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

�·¥¤¸É ¢²¥´Ò ´¥±µÉµ·Ò¥  ¸¶¥±ÉÒ Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¤²Ö ¢¸É·¥Î´ÒÌ ËµÉµ´-ËµÉµ´´ÒÌ
±µ²² °¤¥·µ¢. ‘·¥¤¨ ´¨Ì Å ¶·µÍ¥¸¸Ò ¸ µ¡· §µ¢ ´¨¥³ ÉÖ¦¥²ÒÌ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¡µ§µ´  •¨££¸ ,
ÉÖ¦¥²ÒÌ ±¢ ·±µ¢, ¨´É¥£· ²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ (¶· ¢¨²  ¸Ê³³) ¤²Ö · §²¨Î´ÒÌ
¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨°, ¶·µÍ¥¸¸Ò µ¡· §µ¢ ´¨Ö  ¤·µ´µ¢, Ë¨§¨±  ¶µ³¥·µ´ . �É¨ ¢µ¶·µ¸Ò
¨§²µ¦¥´Ò ±µ´¸¶¥±É¨¢´µ. �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ´¥²¨´¥°´Ò³ ÔËË¥±É ³ ¢ µ¡· É´µ³ ±µ³¶-
Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ ËµÉµ´µ¢ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² §¥·´µ° ¢µ²´Ò, ¸Ëµ±Ê¸¨·µ¢ ´´µ°
´  ¶ÊÎ±¥ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢. � ¸¸³µÉ·¥´µ É ±¦¥ ´ ¨-
¡µ²¥¥ Î ¸Éµ ¢¸É·¥Î ÕÐ¥¥¸Ö ¢ ²¨É¥· ÉÊ·¥ ²¨´¥°´µ¥ ¶·¨¡²¨¦¥´¨¥ ¢ ÔÉµ³ ³¥Ì ´¨§³¥ ±µ´¢¥·¸¨¨.
„µ¸É ÉµÎ´µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ µ¶¨¸ ´¨Õ ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢, ¶·¥¤² £ ¥³ÒÌ ¤²Ö Í¥²¥°
³µ´¨Éµ·¨·µ¢ ´¨Ö Å ´¥¶·¥·Ò¢´µ£µ ±µ´É·µ²Ö §  ¸¢¥É¨³µ¸ÉÓÕ γγ-±µ²² °¤¥·µ¢ ¨ ¸É¥¶¥´ÓÕ ¶µ²Ö-
·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. „²Ö ÔÉµ° Í¥²¨ · ¸¸³µÉ·¥´Ò ¶·µÍ¥¸¸Ò µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ²¥¶Éµ´´ÒÌ
¶ · ¢ ±¨´¥³ É¨±¥ Ê§±¨Ì ¸É·Ê°, ²¥ÉÖÐ¨Ì ¢¤µ²Ó µ¸¨ ¶ÊÎ±µ¢, ¨ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò § ·Ö-
¦¥´´ÒÌ ²¥¶Éµ´µ¢ ¨²¨ ¡µ§µ´µ¢, ²¥ÉÖÐ¨Ì ´  ¡µ²ÓÏ¨¥ Ê£²Ò. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ
 ´ ²¨§µ¢.

We present some aspects of the physical program of photon-photon colliders. Among them
Å the proccesses with creation of heavy vector mesons, Higgs boson, heavy quarks, the integral rela-
tions between the cross sections (sum rules) for different states of polarization, processes of hadron's
production, the pomeron physics. These questions are considered in the conspective form. The main
attention is paid to the nonlinear effects in the process of backward Compton scattering of the circu-
larly polarized laser beam, focused on the bunch of ultrarelativistic longitudinally polarized electrons.
We consider as well the most popular in the literature the linear approximation in this conversion
mechanism. We consider the calibration processes, which supposed to be used for monitoring pur-
poses Å check the luminosity and to measure the degree of polarization of photon beams. For these
aims we consider the processes of two lepton pair creation in the kinematics of jets, moving along
the beams directions and the process of creation a pair of charged leptons or vector bosons, moving
at large angles. We present the results of numerical analysis.

1. ‚‚…„…�ˆ…

� Î¨´ Ö ¸ ±µ´Í  80-Ì £µ¤µ¢ ¨ ¶µ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ · §´ÒÌ ¸É· ´ Ì ¢¥-
¤ÊÉ¸Ö · ¡µÉÒ ¶µ ¶·µ¥±É¨·µ¢ ´¨Õ ¨ · §· ¡µÉ±¥ Ë¨§¨Î¥¸±¨Ì ¶·µ£· ³³ ¤²Ö γe-
¨ γγ-±µ²² °¤¥·µ¢. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥ÕÉ¸Ö ¶·µ¥±ÉÒ ¶µ ¨Ì ¸µ§¤ ´¨Õ ¢
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‘˜�, ”�ƒ, Ÿ¶µ´¨¨. ”¨§¨Î¥¸±¨¥ ¶·µ£· ³³Ò ¤²Ö ÔÉ¨Ì ±µ²² °¤¥·µ¢, ¸µ§¤ ´-
´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ³´µ£µ²¥É´¥£µ ¸µÉ·Ê¤´¨Î¥¸É¢  ¶·¥¤¸É ¢¨É¥²¥° ³´µ£¨Ì ´ ÊÎ-
´ÒÌ Í¥´É·µ¢ ¶µ Ë¨§¨±¥ Î ¸É¨Í ¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ´ ¨¡µ²¥¥ ¶µ²´µ ¨§²µ¦¥´Ò
¢ ®Conceptual Design Reports¯ [1Ä3]. ‚ ÔÉ¨Ì ¶·µ¥±É Ì ËµÉµ´-ËµÉµ´´Ò¥ ¨
ËµÉµ´-Ô²¥±É·µ´´Ò¥ ¶ÊÎ±¨ ¶·¥¤¶µ² £ ¥É¸Ö ¸µ§¤ ¢ ÉÓ ´  µ¸´µ¢¥ ¨¸¶µ²Ó§µ¢ ´¨Ö
²¨´¥°´ÒÌ Ê¸±µ·¨É¥²¥° ¸µ ¢¸É·¥Î´Ò³¨ e+e−-¶ÊÎ± ³¨.

ˆ¸¸²¥¤µ¢ ´¨¥ ¤¢ÊÌËµÉµ´´ÒÌ ¶·µÍ¥¸¸µ¢ γγ → X ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢ ¦-
´Ò° · §¤¥² ¸µ¢·¥³¥´´µ° Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° [4]. ’· ¤¨Í¨µ´´µ ¢ Ô±¸-
¶¥·¨³¥´É¥ µ´¨ ¨§ÊÎ ÕÉ¸Ö ´  ¢¸É·¥Î´ÒÌ e+e−-¶ÊÎ± Ì ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨
¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢, ±µÉµ·Ò¥ ¨¸¶Ê¸± ÕÉ¸Ö ´ Î ²Ó´Ò³¨ Î ¸É¨Í ³¨ (É.¥. ¢
·¥ ±Í¨¨ e+e− → e+e−γ∗γ∗ → e+e−X). �·¨ ÔÉµ³ µ¡· §Ê¥É¸Ö ¸¨¸É¥³  Î -
¸É¨Í X ¸ ¨´¢ ·¨ ´É´µ° ³ ¸¸µ° W ,   ¸¥Î¥´¨¥ ÔÉµ£µ ¶·µÍ¥¸¸  ¢ ¶·¨¡²¨¦¥´¨¨
Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢ ¨³¥¥É ¢¨¤

dσe+e−→e+e−X(s) = dn1dn2dσγγ→X(W 2) , (1)

£¤¥ dni Å ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢:
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‡¤¥¸Ó ε Å Ô´¥·£¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (‘–Œ) ¶ÊÎ±  Ô²¥±É·µ´µ¢ (¶µ§¨-
É·µ´µ¢), m Å ³ ¸¸  Ô²¥±É·µ´ , ωi ¨ qi Å Ô´¥·£¨Ö ¨ 4-¨³¶Ê²Ó¸ ¢¨·ÉÊ ²Ó´µ£µ
ËµÉµ´  (i = 1, 2), W =

√
4ω1ω2.

Š ¸µ¦ ²¥´¨Õ, ¢µ§³µ¦´µ¸É¨ ¨§ÊÎ¥´¨Ö ¤¢ÊÌËµÉµ´´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ e+e−-
¸µÊ¤ ·¥´¨ÖÌ µ£· ´¨Î¥´Ò É¥³, ÎÉµ ÔËË¥±É¨¢´Ò¥ Ô´¥·£¨¨ ¨ µ¸µ¡¥´´µ ¸¢¥É¨-
³µ¸É¨ ¸µÊ¤ ·¥´¨° ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢ ¸ÊÐ¥¸É¢¥´´µ ´¨¦¥, Î¥³ ¢ e+e−-¸µ-
Ê¤ ·¥´¨ÖÌ. �µÔÉµ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´µ ¢ ¦´µ° § ¤ Î  ¶µ²ÊÎ¨ÉÓ
¶·Ö³Ò¥ γe- ¨ γγ-¶ÊÎ±¨ ¸ ¢Ò¸µ±¨³¨ Ô´¥·£¨Ö³¨ ¨ ¸¢¥É¨³µ¸ÉÖ³¨. �  É ±¨Ì
Ê¸É ´µ¢± Ì ³µ¦´µ ¡Ò²µ ¡Ò ´¥ Éµ²Ó±µ ¡µ²¥¥ ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ÉÓ É¥ ¦¥ ¢µ-
¶·µ¸Ò, ÎÉµ ¨ ¢ ¸µÊ¤ ·¥´¨ÖÌ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢, ´µ ¨ ¨§ÊÎ ÉÓ ¸µ¢¥·Ï¥´´µ
´µ¢Ò¥ µ¡Ñ¥±ÉÒ, ´¥¤µ¸ÉÊ¶´Ò¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¤·Ê£¨³¨ ³¥Éµ¤ ³¨.

�¤´¨³ ¨§ ´ ¨²ÊÎÏ¨Ì ³¥Éµ¤µ¢ ¶µ²ÊÎ¥´¨Ö ¨´É¥´¸¨¢´ÒÌ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢
Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ µ¡· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö (�Š�) ² §¥·-
´µ£µ ¸¢¥É  ´  Ô²¥±É·µ´´µ³ ¶ÊÎ±¥ ²¨´¥°´µ£µ Ê¸±µ·¨É¥²Ö [5Ä9]. ‚ ±· É±¨Ì
¸µµ¡Ð¥´¨ÖÌ [5] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ ´  ¡ §¥ ²¨´¥°´ÒÌ µ¤´µ¶·µ²¥É-
´ÒÌ 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 Ê¸±µ·¨É¥²¥°. �¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ÔÉµ£µ ¨´É¥´¸¨¢´Ò¥ ¶ÊÎ±¨ γ-±¢ ´Éµ¢
¡Ò²µ ¶·¥¤²µ¦¥´µ ¶µ²ÊÎ ÉÓ ¶·¨ · ¸¸¥Ö´¨¨ ³µÐ´µ° ² §¥·´µ° ¢¸¶ÒÏ±¨ ´ 
Ô²¥±É·µ´´ÒÌ ¶ÊÎ± Ì ÔÉ¨Ì Ê¸±µ·¨É¥²¥°.

Œ ²Ò¥ · §³¥·Ò ¶ÊÎ±µ¢ ²¨´¥°´ÒÌ ±µ²² °¤¥·µ¢ ¤¥² ÕÉ ¢µ§³µ¦´Ò³ ¶µ²Ê-
Î¥´¨¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  ±µ´¢¥·¸¨¨ (µÉ´µÏ¥´¨Ö Î¨¸²  ¢Ò¸µ±µÔ´¥·£¥É¨-
Î¥¸±¨Ì ËµÉµ´µ¢ ± Î¨¸²Ê Ô²¥±É·µ´µ¢) k = Nγ/Ne ∼ 1 ¶·¨ Ô´¥·£¨ÖÌ ² §¥·´µ°
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�¨¸. 1. ‘Ì¥³  ¶µ²ÊÎ¥´¨Ö ¢¸É·¥Î´ÒÌ γe- ¨ γγ-¶ÊÎ±µ¢

¢¸¶ÒÏ±¨ ¢ ´¥¸±µ²Ó±µ ¤¦µÊ²¥°, É.¥. ¶·¨ · §Ê³´µ³ ¢Ò¡µ·¥ ¶ · ³¥É·µ¢ ³µ¦´µ
±µ´¢¥·É¨·µ¢ ÉÓ ¡µ²ÓÏÊÕ Î ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ËµÉµ´Ò ¢Ò¸µ±¨Ì Ô´¥·£¨°.

‘ÊÐ¥¸É¢¥´´ Ö ³µ´µÌ·µ³ É¨§ Í¨Ö ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£-
´ÊÉ  §  ¸Î¥É ¨¸¶µ²Ó§µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í.
—Éµ ± ¸ ¥É¸Ö ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸¢µ°¸É¢ ¸ ³¨Ì ËµÉµ´´ÒÌ ¶ÊÎ±µ¢, Éµ µ´¨ µ¶·¥-
¤¥²ÖÕÉ¸Ö ¸µ¸ÉµÖ´¨¥³ ¶µ²Ö·¨§ Í¨¨ ´ Î ²Ó´ÒÌ Î ¸É¨Í, ³µ£ÊÉ ¡ÒÉÓ ¶· ±É¨Î¥¸±¨
¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥, ¨, ±·µ³¥ Éµ£µ, ¨Ì §´ ±
³µ¦¥É ·¥£Ê²¨·µ¢ ÉÓ¸Ö.

„¥É ²Ó´µ¥ µ¶¨¸ ´¨¥ ¸Ì¥³Ò ±µ´¢¥·¸¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ γ-¶ÊÎµ±,
µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢¸É·¥Î´ÒÌ γe- ¨ γγ-¸µÊ¤ ·¥´¨°, ¢µ¶·µ¸Ò Ëµ´  ¨
± ²¨¡·µ¢±¨ ¸¢¥É¨³µ¸É¨,   É ±¦¥ ´¥É·¨¢¨ ²Ó´Ò¥ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±ÉÒ
¢ É ±¨Ì γe- ¨ γγ-¸µÊ¤ ·¥´¨ÖÌ ¡Ò²¨ ¶µ¤·µ¡´µ · ¸¸³µÉ·¥´Ò ¢ [6, 7]. �µ ¸ÊÉ¨
¤¥² , ¢ · ¡µÉ Ì [6, 7] ¡Ò²µ ¤ ´µ ¨§²µ¦¥´¨¥ ¸µ¢¥·Ï¥´´µ ´µ¢µ° ±µ´Í¥¶Í¨¨
¶µ ¸µ§¤ ´¨Õ ËµÉµ´´ÒÌ ²¨´¥°´ÒÌ ±µ²² °¤¥·µ¢ (”‹Š). �´  µ± § ² ¸Ó ¶·¨-
¢²¥± É¥²Ó´µ° ¶µ ³´µ£¨³ ¶·¨Î¨´ ³, ¶·µ¤µ²¦ ²  µ¡¸Ê¦¤ ÉÓ¸Ö ¨ · §¢¨¢ ÉÓ¸Ö ¢
³´µ£µÎ¨¸²¥´´ÒÌ · ¡µÉ Ì ¤·Ê£¨Ì  ¢Éµ·µ¢ [10Ä21]. ‚ [11] ¤²Ö ·¥ ²¨§ Í¨¨ Ê± -
§ ´´µ° ¢ [5] ¸Ì¥³Ò ¶·¥¤² £ ²µ¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ² §¥· ´  ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´ Ì
Éµ£µ ¦¥ ¶ÊÎ± .

‘Ì¥³  ·¥ ²¨§ Í¨¨ ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢ (”Š) ¶µ± § ´  ´  ·¨¸. 1. „¢ 
¸Ëµ±Ê¸¨·µ¢ ´´ÒÌ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±  ¤¢¨¦ÊÉ¸Ö ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê ± ÉµÎ±¥
¢§ ¨³µ¤¥°¸É¢¨Ö O ¨ ´  · ¸¸ÉµÖ´¨¨ ¶·¨³¥·´µ 1 ¸³ µÉ ´¥¥ ¸É ²±¨¢ ÕÉ¸Ö ¸
Ëµ±Ê¸¨·µ¢ ´´Ò³ ² §¥·´Ò³ ¶ÊÎ±µ³ ¢ ÉµÎ±¥ C. ‚ ·¥§Ê²ÓÉ É¥ �Š� ² §¥·-
´Ò¥ ËµÉµ´Ò ¶·¥¢· Ð ÕÉ¸Ö ¢ ¶ÊÎµ± ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢ (¨³¥Õ-
Ð¨Ì Ô´¥·£¨Õ, ¸· ¢´¨³ÊÕ ¸ Ô´¥·£¨¥° ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢ ε), · ¸-
¶·µ¸É· ´ÖÕÐ¨Ì¸Ö ¸ ´¥¡µ²ÓÏ¨³ Ê£²µ¢Ò³ · §¡·µ¸µ³ (¶µ·Ö¤±  m/ε) ¶· ±É¨Î¥-
¸±¨ ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´ Î ²Ó´ÒÌ Ô²¥±É·µ´µ¢, É.¥. Ëµ±Ê¸¨·ÊÕÉ¸Ö
¢ ÉµÎ±¥ ¢¸É·¥Î¨, £¤¥ ¸É ²±¨¢ ÕÉ¸Ö ¸ ¨¤ÊÐ¨³ ´ ¢¸É·¥ÎÊ Ô²¥±É·µ´´Ò³ ¨²¨ É -
±¨³ ¦¥ γ-¶ÊÎ±µ³. �²¥±É·µ´Ò ¶·µ¤µ²¦ ÕÉ ¤¢¨£ ÉÓ¸Ö ± ÉµÎ±¥ ¢¸É·¥Î¨, ¨³¥Ö
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Ï¨·µ±µ¥ Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨¥ ε′ = (1 ÷ 0, 02)ε ¢ ·¥§Ê²ÓÉ É¥ ³´µ-
£µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ²¨¡µ µÉ±²µ´ÖÕÉ¸Ö ³ £´¨É´Ò³ ¶µ²¥³
B ∼ 1 T² µÉ ÉµÎ±¨ ¢¸É·¥Î¨.

� §³¥·Ò ËµÉµ´´µ£µ ¶ÊÎ±  ¢ ÉµÎ±¥ ¢¸É·¥Î¨ ³µ£ÊÉ ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ÉÓ
¸ · §³¥· ³¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± , ¶µÔÉµ³Ê ¸¢¥É¨³µ¸ÉÓ γe- ¨ γγ-¸Éµ²±´µ¢¥´¨°
³µ¦¥É ¨³¥ÉÓ É ±µ° ¦¥ ¶µ·Ö¤µ±, ± ± ¨ ®£¥µ³¥É·¨Î¥¸± Ö¯ ¸¢¥É¨³µ¸ÉÓ ¨¸Ìµ¤´ÒÌ
e+e−-¶ÊÎ±µ¢ (¶·¨ ÔÉµ³ ´ ²¨Î¨¥ ¶µ§¨É·µ´µ¢ ¢µ¢¸¥ ´¥ µ¡Ö§ É¥²Ó´µ ¤²Ö ”Š).

Œ¥Éµ¤ ¶µ²ÊÎ¥´¨Ö γ-±¢ ´Éµ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¸ ¶µ³µÐÓÕ �Š� Ìµ·µÏµ
¨§¢¥¸É¥´ [22], µ´ ¨¸¶µ²Ó§µ¢ ²¸Ö ¢µ ³´µ£¨Ì ² ¡µ· Éµ·¨ÖÌ [23]. �¤´ ±µ ±µÔË-
Ë¨Í¨¥´É ±µ´¢¥·¸¨¨ Ô²¥±É·µ´µ¢ ¢ ËµÉµ´Ò ¶·¨ ÔÉµ³ ¡Ò² ³ ² ¨ ¨³¥² ¶µ·Ö¤µ±:
k ∼ 10−7 − 10−5.

”µÉµ´´Ò¥ (É.¥. γe ¨ γγ) ²¨´¥°´Ò¥ ±µ²² °¤¥·Ò µ¡² ¤ ÕÉ ¡µ£ ÉÒ³ Ë¨§¨-
Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ ¨ ·Ö¤µ³ ¶·¥¨³ÊÐ¥¸É¢ ¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³¨ e+e−-
±µ²² °¤¥· ³¨. �¤´µ ¨§ ´¨Ì § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ”Š µ¡² ¤ ÕÉ ¢Ò¸µ±µ°
³µ´µÌ·µ³ É¨Î´µ¸ÉÓÕ. ’¨¶¨Î´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°
¨³¥¥É µ¸É·Ò° ¶¨± ¢¡²¨§¨ ³ ±¸¨³ ²Ó´µ ¤µ¸É¨¦¨³ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ Wγγ

¸É ²±¨¢ ÕÐ¨Ì¸Ö ËµÉµ´µ¢ ¸ Ï¨·¨´µ° δWγγ/Wγγ
∼= 0, 15.

‚¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö ·¥§±µ° £· ´¨ÍÒ ¢ ¸¶¥±É· Ì ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±-
´µ¢¥´¨° ¢ µ¡² ¸É¨ ³ ±¸¨³ ²Ó´ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¶µ¨¸±¨ · §²¨Î´ÒÌ ³µ¤
· ¸¶ ¤  Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  (•�) ¢ ¢¨¤¥ Ê§±¨Ì µ¤¨´µÎ´ÒÌ ·¥§µ´ ´¸µ¢, ¨§³¥-
·¥´¨¥ ¥£µ ³ ¸¸Ò ¶ÊÉ¥³ ¸± ´¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ ¢ ‘–Œ ³µ£ÊÉ ¡ÒÉÓ ²ÊÎÏ¥
¶·µ¢¥¤¥´Ò ´  ”‹Š, Î¥³ ¸ ¶µ³µÐÓÕ pp̄- ¨²¨ e+e−-¸Éµ²±´µ¢¥´¨° [21]. ˆ§³¥-
·¥´¨¥ ¤¢ÊÌËµÉµ´´µ° Ï¨·¨´Ò · ¸¶ ¤  •� Γ(H → γγ) ³µ¦¥É µ± § ÉÓ¸Ö ¶µ-
²¥§´Ò³ ¶·¨ ¶µ¨¸±¥ ¢µ§³µ¦´µ£µ Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö ²¥¶Éµ´µ¢ ¨ ±¢ ·±µ¢,
¶µ¸±µ²Ó±Ê ¡² £µ¤ ·Ö ¶¥É²¥¢Ò³ ¤¨ £· ³³ ³ ¢¸¥ ³ ¸¸¨¢´Ò¥ (¤ ¦¥ Ê²ÓÉ· -
ÉÖ¦¥²Ò¥) § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¤ ÕÉ ¢±² ¤ ¢ ÔÉÊ Ï¨·¨´Ê · ¸¶ ¤ , ¥¸²¨ ¨Ì
³ ¸¸  µ¡Ê¸²µ¢²¥´  ³¥Ì ´¨§³µ³ •¨££¸ .

‘¢¥É¨³µ¸ÉÓ γγ-±µ²² °¤¥·µ¢ ¶µÉ¥´Í¨ ²Ó´µ ¢ÒÏ¥ ¸¢¥É¨³µ¸É¨ e+e−-¸Éµ²±-
´µ¢¥´¨°. Š ± ¶µ± § ´µ ¢ · ¡µÉ¥ [16], ¤²Ö ”Š ¸ÊÐ¥¸É¢Ê¥É ¶·¨´Í¨¶¨ ²Ó´ Ö ¢µ§-
³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¶·¥¤¥²Ó´ÒÌ ¸¢¥É¨³µ¸É¥° ´  Ê·µ¢´¥ 1034−1035 ¸³−2· ¸−1

¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¡² ¸É¨ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¢¡²¨§¨ ¶¨±  ¸¢¥É¨³µ¸É¨ (z =
= Wγγ/2ε > 0, 65).

‘¥Î¥´¨Ö ·µ¦¤¥´¨Ö § ·Ö¦¥´´ÒÌ ¶ · Î ¸É¨Í ¸µ ¸¶¨´µ³ 0 ¨ 1/2 ¢
γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¥¢ÒÏ ÕÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¥Î¥´¨Ö ¢ e+e−-¸Éµ²±´µ¢¥-
´¨ÖÌ ¶·¨³¥·´µ ¢ 5 · § (¸³. ·¨¸. 2); ¤²Ö ·µ¦¤¥´¨Ö ¶ · W -³¥§µ´µ¢ ÔÉµÉ Ë ±Éµ·
¤ ¦¥ ¡µ²ÓÏ¥, µ´ · ¢¥´ ¶·¨³¥·´µ 10Ä20. ‘²¥¤µ¢ É¥²Ó´µ, ¸É É¨¸É¨±  ¸µ¡ÒÉ¨°
Éµ£µ ¦¥ ¶µ·Ö¤± , ÎÉµ ¨ ¤µ¸É¨¦¨³ Ö ´  e+e−-±µ²² °¤¥· Ì, ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£-
´ÊÉ  ´  γγ-±µ²² °¤¥· Ì ¶·¨ ¸¢¥É¨³µ¸ÉÖÌ, ± ± ³¨´¨³Ê³, ¢ ¶ÖÉÓ · § ³¥´ÓÏ¨Ì.
Š·µ³¥ Éµ£µ, ÔÉ¨ ¸¥Î¥´¨Ö Ê¡Ò¢ ÕÉ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ §´ Î¨É¥²Ó´µ ³¥¤²¥´´¥¥,
Î¥³ ´  e+e−-±µ²² °¤¥·¥ (¸³. ·¨¸. 2). Š ± ¢¶¥·¢Ò¥ ¶µ± § ´µ ¢ · ¡µÉ¥ [21],
 ´ ²µ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ¨³¥¥É ³¥¸Éµ ¨ ¶·¨ µ¡· §µ¢ ´¨¨ ¡µ§µ´  •¨££¸  ¢ γγ-
¸Éµ²±´µ¢¥´¨ÖÌ.
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�¨¸. 2. ‘· ¢´¥´¨¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö § ·Ö¦¥´´ÒÌ ¶ · Î ¸É¨Í ¢ e+e−- ¨ γγ- ¸Éµ²±-
´µ¢¥´¨ÖÌ. �´¨ ¨³¥ÕÉ ¢¨¤ [14]: σ = (πα2/M2)fp(X), £¤¥ p = S (¸± ²Ö·), p = F
(Ë¥·³¨µ´), p = W (W -¡µ§µ´Ò); M Å ³ ¸¸  Î ¸É¨ÍÒ; X = Wpp̄/4M2

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ¶·¥¤µ¸É ¢²ÖÕÉ ´ ¨²ÊÎÏÊÕ ¢µ§³µ¦´µ¸ÉÓ ¤²Ö ¨§ÊÎ¥-
´¨Ö t-±¢ ·±µ¢. �·¨ Ô´¥·£¨ÖÌ, ¤µ¸É ÉµÎ´µ ¤ ²¥±¨Ì µÉ ¶µ·µ£  ·µ¦¤¥´¨Ö tt̄-¶ ·,
γγ-±µ²² °¤¥·Ò ¶µ§¢µ²ÖÉ ¶µ²ÊÎ ÉÓ ¶·¨³¥·´µ 105 tt̄-¶ · ¢ £µ¤ [2]. �·µ¤Ê±ÉÒ
¨Ì · ¸¶ ¤  ¡Ê¤ÊÉ ¸² ¡µ ¶¥·¥±·Ò¢ ÉÓ¸Ö, ¨, É ±¨³ µ¡· §µ³, ³µ¦´µ ¡Ê¤¥É ¨§ÊÎ ÉÓ
´¥±µÉµ·Ò¥ ·¥¤±¨¥ · ¸¶ ¤Ò.

�ÉµÉ ¤ ²¥±µ ´¥ ¶µ²´Ò° ¸¶¨¸µ± ¤µ¸Éµ¨´¸É¢ ¨ ¶·¥¨³ÊÐ¥¸É¢ ”‹Š Ö¢²Ö¥É¸Ö
¶¥·¥Î´¥³ µÎ¥´Ó ¸¨²Ó´ÒÌ  ·£Ê³¥´Éµ¢ ¢ ¶µ²Ó§Ê ¸µ§¤ ´¨Ö γe- ¨ γγ-±µ²² °¤¥·µ¢.
�É³¥É¨³, ÎÉµ µ¤´µ° ¨§ ¸ ³ÒÌ £² ¢´ÒÌ Í¥²¥° ¶·µ¥±É¨·Ê¥³ÒÌ γγ-±µ²² °¤¥·µ¢
Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥ ±²ÕÎ¥¢µ° ¶·µ¡²¥³Ò ¸É ´¤ ·É´µ° ³µ¤¥²¨ (‘Œ) Å µÉ±·ÒÉ¨¥
¨ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¡µ§µ´  •¨££¸ .

‚ ¶¥·¢µ³ · §¤¥²¥ µ¡§µ·  · ¸¸³aÉ·¨¢ ¥É¸Ö ¸Ì¥³  ±µ´¢¥·¸¨¨ ² §¥·´ÒÌ Ëµ-
Éµ´µ¢. �·¨ ÔÉµ³ ¨§ÊÎ ¥É¸Ö ¢²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ´  ¸¶¥±É·Ò, ¶µ-
²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢,   É ±¦¥
¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°.

‚µ ¢Éµ·µ³ · §¤¥²¥ ±· É±µ · ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥  ¸¶¥±ÉÒ Ë¨§¨Î¥-
¸±µ° ¶·µ£· ³³Ò ËµÉµ´-ËµÉµ´´ÒÌ ±µ²² °¤¥·µ¢.

‚ É·¥ÉÓ¥³ · §¤¥²¥ ¨¸¸²¥¤ÊÕÉ¸Ö ¶·µÍ¥¸¸Ò, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó-
§µ¢ ´Ò ¤²Ö ± ²¨¡·µ¢±¨ ¸¢¥É¨³µ¸É¨ γγ-±µ²² °¤¥·µ¢,   É ±¦¥ µ¶·¥¤¥²¥´¨Ö
¸É¥¶¥´¨ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. �Éµ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ²¥¶-
Éµ´´ÒÌ ¶ · ¤¢Ê³Ö ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ ¨ ¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö µ¤´µ°
¶ ·Ò ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨²¨ ¦¥ Ë¥·³¨µ´µ¢.
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2. ����’��… Š�Œ�’���‚‘Š�… ��‘‘…Ÿ�ˆ… ‹�‡…��›•
”�’���‚ (‹ˆ�…‰�›‰ ˆ �…‹ˆ�…‰�›‰ ‘‹“—�ˆ)

2.1. Š¨´¥³ É¨±  ¶·µÍ¥¸¸  γ0e → γe. �¸´µ¢´Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ ¸µµÉ-
´µÏ¥´¨Ö ¤²Ö ¶·µÍ¥¸¸  ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ² §¥·´µ£µ ¸¢¥É  ´  ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô²¥±É·µ´ Ì ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ [22]:

γ(k0) + e−(p) → γ(k) + e−(p′). (3)

�´¨ ¸µ¸É ¢²ÖÕÉ ¶·¨´Í¨¶¨ ²Ó´ÊÕ µ¸´µ¢Ê ³¥Éµ¤  £¥´¥· Í¨¨ γ-±¢ ´Éµ¢ ¢Ò¸µ-
±¨Ì Ô´¥·£¨° ¸ ¶µ³µÐÓÕ �Š�. �¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ´¥Î´ÒÌ Ô²¥±É·µ-
´µ¢ ¨ ËµÉµ´µ¢, É ±¨¥ ± ± Ô´¥·£¥É¨Î¥¸±µ¥ ¨ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥, ¨Ì ¶µ²Ö-
·¨§ Í¨¨,   É ±¦¥ ¤·Ê£¨¥, ¸ ´¨³¨ ¸¢Ö§ ´´Ò¥, µ¶·¥¤¥²ÖÕÉ¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³
¸¥Î¥´¨¥³ ¶·µÍ¥¸¸  (3). ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ ¸ ¸µ§¤ ´¨¥³ ”‹Š ´¥µ¡-
Ìµ¤¨³ ¶µ²´Ò° · ¸Î¥É ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° ± ± ±µ´¥Î´ÒÌ ËµÉµ´µ¢,
É ± ¨ Ô²¥±É·µ´µ¢. �Éµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, É·¥¡Ê¥É §´ ´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ
¸¥Î¥´¨Ö ¶·µÍ¥¸¸  (3) ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° ± ± ´ Î ²Ó´ÒÌ, É ± ¨ ±µ´¥Î´ÒÌ
Î ¸É¨Í. ‚¶¥·¢Ò¥ É ±µ° · ¸Î¥É ¡Ò² ¶·µ¢¥¤¥´ ¢ · ¡µÉ¥ [24] (1954 £.) ¢ ¸²ÊÎ ¥,
±µ£¤  ´ Î ²Ó´Ò° Ô²¥±É·µ´ ¶µ±µ¨É¸Ö (¸³. É ±¦¥ [25,26]). �µ²¥¥ Î¥³ ¸µ·µ± ²¥É
´ § ¤ ÔÉ  § ¤ Î  ¶·¥¤¸É ¢²Ö²  Î¨¸Éµ  ± ¤¥³¨Î¥¸±¨° ¨´É¥·¥¸, ´µ ¢ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö (Ê¤¨¢¨É¥²Ó´µ, ´µ Ë ±É!) µ´ ¶¥·¥·µ¸ ¢ Î·¥§¢ÒÎ °´µ ¢ ¦´Ò° ¶· ±É¨Î¥-
¸±¨°. �É³¥É¨³, ÎÉµ ¤·Ê£¨³ µ¸´µ¢´Ò³ ¶·µÍ¥¸¸ ³ ±¢ ´Éµ¢µ° Ô²¥±É·µ¤¨´ ³¨±¨
(Š�„) ¢ ÔÉµ³ ¸³Ò¸²¥ ¶µ¢¥§²µ ´¥ É ± ¸¨²Ó´µ.

