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�¸¨³¶ÉμÉ¨Î¥¸± Ö ¸¢μ¡μ¤  ¢ ³¥Ì ´¨±¥ ´¥Ê¶·Ê£¨Ì ¸Éμ²±´μ¢¥´¨°
¸μ¸É ¢´ÒÌ Î ¸É¨Í ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ

�·¨³¥´¥´¨¥ £¨¶μÉ¥§Ò  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò (�‘) ¢ · ¸¸³μÉ·¥´¨¨ ³¥-
Ì ´¨±¨ £²Ê¡μ±μ´¥Ê¶·Ê£¨Ì ²¥¶Éμ´- ¤·μ´´ÒÌ ·¥ ±Í¨° (ƒ��) ¶μ§¢μ²Ö¥É ¢ÒÖ¢¨ÉÓ
Ê¶·Ê£¨° Ì · ±É¥· ¸Éμ²±´μ¢¥´¨Ö ¶ ·Éμ´μ¢ xama ¨ xbmb É ±¦¥ ¢ ¶·μÍ¥¸¸ Ì  ¤·μ´-
 ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Î ¸É¨Í a ¨ b ¸ ³ ¸¸ ³¨ ma ¨ mb ¸ ¶μ¸²¥¤ÊÕÐ¥° ¨Ì
 ¤·μ´¨§ Í¨¥° ¢  ¤·μ´´Ò¥ ²¨¢´¨. “¶·Ê£¨° Ì · ±É¥· ¸Éμ²±´μ¢¥´¨Ö ¶ ·Éμ´μ¢ ¶μ-
§¢μ²Ö¥É, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¶·¥¤¥²¨ÉÓ ¨´¢ ·¨ ´É´Ò¥ ¶¥·¥³¥´´Ò¥ (xa, xb ¨ ¶¥·¥-
¤ ´´Ò° 4-¨³¶Ê²Ó¸ Q2),  ´ ²μ£¨Î´Ò¥ ¨¸¶μ²Ó§Ê¥³Ò³ ¢ ƒ��, Î¥·¥§ ¶ · ³¥É·Ò ¤¢ÊÌ
·¥£¨¸É·¨·Ê¥³ÒÌ  ¤·μ´´ÒÌ ²¨¢´¥°. �·¨¢μ¤ÖÉ¸Ö ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥-
´¨° ¤²Ö 2000 pp-¸μ¡ÒÉ¨° ´  LHC ¶·¨ Ô´¥·£¨¨ 10 ’Ô‚, ¸£¥´¥·¨·μ¢ ´´ÒÌ ¶·μ£· ³-
³μ° PYTHIA. �·¥¤²μ¦¥´´Ò¥ ¨¤¥¨ ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¤²Ö Š•„-μ¡· ¡μÉ±¨
 ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸μ¢³¥¸É´μ ¸ ¤ ´´Ò³¨ ƒ��, ¤²Ö · §¢¨É¨Ö ±μ´Í¥¶Í¨¨
±Ê³Ê²ÖÉ¨¢´ÒÌ ¸μ¡ÒÉ¨° ¨, ¢μ§³μ¦´μ, ¤²Ö ¶μ¨¸±  ±¢ ·±-£²Õμ´´μ° ¶² §³Ò ¨ ¶·μ-
³¥¦ÊÉμÎ´μ° Ë §Ò ´  NICA.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. � ²¤¨´  �ˆŸˆ.
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Asymptotic Freedom in the Mechanics of Composite Particle
Inelastic Collisions at High Energies

The application of the asymptotic freedom hypothesis to consider the mechanics
of deep inelastic scattering processes (DIS) allows one to reveal the elastic form
of the parton (xama and xbmb) scattering also for hadronÄhadron interactions of
particles a and b having masses ma and mb with subsequent hadronization of them
into the hadron showers. The elastic character of the parton scattering, in its turn,
helps to deˇne invariant variables analogous to DIS (Bjorken xa, xb and square
four-momentum transfer Q2) through the two-hadron showers in the c.m. s. of a
and b particles. Some results of calculations of 2000 pp interactions at LHC at
10 TeV generated by PYTHIA are presented. This approach can be of interest for
QCD treatment of hh interactions, cumulative phenomena investigations, search for
quarkÄgluon plasma and phase transition in the NICA project.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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ˆ§¢¥¸É´μ, ÎÉμ Ö¢²¥´¨¥ ³ ¸ÏÉ ¡´μ° ¨´¢ ·¨ ´É´μ¸É¨ (¡Ó¥·±¥´μ¢¸±μ£μ ¸±¥°-
²¨´£ ), μ¡´ ·Ê¦¥´´μ¥ ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¢§ ¨³μ¤¥°¸É¢¨° Î ¸É¨Í ¶·¨ ¢Ò¸μ±¨Ì
Ô´¥·£¨ÖÌ ¸ ÊÎ ¸É¨¥³ ²¥¶Éμ´μ¢ [1] (μÉ³¥Î¥´´ÒÌ �μ¡¥²¥¢¸±μ° ¶·¥³¨¥° 1990 £.),
¶μÉ·¥¡μ¢ ²μ ¤²Ö ¸¢μ¥£μ μ¡ÑÖ¸´¥´¨Ö ± Î¥¸É¢¥´´μ ´μ¢ÒÌ ¶·¥¤¸É ¢²¥´¨° μ ¢´Ê-
É·¥´´¥° ¸É·Ê±ÉÊ·¥  ¤·μ´´μ° ³ É¥·¨¨ (¶ ·Éμ´Ò, ±¢ ·±¨, £²Õμ´Ò) ¨ μ ¸ ³μ³
³¥Ì ´¨§³¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¥¥ ¸μ¸É ¢²ÖÕÐ¨Ì. Š ± ¨§¢¥¸É´μ, ¢ ÔÉμ³ ³¥Ì ´¨§³¥
¤μ¸Éμ°´ Ö ·μ²Ó ¶·¨´ ¤²¥¦¨É £¨¶μÉ¥§¥  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò (�‘) [2]
(É ±¦¥ μÉ³¥Î¥´´μ° �μ¡¥²¥¢¸±μ° ¶·¥³¨¥° ¶μ Ë¨§¨±¥ §  2004 £.). ƒ¨¶μÉ¥§ 
�‘ ¶μ¸²Ê¦¨²  μ¸´μ¢μ° ¤²Ö ¶·¨³¥´¥´¨Ö ³¥Éμ¤μ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨
¢ μ¶¨¸ ´¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨ ¸¶μ¸μ¡¸É¢μ¢ ²  Ëμ·³Ê²¨·μ¢±¥ ±¢ ´-
Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„). ®‘ ³μ¥ ¢ ¦´μ¥ ¸²¥¤¸É¢¨¥  ¸¨³¶ÉμÉ¨Î¥¸±μ°
¸¢μ¡μ¤Ò Å ÔÉμ ¸ ³  ¶μ ¸¥¡¥ Š•„ ¸ ÉμÎ¥Î´μ-¶μ¤μ¡´Ò³ ¶μ¢¥¤¥´¨¥³ ±¢ ·±μ¢
´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ ¨ ¸¨²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ¤ ÕÐ¨³ ±μ´Ë °´³¥´É ´ 
¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ¯ [2].

