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�. �. ŒÊÌ ³¥¤Ï¨´
ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ���, Œμ¸±¢ 

�¡¸Ê¦¤ ¥É¸Ö ±μ³¶² ´ ·´μ¸ÉÓ ¸ ³ÒÌ Ô´¥·£¨Î´ÒÌ ¶μ¤¸É¢μ²μ¢ Ö¤¥·´μ-Ô²¥±É·μ³ £´¨É´ÒÌ ± ¸± -
¤μ¢, ´ ¡²Õ¤ ¥³ Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ·¥´É£¥´-Ô³Ê²Ó¸¨μ´´Ò³¨ ± ³¥· ³¨. �μ± § ´μ, ÎÉμ ¢ · ³± Ì
¸μ¢·¥³¥´´ÒÌ ¢¥·¸¨° ³μ¤¥²¥° ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ Ö¢²¥´¨¥ ´¥ μ¡ÑÖ¸´Ö¥É¸Ö Ë²Ê±ÉÊ Í¨Ö³¨ ± ¸± -
¤´μ£μ · §¢¨É¨Ö ¨ ¢´¥Ï´¨³¨ ¶μ²Ö³¨, É ± ¦¥ ± ± ¨ ¡¥§ ¶·¥¤¶μ²μ¦¥´¨Ö μ ¶·μÖ¢²¥´¨¨ ¢  ¤·μ´´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨ÖÌ ´μ¢μ£μ ¶·μÍ¥¸¸  ¸ ¡μ²ÓÏ¨³¨ ¶μ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥
±μμ·¤¨´ É ¶·¨ Ô´¥·£¨ÖÌ

√
s >∼ 4 ’Ô‚.

A coplanarity of most energetic subcores of nuclear-electromagnetic cascades found in X-ray-
emulsion chamber experiments is considered. It is shown that the phenomenon cannot be explained
with cascade development 	uctuations and external ˇelds within the framework of present-day versions
of quark-gluon string models as well as without assuming the manifestation of a new hadron-interaction
process characterized with large transverse momenta in the lab. frame at energies

√
s >∼ 4 TeV.

‚‚…„…�ˆ…

–¥²Ó ¤ ´´μ° · ¡μÉÒ Å ¶·¨¢²¥ÎÓ ¢´¨³ ´¨¥ ÊÎ¥´ÒÌ, § ´¨³ ÕÐ¨Ì¸Ö Ë¨§¨±μ° ¢Ò¸μ±¨Ì
Ô´¥·£¨°, ± μÎ¥´Ó ¢ ¦´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ·¥§Ê²ÓÉ É ³, ¶μ± §Ò¢ ÕÐ¨³ μ£· ´¨Î¥´-
´μ¸ÉÓ ´ Ï¥£μ ¶μ´¨³ ´¨Ö ¸¢μ°¸É¢  ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¶·¨ ¸¢¥·Ì¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ.

ˆ¸¸²¥¤μ¢ ´¨Ö Ï¨·μ±¨Ì  É³μ¸Ë¥·´ÒÌ ²¨¢´¥° (˜�‹) ¸Ëμ·³¨·μ¢ ²¨ ³´¥´¨¥, ÎÉμ ¶·¨
Ô´¥·£¨ÖÌ Î ¸É¨Í ¶¥·¢¨Î´μ£μ ±μ¸³¨Î¥¸±μ£μ ¨§²ÊÎ¥´¨Ö (�Šˆ) E0 >∼ 1016 Ô‚ (

√
s >∼ 4 ’Ô‚)

¢§ ¨³μ¤¥°¸É¢¨Ö  ¤·μ´μ¢ É ± ¦¥ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ¸Ö ³μ¤¥²Ö³¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´
(ŒŠƒ‘) [1Ä3], ± ± ¨ ¶·¨ Ê¸±μ·¨É¥²Ó´ÒÌ Ô´¥·£¨ÖÌ. �¤´ ±μ ´ ¡²Õ¤ ÕÉ¸Ö Ê¸Éμ°Î¨¢Ò¥
ÔËË¥±ÉÒ, ´¥ ¢¶¨¸Ò¢ ÕÐ¨¥¸Ö ¢ ÔÉÊ ± ·É¨´Ê, ± ±, ´ ¶·¨³¥·, ¢μ§· ¸É ÕÐ Ö ¸ Ô´¥·£¨¥°
É¥´¤¥´Í¨Ö ± ±μ³¶² ´ ·´μ¸É¨ ´ ¨¡μ²¥¥ Ô´¥·£¨Î´ÒÌ ¶μ¤¸É¢μ²μ¢ Ö¤¥·´μ-Ô²¥±É·μ³ £´¨É´ÒÌ
± ¸± ¤μ¢ (Ÿ�Š) (·¨¸. 1). ‚¶¥·¢Ò¥ ÔÉμÉ ÔËË¥±É ´ ¡²Õ¤ ²¸Ö cμÉ·Ê¤´¨Î¥¸É¢μ³ ®� ³¨·¯ ¢
Ô±¸¶¥·¨³¥´É Ì ¸ ·¥´É£¥´-Ô³Ê²Ó¸¨μ´´Ò³¨ ± ³¥· ³¨ (��Š) [4Ä6], Ê¸É ´μ¢²¥´´Ò³¨ ¢ £μ· Ì
´  ¢Ò¸μÉ¥ 4400 ³ (¢ Ê¸±μ·¨É¥²Ó´ÒÌ É¥·³¨´ Ì Å §  Éμ²¸Éμ° (594 £ · ¸³−2) ³¨Ï¥´ÓÕ,
´  ±μÉμ·ÊÕ ¶ ¤ ÕÉ Î ¸É¨ÍÒ �Šˆ). �ËË¥±É ¡Ò² ¶μ¤É¢¥·¦¤¥´ ¢ Ô±¸¶¥·¨³¥´É Ì [7Ä9].
�¤´ ±μ ¢ ¦´μ¸ÉÓ ÔÉμ£μ ·¥§Ê²ÓÉ É  ¶μ ·Ö¤Ê ¶·¨Î¨´ μ¸É ¥É¸Ö ´¥¤μμÍ¥´¥´´μ°.

�·¥¤² £ ²¨¸Ó (¢ μ¸´μ¢´μ³, ± Î¥¸É¢¥´´μ) · §²¨Î´Ò¥ μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ Ö¢²¥´¨Ö Å μÉ
±¨´¥³ É¨±¨ ¤¨Ë· ±Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¨ ®´μ¢μ°¯ Ë¨§¨±¨ (£¥´¥· Í¨¨ ±¢ ·±μ¢ ¢Ò¸Ï¥°
Í¢¥Éμ¢μ° ¸¨³³¥É·¨¨ ¶·¨

√
s >∼ 4 TÔ‚) (¸³. ¸¸Ò²±¨ [17Ä20] ¢ [16]) ¤μ ¶¥·¥¤ Î¨ ¡μ²ÓÏμ£μ

¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  [10,11] ¨ ¶μÖ¢²¥´¨Ö ¸¨¸É¥³Ò ¸ μÎ¥´Ó ¢Ò¸μ±¨³ ¸¶¨´μ³ [12Ä14], ´μ
¶·μ¡²¥³  μ¸É ² ¸Ó ´¥·¥Ï¥´´μ°. �·¥¦¤¥ ¢¸¥£μ ´Ê¦´μ ¶μ´ÖÉÓ, ³μ¦¥É ²¨ ¤ ´´Ò° Ë¥´μ³¥´,
´¥ ¸²¨Ï±μ³ Ìμ·μÏμ, ´  ¶¥·¢Ò° ¢§£²Ö¤, μ¡¥¸¶¥Î¥´´Ò° ¸É É¨¸É¨Î¥¸±¨, ¡ÒÉÓ ·¥§Ê²ÓÉ Éμ³
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�¨¸. 1. �·¨³¥·Ò ¢Ò¸É·μ¥´´μ¸É¨ Î¥ÉÒ·¥Ì �‚– γÄh-¸¥³¥°¸É¢ ¢ ��Š. ‘μÉ·Ê¤´¨Î¥¸É¢μ ®� ³¨·¯:

 ) ¸¥³¥°¸É¢μ, ¸μ¸ÉμÖÐ¥¥ ¨§ γ-±² ¸É¥·μ¢; ¡) Pb-28; ¢) Pb-6; £) Í¥´É· ²Ó´ Ö Î ¸ÉÓ ¸μ¡ÒÉ¨Ö JF2af2.
’μÎ±¨, μ£· ´¨Î¥´´Ò¥ ¶Ê´±É¨·μ³, Å ±² ¸É¥·Ò γ-±¢ ´Éμ¢; ×, + Å  ¤·μ´Ò; ⊕ Å  ¤·μ´´μ¥ £ ²μ.