�·µÍ¥¸¸ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´  ´  Ô²¥±É·µ´¥ ¢ ¶·µ¨§¢µ²Ó´µ°
¸¨¸É¥³¥ µÉ¸Î¥É  ¨ ¸ ÊÎ¥Éµ³ ¶µ²Ö·¨§ Í¨° Î ¸É¨Í · ¸¸³ É·¨¢ ²¸Ö ¢ ¡µ²ÓÏµ³
±µ²¨Î¥¸É¢¥ · ¡µÉ. ŒÒ ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò¥, ´  ´ Ï ¢§£²Ö¤,
Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ëµ·³Ê²Ò ¤²Ö ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ±µÉµ·Ò¥ ¡Ò²¨
¶µ²ÊÎ¥´Ò ¢ · ¡µÉ Ì [6, 7]. �·¨ ÔÉµ³ ¢¥§¤¥ ¡Ê¤¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¸¨¸É¥³ 
¥¤¨´¨Í, ¢ ±µÉµ·µ° ¸±µ·µ¸ÉÓ ¸¢¥É  c ¨ ¶µ¸ÉµÖ´´ Ö �² ´±  � · ¢´Ò ¥¤¨´¨Í¥:
� = c = 1.

‚ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¶·µ¨¸Ìµ¤¨É · ¸¸¥Ö´¨¥ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥°
ω0 ∼ 1 Ô‚ ´  Ô²¥±É·µ´¥ ¸ Ô´¥·£¨¥° ε ¶·¨ ´¥¡µ²ÓÏµ³ Ê£²¥ ¢¸É·¥Î¨ α0

(¸³. ·¨¸. 1). ŒÒ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ § ¢¨¸¨³µ¸ÉÓÕ µÉ ÔÉµ£µ Ê£²  α0 ¨ ¸Î¨-
É ÉÓ ¸Éµ²±´µ¢¥´¨¥ ²µ¡µ¢Ò³. �´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  ω § ¢¨¸¨É µÉ
¥£µ Ê£²  · ¸¸¥Ö´¨Ö ϑ ¶µ µÉ´µÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ
Ô²¥±É·µ´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ω =
ωm

1 + (ϑ/ϑ0)2
, ωm =

x

x + 1
ε, ϑ0 =

m

ε

√
x + 1, x =

4ω0ε

m2
, (4)

£¤¥ ωm Å ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ËµÉµ´ , m Å ³ ¸¸  Ô²¥±É·µ´ . �·¨ ÔÉµ³
Ê£²Ò · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ Ö¢²ÖÕÉ¸Ö Ê´¨± ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨ µÉ
Ô´¥·£¨¨ ËµÉµ´ :
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ϑγ(y) = ϑ0

√
ym

y
− 1 , ϑe(y) = ϑγ(y)

y

1 − y
, ym =

ωm

ε
=

x

1 + x
, (5)

£¤¥ y = ω/ε Å ¡¥§· §³¥·´ Ö Ô´¥·£¥É¨Î¥¸± Ö ¶¥·¥³¥´´ Ö,   ym Å ¥¥ ³ ±¸¨-
³ ²Ó´µ¥ §´ Î¥´¨¥. � ¶·¨³¥·, ¤²Ö ε = 250 ƒÔ‚ ¨ ω0 = 117 Ô‚ (´¥µ¤¨³µ¢Ò°
² §¥·) ¨³¥¥³: x = 45 ¨ ym ≈ 0, 818. �·¨ ÔÉµ³ µ±µ²µ ¶µ²µ¢¨´Ò ¢¸¥Ì ËµÉµ´µ¢
²¥É¨É ¢ ¨´É¥·¢ ² Ê£²µ¢ ϑ < ϑ0 � 10−5 · ¤ ∗,   ¨Ì Ô´¥·£¨Ö ω > ωm/2. ‘
·µ¸Éµ³ x (Éµ ¥¸ÉÓ ¸ ·µ¸Éµ³ ω0 ²¨¡µ ε) ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö ±µ³¶Éµ´µ¢¸±µ£µ
ËµÉµ´  ωm É ±¦¥ Ê¢¥²¨Î¨¢ ¥É¸Ö. �·¨ ÔÉµ³ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¸É ´µ¢ÖÉ¸Ö
¢µ§³µ¦´Ò³¨ ¤·Ê£¨¥ ¶·µÍ¥¸¸Ò [6, 13]. � ¨¡µ²¥¥ ¢ ¦´Ò³ ¨§ ´¨Ì Ö¢²Ö¥É¸Ö
¶·µÍ¥¸¸ µ¡· §µ¢ ´¨Ö e+e−-¶ · ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ ¸
ËµÉµ´ ³¨ Éµ° ¦¥ ² §¥·´µ° ¢µ²´Ò. �µ·µ£ ÔÉµ° ·¥ ±Í¨¨: ωmω0 > m2, É.¥.
x = 2(1 +

√
2) ≈ 4, 828. ‚ÒÏ¥ ÔÉµ£µ ¶µ·µ£  (x ∼ 8 ÷ 20) ¸¥Î¥´¨¥ ·µ¦¤¥-

´¨Ö ¶ · ¢ 1,5Ä2 · §  ¶·¥¢ÒÏ ¥É ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö [13, 14].
‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ³ ±¸¨³Ê³ ±µÔËË¨Í¨¥´É  ±µ´¢¥·¸¨¨ ¶·¨ ¡µ²ÓÏ¨Ì x µ£· -
´¨Î¥´ §´ Î¥´¨¥³ 25Ä35%. �µ ÔÉµ° ¶·¨Î¨´¥ ¡µ²¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´µ · ¡µÉ ÉÓ
¶·¨ x = 4, 8 (ym ≈ 0, 828), ÌµÉÖ ÔÉµÉ ¢Ò¡µ· ´¥  ¡¸µ²ÕÉ¥´. �É³¥É¨³, ÎÉµ
µ¡² ¸ÉÓ ¡µ²¥¥ ¢Ò¸µ±¨Ì x É ±¦¥ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢,
¢ ±µÉµ·ÒÌ É·¥¡Ê¥É¸Ö ¶·¥¤¥²Ó´ Ö ³µ´µÌ·µ³ É¨§ Í¨Ö γγ-¸Éµ²±´µ¢¥´¨°. �¨¦¥,
¤²Ö ¶µ´¨³ ´¨Ö É¥´¤¥´Í¨°, ³Ò É ±¦¥ ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¡µ²¥¥ Ï¨·µ±ÊÕ
µ¡² ¸ÉÓ x.

‚ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ e+e−-¶ ·Ò ³µ£ÊÉ µ¡· §µ¢ ÉÓ¸Ö É ±¦¥ ¶·¨ ¸Éµ²±´µ-
¢¥´¨¨ Ô²¥±É·µ´  ¸ ² §¥·´Ò³ ËµÉµ´µ³ ¢ ¡¥É¥-£ °É²¥·µ¢¸±µ³ ¶·µÍ¥¸¸¥ e+γ0 →
e + e+e−. �¤´ ±µ ¶·¨ x < 20 ¥£µ ¸¥Î¥´¨¥ ¶µ ±· °´¥° ³¥·¥ ´  ¤¢  ¶µ·Ö¤± 
³¥´ÓÏ¥ ¸¥Î¥´¨Ö ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö [6].

2.2. �´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ËµÉµ´µ¢. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· · ¸¸¥-
Ö´´ÒÌ ËµÉµ´µ¢ f(x, y) µ¶·¥¤¥²Ö¥É¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨¥³ ¶·µÍ¥¸¸ 
[6,7]:

f(x, y) ≡ 1
σc

dσc

dy
=

2σ0

xσc

[
1

1 − y
+ 1 − y − 4r(1 − r) + λeλrx(1 − 2r)(2 − y)

]
,

(6)

y ≤ ym =
x

x + 1
; r =

y

x(1 − y)
≤ 1; σ0 = π

(
e2

m

)2

= 2, 5 · 10−25c³2,

∗„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ Î ¸É¨Í ¢¡²¨§¨ ϑ = 0
(¢ ´ ¶· ¢²¥´¨¨ ¨³¶Ê²Ó¸  ´ Î ²Ó´µ£µ Ô²¥±É·µ´ ) ¨³¥¥É µÎ¥´Ó µ¸É·Ò° ¶¨± [6]:

dσc

dΩγ
=

dσc(0)

dΩγ

(
1 −Dϑ2

ϑ2
0

)
, D ≈ x + 6 ,

Éµ ¥¸ÉÓ Ê£²µ¢µ° · §³¥· µ¡² ¸É¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ËµÉµ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö Ê£²µ³ [6]
ϑ ∼ ϑ0/

√
x + 6.
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�¨¸. 3. ‘¶¥±É·Ò �Š�, ¶µ¸É·µ¥´´Ò¥ ¤²Ö x = 4, 8 ¨ §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
ξ2 Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò (17), · ¢´ÒÌ:  ) ξ2 = 0;
¡) ξ2 = 0, 3; ¢) ξ2 = 1, 0, ± ± ËÊ´±Í¨Ö µÉ y = ω/ε. ‹¨´¨¨ 1, 2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ
¸²¥¤ÊÕÐ¥³Ê ¢Ò¡µ·Ê ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´µ£µ Ô²¥±É·µ´  (λe) ¨ ËµÉµ´  ² §¥·´µ°
¢µ²´Ò (λ): 1) λe = 0, λ = 1; 2) λe = 1, λ = −1; 3) λe = 1, λ = 1. ‹¨´¨Ö
4 ´  ·¨¸. 3,¡ µÉ¢¥Î ¥É µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ ¢ ¸²ÊÎ ¥, ±µ£¤  ¸¶¨´Ò
¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¶ · ²²¥²Ó´Ò

£¤¥ λe ¨ λ Å Ê¤¢µ¥´´ Ö ¸¶¨· ²Ó´µ¸ÉÓ ´ Î ²Ó´µ£µ Ô²¥±É·µ´  ¨ ¸¶¨· ²Ó´µ¸ÉÓ
² §¥·´µ£µ ËµÉµ´  (λe = ±1, λ = ±1). �µ²´µ¥ ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢¸±µ£µ
¶·µÍ¥¸¸ :

σc = σnp
c + λeλ σ1 ,
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σnp
c =

2σ0

x

[(
1 − 4

x
− 8

x2

)
ln(x + 1) +

1
2

+
8
x
− 1

2(x + 1)2

]
,

σ1 =
2σ0

x

[(
1 +

2
x

)
ln(x + 1) − 5

2
+

1
x + 1

− 1
2(x + 1)2

]
,

£¤¥ σnp
c Å ¸¥Î¥´¨¥ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢. ‚ µ¡² ¸É¨ x = 1 ÷ 10

µÉ´µÏ¥´¨¥ |σ1/σc| < 0, 2,   ¶·¨ x ≈ 2, 5 ¢¥²¨Î¨´  σ1 = 0, É.¥. ¶µ²´µ¥
¸¥Î¥´¨¥ σc ¸² ¡µ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ (λλe) ¨ ³ ²µ µÉ²¨Î ¥É¸Ö µÉ ¶µ²´µ£µ
¸¥Î¥´¨Ö ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢.

‚ µÉ²¨Î¨¥ µÉ ¶µ²´µ£µ ¸¥Î¥´¨Ö, Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¢¥¸Ó³  ¸ÊÐ¥-
¸É¢¥´´µ § ¢¨¸¨É µÉ §´ Î¥´¨Ö λλe. �·¨ λλe < 0 Î¨¸²µ ´ ¨¡µ²¥¥ ¦¥¸É±¨Ì
ËµÉµ´µ¢ (y > x/(x+2)) ¢µ§· ¸É ¥É,   Î¨¸²µ ³Ö£±¨Ì ËµÉµ´µ¢ (¸ y < x/(x+2))
Ê³¥´ÓÏ ¥É¸Ö. ˆ´Ò³¨ ¸²µ¢ ³¨, ¸ ·µ¸Éµ³ ¢¥²¨Î¨´Ò (−λλe), É ± ¦¥, ± ± ¨ ¸
·µ¸Éµ³ x, ¶·µ¨¸Ìµ¤¨É ÔËË¥±É¨¢´ Ö ®¶¥·¥± Î± ¯ ³Ö£±¨Ì ËµÉµ´µ¢ ¢ ¦¥¸É±¨¥.
�¸µ¡¥´´µ¸É¨ ¶µ¢¥¤¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¶¥·¥³¥´-
´µ° y = ω/ε ¤²Ö x = 4, 8 ¢ ¸²ÊÎ ¥, ±µ£¤ 

1) → λλe = 0 , 2) → λλe = −1 , 3) → λλe = 1 , (7)

¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3, . ˆ³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. Šµ£¤ 
λλe = −1 (¸¶¨´Ò Ê ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ² §¥·´µ° ¢µ²´Ò
¶ · ²²¥²Ó´Ò), Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢ ¶µÎÉ¨ Ê¤¢ ¨¢ ¥É¸Ö ¶µ ¸· ¢´¥´¨Õ ¸
´¥¶µ²Ö·¨§µ¢ ´´Ò³ ¸²ÊÎ ¥³ (¸·. ±·¨¢Ò¥ 2 ¨ 1 ´  ·¨¸. 3, ). �Éµ ¶·¨¢µ¤¨É ±
¸ÊÐ¥¸É¢¥´´µ³Ê Ê²ÊÎÏ¥´¨Õ ³µ´µÌ·µ³ É¨Î´µ¸É¨ ¸¶¥±É·µ¢ ¨ γγ-¸µÊ¤ ·¥´¨°.
� µ¡µ·µÉ, ¶·¨  ´É¨¶ · ²²¥²Ó´ÒÌ ¸¶¨´ Ì Ê Ô²¥±É·µ´µ¢ ¨ ² §¥·´ÒÌ ËµÉµ´µ¢
(λλe = +1) Î¨¸²µ ¦¥¸É±¨Ì ËµÉµ´µ¢ Ê³¥´ÓÏ ¥É¸Ö (±·¨¢ Ö 3 ´  ·¨¸. 3, ). ‘µ-
µÉ¢¥É¸É¢¥´´µ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸µÊ¤ ·¥´¨° ÊÌÊ¤Ï ¥É¸Ö.

�É³¥É¨³, ÎÉµ ÉµÎ±¥ ¶¥·¥¸¥Î¥´¨Ö ²¨´¨° 1, 2, 3 ´  ·¨¸. 3,  ¸µµÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨¥ y = x/(x + 2) = 0, 706 ¤²Ö x = 4, 8. Š·µ³¥ Éµ£µ, ¢ · ¸¸³ É·¨¢ ¥-
³µ³ (²¨´¥°´µ³) ¶·¨¡²¨¦¥´¨¨, ±µ£¤  ¨´É¥´¸¨¢´µ¸ÉÓÕ ² §¥·´µ° ¢µ²´Ò ³µ¦´µ
¶·¥´¥¡·¥ÎÓ, ¸¶¥±É·Ò �Š�, ± ± ÔÉµ ¢¨¤´µ ¨§ ·¨¸. 3, , ¨³¥ÕÉ ·¥§±ÊÕ, Î¥É±ÊÕ
£· ´¨ÍÊ (¶·¨ ym = 0, 828), ÎÉµ ¨³¥¥É µÎ¥´Ó ¢ ¦´µ¥ §´ Î¥´¨¥ ¤²Ö ¶µ¨¸±  •�
¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ [21].

2.3. �µ²Ö·¨§ Í¨Ö ±µ´¥Î´ÒÌ ËµÉµ´µ¢. ‘ ¶µ³µÐÓÕ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ -
Î ²Ó´ÒÌ Ô²¥±É·µ´´ÒÌ ¨ ² §¥·´ÒÌ ¶ÊÎ±µ¢ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¢Ò¸µ±µÔ´¥·-
£¥É¨Î¥¸±¨¥ ËµÉµ´Ò · §²¨Î´µ° ¶µ²Ö·¨§ Í¨¨. �¡Ð¨¥ Ëµ·³Ê²Ò, ¨¸¶µ²Ó§Ê¥³Ò¥
´¨¦¥ ¤²Ö ¶µ²Ö·¨§ Í¨° · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢, ¶·µ¸Ê³³¨·µ¢ ´´Ò¥ ¶µ ¶µ²Ö·¨-
§ Í¨Ö³ ±µ´¥Î´ÒÌ Ô²¥±É·µ´µ¢, ¤ ´Ò ¢ [7]. �·¨ ÔÉµ³ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ°
¶µ²Ö·¨§ Í¨¨ ±µ³¶Éµ´µ¢¸±µ£µ ËµÉµ´  µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

λf
γ(y) =

λexr[1 + (1 − y)(1 − 2r)2] + λ(1 − 2r)((1 − y)−1 + 1 − y)
(1 − y)−1 + 1 − y − 4r(1 − r) + λλerx(1 − 2r)(2 − y)

. (8)
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�¨¸. 4. �´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³µ¸É¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ �Š�-ËµÉµ´µ¢,
¢ÒÎ¨¸²¥´´Ò¥ ¤²Ö x = 4, 8 ¶·¨ ξ2 = 0, 0, 3 ( Ä¢) ¨ ξ2 = 1 (£) ¤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¨´¨¨ ´  ·¨¸. Ä¢ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê
· ¸¸¥Ö´¨Õ

‡ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ λf
γ ¤²Ö x = 4, 8

¶µ± § ´  ´  ·¨¸. 4, Ä¢ ÏÉ·¨Ìµ¢Ò³¨ ²¨´¨Ö³¨ (¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ · ¸¸³ É·¨-
¢ ¥³µ³Ê ¸²ÊÎ Õ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö). �É³¥É¨³, ÎÉµ ´  £· -
´¨Í¥ ¸¶¥±É·  (¶·¨ ÉµÎ´µ³ · ¸¸¥Ö´¨¨ ´ § ¤), ±µ£¤  y = ym, λf

γ = −λ. �Éµ
¸µµÉ´µÏ¥´¨¥ Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¸²¥¤¸É¢¨¥³ É·¥¡µ¢ ´¨Ö ¸µÌ· ´¥´¨Ö ¸¶¨-
· ²Ó´µ¸É¨ ¢ ¸²ÊÎ ¥ ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Î ¸É¨Í.

…¸²¨ λλe = −1 (¸²ÊÎ ° ¸ ´ ¨²ÊÎÏ¥° ³µ´µÌ·µ³ É¨Î´µ¸ÉÓÕ), Éµ ËµÉµ´Ò
¢ µ¡² ¸É¨ y ∼ ym ¨³¥ÕÉ ¢Ò¸µ±ÊÕ, ¶µÎÉ¨ 100% ¸É¥¶¥´Ó ¶µ²Ö·¨§ Í¨¨. � ¸-
¸¥Ö´´Ò¥ ËµÉµ´Ò ¨³¥ÕÉ É ±¦¥ ¢Ò¸µ±ÊÕ ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ¢
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Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨° ¢¡²¨§¨ ym ¤ ¦¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  λe = 0. �É-
³¥É¨³, ÎÉµ ¶·¨ ´¨§±¨Ì y ¸¶¨· ²Ó´µ¸ÉÓ ±µ´¥Î´ÒÌ ËµÉµ´µ¢ λf

γ § ¢¨¸¨É µÉ λe

µÎ¥´Ó ¸² ¡µ.

‚Ò¸µ± Ö ¸É¥¶¥´Ó Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¤µ²¦´  ¸Ò£· ÉÓ ·¥-
Ï ÕÐÊÕ ·µ²Ó ¢ ¶µ¤ ¢²¥´¨¨ Ëµ´µ¢ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨ µ¡· §µ¢ ´¨¨ Ì¨££¸µ¢¸±¨Ì
Î ¸É¨Í, ¶µ¸±µ²Ó±Ê ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö •� ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ,
±µÉµ·Ò° · ¸¶ ¤ ¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ´  bb̄-¶ ·Ò, σ(γγ → H → bb̄) ∝
∝ 1 + λγ1λγ2, ¢ Éµ ¢·¥³Ö ± ± ¸¥Î¥´¨¥ £² ¢´µ£µ Ëµ´µ¢µ£µ ¶·µÍ¥¸¸ 
σ(γγ → bb̄) ∝ 1 − λγ1λγ2 [18].

‘É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ±µ³¶Éµ´µ¢¸±¨Ì ËµÉµ´µ¢ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

plγ =
2r2pl

(1 − y)−1 + 1 − y − 4r(1 − r) + λλerx(1 − 2r)(2 − y)
, (9)

£¤¥ pl Å ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ² §¥·´ÒÌ ËµÉµ´µ¢. (‚ ¸²ÊÎ ¥ ¶µ²´µ°
¶µ²Ö·¨§ Í¨¨ pl ¨ ¸¶¨· ²Ó´µ¸ÉÓ λ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³ p2

l + λ2 = 1.)

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ [14], ÎÉµ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö plγ ,
¢¶²µÉÓ ¤µ plγ = 1, ¢ ¸²ÊÎ ¥, ±µ£¤  λλe ≈ +1, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ²¨´¨¨ 3 ´ 
·¨¸.3,a, ±µ£¤  Î¨¸²µ ËµÉµ´µ¢ ¸ Ô´¥·£¨¥° ¢¡²¨§¨ ωm ³ ²µ.

‹¨´¥°´ Ö ¶µ²Ö·¨§ Í¨Ö ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¡ÒÉÓ µÎ¥´Ó ¶µ²¥§´µ° ¶·¨
µ¶·¥¤¥²¥´¨¨ CP -Î¥É´µ¸É¨ Ì¨££¸µ¢¸±¨Ì Î ¸É¨Í, ¶µ¸±µ²Ó±Ê ¸¥Î¥´¨¥ ¥£µ µ¡· -
§µ¢ ´¨Ö ¤¢Ê³Ö ËµÉµ´ ³¨ σ(γγ → H) ∝ 1 ± plγ1

plγ2
¤²Ö CP = ±1 ¸µµÉ¢¥É-

¸É¢¥´´µ.

� ¸¸³µÉ·¥´´Ò¥ ¢ÒÏ¥ Ëµ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°, Ô´¥·-
£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢, ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ �Š�-ËµÉµ´  ¸¶· -
¢¥¤²¨¢Ò Éµ²Ó±µ ¤²Ö µ¤´µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö. Œ¥¦¤Ê É¥³
¶·¨ · ¸¸¥Ö´¨¨ ² §¥·´µ° ¢µ²´Ò ¸ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ ËµÉµ´µ¢ ¢µ§· ¸É ¥É
¢¥·µÖÉ´µ¸ÉÓ ³´µ£µ±· É´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö, ±µÉµ· Ö ¶·¨¢µ¤¨É ±
¶µ¤Ñ¥³Ê Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¢ µ¡² ¸É¨ ´¨§±¨Ì ¨
¸·¥¤´¨Ì Ô´¥·£¨° [14]. „²Ö ¶µ²´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö ³´µ£µ±· É´µ£µ ±µ³¶Éµ-
´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¶µ²Ö·¨§ Í¨Õ Ô²¥±É·µ´  ¢ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨¨, ÎÉµ, µ¤´ ±µ, ´¥ ¡Ò²µ ¸¤¥² ´µ ¢ [14], ¶µ¸±µ²Ó±Ê ´¥ ¡Ò²¨ ¨§¢¥¸É´Ò
Ëµ·³Ê²Ò, µ¶¨¸Ò¢ ÕÐ¨¥ ¨§³¥´¥´¨¥ ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¢ ¶·µÍ¥¸¸¥ �Š�.
�É  ¶·µ¡²¥³  ¢ ¸²ÊÎ ¥, ±µ£¤  ´¥²¨´¥°´Ò³¨ ÔËË¥±É ³¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨
³µ¦´µ ¶·¥´¥¡·¥ÎÓ, ¡Ò²  ´¥¤ ¢´µ · ¸¸³µÉ·¥´  ¢ [27]. ŒÒ É ±¦¥ ¥¥ · ¸¸³µ-
É·¨³ ´¨¦¥, ´µ ´¥ ¢ ²¨´¥°´µ³ ¶·¨¡²¨¦¥´¨¨,   ¸ ÊÎ¥Éµ³ ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ
ÔËË¥±Éµ¢ ¢ �Š�, £¤¥ ÔÉµ µ¶¨¸ ´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ³ ´ ¨¡µ²¥¥ Ê¤µ¡´Ò³ ¨
¶µ²´Ò³.

2.4. ‘¢¥É¨³µ¸ÉÓ, ³µ´µÌ·µ³ É¨§ Í¨Ö γγ-¸Éµ²±´µ¢¥´¨°. ‘¢¥É¨³µ¸ÉÓ L Ö¢-
²Ö¥É¸Ö µ¤´µ° ¨§ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± Ê¸±µ·¨É¥²Ö ¸µ ¢¸É·¥Î´Ò³¨ ¶ÊÎ± ³¨.
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‚ ¸²ÊÎ ¥ £ Ê¸¸µ¢¸±¨Ì e+e−-¶ÊÎ±µ¢ µ´  µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

Lee =
νNe+Ne−

4πσxσy
, (10)

£¤¥ Ne− (Ne+) Å Î¨¸²µ Ô²¥±É·µ´µ¢ (¶µ§¨É·µ´µ¢) ¢ ¶ÊÎ±¥, ν Å Î ¸ÉµÉ  ¸Éµ²±-
´µ¢¥´¨°,   4πσxσy ¥¸ÉÓ ¶²µÐ ¤Ó ¶¥·¥±·ÒÉ¨Ö ¶ÊÎ±µ¢ ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥-
· ³¨ σx ¨ σy. ‚ ²¨É¥· ÉÊ·¥ ¢¥²¨Î¨´Ê Lee Î ¸Éµ ´ §Ò¢ ÕÉ ®£¥µ³¥É·¨Î¥¸±µ°
¸¢¥É¨³µ¸ÉÓÕ¯ [2,14]. …¸²¨ ¨§¢¥¸É´  ¸¢¥É¨³µ¸ÉÓ Ê¸±µ·¨É¥²Ö L, Éµ Î¨¸²µ ¸µ¡Ò-
É¨° ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ Ṅ ¤²Ö ¶·µÍ¥¸¸  ¸ ¨§¢¥¸É´Ò³ ¸¥Î¥´¨e³ σ µ¶·¥¤¥²Ö¥É¸Ö
¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³: Ṅ = L σ.

”¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ¨ É·¥¡µ¢ ´¨Ö ± ¸¢¥É¨³µ¸É¨. ‘ ÉµÎ±¨ §·¥´¨Ö É·¥¡µ-
¢ ´¨° ± ¸¢¥É¨³µ¸É¨ ¨ ¥¥ ¸¶¥±É· ²Ó´µ³Ê · ¸¶·¥¤¥²¥´¨Õ ¢ γe- ¨ γγ-¸µÊ¤ ·¥´¨ÖÌ
³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ £·Ê¶¶Ò ¶·µÍ¥¸¸µ¢ [6,7].

 ) �·µÍ¥¸¸Ò, ¢ ±µÉµ·ÒÌ ±µ´¥Î´Ò¥ Î ¸É¨ÍÒ ¢Ò²¥É ÕÉ ´  ¡µ²ÓÏ¨¥ Ê£²Ò,
É ± ÎÉµ ¶µ ¶·µ¤Ê±É ³ ·¥ ±Í¨¨ ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ¨´¢ ·¨ ´É´ÊÕ ³ ¸¸Ê ¸¨-
¸É¥³Ò. ’ ±¨¥ ¶·µÍ¥¸¸Ò µ¡Ê¸²µ¢²¥´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´  ³ ²ÒÌ · ¸¸ÉµÖ-
´¨ÖÌ. ˆÌ ¸¥Î¥´¨Ö ´¥¢¥²¨±¨: ∼ (α/E)2, (α/MW )2 ∼ 10−36 ÷ 10−34 c³2 ¨
¨³¥ÕÉ ¶² ¢´ÊÕ § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ (¨¸±²ÕÎ Ö ¶µ·µ£µ¢ÊÕ µ¡² ¸ÉÓ). „²Ö
¨Ì ¨§ÊÎ¥´¨Ö É·¥¡Ê¥É¸Ö ³ ±¸¨³ ²Ó´µ ¤µ¸ÉÊ¶´ Ö ¸¢¥É¨³µ¸ÉÓ,   ³µ´µÌ·µ³ É¨§ -
Í¨Ö ´¥µ¡Ö§ É¥²Ó´ .

¡) �·µÍ¥¸¸Ò, ¢ ±µÉµ·ÒÌ ¶µ²¥§´µ ¨³¥ÉÓ Ìµ·µÏÊÕ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸µ-
Ê¤ ·¥´¨°. ’ ±µ¢Ò, ´ ¶·¨³¥·, ¶·µÍ¥¸¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ ´ 
¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ, ¸¥Î¥´¨Ö ±µÉµ·ÒÌ ¡µ²ÓÏ¨¥, ´µ ¡Ò¸É·µ ¶ ¤ ÕÉ ¸ ·µ¸Éµ³
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í. �µ²´ Ö ·¥£¨¸É· Í¨Ö ¶·µ¤Ê±Éµ¢ ·¥ ±Í¨¨, ²¥-
ÉÖÐ¨Ì ¶µ¤ ³ ²Ò³¨ Ê£² ³¨, Ö¢²Ö¥É¸Ö µÎ¥´Ó ¸²µ¦´µ° § ¤ Î¥°. �µÔÉµ³Ê §¤¥¸Ó
´¥µ¡Ìµ¤¨³µ ¨³¥ÉÓ ³µ´µÌ·µ³ É¨Î´Ò¥ ¶ÊÎ±¨, ´µ ¢µ¢¸¥ ´¥ ´Ê¦´  ¢Ò¸µ± Ö ¸¢¥-
É¨³µ¸ÉÓ. „·Ê£¨³ ¶·¨³¥·µ³ Ö¢²ÖÕÉ¸Ö ¶·µÍ¥¸¸Ò ·µ¦¤¥´¨Ö ´µ¢ÒÌ Î ¸É¨Í ¸
Ö·±µ ¢Ò· ¦¥´´Ò³ ¶µ·µ£µ¢Ò³ ¨²¨ ·¥§µ´ ´¸´Ò³ ¶µ¢¥¤¥´¨¥³. ’ ±, ´ ¶·¨³¥·, ¢
·¥ ±Í¨¨ γγ → W+W− ¢µ§· ¸É ´¨¥ ¸¥Î¥´¨Ö ¤µ ¶µ²µ¢¨´Ò  ¸¨³¶ÉµÉ¨Î¥¸±µ£µ
§´ Î¥´¨Ö ¶·µ¨¸Ìµ¤¨É ´  ¨´É¥·¢ ²¥ Ô´¥·£¨¨ µ±µ²µ 10% µÉ ¶µ·µ£ .

Š ± ¶µ± § ´µ ¢ [6, 7], É·¥¡µ¢ ´¨Ö (a) ¨ (¡), ¶¥·¥Î¨¸²¥´´Ò¥ ¢ÒÏ¥,
¶·¥¤ÑÖ¢²Ö¥³Ò¥ ± ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-±µ²² °¤¥·µ¢, ³µ£ÊÉ ¡ÒÉÓ
·¥ ²¨§µ¢ ´Ò ¢ ¸²ÊÎ ÖÌ, ±µ£¤  ÉµÎ±¨ ±µ´¢¥·¸¨¨ C ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö O
(¸³. ·¨¸. 1) ¸µ¢¶ ¤ ÕÉ ( ) ¨ · §´¥¸¥´Ò ¢ ¶·µ¸É· ´¸É¢¥ (¡) ¸µµÉ¢¥É¸É¢¥´´µ.
�·¨ ÔÉµ³ ¤²Ö ¡µ²¥¥ ±µ³¶²¥±¸´µ£µ Ê²ÊÎÏ¥´¨Ö ³µ´µÌ·µ³ É¨Î´µ¸É¨ γ-¶ÊÎ±µ¢,
¥¸É¥¸É¢¥´´µ, ¤µ²¦´Ò ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¶µ²Ö·¨§µ¢ ´´Ò¥ ¶ÊÎ±¨ ¸É ²±¨¢ Õ-
Ð¨Ì¸Ö ² §¥·´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢.

‚ ¶¥·¢µ³ ¸²ÊÎ ¥, ±µ£¤  ¦¥¸É±¨¥ γ-±¢ ´ÉÒ ¸É ²±¨¢ ÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£µ³
¸· §Ê ¦¥ ¶µ¸²¥ ±µ³¶Éµ´µ¢¸±µ° ±µ´¢¥·¸¨¨, ¸¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¢¥-
É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° Lγγ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ëµ-
Éµ´µ¢ Wγγ =

√
4ω1ω2 ¢ÒÎ¨¸²Ö¥É¸Ö Î¥·¥§ Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ËµÉµ´µ¢
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f(x, y) (6) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

1
Lγγ

dLγγ

dz
= 2z

∫ zm

z2/zm

f(x, y) f(x,
z2

y
)

dy

y
, (11)

z ≡ Wγγ/2ε , 0 ≤ z ≤ zm = ym = x/(1 + x) ,

²¨¡µ

1
Lγγ

dLγγ

dz
= 2z

∫ +ηm

−ηm

f(x, ze+η) f(x, ze−η) dη , (12)

η ≡ ln
√

y1/y2 , −ηm ≤ η ≤ +ηm , ηm = ln(ym/z) ,

£¤¥ yi = ωi/ε Å ¤µ²¨ Ô´¥·£¨°, Ê´µ¸¨³Ò¥ ËµÉµ´ ³¨, ¤¢¨¦ÊÐ¨³¨¸Ö ¢ ¶·µÉ¨¢µ-
¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ 1 ¨ 2; η Å ¡Ò¸É·µÉ  γγ-¸¨¸É¥³Ò. ‡¤¥¸Ó z ¨§³¥´Ö¥É¸Ö
µÉ 0 ¤µ zm = Wm/2ε = ym, £¤¥ Wm Å ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò Wγγ , Wm = 2ωm,   η µ£· ´¨Î¥´  ¢ µ¡² ¸É¨ |η| ≤ ln(ym/z). �É³¥É¨³,
ÎÉµ Ëµ·³Ê²Ò (12) ¨ (11) Ô±¢¨¢ ²¥´É´Ò ³¥¦¤Ê ¸µ¡µ°.