� ¸¶·μ¸É· ´¥´¨¥ ´μ¢ÒÌ ¨¤¥° ´  ¸Éμ²±´μ¢¥´¨Ö  ¤·μ´μ¢ ¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ö¤¥· ¶·¨¢¥²μ ± ¶·¥¤¸± § ´¨Õ,   § É¥³ μ¡´ ·Ê¦¥´¨Õ ¨ ¸¨¸É¥³ É¨Î¥¸±μ³Ê ¨¸-
¸²¥¤μ¢ ´¨Õ ±Ê³Ê²ÖÉ¨¢´μ£μ ÔËË¥±É , ¶·¥¤¸É ¢²ÖÕÐ¥£μ ¸μ¡μ° ®·¥§Ê²ÓÉ É μ¡μ¡-
Ð¥¸É¢²¥´¨Ö ¶ ·Éμ´μ¢ (¨²¨ ±¢ ·±μ¢), ¶·¨´ ¤²¥¦ Ð¨Ì £·Ê¶¶¥ ´Ê±²μ´μ¢¯ [3].
‚ μ¸´μ¢´μ³ ¶·¥¤¶μ²μ¦¥´¨¨ μ ±Ê³Ê²ÖÉ¨¢´μ³ ÔËË¥±É¥ ¸μ¤¥·¦¨É¸Ö ¤μ¶ÊÐ¥´¨¥
μ ¢μ§³μ¦´μ¸É¨ ®μ¡· §μ¢ ´¨Ö £·Ê¶¶Ò (± ¶²¨) ¨§ N ±μ´¸É¨ÉÊ¥´Éμ¢ (´Ê±²μ´μ¢,
±¢ ·±μ¢ ¨²¨ ¶ ·Éμ´μ¢)¯ [3]. ‚¥·μÖÉ´μ¸ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨Ö £·Ê¶¶ ±μ´¸É¨ÉÊ¥´-
Éμ¢ ´¥ Éμ²Ó±μ ¢ Ö¤· Ì, ´μ ¨ ¢ ´Ê±²μ´ Ì ¶·¥¤¸É ¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´μ°. ’ -
±¨³ μ¡· §μ³, ¥¤¨´ Ö ±¢ ·±-£²Õμ´´ Ö ¶·¨·μ¤  ¶ ·Éμ´μ¢ ± ± ¸μ¸É ¢²ÖÕÐ¨Ì
 ¤·μ´μ¢ ¢³¥¸É¥ ¸ Š•„ ´ Ï²  ¸¢μ¥ ¶·¨²μ¦¥´¨¥ ¢ · §´μμ¡· §´ÒÌ ¶·μÍ¥¸¸ Ì
¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ´¥§ ¢¨¸¨³μ μÉ ¨Ì ¶·¨·μ¤Ò.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, μ¤´ ±μ, ÎÉμ ·¥ ±Í¨¨ ƒ�� ¶·¨´Í¨¶¨ ²Ó´μ ¨ ¢Ò£μ¤´μ
μÉ²¨Î ÕÉ¸Ö μÉ  ¤·μ´- ¤·μ´´ÒÌ (hh) ¨ É¥³ ¡μ²¥¥  ¤·μ´-Ö¤¥·´ÒÌ (hA) ¨ Ö¤·μ-
Ö¤¥·´ÒÌ (AA) ¢§ ¨³μ¤¥°¸É¢¨° É¥³, ÎÉμ ¨§³¥·¥´¨¥ Ì · ±É¥·¨¸É¨± ¸μ¸ÉμÖ´¨°
μ¤´μ° Î ¸É¨ÍÒ Å ²¥¶Éμ´  ¤μ ¨ ¶μ¸²¥ · ¸¸¥Ö´¨Ö μ± §Ò¢ ¥É¸Ö ¤μ¸É ÉμÎ´Ò³
¤²Ö ¶·μ¢¥¤¥´¨Ö Ï¨·μ±μ£μ ±·Ê£  ¨¸¸²¥¤μ¢ ´¨° ¨ ¸É·Ê±ÉÊ·Ò  ¤·μ´μ¢, ¨ ³¥-
Ì ´¨§³  ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ´¸É¨ÉÊ¥´Éμ¢. 	É  μ¸μ¡¥´´μ¸ÉÓ ƒ�� μ¡Ê¸²μ¢²¥´ 
É¥³ Ë ±Éμ³, ÎÉμ ²¥¶Éμ´Ò ¶·¨´ÖÉμ ¸Î¨É ÉÓ ÉμÎ¥Î´Ò³¨ Î ¸É¨Í ³¨, ´¥ ¨³¥Õ-
Ð¨³¨ ¸É·Ê±ÉÊ·Ò ¨, £² ¢´μ¥, μ´¨ ´¥ ÊÎ ¸É¢ÊÕÉ ¢ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ.
‚ Î ¸É´μ¸É¨, ¶μÔÉμ³Ê ´¥±μÉμ·Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ ¨´¢ ·¨ ´ÉÒ ƒ��, ¨³¥ÕÐ¨¥
¢ ¦´μ¥ §´ Î¥´¨¥ ¢ Š•„, ´ ¶·¨³¥·, ±¢ ¤· É ¶¥·¥¤ ´´μ£μ 4-¨³¶Ê²Ó¸  Q2 ¨
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¡Ó¥·±¥´μ¢¸±¨° ¨´¢ ·¨ ´É x, ¢  ¤·μ´- ¤·μ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ μÉ¸ÊÉ¸É¢ÊÕÉ,
¨ ¤μ ¸¨Ì ¶μ· ´¥ Ê¸É ´μ¢²¥´Ò μ¡Ð¥¶·¨´ÖÉÒ¥ ¸¶μ¸μ¡Ò ¨Ì μ¶·¥¤¥²¥´¨Ö Î¥·¥§
¤·Ê£¨¥ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò. �μÔÉμ³Ê, ´¥¸³μÉ·Ö ´  ¢´ÊÉ·¥´´¥¥ ¥¤¨´¸É¢μ
¢ ¸É·Ê±ÉÊ·¥ ¨ ¶·¨·μ¤¥ ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶·μÍ¥¸¸μ¢ ¶·¨ ¸Éμ²±´μ¢¥´¨¨ · §²¨Î-
´ÒÌ Î ¸É¨Í, ¤²Ö ¨Ì μ¶¨¸ ´¨Ö ¶·¨¢²¥± ¥É¸Ö · §´Ò° ´ ¡μ· ±¨´¥³ É¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ. “¸ÉμÖ¢Ï¨³¨¸Ö ¶¥·¥³¥´´Ò³¨ ¤²Ö lh-, lA-¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö-
ÕÉ¸Ö, ± ± μÉ³¥Î ²μ¸Ó, ¡Ó¥·±¥´μ¢¸±¨° x ¨ Q2,   Ë¥°´³ ´μ¢¸±¨° xF ¨ ±¢ ¤· É
¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  P 2

’ Å ¤²Ö hh-, hA-, AA-¢§ ¨³μ¤¥°¸É¢¨°.
Œ¥¦¤Ê É¥³ ¶¥·¢μ´ Î ²Ó´μ ¢ÒÖ¢²¥´´ Ö Ì · ±É¥·´ Ö μ¸μ¡¥´´μ¸ÉÓ ¶·μÍ¥¸-

¸μ¢ · ¸¸¥Ö´¨Ö ²¥¶Éμ´μ¢ ´  ´Ê±²μ´ Ì ¶μ§¢μ²Ö¥É ¢¸¥ ¶¥·¥Î¨¸²¥´´Ò¥ ¢ÒÏ¥ ·¥-
 ±Í¨¨ · ¸¸³ É·¨¢ ÉÓ ¸ ¥¤¨´μ° ÉμÎ±¨ §·¥´¨Ö ¨ ¶·¨³¥´ÖÉÓ (¢ μ¶·¥¤¥²¥´´ÒÌ
¸²ÊÎ ÖÌ ¨§ÊÎ¥´¨Ö  ¤·μ´- ¤·μ´´ÒÌ ¶·μÍ¥¸¸μ¢) ÉμÉ ¦¥ ´ ¡μ· ±¨´¥³ É¨Î¥¸±¨Ì
¶·¥³¥´´ÒÌ, ÎÉμ ¨ ¢ ƒ��. ˆ³¥¥É¸Ö ¢ ¢¨¤Ê ¤¢ÊÌÔÉ ¶´Ò° Ì · ±É¥· ¶·μÍ¥¸¸μ¢
ƒ��, ±μ£¤  ´  ¶¥·¢μ³ ÔÉ ¶¥ ¶·μ¨¸Ìμ¤¨É Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ²¥¶Éμ´  ´  ¸¢μ¡μ¤-
´μ³ ¶ ·Éμ´¥ ´Ê±²μ´ ,   ´  ¢Éμ·μ³ Å  ¤·μ´¨§ Í¨Ö ¶ ·Éμ´μ¢ ¢ ´ ¡²Õ¤ ¥³Ò¥
Î ¸É¨ÍÒ (¶ ·Éμ´´ Ö ³μ¤¥²Ó ”¥°´³ ´ , ¸³. ·¨¸. 1) [1]. ˆ³¥´´μ £¨¶μÉ¥§   ¸¨³-
¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò ¨ ¶·¥¤¶μ²μ¦¥´¨¥ �.Œ. � ²¤¨´  μ ¢μ§³μ¦´μ¸É¨ μ¡· §μ-
¢ ´¨Ö ¢ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³ Ì £·Ê¶¶ (± ¶¥²Ó) ¶ ·Éμ´μ¢ ¤ ÕÉ μ¸´μ¢ ´¨Ö μ¦¨¤ ÉÓ
¢μ§´¨±´μ¢¥´¨Ö ¶¥·¢μ£μ ÔÉ ¶  Å Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö £·Ê¶¶ ¶ ·Éμ´μ¢ ¨ ¢Éμ·μ£μ
ÔÉ ¶  Å ¨Ì  ¤·μ´¨§ Í¨¨ É ±¦¥ ¢ ·¥ ±Í¨ÖÌ ¸Éμ²±´μ¢¥´¨Ö ¸μ¸É ¢´ÒÌ Î ¸É¨Í
( ¤·μ´μ¢ ¨ Ö¤¥·) ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ. ‚ ¸¢μÕ μÎ¥·¥¤Ó, Ê¶·Ê£¨° Ì · ±É¥·
¸Éμ²±´μ¢¥´¨Ö ¶ ·Éμ´μ¢ (¨²¨ ¨Ì £·Ê¶¶) ¢ ¶·μÍ¥¸¸ Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μ¸É ¢-
´ÒÌ Î ¸É¨Í ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ μ¡¥¸¶¥Î¨¢ ¥É ¢μ§³μ¦´μ¸ÉÓ μÍ¥´±¨ É¥Ì ¦¥
¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ƒ��, Î¥·¥§ ¶ · ³¥É·Ò § ·¥£¨-
¸É·¨·μ¢ ´´ÒÌ  ¤·μ´´ÒÌ ²¨¢´¥°. 	É  ¢μ§³μ¦´μ¸ÉÓ ¨³¥¥É ¤μ¸É ÉμÎ´μ μ¡Ð¥¥
¨ Ö¸´μ¥ Ë¨§¨Î¥¸±μ¥ μ¡μ¸´μ¢ ´¨¥, ¨ É ± ¦¥, ± ± ¤·Ê£μ° ¸¶μ¸μ¡ μÍ¥´±¨ ¶μ-
Ìμ¦¨Ì ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, ¨§²μ¦¥´´Ò° ¢ · ¡μÉ Ì [4], ¥¥ ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¨ ¢  ´ ²¨§¥ ±Ê³Ê²ÖÉ¨¢´ÒÌ Ö¢²¥´¨°.