—¨¸²  μ¡μ§´ Î ÕÉ Ô´¥·£¨Õ ¢ ’Ô‚

Ë²Ê±ÉÊ Í¨°. ’μ²Ó±μ μÉ¢¥É¨¢ μÉ·¨Í É¥²Ó´μ ´  ÔÉμÉ ¢μ¶·μ¸, ³μ¦´μ μ¡¸Ê¦¤ ÉÓ, ± ±¨¥ ¶·μ-
Í¥¸¸Ò μÉ¢¥É¸É¢¥´´Ò §  ÔÉμ Ö¢²¥´¨¥ ¨ ¶μÎ¥³Ê μ´μ ´¥ ¡Ò²μ § ³¥Î¥´μ · ´ÓÏ¥.

1. �Š‘�…�ˆŒ…�’�‹œ�›… „���›…

�¥´É£¥´-Ô³Ê²Ó¸¨μ´´Ò¥ ± ³¥·Ò cμÉ·Ê¤´¨Î¥¸É¢  ®� ³¨·¯ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ²¨¡μ
¸Éμ¶±¨ ¸¢¨´Íμ¢ÒÌ ²¨¸Éμ¢ ¶μ 1 ¸³ Éμ²Ð¨´μ°, ¶·μ¸²μ¥´´ÒÌ ·¥´É£¥´μ¢¸±μ° ¶²¥´±μ°,
¢Ò¸μÉμ° 60Ä100 ¸³ (É. ´. ®¸¢¨´Íμ¢Ò¥¯ (Pb) ��Š), ²¨¡μ É. ´. ®Ê£²¥·μ¤´Ò¥¯ (C) ��Š,
¢ ±μÉμ·ÒÌ Î ¸ÉÓ ¸¢¨´Í  ¢ Í¥´É·¥ § ³¥´¥´  ¸²μ¥³ Ê£²¥·μ¤ , É. ¥. Ö¢²ÖÕÉ¸Ö ¸Ô³¶²¨´£-
± ²μ·¨³¥É· ³¨. ��Š ·¥£¨¸É·¨·ÊÕÉ É. ´. £ ³³ - ¤·μ´´Ò¥ (γÄh) ¸¥³¥°¸É¢  Å £·Ê¶¶Ò Ô´¥·-
£¨Î´ÒÌ (E >∼ 4 ’Ô‚) γ-±¢ ´Éμ¢ ¨ e± (¤ ²¥¥ Å γ-±¢ ´Éμ¢) ¨  ¤·μ´μ¢, ¨´¨Í¨¨·ÊÕÐ¨Ì ¢
��Š ± ¸± ¤Ò, ·¥£¨¸É·¨·Ê¥³Ò¥ ¶²¥´± ³¨. ‚¸¥£μ § ·¥£¨¸É·¨·μ¢ ´μ ∼ 1000 ¸¥³¥°¸É¢, ¢
Éμ³ Î¨¸²¥ ∼ 70 ¸ Ô´¥·£¨¥°

∑
Eγ >∼ 500 ’Ô‚. �É¨ ¸μ¡ÒÉ¨Ö ´ ¡²Õ¤ ÕÉ¸Ö ¶μ¸²¥ · §¢¨-

É¨Ö Ÿ�Š ¢  É³μ¸Ë¥·¥, ÎÉμ ¸¨²Ó´μ ¨¸± ¦ ¥É Ì · ±É¥·¨¸É¨±¨ ¶¥·¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢
± ¸± ¤¥. „²Ö μ¸² ¡²¥´¨Ö ÔÉμ£μ ÔËË¥±É  ¡Ò² · §· ¡μÉ ´ ³¥Éμ¤ ¢Ò¤¥²¥´¨Ö É. ´. Ô´¥·£¥É¨-
Î¥¸±¨ ¢Ò¤¥²¥´´ÒÌ Í¥´É·μ¢ (�‚–), É. ¥., ¶μ ¸ÊÉ¨ ¤¥² , ¶μÉμ±μ¢ ¸ ´ ¨¡μ²ÓÏμ° ¶²μÉ´μ¸ÉÓÕ
Ô´¥·£¨¨ ¢ Ÿ�Š μÉ ®¨¸Ìμ¤´ÒÌ¯ Î ¸É¨Í ¨§ ¶¥·¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. �·¨³¥´¨É¥²Ó´μ ±
γÄh-¸¥³¥°¸É¢ ³, ¶μ¤ �‚– ¶μ¤· §Ê³¥¢ ÕÉ¸Ö ´ ¨¡μ²¥¥ Ô´¥·£¨Î´Ò¥ ¨ μÉ´μ¸¨É¥²Ó´μ ¨§μ-
²¨·μ¢ ´´Ò¥ ¶μ¤¸É·Ê±ÉÊ·Ò (Ê§±¨¥ £·Ê¶¶Ò  ¤·μ´μ¢ ¨ γ-±¢ ´Éμ¢ ¨²¨ ¤ ¦¥ μ¤¨´μÎ´Ò¥ Î -
¸É¨ÍÒ). �‚– ¢Ò¤¥²ÖÕÉ¸Ö ¸ ¶μ³μÐÓÕ ®¤¥± ¸± ¤¨·μ¢ ´¨Ö¯ Å μ¡Ñ¥¤¨´¥´¨Ö Î ¸É¨Í ¢ ¶μ¤-
± ¸± ¤ Ì, ·μ¦¤¥´´ÒÌ ®¨¸Ìμ¤´Ò³¨¯ Î ¸É¨Í ³¨. „²Ö ÔÉμ£μ ¸ ¸ ³μ° Ô´¥·£¨Î´μ° (i-°) Î ¸É¨-
Í¥° ¶μ¤± ¸± ¤  μ¡Ñ¥¤¨´Ö¥É¸Ö ²Õ¡ Ö k-Ö Î ¸É¨Í  ¶·¨ ¢Ò¶μ²´¥´¨¨ É·¥¡μ¢ ´¨Ö zik < Zc,
£¤¥ zik = Rik(1/Ei + 1/Ek)−1 (Ei, Ek, Rik Å Ô´¥·£¨¨ Î ¸É¨Í ¨ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê
´¨³¨). �¥·¥³¥´´ Ö zik ¶·μ¶μ·Í¨μ´ ²Ó´  ¢§ ¨³´μ³Ê ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê Î ¸É¨Í pt ik,
¶μÔÉμ³Ê ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  ¤¥± ¸± ¤¨·μ¢ ´¨Ö Zc ¢Ò¤¥²ÖÕÉ¸Ö ¶·μÍ¥¸¸Ò
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¸ · §´Ò³¨ 〈pt〉. �·¨ Zc � 1, ∼ 4 ¨ ∼ 20 ’Ô‚ · ¸³ ´  Ê·μ¢´¥ £μ·, ¢ ¸·¥¤´¥³, ¢Ò¤¥²ÖÕÉ¸Ö
¶μÉμ±¨ Ô´¥·£¨¨ μÉ ®¨¸Ìμ¤´ÒÌ¯ γ-±¢ ´Éμ¢, π0-³¥§μ´μ¢ ¨  ¤·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ.