‚ ¸²ÊÎ ¥, ±µ£¤  ÉµÎ±¨ ±µ´¢¥·¸¨¨ ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö C ¨ O · §´¥¸¥´Ò
³¥¦¤Ê ¸µ¡µ° ¢ ¶·µ¸É· ´¸É¢¥ (É.¥. · ¸¸ÉµÖ´¨¥ b 	= 0, ¸³. ·¨¸. 1), · ¸¶·¥-
¤¥²¥´¨¥ ¸¢¥É¨³µ¸É¨ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ γγ-¸¨¸É¥³Ò Wγγ , ¸¶· ¢¥¤²¨¢µ¥
¤²Ö  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´ÒÌ, £ Ê¸¸µ¢¸±¨Ì ¶ÊÎ±µ¢, ¶·¨´¨³ ¥É ¡µ²¥¥ ¸²µ¦´Ò°
¢¨¤ [6,7, 14]:

dLγγ

dz
= 2zk2Lee

∫ ym

z2/ym

f(x, y)f(x, z2/y)I0(v)×

×exp
(
−

(
ym

y
+

ymy

z2
− 2

)
(x + 1)ρ2

2

)
dy

y
, (13)

v = ρ2(x + 1)

√(
ym

y
− 1

)(ymy

z2
− 1

)
, z =

Wγγ

2ε
, ρ =

b

γae
, Lee =

νN2
e

2πa2
e

,

£¤¥ I0(v) Å ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ËÊ´±Í¨Ö �¥¸¸¥²Ö µÉ  ·£Ê³¥´É  v, γ = ε/m Å
²µ·¥´Í-Ë ±Éµ·, ae Å · ¤¨Ê¸ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ ÉµÎ±¥ ¢§ ¨³µ¤¥°¸É¢¨° O,
Lee Å £¥µ³¥É·¨Î¥¸± Ö ¸¢¥É¨³µ¸ÉÓ ¡ §¨¸´ÒÌ ee-¸Éµ²±´µ¢¥´¨°, k Å ±µÔËË¨-
Í¨¥´É ±µ´¢¥·¸¨¨. ’ ±¨³ µ¡· §µ³, ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨°
§ ¢¨¸¨É Éµ²Ó±µ µÉ ¶ · ³¥É·µ¢ ρ, x, λλe ¨ ´¥ § ¢¨¸¨É µÉ ¤·Ê£¨Ì ¶ · ³¥É·µ¢
Ê¸É ´µ¢±¨. �Î¥¢¨¤´µ, ÎÉµ ¶·¨ ρ 
 1 Ëµ·³Ê²  (13) ¶¥·¥Ìµ¤¨É ¢ (11), ¥¸²¨
ÊÎ¥¸ÉÓ, ÎÉµ ¶µ²´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ¸¢Ö§ ´  ¸ £¥µ³¥É·¨Î¥¸±µ°
¸¢¥É¨³µ¸ÉÓÕ ee-¸Éµ²±´µ¢¥´¨° ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:
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�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° µÉ ¨Ì ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò Wγγ , z = Wγγ/2ε, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8 ( ) ¨ x = 10 (¡). Š·¨¢Ò¥ 1,
2, 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ¢Ò¡µ·Ê ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í: 1) λe = 0, λ = 1;
2) λe = 1, λ = −1; 3) λe = 1, λ = 1

Lγγ = k2 Lee . (14)

‘¶¥±É· ²Ó´Ò¥ ¸¢¥É¨³µ¸É¨ γγ-¸µÊ¤ ·¥´¨°, · ¸cÎ¨É ´´Ò¥ ¶µ Ëµ·³Ê²¥ (11), ±µ-
£¤  x = 4, 8 ¨ x = 10, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 5,  ¨ ¡ ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ ÔÉµ³
²¨´¨Ö³ 1, 2, 3 ´  ± ¦¤µ³ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢ µÉ¢¥Î ¥É µ¤¨´ ±µ¢Ò° ¢Ò¡µ· ¶µ-
²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° (7) ¤²Ö µ¡µ¨Ì ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢. Š ± ¨ ¢
¸²ÊÎ ¥ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢, ²¨´¨Ö³ 1, 3 ´  ·¨¸. 5, ,¡ µÉ¢¥Î ÕÉ ¸ ³Ò¥
´¥³µ´µÌ·µ³ É¨Î´Ò¥ · ¸¶·¥¤¥²¥´¨Ö. ’µÎ¥Î´Ò¥ ²¨´¨¨ ´  ÔÉ¨Ì ·¨¸Ê´± Ì (¸
λλe = −1, λ̃λ̃e = −1) ¨³¥ÕÉ Ì · ±É¥·´Ò° ¶¨± ¢¡²¨§¨ zm. ‚ ¸²ÊÎ ¥ x = 4, 8
(ym = 0, 828) ¨ x = 10 (ym = 0, 909) ±µµ·¤¨´ ÉÒ ¶¨±µ¢ ´  ·¨¸.5,  ¨ ¡ · ¢´Ò,
¸µµÉ¢¥É¸É¢¥´´µ, (0,786, 2,519) ¨ (0,882, 3,689). �Î¥¢¨¤´µ, ÎÉµ ¨Ì ¢Ò¸µÉ ,  
¢³¥¸É¥ ¸ ´¥° ¨ ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¦¥¸É±¨Ì γγ-¸Éµ²±´µ¢¥´¨°, · ¸É¥É ¸ x,  
Ï¨·¨´  ¶¨±µ¢, ¸µµÉ¢¥É¸É¢¥´´µ, Ê³¥´ÓÏ ¥É¸Ö. �É´µÏ¥´¨¥ ¸¢¥É¨³µ¸É¥° ¶·¨
x = 10 ¨ x = 4, 8 ¢ ¸¨²Ê (14) µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ ±¢ ¤· Éµ¢ ±µÔË-
Ë¨Í¨¥´Éµ¢ ±µ´¢¥·¸¨¨, ³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ±µÉµ·ÒÌ ´¨¦¥ ¨ ¢ÒÏ¥ ¶µ·µ£ 
·µ¦¤¥´¨Ö e+e−-¶ · · ¢´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, k = 0, 63 ¨ k = 0, 35 [13, 14],
¶µÔÉµ³Ê Lγγ(x = 10)/Lγγ(x = 4, 8) = (0, 35/0, 63)2 = 0, 3. �¤´ ±µ, ± ±
¶µ± § ´µ ¢ [14], ³µ´µÌ·µ³ É¨Î´µ¸ÉÓ ¸¶¥±É·  ¶·¨ x = 10 ¢ 1,7 · §  ¢ÒÏ¥, Î¥³
¶·¨ x = 4, 8.

�  ·¨¸. 6 ¶µ± § ´  ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ
(λλe = 0) ¨ ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ (¸ λλe = −1) ¶·¨ x = 4, 8 ¤²Ö µ¡µ¨Ì
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�¨¸. 6. ‘¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ± ± ËÊ´±Í¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
Wγγ , z = Wγγ/2ε, ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¶ · ³¥É· ρ2 = (b/γae)

2 · ¢¥´ 0 ¨ 1 (ÉµÎ±¨
±µ´¢¥·¸¨¨ C ¨ ¢§ ¨³µ¤¥°¸É¢¨Ö O ¸µ¢¶ ¤ ÕÉ ¨ · §´¥¸¥´Ò ¢ ¶·µ¸É· ´¸É¢¥). ‘¶²µÏ´Ò¥
¨ ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ±·¨¢Ò³ 1 ¨ 2 ´  ·¨¸. 3,a

¶ÊÎ±µ¢, ±µ£¤  ¶ · ³¥É· ρ = 0 ¨ 1. Š ± ¢¨¤´µ ¨§ ÔÉµ£µ ·¨¸Ê´± , ¶·¨ ρ = 1
¸¶¥±É· ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ó´µ ¶µ¤ ¢²¥´µ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì
¨´¢ ·¨ ´É´ÒÌ ³ ¸¸,   ¶µ²´ Ö Ï¨·¨´  ¶µ²µ¢¨´Ò ³ ±¸¨³Ê³  ¸µ¸É ¢²Ö¥É ¶·¨-
³¥·´µ 10% ¤²Ö ¶µ²Ö·¨§µ¢ ´´µ£µ ¨ 20% ¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´µ£µ ¶ÊÎ±a.

2.5. �¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ �Š�. �·¨ ¤µ¸É ÉµÎ´µ° ³µÐ´µ¸É¨ ² §¥·´µ°
¢¸¶ÒÏ±¨ ¢ µ¡² ¸É¨ ±µ´¢¥·¸¨¨ ¸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¢ [28]:

e−(p) + nγ(k0) → e−(p′) + γ(k) , n ≥ 1 , (15)

γ (k) + sγ(k0) → e+(p+) + e−(p−) , s ≥ 1 . (16)

�·µÍ¥¸¸Ò (15) ¨ (16) ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ´¥²¨´¥°´Ò¥ ¶µ ¨´É¥´¸¨¢´µ¸É¨ ¶µ²Ö
¶·µÍ¥¸¸Ò ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶µ²¥³ Ô²¥±É·µ³ £´¨É´µ°
¢µ²´Ò (�Œ‚). �¥·¢Ò° ¨§ ÔÉ¨Ì ´¥²¨´¥°´ÒÌ ¶·µÍ¥¸¸µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨-
·¥´¨Õ ¸¶¥±É·µ¢ ¢Ò¸µ±µÔ´¥·£¥É¨Î¥¸±¨Ì ËµÉµ´µ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ
¶¨±µ¢ ¢ ¸¶¥±É· Ì · ¸¸¥Ö´´µ£µ ¨§²ÊÎ¥´¨Ö §  ¸Î¥É ¶µ£²µÐ¥´¨Ö ¨§ ¢µ²´Ò ´¥-
¸±µ²Ó±¨Ì ² §¥·´ÒÌ ËµÉµ´µ¢,   ¢Éµ·µ° ÔËË¥±É¨¢´µ ¸´¨¦ ¥É ¶µ·µ£ ·µ¦¤¥´¨Ö
e+e−-¶ · [28]. ‚§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ ¸ ¶µ²¥³ �Œ‚ ¶·¨-
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¢µ¤¨É ± ÔËË¥±É¨¢´µ³Ê Ê¢¥²¨Î¥´¨Õ ¨Ì ³ ¸¸Ò:

m2 → m2
∗ = m2 (1 + ξ2) ,

±µÉµ·µ¥ Ì · ±É¥·¨§Ê¥É¸Ö ¶ · ³¥É·µ³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ° ¢µ²´Ò ξ2:

ξ2 = nγ

(
4πα

m2ω0

)
= −e2 a2

m2
, (17)

£¤¥ nγ Å ¶²µÉ´µ¸ÉÓ ËµÉµ´µ¢ ¢ ¢µ²´¥, ω0 Å ¨Ì Ô´¥·£¨Ö, a Å  ³¶²¨ÉÊ¤  ±² ¸-
¸¨Î¥¸±µ£µ 4-¶µÉ¥´Í¨ ²  Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò, e ¨ m Å § ·Ö¤ ¨ ³ ¸¸ 
Ô²¥±É·µ´ , α Å ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò. ‘¨¸É¥³ É¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ -
´¨¥ ´¥²¨´¥°´ÒÌ ¡·¥°É-Ê¨²¥·µ¢¸±µ£µ ¨ ±µ³¶Éµ´µ¢¸±µ£µ ¶·µÍ¥¸¸µ¢ ¡Ò²µ ¶·µ-
¢¥¤¥´µ ¢ · ¡µÉ Ì [29,30].

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö 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 ¡µ²ÓÏµ° ¨´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 ±µ²¨Î¥¸É¢  ËµÉµ´µ¢,  
¨Ì ¢¥·µÖÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°´Ò³¨ ËÊ´±Í¨Ö³¨ ´ ¶·Ö¦¥´-
´µ¸É¨ ¶µ²Ö. ‚ ÔÉµ° ¸¢Ö§¨ ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ´¥¤ ¢´µ ´  Ê¸±µ·¨É¥²¥
SLAC [31] § ±µ´Î¨² ¸Ó ¸¥·¨Ö Ô±¸¶¥·¨³¥´Éµ¢ …-144 ¶µ ¶·µ¢¥·±¥ ¶·¥¤¸± § ´¨°
´¥²¨´¥°´µ° Š�„ ¢ µ¡² ¸É¨ ¶ · ³¥É·  ξ ∼ 1, ÎÉµ ¸É ²µ ¢µ§³µ¦´Ò³ §  ¸Î¥É
¨¸¶µ²Ó§µ¢ ´¨Ö ¸¢¥·Ì±µ·µÉ±¨Ì ¨ ¦¥¸É±µ ¸Ëµ±Ê¸¨·µ¢ ´´ÒÌ ² §¥·´ÒÌ ¨³¶Ê²Ó-
¸µ¢. �É³¥É¨³, ÎÉµ ¶·¨ ÔÉµ³ ¡Ò² ¢¶¥·¢Ò¥ ¶µ¸É ¢²¥´ Ô±¸¶¥·¨³¥´É, ¢ ±µÉµ·µ³
¶·µÍ¥¸¸ ·µ¦¤¥´¨Ö e+e−-¶ · ¡Ò² µ¸ÊÐ¥¸É¢²¥´ ¶·¨ ÊÎ ¸É¨¨ Éµ²Ó±µ ·¥ ²Ó´ÒÌ
(¦¥¸É±µ£µ ±µ³¶Éµ´µ¢¸±µ£µ ¨ ² §¥·´ÒÌ),   ´¥ ¢¨·ÉÊ ²Ó´ÒÌ ËµÉµ´µ¢.

�µ²Ö·¨§ Í¨µ´´Ò¥ Ö¢²¥´¨Ö ¢ ¶·µÍ¥¸¸¥ ´¥²¨´¥°´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸-
¸¥Ö´¨Ö ¡Ò²¨ ¶µ¤·µ¡´µ ¨§ÊÎ¥´Ò ¢ · ¡µÉ Ì [32, 33]. �·¨ ÔÉµ³ ¢ [32] · ¸¸³ -
É·¨¢ ²¨¸Ó ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ µ¡² ¸É¨ §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò ´¥ Éµ²Ó±µ ξ2 < 1, ´µ ¨ ξ2 ≥ 1. �É³¥É¨³, ÎÉµ Î¨¸²¥´´Ò° · ¸Î¥É ¸¶¥±-
É·µ¢ ¨§²ÊÎ¥´¨Ö ¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ (ξ2 ≥ 1) ¡Ò² ¢¶¥·¢Ò¥ ¶·µ¢¥¤¥´
¢ · ¡µÉ¥ [28], ¶·¨ ÔÉµ³ ¶µ²Ö·¨§ Í¨¨ Î ¸É¨Í ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó.

�¸´µ¢´Ò¥ Ëµ·³Ê²Ò. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ¨§²ÊÎ¥´¨Ö Ëµ-
Éµ´  Ô²¥±É·µ´µ³ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ ¢ ¸²ÊÎ ¥, ±µ£¤ 
¢¸¥ Î ¸É¨ÍÒ, ÊÎ ¸É¢ÊÕÐ¨¥ ¢ ·¥ ±Í¨¨, Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨,
¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [32Ä34]:

dσc

du
=

πα2

2xm2ξ2(u + 1)2

∞∑
n=1

((1 + λeλ
′
e)F1n + λ(λe + λ′

e)F2n+

+λ′(λF3n + λeF4n) + λeλ
′
eF5n) , (18)
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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 − J2
n+1) ,

F3n = ξ2

(
2 +

u2

u + 1

) (
1 − 2

u

un

)
(J2

n−1 − J2
n+1) , (19)

F4n =
u

u + 1
(−4 J2

n + ξ2 (2 + u) (J2
n−1 + J2

n+1 − 2J2
n) ) ,

F5n = −4 J2
n

u2

1 + u
,

£¤¥

u =
k0k

k0p′
, un =

2nk0p

m2
∗

=
nx

1 + ξ2
, x =

2k0p

m2
,

zn =
2nξ√
1 + ξ2

√
u

un

(
1 − u

un

)
, (20)

Jn Å ËÊ´±Í¨¨ �¥¸¸¥²Ö n-£µ ¶µ·Ö¤±  µÉ  ·£Ê³¥´É  zn. �·¨ ÔÉµ³ ¶¥·¥³¥´´ Ö u
¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un. ‚Ò· ¦¥´¨¥, ¸ÉµÖÐ¥¥ ¶µ¤ §´ ±µ³ ¸Ê³³Ò ¢
(18), µ¶·¥¤¥²Ö¥É ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö n-° £ ·³µ´¨±¨ ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ-
²Ö·¨§µ¢ ´´µ° �Œ‚ ¢ ¸²ÊÎ ¥, ±µ£¤  ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ´ Î ²Ó´µ£µ ¨
±µ´¥Î´µ£µ Ô²¥±É·µ´µ¢,   É ±¦¥ ¨¸¶ÊÐ¥´´µ£µ ËµÉµ´ , Ö¢²ÖÕÉ¸Ö ¸¶¨· ²Ó´Ò³¨,
¶·¨ ÔÉµ³ λe = ±1, λ′

e = ±1, λ = ±1, λ′ = ±1. �É³¥É¨³, ÎÉµ É¥·³¨´µ³ n-°
£ ·³µ´¨±¨ ¶·¨´ÖÉµ ´ §Ò¢ ÉÓ ¶µ¤¶·µÍ¥¸¸ ¨§²ÊÎ¥´¨Ö ËµÉµ´  Ô²¥±É·µ´µ³, ¶·¨
±µÉµ·µ³ ¨§ ¢µ²´Ò ¶µ£²µÐ ¥É¸Ö n ² §¥·´ÒÌ ËµÉµ´µ¢.

…¸²¨ ¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ Ô²¥±É·µ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö, Éµ, ¤¥°¸É¢ÊÖ
¶µ ¨§¢¥¸É´Ò³ ¶· ¢¨² ³, ¸ ¶µ³µÐÓÕ (18) ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¸É¥¶¥´¨
Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ λf

γ :

λf
γ =

∞∑
n=1

(λ F3n + λe F4n ) /

∞∑
n=1

( F1n + λλe F2n ) . (21)

�´ ²µ£¨Î´Ò³ µ¡· §µ³ ¸ ¶µ³µÐÓÕ (18) ´¥É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¸É¥-
¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ λf

e ¢ ¸²ÊÎ ¥,
±µ£¤  ¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ ËµÉµ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö:

λf
e =

∞∑
n=1

(λe F1n + λe F5n + λ F2n) /

∞∑
n=1

( F1n + λλe F2n ) . (22)

‚ ¸²ÊÎ ¥ ²µ¡µ¢µ£µ ¸Éµ²±´µ¢¥´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·µ´µ¢ ¸ ËµÉµ-
´ ³¨ ² §¥·´µ° ¢µ²´Ò Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥-
´¨Ö dσc/dy µÉ ¶¥·¥³¥´´µ° y = ω/ε , ε Å Ô´¥·£¨Ö Ô²¥±É·µ´µ¢, ¶µ²ÊÎ ¥É¸Ö ¨§
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¢Ò· ¦¥´¨Ö (18) ¸ ¶µ³µÐÓÕ § ³¥´Ò: u → y/(1 − y) [30]. �·¨ ÔÉµ³ ¨§³¥´¥-
´¨Õ ¶¥·¥³¥´´µ° u ¢ ¶·¥¤¥² Ì 0 ≤ u ≤ un ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·¥¤¥²Ò ¨§³¥´¥´¨Ö
¶¥·¥³¥´´µ° y : 0 ≤ y ≤ yn, £¤¥

yn =
un

1 + un
=

nx

nx + 1 + ξ2
, x =

2k0p

m2
=

4ω0ε

m2
. (23)

‚²¨Ö´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´ Ö
Ô´¥·£¨Ö ËµÉµ´µ¢ ¶¥·¢µ° £ ·³µ´¨±¨ (n = 1, ξ2 	= 0) Ê³¥´ÓÏ ¥É¸Ö ¶µ ¸· ¢-
´¥´¨Õ ¸ ³ ±¸¨³ ²Ó´µ° Ô´¥·£¨¥° ËµÉµ´µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ µ¡ÒÎ´µ³ ±µ³¶Éµ-
´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (n = 1, ξ2 = 0 ), ¶µ¸±µ²Ó±Ê ¤²Ö ¶¥·¢µ° £ ·³µ´¨±¨ ¨³¥¥³
y1max ≡ y1 = x/(1 + x + ξ2) < x/(1 + x). �´¥·£¨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 (18), (19), ¤²Ö ¤¨ËË¥-
·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  �Š� ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° ² -
§¥·´µ° ¢µ²´Ò ¶µ²ÊÎ¨³ · ¸¶·¥¤¥²¥´¨¥ ¶µ Ô´¥·£¨¨ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢ y = ω/ε
[32Ä34]:

dσc

dy
=

πα2

2xm2ξ2

∞∑
n=1

((1 + λeλ
′
e)F1n + λ(λe + λ′

e)F2n+

+λ′(λF3n + λeF4n) + λeλ
′
eF5n) , (24)

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 − J2
n+1) ,

F3n = ξ2

(
1 − y +

1
1 − y

) (
1 − 2

y

yn

(1 − yn)
(1 − y)

)
(J2

n−1 − J2
n+1) , (25)

F4n = −4y J2
n + ξ2

(
−1 + y +

1
1 − y

)
(J2

n−1 + J2
n+1 − 2J2

n ) ,

F5n = 4J2
n

(
1 + y − 1

1 − y

)
,

zn =
2nξ√
1 + ξ2

√
αn, αn =

y

yn

(
1 − y

yn

)
(1 − yn)
(1 − y)2

. (26)
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�É³¥É¨³ µ¤´Ê Î·¥§¢ÒÎ °´µ ¢ ¦´ÊÕ µ¸µ¡¥´´µ¸ÉÓ, ±µÉµ·µ° µ¡² ¤ ÕÉ ËÊ´±-
Í¨¨ Fin (25), µ¶·¥¤¥²ÖÕÐ¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  �Š� (24).
�·¨ ÉµÎ´µ³ · ¸¸¥Ö´¨¨ ´ § ¤, ±µ£¤  y = yn, zn = 0, ¢¸¥ ËÊ´±Í¨¨ Fin ¶·¨
n > 1 µ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó. �Éµ µ§´ Î ¥É, ÎÉµ Éµ²Ó±µ ËµÉµ´Ò ¶¥·¢µ° £ ·³µ-
´¨±¨ ³µ£ÊÉ ¨§²ÊÎ ÉÓ¸Ö ¢ ´ ¶· ¢²¥´¨¨ ¤¢¨¦¥´¨Ö ´ Î ²Ó´µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢.
”µÉµ´ ³ ¡µ²¥¥ ¢Ò¸µ±¨Ì £ ·³µ´¨± É ±µ¥ ¶µ¢¥¤¥´¨¥ § ¶·¥Ð¥´µ É·¥¡µ¢ ´¨¥³
¸µÌ· ´¥´¨Ö ¸¶¨· ²Ó´µ¸É¨ ¸¨¸É¥³Ò Î ¸É¨Í e + nγ0 ¤µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ e + γ
¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö [32]. ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ËµÉµ´µ¢
¢Ò¸µ±¨Ì £ ·³µ´¨± ¸É ´µ¢¨É¸Ö ¡µ²¥¥ Ï¨·µ±¨³ ¨ ¢ ±µ´¥Î´µ³ ¸Î¥É¥ ¶·¨¢µ¤¨É
± Ê³¥´ÓÏ¥´¨Õ ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°. �µ µ¡ ÔÉµ³ ·¥ÎÓ ¶µ°¤¥É ´¨¦¥.

�·¨ ξ2 
 1 £² ¢´Ò° ¢±² ¤ ¢ ¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸  (15) ¤ ÕÉ ´¥¸±µ²Ó±µ
¶¥·¢ÒÌ £ ·³µ´¨±. ‚ · ¡µÉ¥ [32] ¡Ò²µ ¶·µ¢¥¤¥´µ · §²µ¦¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´µ£µ ¸¥Î¥´¨Ö (24) ¤²Ö ¶¥·¢ÒÌ É·¥Ì £ ·³µ´¨± ¶µ ¶ · ³¥É·Ê ³ ²µ¸É¨
∆ = ξ2/(1 + ξ2), ¶·¨ ÔÉµ³ ¢Ò¶µ²´Ö²µ¸Ó · §²µ¦¥´¨¥ Éµ²Ó±µ ¤²Ö ËÊ´±Í¨°
�¥¸¸¥²Ö,   ¤²Ö ¢¥²¨Î¨´ yn (23) ¨¸¶µ²Ó§µ¢ ²¨¸Ó ÉµÎ´Ò¥ Ëµ·³Ê²Ò. �¨¦¥ ³Ò
¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÔÉ¨ · §²µ¦¥´¨Ö ¤²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì
¸¶¥±É·µ¢ (1/σc) dσc/dy (£¤¥ σc Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸ : σc =

∑nmax
n=1 σn

c ),
¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°, ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° λf

γ (21) ¨ ¶·µ¤µ²Ó´µ° ¶µ-

²Ö·¨§ Í¨¨ λf
e (22) ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨.

‚ Éµ ¦¥ ¢·¥³Ö ¶·¨ ξ2 ≥ 1 ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ÉµÎ´Ò¥ ¢Ò· ¦¥´¨Ö (24),
(25). �É³¥É¨³, ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ³ ±¸¨³ ²Ó´µ¥ Î¨¸²µ ËµÉµ´µ¢ nmax, ¶µ£²µ-
Ð ¥³µ¥ ¨§ ¢µ²´Ò, µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨° ¸Ìµ¤¨³µ¸É¨ ·Ö¤  (24).

�¡¸Ê¦¤¥´¨¥ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¢ ¶·µÍ¥¸¸¥ �Š�. �¥·¥°¤¥³ ± ¡µ²¥¥
¤¥É ²Ó´µ³Ê  ´ ²¨§Ê ¢²¨Ö´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ´  Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±-
É·Ò ËµÉµ´µ¢ ¢ �Š�, ¸¶¥±É· ²Ó´ÊÕ ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨°,   É ±¦¥ ´ 
¶µ²Ö·¨§ Í¨Õ · ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢ ¨ Ô²¥±É·µ´µ¢. ‚¸¥ ÔÉ¨ ¢µ¶·µ¸Ò ¸¢Ö§ ´Ò
³¥¦¤Ê ¸µ¡µ°, ¨³¥ÕÉ ¤µ¢µ²Ó´µ Éµ´±¨° Ì · ±É¥·, ¨Ì ´¥²Ó§Ö ´¥ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨
¸µ§¤ ´¨¨ γγ-±µ²² °¤¥·µ¢.

1) �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ËµÉµ´µ¢ ¶·¨
x = 4, 8 ¶·¥¤¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸.3,¡ ¨ 3,¢, ¶µ¸É·µ¥´´Ò³¨, ¸µµÉ¢¥É-
¸É¢¥´´µ, ¤²Ö §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨ ξ2, · ¢´ÒÌ 0,3 ¨ 1. �·¨
ÔÉµ³ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ê Ô²¥±É·µ´  ¨ ² §¥·´µ£µ ËµÉµ´  ¢Ò¡· ´Ò
É ±¨³¨ ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö:

1) → λe = 0, λ = 1; 2) → λe = 1, λ = −1; 3) → λe = 1 , λ = 1. (27)

�  ·¨¸. 3,¡ ¨ 3,¢ ¨³ µÉ¢¥Î ÕÉ ²¨´¨¨ 1, 2 ¨ 3 ¸µµÉ¢¥É¸É¢¥´´µ. Š·¨¢ Ö 4 ´ 
·¨¸. 3,¡ ¸µµÉ¢¥É¸É¢Ê¥É ξ2 = 0, λλe = −1. �´  ¶·¨¢¥¤¥´  ¤²Ö ¡µ²¥¥ Ê¤µ¡´µ£µ
¸· ¢´¥´¨Ö ¸¶¥±É·µ¢ ¢ ²¨´¥°´µ³ ¨ ´¥²¨´¥°´µ³ ¸²ÊÎ ÖÌ.

Š ± ¢¨¤´µ ¨§ ÔÉ¨Ì ·¨¸Ê´±µ¢, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 	= 0) ¶·¨-
¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´Ò³ ¨§³¥´¥´¨Ö³ ¸¶¥±É·µ¢ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸¶¥±É· ³¨ ¢
µ¡ÒÎ´µ³ ±µ³¶Éµ´µ¢¸±µ³ · ¸¸¥Ö´¨¨ (ξ2 = 0). ‚µ-¶¥·¢ÒÌ, µ¤´µ¢·¥³¥´´µ¥
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¶µ£²µÐ¥´¨¥ ¨§ ¢µ²´Ò ´¥¸±µ²Ó±¨Ì ËµÉµ´µ¢ ¶·¨¢µ¤¨É ± · ¸Ï¨·¥´¨Õ ¸¶¥±É-
·µ¢ ¦¥¸É±¨Ì γ-±¢ ´Éµ¢, ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¨±µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¨§²ÊÎ¥´¨Õ £ ·³µ´¨± ¡µ²¥¥ ¢Ò¸µ±µ£µ ¶µ·Ö¤± . �Éµ ÊÏ¨·¥´¨¥ ¶·¨ µ¤´µ³ ¨
Éµ³ ¦¥ ¶ · ³¥É·¥ x É¥³ ¡µ²ÓÏ¥, Î¥³ ¡µ²ÓÏ¥ ¨´É¥´¸¨¢´µ¸ÉÓ ¢µ²´Ò. �·¨
ÔÉµ³ £· ´¨Í  ¸¶¥±É·  ymax ≡ ym µ¶·¥¤¥²Ö¥É¸Ö ¶µ Ëµ·³Ê²¥ (23) ¤²Ö yn ¶·¨
n = nmax. ’ ±, ¶·¨ ξ2 = 0, 3 ¸¶¥±É· µ£· ´¨Î¥´ ¸¢¥·ÌÊ ³ ±¸¨³ ²Ó´Ò³ §´ -
Î¥´¨¥³ ymax ≈ 0, 917 (nmax = 3),   ¶·¨ ξ2 = 1 ymax ≈ 0, 991. “Ï¨·¥´¨¥
¸¶¥±É·µ¢ ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¢Ò¸µÉÒ ¶¨±  ¶¥·¢µ° £ ·³µ´¨±¨ ¶µ ¸· ¢-
´¥´¨Õ ¸ ¶¨±µ³ ¢ µ¡ÒÎ´µ³ · ¸¸¥Ö´¨¨. �Éµ ´ £²Ö¤´µ ¢¨¤´µ ¨§ ¸· ¢´¥´¨Ö ¤¢ÊÌ
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ²¨´¨° 2 ¨ 4 ´  ·¨¸. 3,¡.

‚µ-¢Éµ·ÒÌ, ÔËË¥±É¨¢´µ¥ ÊÉÖ¦¥²¥´¨¥ Ô²¥±É·µ´  m2 → m2
∗ =

= m2(1 + ξ2) ¶·¨¢µ¤¨É ± ¸¦ É¨Õ ¸¶¥±É·µ¢, É.¥. ± ¸¤¢¨£Ê ¶¥·¢µ° £ ·³µ´¨±¨
¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì §´ Î¥´¨° y (¸³. (23)). �ÉµÉ ¸¤¢¨£ ¶¨±µ¢ ´  ·¨¸. 3,¡ ¤²Ö
²¨´¨° 2 ¨ 4 ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 5%. ‘ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  x µÉ´µ¸¨-
É¥²Ó´µ¥ ¸¦ É¨¥ ¶¥·¢µ° £ ·³µ´¨±¨ Ê³¥´ÓÏ ¥É¸Ö [32].

�·¨ ¸· ¢´¨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¢ ¤²Ö £ ·³µ´¨± ¸ n > 1 ´¥§´ Î¨É¥²¥´. �·¨ §´ Î¥´¨ÖÌ ξ ∼ 1 ÊÏ¨·¥´¨¥
¸¶¥±É·µ¢ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥³ ¢¥·µÖÉ-
´µ¸É¨, ¢ÒÌµ¤ ¦¥¸É±¨Ì ËµÉµ´µ¢ ¸É ´µ¢¨É¸Ö ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³. ˆ, ´ ±µ´¥Í,
¶·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ (ξ2 � 1) ¨§²ÊÎ¥´¨¥ §  ¸Î¥É ´¥²¨´¥°´ÒÌ ¶·µ-
Í¥¸¸µ¢ ³´µ£µËµÉµ´´ÒÌ ¶µ£²µÐ¥´¨° ¸É ´µ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸ µ¤´µËµÉµ´´Ò³
¨ ¤ ¦¥ ¶·¥µ¡² ¤ ÕÐ¨³, É.¥. ¶·µÍ¥¸¸ �Š� ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ´¥²¨´¥°-
´Ò³ [30,32].

‚¸¥ ¸± § ´´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.

�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 � 1 (É.¥. ¸ ·µ¸Éµ³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ°
¢µ²´Ò ¢²¨Ö´¨¥ ¶µ²Ö·¨§ Í¨° § ³¥É´µ Ê³¥´ÓÏ ¥É¸Ö [32]).

2) �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ¦¥¸É±µ£µ
�Š�-ËµÉµ´  ¶µ± § ´  £· Ë¨± ³¨ ´  ·¨¸. 4, Ä£, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö x = 4, 8.
�  ·¨¸. 4, Ä¢ ¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨ ξ2 = 0, 3,   ´  ·¨¸. 4,£ ξ2 = 1. „ ²¥¥,
¢Ò¡µ· ¶µ²Ö·¨§ Í¨° ´  ·¨¸. 4, Ä¢ ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Ö³ 1, 2, 3 ¢ (27), ¶·¨
ÔÉµ³ ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ µ¡ÒÎ´µ³Ê · ¸¸¥Ö´¨Õ. �  ·¨¸. 4,£ ±·¨¢Ò¥ 1,
2, 3 É ±¦¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨µ´´Ò³ ¸µ¸ÉµÖ´¨Ö³ (27).
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�¨¸. 7. ‘¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ γγ-¸Éµ²±´µ¢¥´¨° ± ± ËÊ´±Í¨Ö ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò
Wγγ , z = Wγγ/2ε, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8 ( ) ¨ x = 10 (¡). ‹¨´¨¨ 1Ä4 ¸µµÉ-
¢¥É¸É¢ÊÕÉ ¸²¥¤ÊÕÐ¨³ §´ Î¥´¨Ö³ ¶ · ³¥É·  ¨´É¥´¸¨¢´µ¸É¨: 1) ξ2 = 0, 2) ξ2 = 0, 3,
3) ξ2 = 1, 4) ξ2 = 2. �µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ± ¦¤µ£µ ¨§ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
γ-¶ÊÎ±µ¢ ¶µ²ÊÎ¥´Ò ¶·¨ ¸Éµ²±´µ¢¥´¨¨ Ô²¥±É·µ´µ¢ ¨ ËµÉµ´µ¢ ¸ ¶ · ²²¥²Ó´Ò³¨ ¸¶¨-
´ ³¨: λλe = −1, λ̃λ̃e = −1

Š ± ¢¨¤´µ ¨§ ·¨¸. 4, Ä¢, ÊÎ¥É ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢ (ξ2 	= 0) Ê³¥´Ó-
Ï ¥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·  (¶·¨ y → ymax), ± ± ¨ ¢ ¸²ÊÎ ¥ µ¡ÒÎ´µ£µ · ¸¸¥Ö´¨Ö, ¸¶· ¢¥¤²¨¢µ
¸µµÉ´µÏ¥´¨¥: λf

γ = −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 < ymax (¶·¨ ξ2 = 1 ¢¥·µÖÉ´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ËµÉµ´µ¢ ¸ y > 0, 973 ¶· ±-
É¨Î¥¸±¨ · ¢´  ´Ê²Õ, ÌµÉÖ ymax ≈ 0, 991). � ¨¡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

γ |
¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö ¨ ´ ¨¡µ²¥¥ ¡²¨§±  ± ¥¤¨´¨Í¥.

3) —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° ¶µ Ëµ·-
³Ê²¥ (11) ¢ ¸²ÊÎ ¥, ±µ£¤  ÉµÎ±  ±µ´¢¥·¸¨¨ C ¨ ÉµÎ±  ¢¸É·¥Î¨ O ¸µ¢¶ ¤ ÕÉ,
¡Ò²¨ ¶·µ¢¥¤¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö ¤²Ö ¶·µÍ¥¸¸ 
�Š� ¢ ¶µ²¥ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´µ° �Œ‚ (24). �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢
¶·¥¤¸É ¢²¥´Ò £· Ë¨± ³¨ ´  ·¨¸. 7,  ¨ ¡, ¶µ¸É·µ¥´´Ò³¨ ¤²Ö ¶ · ³¥É·  x = 4, 8
¨ x = 10 ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ ÔÉµ³ ³Ò · ¸¸³ É·¨¢ ²¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥
¸µ¸ÉµÖ´¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö γ-¶ÊÎ±µ¢, ±µÉµ·Ò¥ ¶·¨£µÉ ¢²¨¢ ÕÉ¸Ö ´ ¨¡µ²¥¥
µ¶É¨³ ²Ó´Ò³ µ¡· §µ³ (É.¥. λλe = −1, λ̃λ̃e = −1). ‹¨´¨¨ 1Ä4 ± ± ´  ·¨¸. 7, ,
É ± ¨ ´  ·¨¸. 7,¡ ¶µ¸É·µ¥´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·  ¨´É¥´¸¨¢´µ-
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�¨¸. 8. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· (´¥¶·¥·Ò¢-
´ Ö ²¨´¨Ö) ¨ ¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ
γγ-¸Éµ²±´µ¢¥´¨° (ÉµÎ¥Î´ Ö ²¨´¨Ö) ¢§ÖÉÒ
¨§ ·¨¸. 3,¢ (±·¨¢ Ö 2) ¨ ·¨¸. 7,  (±·¨¢ Ö 3) ¸µ-
µÉ¢¥É¸É¢¥´´µ. ‘µ¢¶ ¤¥´¨¥ ¶¨±  ¶¥·¢µ° £ ·-
³µ´¨±¨ ¨ ¶·µ¢ ²  ¢ ¶µ¢¥¤¥´¨¨ ¸¶¥±É· ²Ó´µ°
¸¢¥É¨³µ¸É¨ ´ £²Ö¤´µ µ¡ÑÖ¸´Ö¥É ¶·¨Î¨´Ê ¶µ-
Ö¢²¥´¨Ö ¶·µ¢ ²µ¢ ¢ ¸¢¥É¨³µ¸É¨

¸É¨ ² §¥·´µ° ¢µ²´Ò: 1 → ξ2 = 0;
2 → ξ2 = 0, 3; 3 → ξ2 = 1;
4 → ξ2 = 2. ƒ· Ë¨±¨ ´  ·¨¸. 7, 
¨ ¡ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ
¸¶¥±É· ²Ó´Ò³ ¸¢¥É¨³µ¸ÉÖ³ ¶·¨-
¸ÊÐ¨ É¥ ¦¥ § ±µ´µ³¥·´µ¸É¨, ±µ-
Éµ·Ò³¨ µ¡² ¤ ²¨ Ô´¥·£¥É¨Î¥¸±¨¥
¸¶¥±É·Ò ËµÉµ´µ¢: c ·µ¸Éµ³ ¨´-
É¥´¸¨¢´µ¸É¨ ¢Ò¸µÉ  ¶¨±µ¢ ²¨´¨°
2Ä4 ¸µµÉ¢¥É¸É¢¥´´µ Ê¡Ò¢ ¥É, ¶¥-
·¥³¥Ð ¥É¸Ö ¢ ¸Éµ·µ´Ê ¢¸¥ ¡µ²¥¥
´¨§±¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. � ¸-
Ï¨·¥´¨¥ ¸¶¥±É·µ¢ ¸¢¥É¨³µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ²¨´¥°´Ò³ ¸²ÊÎ ¥³,
´  ¶¥·¢Ò° ¢§£²Ö¤, ´¥ ¨³¥¥É ¡µ²Ó-
Ïµ£µ §´ Î¥´¨Ö. �´µ ¶·¨¢µ¤¨É
± ¶µÖ¢²¥´¨Õ ´¥¡µ²ÓÏµ£µ ¶µ ¶²µ-
Ð ¤¨ ®É·¥Ê£µ²Ó´¨± ¯ ´  ·¨¸. 7, ,¡,
· ¸¶µ²µ¦¥´´µ£µ ¢´¨§Ê, ¶· ¢¥¥ £· -
´¨ÍÒ ¸¶¥±É·  ¤²Ö ξ2 = 0. Š·µ³¥
Éµ£µ, ¸ÊÐ¥¸É¢¥´´µ ³¥´Ö¥É¸Ö ´ -
±²µ´ ²¨´¨° ¸¢¥É¨³µ¸É¨ ¶µ µÉ´µ-
Ï¥´¨Õ ± µ¸¨  ¡¸Í¨¸¸. ‚ ·¥§Ê²Ó-
É É¥ ÔÉµ£µ ¨¸Î¥§ ¥É ·¥§± Ö, Î¥É-
± Ö £· ´¨Í  ¸¶¥±É· ²Ó´µ° ¸¢¥É¨-
³µ¸É¨, ¶·¨¸ÊÐ Ö µ¡ÒÎ´µ³Ê ±µ³¶-
Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ, ÎÉµ µÉ·¨-

Í É¥²Ó´µ ¸± §Ò¢ ¥É¸Ö ´  ³µ´µÌ·µ³ É¨Î´µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨°. ‘ ·µ¸Éµ³ ¨´-
É¥´¸¨¢´µ¸É¨ ¢µ²´Ò ¸¶¥±É·Ò ¸¢¥É¨³µ¸É¨ ¸É ´µ¢ÖÉ¸Ö ¢¸¥ ¡µ²¥¥ Ï¨·µ±¨³¨ § 
¸Î¥É ¶µ¤Ñ¥³  ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° Î ¸É¨ ¨ ¶µÖ¢²¥´¨Ö ¤²¨´´µ£µ Ì¢µ¸É  ¢ µ¡² -
¸É¨ ¡µ²ÓÏ¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. ‚¸¥ ÔÉ¨ µÉ·¨Í É¥²Ó´Ò¥ ³µ³¥´ÉÒ ¸± §Ò¢ -
ÕÉ¸Ö §´ Î¨É¥²Ó´µ ¸² ¡¥¥ ¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  x Å ÔÉµ ¢¨¤´µ ¨§ ¸· ¢-
´¥´¨Ö ·¨¸. 7,  ¨ ¡. �¥µ¦¨¤ ´´Ò³ Ö¢²Ö¥É¸Ö ¶µÖ¢²¥´¨¥ ¶·µ¢ ²µ¢ ´  ·¨¸. 7,  ¨
¡, É.¥. ¶¨±µ¢, ¸µ¸ÉµÖÐ¨Ì ¨§ ¤¢ÊÌ £µ·¡µ¢, µ¸µ¡¥´´µ § ³¥É´ÒÌ ¶·¨ ξ2 = 1 ¨
ξ2 = 2. �¤´ ±µ ¨Ì ¶·µ¨¸Ìµ¦¤¥´¨¥ ¢¥¸Ó³  ¶·µ¸Éµ µ¡ÑÖ¸´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
·¨¸. 8. �  ´¥³ µ¤´µ¢·¥³¥´´µ ¶µ¸É·µ¥´Ò Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ËµÉµ´µ¢ ¨
¸¶¥±É· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  x = 4, 8, ξ2 = 1, λλe = −1. �Éµ
µ± § ²µ¸Ó ¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö Éµ³Ê, ÎÉµ µ¡² ¸É¨ ¨§³¥´¥´¨Ö Ô´¥·£¥É¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ y = ω/ε ¨ z = Wγγ/2ε ¸µ¢¶ ¤ ÕÉ: 0 < y, z ≤ ymax. ’ ±¨³
µ¡· §µ³, ¸µ¢¶ ¤¥´¨¥ ¶·µ¢ ²  ´  ±·¨¢µ° ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ¸ ¶¨±µ³
¶¥·¢µ° £ ·³µ´¨±¨ ± ± · § ¨ µ¡ÑÖ¸´Ö¥É Ì · ±É¥· ¶µ¢¥¤¥´¨Ö ¸¢¥É¨³µ¸É¨. �´
µ¡Ê¸²µ¢²¥´ ¢²¨Ö´¨¥³ ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢.
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�¨¸. 9. ‡ ¢¨¸¨³µ¸ÉÓ ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ · ¸¸¥Ö´´µ£µ Ô²¥±É·µ´  ¢ ¶·µ-
Í¥¸¸¥ �Š� ± ± ËÊ´±Í¨Ö ¥£µ Ô´¥·£¨¨ ε′/ε = 1 − y, ¶µ¸É·µ¥´´ Ö ¤²Ö x = 4, 8, ±µ£¤ 
¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨ ξ2 = 0, 0, 3 ( Ä¢) ¨ ξ2 = 1 (£). �¨¸Ê´± ³  Ä¢ µÉ¢¥Î ¥É ¸²¥-
¤ÊÕÐ¨° ¢Ò¡µ· ¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Î ¸É¨Í:  ) λe = 0, λ = 1; ¡) λe = 1,
λ = −1; ¢) λe = 1, λ = 1. ‘¶²µÏ´Ò¥ ²¨´¨¨ ´  ·¨¸.  Ä¢ ¸µµÉ¢¥É¸É¢ÊÕÉ ξ2 = 0, 3,
ÉµÎ¥Î´Ò¥ Å ξ2 = 0 (µ¡ÒÎ´µ³Ê ±µ³¶Éµ´µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ). Š·¨¢Ò³ 1Ä3 ´  ·¨¸. £
¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö Î ¸É¨Í, É ±¨¥ ¦¥, ± ± ´  ·¨¸.  Ä¢

4) �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ § ¢¨¸¨³µ¸É¨ ¸É¥¶¥´¨ ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨
· ¸¸¥Ö´´µ£µ Ô²¥±É·µ´  (22) µÉ ¥£µ Ô´¥·£¨¨ ε′/ε = 1 − y ¢ ¸²ÊÎ ¥, ±µ£¤ 
¶µ²Ö·¨§ Í¨Ö ±µ´¥Î´µ£µ ËµÉµ´  ´¥ ·¥£¨¸É·¨·Ê¥É¸Ö, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 9
¤²Ö ¶ · ³¥É·  x = 4, 8. �¨¸Ê´± ³ 9,  Ä¢ µÉ¢¥Î ¥É ¶ · ³¥É· ¨´É¥´¸¨¢´µ¸É¨
¢µ²´Ò ξ2 = 0, 3, ·¨¸. 9,£ Å ξ2 = 1. Š·µ³¥ Éµ£µ, ·¨¸. 9, Ä¢ ¸µµÉ¢¥É¸É¢Ê¥É
¢Ò¡µ· ¶µ²Ö·¨§ Í¨° 1Ä3 ¢ (27), ÉµÎ¥Î´Ò¥ ²¨´¨¨ µÉ¢¥Î ÕÉ ²¨´¥°´µ³Ê ¸²Ê-
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Î Õ ¢ �Š�. �¡µ§´ Î¥´¨Ö ±·¨¢ÒÌ 1Ä3 ´  ·¨¸. 9,£ ¢ ÉµÎ´µ¸É¨ ¶µ¢Éµ·Ö¥É ¢Ò¡µ·
¶µ²Ö·¨§ Í¨µ´´ÒÌ ¸µ¸ÉµÖ´¨° Ê ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¢ (27).

�·¥¦¤¥ ¢¸¥£µ, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ÉµÎ¥Î´Ò¥ ±·¨¢Ò¥ ´  ·¨¸. 9 ¢ ÉµÎ´µ¸É¨
¢µ¸¶·µ¨§¢µ¤ÖÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ²¨´¨¨ ¨§ · ¡µÉÒ [27]. ‘²¥¤µ¢ É¥²Ó´µ, £² ¢-
´Ò° ¢Ò¢µ¤ ÔÉµ° · ¡µÉÒ, § ±²ÕÎ ÕÐ¨°¸Ö ¢ Éµ³, ÎÉµ ´¥¶µ²Ö·¨§µ¢ ´´Ò° Ô²¥±É-
·µ´ ¢ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö ´  ¶µ²´µ¸ÉÓÕ ¶µ²Ö·¨§µ¢ ´´µ³ ² §¥·´µ³ ËµÉµ´¥
³µ¦¥É ¶·¨µ¡·¥¸É¨ §´ Î¨É¥²Ó´ÊÕ ¸É¥¶¥´Ó ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢ µ¡² ¸É¨
³¨´¨³ ²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ ε′, ¶µ²´µ¸ÉÓÕ ¶µ¤É¢¥·¦¤ ¥É¸Ö. —Éµ ¦¥ ´µ¢µ£µ
¶·¨¢´µ¸ÖÉ ¢ ÔÉÊ ± ·É¨´Ê ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ? ‚´¨³ É¥²Ó´µ³Ê Î¨É É¥²Õ µÉ-
¢¥É § · ´¥¥ µÎ¥¢¨¤¥´: ¢³¥¸Éµ µ¤´µ£µ ¶¨±  ´  ·¨¸.9, Ä¢ ¶µÖ¢²ÖÕÉ¸Ö É·¨, ¶·¨
ÔÉµ³ ¢Ò¸µÉ  ¶¥·¢µ£µ ¶¨± , µÉ¢¥Î ÕÐ Ö ¨§²ÊÎ¥´¨Õ 1-° £ ·³µ´¨±¨, Ê³¥´ÓÏ -
¥É¸Ö ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¨ ¸¤¢¨£ ¥É¸Ö ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°
· ¸¸¥Ö´´µ£µ Ô²¥±É·µ´ . �·¨ ¡µ²ÓÏ¨Ì ¨´É¥´¸¨¢´µ¸ÉÖÌ ¢µ²´Ò (¸³. ·¨¸. 9,£) ¶µ-
¢¥¤¥´¨¥ ²¨´¨° 1Ä3 ¢Ò£²Ö¤¨É ¡µ²¥¥ ¸²µ¦´Ò³ ¨§-§  ³´µ£µËµÉµ´´µ¸É¨ ¶·µÍ¥¸¸ 
¨§²ÊÎ¥´¨Ö. �·¨ ÔÉµ³ ³¨´¨³ ²Ó´Ò¥ Ê´µ¸¨³Ò¥ Ô´¥·£¨¨ ¸É·¥³ÖÉ¸Ö ± ´Ê²Õ,   ¢
¡²¨¦ °Ï¥° µ±·¥¸É´µ¸É¨ ÔÉµ° µ¡² ¸É¨ |λf

e | ¡²¨§±  ± ¸¢µ¥³Ê ³ ±¸¨³ ²Ó´µ³Ê
§´ Î¥´¨Õ, · ¢´µ³Ê ¥¤¨´¨Í¥.

‚Ò¢µ¤Ò. �·µÍ¥¸¸ �Š� Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ ¨¸ÉµÎ´¨±µ³ ¶µ²ÊÎ¥´¨Ö ËµÉµ-
´µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¶·¨ ¸µ§¤ ´¨¨ ¡Ê¤ÊÐ¨Ì γe- ¨ γγ-±µ²² °¤¥·µ¢. Š ± ³Ò
Ê¦¥ ¢¨¤¥²¨, ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¢ ´¥³ ¸¶µ¸µ¡¸É¢ÊÕÉ Ê¢¥²¨Î¥´¨Õ Ô´¥·£¨¨
· ¸¸¥Ö´´ÒÌ ËµÉµ´µ¢. �¤´ ±µ ¸ Ê¢¥²¨Î¥´¨¥³ ¨´É¥´¸¨¢´µ¸É¨ ² §¥·´µ° ¢µ²´Ò
¶·µ¨¸Ìµ¤¨É ÊÌÊ¤Ï¥´¨¥ ³µ´µÌ·µ³ É¨Î´µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° ¨§-§  ¶µ¤Ñ¥³ 
¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¨ ¸·¥¤´¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. ‚
ÔÉµ° ¸¢Ö§¨ µÉ³¥É¨³, ÎÉµ ¢ ²¨É¥· ÉÊ·¥ ¸ÊÐ¥¸É¢ÊÕÉ · §²¨Î´Ò¥ ¸¶µ¸µ¡Ò Ê³¥´Ó-
Ï¥´¨Ö ´¥²¨´¥°´ÒÌ ÔËË¥±Éµ¢. �·µ¸É¥°Ï¨° ¸¶µ¸µ¡ Ê³¥´ÓÏ¥´¨Ö ¶ · ³¥É·  ξ2

¶·¨ ´¥¨§³¥´´µ³ ±µÔËË¨Í¨¥´É¥ ±µ´¢¥·¸¨¨ ¸µ¸Éµ¨É ¢ Ê¢¥²¨Î¥´¨¨ Éµ²Ð¨´Ò
² §¥·´µ° ³¨Ï¥´¨ ¶ÊÉ¥³ µ¤´µ¢·¥³¥´´µ£µ Ê¢¥²¨Î¥´¨Ö ¤²¨É¥²Ó´µ¸É¨ ² §¥·´µ°
¢¸¶ÒÏ±¨ ¨ £²Ê¡¨´Ò Ëµ±Ê¸  (·Ô²¥¥¢¸±µ° ¤²¨´Ò), µ¤´ ±µ ¶·¨ ÔÉµ³ ´¥µ¡Ìµ-
¤¨³µ Ê¢¥²¨Î¨¢ ÉÓ Ô´¥·£¨Õ ² §¥·´µ° ¢¸¶ÒÏ±¨ ± ± A ∝ 1/ξ2 [13, 14]. „·Ê£µ°
¸¶µ¸µ¡ Å ÔÉµ · ¸ÉÖ£¨¢ ´¨¥ ¤²¨´Ò ² §¥·´µ° ³¨Ï¥´¨ ¶·¨ ¸µÌ· ´¥´¨¨ ¥¥ ¤¨ -
³¥É·  [17]. �·¨ ÔÉµ³ ξ2 ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö ¶·¨ ´¥¨§³¥´´µ° Ô´¥·£¨¨ ² §¥·´µ°
¢¸¶ÒÏ±¨. �Éµ ³µ¦´µ ¸¤¥² ÉÓ §  ¸Î¥É ´¥³µ´µÌ·µ³ É¨Î´µ¸É¨ ² §¥·´µ£µ ¨§²Ê-
Î¥´¨Ö,   ² §¥·´ Ö ³¨Ï¥´Ó Ë ±É¨Î¥¸±¨ ¡Ê¤¥É ¸µ¸ÉµÖÉÓ ¨§ ´¥¸±µ²Ó±¨Ì ² §¥·´ÒÌ
Ëµ±Ê¸µ¢, · ¸¶µ²µ¦¥´´ÒÌ ·Ö¤µ³ ¢¤µ²Ó ¶ÊÉ¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± .

3. ”ˆ‡ˆ—…‘Š�Ÿ ���ƒ��ŒŒ� ”�’���›• Š�‹‹�‰„…��‚

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ¡Ê¤ÊÉ ¶·¥¤¸É ¢²ÖÉÓ ¸µ¡µ° ±µ³¶²¥±¸Ò, ¢±²ÕÎ Õ-
Ð¨¥, ´ ·Ö¤Ê ¸ ²¨´¥°´Ò³¨ e+e−-Ê¸±µ·¨É¥²Ö³¨, γe- ¨ γγ-±µ²² °¤¥·Ò ¸µ ¸²¥-
¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨ (ε ¨ Lee Å Ô´¥·£¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¨ ¸¢¥É¨³µ¸ÉÓ
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¡ §µ¢µ£µ ee-±µ²² °¤¥·  ∗) [2, 35]:

• • · ±É¥·´ Ö Ô´¥·£¨Ö ËµÉµ´  ω ≈ 0, 8ε.

• ƒµ¤µ¢ Ö ¸¢¥É¨³µ¸ÉÓ Lγγ(z/zmax > 0, 8) ∼ 0, 1 Lee ∼ 10 ÷ 50 Ë¡−1

(50 ÷ 500 Ë¡−1 ¢ ¶¥·¸¶¥±É¨¢¥).

• ˜¨·¨´  ¶¨±  ¸¢¥É¨³µ¸É¨ ¢ µ¡² ¸É¨ zmax : ∆Wγγ/Wγγ ∼ 0, 15.

• ‘·¥¤´ÖÖ ¸¶¨· ²Ó´µ¸ÉÓ ËµÉµ´  < λγ >≈ 0, 95 ¸ ¶¥·¥³¥´´Ò³ §´ ±µ³.

• ‘É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ∼ 35 ÷ 80 % ¶·¨ x = 4, 5 ÷ 1.

’ ±¨³ µ¡· §µ³, µ¸´µ¢´µ° ¶ · ³¥É· Å ¨´É¥£· ²Ó´ Ö ¸¢¥É¨³µ¸ÉÓ Lγγ =
=

∫
Ldt, ¶² ´¨·Ê¥³ Ö ´  γγ-±µ²² °¤¥· Ì, ¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  100·106 ´¡−1

¢ £µ¤. �É  ¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É Î¨¸²Ê ·¥ ±Í¨° µ¡· §µ¢ ´¨Ö  ¤·µ´µ¢ ¶µ-
·Ö¤±  ¤¥¸ÖÉ±  ¶·¨ ± ¦¤µ³ ¸Éµ²±´µ¢¥´¨¨ ¶ÊÎ±µ¢. „·Ê£¨³¨ ¶ · ³¥É· ³¨ Ö¢²Ö-
ÕÉ¸Ö Ô´¥·£¨Ö ³µ´µÌ·µ³ É¨Î¥¸±µ° Î ¸É¨ ¸¶¥±É·  ω = 0, 8ε, ¢Ò¸µ± Ö ¸É¥¶¥´Ó
³µ´µÌ·µ³ É¨Î´µ¸É¨ ¨ ¶µ²Ö·¨§ Í¨¨.

�¤´µ° ¨§ £² ¢´ÒÌ Í¥²¥° ¶·µ¥±É¨·Ê¥³ÒÌ γγ-±µ²² °¤¥·µ¢ Ö¢²Ö¥É¸Ö ·¥Ï¥-
´¨¥ ±²ÕÎ¥¢µ° ¶·µ¡²¥³Ò ‘Œ Å µÉ±·ÒÉ¨¥ ¨ ¨§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¡µ§µ´  •¨££¸ .
”Š ¶·¥¤µ¸É ¢²ÖÕÉ É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ, ¨¸¶µ²Ó§ÊÖ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´Ò¥
ËµÉµ´´Ò¥ ¶ÊÎ±¨, µÉ²¨Î¨ÉÓ · ¸¶ ¤ •� µÉ ¥£µ  ±¸¨ ²Ó´µ£µ ¶ ·É´¥· .

ˆ§ÊÎ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ´  LEP-1, ¶µ± § ²µ,
ÎÉµ ‘Œ Ö¢²Ö¥É¸Ö É¥µ·¨¥° ´ ¡²Õ¤ ¥³µ£µ ³¨· , ´µ ¥¥ ¶·µ¢¥·±  ¢ ¤·Ê£¨Ì µ¡² -
¸ÉÖÌ ´¥µ¡Ìµ¤¨³ ; ´ ¨¡µ²¥¥ ¢¥·µÖÉ´µ¥ §´ Î¥´¨¥ ³ ¸¸Ò ¡µ§µ´  •¨££¸ 
MH ∼ 130 ƒÔB. A´ ²µ£¨Î´µ¥ ÊÉ¢¥·¦¤¥´¨¥ µ Éµ³, ÎÉµ ¥£µ ³ ¸¸  ´¥ ¶·¥¢Ò-
Ï ¥É Ê¤¢µ¥´´ÊÕ ³ ¸¸Ê Z-¡µ§µ´ , ¸²¥¤Ê¥É ¨§ ³µ¤¥²¨ ³¨´¨³ ²Ó´µ£µ ¸Ê¶¥·¸¨³-
³¥É·¨Î´µ£µ · ¸Ï¨·¥´¨Ö ‘Œ (MSSM). ˆ§ ·¥§Ê²ÓÉ Éµ¢ ´¥¤ ¢´µ ¶·µ¢¥¤¥´´ÒÌ
¶·Ö³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê •� [36] ¸²¥¤Ê¥É, ÎÉµ ¸ 95% ¢¥·µÖÉ´µ¸ÉÓÕ
´¨¦´¨° ¶·¥¤¥² ³ ¸¸Ò ¡µ§µ´µ¢ •¨££¸  ¢ ‘Œ ¥¸ÉÓ 89,8 ƒÔ‚. Šµ¸¢¥´´µ¥ µ£· -
´¨Î¥´¨¥ ´  ¢¥·Ì´¨° ¶·¥¤¥² ³ ¸¸Ò •¨££¸  ¡Ò²µ ´¥¤ ¢´µ Ê³¥´ÓÏ¥´µ ¸µ 169
¤µ 110 ƒÔ‚ [37] ¨§  ´ ²¨§  ¶·¥Í¨§¨µ´´ÒÌ ¤ ´´ÒÌ ¶µ ¨§³¥·¥´¨Õ ¢²¨Ö´¨Ö
· ¤¨ Í¨µ´´ÒÌ ÔËË¥±Éµ¢ ´  Ï¨·¨´Ê · ¸¶ ¤  Z-¡µ§µ´ .

”µÉµ´´Ò¥ ±µ²² °¤¥·Ò ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§³¥·¥´¨Ö ¤¢ÊÌËµ-
Éµ´´µ° Ï¨·¨´Ò •� ¢ ¸²ÊÎ ¥, ¥¸²¨ ¥£µ ³ ¸¸  MH ´¥ ¶·¥¢ÒÏ ¥É 500 ƒÔ‚.

�¥§±¨° ±· ° ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ”Š ¢ µ¡² ¸É¨ ³ ±¸¨³ ²Ó´µ ¢µ§-
³µ¦´ÒÌ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¶µ§¢µ²¨É ¨§ÊÎ ÉÓ · §²¨Î´Ò¥ ³µ¤Ò · ¸¶ ¤  •�
(Ê§±¨° µ¤¨´µÎ´Ò° ·¥§µ´ ´¸) ¶ÊÉ¥³ ¸± ´¨·µ¢ ´¨Ö ¶µ Ô´¥·£¨¨ ËµÉµ´µ¢ ¢ ‘–Œ
[17,21,35].

∗�·¨³¥Î ´¨¥: §  ¸Î¥É µÉ¸ÊÉ¸É¢¨Ö ´  ”Š ´¥±µÉµ·ÒÌ ÔËË¥±Éµ¢ ¢§ ¨³µ¤¥°¸É¢¨°
(bremsstrahlung) Ô²¥±É·µ´´Ò¥ ¶ÊÎ±¨ ¤²Ö γγ-±µ²² °¤¥·µ¢ ³µ£ÊÉ ¨³¥ÉÓ £µ·¨§µ´É ²Ó´Ò° · §³¥·,
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¨°, Î¥³ ¢ ¸²ÊÎ ¥ e+e−-¸Éµ²±´µ¢¥´¨°. …¸²¨ ¤²Ö γγ- ¨ e+e−-¶ÊÎ±µ¢ ¨¸¶µ²Ó-
§Ê¥É¸Ö µ¤¨´ ¨ ÉµÉ ¦¥ ¨´¦¥±Éµ·, Éµ Lee ∼ 2Le+e− . ‚ ¸²ÊÎ ¥ ¸¶¥Í¨ ²Ó´µ£µ ¨´¦¥±Éµ·  ³µ¦´µ ¢
¶·¨´Í¨¶¥ ¨³¥ÉÓ Lee > 10 ÷ 30 Le+e− [35].
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‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö •� ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ËµÉµ´µ¢ ¨³¥¥É ¢¨¤ [18,38]:

σ(γγ → H) =
4π2

MH
Γ(H → γγ)

MHΓt

(s − M2
H)2 + M2

HΓ2
t

(1 + λ1λ2), (28)

£¤¥ λ1,2 = ±1 ¥¸ÉÓ ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´µ¢, s, MH , Γt Å ±¢ ¤· É ¨´¢ ·¨ ´É´µ°
³ ¸¸Ò ËµÉµ´µ¢, ³ ¸¸  ¨ ¶µ²´ Ö Ï¨·¨´  •� ¸µµÉ¢¥É¸É¢¥´´µ; Γ(H → γγ) Å
¥£µ ¤¢ÊÌËµÉµ´´ Ö Ï¨·¨´  · ¸¶ ¤ :

Γ(H → γγ) =
GF α2M3

H

128
√

2π3
|
∑

N i
ce

2
i Fi|2 , (29)

µ¶·¥¤¥²Ö¥³ Ö Ëµ·³Ë ±Éµ· ³¨ Fi(4m2
i /M

2
H), ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¶¨¸Ò-

¢ ÕÉ¸Ö ¶¥É²¥¢Ò³¨ ¤¨ £· ³³ ³¨ ”¥°´³ ´  ¸µ ¢¸¥³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨
¸ ³ ¸¸µ° mi, § ·Ö¤µ³ ei ¨ Î¨¸²µ³ Í¢¥É´ÒÌ ¸µ¸ÉµÖ´¨° N i

c Î ¸É¨Í ¢ ¶¥É²¥ [39].
‹¥£±¨¥ Î ¸É¨ÍÒ ´¥ ¤ ÕÉ ¸ÊÐ¥¸É¢¥´´µ£µ ¢±² ¤ , ¶µ¸±µ²Ó±Ê ±µ´¸É ´É  ¸¢Ö§¨
¶·µ¶µ·Í¨µ´ ²Ó´  ¨Ì ³ ¸¸¥, Éµ£¤  ± ± ¢±² ¤ ÉÖ¦¥²ÒÌ ¨ ¤ ¦¥ ¡µ²¥¥ ÉÖ¦¥-
²ÒÌ, Î¥³ •�, Î ¸É¨Í ¸ÊÐ¥¸É¢¥´. ’ ±¨³ µ¡· §µ³, ÔÉµÉ ¶·µÍ¥¸¸ ³µ¦¥É ¡ÒÉÓ
¶µ²¥§¥´ ¶·¨ ¶µ¨¸±¥ ¢µ§³µ¦´µ£µ Î¥É¢¥·Éµ£µ ¶µ±µ²¥´¨Ö ÉÖ¦¥²ÒÌ ²¥¶Éµ´µ¢ ¨
±¢ ·±µ¢ [40].

