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�·¥¤¸É ¢²¥´ μ¡§μ· ±μ³¶ÓÕÉ¥·´μ° ¸¨¸É¥³Ò SANC, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö μ¸ÊÐ¥-
¸É¢²¥´¨Ö É¥μ·¥É¨Î¥¸±μ° ¶μ¤¤¥·¦±¨ Ô±¸¶¥·¨³¥´Éμ¢ ´  ±μ²² °¤¥· Ì. ‘¨¸É¥³  ¶μ§¢μ-
²Ö¥É ¶μ²Ê ¢Éμ³ É¨Î¥¸±¨ ¶μ²ÊÎ ÉÓ ¶·¥Í¨§¨μ´´Ò¥ ¶·¥¤¸± § ´¨Ö ¤²Ö Ï¨·μ±μ£μ ±² ¸¸ 
¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¢ · ³± Ì ‘É ´¤ ·É´μ° ³μ¤¥²¨. �·¨ ÔÉμ³ ÊÎ¨ÉÒ-
¢ ÕÉ¸Ö ¶μ²´Ò¥ ¢±² ¤Ò μ¤´μ¶¥É²¥¢ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±. ‚ μ¡§μ·¥ μ¶¨¸ ´Ò
μ¸´μ¢´Ò¥ Ô²¥³¥´ÉÒ ±μ³¶ÓÕÉ¥·´μ° ¸¨¸É¥³Ò ¨ ¶·¨¢¥¤¥´Ò ¶·¨³¥·Ò ¥¥ ¨¸¶μ²Ó§μ¢ ´¨Ö
¤²Ö ¢Ò¸μ±μÉμÎ´μ£μ μ¶¨¸ ´¨Ö ´¥±μÉμ·ÒÌ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ‘É ´¤ ·É-
´μ° ³μ¤¥²¨. �·¥¤¸É ¢²¥´  ¶μ²ÊÎ¥´´ Ö ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò Œμ´É¥-Š ·²μ ¶·μ£· ³³ 
MCSANC, ±μÉμ· Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨° ·Ö¤  ¶·μÍ¥¸¸μ¢, ¨§ÊÎ ¥³ÒÌ
´  	μ²ÓÏμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥. �¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò · §¢¨É¨Ö ¨¸¸²¥¤μ¢ -
´¨° ¢ ¤ ´´μ³ ´ ¶· ¢²¥´¨¨ ¤²Ö É¥μ·¥É¨Î¥¸±μ° ¶μ¤¤¥·¦±¨ Ô±¸¶¥·¨³¥´Éμ¢ ´  ¡Ê¤ÊÐ¨Ì
 ¤·μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ ±μ²² °¤¥· Ì.

We give an overview of the computer system SANC, intended to implement theoretical
support for experiments on colliders. The system allows one to obtain semi-automatic
precision predictions for a wide class of processes of particle interactions within the
Standard Model. The contributions of complete one-loop radiative corrections are taken
into account. The review describes the main elements of a computer system and gives
examples of its use for high-precision descriptions for some processes of interaction of
particles of the Standard Model. A Monte Carlo program MCSANC is presented, which
is used to calculate the cross sections of a series of processes studied at the Large Hadron
Collider. Prospects are discussed for the development of research in this direction for
theoretical support for future hadron and lepton colliders.
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‚ ÔÉμ³ μ¡§μ·¥ μ¶¨¸Ò¢ ¥É¸Ö ´ ÊÎ´ Ö ¤¥ÖÉ¥²Ó´μ¸ÉÓ ¢ · ³± Ì ¶·μ¥±É  SANC
¶μ ¶μ¤¤¥·¦±¥  ´ ²¨É¨Î¥¸±¨Ì ¨ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¤²Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶μ
Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �¡² ¸ÉÓ ´ ÊÎ´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¶·μ¥±É  μÌ¢ -
ÉÒ¢ ²  Ë¨§¨±Ê Ô²¥±É·μ¸² ¡ÒÌ ¨ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Î ¸É¨Í ‘É ´¤ ·É´μ°
³μ¤¥²¨ (SM), ¨§ÊÎ ¥³ÊÕ ´  ¸μ¢·¥³¥´´ÒÌ Ê¸±μ·¨É¥²ÖÌ ¢Ò¸μ±¨Ì Ô´¥·£¨°. �¸μ-
¡μ¥ ¢´¨³ ´¨¥ ¶·¨ ÔÉμ³ Ê¤¥²Ö²μ¸Ó ¶μ¸É·μ¥´¨Õ ¢Ò¸μ±μÉμÎ´ÒÌ ¶·¥¤¸± § ´¨°
¤²Ö ¶·μÍ¥¸¸μ¢, ¨¸¸²¥¤Ê¥³ÒÌ ´  	μ²ÓÏμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥ (LHC). ‚ Î ¸É-
´μ¸É¨, ¢ÒÎ¨¸²Ö²¨¸Ó · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ (RC) ± ¶·μÍ¥¸¸ ³ É¨¶  „·¥²² Ä
Ÿ´  (DY), ¨ ¶·μ¢μ¤¨²¸Ö  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ Ëμ·³ ²¨§³¥
Ê· ¢´¥´¨° Ô¢μ²ÕÍ¨¨ „μ±Ï¨Í¥· Äƒ·¨¡μ¢ Ä‹¨¶ Éμ¢ Ä�²É ·¥²²¨Ä� ·¨§¨. �¥-
§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ÊÎ ¸É´¨± ³¨ ¶·μ¥±É , ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ ¡μ²¥¥ Î¥³
70 ¶Ê¡²¨± Í¨ÖÌ ¢ ·¥Í¥´§¨·Ê¥³ÒÌ ¦Ê·´ ² Ì,   É ±¦¥ ¤μ±² ¤Ò¢ ²¨¸Ó ´  ³´μ-
£μÎ¨¸²¥´´ÒÌ ³¥¦¤Ê´ ·μ¤´ÒÌ ¸¥³¨´ · Ì ¨ ±μ´Ë¥·¥´Í¨ÖÌ.

�·¥Í¨§¨μ´´Ò¥ É¥¸ÉÒ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ´  LHC ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
¸É ´μ¢ÖÉ¸Ö ¢¸¥ ¡μ²¥¥ ¨ ¡μ²¥¥ ¢ ¦´Ò³¨. ’μÎ´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥-
¤μ¢ ´¨° ´¥¶·¥·Ò¢´μ ¢μ§· ¸É ¥É ¸ Ê¢¥²¨Î¥´¨¥³ ´ ¡· ´´μ° ¸É É¨¸É¨±¨, Ê²ÊÎ-
Ï¥´¨¥³ ± ²¨¡·μ¢±¨ ¤¥É¥±Éμ· , · §· ¡μÉ± ³¨ ³¥Éμ¤μ¢  ´ ²¨§  ¨ É. ¤. �Éμ
¶·¨¢μ¤¨É ± ¶μ¸ÉμÖ´´μ³Ê ¶μ¢ÒÏ¥´¨Õ É·¥¡μ¢ ´¨° ¶μ ÉμÎ´μ¸É¨ É¥μ·¥É¨Î¥¸±¨Ì
¶·¥¤¸± § ´¨°.

	 §μ° ¶·μ¢¥¤¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¡Ò² ¡μ²ÓÏμ° μ¶ÒÉ ÊÎ ¸É´¨±μ¢ ¶·μ¥±É 
¢ μ¡² ¸É¨ Ë¥´μ³¥´μ²μ£¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°, ¤μ²£ Ö ¨¸Éμ·¨Ö · §¢¨É¨Ö
μ¸´μ¢ ¨ ¨´¸É·Ê³¥´Éμ¢ É¥μ·¥É¨Î¥¸±μ° ¶μ¤¤¥·¦±¨, ¤μ¸ÉÊ¶ ± ´μ¢¥°Ï¨³ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³ ·¥§Ê²ÓÉ É ³ ¨  ±É¨¢´μ¥ ¸μÉ·Ê¤´¨Î¥¸É¢μ ¸ ³¥¦¤Ê´ ·μ¤´Ò³
´ ÊÎ´Ò³ ¸μμ¡Ð¥¸É¢μ³.

�¸´μ¢´ Ö Í¥²Ó ¶·μ¥±É  Å ¸μ§¤ ´¨¥ ±μ³¶ÓÕÉ¥·´μ° ¸¨¸É¥³Ò ¤²Ö ¶μ²Ê ¢-
Éμ³ É¨Î¥¸±¨Ì ·¥ ²¨¸É¨Î¥¸±¨Ì ¨ ¶¸¥¢¤μ´ ¡²Õ¤ ¥³ÒÌ · ¸Î¥Éμ¢ ¤²Ö · §²¨Î´ÒÌ
¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í μÉ ² £· ´¦¨ ´  SM ¤μ · ¸-
¶·¥¤¥²¥´¨° ¸μ¡ÒÉ¨° ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ¸É¨ ¤²Ö ¤¥°¸É¢ÊÕÐ¨Ì ¨
¡Ê¤ÊÐ¨Ì Ê¸±μ·¨É¥²¥°: LHC, Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ²¨´¥°´ÒÌ ±μ²² °¤¥·μ¢
(ISCLC, CLIC, FCCee), ³Õμ´´ÒÌ Ë ¡·¨± ¨ É. ¤.

‚¸¥  ´ ²¨É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¢ SANC ·¥ ²¨§ÊÕÉ¸Ö ´  μ¤´μ¶¥É²¥¢μ³
Ê·μ¢´¥ ÉμÎ´μ¸É¨ ¢ ¤ÊÌ¥ ±´¨£¨ [1] ¢ Rξ-± ²¨¡·μ¢±¥, ¨ ¢¸¥ ·¥§Ê²ÓÉ ÉÒ ¢Ò-
· ¦ ÕÉ¸Ö Î¥·¥§ ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ � ¸¸ ·¨´μÄ‚¥²É³ ´  A0, B0, C0 ¨ D0.
�É¨ ¤¢¥ μÉ²¨Î¨É¥²Ó´Ò¥ μ¸μ¡¥´´μ¸É¨ ¶μ§¢μ²ÖÕÉ ¢Ò¶μ²´¨ÉÓ ´¥¸±μ²Ó±μ ¢ ¦´ÒÌ
¶·μ¢¥·μ± ´  Ê·μ¢´¥  ´ ²¨É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨°, ´ ¶·¨³¥·, ¶·μ¢¥·±Ê ± ²¨¡·μ-
¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¶ÊÉ¥³ ¸μ±· Ð¥´¨Ö § ¢¨¸¨³μ¸É¨ μÉ ± ²¨¡·μ¢μÎ´μ£μ
¶ · ³¥É· ,   É ±¦¥ ¶·μ¢¥·±Ê · §²¨Î´ÒÌ ¸¢μ°¸É¢ ¸¨³³¥É·¨¨ ¨ ¢Ò¶μ²´¥´¨Ö
Éμ¦¤¥¸É¢ “μ·¤ . �·μÍ¥¸¸ ¢ÒÎ¨¸²¥´¨° · §¡¨É ´  ´¥¸±μ²Ó±μ Î¥É±μ μ¶·¥¤¥²¥´-
´ÒÌ Ï £μ¢. ‘ ¶μ³μÐÓÕ ¸¨¸É¥³Ò SANC ²¥£±μ ¸²¥¤μ¢ ÉÓ ¢¸¥³ ÔÉ¨³ Ï £ ³
¢ÒÎ¨¸²¥´¨° ¤²Ö ¡μ²ÓÏμ£μ Î¨¸²  · ¸¶ ¤μ¢ ¨ ¶·μÍ¥¸¸μ¢ · ¸¸¥Ö´¨Ö Î ¸É¨Í SM.
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�Éμ ¤¥² ¥É ¸¨¸É¥³Ê SANC μ¸μ¡¥´´μ ¶·¨¢²¥± É¥²Ó´μ° ¤²Ö μ¡· §μ¢ É¥²Ó´ÒÌ
Í¥²¥°.

‚ ¸¨¸É¥³¥ SANC ¨¸¶μ²Ó§ÊÕÉ¸Ö ´¥¸±μ²Ó±μ ±μ³¶ÓÕÉ¥·´ÒÌ Ö§Ò±μ¢. ‚¸¥
 ´ ²¨É¨Î¥¸±¨¥ ¢Ò±² ¤±¨ ¤¥² ÕÉ¸Ö ´  Ö§Ò±¥ FORM [2] ¸ ¶·¨³¥´¥´¨¥³ ¸¶¥-
Í¨ ²Ó´μ ´ ¶¨¸ ´´ÒÌ ¶·μÍ¥¤Ê·. ‚¸¥ ±μ¤Ò ¶μ³¥Ð ÕÉ¸Ö ¢ ¸¶¥Í¨ ²Ó´ÊÕ ¶·μ-
£· ³³´ÊÕ ¸·¥¤Ê, ´ ¶¨¸ ´´ÊÕ ´  Ö§Ò±¥ JAVA.

ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ ¶·μ¥±ÉÊ SANC ´ Î ²¨¸Ó ¢ 2001 £. �¥·¢Ò¥ Ï £¨ ¡Ò²¨
¶·μ¤¥² ´Ò ¢ · ¡μÉ¥ [3],   μÉÎ¥É μ ¶¥·¢μ³ ÔÉ ¶¥ ¶·¥¤¸É ¢²¥´ ´  ±μ´Ë¥·¥´Í¨¨
®ACAT-2002¯ ¢ ¤μ±² ¤ Ì [4, 5]. �·μ£· ³³´ Ö ¸·¥¤  SANC ´  ¶¥·¢μ³ ÔÉ ¶¥
¨¸¶μ²Ó§μ¢ ² ¸Ó ¤²Ö ¶¥·¥¸³μÉ·  ÔËË¥±É  ´ ·ÊÏ¥´¨Ö  Éμ³´μ° Î¥É´μ¸É¨ [6],
· ¸Î¥É  μ¤´μ¶¥É²¥¢ÒÌ Ô²¥±É·μ¸² ¡ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¤²Ö ¶·μÍ¥¸¸μ¢
e+e− → f f̄ [7] ¨ ¤²Ö μ¶¨¸ ´¨Ö £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ [8].
Š·μ³¥ Éμ£μ, ¢ · ¡μÉ¥ [9] ¶·μ¢¥¤¥´ ¢Ò¸μ±μÉμÎ´Ò° · ¸Î¥É Ô²¥±É·μ¸² ¡ÒÌ (EW)
¶μ¶· ¢μ± ¢ · ¸¶ ¤ Ì W - ¨ Z-¡μ§μ´μ¢ ´  Ë¥·³¨μ´- ´É¨Ë¥·³¨μ´´ÊÕ ¶ ·Ê ¤²Ö
Ê²ÊÎÏ¥´¨Ö £¥´¥· Éμ·  Œμ´É¥-Š ·²μ PHOTOS [10].

�  ¢Éμ·μ³ ÔÉ ¶¥ ¶·μ¥±É  (2004Ä2010 ££.) · ¸Î¥ÉÒ ¡Ò²¨ · ¸¶·μ¸É· ´¥´Ò
´  ¡μ²ÓÏ¥¥ ±μ²¨Î¥¸É¢μ ¶·μÍ¥¸¸μ¢ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¸  ±Í¥´Éμ³ ´ 
Ë¨§¨±Ê LHC. ‚ · ¡μÉ¥ [11] ³Ò μ¶¨¸ ²¨ ¸É ÉÊ¸ ¢¥·¸¨¨ SANC 1.00, ¢ ±μÉμ·μ°
·¥ ²¨§μ¢ ²¨ É¥μ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¤²Ö ³´μ£¨Ì ¶·μÍ¥¸¸μ¢ ¢Ò¸μ±μÔ´¥·-
£¥É¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ËÊ´¤ ³¥´É ²Ó´ÒÌ Î ¸É¨Í ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥
ÉμÎ´μ¸É¨ ¢¶²μÉÓ ¤μ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¶·μÍ¥¸¸μ¢.

’·¥É¨° ÔÉ ¶ (2010Ä2018 ££.) ¡Ò² ¢ μ¸´μ¢´μ³ ¶μ¸¢ÖÐ¥´ ¶·¨³¥´¥´¨Õ ¨´-
É¥£· Éμ·μ¢ ¨ £¥´¥· Éμ·μ¢ Œμ´É¥-Š ·²μ, ¶·μ¨§¢¥¤¥´´ÒÌ ¸¨¸É¥³μ° SANC ¨
μ¸´μ¢ ´´ÒÌ ´  ³μ¤Ê²ÖÌ ´  Ö§Ò±¥ FORTRAN ¸ ·¥§Ê²ÓÉ É ³¨  ´ ²¨É¨Î¥¸±¨Ì
¢ÒÎ¨¸²¥´¨°. ‚ ÔÉμ ¢·¥³Ö ¢ SANC ¡Ò²¨ ¢´¥¤·¥´Ò ³μ¤Ê²¨ ¤²Ö ´¥¸±μ²Ó±¨Ì
¶·μÍ¥¸¸μ¢, É ±¨Ì ± ± · ¸¶ ¤ Éμ¶-±¢ ·± , QCD-¶μ¶· ¢±¨ ± ¶·μÍ¥¸¸ ³ „·¥²² Ä
Ÿ´  [23Ä25], · §²¨Î´Ò¥ 4-¡μ§μ´´Ò¥ ¶·μÍ¥¸¸Ò [26Ä28] ¨ μ¤¨´μÎ´μ¥ ·μ¦¤¥´¨¥
Éμ¶-±¢ ·± . �¸μ¡μ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö²μ¸Ó ¶·μÍ¥¸¸ ³ É¨¶  „·¥²² ÄŸ´  (¨²¨
Œ É¢¥¥¢ ÄŒÊ· ¤Ö´ Ä’ ¢Ì¥²¨¤§¥Ä„·¥²² ÄŸ´ ) [29, 30], É. ¥. μ¤¨´μÎ´μ³Ê ·μ-
¦¤¥´¨Õ Z- ¨ W -¡μ§μ´μ¢ ¸ ¨Ì ¶μ¸²¥¤ÊÕÐ¨³ · ¸¶ ¤μ³ ¢ ²¥¶Éμ´´ÊÕ ¶ ·Ê [31Ä
33]. ’¥μ·¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¢ SM ¸É·μ¨É¸Ö ¸ ÊÎ¥Éμ³ · §²¨Î-
´ÒÌ ¢μ§³μ¦´ÒÌ ÔËË¥±Éμ¢, ¢±²ÕÎ Ö · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨, ´¥μ¶·¥¤¥²¥´´μ-
¸É¨ ±¢ ·±-¶ ·Éμ´´ÒÌ · ¸¶·¥¤¥²¥´¨° (PDF), § ¢¨¸¨³μ¸É¨ μÉ ¢Ò¡μ·  ³ ¸ÏÉ -
¡μ¢ Ë ±Éμ·¨§ Í¨¨ ¨ ¶¥·¥´μ·³¨·μ¢±¨. �¶¨¸ ´¨¥  ´ ²¨§  ¶·μÍ¥¸¸  „·¥²² Ä
Ÿ´  ´  LHC ¸ ¶μ³μÐÓÕ ¨´É¥£· Éμ·  MCSANC ¶·¥¤¸É ¢²¥´μ ¢ · ¡μÉ Ì [32,
34Ä36],   É ±¦¥ ¢μ ¢´ÊÉ·¥´´¥³ ¤μ±Ê³¥´É¥ ±μ²² ¡μ· Í¨¨ ATLAS (ATL-PHYS-
INT-2011-081) ¨ ¢ · ¡μÉ Ì [37Ä39].

‚ · ³± Ì ¸¨¸É¥³Ò SANC ³Ò É ±¦¥ ¢ÒÎ¨¸²¨²¨ μ¤´μ¶¥É²¥¢ÊÕ QED-¶μ-
¶· ¢±Ê ± ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ³Ê ²¥¶Éμ´´μ³Ê Éμ·³μ§´μ³Ê ¨§²ÊÎ¥´¨Õ ´  ÉÖ-
¦¥²ÒÌ Ö¤· Ì [40].

�  ¤·¥¢¥¸´μ³ Ê·μ¢´¥ ³Ò ¶·μ¢μ¤¨²¨ ¸· ¢´¥´¨Ö ¸ ±μ³¶ÓÕÉ¥·´Ò³¨ ¸¨¸É¥-
³ ³¨ GRACE-tree [41], CompHEP [42], PHOTOS [43,44], PYTHIA [45]. �¥-
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§Ê²ÓÉ ÉÒ μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¡Ò²¨ ¶·μ¢¥·¥´Ò ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ¸ ¶·μ-
£· ³³ ³¨ HORACE [46, 47], WGRAD2 [48, 49], ZGRAD2 [50, 51], ±μ¤μ³
S.Dittmaier ¨ M. Kramer [52], FeynArts [53,54] ¨ GRACE-loop [55]. �·¥Í¨§¨-
μ´´Ò¥ ¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¤·Ê£¨³¨ £·Ê¶¶ ³¨ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³  ²ÓÉ¥·´ É¨¢´ÒÌ ±μ³¶ÓÕÉ¥·´ÒÌ ¶·μ£· ³³, ¶·μ¢μ¤¨²¨¸Ó ± ± É¥É- -É¥É,
É ± ¨ ¢ · ³± Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨° [67Ä70]. ‘· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ -
¥³ÒÌ ´¥§ ¢¨¸¨³μ · §´Ò³¨ £·Ê¶¶ ³¨, ´¥μ¡Ìμ¤¨³Ò ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¢Ò¸μ±μ°
ÉμÎ´μ¸É¨ ¨ ´ ¤¥¦´μ¸É¨ É¥μ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨°, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥-
·¨³¥´É¥ ¶·¨ ¶·μ¢¥·±¥ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨ ¶μ¨¸±¥ ´μ¢μ° Ë¨§¨±¨.

�¡§μ· ¸μ¸Éμ¨É ¨§ ¢¢¥¤¥´¨Ö, ¶ÖÉ¨ · §¤¥²μ¢ ¨ § ±²ÕÎ¥´¨Ö.
� §¤. 1 μ¡§μ·  ¶μ¸¢ÖÐ¥´ · ´´¥³Ê ÔÉ ¶Ê · ¡μÉ ¶μ ¶·μ¥±ÉÊ SANC, ±μ£¤ 

¥Ð¥ Éμ²Ó±μ ¢Ò· ¡ ÉÒ¢ ² ¸Ó ±μ´Í¥¶Í¨Ö ¸ ³μ£μ ¶·μ¥±É , ¸μ§¤ ¢ ²¨¸Ó ¨ É¥¸É¨-
·μ¢ ²¨¸Ó μ¸´μ¢´Ò¥ ¶·μÍ¥¤Ê·Ò ¸¨¸É¥³Ò.

‚ ¶. 1.1 μ¶¨¸ ´ μ¤¨´ ¨§ ¶¥·¢ÒÌ ¶·¨³¥·μ¢ ¶·μ¢¥·±¨ ¶· ¢¨²Ó´μ¸É¨ · ¸Î¥-
Éμ¢ SANC ¤²Ö Ë¨§¨Î¥¸±μ£μ ¶·μÍ¥¸¸  e+e− → f f̄ (¸³. · ¡μÉÊ [56]), ¶·¥¤¸É -
¢²ÖÕÐ¥£μ ¡μ²ÓÏμ° ¨´É¥·¥¸ ¤²Ö Ë¨§¨±¨ ²¨´¥°´μ£μ e+e−-±μ²² °¤¥· . ‡´ Î¥-
´¨¥ ÔÉμ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¢ÒÌμ¤¨É ¤ ²¥±μ §  · ³±¨ ¢μ¸¶·μ¨§¢¥¤¥´¨Ö ¨§¢¥¸É´ÒÌ
¢ ³¨·μ¢μ° ²¨É¥· ÉÊ·¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ, ´ ¶·¨³¥·, ¸ ¶μ³μÐÓÕ ¸¨-
¸É¥³ FeynArts/FeynCalc ¨ GRACE-loop. ‚ · ¡μÉ Ì [4] ¨ [57] ¡Ò²  ¶·μ¤¥³μ´-
¸É·¨·μ¢ ´  μ·¨£¨´ ²Ó´μ¸ÉÓ ¶μ¤Ìμ¤  SANC: ¨¸¶μ²Ó§μ¢ ´¨¥ Rξ-± ²¨¡·μ¢±¨ ¸
É·¥³Ö ± ²¨¡·μ¢μÎ´Ò³¨ ¶ · ³¥É· ³¨ ξA, ξZ ¨ ξ ≡ ξW (Ö¢´μ¥ ¸μ±· Ð¥´¨¥
± ²¨¡·μ¢μÎ´ÒÌ ¶ · ³¥É·μ¢ ¢  ³¶²¨ÉÊ¤ Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ £ · ´É¨·Ê¥É
¢Ò¸μ±ÊÕ ´ ¤¥¦´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨°); ¢ ¸¢μÕ μÎ¥·¥¤Ó,  ´ ²¨É¨Î¥¸±μ¥ ¸μ±· Ð¥-
´¨¥ ¢μ§³μ¦´μ Éμ²Ó±μ ¶μ¸²¥ ¶μ²´μ° ®¸± ²Ö·¨§ Í¨¨¯  ³¶²¨ÉÊ¤Ò, É. ¥. ¸¢¥¤�¥´¨Ö
¢Ò· ¦¥´¨Ö ± ¸± ²Ö·´Ò³ ËÊ´±Í¨Ö³ � ¸¸ ·¨´μÄ‚¥²É³ ´  A0, B0, C0, D0 ¨
¢¸¶μ³μ£ É¥²Ó´Ò³ ËÊ´±Í¨Ö³ a0, b0, c0, d0. ‡¤¥¸Ó É ±¦¥ ¢¶¥·¢Ò¥ μ¶¨¸ ´μ
· §²μ¦¥´¨¥ ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  ¶μ ¡ §¨¸´Ò³ ¸É·Ê±ÉÊ· ³, ÎÉμ
¸É ²μ μ¤´¨³ ¨§ ¶¥·¢ÒÌ ¸É ´¤ ·É´ÒÌ Ï £μ¢ ¢ ·¥ ²¨§ Í¨¨ μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨-
¸²¥´¨° ¢ SANC [4,56,57].

‚ ¶. 1.2 ¶·¨¢¥¤¥´ ¶·¨³¥· ¨¸¶μ²Ó§μ¢ ´¨Ö SANC, μ¸´μ¢ ´´Ò° ´  · ¡μÉ¥ [6].
�¥§Ê²ÓÉ ÉÒ ÔÉμ° · ¡μÉÒ ¡Ò²¨ ¢´¥¤·¥´Ò ¢ ¶·μ£· ³³Ê ZFITTER V.6 35 ¨ ¢
É¥Î¥´¨¥ ·Ö¤  ²¥É ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶·¨ £²μ¡ ²Ó´μ³ Ë¨É¨·μ¢ ´¨¨ ³¨·μ¢ÒÌ ¤ ´-
´ÒÌ ¶μ Ô²¥±É·μ¸² ¡Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³. � ¡μÉ  ¢Ò¶μ²´¥´  ¶μ § ¶·μ¸Ê Ô±¸-
¶¥·¨³¥´É Éμ·μ¢ LEP ¢±²ÕÎ¨ÉÓ · ¸Î¥ÉÒ ¶ · ³¥É·μ¢ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢
 Éμ³´ÒÌ ¶¥·¥Ìμ¤ Ì (§¤¥¸Ó ¨ ¤ ²¥¥ APV) ¢ ¸¶¨¸μ± ¶¸¥¢¤μ´ ¡²Õ¤ ¥³ÒÌ, ¤μ-
¸ÉÊ¶´ÒÌ ¢ Ëμ·É· ´´ÒÌ ¶·μ£· ³³ Ì TOPAZ0 [81,82] ¨ ZFITTER [84,85], ¤²Ö
Éμ£μ ÎÉμ¡Ò ÊÎ¥¸ÉÓ ·¥§Ê²ÓÉ ÉÒ APV ¢ Ë¨É Ì, ¢Ò¶μ²´Ö¥³ÒÌ · ¡μÎ¥° £·Ê¶¶μ°
¶μ Ô²¥±É·μ¸² ¡μ° Ë¨§¨±¥ ´  LEP (LEP EWWG). „²Ö ¶·μ£· ³³Ò ZFITTER
¢Ò¶μ²´¥´μ ´μ¢μ¥ ¢ÒÎ¨¸²¥´¨¥ ¶ · ³¥É·μ¢ APV ¢ ¸Ì¥³¥ ¶¥·¥´μ·³¨·μ¢μ± ´ 
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (OMS) ¸ ¶μ³μÐÓÕ ¶·μÉμÉ¨¶  ±μ³¶ÓÕÉ¥·´μ° ¸¨¸É¥³Ò
SANC, ¸³. [3, 4]. �´¨ ¡Ò²¨ ¤μ¶μ²´¥´Ò ¶μ¸·¥¤¸É¢μ³ ÊÎ¥É  ¢¸¥Ì ¨§¢¥¸É´ÒÌ
± Éμ³Ê ¢·¥³¥´¨ ÔËË¥±Éμ¢ ¶μ¶· ¢μ± ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢.
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‚ ¶. 1.3 μ¶¨¸ ´ ¶¥·¢Ò° ¶·¨³¥· ¨¸¶μ²Ó§μ¢ ´¨Ö SANC ¤²Ö Ë¨§¨Î¥¸±¨Ì
¶·¨²μ¦¥´¨° ¢ Ô±¸¶¥·¨³¥´É¥ ¶μ £²Ê¡μ±μ´¥Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ ´¥°É·¨´μ [8].
� ¤¨ Í¨μ´´Ò¥ ÔËË¥±ÉÒ ¢ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ ´Ê±²μ´ ³¨, ¢±²ÕÎ Ö ¢ÒÎ¨¸²¥-
´¨¥ ¢±² ¤  ¦¥¸É±¨Ì ËμÉμ´μ¢ ¨ ¢±² ¤μ¢ ¢¨·ÉÊ ²Ó´ÒÌ (μ¤´μ¶¥É²¥¢ÒÌ) Ô²¥±É·μ-
¸² ¡ÒÌ ¶μ¶· ¢μ±, ¶·μ¤¥² ´´Ò¥ ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò SANC, ¡Ò²¨ ¢´¥¤·¥´Ò ¢
μ¡ÐÊÕ ¸Ì¥³Ê Œμ´É¥-Š ·²μ  ´ ²¨§  ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  NOMAD. “ÎÉ¥´Ò
¢±² ¤Ò ¸ ³ ¸¸μ¢Ò³¨ ¸¨´£Ê²Ö·´μ¸ÉÖ³¨, ¢±²ÕÎ Ö ¶μ¶· ¢±¨ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢
¢ ¢¥¤ÊÐ¥³ ²μ£ ·¨Ë³¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨. 	Ò²¨ ¶μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥
Ëμ·³Ê²Ò (¡¥§ Î¨¸²¥´´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö), μ¶¨¸Ò¢ ÕÐ¨¥ ¶μ¶· ¢±¨. ˆ¸¸²¥-
¤μ¢ ´¨Ö ¶·μ¢¥¤¥´Ò ¢ ¤¢ÊÌ Ô²¥±É·μ¸² ¡ÒÌ ¸Ì¥³ Ì: GF ¨ α(0), ¨ Ê¸É ´μ¢²¥´μ,
ÎÉμ § ¢¨¸¨³μ¸ÉÓ μÉ ¢Ò¡μ·  ¸Ì¥³Ò § ³¥É´ . �μ¢¥¤¥´¨¥ ¶μ¶· ¢μ± ¤μ¸É ÉμÎ´μ
£² ¤±μ¥, ¨Ì §´ Î¥´¨Ö ¤μ¸É¨£ ÕÉ ´¥¸±μ²Ó±¨Ì ¶·μÍ¥´Éμ¢, ÎÉμ £μ¢μ·¨É μ ´¥μ¡-
Ìμ¤¨³μ¸É¨ ¨Ì ÊÎ¥É  ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

‚ ¶¥·¥Ìμ¤´Ò° ¶¥·¨μ¤ · §¢¨É¨Ö ±μ³¶ÓÕÉ¥·´μ° ¸¨¸É¥³Ò SANC c 2000
¶μ 2004 £. ¶·μ¥±É ¨´É¥´¸¨¢´μ μ¡¸Ê¦¤ ²¸Ö ´  ·μ¸¸¨°¸±¨Ì ¨ ³¥¦¤Ê´ ·μ¤´ÒÌ
±μ´Ë¥·¥´Í¨ÖÌ [3, 4, 56, 58Ä60], ¢ Éμ³ Î¨¸²¥ ´  �μÎ¥¸É¥·¸±μ° ±μ´Ë¥·¥´Í¨¨
¢ �³¸É¥·¤ ³¥ ¢ 2002 £. [59].

‚ · §¤. 2 μ¶¨¸ ´  ¸μ¡¸É¢¥´´μ ±μ³¶ÓÕÉ¥·´ Ö ¸¨¸É¥³  SANC v.1.00.
‚ ¶. 2.1 · ¸¸³μÉ·¥´  ¡ §  ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò ¸¨¸É¥³Ò, μ¸´μ¢ ´´ Ö ´ 

¶μÉμ± Ì ¢ÒÎ¨¸²¥´¨° ¢´ÊÉ·¨ ¶·μÍ¥¤Ê·,   É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¶·μÍ¥¤Ê·Ò ¢ÒÎ¨-
¸²¨É¥²Ó´μ° ¸·¥¤Ò: ¸¶¥Í¨Ë¨Î¥¸±¨¥, ¸¶¥Í¨ ²Ó´Ò¥ ¨ ¢´ÊÉ·¥´´¨¥ (intrinsic). �·¨-
¢¥¤¥´μ μ¶¨¸ ´¨¥ ·¥ ²¨§ Í¨¨ ¶·¥¤¢ÒÎ¨¸²¥´¨°, ¤¥·¥¢Ó¥¢ SANC,   É ±¦¥ ¶·¥¤-
¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ³μ¤Ê²¥° ¤²Ö ¸μ¡¸É¢¥´´ÒÌ Ô´¥·£¨°, ¢¥·Ï¨´ ¨ ¡μ±¸-¤¨ £· ³³.
	μ²¥¥ ¶μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò ¸¨¸É¥³Ò ³μ¦´μ ´ °É¨ ¢ · -
¡μÉ¥ [11]. „ ²¥¥ μ¶¨¸ ´Ò  ´ ²¨É¨Î¥¸±¨° ¨ Î¨¸²¥´´Ò° Ê·μ¢´¨ ¢´¥¤·¥´¨Ö
¶·μÍ¥¸¸μ¢ ¢ ¸¨¸É¥³Ê SANC. „¥·¥¢μ ¶·μÍ¥¸¸μ¢ SANC ¸μ¤¥·¦¨É É·¨ ³μ¤¥²¨
¢§ ¨³μ¤¥°¸É¢¨° Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í: ±¢ ´Éμ¢ÊÕ Ô²¥±É·μ¤¨´ ³¨±Ê, Ô²¥±-
É·μ¸² ¡Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ±¢ ´Éμ¢ÊÕ Ì·μ³μ¤¨´ ³¨±Ê (QED, EW ¨ QCD).
�´ ²¨É¨Î¥¸±¨° Ê·μ¢¥´Ó ¢´¥¤·¥´¨Ö ¶·μÍ¥¸¸μ¢ ¶·¥¤¶μ² £ ¥É ¢ÒÎ¨¸²¥´¨¥ μ¤´μ-
¶¥É²¥¢ÒÌ ¸± ²Ö·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ (FF-³μ¤Ê²Ó), ¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤
(HA-³μ¤Ê²Ó) ¨ ¸μ¶ÊÉ¸É¢ÊÕÐ¥£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö (BR-³μ¤Ê²Ó). ‚ ´¥±μ-
Éμ·ÒÌ ¸²ÊÎ ÖÌ ¨³¥¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° ³μ¤Ê²Ó Œμ´É¥-Š ·²μ (MC-³μ¤Ê²Ó),
¶·¥¤´ §´ Î¥´´Ò° ¤²Ö · ¸Î¥É  ¶μ²´μ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨°
¢ MC-±μ¤ Ì. ŒÖ£±μ¥ Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ μ¡² ¤ ¥É ¡μ·´μ¶μ¤μ¡´μ° ±¨´¥³ -
É¨±μ°, ¢ Éμ ¢·¥³Ö ± ± Ë §μ¢μ¥ ¶·μ¸É· ´¸É¢μ ¦¥¸É±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö
¸μ¤¥·¦¨É ¤μ¶μ²´¨É¥²Ó´ÊÕ Î ¸É¨ÍÊ (ËμÉμ´ ¨²¨ £²Õμ´).

‘¶¥Í¨Ë¨±   ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ³ ¸¸ ³¨ ²¥£-
±¨Ì Ë¥·³¨μ´μ¢ ¶¥·¢μ£μ ¶μ±μ²¥´¨Ö ¶·¥´¥¡·¥£ ¥É¸Ö ¶μ¢¸Õ¤Ê, §  ¨¸±²ÕÎ¥´¨¥³
QED-¤¨ £· ³³ ¸ ¢¨·ÉÊ ²Ó´Ò³¨ ¨ ·¥ ²Ó´Ò³¨ ËμÉμ´ ³¨. �¶¨¸ ´ Î¨¸²¥´´Ò°
Ê·μ¢¥´Ó ¢´¥¤·¥´¨Ö ¶·μÍ¥¸¸μ¢. „²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ëμ·-
É· ´´Ò¥ ³μ¤Ê²¨, ¸£¥´¥·¨·μ¢ ´´Ò¥ ¶ ±¥Éμ³ s2n.f, Å Î ¸ÉÓÕ ¸¨¸É¥³Ò, ´ ¶¨-
¸ ´´μ° ´  Ö§Ò±¥ PERL. ‘¨¸É¥³  SANC ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸μ¡¸É¢¥´´ÊÕ Ëμ·É· ´-
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´ÊÕ ¡¨¡²¨μÉ¥±Ê ¤²Ö Î¨¸²¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° ËÊ´±Í¨° � ¸¸ ·¨´μÄ‚¥²É³ ´  ¨
¨¸¶μ²Ó§Ê¥É ¶ ±¥É LoopTools [105]. �¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ´ Ï¨Ì Î¨¸²¥´´ÒÌ
· ¸Î¥Éμ¢ ¤²Ö ¢¸¥Ì ¢´¥¤·¥´´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ ¤·Ê£¨³¨ ´¥§ ¢¨¸¨³Ò³¨ μ¤´μ¶¥É²¥-
¢Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨, ¸ÊÐ¥¸É¢ÊÕÐ¨³¨ ¢ ²¨É¥· ÉÊ·¥, ¶μ± § ´Ò ¢ ±μ´Í¥ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨Ì ¶Ê´±Éμ¢.

