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�¡§µ· ¶µ¸¢ÖÐ¥´ ¨§²µ¦¥´¨Õ · §¢¨Éµ£µ  ¢Éµ· ³¨ §  ¶µ¸²¥¤´¨¥ £µ¤Ò ±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤ 
¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨ (Š�„) ¢ ¤¨ £µ´ ²Ó´µ³
¸¶¨´µ¢µ³ ¡ §¨¸¥ („‘�) ¨ ¥£µ ¶·¨³¥´¥´¨Õ ¤²Ö · ¸Î¥É  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°  ±ÉÊ ²Ó´ÒÌ
¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í. ‚ „‘� ¸¶¨´µ¢Ò¥ 4-¢¥±Éµ·Ò Î ¸É¨Í ¤µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨Ì 4-¨³¶Ê²Ó¸Ò. ‚ ´¥³ ·¥ ²¨§Ê¥É¸Ö ³ ² Ö £·Ê¶¶ 
‹µ·¥´Í , µ¡Ð Ö ¤²Ö ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°. �Éµ ¶·¨¢µ¤¨É ± ¸µ¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ
µ¶¥· Éµ·µ¢ ¤²Ö ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ
¢§ ¨³µ¤¥°¸É¢¨Ö ¡¥§ ¨§³¥´¥´¨Ö ¨ ¸ ¨§³¥´¥´¨¥³ ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥-
 ±Í¨¨ ¨ É¥³ ¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ µÉ²¨Î¨¥ µÉ ³¥Éµ¤ 
£·Ê¶¶Ò CALCUL ¨ ¤·. · §¢¨ÉÒ° ¶µ¤Ìµ¤ ¸¶· ¢¥¤²¨¢ ± ± ¢ ³ ¸¸¨¢´µ³, É ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²Ê-
Î ¥; ¢ ´¥³ ´¥ ¢µ§´¨± ¥É É·Ê¤´µ¸É¥° ¶·¨ · ¸Î¥É¥  ³¶²¨ÉÊ¤ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ ; µ´ ´¥ É·¥¡Ê¥É
¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢¥±Éµ·µ¢. „²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É , ¸ ¶µ³µÐÓÕ ±µ-
Éµ·µ£µ ¢ÒÎ¨¸²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢ „‘�, ¤µ¸É ÉµÎ´µ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì
¢ · ¸¸³ É·¨¢ ¥³µ° ·¥ ±Í¨¨. ‘ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤  ¨¸¸²¥¤µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ ¶·µÍ¥¸¸Ò
Š�„: 1) Éµ·³µ§´µ¥ ³¥²²¥·µ¢¸±µ¥ ¨ ¡ ¡ -· ¸¸¥Ö´¨¥ (e±e− → e±e−γ) ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³
¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ,   É ±¦¥ ËµÉµ´ ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ-
¢ ´Ò; 2) µ¡· É´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥ ËµÉµ´µ¢ ¨´É¥´¸¨¢´µ° Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ°
² §¥·´µ° ¢µ²´Ò, ¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  ¶ÊÎ±¥ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ô²¥±É·µ´µ¢ (e + nγ0 → e + γ); 3) ·µ¦¤¥´¨¥ e+e−-¶ · ¦¥¸É±¨³ ËµÉµ´µ³ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸
´¥¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¤´µ¢·¥³¥´´µ (γ + nγ0 → e+ + e−); 4) ¡¥É¥-£ °É²¥·µ¢¸±¨°
¶·µÍ¥¸¸ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±É·µ´µ³ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨
Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ ; 5) ·¥ ±Í¨Ö ep → epγ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¢ ±¨´¥³ É¨±¥,
£¤¥ ¤µ³¨´¨·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥; 6) ¶·µÍ¥¸¸ É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ´¨Ö
(e+e− → 3γ).

�¡§µ· ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤ , ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¥£µ ÔËË¥±-
É¨¢´µ¸É¨ ¶·¨ · ¸Î¥É Ì ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í.

The review of recently developed by the authors new techniques for covariant calculation of
matrix elements in QED, the so-called ©formalism of Diagonal Spin Basisª (DSB), is presented.
It is applied to calculating of differential cross sections of processes when polarization of particles
is to be taken into account. In DSB spin 4-vectors of in- and out-fermions are expressed just in
terms of their 4-momenta. In this approach the little Lorentz group, common for the initial and
ˇnal states, is being realized. This brings the spin operators of in- and out-particles to coincidence,
allowing one to separate in a covariant way the spin-ip and nonspin-ip interactions and to follow
in detail the whole dynamics of the spin interaction. In contrast to methods of CALCUL-group, etc.,
the developed approach is valid both for massive fermions and for massless ones. There occur no
problems with accounting for spin-ip amplitudes in it. No auxiliary vectors are to be introduced
in DSB. Just 4-momenta of particles participating in reaction are required in it to construct the
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mathematical apparatus for amplitude calculation. We apply this formalism to the following processes:
1) Méohler's and Bhabha's bremsstrahlung (e±e− → e±e−γ) in the ultrarelativistic (massless) limit
when initial particles and photon are helicity polarized, 2) Compton back-scattering of photons of
intensive circularly polarized laser wave focused on a beam of longitudinally polarized ultrarelativistic
electrons (e + nγ0 → e + γ); 3) e+e−-pair production by a hard photon in simultaneous collision
with several laser beam photons (γ + nγ0 → e+ + e−); 4) Bethe-Heitler process in the case of a
linearly polarized photon emission by an electron with account for proton recoil and form factors;
5) the reaction ep → epγ with proton polarizability being taken into account in a kinematics when
proton bremsstrahlung dominates; 6) orthopositronium 3-photon annihilation (e+e− → 3γ). The
results obtained with the help of the developed DSB-formalism certify its efˇciency for calculating
the multiparticle processes when polarization is to be taken into account.

‚‚…„…�ˆ…

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ë¨§¨±  ¸¶¨´µ¢ÒÌ Ö¢²¥´¨° ¸É ²  ´¥µÉÑ¥³²¥³µ° Î ¸ÉÓÕ
¶·µ£· ³³ ³´µ£¨Ì ¡µ²ÓÏ¨Ì Ê¸±µ·¨É¥²¥° ´µ¢µ£µ ¶µ±µ²¥´¨Ö [1Å5]. �Éµ µ¡ÑÖ¸-
´Ö¥É¸Ö, ¢µ-¶¥·¢ÒÌ, Ê¸¶¥Ì ³¨ ¢ · §¢¨É¨¨ ¶µ²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¨,   ¨³¥´´µ
¸¶µ¸µ¡µ¢ ¶µ²ÊÎ¥´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢, ¤µ¸É¨¦¥´¨Ö³¨ ¢ ¸µ§¤ ´¨¨ ¶µ-
²Ö·¨§µ¢ ´´ÒÌ ³¨Ï¥´¥° ¨ ¶µ²Ö·¨³¥É·µ¢ [3]. ‚µ-¢Éµ·ÒÌ, ¢ µ¡² ¸É¨ Ô´¥·£¨°
¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²¥° ¢ ¦´  ·µ²Ó Ô²¥±É·µ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ´ ·Ê-
Ï ÕÐ¨Ì ± ± P- ¨ C- [6,7], É ± ¨ ±µ³¡¨´¨·µ¢ ´´ÊÕ CP-¨´¢ ·¨ ´É´µ¸ÉÓ [8],
ÎÉµ ¶·¨¢µ¤¨É ± ¶µ²Ö·¨§ Í¨µ´´Ò³ ¸¶¨´µ¢Ò³ ±µ··¥²ÖÍ¨Ö³, ±µÉµ·Ò¥ § Î ¸ÉÊÕ
¨£· ÕÉ ·µ²Ó ¶·¥Í¨§¨µ´´ÒÌ É¥¸Éµ¢ ¤²Ö ¸É ´¤ ·É´µ° ³µ¤¥²¨ ¸ ÉµÎ´µ¸ÉÓÕ, ´¥-
¤µ¸É¨¦¨³µ° ¢ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´É Ì [1,5]. ‚-É·¥ÉÓ¨Ì, Ö¢´µ¥ ´¥¸µ¢¥·Ï¥´¸É¢µ
¸É ´¤ ·É´µ° ³µ¤¥²¨ É·¥¡Ê¥É ¶µ¨¸±  ¢ÒÌµ¤  §  ¥¥ · ³±¨, ¨ ´  ¶ÊÉÖÌ ÔÉµ£µ
¶µ¨¸±  ¸¶¨´µ¢Ò¥ ÔËË¥±ÉÒ ¤µ²¦´Ò ¸Ò£· ÉÓ § ³¥É´ÊÕ ·µ²Ó [1].

„µ¸É¨¦¥´¨Ö ¢ Ê¸±µ·¨É¥²Ó´µ° ¨ ¶µ²Ö·¨§ Í¨µ´´µ° É¥Ì´¨±¥ µÉ±·Ò¢ ÕÉ ´µ-
¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ
Î ¸É¨Í. �µÔÉµ³Ê ¢ É¥µ·¥É¨Î¥¸±µ³ ¶² ´¥ ¢¸¥ ¡µ²¥¥  ±ÉÊ ²Ó´µ° § ¤ Î¥° ¸É -
´µ¢¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ ¢¥·µÖÉ´µ¸É¥° · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¢§ ¨³µ¤¥°¸É¢¨° Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ¸ ÊÎ¥Éµ³ ¨Ì ¶µ²Ö·¨§ Í¨° ¨ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò,   É ±¦¥
· §· ¡µÉ±  ´µ¢ÒÌ ³¥Éµ¤µ¢ · ¸Î¥É . �·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸É ´¤ ·É´µ£µ ¶µ¤Ìµ¤ 
[9-12] ¤²Ö · ¸Î¥É  ¢¥·µÖÉ´µ¸É¥° · §²¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ (É.¥. ¶·¨ ¢ÒÎ¨¸²¥´¨¨
±¢ ¤· Éµ¢ ³µ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢) ÊÎ¥É ¶µ²Ö·¨§ Í¨° Î ¸É¨Í ¶·¨¢µ¤¨É
± ·¥§±µ³Ê Ê¸²µ¦´¥´¨Õ ± ± ¸ ³¨Ì ¢ÒÎ¨¸²¥´¨°, É ± ¨ ¸É·Ê±ÉÊ·Ò ¶µ²ÊÎ ¥³ÒÌ
¢Ò· ¦¥´¨°. �·¨ ÔÉµ³ ´¥·¥¤±µ ÊÉ· Î¨¢ ¥É¸Ö ¨Ì ±µ¢ ·¨ ´É´µ¸ÉÓ.

…¸É¥¸É¢¥´´Ò³ ¶ÊÉ¥³, ¶µ§¢µ²ÖÕÐ¨³ ¤µ¸É¨ÎÓ Ê¶·µÐ¥´¨° ¶·¨ · ¸Î¥É¥ ·¥-
 ±Í¨° ¸ ÊÎ ¸É¨¥³ ¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í, Ö¢²Ö¥É¸Ö ¶¥·¥Ìµ¤ µÉ ¢ÒÎ¨¸²¥´¨°
±¢ ¤· Éµ¢ ³µ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ± ´¥¶µ¸·¥¤¸É¢¥´´µ³Ê ¢ÒÎ¨¸²¥´¨Õ
¸ ³¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´µ · §²¨Î´Ò³¨ ¸¶µ-
¸µ¡ ³¨ [13]. �¤´  ¨§ É ±¨Ì ¢µ§³µ¦´µ¸É¥° ·¥ ²¨§Ê¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
Ö¢´µ£µ ¢¨¤  µ¸´µ¢´ÒÌ ³ É·¨Í ¨ ËÊ´±Í¨° ¸µ¸ÉµÖ´¨°, § ¶¨¸ ´´ÒÌ ¢ ´¥±µÉµ·µ³
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±µ´±·¥É´µ³ ¡ §¨¸¥ ¶·µ¸É· ´¸É¢  ¶·¥¤¸É ¢²¥´¨° £·Ê¶¶Ò ‹µ·¥´Í , ¢ ±µÉµ·µ³
µ´¨ µ¶·¥¤¥²¥´Ò. ’ ±µ° ´¥±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤ ¤²Ö Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2
¡Ò² ¶·¨³¥´¥´ ¥Ð¥ ¢ · ¡µÉ¥ �µÊÔ²²  [14] (1949 £.). �¡Ð¥¥ É¥µ·¥É¨Î¥¸±µ¥ · §-
¢¨É¨¥ ÔÉµÉ ³¥Éµ¤ ¶µ²ÊÎ¨² ¢ · ¡µÉ Ì ‘µ±µ²µ¢  [15]. �ÉµÉ ¦¥ ³¥Éµ¤ ¸ Ê¸¶¥Ìµ³
¶·¨³¥´Ö¥É¸Ö ¨ ¤µ ´ ¸ÉµÖÐ¥£µ ¢·¥³¥´¨ [16,17], ¡² £µ¤ ·Ö ¶µÖ¢²¥´¨Õ ³µÐ´ÒÌ
±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ ¤²Ö  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨°.

�¤´ ±µ ´ ¨¡µ²¥¥ Ï¨·µ±µ¥ · ¸¶·µ¸É· ´¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„ ¶µ²ÊÎ¨² ±µ¢ ·¨ ´É´Ò° ¶µ¤Ìµ¤, ´¥ ¸¢Ö§ ´´Ò° ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ Ö¢´µ£µ ¢¨¤  ³ É·¨Í ¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, ±µÉµ·Ò° ¡Ò² ¶·¥¤-
²µ¦¥´ ¢ 1961 £. ´¥§ ¢¨¸¨³µ �¥²²µ³µ [18] ¨ �µ£ÊÏ¥³ Å ”¥¤µ·µ¢Ò³ [19]. ‚
µ¸´µ¢¥ ÔÉµ£µ ¶µ¤Ìµ¤  ²¥¦¨É ³¥Éµ¤ ¶·µ¥±É¨¢´ÒÌ µ¶¥· Éµ·µ¢ ¢ É¥µ·¨¨ Ô²¥³¥´-
É ·´ÒÌ Î ¸É¨Í, · §· ¡µÉ ´´Ò° ”¥¤µ·µ¢Ò³ [20].

‚ ³¥Éµ¤¥ �¥²²µ³µ ¨¸¶µ²Ó§Ê¥É¸Ö ¨¸±Ê¸¸É¢¥´´Ò° ¶·¨¥³, § ±²ÕÎ ÕÐ¨°¸Ö
¢ ¤µ³´µ¦¥´¨¨ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¶¥·¥Ìµ¤  M31 = Ψ3QΨ1 ¨§ ´ Î ²Ó´µ£µ
¸µ¸ÉµÖ´¨Ö (Ψ1) ¢ ±µ´¥Î´µ¥ (Ψ3), £¤¥ Q Ä µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö, ´  ¢¥²¨-
Î¨´Ê Ψ1ZΨ3/Ψ1ZΨ3, ¡² £µ¤ ·Ö Î¥³Ê  ³¶²¨ÉÊ¤  M31 ³µ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ±
¢ÒÎ¨¸²¥´¨Õ ¸²¥¤  ∗:

M31 = Tr (P31Q) , P31 = Ψ1 Ψ3 , (1)

P31 = τ1Zτ3/(| Ψ1ZΨ3 | e
iφ) , Ψ1ZΨ3 =| Ψ1ZΨ3 | e

iφ . (2)

‡¤¥¸Ó τ1 ¨ τ3 Ä ¶·µ¥±É¨¢´Ò¥ ³ É·¨ÍÒ-¤¨ ¤Ò ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸Éµ-
Ö´¨° [20]: τi = Ψi Ψi, (i = 1, 3). ‚ ¢Ò· ¦¥´¨¨ (2) µ¶¥· Éµ· Z ³µ¦¥É
¡ÒÉÓ ¶·µ¨§¢µ²Ó´Ò³. ‚ · ¡µÉ¥ [18] ¤²Ö ´¥£µ ¡Ò² ¸¤¥² ´ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·:
Z = 1. ‡  ¶·µÏ¥¤Ï¨¥ £µ¤Ò ´ ¨¡µ²ÓÏ¨° ¶·µ£·¥¸¸ ¢ · §¢¨É¨¨ ³¥Éµ¤  �¥²²µ³µ
(¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥) ¡Ò² ¤µ¸É¨£´ÊÉ ¢ · ¡µÉ Ì £·Ê¶¶Ò
CALCUL [21]. „µ¸É¨¦¥´¨Ö ÔÉµ° £·Ê¶¶Ò Ö¢²ÖÕÉ¸Ö µ¡Ð¥¶·¨§´ ´´Ò³¨ ¨ Ï¨-
·µ±µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¥¦¤Ê´ ·µ¤´µ° ´ ÊÎ´µ° µ¡Ð¥¸É¢¥´´µ¸ÉÓÕ. �¡µ¡Ð¥´¨¥
³¥Éµ¤  £·Ê¶¶Ò CALCUL ¤²Ö Ë¥·³¨µ´µ¢ ¸ ´¥´Ê²¥¢µ° ³ ¸¸µ° ¡Ò²µ ¸¤¥² ´µ
¢ · ¡µÉ Ì [22,23], µ¤´ ±µ µ´µ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ¢¥±Éµ·µ¢,
´¥ ¸¢Ö§ ´´ÒÌ ¸ ±¨´¥³ É¨±µ° · ¸¸³ É·¨¢ ¥³µ£µ ¶·µÍ¥¸¸ , ¨ ¶µ ÔÉµ° ¶·¨Î¨´¥
´¥Ê¤µ¡´µ ¢ · ¡µÉ¥.

‚ ³¥Éµ¤¥, ¶·¥¤²µ¦¥´´µ³ ¢ · ¡µÉ¥ [19], ¶µ¸É·µ¥´¨¥ µ¶¥· Éµ·  P31 =
= Ψ1 Ψ3 µ¸´µ¢ ´µ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ±µ³¶²¥±¸´µ° ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨
£·Ê¶¶Ò ‹µ·¥´Í  [24Å26] ¨ µ¶¥· Éµ·µ¢ ¶·¥¤¸É ¢²¥´¨° ÔÉµ° £·Ê¶¶Ò T31 ¢
¶·µ¸É· ´¸É¢¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Î ¸É¨ÍÒ [27,28], ¨£· ÕÐ¨Ì ·µ²Ó µ¶¥· Éµ·µ¢
¶¥·¥Ìµ¤  µÉ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ± ±µ´¥Î´µ³Ê: Ψ3 = T31Ψ1 , Ψ3 = Ψ1T

−1
31 .

�·¨ ÔÉµ³ µ¶¥· Éµ· P31 = Ψ1 Ψ3 ¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [13,19]:

P31 = Ψ1 Ψ3 = τ1T
−1
31 = T−1

31 τ3 . (3)

∗‚Ò¡µ· ¨´¤¥±¸µ¢ ¸¢Ö§ ´ ¸ ¤ ²Ó´¥°Ï¨³ ¶·¨³¥´¥´¨¥³ ·¥§Ê²ÓÉ Éµ¢ ± ·¥ ±Í¨¨ 1 + 2→ 3 + 4.
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�¥·¢µ´ Î ²Ó´µ ÔÉµÉ ¢ ·¨ ´É ¡Ò² · §· ¡µÉ ´ ¤²Ö ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´-
´ÒÌ ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í [29]. „ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ µ´ ¶µ²ÊÎ¨² ¢ · ¡µÉ Ì
”¥¤µ·µ¢  [30Å32] ¨ ¥£µ ÊÎ¥´¨±µ¢ (¸³. [13] ¨ ¶·¨¢¥¤¥´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê).
Œ¥Éµ¤, · §· ¡µÉ ´´Ò° ”¥¤µ·µ¢Ò³ ([13], §36), ¢ ¶·¨´Í¨¶¥ ¶µ§¢µ²Ö¥É ¶µ²Ê-
Î¨ÉÓ  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ · §²¨Î´ÒÌ ¶·µÍ¥¸-
¸µ¢ Š�„ ¢ ¸²ÊÎ ¥ ¶·µ¨§¢µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í, ± ± ¢
³ ¸¸¨¢´µ³, É ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥, ÎÉµ ¨ ¸µ¸É ¢²Ö¥É £² ¢´µ¥, ·¥Ï ÕÐ¥¥
¶·¥¨³ÊÐ¥¸É¢µ ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ¤Ìµ¤µ³ £·Ê¶¶Ò CALCUL. �¤´ ±µ ¸É·¥³²¥-
´¨¥ ± µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ´¥ ¢¸¥£¤  ¸¶µ¸µ¡¸É¢Ê¥É ·µ¸ÉÊ ÔËË¥±É¨¢´µ¸É¨
¨¸¶µ²Ó§Ê¥³µ£µ ¶µ¤Ìµ¤ .

„²Ö ±·Ê£  § ¤ Î Š�„ ¢µ§³µ¦´µ¸ÉÓ · §¢¨É¨Ö ¶µ¤Ìµ¤  [13,19] ¶·¨ ¢ÒÎ¨¸²¥-
´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¸²ÊÎ ¥ ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ §´ Î¨É¥²Ó´µ°
¸É¥¶¥´¨ µ¡Ê¸²µ¢²¥´  ¤µ¸É¨¦¥´¨Ö³¨ ¢ · §¢¨É¨¨ ±µ¢ ·¨ ´É´ÒÌ ³¥Éµ¤µ¢ µ¶¨-
¸ ´¨Ö ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ ¸¨¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ Î ¸É¨Í, µ¸´µ¢ ´´ÒÌ ´ 
¨¸¶µ²Ó§µ¢ ´¨¨ ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  [13,37].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´ ¨¡µ²¥¥ ¶µ¶Ê²Ö·´Ò³ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°
Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´Ò° ¡ §¨¸, ¢¢¥¤¥´´Ò° „¦ ±µ¡µ³ ¨ ‚¨±µ³ [33]. �Éµ ¸¢Ö-
§ ´µ ¸ ¶·µ¸ÉµÉµ° Ë¨§¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¶µ´ÖÉ¨Ö ¸¶¨· ²Ó´µ¸É¨ (¶·µ¥±-
Í¨Ö ¸¶¨´  ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ), ¢Ò¤¥²¥´´µ¸ÉÓÕ ¢ ¸¶¨· ²Ó´µ³
¡ §¨¸¥ ¸¨¸É¥³Ò Í¥´É·  ³ ¸¸ ¨ ¸ É¥³, ÎÉµ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¤µ¶Ê¸± ÕÉ
¶·µ¸Éµ° ¶ ·Í¨ ²Ó´Ò°  ´ ²¨§ ´  £·Ê¶¶¥ SO(3) [33]. Š·µ³¥ Éµ£µ, · ¸¸³µÉ·¥-
´¨¥ ¸¶¨· ²Ó´µ¸É¥° ¤¢¨¦ÊÐ¨Ì¸Ö Î ¸É¨Í Ö¢²Ö¥É¸Ö  ´ ²µ£¨Î´Ò³ · ¸¸³µÉ·¥´¨Õ
¸¶¨´  ¶µ±µÖÐ¨Ì¸Ö Î ¸É¨Í [13]. �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ ´¥¸±µ²Ó±µ ¸ÊÐ¥¸É¢¥´´ÒÌ
µ¡¸ÉµÖÉ¥²Ó¸É¢, ±µÉµ·Ò¥ ²¨Ï ÕÉ ¸¶¨· ²Ó´µ¸ÉÓ ¶·¥¨³ÊÐ¥¸É¢¥´´µ° ·µ²¨ ¶·¨
µ¶¨¸ ´¨¨ ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í. �¤´µ ¨§ ´¨Ì § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ
¸¶¨· ²Ó´µ¸ÉÓ ´¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·¨¸É¨±µ° Î ¸É¨ÍÒ, ¨´¢ ·¨ ´É´µ° ¶µ µÉ´µ-
Ï¥´¨Õ ± ¶·¥µ¡· §µ¢ ´¨Ö³ ‹µ·¥´Í  [9,13]. ’¥³ ´¥ ³¥´¥¥ ¢ ²¨É¥· ÉÊ·¥ ¥Ð¥
¶µÖ¢²ÖÕÉ¸Ö ¸É ÉÓ¨ ¸ ´ §¢ ´¨¥³ É¨¶  ªA Covariant Method for Calculating He-
licity Amplitudesª [34]. �¥·¥¤±µ ¶·¨ ¨´É¥·¶·¥É Í¨¨ ¤¨´ ³¨±¨ ¸¶¨´µ¢µ£µ ¢§ -
¨³µ¤¥°¸É¢¨Ö  ³¶²¨ÉÊ¤Ò ¸ ¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨· ²Ó´µ¸É¨ Î ¸É¨ÍÒ
´ §Ò¢ ÕÉ  ³¶²¨ÉÊ¤ ³¨ ¸ ¶¥·¥¢µ·µÉµ³ ¨ ¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´ . �µ ¶µ¸±µ²Ó±Ê
¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ ¨§³¥´Ö¥É¸Ö, Éµ Ö¸´µ, ÎÉµ É ± Ö
±² ¸¸¨Ë¨± Í¨Ö Ö¢²Ö¥É¸Ö ¢¥¸Ó³  Ê¸²µ¢´µ°. ˆ É , ¨ ¤·Ê£ Ö  ³¶²¨ÉÊ¤Ò Ë ±-
É¨Î¥¸±¨ µ¶¨¸Ò¢ ÕÉ ¶·µÍ¥¸¸ ¸ ´¥±µÉµ·Ò³ ¨§³¥´¥´¨¥³ ¸¶¨´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö
Î ¸É¨ÍÒ.

‚Ò¡µ· µ¶·¥¤¥²¥´´Ò³ µ¡· §µ³ ¸¶¨´µ¢µ£µ ¡ §¨¸  ·¥ ±Í¨¨ ¶µ§¢µ²Ö¥É ¨§-
¡¥¦ ÉÓ ³´µ£¨Ì ¶¥·¥Î¨¸²¥´´ÒÌ É·Ê¤´µ¸É¥°. “± § ´´ Ö ¢µ§³µ¦´µ¸ÉÓ µÉ±·Ò¢ -
¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¤¨ £µ´ ²Ó´µ£µ ¸¶¨´µ¢µ£µ ¡ §¨¸  („‘�), ¢ ±µÉµ·µ³
¸¶¨´µ¢Ò¥ 4-¢¥±Éµ·Ò Î ¸É¨Í s1 ¨ s3 c 4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3 (s1p1 = s3p3 =
= 0, s2

1 = s2
3 = −1) ¶·¨´ ¤²¥¦ É £¨¶¥·¶²µ¸±µ¸É¨, µ¡· §µ¢ ´´µ° 4-¢¥±Éµ· ³¨
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p1 ¨ p3 [35,36]:

s1 = −
(v1v3)v1 − v3√

(v1v3)2 − 1
, s3 =

(v1v3)v3 − v1√
(v1v3)2 − 1

, (4)

£¤¥ v1 = p1/m1 , v3 = p3/m3. �Î¥¢¨¤´µ, ÎÉµ ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò (4) ´¥
¨§³¥´ÖÕÉ¸Ö ¶·¨ ¶·¥µ¡· §µ¢ ´¨ÖÌ ³ ²µ° £·Ê¶¶Ò ‹µ·¥´Í , µ¡Ð¥° ¤²Ö Î ¸É¨Í
¸ 4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3: Lp1,p3p1 = p1, Lp1,p3p3 = p3. �É³¥É¨³, ÎÉµ ÔÉ 
£·Ê¶¶  ¨§µ³µ·Ë´  µ¤´µ¶ · ³¥É·¨Î¥¸±µ° ¶µ¤£·Ê¶¶¥ £·Ê¶¶Ò ¢· Ð¥´¨° ¸ µ¸ÓÕ,
´ ¶· ¢²¥´¨¥ ±µÉµ·µ° µ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éµ·µ³ [13,37]:

~a = c (~p1/p10 − ~p3/p30) , (5)

£¤¥ c Ä ¶·µ¨§¢µ²Ó´µ¥ ¢¥Ð¥¸É¢¥´´µ¥ Î¨¸²µ. � ¶· ¢²¥´¨¥ ~a (5) µ¡² ¤ ¥É É ±¦¥
É¥³ ¸¢µ°¸É¢µ³, ÎÉµ ¶·µ¥±Í¨¨ ´  ´¥£µ ¸¶¨´  ¤²Ö µ¡¥¨Ì Î ¸É¨Í ¡Ê¤ÊÉ ¨³¥ÉÓ
µ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö ¤ ¦¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  Î ¸É¨ÍÒ ¨³¥ÕÉ · §²¨Î´Ò¥
³ ¸¸Ò. ’ ±¨³ µ¡· §µ³, „‘� ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¶·¨¢µ¤¨É ± ¢µ§³µ¦´µ¸É¨
µ¶¨¸Ò¢ ÉÓ ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³ ¨§ ²Õ¡ÒÌ ¤¢ÊÌ Î ¸É¨Í (¢ Éµ³ Î¨¸-
²¥ ¨ ¸ · §²¨Î´Ò³¨ ³ ¸¸ ³¨) ¸ ¶µ³µÐÓÕ ¶·µ¥±Í¨° ¸¶¨´  ´  µ¤´µ µ¡Ð¥¥
´ ¶· ¢²¥´¨¥∗, § ¤ ¢ ¥³µ¥ ¢¥±Éµ·µ³ (5).

”Ê´¤ ³¥´É ²Ó´Ò° Ë ±É ·¥ ²¨§ Í¨¨ ¢ „‘� ³ ²µ° £·Ê¶¶Ò ‹µ·¥´Í , µ¡Ð¥°
¤²Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨ p1 ¨ p3, ¶·¨¢µ¤¨É ± ·Ö¤Ê § ³¥Î É¥²Ó´ÒÌ µ¸µ¡¥´´µ-
¸É¥° [35Å42]. ‚µ-¶¥·¢ÒÌ, ¢ ´¥³ Î ¸É¨ÍÒ ¸ 4-¨³¶Ê²Ó¸ ³¨ p1 (¤µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö) ¨ p3 (¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö) ¨³¥ÕÉ µ¡Ð¨¥ ¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò
[38Å40], ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸
¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥-
 ±Í¨¨, ¨ É¥³ ¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.

‚µ-¢Éµ·ÒÌ, ¢ „‘� (4) ³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·   ³¶²¨ÉÊ¤ ¶·¥¤¥²Ó´µ
Ê¶·µÐ ¥É¸Ö, ¡² £µ¤ ·Ö ¸µ¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ Î ¸É¨Í, ¢Ò¤¥²¥´¨Õ
¨§  ³¶²¨ÉÊ¤ ¢¨£´¥·µ¢¸±¨Ì ¢· Ð¥´¨° [35,36], Ê³¥´ÓÏ¥´¨Õ Î¨¸²  ´¥§ ¢¨¸¨-
³ÒÌ ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨°, µ¡· §µ¢ ´´ÒÌ 4-¢¥±Éµ· ³¨, Ì · ±É¥·¨§ÊÕÐ¨Ì
·¥ ±Í¨Õ. ‚-É·¥ÉÓ¨Ì, ¢ ¸²ÊÎ ¥ ¡¥§³ ¸¸µ¢ÒÌ Î ¸É¨Í (p2

1 = p2
3 = 0) ¨Ì ¸¶¨´µ¢Ò¥

¸µ¸ÉµÖ´¨Ö ¢ „‘� ¸ ÉµÎ´µ¸ÉÓÕ ¤µ §´ ±  ¸µ¢¶ ¤ ÕÉ ¸µ ¸¶¨· ²Ó´Ò³¨ [40Å42].
�·¨ µ¡· Ð¥´¨¨ ± „‘� ´¥ É¥·Ö¥É¸Ö µ¡Ð´µ¸ÉÓ · ¸¸³µÉ·¥´¨Ö, ¶µ¸±µ²Ó±Ê

¶¥·¥Ìµ¤ ¢ ¶·µ¨§¢µ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨ ¶µ³µÐ¨ D-ËÊ´±-
Í¨° ‚¨£´¥·  [43]. �·¨Î¥³ ¢ ´µ¢ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö  ³¶²¨ÉÊ¤ ¨¸Ìµ¤´Ò¥
 ³¶²¨ÉÊ¤Ò ´ ¨¡µ²¥¥  ¤¥±¢ É´µ µÉ· ¦ ÕÉ ¤¨´ ³¨±Ê ¸¶¨´µ¢ÒÌ Ö¢²¥´¨°,   D-
ËÊ´±Í¨¨ ¨³¥ÕÉ Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨° Ì · ±É¥·.

∗ƒ¥µ³¥É·¨Î¥¸±¨° µ¡· § · §´µ¸É¨ ¤¢ÊÌ ¢¥±Éµ·µ¢ ¥¸ÉÓ ¤¨ £µ´ ²Ó ¶ · ²²¥²µ£· ³³ , ÎÉµ ¨
µ¡ÑÖ¸´Ö¥É ¶·µ¨¸Ìµ¦¤¥´¨¥ ´ §¢ ´¨Ö „‘�, ±µÉµ·µ¥ ¡Ò²µ ¤ ´µ ”.ˆ.”¥¤µ·µ¢Ò³.



1138 ƒ�‹›�‘Šˆ‰ Œ.‚., ‘ˆŠ�— ‘.Œ.

’ ±¨³ µ¡· §µ³, „‘� µÉ±·Ò¢ ¥É ´µ¢Ò¥ ¢µ§³µ¦´µ¸É¨ ¤²Ö · §¢¨É¨Ö ³¥Éµ-
¤µ¢ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¨ ¶µ¢ÒÏ¥´¨Ö ¨Ì ÔËË¥±É¨¢´µ¸É¨ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ¶µ¤Ìµ¤  �µ£ÊÏ  Ä ”¥¤µ·µ¢  [13,19].

�É³¥É¨³, ÎÉµ ¢¶¥·¢Ò¥ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¶·µ¢¥¤¥´µ
¢ · ¡µÉ Ì [35,36] ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸¶¨´µ·´µ£µ Ëµ·³ ²¨§³ , £¤¥ ¡Ò² ¤ ´
· ¸Î¥É  ³¶²¨ÉÊ¤ ¤²Ö ¶µ²´µ£µ ´ ¡µ·  ¨§ ³ É·¨Í „¨· ±  Γi (i = 1, 2 . . . 16), ¶µ
±µÉµ·Ò³ · ¸±² ¤Ò¢ ¥É¸Ö ¶·µ¨§¢µ²Ó´Ò° µ¶¥· Éµ· Q, ¢Ìµ¤ÖÐ¨° ¢ (1). �É³¥É¨³
É ±¦¥, ÎÉµ ³¥¦¤Ê ³¥Éµ¤ ³¨, ¶·¥¤²µ¦¥´´Ò³¨ ¢ · ¡µÉ Ì [18] ¨ [19], ¸ÊÐ¥¸É¢Ê¥É
¤µ¢µ²Ó´µ É¥¸´ Ö ¸¢Ö§Ó, ¢¶¥·¢Ò¥ Ê¸É ´µ¢²¥´´ Ö ¢ [44], £¤¥ ¡Ò²  ¶·µ¢¥¤¥´ 
±² ¸¸¨Ë¨± Í¨Ö · §²¨Î´ÒÌ ³¥Éµ¤µ¢ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

ˆ¸¶µ²Ó§Ê¥³Ò¥ µ¡µ§´ Î¥´¨Ö ¨ ¸µ±· Ð¥´¨Ö

~x = (xa) Ä É·¥Ì³¥·´Ò° ¢¥±Éµ·; xa (a = 1, 2, 3) Ä ¥£µ ±µ³¶µ´¥´ÉÒ.
p = (pk) = (p0, ~p) Ä Î¥ÉÒ·¥Ì³¥·´Ò° ¢¥±Éµ· ¢ ³¨·¥ Œ¨´±µ¢¸±µ£µ.
~x~y = x1y1 + x2y2 + x3y3 Ä ¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ ¢¥±Éµ·µ¢ ~x ¨ ~y.
pp
′

= pµp
′µ = p0p

′

0 − ~p~p
′
Ä ¸± ²Ö·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ 4-¢¥±Éµ·µ¢ p ¨ p

′
.