ƒ² ¢´Ò³ Ëµ´µ³ ± ¸¨£´ ²Ê µ ·µ¦¤¥´¨¨ •� ¶µ ³¥Ì ´¨§³Ê ¸ µ¡· §µ¢ ´¨¥³
b-±¢ ·±µ¢ γγ → H → bb̄ Ö¢²Ö¥É¸Ö ¶·µÍ¥¸¸ ¨Ì ¶·Ö³µ£µ µ¡· §µ¢ ´¨Ö: γγ → bb̄.
�ÉµÉ Ëµ´, ± ¸Î ¸ÉÓÕ, ¶µ¤ ¢²¥´ ¢ ± ´ ²¥ ¸µ ¸¶¨· ²Ó´µ¸ÉÓÕ 0, ¢ ±µÉµ·µ³
µ¡· §Ê¥É¸Ö •� ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ b-±¢ ·±µ¢ [18]:

dσ(γγ → bb̄)
d cos θ

=
12πα2e2

b

s

β(1 − β4)
(1 − β2 cos2 θ)2

, β =

√
1 − 4m2

b

s
, Jz = 0 , (30)

£¤¥ θ Å Ê£µ² ¢Ò²¥É  b-±¢ ·±  ¶µ µÉ´µÏ¥´¨Õ ± µ¸¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ¢ ‘–Œ.
ˆ³¥Ö ¢ ¢¨¤Ê ¶µ¸É¥¶¥´´µ¥ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¢ ‘–Œ ¶ÊÎ±µ¢ ¤µ ¢¥²¨Î¨´Ò

¶µ·Ö¤±  2− 3 ’Ô‚, ¸¢Ö§ ´´µ¥ ¸ ¶µÔÉ ¶´Ò³ ¢±²ÕÎ¥´¨¥³ ´µ¢ÒÌ ¸¥±Í¨° ²¨´¥°-
´µ£µ ±µ²² °¤¥· , ³Ò µ¡¸Ê¤¨³ ¢µ§³µ¦´Ò¥ Ë¨§¨Î¥¸±¨¥ ¶·µÍ¥¸¸Ò ´  · §´ÒÌ
¸É ¤¨ÖÌ. �µ¨¸± ´µ¢ÒÌ Î ¸É¨Í ¨ ´µ¢ÒÌ É¨¶µ¢ ¢§ ¨³µ¤¥°¸É¢¨° ¡Ê¤¥É £² ¢´µ°
§ ¤ Î¥° ´  ¢¸¥Ì ÔÉ ¶ Ì.

�  ¶¥·¢µ³ ÔÉ ¶¥ ¸ Ô´¥·£¨Ö³¨ ²¥¶Éµ´´ÒÌ ¶ÊÎ±µ¢ ¢ µ¡² ¸É¨ ¤µ 200 ƒÔ‚
(LC-200) £² ¢´µ° § ¤ Î¥° ¡Ê¤¥É ¶µ¨¸± •�, ¥¸²¨ ¥£µ ³ ¸¸  ´¥ ¶·¥¢ÒÏ ¥É
80 − 150 ƒÔ‚,   É ±¦¥ ¨§ÊÎ¥´¨¥ ¶·µÍ¥¸¸µ¢ ¸ µ¡· §µ¢ ´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢
(bb̄), ¨¸¸²¥¤µ¢ ´¨¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µÉ ¶µ²Ö·¨§ Í¨° Î ¸É¨Í, µ¡· §µ¢ -
´¨¥ µ¤¨´µÎ´ÒÌ W -¡µ§µ´µ¢ ¢ ¶·µÍ¥¸¸¥ eγ → Wν, ¨¸¸²¥¤µ¢ ´¨¥ ´¥±µÉµ·ÒÌ
CP -´ ·ÊÏ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨°.

‘²¥¤ÊÕÐ¨³ ÔÉ ¶µ³, µ¸´µ¢ ´´Ò³ ´  e+e−-±µ²² °¤¥· Ì ¸ Ô´¥·£¨¥° ¤µ
500 ƒÔ‚ (LC-500), ¶µ-¢¨¤¨³µ³Ê, ¡Ê¤¥É Ê¸É ´µ¢±  ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö t-±¢ ·±µ¢.
‚ ÔÉµ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨° ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´  Ë ¡·¨±  W -¡µ§µ´µ¢ ¸
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�¨¸. 10. ‘¥Î¥´¨e ¶·µÍ¥¸¸µ¢ ‘Œ ¸ µ¡· §µ¢ ´¨¥³ •� ¢ γγ- ¨ e+e−- ¸Éµ²±´µ¢¥´¨ÖÌ [21]
± ± ËÊ´±Í¨Ö ³ ¸¸Ò •�

¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓÕ ∼ 107 ¡µ§µ´µ¢ ¢ £µ¤, £¤¥ ¡Ê¤¥É ¢µ§³µ¦´µ ¤¥É ²Ó´µ¥
¨¸¸²¥¤µ¢ ´¨¥ ¢§ ¨³µ¤¥°¸É¢¨° ¨ · ¸¶ ¤µ¢ W -¡µ§µ´µ¢. ‚ ÔÉµ° ¸É ¤¨¨ ¢µ§-
³µ¦´µ ¨§ÊÎ¥´¨¥ ¶µ·µ£µ¢µ£µ ¶µ¢¥¤¥´¨Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¶ ·Ò tt̄-±¢ ·±µ¢
¨ ¶µ¨¸± •� ¢ µ¡² ¸É¨ ³ ¸¸ ¤µ 400 ƒÔ‚. �·¨ Ô´¥·£¨ÖÌ, ¶·¥¢ÒÏ ÕÐ¨Ì
1 ’Ô‚, ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¶·µÍ¥¸¸Ò ¸ ³´µ¦¥¸É¢¥´´Ò³ µ¡· §µ¢ ´¨¥³ W -
¨ Z-¡µ§µ´µ¢ ¨ ¶·µÖ¢²¥´¨Ö ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢ Ì¨££¸µ¢¸±µ³ ¸¥±Éµ·¥.

�µ²´ Ö Ï¨·¨´  •� ¶·¨ ¥£µ ³ ¸¸¥ ¤µ 400 ƒÔ‚ £µ· §¤µ ³¥´ÓÏ¥ Ì · ±É¥·´µ°
Ï¨·¨´Ò ¶¨±  ¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ γγ-¸Éµ²±´µ¢¥´¨° (∆Wγγ/Wγγ ∼
∼ 15%), ¶µÔÉµ³Ê ¸±µ·µ¸ÉÓ ¸Î¥É  ¸µ¡ÒÉ¨° γγ → H ¶·µ¶µ·Í¨µ´ ²Ó´  ¶·µ¨§-
¢µ¤´µ° ¸¢¥É¨³µ¸É¨ ¶µ ¨´¢ ·¨ ´É´µ° ³ ¸¸¥ [21]:

Ṅγγ→H =
dLγγ

dWγγ

4π2Γγγ

M2
H

≡ σeffLγγ, σeff ∼
dLγγ

dWγγ

MH

Lγγ

4π2Γγγ

M3
H

. (31)

‚ · ¡µÉ¥ [21] ¡Ò²µ ¢¶¥·¢Ò¥ ¶µ± § ´µ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¡² ¸É¨ ¶¨± 
¸¶¥±É· ²Ó´µ° ¸¢¥É¨³µ¸É¨ z = Wγγ/2ε > 0, 65 ¸ ¶ · ³¥É·µ³ x = 4, 8 ¨
(dLγγ/dWγγ)(MH/Lγγ) = 7, ÔËË¥±É¨¢´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  ·µ¦¤¥´¨Ö •�
¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¤²Ö MH = 100 ÷ 250 ƒÔ‚ ¶·¥¢µ¸Ìµ¤¨É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
¸¥Î¥´¨¥ ¢ e+e−-¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨³¥·´µ ¢ 5Ä30 · § (¸³. ·¨¸. 10). Š·µ³¥
Ê¶µ³Ö´ÊÉÒÌ ¢ÒÏ¥ ¶·µ¡²¥³ Ì¨££¸µ¢¸±µ£µ ¸¥±Éµ· , ´¨¦¥ ³Ò ¶¥·¥Î¨¸²¨³ ´¥-
±µÉµ·Ò¥  ¸¶¥±ÉÒ Ë¨§¨±¨ ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢ ‘Œ ¨ Ë¨§¨±¨  ¤·µ´µ¢,
¨¸¸²¥¤µ¢ ´¨¥ ±µÉµ·ÒÌ ´  γe- ¨ γγ-±µ²² °¤¥· Ì ¡Ò²µ ¡Ò  ±ÉÊ ²Ó´Ò³.
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1. �¡Ð Ö ¶·µ¡²¥³  ¶·µ¢¥·±¨ ¶ · ³¥É·µ¢ ‘Œ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ.
2. �µ¨¸± µÉ±²µ´¥´¨° µÉ ¶·¥¤¸± § ´¨° ‘Œ Å ¶·µÖ¢²¥´¨°  ´µ³ ²Ó´ÒÌ

¢§ ¨³µ¤¥°¸É¢¨° ¡µ§µ´µ¢, ²¥¦ Ð¨° ¢ ¨Ì µ¸´µ¢¥. �É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò-
¢ ÕÉ¸Ö ÔËË¥±É¨¢´Ò³¨ ² £· ´¦¨ ´ ³¨ ¨ ³µ£ÊÉ ¶·µÖ¢²ÖÉÓ¸Ö ¶·¨ ·µ¦¤¥´¨¨
´¥¸±µ²Ó±¨Ì ¡µ§µ´µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¸ Ô´¥·£¨¥° ¡µ²¥¥ 500 ƒÔ‚.

3. �µ¨¸± ¶·µÖ¢²¥´¨° ¶· ¢ÒÌ Éµ±µ¢, µÉ¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ ‘Œ, ¨ É¥¸ÉÒ
¶· ¢µ-²¥¢µ-¸¨³³¥É·¨Î´ÒÌ ³µ¤¥²¥°. „²Ö ÔÉµ° Í¥²¨ Ê¤µ¡¥´ ¶·µÍ¥¸¸ γe → Wν
µ¤¨´µÎ´µ£µ ·µ¦¤¥´¨Ö W -¡µ§µ´  ¶·¨ ËµÉµ´-Ô²¥±É·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

4. �µ¨¸± ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¶ ·É´¥·µ¢ W -¡µ§µ´µ¢, ±µÉµ·Ò¥ ³µ£²¨ ¡Ò µ¡ÑÖ¸-
´¨ÉÓ CP -´ ·ÊÏ¥´¨¥, ¶·µÖ¢²ÖÕÐ¥¥¸Ö ¢ ´¥· ¢¥´¸É¢¥ Ï¨·¨´ · ¸¶ ¤  ¶µ²µ¦¨-
É¥²Ó´µ ¨ µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ W -¡µ§µ´µ¢.

5. �·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ Ô²¥³¥´Éµ¢ ³ É·¨ÍÒ Šµ¡ ÖÏ¨ Å Œ ¸± ¢ , ¢
Éµ³ Î¨¸²¥ ¨ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  W -¡µ§µ´ ´ Ìµ¤¨É¸Ö ¢´¥ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨.

6. ˆ¸¸²¥¤µ¢ ´¨¥ ¶·µÖ¢²¥´¨° ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ Ì¨££co¢¸±µ³ ¸¥±-
Éµ·¥ ¢ ¶·µÍ¥¸¸¥ µ¡· §µ¢ ´¨Ö ¶·µ¤µ²Ó´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ Z-¡µ§µ´µ¢ ¢
ËµÉµ´-ËµÉµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ.

7. �·¥Í¨§¨µ´´µ¥ ¨§³¥·¥´¨¥ Ï¨·¨´Ò ¨ ³ ¸¸Ò W -¡µ§µ´  ¢ · §´ÒÌ ¶·µ-
Í¥¸¸ Ì.

3.1. �·µ¡²¥³Ò ¸É ´¤ ·É´µ° ³µ¤¥²¨. �É±·ÒÉ¨¥ ¡µ§µ´  •¨££¸  ¨ ¨¸¸²¥-
¤µ¢ ´¨¥ ¥£µ ¸¢µ°¸É¢ Å ´ ¨¡µ²¥¥ ¢ ¦´ Ö ¶·µ¡²¥³  ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥
Î ¸É¨Í.

�  Ê¸É ´µ¢± Ì LEP-2 ¨  ¤·µ´´µ³ ±µ²² °¤¥·¥ LHC ³µ¦¥É ¡ÒÉÓ ¶·µ¸± ´¨-
·µ¢ ´  µ¡² ¸ÉÓ ³ ¸¸ ¢ÒÏ¥ 80 ƒÔ‚, £¤¥ •� ³µ¦¥É ¡ÒÉÓ µÉ±·ÒÉ ²¨¡µ ´ ¤¥¦´µ
¨¸±²ÕÎ¥´. ‚ ¸²ÊÎ ¥ MH > 2Mz µ´ ³µ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ ¶·µÍ¥¸¸¥ H → ZZ.
‚ ²Õ¡µ³ ¸²ÊÎ ¥ ËµÉµ´´Ò¥ ±µ²² °¤¥·Ò ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¨§³¥·¥-
´¨Ö ¤¢ÊÌËµÉµ´´µ° Ï¨·¨´Ò •� ¢ ¸²ÊÎ ¥, ¥¸²¨ ¥£µ ³ ¸¸  MH ´¥ ¶·¥¢ÒÏ ¥É
500 ƒÔ‚.

‚ ¸²ÊÎ ¥, ¥¸²¨ MH ¶µ·Ö¤±  ¤¢ÊÌ ³ ¸¸ t-±¢ ·± , Éµ ¨§³¥·¥´¨¥ ¨´É¥·-
Ë¥·¥´Í¨¨ ¢±² ¤µ¢ ¢  ³¶²¨ÉÊ¤Ê γγ → tt̄ Ô²¥±É·µ³ £´¨É´µ£µ ¨ ·¥§µ´ ´¸´µ£µ
¶·µ¨¸Ìµ¦¤¥´¨Ö Î¥·¥§ •�-¶·µ³¥¦ÊÉµÎ´µ¥ ¸µ¸ÉµÖ´¨¥ ³µ¦¥É ¤ ÉÓ ¨´Ëµ·³ Í¨Õ
µ ¢§ ¨³µ¤¥°¸É¢¨¨ •� ¸ t-±¢ ·±µ³. �·¨ ³ ¸¸¥ •� ¨§ ‘Œ, ¶·¥¢ÒÏ ÕÐ¥°
400 ƒÔ‚, ¥£µ ¨§ÊÎ¥´¨¥ ¡Ê¤¥É ´¥¤µ¸ÉÊ¶´µ ´  ”Š ¢¢¨¤Ê ¡µ²ÓÏµ£µ Ëµ´  µÉ ¶·µ-
Í¥¸¸µ¢ γγ → WW, ZZ [41]. ’¥³ ´¥ ³¥´¥¥ ´ ¡²Õ¤¥´¨¥ ¥£µ ¢ ÔÉµ° µ¡² ¸É¨
¡Ê¤¥É ¸¨£´ ²µ³ ²¨¡µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥±µÉµ·ÒÌ ¡µ²¥¥ ÉÖ¦¥²ÒÌ Î ¸É¨Í, ²¨¡µ
´¥¸É ´¤ ·É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö •�. ‘·¥¤¨ É ±¨Ì ¶·µÍ¥¸¸µ¢ ³µ£²¨ ¡Ò ¡ÒÉÓ
¶·µÍ¥¸¸Ò ¸ µ¡· §µ¢ ´¨¥³ ¤¢ÊÌ •�∗.

„·Ê£¨³ ±·Ê£µ³ ¶·µ¡²¥³ Ö¢²Ö¥É¸Ö Ë¨§¨±  ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢. ‘É·Ê±-
ÉÊ·  É·¥Ì- ¨ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ² £· ´¦¨ ´¥ ‘Œ µ¡¥¸¶¥-
Î¨¢ ¥É µ£· ´¨Î¥´¨¥ ´  ·µ¸É ¸¥Î¥´¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¢ ¸µµÉ¢¥É¸É¢¨¨

∗�.� ´¨´, Î ¸É´µ¥ ¸µµ¡Ð¥´¨¥.
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¸ É·¥¡µ¢ ´¨Ö³¨ Ê´¨É ·´µ¸É¨. ” ¡·¨±¨ W -¡µ§µ´µ¢ ¸ ¶·µ¨§¢µ¤¨É¥²Ó´µ¸ÉÓÕ
∼ 107 ¡µ§µ´µ¢ ¢ £µ¤ ³µ£²¨ ¡Ò ¡ÒÉÓ ² ¡µ· Éµ·¨Ö³¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¡µ§µ´µ¢.

‘·¥¤¨ ¶·µ¡²¥³ µ¶¨¸ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö W -¡µ§µ´µ¢ ³µ¦´µ µÉ³¥É¨ÉÓ ´¥-
µ¤´µ§´ Î´µ¸É¨ ¢ ¸¶µ¸µ¡¥ ¢µ¸¸É ´µ¢²¥´¨Ö Ê´¨É ·´µ¸É¨ ¶·¨ ¢¢¥¤¥´¨¨ ´¥´Ê²¥-
¢µ° Ï¨·¨´Ò ¡µ§µ´  Å §¤¥¸Ó ´¥µ¡Ìµ¤¨³µ ¸É·µ¨ÉÓ É¥µ·¨Õ ´¥¸É ¡¨²Ó´ÒÌ ¡µ-
§µ´µ¢ ¸ ¸ ³µ£µ ´ Î ² ∗.

�¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¶·µ£· ³³  ¶·µ¢¥·±¨ ‘Œ ¢ ·¥ ±Í¨ÖÌ ·µ¦¤¥-
´¨Ö ± ²¨¡·µ¢µÎ´ÒÌ ¡µ§µ´µ¢. ‹ £· ´¦¨ ´ É·¥Ì¡µ§µ´´ÒÌ WWγ-
¨ WWZ-¢§ ¨³µ¤¥°¸É¢¨° ¢ ¸ ³µ³ µ¡Ð¥³ ¸²ÊÎ ¥ ³µ¦¥É ¢±²ÕÎ ÉÓ ¢ ¸¥¡Ö ¸¢Ö§¨,
µ¶¨¸Ò¢ ¥³Ò¥ ¶ÖÉÓÕ µ¶¥· Éµ· ³¨ ¸ · §³¥·´µ¸ÉÓÕ 4 ¨ ¤¢Ê³Ö µ¶¥· Éµ· ³¨ ¸
· §³¥·´µ¸ÉÓÕ 6 [42]:

LWWV /gWWV = −i

[
gV
1 (W †

µνWµV ν − W †
µVνWµν) + κvW

†
µWνV µν +

+
iλV

m2
W

W †
λµWµ

νV νλ − gV
4 W †

µWν(∂µV ν + ∂νV µ) +

+gV
5 εµνρσ(W †

µ

↔
∂ ρ Wν)Vσ + iκ̃vW

†
µWν Ṽ µν +

+
iλ̃V

m2
W

W †
λµWµ

ν Ṽ νλ

]
. (32)

‡¤¥¸Ó Vµ Å ¶µ²¥ ËµÉµ´  ²¨¡µ Z-¡µ§µ´  (¸µµÉ¢¥É¸É¢¥´´µ, V = γ ²¨¡µ
Z), Wµ Å ¶µ²¥ W−-¡µ§µ´ , Wµν = ∂µWν − ∂νWµ, Vµν = ∂µVν − ∂νVµ,

Ṽµν = 1
2εµνρσV ρσ , A

↔
∂ µ B = A(∂µB) − (∂µA)B. Šµ´¸É ´ÉÒ ¸¢Ö§¨ gWWV

Ë¨±¸¨·µ¢ ´Ò ± ±
gWWγ = e , gWWZ = e cos θW .

‚ ¸²ÊÎ ¥ WWγÄ¢§ ¨³µ¤¥°¸É¢¨Ö ¶¥·¢Ò° Î²¥´ ¢ (32) µÉ¢¥Î ¥É ®³¨´¨³ ²Ó-
´µ°¯ ¸¢Ö§¨ (¶·¨ gγ

1 = 1). ŠµÔËË¨Í¨¥´ÉÒ ¢Éµ·µ£µ ¨ É·¥ÉÓ¥£µ (® ´µ³ ²Ó´ÒÌ¯)
Î²¥´µ¢ ² £· ´¦¨ ´  (32) ¸¢Ö§ ´Ò ¸ ³ £´¨É´Ò³ µW ¨ Ô²¥±É·¨Î¥¸±¨³ ±¢ ¤·Ê-
¶µ²Ó´Ò³ QW ³µ³¥´É ³¨ W -¡µ§µ´  ¸µµÉ´µÏ¥´¨Ö³¨

µW =
e

2mW
(1 + κγ + λγ) , QW =

e

m2
W

(λγ − κγ).

�¥·¢Ò¥ É·¨ µ¶¥· Éµ·  ¢ ² £· ´¦¨ ´¥ (32) ¸µÌ· ´ÖÕÉ P - ¨ C-¸¨³³¥É·¨¨
¶µ µÉ¤¥²Ó´µ¸É¨. „¢  ¶µ¸²¥¤´¨Ì µ¶¥· Éµ·  ´ ·ÊÏ ÕÉ P -Î¥É´µ¸ÉÓ, ´µ ¨´¢ ·¨-
 ´É´Ò µÉ´µ¸¨É¥²Ó´µ C-¸µ¶·Ö¦¥´¨Ö. ˆÌ ±µÔËË¨Í¨¥´ÉÒ ¸¢Ö§ ´Ò ¸ Ô²¥±É·¨Î¥-
¸±¨³ ¤¨¶µ²Ó´Ò³ dW ¨ ³ £´¨É´Ò³ ±¢ ¤·Ê¶µ²Ó´Ò³ Q̃W ³µ³¥´É ³¨ W -¡µ§µ´ :

dW =
e

2mW
(κ̃γ + λ̃γ) , Q̃W =

e

m2
W

(λ̃γ − κ̃γ).

∗”.’± Î¥¢, Î ¸É´µ¥ ¸µµ¡Ð¥´¨¥ (¸³. hep-ph/9802307, 9710242).
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�¡  µ¶¥· Éµ·  ¸ ±µÔËË¨Í¨¥´É ³¨ gγ
4 ¨ gγ

5 ´ ·ÊÏ ÕÉ C-Î¥É´µ¸ÉÓ. �¤´ ±µ
¶·¨ ÔÉµ³ µ¶¥· Éµ· ¸ gγ

4 ¸µÌ· ´Ö¥É P -Î¥É´µ¸ÉÓ,   µ¶¥· Éµ· ¸ gγ
5 ´ ·ÊÏ ¥É

P -¸¨³³¥É·¨Õ É ±¨³ µ¡· §µ³, ÎÉµ ±µ³¡¨´¨·µ¢ ´´ Ö CP -Î¥É´µ¸ÉÓ ¢ ¶µ¸²¥¤´¥³
¸²ÊÎ ¥ ¸µÌ· ´Ö¥É¸Ö.

‚ · ³± Ì ‘Œ ¢¥·Ï¨´Ò WWγ- ¨ WWZ-¢§ ¨³µ¤¥°¸É¢¨° ¸É·µ£µ µ¶·¥-
¤¥²ÖÕÉ¸Ö SU(2)L × U(1)Y ± ²¨¡·µ¢µÎ´µ° ¨´¢ ·¨ ´É´µ¸ÉÓÕ. ‚ ¤·¥¢¥¸´µ³
¶·¨¡²¨¦¥´¨¨ ³µ£ÊÉ ¢µ§´¨± ÉÓ Éµ²Ó±µ C- ¨ T -¨´¢ ·¨ ´É´Ò¥ ¸¢Ö§¨, ¶·¨Î¥³
κV = 1 , λV = 0. ‘² ¡Ò¥ · ¤¨ Í¨µ´´Ò¥ ¶µ¶· ¢±¨, µ¡Ê¸²µ¢²¥´´Ò¥ ¶¥É²¥¢Ò³¨
¤¨ £· ³³ ³¨ ¸ ÉÖ¦¥²Ò³¨ § ·Ö¦¥´´Ò³¨ Ë¥·³¨µ´ ³¨, ³µ£ÊÉ ¤ ¢ ÉÓ ´¥´Ê²¥-
¢Ò¥ ¢±² ¤Ò ± ± ¢ ±µ´¸É ´ÉÒ κV ¨ λV , É ± ¨ ¢ ¸¢Ö§¨, ´ ·ÊÏ ÕÐ¨¥ C- ¨
T -¸¨³³¥É·¨¨. „¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¶ ·´µ£µ ·µ¦¤¥´¨Ö W -¡µ§µ´µ¢ ¢ ·¥-
 ±Í¨ÖÌ e+e− → W+W− [43] ¨ γγ → W+W− [44] ¸µ¢³¥¸É´µ ¸ ·¥ ±Í¨¥°
eγ → Wν [42] ´  Ê·µ¢´¥ ÔËË¥±Éµ¢ ¸² ¡ÒÌ · ¤¨ Í¨µ´´ÒÌ ¶µ¶· ¢µ± ¶·¥¤¸É ¢-
²Ö¥É ¨´É¥·¥¸ ¸ ÉµÎ±¨ §·¥´¨Ö ¶·µ¢¥·±¨ ± ²¨¡·µ¢µÎ´µ° ¸É·Ê±ÉÊ·Ò Ô²¥±É·µ¸² -
¡µ° É¥µ·¨¨ ¨ ¢µ§³µ¦´µ¸É¨ ´ ¡²Õ¤¥´¨Ö ¢±² ¤  ´µ¢µ° Ë¨§¨±¨ ¢´¥ · ³µ± ‘Œ.
�¥·¥Î¨¸²¥´´Ò¥ ¶·µÍ¥¸¸Ò ¢¶¥·¢Ò¥ µ¡¸Ê¦¤ ²¨¸Ó ¢ ¤ ´´µ³ ±µ´É¥±¸É¥ ¢ · ¡µ-
É Ì [45].

�² £µ¤ ·Ö Ê´¨É ·´Ò³ ¸µ±· Ð¥´¨Ö³ ¢ ‘Œ ·¥ ±Í¨Ö e+e− → W+W− µ± -
§Ò¢ ¥É¸Ö µ¸µ¡¥´´µ ÎÊ¢¸É¢¨É¥²Ó´µ° ± µÉ±²µ´¥´¨Ö³ µÉ ‘Œ. �¤´ ±µ ¨§¢²¥Î¥-
´¨¥ É¥µ·¥É¨Î¥¸±¨Ì µ£· ´¨Î¥´¨° ¨§ ÔÉµ° ·¥ ±Í¨¨ § É·Ê¤´¥´µ É¥³ µ¡¸ÉµÖÉ¥²Ó-
¸É¢µ³, ÎÉµ ¢ ´¥¥ ¤ ÕÉ ¢±² ¤ ± ± Wγ-, É ± ¨ WZ-¸¢Ö§¨. �²ÓÉ¥·´ É¨¢´Ò¥
·¥ ±Í¨¨ eγ → Wν ¨ γγ → W+W− µ¡Ê¸²µ¢²¥´Ò Éµ²Ó±µ Wγ-¸¢Ö§Ö³¨. ‚
¶µ¸²¥¤´¨° ¶·µÍ¥¸¸ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥, ´ ·Ö¤Ê ¸ WWγ-¢¥·Ï¨´ ³¨, ³µ¦¥É
¤ ¢ ÉÓ ¢±² ¤ É ±¦¥ ¢¥·Ï¨´  WWγγ, ¸¢Ö§ ´´ Ö ¸µ ¸¶¥Í¨Ë¨Î¥¸±¨³¨ Î¥ÉÒ·¥Ì-
¡µ§µ´´Ò³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ [46], ¢µ§´¨± ÕÐ¨³¨ ¢¸²¥¤¸É¢¨¥ ´¥ ¡¥²¥¢µ¸É¨
SU(2)L × U(1)Y É¥µ·¨¨.

‚±² ¤ Î¥ÉÒ·¥Ì¡µ§µ´´µ° ¢¥·Ï¨´Ò WWγγ ¤¥² ¥É ¶·µÍ¥¸¸ γγ → W+W−

µ¸µ¡¥´´µ ¢ ¦´Ò³ ¢ ¨§³¥·¥´¨ÖÌ Ô²¥±É·µ³ £´¨É´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° W -¡µ§µ´ 
[47]. …¸²¨ · ¸¸³ É·¨¢ ÉÓ Éµ²Ó±µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸µÌ· ´ÖÕÐ¨¥ P - ¨ C-
¸¨³³¥É·¨¨, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ² £· ´¦¨ ´ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ WWγγ-¢§ ¨³µ-
¤¥°¸É¢¨Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¤¢  µ¶¥· Éµ·  c · §³¥·´µ¸ÉÓÕ 6:

L
(6)
Q = − πα

4m2
W

[a0FαβFαβ(Wµ ·Wµ) + acFαµFαν(Wµ ·Wν)], (33)

£¤¥ Fαβ Å É¥´§µ· ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö, Wµ µ¶¨¸Ò¢ ¥É
W -É·¨¶²¥É ¢ SU(2), a0 ¨ ac Å ±µ´¸É ´ÉÒ ¸¢Ö§¨. ‚ Ë¨§¨Î¥¸±µ³ ¡ §¨¸¥

(Wµ ·Wν) → 2
(

W+
µ W−

ν +
1

2c2
W

ZµZν

)
,

£¤¥ cW ≡ cos θW . �¥·¢Ò° µ¶¥· Éµ· ¢ ² £· ´¦¨ ´¥ (33) ¶ · ³¥É·¨§Ê¥É µ¡³¥´
´¥°É· ²Ó´ÒÌ ¸± ²Ö·µ¢. �  µ¤´µ¶¥É²¥¢µ³ Ê·µ¢´¥ ÉÖ¦¥²Ò¥ § ·Ö¦¥´´Ò¥ Ë¥·³¨-
µ´Ò ¨´¤ÊÍ¨·ÊÕÉ ÔËË¥±É¨¢´Ò¥ Î¥ÉÒ·¥Ì¡µ§µ´´Ò¥ ¸¢Ö§¨, ±µÉµ·Ò¥ ¤ ÕÉ ¢±² ¤
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¢ µ¡  Î²¥´  ² £· ´¦¨ ´  (33), ¢ Éµ ¢·¥³Ö ± ± § ·Ö¦¥´´Ò¥ ¸± ²Ö·Ò ¤ ÕÉ
¢±² ¤ Éµ²Ó±µ ¢ ¶¥·¢Ò° Î²¥´, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ®´¥°É· ²Ó´µ³Ê¯ µ¶¥· Éµ·Ê ¸
±µ´¸É ´Éµ° ¸¢Ö§¨ a0.

‘¥Î¥´¨¥ ¶·µÍ¥¸¸  γγ → W+W− · ¸É¥É  ¸¨³¶ÉµÉ¨Î¥¸±¨ ¤µ ¶µ¸ÉµÖ´´µ£µ
§´ Î¥´¨Ö

σasympt(γγ→WW ) ≈
8πα2

m2
W

≈ 93 ¶¡,

±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ·µ¦¤¥´¨Õ ∼ 106 W+W−-¶ · ´  ± ¦¤Ò¥ 10 Ë¡−1 ¨´-
É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨ ²¨´¥°´µ£µ γγ-±µ²² °¤¥· . ‘¥Î¥´¨¥ ¶·µÍ¥¸¸  e+e− →
→ W+W− ¶ ¤ ¥É ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ± ± s−1. “¦¥ ¶·¨

√
s = 500 ƒÔ‚ ¸¥Î¥-

´¨¥ ·¥ ±Í¨¨ γγ → W+W− ¤µ¸É¨£ ¥É 77 ¶¡ ¨ ´  ¶µ·Ö¤µ± ¶·¥¢ÒÏ ¥É ¸¥Î¥´¨¥
¶·µÍ¥¸¸  e+e− → W+W−.

ˆ¸¶µ²Ó§ÊÖ ¶µ²Ö·¨§µ¢ ´´Ò¥ ËµÉµ´´Ò¥ ¶ÊÎ±¨, ³µ¦´µ ¨§ÊÎ ÉÓ ¶·µÍ¥¸¸
γγ → W+W− ¢ § ¢¨¸¨³µ¸É¨ ± ± µÉ ¸¶¨· ²Ó´µ¸É¥° ´ Î ²Ó´ÒÌ γ-±¢ ´Éµ¢, É ±
¨ µÉ ¸¶¨· ²Ó´µ¸É¥° W -¡µ§µ´µ¢, µ¶·¥¤¥²Ö¥³ÒÌ ¶µ ¨Ì · ¸¶ ¤ ³. Š ± ¶µ± § ´µ
¢ · ¡µÉ¥ [44], ·¥ ±Í¨Ö γγ → W+W− µ¡¥¸¶¥Î¨¢ ¥É ´ ¨¡µ²¥¥ ÉµÎ´ÊÕ ¶·µ-
¢¥·±Ê ‘Œ. �Í¥´±  ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨° e+e− → W+W− ¶·µ¢µ¤¨² ¸Ó
¢ · ¡µÉ¥ [44] ¤²Ö Ô´¥·£¨¨

√
s = 500 ƒÔ‚ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ κZ = 1 ¨ λZ = λγ .

