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ˆ´¸É¨ÉÊÉ ³ É¥³ É¨±¨ ‘� ��� ¨³. ‘. ‹. ‘μ¡μ²¥¢ , �μ¢μ¸¨¡¨·¸±, �μ¸¸¨Ö

�μ¢μ¸¨¡¨·¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, �μ¢μ¸¨¡¨·¸±, �μ¸¸¨Ö

�¡¸Ê¦¤ ¥É¸Ö ËμÉμ´´Ò° ±μ²² °¤¥·, μ¸´μ¢ ´´Ò° ´  ee ²¨´¥°´μ³ ±μ²² °¤¥·¥ ¸
Ô´¥·£¨¥° 2E = 1Ä2 ’Ô‚ ¢ ¸. Í. ¨. (ILC, CLIC . . .), Å TeV PLC. � ´¥¥ ÔÉ  μ¡² ¸ÉÓ
Ô´¥·£¨¨ ¸Î¨É ² ¸Ó ¡¥§´ ¤¥¦´μ° ¤²Ö Ô±¸¶¥·¨³¥´É  ¢ μ¡μ§·¨³μ¥ ¢·¥³Ö. � ¸¸³ É·¨¢ ¥É¸Ö
·¥ ²¨§ Í¨Ö TeV PLC ¸ ¨§¢¥¸É´Ò³¨ ´Ò´¥ ² §¥· ³¨. �·¨ μ¶É¨³ ²Ó´μ³ ¢Ò¡μ·¥ ¶ · ³¥-
É·μ¢ ³μ¦´μ μ¡μ°É¨¸Ó ²¨ÏÓ ´¥¡μ²ÓÏμ° ³μ¤¨Ë¨± Í¨¥° ² §¥·´μ-μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò,
¨§£μÉμ¢²¥´´μ° ¤²Ö ËμÉμ´´μ£μ ±μ²² °¤¥·  ¸ E ≈ 250 ƒÔ‚. ‚Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö
Î ¸ÉÓ ¶μ²ÊÎ ÕÐ¥£μ¸Ö ¸¶¥±É·  ËμÉμ´μ¢ ´¥ § ¢¨¸¨É μÉ ¤¥É ²¥° ±μ´¸É·Ê±Í¨¨, μ´  Ìμ·μ-
Ïμ μÉ¤¥²¥´  μÉ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ ¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ê§±ÊÕ ¶μ²μ¸Ê ¢¡²¨§¨
¢¥·Ì´¥° £· ´¨ÍÒ Ï¨·¨´μ° μ±μ²μ 5%. ‚Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨° ¨´É¥£· ² γγ-¸¢¥É¨³μ¸É¨
¸μ¸É ¢¨É ¶·¨³¥·´μ 1/5,   ³ ±¸¨³ ²Ó´ Ö ¤¨ËË¥·¥´Í¨ ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ Å ¶·¨³¥·´μ
1/4 μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì §´ Î¥´¨° ¤²Ö ËμÉμ´´μ£μ ±μ²² °¤¥·  ¸ E ≈ 250 ƒÔ‚.

We discuss a photon collider based on the ee linear collider with energies 2E =
1Ä2 TeV in cms (ILC, CLIC . . .) Å TeV PLC. This energy region was previously consi-
dered hopeless for experiment in the foreseeable future. We discuss a TeV PLC realization
based on modern lasers. With the optimal choice of parameters, one can only do with
a small modiˇcation of the laser-optical system prepared for the photon collider with
E ≈ 250 GeV. The high-energy part of the obtained photon spectrum does not depend on
device details, it is well separated from the low-energy part. That is a narrow band near
the upper boundary, about 5% wide. The high-energy γγ-luminosity integral is about 1/5,
and the maximum differential luminosity is approximately 1/4 of the corresponding values
for the photon collider with E ≈ 250 GeV.

PACS: 29.20db; 12.60i

‚‚…„…�ˆ…

„¢ÊÌËμÉμ´´Ò¥ ¶·μÍ¥¸¸Ò Å ¢¨·ÉÊ ²Ó´Ò¥ ËμÉμ´Ò. �·μÍ¥¸¸Ò, ´Ò´¥ ´ -
§Ò¢ ¥³Ò¥ ¤¢ÊÌËμÉμ´´Ò³¨, ¨¸¸²¥¤μ¢ ²¨¸Ó ´ Î¨´ Ö ¸ 1934 £. [1]. �Éμ ¡Ò²μ
·μ¦¤¥´¨¥ e+e−-¶ ·Ò ¢ ¸Éμ²±´μ¢¥´¨¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ Î -
¸É¨Í, A1A2 → A1A2 + X ¸ X = e+e−. ‚ ¶μ¸²¥¤ÊÕÐ¨¥ 35 ²¥É · §²¨Î-
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´Ò¥  ¢Éμ·Ò · ¸¸³ É·¨¢ ²¨ ¶μ¤μ¡´Ò¥ ¶·μÍ¥¸¸Ò ¸ X = μ+μ−, X = π+π−

(ÉμÎ¥Î´μ¶μ¤μ¡´Ò¥), X = π0 (¸³. ¸¸Ò²±¨ ¢ μ¡§μ·¥ [2]).
‚ 1970 £. ¡Ò²μ § ³¥Î¥´μ, ÎÉμ ´ ¡²Õ¤¥´¨¥ ¶·μÍ¥¸¸μ¢ A1A2 → A1A2 + X

´  ±μ²² °¤¥· Ì (¶¥·¢μ´ Î ²Ó´μ e+e−) ¶μ§¢μ²¨É ¨§ÊÎ ÉÓ ¶·μÍ¥¸¸Ò γγ → X
¸ ¤¢Ê³Ö ±¢ §¨·¥ ²Ó´Ò³¨ ËμÉμ´ ³¨ ¨ · §²¨Î´Ò³¨ Ë¨´ ²Ó´Ò³¨ ¸¨¸É¥³ ³¨ X
¶·¨ μÎ¥´Ó ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ MX (¸³. [3Ä5]).

�¡Ð¥¥ μ¶¨¸ ´¨¥ É ±¨Ì ¶·μÍ¥¸¸μ¢, ¤ ´´μ¥ ¢ μ¡§μ·¥ [2],  ±ÉÊ ²Ó´μ ¤μ
¸¨Ì ¶μ·. ‘Éμ²±´μ¢¥´¨¥ Î ¸É¨Í Ai ¸ ³ ¸¸ ³¨ Mi, Ô²¥±É·¨Î¥¸±¨³ § ·Ö¤μ³
Zie ¨ Ô´¥·£¨¥° Ei ¶μ·μ¦¤ ¥É ¶ ·Ê ¢¨·ÉÊ ²Ó´ÒÌ (±¢ §¨·¥ ²Ó´ÒÌ) ËμÉμ´μ¢ ¸
Ô´¥·£¨¥° ωi. ˆÌ ¶μÉμ±¨ (¢ · ¸Î¥É¥ ´  μ¤´Ê ´ Î ²Ó´ÊÕ Î ¸É¨ÍÊ Ai) ¸μ¸É ¢²ÖÕÉ
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£¤¥ ¢¨¤ ËÊ´±Í¨° gi(x) � 1 § ¢¨¸¨É μÉ É¨¶  ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í,   ¶ · -
³¥É· λq Å ¥Ð¥ ¨ μÉ ¸¢μ°¸É¢ ¸¨¸É¥³Ò X .

ˆ§ÊÎ¥´¨¥ ¶·μÍ¥¸¸μ¢ ¸ ±¢ §¨·¥ ²Ó´Ò³¨ ËμÉμ´ ³¨ ¸É ²μ ¢ ¦´μ° μ¡² ¸ÉÓÕ
Ô±¸¶¥·¨³¥´Éμ¢ ´  ±μ²² °¤¥· Ì (¸³., ´ ¶·¨³¥·, [6]). �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì Ô±¸¶¥·¨-
³¥´Éμ¢ ¸ÊÐ¥¸É¢¥´´μ ¤μ¶μ²´¨²¨ ´ Ï¨ §´ ´¨Ö μ ·¥§μ´ ´¸ Ì ¨ μ ¤¥É ²ÖÌ Ë¨§¨±¨
 ¤·μ´μ¢. �¤´ ±μ É ±¨¥ Ô±¸¶¥·¨³¥´ÉÒ ´¥ ³μ£ÊÉ ±μ´±Ê·¨·μ¢ ÉÓ ¸ ¤·Ê£¨³¨ ±μ²-
² °¤¥· ³¨ ¢ ¨§ÊÎ¥´¨¨ § ¤ Î ´μ¢μ° Ë¨§¨±¨. „¥°¸É¢¨É¥²Ó´μ, ¢ ¢Ò¸μ±μÔ´¥·£¥É¨-
Î¥¸±μ° μ¡² ¸É¨ ¸¢¥É¨³μ¸ÉÓ ¸μÊ¤ ·¥´¨° ¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢ ´  3Ä5 ¶μ·Ö¤±μ¢
¢¥²¨Î¨´Ò ³¥´ÓÏ¥ ¸¢¥É¨³μ¸É¨ ¡ §μ¢ÒÌ e+e−- ¨²¨ pp-±μ²² °¤¥·μ¢. „²Ö ¸Éμ²±-
´μ¢¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· (RHIC, LHC) ÔËË¥±É¨¢´Ò° Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É·
±¢ §¨·¥ ²Ó´ÒÌ ËμÉμ´μ¢ μ£· ´¨Î¥´ ¸¢¥·ÌÊ, ¸Õ¤  ¦¥ ¤μ¡ ¢²ÖÕÉ¸Ö É·Ê¤´μ¸É¨ ¸
¸¨£´ ÉÊ·μ° γγ-¸μ¡ÒÉ¨° ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ËμÉμ´μ¢.

‘Éμ²±´μ¢¥´¨Ö ·¥ ²Ó´ÒÌ ËμÉμ´μ¢ Å ËμÉμ´´Ò¥ ±μ²² °¤¥·Ò (PLC). �μ¤-
Ìμ¤, ¶μ§¢μ²ÖÕÐ¨° ¨§ÊÎ ÉÓ ¸μÊ¤ ·¥´¨Ö ·¥ ²Ó´ÒÌ ËμÉμ´μ¢ ¡μ²ÓÏμ° Ô´¥·£¨¨,
¡Ò² ¶·¥¤²μ¦¥´ ¢ 1981 £. ¶·¨ μ¡¸Ê¦¤¥´¨¨ ¢μ§³μ¦´μ¸É¥° ²¨´¥°´μ£μ
e+e−-±μ²² °¤¥·  (e+e−LC). ‚ ²¨´¥°´μ³ ±μ²² °¤¥·¥ ± ¦¤Ò° Ô²¥±É·μ´´Ò°
¸£Ê¸Éμ± ¨¸¶μ²Ó§Ê¥É¸Ö μ¤´μ±· É´μ. �μÔÉμ³Ê ³μ¦´μ ¶ÒÉ ÉÓ¸Ö ±μ´¢¥·É¨·μ¢ ÉÓ
§´ Î¨É¥²Ó´ÊÕ Î ¸ÉÓ ´ Î ²Ó´ÒÌ Ô²¥±É·μ´μ¢ ¢ ËμÉμ´Ò ¸ Ô´¥·£¨¥°, ¡²¨§±μ° ±
Ô´¥·£¨¨ ¨¸Ìμ¤´ÒÌ Ô²¥±É·μ´μ¢ É ±, ÎÉμ ¸Éμ²±´μ¢¥´¨Ö ÔÉ¨Ì ËμÉμ´μ¢ ¡Ê¤ÊÉ ±μ´-
±Ê·¨·μ¢ ÉÓ ¸ μ¸´μ¢´Ò³¨ ¸μÊ¤ ·¥´¨Ö³¨ ± ± ¶μ Ô´¥·£¨¨ ¸μÊ¤ ·¥´¨°, É ± ¨ ¶μ
¨Ì ¸¢¥É¨³μ¸É¨. ‘¶μ¸μ¡ ·¥ ²¨§ Í¨¨ ÔÉ¨Ì ¨¤¥° Å ËμÉμ´´Ò° ²¨´¥°´Ò° ±μ²-
² °¤¥· (PLC) Å ¡Ò² ¶·¥¤²μ¦¥´ ¢ · ¡μÉ Ì [7Ä9].

…£μ Ìμ·μÏμ ¨§¢¥¸É´ Ö ¸Ì¥³  ¨§μ¡· ¦¥´  ´  ·¨¸. 1. ‚ μ¡² ¸É¨ ±μ´¢¥·-
¸¨¨ CR, ¶·¥¤Ï¥¸É¢ÊÕÐ¥° μ¡² ¸É¨ ¢¸É·¥Î¨ IR, Ô²¥±É·μ´´Ò° (e− ¨²¨ e+, ¤²Ö
μ¶·¥¤¥²¥´´μ¸É¨ ³Ò μ¡¸Ê¦¤ ¥³ ¸²ÊÎ °, ±μ£¤  μ¡  ¨¸Ìμ¤´ÒÌ ¶ÊÎ±  Å Ô²¥±-



1134 ƒˆ�‡	“�ƒ ˆ.”., Š�’Šˆ� ƒ. ‹.

�¨¸. 1. ‘Ì¥³  PLC

É·μ´´Ò¥ e−) ¶ÊÎμ± ¡ §μ¢μ£μ LC ¢¸É·¥Î ¥É ¶ÊÎμ± ËμÉμ´μ¢ Å ¢¸¶ÒÏ±Ê ³μÐ-
´μ£μ ² §¥· . Šμ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ ² §¥·´μ£μ ËμÉμ´  ´  Ô²¥±É·μ´¥ LC
(¸ Ô´¥·£¨¥° E) ∗ ¶μ·μ¦¤ ¥É ËμÉμ´ ¸ Ô´¥·£¨¥°, ¡²¨§±μ° ± E,

e0γ0 → eγ. (2)

�É¨ ËμÉμ´Ò Ëμ±Ê¸¨·ÊÕÉ¸Ö ¢ μ¡² ¸É¨ ¢¸É·¥Î¨ (IR) ¢ ¶ÖÉ´μ ¶·¨³¥·´μ É ±μ£μ
¦¥ · §³¥· , ± ±μ° μ¦¨¤ ²¸Ö ¤²Ö Ô²¥±É·μ´μ¢ ¡¥§ ² §¥·´μ° ±μ´¢¥·¸¨¨. ‚ IR
ÔÉ¨ ËμÉμ´Ò ¢¸É·¥Î ÕÉ¸Ö ¸ ËμÉμ´ ³¨ ¨§ ¶·μÉ¨¢μ¶μ²μ¦´μ° μ¡² ¸É¨ ±μ´¢¥·¸¨¨
(γγ-¸Éμ²±´μ¢¥´¨Ö) ¨²¨ ¸ Ô²¥±É·μ´ ³¨ ¢¸É·¥Î´μ£μ ¶ÊÎ±  (eγ -¸μÊ¤ ·¥´¨Ö).

�É´μÏ¥´¨¥ Î¨¸²  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ËμÉμ´μ¢ ± Î¨¸²Ê Ô²¥±É·μ´μ¢ Å
±μÔËË¨Í¨¥´É ±μ´¢¥·¸¨¨ k ∼ 1, ¤²Ö ¸É ´¤ ·É´μ£μ PLC k ≈ 1 − 1/e ≈ 0,63.

‚ ³´μ£μÎ¨¸²¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ PLC (¸³., ´ ¶·¨³¥·, [10,11,15]) μ¡¸Ê-
¦¤ ¥É¸Ö ³´μ£μ ¢ ¦´ÒÌ É¥Ì´¨Î¥¸±¨Ì ¤¥É ²¥° ∗∗, ´μ ¢¸¥ μ´¨ ¸μÌ· ´ÖÕÉ ´ Î ²Ó-
´ÊÕ ¸Ì¥³Ê ·¨¸. 1.

‘Ê¤Ó¡  μ¸É É±μ¢ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¶μ¸²¥ ±μ´¢¥·¸¨¨. ‚ ¶¥·¢ÒÌ · -
¡μÉ Ì [7Ä9] ¶·¥¤² £ ²μ¸Ó Ê¤ ²ÖÉÓ ¨§ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´Ò, ¢Ò-
¦¨¢Ï¨¥ ¶μ¸²¥ ±μ´¢¥·¸¨¨, ¸ ¶μ³μÐÓÕ ¶μ¶¥·¥Î´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ´  ¶ÊÉ¨
CRÄIR. �·¨ x < 4,8 § ¤ Î  ¸μ¸ÉμÖ²  ¢ ¶μ²ÊÎ¥´¨¨ ³ ±¸¨³ ²Ó´μ£μ ±μÔËË¨Í¨-
¥´É  ±μ´¢¥·¸¨¨, ÎÉμ¡Ò ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ² §¥·´μ£μ ¸£Ê¸É±  Éμ²Ó±μ ´¥§´ -
Î¨É¥²Ó´ Ö Î ¸ÉÓ Ô²¥±É·μ´μ¢ ¸μÌ· ´Ö²  ¶¥·¢μ´ Î ²Ó´ÊÕ Ô´¥·£¨Õ,   ¡μ²ÓÏ Ö
¨Ì Î ¸ÉÓ ¸¢μÕ Ô´¥·£¨Õ Ê³¥´ÓÏ ²  ¨ · §²¥É ² ¸Ó ¶μ¤ ´¥¡μ²ÓÏ¨³¨ Ê£² ³¨
¶μ¤μ¡´μ ËμÉμ´ ³. �Éμ Ê¢¥²¨Î¨¢ ²μ ¸Ê³³ ·´Ò° · §¡·μ¸ Ô²¥±É·μ´μ¢ ¢ ¶μ-
¶¥·¥Î´μ° ¶²μ¸±μ¸É¨. ‚ ¤μ¶μ²´¥´¨¥ ± ÔÉμ³Ê ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢¸É·¥Î´ÒÌ

∗ŒÒ · §²¨Î ¥³ Ô²¥±É·μ´ ¢ ±μ²² °¤¥·´μ³ ¸£Ê¸É±¥ e0 ¨ · ¸¸¥Ö´´Ò° Ô²¥±É·μ´ e, ËμÉμ´ ¢
² §¥·´μ° ¢¸¶ÒÏ±¥ γ0 ¨ ·μ¦¤¥´´Ò° ËμÉμ´ γ.