[~x~y] Ä ¢¥±Éµ·´µ¥ ¶·µ¨§¢¥¤¥´¨¥ É·¥Ì³¥·´ÒÌ ¢¥±Éµ·µ¢ ~x ¨ ~y.
εabc Ä É·¥Ì³¥·´Ò° ¸¨³¢µ² ‹¥¢¨-—¨¢¨É .
[~x~y]a = εabcxbyc.
(~c)×ab = εadb cd, ~c

×~x = [~c ~x] , ~x~c× = [~x ~c] .
~x · ~y = (xayb) Ä ¤¨ ¤ , µ¡· §µ¢ ´´ Ö ¨§ ¢¥±Éµ·µ¢ ~x ¨ ~y .
x · y = (xµyν) Ä ¤¨ ¤ , µ¡· §µ¢ ´´ Ö ¨§ 4- ¢¥±Éµ·µ¢ x = (xµ), y = (yν).
(~x · ~y) = ~x · ~y + ~y · ~x , (x · y) = x · y + y · x Å ¸¨³³¥É·¨·µ¢ ´´Ò¥ ¤¨ ¤Ò.
[~x · ~y] = ~x · ~y − ~y · ~x , [x · y] = x · y − y · x Å  ²ÓÉ¥·´¨·µ¢ ´´Ò¥ ¤¨ ¤Ò.
(α×)µν = 1/2 εµνρσα

ρσ , αµν = −ανµ , (α̃ = −α).
([a · b]×)µν = εµνρσa

ρbσ.
[a, b, c]µ = ([a · b]×c)µ = εµνρσa

νbρcσ.

gµν Ä ³¥É·¨Î¥¸±¨° É¥´§µ·, g = (+,−,−,−)
εµνρσ Ä Î¥ÉÒ·¥Ì³¥·´Ò° ¸¨³¢µ² ‹¥¢¨-—¨¢¨É , ε0123 = −1.
γµ Ä ³ É·¨ÍÒ „¨· ±  , â = aµγ

µ = (γa),
γ5 = −i γ0γ1γ2γ3 , γ5+ = γ5.
�²£¥¡·  ³ É·¨Í „¨· ± : âb̂+ b̂â = 2ab.
âb̂ĉ = d̂− iγ5f̂ , d = (ab+ [a · b])c, f = ([a · b])×c.
„²Ö  ²£¥¡· ¨Î¥¸±¨Ì µ¶¥· Í¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¡µ§´ Î¥´¨Ö:
∗ Ä ±µ³¶²¥±¸´µ¥ ¸µ¶·Ö¦¥´¨¥.
+ Ä Ô·³¨Éµ¢¸±µ¥ ¸µ¶·Ö¦¥´¨¥.
∼ Ä É· ´¸¶µ´¨·µ¢ ´¨¥.
× Ä ¤Ê ²Ó´µ¥ ¸µ¶·Ö¦¥´¨¥.
· Ä ¤¨ ¤´µ¥ ¶·µ¨§¢¥¤¥´¨¥.
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Š�„ Ä ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨± .
„‘� Ä ¤¨ £µ´ ²Ó´Ò° ¸¶¨´µ¢Ò° ¡ §¨¸.
��‚ Ä µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ¢¥±Éµ·µ¢.
�Š� Ä ·¥ ²Ó´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
‚Š� Ä ¢¨·ÉÊ ²Ó´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
�Œ‚ Ä Ô²¥±É·µ³ £´¨É´ Ö ¢µ²´ .
�Š� Ä µ¡· É´µ¥ ±µ³¶Éµ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥.
‘¨¸É¥³  –ˆ Ä ¸¨¸É¥³  Í¥´É·  ¨´¥·Í¨¨.

‚¥§¤¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í, ¢ ±µÉµ·µ° ¸±µ·µ¸ÉÓ ¸¢¥É  c ¨ ¶µ¸ÉµÖ´´ Ö
�² ´±  h̄ · ¢´Ò ¥¤¨´¨Í¥: c = h̄ = 1 .

1. ‘�ˆ��‚›… ��…��’��› ‚ „‘�

‚ µ¶¨¸ ´¨¨ ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐ¨¥
¶µ¤Ìµ¤Ò:

 ) ¶µ¤Ìµ¤, ¶·¥¤²µ¦¥´´Ò° � ·£³ ´µ³ ¨ ‚¨£´¥·µ³, ¢ ±µÉµ·µ³ µ¶¥· Éµ·Ò
¶·µ¥±Í¨¨ ¸¶¨´  µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ £¥´¥· Éµ·µ¢ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í ,
¨§¢¥¸É´ÒÌ ¢ ²¨É¥· ÉÊ·¥ ± ± µ¶¥· Éµ·Ò � Ê²¨ Å � ·£³ ´  Å ‹Õ¡ ´¸±µ£µ
[43,45].

¡) Kµ¢ ·¨ ´É´ Ö É¥µ·¨Ö ¸¶¨´ , · §¢¨É Ö ”¥¤µ·µ¢Ò³, ´  µ¸´µ¢¥ ¨¸¶µ²Ó-
§µ¢ ´¨Ö ¢¥±Éµ·´µ° ¶ · ³¥É·¨§ Í¨¨ ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  ¨ ¨Ì ¶·¥¤¸É ¢²¥-
´¨° [13].

�µ ¸ÊÐ¥¸É¢Ê ÔÉ¨ ¶µ¤Ìµ¤Ò Ô±¢¨¢ ²¥´É´Ò. �¤´ ±µ ¢¥±Éµ·´ Ö ¶ · ³¥É·¨§ -
Í¨Ö £·Ê¶¶Ò ‹µ·¥´Í  ¶µ§¢µ²Ö¥É ´¥ Éµ²Ó±µ Ê¶·µ¸É¨ÉÓ ¨§²µ¦¥´¨¥ É¥µ·¨¨ ¸¶¨´µ-
¢ÒÌ ¸¢µ°¸É¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ´µ ¨ Ê¸É· ´¨ÉÓ (¸³.[13]) · ¸¶·µ¸É· ´¥´´Ò¥
¢ ²¨É¥· ÉÊ·¥ ´¥¢¥·´Ò¥ ÊÉ¢¥·¦¤¥´¨Ö, ¶·¨¸ÊÐ¨¥ ´¥±µÉµ·Ò³ ¶µ¤Ìµ¤ ³ [9,10],
µ Éµ³, ÎÉµ ª¶·¨ § ¤ ´´µ³ ¨³¶Ê²Ó¸¥ ¶·µ¥±Í¨Ö ¸¶¨´  ´  ¶·µ¨§¢µ²Ó´ÊÕ µ¸Ó ´¥
³µ¦¥É ¨³¥ÉÓ µ¶·¥¤¥²¥´´µ£µ §´ Î¥´¨Öª (c³.[9], ¸.114,   É ±¦¥ [10], ¸. 110).

�Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ Éµ£µ, ÎÉµ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¥¤¸É ¢²¥´¨¨ ¸¢µ¡µ¤´µ¥ ¸µ-
¸ÉµÖ´¨¥ Î ¸É¨ÍÒ ¸ 4-¨³¶Ê²Ó¸µ³ p ¨ ¶·µ¥±Í¨¥° ¸¶¨´  δ ´  µ¸Ó ~c µ¶¨¸Ò¢ ¥É¸Ö
¢¥±Éµ·µ³ ¸µ¸ÉµÖ´¨Ö |p, δ > (¨´¤¥±¸Ò, µ¡µ§´ Î ÕÐ¨¥ ¸¶¨´ j, ³ ¸¸Ê m ¨ ¤·Ê-
£¨¥ Ì · ±É¥·¨¸É¨±¨ Î ¸É¨ÍÒ, ³Ò µ¶Ê¸± ¥³). ‘¶¨´ Î ¸É¨ÍÒ j µ¶·¥¤¥²Ö¥É¸Ö
± ± ¢¥²¨Î¨´  ¥¥ ³µ³¥´É  ±µ²¨Î¥¸É¢  ¤¢¨¦¥´¨Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ, £¤¥ µ·¡¨-
É ²Ó´Ò° ³µ³¥´É · ¢¥´ ´Ê²Õ. �µÔÉµ³Ê Ê¤µ¡´µ µ¶·¥¤¥²¨ÉÓ ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö
|p, δ > Î¥·¥§ ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ |p0, δ >, £¤¥ p0 = (m, 0).
�·¨ ÔÉµ³ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ ¢¥±Éµ·, ´  ±µÉµ·Ò° ¶·µ¥±É¨·Ê¥É¸Ö ¸¶¨´ (É.¥.
µ¸Ó ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c), ¢ ¸¨¸É¥³¥ ¶µ±µÖ Î ¸É¨ÍÒ Ö¢²Ö¥É¸Ö ¶·µ¸É· ´¸É¢¥´-
´µ° Î ¸ÉÓÕ ¸¶¨´µ¢µ£µ 4-¢¥±Éµ·  s0 = (0,~c), Ê¤µ¢²¥É¢µ·ÖÕÐ¥£µ Ê¸²µ¢¨Ö³:
s0p0 = 0, s02 = −~c 2 = −1. �Ê¸ÉÓ Λp Ä ¡Ê¸É, É.¥. ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í ,
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É ±µ¥, ÎÉµ p = Λp p
0, s = Λps

0, sp = 0, s2 = −1, s = (s0, ~s), £¤¥

~s =

(
1 +

~p · ~p

m(p0 +m)

)
~c , s0 =

~p~c

m
. (1.1)

’µ£¤ 
|p, δ >= Tp |p

0, δ > , (1.2)

£¤¥ Tp = T (Λp) Ä ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¶¥· Éµ· ÔÉµ£µ ¶·¥µ¡· §µ¢ ´¨Ö, ¤¥°¸É¢Ê-
ÕÐ¨° ¢ ¶·µ¸É· ´¸É¢¥ ¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨°. ‚¥±Éµ· ¸µ¸ÉµÖ´¨Ö |p, δ > Ê¤µ¢²¥-
É¢µ·Ö¥É ¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨Ö³:

Pµ |p, δ >= pµ |p, δ > , (1.3)

σ |p, δ >= δ |p, δ > , (1.4)

w2 |p, δ >= −j(j + 1) |p, δ > . (1.5)

‡¤¥¸Ó Pµ ¨ σ Ä µ¶¥· Éµ·Ò Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ ¶·µ¥±Í¨¨ ¸¶¨´ :

σ = sµ wµ , (1.6)

£¤¥ wµ Ä 4-¢¥±Éµ· � Ê²¨ Å ‹Õ¡ ´¸±µ£µ [43]:

wµ = −
1

2m
εµνλρ M

νλ pρ , (1.7)

  Mνλ Ä µ¶¥· Éµ·Ò Ê£²µ¢µ£µ ³µ³¥´É . ‘ ¶µ³µÐÓÕ Ëµ·³Ê² (4), (1.6), (1.7)
´ Ìµ¤¨³, ÎÉµ µ¶¥· Éµ·Ò ¶·µ¥±Í¨° ¸¶¨´  ¤²Ö ´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° Î ¸É¨Í
σ1 = ws1 ¨ σ3 = ws3 ¢ „‘� (4) ¸µ¢¶ ¤ ÕÉ ¨ ¨³¥ÕÉ ¢¨¤ [38,39]:

σ1 = σ3 =
1

2
√

(v1v3)2 − 1
εµνρσM

µνvρ1v
σ
3 . (1.8)

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ²Õ¡µ³ ¤·Ê£µ³ ¡ §¨¸¥, µÉ²¨Î´µ³ µÉ ¤¨ £µ´ ²Ó´µ£µ,
µ¶¥· Éµ·Ò σ1 ¨ σ3 ´¥ ¸µ¢¶ ¤ ÕÉ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ´¥ ±µ³³ÊÉ¨·ÊÕÉ ³¥¦¤Ê
¸µ¡µ°.

’·¥¡µ¢ ´¨¥ ¸µ¢¶ ¤¥´¨Ö ³ ²ÒÌ £·Ê¶¶ ‹µ·¥´Í  ¤²Ö Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨
p1 ¨ p3 ´ ±² ¤Ò¢ ¥É ¦¥¸É±¨¥ µ£· ´¨Î¥´¨Ö ´¥ Éµ²Ó±µ ´  ¢Ò¡µ· ¸¶¨´µ¢ÒÌ
¢¥±Éµ·µ¢ Î ¸É¨Í s1 ¨ s3, ´µ ¨ µ¸¥° ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c1 ¨ ~c3 (¸³. (1.1)).
Š ± ¶µ± § ´µ ¢ · ¡µÉ Ì [35,36], ~c1 ¨ ~c3 ¨³¥ÕÉ ¢¨¤:

~c1 =
~v31

| ~v31 |
, ~c3 = −

~v13

| ~v13 |
, (1.9)

£¤¥ ~v13 (~v31) Ä ¶·µ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ 4-¢¥±Éµ·  ·¥²ÖÉ¨¢¨¸É¸±µ° · §´µ¸É¨
¸±µ·µ¸É¥° ¶¥·¢µ° ¨ É·¥ÉÓ¥° (É·¥ÉÓ¥° ¨ ¶¥·¢µ°) Î ¸É¨Í: vij = vi 	 vj =
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(vij0, ~vij) , ±µÉµ· Ö µ¶·¥¤¥²Ö¥É¸Ö ± ± ¸±µ·µ¸ÉÓ i-° Î ¸É¨ÍÒ ¢ ¸¨¸É¥³¥ ¶µ±µÖ
j-° Î ¸É¨ÍÒ [36]:

vij = vi 	 vj = Λ−1
pj vi . (1.10)

‡¤¥¸Ó Λ−1
pj Ä ¶·¥µ¡· §µ¢ ´¨¥ ¡Ê¸É , Λ−1

pj vj = v0
j = (1, 0). �·¨ ÔÉµ³ v2

ij =

v2
ji = 1 , vij0 = vji0 = vivj , | ~vij |=| ~vji |=

√
(vivj)2 − 1 . ‚¥±Éµ·Ò ~v13 , ~v31

¨³¥ÕÉ ¢¨¤ [36]:

~v13 = ~v1 − ~v3

(
v10 −

~v1~v3

1 + v10

)
, ~v31 = ~v3 − ~v1

(
v30 −

~v1~v3

1 + v30

)
. (1.11)

„²Ö ¨²²Õ¸É· Í¨¨ ¸¢µ°¸É¢ „‘� · ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢
¸¨¸É¥³ Ì ¶µ±µÖ ´ Î ²Ó´µ° ¨ ±µ´¥Î´µ° Î ¸É¨Í. ‚ ¶¥·¢µ³ ¸²ÊÎ ¥ (p1 = (m1, 0))
µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ~c1 ¨ ~c3 ¶ · ²²¥²Ó´Ò ¨³¶Ê²Ó¸Ê ±µ´¥Î´µ° Î ¸É¨ÍÒ (ÔÉµ
¸²¥¤Ê¥É ¨§ (1.9), (1.11)):

~c1 = ~c3 = ~v3/ | ~v3 | . (1.12)

‚ ¸¨¸É¥³¥ ¶µ±µÖ ±µ´¥Î´µ° Î ¸É¨ÍÒ (p3 = (m3, 0)) µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨°
 ´É¨¶ · ²²¥²Ó´Ò ¨³¶Ê²Ó¸Ê ´ Î ²Ó´µ° Î ¸É¨ÍÒ:

~c1 = ~c3 = −~v1/ | ~v1 | . (1.13)

�Î¥¢¨¤´µ, ÎÉµ ¢ ÔÉ¨Ì ¸²ÊÎ ÖÌ ³ ² Ö £·Ê¶¶  ‹µ·¥´Í  Lp1p3 Ö¢²Ö¥É¸Ö ¶µ¤£·Ê¶-
¶µ° £·Ê¶¶Ò ¢· Ð¥´¨° ¢µ±·Ê£ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨ÍÒ,
±µÉµ·µ¥ Ö¢²Ö¥É¸Ö µ¸ÓÕ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ¤²Ö µ¡¥¨Ì Î ¸É¨Í, ÎÉµ ¶·¥¤¸É -
¢²Ö¥É ¸µ¡µ° Î ¸É´Ò° ¸²ÊÎ ° Ëµ·³Ê²Ò (5).

�·¨¢¥¤¥³ ¥Ð¥ µ¤´µ Ô±¢¨¢ ²¥´É´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶¥· Éµ·  ¶·µ¥±-
Í¨¨ ¸¶¨´  (1.6), ¢Ò· ¦¥´´µ¥ Î¥·¥§  ´É¨¸¨³³¥É·¨Î´ÊÕ ³ É·¨ÍÊ α(p) = [v·s]×,
(α(p) p = 0) ¨ Mµν :

σ =
1

2
([v · s]×)µν M

µν . (1.14)

‚ „‘�  ²ÓÉ¥·´ ´ÉÒ [v1 · s1] ¨ [v3 · s3] ¸µ¢¶ ¤ ÕÉ:

[v1 · s1] = [v3 · s3] =
[v1 · v3]√

(v1v3)2 − 1
,

ÎÉµ ¨ µ¡Ê¸² ¢²¨¢ ¥É ¸µ¢¶ ¤¥´¨¥ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢ σ1 ¨ σ3. ‡ ¶¨Ï¥³
³ É·¨ÍÊ α(p) = [v · s]× ¢ · §¢¥·´ÊÉµ³ ¢¨¤¥:

α(p) =
1

m

(
0 [~c~p]
−[~c~p] p0(1 − ~p · ~p/((p0 +m)p0)~c)×

)
. (1.15)
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�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ µ´  ¨³¥¥É µ¤¨´ ±µ¢Ò° ¢¨¤ ± ± ¢ ¸¨¸É¥³¥ ¶µ±µÖ
(~p = 0), É ± ¨ ¶·¨ ~c ‖ ~p:

α(p) =

(
0 0
0 ~c ×

)
, (1.16)

£¤¥ ~c Ä ¥¤¨´¨Î´Ò° ¶·µ¨§¢µ²Ó´Ò° ¢¥±Éµ· ¢ ¶¥·¢µ³ ¸²ÊÎ ¥, ²¨¡µ ~c = ~p/|~p|
¢µ ¢Éµ·µ³. ‘²¥¤µ¢ É¥²Ó´µ, · ¸¸³µÉ·¥´¨¥ ¸¶¨· ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¤¢¨¦ÊÐ¨Ì¸Ö
Î ¸É¨Í Ö¢²Ö¥É¸Ö  ´ ²µ£¨Î´Ò³ · ¸¸³µÉ·¥´¨Õ ¸¶¨´  ¶µ±µÖÐ¨Ì¸Ö Î ¸É¨Í, ÎÉµ ¨
µ¡ÑÖ¸´Ö¥É µ¤´Ê ¨§ ¶·¨Î¨´ ¶µ¶Ê²Ö·´µ¸É¨ ¸¶¨· ²Ó´µ£µ ¡ §¨¸ .

�¥·¥°¤¥³ ± · ¸¸³µÉ·¥´¨Õ Î ¸É¨Í ¸µ ¸¶¨´µ³ 1/2, ¸µ¸ÉµÖ´¨¥ ±µÉµ·ÒÌ µ¶¨-
¸Ò¢ ¥É¸Ö ¡¨¸¶¨´µ· ³¨ uδ(p, s), Ê¤µ¢²¥É¢µ·ÖÕÐ¨³¨ Ê· ¢´¥´¨Õ „¨· ± :

(p̂−m)uδ(p, s) = 0, uδ(p, s)(p̂−m) = 0 , (1.17)

£¤¥ u = u+γ0, ¶·¨ ÔÉµ³ uδ(p, s)uδ(p, s) = m. „²Ö ³ É·¨Í „¨· ±  ¸¶· ¢¥¤²¨¢Ò
¶¥·¥¸É ´µ¢µÎ´Ò¥ ¨ ·¥±Ê··¥´É´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

γµγν + γνγµ = 2gµν , (1.18)

γµγνγρ = gµνγρ + gνργµ − gµργν + iγ5 εµνρσγσ , (1.19)

γ5γµγν = gµνγ5 − i/2 εµνρσγργσ . (1.20)

�·¥¤¸É ¢¨³ ÔÉ¨ ¸µµÉ´µÏ¥´¨Ö ¢ Ëµ·³¥ ¡¥§ ¨´¤¥±¸µ¢ [13]:

âb̂+ b̂â = 2ab, âb̂ĉ = d̂− iγ5f̂ , (1.21)

γ5âb̂ = abγ5 − i [a · b]× , (1.22)

d = (ab + [a · b])c , f = [a · b]×c = [a, b, c], fµ = εµνρσa
νbρcσ, (1.23)

[a · b]× = 1/2 ([a · b]×)µν γ
µγν . (1.24)

�·¨¢¥¤¥³ É ±¦¥ ´¥±µÉµ·Ò¥ Ëµ·³Ê²Ò, ¶µ²¥§´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£µ [13]:

αâ− âα = 2 α̂a = 2 (γαa), α×â− â α× = 2 α̂×a = 2 (γα×a) , (1.25)

£¤¥ α = 1/2 αµνγ
µγν , α Ä ¶·µ¨§¢µ²Ó´ Ö  ´É¨¸¨³³¥É·¨Î´ Ö ³ É·¨Í . �¥·-

¢ÊÕ ¨§ ÔÉ¨Ì Ëµ·³Ê² ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, Ê³´µ¦ Ö (1.19) ´  1/2αµνaρ, § É¥³ ´ 
1/2aµανρ ¨ ¢ÒÎ¨É Ö ¶µ¸²¥ ÔÉµ£µ ·¥§Ê²ÓÉ ÉÒ. (‚Éµ· Ö ¢Ò¢µ¤¨É¸Ö  ´ ²µ£¨Î´µ.)

‚ ¡¨¸¶¨´µ·´µ³ ¶·µ¸É· ´¸É¢¥ £¥´¥· Éµ·Ò £·Ê¶¶Ò ‹µ·¥´Í  Mµν ¨³¥ÕÉ
¢¨¤ [43]:

Mµν = i/4 (γµγν − γνγµ). (1.26)
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’µ£¤  µ¶¥· Éµ· ¶·µ¥±Í¨¨ ¸¶¨´  (1.14) ¤²Ö Î ¸É¨ÍÒ ¸µ ¸¶¨´µ³ 1/2 ¸ ¶µ³µÐÓÕ
¸µµÉ´µÏ¥´¨° (1.26), (1.22) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ [32]:

σ =
i

2
[v · s]× =

1

2
γ5ŝv̂, σp̂ = p̂σ. (1.27)

’ ±¨³ µ¡· §µ³, ±µ¢ ·¨ ´É´Ò° µ¶¥· Éµ· ¶·µ¥±Í¨¨ ¸¶¨´  Ô²¥±É·µ´  (1.14),
´¥¶µ¸·¥¤¸É¢¥´´µ ¸¢Ö§ ´´Ò° ¸ ³ ²µ° £·Ê¶¶µ° ‹µ·¥´Í  [13], ²¨ÏÓ ³´µ¦¨É¥²¥³
v̂ µÉ²¨Î ¥É¸Ö µÉ Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³µ£µ µ¶¥· Éµ·  σ

′
[9Å12]:

σ
′

=
1

2
γ5ŝ , [σ

′

p̂]− = 0 , s2 = −1 , sp = 0 . (1.28)

�·¨ ÔÉµ³ Ê¸²µ¢¨¥ ±µ³³ÊÉ Í¨¨ µ¶¥· Éµ·µ¢ σ ¨ p̂ ¢Ò¶µ²´Ö¥É¸Ö  ¢Éµ³ É¨-
Î¥¸±¨, ¢ Î¥³ ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¸ ¶µ³µÐÓÕ (1.25) ¨ · ¢¥´¸É¢  [v · s]×p = 0.
’ ±¨³ µ¡· §µ³, ¢ ¸²ÊÎ ¥ ± ± ¶µ±µÖÐ¥°¸Ö, É ± ¨ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨ÍÒ ¶·µ-
¥±Í¨Ö ¸¶¨´  ´  ¶·µ¨§¢µ²Ó´ÊÕ µ¸Ó ³µ¦¥É ¨³¥ÉÓ µ¶·¥¤¥²¥´´µ¥ §´ Î¥´¨¥ [13].
�É³¥É¨³, ÎÉµ ¤¥°¸É¢¨¥ µ¶¥· Éµ·µ¢ σ ¨ σ

′
(1.27) ¨ (1.28) ´  ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö

Î ¸É¨ÍÒ ¸µ¢¶ ¤ ¥É ¢ ¸¨²Ê ¸¶· ¢¥¤²¨¢µ¸É¨ Ê· ¢´¥´¨Ö „¨· ± .
� ¸¸³µÉ·¨³ ¡¨´ ·´ÊÕ ·¥ ±Í¨Õ p1 + p2 → p3 + p4, ¢ ±µÉµ·µ° µ¤´µÉ¨¶-

´Ò³¨ Ö¢²ÖÕÉ¸Ö Î ¸É¨ÍÒ 1 ¨ 3,   É ±¦¥ 2 ¨ 4 (´ ¶·¨³¥·, Ô²¥±É·µ´-´Ê±²µ´´µ¥
· ¸¸¥Ö´¨¥ ep → ep ¨ É.¤.). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·  ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸  É ±µ¢ , ÎÉµ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò³ µ± §Ò¢ ¥É¸Ö „‘�,
¢ ±µÉµ·µ³ Ê Î ¸É¨Í 1 ¨ 3,   É ±¦¥ Ê 2 ¨ 4 µ¡Ð¨¥ µ¶¥· Éµ·Ò ¸¶¨´µ¢ÒÌ
¶·µ¥±Í¨°. „²Ö Éµ£µ, ÎÉµ¡Ò ¶µ¸É·µ¨ÉÓ ¶µ¢ÒÏ ÕÐ¨¥ ¨ ¶µ´¨¦ ÕÐ¨¥ ¸¶¨´µ-
¢Ò¥ µ¶¥· Éµ·Ò Î ¸É¨Í, ¢¢¥¤¥³ µ·Éµ´µ·³¨·µ¢ ´´Ò° ¡ §¨¸ ¢¥±Éµ·µ¢ (��‚)
nA , nAnB = gAB (A,B = 0, 1, 2, 3) [36]:

n1 = [n0 · n3]×n2 , n2 = [p1 · p3]×r/ρ ,

n3 =
(p3 − p1)√
−(p3 − p1)2

, n0 =
(p3 + p1)√
(p3 + p1)2

, (1.29)

£¤¥ r Å 4-¨³¶Ê²Ó¸ Î ¸É¨ÍÒ, ÊÎ ¸É¢ÊÕÐ¥° ¢ ·¥ ±Í¨¨, µÉ²¨Î´Ò° µÉ p1 ¨
p3, ρ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨ n2

1 = n2
2 = n2

3 = −n2
0 = −1.

’ ±¨³ µ¡· §µ³, µ·ÉÒ n0 ¨ n3 ¶·¨´ ¤²¥¦ É £¨¶¥·¶²µ¸±µ¸É¨, µ¡· §µ¢ ´´µ°
4-¨³¶Ê²Ó¸ ³¨ p1 ¨ p3,   n1 ¨ n2 Ä µ·Éµ£µ´ ²Ó´Ò ± ´¥°. „²Ö Î¥ÉÒ·¥Ì ¢¥±Éµ·µ¢
nA ¸¶· ¢¥¤²¨¢Ò ¸µµÉ´µÏ¥´¨Ö [36]:

[nA · nB]× = 1/2 εAB
CD[nC · nD] , [nA, nB, nC ] = −εABC

DnD . (1.30)

„²Ö ´¨Ì É ±¦¥ ¢Ò¶µ²´Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

n0 · n0 − n1 · n1 − n2 · n2 − n3 · n3 = g , (1.31)



1144 ƒ�‹›�‘Šˆ‰ Œ.‚., ‘ˆŠ�— ‘.Œ.

¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ¶·µ¨§¢µ²Ó´Ò° 4-¢¥±Éµ· p ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

p = pn0 · n0 − pn1 · n1 − pn2 · n2 − pn3 · n3 .

‚ „‘� ´¥ Éµ²Ó±µ µ¶¥· Éµ·Ò ¶·µ¥±Í¨¨ ¸¶¨´  σ1 ¨ σ3 (1.27), ´µ ¨ ¶µ¢ÒÏ ÕÐ¨¥
¨ ¶µ´¨¦ ÕÐ¨¥ µ¶¥· Éµ·Ò σ±δ1 ¨ σ±δ3 ¤²Ö ¶¥·¢µ° ¨ É·¥ÉÓ¥° Î ¸É¨Í ¸µ¢¶ ¤ ÕÉ.
‚ ��‚ (1.29) µ´¨ ¨³¥ÕÉ ¢¨¤ [39,40]:

σ = σ1 = σ3 = 1/2γ5ŝ1v̂1 = 1/2γ5ŝ3v̂3 = 1/2γ5n̂0n̂3 = i/2n̂1n̂2 , (1.32)

σ±δ = σ±δ1 = σ±δ3 = −1/2γ5n̂±δ , n±δ = n1 ± iδn2 , δ = ±1 , (1.33)

σuδ(pi) = δ/2uδ(pi) , σ
±δu∓δ(pi) = u±δ(pi) , σ

±δu±δ(pi) = 0 , (1.34)

[σσ±δ ]− = ±δσ±δ, [p̂1σ
±δ]− = [p̂3σ

±δ]− = 0 , (1.35)

£¤¥ uδ(pi) = uδ(pi, si) Ä ¡¨¸¶¨´µ·Ò 1-° ¨ 3-° Î ¸É¨Í.
� ¸¸³µÉ·¨³ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò τδ = uδ(pi) u

δ(pi) ¤²Ö Î ¸É¨Í ¸µ
¸¶¨´µ³ 1/2 [13,20]:

τδ = 1/4(p̂+m)(1− δγ5ŝ) . (1.36)

‚ „‘� µ¶¥· Éµ·Ò τδi (1.36) ¨³¥ÕÉ ¢¨¤ [39,40]:

τδ1 = 1/4 (m+ (ξ+n̂0 − ξ−n̂3) + δγ5 (ξ−n̂0 − ξ+n̂3 −m n̂3n̂0)) , (1.37)

τδ3 = 1/4 (m+ (ξ+n̂0 + ξ−n̂3)− δγ5 (ξ−n̂0 + ξ+n̂3 +m n̂3n̂0)) , (1.38)

£¤¥ ξ± =
√

(p1p3 ±m2)/2. ‘¶¨´µ¢ Ö Î ¸ÉÓ ¶·µ¥±É¨¢´ÒÌ µ¶¥· Éµ·µ¢ ¤²Ö 1-°
¨ 3-° Î ¸É¨Í ¢ „‘� ¢ ¸¨²Ê (1.32) ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´  µ¤¨´ ±µ¢µ°, ¢ ·¥§Ê²ÓÉ É¥
¡Ê¤¥³ ¨³¥ÉÓ [46,47]:

τδi = −1/8 (p̂i +m) n̂δ n̂
∗
δ , (1.39)

£¤¥ n∗δ = n1 − iδn2 = n−δ, nδn
∗
δ = −2.

�¨¸¶¨´µ·Ò ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° Î ¸É¨Í uδ(p1) ¨ uδ(p3)
³µ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³ ¶·¨ ¶µ³µÐ¨ µ¶¥· Éµ·µ¢ ¶¥·¥Ìµ¤  T31 ¨
T13 = T−1

31 [13,19]:

uδ(p3) = T31 u
δ(p1) , uδ(p3) = uδ(p1) T13 , (1.40)

±µÉµ·Ò¥ ¢ „‘� ¨³¥ÕÉ ¢¨¤ [39,40]:

T31 =
1 + v̂3v̂1√
2(v1v3 + 1)

, T13 =
1 + v̂1v̂3√
2(v1v3 + 1)

. (1.41)

�¥·¥¶¨¸Ò¢ Ö ¢Ò· ¦¥´¨Ö (1.41) ¢ ��‚ (1.29) ¨ ¢Ò¤¥²ÖÖ ¢ ´¨Ì µ¶¥· Éµ· ¶·µ-
¥±Í¨¨ ¸¶¨´  σ (1.32), ¶µ²ÊÎ¨³ [40]:

T31 = ξ
′

+ − 2ξ
′

−γ
5σ , T13 = ξ

′

+ + 2ξ
′

−γ
5σ , (1.42)
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µÉ±Ê¤  ¸²¥¤Ê¥É ¸¢Ö§Ó ³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ uδ(p3) ¨ uδ(p1) [41]:

uδ(p3) = (ξ
′

+ − δγ
5ξ
′

−) uδ(p1) , uδ(p1) = (ξ
′

+ + δγ5ξ
′

−) uδ(p3) , (1.43)

£¤¥ ξ
′

± = ξ±/m. �É³¥É¨³ É ±¦¥, ÎÉµ µ¶¥· Éµ·Ò ¶¥·¥Ìµ¤  T31 ¨ T13 (1.41)
¶·¨ ¶µ³µÐ¨ Ê· ¢´¥´¨Ö „¨· ±  ³µ£ÊÉ ¡ÒÉÓ ¶·¨¢¥¤¥´Ò ± µ¤´µ³Ê ¨ Éµ³Ê ¦¥
¢¨¤Ê [40]:

T31 = T13 = n̂0 . (1.44)

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò τδ1 ¨ τδ3 (1.38), (1.39) ¶·¨-
´¨³ ÕÉ ¢¨¤ [40-42]:

τδ1 = p̂1 (1− δγ5)/4 , τδ3 = p̂3 (1 + δγ5)/4 . (1.45)

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ µ¶¥· Éµ·Ò τδ1 ¨ τδ3 (1.45) Ê¤µ¢²¥É¢µ·ÖÕÉ ¸µµÉ´µÏ¥-
´¨Ö³:

γ5τδ1 = δ τδ1 , γ
5τδ3 = −δ τδ3 , (1.46)

τδ1 γ
5 = −δ τδ1 , τ

δ
3 γ

5 = δ τδ3 , (1.47)

±µÉµ·Ò¥ µ§´ Î ÕÉ, ÎÉµ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
¸¶¨· ²Ó´Ò³,   ±µ´¥Î´µ¥ ¨³¥¥É µÉ·¨Í É¥²Ó´ÊÕ ¸¶¨· ²Ó´µ¸ÉÓ.

’ ±¨³ µ¡· §µ³, „‘� µ¡² ¤ ¥É ·Ö¤µ³ § ³¥Î É¥²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥°, ±µÉµ-
·Ò¥ ¶µ§¢µ²ÖÕÉ §´ Î¨É¥²Ó´µ Ê¶·µ¸É¨ÉÓ ±µ¢ ·¨ ´É´µ¥ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„, ± · ¸¸³µÉ·¥´¨Õ ±µÉµ·ÒÌ ³Ò ¶¥·¥Ìµ¤¨³ ¢ ¸²¥¤Ê-
ÕÐ¥³ · §¤¥²¥.