‚ ± Î¥¸É¢¥ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´ (¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
µÏ¨¡± ³¨) · ¸¸³ É·¨¢ ²¨¸Ó ¶µ²´µ¥ ¸¥Î¥´¨¥,  ¸¨³³¥É·¨Ö ¢¶¥·¥¤-´ § ¤ χFB,
µÉ´µÏ¥´¨¥ ®inÄout¯ RIO ¨ µÉ´µÏ¥´¨¥ ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¶·µ¤µ²Ó´µ ¨ ¶µ¶¥-
·¥Î´µ ¶µ²Ö·¨§µ¢ ´´ÒÌ W -¡µ§µ´µ¢ L/T . ‚ ¸²ÊÎ ¥ ·¥ ±Í¨¨ eγ → Wν ¢ ± Î¥-
¸É¢¥ ¨§³¥·Ö¥³ÒÌ ¢¥²¨Î¨´ · ¸¸³ É·¨¢ ²¨¸Ó ¶µ²´µ¥ ¸¥Î¥´¨¥, ¶ · ³¥É·Ò χFB ¨
RIO ¨ µÉ´µÏ¥´¨¥ (1/3) ³¥¦¤Ê ±µ´Ë¨£Ê· Í¨Ö³¨ ¸µ §´ Î¥´¨Ö³¨ | Jz |= 1/2 ¨
| Jz |= 3/2 ¤²Ö ±µ³¶µ´¥´ÉÒ ¶µ²´µ£µ ¸¶¨´  ¢¤µ²Ó µ¸¨ ¶ÊÎ± . ‚ ¸²ÊÎ ¥ ·¥ ±Í¨¨
γγ → W+W− ±·µ³¥ ¶µ²´µ£µ ¸¥Î¥´¨Ö,  ¸¨³³¥É·¨¨ χFB ¨ µÉ´µÏ¥´¨Ö L/T
¨¸¸²¥¤µ¢ ²µ¸Ó É ±¦¥ µÉ´µÏ¥´¨¥ ¤²Ö ±µ´Ë¨£Ê· Í¨° ¸ | Jz |= 0 ¨ | Jz |= 2.

�´ ²µ£¨Î´Ò°  ´ ²¨§ ·¥ ±Í¨° e+e− → W+W−, γγ → W+W− ¨
eγ → Wν ¢ · ¡µÉ¥ [48] ¶µ± §Ò¢ ¥É, ÎÉµ ´  ¡Ê¤ÊÐ¨Ì ²¨´¥°´ÒÌ e+e−-±µ²² °-
¤¥· Ì ¸ Ô´¥·£¨¥° 500 ƒÔ‚ ¤µ¸É¨¦¨³Ò µ£· ´¨Î¥´¨Ö | 1 − κγ |≤ 0, 02 ¨
−0, 04 ≤ λγ ≤ 0, 05 ¶·¨ ¸µ¢³¥¸É´µ³ · ¸¸³µÉ·¥´¨¨ ¢¸¥Ì É·¥Ì Ê± § ´´ÒÌ ·¥-
 ±Í¨° (¢ ¶·¥¤¶µ²µ¦¥´¨¨ 1 − κZ = λZ = 0).

‚µ§³µ¦´µ¸ÉÓ ¢Ò¤¥²¥´¨Ö ¢±² ¤µ¢ Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ® ´µ³ ²Ó´µ£µ¯ ¢§ ¨-
³µ¤¥°¸É¢¨Ö (33) ¨§ ·¥ ±Í¨¨ γγ → W+W− ¤¥É ²Ó´µ ¨§ÊÎ ² ¸Ó ¢ · ¡µÉ¥ [47].
�·¥¦¤¥ ¢¸¥£µ, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ Éµ ¢·¥³Ö ± ± ¢ ‘Œ µ¡· §µ¢ ¢Ï¨¥¸Ö
W -¡µ§µ´Ò ¢Ò²¥É ÕÉ ¢ µ¸´µ¢´µ³ ¶µ¤ ³ ²Ò³¨ Ê£² ³¨ ± µ¸¨ ¶ÊÎ± , ® ´µ³ ²Ó-
´Ò¥¯ W -¡µ§µ´Ò ¤ ÕÉ ³ ±¸¨³Ê³ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ ϑγW = 90◦. �µÔÉµ³Ê
¨¸¶µ²Ó§µ¢ ´¨¥ µ¡·¥§ ´¨Ö ¶µ Ê£²Ê · ¸¸¥Ö´¨Ö ¶µ§¢µ²Ö¥É ¸ÊÐ¥¸É¢¥´´µ ¶µ¤ ¢¨ÉÓ
¢±² ¤ ¶·µÍ¥¸¸µ¢ ‘Œ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ γγ → W+W− ¨ É¥³ ¸ -
³Ò³ Ê²ÊÎÏ¨ÉÓ Ê¸²µ¢¨Ö ¤²Ö ¢Ò¤¥²¥´¨Ö ¸¨£´ ²  Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ® ´µ³ ²Ó´µ-
£µ¯ ¢§ ¨³µ¤¥°¸É¢¨Ö (¸³. É ¡²¨ÍÊ). ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢ ¨
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’ ¡²¨Í . ‚²¨Ö´¨¥ µ¡·¥§ ´¨Ö ¶µ Ê£²Ê ϑγW ´  ¸¥Î¥´¨¥ ·¥ ±Í¨¨
γγ → W +W− (¢ ¶¡)

√
s, ’Ô‚ σtot cos ϑγW < 0, 8 cos ϑγW < 0, 6

0,5 77 9,7 3,1

1,0 88 2,9 0,86

2,0 91 0,78 0,22

¨§³¥·¥´¨¥ ¶µ²Ö·¨§ Í¨¨ W -¡µ§µ´µ¢ µ¡¥¸¶¥Î¨¢ ¥É ¢µ§³µ¦´µ¸ÉÓ ´¥ Éµ²Ó±µ ¤µ-
¶µ²´¨É¥²Ó´µ£µ Ê¸¨²¥´¨Ö ¸¨£´ ²  Î¥ÉÒ·¥Ì¡µ§µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (33), ´µ
¨ · §¤¥²¥´¨Ö ¢±² ¤µ¢ ® ´µ³ ²Ó´ÒÌ¯ ±µ´¸É ´É ¸¢Ö§¨ a0 ¨ ac.

ˆ§ ¨§³¥·¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ γγ → W+W− ¸ ÉµÎ´µ¸ÉÓÕ 3%
(¶·¨ µ¡·¥§ ´¨¨ | cosϑγW |< 0, 7) ³µ¦´µ ¤µ¸É¨ÎÓ ¸²¥¤ÊÕÐ¨Ì µ£· ´¨Î¥´¨° ´ 
±µ´¸É ´ÉÒ a0 ¨ ac ¢ ¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ [47]:

−6, 0 · 10−2 ≤ a0 ≤ 3, 0 · 10−2 , −0, 1 ≤ ac ≤ 3, 5 · 10−2 ,

¢ Éµ ¢·¥³Ö ± ± ¤²Ö · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢ ¶·¨ Éµ°
¦¥ ÉµÎ´µ¸É¨ ¨§³¥·¥´¨° ¸¥Î¥´¨° ³µ¦´µ ¶µ²ÊÎ¨ÉÓ µ£· ´¨Î¥´¨Ö∗

−5, 0 · 10−2 ≤ a0 ≤ 2, 0 · 10−2 , −0, 1 ≤ ac ≤ 3, 6 · 10−2 (Jz = 0) ,

−2, 0 · 10−2 ≤ ac ≤ 2, 0 · 10−2 (Jz = 2) .

‘ÊÐ¥¸É¢¥´´µ ²ÊÎÏ¨¥ µ£· ´¨Î¥´¨Ö ´  ±µ´¸É ´ÉÒ ® ´µ³ ²Ó´ÒÌ¯ Î¥ÉÒ·¥Ì¡µ-
§µ´´ÒÌ ¸¢Ö§¥° (33) ³µ¦´µ ¤µ¸É¨ÎÓ, ¨§ÊÎ Ö ¶·µÍ¥¸¸ γγ → ZZ, ¢ ±µÉµ·µ³
µÉ¸ÊÉ¸É¢ÊÕÉ ¢±² ¤Ò ‘Œ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥. ‚ µ¤´µ¶¥É²¥¢µ³ ¶·¨¡²¨¦¥´¨¨
‘Œ ¶·¥¤¸± §Ò¢ ¥É ¤²Ö ¸¥Î¥´¨° γγ → ZZ Ê·µ¢¥´Ó ¶µÎÉ¨ ´  É·¨ ¶µ·Ö¤±  ´¨¦¥
¶µ ¸· ¢´¥´¨Õ ¸ γγ → W+W−, ´µ É¥³ ´¥ ³¥´¥¥ ¤µ¸É¨¦¨³Ò° ´  ”‹Š ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ‚¶¥·¢Ò¥ · ¸Î¥ÉÒ ¶·µÍ¥¸¸  γγ → ZZ ¸ ÊÎ¥Éµ³ ´¥ Éµ²Ó±µ
Ë¥·³¨µ´´ÒÌ, ´µ ¨ W -¡µ§µ´´ÒÌ ¶¥É¥²Ó ¡Ò²¨ ¶·µ¢¥¤¥´Ò ¢ [41],   § É¥³ ·¥-
§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¢ÒÎ¨¸²¥´¨° ¶µ²ÊÎ¨²¨ ¶µ¤É¢¥·¦¤¥´¨¥ ¢ · ¡µÉ Ì [49]. ‚ [47]
(¡¥§ ÊÎ¥É  µ¤´µ¶¥É²¥¢µ£µ Ëµ´  ‘Œ) ¶·¨¢µ¤ÖÉ¸Ö µ£· ´¨Î¥´¨Ö ¤²Ö ® ´µ³ ²Ó-
´ÒÌ¯ ±µ´¸É ´É a0 ¨ ac ¨§ ·¥ ±Í¨¨ γγ → ZZ ¶µÎÉ¨ ´  ¶µ·Ö¤µ± ²ÊÎÏ¥, Î¥³
¨§ γγ → W+W−:

| a0 |≤ 4, 0 · 10−3 , | ac |≤ 7, 0 · 10−3

∗®‡ ·Ö¦¥´´Ò°¯ µ¶¥· Éµ· ¸ ±µ´¸É ´Éµ° ¸¢Ö§¨ ac ¤ ¥É ¢±² ¤ ¢ µ¡¥ ±µ´Ë¨£Ê· Í¨¨ Jz = 0
¨ Jz = 2, ¢ Éµ ¢·¥³Ö ± ± ®´¥°É· ²Ó´Ò°¯ µ¶¥· Éµ· ¸ ±µ´¸É ´Éµ° ¸¢Ö§¨ a0 ¤ ¥É ¢±² ¤ Éµ²Ó±µ ¢
±µ´Ë¨£Ê· Í¨¨ Jz = 0.
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¤²Ö ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ ¨

| a0 |≤ 3, 0 · 10−3 , | ac |≤ 6, 0 · 10−3 (Jz = 0) ,

| ac |≤ 1, 0 · 10−2 , (Jz = 2)

¤²Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ ¶ÊÎ±µ¢. �É¨ µÍ¥´±¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ¶·¥¤¶µ²µ¦¥´¨¨,
ÎÉµ ¶·¨ ¸¢¥É¨³µ¸É¨ 10 Ë¡−1 ¨ µ¡·¥§ ´¨¨ | cosϑγZ |≤ 0, 8∗ ·¥£¨¸É·¨·Ê-
ÕÉ¸Ö 10 ¸µ¡ÒÉ¨° ¸ Éµ¶µ²µ£¨¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥°  ¤·µ´´µ³Ê · ¸¶ ¤Ê µ¤´µ£µ
Z-¡µ§µ´  ¨ ´¥°É·¨´´µ³Ê · ¸¶ ¤Ê ¤·Ê£µ£µ. „²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²¥¥ ·¥ ²¨¸É¨Î¥-
¸±¨Ì µÍ¥´µ± ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥ ±Í¨¨ γγ → ZZ ± ¸¨£´ ²Ê µÉ Î¥ÉÒ·¥Ì¡µ-
§µ´´ÒÌ ® ´µ³ ²Ó´ÒÌ¯ ±µ´¸É ´É ¸¢Ö§¥° a0 ¨ ac ´¥µ¡Ìµ¤¨³µ É ±¦¥  ±±Ê· É´µ¥
· ¸¸³µÉ·¥´¨¥ µ¤´µ¶¥É²¥¢µ£µ Ëµ´  ‘Œ.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ µ£· ´¨Î¥´¨Ö ´  ±µ´¸É ´ÉÒ a0 ¨ ac ¨§ e+e−-³µ¤
É·¥Ì¡µ§µ´´µ£µ ·µ¦¤¥´¨Ö, W+W−γ, ZZγ, Zγγ, ´  ´µ¢ÒÌ ²¨´¥°´ÒÌ ±µ²² °-
¤¥· Ì µ± §Ò¢ ÕÉ¸Ö ´  ¤¢  ¶µ·Ö¤±  ÌÊ¦¥, Î¥³ ¨§ ·¥ ±Í¨¨ γγ → ZZ [50].
‚ Éµ ¦¥ ¢·¥³Ö ¢ e+e−- ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ³µ¦´µ ¶·µ¢µ¤¨ÉÓ ¶·Ö³Ò¥ ¨§³¥·¥-
´¨Ö ±µ´¸É ´É Î¥ÉÒ·¥Ì¡µ§µ´´ÒÌ ¸¢Ö§¥° W+W−W+W−, W+W−ZZ, ZZZZ
(¸³. [50Ä52]), ÎÉµ ´¥¤µ¸ÉÊ¶´µ ¢ Ô±¸¶¥·¨³¥´É Ì ´  ËµÉµ´´ÒÌ ¶ÊÎ± Ì. ‘µ-
µÉ¢¥É¸É¢ÊÕÐ¨¥ Î¥ÉÒ·¥Ì¡µ§µ´´Ò¥  ´µ³ ²Ó´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö
² £· ´¦¨ ´µ³, ¸µ¤¥·¦ Ð¨³ ¤¢  µ¶¥· Éµ·  ¸ · §³¥·´µ¸ÉÓÕ 4:

L
(a)
Q =

1
4
g2

W

[
g0(Wµ · Wµ)2 + gc(Wµ · Wν)(Wµ ·Wν)

]
.

�¥·¢Ò° (®´¥°É· ²Ó´Ò°¯) µ¶¥· Éµ· ³µ¦¥É ¶ · ³¥É·¨§µ¢ ÉÓ µ¡³¥´ µÎ¥´Ó ÉÖ¦¥-
²Ò³ ´¥°É· ²Ó´Ò³ ¸± ²Ö·µ³, ¢ Éµ ¢·¥³Ö ± ± ¢Éµ·µ° (®§ ·Ö¦¥´´Ò°¯) µ¶¥· Éµ·
³µ¦¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ É·¨¶²¥ÉÊ ÉÖ¦¥²ÒÌ ¸± ²Ö·µ¢. ‘²ÊÎ °, ±µ£¤  ¢¥·Ï¨´ 
ZZZZ µÉ¸ÊÉ¸É¢Ê¥É, g0 = −gc, ³µ¦¥É ¡ÒÉÓ µ¡Ê¸²µ¢²¥´ µ¡³¥´ ³¨ ÉÖ¦¥²Ò³¨
¢¥±Éµ·´Ò³¨ Î ¸É¨Í ³¨. �£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò g0 ¨ gc ¨§ 3σ-µÉ±²µ´¥´¨°
¶·¨ ¨§³¥·¥´¨¨ ¶µ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨° e+e− → W+W−Z ¨ e+e− → ZZZ
µ¡¸Ê¦¤ ²¨¸Ó ¢ · ¡µÉ¥ [50].

‚ eγ-³µ¤ Ì ¤¢ÊÌ¡µ§µ´´µ£µ ·µ¦¤¥´¨Ö, W+W−e, Zγe, ZZe, W−γν,
W−Zν, ´ ·Ö¤Ê ¸  ´µ³ ²Ó´Ò³¨ Î¥ÉÒ·¥Ì¡µ§µ´´Ò³¨ ¢¥·Ï¨´ ³¨ WWγγ ¨
ZZγγ, µ¶¨¸Ò¢ ¥³Ò³¨ ² £· ´¦¨ ´µ³ (33), ³µ¦´µ É ±¦¥ ¨§ÊÎ ÉÓ ¢±² ¤Ò  ´µ-
³ ²Ó´µ° ¢¥·Ï¨´Ò WWZγ. ’ ±, ¢ · ¡µÉ¥ [53] ¡Ò²µ · ¸¸³µÉ·¥´µ ¢§ ¨³µ¤¥°-
¸É¢¨¥

L(6)
n = i

πα

4m2
V

anWα · (Wν ·Wα
µ)Fµν , (34)

∗�Éµ µ¡·¥§ ´¨¥, ¢ Î ¸É´µ¸É¨, ¶µ§¢µ²Ö¥É Ê¸É· ´¨ÉÓ Ëµ´ ‘Œ, µ¡Ê¸²µ¢²¥´´Ò° ¶·µÍ¥¸¸µ³
eγ → eZ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  µ¤¨´ ¨§ Ô²¥±É·µ´µ¢ ´¥ ¡Ò² ¶µ²´µ¸ÉÓÕ ±µ´¢¥·É¨·µ¢ ´ ² §¥·´Ò³
¶ÊÎ±µ³.



188 Š“��…‚ �.A., ƒ�‹›�‘Šˆ‰ M.‚., ‹…‚—“Š Œ.ˆ.

±µÉµ·µ¥ ¸¢Ö§ ´µ ¸ µ¶¥· Éµ·µ³ c · §³¥·´µ¸ÉÓÕ 6, ¸µÌ· ´ÖÕÐ¨³ ¸¨³³¥É·¨¨
U(1)EM , C, P ¨ SU(2)C , ´µ ´ ·ÊÏ ÕÐ¨³ ¸¨³³¥É·¨Õ SU(2)L×U(1)Y . �Ò²µ
¶µ± § ´µ, ÎÉµ ·¥ ±Í¨¨ eγ → ZZe ¨ eγ → W+W−e ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò ±
 ´µ³ ²Ó´Ò³ ¸¢Ö§Ö³ ¸ ±µ´¸É ´É ³¨ a0 ¨ ac. �£· ´¨Î¥´¨Ö ´  ÔÉ¨ ±µ´¸É ´ÉÒ ¨§
3σ-µÉ±²µ´¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° Ê± § ´´ÒÌ eγ-³µ¤ µ± §Ò¢ ÕÉ¸Ö ¶µÎÉ¨ ´  ¶µ-
·Ö¤µ± ²ÊÎÏ¥, Î¥³ ¨§ e+e−-³µ¤ [50], ¨ ´  Ë ±Éµ· 5 ÌÊ¦¥, Î¥³ ¨§ γγ-³µ¤ [47].
� ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³ ±  ´µ³ ²Ó´µ° ±µ´¸É ´É¥ ¸¢Ö§¨ an Ö¢²Ö¥É¸Ö ¶·µ-
Í¥¸¸ eγ → W−Zν. ˆ§ 3σ-µÉ±²µ´¥´¨° ¶µ²´ÒÌ ¸¥Î¥´¨° ÔÉµ° ·¥ ±Í¨¨ ´ 
²¨´¥°´ÒÌ e+e−-±µ²² °¤¥· Ì ¸ Ô´¥·£¨¥° 500 ƒÔ‚ ¶·¨ ¨´É¥£· ²Ó´µ° ¸¢¥É¨-
³µ¸É¨ 10 Ë¡−1 ³µ¦´µ ¤µ¸É¨ÎÓ Ê·µ¢´Ö µ£· ´¨Î¥´¨° −1, 2 < an < 0, 74. ‚
· ¡µÉ¥ [54] · ¸¸³µÉ·¥´µ É ±¦¥ WWZγ-¢§ ¨³µ¤¥°¸É¢¨¥, µ¡Ê¸²µ¢²¥´´µ¥ µ¶¥-
· Éµ·µ³ εαβµνW−

α W+
β ZµAν c · §³¥·´µ¸ÉÓÕ 6, ±µÉµ·Ò° ¸µÌ·a´Ö¥É ¸¨³³¥É·¨¨

SU(2)L × U(1)Y ¨ CP , ´µ ´ ·ÊÏ ¥É ¸¨³³¥É·¨¨ C, P ¨ SU(2)C .

‘¢Ö§¨ γγγZ ¨ γγγγ µÉ¸ÊÉ¸É¢ÊÕÉ ´  ¤·¥¢¥¸´µ³ Ê·µ¢´¥ ‘Œ, ¢ · ³± Ì
±µÉµ·µ° ¶¥·¥Ìµ¤Ò γγ → γZ ¨ γγ → γγ ¢µ§´¨± ÕÉ ¢ µ¤´µ¶¥É²¥¢µ³ ¶·¨-
¡²¨¦¥´¨¨, ¢±²ÕÎ ÕÐ¥³ ± ± Ë¥·³¨µ´´Ò¥, É ± ¨ W -¡µ§µ´´Ò¥ ¶¥É²¨. ‚ · ¡µ-
É Ì [55] ¶µ± § ´µ, ÎÉµ, ¡² £µ¤ ·Ö ¡µ²ÓÏµ³Ê ¢±² ¤Ê W -¡µ§µ´´ÒÌ ¶¥É¥²Ó ¶·¨
¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ± ± ¨ ¢ ¸²ÊÎ ¥ γγ → ZZ, ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ γγ → γZ
¨ γγ → γγ ¤µ¸É¨£ ÕÉ Ê·µ¢´Ö, ¤µ¸ÉÊ¶´µ£µ Ô±¸¶¥·¨³¥´É ³ ´  ”Š. ‚ µ¡µ¨Ì
· ¸¸³ É·¨¢ ¥³ÒÌ ¶·µÍ¥¸¸ Ì ¢±² ¤Ò Ë¥·³¨µ´´ÒÌ ¶¥É¥²Ó ¤µ³¨´¨·ÊÕÉ ´¨¦¥
W -¶µ·µ£ ,   § É¥³ ¡Ò¸É·µ ¶ ¤ ÕÉ ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¢ ‘–Œ. ‚±² ¤Ò W -
¡µ§µ´´ÒÌ ¶¥É¥²Ó ´ Î¨´ ÕÉ ¤µ³¨´¨·µ¢ ÉÓ ¶·¨

√
se+e− > 250 ƒÔ‚ ¨ ¸ ·µ¸Éµ³

Ô´¥·£¨¨ ¢ÒÌµ¤ÖÉ ¶µÎÉ¨ ´  ¶² Éµ. ‚ Î ¸É´µ¸É¨, Ê¦¥ ¶·¨
√

se+e− = 500 ƒÔ‚
¸¥Î¥´¨¥ ¶·µÍ¥¸¸  γγ → Zγ ¤µ¸É¨£ ¥É ¢¥²¨Î¨´Ò 50 Ë¡, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É
¢ÒÌµ¤Ê 500 ¸µ¡ÒÉ¨° ÔÉµ° ·¥ ±Í¨¨ ´  10 Ë¡−1 ¨´É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨. �·¨
Ô´¥·£¨ÖÌ

√
se+e− > 500 ƒÔ‚ ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´Ò³ ¢Ò¤¥²¥´¨¥ ¨§ ¶·µÍ¥¸¸µ¢

γγ → γZ ¨ γγ → γγ ¢±² ¤µ¢ W -¡µ§µ´´ÒÌ ¶¥É¥²Ó, µ¡Ê¸²µ¢²¥´´ÒÌ É·¥Ì-
¨ Î¥ÉÒ·¥Ì¡µ§µ´´Ò³¨ ¢¥·Ï¨´ ³¨ γWW , ZWW , γγWW ¨ γZWW . ’ -
±¨³ µ¡· §µ³, ¨§ÊÎ¥´¨¥ ¶¥·¥Ìµ¤µ¢ γγ → γZ ¨ γγ → γγ ¢ Ô±¸¶¥·¨³¥´É Ì
´  ¡Ê¤ÊÐ¨Ì ”Š ¨³¥¥É ËÊ´¤ ³¥´É ²Ó´µ¥ §´ Î¥´¨¥, ¶µ¸±µ²Ó±Ê µ¡  ¶·µÍ¥¸¸ 
¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Î¨¸Éµ µ¤´µ¶¥É²¥¢Ò¥ ÔËË¥±ÉÒ ‘Œ ± ± ¶¥·¥´µ·³¨·Ê¥³µ°
´¥ ¡¥²¥¢µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨.

3.2. �¤·µ´´ Ö Ë¨§¨±  ¨ ¶·¥¤¸± § ´¨Ö Š•„ ¢ γγ-¶ÊÎ± Ì. ‘Éµ²±´µ¢¥´¨Ö
¢Ò¸µ±µÔ´¥·£¥É¨Î´ÒÌ ËµÉµ´µ¢ Ö¢²ÖÕÉ¸Ö ² ¡µ· Éµ·¨¥° ¤²Ö ¶·µ¢¥·±¨ ¶·¥¤¸± -
§ ´¨° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨, Ô²¥±É·µ¸² ¡µ° É¥µ·¨¨ ¨ · §²¨Î´ÒÌ · ¸Ï¨-
·¥´¨° ‘Œ. �µ¸±µ²Ó±Ê ± ¦¤Ò° ¨§ ËµÉµ´µ¢ ³µ¦¥É ¶·¥¢· É¨ÉÓ¸Ö ¢ ¶ ·Ê ÉÖ-
¦¥²ÒÌ W -¡µ§µ´µ¢, Éµ ¶·¥¤o¸É ¢²Ö¥É¸Ö Ê´¨± ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ ÉÓ ¶·µ-
Í¥¸¸Ò ¸Éµ²±´µ¢¥´¨° ¨  ´´¨£¨²ÖÍ¨¨ W -¡µ§µ´µ¢. �·¨ Î ¸É¨Î´µ° ±µ´¢¥·¸¨¨
e±e−-±µ²² °¤¥·µ¢ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¸µ§¤ ´¨Ö ËµÉµ´-Ô²¥±É·µ´´ÒÌ (¶µ-
§¨É·µ´´ÒÌ) ±µ²² °¤¥·µ¢. �¤´  ¨§ µ¸´µ¢´ÒÌ § ¤ Î ¶µ ¶·µ¢¥·±¥ ¶·¥¤¸± § -
´¨° Š•„ ¤²Ö É ±¨Ì ±µ²² °¤¥·µ¢ Å ¨§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ËµÉµ´ .
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‚ É ±¨Ì µ¶ÒÉ Ì ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´µ ± ± £²Ê¡µ±µ´¥Ê¶·Ê£µ¥ Ô²¥±É·µ´-
ËµÉµ´´µ¥ · ¸¸¥Ö´¨¥ eγ → eX , É ± ¨ ¶·µÍ¥¸¸ ¸ ÊÎ ¸É¨¥³ § ·Ö¦¥´´ÒÌ Éµ±µ¢
eγ → νX . „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  eγ → eX ¨³¥¥É ¢¨¤

dσeγ→eX

dE′d cos θ
=

4πα2E′

Q4y
[(1 + (1 − y)2)F γ

2 (x, Q2) − y2F γ
2 (x, Q2)], (35)

Q2 = −q2 = 2EE′(1 − cos θ), w2 = (q + p)2,

x = fracQ2Q2 + w2, y = 1 − E′

E
cos2(θ/2) =

qp

kp
.

’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ e+e−-±µ²² °¤¥·µ¢, ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F γ
L É·Ê¤´µ

¤µ¸É¨¦¨³  ¤²Ö ¨§³¥·¥´¨Ö, ¶µ¸±µ²Ó±Ê ´ ¤¥¦´µ¥ µÉ¤¥²¥´¨¥ µÉ Ëµ´µ¢ (¸± ¦¥³,
· ¸¸¥Ö´¨¥ e−-¶ÊÎ±  ´  µ¸É ÉµÎ´µ³ £ §¥) µ£· ´¨Î¨¢ ¥É µ¡² ¸ÉÓ ¨§³¥´¥´¨Ö y
³ ²Ò³¨ ¢¥²¨Î¨´ ³¨. ‘É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö F γ

2 ¡µ²¥¥ ¤µ¸ÉÊ¶´  ¤²Ö ¨§³¥·¥´¨°.
� ¶µ³´¨³, ÎÉµ F γ

2 ¢ · ³± Ì ´ ¨¢´µ° ±¢ ·±µ¢µ° ³µ¤¥²¨

Fλ
2 (x, Q2) =

∑
q

e2
q · 2xDq

γ(x, Q2) , Dq
γ(x) =

α

2π
e2

q ln
Q2

m2
(x2 + (1 − x)2)

(36)

µ¡´ ·Ê¦¨¢ ¥É ´ ·ÊÏ¥´¨¥ ¸±¥°²¨´£  Ê¦¥ ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥-
´¨° [56]. “Î¥É ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¸µÌ· ´Ö¥É ± Î¥-
¸É¢¥´´µ É ±µ¥ ¶µ¢¥¤¥´¨¥ ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨:

xDq
γ(x, Q2) =

(α/2π)
αs(Q2)

e2
q · f(x), αs(Q2) ∼ 1

ln Q2/Λ2
. (37)

ˆ´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥ ËÊ´±Í¨¨ f(x), É ± ¦¥,
± ± ¨ ¢µ¶·µ¸Ò ÊÎ¥É  Ô¢µ²ÕÍ¨¨ ´ ·ÊÏ¥´¨Ö ¸±¥°²¨´£  ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì É¥µ-
·¨¨ ¢µ§³ÊÐ¥´¨° [38,57]. ‡ ³¥É¨³, ÎÉµ, ¨§³¥·ÖÖ ´  µ¶ÒÉ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥
¸¥Î¥´¨¥, ¨, ¢ Î ¸É´µ¸É¨,  §¨³ÊÉ ²Ó´Ò¥ ±µ··¥²ÖÍ¨¨, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤µ¶µ²´¨-
É¥²Ó´ÊÕ, ¶µ ¸· ¢´¥´¨Õ ¸ ¨§³¥·¥´¨¥³ ¶µ²´ÒÌ ¸¥Î¥´¨°, ¨´Ëµ·³ Í¨Õ:

4π
dσeγ→eaX

dxdydΩa
=

2πα2

Q2

1 + (1 − y2)
xy

[2xF̃T + ξ(y)F̃L − ρ(y)F̃A cosϕa+

+1/2ξ(y)F̃B cos 2ϕa], (38)

£¤¥ ξ(y) = 2(1 − y)/[1 + (1 − y)2] Å ¸É¥¶¥´Ó ¶·µ¤µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¢¨·-
ÉÊ ²Ó´µ£µ ËµÉµ´ , Ωa ¶·¥¤¸É ¢²Ö¥É ´ ¶· ¢²¥´¨¥  ¤·µ´  a ¢ ¸¨¸É¥³¥ ¶µ±µÖ
γγ∗-Î ¸É¨Í, ϕa Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ¢µ±·Ê£ γγ∗-µ¸¨ µÉ´µ¸¨É¥²Ó´µ ¶²µ¸-
±µ¸É¨, ¸µ¤¥·¦ Ð¥° · ¸¸¥Ö´´Ò° Ô²¥±É·µ´. ”Ê´±Í¨¨ ρ(y) ¨ ξ(y) ¡²¨§±¨ ±



190 Š“��…‚ �.A., ƒ�‹›�‘Šˆ‰ M.‚., ‹…‚—“Š Œ.ˆ.

¥¤¨´¨Í¥ ¶·¨ ³ ²ÒÌ y. ‘É ´¤ ·É´Ò¥ ËÊ´±Í¨¨ F2, FL ¶µÖ¢ÖÉ¸Ö ¶µ¸²¥ ¨´-
É¥£·¨·µ¢ ´¨Ö ¶µ Ωa. ‚ Î ¸É´µ¸É¨, ¨§³¥·¥´¨¥ < cos 2ϕa > ¤ ¸É ÉÊ ¦¥ ¨´-
Ëµ·³ Í¨Õ, ÎÉµ ¨ F γ

L . �±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³ Ö µ¡² ¸ÉÓ ¢ ¶¥·¥³¥´´ÒÌ
ln(1/x − 1), ln Q2 (ƒÔ‚)2 ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶ · ²²¥²µ£· ³³ ¸ Q2

max 
 seγ

¨ Q2
min, µ¶·¥¤¥²Ö¥³Ò³ ¶·¥¤¥² ³¨ ¶·¨³¥´¨³µ¸É¨ Š•„ (Q2

min ≥ 5 ÷ 6 ƒÔ‚2).
Œ¨´¨³ ²Ó´µ¥ §´ Î¥´¨¥

√
w2 Å ¨´¢ ·¨ ´É´µ° ³ ¸¸Ò ·µ¦¤¥´´ÒÌ  ¤·µ´µ¢,

¢ ¶·¨´Í¨¶¥, · ¢´µ Ê¤¢µ¥´´µ° ³ ¸¸¥ ¶¨µ´µ¢, ´µ, Ë ±É¨Î¥¸±¨, µ¶·¥¤¥²Ö¥É¸Ö
´ ¡µ·µ³ ¸É É¨¸É¨±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ¶·¨³¥´¨³µ¸ÉÓÕ Š•„. ’¨-
¶¨Î´Ò¥ §´ Î¥´¨Ö Q2

max ¨ xmin ¤²Ö Ê¸É ´µ¢µ± L‘-200 ¥¸ÉÓ 103 ƒÔ‚2 ¨ 10−3,  
¤²Ö ²¨´¥°´ÒÌ e+e−-±µ²² °¤¥·µ¢ (É ± ¦¥, ± ± ¨ ¤²Ö eγ-±µ²² °¤¥·µ¢) LC-500
105 ƒÔ‚2 ¨ 10−5.