‚ Ô±¸¶¥·¨³¥´É Ì ¢ ¸É· Éμ¸Ë¥·¥ (É. ¥. ¸ Éμ´±μ° ³¨Ï¥´ÓÕ) ± ¸± ¤´μ¥ · §¢¨É¨¥ μÉ¸ÊÉ-
¸É¢Ê¥É ¨ ¢Ò¸É·μ¥´´μ¸ÉÓ ¢ÒÎ¨¸²ÖÕÉ ¶·¨³¥´¨É¥²Ó´μ ± Î ¸É¨Í ³ ¡¥§ ¤¥± ¸± ¤¨·μ¢ ´¨Ö.

� · ³¥É· λn =
n∑

i�=j �=k

cos 2ϕk
ij/[n(n − 1)(n − 2)] ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö  ´ ²¨§  ¢Ò¸É·μ¥´-

´μ¸É¨ n ÉμÎ¥±. ‡¤¥¸Ó ϕk
ij Å Ê£μ² ³¥¦¤Ê ¢¥±Éμ· ³¨, ¢ÒÌμ¤ÖÐ¨³¨ ¨§ k-° ¢ i-Õ ¨ j-Õ

ÉμÎ±¨; λn ¨§³¥´Ö¥É¸Ö μÉ −1/(n−1) ¢ ¨§μÉ·μ¶´ÒÌ ¸²ÊÎ ÖÌ ¤μ 1, ±μ£¤  ¢¸¥ ÉμÎ±¨ ²¥¦ É ´ 
¶·Ö³μ° ²¨´¨¨. ‘¥³¥°¸É¢μ ´ §Ò¢ ¥É¸Ö ¢Ò¸É·μ¥´´Ò³, ¥¸²¨ ¤²Ö ¥£μ n ´ ¨¡μ²¥¥ Ô´¥·£¨Î´ÒÌ
�‚– ¢Ò¶μ²´Ö¥É¸Ö Ê¸²μ¢¨¥ λn � λfix. — Ð¥ ¢¸¥£μ λfix = 0,8; n = 3 ¨²¨ 4.

�¨¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¶μ´ÖÉ¨¥ ¤μ²¨ ¢Ò¸É·μ¥´´ÒÌ ¸¥³¥°¸É¢ Fcop n, · ¢´μ° μÉ´μÏ¥´¨Õ
Î¨¸²  ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨° Ncop n(λn � 0,8), cμ¤¥·¦ Ð¨Ì n �‚–, ± ¶μ²´μ³Ê Î¨¸²Ê
¸¥³¥°¸É¢ Ntot ¸ Éμ° ¦¥ Ô´¥·£¨¥°, É.¥. Fcop n = Ncop n/Ntot.

‘μÉ·Ê¤´¨Î¥¸É¢μ³ ®� ³¨·¯ ¢ Pb-��Š [4] ¨ C-��Š [15] ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¤¢  ´ ¡μ· 
γÄh-¸¥³¥°¸É¢ ¸

∑
Eγ � 700 ’Ô‚ (Ô´¥·£¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö

√
s >∼ 4 ’Ô‚), ¢±²ÕÎ ¢Ï¨Ì

N exp
tot = 14 ¸μ¡ÒÉ¨° ¢ Pb-��Š ¨ N exp

tot = 35 ¸μ¡ÒÉ¨° ¢ C-��Š. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤μ²¨
¢Ò¸É·μ¥´´ÒÌ ¸¥³¥°¸É¢ F exp

cop 4 · ¢´Ò 0,43 ± 0,17 ¨ 0,26 ± 0,10.
‚ Ô±¸¶¥·¨³¥´É¥ ´  £. Š ´¡ ²  (Š¨É °) ¤²Ö γ-¸¥³¥°¸É¢ ¸ Ô´¥·£¨¥°

∑
Eγ � 500 ’Ô‚

¤μ²Ö ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨° F exp
cop 3 = 0,5 ± 0,2 (N exp

cop 3 = 3 ¶·¨ N exp
tot = 6) [7].

‚ ¸É· Éμ¸Ë¥·¥ ¤μ ¸¨Ì ¶μ· § ·¥£¨¸É·¨·μ¢ ´μ Éμ²Ó±μ ¤¢  ¸¥³¥°¸É¢  ¸
∑

Eγ > 1000 ’Ô‚,
¶·¨Î¥³ ¸ ±· °´¥ ¢Ò¸μ±μ° ¢Ò¸É·μ¥´´μ¸ÉÓÕ Î¥ÉÒ·¥Ì ¸ ³ÒÌ Ô´¥·£¨Î´ÒÌ Î ¸É¨Í: ®‘É· ´ ¯
(λ4 = 0,99) [8] ¨ JF2af2 (λ4 = 0,998) [9].

2. Œ�„…‹ˆ��‚��ˆ…

ˆ¸¶μ²Ó§μ¢ ²¸Ö  ²£μ·¨É³ MC0 (¸³. ¸¸Ò²±Ê [30] ¢ [16]), μ¶¨· ÕÐ¨°¸Ö ´  ·¥§Ê²ÓÉ ÉÒ [2]
¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ´ ¨¡μ²¥¥ ¡²¨§±¨° (¸³. ¸¸Ò²±¨ [31Ä33] ¢ [16]) ± QGSJET
[3] ¨ μ¶¨¸Ò¢ ÕÐ¨° ¸μ¢μ±Ê¶´μ¸ÉÓ ¤ ´´ÒÌ cμÉ·Ê¤´¨Î¥¸É¢  ®� ³¨·¯ (¸³. ¸¸Ò²±¨ [35Ä37]
¢ [16]) ¶·¨

∑
Eγ <∼ 400 ’Ô‚ (

√
s <∼ 3 ’Ô‚).

„²Ö μÍ¥´±¨ ¢²¨Ö´¨Ö ¶·μÍ¥¸¸μ¢ ¸ ¡μ²ÓÏ¨³¨ pt ¨¸¶μ²Ó§μ¢ ² ¸Ó Ê¶·μÐ¥´´ Ö Ô¢·¨¸É¨-
Î¥¸± Ö ³μ¤¥²Ó ±μ³¶² ´ ·´μ° £¥´¥· Í¨¨ Î ¸É¨Í (ŒŠƒ—) ¸μ ¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨:
 ) ³´μ¦¥¸É¢¥´´μ¸ÉÓ 〈n〉 � 10; ¡) ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ¶ÖÉ¨ ´ ¨¡μ²¥¥ Ô´¥·£¨Î´ÒÌ Î -
¸É¨Í (π ¨ K) ¢ ¶²μ¸±μ¸É¨ ±μ³¶² ´ ·´μ¸É¨ 〈pcop

T 〉 = 2,34 ƒÔ‚/c; ¢) ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸,
¶¥·¶¥´¤¨±Ê²Ö·´Ò° ± ¶²μ¸±μ¸É¨ ±μ³¶² ´ ·´μ¸É¨, 〈pt〉 = 0,4 ƒÔ‚/c; £) ¢§ ¨³μ¤¥°¸É¢¨Ö
Šƒ— ¨³¥ÕÉ ³¥¸Éμ ¢ ± ¦¤μ³ Ÿ�Š μÉ ¶·μÉμ´μ¢ �Šˆ ¶·¨ E0 � Eth

0 cop = 8 �Ô‚. ŒŠƒ—
Ö¢²Ö¥É¸Ö μÎ¥´Ó £·Ê¡Ò³ ¶·¨¡²¨¦¥´¨¥³ ± ·¥ ²Ó´Ò³ ¶·μÍ¥¸¸ ³ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ, ¨³¨-
É¨·ÊÕÐ¨³ ²¨ÏÓ ´¥±μÉμ·Ò¥ μ¸´μ¢´Ò¥ § ±μ´μ³¥·´μ¸É¨ ±μ³¶² ´ ·´μ° £¥´¥· Í¨¨ ¸ ³ÒÌ
Ô´¥·£¨Î´ÒÌ Î ¸É¨Í ¨ ´¥ § É· £¨¢ ÕÐ¨³ Ô´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ Ì · ±É¥·¨¸É¨± Šƒ—,
±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ²μ£ ·¨Ë³¨Î¥¸±¨³¨ [11] ¨²¨ ¸É¥¶¥´´Ò³¨ (∼

√
s) [13].

