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1 Š § Ì¸±¨° ´ Í¨μ´ ²Ó´Ò° Ê´¨¢¥·¸¨É¥É ¨³.  ²Ó-” · ¡¨, �²³ ÉÒ, Š § Ì¸É ´
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ˆ¸¸²¥¤μ¢ ´  ¢μ§³μ¦´μ¸ÉÓ ¨´É¥·¶·¥É Í¨¨ ¶μ¤μ¡´μ£μ Î ·³μ´¨Õ X(3872)-³¥§μ´  ± ± ¸¢Ö-
§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö Î¥ÉÒ·¥Ì ±¢ ·±μ¢ Å É¥É· ±¢ ·± . „²Ö μ¶¨¸ ´¨Ö ¥£μ ¸¢μ°¸É¢ ¨¸¶μ²Ó§μ¢ ´ 
±μ¢ ·¨ ´É´ Ö ±¢ ·±μ¢ Ö ³μ¤¥²Ó ¸ ¨´Ë· ±· ¸´Ò³ ±μ´Ë °´³¥´Éμ³. ‚ÒÎ¨¸²¥´Ò Ï¨·¨´Ò ¸¨²Ó´ÒÌ
· ¸¶ ¤μ¢ X(3872)-³¥§μ´ : X → J/ψ + 2π(3π) ¨ X → D̄0 + D0 + π0, ±μÉμ·Ò¥ ¢ μ¸´μ¢´μ³
¨¤ÊÉ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò¥ ρ(ω)- ¨ D∗-¸μ¸ÉμÖ´¨Ö, ²¥¦ Ð¨¥ ¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. „²Ö · -
§Ê³´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  ΛX , Ì · ±É¥·¨§ÊÕÐ¥£μ · §³¥· X(3872)-³¥§μ´ , ´ °¤¥´μ ¸μ£² ¸¨¥ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¡¸Ê¦¤¥´μ ¢μ§³μ¦´μ¥ ¢²¨Ö´¨¥ X(3872) ´  ¶μ¢¥¤¥´¨¥ ¶μ²´μ£μ
¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´  ²¥£±¨³¨ Î ¸É¨Í ³¨.

‚ · ³± Ì ¤ ´´μ£μ ¶μ¤Ìμ¤  ¢¢¥¤¥´μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ ¸ ¶μ³μÐÓÕ
P -Ô±¸¶μ´¥´ÉÒ Œ ´¤¥²Ó¸É ³ . ‚ÒÎ¨¸²¥´ ³ É·¨Î´Ò° Ô²¥³¥´É μ¤´μËμÉμ´´μ£μ ¶¥·¥Ìμ¤  X → γ +
J/ψ, ¤μ± § ´  ¥£μ ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ. �μ± § ´μ, ÎÉμ ¤ ´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É
μ¶¨¸Ò¢ ¥É¸Ö ¤¢Ê³Ö ´¥§ ¢¨¸¨³Ò³¨ ²μ·¥´Í-¸É·Ê±ÉÊ· ³¨, Ö¢²ÖÕÐ¨³¨¸Ö  ³¶²¨ÉÊ¤ ³¨ E1- ¨ M1-
¶¥·¥Ìμ¤μ¢. ‚ÒÎ¨¸²¥´Ò Ï¨·¨´  · ¸¶ ¤  X → γ + J/ψ ¨ ¶·μ¤μ²Ó´Ò¥/¶μ¶¥·¥Î´Ò¥ ¸μ¸É ¢²ÖÕÐ¨¥
J/ψ-³¥§μ´  ¢ ÔÉμ³ · ¸¶ ¤¥. � °¤¥´μ ¸μ£² ¸¨¥ ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
’ ±¦¥ ¢ÒÎ¨¸²¥´Ò ¸¶¨· ²Ó´Ò¥ ¨ ³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¤ ´´μ£μ ¶·μÍ¥¸¸  ¨ ¶μ²ÊÎ¥´  ¨Ì
¸¢Ö§Ó ¸ ±μ¢ ·¨ ´É´Ò³¨  ³¶²¨ÉÊ¤ ³¨ ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ±μ¢ ·¨ ´É´ÒÌ ¶·μ¥±Í¨°.

‚ ¸¢¥É¥ ¨´É¥·¥¸  ± CP -´ ·ÊÏ¥´¨Õ ¢ ¸¨¸É¥³¥ Bs−B̄s, ±μÉμ·μ¥ ´ ¡²Õ¤ ¥É¸Ö Ô±¸¶¥·¨³¥´-
É ²Ó´μ,   É ±¦¥ ± ¸¢Ö§ ´´Ò³ ¸ ÔÉμ° ¶·μ¡²¥³μ° ´¥²¥¶Éμ´´Ò³ · ¸¶ ¤ ³ Bs-³¥§μ´  ¢ D−D̄-¶ ·Ò
¨ ¶μ¤ ¢²¥´´μ³Ê ¶μ Í¢¥ÉÊ · ¸¶ ¤Ê Bs → J/ψφ, ¨§ÊÎ¥´Ò ¸¢μ°¸É¢  Bs-³¥§μ´  ¢ · §¢¨Éμ³ ¶μ¤-
Ìμ¤¥. ‚μ-¶¥·¢ÒÌ, ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¤¢ÊÌÎ ¸É¨Î´Ò³ · ¤¨ Í¨μ´´Ò³
· ¸¶ ¤ ³ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ¨ ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢,   É ±¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨ ·¥§Ê²Ó-
É Éμ¢ ·¥Ï¥ÉμÎ´ÒÌ ¢ÒÎ¨¸²¥´¨° ¤²Ö ±μ´¸É ´É ²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ ¢Ò¶μ²´¥´ £²μ¡ ²Ó´Ò° Ë¨É ¨
μ¶·¥¤¥²¥´Ò ¶ · ³¥É·Ò ³μ¤¥²¨. ‡ É¥³ ¢ÒÎ¨¸²¥´Ò Ëμ·³Ë ±Éμ·Ò ¶¥·¥Ìμ¤μ¢ B(Bs) → P (V ) ¢μ
¢¸¥° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¶μ²Ó-
§μ¢ ´Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ï¨·¨´ ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ Bs-³¥§μ´  ¢ D−

s D+
s , D∗−

s D+
s +D−

s D∗+
s

¨ D∗−
s D∗+

s . �μ¤·μ¡´μ ¶·μ ´ ²¨§¨·μ¢ ´ · ¸¶ ¤ Bs → J/ψφ. •μÉÖ ¤ ´´ Ö ³μ¤  ¶μ¤ ¢²¥´  ¶μ
Í¢¥ÉÊ, ÔÉμÉ · ¸¶ ¤ ¢¥¸Ó³  ¢ ¦¥´ ¤²Ö ¶μ¨¸±  ¢μ§³μ¦´ÒÌ ¶·μÖ¢²¥´¨° ´μ¢μ° Ë¨§¨±¨, ¶·¨¢μ¤ÖÐ¨Ì
± CP -´ ·ÊÏ¥´¨Õ ¢ Bs−B̄s-¸¨¸É¥³¥.

We explore the consequences of treating the X(3872) meson as a tetraquark bound state.
As dynamical framework we employ a covariant quark model which includes infrared conˇnement in
an effective way. We calculate the decay widths of the observed channels X → J/ψ + 2π(3π) and
X → D̄0 +D0 +π0 via the intermediate off-shell states X → J/ψ +ρ(ω) and X → D̄ +D∗. For
reasonable values of the size parameter ΛX of the X(3872), we ˇnd consistency with the available
experimental data. We also discuss the possible impact of the X(3872) in an s-channel dominance
description of the J/ψ dissociation cross section.
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We further analyze its one-photon decay X → γ + J/ψ. To introduce the electromagnetic
interactions we gauge a nonlocal effective Lagrangian describing the interaction of the X(3872) meson
with its four constituent quarks by using the P -exponential path-independent formalism. We calculate
the matrix element of the transition X → γ + J/ψ and prove its gauge invariance. We evaluate the
X → γ + J/ψ decay width and the longitudinal/transverse composition of the J/ψ in this decay.
For a reasonable value of the size parameter of the X(3872) meson, we ˇnd consistency with the
available experimental data. We also calculate the helicity and multipole amplitudes of the process,
and describe how they can be obtained from the covariant transition amplitude by covariant projection.

In the wake of the great interest to the problem of CP violation in the Bs−B̄s system which
was recently observed, the decays of Bs into D−D̄ and color suppressed decay Bs → J/ψ φ have
attracted much attention from both theorists and experimentalists. We provide new values for the
model parameters of the covariant quark model (with built-in infrared conˇnement) in the meson
sector by a ˇt to the leptonic decay constants and a number of electromagnetic decays. We then
evaluate, in a parameter-free way, the form factors of the B(Bs) → P (V ) transitions in the full
kinematical region of momentum transfer. As an application of our results, we calculate the widths
of the nonleptonic Bs-decays into D−

s D+
s , D∗−

s D+
s + D−

s D∗+
s and D∗−

s D∗+
s . These modes

give the largest contribution to ΔΓ for the Bs−B̄s system. We also treat the nonleptonic decay
Bs → J/ψφ. Although this mode is color-suppressed, this decay has important implications for the
search for possible CP -violating new physics effects in Bs−B̄s mixing.

PACS: 12.39.Ki; 13.25.Ft; 13.25.Jx; 14.40.Rt; 13.20.He

‚‚…„…�ˆ…

‘¶¥±É· Î ·³μ´¨Ö ³μ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ¢ · ³± Ì ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ·-
±μ¢μ° ³μ¤¥²¨. ‚¸¥ ¶·¥¤¸± § ´´Ò¥ ¸μ¸ÉμÖ´¨Ö Î ·³μ´¨Ö ´¨¦¥ ¶μ·μ£  ·μ¦¤¥´¨Ö
Î ¸É¨Í ¸ μÉ±·ÒÉÒ³ Î ·³μ³ Ê¸É ´μ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´μ. ‚ÒÏ¥ ¶μ·μ£  ´ °-
¤¥´μ Éμ²Ó±μ ¶ÖÉÓ ¸μ¸ÉμÖ´¨°: μ¤´μ ¨§ ´¨Ì, ´ §¢ ´´μ¥ X(3872)-³¥§μ´μ³, ¤μ¸É -
ÉμÎ´μ Ìμ·μÏμ Ê¸É ´μ¢²¥´μ ¨ ´ ¡²Õ¤ ²μ¸Ó ¢ ´¥¸±μ²Ó±¨Ì · §²¨Î´ÒÌ ·¥ ±Í¨ÖÌ
´¥¸±μ²Ó±¨³¨ ´¥§ ¢¨¸¨³Ò³¨ ±μ²² ¡μ· Í¨Ö³¨. �μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö, ¢ Î ¸É´μ¸É¨
X(3872)-³¥§μ´, Ö¢²ÖÕÉ¸Ö μÎ¥´Ó Ê§±¨³¨,   ¨Ì ³ ¸¸Ò ¡²¨§±¨ ± ¶μ·μ£ ³ ·μ-
¦¤¥´¨Ö ³¥§μ´μ¢ D−D̄∗. „ ´´Ò¥ Ë ±ÉÒ ´¥ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨
±¢ ·±μ¢μ° ³μ¤¥²¨. � ¨¡μ²¥¥ ¢¥·μÖÉ´Ò³¨ ± ´¤¨¤ É ³¨ ³μ£²¨ ¡Ò ¡ÒÉÓ 1D-
¨²¨ 2P -¸μ¸ÉμÖ´¨Ö Î ·³μ´¨Ö. �¤´ ±μ 1D-¸μ¸ÉμÖ´¨¥ ²¥¦¨É ¸ÊÐ¥¸É¢¥´´μ ´¨¦¥
3872 ŒÔ‚,   2P -¸μ¸ÉμÖ´¨¥ Å ´¥¸±μ²Ó±μ ¢ÒÏ¥. �μÔÉμ³Ê ¢ ²¨É¥· ÉÊ·¥ ¨´-
É¥´¸¨¢´μ μ¡¸Ê¦¤ ÕÉ¸Ö ¨´É¥·¶·¥É Í¨¨ X(3872)-³¥§μ´  ²¨¡μ ± ±  ¤·μ´´μ°
³μ²¥±Ê²Ò, ²¨¡μ ± ± É¥É· ±¢ ·± .

“§±¨° ·¥§μ´ ´¸ X(3872), ¸Ìμ¦¨° ¶μ ¸¢μ°¸É¢ ³ ¸ Î ·³μ´¨¥³, ¡Ò² μÉ-
±·ÒÉ ¢ 2003 £. ±μ²² ¡μ· Í¨¥° Belle [1] ¢ ·¥ ±Í¨¨ B± → K±π+π−J/ψ.
„ ´´Ò° ·¥§μ´ ´¸ · ¸¶ ¤ ¥É¸Ö ´  π+π−J/ψ ¨ ¨³¥¥É ³ ¸¸Ê mX = (3872,0 ±
0,6 (¸É É.) ± 0,5 (¸¨¸É.)) ŒÔ‚, ±μÉμ· Ö ¡²¨§±  ± ¶μ·μ£Ê ·μ¦¤¥´¨Ö D- ¨ D∗-
³¥§μ´μ¢: MD0 + MD∗0 = (3871,81 ± 0,25) ŒÔ‚ [2]. 	Ò²μ ´ °¤¥´μ, ÎÉμ ¥£μ
Ï¨·¨´  ³¥´ÓÏ¥ 2,3 ŒÔ‚ ´  90 %-³ Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨. �Éμ ¸μ¸ÉμÖ´¨¥
¢¸±μ·¥ ¡Ò²μ ¶μ¤É¢¥·¦¤¥´μ ±μ²² ¡μ· Í¨¥° BaBar [3] ¨ ¢ pp̄-¸Éμ²±´μ¢¥´¨ÖÌ ¢
� Í¨μ´ ²Ó´μ° Ê¸±μ·¨É¥²Ó´μ° ² ¡μ· Éμ·¨¨ ¨³. �.”¥·³¨ ´  ÉÔ¢ É·μ´¥ ¢ Ô±¸-
¶¥·¨³¥´É Ì CDF [4] ¨ D0 [5].
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� ¨¡μ²¥¥ ÉμÎ´μ¥ ¨§³¥·¥´¨¥ ³ ¸¸Ò, ¸¤¥² ´´μ¥ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨,
¥¸ÉÓ MX = (3871,61 ± 0,16 ± 0,19) ŒÔ‚ [6] ¨ [7]. “¸·¥¤´¥´´μ¥ §´ Î¥´¨¥
³ ¸¸Ò, ¶·¨¢¥¤¥´´μ¥ ¢ · ¡μÉ¥ [4], · ¢´μ

MX = (3871,51 ± 0,22) ŒÔ‚. (1)

ˆ§ ´ ¡²Õ¤¥´¨° · ¸¶ ¤  X(3872) → J/ψγ, ¸¤¥² ´´μ£μ ±μ²² ¡μ· Í¨Ö³¨
Belle [8] ¨ BaBar [9],   É ±¦¥ ¨§ Ê£²μ¢μ£μ  ´ ²¨§ , ¢Ò¶μ²´¥´´μ£μ ±μ²² ¡μ· -
Í¨¥° CDF [10], ¡Ò²μ ¶μ± § ´μ, ÎÉμ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ X(3872) ³μ£ÊÉ ¡ÒÉÓ
²¨¡μ JPC = 1++, ²¨¡μ 2−+. �¤´ ±μ ´ ¡²Õ¤¥´¨¥ · ¸¶ ¤μ¢ X → D0D̄0π0

±μ²² ¡μ· Í¨Ö³¨ Belle ¨ BaBar [11, 12] ¸¢¨¤¥É¥²Ó¸É¢Ê¥É ¡μ²¥¥ ¢ ¶μ²Ó§Ê ¢Ò-
¡μ·  1++, ¶μ¸±μ²Ó±Ê ¤ ´´ Ö ³μ¤ , ¶·μÌμ¤ÖÐ Ö ¢¡²¨§¨ ¶μ·μ£ , ¤μ²¦´  ¡ÒÉÓ
¸¨²Ó´μ ¶μ¤ ¢²¥´  ¤²Ö J = 2. ‚ [13] ¡Ò² ¶·¥¤¸É ¢²¥´  ´ ²¨§ ¢¸¥Ì ¤ ´´ÒÌ
· ¸¶ ¤  Υ(4S) ¨ ¶μ²ÊÎ¥´μ ¤μ± § É¥²Ó¸É¢μ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ± ¸± ¤´μ£μ · ¸¶ ¤ 
X(3872) → J/ψω(→ 3π). ‘· ¢´¥´¨¥ ´ ¡²Õ¤ ¥³μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶μ ÔË-
Ë¥±É¨¢´μ° ³ ¸¸¥ m3π ¸ ·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ Œμ´É¥-Š ·²μ ¶·¨-
¢¥²μ ± § ±²ÕÎ¥´¨Õ, ÎÉμ ¤μ¡ ¢²¥´¨¥ μ¤´μ° ¥¤¨´¨ÍÒ μ·¡¨É ²Ó´μ£μ ³μ³¥´É 
¢ ¸¨¸É¥³Ê J/ψω §´ Î¨É¥²Ó´μ Ê²ÊÎÏ ¥É μ¶¨¸ ´¨¥ ¤ ´´ÒÌ. �Éμ ¶μ¤· §Ê³¥-
¢ ¥É μÉ·¨Í É¥²Ó´ÊÕ P -Î¥É´μ¸ÉÓ ¤²Ö X-³¥§μ´  2−+. ‚ [14] ´  μ¸´μ¢¥  ´ -
²¨§  Ê£²μ¢ÒÌ ±μ··¥²ÖÍ¨° ±μ´¥Î´ÒÌ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  X(3872) → J/ψπ+π−

¡Ò²μ ´ °¤¥´μ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨ ·¥-
§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ Œμ´É¥-Š ·²μ ¡¥§ ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ ¢ ¸²Ê-
Î ¥ 1++. ƒ¨¶μÉ¥§  μ ±¢ ´Éμ¢ÒÌ Î¨¸² Ì 2−+ ¶μÉ·¥¡μ¢ ²  ¢¢¥¤¥´¨Ö ¤μ¶μ²-
´¨É¥²Ó´μ£μ ±μ³¶²¥±¸´μ£μ ¶ · ³¥É· . �·¨ μ¶·¥¤¥²¥´´μ³ §´ Î¥´¨¨ ¤ ´´μ£μ
¶ · ³¥É·  Ê¤ ²μ¸Ó É ±¦¥ ´ °É¨ ¸μ£² ¸¨¥ ³¥¦¤Ê ¤ ´´Ò³¨ ¨ ·¥§Ê²ÓÉ É ³¨ ³μ-
¤¥²¨·μ¢ ´¨Ö.

Šμ²² ¡μ· Í¨Ö Belle ¸μμ¡Ð¨²  μ ´ ¡²Õ¤¥´¨¨ ³μ¤Ò · ¸¶ ¤  X →
π+π−π0J/ψ [8] ¸ Ö·±μ ¢Ò· ¦¥´´Ò³ ¶¨±μ³ ¢ ¸¨¸É¥³¥ É·¥Ì ¶¨μ´μ¢ ¢ · °μ´¥
750Ä775 ŒÔ‚, ÎÉμ μ§´ Î ¥É ¤μ³¨´¨·μ¢ ´¨¥ ¶μ¤¶μ·μ£μ¢μ£μ ¶·μÍ¥¸¸  X →
ωJ/ψ ¢ ¤ ´´μ³ · ¸¶ ¤¥. 	Ò²μ ´ °¤¥´μ, ÎÉμ ¡·Ô´Î¨´£ ÔÉμ° ³μ¤Ò ¶μÎÉ¨ É ±μ°
¦¥, ± ± ¨ ¡·Ô´Î¨´£ ³μ¤Ò X → π+π−J/ψ:

B(X → J/ψπ+π−π0)
B(X → J/ψπ+π−)

= 1,0 ± 0,4 (¸É É.) ± 0,3 (¸¨¸É.). (2)

�Éμ μ§´ Î ¥É ¸¨²Ó´μ¥ ´ ·ÊÏ¥´¨¥ ¨§μ¸¶¨´ , ¶μ¸±μ²Ó±Ê É·¥Ì¶¨μ´´Ò° · ¸¶ ¤
¨¤¥É ¢ μ¸´μ¢´μ³ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò° ω-³¥§μ´ ¸ ¨§μ¸¶¨´μ³ 0, ¢ Éμ ¢·¥³Ö
± ± ¤¢ÊÌ¶¨μ´´Ò° · ¸¶ ¤ ¨¤¥É ¢ μ¸´μ¢´μ³ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò° ρ-³¥§μ´ ¸
¨§μ¸¶¨´μ³ 1. Š·μ³¥ Éμ£μ, ¶μ¸±μ²Ó±Ê ¤¢ÊÌ¶¨μ´´Ò° · ¸¶ ¤ ¨¤¥É ¢ μ¸´μ¢´μ³
Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò° ρ-³¥§μ´, Éμ ¢¥¸Ó³  É·Ê¤´μ ÔÉμ μ¡ÑÖ¸´¨ÉÓ, ¨¸¶μ²Ó§ÊÖ
¨´É¥·¶·¥É Í¨Õ X(3872) ± ± ¶·μ¸Éμ£μ cc̄-¸μ¸ÉμÖ´¨Ö Î ·³μ´¨Ö ¸ ¨§μ¸¶¨´μ³ 0.
‚ ÔÉμ° ¦¥ · ¡μÉ¥ ¡Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò ¤ ´´Ò¥ μ¡ Ô²¥±É·μ³ £´¨É´μ³ · ¸¶ ¤¥
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X(3872) → γ + J/ψ:

B(B → XK) · B(X → γ + J/ψ) = (1,8 ± 0,6 (¸É É.) ± 0,1 (¸¨¸É.)) · 10−6,
(3)

Γ(X → γ + J/ψ)
Γ(X → π+π−J/ψ)

= 0,14 ± 0,05.