∗∗�¥¤ ¢´¨° ¶·¨³¥·: μ¶É¨³¨§ Í¨Ö Ê£²  ¢¸É·¥Î¨ ¶ÊÎ±μ¢ ¤²Ö e+e−- ¨ γγ-¸Éμ²±´μ¢¥´¨°
´  LC [16].
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e−e−-¶ÊÎ±μ¢ μ¸É ÉμÎ´Ò¥ Ô²¥±É·μ´´Ò¥ ¶ÊÎ±¨ ¢ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¸-
É ²±¨¢ ÕÉ¸Ö ±Ê²μ´μ¢¸±¨³¨ ¸¨² ³¨ É ±, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ ÔÉ¨Ì Ô²¥±É·μ´μ¢
¤·Ê£ ¸ ¤·Ê£μ³ ¨ ¸ ¶μ²ÊÎ ÕÐ¨³¨¸Ö ËμÉμ´´Ò³¨ ¶ÊÎ± ³¨ ¸É ´μ¢¨É¸Ö ´¥¸ÊÐ¥-
¸É¢¥´´Ò³. �μÔÉμ³Ê ³μ¦´μ μ¡Ìμ¤¨ÉÓ¸Ö ¡¥§ ¢±²ÕÎ¥´¨Ö ¶μ¶¥·¥Î´μ£μ ³ £´¨É´μ£μ
¶μ²Ö [10]. ‚ μ¡¸Ê¦¤ ¢Ï¨Ì¸Ö ¸ É¥Ì ¶μ· ¶·μ¥±É Ì PLC [11Ä16] É ±μ¥ ³ £´¨É´μ¥
¶μ²¥ μÉ¸ÊÉ¸É¢Ê¥É.

�·¨ x > 4,8 ¢ μ¶É¨³ ²Ó´μ° ¸¨ÉÊ Í¨¨ (¸³. ´¨¦¥) ¶·¨³¥·´μ ¶μ²μ¢¨´ 
Ô²¥±É·μ´μ¢ ¶·μÌμ¤¨É Î¥·¥§ ¢¸¶ÒÏ±Ê, ´¥ ¢¸ÉÊ¶ Ö ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ËμÉμ-
´ ³¨. ‚ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¶·¥´¥¡·¥£ ÉÓ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥³ ¸μ
¢¸É·¥Î´Ò³¨ ËμÉμ´ ³¨ ¨ Ô²¥±É·μ´ ³¨ ¡Ò²μ ¡Ò ´¥¶· ¢¨²Ó´μ. „²Ö Ê¸É· ´¥´¨Ö
ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´Ò ¤μ²¦´Ò ¡ÒÉÓ ¢Ò¢¥¤¥´Ò ¨§ μ¡² ¸É¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¸ ¶μ³μÐÓÕ ¶μ¶¥·¥Î´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ´  ¶ÊÉ¨ CRÄIR, ± ± ÔÉμ
¶·¥¤² £ ²μ¸Ó ¢ [7Ä9]. „ ²¥¥ ³Ò ¶·¨´¨³ ¥³ ¤²Ö x > 4,8, ÎÉμ ¶·¨ ¨§ÊÎ¥´¨¨
γγ-¸Éμ²±´μ¢¥´¨° ³ £´¨É´μ¥ ¶μ²¥ ¢±²ÕÎ ¥É¸Ö ¤²Ö μ¡μ¨Ì ¶ÊÎ±μ¢,   ¶·¨ ¨§Ê-
Î¥´¨¨ eγ -¸Éμ²±´μ¢¥´¨° ³ £´¨É´μ¥ ¶μ²¥ ¢±²ÕÎ ¥É¸Ö ¤²Ö μ¤´μ£μ ¶ÊÎ±  (¶·¥-
μ¡· §μ¢ ¢Ï¥£μ¸Ö ¢ ËμÉμ´´Ò°).

�¸´μ¢´Ò¥ ¸¢μ°¸É¢  ¡ §μ¢μ£μ ±μ³¶Éμ´μ¢¸±μ£μ ¶·μÍ¥¸¸  Ì · ±É¥·¨§ÊÕÉ¸Ö
¶ · ³¥É·μ³

x = 4Eω0/m2
e, (3)

£¤¥ E Å Ô´¥·£¨Ö Ô²¥±É·μ´μ¢ ¢ ¶ÊÎ±¥,   ω0 Å Ô´¥·£¨Ö ² §¥·´μ£μ ËμÉμ´ . („²Ö
Ê¶·μÐ¥´¨Ö § ¶¨¸¨ ³Ò ¶·¨´¨³ ¥³ α0 = 0 ´  ·¨¸. 1.)

‚ 1981 £. ¤²Ö ±μ´¸É·Ê¨·μ¢ ´¨Ö PLC ¡Ò²μ ¶·¥¤²μ¦¥´μ ¨¸¶μ²Ó§μ¢ ÉÓ ² §¥·
´  ´¥μ¤¨³μ¢μ³ ¸É¥±²¥ ¨²¨ £· ´ É¥ ¸ ω0 = 1,17 Ô‚ [7, 8]. „²Ö Ô²¥±É·μ´μ¢
¸ Ô´¥·£¨¥° E � 250 ƒÔ‚ ÔÉμÉ ¢Ò¡μ· μ¸É ¥É¸Ö μ¶É¨³ ²Ó´Ò³ ¤μ ¸¨Ì ¶μ·. ‘
É ±¨³ ² §¥·μ³ ³Ò ¨³¥¥³

2E = 0,5 ’Ô‚ ⇒ x = 4,5,

2E = 1 ’Ô‚ ⇒ x = 9,

2E = 2 ’Ô‚ ⇒ x = 18,

2E = 11 ’Ô‚ ⇒ x = 100.

(4)

�¥·¢Ò¥ É·¨ ¸É·μ±¨ μÉ¢¥Î ÕÉ · §´Ò³ ¸É ¤¨Ö³ ¶·μ¥±Éμ¢ ILC ¨ CLIC, 4-Ö ¸É·μ± 
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥±μÉμ·ÊÕ ® ¸¨³¶ÉμÉ¨±Ê¯.

� ¸¸³μÉ·¥´´ Ö ¸Ì¥³  ¢ Î¨¸Éμ³ ¢¨¤¥ · ¡μÉ ¥É Éμ²Ó±μ ¶·¨ x < 2(1+
√

2) =
4,8 (¶·¨ E < 270 ƒÔ‚ ¤²Ö · ¸¸³μÉ·¥´´μ£μ ² §¥· ). �·¨ ¡
μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ x,
±μÉμ·Ò¥ ¡Ê¤ÊÉ ·¥ ²¨§μ¢ ´Ò ´  ¶μ¸²¥¤ÊÕÐ¨Ì ¸É ¤¨ÖÌ ILC, CLIC . . ., ´¥±μÉμ-
·Ò¥ ¨§ ·μ¤¨¢Ï¨Ì¸Ö ËμÉμ´μ¢ ¢Ò¸μ±μ° Ô´¥·£¨¨ ¶μ£¨¡ ÕÉ, μ¡· §ÊÖ e+e−-¶ ·Ò
¢ ¸Éμ²±´μ¢¥´¨ÖÌ ¸ ËμÉμ´ ³¨ ¨§ ®Ì¢μ¸É ¯ ² §¥·´μ£μ ¸£Ê¸É± :

γγ0 → e+e− (Ê¡¨¢ ÕÐ¨° ¶·μÍ¥¸¸). (5)

�ÉμÉ Ë ±É · ¸¸³ É·¨¢ ²¸Ö ± ± μ£· ´¨Î¨¢ ÕÐ¨° ¢μ§³μ¦´μ¸ÉÓ ·¥ ²¨§ Í¨¨ PLC
´  ¡ §¥ LC ¸ ¡μ²ÓÏ¨³¨ Ô´¥·£¨Ö³¨ Ô²¥±É·μ´μ¢ [7,8]).
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�¡¸Ê¦¤ ÕÉ¸Ö ¤¢  ¶ÊÉ¨ ¤²Ö μ¡Ìμ¤  ÔÉμ° É·Ê¤´μ¸É¨:
1) ¨¸¶μ²Ó§μ¢ ÉÓ ´μ¢Ò° ² §¥· ¸ ³¥´ÓÏ¨³ §´ Î¥´¨¥³ ω0, ¸μÌ· ´ÖÖ x � 4,8;
2) ¨¸¶μ²Ó§μ¢ ÉÓ ¸ÊÐ¥¸É¢ÊÕÐ¨° ² §¥·, ¸³¨·¨¢Ï¨¸Ó ¸ Ê³¥´ÓÏ¥´¨¥³

γγ-¸¢¥É¨³μ¸É¨.
• „²Ö ¶¥·¢μ£μ ¶ÊÉ¨ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·¨³¥´¨³Ò ·¥§Ê²ÓÉ ÉÒ [7Ä9]. �¤-

´ ±μ ´  ÔÉμ³ ¶ÊÉ¨ ¤²Ö ± ¦¤μ° ´μ¢μ° Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ´¥μ¡Ìμ¤¨³ ´μ¢Ò°
² §¥·, ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ É ±¨¥ ² §¥·Ò ¸ ´¥μ¡Ìμ¤¨³Ò³¨ ¶ · ³¥É· ³¨ ´¥
· §· ¡μÉ ´Ò.

• �·¥¤² £ ¥³ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ¢Éμ·μ£μ ¶ÊÉ¨ ¸ ·Ê±μ¢μ¤Ö-
Ð¥° ¨¤¥¥°, ÎÉμ Í¥´μ° ¶·¨¥³²¥³μ£μ Ê³¥´ÓÏ¥´¨Ö ¸¢¥É¨³μ¸É¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
¶μÎÉ¨ ³μ´μÌ·μ³ É¨Î¥¸±¨¥ ¸Éμ²±´μ¢¥´¨Ö ËμÉμ´μ¢. ’ ± Ö ¢μ§³μ¦´μ¸ÉÓ ¡Ò² 
μÉ³¥Î¥´  ¢ · ¡μÉ Ì [22,23] ¨ Î ¸É¨Î´μ · §· ¡μÉ ´  ¢ [22]. Š ¸μ¦ ²¥´¨Õ, ³¥-
Éμ¤ μ¶É¨³¨§ Í¨¨ Ê¸²μ¢¨° ¤²Ö ±μ´¢¥·¸¨¨ e → γ, ¨¸¶μ²Ó§μ¢ ´´Ò° ¢ [22], ¶·¨
´¥±μÉμ·ÒÌ ¶μ²Ö·¨§ Í¨ÖÌ ¶ÊÎ±μ¢ ¤ ¥É ´¥ÉμÎ´Ò° ·¥§Ê²ÓÉ É,  ´ ²¨§ ¸¶¥±É·μ¢
±μ´¥Î´ÒÌ ËμÉμ´μ¢ ¡¥§ ÊÎ¥É  ¶μ²Ö·¨§ Í¨¨ Î ¸É¨Í ¨¸± ¦ ¥É Ëμ·³Ê ¸¶¥±É·μ¢ ¨
· ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨³μ¸É¨, ·¥§Ê²ÓÉ É ¶μ²ÊÎ¥´ ²¨ÏÓ ¤²Ö ´¥±μÉμ·μ° μ¶·¥¤¥²¥´-
´μ° ±μ´Ë¨£Ê· Í¨¨ Ê¸É·μ°¸É¢ , ¨ μ¸É ¥É¸Ö ´¥Ö¸´Ò³, ± ±¨Ì ¨§³¥´¥´¨° ¸²¥¤Ê¥É
¦¤ ÉÓ ¶·¨ ¨§³¥´¥´¨¨ ¨´¦¥´¥·´μ£μ ·¥Ï¥´¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶ÊÎ±μ¢. �¨¦¥ ³Ò
¨¸¶· ¢²Ö¥³ ÔÉ¨ ´¥ÉμÎ´μ¸É¨, ¢ÒÖ¸´ÖÖ § μ¤´μ, ¢ ± ±μ° ³¥·¥ ·¥§Ê²ÓÉ ÉÒ ³μ¦´μ
¶·¨³¥´ÖÉÓ ¶·¨ ²Õ¡μ³ ¨´¦¥´¥·´μ³ ·¥Ï¥´¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶ÊÎ±μ¢. ‘μμÉ¢¥É-
¸É¢ÊÕÐ¨° ËμÉμ´´Ò° ±μ²² °¤¥· ³Ò ´ §Ò¢ ¥³ TeV PLC.

�·£ ´¨§ Í¨Ö ¶μ¸²¥¤ÊÕÐ¥£μ É¥±¸É  É ±μ¢ .
‚ · §¤. 1 ¸μ¡· ´Ò μ¸´μ¢´Ò¥ μ¡μ§´ Î¥´¨Ö ¨ ¤ ´μ μ¶¨¸ ´¨¥ ±μ³¶Éμ´μ¢-

¸±μ£μ ¶·μÍ¥¸¸  ¢ ¨§ÊÎ ¥³μ° μ¡² ¸É¨ ¶ · ³¥É·μ¢ ¸ ¶·¨³¥· ³¨ ¤²Ö x = 4,5.
‡¤¥¸Ó ¢¢μ¤¨É¸Ö É ±¦¥ ¢ ¦´μ¥ ¶μ´ÖÉ¨¥ μ¶É¨Î¥¸±μ° ¤²¨´Ò ² §¥·´μ° ¢¸¶ÒÏ±¨
¤²Ö Ô²¥±É·μ´μ¢ ¢Ò¸μ±μ° Ô´¥·£¨¨.

‚ · §¤. 2 · ¸¸³ É·¨¢ ÕÉ¸Ö ¨¸ÉμÎ´¨±¨ ËμÉμ´μ¢, ¶μ¶ ¤ ÕÐ¨Ì ¢ μ¡² ¸ÉÓ
¢§ ¨³μ¤¥°¸É¢¨Ö. �μ± § ´μ, ÎÉμ ¸¶¥±É· §´ Î¥´¨° Ô´¥·£¨¨ ÔÉ¨Ì ËμÉμ´μ¢ ¨ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¢¥É¨³μ¸É¨ ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ · §¤¥²ÖÕÉ¸Ö ´  ¤¢¥ Ìμ·μÏμ
μÉ¤¥²Ö¥³Ò¥ ¤·Ê£ μÉ ¤·Ê£  Î ¸É¨. ‚Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö Î ¸ÉÓ, ´ ¨¡μ²¥¥ ¨´-
É¥·¥¸´ Ö ¤²Ö ¨§ÊÎ¥´¨Ö ¶·μ¡²¥³ ´μ¢μ° Ë¨§¨±¨, ¤μ¶Ê¸± ¥É Ê´¨¢¥·¸ ²Ó´μ¥ μ¶¨-
¸ ´¨¥, ´¥ § ¢¨¸ÖÐ¥¥ μÉ ¤¥É ²¥° ¶·¥¤² £ ¥³μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨.
„²Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ É ±μ£μ Ê´¨¢¥·¸ ²Ó´μ£μ μ¶¨¸ ´¨Ö ´¥ ¸ÊÐ¥-
¸É¢Ê¥É. ‚ ÔÉμ³ · §¤¥²¥ ¢¢¥¤¥´Ò É ±¦¥ μ¸´μ¢´Ò¥ μ¡μ§´ Î¥´¨Ö, μÉ´μ¸ÖÐ¨¥¸Ö ±
· ¸¶·¥¤¥²¥´¨Õ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° ¸¢¥É¨³μ¸É¨.

�μ¸²¥ ÔÉμ£μ (¢ μ¸´μ¢´μ° Î ¸É¨ · ¡μÉÒ) μ¡¸Ê¦¤ ¥É¸Ö, ÎÉμ ¶·μ¨¸Ìμ¤¨É ¶·¨
x > 4,8 ¨ ± ± ¢Ò£²Ö¤ÖÉ μ¸´μ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì γγ-
¨ eγ -¸μÊ¤ ·¥´¨° ¶·¨ ÊÎ¥É¥ ¢¨¤μ¨§³¥´¥´¨°, ¢´μ¸¨³ÒÌ ´μ¢Ò³¨ ¶·μÍ¥¸¸ ³¨
¢ CR. � ¸¸³ É·¨¢ ÕÉ¸Ö ¶μ¤·μ¡´μ ¸²ÊÎ ¨ x = 9, 18 (ILC, CLIC), ¨ ¶·¨¢μ-
¤ÖÉ¸Ö ´¥±μÉμ·Ò¥ ¶·¨³¥·Ò ¤²Ö x = 100. �μ¸²¥ ±· É±μ£μ μ¡¸Ê¦¤¥´¨Ö ¡ §μ¢μ£μ
ÔËË¥±É  Šμ³¶Éμ´  ¶·¨ x > 4,8 (¶. 3.1) ¢ ¶. 3.2 · ¸¸³ É·¨¢ ¥É¸Ö Ê¡¨¢ Õ-
Ð¨° ¶·μÍ¥¸¸ γγ0 → e+e− (±μÉμ·Ò° ´¥ μ¡¸Ê¦¤ ²¸Ö ¶μ¤·μ¡´μ · ´¥¥, ¨¡μ μ´
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¢±²ÕÎ ¥É¸Ö Éμ²Ó±μ ¶·¨ x > 4,8). ‚ ¶. 3.3 § ¶¨¸Ò¢ ÕÉ¸Ö Ê· ¢´¥´¨Ö ¡ ² ´¸ 
Î¨¸²  ËμÉμ´μ¢, ·μ¦¤¥´´ÒÌ ¢ ±μ³¶Éμ´μ¢¸±μ³ ¶·μÍ¥¸¸¥ ¨ ®¶μ£¨¡Ï¨Ì¯ ¢´ÊÉ·¨
μ¡² ¸É¨ ±μ´¢¥·¸¨¨ ¨§-§  Ê¡¨¢ ÕÐ¥£μ ¶·μÍ¥¸¸ . �μ²Ö·¨§ Í¨μ´´Ò¥ ¸¢μ°¸É¢ 
Ê¡¨¢ ÕÐ¥£μ ¶·μÍ¥¸¸  μ± §Ò¢ ÕÉ¸Ö μÎ¥´Ó ¢ ¦´Ò³¨.