2. ‚›—ˆ‘‹…�ˆ… Œ�’�ˆ—�›• �‹…Œ…�’�‚ ‚ „‘�

ˆ§ÊÎ¥´¨¥ ³´µ£µÎ ¸É¨Î´ÒÌ ·¥ ±Í¨° ¨ ¨¸¸²¥¤µ¢ ´¨¥ ¶µ²Ö·¨§ Í¨µ´´ÒÌ Ö¢²¥-
´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ÔÉµ³, É·¥¡ÊÕÉ ÔËË¥±É¨¢´ÒÌ ³¥Éµ¤µ¢ · ¸Î¥É . �¤¨´
¨§ É ±¨Ì ³¥Éµ¤µ¢ ·¥ ²¨§Ê¥É¸Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ „‘� (4). ‚ ´¥³ ¸µ¢¶ ¤ ÕÉ
¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò Î ¸É¨Í. �Éµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ° Ëµ·³¥ · §¤¥²¨ÉÓ
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨§³¥´¥´¨¥³ ¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. ‚ „‘� ¶·µ¨¸Ìµ¤¨É ¢Ò¤¥²¥´¨¥ ¨§  ³¶²¨ÉÊ¤ ¢¨£´¥·µ¢-
¸±¨Ì ¢· Ð¥´¨° [36,38], ¨³¥ÕÐ¨Ì Î¨¸Éµ ±¨´¥³ É¨Î¥¸±¨° Ì · ±É¥·. ‚¸¥ ÔÉµ
¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶·¥-
¤¥²Ó´µ Ê¶·µÐ ¥É¸Ö,   ¶µ²ÊÎ ¥³Ò¥ ¶·¨ ÔÉµ³ ¢Ò· ¦¥´¨Ö ´ ¨¡µ²¥¥  ¤¥±¢ É´µ
µÉ· ¦ ÕÉ Ë¨§¨Î¥¸±ÊÕ ¸ÊÐ´µ¸ÉÓ ¸¶¨´µ¢ÒÌ Ö¢²¥´¨°.

�¥·¥°¤¥³ ± ¢ÒÎ¨¸²¥´¨Õ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸µ¢ Š�„. �´¨
¨³¥ÕÉ ¢¨¤:

M±δ,δ = u±δ(p3)Quδ(p1) , (2.1)
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£¤¥ Q Ä µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö,   uδ(p1) ¨ u±δ(p3) Ä ¡¨¸¶¨´µ·Ò ´ Î ²Ó´µ£µ
¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨°, uδ(pi) uδ(pi) = m , p2

i = m2 , (i = 1, 3).
‚ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ �µ£ÊÏ  Å ”¥¤µ·µ¢  [13,19] ¢ÒÎ¨¸²¥´¨¥ ³ -

É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¨³¥ÕÐ¨Ì ¢¨¤ (2.1), ¸¢µ¤¨É¸Ö ± µ¶¥· Í¨¨ ´ Ìµ¦¤¥´¨Ö
Ï¶Ê· :

M±δ,δ = Tr (P±δ,δ31 Q) , P±δ,δ31 = uδ(p1) u ±δ(p3) , (2.2)

P δ,δ31 = uδ(p1) uδ(p3) = uδ(p1) uδ(p1)T13 = τδ1T13 , (2.3)

P−δ,δ31 = uδ(p1) u −δ(p3) = σ+δu−δ(p1) u −δ(p3) = σ+δP−δ,−δ31 . (2.4)

�¶¥· Éµ·Ò P±δ,δ31 µ¶·¥¤¥²ÖÕÉ ¸É·Ê±ÉÊ·Ê ¸¶¨´µ¢µ° § ¢¨¸¨³µ¸É¨ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ (2.1) ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ¡¥§ ¶¥·¥¢µ·µÉ  M δ,δ ¨ ¸ ¶¥·¥¢µ·µÉµ³
¸¶¨´  M−δ,δ. ˆÌ Ö¢´Ò° ¢¨¤ ¢ „‘� ³µ¦¥É ¡ÒÉÓ ²¥£±µ ¶µ²ÊÎ¥´ ¸ ¶µ³µÐÓÕ
(1.37) Ä (1.41), (1.33), (1.44) [39,40]:

4P δ,δ31 = ( ξ+ +m n̂0 − ξ− n̂3n̂0 + δγ5 ( ξ− −m n̂3 − ξ+ n̂3n̂0)) , (2.5)

4P−δ,δ31 = −δ ( ξ− +m n̂3 + ξ+ δ γ5 ) n̂δ . (2.6)

‘ ¶µ³µÐÓÕ ¢Ò· ¦¥´¨° (2.5), (2.6) ³µ£ÊÉ ¡ÒÉÓ ¶·µ¢¥¤¥´Ò · ¸Î¥ÉÒ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢, ± ± ¡¥§ ¶¥·¥¢µ·µÉ , É ± ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¢ ¸²ÊÎ ¥ ¶·µ¨§-
¢µ²Ó´ÒÌ Q. ‚ Î ¸É´µ¸É¨, ¥¸²¨ µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö ¸¢µ¤¨É¸Ö ± ¢¨¤Ê

Q = â+ γ5 b̂ , (2.7)

£¤¥ a ¨ b Ä ´¥±µÉµ·Ò¥ 4-¢¥±Éµ·Ò, Éµ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (2.1) ¡Ê¤¥³
¨³¥ÉÓ [39,40]:

M δ,δ = m (an0 + δ bn3 ) , (2.8)

M−δ,δ = −δξ− anδ + ξ+ bnδ . (2.9)

‚Ò· ¦¥´¨Ö³ (2.5), (2.6) ³µ¦´µ É ±¦¥ ¶·¨¤ ÉÓ ¡µ²¥¥ ±µ³¶ ±É´Ò° ¢¨¤, ¢µ¸-
¶µ²Ó§µ¢ ¢Ï¨¸Ó µ¶¥· Éµ· ³¨ (1.39), (1.44),   É ±¦¥ ¸²¥¤ÊÕÐ¨³¨ ¸µµÉ´µÏ¥´¨-
Ö³¨ [39,40]:

n̂3n̂0n̂δ = −δγ5n̂δ , γ
5n̂δn̂0 = δn̂3n̂δ , γ

5n̂δn̂3 = δn̂0n̂δ . (2.10)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 ¡Ê¤¥³ ¨³¥ÉÓ [46,47]:

4P δ,δ31 = (p̂1 + m) n̂δ n̂0 n̂
∗
δ/2 , (2.11)

4P−δ,δ31 = δ (p̂1 +m) n̂δ n̂3 . (2.12)

�·¨¢¥¤¥³ ¥Ð¥ µ¤´µ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 (2.3), (2.4) ¢
„‘� [42]:
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4P δ,δ31 = (p̂1 +m)

(
1√

2(p1p3 +m2)
−

δγ5√
2(p1p3 −m2)

)
(p̂3 +m) , (2.5a)

4P−δ,δ31 = −
δ(p̂1 +m)

rn1

{
1√

2(p1p3 −m2)

(
r̂ −m

(p1 + p3)r

p1p3 +m2

)
−

−
δγ5√

2(p1p3 +m2)

(
r̂ +m

(p3 − p1)r

p1p3 −m2

) }
(p̂3 +m) , (2.6a)

£¤¥ rn1 ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨Ö ¶µ²´µÉÒ (1.31):

(rn1)2 = (rn0)2 − (rn3)2 − r2 , rn2 = 0 .

’ ±¨³ µ¡· §µ³, ¶·¥¤¸É ¢²¥´¨¥ (2.5 ), (2.6 ) ¶·¨¢²¥± É¥²Ó´µ É¥³, ÎÉµ Ë ±É¨-
Î¥¸±¨ ¸µ¤¥·¦¨É ¤¨· ±µ¢¸±¨¥ µ¶¥· Éµ·Ò ²¨ÏÓ µÉ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í p1, p3, r,
¢ µÉ²¨Î¨¥ µÉ (2.5), (2.6), (2.11), (2.12), ¶µ¸É·µ¥´´ÒÌ ¸ ¶µ³µÐÓÕ n̂δ, n̂

∗
δ . Š·µ³¥

Éµ£µ, ¸É·Ê±ÉÊ·  µ¶¥· Éµ·µ¢ P±δ,δ31 (2.5 ), (2.6 ) É ±µ¢ , ÎÉµ ¤²Ö ´¨Ì  ¢Éµ³ É¨-

Î¥¸±¨ ¢Ò¶µ²´ÖÕÉ¸Ö Ê· ¢´¥´¨Ö „¨· ± : (p̂1 −m)P±δ,δ31 = P±δ,δ31 (p̂3 −m) = 0.
�É  ¨¤¥Ö ¡Ò²  ¶µ²µ¦¥´  ¢ µ¸´µ¢Ê ¢Ò¢µ¤  Ëµ·³Ê² (2.5 ), (2.6 ) ¶·¨ ¶µ³µÐ¨
(2.5), (2.6).

‘¤¥² ¥³ ´¥±µÉµ·Ò¥ ¶µÖ¸´¥´¨Ö ¶µ ¶µ¢µ¤Ê ¢Ò¡µ·  4-¢¥±Éµ·  r, Î¥·¥§ ±µ-
Éµ·Ò° µ¶·¥¤¥²ÖÕÉ¸Ö µ·ÉÒ n1, n2 (1.29), ¢Ìµ¤ÖÐ¨¥ ¢ (2.5), (2.6). �·¥¦¤¥
¢¸¥£µ µÉ³¥É¨³, ÎÉµ µ´ ¢Ò¡¨· ¥É¸Ö ¨§ 4-¨³¶Ê²Ó¸µ¢ Î ¸É¨Í · ¸¸³ É·¨¢ ¥³µ°
·¥ ±Í¨¨, ¢ µÉ²¨Î¨¥ µÉ ¶µ¤Ìµ¤  CALCUL ¨ ¤·., ¶·¨Î¥³ ÔÉµÉ ¢Ò¡µ· ¤¥² ¥É¸Ö
¨§ ¸µµ¡· ¦¥´¨° Ê¤µ¡¸É¢ . �·µ¨²²Õ¸É·¨·Ê¥³ ¸± § ´´µ¥ ´  ¶·¨³¥·¥ ·¥ ±Í¨¨
e−(p1) + µ−(p2) → e−(p3) + µ−(p4) + γ(k), ±µÉµ·µ° µÉ¢¥Î ÕÉ Ë¥°´³ ´µ¢-
¸±¨¥ ¤¨ £· ³³Ò, ¸µ¤¥·¦ Ð¨¥ ¤¢¥ Ë¥·³¨µ´´Ò¥ ²¨´¨¨. „²Ö ± ¦¤µ° ¨§ ÔÉ¨Ì

²¨´¨° ´¥µ¡Ìµ¤¨³µ ¶µ¸É·µ¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ µ¶¥· Éµ·Ò P±δ,δ31 ¨ P±δ
′,δ′

42

(2.5a), (2.6a), ¢Ò· ¦¥´´Ò¥ Î¥·¥§ p1, p3, r1 ¨ p2, p4, r2. „²Ö · ¸¸³ É·¨¢ ¥³µ£µ
¶·µÍ¥¸¸  µÎ¥´Ó Ê¤µ¡´µ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·: r1 = r2 = k, É ± ± ±
¶·¨ ÔÉµ³ kn2 = kn

′

2 = 0, (kn1)2 = (kn0)2 − (kn3)2. ‚ ± Î¥¸É¢¥ ¢¥±Éµ-
·µ¢ r1 ¨ r2 ³µ¦´µ É ±¦¥ ¢Ò¡· ÉÓ 4-¨³¶Ê²Ó¸Ò, ¶·¨´a¤²¥¦ Ð¨¥ ¤·Ê£µ° Ë¥·-
³¨µ´´µ° ²¨´¨¨: r1 = p2, r2 = p1 (¶·¨ ÔÉµ³ ³Ò · ¸¸³ É·¨¢ ¥³ ¶¥·¥Ìµ¤Ò
p1 → p3, p2 → p4). �É³¥É¨³, ÎÉµ ¶·µ¨§¢µ² ¢ ¢Ò¡µ·¥ 4-¢¥±Éµ·  r ¢ (1.29), É.¥.
§ ³¥´  r ´  r′ ¶·¨¢µ¤¨É ± ¸µµÉ´µÏ¥´¨Õ [42]:

n′1 + iδn′2 = eiδφ (n1 + iδn2) , eiδφ =
r( n1 · n1 + iδ [n0 · n3]×)r′

(rn1)(r′n′1)

¨ ¸± §Ò¢ ¥É¸Ö ²¨ÏÓ ´  Ë §µ¢µ³ ³´µ¦¨É¥²¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ M−δ,δ.
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�·µÍ¥¸¸ ³ ¸ ÊÎ ¸É¨¥³ Éµ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í (´ ¶·¨³¥· ee → ee, ee →
eeγ ¨ É.¤.) ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·Ö³Ò¥ ¨ µ¡³¥´´Ò¥ ¤¨ £· ³³Ò [10]. ˆ³ µÉ¢¥Î ÕÉ
³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M1 ¨ M2, ¨³¥ÕÐ¨¥ ¢¨¤

M1 = u±δ(p3)Q1u
δ(p1) · u±δ

′

(p4)Q2u
δ
′

(p2) ,

M2 = u±δ(p3)Q3u
δ′(p2) · u±δ

′

(p4)Q4u
δ(p1) ,

±µÉµ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

M1 = Tr (P±δ,δ31 Q1) Tr (P±δ
′,δ′

42 Q2) , M2 = Tr (P±δ,δ31 Q3 P
±δ′,δ′

42 Q4) .

’ ±¨³ µ¡· §µ³, ¢ÒÎ¨¸²¥´¨¥ ¶·Ö³ÒÌ ¤¨ £· ³³ ¸¢µ¤¨É¸Ö ± ¶·µ¨§¢¥¤¥´¨Õ Ï¶Ê-
·µ¢,   µ¡³¥´´ÒÌ Å ± Ê¤²¨´¥´¨Õ Ï¶Ê·  ¨§-§  ¶·µ¨§¢¥¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
µ¶¥· Éµ·µ¢ [13].

�·¨¢¥¤¥³ ·Ö¤ ¶µ²¥§´ÒÌ ¸µµÉ´µÏ¥´¨°, ¸¶· ¢¥¤²¨¢ÒÌ ¢ „‘� [40]:

â uδ(p1) = (an0 + an3δγ
5) uδ(p3) + anδγ

5u−δ(p1) ,

â uδ(p3) = (an0 + an3δγ
5) uδ(p1) + anδγ

5u−δ(p3) ,

uδ(p1) â = uδ(p3)(an0 − an3δγ
5)− an∗δ u

−δ(p1) γ5 , (2.13)

uδ(p3) â = uδ(p1)(an0 − an3δγ
5)− an∗δ u

−δ(p3) γ5 ,

£¤¥ a Ä ¶·µ¨§¢µ²Ó´Ò° 4-¢¥±Éµ· (n∗δ = n−δ).
‚ „‘� (4) ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò Î ¸É¨Í ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨Ì 4-¨³¶Ê²Ó-

¸Ò, ÎÉµ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¸± ²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨°,
¢Ìµ¤ÖÐ¨Ì ¢ ±µ´¥Î´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö
Ï¶Ê·µ¢ (2.2). �µ ÔÉµ° ¦¥ ¶·¨Î¨´¥ ¢¥±Éµ· ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´ 
eλ ¸ 4-¨³¶Ê²Ó¸µ³ k, ¨¸¶ÊÐ¥´´µ£µ Î ¸É¨Í¥° ¶·¨ ¶¥·¥Ìµ¤¥ p1 → p3, Ê¤µ¡´µ
µ¶·¥¤¥²¨ÉÓ ¸ ¶µ³µÐÓÕ 4-¢¥±Éµ·µ¢ p1, p3, k [21,40]:

eλ =
[n0 · n3]k + iλ [n0 · n3]×k

√
2ρ

, [n0 · n3] =
[p1 · p3]

2ξ+ξ−
, (2.14)

£¤¥ ρ =
√
−([p1 · p3]k)2/2ξ+ξ− . ’µ£¤  ¤²Ö ³ É·¨ÍÒ ¤¨ ¤Ò eλ · e∗λ ´¥É·Ê¤´µ

¶µ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

eλ · e
∗
λ =

1

2

(
−g +

k · n1 + n1 · k

kn1
+
k · k

kn2
1

+ iλ
[k · n1]×

kn1

)
. (2.15)

�¶¥· Éµ·Ò ê±λ (ê∗λ = ê−λ) ¸ ¶µ³µÐÓÕ (1.25), (1.22) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ [40]:

ê±λ = N13(k̂p̂3p̂1(1∓ λγ5)− p̂3p̂1k̂(1± λγ5)∓ 2p1p3λγ
5k̂) , (2.16)
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N−1
13 = 21/2(8p1p3 · p1k · p3k −m

2((2p1k)2 + (2p3k)2))1/2 .

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ( p2
1 = p2

3 = 0) µ¶¥· Éµ·Ò P±δ,δ31 (2.5), (2.6) ¶·¨´¨³ ÕÉ
¢¨¤ [40]:

4P δ,δ31 = ξ(1 + δγ5)(1 + n̂0n̂3) , 4P−δ,δ31 = −δξ(1 + δγ5)n̂δ , (2.17)

£¤¥ ξ = ξ+ = ξ− =
√
p1p3/2. �´ ²µ£¨Î´µ, ¨§ (2.5 ), (2.6 ) ¨³¥¥³

4P δ,δ31 =
(1 + δγ5) p̂1 p̂3√

2p1p3
, 4P−δ,δ31 = −δ

(1 − δγ5) p̂1 r̂ p̂3

rn1
√

2p1p3
. (2.17a)

‘ ¶µ³µÐÓÕ (1.25) ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¶·¥¤¸É ¢²¥´¨Ö (2.17) ¨ (2.17 )
Ô±¢¨¢ ²¥´É´Ò. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¶·¨ · ¸Î¥É¥ ¶·µÍ¥¸¸µ¢ ¸ ¨§²Ê-
Î¥´¨¥³ ²¨¡µ ¶µ£²µÐ¥´¨¥³ ·¥ ²Ó´µ£µ ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ k ¢ ± Î¥¸É¢¥
4-¢¥±Éµ·  r, ¢Ìµ¤ÖÐ¥£µ ¢ (2.17 ), Ê¤µ¡¥´ ¸²¥¤ÊÕÐ¨° ¢Ò¡µ·: r = k. �·¨
ÔÉµ³ §´ ³¥´ É¥²Ó µ¶¥· Éµ·  P−δ,δ31 ¢ (2.17 ) ¶·¨´¨³ ¥É ¢¨¤: rn1

√
2p1p3 =

=
√

2p1k · 2p3k, ¨ ³Ò ¶µ²ÊÎ ¥³ ·¥§Ê²ÓÉ É,  ´ ²µ£¨Î´Ò° [23], ¸ Éµ° ²¨ÏÓ
Éµ²Ó±µ · §´¨Í¥°, ÎÉµ ¢ ´ Ï¨Ì ¢Ò· ¦¥´¨ÖÌ Ë¨£Ê·¨·Ê¥É 4-¨³¶Ê²Ó¸ ·¥ ²Ó´µ£µ
ËµÉµ´ ,   ´¥ ¢¸¶µ³µ£ É¥²Ó´µ£µ ¸¢¥Éµ¢µ£µ 4-¢¥±Éµ·  k. �É³¥Î¥´´Ò¥ §¤¥¸Ó ³µ-
³¥´ÉÒ Ö¢²ÖÕÉ¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´Ò³¨ ¤²Ö ¨§² £ ¥³µ£µ ¶µ¤Ìµ¤ , ¢ ±µÉµ·µ³
¨¸¶µ²Ó§ÊÕÉ¸Ö Éµ²Ó±µ 4-¨³¶Ê²Ó¸Ò Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨.

‘ ¶µ³µÐÓÕ ¸µµÉ´µÏ¥´¨° (1.46), (1.47) ¢Ò· ¦¥´¨Ö (2.13) ³µ¦´µ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¢¨¤¥ [40]:

â uδ(p1) = (an0 − an3) uδ(p3)− δanδu
−δ(p1) ,

â uδ(p3) = (an0 + an3) uδ(p1) + δanδu
−δ(p3) ,

uδ(p1) â = (an0 − an3) uδ(p3)− δan∗δ u
−δ(p1) , (2.18)

uδ(p3) â = (an0 + an3) uδ(p1) + δan∗δ u
−δ(p3) .

‚ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥ ¸¢Ö§Ó ³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ-
¸ÉµÖ´¨° ¨³¥¥É µ¸µ¡¥´´µ ¶·µ¸Éµ° ¢¨¤ (¸³. (1.44)):

uδ(p3) =
p̂3√

2p1p3
uδ(p1) , uδ(p1) =

p̂1√
2p1p3

uδ(p3) . (2.19)

‚ ÔÉµ³ ¦¥ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ Î²¥´Ò, ¸µ¤¥·¦ Ð¨¥ γ5k̂ ¢ ¢Ò· ¦¥´¨¨ (2.16),
¢ ¸¨²Ê ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ µÉ¡·µÏ¥´Ò; ¢ ·¥§Ê²ÓÉ É¥
¤²Ö µ¶¥· Éµ·µ¢ ê±λ ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨Ö, ¨¸¶µ²Ó§Ê¥³Ò¥ £·Ê¶¶µ° CALCUL
[21,48]:

ê±λ = N13(k̂p̂3p̂1(1∓ λγ5)− p̂3p̂1k̂(1± λγ5)) , (2.20)

N−1
13 = 4 (p1p3 · p1k · p3k)1/2 .
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‘ ¶µ³µÐÓÕ (2.18)Å(2.20) ´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ ¸¶· ¢¥¤²¨¢µ¸É¨ ¸µµÉ´µÏ¥´¨°
[21,40,48]:

êλ u
δ(p1) = −(1 + δλ) 2p1k N13p̂3 u

δ(p1) ,

uδ(p3) ê∗λ = (1− δλ) 2p3k N13u
δ(p3) p̂1 . (2.21)

…¸²¨ ¨§²ÊÎ¥´¨¥ ËµÉµ´µ¢ ¶·µ¨¸Ìµ¤¨É ¶·¨ ¶¥·¥Ìµ¤ Ì pA → pB , Éµ, ¶·µ¨§-
¢µ¤Ö ¢ (2.20) § ³¥´Ò (p1, p3)→ (pA, pB), ¶µ²ÊÎ¨³ µ¶¥· Éµ·Ò êλAB , ¤¥°¸É¢¨¥
±µÉµ·ÒÌ ´  ¡¨¸¶¨´µ·Ò ²¨ÏÓ Ë §µ¢Ò³ ³´µ¦¨É¥²¥³ µÉ²¨Î ¥É¸Ö µÉ ¤¥°¸É¢¨Ö
êλ = êλ13 [21,40]:

êλ13 = êλAB exp (iφAB) , exp (iφAB) = iλ21/2eλ13n2(AB) , (2.22)

£¤¥ n2(AB)Ä ¥¤¨´¨Î´Ò¥ ¢¥±Éµ·Ò

n2(AB) = [pA · pB]×k/ρ(AB) , ρ(AB) = (2pApB · pAk · pBk)1/2 .

„µ ¸¨Ì ¶µ· ´ Ï¥ · ¸¸³µÉ·¥´¨¥ µÉ´µ¸¨²µ¸Ó ± ¸²ÊÎ Õ, ±µ£¤  ¢ ´ Î ²Ó´µ³ ¨
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¡Ò²¨ Éµ²Ó±µ Ô²¥±É·µ´Ò. …¸²¨ µ¤´µ ¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
Ô²¥±É·µ´´Ò³,   ¢Éµ·µ¥ ¶µ§¨É·µ´´Ò³, Éµ  ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤
[9]:

M±δ,δ31 =
{
u±δ(−p3)Quδ(p1)
u±δ(p3)Quδ(−p1) ,

(2.23)

£¤¥ uδ(−p1) ¨ u±δ(−p3) Ä ¡¨¸¶¨´µ·Ò ¶µ§¨É·µ´  ¢ ±µ´¥Î´µ³ ¨ ´ Î ²Ó´µ³
¸µ¸ÉµÖ´¨ÖÌ, uδ(−pi)uδ(−pi) = −m (i = 1, 3). �·¨ ÔÉµ³ ¢¥·Ì´ÖÖ  ³¶²¨ÉÊ¤ 
¢ (2.23) ¸µµÉ¢¥É¸É¢Ê¥É ¶·µÍ¥¸¸Ê  ´´¨£¨²ÖÍ¨¨,   ´¨¦´ÖÖ Ä µ¡· §µ¢ ´¨Õ ¶ ·Ò.
„²Ö ¶µ¸É·µ¥´¨Ö µ¶¥· Éµ·µ¢

P±δ,δ31 = uδ(p1) u±δ(−p3) , P±δ,δ31 = uδ(−p1) u±δ(p3) , (2.24)

¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ´ Ìµ¦¤¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (2.23) ¸¢µ¤¨É¸Ö ± ¢Ò-
Î¨¸²¥´¨Õ ¸²¥¤µ¢ M±δ,δ = Tr (P±δ,δ31 Q), ´¥µ¡Ìµ¤¨³µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸¢Ö§ÓÕ
³¥¦¤Ê ¡¨¸¶¨´µ· ³¨ ¶µ§¨É·µ´  ¨ Ô²¥±É·µ´  ¢ „‘� [36,38]:

uδ(−p) = −δ γ5 u−δ(p) , uδ(−p) = u−δ(p) δ γ5 . (2.25)

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 , ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö  ³¶²¨-
ÉÊ¤Ò ¶·µÍ¥¸¸   ´´¨£¨²ÖÍ¨¨ ¶ ·Ò, ¶µ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

4P δ,δ31 = δ (p̂1 +m) n̂0 n̂δ , 4P−δ,δ31 = − (p̂1 +m) n̂δ n̂3 n̂
∗
δ/2 . (2.26)

„²Ö µ¶¥· Éµ·µ¢ P±δ,δ31 ¢ ¸²ÊÎ ¥ ·µ¦¤¥´¨Ö ¶ ·Ò ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò  ´ ²µ-
£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö.

ˆ§²µ¦¥´´Ò° Ëµ·³ ²¨§³ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¡Ò²
¨¸¶µ²Ó§µ¢ ´  ¢Éµ· ³¨ ¤²Ö · ¸Î¥É  ¸¥Î¥´¨° ·Ö¤   ±ÉÊ ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ Š�„,
± · ¸¸³µÉ·¥´¨Õ ±µÉµ·ÒÌ ³Ò ¶¥·¥Ìµ¤¨³ ´¨¦¥.
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3. ‘…—…�ˆŸ ���–…‘‘�‚ e±e− → e±e−γ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Š�Œ �…‡Œ�‘‘�‚�Œ ‘‹“—�…

�·µÍ¥¸¸Ò Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö e±e− → e±e−γ
Ö¢²ÖÕÉ¸Ö Ëµ´µ¢Ò³¨ ¶·¨ ¨§ÊÎ¥´¨¨  ¤·µ´´ÒÌ ¸µ¸ÉµÖ´¨°. Š·µ³¥ Éµ£µ, ¨Ì ¨§Ê-
Î¥´¨¥ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ Š�„ ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨°. ‘¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¤µ¢µ²Ó´µ £·µ³µ§¤±¨¥ ¢Ò-
· ¦¥´¨Ö ¤ ¦¥ ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥. ‹¨ÏÓ ¸· ¢´¨É¥²Ó´µ ´¥¤ ¢´µ
¨Ì Ê¤ ²µ¸Ó § ¶¨¸ ÉÓ ¢ ±µ³¶ ±É´µ³ ¢¨¤¥ ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ [49] ¨
¶µ¶¥·¥Î´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ Î ²Ó´ÒÌ Î ¸É¨Í [50]. ‚ · ¡µÉ¥  ¢Éµ·µ¢ [40] ¢
Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ ´  µ¸´µ¢¥ ³¥Éµ¤µ¢, ¨§²µ¦¥´´ÒÌ
¢ÒÏ¥ (¸ ¶µ³µÐÓÕ Ëµ·³Ê² (2.17)Å(2.22)), ¶µ²ÊÎ¥´Ò ±µ³¶ ±É´Ò¥ ¢Ò· ¦¥´¨Ö
¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¶·µÍ¥¸¸µ¢ e±e− → e±e−γ ¤²Ö ¸²ÊÎ Ö, ±µ£¤ 
´¥ Éµ²Ó±µ ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ, ´µ ¨ ËµÉµ´ Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´-
´Ò³¨. Š ± ¶µ± § ´µ ¢ [40], ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¸µ³´µ¦¨É¥²¥°, µ¤¨´ ¨§ ±µÉµ·ÒÌ Ê´¨¢¥·¸ ²¥´ ¨ ¸µ¢¶ ¤ ¥É ¸
¶µ²ÊÎ¥´´Ò³ · ´¥¥ [49] ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í. � ¸¸³µÉ·¨³ ¶·µÍ¥¸¸Ò
Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö:

e−(p1) + e±(p2)→ e−(p3) + e±(p4) + γ(k) , (3.1)

¸Î¨É Ö ´ Î ²Ó´Ò¥ ¨ ±µ´¥Î´Ò¥ e±-Î ¸É¨ÍÒ ¡¥§³ ¸¸µ¢Ò³¨ (p2
i = 0, i = 1, 2, 3, 4).

„¥É ²¨ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÍ¥¸¸  (3.1), ±µÉµ·µ³Ê µÉ¢¥Î ÕÉ
¢µ¸¥³Ó Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³ [9,10], ¤µ¢µ²Ó´µ ¶µ¤·µ¡´µ ¨§²µ¦¥´Ò ¢ [40],
¶µÔÉµ³Ê ³Ò ´¥ ¡Ê¤¥³ §¤¥¸Ó ´  ´¨Ì µ¸É ´ ¢²¨¢ ÉÓ¸Ö. ‚¢¥¤¥³ ¨´¢ ·¨ ´É´Ò¥
¶¥·¥³¥´´Ò¥ [49,50]:

s = (p1 + p2)2 , t = (p1 − p3)2 , u = (p1 − p4)2 ,

s
′

= (p3 + p4)2 , t
′

= (p2 − p4)2 , u
′

= (p2 − p3)2 , (3.2)

  É ±¦¥ µ¡µ§´ Î¥´¨Ö δ, δ
′

¨ λ ¤²Ö ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´ÒÌ Î ¸É¨Í ¨ Ëµ-
Éµ´  ¸µµÉ¢¥É¸É¢¥´´µ (δ = ±1, δ

′
= ±1, λ = ±1). ’µ£¤  ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥

¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ e−e± → e−e±γ ¢ ¸²ÊÎ ¥ ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ -
Î ²Ó´ÒÌ ²¥¶Éµ´µ¢ ¨ ËµÉµ´  ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ [40]:

dσM =
α3

π2s
AM WM dΓ , dσB =

α3

π2s
AB WB dΓ , (3.3)

AM = AMB/t t
′

u u
′

, AB = AMB/t t
′

s s
′

, (3.4)

AMB = 1/2 {ss
′

(s2 + s
′2) + tt

′

(t2 + t
′2) + uu

′

(u2 + u
′2) +

+ δ δ
′

(ss
′

(s2 + s
′2)− tt

′

(t2 + t
′2)− uu

′

(u2 + u
′2)) + (3.5)
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+ δ λ (−ss
′

(s2 − s
′2)− tt

′

(t2 − t
′2)− uu

′

(u2 − u
′2)) +

+ δ
′

λ (−ss
′

(s2 − s
′2) + tt

′

(t2 − t
′2) + uu

′

(u2 − u
′2))} ,

WM = −

(
p1

p1k
+

p2

p2k
−

p3

p3k
−

p4

p4k

)2

, (3.6)

WB = −

(
p1

p1k
+

p4

p4k
−

p3

p3k
−

p2

p2k

)2

, (3.7)

dΓ = δ4(p1 + p2 − p3 − p4 − k)
d3~p3

2p30

d3~p4

2p40

d3~k

2 ω
,

£¤¥ xA = pAk (A = 1, 2, 3, 4), α Ä ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò. �É³¥-
É¨³, ÎÉµ ¢Ò· ¦¥´¨¥ (3.5) ¤²Ö AMB Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É´Ò³ ¶µ µÉ´µÏ¥´¨Õ ±
¶·¥µ¡· §µ¢ ´¨Ö³ ±·µ¸¸¨´£ :

p2 ↔ −p4 , x2 ↔ −x4 , s↔ u , s
′

↔ u
′

, δ
′

↔ −δ
′

. (3.8)

‚Ò· ¦¥´¨Ö ¤²Ö AMB,WM ¨ WB ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¤·Ê£µ³ ¢¨¤¥ [40]:

AMB = 1/2 {(1 + δδ
′

) ((1 + δλ)ss
′

s
′2 + (1 − δλ)ss

′

s2)+

+(1− δδ
′

) ((1 + δ
′

λ) (tt
′

t2 + uu
′

u2) + (1− δ
′

λ) (tt
′

t
′2 + uu

′

u
′2))} , (3.9)

−WM =
s

x1x2
+

s
′

x3x4
+

t

x1x3
+

t
′

x2x4
+

u

x1x4
+

u
′

x2x3
, (3.10)

WB =
s

x1x2
+

s
′

x3x4
−

t

x1x3
−

t
′

x2x4
+

u

x1x4
+

u
′

x2x3
. (3.11)

‚ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ³Ö£±¨Ì ËµÉµ´µ¢ (s = s
′
, t = t

′
, u = u

′
) ¢¥²¨Î¨´Ò AM ¨

AB ¨³¥ÕÉ ¢¨¤ [40]:

AM =
s2 + u2

t2
+
s2 + t2

u2
+

2s2

tu
+ δδ

′

(
s2 − u2

t2
+
s2 − t2

u2
+

2s2

tu

)
, (3.12)

AB =
u2 + s2

t2
+
u2 + t2

s2
+

2u2

st
− δδ

′

(
u2 − s2

t2
+
u2 + t2

s2
+

2u2

st

)
. (3.13)

�´¨ ²¨ÏÓ ³´µ¦¨É¥²Ö³¨ µÉ²¨Î ÕÉ¸Ö µÉ ¸¥Î¥´¨° Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ e±e− →
e±e− ¢ ¸²ÊÎ ¥, ±µ£¤  ´ Î ²Ó´Ò¥ Î ¸É¨ÍÒ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´Ò (¸³. [10],
¸. 373).