„¢ÊÌÔÉ ¶´Ò° Ì · ±É¥· ´¥Ê¶·Ê£¨Ì ¶·μÍ¥¸¸μ¢ ¨ μ¸μ¡¥´´μ¸É¨ μ¶·¥¤¥²¥´¨Ö
¡Ó¥·±¥´μ¢¸±¨Ì ¶¥·¥³¥´´ÒÌ ¤²Ö  ¤·μ´- ¤·μ´´ÒÌ ·¥ ±Í¨° ³μ¦´μ ´ £²Ö¤´μ ¢Ò-
· §¨ÉÓ ¶·¨ ¶μ³μÐ¨ ¶·¥¤¸É ¢²¥´¨Ö ³¥Ì ´¨±¨ (±¨´¥³ É¨±¨) ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Î ¸É¨Í ¢ ¶·μ¸É· ´¸É¢¥ ¸±μ·μ¸É¥° (¡Ò¸É·μÉ) [5]. �¶·¥¤¥²¥´´ Ö ¶μ²Ó§  μÉ É -
±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸μ¸Éμ¨É (´ ¶·¨³¥·, ¢ ¸· ¢´¥´¨¨ ¸ ·¨¸. 1) ¢ ¢μ§³μ¦´μ¸É¨
¶·¨¢²¥Î¥´¨Ö  ¶¶ · É  £¨¶¥·¡μ²¨Î¥¸±μ° É·¨£μ´μ³¥É·¨¨, ±μÉμ·Ò° ¶μ²´μ¸ÉÓÕ
 ¤¥±¢ É¥´ ·¥²ÖÉ¨¢¨¸É¸±μ° ³¥Ì ´¨±¥. �μÔÉμ³Ê ´¥¶·¨³¥´¥´¨¥ ¨²¨ ¨£´μ·¨·μ¢ -
´¨¥ £¥μ³¥É·¨¨ ¶·μ¸É· ´¸É¢  ¸±μ·μ¸É¥° ®§ É·Ê¤´Ö¥É ¶μ´¨³ ´¨¥ ¸ ³μ° ·¥²ÖÉ¨-
¢¨¸É¸±μ° ³¥Ì ´¨±¨¯ [5]. ‚ ¶μ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì μÉ³¥Î¥´´ Ö μ¸μ¡¥´´μ¸ÉÓ
¡Ê¤¥É ´¥μ¤´μ±· É´μ ¶·μ¤¥³μ´¸É·¨·μ¢ ´ .

–¥²¥¸μμ¡· §´μ ´ Î ÉÓ · ¸¸³μÉ·¥´¨¥ ¶·¥¤¸É ¢²¥´¨° ¸ Ìμ·μÏμ ¨§ÊÎ¥´´ÒÌ
·¥ ±Í¨° ¸ ÊÎ ¸É¨¥³ ²¥¶Éμ´μ¢, É. ¥. ¸ ƒ��. ‡ É¥³, ¢Ò¤¥²¨¢ ´¥¨§¢¥¸É´Ò¥ · ´¥¥
¨ ´Ê¦´Ò¥ ¤²Ö ¤ ²Ó´¥°Ï¥£μ μ¸μ¡¥´´μ¸É¨ ³¥Ì ´¨±¨ ƒ��, ³μ¦´μ ¶¥·¥°É¨ ±
· ¸¸³μÉ·¥´¨Õ ¨  ¤·μ´- ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
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�¨¸. 1. Š¨´¥³ É¨±  ²¥¶Éμ´-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö ¢ ¶ ·Éμ´´μ° ³μ¤¥²¨

„²Ö ¸¶· ¢μÎ´ÒÌ Í¥²¥° ³μ¦´μ μÉ³¥É¨ÉÓ ´¥¸±μ²Ó±μ ¶μ²¥§´ÒÌ ³μ³¥´Éμ¢. 	´¥·£¨Õ
E Î ¸É¨ÍÒ ¨ ¢¥²¨Î¨´Ê ¥¥ ¨³¶Ê²Ó¸  P ¸μ£² ¸´μ ¨Ì μ¶·¥¤¥²¥´¨Õ ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§
³ ¸¸Ê m Î ¸É¨ÍÒ ¨ ¥¥ ¡Ò¸É·μÉÊ ρ/c:

E = m/
√

(1−β2) = m ch ρ, P = mβ/
√

(1−β2) = m sh ρ, β = th ρ (c = 1), (1)

£¤¥ β Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ ¢ ¥¤¨´¨Í Ì ¸±μ·μ¸É¨ ¸¢¥É  c. ‘± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ
4-¢¥±Éμ·μ¢ Ka ¨ Kb Î ¸É¨Í a ¨ b ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

KaKb = EaEb − |Pa||Pb| cos θ =

= mamb(ch ρach ρb − sh ρash ρb cos θ) = mamb ch ρab, (2)

£¤¥ θ Å Ê£μ² ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ (¸±μ·μ¸ÉÖ³¨, ¡Ò¸É·μÉ ³¨ ρa ¨ ρb ) Î ¸É¨Í a ¨ b,
ρab Å ¡Ò¸É·μÉ  ³¥¦¤Ê Î ¸É¨Í ³¨ a ¨ b, μ¶·¥¤¥²ÖÕÐ Ö ¨Ì μÉ´μ¸¨É¥²Ó´ÊÕ ¸±μ·μ¸ÉÓ.

‚Ò· ¦¥´¨¥ ¢ ¸±μ¡± Ì ¢ (2) ¨§¢¥¸É´μ ¢ ´¥¥¢±²¨¤μ¢μ° £¥μ³¥É·¨¨ ‹μ¡ Î¥¢¸±μ£μ
± ± μ¸´μ¢´μ¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¸Éμ·μ´ ³¨ É·¥Ê£μ²Ó´¨± : ¶μ ¤¢Ê³ ¸Éμ·μ´ ³ ¨ Ê£²Ê
³¥¦¤Ê ´¨³¨ μ¶·¥¤¥²Ö¥É¸Ö ¤²¨´  É·¥ÉÓ¥° ¸Éμ·μ´Ò Å É¥μ·¥³  ±μ¸¨´Ê¸μ¢. 	Éμ ¦¥ ¢Ò-
· ¦¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É ¶·¥μ¡· §μ¢ ´¨Õ ‹μ·¥´Í  ¤²Ö Ô´¥·£¨¨ Î ¸É¨ÍÒ (ÎÉμ¡Ò ¢ ÔÉμ³
Ê¡¥¤¨ÉÓ¸Ö, ´Ê¦´μ ¢ (2) ¢Ò´¥¸É¨ §  ¸±μ¡±Ê ch ρb ¨ ¨¸¶μ²Ó§μ¢ ÉÓ μ¶·¥¤¥²¥´¨Ö (1)). �·¥-
μ¡· §μ¢ ´¨¥ ‹μ·¥´Í  ¤²Ö ¨³¶Ê²Ó¸  É ±¦¥ ´¥É·Ê¤´μ ´ °É¨, ¨¸¶μ²Ó§ÊÖ £¨¶¥·¡μ²¨Î¥¸±ÊÕ
É·¨£μ´μ³¥É·¨Õ ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì É·¥Ê£μ²Ó´¨±μ¢. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ (2) Ëμ·³Ê²Ò
¤²Ö ±¢ ¤· É  ¸Ê³³Ò ¨ ±¢ ¤· É  · §´μ¸É¨ ¤¢ÊÌ 4-¢¥±Éμ·μ¢ Î ¸É¨Í a ¨ b, ¢Ò· ¦¥´´Ò¥
Î¥·¥§ ¡Ò¸É·μÉÊ ρab:

(Ka + Kb)
2 = K2

a + 2KaKb + K2
b = m2

a + 2mamb ch ρab + m2
b ≡ M2, (3)

(Ka − Kb)
2 = K2

a − 2KaKb + K2
b = m2

a − 2mamb ch ρab + m2
b ≡ q2, (4)

É. ¥. Ëμ·³Ê²Ò ¤²Ö ±¢ ¤· É  ÔËË¥±É¨¢´μ° ³ ¸¸Ò ¤¢ÊÌ Î ¸É¨Í (3) ¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ
4-¨³¶Ê²Ó¸  ³¥¦¤Ê Î ¸É¨Í ³¨ a ¨ b (4), μÎ¥¢¨¤´Ò.
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� ¸¸³μÉ·¨³ ¨´±²Õ§¨¢´ÊÕ ·¥ ±Í¨Õ · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ a (²¥¶Éμ´  Å
Ô²¥±É·μ´  ¨²¨ ³Õμ´ ) ´  Î ¸É¨Í¥ b (´Ê±²μ´¥):

a + b → a + X (5)

¨ ¢¢¥¤¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉμ° ·¥ ±Í¨¨ 4-¢¥±Éμ·  ¨ ¶·¨´ÖÉÒ¥ μ¡μ§´ Î¥´¨Ö:

Ka + Kb =K ′
a + Kx, q = Ka − K ′

a, ν = Ea − E′
a,

− q2 ≡ Q2, S = (Ka + Kb)2,
(6)

£¤¥ Kx Å 4-¢¥±Éμ·  ¤·μ´´μ£μ ²¨¢´Ö (±μÉμ·Ò° ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ μ¡ÒÎ´μ ´¥
·¥£¨¸É·¨·Ê¥É¸Ö), q Å ¶¥·¥¤ ´´Ò° 4-¨³¶Ê²Ó¸, μ¶·¥¤¥²Ö¥³Ò° Î¥·¥§ ¶ · ³¥É·Ò
²¥¶Éμ´ , ν Å ¶¥·¥¤ ´´ Ö Ô´¥·£¨Ö, S Å ±¢ ¤· É ¶μ²´μ° Ô´¥·£¨¨. ‚ ÔÉ¨Ì μ¡μ-
§´ Î¥´¨ÖÌ ¡Ó¥·±¥´μ¢¸±¨° ¨´¢ ·¨ ´É x μ¶·¥¤¥²Ö¥É¸Ö μ¡ÒÎ´Ò³ μ¡· §μ³ Î¥·¥§
¶ · ³¥É·Ò ²¥¶Éμ´  ¨ ³ ¸¸Ê Î ¸É¨ÍÒ b (´Ê±²μ´ ) mb:

x = Q2/(2q Kb) = Q2/(2mbν), (7)