‘²¥¤ÊÕÐ¨° Ï £ ¸μ¸Éμ¨É ¢ ¢Ò¡μ·¥ μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö Ô´¥·£¨¨ ² §¥·-
´μ° ¢¸¶ÒÏ±¨, ¨²¨, ¨´Ò³¨ ¸²μ¢ ³¨, μ¶É¨Î¥¸±μ° ¤²¨´Ò ² §¥·´μ° ¢¸¶ÒÏ±¨.
‚ ± Î¥¸É¢¥ ±·¨É¥·¨Ö ¢Ò¡· ´μ ¶μ²ÊÎ¥´¨¥ ³ ±¸¨³ ²Ó´μ£μ Î¨¸²  ËμÉμ´μ¢ ¤²Ö
¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸ Ë¨§¨Î¥¸±¨Ì § ¤ Î (· §¤. 4).

� §¤. 5 ¸μ¤¥·¦¨É μ¶¨¸ ´¨¥ ¶μ²ÊÎ ÕÐ¨Ì¸Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±-
É·μ¢ ¤²Ö eγ - ¨ γγ-¸μÊ¤ ·¥´¨°.

‚ · §¤. 6 ±· É±μ μ¶¨¸ ´Ò ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ.
‚ ¶·¨². �.1 μ¡¸Ê¦¤ ¥É¸Ö ¸²ÊÎ ° ®¶²μÌμ£μ¯ ¢Ò¡μ·  ´ Î ²Ó´μ° ¶μ²Ö·¨§ -

Í¨¨. ‚ ¶·¨². �.2 ¶μ± § ´μ, ÎÉμ ´  TeV PLC ¨¸¸²¥¤μ¢ ´¨Ö ¸ ²¨´¥°´μ° ¶μ²Ö·¨-
§ Í¨¥° ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ËμÉμ´  ¶· ±É¨Î¥¸±¨ ´¥μ¸ÊÐ¥¸É¢¨³Ò. � ¨¡μ-
²¥¥ ¢ ¦´Ò° ¨¸ÉμÎ´¨± Ëμ´  μ¡¸Ê¦¤ ¥É¸Ö ¢ ¶·¨². �.3. ‚ ¶·¨².�.4 · ¸¸³ É·¨-
¢ ¥É¸Ö ¶·μÍ¥¸¸ 	¥É¥Äƒ °É²¥· , ±μÉμ·Ò° ³μ£ ¡Ò Ê³¥´ÓÏ¨ÉÓ Î¨¸²μ ·μ¦¤¥´´ÒÌ
ËμÉμ´μ¢, ¨ ¶μ± §Ò¢ ¥É¸Ö, ÎÉμ ÔÉμ Ö¢²¥´¨¥ ´¥¸ÊÐ¥¸É¢¥´´μ ¢¶²μÉÓ ¤μ μÎ¥´Ó
¡μ²ÓÏ¨Ì Ô´¥·£¨°.

‚ ¶·¨². 	 ¶¥·¥Î¨¸²¥´Ò ´¥±μÉμ·Ò¥ ¢ ¦´Ò¥ ¶·μ¡²¥³Ò ´μ¢μ° Ë¨§¨±¨, ±μ-
Éμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ¨¸¸²¥¤μ¢ ´Ò ´  TeV PLC ¨ ´¥¤μ¸ÉÊ¶´Ò ¤²Ö ¨§ÊÎ¥´¨Ö ´ 
LHC ¨ e+e−-±μ²² °¤¥· Ì.

1. �…Š�’��›… ���‡��—…�ˆŸ. Š�Œ�’���‚‘Šˆ‰ 	””…Š’
�� 	‹…Š’���… ��‹œ˜�‰ 	�…�ƒˆˆ

„²Ö μ¶·¥¤¥²¥´´μ¸É¨ ³Ò · ¸¸³ É·¨¢ ¥³ e−e− LC (´¥ e+e−), ¶·¥´¥¡·¥-
£ Ö ÔËË¥±É ³¨ ¢Ò¸μ±μ° ¶²μÉ´μ¸É¨ ËμÉμ´μ¢ ¢ μ¡² ¸É¨ ±μ´¢¥·¸¨¨ (ÔËË¥±ÉÒ
´¥²¨´¥°´μ° Š�„).

1. �¡μ§´ Î¥´¨Ö:
• γ0, ω0, λ0 Å ² §¥·´Ò° ËμÉμ´, ¥£μ Ô´¥·£¨Ö ¨ ¸¶¨· ²Ó´μ¸ÉÓ; É¨¶¨Î´μ

ω0 ∼ 1 Ô‚.
• e0, E, λe Å ´ Î ²Ó´Ò° Ô²¥±É·μ´, ¥£μ Ô´¥·£¨Ö ¨ ¸¶¨· ²Ó´μ¸ÉÓ

(2|λe| � 1);
• γ, ω, λ Å ËμÉμ´, ¶μ²ÊÎ¨¢Ï¨°¸Ö ¢ ±μ³¶Éμ´μ¢¸±μ³ ¶·μÍ¥¸¸¥, ¥£μ Ô´¥·-

£¨Ö ¨ ¸¶¨· ²Ó´μ¸ÉÓ;
• σ0 = πα2/m2

e = 2,5 · 10−25 ¸³2;
• b Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê μ¡² ¸ÉÓÕ ±μ´¢¥·¸¨¨ CR ¨ μ¡² ¸ÉÓÕ ¢¸É·¥Î¨

IR (¸³. ·¨¸. 1);
• ΛC = 2λeλ0 Å ¶ · ³¥É· ¶μ²Ö·¨§ Í¨¨ ¶·μÍ¥¸¸ ;
• y = ω/E Å μÉ´μ¸¨É¥²Ó´ Ö Ô´¥·£¨Ö ËμÉμ´ ;
• yM = x/(x + 1) Å ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ y ¶·¨ ¤ ´´μ³ x;
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’ ¡²¨Í  1. Šμ³¶Éμ´μ¢¸±μ¥ ¸¥Î¥´¨¥ σC/σ0 ¶·¨ · §²¨Î´ÒÌ x ¨ ΛC

ΛC
x

4,5 9 18 100

−1 0,73 0,45 0,26 0,056
1 0,85 0,63 0,44 0,145

• ymin Å ¶μ²μ¦¥´¨¥ ³¨´¨³Ê³  ¶μ y ¢ · ¸¶·¥¤¥²¥´¨¨ dσ/dy ¤²Ö ±μ³¶-
Éμ´μ¢¸±μ£μ ¶·μÍ¥¸¸  ¶·¨ ΛC ≈ −1 ∗;

• wγγ =
√

4ω1ω2

2E
≡ √

y1y2 � yM , weγ =
√

4Eω1

2E
≡ √

y1 � √
yM Å

μÉ´μÏ¥´¨Ö γγ ¨ eγ Ô´¥·£¨° ¢ ¸. Í. ¨. ±
√

s = 2E.
2. Šμ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥. �·¨¢¥¤¥³ μ¸´μ¢´Ò¥ ¸¢¥¤¥´¨Ö μ ¶·μÍ¥¸¸¥ ¢

¨´É¥·¥¸ÊÕÐ¥³ ´ ¸ ±¨´¥³ É¨Î¥¸±μ³ ¸²ÊÎ ¥, ¸²¥¤ÊÖ [7Ä9] ¸ ¤μ¡ ¢²¥´¨¥³ ´¥±μ-
Éμ·ÒÌ ¤¥É ²¥°, ´¥ μ¡¸Ê¦¤ ¢Ï¨Ì¸Ö · ´¥¥. ‚ ÔÉμ³ · §¤¥²¥ Î¨¸²¥´´Ò¥ ¶·¨³¥·Ò
¶·¨¢μ¤ÖÉ¸Ö ¤²Ö ¸²ÊÎ Ö x = 4,5, ±μÉμ·Ò° ¡²¨§μ± ± ¢¥·Ì´¥° £· ´¨Í¥ μ¡² ¸É¨
¶·¨³¥´¨³μ¸É¨ ¶¥·¢μ´ Î ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°.

�μ²´μ¥ ¸¥Î¥´¨¥ ÔËË¥±É  Šμ³¶Éμ´  Ìμ·μÏμ ¨§¢¥¸É´μ (É ¡². 1):

σC =
2σ0

x
[F (x) + ΛCT (x)];

F (x) =
(

1 − 4
x
− 8

x2

)
ln (x + 1) +

1
2

+
8
x
− 1

2(x + 1)2
,

T (x) =
(

1 +
2
x

)
ln (x + 1) − 5

2
+

1
x + 1

− 1
2(x + 1)2

.

(6)

�·¨ E � ω0 Ô´¥·£¨Ö ËμÉμ´  ω = yE μ£· ´¨Î¥´  ¸¢¥·ÌÊ ¢¥²¨Î¨´μ°
yM = x/(x + 1) (yM = 0,82 ¤²Ö x = 4,5), · ¸¶·¥¤¥²¥´¨¥ ËμÉμ´μ¢ ¶μ Ô´¥·£¨¨
¸¨²Ó´μ § ¢¨¸¨É μÉ x ¨ μÉ ¶μ²Ö·¨§ Í¨¨ ¶·μÍ¥¸¸  (§¤¥¸Ó r = y/[x(1 − y)] � 1):

f(x, y) ≡ 1
σC

dσC

dy
=

U(x, y)
F (x) + ΛCT (x)

,

U(x, y) =
1

1 − y
+ 1 − y − 4r(1 − r) − ΛC xr(2 − y)(2r − 1).

(7)

�·¨ ΛC ≈ −1 Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ËμÉμ´μ¢ · ¸É¥É ¢¶²μÉÓ ¤μ ¢¥·Ì´¥° £· -
´¨ÍÒ y = yM ¨ μ¸É·μÉ  ¶¨±  · ¸É¥É ¸ ·μ¸Éμ³ x, ¶·¨ ΛC ≈ 1 ÔÉμÉ ¸¶¥±É·

∗�É  ¢¥²¨Î¨´  μ¶·¥¤¥²Ö¥É¸Ö ¶·¨ x � 3, μ´  § ¢¨¸¨É μÉ x. �¡´ ·Ê¦¨²μ¸Ó, ÎÉμ ¤²Ö ΛC <
−0,75 ¸Ê³³ ·´ Ö ¤μ²Ö ËμÉμ´μ¢, ¨³¥ÕÐ¨Ì y > ymin, ¸μ¸É ¢²Ö¥É 0,55 ¨²¨ ¡μ²ÓÏ¥ ¨ ¸² ¡μ § ¢¨¸¨É
μÉ ΛC . „²Ö ¢ÒÎ¨¸²¥´¨° Ê¤μ¡´¥¥ μ¶·¥¤¥²¥´¨¥ ymin ¢ Ëμ·³¥ (8) (μ¶·¥¤¥²¥´¨¥ ymin ´¥ É·¥¡Ê¥É
¢Ò¸μ±μ° ÉμÎ´μ¸É¨, ¶μ¸±μ²Ó±Ê f(x, y ≈ ymin) � f(x, yM ) Å μÎ¥´Ó ³ ²¥´Ó± Ö ¢¥²¨Î¨´ ).
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�¨¸. 2. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ËμÉμ´μ¢ f(x, y) ¶·¨ x = 4,5, ΛC = −1 (¸¶²μÏ´ Ö
±·¨¢ Ö) ¨ ΛC = 1 (ÏÉ·¨Ìμ¢ Ö)

’ ¡²¨Í  2. ‘¢μ°¸É¢  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶¨±  ¶·¨ ΛC ≈ −1

� · ³¥É·
x

4,5 9 18 100

ymin 0,6 0,7 0,75 0,94
τ 0,09 0,036 0,022 0,004

§´ Î¨É¥²Ó´μ ¡μ²¥¥ ¶²μ¸±¨° (·¨¸. 2). �·¨ x > 3 ¨ ΛC ≈ −1 ¢Ò¸μ±μÔ´¥·-
£¥É¨Î¥¸± Ö Î ¸ÉÓ ÔÉμ£μ · ¸¶·¥¤¥²¥´¨Ö ¸μ¸·¥¤μÉμÎ¥´  ¢ Ê§±μ° ¶μ²μ¸¥ ´¨¦¥
¢¥·Ì´¥° £· ´¨ÍÒ. �É  ¶μ²μ¸  ¸μ¤¥·¦¨É ¡μ²¥¥ ¶μ²μ¢¨´Ò ·μ¦¤¥´´ÒÌ ËμÉμ´μ¢
¨ Ì · ±É¥·¨§Ê¥É¸Ö ¥¥ ´¨¦´¥° £· ´¨Í¥° ymin ¨ ¶ · ³¥É·μ³ μ¸É·μÉÒ τ (É ¡². 2):

 ²ÓÉ¥·´ É¨¢´μ¥ μ¶·¥¤¥²¥´¨¥ ymin :

yM∫
ymin

f(x, y) dy ≈ 0,55,

μ¶·¥¤¥²¥´¨¥ τ : f(x, y = yM (1 − τ)) =
f(x, yM )

2
.

(8)

‘·¥¤´ÖÖ Í¨·±Ê²Ö·´ Ö ¶μ²Ö·¨§ Í¨Ö ·μ¦¤¥´´μ£μ ËμÉμ´  (¸¶¨· ²Ó´μ¸ÉÓ) ¥¸ÉÓ

λ(y) =
λ0(1 − 2r)

[
1

1 − y
+ 1 − y

]
+ 2λexr[1 + (1 − y)(2r − 1)2]

U(x, y)
. (9 )

�·¨ λ0 = ±1 ÔÉμ ¸μμÉ´μÏ¥´¨¥ Ê¶·μÐ ¥É¸Ö:

λ(y) = −λ0

[
(2r − 1) +

[(2r − 1) − ΛCxr] 4r(1 − r)
U(x, y)

]
. (9¡)
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”μÉμ´Ò ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ Ìμ·μÏμ ¶μ²Ö·¨§μ¢ ´Ò, ¸ É¥³ ¦¥ ´ ¶· ¢²¥´¨¥³
¸¶¨´ , ÎÉμ ¨ ² §¥·´Ò¥ ËμÉμ´Ò, É. ¥. λ(y = yM ) = −λ0. �´¨ ¤¢¨¦ÊÉ¸Ö ¶μ
´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ Ô²¥±É·μ´ . “£μ² ¢Ò²¥É  ËμÉμ´  · ¸É¥É
¶·¨ Ê³¥´ÓÏ¥´¨¨ ¥£μ Ô´¥·£¨¨:

θ(y) =
me

E

√
x + 1

√
yM

y
− 1. (10)

ˆ§-§  ÔÉμ£μ Ê£²μ¢μ£μ · ¸Ï¨·¥´¨Ö ´  ¶ÊÉ¨ b μÉ μ¡² ¸É¨ ±μ´¢¥·¸¨¨ CR ¤μ
μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö IR ¡μ²¥¥ ³Ö£±¨¥ ËμÉμ´Ò · ¸¶·¥¤¥²ÖÕÉ¸Ö ¶μ ¡μ²¥¥
Ï¨·μ±μ° μ¡² ¸É¨ ¨ ¸É ²±¨¢ ÕÉ¸Ö ·¥¦¥ ¦¥¸É±¨Ì, ¨Ì μÉ´μ¸¨É¥²Ó´Ò° ¢±² ¤ ¢
¸¢¥É¨³μ¸ÉÓ Ê³¥´ÓÏ ¥É¸Ö. ‚ ¨Éμ£¥ ¸ ·μ¸Éμ³ · ¸¸ÉμÖ´¨Ö b Å Í¥´μ° Ê³¥´Ó-
Ï¥´¨Ö ¶μ²´μ° ¸¢¥É¨³μ¸É¨ Å ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö Î ¸ÉÓ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ
ËμÉμ´´μ£μ ¸¶¥±É·  ¢¸¥ ²ÊÎÏ¥ μÉ¤¥²Ö¥É¸Ö μÉ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨, ¨ ÔÉμ
· §¤¥²¥´¨¥ Ê¸¨²¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ±μ²² °¤¥·  E.

3. �¶É¨Î¥¸± Ö ¤²¨´  ² §¥·´μ° ¢¸¶ÒÏ±¨ ¤²Ö Ô²¥±É·μ´μ¢. ‹ §¥·´ Ö ¢¸¶ÒÏ-
±  ¶·¥¤¶μ² £ ¥É¸Ö ¤μ¸É ÉμÎ´μ Ï¨·μ±μ°, ¶μÔÉμ³Ê ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶²μÉ´μ¸É¨
Ô²¥±É·μ´μ¢ ¢´ÊÉ·¨ Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  ´¥¸ÊÐ¥¸É¢¥´´ .

�¶É¨Î¥¸± Ö ¤²¨´  ² §¥·´μ° ¢¸¶ÒÏ±¨ ¤²Ö Ô²¥±É·μ´μ¢ ¢Ò· ¦ ¥É¸Ö Î¥·¥§
¶·μ¤μ²Ó´ÊÕ ¶²μÉ´μ¸ÉÓ ËμÉμ´μ¢ ¢μ ¢¸¶ÒÏ±¥ (É. ¥. Ô´¥·£¨Õ ² §¥·´μ° ¢¸¶ÒÏ-
±¨ A, ¤¥²¥´´ÊÕ ´  ¥¥ ¶μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ SL) ¨ ¶μ²´μ¥ ¸¥Î¥´¨¥ ±μ³¶Éμ´μ¢-
¸±μ£μ ¶·μÍ¥¸¸  σC(x, ΛC):

z =
A

ω0SL
σC(x, ΛC) ≡ A

A0

σC(x, ΛC)
σC(x = 4,5, ΛC = −1)

. (11)

‚ ¶μ¸²¥¤´¥° Ëμ·³¥ ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö ³Ò ¢¢¥²¨ A0 Å Ô´¥·£¨Õ ² §¥·´μ°
¢¸¶ÒÏ±¨, ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ¶μ²ÊÎ¥´¨Ö z = 1 ¶·¨ x = 4,5, ΛC = −1.