„²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¨§ (3.9) ¨³¥¥³

AMB = (1+δδ
′

) ss
′

(s2 +s
′2)+(1−δδ

′

) (tt
′

(t2 +t
′2)+uu

′

(u2+u
′2)) . (3.14)
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‘²¥¤µ¢ É¥²Ó´µ, µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ¤²Ö Î ¸É¨Í ¸ ¶ · ²²¥²Ó´Ò³¨ ¨  ´É¨¶ -
· ²²¥²Ó´Ò³¨ ¸¶¨´ ³¨ ¤²Ö µ¡¥¨Ì ·¥ ±Í¨° e±e− → e±e−γ ¨³¥¥É µ¤¨´ ±µ¢Ò°
¢¨¤ (± ± ¨ ¢ ¸²ÊÎ ¥ Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ e±e− → e±e− (¸³. [10], ¸. 373)) [40]:

dσ↑↑

dσ↑↓
=
tt
′
(t2 + t

′2) + uu
′
(u2 + u

′2)

ss′ (s2 + s′2)
. (3.15)

4. ��‹Ÿ�ˆ‡�–ˆ���›… Ÿ‚‹…�ˆŸ ��ˆ ’�…•”�’����‰
���ˆƒˆ‹Ÿ–ˆˆ ��’���‡ˆ’���ˆŸ

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·µÍ¥¸¸ É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ´¨Ö
3S1 → 3γ ¶·¨¢²¥± ± ¸¥¡¥ ¶·¨¸É ²Ó´µ¥ ¢´¨³ ´¨¥ ¨¸¸²¥¤µ¢ É¥²¥°, ¶µ¸±µ²Ó±Ê
¢ µ¶ÒÉ Ì ¶µ ¨§³¥·¥´¨Õ Ï¨·¨´Ò · ¸¶ ¤  µ·Éµ¶µ§¨É·µ´¨Ö ¡Ò²µ µ¡´ ·Ê¦¥´µ
¶·µÉ¨¢µ·¥Î¨¥ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨ [51]. „²Ö ¸´ÖÉ¨Ö ÔÉµ£µ ¶·µ-
É¨¢µ·¥Î¨Ö ¡Ò² ¶·¥¤¶·¨´ÖÉ ·Ö¤ ¶µ¶ÒÉµ±. ’ ±, ¢ · ¡µÉ¥ [52] ¡Ò² ¶·µ¢¥¤¥´ ÊÎ¥É
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¶· ¢µ± ± ¸¥Î¥´¨Õ  ´´¨£¨²ÖÍ¨¨ ³¥¤²¥´´µ° e+e−-¶ ·Ò ¢ ¤¢ 
¨ É·¨ ËµÉµ´ , ÎÉµ, µ¤´ ±µ, ´¥ ¶·¨¢¥²µ ± ·¥Ï¥´¨Õ ¶·µ¡²¥³Ò. �Í¥´±  ¢±² ¤ 
¶ÖÉ¨ËµÉµ´´µ° ³µ¤Ò · ¸¶ ¤  µ·Éµ¶µ§¨É·µ´¨Ö, ¶·µ¢¥¤¥´´ Ö ¢ [53], ¶µ± §Ò¢ ¥É,
ÎÉµ ¨ ÔÉµÉ ³¥Ì ´¨§³ ´¥ ³µ¦¥É ¸´ÖÉÓ ¶·µÉ¨¢µ·¥Î¨Ö ¢ ¥£µ Ï¨·¨´¥. ‚¸¥ ÔÉ¨ ¢µ-
¶·µ¸Ò É·¥¡ÊÕÉ ¤ ²Ó´¥°Ï¥£µ  ´ ²¨§  ¨ ¶µ¤É¢¥·¦¤¥´¨Ö, ¢ Éµ³ Î¨¸²¥ ¨ ·¥§Ê²Ó-
É ÉÒ · ¡µÉ [51,53]. � ¡µÉ   ¢Éµ·µ¢ [54] µÉ´Õ¤Ó ´¥ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¶µ¶ÒÉµ±
·¥Ï¥´¨Ö µÉ³¥Î¥´´µ° ¶·µ¡²¥³Ò µ·Éµ¶µ§¨É·µ´¨Ö. ‚ ´¥° ¶µ²ÊÎ¥´Ò ¶µÎÉ¨ ¢¸¥
¨§¢¥¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ, µÉ´µ¸ÖÐ¨¥¸Ö ± ¶µ²Ö·¨§ Í¨µ´´Ò³ Ö¢²¥´¨Ö³ ¢ ·¥ ±Í¨¨
e+e− → 3γ, ´µ ´  µ¸´µ¢¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘�. –¥²ÓÕ
ÔÉµ° · ¡µÉÒ ¡Ò²  ¤¥³µ´¸É· Í¨Ö ÔËË¥±É¨¢´µ¸É¨ · §· ¡µÉ ´´µ£µ ³¥Éµ¤  ´ 
¶·¨³¥·¥ É ±µ£µ ¶·µÍ¥¸¸ , £¤¥ ³¥Éµ¤ £·Ê¶¶Ò CALCUL ´¥¶·¨³¥´¨³. Š²ÕÎ¥-
¢Ò³ ³µ³¥´Éµ³ ¨Ì ³¥Éµ¤¨±¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¸¶¥Í¨Ë¨Î¥¸±¨° ¢Ò¡µ· ¢¥±Éµ·µ¢
¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢ (2.20), ¸¶· ¢¥¤²¨¢Ò° ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸µ¢µ£µ ¸²ÊÎ Ö.

�¸´µ¢´Ò³ ¶·µÍ¥¸¸µ³, µ¶·¥¤¥²ÖÕÐ¨³ ¢·¥³Ö ¦¨§´¨ ¶µ§¨É·µ´¨Ö, Ö¢²Ö¥É¸Ö
É·¥ÌËµÉµ´´ Ö  ´´¨£¨²ÖÍ¨Ö. �·¨ ÔÉµ³ ¢¥·µÖÉ´µ¸ÉÓ · ¸¶ ¤  ³µ¦¥É ¡ÒÉÓ ¸¢Ö-
§ ´  ¸ ¸¥Î¥´¨¥³ ¶·µÍ¥¸¸   ´´¨£¨²ÖÍ¨¨ ¸¢µ¡µ¤´µ° ¶ ·Ò [10]:

e−(p1) + e+(p3)→ γ(k1) + γ(k2) + γ(k3) . (4.1)

�µ¸±µ²Ó±Ê ¨³¶Ê²Ó¸Ò Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  ¢ ¶µ§¨É·µ´¨¨ ³ ²Ò [10] (| ~p1 |=
=| ~p3 |∼ mα, £¤¥ α Ä ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò), Éµ ¶·¨ ¢ÒÎ¨¸²¥´¨¨
¸¥Î¥´¨Ö  ´´¨£¨²ÖÍ¨¨ ¨Ì ³µ¦´µ ¸Î¨É ÉÓ ¶µ±µÖÐ¨³¨¸Ö ¢ ´ Î ²¥ ±µµ·¤¨´ É (É.¥.
¡Ê¤¥³ ¶µ² £ ÉÓ, ÎÉµ p1 = p3 = p = (m, 0, 0, 0)). ‚ É ±µ³ ¸²ÊÎ ¥ ³ É·¨Î´Ò°
Ô²¥³¥´É ·¥ ±Í¨¨ (4.1) ¶·¨´¨³ ¥É ¢¨¤

M±δ,δ31 = u±δ(−p)Quδ(p) , (4.2)
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£¤¥ uδ(±p) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ , uδ(±p)uδ(±p) = ±m , Q Ä
µ¶¥· Éµ· ¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ³Ê µÉ¢¥Î ¥É Ï¥¸ÉÓ Ë¥°´³ ´µ¢¸±¨Ì ¤¨ £· ³³
[10]. � ¸¸³µÉ·¨³ ±¨´¥³ É¨±Ê ¶·µÍ¥¸¸  e+e− → 3γ ¢ ¸¨¸É¥³¥ –ˆ e+e−-
Î ¸É¨Í, ¢ ±µÉµ·µ° ¨³¶Ê²Ó¸Ò p1 ¨ p3 ¨³¥ÕÉ ¢¨¤: p1 = (p0, 0, 0,−mα), p3 =
(p0, 0, 0,mα), p0 = m

√
1 + α2. ‚¢¥¤¥³ ��‚ aA:

a0 = (1, 0, 0, 0) , a1 = (0, 1, 0, 0), a2 = (0, 0, 1, 0), a3 = (0, 0, 0, 1) ,

¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¶µ²ÊÎ¨³

p1 = −ξ−a3 + ξ+a0 , p3 = ξ−a3 + ξ+a0 , (4.3)

s1 = ξ
′

+a3 − ξ
′

−a0 , s3 = ξ
′

+a3 + ξ
′

−a0 , (4.4)

£¤¥ ξ
′

± = ξ±/m, ξ
′

+ =
√

1 + α2, ξ
′

− = α, ¶·¨ ÔÉµ³ s1p1 = s3p3 = 0, s2
1 = s2

2 =
= −1. ‘²¥¤µ¢ É¥²Ó´µ, ¢ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  α→ 0, ¸¶¨´µ¢Ò¥ ¢¥±Éµ·Ò
Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  s1 ¨ s3 (4.4) ¢ „‘� (4) ¸µ¢¶ ¤ ÕÉ:

s1 = s3 = a3 , (4.5)

É.¥. ¢ ± Î¥¸É¢¥ µ¡Ð¥° µ¸¨ ¸¶¨´µ¢ÒÌ ¶·µ¥±Í¨° ¢Ò¸ÉÊ¶ ¥É ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥-
´¨Ö ¶µ§¨É·µ´ . ‡ ±µ´ ¸µÌ· ´¥´¨Ö ¨³¶Ê²Ó¸ :

~k1 + ~k2 + ~k3 = 0 (4.6)

µ¶·¥¤¥²Ö¥É ¶²µ¸±µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨, ¢ ±µÉµ·µ° ²¥¦ É ¨³¶Ê²Ó¸Ò ËµÉµ´µ¢. �Ê-
¤¥³ É ±¦¥ ¸Î¨É ÉÓ, ÎÉµ ¢¥±Éµ·Ò ~a1 ¨ ~a3 ¶·¨´ ¤²¥¦ É ÔÉµ° ¶²µ¸±µ¸É¨,   ¢¥±Éµ·
~a2 Ö¢²Ö¥É¸Ö ´µ·³ ²ÓÕ ± ´¥°, É.¥. ÎÉµ ~a2~ni = 0 , ~ni = ~ki/ωi , ~n

2
i = 1, (i =

1, 2, 3). �µ¸É·µ¨³ ¢¥±Éµ·Ò ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ eλi = (0, ~eλi):

~eλi = ([~a2~ni] + iλi ~a2)/
√

2 , ~eλi ~ni = 0 , ~eλi~e
∗
λi = 1 , (4.7)

£¤¥ λi Ä ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´µ¢, λi = ±1.
‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥ µ¶¥· Éµ·Ò (2.26), ¸ ¶µ³µÐÓÕ ±µ-

Éµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (4.2), ¨³¥ÕÉ ¢¨¤:

4P δ,δ31 = δ (m+ p̂) âδ , 4P−δ,δ31 = − (m+ p̂) âδ â3 â
∗
δ/2 , (4.8)

£¤¥ a±δ = a1 ± iδa2 , δ = ± 1 (a∗δ = a−δ).
Ÿ¢´Ò° ¢¨¤ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ M±δ,δ ¶·µÍ¥¸¸  (4.1) ¢ ¸²ÊÎ ¥ Í¨·-

±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¡Ò² ¶µ²ÊÎ¥´ ¢ [54]:

23/2M δ,δ = δ

3∑
i=1

αi ( δλi + ci ) (njk − 1)/m , (4.9)
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23/2M−δ,δ =

3∑
i=1

αi si (njk − 1)/m , (4.10)

£¤¥ αi (i=1, 2, 3) Ä ¶µ²Ö·¨§ Í¨µ´´´Ò¥ ³´µ¦¨É¥²¨:

α1 = (1 + λ2λ3)(1 − λ1λ2), α2 = (1 + λ1λ3)(1 − λ2λ3), (4.11)

α3 = (1 + λ1λ2)(1− λ1λ3),

α1 α2 = α1 α3 = α2 α3 = 0 , α2
i = 4 αi , (4.12)

  ¢¥²¨Î¨´Ò ci, si, njk = nkj (i, j, k = 1, 2, 3 ) · ¢´Ò: njk = ~nj~nk =
= cjck + sjsk, ci = ~a3~ni, si = ~a1~ni, s

2
i + c2i = 1, ¶·¨ ÔÉµ³ ¨´¤¥±¸Ò i, j, k ¢

(4.9), (4.10) µ¡· §ÊÕÉ Í¨±²¨Î¥¸±ÊÕ ¶¥·¥¸É ´µ¢±Ê Î¨¸¥² 1, 2, 3.
Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (4.9), (4.10) µ¶·¥¤¥²ÖÕÉ ¶·µÍ¥¸¸  ´´¨£¨²ÖÍ¨¨ ¸¢µ-

¡µ¤´µ° e+e−-¶ ·Ò ¢ ¸²ÊÎ ¥ ¶ · ²²¥²Ó´ÒÌ (M δ,δ) ¨  ´É¨¶ · ²²¥²Ó´ÒÌ (M−δ,δ)
¸¶¨´µ¢ Ê Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ . �´¨ ¢¥Ð¥¸É¢¥´´Ò ¨ µ¡· Ð ÕÉ¸Ö ¢ ´µ²Ó, ¥¸²¨
¸¶¨· ²Ó´µ¸É¨ Ê ¢¸¥Ì ËµÉµ´µ¢ µ¤¨´ ±µ¢Ò, É.¥. ±µ£¤  λ1 = λ2 = λ3.

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  (4.1) ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ M±δ,δ (4.9), (4.10) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

dσ3γ =
α3(M±δ,δ)2

(2π)2 4m2v

(
3∏
i=1

d3~ki

ωi

)
δ4(2p− k1 − k2 − k3) , (4.13)

£¤¥ v Ä µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ e+- ¨ e−-Î ¸É¨Í ¢ ¸¨¸É¥³¥ –ˆ (v ∼ α).
‚¢¥¤¥³ µ¡µ§´ Î¥´¨¥: σλ1,λ2,λ3

δe+
= 1/2 ( (M δ,δ)2 + (M δ,−δ)2 ). ’µ£¤  ¤²Ö

¢¥²¨Î¨´Ò σλ1,λ2,λ3

δe+
¡Ê¤¥³ ¨³¥ÉÓ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ [54]:

σλ1,λ2,λ3

δe+
=

3∑
i=1

αi ( 1 + δλi ci ) (1 − njk)2/2m2 , (4.14)

±µÉµ·µ¥ µ¶·¥¤¥²Ö¥É ¸¥Î¥´¨¥  ´´¨£¨²ÖÍ¨¨ ¢ ¸²ÊÎ ¥, ±µ£¤  ¢¸¥ Î ¸É¨ÍÒ, § 
¨¸±²ÕÎ¥´¨¥³ Ô²¥±É·µ´ , ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´Ò. „²Ö ¢¥²¨Î¨´

σλ1,λ2,λ3 = 1/4
∑
δ

((M δ,δ)2 + (M δ,−δ)2),

σλ1

δe+ = 1/2
∑
λ2,λ3

((M δ,δ)2 + (M δ,−δ)2) ,

¸³Ò¸² ±µÉµ·ÒÌ ¶µ´ÖÉ¥´ ¨§ µ¡µ§´ Î¥´¨°, ¶µ²ÊÎ¨³

σλ1,λ2,λ3 = (α1 (1 − n23)2 + α2 (1− n13)2 + α3 (1− n12)2)/2m2 , (4.15)

σλ1

δe+
= 2 ((1 + δλ1c1)(1 − n23)2 + (1− δλ1c2)(1 − n13)2+
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+(1− δλ1c3)(1− n12)2)/m2 . (4.16)

‚ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í ¨³¥¥³ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É [10]:

σ =
∑

λ1,λ2,λ3

σλ1,λ2,λ3 = 4 ( (1−n12)2 + (1−n13)2 + (1−n23)2 )/m2 . (4.17)

�·µ¢¥¤¥³ · ¸Î¥É ¢¥·µÖÉ´µ¸É¨ ¶·µÍ¥¸¸  (4.1) ±µ£¤  µ¤¨´ ¨§ ËµÉµ´µ¢ ²¨-
´¥°´µ ¶µ²Ö·¨§µ¢ ´ ¢ ¶²µ¸±µ¸É¨  ´´¨£¨²ÖÍ¨¨ (σx) ²¨¡µ ¶¥·¶¥´¤¨±Ê²Ö·´µ ±
´¥° (σy) (¶·¨ ÔÉµ³ µ¸É ²Ó´Ò¥ ¤¢  ´¥¶µ²Ö·¨§µ¢ ´Ò),   É ±¦¥ ¸É¥¶¥´Ó ²¨´¥°´µ°
¶µ²Ö·¨§ Í¨¨:

pl = (σy − σx)/(σy + σx) . (4.18)

„²Ö ÔÉµ£µ ¶¥·¥°¤¥³ µÉ ¸¶¨· ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ËµÉµ´  ¸ ¨³¶Ê²Ó¸µ³ ~k1

| +1 >= (| x > +i | y >)/
√

2 , | −1 >= (| x > −i | y >)/
√

2 ,

± ¸µ¸ÉµÖ´¨Ö³ ¸ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¥°

< x |= (< +1 | + < −1 |)/
√

2 , < y |= i (< +1 | − < −1 |)/
√

2 .

’µ£¤  ¤²Ö  ³¶²¨ÉÊ¤ ¨ ¢¥·µÖÉ´µ¸É¥° ¨³¥¥³ [54]:

M δ
x = (M δ, δ

λ2,λ3 +M δ, δ
−λ2,λ3)/

√
2 ,M−δx = (M−δ, δλ2,λ3 +M−δ, δ−λ2,λ3)/

√
2 ,

M δ
y = i (M δ, δ

λ2,λ3 −M
δ, δ
−λ2,λ3)/

√
2 ,M−δy = i (M−δ, δλ2,λ3 −M

−δ, δ
−λ2,λ3)/

√
2 ,

σx = 1/4
∑
δλ2λ3

(|M δ
x |

2 + |M−δx |2), σy = 1/4
∑
δλ2λ3

(|M δ
y |

2 + |M−δy |2) .

�·µ¨§¢¥¤Ö ´¥µ¡Ìµ¤¨³Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢¥²¨Î¨´ σx, σy, pl, ´ °¤¥³ [54]:

σx = 2(A−B)/m2, σy = 2(A+B)/m2, pl = B/A , (4.19)

A = (1− n12)2 + (1− n13)2 + (1 − n23)2, B = (1− n12)(1− n13)(1 − n23) .

‚Ò· ¦¥´¨Ö (4.19), ¶µ²ÊÎ¥´´Ò¥ ¤²Ö σx, σy, pl, É ±¦¥ ¸µ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨
· ¡µÉ [55,56].

�µ¸É·µ¨³ ¸ ¶µ³µÐÓÕ (4.9), (4.10)  ³¶²¨ÉÊ¤Ò  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ-
´¨Ö [10]: X1,1 = M++, X1,0 = (M+− + M−+)/

√
2, X1,−1 = M−−(X1,±1 =

= X1,δ), µÉ¢¥Î ÕÐ¨¥ ¶·µ¥±Í¨Ö³ ¶µ²´µ£µ ¸¶¨´  ¸¨¸É¥³Ò ´  ´ ¶· ¢²¥´¨¥ ~a3,
· ¢´Ò³ +1, 0, −1,   É ±¦¥ ¶ · ¶µ§¨É·µ´¨Ö (¸ ¶µ²´Ò³ ¸¶¨´µ³ ¨ ¶·µ¥±Í¨¥°,
· ¢´Ò³¨ ´Ê²Õ): X0,0 = (M+− −M−+)/

√
2. ‚ ·¥§Ê²ÓÉ É¥ ¡Ê¤¥³ ¨³¥ÉÓ [54]:

X1,δ = M δ,δ , X1,0 =
√

2 M δ,−δ , X0,0 = 0 . (4.20)
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�·µ¸Ê³³¨·Ê¥³ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ËµÉµ´µ¢ λ2 ¨ λ3 ¢¥²¨Î¨´Ò X2
1,δ ¨ X2

1,0:∑
λ2,λ3

X2
1,δ = 2 ((1 + δλ1c1)2(1− n23)2 + (1 − δλ1c2)2(1− n13)2+

+ (1− δλ1c3)2(1− n12)2)/m2,∑
λ2,λ3

X2
1,0 = 4 ((1−c21)(1−n23)2 +(1−c22)(1−n13)2 +(1−c23)(1−n12)2 )/m2 .

�·µ¢µ¤Ö ¤ ²Ó´¥°Ï¨¥ Ê¸·¥¤´¥´¨Ö ¢ ±¢ ¤· É Ì ¶µ¸²¥¤´¨Ì  ³¶²¨ÉÊ¤, µ¶ÖÉÓ ¶µ-
²ÊÎ¨³ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É [10]:∑

λ1,λ2,λ3

(X2
1,+1 +X2

1,0 +X2
1,−1) = 4 σ ,

£¤¥ σ µ¶·¥¤¥²¥´µ ¢Ò· ¦¥´¨¥³ (4.17).
‚ · ¡µÉ¥ [55] ¡Ò²µ ¶µ± § ´µ, ÎÉµ  ³¶²¨ÉÊ¤Ò É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨

µ·Éµ¶µ§¨É·µ´¨Ö Hfi (X1,+1, X1,0, X1,−1) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Hfi = ~t~u , ~u = ~u1 + ~u2 + ~u3 , (4.21)

£¤¥ ¢¥±Éµ· ~u1 Ö¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¥° ËÊ´±Í¨¥° µÉ ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ-
´µ¢:

~u1 = ~e1 (~e2~e3 − ~e
′

2 ~e
′

3 ) + ~e
′

1 (~e2~e
′

3 + ~e3~e
′

2 ) , (4.22)

~ei = ~eλi , ~e
′

i = [~ei~ni] (i = 1, 2, 3) ,

  ¢¥±Éµ·Ò ~u2 ¨ ~u3 ¶µ²ÊÎ ÕÉ¸Ö ¨§ ~u1 Í¨±²¨Î¥¸±µ° ¶¥·¥¸É ´µ¢±µ° ¨´¤¥±¸µ¢.
Šµ³¶²¥±¸´Ò° ¢¥±Éµ· ~t Ì · ±É¥·¨§Ê¥É É·¨¶²¥É´µ¥ ¸µ¸ÉµÖ´¨¥ µ·Éµ¶µ§¨É·µ´¨Ö.

�µ¸É·µ¨³ É¥´§µ· Φ = ~u·~u ∗, Î¥·¥§ ±µÉµ·Ò° ¢Ò· ¦ ¥É¸Ö ¢¥·µÖÉ´µ¸ÉÓ É·¥Ì-
ËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨. ‘µ£² ¸´µ ´ Ï¨³ · ¸Î¥É ³, É¥´§µ· Φ ³µ¦´µ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¢¨¤¥ É·¥Ì ¸² £ ¥³ÒÌ [54]:

Φ = a1Φ1 + a2Φ2 + a3Φ3 , Φt = a1 + a2 + a3 = m2 σλ1,λ2,λ3/2 , (4.23)

a1 = α1(1− n23)2 , a2 = α2(1− n13)2 , a3 = α3(1− n12)2 , (4.24)

£¤¥ ± ¦¤Ò° ¨§ É¥´§µ·µ¢ Φi (i = 1, 2, 3) ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥, ± ± É¥´§µ· ¶ÊÎ± 
(É·¥Ì³¥·´µ-±µ¢ ·¨ ´É´ Ö ¶µ²Ö·¨§ Í¨µ´´ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨) ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¥£µ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  [57]:

Φi = ~eλi · ~e
∗
λi = (1− ~ni · ~ni)/2 + i/2λi ~n

×
i , Φi~ni = 0 , (Φi)t = 1 . (4.25)

�µ¸±µ²Ó±Ê É¥´§µ· Φ ¸µµÉ¢¥É¸É¢Ê¥É ¸Ê³³¥ É·¥Ì ¢µ²´ ¨ ¥£µ ¸²¥¤ Φt = a1+a2+a3

¸ ÉµÎ´µ¸ÉÓÕ ¤µ ³´µ¦¨É¥²Ö ¸µ¢¶ ¤ ¥É ¸ ¢¥·µÖÉ´µ¸ÉÓÕ σλ1,λ2,λ3 , Éµ ± ¦¤ Ö ¨§
¢¥²¨Î¨´ ai (i = 1, 2, 3) (4.24) µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¶µÖ¢²¥´¨Ö µÉ¤¥²Ó´µ£µ
ËµÉµ´ , ¨³¥ÕÐ¥£µ ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ~eλi ¨ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ~ni.
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5. �…�Š–ˆŸ ep→ epγ ˆ ��‹Ÿ�ˆ‡“…Œ�‘’œ ���’���

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö §´ Î¨É¥²Ó´µ ¢Ò·µ¸ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ´  ´Ê±²µ´¥ ¢ µ¡² ¸É¨ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì Ô´¥·£¨°. �Éµ µ¡Ê-
¸²µ¢²¥´µ É¥³, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³ ¶·µÍ¥¸¸¥ ³µ£ÊÉ ¡ÒÉÓ µ¶·¥¤¥²¥´Ò ËÊ´¤ -
³¥´É ²Ó´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ¶µ¸ÉµÖ´´Ò¥ ´Ê±²µ´µ¢ Å Ô²¥±É·¨Î¥¸± Ö ¨ ³ £´¨É´ Ö
¶µ²Ö·¨§Ê¥³µ¸É¨. �µ²Ö·¨§Ê¥³µ¸É¨ ´Ê±²µ´µ¢ ¸µ¤¥·¦ É ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ
¸É·Ê±ÉÊ·¥ ¶µ¸²¥¤´¨Ì ´  ¡µ²ÓÏ¨Ì ¨ ¸·¥¤´¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¢ Î ¸É´µ¸É¨, µ · -
¤¨Ê¸¥ ±¢ ·±µ¢µ£µ ±µ· , µ ³¥§µ´´µ° ÏÊ¡¥ ¨ É.¤. (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢µ¶·µ¸Ò
¶µ¤·µ¡´µ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ µ¡§µ· Ì [58,59]). ‡´ ´¨¥  ³¶²¨ÉÊ¤ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  ´Ê±²µ´ Ì É·¥¡Ê¥É¸Ö É ±¦¥ ¤²Ö ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ ¶µ · ¸-
¸¥Ö´¨Õ ËµÉµ´µ¢ ´  Ö¤· Ì. ’ ±µ£µ ·µ¤  ¨¸¸²¥¤µ¢ ´¨Ö ³µ£ÊÉ, ´ ¶·¨³¥·, ¤ ÉÓ
µÉ¢¥É ´  ¢µ¶·µ¸ µ Éµ³, ´ ¸±µ²Ó±µ · §²¨Î ÕÉ¸Ö Ô²¥±É·µ³ £´¨É´Ò¥ ¸¢µ°¸É¢ 
¸¢µ¡µ¤´ÒÌ ¨ ¸¢Ö§ ´´ÒÌ ´Ê±²µ´µ¢.

‚¸¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  ¡Ò²¨
¶µ²ÊÎ¥´Ò ¨§ ¤ ´´ÒÌ ¶µ Ê¶·Ê£µ³Ê γp-· ¸¸¥Ö´¨Õ ´¨¦¥ ¶µ·µ£  ËµÉµ·µ¦¤¥´¨Ö
¶¨µ´µ¢. �¤´ ±µ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶µÖ¢¨² ¸Ó ¢¥¸Ó³  ¶¥·¸¶¥±É¨¢´ Ö ¢µ§³µ¦-
´µ¸ÉÓ ¨§³¥·ÖÉÓ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ´  ¸µ§¤ ´´µ³ ¢ �µ¢µ¸¨¡¨·¸±¥ ´ ±µ-
¶¨É¥²Ó´µ³ ±µ²ÓÍ¥ ¸ Ô´¥·£¨¥° Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ 200 MÔ‚ ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ¢´ÊÉ·¥´´¥° ¸É·Ê°´µ° ³¨Ï¥´¨. �É  ¢µ§³µ¦´µ¸ÉÓ ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´ 
¸ ¶µ³µÐÓÕ ¨¤¥¨, ¶·¥¤²µ¦¥´´µ° ¢ · ¡µÉ¥ [60], ¨¸¶µ²Ó§µ¢ ÉÓ ·¥ ±Í¨Õ

e−(p1) + p+(q1)→ e−(p2) + p+(q2) + γ(k) (5.1)

¢ ±¨´¥³ É¨±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢
´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ³ ²µ° ¶¥·¥¤ Î¥ 4-¨³¶Ê²Ó¸ 
µÉ ´ Î ²Ó´µ£µ Ô²¥±É·µ´  ± ±µ´¥Î´Ò³ γ- ¨ p-Î ¸É¨Í ³.

‚ ´ ¨´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶·µÍ¥¸¸Ê (5.1) ¸µµÉ¢¥É¸É¢ÊÕÉ
É·¨ ¤¨ £· ³³Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸.1. ˆ§ ´¨Ì ¶¥·¢Ò¥ ¤¢¥ (  ¨ ¡) µÉ¢¥Î ÕÉ
Éµ·³µ§´µ³Ê ¨§²ÊÎ¥´¨Õ Ô²¥±É·µ´µ¢ (¡¥É¥-£ °É²¥·µ¢¸±¨¥ ¤¨ £· ³³Ò),   É·¥ÉÓÖ
(¢) Ä ¨§²ÊÎ¥´¨Õ ¶·µÉµ´  (¤¨ £· ³³  ¸ ¢¨·ÉÊ ²Ó´Ò³ ±µ³¶Éµ´µ¢¸±¨³ · ¸¸¥Ö-
´¨¥³ (‚Š�) ´  ¶·µÉµ´¥). ‚Ò¡µ· Ê± § ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¨ ¡Ò² µ¡Ê¸²µ¢²¥´
¸²¥¤ÊÕÐ¨³¨ ¶·¨Î¨´ ³¨. ‚µ-¶¥·¢ÒÌ, ¢ ´¥° ·¥ ²¨§Ê¥É¸Ö ¶µ¤¶·µÍ¥¸¸ ·¥ ²Ó´µ£µ
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (�Š�) ´  ¶·µÉµ´¥, ¶µ¸±µ²Ó±Ê ¶·¨ ³ ²ÒÌ Ê£² Ì · ¸-
¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¢¨·ÉÊ ²Ó´Ò° ËµÉµ´ ¸ 4-¨³¶Ê²Ó¸µ³ r = p1 − p2 (¸³.·¨¸.1)
¸É ´µ¢¨É¸Ö ¶µÎÉ¨ ·¥ ²Ó´Ò³. �·¨ ÔÉµ³ ¢¥²¨Î¨´  |r| =

√
−(p1 − p2)2 µ± §Ò¢ -

¥É¸Ö ³ ²µ° |r| ∼ m, £¤¥ m Ä ³ ¸¸  Ô²¥±É·µ´ . ‚µ-¢Éµ·ÒÌ, ¶·¨ · ¸¸¥Ö´¨¨ Ô²¥±-
É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢ ´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, ¢±² ¤ ¤¨ £· ³³Ò,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶·µÉµ´´µ³Ê ¨§²ÊÎ¥´¨Õ, µ± §Ò¢ ¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³, É.¥.
µ´ ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ¶·¥¢ÒÏ ¥É ¢±² ¤ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ (5.1) [61], ÎÉµ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° £² ¢´µ¥ É·¥¡µ¢ ´¨¥, ´¥-
µ¡Ìµ¤¨³µ¥ ¤²Ö ¢Ò¤¥²¥´¨Ö ¶µ¤¶·µÍ¥¸¸  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥
[60] ¨§ ·¥ ±Í¨¨ ep→ epγ.
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�¨¸. 1. „¨ £· ³³Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥ ±Í¨¨ ep→ epγ

�Í¥´±¨, ¶·µ¢¥¤¥´´Ò¥ ¢ [60] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³¥Éµ¤  Ô±¢¨¢ ²¥´É´ÒÌ Ëµ-
Éµ´µ¢ ¨ ¸± ²Ö·´µ° ³µ¤¥²¨, ¶µ± § ²¨, ÎÉµ ·¥ ±Í¨Ö (5.1) ¤ ¥É Ìµ·µÏÊÕ ¢µ§-
³µ¦´µ¸ÉÓ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ¸É É¨¸É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Õ ±µ³¶-
Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ . �É³¥É¨³, ÎÉµ ¨§³¥·¥´¨¥
Ô²¥±É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥° ¶·µÉµ´  (αp ¨ βp) ¸ ¡µ²¥¥ ¢Ò-
¸µ±µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · ¡µÉ Ì, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
µ¤´Ê ¨§ ´ ¨¡µ²¥¥ ¶·¨µ·¨É¥É´ÒÌ § ¤ Î ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¡²¨¦ °Ï¥£µ ¡Ê¤Ê-
Ð¥£µ [62,63].

�¤´ ±µ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ¸É É¨¸É¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Õ γp-
· ¸¸¥Ö´¨Ö ¨ ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´  ¤µ²¦´  ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ¡µ²¥¥  ±-
±Ê· É´ Ö, Î¥³ ¢ [60], É¥µ·¥É¨Î¥¸± Ö ³µ¤¥²Ó, ±µÉµ· Ö ¤µ²¦´  ÊÎ¨ÉÒ¢ ÉÓ ± ±
¸¶¨´µ¢Ò¥ ¸¢µ°¸É¢  Î ¸É¨Í, É ± ¨ £² ¢´Ò¥ ¸É·Ê±ÉÊ·´Ò¥ ¶ · ³¥É·Ò, Ì · ±É¥-
·¨§ÊÕÐ¨¥ Ô²¥±É·µ³ £´¨É´ÊÕ ¸É·Ê±ÉÊ·Ê  ¤·µ´ . ‚ µ¸´µ¢Ê É ±µ° ³µ¤¥²¨ ³µ£ÊÉ
¡ÒÉÓ ¶µ²µ¦¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¡µÉÒ [64], ¢ ±µÉµ·µ° ¡Ò² ¶·µ¢¥¤¥´ µ¡Ð¨° · ¸-
Î¥É ·¥ ±Í¨¨ ep → epγ. �·¨ ÔÉµ³ ¸¥Î¥´¨¥ ¡Ò²µ ¢Ò· ¦¥´µ Î¥·¥§ ¤¢¥´ ¤Í ÉÓ
Ëµ·³Ë ±Éµ·µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µ¤¶·µÍ¥¸¸Ê ‚Š� ´  ¶·µÉµ´¥ (É.¥. ¢±² ¤Ê
¤¨ £· ³³Ò 1,¢), ¨ ¤¢  Ëµ·³Ë ±Éµ· , µÉ¢¥Î ÕÐ¨Ì ¡¥É¥-£ °É²¥·µ¢¸±¨³ ¤¨ -
£· ³³ ³.

‚ · ¡µÉ¥ [65] ¶·µ¢¥¤¥´ · ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ep→
epγ ¢ Ê± § ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¥. �´µ ¡Ò²µ ¢Ò· ¦¥´µ Î¥·¥§ Ï¥¸ÉÓ ¨´¢ -
·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤ ¤²Ö �Š� [58,66],   É ±¦¥ Ô²¥±É·¨Î¥¸±¨° ¨ ³ £´¨É´Ò°
Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10].

