V̂ 3(pf )η− =

= (0 1)Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)(
0
1

)
= −Eν(1 + cos θ);
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A0
−−(pf ) = η†

−Â0(pf )η− =

= (0 1)Eν

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)(
0
1

)
= Eν(1 + cos θ),

A1
−−(pf ) = η†

−Â1(pf )η− =

= (0 1)
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)(
0
1

)
=

= −(Ep − m)eiφ sin θ,

A2
−−(pf ) = η†

−Â2(pf )η− =

= (0 1)i
(

(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)(
0
1

)
=

= i(Ep − m)eiφ sin θ,

A3
−−(pf ) = η†

−Â3(pf )η− =

= (0 1)
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)(
0
1

)
=

= −(Ep + m) − (Ep − m) cos θ;

V 0
−+(pf ) = η†

−V̂ 0(pf )η+ =

= (0 1)
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ
eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
1
0

)
=

= (0 1)
(

Ep + m + (Ep − m) cos θ
eiφ(Ep − m) sin θ

)
= eiφ(Ep − m) sin θ,

V 1
−+(pf ) = η†

−V̂ 1(pf )η+ =

= (0 1)Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)(
1
0

)
= −Eν(1 − cos θ),

V 2
−+(pf ) = η†

−V̂ 2(pf )η+ =

= (0 1)iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)(
1
0

)
= iEν(−1 + cos θ),

V 3
−+(pf ) = η†

−V̂ 3(pf )η+ =

= (0 1)Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)(
1
0

)
= −eiφEν sin θ;
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A0
−+(pf ) = η†

−Â0(pf )η+ =

= (0 1)Eν

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)(
1
0

)
= −eiφEν sin θ,

A1
−+(pf ) = η†

−Â1(pf )η+ =

= (0 1)
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)(
1
0

)
=

= (Ep + m) − (Ep − m) cos θ,

A2
−+(pf ) = η†

−Â2(pf )η+ =

= (0 1)i
(

(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)(
1
0

)
=

= i(Ep + m) − i(Ep − m) cos θ,

A3
−+(pf ) = η†

−Â3(pf )η+ =

= (0 1)
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)(
1
0

)
=

= (Ep − m)eiφ sin θ;

V 0
+−(pf ) = η†

+V̂ 0(pf )η− =

= (1 0)
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ

eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
0
1

)
=

= (1 0)
(

−e−iφ(Ep − m) sin θ
Ep + m + (Ep − m) cos θ

)
= −e−iφ(Ep − m) sin θ,

V 1
+−(pf ) = η†

+V̂ 1(pf )η− =

= (1 0)Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)(
0
1

)
= Eν(1 − cos θ),

V 2
+−(pf ) = η†

+V̂ 2(pf )η− =

= (1 0)iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)(
0
1

)
= iEν(−1 + cos θ),

V 3
+−(pf ) = η†

+V̂ 3(pf )η− =

=(1 0)Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)(
0
1

)
= Eνe−iφ sin θ;



Š��–…�–ˆŸ Š�ƒ…�…�’��‘’ˆ ‚ ��‘‘…Ÿ�ˆˆ �…‰’�ˆ�� ˆ ��’ˆ�…‰’�ˆ�� 267

A0
+−(pf ) = η†

+Â0(pf )η− =

= (1 0)Eν

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)(
0
1

)
= −e−iφEν sin θ,

A1
+−(pf ) = η†

+Â1(pf )η− =

= (1 0)
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)(
0
1

)
=

= (Ep + m) − (Ep − m) cos θ,
A2

+−(pf ) = η†
+Â2(pf )η− =

= (1 0)i
(

(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)(
0
1

)
=

= −i(Ep + m) + i(Ep − m) cos θ,
A3

+−(pf ) = η†
+Â3(pf )η− =

= (1 0)
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)(
0
1

)
=

= (Ep − m)e−iφ sin θ;

V 0
++(pf ) = η†

+V̂ 0(pf )η+ =

= (1 0)
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ

eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
1
0

)
=

= (1 0)
(

Ep + m + (Ep − m) cos θ
eiφ(Ep − m) sin θ

)
= Ep + m + (Ep − m) cos θ,

V 1
++(pf ) = η†

+V̂ 1(pf )η+ =

= (1 0)Eν

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)(
1
0

)
= −e−iφEν sin θ,

V 2
++(pf ) = η†

+V̂ 2(pf )η+ =

= (1 0)iEν

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)(
1
0

)
= −iEνe−iφ sin θ,

V 3
++(pf ) = η†

+V̂ 3(pf )η+ =

= (1 0)Eν

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)(
1
0

)
= −(1 + cos θ)Eν ;
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A0
++(pf ) = η†

+Â0(pf )η+ =

= (1 0)Eν

(
−(1 + cos θ) −e−iφ sin θ

−eiφ sin θ (1 + cos θ)

)(
1
0

)
= −(1 + cos θ)Eν ,

A1
++(pf ) = η†

+Â1(pf )η+ =

= (1 0)
(

(Ep − m)e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m)eiφ sin θ

)(
1
0

)
=

= (Ep − m)e−iφ sin θ,

A2
++(pf ) = η†

+Â2(pf )η+ =

= (1 0)i
(

(Ep − m)e−iφ sin θ −(Ep + m) + (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ (Ep − m)eiφ sin θ

)(
1
0

)
=

= i(Ep − m)e−iφ sin θ,

A3
++(pf ) = η†

+Â3(pf )η+ =

= (1 0)
(

(Ep + m) + (Ep − m) cos θ (Ep − m)e−iφ sin θ
(Ep − m)eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)(
1
0

)
=

= (Ep + m) + (Ep − m) cos θ.

�É¨ ±μ³¶μ´¥´ÉÒ ´Ê±²μ´´μ£μ Éμ±  ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨°
¸¶¨´  ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê±²μ´μ¢ ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó-
´μ£μ ²¥¶Éμ´  (σ3-¡ §¨¸) ³μ¦´μ ¸μ¡· ÉÓ ¢ ±μ³¶ ±É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¥±Éμ·-
´μ£μ Éμ± :

V η
++ =

{
Ep + m + cos θ(Ep − m),− sin θe−iφEν ,

−i sin θe−iφEν ,−(1 + cos θ)Eν

}
,

V η
−− =

{
Ep + m + cos θ(Ep − m),− sin θe+iφEν ,

+i sin θe+iφEν ,−(1 + cos θ)Eν

}
,

V η
+− =

{
− sin θe−iφ(Ep − m), +(1 − cos θ)Eν ,

−i(1 − cos θ)Eν , + sin θe−iφEν

}
,

V η
−+ =

{
+ sin θe+iφ(Ep − m),−(1 − cos θ)Eν ,

−i(1 − cos θ)Eν ,− sin θe+iφEν

}
.

(�.136)
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�´ ²μ£¨Î´μ ¤²Ö  ±¸¨ ²-¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ± 

Aη
++ =

{
−(1 + cos θ)Eν , + sin θe−iφ(Ep − m),

i sin θe−iφ(Ep − m), +(Ep + m + cos θ(Ep − m))
}

,

Aη
−− =

{
+(1 + cos θ)Eν ,− sin θe+iφ(Ep − m),

i sin θe+iφ(Ep − m),−(Ep + m + cos θ(Ep − m))
}

,

Aη
+− =

{
− sin θe−iφEν , Ep + m − cos θ(Ep − m),

−i(Ep + m − cos θ(Ep − m)), sin θe−iφ(Ep − m)
}

,

Aη
−+ =

{
− sin θe+iφEν , Ep + m − cos θ(Ep − m),

+i(Ep + m − cos θ(Ep − m)), sin θe+iφ(Ep − m)
}

.

(�.137)

‡¤¥¸Ó ¶¥·¢Ò° ¨´¤¥±¸ r′ = ∓1 μÉ¢¥Î ¥É §´ Î¥´¨Õ ¶·μ¥±Í¨¨ (Ê¤¢μ¥´´μ£μ) ¸¶¨´ 
±μ´¥Î´μ£μ ´Ê±²μ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´ , ¢Éμ·μ° ¨´-
¤¥±¸ r = ∓1 μÉ¢¥Î ¥É §´ Î¥´¨Õ ¶·μ¥±Í¨¨ (Ê¤¢μ¥´´μ£μ) ¸¶¨´  ´ Î ²Ó´μ£μ
´Ê±²μ´  ´  Éμ ¦¥ ¸ ³μ¥ ´ ¶· ¢²¥´¨¥.

‘¢μ°¸É¢  ´Ê±²μ´´ÒÌ Éμ±μ¢. �É³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨Ö ¤²Ö ´Ê±²μ´´ÒÌ ¸² -
¡ÒÌ Éμ±μ¢, ¶μ²ÊÎ¥´´Ò¥ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¨ ¨³¥ÕÐ¨¥ ¢¨¤ (�.115), ¸ÊÐ¥-
¸É¢¥´´Ò³ μ¡· §μ³ μÉ²¨Î ÕÉ¸Ö μÉ  ´ ²μ£¨Î´ÒÌ ¢Ò· ¦¥´¨° ¢ σ3-¡ §¨¸¥, § ¤ ´-
´ÒÌ Ëμ·³Ê² ³¨ (�.136) ¨ (�.137). �Éμ μ¡Ê¸²μ¢²¥´μ · §´¨Í¥° ¢ Ë¨§¨Î¥¸±μ³
¨ ³ É¥³ É¨Î¥¸±μ³ ¸³Ò¸² Ì ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r, r′.

’ ±, ¢ ¢Ò· ¦¥´¨¨ (�.115) r, r′ Å ÔÉμ (Ê¤¢μ¥´´Ò¥) ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê-
±²μ´  ´  ´ Î ²Ó´μ¥ ¨ ±μ´¥Î´μ¥ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ¸ ³μ£μ ´Ê±²μ´ , ¢ Éμ
¢·¥³Ö ± ± ¢ ¢Ò· ¦¥´¨ÖÌ (�.136) ¨ (�.137) r, r′ Å (Ê¤¢μ¥´´Ò¥) ¶·μ¥±Í¨¨
¸¶¨´  ´Ê±²μ´  ´  ´¥±μÉμ·ÊÕ § · ´¥¥ Ë¨±¸¨·μ¢ ´´ÊÕ μ¸Ó, ±μÉμ· Ö ¡Ò²  ¢Ò-
¡· ´  ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö (3-¨³¶Ê²Ó¸ ) ´ Î ²Ó´μ£μ ²¥¶Éμ´ .

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´Ê-
±²μ´ · ¸¸¥¨¢ ¥É¸Ö ´ § ¤ (cos θ = −1), Éμ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ μ¡μ§´ Î¥´¨¥
¢ ¢¨¤¥ ¨´¤¥±¸μ¢ (++) μ§´ Î ¥É, ÎÉμ ´ ¶· ¢²¥´¨¥ ¸¶¨´  ´Ê±²μ´  ³¥´Ö¥É¸Ö
¸É·μ£μ ´  ¶·μÉ¨¢μ¶μ²μ¦´μ¥ (¢³¥¸É¥ ¸ ´ ¶· ¢²¥´¨¥³ ¥£μ ¨³¶Ê²Ó¸ ). ‚ ¡ §¨¸¥,
£¤¥ ¸¶¨´ ´Ê±²μ´  ±¢ ´ÉÊ¥É¸Ö ¢¤μ²Ó Ë¨±¸¨·μ¢ ´´μ° μ¸¨ (σ3-¡ §¨¸), ± ± ÔÉμ
μ¶·¥¤¥²¥´μ ¢ (�.130), ¨´¤¥±¸Ò (++) μÉ¢¥Î ÕÉ ¸¨ÉÊ Í¨¨, ±μ£¤  ¸¶¨´ ´Ê±²μ´ 
¢μμ¡Ð¥ ´¥ ¨§³¥´Ö¥É ¸¢μ¥° μ·¨¥´É Í¨¨ μÉ´μ¸¨É¥²Ó´μ ¢Ò¡· ´´μ° μ¸¨.

�¡¸Ê¤¨³ ´¥¸±μ²Ó±μ ¶μ¤·μ¡´¥¥ ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ¢Ò· ¦¥-
´¨ÖÌ (�.136) ¨ (�.137). „²Ö ÔÉμ° Í¥²¨ μ¡· É¨³¸Ö ± ´ ¨¡μ²¥¥ ¨´É¥·¥¸´Ò³
¸²ÊÎ Ö³:  ) ±μ£¤  ´Ê±²μ´ · ¸¸¥¨¢ ¥É¸Ö ¢¶¥·¥¤ (cos θ = 1), ¡) ±μ£¤  ´Ê±²μ´
· ¸¸¥¨¢ ¥É¸Ö ´ § ¤ (cos θ = −1) ¨ ¢) ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ·¥¦¨³, ±μ£¤ 

√
s → m.

 ) �·¨ cos θ = 1 (¨ sin θ = 0) ¸μ£² ¸´μ (�.136) ¢¥±Éμ·´Ò° Éμ±

lim
cos θ→1

V η
++ = lim

cos θ→1
V η
−− = 2(Ep, 0, 0,−|Pp|)
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¸¢μ¤¨É¸Ö ± 4-¨³¶Ê²Ó¸Ê ´Ê±²μ´ , ¤¢¨¦ÊÐ¥³Ê¸Ö ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ´ Î ²Ó´μ£μ
²¥¶Éμ´ . �¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  §  ¸Î¥É É ±μ£μ ¢¥±Éμ·´μ£μ Éμ±  ´¥¢μ§³μ-
¦¥´, ¶μ¸±μ²Ó±Ê

lim
cos θ→1

V η
+− = lim

cos θ→1
V η
−+ = 0.

� μ¡μ·μÉ, ¶¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  ¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ ¢ ¸²ÊÎ ¥ · ¸-
¸¥Ö´¨Ö ¢¶¥·¥¤ ¡² £μ¤ ·Ö  ±¸¨ ²Ó´μ³Ê Éμ±Ê, ¶μ¸±μ²Ó±Ê ¢μ§´¨± ÕÉ ´¥´Ê²¥¢Ò¥
±μ³¶μ´¥´ÉÒ  ±¸¨ ²Ó´μ£μ Éμ±  ¢ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° ¤¢¨¦¥´¨Õ ²¥¶-
Éμ´ :

lim
cos θ→1

Aη
+− = 2m(0, 1,−i, 0), lim

cos θ→1
Aη

−+ = 2m(0, 1, i, 0).

ˆ³¥¥É ³¥¸Éμ ¶μ²´ Ö ±μ³¶¥´¸ Í¨Ö  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³¨
¶·μ¥±Í¨Ö³¨ ¸¶¨´  ´Ê±²μ´ 

lim
cos θ→1

(
Aη

++ + Aη
−−

)
= 0. (�.138)

�Éμ ¸μ±· Ð¥´¨¥ ³μ¦´μ ¶μ´ÖÉÓ, ÊÎÉÖ, ÎÉμ  ±¸¨ ²Ó´Ò° Éμ± Ë¥·³¨μ´ , μ¡² ¤ -
ÕÐ¥£μ μ¤´¨³ ¨ É¥³ ¦¥ ´ Î ²Ó´Ò³ ¨ ±μ´¥Î´Ò³ ¨³¶Ê²Ó¸μ³ p ¨ μ¤´μ° ¨ Éμ° ¦¥
¶·μ¥±Í¨¥° ¸¶¨´  r, ¶·μ¶μ·Í¨μ´ ²¥´ ¢¥±Éμ·Ê 4-¸¶¨´  sμ, É. ¥. u(p, r)γμγ5 ×
u(p, r) = 2mrsμ. �μÔÉμ³Ê

u(p, +1)γμγ5u(p, +1) + u(p,−1)γμγ5u(p,−1) =
= 2m(+1)sμ + 2m(−1)sμ = 0,

ÎÉμ ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò· ¦¥´¨Õ (�.138) ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´Ê±²μ´ 
¢¶¥·¥¤.

