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ˆ´¸É¨ÉÊÉ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°, �·μÉ¢¨´μ, �μ¸¸¨Ö

�·¥¤²μ¦¥´  Ë¥´μ³¥´μ²μ£¨Î¥¸± Ö ·¥¤¦¥-Ô°±μ´ ²Ó´ Ö ³μ¤¥²Ó ¸ ´¥²¨´¥°´Ò³¨ ³μ´μÉμ´´Ò³¨
¶ · ³¥É·¨§ Í¨Ö³¨ É· ¥±Éμ·¨° �¥¤¦¥, ¢ ±μÉμ·ÒÌ Ö¢´Ò³ μ¡· §μ³ ÊÎÉ¥´μ ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±μ¥
¶μ¢¥¤¥´¨¥ ¢ ¶¥·ÉÊ·¡ É¨¢´μ° μ¡² ¸É¨. �  ¶·¨³¥·¥ Ê¶·Ê£μ£μ ¶·μÉμ´-( ´É¨)¶·μÉμ´´μ£μ · ¸¸¥Ö´¨Ö
¶μ± § ´μ, ÎÉμ ¢ ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨

√
s > 23 ƒÔ‚, 0,005 < −t < 3 ƒÔ‚2 ¤¨Ë· ±Í¨μ´´ Ö

± ·É¨´  ¢ μ¸´μ¢´μ³ μ¶·¥¤¥²Ö¥É¸Ö ¢¸¥£μ É·¥³Ö É· ¥±Éμ·¨Ö³¨ �¥¤¦¥.

The phenomenological Regge-eikonal model is proposed with nonlinear monotonous parame-
trizations for Regge trajectories in which their asymptotic behavior in the perturbative region is taken
into account explicitly. On the example of elastic proton-(anti)proton scattering it is shown that in
the kinematical range

√
s > 23 GeV, 0.005 < −t < 3 GeV2 the diffractive pattern is determined

mainly by only three Regge trajectories.

PACS: 12.40.Nn; 13.75.Cs

‚‚…„…�ˆ…

–¥²ÓÕ · ¡μÉÒ Ö¢²Ö¥É¸Ö ¤¥³μ´¸É· Í¨Ö ´  ¶·¨³¥·¥ Ê¶·Ê£μ£μ ¶·μÉμ´-( ´-
É¨)¶·μÉμ´´μ£μ · ¸¸¥Ö´¨Ö É¥Ì ¶·¥¨³ÊÐ¥¸É¢ (¢ · ³± Ì ·¥¤¦¥-Ô°±μ´ ²Ó´μ£μ
¶μ¤Ìμ¤ ), ±μÉμ·Ò¥ ¤ ¥É Ö¢´Ò° ÊÎ¥É ¸²¥¤ÊÕÐ¥£μ ¨§ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨
(Š•„)  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ ¶μ¢¥¤¥´¨Ö É· ¥±Éμ·¨° �¥¤¦¥ ¶·¨ Ë¥´μ³¥´μ²μ£¨Î¥-
¸±μ³ μ¶¨¸ ´¨¨ ¶·μÍ¥¸¸μ¢ Ê¶·Ê£μ° ¤¨Ë· ±Í¨¨ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ.

‚ ´ Ï¨Ì · ¸¸Ê¦¤¥´¨ÖÌ ³Ò ¡Ê¤¥³ ¨¸Ìμ¤¨ÉÓ ¨§ Éμ£μ, ÎÉμ Š•„ Ö¢²Ö¥É¸Ö
ËÊ´¤ ³¥´É ²Ó´μ° É¥μ·¨¥° ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö,   É ±¦¥ ¨§ ¶·¥¤¶μ²μ¦¥-
´¨Ö μ ·¥´μ·³£·Ê¶¶μ¢μ° ¨´¢ ·¨ ´É´μ¸É¨ É· ¥±Éμ·¨° �¥¤¦¥, ±μÉμ·μ¥ μ¸´μ¢ ´μ
´  ´ ¡²Õ¤ ¥³μ¸É¨ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¨ ·¥§μ´ ´¸μ¢. �·¨ ÔÉμ³, ± ± ¡Ê¤¥É ¶μ-
± § ´μ ´¨¦¥, ¢¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò É· ¥±Éμ·¨¨ �¥¤¦¥

∗E-mail: godizov@sirius.ihep.su
∗∗E-mail: Vladimir.Petrov@ihep.ru
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¸É·¥³ÖÉ¸Ö ± ±μ´¸É ´É¥ ¶·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ
¨³¶Ê²Ó¸ .

•μÉÖ ¢ ¸μ¢·¥³¥´´μ° ²¨É¥· ÉÊ·¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ ²¨´¥°´μ¸É¨ É· ¥±Éμ·¨°
�¥¤¦¥ ¶·¨ ´¥¡μ²ÓÏ¨Ì μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ  ·£Ê³¥´É  ´μ¸¨É Ì · ±É¥·
¶μ¸ÉÊ² É , ¥¤¨´¸É¢¥´´Ò³ ¸ÊÐ¥¸É¢¥´´Ò³ ¤μ¢μ¤μ³ ¢ ¶μ²Ó§Ê É ±μ° ¶μ¸É ´μ¢±¨
¶·μ¡²¥³Ò (¶μ³¨³μ ¥¸É¥¸É¢¥´´μ£μ ¦¥² ´¨Ö ¶·μ¤μ²¦¨ÉÓ ±·¨¢Ò¥ —ÊÄ”· ÊÎ¨
¢ μ¡² ¸ÉÓ · ¸¸¥Ö´¨Ö) Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¢Ò¤¥²¥´¨Ö ¢ · ³± Ì ¡μ·´μ¢¸±μ£μ
¶·¨¡²¨¦¥´¨Ö ¢Ò·μ¦¤¥´´μ° É· ¥±Éμ·¨¨ ρ/a2 ¨§ ¤ ´´ÒÌ ¶μ μ¡³¥´´Ò³ ¶·μÍ¥¸-
¸ ³ π− + p → π0 + n ¨ π− + p → η + n [1]. �μ, ± ± ¸²¥¤Ê¥É ¨§  ´ ²¨§  É¥Ì
¦¥ ¤ ´´ÒÌ,  ¤¥±¢ É´μ¸ÉÓ ¸ ³μ£μ ¡μ·´μ¢¸±μ£μ ¶·¨¡²¨¦¥´¨Ö (É. ¥. ¢μ§³μ¦´μ¸ÉÓ
¶·¥´¥¡·¥¦¥´¨Ö  ¡¸μ·¡É¨¢´Ò³¨ ¶μ¶· ¢± ³¨) ´¥ μÎ¥´Ó μ¡μ¸´μ¢ ´  [2]. �·¨
ÊÎ¥É¥ ¦¥  ¡¸μ·¡É¨¢´ÒÌ ¶μ¶· ¢μ± ¸ ³  ¶·μÍ¥¤Ê·  ¢Ò¤¥²¥´¨Ö É· ¥±Éμ·¨° �¥-
¤¦¥ ¨§ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ´ ¸Éμ²Ó±μ Ê¸²μ¦´Ö¥É¸Ö, ÎÉμ ²Õ¡Ò¥ ·¥§Ê²ÓÉ ÉÒ,
¶μ²ÊÎ¥´´Ò¥ ¶·¨ · ¡μÉ¥ ¸ ¤μ¸ÉÊ¶´Ò³ ³ ¸¸¨¢μ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ,
¡Ê¤ÊÉ ¤ ²¥±μ ´¥ μ¤´μ§´ Î´Ò³¨.

�μÔÉμ³Ê ¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶μ¤Ìμ¤Ò, ¨¸¶μ²Ó§ÊÕÐ¨¥
²¨´¥°´Ò¥ É· ¥±Éμ·¨¨ �¥¤¦¥ ¤²Ö μ¶¨¸ ´¨Ö ¤¨Ë· ±Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢, ´¥
¨³¥ÕÉ ´¨± ±¨Ì ¶·¥¨³ÊÐ¥¸É¢ ¶¥·¥¤ ¶μ¤Ìμ¤ ³¨, ¨¸¶μ²Ó§ÊÕÐ¨³¨ ´¥²¨´¥°´Ò¥
¶ · ³¥É·¨§ Í¨¨.

�μ ¢ ¸²ÊÎ ¥ ¶·¨¡²¨¦¥´¨Ö É· ¥±Éμ·¨° �¥¤¦¥ ³μ´μÉμ´´Ò³¨ ËÊ´±Í¨Ö³¨, ¢
±μÉμ·ÒÌ Ö¢´Ò³ μ¡· §μ³ ÊÎÉ¥´μ ¨Ì  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥, ³Ò ¶μ²ÊÎ ¥³
¤¢  ¢¥¸μ³ÒÌ ¶·¥¨³ÊÐ¥¸É¢  ¶¥·¥¤ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨´¥°´ÒÌ ¶ · ³¥É·¨§ Í¨°:

1) Ê¤ ¥É¸Ö  ¢Éμ³ É¨Î¥¸±¨ ¨§¡¥¦ ÉÓ ¢μ§´¨±´μ¢¥´¨Ö É·Ê¤´μ¸É¥°, ¸¢Ö§ ´´ÒÌ
¸ ¢μ§³μ¦´Ò³ ¶μÖ¢²¥´¨¥³ ´¥Ë¨§¨Î¥¸±¨Ì ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¸¨£´ ÉÊ·´ÒÌ ³´μ-
¦¨É¥²ÖÌ;

2) μ± §Ò¢ ¥É¸Ö ¢μ§³μ¦´Ò³ ¢μ¸¶·μ¨§¢¥¸É¨ ¸ ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥° ÉμÎ´μ-
¸ÉÓÕ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³ÊÕ ¤¨Ë· ±Í¨μ´´ÊÕ ± ·É¨´Ê Ê¶·Ê£μ£μ · ¸-
¸¥Ö´¨Ö ´Ê±²μ´μ¢ ¶·¨ Ô´¥·£¨ÖÌ ¸Éμ²±´μ¢¥´¨Ö

√
s > 23 ƒÔ‚ ¢ · ³± Ì ³¨´¨-

³ ²Ó´μ° Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ¸Ì¥³Ò, ¨¸¶μ²Ó§ÊÖ ¢¸¥£μ É·¨ É· ¥±Éμ·¨¨ �¥¤¦¥.
�·¨ μ¶¨¸ ´¨¨ Ê¶·Ê£μ° ¤¨Ë· ±Í¨¨ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ·¥¤¦¥-Ô°±μ-

´ ²Ó´ÊÕ ³μ¤¥²Ó, ¶·¥¨³ÊÐ¥¸É¢μ ±μÉμ·μ° ¶¥·¥¤ ¶·μ¸ÉÒ³ ·¥¤¦¥¢¸±¨³ ¶μ¤Ìμ-
¤μ³ § ±²ÕÎ ¥É¸Ö ¢  ¢Éμ³ É¨Î¥¸±μ³ ÊÎ¥É¥  ¡¸μ·¡É¨¢´ÒÌ ¶μ¶· ¢μ±, ÎÉμ ¢ Ö¢´μ³
¢¨¤¥ ¶·¨¢μ¤¨É ± ¸μ¡²Õ¤¥´¨Õ Ê¸²μ¢¨Ö Ê´¨É ·´μ¸É¨ ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö-
´¨Ö [3]. �μÔÉμ³Ê (¤²Ö § ³±´ÊÉμ¸É¨ ´ Ï¥£μ ¨§²μ¦¥´¨Ö) ¶·¥¦¤¥ Î¥³ ¶μ¤·μ¡´μ
μ¡¸Ê¤¨ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ ¸¢μ°¸É¢  É· ¥±Éμ·¨° �¥¤¦¥, ¶μ± ¦¥³, ± ± μ´¨ ¢μ§-
´¨± ÕÉ ¢ · ³± Ì ·¥¤¦¥-Ô°±μ´ ²Ó´μ£μ ¶μ¤Ìμ¤ .