Š ± ³Ò Ê¦¥ Ê¶µ³¨´ ²¨, ¢ ·¥§Ê²ÓÉ É¥  ¸¨³¶ÉµÉ¨Î¥¸±µ° ¸¢µ¡µ¤Ò ËÊ´±-
Í¨Ö F γ

2 (x, Q2) Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ ln Q2 ¨ ¶·¨ x → 1. �µ¸É  ³¶²¨ÉÊ¤Ò
γ∗γ → q̄q ¶·¨ x → 1 ¶µ¤ ¢²Ö¥É¸Ö §  ¸Î¥É ¨§²ÊÎ¥´¨Ö £²Õµ´µ¢ (¶µ-¢¨¤¨³µ³Ê,
± ± 1/ ln(4/(1 − x))), ¢ Éµ ¦¥ ¢·¥³Ö ¶·¨ ³ ²ÒÌ x ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ·µ¸É  F γ

2

§  ¸Î¥É µ¡· §µ¢ ´¨Ö ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¶ · [58]. �É¨ ·¥§Ê²ÓÉ ÉÒ, ¶µ²Ê-
Î¥´´Ò¥ ¢ · ³± Ì Š•„ ¸ ÊÎ¥Éµ³ ´¥²¨¤¨·ÊÕÐ¨Ì ¢±² ¤µ¢, ¶µ¤²¥¦ É Ô±¸¶¥·¨-
³¥´É ²Ó´µ° ¶·µ¢¥·±¥. �¦¨¤ ¥³µ¥ (¶µ É¥µ·¨¨) §´ Î¥´¨¥ F2/α ¤²Ö §´ Î¥´¨°
< Q2 >= 200 ƒÔ‚2, 0, 2 < x < 0, 8 ¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  0, 5, ¶·¨Î¥³ É¥µ-
·¥É¨Î¥¸±¨¥ µÏ¨¡±¨ (§  ¸Î¥É ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¢Ò¡µ·¥ Λ) ´¥ ¶·¥¢ÒÏ ÕÉ
¸É É¨¸É¨Î¥¸±¨Ì ¶·¨ ¶² ´¨·Ê¥³µ° ¨´É¥£· ²Ó´µ° ¸¢¥É¨³µ¸É¨ LC-200, · ¢´µ°
500 ¶¡−1. �´ ²¨§ Ê· ¢´¥´¨° Ô¢µ²ÕÍ¨¨ ¤²Ö F γ

2 ¶µ± §Ò¢ ¥É  ¸¨³¶ÉµÉ¨Î¥¸±µ¥
Ê³¥´ÓÏ¥´¨¥  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ, Éµ£¤  ± ± ¢±² ¤ ±µ³¶µ´¥´ÉÒ, µÉ¢¥Î Õ-
Ð¥° ÉµÎ¥Î´µ³Ê Ì · ±É¥·Ê ¶¥·¥Ìµ¤  ËµÉµ´  ¢ q̄q-¶ ·Ê, · ¸É¥É ∼ ln Q2, ÎÉµ
¸µ£² ¸Ê¥É¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨ ¸ Q2 < 103 ƒÔ‚2 [59]. � Î¨´ ÕÐ¥¥¸Ö
· ¸Ìµ¦¤¥´¨¥ ¢ µ¡² ¸É¨ Q2 < 103 ƒÔ‚2 ³µ¦¥É ¡ÒÉÓ ¤¥É ²Ó´µ ¶·µ¢¥·¥´µ ´ 
γe-±µ²² °¤¥· Ì.

‚ µ¶ÒÉ Ì ¸ ¤¥É¥±É¨·µ¢ ´¨¥³ c-±¢ ·±  (¨²¨ t-±¢ ·± ) ³µ¦´µ ¶·µ¢¥·¨ÉÓ,
¸µµÉ¢¥É¸É¢Ê¥É ²¨ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ · ¸Î¥É ¨Ì ¢±² ¤  ¢ F γ

2 , µ¸´µ¢ ´´Ò° ´ 
¡µ·´µ¢¸±µ°  ³¶²¨ÉÊ¤¥ ¨ ´¨§Ï¨Ì (µ¤´µ¶¥É²¥¢ÒÌ) ¶µ¶· ¢± Ì ± ´¥° ¢µ ¢¸¥°
µ¡² ¸É¨ x < xmax = Q2/(Q2 + 4m2

q). „²Ö Q2 = 5, 9 ƒÔ‚2 ¸· ¢´¥´¨¥ ¶µ± -
§Ò¢ ¥É · §Ê³´µ¥ ¸µ£² ¸¨¥ µ¶ÒÉ  [60] ¸ ¢¥¤ÊÐ¨³ ²µ£ ·¨Ë³¨Î¥¸±¨³ ¢±² ¤µ³
Š•„, ¶·¨ ÔÉµ³ ¢±² ¤ ¸µ¡ÒÉ¨° ¸ c-±¢ ·±µ³ µ± §Ò¢ ¥É¸Ö ³ ²Ò³. �É´µ¸¨É¥²Ó-
´Ò° ¢±² ¤  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ ¢ F γ

2 Ê³¥´ÓÏ ¥É¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨:

F γ
2 (Q2) = [F γ

2 (Q2
0) − F γ

2pt(Q
2
0)](

αs(Q2)
αs(Q2

0)
)dNS + F γ

2pt(Q
2), dNS > 0,

F γ
2pt(Q

2) =
4
9

dB

1 + dNS
ln

Q2

Q2
0

, (39)

¤²Ö Q2
0 ∼ 1 ƒÔ‚2 µ´ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´ ´  µ¸´µ¢¥ ¢¥±Éµ·´µ° ¤µ³¨´ ´É´µ-

¸É¨. ’µ£¤ , ¤ ¦¥ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ∼ 50 % ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ´¥°, ¤²Ö
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Q2 = 100 ƒÔ‚2 Ê¦¥ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É· Λ ¸ ÉµÎ´µ¸ÉÓÕ ±120 ŒÔ‚
[38]. �·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì Q2

0 ∼ 10, 3 ƒÔ‚2 ´ ¤µ ¶·¨´¨³ ÉÓ ¢µ ¢´¨³ ´¨¥
µ¡³¥´ Z-¡µ§µ´µ³,   É ±¦¥ W -¡µ§µ´µ³ ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨. ‚ ¶µ¸²¥¤-
´¥³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ¤¥²µ ¸ ¶·µÍ¥¸¸µ³, ¨¤ÊÐ¨³ §  ¸Î¥É § ·Ö¦¥´´ÒÌ Éµ±µ¢:
e± + γ → ν + X . „²Ö eγ-±µ²² °¤¥·µ¢ ¸¥Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·µÍ¥¸¸µ¢
³ ²Ò: ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ Ë¥³Éµ¡ ·´, Éµ£¤  ± ± ¤²Ö LC-500 µ´µ Ê¦¥ ¡Ê¤¥É
¶µ·Ö¤±  ¶¨±µ¡ ·´ , ¨, É ±¨³ µ¡· §µ³, ³µ¦´µ · ¸¸Î¨ÉÒ¢ ÉÓ ´  ´¥¸±µ²Ó±µ ÉÒ-
¸ÖÎ ¸µ¡ÒÉ¨° ¢ £µ¤ ¢ ¸²ÊÎ ¥ ¶·¨³¥´¥´¨Ö ² §¥·´µ° ±µ´¢¥·¸¨¨. —Éµ ± ¸ ¥É¸Ö
¨¸¶µ²Ó§µ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ËµÉµ´´µ£µ ¶ÊÎ±  ®Ô±¢¨¢ ²¥´É´ÒÌ¯ ËµÉµ´µ¢ ¤·Ê-
£µ£µ ¶ÊÎ± , Éµ ¢ ¸¨²Ê ¶·µÉÖ¦¥´´µ¸É¨ ¨ ´¥¸¨´£Ê²Ö·´o£µ Ì · ±É¥·  ¸¶¥±É·µ¢
ÔÉ¨Ì ËµÉµ´µ¢  ´ ²¨§ y-§ ¢¨¸¨³µ¸É¨ ¡Ê¤¥É É·Ê¤´Ò³.

3.3. ”¨§¨±  ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°. ’µÉ Ë ±É, ÎÉµ ¢ µ¸´µ¢-
´µ³ ¶·µÍ¥¸¸¥ ¶·¥¢· Ð¥´¨Ö ËµÉµ´  ¢ ±¢ ·±- ´É¨±¢ ·±µ¢ÊÕ ¶ ·Ê ¶µ¶¥·¥Î´Ò°
¨³¶Ê²Ó¸ ´¥ µ£· ´¨Î¥´, ¢¥¤¥É ± ¨´É¥·¥¸´Ò³ ¸²¥¤¸É¢¨Ö³ (µ¤´µ ¨§ ´¨Ì Ê¦¥ Ê¶µ-
³¨´ ²µ¸Ó ¢ÒÏ¥: F γ

2 ∼ ln Q2) ¤²Ö Ë¨§¨±¨ ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°. ‚
ÔÉµ° µ¡² ¸É¨ ¶¥·¥³¥´´ Ö �Ó¥·±¥´  x µÎ¥´Ó ³ ² ,   Q2 Å Ê³¥·¥´´µ ¢¥²¨±  (¤µ
´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ƒÔ‚2). ‚ ÔÉµ° µ¡² ¸É¨ Ê¦¥ ´¥ · ¡µÉ ¥É ¦¥¸É±µ¥ Ê¶µ·Ö¤µ-
Î¥´¨¥ ¶µ ¶µ¶¥·¥Î´Ò³ ±µ³¶µ´¥´É ³ ¸É·Ê°, Ì · ±É¥·´µ¥ ¤²Ö £²Ê¡µ±µ´¥Ê¶·Ê£¨Ì
¶·µÍ¥¸¸µ¢. � ¶·µÉ¨¢, §¤¥¸Ó ¸²¥¤Ê¥É µ¦¨¤ ÉÓ ¨Ì ¶µ¸É¥¶¥´´µ£µ Ê¢¥²¨Î¥´¨Ö µÉ
¢¥²¨Î¨´ ¶µ·Ö¤± 

√
Q2 ¤²Ö ¸É·Ê°, µ¸¨ ±µÉµ·ÒÌ ¡²¨§±¨ ± ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥-

´¨Ö Ô²¥±É·µ´ . �µ¸É ¶·µ¤µ²¦ ¥É¸Ö ¢¶²µÉÓ ¤µ §´ Î¥´¨° ¡Ò¸É·µÉÒ, µÉ¢¥Î ÕÐ¨Ì
Í¥´É·Ê ¶² Éµ, ¨ § É¥³ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥´¨¥ Ì · ±É¥·´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³-
¶Ê²Ó¸µ¢ ¸É·Ê° ¤µ ¢¥²¨Î¨´ ¶µ·Ö¤±  1 ƒÔ‚ [61]. ‡¤¥¸Ó ¢µ§´¨± ¥É ¨´É¥·¥¸´ Ö
Ô±¸¶¥·¨³¥´É ²Ó´ Ö § ¤ Î  ¨¸¸²¥¤µ¢ ´¨Ö ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê Ô´¥·£¨¥° ¸É·Ê¨ ¨
¥¥ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³.

‚ ¸µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ
¶ · ³µ¦¥É ¡ÒÉÓ ¨¸¸²¥¤µ¢ ´µ Ö¢²¥´¨¥ Ô±· ´¨·µ¢ ´¨Ö £²Õµ´µ¢ ´  ³ ²ÒÌ · ¸-
¸ÉµÖ´¨ÖÌ, ¸¢Ö§ ´´µ¥ ¸ Ë¨§¨±µ° ±µ´Ë °´³¥´É  ±¢ ·±µ¢ [62]. �·¨ µÎ¥´Ó ¡µ²Ó-
Ï¨Ì Ô´¥·£¨ÖÌ  ¤·µ´´ Ö ±µ³¶µ´¥´É  ËµÉµ´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µ£¥·¥´É´ÊÕ
¸Ê³³Ê ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. „¥°¸É¢¨É¥²Ó´µ [56], ¢·¥³Ö ±µ£¥·¥´É´µ¸É¨ ËµÉµ´ ,
µ¶·¥¤¥²Ö¥³µ¥ ¨§ Ê¸²µ¢¨Ö ³ ²µ¸É¨  ·£Ê³¥´É  ¶²µ¸±µ° ¢µ²´Ò eiqx, qx ∼ 1, µ± -
§Ò¢ ¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨³ ∼ (1/M)(s/q2) ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸µ¸ÉµÖ´¨°
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢. �µ²ÓÏ Ö ¤²¨´  ±µ£¥·¥´É´µ¸É¨ ³¥¦¤Ê ËµÉµ´µ³ ¨ ¶·µ³¥-
¦ÊÉµÎ´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´  ± ±
µ¸´µ¢  µ¶¨¸ ´¨Ö  ¤·µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ËµÉµ´µ¢ ¶·¨ ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ
¨³¶Ê²Ó¸ Ì.

‚ Î ¸É´µ¸É¨, ÔÉµÉ Ë ±É ¶µ§¢µ²Ö¥É ¶·¨³¥´¨ÉÓ É¥µ·¥³Ê Ë ±Éµ·¨§ Í¨¨,
µ¸´µ¢ ´´ÊÕ ´  £¨¶µÉ¥§¥ µ¡³¥´  ¶µ²Õ¸µ³ �µ³¥· ´ÎÊ±  ¢ ¶·µÍ¥¸¸ Ì ¸ ÊÎ -
¸É¨¥³ ËµÉµ´  σγγ = σ2

γp/σpp ≈ 240 ´¡. ’ ±¨³ µ¡· §µ³, ³µ¦´µ ¶·µ¸²¥¤¨ÉÓ
³¥¤²¥´´Ò° ·µ¸É σγγ ¸ Ô´¥·£¨¥° ¢¸²¥¤¸É¢¨¥ ·µ¸É  ¸¥Î¥´¨° ËµÉµ´-¶·µÉµ´´µ£µ
¨ ¶·µÉµ´-¶·µÉµ´´µ£µ · ¸¸¥Ö´¨° (¡² £µ¤ ·Ö µ¡³¥´Ê ¶µ³¥·µ´µ³).
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ˆ´É¥·¥¸´Ò³ Ö¢²Ö¥É¸Ö ±·Ê£ Ë¨§¨Î¥¸±¨Ì § ¤ Î ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ, ¸¢Ö-
§ ´´ÒÌ ¸ ¤¢µ°´µ° ¤¨Ë· ±Í¨¥°, É.¥. ¶¥·¥Ìµ¤µ³ ± ¦¤µ£µ ¨§ ËµÉµ´µ¢ ¢ µ¤¨´
¨§ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ γγ → v1v2, v = ρ, ω, φ, J/Ψ,   É ±¦¥ ¶·µÍ¥¸¸Ò ¸
µ¡· §µ¢ ´¨¥³ µ¤¨´µÎ´ÒÌ ³¥§µ´µ¢ γγ → vX . ‚ µ¡² ¸É¨ ¤µ¸É ÉµÎ´µ ¡µ²Ó-
Ï¨Ì ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸µ¢

√
−t � Λ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ÒÎ¨¸²¥´¨¥³

¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¢ Š•„ ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ
±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¶ · γγ → qq̄qq̄ ¨ § É¥³ ¨¸¶µ²Ó§µ¢ ÉÓ  ³¶²¨ÉÊ¤Ò ¨Ì
¶¥·¥Ìµ¤  ¢ ¸µ¸ÉµÖ´¨Ö ¸ ¢¥±Éµ·´Ò³¨ ³¥§µ´ ³¨.

‚ · ¡µÉ Ì [63,64] ¶µ± § ´µ, ÎÉµ ¢ ·¥¤¦¥¢¸±µ³ ·¥¦¨³¥ ¤µ³¨´¨·Ê¥É µ¡³¥´
¤¢Ê³Ö £²Õµ´ ³¨ ¢ ± ´ ²¥ · ¸¸¥Ö´¨Ö, ¶·¨Î¥³ ¸¶· ¢¥¤²¨¢ ¢¨¤ ¸¥Î¥´¨°

dσ

dt
(γγ → V V ) ∼ α4

s(t)/t6 . (40)

‚ É ± ´ §Ò¢ ¥³µ° ¶µ²Ê¦¥¸É±µ° ±¨´¥³ É¨±¥ ¤²Ö ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ
³¥§µ´µ¢ M = π0, η, η1, J/Ψ, A2, ρ0, γγ → MM , w2 = (p1γ + p2γ)2 �
� p2

⊥ = |t| = (pγ1 − pM )2 � µ2, £¤¥ µ = 0, 3 ƒÔ‚, ³µ£ÊÉ ¡ÒÉÓ µ¤´µ¢·¥³¥´´µ
¨¸¶µ²Ó§µ¢ ´Ò ¶µ¤Ìµ¤ ¶¥·ÉÊ·¡ É¨¢´µ° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ [61] ¨ Ë¥´µ-
³¥´µ²µ£¨Ö µ¡· §µ¢ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨°. …¸²¨ ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨
¢µ§³ÊÐ¥´¨° ¸¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¶ ¤ ÕÉ ± ± w−4, Éµ ¢±² ¤ ¤¨ £· ³³ ¸
µ¡³¥´µ³ £²Õµ´ ³¨ ´¥ ¶ ¤ ¥É ¸ ·µ¸Éµ³ Ô´¥·£¨¨ w. �·¨ ÔÉµ³ ¢µ§´¨± ÕÉ ·Ö¤Ò
¢¨¤  1 +

∑∞
1 cnzn, z = (3αs/2π) lnw2/w2

0 ¤²Ö Ì · ±É¥·´ÒÌ ¢ µ¶ÒÉ¥ §´ Î¥-
´¨°: 0, 25 < z < 0, 5. ‘¥Î¥´¨¥ ¤²Ö ¸²ÊÎ Ö µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ¶¸¥¢¤µ¸± ²Ö·´ÒÌ
³¥§µ´µ¢ ¨³¥¥É ¢¨¤ [65]:

dσ

dt
f(w, t)

(
w2

ω2
0

)2w0

, 2ω0 =
12αs(t)

π
4 ln 2, (41)

£¤¥ 1 + ω0 ¥¸ÉÓ ¨´É¥·¸¥¶É ¶µ³¥·µ´  �”Š‹ [61],   ËÊ´±Í¨Ö f(w, t) ¸² ¡µ
§ ¢¨¸¨É µÉ w. „²Ö ¸²ÊÎ Ö µ¡· §µ¢ ´¨Ö ¤¢ÊÌ J/Ψ-³¥§µ´µ¢ ¨³¥¥³, ¢ Î ¸É´µ¸É¨
[66],

dσ(J/Ψ, J/Ψ)
dp2

⊥
= 16π2α2(αsCF )4

π3

4
exp(16z ln 2)
(7πξ(3)z)3

(
cψfψ

M2
ψ

)4

ln4

(
M2

ψ

p2
⊥

)
,

(42)

cψ =
3
4
; fJ/Ψ = 0, 38 ƒÔ‚.

’ ±, ¤²Ö γγ-±µ²² °¤¥·µ¢ ¸ £µ¤µ¢µ° ¸¢¥É¨³µ¸ÉÓÕ 500 ¶¡−1 ¤²Ö Ì · ±É¥·´ÒÌ
Ê¸²µ¢¨° ·¥£¨¸É· Í¨¨ w0 ∼ 15 ƒÔ‚, | t |min= 4 ƒÔ‚2, θmin = 100 ³· ¤ ¸²¥¤Ê¥É
µ¦¨¤ ÉÓ ¶µ·Ö¤±  600 ¸µ¡ÒÉ¨° µ¡· §µ¢ ´¨Ö ¤¢ÊÌ J/Ψ-³¥§µ´µ¢. ‚±² ¤ É·¥Ì£²Õ-
µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ± ´ ²¥ · ¸¸¥Ö´¨Ö (¢±² ¤ o¤¤¥·µ´ ) ³µ¦¥É ¡ÒÉÓ µÉµ¦¤¥-
¸É¢²¥´ ¢ ¶·µÍ¥¸¸ Ì µ¡· §µ¢ ´¨Ö ¶¸¥¢¤µ¸± ²Ö·´ÒÌ ¨ É¥´§µ·´ÒÌ Î ¸É¨Í [64].
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�·¥¤²µ¦¥´´ Ö ¢ ±µ´Í¥ 70-Ì £µ¤µ¢ ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ ÉÓ Ë¨§¨±Ê �”Š‹
¶µ³¥·µ´  ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¶·¨¢²¥± ¥É ¡µ²ÓÏµ¥ ¢´¨-
³ ´¨¥ ± ± É¥µ·¥É¨±µ¢, É ± ¨ Ô±¸¶¥·¨³¥´É Éµ·µ¢. ŒÒ µÉ¸Ò² ¥³ Î¨É É¥²Ö ±
²¨É¥· ÉÊ·¥, ¶·¨¢¥¤¥´´µ° ¢ [61].

3.4. �¡· §µ¢ ´¨¥ ¶ · ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ. ‘¥Î¥´¨¥
¶·Ö³µ£µ ± ´ ²  γγ → q̄q, σq̄q ∼ π(α2/M2

α) ¸µ¸É ¢²Ö¥É ∼ 130 ´¡ ¨ ∼ 0, 13
¤²Ö ¸²ÊÎ Ö ·µ¦¤¥´¨Ö cc̄ ¨ bb̄ ¸µµÉ¢¥É¸É¢¥´´µ; σtt̄ ≈ π/(α2/m2

t )/6 ≈ 0, 02 .
„²Ö ·µ¦¤¥´¨Ö cc̄ ¨ bb̄ ¢ ¶·µÍ¥¸¸ Ì ´  e+e−-±µ²² °¤¥· Ì ¢ µ¡² ¸É¨ Ô´¥·£¨° ¢
‘–Œ 200 <

√
seē < 500 ƒÔ‚ ¢ ¶·¨¡²¨¦¥´¨¨ Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢ ¸¥Î¥´¨Ö

¨³¥ÕÉ ¶µ·Ö¤µ± ´¥¸±µ²Ó±¨Ì ¶¨±µ¡ ·´ [67].
„·Ê£¨¥ ³¥Ì ´¨§³Ò ·µ¦¤¥´¨Ö ÉÖ¦¥²µ° ¶ ·Ò, ¸ ÊÎ ¸É¨¥³ µ¤´µ£µ ¨²¨ ¤¢ÊÌ

£²Õµ´µ¢, § ¢¨¸ÖÉ µÉ ¤¥É ²¥° ¶·¥¤¶µ² £ ¥³µ£µ · ¸¶·¥¤¥²¥´¨Ö £²Õµ´µ¢ ¢ Ëµ-
Éµ´¥. ‘µ£² ¸´µ µÍ¥´± ³, ¶µ²ÊÎ¥´´Ò³ ¢ [67], £²Õµ´-ËµÉµ´´Òe ¢±² ¤Ò ¸· ¢´¨-
¢ ÕÉ¸Ö ¸ ¢±² ¤µ³ ³¥Ì ´¨§³  ‹ ´¤ Ê Å ‹¨ËÏ¨Í  (¤¢ÊÌËµÉµ´´Ò° ³¥Ì ´¨§³)
²¨ÏÓ ¶·¨

√
s > 200 ƒÔ‚, Éµ£¤  ± ± ¢±² ¤ ¤¢ÊÌ£²Õµ´´µ£µ ³¥Ì ´¨§³  ´  ¶µ·Ö-

¤µ± ³¥´ÓÏ¥.
�É´µÏ¥´¨¥ ¸¥Î¥´¨° µ¡· §µ¢ ´¨Ö ¤¢ÊÌ t-±¢ ·±µ¢ ¢ e+e−- ¨ ¸µµÉ¢¥É¸É¢ÊÕ-

Ð¨Ì γγ-±µ²² °¤¥· Ì (¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ² §¥·  ¸ Ô´¥·£¨¥° ËµÉµ´µ¢ 1, 26 Ô‚)
¥¸ÉÓ ¢¥²¨Î¨´  ¶µ·Ö¤±  0, 4 ÷ 0, 6 ¤²Ö

√
s ∼ 450 ƒÔ‚. �·¥¤¸± §Ò¢ ÕÉ¸Ö §´ -

Î¨É¥²Ó´Ò¥ ¶µ·µ£µ¢Ò¥ Ö¢²¥´¨Ö, ´µ µ¡· §µ¢ ´¨¥ Éµ¶µ´¨Ö ´¥ ¶·µ¨¸Ìµ¤¨É ¢¢¨¤Ê
³ ²µ£µ ¢·¥³¥´¨ ¦¨§´¨ t-±¢ ·±  [68].

3.5. �µ²Ö·¨§ Í¨µ´´Ò¥ ÔËË¥±ÉÒ ¢ γe- ¨ γγ-±µ²² °¤¥· Ì. ”µÉµ´Ò, µ¡· -
§µ¢ ´´Ò¥ ¶·¨ γe-±µ´¢¥·¸¨¨ ² §¥·´µ£µ ¶ÊÎ± , ³µ£ÊÉ ´ Ìµ¤¨ÉÓ¸Ö ¢ · §²¨Î´ÒÌ
¸µ¸ÉµÖ´¨ÖÌ ¶µ²Ö·¨§ Í¨¨, Éµ£¤  ± ± Ô±¢¨¢ ²¥´É´Ò¥ ËµÉµ´Ò ¢¸¥£¤  ²¨´¥°´µ ¶µ-
²Ö·¨§µ¢ ´Ò ¢ ¶²µ¸±µ¸É¨ µ¡· §µ¢ ´¨Ö. ‚ ¶µ¸²¥¤´¥³ ¸²ÊÎ ¥ ¢µ§´¨± ÕÉ Éµ²Ó±µ
³ ²µ¨´É¥·¥¸´Ò¥  §¨³ÊÉ ²Ó´Ò¥ ±µ··¥²ÖÍ¨¨.

1. � ¸¸³µÉ·¨³ ¢µ§³µ¦´µ¸ÉÓ ¶·µ¢¥·±¨ ±² ¸¸¨Î¥¸±¨Ì ¶· ¢¨² ¸Ê³³ ËµÉµ-
 ¡¸µ·¡Í¨¨ ƒ¥· ¸¨³µ¢  Å „·¥²²  Å •¨·´  (ƒ„•) [69] ¢ µ¶ÒÉ Ì ¶µ ¸Éµ²±-
´µ¢¥´¨Õ ¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´´µ£µ ¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±µ¢. �· ¢¨²µ ¸Ê³³
ƒ„• ¢Ò¢¥¤¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨ ¡¥§¢ÒÎ¨É É¥²Ó´ÒÌ ¤¨¸¶¥·¸¨µ´´ÒÌ ¸µµÉ´µ-
Ï¥´¨° ¤²Ö § ¢¨¸ÖÐ¥° µÉ ¸¶¨´  Î ¸É¨  ³¶²¨ÉÊ¤Ò ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¢
¸µÎ¥É ´¨¨ ¸ ´¨§±µÔ´¥·£¥É¨Î¥¸±¨³¨ É¥µ·¥³ ³¨ ¤²Ö ´¥¥ ¨ ¨³¥¥É ¢¨¤

M2
a =

4π2sα

m2
(g − 2)2 =

∫ ∞

0

dw

w
∆σ(w), ∆σ(w) = σP (w) − σA(w), (43)

£¤¥ s, m, Å ¸¶¨´ ¨ ³ ¸¸  ³¨Ï¥´¨, σP,A(w) Å ¶µ²´µ¥ ¸¥Î¥´¨¥ ±µ³¶Éµ´µ¢-
¸±µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´  c Î ¸ÉµÉµ° w ´  ³¨Ï¥´¨ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  ¸¶¨´Ò
ËµÉµ´  ¨ ³¨Ï¥´¨ ¶ · ²²¥²Ó´Ò ¨²¨  ´É¨¶ · ²²¥²Ó´Ò; Ma Å  ´µ³ ²Ó´Ò° ³ £-
´¨É´Ò° ³µ³¥´É ³¨Ï¥´¨. ‚ · ¡µÉ Ì [70Ä72] ¨¸¸²¥¤µ¢ ´Ò ¶·¨³¥´¥´¨Ö ÔÉµ£µ
¶· ¢¨²  ¸Ê³³ ± ²Õ¡Ò³ ¶·µÍ¥¸¸ ³ ¢¨¤  γa → cd; a, c, d = γ, e, w, z, H, ν
¨ É.¤. ‡¤¥¸Ó ³Ò µÉ³¥É¨³ ¢¥·µÖÉ´ÊÕ ¸¢Ö§Ó ¶· ¢¨²  ¸Ê³³ ƒ„• ¸ ¶· ¢¨²µ³ ¸Ê³³
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¤²Ö ¸É·Ê±ÉÊ·´µ° ËÊ´±Í¨¨ ËµÉµ´ 
∫

dxgγ(x) = 0; ¨´É¥·¥¸´Ò¥ ¸µµÉ´µÏ¥´¨Ö
¤²Ö ¸¥Î¥´¨° γe → Wν, γe → γe, γγ → WW, γγ → ZZ ¢ ¡µ·´µ¢¸±µ³
¶·¨¡²¨¦¥´¨¨, ¢ Î ¸É´µ¸É¨, ¶· ¢¨²  ¸Ê³³∫ ∞

0

dw

w
∆σγw(w) ≈ 0(α3) , (44)

µÉ¢¥Î ÕÐ¨¥ ¸²ÊÎ Õ g−2 = 0(α), ±µÉµ·Ò¥ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± É¥¸Éµ¢Ò¥
¸µµÉ´µÏ¥´¨Ö ¤²Ö ‘Œ. ‚¶¥Î É²Ö¥É ¨Ì ¢Ò¶µ²´¥´¨¥ ± ± ¢ · ³± Ì Š�„, É ± ¨
¢ ´¨§Ï¨Ì ¶µ·Ö¤± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ‘Œ. —Éµ ¦¥ ± ¸ ¥É¸Ö ³µ¤¨Ë¨± Í¨°
‘Œ, ¢ Î ¸É´µ¸É¨ É¥µ·¨°, ¶·¥¤¸± §Ò¢ ÕÐ¨Ì ´¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ‘Œ §´ Î¥-
´¨Ö ±¢ ¤·Ê¶µ²Ó´µ£µ ³µ³¥´É  W -¡µ§µ´  Q = −e(k−λ)/m2

W , µ = ge/2mW =
= e(1 + k + λ)/2mW , e2 = 4πα (‘Œ µÉ¢¥Î ¥É k = 1, λ = 0), Éµ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¨³ ¶· ¢¨²  ¸Ê³³ ƒ„• ´¥ ¢Ò¶µ²´ÖÕÉ¸Ö:

∆σγW (w) ∼ α2π

2M2
λ4

(
w

MW

)3

; − α2

8M2
W

(k − 1)4
(

w

MW

)
, w → ∞. (45)

‚ µ¶ÒÉ Ì ¸ Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´´Ò³¨ ¶ÊÎ± ³¨ ³µ£ÊÉ
¡ÒÉÓ, É ±¨³ µ¡· §µ³, ¶·µ ´ ²¨§¨·µ¢ ´Ò µÉ±²µ´¥´¨Ö µÉ ¶·¥¤¸± § ´¨° ‘Œ
¤²Ö É·¥Ì- ¨ Î¥ÉÒ·¥ÌÉµÎ¥Î´ÒÌ ËÊ´±Í¨° ƒ·¨´  ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢, ¶ · ³¥É·¨-
§Ê¥³ÒÌ λ ¨ k − 1 [70].

2. ‚ ¸²ÊÎ ¥ γe-· ¸¸¥Ö´¨Ö ¸ ²¨´¥°´µ ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨ ¢µ§-
´¨± ÕÉ  §¨³ÊÉ ²Ó´Ò¥  ¸¨³³¥É·¨¨ µÉ´µ¸¨É¥²Ó´µ ¥£µ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨
¨ ¶²µ¸±µ¸É¨ · ¸¸¥Ö´¨Ö (µ¶·¥¤¥²ÖÕÐ¥° ´ ¶· ¢²¥´¨¥ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨
Ô±¢¨¢ ²¥´É´ÒÌ ËµÉµ´µ¢). �´¨ ¨³¥ÕÉ ¸±¥°²¨´£µ¢Ò° Ì · ±É¥· dσ/dφ ∼ ξ(y)×
×α

π x3
∑

q e4
q , £¤¥ ξ(y) Å ¸É¥¶¥´Ó ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ Ô±¢¨¢ ²¥´É´µ£µ Ëµ-

Éµ´ , y = ω/ε Å ¥£µ ¤µ²Ö Ô´¥·£¨¨, x Å ¶ · ³¥É· �Ó¥·±¥´ , eq Å § ·Ö¤
±¢ ·±  ¢ ¶·µÍ¥¸¸¥ γe → qq̄e [73].

3. ’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¶µ²Ö·¨§µ¢ ´´µ£µ ep-· ¸¸¥Ö´¨Ö, ³µ¦´µ ¢¢¥¸É¨
¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ gγ

1 (x, Q2) ËµÉµ´ , ±µÉµ·ÊÕ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ¨§³¥·ÖÖ
 ¸¨³³¥É·¨Õ ²¥¢µ(¶· ¢µ)¶µ²Ö·¨§µ¢ ´´µ£µ Ô²¥±É·µ´  ´  Í¨·±Ê²Ö·´µ ¶µ²Ö·¨§µ-
¢ ´´µ³ ËµÉµ´¥. �É  ËÊ´±Í¨Ö, ´  Ö§Ò±¥ ± ·É¨´Ò ”¥°´³ ´ , ¨§³¥·ÖÕÐ Ö · §-
´µ¸ÉÓ Î¨¸²  ²¥¢µ- ¨ ¶· ¢µ¶µ²Ö·¨§µ¢ ´´ÒÌ ±¢ ·±µ¢ ¢ ËµÉµ´¥, ÎÊ¢¸É¢¨É¥²Ó´  ±
³ ¸¸¥ ËµÉµ´  ³¨Ï¥´¨

√
|p2| [74]. ˆ³¥´´µ ¤²Ö ¥¥ ³ ²ÒÌ §´ Î¥´¨° (¶· ¢¨²µ

¸Ê³³ ƒ„•) ¨³¥¥³
∫ 1

0 dxgγ
1 (x) = 0, Éµ£¤  ± ± ¤²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° ³ ¸¸ ¶· -

¢¨²µ ¸Ê³³ ƒ„• ´¥¶·¨³¥´¨³µ, ¨ §´ Î¥´¨¥ ¨´É¥£· ²  µ¶·¥¤¥²Ö¥É¸Ö É·¥Ê£µ²Ó´µ°
 ´µ³ ²¨¥°

∫
dxgγ

1 (x) = Nc(α/π)
∑

e4
q .

