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®�·Ö³Ò¥¯  É³μ¸Ë¥·´Ò¥ ´¥°É·¨´μ ¢ ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´

‚Ò¶μ²´¥´ · ¸Î¥É ¶μÉμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢ ¨´É¥·¢ ²¥ §´ Î¥-
´¨° Ô´¥·£¨¨ 1−105 ’Ô‚, £¥´¥·¨·Ê¥³ÒÌ ¢ · ¸¶ ¤ Ì μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í. ‘¥Î¥´¨Ö
·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ D-³¥§μ´μ¢ ¨ Λc-¡ ·¨μ´μ¢ ¢ pA- ¨ πA-¸μÊ¤ ·¥´¨ÖÌ · ¸-
¸Î¨É ´Ò ¢ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´, §´ Î¥´¨Ö ¸¢μ¡μ¤-
´ÒÌ ¶ · ³¥É·μ¢ ±μÉμ·μ° ÊÉμÎ´¥´Ò ´  μ¸´μ¢¥ ¤ ´´ÒÌ ¨§³¥·¥´¨° ¢ Ô±¸¶¥·¨³¥´-
É Ì ´  	μ²ÓÏμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥. � ¸¸Î¨É ´´Ò° ¶μÉμ± ¶·Ö³ÒÌ  É³μ¸Ë¥·-
´ÒÌ ´¥°É·¨´μ ´¥ ¶·μÉ¨¢μ·¥Î¨É μ£· ´¨Î¥´¨Õ, Ê¸É ´μ¢²¥´´μ³Ê ¢ Ô±¸¶¥·¨³¥´É¥
IceCube. �·¨¢¥¤¥´μ ¸μ¶μ¸É ¢²¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢  ¢Éμ·μ¢, ¨¸¶μ²Ó§Ê-
ÕÐ¨Ì ¤·Ê£¨¥ ³μ¤¥²¨ ·μ¦¤¥´¨Ö Î ·³ .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
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Prompt Atmospheric Neutrinos in the Quark-Gluon String Model

We calculate the prompt atmospheric neutrino 
ux in the energy range
1−105 TeV arising from decays of the charmed particles. Cross sections of the
D-mesons and Λc-baryons production in pA- and πA-collisions are calculated in the
framework of the phenomenological quark-gluon string model, free parameters of
which were improved using measurement data of the LHC experiments. Predicted
prompt neutrino 
ux is compatible with the constraint obtained in IceCube experi-
ment. Also we compare our calculation with other predictions obtained for different
charm production models.
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‚‚…„…�ˆ…

�¥°É·¨´μ ¢Ò¸μ±¨Ì Ô´¥·£¨° μÉ · ¸¶ ¤μ¢ ³¥§μ´μ¢ ¨ ¡ ·¨μ´μ¢, ·μ¦¤ Õ-
Ð¨Ì¸Ö ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¸  É³μ¸Ë¥·μ° ‡¥³²¨, μ¡· §ÊÕÉ
´¥Ê¸É· ´¨³Ò° Ëμ´ ¢ § ¤ Î¥ ¤¥É¥±É¨·μ¢ ´¨Ö ´¥°É·¨´μ μÉ Ê¤ ²¥´´ÒÌ  ¸É·μ-
Ë¨§¨Î¥¸±¨Ì ¨¸ÉμÎ´¨±μ¢. � ¸Î¥É Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¨ §¥´¨É´μ-Ê£²μ¢μ£μ
· ¸¶·¥¤¥²¥´¨Ö  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ± ± Ëμ´  ¸É ² μ¸μ¡¥´´μ  ±ÉÊ ²¥´ ¢
¸¢Ö§¨ ¸ ·¥£¨¸É· Í¨¥° ¢ Ô±¸¶¥·¨³¥´É¥ IceCube ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ¸μ¡ÒÉ¨°
μÉ  ¸É·μË¨§¨Î¥¸±¨Ì ´¥°É·¨´μ ¸ Ô´¥·£¨Ö³¨ ∼ 30 ’Ô‚Ä 2 �Ô‚ [1]. �μÉμ±¨
 É³μ¸Ë¥·´ÒÌ Ô²¥±É·μ´´ÒÌ ¨ ³Õμ´´ÒÌ ´¥°É·¨´μ ¢±²ÕÎ ÕÉ ¤¢¥ ±μ³¶μ´¥´ÉÒ,
· §²¨Î ÕÐ¨¥¸Ö Ô´¥·£¥É¨Î¥¸±¨³ ¸¶¥±É·μ³ ¨ §¥´¨É´μ-Ê£²μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³.
�´¨§μÉ·μ¶´ Ö ±μ³¶μ´¥´É  £¥´¥·¨·Ê¥É¸Ö ¢ · ¸¶ ¤ Ì ¶¨μ´μ¢ ¨ ± μ´μ¢ ¨ ¨³¥¥É
¡μ²¥¥ ³Ö£±¨° ¸¶¥±É· (¸ ¶μ± § É¥²¥³ ∼ γ +1) Å ÔÉμ ®μ¡ÒÎ´Ò¥¯ (conventional)
¨²¨ (π, K)-´¥°É·¨´μ. Š¢ §¨¨§μÉ·μ¶´ Ö ¦¥¸É± Ö ±μ³¶μ´¥´É  (¸¶¥±É· ²Ó´Ò°
¨´¤¥±¸ ∼ γ) £¥´¥·¨·Ê¥É¸Ö ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢ · ¸¶ ¤ Ì ±μ·μÉ±μ¦¨¢Ê-
Ð¨Ì ÉÖ¦¥²ÒÌ μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¨ ¡ ·¨μ´μ¢ (D, Λc). �ÉÊ ±μ³¶μ´¥´ÉÊ
´ §Ò¢ ÕÉ ®¶·Ö³Ò³¨¯ ¨²¨ ®¡Ò¸É·Ò³¨¯ (prompt) ´¥°É·¨´μ, ±μÉμ·Ò¥, ± ± μ¦¨-
¤ ²μ¸Ó, ¢´¥¸ÊÉ § ³¥É´Ò° ¢±² ¤ ¢ ·¥£¨¸É·¨·Ê¥³Ò¥ ¸μ¡ÒÉ¨Ö ¶·¨ Ô´¥·£¨¨ ¢ÒÏ¥
∼ 100−500 ’Ô‚. ˆ ÌμÉÖ ¸ ¸μ§¤ ´¨¥³ £¨£ ´É¸±¨Ì ¤¥É¥±Éμ·μ¢ ´¥°É·¨´´ÒÌ
É¥²¥¸±μ¶μ¢ �’200+ [2], IceCube [1], ANTARES [3] ¤μ¸É¨£´ÊÉ §´ Î¨É¥²Ó´Ò°
¶·μ£·¥¸¸ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ, ¸¶¥±É·
¶·Ö³ÒÌ ´¥°É·¨´μ (± ± ¨ ¶·Ö³ÒÌ ³Õμ´μ¢) ¤μ ¸¨Ì ¶μ· ´¥ ¨§³¥·¥´, ¨ ´¥²Ó§Ö
¨¸±²ÕÎ¨ÉÓ, ÎÉμ Î ¸ÉÓ ¸μ¡ÒÉ¨°, μÉ´¥¸¥´´ÒÌ ±  ¸É·μË¨§¨Î¥¸±¨³ ´¥°É·¨´μ ¢
Ô±¸¶¥·¨³¥´É¥ IceCube, μ¡Ê¸²μ¢²¥´  ¨³¥´´μ ´¥°É·¨´μ μÉ μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í,
·μ¦¤ ÕÐ¨Ì¸Ö ¢  É³μ¸Ë¥·¥.

‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸Î¨É ´ ¸¶¥±É· ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ (νμ +
ν̄μ) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í, ¢ÒÎ¨¸²¥´´ÒÌ
¢ ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ (ŒŠƒ‘). ‡´ Î¥´¨Ö ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢
ŒŠƒ‘ ÊÉμÎ´¥´Ò ´  μ¸´μ¢¥ ¸· ¢´¥´¨Ö ´μ¢μ£μ · ¸Î¥É  ¸¥Î¥´¨° ·μ¦¤¥´¨Ö Î ·³ 
¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´Éμ¢ [4Ä7]. ‘¶¥±É· ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ
¶·¨ Ô´¥·£¨¨ ¤μ 100 �Ô‚ · ¸¸Î¨É ´ ¢ · ³± Ì ¶·μ¸Éμ° ³μ¤¥²¨  ¤·μ´´μ£μ ± ¸-
± ¤  [8Ä10], ¢ ±μÉμ·ÊÕ ¡Ò²¨ ¢±²ÕÎ¥´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¨ ¶μ²´Ò¥ ¸¥Î¥´¨Ö
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·μ¦¤¥´¨Ö D-³¥§μ´μ¢ ¨ Λc-£¨¶¥·μ´μ¢ ¢ pA- ¨ πA-¸μÊ¤ ·¥´¨ÖÌ, · ¸¸Î¨É ´-
´Ò¥ ¢ ŒŠƒ‘ ¸ ´μ¢Ò³¨ ¶ · ³¥É· ³¨ (μÉ²¨Î´Ò³¨ μÉ É¥Ì, ÎÉμ ¨¸¶μ²Ó§μ¢ ²¨¸Ó
¢ · ¸Î¥É¥ [9, 10]). �μ²ÊÎ¥´´ Ö μÍ¥´±  ¶μÉμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ
¸μ¶μ¸É ¢²¥´  ¸ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì · ¸Î¥Éμ¢, ¢Ò¶μ²´¥´´ÒÌ c ¨¸¶μ²Ó§μ¢ ´¨¥³
¤¨¶μ²Ó´μ° ³μ¤¥²¨ (DM) [11], Š•„-³μ¤¥²¨ [12] ¨ ³μ¤¥²¨ SIBYLL 2.3rc1 [13],
  É ±¦¥ ¸ μ£· ´¨Î¥´¨¥³, Ê¸É ´μ¢²¥´´Ò³ ¢ Ô±¸¶¥·¨³¥´É¥ IceCube.

1. ��†„…�ˆ… �—���‚���›• —�‘’ˆ– ‚ ŒŠƒ‘

ŒŠƒ‘ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥¶¥·ÉÊ·¡ É¨¢´Ò° ¶μ¤Ìμ¤, · §· ¡μÉ ´´Ò°
¤²Ö μ¶¨¸ ´¨Ö ³Ö£±¨Ì  ¤·μ´´ÒÌ ¶·μÍ¥¸¸μ¢. Œμ¤¥²Ó μ¸´μ¢ ´  ´  É¥μ·¨¨ �¥-
¤¦¥ ¨ Éμ¶μ²μ£¨Î¥¸±μ³ 1/N -· §²μ¦¥´¨¨  ³¶²¨ÉÊ¤ (· §²μ¦¥´¨¨ ¶μ ¸É¥¶¥´¨
¸²μ¦´μ¸É¨ ¤¨ £· ³³), £¤¥ N Å Î¨¸²μ  ·μ³ Éμ¢ ±¢ ·±μ¢ ¨²¨ Î¨¸²μ Í¢¥Éμ¢
(¸³. [14Ä18] ¨ ¸¸Ò²±¨ ¢ ´¨Ì). ŒŠƒ‘, ¨³¥ÕÐ Ö ´¥¡μ²ÓÏμ¥ Î¨¸²μ ¶ · ³¥É·μ¢,
Ê¸¶¥Ï´μ ¶·¨³¥´Ö¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ·μ¦¤¥´¨Ö ´Ê±²μ´μ¢ ¨ ³¥§μ´μ¢
¢  ¤·μ´-Ö¤¥·´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° [14Ä20].