�‘��‚› �…„†…-�‰Š���‹œ��‰ Œ�„…‹ˆ

‚¶¥·¢Ò¥ ¸μÎ¥É ´¨¥ Ô°±μ´ ²Ó´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¸ ¶μ²Õ¸ ³¨ �¥¤¦¥ ¡Ò²μ
· ¸¸³μÉ·¥´μ ¢ [3]. ŒÒ μ£· ´¨Î¨³¸Ö ±· É±¨³ ¨§²μ¦¥´¨¥³ μ¸´μ¢´ÒÌ ¶μ²μ¦¥-
´¨° ¨ ·¥§Ê²ÓÉ Éμ¢.
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� ¸¸³μÉ·¨³ ¶·μÍ¥¸¸ Ê¶·Ê£μ£μ ¨²¨ μ¡³¥´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ Ô²¥-
³¥´É ·´ÒÌ ¸± ²Ö·´ÒÌ Î ¸É¨Í (´¨¦¥ ¶·¨  ´ ²¨§¥ ¤ ´´ÒÌ ¶μ Ê¶·Ê£μ³Ê ´Ê±²μ´-
´Ê±²μ´´μ³Ê · ¸¸¥Ö´¨Õ ³Ò ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ ¸¶¨´μ¢Ò³¨ ÔËË¥±É ³¨), ±μÉμ-
·Ò¥ ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ Ê¸²μ¢´μ ´ §Ò¢ ÉÓ ® ¤·μ´ ³¨¯. �¸´μ¢´μ° Ë¨§¨-
Î¥¸±μ° Ì · ±É¥·¨¸É¨±μ° É ±μ° ·¥ ±Í¨¨ Ö¢²Ö¥É¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥
· ¸¸¥Ö´¨Ö dσ/dt, ±μÉμ·μ¥ ¢ ¶·¥¤¥²¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ
Î¥·¥§  ³¶²¨ÉÊ¤Ê Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö T (s, t) (§¤¥¸Ó s Å ±¢ ¤· É Ô´¥·£¨¨ ¸Éμ²±-
´μ¢¥´¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸, t Å ±¢ ¤· É ¶¥·¥¤ ´´μ£μ 4-¨³¶Ê²Ó¸ ) ¸²¥¤Ê-
ÕÐ¨³ μ¡· §μ³:

dσ

dt
=

|T (s, t)|2
16πs2

. (1)

‚ ¸²ÊÎ ¥ ±μ·μÉ±μ¤¥°¸É¢ÊÕÐ¨Ì ¸¨² ³Ò ³μ¦¥³ ¢¢¥¸É¨ Ô°±μ´ ²Ó´μ¥ ¶·¥¤¸É -
¢²¥´¨¥  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö

T (s, b) =
e2iδ(s,b) − 1

2i
. (2)

�μ¸²¥¤´ÖÖ Ëμ·³Ê²  (Ö¢²ÖÕÐ Ö¸Ö ¶μ ¸ÊÉ¨ μ¶·¥¤¥²¥´¨¥³ Ô°±μ´ ² ) § ¶¨¸ ´ 
¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨. ˆ§ μ¤´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¢ ¤·Ê£μ¥ ³Ò ³μ¦¥³
¶¥·¥Ìμ¤¨ÉÓ ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö ”Ê·Ó¥Ä	¥¸¸¥²Ö

f(b) =
1

16πs

∞∫
0

d(−t)J0(b
√
−t)f(t), f(t) = 4πs

∞∫
0

db2J0(b
√
−t)f(b). (3)

‘ ³μ ¶μ ¸¥¡¥ Ô°±μ´ ²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ´¥ ¤ ¥É ± ±¨Ì-²¨¡μ ¸¤¢¨£μ¢ ¢ · ¸-
¸³μÉ·¥´¨¨ ´ Ï¥° ¶·μ¡²¥³Ò, ¶μ¸±μ²Ó±Ê ¶·μ¸Éμ ¸¢μ¤¨É¸Ö ± § ³¥´¥ T (s, t) ´ 
δ(s, t), ´¥ ±μ´±·¥É¨§¨·ÊÖ ¢¨¤ ¸ ³μ£μ Ô°±μ´ ² . Š²ÕÎ¥¢Ò³ ¡Ê¤¥É ¶·¥¤¶μ²μ-
¦¥´¨¥, ÎÉμ Ô°±μ´ ² ¸ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ ¶·μ¶μ·Í¨μ´ ²¥´ ®ÔËË¥±-
É¨¢´μ³Ê¯ (±¢ §¨)¶μÉ¥´Í¨ ²Ê ¢§ ¨³μ¤¥°¸É¢¨Ö  ¤·μ´μ¢, ¶μ¤μ¡´μ Éμ³Ê, ± ± ÔÉμ
¨³¥¥É ³¥¸Éμ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥, Éμ²Ó±μ ¸ ³ (±¢ §¨)¶μ-
É¥´Í¨ ² ´  ÔÉμÉ · § Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨³. ‘μ£² ¸´μ ¨´É¥·¶·¥É Í¨¨ ‚ ´-
•μ¢  [4] ·¥²ÖÉ¨¢¨¸É¸±μ£μ (±¢ §¨)¶μÉ¥´Í¨ ²  ± ± ®¸Ê³³Ò¯ ¢¸¥Ì μ¤´μÎ ¸É¨Î-
´ÒÌ μ¡³¥´μ¢ ¢ t-± ´ ²¥ ³Ò ³μ¦¥³ ¶·¥¤¸É ¢¨ÉÓ Ô°±μ´ ² ¢ ¢¨¤¥

δ(f1,f2)(s, t) =
∞∑

j=0

∑
mj

J (f1,j,mj)
α1...αj

(p1, Δ)
D

α1...αj ,β1...βj

(j,mj)
(Δ)

m2
j − Δ2

J
(f2,j,mj)
β1...βj

(p2, Δ)

(4)

(§¤¥¸Ó
D

α1...αj ,β1...βj

(j,mj)

m2
j − Δ2

Å ¶·μ¶ £ Éμ· Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ j ¨ ³ ¸¸μ° mj ;

J
(f,j,mj)
α1...αj Å  ¤·μ´´Ò° Éμ± (¨´¤¥±¸ f Ì · ±É¥·¨§Ê¥É É¨¶ Éμ± ); Δ Å ¶¥·¥-

¤ ´´Ò° 4-¨³¶Ê²Ó¸ (t = Δ2); p1, p2 Å 4-¨³¶Ê²Ó¸Ò ´ ²¥É ÕÐ¨Ì  ¤·μ´μ¢;
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μ§´ Î ¥É ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ Î ¸É¨Í ³ ¸¶¨´  j ¸ · §²¨Î´μ° ³ ¸¸μ°,

±μÉμ·μ¥ ¢ ¤ ²Ó´¥°Ï¥³ ¶¥·¥°¤¥É ¢ ¸Ê³³Ê ¶μ É· ¥±Éμ·¨Ö³ �¥¤¦¥). � ²μ¦¨³ ´ 
μ¡ÐÊÕ § ¢¨¸¨³μ¸ÉÓ ¢¸¥¢μ§³μ¦´ÒÌ  ¤·μ´´ÒÌ Éμ±μ¢ μÉ Δ ¸²¥¤ÊÕÐ¨¥ μ£· ´¨Î¥-
´¨Ö: ¶μ²´ÊÕ ¸¨³³¥É·¨Î´μ¸ÉÓ ¶μ ¢¸¥³ αk, ¶μ¶¥·¥Î´μ¸ÉÓ ¶μ Δαk

(k = 1, . . . , j)
¨ ¡¥¸¸²¥¤μ¢μ¸ÉÓ ¶μ ²Õ¡μ° ¶ ·¥ ¨´¤¥±¸μ¢. �¥·¢Ò¥ ¤¢  Ê¸²μ¢¨Ö ¤ ÕÉ

J (f,j,mj)
α1...αj

(p, Δ) =
[j/2]∑
k=0

Γ(f,j,mj)
k (p2, Δ2, (pΔ))×

×
∑

Gαμ1αμ2
· · ·Gαμ2k−1 αμ2k

Pαμk+1
· · ·Pαμj

,

£¤¥ Γ(f,j,mj)
k (p2, Δ2, (pΔ)) Å ´¥±μÉμ·Ò¥ ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨; Pα ≡

≡
pα − pΔ

Δ2
Δα√

p2 − (pΔ)2

Δ2

; Gαβ ≡ −gαβ +
ΔαΔβ

Δ2
; ¢´ÊÉ·¥´´¥¥ ¸Ê³³¨·μ¢ ´¨¥ ¶·μ¢μ-

¤¨É¸Ö ¶μ ¢¸¥³ ´¥Ô±¢¨¢ ²¥´É´Ò³ ¶¥·¥¸É ´μ¢± ³ ²μ·¥´Í¥¢¸±¨Ì ¨´¤¥±¸μ¢ (¢¸¥£μ
j!

(2k)!!(j − 2k)!
¸² £ ¥³ÒÌ). “¸²μ¢¨¥ ¦¥ ¡¥¸¸²¥¤μ¢μ¸É¨ ¸ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ

gαβGαβ = −3, PαPα = 1, gγδGαγGβδ = −Gγδ, GαγP β = −Pα,

¶·¨¢μ¤¨É ± ·¥±Ê··¥´É´Ò³ ¸μμÉ´μÏ¥´¨Ö³

Γ(f,j,mj)
k (p2, Δ2, (pΔ)) =

Γ(f,j,mj)
k−1 (p2, Δ2, (pΔ))

2(j − k) + 1
.