�·¨  ´ ²¨§¥ · ¸¶ ¤μ¢ B+ → J/ψ γ K+ ±μ²² ¡μ· Í¨Ö BaBar [9] ´ Ï² 
¤μ± § É¥²Ó¸É¢μ · ¸¶ ¤  X(3872) → γ + J/ψ ´  Ê·μ¢´¥ 3,4σ ¸É É¨¸É¨Î¥¸±μ°
¶μ£·¥Ï´μ¸É¨. 	Ò²¨ μ¶Ê¡²¨±μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ¶·μ-
¨§¢¥¤¥´¨Ö ¡·Ô´Î¨´£μ¢:

B(B+ → XK+)·B(X → γ+J/ψ) = (3,3±1,0 (¸É É.)±0,3 (¸¨¸É.))·10−6. (4)

Šμ²² ¡μ· Í¨Ö Belle [11] ¢¶¥·¢Ò¥ ¸μμ¡Ð¨²  μ ´ ¡²Õ¤¥´¨¨ μ±μ²μ¶μ·μ-
£μ¢μ£μ ¶¨±  ¢ ¸¨¸É¥³¥ D0D̄0π0, ¶μ²ÊÎ¨¢Ï¥°¸Ö ¢ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤  B →
D0D̄0π0K . �μ²μ¦¥´¨¥ ¶¨±  ¸μμÉ¢¥É¸É¢μ¢ ²μ ³ ¸¸¥ M = (3875,2± 0,7+0,3

−1,6 ±
0,8) ŒÔ‚, ¨ ¡·Ô´Î¨´£ ¤²Ö ¸μ¡ÒÉ¨° ¢ ¶¨±¥ ¡Ò² · ¢¥´

B(B → D0D̄0π0K) = (1,22 ± 0,31+0,23
−0,30) · 10−4. (5)

‚¸¥ ¨³¥ÕÐ¨¥¸Ö ¤μ 2007 £. ¤ ´´Ò¥ ¡Ò²¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò ¢ [15], £¤¥, ¢
Î ¸É´μ¸É¨, ¡Ò²μ ´ °¤¥´μ, ÎÉμ

B(B+ → XK+) = 1,30+0,20
−0,34 · 10−4,

Γ(X → γ + J/ψ)
Γ(X → π+π−J/ψ)

= 0,22 ± 0,06.
(6)

Šμ²² ¡μ· Í¨Ö BaBar [16] μ¶Ê¡²¨±μ¢ ²  ¸²¥¤ÊÕÐ¨¥ ¤ ´´Ò¥ μ · ¸¶ ¤ Ì
X → γ + J/ψ ¨ X → γ + ψ(2S), ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶·¨  ´ ²¨§¥
· ¸¶ ¤μ¢ B → cc̄ γK:

B(B± → XK±) · B(X → γ + J/ψ) = (2,8 ± 0,8 (¸É É.) ± 0,1 (¸¨¸É.)) · 10−6,
(7)

B(B± → XK±) · B(X → γ + ψ(2S)) = (9,5 ± 2,7 (¸É É.) ± 0,6 (¸¨¸É.)) · 10−6.

�μ²´Ò° μ¡§μ· Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ X(3872)-³¥§μ´Ê, ¨³¥Õ-
Ð¨Ì¸Ö ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨, ³μ¦¥É ¡ÒÉÓ ´ °¤¥´ ¢ [17] ¨ [18].

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¢ ²¨É¥· ÉÊ·¥ ¨³¥¥É¸Ö ´¥¸±μ²Ó±μ · §²¨Î´ÒÌ ¨´-
É¥·¶·¥É Í¨° X(3872):

Å ³μ²¥±Ê² , ¸μ¸ÉμÖÐ Ö ¨§ D0D̄∗ 0 ¸ ³ ²μ° Ô´¥·£¨¥° ¸¢Ö§¨ [19Ä45];
Å É¥É· ±¢ ·±, Ö¢²ÖÕÐ¨°¸Ö ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨¥³ Í¢¥É´ÒÌ ¤¨±¢ ·-

±μ¢ [46Ä54];
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Å ¶·μÖ¢²¥´¨¥ ¶μ·μ£μ¢μ£μ ÔËË¥±É  [55];
Å £¨¡·¨¤ ±¢ ·±μ¢ ¨ £²Õμ´μ¢ [56] ¨ [57];
Å £²Õ¡μ² [58].
�μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ É¥μ·¨¨ ¨ Ô±¸¶¥·¨³¥´É  ¤²Ö ´μ¢ÒÌ ¸μ¸ÉμÖ´¨° Î ·-

³μ´¨Ö ³μ¦´μ ´ °É¨ ¢ [59Ä64].
� ¨¡μ²¥¥ ¨´É·¨£ÊÕÐ¨³ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö ¢μ¶·μ¸ ¨´É¥·¶·¥É -

Í¨¨ X(3872)-³¥§μ´  ²¨¡μ ± ± ¸¨²Ó´μ¸¢Ö§ ´´μ° ³μ²¥±Ê²Ò ¸ Ô´¥·£¨¥° ¸¢Ö§¨
MX − (MD∗0 + MD0) = −(0,30 ± 0,40) ŒÔ‚, ²¨¡μ ± ± É¥É· ±¢ ·± , Ö¢²Ö-
ÕÐ¥£μ¸Ö ¸¢Ö§ ´´Ò³ ¸μ¸ÉμÖ´¨¥³ Í¢¥É´ÒÌ ¤¨±¢ ·±μ¢. Œμ²¥±Ê²Ö·´ Ö ¶·¨·μ¤ 
X(3872)-³¥§μ´  ¨´É¥´¸¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¢ ²¨É¥· ÉÊ·¥.
‚ [65] ´  μ¸´μ¢¥ ¶·¥¤¶μ²μ¦¥´¨Ö μ Éμ³, ÎÉμ X(3872) Ö¢²Ö¥É¸Ö D0D̄∗0-³μ²¥-
±Ê²μ°, ¡Ò²μ μÍ¥´¥´μ ¸¥Î¥´¨¥ ¥£μ ·μ¦¤¥´¨Ö ´  ÉÔ¢ É·μ´¥ ¢ � Í¨μ´ ²Ó´μ°
Ê¸±μ·¨É¥²Ó´μ° ² ¡μ· Éμ·¨¨ ¨³. �.”¥·³¨. �μ²ÊÎ¥´´Ò° ¢¥·Ì´¨° ¶·¥¤¥² ¤²Ö
¸¥Î¥´¨Ö ·μ¦¤¥´¨Ö μ± § ²¸Ö ¶μÎÉ¨ ¢ 30 · § ³¥´ÓÏ¥ ´ ¡²Õ¤ ¥³μ£μ ¢ Ô±¸¶¥-
·¨³¥´É¥. �  μ¸´μ¢¥ ÔÉμ£μ ¡Ò² ¸¤¥² ´ ¢Ò¢μ¤, ÎÉμ ³ ²μ¢¥·μÖÉ´μ μ¡· §μ¢ ´¨¥
¸¨²Ó´μ¸¢Ö§ ´´μ° D0D̄∗0-³μ²¥±Ê²Ò ¶·¨ S-¢μ²´μ¢μ³ ·¥§μ´ ´¸´μ³ · ¸¸¥Ö´¨¨
¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ  ¤·μ´μ¢. �¤´ ±μ  ¢Éμ·Ò [66] Ê± §Ò¢ ²¨ ´  ´¥μ¡Ìμ¤¨-
³μ¸ÉÓ ÊÎ¥É  ¶¥·¥· ¸¸¥Ö´¨Ö μÎ ·μ¢ ´´ÒÌ ³¥§μ´μ¢ ¶·¨  ´ ²¨§¥, ¶·μ¢¥¤¥´´μ³
¢ [65]. ‚ ÔÉμ³ ¸²ÊÎ ¥ É¥μ·¥É¨Î¥¸± Ö ¢¥·Ì´ÖÖ μÍ¥´±  ³μ¦¥É ¢μ§· ¸É¨ ´  ´¥-
¸±μ²Ó±μ ¶μ·Ö¤±μ¢ ¨ ¸É ÉÓ ¸· ¢´¨³μ° ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ° ¢¥²¨Î¨´μ°. ’ ±μ¥
§ ±²ÕÎ¥´¨¥ ¶μ§¤´¥¥ ±·¨É¨±μ¢ ²μ¸Ó ¢ [67]. ‚μ-¶¥·¢ÒÌ, ¡Ò²μ Ê± § ´μ, ÎÉμ,
¨¸¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [66], ³μ¦´μ ¶·¥¤¸± § ÉÓ ´μ¢μ¥ ³μ²¥±Ê²Ö·´μ¥
¸μ¸ÉμÖ´¨¥ Xs(4080), ¸μ¸ÉμÖÐ¥¥ ¨§ DsD̄

∗
s -¶ ·Ò. �¤´ ±μ É ±μ¥ ¸μ¸ÉμÖ´¨¥ ´¥

¡Ò²μ ´ °¤¥´μ ´  ÉÔ¢ É·μ´¥. ‚μ-¢Éμ·ÒÌ,  ¢Éμ·Ò [67] ¢Ò¸± §Ò¢ ²¨ ¢¶μ²´¥ μ¡μ-
¸´μ¢ ´´μ¥ ¸μ³´¥´¨¥ μ ¶·¨³¥´¨³μ¸É¨ É¥μ·¥³Ò ‚ É¸μ´  ¤²Ö ÊÎ¥É  ±μ´¥Î´ÒÌ
¸μ¸ÉμÖ´¨° ¢ ¢ÒÎ¨¸²¥´¨ÖÌ, ¶·μ¤¥² ´´ÒÌ ¢ [66].

ˆ´É¥·¶·¥É Í¨Ö X(3872) ± ± É¥É· ±¢ ·±  ¡Ò²  ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¥´  ¨
¶·¨³¥´¥´  ¤²Ö μ¶¨¸ ´¨Ö ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ [46]. ‘ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ÔËË¥±É¨¢´ÒÌ ² £· ´¦¨ ´μ¢ ¤²Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°
¸ ±μ´¸É ´É ³¨ ¸¢Ö§¨, ¶μ²ÊÎ¥´´Ò³¨ ¶μ  ´ ²μ£¨¨ ¸μ ¸²ÊÎ ¥³ ²¥£±¨Ì ³¥§μ-
´μ¢, ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò Ï¨·¨´Ò ¸¨²Ó´ÒÌ · ¸¶ ¤μ¢ X → J/ψπ+π− ¨ X →
J/ψπ+π−π0. 	Ò²μ ´ °¤¥´μ, ÎÉμ Ï¨·¨´  · ¸¶ ¤  X-³¥§μ´  ¸μ¸É ¢²Ö¥É μ±μ²μ
1,6 ŒÔ‚ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´μ° £· ´¨Í¥°.

� ¶·μÉ¨¢, Ï¨·¨´  · ¸¶ ¤ , ¢ÒÎ¨¸²¥´´ Ö ¢ [51] ¸ ¶·¨³¥´¥´¨¥³ ¶· ¢¨²
¸Ê³³ Š•„ ¤²Ö 4-±¢ ·±μ¢μ£μ Éμ± , μ± § ² ¸Ó §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ Å μ±μ²μ
50 ŒÔ‚.

‚ ¸¥·¨¨ · ¡μÉ [68Ä70] ³Ò ¶·μ¤¥² ²¨ ´¥§ ¢¨¸¨³Ò°  ´ ²¨§ ¸¢μ°¸É¢
X-³¥§μ´  ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ¤ ´´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¢²Ö¥É¸Ö É¥É· ±¢ ·±μ³ ¨
¥³Ê ¸μμÉ¢¥É¸É¢Ê¥É ¨´É¥·¶μ²¨·ÊÕÐ¨° 4-±¢ ·±μ¢Ò° Éμ±, ¶·¥¤²μ¦¥´´Ò° ¢ [46].

‚ [68,69] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò Ï¨·¨´Ò · ¸¶ ¤μ¢ X → J/ψ + 2π(3π) ¨ X →
D0 + D̄0 + π0, ¨¤ÊÐ¨¥ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö ρ(ω) ¨ D∗. „²Ö
· §Ê³´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  ΛX , ±μÉμ·Ò° Ì · ±É¥·¨§Ê¥É · §³¥· X(3872)-
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³¥§μ´ , ¡Ò²μ ´ °¤¥´μ ¸μ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. 	Ò²μ É ±¦¥
μ¡¸Ê¦¤¥´μ ¢μ§³μ¦´μ¥ ¢²¨Ö´¨¥ X(3872)-³¥§μ´  ´  ¶μ¢¥¤¥´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö
¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´  ²¥£±¨³¨ Î ¸É¨Í ³¨.

‚ [70] ¡Ò² ¨§ÊÎ¥´ · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ X → J/ψ+γ, ¢ÒÎ¨¸²¥´ ³ É·¨Î-
´Ò° Ô²¥³¥´É ¤ ´´μ£μ ¶¥·¥Ìμ¤  ¨ ¤μ± § ´  ¥£μ ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ.
‡ É¥³ ¡Ò²  ¢ÒÎ¨¸²¥´  Ï¨·¨´  ¤ ´´μ£μ · ¸¶ ¤  ¨ ´ °¤¥´μ ¸μ£² ¸¨¥ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨,   É ±¦¥ ¢ÒÎ¨¸²¥´Ò ¸¶¨· ²Ó´Ò¥ ¨ ³Ê²ÓÉ¨¶μ²Ó´Ò¥
 ³¶²¨ÉÊ¤Ò ¨ ¶μ± § ´ ¸¶μ¸μ¡ ¨Ì ¶μ²ÊÎ¥´¨Ö ¨§ ±μ¢ ·¨ ´É´μ°  ³¶²¨ÉÊ¤Ò, μ¸´μ-
¢ ´´Ò° ´  ±μ¢ ·¨ ´É´μ° ¶·μ¥±Í¨¨.

„ ´´Ò°  ´ ²¨§ ¡Ò² ¶·μ¢¥¤¥´ ¢ · ³± Ì ·¥²ÖÉ¨¢¨¸É¸±μ° ³μ¤¥²¨ ±μ´¸É¨-
ÉÊÔ´É´ÒÌ ±¢ ·±μ¢ ¸ ÊÎ¥Éμ³ ¨Ì ±μ´Ë °´³¥´É  [71]. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³
¨¸¶μ²Ó§μ¢ ÉÓ ¡μ²¥¥ ±μ·μÉ±μ¥ ´ §¢ ´¨¥ ¤²Ö ÔÉμ£μ ¶μ¤Ìμ¤  Å ±μ¢ ·¨ ´É´ Ö
±¢ ·±μ¢ Ö ³μ¤¥²Ó, ±μÉμ·μ¥ ¡μ²ÓÏ¥ μÉ· ¦ ¥É ¥¥ ¸ÊÉÓ, ¶μ¸±μ²Ó±Ê ¤ ´´ Ö ³μ-
¤¥²Ó ¶μ¸É·μ¥´  ´  μ¸´μ¢¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ ·μ¦¤¥´¨¥³ Î ¸É¨Í. — ¸Éμ
É¥·³¨´ ®·¥²ÖÉ¨¢¨¸É¸± Ö ±¢ ·±μ¢ Ö ³μ¤¥²Ó¯ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¶μÉ¥´Í¨ ²Ó´ÒÌ
³μ¤¥²¥°, ÊÎ¨ÉÒ¢ ÕÐ¨Ì É¥³ ¨²¨ ¨´Ò³ μ¡· §μ³ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ. Šμ-
¢ ·¨ ´É´ Ö ±¢ ·±μ¢ Ö ³μ¤¥²Ó [71] Ö¢²Ö¥É¸Ö Ê¸¶¥Ï´Ò³ · §¢¨É¨¥³ ³μ¤¥²¨ ±μ´-
¸É¨ÉÊÔ´É´ÒÌ ±¢ ·±μ¢, ±μÉμ· Ö ¡Ò²  ¶μ¸É·μ¥´  ¢ ´ Ï¨Ì ¡μ²¥¥ · ´´¨Ì · ¡μÉ Ì
¨ ¶·¨³¥´¥´  ± μ¶¨¸ ´¨Õ ¸¢μ°¸É¢ ²¥£±¨Ì ³¥§μ´μ¢ [72Ä74] ¨ ²¥£±¨Ì ¡ ·¨μ-
´μ¢ [75, 76] ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ‚ ¸¥·¨¨ · ¡μÉ [77Ä86] ¢ · ³± Ì ¤ ´´μ£μ
¶μ¤Ìμ¤  ¡Ò²¨ ¨§ÊÎ¥´Ò · ¸¶ ¤Ò ÉÖ¦¥²ÒÌ ¡ ·¨μ´μ¢. ‚ Î ¸É´μ¸É¨, ¡Ò²μ ¶μ± -
§ ´μ, ÎÉμ ¢ ¶·¥¤¥²¥, ±μ£¤  ³ ¸¸  ÉÖ¦¥²μ£μ ±¢ ·±  ¸É·¥³¨É¸Ö ± ¡¥¸±μ´¥Î´μ¸É¨,
¢μ¸¶·μ¨§¢μ¤ÖÉ¸Ö ¢¸¥ ·¥§Ê²ÓÉ ÉÒ ÔËË¥±É¨¢´μ° É¥μ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢. ‘² -
¡Ò¥ · ¸¶ ¤Ò Bc-³¥§μ´  ¡Ò²¨ ¨¸¸²¥¤μ¢ ´Ò ¢ [87Ä93]. ‚ [94] ¢ÒÎ¨¸²¥´μ ¸¥Î¥-
´¨¥ ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´  ²¥£±¨³¨ Î ¸É¨Í ³¨, ÎÉμ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸
¢ ¸¢Ö§¨ ¸ ¶μ¨¸± ³¨ ±¢ ·±-£²Õμ´´μ° ¶² §³Ò. �¡§μ· Ê¶μ³Ö´ÊÉÒÌ ·¥§Ê²ÓÉ Éμ¢
³μ¦´μ ´ °É¨ ¢ [95] ¨ [96Ä98].