�±μ²μ 80 % ´ ¡²Õ¤ ¥³ÒÌ ¸¥³¥°¸É¢ ¨´¨Í¨¨·Ê¥É¸Ö ¶·μÉμ´ ³¨, É ± ± ± ÔËË¥±É¨¢´μ¸ÉÓ
Ö¤¥· ¢ ¨Ì ¸μ§¤ ´¨¨ ¡Ò¸É·μ ¶ ¤ ¥É ¸ ·μ¸Éμ³ ³ ¸¸Ò. �μÔÉμ³Ê ¶·¨ ¨§ÊÎ¥´¨¨ ¢Ò¸É·μ¥´-
´μ¸É¨ ¢±² ¤ Ö¤¥· (± ± ¨ Ÿ�Š μÉ ¶·μÉμ´μ¢, · §¢¨¢ ÕÐ¨Ì¸Ö ¢ · ³± Ì μ¡ÒÎ´ÒÌ ³μ¤¥²¥°)
¢Ò· ¦ ¥É¸Ö ²¨ÏÓ ¢ ¸μ§¤ ´¨¨ ¤μ¶μ²´¨É¥²Ó´μ£μ Ëμ´  ¨ ¶μ¤ ¢²¥´¨¨ ÔËË¥±É .
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3. ‘’�’ˆ‘’ˆ—…‘Šˆ… ”‹“Š’“�–ˆˆ ˆ ‚›‘’��…���‘’œ

„²Ö μÍ¥´±¨ ¢¥·μÖÉ´μ¸É¨ wfluct Éμ£μ, ÎÉμ ¤ ´´Ò¥ cμÉ·Ê¤´¨Î¥¸É¢  ®� ³¨·¯ μ¶·¥¤¥-
²ÖÕÉ¸Ö Ë²Ê±ÉÊ Í¨Ö³¨, ¶μ ³μ¤¥²¨ Œ‘0 ¡Ò²μ ´ ¨£· ´μ 8000 ¨ 3000 ´ ¡μ·μ¢ ¸¥³¥°¸É¢,
± ¦¤Ò° ¨§ ±μÉμ·ÒÌ ¸μ¤¥·¦ ² ¶μ²´μ¥ Î¨¸²μ ¸¥³¥°¸É¢ NMC0

tot , · ¢´μ¥ Ô±¸¶¥·¨³¥´É ²Ó-
´μ³Ê, ¶μ²ÊÎ¥´´μ³Ê ¸ ¶μ³μÐÓÕ Pb-��Š [4] (·¨¸. 2, a) ¨ ‘-��Š [15] (·¨¸. 2, ¡). �  ·¨¸. 2
¶μ± § ´Ò ¶μ²ÊÎ¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ± ± ËÊ´±Í¨¨ Î¨¸²  NMC0

cop 4 ¢Ò¸É·μ¥´´ÒÌ ¸¥³¥°¸É¢
¢ ± ¦¤μ³ ¨§ ´ ¡μ·μ¢. Š ± ¤²Ö Pb-��Š (·¨¸. 2, a), É ± ¨ ‘-��Š (·¨¸. 2, ¡) ´¥ ¶μ²Ê-
Î¥´μ ´¨ μ¤´μ£μ · ¸Î¥É´μ£μ ´ ¡μ· , ¸μ¢¶ ¤ ÕÐ¥£μ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³, μÉ±Ê¤  ¸²¥¤Ê¥É,
ÎÉμ ¶μ²´ Ö ¢¥·μÖÉ´μ¸ÉÓ Ë²Ê±ÉÊ Í¨μ´´μ£μ μ¡ÑÖ¸´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ÔÉ¨Ì ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢ ³¥´ÓÏ¥ ∼ 10−7.

�¨¸. 2. � ¸¶·¥¤¥²¥´¨Ö Î¨¸²  ´ ¡μ·μ¢ ¸¥³¥°¸É¢ ± ± ËÊ´±Í¨¨ Ncop 4 ¢ ± ¦¤μ³ ¨§ ´ ¡μ·μ¢ ¶μ
Ntot = 14 ( ) ¨²¨ Ntot = 35 (¡) ¸μ¡ÒÉ¨°, ´ ¨£· ´´ÒÌ ¤²Ö Pb-��Š ( ) ¨ ‘-��Š (¡) (¸¢¥É²Ò¥

¤¨ £· ³³Ò); É¥³´Ò¥ ±Ê¡¨±¨ Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥: [4] ( ) ¨ [15] (¡)

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¨§¢¥¸É´μ, ÎÉμ ¥¸²¨ ¢ ´ ¡μ·¥ ¨§ n ¸μ¡ÒÉ¨° ¢¥·μÖÉ´μ¸ÉÓ Ê¤μ¢²¥-
É¢μ·¨ÉÓ ± ±μ³Ê-Éμ ±·¨É¥·¨Õ · ¢´  p, Éμ ¢¥·μÖÉ´μ¸ÉÓ ´ °É¨ ¢ ÔÉμ³ ´ ¡μ·¥ k ¸μ¡ÒÉ¨°,
Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ÔÉμ³Ê ±·¨É¥·¨Õ, P (k) = n!pkqn−k/ [k!(n − k)!], £¤¥ q = 1−p. ‚ ´ Ï¥³
¸²ÊÎ ¥ n = N exp

tot , k = NMC0
cop n, p = FMC0

cop n, P (k) = wMC0
fluct .

‚ · ³± Ì MC0 FMC0
cop 4 = 0,059 ± 0,003 ¨ FMC0

cop 3 = 0,209 ± 0,005. �  ÔÉμ° μ¸´μ¢¥ ¤²Ö
Ô±¸¶¥·¨³¥´Éμ¢ ®� ³¨·¯ ¨ ®Š ´¡ ² ¯ ¡Ò²¨ · ¸¸Î¨É ´Ò μ¦¨¤ ¥³Ò¥ Î¨¸²  ¢Ò¸É·μ¥´´ÒÌ
¸μ¡ÒÉ¨° 〈NMC0

cop 3,4〉 = FMC0
cop 3,4 × N exp

tot , ¤¨¸¶¥·¸¨¨ ¨ ¢¥·μÖÉ´μ¸É¨ wMC0
fluct . „²Ö ¸¥³¥°¸É¢

®‘É· ´ ¯ [8] ¨ JF2af2 [9] ¡Ò²¨ · ¸¸Î¨É ´Ò ¢¥·μÖÉ´μ¸É¨ ´ ¡²Õ¤¥´¨Ö ÔÉ¨Ì ¸μ¡ÒÉ¨°.
’ ¡²¨Í  ¸μ¤¥·¦¨É ¸¢μ¤´Ò¥ ¤ ´´Ò¥ ¶μ ¶ÖÉ¨ ¸É É¨¸É¨Î¥¸±¨ ´¥§ ¢¨¸¨³Ò³ Ô±¸¶¥·¨³¥´-

É ³. �Î¥¢¨¤´μ, ¶μ²´ Ö ¢¥·μÖÉ´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ ÔÉ¨ ·¥§Ê²ÓÉ ÉÒ ¡² £μ¤ ·Ö Ë²Ê±ÉÊ Í¨Ö³ · ¢´ 
WMC0

fluct ∼ 9 ·10−5×1,5 ·10−4×9 ·10−2×3 ·10−3×6 ·10−4 � 3 ·10−15, É. ¥. WMC0
fluct < 10−14.