‚ · §¤. 3 ¶μ ¥¤¨´μ° ¸Ì¥³¥ μ¶¨¸ ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢´¥¤·¥´´ÒÌ ¢ ¸¨-
¸É¥³Ê Ô²¥±É·μ¸² ¡ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨
¤²Ö ¶·μÍ¥¸¸μ¢ ffff → 0, ffbb → 0 ¨ bbbb → 0, £¤¥ f μ¡μ§´ Î ¥É Ë¥·-
³¨μ´,   b Å ± ±μ°-²¨¡μ ¡μ§μ´ SM. „²Ö ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¢ μ·¨£¨´ ²Ó´ÒÌ
· ¡μÉ Ì ¶μ²ÊÎ¥´Ò Ëμ·³Ë ±Éμ·Ò, ¸¢μ¡μ¤´Ò¥ μÉ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ · ¸Ìμ¤¨-
³μ¸É¥°, ¨ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò. „²Ö Ê¸É· ´¥´¨Ö ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨³μ-
¸É¥° ÊÎÉ¥´Ò ¢±² ¤Ò ³Ö£±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö. ‚ÒÎ¨¸²¥´Ò ¨ ¢´¥¤·¥´Ò
¢ ¸¨¸É¥³Ê ¢±² ¤Ò ¦¥¸É±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö.

‚ ¶. 3.1Ä3.7 ³Ò ¶μ± §Ò¢ ¥³ ±μ¢ ·¨ ´É´Ò¥  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸μ¢ ¢ μ¤´μ-
¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¶·¥¤¸É ¢²Ö¥³ ¸· ¢´¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸
¨³¥ÕÐ¨³¨¸Ö ¢ ³¨·μ¢μ° ²¨É¥· ÉÊ·¥ ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶·μÍ¥¸¸μ¢:

� f f̄ → ZZ;
� f f̄HZ → 0 ¢ ± ´ ²¥  ´´¨£¨²ÖÍ¨¨ f1f̄1 → HZ ¨ ¢ ± ´ ²¥ · ¸¶ ¤ 

H → f1f̄1Z;
� f f̄HA → 0 ¢ É·¥Ì ± ´ ² Ì: ¢ ± ´ ²¥  ´´¨£¨²ÖÍ¨¨ f1f̄1 → Hγ, ¢ ± ´ ²¥

· ¸¶ ¤  H → f1f̄1γ ¨ ¢ ± ´ ²¥ ·μ¦¤¥´¨Ö H-¡μ§μ´  γe → eH ;
� f f̄ZA → 0 ¢ É·¥Ì ± ´ ² Ì: ¢ ± ´ ²¥  ´´¨£¨²ÖÍ¨¨ f1f̄1 → Zγ, ¢ ± ´ ²¥

· ¸¶ ¤  Z → f1f̄1γ ¨ ¢ ± ´ ²¥ ·μ¦¤¥´¨Ö Z-¡μ§μ´  f1γ → f1Z;
� μ¤¨´μÎ´μ£μ ·μ¦¤¥´¨Ö t-±¢ ·±  (´  ¶ ·Éμ´´μ³ Ê·μ¢´¥) ¨ · §²¨Î´ÒÌ

± ´ ²μ¢ ¥£μ · ¸¶ ¤μ¢;
� ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  c μ¤¨´μÎ´Ò³ ·μ¦¤¥´¨¥³ W - ¨ Z-¡μ§μ´μ¢

(± ´ ²Ò CC ¨ N‘), ¢¥É¢¨ EW ¨ QCD; f f̄ZA → 0 ¢ É·¥Ì ± ´ ² Ì: ¢ ± ´ ²¥
 ´´¨£¨²ÖÍ¨¨ f1f̄1 → Zγ, ¢ ± ´ ²¥ · ¸¶ ¤  Z → f1f̄1γ ¨ ¢ ± ´ ²¥ ·μ¦¤¥´¨Ö
Z-¡μ§μ´  f1γ → f1Z.

‘μ¤¥·¦ ´¨¥ ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨° μ¶Ê¡²¨±μ¢ ´μ ¢ · ¡μÉ Ì [12, 16, 22, 61] ¨
¤μ±² ¤Ò¢ ²μ¸Ó ´  · ¡μÎ¨Ì ¸μ¢¥Ð ´¨ÖÌ £·Ê¶¶Ò ATLAS ¢ �ˆŸˆ ¨ ´  ³¥¦¤Ê-
´ ·μ¤´ÒÌ ±μ´Ë¥·¥´Í¨ÖÌ, ¸³., ´ ¶·¨³¥·, · ¡μÉÊ [62].

‚ ¶. 3.8 μ¡§μ·  · ¸¸³ É·¨¢ ¥É¸Ö ¶μ¤Ìμ¤ ±  ´ ²¨É¨Î¥¸±μ³Ê ¸μ±· Ð¥´¨Õ
³ ¸¸μ¢ÒÌ ¨ ¨´Ë· ±· ¸´ÒÌ ¸¨´£Ê²Ö·´μ¸É¥° ¢ Ô²¥±É·μ¸² ¡ÒÌ ¶μ¶· ¢± Ì.
‚ ÔÉμ³ ¶Ê´±É¥ μ¶¨¸ ´Ò ¶·μÍ¥¤Ê·Ò ¢¢¥¤¥´¨Ö ¨ ¢ÒÎ¨¸²¥´¨Ö ¢¸¶μ³μ£ É¥²Ó´ÒÌ
ËÊ´±Í¨° J , ¢μ§´¨± ÕÐ¨Ì ¶·¨ ¢Ò¤¥²¥´¨¨ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¨§
D0-ËÊ´±Í¨° ¢ ·¥¤Ê±Í¨¨ � ¸¸ ·¨´μÄ‚¥²É³ ´ . 	Ò²μ ¶·μ¢¥¤¥´μ ¸· ¢´¥´¨¥
¸ ¶·μ£· ³³´Ò³ ¶ ±¥Éμ³ LoopTools [105], ±μÉμ·μ¥ ¶μ¤É¢¥·¤¨²μ ¶· ¢¨²Ó´μ¸ÉÓ
¨ ¡Ò¸É·μÉÊ ¸Î¥É  ¶μ ¶μ²ÊÎ¥´´Ò³ ±μ·μÉ±¨³ Ëμ·³Ê² ³. ‘μ¤¥·¦ ´¨¥ ÔÉμ£μ
¶Ê´±É  μ¶Ê¡²¨±μ¢ ´μ ¢ · ¡μÉ Ì [63Ä65].

‚ · §¤. 4 ¶·¥¤¸É ¢²¥´Ò ¶·μ£· ³³´Ò¥ ¶·μ¤Ê±ÉÒ Å ¸É ´¤ ·É´Ò¥ SANC
Ëμ·É· ´´Ò¥ ³μ¤Ê²¨ (SSFM) Å ¨ ¶·μ¤¥³μ´¸É·¨·μ¢ ´Ò ¶·¨³¥·Ò ¨Ì ¶·¨³¥-



��…–ˆ‡ˆ����… ��ˆ‘��ˆ… ���–…‘‘�‚ �� Š�‹‹�‰„…��• ‚ ‘ˆ‘’…Œ… SANC 451

´¥´¨Ö. Š· É±μ μ¶¨¸ ´Ò ¸μ§¤ ´´Ò¥ £¥´¥· Éμ·Ò Œμ´É¥-Š ·²μ ¨ ¨´É¥£· Éμ·
MCSANC. �μ± § ´ ¶·¨³¥· Ê¸¶¥Ï´μ° ·¥ ²¨§ Í¨¨ ¨¤¥¨ Ô±¸¶μ·É  ³μ¤Ê²¥°
μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ £¥´¥· Éμ·Ò Œμ´É¥-Š ·²μ, ¸μ§¤ ¢ ¥³Ò¥ ¤·Ê£¨³¨
£·Ê¶¶ ³¨ [71].

‚ · §¤. 5 μ¶¨¸ ´Ò μ¸´μ¢´Ò¥ ¶·¨²μ¦¥´¨Ö ¢ÒÎ¨¸²¥´¨° SANC ¤²Ö § ¤ Î,
·¥Ï ¥³ÒÌ ±μ²² ¡μ· Í¨¥° ATLAS ´  LHC. ‚ ÔÉμ³ · §¤¥²¥ · ¸¸± §Ò¢ ¥É¸Ö
μ¡ ¨¸¶μ²Ó§μ¢ ´¨¨ SSFM ¢ ¶ ±¥É Ì ´  ¶ ·Éμ´´μ³ Ê·μ¢´¥ ¤²Ö ¡Ò¸É·μ£μ ¨§ÊÎ¥-
´¨Ö · §²¨Î´ÒÌ ¸¢μ°¸É¢ ´¥±μÉμ·ÒÌ ¶μ¤¶·μÍ¥¸¸μ¢: μÍ¥´μ± ÔËË¥±Éμ¢, ¸¢Ö§ ´-
´ÒÌ ¸ § ¢¨¸¨³μ¸ÉÓÕ μÉ ¢Ìμ¤´ÒÌ ¶ · ³¥É·μ¢, · §²¨Î´ÒÌ Ô²¥±É·μ¸² ¡ÒÌ ¸Ì¥³,
¢§ ¨³´μ£μ ¢²¨Ö´¨Ö · §²¨Î´ÒÌ ¢±² ¤μ¢ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± (EW-QCD,
QED-¨§²ÊÎ¥´¨Ö ¨§ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° ¨ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨).
‘μ¤¥·¦ ´¨¥ ÔÉμ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¨§²μ¦¥´μ ¢ · ¡μÉ Ì [21,66Ä68].

ƒ¥´¥· Éμ·Ò ¸μ¡ÒÉ¨° SANC ¡Ò²¨ ¸±μμ·¤¨´¨·μ¢ ´´μ ¸¢Ö§ ´Ò ¸ ±μ¤ ³¨
PYTHIA ¨ HERWIG [72], £¥´¥·¨·ÊÕÐ¨³¨ ¶ ·Éμ´´Ò¥ ²¨¢´¨. ‚ ¤ ²Ó´¥°Ï¥³
¸£¥´¥·¨·μ¢ ´´Ò¥ ¸μ¡ÒÉ¨Ö ³μ£ÊÉ ¡ÒÉÓ ¶·μ¶ÊÐ¥´Ò Î¥·¥§ ¶μ²´ÊÕ ¶·μ£· ³³´ÊÕ
¸·¥¤Ê, ³μ¤¥²¨·ÊÕÐÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¸¨ÉÊ Í¨Õ (¤¥É¥±Éμ·Ò). ‘ ¶μ³μÐÓÕ
ÔÉ¨Ì ¶·μ£· ³³´ÒÌ ¶·μ¤Ê±Éμ¢ Œμ´É¥-Š ·²μ ¸¨¸É¥³Ò SANC ¡Ò²¨ ¨§ÊÎ¥´Ò EW
RC, ´¥ ÊÎÉ¥´´Ò¥ · ´¥¥ ¢ ¸É ´¤ ·É´ÒÌ ¶·μ£· ³³ Ì, ¨¸¶μ²Ó§Ê¥³ÒÌ ¶·¨  ´ ²¨§¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´  LHC. � ¨³¥´´μ, Î¨¸Éμ ¸² ¡Ò¥ (PW) ¶μ¶· ¢±¨
¨ ¶μ¶· ¢±¨, μ¡Ê¸²μ¢²¥´´Ò¥ QED-¨´É¥·Ë¥·¥´Í¨¥° ¨§²ÊÎ¥´¨Ö (¢¨·ÉÊ ²Ó´ÒÌ ¨
·¥ ²Ó´ÒÌ ËμÉμ´μ¢) ¨§ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° (QED IFI) ¢ ¶·μ-
Í¥¸¸ Ì É¨¶  „·¥²² ÄŸ´ , É. ¥. É ± ´ §Ò¢ ¥³μ£μ μ¤¨´μÎ´μ£μ ·μ¦¤¥´¨Ö Z- ¨
W -¡μ§μ´μ¢: pp → (Z, γ) → e+e−X ¨ pp → (W ) → e+νeX .

‚Ò¡μ·μÎ´μ ¶·¥¤¸É ¢²¥´Ò ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ´¥¸±μ²Ó±¨Ì ´¥§ ¢¨¸¨-
³ÒÌ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨Ì £·Ê¶¶ ¢ · ³± Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨° ¶μ ¸μ£² ¸μ¢ ´-
´μ³Ê ¸· ¢´¥´¨Õ ¤²Ö ±μ¤μ¢ ±μ²² ¡μ· Í¨¨ ATLAS. ‚Ò¸μ±μÉμÎ´Ò¥ ¸· ¢´¥´¨Ö
´¥§ ¢¨¸¨³μ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤¥³μ´¸É·¨·ÊÕÉ ¶μ²´μ¥ ¸μ£² ¸¨¥ ¢ μ¶¨¸ -
´¨¨ ¢±² ¤μ¢ QCD ¨ Ô²¥±É·μ¸² ¡ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¢ μ¤´μ¶¥É²¥¢μ³
(NLO) ¶·¨¡²¨¦¥´¨¨. ’ ±¦¥ ¡Ò²μ ¶μ± § ´μ [67, 69, 70], ÎÉμ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö
É·¥¡Ê¥³μ£μ LHC Ê·μ¢´Ö ÉμÎ´μ¸É¨ ¢ ¦´Ò ÔËË¥±ÉÒ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢.

‚ § ±²ÕÎ¥´¨¨ ±· É±μ ¸Ê³³¨·ÊÕÉ¸Ö μ¸´μ¢´Ò¥ ´ ÊÎ´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤-
¸É ¢²¥´´Ò¥ ¢ μ¡§μ·¥, ¨ ¢Ò· ¦ ÕÉ¸Ö ¡² £μ¤ ·´μ¸É¨ ±μ²²¥£ ³ ¶μ ¸μ¢³¥¸É´μ°
· ¡μÉ¥.

‚ · ¡μÉ¥ Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸μ±· Ð¥´¨Ö, ¶·¨´ÖÉÒ¥ ¢  ´£²μÖ§ÒÎ´μ°
²¨É¥· ÉÊ·¥. � ¸Ï¨Ë·μ¢±  ÔÉ¨Ì μ¡μ§´ Î¥´¨° ¶·¨¢¥¤¥´  ¢ ¶·¨²μ¦¥´¨¨.

1. �…�‚›‰ �’�� ��‡‚ˆ’ˆŸ SANC (2000Ä2004 ƒƒ.)

1.1. �·μÍ¥¸¸ e+e− → tt̄. �·μÍ¥¸¸ e+e− → tt̄ ´ Î ²¨ ¨§ÊÎ ÉÓ μ±μ²μ 20 ²¥É
´ § ¤ ¢ ¸¢Ö§¨ ¸ ¶·¥¤¶μ² £ ¢Ï¨³¨¸Ö Ô±¸¶¥·¨³¥´É ³¨ ´  ¡Ê¤ÊÐ¨Ì ²¨´¥°´ÒÌ
e+e−-±μ²² °¤¥· Ì (¸³., ´ ¶·¨³¥·, μ¡§μ· [74]). ” ±É¨Î¥¸±¨ ÔÉμ Ï¥¸É¨Ë¥·³¨-
μ´´Ò° ¶·μÍ¥¸¸, ¶μ¸±μ²Ó±Ê Éμ¶-±¢ ·±¨ ³μ³¥´É ²Ó´μ · ¸¶ ¤ ÕÉ¸Ö [75]. �¤´ ±μ
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¸¥Î¥´¨¥ ¦¥¸É±μ£μ ¶μ¤¶·μÍ¥¸¸  σ(e+e− → tt̄) ¸ Éμ¶-±¢ ·± ³¨ ´  ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨ Ö¢²Ö¥É¸Ö ¸μ¸É ¢´μ° Î ¸ÉÓÕ ¢ ´¥¸±μ²Ó±¨Ì ¶μ¤Ìμ¤ Ì, É ±¨Ì ± ±
¤¢μ°´μ¥ ¶μ²Õ¸´μ¥ ¶·¨¡²¨¦¥´¨¥ [76] ¨²¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ Ö É¥μ·¨Ö ¢μ§³Ê-
Ð¥´¨° [77]. ‚ · ¡μÉ Ì [56] ¨ [4] ¶·¥¤¸É ¢²¥´μ ±· É±μ¥ μ¶¨¸ ´¨¥ ¢ÒÎ¨¸²¥´¨Ö
Ô²¥±É·μ¸² ¡μ° Î ¸É¨  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  e+e− → tt̄, ¢Ò¶μ²´¥´´μ° ¸ ¶μ³μ-
ÐÓÕ ¸¨¸É¥³Ò SANC.

	Ò²  ¨¸¶μ²Ó§μ¢ ´  ¸Ì¥³  ¶¥·¥´μ·³¨·μ¢μ± ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨
(OMS), ¶μ²´μ¥ μ¶¨¸ ´¨¥ ±μÉμ·μ° ¸μ¤¥·¦¨É¸Ö, ´ ¶·¨³¥·, ¢ [1]. ‚¶¥·¢Ò¥
¢ÒÎ¨¸²¥´¨Ö ¡Ò²¨ ¸¤¥² ´Ò ¢ ¤¢ÊÌ ± ²¨¡·μ¢± Ì: Rξ ¨ Ê´¨É ·´μ° ± ²¨¡·μ¢±¥.

„²Ö ¶·μÍ¥¸¸  e+e− → tt̄ ¢ μ¤´μ° ¶¥É²¥ ³μ¦´μ μÉ¤¥²¨ÉÓ ± ²¨¡·μ¢μÎ´μ-
¨´¢ ·¨ ´É´ÊÕ ¶μ¤£·Ê¶¶Ê Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ¶· ¢μ±: QED-¢¥·Ï¨´Ò, ¡μ±¸-
¤¨ £· ³³Ò γγ ¨ Zγ. ‚³¥¸É¥ ¸ QED-¤¨ £· ³³ ³¨ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ÔÉ 
¶μ¤£·Ê¶¶  ¸¢μ¡μ¤´  μÉ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨³μ¸É¥°. ‚±² ¤ QED-¤¨ £· ³³
¶·¨¢¥¤¥´ ¢ · ¡μÉ¥ [78]. �μ²´ Ö Ô²¥±É·μ¸² ¡ Ö  ³¶²¨ÉÊ¤  Å ÔÉμ ¸Ê³³ 
®μ¤¥ÉÒÌ¯  ³¶²¨ÉÊ¤ γ- ¨ Z-μ¡³¥´  ¶²Õ¸ ¢±² ¤Ò μÉ ¤¨ £· ³³ ¸² ¡ÒÌ ¡μ±¸μ¢
(WW ¨ ZZ).

‚ μÉ²¨Î¨¥ μÉ ¡μ·´μ¢¸±μ° μ¤´μ¶¥É²¥¢ Ö  ³¶²¨ÉÊ¤  ³μ¦¥É ¡ÒÉÓ · §²μ¦¥´ 
¶μ Ï¥¸É¨ ¡ §¨¸´Ò³ ¸É·Ê±ÉÊ· ³ ¨ ¶ · ³¥É·¨§μ¢ ´  ¸μμÉ¢¥É¸É¢¥´´μ Ï¥¸ÉÓÕ
¸± ²Ö·´Ò³¨ Ëμ·³Ë ±Éμ· ³¨, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Î¨¸²Ê ´¥§ ¢¨¸¨³ÒÌ ¸¶¨· ²Ó-
´ÒÌ  ³¶²¨ÉÊ¤ ÔÉμ£μ ¶·μÍ¥¸¸ .

ŒÒ · ¡μÉ ¥³ ¢ É ± ´ §Ò¢ ¥³μ³ LQD-¡ §¨¸¥, ±μÉμ·Ò° ¥¸É¥¸É¢¥´´μ ¢μ§´¨-
± ¥É ¢ ¸²ÊÎ ¥, ±μ£¤  ³ ¸¸ ³¨ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ´¥ ¶·¥´¥¡·¥£ ¥É¸Ö. …¸²¨
¡Ò ³ ¸¸ ³¨ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö É ±¦¥ ´¥ ¶·¥´¥¡·¥£ ²μ¸Ó, Éμ ³Ò ¨³¥²¨
¡Ò 10 ¡ §¨¸´ÒÌ ¸É·Ê±ÉÊ·, 10 Ëμ·³Ë ±Éμ·μ¢ ¨ 10 ´¥§ ¢¨¸¨³ÒÌ ¸¶¨· ²Ó´ÒÌ
 ³¶²¨ÉÊ¤.

Š ¦¤Ò° Ëμ·³Ë ±Éμ· ¢ Rξ-± ²¨¡·μ¢±¥ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ± ± ¸Ê³³ 
¤¢ÊÌ Î²¥´μ¢:

F ξ
L,Q,D(s) = F

(1)
L,Q,D(s) + F add

L,Q,D(s). (1)

�¥·¢μ¥ ¸² £ ¥³μ¥ μÉ¢¥Î ¥É ± ²¨¡·μ¢±¥ ξ = 1,   ¢Éμ·μ¥ ¸μ¤¥·¦¨É ¢¸¥ ξ-§ -
¢¨¸¨³μ¸É¨ ¨ ¨¸Î¥§ ¥É ¶·¨ ξ = 1 ¶μ ¶μ¸É·μ¥´¨Õ.

ŒÒ ¶·μ¢¥·¨²¨ ¸μ±· Ð¥´¨¥ ¢¸¥Ì ξ-§ ¢¨¸¨³ÒÌ Î²¥´μ¢ ¢ ´¥¸±μ²Ó±¨Ì ¶μ¤-
£·Ê¶¶ Ì ¤¨ £· ³³ ¶μ μÉ¤¥²Ó´μ¸É¨, ±μÉμ·Ò¥ ³Ò ´ §¢ ²¨ ±² ¸É¥· ³¨: γ, Z ¨ H
(¢¥·Ï¨´Ò ¨ ±μ´É·Î²¥´Ò); W -±² ¸É¥·, ¢±²ÕÎ ÕÐ¨° ¢ ¸¥¡Ö É ±¦¥ ¸μ¡¸É¢¥´´Ò¥
Ô´¥·£¨¨ ¨ WW -¡μ±¸Ò; γγ-, γZ- ¨ ZZ-¡μ±¸Ò. ŒÒ ´ Ï²¨ 7 É ±¨Ì ¶μ¤£·Ê¶¶:
É·¨ ¢ QED-¸¥±Éμ·¥ ¨ Î¥ÉÒ·¥ ¢ Ô²¥±É·μ¸² ¡μ³ ¸¥±Éμ·¥.

®�¤¥É Ö¯  ³¶²¨ÉÊ¤  γ-μ¡³¥´  ¨¤¥´É¨Î´  ¡μ·´μ¢¸±μ°  ³¶²¨ÉÊ¤¥ ¸ ÉμÎ´μ-
¸ÉÓÕ ¤μ § ³¥´Ò α(0) ´  ¡¥£ÊÐÊÕ Ô²¥±É·μ³ £´¨É´ÊÕ ±μ´¸É ´ÉÊ α(s).

‚ LQD-¡ §¨¸¥  ³¶²¨ÉÊ¤  Z-μ¡³¥´  ¨³¥¥É ¡μ·´μ¶μ¤μ¡´ÊÕ ¸É·Ê±ÉÊ·Ê
¢ É¥·³¨´ Ì Ï¥¸É¨ (LL, QL, LQ, QQ, LD ¨ QD) Ëμ·³Ë ±Éμ·μ¢.

‡ ³¥É¨³, ÎÉμ Ëμ·³Ë ±Éμ·Ò F̃ij ¶μ£²μÐ ÕÉ ±μ´¸É ´ÉÒ ¸¢Ö§¨, ÎÉμ ¶·¨¢μ-
¤¨É ± ¡μ²¥¥ ±μ³¶ ±É´Ò³ ¢Ò· ¦¥´¨Ö³ ¤²Ö  ³¶²¨ÉÊ¤Ò. �Éμ É¨¶¨Î´Ò° ¶·¨³¥·
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¨¸¶μ²Ó§μ¢ ´¨Ö ¶μ´ÖÉ¨° ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò, ¡ §¨¸´ÒÌ ¸É·Ê±ÉÊ· ¨ ¸± -
²Ö·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¢ ¨¤¥μ²μ£¨¨ SANC.

‚¸¥ ¶μ²ÊÎ¥´´Ò¥ ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸   ´ ²¨É¨Î¥¸±¨¥ Ëμ·³Ê²Ò ¡Ò²¨ ·¥ ²¨-
§μ¢ ´Ò ¢ Ëμ·É· ´´μ° ¶·μ£· ³³¥ eeffLib [79]. ‚ · ¡μÉ¥ [57] ¶·¨¢¥¤¥´Ò ³´μ-
£μÎ¨¸²¥´´Ò¥ ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ eeffLib ¨ ´ Ï¥° ¶·¥¤Ò¤ÊÐ¥° ¶·μ£· ³³Ò
ZFITTER v6.30 [80] ¤²Ö ± ´ ²μ¢ ·μ¦¤¥´¨Ö ²¥£±¨Ì ±¢ ·±μ¢ ¨ ¶·μ¤¥³μ´¸É·¨-
·μ¢ ´μ μÎ¥´Ó Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

�±μ´Î É¥²Ó´μ¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ eeffLib, FeynArts ¨ GRACE-loop
¡Ò²μ ¶·¨¢¥¤¥´μ ¢ · ¡μÉ¥ ´ Ï¥° £·Ê¶¶Ò [7]. �´μ ¶μ± § ²μ ¸μ£² ¸¨¥ ·¥§Ê²Ó-
É Éμ¢ ¢¶²μÉÓ ¤μ 9Ä11 §´ Î Ð¨Ì Í¨Ë·. ‚ ÔÉμ° · ¡μÉ¥ ¡Ò²μ ¢¶¥·¢Ò¥ ¶·μ¤¥-
³μ´¸É·¨·μ¢ ´μ · §²μ¦¥´¨¥ ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  ¶μ ¡ §¨¸´Ò³
¸É·Ê±ÉÊ· ³, ÎÉμ ¢¶μ¸²¥¤¸É¢¨¨ ¸É ²μ μ¤´¨³ ¨§ ¶¥·¢ÒÌ ¸É ´¤ ·É´ÒÌ Ï £μ¢ ¢ ·¥-
 ²¨§ Í¨¨ μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ SANC.

1.2. � ·ÊÏ¥´¨¥ Î¥É´μ¸É¨ ¢  Éμ³´ÒÌ ¶¥·¥Ìμ¤ Ì. �Éμ ¨¸¸²¥¤μ¢ ´¨¥ ¡Ò²μ
¢Ò¶μ²´¥´μ ¢ μÉ¢¥É ´  § ¶·μ¸ Ô±¸¶¥·¨³¥´É Éμ·μ¢ LEP ¢±²ÕÎ¨ÉÓ · ¸Î¥ÉÒ ¶ -
· ³¥É·μ¢ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢  Éμ³´ÒÌ ¶¥·¥Ìμ¤ Ì (APV) ¢ ¸¶¨¸μ± ¶¸¥¢¤μ-
´ ¡²Õ¤ ¥³ÒÌ, ¤μ¸ÉÊ¶´ÒÌ ¢ ¶·μ£· ³³ Ì TOPAZ0 [81Ä83] ¨ ZFITTER [84,85],
¤²Ö Éμ£μ, ÎÉμ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶ · ³¥É·μ¢ APV ¢ ¶·μÍ¥-
¤Ê· Ì Ë¨É¨·μ¢ ´¨Ö, ¢Ò¶μ²´Ö¥³ÒÌ · ¡μÎ¥° £·Ê¶¶μ° ¶μ Ô²¥±É·μ¸² ¡μ° Ë¨§¨±¥
´  LEP (LEP EWWG).

�¥μ¡Ìμ¤¨³μ¸ÉÓ ´μ¢μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¸μ¸ÉμÖ²  ¢ Éμ³, ÎÉμ ´  Éμ ¢·¥³Ö Ê¦¥
¨³¥²¨¸Ó ¶·¥Í¨§¨μ´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨§³¥·¥´¨Ö APV ´  Ê·μ¢´¥ 0,4 %
¢ ¶ · Ì Í¥§¨Ö [86], É ²²¨Ö [87,88], ¸¢¨´Í  [89] ¨ ¢¨¸³ÊÉ  [90]. Š·μ³¥ Éμ£μ, ¸μ-
£² ¸´μ · ¡μÉ¥ [91], ´¥μ¶·¥¤¥²¥´´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ · ¸Î¥É ³¨  Éμ³´ÒÌ ¢μ²´μ-
¢ÒÌ ËÊ´±Í¨°, ¡Ò²¨ Ê³¥´ÓÏ¥´Ò ´  0,4 % ¤²Ö Í¥§¨Ö. „μ¶μ²´¨É¥²Ó´Ò¥ ´¥μ¶·¥-
¤¥²¥´´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¢¥²¨Î¨´μ° É¥´§μ·´μ° ¶μ²Ö·¨§Ê¥³μ¸É¨, ¡Ò²¨ μÍ¥´¥´Ò
¢ · ¡μÉ¥ [92]. �É³¥É¨³, μ¤´ ±μ, ÎÉμ ¨³¥¥É¸Ö ¸ÊÐ¥¸É¢¥´´ Ö · §´¨Í  ³¥¦¤Ê
¶¸¥¢¤μ´ ¡²Õ¤ ¥³Ò³¨ ´  Z-·¥§μ´ ´¸¥, ´ ¶·¨³¥·, ΓZ , σ0

h, A0
FB ¨ É. ¶., ¨ ¶ · -

³¥É· ³¨ APV, ±μ£¤  É¨¶¨Î´ Ö Ô´¥·£¥É¨Î¥¸± Ö Ï± ²  μ¶·¥¤¥²Ö¥É¸Ö ¶·¥¤¥²μ³
´Ê²¥¢μ£μ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¢ APV-£ ³¨²ÓÉμ´¨ ´¥. �ÉμÉ Ë ±É Ö¢²Ö¥É¸Ö
¶·¨Î¨´μ° μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¨Ì É¥μ·¥É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥°, ±μÉμ·Ò¥
μ¡Ê¸²μ¢²¥´Ò ´ Ï¨³ ¶·¥´¥¡·¥¦¥´¨¥³ QCD-¶μ¶· ¢± ³¨ ¢ ÔÉμ³ ·¥¦¨³¥.

„²Ö ¶·μ£· ³³Ò ZFITTER  ¢Éμ· ³ Ê¤ ²μ¸Ó ¢Ò¶μ²´¨ÉÓ ´μ¢μ¥ ¢ÒÎ¨¸²¥´¨¥
¶ · ³¥É·μ¢ APV ¢ ¸Ì¥³¥ ¶¥·¥´μ·³¨·μ¢μ± ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (OMS).

ŒÒ ¢§Ö²¨ ¢ÒÎ¨¸²¥´¨Ö Œ ·Î¨ ´μ ¨ ‘¨·²¨´  (W. Marciano ¨ A. Sirlin),
¢Ò¶μ²´¥´´Ò¥ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ° ¸Ì¥³¥ ³¨´¨³ ²Ó´μ£μ ¢ÒÎ¨É ´¨Ö (MS), ¨
· ¸Ï¨·¨²¨ ¨Ì ¶μ¸·¥¤¸É¢μ³ ÊÎ¥É  ¢¸¥Ì ¨§¢¥¸É´ÒÌ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ÔË-
Ë¥±Éμ¢ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢,   ¨³¥´´μ: ¤¢ÊÌ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ¶ · ³¥É· ρ [93],
ÉμÎ´ÒÌ ¶μ¶· ¢μ± O(ααs) [94], ¶μ¶· ¢μ± O(αα2

s) ± ρ [95] ¨ NLO ¤¢ÊÌ¶¥É²¥-
¢ÒÌ ¶μ¶· ¢μ± ¢ ·¥¦¨³¥ ÉÖ¦¥²μ£μ Éμ¶-±¢ ·±  [96]. ‚ Éμ ¦¥ ¢·¥³Ö ¡Ò²  ¸¤¥² ´ 
¶μ¶ÒÉ±  μÍ¥´¨ÉÓ É¥μ·¥É¨Î¥¸±¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ´  Ê·μ¢´¥ Ô²¥±É·μ¸² ¡ÒÌ
¨ QCD-¶μ¶· ¢μ±.
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‚³¥¸Éμ Éμ£μ ÎÉμ¡Ò ³¥´ÖÉÓ ³ ¸¸Ò ²¥£±¨Ì ±¢ ·±μ¢ ¢ ´¥μ¶·¥¤¥²¥´´ÒÌ ¶·¥¤¥-
² Ì, ³Ò ¶·¥¤¶μÎ¨É ¥³ μÍ¥´¨ÉÓ É¥μ·¥É¨Î¥¸±¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¶μ¸·¥¤¸É¢μ³
¸· ¢´¥´¨Ö ¶¥·ÉÊ·¡ É¨¢´μ£μ ·¥§Ê²ÓÉ É  ¸ Ë¨±¸¨·μ¢ ´´Ò³¨ ³ ¸¸ ³¨ ²¥£±¨Ì
±¢ ·±μ¢ ¤²Ö ¢μ¸¶·μ¨§¢¥¤¥´¨Ö ¤¨¸¶¥·¸¨μ´´μ£μ ¶μ¤Ìμ¤  ± ZÄγ-¶¥·¥Ìμ¤Ê ¸ ´¥-
¶¥·ÉÊ·¡ É¨¢´Ò³ ¶μ¤Ìμ¤μ³, μ¸´μ¢ ´´Ò³ ´  · §¤¥²¥´¨¨ ´  ´¨§±μ- ¨ ¢Ò¸μ±μÎ -
¸ÉμÉ´ÊÕ Î ¸É¨ ´  ³ ¸¸μ¢μ³ ³ ¸ÏÉ ¡¥ ¶μ·Ö¤±  0,5 ƒÔ‚. ‘· ¢´¨¢ Ö Bnp(M)
¸ ¶¥·ÉÊ·¡ É¨¢´Ò³ Ë ±Éμ·μ³ ln (M2

Z/M2) + 3/2, ³Ò ´ Ìμ¤¨³, ÎÉμ ¶¥·ÉÊ·¡ -
É¨¢´Ò° ¶μ¤Ìμ¤ ¶¥·¥μÍ¥´¨¢ ¥É ÔËË¥±É ´  ¢¥²¨Î¨´Ê μ±μ²μ 5,6 %(1,9 %) ¶·¨
M = 0,5(0,8) ƒÔ‚.

Šμ£¤  ³Ò ¸· ¢´¨¢ ¥³ ·¥§Ê²ÓÉ ÉÒ ±μ¤  ZFITTER ¸ ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³
´ ¡μ·μ³ ¶ · ³¥É·μ¢ ¨ ±μ¤  TOPAZ0 ¢  ¤¤¨É¨¢´μ³ ¶¥·ÉÊ·¡ É¨¢´μ³ ¶μ¤-
Ìμ¤¥, ³Ò ´ Ìμ¤¨³ μÉ´μ¸¨É¥²Ó´ÊÕ · §´¨ÍÊ 0,004 (0,005, 0,008)% ¶·¨ mt =
170(175, 180) ƒÔ‚. �¤´ ±μ ¢´ÊÉ·¥´´ÖÖ μÍ¥´±  Ô²¥±É·μ¸² ¡ÒÌ É¥μ·¥É¨Î¥-
¸±¨Ì ´¥ÉμÎ´μ¸É¥° ¸ ¶μ³μÐÓÕ ZFITTER (·¥ ²¨§μ¢ ´´ Ö ¶μ¸·¥¤¸É¢μ³ μÍ¥´±¨
ÔËË¥±Éμ¢ Ô²¥±É·μ¸² ¡ÒÌ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¶μ¶· ¢μ±, ´¥ ¢±²ÕÎ¥´´ÒÌ ¢ ¶·¥¤¶μ-
ÎÉ¨É¥²Ó´Ò° ´ ¡μ· Ê¸²μ¢¨°) ¶·¨¢¥²  ± ¢¥²¨Î¨´¥ ¶μ·Ö¤±  ±0,025%. ‚Ò¢μ¤
É ±μ¢, ÎÉμ ¢ É¥μ·¥É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸ÉÖÌ ¶μ²´μ¸ÉÓÕ ¤μ³¨´¨·ÊÕÉ QCD-
ÔËË¥±ÉÒ ¶·¨ ´Ê²¥¢μ³ ¶¥·¥¤ ´´μ³ ¨³¶Ê²Ó¸¥.

� ±μ´¥Í, μ¶·¥¤¥²¨³ ÔËË¥±É¨¢´Ò° APV ¸² ¡Ò° Ê£μ² ¸³¥Ï¨¢ ´¨Ö ¸²¥¤Ê-
ÕÐ¨³ ¸μμÉ´μÏ¥´¨¥³:

sin2 θAPV = κ′
PV(0) sin2 θ̂(M2

W ). (2)

„²Ö MZ = 91,1875 ƒÔ‚, MH = 150 ƒÔ‚ ¨ αs(M2
Z) = 0,119 ³Ò ¶μ²ÊÎ¨²¨

sin2 θAPV = 0,231601 (0,232123) ¤²Ö ¶¥·ÉÊ·¡ É¨¢´μ£μ (´¥¶¥·ÉÊ·¡ É¨¢´μ£μ)
¶μ¤Ìμ¤ .