Šμ£¤  Ô²¥±É·μ´Ò ¶¥·¥¸¥± ÕÉ ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê, ¨Ì Î¨¸²μ Ê¡Ò¢ ¥É ± ±

ne(z) = ne0 e−z. (12)

2. ”�’��› ‚ ��‹�‘’ˆ ‚‡�ˆŒ�„…‰‘’‚ˆŸ

�¥·¥Î¨¸²¨³ ¨¸ÉμÎ´¨±¨ ËμÉμ´μ¢ ¢ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö (IR).
‘ ³Ò¥ ¡μ²ÓÏ¨¥ Ô´¥·£¨¨ ¨³¥ÕÉ ËμÉμ´Ò, ·μ¦¤¥´´Ò¥ ¢ μ¸´μ¢´μ³ ÔËË¥±É¥

Šμ³¶Éμ´ . ŒÒ Ê¢¨¤¨³, ÎÉμ ¶μ¸²¥ £¨¡¥²¨ Î ¸É¨ ¨§ ´¨Ì ¢ Ê¡¨¢ ÕÐ¥³ ¶·μÍ¥¸¸¥
¤²Ö λC ≈ −1 ¨ ¶·¨ Ê³¥·¥´´ÒÌ · ¸¸ÉμÖ´¨ÖÌ μÉ μ¡² ¸É¨ ±μ´¢¥·¸¨¨ ¤μ μ¡² -
¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¨ μ¶É¨³ ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ ±μ´¢¥·¸¨¨ (¸³. ´¨¦¥) Î¨¸²μ
É ±¨Ì ËμÉμ´μ¢ ¸ Ô´¥·£¨¥° ¡μ²ÓÏ¥ yminE ¸μ¸É ¢²Ö¥É μ±μ²μ 15 % μÉ Î¨¸² 
¶¥·¢μ´ Î ²Ó´ÒÌ Ô²¥±É·μ´μ¢.

�μ³¨³μ ÔÉμ£μ ¢ μ¡² ¸ÉÓ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ¶ ¤ ¥É §´ Î¨É¥²Ó´μ¥ Î¨¸²μ
ËμÉμ´μ¢ ¤·Ê£μ£μ ¶·μ¨¸Ìμ¦¤¥´¨Ö.
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1. ”μÉμ´Ò, ¶μ²ÊÎ ÕÐ¨¥¸Ö ¨§ · ¸¸¥Ö´¨Ö ®Ì¢μ¸É ¯ ² §¥·´μ° ¢¸¶ÒÏ±¨
 ) ´  Ô²¥±É·μ´ Ì, § ³¥¤²¨¢Ï¨Ì¸Ö ¢ ¶¥·¢¨Î´μ³ ±μ³¶Éμ´-ÔËË¥±É¥ (¶¥·¥· ¸¸¥-
Ö´¨¥) ¨²¨ ¡) ´  ¶μ§¨É·μ´ Ì (Ô²¥±É·μ´ Ì), ¢μ§´¨±Ï¨Ì ¢ Ê¡¨¢ ÕÐ¥³ ¶·μÍ¥¸¸¥.

�É¨ ËμÉμ´Ò ¸ ¸ ³μ£μ ´ Î ²  ¨³¥²¨ ³¥´ÓÏ¨¥ Ô´¥·£¨¨, ¨ ¨Ì Ê£²μ¢μ¥ · ¸-
¶·¥¤¥²¥´¨¥ Ï¨·¥, Î¥³ Ê ¶¥·¢μ´ Î ²Ó´ÒÌ ±μ³¶Éμ´μ¢¸±¨Ì.

2. ”μÉμ´Ò ¨§ ³ £´¨É´ÒÌ ²¨´§, Ëμ±Ê¸¨·ÊÕÐ¨Ì ¶ÊÎ±¨, ¨ ¨§ ¸¨´Ì·μÉ·μ´-
´μ£μ ¨§²ÊÎ¥´¨Ö ¶·¨ ³ £´¨É´μ³ μÉ±²μ´¥´¨¨ ¶ÊÎ±μ¢ ´  ¶ÊÉ¨ CRÄIR. �μÎÉ¨ ¢¸¥
É ±¨¥ ËμÉμ´Ò ¨³¥ÕÉ Ô´¥·£¨Õ ω < yminE.

3. ”μÉμ´Ò, ¢μ§´¨±Ï¨¥ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¤·Ê£ ¸ ¤·Ê£μ³ Ô²¥±É·μ´μ¢,
¢Ò¦¨¢Ï¨Ì ¢ ±μ´¢¥·¸¨¨ (¶ÊÎ±μ¢μ¥ ¨§²ÊÎ¥´¨¥ Å beamstrahlung). �·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ³ £´¨É´μ£μ μÉ±²μ´¥´¨Ö Î¨¸²μ É ±¨Ì ËμÉμ´μ¢, ¨³¥ÕÐ¨Ì Ô´¥·£¨Õ ¡μ-
²ÓÏ¥ E/2, ´¥¢¥²¨±μ.

„¢¥ μ¡² ¸É¨ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö. ’ ±¨³ μ¡· §μ³, ¸¶¥±É·
¸¢¥É¨³μ¸É¨ γγ-¸μÊ¤ ·¥´¨° ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ · §¡¨¢ ¥É¸Ö ´  ¤¢¥ μ¡² -
¸É¨: ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±ÊÕ ¶·¨ wγγ > yminE ¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±ÊÕ ¶·¨
³¥´ÓÏ¨Ì §´ Î¥´¨ÖÌ w. �É¨ μ¡² ¸É¨ Ìμ·μÏμ μÉ¤¥²ÖÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ .

‚¥²¨Î¨´  ¨ Ëμ·³  ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ¸¢¥É¨³μ¸É¨ μÎ¥¢¨¤´Ò³ μ¡· §μ³
§ ¢¨¸ÖÉ μÉ ¤¥É ²¥° Ê¸É·μ°¸É¢  Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨, ¨Ì μ¡¸Ê¦¤¥´¨¥
´¥ ¢Ìμ¤¨É ¢ § ¤ ÎÊ ¶·¥¤² £ ¥³μ° · ¡μÉÒ.

„²Ö ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸ § ¤ Î ´μ¢μ° Ë¨§¨±¨ ¢ ¦´Ò ËμÉμ´Ò ¡μ²ÓÏμ° Ô´¥·-
£¨¨ ω ∼ E. �¨¦¥ ³Ò ¨§ÊÎ ¥³ Éμ²Ó±μ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±ÊÕ ¸¢¥É¨³μ¸ÉÓ,
¨³¥Ö ¢ ¢¨¤Ê μÉ¡μ· ¸μ¡ÒÉ¨°, ¢ ±μÉμ·ÒÌ ´ ¡²Õ¤ ÕÉ¸Ö ¸μ¸ÉμÖ´¨Ö ¸ ¸Ê³³ ·-
´μ° Ô´¥·£¨¥° ∗ ε > Elim ∼ E. �É  Î ¸ÉÓ ¸¶¥±É·  ¸¢¥É¨³μ¸É¨ Ëμ·³¨·Ê¥É¸Ö
ËμÉμ´ ³¨, ¶μ²ÊÎ ÕÐ¨³¨¸Ö ¢ ¡ §μ¢μ³ ±μ³¶Éμ´-ÔËË¥±É¥ (2), Î ¸ÉÓ ¨§ ´¨Ì ¨¸-
Î¥§ ¥É ¢ Ê¡¨¢ ÕÐ¥³ ¶·μÍ¥¸¸¥ (5).

� ¸¸³μÉ·¨³ μÉ´μ¸¨É¥²Ó´Ò¥ ¸¢¥É¨³μ¸É¨ L ¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨° ¨´É¥-
£· ² ¸¢¥É¨³μ¸É¨

Lexp(w) = L(w)Lgeom,

Lh.e =

1∫
ymin

L(w) dw (w = weγ ¨²¨ wγγ).
(13)

‡¤¥¸Ó Lgeom Å ¸¢¥É¨³μ¸ÉÓ e−e−-±μ²² °¤¥· , ¶·¨£μÉμ¢²¥´´μ£μ ¤²Ö γγ-³μ-
¤Ò. ‚ ´μ³¨´ ²Ó´μ° μ¶Í¨¨ ILC, É. ¥. ¶·¨ Ô´¥·£¨¨ Ô²¥±É·μ´  E = 250 ƒÔ‚,

∗	μ²¥¥  ±±Ê· É´μ £· ´¨Î´μ¥ §´ Î¥´¨¥ Elim ¤μ²¦´μ ¡ÒÉÓ μ¶·¥¤¥²¥´μ ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨
·¥ ²Ó´μ° Ê¸É ´μ¢±¨. �É³¥É¨³, ÎÉμ ¸Ê³³ ·´ Ö Ô´¥·£¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¶·μ¤Ê±Éμ¢ γγ-¸μÊ¤ ·¥´¨Ö
³μ¦¥É ¶·¨¡²¨¦ ÉÓ¸Ö ± 2E. �μ ´ Ï¨³ μÍ¥´± ³ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ §´ Î¥´¨¥ Elim ³μ¦¥É μ± § ÉÓ¸Ö
¤ ¦¥ ³¥´ÓÏ¥ E.
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£¥μ³¥É·¨Î¥¸± Ö ¸¢¥É¨³μ¸ÉÓ ³μ¦¥É ¤μ¸É¨£ ÉÓ Lgeom = 12 · 1034 ¸³−2· ¸−1, ÎÉμ
¶·¨³¥·´μ ¢Î¥É¢¥·μ ¡μ²ÓÏ¥ μ¦¨¤ ¥³μ° e+e−-¸¢¥É¨³μ¸É¨∗.

‚¸¥ ¶μ¸²¥¤ÊÕÐ¨¥ ¢ÒÎ¨¸²¥´¨Ö ¢Ò¶μ²´ÖÕÉ¸Ö ¤²Ö ¸²ÊÎ Ö ®Ìμ·μÏ¥°¯ ¶μ²Ö-
·¨§ Í¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ô²¥±É·μ´μ¢ ¨ ËμÉμ´μ¢ ΛC ≈ −1 ¢ ¤¢ÊÌ ¢¥·¸¨ÖÌ:
ΛC = −1 ¨ ΛC = −0,86.

�¡¸Ê¤¨³ ¸¢¥É¨³μ¸É¨ LI ¤²Ö · §´ÒÌ §´ Î¥´¨° ¶μ²´μ° ¸¶¨· ²Ó´μ¸É¨ I =
|λ1 − λ2| ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö (ÔÉμ L1/2 ¨ L3/2 ¤²Ö eγ -¸μÊ¤ ·¥´¨° ¨ L0

¨ L2 ¤²Ö γγ-¸μÊ¤ ·¥´¨°). �¡´ ·Ê¦¥´μ, ÎÉμ ¢ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨
¸¶¥±É·  μ¤´  ¨§ ÔÉ¨Ì ¸¶¨· ²Ó´μ¸É¥° ¤μ³¨´¨·Ê¥É. �μÔÉμ³Ê ´¨¦¥ μ¡¸Ê¤¨³
¶μ²´ÊÕ ¸¢¥É¨³μ¸ÉÓ (¸Ê³³Ê ¶μ μ¡¥¨³ ¸¶¨· ²Ó´μ¸ÉÖ³) ¨ Ê± ¦¥³, ± ±ÊÕ ¥¥
¤μ²Õ ¸μ¸É ¢²ÖÕÉ ¸μ¸ÉμÖ´¨Ö ¸ ´¥¤μ³¨´¨·ÊÕÐ¥° ¸Ê³³ ·´μ° ¸¢¥É¨³μ¸ÉÓÕ.

‚ ¤μ¶μ²´¥´¨¥ ± μ¡μ§´ Î¥´¨Ö³ · §¤. 1 μ¶·¥¤¥²¨³ ¢¥²¨Î¨´Ò, § ¢¨¸ÖÐ¨¥
μÉ x, ΛC ¨ b:

• Lh.e Å ¶μ²´ Ö ¸¢¥É¨³μ¸ÉÓ ¢ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ³ ¶¨±¥ (13);
• Lm = L(wM ) Å ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ L(w);
• wM Å ¶μ²μ¦¥´¨¥ ³ ±¸¨³Ê³  ¢ § ¢¨¸¨³μ¸É¨ L(w);
• w± Å ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö L(w±) = Lm/2;
• γw = (w+ − w−)/wM Å μÉ´μ¸¨É¥²Ó´ Ö Ï¨·¨´  ¶μ²ÊÎ¨¢Ï¥£μ¸Ö ¶¨± ;
• ¤μ²Ö ´¥²¨¤¨·ÊÕÐ¥° ¸Ê³³ ·´μ° ¸¢¥É¨³μ¸É¨ ¢ γγ-¸μÊ¤ ·¥´¨ÖÌ L2/L ¨²¨

¢ eγ -¸μÊ¤ ·¥´¨ÖÌ L3/2/L.
(„²Ö eγ -³μ¤Ò ¢¥²¨Î¨´  w+ = wm =

√
yM , Lm ´¥ § ¢¨¸¨É μÉ · ¸¸ÉμÖ´¨Ö

b, γw = 1 − w−/wM .)
‘¢¥É¨³μ¸É¨ γγ- ¨ eγ -¸μÊ¤ ·¥´¨° ¤ ÕÉ¸Ö ¸¢¥·É±μ° ¸¶¥±É·  ¢Ò¸μ±μÔ´¥·-

£¥É¨Î¥¸±μ£μ ËμÉμ´  ¸μ ¸¶¥±É·μ³ ¢¸É·¥Î´μ£μ ËμÉμ´  ¨²¨ Ô²¥±É·μ´  ¸ ÊÎ¥Éμ³
μÉ³¥Î¥´´μ£μ ÊÏ¨·¥´¨Ö ËμÉμ´´μ£μ ¶ÊÎ±  ´  ¶ÊÉ¨ μÉ μ¡² ¸É¨ ±μ´¢¥·¸¨¨ CR
¤μ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö IR. �¥ ²Ó´Ò¥ ¶ÊÎ±¨ Ô²¥±É·μ´μ¢ ¢ LC ¡Ê¤ÊÉ ¨³¥ÉÓ
¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ Ëμ·³Ê Ô²²¨¶¸ , ¶μ²Êμ¸¨ ±μÉμ·μ£μ ¢ μ¡² ¸É¨ ¢§ ¨-
³μ¤¥°¸É¢¨Ö μ¡μ§´ Î¨³ σx ¨ σy. �μÔÉμ³Ê ¶·Ö³μ ¶·¨³¥´ÖÉÓ Ëμ·³Ê²Ò [7Ä9]
´¥ Ê¤ ¥É¸Ö, ¨ ³´μ£¨¥  ¢Éμ·Ò ¨¸¶μ²Ó§ÊÕÉ ¶·Ö³μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¤²Ö ± ¦¤μ£μ
¨§ÊÎ ¥³μ£μ ¢ ·¨ ´É  μ·£ ´¨§ Í¨¨ ¢¸É·¥Î¨ (¸³., ´ ¶·¨³¥·, [10Ä16]).

‚ · ¡μÉ¥ [25] ³Ò μ¡´ ·Ê¦¨²¨, ÎÉμ ¶·¨ y > ymin ¢²¨Ö´¨¥ ÊÏ¨·¥´¨Ö
¶ÊÎ±  ´  ¶ÊÉ¨ μÉ CR ¤μ IR ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É¸Ö ¥¤¨´¸É¢¥´´Ò³
¶ · ³¥É·μ³ (± ± ¤²Ö ±·Ê£²μ£μ ¶ÊÎ± )

ρ2 =
(

b

(E/me)σx

)2

+
(

b

(E/me)σy

)2

. (14)

∗‚ e+e−LC ¨§²ÊÎ¥´¨¥ ¶·¨ ¸μÊ¤ ·¥´¨¨ ¸£Ê¸É±μ¢ e+ ¨ e− ¢ IR (beamstrahlung) μ£· ´¨Î¨¢ ¥É
¶·¥¤¥²Ó´Ò¥ ¶²μÉ´μ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢. …¸²¨ ¶ÊÎ±¨ ¶·¥¤´ §´ Î¥´Ò ¤²Ö PLC, Éμ É ±μ°
É·Ê¤´μ¸É¨ ´¥É. �Éμ ¶μ§¢μ²Ö¥É ¤¥² ÉÓ Lgeom ¡μ²ÓÏ¥, Î¥³ μ¦¨¤ ¥³ Ö ¸¢¥É¨³μ¸ÉÓ ¡ §μ¢μ£μ e+e−-
±μ²² °¤¥· .
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�¨¸. 3. ‘¶¥±É·Ò ¸¢¥É¨³μ¸É¨ dL/dw ¶·¨ x = 4,5, ΛC = −1, z = 1.  ) eγ -¸μÊ¤ ·¥´¨Ö,
¡) γγ-¸μÊ¤ ·¥´¨Ö. ‘¶²μÏ´Ò¥ ²¨´¨¨ Å ¶μ²´Ò¥ ¸¢¥É¨³μ¸É¨ ¤²Ö ρ = 1 (¢¥·Ì´ÖÖ ±·¨¢ Ö)
¨ ρ = 5 (´¨¦´ÖÖ ±·¨¢ Ö). ˜É·¨Ìμ¢Ò¥ ²¨´¨¨ Å ¸¢¥É¨³μ¸É¨ ¤²Ö ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ´¨°
¸ ¶μ²´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ 3/2 ¶·¨ ρ = 1 ¤²Ö eγ -¸μÊ¤ ·¥´¨° ( ) ¨ ¤²Ö ±μ´¥Î´ÒÌ
¸μ¸ÉμÖ´¨° ¸ ¶μ²´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ 2 ¶·¨ ρ = 1 ¨ ρ = 5 ¤²Ö γγ-¸μÊ¤ ·¥´¨° (¡)

‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ μ¡¸Ê¦¤ ¥³Ò¥ ¸¢¥É¨³μ¸É¨ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ Ô´¥·£¥É¨-
Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ËμÉμ´μ¢ Ëμ·³Ê² ³¨, £¤¥ φa =

√
yM/ya − 1 ¨ I0(z) Å

³μ¤¨Ë¨Í¨·μ¢ ´´ Ö ËÊ´±Í¨Ö 	¥¸¸¥²Ö [7Ä9]:

dLλ
γe

dy
= nenλ(y, z) exp

(
−ρ2φ2

2

)
, (15)

dL2,λ1λ2
γγ

dy1dy2
= nλ1(y1, z)nλ2(y2, z) I0(ρ2φ1φ2) exp

(
− ρ2(φ2

1 + φ2
2)

2

)
. (16)

� ¸¶·¥¤¥²¥´¨Ö ¶μ Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¶μ²ÊÎ ÕÉ¸Ö ¶μ¤¸É ´μ¢-
±μ° w =

√
y ¤²Ö eγ -¸¢¥É¨³μ¸É¨ ¨²¨ ¶μ w =

√
y1y2 ¸ ¶·μ¸ÉÒ³ ¨´É¥£·¨·μ¢ -

´¨¥³ ¤²Ö γγ-¸¢¥É¨³μ¸É¨.
’ ±¨³ μ¡· §μ³, ¢¨¤ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨-

³μ¸É¨ μ¶·¥¤¥²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³ μ¡· §μ³ Å ¢´¥ § ¢¨¸¨³μ¸É¨ μÉ ¤¥É ²¥°
μ·£ ´¨§ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨.