Šμ¢ ·¨ ´É´ Ö ³μ¤¥²Ó ±¢ ·±μ¢ Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ±¢ ´Éμ¢μ-¶μ²¥¢Ò³
¶μ¤Ìμ¤μ³ ±  ¤·μ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³, μ¸´μ¢ ´´Ò³ ´  ² £· ´¦¨ ´¥ ¢§ ¨-
³μ¤¥°¸É¢¨Ö  ¤·μ´μ¢ ¸ ¨Ì ¸μ¸É ¢²ÖÕÐ¨³¨ ±¢ ·± ³¨. ‡´ ´¨¥ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¥£μ ¨´É¥·¶μ²¨·ÊÕÐ¥£μ ±¢ ·±μ¢μ£μ Éμ±  ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ ¸ ³μ¸μ£² ¸μ-
¢ ´´Ò³ μ¡· §μ³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢. �É²¨Î¨É¥²Ó´μ°
μ¸μ¡¥´´μ¸ÉÓÕ ¤ ´´μ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ³´μ£μ±¢ ·±μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö,
É ±¨¥ ± ± ¡ ·¨μ´Ò (É·¨ ±¢ ·± ), É¥É· ±¢ ·±¨ (Î¥ÉÒ·¥ ±¢ ·± ) ¨ É. ¶., ³μ-
£ÊÉ ¡ÒÉÓ · ¸¸³μÉ·¥´Ò ¨ μ¶¨¸ ´Ò ´  Éμ³ ¦¥ Ê·μ¢´¥ ¸É·μ£μ¸É¨, ± ± ¨ ¶·μ-
¸É¥°Ï¨¥ ±¢ ·±- ´É¨±¢ ·±μ¢Ò¥ ¸¨¸É¥³Ò (³¥§μ´Ò). Šμ´¸É ´É  ¸¢Ö§¨  ¤·μ´μ¢
¸ ¨Ì ¨´É¥·¶μ²¨·ÊÕÐ¨³¨ ±¢ ·±μ¢Ò³¨ Éμ± ³¨ μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ¸¢Ö§-
´μ¸É¨ ZH = 0, ¶·¥¤²μ¦¥´´μ£μ ¢ [99, 100] ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶μ²Ó§Ê¥³μ£μ
¢μ ³´μ£¨Ì · §¤¥² Ì Ë¨§¨±¨ Î ¸É¨Í (¤²Ö μ¡§μ·  ¸³. [101]). ‡¤¥¸Ó ZH ¥¸ÉÓ
±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨  ¤·μ´ . Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ´ ¡μ·μ³ ±¢ ·±μ¢ÒÌ ¤¨ £· ³³, ±μÉμ·Ò¥
¸É·μÖÉ¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ 1/Nc-· §²μ¦¥´¨¥³. ‚ ±μ¢ ·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·-
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±μ¢ ÔËË¥±É¨¢´Ò³ μ¡· §μ³ ¢¢μ¤¨É¸Ö ¨´Ë· ±· ¸´μ¥ μ¡·¥§ ´¨¥ ¢ ¶·μ¸É· ´¸É¢¥
¶ · ³¥É·μ¢ ”μ± Ä˜¢¨´£¥· , ¶μ ±μÉμ·Ò³ ¶·μ¢μ¤¨É¸Ö ¨´É¥£·¨·μ¢ ´¨¥ ¢ ¢Ò-
· ¦¥´¨ÖÌ ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. ’ ± Ö ¶·μÍ¥¤Ê·  ¶μ§¢μ²Ö¥É Ê¸É· ´¨ÉÓ
¢¸¥ ¶μ·μ£μ¢Ò¥ ¸¨´£Ê²Ö·´μ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ·μ¦¤¥´¨Õ ±¢ ·±μ¢, ¨ É¥³
¸ ³Ò³ £ · ´É¨·μ¢ ÉÓ ±μ´Ë °´³¥´É ±¢ ·±μ¢. ‚ ³μ¤¥²¨ μÉ¸ÊÉ¸É¢ÊÕÉ Ê²ÓÉ· Ë¨-
μ²¥Éμ¢Ò¥ · ¸Ìμ¤¨³μ¸É¨ ¡² £μ¤ ·Ö ¢¥·Ï¨´´Ò³  ¤·μ´-±¢ ·±μ¢Ò³ Ëμ·³Ë ±Éμ-
· ³, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ´¥²μ± ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê  ¤·μ´μ¢. Šμ¢ ·¨ ´É´ Ö ³μ-
¤¥²Ó ±¢ ·±μ¢ ¸μ¤¥·¦¨É ´¥¸±μ²Ó±μ ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢: ³ ¸¸Ò ±μ´¸É¨ÉÊÔ´É-
´ÒÌ ±¢ ·±μ¢, ¶ · ³¥É· ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö, ±μÉμ·Ò° Ì · ±É¥·¨§Ê¥É μ¡-
² ¸ÉÓ ±μ´Ë °´³¥´É , ¨ ¶ · ³¥É·Ò, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ÔËË¥±É¨¢´Ò° · §³¥·
 ¤·μ´μ¢.

‚Éμ· Ö ¶μ²μ¢¨´  ¤ ´´μ£μ μ¡§μ·  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ¸¢μ°¸É¢ B- ¨ Bs-
³¥§μ´μ¢ ¢ · ³± Ì ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨.

ˆ§ÊÎ¥´¨¥ Ë¨§¨±¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¤ ¥É Ê´¨± ²Ó´ÊÕ ¢μ§³μ¦´μ¸ÉÓ μ¶·¥¤¥-
²¨ÉÓ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò (ŠŠŒ). ’ ±¨¥ ¨¸¸²¥¤μ-
¢ ´¨Ö É ±¦¥ ¶μ§¢μ²ÖÕÉ ¶·μ¤¢¨´ÊÉÓ¸Ö ¢ ¶μ´¨³ ´¨¨ ¶·μ¨¸Ìμ¦¤¥´¨Ö  ·μ³ Éμ¢
±¢ ·±μ¢ ¨ ³¥Ì ´¨§³μ¢ ´ ·ÊÏ¥´¨Ö CP -¸¨³³¥É·¨¨. Š·μ³¥ Éμ£μ, μ¤´  ¨§ μ¸´μ¢-
´ÒÌ Í¥²¥° Ô±¸¶¥·¨³¥´Éμ¢ ¢ Ë¨§¨±¥ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ Å ¶μ¨¸± ¶·μÖ¢²¥´¨°
´μ¢μ° Ë¨§¨±¨ §  ¶·¥¤¥² ³¨ ¸É ´¤ ·É´μ° ³μ¤¥²¨ (¸³. ´¥¤ ¢´¨° μ¡§μ· [102]).
�·¥¤³¥Éμ³ ¨§ÊÎ¥´¨Ö Ö¢²ÖÕÉ¸Ö ÉÖ¦¥²Ò¥  ¤·μ´Ò, ±μÉμ·Ò¥ ¸μ¸ÉμÖÉ ¨§ b- ¨²¨
c-±¢ ·±μ¢, ¨ ¨Ì ¸² ¡Ò¥ · ¸¶ ¤Ò. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥¤´¨° ´ ¨¡μ²¥¥
ÉÖ¦¥²Ò° ±¢ ·± t · ¸¶ ¤ ¥É¸Ö ¸²¨Ï±μ³ ¡Ò¸É·μ, ÎÉμ¡Ò ÊÎ ¸É¢μ¢ ÉÓ ¢ Ëμ·³¨-
·μ¢ ´¨¨ ¤μ¸É ÉμÎ´μ ¸É ¡¨²Ó´ÒÌ  ¤·μ´μ¢. �μ¸²¥¤´¥¥ ¢·¥³Ö ¸É ²¨ ¢μ§³μ¦´Ò
¨§³¥·¥´¨Ö ´ ·ÊÏ¥´¨Ö CP -¸¨³³¥É·¨¨ ¢ ¸¨¸É¥³¥ Bs−B̄s ¢ § ¢¨¸¨³μ¸É¨ μÉ
¢·¥³¥´¨. 	² £μ¤ ·Ö ÔÉ¨³ ¨§³¥·¥´¨Ö³ ¡μ²ÓÏμ¥ ¢´¨³ ´¨¥ ± ± ¸μ ¸Éμ·μ´Ò É¥-
μ·¥É¨±μ¢, É ± ¨ Ô±¸¶¥·¨³¥´É Éμ·μ¢ ¶·¨¢²¥± · ¸¶ ¤ Bs → J/ψ φ (¸³., ´ ¶·¨-
³¥·, [103,104]).

�¸´μ¢´μ° ¨¤¥¥° É¥μ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° ¢ μ¡² ¸É¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢
Ö¢²Ö¥É¸Ö μÉ¤¥²¥´¨¥ ¢±² ¤  ³ ²ÒÌ · ¸¸ÉμÖ´¨°, μ¶¨¸ ´¨¥ ±μÉμ·ÒÌ ¢μ§³μ¦´μ ¢
· ³± Ì ¶¥·ÉÊ·¡ É¨¢´μ° ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ (Š•„), μÉ ¢±² ¤μ¢ ¡μ²Ó-
Ï¨Ì · ¸¸ÉμÖ´¨°, ¤²Ö μ¶¨¸ ´¨Ö ±μÉμ·ÒÌ ´¥μ¡Ìμ¤¨³μ ¶·¨¢²¥± ÉÓ ´¥¶¥·ÉÊ·¡ -
É¨¢´Ò¥ ³¥Éμ¤Ò. � ¨¡μ²¥¥ ¶μ¶Ê²Ö·´Ò³ ¨ ¶·μ¸ÉÒ³ ³¥Éμ¤μ³ Ö¢²Ö¥É¸Ö É ± ´ -
§Ò¢ ¥³ Ö ´ ¨¢´ Ö Ë ±Éμ·¨§ Í¨Ö, μ¸´μ¢ ´´ Ö ´  ¢Ò¢μ¤¥ ÔËË¥±É¨¢´ÒÌ ¸² ¡ÒÌ
£ ³¨²ÓÉμ´¨ ´μ¢, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ ¸² ¡Ò¥ ¶¥·¥Ìμ¤Ò ±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢.
�ËË¥±É¨¢´Ò¥ ¸² ¡Ò¥ £ ³¨²ÓÉμ´¨ ´Ò ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´ ¡μ· ²μ± ²Ó´ÒÌ
±¢ ·±-±¢ ·±μ¢ÒÌ ¨ ±¢ ·±-²¥¶Éμ´´ÒÌ μ¶¥· Éμ·μ¢, Ê³´μ¦¥´´ÒÌ ´  É ± ´ §Ò¢ -
¥³Ò¥ ±μÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸μ´  (¸³. μ¡§μ· [105]). ŠμÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸μ´ 
Ì · ±É¥·¨§ÊÕÉ ¤¨´ ³¨±Ê ³ ²ÒÌ · ¸¸ÉμÖ´¨° ¨ ³μ£ÊÉ ¡ÒÉÓ μÍ¥´¥´Ò ¶¥·ÉÊ·-
¡ É¨¢´Ò³¨ ³¥Éμ¤ ³¨ ¸ ¶μ³μÐÓÕ μ¶¥· Éμ·´ÒÌ · §²μ¦¥´¨°. �·¨ ¢ÒÎ¨¸²¥´¨¨
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ²μ± ²Ó´ÒÌ μ¶¥· Éμ·μ¢ ³¥¦¤Ê ´ Î ²Ó´Ò³¨ ¨ ±μ´¥Î´Ò³¨
¸μ¸ÉμÖ´¨Ö³¨ É·¥¡Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ³¥Éμ¤Ò. �·¨ ÔÉμ³ ´¥-
μ¡Ìμ¤¨³μ §´ ÉÓ, ± ±¨³ μ¡· §μ³  ¤·μ´Ò ¶μ¸É·μ¥´Ò ¨§ ±¢ ·±μ¢. ’¥Ì´¨Î¥¸±¨
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²Õ¡μ° ³ É·¨Î´Ò° Ô²¥³¥´É ²μ± ²Ó´μ£μ μ¶¥· Éμ·  ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§
´ ¡μ· ²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ·, Ê³´μ¦¥´´ÒÌ ´  ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨, ±μÉμ·Ò¥
§ ¢¨¸ÖÉ μÉ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ. „ ´´Ò¥ ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ ´ §Ò-
¢ ÕÉ¸Ö Ëμ·³Ë ±Éμ· ³¨.

�μ³¨³μ ´ ¨¢´μ° Ë ±Éμ·¨§ Í¨¨ ¸ÊÐ¥¸É¢ÊÕÉ ¡μ²¥¥ ¶·μ¤¢¨´ÊÉÒ¥ ³¥Éμ¤Ò
μÉ¤¥²¥´¨Ö ¢±² ¤μ¢ ³ ²ÒÌ ¨ ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨°. �Éμ É ± ´ §Ò¢ ¥³ Ö Š•„-
Ë ±Éμ·¨§ Í¨Ö ¨ ÔËË¥±É¨¢´ Ö É¥μ·¨Ö SCET (Soft-Collinear Effective Theory).
�É¨ ¶μ¤Ìμ¤Ò ¢Ò¢μ¤ÖÉ É¥μ·¥³Ò Ë ±Éμ·¨§ Í¨¨, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¤ ÉÓ ¸¨-
¸É¥³ É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ Éμ£μ ¨²¨ ¨´μ£μ ¶·μÍ¥¸¸  ¢ É¥·³¨´ Ì ®³Ö£±¨Ì¯ ¨
®¦¥¸É±¨Ì¯ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢. ŒÒ μÉ¸Ò² ¥³ ¨´É¥·¥¸ÊÕÐ¥£μ¸Ö Î¨É É¥²Ö ±
· ¡μÉ ³ [106Ä109], ¢ ±μÉμ·ÒÌ ³μ¦´μ ´ °É¨ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¸¸Ò²±¨.

‘ÊÐ¥¸É¢Ê¥É ¤μ¸É ÉμÎ´μ ³´μ£μ É¥μ·¥É¨Î¥¸±¨Ì ¶μ¤Ìμ¤μ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
´¥μ¡Ìμ¤¨³ÒÌ  ¤·μ´´ÒÌ Ëμ·³Ë ±Éμ·μ¢. “¶μ³Ö´¥³ ´¥±μÉμ·Ò¥ ¨§ ´¨Ì. ‘Î¨É -
¥É¸Ö, ÎÉμ ´ ¨¡μ²¥¥ ³μ¤¥²Ó´μ-´¥§ ¢¨¸¨³Ò³ ¶μ¤Ìμ¤μ³ Ö¢²Ö¥É¸Ö ¶μ¤Ìμ¤ ¶· ¢¨²
¸Ê³³ Š•„ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ (¸³., ´ ¶·¨³¥·, [110] ¨ [111]). ‚ · ³± Ì ¶μ¤-
Ìμ¤  ¶· ¢¨² ¸Ê³³ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ Ëμ·³Ë ±Éμ·Ò ²¨ÏÓ ¢
μ¡² ¸É¨ ¤μ¸É ÉμÎ´μ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸μ¢ (¨²¨ ¡μ²ÓÏ¨Ì μÉ¤ Î). ‚Ò-
Î¨¸²¥´´Ò¥ Ëμ·³Ë ±Éμ·Ò § É¥³ Ô±¸É· ¶μ²¨·ÊÕÉ¸Ö ¢ μ¡² ¸ÉÓ ¡μ²ÓÏ¨Ì ¶¥·¥-
¤ ´´ÒÌ ¨³¶Ê²Ó¸μ¢ (¨²¨ ³ ²ÒÌ μÉ¤ Î) ¸ ¶μ³μÐÓÕ ¶μ²Õ¸´ÒÌ  ¶¶·μ±¸¨³ Í¨°.
‚ [112] ¡Ò² · §· ¡μÉ ´ ¸¨¸É¥³ É¨Î¥¸±¨° ¶μ¤Ìμ¤ ¤²Ö μ¶¨¸ ´¨Ö ·¥¤±¨Ì · ¸¶ -
¤μ¢ B → K∗	+	− ¢ μ¡² ¸É¨ ³ ²ÒÌ μÉ¤ Î ¸ ¶μ³μÐÓÕ ÔËË¥±É¨¢´μ° É¥μ·¨¨
ÉÖ¦¥²ÒÌ ±¢ ·±μ¢. �μ¤·μ¡´Ò°  ´ ²¨§ · ¸¶ ¤μ¢ ¸ ³ ²μ° μÉ¤ Î¥° ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ¤ ´´μ£μ ¶μ¤Ìμ¤  ¶μ§¤´¥¥ ¡Ò² ¶·μ¤¥² ´ ¢ [113,114].

�·¨¢¥¤¥³ ´¥¸±μ²Ó±μ ³μ¤¥²Ó´ÒÌ ¶μ¤Ìμ¤μ¢ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ëμ·³Ë ±Éμ·μ¢,
μ¸´μ¢ ´´ÒÌ ´  ¨´ÒÌ ¶·¨´Í¨¶ Ì, ´¥¦¥²¨ ¶μ¤Ìμ¤ ¶· ¢¨² ¸Ê³³ ´  ¸¢¥Éμ¢μ³
±μ´Ê¸¥. �Éμ

• Ê· ¢´¥´¨Ö „ °¸μ´ Ä˜¢¨´£¥·  ¢ Š•„ [115];
• ³μ¤¥²Ó ±μ´¸É¨ÉÊÔ´É´ÒÌ ±¢ ·±μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤¨¸¶¥·¸¨μ´´ÒÌ ¸μ-

μÉ´μÏ¥´¨° [116,117];
• ·¥²ÖÉ¨¢¨¸É¸± Ö ±¢ ·±μ¢ Ö ³μ¤¥²Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉ¥´Í¨ ²μ¢ [118];
• ·¥²ÖÉ¨¢¨¸É¸± Ö ¶μÉ¥´Í¨ ²Ó´ Ö ³μ¤¥²Ó Š•„ [119,120];
• ¶· ¢¨²  ¸Ê³³ Š•„ [121,122].
‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ¢ · ³± Ì · §¢¨¢ ¥³μ° ´ ³¨ ±μ¢ ·¨ ´É´μ° ±¢ ·-

±μ¢μ° ³μ¤¥²¨  ¤·μ´´Ò¥ Ëμ·³Ë ±Éμ·Ò ³μ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ¢μ ¢¸¥° ±¨´¥-
³ É¨Î¥¸±μ° μ¡² ¸É¨ ¨³¶Ê²Ó¸´ÒÌ ¶¥·¥³¥´´ÒÌ.

‚ [123] ¢ · ³± Ì ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ ¸ ¨´Ë· ±· ¸´Ò³ ±μ´-
Ë °´³¥´Éμ³ ¢ÒÎ¨¸²¥´Ò Ëμ·³Ë ±Éμ·Ò ¶¥·¥Ìμ¤μ¢ B(Bs) → P (V ) ¢μ ¢¸¥°
±¨´¥É¨Î¥¸±μ° μ¡² ¸É¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . ‚ ± Î¥¸É¢¥ ¶·¨³¥-
´¥´¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¢ÒÎ¨¸²¥´Ò Ï¨·¨´Ò ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢
Bs → D−

s D+
s , D∗−

s D+
s +D−

s D∗+
s ¨ Bs → D∗−

s D∗+
s . �É¨ ³μ¤Ò ¤ ÕÉ μ¸´μ¢´μ°

¢±² ¤ ¢ ¢¥²¨Î¨´Ê ΔΓ ¢ Bs−B̄s-¸¨¸É¥³¥. 	Ò² É ±¦¥ ¶·μ ´ ²¨§¨·μ¢ ´ · ¸¶ ¤
Bs → J/ψφ, ±μÉμ·Ò° ¶μ¤ ¢²¥´ ¶μ Í¢¥ÉÊ. �¤´ ±μ ¤ ´´Ò° · ¸¶ ¤ ¢ ¦¥´ ¤²Ö
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¶μ¨¸±  ¢μ§³μ¦´ÒÌ ¶·μÖ¢²¥´¨° ´μ¢μ° Ë¨§¨±¨, ¶·¨¢μ¤ÖÐ¨Ì ± CP -´ ·ÊÏ¥´¨Õ
¢ Bs−B̄s-¸¨¸É¥³¥.

� Ï  · ¡μÉ  ¶μ¸É·μ¥´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 ³Ò ¤ ¥³ ±· É±¨°
μ¡§μ· É¥μ·¥É¨Î¥¸±¨Ì ¶μ²μ¦¥´¨°, ²¥¦ Ð¨Ì ¢ μ¸´μ¢¥ ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ°
³μ¤¥²¨. �¡¸Ê¦¤ ¥³ ±μ¢ ·¨ ´É´Ò¥ ² £· ´¦¨ ´Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ÔËË¥±É¨¢´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥  ¤·μ´μ¢ ¸ ¸μ¸É ¢²ÖÕÐ¨³¨ ¨Ì ±¢ ·± ³¨. „ ¥³ μ¶·¥¤¥²¥´¨¥
Ê¸²μ¢¨Ö ¸¢Ö§´μ¸É¨, Ö¢²ÖÕÐ¥£μ¸Ö ÔËË¥±É¨¢´Ò³ ¨´¸É·Ê³¥´Éμ³ ¤²Ö μ¶¨¸ ´¨Ö
¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. � ±μ´¥Í, ¢¢μ¤¨³
¶μ´ÖÉ¨¥ ¨´Ë· ±· ¸´μ£μ ±μ´Ë °´³¥´É , μ¡¥¸¶¥Î¨¢ ÕÐ¥£μ μÉ¸ÊÉ¸É¢¨¥ ²Õ¡ÒÌ
¶μ·μ£μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·μ¦¤¥´¨Õ ±¢ ·±μ¢, ¢  ³¶²¨ÉÊ-
¤ Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

‚ · §¤. 2 ³Ò ¶μ¤·μ¡´μ μ¡¸Ê¦¤ ¥³ ¢¢¥¤¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¢ · §¢¨¢ ¥³μ³ ¶μ¤Ìμ¤¥. �É  § ¤ Î  Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´μ° ¢¢¨¤Ê
´¥²μ± ²Ó´μ¸É¨  ¤·μ´-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ŒÒ ·¥Ï ¥³ ¥¥ ¶ÊÉ¥³ ¨¸-
¶μ²Ó§μ¢ ´¨Ö ¨§¢¥¸É´μ£μ ³¥Éμ¤  P -Ô±¸¶μ´¥´ÉÒ ¨ μ¶·¥¤¥²¥´¨Ö ¥¥ ¶·μ¨§¢μ¤´μ°
¶ÊÉ¥´¥§ ¢¨¸¨³Ò³ μ¡· §μ³. ŒÒ ¸É·μ¨³ Ö¢´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ² £· ´¦¨ ´ ,
μ¶¨¸Ò¢ ÕÐ¥£μ  ¤·μ´-ËμÉμ´-±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ²¨´¥°´μ¥ ¶μ Ô²¥±É·μ-
³ £´¨É´μ³Ê ¶μ²Õ. „¥³μ´¸É·¨·Ê¥³ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ-
¸É¨ ´  ¶·¨³¥·¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶¥·¥Ìμ¤  V → γ.

‚ · §¤. 3 ³Ò μ¶·¥¤¥²Ö¥³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ ³μ-
¤¥²¨ ¶ÊÉ¥³ Ë¨É  ³¥Éμ¤μ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¢¥²¨Î¨´ ²¥¶Éμ´´ÒÌ ±μ´-
¸É ´É · ¸¶ ¤μ¢ ¨ Ï¨·¨´ μ¸´μ¢´ÒÌ · ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢ ± ¨Ì Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³ §´ Î¥´¨Ö³.