„ ²Ó´¥°Ï¨¥ ¤¥É ²¨ ± ¸ É¥²Ó´μ ÊÎ¥É  APV ³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [6].

1.3. ƒ²Ê¡μ±μ´¥Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ. ˆ¸¸²¥¤μ¢ ´¨¥, ¶·μ¢¥¤¥´´μ¥ ¢
· ¡μÉ¥ [8], ¡Ò²μ ³μÉ¨¢¨·μ¢ ´μ § ¶·μ¸μ³ Ô±¸¶¥·¨³¥´É  NOMAD. �²¥±É·μ¸² -
¡Ò¥ · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ ´¥°É·¨´μ ´Ê±²μ´ ³¨ ¤μ²¦´Ò ¡Ò²¨
¡ÒÉÓ ¢´¥¤·¥´Ò ¢ μ¡ÐÊÕ ³μ´É¥-± ·²μ¢¸±ÊÕ ¸Ì¥³Ê  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. ‚ μÉ²¨Î¨¥ μÉ ¶·¥¦´¨Ì · ¡μÉ ³Ò ¨¸¶μ²Ó§Ê¥³ ¸μ¢·¥³¥´´ÊÕ É¥Ì´¨±Ê
 ¢Éμ³ É¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¸ ¶μ³μÐÓÕ ¸¨¸É¥³Ò SANC. Š·μ³¥ μ¤´μ¶¥É²¥¢ÒÌ
¢ÒÎ¨¸²¥´¨° ³Ò ÊÎ²¨ μ¶·¥¤¥²¥´´Ò¥ ¢±² ¤Ò ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢ ¨ μÍ¥´¨²¨ É¥μ-
·¥É¨Î¥¸±¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨, μ¡Ê¸²μ¢²¥´´Ò¥ ´¥¨§¢¥¸É´Ò³¨ EW-¶μ¶· ¢± ³¨
¤²Ö ¸²ÊÎ Ö ±μ´±·¥É´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢.

—¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì Ê¸²μ¢¨°: Ë¨±¸¨·μ-
¢ ´´ Ö Ô´¥·£¨Ö ´¥°É·¨´μ Eν = 80 ƒÔ‚; ¨§μ¸± ²Ö·´ Ö Ö¤¥·´ Ö ³¨Ï¥´Ó; μ¡·¥-
§ ´¨¥ ´  Ô´¥·£¨Õ  ¤·μ´´μ° ¸¨¸É¥³Ò ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ Êhadr � 10 ƒÔ‚.
ŒÒ ¨¸¶μ²Ó§μ¢ ²¨ ´ ¡μ· PDF CTEQ4L [98]. �μ²ÊÎ¥´Ò Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¨
 ¡¸μ²ÕÉ´Ò¥ ¸¤¢¨£¨ §  ¸Î¥É · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± (��) ¤²Ö ¢¥²¨Î¨´Ò [99],
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¶μ¸É·μ¥´´μ° ¨§ ¸¥Î¥´¨° £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´¥°É·¨´μ:

Rν =
σν

NC(νμN → νμX)
σν

CC(νμN → μ−X)
, (3)

R− =
σν

NC(νμN → νμX) − σν̄
NC(ν̄μN → ν̄μX)

σν
CC(νμN → μ−X) − σν̄

CC(ν̄μN → μ+X)
, (4)

δRν
NC =

σcorr
νNC − σBorn

νNC

σBorn
νNC

, δRν
CC = −σcorr

νCC − σBorn
νCC

σBorn
νCC

. (5)

	μ·´μ¢¸±¨¥ §´ Î¥´¨Ö Å Rν
0 = 0,31764 ¨ R−

0 = 0,27831.
„²Ö ¨²²Õ¸É· Í¨¨ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·μ¸ÉÒ¥ ¤·¥¢¥¸´Ò¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê

¸¤¢¨£ ³¨ Rν,− ¨ sin2 θW :

δRν =
(

1 − 40
27

sin2 θW

)
Δν sin2 θW , δR− = Δ− sin2 θW , (6)

£¤¥ δRν ¨ δR− Å ÔÉμ · §´μ¸É¨ ³¥¦¤Ê ¶μ¶· ¢²¥´´Ò³¨ ¨ ¤·¥¢¥¸´Ò³¨ ¢¥²¨-
Î¨´ ³¨.

‚ ¸²ÊÎ ¥  ´ ²¨§  ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢±² ¤ · ¤¨ Í¨-
μ´´ÒÌ ¶μ¶· ¢μ± ¤μ²¦¥´ ¡ÒÉÓ μÍ¥´¥´ ¢ · ³± Ì μ¡Ð¥° ¶·μÍ¥¤Ê·Ò ¶μ¤£μ´±¨
(Ë¨É¨·μ¢ ´¨Ö), ¢±²ÕÎ ÕÐ¥° ¢¸¥ ¤·Ê£¨¥ ÔËË¥±ÉÒ: ÔËË¥±É¨¢´μ¸É¨ ¤¥É¥±Éμ-
·μ¢, Ö¤¥·´μ¥ Ô±· ´¨·μ¢ ´¨¥ ¨ É. ¤.

	Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢¥ Ô²¥±É·μ¸² ¡Ò¥ ¸Ì¥³Ò: GF ¨ α(0) (¸³. · ¡μÉÊ [100]
¨ ¸¸Ò²±¨ ¢ ´¥°). ŒÒ Ê¸É ´μ¢¨²¨, ÎÉμ § ¢¨¸¨³μ¸ÉÓ μÉ ¢Ò¡μ·  Ô²¥±É·μ¸² ¡μ°
¸Ì¥³Ò § ³¥É´ , ´μ ³¥´¥¥, Î¥³ ÔÉμ ´ ¡²Õ¤ ²μ¸Ó ¢ [100].

� ¸¸³μÉ·¨³ ¨¸ÉμÎ´¨±¨ É¥μ·¥É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ ´¥-
¶μ²´Ò³ §´ ´¨¥³ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±. �É¨ ¨¸ÉμÎ´¨±¨ ¶¥·¥Î¨¸²¥´Ò
¢ É ¡². 1.

‘ μ¡Ð¥° ÉμÎ±¨ §·¥´¨Ö ¸Ì¥³  ”¥·³¨ Ô²¥±É·μ¸² ¡ÒÌ ¢ÒÎ¨¸²¥´¨° GF ¢Ò-
£²Ö¤¨É ¶·¥¤¶μÎÉ¨É¥²Ó´μ° ¤²Ö ´ Ï¨Ì § ¤ Î. �·μ¡ÊÖ ¤·Ê£¨¥ EW-¸Ì¥³Ò, ³Ò
¶μ²ÊÎ ¥³ μÍ¥´±Ê Éμ£μ, ± ± ³μ£ÊÉ ¡ÒÉÓ ¢¥²¨±¨ ´¥ÊÎÉ¥´´Ò¥ EW-¶μ¶· ¢±¨ ¢Ò¸-

’ ¡²¨Í  1. �Í¥´±¨ · §²¨Î´ÒÌ ¢±² ¤μ¢ ¢ É¥μ·¥É¨Î¥¸±ÊÕ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ

ˆ¸ÉμÎ´¨± ´¥μ¶·¥¤¥²¥´´μ¸É¨
�Í¥´¥´´μ¥ §´ Î¥´¨¥

Rν Δν sin2 θW R−

‚Ò¸Ï¨¥ ¶μ·Ö¤±¨ EW �� 1,5 · 10−4 2,2 · 10−4 1,2 · 10−4

‚Ò¸Ï¨¥ ¶μ·Ö¤±¨ QED �� 0,5 · 10−4 0,7 · 10−4 0,2 · 10−4

O(ααs) 2,2 · 10−4 3,3 · 10−4 1,5 · 10−4

�¡Ð¨¥ 2,7 · 10−4 4,0 · 10−4 2,0 · 10−4
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Ï¨Ì ¶μ·Ö¤±μ¢. QED-¶μ¶· ¢±¨∗ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ´¥¢¥²¨±¨, ¨ ¶μ ¢±² ¤Ê ¢¥-
¤ÊÐ¨Ì ²μ£ ·¨Ë³μ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  ³μ¦´μ ´ ²μ¦¨ÉÓ ¶·¥¤¥² ´  ´¥¨§¢¥¸É´Ò¥
QED-¶μ¶· ¢±¨ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢. ‚ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ ¨¸ÉμÎ´¨±  É¥μ·¥É¨-
Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥° ³Ò · ¸¸³ É·¨¢ ¥³ ¢±² ¤ �� ¶μ·Ö¤±  O(ααs). �´¨
³μ£ÊÉ ¶·μ¨¸Ìμ¤¨ÉÓ ± ± μÉ ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ¶·μ¶ £ Éμ· W -¡μ§μ´ , É ± ¨
μÉ  ³¶²¨ÉÊ¤, £¤¥ ËμÉμ´´Ò¥ ¨ £²Õμ´´Ò¥ ²¨´¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ μ¤´μ¢·¥³¥´´μ.
‚ ´ Ï¥³ ¶μ¤Ìμ¤¥ ³Ò · §¤¥²Ö¥³ EW- ¨ QCD-¶μ¶· ¢±¨. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³
¶·Ö³μ¥ ¶·μ¨§¢¥¤¥´¨¥ QCD-ÔËË¥±Éμ¢ (¸³. · ¡μÉÊ [101]) ¨ EW-¶μ¶· ¢μ±, ±μ-
Éμ·Ò¥ ´¥ ÊÎ¨ÉÒ¢ ÕÉ ¶μ²´Ò° ¢±² ¤ ¢ ¶μ·Ö¤±¥ O(ααs). Š·μ³¥ Éμ£μ, ± ± ¢¨¤´μ
¨§ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°, ³Ò ¢¸¥£¤  · ¸¸³ É·¨¢ ¥³ Q̃2 ¢ ± Î¥¸É¢¥  ·£Ê³¥´É  ¶ ·-
Éμ´´ÒÌ · ¸¶·¥¤¥²¥´¨° (PDF). �¤´ ±μ ¢ ¸²ÊÎ ¥ ¨§²ÊÎ¥´¨Ö ¦¥¸É±μ£μ ËμÉμ´ 
²¥¶Éμ´μ³ Q̃2 ´¥ ¸μ¢¶ ¤ ¥É ¸ ±¢ ¤· Éμ³ ®´ ¸ÉμÖÐ¥£μ¯  ¤·μ´´μ£μ ¶¥·¥¤ ´´μ£μ
¨³¶Ê²Ó¸ . �Éμ ¶·¨¢μ¤¨É ± μ¶·¥¤¥²¥´´Ò³ ÔËË¥±É ³ ¢ ¶μ·Ö¤±¥ O(ααs). —Éμ¡Ò
μÍ¥´¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ, ³Ò ¨§³¥´Ö²¨ ¢¥²¨Î¨´Ê Q2 ¢  ·-
£Ê³¥´É¥ PDF. ‚ ·¥§Ê²ÓÉ É¥ ´ Ï²¨, ÎÉμ ¢ÒÎ¨¸²¥´´Ò¥ ´ ³¨ �� ³μ£ÊÉ ¶μ²ÊÎ¨ÉÓ
μÉ´μ¸¨É¥²Ó´Ò° ¸¤¢¨£ ¤μ ±3 %.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± μ¤´¨³ ¨ É¥³ ¦¥ ¶·μ-
Í¥¸¸ ³, ´μ ¢ÒÎ¨¸²¥´´Ò¥ ¤²Ö · §²¨Î´ÒÌ ´ ¡μ·μ¢ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ,
³μ£ÊÉ ¨³¥ÉÓ ¸μ¢¥·Ï¥´´μ · §´μ¥ ¶μ¢¥¤¥´¨¥. � ¶·¨³¥·, ¢ ¶¥·¥³¥´´ÒÌ, ¢Ò¡· ´-
´ÒÌ ¤²Ö Ô±¸¶¥·¨³¥´É  NuTeV, ¢¥²¨Î¨´  ¶μ¶· ¢μ± ± · ¸¸¥Ö´¨Õ ¢ § ·Ö¦¥´´μ³
Éμ±¥ (£¤¥ ¨§³¥·ÖÕÉ¸Ö Ô´¥·£¨Ö ¨ Ê£μ² ¨¸Ìμ¤ÖÐ¥£μ ²¥¶Éμ´ ) ´ ³´μ£μ ¡μ²ÓÏ¥,
Î¥³ ¶μ¶· ¢μ±, ¶μ²ÊÎ¥´´ÒÌ ¤²Ö Ê¸²μ¢¨° Ô±¸¶¥·¨³¥´É  NOMAD. �´ ²μ£¨Î´μ,
μÍ¥´±¨ É¥μ·¥É¨Î¥¸±¨Ì ´¥μ¶·¥¤¥²¥´´μ¸É¥° ¤μ²¦´Ò ¡ÒÉÓ ¢Ò¶μ²´¥´Ò ¸ ÊÎ¥Éμ³
ÔÉμ£μ ¢Ò¡μ·  ¶¥·¥³¥´´ÒÌ ¨, ¢μ§³μ¦´μ, ¤·Ê£¨Ì μÉ´μ¸ÖÐ¨Ì¸Ö ± ¤¥²Ê Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ Ê¸²μ¢¨°.

� Ï¨  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ·¥ ²¨§μ¢ ´Ò ¢ ¢¨¤¥ Ëμ·É· ´´μ° ¶·μ-
£· ³³Ò, ±μÉμ· Ö ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¢  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
Š ± ³μ¦´μ Ê¢¨¤¥ÉÓ ¨§ Î¨¸²¥´´ÒÌ μÍ¥´μ±, ÔËË¥±É · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ±
¡μ²ÓÏ¥, Î¥³ Ô±¸¶¥·¨³¥´É ²Ó´ Ö μÏ¨¡± , ¸³., ´ ¶·¨³¥·, ·¥§Ê²ÓÉ É Ô±¸¶¥·¨-
³¥´É  NuTeV [102,103]:

sin2 θW = 0,2277 ± 0,0013(¸É É.) ± 0,0009(¸¨¸É.). (7)

�Éμ ¤¥² ¥É μÎ¥´Ó ¢ ¦´Ò³ ÊÎ¥É �� ¶· ¢¨²Ó´Ò³ μ¡· §μ³. „ ²Ó´¥°Ï¨¥ ¤¥É ²¨
³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [8].

2. ‚›—ˆ‘‹ˆ’…‹œ��Ÿ ‘�…„� SANC

‚ · §¤. 2 ¶·¥¤¸É ¢²¥´Ò ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·μ¥±É  SANC. �μ¸²¥¤μ¢ -
É¥²Ó´μ μ¶¨¸ ´  ¡ §  ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò (¶. 2.1), μ¡ÑÖ¸´¥´Ò μ¸´μ¢´Ò¥ ¶·μ-
Í¥¤Ê·Ò. „ ²¥¥ μ¶¨¸ ´Ò ¶·¥¤¢ÒÎ¨¸²¥´¨Ö (¶. 2.2) ¨ ¤¥·¥¢μ SANC ¢ EW-¸¥±Éμ·¥

∗�¤´μ§´ Î´μ¥ · §¤¥²¥´¨¥ EW- ¨ QED-¶μ¶· ¢μ± ¢ ± ´ ²¥ § ·Ö¦¥´´μ£μ Éμ±  ´¥¢μ§³μ¦´μ.
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(¶. 2.3). ‚ ¶. 2.4 μ¡ÑÖ¸´ÖÕÉ¸Ö ·¥´μ·³ ²¨§ Í¨μ´´ Ö ¸Ì¥³  ¨ ± ²¨¡·μ¢± , μ¡-
¸Ê¦¤ ÕÉ¸Ö ¸μ¸É ¢²ÖÕÐ¨¥ μ¤´μ¶¥É²¥¢ÒÌ · ¸Î¥Éμ¢. ‚ § ±²ÕÎ¨É¥²Ó´μ³ ¶. 2.5
±· É±μ μ¶¨¸ ´μ ¶μ²ÊÎ¥´¨¥ Î¨¸¥² ¤²Ö μ¤´μ¶¥É²¥¢ÒÌ ¢±² ¤μ¢.

2.1. 	 §  ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò SANC. 	 §μ° ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò
SANC Ö¢²ÖÕÉ¸Ö ¶·μÍ¥¤Ê·Ò. ‚ SANC ³Ò ¨¸¶μ²Ó§Ê¥³ ±μ´¢¥´Í¨Õ ¨³¥´ ¤²Ö
¶μ²¥° (¨²¨ Î ¸É¨Í), ¶μ± § ´´ÊÕ ¢ É ¡². 2, £¤¥ N Å ÔÉμ ¨´¤¥±¸ ¶μ²Ö,   ¢ ±μ-
²μ´± Ì, μ§ £² ¢²¥´´ÒÌ ®ˆ³Ö¯, ³Ò ¶μ± §Ò¢ ¥³ ¨³¥´ , ±μÉμ·Ò¥ ¢´ÊÉ·¥´´¥ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¢ SANC. ‚¸¥ ¸¢Ö§ ´´Ò¥ ¸¨³¢μ²Ò ¶ · ³¥É·μ¢ ¢Ò¢μ¤ÖÉ¸Ö ¨§ ÔÉ¨Ì
¨³¥´. ’ ±, ³ ¸¸ , § ·Ö¤ ¨ ¸² ¡Ò° ¨§μ¸¶¨´ Ô²¥±É·μ´  μ¡μ§´ Î ÕÉ¸Ö ± ± mel,
qel ¨ i3el ¸μμÉ¢¥É¸É¢¥´´μ, ± ± ¨ ¢¥±Éμ·´ Ö ¨  ±¸¨ ²Ó´ Ö ±μ´¸É ´ÉÒ ¸¢Ö§¨
Z-¡μ§μ´  ¸ Ô²¥±É·μ´ ³¨, (ve, ae) ≡ vel, ael ¨ ¨Ì ¸Ê³³ , σe ≡ vpael ¨ · §´μ¸ÉÓ
δe ≡ vmael.

’ ¡²¨Í  2. ‘¶¨¸μ± ¶μ²¥°

	μ§μ´Ò
”¥·³¨μ´Ò

Š•„
1-¥ ¶μ±μ²¥´¨¥ 2-¥ ¶μ±μ²¥´¨¥ 3-¥ ¶μ±μ²¥´¨¥

N �μ²¥ ˆ³Ö N �μ²¥ ˆ³Ö N �μ²¥ ˆ³Ö N �μ²¥ ˆ³Ö N �μ²¥ ˆ³Ö

1 A gm 11 νe en 15 νμ mn 19 ντ tn 23 g gn
2 Z z 12 e− el 16 μ− mo 20 τ− ta 24 Yg Å

± 3 W± w 13 u up 17 c ch 21 t tp
4 H h 14 d dn 18 s st 22 b bt
5 φ0 Å

± 6 φ± Å
7 X+ Å
8 X− Å
9 YZ Å

10 YA Å

�·μÍ¥¤Ê·Ò ¢ÒÎ¨¸²¨É¥²Ó´μ° ¸·¥¤Ò. �   ´ ²¨É¨Î¥¸±μ³ Ê·μ¢´¥ ¢ÒÎ¨¸²¥-
´¨° ¡ §  ¤ ´´ÒÌ SANC ¸μ¤¥·¦¨É ¶·μ£· ³³Ò ¨ ¶·μÍ¥¤Ê·Ò ´  Ö§Ò±¥ FORM.

„²Ö ¶·μÍ¥¤Ê·, ±μÉμ·Ò¥ ¶μ¤· §¤¥²ÖÕÉ¸Ö ´  É·¨ É¨¶ : ¸¶¥Í¨Ë¨Î¥¸±¨¥, ¸¶¥-
Í¨ ²Ó´Ò¥ ¨ ¢´ÊÉ·¥´´¨¥ (intrinsic), ¸¨ÉÊ Í¨Ö ¸¨²Ó´μ · §²¨Î ¥É¸Ö.

‘¶¥Í¨Ë¨Î¥¸±¨¥ ¶·μÍ¥¤Ê·Ò. �·μÍ¥¤Ê·  ´ §Ò¢ ¥É¸Ö ¸¶¥Í¨Ë¨Î¥¸±μ°, ¥¸²¨
μ´  ¨¸¶μ²Ó§Ê¥É¸Ö Éμ²Ó±μ μ¤´μ° ±μ´±·¥É´μ° ¶·μ£· ³³μ°. �¡ÒÎ´μ ¸¶¥Í¨Ë¨-
Î¥¸± Ö ¶·μÍ¥¤Ê·  ¢±²ÕÎ¥´  ¢ É¥²μ ¤ ´´μ° ¶·μ£· ³³Ò ¨ É ±¦¥ μÉ±·ÒÉ  ¤²Ö
¶μ²Ó§μ¢ É¥²Ö. Š ± ¨ ¶·μ£· ³³Ò, μ´¨ ²¥£±μ Î¨É ÕÉ¸Ö ¨ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò.

‘¶¥Í¨ ²Ó´Ò¥ ¶·μÍ¥¤Ê·Ò. ‘¶¥Í¨ ²Ó´Ò¥ ¶·μÍ¥¤Ê·Ò Ö¢²ÖÕÉ¸Ö ¶·μ³¥¦ÊÉμÎ-
´Ò³¨. �´¨ μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö μ£· ´¨Î¥´´Ò³ Î¨¸²μ³ ¶·μ£· ³³ μ¶·¥¤¥²¥´-
´μ£μ É¨¶ , ¢Ò¶μ²´ÖÖ ËÊ´±Í¨Õ, ¸¶¥Í¨ ²Ó´ÊÕ ¤²Ö ÔÉμ£μ É¨¶ .

‚´ÊÉ·¥´´¨¥ ¶·μÍ¥¤Ê·Ò. ‚´ÊÉ·¥´´¨¥ ¶·μÍ¥¤Ê·Ò ¶·¥¤´ §´ Î¥´Ò ¤²Ö ²Õ-
¡μ° ¶·μ£· ³³Ò Å ± ± ¸ÊÐ¥¸É¢ÊÕÐ¥°, É ± ¨ ´μ¢μ°. ˆÌ ËÊ´±Í¨¨ ¶μ²´μ¸ÉÓÕ
μ¶·¥¤¥²¥´Ò ¸¶¨¸±μ³  ·£Ê³¥´Éμ¢, ±μÉμ·Ò¥ ¡Ò¢ ÕÉ ¤¢ÊÌ É¨¶μ¢: ¸μ¡¸É¢¥´´μ
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 ·£Ê³¥´ÉÒ (¶¥·¥³¥´´Ò¥ FORM), μ¡μ§´ Î ¥³Ò¥ ´¨¦¥ ± ± AVALUE, ¨ μ¶Í¨¨
(μ¡ÒÎ´μ Í¥²Ò¥ Î¨¸² ), μ¡μ§´ Î ¥³Ò¥ ± ± IVALUE, ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö
± ± ¶¥·¥±²ÕÎ É¥²¨ (±²ÕÎ¨), Ê¶· ¢²ÖÕÐ¨¥ ¶μÉμ±μ³ ¢ÒÎ¨¸²¥´¨° ¢´ÊÉ·¨ ¶·μ-
Í¥¤Ê·Ò. ˆ´μ£¤  IVALUE (¸³. ´¨¦¥) μÉ¢¥Î ¥É §  ¸¶¥Í¨ ²Ó´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥,
É. ¥. §  ¸¶¥Í¨ ²Ó´Ò° ¶μÉμ± ¢ÒÎ¨¸²¥´¨° ¢´ÊÉ·¨ ¢´ÊÉ·¥´´¥° ¶·μÍ¥¤Ê·Ò. ’¥±¸É
¢´ÊÉ·¥´´¨Ì ¶·μÍ¥¤Ê· ´¥ ¤μ¸ÉÊ¶¥´ ¶μ²Ó§μ¢ É¥²Õ, μ´¨ ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ®Î¥·´Ò¥ ÖÐ¨±¨¯. ˆ¤¥Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶μ²Ó§μ¢ É¥²Õ ¤μ¸É ÉμÎ´μ
¶μ´¨³ ÉÓ ¥¥ ËÊ´±Í¨Õ ¨ ¸³Ò¸² ¥¥  ·£Ê³¥´Éμ¢. ‚´ÊÉ·¥´´¨¥ ¶·μÍ¥¤Ê·Ò ¶·¥¤-
¸É ¢²ÖÕÉ ¸μ¡μ° ¨¸É¨´´Ò° ËÊ´¤ ³¥´É ¸¨¸É¥³Ò SANC ¨ Ö¢²ÖÕÉ¸Ö μ¤´¨³ ¨§
£² ¢´ÒÌ Ô²¥³¥´Éμ¢ ¥¥ Ö§Ò± . ŒÒ ¶·¨¢¥²¨ ¶¥·¥Î¥´Ó μ¸´μ¢´ÒÌ ¶·μÍ¥¤Ê·, ±μ-
Éμ·Ò¥ ³μ¦´μ ¢¸É·¥É¨ÉÓ ¢ ± ¦¤μ° ¶·μ£· ³³¥ ¤¥·¥¢Ó¥¢ SANC Precomputation
¨ Processes ¢ · ¸Ï¨·¥´´μ³ μ¶¨¸ ´¨¨ [11].

2.2. �·¥¤¢ÒÎ¨¸²¥´¨Ö. �¸´μ¢´ Ö ¨¤¥Ö (¸³. · ¡μÉÊ [3]) ¸μ¸Éμ¨É ¢ Éμ³,
ÎÉμ¡Ò ¶·¥¤¢ ·¨É¥²Ó´μ ¢ÒÎ¨¸²¨ÉÓ ¢¸¥ μ¤´μ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ¨ ¶·μ¨§-
¢μ¤´Ò¥ ¢¥²¨Î¨´Ò (É ±¨¥ ± ± ·¥´μ·³ ²¨§ Í¨μ´´Ò¥ ±μ´¸É ´ÉÒ, · §²¨Î-
´Ò¥ ¸É·μ¨É¥²Ó´Ò¥ ¡²μ±¨ (BB) ¨ É. ¶.) „¥·¥¢ÓÖ ¶·¥¤¢ÒÎ¨¸²¥´¨° μ¶¨¸ ´Ò

�¨¸. 1. �·¥¤¢ÒÎ¨¸²¥´¨Ö ¢ Î ¸É¨ QED

¨ ¨¸Î¥·¶Ò¢ ÕÐ¥ μ¡¸Ê¦¤ ÕÉ¸Ö ¢ · -
¡μÉ¥ [11].

�¡μ§´ Î¥´¨Ö ¤²Ö Î ¸É¨Í É ±μ¢Ò:

Å f μ¡μ§´ Î ¥É ²Õ¡μ° Ë¥·³¨μ´
(²¥¶Éμ´ ¨²¨ ±¢ ·±);

Å b μ¡μ§´ Î ¥É ´¥°É· ²Ó´Ò¥ ¡μ§μ´Ò
A, Z, H;

Å ±μ£¤  ´Ê¦´μ ¡ÒÉÓ ¡μ²¥¥ μ¶·¥-
¤¥²¥´´Ò³, ³Ò ¨¸¶μ²Ó§Ê¥³ l ¤²Ö ²¥¶Éμ-
´μ¢ ¢³¥¸Éμ f ¨ ¸μ¡¸É¢¥´´Ò¥ ¨³¥´  ¡μ-
§μ´μ¢ A, Z, W , H .

‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ´  ¸É -
¤¨¨ ¶·¥¤¢ÒÎ¨¸²¥´¨° ´¥ ´Ê¦´μ · §²¨Î ÉÓ
± ´ ²Ò ¶·μÍ¥¸¸ . �μÔÉμ³Ê ¢ ¶·μÍ¥¸¸¥
¢ÒÎ¨¸²¥´¨Ö μ¤´μ¶¥É²¥¢ÒÌ ¤¨ £· ³³ ¢¸¥
4-¨³¶Ê²Ó¸Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¢Ìμ¤Ö-
Ð¨¥. ‚Ò¢¥¤¥´´Ò¥ ¢Ò· ¦¥´¨Ö (¸± ¦¥³,
¸± ²Ö·´Ò¥ FF) ¤²Ö ²Õ¡μ£μ É·¥¡Ê¥³μ£μ
± ´ ²  ¶μ²ÊÎ ÕÉ¸Ö ¶μ¸·¥¤¸É¢μ³ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥° ¶¥·¥¸É ´μ¢±¨  ·£Ê³¥´Éμ¢,
´ ¶·¨³¥· ¶¥·¥³¥´´ÒÌ Œ ´¤¥²ÓÏÉ ³ 
s, t ¨ u.

�  ·¨¸. 1 ¶μ± § ´μ ¶μ²´μ¸ÉÓÕ μÉ±·Ò-
Éμ¥ ³¥´Õ ¶·¥¤¢ÒÎ¨¸²¥´¨° ¢ QED-¢¥É¢¨
SANC.
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�¨¸. 2. �·¥¤¢ÒÎ¨¸²¥´¨Ö ¢ Î ¸-
É¨ EW

�´μ ¸μ¸Éμ¨É ¨§ ¶μ¤Ê·μ¢´¥° Self [energies]
(¸μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨), Vertex (¢¥·Ï¨´Ò) ¨
Box (¡μ±¸-¤¨ £· ³³Ò). ‘μ¡¸É¢¥´´Ò¥ Ô´¥·-
£¨¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶μ¤· §¤¥²ÖÕÉ¸Ö ´  ¶μ¤-
Ê·μ¢´¨ Photon ¨ Lepton, ±μÉμ·Ò¥ ¤ ²¥¥ ¶μ¤-
· §¤¥²ÖÕÉ¸Ö ´  ¢ÒÎ¨¸²¥´¨Ö ¸μ¡¸É¢¥´´μ ¤¨ -
£· ³³: Photon Self ¨ Lepton Self.

�·¥¤¢ÒÎ¨¸²¥´´Ò¥ ¨ ¸μÌ· ´¥´´Ò¥ ´  ¤¨¸-
±¥ μ¤´μ¶¥É²¥¢Ò¥ ¤¨ £· ³³Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ´¸É ´É ¶¥·¥-
´μ·³¨·μ¢μ±: CalcPhotRenConst ¨ CalcLepRen-
Consts, ±μÉμ·Ò¥ É ±¦¥ ¸μÌ· ´ÖÕÉ¸Ö ´  ¤¨¸±¥.
‚¸¥ ÔÉ¨ μ¡Ñ¥±ÉÒ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ¶·μ¶ £ Éμ·μ¢: Calc-
PhotRenProp ¨ CalcLepRenProp. �μ¸²¥¤´¨¥
¶·¨³¥´ÖÕÉ¸Ö, ÎÉμ¡Ò · ¸¸Î¨É ÉÓ ¶¥·¥´μ·³¨-
·μ¢ ´´ÊÕ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±ÊÕ 4-´μ¦-
´ÊÕ ¤¨ £· ³³Ê ¤²Ö ¶·μÍ¥¸¸  ±μ³¶Éμ´μ¢¸±μ£μ
· ¸¸¥Ö´¨Ö QED llAA RenSelf. ” °² llbb Born-
likect ¢ÒÎ¨¸²Ö¥É ¡μ·´μ¶μ¤μ¡´Ò¥ ±μ´É·Î²¥´Ò.

‚¥·Ï¨´Ò QED Vertex ¸μ¸ÉμÖÉ ¨§ É·¥Ì-
ËμÉμ´´ÒÌ AAA, ËμÉμ´-¤¢ÊÌ²¥¶Éμ´´ÒÌ All ¨
4-´μ¦´ÒÌ ¢¥·Ï¨´ ¤²Ö llAA ±μ³¶Éμ´μ¶μ¤μ¡-
´ÒÌ QED-¶·μÍ¥¸¸μ¢ (²Õ¡μ£μ ± ´ ² ).

Box ¶·¥¤¸É ¢²¥´ ¤¢ÊÌËμÉμ´´Ò³ μ¡³¥´μ³
¢ ¤¨ £· ³³¥ ´¥°É· ²Ó´μ£μ Éμ±  ¸ Î¥ÉÒ·Ó³Ö
²¥¶Éμ´´Ò³¨ ´μ£ ³¨ (¶·Ö³μ° ¨ ±·μ¸¸-¡μ±¸Ò,
¸³. ´¨¦¥) ¨ ¡μ±¸ ³¨ ¤¢ÊÌ Éμ¶μ²μ£¨° (T2 ¨
T4, ¸³. ´¨¦¥), ¶μÖ¢²ÖÕÐ¨³¨¸Ö ¢ ±μ³¶Éμ´μ¶μ-
¤μ¡´ÒÌ ¶·μÍ¥¸¸ Ì llAA Box. � ±μ´¥Í, Ë °²
AA FF Box É· ´¸Ëμ·³¨·Ê¥É ·¥§Ê²ÓÉ ÉÒ, ¶μ-
²ÊÎ¥´´Ò¥ ¶μ¸·¥¤¸É¢μ³ llll Box, ¢ ¸± ²Ö·´Ò¥
Ëμ·³Ë ±Éμ·Ò 4l-¶·μÍ¥¸¸ .

„¥·¥¢μ ¶·¥¤¢ÒÎ¨¸²¥´¨° ¢ EW-Î ¸É¨, ±μ-
Éμ·μ¥ ¶μ± § ´μ ´  ·¨¸. 2, ¨³¥¥É ´ ³´μ£μ
¡μ²ÓÏ¥ ¢¥É¢¥°.

�´μ É ±¦¥ ¸μ¸Éμ¨É ¨§ É·¥Ì ¶μ¤Ê·μ¢´¥°
Self, Vertex ¨ Box.

‘μ¡¸É¢¥´´Ò¥ Ô´¥·£¨¨ ¶μ¤· §¤¥²ÖÕÉ¸Ö ´ 
¶μ¤Ê·μ¢´¨ Boson ¨ Fermion, ±μÉμ·Ò¥ ¤ ²¥¥
¶μ¤· §¤¥²ÖÕÉ¸Ö ´  ¢ÒÎ¨¸²¥´¨Ö ¸ ³¨Ì ¤¨ -
£· ³³: Boson Self ¨ Tadpole ¨ Fermion Self.
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�·¥¤¢ÒÎ¨¸²¥´´Ò¥ ¨ ¸μÌ· ´¥´´Ò¥ ´  ¤¨¸±¥ ¤¨ £· ³³Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μ´¸É ´É ¶¥·¥´μ·³¨·μ¢μ±: CalcBosRenConst ¨
CalcFerRenConsts, ±μÉμ·Ò¥ É ±¦¥ ¸μÌ· ´ÖÕÉ¸Ö. ‚¸¥ μ´¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¥° ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ¡μ§μ´´ÒÌ ¶·μ¶ £ Éμ-
·μ¢: CalcBosSEfunctions ¨ CalcBosct,   É ±¦¥ ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ Ë¥·³¨μ´-
´ÒÌ ¶·μ¶ £ Éμ·μ¢: CalcFerRenProp. �μ¸²¥¤´¨¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±¨Ì 4-´μ¦´ÒÌ ¤¨ £· ³³ ¤²Ö
ffbb-¶·μÍ¥¸¸μ¢ ¶·μ£· ³³μ° ffbb RenSelf; ffbb Bornlikect ¢ÒÎ¨¸²Ö¥É ¡μ·´μ¶μ-
¤μ¡´Ò¥ ±μ´É·Î²¥´Ò.

‚¥·Ï¨´Ò (Vertex) ¸μ¸ÉμÖÉ ¨§ 3-´μ¦´ÒÌ ¡μ§μ´´ÒÌ bbb ¨ ¡μ§μ´-¤¢ÊÌË¥·-
³¨μ´´ÒÌ bff-¢¥·Ï¨´. ‚¥·Ï¨´Ò bbb ¸μ¤¥·¦ É ¡μ§μ´´ÊÕ Boson ¨ Ë¥·³¨μ´´ÊÕ
Fermion ±μ³¶μ´¥´ÉÒ ¨ bbb ffbb-¢¥·Ï¨´Ò (§ ±·ÒÉÒ ´  ÔÉμ³ ¤¥·¥¢¥). ‚¥·Ï¨´Ò
bbb Boson ¤ ²¥¥ ¶μ¤· §¤¥²ÖÕÉ¸Ö ´  ¢¥·Ï¨´Ò ¸ ²Õ¡Ò³¨ ´μ£ ³¨ ´¥°É· ²Ó´ÒÌ
¡μ§μ´μ¢ bbb Vertex ¨ ´  ¸²ÊÎ ° ²Õ¡μ£μ ´¥°É· ²Ó´μ£μ ¡μ§μ´  ¨ ¶ ·Ê W+W−

bWW Vertex. ‚¥·Ï¨´Ò bff ¶μ¤· §¤¥²ÖÕÉ¸Ö ´  ²Õ¡Ò¥ 3-´μ¦´Ò¥ ¢¥·Ï¨´Ò bff
Vertex ¨ ´  4-´μ¦´Ò¥ ¢¥·Ï¨´Ò ¤²Ö NC ffbb-¶·μÍ¥¸¸μ¢.

	μ±¸Ò (Box) ¶μ¤· §¤¥²ÖÕÉ¸Ö ´  É·¨ ¡μ²ÓÏ¨Ì ±² ¸¸ : ffff, ffbb ¨ bbbb,
± ¦¤Ò° ¨§ ±μÉμ·ÒÌ ¶μ¤· §¤¥²Ö¥É¸Ö ¤ ²¥¥ ´  NC- ¨ CC-¡μ±¸Ò. Š² ¸¸ ffff
¸μ¤¥·¦¨É ¡μ£ ÉÊÕ ±μ²²¥±Í¨Õ NC- ¨ CC-¡μ±¸μ¢ ¸ Î¥ÉÒ·Ó³Ö Ë¥·³¨μ´´Ò³¨
´μ£ ³¨, ¶·Ö³ÒÌ (direct) ¨ ¶¥·¥±·¥¸É´ÒÌ (crossed). ‘¥³ÓÖ ffbb ¸¥°Î ¸ ¶·¥¤-
¸É ¢²¥´  ¸¥³ÓÕ Éμ¶μ²μ£¨Ö³¨ ¡μ±¸μ¢ (NC T1ÄT7 Box), ¶μÖ¢²ÖÕÐ¨³¨¸Ö ¢ NC
ffbb-¶·μÍ¥¸¸ Ì.