�·¨ x � 4,8 ± ¦¤Ò° ¶μÉ¥·Ö´´Ò° Ô²¥±É·μ´ ¶·μ¨§¢¥² ËμÉμ´. ‘²¥¤μ¢ -
É¥²Ó´μ, ¶·¨ z = 1 ¨ ρ = 0 ¶μ²´Ò¥ eγ - ¨ γγ-¸¢¥É¨³μ¸É¨ ¸μ¸É ¢²ÖÕÉ

Leγ = (1 − 1/e) = 0,63, Lγγ = (1 − 1/e)2 = 0,4. (17)

�¨¸. 3 ¨ ¶¥·¢Ò¥ ¸É·μ±¨ É ¡². 4, 5 ¶μ± §Ò¢ ÕÉ · ¸¶·¥¤¥²¥´¨Ö γγ- ¨
eγ -¸¢¥É¨³μ¸É¥° ¢ ¨Ì ¸. Í. ¨. ¶·¨ z = 1, ΛC = −1 ¤²Ö ρ = 1 ¨ 5.
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3. —’� ���ˆ‘•�„ˆ’ ��ˆ x � 4,8

3.1. ‘¶¥±É·Ò ËμÉμ´μ¢. ‘¶¥±É· Ô´¥·£¨¨ ËμÉμ´μ¢ ¨§ μ¸´μ¢´μ£μ ±μ³¶Éμ-
´μ¢¸±μ£μ ÔËË¥±É  (7) ¶·¨ x = 9 ¶μ± § ´ ´  ·¨¸. 4,  . ‚¨¤´μ, ÎÉμ ÔÉμÉ ¸¶¥±É·
¤²Ö ΛC = −1 ±μ´Í¥´É·¨·Ê¥É¸Ö ¢¡²¨§¨ ¢¥·Ì´¥° £· ´¨ÍÒ §´ Î¨É¥²Ó´μ ¸¨²Ó´¥¥,
Î¥³ ¶μ¤μ¡´Ò° ¸¶¥±É· ¶·¨ x = 4,5 ´  ·¨¸. 2. �·¨ x = 18 ¶μ¤μ¡´μ¥ ¢ÒÎ¨-
¸²¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¶·¨ ΛC = −1 ¸¶¥±É· ¸μ¸·¥¤μÉμÎ¨¢ ¥É¸Ö ¢ ¥Ð¥ ¡μ²¥¥
Ê§±μ° ¶μ²μ¸¥ 0,85 < y ≡ ω/E < 0,95.

�·¨ ΛC = 1 ¸¶¥±É· ¶μÎÉ¨ ¶²μ¸±¨°, ¸ ³¨´¨³Ê³μ³ ¢³¥¸Éμ ¶¨±  ¢¡²¨§¨
¢¥·Ì´¥° £· ´¨ÍÒ.

�¨¸. 4. ‘²ÊÎ ° x = 9. �´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò ËμÉμ´μ¢.  ) Šμ³¶Éμ´μ¢¸±¨¥ ¸¶¥±É·Ò.
‘¶²μÏ´ Ö ²¨´¨Ö μÉ¢¥Î ¥É ΛC = −1, ÏÉ·¨Ìμ¢ Ö Å ΛC = 1. ¡) ‘¶¥±É· ËμÉμ´μ¢,
³μ¤¨Ë¨Í¨·μ¢ ´´Ò° Ê¡¨¢ ÕÐ¨³ ¶·μÍ¥¸¸μ³ ¶·¨ ΛC = −1, z = 0,7

3.2. “¡¨¢ ÕÐ¨° ¶·μÍ¥¸¸ γγ0 → e+e−. “¡¨¢ ÕÐ¨° ¶·μÍ¥¸¸ μÉ¢¥Î ¥É § 
¨¸Î¥§´μ¢¥´¨¥ ±μ³¶Éμ´μ¢¸±¨Ì ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ËμÉμ´μ¢ ¢ ¨Ì ¸Éμ²±´μ-
¢¥´¨ÖÌ ¸ ² §¥·´Ò³¨ ËμÉμ´ ³¨ ¨§ ®Ì¢μ¸É ¯ ¸£Ê¸É± , ·μ¦¤ ÕÐ¨Ì e+e−-¶ ·Ò,
ÔÉμÉ ¶·μÍ¥¸¸ ¢±²ÕÎ ¥É¸Ö ¶·¨ x ≈ 4,8. „²Ö ËμÉμ´  ¸ Ô´¥·£¨¥° yE ±¢ ¤· É
Ô´¥·£¨¨ ¤²Ö Ê¡¨¢ ÕÐ¥£μ ¶·μÍ¥¸¸  ¢ ¸. Í. ¨. ¥¸ÉÓ w2

k = 4ωω0/m2
e = xy > 4.

…£μ ¸¥Î¥´¨¥ ¸μ¸É ¢²Ö¥É

σkill(w2
k, λ0λ) =

4σ0

w2
Φγγ(w2

k, λ0λ),

Φγγ(w2
k, λ0λ) =

(
1 +

4
w2

k

− 8
w4

k

)
L −

(
1 +

4
w2

k

)
v − λ0λ(L − 3v),

v =
√

1 − 4/w2
k, L = 2 ln

(wk

2
(1 + v)

)
.

(18)

‡ ³¥É¨³, ÎÉμ

σkill(λ0λ > 0)
σkill(λ0λ < 0)

> 1 ¶·¨ w2
k < 15,

σkill(λ0λ > 0)
σkill(λ0λ < 0)

< 1 ¶·¨ w2
k > 15. (19)
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3.3. “· ¢´¥´¨Ö. 	 ² ´¸ Î¨¸²  ËμÉμ´μ¢ ¢Ò¸μ±μ° Ô´¥·£¨¨ ¤ ¥É¸Ö ¨Ì ·μ-
¦¤¥´¨¥³ ¢ ±μ³¶Éμ´μ¢¸±μ³ ¶·μÍ¥¸¸¥ (2) ¨ ¨Ì ¨¸Î¥§´μ¢¥´¨¥³ (5).

�¡μ§´ Î¨³ Î¥·¥§ nγ(y, z, λ) ¶μÉμ± ËμÉμ´μ¢ (´  1 Ô²¥±É·μ´) ¸ Ô´¥·£¨¥° yE,
¶μ²Ö·¨§ Í¨¥° λ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¸±¢μ§Ó ² §¥·´Ò° ¸£Ê¸Éμ± ¸ μ¶É¨Î¥¸±μ°
¤²¨´μ° z. „²Ö ¢ÒÎ¨¸²¥´¨° Ê¤μ¡´μ · §¡¨ÉÓ ÔÉμÉ ¶μÉμ± ´  ¸Ê³³Ê ¶μÉμ±μ¢
¶· ¢μ¶μ²Ö·¨§μ¢ ´´ÒÌ n(γ+)(y, z) ¨ ²¥¢μ¶μ²Ö·¨§μ¢ ´´ÒÌ n(γ−)(y, z) ËμÉμ´μ¢
É ±, ÎÉμ ¶μ²´Ò° ¶μÉμ± ËμÉμ´μ¢ nγ(y, z) ¨ ¨Ì ¸·¥¤´ÖÖ ¶μ²Ö·¨§ Í¨Ö λ § ¶¨¸Ò-
¢ ÕÉ¸Ö ± ±

nγ(y, z) = n(γ+)(y, z) + n(γ−)(y, z),

〈λ(y, z)〉 =
n(γ+)(y, z) − n(γ−)(y, z)
n(γ+)(y, z) + n(γ−)(y, z)

.
(20)

…¸É¥¸É¢¥´´μ, ÎÉμ 〈λ(y, z → 0)〉 → λ(y) ¨§ (9).
ˆ§³¥´¥´¨¥ ÔÉ¨Ì ¶μÉμ±μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ² §¥·´μ£μ ¸£Ê¸É±  μ¶¨¸Ò¢ ¥É¸Ö

Ê· ¢´¥´¨Ö³¨

dn(γ±)(y, z)
dz

=
1
2
(1 ± λ(y))f(x, y)ne(z) − n(γ±)

σkill(xy,±λ0)
σC(x)

. (21)

—¨¸²  ËμÉμ´μ¢ ¨ ¨Ì ¸·¥¤´ÖÖ ¶μ²Ö·¨§ Í¨Ö ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¢¸¶μ³μ£ É¥²Ó´Ò¥
¢¥²¨Î¨´Ò ν±:

nγ±(y, z) = f(x, y)ν±(z, y), 〈λ〉 =
ν+(z, y) − ν−(z, y)
ν+(z, y) + ν−(z, y)

.

“· ¢´¥´¨¥ (21) ²¥£±μ ·¥Ï ¥É¸Ö:

n(γ±)(y, z) = f(x, y)ne0ν±(y, z),

£¤¥ ν±(y, z) =
(1 ± ΛC(y))

2
e−ζ±z − e−z

1 − ζ±
, ζ± =

σkill(xy,±λ0)
σC(x)

.
(22)

„²Ö ¶μ¸²¥¤ÊÕÐ¨Ì μ¡¸Ê¦¤¥´¨° Ê¤μ¡´μ ¥Ð¥ μ¶·¥¤¥²¨ÉÓ μÉ´μÏ¥´¨¥ Î¨¸²  Ê¡¨-
ÉÒÌ ËμÉμ´μ¢ ¤ ´´μ° Ô´¥·£¨¨ ± Î¨¸²Ê μ¸É ¢Ï¨Ì¸Ö rK(y, z) (¸³. É ¡². 3).

�  ·¨¸. 4 ¸· ¢´¨¢ ¥É¸Ö Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ±μ³¶Éμ´μ¢¸±¨Ì ËμÉμ´μ¢
(·¨¸. a) ¸ É¥³, ÎÉμ μ¸É ²μ¸Ó ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ² §¥·´μ£μ ¸£Ê¸É±  ¸ μ¶É¨-
Î¥¸±μ° ¤²¨´μ° 0,7 (·¨¸. ¡). ‚¨¤´μ, ÎÉμ  ) Ëμ·³  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î -
¸É¨ ¸¶¥±É·  ¶·¨¡²¨§¨É¥²Ó´  É  ¦¥, ÎÉμ ¨ Ê Î¨¸Éμ£μ ÔËË¥±É  Šμ³¶Éμ´  ∗;

∗�Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ μ¡Ê¸²μ¢²¥´μ ¸μμÉ´μÏ¥´¨¥³ ¸¶¨´μ¢μ° ¸É·Ê±ÉÊ·Ò ¶·μÍ¥¸¸μ¢ (2) ¨ (5).
�·¨ ¶·¥´¥¡·¥¦¥´¨¨ ÔÉμ° ¸É·Ê±ÉÊ·μ° ¤²Ö ¶·μÍ¥¸¸  (5), ± ± ÔÉμ ¸¤¥² ´μ ¢ [22], ¶μ²ÊÎ ¥É¸Ö μÏ¨-
¡μÎ´Ò° ¢Ò¢μ¤ μ ¸¨²Ó´μ³ ®§ μ¸É·¥´¨¨¯ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ¸¶¥±É· .
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¡) Ê¡¨¢ ÕÐ¨° ¶·μÍ¥¸¸ ®¢Ò¥¤ ¥É¯ ËμÉμ´Ò ¨§ ¸·¥¤´¥° Î ¸É¨ Ô´¥·£¥É¨Î¥¸±μ£μ
¸¶¥±É·  (Ê²ÊÎÏ Ö · §¤¥²¥´¨¥ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° ¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ°
Î ¸É¥° ¸¶¥±É· ); ¢) ¸ ·μ¸Éμ³ ρ · §¤¥²¥´¨¥ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° ¨ ´¨§±μÔ´¥·-
£¥É¨Î¥¸±μ° Î ¸É¥° ¸¶¥±É·  Ê¸¨²¨¢ ¥É¸Ö; £) Î ¸ÉÓ ¸¶¥±É· , μÉ¢¥Î ÕÐ Ö xy < 4,
μÉ´μ¸¨É¥²Ó´μ ¶μ¢ÒÏ¥´ , É ± ± ± ¶·¨ ÔÉ¨Ì xy Ê¡¨¢ ÕÐ¥£μ ¶·μÍ¥¸¸  ´¥É.

4. ��’ˆŒˆ‡�–ˆŸ

�·¨ x < 4,8 Ê¢¥²¨Î¥´¨¥ μ¶É¨Î¥¸±μ° ¤²¨´Ò ËμÉμ´´μ° ³¨Ï¥´¨ ¶·¨¢μ¤¨É
± ³μ´μÉμ´´μ³Ê (´μ μ£· ´¨Î¥´´μ³Ê) Ê¢¥²¨Î¥´¨Õ Î¨¸²  ËμÉμ´μ¢ Å ¸ μ¤´μ¢·¥-
³¥´´Ò³ Ê¢¥²¨Î¥´¨¥³ Ëμ´ . �·¨ x > 4,8 Ê¡¨¢ ÕÐ¨° ¶·μÍ¥¸¸ μ¸É ´ ¢²¨¢ ¥É
ÔÉμÉ ·μ¸É,   ¶·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì z μ´ Ê¡¨¢ ¥É ¶μÎÉ¨ ¢¸¥ ËμÉμ´Ò ¢Ò¸μ±μ° Ô´¥·-
£¨¨. ‡ ¢¨¸¨³μ¸ÉÓ Î¨¸²  ËμÉμ´μ¢ n(y, z) μÉ z ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ ´¥±μÉμ·μ³
z = zm(y), ÔÉμ ³μ¦¥É É· ±Éμ¢ ÉÓ¸Ö ± ± μ¶É¨³ ²Ó´μ¥ §´ Î¥´¨¥ z. ‚μ§´¨± ¥É
¢μ¶·μ¸ Å ± ±μ° ±·¨É¥·¨° ¢Ò¡μ·  ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ?

�·μ¸É¥°Ï¨° ¶μ¤Ìμ¤ ¸μ¸Éμ¨É ¢ ¨§ÊÎ¥´¨¨ Ê± § ´´μ£μ ¡ ² ´¸  Éμ²Ó±μ ¤²Ö
ËμÉμ´μ¢ ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨, ¶·¨ y = yM [22]. ŒÒ ¸Î¨É ¥³ ¡μ²¥¥ · -
§Ê³´Ò³ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ÔÉμ° Í¥²¨ § ¢¨¸¨³μ¸ÉÓ μÉ z ¤²Ö ¶μ²´μ° ¸¢¥É¨³μ¸É¨
¢´ÊÉ·¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶¨±  ∗ Lh.e (13), (8).

�¨¸. 5. ˆ´É¥£· ² γγ-¸¢¥É¨³μ¸É¨ Lh.e ¢ § -
¢¨¸¨³μ¸É¨ μÉ z ¤²Ö ρ = 1, ΛC = −1.
�É³¥Î¥´Ò ÉμÎ±¨, μÉ¢¥Î ÕÐ¨¥ zm ¨ z0,9

’¨¶¨Î´ Ö § ¢¨¸¨³μ¸ÉÓ ¢Ò¸μ±μ-
Ô´¥·£¥É¨Î¥¸±μ° ¸¢¥É¨³μ¸É¨ Lh.e μÉ z
¶μ± § ´  ´  ·¨¸. 5. Š·¨¢Ò¥ ¤²Ö ¤·Ê-
£¨Ì x ¨ ρ ¨³¥ÕÉ ¸Ìμ¦ÊÕ Ëμ·³Ê. �¶É¨-
³ ²Ó´μ¥ §´ Î¥´¨¥ μ¶É¨Î¥¸±μ° ¤²¨´Ò
² §¥·´μ° ¢¸¶ÒÏ±¨ μÉ¢¥Î ¥É ¶μ²μ¦¥-
´¨Õ ³ ±¸¨³Ê³  ´  ÔÉ¨Ì ±·¨¢ÒÌ zm.
�É¨ ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´Ò ¢ É ¡². 3.

ŒÒ ¸μÎ²¨ ¶μ²¥§´Ò³ μ¶·¥¤¥²¨ÉÓ
É ±¦¥ §´ Î¥´¨¥ z0,9(x) < zm(x), μ¡¥¸-
¶¥Î¨¢ ÕÐ¥¥ ¸¢¥É¨³μ¸ÉÓ ´  10% ³¥´Ó-
ÏÊÕ ³ ±¸¨³ ²Ó´μ°; μÉ³¥É¨³, ÎÉμ z0,9

§ ³¥É´μ ³¥´ÓÏ¥ zm. (�± § ²μ¸Ó, ÎÉμ
¶·¨ ΛC ≈ −1 § ¢¨¸¨³μ¸ÉÓ ÔÉ¨Ì ¢¥-
²¨Î¨´ μÉ ρ ¶·¥´¥¡·¥¦¨³μ ¸² ¡ Ö.)