‚ · §¤. 4 ¨§ÊÎ¥´Ò ¸¨²Ó´Ò¥ ¨ μ¤´μËμÉμ´´Ò¥ · ¸¶ ¤Ò X(3872)-³¥§μ´ , · ¸-
¸³ É·¨¢ ¥³μ£μ ± ± ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¨§ Î¥ÉÒ·¥Ì ±¢ ·±μ¢ Å É¥É· ±¢ ·± .
‚ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸μ¢ ¢ · ³± Ì ´ Ï¥£μ ¶μ¤Ìμ¤  É·¥¡Ê¥É §´ Î¨É¥²Ó-
´ÒÌ Ê¸¨²¨°, ¶μ¸±μ²Ó±Ê ¶·¨Ìμ¤¨É¸Ö ¢ÒÎ¨¸²ÖÉÓ É·¥Ì¶¥É²¥¢Ò¥ Ë¥°´³ ´μ¢¸±¨¥
¤¨ £· ³³Ò.

‚ · §¤. 5 ¢ÒÎ¨¸²¥´Ò · §²¨Î´Ò¥ ¶¥·¥Ìμ¤´Ò¥ Ëμ·³Ë ±Éμ·Ò B(Bs)-³¥§μ´μ¢.
‚ ± Î¥¸É¢¥ ¶·¨²μ¦¥´¨Ö ¤ ´´Ò¥ Ëμ·³Ë ±Éμ·Ò ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¨ Ï¨·¨´ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢
Bs-³¥§μ´ .

‚ § ±²ÕÎ¥´¨¨ μ¡¸Ê¦¤ ÕÉ¸Ö ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ‚ ¶·¨²μ¦¥´¨¨ ¤ ´ 
¸¢μ¤±  ¶μ²¥§´ÒÌ Ëμ·³Ê², ¶μ§¢μ²ÖÕÐ¨Ì ¸¢Ö§ ÉÓ ²μ·¥´Í¥¢¸±¨¥, ¸¶¨· ²Ó´Ò¥ ¨
³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¤²Ö ± ¸± ¤´μ£μ · ¸¶ ¤  X(3872) → γ+
J/ψ(→ 	+	−).

1. Š�‚��ˆ��’��Ÿ Œ�„…‹œ Š‚��Š�‚

1.1. ‹ £· ´¦¨ ´ ¨ Ê¸²μ¢¨¥ ¸¢Ö§´μ¸É¨. ‚ ÔÉμ³ · §¤¥²¥ ³Ò ¤ ¤¨³ ±· É-
±μ¥ μ¶¨¸ ´¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¶·¥¤¶μ¸Ò²μ±, ²¥¦ Ð¨Ì ¢ μ¸´μ¢¥ ±μ¢ ·¨ ´É´μ°
±¢ ·±μ¢μ° ³μ¤¥²¨. �É¶· ¢´μ° ÉμÎ±μ° Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò°
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² £· ´¦¨ ´, μ¶¨¸Ò¢ ÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥±μÉμ·μ£μ  ¤·μ´  ¸ ¸μ¸É ¢²ÖÕ-
Ð¨³¨ ¥£μ ±¢ ·± ³¨. �·¨ ÔÉμ³  ¤·μ´´μ¥ ¸μ¸ÉμÖ´¨¥ μ¶¨¸Ò¢ ¥É¸Ö ¶μ²¥³ H(x),
Ê¤μ¢²¥É¢μ·ÖÕÐ¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê ¸¢μ¡μ¤´μ³Ê Ê· ¢´¥´¨Õ ¤¢¨¦¥´¨Ö,   ±¢ ·-
±μ¢ Ö Î ¸ÉÓ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¨´É¥·¶μ²¨·ÊÕÐ¨° ±¢ ·±μ¢Ò° Éμ± JH(x) ¸
±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ ¤ ´´μ£μ  ¤·μ´ 

Lint(x) = gHH(x)JH(x) + h. c. (8)

�É³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥ Éμ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í, É. ¥. ±μ£¤   ´É¨Î ¸É¨Í  ¸μ-
¢¶ ¤ ¥É ¸ Î ¸É¨Í¥° (π0-³¥§μ´, φ-³¥§μ´ ¨ É. ¶.), Ô·³¨Éμ¢μ-¸μ¶·Ö¦¥´´ Ö Î ¸ÉÓ
¸μ¢¶ ¤ ¥É ¸ ¶¥·¢μ´ Î ²Ó´Ò³ ² £· ´¦¨ ´μ³ ¨ ¶μÔÉμ³Ê ¥¥ ´Ê¦´μ μ¶Ê¸É¨ÉÓ.
‚ ¸²ÊÎ ¥ ¶·μ¸É¥°Ï¨Ì ±¢ ·±- ´É¨±¢ ·±μ¢ÒÌ ¸μ¸ÉμÖ´¨° (³¥§μ´μ¢) ¨´É¥·¶μ²¨-
·ÊÕÐ¨° ±¢ ·±μ¢Ò° Éμ± § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

JM (x) =
∫

dx1

∫
dx2 FM (x; x1, x2)q̄2(x2)ΓMq1(x1). (9)

‡¤¥¸Ó ΓM Å ³ É·¨Í  „¨· ± , μ¡¥¸¶¥Î¨¢ ÕÐ Ö ´Ê¦´Ò¥ ±¢ ´Éμ¢Ò¥ Î¨¸²  ¤²Ö
³¥§μ´ : I Å ¸± ²Ö·, iγ5 Å ¶¸¥¢¤μ¸± ²Ö·, γμ Å ¢¥±Éμ·, γμγ5 Å  ±¸¨ ²,
σμν = (i/2)(γμγν − γνγμ) Å É¥´§μ·. ‚¥·Ï¨´´ Ö ËÊ´±Í¨Ö FM ÔËË¥±É¨¢´μ
μ¶¨¸Ò¢ ¥É · ¸¶·¥¤¥²¥´¨¥ ±¢ ·±μ¢ ¢´ÊÉ·¨ ³¥§μ´ . ‚ ¶·¨´Í¨¶¥, μ´  ³μ¦¥É
¡ÒÉÓ ¸¢Ö§ ´  ¸  ³¶²¨ÉÊ¤μ° 	¥É¥Ä‘μ²¶¨É¥· , ´μ ´  ¤ ´´μ³ ÔÉ ¶¥ ³Ò ¡Ê¤¥³
¸Î¨É ÉÓ ¥¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ËÊ´±Í¨¥°. ˆ§ É·¥¡μ¢ ´¨Ö É· ´¸²ÖÍ¨μ´´μ°
¨´¢ ·¨ ´É´μ¸É¨ ¸²¥¤Ê¥É, ÎÉμ ÔÉ  ËÊ´±Í¨Ö ¤μ²¦´  Ê¤μ¢²¥É¢μ·ÖÉÓ ¸μμÉ´μÏ¥-
´¨Õ FM (x + a; x1 + a, x2 + a) = FM (x; x1, x2), £¤¥ a Å ¶·μ¨§¢μ²Ó´Ò°
4-¢¥±Éμ·. ŒÒ ¢Ò¡¨· ¥³ ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê ¤²Ö ËÊ´±Í¨¨ FM , Ê¤μ¢²¥É¢μ-
·ÖÕÐÊÕ ¤ ´´μ³Ê Ê¸²μ¢¨Õ:

FM (x, x1, x2) = δ(x − w1x1 − w2x2)ΦM ((x1 − x2)2), (10)

£¤¥ wi = mqi/(mq1 + mq2). „ ´´Ò° ¢Ò¡μ· ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò¤¥²¥´¨Õ ¸¨¸É¥³Ò
Í¥´É·  ³ ¸¸ ¤¢ÊÌ ±¢ ·±μ¢ ¨ Ê³´μ¦¥´¨Õ ´  ËÊ´±Í¨Õ ΦM , § ¢¨¸ÖÐÊÕ ²¨ÏÓ μÉ
±¢ ¤· É  μÉ´μ¸¨É¥²Ó´μ° ±μμ·¤¨´ ÉÒ. �É ËÊ´±Í¨¨ ΦM É·¥¡Ê¥É¸Ö ¤μ¸É ÉμÎ´μ
¡Ò¸É·μ¥ Ê¡Ò¢ ´¨¥ ¥¥ ËÊ·Ó¥-μ¡· §  ¢ ¥¢±²¨¤μ¢μ° μ¡² ¸É¨.

Šμ¢ ·¨ ´É´ Ö ³μ¤¥²Ó ±¢ ·±μ¢ ¶μ§¢μ²Ö¥É ´  ¥¤¨´μ° μ¸´μ¢¥ μ¶¨¸Ò¢ ÉÓ
± ± ¶·μ¸É¥°Ï¨¥ qq̄-³¥§μ´Ò, É ± ¨ ¡μ²¥¥ ¸²μ¦´Ò¥ ³´μ£μ±¢ ·±μ¢Ò¥ ¸μ¸ÉμÖ-
´¨Ö. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥³ ¨´É¥·¶μ²¨·ÊÕÐ¨° 3-±¢ ·±μ¢Ò° Éμ± ¸
±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ ¶·μÉμ´ :

Jp(x) =
∫

dx1

∫
dx2

∫
dx3 FN (x; x1, x2, x3)J

(p)
3q (x1, x2, x3),

J
(p)
3q (x1, x2, x3) = ΓAγ5 da1(x1)[εa1a2a3 ua2(x2)C ΓAua3(x3)],

J̄p(x) =
∫

dx1

∫
dx2

∫
dx3 FN (x; x1, x2, x3) J̄

(p)
3q (x1, x2, x3),

J̄
(p)
3q (x1, x2, x3) = [εa1a2a3 ūa3(x3) ΓA Cūa2(x2)]d̄a1(x1)γ5ΓA,

(11)
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£¤¥ ³ É·¨Í  C = γ0γ2 ¸¢Ö§ ´  ¸ ³ É·¨Í¥° § ·Ö¤μ¢μ£μ ¸μ¶·Ö¦¥´¨Ö ¤²Ö Ë¥·³¨-
μ´μ¢ i γ0γ2. „²Ö Ê¤μ¡¸É¢  ¢ÒÎ¨¸²¥´¨° ³Ò μ¶Ê¸± ¥³ ®i¯. Œ É·¨Í  C μ¡² ¤ ¥É
¸²¥¤ÊÕÐ¨³¨ ¸¢μ°¸É¢ ³¨:

C = C† = C−1 = −CT , CΓC−1 = ±Γ (®+¯ → S, P, A ®−¯ → V, T ).
(12)

ˆ´¤¥±¸Ò ai, i = 1, 2, 3, Ö¢²ÖÕÉ¸Ö ¨´¤¥±¸ ³¨ Í¢¥É´μ° £·Ê¶¶Ò SUc(3). „²Ö
¶·μÉμ´  ¨³¥ÕÉ¸Ö ¤¢  ´¥§ ¢¨¸¨³ÒÌ Éμ± : ΓA ⊗ΓA = γα ⊗ γα (¢¥±Éμ·´Ò° Éμ±)
¨ ΓA⊗ΓA = σαβ ⊗σαβ (É¥´§μ·´Ò° Éμ±). ‚¥·Ï¨´´ Ö ËÊ´±Í¨Ö FN ¢Ò¡¨· ¥É¸Ö
¢ Ëμ·³¥,  ´ ²μ£¨Î´μ° ¸²ÊÎ Õ ³¥§μ´μ¢:

FN (x; x1, x2, x3) = δ(4)

(
x −

3∑
i=1

wixi

)
ΦN

⎛⎝∑
i<j

(xi − xj)2

⎞⎠ , (13)

£¤¥ wi = mi/(m1+m2+m3) É ±, ÎÉμ
3∑

i=1

wi = 1. ”¨§¨±  ± ± ²¥£±¨Ì ´Ê±²μ´μ¢,

É ± ¨ ÉÖ¦¥²ÒÌ ¡ ·¨μ´μ¢ ¡Ò²  ¶μ¤·μ¡´μ ¨¸¸²¥¤μ¢ ´  ¢ [75Ä86].
„²Ö ¨¸¸²¥¤μ¢ ´¨° ¸¢μ°¸É¢ X(3872) ± ± É¥É· ±¢ ·±  ¸ ±¢ ´Éμ¢Ò³¨ Î¨-

¸² ³¨ JPC = 1++ ³Ò ¢μ¸¶μ²Ó§Ê¥³¸Ö ¢Ò¡μ·μ³ Éμ± , ¶·¥¤²μ¦¥´´μ£μ ¢ [46]:
[cq]S=0 [c̄q̄]S=1 + [cq]S=1 [c̄q̄]S=0 (q = u, d). �¥²μ± ²Ó´ Ö ¢¥·¸¨Ö ÔÉμ£μ
4-±¢ ·±μ¢μ£μ ¨´É¥·¶μ²¨·ÊÕÐ¥£μ Éμ±  ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Jμ
Xq

(x) =
∫

dx1 . . .

∫
dx4 δ

(
x −

4∑
i=1

wixi

)
ΦX

⎛⎝∑
i<j

(xi − xj)2

⎞⎠×

× 1√
2

εabcεdec

{
[qa(x4)Cγ5cb(x1)][q̄d(x3)γμCc̄e(x2)] +

+ [qa(x4)Cγμcb(x1)][q̄d(x3)γ5Cc̄e(x2)]
}

, (14)

w1 = w2 = wc =
mc

2(mq + mc)
, w3 = w4 = wq =

mq

2(mq + mc)
.

�Ê³¥· Í¨Ö ±μμ·¤¨´ É xi ¢Ò¡· ´  É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ Ê¤μ¡´ÊÕ
· ¸¸É ´μ¢±Ê ¶·μ¶ £ Éμ·μ¢ ¨ ¢¥·Ï¨´ ¢ ¤¨ £· ³³ Ì ”¥°´³ ´ .

�ËË¥±É¨¢´Ò° ² £· ´¦¨ ´, μ¶¨¸Ò¢ ÕÐ¨° ¸¢Ö§Ó Xq-³¥§μ´  ¸ ¥£μ ±μ´¸É¨-
ÉÊÔ´É ³¨, ¨³¥¥É ¢¨¤

Lint = gXXqμ(x)Jμ
Xq

(x) (q = u, d). (15)

‘μ¸ÉμÖ´¨¥ Xu ´ ·ÊÏ ¥É ¨§μ¸¶¨´μ¢ÊÕ ¸¨³³¥É·¨Õ ³ ±¸¨³ ²Ó´Ò³
μ¡· §μ³:

Xu =
1√
2

⎧⎪⎪⎨⎪⎪⎩
Xu + Xd√

2︸ ︷︷ ︸
I=0

+
Xu − Xd√

2︸ ︷︷ ︸
I=1

⎫⎪⎪⎬⎪⎪⎭ . (16)
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‘²¥¤ÊÖ ¶·¥¤²μ¦¥´¨Õ  ¢Éμ·μ¢ [46], ¡Ê¤¥³ ¸Î¨É ÉÓ Ë¨§¨Î¥¸±¨³¨ ¸μ¸ÉμÖ´¨Ö³¨
¸Ê¶¥·¶μ§¨Í¨Õ Xu- ¨ Xd-¸μ¸ÉμÖ´¨°:

Xl ≡ Xlow = Xu cos θ + Xd sin θ,
(17)

Xh ≡ Xhigh = −Xu sin θ + Xd cos θ.

“£μ² ¸³¥Ï¨¢ ´¨Ö θ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´ ¨§ Ë¨É  ¡·Ô´Î¨´£μ¢ ¢ Ê· ¢-
´¥´¨¨ (2).

Šμ´¸É ´ÉÒ ¸¢Ö§¨ gH ¢ Ê· ¢´¥´¨ÖÌ (8) ¨ (15) μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²μ¢¨Ö
¸¢Ö§´μ¸É¨ ZH = 0, ¶·¥¤²μ¦¥´´μ£μ ¢ [99,100] ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶μ²Ó§Ê¥³μ£μ
¢μ ³´μ£¨Ì · §¤¥² Ì Ë¨§¨±¨ Î ¸É¨Í (¤²Ö μ¡§μ·  ¸³. [101]). ‡¤¥¸Ó ZH ¥¸ÉÓ ±μ´-
¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨  ¤·μ´ . “¸²μ¢¨¥ ¸¢Ö§´μ¸É¨ μ§´ -
Î ¥É, ÎÉμ ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨  ¤·μ´´μ£μ ¶μ²Ö ZH , ¶μÖ¢¨¢Ï Ö¸Ö ¢ ·¥-
§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¥£μ ±μ´¸É¨ÉÊÔ´É ³¨, ¤μ²¦´  ¡ÒÉÓ ¶μ²μ¦¥´  · ¢´μ°

�¨¸. 1. ‘μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸± Ö
¤¨ £· ³³   ¤·μ´ , ¸μ¸ÉμÖÐ¥£μ ¨§
±¢ ·±  ¨  ´É¨±¢ ·± 

´Ê²Õ: ZH = 0. ‚ ¸²ÊÎ ¥ ¶·μ¸É¥°-
Ï¥£μ ¸± ²Ö·´μ£μ (¶¸¥¢¤μ¸± ²Ö·´μ£μ) ¡¥¸-
¸¶¨´μ¢μ£μ ¶μ²Ö ¤ ´´μ¥ Ê¸²μ¢¨¥ § ¶¨¸Ò-
¢ ¥É¸Ö ¢ ¢¨¤¥

ZM = 1 − g2
MΠ′

M (m2
M ) = 0, (18)

£¤¥ Π′
M (m2

M ) ¥¸ÉÓ ¶·μ¨§¢μ¤´ Ö ³ ¸-
¸μ¢μ£μ μ¶¥· Éμ· , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¢
²¨¤¨·ÊÕÐ¥³ ¶μ 1/Nc-· §²μ¦¥´¨¨ ¸μ¡-
¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ° ¤¨ £· ³³¥ ´ 
·¨¸. 1.