” °² NC FF Box É· ´¸Ëμ·³¨·Ê¥É ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ffff, ¢ ¸± ²Ö·-
´Ò¥ FF 4f -¶·μÍ¥¸¸μ¢, ¢ Éμ ¢·¥³Ö ± ± NC Cont Box μ¸ÊÐ¥¸É¢²Ö¥É ¤ ²Ó´¥°Ï¨¥
³ ´¨¶Ê²ÖÍ¨¨ ¸ NC ffbb-¡μ±¸ ³¨.

‘μ§¤ ´Ò ¨ · ¡μÉ ÕÉ Ë °²Ò, ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ¡μ±¸μ¢ Charged Current
¤²Ö ffbb-¶·μÍ¥¸¸μ¢ ¨ ¤²Ö bbbb-¡μ±¸μ¢.

2.3. �¶¨¸ ´¨¥ ¤¥·¥¢  SANC ¢ EW-¸¥±Éμ·¥. ‘¨¸É¥³  SANC ¶μ§¢μ²Ö¥É
· ¡μÉ ÉÓ ¸ É·¥³Ö ³μ¤¥²Ö³¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í: QED, QCD ¨ Ô²¥±-
É·μ¸² ¡Ò³ ¸¥±Éμ·μ³ ‘É ´¤ ·É´μ° ³μ¤¥²¨. �  ·¨¸. 3 ¶μ± § ´Ò ¶·μÍ¥¸¸Ò ¤²Ö
Ô²¥±É·μ¸² ¡μ£μ ¸¥±Éμ·  (¤¥·¥¢ ).

Š ¦¤μ¥ ¤¥·¥¢μ ¸μ¸Éμ¨É ¨§ ´¥¸±μ²Ó±¨Ì Ê·μ¢´¥° ¶ ¶μ±, ±μÉμ·Ò¥ § ± ´Î¨¢ -
ÕÉ¸Ö Ë °² ³¨, μ¡ÒÎ´μ É·¥³Ö. �μ¸²¥¤´¨¥ μ¡μ§´ Î¥´Ò ± ± FF (Ëμ·³Ë ±Éμ·Ò),
HA (¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò) ¨ BR (Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥). ‚ Ö·²Ò± Ì ¶ ¶μ±
³Ò ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: b Å ¤²Ö ²Õ¡μ£μ ¡μ§μ´ ; f(f1) Å
¤²Ö ²Õ¡μ£μ Ë¥·³¨μ´  (f1 ¤²Ö ²¥£±¨Ì Ë¥·³¨μ´μ¢ ¶¥·¢μ£μ ¶μ±μ²¥´¨Ö, ³ ¸¸ 
±μÉμ·ÒÌ ¸μÌ· ´Ö¥É¸Ö Éμ²Ó±μ ¢  ·£Ê³¥´É Ì ²μ£ ·¨Ë³¨Î¥¸±¨Ì ËÊ´±Í¨°); A Å
¤²Ö ËμÉμ´μ¢; Z ¨ W Å ¤²Ö Ô²¥±É·μ¸² ¡ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢ ¨ H Å
¤²Ö ¡μ§μ´  •¨££¸ . ’μ ¦¥ ¸ ³μ¥ μÉ´μ¸¨É¸Ö ± Ë °² ³, £¤¥, ±·μ³¥ Éμ£μ, t ¨ b
μ§´ Î ÕÉ ¢¥·Ì´¨° ¨ ´¨¦´¨° ±¢ ·±¨ ¸μμÉ¢¥É¸É¢¥´´μ.

’¨¶¨Î´Ò¥  ¢Éμ´μ³´Ò¥ ¶·μ£· ³³´Ò¥ ¶·μ¤Ê±ÉÒ Ô±¸¶μ·É  SANC ´  ¢ÒÌμ¤¥:
Ëμ·É· ´´Ò¥ ³μ¤Ê²¨ ¨ μÉ¤¥²Ó´Ò¥ £¥´¥· Éμ·Ò Œμ´É¥-Š ·²μ.
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�¨¸. 3. ’·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´Ò¥ Ô²¥±É·μ¸² ¡Ò¥ ¶·μÍ¥¸¸Ò, ¸μ¤¥·¦ Ð¨¥¸Ö ¢ ¸¨¸É¥³¥
SANC ¢¥·¸¨¨ 1.10

� ¸¸³μÉ·¨³ ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¢´¥¤·¥´¨¥ ¶·μÍ¥¸¸μ¢ EW-¸¥±Éμ· :
ffbb → 0, ¨²¨ 2f2b, ¸³. ¤¥·¥¢ÓÖ ¶·μÍ¥¸¸μ¢ ´  ·¨¸. 3. �´´¨£¨²ÖÍ¨Ö ¢ ¢ ±ÊÊ³
ffbb → 0 μ§´ Î ¥É, ÎÉμ ¢¸¥ 4-¨³¶Ê²Ó¸Ò ¢Ìμ¤ÖÐ¨¥; ÔÉμ ¸É ´¤ ·É´Ò° (³Ê²Ó-
É¨± ´ ²Ó´Ò°) ¶μ¤Ìμ¤ SANC, ±μÉμ·Ò° ¶μ§¢μ²Ö¥É ¤¥² ÉÓ · ¸Î¥É μ¤´μ¶¥É²¥¢μ°
±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò (CA) ¨ Ëμ·³Ë ±Éμ·μ¢ Éμ²Ó±μ μ¤¨´ · § ¨ ¶μ²ÊÎ ÉÓ
·¥§Ê²ÓÉ ÉÒ ¤²Ö ± ¦¤μ£μ ±μ´±·¥É´μ£μ ± ´ ²  ¶ÊÉ¥³ ±·μ¸¸¨´£-¶·¥μ¡· §μ¢ ´¨°.

‘μ£² ¸´μ ¶·¨´ÖÉμ³Ê ¢ SANC ¶μ¤Ìμ¤Ê ¢¸¥ ffbb → 0 ¶·μÍ¥¸¸Ò ³μ£ÊÉ
¡ÒÉÓ ¶μ¸Î¨É ´Ò ¸ ¡μ§μ´ ³¨, ´¥ ²¥¦ Ð¨³¨ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, ÎÉμ,
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¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶μ§¢μ²¨É ¨¸¶μ²Ó§μ¢ ÉÓ ¨Ì ¢ ± Î¥¸É¢¥ ¸É·μ¨É¥²Ó´ÒÌ ¡²μ±μ¢
¤²Ö ¡Ê¤ÊÐ¥£μ ¢´¥¤·¥´¨Ö ¶·μÍ¥¸¸μ¢ ¸ ¡μ²ÓÏ¨³ ±μ²¨Î¥¸É¢μ³ Î ¸É¨Í.

2.4. �´ ²¨É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¢ SANC. �´ ²¨É¨Î¥¸±¨° Ê·μ¢¥´Ó ¶·¥¤-
¶μ² £ ¥É ¢ÒÎ¨¸²¥´¨¥ μ¤´μ¶¥É²¥¢ÒÌ ¸± ²Ö·´ÒÌ Ëμ·³Ë ±Éμ·μ¢, ¸¶¨· ²Ó´ÒÌ
 ³¶²¨ÉÊ¤ ¨ ¸μ¶ÊÉ¸É¢ÊÕÐ¥£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö.

„²Ö ¢Ò¶μ²´¥´¨Ö  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¨¸¶μ²Ó§Ê¥É¸Ö Ö§Ò± FORM
¢¥·¸¨¨ 3.3. ‚¸¥ · ¸Î¥ÉÒ ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ¸É¨ ¢Ò¶μ²´¥´Ò ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸Ì¥³Ò ¶¥·¥´μ·³¨·μ¢μ± ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (OMS) ¢
Rξ-± ²¨¡·μ¢±¥ ¸ É·¥³Ö ± ²¨¡·μ¢μÎ´Ò³¨ ¶ · ³¥É· ³¨ ξA, ξZ ¨ ξ ≡ ξW .

„²Ö ¶ · ³¥É·¨§ Í¨¨ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ · ¸Ìμ¤¨³μ¸É¥° ¨¸¶μ²Ó§Ê¥É¸Ö · §-
³¥·´ Ö ·¥£Ê²Ö·¨§ Í¨Ö. �¥É²¥¢Ò¥ ¨´É¥£· ²Ò ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸É ´¤ ·É-
´Ò¥ ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ �‚: A0, B0, C0, D0 ¨ ¢¸¶μ³μ£ É¥²Ó´Ò¥ ËÊ´±Í¨¨
a0, b0, c0, d0.

�¥ ²Ó´Ò¥ ¶μ¶· ¢±¨ ¸μ¸ÉμÖÉ ¨§ ¢±² ¤μ¢ ³Ö£±μ£μ (Soft) ¨ ¦¥¸É±μ£μ (Hard)
Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö. �´¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ³μ¤Ê²Ö³¨ BR ¨ MC. ŒÖ£±μ¥ Éμ·³μ§-
´μ¥ ¨§²ÊÎ¥´¨¥ μ¡² ¤ ¥É ¡μ·´μ¶μ¤μ¡´μ° ±¨´¥³ É¨±μ°, ¢ Éμ ¢·¥³Ö ± ± Ë §μ¢μ¥
¶·μ¸É· ´¸É¢μ ¦¥¸É±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¸μ¤¥·¦¨É ¤μ¶μ²´¨É¥²Ó´ÊÕ Î -
¸É¨ÍÊ (ËμÉμ´ ¨²¨ £²Õμ´).

ˆ´É¥£·¨·μ¢ ´¨¥ Œμ´É¥-Š ·²μ ¶μ Ë §μ¢μ³Ê ¶·μ¸É· ´¸É¢Ê dΦn μ¸ÊÐ¥-
¸É¢²Ö¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³  ²£μ·¨É³  Vegas [104].

‘¶¥Í¨Ë¨±  · ¸Î¥É  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ³ ¸¸ ³¨ ²¥£±¨Ì Ë¥·³¨μ´μ¢ ¶¥·-
¢μ£μ ¶μ±μ²¥´¨Ö ¶·¥´¥¡·¥£ ¥É¸Ö ¶μ¢¸Õ¤Ê, §  ¨¸±²ÕÎ¥´¨¥³ QED-¤¨ £· ³³ ¸
¢¨·ÉÊ ²Ó´Ò³¨ ¨ ·¥ ²Ó´Ò³¨ ËμÉμ´ ³¨.

�  ·¨¸. 3 μÉ±·ÒÉÒ Ë °²Ò ¤²Ö · ¸¶ ¤  t → Wb, ±μÉμ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ ¸²¥-
¤ÊÕÐ¥¥.

� Šμ¢ ·¨ ´É´ÊÕ  ³¶²¨ÉÊ¤Ê, ¸± ²Ö·´Ò¥ Ëμ·³Ë ±Éμ·Ò. ‚ ¸²¥¤ÊÕÐ¥³
· §¤¥²¥ ³Ò ¶μ± ¦¥³ ¶·¨³¥·Ò CA- ³¶²¨ÉÊ¤ ¤²Ö ³´μ£¨Ì ¶·μÍ¥¸¸μ¢. CA ¸μμÉ-
¢¥É¸É¢Ê¥É ¶·Ö³μ³Ê · ¸Î¥ÉÊ ¢¸¥Ì ¤¨ £· ³³, ¤ ÕÐ¨Ì ¢±² ¤ ¢ ¤ ´´Ò° ¶·μÍ¥¸¸
´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥. �¥§Ê²ÓÉ É ¶·¥¤¸É ¢²¥´ ¢ ±μ´¥Î´μ³ ¡ §¨¸¥ ¸É·Ê±-
ÉÊ·, ¸μ¸É ¢²¥´´μ³ ¨§ ¸É·μ± ³ É·¨Í „¨· ±  (¨´μ£¤  ¸¢¥·´ÊÉÒÌ ¸ ¢´¥Ï´¨³¨
¨³¶Ê²Ó¸ ³¨) ¨ ¸ ³¨Ì ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸μ¢, ¸¢¥·´ÊÉÒÌ ¸ ¶μ²Ö·¨§ Í¨μ´´Ò³¨
¢¥±Éμ· ³¨ ¢¥±Éμ·´ÒÌ ¡μ§μ´μ¢. �³¶²¨ÉÊ¤  ¶ · ³¥É·¨§μ¢ ´  ´¥±μÉμ·Ò³ Î¨-
¸²μ³ Ëμ·³Ë ±Éμ·μ¢, ±μÉμ·Ò¥ μ¡μ§´ Î ÕÉ¸Ö F . ˆ´¤¥±¸ Ëμ·³Ë ±Éμ·  μÉ¢¥-
Î ¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¸É·Ê±ÉÊ·¥. —¨¸²μ Ëμ·³Ë ±Éμ·μ¢ ¶μ ¶μ¸É·μ¥´¨Õ · ¢´μ
Î¨¸²Ê ¸É·Ê±ÉÊ·. �¤´ ±μ ¤²Ö ¸²ÊÎ ¥¢, ¶·¨¢¥¤¥´´ÒÌ ´¨¦¥, ´¥±μÉμ·Ò¥ ¨§ Ëμ·³-
Ë ±Éμ·μ¢ ³μ£ÊÉ ¡ÒÉÓ μ¤¨´ ±μ¢Ò. ’ ±¨³ μ¡· §μ³, Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ Ëμ·³-
Ë ±Éμ·μ¢ ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ Î¨¸²  ¸É·Ê±ÉÊ·. „²Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¸É·Ê±ÉÊ·
¤·¥¢¥¸´μ£μ Ê·μ¢´Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ëμ·³Ë ±Éμ·Ò § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¸²¥¤ÊÕ-
Ð¥³ ¢¨¤¥: F = 1+(α/4πs2

W )F̃ , £¤¥ ®1¯ μÉ¢¥Î ¥É ¡μ·´μ¢¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ,
  F̃ Å μ¤´μ¶¥É²¥¢μ³Ê ¶·¨¡²¨¦¥´¨Õ. ’· ¤¨Í¨μ´´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥

±μ´¸É ´ÉÒ: Qf , I
(3)
f , σf = vf +af , δf = vf −af , sW = e/g ¨ cW = MW /MZ .
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‚ ¸¨¸É¥³¥ SANC ÔËË¥±É¨¢´μ · ¡μÉ ¥É ¨¤¥μ²μ£¨Ö ¸É·μ¨É¥²Ó´ÒÌ ¡²μ±μ¢
(Building Blocks, BB) ¤²Ö ¢ÒÎ¨¸²¥´¨° Ëμ·³Ë ±Éμ·μ¢. ˆ´Ëμ·³ Í¨Ö μ £² ¢-
´ÒÌ ¶·¥¤¢ÒÎ¨¸²¥´´ÒÌ BB ¸μÌ· ´Ö¥É¸Ö ¢ ¡ §μ¢ÒÌ *.sav Ë °² Ì (BSF). ‡ ³¥-
É¨³, ÎÉμ ¤²Ö 4-Î ¸É¨Î´ÒÌ ¶·μÍ¥¸¸μ¢ ¢¸¥ BB 4-´μ¦´Ò¥ ¶μ ¶μ¸É·μ¥´¨Õ. �ÉμÉ
¶·¨¥³ ¸¨²Ó´μ Ê¶·μÐ ¥É ¶·μÍ¥¤Ê·Ê ¶·μ¥±É¨·μ¢ ´¨Ö CA ´  ¡ §¨¸ ´¥§ ¢¨¸¨³ÒÌ
¸É·Ê±ÉÊ·.

‹Õ¡μ° ³μ¤Ê²Ó, ¢ÒÎ¨¸²ÖÕÐ¨° Ëμ·³Ë ±Éμ·Ò, ´ Î¨´ ¥É¸Ö ¸ § £·Ê§±¨ ¢Ò-
Î¨¸²¥´´ÒÌ BB ¨§ ¡ ´±  BSF. BSF ¸μ¤¥·¦ É ¶·¥¤¢ÒÎ¨¸²¥´´Ò¥ μ¡Ñ¥±ÉÒ: ¸μ¡-
¸É¢¥´´Ò¥ Ô´¥·£¨¨, ¢¥·Ï¨´Ò ¨ ¡μ±¸Ò (¨´μ£¤  ¸ ¡μ§μ´ ³¨ ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì-
´μ¸É¨). �·¥¤¢ÒÎ¨¸²¨É¥²Ó´Ò¥ ¶·μÍ¥¤Ê·Ò ¨³¥ÕÉ ´¥¸±μ²Ó±μ Ê·μ¢´¥°. ‚ ³μ¤Ê-
²ÖÌ, ¢ÒÎ¨¸²ÖÕÐ¨Ì Ëμ·³Ë ±Éμ·Ò, ¨¸¶μ²Ó§ÊÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¶μ¸²¥¤´¥£μ Ê·μ¢-
´Ö, ±μÉμ·Ò° ¸μ¤¥·¦¨É Ê¦¥ ¶¥·¥´μ·³¨·μ¢ ´´Ò¥ BB Å ¶·μ¶ £ Éμ·Ò ¨ ¢¥·-
Ï¨´Ò. � ¶·¨³¥·, ¶·¨´¨³ ÕÉ¸Ö ¢μ ¢´¨³ ´¨¥ ±μ´É·Î²¥´Ò ¨ ¸¶¥Í¨ ²Ó´Ò¥ ¢¥·-
Ï¨´Ò. �¤´ ±μ ¢ ´¨Ì ¥¸ÉÓ ³´μ£μ μ¸É ÉμÎ´ÒÌ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ · ¸Ìμ¤¨³μ¸É¥°
¨ ξ-§ ¢¨¸¨³ÒÌ ¸² £ ¥³ÒÌ, ±μÉμ·Ò¥ ¸μ±· Ð ÕÉ¸Ö ¢ ¸Ê³³¥ ¤²Ö μ¤´μ¶¥É²¥¢μ°
CA Ë¨§¨Î¥¸±μ£μ ¶·μÍ¥¸¸ . ˆ³¥´´μ ¶μÔÉμ³Ê ¨¸¶μ²Ó§Ê¥É¸Ö É¥·³¨´ ®¶¥·¥´μ·-
³¨·μ¢± ¯ ¢ ¸¢Ö§¨ ¸ ³μ¤Ê²Ö³¨, ¢ÒÎ¨¸²ÖÕÐ¨³¨ FF.

‡ £·Ê§±  BSF ¤¥² ¥É¸Ö ¢ ´¥¸±μ²Ó±μ Ï £μ¢: Ï £ ¸μ¡¸É¢¥´´ÒÌ Ô´¥·£¨°+
Ï £ ¢¥·Ï¨´+ Ï £ ¡μ±¸μ¢. ˆÉμ£ Å ¸Ê³³¨·μ¢ ´¨¥ ¢¸¥Ì ¢±² ¤μ¢. Šμ´¸É·Ê¨-
·ÊÕÉ¸Ö Î¥ÉÒ·¥ ¢Ò· ¦¥´¨Ö, Sum®i¯, μÉ¢¥Î ÕÐ¨¥ ± ²¨¡·μ¢μÎ´Ò³ ¨´¤¥±¸ ³
i = 1 (ξA), 2 (ξZ), 3 (ξ), 4 (´¥ § ¢¨¸¨É ´¨ μÉ ± ±μ£μ ξ). ‡ ±²ÕÎ¨É¥²Ó´Ò°
Ï £ Å Ëμ·³¨·μ¢ ´¨¥ BSF *.sav ¸ ®i¯ FF: FF®i¯ (i = 1−4) ¤²Ö ¤ ²Ó´¥°Ï¥£μ
¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ¶·μ£· ³³´μ³ ¶·μ¤Ê±É¥ s2n.f.

�μ²ÊÎ¥´´Ò¥ Ëμ·³Ë ±Éμ·Ò F ¸¢μ¡μ¤´Ò μÉ ± ²¨¡·μ¢μÎ´ÒÌ ¶ · ³¥É·μ¢ ¨
μÉ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°. �´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ëμ·³-
Ë ±Éμ·μ¢ ¸²¨Ï±μ³ £·μ³μ§¤±¨ ¤²Ö Éμ£μ, ÎÉμ¡Ò ¶·¥¤¸É ¢¨ÉÓ ¨Ì ¢ ¤ ´´μ³ μ¡-
§μ·¥. �´¨ ³μ£ÊÉ ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´Ò ¢ ·¥¦¨³¥ ·¥ ²Ó´μ£μ ¢·¥³¥´¨ ¸ ¶μ³μÐÓÕ
¸¨¸É¥³Ò SANC.

� ‘¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò (HA). �´¨ § ¢¨¸ÖÉ μÉ ¸± ²Ö·´ÒÌ Ëμ·³Ë ±Éμ-
·μ¢, H(Fi){λi}. ‘¨³¢μ² {λi} μ§´ Î ¥É ´ ¡μ· ±¢ ´Éμ¢ÒÌ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥-
´¨° ¸¶¨· ²Ó´μ¸É¥°. �¡ÒÎ´μ ÔÉμ ¶·μ¸Éμ ¶·μ¥±Í¨¨ ¸¶¨´  ´  ´¥±μÉμ·Ò¥ μ¸¨
±¢ ´Éμ¢ ´¨Ö (´ ¶·¨³¥·, ´ ¶· ¢²¥´¨Ö ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸μ¢). � ¶μ³´¨³, ÎÉμ ¢
¸É ´¤ ·É´μ³ ¶μ¤Ìμ¤¥ ¤²Ö ´¥±μÉμ·μ° ´ ¡²Õ¤ ¥³μ° ¢¥²¨Î¨´Ò O ¸¥Î¥´¨¥ ¢Ò-
Î¨¸²Ö¥É¸Ö ± ± O ∝ |A|2, ¢ Éμ ¢·¥³Ö ± ± ¢ É¥·³¨´ Ì HA O ∝

∑
{λi}

|H{λi}|2.

‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ · ¸Î¥ÉÒ §´ Î¨É¥²Ó´μ Ê¶·μÐ ÕÉ¸Ö, ¶μ¸±μ²Ó±Ê H{λi} Ö¢²Ö-
ÕÉ¸Ö ¸± ²Ö·´Ò³¨ μ¡Ñ¥±É ³¨, ±μÉμ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö ± ± ±μ³¶²¥±¸´Ò¥ Î¨¸² .
�·¨³¥·Ò CA ¨ HA ¤²Ö ³´μ£μÎ¨¸²¥´´ÒÌ ¶·μÍ¥¸¸μ¢ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¢
· ¡μÉ Ì [11,12,16].

� ‘μ¶ÊÉ¸É¢ÊÕÐ¥¥ Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ (BR). �ÉμÉ ³μ¤Ê²Ó ¢ÒÎ¨¸²Ö¥É
¢±² ¤ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¦¥¸É±¨Ì ·¥ ²Ó´ÒÌ ËμÉμ´μ¢ ¨²¨ £²Õμ´μ¢ ¢ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥³ ¶·μÍ¥¸¸¥. �¡ÒÎ´μ ³Ò ¶μ²ÊÎ ¥³ ·¥§Ê²ÓÉ ÉÒ ± ± ¤²Ö ¨´±²Õ§¨¢-
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´ÒÌ, É ± ¨ ¤²Ö ¶μ²´μ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¢¥²¨Î¨´. �μ¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ
¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ±μ¤ Ì ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ ¶μ ³¥Éμ¤Ê Œμ´É¥-Š ·²μ.

‚ ´¥±μÉμ·ÒÌ ¸²ÊÎ ÖÌ ¨³¥¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° MC-³μ¤Ê²Ó, ¶·¥¤´ §´ -
Î¥´´Ò° ¤²Ö · ¸Î¥É  ¶μ²´μ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ±μ¤ Ì
Œμ´É¥-Š ·²μ.

2.5. �É  ´ ²¨É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¤μ Î¨¸¥². –¥¶μÎ±  ¢ÒÎ¨¸²¥´¨° SANC
´ Î¨´ ¥É¸Ö ¸ ´ Ìμ¦¤¥´¨Ö Ëμ·³Ë ±Éμ·μ¢ (³μ¤Ê²Ó FF),   § É¥³ § ¶Ê¸±  ¶·μ-
Í¥¤Ê·Ò s2n (¸³. Ê¶μ³Ö´ÊÉμ¥ ¢μ ¢¢¥¤¥´¨¨ ±· É±μ¥ ·Ê±μ¢μ¤¸É¢μ ¶μ²Ó§μ¢ É¥²Ö
´  ¤μ³ Ï´¥° ¸É· ´¨Í¥ ¶·μ¥±É  ¨ ¢ · ¡μÉ¥ [12]). „ ²¥¥ ¢Ò¶μ²´Ö¥É¸Ö ³μ¤Ê²Ó
HA ¸ ¤·Ê£¨³ § ¶Ê¸±μ³ s2n. ‚ ·¥§Ê²ÓÉ É¥ ¸¨¸É¥³  £¥´¥·¨·Ê¥É ±μ¤ ´  Ö§Ò±¥
FORTRAN ¤²Ö ¢±² ¤  ¢¨·ÉÊ ²Ó´μ° ¶μ¶· ¢±¨ ± ¢Ò¡· ´´μ³Ê ¶·μÍ¥¸¸Ê ¢ ¸²¥-
¤ÊÕÐ¥° ¸Ì¥³ É¨Î¥¸±μ° Ëμ·³¥:

dΓ(dσ) ∼
∑

λiλjλkλl

∣∣∣∣H(
FBorn+1loop+2loop

)
λiλjλkλl

∣∣∣∣
2

. (8)

‡ ³¥É¨³, ÎÉμ ¤¢ÊÌ¶¥É²¥¢Ò¥ ¶μ¶· ¢±¨ ³μ£ÊÉ ¡ÒÉÓ ²¥£±μ ¢¸É·μ¥´Ò ¢ ÔÉÊ
¸Ì¥³Ê, ¥¸²¨ μ´¨ ¨§¢¥¸É´Ò.

�μ¶· ¢±¨ §  ¸Î¥É ¨§²ÊÎ¥´¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í ¸μ¸ÉμÖÉ ¨§ ¢±² ¤μ¢ ³Ö£-
±μ£μ (Soft) ¨ ¦¥¸É±μ£μ (Hard) Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö. �´¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ± ±
³μ¤Ê²¨ BR. „²Ö ´¥¸±μ²Ó±¨Ì ¶·μÍ¥¸¸μ¢ ¸¨¸É¥³  ¢ÒÎ¨¸²Ö¥É ¶μ²´Ò¥ μ¤´μ¶¥É-
²¥¢Ò¥ ¶μ¶· ¢±¨, ¢±²ÕÎ Ö ·¥ ²Ó´μ¥ Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ ¤²Ö ¨´±²Õ§¨¢´ÒÌ
´ ¡²Õ¤ ¥³ÒÌ.

„²Ö Î¨¸²¥´´μ£μ · ¸Î¥É  ³Ò ¨¸¶μ²Ó§Ê¥³ ³μ¤Ê²¨ ´  Ö§Ò±¥ FORTRAN, ¸£¥-
´¥·¨·μ¢ ´´Ò¥ ¶ ±¥Éμ³ s2n (Î ¸ÉÓ ¸¨¸É¥³Ò, ´ ¶¨¸ ´´ Ö ´  Ö§Ò±¥ PERL). ‘¨-
¸É¥³  SANC ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¸μ¡¸É¢¥´´ÊÕ ¡¨¡²¨μÉ¥±Ê ´  Ö§Ò±¥ FORTRAN
¤²Ö Î¨¸²¥´´μ£μ · ¸Î¥É  ËÊ´±Í¨° � ¸¸ ·¨´μÄ‚¥²É³ ´ . Š·μ³¥ Éμ£μ, ¢ ± Î¥-
¸É¢¥  ²ÓÉ¥·´ É¨¢Ò ¨¸¶μ²Ó§Ê¥É¸Ö ¶ ±¥É LoopTools [105].

3. ��ˆ‹�†…�ˆ… SANC „‹Ÿ �…Š�’��›• ���–…‘‘�‚

� §¤. 3 ¸μ¤¥·¦¨É μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢´¥¤·¥´¨Ö ¢ ¸¨¸É¥³Ê SANC Ë¥·-
³¨μ´-¡μ§μ´´ÒÌ 2f2b-¶·μÍ¥¸¸μ¢, 4f -¶·μÍ¥¸¸μ¢, ¶·μÍ¥¸¸μ¢ μ¤¨´μÎ´μ£μ ·μ¦¤¥-
´¨Ö t-±¢ ·±μ¢, 4b-¶·μÍ¥¸¸μ¢. ’ ±¦¥ μ¡¸Ê¦¤ ¥É¸Ö ¢¢¥¤¥´¨¥ ¨ ¢ÒÎ¨¸²¥´¨¥ ¢¸¶μ-
³μ£ É¥²Ó´ÒÌ ËÊ´±Í¨° J .

‚ ÔÉμ³ ¶Ê´±É¥ ¶·¥¤¸É ¢²¥´Ò ´¥±μÉμ·Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μ-
ÐÓÕ SANC, ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶·μÍ¥¸¸μ¢: · ¸¶ ¤ t → blν ¢ QCD ¨ Ô²¥±É·μ¸² -
¡μ³ ¸¥±Éμ· Ì [14,20,61,106], ¶·¨²μ¦¥´¨Ö ¤²Ö LHC [67]; f̄1f1 → ZZ [12,106];
f̄1f1HA → 0: É·¨ ± ´ ²  ¶·μÍ¥¸¸  [16]; f̄1f1ZA → 0: É·¨ ± ´ ²  ¶·μ-
Í¥¸¸  [22]; f̄1f1HZ → 0: ¤¢  ± ´ ²  ¶·μÍ¥¸¸  [12]; · ¸¶ ¤ H → 4μ [12];
·μ¦¤¥´¨¥ W - ¨ Z-¡μ§μ´μ¢ ¢ ¶·μÍ¥¸¸ Ì É¨¶  „·¥²² ÄŸ´  [13, 25]; ¶μ¶· ¢±¨
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§  ¸Î¥É ·μ¦¤¥´¨Ö ²¥£±¨Ì ²¥¶Éμ´´ÒÌ ¶ · ¢ ¶·μÍ¥¸¸ Ì „·¥²² ÄŸ´  [32, 33];
Î¥ÉÒ·¥Ì¡μ§μ´´Ò¥ ¶·μÍ¥¸¸Ò É¨¶  · ¸¸¥Ö´¨Ö ¸¢¥É  ´  ¸¢¥É¥ γγ → γγ [17, 26];
γγZγ → 0: ¤¢  ± ´ ²  ¶·μÍ¥¸¸  [27]; γγ → ZZ [28]. ‚ · ¡μÉ Ì [63Ä65]
¢ÒÎ¨¸²¥´Ò ¶·¨¸ÊÉ¸É¢ÊÕÐ¨¥ ¢ ·¥¤Ê±Í¨¨ � ¸¸ ·¨´μÄ‚¥²É³ ´  ¢¸¶μ³μ£ É¥²Ó-
´Ò¥ ËÊ´±Í¨¨ J , ±μÉμ·Ò¥ ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö μ¶¨¸ ´¨Ö ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥
¶·μÍ¥¸¸μ¢.

3.1. � ¸¶ ¤ t → blν. �¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨° ÔÉμ£μ · ¸¶ ¤ , ¶·μ¢¥¤¥´-
´ÒÌ ¢ · ³± Ì ¶·μ¥±É  SANC, μ¶Ê¡²¨±μ¢ ´Ò ¢ · ¡μÉ Ì [14,15,19Ä21,61,106].
‚ ÔÉ¨Ì · ¡μÉ Ì ³Ò ¶·¥¤¸É ¢¨²¨ ¶μ²´Ò¥ Ï¨·¨´Ò ¨ · §²¨Î´Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö, · ¸¸Î¨É ´´Ò¥ ¡¥§ ÊÎ¥É  ¨ ¸ ÊÎ¥Éμ³ μ¤´μ¶¥É²¥¢ÒÌ EW- ¨ QCD-¶μ¶· ¢μ±;
·¥§Ê²ÓÉ ÉÒ ¶μ²´ÒÌ · ¸Î¥Éμ¢ ¨ ¶μ²Õ¸´ÒÌ ¶·¨¡²¨¦¥´¨° ¶·¨ · ¸¸³μÉ·¥´¨¨
± ¸± ¤  ¸ Ê§±μ° Ï¨·¨´μ° ¨ ± ¸± ¤  ¸ ±μ³¶²¥±¸´μ° ³ ¸¸μ°; ·¥§Ê²ÓÉ ÉÒ, ¶μ-
²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ¨´É¥£· Éμ·  MC ¨ £¥´¥· Éμ·  ¸μ¡ÒÉ¨°; ¸· ¢´¥´¨¥ ¸
³¨·μ¢μ° ²¨É¥· ÉÊ·μ°.

ˆ³¥´´μ ¢ ¶¥·¨μ¤ 2007Ä2012 ££. ¢ SANC Ê¸¶¥Ï´μ ·¥ ²¨§μ¢Ò¢ ² ¸Ó ±μ´-
Í¥¶Í¨Ö ¸É ´¤ ·É´ÒÌ SANC FORM/FORTRAN ³μ¤Ê²¥° (SSFM), ±μÉμ·Ò¥ ¶·¥¤-
´ §´ Î ÕÉ¸Ö ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ¶·μ£· ³³´ÒÌ ¶·μ¤Ê±É Ì ¤·Ê£¨Ì Ë¨§¨Î¥¸±¨Ì
£·Ê¶¶. �¥·¢μ´ Î ²Ó´ Ö ¢¥·¸¨Ö ³μ¤Ê²¥° ¡Ò²  μ¶¨¸ ´  ¢ [66].

�¨¸. 4. �μ²´ Ö EW-¶μ¶· ¢±  δ ± ± ËÊ´±Í¨Ö ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò ²¥¶Éμ´´μ° ¶ ·Ò Mlνl

‚ ± Î¥¸É¢¥ É¨¶¨Î´μ£μ ·¥§Ê²ÓÉ É , ¶μ²ÊÎ¥´´μ£μ ¸ £¥´¥· Éμ·μ³ ¸μ¡ÒÉ¨°
MC, ³Ò ¶μ± §Ò¢ ¥³ ´  ·¨¸. 4 ·¥§Ê²ÓÉ É ¢ÒÎ¨¸²¥´¨° ¶μ²´μ° EW-¶μ¶· ¢±¨ δ =
(dΓ1loop/dMlνl

)/(dΓBorn/dMlνl
) − 1 (%) ± ± ËÊ´±Í¨Õ ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò

M = Mlνl
²¥¶Éμ´´μ° ¶ ·Ò.

Š ± ¢¨¤´μ ¨§ ·¨¸. 4, EW-¶μ¶· ¢±  μÎ¥´Ó ¡μ²ÓÏ Ö ´¨¦¥ ·¥§μ´ ´¸  ¨ ¤μ-
¢μ²Ó´μ ³ ²  ¢ μ¡² ¸É¨ ·¥§μ´ ´¸  ¨ ¢ÒÏ¥.

3.2. �·μÍ¥¸¸ f1f̄1 → ZZ . ‚ · ¡μÉ Ì [12, 106] ³Ò ¶·¥¤¸É ¢¨²¨  ´ ²¨É¨-
Î¥¸±¨¥ ¨ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö μ¤´μ¶¥É²¥¢ÒÌ EW-¶μ¶· ¢μ± ± ¶·μÍ¥¸¸Ê
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f1f̄1 → ZZ. ŒÒ ¶μ²ÊÎ¨²¨ μÉ²¨Î´μ¥ ¸μ£² ¸¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [107].
‚ SANC ¢´¥¤·¥´ ³μ¤Ê²Ó ¤²Ö ¢±² ¤  ¦¥¸É±μ£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö,   É ±¦¥
¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¶·μÍ¥¸¸  pp → ZZ ´   ¤·μ´´μ³ Ê·μ¢´¥.

3.3. ’·¨ ± ´ ²  f1f̄1HA → 0. ‚ · ¡μÉ¥ [16] ³Ò ¶·¥¤¸É ¢¨²¨ ·¥§Ê²Ó-
É ÉÒ ¥¤¨´μ£μ ¶μ¤Ìμ¤ , ´ Î¨´ Ö ¸ μ¡Ð¥° CA ¤²Ö ¢¸¥Ì ±·μ¸¸-± ´ ²μ¢ ¶·μ-
Í¥¸¸  f1f̄1HA → 0 ¶·¨ Ê¸²μ¢¨¨, ÎÉμ 4-¨³¶Ê²Ó¸Ò ¢´¥Ï´¨Ì Î ¸É¨Í ¢Ìμ¤ÖÐ¨¥:
p1 + p2 + p3 + p4 = 0.