�¥Ê¶·Ê£¨¥ ¶·μÍ¥¸¸Ò ¢ ŒŠƒ‘ μ¶·¥¤¥²ÖÕÉ¸Ö μ¡³¥´μ³ ·¥¤¦¥μ´ ³¨ (¶² -
´ ·´Ò¥ ¤¨ £· ³³Ò ¢ Éμ¶μ²μ£¨Î¥¸±μ³ · §²μ¦¥´¨¨) ¨ ¶μ³¥·μ´ ³¨ (Í¨²¨´¤·¨-
Î¥¸±¨¥ ¤¨ £· ³³Ò). �·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢±² ¤ Í¨²¨´¤·¨Î¥¸±¨Ì ¤¨ £· ³³
¤μ³¨´¨·Ê¥É (¨´É¥·¸¥¶É ¶μ³¥·μ´  ¡μ²ÓÏ¥ ¥¤¨´¨ÍÒ), ¢ Éμ ¢·¥³Ö ± ± ¢±² ¤ ¶² -
´ ·´ÒÌ ¤¨ £· ³³ Ê¡Ò¢ ¥É ± ± ∼ 1/

√
s. „²Ö · ¸Î¥É  ¨´±²Õ§¨¢´ÒÌ ¸¥Î¥´¨° ·μ-

¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ  ¤·μ´μ¢ ´¥μ¡Ìμ¤¨³μ §´ ÉÓ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·-
±μ¢ ¸μÊ¤ ·ÖÕÐ¨Ì¸Ö Î ¸É¨Í ¨ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ ±¢ ·±μ¢ ¨ ¤¨±¢ ·±μ¢.
ˆ´±²Õ§¨¢´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ  ¤·μ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¸¢¥·É-
±μ° ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ¢ ²¥´É´ÒÌ ¨ ³μ·¸±¨Ì ±¢ ·±μ¢ ¨ ¤¨±¢ ·±μ¢ ¸μ-
Ê¤ ·ÖÕÐ¨Ì¸Ö Î ¸É¨Í ¸ ËÊ´±Í¨Ö³¨ Ë· £³¥´É Í¨¨ ±¢ ·±  (¤¨±¢ ·± ) ¢ μÎ ·μ-
¢ ´´Ò°  ¤·μ´. Š ± ¶¥·¢Ò¥, É ± ¨ ¢Éμ·Ò¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨´É¥·¸¥¶ÉÒ αR(0)
É· ¥±Éμ·¨° �¥¤¦¥ (¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ αR(t) � αR(0)+α′

R t), ¢±²ÕÎ Ö
αψ-É· ¥±Éμ·¨Õ, ´  ±μÉμ·μ° · ¸¶μ²μ¦¥´Ò ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö cc̄-±¢ ·±μ¢.
�μ²´Ò° ´ ¡μ· · ¸¶·¥¤¥²¥´¨° ¨ ËÊ´±Í¨° Ë· £³¥´É Í¨¨ ³μ¦´μ ´ °É¨ ¢ · ¡μ-
É Ì [15Ä19].

„²Ö ´Ê±²μ´´μ° ³¨Ï¥´¨ ¨´±²Õ§¨¢´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö  ¤·μ´  h (h =
D+, D−, D0, D̄0, Λ+

c ) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [18]:

xR
dσ

dx
=

∫
E

d3σ

d3p
d2p⊥ =

∞∑
n=0

σn(s)ϕh
n(s, x), (1)

£¤¥ x = 2p‖/
√

s Å Ë¥°´³ ´μ¢¸± Ö ¶¥·¥³¥´´ Ö, p‖ Å ¶·μ¤μ²Ó´Ò° ¨³¶Ê²Ó¸
·μ¦¤¥´´μ£μ  ¤·μ´ ,

√
s Å ¶μ²´ Ö Ô´¥·£¨Ö ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·μ´μ¢

¢ ¸. Í. ³.; σn(s) Å ¸¥Î¥´¨¥ μ¡· §μ¢ ´¨Ö 2n ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´, · ¸¶ -
¤ ÕÐ¨Ì¸Ö ´   ¤·μ´Ò (μÉ¢¥Î ¥É ¤¨ £· ³³ ³ ¸ n · §·¥§ ´´Ò³¨ ¶μ³¥·μ´ ³¨
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¨ ¶·μ¨§¢μ²Ó´Ò³ Î¨¸²μ³ ¢´¥Ï´¨Ì ¶μ³¥·μ´μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ Ê¶·Ê£μ³ ¶¥·¥-

· ¸¸¥Ö´¨¨); ϕh
n(s, x) Å · ¸¶·¥¤¥²¥´¨¥  ¤·μ´μ¢ ¢ ²¨¢´¥; xR =

√
x2
⊥ + x2,

x⊥ = 2m⊥/
√

s, m⊥ =
√
〈p2

⊥〉 + m2
h (®¶μ¶¥·¥Î´ Ö¯ ³ ¸¸ ), 〈p2

⊥〉 ¨ mh Å
¸·¥¤´¨° ±¢ ¤· É ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  ¨ ³ ¸¸   ¤·μ´  h. ‘² £ ¥³μ¥ ¸ n = 0
¢ (1) μÉ¢¥Î ¥É §  Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ¨ ¤¨Ë· ±Í¨μ´´ÊÕ ¤¨¸¸μÍ¨ Í¨Õ: σ0(s) =
σel + σDD . ‘¥Î¥´¨Ö σ0(s) = σP [f(z/2) − f(z)] ¨ σn(s) (n � 1) · ¸¸Î¨É ´Ò
¢ · ¡μÉ¥ [21]:

f(z) =
1
z

z∫
0

1 − e−y

y
dy, σn(s) =

σP

nz

[
1 − e−z

n−1∑
k=0

zk

k!

]
,

σP = 8πγP (s/s0)Δ, z =
2CγP (s/s0)Δ

R2 + α′
P ln (s/s0)

.

(2)

‡¤¥¸Ó σP Å ¢±² ¤ ¶μ³¥·μ´  ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥; z Å ¶ · ³¥É·, μ¶·¥¤¥²ÖÕ-
Ð¨° μÉ´μ¸¨É¥²Ó´Ò° ¢±² ¤ ¶¥·¥· ¸¸¥Ö´¨°; Δ = αP (0) − 1 (´ ¤±·¨É¨Î¥¸±¨°
¨´É¥·¸¥¶É); α′

P ≡ α′
P (t = 0) Å ´ ±²μ´ ¶μ³¥·μ´´μ° É· ¥±Éμ·¨¨; γP , R2 Å

Ì · ±É¥·¨¸É¨±¨ ¢ÒÎ¥É  ¶μ³¥·μ´ ; ¶ · ³¥É· C = 1 + σDD/σel ÊÎ¨ÉÒ¢ ¥É ¤¨-
Ë· ±Í¨μ´´ÊÕ ¤¨¸¸μÍ¨ Í¨Õ; s0 = 1 ƒÔ‚2. ‡´ Î¥´¨Ö ÔÉ¨Ì ¶ · ³¥É·μ¢ ´ -
Ìμ¤ÖÉ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¶μ²´Ò³ ¸¥Î¥´¨Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨
¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨Ö³ Ê¶·Ê£μ£μ pp- ¨ pp̄-· ¸¸¥Ö´¨Ö ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·-
£¨ÖÌ [17, 20]:

Δ = 0,14, α′
P = 0,21 ƒÔ‚−2, γpp

P = 1,77 ƒÔ‚−2, γπp
P = 1,07 ƒÔ‚−2,

R2
pp = 3,18 ƒÔ‚−2, R2

πp = 2,48 ƒÔ‚−2, Cpp = 1,5, Cπp = 1,65.

‚ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö D-³¥§μ´μ¢ ¢ pp-¢§ ¨³μ¤¥°¸É¢¨¨ ËÊ´±Í¨¨ ϕh
n(s, x) ¨³¥ÕÉ

¸²¥¤ÊÕÐ¨° ¢¨¤ [15]:

ϕD
n (s, x) = aD

{
FD(n)

qV
(x+)FD(n)

qq (x−)+

+ FD(n)
qV

(x−)FD(n)
qq (x+) + 2(n − 1)FD(n)

qsea
(x+)FD(n)

qsea
(x−)

}
. (3 )

�´ ²μ£¨Î´μ ¤²Ö π−p-¢§ ¨³μ¤¥°¸É¢¨Ö [22]:

ϕD
n (s, x) = aD

{
F

D(n)
q̄V

(x+)FD(n)
qV

(x−)+

+ FD(n)
qV

(x+)FD(n)
qq (x−) + 2(n − 1)FD(n)

qsea
(x+)FD(n)

qsea
(x−)

}
, (3¡)
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£¤¥ x± = (
√

x2
⊥ + x2 ± x)/2. ”Ê´±Í¨¨ F

D(n)
qV (x), F

D(n)
q̄V

(x), F
D(n)
qq (x) ¨

F
D(n)
qsea (x), ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢±² ¤Ò ¢ ²¥´É´ÒÌ ±¢ ·±μ¢ ( ´É¨±¢ ·±μ¢), ¤¨±¢ ·±μ¢

¨ ³μ·¸±¨Ì ±¢ ·±μ¢, ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¸¢¥·É±¨ ±¢ ·±μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¸
ËÊ´±Í¨Ö³¨ Ë· £³¥´É Í¨¨. � ¶·¨³¥·, ¤²Ö pp-¸μÊ¤ ·¥´¨° [18]:

FD(n)
qV

(x) =
2
3

1∫
x

fuV (n)
p (x1)GD

u (x/x1) dx1 +

+
1
3

1∫
x

fdV (n)
p (x1)GD

d (x/x1) dx1, (4 )

FD(n)
qq (x) =

2
3

1∫
x

fud(n)
p (x1)GD

ud(x/x1) dx1 +

+
1
3

1∫
x

fuu(n)
p (x1)GD

uu(x/x1) dx1. (4¡)

�´ ²μ£¨Î´μ ¤²Ö π−p-¸μÊ¤ ·¥´¨° [18]:

FD(n)
qV

(x) =

1∫
x

fdV (n)
π (x1)GD

d (x/x1) dx1,

F
D(n)
q̄V

(x) =

1∫
x

f ūV (n)
π (x1)GD

ū (x/x1) dx1,

£¤¥ f j
p (x), f j

π(x) Å ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ±¢ ·±μ¢,  ´É¨±¢ ·±μ¢ ¨ ¤¨±¢ ·±μ¢
¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö  ¤·μ´ Ì, j = q, q̄, qq; GD

j (x/x1) Å ËÊ´±Í¨¨ Ë· £³¥´É -
Í¨¨. �·¨ x → 0 ¨ x → 1 ÔÉ¨ ËÊ´±Í¨¨ μ¶·¥¤¥²ÖÕÉ¸Ö ·¥¤¦¥¢¸±¨³¨  ¸¨³¶Éμ-
É¨± ³¨,   ¤²Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨° x ¨¸¶μ²Ó§ÊÕÉ ¨´É¥·¶μ²ÖÍ¨Õ [15Ä17].
‚ Î ¸É´μ¸É¨,

fuV (n)
p (x) = C(n)

uV
x−αR(0)(1 − x)αR(0)−2αN (0)+n−1, (5 )

GD−

d (x/x1) = GD0

ū (x/x1) = (1 − x/x1)−αψ(0)+λ[1 + a1(x/x1)2], (5¡)

£¤¥ αR(0) = 0,5, αN (0) = −0,5, λ = 2〈p2
⊥〉α′

R = 0,5,   ±μÔËË¨Í¨¥´É C
(n)
uV

μ¶·¥¤¥²Ö¥É¸Ö ´μ·³¨·μ¢μÎ´Ò³ Ê¸²μ¢¨¥³
1∫
0

f
uV (n)
p (x) dx = 1. �μ¤·μ¡´ÊÕ ¨´-

Ëμ·³ Í¨Õ μ ËÊ´±Í¨ÖÌ ϕh
n(s, x), f j

p(x) ¨ Gh
j (x/x1) ³μ¦´μ ´ °É¨ ¢ · ¡μ-

É Ì [15Ä18].
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‚ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö Λ+
c -¡ ·¨μ´  ¢ pp-¢§ ¨³μ¤¥°¸É¢¨¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥-

²¥´¨Ö ϕh
n(s, x) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [23]:

ϕΛc
n (s, x) = aΛc

1

{
F

(n)
1qq (x+) + F

(n)
1qq (x−)

}
+ aΛc

0

{
F (n)

q (x+)F (n)
0qq (x−)+

+ F (n)
q (x−)F (n)

0qq (x+) + 2(n − 1)F (n)
qsea

(x+)F (n)
q̄sea

(x−)
}

. (6)

�Î ·μ¢ ´´Ò° ¡ ·¨μ´ Λ+
c ¨³¥¥É ¡μ²¥¥ ¦¥¸É±¨° ¸¶¥±É· ¢ μ¡² ¸É¨ x > 0,1

¶μ ¸· ¢´¥´¨Õ ¸ μÎ ·μ¢ ´´Ò³¨ ³¥§μ´ ³¨. �μ¸±μ²Ó±Ê Λ+
c -¡ ·¨μ´ ¸μ¤¥·¦¨É É·¨

±¢ ·± , Éμ ¶·μÍ¥¸¸ Ë· £³¥´É Í¨¨ μÎ ·μ¢ ´´μ£μ ¡ ·¨μ´  μÉ²¨Î ¥É¸Ö μÉ Ë· £-
³¥´É Í¨¨ D-³¥§μ´μ¢. „¨±¢ ·±μ¢Ò¥ ËÊ´±Í¨¨ Ë· £³¥´É Í¨¨ · §¤¥²ÖÕÉ ´  ¤¢¥

Î ¸É¨, μ¶¨¸Ò¢ ÕÐ¨¥ · §´Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ μ¡² ¸É¨: F
(n)
0qq (x) (Í¥´É· ²Ó´ Ö

μ¡² ¸ÉÓ) ¨ F
(n)
1qq (x) (μ¡² ¸ÉÓ Ë· £³¥´É Í¨¨).

”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö (3) μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í ¸μ¤¥·¦ É ¶ · ³¥É·Ò,
±μÉμ·Ò¥ ´¥ ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¢ · ³± Ì ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´,
¨ ¨Ì §´ Î¥´¨Ö ´ Ìμ¤ÖÉ ¨§ ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �  ¸¥-
Î¥´¨Ö ·μ¦¤¥´¨Ö D-³¥§μ´μ¢ § ³¥É´μ ¢²¨Ö¥É ¨´É¥·¸¥¶É αψ(0) ³ ²μ¨§ÊÎ¥´´μ°
cc̄-É· ¥±Éμ·¨¨. ’¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„) μÉ¢¥-
Î ¥É ´¥²¨´¥°´ Ö É· ¥±Éμ·¨Ö c αψ(0) = 0. …¸²¨ ·¥¤¦¥-É· ¥±Éμ·¨Ö αψ(t)
²¨´¥°´  (± ± É· ¥±Éμ·¨¨ ¤²Ö ²¥£±¨Ì  ¤·μ´μ¢), Éμ ¥¥ ¨´É¥·¸¥¶É αψ(0) =
−2,2 ¨ x-· ¸¶·¥¤¥²¥´¨Ö μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í μ± §Ò¢ ÕÉ¸Ö ³¥´¥¥ ¦¥¸É±¨³¨
¶μ ¸· ¢´¥´¨Õ ¸ ¢ ·¨ ´Éμ³ αψ(0) = 0. „ ´´Ò¥ μ ·μ¦¤¥´¨¨ μÎ ·μ¢ ´´ÒÌ
Î ¸É¨Í, ¶μ²ÊÎ¥´´Ò¥ ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò, Ê± §Ò¢ ÕÉ ´  ¶·¥¤¶μÎÉ¨É¥²Ó´μ¸ÉÓ §´ -
Î¥´¨Ö αψ(0) = −2,2, ÊÎ¨ÉÒ¢ ÕÐ¥£μ ÔËË¥±ÉÒ §  · ³± ³¨ É¥μ·¨¨ ¢μ§³ÊÐ¥-
´¨° Š•„ [20].

ŠμÔËË¨Í¨¥´É a1 μ¡¥¸¶¥Î¨¢ ¥É ¥¤¨´μ¥ μ¶¨¸ ´¨¥ ±¨´¥³ É¨Î¥¸±¨Ì μ¡² -
¸É¥° x → 0 ¨ x → 1 ¢ ¸²ÊÎ ¥ ²¨¤¨·ÊÕÐ¥° Ë· £³¥´É Í¨¨, É. ¥. ¶·¨ ÊÎ ¸É¨¨
¢ ²¥´É´μ£μ ±¢ ·± . ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥É Ö¸´ÒÌ  ·£Ê³¥´Éμ¢ ¢ ¶μ²Ó§Ê Éμ£μ ¨²¨
¨´μ£μ ¢Ò¡μ·  §´ Î¥´¨Ö a1, ¨ · §´Ò¥  ¢Éμ·Ò ¶·¨¢μ¤ÖÉ Î¨¸² , ¸·¥¤¨ ±μÉμ·ÒÌ
³μ¦´μ ¢Ò¤¥²¨ÉÓ ¤¢  ±· °´¨Ì: a1 = 2 [19] ¨ a1 = 30 [15]. �μ¢Ò¥ ¨§³¥·¥-
´¨Ö ¶μ²´ÒÌ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ
¢ Ô±¸¶¥·¨³¥´É Ì ALICE [4Ä6] ¨ ATLAS [7] ¤ ÕÉ ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥·¨ÉÓ
¶·¥¤¸± § ´¨Ö ŒŠƒ‘ ¤²Ö ÔÉ¨Ì §´ Î¥´¨° ¶ · ³¥É·  a1. � · ³¥É· ah ¢ (3)
Ì · ±É¥·¨§Ê¥É ¶²μÉ´μ¸ÉÓ Î¨¸²  μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨
¨´±²Õ§¨¢´ÒÌ ¸¶¥±É·μ¢ ¨ μÎ¥¢¨¤´Ò³ μ¡· §μ³ ¢²¨Ö¥É ´  ¢¥²¨Î¨´Ê ¸¥Î¥´¨° (1).
„²Ö D- ¨ Λc-Î ¸É¨Í ¨§ · ¡μÉÒ [15] ¢§ÖÉÒ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö ÔÉμ£μ ¶ · ³¥-
É· : aD = 1,5 · 10−3, aΛc

1 = 0,12, aΛc
0 = 7 · 10−4.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¥Î¥´¨° ·μ¦¤¥´¨Ö D-³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¢ ¸· ¢-
´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1Ä3. �μ²´μ¥ ¸¥-
Î¥´¨¥ ·μ¦¤¥´¨Ö D/D̄-³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ ¢ ¸. Í. ³.
· ¸¸Î¨É ´μ ¢ ŒŠƒ‘ ¤²Ö Î¥ÉÒ·¥Ì ´ ¡μ·μ¢ §´ Î¥´¨° ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢:
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�¨¸. 1. �μ²´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö D/D̄-³¥§μ´μ¢ ¢ pp-¢§ ¨³μ¤¥°¸É¢¨¨: · ¸Î¥É ¢ ŒŠƒ‘
¸ αψ(0) = −2,2 ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö); · ¸Î¥É
¢ ŒŠƒ‘ ¸ αψ(0) = 0 ¤²Ö a1 = 2 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ a1 = 30 (¶Ê´±É¨·´ Ö).
�±¸¶¥·¨³¥´É: � Å [24]; ♣ Å [25]; � Å [26]; � Å [27]; � Å [28]; � Å [29];
� Å [30]; Δ Å [31]; � Å [32]; 	, × Å [4]; 
 Å [5]; �, ∇ Å [6]; � Å [7]

αψ(0) = −2,2, a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2, a1 = 30 (ÏÉ·¨-
Ìμ¢ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö) ¨ αψ(0) = 0,
a1 = 30 (¶Ê´±É¨·´ Ö ²¨´¨Ö). ‡¤¥¸Ó ¦¥ ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¤²Ö Ï¨·μ±μ£μ ¤¨ ¶ §μ´  Ô´¥·£¨° [24Ä32], ¢±²ÕÎ Ö ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´Éμ¢
´  LHC [4Ä7].