—Éμ¡Ò ¶μÖ¸´¨ÉÓ Ë¨§¨Î¥¸±¨° ¸³Ò¸² Ê¸²μ¢¨Ö ¸¢Ö§´μ¸É¨, ³Ò ´ ¶μ³´¨³ Î¨-
É É¥²Õ, ÎÉμ ±μ´¸É ´É  ¶¥·¥´μ·³¨·μ¢±¨ ZM É ±¦¥ ¨³¥¥É ¸³Ò¸² ¢¥²¨Î¨´Ò
±¢ ¤· É  ³ É·¨Î´μ£μ Ô²¥³¥´É  ³¥¦¤Ê Ë¨§¨Î¥¸±¨³ (®μ¤¥ÉÒ³¯) ¨ ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨³ § É· ¢μÎ´Ò³ (®£μ²Ò³¯) ¸μ¸ÉμÖ´¨¥³. …¸²¨ ZM = 0, Éμ ÔÉμ μ§´ Î ¥É, ÎÉμ
Ë¨§¨Î¥¸±μ¥ ¸μ¸ÉμÖ´¨¥ ´¥ ¸μ¤¥·¦¨É¸Ö ¢ ®£μ²μ³¯ ¨ ¶μÔÉμ³Ê Ö¢²Ö¥É¸Ö ¸¢Ö§ ´´Ò³
¸μ¸ÉμÖ´¨¥³ ¨§ ¥£μ ±μ´¸É¨ÉÊÔ´Éμ¢. „·Ê£¨³¨ ¸²μ¢ ³¨, ¢ ¨¸Ìμ¤´μ³ ² £· ´¦¨ ´¥
¸μ¤¥·¦ É¸Ö ± ± ±μ´¸É¨ÉÊÔ´ÉÒ (±¢ ·±¨), É ± ¨  ¤·μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¢¸¥ · ¸¸³ -
É·¨¢ ¥³Ò¥ ± ± Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ. ‚ ·¥§Ê²ÓÉ É¥ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö, μ¶¨-
¸Ò¢ ¥³μ£μ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ² £· ´¦¨ ´μ³ ¢§ ¨³μ¤¥°¸É¢¨Ö (8), ¶·μ¨¸Ìμ¤¨É
¶·μÍ¥¸¸ ®μ¤¥¢ ´¨Ö¯ £μ²ÒÌ  ¤·μ´´ÒÌ ¸μ¸ÉμÖ´¨°, ¨§-§  Î¥£μ ¶¥·¥´μ·³¨·ÊÕÉ¸Ö
¨Ì ³ ¸¸Ò ¨ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨. “¸²μ¢¨¥ ZM = 0 μ§´ Î ¥É, ÎÉμ, ¢μ-¶¥·¢ÒÌ,
 ¤·μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¶·¥¤¸É ÕÉ ± ± ¸¢Ö§ ´´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¨, ¢μ-¢Éμ·ÒÌ, ±¢ ·-
±μ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¨¸±²ÕÎ ÕÉ¸Ö ¨§ ¶·μ¸É· ´¸É¢  Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ-
´¨°, ÎÉμ £ · ´É¨·Ê¥É μÉ¸ÊÉ¸É¢¨¥ ¤¢μ°´μ£μ ¸Î¥É . Šμ´¸É¨ÉÊÔ´ÉÒ (±¢ ·±¨) ³μ-
£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö Éμ²Ó±μ ¢ ¢¨·ÉÊ ²Ó´μ³ ¸μ¸ÉμÖ´¨¨. �¤´¨³ ¨§ ¢ ¦´ÒÌ ¸²¥¤¸É¢¨°
Ê¸²μ¢¨Ö ¸¢Ö§´μ¸É¨ Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¶·Ö³μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¤¥ÉÒÌ § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³. � Î ²Ó´Ò° ² £· ´¦¨ ´ ¤μ¶Ê¸± ¥É
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¢§ ¨³μ¤¥°¸É¢¨¥ ± ± ±¢ ·±μ¢, É ± ¨ Ô²¥³¥´É ·´ÒÌ  ¤·μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¸ Ô²¥±-
É·μ³ £´¨É´Ò³ ¶μ²¥³, ±μÉμ·μ¥ ¢¢μ¤¨É¸Ö ´  μ¸´μ¢¥ ¸É ´¤ ·É´μ° ³¨´¨³ ²Ó´μ°
§ ³¥´Ò. ‘ ÊÎ¥Éμ³ ¸¨²Ó´μ£μ ¨ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨° Ô²¥±É·μ-
³ £´¨É´Ò° Ëμ·³Ë ±Éμ· § ·Ö¦¥´´μ° Î ¸É¨ÍÒ μ¶¨¸Ò¢ ¥É¸Ö ´ ¡μ·μ³ É·¥Ì ¤¨ -
£· ³³: 1) ¤¨ £· ³³ -¤¥·¥¢μ, μ¶¨¸Ò¢ ÕÐ Ö ´¥¶μ¸·¥¤¸É¢¥´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
 ¤·μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³, 2) É  ¦¥ ¤¨ £· ³³ , ´μ ¸
ÊÎ¥Éμ³ ¸¨²Ó´ÒÌ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±¨Ì ¢¸É ¢μ± (¸³. ·¨¸. 1) ¢μ ¢´¥Ï´¨¥
±μ´ÍÒ ¤¨ £· ³³Ò, 3) É·¥Ê£μ²Ó´ Ö ¤¨ £· ³³ , ¢ ±μÉμ·μ° ËμÉμ´ ¢§ ¨³μ¤¥°-
¸É¢Ê¥É ¸ ¢¨·ÉÊ ²Ó´Ò³ ±¢ ·±μ³. ‘Ê³³  ¤¢ÊÌ ¶¥·¢ÒÌ ¤¨ £· ³³ · ¢´  ¢±² ¤Ê
¤¨ £· ³³Ò-¤¥·¥¢ , ¶μ³´μ¦¥´´μ³Ê ´  Ë ±Éμ· ZM , É. ¥. ¨¸Î¥§ ¥É ¢ ¸¨²Ê Ê¸²μ-
¢¨Ö ¸¢Ö§´μ¸É¨. Š·μ³¥ Éμ£μ, ¢±² ¤ μ¸É ¢Ï¥°¸Ö É·¥Ê£μ²Ó´μ° ¤¨ £· ³³Ò · ¢¥´
¢ ÉμÎ´μ¸É¨ ¥¤¨´¨Í¥ ¶·¨ ´Ê²¥¢μ³ §´ Î¥´¨¨ 4-¨³¶Ê²Ó¸  ËμÉμ´ , ÎÉμ ¸μμÉ¢¥É-
¸É¢Ê¥É ¶· ¢¨²Ó´μ° ´μ·³¨·μ¢±¥ Ëμ·³Ë ±Éμ·  § ·Ö¦¥´´μ° Î ¸É¨ÍÒ.

‚ ¸²ÊÎ ¥ Î ¸É¨Í ¸μ ¸¶¨´μ³ 1 (¢¥±Éμ·´Ò¥ ¨  ±¸¨ ²Ó´Ò¥ ³¥§μ´Ò) ³ ¸¸μ¢Ò°
μ¶¥· Éμ· ¨³¥¥É ¤¢¥ ´¥§ ¢¨¸¨³Ò¥ ²μ·¥´Í-¸É·Ê±ÉÊ·Ò:

Πμν
S=1(p) = gμνΠS=1(p2) + pμpνΠ(1)

S=1(p
2). (19)

‚Éμ·μ¥ ¸² £ ¥³μ¥ ´¥ ¨£· ¥É ·μ²¨, ¥¸²¨ Î ¸É¨Í  ´ Ìμ¤¨É¸Ö ´  ³ ¸¸μ¢μ° ¶μ-
¢¥·Ì´μ¸É¨. �μÔÉμ³Ê ·μ²Ó ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  ¢ Ê¸²μ¢¨¨ ¸¢Ö§´μ¸É¨ ¨£· ¥É
¸± ²Ö·´ Ö Î ¸ÉÓ ΠS=1(p2), ±μÉμ· Ö ¸ ¶μ³μÐÓÕ ¶·μ¥±Í¨μ´´μ£μ μ¶¥· Éμ·  ³μ-
¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¨§ Πμν

S=1(p):

ΠS=1(p2) =
1
3

(
gμν − pμpν

p2

)
Πμν

S=1(p). (20)

‚ ¤ ´´μ³ μ¡§μ·¥ ³Ò ¡Ê¤¥³ ¢ μ¸´μ¢´μ³ · ¸¸³ É·¨¢ ÉÓ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ ¨
¢¥±Éμ·´Ò¥ ³¥§μ´Ò. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·μ¨§¢μ¤´Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³ ¸¸μ¢ÒÌ
μ¶¥· Éμ·μ¢ ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥

Π′
P (p2) =

1
2p2

pα d

dpα
Nc

∫
d4k

(2π)4i
Φ̃2

P (−k2)×

× tr
[
γ5S1(k + w1p)γ5S2(k − w2p)

]
=

1
2p2

Nc

∫
d4k

(2π)4i
Φ̃2

P (−k2)×

×
{
w1 tr

[
γ5S1(k + w1p) �p S1(k + w1p)γ5S2(k − w2p)

]
−

− w2 tr
[
γ5S1(k + w1p)γ5S2(k − w2p) �p S2(k − w2p)

]}
,
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Π′
V (p2) =

1
3

(
gμν − pμpν

p2

)
1

2p2
pα d

dpα
Nc

∫
d4k

(2π)4i
Φ̃2

V (−k2)×

× tr [γμS1(k + w1p)γνS2(k − w2p)] =

=
1
3

(
gμν − pμpν

p2

)
1

2p2
Nc

∫
d4k

(2π)4i
Φ̃2

V (−k2)×

×
{
w1 tr [γμS1(k + w1p) �p S1(k + w1p)γνS2(k − w2p)]−

− w2 tr [γμS1(k + w1p)γνS2(k − w2p) �p S2(k − w2p)]
}

, (21)

£¤¥ Φ̃H(−k2) Ö¢²Ö¥É¸Ö ËÊ·Ó¥-μ¡· §μ³ ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ΦH((x1 − x2)2),
Si(k) ¥¸ÉÓ ¸¢μ¡μ¤´Ò° ¶·μ¶ £ Éμ· ±μ´¸É¨ÉÊÔ´É´μ£μ ±¢ ·±  ¸ ³ ¸¸μ° mi:

Si(k) =
1

mi− �k . (22)

�·¨ ¢Ò¢μ¤¥ Ëμ·³Ê²Ò (21) ³Ò ¢μ¸¶μ²Ó§μ¢ ²¨¸Ó · ¢¥´¸É¢ ³¨

pμ d

dpμ
f(p2) = 2p2 d

dp2
f(p2) (23)

¨
d

dpμ

1
m− �k− �p =

1
m− �k− �p γμ

1
m− �k− �p . (24)

„²Ö Ê¶·μÐ¥´¨Ö ¢ÒÎ¨¸²¥´¨° ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ £ Ê¸¸μ¢Ê Ëμ·³Ê ¤²Ö ¢¥·-
Ï¨´´μ° ËÊ´±Í¨¨ Φ̃H(−k2):

Φ̃H(− k2) = exp
(
k2/Λ2

H

)
, (25)

£¤¥ ¶ · ³¥É· ΛH Ì · ±É¥·¨§Ê¥É · §³¥· ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ-
´¨Ö H . �μ¸±μ²Ó±Ê k2 ¶¥·¥Ìμ¤¨É ¢ −k2

E ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥, ËÊ´±Í¨Ö ¢

Ê· ¢´¥´¨¨ (25) ¡Ò¸É·μ Ê¡Ò¢ ¥É ¶·¨ k2
E → ∞, μ¡¥¸¶¥Î¨¢ Ö Ê²ÓÉ· Ë¨μ²¥Éμ¢ÊÕ

¸Ìμ¤¨³μ¸ÉÓ Ë¥°´³ ´μ¢¸±¨Ì ¤¨ £· ³³.
‚ ¸²ÊÎ ¥ 4-±¢ ·±μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ³ ¸¸μ¢Ò° μ¶¥· Éμ· μ¶·¥¤¥²Ö¥É¸Ö É·¥Ì-

¶¥É²¥¢μ° ¤¨ £· ³³μ°, ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 2.

�¨¸. 2. ‘μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸± Ö ¤¨ £· ³³  Xu-³¥§μ´ 
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�·¨ ¢ÒÎ¨¸²¥´¨¨ ´ ³ ¶μ´ ¤μ¡¨É¸Ö ËÊ·Ó¥-μ¡· § ¢¥·Ï¨´´μ° ËÊ´±Í¨¨

X-³¥§μ´  ΦX

(∑
i<j

(xi − xj)2
)

¢ Ê· ¢´¥´¨¨ (14). “¤μ¡´¥¥ ¢¸¥£μ ´ °É¨ ËÊ·Ó¥-

μ¡· § ¸ ¶μ³μÐÓÕ ¢¢¥¤¥´¨Ö ±μμ·¤¨´ É Ÿ±μ¡¨ ¢ ¸¨¸É¥³¥ ¨§ Î¥ÉÒ·¥Ì ±¢ ·±μ¢:

x1 = x +
2w2 + w3 + w4

2
√

2
ρ1 −

w3 − w4

2
√

2
ρ2 +

w3 + w4

2
ρ3 ≡ x +

3∑
j=1

c1jρj ,

x2 = x − 2w1 + w3 + w4

2
√

2
ρ1 −

w3 − w4

2
√

2
ρ2 +

w3 + w4

2
ρ3 ≡ x +

3∑
j=1

c2jρj ,

(26)

x3 = x − w1 − w2

2
√

2
ρ1 +

w1 + w2 + 2w4

2
√

2
ρ2 −

w1 + w2

2
ρ3 ≡ x +

3∑
j=1

c3jρj ,

x4 = x − w1 − w2

2
√

2
ρ1 −

w1 + w2 + 2w3

2
√

2
ρ2 −

w1 + w2

2
ρ3 ≡ x +

3∑
j=1

c4jρj .

‡¤¥¸Ó x =
4∑

i=1

xiwi ¨
∑

1�i<j�4

(xi − xj)2 =
3∑

i=1

ρ2
i .

’μ£¤ 

ΦX

⎛⎝∑
i<j

(xi − xj)2

⎞⎠ =
4∏

i=1

∫
dpi

(2π)4
exp

(
−i

4∑
i=1

pixi

)
Φ̃X(p1, . . . , p4),

Φ̃X(p1, . . . , p4) = (2π)4 δ

(
4∑

i=1

pi

)
Φ̄X(−Ω2), (27)

Φ̄X(−Ω2) =
1
4

3∏
i=1

∫
dρi exp

(
i

3∑
i=1

ωiρi

)
ΦX(R2),

£¤¥ Ω2 =
3∑

i=1

ω2
i ¨ R2 =

3∑
i=1

ρ2
i . Šμμ·¤¨´ ÉÒ Ÿ±μ¡¨ ¢ ¨³¶Ê²Ó¸´μ³ ¶·μ¸É· ´-

¸É¢¥ ¨³¥ÕÉ ¢¨¤

ω1 =
p1 − p2

2
√

2
, ω2 =

p1 + p2 + 2p3

2
√

2
, ω3 =

p1 + p2

2
. (28)

Š ± ¨ ¢ ¸²ÊÎ ¥ μ¡ÒÎ´ÒÌ 2-±¢ ·±μ¢ÒÌ ³¥§μ´μ¢, ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ
£ Ê¸¸μ¢Ê Ô±¸¶μ´¥´ÉÊ ¤²Ö ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ É¥É· ±¢ ·± :

Φ̄X(−Ω2) = exp
(

Ω2

Λ2
X

)
, (29)

£¤¥ ¶ · ³¥É· ΛX Ì · ±É¥·¨§Ê¥É · §³¥· X-³¥§μ´ .
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‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ±¢ ´Éμ¢Ò¥ Î¨¸²  X-³¥§μ´  ¥¸ÉÓ JPC = 1++, ¶·μ¨§-
¢μ¤´ Ö ¸± ²Ö·´μ° Î ¸É¨ ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Π′
X(p2) =

1
2p2

pα ∂

∂pα
ΠX(p2) =

=
2

3p2

(
gμν − pμpν

p2

) 3∏
i=1

∫
d4ki

(2π)4i
Φ̄2

X

(
−K2

)
×

×
{
−wc tr

[
S[12]

c �pS[12]
c γ5S[2]

q γ5
]
tr
[
S[3]

c γμS[13]
q γν

]
+

+ wq tr
[
S[12]

c γ5S[2]
q �pS[2]

q γ5
]
tr
[
S[3]

c γμS[13]
q γν

]
−

− wc tr
[
S[12]

c γ5S[2]
q γ5

]
tr
[
S[3]

c �pS[3]
c γμS[13]

q γν
]
+

+ wq tr
[
S[12]

c γ5S[2]
q γ5

]
tr
[
S[3]

c γμS[13]
q �pS[13]

q γν
]}

, (30)

£¤¥ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸μ±· Ð¥´´Ò¥ μ¡μ§´ Î¥´¨Ö

S[12]
c = Sc(k1 + k2 − wcp), S[3]

c = Sc(k3 − wcp),

S[2]
q = Sq(k2 + wqp), S[13]

q = Sq(k1 + k3 + wqp),

K2 =
1
8
(k1 + 2 k2)2 +

1
8
(k1 + 2 k3)2 +

1
4
k2
1 .

1.2. ˆ´Ë· ±· ¸´Ò° ±μ´Ë °´³¥´É. ‚ ÔÉμ³ ¶Ê´±É¥ ³Ò ¨§²μ¦¨³ ¸¶μ-
¸μ¡ ¢¢¥¤¥´¨Ö ±μ´Ë °´³¥´É  ¢ · §¢¨¢ ¥³ÊÕ ³μ¤¥²Ó, É. ¥. ¸¶μ¸μ¡ Ê¸É· ´¥´¨Ö
¶μ·μ£μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·μ¦¤¥´¨Õ ±¢ ·±μ¢. �μ·μ£μ¢Ò¥
¸¨´£Ê²Ö·´μ¸É¨ ¢μ§´¨± ÕÉ ¢¸²¥¤¸É¢¨¥ Éμ£μ, ÎÉμ ³Ò ¨¸¶μ²Ó§Ê¥³ ¸¢μ¡μ¤´Ò¥ ¶·μ-
¶ £ Éμ·Ò ±¢ ·±μ¢ ¶·¨ ¶μ¸É·μ¥´¨¨ Ë¥°´³ ´μ¢¸±¨Ì ¤¨ £· ³³, μ¶¨¸Ò¢ ÕÐ¨Ì
É¥ ¨²¨ ¨´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

� ¸¸³μÉ·¨³ ¶·μ¨§¢μ²Ó´ÊÕ Ë¥°´³ ´μ¢¸±ÊÕ ¤¨ £· ³³Ê, ¸μ¸ÉμÖÐÊÕ ¨§ n
±¢ ·±μ¢ÒÌ ¶·μ¶ £ Éμ·μ¢ S, 	 ¶¥É¥²Ó ¸ ¨³¶Ê²Ó¸´Ò³¨ ¶¥·¥³¥´´Ò³¨ ¨´É¥£·¨·μ-
¢ ´¨Ö k, m ¢¥·Ï¨´ ¸ £ Ê¸¸μ¢Ò³¨ ¢¥·Ï¨´´Ò³¨ ËÊ´±Í¨Ö³¨ Φ. ‚ ¶·μ¸É· ´¸É¢¥
Œ¨´±μ¢¸±μ£μ ¤ ´´ Ö ¤¨ £· ³³  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥

Π(p1, . . . , pm)
∫

[d4k]�
m∏

i1=1

Φi1+n

(
−K2

i1+n

) n∏
i3=1

Si3(k̃i3 + vi3),

K2
i1+n =

∑
i2

(
k̃

(i2)
i1+n + v

(i2)
i1+n

)2

,

(31)

£¤¥ 4-¢¥±Éμ·Ò k̃i Ö¢²ÖÕÉ¸Ö ²¨´¥°´Ò³¨ ±μ³¡¨´ Í¨Ö³¨ ¶¥É²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ
¨´É¥£·¨·μ¢ ´¨Ö ki,   ¢¥±Éμ·Ò vi Å ²¨´¥°´Ò³¨ ±μ³¡¨´ Í¨Ö³¨ ¢´¥Ï´¨Ì ¨³-
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¶Ê²Ó¸μ¢. ŒÒ μ¶Ê¸É¨²¨ ¢μ§³μ¦´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ³ É·¨Í „¨· ± , ¶μ¸±μ²Ó±Ê
μ´¨ ´¥ § ¢¨¸ÖÉ μÉ ¨³¶Ê²Ó¸´ÒÌ ¶¥·¥³¥´´ÒÌ. „²Ö ¶·μ¸ÉμÉÒ ¢¸¥ ¢´¥Ï´¨¥ ¨³-

¶Ê²Ó¸Ò ¢Ò¡· ´Ò ¢Ìμ¤ÖÐ¨³¨ ¢ ¢¥·Ï¨´Ò É ±, ÎÉμ
m∑

i=1

pi = 0.

„ ²¥¥ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¥¤¸É ¢²¥´¨¥ ”μ± Ä˜¢¨´£¥·  ¤²Ö ¸¢μ¡μ¤´μ£μ ¶·μ-
¶ £ Éμ·  ±¢ ·± 

S(k) = (m+ �k)

∞∫
0

dβ e−β (m2−k2). (32)

	¥§ μ£· ´¨Î¥´¨Ö μ¡Ð´μ¸É¨ ¢Ò¡¨· ¥³ ¢¥·Ï¨´´Ò¥ ËÊ´±Í¨¨ ¢ ¢¨¤¥ £ Ê¸¸μ¢ÒÌ
Ô±¸¶μ´¥´É:

Φi+n

(
−K2

)
= exp

[
βi+n K2

]
, i = 1, . . . , m, (33)

£¤¥ ¶ · ³¥É·Ò βi+n = si = 1/Λ2
i Ì · ±É¥·¨§ÊÕÉ · §³¥·Ò  ¤·μ´ . ‚ ·¥§Ê²Ó-

É É¥ ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¢ Ê· ¢´¥´¨¨ (31) ¶·¨μ¡·¥É ¥É ¢¨¤ £ Ê¸¸μ¢μ°
Ô±¸¶μ´¥´ÉÒ, Ê³´μ¦¥´´μ° ´  ¶μ²¨´μ³ ¸É¥¶¥´¨ n ¶μ ¶¥·¥³¥´´Ò³ ¨´É¥£·¨·μ-
¢ ´¨Ö, ¶μ²ÊÎ¥´´Ò° ¨§ ¶·μ¨§¢¥¤¥´¨Ö Î¨¸²¨É¥²¥° ±¢ ·±μ¢ÒÌ ¶·μ¶ £ Éμ·μ¢. �μ-
± § É¥²Ó Ô±¸¶μ´¥´ÉÒ ¨³¥¥É Ëμ·³Ê kak + 2kr + R, £¤¥ a ¥¸ÉÓ 	 × 	-³ É·¨Í ,
¸μ¸É ¢²¥´´ Ö ¨§ ¶·μ¨§¢¥¤¥´¨Ö ¶ · ³¥É·μ¢ βi É ±, ÎÉμ aT = a, ¢¥±Éμ· r · §-
³¥·´μ¸É¨ 	 ¸μ¸É ¢²¥´ ¨§ ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸μ¢,   R Ö¢²Ö¥É¸Ö ±¢ ¤· É¨Î´μ° Ëμ·-
³μ° ¨§ ¢´¥Ï´¨Ì ¨³¶Ê²Ó¸μ¢. ’¥´§μ·´Ò¥ ¨´É¥£· ²Ò ¶μ ¶¥É²¥¢Ò³ ¶¥·¥³¥´´Ò³
¢ÒÎ¨¸²ÖÕÉ¸Ö ¸ ¶μ³μÐÓÕ μ¶¥· Í¨¨ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö

kμ
i e2kr =

1
2

∂

∂ri μ
e2kr. (34)

�·¥¤¸É ¢²¥´¨¥ (34) ¶μ§¢μ²Ö¥É ¢Ò¶μ²´¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¶¥É²¥¢Ò³
¶¥·¥³¥´´Ò³ ¸ ¶μ³μÐÓÕ ¶¥·¥Ìμ¤  ± ¥¢±²¨¤μ¢Ê ¶·μ¸É· ´¸É¢Ê k0 → ik4,
k2 → −k2

E :∫ [
d4k

π2i

]�

exp {kak + 2kr + R} =
1

|a|2 exp {−ra−1r + R}, (35)

£¤¥ |a| = det a, a−1 Å μ¡· É´ Ö ³ É·¨Í . �μ²ÊÎ¨¢Ï Ö¸Ö £ Ê¸¸μ¢  Ô±¸¶μ´¥´É 
³μ¦¥É ¡ÒÉÓ ®¶·μ´¥¸¥´ ¯ Î¥·¥§ μ¶¥· Í¨Õ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö ¸ ¶μ³μÐÓÕ
Ëμ·³Ê²Ò

∂

∂riμ
e−ra−1r = e−ra−1r

(
−2(a−1r)μ

i +
∂

∂riμ

)
. (36)

�±μ´Î É¥²Ó´μ ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´μ ¸ ¶μ³μÐÓÕ ³´μ-
£μ±· É´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ±μ³³ÊÉ Í¨μ´´μ£μ ¸μμÉ´μÏ¥´¨Ö[

∂

∂riμ
, rν

j

]
= δijg

μν . (37)
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�μ¸²¥¤´ÖÖ μ¶¥· Í¨Ö ³μ¦¥É ¡ÒÉÓ  ²£μ·¨É³¨Î¥¸±¨ ·¥ ²¨§μ¢ ´  ¢ ¶·μ£· ³³¥,
´ ¶¨¸ ´´μ° ´  FORM [124].