¡) �·¨ cos θ = −1 (¨ sin θ = 0) ¢¥±Éμ·´Ò° Éμ±, ¸μÌ· ´ÖÕÐ¨° ¶·μ¥±Í¨Õ
¸¶¨´  ´Ê±²μ´ , ¸¢μ¤¨É¸Ö ±

lim
cos θ→−1

V η
++ = lim

cos θ→−1
V η
−− = 2m(1, 0, 0, 0).

�¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  É ±¦¥ ¢μ§³μ¦¥´:

lim
cos θ→−1

V η
+− = 2|Pp|(0, 1,−i, 0), lim

cos θ→−1
V η
−+ = 2|Pp|(0,−1,−i, 0).

‘μÌ· ´ÖÕÐ¨° ¶·μ¥±Í¨Õ ¸¶¨´   ±¸¨ ²Ó´Ò° Éμ± ¸¢μ¤¨É¸Ö ±

lim
cos θ→−1

Aη
++ = 2m(0, 0, 0, 1), lim

cos θ→−1
Aη

−− = 2m(0, 0, 0,−1).

�¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  É ±¦¥ ¤μ¶Ê¸É¨³:

lim
cos θ→−1

Aη
+− = 2Ep(0, 1,−i, 0), lim

cos θ→−1
Aη

−+ = 2Ep(0, 1, i, 0).
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¢) � ±μ´¥Í, ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ ¢¥±Éμ·´Ò° Éμ± ¸μÌ· ´Ö¥É ´ ¶· -
¢²¥´¨¥ ¸¶¨´  ´Ê±²μ´ , ¶μ¸±μ²Ó±Ê

lim√
s→m

V η
++ = lim√

s→m
V η
−− = 2m(1, 0, 0, 0), lim√

s→m
V η

+− = V η
−+ = 0. (�.139)

�±¸¨ ²Ó´Ò° Éμ± ³μ¦¥É ± ± ¸μÌ· ´ÖÉÓ ¶·μ¥±Í¨Õ ¸¶¨´  ´Ê±²μ´  §  ¸Î¥É Î²¥´μ¢

lim√
s→m

Aη
++ = 2m(0, 0, 0, 1), lim√

s→m
Aη

−− = 2m(0, 0, 0,−1),

É ± ¨ ³¥´ÖÉÓ ¶·μ¥±Í¨Õ ¸¶¨´  ´Ê±²μ´  ´  ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ:

lim√
s→m

Aη
+− = 2m(0, 1,−i, 0), lim√

s→m
Aη

−+ = 2m(0, 1, i, 0). (�.140)

Œμ¦´μ § ³¥É¨ÉÓ, ÎÉμ ¢ ÔÉμ³ ¶·¥¤¥²¥  ´ ²μ£¨Î´μ (�.138) ¨³¥¥É¸Ö ¸μ±· Ð¥´¨¥

lim√
s→m

(
Aη

++ + Aη
−−

)
= 0, (�.141)

μÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉμ ¢ ±μ£¥·¥´É´μ³ ¸² £ ¥³μ³ ¸¥Î¥´¨Ö (6.36) ¶·μ¨¸Ìμ¤¨É ¸μ-
±· Ð¥´¨¥ ¢±² ¤   ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¤²Ö ¡¥¸¸¶¨´μ¢ÒÌ Ö¤¥·. 
μ²¥¥ ÉμÎ´μ¥
ÊÉ¢¥·¦¤¥´¨¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ · ¸¸³μÉ·¥´¨Ö ¶μ²´ÒÌ ¢Ò· ¦¥´¨° (�.137)
¤²Ö  ±¸¨ ²Ó´ÒÌ Éμ±μ¢. „¥°¸É¢¨É¥²Ó´μ,

Aη
++ + Aη

−− = −2i sin θ(Ep − m)(0, sinφ, cos φ, 0) �

� −i
k2
0

m
sin θ(0, sin φ, cos φ, 0) �

� −i(1 ŒÔ‚)
k2
0

(30 ŒÔ‚)2
sin θ(0, sin φ, cosφ, 0).

(�.142)

‚¨¤´μ, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ÔÉμÉ 4-¢¥±Éμ· μÉ²¨Î¥´ μÉ ´Ê²Ö, ¥¸²¨ Ô´¥·£¨Ö
´¥°É·¨´μ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ´¥ · ¢´  ´Ê²Õ ¨ Ê£μ² · ¸¸¥Ö´¨Ö θ 
= 0
¨²¨ π.

�μ²´Ò° V ÄA ´Ê±²μ´´Ò° Éμ±. ‚ É¥·³¨´ Ì ¤¨· ±μ¢¸±¨Ì ¸¶¨´μ·μ¢ ´ Î ²Ó-
´ÒÌ ¨ ±μ´¥Î´ÒÌ ´Ê±²μ´μ¢ ±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ´Ê±²μ´´μ£μ (V −A) Éμ±  μ¶·¥-
¤¥²ÖÕÉ¸Ö, ± ± ¨ · ´¥¥:

hμ
±±(pf ) = gV ū(pf ,±)γμu(pi,±) − gAū(pf ,±)γμγ5u(pi,±) =

= gV V η,μ
±± (pf ) − gA Aη,μ

±±(pf ).

„²Ö Î¥ÉÒ·¥Ì ¢μ§³μ¦´ÒÌ ±μ³¡¨´ Í¨° ¶·μ¥±Í¨° ¸¶¨´  ±μ´¥Î´μ£μ ¨ ´ Î ²Ó-
´μ£μ ´Ê±²μ´μ¢ ´  ´ ¶· ¢²¥´¨¥ 3-¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ ²¥¶Éμ´  ¸μ£² ¸´μ Ëμ·-
³Ê² ³ (�.136) ¨ (�.137) ¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É
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¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ± :

hμ
++ = {gAEν(1 + cos θ) + gV (Ep + m + (Ep − m) cos θ),

−e−iφ(EpgA + EνgV − gAm) sin θ,

−ie−iφ(EpgA + EνgV − gAm) sin θ,

−EνgV (1 + cos θ) − gA(Ep + m + (Ep − m) cos θ)} ;

hμ
−− = {−gAEν(1 + cos θ) + gV (Ep + m + (Ep − m) cos θ),

eiφ(EpgA − EνgV − gAm) sin θ, ieiφ(−EpgA + EνgV + gAm) sin θ,

−EνgV + gA(Ep + m) + (EpgA − EνgV − gAm) cos θ} ;
(�.143)

hμ
+− =

{
e−iφ(EνgA + gV (−Ep + m)) sin θ,

gV (Eν − Eν cos θ) − gA(Ep + m + (−Ep + m) cos θ),

i(EνgV (−1 + cos θ) + gA(Ep + m + (−Ep + m) cos θ)),

e−iφ(−EpgA + EνgV + gAm) sin θ
}

;

hμ
−+ =

{
eiφ(EνgA + gV (Ep − m)) sin θ,

EνgV (−1 + cos θ) − gA(Ep + m + (−Ep + m) cos θ),

i(EνgV (−1 + cos θ) − gA(Ep + m + (−Ep + m) cos θ)),

−eiφ(EpgA + EνgV − gAm) sin θ
}

.

�É¨ ±μ³¶μ´¥´ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ´¨¦¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥-
¤¥´¨° ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ (l, h).

�.5.4. � §¨¸ σ3. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ (l, h). � ¶μ³´¨³, ÎÉμ
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ 4-Éμ±μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö
¸¢¥·É±μ° ¸ ³¥É·¨Î¥¸±¨³ gμν -É¥´§μ·μ³: (lν/ν̄ · hη

r′r) = lμ(ν/ν̄)gμνhη,ν
r′r , £¤¥ ±μ³-

¶μ´¥´ÉÒ ´Ê±²μ´´μ£μ 4-Éμ±  ¤ ´Ò ¢Ò· ¦¥´¨Ö³¨ (�.143),   ´¥°É·¨´´Ò° ¨
 ´É¨´¥°É·¨´´Ò° 4-Éμ±¨ (± ± ¨ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨) ¨³¥ÕÉ ¢¨¤ (�.132)
¨ (�.133):

lν = 4Eν

(
cos

θ

2
, eiφ sin

θ

2
,−ieiφ sin

θ

2
, cos

θ

2

)
,

lν̄ = 4Eν

(
cos

θ

2
, e−iφ sin

θ

2
, ie−iφ sin

θ

2
, cos

θ

2

)
.

‘ ÊÎ¥Éμ³ μ¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ²¥¶Éμ´  ¨ ´Ê±²μ´  ¢ ¨Ì ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸:

Eν =
s − m2

2
√

s
, Ep =

s + m2

2
√

s
, ¨ ¸¢Ö§¨ gV = gL + gR, gA = gL − gR
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¶μ¸²¥ ·Ö¤  ¢Ò±² ¤μ± ∗ ¤²Ö ´¥°É·¨´μ-´Ê±²μ´´ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
¢ σ3-¡ §¨¸¥ ¶μ²ÊÎ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö ∗∗

(lν · hη
−−) = 8(s − m2) cos

θ

2
gR

(
1 −

(
1 − m√

s

)
sin2 θ

2

)
=

= 8(s − m2) cos
θ

2
gR

(m +
√

s + (−m +
√

s) cos θ)
2
√

s
,

(lν · hη
++) = 8(s − m2) cos

θ

2

(
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)
=

= 8(s − m2) cos
θ

2

(
gL +

gRm (−m +
√

s) sin2 θ
2

s

)
,

(lν · hη
−+) = 8eiφ(s − m2) sin

θ

2

(
gL − gR

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

))
,

(lν · hη
+−) = −8(s− m2) e−iφgR

(
1 − m√

s

)
sin

θ

2
cos2

θ

2
.

(�.144)

�´ ²μ£¨Î´μ ¤²Ö  ´É¨´¥°É·¨´μ-´Ê±²μ´´ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ²ÊÎ ¥É¸Ö

(lν̄ · hη
−−) = 8(s − m2) cos

θ

2

(
gR +

gLm(
√

s − m) sin2 θ
2

s

)
=

= 8(s − m2) cos
θ

2

(
gR + gL

m√
s

(
1 − m√

s

)
sin2 θ

2

)
,

(lν̄ · hη
−+) = 8(s − m2) eiφgL

(
1 − m√

s

)
sin

θ

2
cos2

θ

2
,

(lν̄ · hη
+−) = −8(s− m2) e−iφ sin

θ

2

(
gR − gL

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

))
,

(lν̄ · hη
++) = 8(s − m2)gL cos

θ

2

(
1 −

(
1 − m√

s

)
sin2 θ

2

)
.

(�.145)

ˆ§ ¸· ¢´¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (�.144) ¨ (�.145) ¸²¥¤Ê¥É Ëμ·-
³ ²Ó´μ¥ ¶· ¢¨²μ: ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ´¥°É·¨´μ ±  ´É¨´¥°É·¨´μ ´ ¤μ ¢ Ëμ·³Ê² Ì

∗ˆ²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¢ · ³± Ì, ¸± ¦¥³, MATHEMATICA
¨²¨ MAPLE.

∗∗‚ · ¡μÉ¥ [19] ¡Ò² · ¸¸³μÉ·¥´ Éμ²Ó±μ ´¥°É·¨´´Ò° ¸²ÊÎ °. Š ¸μ¦ ²¥´¨Õ, ¢ Ëμ·³Ê²¥

(C33): (l, hη
++) = 8(s−m2) cos

θ

2

(
gL − gR sin2 θ

2

m
√

s

(
1 − m

√
s

))
, ¡Ò²  ¤μ¶ÊÐ¥´  ¤μ¸ ¤´ Ö

μ¶¥Î É±  (§´ ± ®−¯ ¶¥·¥¤ gR, ¸·. ¸ (�.144)).
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¤²Ö ´¥°É·¨´μ § ³¥´¨ÉÓ gL ´  gR ¨ μ¤´μ¢·¥³¥´´μ gR ´  gL,   É ±¦¥ ¶μ³¥´ÖÉÓ
§´ ±¨ ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ®+¯ ´  ®−¯ ¨ μ¤´μ¢·¥³¥´´μ ®−¯ ´  ®+¯.

‡¤¥¸Ó Ê³¥¸É´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (l, hη
rr), μ¶·¥¤¥²Ö¥-

³Ò¥, ´ ¶·¨³¥·, Ëμ·³Ê² ³¨ (�.144), μÉ²¨Î ÕÉ¸Ö μÉ É¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥-
´¨° (l, hχ

rr), ÎÉμ ¤ ÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (�.122). „¥°¸É¢¨É¥²Ó´μ, ¢μ-¶¥·¢ÒÌ,
§ ¢¨¸¨³μ¸ÉÓ μÉ  §¨³ÊÉ ²Ó´μ£μ Ê£²  φ ®³ £¨Î¥¸±¨³ μ¡· §μ³¯ ¨¸Î¥§²  ¨§ ¶¥·-
¢ÒÌ ¤¢ÊÌ ¢Ò· ¦¥´¨° (�.144), ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ ¸¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸-
¸¥Ö´¨Ö (¸¶¨´ ´Ê±²μ´  ´¥ ¨§³¥´Ö¥É ¸¢μ¥° μ·¨¥´É Í¨¨). ‚ ¸²ÊÎ ¥ ¸± ²Ö·´μ£μ
¶·μ¨§¢¥¤¥´¨Ö (l, hη

++) ÔÉμ ¨³¥¥É ³¥¸Éμ ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ Ô±¸¶μ´¥´Í¨ ²Ó´Ò°
³´μ¦¨É¥²Ó eiφ ´¥°É·¨´´μ£μ Éμ±  ¨§ (�.132) ¸μ±· Ð ¥É¸Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³
³´μ¦¨É¥²¥³ e−iφ, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨³ ¢ ´Ê±²μ´´ÒÌ ¢¥±Éμ·´μ³ V++ ¨  ±¸¨ ²Ó-
´μ³ A++ Éμ± Ì ¨§ (�.136) ¨ (�.137). ‚ ¸²ÊÎ ¥ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö
(l, hη

−−) ÔÉμ ¶·μ¨¸Ìμ¤¨É ¶μ Éμ° ¶·¨Î¨´¥, ÎÉμ ¢¥±Éμ·´Ò° ¨  ±¸¨ ²-¢¥±Éμ·´Ò°
¢±² ¤Ò, μ¡  § ¢¨¸ÖÐ¨¥ Ê¦¥ μÉ ei2φ, ¢ ÉμÎ´μ¸É¨ ¸μ±· Ð ÕÉ¸Ö, ¶μ¸±μ²Ó±Ê ¢Ìμ-
¤ÖÉ ¢ ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³¨ §´ ± ³¨.