„²Ö ¶·μÍ¥¸¸  f1f̄1HA → 0 CA ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ¸É¨ ¨³¥-
¥É ¢¨¤

ABorn+1-loop = ABorn[O(m2
f )] + A1-loop[O(α)] + A1-loop[O(m2

fα)]. (9)

‚Éμ·μ¥ ¸² £ ¥³μ¥, A1-loop[O(α)], μ¡μ§´ Î ¥É Î ¸ÉÓ μ¤´μ¶¥É²¥¢μ°  ³¶²¨ÉÊ¤Ò,
´¥ ¶μ¤ ¢²¥´´μ° ±μ´¸É ´Éμ° ¸¢Ö§¨ 
± ¢Ò (m2

f ) ¢ μÉ²¨Î¨¥ μÉ ¡μ·´μ¢¸±μ°  ³-

¶²¨ÉÊ¤Ò ABorn[O(m2
f )], ¨ μ¸É ÉμÎ´ÊÕ Î ¸ÉÓ μ¤´μ¶¥É²¥¢μ°  ³¶²¨ÉÊ¤Ò

A1-loop[O(m2
fα)]. �μ ÔÉμ° ¶·¨Î¨´¥ ¢±² ¤ ¤·¥¢¥¸´μ£μ ¶·¨¡²¨¦¥´¨Ö μ¡ÒÎ´μ

³¥´ÓÏ¥, Î¥³ μ¤´μ¶¥É²¥¢μ°, ¨ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò ³μ¦´μ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

|ABorn+1-loop|2 −→ |ABorn[O(m2
f )] + A1-loop[O(α)]|2. (10)

„²Ö Ë¥·³¨μ´μ¢ ¶¥·¢μ£μ ¶μ±μ²¥´¨Ö ³μ¦´μ ¤ ¦¥ ¶·¥´¥¡·¥ÎÓ ABorn, ´μ
ÔÉμÉ ¢±² ¤ ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´Ò³ ¤²Ö ¢Éμ·μ£μ ¨ É·¥ÉÓ¥£μ ¶μ±μ²¥´¨°.
QED-¶μ¶· ¢±¨ §  ¸Î¥É ¢¨·ÉÊ ²Ó´μ£μ μ¤´μ¶¥É²¥¢μ£μ ¨ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö
¢´μ¸ÖÉ ¢±² ¤ ¢ É·¥ÉÓ¥ ¸² £ ¥³μ¥ Ê· ¢´¥´¨Ö (9), ¶μÔÉμ³Ê ¨³¨ Éμ¦¥ ³μ¦´μ
¶·¥´¥¡·¥ÎÓ. ’ ±¨³ μ¡· §μ³, ¸¨¸É¥³  SANC ¢ÒÎ¨¸²Ö¥É  ´ ²¨É¨Î¥¸±¨¥ ¢Ò-
· ¦¥´¨Ö HA ¤²Ö ¢¸¥Ì É·¥Ì ± ´ ²μ¢, ±μÉμ·Ò¥ ¸μ§¤ ÕÉ¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¶¥·¥¸É ´μ¢±μ° ¢Ìμ¤ÖÐ¨Ì ¨³¶Ê²Ó¸μ¢ ¨ ¶·μ¥±Í¨¥° CA ´  ¸μ¸ÉμÖ´¨Ö ¸ μ¶·¥-
¤¥²¥´´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ. ’·¨ ± ´ ²  ¶·μÍ¥¸¸  f1f̄1HA → 0 ¨ ¨¸Ìμ¤´ Ö
Ëμ·³  ¸μ ¢¸¥³¨ ¢Ìμ¤ÖÐ¨³¨ ¨³¶Ê²Ó¸ ³¨ ÊÎ ¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¸Ì¥³ É¨Î¥¸±¨
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 5.

�´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö HA ¢¸¥Ì É·¥Ì ± ´ ²μ¢ ¶·¨¢¥¤¥´Ò ¢ · -
¡μÉ¥ [16]. �¨¦¥ ³Ò ¶·¥¤¸É ¢¨³ Éμ²Ó±μ ´¥±μÉμ·Ò¥ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö
± ¦¤μ£μ ± ´ ² .

�¨¸. 5. ’·¨ ± ´ ²  ¶·μÍ¥¸¸  f1f̄1HA → 0



��…–ˆ‡ˆ����… ��ˆ‘��ˆ… ���–…‘‘�‚ �� Š�‹‹�‰„…��• ‚ ‘ˆ‘’…Œ… SANC 467

3.3.1. �´´¨£¨²ÖÍ¨μ´´Ò° ± ´ ² f1f̄1 → HA. �  ·¨¸. 6 ¶μ± § ´μ ¸¥Î¥´¨¥
·¥ ±Í¨¨ ·μ¦¤¥´¨Ö ¡μ§μ´  •¨££¸  ¢ ¶·μÍ¥¸¸¥  ´´¨£¨²ÖÍ¨¨ ´  μ¤´μ¶¥É²¥¢μ³
Ê·μ¢´¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¥£μ ³ ¸¸Ò MH ¢ Éμ³ ¦¥ ¸É¨²¥, ÎÉμ ¨ ´  ·¨¸. 2 ¢
μ¡§μ·¥ [108].

�¨¸. 6. �μ²´μ¥ EW-¸¥Î¥´¨¥ σ ± ± ËÊ´±Í¨Ö ³ ¸¸Ò ¡μ§μ´  •¨££¸ 

•μÉÖ ´ ³ ´¥ Ê¤ ²μ¸Ó ¢Ò¶μ²´¨ÉÓ ¤¥É ²Ó´μ¥ ¢Ò¸μ±μÉμÎ´μ¥ ¸· ¢´¥´¨¥ ´ -
Ï¨Ì ·¥§Ê²ÓÉ Éμ¢, ¸ÊÐ¥¸É¢Ê¥É Ìμ·μÏ¥¥ ®¢¨§Ê ²Ó´μ¥¯ ¸μ£² ¸¨¥ ¸ ·¨¸. 2 · -
¡μÉÒ [108].

3.3.2. Š ´ ² · ¸¶ ¤  H → μ+μ−γ. „²Ö ± ´ ²  · ¸¶ ¤  ³Ò ´¥ ´ Ï²¨
· ¡μÉÒ, ¸ ±μÉμ·μ° ³μ¦´μ ¸· ¢´¨ÉÓ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ. �  ·¨¸. 7 ¶μ± § ´μ
· ¸¶·¥¤¥²¥´¨¥ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ Mμ+μ− ´  ¡μ·´μ¢¸±μ³ ¨ μ¤´μ¶¥É²¥¢μ³
Ê·μ¢´ÖÌ ¤²Ö MH = 150 ƒÔ‚.

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥. ˜É·¨Ìμ¢ Ö ²¨´¨Ö Å ¤·¥¢¥¸´Ò° Ê·μ-
¢¥´Ó; ¸¶²μÏ´ Ö Å μ¤´μ¶¥É²¥¢μ° Ê·μ¢¥´Ó
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—¥É±μ ¢¨¤´Ò ¤¢  ¶¨±  ¨§-§  γ- ¨ Z-μ¡³¥´μ¢. 	μ·´μ¢¸±¨° ¢±² ¤ ³ ² ¶μ-
¢¸Õ¤Ê, ±·μ³¥ Ê£² , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¨§²ÊÎ¥´¨Õ ³Ö£±¨Ì ËμÉμ´μ¢, £¤¥ μ´ ¨´-
Ë· ±· ¸´μ · ¸Ìμ¤¨É¸Ö. 	μ²¥¥ ¶μ¤·μ¡´μ Î¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò
¢ · ¡μÉ¥ [16].

3.3.3. Š ´ ² ·μ¦¤¥´¨Ö eγ → eH . „²Ö ÔÉμ£μ ± ´ ²  ³Ò ¶·¥¤¸É ¢²Ö¥³
¶·¥Í¨§¨μ´´μ¥ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ± § ´´ÒÌ ¢ É ¡². 1 · ¡μÉÒ [109], ¨
SANC ¤²Ö É·¥Ì §´ Î¥´¨° Ô´¥·£¨¨

√
s = 500, 1000, 1500 ƒÔ‚ ¢ Ï¨·μ±μ³

¤¨ ¶ §μ´¥ ¸¶¥±É·  ³ ¸¸ ¡μ§μ´  •¨££¸ : 80 � MH � 400 ƒÔ‚.

‚ É ¡². 3 ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ¤¢ÊÌ · ¸Î¥Éμ¢ ¶μ²´μ£μ ¸¥Î¥´¨Ö σ ¨ μÉ´μ-
¸¨É¥²Ó´μ° ¶μ¶· ¢±¨ δ (δ = σ [109]/σ[SANC] − 1 (%)).

’ ¡²¨Í  3. ‘· ¢´¥´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö σ ¨ μÉ´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢±  δ ³¥¦¤Ê ¶·μ-
£· ³³μ° SANC ¨ · ¡μÉμ° [109]

MH , ƒÔ‚

√
s = 500 ƒÔ‚

√
s = 1000 ƒÔ‚

√
s = 1500 ƒÔ‚

σ, ¶¡ σ, ¶¡
δ, %

σ, ¶¡ σ, ¶¡
δ, %

σ, ¶¡ σ, ¶¡
δ, %

(SANC) ([109]) (SANC) ([109]) (SANC) ([109])

80 8,40 8,38 Ä0,2 9,31 9,29 Ä0,2 9,76 9,74 Ä0,2
100 8,85 8,85 0 9,95 9,94 Ä0,1 10,48 10,5 Ä0,2
120 9,77 9,80 0,3 11,16 11,2 0,4 11,80 11,8 0
140 11,76 11,8 0,3 13,68 13,7 0,1 14,52 14,6 0,6
160 20,91 21,1 0,9 24,82 25,0 0,7 26,48 26,6 0,5
180 20,67 20,9 1,1 25,04 25,3 1,0 26,81 27,0 0,7
200 16,99 17,2 1,2 21,05 21,2 0,7 22,64 22,8 0,7
300 5,90 5,97 1,2 8,44 8,53 1,0 9,33 9,43 1,1
400 1,64 1,64 0 2,74 2,78 1,5 3,15 3,18 1,0

Š ± ¢¨¤´μ, · §´¨Í  ¢ ¡μ²ÓÏ¨´¸É¢¥ ÉμÎ¥± ´¨¦¥ 1 % ¨ ´ ¡²Õ¤ ¥É¸Ö ´¥-
·¥£Ê²Ö·´μ¥ ¶μ¢¥¤¥´¨¥, Ê± §Ò¢ ÕÐ¥¥ ´  ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ § É·Ê¤´¥´¨Ö (´ Ï¨
¢ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¸ ÉμÎ´μ¸ÉÓÕ real*16). �  μ¸´μ¢¥ ÔÉμ£μ ³μ¦´μ ¸¤¥-
² ÉÓ ¢Ò¢μ¤, ÎÉμ ÔÉ¨ ¤¢  ·¥§Ê²ÓÉ É  ´ Ìμ¤ÖÉ¸Ö ¢ μÎ¥´Ó Ìμ·μÏ¥³ ¸μ£² ¸¨¨.

3.4. ’·¨ ± ´ ²  ¶·μÍ¥¸¸  f1f̄1ZA → 0. ŒÒ ¢´¥¤·¨²¨ É·¨ ¢μ§³μ¦´ÒÌ
± ´ ²  ¤²Ö ·¥ ±Í¨¨ f1f̄1ZA → 0: ± ´ ²  ´´¨£¨²ÖÍ¨¨ f1f̄1 → ZA, · ¸¶ ¤ 
Z → f1f̄1A ¨ ·μ¦¤¥´¨Ö eγ → eZ [22].

„²Ö ± ¦¤μ£μ ± ´ ²  SANC £¥´¥·¨·Ê¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¦¥¸É±μ£μ
Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö [22]. �μÌμ¦¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶·μ¢μ¤¨²¨¸Ó �. „¥´´¥-
·μ³ ¨ ‘. „¨ÉÉ³ °¥·μ³ ¢ · ¡μÉ¥ [110], ÎÉμ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ ¸· ¢´¥´¨¥ ¸
´ Ï¨³¨ ·¥§Ê²ÓÉ É ³¨. ’μ²Ó±μ Î ¸ÉÓ ¨Ì É ¡². 5.3 ¶μ± § ´  ¢ ´ Ï¥° É ¡². 4,
£¤¥ ³Ò É ±¦¥ ¤μ¡ ¢¨²¨ Î¨¸²  ¶·μ£· ³³Ò Grace-loop, ¢§ÖÉÒ¥ ¨§ · ¡μÉÒ [55].
Š ± ¢¨¤´μ, ³¥¦¤Ê ÔÉ¨³¨ É·¥³Ö · ¸Î¥É ³¨ ¸ÊÐ¥¸É¢Ê¥É ¨¤¥ ²Ó´μ¥ ¸μ£² ¸¨¥ ¶·¨
¨¸¶μ²Ó§μ¢ ´¨¨ μ¤¨´ ±μ¢ÒÌ ¢Ìμ¤´ÒÌ ¶ · ³¥É·μ¢.
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’ ¡²¨Í  4. ‘· ¢´¥´¨¥ ¡μ·´μ¢¸±μ£μ ¸¥Î¥´¨Ö σBorn ¨ δ ¶·μÍ¥¸¸  γe− → Ze−(γ)
(¢Ìμ¤´Ò¥ ¶ · ³¥É·Ò [DD]; Eγ � 0,025

√
s ƒÔ‚)

√
s, ƒÔ‚ θ, ◦ � · ³¥É· DD [110] Grace-loop [55] SANC [22]

20 < θ < 160 σBorn, ¶¡ 0,7051 0,70515 0,70515
500 δ, % Ä25,69 Ä25,689 Ä25,690

1 < θ < 179 σBorn, ¶¡ 1,770 1,7696 1,7697
δ, % Ä22,31 Ä22,313 Ä22,313

20 < θ < 160 σBorn, ¶¡ 0,04620 0,046201 0,046201
2000 δ, % Ä39,53 Ä39,529 Ä39,529

1 < θ < 179 σBorn, ¶¡ 0,1170 0,1170 0,11697
δ, % Ä30,84 Ä30,845 Ä30,845

3.5. „¢  ± ´ ²  ¤²Ö f̄1f1HZ → 0. ˆ¸¸²¥¤μ¢ ´¨¥ ÔÉμ£μ ¶·μÍ¥¸¸  ¢ ¤¢ÊÌ
± ´ ² Ì ( ´´¨£¨²ÖÍ¨¨ f̄1f1 → HZ ¨ · ¸¶ ¤  H → Zf̄1f1) ¶·¥¤¸É ¢²¥´μ ¢
· ¡μÉ¥ [12]. ‡¤¥¸Ó ³Ò ¶μ± §Ò¢ ¥³ Éμ²Ó±μ ¥£μ CA ¨ ´¥¸±μ²Ó±μ ¶·¨³¥·μ¢
Î¨¸²μ¢ÒÌ ·¥§Ê²ÓÉ Éμ¢.

3.5.1. Šμ¢ ·¨ ´É´ Ö  ³¶²¨ÉÊ¤  ¶·μÍ¥¸¸ . CA ÔÉμ£μ ¶·μÍ¥¸¸  ¤μ¢μ²Ó´μ
±μ³¶ ±É´ ; μ´  μ¶¨¸Ò¢ ¥É¸Ö Ï¥¸ÉÓÕ ¸É·Ê±ÉÊ· ³¨ ¨ Ï¥¸ÉÓÕ Ëμ·³Ë ±Éμ· ³¨.
…¸²¨ ¸Î¨É ¥³ ¢¸¥ ¨³¶Ê²Ó¸Ò ¢Ìμ¤ÖÐ¨³¨, f̄1(p1)f1(p2)Z(p3)H(p4) → 0, Éμ
¢Ò· ¦¥´¨¥ ¤²Ö ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¨³¥¥É ¢¨¤

AffHZ = k
{[

v̄(p1)
(
γνγ+σfF+

0 (s, t) − /p3γ+(p1)νF+
1 (s, t)−

− /p3γ+(p2)νF+
2 (s, t)

)
u(p2)εZ

ν (p3)
]
+

+
[
σf → δf , γ+ → γ− F+

i (s, t) → F−
i (s, t)

]}
, (11)

£¤¥ γ± = 1±γ5, σf = vf +af , δf = vf −af , k = − ig2

4c2
W

MZ

M2
Z − s

. (12)

3.5.2. Š ´ ²  ´´¨£¨²ÖÍ¨¨ e+e− → HZ . „²Ö ± ´ ²   ´´¨£¨²ÖÍ¨¨ ³Ò
¶·¨¢μ¤¨³ ·¥§Ê²ÓÉ ÉÒ É·μ°´μ£μ ¸· ¢´¥´¨Ö (É ¡². 5). �¶ÖÉÓ ´ ¡²Õ¤ ¥É¸Ö § -
³¥Î É¥²Ó´μ¥ ¸μ£² ¸¨¥ ³¥¦¤Ê É·¥³Ö ´¥§ ¢¨¸¨³Ò³¨ · ¸Î¥É ³¨. ‚ SANC ³Ò
¢´¥¤·¨²¨ É ±¦¥ ¶μ²´Ò¥ ¶μ¶· ¢±¨ NLO EW, ¢ Éμ³ Î¨¸²¥ ¤²Ö ÊÎ¥É  ¦¥¸É±μ£μ
Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö.

3.5.3. Š ´ ² · ¸¶ ¤  H → Zf1f̄1(γ). „²Ö ± ´ ²  · ¸¶ ¤  ³Ò ´¥ ´ Ï²¨
¢ ²¨É¥· ÉÊ·¥ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ¸· ¢´¥´¨Ö. �  ·¨¸. 8 ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö
¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ m2

μ+μ−(γ).
—¥É±μ ¢Ò· ¦¥´ Ê§±¨° ¶¨± ¶·¨ ³ ²ÒÌ ³ ¸¸ Ì. �´ ¨³¥¥É ¶·μ¸Éμ¥ Ë¨§¨Î¥-

¸±μ¥ μ¡ÑÖ¸´¥´¨¥: ¶μ¸±μ²Ó±Ê Ï¨·¨´  H → Zγ ´¥´Ê²¥¢ Ö ¤²Ö ËμÉμ´  ´  ³ ¸¸μ-
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’ ¡²¨Í  5. �μ¶· ¢±¨ EW ± ¶μ²´μ³Ê ¸¥Î¥´¨Õ (¢ %) ¢ α-¸Ì¥³¥

√
s, ƒÔ‚ MH , ƒÔ‚ Grace-loop [55] [111] SANC [12]

500 100 4,1524 4,1524 4,1524
500 300 6,9017 6,9017 6,9017
1000 100 Ä2,1656 Ä2,1656 Ä2,1656
1000 300 Ä2,4995 Ä2,4995 Ä2,4995
1000 800 26,1094 26,1094 26,1094
2000 100 Ä11,5413 Ä11,5414 Ä11,5414
2000 300 Ä12,8226 Ä12,8226 Ä12,8226
2000 800 11,2468 11,2468 11,2468

�¨¸. 8. � ¸¶·¥¤¥²¥´¨Ö ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ M2
μ+μ−(γ) ¢ α-¸Ì¥³¥. + Å · ¸¶·¥¤¥-

²¥´¨¥ ´  ¤·¥¢¥¸´μ³ Ê·μ¢´¥; × Å μ¤´μ¶¥É²¥¢μ° ¢±² ¤

¢μ° ¶μ¢¥·Ì´μ¸É¨ ¸ Q2
γ = 0, Éμ μ¤´μ¶¥É²¥¢ Ö  ³¶²¨ÉÊ¤  ¤²Ö H → Zf1f̄1 ¸ ¢¨·-

ÉÊ ²Ó´Ò³ ËμÉμ´´Ò³ μ¡³¥´μ³ ¡Ê¤¥É ¶·μ¶μ·Í¨μ´ ²Ó´  ∼ 1/s (¸ s = −Q2
γ).

�Éμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¶·¨¢¥¤¥É ± ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ ∼ 1/s ± ± ¤¢ ¦¤Ò,
É ± ¨ μ¤´ ¦¤Ò ¤¨ËË¥·¥´Í¨ ²Ó´μ° Ï¨·¨´Ò. �¡² ¸ÉÓ 1/s μÎ¥´Ó Ê§± Ö ¨ ¢
§´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ ¢Ò³Ò¢ ¥É¸Ö μ¡·¥§ ´¨¥³ ¶μ ¶¥·¥³¥´´μ° s.

3.6. �·μÍ¥¸¸Ò É¨¶  „·¥²² ÄŸ´  ¸ μ¤¨´μÎ´Ò³ ·μ¦¤¥´¨¥³ W - ¨ Z-¡μ-
§μ´μ¢. �¶¨¸ ´¨¥ ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  ¢ ¸¨¸É¥³¥ SANC μÎ¥´Ó Ìμ·μÏμ
¶·μ· ¡μÉ ´μ. Š ± μ¡ÒÎ´μ, ³Ò ´ Î¨´ ¥³ ¸ ¢ÒÎ¨¸²¥´¨° ´  ¶ ·Éμ´´μ³ Ê·μ¢´¥,
Ê¶· ¢²ÖÖ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ Ë °² ³¨ FF/HA/BR ¤²Ö ± ¦¤μ° ¢¥É¢¨, ¸´ Î ²  ´ 
Ö§Ò±¥ FORM,   § É¥³  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥μ¡· §ÊÕÉ¸Ö ¢ Ëμ·É· ´´Ò¥
³μ¤Ê²¨ ¶·μÍ¥¤Ê·μ° s2n.

3.6.1. � ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  ¢ ± ´ ² Ì § ·Ö-
¦¥´´μ£μ ¨ ´¥°É· ²Ó´μ£μ Éμ±μ¢. Œμ¤Ê²¨ FORTRAN, ¸μ§¤ ´´Ò¥ ¶ ±¥Éμ³ s2n,
¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ MC-¨´É¥£· Éμ· Ì ¨ £¥´¥· Éμ· Ì, ´ ¶¨¸ ´´ÒÌ ´  μ¸´μ¢¥  ²£μ-
·¨É³  Vegas. ‘ ¶μ³μÐÓÕ ÔÉ¨Ì ¨´¸É·Ê³¥´Éμ¢ ³Ò ¶μ¸É·μ¨²¨ ³´μ¦¥¸É¢μ · ¸-
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¶·¥¤¥²¥´¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ É·Ê¤ Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨° Les Houches [69] ¨
TeV4LHC [67]. ‡¤¥¸Ó ³Ò ¶·¨¢μ¤¨³ ´¥¸±μ²Ó±μ · ¸¶·¥¤¥²¥´¨° ± ± ¤²Ö § ·Ö-
¦¥´´μ£μ (CC), É ± ¨ ¤²Ö ´¥°É· ²Ó´μ£μ (NC) Éμ±μ¢.

‚´ Î ²¥ ¢¢¥¤¥³ ´¥±μÉμ·Ò¥ μ¡μ§´ Î¥´¨Ö.
� �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ Éμ±¥ (CC DY):
Å qq̄′-¶μ¤¶·μÍ¥¸¸, p[q] + p[q̄′] → W± → X + �± + ν�(+γ),
Å gq-¶μ¤¶·μÍ¥¸¸, p[g] + p[q] → W± → X + �± + ν�(+g),
Å γq- ¨²¨ γ-¨´¤ÊÍ¨·μ¢ ´´Ò° ¶μ¤¶·μÍ¥¸¸, p[γ]+p[q] → W± → X +�±+

ν�(+γ), (� = e, μ).
� �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ ´¥°É· ²Ó´μ³ Éμ±¥ (NC DY):
Å qq̄-¶μ¤¶·μÍ¥¸¸, p[q] + p[q̄] → γ, Z → X + �+ + �−(+γ),
Å gq-¶μ¤¶·μÍ¥¸¸, p[g] + p[q] → γ, Z → X + �+ + �−(+g),
Å γq- ¨²¨ γ-¨´¤ÊÍ¨·μ¢ ´´Ò° ¶μ¤¶·μÍ¥¸¸, p[γ]+p[q] → γ, Z → X +�++

�−(+γ), (� = e, μ).
„²Ö CC ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò 2 ⊗ 2 ⊗ 2 · ¸¶·¥¤¥²¥´¨Ö É¨¶ (

qq̄′

g(γ)q

)
⊗

(
pT

MT

)
⊗

(
μ
e

)
.

‚ ¶¥·¢μ³ ¸Éμ²¡Í¥ ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ´  ¶ ·Éμ´´μ³ Ê·μ¢´¥, ÊÎ ¸É¢ÊÕ-
Ð¨¥ ¢ ¦¥¸É±μ³ ¶μ¤¶·μÍ¥¸¸¥. ‚μ ¢Éμ·μ³ ¸Éμ²¡Í¥ Å · ¸¶·¥¤¥²¥´¨Ö ¶μ ¶μ¶¥-
·¥Î´μ³Ê ²¥¶Éμ´´μ³Ê ¨³¶Ê²Ó¸Ê pT = p�

T , ¨²¨ ¶μ É ± ´ §Ò¢ ¥³μ° ¶μ¶¥·¥Î´μ°

³ ¸¸¥ MT =
√

2p�
T pν

T (1 − cosϕ�ν) ¸¨¸É¥³Ò �ν�. ‚ É·¥ÉÓ¥³ ¸Éμ²¡Í¥ Å É¨¶

±μ´¥Î´μ£μ § ·Ö¦¥´´μ£μ ²¥¶Éμ´  μ ¨²¨ e. Š·μ³¥ Éμ£μ, ¤²Ö ³Õμ´μ¢ ³Ò ¨¸-
¶μ²Ó§Ê¥³ É ± ´ §Ò¢ ¥³Ò° bare setup,   ¤²Ö Ô²¥±É·μ´μ¢ calo, ¸ ÊÎ¥Éμ³ e-γ-·¥-
±μ³¡¨´ Í¨¨ ¢ ± ²μ·¨³¥É·¥.

‚ ¸²ÊÎ ¥ ´¥°É· ²Ó´μ£μ Éμ±  NC ¸·¥¤´¨° ¸Éμ²¡¥Í μÉ²¨Î ¥É¸Ö μÉ § ·Ö¦¥´-
´μ£μ Éμ±  CC: (

qq̄
g(γ)q

)
⊗

(
pT

M�+�−

)
⊗

(
μ
e

)
.

„²Ö ËμÉμ´  ± ± ´ Î ²Ó´μ£μ ¶ ·Éμ´  ³Ò § ±μ´Î¨²¨ ¨¸¸²¥¤μ¢ ´¨¥ ¢ · -
¡μÉ¥ [31]. ŒÒ É ±¦¥ ÊÎ²¨ £²Õμ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨.

�  ·¨¸. 9 ¶·¨¢μ¤ÖÉ¸Ö · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¸¥Î¥´¨° σ (¢ ¶¡/ƒÔ‚) ¨ μÉ´μ¸¨-
É¥²Ó´ÒÌ ¶μ¶· ¢μ± δ, £¤¥ ¶μ¸²¥¤´¥¥ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° δ = σ1-loop/σBorn−
1 ¤²Ö ¶μ¶· ¢μ± NLO QCD ¨ EW, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ¤¶·μÍ¥¸¸Ê qq̄′, ¨ δ =
σg(γ)q/σBorn ¤²Ö ¶μ¶· ¢μ±, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·μÍ¥¸¸ ³, ¨´¤ÊÍ¨·μ¢ ´´Ò³
£²Õμ´μ³ (ËμÉμ´μ³). EW-¶μ¶· ¢±¨ ³¥´ÓÏ¥ ¤²Ö Ô²¥±É·μ´μ¢ ¢¸²¥¤¸É¢¨¥ ¨Ì ·¥-
±μ³¡¨´ Í¨¨ ¸ ËμÉμ´ ³¨.

�¨¸. 10 ¨ 11 ¨²²Õ¸É·¨·ÊÕÉ ¢±² ¤ γ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¤²Ö ± ´ -
²μ¢ § ·Ö¦¥´´μ£μ ¨ ´¥°É· ²Ó´μ£μ Éμ±μ¢.
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�¨¸. 9. �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ Éμ±¥ CC DY: σ (a) ¨ δ (¡), · ¸¶·¥¤¥²¥´¨Ö
¶μ MT

�¨¸. 10. �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ Éμ±¥ CC DY: δ ¤²Ö · ¸¶·¥¤¥²¥´¨° ¶μ
p�

T (a) ¨ ¶μ MT (¡)

�¨¸. 11. �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ ´¥°É· ²Ó´μ³ Éμ±¥ NC DY: ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  σBorn (a)
¨ ¶μ¶· ¢±  δ (¡), · ¸¶·¥¤¥²¥´¨¥ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ M�+�−

Š ± ¢¨¤´μ ¨§ ·¨¸Ê´±μ¢, ÔÉ¨ ¢±² ¤Ò ¢¥¸Ó³  § ³¥É´Ò ¢ p�
T -· ¸¶·¥¤¥²¥´¨¨

¨ ¥¤¢  § ³¥É´Ò ¢ · ¸¶·¥¤¥²¥´¨¨ ¶μ ¶μ¶¥·¥Î´μ° ³ ¸¸¥ MT .

3.6.2. ‚§ ¨³μ¤¥°¸É¢¨¥ QCD-EW-¶μ¶· ¢μ±. �·¨ ¨¸¸²¥¤μ¢ ´¨¨ ¶·μÍ¥¸¸μ¢
„·¥²² ÄŸ´  ´ ¨¡μ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¢§ ¨³μ¤¥°¸É¢¨¥ EW- ¨
QCD-¶μ¶· ¢μ± ¶μ ±· °´¥° ³¥·¥ ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ (NLO) ¶·¨¡²¨-
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�¨¸. 12. �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ Éμ±¥ CC DY: μÉ´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢± 
QCD (a) ¨ EW (¡) ¢ · ¸¶·¥¤¥²¥´¨¨ ¶μ ¶μ¶¥·¥Î´μ° ³ ¸¸¥ MT

�¨¸. 13. �·μÍ¥¸¸ „·¥²² ÄŸ´  ¢ ´¥°É· ²Ó´μ³ Éμ±¥ NC DY: μÉ´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢± 
QCD (a) ¨ EW (¡) ¢ · ¸¶·¥¤¥²¥´¨¨ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ M�+�−

¦¥´¨¨. ‘ ¶μ³μÐÓÕ SANC ÔÉμ ¢μ§³μ¦´μ, É ± ± ± ³Ò ¢´¥¤·¨²¨ NLO QCD-¶μ-
¶· ¢±¨ ÉμÎ´μ ´  Éμ³ ¦¥ Ê·μ¢´¥, ÎÉμ ¨ EW.

�  ·¨¸. 12 ¨ 13 ¶μ± § ´Ò μÉ´μ¸¨É¥²Ó´Ò¥ QCD- ¨ EW-¶μ¶· ¢±¨ ¢ · ¸¶·¥-
¤¥²¥´¨ÖÌ ¶μ ¶μ¶¥·¥Î´μ° ¨ ¨´¢ ·¨ ´É´μ° ³ ¸¸ ³ ¸μμÉ¢¥É¸É¢¥´´μ.

ˆ§ ÔÉ¨Ì ·¨¸Ê´±μ¢ ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ ¶μ ±· °´¥° ³¥·¥ ¤²Ö ´¥±μÉμ-
·ÒÌ · ¸¶·¥¤¥²¥´¨° NLO QCD-¶μ¶· ¢±¨ ´¥ ¤μ³¨´¨·ÊÕÉ. 	μ²¥¥ ¶μ¤·μ¡´μ¥
¨§²μ¦¥´¨¥ ÔÉμ£μ ¨¸¸²¥¤μ¢ ´¨Ö ³μ¦´μ ´ °É¨ ¢ μÉÎ¥É¥ · ¡μÎ¥° £·Ê¶¶Ò ATLAS
MC [112].

3.6.3. �μ¦¤¥´¨¥ ²¥£±¨Ì ¶ · ¢ ¶·μÍ¥¸¸ Ì „·¥²² ÄŸ´ . �μ¦¤¥´¨¥ ¤μ¶μ²´¨-
É¥²Ó´ÒÌ ²¥£±¨Ì ¶ · ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨  ´ ²μ£¨Î´μ ÔËË¥±ÉÊ ¨§²ÊÎ¥´¨Ö
ËμÉμ´μ¢ ¨§ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö (FSR). ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò  ´ ²¨§¨·Ê-
ÕÉ¸Ö ¢ · ¡μÉ Ì [32] ¨ [33]. 	Ò²μ ¶μ± § ´μ, ÎÉμ ËμÉμ´´μ¥ ¨§²ÊÎ¥´¨¥ FSR ¤²Ö
´¥±μÉμ·ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¢´μ¸¨É ¶μ¶· ¢±¨ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ¶·μ-
Í¥´Éμ¢. ‚±² ¤ μÉ ·μ¦¤¥´¨Ö ¤μ¶μ²´¨É¥²Ó´μ° Ë¥·³¨μ´- ´É¨Ë¥·³¨μ´´μ° ¶ ·Ò
¶μ¤ ¢²Ö¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ËμÉμ´´μ£μ μ¤´¨³ ¤μ¶μ²´¨É¥²Ó´Ò³ Ë ±Éμ·μ³ α,
μ¤´ ±μ ¢ ¦´μ ¶·¨´¨³ ÉÓ ¥£μ ¢μ ¢´¨³ ´¨¥.
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�¸´μ¢´ Ö Î ¸ÉÓ ÔËË¥±É  ¨¸Ìμ¤¨É μÉ ·μ¦¤¥´¨Ö ¶ ·Ò e+e−. �Í¥´¥´ ¢±² ¤
¶ · μ+μ−. ‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥³ ·¨¸. 14, £¤¥ ³Ò ¶μ± § ²¨ μÉ´μ-
¸¨É¥²Ó´Ò¥ ¶μ¶· ¢±¨ §  ¸Î¥É ·μ¦¤¥´¨Ö ¶ · ± ¤¨ËË¥·¥´Í¨ ²Ó´μ³Ê · ¸¶·¥¤¥-
²¥´¨Õ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ (¶¥·¢¨Î´μ°) ³Õμ´´μ° ¶ ·Ò ¨ ¶μ ¶μ¶¥·¥Î´μ³Ê
¨³¶Ê²Ó¸Ê ³Õμ´  ¢ ¶·μÍ¥¸¸¥ p+p → Z+X → μ++μ−+X . Š ± ³μ¦´μ ¢¨¤¥ÉÓ,
¶μ¶· ¢±¨ μÉ ²¥£±¨Ì ¶ · ± · ¸¶·¥¤¥²¥´¨Õ ¶μ ¨´¢ ·¨ ´É´μ° ³ ¸¸¥ ¤μ¸É¨£ ÕÉ
Ê·μ¢´Ö 1 % ¢ μ¡² ¸É¨ ¶¨± . ‘μμÉ¢¥É¸É¢ÊÕÐ Ö ¶μ¶· ¢±  ± · ¸¶·¥¤¥²¥´¨Õ ¶μ
¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê ´¥ ¶·¥¢ÒÏ ¥É 0,1 %.

�É¨ ·¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸ ¶μ³μÐÓÕ ³μ´É¥-± ·²μ¢¸±μ£μ ¨´É¥£· -
Éμ·  SANC. ’ ±¦¥ ¡Ò²μ ¶·μ¢¥¤¥´μ ¶¥·¥±·¥¸É´μ¥ ¸· ¢´¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨
 ´ ²μ£¨Î´ÒÌ ¢ÒÎ¨¸²¥´¨° ±μ³¶ÓÕÉ¥·´μ£μ ±μ¤  HORACE. ˆ¸¸²¥¤μ¢ ´¨Ö

�¨¸. 14. �É´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢±  §  ¸Î¥É ·μ¦¤¥´¨Ö ²¥£±¨Ì ¶ · μ+μ− ± ¨´¢ ·¨ ´É´μ°
³ ¸¸¥ (a) ¨ · ¸¶·¥¤¥²¥´¨Õ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê (¡)
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¢±² ¤  ²¥¶Éμ´´ÒÌ ¶ · ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ´  · ¡μÎ¨Ì ¸μ¢¥Ð ´¨ÖÌ W-mass
¢ –…��.

3.7. —¥ÉÒ·¥Ì¡μ§μ´´Ò¥ ¶·μÍ¥¸¸Ò γγ → γγ (γZ, ZZ) ¨ Z → γγγ. ‚ · -
¡μÉ Ì [26Ä28] ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò μÍ¥´±¨ ¶·μÍ¥¸¸μ¢ γγ → γγ, Z → γγγ,
Zγ → γγ ¨ γγ → ZZ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ-
¸É¨ ¢ Rξ-± ²¨¡·μ¢±¥ Î¥·¥§ Ë¥·³¨μ´´Ò¥ ¶¥É²¨ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¥¤¢ÒÎ¨-
¸²¥´´Ò¥ ¡²μ±¨ ¸ ÊÎ¥Éμ³ ¢¸¥Ì ³ ¸¸ (Z-¡μ§μ´  ¨ ¢´ÊÉ·¥´´¨Ì).

‚ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ ¶·¨³¥·  · ¸¸³μÉ·¨³ ¶·μÍ¥¸¸ Zγγγ → 0.
�  ·¨¸. 15 ¶μ± § ´μ ¤¥·¥¢μ ¶·¥¤¢ÒÎ¨¸²¥´¨° ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸ . �·¨ μ¶¨-
¸ ´¨¨ CA ¤²Ö ´¥£μ ³Ò ¶μ± ¦¥³ Ö¢´Ò° ¢¨¤ É¥´§μ· .