Œμ¦´μ ¶μ± § ÉÓ [16], ÎÉμ ¥¸²¨ ¢ ¸μ¡ÒÉ¨¨ JF2af2 ±· °´¥ ¢Ò¸μ± Ö ¢Ò¸É·μ¥´´μ¸ÉÓ
38 ¸ ³ÒÌ Ô´¥·£¨Î´ÒÌ γ-±¢ ´Éμ¢ É ±¦¥ ¥¸ÉÓ ·¥§Ê²ÓÉ É Ë²Ê±ÉÊ Í¨°, Éμ ¢¥²¨Î¨´  ¶μ²´μ°
¢¥·μÖÉ´μ¸É¨ WMC0

fluct Ê³¥´ÓÏ ¥É¸Ö ¡μ²¥¥ Î¥³ ´  ¶ÖÉÓ ¶μ·Ö¤±μ¢, É. ¥. ¤μ WMC0
fluct <∼ 10−20!

’ ±¨³ μ¡· §μ³, μ¡ÑÖ¸´¥´¨¥ ÔËË¥±É  ¢Ò¸É·μ¥´´μ¸É¨ Ë²Ê±ÉÊ Í¨Ö³¨ · §¢¨É¨Ö Ÿ�Š
¶·¥¤¸É ¢²Ö¥É¸Ö ¶· ±É¨Î¥¸±¨ ´¥¢¥·μÖÉ´Ò³.
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�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ ¤ ´´Ò¥

„ ´´Ò¥ Š·¨É¥·¨° �±¸¶¥·¨³¥´É � ¸Î¥É ¶μ Œ‘0

μÉ¡μ·  Nexp
tot Nexp

cop 〈NMC0
cop 〉 σMC0

fluct ΔσMC0
fluct wMC0

fluct

1 2 3 4 5 6 7 8

®� ³¨·¯ (Pb-��Š) λ4 � 0, 8 14 6 1,0 1,0 5 9, 0 · 10−5

®� ³¨·¯ (C-��Š) λ4 � 0, 8 35 9 2,1 1,5 4,6 1, 5 · 10−4

®Š ´¡ ² ¯ λ3 � 0, 8 6 3 1,2 1,2 1,5 9, 0 · 10−2

®‘É· ´ ¯ λ4 � 0, 99 1 1 − 0,05 − 2, 9 · 10−3

JF2af2 λ4 � 0, 998 1 1 − 0,015 − 6, 0 · 10−4

�·¨³¥Î ´¨¥. Šμ²μ´±¨: 1 Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ´ ¡μ·Ò ¤ ´´ÒÌ; 2 Å ±·¨É¥·¨° μÉ¡μ·  ¢Ò¸É·μ¥´´ÒÌ
¸μ¡ÒÉ¨°; 3 Å ¶μ²´μ¥ Î¨¸²μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸μ¡ÒÉ¨° Nexp

tot ; 4 Å Î¨¸²μ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢Ò¸É·μ-
¥´´ÒÌ ¸μ¡ÒÉ¨° Nexp

cop ; 5 Å μ¦¨¤ ¥³μ¥ Î¨¸²μ ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨° 〈NMC0
cop 〉; 6 Å · ¸Î¥É´μ¥ ¸É ´¤ ·É´μ¥

μÉ±²μ´¥´¨¥ σMC0
fluct ; 7 Å μÉ±²μ´¥´¨¥ ΔσMC0

fluct ¤²Ö Nexp
cop μÉ μ¦¨¤ ¥³μ£μ §´ Î¥´¨Ö 〈NMC0

cop 〉 (¢ ¥¤¨´¨Í Ì

σMC0
fluct ); 8 Å ¢¥·μÖÉ´μ¸ÉÓ wMC0

fluct ´ ¡²Õ¤¥´¨Ö Nexp
cop ¢ ·¥§Ê²ÓÉ É¥ Ë²Ê±ÉÊ Í¨°.

�É³¥É¨³, ÎÉμ ¤¢  Ë ±Éμ· , ¢²¨ÖÕÐ¨¥ ´   §¨³ÊÉ ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸¥³¥°¸É¢ (³ £-
´¨É´μ¥ ¶μ²¥ ‡¥³²¨ ¨ Ô±¸É·¥³ ²Ó´Ò¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö ¢ £·μ§μ¢ÒÌ μ¡² ± Ì), ´¥ ³μ£ÊÉ
·¥ ²Ó´μ ¨§³¥´¨ÉÓ ¸É¥¶¥´Ó ¢Ò¸É·μ¥´´μ¸É¨ ¸¥³¥°¸É¢ ´  Ê·μ¢´¥ £μ· [16].

4. ‚›‘’��…���‘’œ ˆ ‚‡�ˆŒ�„…‰‘’‚ˆŸ �„����‚

4.1. ’¥μ·¥É¨Î¥¸±¨° ¶μ¤Ìμ¤. …¸²¨ § ¡ÒÉÓ μ ®´μ¢μ°¯ Ë¨§¨±¥, Éμ ¶ÊÉ¨ É¥μ·¥É¨Î¥¸±μ£μ
¶μ¤Ìμ¤  ± Ë¥´μ³¥´Ê ±μ³¶² ´ ·´μ¸É¨ ³μ¦´μ Ê¸²μ¢´μ · §¤¥²¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò. ‚ ¶¥·¢μ°
£·Ê¶¶¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¶·μÍ¥¸¸Ò ¶¥·¥¤ Î¨ ¡μ²ÓÏμ£μ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  (´ ¶·¨³¥·,
£¥´¥· Í¨Ö £²Õμ´´ÒÌ ¸É·Ê° [10]). �μ Š•„ ´¥ ¤ ¥É μ¡ÑÖ¸´¥´¨Ö Ë¥´μ³¥´Ê, ¶μ¸±μ²Ó±Ê ¨§-§ 
¢Ò¸μ±μ£μ ¶μ·μ£  ��Š ¢¨¤ÖÉ ¢ ². ¸. Éμ²Ó±μ μ¤´Ê Š•„-¸É·ÊÕ, μ¡· §ÊÕÐÊÕ ´  ³¨Ï¥´´μ°
¶²μ¸±μ¸É¨ μÉ¤¥²Ó´Ò° ±² ¸É¥· ¨§-§  ±μ··¥²ÖÍ¨¨ ³¥¦¤Ê ¶μ¶¥·¥Î´Ò³¨ ¨ ¶·μ¤μ²Ó´Ò³¨ ¨³-
¶Ê²Ó¸ ³¨ Î ¸É¨Í (pt i ∝ pL i), ´μ ¢Ò¸É·μ¥´´μ¸É¨ Î ¸É¨Í ´¥ ´ ¡²Õ¤ ¥É¸Ö (·¨¸. 3, a). „¢¥
Š•„ ¸É·Ê¨, ·μ¦¤¥´´Ò¥ ¢ ¸. Í. ³. ¶·¨ θ∗1 ≈ θ∗2 ≈ 90◦, ¢³¥¸É¥ ¸ ²¨¤¨·ÊÕÐ¥° ¸É·Ê¥° ³μ£ÊÉ
μ¡· §μ¢ ÉÓ ±μ³¶² ´ ·´ÊÕ ¸¨¸É¥³Ê. �¤´ ±μ · ¸Î¥ÉÒ [17] ´  μ¸´μ¢¥ £¥´¥· Éμ·  PYTHIA
¶μ± §Ò¢ ÕÉ, ÎÉμ § ³¥É´ Ö ¤μ²Ö ¢Ò¸É·μ¥´´ÒÌ É·μ°´ÒÌ ¸μ¡ÒÉ¨° ¢ ². ¸. ³μ¦¥É ¡ÒÉÓ ¶μ²Ê-
Î¥´  Éμ²Ó±μ ¶·¨ μÎ¥´Ó ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ (

√
s >∼ 14 TÔ‚) ¨ μÎ¥´Ó ¢Ò¸μ±¨Ì ¶μ¶¥·¥Î´ÒÌ

¨³¶Ê²Ó¸ Ì ¸É·Ê° (Pt jet >∼ 0,2
√

s/c , É. ¥. Pt jet >∼ 3 TÔ‚/c ¶·¨ Ô´¥·£¨ÖÌ LHC).
‚ ³μ¤¥²¨ ¶μ²Ê¦¥¸É±μ° ¤¢μ°´μ° ¤¨Ë· ±Í¨μ´´μ° ´¥Ê¶·Ê£μ° ¤¨¸¸μÍ¨ Í¨¨ (SHDID) [11]