�É¸Õ¤  ´ Ìμ¤¨³

J (f,j,mj)
α1...αj

(p, Δ) = Γ(f,j,mj)
0 (p2, Δ2, (pΔ))×

×
[j/2]∑
k=0

(2(j − k) − 1)!!
(2j − 1)!!

∑
Gαμ1αμ2

· · ·Gαμ2k−1αμ2k
Pαμk+1

· · ·Pαμj
. (5)

�μ¤¸É ¢²ÖÖ (5) ¢ (4) ¨ ÊÎ¨ÉÒ¢ Ö ¶μ¶¥·¥Î´μ¸ÉÓ ¨ ¡¥¸¸²¥¤μ¢μ¸ÉÓ  ¤·μ´´ÒÌ Éμ-
±μ¢, ¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥ ¤²Ö Ô°±μ´ ² 

δ(f1,f2)(s, t) =
∞∑

j=0

∑
mj

γ(f1,f2,j,mj)(Δ2)
m2

j − Δ2
Pj

⎛
⎜⎜⎝ p1p2 −

(p1Δ)(p2Δ)
Δ2√

(p2
1 −

(p1Δ)2

Δ2
)(p2

2 −
(p2Δ)2

Δ2
)

⎞
⎟⎟⎠,
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£¤¥ Pj(x) Å ¶μ²¨´μ³Ò ‹¥¦ ´¤·  j-° ¸É¥¶¥´¨,  

γ(f1,f2,j,mj)(Δ2) ≡ Γ(f1,j,mj)
0 (p2

1, Δ
2, (p1Δ))Γ(f2,j,mj)

0 (p2
2, Δ

2, (p2Δ))
2j(j!)2

(2j)!
.

„²Ö μ¤¨´ ±μ¢ÒÌ ¢´¥Ï´¨Ì Î ¸É¨Í ´  ³ ¸¸μ¢μ° μ¡μ²μÎ±¥

p2
1,2 = (p1 − Δ)2 = (p2 + Δ)2 = m2. (6)

�·¨³¥´ÖÖ ±¨´¥³ É¨Î¥¸±¨¥ ¸μμÉ´μÏ¥´¨Ö

p1,2Δ = ±Δ2

2
, p1p2 =

s

2
− m2, Δ2 ≡ t,

Ê¶·μ¸É¨³ ¢Ò· ¦¥´¨¥ ¤²Ö Ô°±μ´ ²  (¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ μ¶Ê¸± ÉÓ ¨´¤¥±¸Ò
f1, f2, Ì · ±É¥·¨§ÊÕÐ¨¥ É¨¶ μ¤´μÎ ¸É¨Î´μ£μ μ¡³¥´ ):

δ(s, t) =
∞∑

j=0

∑
mj

γ(j,mj)(t)
m2

j − t
Pj

⎛
⎜⎝ s

2m2 − t

2

− 1

⎞
⎟⎠ . (7)

� §μ¡Ó¥³ ¸Ê³³Ê ¶μ j ¢ ¶· ¢μ° Î ¸É¨ (7) ´  ¤¢¥, ¶μ Î¥É´Ò³ ¨ ´¥Î¥É´Ò³ j
¸μμÉ¢¥É¸É¢¥´´μ:

δ(s, t) = δ+(s, t) + δ−(s, t) =

=
∞∑

j=0

∑
η=±1

∑
m(η)j

η + e−iπj

2
(−1)j γ(η,j,m(η)j)(t)

m2
(η)j − t

Pj

⎛
⎜⎝ s

2m2 − t

2

− 1

⎞
⎟⎠ . (8)

Š ¦¤ Ö ¨§ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¥° γ(η,j,m(η)j)(t), m2
(η)j (j = 0, 2, 4, . . . , 2n, . . .

¶·¨ η = +1 ¨ j = 1, 3, 4, . . . , 2n − 1, . . . ¶·¨ η = −1) ¶μ μÉ¤¥²Ó´μ¸É¨ Ê¤μ-
¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ É¥μ·¥³Ò Š ·²¸μ´ , ±μÉμ· Ö ÊÉ¢¥·¦¤ ¥É, ÎÉμ ¥¸²¨ ¤²Ö
ËÊ´±Í¨¨ ±μ³¶²¥±¸´μ° ¶¥·¥³¥´´μ° f(x) ¢Ò¶μ²´¥´μ Ê¸²μ¢¨¥ f(x) < eπ|x| ¶·¨
|x| → ∞, Éμ ÔÉ  ËÊ´±Í¨Ö μ¤´μ§´ Î´μ μ¶·¥¤¥²Ö¥É¸Ö ¸¢μ¨³¨ §´ Î¥´¨Ö³¨ ¶·¨
Í¥²ÒÌ x.

’¥¶¥·Ó ³Ò ¸¤¥² ¥³ ¸²¥¤ÊÕÐ¥¥ ±²ÕÎ¥¢μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ μ ¢μ§³μ¦´μ¸É¨
 ´ ²¨É¨Î¥¸±μ£μ μ¤´μ§´ Î´μ£μ, ¢ ¸¨²Ê É¥μ·¥³Ò Š ·²¸μ´ , ¶·μ¤μ²¦¥´¨Ö (8) ¢
μ¡² ¸ÉÓ ±μ³¶²¥±¸´ÒÌ §´ Î¥´¨° j (£¨¶μÉ¥§  �¥¤¦¥ ¨²¨ ¶μ¸ÉÊ² É ³ ±¸¨³ ²Ó´μ°
 ´ ²¨É¨Î´μ¸É¨ ¢Éμ·μ° ¸É¥¶¥´¨). ‚ ´ Ï¥³ ¸²ÊÎ ¥ μ´μ ¸¢μ¤¨É¸Ö ± ÊÉ¢¥·¦¤¥´¨Õ
Éμ£μ, ÎÉμ m2

(η)j ¨ γ(η,j,m(η)j)(t) ¢ (7) Ö¢²ÖÕÉ¸Ö §´ Î¥´¨Ö³¨  ´ ²¨É¨Î¥¸±¨Ì
(£μ²μ³μ·Ë´ÒÌ ¶μ ±μ³¶²¥±¸´μ° ¶¥·¥³¥´´μ° j) ËÊ´±Í¨° ¶·¨ Í¥²ÒÌ ´¥μÉ·¨-
Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ j. �¡μ§´ Î¨³ ÔÉ¨ ËÊ´±Í¨¨ m2

η(j) ¨ γ(η)(t, j, m2
η(j))
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¸μμÉ¢¥É¸É¢¥´´μ. ‘ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö ‡μ³³¥·Ë¥²Ó¤ Ä‚ É¸μ´  [5] § -
³¥´¨³ ¸Ê³³Ê ¶μ j ¢ (8) ´  ¨´É¥£· ² ¶μ ±μ´ÉÊ·Ê C ¢ ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨
¶¥·¥³¥´´μ° j, μ£¨¡ ÕÐ¥³Ê ¤¥°¸É¢¨É¥²Ó´ÊÕ ¶μ²μ¦¨É¥²Ó´ÊÕ ¶μ²Êμ¸Ó, ¢±²ÕÎ Ö
ÉμÎ±Ê j = 0, É ±, ÎÉμ ¶μ²Êμ¸Ó ¢¸¥ ¢·¥³Ö μ¸É ¥É¸Ö ¸¶· ¢ :

δ(s, t) =
1
2i

∮
C

dj

sin(πj)

∑
η=±1

∑
mη

(
−η + e−iπj

2

)
×

×
γ(η)(t, j, m2

η(j))
m2

η(j) − t
P

⎛
⎜⎝j,

s

2m2 − t

2

− 1

⎞
⎟⎠

(§¤¥¸Ó P (j, x) Å  ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤μ²¦¥´¨¥ ¶μ²¨´μ³μ¢ ‹¥¦ ´¤·  Pj(x) ¢
μ¡² ¸ÉÓ ±μ³¶²¥±¸´ÒÌ j).

�μ¸±μ²Ó±Ê (¸μ£² ¸´μ ´ Ï¥³Ê ¶·¥¤¶μ²μ¦¥´¨Õ) ¥¤¨´¸É¢¥´´Ò³¨ ¨¸ÉμÎ´¨-
± ³¨ ¸¨´£Ê²Ö·´μ¸É¥° ¶μ¤Ò´É¥£· ²Ó´μ£μ ¢Ò· ¦¥´¨Ö ¢ μ¡² ¸É¨ Re j > −1/2
Ö¢²ÖÕÉ¸Ö ´Ê²¨ ËÊ´±Í¨° sin (πj) ¨ m2

η(j) − t, Éμ, ¤¥Ëμ·³¨·ÊÖ ±μ´ÉÊ· C ¨
¶¥·¥Ìμ¤Ö ± ±μ´ÉÊ·Ê, ¨¤ÊÐ¥³Ê ¶ · ²²¥²Ó´μ ³´¨³μ° μ¸¨, Re j = −1/2, ¶·¨Ìμ-
¤¨³ ±

δ(s, t) =
1
2i

− 1
2+i∞∫

− 1
2−i∞

dj

sin(πj)

∑
η=±1

∑
mη

(
−η + e−iπj

2

)
×

×
γ(η)(t, j, m2

η(j))
m2

η(j) − t
P

⎛
⎜⎝j,

s

2m2 − t

2

− 1

⎞
⎟⎠+

+
∑

η=±1

∑
n

(
−η + e−iπα(η)

n (t)

sin (πα
(η)
n (t))

)
dα

(η)
n (t)
dt

πγ(η)(t, α(η)
n (t), t)

2
×

× P

⎛
⎜⎝α(η)

n (t),
s

2m2 − t

2

− 1

⎞
⎟⎠ ,

£¤¥ ËÊ´±Í¨¨ α
(η)
n (t) Å ±μ·´¨ Ê· ¢´¥´¨° m2

η(j) − t = 0 ¨, É ±¨³ μ¡· §μ³,
¸μμÉ¢¥É¸É¢ÊÕÉ ¶μ²Õ¸ ³ Ô°±μ´ ²  ¢ μ¡² ¸É¨ ±μ³¶²¥±¸´ÒÌ §´ Î¥´¨° j. �É¨