Q2 = 2m2
a(ch ρq − 1), (8)

£¤¥ ma Å ³ ¸¸  Î ¸É¨ÍÒ a (²¥¶Éμ´ ), ρq Å ¡Ò¸É·μÉ  ²¥¶Éμ´  ¢  ´É¨² ¡μ· -
Éμ·´μ° ¸¨¸É¥³¥ (² ¡. ¸¨¸É¥³  ¸¢Ö§ ´  ¸ Î ¸É¨Í¥° b Å ´Ê±²μ´μ³). �É³¥É¨³,
ÎÉμ ¨´¢ ·¨ ´É x ³μ¦´μ μ¶·¥¤¥²¨ÉÓ É ±¨³ ¦¥ μ¡· §μ³ ¨ Î¥·¥§ ±μ³¶μ´¥´ÉÒ
4-¢¥±Éμ·  Kx (± ± ÔÉμ ¸²¥¤Ê¥É ¨§ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö (6)):

qb = Kx−Kb, −q2
b = 2MxmbchρMx−M2

x −m2
b , M2

x = K2
x, −q2 = −q2

b , (9)

£¤¥ ρMx Å ¡Ò¸É·μÉ   ¤·μ´´μ£μ ²¨¢´Ö ¢ ² ¡. ¸¨¸É¥³¥, Mx Å ¥£μ ÔËË¥±É¨¢´ Ö
³ ¸¸ .

‘μ£² ¸´μ £¨¶μÉ¥§¥ �‘, ¸ ·μ¸Éμ³ ¶¥·¥¤ Î¨ Q2 ¢§ ¨³μ¤¥°¸É¢¨¥ ±μ´¸É¨-
ÉÊ¥´Éμ¢ ³¥¦¤Ê ¸μ¡μ° ¢ ´Ê±²μ´¥  ¸¨³¶ÉμÉ¨Î¥¸±¨ μ¸² ¡¥¢ ¥É (´  ³ ²ÒÌ · ¸-
¸ÉμÖ´¨ÖÌ ¤·Ê£ μÉ ¤·Ê£ ) ¨ ¶μÉμ³Ê ²¥¶Éμ´ (± ± ËÊ´¤ ³¥´É ²Ó´ Ö, ÉμÎ¥Î´ Ö
Î ¸É¨Í ) · ¸¸¥¨¢ ¥É¸Ö ´  ¸¢μ¡μ¤´μ³ ±μ´¸É¨ÉÊ¥´É¥-¶ ·Éμ´¥ Ê¶·Ê£¨³ (±¢ §¨Ê-
¶·Ê£¨³) μ¡· §μ³ (± ± ËμÉμ´ · ¸¸¥¨¢ ¥É¸Ö ´  ®¸¢μ¡μ¤´μ³¯ Ô²¥±É·μ´¥  Éμ³ 
¢ ±μ³¶Éμ´-ÔËË¥±É¥). ’ ±¨³ μ¡· §μ³, ¶¥·¢Ò° ÔÉ ¶ £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö-
´¨Ö ²¥¶Éμ´  ´  ´Ê±²μ´¥ ¸μ¸Éμ¨É ¢ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ²¥¶Éμ´  ´  ¸¢μ¡μ¤´μ³
¶ ·Éμ´¥ (¨²¨ ´¥±μ° £·Ê¶¶¥ ¨§ ¶ ·Éμ´μ¢). �¡μ§´ Î¨³ 4-¨³¶Ê²Ó¸ ¶ ·Éμ´  (¨²¨
£·Ê¶¶Ò ¶ ·Éμ´μ¢) Î¥·¥§ xgKb (xg Å Î ¸ÉÓ, ¤μ²Ö 4-¨³¶Ê²Ó¸  ³¨Ï¥´¨, Ì · ±-
É¥·¨§ÊÕÐ Ö £·Ê¶¶Ê ¶ ·Éμ´μ¢),   μ¸É ¢ÏÊÕ¸Ö Î ¸ÉÓ Î¥·¥§ (1 − xg)Kb (xgmb

¨ (1 − xg) mb ¢ ¸¨¸É¥³¥ ¶μ±μÖ b-Î ¸É¨ÍÒ) ¨ ¶μ± ¦¥³ ¸·¥¤¸É¢ ³¨ ·¥²ÖÉ¨-
¢¨¸É¸±μ° ³¥Ì ´¨±¨, ÎÉμ xg μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ (7) ¨, ¸²¥¤μ¢ É¥²Ó´μ,
¸μ¢¶ ¤ ¥É ¸ x.
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‡ ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  (6) ¸ ÊÎ¥Éμ³ ¢Ò¸± § ´´μ° £¨¶μÉ¥§Ò
�‘ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Ka + xgKb + (1 − xg)Kb = K ′
a + (xgKb)′ + (1 − xg)Kb = K ′

a + Kx, (10)

q = Ka−K ′
a = (xgKb)′−xgKb = Kx−Kb, Kx = (xgKb)′+(1−xg)Kb, (11)

Sx = (Ka + xgKb)2 = (K ′
a + (xgKb)′)2 =

= m2
a + 2maxgmb chρa + (xgmb)2 ≈ xgS, (12)

£¤¥ xgKb, (1−xg)Kb ¨ (xgKb)′ ¥¸ÉÓ 4-¢¥±Éμ·  ¸¢μ¡μ¤´ÒÌ ¶ ·Éμ´μ¢ ¤μ ¨ ¶μ¸²¥
Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, Sx Å ¶μ²´ Ö Ô´¥·£¨Ö Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö, ρa Å ¡Ò¸É·μÉ 
´ ²¥É ÕÐ¥£μ ²¥¶Éμ´  (¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢¥²¨Î¨´Ò S ¨ Sx μ¶·¥¤¥²ÖÕÉ¸Ö
¢ μ¸´μ¢´μ³ §´ Î¥´¨¥³ ρa, μ´  ¦¥ μ¶·¥¤¥²Ö¥É ¨ μ¸Ó ·¥ ±Í¨¨).

�· ¢ Ö Î ¸ÉÓ ¶¥·¢μ£μ · ¢¥´¸É¢  ¢ (10) ¸μμÉ¢¥É¸É¢Ê¥É ¶·μ³¥¦ÊÉμÎ´μ³Ê
¸μ¸ÉμÖ´¨Õ ¨ ¢Ò· ¦ ¥É ¶¥·¢Ò° ÔÉ ¶ ·¥ ±Í¨¨ Å Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ²¥¶Éμ´ 
´  ¶ ·Éμ´¥, ¶· ¢ Ö Î ¸ÉÓ ¢Éμ·μ£μ · ¢¥´¸É¢  ¢ (10) ¢Ò· ¦ ¥É ¢Éμ·μ° ÔÉ ¶ Å
·¥§Ê²ÓÉ É  ¤·μ´¨§ Í¨¨, É. ¥. ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ · ¸¸³ É·¨¢ ¥³μ° ·¥ ±Í¨¨.
ˆ§ (11) ¸²¥¤Ê¥É, ÎÉμ  ) ¶¥·¥¤ ´´Ò° 4-¢¥±Éμ· q ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ´¥ Éμ²Ó±μ
Î¥·¥§ ¶ · ³¥É·Ò ²¥¶Éμ´ , ´μ ¨ Î¥·¥§ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶ · ³¥É·Ò ¶ ·Éμ´ ,
¶·¨´Ö¢Ï¥£μ ÊÎ ¸É¨¥ ¢ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨: q = (xgKb)′ − xgKb; ¡)  ¤·μ´´ÊÕ
³ ¸¸Ê Kx ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ³μ¦´μ ¢Ò· §¨ÉÓ É ±¦¥ Î¥·¥§ ¶ · ³¥É·Ò
¶·μ³¥¦ÊÉμÎ´μ£μ ¸μ¸ÉμÖ´¨Ö Å ¢μ§¡Ê¦¤¥´´μ£μ ¶ ·Éμ´  (xgKb)′ ¨ ¶ ·Éμ´  (1−
xg)Kb, ´¥ ÊÎ ¸É¢μ¢ ¢Ï¥£μ ¢ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨.

‚¸¥ É·¨ ¸μ¸ÉμÖ´¨Ö ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö Å ´ Î ²Ó´μ¥, ±μ´¥Î´μ¥, ¶·μ³¥-
¦ÊÉμÎ´μ¥ Å ¨ μÉ³¥Î¥´´Ò¥ ¢ÒÏ¥ μ¸μ¡¥´´μ¸É¨ ²¥£±μ ¶·μ¸³ É·¨¢ ÕÉ¸Ö ´ 
·¨¸. 2,  , ´  ±μÉμ·μ³ ¨§μ¡· ¦¥´  ·¥ ±Í¨Ö ƒ�� ¢ ¶·μ¸É· ´¸É¢¥ ¸±μ·μ¸É¥°.
�·μ³¥¦ÊÉμÎ´μ¥ ¸μ¸ÉμÖ´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ (¶μ É·¥¡μ¢ ´¨Õ �‘) Ê¶·Ê£μ³Ê
· ¸¸¥Ö´¨Õ, ± ± μ¡ÒÎ´μ, ´ Ìμ¤¨É¸Ö ¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¶ÊÉ¥³ ¶μ¢μ·μÉ 
μ¸¨ ·¥ ±Í¨¨ (¸μ¢¶ ¤ ÕÐ¥° ¸ μÉ·¥§±μ³ mbma ´  ·¨¸. 2) μÉμ¸¨É¥²Ó´μ Í¥´É· 
³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ´  ´¥±μÉμ·Ò° μ¶·¥¤¥²¥´´Ò° Ê£μ². ‚ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ �‘ ¶μ²´ Ö Ô´¥·£¨Ö Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (12) ¨ ¸¨¸É¥³  Í¥´É· 
³ ¸¸ (ÉμÎ±  Ox ´  ·¨¸. 2,  ) ¤μ²¦´Ò μ¶·¥¤¥²ÖÉÓ¸Ö ³ ¸¸μ° ²¥¶Éμ´  ma ¨ ³ ¸-
¸μ° ¸¢μ¡μ¤´μ£μ ¶ ·Éμ´  (¨²¨ ³ ¸¸μ° £·Ê¶¶Ò ¶ ·Éμ´μ¢) xgmb.