¢Ò¸É·μ¥´´μ¸ÉÓ ¥¸ÉÓ ·¥§Ê²ÓÉ É ´ ÉÖ¦¥´¨Ö ¨ · §·Ò¢  ±¢ ·±-£²Õμ´´μ° ¸É·Ê´Ò ¢ ¤¨Ë· ±-
Í¨μ´´μ³ ±² ¸É¥·¥ ³¥¦¤Ê ¶μ²Ê¦¥¸É±μ · ¸¸¥Ö´´Ò³ ±¢ ·±μ³-±μ´¸É¨ÉÊ¥´Éμ³ ¨ ±¢ ·± ³¨-
¸¶¥±É Éμ· ³¨ (·¨¸. 3, ¡). ‚ ÔÉμ° ³μ¤¥²¨ ¨³¥¥É ³¥¸Éμ  ´É¨±μ··¥²ÖÍ¨Ö ³¥¦¤Ê pt i ¨ pL i:
¢Éμ·¨Î´Ò¥ Î ¸É¨ÍÒ ¸ ³¥´ÓÏ¨³¨ Ô´¥·£¨Ö³¨ ¨³¥ÕÉ ¡
μ²ÓÏ¨¥ ¶μ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò. �Éμ
¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ´ ¡²Õ¤ ÉÓ ¢Ò¸É·μ¥´´μ¸ÉÓ. �¤´ ±μ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸ , ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö
μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¢μ§³μ¦´μ, ´¥ μ¡¥¸¶¥Î¨¢ ¥É¸Ö.

Œμ¤¥²¨ [12Ä14] ¨§ÊÎ ÕÉ ¶·¨Î¨´Ò ¶μÖ¢²¥´¨Ö ¸¨¸É¥³Ò ¸ μÎ¥´Ó ¢Ò¸μ±¨³ ¸¶¨´μ³, · ¸¶ -
¤ ÕÐ¥°¸Ö ±μ³¶² ´ ·´μ, ¢ Î ¸É´μ¸É¨: £¥´¥· Í¨Õ ²¨¤¨·ÊÕÐ¥£μ ÉÖ¦¥²μ£μ ·¥§μ´ ´¸  [12,14]
(·¨¸. 3, ¢); ¸μÌ· ´¥´¨¥ Ê£²μ¢μ£μ ³μ³¥´É  ¶·¨ ·μ¦¤¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·±-£²Õμ´´μ°
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�¨¸. 3. ‚μ§³μ¦´Ò¥ É¨¶Ò ¢§ ¨³μ¤¥°¸É¢¨° ¸ ´ ·ÊÏ¥´¨¥³  §¨³ÊÉ ²Ó´μ° ¸¨³³¥É·¨¨ ¢ ¸. Í. ³. ¨ ². ¸.:

 ) Š•„; ¡) SHDID; ¢) ·μ¦¤¥´¨¥ ²¨¤¨·ÊÕÐ¥° ¸¨¸É¥³Ò ¸ ¢Ò¸μ±¨³ ¸¶¨´μ³; £) ¸μÌ· ´¥´¨¥ Ê£²μ¢μ£μ
³μ³¥´É  ¶·¨ ·μ¦¤¥´¨¨ ±¢ ·±-£²Õμ´´μ° ¸É·Ê´Ò

¸É·Ê´Ò, ´ ÉÖ´ÊÉμ° ³¥¦¤Ê ¸É ²±¨¢ ÕÐ¨³¨¸Ö  ¤·μ´ ³¨ ¨ ¢· Ð ÕÐ¥°¸Ö ¸ Ê£²μ¢μ° ¸±μ·μ-
¸ÉÓÕ ¶μ·Ö¤±  ω ∼ (c/b)(

√
s/M), £¤¥ b Å ¶·¨Í¥²Ó´Ò° ¶ · ³¥É· ¨ M Å ³ ¸¸  ¸É·Ê´Ò [13]

(·¨¸. 3, £). ‚ [13] ±μ³¶² ´ ·´ Ö £¥´¥· Í¨¨ Î ¸É¨Í ¶μÖ¢²Ö¥É¸Ö ¢ ². ¸. ± ± ±¨´¥³ É¨Î¥¸±¨°
ÔËË¥±É ¸ ¸¥Î¥´¨¥³, ¸· ¢´¨³Ò³, ¢μ§³μ¦´μ, ¸ μ¡ÒÎ´Ò³ ´¥Ê¶·Ê£¨³. ‚ ÔÉμ³ ¸²ÊÎ ¥ É ±¦¥
¨³¥¥É ³¥¸Éμ ´¥μ¡Ìμ¤¨³ Ö  ´É¨±μ··¥²ÖÍ¨Ö pt i ¨ pL i. • · ±É¥·¨¸É¨±¨ ¢Éμ·¨Î´ÒÌ Î ¸É¨Í
¢ ³μ¤¥²ÖÌ [11Ä13] (´ ¶·¨³¥·, μÉ´μ¸¨É¥²Ó´μ¥ ¶μ²μ¦¥´¨¥ ¸ ³μ° Ô´¥·£¨Î´μ° Î ¸É¨ÍÒ ¨²¨
³´μ¦¥¸É¢¥´´μ¸ÉÓ) ³μ£ÊÉ μÉ²¨Î ÉÓ¸Ö.

4.2. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ · ¸Î¥É´ÒÌ ·¥§Ê²ÓÉ Éμ¢. �Ò² ¶·μ¢¥¤¥´  ´ ²¨§
¤ ´´ÒÌ cμÉ·Ê¤´¨Î¥¸É¢  ®� ³¨·¯ ¨ ¨¸±Ê¸¸É¢¥´´ÒÌ γÄh-¸¥³¥°¸É¢, ¶μ²ÊÎ¥´´ÒÌ ¢ · ³± Ì
Œ‘0 ¨ ŒŠƒ—.

�¨¸. 4 ¶μ± §Ò¢ ¥É § ¢¨¸¨³μ¸ÉÓ ¤μ²¨ ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨° FŒŠƒ—
cop 4 μÉ · ¸¸ÉμÖ´¨Ö

Δx (£ · ¸³−2) ³¥¦¤Ê ÉμÎ±μ° Šƒ— ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ Ê·μ¢´¥³ ´ ¡²Õ¤¥´¨Ö ¶·¨ Zc = 0,
1 ¨ 20 ’ÔB · ¸³. ƒμ·¨§μ´É ²Ó´μ° ²¨´¨¥° μÉ³¥Î¥´ Ë²Ê±É Í¨μ´´Ò° Ëμ´, ¶μ²ÊÎ¥´´Ò° ¶μ
Œ‘0. �Î¥¢¨¤´μ, ¤μ²Ö ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨° ¡Ò¸É·μ ¶ ¤ ¥É μÉ ¥¤¨´¨ÍÒ ¤μ Ê·μ¢´Ö Ëμ´ .
�É¸Õ¤  ¸²¥¤Ê¥É μÎ¥´Ó ¢ ¦´Ò° ¢Ò¢μ¤: ¥¸²¨ ´  Ê·μ¢´¥ £μ· (Δx ∼ 600 £ · ¸³−2) F exp

cop 4 >∼ 0, 2,
Éμ ¸¥Î¥´¨¥ Šƒ—-¶·μÍ¥¸¸μ¢, ¨´¨Í¨¨·Ê¥³ÒÌ ¶·μÉμ´ ³¨, ¤μ²¦´μ ¡ÒÉÓ ¸· ¢´¨³μ ¸ ´¥Ê¶·Ê-
£¨³ ¸¥Î¥´¨¥³, É. ¥. σp−air

cop ∼ σp−air
inel . � ±μ´¥Í, F exp

cop 4 § ¢¨¸¨É μÉ Zc (±μ··¥²¨·ÊÕÐ¥£μ ¸
¶μ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸μ³). �Éμ ¶μ¤É¢¥·¦¤ ¥É ·¨¸. 5, ±μÉμ·Ò° ¶μ± §Ò¢ ¥É ¤²Ö γ-¸¥³¥°¸É¢
§ ¢¨¸¨³μ¸ÉÓ F exp

cop 4 μÉ Zc (¸ ³ ±¸¨³Ê³μ³ ¶·¨ Zc � 4 ’Ô‚ · ¸³) [19]. � ¸Î¥É´Ò¥ ÉμÎ±¨
ŒŠƒ— ± Î¥¸É¢¥´´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´Éμ³.