� ¸¸³µÉ·¨³  ³¶²¨ÉÊ¤Ò, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³ ³, ¶·¥¤¸É ¢²¥´´Ò³
´  ·¨¸.1. ‘Ê³³¥ ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ (  ¨ ¡) µÉ¢¥Î ¥É ³ É·¨Î-
´Ò° Ô²¥³¥´É

M1 = u(p2)Qµeu(p1) · u(q2)Γµ(q2)u(q1)
1

q2
, (5.2)

Qµe = γµ
p̂1 − k̂ +m

−2p1k
ê+ ê

p̂2 + k̂ +m

2p2k
γµ , (5.3)

Γµ(q2) = f1 γµ +
µp

4M
f2 ( q̂γµ − γµq̂ ) , (5.4)
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£¤¥ u(pi) ¨ u(qi) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¸ 4-¨³¶Ê²Ó¸ ³¨ pi
¨ qi, p

2
i = m2, q2

i = M2, u(pi) u(pi) = 2m, u(qi) u(qi) = 2M, (i =
1, 2), µp, f1, f2 Ä ¸µµÉ¢¥É¸É¢¥´´µ  ´µ³ ²Ó´Ò° ³ £´¨É´Ò° ³µ³¥´É, ¤¨· ±µ¢-
¸±¨° ¨ ¶ Ê²¨¥¢¸±¨° Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10], q = q2 − q1 Ä ¶¥·¥¤ ´´Ò°
¨³¶Ê²Ó¸, e Ä 4-¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¸ ¨³¶Ê²Ó¸µ³ k, ek = k2 = 0, M Ä
³ ¸¸  ¶·µÉµ´ .

‚ · ¸¸³ É·¨¢ ¥³µ³ ¶·¥¤¥²Ó´µ³ ¸²ÊÎ ¥, ±µ£¤  |r| ∼ m, ³ É·¨Î´Ò° Ô²¥-
³¥´É, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¤¨ £· ³³¥ ·¨¸.1,¢, ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ï¥¸ÉÓ ¨´¢ ·¨-
 ´É´ÒÌ  ³¶²¨ÉÊ¤ Ti (i = 1, 2 . . . 6) ¤²Ö �Š�, ¶µ²ÊÎ¥´´ÒÌ ¨§ É¥µ·¨¨ ¤¨¸¶¥·¸¨-
µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ¨ ¤ ´´ÒÌ µ ËµÉµ·µ¦¤¥´¨¨ π-³¥§µ´µ¢ ´  ´Ê±²µ´ Ì [66].
�´ ¨³¥¥É ¢¨¤ [64]:

M2 = u(p2)γµu(p1) · u(q2)Mµνe
νu(q1)

1

r2
, (5.5)

Mµν =
CµCν

C2
(T1 + T2K̂) +

DµDν

D2
(T3 + T4K̂)+

+
(CµDν − CνDµ)

D2
γ5 T5 +

(CµDν + CνDµ)

D2
T6D̂ . (5.6)

’¥´§µ· Mµν ¸É·µ¨É¸Ö ¸ ¶µ³µÐÓÕ Î¥É¢¥·±¨ µ·Éµ£µ´ ²Ó´ÒÌ ³¥¦¤Ê ¸µ¡µ°
4-¢¥±Éµ·µ¢ C, D, B, K:

K = 1/2 (r + k) , Q = 1/2(r − k) , R = 1/2(q1 + q2) ,

C = R−
(RK)

K2
K −

(RB)

B2
B , B = Q−

(QK)

K2
K , (5.7)

Dµ = εµνρσK
νBρCσ .

�´ Ê¤µ¢²¥É¢µ·Ö¥É É·¥¡µ¢ ´¨Ö³ ¸µÌ· ´¥´¨Ö Î¥É´µ¸É¨ ¨ Ê¸²µ¢¨Õ ± ²¨¡·µ¢µÎ-
´µ° ¨´¢ ·¨ ´É´µ¸É¨:

Mµνk
ν = rµMµν = 0 . (5.8)

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (5.2), (5.5) ¢ „‘� ¶µ¸É·µ¨³ ¤¢ 
��‚ aA ¨ bA (A = 0, 1, 2, 3) ¸ ¶µ³µÐÓÕ 4-¨³¶Ê²Ó¸µ¢ p1, p2, k ¨ q1, q2, k :

a0 = p+/
√
p2

+ , a3 = p−/
√
−p2
− , a2 = [a0 · a3]×k/ρ , a1 = [a0 · a3]×a2 ,

(5.9)
p± = p2 ± p1 , a±δ = a1 ± iδa2 , δ = ±1 ,

a2k = 0 , a2
1 = a2

2 = a2
3 = −a2

0 = −1 ,

b0 = q+/
√
q2
+ , b3 = q−/

√
−q2
− , b2 = [b0 · b3]×k/ρ

′

, b1 = [b0 · b3]×b2 ,

(5.10)
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q± = q2 ± q1 , b±δ′ = b1 ± iδ
′

b2 , δ
′

= ±1 ,

b2k = 0 , b21 = b22 = b23 = −b20 = −1 ,

£¤¥ ρ ¨ ρ
′

µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨. ’µ£¤  Ô²¥±É·µ´´Ò¥ ¨ ¶·µ-

Éµ´´Ò¥ µ¶¥· Éµ·Ò P±δ,δ21 ¨ Q±δ
′
,δ
′

21 (¸³. (2.11), (2.12)) ¨³¥ÕÉ ¢¨¤

P δ,δ21 = 1/4 (m+ p̂1 ) âδ â0 â
∗
δ , P

−δ,δ
21 = δ/2 (m+ p̂1 ) âδ â3 , (5.11)

Qδ
′,δ′

21 = 1/4 (M + q̂1 ) b̂δ′ b̂0 b̂
∗
δ′ , Q

−δ′,δ′

21 = δ
′

/2 (M + q̂1 ) b̂δ′ b̂3 , (5.12)

  ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (5.2), (5.5) ¢ ¸²ÊÎ ¥ · §²¨Î´ÒÌ ±µ³¡¨´ Í¨° ¸¶¨´µ¢ÒÌ
¸µ¸ÉµÖ´¨° Ô²¥±É·µ´µ¢ ¨ ¶·µÉµ´µ¢ ¸¢µ¤ÖÉ¸Ö ± ¶·µ¨§¢¥¤¥´¨Õ Ï¶Ê·µ¢:

M1 =
1

q2
Tr ( P±δ,δ21 Qµe ) Tr ( Q±δ

′,δ′

21 Γµ(q2) ) , (5.13)

M2 =
1

r2
Tr ( P±δ,δ21 γµ ) Tr ( Q±δ

′,δ′

21 Mµνe
ν ) . (5.14)

‚ ´¥¶µ²Ö·¨§µ¢ ´´µ³ ¸²ÊÎ ¥ ´ ¨¡µ²¥¥ ÔËË¥±É¨¢´Ò³ µ± §Ò¢ ¥É¸Ö ¨¸¶µ²Ó§µ¢ -
´¨¥ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘� ¢ ¸µÎ¥É ´¨¨ ¸ ¶·¨³¥-
´¥´¨¥³ ¸É ´¤ ·É´µ£µ ¶µ¤Ìµ¤  [10]. � ¸Î¥ÉÒ, ¶·µ¢¥¤¥´´Ò¥ ± ± ¶¥·¢Ò³ (É.¥.
¶µ Ëµ·³Ê² ³ (5.13), (5.14)), É ± ¨ ¢Éµ·Ò³ ¸¶µ¸µ¡µ³ ¤ ÕÉ µ¤¨´ ±µ¢Ò¥ ·¥-
§Ê²ÓÉ ÉÒ. ’¥³ ´¥ ³¥´¥¥ ¢Éµ·µ° ¸¶µ¸µ¡, ±µÉµ·Ò° É ±¦¥ ¡Ê¤¥É ¨§²µ¦¥´ ´¨¦¥,
¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²¥´, ¶µ¸±µ²Ó±Ê µ´ §´ Î¨É¥²Ó´µ ¡Ò¸É·¥¥ ¶·¨¢µ¤¨É ± Í¥²¨.
�·¨ ÔÉµ³ ¤²Ö ´ Ìµ¦¤¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ¶·µÍ¥¸¸  (5.1) ¤µ¸É ÉµÎ´µ ¢ÒÎ¨¸²¨ÉÓ
²¨ÏÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ô²¥±É·µ´´µ£µ ¨ ¶·µÉµ´´µ£µ Éµ±µ¢:

(J±δ,δe )µ = u±δ(p2)γµu(p1)δ = Tr ( P±δ,δ21 γµ ) , (5.15)

(J±δ
′,δ′

p )µ = u±δ
′

(q2)Γµ(q2)uδ
′

(q1) = Tr ( Q±δ
′,δ′

21 Γµ(q2) ) , (5.16)

  É ±¦¥ ¢¥²¨Î¨´Ê

X±δ
′,δ′

µ = u±δ
′

(q2)Mµνe
νuδ

′

(q1) = Tr ( Q±δ
′,δ′

21 Mµνe
ν ) . (5.17)

‚ÒÎ¨¸²¥´¨Ö ¤ ÕÉ [11,36,47]:

(Jδ,δe )µ = 2m(a0)µ , (J−δ,δe )µ = −2δy−(aδ)µ , (5.18)

(Jδ
′,δ′

p )µ = 2geM(b0)µ , (J−δ
′,δ′

p )µ = −2δ
′

y
′

−gm(bδ′)µ , (5.19)

£¤¥ y− =
√
−p2
−/2 , y

′

− =
√
−q2
−/2 ,   ¢¥²¨Î¨´Ò ge ¨ gm ¥¸ÉÓ ´¥ ÎÉµ ¨´µ¥,

± ± Ô²¥±É·¨Î¥¸±¨° ¨ ³ £´¨É´Ò° Ëµ·³Ë ±Éµ·Ò ¶·µÉµ´  [10]:

ge = f1 + µp
q2

4M2
f2 , gm = f1 + µp f2 . (5.20)
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’ ±¨³ µ¡· §µ³, ¢ „‘� ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´´µ£µ Éµ± , ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¶¥·¥Ìµ¤ ³ ¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´ , ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ô²¥±É·¨Î¥¸±¨°
Ëµ·³Ë ±Éµ· ge,   ¢§ ¨³µ¤¥°¸É¢¨¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¢Ò· ¦ ¥É¸Ö Î¥·¥§
³ £´¨É´Ò° Ëµ·³Ë ±Éµ· gm.

�µ¸²¥ µ¶·¥¤¥²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶·µÉµ´´µ£µ Éµ±  (5.16) · ¸Î¥É
¢±² ¤  ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì ¤¨ £· ³³ ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ ¶·µÍ¥¸¸ 
‚Š� ´  Ô²¥±É·µ´¥ [47,65]:

|M±δ
′,δ′

1 |2 =
1

q4
|u(p2)

(
Ĵ±δ

′,δ′

p

p̂1 − k̂ +m

−2p1k
ê+ ê

p̂2 + k̂ +m

2p2k
Ĵ±δ

′,δ′

p

)
u(p1)|2 .

(5.21)

�¡µ§´ Î Ö ·¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ¨ ¸Ê³³¨·µ¢ ´¨Ö ¢Ò· ¦¥´¨Ö |M±δ
′,δ′

1 |2 ¶µ
¶µ²Ö·¨§ Í¨Ö³ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í Î¥·¥§ Yee, ¶µ²ÊÎ¨³ [47,65]:

Yee = 1/4
∑
δ′e

Tr { (p̂2 +m) Q̂±δ
′,δ′

e (p̂1 +m) Q̂
±δ′,δ′

e }/q4 , (5.22)

£¤¥ Q̂±δ
′,δ′

e = (Qµe ) (J±δ
′,δ′

p )µ Ä µ¶¥· Éµ·, ¸ÉµÖÐ¨° ¢ ±·Ê£²ÒÌ ¸±µ¡± Ì ³¥¦¤Ê

¡¨¸¶¨´µ· ³¨ Ô²¥±É·µ´µ¢ u(p2) ¨ u(p1) ¢ ¢Ò· ¦¥´¨¨ (5.21), Q̂
±δ′,δ′

e =

= γ0(Q̂±δ
′,δ′

e )+γ0. �É³¥É¨³, ÎÉµ, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ Ô²¥±É·¨Î¥¸±µ£µ ¨
³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ge ¨ gm ¢ ¢Ò· ¦¥´¨ÖÌ (5.19), ¡¥É¥-£ °É²¥·µ¢¸±¨°
Î²¥´ ¢ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ ep→ epγ Yee (5.22) ¡Ê¤¥É ¸µ¤¥·¦ ÉÓ Éµ²Ó±µ ±¢ ¤· ÉÒ
Ëµ·³Ë ±Éµ·µ¢ ‘ ±¸  (¸³. [36,47,65,67,68]).

�´ ²µ£¨Î´Ò³ µ¡· §µ³ · ¸Î¥É ¢±² ¤  ¤¨ £· ³³Ò ·¨¸.1,¢ ¸¢µ¤¨É¸Ö ± ¢Ò-
Î¨¸²¥´¨Õ ±¢ §¨·¥ ²Ó´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´  ¶·µÉµ´¥. ‘ ¶µ³µÐÓÕ
¢Ò· ¦¥´¨° ¤²Ö Ô²¥±É·µ´´µ£µ Éµ±  (5.18), ¨³¥¥³:

|M±δ,δ2 |2=
1

r4
| u(q2) Q̂±δ,δp u(q1) |2 , (5.23)

£¤¥ Q̂±δ,δp = (J±δ,δe )µ Mµνe
ν . �¡µ§´ Î Ö ·¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ¨ ¸Ê³³¨·µ¢ -

´¨Ö ¢Ò· ¦¥´¨Ö (5.23) ¶µ ¶µ²Ö·¨§ Í¨Ö³ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í Î¥·¥§
Ypp, ¶µ²ÊÎ¨³ [65]:

Ypp = 1/4
∑
δe

Tr { (q̂2 + M) Q̂±δ,δp (q̂1 +M) Q̂
±δ,δ

p }/r4 , (5.24)

£¤¥ Q̂
±δ,δ

p = γ0 (Q̂±δ,δp )+γ0 . � ±µ´¥Í, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ
Î²¥´  ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í

Yep = 1/4
∑
δ,δ′,e

2Re M1 M
∗
2 (5.25)
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¨¸¶µ²Ó§Ê¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´´µ£µ Éµ±  (5.19),   É ±¦¥ 4-¢¥±Éµ·Ò
X±δ

′,δ′

µ (5.17), ±µÉµ·Ò¥ ¨³¥ÕÉ ¢¨¤ [65]:

X−δ
′,δ′

µ = −2δ
′

y
′

−b1k

(
CµCν

C2
T2 +

DµDν

D2
T4+

+iδ
′

y
′

+y
′

−
(CµDν + CνDµ)

D2
T6

)
eν ,

Xδ′,δ′

µ = 2

(
y
′

+

(
CµCν

C2

(
T1 +

ν1M

1− τ
T2

)
+
DµDν

D2

(
T3 +

ν1M

1− τ
T4

))
+

(5.26)

+ δ
′

y
′

−
(CµDν − CνDµ)

D2
T5

)
eν ,

£¤¥ y
′

+ =
√
q2
+/2 = M

√
1− τ , τ = q2/4M2 , ν1 = kq+/2M

2 . ‚ ·¥§Ê²ÓÉ É¥

¤²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  M2 (5.5) ¨³¥¥³

M2 = u(p2)X̂±δ
′,δ′u(p1)/r2 , (5.27)

  ¢Ò· ¦¥´¨¥ (5.25) ¸¢µ¤¨É¸Ö ± ¢ÒÎ¨¸²¥´¨Õ Ï¶Ê·  [65]:

Yep = 1/4
∑
δ,δ′,e

2Re {Tr ((p̂2 +m)Q̂±δ
′,δ′

e (p̂1 +m)X̂
±δ′,δ′

}/q2/r2 , (5.28)

£¤¥ X̂±δ
′,δ′ = γµ X±δ

′,δ′

µ , X̂
±δ′,δ′

= (X±δ
′,δ′

µ )∗γµ . �É³¥É¨³, ÎÉµ ¨´É¥·-
Ë¥·¥´Í¨µ´´Ò° Î²¥´ Yep (5.28) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²¨´¥°´ÊÕ ±µ³¡¨´ Í¨Õ
Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ , ¶µ¸±µ²Ó±Ê µ¶¥· Éµ·Ò
Q̂±δ

′,δ′

e ²¨´¥°´Ò³ µ¡· §µ³ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶·µÉµ´-
´µ£µ Éµ±  : Q̂±δ

′,δ′

e = (Qe)
µ(J±δ

′,δ′

p )µ , (¸³. (5.3), (5.19)) .
’ ±¨³ µ¡· §µ³, ´ Ìµ¦¤¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ·¥ ±Í¨¨ ep → epγ ¢ ¨¸¶µ²Ó-

§Ê¥³µ³ ¶µ¤Ìµ¤¥ ¸¢¥²µ¸Ó ± ¢ÒÎ¨¸²¥´¨Õ Ï¶Ê·µ¢ (5.22), (5.24), (5.28), · ¸Î¥É
±µÉµ·ÒÌ ¡Ò² ¶·µ¢¥¤¥´ ¸ ¶µ³µÐÓÕ ¶·µ£· ³³Ò REDUCE. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¶µ²ÊÎ¥´µ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ [65]:

dσ =
α3 | T |2 δ4(p1 + q1 − p2 − q2 − k)

2π2
√

(p1q1)2 −m2M2

d3~p2

2p20

d3~q2

2q20

d3~k

2ω
, (5.29)

| T |2= 1/4
∑
pol

|Mfi |
2= Yee + Yep + Ypp , (5.30)

Yee =
8M2

q4
( g2

e YI + τ g2
m YII ) , (5.31)
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YI = −
λ1

λ2
−
λ2

λ1
−
m2q2

2

(
1

λ1
−

1

λ2

)2

−
r2q2

2λ1λ2
−

−
m2

2M2(1− τ)

(
p1q+

λ2
−
p2q+

λ1

)2

−
τ

(1− τ)

((p1q+)2 + (p2q+)2)

λ1λ2
, (5.32)

YII = −
λ1

λ2
−
λ2

λ1
−
m2q2

2

(
1

λ1
+

1

λ2

)2

−
r2q2

2λ1λ2
+

+
m2

2M2(1− τ)

(
p1q+

λ2
−
p2q+

λ1

)2

+
τ

(1 − τ)

((p1q+)2 + (p2q+)2)

λ1λ2
− (5.33)

− 2

(
m2

λ1
−
m2

λ2

)2

+ 4 m2

(
1

λ1
−

1

λ2

)
,

Yep = −
32M3

r2q2(4ν2
4 − ν

2
2)

{
geRe

[
y1

(
T1 +

ν1M

1− τ
T2

)
+ y2

(
T3 +

ν1M

1− τ
T4

)]
+

+τgm

[
−
ν1M

1− τ
Re(y1T2 + y2T4) + 4MRe(z1T2 + z2T4 + z3T6)

]}
, (5.34)

Ypp = −

{
(α2

1α3 + ν3)[(1 − τ)|T1|
2 + 2ν1MRe(T1T

∗
2 ) +M2(ν2

1 − ν
2
2 )|T2|

2]+

+ (α2 + ν3)[(1− τ)|T3|
2 + 2ν1MRe(T3T

∗
4 ) +M2(ν2

1 − ν
2
2)|T4|

2]+ (5.35)

+ (α2
1α3 + α2 + 2ν3)τ

(
−
|T5|2

M4ν2
2

+
M2

α3
|T6|

2

)}
16M4

r4
.

„²Ö ¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ, Î¥·¥§ ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ¸Ö ¡¥É¥-£ °É²¥-
·µ¢¸±¨° (Yee), ¨´É¥·Ë¥·¥´Í¨µ´´Ò° (Yep) ¨ Î²¥´, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶·µÉµ´-
´µ³Ê ¨§²ÊÎ¥´¨Õ (Ypp), ¢ ¢Ò· ¦¥´¨ÖÌ (5.30)Å(5.35) ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¡µ§´ Î¥-
´¨Ö, ¶·¨´ÖÉÒ¥ ¢ [64]:

y1 = 2α1[α1α3(ν2ν5− ν1ν4) + 2ν2
4 + ν2ν3], ν1 = kq+/2M

2, ν2 = −kq−/2M
2,

y2 = 2α2(ν2ν5 − ν1ν4)− α1ν
2
2 , ν3 =r2/4M2, ν4 =kq+/4M

2, ν5 =p+q+/4M
2,

y3 = −(4ν3/ν
2
2) [α1α3(ν1ν2(ν2 + ν3)− 2ν4(ν1ν4 − ν2ν5)) + ν4(4ν2

4 − ν
2
2)] ,

α1 = ν5 + ν1ν4(2ν3 + ν2)/ν2
2 , α3 = ν2

2/(ν
2
2 + (ν2 + ν3)(ν2

1 − ν
2
2)) ,

α2 = m2/M2−ν3+M6/D2[−(ν1ν4+ν2ν5)2+4ν3(ν2
4−ν1ν4ν5)−4ν3ν

2
4(ν2+ν3)],

D2 = M6 (ν2
2 + (ν2 + ν3)(ν2

1 − ν
2
2)) = M6ν2

2/α3 , λ1 = p1k , λ2 = p2k ,
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z1 = ν1ν4α
2
1α3 , z2 = ν2ν4α2 , z3 = 1/4α1 (2ν2(2α2 + ν2 + ν3) + 4ν2

4 − ν
2
2) .

�É³¥É¨³, ÎÉµ ¶µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.29)
¸ ÉµÎ´µ¸ÉÓÕ ¤µ µ¶·¥¤¥²¥´¨Ö ¨¸Ìµ¤´ÒÌ ¢¥²¨Î¨´ (É¥´§µ·  Mµν ) ¸µ¢¶ ¤ ÕÉ ¸
·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ [64], ¥¸²¨ ¢ ¶µ¸²¥¤´¥³ ¢Ò· §¨ÉÓ f1 ¨ f2 Î¥·¥§
ge ¨ gm. ’¥³ ´¥ ³¥´¥¥ ¡¥É¥-£ °É²¥·µ¢¸±¨° Yee ¨ ¨´É¥·Ë¥·¥´Í¨µ´´Ò° Yep
Î²¥´Ò ¨³¥ÕÉ ¡µ²¥¥ ±µ³¶ ±É´Ò° ¢¨¤, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ Ô²¥±É·¨Î¥¸±µ£µ
¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢. —Éµ ± ¸ ¥É¸Ö µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ Ëµ·³Ê²
(5.29)Å(5.35), Éµ µ´  µ£· ´¨Î¥´  É·¥¡µ¢ ´¨¥³ ±¢ §¨·¥ ²Ó´µ¸É¨ ¢¨·ÉÊ ²Ó´µ£µ
ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ r, ÎÉµ ·¥ ²¨§Ê¥É¸Ö ¶·¨ · ¸¸¥Ö´¨¨ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥
Ê£²Ò ¢¶¥·¥¤.

� ¸¸³µÉ·¨³ ÔËË¥±ÉÒ, µ¡Ê¸²µ¢²¥´´Ò¥ ¢±² ¤µ³ ¢¸¥Ì É·¥Ì ¤¨ £· ³³ ¢ ¸¥Î¥-
´¨¥ ·¥ ±Í¨¨ (5.1) ¢ ¢Ò¡· ´´µ° ±¨´¥³ É¨±¥ ¢ ¸²ÊÎ ¥, ±µ£¤  ´ Î ²Ó´Ò° ¶·µÉµ´
¶µ±µ¨É¸Ö (q1 = (M, 0)),   Ô´¥·£¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  Ee = 200 MÔ‚. �·µ-
¨§¢µ¤Ö ´¥µ¡Ìµ¤¨³Ò¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ë §µ¢µ³Ê µ¡Ñ¥³Ê ¢ ¸¨¸É¥³¥ ¶µ±µÖ
´ Î ²Ó´µ£µ ¶·µÉµ´ , ¶µ²ÊÎ ¥³ [65]:

dσ =
α3ω2 | ~q2 | T |2

16π2M | ~p1 | (p2k)
dEpk dΩq2 dΩγ , (5.36)

£¤¥ dΩγ ¨ dΩq2 Ä Ô²¥³¥´ÉÒ É¥²¥¸´ÒÌ Ê£²µ¢ ËµÉµ´  ¨ ¶·µÉµ´ , Epk Ä ±¨´¥É¨-
Î¥¸± Ö Ô´¥·£¨Ö ¶·µÉµ´  µÉ¤ Î¨.

�·µ¢¥¤¥³ Î¨¸²¥´´Ò° · ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.36) ¢ µ¡² -
¸É¨ 5 ≤ Epk ≤ 35 ŒÔ‚ ¤²Ö §´ Î¥´¨° ¸Ê³³Ò ¨ · §´µ¸É¨ Ô²¥±É·¨Î¥¸±µ° (αp)
¨ ³ £´¨É´µ° (βp) ¶µ²Ö·¨§Ê¥³µ¸É¥°, · ¢´ÒÌ: αp + βp = 14, αp − βp = 10
[58Å60] (¢ ¥¤¨´¨Í Ì 10−4 Ë³3). �·¨ ÔÉµ³ ¡Ê¤¥³ ¸Î¨É ÉÓ ±¨´¥³ É¨±Ê ·¥-
 ±Í¨¨ ¶²µ¸±µ°,   Ê£²Ò ¢Ò²¥É  ËµÉµ´  ϑγ ¨ ¶·µÉµ´  ϑp ¢Ò¡¥·¥³ · ¢´Ò³¨:
ϑγ = 1350, ϑp = −20, 50. (�É¸Î¥É Ê£²µ¢ ¢¸¥Ì Î ¸É¨Í ¢¥¤¥É¸Ö µÉ ´ ¶· ¢²¥-
´¨Ö ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢.) Š ± ¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ [65],
¢µ ¢¸¥° · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ¶·µÉµ´  5 ≤ Epk ≤
≤ 35 ŒÔ‚ ¤²Ö ¢Ò¡· ´´ÒÌ Ê£²µ¢ ϑγ = 1350 ¨ ϑp = −20, 50 Ê£µ² · ¸¸¥Ö-
´¨Ö Ô²¥±É·µ´  ϑe ¨ ¢¥²¨Î¨´  ¶¥·¥¤ ´´µ£µ 4-¨³¶Ê²Ó¸  |r| =

√
−(p2 − p1)2

´¥ ¶·¥¢ÒÏ ÕÉ ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°: |ϑe| ≤ 6, 40, |r| ≤ 7, 3 ŒÔ‚, ¶·¨Î¥³
³¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥ |r| ¸µµÉ¢¥É¸É¢Ê¥É · ¸¸¥Ö´¨Õ Ô²¥±É·µ´  ¢¶¥·¥¤.

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (5.36)
dσ/dEpk/dΩq2/dΩγ ¢ µ¶¨¸ ´´µ° ¢ÒÏ¥ ±¨´¥³ É¨±¥ ¶·¥¤¸É ¢²¥´Ò £· Ë¨±µ³
´  ·¨¸.2. Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´± , ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ê£²µ¢
¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep → epγ ¨³¥¥É µ¸É·Ò° ¶¨±, ¸µ¸ÉµÖÐ¨° ¨§ ¤¢ÊÌ ³ ±¸¨³Ê-
³µ¢. �·µ¨¸Ìµ¦¤¥´¨¥ ÔÉµ£µ ¶¨±  µ¡Ê¸²µ¢²¥´µ ³´µ¦¨É¥²¥³ 1/r4 ¢ ¢Ò· ¦¥´¨¨
(5.35) ¤²Ö Ypp. —Éµ ± ¸ ¥É¸Ö ¤¢ÊÌ ³ ±¸¨³Ê³µ¢, Éµ µ´¨ ¨³¥ÕÉ ±¨´¥³ É¨Î¥¸±µ¥
¶·µ¨¸Ìµ¦¤¥´¨¥ ¨ ¶µ²ÊÎ ÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥·Ë¥·¥´Í¨¨ ¤¢ÊÌ ¶µ²Õ¸´ÒÌ
¤¨ £· ³³, µÉ¢¥Î ÕÐ¨Ì ±¢ §¨·¥ ²Ó´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ. ‘¥Î¥´¨¥
(5.36) ¨³¥¥É ¸¨²Ó´ÊÕ Ê£²µ¢ÊÕ § ¢¨¸¨³µ¸ÉÓ, ±µÉµ· Ö ¶·¨¢µ¤¨É, ¢ Î ¸É´µ¸É¨, ±
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Éµ³Ê, ÎÉµ ¶·¨ ¨§³¥´¥´¨¨ Ê£²  ¢Ò²¥É  ¶·µÉµ´  (¨²¨ ËµÉµ´ ) ¢¸¥£µ ´  ¶µ²£· -
¤Ê¸  (É.¥. ¶·¨ ϑp = −200) µ¡  ³ ±¸¨³Ê³  ¨¸Î¥§ ÕÉ, ¨ ³Ò ¨³¥¥³ µ¡ÒÎ´Ò° ¶¨±
¶·¨ Epk = 15 ŒÔ‚ (´  ·¨¸Ê´±¥ ³Ò ¥£µ ´¥ ¶·¨¢µ¤¨³).

�¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
·¥ ±Í¨¨ ep → epγ ¢ ±¨´¥³ É¨±¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±-
É·µ´µ¢ ´  ³ ²Ò¥,   ËµÉµ´µ¢ ´  ¤µ-
¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, £¤¥ ¤µ³¨´¨-
·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥

�µ²´µ¥ ¸¥Î¥´¨¥ (5.36), ¶·¨¢¥¤¥´´µ¥
´  ·¨¸.2, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê³³Ê ¡¥É¥-
£ °É²¥·µ¢¸±µ£µ (σee), ¨´É¥·Ë¥·¥´Í¨µ´-
´µ£µ (σep) ¨ ¶·µÉµ´´µ£µ (σpp) Î²¥´µ¢ (¸³.
(5.30)), £¤¥ ¸¨³¢µ² (σ) µ¡µ§´ Î ¥É ¸¥Î¥´¨¥
¢¨¤  (5.36), ¢ ±µÉµ·µ³ ¢³¥¸Éµ | T |2 ¸ÉµÖÉ,
¸µµÉ¢¥É¸É¢¥´´µ, Yee, Yep ¨ Ypp. —¨¸²¥´-
´Ò¥ · ¸Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢µ ¢¸¥° · ¸-
¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·-
£¨¨ ¶·µÉµ´  5 ≤ Epk ≤ 35 ŒÔ‚ µÉ´µ-
Ï¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ σee ¨ ¨´É¥·-
Ë¥·¥´Í¨µ´´µ£µ σep ± Î²¥´Ê, ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¥³Ê ¶·µÉµ´´µ³Ê ¨§²ÊÎ¥´¨Õ σpp, ´¥ ¶·¥-
¢ÒÏ ÕÉ ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°: σee/σpp <
0, 02, |σep|/σpp < 0, 05. ‚ÒÎ¨¸²¥´¨Ö, ¶·µ-
¢¥¤¥´´Ò¥ ¤²Ö ¤·Ê£µ£µ ´ ¡µ·  Ê£²µ¢ (ϑγ =
1350, ϑp = −200), ¤ ÕÉ ·¥§Ê²ÓÉ ÉÒ, ±µÉµ-
·Ò¥ ³¥´ÖÕÉ¸Ö ´¥§´ Î¨É¥²Ó´µ: σee/σpp <
0, 05, |σep|/σpp < 0, 075. �µ¸±µ²Ó±Ê ÔÉ¨
µÉ´µÏ¥´¨Ö ´ ³´µ£µ ³¥´ÓÏ¥ ¥¤¨´¨ÍÒ, Éµ

É¥³ ¸ ³Ò³ ¢Ò¶µ²´Ö¥É¸Ö £² ¢´µ¥ É·¥¡µ¢ ´¨¥ (¸³. [60]), ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¢Ò-
¤¥²¥´¨Ö Ëµ´ , ¢ ± Î¥¸É¢¥ ±µÉµ·µ£µ ¢Ò¸ÉÊ¶ ¥É Ô²¥±É·µ´´µ¥ ¨§²ÊÎ¥´¨¥.

‘ Í¥²ÓÕ ¢ÒÖ¸´¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨¨ ep → epγ ± ¶µ²Ö·¨§Ê¥-
³µ¸É¨ ¶·µÉµ´  ¶·µ¢µ¤¨²¨¸Ó Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¸¥Î¥´¨° (5.36) ¤²Ö µ¤´µ£µ ¨
Éµ£µ ¦¥ ´ ¡µ·  Ê£²µ¢ (ϑγ = 1350, ϑp = −200) ¶·¨ ´¥¨§³¥´´µ° ¸Ê³³¥ Ô²¥±-
É·¨Î¥¸±µ° ¨ ³ £´¨É´µ° ¶µ²Ö·¨§Ê¥³µ¸É¥° αp + βp = 14, ´µ ´¥µ¤¨´ ±µ¢ÒÌ
§´ Î¥´¨ÖÌ ¨Ì · §´µ¸É¥°:  ) αp − βp = 10 ¨ ¡) αp − βp = 6. �± § ²µ¸Ó,
ÎÉµ ¸ Ê³¥´ÓÏ¥´¨¥³ · §´µ¸É¨ ¶µ²Ö·¨§Ê¥³µ¸É¥° ¸¥Î¥´¨¥ (5.36) Ê¢¥²¨Î¨¢ ¥É¸Ö
¶·¨³¥·´µ ´  8%. ’ ±¨³ µ¡· §µ³, ¢ · ¸¸³ É·¨¢ ¥³µ° ±¨´¥³ É¨±¥ ¸¥Î¥´¨¥
·¥ ±Í¨¨ ep → epγ µ¡² ¤ ¥É § ³¥É´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¶µ²Ö·¨§Ê¥³µ¸É¨
¶·µÉµ´  [65].

6. ˆ‡‹“—…�ˆ… ‹ˆ�…‰�� ��‹Ÿ�ˆ‡�‚����ƒ� ”�’���
�‹…Š’����Œ ‚ �…�Š–ˆˆ ep→ epγ

� ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±-
É·µ´µ³ ¢ ·¥ ±Í¨¨ ep→ epγ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ . ‚ ÔÉµ°
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¸¢Ö§¨ ´ Ï¥ · ¸¸³µÉ·¥´¨¥ ¡Ê¤¥É µ£· ´¨Î¥´µ ¢±² ¤µ³ ¤¢ÊÌ ¡¥É¥-£ °É²¥·µ¢¸±¨Ì
¤¨ £· ³³ (  ¨ ¡) ´  ·¨¸.1, ±µÉµ·Ò³ µÉ¢¥Î ¥É ³ É·¨Î´Ò° Ô²¥³¥´É (5.2). �·¨
ÔÉµ³ ¢±² ¤µ³ ¤¨ £· ³³Ò ¸ ‚Š� ´  ¶·µÉµ´¥ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢ ¸²ÊÎ ¥, ±µ-
£¤  ´ Î ²Ó´Ò¥ Ô²¥±É·µ´Ò ¨³¥ÕÉ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±ÊÕ Ô´¥·£¨Õ,   ËµÉµ´ ¨
±µ´¥Î´Ò° Ô²¥±É·µ´ · ¸¸¥¨¢ ÕÉ¸Ö ´  ³ ²Ò¥ Ê£²Ò ¢¶¥·¥¤ (ϑγ ∼ m/Ee, ϑe ∼
m/Ee, m/Ee � 1).