‘¢¥·Ì Éμ£μ, É ¡². 3 ¸μ¤¥·¦¨É §´ Î¥´¨¥ Ô´¥·£¨¨ ² §¥·´μ° ¢¸¶ÒÏ±¨ A(z) (11),
´¥μ¡Ìμ¤¨³μ° ¤²Ö ¶μ²ÊÎ¥´¨Ö ÔÉμ° μ¶É¨Î¥¸±μ° ¤²¨´Ò (μÉ´¥¸¥´´μ° ± Ô´¥·£¨¨
¢¸¶ÒÏ±¨ A0, ´¥μ¡Ìμ¤¨³μ° ¤²Ö ¶μ²ÊÎ¥´¨Ö z = 1 ¶·¨ x = 4,5); ¤μ²Õ ËμÉμ´μ¢,

∗�·¨ ΛC ≈ −1 ¸¶¥±É· ¸μ¸·¥¤μÉμÎ¥´ ¢¡²¨§¨ ¢¥·Ì´¥° £· ´¨ÍÒ ¨ ±·¨É¥·¨¨ ³ ²μ μÉ²¨Î ÕÉ¸Ö
¤·Ê£ μÉ ¤·Ê£ . �·¨ ΛC ≈ 1 ´ Î ²Ó´Ò¥ ¸¶¥±É·Ò ¶²μ¸±¨¥ ¨ ³¥Éμ¤ [22] ¤ ¥É ·¥§Ê²ÓÉ É, ´¥μ¶É¨³ ²Ó-
´Ò° ¶μ ±·¨É¥·¨Õ ¸¢¥É¨³μ¸É¨.
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’ ¡²¨Í  3. �¶É¨Î¥¸±¨¥ ¤²¨´Ò zm ¨ z0,9, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ÔÉ¨Ì z Ô´¥·£¨¨ ² §¥·´μ°
¢¸¶ÒÏ±¨, ¤μ²Ö Ê¡¨ÉÒÌ ËμÉμ´μ¢ rK(z, yM ) ¨ ¤μ²Ö Ô²¥±É·μ´μ¢, ¸¢μ¡μ¤´μ ¶·μÏ¥¤Ï¨Ì
¸±¢μ§Ó ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê, d(z) ¶·¨ ΛC = −1

x ymin z A(z)/A0 rK(z, yM ) d(z) = e−z

9 0,7 zm = 0,704 1,15 0,22 0,495
z0,9 = 0,49 0,8 0,13 0,61

18 0,75 zm = 0,609 1,70 0,43 0,54
z0,9 = 0,418 1,17 0,28 0,66

100 0,94 zm = 0,48 6,3 0,62
z0,9 = 0,32 4,2 0,73

¨§· ¸Ìμ¤μ¢ ´´ÒÌ ´  ·μ¦¤¥´¨¥ e+e−-¶ ·, ¸·¥¤¨ ËμÉμ´μ¢ ´ ¨¢Ò¸Ï¥° Ô´¥·-
£¨¨, ¶μ²ÊÎ¥´´ÒÌ ¢ ¡ §μ¢μ³ ±μ³¶Éμ´-ÔËË¥±É¥, rK(z, yM); ¤μ²Õ Ô²¥±É·μ´μ¢,
¸¢μ¡μ¤´μ ¶·μÏ¥¤Ï¨Ì Î¥·¥§ ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê, d(z).

5. ��‘��…„…‹…�ˆŸ ‘‚…’ˆŒ�‘’ˆ

‘¶¥±É·Ò ¸¢¥É¨³μ¸É¨ γγ- ¨ eγ -¸μÊ¤ ·¥´¨° ¶·¨ x = 18, ΛC = −1 ¤²Ö
z = zm, ρ = 1 ¨ 5 ¶μ± § ´Ò ´  ·¨¸. 6. Š·¨¢Ò¥ ¤²Ö ¤·Ê£¨Ì x ¨ ρ ¢Ò£²Ö¤ÖÉ
¸Ìμ¤´Ò³ μ¡· §μ³.

‚ É ¡². 4 ¨ 5 ¶·¥¤¸É ¢²¥´Ò ¸¢μ°¸É¢  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶¨±  ¢ γγ-
¨ eγ -¸¶¥±É· Ì ¸¢¥É¨³μ¸É¨ ¶·¨ x = 9, 18 ¤²Ö ΛC = −1 ¨ ΛC = −0,86 ¶·¨
z = zm ¸μμÉ¢¥É¸É¢¥´´μ. ‘É·μ±¨ ¤²Ö x = 4,5, z = 1 ¨ x = 100, z = zm

¶·¨¢¥¤¥´Ò ¤²Ö ¸· ¢´¥´¨Ö.

�¨¸. 6. ‘¶¥±É·Ò ¸¢¥É¨³μ¸É¨ dL/dw ¶·¨ x = 18, ΛC = −1, z = 1 ¤²Ö ρ = 1 (¢¥·Ì´ÖÖ
¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ρ = 5 (´¨¦´ÖÖ ¸¶²μÏ´ Ö ²¨´¨Ö); ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨ Å ¶μ¤μ¡´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¸μ¸ÉμÖ´¨° ¸ ¶μ²´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ 3/2 (γe-¸μÊ¤ ·¥´¨Ö) ¨²¨ 2
(γγ-¸μÊ¤ ·¥´¨Ö)
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’ ¡²¨Í  4. ‘¢μ°¸É¢  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° γγ-¸¢¥É¨³μ¸É¨

ρ ΛC Lh.e L2/L Lm wM w− w+ γw

γγ : x = 4,5, z = 1

1
−1 0,121 0,143 0,933 0,779 0,689 0,89 0,154

−0,86 0,114 0,215 0,82 0,778 0,672 0,809 0,177

5
−1 0,031 0,041 0,464 0,799 0,760 0,814 0,067

−0,86 0,0275 0,086 0,40 0,7985 0,0758 0,813 0,069

γγ : x = 9, z = zm = 0,704

1
−1 0,0214 0,079 0,222 0,872 0,814 0,894 0,092

−0,86 0,0201 0,164 0,195 0,871 0,806 0,894 0,100

5
−1 0,0072 0,021 0,137 0,885 0,854 0,896 0,048

−0,86 0,064 0,074 0,118 0,885 0,852 0,896 0,050

γγ : x = 18, z = zm = 0,609

1
−1 0,0178 0,089 0,2615 0,9317 0,8932 0,9436 0,054

−0,86 0,0178 0,228 0,229 0,931 0,886 0,09436 0,062

5
−1 0,0074 0,021 0,190 0,9365 0,9138 0,9447 0,033

−0,86 0,069 0,144 0,164 0,936 0,912 0,09447 0,035

γγ : x = 100, z = zm = 0,477

1 −1
0,0093 0,017 0,527 0,9867 0,9771 0,9890 0,012

5 0,0070 0,009 0,519 0,9867 0,9793 0,9890 0,0097

’ ¡²¨Í  5. ‘¢μ°¸É¢  ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° eγ -¸¢¥É¨³μ¸É¨

ρ Lh.e Lm L3/2/L γw Lh.e. Lm L3/2/L γw

x = 4,5, z = 1, wM = 0,9045

ΛC = −1 ΛC = −0,86

1 0,38
7,626

0,135 0,0296 0,372
7,034

0,182 0,031
5 0,143 0,007 0,0141 0,134 0,079 0,014

x = 9, z = 0,7047, wM = 0,949

ΛC = −1 ΛC = −0,86

1 0,153
4,837

0,069 0,0176 0,149
4,32

0,116 0,018
5 0,074 0,05 0,0105 0,068 0,063 0,011

x = 18, z = 0,609, wM = 0,973

ΛC = −1 ΛC = −0,86

1 0,136
7,015

0,0625 0,0098 0,138
6,439

0,12 0,01
5 0,08 0,0059 0,0070 0,076 0,077 0,007

x = 100, z = 0,477, wM = 0,995

ΛC = −1 ΛC = −0,86

1 0,099
22,905

0,0086 0,002 0,1085
21,905

0,108 0,002
5 0,083 0,0042 0,0018 0,088 0,103 0,0018
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�¥·¥Î¨¸²¨³ μ¸´μ¢´Ò¥ ¸¢μ°¸É¢  ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° ¶·¨ x = 9, 18.
1. ‚Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö ¸¢¥É¨³μ¸ÉÓ ¶·¨ ρ = 1: Lγγ

h.e ≈ 0,02Lgeom

(¢ 5,5Ä7 · § ³¥´ÓÏ¥, Î¥³ ¶·¨ x = 4,5); Leγ
h.e ≈ 0,15Lgeom (¢ 2,5 · §  ³¥´ÓÏ¥,

Î¥³ ¶·¨ x = 4,5).
2. �¨±μ¢ Ö ¤¨ËË¥·¥´Í¨ ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ: Leγ

m ≈ Leγ
m (x = 4,5) ¨ ´¥

§ ¢¨¸¨É μÉ ρ; Lγγ
m /|ρ=1 ≈ (1/4)Lγγ

m (x = 4,5)|ρ=1.
3. ‘ ·μ¸Éμ³ ρ ¨´É¥£· ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ Lh.e ¨ ¶¨±μ¢μ¥ §´ Î¥´¨¥ Lγγ

m

Ê¡Ò¢ ÕÉ, ´μ ÔÉμ Ê¡Ò¢ ´¨¥ ³¥¤²¥´´¥¥, Î¥³ ¶·¨ x = 4,5.
4. ”μÉμ´Ò ¢´ÊÉ·¨ · ¸¸³ É·¨¢ ¥³μ£μ ¶¨±  Ìμ·μÏμ ¶μ²Ö·¨§μ¢ ´Ò. „μ²Ö

¸¢¥É¨³μ¸É¥° L2, L3/2 ¢ ¶μ²´μ° ¸¢¥É¨³μ¸É¨ μÎ¥´Ó ³ ² , ¶·¨ ρ = 5 ÔÉ¨ ¢±² ¤Ò
¶· ±É¨Î¥¸±¨ ¨¸Î¥§ ÕÉ ∗.

5. �´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¢¥É¨³μ¸É¨ μÎ¥´Ó Ê§±μ¥, ¤²Ö γγ-¸μÊ¤ -
·¥´¨° Ï¨·¨´  ¶¨±  γw ¸· ¢´¨³  ¸ Ï¨·¨´μ° ¶¨±  ¢ ¡ §μ¢μ° e+e−-³μ¤¥ (¸ ÊÎ¥-
Éμ³ ¨§²ÊÎ¥´¨Ö ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ (ISR) ¨ ¶ÊÎ±μ¢μ£μ ¨§²ÊÎ¥´¨Ö (beam-
strahlung, BS)). „²Ö eγ -¸μÊ¤ ·¥´¨° Ï¨·¨´  ¶¨±  γw ¤ ¦¥ Ê¦¥, Î¥³ ¢ ¡ §μ¢μ³
e+e−-¸μÊ¤ ·¥´¨¨ (¸ ÊÎ¥Éμ³ ISR ¨ BS).

6. 	Ò¸É·μÉÒ ·μ¦¤¥´´ÒÌ eγ - ¨ γγ-¸¨¸É¥³ ¢ ±μ²² °¤¥·´μ° ¸¨¸É¥³¥ · ¸¶μ-
²μ¦¥´Ò ¢ Ê§±¨Ì ¨´É¥·¢ ² Ì, μ¶·¥¤¥²Ö¥³ÒÌ · §¡·μ¸μ³ Ô´¥·£¨¨ ËμÉμ´μ¢ ¢´ÊÉ·¨
¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ¶¨±  (8),

ηeγ ∈
(

1
2(x + 1)

,
1

2(x + 1)
+ τ̄

)
, |ηγγ | � τ̄ , §¤¥¸Ó τ̄ ≈ τ

2
. (23)

7. �¥¨¤¥ ²Ó´ Ö ¶μ²Ö·¨§ Í¨Ö ´ Î ²Ó´ÒÌ Ô²¥±É·μ´μ¢ 2λe = −0,86 ¢³¥-
¸Éμ −1 ²¨ÏÓ ¸² ¡μ ÊÌÊ¤Ï ¥É ± Î¥¸É¢μ ¸¶¥±É· .

6. ��‘“†„…�ˆ… �…‡“‹œ’�’�‚

� ¨¡μ²¥¥ ¢ ¦´Ò¥ ·¥§Ê²ÓÉ ÉÒ ´ Ï¥° · ¡μÉÒ ¸²¥¤ÊÕÐ¨¥.
1. LC ¸ Ô´¥·£¨¥° Ô²¥±É·μ´μ¢ E � 1 ’Ô‚ ¶μ§¢μ²Ö¥É ¸μ§¤ ÉÓ ËμÉμ´´Ò°

±μ²² °¤¥· (TeV PLC) ¸ É¥³¨ ¦¥ ² §¥·μ³ ¨ μ¶É¨Î¥¸±μ° ¸¨¸É¥³μ°, ±μÉμ·Ò¥
¡Ê¤ÊÉ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¸μ§¤ ´¨Ö PLC ¤²Ö E � 250 ƒÔ‚. �μ ¸· ¢´¥´¨Õ ¸ ÔÉ¨³
¸²ÊÎ ¥³ ´¥μ¡Ìμ¤¨³ Ö Ô´¥·£¨Ö ² §¥·´μ° ¢¸¶ÒÏ±¨ ¤μ²¦´  ¡ÒÉÓ ¶μ¢ÒÏ¥´  ´¥
¡μ²¥¥ Î¥³ ´  70Ä20%.

2. ‚ μÉ²¨Î¨¥ μÉ ¸¨ÉÊ Í¨¨ ¶·¨ x < 4,8 ¨¸¶μ²Ó§μ¢ ´¨¥ ³ £´¨É´μ£μ μÉ±²μ-
´¥´¨Ö Ô²¥±É·μ´μ¢ ¶μ¸²¥ ±μ´¢¥·¸¨¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³  ¦¥² É¥²Ó´Ò³.

3. ‚ ¶·μÉ¨¢μ¶μ²μ¦´μ¸ÉÓ Ìμ·μÏμ μ¶¨¸ ´´μ³Ê ¸²ÊÎ Õ x < 4,8 ·μ¸É Ô´¥·-
£¨¨ ² §¥·´μ° ¢¸¶ÒÏ±¨ ¢ÒÏ¥ μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¶·¨¢¥² ¡Ò ´¥ ± Ê¢¥²¨-
Î¥´¨Õ,   ± Ê³¥´ÓÏ¥´¨Õ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° γγ- ¨ eγ -¸¢¥É¨³μ¸É¨.

∗�¤´μ¢·¥³¥´´μ¥ ¨§³¥´¥´¨¥ §´ ±μ¢ ¸¶¨· ²Ó´μ¸É¨ μ¤´μ£μ ¨§ Ô²¥±É·μ´μ¢ ¨ ¸É ²±¨¢ ÕÐ¥£μ¸Ö
¸ ´¨³ ² §¥·´μ£μ ËμÉμ´  ¶·¨¢μ¤¨É ± § ³¥´ ³ L0 ↔ L2, L1/2 ↔ L3/2.
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4. �·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ LC c E = 1 ’Ô‚ ¢ TeV PLC ³ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö
ËμÉμ´μ¢ ¸μ¸É ¢¨É ωm = 0,95 ’Ô‚ (

√
sγγ ≈ 1,9 ’Ô‚), γγ-¸¢¥É¨³μ¸ÉÓ ±μ´-

Í¥´É·¨·Ê¥É¸Ö ¢ Ê§±μ° ¶μ²μ¸¥ Ï¨·¨´μ° 5 % ¢¡²¨§¨ ¢¥·Ì´¥° £· ´¨ÍÒ; ¶μÎÉ¨
¢¸¥ ËμÉμ´Ò ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ ¸¶¨· ²Ó´μ¸ÉÓ (+1 ¨²¨ −1 Å ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ ¢Ò¡μ·μ³ Ô±¸¶¥·¨³¥´É Éμ· ), ¨´Ò³¨ ¸²μ¢ ³¨, ËμÉμ´Ò ¸ Ìμ·μÏ¥° ÉμÎ´μ-
¸ÉÓÕ ³μ´μÌ·μ³ É¨Î´Ò ¨ ¶μ Ô´¥·£¨¨, ¨ ¶μ ¶μ²Ö·¨§ Í¨¨. �μ²´Ò° ¨´É¥£· ²
¸¢¥É¨³μ¸É¨ ¢ ÔÉμ° ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ ¸μ¸É ¢¨É μ±μ²μ 0,02Lgeom

(§  £μ¤ > 10 Ë¡−1), ÔÉμ Éμ²Ó±μ ¢ 5 · § ³¥´ÓÏ¥, Î¥³ ¤²Ö ¸²ÊÎ Ö E = 250 ƒÔ‚
(
√

sγγ ≈ 0,4 ’Ô‚). (�·¨ E = 250 ƒÔ‚ · §¡·μ¸ ÔËË¥±É¨¢´ÒÌ γγ-³ ¸¸ §´ -
Î¨É¥²Ó´μ ¢ÒÏ¥.) Œ ±¸¨³ ²Ó´ Ö ¤¨ËË¥·¥´Í¨ ²Ó´ Ö γγ-¸¢¥É¨³μ¸ÉÓ ÔÉμ£μ TeV
PLC ¸μ¸É ¢¨É ¡μ²¥¥ 25 % μÉ ³ ±¸¨³ ²Ó´μ° ¸¢¥É¨³μ¸É¨ ¢ ¸²ÊÎ ¥ E = 250 ƒÔ‚.