¶μ²Õ¸Ò ´ §Ò¢ ÕÉ ¶μ²Õ¸ ³¨ �¥¤¦¥,   ¸ ³¨ ËÊ´±Í¨¨ α
(η)
n (t) Å É· ¥±Éμ·¨Ö³¨

�¥¤¦¥ (C-Î¥É´Ò³¨ ¶·¨ η = +1 ¨ C-´¥Î¥É´Ò³¨ ¶·¨ η = −1). �·¨ s � 2m2−
t

2
¢±² ¤μ³ Ëμ´μ¢μ£μ ¨´É¥£· ²  ³μ¦´μ ¶·¥´¥¡·¥ÎÓ,   ¶μ²¨´μ³Ò ‹¥¦ ´¤· 

³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ²¨¤¨·ÊÕÐ¨³¨ Î²¥´ ³¨ · §²μ¦¥´¨Ö. �μÔÉμ³Ê, ¢¢μ¤Ö
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´μ¢ÊÕ ËÊ´±Í¨Õ

β(η,s0)
n (t) ≡ dα

(η)
n (t)
dt

πγ(η)(t, α(η)
n (t), t)

2
×

× Γ(2α
(η)
n (t) + 1)

2α
(η)
n (t)Γ2(α(η)

n (t) + 1)

⎛
⎜⎝ s0

2m2 − t

2

⎞
⎟⎠

α(η)
n (t)

,

£¤¥ s0 Å ²Õ¡μ° ´ ¶¥·¥¤ ¢Ò¡· ´´Ò° ³ ¸ÏÉ ¡ (´ ¶·¨³¥·, s0 = 1 ƒÔ‚2);

Γ(x) Å £ ³³ -ËÊ´±Í¨Ö �°²¥·  (§ ³¥É¨³, ÎÉμ ËÊ´±Í¨Ö β
(η,s0)
n (t) § ¢¨¸¨É μÉ

¢Ò¡· ´´μ£μ ³ ¸ÏÉ ¡  s0, ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ μ¶Ê¸± ÉÓ ¨´¤¥±¸ s0 ¢ ¥¥
μ¡μ§´ Î¥´¨¨), ¢ ¶·¥¤¥²¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¶μ²ÊÎ ¥³

δ(s, t) =
∑

n

(
i + tg

π(α+
n (t) − 1)

2

)
β+

n (t)
(

s

s0

)α+
n (t)

+

+
∑

n

(
i − ctg

π(α−
n (t) − 1)

2

)
β−

n (t)
(

s

s0

)α−
n (t)

. (9)

�μ¸²¥¤´ÖÖ Ëμ·³Ê²  (μÉ³¥É¨³, ÎÉμ μ´  ¶μ¤Ìμ¤¨É ¨ ± É¥³ μ¤´μÎ ¸É¨Î´Ò³ μ¡-
³¥´ ³, ¤²Ö ±μÉμ·ÒÌ ´ ·ÊÏ¥´μ (6)) ¢³¥¸É¥ ¸ Ô°±μ´ ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³
 ³¶²¨ÉÊ¤Ò (2) ¨ ¸μ¸É ¢²Ö¥É ¸μ¤¥·¦ ´¨¥ ·¥¤¦¥-Ô°±μ´ ²Ó´μ° ³μ¤¥²¨.

’ ±¨³ μ¡· §μ³, ¶· ±É¨Î¥¸± Ö ¶μ²Ó§  ·¥¤¦¥-Ô°±μ´ ²Ó´μ£μ ¶μ¤Ìμ¤  § -
±²ÕÎ¥´  ¢ ¢μ§³μ¦´μ¸É¨ Ê³¥´ÓÏ¥´¨Ö ËÊ´±Í¨μ´ ²Ó´μ£μ ¶·μ¨§¢μ²  ¶ÊÉ¥³ ¸¢¥-
¤¥´¨Ö ´¥¨§¢¥¸É´μ° ËÊ´±Í¨¨ ¤¢ÊÌ ¶¥·¥³¥´´ÒÌ T (s, t) ± ´¥¸±μ²Ó±¨³ ËÊ´±-
Í¨Ö³ μ¤´μ° ¶¥·¥³¥´´μ°, ± ±μ¢Ò³¨ Ö¢²ÖÕÉ¸Ö É· ¥±Éμ·¨¨ �¥¤¦¥ ¨ ·¥¤¦¥¢¸±¨¥
¢ÒÎ¥ÉÒ.

��‚…„…�ˆ… ’��…Š’��ˆ‰ �…„†… ‚ ��‹�‘’ˆ
„…‰‘’‚ˆ’…‹œ�›• �’�ˆ–�’…‹œ�›• ‡��—…�ˆ‰ ��ƒ“Œ…�’�

Š ± Ê¦¥ ¡Ò²μ μÉ³¥Î¥´μ ¢ÒÏ¥, ¥¤¨´¸É¢¥´´Ò³¨ É¢¥·¤μ Ê¸É ´μ¢²¥´´Ò³¨
μ£· ´¨Î¥´¨Ö³¨ ´  ËÊ´±Í¨μ´ ²Ó´ÊÕ Ëμ·³Ê É· ¥±Éμ·¨° �¥¤¦¥ ¢ μ¡² ¸É¨ μÉ·¨-
Í É¥²Ó´ÒÌ §´ Î¥´¨°  ·£Ê³¥´É  Ö¢²ÖÕÉ¸Ö ¨Ì ¢¥Ð¥¸É¢¥´´μ¸ÉÓ ¨ ·¥´μ·³¨´¢ -
·¨ ´É´μ¸ÉÓ. „²Ö ¶μ²ÊÎ¥´¨Ö ¡μ²¥¥ ¤¥É ²Ó´μ° ¨´Ëμ·³ Í¨¨ μ¡ ÔÉ¨Ì ËÊ´±-
Í¨ÖÌ ´¥μ¡Ìμ¤¨³μ μ¡· É¨ÉÓ¸Ö ± · ¸¸³μÉ·¥´¨Õ ±μ´±·¥É´ÒÌ ±¢ ´Éμ¢μ-¶μ²¥¢ÒÌ
³μ¤¥²¥°.

‚ ¸²ÊÎ ¥ ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ ²Õ¡ Ö ·¥´μ·³¨´¢ ·¨ ´É´ Ö ËÊ´±Í¨Ö
μ¤´μ° ¤¨´ ³¨Î¥¸±μ° ¶¥·¥³¥´´μ° ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ μ¡² ¸É¨  ¸¨³-
¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨° ÔÉμ° ¶¥·¥³¥´´μ° (±μ£¤  ³μ¦´μ
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¶·¥´¥¡·¥ÎÓ ³ ¸¸μ¢Ò³¨ ÔËË¥±É ³¨ ±¢ ·±μ¢ÒÌ ¶μ²¥°) ¢ Ëμ·³¥ μ¡Ð¥£μ ·¥Ï¥-
´¨Ö Ê· ¢´¥´¨Ö �¢¸Ö´´¨±μ¢  [6]

f(t) ≡ f̃

(
t

μ2
, αs(μ)

)
= Φ

(
t

μ2
eK(αs(μ))

)
,

£¤¥ Φ(x) Å ´¥±μÉμ· Ö  ´ ²¨É¨Î¥¸± Ö ËÊ´±Í¨Ö; μ Å · §³¥·´Ò° ¶ · ³¥É·
¸Ì¥³Ò ¶¥·¥´μ·³¨·μ¢±¨; αs(μ) ≡ g2

s(μ)/4π Å ¡¥£ÊÐ Ö ±μ´¸É ´É  ¸¢Ö§¨;

K ′(αs) = 1/β(αs) ≡
(

μ2 ∂αs

∂μ2

)−1

(¢¸²¥¤¸É¢¨¥  ¸¨³¶ÉμÉ¨Î¥¸±μ° ¸¢μ¡μ¤Ò

K(αs(μ)) → −∞ ¶·¨ μ → +∞). �¥·¥Ìμ¤Ö ± ¶·¥¤¥²Ê μ =
√
−t, t → −∞,

¶μ²ÊÎ ¥³
lim

t→−∞
f(t) = Φ(0) = const. (10)

‚ É¥μ·¨¨ ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö ´ ±²μ´ É· ¥±Éμ·¨¨ �¥¤¦¥ α(t) ¸¢Ö§ ´
¸ ±¢ ¤· Éμ³ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ¢§ ¨³μ¤¥°¸É¢¨Ö, ¶μ·μ¦¤ ÕÐ¥£μ ÔÉÊ É· -
¥±Éμ·¨Õ, ¶·¨¡²¨¦¥´´Ò³ ¸μμÉ´μÏ¥´¨¥³ [5, 7] R2 ∼ α′(t)(2α(t)+1). �μÔÉμ³Ê
¢ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ³ ¸³Ò¸²¥ lim

t→−∞
α(t) = const ¤¥°¸É¢¨É¥²Ó´μ ¸μμÉ¢¥É-

¸É¢Ê¥É ³ ²Ò³ · ¸¸ÉμÖ´¨Ö³ ¨ ¶·¥¤¥²Ê ¸¢μ¡μ¤´ÒÌ ¶μ²¥° ¶·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨
¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  (μÉ³¥É¨³, ÎÉμ É ±μ¥ ¸μμÉ¢¥É¸É¢¨¥
μÉ¸ÊÉ¸É¢Ê¥É ¤²Ö α(t) = α0 + α′

0t, α′
0 > 0, ±μ£¤  R2 → −∞ ¶·¨ t → −∞).

„μ¶μ²´¨É¥²Ó´ Ö ± (10) ¨´Ëμ·³ Í¨Ö μ ¶μ¢¥¤¥´¨¨ ±μ´±·¥É´ÒÌ É· ¥±Éμ·¨°
�¥¤¦¥ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¨§ ±μ²¨Î¥¸É¢¥´´ÒÌ μÍ¥´μ± ¢ μ¡² ¸É¨ ¶·¨³¥´¨³μ-
¸É¨ ¶¥·ÉÊ·¡ É¨¢´ÒÌ ³¥Éμ¤μ¢ (§ ³¥É¨³, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°
¢μ§³μ¦´μ Ê¦¥ ¶·¨ −t > 6 ƒÔ‚2, ¶μ¸±μ²Ó±Ê ¡¥£ÊÐ Ö ±μ´¸É ´É  ¸¢Ö§¨ ´  É ±¨Ì
³ ¸ÏÉ ¡ Ì αs(

√
−t) < 0,3 [8]). ’ ±, ¤²Ö É· ¥±Éμ·¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¡³¥-

´ ³ ¶ ·μ° ®±¢ ·±Ä ´É¨±¢ ·±¯ ¢ ¶¥·ÉÊ·¡ É¨¢´μ³ ¸¥±Éμ·¥, ¡Ò²μ ¶μ²ÊÎ¥´μ [9]

αq̄q(t) =

√
8
3π

αs(
√
−t) + o(α1/2

s (
√
−t)). (11)