ˆ§ ·¨¸. 6 ¢¨¤´μ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö F exp
cop 4 [18] · ¸ÉÊÉ ¸ Ô´¥·£¨¥° ¸¥-

³¥°¸É¢
∑

Eγ , ÎÉμ ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ¢ · ³± Ì ŒŠƒ— ¨ μÉ²¨Î ¥É¸Ö μÉ ·¥§Ê²ÓÉ Éμ¢ MC0.
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ FŒŠƒ—
cop 4 μÉ · ¸¸ÉμÖ´¨Ö Δx μÉ ÉμÎ±¨ Šƒ—-¢§ ¨³μ¤¥°¸É¢¨Ö ¤μ Ê·μ¢´Ö ´ ¡²Õ¤¥-

´¨Ö. ‡´ Î±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ Zc = 20 (♦), 1 (�) ¨ 0 (�) ’Ô‚ · ¸³. �Ê´±É¨·´Ò¥ ²¨´¨¨ Å Ô±¸É· ¶μ-

²ÖÍ¨¨. ƒμ·¨§μ´É ²Ó´ Ö ²¨´¨Ö Å Ë²Ê±ÉÊ Í¨μ´´Ò° Ëμ´

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ Fcop 4 μÉ Zc. � Å Ô±¸¶¥·¨³¥´É [19]; • Å Œ‘0; � Å ŒŠƒ—

�  ·¨¸. 7 ¶μ± § ´Ò § ¢¨¸¨³μ¸É¨ μÉ
∑

Eγ μÉ´μÏ¥´¨° ¤¢ ¦¤Ò Ê¸·¥¤´¥´´ÒÌ1 §´ Î¥´¨°
〈ER〉 ¨ 〈R〉 2 ¤²Ö ¢Ò¸É·μ¥´´ÒÌ ¸¥³¥°¸É¢ ±  ´ ²μ£¨Î´Ò³ §´ Î¥´¨Ö³ ´¥¢Ò¸É·μ¥´´ÒÌ ¸μ-
¡ÒÉ¨°, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [18], MC0 ¨ ŒŠƒ—:
ε = 〈ER〉(λ4 � 0,8)/〈ER〉(λ4 < 0,8) (·¨¸. 7, a) ¨ ρ = 〈R〉(λ4 � 0,8)/〈R〉(λ4 < 0,8)
(·¨¸. 7, ¡).

Œμ¦´μ ¢¨¤¥ÉÓ ¶·¨´Í¨¶¨ ²Ó´μ · §´μ¥ ¶μ¢¥¤¥´¨¥ ε ¶·¨ ´ ²¨Î¨¨ (ε > 1) ¨ μÉ¸ÊÉ¸É¢¨¨
(ε < 1) Šƒ—-¶·μÍ¥¸¸ . „²Ö ρ ÔÉ  É¥´¤¥´Í¨Ö £μ· §¤μ ¸² ¡¥¥. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ± ± · §

1�  ¶¥·¢μ³ ÔÉ ¶¥ ¶·μ¢μ¤¨É¸Ö Ê¸·¥¤´¥´¨¥ ¶μ Ì · ±É¥·¨¸É¨± ³ Î¥ÉÒ·¥Ì �‚– ¢ ± ¦¤μ³ ¨§ ¸μ¡ÒÉ¨°. �  ¢Éμ·μ³
ÔÉ ¶¥ ´ °¤¥´´Ò¥ §´ Î¥´¨Ö Ê¸·¥¤´ÖÕÉ¸Ö ¶μ ¢¸¥³ ¸¥³¥°¸É¢ ³.

2‡¤¥¸Ó E ¨ R Å Ô´¥·£¨¨ �‚– ¨ ¨Ì · ¸¸ÉμÖ´¨¥ ¤μ Í¥´É·  ¸¥³¥°¸É¢ .
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�¨¸. 6. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ Fcop 4 ¤²Ö γÄh-¸¥³¥°¸É¢. �±¸¶¥·¨³¥´É [18]: � Å μÉ¡μ· ¶μ
∑

Eγ ; � Å μÉ¡μ· ¶μ N�‚– � 6, E�‚– � 50 ’Ô‚. � ¸Î¥É: • Å MC0; � Å ŒŠƒ—

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ε (a) ¨ ρ (¡) μÉ
∑

Eγ ¤²Ö γ-¸¥³¥°¸É¢. ♦ Å Ô±¸¶¥·¨³¥´É [18]; • Å MC0;
� Å ŒŠƒ—

Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ρ ¸¨²Ó´μ ¶·¥¢ÒÏ ¥É ¤ ¦¥ ¶·¥¤¸± § ´¨Ö ŒŠƒ—. �Éμ μÎ¥´Ó
¨´É¥·¥¸´μ, ¶μ¸±μ²Ó±Ê 〈ER〉 ¨ 〈R〉 ±μ··¥²¨·ÊÕÉ ¸ ¢¥²¨Î¨´μ° ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  ¢
¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ.

4.3. � ¶μ¨¸± Ì ±μ³¶² ´ ·´μ° £¥´¥· Í¨¨ Î ¸É¨Í. ˆ´Ëμ·³ Í¨Õ μ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ
¶·¨ Ô´¥·£¨ÖÌ E0 >∼ 1015 Ô‚ ´¥¸ÊÉ £·Ê¶¶Ò ³Õμ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨ ˜�‹. �¤´ ±μ
· ¸Î¥ÉÒ [16] ¶μ± §Ò¢ ÕÉ, ÎÉμ  §¨³ÊÉ ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ £·Ê¶¶ ³Õμ´μ¢ ¢μμ¡Ð¥ ´¥
ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¶·μÍ¥¸¸Ê Šƒ—, ¶μ¸±μ²Ó±Ê ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ³¥§μ´μ¢ ¢Ò¸μ±¨Ì Ô´¥·£¨°
´¨ÎÉμ¦´  ¢ ²Õ¡μ³ ¸²ÊÎ ¥. � ¸Î¥ÉÒ ¤²Ö ˜�‹ [16] ¶μ± §Ò¢ ÕÉ, ÎÉμ μ¸´μ¢´Ò¥ ÔËË¥±ÉÒ,
¸¢Ö§ ´´Ò¥ ¸ ¶·μÍ¥¸¸μ³ Šƒ—, ¸μ¸·¥¤μÉμÎ¥´Ò ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ± ¸± ¤  (R <∼ 10 ¸³),
±μÉμ· Ö ¶· ±É¨Î¥¸±¨ ´¥ ¨¸¸²¥¤Ê¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ˜�‹. Š·μ³¥ Éμ£μ, ÔËË¥±ÉÒ,
¸¢Ö§ ´´Ò¥ ¸ ÉÖ¦¥²Ò³¨ ¶¥·¢¨Î´Ò³¨ Ö¤· ³¨, £μ· §¤μ ¸¨²Ó´¥¥ (¨¸¶μ²Ó§μ¢ ´¨¥ ¡μ²¥¥ ÉμÎ´ÒÌ
³μ¤¥²¥°, ¢μ§³μ¦´μ, ¨§³¥´¨É ¸¨ÉÊ Í¨Õ).