5. �¡¸Ê¦¤ ¥³Ò¥ §´ Î¥´¨Ö ¸¢¥É¨³μ¸É¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ Î¨¸²μ ¨´É¥·¥¸´ÒÌ
¸μ¡ÒÉ¨° (¸ ¸Ê³³ ·´μ° ´ ¡²Õ¤ ¥³μ° Ô´¥·£¨¥° > Elim) ´  ¸μÊ¤ ·¥´¨¥ ¸£Ê¸É±μ¢
§ ³¥É´μ ³¥´ÓÏ¥ 1. �μÔÉμ³Ê ÔÉ¨ ¸μ¡ÒÉ¨Ö ¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö μÉ¤¥²Ó´μ μÉ
Ëμ´μ¢ÒÌ.

6. �¨§±μÔ´¥·£¥É¨Î¥¸± Ö Î ¸ÉÓ ËμÉμ´´μ£μ ¸¶¥±É·  ¢±²ÕÎ ¥É ËμÉμ´Ò μÉ
¢¸¥Ì Ê¶μ³¨´ ¢Ï¨Ì¸Ö ¢ · §¤. 2 ³¥Ì ´¨§³μ¢. �É  Î ¸ÉÓ ¸¨²Ó´μ § ¢¨¸¨É μÉ ¤¥-
É ²¥° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨. ‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¨´É¥£· ² ¸¢¥É¨³μ¸É¨
³μ¦¥É ¡ÒÉÓ ¡μ²ÓÏ¨³ [31]. �ÉÊ Î ¸ÉÓ ¸¶¥±É·  ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¨§ÊÎ¥-
´¨Ö ¡μ²¥¥ É· ¤¨Í¨μ´´ÒÌ ¶·μ¡²¥³ (¸³., ´ ¶·¨³¥·, [32]).

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¡² £μ¤ ·´Ò ‚.‘¥·¡μ ¨ ‚. ’¥²Ó´μ¢Ê §  μ¡¸Ê¦¤¥-
´¨Ö ¨ § ³¥Î ´¨Ö, ‹.Š ²¨´μ¢¸±μ° ¨ ‘.	μ´¤ ·¥´±μ Å §  ¤ ´´Ò¥ μ ¶·μÍ¥¸¸ Ì
γγ → ZZ, γZ. � ¡μÉ  ¶μ¤¤¥·¦ ´  ¶·μ£· ³³μ° ËÊ´¤ ³¥´É ²Ó´ÒÌ ´ ÊÎ´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ‘� ��� ºII.15.1, ¶·μ¥±É º0314-2019-00, ¨ ¶·μ¥±Éμ³ HAR-
MONIA (±μ´É· ±É UMO-2015/18/M/ST2/00518 (2016Ä2020)).

�·¨²μ¦¥´¨¥ �
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�.1. ‘²ÊÎ ° ®¶²μÌμ°¯ ´ Î ²Ó´μ° ¸¶¨· ²Ó´μ¸É¨ ΛC ≈ 1. �·¨ ΛC = 1
¸¶¥±É· ¡ §μ¢ÒÌ ±μ³¶Éμ´μ¢¸±¨Ì ËμÉμ´μ¢ §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¶²μ¸±¨°, Î¥³ ¢
®Ìμ·μÏ¥³¯ ¸²ÊÎ ¥ ΛC = −1 (¸³. ·¨¸. 4). �μÔÉμ³Ê ¢ μÍ¥´± Ì ¨´É¥£· ²Ó´μ°
¸¢¥É¨³μ¸É¨ (13) ¸²¥¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ ´¨¦´ÕÕ £· ´¨ÍÊ ymin = 0,6. �¶É¨-
³ ²Ó´ Ö μ¶É¨Î¥¸± Ö ¤²¨´  ¢ ÔÉμ³ ¸²ÊÎ ¥ μ± §Ò¢ ¥É¸Ö ¡μ²ÓÏ¥, Î¥³ ¢ ®Ìμ·μ-
Ï¥³¯ ¸²ÊÎ ¥ ΛC = −1. ‚ Î ¸É´μ¸É¨, ¶·¨ ρ = 1 μ± §Ò¢ ¥É¸Ö zm(x = 18, ΛC =
1) = 0,827 ¨ zm(x = 100, ΛC = 1) = 1,07 ¤²Ö x = 100. ’·¥¡Ê¥³ Ö ¢ ÔÉ¨Ì
¸²ÊÎ ÖÌ Ô´¥·£¨Ö ² §¥·´μ° ¢¸¶ÒÏ±¨ ´¥¸±μ²Ó±μ ¢ÒÏ¥, Î¥³ ¢ ®Ìμ·μÏ¥³¯ ¸²ÊÎ ¥.

� ¨¡μ²¥¥ ¢ ¦´μ¥ · §²¨Î¨¥ ¸μ¸Éμ¨É ¢ Ëμ·³¥ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨
¸¶¥±É·  ¸¢¥É¨³μ¸É¨. �´ §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¶²μ¸±¨°, Î¥³ ÉμÉ, ÎÉμ ¶μ± § ´ ´ 
·¨¸. 6. �μ²μ¦¥´¨¥ ¥£μ · §³ÒÉμ£μ ³ ±¸¨³Ê³  ¸³¥Ð ¥É¸Ö ± ³´μ£μ ³¥´ÓÏ¨³
§´ Î¥´¨Ö³ w. �·μ¸Éμ¥ μ¤´μ¶ · ³¥É·¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¸¶¥±É·  ¶·¨ ¨§³¥´¥-
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´¨¨ b (14)Ä(16) ¸É ´μ¢¨É¸Ö ´¥¸¶· ¢¥¤²¨¢Ò³, ¤¥É ²¨ ±μ´¸É·Ê±Í¨¨ μ± §Ò¢ ÕÉ¸Ö
¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ ËμÉμ´μ¢, ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö ¨ ´¨§±μ-
Ô´¥·£¥É¨Î¥¸± Ö Î ¸É¨ ¸¶¥±É·  ¶· ±É¨Î¥¸±¨ ´¥ · §¤¥²ÖÕÉ¸Ö.

�.2. ‹¨´¥°´ Ö ¶μ²Ö·¨§ Í¨Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ËμÉμ´μ¢. �´  ¢Ò· -
¦ ¥É¸Ö Î¥·¥§ ²¨´¥°´ÊÕ ¶μ²Ö·¨§ Í¨Õ ² §¥·´ÒÌ ËμÉμ´μ¢ P�0 Ìμ·μÏμ ¨§¢¥¸É-
´Ò³ ¸μμÉ´μÏ¥´¨¥³ (N/D) (¸³. [9]), ¢ ±μÉμ·μ³ |N | � |2P�0| ¨ D ∝ f(x, y).
—Éμ¡Ò ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸± Ö ¸¢¥É¨³μ¸ÉÓ ¡Ò²  ¡μ²ÓÏμ°, §´ ³¥´ É¥²Ó D ¤μ²-
¦¥´ ¡ÒÉÓ ¡μ²ÓÏ¨³. �μÔÉμ³Ê ¢ ¸²ÊÎ ¥ ¢Ò¸μ±μ° γγ-¸¢¥É¨³μ¸É¨ ²¨´¥°´ Ö ¶μ-
²Ö·¨§ Í¨Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ ËμÉμ´  ³μ¦¥É ¡ÒÉÓ Éμ²Ó±μ ´¥¡μ²ÓÏμ°.
�¥²Ó§Ö ´ ¤¥ÖÉÓ¸Ö ´  ´ ¡²Õ¤¥´¨¥ ÔÉ¨Ì ÔËË¥±Éμ¢ ´  μ¡¸Ê¦¤ ¥³ÒÌ TeV PLC.

�.3. ‘Éμ²±´μ¢¥´¨Ö ¶μ§¨É·μ´μ¢ ¸ Ô²¥±É·μ´ ³¨ ¶·μÉ¨¢μ¶μ²μ¦´μ£μ
¶ÊÎ± . ‘Éμ²±´μ¢¥´¨Ö ¶μ§¨É·μ´μ¢, ¢μ§´¨±Ï¨Ì ¢ Ê¡¨¢ ÕÐ¥³ ¶·μÍ¥¸¸¥ ¸ Ô²¥±-
É·μ´ ³¨ ¢¸É·¥Î´μ£μ ¶ÊÎ± , ¶μ·μ¦¤ ÕÉ Ë¨§¨Î¥¸±¨¥ ¸μ¸ÉμÖ´¨Ö, ¸Ìμ¤´Ò¥ ¸ ´¥-
±μÉμ·Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, ¶μ·μ¦¤ ¥³Ò³¨ ¢ γγ-¸μÊ¤ ·¥´¨ÖÌ. �Éμ ³μ£²μ ¡Ò ¡ÒÉÓ
¢ ¦´Ò³ Ëμ´μ¢Ò³ ¶·μÍ¥¸¸μ³ ¤²Ö TeV PLC.

�¡Ð¥¥. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ É ¡². 3 ¶·¨ x = 18 ¨ z = zm Î¨¸²μ Ê¡¨ÉÒÌ
ËμÉμ´μ¢ (·μ¤¨¢Ï¨Ì e+e−-¶ ·Ò) ¸μ¸É ¢²Ö¥É ³¥´ÓÏ¥ 3/4 μÉ Î¨¸²  μ¸É ¢Ï¨Ì¸Ö
ËμÉμ´μ¢. �Éμ μÉ´μÏ¥´¨¥ Ê³¥´ÓÏ ¥É¸Ö ¶·¨ Ê³¥´ÓÏ¥´¨¨ x. ’μ²Ó±μ ¶μ²μ¢¨´ 
¨§ ÔÉ¨Ì ËμÉμ´μ¢ ¶μ·μ¦¤ ¥É ¶μ§¨É·μ´Ò ¢Ò¸μ±μ° Ô´¥·£¨¨. �μÔÉμ³Ê ¸¢¥É¨³μ¸ÉÓ
ÔÉ¨Ì ¸μÊ¤ ·¥´¨° Lb(e+e−) � (1,5Ä2,5)L(γγ).

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¢³¥¸Éμ zm μ¶É¨Î¥¸±μ° ¤²¨´Ò z0,9 Ê³¥´ÓÏ ¥É Î¨¸²μ ¶μ-
§¨É·μ´μ¢ ¨ ¸¢¥É¨³μ¸ÉÓ Lb(e+e−) ´ ¶μ²μ¢¨´Ê ¨²¨ ¡μ²¥¥ Í¥´μ° ´¥¡μ²ÓÏμ£μ
Ê³¥´ÓÏ¥´¨Ö Lγγ.

� ¸¶·¥¤¥²¥´¨¥ ¶μ§¨É·μ´μ¢ ¨ É. ¶. ”μ·³  · ¸¶·¥¤¥²¥´¨Ö ¸¢¥É¨³μ¸É¨ μ¡¸Ê-
¦¤ ¥³ÒÌ e+e−-¸μÊ¤ ·¥´¨° ¸μ¢¥·Ï¥´´μ ¨´ Ö, Î¥³ Ê ¨´É¥·¥¸ÊÕÐ¨Ì ´ ¸
γγ-¸μÊ¤ ·¥´¨°. —Éμ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ÔÉμ³, · ¸¸³μÉ·¨³ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶μ§¨É·μ´μ¢, ·μ¦¤¥´´ÒÌ ËμÉμ´ ³¨ ¸ Ô´¥·£¨¥° ω = Ey ¨ ¶μ²Ö-
·¨§ Í¨¥° λ. ˆ¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨Ö (18) ¨ § ¶¨Ï¥³ Ô´¥·£¨Õ ¶μ§¨É·μ´ 
E+ = y+ω ≡ y+yE. � ¶μ³´¨³ ±¨´¥³ É¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö:

w2 = sy � 4, v =
√

1 − 4/w2,
1 + v

2
� y+ � 1 − v

2
, (24 )

¶μÔÉμ³Ê
y+ � 0,77 → E+ � 0,693E ¶·¨ x = 9,

y+ � 0,888 → E+ � 0,841 ¶·¨ x = 18.
(24¡)

Š ± ·¥§Ê²ÓÉ É, ¡Ò¸É·μÉÒ ¸¨¸É¥³Ò, ·μ¦¤¥´´μ° ¢ ÔÉ¨Ì e+e−-¸μÊ¤ ·¥´¨ÖÌ, É -
±μ¢Ò:

ηe+e−(x = 9) � 0,153, ηe+e−(x = 18) � 0,08. (25)

�É¨ §´ Î¥´¨Ö ´¥ ¶¥·¥±·Ò¢ ÕÉ¸Ö ¸ ¨´É¥·¢ ²μ³ ¡Ò¸É·μÉ ¤²Ö γγ-¸¨¸É¥³Ò (23),
(8). �μÔÉμ³Ê ¢ ¸²ÊÎ ¥ ´ ¡²Õ¤¥´¨Ö ¢¸¥Ì ±μ´¥Î´ÒÌ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨ e+e−-
¨ γγ-¸μ¡ÒÉ¨Ö Ö¸´μ · §²¨Î¨³Ò.
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‚ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ¡μ²¥¥ ¤¥É ²Ó´μ¥ μ¶¨¸ ´¨¥. �´¥·£¥É¨Î¥¸±μ¥
· ¸¶·¥¤¥²¥´¨¥ ¶μ§¨É·μ´μ¢, ·μ¦¤¥´´ÒÌ ¢ γ0γ-¸μÊ¤ ·¥´¨ÖÌ, ¨³¥¥É ¢¨¤

dn+(y+; w2, λλ0)
dy+

=
(u − 2)(1 + cλ0λ) + s2

Φγγ(w2, λ0λ)
,

u =
1

y+(1 − y+)
, c = 2

u

w2
− 1, s2 = 1 − c2.

(26)

�·¨ ´ ¨¡μ²ÓÏ¥° Ô´¥·£¨¨ ¶μ§¨É·μ´μ¢ c = 1, ¨ ³Ò ¨³¥¥³ dn = 0 (¶·¨
λ0λ = −1) ∗. �Éμ μ§´ Î ¥É, ÎÉμ Ë¨§¨Î¥¸±¨° ¶μÉμ± ¶μ§¨É·μ´μ¢ μ£· ´¨Î¥´
¤ ¦¥ ¸¨²Ó´¥¥, Î¥³ ¢ (24).

�·¨ μÉÌμ¤¥ μÉ Ê± § ´´ÒÌ ±μ´¥Î´ÒÌ ÉμÎ¥± · ¸¶·¥¤¥²¥´¨¥ (26) ¶μ y+ ³¥-
´Ö¥É¸Ö ¸² ¡μ ¢μ ¢¸¥³ ¨´É¥·¢ ²¥ ¨§³¥´¥´¨Ö y+. �μÔÉμ³Ê e+e−-¸¢¥É¨³μ¸ÉÓ
Ï¨·μ±μ · ¸¶·¥¤¥²¥´  ¶μ ¢¸¥° μ¡² ¸É¨ ¢μ§³μ¦´μ£μ ¨§³¥´¥´¨Ö. ‚ ¨Éμ£¥ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ dLe+e−

/dw  dLγγ/dw|peak.
�μ³¨³μ · §²¨Î¨° ¢ · ¸¶·¥¤¥²¥´¨¨ ¸¢¥É¨³μ¸É¨ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ ¢ ¦´Ò¥

· §²¨Î¨Ö ¢ ·μ¦¤¥´´ÒÌ ¸¨¸É¥³ Ì ¶·¨ μ¤¨´ ±μ¢ÒÌ Ô´¥·£¨ÖÌ.
1. ‘ ·μ¸Éμ³ Ô´¥·£¨¨ ¢¸¥ ¸¥Î¥´¨Ö ¢ e+e−-³μ¤¥ ¶ ¤ ÕÉ ± ± 1/s. ‚ γγ-³μ¤¥

¸¥Î¥´¨Ö ³´μ£¨Ì ¶·μÍ¥¸¸μ¢ ´¥ ¶ ¤ ÕÉ.
2. ‚ e+e−-³μ¤¥ ¡μ²ÓÏ¨´¸É¢μ ¶·μÍ¥¸¸μ¢ Å  ´´¨£¨²ÖÍ¨μ´´Ò¥ (Î¥·¥§ γ

¨²¨ Z ¢ ¶·μ³¥¦ÊÉμÎ´μ³ ¸μ¸ÉμÖ´¨¨). �·μ¤Ê±ÉÒ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¨³¥ÕÉ Ï¨·μ-
±¨¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö. ‚ γγ-³μ¤¥ §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨
¤¢¨¦¥É¸Ö ¢¤μ²Ó μ¸¨ ¸μÊ¤ ·¥´¨Ö ¸ Ê³¥·¥´´Ò³ ¶μ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸μ³.

�.4. �·μÍ¥¸¸ �¥É¥Äƒ °É²¥·  e0γ0 → ee+e−. �ÉμÉ ¶·μÍ¥¸¸ ¢±²ÕÎ ¥É¸Ö
¶·¨ x = 8. �´ Ö¢²Ö¥É¸Ö ¶·μÍ¥¸¸μ³ ¸²¥¤ÊÕÐ¥£μ ¶μ·Ö¤±  ¶μ α, ´μ (¢ ¶·μÉ¨¢μ-
¶μ²μ¦´μ¸ÉÓ ÔËË¥±ÉÊ Šμ³¶Éμ´ ) ¥£μ ¸¥Î¥´¨¥ ´¥ ¶ ¤ ¥É ¸ ·μ¸Éμ³ Ô´¥·£¨¨:

’ ¡²¨Í  6. ” ±Éμ· KBH

ΛC
x

30 100 300

−1 0,96 0,80 0,47
1 0,97 0,88 0,62

σBH =
(

28
9π

)
ασ0

(
ln x − 109

42

)
¶·¨ x � 1.