„²Ö É· ¥±Éμ·¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³Ê²ÓÉ¨£²Õμ´´Ò³ μ¡³¥´ ³ ¢ μ¡² ¸É¨  ¸¨³-
¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ¨³¥¥É ³¥¸Éμ ¶·¥¤¥²Ó´μ¥
¸μμÉ´μÏ¥´¨¥ [10Ä12]

lim
t→−∞

αgg...g(t) = 1, (12)

¨, ¢ Î ¸É´μ¸É¨, ¤²Ö ¸¥·¨¨ É· ¥±Éμ·¨°, μÉ¢¥Î ÕÐ¨Ì μ¡³¥´Ê ¤¢Ê³Ö £²Õμ´ ³¨ ¢
¶¥·ÉÊ·¡ É¨¢´μ° μ¡² ¸É¨ [13],

α(r)
gg (t) = 1 +

12 ln 2
π

αs(
√
−t)

[
1 − α2/3

s (
√
−t)

(
7ζ(3)
2 ln 2

)1/3

×

×
(

r + 3/4
11 − 2/3 nf

)2/3

+ o(α2/3
s (

√
−t))

]
, (13)
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£¤¥ ζ(x) Å ¤§¥É -ËÊ´±Í¨Ö �¨³ ´ ; nf Å Î¨¸²μ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢; r Å
¨´¤¥±¸, ¶·¨´¨³ ÕÐ¨° §´ Î¥´¨Ö 0, 1, 2, . . .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢¸¥ ¶μ²¥§´Ò¥ ¸ ¶· ±É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ¶·¥¤¸± -
§ ´¨Ö Š•„ μ ¶μ¢¥¤¥´¨¨ ²¨¤¨·ÊÕÐ¨Ì ³¥§μ´´ÒÌ É· ¥±Éμ·¨° �¥¤¦¥ ¢ μ¡² ¸É¨
· ¸¸¥Ö´¨Ö μ£· ´¨Î¨¢ ÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (11)Ä(13), ¶μÔÉμ³Ê ¶·¨ μ¶¨¸ ´¨¨
¤¨Ë· ±Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¶·¨Ìμ¤¨É¸Ö ¶·¨¡¥£ ÉÓ ± ¶μ¸É·μ¥´¨Õ Ë¥´μ³¥´μ²μ-
£¨Î¥¸±¨Ì ¸Ì¥³. �·¨ ÔÉμ³ ¢ ± ¦¤μ° ±μ··¥±É´μ° Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨,
¨¸¶μ²Ó§ÊÕÐ¥° ·¥¤¦¥¢¸±¨° ¶μ¤Ìμ¤, ¤μ²¦´  ¡ÒÉÓ ÊÎÉ¥´  ¶·¨³¥´¨³μ¸ÉÓ ¸μμÉ-
´μÏ¥´¨° (11)Ä(13) ¢ ¶¥·ÉÊ·¡ É¨¢´μ³ ¸¥±Éμ·¥.

�Î¥¢¨¤´Ò³ ¸²¥¤¸É¢¨¥³ (11)Ä(13) Ö¢²Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó´ Ö ´¥²¨´¥°´μ¸ÉÓ
É· ¥±Éμ·¨° �¥¤¦¥, ÌμÉÖ ¸ ³¨ ¶μ ¸¥¡¥ ÔÉ¨ ¸μμÉ´μÏ¥´¨Ö ´¥ ´ ±² ¤Ò¢ ÕÉ ´¨-
± ±¨Ì μ£· ´¨Î¥´¨° ´  ËÊ´±Í¨μ´ ²Ó´ÊÕ Ëμ·³Ê É· ¥±Éμ·¨° �¥¤¦¥ ¶·¨ ¤μ¸É -
ÉμÎ´μ ³ ²ÒÌ t. —Éμ¡Ò ¶μ²ÊÎ¨ÉÓ ÔÉ¨ μ£· ´¨Î¥´¨Ö, ³Ò ¶·¨¡¥£´¥³ ± ´¥±μÉμ·Ò³
¥¸É¥¸É¢¥´´Ò³ ¤μ¶ÊÐ¥´¨Ö³ ± ¸ É¥²Ó´μ ¶μ¢¥¤¥´¨Ö ³´¨³μ° Î ¸É¨ ²¨¤¨·ÊÕÐ¨Ì
É· ¥±Éμ·¨° ´  Ë¨§¨Î¥¸±μ³ ²¨¸É¥.

‹Õ¡ Ö É· ¥±Éμ·¨Ö �¥¤¦¥ α(t) Ö¢²Ö¥É¸Ö ¢¥Ð¥¸É¢¥´´μ- ´ ²¨É¨Î¥¸±μ° ËÊ´±-
Í¨¥° ´  ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨ ¸ · §·¥§μ³ ¢¤μ²Ó ¶μ²Ê¶·Ö³μ° (tT , +∞),
tT > 0 [5], ¨ ³Ò ¶·¥¤¶μ²μ¦¨³, ÎÉμ Im α(t + i0) · ¸É¥É ¤μ¸É ÉμÎ´μ ³¥¤²¥´´μ
¶·¨ t → +∞ (´ ¶·¨³¥·, ´¥ ¡Ò¸É·¥¥, Î¥³ Ct ln−1−ε t, ε > 0), É ± ÎÉμ ¤²Ö
α(t) ´  Ë¨§¨Î¥¸±μ³ ²¨¸É¥ ¡Ê¤ÊÉ ¨³¥ÉÓ ³¥¸Éμ ¤¨¸¶¥·¸¨μ´´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¸
´¥ ¡μ²¥¥ Î¥³ μ¤´¨³ ¢ÒÎ¨É ´¨¥³, É. ¥.

α(t) = α0 +
t

π

+∞∫
tT

Im α(t′ + i0)
t′(t′ − t)

dt′,

  É ±¦¥ ¶·¥¤¶μ²μ¦¨³, ÎÉμ Im α(t + i0) � 0 ¶·¨ t � tT . �·¨ É ±¨Ì Ê¸²μ¢¨ÖÌ
(μÉ³¥É¨³, ÎÉμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ μ´¨ ´¥ Ö¢²ÖÕÉ¸Ö ¸É·μ£μ ¤μ± § ´´Ò³¨, ÌμÉÖ Ö¢´μ
¢Ò¶μ²´¥´Ò ¢ É¥μ·¨¨ ¶μÉ¥´Í¨ ²Ó´μ£μ · ¸¸¥Ö´¨Ö ¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° [5]) α(t)
c ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ μ± §Ò¢ ¥É¸Ö ËÊ´±Í¨¥° ƒ¥·£²μÉÍ  [5], É. ¥.

dnα(t)
dtn

> 0 (t < tT , n = 1, 2, 3, . . .). (14)

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¤²Ö ¨¸É¨´´ÒÌ É· ¥±Éμ·¨° �¥¤¦¥,
¤ ÕÐ¨Ì ²¨¤¨·ÊÕÐ¨¥ ¢±² ¤Ò ¢  ³¶²¨ÉÊ¤Ê ¤¨Ë· ±Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö, ¢Ò¶μ²-
´¥´Ò ¸μμÉ´μÏ¥´¨Ö (14).

’¥³ ´¥ ³¥´¥¥ ¤²Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ Ê¶·Ê£μ° ¤¨-
Ë· ±Í¨¨ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢ ± Î¥¸É¢¥ Î¨¸Éμ ±μ²¨Î¥¸É¢¥´´ÒÌ ¶·¨¡²¨-
¦¥´¨° ± ¨¸É¨´´Ò³ É· ¥±Éμ·¨Ö³ �¥¤¦¥ ¢ μ¡² ¸É¨ ¤¨Ë· ±Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö
¢¶μ²´¥ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ´¥ Éμ²Ó±μ ËÊ´±Í¨¨ ƒ¥·£²μÉÍ , ´μ ¨ ²Õ-
¡Ò¥ ËÊ´±Í¨¨, ³μ´μÉμ´´Ò¥ ¢³¥¸É¥ ¸ μ¤´μ° ¨²¨ ´¥¸±μ²Ó±¨³¨ ¶¥·¢Ò³¨ ¶·μ¨§-
¢μ¤´Ò³¨, ¶·¥¤¶μ² £ ÕÐ¨¥ ¢μ§³μ¦´μ¸ÉÓ μ¸ÊÐ¥¸É¢²¥´¨Ö ¤μ¸É ÉμÎ´μ £² ¤±μ°
¸Ï¨¢±¨ ¸ ¶¥·ÉÊ·¡ É¨¢´Ò³ ¸¥±Éμ·μ³.
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‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ²¨¤¨·ÊÕÐ Ö É· ¥±Éμ·¨Ö ¨§ (13)

α
(0)
gg (t) ´¥ ³μ¦¥É ¡ÒÉÓ ³μ´μÉμ´´Ò³ μ¡· §μ³ ¸Ï¨É  ¸ É· ¥±Éμ·¨¥° αP (t), ¤ Õ-

Ð¥° μ¸´μ¢´μ° ¢±² ¤ ¢ Ô°±μ´ ² ¢ ¤¨Ë· ±Í¨μ´´μ° μ¡² ¸É¨ (μ¡ÒÎ´μ αP (t) ´ §Ò-
¢ ÕÉ ®³Ö£±¨³ ¶μ³¥·μ´μ³¯), ¨§-§  Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ μ£· ´¨Î¥´¨Ö αP (0) <

1,15, ¢ Éμ ¢·¥³Ö ± ± α
(0)
gg (−M2

Z) ≈ 1,28, MZ ≈ 91,2 ƒÔ‚. �μÔÉμ³Ê ¤ ²¥¥ ³Ò

¡Ê¤¥³ ¶·¥¤¶μ² £ ÉÓ, ÎÉμ É· ¥±Éμ·¨Ö α
(0)
gg (t) ¸μμÉ¢¥É¸É¢Ê¥É É ± ´ §Ò¢ ¥³μ³Ê

®¦¥¸É±μ³Ê¯ ¶μ³¥·μ´Ê ¸ ¶¥·¥¸¥Î¥´¨¥³ α
(0)
gg (0) > 1,3 [14],   μ¡³¥´ ®³Ö£±¨³¯

¶μ³¥·μ´μ³ ¸μμÉ¢¥É¸É¢Ê¥É μ¡³¥´Ê ¡μ²¥¥ Î¥³ ¤¢Ê³Ö £²Õμ´ ³¨ ¶·¨  ¸¨³¶ÉμÉ¨Î¥-
¸±¨ ¡μ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸ , ¨ ¥¤¨´¸É¢¥´´Ò³¨ μ£· ´¨Î¥´¨Ö³¨ ´  ËÊ´±-
Í¨μ´ ²Ó´ÊÕ Ëμ·³Ê Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶ · ³¥É·¨§ Í¨° É· ¥±Éμ·¨¨ ®³Ö£-
±μ£μ¯ ¶μ³¥·μ´  μ¸É ÕÉ¸Ö  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ Ê¸²μ¢¨¥ (12) ¨ ¶·¥¤¶μ²μ¦¥´¨¥ μ
³μ´μÉμ´´μ¸É¨.