�μ¸²¥ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¶¥É²¥¢Ò³ ¨³¶Ê²Ó¸´Ò³ ¶¥·¥³¥´´Ò³ ¨ ¢Ò¶μ²´¥-
´¨Ö ¢ÒÏ¥μ¶¨¸ ´´μ° μ¶¥· Í¨¨ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö ¢Ò· ¦¥´¨¥ ¤²Ö Ë¥°´³ -
´μ¢¸±μ° ¤¨ £· ³³Ò ¢ Ê· ¢´¥´¨¨ (31) § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Π =

∞∫
0

dnβ F (β1, . . . , βn), (38)

£¤¥ F ¥¸ÉÓ ¶μ²ÊÎ¨¢Ï¥¥¸Ö ¶μ¤Ò´É¥£· ²Ó´μ¥ ¢Ò· ¦¥´¨¥. “¤μ¡´μ ¶¥·¥°É¨ ± ¨´-
É¥£·¨·μ¢ ´¨Õ ¶μ ¸¨³¶²¥±¸Ê ¸ ¶μ³μÐÓÕ ®¢¸É ¢±¨¯ ¥¤¨´¨ÍÒ ¢ ¶μ¤Ò´É¥£· ²Ó-
´μ¥ ¢Ò· ¦¥´¨¥

1 =

∞∫
0

dt δ

(
t −

n∑
i=1

βi

)
(39)

¨ ¶μ¸²¥¤ÊÕÐ¥° § ³¥´Ò ¶¥·¥³¥´´ÒÌ βi = tαi

Π =

∞∫
0

dt tn−1

1∫
0

dnα δ

(
1 −

n∑
i=1

αi

)
F (tα1, . . . , tαn). (40)

‚ ¨Éμ£¥ ¨³¥¥É¸Ö n ¨´É¥£·¨·μ¢ ´¨°: (n − 1) ¶μ ¡¥§· §³¥·´Ò³ ¶ · ³¥É· ³ α,
¶·μ¡¥£ ÕÐ¨³ ¸¨³¶²¥±¸, ¨ μ¤´μ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¶ · ³¥É·Ê t, ¨³¥ÕÐ¥³Ê
· §³¥·´μ¸ÉÓ ±¢ ¤· É  μ¡· É´μ° ³ ¸¸Ò ¨ ²¥¦ Ð¥³Ê ¢ ¶·¥¤¥² Ì μÉ ´Ê²Ö ¤μ ¡¥¸-
±μ´¥Î´μ¸É¨. …¸²¨ ±¨´¥³ É¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤ ´´μ° ¤¨ -
£· ³³¥, É ±μ¢Ò, ÎÉμ ¶μÖ¢²Ö¥É¸Ö ¶μ·μ£μ¢ Ö ÉμÎ±  ¢¥É¢²¥´¨Ö, Éμ ¨´É¥£· ² (40)
´ Î¨´ ¥É · ¸Ìμ¤¨ÉÓ¸Ö ¶·¨ t → ∞. �¤´ ±μ, ¥¸²¨ μ¡·¥§ ÉÓ ¨´É¥£·¨·μ¢ ´¨¥
´  ¢¥·Ì´¥³ ¶·¥¤¥²¥, Éμ ÔÉμ μ¡¥¸¶¥Î¨É μÉ¸ÊÉ¸É¢¨¥ ²Õ¡ÒÌ ¶μ·μ£μ¢ÒÌ ¸¨´£Ê-
²Ö·´μ¸É¥° ¢ ¤ ´´μ° ¤¨ £· ³³¥, ¶μ¸±μ²Ó±Ê ¶μ²ÊÎ¥´´Ò° ¨´É¥£· ²  ¡¸μ²ÕÉ´μ
¸Ìμ¤¨É¸Ö ¤²Ö ²Õ¡μ£μ ´ ¡μ·  ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ:

Πc =

1/λ2∫
0

dt tn−1

1∫
0

dnα δ

(
1 −

n∑
i=1

αi

)
F (tα1, . . . , tαn). (41)

� · ³¥É· μ¡·¥§ ´¨Ö λ ´ §Ò¢ ¥É¸Ö ¶ · ³¥É·μ³ ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö.
�É³¥É¨³, ÎÉμ μ¡² ¸ÉÓ ³ ²ÒÌ §´ Î¥´¨° ¶¥·¥³¥´´μ° ¨´É¥£·¨·μ¢ ´¨Ö t ∼ 0
¸μμÉ¢¥É¸É¢Ê¥É μ¡² ¸É¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ¶¥É²¥¢ÒÌ ¨³¶Ê²Ó¸´ÒÌ ¶¥·¥³¥´´ÒÌ
¨ ¶μÔÉμ³Ê ´ §Ò¢ ¥É¸Ö Ê²ÓÉ· Ë¨μ²¥Éμ¢μ° μ¡² ¸ÉÓÕ. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢
±μ¢ ·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·±μ¢ Ê²ÓÉ· Ë¨μ²¥Éμ¢Ò¥ · ¸Ìμ¤¨³μ¸É¨ μÉ¸ÊÉ¸É¢ÊÕÉ
¡² £μ¤ ·Ö ¢¥·Ï¨´´Ò³ ËÊ´±Í¨Ö³, ¡Ò¸É·μ Ê¡Ò¢ ÕÐ¨³ ¢ ¥¢±²¨¤μ¢μ° μ¡² ¸É¨.
’ ±¨³ μ¡· §μ³, ¨´Ë· ±· ¸´μ¥ μ¡·¥§ ´¨¥ Ê¤ ²Ö¥É ¢¸¥ ¢μ§³μ¦´Ò¥ ¶μ·μ£μ¢Ò¥
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¸¨´£Ê²Ö·´μ¸É¨, ±μÉμ·Ò¥ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¸¢Ö§ ´Ò ¸ ·μ¦¤¥´¨¥³ ±¢ ·±μ¢. �Éμ
μ§´ Î ¥É, ÎÉμ ¨´Ë· ±· ¸´μ¥ μ¡·¥§ ´¨¥ ÔËË¥±É¨¢´μ μ¡¥¸¶¥Î¨¢ ¥É ±μ´Ë °-
´³¥´É ±¢ ·±μ¢. Œ¥Ì ´¨§³ ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ±μ´-
Ë °´³¥´É  ±¢ ·±μ¢ É ±¦¥ ¶·¨³¥´Ö²¸Ö ¢ ³μ¤¥²ÖÌ � ³¡ÊÄ‰μ´ -‹ §¨´¨μ [125,
126], μ¤´ ±μ μ´ ¨¸¶μ²Ó§μ¢ ²¸Ö ²¨ÏÓ ¤²Ö ¶·μ¸É¥°Ï¨Ì μ¤´μ¶¥É²¥¢ÒÌ ±¢ ·-
±μ¢ÒÌ ¤¨ £· ³³. Œ¥Éμ¤, ±μÉμ·Ò° ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ°
³μ¤¥²¨, Ö¢²Ö¥É¸Ö μ¡Ð¨³ ¨ ³μ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´ ± ±¢ ·±μ¢μ° ¤¨ £· ³³¥ ¸
²Õ¡Ò³ ±μ²¨Î¥¸É¢μ³ ¶·μ¶ £ Éμ·μ¢ ¨ ¶¥É¥²Ó. � · ³¥É· ¨´Ë· ±· ¸´μ£μ μ¡·¥-
§ ´¨Ö λ Ö¢²Ö¥É¸Ö ¥¤¨´Ò³ ¤²Ö ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ · ¸¸³μÉ·¨³ μ¤´μ¶¥É²¥¢ÊÕ ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨-
Î¥¸±ÊÕ ¤¨ £· ³³Ê ¨ ¤²Ö ¶·μ¸ÉμÉÒ μ¶Ê¸É¨³ ¢¸¥ ¸¶¨´μ·´Ò¥ ¢¥²¨Î¨´Ò. ˆ³¥¥³

Π2(p2) =
d4kE

π2

e−sk2
E[

m2 +
(

kE +
1
2
pE

)2
] [

m2 +
(

kE − 1
2
pE

)2
] ,

£¤¥ ¸ ¸ ³μ£μ ´ Î ²  ¢¸¥ ¨³¶Ê²Ó¸´Ò¥ ¶¥·¥³¥´´Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢ ¥¢±²¨¤μ¢μ° μ¡² -
¸É¨. ˆ¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨Ö, μ¶¨¸ ´´Ò¥ ¢ÒÏ¥, ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê
¶·¥¤¸É ¢²¥´¨Õ:

Π2(p2) =

∞∫
0

dt
t

(s + t)2

1∫
0

dα exp
[
−tzloc +

st

s + t
z1

]
,

zloc = m2 − α(1 − α)p2, z1 =
(

α − 1
2

)2

p2.

(42)

Š ± ¨ ¢ ²μ± ²Ó´μ³ ¸²ÊÎ ¥ s = 0, ¨´É¥£· ² Π2(p2) ¨³¥¥É ÉμÎ±Ê ¢¥É¢²¥´¨Ö
¶·¨ p2 = 4m2, ¶μ¸±μ²Ó±Ê ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  zloc ¢ ¶μ± § É¥²¥ Ô±¸¶μ-
´¥´ÉÒ ¸É ´μ¢¨É¸Ö · ¢´μ° ´Ê²Õ ¶·¨ α = 1/2 ¨ ¨´É¥£· ² ¶μ ¶¥·¥³¥´´μ° t
´ Î¨´ ¥É · ¸Ìμ¤¨ÉÓ¸Ö ´  ¡¥¸±μ´¥Î´μ¸É¨. „²Ö  ´ ²¨É¨Î¥¸±μ£μ ¶·μ¤μ²¦¥´¨Ö ¢
μ¡² ¸ÉÓ p2 > 4m2, £¤¥ ¶μÖ¢²Ö¥É¸Ö ³´¨³ Ö Î ¸ÉÓ, ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ
¨´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö. �¤´ ±μ ¢¢¥¤¥´¨¥ ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö

Πc
2(p

2) =

1/λ2∫
0

dt
t

(s + t)2

1∫
0

dα exp
[
−tzloc +

st

s + t
z1

]
(43)

μ¡¥¸¶¥Î¨¢ ¥É  ¡¸μ²ÕÉ´ÊÕ ¸Ìμ¤¨³μ¸ÉÓ ¨´É¥£· ²  ¨ μÉ¸ÊÉ¸É¢¨¥ ± ±¨Ì-²¨¡μ ¸¨´-
£Ê²Ö·´μ¸É¥° ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ p2.
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2. ‚‡�ˆŒ�„…‰‘’‚ˆ… ‘ �‹…Š’��Œ�ƒ�ˆ’�›Œ ��‹…Œ

2.1. ‚¢¥¤¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚¢¥¤¥´¨¥ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ ± ²¨-
¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ, ´¥ Ö¢²Ö¥É¸Ö ¶·μ¸Éμ° § ¤ Î¥° ¢¢¨¤Ê ´¥²μ± ²Ó´μ¸É¨
² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö (8). „²Ö · §²¨Î´ÒÌ Î ¸É¥° ¶μ²´μ£μ ² £· ´¦¨-
 ´  ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ ¢¢μ¤¨É¸Ö ¤¢Ê³Ö ¸¶μ¸μ¡ ³¨.
‚ ¸¢μ¡μ¤´Ò° ² £· ´¦¨ ´ § ·Ö¦¥´´ÒÌ ¶μ²¥° ±¢ ·±μ¢ ¨ ³¥§μ´μ¢ ¤ ´´μ¥ ¢§ ¨-
³μ¤¥°¸É¢¨¥ ¢¢μ¤¨É¸Ö ¸É ´¤ ·É´Ò³ μ¡· §μ³ ¸ ¶μ³μÐÓÕ ³¨´¨³ ²Ó´μ° § ³¥´Ò:

∂μM± → (∂μ ∓ ieAμ)M±, ∂μq → (∂μ − ieqA
μ)q, ∂μq̄ → (∂μ + ieqA

μ)q̄,
(44)

£¤¥ e Ö¢²Ö¥É¸Ö § ·Ö¤μ³ ¶μ§¨É·μ´  (¨²¨ ¶·μÉμ´ ), eq Å § ·Ö¤ ±¢ ·±  (eu =
2/3 e, ed = −1/3 e ¨ É. ¤.). Œ¨´¨³ ²Ó´ Ö § ³¥´  ¤ ¥É ¶¥·¢ÊÕ Î ¸ÉÓ ² £· ´¦¨-
 ´  Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°:

Lem(1)
int (x) =

∑
q

eqAμ(x)Jμ
q (x) + eAμ(x)Jμ

M (x) + e2A2(x)M−(x)M+(x),

Jμ
q (x) = q̄(x)γμq(x), Jμ

M (x) = i(M−(x)∂μM+(x) − M+(x)∂μM−(x)).
(45)

Š ± μÉ³¥Î ²μ¸Ó · ´¥¥, ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥³¥´É ·´ÒÌ  ¤·μ´´ÒÌ ¶μ²¥° ¸ Ëμ-
Éμ´ ³¨ μÉ¸ÊÉ¸É¢Ê¥É ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¡² £μ¤ ·Ö
Ê¸²μ¢¨Õ ¸¢Ö§´μ¸É¨ ZM = 0.

‚¢¥¤¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ´¥²μ± ²Ó´Ò° ² £· ´¦¨ ´
 ¤·μ´-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (8) ¶·μ¨¸Ìμ¤¨É ¸ ¶μ³μÐÓÕ ³¥Éμ¤  P -Ô±¸¶μ-
´¥´ÉÒ, ¶·¥¤²μ¦¥´´μ£μ ¢ [127, 128]. „ ´´Ò° ³¥Éμ¤  ±É¨¢´μ ¨¸¶μ²Ó§μ¢ ²¸Ö ¢
´¥²μ± ²Ó´μ° ±¨· ²Ó´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ [129].

„²Ö Éμ£μ ÎÉμ¡Ò £ · ´É¨·μ¢ ÉÓ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ-
¸É¨, ± ¦¤μ¥ ±¢ ·±μ¢μ¥ ¶μ²¥ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ Éμ±¥ Ê³´μ¦ ¥É¸Ö ´  ± ²¨¡·μ-
¢μÎ´ÊÕ Ô±¸¶μ´¥´ÉÊ:

q(xi) → e−ieqI(xi,x,P )q(xi), q̄(xi) → eieqI(xi,x,P ) q̄(xi),

I(xi, x, P ) =

xi∫
x

dzμAμ(z),
(46)

£¤¥ P μ¡μ§´ Î ¥É ¶ÊÉÓ, ¸μ¥¤¨´ÖÕÐ¨° ÉμÎ±¨ x ¨ xi. ’μ£¤  ²¥£±μ ¢¨¤¥ÉÓ,
ÎÉμ ¶μ²´Ò° ² £· ´¦¨ ´ ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ ²μ± ²Ó´ÒÌ ± ²¨¡·μ¢μÎ-
´ÒÌ ¶·¥μ¡· §μ¢ ´¨°:

q̄(xi) → e−ieqf(xi) q̄(xi), q(xi) → eieqf(xi) q(xi), Aμ(z) → Aμ(z)+∂μf(z).
(47)

�·¨ ÔÉμ³
I(xi, x, P ) → I(xi, x, P ) + f(xi) − f(x). (48)
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�·¨ · ¸Î¥É Ì ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ´Ê¦´μ · ¸±² ¤Ò¢ ÉÓ ± ²¨¡·μ¢μÎ´ÊÕ
Ô±¸¶μ´¥´ÉÊ ¶μ ¸É¥¶¥´Ö³ Aμ ¤μ ´¥μ¡Ìμ¤¨³μ£μ ¶μ·Ö¤± . �  ¶¥·¢Ò° ¢§£²Ö¤ ·¥-
§Ê²ÓÉ É ¡Ê¤¥É § ¢¨¸¥ÉÓ μÉ ¶ÊÉ¨ P , ±μÉμ·Ò° ¸μ¥¤¨´Ö¥É ±μ´Í¥¢Ò¥ ÉμÎ±¨. �¤´ ±μ
´ ³ ´Ê¦´Ò Éμ²Ó±μ ¶·μ¨§¢μ¤´Ò¥ ¨´É¥£· ²  ¶μ ¶ÊÉ¨, ¢§ÖÉÒ¥ ¶μ ±μ´Í¥¢μ° ÉμÎ±¥.
�μÔÉμ³Ê Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ëμ·³ ²¨§³, · §· ¡μÉ ´´Ò° ¢ [128], ±μÉμ·Ò°
μ¸´μ¢ ´ ´  ¶ÊÉ¥´¥§ ¢¨¸¨³μ³ μ¶·¥¤¥²¥´¨¨ ¶·μ¨§¢μ¤´μ° ¨´É¥£· ²  I(x, y, P ):

lim
dxμ→0

dxμ ∂

∂xμ
I(x, y, P ) = lim

dxμ→0
[I(x + dx, y, P ′) − I(x, y, P )], (49)

£¤¥ ¶ÊÉÓ P ′ ¶μ²ÊÎ¥´ ¨§ ¶ÊÉ¨ P ¸ ¶μ³μÐÓÕ ¸¤¢¨£  ±μ´¥Î´μ° ÉμÎ±¨ x ´ 
¢¥²¨Î¨´Ê dx. ˆ¸¶μ²Ó§ÊÖ μ¶·¥¤¥²¥´¨¥ (49), ¶·¨Ìμ¤¨³ ± ±²ÕÎ¥¢μ³Ê ¶· ¢¨²Ê:

∂

∂xμ
I(x, y, P ) = Aμ(x), (50)

±μÉμ·μ¥ μ§´ Î ¥É, ÎÉμ ¶·μ¨§¢μ¤´ Ö ¨´É¥£· ²  I(x, y, P ) É¥¶¥·Ó ´¥ § ¢¨¸¨É μÉ
¶ÊÉ¨ P .

2.2. ‹ £· ´¦¨ ´  ¤·μ´-ËμÉμ´-±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ²¨´¥°´Ò°
¶μ Ô²¥±É·μ³ £´¨É´μ³Ê ¶μ²Õ. �·μ¤¥³μ´¸É·¨·Ê¥³ ¶μ¸É·μ¥´¨¥ ² £· ´¦¨ ´ 
Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  ¶·¨³¥·¥ J/ψ-³¥§μ´ , Ö¢²ÖÕÐ¥£μ¸Ö
±¢ ·±- ´É¨±¢ ·±μ¢Ò³ ¸μ¸ÉμÖ´¨¥³, ¨ X(3872)-³¥§μ´ , · ¸¸³ É·¨¢ ¥³μ£μ ± ±
É¥É· ±¢ ·± ¸μ ¸¶¨´μ³ 1.

� §² £ Ö ² £· ´¦¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ ¶μ²Õ Aμ ¤μ ¶¥·¢μ£μ ¶μ·Ö¤± ,
¶μ²ÊÎ ¥³

Lem(2)
int (x) = gXXqμ(x)Jμ

Xq−em(x) + gJ/ψ J/ψμ(x)Jμ
J/ψ−em(x) (q = u, d),

Jμ
Xq−em =

∫
dρ ΦX(ρ2)Jμ

4q(x1, . . . , x4) {ieq [Ix3
x − Ix4

x ] + iec [Ix2
x − Ix1

x ]} ,

(51)

Jμ
J/ψ−em =

∫
dρ ΦJ/ψ(ρ2)Jμ

2q(x1, x2)iec [Ix1
x − Ix2

x ], Ixi
x ≡ I(xi, x, P ).