�μ²μ¦¥´¨¥ ÉμÎ±¨ Ox ´  μ¸¨ ·¥ ±Í¨¨ ´¥É·Ê¤´μ ´ °É¨ ¨§ Ê¸²μ¢¨Ö, ÎÉμ¡Ò
¡Ò¸É·μÉ  ²¥¶Éμ´  μÉ´μ¸¨É¥²Ó´μ Ox ´¥ ³¥´Ö² ¸Ó ¤μ ¨ ¶μ¸²¥ · ¸¸¥Ö´¨Ö: Ô´¥·-
£¨¨, ¢¥²¨Î¨´Ò ¨³¶Ê²Ó¸μ¢ ¨ ³ ¸¸Ò Î ¸É¨Í ¢ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ ´¥ ¨§³¥´ÖÕÉ¸Ö.
’μ£¤  ¨§ É·¥Ê£μ²Ó´¨±  ¸ ¢¥·Ï¨´ ³¨ ¢ ÉμÎ± Ì Ox, ma, ma (¸³. ·¨¸. 2, a) ¶μ
É¥μ·¥³¥ ±μ¸¨´Ê¸μ¢ ´ Ìμ¤¨³:

ch (ρa − ρOx) = chρOx ch ρ′ − sh ρOx sh ρ′ cos θ, (13)
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�¨¸. 2. Œ¥Ì ´¨±  lh-(a) ¨ hh-¢§ ¨³μ¤¥°¸É¢¨° (¡) ¢ ¶·μ¸É· ´¸É¢¥ ¸±μ·μ¸É¥°

£¤¥ ρa ¨ ρ′ Å ¡Ò¸É·μÉ  ²¥¶Éμ´  ¢ ´ Î ²Ó´μ³ ¨ ¸μμÉ¢¥É¸É¢¥´´μ ¢ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨ÖÌ (μ¡¥ ¢ ² ¡. ¸¨¸É¥³¥), ρOx Å ¡Ò¸É·μÉ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¨¸±μ³μ°
¸±μ·μ¸É¨ Í¥´É·  Ox (¢ ² ¡. ¸¨¸É¥³¥), ¨ (ρa−ρOx) Å ¡Ò¸É·μÉ  ²¥¶Éμ´  μÉ´μ-
¸¨É¥²Ó´μ Ox, θ Å Ê£μ² · ¸¸¥Ö´¨Ö ²¥¶Éμ´  (¢ ² ¡. ¸¨¸É¥³¥). ˆ§ (13) ´ Ìμ¤¨³:

th ρOx = (ch ρa − ch ρ′)/(sh ρa − sh ρ′ cos θ) = ν/(Pa − PL), (14)

¨§¢¥¸É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¨¸É¥³Ò �·¥°É , £¤¥ Pa Å ´ Î ²Ó´Ò° ¨³¶Ê²Ó¸ ²¥¶-
Éμ´ , PL Å ¶·μ¤μ²Ó´Ò° ¨³¶Ê²Ó¸ ²¥¶Éμ´  ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ (¢ ² ¡. ¸¨-
¸É¥³¥). „ ²ÓÏ¥ ³μ¦´μ ¶μ¸ÉÊ¶¨ÉÓ ¤¢μÖ±¨³ μ¡· §μ³.

1) Œμ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö μ¡ÒÎ´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö ¸±μ·μ¸É¨ Í¥´É· 
³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í Å μÉ´μÏ¥´¨¥³ ¶μ²´μ£μ ¨³¶Ê²Ó¸  ± ¶μ²´μ°
Ô´¥·£¨¨ (¢ ² ¡. ¸¨¸É¥³¥):

βOx = Pa/(Ea + xgmb), (15)

£¤¥ Ea Å ´ Î ²Ó´ Ö Ô´¥·£¨Ö ²¥¶Éμ´ . �·¨· ¢´Ö¢ (14) ¨ (15) ¨ ·¥Ï¨¢ ¶μ²Ê-
Î¥´´μ¥ Ê· ´¥´¨¥ μÉ´μ¸¨É¥²Ó´μ xg , ´ Ìμ¤¨³ (7), É. ¥. xg ≡ x.

2) Œμ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö Ê· ¢´¥´¨¥³ ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸  ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ ¸ ´ Î ²μ³ ¢ Ox:

xgmb sh ρOx = ma sh (ρa − ρOx), (16)

·¥Ï Ö ±μÉμ·μ¥ μÉ´μ¸¨É¥²Ó´μ xg , ¸´μ¢  ´ Ìμ¤¨³ (7). ‘²¥¤μ¢ É¥²Ó´μ, ¢¢¥¤¥´-
´Ò° ¢ (10) ¶ · ³¥É· xg , Ì · ±É¥·¨§ÊÕÐ¨° ¶ ·Éμ´ ¨²¨ £·Ê¶¶Ê ±μ´¸É¨ÉÊ¥´Éμ¢,
Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´Éμ³ �Ó¥·±¥´  (¨´¤¥±¸ ®g¯ ¤ ²ÓÏ¥ ³μ¦´μ ´¥ ¨¸¶μ²Ó§μ¢ ÉÓ).

�¶·¥¤¥²¨¢ ρOx ¢ (14), ³μ¦´μ ´ °É¨ ¨ (ρa−ρOx) Å ¡Ò¸É·μÉÊ ²¥¶Éμ´ 
μÉ´μ¸¨É¥²Ó´μ Ox, ¨ Ê£μ² ¶μ¢μ·μÉ  μ¸¨ ·¥ ±Í¨¨ ¢ ÉμÎ±¥ Ox. „²Ö § ¢¥·Ï¥´¨Ö
¢μ¸¸É ´μ¢²¥´¨Ö É· ¶¥Í¨¨ Ê¶·Ê£μ£μ ¸Éμ²±´μ¢¥´¨Ö ¨ É¥³ ¸ ³Ò³ ¢μ¸¸É ´μ¢²¥´¨Ö
¶·μ³¥¦ÊÉμÎ´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ·¥ ±Í¨ÖÌ ƒ��, μ¸É ¥É¸Ö ´ °É¨ ρx Å ¡Ò¸É·μÉÊ
(¸±μ·μ¸ÉÓ) ¢Ò¡¨Éμ£μ (¸¢μ¡μ¤´μ£μ) ¶ ·Éμ´  xmb ¢ ² ¡. ¸¨¸É¥³¥. 	Éμ ³μ¦´μ
¸¤¥² ÉÓ · §´Ò³¨ ¶ÊÉÖ³¨, ´μ ¤²Ö ¤ ²Ó´¥°Ï¥£μ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¶μ²Ê-
Î¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö Q2 Î¥·¥§ x ¨ ρx.
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ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö q ¢ (11) ¸²¥¤Ê¥É Ëμ·³Ê² 

Q2 = −(Ka − K ′
a)2 = −((xKb)′ − xKb)2 = 2(xmb)2(ch ρx − 1), (17)

μ¶·¥¤¥²ÖÕÐ Ö ¢¥²¨Î¨´Ê Q2 Î¥·¥§ ¶ · ³¥É·Ò ¶ ·Éμ´ ,  ´ ²μ£¨Î´ Ö ¢Ò· ¦¥-
´¨Õ (8), μ¶·¥¤¥²ÖÕÐ¥³Ê ¢¥²¨Î¨´Ê Q2 Î¥·¥§ ¶ · ³¥É·Ò ²¥¶Éμ´ . �É³¥É¨³, ÎÉμ
¨§ (17) ³μ¦´μ ´ °É¨ ¢Ò· ¦¥´¨¥ ¤²Ö ch ρx (¨, §´ Î¨É, ¤²Ö ¸±μ·μ¸É¨ ¶ ·Éμ´ )
¨ ¶¥·¥¤ ´´μ° ¥³Ê Ô´¥·£¨¨ ν:

ν = Q2/(2xmb) = (xmb)(ch ρx − 1), (18)

É. ¥. ¢¸Ö ¶¥·¥¤ ´´ Ö ²¥¶Éμ´μ³ Ô´¥·£¨Ö ¥¸ÉÓ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¢Ò¡¨Éμ£μ
¶ ·Éμ´ .

’ ±¨³ μ¡· §μ³, ¶¥·¥³¥´´ Ö �Ó¥·±¥´  x μ¶·¥¤¥²Ö¥É ÉÊ Î ¸ÉÓ, ÉÊ ¤μ²Õ
³ ¸¸Ò ³¨Ï¥´¨ xmb, ´  ±μÉμ·μ° ²¥¶Éμ´ (Î ¸É¨Í  a) · ¸¸¥¨¢ ¥É¸Ö Ê¶·Ê£μ.