‚ μÉ²¨Î¨¥ μÉ ¶μ³¥·μ´´μ° É· ¥±Éμ·¨¨ ¤²Ö ¢Éμ·¨Î´ÒÌ É· ¥±Éμ·¨°, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨Ì ¸¥³¥°¸É¢ ³ ´ ¡²Õ¤ ¥³ÒÌ ³¥§μ´´ÒÌ ·¥§μ´ ´¸μ¢, Ê¤ ¥É¸Ö ¶μ¤μ-
¡· ÉÓ ËÊ´±Í¨¨ ƒ¥·£²μÉÍ , μ¤´μ¢·¥³¥´´μ ¨³¥ÕÐ¨¥  ¸¨³¶ÉμÉ¨±Ê (11) ¨ ¤¥-
³μ´¸É·¨·ÊÕÐ¨¥ · §Ê³´μ¥ (¸ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö) ¶μ¢¥¤¥´¨¥ ¢
μ¡² ¸É¨ ¤¨Ë· ±Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö.

‡ ³¥É¨³ É ±¦¥, ÎÉμ, ¢ ¸μ¢μ±Ê¶´μ¸É¨, ¢Ò¶μ²´¥´¨¥ Ê¸²μ¢¨° (11), (12) ¨ (14)
 ¢Éμ³ É¨Î¥¸±¨ ¶·¨¢μ¤¨É ± μÉ¸ÊÉ¸É¢¨Õ ´¥Ë¨§¨Î¥¸±¨Ì μ¸μ¡¥´´μ¸É¥° ¢ ¸¨£´ -
ÉÊ·´ÒÌ ³´μ¦¨É¥²ÖÌ ¢ μ¡² ¸É¨ · ¸¸¥Ö´¨Ö ¨ ¸¢Ö§ ´´ÒÌ ¸ ÔÉ¨³¨ ¸¨´£Ê²Ö·´μ-
¸ÉÖ³¨ ¶·μ¡²¥³.

����Œ…’�ˆ‡�–ˆŸ Œˆ�ˆŒ�‹œ��ƒ� �‰Š���‹�

�μ³¨³μ ®³Ö£±μ£μ¯ ¶μ³¥·μ´  ¸ÊÐ¥¸É¢ÊÕÉ, ¶μ ±· °´¥° ³¥·¥, Î¥ÉÒ·¥ ¢Éμ-
·¨Î´Ò¥ ³¥§μ´´Ò¥ É· ¥±Éμ·¨¨, ¤ ÕÐ¨¥ § ³¥É´Ò° ¢±² ¤ ¢ Ô°±μ´ ² (9),   ¨³¥´´μ
C-Î¥É´Ò¥ ·¥¤¦¥μ´Ò f2 ¨ a2 ¨ C-´¥Î¥É´Ò¥ ·¥¤¦¥μ´Ò ω ¨ ρ. ŒÒ ¡Ê¤¥³
¶·¥¤¶μ² £ ÉÓ, ÎÉμ É· ¥±Éμ·¨¨ ¢Éμ·¨Î´ÒÌ ·¥¤¦¥μ´μ¢ ¸ μ¤¨´ ±μ¢μ° ¸¨£´ ÉÊ-
·μ° ¶·¨¡²¨¦¥´´μ ¸μ¢¶ ¤ ÕÉ ¢¸²¥¤¸É¢¨¥ ¨§μ¸¶¨´μ¢μ° ¸¨³³¥É·¨¨ ±¢ ·±μ¢ÒÌ
 ·μ³ Éμ¢, É. ¥. αa2(t) ≈ αf2(t) ≈ α+(t) ¨ αρ(t) ≈ αω(t) ≈ α−(t). �μÔÉμ³Ê
³¨´¨³ ²Ó´Ò° Ô°±μ´ ² ¨³¥¥É ¢¨¤ (s0 ≡ 1 ƒÔ‚2)

δ(s, t) = δP (s, t) + δ+(s, t) ∓ δ−(s, t) =

=
(

i + tg
π(αP (t) − 1)

2

)
βP (t)

(
s

s0

)αP (t)

+

+
(

i + tg
π(α+(t) − 1)

2

)
β+(t)

(
s

s0

)α+(t)

∓

∓
(

i − ctg
π(α−(t) − 1)

2

)
β−(t)

(
s

s0

)α−(t)

, (15)



�…„†…-�‰Š���‹œ��Ÿ Œ�„…‹œ 253

£¤¥ αP (t), α+(t), α−(t) Å É· ¥±Éμ·¨¨ ¶μ³¥·μ´  ¨ ¢Éμ·¨Î´ÒÌ ·¥¤¦¥μ´μ¢;
βP (t) Å ¢ÒÎ¥É ¶μ³¥·μ´ ; β+(t) ≡ βf2(t) + βa2(t) ¨ β−(t) ≡ βω(t) + βρ(t) Å
¸Ê³³Ò ¢ÒÎ¥Éμ¢ C-Î¥É´ÒÌ ¨ C-´¥Î¥É´ÒÌ ¢Éμ·¨Î´ÒÌ É· ¥±Éμ·¨° ¸μμÉ¢¥É¸É¢¥´-
´μ, §´ ± ³¨´Ê¸ (¶²Õ¸) ¶¥·¥¤ C-´¥Î¥É´Ò³ ¢±² ¤μ³ ¸μμÉ¢¥É¸É¢Ê¥É · ¸¸¥Ö´¨Õ
Î ¸É¨ÍÒ ´  Î ¸É¨Í¥ ( ´É¨Î ¸É¨Í¥).

”¥´μ³¥´μ²μ£¨Î¥¸±ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¤²Ö ¢±² ¤  ¶μ³¥·μ´  ¢ Ô°±μ´ ²
¢Ò¡¥·¥³ ¢ Ëμ·³¥

αP (t) = 1 + p1

[
1 − p2t

(
arctg (p3 − p2t) −

π

2

)]
,

βP (t) = BP ebP t(1 + d1t + d2t
2 + d3t

3 + d4t
4).

(16)

„ ´´μ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö É· ¥±Éμ·¨¨ ¶μ³¥·μ´  αP (t) Ö¢²Ö¥É¸Ö ³μ´μÉμ´´Ò³,
¨ ¤²Ö ´¥£μ Ö¢´Ò³ μ¡· §μ³ ¢Ò¶μ²´¥´μ  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ Ê¸²μ¢¨¥ (12). ‚±² ¤Ò
¢Éμ·¨Î´ÒÌ ·¥¤¦¥μ´μ¢ ¶ · ³¥É·¨§Ê¥³ ËÊ´±Í¨Ö³¨

α±(t) =
(

8
3π

αs(
√
−t + c±)

)1/2

, β±(t) = B± eb± t, (17)

£¤¥

αs(μ) =
4π

11 − 2
3
nf

⎛
⎜⎝ 1

ln
μ2

Λ2

+
1

1 − μ2

Λ2

⎞
⎟⎠ (18)

Å É ± ´ §Ò¢ ¥³ Ö μ¤´μ¶¥É²¥¢ Ö  ´ ²¨É¨Î¥¸± Ö ¡¥£ÊÐ Ö ±μ´¸É ´É  ¸¢Ö§¨ [15];
nf = 3 Å Î¨¸²μ ÊÎ¨ÉÒ¢ ¥³ÒÌ ±¢ ·±μ¢ÒÌ  ·μ³ Éμ¢; Λ ≡ Λ(3) = 0, 346 ƒÔ‚ Å
· §³¥·´Ò° ¶ · ³¥É· Š•„ (§´ Î¥´¨¥ ¢§ÖÉμ ¨§ [8]),   Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¶ -
· ³¥É·Ò c+, c− > 0 ¤μ¸É ÉμÎ´μ ³ ²Ò, ÎÉμ¡Ò ´¥ ¨¸¶μ·É¨ÉÓ  ¸¨³¶ÉμÉ¨Î¥¸±μ£μ
¶μ¢¥¤¥´¨Ö (11) ¢Éμ·¨Î´ÒÌ É· ¥±Éμ·¨° ¢ ¶¥·ÉÊ·¡ É¨¢´μ³ ¸¥±Éμ·¥.

‡ ³¥É¨³, ÎÉμ ¤ ¦¥ ¶·¨  ¸¨³¶ÉμÉ¨Î¥¸±¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´μ£μ
¨³¶Ê²Ó¸  ¶μ¢¥¤¥´¨¥ ¨¸¶μ²Ó§Ê¥³μ£μ ¶·¨¡²¨¦¥´¨Ö (16) É· ¥±Éμ·¨¨ ®³Ö£±μ£μ¯
¶μ³¥·μ´  ¨³¥¥É Ö¢´μ ´¥¶¥·ÉÊ·¡ É¨¢´Ò° Ì · ±É¥·

αP (t) − 1 ∼ 1
−t

∼ exp
(
− const

αs(
√
−t)

)
(t → −∞)

¨ ÔÉ¨³ ± Î¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶μ¢¥¤¥´¨Ö ¢Éμ·¨Î´ÒÌ É· -
¥±Éμ·¨° (11).