‚μ-¢Éμ·ÒÌ, ¤²Ö ¸²ÊÎ Ö · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ θ → 0 ¸Ê³³  ¶¥·¢ÒÌ ¤¢ÊÌ ¢Ò-
· ¦¥´¨° ¨§ (�.144) ´¥ § ¢¨¸¨É μÉ  ±¸¨ ²Ó´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ´Ê±²μ´  gA:

lim
y→0

(
(l, hη

++) + (l, hη
−−)

)
= 8(s − m2)gV ,

μ¸É ²Ó´Ò¥ ¤¢  ¢Ò· ¦¥´¨Ö (�.144), ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¥¢μ·μÉÊ ¸¶¨´  ´Ê-
±²μ´ , μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. „ ²¥¥ μ¡  ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨Ö (l, hη

rr) μ¡· -
Ð ÕÉ¸Ö ¢ ´Ê²Ó, ¥¸²¨ ´¥°É·¨´μ · ¸¸¥¨¢ ¥É¸Ö ´ § ¤ (θ = π) ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸, ¶μ¸±μ²Ó±Ê É ± Ö ¸¨ÉÊ Í¨Ö μÉ¢¥Î ¥É ¸²ÊÎ Õ ¨§³¥´¥´¨Ö ¶μ²´μ£μ ¸¶¨´ 
´¥°É·¨´μ-´Ê±²μ´´μ° ¸¨¸É¥³Ò ´  ¥¤¨´¨ÍÊ. �Éμ ´ ¡²Õ¤¥´¨¥ ¶μÖ¸´Ö¥É, ¶μÎ¥³Ê
±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¨¸Î¥§ ¥É, ±μ£¤  Ö¤·μ μÉ¤ Î¨ ¨³¥¥É ³ ±¸¨³ ²Ó´ÊÕ ±¨´¥-
É¨Î¥¸±ÊÕ Ô´¥·£¨Õ.

� ±μ´¥Í, ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥ ¨³¥¥É¸Ö

lim√
s→m

(l, hη
++)

8(s − m2)
= cos

θ

2
gL,

lim√
s→m

(l, hη
−−)

8(s − m2)
= cos

θ

2
gR,

lim√
s→m

(l, hη
+−)

8(s − m2)
= 0,

lim√
s→m

(l, hη
−+)

8(s − m2)
= eiφ sin

θ

2
gA.

(�.146)

Œ´μ¦¨É¥²Ó 8(s−m2) ¶¥·¥³¥Ð¥´ ¢ §´ ³¥´ É¥²Ó, ¶μ¸±μ²Ó±Ê μ´ ¨³¥´´μ ¢ É ±μ³
¢¨¤¥ ¸μ±· Ð ¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¥Î¥´¨ÖÌ. ˆ´É¥·¥¸´Ò ¤¢  · §´ÒÌ ¶·¥-
¤¥²  ¤²Ö ¤¢ÊÌ ´¨¦´¨Ì ¢Ò· ¦¥´¨° ¢ (�.146), μÉ¢¥Î ÕÐ¨Ì ¸²ÊÎ Õ ¶¥·¥¢μ·μÉ 
¸¶¨´  ´Ê±²μ´ . ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¥¤¥²¥ ¢¥±Éμ·´Ò¥ Éμ±¨, ¨§³¥´ÖÕÐ¨¥
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¸¶¨´, § ´Ê²ÖÕÉ¸Ö, ± ± ÔÉμ ¢¨¤´μ ¨§ (�.139), ¨ ¢Ò¦¨¢ ÕÉ Éμ²Ó±μ ¶μ¶¥·¥Î-
´Ò¥ ±μ³¶μ´¥´ÉÒ  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ (�.140). �¤´ ±μ  ±¸¨ ²Ó´Ò° Éμ± Aη

+−
¢ (�.140) μ± §Ò¢ ¥É¸Ö μ·Éμ£μ´ ²Ó´Ò³ ´¥°É·¨´´μ³Ê Éμ±Ê ¶·¨

√
s → m. ‚ Éμ

¦¥ ¢·¥³Ö ¥£μ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¸ Aη
−+ ¨§ (�.140) ´¥ ´Ê²¥¢μ¥ ¨ ¶·μ¶μ·-

Í¨μ´ ²Ó´μ  ±¸¨ ²Ó´μ° ±μ´¸É ´É¥ ¸¢Ö§¨ gA.
�.5.5. ‘μμÉ´μÏ¥´¨Ö ³¥¦¤Ê σ3-¡ §¨¸μ³ ¨ ¡ §¨¸μ³ ¸¶¨· ²Ó´μ¸É¨. ‘μ¡-

¸É¢¥´´Ò¥ ¢¥±Éμ·Ò χ± ¨ η±, μ¶·¥¤¥²¥´´Ò¥ ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê-
±²μ´  ¸μμÉ¢¥É¸É¢¥´´μ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ± ± (�.92) ¨ ¢ σ3-¡ §¨¸¥
± ± (�.130), ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° ²¨´¥°´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³(

η+(np)
η−(np)

)
=

(
0 1

(±)1 0

)(
χ+(np)
χ−(np)

)
;

(
η+(np′)
η−(np′)

)
=

⎛⎜⎝ sin
θ

2
cos

θ

2
eiϕ

− cos
θ

2
e−iϕ sin

θ

2

⎞⎟⎠(
χ+(np′)
χ−(np′)

)
.

(�.147)

�· ¢¨²Ó´μ¸ÉÓ ÔÉμ£μ ¶·¥μ¡· §μ¢ ´¨Ö ¤²Ö ´ Î ²Ó´ÒÌ Î ¸É¨Í ²¥£±μ ¶·μ¢¥·Ö¥É¸Ö
¶·Ö³μ° ¶μ¤¸É ´μ¢±μ°. ’ ±, ¸μ£² ¸´μ (�.91) ¨ (�.131), ¥¸²¨ ´ Î ²Ó´Ò¥ ¸μ¸Éμ-
Ö´¨Ö ¢Ò¡· ´Ò ¢ ¢¨¤¥

χ+(pi) =
(

0
1

)
, χ−(pi) =

(
1
0

)
,

η−(pi) =
(

0
1

)
, η+(pi) =

(
1
0

)
,

Éμ ¸· §Ê ¶μ²ÊÎ ¥É¸Ö ¢¥·Ì´ÖÖ ¸É·μ±  Ëμ·³Ê²Ò (�.147) ¸μ §´ ±μ³ ®+¯:(
η+(pi)
η−(pi)

)
=

(
0 1

+1 0

)(
χ+(pi)
χ−(pi)

)
.

…¸²¨ ¦¥ ´ Î ²Ó´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¢Ò¡· ´Ò ¸μ §´ ±μ³ ®Ä¯:

χ+(pi) =
(

0
−1

)
, χ−(pi) =

(
1
0

)
,

η−(pi) =
(

0
1

)
, η+(pi) =

(
1
0

)
,

Éμ Éμ¦¥ ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¨³¥¥É ³¥¸Éμ ¢¥·Ì´ÖÖ ¸É·μ±  Ëμ·³Ê²Ò (�.147) ¸μ
§´ ±μ³ ®−¯. …¸²¨ ±μ´¥Î´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ´Ê±²μ´  ¢Ò¡· ´Ò ¢ ¢¨¤¥

η−(pf ) =
(

0
1

)
, η+(pf ) =

(
1
0

)
,

χ−(pf ) =

⎛⎜⎝ e−iφ cos
θ

2
sin

θ

2

⎞⎟⎠, χ+(pf ) =

⎛⎜⎝ sin
θ

2
−eiφ cos

θ

2

⎞⎟⎠,
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Éμ ¸¶· ¢¥¤²¨¢μ ¢Ò· ¦¥´¨¥ ¨§ ´¨¦´¥° ¸É·μ±¨ (�.147), ¶μ¸±μ²Ó±Ê ¶·Ö³ Ö ¶μ¤-
¸É ´μ¢±  ¤ ¥É

sin
θ

2
χ+(pf ) + eiφ cos

θ

2
χ−(pf ) =

= sin
θ

2

⎛⎜⎝ sin
θ

2
−eiφ cos

θ

2

⎞⎟⎠ + eiφ cos
θ

2

⎛⎜⎝ e−iφ cos
θ

2
sin

θ

2

⎞⎟⎠ =

=

⎛⎜⎝ sin2 θ

2
+ cos2

θ

2
(eiφ − eiφ) sin

θ

2
cos

θ

2

⎞⎟⎠ ≡ η+(pf ) =
(

1
0

)
,

sin
θ

2
χ−(pf ) − e−iφ cos

θ

2
χ+(pf ) =

= sin
θ

2

⎛⎜⎝ e−iφ cos
θ

2
sin

θ

2

⎞⎟⎠− e−iφ cos
θ

2

⎛⎜⎝ sin
θ

2
−eiφ cos

θ

2

⎞⎟⎠ =

=

⎛⎜⎝ e−iφ sin
θ

2
cos

θ

2
sin2 θ

2

⎞⎟⎠−

⎛⎜⎝ e−iφ cos
θ

2
sin

θ

2
−eiφe−iφ cos

θ

2
cos

θ

2

⎞⎟⎠ ≡ η−(pf ) =
(

0
1

)
.

‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ σ3-¡ §¨¸¥ ¨ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨. ”μ·³Ê² 
¶¥·¥Ìμ¤  μÉ μ¤´μ£μ ¡ §¨¸  ± ¤·Ê£μ³Ê (�.147) ¶μ§¢μ²Ö¥É ¸¢Ö§ ÉÓ ¢Ò· ¦¥´¨Ö
¤²Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ ¨ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (l, h), ¶μ²ÊÎ¥´´Ò¥ ¢ · §´ÒÌ
¡ §¨¸ Ì ∗:

(l, hη
++) = sin

θ

2
(l, hχ

+−) + cos
θ

2
e−iφ(l, hχ

−−),

(l, hη
−+) = − cos

θ

2
eiφ(l, hχ

+−) + sin
θ

2
(l, hχ

−−),
(�.148)

(l, hη
+−) = (∓1)

{
− sin

θ

2
(l, hχ

++) − cos
θ

2
e−iφ(l, hχ

−+)
}

,

(l, hη
−−) = (∓1)

{
cos

θ

2
eiφ(l, hχ

++) − sin
θ

2
(l, hχ

−+)
}

.

(�.149)

∗� ¶·¨³¥·, ¤²Ö ²Õ¡μ°  ´ ²μ£¨Î´μ° Éμ±Ê ¸É·Ê±ÉÊ·Ò É¨¶  Qη
+− = η†

+(pf )Qη−(pi) ¸μ-

£² ¸´μ ³ É·¨Í ³ ¶·¥μ¡· §μ¢ ´¨Ö (�.147) ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¨³¥¥³

[
sin

θ

2
χ†

+(pf ) + e−iφ×

cos
θ

2
χ†
−(pf )

]
Q[(±1)χ+(pi)]. �É±Ê¤  ¸²¥¤Ê¥É Qη

+− = (±1)

{
sin

θ

2
Qχ

++ + e−iφ cos
θ

2
×

Qχ
−+

}
. —Éμ Ô±¢¨¢ ²¥´É´μ ¢¥·Ì´¥° Ëμ·³Ê²¥ ¢ (�.149).
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‡¤¥¸Ó §´ ± (∓1) ¸μμÉ¢¥É¸É¢Ê¥É §´ ±Ê (±1) ¢ ¢¥·Ì´¥° Ëμ·³Ê²¥ (�.147). ‚ ± -
Î¥¸É¢¥ Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ÔÉ¨Ì Ëμ·³Ê² μÉ³¥É¨³, ÎÉμ, ´ ¶·¨³¥·, ´Ê-
±²μ´´Ò¥ Éμ±¨ ¨§ ²¥¢μ° Î ¸É¨ ¸μμÉ´μÏ¥´¨° (�.148) ¸μμÉ¢¥É¸É¢ÊÕÉ · ¸¸¥Ö´¨Õ,
±μ£¤  ¶·μ¥±Í¨Ö ¸¶¨´  ´Ê±²μ´  ´  § ¤ ´´ÊÕ μ¸Ó ±¢ ´Éμ¢ ´¨Ö (´ ¶· ¢²¥´¨¥ ´ -
Î ²Ó´μ£μ ´¥°É·¨´μ) ´¥ ¨§³¥´Ö¥É¸Ö (Éμ± hη

++) ¨ ³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ
(Éμ± hη

−+). �É¨ ´Ê±²μ´´Ò¥ Éμ±¨ ³μ£ÊÉ ¡ÒÉÓ ¥¤¨´¸É¢¥´´Ò³ μ¡· §μ³ ¶·¥¤¸É -
¢²¥´Ò ¢ ¢¨¤¥ ²¨´¥°´μ° ±μ³¡¨´ Í¨¨ Éμ±  ¸ μÉ·¨Í É¥²Ó´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ ¢
´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨ÖÌ, É. ¥. hχ

−−, ¨ Éμ± , ±μÉμ·Ò° ³¥´Ö¥É ´ Î ²Ó-
´ÊÕ μÉ·¨Í É¥²Ó´ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ ´  ±μ´¥Î´ÊÕ ¶μ²μ¦¨É¥²Ó´ÊÕ, É. ¥. hχ

+−.
„²Ö ¤μ± § É¥²Ó¸É¢  ¸μμÉ´μÏ¥´¨° (�.148) ¨ (�.149) ¢ÒÎ¨¸²¨³ ¨Ì ¶· ¢Ò¥

Î ¸É¨ ¨ ¸· ¢´¨³ ¸ ²¥¢Ò³¨. ˆÉ ±, ¸ÉμÖÐ¨¥ ¸²¥¢  ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö,
¶μ²ÊÎ¥´´Ò¥ ¢ σ3-¡ §¨¸¥ (�.144), ¡Ê¤ÊÎ¨ · §¤¥²¥´´Ò³¨ ¤²Ö Ê¤μ¡¸É¢  ´  μ¡Ð¨°
Ë ±Éμ· 8(s − m2), ¨³¥ÕÉ ¢¨¤

(l, hη
++) = cos

θ

2

(
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)
,

(l, hη
−+) = sin

θ

2

(
gL − gR

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

))
,

(l, hη
+−) = −e−iφgR

(
1 − m√

s

)
sin

θ

2
cos2

θ

2
,

(l, hη
−−) = cos

θ

2
gR

(
1 −

(
1 − m√

s

)
sin2 θ

2

)
.

(�.150)

‚Ìμ¤ÖÐ¨¥ ¢ ¶· ¢Ò¥ Î ¸É¨ ¢Ò· ¦¥´¨° (�.148) ¨ (�.149) ¸± ²Ö·´Ò¥ ¶·μ¨§-
¢¥¤¥´¨Ö, ¤¥²¥´´Ò¥ ´  μ¡Ð¨° ³´μ¦¨É¥²Ó 8(s − m2) ¨ ¢ÒÎ¨¸²¥´´Ò¥ ¢ ¡ §¨¸¥
¸¶¨· ²Ó´μ¸É¨ (�.123), É ±μ¢Ò ∗:

(l, hχ
++) = e−iφ

(
1 − sin2 θ

2

)
gR,

(l, hχ
−−) = eiφ

(
gL − gR sin2 θ

2
m2

s

)
,

(l, hχ
+−) =

m√
s

sin
θ

2
cos

θ

2
gR,

(l, hχ
−+) = − m√

s
sin

θ

2
cos

θ

2
gR.