� ¸Î¥É ¸ ¶ · ³¥É· ³¨ αψ(0) = 0 ¨ a1 = 30 ´¥ ¸μ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ ¶·¨
Ô´¥·£¨¨

√
s < 100 ƒÔ‚ (¶Ê´±É¨·´ Ö ²¨´¨Ö), Éμ£¤  ± ± ¸¥Î¥´¨Ö, · ¸¸Î¨É ´´Ò¥

¤²Ö αψ(0) = −2,2, ´¥¶²μÌμ μ¶¨¸Ò¢ ÕÉ ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´Éμ¢ ¨ ¶·¨ ¸· ¢´¨-
É¥²Ó´μ ´¥¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨. �·¨ ÔÉ¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¸¥Î¥´¨Ö
¸ ¨´É¥·¸¥¶Éμ³ αψ(0) = −2,2, · ¸¸Î¨É ´´Ò¥ ¤²Ö ±· °´¨Ì §´ Î¥´¨° ¶ · ³¥É· 
a1 = 2 ¨ a1 = 30, · §²¨Î ÕÉ¸Ö ¢ 2Ä6 · §. ‘ ·μ¸Éμ³ Ô´¥·£¨¨ § ¢¨¸¨³μ¸ÉÓ μÉ
a1 Ê³¥´ÓÏ ¥É¸Ö, ¨ ¢ μ¡² ¸É¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° (

√
s > 1 ’Ô‚) ¢²¨Ö´¨¥ ÔÉμ£μ

¶ · ³¥É·  ´  ¶μ²´μ¥ ¸¥Î¥´¨¥ ´¥¸ÊÐ¥¸É¢¥´´μ.

�  ·¨¸. 2 ¶μ± § ´Ò ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö ²Õ¡μ£μ D-³¥-
§μ´  ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ (¢ ². c.) 400 ¨ 800 ƒÔ‚, · ¸¸Î¨É ´´Ò¥ ¤²Ö
αψ(0) = −2,2, a1 = 2 (±· ¸´ Ö ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2, a1 = 30
(¸¨´ÖÖ ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (±· ¸´ Ö ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨
αψ(0) = 0, a1 = 30 (¸¨´ÖÖ ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö); ¸¨³¢μ² ³¨ μ¡μ§´ Î¥´Ò ¤ ´´Ò¥
Ô±¸¶¥·¨³¥´Éμ¢ NA27 [27] ¨ E743 [28].
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�¨¸. 2. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ²Õ¡μ£μ ¨§ D-³¥§μ´μ¢ (D+, D−, D0,
D̄0) ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Elab = 400 ƒÔ‚ ( ) ¨ 800 ƒÔ‚ (¡): · ¸Î¥É ¤²Ö αψ(0) =
−2,2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ αψ(0) = 0 (ÏÉ·¨Ìμ¢ Ö). �±¸¶¥·¨³¥´É:  ) � Å [27];
¡) � Å [28]

Š ± ¢¨¤´μ ¨§ ·¨¸. 1 ¨ 2, · ¸Î¥É ¶μ²´μ£μ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨°
·μ¦¤¥´¨Ö D-³¥§μ´μ¢ ²ÊÎÏ¥ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨ ¢Ò-
¡μ·¥ §´ Î¥´¨Ö ¨´É¥·¸¥¶É  αψ(0) = −2,2. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´μ ¸· ¢´¥´¨¥
Ô±¸¶¥·¨³¥´É  (pp-¸μÊ¤ ·¥´¨Ö, 400 ƒÔ‚) [27] ¸ · ¸Î¥Éμ³ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
¸¥Î¥´¨° ·μ¦¤¥´¨Ö ³¥§μ´μ¢ ± ¦¤μ£μ É¨¶  Å D+, D−, D0, D̄0, ¢Ò¶μ²´¥´´Ò³
¸ αψ(0) = −2,2 ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶ · ³¥É·  a1: a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨
a1 = 30 (ÏÉ·¨Ìμ¢ Ö). ‘¥Î¥´¨Ö ·μ¦¤¥´¨Ö D+- ¨ D0-³¥§μ´μ¢ ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸ÖÉ μÉ ¶ · ³¥É·  a1, ¢ Éμ ¢·¥³Ö ± ± ¸¥Î¥´¨Ö D− ¨ D̄0 ¤²Ö a1 = 2 μ± -
§Ò¢ ÕÉ¸Ö ¢ ∼ 2−10 · § ´¨¦¥ ¶μ ¸· ¢´¥´¨Õ ¸ ¢ ·¨ ´Éμ³ a1 = 30 ¨ § ³¥É´μ
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�¨¸. 3. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö D-³¥§μ´  μ¶·¥¤¥²¥´´μ£μ É¨¶  ¢
pp-¢§ ¨³μ¤¥°¸É¢¨¨ ¶·¨ Elab = 400 ƒÔ‚: · ¸Î¥É ¸ ¶ · ³¥É·μ³ αψ(0) = −2,2 ¤²Ö
a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö). �±¸¶¥·¨³¥´É: � Å [27]

²ÊÎÏ¥ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ ¨§³¥·¥´¨°. ‚ pp-¸μÊ¤ ·¥´¨ÖÌ ·μ¦¤¥´¨¥ ³¥§μ-
´μ¢ D− ¨ D̄0 Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¢¥·μÖÉ´Ò³, É ± ± ± ¢ ¨Ì ¸μ¸É ¢ ¢Ìμ¤ÖÉ ¢ ²¥´É´Ò¥
±¢ ·±¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶·μÉμ´μ¢. �Éμ ²¨¤¨·ÊÕÐ Ö ¨²¨ · §·¥Ï¥´´ Ö Ë· £-
³¥´É Í¨Ö (¢ x-· ¸¶·¥¤¥²¥´¨¨ ¤μ³¨´¨·Ê¥É ¢±² ¤ ²¨¤¨·ÊÕÐ¨Ì ËÊ´±Í¨° Ë· £-
³¥´É Í¨¨), ¨ x-· ¸¶·¥¤¥²¥´¨¥ ¤²Ö ³¥§μ´μ¢ D− ¨ D̄0 Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¦¥¸É±¨³
¶μ ¸· ¢´¥´¨Õ ¸ D+- ¨ D0-³¥§μ´ ³¨. ‡ ³¥É´  § ¢¨¸¨³μ¸ÉÓ μÉ ¶ · ³¥É·  a1 ¨
¢ ¸Ê³³ ·´μ³ ¤¨ËË¥·¥´Í¨ ²Ó´μ³ ¸¥Î¥´¨¨ (¸³. ·¨¸. 2).

‘· ¢´¥´¨¥ · ¸Î¥É  ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¢ π−p-¸μ-
Ê¤ ·¥´¨ÖÌ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶μ± § ´μ ´  ·¨¸. 4Ä7 (· ¸Î¥ÉÒ
¢Ò¶μ²´¥´Ò ¤²Ö αψ(0) = −2,2). „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö D/D̄-³¥§μ´μ¢
· ¸¸Î¨É ´Ò ¶·¨ Ô´¥·£¨¨ Elab = 360 ƒÔ‚ (¸¶²μÏ´ Ö ²¨´¨Ö ´  ·¨¸. 4 μÉ¢¥Î ¥É
§´ Î¥´¨Õ a1 = 2, ÏÉ·¨Ìμ¢ Ö Å a1 = 30), ¨§³¥·¥´¨Ö (¸¨³¢μ²Ò) Å Ô±¸¶¥·¨-
³¥´ÉÒ WA92 [33] (350 ƒÔ‚) ¨ NA27 [34] (360 ƒÔ‚).

�  ·¨¸. 5 ¶μ± § ´Ò ¤ ´´Ò¥ · ¸Î¥É  ¨ ¨§³¥·¥´¨° (WA92) ¤¨ËË¥·¥´-
Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö ± ¦¤μ£μ É¨¶  D-³¥§μ´μ¢. ˆ§ ·¨¸. 4Ä6 ¢¨¤´ 
É  ¦¥ § ¢¨¸¨³μ¸ÉÓ μÉ ¶ · ³¥É·  a1, ÎÉμ ¨ ¢ ¸²ÊÎ ¥ ·μ¦¤¥´¨Ö D-³¥§μ´μ¢
¢ pp-¸μÊ¤ ·¥´¨ÖÌ (¸³. ·¨¸. 2, 3): x-· ¸¶·¥¤¥²¥´¨Ö ²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¡μ²¥¥
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�¨¸. 4. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö D/D̄-³¥§μ´μ¢ ¢ πp-¢§ ¨³μ¤¥°¸É¢¨¨ ¶·¨
Ô´¥·£¨¨ 360 ƒÔ‚: · ¸Î¥É ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö).
�±¸¶¥·¨³¥´É: � Å [33] (350 ƒÔ‚); Δ Å [34] (360 ƒÔ‚)

�¨¸. 5. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ± ¦¤μ£μ É¨¶  D-³¥§μ´μ¢ ¢ π−p-¸μÊ-
¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ 350 ƒÔ‚: · ¸Î¥É ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30
(ÏÉ·¨Ìμ¢ Ö). �±¸¶¥·¨³¥´É: � Å [33]
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�¨¸. 6. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ®²¨¤¨·ÊÕÐ¨Ì¯ D−/D0-³¥§μ´μ¢ ( )
¨ ®´¥²¨¤¨·ÊÕÐ¨Ì¯ D+/D̄0-³¥§μ´μ¢ (¡) ¢ πp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Elab = 360 ƒÔ‚: · ¸Î¥É
¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö). �±¸¶¥·¨³¥´É: � Å [34]

ÎÊ¢¸É¢¨É¥²Ó´Ò ± §´ Î¥´¨Õ a1. �É²¨Î¨¥ ²¨ÏÓ ¢ Éμ³, ÎÉμ ¤²Ö πp-¢§ ¨³μ¤¥°¸É¢¨Ö
²¨¤¨·ÊÕÐ¨³¨ μ± §Ò¢ ÕÉ¸Ö D−- ¨ D0-³¥§μ´Ò,   ´¥ D− ¨ D̄0, ÎÉμ μÉ¢¥Î ¥É
¨´μ³Ê ±¢ ·±μ¢μ³Ê ¸μ¸É ¢Ê ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í.

� ¸Î¥É ²¨¤¨·ÊÕÐ¨Ì ¨ ´¥²¨¤¨·ÊÕÐ¨Ì ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·μ-
¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¢ πp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ 360 ƒÔ‚ (². ¸.)
¶μ± § ´ ´  ·¨¸. 6 (¸¶²μÏ´ Ö ²¨´¨Ö Å · ¸Î¥É ¤²Ö a1 = 2, ÏÉ·¨Ìμ¢ Ö Å · ¸Î¥É
¤²Ö a1 = 30). ‡¤¥¸Ó ¦¥ ¶·¨¢¥¤¥´Ò ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´É  [34]. „¨ËË¥·¥´-
Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö ´¥°É· ²Ó´ÒÌ D0/D̄0-³¥§μ´μ¢ ¢ πp-¸μÊ¤ ·¥´¨ÖÌ
¶·¨ ² ¡μ· Éμ·´μ° Ô´¥·£¨¨ Elab = 500 ƒÔ‚, · ¸¸Î¨É ´´μ¥ ¤²Ö §´ Î¥´¨° a1 = 2
(¸¶²μÏ´ Ö ²¨´¨Ö ´  ·¨¸. 7) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö), ¶μ± § ´μ ¢ ¸· ¢´¥-
´¨¨ ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É  E791 [35].