�É³¥É¨³ É ±¦¥, ÎÉμ ³Ò ¶·¥´¥¡·¥£²¨ ¢±² ¤μ³ ¢ Ô°±μ´ ² É· ¥±Éμ·¨¨, ´ §Ò-
¢ ¥³μ° ¢ ²¨É¥· ÉÊ·¥ ®μ¤¤¥·μ´μ³¯, ±μÉμ· Ö Ö¢²Ö¥É¸Ö C-´¥Î¥É´Ò³ ¶ ·É´¥·μ³
¶μ³¥·μ´ . •μÉÖ ¢μ§³μ¦´μ¸ÉÓ É ±μ£μ ¶·¥´¥¡·¥¦¥´¨Ö ¶·¨ ³ ²ÒÌ Ê£² Ì · ¸¸¥-
Ö´¨Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨ μ¡μ¸´μ¢ ´  ¶·¨¡²¨¦¥´´Ò³ · ¢¥´¸É¢μ³ ¶μ²´ÒÌ ¸¥-
Î¥´¨° ¶·μÉμ´-¶·μÉμ´´μ£μ ¨ ¶·μÉμ´- ´É¨¶·μÉμ´´μ£μ · ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨ÖÌ
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¸Éμ²±´μ¢¥´¨Ö
√

s > 200 ƒÔ‚,  ¤¥±¢ É´μ¸ÉÓ ÔÉμ£μ ¶·¨¡²¨¦¥´¨Ö ¤²Ö Ê£²μ¢ · ¸-
¸¥Ö´¨Ö −t < 3 ƒÔ‚2 ³μ¦¥É ¡ÒÉÓ ¶·μ¢¥·¥´  ²¨ÏÓ ¶·¨ ´ ²¨Î¨¨ Ê£²μ¢ÒÌ · ¸¶·¥-
¤¥²¥´¨° ¢ Ê± § ´´μ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ¤²Ö μ¡¥¨Ì ·¥ ±Í¨°: p+p → p+p
¨ p̄+p → p̄+p. Š ¸μ¦ ²¥´¨Õ, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μÉ¸ÊÉ¸É¢ÊÕÉ ¤ ´´Ò¥ ¶μ Ê¶·Ê-
£μ° ¤¨Ë· ±Í¨¨ ¤²Ö ¶·μÍ¥¸¸  p+ p → p+ p ¶·¨ Ô´¥·£¨ÖÌ

√
s > 62,5 ƒÔ‚. ’¥³

´¥ ³¥´¥¥ ¶·¥´¥¡·¥¦¥´¨¥ ¢±² ¤μ³ μ¤¤¥·μ´  ¢ Ô°±μ´ ² (15) ¤¨±ÉÊ¥É¸Ö ´ Ï¨³
¸É·¥³²¥´¨¥³ ¶μ¸É·μ¨ÉÓ ³¨´¨³ ²Ó´ÊÕ Ë¥´μ³¥´μ²μ£¨Î¥¸±ÊÕ ¸Ì¥³Ê, μ¶¨¸Ò¢ -
ÕÐÊÕ ¤¨Ë· ±Í¨μ´´ÊÕ ± ·É¨´Ê ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ.

��ˆ‘��ˆ… �Š‘�…�ˆŒ…�’�‹œ�›• „���›•

�¡· É¨³¸Ö ± μ¶¨¸ ´¨Õ ¶·μÍ¥¸¸μ¢ Ê¶·Ê£μ° ¤¨Ë· ±Í¨¨ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·-
£¨ÖÌ. …¤¨´¸É¢¥´´Ò³¨ ·¥ ±Í¨Ö³¨, ¨§³¥·¥´´Ò³¨ ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±μ³ ¤¨ -
¶ §μ´¥ Ô´¥·£¨°, Ö¢²ÖÕÉ¸Ö ¶·μÍ¥¸¸Ò p + p → p + p ¨ p̄ + p → p̄ + p. �¥§Ê²Ó-
É ÉÒ Ë¨É¨·μ¢ ´¨Ö ¶μ Ê£²μ¢Ò³ · ¸¶·¥¤¥²¥´¨Ö³ ¢ ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨√

s > 23 ƒÔ‚, 0,005 < −t < 3 ƒÔ‚2 (¶·¨ ¡
μ²ÓÏ¨Ì Ê£² Ì · ¸¸¥Ö´¨Ö ´¥μ¡Ìμ-
¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¢±² ¤Ò É ± ´ §Ò¢ ¥³ÒÌ ®¦¥¸É±¨Ì¯ ¶μ³¥·μ´μ¢ ¨ μ¤¤¥·μ´μ¢,
¤ ÕÐ¨Ì ¤μ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ Ô°±μ´ ² ¢ ¶¥·ÉÊ·¡ É¨¢´μ° μ¡² ¸É¨) [16]∗

¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1, 2 ¨ ·¨¸. 1, 2.

’ ¡²¨Í  1. �¥§Ê²ÓÉ ÉÒ ¶μ¤£μ´±¨ ¸¢μ¡μ¤´ÒÌ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶ · ³¥É·μ¢

� · -
³¥É·Ò

�μ³¥·μ´
� · ³¥É·Ò f2/a2-

·¥¤¦¥μ´
� · ³¥É·Ò ω/ρ-

·¥¤¦¥μ´³μ¤¥²¨ ³μ¤¥²¨

p1 0,123 c+ 0,1 ƒÔ‚2 c− 0,9 ƒÔ‚2

p2 1,58 ƒÔ‚−2

p3 0,15
BP 43,5 B+ 153 B− 46
bP 2,4 ƒÔ‚−2 b+ 4,7 ƒÔ‚−2 b− 5,6 ƒÔ‚−2

d1 0,43 ƒÔ‚−2

d2 0,39 ƒÔ‚−4

d3 0,051 ƒÔ‚−6

d4 0,035 ƒÔ‚−8

αP (0) 1,123 α+(0) 0,78 α−(0) 0,64
α′

P (0) 0,28 ƒÔ‚−2 α′
+(0) 0,63 ƒÔ‚−2 α′

−(0) 0,07 ƒÔ‚−2

�  ·¨¸. 3 ¨ 4 ¶·¥¤¸É ¢²¥´Ò ¶·¥¤¸± § ´¨Ö ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö ¶μ²´μ£μ ¸¥-
Î¥´¨Ö · ¸¸¥Ö´¨Ö ¨ μÉ´μÏ¥´¨Ö ·¥ ²Ó´μ° Î ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢¶¥·¥¤

∗„²Ö ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ¶· ¢μ± ±  ³¶²¨ÉÊ¤¥ · ¸¸¥Ö´¨Ö ³Ò ¢μ¸¶μ²Ó§μ¢ ²¨¸Ó
·¥Í¥¶Éμ³, ¢§ÖÉÒ³ ¨§ [17]; ¸³. É ±¦¥ [18].
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’ ¡²¨Í  2. Š Î¥¸É¢μ μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨°

Œ ¸¸¨¢ ¤ ´´ÒÌ —¨¸²μ ÉμÎ¥± χ2

√
s = 23 ƒÔ‚ (pp) 124 280√
s = 31 ƒÔ‚ (pp) 154 467√
s = 53 ƒÔ‚ (pp) 85 423√
s = 62 ƒÔ‚ (pp) 107 409√
s = 31 ƒÔ‚ (p̄p) 38 108√
s = 53 ƒÔ‚ (p̄p) 60 336√
s = 62 ƒÔ‚ (p̄p) 40 156√
s = 546 ƒÔ‚ (p̄p) 181 352√
s = 630 ƒÔ‚ (p̄p) 19 78√
s = 1800 ƒÔ‚ (p̄p) 50 129

‚¸¥£μ 858 2738

�¨¸. 1. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö
¶·μÍ¥¸¸  p̄p → p̄p ¶·¨ · §²¨Î´ÒÌ §´ -
Î¥´¨ÖÌ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö

�¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¤²Ö
¶·μÍ¥¸¸  pp → pp ¶·¨ · §²¨Î´ÒÌ §´ Î¥-
´¨ÖÌ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö

± ³´¨³μ° ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö. ‚ Î ¸É´μ¸É¨, ¤²Ö ±μ²² °-
¤¥·μ¢ RHIC ¨ LHC ¨³¥¥³ σtot(200 ƒÔ‚) ≈ 52 ³¡, σtot(14 ’Ô‚) ≈ 111 ³¡.

�  ·¨¸. 5 ¨§μ¡· ¦¥´Ò ¶·¨¡²¨¦¥´´Ò¥ É· ¥±Éμ·¨¨ �¥¤¦¥ ®³Ö£±μ£μ¯ ¶μ³¥-
·μ´  αP (t) ¨ ¢Éμ·¨Î´ÒÌ ·¥¤¦¥μ´μ¢ α+(t), α−(t), ¶μ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥
¶μ¤£μ´±¨ ¶ · ³¥É·μ¢. �É³¥É¨³, ÎÉμ ÌμÉÖ ¶¥·¥¸¥Î¥´¨Ö α+(0), α−(0) · ¸¶μ-
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ²´μ£μ ¸¥Î¥-
´¨Ö ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸¸¥Ö´¨Ö μÉ
Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö (Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ ¡ §Ò ¤ ´-
´ÒÌ Particle Physics Data System.
http://www.ppds.ihep.su:8001/ppds.html)

�¨¸. 4. �É´μÏ¥´¨¥ ·¥ ²Ó´μ° Î ¸É¨
 ³¶²¨ÉÊ¤Ò ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸¸¥-
Ö´¨Ö ¢¶¥·¥¤ ± ³´¨³μ° ± ± ËÊ´±-
Í¨Ö Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö (Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ ¡ §Ò
¤ ´´ÒÌ Particle Physics Data System.
http://www.ppds.ihep.su:8001/ppds.html)

²μ¦¥´Ò ¢ÒÏ¥ ¶¥·¥¸¥Î¥´¨° ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±·¨¢ÒÌ —ÊÄ”· ÊÎ¨, ´μ ¨³¥ÕÉ
§´ Î¨É¥²Ó´μ ³¥´ÓÏ¨¥ ´ ±²μ´Ò ¶·¨ t = 0 (¸³. É ¡². 1). �μÔÉμ³Ê ´¥ ¨¸-
±²ÕÎ¥´  ¢μ§³μ¦´μ¸ÉÓ £² ¤±μ° ¨ ³μ´μÉμ´´μ° ¸Ï¨¢±¨ ±·¨¢ÒÌ —ÊÄ”· ÊÎ¨ ¢
·¥§μ´ ´¸´μ° μ¡² ¸É¨ ¨ ´ Ï¨Ì ¶·¨¡²¨¦¥´¨° ± ³¥§μ´´Ò³ É· ¥±Éμ·¨Ö³ ¢ μ¡² -
¸É¨ · ¸¸¥Ö´¨Ö, ¨, É ±¨³ μ¡· §μ³, ¶·¥¤¸É ¢²¥´´Ò¥ ±μ²¨Î¥¸É¢¥´´Ò¥ μÍ¥´±¨
¤²Ö ¢Éμ·¨Î´ÒÌ É· ¥±Éμ·¨° ¢ μ¡² ¸É¨ 0 < −t < 2 ƒÔ‚2 ´¥ ¶·μÉ¨¢μ·¥Î É ´¨
 ¸¨³¶ÉμÉ¨Î¥¸±¨³ ¶¥·ÉÊ·¡ É¨¢´Ò³ ¸μμÉ´μÏ¥´¨Ö³ (11), ´¨ Ë¥´μ³¥´μ²μ£¨¨, ´¨
¸μμÉ´μÏ¥´¨Ö³ (14).

„²Ö ¸· ¢´¥´¨Ö ¢ É ¡². 3 ¶μ± § ´μ ± Î¥¸É¢μ μ¶¨¸ ´¨Ö ¤ ´´ÒÌ, ¶μ²ÊÎ¥´´μ¥
¤·Ê£¨³¨  ¢Éμ· ³¨ ¶·¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ³ μ¶¨¸ ´¨¨ É¥Ì ¦¥ ¶·μÍ¥¸¸μ¢.