�·¨ · ¸Î¥É¥ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ´¥´Ê²¥¢Ò¥ ³ ¸¸Ò Ë¥·³¨μ´μ¢ ¢
¶¥É²ÖÌ. ‚ · ¡μÉ Ì [26Ä28] ±· É±μ μ¶¨¸ ´Ò ¤μ¶μ²´¨É¥²Ó´Ò¥ ³μ¤Ê²¨ ¶·¥¤¢Ò-
Î¨¸²¥´¨°, ¨¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö · ¸Î¥É  ³ ¸¸¨¢´ÒÌ ¤¨ £· ³³ É¨¶  ¡μ±¸, É ±¦¥
μ¡¸Ê¦¤ ÕÉ¸Ö ±μ¢ ·¨ ´É´Ò¥ ¨ É¥´§μ·´Ò¥ ¸É·Ê±ÉÊ·Ò ¤²Ö ÔÉ¨Ì ¶·μÍ¥¸¸μ¢, ±μÉμ-
·Ò¥ ¶·¥¤¸É ¢²¥´Ò ¢ ±μ³¶ ±É´μ° Ëμ·³¥. �¶¨¸ ´ ¶μ¤Ìμ¤ ¢ ¸¶¨· ²Ó´ÒÌ  ³¶²¨-
ÉÊ¤ Ì, ¨ ¶μ± § ´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö HA. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶ ±¥ÉÒ
¤²Ö Î¨¸²μ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¤μ¸ÉÊ¶´Ò ¶μ § ¶·μ¸Ê.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ²ÊÎ¥´´Ò¥ ¸É·μ¨É¥²Ó´Ò¥ ¡²μ±¨ ¨ ¶·μÍ¥¤Ê·Ò
¶·¥¤¢ÒÎ¨¸²¥´¨° ¤²Ö QED ¨ Ô²¥±É·μ¸² ¡ÒÌ ¤¨ £· ³³ É¨¶  ¡μ±¸ (± ± γγ → γγ,
γγ → γZ, Z → γγγ, γγ → ZZ [113]) Ö¢²ÖÕÉ¸Ö ¶¥·¢Ò³¨ Ï £ ³¨ ¢ ¸μ§¤ ´¨¨

�¨¸. 15. ” °²Ò ¶·¥¤¢ÒÎ¨¸²¥´¨° AAAZ Box, AAAZ pinch, AAAZ ˇsh ´  ¤¥·¥¢¥ ¶·μ-
Í¥¸¸μ¢ SANC ¤²Ö ¶·μÍ¥¸¸  Zγγγ → 0
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μ±·Ê¦¥´¨Ö ¤²Ö ¢´¥¤·¥´¨Ö ¶μ¤μ¡´ÒÌ Î¥ÉÒ·¥Ì¡μ§μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ SM (± ±
γγ → ZH , gg → γγ, gg → ZZ, gg → W+W− ¨ ¤·.).

3.7.1. �·μÍ¥¸¸ γγ → γγ. �ÉμÉ ¶·μÍ¥¸¸ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¶μÖ¢²Ö-
¥É¸Ö ¡² £μ¤ ·Ö ´¥²¨´¥°´Ò³ ÔËË¥±É ³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¢ ±ÊÊ³μ³, ¶μÔÉμ³Ê
´¥ ¨³¥¥É ¤·¥¢¥¸´μ£μ ¨²¨ ¡μ·´μ¢¸±μ£μ Ê·μ¢´Ö ¢ÒÎ¨¸²¥´¨°. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥
¤¨ £· ³³Ò ¶μÖ¢²ÖÕÉ¸Ö ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ¨ ¢ QED ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¤¨ -
£· ³³ ³¨ É¨¶  ¡μ±¸ ¸ Î¥ÉÒ·Ó³Ö ¢´ÊÉ·¥´´¨³¨ Ë¥·³¨μ´ ³¨ μ¤¨´ ±μ¢μ° ³ ¸¸Ò.
—¨¸²μ · §²¨Î´ÒÌ ¤¨ £· ³³ (¨²¨ Éμ¶μ²μ£¨°) · ¢´μ Ï¥¸É¨. �μ É·¨ ¨§ ´¨Ì μÉ-
²¨Î ÕÉ¸Ö μÉ ¤·Ê£¨Ì Éμ²Ó±μ μ·¨¥´É Í¨¥° ¶μÉμ±  ¢´ÊÉ·¥´´¥£μ ¶¥É²¥¢μ£μ Ë¥·-
³¨μ´  ¨ ¢´μ¸ÖÉ μ¤¨´ ±μ¢Ò° ¢±² ¤, ¤ ÕÐ¨° Ë ±Éμ· ¤¢  ¢  ³¶²¨ÉÊ¤Ê. ’ ±¨³
μ¡· §μ³, Éμ²Ó±μ É·¨ Éμ¶μ²μ£¨¨ (st, su ¨ ut) μ¸É ÕÉ¸Ö ¤²Ö ¢ÒÎ¨¸²¥´¨° ¨ μÉ´μ-
¸ÖÉ¸Ö ± ¶·μ¸ÉÒ³ ¶¥·¥¸É ´μ¢± ³ ¨³¶Ê²Ó¸μ¢ ¢´¥Ï´¨Ì ËμÉμ´μ¢ ¢  ³¶²¨ÉÊ¤ Ì:
su-± ´ ² ¶μ²ÊÎ ¥É¸Ö ¨§ st-± ´ ²  ¢· Ð¥´¨¥³ p3 ↔ p4,   ut-± ´ ² Å ¢· Ð¥-
´¨¥³ p2 ↔ p3. ‘Ê³³  ÔÉ¨Ì Ë¥·³¨μ´´ÒÌ ¤¨ £· ³³ ± ²¨¡·μ¢μÎ´μ ¨´¢ ·¨ ´É´ 
¤²Ö ± ¦¤μ£μ ¶μ±μ²¥´¨Ö Î ¸É¨Í.

‚ É¥·³¨´ Ì ²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ· ¨³¥¥³

Aγγ→γγ =
43∑

i=1

F fermions
i (s , t , u)T αβμν

i ,

£¤¥ Fi ´μ·³ ²¨§ÊÕÉ¸Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Ë ±Éμ· ¤²Ö Ë¥·³¨μ´´ÒÌ Î ¸É¥°
Cfermions = 8α2Q4

fNc, α Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò, Qf Å § ·Ö¤ Ë¥·-
³¨μ´  ¢ ¶¥É²¥ ¢ ¥¤¨´¨Í Ì § ·Ö¤  Ô²¥±É·μ´  e, Nc Å Î¨¸²μ Í¢¥Éμ¢ ¤²Ö ¤ ´-
´μ£μ Ë¥·³¨μ´ ; T αβμν

i Å É¥´§μ·´Ò¥ ¸É·Ê±ÉÊ·Ò, μ¶·¥¤¥²Ö¥³Ò¥ ¸ ¶μ³μÐÓÕ
¢¸¶μ³μ£ É¥²Ó´ÒÌ ¸É·μ± τj , ¶·¥¤¸É ¢²¥´´ÒÌ ¤ ²¥¥. ‚´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨
¶μ²ÊÎ ¥³ ¡ §¨¸ ¨§ 43 Ô²¥³¥´Éμ¢, ´μ ¤²Ö ·¥ ²Ó´ÒÌ ËμÉμ´μ¢ ´  ³ ¸¸μ¢μ° ¶μ-
¢¥·Ì´μ¸É¨ μ¸É ÕÉ¸Ö Éμ²Ó±μ 10 ¶¥·¢ÒÌ ¸É·Ê±ÉÊ·. ‚Ò· ¦¥´¨Ö ¤²Ö Ö¢´μ£μ ¢¨¤ 
¸É·Ê±ÉÊ· ¶·¨¢μ¤ÖÉ¸Ö ¢ · ¡μÉ¥ [26].

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ ¥³ ³¨´¨³ ²Ó´Ò° ´ ¡μ· É¥´§μ·´ÒÌ ¸É·Ê±ÉÊ· ¤²Ö
±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò. �´  ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¶·μ¸Éμ° Ëμ·³¥ ¸ ¶μ-
³μÐÓÕ ¸± ²Ö·´ÒÌ Ëμ·³Ë ±Éμ·μ¢ (FF) Fi. ‚¸Ö § ¢¨¸¨³μ¸ÉÓ μÉ ³ ¸¸Ò ¨ ¤·Ê£¨Ì
¶ · ³¥É·μ¢ ¢±²ÕÎ¥´  ¢ ÔÉ¨ FF. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ± ¦¤Ò° ¡ §μ¢Ò° Ô²¥³¥´É
T αβμν

i , i = 1−43, É¥´§μ·´μ° ¸É·Ê±ÉÊ·Ò ¸ ²μ·¥´Í¥¢¸±¨³¨ ¨´¤¥±¸ ³¨ Î¥ÉÒ·¥-
¦¤Ò ¶μ¶¥·¥Î¥´ ¶μ ± ¦¤μ³Ê ¢´¥Ï´¥³Ê ËμÉμ´Ê:

T αβμν
i pα = T αβμν

i pβ = T αβμν
i pμ = T αβμν

i pν = 0.

� ‘· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ¶·μÍ¥¸¸  γγ → γγ.
�É¢¥É ¤²Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö ¢ ¡¥§³ ¸¸μ¢μ³ ¶·¥¤¥²¥ ¶μ¸²¥ ¶μ¤¸É ´μ¢±¨

¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¨ Ê£²μ¢μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

σγγ→γγ =
e8

2πω2

(
108
5

+
13
2

π2 − 8π2ζ(3) +
148
225

π4 − 24ζ(5)
)

. (13)
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�ÉμÉ ·¥§Ê²ÓÉ É ¶μ²´μ¸ÉÓÕ ¸μ£² ¸Ê¥É¸Ö ¸ ¶μ²ÊÎ¥´´Ò³ ¢ · ¡μÉ¥ [114]. ‚ Éμ³
¦¥ ¡¥§³ ¸¸μ¢μ³ ¶·¥¤¥²¥ ¡Ò²μ ´ °¤¥´μ ¶μ²´μ¥ ¸μ£² ¸¨¥ ¸ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö
¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ¨§ · ¡μÉÒ [115].

3.7.2. �·μÍ¥¸¸ Zγγγ → 0. ‚ É¥·³¨´ Ì ²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ· ³μ¦´μ
§ ¶¨¸ ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸  Zγγγ → 0 ¢ ¸²¥-
¤ÊÕÐ¥³ ¢¨¤¥:

AZγγγ→0 = 4e4Q4
f

14∑
i=1

[
Fbosons

i (s , t , u) + F fermions
i (s , t , u)

]
T αβμν

i .

�¥μ¡Ìμ¤¨³μ ¢¸¥£μ 7 ¶·μ¸ÉÒÌ É¥´§μ·´ÒÌ ¸É·μ± ¤²Ö μ¶¨¸ ´¨Ö É¥´§μ·´μ°
¸É·Ê±ÉÊ·Ò ±μ¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸  γγ → γZ:

τ ij
1 = p1ip2j +

s

2
δij , τ ij

2 = p2ip3j +
t

2
δij , τ ij

3 = p1ip3j +
u

2
δij ,

τ ij
4 = p1i

(
p1j − s

t
p3j

)
, τ ij

5 = p2i
(
p2j − s

u
p3j

)
,

τ ij
6 = p1i

(
p1j − u

t
p2j

)
, τ ij

7 = p2i

(
p2j − t

u
p1j

)
.

’¥´§μ· Î¥É¢¥·Éμ£μ · ´£  ¶μ¸²¥ ¨¸±²ÕÎ¥´¨Ö p4 ¶μ § ±μ´Ê ¸μÌ· ´¥´¨Ö ¨³-
¶Ê²Ó¸μ¢ ¨ ¶·¨³¥´¥´¨Ö Ê¸²μ¢¨° Ë¨§¨Î¥¸±μ° ¶μ¶¥·¥Î´μ¸É¨ ¨ ´Ê²¥¢μ° ³ ¸¸Ò
ËμÉμ´μ¢ (p1α = p2β = p3ν = 0 ¨ p2

1 = p2
2 = p2

3 = 0) ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

T αβμν
1 =

(
τβν
1 − t

u
τνβ
4

)
δαμ −

(
τμν
1 +

t

u
τνμ
1

)
δαβ+

+
(

t

u
τβα
3 +

s + u

u
ταβ
2

)
δμν +

t

u

(
τβμ
1 + τμβ

4

)
δαν +

( s

u
τνα
2 − ταν

7

)
δβμ−

−
( s

u
τμα
2 + ταμ

2

)
δβν +

s − t

2
δαβδμν +

t

2u

(
(s + u)δαμδβν − sδανδβμ

)
,

T αβμν
2 = −τβα

1 τνμ
3 , T αβμν

3 = − t

u
τβα
1 τμν

6 ,

T αβμν
4 = τβα

1

(
t

u
τμν
6 − τνμ

2

)
,

T αβμν
5 = τμα

1 τνβ
3 − t

2

(
τβν
6 δαμ − τμν

6 δαβ
)

,

T αβμν
6 = τνα

1 τμβ
2 − u

2
(
τνα
5 δβμ − τμα

5 δβν
)
, T αβμν

7 = τνβ
2 τμα

1 ,

T αβμν
8 = τνβ

2 τμα
5 , T αβμν

9 = τνα
3 τμβ

4 , T αβμν
10 = τνα

3 τβμ
1 ,

T αβμν
11 = τμα

3 τβν
1 +

t

2

(
τμβ
4 δαν − τνβ

4 δαμ
)

, T αβμν
13 = τμβ

2 τνα
3 ,

T αβμν
12 = τνα

2 τβμ
1 +

u

2
(
τμν
6 δαβ − ταν

6 δβμ
)
, T αβμν

14 = τνβ
2 τμα

3 .
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• · ±É¥·´μ, ÎÉμ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Z-¡μ§μ´μ¢ ¸ Ë¥·-
³¨μ´ ³¨, ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ gZ

Afεαβνμ, ´¥ ¤ ¥É ¢±² ¤ ¢ ²μ·¥´Í-¸É·Ê±ÉÊ·Ò
 ³¶²¨ÉÊ¤Ò ¨§-§  § ·Ö¤μ¢μ° ¸¨³³¥É·¨¨. Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¢±² ¤Ò ÔÉμ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¸μ±· Ð ÕÉ¸Ö ¢ ¶μ²´μ° ¸Ê³³¥ ¤¨ £· ³³.

—¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ·¥ ±Í¨¨ γγ → γZ ¸· ¢´¨¢ ²¨¸Ó ¶μ±μ³¶μ-
´¥´É´μ ¤²Ö ¡μ§μ´´μ£μ ¨ Ë¥·³¨μ´´μ£μ ¢±² ¤μ¢ ¨ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ ¸ ÊÎ¥Éμ³
· §²¨Î´μ° ¶μ²Ö·¨§ Í¨¨ Z-¡μ§μ´  ¨ ´ Î ²Ó´ÒÌ ËμÉμ´μ¢ (®++¯ Å ·¨¸. 16,
®+−¯ Å ·¨¸. 17) ¢ ¤¨ ¶ §μ´¥ §´ Î¥´¨° Ô´¥·£¨¨ μÉ 100 ƒÔ‚ ¤μ 2 ’Ô‚.

�·¨ ÉμÎ´μ³ ¢Ò¡μ·¥ ¶ · ³¥É·μ¢ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¨¢¥¤¥´´Ò³ ´ ¡μ·μ³
¸· ¢´¥´¨¥ ¢¸¥Ì ¢±² ¤μ¢ ¨ ¸¥Î¥´¨° ¤ ¥É ÉμÎ´μ¥ ¸μ¢¶ ¤¥´¨¥, ¶·μ¤¥³μ´¸É·¨·μ-
¢ ´´μ¥ ´  ·¨¸Ê´± Ì.

�¨¸. 16. ‘¥Î¥´¨¥ · ¸¸¥Ö´¨Ö γγ → γZ ¶·¨ ®++¯ ¶μ²Ö·¨§ Í¨¨ ´ Î ²Ó´ÒÌ ËμÉμ´μ¢
(¸É ´¤ ·É´Ò° ´ ¡μ· ¶ · ³¥É·μ¢)

�¨¸. 17. ‘¥Î¥´¨¥ · ¸¸¥Ö´¨Ö γγ → γZ ¶·¨ ®+−¯ ¶μ²Ö·¨§ Í¨¨ ´ Î ²Ó´ÒÌ ËμÉμ´μ¢
(¸É ´¤ ·É´Ò° ´ ¡μ· ¶ · ³¥É·μ¢)
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3.7.3. �·μÍ¥¸¸ γγ → ZZ. Šμ¢ ·¨ ´É´ Ö  ³¶²¨ÉÊ¤  ¶·μÍ¥¸¸  · ¢´ 

Aγγ→ZZ = 4e4Q4
f

20∑
i=1

[
Fbosons

i (s, t, u) + F fermions
i (s, t, u)

]
T αβμν

i .

„²Ö μ¶¨¸ ´¨Ö É¥´§μ·´μ° ¸É·Ê±ÉÊ·Ò ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸ 
γγ → ZZ ´ °¤¥´Ò ¶ÖÉÓ ¶·μ¸ÉÒÌ É¥´§μ·´ÒÌ ¸É·μ±:

τ ij
1 = p1ip2j +

1
2
sδij , τ ij

2 = p2ip3j − 1
2
(M2

z − t)δij ,

τ ij
3 = p1ip3j − 1

2
(M2

z − u)δij , τ i
4 = p3i +

M2
z − t

s
p1i,

τ i
5 = p3i +

M2
z − u

s
p2i.

�μ²ÊÎ ¥³ É¥´§μ·´Ò° ¡ §¨¸

T αβμν
1 = τβα

1 p1μp1ν , T αβμν
2 = τβν

1 τμα
1 , T αβμν

3 = τβν
1 τμα

3 ,

T αβμν
4 = τβμ

1 τνα
1 , T αβμν

5 = τβμ
1 τνα

3 , T αβμν
6 = τβα

1 p2μp2ν ,

T αβμν
7 =

1
2

p2μ
(
2p2ντβα

3 + sδβντα
5

)
,

T αβμν
8 =

1
2

p1μ
(
2p1νταβ

2 + sδαντβ
4

)
,

T αβμν
9 = τνα

3 p1μτβ
4 , T αβμν

10 = τμα
1 τνβ

2 , T αβμν
11 = τνβ

2 τμα
3 ,

T αβμν
12 = τνα

1 τμβ
2 , T αβμν

13 = τμβ
2 τνα

3 , T αβμν
14 = τνβ

2 p2μτα
5 ,

T αβμν
15 = δαβp1μp2ν − δαμp1βp2ν − δβντμα

1 ,

T αβμν
16 = δαβp1νp2μ − δανp1βp2μ − δβμτνα

1 ,

T αβμν
17 =

(
δαμp1ν − δανp1μ

)
τβ
4 ,

T αβμν
18 =

(
δβμp2ν − δβνp2μ

)
τα
5 ,

T αβμν
19 = τβα

1 δμν , T αβμν
20 = δμν

(
Mz − t

s
ταβ
3 + τα

5 p3β

)
.

‚Ò· ¦¥´¨Ö ¤²Ö Ëμ·³Ë ±Éμ·μ¢ Ë¥·³¨μ´´μ£μ ¨ ¡μ§μ´´μ£μ ¢±² ¤μ¢ ¤ ´-
´μ£μ ¶·μÍ¥¸¸  ¶·¨¢¥¤¥´Ò ¢ ¶ ±¥É¥, ¤μ¸ÉÊ¶´μ³ ¤²Ö ¸± Î¨¢ ´¨Ö ´  ¤μ³ Ï´¥°
¸É· ´¨Í¥ ¸¨¸É¥³Ò SANC [97].

—¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ‚ ¸¨¸É¥³¥ ¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ  ´ ²¨§  ¢±² ¤ 
± ¦¤μ° ¸¶¨· ²Ó´μ°  ³¶²¨ÉÊ¤Ò ¸ μ¶·¥¤¥²¥´´Ò³ ´ ¡μ·μ³ ¸¶¨· ²Ó´μ¸É¥° ¢
§ ¤ ´´μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¶·¨ § ¤ ´´μ³ Ê£²¥ ¢Ò²¥É  ¡μ§μ´μ¢. �·¨ ÔÉμ³
É ±¦¥ ³μ¦´μ ¶·μ¢¥¸É¨  ´ ²¨§ μÉ¤¥²Ó´ÒÌ ¢±² ¤μ¢ (Ë¥·³¨μ´´μ£μ, ¡μ§μ´´μ£μ,
¢¥·Ï¨´Ò ¡μ§μ´  •¨££¸ ) ¤²Ö ± ¦¤μ°  ³¶²¨ÉÊ¤Ò. ‚  ´ ²¨§¥ ¨¸¶μ²Ó§μ¢ ²¨¸Ó
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¸²¥¤ÊÕÐ¨¥ Ëμ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¶·μÍ¥¸¸μ¢, ÊÎ¨ÉÒ¢ Õ-
Ð¨¥ ¸¶¨· ²Ó´μ¸É¨ Î ¸É¨Í:

dσ0

d cosϑ∗ =
(

βZ

64πs

) ∑
λ3λ4

[
|H++λ3λ4 |2 + |H+−λ3λ4 |2

]
,

dσ22

d cosϑ∗ =
(

βZ

64πs

) ∑
λ3λ4

[
|H++λ3λ4 |2 − |H+−λ3λ4 |2

]
,

dσ33

d cosϑ∗ =
(

βZ

64πs

) ∑
λ3λ4

Re
[
H+−λ3λ4H∗

−+λ3λ4

]
,

dσ3

d cosϑ∗ =
(
−βZ

32πs

) ∑
λ3λ4

Re
[
H++λ3λ4H∗

−+λ3λ4

]
,

£¤¥
βZ = 1 − M2

Z

s
.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ · ¸¶·¥¤¥²¥´¨° ¸¥Î¥´¨° σ0, σ22, σ33 ¨ σ3 ¶μ Ô´¥·£¨¨√
s ´ ²¥É ÕÐ¨Ì ËμÉμ´μ¢ ¨ ¨Ì ¸· ¢´¥´¨¥ ¸ [113] ¤ ´Ò ´  ·¨¸. 18Ä21.

�¨¸. 18. � ¸¶·¥¤¥²¥´¨¥ ¸¥Î¥´¨Ö σ0 ¶·μ-
Í¥¸¸  γγ → ZZ [113]

�¨¸. 19. � ¸¶·¥¤¥²¥´¨¥ ¸¥Î¥´¨Ö σ22 ¶·μ-
Í¥¸¸  γγ → ZZ [113]

�¨¸. 20. � ¸¶·¥¤¥²¥´¨¥ ¸¥Î¥´¨Ö σ33 ¶·μ-
Í¥¸¸  γγ → ZZ [113]

�¨¸. 21. � ¸¶·¥¤¥²¥´¨¥ ¸¥Î¥´¨Ö σ3 ¶·μ-
Í¥¸¸  γγ → ZZ [113]
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3.8. �´ ²¨É¨Î¥¸±¨¥ ¸μ±· Ð¥´¨Ö ³ ¸¸μ¢ÒÌ ¨ ¨´Ë· ±· ¸´ÒÌ ¸¨´£Ê²Ö·-
´μ¸É¥°. ‚ ¸É ÉÓÖÌ [63Ä65] ¤¥É ²Ó´μ · ¸¸³ É·¨¢ ¥É¸Ö ¸É ´¤ ·É´ Ö ·¥¤Ê±Í¨Ö
� ¸¸ ·¨´μÄ‚¥²É³ ´  ¤²Ö Î¥ÉÒ·¥Ì ÉμÎ¥Î´ÒÌ ¤¨ £· ³³ É¨¶  ¡μ±¸ ¸ ËμÉμ´μ³
´  ¢´ÊÉ·¥´´¥° ²¨´¨¨, ±μÉμ· Ö ¶·¨¢μ¤¨É ± ¨´Ë· ±· ¸´μ · ¸Ìμ¤ÖÐ¨³¸Ö ¨ ³ ¸-
¸μ¢μ ¸¨´£Ê²Ö·´Ò³ D0-ËÊ´±Í¨Ö³. ’¨¶¨Î´Ò° ¶·¨³¥· É ±¨Ì ¤¨ £· ³³, ¶μÖ¢²Ö-
ÕÐ¨Ì¸Ö ¶·¨ ¢ÒÎ¨¸²¥´¨¨ μ¤´μ¶¥É²¥¢ÒÌ Ô²¥±É·μ¸² ¡ÒÌ ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸Ê
ff → ZZ, ¶·¨¢¥¤¥´ ´  ·¨¸. 22.

�¨¸. 22. 	μ±¸Ò ¤²Ö ffbb-¶·μÍ¥¸¸μ¢, Éμ¶μ²μ£¨¨ T2 ¨ T4

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ±´¨£μ° „. 	 ·¤¨´  ¨ „¦.� ¸¸ ·¨´μ [1] ÔÉ¨ ¡μ±¸-¤¨ -
£· ³³Ò μ¶¨¸Ò¢ ÕÉ¸Ö ± ± ®Éμ¶μ²μ£¨¨¯ T2 ¨ T4 ¸μμÉ¢¥É¸É¢¥´´μ,   ¢¸¥£μ ¤²Ö
ffbb-¶·μÍ¥¸¸μ¢ ¨³¥ÕÉ¸Ö ¸¥³Ó Éμ¶μ²μ£¨°. ‚ · ¡μÉ¥ [63] ¢¶¥·¢Ò¥ ¡Ò²  ¶·¥¤-
²μ¦¥´  ¸¨¸É¥³ É¨Î¥¸± Ö ¶·μÍ¥¤Ê·  μÉ¤¥²¥´¨Ö μ¡μ¨Ì É¨¶μ¢ ¸¨´£Ê²Ö·´μ¸É¥° ¢
¶·μ¸É¥°Ï¨¥ μ¡Ñ¥±ÉÒ Å C0-ËÊ´±Í¨¨.

”μ·³ ²Ó´μ ¶μ²ÊÎ¥´¨¥ ¢Ò· ¦¥´¨Ö, ¸¢μ¡μ¤´μ£μ μÉ ¨´Ë· ±· ¸´ÒÌ · ¸Ìμ¤¨-
³μ¸É¥° ¨ ³ ¸¸μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¸¢μ¤¨É¸Ö ± ¤μ¡ ¢²¥´¨Õ ± D0 ¨´Ë· ±· ¸´μ
· ¸Ìμ¤ÖÐ¥°¸Ö ËÊ´±Í¨¨ ¨ ´¥¸±μ²Ó±¨Ì ³ ¸¸μ¢μ-¸¨´£Ê²Ö·´ÒÌ C0-ËÊ´±Í¨°. ’ -
± Ö ¸Ê³³  ´ §Ò¢ ¥É¸Ö ®¢ÒÎÉ¥´´μ°¯ JA,sub-ËÊ´±Í¨¥°.

�·μÍ¥¤Ê·  ¥¸É¥¸É¢¥´´μ · §¡¨¢ ¥É¸Ö ´  É·¨ ÔÉ ¶ : 1) μÉ¤¥²¥´¨¥ ¨´Ë· -
±· ¸´ÒÌ · ¸Ìμ¤¨³μ¸É¥°, 2) ¢ÒÎ¨¸²¥´¨¥ ¢¸¶μ³μ£ É¥²Ó´μ° (®´¥¢ÒÎÉ¥´´μ°¯)
JA-ËÊ´±Í¨¨ ¨ 3) μÉ¤¥²¥´¨¥ ³ ¸¸μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¥¸²¨ ÔÉμ É·¥¡Ê¥É¸Ö
¶μ¸É ¢²¥´´μ° § ¤ Î¥°.

�  ¶¥·¢μ³ ÔÉ ¶¥ ¢¢μ¤¨É¸Ö ¢¸¶μ³μ£ É¥²Ó´ Ö ¨´Ë· ±· ¸´μ ±μ´¥Î´ Ö ËÊ´±-
Í¨Ö. �μ¸±μ²Ó±Ê ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ · ¸¸³ É·¨¢ ¥³μ£μ ¶·μÍ¥¸¸  ´ Ìμ¤¨É¸Ö
¶ ·  Z-¡μ§μ´μ¢, Éμ ÔÉ  ¸Ê³³  ¡Ò²  ´ §¢ ´  JZZ

A -ËÊ´±Í¨¥°. JZZ
A -ËÊ´±Í¨Ö

¶·Ö³μ° (direct) ¤¨ £· ³³Ò μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

iπ2JZZ
A (Q2, T 2; me, Mz) = μ4−n

∫
dnq

2(q + p1)p4

d1d2d3d4
, (14)
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Q2 = (p1 + p2)2, T 2 = (p2 + p3)2,

d1 = (q + p1)2 − iε,

d2 = (q + p1 + p2)2 + m2
e − iε, (15)

d3 = (q + p1 + p2 + p3)2 + m2
e − iε,

d4 = q2 + m2
e − iε.

‘ ¶·¨³¥´¥´¨¥³ ¸É ´¤ ·É´μ° ·¥¤Ê±Í¨¨ � ¸¸ ·¨´μÄ‚¥²É³ ´  ¡Ò²μ ¶μ± -
§ ´μ, ÎÉμ ¨³¥¥É ³¥¸Éμ ÉμÎ´μ¥ ¶μ ³ ¸¸ ³ ¸μμÉ´μÏ¥´¨¥

JZZ
A (Q2, T 2; me, Mz) = (T 2 + m2

e)×
× D0(−m2

e,−m2
e,−M2

z ,−M2
z , Q2, T 2; me, 0, me, me)+

+ C0(−m2
e,−M2

z , T 2, 0, me, me) − C0(−m2
e,−m2

e, Q
2, me, 0, me), (16)

¨§ ±μÉμ·μ£μ ¨ ¨¸±²ÕÎ ¥É¸Ö ¨´Ë· ±· ¸´μ · ¸Ìμ¤ÖÐ Ö¸Ö D0-ËÊ´±Í¨Ö Î¥·¥§
¶·μ¸É¥°ÏÊÕ ¨´Ë· ±· ¸´μ · ¸Ìμ¤ÖÐÊÕ¸Ö C0(−m2

e,−m2
e, Q

2, me, 0, me)
¨ ¤¢¥ ¨´Ë· ±· ¸´μ ±μ´¥Î´Ò¥, ´μ ³ ¸¸μ¢μ-¸¨´£Ê²Ö·´Ò¥ ËÊ´±Í¨¨
JZZ

A (Q2, T 2; me, Mz) ¨ C0(−m2
e,−M2

z , T 2; 0, me, me).
�  ¢Éμ·μ³ ÔÉ ¶¥ ËÊ´±Í¨Ö JZZ

A (Q2, T 2; me, Mz) ¢ÒÎ¨¸²Ö¥É¸Ö ÉμÎ´μ ¶μ
³ ¸¸ ³ ¢ É¥·³¨´ Ì ¤¨²μ£ ·¨Ë³μ¢.

�  É·¥ÉÓ¥³ ÔÉ ¶¥ ´ Ìμ¤¨É¸Ö ¶·¥¤¥² ¶·¨ ³ ¸¸¥ me → 0, É ±¨³ μ¡· -
§μ³ ³ ¸¸μ¢ Ö ¸¨´£Ê²Ö·´μ¸ÉÓ ¶·μÖ¢²Ö¥É¸Ö ¢ Ö¢´μ³ ¢¨¤¥ ¶μ¤  ·£Ê³¥´Éμ³ ²μ-
£ ·¨Ë³¨Î¥¸±μ° ËÊ´±Í¨¨, ¶μ¸²¥ Î¥£μ ¥¥ ²¥£±μ ¸±μ³¶¥´¸¨·μ¢ ÉÓ ¸ ¶μ³μÐÓÕ
±μ³¡¨´ Í¨¨ ¸ ¥Ð¥ μ¤´μ° C0-ËÊ´±Í¨¥°, ±μÉμ· Ö ´ Ìμ¤¨É¸Ö ¨§ Ë¨§¨Î¥¸±μ£μ
¸¢μ°¸É¢  μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥° ¢ ¶μ²´μ° Ô²¥±É·μ¸² ¡μ° Î ¸É¨
μ¤´μ¶¥É²¥¢μ° ¶μ¶· ¢±¨ (É. ¥. ¶μ¸²¥ μÉ¤¥²¥´¨Ö ¥¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ°
QED-Î ¸É¨).

‚ · ¸¸³ É·¨¢ ¥³μ³ ¢ · ¡μÉ¥ [63] ¸²ÊÎ ¥ JZZ
A,sub-ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö

¢Ò· ¦¥´¨¥³

JZZ
A,sub(Q2, T 2; Mz) = JZZ

A (Q2, T 2; me, Mz)−

−
(

2
M2

z + T 2

Q2
+ 1

)
C0(−m2

e,−M2
z , T 2; 0, me, me). (17)

‚ÒÎ¨¸²¥´¨Ö § ¢¥·Ï ÕÉ¸Ö ¶·¨¢¥¤¥´¨¥³ ¶μ¤μ¡´ÒÌ Î²¥´μ¢ ¨ ´ ¡²Õ¤¥´¨¥³ Ë ±-
É  Ö¢´μ£μ ¸μ±· Ð¥´¨Ö ¸¨´£Ê²Ö·´ÒÌ ¶μ ³ ¸¸¥ ²¥£±μ£μ Ë¥·³¨μ´  ¢±² ¤μ¢ ¢¨¤ 
ln (me).

‚ · ¡μÉ¥ [63] ¶·¨¢μ¤¨É¸Ö ¶μ¤·μ¡´μ¥ ¢ÒÎ¨¸²¥´¨¥ ËÊ´±Í¨¨ JZZ
A ¡¥§ ¶·¥-

´¥¡·¥¦¥´¨Ö ³ ¸¸μ° me, ´ Ìμ¤¨É¸Ö ¥¥ ¶·¥¤¥² ¶·¨ me → 0 ¨ § ¢¥·Ï ¥É¸Ö
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¶μ¸É·μ¥´¨¥ JZZ
A,sub; ¡¥§ ¢Ò¢μ¤  ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¤²Ö  ´ ²μ£¨Î´ÒÌ ËÊ´±-

Í¨° JZA
A , JZA

A,sub ¨ JAA
A , JAA

A,sub,   ¢ ¶·¨²μ¦¥´¨ÖÌ ¶·¨¢¥¤¥´ ¢¸¶μ³μ£ É¥²Ó´Ò°
³ É¥·¨ ².

‚ · ¡μÉ¥ [64] ¡Ò²μ ¶·μ¤μ²¦¥´μ ¨§ÊÎ¥´¨¥ J-ËÊ´±Í¨° ¢ ·¥¤Ê±Í¨¨ � ¸¸ -
·¨´μÄ‚¥²É³ ´ . �¶¨¸ ´  ¶·μÍ¥¤Ê·  · §¤¥²¥´¨Ö ¤¢ÊÌ ¢¨¤μ¢ · ¸Ìμ¤¨³μ¸É¨: ¨´-
Ë· ±· ¸´μ° ¨ ³ ¸¸μ¢μ°, ±μÉμ·Ò¥ ¢¡¨· ÕÉ¸Ö ¢ μ¡ÒÎ´Ò¥ C0-ËÊ´±Í¨¨. ˆ´Ë· -
±· ¸´Ò¥ · ¸Ìμ¤¨³μ¸É¨ C0-ËÊ´±Í¨° § É¥³ ³μ£ÊÉ ¡ÒÉÓ ·¥£Ê²Ö·¨§μ¢ ´Ò ²Õ¡Ò³
¸¶μ¸μ¡μ³: ¢¸¶μ³μ£ É¥²Ó´μ° ³ ¸¸μ° ËμÉμ´ , ³¥Éμ¤μ³ · §³¥·´μ° ·¥£Ê²Ö·¨§ -
Í¨¨ ¨²¨ Î¥·¥§ Ï¨·¨´Ê ´¥¸É ¡¨²Ó´μ° Î ¸É¨ÍÒ. J-ËÊ´±Í¨¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó,
¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ´¥±¨Ì ²¨´¥°´ÒÌ ±μ³¡¨´ Í¨° ¸É ´¤ ·É´ÒÌ C0- ¨ D0-
ËÊ´±Í¨° � ¸¸ ·¨´μÄ‚¥²É³ ´ . �¥·¢Ò¥ ´¥ ¸μ¤¥·¦ É ´¨± ±μ° · ¸Ìμ¤¨³μ¸É¨
¨ ¢Ò· ¦ ÕÉ¸Ö ¢ É¥·³¨´ Ì Ö¢´ÒÌ ¨ ±μ³¶ ±É´ÒÌ ²¨´¥°´ÒÌ ±μ³¡¨´ Í¨° ²μ£ -
·¨Ë³μ¢ ¨ ¤¨²μ£ ·¨Ë³μ¢. � ¡μÉ  ¸μ¤¥·¦¨É μ¡Ï¨·´μ¥ ¸· ¢´¥´¨¥ Î¨¸²¥´´ÒÌ
·¥§Ê²ÓÉ Éμ¢ ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ ¶ ±¥É  LoopTools.

‚ · ¡μÉ¥ [65] ¶·μ¤μ²¦¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ËÊ´±Í¨° J ¨ Jsub ¤²Ö ¶·μÍ¥¸¸ 
ud → WA. 	Ò²¨ · ¸¸³μÉ·¥´Ò Ï¥¸ÉÓ Éμ¶μ²μ£¨° ¡μ±¸μ¢ ¸ ËμÉμ´μ³ ´  ¢´Ê-
É·¥´´¥° ²¨´¨¨. ‚ μÉ²¨Î¨¥ μÉ · ¡μÉÒ [64], ¢ ±μÉμ·μ° ´¥ ¡Ò²μ Ê´¨¢¥·¸ ²Ó´μ£μ
¢Ò· ¦¥´¨Ö ¤²Ö Jsub-ËÊ´±Í¨° (¨Ì Ö¢´Ò° ¢¨¤ § ¢¨¸¥² μÉ ±μ´±·¥É´μ£μ ± ´ ² 
¶·μÍ¥¸¸ ), ¢ · ¡μÉ¥ [65] ¶·¥¤¸É ¢²¥´ Ê´¨¢¥·¸ ²Ó´Ò° ¶μ¤Ìμ¤ ±  ´ ²¨É¨Î¥-
¸±¨³ · ¸Î¥É ³ ¢Ò· ¦¥´¨° ¤²Ö ËÊ´±Í¨¨ Juni, ¤¥°¸É¢¨É¥²Ó´ÒÌ ¤²Ö ¢¸¥Ì Ï¥¸É¨
Éμ¶μ²μ£¨° ¡μ±¸μ¢ ¶·μÍ¥¸¸  ud → WA. �μ¤·μ¡´μ μ¶¨¸ ´Ò ¢ÒÎ¨¸²¥´¨Ö Ê´¨-
¢¥·¸ ²Ó´μ° ËÊ´±Í¨¨ Juni, ¶·¥¤¸É ¢²¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ Jsub ¤²Ö
± ¦¤μ° Éμ¶μ²μ£¨¨ ¡μ±¸μ¢ ¨ μ¡¸Ê¦¤¥´  ¶·μÍ¥¤Ê·  ¸μ±· Ð¥´¨Ö ³ ¸¸μ¢ÒÌ ¸¨´-
£Ê²Ö·´μ¸É¥° ¢ NLO EW Î ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸³ É·¨¢ ¥³μ£μ ¶·μÍ¥¸¸ . 	Ò²¨
¶·μ¢¥¤¥´Ò Î¨¸²¥´´Ò¥ ¸· ¢´¥´¨Ö ¤²Ö ¢¸¥Ì Éμ¶μ²μ£¨° ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´-
´Ò³¨ ¸ ¶μ³μÐÓÕ ¶ ±¥É  LoopTools [105] ¤²Ö ´¥¸±μ²Ó±¨Ì §´ Î¥´¨° s ¨ cosϑ.