�¨¸. 7. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö D0/D̄0-³¥§μ´μ¢ ¢ πp-¢§ ¨³μ¤¥°¸É¢¨¨
¶·¨ Ô´¥·£¨¨ Elab = 500 ƒÔ‚: · ¸Î¥É ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30
(ÏÉ·¨Ìμ¢ Ö). �±¸¶¥·¨³¥´É: � Å [35]
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�¨¸. 8. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ( ) ¨ ¶μ²´μ¥ (¡) ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö Λ+
c -¡ ·¨μ´  ¢

pp-¸μÊ¤ ·¥´¨ÖÌ: · ¸Î¥É ¤²Ö αψ(0) = −2,2, aΛ
1 = 0,12 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ αψ(0) = 0,

aΛ
1 = 0,02 (¶Ê´±É¨·´ Ö). �±¸¶¥·¨³¥´É: � Å [36]; � Å [37]; � Å [36]

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¥Î¥´¨° ·μ¦¤¥´¨Ö Λ+
c -£¨¶¥·μ´  ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¨

¸· ¢´¥´¨¥ ¨Ì ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 8. „¨Ë-
Ë¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö · ¸¸Î¨É ´μ ¶·¨ Ô´¥·£¨¨

√
s = 62 ƒÔ‚ ¸

¶ · ³¥É· ³¨ αψ(0) = −2,2, aΛ
1 = 0,12 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ αψ(0) = 0,

aΛ
1 = 0,02 (¶Ê´±É¨·´ Ö ²¨´¨Ö), ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ²ÊÎ¥´Ò ¶·¨ §´ -

Î¥´¨ÖÌ Ô´¥·£¨¨
√

s = 62 ƒÔ‚ [36] ¨ 63 ƒÔ‚ [37]. �  ·¨¸. 8, ¡ ¶μ± § ´μ
¶μ²´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö Λ+

c -£¨¶¥·μ´  ¢ pp-¢§ ¨³μ¤¥°¸É¢¨¨ ± ± ËÊ´±Í¨Ö
Ô´¥·£¨¨ ¢ ¸. Í. ³., Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§ÖÉÒ ¨§ · ¡μÉÒ [36], · ¸-
Î¥É ¢Ò¶μ²´¥´ ¤²Ö §´ Î¥´¨° αψ(0) = −2,2, aΛ

1 = 0,12 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨
αψ(0) = 0, aΛ

1 = 0,02 (¶Ê´±É¨·´ Ö ²¨´¨Ö). �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ § -
³¥É´μ¥ · §²¨Î¨¥ (¶·¨ ¡²¨§±¨Ì §´ Î¥´¨ÖÌ Ô´¥·£¨¨) ¤ ´´ÒÌ ¤¢ÊÌ Ô±¸¶¥·¨³¥´-
Éμ¢ ¶μ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¸¥Î¥´¨Ö³ ·μ¦¤¥´¨Ö Λ+

c -Î ¸É¨Í (·¨¸. 8,  ). � ¸Î¥É
¸ ¶ · ³¥É·μ³ αψ(0) = −2,2 Ëμ·³ ²Ó´μ ´¥ ¶·μÉ¨¢μ·¥Î¨É ¤ ´´Ò³ ¡μ²¥¥ ¶μ§¤-
´¥£μ Ô±¸¶¥·¨³¥´É  [36]. 	μ²ÓÏμ° · §¡·μ¸ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ
¶μ²´μ³Ê ¸¥Î¥´¨Õ (·¨¸. 8, ¡) ´¥ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ μ¤´μ§´ Î´Ò° ¢Ò¡μ· ¨´É¥·-
¸¥¶É  αψ(0).

�·¨ μ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ·μ¦¤¥´¨Õ D-³¥§μ´μ¢ ¢ Í¥´-
É· ²Ó´μ° μ¡² ¸É¨ (¢ ¨´É¥·¢ ²¥ ¡Ò¸É·μÉ 2,0Ä4,5) ¸É ²±¨¢ ¥³¸Ö ¸ μ¦¨¤ ¥³Ò³¨
É·Ê¤´μ¸ÉÖ³¨, ¶μ¸±μ²Ó±Ê ¢ · ¸¸³ É·¨¢ ¥³μ° ¢¥·¸¨¨ ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ
¸É·Ê´ · ¸¸Î¨É ´Ò Ê¸·¥¤´¥´´Ò¥ ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê ¨´±²Õ§¨¢´Ò¥
¸¶¥±É·Ò ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í,   ¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ ¶μ²ÊÎ¥´Ò ¤²Ö Ï¨·μ±μ£μ ¤¨ ¶ §μ´  §´ Î¥´¨° ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸ 
(p⊥ � 8 ƒÔ‚/c) ¨ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥´¨° x, ¤²Ö ±μÉμ·μ° ŒŠƒ‘ ´¥ ¶·¨¸¶μ-
¸μ¡²¥´ . ’¥³ ´¥ ³¥´¥¥ ¢ ·¨ ´É · ¸Î¥É  ¸ ¶ · ³¥É· ³¨ αψ(0) = −2,2, a1 = 30
´¥¶²μÌμ μ¶¨¸Ò¢ ¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ·μ¦¤¥´¨Õ ³¥§μ´μ¢ D0/D̄0

¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ 5 ¨ 7 ’Ô‚ (·¨¸. 9, 10).
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�¨¸. 9. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D+/D−-³¥§μ´μ¢ ( ) ¨ D0/D̄0-
³¥§μ´μ¢ (¡) ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ ¢ ¸. Í. ³.

√
s = 5 ’Ô‚: · ¸Î¥É ¤²Ö

αψ(0) = −2,2, a1 = 2 (±· ¸´ Ö ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2, a1 = 30 (¸¨´ÖÖ
¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (±· ¸´ Ö ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ αψ(0) = 0,
a1 = 30 (¸¨´ÖÖ ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö). �±¸¶¥·¨³¥´É: � Å [38]

�  ·¨¸. 9Ä11 ¶μ± § ´ · ¸Î¥É ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ -
·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ± ± ËÊ´±Í¨° ¡Ò¸É·μÉÒ y ¢ ¸· ¢´¥´¨¨ ¸
¤ ´´Ò³¨ ¨§³¥·¥´¨° ¢ Ô±¸¶¥·¨³¥´É¥ LHCb, ¶μ²ÊÎ¥´´Ò³¨ ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·-
£¨¨

√
s = 5 ’Ô‚ [38], 7 ’Ô‚ [39] ¨ 13 ’Ô‚ [40] ¢ ¨´É¥·¢ ²¥ ¡Ò¸É·μÉ 2Ä4,5, ±μ-

Éμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É ¨´É¥·¢ ²Ê Ë¥°´³ ´μ¢¸±μ° ¶¥·¥³¥´´μ° x ∼ 10−3−10−2.
� ¸Î¥É ¤ ´´μ° · ¡μÉÒ ¢Ò¶μ²´¥´ ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨° ¶ · ³¥É·μ¢

ŒŠƒ‘: αψ(0) = −2,2, a1 = 2 (±· ¸´ Ö ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2,
a1 = 30 (¸¨´ÖÖ ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (±· ¸´ Ö ÏÉ·¨Ìμ¢ Ö
²¨´¨Ö) ¨ αψ(0) = 0, a1 = 30 (¸¨´ÖÖ ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö). ˆ§³¥·¥´´Ò¥ ¢ Ô±¸-
¶¥·¨³¥´É¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö ´¥°É· ²Ó´ÒÌ D0/D̄0- ¨ § ·Ö¦¥´´ÒÌ D+/D−-
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�¨¸. 10. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D+/D−-³¥§μ´μ¢ ( ) ¨ D0/D̄0-
³¥§μ´μ¢ (¡) ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ ¢ ¸. Í. ³.

√
s = 7 ’Ô‚: · ¸Î¥É ¤²Ö

αψ(0) = −2,2, a1 = 2 (±· ¸´ Ö ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2, a1 = 30 (¸¨´ÖÖ
¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (±· ¸´ Ö ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ αψ(0) = 0,
a1 = 30 (¸¨´ÖÖ ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö). �±¸¶¥·¨³¥´É: � Å [39]

³¥§μ´μ¢ μÉ²¨Î ÕÉ¸Ö ¢ ´¥¸±μ²Ó±μ · § (¶·¨ Ë¨±¸¨·μ¢ ´´μ° Ô´¥·£¨¨), ¢ Éμ ¢·¥³Ö
± ± ŒŠƒ‘ ¶·¥¤¸± §Ò¢ ¥É ¶·¨³¥·´μ μ¤¨´ ±μ¢Ò¥ §´ Î¥´¨Ö dσ/dy. ’ ±¨³
μ¡· §μ³, ³μ¤¥²Ó ²ÊÎÏ¥ μ¶¨¸Ò¢ ¥É ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D0/D̄0-³¥§μ´μ¢ (¶·¨
§´ Î¥´¨ÖÌ Ô´¥·£¨¨ 5 ’Ô‚ ¨ 7 ’Ô‚), Î¥³ D+/D−-³¥§μ´μ¢.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¸¨²Ê ±¨´¥³ É¨Î¥¸±¨ ¤μ³¨´¨·ÊÕÐ¥£μ ¢±² ¤  ¶¥-
·¨Ë¥·¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¢ · §¢¨É¨¥  ¤·μ´´μ£μ ± ¸± ¤ , ¨´¤ÊÍ¨·μ¢ ´´μ£μ ±μ¸-
³¨Î¥¸±¨³¨ ²ÊÎ ³¨ (Š‹) ¢  É³μ¸Ë¥·¥, ³ ²Ò¥ §´ Î¥´¨Ö Ë¥°´³ ´μ¢¸±μ° ¶¥·¥-
³¥´´μ° x (∼ 10−4 − 10−3) ¤ ÕÉ ´¥§´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ ¨´É¥£· ²Ò, μ¶·¥¤¥-
²ÖÕÐ¨¥ ¶μÉμ±¨  É³μ¸Ë¥·´ÒÌ ³Õμ´μ¢ ¨ ´¥°É·¨´μ (μ¡² ¸ÉÓ ³ ²ÒÌ §´ Î¥´¨° x
¶μ¤ ¢²¥´  ¸ÉμÖÐ¨³ ¶μ¤ ¨´É¥£· ²μ³ Ë ±Éμ·μ³ xγ , £¤¥ γ Å ¸¶¥±É· ²Ó´Ò°
¨´¤¥±¸ ¶·μÉμ´μ¢ Š‹).
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�¨¸. 11. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D+/D−-³¥§μ´μ¢ ( ) ¨ D0/D̄0-
³¥§μ´μ¢ (¡) ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ ¢ ¸. Í. ³.