(�.151)

∗‚ ÔÉ¨Ì Ëμ·³Ê² Ì χ+(pi) = −χ+(pi)§¤¥¸Ó ¤²Ö ¢Ìμ¤ÖÐ¥£μ ´Ê±²μ´ , É. ¥. ± ± ¢ ¸É ÉÓ¥ [19].
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‘ ¶μ³μÐÓÕ ¸μμÉ´μÏ¥´¨° (�.151) ¶·¥μ¡· §Ê¥³ ¶· ¢Ò¥ Î ¸É¨ ¢Ò· ¦¥-
´¨° (�.148) ¨ (�.149). „²Ö ¶¥·¢μ° ¸É·μ±¨ (�.148) ¶μ²ÊÎ ¥É¸Ö

sin
θ

2
(l, hχ

+−) + cos
θ

2
e−iφ(l, hχ

−−) =

= sin
θ

2

[
m√
s

sin
θ

2
cos

θ

2
gR

]
+ cos

θ

2
e−iφ

[
eiφ

(
gL − gR sin2 θ

2
m2

s

)]
=

= cos
θ

2

(
gL +

m√
s

sin2 θ

2
gR − gR sin2 θ

2
m2

s

)
=

= cos
θ

2

(
gL+gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)
= (l, hη

++).

„²Ö ¢Éμ·μ° ¸É·μ±¨ (�.148) ¨³¥¥³

− cos
θ

2
eiφ(l, hχ

+−) + sin
θ

2
(l, hχ

−−) =

= − cos
θ

2
eiφ

[
m√
s

sin
θ

2
cos

θ

2
gR

]
+ sin

θ

2

[
eiφ

(
gL − gR sin2 θ

2
m2

s

)]
=

= −eiφ sin
θ

2
m√
s

cos2
θ

2
gR + sin

θ

2
eiφgL − sin

θ

2
eiφgR sin2 θ

2
m2

s
=

= eiφ sin
θ

2

(
gL − gR

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

))
= (l, hη

−+).

„²Ö ¶¥·¢μ° ¸É·μ±¨ (�.149) ¨³¥¥³

− sin
θ

2
(l, hχ

++) − cos
θ

2
e−iφ(l, hχ

−+) =

= − sin
θ

2

[
e−iφ

(
1 − sin2 θ

2

)
gR

]
− cos

θ

2
e−iφ

[(
− m√

s
sin

θ

2
cos

θ

2
gR

)]
=

= −e−iφgR sin
θ

2

(
1 − sin2 θ

2

)
+ e−iφgR

m√
s

sin
θ

2
cos2

θ

2
=

= −e−iφgR

(
1 − m√

s

)
sin

θ

2
cos2

θ

2
= (l, hη

+−).
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„²Ö ¢Éμ·μ° ¸É·μ±¨ (�.149) ¨³¥¥³

cos
θ

2
eiφ(l, hχ

++) − sin
θ

2
(l, hχ

−+) =

= cos
θ

2
eiφ

[
e−iφ

(
1 − sin2 θ

2

)
gR

]
− sin

θ

2

[(
− m√

s
sin

θ

2
cos

θ

2
gR

)]
=

= cos
θ

2
gR

(
1 − sin2 θ

2

)
+ sin2 θ

2
m√
s

cos
θ

2
gR =

= cos
θ

2
gR

(
1 −

(
1 − m√

s

)
sin2 θ

2

)
= (l, hη

−−).

’¥³ ¸ ³Ò³ ¤μ± § ´  ¸¶· ¢¥¤²¨¢μ¸ÉÓ ¸¢Ö§¨ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Éμ±μ¢,
¶μ²ÊÎ¥´´ÒÌ ¢ · §´ÒÌ ¡ §¨¸ Ì, ¢ ¢¨¤¥ ¸μμÉ´μÏ¥´¨° (�.148) ¨ (�.149). ‘μ-
£² ¸´μ ²μ£¨±¥, ¶·¨³¥´¥´´μ° ¢ ¸´μ¸±¥ ´  ¸. 276, É. ¥. ´ ²¨Î¨Õ § ¢¨¸¨³μ¸É¨
μÉ ¢Ò¡μ·  ¡ §¨¸  Éμ²Ó±μ ¢ Ëμ·³Ê² Ì ¤²Ö ¶·¥μ¡· §μ¢ ´¨Ö ´Ê±²μ´´ÒÌ ¡¨¸¶¨-
´μ·μ¢ ¢ ¢¨¤¥ (�.147), ¸μμÉ´μÏ¥´¨Ö É¨¶  (�.148) ¨ (�.149) ¸¶· ¢¥¤²¨¢Ò ± ±
¤²Ö ´¥°É·¨´μ-´Ê±²μ´´ÒÌ (lν , hη

r′r), É ± ¨  ´É¨´¥°É·¨´μ-´Ê±²μ´´ÒÌ (lν̄ , hη
r′r)

¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°.
Š¢ ¤· ÉÒ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ σ3-¡ §¨¸¥ ¨ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨.

�μ¸±μ²Ó±Ê μ±μ´Î É¥²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ
· ¸¸¥Ö´¨Ö ´¥ § ¢¨¸ÖÉ μÉ ¢Ò¡μ·  ¡ §¨¸ , ¢ ±μÉμ·μ³ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥-
´¨Ö ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, Éμ ¢ ¶· ±É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ Ê¤μ¡´μ
¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸μμÉ´μÏ¥´¨Ö³¨ ¤²Ö ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ-
¨§¢¥¤¥´¨°:

|(l, hη
++)|2 + |(l, hη

−+)|2 = |(l, hχ
+−)|2 + |(l, hχ

−−)|2,
|(l, hη

+−)|2 + |(l, hη
−−)|2 = |(l, hχ

++)|2 + |(l, hχ
−+)|2.

(�.152)

ˆÌ ¸¶· ¢¥¤²¨¢μ¸ÉÓ ³μ¦´μ ¶μ± § ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‘μ£² ¸´μ ¢Ò· ¦¥-
´¨Ö³ ¤²Ö ¸± ²Ö·μ¢ ¢ σ3-¡ §¨¸¥ (�.150), £¤¥ ¢¥§¤¥ μ¶ÊÐ¥´ ³´μ¦¨É¥²Ó 8(s−m2),
¤²Ö ¨Ì ±¢ ¤· Éμ¢ ¶μ²ÊÎ ¥É¸Ö

|(l, hη
++)|2 = cos2

θ

2

(
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)2

,

|(l, hη
−−)|2 = cos2

θ

2
g2

R

(
1 −

(
1 − m√

s

)
sin2 θ

2

)2

,

|(l, hη
−+)|2 = sin2 θ

2

(
gL − gR

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

))2

,

|(l, hη
+−)|2 = g2

R

(
1 − m√

s

)2

sin2 θ

2
cos4

θ

2
.

(�.153)
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�´ ²μ£¨Î´μ ¤²Ö ±¢ ¤· Éμ¢ ¸± ²Ö·μ¢ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (�.151) ¨³¥¥É¸Ö ∗

|(l, hχ
++)|2 =

(
1 − sin2 θ

2

)2

g2
R = g2

R cos4
θ

2
,

|(l, hχ
−−)|2 =

(
gL − gR sin2 θ

2
m2

s

)2

,

|(l, hχ
+−)|2 = g2

R

m2

s
sin2 θ

2
cos2

θ

2
,

|(l, hχ
−+)|2 = g2

R

m2

s
sin2 θ

2
cos2

θ

2
.

(�.154)

C ÊÎ¥Éμ³ (�.153) ¨ (�.154) ¢Ò¶μ²´Ö¥É¸Ö ¶·Ö³μ¥ ¢ÒÎ¨¸²¥´¨¥ ¸Ê³³ ±¢ ¤· Éμ¢
¸± ²Ö·μ¢ ¨§ (�.152):

|(l, hη
−−)|2 + (l, hη

+−)|2 = cos2
θ

2
g2

R

(
1 −

(
1 − m√

s

)
sin2 θ

2

)2

+

+ g2
R

(
1 − m√

s

)2

sin2 θ

2
cos4

θ

2
=

= g2
R cos2

θ

2

[
1 − 2

(
1 − m√

s

)
sin2 θ

2
+

(
1 − m√

s

)2

sin2 θ

2

]
=

= g2
R cos2

θ

2

[
1 −

(
1 − m2

s

)
sin2 θ

2

]
;

|(l, hχ
++)|2 + |(l, hχ

−+)|2 = g2
R cos4

θ

2
+ g2

R

m2

s
sin2 θ

2
cos2

θ

2
=

= g2
R cos2

θ

2

[
1 − sin2 θ

2
+

m2

s
sin2 θ

2

]
= |(l, hη

−−)|2 + |(l, hη
+−)|2.

‚Éμ·μ¥ · ¢¥´¸É¢μ ¨§ (�.152) ¤μ± § ´μ. �¥¸±μ²Ó±μ ¸²μ¦´¥¥ ¤¥²μ μ¡¸Éμ¨É ¸
¶¥·¢Ò³ · ¢¥´¸É¢μ³. „²Ö Ê¶·μÐ¥´¨Ö ¢¢¥¤¥³ ¢·¥³¥´´Ò¥ μ¡μ§´ Î¥´¨Ö: a =

sin2 θ

2
, d =

(
1 − m√

s

)
¨ gB = gR

m√
s
, Éμ£¤  ¶· ¢ Ö Î ¸ÉÓ ¶¥·¢μ£μ · ¢¥´¸É¢ 

∗‚ ±¢ ¤· É Ì ¸± ²Ö·μ¢ § ¢¨¸¨³μ¸ÉÓ μÉ χ+(pi) = −χ+(pi)§¤¥¸Ó ¨¸Î¥§ ¥É.
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¨§ (�.152) ¶·¨´¨³ ¥É ¢¨¤

|(l, hχ
−−)|2 + |(l, hχ

+−)|2 =
(

gL − gR sin2 θ

2
m2

s

)2

+

+ g2
R

m2

s
sin2 θ

2
cos2

θ

2
= g2

L − 2gLgR sin2 θ

2
m2

s
+

+ g2
R sin4 θ

2
m4

s2
+ g2

R

m2

s
sin2 θ

2

(
1 − sin2 θ

2

)
=

= g2
L − 2gLgR

am2

s
+ g2

R

am2

s

[
am2

s
+ (1 − a)

]
.

�μ± ¦¥³, ÎÉμ ²¥¢ Ö Î ¸ÉÓ ¨³¥¥É ÉμÉ ¦¥ ¢¨¤, É. ¥.

|(l, hη
++)|2 + |(l, hη

−+)|2 = cos2
θ

2

(
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)2

+

+ sin2 θ

2

(
gL − gR

m√
s

[
1 −

(
1 − m√

s

)
sin2 θ

2

])2

=

= (1 − a) (gL + gBda)2 + a (gL − gB(1 − da))2 =

= g2
L + 2gLgBda + g2

B(da)2 − ag2
L − 2gLgBda2 − ag2

B(da)2 + ag2
L−

− 2agLgB + 2gLgBda2 + ag2
B − 2g2

Bda2 + ag2
B(da)2 =

= g2
L − 2gLgBa[1 − d] + g2

B[(da)2 + a − 2da2] =

= g2
L − 2gLgR

m√
s
a

[
1 − 1 +

m√
s

]
+

+ g2
R

m2

s

[
a2 − 2a2 m√

s
+ a2 m2

s
+ a − 2a2 + 2a2 m√

s

]
=

= g2
L − 2gLgR

am2

s
+ g2

R

m2

s

[
a2 m2

s
+ a − a2

]
=

= |(l, hχ
−−)|2 + |(l, hχ

+−)|2.

—Éμ ¤μ± §Ò¢ ¥É ¸¶· ¢¥¤²¨¢μ¸ÉÓ ¶¥·¢μ£μ · ¢¥´¸É¢  ¨§ (�.152).
ˆ§ ¢Ò· ¦¥´¨° (�.152) ¸²¥¤Ê¥É, ÎÉμ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ±μ´¥Î´Ò³ ¶·μ¥±-

Í¨Ö³ ¸¶¨´  ´Ê±²μ´  ¤²Ö Ë¨±¸¨·μ¢ ´´ÒÌ ´ Î ²Ó´ÒÌ ¸¶¨· ²Ó´μ¸É¥° r = −1 ¨
r = +1 ³μ¦´μ ¶·μ¢¥¸É¨ · §¤¥²Ó´μ ¶μ¸·¥¤¸É¢μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸Ê³³¨·μ-
¢ ´¨Ö ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, ¶μ²ÊÎ¥´´ÒÌ ¢ σ3-¡ §¨¸¥. „¥°¸É¢¨-
É¥²Ó´μ, ¥¸²¨ ¸¶¨· ²Ó´μ¸ÉÓ ´ Î ²Ó´μ£μ ´Ê±²μ´  Ë¨±¸¨·μ¢ ´ : r = +1(−1), Éμ
¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¸¶¨· ²Ó´μ¸ÉÖ³ ±μ´¥Î´μ£μ ´Ê±²μ´  (r′ = −1, +1) · ¢´μ
 ´ ²μ£¨Î´μ° ¸Ê³³¥ ¶μ ¸¶¨´ ³ ±μ´¥Î´μ£μ ´Ê±²μ´  (s′ = −1, +1) ¤²Ö ¶·μ¥±Í¨¨
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¸¶¨´  ´ Î ²Ó´μ£μ ´Ê±²μ´  ´  Ë¨±¸¨·μ¢ ´´ÊÕ μ¸Ó s = −1(+1), É. ¥.

∑
r′=±

|(l, hχ
r′+)|2 ≡ |(l, hχ

++)|2 + |(l, hχ
−+)|2 =

= |(l, hη
+−)|2 + |(l, hη

−−)|2 ≡
∑
s′=±

|(l, hη
s′−)|2,∑

r′=±
|(l, hχ

r′−)|2 ≡ |(l, hχ
+−)|2 + |(l, hχ

−−)|2 =

= |(l, hη
++)|2 + |(l, hη

−+)|2 ≡
∑
s′=±

|(l, hη
s′+)|2.

�¡μ¡Ð¥´¨¥ ´  ¶μ²´μ¥ ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´ 
´Ê±²μ´  É ±μ¢μ: ∑

r′,r=±
|(l, hχ

r′r)|2 =
∑

s′,s=±
|(l, hη

s′s)|2. (�.155)

�Éμ ¸μμÉ´μÏ¥´¨¥ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ ¢ σ3-¡ §¨¸¥ (μ¸Ó ±¢ ´Éμ¢ ´¨Ö ¸¶¨´  ´Ê-
±²μ´  Ë¨±¸¨·μ¢ ´ ) ¢ÒÎ¨¸²¥´¨Ö ± ± ±μ£¥·¥´É´μ£μ ¢±² ¤  ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥
( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (¤²Ö ±μÉμ·μ£μ σ3-¡ §¨¸ ´ ¨¡μ²¥¥  ¤¥±¢ -
É¥´), É ± ¨ ´¥±μ£¥·¥´É´μ£μ ¢±² ¤ , ±μÉμ·Ò° μ¡ÒÎ´μ · ¸¸³ É·¨¢ ¥É¸Ö ¢ ¡ §¨¸¥
¸¶¨· ²Ó´μ¸É¨.