4. ���ƒ��ŒŒ�›… ���„“Š’› SANC

’¨¶¨Î´Ò³¨ ¢ÒÌμ¤´Ò³¨ ¶·μ¤Ê±É ³¨ ¸¨¸É¥³Ò SANC Ö¢²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥.

4.1. ‘É ´¤ ·É´Ò¥ ³μ¤Ê²¨. Œμ¤Ê²¨ SSFM ¤μ¸ÉÊ¶´Ò ¤²Ö μ¡Ð¥£μ ¨¸¶μ²Ó-
§μ¢ ´¨Ö ¢ MC-¨´É¥£· Éμ· Ì ¨ £¥´¥· Éμ· Ì. 	Ò²  ·¥ ²¨§μ¢ ´  ¨¤¥Ö Ô±¸¶μ·É 
³μ¤Ê²¥° μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¢ ³μ´É¥-± ·²μ¢¸±¨¥ £¥´¥· Éμ·Ò ·μ¤¸É¢¥´-
´ÒÌ § ¤ Î: μ´¨ ¡Ò²¨ ¢´¥¤·¥´Ò ¢ £¥´¥· Éμ· WINHAC, ÎÉμ · ¸Ï¨·¨²μ ¥£μ
¢μ§³μ¦´μ¸É¨ [71].

4.2. �¢Éμ´μ³´Ò¥ MC-£¥´¥· Éμ·Ò. ‚ ± Î¥¸É¢¥ ¨´¸É·Ê³¥´Éμ¢ ¤²Ö ¶μ²ÊÎ¥-
´¨Ö ·¥§Ê²ÓÉ Éμ¢ ¸μ§¤ ´Ò ¸²¥¤ÊÕÐ¨¥ £¥´¥· Éμ·Ò:

a) £¥´¥· Éμ· ¤²Ö · ¸¶ ¤  t → blν;
¡) £¥´¥· Éμ· ¤²Ö · ¸¶ ¤  H → 4μ ¢ μ¤´μ¶μ²Õ¸´μ³ ¶·¨¡²¨¦¥´¨¨ [5];
¢) ¨´É¥£· Éμ· MCSANC [35].
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4.2.1. MC-£¥´¥· Éμ· ¤²Ö · ¸¶ ¤  H → 4μ. ˆ¸¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ¶·¥-
¤Ò¤ÊÐ¥£μ ¶Ê´±É , ³Ò · §· ¡μÉ ²¨ ¶·μ¸Éμ° Mμ´É¥-Š ·²μ £¥´¥· Éμ· ¸μ¡ÒÉ¨°,

�¨¸. 23. � ¸¶ ¤ H → 4μ ¢ ·¥§μ´ ´¸´μ³
¶·¨¡²¨¦¥´¨¨

±μÉμ·Ò° μ¸´μ¢Ò¢ ¥É¸Ö ´  ¨¤¥ÖÌ
ÊÎ¥É  ¨¤¥´É¨Î´μ¸É¨ ³Õμ´μ¢, ¢±² -
¤μ¢ μ¤´μËμÉμ´´μ£μ ¨§²ÊÎ¥´¨Ö ¨
μ¤´μ¶¥É²¥¢ÒÌ ¢¨·ÉÊ ²Ó´ÒÌ ¶μ¶· -
¢μ± ¢ ·¥§μ´ ´¸´μ³ ¶·¨¡²¨¦¥´¨¨
(·¨¸. 23). �¸´μ¢´Ò¥ ¶μ²μ¦¥´¨Ö É -
±μ£μ ¶μ¤Ìμ¤  ¡μ²¥¥ ¶μ¤·μ¡´μ μ¶¨-
¸Ò¢ ÕÉ¸Ö ¢ · ¡μÉ¥ [12], £¤¥ ¶μ± -
§ ´μ, ÎÉμ ÔÉμ ¶·¨¡²¨¦¥´¨¥ ¸¶· ¢¥¤-
²¨¢μ ¤²Ö 130 � MH � 160 ƒÔ‚.
�ÉμÉ £¥´¥· Éμ· ¸μ¡ÒÉ¨° ¡Ò² ¶¥·¥¤ ´
¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ³Õμ´´ÊÕ £·Ê¶¶Ê
ATLAS �ˆŸˆ.

MC-£¥´¥· Éμ· Prophecy4f ´  μ¸-
´μ¢¥ ¶μ²´μ£μ ¶ÖÉ¨ÉμÎ¥Î´μ£μ μ¤´μ-
¶¥É²¥¢μ£μ · ¸Î¥É  ¶·μÍ¥¸¸  H →
4μ μ¶¨¸ ´ ¢ · ¡μÉ Ì [69, 116, 117].

‚ É ¡². 6 ³Ò ¶·¥¤¸É ¢²Ö¥³ ¸· ¢´¥´¨¥ Î ¸É¨Î´μ° Ï¨·¨´Ò · ¸¶ ¤  H → 4μ
¢ Gμ-¸Ì¥³¥ ¤²Ö · §²¨Î´ÒÌ ³ ¸¸ H-¡μ§μ´  ¢ ¶·μ£· ³³ Ì Prophecy4f ¨ SANC.

Š ± ¢¨¤´μ ¨§ É ¡². 6, ¨³¥¥É¸Ö ¸μ£² ¸¨¥ ±1% ¢ ¤¨ ¶ §μ´¥ ³ ¸¸ 130Ä
140 ƒÔ‚, ±μÉμ·μ¥ ÊÌÊ¤Ï ¥É¸Ö ¡²¨¦¥ ± £· ´¨Í ³ ¨´É¥·¢ ²  [120Ä160] ƒÔ‚, ± ±
¨ μ¦¨¤ ²μ¸Ó (¸³. [12]). ‘²¥¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥, ÎÉμ ¶·μ£· ³³  Prophecy4f
¨¸¶μ²Ó§Ê¥É ¤·Ê£μ° É¨¶ ¶¥·¥´μ·³¨·μ¢±¨ ¨ ÊÎ¨ÉÒ¢ ¥É ´¥¸±μ²Ó±μ ÔËË¥±Éμ¢ ¡μ-
²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  ¨, ±·μ³¥ Éμ£μ, ÎÉμ ¢ÒÎ¨¸²¥´¨Ö SANC ¢ ¸Ì¥³ Ì α ¨ Gμ

· §²¨Î ÕÉ¸Ö ¶·¨³¥·´μ ´  2%.
ƒ¥´¥· Éμ· SANC ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö Œμ´É¥-Š ·²μ · ¸-

¶ ¤  H → 4μ ¢ ¤¥É¥±Éμ·¥ ATLAS; ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨¢ ²¨¸Ó ¸ ·¥§Ê²ÓÉ É ³¨,
¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò PYTHIA, ¨ ¤¥³μ´¸É·¨·μ¢ ²¨¸Ó § ³¥É-
´Ò¥ μÉ±²μ´¥´¨Ö. �Éμ ¶μ± §Ò¢ ¥É ¢ ¦´μ¸ÉÓ ÊÎ¥É  ¶μ¶· ¢μ± ¡μ²¥¥ ¢Ò¸μ±μ£μ
¶μ·Ö¤±  ¨ ´¥μ¡Ìμ¤¨³μ¸ÉÓ Ê³¥´ÓÏ¥´¨Ö É¥μ·¥É¨Î¥¸±¨Ì μÏ¨¡μ±.

’ ¡²¨Í  6. ‘· ¢´¥´¨¥ ¶ ·Í¨ ²Ó´μ° Ï¨·¨´Ò ¢ 10−7 ƒÔ‚ · ¸¶ ¤  H → 4μ
¢ Gμ-¸Ì¥³¥ ¤²Ö · §²¨Î´ÒÌ ³ ¸¸ H-¡μ§μ´  ¢ ¶·μ£· ³³ Ì Prophecy4f ¨ SANC

�·μ£· ³³ 
MH , ƒÔ‚

120 130 140 150 160

Prophecy4f 0,7053(3) 2,3769(9) 6,692(2) 16,807(6) 40,06(1)
SANC (¸Ì¥³  Gμ) 0,7197(3) 2,4079(8) 6,743(2) 16,842(5) 39,62(2)
δ, % 2,04 1,01 0,76 0,21 Ä1,10
SANC (¸Ì¥³  α) 0,6938(2) 2,343(1) 6,594(2) 16,534(5) 39,15(1)



��…–ˆ‡ˆ����… ��ˆ‘��ˆ… ���–…‘‘�‚ �� Š�‹‹�‰„…��• ‚ ‘ˆ‘’…Œ… SANC 485

4.2.2. ˆ´É¥£· Éμ· MCSANC. ‘¶¨¸μ± ¶·μÍ¥¸¸μ¢, ·¥ ²¨§μ¢ ´´ÒÌ ¢ ¨´É¥-
£· Éμ·¥ MCSANC, ¢±²ÕÎ ¥É ¶·μÍ¥¸¸Ò „·¥²² ÄŸ´ ,  ¸¸μÍ¨ É¨¢´μ¥ ·μ¦¤¥´¨¥
¡μ§μ´μ¢ •¨££¸  ¨ ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢ ¨ μ¤¨´μÎ´μ¥ ·μ¦¤¥´¨¥ Éμ¶-±¢ ·± 
¢ s- ¨ t-± ´ ² Ì (·¨¸. 24) [34]. ˆ´É¥£· Éμ· MCSANC ¸μ§¤ ´ ¤²Ö ³μ¤¥²¨·μ¢ -
´¨Ö ·¥ ²¨¸É¨Î´ÒÌ · ¸¶·¥¤¥²¥´¨° ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¸ ÊÎ¥Éμ³ Ê¸²μ¢¨° Ô±¸¶¥·¨-
³¥´Éμ¢ LHC. �ÉμÉ ±μ¤ ¶μ§¢μ²Ö¥É ¨§ÊÎ¨ÉÓ ¢²¨Ö´¨¥ · §²¨Î´ÒÌ · ¤¨ Í¨μ´´ÒÌ
¶μ¶· ¢μ± ´  ±¨´¥³ É¨Î¥¸±¨¥ · ¸¶·¥¤¥²¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ.

‘Ì¥³  ¸¨¸É¥³Ò SANC ¶μ± § ´  ´  ·¨¸. 25. Š ± μ¡¸Ê¦¤ ²μ¸Ó ¢ÒÏ¥,  ´ ²¨-
É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ëμ·³Ë ±Éμ·μ¢ ¨  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸μ¢ É¨¶  ffbb → 0,
4b → 0 ¨ 4f → 0 ¸μÌ· ´ÖÕÉ¸Ö ¢ ¢¨¤¥ ¢Ò· ¦¥´¨° ´  Ö§Ò±¥ FORM. �μ¸²¥¤-

�¨¸. 24. „¨ £· ³³Ò ”¥°´³ ´  ¤²Ö ¤·¥¢¥¸´μ£μ ¶·¨¡²¨¦¥´¨Ö ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² Ä
Ÿ´  ´¥°É· ²Ó´μ£μ (a) ¨ § ·Ö¦¥´´μ£μ (¡) Éμ±μ¢,  ¸¸μÍ¨ É¨¢´μ£μ ·μ¦¤¥´¨Ö ¡μ§μ´ 
•¨££¸  ¨ ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢ ´¥°É· ²Ó´μ£μ (¢) ¨ § ·Ö¦¥´´μ£μ (£) Éμ±μ¢,   É ±¦¥
¶·μÍ¥¸¸μ¢ μ¤¨´μÎ´μ£μ ·μ¦¤¥´¨Ö Éμ¶-±¢ ·±  ¢ s- (¤) ¨ t-± ´ ² Ì (¥), ·¥ ²¨§μ¢ ´´Ò¥ ¢
¨´É¥£· Éμ·¥ MCSANC

�¨¸. 25. ‘Ì¥³  ¸¨¸É¥³Ò SANC
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´¨¥ ¶¥·¥¢μ¤ÖÉ¸Ö ¢ ³μ¤Ê²¨ FORTRAN ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ´  ¶ ·Éμ´-
´μ³ Ê·μ¢´¥ ¸ ÊÎ¥Éμ³ NLO QCD ¨ EW-¶μ¶· ¢μ±. Œμ¤Ê²¨ ¨¸¶μ²Ó§ÊÕÉ ¶ ±¥ÉÒ
LoopTools ¨ SANClib ¤²Ö μÍ¥´±¨ ¶¥É²¥¢ÒÌ ¨´É¥£· ²μ¢. �·¨ ¶μ¸É·μ¥´¨¨ ±μ¤ 
Œμ´É¥-Š ·²μ ´¥μ¡Ìμ¤¨³μ ¸¢¥·´ÊÉÓ ¶ ·Éμ´´Ò¥ ¸¥Î¥´¨Ö ¸ ËÊ´±Í¨Ö³¨ ¶ ·Éμ´-
´ÒÌ · ¸¶·¥¤¥²¥´¨° ¨ ¶·¥¤¸É ¢¨ÉÓ ·¥§Ê²ÓÉ É ± ± ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥
± ²Õ¡μ° ·¥ ²¨§ Í¨¨  ²£μ·¨É³  Œμ´É¥-Š ·²μ, ´ ¶·¨³¥· FOAM ¨²¨ Cuba.
�·μÍ¥¤Ê·  ¸μ§¤ ´¨Ö ³μ¤Ê²¥° ¤²Ö ¶ ·Éμ´´ÒÌ ¸¥Î¥´¨° §´ Î¨É¥²Ó´μ Ê´¨Ë¨Í¨-
·μ¢ ´  ¨ ¶μ§¢μ²Ö¥É · ¸¸Î¨ÉÒ¢ ÉÓ ¶μ²´μ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥  ¤·μ´´Ò¥
¸¥Î¥´¨Ö.

�¨¦¥ ³Ò ¶·¨¢μ¤¨³ Î¨¸²¥´´Ò¥ ¶¥·¥±·¥¸É´Ò¥ ¶·μ¢¥·±¨ ¤²Ö ¨´É¥£· Éμ· 
MCSANC. �²¥±É·μ¸² ¡Ò¥ ¶μ¶· ¢±¨ SANC DY ¢ ¶·¨¡²¨¦¥´¨¨ NLO ÉÐ -
É¥²Ó´μ ¸· ¢´¨¢ ²¨¸Ó ¸ ¤·Ê£¨³¨ · ¸Î¥É ³¨, ¶·μ¢¥¤¥´´Ò³¨ · ´¥¥ ´  É¥μ·¥É¨-
Î¥¸±¨Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨ÖÌ. �μ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸ QCD-¶μ¶· ¢± ³¨ ¶·μ¢¥·Ö-
ÕÉ¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³Ò MCFM.

’ ¡². 7 ¸μ¤¥·¦¨É ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¨´É¥£· ²Ó´ÒÌ ¸¥Î¥´¨° ¢ ¶·¨¡²¨¦¥´¨ÖÌ
LO ¨ NLO EW ¨ QCD, ¶μ²ÊÎ¥´´ÒÌ ¸ ¶μ³μÐÓÕ ¨´É¥£· Éμ·  MCSANC. ‡´ Î¥-

’ ¡²¨Í  7. �·μÍ¥¸¸Ò NC ¨ CC DY. ‘¥Î¥´¨Ö ´  Ê·μ¢´¥ LO, NLO EW, NLO QCD
¶·¨¢¥¤¥´Ò ¢ ¶¡ ¨ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ §´ Î¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨
¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò MCFM. ‚¥²¨Î¨´  ¶μ¶· ¢±¨ δ ¶μ± § ´  ¢ %

“·μ¢¥´Ó; ¶μ¶· ¢±  pp → Z0(μ+μ−) pp → W +(μ+νμ) pp → W−(μ−ν̄μ)

LO, ¶¡ 3338(1) 10696(1) 7981(1)
LO MCFM, ¶¡ 3338(1) 10696(1) 7981(1)

NLO QCD, ¶¡ 3388(2) 12263(4) 9045(4)
NLO MCFM, ¶¡ 3382(1) 12260(1) 9041(5)

NLO EW, ¶¡ 3345(1) 10564(1) 7861(1)

δQCD, % 1,49(3) 14,66(1) 13,35(3)
δEW, % 0,22(1) Ä1,23(1) Ä1,49(1)

�¨¸. 26. ‘· ¢´¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¨ ¶μ¶· ¢μ± δ(QCD) ¤²Ö · ¸¶·¥¤¥-
²¥´¨Ö ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò ¤¨²¥¶Éμ´´μ£μ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·μÍ¥¸¸  „·¥²² ÄŸ´ 
pp → μ+μ− ¢ ´¥°É· ²Ó´μ³ Éμ±¥
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´¨Ö LO ¨ NLO QCD ¸μ£² ¸ÊÕÉ¸Ö ¸ MCFM ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±¨Ì μÏ¨¡μ±
(Î¨¸²¥´´μ° ÉμÎ´μ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö). „¥É ²Ó´μ¥ ¸· ¢´¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó-
´ÒÌ ¸¥Î¥´¨° ¶·μÍ¥¸¸  „·¥²² ÄŸ´  ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¤¨²¥¶Éμ´´μ° ¨´¢ ·¨-
 ´É´μ° ³ ¸¸Ò ¢ ´¥°É· ²Ó´μ³ Éμ±¥ ¶μ± § ´μ ´  ·¨¸. 26. �¨¸. 26, ¡ ¶μ± §Ò¢ ¥É
Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê ¶μ¶· ¢± ³¨ QCD NLO, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ
MCSANC ¨ MCFM.

‚ ¢¥·¸¨¨ MCSANC-v1.20 ¨´É¥£· Éμ·  Œμ´É¥-Š ·²μ ´  μ¸´μ¢¥ ³μ¤Ê²¥°
SANC ¡Ò²¨ ¤μ¡ ¢²¥´Ò ¢±² ¤Ò μ¡· É´ÒÌ ËμÉμ´μ¢ ¤²Ö ¶·μÍ¥¸¸μ¢ „·¥²² ÄŸ´ ,
  ¨³¥´´μ ±μ³¶μ§¨Í¨° (qγ) ¨ (γγ) ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨. ‚¥·¸¨Ö MCSANC-
v1.20 ¨¸¶μ²Ó§μ¢ ² ¸Ó ¤²Ö · ¸Î¥É  ¸²¥¤ÊÕÐ¨Ì ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸ ³ „·¥²² Ä
Ÿ´  ¶·¨

√
s = 13 ’Ô‚:

Å ®¤μ¶μ²´¨É¥²Ó´Ò¥¯ μ¤´μ¶¥É²¥¢Ò¥ ¢±² ¤Ò (Î¨¸ÉÒ¥ ¸² ¡Ò¥, ´ Î ²Ó´Ò¥ ¨
¨´É¥·Ë¥·¥´Í¨μ´´Ò¥ QED) ¤²Ö · ¸¶·¥¤¥²¥´¨Ö Minv;

Å ¢±² ¤Ò μÉ μ¡· É´ÒÌ ËμÉμ´μ¢ ¢ ±¨´¥³ É¨Î¥¸±¨Ì μ£· ´¨Î¥´¨ÖÌ ÎÊ¢¸É¢¨-
É¥²Ó´μ£μ μ¡Ñ¥³  ¤¥É¥±Éμ· .

�·¥¤¸± § ´¨Ö ¡Ò²¨ · ¸¸Î¨É ´Ò ¤²Ö ¸²¥¤ÊÕÐ¨Ì μ£· ´¨Î¥´¨°, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì É¨¶¨Î´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ê¸²μ¢¨Ö³ ´  LHC:

Å ´¥°É· ²Ó´Ò° Éμ±: pT (�) > 30 ƒÔ‚ ¨ |η(μ)| < 2,4 ¨²¨ |η(e)| < 2,47 ¤²Ö
³Õμ´´μ£μ ¨²¨ Ô²¥±É·μ´´μ£μ ± ´ ²  ¸μμÉ¢¥É¸É¢¥´´μ;

Å § ·Ö¦¥´´Ò° Éμ±: MT > 60 ƒÔ‚, pT (μ) > 30 ƒÔ‚, ET (νμ) > 30 ƒÔ‚
¨ |η(μ)| < 2,4 ¤²Ö ³Õμ´´μ£μ ± ´ ²  ¨ MT > 60 ƒÔ‚, pT (e) > 65 ƒÔ‚,
ET (νe) > 65 ƒÔ‚ ¶·¨ |η(e)| < 2,47 ¤²Ö Ô²¥±É·μ´´μ£μ.

�μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ (¸³. ·¨¸. 27) ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò £·Ê¶¶μ° ‘É ´-
¤ ·É´μ° ³μ¤¥²¨ ±μ²² ¡μ· Í¨¨ ATLAS ¤²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶μ ¶·μÍ¥¸¸ ³ „·¥²² ÄŸ´ .

‚ ¨¸¸²¥¤μ¢ ´¨¨ [35] ³Ò ¶·μ¤μ²¦¨²¨ ¸¥·¨Õ · ¡μÉ ¶μ · §· ¡μÉ±¥ ±μ³¶ÓÕ-
É¥·´μ° ¶·μ£· ³³Ò MCSANC Å ¨´¸É·Ê³¥´É  Œμ´É¥-Š ·²μ ´  μ¸´μ¢¥ ³μ¤Ê²¥°
SANC. ŒÒ ¶·¥¤¸É ¢²Ö¥³ μ¡´μ¢²¥´¨¥ ¨´É¥£· Éμ·  ¤μ ¢¥·¸¨¨ v.1.20 ¸ ¢±²ÕÎ¥-
´¨¥³ ¢ÒÏ¥Ê¶μ³Ö´ÊÉÒÌ ¶μ¶· ¢μ±, μÉ´μ¸ÖÐ¨Ì¸Ö ± ¶·μÍ¥¸¸ ³ DY ´  LHC ¶·¨√

s = 13 ’Ô‚.
� ¸¸³μÉ·¨³ ±· É±μ É·¨ ¸²¥¤ÊÕÐ¨¥ ´μ¢Ò¥ μ¶Í¨¨ ¢ · ³± Ì ¨´¸É·Ê³¥´É 

MCSANC v.1.20:

�¨¸. 27. ‚±² ¤ δmiss ¤²Ö pp → e+e−(γ) (a) ¨ pp → e+νe(γ) (¡) ¶·¨
√

s = 13 ’Ô‚
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Å ËμÉμ´´Ò¥ ¢±² ¤Ò, ·¥ ²¨§μ¢ ´´Ò¥ ¤²Ö ¶·μÍ¥¸¸μ¢ qγ → ql±νl (¤²Ö CC
DY), qγ → ql+l− (¤²Ö NC DY) ¨ γγ → l+l− (¤²Ö NC DY);

Å ¢¥¤ÊÐ Ö ¢ Gm2
t ¤¢ÊÌ¶¥É²¥¢ Ö EW ¨ ¸³¥Ï ´´Ò¥ EW ⊗ QCD · ¤¨ Í¨-

μ´´Ò¥ ¶μ¶· ¢±¨;
Å  ¸¨³³¥É·¨Ö ¢¶¥·¥¤-´ § ¤ Aff

FB.
�¡´μ¢²¥´¨Ö ±μ¤  ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ · ¡μÉ¥ [36] ®Computer system

SANC: its development and applications¯.

5. MCSANC „‹Ÿ ”ˆ‡ˆŠˆ ATLAS

�¸´μ¢´μ¥ ¶·¨²μ¦¥´¨¥ ¢ÒÎ¨¸²¥´¨° SANC ¤²Ö Ë¨§¨±¨ ATLAS Å Ê¢¥²¨-
Î¥´¨¥ É¥μ·¥É¨Î¥¸±μ° ÉμÎ´μ¸É¨ ¶·¥¤¸± § ´¨°:

Å μÍ¥´±  É ± ´ §Ò¢ ¥³ÒÌ ®¤μ¶μ²´¨É¥²Ó´ÒÌ ¶μ¶· ¢μ± ¢Ò¸Ï¥£μ ¶μ·Ö¤± ¯,
É. ¥. É¥Ì, ±μÉμ·Ò¥ ´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¸É ´¤ ·É´Ò³¨ ¶·μ£· ³³ ³¨ ATLAS ¶·¨
³μ¤¥²¨·μ¢ ´¨¨ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö W - ¨ Z-¡μ§μ´μ¢ [118,119];

Å ¸μ§¤ ´¨¥ · ¸Ï¨·¥´´ÒÌ ¢¥·¸¨° ¨´¸É·Ê³¥´Éμ¢ Œμ´É¥-Š ·²μ (¨´É¥£· -
Éμ· ¨ £¥´¥· Éμ·) ¤²Ö  ´ ²¨§  ¤ ´´ÒÌ LHC ¸ ±μ³¡¨´¨·μ¢ ´´Ò³ ÊÎ¥Éμ³ ¶μ-
¶· ¢μ± QCD ¨ EW ¢ ¸²¥¤ÊÕÐ¥³ §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤±¥ ¶·¨¡²¨¦¥´¨Ö É¥μ·¨¨
¢μ§³ÊÐ¥´¨Ö (NLO);

Å ¨´É¥£· Éμ· MCSANC, ¢¶¥·¢Ò¥ ·¥ ²¨§ÊÕÐ¨° ¢ ¥¤¨´μ³ ¶μ¤Ìμ¤¥ ³μ¤¥-
²¨·μ¢ ´¨¥ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ ·Ö¤  ¶·μÍ¥¸¸μ¢, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸
¤²Ö Ë¨§¨±¨ LHC ¢ NLO-¶·¨¡²¨¦¥´¨¨. �É¨ ¨´¸É·Ê³¥´ÉÒ ÊÉμÎ´ÖÕÉ¸Ö ¶ÊÉ¥³
¢ÒÎ¨¸²¥´¨Ö ¤μ¶μ²´¨É¥²Ó´ÒÌ ¢±² ¤μ¢ NNLO QCD ¸ ¶μ³μÐÓÕ ¸Éμ·μ´´¨Ì ¶·μ-
£· ³³, Ê¦¥ ¨¸¶μ²Ó§μ¢ ¢Ï¨Ì¸Ö ¢  ´ ²¨§¥ ¤ ´´ÒÌ LHC (¸³. [37]);

Å  ´ ²¨§ ¢±² ¤  QED ¨§²ÊÎ¥´¨Ö ¨§ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö § ·Ö¦¥´´ÒÌ
²¥¶Éμ´μ¢ ¤²Ö ¶·μÍ¥¸¸μ¢ ´  LHC [32,34];

Å ÊÎ ¸É¨¥ ¢ ³¥¦¤Ê´ ·μ¤´ÒÌ · ¡μÎ¨Ì ¸μ¢¥Ð ´¨ÖÌ ¢ –…�� ¶μ ¸· ¢´¥´¨Õ
¶·μ£· ³³ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  ´  LHC: POWHEG,
FEWZ, DYNNLO, HORACE, WZGRAD2, RADY, SANC, PHOTOS.

“Î ¸É¨¥ ¢ ¶·¥Í¨§¨μ´´ÒÌ ¸· ¢´¥´¨ÖÌ. ƒ·Ê¶¶  SANC ¶·¨´¨³ ²   ±É¨¢-
´μ¥ ÊÎ ¸É¨¥ ¢ É·¥Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨ÖÌ: ®Les Houches Workshop¯ [69],
®TEVATRON for LHC¯ [67] ¨ ®Precision studies of observables in pp → W →
lνl and pp → γ, Z → l+l− processes at the LHC¯, ¸³. μ¡§μ· ®Benchmarks for
DrellÄYan processes at the LHC¯ [70].

5.1. �²¥±É·μ¸² ¡Ò¥ ¶μ¶· ¢±¨ ¢  ´ ²¨§¥ ¶·μÍ¥¸¸μ¢ „·¥²² ÄŸ´  ´ 
ATLAS. Œμ¤¥²¨·μ¢ ´¨¥ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ ¢  ´ ²¨§¥ ATLAS μ¡ÒÎ´μ
·¥ ²¨§Ê¥É¸Ö £¥´¥· Éμ· ³¨ μ¡Ð¥£μ ´ §´ Î¥´¨Ö, É ±¨³¨ ± ± POWHEG++ ¨²¨
MC@NLO ¢ NLO QCD ¶·¨¡²¨¦¥´¨¨, ¨ ¤μ¶μ²´Ö¥É¸Ö PHOTOS ¤²Ö ÊÎ¥É  ¢±² -
¤μ¢ μÉ Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. �ÉμÉ ¶μ¤Ìμ¤ ´¥
ÊÎ¨ÉÒ¢ ¥É ´ ¡μ· Ô²¥±É·μ¸² ¡ÒÌ ¶μ¶· ¢μ± (HO EW) ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤± ,
¨³¥ÕÐ¨Ì §´ Î¥´¨¥ ¢ ¸²ÊÎ ¥ ¶·μÍ¥¸¸μ¢ „·¥²² ÄŸ´ : Î¨¸Éμ ¸² ¡Ò° (PW) ¢±² ¤,
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QED-¨´É¥·Ë¥·¥´Í¨Õ (IFI) ¨§²ÊÎ¥´¨Ö ¨§ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨°
¨ Éμ, ÎÉμ μ¸É ²μ¸Ó μÉ ¨§²ÊÎ¥´¨Ö ¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö (ISR) ¶μ¸²¥ ¢ÒÎ¨É -
´¨Ö ±μ²²¨´¥ ·´ÒÌ · ¸Ìμ¤¨³μ¸É¥°. �É¨ ¶μ¶· ¢±¨ ¨´μ£¤  Ê¶μ³¨´ ÕÉ¸Ö ¢ ÔÉμ³
É¥±¸É¥ ± ± ®¤μ¶μ²´¨É¥²Ó´Ò¥¯.

‚ ¦´μ¸ÉÓ ÊÎ¥É  ÔÉ¨Ì ¶μ¶· ¢μ± ¢  ´ ²¨§¥ ¶·μÍ¥¸¸μ¢ DY ¡Ò²  ¶·μ¤¥³μ´-
¸É·¨·μ¢ ´  ¢μ ¢´ÊÉ·¥´´¥³ ¸μμ¡Ð¥´¨¨ ATLAS ATL-PHYS-INT-2011-081 ¨ ¢

· ¡μÉ¥ [37]. �  ·¨¸. 28 ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥
dδ

dM��
=

(dσBorn+NLO/dM��)
(dσBorn/dM�p�p) − 1

¢ μ¡² ¸É¨ Z-·¥§μ´ ´¸ . •μÉÖ ÔÉ  ¶μ¶· ¢±  ³μ¦¥É ¡ÒÉÓ ´¥§´ Î¨É¥²Ó´μ° ¢¡²¨§¨
·¥§μ´ ´¸ , μ´  ¸É ´μ¢¨É¸Ö ¡μ²¥¥ § ³¥É´μ° ¤²Ö ¡μ²ÓÏ¨Ì §´ Î¥´¨° ¨´¢ ·¨ ´É-
´μ° ³ ¸¸Ò. �Éμ μ¸μ¡¥´´μ  ±ÉÊ ²Ó´μ ¤²Ö ¶μ¨¸±μ¢ ÉÖ¦¥²μ£μ ¤¨²¥¶Éμ´´μ£μ
·¥§μ´ ´¸  Z ′ ´  LHC.

�¨¸. 28. ®„μ¶μ²´¨É¥²Ó´Ò¥¯ ¶μ¶· ¢±¨ δmiss ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¶μ Mμ+μ− ¢¡²¨§¨
Z-·¥§μ´ ´¸ 

„ ´´Ò¥ LHC μ¡¥¸¶¥Î¨¢ ÕÉ ¤μ¸ÉÊ¶ ± É ±¨³ μ¡² ¸ÉÖ³ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸,
£¤¥ ¢±² ¤Ò ± ¶·μÍ¥¸¸Ê „·¥²² ÄŸ´  ¸ ËμÉμ´ ³¨ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¸É -
´μ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶μ ¸· ¢´¥´¨Õ ¸ ±¢ ·±- ´É¨±¢ ·±μ¢Ò³  ´´¨£¨²ÖÍ¨-
μ´´Ò³ ± ´ ²μ³. 	μ²¥¥ ÉμÎ´ Ö μÍ¥´±  ÔÉμ£μ Ëμ´  ¤²Ö ¶μ¨¸±  ·¥§μ´ ´¸μ¢
¢ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì ³ ¸¸ É·¥¡Ê¥É ¢±²ÕÎ¥´¨Ö ¢ É¥μ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö
¶μ¤¶·μÍ¥¸¸  γγ → �+�−. C ÊÎ¥Éμ³ ÔÉμ£μ ¶μ¤¶·μÍ¥¸¸  ¡Ò²¨ ¶μ²ÊÎ¥´Ò μÍ¥´±¨
¢ ¨´É¥£· Éμ·¥ MCSANC ¸ MRST2004QED PDF, ±μÉμ·Ò° (ÌμÉÖ ¨ Ê¸É ·¥²) ´ 
ÉμÉ ³μ³¥´É ¡Ò² ¥¤¨´¸É¢¥´´Ò³, ¸μ¤¥·¦ Ð¨³ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Ëμ-
Éμ´μ¢ ¢ ´Ê±²μ´¥. �¥§Ê²ÓÉ ÉÒ ÔÉμ° μÍ¥´±¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 29 ¢³¥¸É¥
¸ HO EW, §  ¨¸±²ÕÎ¥´¨¥³ ¢±² ¤μ¢ QED FSR, ±μÉμ·Ò¥, ± ± ¶·¥¤¸É ¢²Ö¥É¸Ö,
¨³¥ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´Ò° §´ ±. �É¨ ¶μ¶· ¢±¨ ¡Ò²¨ ¢±²ÕÎ¥´Ò ± ± ¸¨¸É¥³ -
É¨Î¥¸±¨¥ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ ¶μ¨¸±¥ ·¥§μ´ ´¸μ¢ ¢ μ¡² ¸É¨ ¡μ²ÓÏ¨Ì ³ ¸¸
¢ ±μ²² ¡μ· Í¨¨ ATLAS [120].

�·¨²μ¦¥´¨Ö ¢ÒÎ¨¸²¥´¨° SANC ± ·¥§Ê²ÓÉ É ³ ATLAS. ‚ Í¥²μ³ · ¸Î¥ÉÒ
HO EW, §  ¨¸±²ÕÎ¥´¨¥³ ¶μ¶· ¢μ± QED FSR ¨ ³¥Éμ¤¨±¨ ±μ³¡¨´¨·μ¢ ´¨Ö ¨Ì
¸ NNLO QCD, μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ±μ²² ¡μ· Í¨¥° ATLAS ¶·¨  ´ ²¨§¥ ¢
· ³± Ì ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨ ¥¥ · ¸Ï¨·¥´¨°.
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�¨¸. 29. ”μ´μ¢Ò¥ ËμÉμ´´Ò¥ ¢±² ¤Ò, · ¸¸Î¨É ´´Ò¥ ¶·¨
√

s = 8 ’Ô‚ ¸ μ¡·¥§ -
´¨Ö³¨ pT,� > 25 ƒÔ‚ ¨ η� < 2,5 ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ MRST2004QED ËμÉμ´´ÒÌ
PDF ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸. ‚ÒÎ¨¸²¥´¨Ö ¶·μ¢¥¤¥´Ò ¢ ¶·μ£· ³³¥
MCSANC [34]

� ˆ§³¥·¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ¶·μÍ¥¸¸  „·¥²² ÄŸ´  ¶·¨
√

s =
7 ’Ô‚ ¤²Ö e- ¨ μ-± ´ ²μ¢ ¤²Ö ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¢ ¤¨ ¶ §μ´¥ 26Ä66 ƒÔ‚ ¶·¨
¨´É¥£· ²Ó´μ° ¸¢¥É¨³μ¸É¨ 1,6 Ë¡−1, ´ ¡· ´´μ° ¢ 2011 £. [39].

‘· ¢´¥´¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
¶μ± §Ò¢ ¥É, ÎÉμ ÊÎ¥É ¸²¥¤ÊÕÐ¥£μ NNLO-¶μ·Ö¤±  QCD-¶·¨¡²¨¦¥´¨Ö Ê²ÊÎ-
Ï ¥É μ¶¨¸ ´¨¥ ·¥§Ê²ÓÉ Éμ¢ (·¨¸. 30).

� ˆ§³¥·¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  „·¥²² ÄŸ´  ¢ μ¡² -
¸É¨ ¡μ²ÓÏ¨Ì ³ ¸¸ ¶·¨

√
s = 7 ’Ô‚ ¢ ± ´ ²¥ e+e− ´  μ¸´μ¢¥ ¨´É¥£· ²Ó´μ°

¸¢¥É¨³μ¸É¨ 4,9 Ë¡−1. ‡´ Î¥´¨Ö ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò Ô²¥±É·μ´´μ° ¶ ·Ò ¸μ-
¸É ¢²ÖÕÉ 116 < Mee < 1500 ƒÔ‚ [38].

� ˆ§³¥·¥´¨¥ ¨´±²Õ§¨¢´ÒÌ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö W± ¨ Z/γ ¢ Ô²¥±É·μ´´μ³
¨ ³Õμ´´μ³ · ¸¶ ¤´ÒÌ ± ´ ² Ì ¢ pp-¸Éμ²±´μ¢¥´¨ÖÌ ¶·¨

√
s = 7 ’Ô‚ [118].