√
s = 13 ’Ô‚: · ¸Î¥É ¤²Ö

αψ(0) = −2,2, a1 = 2 (±· ¸´ Ö ¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = −2,2, a1 = 30 (¸¨´ÖÖ
¸¶²μÏ´ Ö ²¨´¨Ö); αψ(0) = 0, a1 = 2 (±· ¸´ Ö ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) ¨ αψ(0) = 0,
a1 = 30 (¸¨´ÖÖ ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö). �±¸¶¥·¨³¥´É: � Å [40]

2. ‘��‚�…�ˆ… ŒŠƒ‘
‘ „�“ƒˆŒˆ Œ�„…‹ŸŒˆ ��†„…�ˆŸ —��Œ�

�·¥¦¤¥ Î¥³ ¶·¨¸ÉÊ¶¨ÉÓ ± · ¸Î¥ÉÊ ¶μÉμ±μ¢  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ, ¨´É¥-
·¥¸´μ ¨ ¶μ²¥§´μ ¸μ¶μ¸É ¢¨ÉÓ ¶μ²´Ò¥ ¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö
μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í, · ¸¸Î¨É ´´Ò¥ ¢ · ³± Ì · §²¨Î´ÒÌ ³μ¤¥²¥°. �  ·¨¸. 12
¶μ± § ´μ ¶μ²´μ¥ ¸¥Î¥´¨¥ ·μ¦¤¥´¨Ö D-³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ, · ¸¸Î¨É ´-
´μ¥ ¢ É·¥Ì ³μ¤¥²ÖÌ: ŒŠƒ‘ (¸¶²μÏ´ Ö ¨ ÏÉ·¨Ìμ¢ Ö ²¨´¨¨), ¶¥·ÉÊ·¡ É¨¢´ Ö
Š•„-³μ¤¥²Ó (NLO pQCD) [12] (²¨´¨Ö ¸ ¸¨³¢μ² ³¨) ¨ SIBYLL 2.3rc1 [41]
(¶Ê´±É¨·´ Ö ²¨´¨Ö). �·¥¤¸± § ´¨Ö ŒŠƒ‘ (¤²Ö a1 = 2) ¨ Š•„-³μ¤¥²¨ ¶· ±-
É¨Î¥¸±¨ ¸μ¢¶ ¤ ÕÉ ¢ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° Ô´¥·£¨¨, §  ¨¸±²ÕÎ¥´¨¥³
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�¨¸. 12. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  ¶μ²´μ£μ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D/D̄-³¥§μ´μ¢
¢ pp-¢§ ¨³μ¤¥°¸É¢¨¨ É·¥Ì ³μ¤¥²¥°: ŒŠƒ‘ ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30
(ÏÉ·¨Ìμ¢ Ö), Š•„-³μ¤¥²Ó (NLO pQCD) [12] (²¨´¨Ö ¸ ¸¨³¢μ² ³¨), ³μ¤¥²Ó SYBILL
2.3rc1 [41] (¶Ê´±É¨·´ Ö)

μ¡² ¸É¨
√

s < 102 ƒÔ‚ (· ¸Î¥É ¤²Ö a1 = 30 ¤ ¥É ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö
¶·¨

√
s < 103 ƒÔ‚). �¥§Ê²ÓÉ É · ¸Î¥É  ¢ ³μ¤¥²¨ SIBYLL 2.3rc1 ¡²¨§μ± ± · ¸-

Î¥ÉÊ ¢ ŒŠƒ‘ ¸ ¶ · ³¥É·μ³ a1 = 2 ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨
√

s < 3 · 103 ƒÔ‚.

‘· ¢´¥´¨¥ · ¸Î¥Éμ¢ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ
³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° Ô´¥·£¨¨ ¶·μÉμ´  ¢ ‹‘ (106 ¨
109 ƒÔ‚) ¶μ± § ´μ ´  ·¨¸. 13: ¸¶²μÏ´Ò¥ ¨ ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨ Å ŒŠƒ‘,
ÏÉ·¨Ì¶Ê´±É¨·´ Ö ²¨´¨Ö Å Š•„-³μ¤¥²Ó, ²¨´¨Ö ¸ ¸¨³¢μ² ³¨ Å ¤¨¶μ²Ó´ Ö
³μ¤¥²Ó (DM) [11]. � ¸Î¥É Š•„-³μ¤¥²¨ ¡²¨§μ± ± ·¥§Ê²ÓÉ É ³ ¤ ´´μ° · ¡μÉÒ,
¶μ²ÊÎ¥´´Ò³ ¸ ¶ · ³¥É· ³¨ αψ(0) = −2,2, a1 = 2 (106 ƒÔ‚) ¨ αψ(0) = −2,2,
a1 = 30 (109 ƒÔ‚). �¥§Ê²ÓÉ É ¤²Ö a1 = 2 ²¥¦¨É ´¨¦¥ · ¸Î¥É  ¤¨¶μ²Ó´μ°
³μ¤¥²¨ ¶μÎÉ¨ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ x. ‡ ³¥É´μ ¡μ²¥¥ ¢Ò¸μ±¨¥ ¸¥Î¥´¨Ö ¤¨-
¶μ²Ó´μ° ³μ¤¥²¨ ¶μ ¸· ¢´¥´¨Õ ¸ ŒŠƒ‘ ¨ Š•„-³μ¤¥²ÓÕ ¶·¨¢¥¤ÊÉ ± ¡μ²¥¥
¨´É¥´¸¨¢´μ³Ê ¶μÉμ±Ê ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ.

„²Ö · ¸Î¥É  ¶μÉμ±   É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ´¥μ¡Ìμ¤¨³μ §´ ÉÓ ¸¥Î¥´¨Ö
·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í ¢ ¸Éμ²±´μ¢¥´¨ÖÌ  ¤·μ´μ¢ ¸ Ö¤· ³¨. �¥·¥¸Î¥É
¸¥Î¥´¨° ´  Ö¤¥·´ÊÕ ³¨Ï¥´Ó ¸ ³ ¸¸μ¢Ò³ Î¨¸²μ³ A ¢Ò¶μ²´Ö¥É¸Ö ¶μ Ëμ·³Ê²¥
dσpA/dx = Aαdσpp/dx (¤²Ö ¢μ§¤ÊÌ  ¶·¨³¥³ A = 14,5). ‘μ£² ¸´μ [15] ¸É¥-
¶¥´Ó α ¤μ²¦´  § ¢¨¸¥ÉÓ μÉ x: α ≈ 1 ¶·¨ x → 0 ¨ ³μ´μÉμ´´μ Ê¡Ò¢ ¥É ¸
·μ¸Éμ³ x (α ≈ 0,5 ¶·¨ x → 1). „²Ö ¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ Éμ³ · ¡μÉÒ [9],
£¤¥ · ¸Î¥É ¢Ò¶μ²´¥´ ¤²Ö ¶μ¸ÉμÖ´´μ£μ §´ Î¥´¨Ö α = 0,72 (ÎÉμ ¶·¨¢μ¤¨É, ¶μ
³´¥´¨Õ  ¢Éμ·μ¢, ± μÏ¨¡±¥ ¶μÉμ±  ´¥°É·¨´μ ´¥ ¡μ²¥¥ 15%), ¢ ¤ ´´μ° · ¡μÉ¥
¨¸¶μ²Ó§Ê¥É¸Ö ÔÉμ ¦¥ §´ Î¥´¨¥.
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�¨¸. 13. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö D/D̄-³¥§μ´μ¢ ¢ pp-¸μÊ¤ ·¥´¨ÖÌ ¶·¨
Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ ¶·μÉμ´  106 ƒÔ‚ ( ) ¨ 109 ƒÔ‚ (¡): · ¸Î¥É ŒŠƒ‘ ¤²Ö a1 = 2
(¸¶²μÏ´ Ö ²¨´¨Ö), a1 = 30 (ÏÉ·¨Ìμ¢ Ö), Š•„-³μ¤¥²¨ (NLO pQCD) [12] (ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö), ¤¨¶μ²Ó´μ° ³μ¤¥²¨ (DM) [11] (²¨´¨Ö ¸ ¸¨³¢μ² ³¨)

3. ��‘—…’ ��’�Š�‚ �’Œ�‘”…��›• �…‰’�ˆ��

‚ ¤ ´´μ° · ¡μÉ¥ · ¸Î¥É ¶μÉμ±μ¢ ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢Ò¶μ²-
´¥´ ¤²Ö ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ ¢ · ³± Ì ³¥Éμ¤  [8, 9] ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¶ · ³¥É·¨§ Í¨° ¸¶¥±É·  ¨ Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°
�¨±μ²Ó¸±μ£μ, ‘É ³¥´μ¢ , “Ï¥¢  (�‘“) [42] ¨ …·²Ò±¨´ , Š·ÊÉ¨±μ¢μ°, ˜ -
¡¥²Ó¸±μ£μ (…Š˜) [43]. ‘¶¥±É· �‘“ ¢Ò¡· ´ ¤²Ö ¸· ¢´¥´¨Ö ´ Ï¥£μ · ¸Î¥É  ¸
·¥§Ê²ÓÉ É ³¨ [9, 10], ¶μ²ÊÎ¥´´Ò³¨ É ±¦¥ ¢ · ³± Ì ŒŠƒ‘, ´μ ¸ ¤·Ê£¨³ ´ ¡μ-
·μ³ ¶ · ³¥É·μ¢. ‘¶¥±É· �‘“ ¢ §´ Î¨É¥²Ó´μ° ³¥·¥ Ê¸É ·¥², ¸¶¥±É· ¦¥ …Š˜,
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¨³¥ÕÐ¨° ¸¶¥±É· ²Ó´Ò° ¨´¤¥±¸ ¤μ ¨§²μ³  2,7 ¨ 3,1 ¶μ¸²¥ ´¥£μ ¨ ´¥¶²μÌμ
¸μ£² ¸ÊÕÐ¨°¸Ö (¶μ ±· °´¥° ³¥·¥, ¤μ 2 �Ô‚) ¸ ¸μ¢·¥³¥´´μ° ¶ · ³¥É·¨§ Í¨¥°
¸¶¥±É·  ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° H3a [44], ¢Ò¡· ´ ´ ³¨ ¤²Ö ¸· ¢´¥´¨Ö · ¸Î¥É 
¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢ ¢ ³μ¤¥²¨ SIBYLL 2.3rc1 [13] ¨ Š•„-³μ¤¥²¨ (BE-
JKRSS) [12], ¶μ²ÊÎ¥´´Ò³¨ ¸ ¤·Ê£¨³ ¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° (H3a).