�.6. ‚ÒÎ¨¸²¥´¨¥ ¸¥Î¥´¨° ¢ É¥·³¨´ Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Éμ±μ¢.
C¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤·¥ (6.39) ¶·¥¤¸É ¢²ÖÕÉ
¸μ¡μ° ¸Ê³³Ò ±μ£¥·¥´É´μ£μ ¨ ´¥±μ£¥·¥´É´μ£μ ¸² £ ¥³ÒÌ:

dσν/ν̄

dTA
=

dσ
ν/ν̄
inc

dTA
+

dσ
ν/ν̄
coh

dTA
≡ 4G2

F mA

π

(
dσ̃

ν/ν̄
inc

dTA
+

dσ̃
ν/ν̄
coh

dTA

)
, (�.156)

£¤¥ ±μ£¥·¥´É´μ¥ (6.41) ¨ ´¥±μ£¥·¥´É´μ¥ (6.40) ¸² £ ¥³Ò¥ μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ (lν̄/ν , hη,f

r′r ) ¢ σ3-¡ §¨¸¥:

dσ̃
ν/ν̄
coh

dTA
=

∣∣∣ ∑
f=p,n

√
gf
cohFf

Af∑
k=1

[(lν/ν̄ , hη,f
++) + (lν/ν̄ , hη,f

−−)]
∣∣∣2, (�.157)

dσ̃
ν/ν̄
inc

dTA
=

∑
f=p,n

gf
inc[1 − |Ff |2]

Af∑
k=1

[∑
r′=±

|(lν/ν̄ , hη,f
r′+)|2+

+
∑
r′=±

|(lν/ν̄ , hη,f
r′−)|2

]
. (�.158)

�É¨ ¢Ò· ¦¥´¨Ö · §¡¨ÉÒ ´  ¤¢  ¸² £ ¥³ÒÌ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ²μ¦¨É¥²Ó´μ°
¨ μÉ·¨Í É¥²Ó´μ° (Ê¤¢μ¥´´μ°) ¶·μ¥±Í¨¨ ¸¶¨´  ´ Î ²Ó´μ£μ ´Ê±²μ´  ´  ´ ¶· -
¢²¥´¨¥ ¨³¶Ê²Ó¸  ´ ²¥É ÕÐ¥£μ ´¥°É· ²Ó´μ£μ ¡¥§³ ¸¸μ¢μ£μ ²¥¶Éμ´ .
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�¥±μÉμ·Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ μ¶·¥¤¥²¥´¨Ö ¨ ¸μμÉ´μÏ¥´¨Ö. ‚ ¤ ²Ó´¥°Ï¥³

¶μÉ·¥¡Ê¥É¸Ö ¶¥·¥°É¨ μÉ ¶¥·¥³¥´´μ° sin2 θ�

2
, μ¶·¥¤¥²¥´´μ° ¢ ¸¨¸É¥³¥ Í¥´É· 

³ ¸¸ ²¥¶Éμ´  ¨ ´Ê±²μ´ , ± ¨§³¥·Ö¥³Ò³ ±¨´¥³ É¨Î¥¸±¨³ ¶¥·¥³¥´´Ò³, μÉ¢¥-
Î ÕÐ¨³ · ¸¸¥Ö´¨Õ ( ´É¨)´¥°É·¨´μ ´  Ö¤·¥.

„¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê q2 ≡ (k − k′)2 = q2
max sin2 θ�

2
, Éμ ¢ ¸± ²Ö·´ÒÌ

¶·μ¨§¢¥¤¥´¨ÖÌ (l, h) ³μ¦´μ § ³¥´¨ÉÓ sin2 θ�

2
´  μÉ´μÏ¥´¨¥

q2

q2
max

. Š ± ¡Ò²μ

¶μ± § ´μ ¢ · §¤. 4, ¢ ± Î¥¸É¢¥ Ìμ·μÏ¥£μ ¶·¨¡²¨¦¥´¨Ö ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ
¸μμÉ´μÏ¥´¨¥

a ≡ sin2 θ�

2
≡ sin2 θ

2
=

ys

s − m2
=

q2

q2
max

� TA

T max
A

. (�.159)

‡¤¥¸Ó y Å ¸É ´¤ ·É´ Ö ¡Ó¥·±¥´μ¢¸± Ö ¶¥·¥³¥´´ Ö ¨ s Å ±¢ ¤· É ¶μ²´μ°
Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ²¥¶Éμ´  ¨ ´Ê±²μ´ :

y =
(p, q)
(p, k)

, s = (p + k)2, b2 =
m2

f

s
, (�.160)

£¤¥ p Å 4-¨³¶Ê²Ó¸  ±É¨¢´μ£μ ´Ê±²μ´ , Ö¢²ÖÕÐ¨°¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö ´ 
¸μÌ· ´¥´¨¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸  Ö¤·  (3.20). ‚ (�.160) ¢¢¥¤¥´  É ±¦¥ ¡¥§· §³¥·-
´ Ö ¶¥·¥³¥´´ Ö b, § ¢¨¸ÖÐ Ö μÉ ³ ¸¸Ò ´Ê±²μ´  mf ≡ m. ‚¸¶μ³μ£ É¥²Ó´Ò¥
¶¥·¥³¥´´Ò¥ a ¨ b ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¤ ´´μ³ · §¤¥²¥ ¤²Ö Ê¶·μÐ¥´¨Ö ¢ÒÎ¨¸²¥´¨°,
´ ¶·¨³¥·, ¢ ¢Ò· ¦¥´¨ÖÌ ¤²Ö ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¨§ ¶. 6.3 ¨²¨
¢ Ëμ·³Ê² Ì (�.164).

ˆ³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ¶¥·¥³¥´´Ò³¨ a, b ¨ y, s, m:

a(1 − b2) = y, ab2 =
ym2

s − m2
, (1 − a) = 1 − ys

s − m2
,

1 − a + ab2 = 1 − a(1 − b2) = 1 − y, a(1 + b2) = y
s + m2

s − m2
,

a(1 − b) =
√

sy√
s + m

, a(1 − b)2 = yτ, τ =
1 − b

1 + b
=

√
s − m√
s + m

.

�  ¨Ì μ¸´μ¢¥ ¤²Ö ±μ£¥·¥´É´μ£μ ¸²ÊÎ Ö ¶μ²¥§´Ò ¢Ò· ¦¥´¨Ö

ab(1 − b) =
my√
s + m

, 1 − a(1 − b) = 1 −
√

sy√
s + m

. (�.161)

‘μμÉ¢¥É¸É¢¥´´μ, ¤²Ö ´¥±μ£¥·¥´É´μ£μ ¸²ÊÎ Ö Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¢Ö§¨ É¨¶ 

(1 − a) =
s(1 − y) − m2

s − m2
, (1 − a)ab2 = ym2 s(1 − y) − m2

(s − m2)2
,

(1 − a)(1 − a + ab2) =
s(1 − y)2 − m2(1 − y)

s − m2
. (�.162)
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� ±μ´¥Í, ¨¸¶μ²Ó§ÊÖ μ¶·¥¤¥²¥´¨Ö y, s, q2 ¨ Eν =
s − m2

2
√

s
,   É ±¦¥

ys

s − m2
=

q2

q2
max

� TA

T max
A

, ³μ¦´μ ¸¢Ö§ ÉÓ y ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥° μÉ¤ Î¨ Ö¤·  TA ¨

q2 ¢ ¢¨¤¥

y =
s − m2

s

q2

q2
max

� s − m2

s

TA

T max
A

. (�.163)

�.6.1. ‘¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤·¥ ¢
É¥·³¨´ Ì Af

±. ‘Ê³³¨·μ¢ ´¨¥ ¶μ ¨´¤¥±¸Ê k (É. ¥. ¶μ Î¨¸²Ê ´Ê±²μ´μ¢ f -É¨¶ )
¢ ¢Ò· ¦¥´¨¨ (�.157) ¶μ§¢μ²Ö¥É § ¶¨¸ ÉÓ ±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ ¢ É¥·³¨´ Ì
Af

+ ¨ Af
−, ±μÉμ·Ò¥ · ¢´Ò Î¨¸²Ê ´Ê±²μ´μ¢ f -É¨¶  ¢ Ö¤·¥, ¨³¥ÕÐ¨Ì ¸μμÉ-

¢¥É¸É¢¥´´μ ¶μ²μ¦¨É¥²Ó´μ¥ ¨ μÉ·¨Í É¥²Ó´μ¥ §´ Î¥´¨Ö ¶·μ¥±Í¨° ¸¶¨´  ´  μ¸Ó
±¢ ´Éμ¢ ´¨Ö:

dσ̃
ν/ν̄
coh

dTA
=

∣∣∣ ∑
f=p,n

√
gf
cohFf [Af

+(lν/ν̄ , hη,f
++) + Af

−(lν/ν̄ , hη,f
−−)]

∣∣∣2,
£¤¥ Ap

± = Z± ¨ An
± = N± Å Î¨¸²μ ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢ ¢ Ö¤·¥ ¤μ ¢§ ¨-

³μ¤¥°¸É¢¨Ö ¸ ¶·μ¥±Í¨¥° ¸¶¨´  ±1/2 ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  ´ ²¥É ÕÐ¥£μ
²¥¶Éμ´ .

‚μ¸¶μ²Ó§Ê¥³¸Ö Ö¢´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
(lν/ν̄ , hη,f

++) ¨ (lν/ν̄ , hη,f
−−) ¨§ ¶. 6.3 (¨²¨ ¨§ ¶·¨². �.5),   É ±¦¥ É¥³, ÎÉμ μ¡Ð¨°

³´μ¦¨É¥²Ó ¢¸¥Ì ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° 82(s−m2)2 Ê¦¥ ¡Ò² ÊÎÉ¥´

¶·¨ μ¶·¥¤¥²¥´¨¨ μ¸´μ¢´μ£μ · §³¥·´μ£μ Ë ±Éμ·  ¸¥Î¥´¨°
4G2

F mA

π
¸μ£² ¸´μ

¶·¨¡²¨¦¥´¨Õ (6.23). ’μ£¤  ¤²Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¸μμÉ¢¥É¸É¢¥´´μ
¶μ²ÊÎ ÕÉ¸Ö Ëμ·³Ê²Ò

dσ̃ν
coh

dTA
= cos2

θ

2

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

+

[
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

]
+

+Af
−gR

[
1 −

(
1 − m√

s

)
sin2 θ

2

]} ∣∣∣∣∣
2

,

dσ̃ν̄
coh

dTA
= cos2

θ

2

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

+gL

[
1 −

(
1 − m√

s

)
sin2 θ

2

]
+

+Af
−

[
gR + gL

m√
s

(
1 − m√

s

)
sin2 θ

2

]} ∣∣∣∣∣
2

.
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ˆ²¨ ¢ É¥·³¨´ Ì a ¨ b =
mf√

s
:

dσ̃ν
coh

dTA
= (1 − a)

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

+

[
gf

L + gf
R b(1 − b)a

]
+

+Af
− gf

R [1 − (1 − b)a]
}∣∣∣∣∣

2

,

dσ̃ν̄
coh

dTA
= (1 − a)

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

−

[
gf

R + gf
L b(1 − b)a

]
+

+Af
+ gf

L [1 − (1 − b)a]
}∣∣∣∣∣

2

.

…¸²¨ · ¸±·ÒÉÓ ±¢ ¤· É´Ò¥ ¸±μ¡±¨, Éμ ¨§ ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ´¨¦¥ ¢Ò· -
¦¥´¨°

dσ̃ν
coh

dTA
= (1 − a)

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

+gf
L + Af

+gf
R b(1 − b)a +

+Af
− gf

R [1 − (1 − b)a]
}∣∣∣∣∣

2

,

dσ̃ν̄
coh

dTA
= (1 − a)

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

{
Af

−gf
R + Af

−gf
L b(1 − b)a +

+Af
+ gf

L [1 − (1 − b)a]
}∣∣∣∣∣

2

(�.164)

¢¨¤´μ, ÎÉμ ¤²Ö ¶μ²ÊÎ¥´¨Ö Ëμ·³Ê²Ò ¤²Ö  ´É¨´¥°É·¨´μ
dσ̃ν̄

coh

dTA
¨§ Ëμ·³Ê²Ò

¤²Ö ´¥°É·¨´μ
dσ̃ν

coh

dTA
¸²¥¤Ê¥É § ³¥´¨ÉÓ ¢ ¶μ¸²¥¤´¥° ³´μ¦¨É¥²Ó Af

+gf
L ´  Af

−gf
R

(¨ μ¤´μ¢·¥³¥´´μ Af
−gf

R ´  Af
+gf

L),   É ±¦¥ § ³¥´¨ÉÓ Af
+gf

R ´  Af
−gf

L. …¸²¨ ¦¥

Af
+ = Af

− (É. ¥. Ö¤·μ ¨³¥¥É ´Ê²¥¢μ° ¸Ê³³ ·´Ò° ¸¶¨´), Éμ ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ

¶μ³¥´ÖÉÓ ³¥¸É ³¨ ±¨· ²Ó´Ò¥ ±μ´¸É ´ÉÒ gf
R ↔ gf

L.
‚Ò· ¦¥´¨Ö (�.164) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¥¤¨´μ³ ¤²Ö ν-Ö¤¥·´μ£μ ¨ ν̄-Ö¤¥·´μ£μ

· ¸¸¥Ö´¨° ¢¨¤¥:

dσ̃
ν/ν̄
coh

dTA
= (1 − a)

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf (q2)

{
Af

±

[
gf

L/R + gf
R/L b(1 − b)a

]
+

+Af
∓ gf

R/L [1 − (1 − b)a]
} ∣∣∣∣∣

2

=
(

1 − TA

T max
A

) ∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf ×

×
{

Af
±

[
gf

L/R + gf
R/L

my√
s + m

]
+ Af

∓ gf
R/L

[
1 −

√
sy√

s + m

]}∣∣∣∣∣
2

, (�.165)
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£¤¥ ²¥¢Ò° (¶· ¢Ò°) ¨ ¢¥·Ì´¨° (´¨¦´¨°) ¨´¤¥±¸ μÉ¢¥Î ¥É ´¥°É·¨´μ ( ´É¨´¥°-
É·¨´μ),   ±¨´¥³ É¨Î¥¸±¨¥ ¶ · ³¥É·Ò y ¨ s Ê¦¥ μ¶·¥¤¥²¥´Ò ¢ÒÏ¥ ¢ ¶·¨². �.6.

�.6.2. ‘¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤·¥ ¢
É¥·³¨´ Ì Af ¨ ΔAf . ‚ ¢Ò· ¦¥´¨¨ ¤²Ö ±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö-
´¨Ö (�.165) ³μ¦´μ ¨, ± ± μ± §Ò¢ ¥É¸Ö, ¡μ²¥¥ Ê¤μ¡´μ ¶¥·¥°É¨ μÉ ¶ ·Ò Ö¤¥·´ÒÌ
¶ · ³¥É·μ¢ A± ± ¤·Ê£μ° (μ·Éμ£μ´ ²Ó´μ°) ¶ ·¥ Ö¤¥·´ÒÌ ¶ · ³¥É·μ¢, ±μÉμ· Ö
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶μ²´μ¥ Î¨¸²μ ´Ê±²μ´μ¢ f -É¨¶  Af ¨ · §´μ¸ÉÓ ³¥¦¤Ê Î¨-
¸²μ³ f -´Ê±²μ´μ¢, ¨³¥ÕÐ¨Ì ¶μ²μ¦¨É¥²Ó´μ¥ ¨ μÉ·¨Í É¥²Ó´μ¥ §´ Î¥´¨Ö ¶·μ¥±-
Í¨¨ ¸¶¨´  ´  ¢Ò¤¥²¥´´ÊÕ μ¸Ó ΔAf , É. ¥.