„²Ö Éμ£μ ÎÉμ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ±²ÕÎ¥¢μ¥ ¶· ¢¨²μ (50), ¶¥·¥°¤¥³ ± ËÊ·Ó¥-
μ¡· § ³ ¤²Ö ¢¥·Ï¨´´ÒÌ ËÊ´±Í¨° Φ ¨ ±¢ ·±μ¢ÒÌ ¶μ²¥° q. ˆ³¥¥³

ΦX(ρ2) =
∫

d4ω

(2π)4
Φ̃X(−ω 2)e−iρω = Φ̃X(∂ 2

ρ ) δ(4)(ρ),

ΦJ/ψ(ρ 2) =
∫

d4ω

(2π)4
Φ̃J/ψ(−ω2)e−iρω = Φ̃J/ψ(∂2

ρ) δ(4)(ρ),
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q(xi) =
∫

d4pi

(2π)4
e−ipixi q̃(pi),

(52)

q̄(xi) =
∫

d4pi

(2π)4
eipixi ˜̄q(pi).

‘ ¶μ³μÐÓÕ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ Î ¸ÉÖ³ ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¨³ ¢Ò· -
¦¥´¨Ö³:

Jμ
Xq−em =

4∏
i=1

∫
d4pi

(2π)4
J̃μ

4q(p1, . . . , p4)
∫

dρ δ(4)(ρ)×

× Φ̃X(∂ 2
ρ ) e−i(p1x1−p2x2−p3x3+p4x4) {ieq [Ix3

x − Ix4
x ] + iec [Ix2

x − Ix1
x ]} =

=
4∏

i=1

∫
d4pi

(2π)4
J̃μ

4q(p1, . . . , p4) e−i(p1−p2−p3+p4)x

∫
dρ δ(4)(ρ) e−iρω×

× Φ̃X(D 2
ρ ) {ieq [Ix3

x − Ix4
x ] + iec [Ix2

x − Ix1
x ]} ,

(53)

Jμ
J/ψ−em =

2∏
i=1

∫
d4pi

(2π)4
J̃μ

2q(p1, p2)×

×
∫

dρ δ(4)(ρ)Φ̃J/ψ(∂2
ρ) ei(p1x1−p2x2)iec [Ix1

x − Ix2
x ] =

=
2∏

i=1

∫
d4pi

(2π)4
J̃μ

2q(p1, p2) ei(p1−p2)x

∫
dρ δ(4)(ρ) eipρΦ̃J/ψ(D2

ρ) iec [Ix1
x −Ix2

x ],

Dμ
ρi

= ∂μ
ρi

− iωμ
i , Dμ

ρ = ∂μ
ρ + ipμ,

£¤¥

ω1 = c11p1 − c21p2 − c31p3 + c41p4,

ω2 = c12p1 − c22p2 − c32p3 + c42p4,
(54)

ω3 = c13p1 − c23p2 − c33p3 + c43p4,

p =
1
2
(p1 + p2).

ŠμÔËË¨Í¨¥´ÉÒ cij μ¶·¥¤¥²¥´Ò Ê· ¢´¥´¨¥³ (26).
� ±μ´¥Í, ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¥¥ Éμ¦¤¥¸É¢μ, ¤μ± § É¥²Ó¸É¢μ ±μÉμ·μ£μ ³μ¦´μ

´ °É¨ ¢ [75]:

F (D2
ρj

)Ixi
x =

1∫
0

dτF ′(τD2
ρj

− (1 − τ)ω2
j ) cij

(
∂ν

ρj
Aν(xi)−

− 2iων
j Aν(xi)

)
+ F (−ω2

j )I
xi
x . (55)
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�Éμ Éμ¦¤¥¸É¢μ ¢¥·´μ ¤²Ö ²Õ¡ÒÌ ËÊ´±Í¨° F (z),  ´ ²¨É¨Î´ÒÌ ¢ μ±·¥¸É-
´μ¸É¨ z = 0.

�±μ´Î É¥²Ó´μ ¶μ²ÊÎ ¥³

Jμ
Xq−em(x) =

4∏
i=1

∫
d4xi

∫
d4y Jμ

4q(x1, . . . , x4)Aρ(y)Eρ
X(x; x1, . . . , x4, y),

Eρ
X(x; x1, . . . , x4, y) =

4∏
i=1

∫
d4pi

(2π)4

∫
d4r

(2π)4
×

× e−ip1(x−x1)+ip2(x−x2)+ip3(x−x3)−ip4(x−x4)−ir(x−y) Ẽρ
X(p1, . . . , p4, r),

(56)

Ẽρ
X(p1, . . . , p4, r) =

1∫
0

dτ

3∑
j=1

{
ec

[
−Φ̃′

X(−z1j) lρ1j + Φ̃′
X(−z2j) lρ2j

]
+

+ eq

[
−Φ̃′

X(−z4j) lρ4j + Φ̃′
X(−z3j) lρ3j

]}
,

lij = cij (cijr + 2 ωj) (i = 1, . . . , 4; j = 1, . . . , 3),

zi1 = τ (ci1r + ω1)2 + (1 − τ)ω2
1 + ω2

2 + ω2
3 ,

zi2 = (ci1r + ω1)2 + τ (ci2r + ω2)2 + (1 − τ)ω2
2 + ω2

3 ,

zi3 = (ci1r + ω1)2 + (ci2r + ω2)2 + τ (ci3r + ω3)2 + (1 − τ)ω2
3 ;

Jν
J/ψ−em(y) =

∫
d4y1

∫
d4y2

∫
d4z Jν

2q(y1, y2)Aρ(z)Eρ
J/ψ(y; y1, y2, z),

Eρ
J/ψ(y; y1, y2, z) =

∫
d4p1

(2π)4

∫
d4p2

(2π)4

∫
d4q

(2π)4
×

× e−ip1(y1−y)+ip2(y2−y)+iq(z−y)Ẽρ
J/ψ(p1, p2, q), (57)

Ẽρ
J/ψ(p1, p2, q) = ec

1∫
0

dτ
{
−Φ̃′

J/ψ(−z−) lρ− − Φ̃′
J/ψ(−z+) lρ+

}
,

z∓ = τ

(
p ∓ 1

2
q

)
− (1 − τ) p2, l∓ = p ∓ 1

4
q, p =

1
2

(p1 + p2).

2.3. Š ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ³ É·¨Î´μ£μ Ô²¥³¥´É  V → γ-¶¥·¥-
Ìμ¤ . �·μ¤¥³μ´¸É·¨·Ê¥³ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ´  ¶·¨-
³¥·¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶¥·¥Ìμ¤  V → γ, £¤¥ V ¥¸ÉÓ ¢¥±-
Éμ·´Ò° ³¥§μ´. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³Ò ¶μ± § ´Ò ´  ·¨¸. 3. „²Ö ¢ÒÎ¨-
¸²¥´¨° ¶μ´ ¤μ¡ÖÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¢¥·Ï¨´Ò: ¸¨²Ó´ Ö V q̄q-¢¥·Ï¨´ , § ¤ ¢ ¥³ Ö
² £· ´¦¨ ´μ³ (8) ¨ Éμ±μ³ (9) ¸ H = M = V ¨ γM = γμ; Ô²¥±É·μ³ £´¨É-
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�¨¸. 3. „¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìμ¤ V → γ

´ Ö γq̄q-¢¥·Ï¨´ , § ¤ ¢ ¥³ Ö ² £· ´¦¨ ´μ³ (45), ¨ ¸²μ¦´ Ö Ô²¥±É·μ³ £´¨É´ Ö
V γq̄q-¢¥·Ï¨´ , § ¤ ¢ ¥³ Ö ² £· ´¦¨ ´μ³ (51) ¨ Éμ±μ³ (57).

Œ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤  V → γ, ¢ÒÎ¨¸²¥´´Ò° ¢´¥ ³ ¸¸μ¢μ° ¶μ-
¢¥·Ì´μ¸É¨, ¤μ²¦¥´ Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨
pνMμν

V →γ(p) = 0. Š ¦¤ Ö ¶μ μÉ¤¥²Ó´μ¸É¨ ¤¨ £· ³³  ·¨¸. 3 ´¥ Ö¢²Ö¥É¸Ö ± ²¨¡-
·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ°. ‹¨ÏÓ ¢ ¸Ê³³¥ ¶·μ¨¸Ìμ¤¨É ¸μ±· Ð¥´¨¥ ± ²¨¡·μ¢μÎ´μ-
´¥¨´¢ ·¨ ´É´ÒÌ Î ¸É¥° ¨ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ± ²¨¡·μ¢μÎ´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ.
�μ¸²¥ ¢§ÖÉ¨Ö T -¶·μ¨§¢¥¤¥´¨° ¨ ¶¥·¥Ìμ¤  ± ¨³¶Ê²Ó¸´μ³Ê ¶·μ¸É· ´¸É¢Ê ¢±² ¤
μÉ ¤¨ £· ³³Ò   § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Mμν
c (p) =

∫
d4k

4π2i
Φρ(−k2) tr

(
γμS

(
k +

1
2

p

)
γνS

(
k − 1

2
p

))
=

= gμν [I(1)
c (p2) + I(2)

c (p2)] + (gμνp2 − pμpν) I⊥c (p2). (58)

Š ²¨¡·μ¢μÎ´μ-´¥¨´¢ ·¨ ´É´Ò¥ Î ¸É¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

I(1)
c (p2) =

∞∫
0

dt

(s + t)2
e−z1 , z1 = tm2 − st

s + t

p2

4
,

I(2)
c (p2) =

∞∫
0

dt t

(s + t)2

1∫
0

dα e−z2

[
− 1

s + t
+

2 t2

(s + t)2

(
α − 1

2

)2

p2

]
, (59)

z2 = t (m2 − α(1 − α)p2) − st

s + t

(
α − 1

2

)2

p2,

¢ Éμ ¢·¥³Ö ± ± ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´ Ö Î ¸ÉÓ ¨³¥¥É ¢¨¤

I⊥c (p2) =

∞∫
0

dt t

(s + t)2

1∫
0

dα e−z2

[
1
2
− 2t2

(s + t)2

(
α − 1

2

)2
]

. (60)
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„²Ö ¤¨ £· ³³Ò ¡  ´ ²μ£¨Î´Ò¥ ¢±² ¤Ò ¨³¥ÕÉ ¢¨¤

Mμν
d (p) = −

∫
d4k

4π2i

(
2k +

1
2

p

)μ

×

×
1∫

0

dαΦ′
π

(
−α

(
k +

1
2

p

)2

− (1 − α) k2

)
tr (γνS(k)) =

= gμνI
(3)
d (p2) + (gμνp2 − pμpν)I⊥d (p2),

I
(3)
d (p2) =

∞∫
0

dt s

(s + t)2

1∫
0

dα e−z3

[
− 1

s + t
−

(
1 − 2sα

s + t

)
sα

s + t

p2

4

]
, (61)

I⊥d (p2) =

∞∫
0

dt s

(s + t)2

1∫
0

dα e−z3
1
4

(
1 − 2sα

s + t

)
sα

s + t
,

z3 = tm2 −
(

1 − sα

s + t

)
sα

4
p2.

‡¤¥¸Ó s = 1/Λ2
V . Š ± ³Ò ¸¥°Î ¸ ¶μ± ¦¥³, ± ²¨¡·μ¢μÎ´μ-´¥¨´¢ ·¨ ´É´Ò¥

Î ¸É¨ I
(1,2)
c ¨ I

(3)
d ¢ ¸Ê³³¥ ¸μ±· Ð ÕÉ¸Ö. ‚μ-¶¥·¢ÒÌ, ³μ¦´μ ¢Ò· §¨ÉÓ ¶μ¤Ò´-

É¥£· ²Ó´Ò¥ ¢ · ¦¥´¨Ö ¢ ¨´É¥£· ² Ì I
(2)
c ¨ I

(3)
d Î¥·¥§ ¶·μ¨§¢μ¤´Ò¥ μÉ ¶μ± § -

É¥²¥° Ô±¸¶μ´¥´ÉÒ z2 ¨ z3 ¸μμÉ¢¥É¸É¢¥´´μ:

I(2)
c (p2) −→ − 1

s + t
+

2t2

(s + t)2

(
α − 1

2

)2

p2 = − 1
s + t

[
1 −

(
α − 1

2

)
∂z2

∂α

]
,

I
(3)
d (p2) −→ − 1

s + t
− p2

4

(
1 − 2αs

s + t

)
αs

s + t
= − 1

s + t

[
1 − α

∂z3

∂α

]
.

„ ²¥¥ ³μ¦´μ ¢Ò¶μ²´¨ÉÓ ¨´É¥£·¨·μ¢ ´¨¥ ¶μ α ¸ ÊÎ¥Éμ³ £· ´¨Î´ÒÌ Ê¸²μ¢¨°
z2(α = 1) = z2(α = 0) = z3(α = 1) = z1. ˆ³¥¥³

I(2)
c (p2) = −

∞∫
0

dt t

(s + t)3

1∫
0

d

[(
α − 1

2

)
e−z2

]
= −

∞∫
0

dt t

(s + t)3
e−z1 ,

I
(3)
d (p2) = −

∞∫
0

dt s

(s + t)3

1∫
0

d[α e−z3 ] = −
∞∫
0

dt

(s + t)3
e−z1 .

�±μ´Î É¥²Ó´μ, ¸±² ¤Ò¢ Ö ¢¸¥ ± ²¨¡·μ¢μÎ´μ-´¥¨´¢ ·¨ ´É´Ò¥ Î ¸É¨, ¶μ²ÊÎ ¥³

I(1)
c (p2)+I(2)

c (p2)+I
(3)
d (p2) =

∞∫
0

dt

(s + t)2
e−z1

[
1 − t

s + t
− s

s + t

]
≡ 0. (62)
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�±μ´Î É¥²Ó´μ¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ
Ô²¥³¥´É  ¶¥·¥Ìμ¤  V → γ ¨³¥¥É ¢¨¤

Mμν
V →γ(p) = (gμνp2 − pμpν)MV →γ(p2),

MV →γ(p2) =

1/λ2∫
0

dt t

(s + t)2

1∫
0

dα e−z2

[
1
2
− 2 t2

(s + t)2

(
α − 1

2

)2
]

+

+

1/λ2∫
0

dt s

(s + t)2

1∫
0

dα e−z3
1
4

(
1 − 2sα

s + t

)
sα

s + t
. (63)

‡¤¥¸Ó ³Ò ¢¢¥²¨ ¨´Ë· ±· ¸´μ¥ μ¡·¥§ ´¨¥, £ · ´É¨·ÊÕÐ¥¥ ±μ´Ë °´³¥´É
±¢ ·±μ¢.

3. ����Œ…’�› Œ�„…‹ˆ

‚´ Î ²¥ μ¶·¥¤¥²¨³ Î¨¸²μ ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·-
±μ¢μ° ³μ¤¥²¨ ¢ ¸²ÊÎ ¥ ³¥§μ´μ¢, · ¸¸³ É·¨¢ ¥³ÒÌ ± ± ±¢ ·±- ´É¨±¢ ·±μ¢Ò¥
¸μ¸ÉμÖ´¨Ö. „²Ö ¤ ´´μ£μ ³¥§μ´  Hi ¨³¥¥É¸Ö ±μ´¸É ´É  ¸¢Ö§¨ gHi , ¶ · -
³¥É· ΛHi , ¤¢¥ ¨§ Î¥ÉÒ·¥Ì ¢μ§³μ¦´ÒÌ ¢¥²¨Î¨´ ±μ´¸É¨ÉÊÔ´É´ÒÌ ³ ¸¸ ±¢ ·±μ¢
mqj (mu = md, ms, mc, mb) ¨ Ê´¨¢¥·¸ ²Ó´Ò° ¶ · ³¥É· ¨´Ë· ±· ¸´μ£μ μ¡·¥-
§ ´¨Ö (±μ´Ë °´³¥´É ) λ. ‹¥£±μ ¶μ¸Î¨É ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ nH ³¥§μ´μ¢ ¨³¥¥É¸Ö
2nH +5 ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢. “¸²μ¢¨¥ ¸¢Ö§´μ¸É¨ ´ ±² ¤Ò¢ ¥É nH μ£· ´¨Î¥-
´¨° ´  Î¨¸²μ ³μ¤¥²Ó´ÒÌ ¶ · ³¥É·μ¢, ÎÉμ ¸¨³¢μ²¨Î¥¸±¨ ³μ¦´μ § ¶¨¸ ÉÓ ± ±

fHi (gHi , ΛHi , mqi , λ) = 1. (64)

„ ´´μ¥ Ê¸²μ¢¨¥ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´μ, ÎÉμ¡Ò ¨¸±²ÕÎ¨ÉÓ ±μ´¸É ´ÉÊ
¸¢Ö§¨ gH ¨§ Î¨¸²  ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢. �¸É ²Ó´Ò¥ nH +5 ¶ · ³¥É·μ¢ μ¶·¥-
¤¥²ÖÕÉ¸Ö ¸ ¶μ³μÐÓÕ Ë¨É¨·μ¢ ´¨Ö ¶μ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³. �·¥¦¤¥
¢¸¥£μ ³Ò ¢±²ÕÎ ¥³ ¢ Î¨¸²μ ¢¥²¨Î¨´ ¤²Ö Ë¨É¨·μ¢ ´¨Ö ²¥¶Éμ´´Ò¥ ±μ´¸É ´ÉÒ
· ¸¶ ¤μ¢ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ¨ ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢Ò· ¦¥-
´¨Ö ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

NcgP

∫
d4k

(2π)4i
Φ̃P (−k2) tr [OμS1(k + w1p)γ5S2(k − w2p)] = fP pμ,

(65)

NcgV

∫
d4k

(2π)4i
Φ̃V (−k2) tr [OμS1(k + w1p) �εV S2(k − w2p)] = mV fV εμ

V ,

£¤¥ Nc = 3 ¥¸ÉÓ Î¨¸²μ Í¢¥Éμ¢ ¨ Oμ = γμ(I − γ5) ¥¸ÉÓ ³ É·¨Í  „¨· ±  ¤²Ö
¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
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�¨¸. 4. „¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ · ¸¶ ¤Ò P → γγ ( ) ¨ V → Pγ (¡)

Š·μ³¥ Éμ£μ, ³Ò ¢±²ÕÎ¨²¨ ¢ Ë¨É ¢μ¸¥³Ó Ìμ·μÏμ Ê¸É ´μ¢²¥´´ÒÌ Ï¨·¨´
· ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢: P → γγ ¨ V → Pγ (¸³. É ¡². 2). ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥
¤¨ £· ³³Ò ¨§μ¡· ¦¥´Ò ´  ·¨¸. 4. ŒÒ ¶·¨¢μ¤¨³ ¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢ · ¸¶ ¤μ¢ V → Pγ ²¨ÏÓ ¤²Ö ¸²ÊÎ Ö ´¥°É· ²Ó´ÒÌ ³¥§μ´μ¢. ‚ ¸²ÊÎ ¥
§ ·Ö¦¥´´ÒÌ ³¥§μ´μ¢ μ´¨ ¶μ²ÊÎ ÕÉ¸Ö  ´ ²μ£¨Î´Ò³ μ¡· §μ³, ´μ ¨³¥ÕÉ ¡μ²¥¥
£·μ³μ§¤±¨° ¢¨¤, ¶μ¸±μ²Ó±Ê ¨³¥ÕÉ¸Ö ¤¢  · §²¨Î´ÒÌ ±¢ ·±  ¨ ËμÉμ´ ¶·¨¸μ-
¥¤¨´Ö¥É¸Ö ± ± ¦¤μ³Ê ¨§ ´¨Ì:

CPγγgP Nc

∫
d4k

(2π)4i
ΦP (−k2)×

× tr
[
iγ5S

(
k +

1
2

p

)
γμS

(
k − 1

2
p

)
γνS

(
k +

1
2

p − q1

)]
= gPγγεμνq1q2 ,

(66)

CV PγgV gP Nc

∫
d4k

(2π)4i
ΦV (−k2)ΦP

(
−

(
k +

1
2

q2

)2
)
×

× tr
[
iγ5S

(
k +

1
2

p

)
γμS

(
k − 1

2
p

)
γνS

(
k +

1
2

p − q1

)]
= gρπγεμνq1q2 ,

(67)

£¤¥ SU(3)-Ë ±Éμ·Ò · ¢´Ò

Cπ0γγ =
√

2
3

, Cηcγγ =
8
9
, Cωπ0γ = 1, CJ/ψηcγ =

4
3
.

˜¨·¨´Ò · ¸¶ ¤μ¢ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ ¸²¥¤ÊÕÐ¨³ ±¨´¥³ É¨Î¥¸±¨³
Ëμ·³Ê² ³:

Γ(P → γγ) =
πα2

4
m3

P g2
Pγγ, Γ(V → Pγ) =

α

24
m3

V

(
1 − m2

P

m2
V

)3

g2
V Pγ .