Š·μ³¥ Éμ£μ, ¤²Ö ¸· ¢´¥´¨Ö ¸ ·¥§Ê²ÓÉ Éμ³ · ¸Î¥É  ¶μÉμ±  ¶·Ö³ÒÌ ´¥°-
É·¨´μ, ¢Ò¶μ²´¥´´μ£μ ¢ ¤¨¶μ²Ó´μ° ³μ¤¥²¨ ·μ¦¤¥´¨Ö Î ·³  [11], ¨¸¶μ²Ó§Ê¥É¸Ö
¶ · ³¥É·¨§ Í¨Ö ¸¶¥±É·  Thunman, Ingelman, Gondolo (TIG) [45]. ‘¶¥±É·
TIG Å Ê¶·μÐ¥´´ Ö ¶ · ³¥É·¨§ Í¨Ö (¡¥§ ¤¥É ²Ó´μ£μ ¸μ¸É ¢  Š‹), ÊÎ¨ÉÒ¢ Õ-
Ð Ö ±μ²¥´μ ¸¶¥±É·  (broken power law approximation):

φN (E) [ ¸³−2 · ¸−1 · ¸·−1 · ƒÔ‚−1] =
{

1,7 (E/ƒÔ‚)−2,7, E < 5 · 106 ƒÔ‚
174 (E/ƒÔ‚)−3,0, E > 5 · 106 ƒÔ‚.

� ¸Î¥É [11] ¡Ò² ¢Ò¡· ´ ¢ ± Î¥¸É¢¥ ¡ §μ¢μ£μ ¶·¨ μ¡· ¡μÉ±¥ ¤ ´´ÒÌ ¨ ¶μ²Ê-
Î¥´¨¨ μ£· ´¨Î¥´¨Ö ´  ¶μÉμ± ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢ Ô±¸¶¥·¨³¥´É¥
IceCube.

�Ê±²μ´-Ö¤¥·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤ ÕÉ μ¸´μ¢´μ° ¢±² ¤ ¢ ·μ¦¤¥´¨¥ μÎ -
·μ¢ ´´ÒÌ Î ¸É¨Í, ·¥ ±Í¨¨ π±A → (D, Λc) + X ¢´μ¸ÖÉ ´¥ ¡μ²¥¥ 5Ä10% ¶μ-
Éμ±  ¶·Ö³ÒÌ ´¥°É·¨´μ ¢ ¨´É¥·¢ ²¥ §´ Î¥´¨° Ô´¥·£¨¨ 104−108 ƒÔ‚. ‚±² ¤μ³
± μ´-Ö¤¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ³μ¦´μ ¶·¥´¥¡·¥ÎÓ, ¶μ¸±μ²Ó±Ê ¶μÉμ± ± μ´μ¢ ¢
 É³μ¸Ë¥·¥ ´  ¶μ·Ö¤μ± ´¨¦¥ ¶μÉμ±  ¶¨μ´μ¢. �  ·¨¸. 14 ¶μ± § ´Ò μÉ´μ¸¨É¥²Ó-
´Ò¥ ¢±² ¤Ò NA- ¨ πA-¢§ ¨³μ¤¥°¸É¢¨° ¢ ¶μÉμ±¨ ¶·Ö³ÒÌ ´¥°É·¨´μ ¢¡²¨§¨
¢¥·É¨± ²¨, · ¸¸Î¨É ´´Ò¥ ¸μ ¸¶¥±É·μ³ �‘“ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶ · ³¥É·  ³μ-
¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´: a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ a1 = 30 (ÏÉ·¨Ìμ¢ Ö).
�É¤¥²Ó´μ ¢±² ¤Ò D-³¥§μ´μ¢ ¨ Λ+

c -¡ ·¨μ´μ¢ ¶μ± § ´Ò ´  ·¨¸. 15.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢¥·É¨± ²Ó´μ£μ ¶μÉμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ

(³ ¸ÏÉ ¡¨·μ¢ ´´μ£μ ³´μ¦¨É¥²¥³ E2
ν) ¶μ± § ´Ò ´  ·¨¸. 16: § ±· Ï¥´´μ° ¶μ-

�¨¸. 14. �É´μ¸¨É¥²Ó´Ò¥ ¢±² ¤Ò ´Ê±²μ´-Ö¤¥·´μ£μ ( ) ¨ ¶¨μ´-Ö¤¥·´μ£μ (¡) ¢§ ¨³μ¤¥°-
¸É¢¨° ¢ ¶μÉμ±¨ ¶·Ö³ÒÌ ³Õμ´´ÒÌ ´¥°É·¨´μ ¢¡²¨§¨ ¢¥·É¨± ²¨, · ¸¸Î¨É ´´Ò¥ ¸μ ¸¶¥±-
É·μ³ �‘“ ¤²Ö a1 = 2 (¸¶²μÏ´ Ö ²¨´¨Ö), a1 = 30 (ÏÉ·¨Ìμ¢ Ö)
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�¨¸. 15. �É´μ¸¨É¥²Ó´Ò¥ ¢±² ¤Ò μÉ¤¥²Ó´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¢ ¶μÉμ±¨ ¶·Ö³ÒÌ ³Õμ´´ÒÌ
´¥°É·¨´μ ¢¡²¨§¨ ¢¥·É¨± ²¨, · ¸¸Î¨É ´´Ò¥ ¸μ ¸¶¥±É·μ³ �‘“ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶ -
· ³¥É·  ŒŠƒ‘ Å a1 = 2 ( ) ¨ a1 = 30 (¡): ¢±² ¤ Λ+

c -¡ ·¨μ´  (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö);
¢±² ¤ § ·Ö¦¥´´ÒÌ D-³¥§μ´μ¢ (¸¶²μÏ´ Ö); ¢±² ¤ ´¥°É· ²Ó´ÒÌ D-³¥§μ´μ¢ (ÏÉ·¨Ì¶Ê´±-
É¨·´ Ö)

�¨¸. 16. ‚¥·É¨± ²Ó´Ò¥ ¶μÉμ±¨ ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ. � ¸Î¥É ¢ ŒŠƒ‘ ¸μ
¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° �‘“: § ±· Ï¥´´ Ö ¶μ²μ¸  Å · ¸Î¥É ¤ ´´μ° · ¡μÉÒ
(αψ(0) = −2,2), ¸¶²μÏ´ Ö ²¨´¨Ö Å ¶·¥¦´¨° · ¸Î¥É (αψ(0) = 0) [9, 10]; · ¸Î¥É ¸μ
¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° TIG ¢ ¤¨¶μ²Ó´μ° ³μ¤¥²¨ ERS [11] Å ÏÉ·¨Ìμ¢ Ö

²μ¸μ° ¶·¥¤¸É ¢²¥´ · ¸Î¥É ¤ ´´μ° · ¡μÉÒ ¤²Ö ŒŠƒ‘ ¸ ¨´É¥·¸¥¶Éμ³ αψ(0) =
−2,2 ¨ §´ Î¥´¨Ö³¨ a1 = 2 ¨ a1 = 30 (´¨¦´ÖÖ ¨ ¢¥·Ì´ÖÖ £· ´¨ÍÒ ¶μ²μ¸Ò), ¢Ò-
¶μ²´¥´´Ò° ¸μ ¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° �‘“. ‘¶²μÏ´μ° ²¨´¨¥° ¶μ± § ´
· ¸Î¥É [9, 10], ¢Ò¶μ²´¥´´Ò° ¢ · ³± Ì É ±μ° ¦¥ ¸Ì¥³Ò (ŒŠƒ‘ + �‘“), ´μ ¤²Ö
§´ Î¥´¨Ö αψ(0) = 0. ˜¨·¨´  ¶μ²μ¸Ò μÉ· ¦ ¥É ´¥μ¶·¥¤¥²¥´´μ¸ÉÓ · ¸Î¥É ,
¢´μ¸¨³ÊÕ ¶ · ³¥É·μ³ a1: ¥£μ ±· °´¨¥ §´ Î¥´¨Ö ¨§³¥´ÖÕÉ ¶μÉμ± ¶·Ö³ÒÌ ´¥°-
É·¨´μ ´  20Ä40%. �¤´ ±μ ¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ¶μÉμ± ´¥°É·¨´μ
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μ± §Ò¢ ¥É ¨´É¥·¸¥¶É ·¥¤¦¥¢¸±μ° cc̄-É· ¥±Éμ·¨¨: · ¸Î¥É ¸ αψ(0) = −2,2 ¶·¨-
¢μ¤¨É ± § ³¥É´μ³Ê ¶μ´¨¦¥´¨Õ ¶μÉμ±  (Ë ±Éμ· 2Ä5) ¶μ ¸· ¢´¥´¨Õ ¸ ·¥§Ê²Ó-
É Éμ³ [9], ¶μ²ÊÎ¥´´Ò³ ¸ αψ(0) = 0. �  ·¨¸. 16 ¶μ± § ´ É ±¦¥ ·¥§Ê²ÓÉ É
¤¨¶μ²Ó´μ° ³μ¤¥²¨ [11] (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö), ±μÉμ· Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ± Î¥¸É¢¥
ÔÉ ²μ´´μ° ¢ Ô±¸¶¥·¨³¥´É¥ IceCube. � ¸Î¥É [9], ¢Ò¶μ²´¥´´Ò° ¤²Ö ³μ¤¥²¨
ŒŠƒ‘ (αψ(0) = 0)+ �‘“, · ¸¸³ É·¨¢ ¥É¸Ö Ô±¸¶¥·¨³¥´É Éμ· ³¨ IceCube [46]
± ± ¸²¨Ï±μ³ μ¶É¨³¨¸É¨Î´Ò°: ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ Eν � 106 ƒÔ‚ μ´ ¶·¥-
¢ÒÏ ¥É ·¥§Ê²ÓÉ É [11] ´  ∼ 30 %, μ¤´ ±μ Î ¸ÉÓ ÔÉμ£μ § ¢ÒÏ¥´¨Ö ¸¢Ö§ ´  ¸
· §²¨Î¨¥³ ¨¸¶μ²Ó§Ê¥³ÒÌ ¸¶¥±É·μ¢ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°.

‚²¨Ö´¨¥ ³μ¤¥²¨ ·μ¦¤¥´¨Ö Î ·³  ´  ¶μÉμ± ¶·Ö³ÒÌ ´¥°É·¨´μ μÉÎ¥É²¨¢μ
¢¨¤´μ ´  ·¨¸. 17, £¤¥ ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶μÉμ±μ¢ ´¥°É·¨´μ ¤²Ö μ¤-
´μ£μ ¨ Éμ£μ ¦¥ ¸¶¥±É·  ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° TIG. �·¨ Eν > 200 ’Ô‚ · ¸Î¥É
ŒŠƒ‘ ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³, ¶μ²ÊÎ¥´´Ò³ ¢ É¥μ·¨¨ ¢μ§³Ê-
Ð¥´¨° Š•„ (BEJKRSS) [12]. ‚ ¢ ¦´μ° μ¡² ¸É¨ Ô´¥·£¨¨ Eν > 1 �Ô‚, £¤¥
¤μ³¨´¨·Ê¥É ¢±² ¤ ¢ ¶μÉμ±  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ μÉ · ¸¶ ¤  μÎ ·μ¢ ´´ÒÌ
Î ¸É¨Í, ´ Ï · ¸Î¥É μ± §Ò¢ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ ´¨¦¥ · ¸Î¥É  ¤¨¶μ²Ó´μ° ³μ-
¤¥²¨ ERS [11]. �É³¥É¨³, ÎÉμ ¤¨¶μ²Ó´ Ö ³μ¤¥²Ó ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ ± Î¥¸É¢¥
¡ §μ¢μ° ¶·¨ μ¡· ¡μÉ±¥ ¤ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ IceCube, ÌμÉÖ ¸¥Î¥´¨Ö ÔÉμ°
³μ¤¥²¨ ´¥ ¡Ò²¨ ¸μ¶μ¸É ¢²¥´Ò ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´Éμ¢,   ¶μÉμ± ¶·Ö³ÒÌ
´¥°É·¨´μ ¸ ¥¥ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¡Ò² · ¸¸Î¨É ´ ¸ Ê¶·μÐ¥´´μ° ¢¥·¸¨¥° ¸¶¥±É· 
±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° TIG.