Af = Af
+ + Af

−, ΔAf = Af
+ − Af

− ¨²¨ Af
± =

1
2
(Af ± ΔAf ). (�.166)

’ ±μ¥ ¶·¥μ¡· §μ¢ ´¨¥ Ê¤μ¡´μ ¶·μ¢¥¸É¨, § ³¥É¨¢, ÎÉμ

dσ̃ν
coh

dTA
∝

∣∣∣Af
+αν + Af

− βν

∣∣∣2 =
∣∣∣∣Af + ΔAf

2
αν +

Af − ΔAf

2
βν

∣∣∣∣2 =

=
∣∣∣∣Af

2
(αν + βν) +

ΔAf

2
(αν − βν)

∣∣∣∣2 ,

dσ̃ν̄
coh

dTA
∝

∣∣∣Af
−αν̄ + Af

+ βν̄

∣∣∣2 =
∣∣∣∣Af − ΔAf

2
αν̄ +

Af + ΔAf

2
βν̄

∣∣∣∣2 =

=
∣∣∣∣Af

2
(αν̄ + βν̄) +

(−ΔAf )
2

(αν̄ − βν̄)
∣∣∣∣2 ,

(�.167)

£¤¥ ¢¢¥¤¥´Ò ¢¸¶μ³μ£ É¥²Ó´Ò¥ ¶¥·¥³¥´´Ò¥

αν = gf
L + gf

R b(1 − b)a, βν = gf
R[1 − (1 − b)a];

αν̄ = gf
R + gf

L b(1 − b)a, βν̄ = gf
L[1 − (1 − b)a].

(�.168)

ˆ§ Ëμ·³Ê² ¶·¥μ¡· §μ¢ ´¨Ö (�.167) ¢¨¤´μ, ÎÉμ ¢μ¶·μ¸ ¶¥·¥Ìμ¤  ± ¶ · ³¥É·¨-
§ Í¨¨ ¸¥Î¥´¨° ¢ É¥·³¨´ Ì Af ¨ ΔAf ¸¢μ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ ¸Ê³³ ¨ · §-
´μ¸É¥° ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶¥·¥³¥´´ÒÌ ¨§ (�.168). ‘ ÊÎ¥Éμ³ ±¨´¥³ É¨Î¥¸±¨Ì
μ¶·¥¤¥²¥´¨° ¨ ¸μμÉ´μÏ¥´¨° ¨§ ¶·¨². �.6 ¶μ²ÊÎ ¥É¸Ö

αν + βν = gf
L + gf

R[ab(1 − b) + 1 − a(1 − b)] =

= gf
L + gf

R + gf
R[ab(1 − b) − a(1 − b)] =

= gf
L + gf

R + gf
Ry

[
m√

s + m
−

√
s√

s + m

]
= gf

L + gf
R − gf

Ryτ,
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αν − βν = gf
L + gf

R[ab(1 − b) − 1 + a(1 − b)] =

= gf
L − gf

R + gf
R[ab(1 − b) + a(1 − b)] =

= gf
L − gf

R + gf
Ry

[
m√

s + m
+

√
s√

s + m

]
= gf

L − gf
R + gf

Ry.

� ¶μ³´¨³, ÎÉμ τ =
√

s − m√
s + m

. �´ ²μ£¨Î´μ (¨²¨ ¶μ²Ó§ÊÖ¸Ó § ³¥´μ° gf
L ↔ gf

R)

¨³¥¥³

αν̄ + βν̄ = gf
R + gf

L[ab(1 − b) + 1 − a(1 − b)] = gf
R + gf

L − gf
Lyτ,

αν̄ − βν̄ = gf
R + gf

L[ab(1 − b) − 1 + a(1 − b)] = gf
R − gf

L + gf
Ly.

‚¸¶μ³¨´ Ö ¶¥·¥Ìμ¤ μÉ gf
L =

1
2
(gf

V + gf
A) ¨ gf

R =
1
2
(gf

V − gf
A) ± gf

V = gf
L + gf

R

¨ gf
A = gf

L − gf
R, ³μ¦´μ É ±¦¥ § ¶¨¸ ÉÓ ¶μ²ÊÎ¥´´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¢ ¢¨¤¥

αν + βν = gf
V − gf

Ryτ = gf
V − yτ

2
(gf

V − gf
A) = gf

V

(
1 − yτ

2

)
+ gf

A

yτ

2
,

αν − βν = gf
A + gf

Ry = gf
A +

y

2
(gf

V − gf
A) = gf

V

y

2
+ gf

A

(
1 − y

2

)
;

αν̄ + βν̄ = gf
V − gf

Lyτ = gf
V − yτ

2
(gf

V + gf
A) = gf

V

(
1 − yτ

2

)
− gf

A

yτ

2
,

αν̄ − βν̄ = −gf
A + gf

Ly = −gf
A +

y

2
(gf

V + gf
A) = gf

V

y

2
− gf

A

(
1 − y

2

)
.

‘¥Î¥´¨Ö (�.165) ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤·¥ ¸
¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö (�.167) ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ αν , βν , αν̄ , βν̄ ¨ Af

¨ ΔAf É ±¨³ μ¡· §μ³:

dσ̃ν
coh

dTA
= (1 − a)

∣∣∣∣∣∣
∑

f=p,n

√
gf
cohFf

[
Af

2
(αν + βν) +

ΔAf

2
(αν − βν)

]∣∣∣∣∣∣
2

,

dσ̃ν̄
coh

dTA
= (1 − a)

∣∣∣∣∣∣
∑

f=p,n

√
gf
cohFf

[
Af

2
(αν̄ + βν̄) +

(−ΔAf )
2

(αν̄ − βν̄)
]∣∣∣∣∣∣

2

.

�É±Ê¤  ¸ ÊÎ¥Éμ³ ¶μ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö (αν ± βν) ¨ (αν̄ ± βν̄) ¸¥Î¥´¨Ö
±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´  Ö¤·¥ ¢ É¥·³¨´ Ì ¸² ¡ÒÌ ´Ê±²μ´´ÒÌ ±¨· ²Ó´ÒÌ
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±μ´¸É ´É ¨³¥ÕÉ ¢¨¤

dσ̃ν
coh

dTA
|
L,R

=
(1 − a)

4

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

[
Af

(
gf

L + gf
R(1 − yτ)

)
+

+ ΔAf
(
gf

L − gf
R(1 − y)

)]∣∣∣∣∣
2

,

dσ̃ν̄
coh

dTA
|
L,R

=
(1 − a)

4

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

[
Af

(
gf

R + gf
L(1 − yτ)

)
+

+ (−ΔAf )
(
gf

R − gf
L(1 − y)

)]∣∣∣∣∣
2

.

(�.169)

‘¥Î¥´¨Ö (�.169), ¢Ò· ¦¥´´Ò¥ Î¥·¥§ ¢¥±Éμ·´Ò¥ ¨  ±¸¨ ²Ó´Ò¥ ¸² ¡Ò¥ ±μ´-
¸É ´ÉÒ, ¢Ò£²Ö¤ÖÉ É ±:

dσ̃ν
coh

dTA
|
V,A

=
(1 − a)

4

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

[
Af

(
gf

V

(
1 − yτ

2

)
+ gf

A

yτ

2

)
+

+ ΔAf
(
gf

V

y

2
+ gf

A

(
1 − y

2

))]∣∣∣∣∣
2

,

dσ̃ν̄
coh

dTA
|V,A =

(1 − a)
4

∣∣∣∣∣ ∑
f=p,n

√
gf
cohFf

[
Af

(
gf

V

(
1 − yτ

2

)
− gf

A

yτ

2

)
+

+ (−ΔAf)
(
gf

V

y

2
− gf

A

(
1 − y

2

))]∣∣∣∣∣
2

.

(�.170)

„ ²¥¥, ¸μ¡¨· Ö ±μÔËË¨Í¨¥´ÉÒ ¶·¨ gf
V ¨ gf

A, É. ¥. ¶¥·¥Ìμ¤Ö μÉ ¢Ò· ¦¥´¨Ö É¨¶ 

[
Af () + (−ΔAf )()

]
= gf

V Af
(
1 − yτ

2

)
− gf

AAf yτ

2
+

+ gf
V

y

2
(−ΔAf ) − gf

A

(
1 − y

2

)
(−ΔAf )

± ¢Ò· ¦¥´¨Õ É¨¶ 

gf
V

[
Af

(
1 − yτ

2

)
+

y

2
(−ΔAf )

]
+ (−gf

A)
[
Af yτ

2
+

(
1 − y

2

)
(−ΔAf )

]
,

¤²Ö ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  Ö¤·¥ ¸μ-
£² ¸´μ (�.156) ¶μ²ÊÎ ¥³ μ±μ´Î É¥²Ó´Ò¥ Ëμ·³Ê²Ò:

dσ
ν/ν̄
coh

dTA
=

4G2
F mA

π

dσ̃
ν/ν̄
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

) ∣∣∣Gν/ν̄
V + G

ν/ν̄
A

∣∣∣2, (�.171)
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£¤¥ ¤²Ö ¸²ÊÎ Ö ´¥°É·¨´μ:

Gν
V =

∑
f=p,n

√
gf
cohFfgf

V

(
Af

[
1 − yτ

2

]
+ ΔAf y

2

)
, (�.172)

Gν
A =

∑
f=p,n

√
gf
cohFfgf

A

(
Af yτ

2
+ ΔAf

[
1 − y

2

])
,

¨ ¤²Ö ¸²ÊÎ Ö  ´É¨´¥°É·¨´μ:

Gν̄
V =

∑
f=p,n

√
gf
cohFfgf

V

[
Af

(
1 − yτ

2

)
+

y

2
(−ΔAf )

]
, (�.173)

Gν̄
A =

∑
f=p,n

√
gf
cohFf (−gf

A)
[
Af yτ

2
+

(
1 − y

2

)
(−ΔAf )

]
.

‚Ò· ¦¥´¨¥ (�.171) ¸ ±μÔËË¨Í¨¥´É ³¨ ¨§ (�.172) ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶¥·¥μ¶·¥¤¥-
²¥´¨Ö ¶μ¶· ¢μÎ´μ£μ ³´μ¦¨É¥²Ö gf

coh ¸μμÉ¢¥É¸É¢Ê¥É Ëμ·³Ê²¥ ¤²Ö ±μ£¥·¥´É´μ£μ
νA-· ¸¸¥Ö´¨Ö (48) ¨§ · ¡μÉÒ [19].

„·Ê£¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ
´  Ö¤·¥. �μ²¥§´μ · ¸±·ÒÉÓ ±¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ Ëμ·³Ê² Ì (�.165)
¤²Ö ±μ£¥·¥´É´μ£μ ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö. ‚¢μ¤Ö ¢·¥³¥´´Ò¥ μ¡μ-
§´ Î¥´¨Ö

Pf =
√

gf
cohFfAf

+(gf
L + gf

Rα), Mf =
√

gf
cohFfAf

− gf
Rβ,

£¤¥ α = ab(1 − b) =
my√
s + m

¨ β = (1 − a(1 − b)) = 1 −
√

sy√
s + m

∗, ¤²Ö

®´¥°É·¨´´μ°¯ Ëμ·³Ê²Ò ¨§ (�.165) ³μ¦´μ § ¶¨¸ ÉÓ

dσ̃ν
coh

dTA(1 − a)
=

∣∣∣∣∣∣
∑

f=p,n

[Pf + Mf ]

∣∣∣∣∣∣
2

= [(Pn + Mn)∗ + (Pp + Mp)∗]×

× [(Pn + Mn) + (Pp + Mp)] = |Pn + Mn|2 + |Pp + Mp|2 +

+ (Pn + Mn)∗(Pp + Mp) + (Pp + Mp)∗(Pn + Mn) =

= (Pn + Mn)2 + (Pp + Mp)2 + 2PnPp + 2PnMp + 2MnPp + 2MpMn.

∗•μ·μÏ¥¥ ¶·¨¡²¨¦¥´¨¥, ±μ£¤  m ≡ mp = mn.
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‚ ¶μ¸²¥¤´¥° ¸É·μ±¥ ¡¥§ ¸ÊÐ¥¸É¢¥´´μ° ¶μÉ¥·¨ μ¡Ð´μ¸É¨ ¸¤¥² ´μ Ê¶·μÐ ÕÐ¥¥
¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ Pf ¨ Mf Å ¤¥°¸É¢¨É¥²Ó´Ò¥ ¢¥²¨Î¨´Ò. ’μ£¤  ÊÎÉÖ, ÎÉμ

(Pf + Mf )2 = gf
coh|Ff |2[Af

+(gf
L + gf

Rα) + Af
−gf

Rβ]2,

¶μ²ÊÎ ¥³

dσ̃ν
coh

dTA(1 − a)
=

∑
f=p,n

gf
coh|Ff |2[Af

+(gf
L + gf

Rα) + Af
−gf

Rβ]2 +

+ 2
√

gp
cohg

n
cohFpFn

[
Ap

+An
+(gp

L + gp
Rα)(gn

L + gn
Rα)+

+Ap
+(gp

L + gp
Rα)An

− gn
Rβ + An

+(gn
L + gn

Rα)Ap
− gp

Rβ + Ap
− gp

RβAn
− gn

Rβ
]
.

�μÔÉμ³Ê ¢ É¥·³¨´ Ì gf
L, gf

R ¨ Af
± ¸¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ ( ´É¨)´¥°É·¨´μ-

Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö ¶·¨´¨³ ¥É (£·μ³μ§¤±¨°) ¢¨¤

dσ
ν/ν̄
coh

dTA
=

4G2
F mA

π

dσ̃
ν/ν̄
coh

dTA
=

4G2
F mA

π

(
1 − TA

T max
A

)
×

×
{ ∑

f=p,n

gf
coh|Ff |2

[
Af

±

(
gf

L/R + gf
R/L

my√
s + m

)
+

+ Af
∓gf

R/L

(
1 −

√
sy√

s + m

)]2

+ 2
√

gp
cohg

n
cohFpFn ×

×
[
Ap

±An
±

(
gp

L/R + gp
R/L

my√
s + m

)(
gn

L/R + gn
R/L

my√
s + m

)
+

+ Ap
∓ An

∓ gp
R/Lgn

R/L

(
1 −

√
sy√

s + m

)2

+

+ Ap
±An

∓

(
gp

L/R + gp
R/L

my√
s + m

)
gn

R/L

(
1 −

√
sy√

s + m

)
+

+ An
±Ap

∓

(
gn

L/R + gn
R/L

my√
s + m

)
gp

R/L

(
1 −

√
sy√

s + m

)]}
. (�.174)
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�´ ²μ£¨Î´μ¥ ®· ¸±·ÒÉ¨¥¯ Ëμ·³Ê²Ò ¤²Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö (´¥°É·¨´μ)
¢ É¥·³¨´ Ì Af , ΔAf , gL ¨ gR ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

dσν
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

){ ∑
f=p,n

gf
coh|Ff |2

[
A2

f [gf
L + gf

R(1 − yτ)]2 +

+ 2AfΔAf [gf
L + gf

R(1 − yτ)][gf
L − gf

R(1 − y)] + ΔA2
f [gf

L − gf
R(1 − y)]2

]
+

+ 2
√

gp
cohg

n
cohFpFn

[
ApAn[gp

L + gp
R(1 − yτ)][gn

L + gn
R(1 − yτ)]+

+ ΔApΔAn [gp
L − gp

R(1 − y)] [gn
L − gn

R(1 − y)] +

+ AnΔAp [gn
L + gn

R(1 − yτ)] [gp
L − gp

R(1 − y)]+

+ ApΔAn [gp
L + gp

R(1 − yτ)] [gn
L − gn

R(1 − y)]
]}

.