Šμ³¶² ´ ·´ Ö £¥´¥· Í¨Ö Î ¸É¨Í ³μ£²  ¡Ò ¨¸¸²¥¤μ¢ ÉÓ¸Ö ´  LHC ¶ÊÉ¥³  ´ ²¨§ 
Ô´¥·£μ¢Ò¤¥²¥´¨Ö ¢ ÖÎ¥°± Ì ¶·μ¸É· ´¸É¢  (η × φ)-± ²μ·¨³¥É·μ¢ ¢ ¤¥É¥±Éμ· Ì CMS ¨
ATLAS, ¶·¨ Ô´¥·£¨ÖÌ ¤μ

√
s � 14 ’Ô‚, ÎÉμ £μ· §¤μ ¢ÒÏ¥ ÔËË¥±É¨¢´ÒÌ Ô´¥·£¨° ¢§ -

¨³μ¤¥°¸É¢¨°,
√

scop
eff � 4 ’Ô‚, μÉ¢¥Î ÕÐ¨Ì §  ¢Ò¸É·μ¥´´Ò¥ ¸μ¡ÒÉ¨Ö. •μÉÖ ¤²Ö ¤¥-
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É¥±Éμ·μ¢ CDF ¨ D0
√

s <
√

scop
eff , ¢Ò¸μ± Ö ÉμÎ´μ¸ÉÓ Ô±¸¶¥·¨³¥´Éμ¢ ³μ£²  ¡Ò ¶μ³μÎÓ

§ ³¥É¨ÉÓ ¶¥·¢Ò¥ ¶·¨§´ ±¨ Šƒ— ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥. �¸´μ¢´μ° ¶·μ¡²¥³μ° Ö¢²Ö¥É¸Ö ¸¢Ö§Ó
±μ³¶² ´ ·´μ¸É¨ ¸ ¸ ³Ò³¨ Ô´¥·£¨Î´Ò³¨ Î ¸É¨Í ³¨, ¶²μÌμ ´ ¡²Õ¤ ¥³Ò³¨ ´  ±μ²² °¤¥-
· Ì ¶·¨ ¢Ò¸μ±¨Ì §´ Î¥´¨ÖÌ η. „μ¢μ²Ó´μ ¶·μ¨§¢μ²Ó´μ ¶μ² £ Ö, ÎÉμ 〈pcop

T 〉 ∼ 5 ƒÔ‚/c
¨ Kinel ∼ 0,5, · §²¨Î¨¥ ¢ Ô´¥·£¨ÖÌ Î ¸É¨Í ´¥ ¶·¥¢ÒÏ ¥É μ¤´μ£μ ¶μ·Ö¤±  ¢¥²¨Î¨´Ò, ¨,
´ ±μ´¥Í, ÎÉμ ´¨§±μÔ´¥·£¨Î´Ò¥ Î ¸É¨ÍÒ ¨³¥ÕÉ ¡
μ²ÓÏ¨¥ ¶μ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò, ³Ò ³μ-
¦¥³ μÍ¥´¨ÉÓ ´¨¦´ÕÕ £· ´¨ÍÊ μ¡² ¸É¨ ¶¸¥¢¤μ¡Ò¸É·μÉ ±μ³¶² ´ ·´ÒÌ Î ¸É¨Í ± ± ηmin ∼
− ln{〈pcop

T 〉/[0,5
√

s(1 − Kinel)/10]}, É. ¥. ηmin ∼ 2,2 ¨ ∼ 4,2 ¤²Ö
√

s � 1,8 ¨ 14 ’Ô‚
¸μμÉ¢¥É¸É¢¥´´μ. ‘Í¥´ ·¨¨ [11,12,14] (·¨¸. 3, ¡, ¢) Ì · ±É¥·¨§ÊÕÉ¸Ö ´¨§±μ° ³´μ¦¥¸É¢¥´-
´μ¸ÉÓÕ ¨ ±μ³¶² ´ ·´μ¸ÉÓÕ ¢ μ¤´μ° ¨§ ¶μ²Ê¸Ë¥·. Œμ¤¥²Ó [13] (·¨¸. 3, £) Ì · ±É¥·¨§Ê¥É¸Ö
μ¡ÒÎ´μ° ³´μ¦¥¸É¢¥´´μ¸ÉÓÕ Î ¸É¨Í ¨ ±μ³¶² ´ ·´μ¸ÉÓÕ ¢ μ¡¥¨Ì ¶μ²Ê¸Ë¥· Ì.

‚¸¥ ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ μÍ¥´±¨ ¶·¥¤¥²Ó´μ £·Ê¡Ò. „²Ö ¨§ÊÎ¥´¨Ö Ë¥´μ³¥´  ±μ³¶² ´ ·-
´μ° £¥´¥· Í¨¨ Î ¸É¨Í ± ± ´  ±μ²² °¤¥· Ì, É ± ¨ ¢ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ Ì É·¥¡ÊÕÉ¸Ö £μ· §¤μ
¡μ²¥¥ · §¢¨ÉÒ¥ ³μ¤¥²¨.

‡�Š‹
—…�ˆ…

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¢Ò¸É·μ¥´´μ¸É¨ γÄh-¸¥³¥°¸É¢ ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ ¸²¥-
¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò Éμ²Ó±μ μ ¸ ³ÒÌ μ¡Ð¨Ì ¸¢μ°¸É¢ Ì ¢§ ¨³μ¤¥°¸É¢¨°  ¤·μ´μ¢.

1. Ÿ¢²¥´¨¥ ¢Ò¸É·μ¥´´μ¸É¨ ´¥ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢ · ³± Ì ¸μ¢·¥³¥´´ÒÌ ¢¥·-
¸¨° ³μ¤¥²¥° ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ¶·μÍ¥¸¸  ±μ³¶² ´ ·´μ° £¥´¥· Í¨¨
Î ¸É¨Í ¸ ¡μ²ÓÏ¨³¨ ¶μ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨, ¶·μÖ¢²ÖÕÐ¥£μ¸Ö ¶·¨

√
s >∼ 4 ’Ô‚.

2. …¸²¨ ÔÉμÉ ¶·μÍ¥¸¸ ¨¤¥É Î¥·¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μÉμ´μ¢, Éμ ¥£μ ¸¥Î¥´¨¥ ¤μ²¦´μ ¡ÒÉÓ
¸· ¢´¨³Ò³ ¸ ¶μ²´Ò³ ´¥Ê¶·Ê£¨³ ¸¥Î¥´¨¥³ ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ μÉ-
´μ¸¨É¥²Ó´ Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¢Ò¸É·μ¥´´ÒÌ ¸μ¡ÒÉ¨°, ´ ¡²Õ¤ ¥³ Ö ´  Ê·μ¢´¥ £μ· (>∼ 20%),
Ê¶ ¤¥É ¤μ Ëμ´μ¢μ£μ §´ Î¥´¨Ö.

3. �·μÍ¥¸¸ ³μ¦¥É ¡ÒÉÓ ´ £²Ö¤´μ μ¶¨¸ ´ ¨²¨ £¨¶μÉ¥§μ° ¶μ²Ê¦¥¸É±μ° ¤¨Ë· ±Í¨μ´´μ°
´¥Ê¶·Ê£μ° ¤¨¸¸μÍ¨ Í¨¨ [11], ¨²¨ ¢ · ³± Ì ¶·¥¤¶μ²μ¦¥´¨Ö μ¡ μ¡· §μ¢ ´¨¨ ¶·μ³¥¦ÊÉμÎ-
´μ£μ  ¤·μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ μÎ¥´Ó ¢Ò¸μ±¨³ ¸¶¨´μ³ [12Ä14]. �·¨ ÔÉμ³ ¨¤¥¨ [13] ´¥
¢ÒÌμ¤ÖÉ §  · ³±¨ ¸μ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨°.

� ¡μÉ  ¶μ¤¤¥·¦¨¢ ¥É¸Ö �””ˆ (£· ´ÉÒ 03-02-17465, 04-02-17083, 05-02-16781, 05-02-
17599) ¨ Œ¨´¨¸É¥·¸É¢μ³ μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ (£· ´É ˜‚“-1782.2003.2).
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