ˆ§-§  ÔÉμ£μ ¶·μÍ¥¸¸  ¶μÉμ± ¢Ò¸μ±μÔ´¥·£¥É¨-
Î¥¸±¨Ì ËμÉμ´μ¢ ÔËË¥±É¨¢´μ Ê³¥´ÓÏ ¥É¸Ö ¢ KBH

· §:

KBH =
σC(x)

σC(x) + σBH(x)
, (27)

¨ γγ-¸¢¥É¨³μ¸ÉÓ Ê³¥´ÓÏ ¥É¸Ö ¢ K2
BH · §. —¨¸²¥´´Ò¥ §´ Î¥´¨Ö ÔÉμ£μ Ë ±Éμ· 

¶·¨¢¥¤¥´Ò ¢ É ¡². 6. ˆ§ ´¥¥ ¢¨¤´μ, ÎÉμ ³¥Ì ´¨§³μ³ 	¥É¥Äƒ °É²¥·  ³μ¦´μ
¶·¥´¥¡·¥ÎÓ ¶·¨ x < 100,   Ê³¥´ÓÏ¥´¨¥ ¶μÉμ±  ËμÉμ´μ¢ ¸É ´μ¢¨É¸Ö ´¥¶·¨¥³-
²¥³μ ¸¨²Ó´Ò³ ¶·¨ x > 300.

∗� ¢¥´¸É¢μ dn = 0 μÉ¢¥Î ¥É Éμ³Ê Ë ±ÉÊ, ÎÉμ § ±μ´ ¸μÌ· ´¥´¨Ö ³μ³¥´É  ¨³¶Ê²Ó¸  § ¶·¥Ð ¥É
·μ¦¤¥´¨¥ ¶μ§¨É·μ´μ¢ (¨²¨ Ô²¥±É·μ´μ¢) ´  Ê£μ² 0.
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ŒÒ μ¦¨¤ ¥³, ÎÉμ LHC ¨ e+e−-±μ²² °¤¥·Ò ¤ ¤ÊÉ ´ ³ ³´μ£μ ´μ¢ÒÌ ·¥-
§Ê²ÓÉ Éμ¢. � §Ê³¥¥É¸Ö, TeV PLC ¡Ê¤¥É ¤μ¶μ²´ÖÉÓ ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ ¨ Ê²ÊÎ-
Ï ÉÓ ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö ´¥±μÉμ·ÒÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥É·μ¢. ‘ÊÐ¥-
¸É¢ÊÕÉ, μ¤´ ±μ, ¨ ¢ ¦´Ò¥ § ¤ Î¨ ËÊ´¤ ³¥´É ²Ó´μ° Ë¨§¨±¨, ±μÉμ·Ò¥ ´  LHC ¨
e+e−-±μ²² °¤¥· Ì ´¥¤μ¸ÉÊ¶´Ò ¤²Ö ¨§ÊÎ¥´¨Ö ¨²¨ É·¥¡ÊÕÉ μÎ¥´Ó ¡μ²ÓÏ¨Ì Ê¸¨-
²¨°,   ´  TeV PLC μ´¨ ³μ£ÊÉ ¶μ²ÊÎ¨ÉÓ ·¥Ï¥´¨¥. �¡¸Ê¤¨³ ´¨¦¥ ¨³¥´´μ É ±¨¥
§ ¤ Î¨.

‚´¥ ‘É ´¤ ·É´μ° ³μ¤¥²¨ (BSM). ‚ · ¸Ï¨·¥´´μ³ Ì¨££¸μ¢¸±μ³ ¸¥±Éμ·¥
³μ¦¥É ·¥ ²¨§μ¢ ÉÓ¸Ö ¸Í¥´ ·¨°, ¢ ±μÉμ·μ³ ´ ¡²Õ¤ ¥³Ò° ¡μ§μ´ •¨££¸  h ¶μ-
¤μ¡¥´ ¡μ§μ´Ê •¨££¸  ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ (SM-like, ¨²¨ aligned), ¢ Éμ ¢·¥³Ö
± ± ³μ¤¥²Ó ¸μ¤¥·¦¨É ¤·Ê£¨¥ ¸± ²Ö·Ò, ´¥±μÉμ·Ò¥ ¨§ ±μÉμ·ÒÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ
¸¨²Ó´μ. � ´¥¥ μ¡¸Ê¦¤ ²μ¸Ó (¢ ³μ¤¥²¨ ¸ μ¤´¨³ ¡μ§μ´μ³ •¨££¸ ), ÎÉμ Ë¨§¨± 
¶μ¤μ¡´μ£μ ¸¨²Ó´μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥£μ ¸¥±Éμ·  ³μ¦¥É ¡ÒÉÓ ¶μ¤μ¡´  ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±μ° Ë¨§¨±¥ ¶¨μ´μ¢. ’ ± Ö ¸¨¸É¥³  ³μ¦¥É ¨³¥ÉÓ ·¥§μ´ ´¸Ò, ¶μ-
¤μ¡´Ò¥ σ, ρ, f ¸μ ¸¶¨´μ³ 0, 1 ¨ 2 (¶μ μÍ¥´± ³ Å ¸ ³ ¸¸μ° M � 1Ä2 ’Ô‚).
‚Ò¸μ± Ö ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ TeV PLC ¶μ§¢μ²¨É ´ ¡²Õ¤ ÉÓ ÔÉ¨ ·¥§μ´ ´¸´Ò¥
¸μ¸ÉμÖ´¨Ö ¸μ ¸¶¨´μ³ 0 ¨ 2 ¢ γγ-³μ¤¥.

�μ¤μ¡´Ò³ μ¡· §μ³ ³μ¦´μ ¡Ê¤¥É ´ ¡²Õ¤ ÉÓ ¢μ§¡Ê¦¤¥´´Ò¥ Ô²¥±É·μ´Ò ¸μ
¸¶¨´μ³ 1/2 ¨²¨ 3/2 ¢ eγ -¸μÊ¤ ·¥´¨ÖÌ.

”¨§¨±  ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢. �²¥±É·μ¸² ¡ Ö É¥μ·¨Ö ¶·μ¢¥·¥´  ´Ò´¥
´  ¤·¥¢¥¸´μ³ Ê·μ¢´¥ ¤²Ö ¶·μ¸É¥°Ï¨Ì ¶·μÍ¥¸¸μ¢ ¨ ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥
¤²Ö Z-¶¨± . ‚μ§³μ¦´μ¸ÉÓ ¶·μ¢¥·¨ÉÓ ÔËË¥±ÉÒ ÔÉμ° ³μ¤¥²¨ ¢ ¡μ²¥¥ ¸²μ¦´ÒÌ
¶·μÍ¥¸¸ Ì ¨ ¤²Ö ¶¥É²¥¢ÒÌ ÔËË¥±Éμ¢ ¢´¥ Z-¶¨±  ¶·¥¤¸É ¢²Ö¥É¸Ö μÎ¥´Ó ¢ ¦´μ°.
TeV PLC μ¡¥¸¶¥Î¨É ´ ¸ Ê´¨± ²Ó´μ° ¢μ§³μ¦´μ¸ÉÓÕ ¨§ÊÎ ÉÓ ÔÉ¨ ¶·μ¡²¥³Ò.

�·μÍ¥¸¸Ò γγ → WW , eγ → νW ¨³¥ÕÉ £·μ³ ¤´Ò¥ ¶μ ³¥·± ³ Ë¨§¨±¨
’Ô‚´ÒÌ Ô´¥·£¨° ¸¥Î¥´¨Ö, ¶·¨ ¡μ²ÓÏ¨Ì s ¶μ²ÊÎ ¥³ [26Ä30]

σ(γγ → WW ) ≡ σV = 8πα2/M2
W ≈ 86 ¶¡, (28 )

σ(eγ → νW ) ≈
(

1
2
− λe

)
σV . (28¡)

ˆ§³¥·¥´¨¥ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¶μ§¢μ²¨É É¥¸É¨·μ¢ ÉÓ ¸É·Ê±ÉÊ·Ê Ô²¥±É·μ¸² ¡μ°
É¥μ·¨¨ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ μ±μ²μ 0,1 % (1 ¶¥É²Ö ¨ Î ¸É¨Î´μ 2 ¶¥É²¨). —Éμ¡Ò
μ¶¨¸ ÉÓ ·¥§Ê²ÓÉ ÉÒ ¸ É ±μ° ÉμÎ´μ¸ÉÓÕ, ¤μ²¦´  ¡ÒÉÓ ¶μ¸É·μ¥´  ±¢ ´Éμ¢ Ö É¥-
μ·¨Ö ¶μ²Ö ¸ ´¥¸É ¡¨²Ó´Ò³¨ Î ¸É¨Í ³¨. ‘ É ±μ° ÉμÎ´μ¸ÉÓÕ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ±
¢μ§³μ¦´Ò³  ´μ³ ²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³ (μ¶¥· Éμ· ³ ¢Ò¸Ï¥° · §³¥·´μ¸É¨),
É. ¥. ¸¨£´ ² ³ ´μ¢μ° Ë¨§¨±¨, ¡Ê¤¥É Ê¸¨²¥´  [26].

�·μÍ¥¸¸Ò γγ → ZZ ¨ γγ → γZ ¡Ê¤ÊÉ ¶¥·¢Ò³¨ Ìμ·μÏμ ¨§³¥·Ö¥³Ò³¨
¶·μÍ¥¸¸ ³¨, μ¡Ê¸²μ¢²¥´´Ò³¨ Éμ²Ó±μ ¶¥É²¥¢Ò³¨ ¢±² ¤ ³¨ [27,29]. �´¥·£¥É¨-
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�¨¸. 7. ‘¥Î¥´¨¥ ¶·μÍ¥¸¸  γγ → ZZ [30]

Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸ 
γγ → ZZ ¶μ± § ´  ´  ·¨¸. 7. ‡ ³¥-
É¨³, ÎÉμ σ(γγ → γZ) ≈ σ(γγ →
ZZ)/3 [30].

�·μÍ¥¸¸Ò ¸ ³´μ¦¥¸É¢¥´´Ò³ ·μ-
¦¤¥´¨¥³ ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢ ´ 
TeV PLC ¨³¥ÕÉ μÉ´μ¸¨É¥²Ó´μ ¡μ²Ó-
Ï¨¥ ¸¥Î¥´¨Ö (·¨¸. 8) ∗. �É¨ ¸¥Î¥-
´¨Ö ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¤¥É ²Ö³ ± ²¨-
¡·μ¢μÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (±μÉμ·Ò¥
´¥²Ó§Ö Ê¢¨¤¥ÉÓ ¤·Ê£¨³ ¸¶μ¸μ¡μ³) ¨
± ¢μ§³μ¦´Ò³  ´μ³ ²Ó´Ò³ ¢§ ¨³μ¤¥°-
¸É¢¨Ö³. �¨Î¥£μ ¶μ¤μ¡´μ£μ ´¥ μÉ±·Ò-

¢ ¥É¸Ö ´  ¤·Ê£¨Ì ±μ²² °¤¥· Ì. �É¨ μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¨¥ ¸¥Î¥´¨Ö μ¡Ê¸²μ-
¢²¥´Ò ¢±² ¤ ³¨ ¤¨ £· ³³ ¸ μ¡³¥´μ³ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨ ¢ t-± ´ ²¥,
´¥ Ê¡Ò¢ ÕÐ¨³¨ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ [33]. �É¨ ¸¥Î¥´¨Ö · ¸ÉÊÉ ²μ£ ·¨Ë³¨Î¥¸±¨
¸ Ë ±Éμ· ³¨ L ≈ ln (s/m2

e) ¤²Ö μ¡³¥´  ËμÉμ´ ³¨ ¨ � ≈ ln (s/M2
W ) ¤²Ö μ¡-

³¥´  W (Z):

σ(eγ → eWW ) ∼ ασW L, σ(eγ → eWWZ) ∼ α2σW L�,

σ(eγ → νWW ) ∼ ασW �, σ(γγ → ZWW ) ∼ ασW �,

σ(eγ → νWWW ) ∼ σ(γγ → WWZZ)
sin2 θW

∼ α2σW �2,

σ(γγ → WWWW ) ∼ α2σW �2.

(29)

„²Ö ¶·μÍ¥¸¸μ¢ eγ → eWW , eγ → eWWZ ¶·¨¢μ¤¨³ ¸¥Î¥´¨Ö ¤²Ö Ìμ-
·μÏμ ´ ¡²Õ¤ ¥³ÒÌ ¶μ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸μ¢ Ô²¥±É·μ´  (p⊥e > 30 ƒÔ‚). ˆ§Ê-
Î¥´¨¥ § ¢¨¸¨³μ¸É¨ ÔÉ¨Ì ¸¥Î¥´¨° μÉ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  Ô²¥±É·μ´  ¶μ§¢μ-
²¨É ¨§³¥·¨ÉÓ Ô²¥±É·μ³ £´¨É´Ò° Ëμ·³Ë ±Éμ· W ¢ ¶·μÍ¥¸¸¥ γγ∗ → WW ,
γγ∗ → WWZ ¨ ¢Ò¤¥²¨ÉÓ ¢±² ¤ ¶·μÍ¥¸¸  Z∗γ → WW , Z∗γ → WWZ (¶·¨
p⊥e > 30 ƒÔ‚). ˆ§ÊÎ¥´¨¥ ¶·μÍ¥¸¸  eγ → νWZ ¶μ§¢μ²¨É ¶μ²ÊÎ¨ÉÓ ¶¥·¢ÊÕ
¨´Ëμ·³ Í¨Õ μ ¶μ¤¶·μÍ¥¸¸¥ W ∗γ → WZ.

�¤·μ´´ Ö Ë¨§¨±  ¨ Š•„. � Ï¥ ¶μ´¨³ ´¨¥ Ë¨§¨±¨  ¤·μ´μ¢ ¤¢μÖ±μ.
ŒÒ Ê¢¥·¥´Ò, ÎÉμ ¶μ´¨³ ¥³ ¡ §μ¢ÊÕ É¥μ·¨Õ Å Š•„ ¸ ¥¥  ¸¨³¶ÉμÉ¨Î¥¸±μ°
¸¢μ¡μ¤μ°. �¤´ ±μ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ¢ Š•„ ¶·¨³¥´ÖÕÉ¸Ö ± μ¶¨¸ ´¨Õ
´ ¡²Õ¤ ¥³ÒÌ ¤ ´´ÒÌ Éμ²Ó±μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¤μ¶ÊÐ¥-
´¨° (Î ¸Éμ ¶μ¤É¢¥·¦¤ ¥³ÒÌ ³´μ£μ²¥É´¥° ¶· ±É¨±μ°). �Éμ ¶·¨¢μ¤¨É ± ¶²μÌμ
±μ´É·μ²¨·Ê¥³Ò³ ´¥μ¶·¥¤¥²¥´´μ¸ÉÖ³ ¢ μ¶¨¸ ´¨¨ ¤ ´´ÒÌ.

∗‚μ§³μ¦´Ò¥ ¢±² ¤Ò ¤μ¶μ²´¨É¥²Ó´ÒÌ ¡μ§μ´μ¢ •¨££¸  ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö.



”�’���›‰ Š�‹‹�‰„…� „‹Ÿ ��…�ƒˆˆ 1Ä2 ’Ô‚ 1155

�¨¸. 8. ‘¥Î¥´¨Ö ³´μ¦¥¸É¢¥´´μ£μ ·μ¦¤¥´¨Ö ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¸
¶μ³μÐÓÕ CalcHEP

PLC ¢ ´¥±μÉμ·ÒÌ μÉ´μÏ¥´¨ÖÌ ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ±  ¤·μ´´ Ö ³ -
Ï¨´  ¸ ¡μ²¥¥ Î¨¸ÉÒ³ ´ Î ²Ó´Ò³ ¸μ¸ÉμÖ´¨¥³. �Éμ §´ Î¨É, ÎÉμ PLC ³μ¦´μ ¨¸-
¶μ²Ó§μ¢ ÉÓ ¤²Ö ¤¥É ²Ó´μ£μ ¨§ÊÎ¥´¨Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ Š•„,
É ±¨Ì ± ± ¤¨Ë· ±Í¨Ö, ¶μ²´Ò¥ ¸¥Î¥´¨Ö, μ¤¤¥·μ´ ¨ É. ¤. �¥§Ê²ÓÉ ÉÒ ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ³μ£ÊÉ ¸μ¶μ¸É ¢²ÖÉÓ¸Ö ¸ μ¶ÒÉμ³ ¸ ³¥´ÓÏ¥° ´¥μ¶·¥-
¤¥²¥´´μ¸ÉÓÕ, Î¥³ ´  LHC.

ˆ§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·´μ° ËÊ´±Í¨¨ ËμÉμ´  Wγ (¢ eγ -³μ¤¥) μ¡¥¸¶¥Î¨É Ê´¨-
± ²Ó´Ò° É¥¸É Š•„. �É  ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¸Ê³³Ò
ÉμÎ¥Î´μ¶μ¤μ¡´μ£μ W pl

γ ¨  ¤·μ´´μ£μ Wh
γ ¢±² ¤μ¢. �μ¸²¥¤´¨° ¸Ìμ¦ ¸μ ¸É·Ê±-

ÉÊ·´μ° ËÊ´±Í¨¥° ¶·μÉμ´  ¨ μ¶¨¸Ò¢ ¥É¸Ö ¸Ìμ¤´μ° Ë¥´μ³¥´μ²μ£¨¥°. � ¶·μ-
É¨¢, ÉμÎ¥Î´μ¶μ¤μ¡´Ò° ¢±² ¤ W pl

γ μ¶¨¸Ò¢ ¥É¸Ö ¡¥§ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶ -

· ³¥É·μ¢ [34]. �É´μÏ¥´¨¥ Wh
γ /W pl

γ ¶ ¤ ¥É ¸ ·μ¸Éμ³ Q2 ¶·¨³¥·´μ ± ±

(ln Q2)−1/3. ‚ ´Ò´¥ ¤μ¸ÉÊ¶´μ° μ¡² ¸É¨ ¶ · ³¥É·μ¢  ¤·μ´´Ò° ¢±² ¤ ¤μ³¨-
´¨·Ê¥É. ‘ ·μ¸Éμ³ Q2 ´  eγ TeV PLC ÉμÎ¥Î´μ¶μ¤μ¡´Ò° ¢±² ¤ ¤μ²¦¥´ ¸É ÉÓ
¤μ³¨´¨·ÊÕÐ¨³.
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