‚Éμ·μ° ÔÉ ¶ · ¸¸¥Ö´¨Ö § ±²ÕÎ ¥É¸Ö, ± ± μÉ³¥Î ²μ¸Ó, ¢  ¤·μ´¨§ Í¨¨ ¶ ·-
Éμ´μ¢ ¢ ´ ¡²Õ¤ ¥³Ò¥ Î ¸É¨ÍÒ Å  ¤·μ´´Ò° ²¨¢¥´Ó. 	ËË¥±É¨¢´ÊÕ ³ ¸¸Ê
 ¤·μ´´μ£μ ²¨¢´Ö Mx (¢ ƒ�� ¥¥ ¶·¨´ÖÉμ μ¡μ§´ Î ÉÓ Î¥·¥§ W ) μ¶·¥¤¥²ÖÕÉ ¨§
§ ±μ´μ¢ ¸μÌ· ´¥´¨Ö, É. ¥. ¨§ (6) ¨³¥¥³ ¨§¢¥¸É´μ¥ ¢Ò· ¦¥´¨¥

W 2 ≡ M2
x ≡ K2

x = m2
b + 2mbν − Q2 = m2

b + Q2(1 − x)/x. (19)

„·Ê£ÊÕ Ëμ·³Ê²Ê ¤²Ö W 2 ´ °¤¥³, ¥¸²¨ ¢ (19) ¶μ¤¸É ¢¨³ ¢³¥¸Éμ Q2 ¥£μ ¢Ò· -
¦¥´¨¥ Î¥·¥§ x ¨ ρx ¨§ (17):

M2
x = m2

b [x2 + 2x(1 − x) ch ρx + (1 − x)2], (20)

É. ¥. ¢¸Ö ·μ¤¨¢Ï Ö¸Ö ´  ¢Éμ·μ³ ÔÉ ¶¥ ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö  ¤·μ´´ Ö ³ ¸¸ 
Î ¸É¨Í ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  Î¥·¥§ ¶ · ³¥É·Ò ¶·μ³¥¦ÊÉμÎ´μ£μ ¸μ¸ÉμÖ´¨Ö
(¶¥·¢μ£μ ÔÉ ¶ ) ± ± ÔËË¥±É¨¢´ Ö ³ ¸¸  ¢Ò¡¨Éμ£μ ¶ ·Éμ´  xmb ¨ μ¸É ¢Ï¥£μ¸Ö
¶ ·Éμ´ -¸¶¥±É Éμ·  (1−x)mb (§ ³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨Ö (17, 18 ¨ 20) Ö¢²ÖÕÉ¸Ö
´μ¢Ò³¨ ¨ ¢ μ¸´μ¢´μ³ μ¡Ö§ ´Ò ¶·¨³¥´¥´¨Õ £¥μ³¥É·¨¨ ¶·μ¸É· ´¸É¢  ¸±μ·μ-
¸É¥°).

�μ¢μ¥ ¢Ò· ¦¥´¨¥ (20) ¨´É¥·¥¸´μ É¥³, ÎÉμ μ´μ, ¢μ-¶¥·¢ÒÌ, Ö¢²Ö¥É¸Ö ËÊ´±-
Í¨¥° ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ x ¨ ρx, ¨, ¢μ-¢Éμ·ÒÌ, É¥³, ÎÉμ μ´μ ¸μμÉ¢¥É¸É¢Ê¥É ¤¢Ê³
Ê· ¢´¥´¨Ö³, ¢Ò· ¦ ÕÐ¨³ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  ¶·¨ · ¸¶ ¤¥
Mx ´  ¤¢¥ Î ¸É¨ÍÒ ¸ ³ ¸¸ ³¨ xmb ¨ (1−x)mb. � ¶·¨³¥·, ¤²Ö ÔËË¥±É¨¢´μ°
³ ¸¸Ò Mx ¢ ¥¥ ¸¨¸É¥³¥ ¶μ±μÖ ¨³¥¥³ (¸³. ·¨¸. 2,  )

Mx = (1 − x)mb ch ρMx + xmb ch (ρx − ρMx),
(1 − x)mb sh ρMx = xmb sh (ρx − ρMx),

(21)

£¤¥ ρMx Å ¡Ò¸É·μÉ   ¤·μ´´μ° ³ ¸¸Ò Mx ¢ ² ¡. ¸¨¸É¥³¥. ‘²¥¤μ¢ É¥²Ó´μ,
¥¸²¨ ¨§¢¥¸É´Ò (¨§³¥·¥´Ò) Mx ¨ ρMx (É. ¥. 4-¢¥±Éμ·  ¤·μ´´μ£μ ²¨¢´Ö Kx),
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Éμ, ·¥Ï¨¢ ¸¨¸É¥³Ê (21), ´ °¤¥³ x ¨ ρx. ‚ Î ¸É´μ¸É¨, ·¥Ï¥´¨¥ ¤²Ö x ³μ¦´μ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

x = (2mbMx ch ρMx − M2
x − m2

b)/[2mb(Mx ch ρMx − mb)] =

= −q2
b/(2qbKb). (22)

‘ ÊÎ¥Éμ³ (9) Ëμ·³Ê²  (22) ¶μ²´μ¸ÉÓÕ ¸μ¢¶ ¤ ¥É ¸ (7), É. ¥. μ´  μ¶·¥¤¥²Ö¥É
¨´¢ ·¨ ´É x Î¥·¥§ ¶ · ³¥É·Ò  ¤·μ´´μ£μ ²¨¢´Ö.

’ ±¨³ μ¡· §μ³, ·¥£¨¸É·¨·ÊÖ (¨§³¥·ÖÖ) 4-¢¥±Éμ·  ¤·μ´´μ£μ ²¨¢´Ö (±μ´¥Î-
´μ£μ ·¥§Ê²ÓÉ É  ÔÉ ¶   ¤·μ´¨§ Í¨¨), ³μ¦´μ ¢μ¸¸É ´μ¢¨ÉÓ ·¥§Ê²ÓÉ É ¶¥·¢μ£μ
ÔÉ ¶  Å ÔÉ ¶  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ²¥¶Éμ´  ´  ¶ ·Éμ´¥ (´  Î ¸É¨ ³¨Ï¥´¨)
xmb, £¤¥ x Å ¨´¢ ·¨ ´É �Ó¥·±¥´ . ‚ § ±²ÕÎ¥´¨¥ § ¶¨Ï¥³ (22) ¢ ¥Ð¥ ¡μ²¥¥
Ê¤μ¡´μ³ ¤²Ö μ¡μ¡Ð¥´¨Ö ¢¨¤¥ ¨ μ¡μ§´ Î¨³ x Î¥·¥§ xb:

xb = −q2
b/(2qbKb) = Q2/(2KxKb − 2K2

b − K2
x + K2

x) =

= Q2/(Q2 + K2
x − K2

b ) ≈ 1/(1 + M2
x/Q2), (23)

£¤¥ ¢ §´ ³¥´ É¥²¥ ¸² £ ¥³Ò³ K2
b /Q2 ¶·¥´¥¡·¥£²¨, ¶μ² £ Ö Q2 � K2

b .
‘ Ëμ·³ ²Ó´μ° ÉμÎ±¨ §·¥´¨Ö ·¥ ±Í¨Õ (5) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± Î ¸É-

´Ò° ¸²ÊÎ ° · ¸¸¥Ö´¨Ö ¸μ¸É ¢´μ° Î ¸É¨ÍÒ a ¡¥§ ¨§³¥´¥´¨Ö ¥¥ ³ ¸¸Ò, É.¥.
xa = 1. ’μ£¤  ¶μ  ´ ²μ£¨¨ ¸ (23) Î¨¸²¥´´μ¥ §´ Î¥´¨¥ xa ³μ¦´μ μ¶·¥¤¥²¨ÉÓ,
¢¢μ¤Ö 4-¢¥±Éμ· qa = −q, ¨§ ¢Ò· ¦¥´¨Ö

xa = −q2
a/(2qa Ka) = Q2/(2K ′

a Ka − 2K2
a), (24)

±μÉμ·μ¥ ¤²Ö ·¥ ±Í¨¨ (5) ¶·¨¢μ¤¨É ± xa = 1.

�‘ˆŒ�’�’ˆ—…‘Š�Ÿ ‘‚���„�
‚ Œ…•��ˆŠ… �“Š‹��-�“Š‹���›• ‚‡�ˆŒ�„…‰‘’‚ˆ‰

�·¨ ¸Éμ²±´μ¢¥´¨¨ ¤¢ÊÌ ¸μ¸É ¢´ÒÌ ¸¨¸É¥³, μ¡² ¤ ÕÐ¨Ì ¸É·Ê±ÉÊ·μ°, ´ -
¶·¨³¥·, ¤¢ÊÌ ´Ê±²μ´μ¢, μ¶·¥¤¥²¨ÉÓ ¸¨¸É¥³Ê Í¥´É·  ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ ·-
Éμ´μ¢ (± ± ¢ ¸²ÊÎ ¥ ¸ ¶ÊÎ±μ¢Ò³ ²¥¶Éμ´μ³) ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ§³μ¦´Ò³.
�¤´ ±μ ¨ §¤¥¸Ó ¶μ² £ ÕÉ, ÎÉμ £¨¶μÉ¥§   ¸¨³¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò ¸¶· ¢¥¤-
²¨¢ . 	Éμ μ§´ Î ¥É, ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¸É ²±¨¢ ÕÐ¨¥¸Ö ¶ ·Éμ´Ò
(¨²¨ Î ¸É¨ ´Ê±²μ´μ¢) Î ¸É¨Í a ¨ b Å xama ¨ xbmb Å ¸¢μ¡μ¤´Ò (¢§ ¨³μ-
¤¥°¸É¢¨¥ ±μ´¸É¨ÉÊ¥´Éμ¢ ¢´ÊÉ·¨ ´Ê±²μ´  ¶μÎÉ¨ μÉ¸ÊÉ¸É¢Ê¥É, ¨ μ´¨ ´¥ ¸¢Ö§ ´Ò:
Ô´¥·£¨Ö ¸¢Ö§¨ ³´μ£μ ³¥´ÓÏ¥ ¶¥·¥¤ ´´μ° Ô´¥·£¨¨). �μÔÉμ³Ê ¶ ·Éμ´Ò · ¸¸¥¨-
¢ ÕÉ¸Ö ¢ ¸¨¸É¥³¥ ¨Ì Í¥´É·  ³ ¸¸ Ê¶·Ê£¨³ μ¡· §μ³ (¸³. ·¨¸. 2, ¡),   ¸¶¥±É Éμ·Ò
(1−xa)ma ¨ (1−xb)mb ¢ ÔÉμ³ (Ê¶·Ê£μ³) ¢§ ¨³μ¤¥°¸É¢¨¨ ÊÎ ¸É¨Ö ´¥ ¶·¨´¨-
³ ÕÉ:

Ka + Kb = (1 − xa)Ka + xaKa + xbKb + (1 − xb)Kb =
= (1 − xa)Ka + (xaKa)′ + (xbKb)′ + (1 − xb)Kb = Kxa + Kxb, (25)
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£¤¥, ± ± ¨ ¢ (11), ÏÉ·¨Ì ³¨ μ¡μ§´ Î¥´Ò Ê¶·Ê£μ· ¸¸¥Ö´´Ò¥ ¶ ·Éμ´Ò. („²Ö
Ê¤μ¡¸É¢  ¨Ì ³μ¦´μ ´ §¢ ÉÓ  ±É¨¢´Ò³¨ ¶ ·Éμ´ ³¨,   ¸¶¥±É Éμ·Ò Å ¶ ¸¸¨¢-
´Ò³¨ ¶ ·Éμ´ ³¨). ‚ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ Î ¸É¨Í a ¨ b ¸²¥¤Ê¥É μ¦¨¤ ÉÓ ·μ-
¦¤¥´¨¥ ¤¢ÊÌ ¶·μÉ¨¢μ¶μ²μ¦´μ ´ ¶· ¢²¥´´ÒÌ  ¤·μ´´ÒÌ ²¨¢´¥° (¸É·Ê°) Å Kxa

¨ Kxb. �μ  ´ ²μ£¨¨ ¸ ƒ�� (¸³. (20)) ± ¦¤Ò° ¨§ ´¨Ì ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¶ ·Ê  ±É¨¢´ÒÌ ¨ ¶ ¸¸¨¢´ÒÌ ¶ ·Éμ´μ¢ (¸³. ·¨¸. 2, ¡):

K2
xa ≡ M2

xa = [(xaKa)′ + (1 − xa)Ka]2 =

= m2
a[x2

a + 2xa(1 − xa) ch ρxa + (1 − xa)2], (26)

K2
xb ≡ M2

xb = [(xbKb)′ + (1 − xb)Kb]2 =

= m2
b [x

2
b + 2xb(1 − xb) ch ρxb + (1 − xb)2], (27)

£¤¥ ρxa Å ¡Ò¸É·μÉ  ¶ ·Éμ´  xama (¢ ¸¨¸É¥³¥ ¶μ±μÖ a-Î ¸É¨ÍÒ) ¨ ρxb Å
¡Ò¸É·μÉ  ¶ ·Éμ´  xbmb (¢ ¸¨¸É¥³¥ ¶μ±μÖ b-Î ¸É¨ÍÒ).

�´ ²μ£¨Î´μ ƒ��, §´ Ö (¨§³¥·ÖÖ) 4-¢¥±Éμ·   ¤·μ´´ÒÌ ²¨¢´¥° Kxa ¨ Kxb,
³μ¦´μ ´ °É¨ ´¥¨§¢¥¸É´Ò¥ xa ¨ xb ¶μ  ´ ²μ£¨Î´Ò³ Ëμ·³Ê² ³ (23), (24), ¢
±μÉμ·ÒÌ ¤²Ö xa: qa = Kxa−Ka, ¤²Ö xb: qb = Kxb−Kb, É. ¥.

xa = −q2
a/(2qaKa) = 1/(1 + (M2

xa − m2
a)/Q2),

xb = −q2
b/(2qbKxb) = 1/(1 + (M2

xb − m2
b)/Q2).

(28)

�·¨ ÔÉμ³, ± ± ¸²¥¤Ê¥É ¨§ (25), ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö · ¢¥´¸É¢μ

qa = −qb,

−q2
a = − q2

b ≡ Q2.
(29)

’ ±¨³ μ¡· §μ³, ¶· ±É¨Î¥¸±¨ § ¤ Î  ¸¢μ¤¨É¸Ö ± ¢Ò¶μ²´¥´¨Õ ¸²¥¤ÊÕÐ¨Ì
¤¢ÊÌ Ê¸²μ¢¨° ¤²Ö ´Ê±²μ´-´Ê±²μ´´ÒÌ ¸μ¡ÒÉ¨°:

1) ·¥£¨¸É· Í¨Ö (¨§³¥·¥´¨¥) ¢¸¥£μ  ¤·μ´´μ£μ ²¨¢´Ö Mx;
2) ¢μ§³μ¦´μ¸ÉÓ ¥£μ · §¤¥²¥´¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö

Î ¸É¨Í a ¨ b ´  ¤¢¥ Î ¸É¨ Å Mxa ¨ Mxb.
�μ² £ Ö, ÎÉμ ± ¦¤Ò° ¨§ ²¨¢´¥° ¸μμÉ¢¥É¸É¢Ê¥É ¸¢μ¥° ¶ ·¥ ¶ ·Éμ´μ¢ ´ 

¶¥·¢μ³ ÔÉ ¶¥ ¢§ ¨³μ¤¥°¸É¢¨Ö (26, 27), ³μ¦´μ μÍ¥´¨ÉÓ xa, xb ¨ Q2 ¶μ Ëμ·³Ê-
² ³ (28, 29).

�Î¥¢¨¤´μ, ´ ¨¡μ²¥¥ ¢¥·μÖÉ´Ò³¨ ± ´¤¨¤ É ³¨ ¢ É ±¨¥ ¸μ¡ÒÉ¨Ö Ö¢²ÖÕÉ¸Ö
¤¢ÊÌ¸É·Ê°´Ò¥ ¸μ¡ÒÉ¨Ö. �Î¥¢¨¤´μ É ±¦¥, ÎÉμ ¨ ¢ ¤¢ÊÌ¸É·Ê°´ÒÌ ¸μ¡ÒÉ¨ÖÌ
 ¤·μ´´Ò¥ ²¨¢´¨ Mxa ¨ Mxb ³μ£ÊÉ ¶¥·¥±·Ò¢ ÉÓ¸Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸.
�¤´ ±μ ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ÔÉμ ¶¥·¥±·ÒÉ¨¥ ³μ¦¥É μ± § ÉÓ¸Ö ´¥ ¸Éμ²Ó ÎÊ¢¸É¢¨-
É¥²Ó´Ò³ ± §´ Î¥´¨Ö³ ¢¥²¨Î¨´, ¶μ¤²¥¦ Ð¨Ì μÍ¥´±¥. �μÔÉμ³Ê ¢Éμ·μ¥ Ê¸²μ-
¢¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢Ò¶μ²´¨³Ò³ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ, ±μ£¤  ¢Éμ·¨Î´Ò¥ Î -
¸É¨ÍÒ ·μ¦¤ ÕÉ¸Ö ¢ μ¸´μ¢´μ³ ¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸É ²-
±¨¢ ÕÐ¨³¸Ö ¶ÊÎ± ³. ‘μ¢·¥³¥´´Ò¥ Ê¸É ´μ¢±¨, μ·¨¥´É¨·μ¢ ´´Ò¥ ´  Ô´¥·£¨¨
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 ¤·μ´´μ£μ ±μ²² °¤¥·  ¢ –…��, ³μ£ÊÉ ¸μμÉ¢¥É¸É¢μ¢ ÉÓ μÉ³¥Î¥´´Ò³ Ê¸²μ¢¨Ö³
¨ ¸¤¥² ´´Ò³ ¶·¥¤¶μ²μ¦¥´¨Ö³.