� Ï ¨´É¥·¥¸ ± · ¸¸³ É·¨¢ ¥³Ò³ ÔËË¥±É ³ µ¡Ê¸²µ¢²¥´ ¸²¥¤ÊÕÐ¨³¨ ¶·¨-
Î¨´ ³¨. ‚µ-¶¥·¢ÒÌ, ¡¥É¥-£ °É²¥·µ¢¸±¨° ¶·µÍ¥¸¸, ÌµÉÖ ¨ ¨§ÊÎ ²¸Ö · ´¥¥ ¢
¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ [69,70], Ï¨·µ±µ ¨¸¶µ²Ó-
§Ê¥É¸Ö ¤²Ö ¨Ì ¶µ²ÊÎ¥´¨Ö ´  Ê¸±µ·¨É¥²ÖÌ [71], É¥³ ´¥ ³¥´¥¥ ¤µ ´ ¸ÉµÖÐ¥£µ
¢·¥³¥´¨ ÉµÎ´Ò° ÊÎ¥É µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´  ´¥ ¡Ò² ¶·µ¨§¢¥¤¥´ (¢
µÉ²¨Î¨¥ µÉ ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¸²ÊÎ Ö). ‚µ-¢Éµ·ÒÌ, ± ± ¡Ò²µ ¶µ± § ´µ ¢ [72],
¨Ì ÊÎ¥É ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± ¸¨²Ó´µ³Ê ¨§³¥´¥-
´¨Õ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸ . �µ¸±µ²Ó±Ê
¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¸¸¥Ö´´µ£µ ¨§²ÊÎ¥´¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´ 
(¸³. ´¨¦¥), Éµ Ö¸´µ, ÎÉµ ÊÎ¥É µÉ¤ Î¨ ¨ Ëµ·³Ë ±Éµ·µ¢ ´¥µ¡Ìµ¤¨³.

Šµ¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥-
·µ¢¸±µ£µ ¶·µÍ¥¸¸  (¢ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨) ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³-
Ë ±Éµ·µ¢ ¶·µÉµ´  ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  ¡Ò²µ
¶µ²ÊÎ¥´µ  ¢Éµ· ³¨ ¢ [73]. �´µ ¨³¥¥É ¢¨¤

dσBH =
α3 | Te |2 δ4(p1 + q1 − p2 − q2 − k)

2π2
√

(p1q1)2 −m2M2

d3~p2

2p20

d3~q2

2q20

d3~k

2ω
, (6.1)

| Te |
2=

4M2

q4
( g2

e Y
e

I + τ g2
m Y e

II ) , (6.2)

Y e
I = 2−

λ1

λ2
−
λ2

λ1
−

τ

1− τ

(kq+)2

λ1λ2
+ q2 (ea)2 + 4 (eA)2 , (6.3)

Y e
II = −2−

λ1

λ2
−
λ2

λ1
+

τ

1− τ

(kq+)2

λ1λ2
+ (q2 + 4m2) (ea)2 − 4 (eA)2 , (6.4)

a =
p1

λ1
−
p2

λ2
, A = b0 +

(b0p2)p1

λ1
−

(b0p1)p2

λ2
. (6.5)

‚¸¥ ¢¥²¨Î¨´Ò, ¢Ìµ¤ÖÐ¨¥ ¢ (6.1)Å(6.5), µ¶·¥¤¥²¥´Ò ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.
’ ±¨³ µ¡· §µ³, ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  ¢
¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  dσBH (6.1) ¥¸É¥¸É¢¥´´Ò³
µ¡· §µ³ · ¸¶ ¤ ¥É¸Ö ´  ¸Ê³³Ê ¤¢ÊÌ ¸² £ ¥³ÒÌ, ¸µ¤¥·¦ Ð¨Ì Éµ²Ó±µ ±¢ ¤· ÉÒ
Ëµ·³Ë ±Éµ·µ¢ ‘ ±¸  ¨ µÉ¢¥Î ÕÐ¨Ì §  ¢±² ¤ ¶¥·¥Ìµ¤µ¢ ¡¥§ ¶¥·¥¢µ·µÉ  (∼
g2
e Y

e
I ) ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  ¶·µÉµ´  (∼ τ g2

mY
e

II ).
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�É³¥É¨³ ¸¢µ°¸É¢ , ±µÉµ·Ò³¨ µ¡² ¤ ÕÉ ± ± 4-¢¥±Éµ· a, Ìµ·µÏµ ¨§¢¥¸É-
´Ò° ¨§ É¥µ·¨¨ ¨§²ÊÎ¥´¨Ö ¤²¨´´µ¢µ²´µ¢ÒÌ ËµÉµ´µ¢ [10], É ± ¨ 4-¢¥±Éµ· A.
�¡  µ´¨ Ê¤µ¢²¥É¢µ·ÖÕÉ Ê¸²µ¢¨Õ, ±µÉµ·µ¥ Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ·¥§Ê²ÓÉ Éµ³
É·¥¡µ¢ ´¨Ö ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨

a k = A k = 0 ,

¨, ±·µ³¥ Éµ£µ, Ö¢²ÖÕÉ¸Ö ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´Ò³¨: a2 < 0, A2 < 0. ‚ ÔÉµ³
´¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ¥¸²¨ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö § ±µ´µ³ ¸µÌ· ´¥´¨Ö 4-¨³¶Ê²Ó¸  ¨
Ö¢´Ò³ ¢¨¤µ³ ¤²Ö a2 ¨ A2:

a2 = m2

(
1

λ1
−

1

λ2

)2

+
r2

λ1λ2
, (6.6)

A2 = 1 +
m2

4M2(1− τ)

(
q+p1

λ2
−
q+p2

λ1

)
+

τ

1− τ

q+p1 · q+p2

λ1λ2
. (6.7)

�É³¥É¨³, ÎÉµ 4-¢¥±Éµ· A ¢¶¥·¢Ò¥ ¢¢¥¤¥´ ¢ · ¡µÉ¥ [73].
‘ ¶µ³µÐÓÕ 4-¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢ p1, p2 ¨ ËµÉµ´  k ¶µ¸É·µ¨³ 4-¢¥±Éµ·Ò

²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  e‖ ¨ e⊥ (e‖k = e⊥k = e‖e⊥ = 0):

e‖ =
(p2k)p1 − (p1k)p2

ρ′
, e⊥ =

[p1 · p2]×k

ρ′
, (6.8)

£¤¥ ρ
′

µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ´µ·³¨·µ¢±¨: e2
‖ = e2

⊥ = −1. ’µ£¤  ¸É¥¶¥´Ó
²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨
[73]:

Pγ =
| T⊥ |2 − | T‖ |

2

| T⊥ |2 + | T‖ |2
=
A1

A2
, (6.9)

£¤¥

A1 =
16 M2

q4
(g2
e A11 + τ g2

m A12) , (6.10)

A2 =
8 M2

q4
(g2
e Y1 + τ g2

m Y2) , (6.11)

A11 = A2 + τ M2 a2 + 2(e⊥b0)2 , (6.12)

A12 = −A2 + τ M2 a2 − 2(e⊥b0)2 +m2 a2 , (6.13)

(e⊥b0)2 = −
4(SD)2

M2(1− τ)a2λ2
1λ

2
2

, (6.14)

SD = 1/2 εµνρσ(p1)µ(p2)ν(q1)ρ(q2)σ , (6.15)
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Y1 = 2−
λ1

λ2
−
λ2

λ1
−

τ

1− τ

(kq+)2

λ1λ2
− 2 τM2 a2 − 2 A2 , (6.16)

Y2 = −2−
λ1

λ2
−
λ2

λ1
+

τ

1− τ

(kq+)2

λ1λ2
− 2 τ M2 a2 + 2 A2 − 2m2 a2 . (6.17)

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¢¥²¨Î¨´  A2 (6.11) ¸µ¢¶ ¤ ¥É ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö Yee
(5.31), µ¶·¥¤¥²ÖÕÐ¨³ ¡¥É¥-£ °É²¥·µ¢¸±µ¥ ¸¥Î¥´¨¥ ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
Î ¸É¨Í: A2 = Yee,   É ±¦¥ Y1 = YI , Y2 = YII (¸³. (5.32), (5.33)).

’ ±¨³ µ¡· §µ³, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨ ±¢ ¤· Éµ¢ Ëµ·³Ë ±Éµ·µ¢ ge ¨
gm,   É ±¦¥ ¨¸¶µ²Ó§µ¢ ´¨Õ 4-¢¥±Éµ·µ¢ a ¨ A (6.5), ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥-
Î¥´¨¥ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸ , ± ± ¢ ¸²ÊÎ ¥ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ
(6.2), É ± ¨ ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  (6.11), (5.31), ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¤µ¢µ²Ó´µ ±µ³¶ ±É´µ³ ¢¨¤¥.

�·µ¢¥¤¥³ ¨´É¥£·¨·µ¢ ´¨¥ ¢Ò· ¦¥´¨Ö (6.1) ¶µ d3~q2 ¨ dp20 ¢ ¸¨¸É¥³¥ ¶µ±µÖ
´ Î ²Ó´µ£µ ¶·µÉµ´  q1 = (M, 0). ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

dσBH

dω dΩγ dΩe
=

α3 ω

(2π)2

|~p2|

|~p1|

|T |2

q4
, (6.18)

|T |2 = g2
e Y

e
I + τ g2

m Y e
II . (6.19)

� ¸¸³µÉ·¨³ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìµ¤ ¢ ¸¥Î¥´¨¨ (6.18) ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¶·µÉµ´
Ö¢²ÖÉ¸Ö ÉµÎ¥Î´µ° (¡¥¸¸É·Ê±ÉÊ·´µ°) Î ¸É¨Í¥° c ¡¥¸±µ´¥Î´µ° ³ ¸¸µ°, É.¥. ¡Ê¤¥³
¸Î¨É ÉÓ, ÎÉµ ge = gm = 1, q2 = (M,~q) ' (M, 0), £¤¥ ~q = ~p1 − ~p2 − ~k Ä
¨³¶Ê²Ó¸, ¶¥·¥¤ ¢ ¥³Ò° ¶·µÉµ´Ê. ‚ ÔÉµ³ ¶·¥¤¥²¥ (M →∞) Ekp = ~q 2/2M →
0, ~q/2M → 0, b0 = (1, ~q/2M) ' (1, 0). „²Ö ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢
¢Ò¡¥·¥³ ±Ê²µ´µ¢¸±ÊÕ ± ²¨¡·µ¢±Ê: e = (0, ~e), ¢ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

eb0 = 0, ea =
p1e

λ1
−
p2e

λ2
, eA = p20

p1e

λ1
− p10

p2e

λ2
, τ(q+k)2 = ω2q2.

„¥² Ö ¸ ¶µ³µÐÓÕ ÔÉ¨Ì ¸µµÉ´µÏ¥´¨°  ±±Ê· É´Ò° ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìµ¤ ¢ (6.19),
¶µ²ÊÎ ¥³

|T |2 = 2−
λ1

λ2
−
λ2

λ1
−
ω2q2

λ1λ2
+ q2 (ea)2 + 4 (eA)2 , (6.20)

¨²¨ ¦¥ ¢ · §¢¥·´ÊÉµ³ ¢¨¤¥:

|T |2 = 2−
λ1

λ2
−
λ2

λ1
−
ω2q2

λ1λ2
+ ( 4p2

20 + q2 )

(
p1e

λ1

)2

+

+ ( 4p2
10 + q2 )

(
p2e

λ2

)2

− 2 ( 4p10p20 + q2 )
p1e · p2e

λ1λ2
. (6.21)

�µ²ÊÎ¥´´Ò¥ ¢Ò· ¦¥´¨Ö (6.18), (6.21) ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-
£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  dσBH/dω/dΩγ/dΩe ¢ ¶·¥¤¥²¥, ±µ£¤  ¶·µÉµ´ Ö¢²Ö-
¥É¸Ö ¡¥¸±µ´¥Î´µ ÉÖ¦¥²µ° ¡¥¸¸É·Ê±ÉÊ·´µ° Î ¸É¨Í¥°, ¸µ¢¶ ¤ ÕÉ ¸  ´ ²µ£¨Î-
´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ · ¡µÉÒ [69].
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7. ��‹Ÿ�ˆ‡�–ˆŸ ‚ˆ�’“�‹œ��ƒ� ”�’��� ‚ �…�Š–ˆˆ
ep→ epγ (ep→ eX)

‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö §´ Î¨É¥²Ó´µ ¢Ò·µ¸ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ ·¥ ±Í¨¨ ep→
epγ ¨ ± ¶·µÍ¥¸¸Ê ‚Š� ´  ¶·µÉµ´¥ ¢ µ¡² ¸É¨ ´¥ Éµ²Ó±µ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì
[60], ´µ ¨ ¡µ²ÓÏ¨Ì Ô´¥·£¨° Ô²¥±É·µ´µ¢ ¨ 4-¨³¶Ê²Ó¸ Ì, ¶¥·¥¤ ¢ ¥³ÒÌ ¶·µ-
Éµ´Ê [63,74Å77]. �·µÍ¥¸¸ ‚Š� ¤ ¥É £µ· §¤µ ¡µ²ÓÏ¥ ¢µ§³µ¦´µ¸É¥° ¤²Ö ¨¸-
¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò  ¤·µ´ , Î¥³ ¶·µÍ¥¸¸ �Š�, ¶µ¸±µ²Ó±Ê ¢ ´¥³ Ô´¥·£¨Ö ¨
É·¥Ì³¥·´Ò° ¨³¶Ê²Ó¸, ¶¥·¥¤ ¢ ¥³Ò¥ ³¨Ï¥´¨, ³µ£ÊÉ ¢ ·Ó¨·µ¢ ÉÓ¸Ö ´¥§ ¢¨¸¨³µ.
�É¨ ¶·¨¢²¥± É¥²Ó´Ò¥ ¸¢µ°¸É¢  ‚Š� ¶µ§¢µ²¨²¨ ¸¤¥² ÉÓ ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ ¥£µ
¨¸¶µ²Ó§µ¢ ´¨¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ´Ê±²µ´  [74,75]
¨ µ¡Ê¸²µ¢¨²¨ ¢¸¥¸Éµ·µ´´¥¥ É¥µ·¥É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨¨ ep → epγ
(¢ Éµ³ Î¨¸²¥ ¨ ¸ ¶µ³µÐÓÕ ´¥±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ¸¶¨· ²Ó´ÒÌ
 ³¶²¨ÉÊ¤ (¸³.[63,76,77] ¨ ¶·¨¢¥¤¥´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). „²Ö · ¸Î¥É  ¶·µ-
Í¥¸¸  ‚Š� ´  ¶·µÉµ´¥ ´¥µ¡Ìµ¤¨³µ §´ ÉÓ  ¤·µ´´Ò° (Wµν ) ¨ ²¥¶Éµ´´Ò° (Lµν )
É¥´§µ·Ò [63,78]:

Lµν = JµJ
∗
ν , Jµ = u(p2)γµu(p1) , (7.1)

£¤¥ u(pi) Ä ¡¨¸¶¨´µ·Ò Ô²¥±É·µ´µ¢, u(pi)u(pi) = 2m, m Ä ³ ¸¸  Ô²¥±É·µ´ ,
(i = 1, 2). �·¨ ÔÉµ³ ¨´É¥·¶·¥É Í¨Ö ·¥§Ê²ÓÉ Éµ¢ §´ Î¨É¥²Ó´µ Ê¶·µÐ ¥É¸Ö,
¥¸²¨ ¢Ò· §¨ÉÓ É¥´§µ· Lµν Î¥·¥§ ¢¥±Éµ·Ò ¶·µ¤µ²Ó´µ° ¨ ¶µ¶¥·¥Î´µ° ¶µ²Ö·¨-
§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ . ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¨³¥ÕÉ¸Ö ¢ [63,78].
‘²¥¤Ê¥É, µ¤´ ±µ, µÉ³¥É¨ÉÓ ¤¢  ´¥¤µ¸É É±  É ±¨Ì ¢Ò· ¦¥´¨°: 1) ¢ ´¨Ì ¶·¥´¥-
¡·¥£ ÕÉ ³ ¸¸µ° Ô²¥±É·µ´ , ÎÉµ, ±µ´¥Î´µ, µ¶· ¢¤ ´´µ ¢ ¸²ÊÎ ¥ Ê²ÓÉ· ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô´¥·£¨° Ô²¥±É·µ´µ¢ ¨ ¶·¨ ¡µ²ÓÏ¨Ì ±¢ ¤· É Ì 4-¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó-
´µ£µ ËµÉµ´ ; 2) µ´¨ ¨³¥ÕÉ ´¥±µ¢ ·¨ ´É´Ò° ¢¨¤. ‚ · ¡µÉ¥ [79] ¡Ò² ¶µ¸É·µ¥´
²¥¶Éµ´´Ò° É¥´§µ·, ¸¢µ¡µ¤´Ò° µÉ Ê± § ´´ÒÌ ´¥¤µ¸É É±µ¢.

� ¸¸³µÉ·¨³ ¢µ¶·µ¸ µ ¸µ¸ÉµÖ´¨¨ ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ γ-±¢ ´É  ¸
4-¨³¶Ê²Ó¸µ³ r = p1 − p2, ±µÉµ·Ò³ µ¡³¥´¨¢ ÕÉ¸Ö ³¥¦¤Ê ¸µ¡µ° Ô²¥±É·µ´ ¨
¶·µÉµ´ ¢ ·¥ ±Í¨¨ ep → epγ (¸³. ·¨¸.1,¢). ‘ ¶µ³µÐÓÕ ¢¥±Éµ·µ¢ µ·Éµ´µ·³¨-
·µ¢ ´´µ£µ ¡ §¨¸  aA (5.9) (A = (0, 1, 2, 3)):

a0 = p+/
√
p2

+ , a3 = p−/
√
−p2
− , a2 = [a0 · a3]×q1/ρ , a1 = [a0 · a3]×a2 ,

(7.2)
p± = p2 ± p1 , a2q1 = 0 , a2

1 = a2
2 = a2

3 = −a2
0 = −1 , (7.3)

¤²Ö ±µÉµ·ÒÌ ¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

a0 · a0 − a1 · a1 − a2 · a2 − a3 · a3 = g , (7.4)

¶µ¸É·µ¨³ 4-¢¥±Éµ·Ò ¶µ¶¥·¥Î´µ° (e1, e2) ¨ ¶·µ¤µ²Ó´µ° (e3) ¶µ²Ö·¨§ Í¨¨ ¢¨·-
ÉÊ ²Ó´µ£µ ËµÉµ´  ¸ 4-¨³¶Ê²Ó¸µ³ r [79]:

e1 =
[a0 · a1]q1√
(a3q1)2 + q2

1

, e2 = a2 =
[a0 · a3]×q1

ρ
, e3 =

(1 + a3 · a3)q1√
(a3q1)2 + q2

1

, (7.5)
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£¤¥
ρ2 = (a1q1)2 =

=
2(p1p2)(p1q1)(p2q1)−M2((p1p2)2 −m4)−m2((p1q1)2 + (p2q1)2)

(p1p2)2 −m4
.

�¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö ¢ Éµ³, ÎÉµ 4-¢¥±Éµ·Ò ei (i = 1, 2, 3) µ·Éµ£µ´ ²Ó´Ò
³¥¦¤Ê ¸µ¡µ° (eiej = 0, i 6= j),   É ±¦¥ eir = eia3 = 0, e2

1 = e2
2 = −e2

3 = −1.
�É³¥É¨³, ÎÉµ 4-¢¥±Éµ·Ò ei (7.5) ´¥ ¨§³¥´ÖÕÉ¸Ö ¶·¨ § ³¥´¥ ¢¸¶µ³µ£ É¥²Ó´µ£µ
4-¢¥±Éµ·  q1 ´  q1 + p1 − p2 = q2 + k (¶µ¸±µ²Ó±Ê p1 − p2 = r = −2ya3, £¤¥
y =
√
−r2/2, ¨ ¢ ¸¨²Ê µ·Éµ£µ´ ²Ó´µ¸É¨ ¢¥±Éµ·µ¢ aA (7.2)). �µ ÔÉµ° ¶·¨Î¨´¥

· ¸¸¸³µÉ·¥´¨¥ ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ei (7.5) ¢ ¸¨¸É¥³¥
¶µ±µÖ ´ Î ²Ó´µ£µ ¶·µÉµ´ , ²¨¡µ ¢ ¸¨¸É¥³¥ –ˆ ±µ´¥Î´µ£µ ¶·µÉµ´  ¨ ËµÉµ´ ,
Ö¢²Ö¥É¸Ö Ô±¢¨¢ ²¥´É´Ò³ ¨ ¶·¨¢µ¤¨É ± É· ¤¨Í¨µ´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³. �¨¦¥
³Ò µ£· ´¨Î¨³ ¸¢µ¥ · ¸¸³µÉ·¥´¨¥ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ´ Î ²Ó´µ£µ ¶·µÉµ´  (q1 =
(M, 0, 0, 0)), £¤¥ 4-¢¥±Éµ·Ò ei ¨³¥ÕÉ ¢¨¤

e1 = (0, 1, 0, 0), e2 = (0, 0, 1, 0), e3 =
1

√
−r2

(| ~r |, r0~n3) . (7.6)

‡¤¥¸Ó ~n3 Ä ¥¤¨´¨Î´Ò° ¢¥±Éµ·, ´ ¶· ¢²¥´´Ò° ¢¤µ²Ó ~r (~n 2
3 = 1), r0 Ä ¢·¥³¥´-

´ Ö ±µ³¶µ´¥´É  4-¢¥±Éµ·  r = (r0, ~r).
„²Ö Î¥É¢¥·±¨ µ·Éµ£µ´ ²Ó´ÒÌ ³¥¦¤Ê ¸µ¡µ° ¢¥±Éµ·µ¢ e1, e2, e3, a3 É ±¦¥

¸¶· ¢¥¤²¨¢µ ¸µµÉ´µÏ¥´¨¥ ¶µ²´µÉÒ:

e3 · e3 − e1 · e1 − e2 · e2 − a3 · a3 = g , (7.7)

±µÉµ·µ¥ ¶µ§¢µ²Ö¥É ¢Ò· §¨ÉÓ a0 ¨ a1 Î¥·¥§ e1 ¨ e3:

a1 = αe3 − βe1 , a0 = βe3 − αe1 , β
2 = 1 + α2 , (7.8)

α = e3a1 = a0e1 =
a1q1√

(a3q1)2 + q2
1

, β = e1a1 = e3a0 =
a0q1√

(a3q1)2 + q2
1

.

(7.9)
‚ „‘� (4) ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ô²¥±É·µ´´µ£µ Éµ±  ¨³¥ÕÉ ¢¨¤ (5.18):

(Jδ,δe )µ = 2m(a0)µ, (J−δ,δe )µ = −2δy (aδ)µ, (7.10)

£¤¥ a±δ = a1 ± iδa2, δ = ±1. ‚Ò· §¨³ ¨Ì Î¥·¥§ 4-¢¥±Éµ·Ò ei (7.5) [79]:

(Jδ,δe )µ = 2m (βe3 − αe1)µ , (J−δ,δe )µ = −2δy (αe3 − βe1 + iδe2)µ . (7.11)

’ ±¨³ µ¡· §µ³, ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤ 
¡¥§ ¶¥·¥¢µ·µÉ  ¸¶¨´  Ô²¥±É·µ´  (Jδ,δe ) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸Ê¶¥·¶µ§¨Í¨Õ ¢¥±-
Éµ·µ¢ ¶·µ¤µ²Ó´µ° (βe3) ¨ ¶µ¶¥·¥Î´µ° ²¨´¥°´µ° (−αe1) ¶µ²Ö·¨§ Í¨°,   ¢ ¸²Ê-
Î ¥ ¶¥·¥Ìµ¤µ¢ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  (J−δ,δe ), ¸µµÉ¢¥É¸É¢¥´´µ, ¸Ê¶¥·¶µ§¨Í¨Õ
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¶·µ¤µ²Ó´µ° (αe3) ¨ ¶µ¶¥·¥Î´µ° Ô²²¨¶É¨Î¥¸±µ° (eδ = (0, ~eδ) = −βe1 + iδe2)
¶µ²Ö·¨§ Í¨°. �·¨ ÔÉµ³ ¸µ¸ÉµÖ´¨¥ ËµÉµ´  ¸ ¢¥±Éµ·µ³ Ô²²¨¶É¨Î¥¸±µ° ¶µ²Ö-
·¨§ Í¨¨ eδ = (0, ~eδ) ¡Ê¤¥É ¨³¥ÉÓ ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ (· ¢´µ°
µÉ´µÏ¥´¨Õ · §´µ¸É¨ ±¢ ¤· Éµ¢ ¶µ²Êµ¸¥° ± ¨Ì ¸Ê³³¥ [57]) [79]:

κγ =
β2 − 1

β2 + 1
=

α2

β2 + 1
. (7.12)

�¡· Ð Ö ÔÉÊ ¸¢Ö§Ó, ¶µ²ÊÎ¨³

β2 =
1 + κγ

1− κγ
, α2 =

2κγ
1− κγ

. (7.13)

� °¤¥³ ±¢ ¤· ÉÒ ³µ¤Ê²¥° ¢¥±Éµ·µ¢ ~eδ ¨ ~aδ:

| ~eδ |
2= 1 + β2 =

2

1− κγ
, | ~aδ |

2= (1 + β2) (1 + κL) , (7.14)

κL = κγ~e
2

3 = κγ
r2
0

(−r2)
, ~e 2

3 =
r2
0

(−r2)
. (7.15)

‚¢¥¤¥³ ´µ·³¨·µ¢ ´´Ò¥ ¢¥±Éµ·Ò ~eδ
′ ¨ ~aδ ′ :

~eδ
′ =

~eδ√
1 + β2

=

√
1− κγ

2
~eδ , |~e

′

δ |
2 = 1 . (7.16)

~aδ
′ =

~aδ√
1 + β2

=

√
1− κγ

2
~aδ , |~a

′

δ |
2 = 1 + κγ~e

2
3 = 1 + κL . (7.17)

‘²¥¤µ¢ É¥²Ó´µ, ¢¥±Éµ· Ô²²¨¶É¨Î¥¸±µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ~eδ
³µ¦¥É ¡ÒÉÓ ´µ·³¨·µ¢ ´ ´  ¥¤¨´¨ÍÊ (|~eδ ′|2 = 1),   ´ ²¨Î¨¥ ¶·µ¤µ²Ó´µ° ¶µ²Ö-
·¨§ Í¨¨ ¤¥² ¥É ÔÉÊ ´µ·³¨·µ¢±Ê µ¤´µ¢·¥³¥´´µ ´¥¢µ§³µ¦´µ° ¤²Ö ¶µ²´µ£µ ¢¥±-
Éµ·  ~aδ ′. ‚¥²¨Î¨´  κL (7.15), µÉ¢¥Î ÕÐ Ö §  ´¥· ¢¥´¸É¢µ |~aδ ′|2 = 1+κL 6= 1,
¨³¥¥É ¸³Ò¸² ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ , ¨¸¶Ê-
Ð¥´´µ£µ ¶·¨ ¶¥·¥Ìµ¤¥ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Ô²¥±É·µ´ . ‚ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É-
¸±µ³ ¶·¥¤¥²¥, ±µ£¤  ³ ¸¸µ° Ô²¥±É·µ´  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¢¥²¨Î¨´Ò κγ ¨ κL
¡Ê¤ÊÉ ¨³¥ÉÓ ¸³Ò¸² ¶µ²´ÒÌ ¢¥²¨Î¨´ ¸É¥¶¥´¨ ²¨´¥°´µ° ¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨-
§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ . ‚ · ¸¸³ É·¨¢ ¥³µ³ (¡¥§³ ¸¸µ¢µ³) ¸²ÊÎ ¥

(a3q1)2 + q2
1 = −M2 ~r

2

r2
, (a1q1)2 = M2 ctg2ϑ/2 , (7.18)

κ−1
γ = 1− 2

~r 2

r2
tg2ϑ/2 , (7.19)



„ˆ�ƒ���‹œ�›‰ ‘�ˆ��‚›‰ ��‡ˆ‘ ˆ ��‘—…’ ���–…‘‘�‚ 1173

£¤¥ ϑ Ä Ê£µ² ³¥¦¤Ê ¢¥±Éµ· ³¨ ~p1 ¨ ~p2. ‚Ò· ¦¥´¨¥ (7.19) ¤²Ö κγ ¸µ¢¶ ¤ ¥É ¸
·¥§Ê²ÓÉ Éµ³, ¶·¨¢¥¤¥´´Ò³ ¢ [78].

‚¥±Éµ· ~aδ ′ (7.17) ³µ¦´µ É ±¦¥ ¶·¥¤¸É ¢¨ÉÓ ¢ ¤·Ê£µ³ ¢¨¤¥:

~aδ
′ =
√
κL ~n3 −

√
1 + κγ

2
~e1 + iδ

√
1− κγ

2
~e2 , (7.20)

¸ ¶µ³µÐÓÕ ±µÉµ·µ£µ ²¥£±µ ¶µ¸É·µ¨ÉÓ ¶µ²Ö·¨§ Í¨µ´´ÊÕ ³ É·¨ÍÊ ¶²µÉ´µ¸É¨
¤²Ö ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¢ ¡¥§³ ¸¸µ¢µ³ ¶·¥¤¥²¥ (± ± ¢ ¶µ²Ö·¨§µ¢ ´´µ³ ¸²Ê-
Î ¥, ±µÉµ·µ¥ ¤²Ö ¡¥§³ ¸¸µ¢ÒÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´Ò³, É ± ¨ ¢ ´¥¶µ²Ö-
·¨§µ¢ ´´µ³, ¸³. [78], ¸. 261 ).

—Éµ¡Ò ¶µ²ÊÎ¨ÉÓ ¶µ²´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö κγ ¨ κL, µ¡Ê¸²µ¢²¥´´Ò¥ ¢±² ¤ ³¨
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ± ± ¡¥§ ¶¥·¥¢µ·µÉ , É ± ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ , ¶µ-
¸É·µ¨³ ²¥¶Éµ´´Ò° É¥´§µ·, Ê¸·¥¤´¥´´Ò° ¶µ ¸¶¨´µ¢Ò³ ¸µ¸ÉµÖ´¨Ö³ Ô²¥±É·µ´ .
‘ ¶µ³µÐÓÕ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ (7.10), (7.11) ÔÉµ ¤¥² ¥É¸Ö ¤µ¢µ²Ó´µ ¶·µ¸Éµ
[79]:

Lµν = 4m2 (a0)µ(a0)ν + 4y2 ((a1)µ(a1)ν + (a2)µ(a2)ν) . (7.21)

�µ²Ó§ÊÖ¸Ó Ê¸²µ¢¨Ö³¨ ¶µ²´µÉÒ (7.3) ¨ ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸É¨, É¥´§µ·
Lµν ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Lµν = 4x2 (a0)µ(a0)ν − 4y2 gµν , (7.22)

£¤¥ x2 = m2 + y2. �É³¥É¨³, ÎÉµ ¸ ¶µ³µÐÓÕ É¥´§µ·  Lµν (7.22) ¢ÒÎ¨¸²¥´¨¥
¢±² ¤  ¤¨ £· ³³Ò ¸ ‚Š� ´  ¶·µÉµ´¥ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep→ epγ ³µ¦¥É ¡ÒÉÓ
¸¢¥¤¥´µ ± ¢ÒÎ¨¸²¥´¨Õ ¸²¥¤  µÉ ¶·µ¨§¢¥¤¥´¨Ö É¥´§µ·µ¢:

Ypp = Lµν Wµν , Wµν = VµV
∗
ν , Vµ = u(q2) Mµνe

ν u(q1)
1

r2
. (7.23)

‚Ò· §¨³ É¥´§µ· Lµν (7.21) Î¥·¥§ ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨° ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ 
ei (7.5). ‚ ·¥§Ê²ÓÉ É¥ µ´ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ · ¸¶ ¤¥É¸Ö ´  ¸Ê³³Ê É·¥Ì
¸² £ ¥³ÒÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢±² ¤Ê ¶µ¶¥·¥Î´ÒÌ ¸µ¸ÉµÖ´¨° (LT ), ¶·µ¤µ²Ó-
´µ£µ (LL) ¨ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ (LLT ) [79]:

L = 4y2 (LT + LL + LLT ) , (7.24)

LT = e1 · e1 (β2 + α2m2/y2) + e2 · e2 , (7.25)

LL = e3 · e3 (α2 + β2m2/y2) , (7.26)

LLT = − (e1 · e3 + e3 · e1) αβ (1 +m2/y2) . (7.27)

’µ£¤  ¶µ²´ Ö ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ¡Ê¤¥É µ¶·¥-
¤¥²ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸µµÉ´µÏ¥´¨Ö³¨:

κ′γ =
β2 + α2m2/y2 − 1

β2 + α2m2/y2 + 1
=

α2

β2 + 1− 2m2/x2
. (7.28)
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�µ¸±µ²Ó±Ê ¢ ¢Ò· ¦¥´¨ÖÌ (7.12), (7.28) α ¨ β µ¤´¨ ¨ É¥ ¦¥ (¸³. (7.9)), Éµ
¨§³¥´¥´¨¥ ¢¥²¨Î¨´Ò κγ , µ¡Ê¸²µ¢²¥´´µ¥ ÊÎ¥Éµ³ ³ ¸¸Ò Ô²¥±É·µ´  ¢ Ê²ÓÉ· -
·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥, ¡Ê¤¥É ´¥§´ Î¨É¥²Ó´Ò³ ¨ ¶·µ¨§µ°¤¥É ¢ ¸Éµ·µ´Ê ¥¥
Ê¢¥²¨Î¥´¨Ö [79]:

κ′γ ' κγ

(
1 +

2m2

x2(1 + β2)

)
. (7.29)

�¡· Ð Ö ¸¢Ö§Ó ¢ ¢Ò· ¦¥´¨¨ (7.28), ¶µ²ÊÎ ¥³

β2 + α2m2/y2 =
1 + κ′γ

1− κ′γ
, α2 + β2m2/y2 =

2κ′γ
1− κ′γ

+
m2

y2
. (7.30)

‚ ¶µ¶¥·¥Î´µ³ É¥´§µ·¥ LT (7.25) ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´ÊÕ
¨ ´¥¶µ²Ö·¨§µ¢ ´´ÊÕ Î ¸É¨ [79]:

LT = e1 · e1 (β2 + α2m2/y2 − 1) + e1 · e1 + e2 · e2 =

=
2

1− κ′γ
( κ′γ e1 · e1 + (1 − κ′γ) (e1 · e1 + e2 · e2)/2 ) . (7.31)

C²¥¤µ¢ É¥²Ó´µ, ¶µ²Ö·¨§ Í¨µ´´ Ö ³ É·¨Í  ¶²µÉ´µ¸É¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´  ρij
¶µ²ÊÎ ¥É¸Ö ¨§ É¥´§µ·  Lij (7.24) ÉµÎ´µ É ± ¦¥, ± ± ¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥
(¸³. [78]):

ρij = (1− κ′γ) Lij/8y
2 . (7.32)

’ ±¨³ µ¡· §µ³, ¤²Ö ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ 
¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

κ′L =
r2
0

(−r2)
κ′γ

(
1 +

m2

y2

(1 − κ′γ)

2κ′γ

)
. (7.33)

�Î¥¢¨¤´µ, ÎÉµ ¢Ò· ¦¥´¨Ö (7.28), (7.33) ¤²Ö κ′γ ¨ κ′L ¶·¨ m = 0 ¶¥·¥Ìµ¤ÖÉ ¢
κγ ¨ κL (7.12), (7.15).