�  ·¨¸. 18 ¶μ± § ´ ¶μÉμ± ¶·Ö³ÒÌ ´¥°É·¨´μ, · ¸¸Î¨É ´´Ò° ¢ ¤ ´´μ°
· ¡μÉ¥ ¸μ ¸¶¥±É·μ³ …Š˜ (§ ±· Ï¥´´ Ö ¶μ²μ¸ ), ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ -

�¨¸. 17. �μÉμ± ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢¡²¨§¨ ¢¥·É¨± ²¨, · ¸¸Î¨É ´´Ò° ¸μ
¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° TIG: § ±· Ï¥´´ Ö ¶μ²μ¸  Å · ¸Î¥É ¤ ´´μ° · ¡μÉÒ;
§ ÏÉ·¨Ìμ¢ ´´ Ö μ¡² ¸ÉÓ Å Š•„-³μ¤¥²Ó (BEJKRSS) [12]; ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö Å ¤¨-
¶μ²Ó´ Ö ³μ¤¥²Ó ERS [11]; ¸¶²μÏ´ Ö Å μ£· ´¨Î¥´¨¥ IceCube [1]
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�¨¸. 18. �μÉμ±¨ ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢¡²¨§¨ ¢¥·É¨± ²¨: § ±· Ï¥´´ Ö ¶μ-
²μ¸  Å · ¸Î¥É ¢ ŒŠƒ‘ ¸μ ¸¶¥±É·μ³ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° …Š˜; § ÏÉ·¨Ìμ¢ ´´ Ö
μ¡² ¸ÉÓ Å Š•„-³μ¤¥²Ó (BEJKRSS) [12], ²¨´¨Ö ¸ ¸¨³¢μ² ³¨ Å ³μ¤¥²Ó SIBYLL
2.3rc1 [13], ¸¶²μÏ´ Ö Å μ£· ´¨Î¥´¨¥ IceCube [1]

É ³¨ · ¸Î¥Éμ¢ ¢ ³μ¤¥²¨ SIBYLL 2.3rc1 [13] (²¨´¨Ö ¸ ¸¨³¢μ² ³¨) ¨ ³μ¤¥²¨
BEJKRSS (§ ÏÉ·¨Ìμ¢ ´´ Ö μ¡² ¸ÉÓ), ¶μ²ÊÎ¥´´Ò³¨ ¤²Ö ¸¶¥±É·  ±μ¸³¨Î¥¸±¨Ì
²ÊÎ¥° H3  [44]. ‚ ¨´É¥·¢ ²¥ Ô´¥·£¨° 1Ä10 �Ô‚ ¸¶¥±É· ¶·Ö³ÒÌ ´¥°É·¨´μ, · ¸-
¸Î¨É ´´Ò° ¤²Ö ³μ¤¥²¨ BEJKRSS+ H3a, μ± §Ò¢ ¥É¸Ö ÎÊÉÓ ´¨¦¥ · ¸Î¥É  ¤ ´-
´μ° · ¡μÉÒ ¤²Ö ¸¶¥±É·  …Š˜. �Éμ · §²¨Î¨¥ μ¡Ê¸²μ¢²¥´μ ¢ μ¸´μ¢´μ³ É¥³, ÎÉμ
¸¶¥±É· �Š‹ ¢ ³μ¤¥²¨ �3  ¢ ÔÉμ° μ¡² ¸É¨ Ô´¥·£¨¨ · §  ¢ ¶μ²Éμ·  ´¨¦¥ ¸¶¥±-
É·  …Š˜. ‘ ·μ¸Éμ³ Ô´¥·£¨¨ ÔÉ¨ μÉ²¨Î¨Ö Ê³¥´ÓÏ ÕÉ¸Ö, ¨ ¢¥·Ì´ÖÖ £· ´¨Í 
· ¸Î¥É  Š•„-³μ¤¥²¨ ¶μ¸²¥ 10 �Ô‚ μÎ¥´Ó ¡²¨§±  ± ´ Ï¥³Ê ·¥§Ê²ÓÉ ÉÊ, ¶μ²Ê-
Î¥´´μ³Ê ¢ ŒŠƒ‘ ¸ ´μ¢Ò³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥É·μ¢: a1 = 2 ¨ αψ(0) = −2,2.
�μ²ÊÎ¥´´ Ö ¢ · ³± Ì ŒŠƒ‘ ´μ¢ Ö μÍ¥´±  ¶μÉμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°-
É·¨´μ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 1 ’Ô‚ Ä 10 �Ô‚ ´¥ ¶·μÉ¨¢μ·¥Î¨É μ£· ´¨Î¥´¨Õ,
Ê¸É ´μ¢²¥´´μ³Ê ¢ Ô±¸¶¥·¨³¥´É¥ IceCube [1].

‡�Š‹�—…�ˆ…

„ ´´Ò¥ μ ·μ¦¤¥´¨¨ μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ, ¶μ²Ê-
Î¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì ALICE, ATLAS ¨ ¤·., ¶μ§¢μ²¨²¨ ÊÉμÎ´¨ÉÓ §´ Î¥´¨Ö
¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ a1 ¨ αψ(0) ³μ¤¥²¨ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ ¨ ¢Ò¶μ²´¨ÉÓ
´μ¢Ò° · ¸Î¥É ¸¥Î¥´¨° ·μ¦¤¥´¨Ö μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í ¢ pA- ¨ πA-¸μÊ¤ ·¥´¨ÖÌ.
„¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö Î ·³  ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ÎÊ¢¸É¢¨-
É¥²Ó´Ò (¢ μÉ²¨Î¨¥ μÉ ¶μ²´μ£μ ¸¥Î¥´¨Ö) ± ¨§³¥´¥´¨Õ ¶ · ³¥É·  a1, ÎÉμ ¶·¨-
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¢μ¤¨É ± ¨§³¥´¥´¨Õ ¶μÉμ±  ¶·Ö³ÒÌ ´¥°É·¨´μ ´  20Ä40% ¤²Ö ±· °´¨Ì §´ -
Î¥´¨° ¶ · ³¥É·  a1. �¤´ ±μ ¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ¶μÉμ±¨ ´¥°-
É·¨´μ μ± §Ò¢ ¥É ¨´É¥·¸¥¶É ·¥¤¦¥¢¸±μ° cc̄-É· ¥±Éμ·¨¨ αψ(0): ´μ¢Ò° · ¸Î¥É
¸ αψ(0) = −2,2 ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê ¶μ´¨¦¥´¨Õ ¶μÉμ±  ´¥°É·¨´μ
¶μ ¸· ¢´¥´¨Õ ¸ ·¥§Ê²ÓÉ Éμ³ ¶·¥¦´¥£μ · ¸Î¥É  ¤²Ö ŒŠƒ‘ [9], ±μÉμ·Ò° ¡Ò²
¢Ò¶μ²´¥´ ¸ ¨´É¥·¸¥¶Éμ³ αψ(0) = 0.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ μ¤´μ£μ ¨ Éμ£μ ¦¥ ¸¶¥±É·  ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° (TIG)
¶μÉμ± ¶·Ö³ÒÌ ³Õμ´´ÒÌ ´¥°É·¨´μ ¸ Ô´¥·£¨Ö³¨ Eν > 100 ’Ô‚, · ¸¸Î¨É ´´Ò°
¢ · ³± Ì ŒŠƒ‘, ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ · ¸Î¥É  ¤²Ö Š•„-
³μ¤¥²¨ [12]. 	²¨§μ± ´μ¢Ò° · ¸Î¥É ¶μÉμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ
¤²Ö ³μ¤¥²¨ ŒŠƒ‘ ¨ ± ·¥§Ê²ÓÉ ÉÊ · ¸Î¥É  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ¤¥²¨ SIBYLL
2.3rc1 [13]. �¤´ ±μ ¸¶¥±É· ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¢ ¶μ¸²¥¤´¥³ · ¸Î¥É¥ (�3  [44])
´¨¦¥ ¸¶¥±É·  …Š˜ [43], ¶μÔÉμ³Ê ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸¶¥±É·  �3  ¢ ±μ³¡¨-
´ Í¨¨ ¸ ³μ¤¥²ÓÕ ±¢ ·±-£²Õμ´´ÒÌ ¸É·Ê´ μ¦¨¤ ¥É¸Ö ³¥´¥¥ ¨´É¥´¸¨¢´Ò° ¶μÉμ±
¶·Ö³ÒÌ ´¥°É·¨´μ, Î¥³ ¤²Ö SIBYLL 2.3rc1.

‚ μ¡² ¸É¨ Ô´¥·£¨° Eν > 106 ƒÔ‚, £¤¥ ¤μ³¨´¨·ÊÕÉ  É³μ¸Ë¥·´Ò¥ ´¥°É·¨´μ
μÉ · ¸¶ ¤  μÎ ·μ¢ ´´ÒÌ Î ¸É¨Í, · ¸Î¥É ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ¤¥²¨ ±¢ ·±-
£²Õμ´´ÒÌ ¸É·Ê´ ¸ ´μ¢Ò³¨ §´ Î¥´¨Ö³¨ ¶ · ³¥É·μ¢ a1 = 2−30 ¨ αψ(0) = −2,2
¤ ¥É § ³¥É´μ ¡μ²¥¥ ´¨§±¨° ¶μÉμ± ¶·Ö³ÒÌ ´¥°É·¨´μ ¶μ ¸· ¢´¥´¨Õ ¸ ¤¨¶μ²Ó-
´μ° ³μ¤¥²ÓÕ [11], ±μÉμ· Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ± Î¥¸É¢¥ ¡ §μ¢μ° ¶·¨ μ¡· ¡μÉ±¥
¤ ´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ IceCube. �μ²ÊÎ¥´´ Ö ¢ · ³± Ì ŒŠƒ‘ μÍ¥´±  ¶μ-
Éμ±  ¶·Ö³ÒÌ  É³μ¸Ë¥·´ÒÌ ´¥°É·¨´μ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 1 ’Ô‚ Ä 10 �Ô‚ ´¥
¶·μÉ¨¢μ·¥Î¨É μ£· ´¨Î¥´¨Õ, Ê¸É ´μ¢²¥´´μ³Ê ¢ Ô±¸¶¥·¨³¥´É¥ IceCube [1].
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