�¸μ¡μ ¢Ò¤¥²¨³ · ¡μÉÊ [25], £¤¥ ¶·¥¤¸É ¢²¥´μ ²ÊÎÏ¥¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¢ ¸Éμ²Ó μ¡Ï¨·´μ° ±¨´¥³ É¨Î¥¸±μ°
μ¡² ¸É¨. ‚ ÔÉμ° · ¡μÉ¥ ¨¸¶μ²Ó§Ê¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ³μ¤¥²Ó ®¤¨¶μ²Ó´μ£μ¯
¶μ³¥·μ´ , ¢ ±μÉμ·μ° Î²¥´, ¤ ÕÐ¨° μ¸´μ¢´μ° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê · ¸¸¥Ö´¨Ö,
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�¨¸. 5. �·¨¡²¨¦¥´´Ò¥ É· ¥±Éμ·¨¨ �¥¤¦¥ ®³Ö£±μ-
£μ¯ ¶μ³¥·μ´  ¨ ·¥¤¦¥μ´μ¢ f2/a2 ¨ ω/ρ, ¶μ²ÊÎ¥´-
´Ò¥ ¶·¨ ¶μ¤£μ´±¥ ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ (ÏÉ·¨-
Ìμ¢Ò¥ ²¨´¨¨: αlin

f (t) = 0,69 + 0,81 t ¨ αlin
ω (t) =

0,44+0,92 t Å ¶·μ¤μ²¦¥´¨Ö ±·¨¢ÒÌ —ÊÄ”· ÊÎ¨
¤²Ö ·¥¤¦¥μ´μ¢ f2 ¨ ω,   αlin

P (t) = 1,1 + 0,25 t Å
μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥³ Ö ¢ ²¨É¥· ÉÊ·¥ ²¨´¥°´ Ö É· -
¥±Éμ·¨Ö ®³Ö£±μ£μ¯ ¶μ³¥·μ´ )

¨³¥¥É ¢¨¤

ad(s, t) ∼
∂

∂j

⎡
⎢⎣βd(j, t)

sin
πj

2

(
−i

s

s0

)j−1

⎤
⎥⎦

∣∣∣∣∣∣∣
j=αd(t)

=
[
∂ ln βd(j, t)

∂j

∣∣∣∣
j=αd(t)

+

+
π

2
tg

π(αd(t) − 1)
2

+ ln
(
−i

s

s0

)]
× βd(αd(t), t)

sin
παd(t)

2

(
−i

s

s0

)αd(t)−1

,

£¤¥ s0 = 1 ƒÔ‚2, αd(t) = 1 + α′
d t, α′

d ≈ 0,31 ƒÔ‚−2.

’ ¡²¨Í  3. ˆ´Ëμ·³ Í¨Ö μ ± Î¥¸É¢¥ μ¶¨¸ ´¨Ö ¤ ´´ÒÌ ¶μ Ê¶·Ê£μ³Ê ´Ê±²μ´-
´Ê±²μ´´μ³Ê · ¸¸¥Ö´¨Õ ¤·Ê£¨³¨  ¢Éμ· ³¨

‘¸Ò²±  χ2/d.o.f. Š¨´¥³ É¨Î¥¸± Ö μ¡² ¸ÉÓ

[19] �¥ ¶·¥¤¸É ¢²¥´μ 23 � √
s � 546 ƒÔ‚, 0 < −t � 4 ƒÔ‚2

[20] 2,0 53 � √
s � 630 ƒÔ‚, 0 < −t � 5 ƒÔ‚2

[21] 2,4 19 � √
s � 1800 ƒÔ‚, 0,1 � −t � 14 ƒÔ‚2

[22] 2,6 23 � √
s � 1800 ƒÔ‚, 0,01 � −t � 14 ƒÔ‚2

[23] 4,3 23 � √
s � 1800 ƒÔ‚, 0 < −t � 6 ƒÔ‚2

[24] 2,8 23 � √
s � 1800 ƒÔ‚, 0,01 � −t � 14 ƒÔ‚2

[25] 1,5 6 � √
s � 1800 ƒÔ‚, 0,1 � −t � 6 ƒÔ‚2

Š ¸μ¦ ²¥´¨Õ, ¶·¨ μ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ  ¢Éμ· [25] ¶·¥-
´¥¡·¥£ ¥É ¶¥·¢Ò³ ¨ ¢Éμ·Ò³ ¸² £ ¥³Ò³ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì, ÎÉμ, ¢ μ¡Ð¥³
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¸²ÊÎ ¥, ´¥¢¥·´μ ¢ μ¡² ¸É¨
√

s < 50 ƒÔ‚, −t > 1 ƒÔ‚2, ±μ£¤ ∣∣∣∣π2 tg
π(αd(t) − 1)

2

∣∣∣∣ > 0,8 ¨ ln
(

s

s0

)
< 8. ‚μ ¨§¡¥¦ ´¨¥ ÔÉμ° É·Ê¤´μ¸É¨ ¶·¨

μ¶¨¸ ´¨¨ ¤ ´´ÒÌ ¢ ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨
√

s > 6 ƒÔ‚, 0,1 < −t < 6 ƒÔ‚2

´¥μ¡Ìμ¤¨³μ ´ ²μ¦¨ÉÓ ¸¶¥Í¨Ë¨Î¥¸±μ¥ μ£· ´¨Î¥´¨¥ ´  ¶μ¢¥¤¥´¨¥ ´¥¨§¢¥¸É´μ°
 ´ ²¨É¨Î¥¸±μ° ËÊ´±Í¨¨ βd(j, t):∣∣∣∣∣∣∣

∂

∂j

⎡
⎢⎣ln

βd(j, t)

sin
πj

2

⎤
⎥⎦
∣∣∣∣∣∣∣
j=1+α′

d
t


 ln
(

s

s0

)
(
√

s > 6 ƒÔ‚, 0,1 < −t < 6 ƒÔ‚2)

(§´ ± 
 ¢ ¶μ¸²¥¤´¥³ ´¥· ¢¥´¸É¢¥ μ§´ Î ¥É, ÎÉμ ³Ò ³μ¦¥³ ¶·¥´¥¡·¥ÎÓ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨³ Î²¥´μ³ ¢  ³¶²¨ÉÊ¤¥ ¡¥§ ¸ÊÐ¥¸É¢¥´´μ£μ ¨§³¥´¥´¨Ö χ2/d.o.f.).

�Éμ μ£· ´¨Î¥´¨¥, ´¥ Ê¶μ³¨´ ¥³μ¥ ¢ [25], ´μ É¥³ ´¥ ³¥´¥¥ Ö¢´μ ¶·¨¸ÊÉ-
¸É¢ÊÕÐ¥¥ ¢ ³μ¤¥²¨ ®¤¨¶μ²Ó´μ£μ¯ ¶μ³¥·μ´ , ´¥ ¨³¥¥É ± ±μ£μ-²¨¡μ μ¡μ¸´μ¢ -
´¨Ö ¨§ Š•„ ¨²¨ μ¡Ð¨Ì ¶·¨´Í¨¶μ¢ ¨, ´  ´ Ï ¢§£²Ö¤, ²¨Ï ¥É ¶·¥¤¸É ¢²¥´´ÊÕ
¢ [25] Ë¥´μ³¥´μ²μ£¨Î¥¸±ÊÕ ¸Ì¥³Ê É¢¥·¤μ£μ É¥μ·¥É¨Î¥¸±μ£μ ËÊ´¤ ³¥´É  (É 
¦¥  ·£Ê³¥´É Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ¨ ± ³μ¤¥²¨ ®É·¨¶μ²Ó´μ£μ¯ ¶μ³¥-
·μ´ , É ±¦¥ · ¸¸³μÉ·¥´´μ° ¢ [25]).

‡�Š‹
—…�ˆ…

�μ¤¢¥¤¥³ ¨Éμ£¨. �  ¶·¨³¥·¥ Ê¶·Ê£μ£μ ¤¨Ë· ±Í¨μ´´μ£μ ¶·μÉμ´-( ´É¨)¶·μ-
Éμ´´μ£μ · ¸¸¥Ö´¨Ö ¡Ò²μ ¶μ± § ´μ, ÎÉμ Ö¢´Ò° ÊÎ¥É  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì ¸¢μ°¸É¢
É· ¥±Éμ·¨° �¥¤¦¥ ¢ ¶¥·ÉÊ·¡ É¨¢´μ³ ¸¥±Éμ·¥ ¶μ§¢μ²Ö¥É ´¥ Éμ²Ó±μ ¨§¡¥¦ ÉÓ
¶·μ¡²¥³, ¸¢Ö§ ´´ÒÌ ¸ ¢μ§´¨±´μ¢¥´¨¥³ ´¥Ë¨§¨Î¥¸±¨Ì ¸¨£´ ÉÊ·´ÒÌ ¸¨´£Ê²Ö·-
´μ¸É¥° ¢ μ¡² ¸É¨ · ¸¸¥Ö´¨Ö, ´μ ¨ ± Î¥¸É¢¥´´μ ¢μ¸¶·μ¨§¢¥¸É¨ ¤¨Ë· ±Í¨μ´´ÊÕ
± ·É¨´Ê ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±μ° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ¢ · ³± Ì ¨³¥ÕÐ¥°
¶·μ§· Î´Ò° Ë¨§¨Î¥¸±¨° ¸³Ò¸² ³¨´¨³ ²Ó´μ° Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ¸Ì¥³Ò,
ÊÎ¨ÉÒ¢ Ö ²¨ÏÓ É¥ É· ¥±Éμ·¨¨ �¥¤¦¥, ¸ÊÐ¥¸É¢¥´´μ¸ÉÓ ¢±² ¤  ±μÉμ·ÒÌ ´¥ ³μ-
¦¥É ¡ÒÉÓ ¶μ¤¢¥·£´ÊÉ  ¸μ³´¥´¨Õ. ‚ ÔÉμ³ ¨ ¸μ¸Éμ¨É μ¸´μ¢´μ¥ ¶· ±É¨Î¥¸±μ¥
¶·¥¨³ÊÐ¥¸É¢μ ¶·¥¤²μ¦¥´´μ£μ ¶μ¤Ìμ¤  ¶¥·¥¤ ¨¸¶μ²Ó§μ¢ ´¨¥³ ²¨´¥°´ÒÌ É· -
¥±Éμ·¨° �¥¤¦¥, ±μ£¤  ¡μ²¥¥ ¨²¨ ³¥´¥¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ¥ μ¶¨¸ ´¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢μ§³μ¦´μ ²¨ÏÓ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¡
μ²ÓÏ¥£μ Î¨¸² 
·¥¤¦¥μ´μ¢ [20Ä22, 25].
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