…¸²¨ ¸¶¨´Ò ¶·μÉμ´μ¢ ¨ ´¥°É·μ´μ¢ ®¸¡ ² ´¸¨·μ¢ ´Ò¯ (É. ¥. ΔAf = 0), Éμ ¨§
¶·¥¤Ò¤ÊÐ¥£μ ¢Ò· ¦¥´¨Ö ¶μ²ÊÎ ¥É¸Ö ¤μ¸É ÉμÎ´μ ¶·μ¸É Ö Ëμ·³Ê²  ¤²Ö ±μ£¥-
·¥´É´μ£μ νA-¸¥Î¥´¨Ö:

dσν
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

)⎧⎨⎩ ∑
f=p,n

√
gf
cohFf

[
gf

L + gf
R(1 − yτ)

]⎫⎬⎭
2

.

”μ·³Ê²  ¤²Ö ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ ν̄A-· ¸¸¥Ö´¨Ö ¶·¨ ΔAf = 0 ¶μ²ÊÎ ¥É¸Ö

¨§ ÔÉμ£μ ¢Ò· ¦¥´¨Ö ¶·μ¸Éμ° § ³¥´μ° μ¡μ§´ Î¥´¨° gf
L ↔ gf

R.
’ ±μ¥ ¦¥ ®· ¸±·ÒÉ¨¥¯ ±¢ ¤· É  ³ É·¨Î´μ£μ Ô²¥³¥´É  ¨³¥¥É ¸³Ò¸² ¸¤¥-

² ÉÓ ¤²Ö ¸¥Î¥´¨° (�.170), ¢Ò· ¦¥´´ÒÌ Î¥·¥§ gf
V , gf

A, Af , ΔAf ¨ τ =
√

s − m√
s + m

.

‚¢μ¤Ö ¶¥·¥³¥´´Ò¥

Pf =
√

gf
cohFfAf

(
gf

V − gf
Ryτ

)
, Mf =

√
gf
cohFfΔAf

(
gf

A + gf
Ry

)
,

¸¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ νA-· ¸¸¥Ö´¨Ö ¨§ (�.170) Ê¤μ¡´μ § ¶¨¸ ÉÓ, Ê¤¥·¦¨¢ Ö
¢·¥³¥´´μ gR, ± ±

4 dσ̃ν
coh

dTA(1 − a)
=

∣∣∣∣∣∣
∑

f=p,n

√
gf
cohFf

[
Af

(
gf

V − gf
Ryτ

)
+ ΔAf

(
gf

A + gf
Ry

)]∣∣∣∣∣∣
2

=

=

∣∣∣∣∣∣
∑

f=p,n

[Pf + Mf ]

∣∣∣∣∣∣
2

= (Pn + Mn)2 + (Pp + Mp)2+

+ 2PnPp + 2PnMp + 2MnPp + 2MpMn,
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£¤¥

(Pf + Mf )2 = gf
coh|Ff |2

[
A2

f (gf
V − gf

Ryτ)2 +

+2Af(gf
V − gf

Ryτ)ΔAf (gf
A + gf

Ry) + ΔA2
f (gf

A + gf
Ry)2

]
¨

PnPp + PnMp + MnPp + MpMn =

=
√

gp
cohg

n
cohFpFnApAn(gp

V − gp
Ryτ)(gn

V − gn
Ryτ)+

+
√

gp
cohg

n
cohFpFnAnΔAp (gn

V − gn
Ryτ) (gp

A + gp
Ry)+

+
√

gp
cohg

n
cohFpFnApΔAn (gp

V − gp
Ryτ) (gn

A + gn
Ry)+

+
√

gp
cohg

n
cohFpFnΔApΔAn (gn

A + gn
Ry) (gp

A + gp
Ry) =

=
√

gp
cohg

n
cohFpFn

{
ApAn(gp

V − gp
Ryτ)(gn

V − gn
Ryτ)+

+ AnΔAp (gn
V − gn

Ryτ) (gp
A + gp

Ry)+

+ ApΔAn (gp
V − gp

Ryτ) (gn
A + gn

Ry)+

+ ΔApΔAn (gn
A + gn

Ry) (gp
A + gp

Ry)
}
.

’μ£¤  ÔÉμ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö ´¥¸±μ²Ó±μ Ê¶·μÐ ¥É¸Ö:

4 dσ̃ν
coh

dTA(1 − a)
=

∑
f=p,n

gf
coh|Ff |2

[
A2

f (gf
V − gf

Ryτ)2 +

+ 2Af (gf
V − gf

Ryτ)ΔAf (gf
A + gf

Ry) + ΔA2
f (gf

A + gf
Ry)2

]
+

+ 2
√

gp
cohg

n
cohFpFn

[
ApAn(gp

V − gp
Ryτ)(gn

V − gn
Ryτ)+

+ AnΔAp(gn
V − gn

Ryτ)(gp
A + gp

Ry) + ApΔAn(gp
V − gp

Ryτ)(gn
A + gn

Ry)+

+ ΔApΔAn(gn
A + gn

Ry)(gp
A + gp

Ry)
]
.

� ±μ´¥Í, ¥¸²¨ ¨¸±²ÕÎ¨ÉÓ gR, ¶ÊÉ¥³ § ³¥´Ò

(gf
V − gf

Ryτ) = gf
V

(
1 − yτ

2

)
+ gf

A

yτ

2
,

(gf
A + gf

Ry) = gf
V

y

2
+ gf

A

(
1 − y

2

)
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¸¥Î¥´¨¥ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥ (�.170) ¢ É¥·³¨´ Ì Af ,
ΔAf , gV,A ¶·¨³¥É μ±μ´Î É¥²Ó´Ò° (μ¶ÖÉÓ £·μ³μ§¤±¨°) ¢¨¤:

dσν
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

){ ∑
f=p,n

gf
coh|Ff |2 ×

×
[
A2

f

(
gf

V

(
1 − yτ

2

)
+ gf

A

yτ

2

)2

+ 2AfΔAf

(
gf

V

(
1 − yτ

2

)
+ gf

A

yτ

2

)
×

×
(
gf

V

y

2
+ gf

A

(
1 − y

2

))
+ ΔA2

f

(
gf

V

y

2
+ gf

A

(
1 − y

2

))2
]
+ 2

√
gp
cohg

n
cohFpFn ×

×
[
ApAn

(
gp

V

(
1 − yτ

2

)
+ gp

A

yτ

2

)(
gn

V

(
1 − yτ

2

)
+ gn

A

yτ

2

)
+

+ AnΔAp

(
gn

V

(
1 − yτ

2

)
+ gn

A

yτ

2

)(
gp

V

y

2
+ gp

A

(
1 − y

2

))
+

+ ApΔAn

(
gp

V

(
1 − yτ

2

)
+ gp

A

yτ

2

)(
gn

V

y

2
+ gn

A

(
1 − y

2

))
+

+ ΔApΔAn

(
gp

V

y

2
+ gp

A

(
1 − y

2

))(
gn

V

y

2
+ gn

A

(
1 − y

2

))]}
.

�¤´ ±μ, ¥¸²¨ ΔAf = 0, Éμ μÉ¸Õ¤  ¶μ²ÊÎ ¥É¸Ö ¡μ²¥¥ ¶·μ¸É Ö Ëμ·³Ê²  ¤²Ö
¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´  Ö¤·¥:

dσν
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

)
×

×
{ ∑

f=p,n

gf
coh|Ff |2A2

f

[
gf

V

(
1 − yτ

2

)
+ gf

A

yτ

2

]2

+

+ 2
√

gp
cohg

n
cohFpFnApAn

[
gp

V

(
1 − yτ

2

)
+ gp

A

yτ

2

][
gn

V

(
1 − yτ

2

)
+ gn

A

yτ

2

]}
,

±μÉμ· Ö ¥Ð¥ ¡μ²¥¥ Ê¶·μÐ ¥É¸Ö ¨ μ¡μ¡Ð ¥É¸Ö ´  ¸²ÊÎ ° ±μ£¥·¥´É´μ£μ
ν̄A-· ¸¸¥Ö´¨Ö (¶ÊÉ¥³ § ³¥´Ò gA → −gA) ¢ ¢¨¤¥

dσ
ν/ν̄
coh

dTA
=

G2
F mA

π

(
1 − TA

T max
A

)
×

×
( ∑

f=p,n

√
gf
cohFfAf

[
gf

V

(
1 − yτ

2

)
± gf

A

yτ

2

])2

. (�.175)
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�.6.3. ‘¥Î¥´¨¥ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤·¥
¢ É¥·³¨´ Ì Af

±. CÊ³³¨·μ¢ ´¨¥ ¶μ ¨´¤¥±¸Ê k ¢ ¢Ò· ¦¥´¨¨ (�.158) ¶μ§¢μ-

²Ö¥É § - ¶¨¸ ÉÓ ´¥±μ£¥·¥´É´μ¥ ¸¥Î¥´¨¥ (�.158) ¢ É¥·³¨´ Ì Af
+ ¨ Af

−:

dσ̃
ν/ν̄
inc

dTA
=

∑
f=p,n

F̂f

[
Af

−
∑
r′=±

|(lν/ν̄ , hη,f
r′−)|2 + Af

+

∑
r′=±

|(lν/ν̄ , hη,f
r′+)|2

]
,

£¤¥, ± ± ¨ · ´¥¥, Ap
± = Z± ¨ An

± = N± Å Î¨¸²μ ´ Î ²Ó´ÒÌ ¶·μÉμ´μ¢ ¨
´¥°É·μ´μ¢ ¸ ¶·μ¥±Í¨¥° ¸¶¨´  ±1/2 ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  ´ ²¥É ÕÐ¥£μ
²¥¶Éμ´ . „²Ö Ê¤μ¡¸É¢  § ¶¨¸¨ ¢·¥³¥´´μ ¢¢¥¤¥´  ¢¸¶μ³μ£ É¥²Ó´ Ö ¢¥²¨Î¨´ 

F̂f (q2) = gf
inc

[
1 − |Ff (q2)|2

]
. (�.176)

„ ²¥¥ ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥-
´¨° |(lν̄,ν , hη,f

r′,±)|2 ¨§ ¶·¨². �.5 ∗. �μ¸±μ²Ó±Ê ¤²Ö ¨Ì ¸Ê³³ (¶μ ¸¶¨´ ³ ±μ´¥Î-
´ÒÌ ´Ê±²μ´μ¢ r′ = −1, +1) ¨³¥ÕÉ¸Ö ¢Ò· ¦¥´¨Ö

|(lν , hη,f
−−)|2 + |(lν , hη,f

+−)|2 = (1 − a)g2
R [1 − (1 − b)a]2 +

+ a(1 − a)2g2
R(1 − b)2,

|(lν , hη,f
−+)|2 + |(lν , hη,f

++)|2 = a (gL − gRb [1 − (1 − b) a])2 +

+ (1 − a) [gL + gRb(1 − b)a]2 ,

|(lν̄ , hη,f
−−)|2 + |(lν̄ , hη,f

+−)|2 = (1 − a) [gR + gLb(1 − b)a]2 +

+ a (gR − gLb [1 − (1 − b)a])2 ,

|(lν̄ , hη,f
−+)|2 + |(lν̄ , hη,f

++)|2 = a(1 − a)2g2
L(1 − b)2+

+ (1 − a)g2
L [1 − (1 − b)a]2 ,

∗�´¨ ¶·¨¢¥¤¥´Ò ´¨¦¥ ¢ É¥·³¨´ Ì a ¨ b, ¡Ê¤ÊÎ¨ ¤¥²¥´´Ò³¨ ´  ³´μ¦¨É¥²Ó 64(s − m2)2:

|(lν · hη
−−)|2 = (1 − a)g2

R [1 − (1 − b)a]2, |(lν̄ · hη
−−)|2 = (1 − a) [gR + gLb(1 − b)a]2,

|(lν̄ · hη
++)|2 = (1 − a)g2

L [1 − (1 − b)a]2, |(lν · hη
++)|2 = (1 − a) [gL + gRb(1 − b)a]2,

|(lν · hη
−+)|2 = a (gL − gRb [1 − (1 − b) a])2, |(lν · hη

+−)|2 = a(1 − a)2g2
R(1 − b)2,

|(lν̄ · hη
+−)|2 = a (gR − gLb [1 − (1 − b) a])2, |(lν̄ · hη

−+)|2 = a(1 − a)2g2
L(1 − b)2.
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Éμ ¤²Ö ¸¥Î¥´¨° ´¥±μ£¥·¥´É´μ£μ νA- ¨ ν̄A-· ¸¸¥Ö´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ ¶μ²ÊÎ -
¥É¸Ö

dσ̃ν
inc

dTA
=

∑
f=p,n

F̂f

[
Af

−g2
R(1 − a)

{
[1 − (1 − b)a]2 + a(1 − a)(1 − b)2

}
+

+Af
+

{
a (gL − gRb [1 − (1 − b)a])2 + (1 − a) [gL + gRb(1 − b)a]2

}]
,

dσ̃ν̄
inc

dTA
=

∑
f=p,n

F̂f

[
Af

+g2
L(1 − a)

{
[1 − (1 − b)a]2 + a(1 − a)(1 − b)2

}
+

+Af
−

{
a (gR − gLb [1 − (1 − b)a])2 + (1 − a) [gR + gLb(1 − b)a]2

}]
.

‚¢μ¤Ö ¤²Ö Ê¤μ¡¸É¢  ¶·μ³¥¦ÊÉμÎ´ÒÌ ¢ÒÎ¨¸²¥´¨° ¢¸¶μ³μ£ É¥²Ó´Ò¥ ¶¥·¥³¥´´Ò¥

X ≡
{
[1 − (1 − b)a]2 + a(1 − a)(1 − b)2

}
¨ (�.177)

Z(P, Q) ≡
{
a (P − Qb [1 − (1 − b) a])2 + (1 − a) [P + Qb(1 − b)a]2

}
,

ÔÉ¨ ¸¥Î¥´¨Ö ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¡μ²¥¥ ®±μ³¶ ±É´μ³¯ ¢¨¤¥:
dσ̃

ν/ν̄
inc

dTA
=

∑
f=p,n

F̂f

[
Af

∓g2
R/L(1 − a)X + Af

±Z(gL/R, gR/L)
]
. (�.178)

�·Ö³ Ö ¢Ò±² ¤±  ∗ ¤²Ö X ¨ ´¥¸±μ²Ó±μ ¡μ²¥¥ ¶·μ¤μ²¦¨É¥²Ó´ Ö ∗∗ ¤²Ö Z(P, Q)
¤ ÕÉ

X = 1 − a + ab2, Z(P, Q) = (P − Qab2)2 + Q2ab2(1 − a). (�.179)

∗X = 1− 2(1− b)a + (1− b)2a2 + (a− a2)(1 − b)2 = 1− 2a + 2ab + (a− 2ab + ab2) =
1 − a + ab2.