�É³¥É¨³ ¢ § ±²ÕÎ¥´¨¥, ÎÉµ µ¡² ¸ÉÓ ¶·¨³¥´¥´¨Ö É¥´§µ·  Lµν (7.24) ´¥
µ£· ´¨Î¨¢ ¥É¸Ö Éµ²Ó±µ ¶·µÍ¥¸¸µ³ ‚Š� ´  ¶·µÉµ´¥. �µ¸±µ²Ó±Ê ¢ Ô±¸¶¥·¨-
³¥´É Ì ´  Ë¨±¸¨·µ¢ ´´ÒÌ ³¨Ï¥´ÖÌ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ ²¥¶Éµ´µ¢
¶·¨ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì Ô´¥·£¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö, ¢ µ¸´µ¢´µ³, µ¡³¥´µ³ ¢¨·ÉÊ ²Ó-
´Ò³¨ ËµÉµ´ ³¨, Éµ É¥´§µ· Lµν (7.24) ³µ¦¥É ´ °É¨ ¶·¨³¥´¥´¨¥ ¨ ¶·¨ ¨¸¸²¥-
¤µ¢ ´¨¨ £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ (e±p → e±X),  
É ±¦¥ ³Õµ´µ¢ (µ±p→ µ±X), £¤¥ ÊÎ¥É ³ ¸¸Ò ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´.
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‚ · ¡µÉ Ì [80,81] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ´  ¡ §¥ ¤¥°¸É¢ÊÕÐ¨Ì (SLC) ¨ ¶·µ-
¥±É¨·Ê¥³ÒÌ (‚‹���) Ê¸±µ·¨É¥²¥° ¸µ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨ ³µ¦´µ ·¥ -
²¨§µ¢ ÉÓ ¢¸É·¥Î´Ò¥ γe- ¨ γγ-¶ÊÎ±¨ ¶·¨³¥·´µ ¸ É¥³¨ ¦¥ Ô´¥·£¨Ö³¨ ¨ ¸¢¥É¨³µ-
¸ÉÖ³¨, ÎÉµ ¨ ¤²Ö ¨¸Ìµ¤´ÒÌ e+e−-¶ÊÎ±µ¢. �¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ÔÉµ£µ ¨´É¥´¸¨¢´Ò¥
¶ÊÎ±¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ ¶·¥¤²µ¦¥´µ ¶µ²ÊÎ ÉÓ ¶·¨ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³
· ¸¸¥Ö´¨¨ (�Š�) ³µÐ´µ° ² §¥·´µ° ¢¸¶ÒÏ±¨, ¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  Ô²¥±É·µ´-
´µ³ ¶ÊÎ±¥ [82]. �·¨ ¤µ¸É ÉµÎ´µ° ³µÐ´µ¸É¨ ¢¸¶ÒÏ±¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨
[81] ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò, ¨¤ÊÐ¨¥ §  ¸Î¥É µ¤´µ¢·¥³¥´´µ£µ
¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ² §¥·´ÒÌ ËµÉµ´µ¢:

e− + n γ0 → e− + γ , n ≥ 1 , (8.1)

γ + s γ0 → e+ + e− , s ≥ 1 . (8.2)

�¥·¢Ò° ¨§ ÔÉ¨Ì ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ ¸¶¥±É·  ¢Ò-
¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢ [83],   ¢Éµ·µ° ÔËË¥±É¨¢´µ ¸´¨¦ ¥É ¶µ·µ£ ·µ¦-
¤¥´¨Ö e+e−-¶ · [84].

‘¨¸É¥³ É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¶·µÍ¥¸¸µ¢ (8.1), (8.2) ¤ ´µ ¢ [85]. ‚ · -
¡µÉ¥ [16] µ´¨ ¨¸¸²¥¤µ¢ ²¨¸Ó ¸ ÉµÎ±¨ §·¥´¨Ö ¨¸ÉµÎ´¨±µ¢ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¶µ-
²Ö·¨§µ¢ ´´ÒÌ γ- ¨ e+e−-¶ÊÎ±µ¢. ‚ · ¡µÉ¥ [86] ¡Ò² ¶·µ¢¥¤¥´  ´ ²¨§ Ö¢²¥-
´¨°, ¢µ§´¨± ÕÐ¨Ì ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢ ¸ ËµÉµ-
´ ³¨ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚; ¨§ÊÎ ²¨¸Ó ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢
µ¡² ¸É¨ §´ Î¥´¨° ´¥ Éµ²Ó±µ ξ2 < 1, ´µ ¨ ξ2 ≥ 1 ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò

ξ2 = nγ

(
4πα

m2ω

)
, (8.3)

£¤¥ nγ Ä ¶²µÉ´µ¸ÉÓ ËµÉµ´µ¢ ¢ ¢µ²´¥,   ω Å ¨Ì Ô´¥·£¨Ö. �É³¥É¨³, ÎÉµ Î¨¸²¥´-
´Ò° · ¸Î¥É ¸¶¥±É·µ¢ ¨§²ÊÎ¥´¨Ö ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ
(ξ2 ≥ 1) ¡Ò² ¢¶¥·¢Ò¥ ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [83], ¶·¨ ÔÉµ³ ¶µ²Ö·¨§ Í¨¨ Î ¸É¨Í
´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ µ¡² ¸É¨ ¶ · ³¥É·  ξ ∼ 1 ´  Ê¸±µ·¨É¥²¥ SLAC [87]
§ ±µ´Î¨² ¸Ó ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶·µ¢¥·±¥ ´¥²¨´¥°´µ° Š�„, ÎÉµ ¸É ²µ
¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ ¸¢¥·Ì±µ·µÉ±¨Ì ¨ ¦¥¸É±µ ¸Ëµ±Ê¸¨·µ-
¢ ´´ÒÌ ² §¥·´ÒÌ ¨³¶Ê²Ó¸µ¢. ‚ ÔÉµ° ¸¢Ö§¨ µ¡² ¸ÉÓ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢,
µ¶·¥¤¥²Ö¥³ Ö Ê¸²µ¢¨¥³ ξ2 ≥ 1, Ö¢²Ö¥É¸Ö ¢¥¸Ó³   ±ÉÊ ²Ó´µ° ¨ ¶·¥¤¸É ¢²Ö¥É
´ ¨¡µ²ÓÏ¨° ¨´É¥·¥¸, ¶µ¸±µ²Ó±Ê ¢ ´¥° ¸É ´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·µÍ¥¸¸Ò
¨§²ÊÎ¥´¨Ö, ¨¤ÊÐ¨¥ §  ¸Î¥É µ¤´µ¢·¥³¥´´µ£µ ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ¡µ²ÓÏµ£µ
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±µ²¨Î¥¸É¢  ËµÉµ´µ¢,   ¨Ì ¢¥·µÖÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³¨
ËÊ´±Í¨Ö³¨ ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö.

‚ ²¨É¥· ÉÊ·¥ ¤²Ö µ¶¨¸ ´¨Ö ³µ¤¥²¨ ² §¥·´µ° ¢µ²´Ò, ± ± ¶· ¢¨²µ, ¨¸¶µ²Ó-
§Ê¥É¸Ö ¶µ²¥ ¶²µ¸±µ° �Œ‚ [85,86]. ‚µ¶·µ¸ µ ¶·¨³¥´¨³µ¸É¨ É ±µ° ³µ¤¥²¨ ¢
¸¨²Ó´ÒÌ ¶µ²ÖÌ ¨¸¸²¥¤µ¢ ²¸Ö ¢ · ¡µÉ¥ [88].

‘µ£² ¸´µ [10], Ô²¥³¥´É S-³ É·¨ÍÒ ¤²Ö ¶¥·¥Ìµ¤  Ô²¥±É·µ´  ¨§ ¸µ¸ÉµÖ´¨Ö
ψp = ψδ(p, s) ¢ ¸µ¸ÉµÖ´¨¥ ψp′ = ψ±δ(p′, s′) , (δ = ±1) c ¨§²ÊÎ¥´¨¥³ ËµÉµ´  ¸

4-¨³¶Ê²Ó¸µ³ k′ = (ω′, ~k′) ¨ ¢¥±Éµ·µ³ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ eλ′ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

Sfi = −i e

∫
ψp′ ê

∗
λ′ ψp exp(ik

′x) (2ω′)−1/2 d4x , (8.4)

£¤¥ ψp ¨ ψp′ Ä ÉµÎ´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ Ô²¥±É·µ´µ¢ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ
¶µ²Ö·¨§µ¢ ´´µ° �Œ‚, ±µÉµ·µ° µÉ¢¥Î ¥É ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ²:

A = a1 cos (kx) + λa2 sin (kx), λ = ±1, (8.5)

£¤¥ k Ä ¢µ²´µ¢µ° ¢¥±Éµ·, k2 = 0, a1k = a2k = a1a2 = 0, a2
1 = a2

2 = a2, λ, λ
′

Ä ¸¶¨· ²Ó´µ¸É¨ ² §¥·´µ£µ ¨ ±µ´¥Î´µ£µ ËµÉµ´µ¢. Ÿ¢´Ò° ¢¨¤ ¤²Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éµ¢ (8.4) ¢ „‘� ¡Ò² ¶µ²ÊÎ¥´ ¢ [38,86]:

Sfi = −
ie (4π)1/2

(2ω′ 2q0 2q′0)1/2

∞∑
n=1

M
(n)
±δ,δ (2π)4 δ4(nk + q − q′ − k′) , (8.6)

M
(n)
−δ,δ = −

1

2
λ′ (−λ)n ξ

{
−

2(1− u/un)
√
vv′ − 1

(Jn−1 + Jn+1)+

+
1

2(u+ 1)

(
(u+ 2)2

√
vv′ + 1

− δλ′
u2

√
vv′ − 1

)
Jn+λλ′

}
, (8.7)

M
(n)
δ,δ = −

1

2
λ′ (−λ)n ξ

√
u

un

(
1−

u

un

) (
u+ 2

u

√
vv′ − 1

vv′ + 1
− δλ′

)
×

×

(√
vv′ − 1

1 + ξ2
(Jn−1 + Jn+1)−

uun
√

1 + ξ2

2(u+ 1)
√
vv′ − 1

Jn+λλ′

)
,

(8.8)

£¤¥

q = p+
ξ2m2

2kp
k , q′ = p′ +

ξ2m2

2kp′
k , q2 = q′2 = m2

∗ = m2 (1 + ξ2) ,
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u =
kk′

kp′
, un =

2nkp

m2
∗

, 2(vv′ − 1) =
uun

u+ 1

(
1 + ξ2

(
1−

u

un

))
, (8.9)

Jn+λλ′ =
(1 + λλ′)

2
Jn+1 +

(1 − λλ′)

2
Jn−1 , nk + q = k′ + q′ ,

zn =
2nξ√
1 + ξ2

√
u

un

(
1−

u

un

)
.

‡¤¥¸Ó M
(n)
δ,δ ¨ M

(n)
−δ,δ Ä  ³¶²¨ÉÊ¤Ò ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨, ¸µµÉ¢¥É¸É¢Ê-

ÕÐ¨¥ ¶¥·¥Ìµ¤ ³ ¡¥§ ¶¥·¥¢µ·µÉ  ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Ô²¥±É·µ´ , q ¨ q′

Ä 4-¢¥±Éµ·Ò ±¢ §¨¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢, q = (q0, ~q), q
′ = (q′0, ~q

′), Jn Ä
ËÊ´±Í¨¨ �¥¸¸¥²Ö n-£µ ¶µ·Ö¤±  µÉ  ·£Ê³¥´É  zn. �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ  ³-

¶²¨ÉÊ¤Ò M
(n)
±δ,δ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨¥ ±¨´¥³ É¨Î¥¸±¨¥ µ¸µ¡¥´´µ¸É¨: ¶·¨ u = un

¨ n > 1 µ´¨ µ¡· Ð ÕÉ¸Ö ¢ ´µ²Ó: (M (n)
±δ,δ(u = un) = 0). �·¨Î¨´  É ±µ£µ

¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤ ¡Ê¤¥É µ¡ÑÖ¸´¥´  ´¨¦¥. ‡´ ´¨¥ ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤
(8.7), (8.8) ¶µ§¢µ²Ö¥É ¶¥·¥°É¨ ± ¸¶¨· ²Ó´Ò³. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¤¨ËË¥·¥´Í¨-
 ²Ó´µ£µ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö ËµÉµ´  Ô²¥±É·µ´µ³ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ
¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö [86]:

dσc

du
=

πα2

xm2ξ2(u+ 1)2

∞∑
n=1

( F1n + λλe F2n + λλ′ F3n + λeλ
′ F4n ) , (8.10)

F1n = −4 J2
n + ξ2

(
2 +

u2

u+ 1

)
(J2
n−1 + J2

n+1 − 2J2
n) ,

F2n = ξ2 (2 + u)u

u+ 1

(
1− 2

u

un

)
(J2
n−1 − J

2
n+1) ,

F3n = ξ2

(
2 +

u2

u+ 1

) (
1− 2

u

un

)
(J2
n−1 − J

2
n+1) , (8.11)

F4n =
u

u+ 1
(−4 J2

n + ξ2 (2 + u) (J2
n−1 + J2

n+1 − 2J2
n) ) ,

£¤¥ x = 2kp/m2, λe = ±1. ‚Ò· ¦¥´¨¥, ¸ÉµÖÐ¥¥ ¶µ¤ §´ ±µ³ ¸Ê³³Ò ¢ (8.10),
µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨ ¢ ¸²ÊÎ ¥, ±µ£¤  ¶µ²Ö·¨§ -
Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ² §¥·´µ£µ ¨ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´µ¢,   É ±¦¥ ´ Î ²Ó´µ£µ
Ô²¥±É·µ´  Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´Ò³¨. �É³¥É¨³, ÎÉµ ¶·¨ ξ2 = 0 Ëµ·³Ê²  (8.10)
¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éµ³, ¶µ²ÊÎ¥´´Ò³ ¢ [89].

‘ ¶µ³µÐÓÕ (8.10) ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨ λf µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

λf =
∞∑
n=1

(λ F3n + λe F4n ) /
∞∑
n=1

( F1n + λλe F2n ) . (8.12)
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�·¨ ξ2 < 1 £² ¢´Ò° ¢±² ¤ ¢ ¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸  (8.1) ¤ ÕÉ ´¥¸±µ²Ó±µ
¶¥·¢ÒÌ £ ·³µ´¨±. �·µ¢¥¤¥³ · §²µ¦¥´¨¥ ¢Ò· ¦¥´¨° (8.11) ¶µ ¶ · ³¥É·Ê ∆ =
= ξ2/(1 + ξ2), ¶·¨Î¥³ ¢Ò¶µ²´¨³ · §²µ¦¥´¨¥ Éµ²Ó±µ ¤²Ö ËÊ´±Í¨° �¥¸¸¥²Ö,
  ¤²Ö ¢¥²¨Î¨´ un ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÉµÎ´Ò¥ Ëµ·³Ê²Ò. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö
¶¥·¢ÒÌ É·¥Ì £ ·³µ´¨± ¨³¥¥³ [86]:

¤²Ö ¶¥·¢µ° £ ·³µ´¨±¨:

F11

ξ2
= 2 +

u2

1 + u
− 4

u

u1

(
1−

u

u1

)
+

+ 4∆
u

u1

(
1−

u

u1

)[
1 +

u2

1 + u
−

u

u1

(
1−

u

u1

)]
+

+ ∆2 u
2

u2
1

(
1−

u

u1

)2 [
7

2
+

15

4

u2

1 + u
−

5

3

u

u1

(
1−

u

u1

)]
,

F21

ξ2
=

u(2 + u)

1 + u

(
1− 2

u

u1

)
×

×

[
1− 2∆

u

u1

(
1−

u

u1

)
+

5

4
∆2u

2

u2
1

(
1−

u

u1

)2
]
,

F31

ξ2
=

(
2 +

u2

1 + u

)(
1− 2

u

u1

)
× (8.13)

×

[
1− 2∆

u

u1

(
1−

u

u1

)
+

5

4
∆2u

2

u2
1

(
1−

u

u1

)2
]
,

F41

ξ2
=

u

1 + u

{
2 + u− 4

u

u1

(
1−

u

u1

)
−

− 4∆
u

u1

(
1−

u

u1

)[
1 + u−

u

u1

(
1−

u

u1

)]
+

+ ∆2 u
2

u2
1

(
1−

u

u1

)2 [
7

2
+

15

4
u−

5

3

u

u1

(
1−

u

u1

)]}
,

¤²Ö ¢Éµ·µ° £ ·³µ´¨±¨:

F12 = 4ξ2∆
u

u2

(
1−

u

u2

){
2 +

u2

1 + u
− 4

u

u2

(
1−

u

u2

)
−

− 2 ∆
u

u2

(
1−

u

u2

)(
4 +

3u2

1 + u
−

16

3

u

u2

(
1−

u

u2

))}
, (8.14)

F22 = 4ξ2∆
u

u2

(
1−

u

u2

)
u(2 + u)

1 + u

(
1− 2

u

u2

)[
1− 4∆

u

u2

(
1−

u

u2

)]
,

F32 = 4ξ2∆
u

u2

(
1−

u

u2

)(
2 +

u2

1 + u

)(
1− 2

u

u2

)
×
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×

[
1− 4∆

u

u2

(
1−

u

u2

)]
,

F42 = 4ξ2∆
u

u2

(
1−

u

u2

)
u

1 + u

{
2 + u− 4

u

u2

(
1−

u

u2

)
−

− 2∆
u

u2

(
1−

u

u2

)[
4 + 3u−

16

3

u

u2

(
1−

u

u2

)]}
,

¤²Ö É·¥ÉÓ¥° £ ·³µ´¨±¨:

F13 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2 (
2 +

u2

1 + u
− 4

u

u3

(
1−

u

u3

) )
,

F23 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2
u (2 + u)

1 + u

(
1− 2

u

u3

)
,

F33 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2 (
2 +

u2

1 + u

) (
1− 2

u

u3

)
, (8.15)

F43 =
81

4
ξ2∆2 u

2

u2
3

(
1−

u

u3

)2
u

1 + u

(
2 + u− 4

u

u3

(
1−

u

u3

) )
.

„µ¶µ²´¨É¥²Ó´Ò° ÊÎ¥É É·¥ÉÓ¥° £ ·³µ´¨±¨, ¢¥·µÖÉ´µ¸ÉÓ ±µÉµ·µ° ¶·µ¶µ·-
Í¨µ´ ²Ó´  ∆2, ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ Î²¥´µ¢, ¸µ¤¥·¦ Ð¨Ì ∆2 ¢ ¢Ò· ¦¥´¨ÖÌ
(8.13), (8.14). �Éµ ¸µ¸É ¢²Ö¥É £² ¢´Ò¥ µÉ²¨Î¨Ö ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢
[86] ¤²Ö ¢¥·µÖÉ´µ¸É¥° ¨§²ÊÎ¥´¨Ö ¶¥·¢ÒÌ ¤¢ÊÌ £ ·³µ´¨±, µÉ  ´ ²µ£¨Î´ÒÌ ¢Ò-
· ¦¥´¨°, ¨³¥ÕÐ¨Ì¸Ö ¢ [16,85].

� ¸¸³µÉ·¨³ ¸²ÊÎ ° ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±-
É·µ´µ¢ ¸ ËµÉµ´ ³¨ ² §¥·´µ° ¢µ²´Ò. „²Ö ¶µ²ÊÎ¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶µ Ô´¥·-
£¨¨ µ¡· §ÊÕÐ¨Ì¸Ö ËµÉµ´µ¢ dσc/dy, £¤¥ y = ω′/E , E Ä Ô´¥·£¨Ö Ô²¥±É·µ´µ¢,
¢ ¢Ò· ¦¥´¨¨ (8.10) ´¥µ¡Ìµ¤¨³µ ¶·µ¨§¢¥¸É¨ § ³¥´Ê: u→ y/(1− y) [85]. �·¨
ÔÉµ³ ¨§³¥´¥´¨Õ ¶¥·¥³¥´´µ° u ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¥¤¥²Ò
¨§³¥´¥´¨Ö ¶¥·¥³¥´´µ° y : 0 ≤ y ≤ yn, £¤¥

un =
nx

1 + ξ2
, yn =

un

1 + un
=

nx

nx+ 1 + ξ2
, x =

2kp

m2
=

4ωE

m2
.

‘· ¢´¨¢ Ö ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´ÊÕ Ô´¥·£¨Õ ËµÉµ´µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ µ¡ÒÎ-
´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (n = 1, ξ2 = 0 ), ¸ Ô´¥·£¨¥°, ±µÉµ· Ö ¢ÒÎ¨-
¸²¥´  ¸ ÊÎ¥Éµ³ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 6= 0 ), ¢¨¤´µ, ÎÉµ ËµÉµ´Ò ¶¥·¢µ°
£ ·³µ´¨±¨ (n = 1) µ¡² ¤ ÕÉ ³¥´ÓÏ¥° ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ° Ô´¥·£¨¥°.
�´¥·£¨Ö ¦¥ γ-±¢ ´Éµ¢, ¨¸¶ÊÐ¥´´ÒÌ ¶·¨ ¶µ£²µÐ¥´¨¨ ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢
(n > 1 + ξ2), ¶·¥¢ÒÏ ¥É Ô´¥·£¨Õ, ¤µ¸É¨¦¨³ÊÕ ¢ µ¡ÒÎ´µ³ ±µ³¶Éµ´µ¢¸±µ³
· ¸¸¥Ö´¨¨. �·µ¨§¢µ¤Ö § ³¥´Ê: u → y/(1 − y) ¢ ¢Ò· ¦¥´¨ÖÌ (8.10), (8.11)
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¶µ²ÊÎ¨³ · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ y = ω′/E [86]:

dσc

dy
=

πα2

xm2ξ2

∞∑
n=1

( F1n + λλe F2n + λλ′ F3n + λeλ
′ F4n ) , (8.16)

F1n = −4 J2
n + ξ2

(
1− y +

1

1− y

)
(J2
n−1 + J2

n+1 − 2J2
n) ,

F2n = ξ2

(
−1 + y +

1

1− y

) (
1− 2

y

yn

(1− yn)

(1− y)

)
(J2
n−1 − J

2
n+1) ,

F3n = ξ2

(
1− y +

1

1− y

) (
1− 2

y

yn

(1 − yn)

(1 − y)

)
(J2
n−1−J

2
n+1) , (8.17)

F4n = −4y J2
n + ξ2

(
−1 + y +

1

1− y

)
(J2
n−1 + J2

n+1 − 2J2
n ) ,

zn =
2nξ√
1 + ξ2

√
αn, αn =

y

yn

(
1−

y

yn

)
(1− yn)

(1− y)2
.

�¥·¥°¤¥³ ± ¡µ²¥¥ ¤¥É ²Ó´µ³Ê  ´ ²¨§Ê ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢
· ¸¸³ É·¨¢ ¥³µ³ ¶·µÍ¥¸¸¥. �Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ ¸²¥¤ÊÕÐ¨Ì ´ Î ²Ó´ÒÌ Ê¸²µ-
¢¨°: ¸Éµ²±´µ¢¥´¨¥ ¸Î¨É ¥³ ²µ¡µ¢Ò³, Ô²¥±É·µ´Ò ¨³¥ÕÉ Ô´¥·£¨Õ E = 50 ¨
300 ƒÔ‚, ω = 1,17 Ô‚ (´¥µ¤¨³µ¢Ò° ² §¥·). �·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì Ô´¥·£¥-
É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ (1/W ) dW/dy (£¤¥ W =

∑nmax

n=1 Wn Ä ¶µ²´ Ö ¢¥·µÖÉ´µ¸ÉÓ
¨§²ÊÎ¥´¨Ö) ¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´  λf ¶·¨
ξ2 < 1 ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ · §²µ¦¥´¨Ö (8.13)Å(8.15). ‚ Éµ ¦¥ ¢·¥³Ö ¶·¨
ξ2 ≥ 1 ¢µ¸¶µ²Ó§Ê¥³¸Ö ÉµÎ´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ (8.16), (8.17). �É³¥É¨³, ÎÉµ ¢
ÔÉµ³ ¸²ÊÎ ¥ nmax µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ¸Ìµ¤¨³µ¸É¨ ·Ö¤  (8.16).

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¤²Ö · §²¨Î´ÒÌ
¶µ²Ö·¨§ Í¨° ´ Î ²Ó´ÒÌ Ô²¥±É·µ´µ¢ (λe) ¨ ËµÉµ´µ¢ ² §¥·´µ° ¢µ²´Ò (λ) ¶·¥¤-
¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸. 3, Å¢, ¶µ¸É·µ¥´´Ò³¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¤²Ö §´ -
Î¥´¨° ¶ · ³¥É·  ξ2, · ¢´ÒÌ 0,3, 1 ¨ 3. Š ± ¢¨¤´µ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢, ÊÎ¥É ´¥-
²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ³Ê µÉ²¨Î¨Õ · ¸¸Î¨É ´´ÒÌ ¸¶¥±-
É·µ¢ µÉ ¸¶¥±É·µ¢ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. ‚µ-¶¥·¢ÒÌ, µ¤´µ¢·¥-
³¥´´µ¥ ¶µ£²µÐ¥´¨¥ ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ
¸¶¥±É·  ¦¥¸É±¨Ì γ-±¢ ´Éµ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨Ì ¨§²ÊÎ¥´¨Õ £ ·³µ´¨± ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . �Éµ ÊÏ¨·¥´¨¥ ¤²Ö µ¤´µ°
¨ Éµ° ¦¥ Ô´¥·£¨¨ Ô²¥±É·µ´  É¥³ ¡µ²ÓÏ¥, Î¥³ ¡µ²ÓÏ¥ ¨´É¥´¸¨¢´µ¸ÉÓ ¢µ²´Ò.
’ ±, ¤²Ö E = 50 ƒÔ‚ ¨ ¶·¨ ξ2 = 0, 3 ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ §´ Î¥´¨¥³
y ' 0, 67,   ¶·¨ ξ2 = 1 µ´ ¶· ±É¨Î¥¸±¨ µ¡· Ð ¥É¸Ö ¢ ´µ²Ó ¶·¨ y ' 0, 8, ÌµÉÖ
´¥§´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ËµÉµ´µ¢ ³µ¦¥É Ê´µ¸¨ÉÓ ¤µ 97% Ô´¥·£¨¨ Ô²¥±É·µ´ . ‚µ-
¢Éµ·ÒÌ, ÔËË¥±É¨¢´µ¥ ÊÉÖ¦¥²¥´¨¥ Ô²¥±É·µ´  [85] m2 → m2

∗ = m2(1 + ξ2)
¶·¨¢µ¤¨É ± ¸¦ É¨Õ ¸¶¥±É·µ¢ ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì §´ Î¥´¨° y, ¶µ¸±µ²Ó±Ê ¤²Ö
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�¨¸. 3. ‘¶¥±É·Ò �Š�, ¶µ¸É·µ¥´´Ò¥ ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢-
´µ¸É¨:  ) ξ2 = 0, 3, ¡) ξ2 = 1, ¢) ξ2 = 3. ˜É·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê
±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ (ξ2 = 0). ‹¨´¨¨ 1Å3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê
¸¶¨· ²Ó´µ¸É¥° Ô²¥±É·µ´  ¨ ËµÉµ´  ² §¥·´µ° ¢µ²´Ò: 1) λe = 0, λ = 1, 2) λe = 1,
λ = −1, 3) λe = 1, λ = 1
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± ¦¤µ£µ n ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ ¢¥²¨Î¨´µ° yn = nx/(1 + nx + ξ2),   ´¥
nx/(1+nx). “¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ Ô²¥±É·µ´  Ê³¥´ÓÏ ¥É µÉ´µ¸¨É¥²Ó´µ¥ ¸¦ É¨¥
¶¥·¢µ° £ ·³µ´¨±¨ (¸³.·¨¸.3, ). �·¨ ¸· ¢´¨É¥²Ó´µ ´¥¡µ²ÓÏµ° ¨´É¥´¸¨¢´µ¸É¨
² §¥·´µ° ¢µ²´Ò (ξ2 = 0, 3) µ¸´µ¢´µ° ¢±² ¤ ¢ ¨§²ÊÎ¥´¨¥ ¤ ÕÉ ËµÉµ´Ò ¶¥·-
¢µ° £ ·³µ´¨±¨, ¢ÒÌµ¤ ËµÉµ´µ¢ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨± ´¥§´ Î¨É¥²¥´. �·¨
¸·¥¤´¨Ì §´ Î¥´¨ÖÌ ¨´É¥´¸¨¢´µ¸É¨ (ξ2 = 1) ÊÏ¨·¥´¨¥ ¸¶¥±É·  §  ¸Î¥É ´¥-
²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ¢¥·µÖÉ´µ¸É¨, ¢ÒÌµ¤ ¡µ²¥¥
¦¥¸É±¨Ì ËµÉµ´µ¢ ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³. ˆ, ´ ±µ´¥Í, ¶·¨ ¡µ²ÓÏ¨Ì ¨´-
É¥´¸¨¢´µ¸ÉÖÌ (ξ2 = 3), ± ± ¢¨¤´µ ¨§ ·¨¸.3,¢, ¨§²ÊÎ¥´¨¥ §  ¸Î¥É ´¥²¨´¥°´ÒÌ
¶·µÍ¥¸¸µ¢ ³´µ£µËµÉµ´´ÒÌ ¶µ£²µÐ¥´¨° ¸É ´µ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ µ¤´µËµÉµ´-
´Ò³ ¨ ¤ ¦¥ ¶·¥µ¡² ¤ ÕÐ¨³ (¶·¨ E = 50 ƒÔ‚). ’ ±¨³ µ¡· §µ³, ¢ ¸¶¥±É· Ì
�Š� ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¶·¨ ξ2 = 0, 3 ¤µ³¨´¨·Ê¥É ¨§-
²ÊÎ¥´¨¥ ¶¥·¢µ° £ ·³µ´¨±¨,   ¶·¨ ξ2 = 3 ¨§²ÊÎ¥´¨¥ ¢ µ¸´µ¢´µ³ ¨¤¥É §  ¸Î¥É
¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨±, É.¥. ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  Ô²¥±É·µ´µ³
¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³ [86].

C Í¥²ÓÕ ¨§ÊÎ¥´¨Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ¶·¨ ± ¦¤µ³ §´ Î¥´¨¨
Ô´¥·£¨¨ E ¶µ¸É·µ¥´Ò Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨° ¶µ-
²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´ :

1→ λe = 0, λ = 1; 2→ λe = 1, λ = −1; 3→ λe = 1 , λ = 1.

�  ·¨¸.3 ¨³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. ‚¸¥ ¸± § ´´µ¥ ¢ÒÏ¥ µ
¶µ¢¥¤¥´¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ µÉ´µ¸¨²µ¸Ó ¸· §Ê ±µ ¢¸¥³ É·¥³ ²¨´¨Ö³
1, 2 ¨ 3. —Éµ ± ¸ ¥É¸Ö ¨Ì ¢§ ¨³´µ£µ · ¸¶µ²µ¦¥´¨Ö, Éµ, ± ± ¢¨¤´µ ¨§ ·¨¸.3,
´ ¨¡µ²¥¥ ¨´É¥´¸¨¢´Ò¥ ¸¶¥±É·Ò ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ, ±µ£¤  ¸¶¨´Ò Ê Ô²¥±-
É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´  ¶ · ²²¥²Ó´Ò (λλe = −1),   ´ ¨³¥´¥¥ ¨´É¥´¸¨¢´Ò¥
µÉ¢¥Î ÕÉ  ´É¨¶ · ²²¥²Ó´Ò³ ¸¶¨´ ³ (λλe = 1), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ
±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (¸³. [89]).

�É³¥É¨³ É ±¦¥, ÎÉµ · §´¨Í  ³¥¦¤Ê ¸¶¥±É· ³¨, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö É·¥Ì
· ¸¸³µÉ·¥´´ÒÌ ¸²ÊÎ ¥¢ ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´ , ¸Éµ²Ó
¸ÊÐ¥¸É¢¥´´ Ö ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨ (ξ2 = 0, 3),
¸É ´µ¢¨É¸Ö ´¥§´ Î¨É¥²Ó´µ° ¶·¨ ξ2 = 3 (E = 50 ƒÔ‚). �´  ¢´µ¢Ó ¢µ§´¨± ¥É
²¨ÏÓ ¢ ¸¢Ö§¨ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ Ô²¥±É·µ´  (¸³.·¨¸.3,¢ ¶·¨ E = 300 ƒÔ‚).

� ¸¸³µÉ·¨³ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨
¦¥¸É±µ£µ γ-±¢ ´É , ¶·¥¤¸É ¢²¥´´ÊÕ £· Ë¨± ³¨ ´  ·¨¸.4 ¨ 5. „²Ö ÔÉµ£µ Ê± -
¦¥³ ¶·¥¦¤¥ ¢¸¥£µ ´  Éµ, ÎÉµ µÉ³¥Î¥´´Ò¥ ¢ÒÏ¥ ±¨´¥³ É¨Î¥¸±¨¥ µ¸µ¡¥´´µ-

¸É¨ ¶µ¢¥¤¥´¨Ö  ³¶²¨ÉÊ¤ M
(n)
±δ,δ (8.7), (8.8) ¨³¥ÕÉ ¸¶¨´µ¢µ¥ ¶·µ¨¸Ìµ¦¤¥´¨¥

[86]. „¥°¸É¢¨É¥²Ó´µ, · ¢¥´¸É¢µ u = un ¸µµÉ¢¥É¸É¢Ê¥É ¨§²ÊÎ¥´¨Õ ËµÉµ´  ¢
´ ¶· ¢²¥´¨¨ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢. ‚ ¸²ÊÎ ¥ ¶µ£²µÐ¥´¨Ö
¨§ ¢µ²´Ò n ËµÉµ´µ¢ (n > 1) ¨ ÉµÎ´µ£µ · ¸¸¥Ö´¨Ö ´ § ¤ ¦¥¸É±µ£µ ËµÉµ´ 
¶µ²´ Ö ¸¶¨· ²Ó´µ¸ÉÓ ¸¨¸É¥³ e + nγ0 ¨ e + γ ¤µ ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥
¸µÌ· ´Ö¥É¸Ö. ˆ³¥´´µ ÔÉ¨³ µ¡Ê¸²µ¢²¥´µ µ¡· Ð¥´¨¥ ¢ ´µ²Ó ¢¸¥Ì  ³¶²¨ÉÊ¤
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�¨¸. 4. ‡ ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥-
¸±¨Ì ËµÉµ´µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¶·¨ ξ2 = 0, 3 ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨°
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í: a) λe = 0, λ = 1, ¡) λe = 1, λ = −1, ¢) λe = 1, λ = 1.
˜É·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ
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M
(n)
±δ,δ(u = un) ¶·¨ n > 1,   É ±¦¥ M (n)

δ,δ (u = u1). ’·¥¡µ¢ ´¨¥ ¸µÌ· ´¥-
´¨Ö ¸¶¨· ²Ó´µ¸É¨ ¶·¨¢µ¤¨É É ±¦¥ ± Éµ³Ê, ÎÉµ ¤²Ö µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ
· ¸¸¥Ö´¨Ö ´  £· ´¨Í¥ ¸¶¥±É·  ¨³¥¥³: λf = −λ [86].