� QCD- ´ ²¨§, ¢Ò¶μ²´¥´´Ò° ¶μ ¤ ´´Ò³ ±μ²² ¡μ· Í¨¨ ATLAS ¨´±²Õ§¨¢-
´μ£μ ·μ¦¤¥´¨Ö W - ¨ Z-¡μ§μ´μ¢, ¡Ò² ¶·μ¤¥² ´ ¸μ¢³¥¸É´μ ¸ ¤ ´´Ò³¨ £²Ê¡μ±μ-
´¥Ê¶·Ê£μ£μ ep-· ¸¸¥Ö´¨Ö HERA. „ ´´Ò¥ ATLAS ¶·μÖ¢²ÖÕÉ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ
± ¤μ²¥ ³μ·¸±¨Ì ²¥£±¨Ì ±¢ ·±μ¢ ¶·¨ ´¥¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶¥·¥³¥´´μ° 	Óß·-
±¥´  x ∼ 0,01. ‚ Î ¸É´μ¸É¨, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ¤É¢¥·¤¨²¨ £¨¶μÉ¥§Ê
μ ¸¨³³¥É·¨Î´μ³ ¸μ¸É ¢¥ ²¥£±¨Ì ³μ·¸±¨Ì ±¢ ·±μ¢ ¶·¨ ³ ²ÒÌ x. �É´μÏ¥´¨¥



��…–ˆ‡ˆ����… ��ˆ‘��ˆ… ���–…‘‘�‚ �� Š�‹‹�‰„…��• ‚ ‘ˆ‘’…Œ… SANC 491

�¨¸. 30. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¢ ÎÊ¢¸É¢¨É¥²Ó´μ³ μ¡Ñ¥³¥ dσ/dm��, ¨§³¥·¥´´μ¥
± ± ËÊ´±Í¨Ö μÉ ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò, ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨ NLO-· ¸Î¥Éμ¢
¶·μ£· ³³ FEWZ, NLO+NNPS ´  μ¸´μ¢¥ Powheg ¨ NNLO-¶·¥¤¸± § ´¨° ±μ¤  FEWZ
(¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ ÊÎÉ¥´Ò Ô²¥±É·μ¸² ¡Ò¥ ¶μ¶· ¢±¨ ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢ ¨ ¢±² ¤Ò Ëμ-
Éμ´μ¢ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨). �·¥¤¸± § ´¨Ö ¢ÒÎ¨¸²Ö²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¡μ· 
PDF MSTW2008 ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¶¥·ÉÊ·¡ É¨¢´μ£μ ¶·¨¡²¨¦¥´¨Ö. Šμ·¨¤μ· μÏ¨¡μ±
¢±²ÕÎ ¥É ´¥μ¶·¥¤¥²¥´´μ¸É¨ PDF ¨ αS ¸ Ê·μ¢´¥³ ¤μ¸Éμ¢¥·´μ¸É¨ ¢ 68%, ¤¨ ¶ §μ´
Ï± ² ³¥¦¤Ê §´ Î¥´¨Ö³¨ ´μ³¨´ ²Ó´μ° Ï± ²Ò, Ê³´μ¦¥´´μ° ´  0,5 ¨ 2, ¨ ¶μ¶· ¢±μ°,
¨´¤ÊÍ¨·μ¢ ´´μ° ËμÉμ´ ³¨ ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ (PI). �É´μÏ¥´¨¥ ¢¸¥Ì É¥μ·¥É¨Î¥-
¸±¨Ì ¶·¥¤¸± § ´¨° (¸¶²μÏ´Ò¥ ²¨´¨¨) ± ¤ ´´Ò³ ¶μ± § ´μ ¢´¨§Ê. „ ´´Ò¥ (É¥³´Ò¥
ÉμÎ±¨) ¶·¨¢¥¤¥´Ò ´  Ê·μ¢´¥ 1 ¸μ ¸É É¨¸É¨Î¥¸±μ° (¢´ÊÉ·¥´´¨¥) ¨ ¶μ²´μ° (¢´¥Ï´¨¥)
¶μ£·¥Ï´μ¸ÉÖ³¨ ¨§³¥·¥´¨Ö

· ¸¶·¥¤¥²¥´¨Ö ³μ·¸±¨Ì s- ¨ d-±¢ ·±μ¢ μ¶·¥¤¥²¥´μ ± ± 1,00(+0,25−0,28) ¶·¨
±¢ ¤· É¥ ¶¥·¥¤ ´´μ£μ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸  Q2 = 1,9 ƒÔ‚2 ¨ x = 0,023 [119].

� �μ¨¸± ¤¨²¥¶Éμ´´ÒÌ ·¥§μ´ ´¸μ¢ ¶·¨ ¡μ²ÓÏ¨Ì ³ ¸¸ Ì ¶·¨ 20 Ë¡−1 ¤²Ö
pp-¸Éμ²±´μ¢¥´¨° ¶·¨

√
s = 8 ’Ô‚. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  pp-

¸Éμ²±´μ¢¥´¨° ¶·¨ Ô´¥·£¨¨ 8 ’Ô‚ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥°
¨´É¥£· ²Ó´μ° ¸¢¥É¨³μ¸É¨ 20,3 Ë¡−1 ¢ Ô²¥±É·μ´´μ³ ± ´ ²¥ ¨ 20,5 Ë¡−1 ¢ ¤¨-
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³Õμ´´μ³ ± ´ ²¥. “§±¨° ·¥§μ´ ´¸ ¸ ±μ´¸É ´É ³¨ ¸¢Ö§¨ Z-¡μ§μ´  ¸ Ë¥·³¨μ-
´ ³¨ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨¸±²ÕÎ ¥É¸Ö ´  95 %-³ Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨ ¤²Ö
³ ¸¸ ³¥´¥¥ 2,79 ’Ô‚ ¢ ¤¨Ô²¥±É·μ´´μ³ ± ´ ²¥, 2,53 ’Ô‚ ¢ ¤¨³Õμ´´μ³ ± ´ ²¥
¨ 2,90 ’Ô‚ ¢ ¤¢ÊÌ ±μ³¡¨´¨·μ¢ ´´ÒÌ ± ´ ² Ì [120].

5.2. ‘μ¢³¥¸É´Ò° ÊÎ¥É ÔËË¥±É  ¶ ·Éμ´´ÒÌ ²¨¢´¥° ¨ Ô²¥±É·μ¸² ¡ÒÌ
¶μ¶· ¢μ± ± ¶·μÍ¥¸¸ ³ „·¥²² ÄŸ´ . ‚ · ¡μÉ¥ [72] ¶·¥¤¸É ¢²¥´ ¸μ£² ¸μ-
¢ ´´Ò° ÊÎ¥É ÔËË¥±É  ¶ ·Éμ´´ÒÌ ²¨¢´¥° QCD ¨ Ô²¥±É·μ¸² ¡ÒÌ μ¤´μ¶¥É²¥-
¢ÒÌ ¶μ¶· ¢μ± ± ¶·μÍ¥¸¸ ³ „·¥²² ÄŸ´  ¶μ¸·¥¤¸É¢μ³ ¨´É¥·Ë¥°¸  £¥´¥· Éμ· 
Œμ´É¥-Š ·²μ SANC ± ¶·μ£· ³³ ³ Œμ´É¥-Š ·²μ μ¡Ð¥£μ ´ §´ Î¥´¨Ö Pythia8 ¨
Herwig++. ‘ ¶μ³μÐÓÕ £¥´¥· Éμ·  SANC ¶·μ¨§¢μ¤¨É¸Ö Ë °² ¸ ¸μ¡ÒÉ¨Ö³¨
¢ Ëμ·³ É¥ Les Houches Accord ¤²Ö ¸¥Î¥´¨Ö ¦¥¸É±μ£μ ¶·μÍ¥¸¸ , ¸¢¥·´ÊÉμ£μ
¸ ËÊ´±Í¨Ö³¨ · ¸¶·¥¤¥²¥´¨Ö ¶ ·Éμ´μ¢. „ ²¥¥ ÔÉμÉ Ë °² ¶μ¤ ¥É¸Ö ´  ¢Ìμ¤
¶·μ£· ³³ ³ Pythia8 ¨²¨ Herwig++ ¤²Ö ÊÎ¥É  ¶ ·Éμ´´ÒÌ ²¨¢´¥°. �  ·¨¸. 31
¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·μ¸² ¡μ£μ K-Ë ±Éμ· , μ¶·¥¤¥²¥´´μ£μ ± ±

K =
σNLO EW

σLO
(18)

¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê pT (μ+) § ·Ö¦¥´´μ£μ ²¥¶Éμ´  ¸ ÊÎ¥Éμ³ ¨ ¡¥§ ÊÎ¥É 
¶ ·Éμ´´ÒÌ ²¨¢´¥°.

�¨¸. 31. � ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ¸² ¡μ£μ K-Ë ±Éμ·  ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê pT (μ+)
§ ·Ö¦¥´´μ£μ ²¥¶Éμ´  ¤²Ö ¶·μÍ¥¸¸  „·¥²² ÄŸ´  ¶μ ± ´ ²Ê ´¥°É· ²Ó´μ£μ (a) ¨ § ·Ö¦¥´-
´μ£μ (¡) Éμ±μ¢

5.3. � ¡μÎ¨¥ ¸μ¢¥Ð ´¨Ö ¶μ ¶·¥Í¨§¨μ´´μ³Ê ¸μ£² ¸μ¢ ´´μ³Ê ¸· ¢´¥´¨Õ
¢ÒÎ¨¸²¥´¨° ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´ 

� � ¡μÎ¥¥ ¸μ¢¥Ð ´¨¥ ®Les Houches 2005Ä2006¯. ‘· ¢´¥´¨¥ EW-¶μ¶· ¢μ±
¡Ò²μ ´ Î Éμ ¤²Ö ¶·μÍ¥¸¸μ¢ „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ Éμ±¥ ¢ · ³± Ì · ¡μÎ¥£μ
¸μ¢¥Ð ´¨Ö Les Houches [69].
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� � ¡μÎ¥¥ ¸μ¢¥Ð ´¨¥ ®TEV4LHC-2006Ä2007¯. ƒμ· §¤μ ¡μ²¥¥ ¶μ¤·μ¡´μ¥
¨¸¸²¥¤μ¢ ´¨¥ ¡Ò²μ ¢Ò¶μ²´¥´μ ¢ · ³± Ì · ¡μÎ¥£μ ¸μ¢¥Ð ´¨Ö TEV4LHC [67].
‚ ÔÉμ³ ¸· ¢´¥´¨¨ ÊÎ ¸É¢μ¢ ²¨ É·¨ £·Ê¶¶Ò:

1) HORACE Å C.C. Calame, G.Montagna, �.Nicrosini, A.Vicini (� ¢¨Ö,
ˆÉ ²¨Ö) [46,47];

2) SANC Å £·Ê¶¶  SANC (�ˆŸˆ, „Ê¡´ ) [11,13];
3) W(Z)GRAD2 Å U.Baur, D.Wackeroth (FNAL, ‘˜�) [48,51].
�¨¸. 32 ¨²²Õ¸É·¨·Ê¥É Ë ±É, ÎÉμ ¶·μ¡²¥³  É¥Ì´¨Î¥¸±μ° ÉμÎ´μ¸É¨ μÍ¥´±¨

EW NLO ¶μ¶· ¢μ± ¤²Ö CC DY ´ Ìμ¤¨É¸Ö ¶μ¤ ±μ´É·μ²¥³.

�¨¸. 32. �É´μ¸¨É¥²Ó´ Ö ¶μ¶· ¢±  Δ, ¨¤ÊÐ Ö μÉ ¶μ¶· ¢μ± EW O(α) ¢ · ¸¶·¥¤¥²¥´¨¨
¶μ MT ¤²Ö μ¤¨´μÎ´μ£μ ·μ¦¤¥´¨Ö W + c ÊÎ¥Éμ³ μ¡·¥§ ´¨° ´  LHC

� � ¡μÎ¥¥ ¸μ¢¥Ð ´¨¥ ®LPCC Electroweak Precision Measurements¯ ¢ WG
LHC. �¥§Ê²ÓÉ ÉÒ ³ ¸ÏÉ ¡´μ£μ ¸· ¢´¥´¨Ö ¨´¸É·Ê³¥´Éμ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¶·μ-
Í¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  ¢ § ·Ö¦¥´´μ³ ¨ ´¥°É· ²Ó´μ³ Éμ± Ì ¢ Ë¨±¸¨·μ-
¢ ´´μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö (QCD ¨ EW NLO, NNLO) μ¶Ê¡²¨±μ-
¢ ´Ò ¢ · ¡μÉ¥ [70]. ‘· ¢´¥´¨¥ ¶·μ¢μ¤¨²μ¸Ó ¢ · ³± Ì · ¡μÎ¥° £·Ê¶¶Ò Ô²¥±-
É·μ¸² ¡ÒÌ ¶·¥Í¨§¨μ´´ÒÌ ¨§³¥·¥´¨° ´  LHC ∗. � ¸¸³ É·¨¢ ²¨¸Ó ¶·μÍ¥¸¸Ò
pp(pp̄) → W± → l±νl ¨ pp(pp̄) → γ, Z → l+l− (l = e, μ), ¨£· ÕÐ¨¥
·μ²Ó ÔÉ ²μ´´ÒÌ ¨§³¥·¥´¨° ¶·¨ ¨§ÊÎ¥´¨¨ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°
´  ±μ²² °¤¥· Ì. ‚ Ë¨§¨±¥ ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ¢μ§´¨± ÕÉ ´¥¸±μ²Ó±μ · §²¨Î-
´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ÔËË¥±Éμ¢, ±μÉμ·Ò¥ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¤²Ö ¶μ²ÊÎ¥´¨Ö
¢Ò¸μ±μÉμÎ´ÒÌ ·¥§Ê²ÓÉ Éμ¢: ¶μ¶· ¢±¨ QCD ¨ EW ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢; ¢§ ¨-
³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ¢±² ¤ ³¨ μÉ QCD- ¨ EW-±μ³¶μ´¥´É; ¸μ£² ¸μ¢ ´¨¥ ±μ-
´¥Î´ÒÌ ¸μ¸ÉμÖ´¨°, ¢ÒÎ¨¸²¥´´ÒÌ ¢ Ë¨±¸¨·μ¢ ´´μ³ ¶μ·Ö¤±¥ ¶·¨¡²¨¦¥´¨Ö ¸
¶ ·Éμ´´Ò³¨ ²¨¢´Ö³¨ ¶·¨·μ¤Ò QCD ¨ QED;   É ±¦¥ ¢²¨Ö´¨¥ ¢Ò¡μ·  ËÊ´±-

∗https://lpcc.web.cern.ch/electroweak-precision-measurements-lhc-wg
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Í¨° ¶ ·Éμ´´ÒÌ · ¸¶·¥¤¥²¥´¨° (PDF). �μ³¨³μ SANC ¢ ¸· ¢´¥´¨¨ ¶·¨´¨-
³ ²¨ ÊÎ ¸É¨¥ ¶·μ£· ³³Ò DYNNLO [121], FEWZ [122, 123], HORACE [46],
PHOTOS [44], POWHEG [124], RADY [52, 125], SHERPA NNLO+PS [126],
WINHAC [127] ¨ WZGRAD [48].

„²Ö ¸μ£² ¸μ¢ ´´μ£μ Î¨¸²¥´´μ£μ ¸· ¢´¥´¨Ö ÔÉ¨Ì ¨´¸É·Ê³¥´Éμ¢ Œμ´É¥-
Š ·²μ ¡Ò²μ Ê¸É ´μ¢²¥´μ §´ Î¥´¨¥ ¸Ê³³ ·´μ° Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸
(
√

s = 8 ’Ô‚) ¨ ¶·¨´ÖÉÒ ¸²¥¤ÊÕÐ¨¥ ¢Ìμ¤´Ò¥ ¶ · ³¥É·Ò ‘É ´¤ ·É´μ° ³μ¤¥²¨:

Gμ = 1,1663787 · 10−5 ƒÔ‚−2,

α = 1/137,035999074, αs ≡ αs(M2
Z) = 0,12018,

MZ = 91,1876 ƒÔ‚, ΓZ = 2,4952 ƒÔ‚,

MW = 80,385 ƒÔ‚, ΓW = 2,085 ƒÔ‚, MH = 125 ƒÔ‚,

me = 0,510998928 ŒÔ‚, mμ = 0,1056583715 ƒÔ‚, mτ = 1,77682 ƒÔ‚, (19)

mu = 0,06983 ƒÔ‚, mc = 1,2 ƒÔ‚, mt = 173,5 ƒÔ‚,

md = 0,06984 ƒÔ‚, ms = 0,15 ƒÔ‚, mb = 4,6 ƒÔ‚,

|Vud| = 0,975, |Vus| = 0,222, |Vcd| = 0,222, |Vcs| = 0,975,

|Vcb| = |Vts| = |Vub| = |Vtd| = |Vtb| = 0.

�±¸¥¶É ´¸ ¤¥É¥±Éμ·  ³μ¤¥²¨·μ¢ ²¸Ö ¸²¥¤ÊÕÐ¨³¨ μ£· ´¨Î¥´¨Ö³¨ ´  ¶μ-
¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ (p⊥) ¨ ¶¸¥¢¤μ¡Ò¸É·μÉÊ (η), ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ÎÊ¢¸É¢¨-
É¥²Ó´μ° £¥μ³¥É·¨¨ ¤¥É¥±Éμ·μ¢ ATLAS ¨ CMS:

LHC: p�
⊥ > 25 ƒÔ‚, |η(�)| < 2,5, pν

⊥ > 25 ƒÔ‚, � = e, μ,
(20)

LHCb: p�
⊥ > 20 ƒÔ‚, 2 < η(�) < 4,5, pν

⊥ > 20 ƒÔ‚, � = e, μ.

‚ É ¡². 8, 9 ¶μ± § ´μ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö ·μ¦¤¥-
´¨Ö W±-¡μ§μ´μ¢. ŒÒ ¢¨¤¨³ μÉ²¨Î´μ¥ ¸μ£² ¸¨¥ ·¥§Ê²ÓÉ Éμ¢ SANC ¸ μ¸É ²Ó-
´Ò³¨ ¶·μ£· ³³ ³¨ ¶·¨³¥´¨É¥²Ó´μ ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ê¸²μ¢¨Ö³ ATLAS
¨ CMS.

’ ¡²¨Í  8. �μ²´μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  pp → W + → l+νl (¢ ¶¡) ¤²Ö LO, NLO EW ¨
NLO QCD ¶·¨ 8 ’Ô‚ LHC ¸ μ£· ´¨Î¥´¨Ö³¨ ATLAS/CMS

�·μ£· ³³  LO NLO QCD NLO EW μ+ NLO EW e+

HORACE 2897,38(8) Å 2988,2(1) 2915,3(1)
WZGRAD 2897,33(2) Å 2987,94(5) 2915,39(6)
RADY 2897,35(2) 2899,2(4) 2988,01(4) 2915,38(3)
SANC 2897,30(2) 2899,9(3) 2987,77(3) 2915,00(3)
DYNNLO 2897,32(5) 2899(1) Å Å
FEWZ 2897,2(1) 2899,4(3) Å Å
POWHEG-w 2897,34(4) 2899,41(9) Å Å
POWHEG BMNNP 2897,36(5) 2899,0(1) 2988,4(2) 2915,7(1)
POWHEG BW 2897,4(1) 2899,2(3) 2987,7(4) (×)
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’ ¡²¨Í  9. �μ²´μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  pp → W− → l−νl (¢ ¶¡) ¤²Ö LO, NLO EW ¨
NLO QCD ¶·¨ 8 ’Ô‚ LHC ¸ μ£· ´¨Î¥´¨Ö³¨ ATLAS/CMS

�·μ£· ³³  LO NLO QCD NLO EW μ− NLO EW e−

HORACE 2008,84(5) Å 2076,48(9) 2029,15(8)
WZGRAD 2008,95(1) Å 2076,51(3) 2029,26(3)
RADY 2008,93(1) 2050,5(2) 2076,62(2) 2029,29(2)
SANC 2008,926(8) 2050,3(3) 2076,56(2) 2029,19(3)
DYNNLO 2008,89(3) 2050,2(9) Å Å
FEWZ 2008,9(1) 2049,97(8) Å Å
POWHEG-w 2008,93(3) 2050,14(5) Å Å
POWHEG BMNNP 2008,94(3) 2049,9(1) 2076,9(1) 2029,71(6)
POWHEG BW 2009,2(4) 2050,2(4) 2076,0(3) (×)

�¨¸. 33. ‘μ£² ¸μ¢ ´´μ¥ ¸· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò ·¥§μ´ ´¸  ¢
¶·μÍ¥¸¸¥ pp → γ, Z → μ+μ− + X ¤²Ö Ô´¥·£¨¨ 8 ’Ô‚ ¸ ¶μ¶· ¢± ³¨ NLO EW ( ) ¨
NLO QCD (¡)
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�¨¸. 34. ‘μ£² ¸μ¢ ´´μ¥ ¸· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  ±μ´¥Î´μ£μ
³Õμ´  ¢ ¶·μÍ¥¸¸¥ pp → γ, Z → μ+μ− + X ¤²Ö Ô´¥·£¨¨ 8 ’Ô‚ ¸ ¶μ¶· ¢± ³¨ NLO
EW ( ) ¨ NLO QCD (¡)

�μ³¨³μ ¶μ²´ÒÌ ¸¥Î¥´¨° ¶·μÍ¥¸¸μ¢ ¶·μ¢μ¤¨²μ¸Ó ¤¥É ²Ó´μ¥ ¸· ¢´¥´¨¥
μ¸´μ¢´ÒÌ ±¨´¥³ É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° ´ ¡²Õ¤ ¥³ÒÌ, ¶μ²ÊÎ¥´´ÒÌ ¨§ · §-
´ÒÌ ¨´¸É·Ê³¥´Éμ¢, ¸ ÊÎ¥Éμ³ ¶μ¶· ¢μ± NLO EW ¨ QCD. �  ·¨¸. 33, 34 ¶·¨-
¢¥¤¥´Ò · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¨´¢ ·¨ ´É´μ° ³ ¸¸Ò Z-¡μ§μ´  ¨ ¶μ¶¥·¥Î´μ£μ ¨³-
¶Ê²Ó¸  μ¤´μ£μ ¨§ ±μ´¥Î´ÒÌ ²¥¶Éμ´μ¢, ´μ·³¨·μ¢ ´´Ò¥ ´  §´ Î¥´¨Ö, ¶μ²ÊÎ¥´-
´Ò¥ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò HORACE.

‚¸¥ ·¥§Ê²ÓÉ ÉÒ, ¶·¨¢¥¤¥´´Ò¥ ¢ ¤ ´´μ³ μ¡§μ·¥, ¶μ± §Ò¢ ÕÉ, ÎÉμ ·¥ ²¨-
§ Í¨Ö ¶·μÍ¥¸¸μ¢ É¨¶  „·¥²² ÄŸ´  ¢ ¶·¨¡²¨¦¥´¨¨ NLO EW ¨ NLO QCD
¢ ¸¨¸É¥³¥ SANC μÉ²¨Î´μ ¸μ£² ¸Ê¥É¸Ö ¸ É¥±ÊÐ¨³¨ ³¨·μ¢Ò³¨ ·¥§Ê²ÓÉ É ³¨.
�¥§Ê²ÓÉ ÉÒ SANC ¡Ò²¨ ¢ ²¨¤¨·μ¢ ´Ò ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ¢  ´ ²¨§¥ ATLAS
¨  ±É¨¢´μ ¶·¨³¥´Ö²¨¸Ó ¤²Ö ¸· ¢´¥´¨Ö ¸ ¤·Ê£¨³¨ É¥μ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± -
§ ´¨Ö³¨.
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�¸´μ¢´ Ö Í¥²Ó ´ ¸ÉμÖÐ¥£μ ¶·μ¥±É  ¸μ¸ÉμÖ²  ¢ É¥μ·¥É¨Î¥¸±μ° ¶μ¤¤¥·¦±¥
Ô±¸¶¥·¨³¥´Éμ¢ ´  Ê¸±μ·¨É¥²ÖÌ LEP ¨ LHC. �´  ¤μ¸É¨£´ÊÉ  ¶ÊÉ¥³ ¸μ§¤ ´¨Ö
¶·μ£· ³³´ÒÌ ¶·μ¤Ê±Éμ¢, ¢ ±μÉμ·ÒÌ ·¥ ²¨§μ¢ ´Ò ¶·¥Í¨§¨μ´´Ò¥ · ¸Î¥ÉÒ Ë¨-
§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ ´  μ¤´μ¶¥É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ¸É¨ ¤²Ö QCD-, QED-
¨ EW-¢±² ¤μ¢ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¤²Ö ·Ö¤  ¶·μÍ¥¸¸μ¢: £²Ê¡μ±μ´¥Ê¶·Ê-
£μ£μ ´¥°É·¨´´μ£μ · ¸¸¥Ö´¨Ö, ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢  Éμ³´ÒÌ ¶¥·¥Ìμ¤ Ì, É¨¶ 
ffbb, ffff , bbbb (£¤¥ f, b Å ²Õ¡μ° Ë¥·³¨μ´, ¡μ§μ´ SM), ´  μ¸´μ¢¥ ¸μ§¤ ´´μ°
¶·μÍ¥¤Ê·´μ° ¶² ÉËμ·³Ò  ´ ²¨É¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¶·μ¥±É  SANC.

� ÊÎ´ Ö Í¥´´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ ¸μ¸Éμ¨É ¢ ¶·¨³¥´¥´¨¨ ¸μ§¤ ´´ÒÌ ¶·μ-
£· ³³´ÒÌ ¶·μ¤Ê±Éμ¢ ¢ ¶·μÍ¥¤Ê· Ì  ´ ²¨§  LEP ¨ LHC. ‘μ§¤ ´´Ò¥ ¢ · ³-
± Ì ¶·μ¥±É  SANC ¶·μ£· ³³Ò ¢μ¸É·¥¡μ¢ ´Ò Ô±¸¶¥·¨³¥´É Éμ· ³¨ ATLAS ´ 
LHC, ÎÉμ ¶μ¤É¢¥·¦¤¥´μ ´ Ï¨³ ÊÎ ¸É¨¥³ ¢ · ¡μÉ¥ ±μ²²¥±É¨¢   ¢Éμ·μ¢ ¶μ
 ´ ²¨§Ê ¤ ´´ÒÌ ATL-COM-PHYS-2010-325 [67,69,70].

�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·μ¥±É .
� ‚ÒÎ¨¸²¥´Ò EW �� ± ¶·μÍ¥¸¸ ³ ƒ�� ´¥°É·¨´μ ¢ Ê¸²μ¢¨ÖÌ Ô±¸¶¥·¨³¥´É 

NOMAD. ‘μ§¤ ´  ±μ³¶ÓÕÉ¥·´ Ö ¶·μ£· ³³ , ±μÉμ· Ö ¶·¨³¥´¥´  ¤²Ö  ´ ²¨§ 
¤ ´´ÒÌ.

� � §· ¡μÉ ´  ±μ´Í¥¶Í¨Ö ¶·μ¥±É  SANC, ¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö ¶μ²Ê ¢Éμ-
³ É¨Î¥¸±μ£μ ¢ÒÎ¨¸²¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ¢ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ´  μ¤´μ¶¥-
É²¥¢μ³ Ê·μ¢´¥ ÉμÎ´μ¸É¨ (Ë¨§¨Î¥¸± Ö Î ¸ÉÓ).

� ‘μ§¤ ´ μ¸´μ¢´μ° ´ ¡μ· ¢´ÊÉ·¥´´¨Ì ¶·μÍ¥¤Ê·, ¶·¥¤´ §´ Î¥´´ÒÌ ¤²Ö
 ´ ²¨É¨Î¥¸±¨Ì μ¤´μ¶¥É²¥¢ÒÌ ¢ÒÎ¨¸²¥´¨°.

� ‚ÒÎ¨¸²¥´Ò ¨ ¢´¥¤·¥´Ò ¢ ¸·¥¤Ê SANC μ¤´μ¶¥É²¥¢Ò¥ EW- ¨ QCD-
¶μ¶· ¢±¨ ± Ë¥·³¨μ´-¡μ§μ´´Ò³ ¶·μÍ¥¸¸ ³ É¨¶  4f → 0, 2f2b → 0, bbbb → 0
¢ · ³± Ì ³Ê²ÓÉ¨± ´ ²Ó´μ£μ ¶μ¤Ìμ¤ .

� ‚¢¥¤¥´Ò ¨ ¢ÒÎ¨¸²¥´Ò ¢¸¶μ³μ£ É¥²Ó´Ò¥ ËÊ´±Í¨¨ ¢ ±² ¸¸¥ ËÊ´±Í¨°
� ¸¸ ·¨´μÄ‚¥²É³ ´  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μ¡Ð¥£μ ³¥Éμ¤ .

� �¥ ²¨§μ¢ ´Ò ¨ ¨¸¶μ²Ó§μ¢ ´Ò ¢  ´ ²¨§¥ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É  ATLAS
¶·μ£· ³³´Ò¥ ¶·μ¤Ê±ÉÒ SANC: ¸É ´¤ ·É´Ò¥ ³μ¤Ê²¨ (¢´¥¤·¥´Ò ¢ PHOTOS,
WINHAC), ¨´É¥£· Éμ· MCSANC. �±É¨¢´μ¥ ¸μÉ·Ê¤´¨Î¥¸É¢μ ¶μ ¸μ§¤ ´¨Õ
¸É ´¤ ·É´ÒÌ ±μ¤μ¢ ±μ²² ¡μ· Í¨¨ ATLAS c  ¢Éμ· ³¨ PHOTOS, HORACE,
POWHEG-EW.

� �¥ ²¨§μ¢ ´  ¶·μ£· ³³  ÉμÎ´μ£μ ¸· ¢´¥´¨Ö ±μ¤μ¢ ¤²Ö ±μ²² ¡μ· Í¨¨
ATLAS ¢ · ³± Ì · ¡μÎ¨Ì ¸μ¢¥Ð ´¨°: ®Les Houches 2005Ä2006¯, ®TEV4LHC-
2006Ä2007¯, ®LPCC Electroweak Precision Measurements¯ ¢ WG
LHC-2015Ä2017.

�μ ·¥§Ê²ÓÉ É ³ ¶·μ¥±É  μ¶Ê¡²¨±μ¢ ´μ ¡μ²¥¥ 50 · ¡μÉ, § Ð¨Ð¥´μ 6 ± ´-
¤¨¤ É¸±¨Ì ¨ 2 ¤μ±Éμ·¸±¨¥ ¤¨¸¸¥·É Í¨¨.

	² £μ¤ ·´μ¸É¨. ŒÒ ¶·¨§´ É¥²Ó´Ò ¤¨·¥±Í¨¨ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ-
¡²¥³ �ˆŸˆ §  ³´μ£μ²¥É´ÕÕ ¶μ¤¤¥·¦±Ê. ŒÒ ¡² £μ¤ ·´Ò §  ¶μ¤¤¥·¦±Ê ±μ²-
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² ¡μ· Í¨¨ ATLAS ¨ É¥μ·¥É¨Î¥¸±μ³Ê μÉ¤¥²Ê –…��. �²μ¤μÉ¢μ·´μ¥ ¸μÉ·Ê¤-
´¨Î¥¸É¢μ ¸ ¶μ²Ó¸±¨³¨ ±μ²²¥£ ³¨ ¢´¥¸²μ ¡μ²ÓÏμ° ¢±² ¤ ¢ · §¢¨É¨¥ SANC.
	² £μ¤ ·¨³ §  É¥¶²Ò° ¶·¨¥³ ¤¨·¥±Í¨¨ IFI ¢ Š· ±μ¢¥, DESY Zeuthen, ‹ ¡μ-
· Éμ·¨¨ Ë¨§¨±¨ Î ¸É¨Í ¢ £. �´¸¨ (LAPP).

‚. 	. Ëμ´ ˜²¨¶¶¥ ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ ¤¨·¥±Í¨¨ ‹Ÿ� �ˆŸˆ.
�¢Éμ·Ò £²Ê¡μ±μ ¡² £μ¤ ·´Ò ±μ²²¥£ ³ ¶μ ¸μ¢³¥¸É´Ò³ ¶·μ¥±É ³: ‚.•μ²-

²¨±Ê, �.�.�ÌÊ´¤μ¢Ê, 	. 	 ¤¥²¥±, ‰. 	²Õ³²Ö°´Ê, �. �. 	μμ¸Ê, C. „¨ÉÉ³ °¥·Ê,
„. ‚ ±¥·μ¸, ‡. ‚μ¸, �. ‚¨Î¨´¨, �.�. ƒ² §μ¢Ê, ”.�¨Î¨´¨´¨, A. ….�ÊÌμ¢Ê,
†. �.� ¸¸ ·¨´μ, �. ‡ß¤¨´£Ê, Œ.Š²Ö°´Ê, “.Š²Ö°´, ‚.�² Î¥±Ê, ’. �¨³ ´´Ê,
‘. �¨³ ´´, �. ‘Óß¤³μ±Ê, ‘. Ÿ¤ ÌÊ, ‹. ¤¨ — ÎÎμ.

ˆ¸¸²¥¤μ¢ ´¨Ö, μ¶¨¸ ´´Ò¥ ¢ μ¡§μ·¥, ¡Ò²¨ ¶μ¤¤¥·¦ ´Ò £· ´É ³¨ INTAS-
2000-00313, �””ˆ Å º10-02-01030, 07-02-00932- , �””ˆÄ–…�� Å 12-02-
91526-–…��- . �¥§Ê²ÓÉ ÉÒ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ · ³± Ì £μ¸Ê¤ ·¸É¢¥´´μ£μ § ¤ ´¨Ö
º3.9696.2017/8.9 Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �μ¸¸¨¨.

�·¨²μ¦¥´¨¥
‘‹�‚��œ ’…�Œˆ��‚ ˆ ‘�Š��™…�ˆ‰

SANC Å Support for Analytic and Numeric Calculations for experiments at col-
liders
SM Å Standard Model; ‘Œ Å ‘É ´¤ ·É´ Ö ³μ¤¥²Ó [¢§ ¨³μ¤¥°¸É¢¨°]
EW Å Electroweak (Ô²¥±É·μ¸² ¡Ò¥ [¢§ ¨³μ¤¥°¸É¢¨Ö])
QCD Å Quantum Chromodynamics; Š•„ Å ±¢ ´Éμ¢ Ö Ì·μ³μ¤¨´ ³¨± 
QED Å Quantum Electrodynamics; Š�„ Å ±¢ ´Éμ¢ Ö Ô²¥±É·μ¤¨´ ³¨± 
LHC Å Large Hadron Collider (	μ²ÓÏμ°  ¤·μ´´Ò° ±μ²² °¤¥·)
LEP Å Large ElectronÄPositron collider (	μ²ÓÏμ° Ô²¥±É·μ´-¶μ§¨É·μ´´Ò° ±μ²-
² °¤¥·)
RC Å Radiative Corrections; �� Å · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨
PW Å Pure Weak (Î¨¸Éμ ¸² ¡Ò¥ [¢§ ¨³μ¤¥°¸É¢¨Ö])
APV Å Atomic Parity Violation (´ ·ÊÏ¥´¨¥ Î¥É´μ¸É¨ ¢  Éμ³´ÒÌ ¶¥·¥Ìμ¤ Ì)
ATLAS Å Ô±¸¶¥·¨³¥´É ²Ó´ Ö ±μ²² ¡μ· Í¨Ö ATLAS ´  LHC
CMS Å Ô±¸¶¥·¨³¥´É ²Ó´ Ö ±μ²² ¡μ· Í¨Ö CMS ´  LHC
DIS Å Deep Inelastic Scattering (£²Ê¡μ±μ´¥Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥)
DY Å DrellÄYan [process] ([¶·μÍ¥¸¸] „·¥²² ÄŸ´ )
LO Å Leading Order (¢¥¤ÊÐ¨° ¶μ·Ö¤μ±)
NLL Å Next to Leading-Logarithm (¸²¥¤ÊÕÐ¨° §  ¢¥¤ÊÐ¨³ ¶μ·Ö¤μ±)
(N)NLO Å (Next-to-)Next-to-Leading Order ((¸²¥¤ÊÕÐ¥¥ § ) ¸²¥¤ÊÕÐ¥¥ §  ¢¥-
¤ÊÐ¨³ ¶·¨¡²¨¦¥´¨¥)
HO Å Higher Order ([¶μ¶· ¢±¨] ¢Ò¸Ï¨Ì ¶μ·Ö¤±μ¢)
OMS Å On-Mass Shell (´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨)
PDF Å Parton Density Function (ËÊ´±Í¨¨ ¶ ·Éμ´´ÒÌ · ¸¶·¥¤¥²¥´¨°)
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TEVATRON Å ¶·μÉμ´- ´É¨¶·μÉμ´´Ò° ±μ²² °¤¥· Tevatron
CLIC Å Ô²¥±É·μ´-¶μ§¨É·μ´´Ò° ±μ²² °¤¥· CLIC
NOMAD Å Ô±¸¶¥·¨³¥´É ²Ó´ Ö ±μ²² ¡μ· Í¨Ö NOMAD
MC Å Monte Carlo (Œμ´É¥-Š ·²μ)
FF Å Form Factors (Ëμ·³Ë ±Éμ·Ò)
HA Å Helicity Amplitudes (c¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò)
BR Å Bremsstrahlung (Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥)
NC Å Neutral Current (´¥°É· ²Ó´Ò° Éμ±)
CC Å Charged Current (§ ·Ö¦¥´´Ò° Éμ±)
IFI Å Initial-Final Interference (¨´É¥·Ë¥·¥´Í¨Ö [¨§²ÊÎ¥´¨Ö] ¨§ ´ Î ²Ó´μ£μ ¨
±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨°)
ISR Å Initial State Radiation (¨§²ÊÎ¥´¨¥ ¨§ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö)
FSR Å Final State Radiation (¨§²ÊÎ¥´¨¥ ¨§ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö)
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