4. Š�‹ˆ���‚�—�›… ���–…‘‘›

�¤¨´ ¨§ £² ¢´ÒÌ ¶ · ³¥É·µ¢ Ê¸±µ·¨É¥²Ö ¸µ ¢¸É·¥Î´Ò³¨ ¶ÊÎ± ³¨ Å ¸¢¥-
É¨³µ¸ÉÓ L Å µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ Ṅ = Lσ, £¤¥ Ṅ Å Î¨¸²µ ¸µ¡ÒÉ¨°
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¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¤²Ö ¶·µÍ¥¸¸  ¸ ¸¥Î¥´¨¥³ σ. …¸²¨ ¨§¢¥¸É¥´ ¸ ¤µ¸É ÉµÎ´µ°
ÉµÎ´µ¸ÉÓÕ · ¸¸Î¨ÉÒ¢ ¥³Ò° ¶·µÍ¥¸¸, ¨³¥ÕÐ¨° ´¥ ¸²¨Ï±µ³ ³ ²µ¥ ¸¥Î¥´¨¥ σ,
Ô±¸¶¥·¨³¥´É ²Ó´µ Ìµ·µÏµ µÉ¤¥²¨³Ò° µÉ ¤·Ê£¨Ì ¶·µÍ¥¸¸µ¢ ¨ Ê¤µ¡´Ò° ¤²Ö ·¥-
£¨¸É· Í¨¨, Éµ ¥£µ ¨§³¥·¥´¨¥ ¶µ§¢µ²¨É ´¥§ ¢¨¸¨³Ò³ µ¡· §µ³ µ¶·¥¤¥²¨ÉÓ ¸¢¥-
É¨³µ¸ÉÓ Ê¸É ´µ¢±¨ L. ’ ±¨¥ ¶·µÍ¥¸¸Ò ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ± ²¨¡·µ¢µÎ´Ò³¨.
�·¨ ÔÉµ³ µÉ¶ ¤ ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ ¢ ¤¥É ²Ó´ÒÌ ¸¢¥¤¥´¨ÖÌ µ É·Ê¤´µ¨§³¥·¨³µ³
· ¸¶·¥¤¥²¥´¨¨ ¶²µÉ´µ¸É¨ ¶ÊÎ±µ¢ ¢ µ¡² ¸É¨ ¢¸É·¥Î¨, ¨¸¶µ²Ó§Ê¥³µ³ ¶·¨ É· -
¤¨Í¨µ´´µ³ µ¶·¥¤¥²¥´¨¨ ¸¢¥É¨³µ¸É¨. ‚ ± Î¥¸É¢¥ ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢
¤²Ö Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¸µÊ¤ ·¥´¨° ¨¸¶µ²Ó§Ê¥É¸Ö Ê¶·Ê£µ¥ e+e−-· ¸¸¥Ö´¨¥
´  ³ ²Ò¥ (¨²¨ ¡µ²ÓÏ¨¥) Ê£²Ò, µ¤´µ±· É´µ¥ ¨²¨ ¤¢Ê±· É´µ¥ ¨§²ÊÎ¥´¨¥ ¶·¨
e+e−-· ¸¸¥Ö´¨¨.

„²Ö ¢¸É·¥Î´ÒÌ γγ-¶ÊÎ±µ¢, ¶µ¸É·µ¥´´ÒÌ ´  µ¸´µ¢¥ ²¨´¥°´ÒÌ e+e−-±µ²-
² °¤¥·µ¢, ¢ ± Î¥¸É¢¥ ± ²¨¡·µ¢µÎ´ÒÌ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·µÍ¥¸¸Ò µ¡· §µ-
¢ ´¨Ö ¤¢ÊÌ ¶ · § ·Ö¦¥´´ÒÌ Î ¸É¨Í γγ → e+e−e+e−, e+e−µ+µ− ¨ É.¤. �É¨
¶·µÍ¥¸¸Ò ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¨§ÊÎ¥´Ò ¢ ²¨É¥· ÉÊ·¥ [75Ä79]. • · ±É¥·´µ°
Î¥·Éµ° ¨Ì Ö¢²Ö¥É¸Ö ´¥§ ¢¨¸¨³µ¸ÉÓ ¶µ²´ÒÌ ¸¥Î¥´¨° µÉ ¶µ²´µ° Ô´¥·£¨¨ ¢ ‘–Œ
ËµÉµ´µ¢

√
s ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ

√
s � 2mµ. ‘¥Î¥´¨Ö ÔÉ¨ ¤µ-

¸É ÉµÎ´µ ¢¥²¨±¨. T ±, ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ e+e−-¶ · ¸µ¸É ¢²Ö¥É 6, 4 ³±¡,
  ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ³Õµ´´µ° ¨ Ô²¥±É·µ´´µ° ¶ ·Ò 5, 67 ´¡∗. �·µÍ¥¸¸Ò ¸
µ¡· §µ¢ ´¨¥³ ³Õµ´µ¢ (¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¤¢ÊÌ ³Õµ´´ÒÌ ¶ · ¸µ¸É ¢²Ö¥É
0, 16 ´¡), ¶µ-¢¨¤¨³µ³Ê, Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ Ê¤µ¡´Ò³¨ ¨§-§  µÉ´µ¸¨É¥²Ó´µ° ¶·µ-
¸ÉµÉÒ ·¥£¨¸É· Í¨¨ ³Õµ´µ¢ ¢ Ô±¸¶¥·¨³¥´É¥. �ÉµÉ ¶·µÍ¥¸¸ ³Ò ¨ · ¸¸³µÉ·¨³
¤¥É ²Ó´µ ´¨¦¥. �·¨ ¸¢¥É¨³µ¸É¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ Lγγ ≈ 1031 c³−2 · ¸−1

µ¡· §Ê¥É¸Ö ¶µ·Ö¤±  200 ¶ · ³Õµ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¢ Î ¸ (¨, ¸µµÉ¢¥É¸É¢¥´´µ,
10 ¸µ¡ÒÉ¨° ¢ Î ¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò τ -²¥¶Éµ´µ¢ ¨ Ô²¥±É·µ´´µ° ¶ ·Ò ¨ ¤¢ 
¸µ¡ÒÉ¨Ö ¢ Î ¸ µ¡· §µ¢ ´¨Ö ¶ ·Ò τ -²¥¶Éµ´µ¢ ¨ ¶ ·Ò µ-³¥§µ´µ¢). „²Ö Í¥²¥°
± ²¨¡·µ¢±¨ ¶·¥¤¸É ¢²ÖÕÉ, µ¤´ ±µ, ¨´É¥·¥¸ ´¥ ¶µ²´Ò¥ ¸¥Î¥´¨Ö ¨ ¸¶¥±É· ²Ó´Ò¥
· ¸¶·¥¤¥²¥´¨Ö,   ¨´±²Õ§¨¢´Ò¥ ¸¥Î¥´¨Ö ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì (¶µ ¸· ¢´¥´¨Õ ¸
³ ¸¸µ°) ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ²¥¶Éµ´µ¢. „ ²¥¥ ³Ò ¶·¥¤¶µ² £ ¥³ ËµÉµ´´Ò¥
¶ÊÎ±¨ ¶µ²Ö·¨§µ¢ ´´Ò³¨. �¨¦¥ ³Ò ¶·¨¢¥¤¥³ Ô´¥·£¥É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö,
¨´±²Õ§¨¢´Ò¥ ¶µ µ− ¨ µ+µ−, ¨ ¤·Ê£¨¥ · ¸¶·¥¤¥²¥´¨Ö, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ
¶µ²¥§´Ò ¤²Ö µ¶ÒÉ . ‘¥Î¥´¨¥ ¶·µÍ¥¸¸ 

γ(k1) + γ(k2) → µ+(p1) + µ−(p2) + e+(p3) + e−(p4) (46)

∗“É¢¥·¦¤¥´¨¥ µ ´¥§ ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨° µÉ s ¸¶· ¢¥¤²¨¢µ ¢ ¤ ²¥±µ°  ¸¨³¶ÉµÉ¨±¥. —Éµ¡Ò
µÍ¥´¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö s, ³Ò · ¸¸³µÉ·¨³ µÉ´µ¸¨É¥²Ó´ÊÕ ¢¥²¨Î¨´Ê ¶µ¶· ¢µÎ´ÒÌ
¸² £ ¥³ÒÌ: �σ/σ = (σ(s) − σasympt)/σasympt = (m2

µ/36s) ln5(s/m2µ). �É  ¢¥²¨Î¨´  ¸É -

´µ¢¨É¸Ö ³ ²µ° (≤ 1%) ¤²Ö Ô´¥·£¨° ≥ 70 ƒÔ‚.
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¢ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì Ô´¥·£¨° ¢ ‘–Œ ËµÉµ´µ¢
√

s =
√

(k1 + k2)2 � m2
µ (¸³.

¸´µ¸±Ê ´  ¸.195) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê³³Ò

dσ = dσb + dσb; dσb = dσa(p1, p2, mµ → p3, p4, me) , (47)

µÉ¢¥Î ÕÐ¥° ±¨´¥³ É¨Î¥¸±¨³ ¸¨ÉÊ Í¨Ö³, ±µ£¤  ³Õµ´´ Ö ¶ ·  ²¥É¨É ¢ ´ ¶· -
¢²¥´¨¨ µ¤´µ£µ ¨§ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢ (Ô²¥±É·µ´´ Ö ¶ ·  ¶·¨ ÔÉµ³ ²¥É¨É ¢ ¶·µ-
É¨¢µ¶µ²µ¦´µ³ ´ ¶· ¢²¥´¨¨):

dσa =
dσ1ds1

s1

dσ2ds2

s2
· d2q⊥

4π4
, (48)

£¤¥ dσ1 Å ¸µµÉ¢¥É¸É¢ÊÕÉ ¸¥Î¥´¨Õ µ¡· §µ¢ ´¨Ö ¶ ·Ò ³Õµ´µ¢ ·¥ ²Ó´Ò³ Ëµ-
Éµ´µ³ ¸ ¨³¶Ê²Ó¸µ³ k1 ¨ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ e1 ¨ ¢¨·ÉÊ ²Ó´Ò³ (±µÉµ·Ò³
µ¡³¥´¨¢ ÕÉ¸Ö ·µ¦¤¥´´Ò¥ ¶ ·Ò) ¸ ¶µ¶¥·¥Î´µ° ± ´ ¶· ¢²¥´¨Õ ¶ÊÎ±µ¢ ±µ³¶µ-
´¥´Éµ° ¨³¶Ê²Ó¸  q⊥ ¨ ¢¥±Éµ·µ³ ¶µ²Ö·¨§ Í¨¨ (²¨´¥°´µ°) q⊥/ | q⊥ |; √

s1 =
=

√
(p1 + p2)2 Å ¨´¢ ·¨ ´É´ Ö ³ ¸¸  ¶ ·Ò ³Õµ´µ¢. ‚¥²¨Î¨´  (dσ1ds1)/s1

³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  Î¥·¥§ ¤µ²¨ Ô´¥·£¨° xi = 2poi/
√

s ¨ ¶µ¶¥·¥Î´Ò¥ ±µ³-
¶µ´¥´ÉÒ ¨³¶Ê²Ó¸µ¢ pi⊥ ³Õµ´µ¢ ¨ ¶ · ³¥É·Ò ‘Éµ±¸  ξ3, ξ1, Ì · ±É¥·¨§ÊÕÐ¨¥
¶µ²Ö·¨§ Í¨Õ ´ Î ²Ó´µ£µ ËµÉµ´ :

dσ1ds1

s1
= 2α2(1 − 2x1x2G)

d2p1⊥d2p2⊥dx1dx2

(p2
1⊥

+ µ2)(p2
2⊥

+ µ2)
×

×δ(2)(p1⊥ + p2⊥ − q⊥)δ(x1 + x2 − 1); (49)

G =
1

q2
⊥

[
Q2 + (Q2

x − Q2
y)ξ3 + 2QxQyξ1

]
(p2

1⊥ + µ2)(p2
2⊥ + µ2),

Q =
p1⊥

p2
1⊥

+ µ2
+

p2⊥

p2
2⊥

+ µ2
.

‚¥²¨Î¨´  (dσ2ds2)/s2 ¶µ²ÊÎ¨É¸Ö ¨§ ¶·¨¢¥¤¥´´µ° (49) § ³¥´µ°:

dσ2ds2

s2
=

dσ1ds1

s1
×

×
(
p1,2⊥ → p3,4⊥ ,q⊥ → −q⊥, mµ → me, x1,2 → y1,2, ξ3 → ξ̃3, ξ1 → −ξ̃1

)
,

(50)

£¤¥ y1 = 2p30/
√

s, y2 = 2p40/
√

s, p3,4⊥ Å ¤µ²¨ Ô´¥·£¨° ¨ ¶µ¶¥·¥Î´Ò¥ ± µ¸¨

¶ÊÎ±µ¢ ±µ³¶µ´¥´ÉÒ 3-¨³¶Ê²Ó¸µ¢ Ô²¥±É·µ´µ¢, ξ̃3, ξ̃1, Å ¶ · ³¥É·Ò ‘Éµ±¸ 
¢Éµ·µ£µ ËµÉµ´ .
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�·¨¢¥¤¥´´ Ö Ëµ·³Ê²  µ¶·¥¤¥²Ö¥É ¶µ²´µ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
¶·µÍ¥¸¸  (46). �¡· É¨³ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
´¥ § ¢¨¸¨É µÉ ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢. �¸´µ¢Ò¢ Ö¸Ó ´  ´¥°, ³µ¦´µ
¶µ²ÊÎ¨ÉÓ · §²¨Î´Ò¥ ¨´±²Õ§¨¢´Ò¥ · ¸¶·¥¤¥²¥´¨Ö [75].

�·µ¢µ¤Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ¶¥·¥¤ ´´µ³Ê ¨³¶Ê²Ó¸Ê ¨ Ë §µ¢µ³Ê ¶·µ¸É· ´-
¸É¢Ê Ô²¥±É·µ´´µ° ¶ ·Ò, ¶µ²ÊÎ¨³ ¨´±²Õ§¨¢´µ¥ ¶µ µ¡µ¨³ ³Õµ´ ³ ¸¥Î¥´¨¥:

dσa =
2α4

3π3
(1 − 2x1x2G)

δ(x1 + x2 − 1)d2p⊥
1 d2p⊥

2 dx1dx2

(p1⊥ + p2⊥)2(p2
1⊥

+ µ2)(p2
2⊥

+ µ2)
× (51)

×
(
GF̃1 − F̃2 − (2F̃1 − F̃2)(ξ̃3 cos(2ϕq) − ξ̃1 sin(2ϕq))

)
,

£¤¥ ϕq Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ¢¥±Éµ·µ³ ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ¢Éµ·µ£µ
ËµÉµ´  ¨ ¢¥±Éµ·µ³ p1⊥ + p2⊥ = q⊥;

F̃i = Fi

(
| q⊥ |
2me

)
, F1(z) =

z√
z2 + 1

ln(z +
√

z2 + 1) , (52)

F2(z) =
2z2 + 1

z
√

z2 + 1
ln(z +

√
z2 + 1) − 1 .

„ ²¥¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨´±²Õ§¨¢´µ¥ ¶µ µ−-³¥§µ´Ê · ¸¶·¥¤¥²¥´¨¥

dσa =
2α4

3π3
J

d2p1⊥dx

m4
µ

; J = F0 + F3Σ3 + F−Σ− + F+Σ+ + F̃3Σ̃3 , (53)

£¤¥ ¢¥²¨Î¨´  J ¢ ¸É ·Ï¥³ ²µ£ ·¨Ë³¨Î¥¸±µ³ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É ¢¨¤

J =
L2 + 4L� + 3�2

(1 + ρ)2

[
1 − 2x1(1 − x1)

(1 + ρ)2
(1 + ρ2 − 2ρΣ3)

]
, ρ =

p2
1⊥

m2
µ

� 1 ,

(54)

L = ln
m2

µ

m2
e

, � = ln(1 + ρ), Σ3 = l1 cos 2γ1 , Σ̃3 = l2 cos 2γ2 ,

Σ± = l1l2 cos 2(γ1 ± γ2) , l2i = (ξi
3)

2 + (ξi
1)

2 .

‡¤¥¸Ó γi = (p̂1⊥ , �i) Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ³ ±¸¨³ ²Ó-
´µ° ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  i ¨ ¶µ¶¥·¥Î´µ° ±µ³¶µ´¥´Éµ° ¨³¶Ê²Ó¸ 
µ−. ’µÎ´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö J ¶·¨¢¥¤¥´µ ¢ [75]. �É³¥É¨³, ÎÉµ § ¢¨¸¨³µ¸ÉÓ
¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö µÉ ¶ · ³¥É·µ¢ ‘Éµ±¸  ®ÎÊ¦µ£µ¯ ËµÉµ´  Ö¢²Ö¥É¸Ö ¸² -
¡µ° (F±/F0 ≈ F̃3/F0 ≤ 3 ·10−2), Éµ£¤  ± ± § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ²Ö·¨§ Í¨¨ ®¸¢µ-
¥£µ¯ ËµÉµ´  ¢¶µ²´¥ § ³¥É´ , ¨ ¶·¨ ρ = 1, 2 ¨ x1 = 1/2 ¢¥²¨Î¨´  § ¢¨¸ÖÐ¨Ì
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�¨¸. 11. „µ²Ö ³Õµ´µ¢ ¸ p1⊥ > p1⊥min ¢ § ¢¨¸¨³µ¸É¨ µÉ p2
1⊥min/m2

µ ¶·¨ x1 = 0 [75]

µÉ ¸¶¨´  ¸² £ ¥³ÒÌ ¢ J ¤µ¸É¨£ ¥É 20 %. ‘¶¥Í¨ ²Ó´Ò° ¨´É¥·¥¸ ³µ¦¥É ¶·¥¤-
¸É ¢²ÖÉÓ ¤µ²Ö δ É ±¨Ì ¸µ¡ÒÉ¨°, ±µ£¤  µ− ¢Ò²¥É ¥É ¸ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³,
¡µ²ÓÏ¨³ ´¥±µÉµ·µ£µ ³¨´¨³ ²Ó´µ£µ. ƒ· Ë¨± ÔÉµ° ËÊ´±Í¨¨ δ(ρ0, x1) = N/D
¤²Ö ρ � 1, £¤¥

N =
1
ρ

{
[1 − 2x1(1 − x1)](L2 + L(4� + 5) + 3�2 + 8� + 6)+

+2x1(1 − x1)(2L + 2� + 3)
}

, (55)

D = 175 − 239x1(1 − x1) , (56)

¶·¨¢¥¤¥´ ´  ·¨¸. 11. �  ·¨c. 12 ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ ´¥¶µ²Ö·¨§µ¢ ´´µ°
Î ¸É¨ ¸¥Î¥´¨Ö F0 ¨ µÉ´µÏ¥´¨Ö F3/F0 µÉ ρ = p2

1⊥
/m2

µ. �É³¥É¨³, ÎÉµ ¸¥Î¥´¨¥
¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö ¤¢ÊÌ e+e−-¶ · ¤²Ö ·¥ ²¨¸É¨Î¥¸±¨Ì §´ Î¥´¨° ρ � 1
¶·¨¡²¨§¨É¥²Ó´µ ¢¤¢µ¥ ¡µ²ÓÏ¥ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ³Õµ´´µ° ¨ Ô²¥±É·µ´´µ°
¶ ·Ò [75].

‘É¥¶¥´Ó ±·Ê£µ¢µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´  ξ2 ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´  ¢  §¨-
³ÊÉ ²Ó´ÒÌ ±µ··¥²ÖÍ¨ÖÌ ¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ µ¸¨ ¶ÊÎ±µ¢ (�k1) ±µ³¶µ´¥´É ¨³-
¶Ê²Ó¸µ¢ ¶ ·Ò ²¥¶Éµ´µ¢, ¨, ± ± ¡Ò²µ ¶µ± § ´µ ¢ [80], ¶·µ¨¸Ìµ¤¨É µÉ ¨´É¥·Ë¥-
·¥´Í¨¨  ³¶²¨ÉÊ¤ ¡µ·´µ¢¸±µ£µ ¨ µ¤´µ¶¥É²¥¢µ£µ ¶·¨¡²¨¦¥´¨°. „²Ö µÉ´µÏ¥´¨Ö
¢±² ¤µ¢ ¢ ¸¥Î¥´¨¥ ¨³¥¥³

dσpol

dσ0
= α(ξ(1)

2 A(1) sin(φ1) + ξ
(2)
2 A(2) sin(φ2)) , (57)

£¤¥ ¢¥²¨Î¨´Ò ¸ ¨´¤¥±¸ ³¨ 1 ¨ 2 µÉ¢¥Î ÕÉ ¶ · ³, ·µ¦¤¥´´Ò³, ¸µµÉ¢¥É¸É¢¥´´µ,
ËµÉµ´ ³¨ 1 ¨ 2, φ1 Å  §¨³ÊÉ ²Ó´Ò° Ê£µ² ³¥¦¤Ê ¶¥·¶¥´¤¨±Ê²Ö·´Ò³¨ ± µ¸¨



� ��ˆ�–ˆ��• ˆ ”ˆ‡ˆ—…‘Š�‰ ���ƒ��ŒŒ… γγ-Š�‹‹�‰„…��‚ 199

�¨¸. 12.  ) ‡ ¢¨¸¨³µ¸ÉÓ F0, F3 (53) µÉ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  µ−-³¥§µ´  [75]. ¡) ‡ -

¢¨¸¨³µ¸ÉÓ  ¸¨³³¥É·¨¨ F3/F0 = (dσ
‖
a − dσ⊥

a )/(dσ
‖
a + dσ⊥

a ) ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö

·¥ ±Í¨¨ γγ → µ+µ−e+e− µÉ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  µ−-³¥§µ´  [75]; dσ
‖
a (dσ⊥

a ) µÉ-
¢¥Î ÕÉ ¸²ÊÎ Õ, ±µ£¤  ´ ¶· ¢²¥´¨¥ ³ ±¸¨³ ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ¶¥·¢µ£µ ËµÉµ´  ²¥¦¨É
¢ ¶²µ¸±µ¸É¨ pµ− , k1 (¶¥·¶¥´¤¨±Ê²Ö·´µ ± ´¥°)

¶ÊÎ±µ¢ ±µ³¶µ´¥´É ³¨ 3-¨³¶Ê²Ó¸µ¢ ¶ ·, 0 < φ1 < π, x = q10/ω1, y = 1− x =
= q20/ω1 Å ¤µ²¨ Ô´¥·£¨¨ ±µ³¶µ´¥´É ¶ ·Ò, z = |q1⊥|/|q2⊥|;

A =
z

2(x2 + y2)

(
2x

z2
(y − xc

z
) ln

x

d
− 2y(x − cyz) ln

z2y

d
+

xyz

(x + yz2)2
×

×
(

x2

z3
− y2z3 + zy2 − x2

z
+ (

1
z

+ 2c + z)(z2y2 − x2

z2
)
))

, (58)

c = cosφ, d = x2 + y2z2 − 2xyzc.

„²Ö §´ Î¥´¨° (z; x) = (0, 1; 0, 9), (10; 0, 1) ¢¥²¨Î¨´  αA ¤µ¸É¨£ ¥É ±3 %.
‘¶¥Í¨Ë¨±  · ¸¸³µÉ·¥´´ÒÌ ¢ÒÏ¥ ¶·µÍ¥¸¸µ¢ ¢ Î·¥§¢ÒÎ °´µ ³ ²ÒÌ Ê£² Ì

(≤ 10−3 ¤²Ö ω1 = ω2 ≥ 100 ƒÔ‚) ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ±µ³¶µ´¥´É µ¡· §µ-
¢ ¢Ï¨Ì¸Ö ¶ · ¨ µ¸ÓÕ ¶ÊÎ±µ¢ É·¥¡Ê¥É ¸¶¥Í¨ ²Ó´µ£µ Ê¸É·µ°¸É¢  ¤¥É¥±Éµ·µ¢
³Õµ´µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¢¤ ²¨ µÉ ÉµÎ±¨ ¸Éµ²±´µ¢¥´¨Ö ¨, ¶µ-¢¨¤¨³µ³Ê, ¨¸-
¶µ²Ó§µ¢ ´¨Ö ³ £´¨É´ÒÌ ¶µ²¥°.

„·Ê£µ° ¸¨¸É¥³µ° ± ²¨¡·µ¢µÎ´ÒÌ ¶·µÍ¥¸¸µ¢ Ö¢²ÖÕÉ¸Ö ¶·µÍ¥¸¸Ò µ¡· §µ-
¢ ´¨Ö ¶ ·Ò § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨²¨ ²¥¶Éµ´µ¢, ²¥ÉÖÐ¨Ì ¢ ‘–Œ ´  ¡µ²ÓÏ¨¥
Ê£²Ò [81]. ‘¥Î¥´¨Ö ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ Ê¡Ò¢ ÕÉ ¸ Ô´¥·£¨¥° ¨ ¨³¥ÕÉ ¶µ·Ö¤µ±
¢¥²¨Î¨´Ò σ ∼ 10−32c³2/s (ƒÔ‚2).



200 Š“��…‚ �.A., ƒ�‹›�‘Šˆ‰ M.‚., ‹…‚—“Š Œ.ˆ.

�·¥¤¶µ²µ¦¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É¨¦¨³µ ¤¥É¥±É¨·µ¢ ´¨¥ Î ¸É¨Í
¸ Ê£²µ³ ¢Ò²¥É  Î ¸É¨Í ¶µ µÉ´µÏ¥´¨Õ ± µ¸¨ ¶ÊÎ±  ϑ É ±¨³, ÎÉµ | cosϑ| ≤ a
(¢ ‘–Œ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢). ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ²¥¶Éµ´´µ° ¶ ·Ò ¢ ÔÉ¨Ì
Ê¸²µ¢¨ÖÌ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´´ÒÌ ¶ÊÎ±µ¢. „²Ö ¸²ÊÎ Ö ¸µ¸ÉµÖ´¨°
ËµÉµ´µ¢ ¸ µ¤¨´ ±µ¢Ò³¨ ¸¶¨· ²Ó´µ¸ÉÖ³¨ (±±) ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ²¥¶Éµ´µ¢
³ ²µ (∼ α2m2/s2), ¨ ³Ò ¨³ ¶·¥´¥¡·¥£ ¥³. ‘¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö W+W−-¶ -
·Ò ¨³¥¥É ¢¨¤

σ±±
a (γγ→W+W−) =

2πα2

s
(3 + b2)(1 + 3b2)

(
1
2

ln
1 + ab

1 − ab
+

ab

1 − (ab)2

)
, (59)

£¤¥ b Å ¸±µ·µ¸ÉÓ W -¡µ§µ´ , ¨´¤¥±¸ a µ§´ Î ¥É | cosϑ| ≤ a. „²Ö ¸¥Î¥´¨Ö
µ¡· §µ¢ ´¨Ö W+W− ËµÉµ´ ³¨ · §´µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥¥³

σ±∓
a (γγ→W+W−) =

2πα2

s
×

×
(

6ab + (5 − b2)(7 − 3b2)
ab

1 − a2b2
− 9 + 10b2 − 3b4

2
ln

1 + ab

1 − ab

)
. (60)

„²Ö ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ²¥¶Éµ´µ¢ ËµÉµ´ ³¨ · §´µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥¥³

σ±∓
a (γγ→l+l−) =

4πα2

s

(
5 − b4

2
ln

1 + ab

1 − ab
− ab

(
2 +

(1 − b2)(3 − b2)
1 − a2b2

))
,

(61)

£¤¥ b Å ¸±µ·µ¸ÉÓ ²¥¶Éµ´ .
� ¶µ³´¨³, ÎÉµ ÔÉ¨ ¸¥Î¥´¨Ö ´ ¤µ Ê¸·¥¤´¨ÉÓ ¶µ ¸¶¥±É· ²Ó´Ò³ ¸¢¥É¨³µ-

¸ÉÖ³, ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, § ¢¨¸ÖÉ µÉ ³¥Ì ´¨§³  ±µ´¢¥·¸¨¨. —¨¸²¥´´µ ¤²Ö
Ô´¥·£¨¨ 500 <

√
s (ƒÔ‚) < 1500 ¨ a = 0, 9 ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö

W+W−-¶ · ËµÉµ´ ³¨ µ¤¨´ ±µ¢µ° ¸¶¨· ²Ó´µ¸É¨ ¨³¥ÕÉ ¶µ·Ö¤µ±
100 ¶¡ = 10−34 c³2, Éµ£¤  ± ± ¤²Ö ¸²ÊÎ Ö · §´ÒÌ ¸¶¨· ²Ó´µ¸É¥° ÔÉ  ¢¥²¨Î¨´ 
¨§³¥´Ö¥É¸Ö µÉ 70 ¤µ 10 ¶¡. �É¨ ¸¥Î¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 13. �É³¥É¨³,
ÎÉµ ¸¥Î¥´¨¥ µ¡· §µ¢ ´¨Ö ¶ ·Ò tt̄-±¢ ·±µ¢ ¢ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ³¥´Ö¥É¸Ö µÉ 1 ¤µ
0,01 ¶¡.

�É´µÏ¥´¨¥ ¸¥Î¥´¨° ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ Rl/W ¢ ¸²ÊÎ ¥ Î ¸É¨Î´µ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ ¶ÊÎ±µ¢:

Rl/W =
σa(γγ→l+l−)

σa(γγ→W+W−)

=
1−P1P2

2 σ±∓
a(γγ→l+l−)

1+P1P2
2 σ±±

a(γγ→W+W−) + 1−P1P2
2 σ±∓

a(γγ→W+W−)

,

£¤¥ P1, P2 Å ¸É¥¶¥´¨ Í¨·±Ê²Ö·´µ° ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢, ³µ¦¥É ¡ÒÉÓ ¨¸-
¶µ²Ó§µ¢ ´µ ¤²Ö µ¶·¥¤¥²¥´¨Ö P1, P2. „²Ö µ¶·¥¤¥²¥´¨Ö ¸¢¥É¨³µ¸É¨ ³µ¦´µ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¸±µ·µ¸ÉÓ ¸Î¥É  ²¥¶Éµ´´ÒÌ ¶ · ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¸¥Î¥´¨¥ (Î¨¸²¨-
É¥²Ó ¢Ò· ¦¥´¨Ö Rl/W ) ¨²¨ ¦¥ ¸±µ·µ¸ÉÓ ¸Î¥É  § ·Ö¦¥´´ÒÌ ¡µ§µ´µ¢ ¨ ¸¥Î¥´¨¥,
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�¨¸. 13. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ (¢ ‘–Œ) µÉ´µÏ¥´¨Ö ¸¥Î¥´¨° ·µ¦¤¥´¨Ö ¶ ·Ò
²¥¶Éµ´µ¢ ¨ W -¡µ§µ´µ¢ ¢ γγ-¸Éµ²±´µ¢¥´¨ÖÌ [81]. ˜É·¨Ìµ¢ Ö (¸¶²µÏ´ Ö) ²¨´¨Ö µÉ-
¢¥Î ¥É µ¤¨´ ±µ¢µ³Ê (¶·µÉ¨¢µ¶µ²µ¦´µ³Ê) §´ ±Ê ¸¶¨· ²Ó´µ¸É¨ ËµÉµ´ . Œ ¸¸  ¡µ§µ´ 
¢Ò¡· ´  · ¢´µ° W = 80 ƒÔ‚. “£µ² µ¡·¥§ ´¨Ö | cos ϑ| < 0, 9

¶·¨¢¥¤¥´´µ¥ ¢ §´ ³¥´ É¥²e ¢Ò· ¦¥´¨Ö ¤²Ö Rl/W . �·¨Î¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥
¢¥²¨Î¨´Ò ¤µ²¦´Ò ¡ÒÉÓ · ¢´Ò.

�¢Éµ·Ò ¡² £µ¤ ·´Ò �. �¥²Ó±µ¢Ê, ˆ. ˆ¢ ´µ¢Ê ¨ Œ. 	·±µ¢Ê §  ¸É¨³Ê²¨·Ê-
ÕÐ¥¥ ¢²¨Ö´¨¥ ¨ ÊÎ ¸É¨¥ ¢ ´ Î ²Ó´µ° ¸É ¤¨¨ ´ ¶¨¸ ´¨Ö ´ ¸ÉµÖÐ¥£µ µ¡§µ· ,  
É ±¦¥ ‚. ’¥²Ó´µ¢Ê, ¶·µÎ¨É ¢Ï¥³Ê ·Ê±µ¶¨¸Ó ¨ ¸¤¥² ¢Ï¥³Ê ·Ö¤ Í¥´´ÒÌ § ³¥-
Î ´¨°, ‚. ‘¥·¡µ ¨ ˆ. ƒ¨´§¡Ê·£Ê §  ¤¨¸±Ê¸¸¨¨, �. ˜ °Ì É¤¥´µ¢Ê §  ¶µ³µÐÓ ¢
µËµ·³²¥´¨¨.
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