Š ± ¢¨¤´µ ¨§ ·¨¸.4, 5, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 6= 0) Ê³¥´ÓÏ ¥É
¸É¥¶¥´Ó ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ¢ ¶¥·¢µ³ ¶¨±¥. ‚±² ¤ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ-
´¨± ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¶·¨Î¥³ ´  £· ´¨Í¥ ¸¶¥±-
É·  (¶·¨ n = nmax), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ · ¸¸¥Ö´¨Ö, ¸¶· ¢¥¤²¨¢µ ¸µµÉ-
´µÏ¥´¨¥: λf = −λ. ‘²¥¤Ê¥É, µ¤´ ±µ, § ³¥É¨ÉÓ, ÎÉµ ¢ÒÌµ¤ É ±¨Ì ËµÉµ´µ¢
´¥§´ Î¨É¥²¥´, ¶µ¸±µ²Ó±Ê ¸¶¥±É·Ò ¶· ±É¨Î¥¸±¨ µ¡·Ò¢ ÕÉ¸Ö ¶·¨ §´ Î¥´¨ÖÌ y,
´ ³´µ£µ ³¥´ÓÏ¨Ì, Î¥³ ynmax . � ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ° ¢ ÔÉµ³ µÉ´µÏ¥´¨¨
µ± §Ò¢ ¥É¸Ö ¸¨ÉÊ Í¨Ö ¸ λλe = −1, ±µ£¤  ¢¥²¨± ¨´É¥·¢ ² Ô´¥·£¨° ¦¥¸É±¨Ì γ-
±¢ ´Éµ¢, ¢ ±µÉµ·µ³ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ | λf | ´ ¨¡µ²¥¥ ¡²¨§± 
± ¥¤¨´¨Í¥.

9. ��†„…�ˆ… e+e−-��� †…‘’ŠˆŒ ”�’���Œ
��ˆ ‘’�‹Š��‚…�ˆˆ ‘ ”�’���Œˆ ‹�‡…���‰ ‚�‹�›

‚ · ¡µÉ¥ [84] ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¦¥¸É±¨° ËµÉµ´ γ, ¶µ²ÊÎ¥´´Ò° ¢ ·¥ ±-
Í¨¨ (8.1), ³µ¦¥É ¶µ·µ¤¨ÉÓ e+e−-¶ ·Ò ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸ ËµÉµ´ ³¨ Éµ£µ ¦¥
² §¥·´µ£µ ¶ÊÎ± . �µ·µ£ É ±µ° ·¥ ±Í¨¨ (8.2) ¶·¨ s = 1 µÎ¥´Ó ¢Ò¸µ±. � ¨³¥´Ó-
Ï¥¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  (s = 1) ¢ ¶·µÍ¥¸¸¥ (8.2) ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ ´¥µ¤¨³µ¢µ£µ ² §¥·  ¸ ω0 = 1, 17 Ô‚ · ¢´µ ω = m2/ω0 = 223 ƒÔ‚.
�  ¸ ³µ³ ¤¥²¥ e+e−-¶ ·Ò ¡Ê¤ÊÉ ·µ¦¤ ÉÓ¸Ö ¢ ¡µ²ÓÏ¨Ì ±µ²¨Î¥¸É¢ Ì ¨ ¶·¨
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¨Ì Ô´¥·£¨ÖÌ §  ¸Î¥É ¸µÊ¤ ·¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  γ ¸ ´¥-
¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ γ0 µ¤´µ¢·¥³¥´´µ [84]. � ¡²Õ¤¥´¨¥ ¶·µÍ¥¸¸ 
(8.2) ¶·¥¤¸É ¢²Ö¥É ´¥¸µ³´¥´´Ò° ¨´É¥·¥¸ ¤²Ö ¶·µ¢¥·±¨ Š�„ ¢ ´µ¢µ° µ¡² ¸É¨
¶ · ³¥É·µ¢. ‚ Éµ ¦¥ ¢·¥³Ö µ´ ¶·¥¤¸É ¢²Ö¥É ¸ÊÐ¥¸É¢¥´´Ò° Ëµ´ ¤²Ö γe- ¨
γγ-¸µÊ¤ ·¥´¨°, ¢µ§³µ¦´Ò° ¸¶µ¸µ¡ ¡µ·Ó¡Ò ¸ ±µÉµ·Ò³ µ¶¨¸ ´ ¢ · ¡µÉ¥ [84].

�¥ ±Í¨Ö (8.2), É ± ¦¥, ± ± ¨ (8.1), ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ´¥²¨´¥°´Ò° ¶µ
¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö ¶·µÍ¥¸¸ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶µ²¥³
�Œ‚. �¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ÊÎ¥É ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢ ¶·µ-
Í¥¸¸¥ (8.1) ´  ¶·µÍ¥¸¸ (8.2) É ±¦¥ ¢¥¤¥É ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¸´¨¦¥´¨Õ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ · ¨ ± Ê¢¥²¨Î¥´¨Õ ¨Ì Î¨¸²  [90].

Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  γ, ¶µ²ÊÎ¥´´µ£µ ¶·¨ ¶µ-
£²µÐ¥´¨¨ Ô²¥±É·µ´µ³ ¸ Ô´¥·£¨¥° E ¨§ ¢µ²´Ò n ² §¥·´ÒÌ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥°
ω0, · ¢´ 

ωn =
nx

1 + nx
E , x =

4ω0E

m2
. (9.1)

�µ·µ£µ¢µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ËµÉµ´  γ ¤²Ö ¶·µÍ¥¸¸  (8.2) µ¶·¥¤¥²Ö¥É¸Ö ¨§
¸µµÉ´µÏ¥´¨Ö

(k + sk0)2 = 4m2 , (9.2)

£¤¥ k ¨ k0 Ä 4-¨³¶Ê²Ó¸Ò ËµÉµ´µ¢ γ ¨ γ0.
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�¨¸. 5. ‡ ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢Ò¸µ±µÔ´¥·£¥É¨-
Î¥¸±¨Ì ËµÉµ´µ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¶·¨ ξ2 = 1 ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸Éµ-
Ö´¨° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í: a) λe = 0, λ = 1, ¡) λe = 1, λ = −1, ¢) λe = 1,
λ = 1. ‘¶²µÏ´Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ Ô´¥·£¨¨ Ô²¥±É·µ´  Å E = 50 ƒÔ‚, ÏÉ·¨Ìµ¢Ò¥
E = 300 ƒÔ‚
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‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶µ·µ£µ¢Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ Ê¸±µ-
·¨É¥²Ö Ens ¤²Ö ·µ¦¤¥´¨Ö e+e−-¶ · §  ¸Î¥É ¶µ£²µÐ¥´¨Ö ¨³ ¨§ ¢µ²´Ò n Ëµ-
Éµ´µ¢ ¨ ¸µÊ¤ ·¥´¨Ö ¸ s ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¸ ¶µ³µÐÓÕ (9.1),
(9.2) ¨ · ¢´Ò

Ens =
m2

2ω0s
(1 + (1 + s/n)1/2) . (9.3)

�·¨ n = 1 ³Ò ¶µ²ÊÎ ¥³ Ëµ·³Ê²Ê (7) ¨§ · ¡µÉÒ [84]. ‘ ¶µ³µÐÓÕ (9.3)
¶·µ¨§¢¥¤¥³ · ¸Î¥É §´ Î¥´¨° E1s ¨ E2s ¤²Ö ω0 = 1, 17 Ô‚ ¶·¨ 1 ≤ s ≤ 6,
±µÉµ·Ò¥ (¢ ¥¤¨´¨Í Ì ƒÔ‚) ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

’ ¡²¨Í . �µ·µ£µ¢Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢
¢ ¶ÊÎ±¥ Ê¸±µ·¨É¥²Ö Ens (¢ ƒÔ‚) ¤²Ö ·µ¦¤¥´¨Ö e+e−-¶ ·

¶·¨ · §²¨Î´ÒÌ n ¨ s ¢ ¸²ÊÎ ¥ ´¥µ¤¨³µ¢µ£µ ² §¥· 

s 1 2 3 4 5 6

E1s 269 153 112 90 77 68

E2s 248 135 96 76 64 56

�´¨ ´ £²Ö¤´µ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ÊÏ¨·¥´¨¥ ¸¶¥±É·  ¦¥¸É±¨Ì γ-
±¢ ´Éµ¢ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ É ±¦¥ ¶·¨¢µ¤¨É ± ¸´¨¦¥´¨Õ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ ·.

Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M
(s)
±µµ = M

(s)λλ′

±µµ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´ Ö ¢¥·µÖÉ´µ¸ÉÓ
¶·µÍ¥¸¸  (8.2) ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨ [90]:

dW (s) =
e2m2

4πω
|M (s)λλ′

±µ,µ |
2 δ4(sk0 + k − q − q′)

d3qd3q′

q0q
′
0

, (9.4)

M (s)
µµ = (−λ)s{−λ′µn1n

′
3Js +

ξms

m2
∗us

(ukn′0 − λ
′µε
√
u(u− 1)kn′3)Js−λλ′},

M
(s)
−µµ = −λ′(−λ)s(n1n

′
1 + λ′µ)×

×{
√

(vv′ + 1)/2 Js +
ξmsu

m2
∗us

√
(vv′ − 1)/2kn′1Js−λλ′},

£¤¥

n1n
′
3 = −

m2
∗us

m2u
√

2(vv′ − 1)

z

sξ
, kn′0 =

2m2
∗us

ms
√

2(vv′ + 1)
,

kn′3 = −ε
2m2
∗us
√

(u− 1)/u

ms
√

2(vv′ − 1)
, n1n

′
1 = ε

√
u− 1

u

√
vv′ + 1

vv′ − 1
,

kn′1 = −
m4
∗u

2
s

s2m3u
√

(vv′)2 − 1

z

ξ
, ε = sign

√
us(u − 1)

u(us − 1)
,
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u =
(kk0)2

4k0q · k0q′
, us =

s

s0
=
skk0

2m2
∗

, z =
2sξ√
1 + ξ2

√
u

us

(
1−

u

us

)
,

q = p+
ξ2m2

2k0p
k0, q

′ = p′ +
ξ2m2

2k0p′
k0, q

2 = (q′)2 = m2
∗ = m2(1 + ξ2) ,

sk0 + k = q + q′, vv′ − 1 = 2(us − 1 + ξ2(us − u)) .

‡¤¥¸Ó k0, λ ¨ k, λ′ ¥¸ÉÓ 4-¨³¶Ê²Ó¸Ò ¨ ¸¶¨· ²Ó´µ¸É¨ ² §¥·´µ£µ ¨ ¦¥¸É±µ£µ
ËµÉµ´µ¢, µ Ä ¶·µ¥±Í¨Ö ¸¶¨´  ¶µ§¨É·µ´  ´  µ¸Ó (1.9), q ¨ q

′
Ä ±¢ §¨¨³¶Ê²Ó¸Ò

¶µ§¨É·µ´  ¨ Ô²¥±É·µ´ , s0 Ä ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥ ¤²Ö Î¨¸²  ¶µ£²µÐ¥´´ÒÌ
±¢ ´Éµ¢, Js = Js(z) Ä ËÊ´±Í¨¨ �¥¸¸¥²Ö µÉ  ·£Ê³¥´É  z, ξ2 Ä ¶ · ³¥É· ¨´É¥´-
¸¨¢´µ¸É¨ ¢µ²´Ò (8.3).

�µ²´ Ö ¢¥·µÖÉ´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ¶ ·Ò ËµÉµ´µ³ ¢ ¶·µÍ¥¸¸¥ (8.2), · ¸-
¸Î¨É ´´ Ö ´  ¥¤¨´¨ÍÊ µ¡Ñ¥³  ¨ ¥¤¨´¨ÍÊ ¢·¥³¥´¨, µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³¨
¢Ò· ¦¥´¨Ö³¨ [90]:

W =
αm2

4 ω

∞∑
s>s0

us∫
1

(F0s + λλ′F2s + µλG0s + µλ′G2s)
du

u
√
u(u− 1)

, (9.5)

F0s = J2
s + ξ2 (2u− 1) (−J2

s + (J2
s−1 + J2

s+1)/2 ) ,

F2s = ξ2 (2u− 1)(2u/us − 1)(J2
s−1 − J

2
s+1)/2 ,

G0s = ψ+ψ− ξ
2 u/us(us − 1) (J2

s−1 − J
2
s+1 ) ,

G2s = ψ+ψ− {usJ
2
s + ξ2[usJ

2
s + u(u− 1)(J2

s−1 + J2
s+1) ]} ,

£¤¥ ψ± = 1/
√

(vv′ ± 1)/2.
�µ²´µ¥ Î¨¸²µ e+e−-¶ ·, ·µ¦¤¥´´ÒÌ ¦¥¸É±¨³ ËµÉµ´µ³, ¶µ²ÊÎ ¥É¸Ö ¸Ê³-

³¨·µ¢ ´¨¥³ ¶µ Ô´¥·£¥É¨Î¥¸±µ³Ê ¸¶¥±É·Ê ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ [84]:

Ne+e− = Nγ
τ

4

∞∑
s0

ωn∫
0

W (s)(ω, ω0, ξ)
1

σc(E)

dσc

dω
dω ,

£¤¥ Nγ Ä ¶µ²´µ¥ Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢, σc(E) ¨ dσc/dω Ä ¶µ²´µ¥ ¨ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ �Š�, W (s)(ω, ω0, ξ) Ä ¢¥·µÖÉ´µ¸ÉÓ ·µ¦¤¥´¨Ö ¶ ·Ò
¦¥¸É±¨³ ËµÉµ´µ³ §  ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¢ ¶·µÍ¥¸¸¥ (8.2), τ Ä ¤²¨É¥²Ó´µ¸ÉÓ ² -
§¥·´µ° ¢¸¶ÒÏ±¨. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¢¥²¨Î¨´Ò lg (Ne+e−/Ne)
¢ § ¢¨¸¨³µ¸É¨ µÉ Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥ E ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ² -
§¥·´µ° ¢¸¶ÒÏ±¨ A, ¶µ²Ö·¨§ Í¨° ¢µ²´Ò λ, ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´µ£µ ¶ÊÎ± 
Ô²¥±É·µ´µ¢ λe ¨ ¶·µ¥±Í¨° ¸¶¨´  µ ´  µ¸Ó ~c3 (1.9) ¤²Ö ¶µ§¨É·µ´µ¢ ¶µ± § ´Ò ´ 
·¨¸.6 [90]. ‹¨´¨¨ 1, 2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥°:
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�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ Î¨¸²  ·µ¦¤¥´´ÒÌ e+e−-¶ · ¦¥¸É±¨³ ±µ³¶Éµ´µ¢¸±¨³ ËµÉµ´µ³ µÉ
Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ² §¥·´µ° ¢¸¶ÒÏ±¨ A ¨ ¶µ²Ö·¨-
§ Í¨° Î ¸É¨Í. ‹¨´¨¨ 1Å3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥° λ ¨ λe
´ Î ²Ó´ÒÌ Î ¸É¨Í ¢ ·¥ ±Í¨¨ (8.1): 1) λλe = 0, 2) λλe = −1, 3) λλe = 1, ¸¶²µÏ´Ò¥
²¨´¨¨ µÉ¢¥Î ÕÉ n = 2,   ÏÉ·¨Ìµ¢Ò¥ Ä n = 1 ¢ ¶·µÍ¥¸¸¥ (8.1);  ) ¶·µ¥±Í¨Ö ¸¶¨´ 
¶µ§¨É·µ´  µ = −1, ¡) µ = 1

1) λλe = 0, 2) λλe = −1, 3) λλe = 1; c¶²µÏ´Ò¥ ²¨´¨¨ Å n = 2, ÏÉ·¨Ìµ¢Ò¥
Å n = 1 ¢ ¶·µÍ¥¸¸¥ (8.1). ˆ§ ·¨¸. 6 ¸²¥¤Ê¥É, ÎÉµ ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ �Š�
¶·¨¢µ¤ÖÉ ± ¸ÊÐ¥¸É¢¥´´µ³Ê Ê¢¥²¨Î¥´¨Õ Î¨¸²  e+e−-¶ ·, ·µ¦¤¥´´ÒÌ ¦¥¸É±¨³
ËµÉµ´µ³ ¢ µ¡² ¸É¨ Ô´¥·£¨° ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²¥°.

‡�Š‹�—…�ˆ…

–¥²Ó ´ ¸ÉµÖÐ¥£µ µ¡§µ·  Å µ¡ÑÖ¸´¨ÉÓ, ÎÉµ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° „‘�, ÎÉµ
´µ¢µ£µ µ´ ¤ ¥É ¤²Ö µ¶¨¸ ´¨Ö ¸¶¨´µ¢ÒÌ ¸¢µ°¸É¢ Î ¸É¨Í,   É ±¦¥ ¤²Ö · §¢¨É¨Ö
±µ¢ ·¨ ´É´µ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ¶µ¤Ìµ¤¥ �µ£ÊÏ 
Å ”¥¤µ·µ¢ , ¨ ± ± ÔÉµÉ ³¥Éµ¤ ¸µµÉ´µ¸¨É¸Ö ¸ ¤·Ê£¨³¨, É ±¨³¨, ± ± ³¥Éµ¤
£·Ê¶¶Ò CALCUL ¨ É.¤.

ˆ§ ¨§²µ¦¥´´µ£µ ¢ÒÏ¥ ³ É¥·¨ ²  Ö¸´µ, ÎÉµ „‘� § ´¨³ ¥É µ¸µ¡µ¥ ¶µ-
²µ¦¥´¨¥ ¸·¥¤¨ ¢¸¥Ì µ¸É ²Ó´ÒÌ, ¶µ¸±µ²Ó±Ê ¢ ´¥³ ·¥ ²¨§Ê¥É¸Ö ³ ² Ö £·Ê¶¶ 
‹µ·¥´Í , µ¡Ð Ö ¤²Ö Î ¸É¨Í ¸ 4-¨³¶Ê²Ó¸ ³¨ p1 (¤µ ¢§ ¨³µ¤¥°¸É¢¨Ö) ¨ p3 (¶µ-
¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö). „‘� ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶¨¸Ò¢ ÉÓ ¸¶¨´µ¢Ò¥ ¸µ¸ÉµÖ´¨Ö
¸¨¸É¥³, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ Î ¸É¨Í (¢ Éµ³ Î¨¸²¥ ¨ ¸ · §²¨Î´Ò³¨ ³ ¸¸ ³¨) ¸
¶µ³µÐÓÕ ¶·µ¥±Í¨° ¸¶¨´  ´  µ¤´µ µ¡Ð¥¥ ´ ¶· ¢²¥´¨¥. ‘µ¢¶ ¤¥´¨¥ ³ ²ÒÌ
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£·Ê¶¶ ‹µ·¥´Í  ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ Î ¸É¨ÍÒ ¤µ ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
¨³¥ÕÉ µ¡Ð¨° ´ ¡µ· ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢, ±µ³³ÊÉ¨·ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ°,
ÎÉµ ¶µ§¢µ²Ö¥É ¢ ±µ¢ ·¨ ´É´µ³ ¢¨¤¥ · §¤¥²¨ÉÓ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¨§³¥´¥´¨¥³
¨ ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨´µ¢ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨, ¨ É¥³
¸ ³Ò³ ¶·µ¸²¥¤¨ÉÓ §  ¤¨´ ³¨±µ° ¸¶¨´µ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �² £µ¤ ·Ö ¸µ-
¢¶ ¤¥´¨Õ ¸¶¨´µ¢ÒÌ µ¶¥· Éµ·µ¢,   É ±¦¥ ¢Ò¤¥²¥´¨Õ ¢¨£´¥·µ¢¸±¨Ì ¢· Ð¥´¨°,
³ É¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¶·¥¤¥²Ó´µ Ê¶·µÐ ¥É¸Ö.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ �µ£ÊÏ  Å
”¥¤µ·µ¢  ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¶·µ¥±É¨¢´Ò¥ µ¶¥· Éµ·Ò ¸µ¸ÉµÖ´¨° Î ¸É¨Í, µ¶¥-
· Éµ· ¶¥·¥Ìµ¤  µÉ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ± ±µ´¥Î´µ³Ê (¨ µ¡· É´Ò° ± ´¥³Ê),  
É ±¦¥ ¶µ¢ÒÏ ÕÐ¨¥ ¨ ¶µ´¨¦ ÕÐ¨¥ ¸¶¨´µ¢Ò¥ µ¶¥· Éµ·Ò ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢
¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ . ‚ µ¡§µ·¥ ¤ ´µ · §¢¨É¨¥ ÔÉµ£µ ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤ 
§  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö „‘�. �µ¸É·µ¥´Ò µ¶¥· Éµ·Ò uδ(p1) u ±δ(p3), ¸ ¶µ³µ-
ÐÓÕ ±µÉµ·ÒÌ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¤¨ £µ´ ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤µ¢ ¡¥§
¶¥·¥¢µ·µÉ  ¨ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ . �´¨ ¸¶· ¢¥¤²¨¢Ò ± ± ¢ ³ ¸¸¨¢´µ³, É ±
¨ ¢ ¡¥§³ ¸¸µ¢µ³ ¸²ÊÎ ¥. „²Ö ´¨Ì ¶µ²ÊÎ¥´µ É·¨ Ô±¢¨¢ ²¥´É´ÒÌ ¶·¥¤¸É ¢²¥-
´¨Ö, ¨³¥ÕÐ¨Ì ±µ³¶ ±É´Ò° ¢¨¤. � ¸¸³µÉ·¥´ É ±¦¥ ¶¥·¥Ìµ¤ ± ¡¥§³ ¸¸µ¢µ³Ê
¸²ÊÎ Õ, ¢ ±µÉµ·µ³ „‘� ¸ ÉµÎ´µ¸ÉÓÕ ¤µ §´ ±  ¸µ¢¶ ¤ ¥É ¸µ ¸¶¨· ²Ó´Ò³.

�É³¥É¨³, ÎÉµ ¢ ³¥Éµ¤¥ CALCUL ¡¥§³ ¸¸µ¢µ¸ÉÓ Ë¥·³¨µ´  Ö¢²Ö¥É¸Ö ´¥-
µ¡Ìµ¤¨³µ°. Š²ÕÎ¥¢Ò³ ³µ³¥´Éµ³ ¨Ì ³¥Éµ¤¨±¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  Ê¤µ¡´Ò° ¢Ò-
¡µ· ¢¥±Éµ·µ¢ ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¨³¶Ê²Ó¸Ò É¥Ì
Ë¥·³¨µ´µ¢, ¨§ ±µÉµ·ÒÌ ÔÉ¨ ËµÉµ´Ò ¨§²ÊÎ ÕÉ¸Ö. �Éµ µ¡¥¸¶¥Î¨¢ ¥É ± ²¨¡·µ-
¢µÎ´ÊÕ ¨´¢ ·¨ ´É´µ¸ÉÓ, ¶µ§¢µ²Ö¥É Ê¶·µ¸É¨ÉÓ ¸É·Ê±ÉÊ·Ê  ³¶²¨ÉÊ¤ ¨ ¢ ±µ´¥Î-
´µ³ ¨Éµ£¥ ¢ÒÎ¨¸²¨ÉÓ ¨Ì. Œ ¸¸Ê ¢ ³¥Éµ¤¥ CALCUL Ê¤ ¥É¸Ö ÊÎ¥¸ÉÓ Éµ²Ó±µ
¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥ ¨ ²¨ÏÓ ¢ ± Î¥¸É¢¥ £·µ³µ§¤±¨Ì ³ ¸¸µ¢ÒÌ ¶µ-
¶· ¢µ±. �¡µ¡Ð¥´¨Ö ÔÉµ£µ ³¥Éµ¤  ´  ³ ¸¸¨¢´Ò° ¸²ÊÎ °, ± ± ¶· ¢¨²µ, É·¥¡ÊÕÉ
¢¢¥¤¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢¥±Éµ·µ¢, ´¥ ¸¢Ö§ ´´ÒÌ ¸ ±¨´¥³ É¨±µ° § ¤ Î¨, ¨
¶µÉµ³Ê ´¥Ê¤µ¡´Ò ¢ · ¡µÉ¥. ’¥³ ´¥ ³¥´¥¥ ÔÉµÉ ³¥Éµ¤ ¸µ¤¥·¦¨É ¶·¨¢²¥± É¥²Ó-
´ÊÕ ¨¤¥Õ ¸É·µ¨ÉÓ ¢¥±Éµ·Ò ¶µ²Ö·¨§ Í¨° ËµÉµ´µ¢ Î¥·¥§ 4-¨³¶Ê²Ó¸Ò Î ¸É¨Í,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. �Éµ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¸± -
²Ö·´ÒÌ ¶·µ¨§¢¥¤¥´¨° ¢ ±µ´¥Î´ÒÌ ¢Ò· ¦¥´¨ÖÌ ¤²Ö  ³¶²¨ÉÊ¤ ¨ É¥³ ¸ ³Ò³
Ê¶·µ¸É¨ÉÓ · ¸Î¥ÉÒ. ’ ±¨³ µ¡· §µ³, µÉ± § µÉ µ¡Ð´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ¶·¨-
¢µ¤¨É ± ·µ¸ÉÊ ÔËË¥±É¨¢´µ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨. �Éµ É¥³ ¡µ²¥¥ ¸¶· ¢¥¤²¨¢µ
¶µ µÉ´µÏ¥´¨Õ ± · §¢¨Éµ³Ê ³¥Éµ¤Ê ¢ÒÎ¨¸²¥´¨Ö ¤¨ £µ´ ²Ó´ÒÌ  ³¶²¨ÉÊ¤, ¶µ-
¸±µ²Ó±Ê ¢ ´¥³ ¤²Ö ¶µ¸É·µ¥´¨Ö ³ É¥³ É¨Î¥¸±µ£µ  ¶¶ · É  ¨¸¶µ²Ó§ÊÕÉ¸Ö Éµ²Ó±µ
4-¨³¶Ê²Ó¸Ò Î ¸É¨Í, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨. ‚ „‘� ¨Ì ¢¶µ²´¥ ¤µ¸É ÉµÎ´µ,
¡² £µ¤ ·Ö ¨¸¶µ²Ó§µ¢ ´¨Õ ¨¤¥° ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤  �µ£ÊÏ  Å ”¥¤µ·µ¢ .

�¥·¥Î¨¸²¨³ ±· É±µ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ·Ö¤  ±µ´±·¥É´ÒÌ  ±ÉÊ-
 ²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ Š�„, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶µ³µÐÓÕ · §¢¨Éµ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¢ „‘�.

�µ± § ´µ, ÎÉµ ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ³, (¡¥§³ ¸¸µ¢µ³) ¶·¥¤¥²¥ ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ Éµ·³µ§´µ£µ ³¥²²¥·µ¢¸±µ£µ ¨ ¡ ¡ -· ¸¸¥Ö´¨Ö
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(e±e− → e±e−γ) ¢ ¸²ÊÎ ¥, ±µ£¤  ´¥ Éµ²Ó±µ ´ Î ²Ó´Ò¥ e±, e−-Î ¸É¨ÍÒ, ´µ ¨
ËµÉµ´ Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨, ³µ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¸µ³´µ¦¨É¥²¥°, µ¤¨´ ¨§ ±µÉµ·ÒÌ Ê´¨¢¥·¸ ²¥´ ¨ ¸µ¢¶ ¤ ¥É
¸ ¶µ²ÊÎ¥´´Ò³ · ´¥¥ £·Ê¶¶µ° CALCUL ¢ ¸²ÊÎ ¥ µÉ¸ÊÉ¸É¢¨Ö ¶µ²Ö·¨§ Í¨°.

‚ÒÎ¨¸²¥´Ò ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  É·¥ÌËµÉµ´´µ°  ´´¨£¨²ÖÍ¨¨
¸¢µ¡µ¤´µ° ¶ ·Ò e+e− → 3γ,   É ±¦¥  ³¶²¨ÉÊ¤Ò  ´´¨£¨²ÖÍ¨¨ µ·Éµ¶µ§¨É·µ-
´¨Ö, µÉ¢¥Î ÕÐ¨¥ ¶·µ¥±Í¨Ö³ ¶µ²´µ£µ ¸¶¨´  0,±1. �µ²ÊÎ¥´Ò ¤¨ËË¥·¥´Í¨-
 ²Ó´Ò¥ ¸¥Î¥´¨Ö ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° · §²¨Î´ÒÌ Î ¸É¨Í. � ¸¸Î¨É ´  ¢¥·µ-
ÖÉ´µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨ ¢ ¸²ÊÎ ¥, ±µ£¤  µ¤¨´ ¨§ γ-±¢ ´Éµ¢ Ö¢²Ö¥É¸Ö ²¨´¥°´µ
¶µ²Ö·¨§µ¢ ´´Ò³,   µ¸É ²Ó´Ò¥ ¤¢  ´¥¶µ²Ö·¨§µ¢ ´Ò. �µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥
¤²Ö ¸É¥¶¥´¨ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¸µ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì
 ¢Éµ·µ¢.

„²Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¶·µÍ¥¸¸  ¨§²ÊÎ¥-
´¨Ö ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´µ£µ ËµÉµ´  Ô²¥±É·µ´µ³ ¸ ÊÎ¥Éµ³ µÉ¤ Î¨ ¨ Ëµ·³-
Ë ±Éµ·µ¢ ¶·µÉµ´  ¶µ²ÊÎ¥´µ ±µ³¶ ±É´µ¥ ¢Ò· ¦¥´¨¥, ¡² £µ¤ ·Ö Ë ±Éµ·¨§ Í¨¨
±¢ ¤· Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¨ ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·µ¢ ¶·µÉµ´ . ‚ ¶·¥¤¥²Ó-
´µ³ ¸²ÊÎ ¥, ±µ£¤  ¶·µÉµ´ Ö¢²Ö¥É¸Ö ÉµÎ¥Î´µ° Î ¸É¨Í¥° c ¡¥¸±µ´¥Î´µ° ³ ¸¸µ°,
¶µ²ÊÎ¥´´µ¥ ¢Ò· ¦¥´¨¥ ¶¥·¥Ìµ¤¨É ¢ ¨§¢¥¸É´µ¥.

�·µ¢¥¤¥´µ ¨¸¸²¥¤µ¢ ´¨¥ ·¥ ±Í¨¨ ep → epγ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§Ê¥³µ¸É¨
¶·µÉµ´  ¢ ±¨´¥³ É¨±¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ´  ³ ²Ò¥,  
ËµÉµ´µ¢ ´  ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨¥ Ê£²Ò, £¤¥ ¤µ³¨´¨·Ê¥É ¶·µÉµ´´µ¥ ¨§²ÊÎ¥´¨¥.
�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ¶·µ¢¥¤¥´´ÒÌ ¢ ¸¨¸É¥³¥ ¶µ±µÖ ´ Î ²Ó´µ£µ
¶·µÉµ´  ¶·¨ Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  Ee = 200 ŒÔ‚ ¢ ¢Ò¡· ´´µ° ±¨´¥-
³ É¨±¥, ¶µ± §Ò¢ ÕÉ, ÎÉµ Ê¸²µ¢¨Ö, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¢Ò¤¥²¥´¨Ö ¶µ¤¶·oÍ¥¸¸ 
γp → γp ¨§ ·¥ ±Í¨¨ ep → epγ, ¢Ò¶µ²´ÖÕÉ¸Ö, ¶µ¸±µ²Ó±Ê µÉ´µ¸¨É¥²Ó´Ò°
¢±² ¤ ¡¥É¥-£ °É²¥·µ¢¸±µ£µ ¨ ¨´É¥·Ë¥·¥´Í¨µ´´µ£µ Î²¥´µ¢ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨
´¥ ¶·¥¢ÒÏ ¥É 10 %,   ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ep→ epγ µ¡² ¤ ¥É § ³¥É´µ° ÎÊ¢¸É¢¨-
É¥²Ó´µ¸ÉÓÕ ± ¶µ²Ö·¨§Ê¥³µ¸É¨ ¶·µÉµ´ .

�µ¸É·µ¥´µ ±µ¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ²¥¶Éµ´´µ£µ É¥´§µ· , ¢ ±µÉµ·µ³
¢Ò¤¥²¥´ ¢±² ¤ ¸µ¸ÉµÖ´¨° ¸ ¶µ¶¥·¥Î´µ° ¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¥° ¢¨·ÉÊ-
 ²Ó´µ£µ ËµÉµ´ . �µ± § ´µ, ÎÉµ ÊÎ¥É ³ ¸¸Ò ²¥¶Éµ´  ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ
¸É¥¶¥´¨ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·ÉÊ ²Ó´µ£µ ËµÉµ´ .

ˆ¸¸²¥¤µ¢ ´Ò ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¶·¨ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸-
¸¥Ö´¨¨ ËµÉµ´µ¢ ¨´É¥´¸¨¢´µ° Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² §¥·´µ° ¢µ²´Ò,
¸Ëµ±Ê¸¨·µ¢ ´´µ° ´  ¶ÊÎ±¥ ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ô²¥±É·µ´µ¢ (e + nγ0 → e + γ). �µ± § ´µ, ÎÉµ ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ-
¸ÉÖÌ ¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ¦¥¸É±µ£µ ËµÉµ´  Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³,
  ¢²¨Ö´¨¥ ¶µ²Ö·¨§ Í¨° § ³¥É´µ Ê³¥´ÓÏ ¥É¸Ö.

�µ± § ´µ, ÎÉµ ÊÏ¨·¥´¨¥ ¸¶¥±É·  ¢ µ¡· É´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ § 
¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± ¸´¨¦¥´¨Õ ¶µ·µ£  ·µ¦¤¥´¨Ö e+e−-¶ ·
¨ ± Ê¢¥²¨Î¥´¨Õ ¨Ì Î¨¸²  ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¦¥¸É±µ£µ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´ 
¸ ´¥¸±µ²Ó±¨³¨ ² §¥·´Ò³¨ ËµÉµ´ ³¨ µ¤´µ¢·¥³¥´´µ (γ + nγ0 → e+ + e−).
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’ ±¨³ µ¡· §µ³, µÉ¸ÊÉ¸É¸É¢¨¥ É·Ê¤´µ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ÊÎ¥Éµ³ ³ ¸¸Ò ¨
· ¸Î¥Éµ³  ³¶²¨ÉÊ¤ ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´ ,   É ±¦¥ ±· ¸µÉ  ¨ ¨§ÖÐ¥¸É¢µ ¶µ-
²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢, ´¥¸µ³´¥´´µ, Ö¢²ÖÕÉ¸Ö ¸¢¨¤¥É¥²Ó¸É¢µ³ ÔËË¥±É¨¢´µ¸É¨
· §¢¨Éµ£µ ³¥Éµ¤  ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢.

�¢Éµ·Ò ¡² £µ¤ ·´Ò ¸µ§¤ É¥²Ö³ ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤ : Î²¥´Ê.-±µ··. ���
�.�.�µ£ÊÏÊ ¨  ± ¤¥³¨±Ê ”.ˆ.”¥¤µ·µ¢Ê. ˆÌ ¡² £µÉ¢µ·´Ò¥ ¨¤¥¨ ¨ ³¥Éµ¤Ò
¢µ ³´µ£µ³ µ¶·¥¤¥²¨²¨ ´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤µ¢ ´¨° ¨ Ì · ±É¥· · ¡µÉÒ. �¢-
Éµ·Ò ¶·¨§´ É¥²Ó´Ò ‚.ˆ.ŠÊ¢Ï¨´µ¢Ê, ¸É¨³Ê²¨·µ¢ ¢Ï¥³Ê ´ ¶¨¸ ´¨¥ ´ ¸ÉµÖ-
Ð¥£µ µ¡§µ· ,   É ±¦¥ ˆ.”.ƒ¨´§¡Ê·£Ê, �.�.ŠÊ· ¥¢Ê, Œ.ˆ.‹¥¢ÎÊ±Ê, �.ˆ.‹Ó¢µ¢Ê
¨ ‚.�.�¥É·Ê´Ó±¨´Ê §  ¶µ¸É ´µ¢±Ê § ¤ Î, ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¨ ¨´É¥·¥¸ ±
· ¡µÉ¥.
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