∗∗Z(P, Q) = a (P − [Qb − Qb (1 − b) a])2 + (1 − a) [P + Qb(1 − b)a]2 =

= (1 − a) [P + Qab(1 − b)]2 + a [[P + Qab(1 − b)] − Qb]2 =

= [P + Qab(1 − b)]2 −a[P + Qab(1 − b)]2 + a[P + Qab(1 − b)]2︸ ︷︷ ︸
0

+

+ 2a[−P − Qab(1 − b)]Qb + aQ2b2 = P 2 + 2PQab(1 − b) + Q2a2b2(1 − b)2−
− 2PQab − 2Q2a2b2(1 − b) + aQ2b2 = P 2 − 2PQab2 + Q2a2b2(1 − 2b + b2)−

− 2Q2a2b2(1 − b) + aQ2b2 +2PQab − 2PQab︸ ︷︷ ︸
0

= P 2 − 2PQab2+

+ Q2a2b2 − 2Q2a2b3 + Q2a2b4 − 2Q2a2b2 + 2Q2a2b3 + aQ2b2 =

= P 2 − 2PQab2 + Q2a2b4︸ ︷︷ ︸
(P−Qab2)2

+Q2a2b2 − 2Q2a2b2︸ ︷︷ ︸
−Q2a2b2

+

+ aQ2b2 +2Q2a2b3 − 2Q2a2b3︸ ︷︷ ︸
0

= (P − Qab2)2 + Q2ab2(1 − a).
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‘ ÊÎ¥Éμ³ (�.179) ¸¥Î¥´¨Ö ´¥±μ£¥·¥´É´μ£μ (ν/ν̄)A-· ¸¸¥Ö´¨Ö (�.178) ¶·¨´¨-
³ ÕÉ ¢¨¤

dσ̃ν
inc

dTA
=

∑
f=p,n

F̂f

[
Af

−g2
R(1 − a)(1 − a + ab2)+

+ Af
+

{
(gL − gRab2)2 + g2

Rab2(1 − a)
}]

,
dσ̃ν̄

inc

dTA
=

∑
f=p,n

F̂f

[
Af

+g2
L(1 − a)(1 − a + ab2)+

+ Af
−

{
(gR − gLab2)2 + g2

Lab2(1 − a)
}]

,

±μÉμ·Ò° (ÊÎÉÖ, ÎÉμ gL,R ≡ gf
L,R, b ≡ bf ) ³μ¦´μ § ¶¨¸ ÉÓ Î¥·¥§ ¸¶¨´μ¢Ò¥ Ö¤¥·-

´Ò¥ ¶ · ³¥É·Ò Af
∓, Ëμ·³Ë ±Éμ·´ÊÕ ¶¥·¥³¥´´ÊÕ Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò (�.176)

¨ ±¨´¥³ É¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö (�.162) ¢ μ±μ´Î É¥²Ó´μ³ ¤²Ö ¤ ´´μ£μ ¶Ê´±É 
¢¨¤¥:

dσ̃
ν/ν̄
inc

dTA
=

∑
f=p,n

F̂f (q2)
[
Af

∓(gf
R/L)2(1 − a)(1 − a + ab2

f )+

+ Af
±

{
(gf

L/R − gf
R/Lab2

f )2 + (gf
R/L)2ab2

f (1 − a)
}]

=

=
∑

f=p,n

gf
inc

[
1 − |Ff (q2)|2

][
Af

∓(gf
R/L)2

s(1 − y)2 − m2(1 − y)
s − m2

+

+ Af
±

{(
gf

L/R − gf
R/L

ym2

s − m2

)2

+ (gf
R/L)2

ym2[s(1 − y) − m2]
(s − m2)2

}]
. (�.180)

�.6.4. ‘¥Î¥´¨¥ ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ¢ É¥·³¨-
´ Ì Af ¨ ΔAf . ‚ ¢Ò· ¦¥´¨¨ ¤²Ö ¸¥Î¥´¨Ö ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö (�.180)
É ±¦¥ ¨³¥¥É ¸³Ò¸² ¶¥·¥°É¨ μÉ Ö¤¥·´ÒÌ ¶ · ³¥É·μ¢ A± ± μ¶·¥¤¥²¥´´Ò³
¢ (�.166) Ö¤¥·´Ò³ ¶ · ³¥É· ³ Af ¨ ΔAf . �·¥μ¡· §μ¢ ´¨¥ (�.167), ¨¸¶μ²Ó-
§μ¢ ´´μ¥ ¢ÒÏ¥ ¤²Ö ±μ£¥·¥´É´μ£μ ¸²ÊÎ Ö, §¤¥¸Ó ¢Ò£²Ö¤¨É ¶·μÐ¥:

dσ̃ν
inc

dTA
∝ A−αν + A+βν =

A − ΔA

2
αν+

+
A + ΔA

2
βν =

A

2
(αν + βν) +

ΔA

2
(βν − αν),

dσ̃ν̄
inc

dTA
∝ A+αν̄ + A−βν̄ =

A + ΔA

2
αν̄+

+
A − ΔA

2
βν̄ =

A

2
(αν̄ + βν̄) +

(−ΔA)
2

(βν̄ − αν̄),

(�.181)
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£¤¥ ¢¢¥¤¥´Ò ¤·Ê£¨¥ ¢¸¶μ³μ£ É¥²Ó´Ò¥ ¶¥·¥³¥´´Ò¥

αν = (gf
R)2(1 − a)(1 − a + ab2

f ), βν = (gf
L − gf

Rab2
f )2 + (gf

R)2ab2
f(1 − a),

αν̄ = (gf
L)2(1 − a)(1 − a + ab2

f), βν̄ = (gf
R − gf

Lab2
f)2 + (gf

L)2ab2
f (1 − a).

(�.182)

�É¸Õ¤  Ê¦¥ ¢¨¤´Ò ±μ´ÉÊ·Ò μ¡Ð¥£μ ¶· ¢¨²  Å ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥

¤²Ö  ´É¨´¥°É·¨´μ
dσ̃ν̄

inc

dTA
(Af , ΔAf , αν̄ , βν̄), ¸²¥¤Ê¥É ¢ ¨³¥ÕÐ¥°¸Ö Ëμ·³Ê²¥ ¤²Ö

´¥°É·¨´μ
dσ̃ν

inc

dTA
(Af , ΔAf , αν , βν) § ³¥´¨ÉÓ Af → Af , ΔAf → −ΔAf , αν →

αν̄ ¨ βν → βν̄ (¨²¨, ÎÉμ Ô±¢¨¢ ²¥´É´μ, gf
L ↔ gf

R).

ˆ¸¶μ²Ó§ÊÖ ±¨´¥³ É¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö ¨§ �.6 É¨¶  a = ys/(s − m2),
ab2 = ym2/(s − m2) ¨ 1 − a + ab2 = 1 − y ¤²Ö ¸Ê³³ ¨ · §´μ¸É¥° ¢¸¶μ³μ£ -
É¥²Ó´ÒÌ ¶¥·¥³¥´´ÒÌ (�.182), ¶μ²ÊÎ ¥³

αν + βν = g2
L − 2ab2gLgR +

(
1 − a + ab2

)2
g2

R =

= g2
L − 2gLgR

m2y

s − m2
+ g2

R(1 − y)2,

βν − αν =
(
gf

L − gf
Rab2

f

)2

+

+ (gf
R)2ab2

f (1 − a) − (gf
R)2(1 − a)2 − (gf

R)2(1 − a)ab2
f =

=
(
gf

L − gf
Rab2

f + gf
R − agf

R

)(
gf

L − gf
Rab2

f − gf
R + agf

R

)
=

=
(

gL + gR

(
1 − y

s + m2

s − m2

))(
gL − gR(1 − y)

)
;

αν̄ + βν̄ = g2
R − 2gRgL

m2y

s − m2
+ g2

L(1 − y)2,

βν̄ − αν̄ =
(

gR + gL

(
1 − y

s + m2

s − m2

))(
gR − gL(1 − y)

)
.

‘ ÊÎ¥Éμ³ ÔÉ¨Ì ¢Ò· ¦¥´¨° ´  μ¸´μ¢¥ Ëμ·³Ê²Ò (�.180) ¸¥Î¥´¨Ö ´¥±μ£¥·¥´É´μ£μ
· ¸¸¥Ö´¨Ö ( ´É¨)´¥°É·¨´μ ´  Ö¤· Ì ¢ É¥·³¨´ Ì ¸² ¡ÒÌ ´Ê±²μ´´ÒÌ ±¨· ²Ó´ÒÌ
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±μ´¸É ´É ¶·¨μ¡·¥É ÕÉ ¢¨¤

dσν
inc

dTA
=

2G2
F mA

π

∑
f=p,n

F̂f (q2)
{
Af

[
g2

L − 2gf
Lgf

R

ym2

s − m2
+ g2

R(1 − y)2
]

+

+ΔAf (gf
L + gf

R(y − 1))
[
gf

L + gf
R

(
1 + y

m2 + s

m2 − s

)]}
, (�.183)

dσν̄
inc

dTA
=

2G2
F mA

π

∑
f=p,n

F̂f (q2)
{
Af

[
g2

R − 2gf
Lgf

R

ym2

s − m2
+ g2

L(1 − y)2
]
−

−ΔAf (gf
R + gf

L(y − 1))
[
gf

R + gf
L

(
1 + y

m2 + s

m2 − s

)]}
. (�.184)

�É³¥É¨³, ÎÉμ ¶¥·¢Ò¥ ¸² £ ¥³Ò¥ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥
Af , ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¸É ´¤ ·É´μ³Ê ·¥§Ê²ÓÉ ÉÊ ¤²Ö · ¸¸¥Ö´¨Ö ´¥°-
É·¨´μ ¨  ´É¨´¥°É·¨´μ ´  ÉμÎ¥Î´μ° ³¨Ï¥´¨ (´Ê±²μ´, Ô²¥±É·μ´) ¸ ±μ´¸É ´É ³¨
¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö gf

L ¨ gf
R (¸³., ´ ¶·¨³¥·, [39,171]).

®�¥·¥Ìμ¤´Ò¥ ¸Ê³³Ò ¨ · §´μ¸É¨¯, ¶μ¸É·μ¥´´Ò¥ ¨§ ¢¸¶μ³μ£ É¥²Ó´ÒÌ ¶¥·¥-
³¥´´ÒÌ (�.182), ³μ¦´μ § ¶¨¸ ÉÓ ¢ É¥·³¨´ Ì ¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²-¢¥±Éμ·´ÒÌ

´Ê±²μ´´ÒÌ ¸² ¡ÒÌ ±μ´¸É ´É, ÊÎ¨ÉÒ¢ Ö, ÎÉμ gL =
1
2
(gV + gA), gR =

1
2
(gV −

gA), Éμ£¤ 

αν + βν =
[
2
(

1 − ys

s − m2

)
+ y2 + y

4m2

s − m2

]
g2

A

4
+

+ 2y(2 − y)
gf

Agf
V

4
+

[
2
(

1 − ys

s − m2

)
+ y2

]
g2

V

4
,

βν − αν =
1
4

[
y
s + m2

s − m2
(gf

A − gf
V ) + 2gf

V

] [
(2 − y)gf

A + ygf
V

]
,

αν̄ + βν̄ =
[
2
(

1 − ys

s − m2

)
+ y2 + y

4m2

s − m2

]
g2

A

4
+

+ 2y(2 − y)
(−gf

A)gf
V

4
+

[
2
(

1 − ys

s − m2

)
+ y2

]
g2

V

4
,

βν̄ − αν̄ =
1
4

[
y
s + m2

s − m2
(−gf

A − gf
V ) + 2gf

V

] [
−(2 − y)gf

A + ygf
V

]
.

‡ ³¥É¨³, ÎÉμ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¶¥·¥Ìμ¤ μÉ ®´¥°É·¨´μ¯ ± ® ´É¨´¥°É·¨´μ¯ μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¶ÊÉ¥³ § ³¥´: Af → Af , ΔAf → −ΔAf , gf

V → gf
V ¨ gf

A → −gf
A

(ÎÉμ Ô±¢¨¢ ²¥´É´μ gf
L ↔ gf

R).
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‘¥Î¥´¨Ö ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö (�.183) ¨ (�.184) ¶·¨μ¡·¥É ÕÉ ¢¨¤

dσν
inc

dTA
=

G2
F mA

2π

∑
f=p,n

F̂f (q2)

{
Af

[(
2
(

1 − ys

s − m2

)
+ y2 +

+ y
4m2

s − m2

)
(gf

A)2 + gf
Agf

V 2y(2 − y) +
(

2
(

1 − ys

s − m2

)
+ y2

)
(gf

V )2
]
+

+ ΔAf

[
2gf

V − y
s + m2

s − m2
(gf

V − gf
A)

] [
ygf

V + gf
A(2 − y)

]}
,

dσν̄
inc

dTA
=

G2
F mA

2π

∑
f=p,n

F̂f (q2)

{
Af

[(
2
(

1 − ys

s − m2

)
+ y2 +

+ y
4m2

s − m2

)
(gf

A)2 − gf
Agf

V 2y(2 − y) +
(

2
(

1 − ys

s − m2

)
+ y2

)
(gf

V )2
]
−

− ΔAf

[
2gf

V − y
s + m2

s − m2
(gf

V + gf
A)

] [
ygf

V − gf
A(2 − y)

]}
.

�μ²ÊÎ¥´´Ò¥ Ëμ·³Ê²Ò ¤²Ö ¸¥Î¥´¨° ´¥±μ£¥·¥´É´μ£μ ( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ
· ¸¸¥Ö´¨Ö (¢ É¥·³¨´ Ì gf

V ¨ gf
A) ´¥ ¢Ò£²Ö¤ÖÉ ¶·¥¤¶μÎÉ¨É¥²Ó´¥¥ ¶·¨¢¥¤¥´´ÒÌ

· ´¥¥ Ëμ·³Ê² (�.183) ¨ (�.184).
‚Ò· ¦¥´¨¥ (�.183) ¤²Ö ¸¥Î¥´¨Ö ´¥±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ ´ 

Ö¤·¥ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶¥·¥μ¶·¥¤¥²¥´¨Ö ¶μ¶· ¢μÎ´μ£μ ³´μ¦¨É¥²Ö gf
inc, ¢Ìμ¤Ö-

Ð¥£μ ¢ Ëμ·³Ë ±Éμ·´Ò° ³´μ¦¨É¥²Ó F̂f (q2) = gf
inc(1−|Ff (q2)|2), ¸μμÉ¢¥É¸É¢Ê¥É

Ëμ·³Ê²¥ ¤²Ö ´¥±μ£¥·¥´É´μ£μ νA-· ¸¸¥Ö´¨Ö (46) ¨§ · ¡μÉÒ [19].
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