„²Ö ¨²²Õ¸É· Í¨¨ ¶μ¤Ìμ¤  ´  ·¨¸. 3Ä7 ¶·¥¤¸É ¢²¥´Ò ´¥±μÉμ·Ò¥ ·¥§Ê²Ó-
É ÉÒ μ¡· ¡μÉ±¨ 2000 ¸μ¡ÒÉ¨° pp-¢§ ¨³μ¤¥°¸É¢¨° ´  LHC ¶·¨ Ô´¥·£¨¨ ¢
¸. Í. ³. 10 ’Ô‚, ¸£¥´¥·¨·μ¢ ´´ÒÌ ¶·μ£· ³³μ° PYTHIA. ‘μ¡ÒÉ¨Ö μÉ¡¨· ²¨¸Ó
¡¥§ É·¥¡μ¢ ´¨° ´  ¢Ò¶μ²´¥´¨¥ ¸É·μ£μ£μ ¸μμÉ¢¥É¸É¢¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ°
¢Ò¡μ·±μ° (¸¥Î¥´¨¥³), ¨ ·¥§Ê²ÓÉ ÉÒ ¨³¥ÕÉ ¤¥³μ´¸É· Í¨μ´´Ò° Ì · ±É¥·. ‚
± ¦¤μ³ ¸μ¡ÒÉ¨¨ · §¡¨¥´¨¥ ´  ¤¢  ²¨¢´Ö ¶·μ¨§¢μ¤¨²μ¸Ó ¢ ¸. Í. ³. ¶μ §´ ±Ê
¶·μ¤μ²Ó´μ£μ ¨³¶Ê²Ó¸  ¢Éμ·¨Î´μ° Î ¸É¨ÍÒ, É. ¥. ¢¶¥·¥¤ (¶μ²μ¦¨É¥²Ó´ Ö ¶μ²Ê-
¸Ë¥· , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ´  ·¨¸. 3Ä6 ¨³¥¥É ¨´¤¥±¸ ® ¯) ¨ ´ § ¤ (μÉ-
·¨Í É¥²Ó´ Ö ¶μ²Ê¸Ë¥· , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ¨³¥¥É ¨´¤¥±¸ ®b¯). „²Ö
± ¦¤μ£μ ²¨¢´Ö ¢ÒÎ¨¸²Ö²¨¸Ó: ÔËË¥±É¨¢´ Ö ³ ¸¸ , ¡Ó¥·±¥´μ¢¸±¨° ¨´¢ ·¨ ´É
x ¨ ¶¥·¥¤ ´´Ò° 4-¨³¶Ê²Ó¸ ¸μ£² ¸´μ ¶·¥¤²μ¦¥´´μ³Ê  ²£μ·¨É³Ê. ’ ±¦¥ ¤²Ö
± ¦¤μ£μ ¸μ¡ÒÉ¨Ö ¨§¢²¥± ²¨¸Ó ¶¥·¥³¥´´Ò¥ x1 ¨ x2, μ¶·¥¤¥²¥´´Ò¥ ¶·μ£· ³-
³μ° PYTHIA (¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ É·¥¡μ¢ ´¨Ö³¨ Š•„), ¨ ¢ÒÎ¨¸²Ö² ¸Ó Ô´¥·£¨Ö
Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (ÔËË¥±É¨¢´ Ö ³ ¸¸ )  ±É¨¢´ÒÌ ¶ ·Éμ´μ¢ Sxab:

Sxab = (xaKa + xbKb)2 = m2
b(x

2
a + 2xaxb ch ρo + x2

b) ≈ xaxbS, (30)

£¤¥ ρo Å ¡Ò¸É·μÉ  ³¥¦¤Ê ´ ²¥É ÕÐ¨³¨ ´Ê±²μ´ ³¨, mb Å ³ ¸¸  ´Ê±²μ´ .
�  ·¨¸Ê´± Ì ¶·¥¤¸É ¢²¥´Ò ¸²¥¤ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´¨Ö ¸μ¡ÒÉ¨° ¶μ:
Å ÔËË¥±É¨¢´Ò³ ³ ¸¸ ³ Mxa ¨ Mxb (·¨¸. 3);
Å ¡Ó¥·±¥´μ¢¸±¨³ xa ¨ xb (·¨¸. 4);
Å ¶¥·¥¤ ´´μ³Ê 4-¨³¶Ê²Ó¸Ê Q2

a, Q2
b (·¨¸. 5);

Å ¶¥·¥³¥´´Ò³ x1 ¨ x2, ¸£¥´¥·¨·μ¢ ´´Ò³ ¶·μ£· ³³μ° PYTHIA (·¨¸. 6);
Å ÔËË¥±É¨¢´μ° ³ ¸¸¥  ±É¨¢´ÒÌ ¶ ·Éμ´μ¢

√
Sxab (·¨¸. 7).

�¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ · ¸¶·¥¤¥²¥´¨Ö ¸μ¡ÒÉ¨° ¶μ ¢¥²¨Î¨´ ³, ¢ÒÎ¨-
¸²¥´´Ò³ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤²μ¦¥´´Ò³  ²£μ·¨É³μ³, ´ Ìμ¤ÖÉ¸Ö ¢ Ë¨§¨Î¥¸±¨

�¨¸. 3. Mxa-, Mxb-· ¸¶·¥¤¥²¥´¨Ö ¤²Ö pp-¸Éμ²±´μ¢¥´¨° ¶·¨ 10 ’Ô‚ ( ), ¸μ¢³¥¸É´μ¥ ¨Ì
· ¸¶·¥¤¥²¥´¨¥ (¡)
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�¨¸. 4. xa-, xb-· ¸¶·¥¤¥²¥´¨Ö ¤²Ö pp-¸Éμ²±´μ¢¥´¨° ¶·¨ 10 ’Ô‚ ( ), ¸μ¢³¥¸É´μ¥ ¨Ì
· ¸¶·¥¤¥²¥´¨¥ (¡)

�¨¸. 5. Q2
a-, Q2

b -· ¸¶·¥¤¥²¥´¨Ö ¤²Ö pp-¸Éμ²±´μ¢¥´¨° ¶·¨ 10 ’Ô‚ ( ), ¸μ¢³¥¸É´μ¥ ¨Ì
· ¸¶·¥¤¥²¥´¨¥ (¡)

�¨¸. 6. � ¸¶·¥¤¥²¥´¨Ö ¶μ x1, x2 �¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¶μ
√

Sxab

· §·¥Ï¥´´ÒÌ ¶·¥¤¥² Ì. Š ± μ¦¨¤ ²μ¸Ó, ¢Ò¶μ²´Ö¥É¸Ö É·¥¡Ê¥³μ¥ Ê¸²μ¢¨¥ (29)
(·¨¸. 5, ¡), ¨ ´¥ ¸μ¢¶ ¤ ÕÉ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö xa, xb (·¨¸. 4) ¨ ¤²Ö x1, x2

(·¨¸. 6), ¶μ²ÊÎ¥´´Ò¥ ¶μ · §´Ò³  ²£μ·¨É³ ³. ˆ§ ¶·¥¤¸É ¢²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢
¸²¥¤Ê¥É, ÎÉμ ¨´¢ ·¨ ´ÉÒ, μ¶·¥¤¥²¥´´Ò¥ Î¥·¥§ ¶ · ³¥É·Ò § ·¥£¨¸É·¨·μ¢ ´-
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´ÒÌ  ¤·μ´´ÒÌ ²¨¢´¥°, ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¨ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ± ±
´ ¡²Õ¤ ¥³Ò¥ ¤²Ö ¨§ÊÎ¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨° ´  LHC.

‡�Š‹�—…�ˆ…

• � ¸¸³μÉ·¥´μ ¶·¨³¥´¥´¨¥ £¨¶μÉ¥§Ò �‘ ¢ ³¥Ì ´¨±¥ ¸Éμ²±´μ¢¥´¨Ö ¸μ-
¸É ¢´ÒÌ Î ¸É¨Í ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ. �μ± § ´μ, ÎÉμ �‘ μ¡Ê¸² ¢²¨¢ ¥É (± ±
¨ ³μ¤¥²Ó ”¥°´³ ´ ) ¤¢ÊÌÔÉ ¶´Ò° ³¥Ì ´¨§³ ¢§ ¨³μ¤¥°¸É¢¨Ö: Ê¶·Ê£μ¥ · ¸¸¥Ö-
´¨¥ £·Ê¶¶ ±μ´¸É¨ÉÊ¥´Éμ¢ Å ´  ¶¥·¢μ³ ÔÉ ¶¥ ¸ ¶μ¸²¥¤ÊÕÐ¥° ¨Ì  ¤·μ´¨§ Í¨¥°
´  ¢Éμ·μ³; ¸ ³¨ £·Ê¶¶Ò ±μ´¸É¨ÉÊ¥´Éμ¢ xg ¸μ¢¶ ¤ ÕÉ ¸ ¶ ·Éμ´ ³¨ �Ó¥·±¥´  x.

• �μ± § ´μ, ÎÉμ Ê¶·Ê£¨° Ì · ±É¥· ¸Éμ²±´μ¢¥´¨Ö ¶ ·Éμ´μ¢ ¶μ§¢μ²Ö¥É, ¢
¸¢μÕ μÎ¥·¥¤Ó, μ¶·¥¤¥²¨ÉÓ ¨´¢ ·¨ ´É´Ò¥ ¶¥·¥³¥´´Ò¥ (xa, xb ¨ ¶¥·¥¤ ´´Ò°
4-¨³¶Ê²Ó¸ Q2),  ´ ²μ£¨Î´Ò¥ ¨¸¶μ²Ó§Ê¥³Ò³ ¢ ƒ��, Î¥·¥§ ¶ · ³¥É·Ò ¤¢ÊÌ ·¥-
£¨¸É·¨·Ê¥³ÒÌ  ¤·μ´´ÒÌ ²¨¢´¥°.

• �·¥¤²μ¦¥´´Ò° ¶μ¤Ìμ¤ ³μ¦¥É ¶·¥¤¸É ¢²ÖÉÓ ¨´É¥·¥¸ ¤²Ö Š•„-μ¡· ¡μÉ±¨
¸μ¢³¥¸É´ÒÌ ¤ ´´ÒÌ ƒ�� ¨  ¤·μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (global ˇt), ¤²Ö · §¢¨É¨Ö
±μ´Í¥¶Í¨¨ ±Ê³Ê²ÖÉ¨¢´ÒÌ ¸μ¡ÒÉ¨°, ¶μ¨¸±  ±¢ ·±-£²Õμ´´μ° ¶² §³Ò ¨ ¶·μ³¥-
¦ÊÉμÎ´μ° Ë §Ò ´  NI‘A (§¤¥¸Ó É·¥¡Ê¥É¸Ö ¤μ¶μ²´¨É¥²Ó´μ¥ ¨§ÊÎ¥´¨¥).

�¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ ‚. ‚.ŠÊÌÉ¨´Ê, �. ‚. �μ£ Î¥¢¸±μ³Ê,
�.�. —¥¶² ±μ¢Ê ¨ �. „. „¦ ¢ ¤μ¢Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ¶μ³μÐÓ ¢ · -
¡μÉ¥.
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