(68)
’¥Ì´¨±  ¢ÒÎ¨¸²¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¡Ò²  ¨§²μ¦¥´  ¢ ¶·¥¤Ò¤ÊÐ¨Ì

¶Ê´±É Ì. �±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¤²Ö ±μ´¸É ´É ²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢
¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ³Ò ¡¥·¥³ ¨§ [2],   ¢ ¸²ÊÎ ¥ ¨Ì μÉ¸ÊÉ¸É¢¨Ö Å ¨§
¢ÒÎ¨¸²¥´¨° ´  ·¥Ï¥É±¥ [131Ä133]. ‚ ± Î¥¸É¢¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨°
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¤²Ö ±μ´¸É ´É ²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ ´¥°É· ²Ó´ÒÌ ¢¥±Éμ·´ÒÌ ³¥§μ´μ¢ ³Ò ¡¥·¥³
¢¥²¨Î¨´Ò, ¶μ²ÊÎ¥´´Ò¥ ¨§ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì · ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ u−d-¸¨³³¥É·¨¨. � ±μ´¥Í, Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¢¥²¨Î¨´Ê ¤²Ö fK∗

¨§¢²¥± ¥³ ¨§ ¨§³¥·¥´´μ° Ï¨·¨´Ò · ¸¶ ¤  τ → K∗ντ . �¥§Ê²ÓÉ ÉÒ Ë¨É  ´ ¨-
³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¤ ´Ò ¢ É ¡². 1 ¨ 2. Š ± ¢¨¤´μ, ¸μ£² ¸¨¥ Ë¨É¨·Ê¥³ÒÌ
¢¥²¨Î¨´ ¸ ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Ö¢²Ö¥É¸Ö ¢¶μ²´¥ Ê¤μ¢²¥É¢μ·¨-
É¥²Ó´Ò³.

’ ¡²¨Í  1. �¥§Ê²ÓÉ ÉÒ Ë¨É  ¤²Ö ²¥¶Éμ´´ÒÌ ±μ´¸É ´É fH (ŒÔ‚)

� ¡²Õ-
¤ ¥³ Ö

Œμ¤¥²Ó �±¸¶¥·¨³¥´É ‘¸Ò²± 
� ¡²Õ-
¤ ¥³ Ö

Œμ¤¥²Ó �±¸¶¥·¨³¥´É ‘¸Ò²± 

fπ 128,7 130,4 ± 0,2 [2, 130] fω 198,5 198 ± 2 [2]

fK 156,1 156,1 ± 0,8 [2, 130] fφ 228,2 227 ± 2 [2]

fD 205,9 206,7 ± 8,9 [2, 130] fJ/ψ 415,0 415 ± 7 [2]

fDs 257,5 257,5 ± 6,1 [2, 130] fK∗ 213,7 217 ± 7 [2]

fB 191,1 192,8 ± 9,9 [131] fD∗ 243,3 245 ± 20 [133]

fBs 234,9 238,8 ± 9,5 [131] fD∗
s

272,0 272 ± 26 [133]

fBc 489,0 489 ± 5 [132] fB∗ 196,0 196 ± 44 [133]

fρ 221,1 221 ± 1 [2] fB∗
s

229,0 229 ± 46 [133]

’ ¡²¨Í  2. �¥§Ê²ÓÉ ÉÒ Ë¨É  ¤²Ö Ï¨·¨´ μ¸´μ¢´ÒÌ · ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢ (¢ ¥¤¨-
´¨Í Ì ±Ô‚)

�·μÍ¥¸¸ Œμ¤¥²Ó �±¸¶¥·¨³¥´É [2]

π0 → γγ 5,06 · 10−3 (7,7 ± 0,4) · 10−3

ηc → γγ 1,61 1,8 ± 0,8

ρ± → π±γ 76,0 67 ± 7

ω → π0γ 672 703 ± 25

K∗± → K±γ 55,1 50 ± 5

K∗0 → K0γ 116 116 ± 10

D∗± → D±γ 1,22 1,5 ± 0,5

J/ψ → ηcγ 1,43 1,58 ± 0,37

�¥§Ê²ÓÉ ÉÒ ´ ¨²ÊÎÏ¥£μ Ë¨É  ¡Ò²¨ ¤μ¸É¨£´ÊÉÒ ¶·¨ §´ Î¥´¨ÖÌ ¸¢μ¡μ¤´ÒÌ
¶ · ³¥É·μ¢ ³μ¤¥²¨, ¶·¨¢¥¤¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ (69), (70) ¨ (71) (¢ ƒÔ‚):

mu ms mc mb λ

0,235 0,424 2,16 5,09 0,181
, (69)
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Λπ ΛK ΛD ΛDs ΛB ΛBs ΛBc Λρ

0,87 1,04 1,47 1,57 1,88 1,95 2,42 0,61
, (70)

Λω Λφ ΛJ/ψ ΛK∗ ΛD∗ ΛD∗
s

ΛB∗ ΛB∗
s

0,47 0,88 1,48 0,72 1,16 1,17 1,72 1,71
. (71)

4. ‘ˆ‹œ�›… ˆ ��„ˆ�–ˆ���›… ��‘��„› X(3872)-Œ…‡���

‚ ÔÉμ³ · §¤¥²¥ ¢ÒÎ¨¸²¨³ Ï¨·¨´Ò ¸¨²Ó´ÒÌ ¨ · ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢
X(3872)-³¥§μ´  ¢ · ³± Ì · §¢¨¢ ¥³μ£μ ¶μ¤Ìμ¤ . �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥
X-³¥§μ´  ± ± É¥É· ±¢ ·± , ¶μ¸É·μ¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ² £· ´¦¨ ´  ¨ ¢Ò-
Î¨¸²¥´¨¥ ÔËË¥±É¨¢´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¡Ò²μ ¤ ´μ ¢ · §¤. 1. ‚¢¥¤¥´¨¥ Ô²¥±-
É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶μ³μÐÓÕ P -Ô±¸¶μ´¥´ÉÒ ¨ ¶μ¸É·μ¥´¨¥ ² -
£· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö, ²¨´¥°´μ£μ ¶μ Ô²¥±É·μ³ £´¨É´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ,
¡Ò²μ ¢Ò¶μ²´¥´μ ¢ · §¤. 2.

4.1. ‘¨²Ó´Ò¥ · ¸¶ ¤Ò X → J/ψ + 2π(3π) ¨ X → D + D̄ + π. ‚´ Î ²¥
¢ÒÎ¨¸²¨³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¶¥·¥Ìμ¤μ¢ X → J/ψ + ρ(ω) ¨ X → D + D̄∗.
‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³Ò ”¥°´³ ´  ¨§μ¡· ¦¥´Ò ´  ·¨¸. 5.

�¨¸. 5. „¨ £· ³³Ò ”¥°´³ ´ , μ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìμ¤Ò X → J/ψ + ρ(ω) ¨ X →
D + D̄∗

�μ¸±μ²Ó±Ê ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ ³ ¸¸  X(3872) ´ Ìμ¤¨É¸Ö μÎ¥´Ó ¡²¨§±μ ± ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨³ ±¨´¥³ É¨Î¥¸±¨³ ¶μ·μ£ ³

mX − (mJ/ψ + mρ) = (−0,90 ± 0,41) ŒÔ‚,

mX − (mD0 + mD∗0) = (−0,30 ± 0,34) ŒÔ‚,

¢¥±Éμ·´Ò¥ ³¥§μ´Ò ρ, ω ¨ D∗ ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö ¢´¥ ¨Ì ³ ¸¸μ¢μ°
¶μ¢¥·Ì´μ¸É¨. ’μ£¤  ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìμ¤  Xu → J/ψ + ρ(ω) § ¶¨-
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¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Mμνρ(Xu(p, μ) → J/ψ(q1, ν) + v0(q2, ρ)) =

= 6gXgJ/ψgv0

∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̄X(−K2

1 )ΦJ/ψ ×

×
(
−

(
k1 +

1
2
q1

)2
)

Φv0

(
−

(
k2 +

1
2
q2

)2
)
×

× tr
[
iγ5Sc(k1)γνSc(k1 + q1)γμSu(k2)γρSu(k2 + q2)

]
=

= εq1q2μνqρ
1M

(1)
XJv + εq1q2μνqρ

2M
(2)
XJv + εq1q2μρqν

2M
(3)
XJv + εq1q2νρqμ

1 M
(4)
XJv +

+ εq1μνρM
(5)
XJv + εq2μνρM

(6)
XJv + εq1q2μρqν

1M
(7)
XJv + εq1q2νρqμ

2 M
(8)
XJv, (72)

K2
1 =

1
2

(
k1 +

1
2
q1

)2

+
1
2

(
k2 +

1
2
q2

)2

+
1
4
(wuq1 − wcq2)2,

£¤¥ v0 = ρ, ω. �É³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥, ±μ£¤  X ¨ J/ψ ´ Ìμ¤ÖÉ¸Ö ´  ³ ¸-
¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, É. ¥. εμ(qμ

1 + qμ
2 ) = 0 ¨ ενqν

1 = 0, Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ
²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ· Ê³¥´ÓÏ ¥É¸Ö ¤μ Ï¥¸É¨. „ ²¥¥, ¨¸¶μ²Ó§ÊÖ μÎ¥¢¨¤´Ò¥
¸μμÉ´μÏ¥´¨Ö

M(Xd → J/ψ + ρ) = −M(Xu → J/ψ + ρ),
M(Xd → J/ψ + ω) = M(Xu → J/ψ + ω),

³μ¦´μ ¢Ò· §¨ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¶ ¤μ¢ Ë¨§¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨°, μ¶·¥¤¥²¥´´ÒÌ
Ê· ¢´¥´¨¥³ (17), Î¥·¥§  ³¶²¨ÉÊ¤Ò · ¸¶ ¤μ¢ Î¨¸Éμ£μ Xu-¸μ¸ÉμÖ´¨Ö:

M(Xl → J/ψ + ω) = (cos θ + sin θ)M(Xu → J/ψ + ω),
M(Xh → J/ψ + ω) = (cos θ − sin θ)M(Xu → J/ψ + ω),
M(Xl → J/ψ + ρ) = (cos θ − sin θ)M(Xu → J/ψ + ρ),
M(Xh → J/ψ + ρ) = −(cos θ + sin θ)M(Xu → J/ψ + ρ).

‚ ¸²ÊÎ ¥ · ¸¶ ¤  X → D̄ + D∗ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ³ É·¨Î´Ò° Ô²¥³¥´É
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Mμν(Xq(p, μ) → D̄(q1) + D∗(q2, ν)) =

= 3
√

2gXgDgD∗

∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̄X(−K2

2)ΦD(−(k1 + wcq1)2)×

× ΦD∗(−(k2 + wcq2)2) tr
[
γ5Sc(k1)γ5Sq(k1 + q1)γμSc(k2)γνSq(k2 + q2)

]
+

+ (mq ↔ mc, wq ↔ wc) = gμνM
(1)
XDD∗ + qμ

1 qν
1M

(2)
XDD∗ +

+ qμ
1 qν

2M
(3)
XDD∗ + qμ

2 qν
1M

(4)
XDD∗ + qμ

2 qν
2M

(5)
XDD∗ , (73)
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K2
2 =

1
8
(k1 − k2)2 +

1
8
(k1 − k2 + q1 − q2)2 +

1
4
(k1 + k2 + wcp)2.

ˆ³¥¥É¸Ö ´¥¸±μ²Ó±μ ¶μ²¥§´ÒÌ ¸μμÉ´μÏ¥´¨° ³¥¦¤Ê · §²¨Î´Ò³¨  ³¶²¨-
ÉÊ¤ ³¨:

M(Xu → D̄0 + D∗ 0) = M(Xu → D0 + D̄∗0),
(74)

M(Xd → D+ + D∗−) = M(Xd → D− + D̄∗+).

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ · ¸¶ ¤ X-³¥§μ´  ¢ ¶ ·Ê DD̄ § ¶·¥Ð¥´ ¶μ ±¢ ´Éμ¢Ò³
Î¨¸² ³.

ˆ¸¶μ²Ó§ÊÖ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (72) ¤²Ö · ¸¶ ¤  X → J/ψ+ρ(ω), ³μ¦´μ
¢ÒÎ¨¸²¨ÉÓ Ï¨·¨´Ò · ¸¶ ¤μ¢ X → J/ψ + 2π(3π) ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ μ´¨
¨¤ÊÉ Î¥·¥§ ¶·μ³¥¦ÊÉμÎ´Ò¥ ρ(ω)-·¥§μ´ ´¸Ò. ŒÒ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·¨¡²¨-
¦¥´¨¥ Ê§±¨Ì ·¥§μ´ ´¸μ¢, ±μÉμ·μ¥ ¤μ¸É ÉμÎ´μ μ¶· ¢¤ ´´μ ¢ ¤ ´´μ³ ¸²ÊÎ ¥,
¶μ¸±μ²Ó±Ê Ï¨·¨´Ò ρ(ω)-·¥§μ´ ´¸μ¢ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ ¨Ì ³ ¸¸. �μ¤·μ¡-
´μ¥ μ¡¸Ê¦¤¥´¨¥ ¶·¨¡²¨¦¥´¨Ö Ê§±¨Ì ·¥§μ´ ´¸μ¢ ³μ¦´μ ´ °É¨ ¢ ´¥¤ ¢´¥³ μ¡-
§μ·¥ [134], £¤¥ ¨³¥ÕÉ¸Ö ¸¸Ò²±¨ ´  ¡μ²¥¥ · ´´¨¥ · ¡μÉÒ.

‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ X → J/ψ+nπ
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

dΓ(X → J/ψ + nπ)
dq2

=
1

8m2
Xπ

1
3
|MXJv|2

Γv0 mv0

π

p∗(q2)B(v0 → nπ)
(m2

v0 − q2)2 + Γ2
v0m2

v0

,

(75)1
3
|MXJv|2 =

1
3

∑
pol

|εμ
Xεν

J/ψερ
v0Mμνρ|2.

‡¤¥¸Ó p∗(q2) = λ1/2(m2
X , m2

J/ψ, q2)/2mX Ö¢²Ö¥É¸Ö ¨³¶Ê²Ó¸μ³ J/ψ (¨²¨ (nπ)-
¸¨¸É¥³Ò) ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. Š¢ ¤· É ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ³¥´Ö¥É¸Ö ¢
¸²¥¤ÊÕÐ¥° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨: (n mπ)2 � q2 � (mX − mJ/ψ)2.

‘ÊÐ¥¸É¢¥´´Ò³ ³μ³¥´Éμ³ ¶·¨ ¢Ò¢μ¤¥ Ëμ·³Ê²Ò (75) Ö¢²Ö¥É¸Ö ¶·¥´¥¡·¥¦¥-
´¨¥ ±μ··¥²ÖÍ¨μ´´Ò³¨ ¶μ²Ö·¨§ Í¨Ö³¨. Š ± ¡Ò²μ ¶μ± § ´μ ¢ [134], ¨Ì ÊÎ¥É ´¥
¤ ¥É ´¨± ±¨Ì ÔËË¥±Éμ¢, ¥¸²¨ ¶·μ³¥¦ÊÉμÎ´Ò¥ ¸μ¸ÉμÖ´¨Ö ´ Ìμ¤ÖÉ¸Ö ´  ³ ¸¸μ-
¢μ° ¶μ¢¥·Ì´μ¸É¨. �É³¥É¨³, ÎÉμ ¢ ´ Ï¨Ì · ¸Î¥É Ì ³Ò ¸μÌ· ´Ö¥³ § ¢¨¸¨³μ¸ÉÓ
μÉ q2 ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì, ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ (72). ŒÒ
¡¥·¥³ ³ ¸¸Ò ¨ Ï¨·¨´Ò ρ(ω)-³¥§μ´μ¢ ¨§ [2] (¢¸¥ · §³¥·´Ò¥ ¢¥²¨Î¨´Ò ¤ ´Ò
¢ ¥¤¨´¨Í Ì ŒÔ‚): mρ = 775,49, Γρ = 146,2, B(ρ → 2π) = 1, mω = 782,65,
Γω = 8,49, B(ω → 3π) = 0,892. �·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¨¸¶μ²Ó§Ê¥³ §´ -
Î¥´¨Ö ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ ³μ¤¥²¨, ±μÉμ·Ò¥ ¡Ò²¨ μ¶·¥¤¥²¥´Ò ¸ ¶μ³μÐÓÕ
Ë¨É  ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¢ · §¤. 3.

ˆ³¥ÕÉ¸Ö ¤¢  ´μ¢ÒÌ ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É· : Ê£μ² ¸³¥Ï¨¢ ´¨Ö θ ¢ Ê· ¢´¥-
´¨¨ (17) ¨ ¶ · ³¥É· ΛX , Ì · ±É¥·¨§ÊÕÐ¨° · §³¥· X-³¥§μ´ . ŒÒ ¨§³¥´Ö²¨
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¶ · ³¥É· ΛX ¢ ¤μ¸É ÉμÎ´μ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ 2,5 � ΛX � 4 ƒÔ‚ ¨ ´ Ï²¨,
ÎÉμ μÉ´μÏ¥´¨¥

Γ(Xu → J/ψ + 3π)
Γ(Xu → J/ψ + 2π)

≈ 0,25 (76)

μÎ¥´Ó Ê¸Éμ°Î¨¢μ ¶·¨ ¢ ·¨ Í¨¨ ΛX . ’μ£¤ , ¨¸¶μ²Ó§ÊÖ ¤ ´´Ò° ·¥§Ê²ÓÉ É ¨
¸·¥¤´¥¥ §´ Î¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ¢
Ê· ¢´¥´¨¨ (2), ³μ¦´μ ´ °É¨

Γ(Xl,h → J/ψ + 3π)
Γ(Xl,h → J/ψ + 2π)

≈ 0,25
(

1 ± tg θ

1 ∓ tg θ

)2

≈ 1, (77)

ÎÉμ ¤ ¥É θ ≈ ±18,4◦ ¤²Ö Xl → ®+¯ ¨ Xh → ®−¯ ¸μμÉ¢¥É¸É¢¥´´μ. �É¨ ·¥-
§Ê²ÓÉ ÉÒ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ [46]: θ ≈ ±20◦ ¨ [51]:
θ ≈ ±23,5◦. ˜¨·¨´  · ¸¶ ¤  Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ÎÊ¢¸É¢¨É¥²Ó´μ° ± ¨§-
³¥´¥´¨Õ ¶ · ³¥É·  ΛX , ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 6. ‚ ¤ ´´μ³ ¨´É¥·¢ ²¥
 ¡¸μ²ÕÉ´μ¥ §´ Î¥´¨¥ Ï¨·¨´Ò · ¸¶ ¤  Γ(X → J/ψ + nπ) ³¥´ÓÏ¥ 0,30 ŒÔ‚,
ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê μ£· ´¨Î¥´¨Õ Γ(X(3872)) � 2,3 ŒÔ‚.

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ Ï¨·¨´ · ¸¶ ¤μ¢ Γ(Xl → D̄0D0π0) ¨ Γ(X → J/ψ + nπ) μÉ
¶ · ³¥É·  ΛX

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¢ÒÎ¨¸²Ö¥É¸Ö Ï¨·¨´  · ¸¶ ¤  X → D0D̄0π0.
‚ ¶·¨¡²¨¦¥´¨¨ Ê§±¨Ì ·¥§μ´ ´¸μ¢ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¤ ´´μ° ·¥ ±-
Í¨¨ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

dΓ(Xu → D̄0D0π0)
dq2

=
1

2m2
Xπ

×

× 1
3
|MXDD∗ |2 ΓD∗0mD∗0

π

p∗(q2)B(D∗0 → D0π0)
(m2

D∗0 − q2)2 + Γ2
D∗0m2

D∗0

, (78)
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1
3
|MXDD∗ |2 =

1
3

∑
pol

|εμ
Xεν

D∗0Mμν |2, p∗(q2) =
λ1/2(m2

X , m2
D0 , q2)

2mX
,

£¤¥ Mμν Å ³ É·¨Î´Ò° Ô²¥³¥´É, μ¶·¥¤¥²¥´´Ò° Ê· ¢´¥´¨¥³ (73). Š¨´¥³ É¨-
Î¥¸± Ö μ¡² ¸ÉÓ § ¤ ¥É¸Ö ´¥· ¢¥´¸É¢ ³¨

(mD0 + mπ0)2 � q2 � (mX − mD0)2

¨ Ö¢²Ö¥É¸Ö μÎ¥´Ó Ê§±μ°: 3,99928 � q2 � 4,02672 ƒÔ‚2. �É³¥É¨³ Éμ, ÎÉμ ³Ò
ÊÎ²¨ μ¡  ± ´ ²  ¸ ¶·μ³¥¦ÊÉμÎ´Ò³¨ D∗0- ¨ D̄∗0-³¥§μ´ ³¨. ŒÒ ¡· ²¨ ³ ¸¸Ò ¨
Ï¨·¨´Ò D∗+- ¨ D∗0-³¥§μ´μ¢ ¨§ ¤ ´´ÒÌ [2, 25, 48] (¢¸¥ · §³¥·´Ò¥ ¢¥²¨Î¨´Ò
¢ ¥¤¨´¨Í Ì ŒÔ‚):

mD∗+ = 2010,27, ΓD∗+ = 0,096,

mD∗0 = 2006,97, B(D∗+ → D+π0) = 0,307,

ΓD∗0 = 0,070, B(D∗0 → D0π0) = 0,619.

‡´ Ö ÔÉ¨ §´ Î¥´¨Ö, Ï¨·¨´Ê · ¸¶ ¤  ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¶μ Ëμ·³Ê²¥

Γ(Xl → D̄0D0π0) = cos θ2Γ(Xu → D̄0D0π0).

‡ ¢¨¸¨³μ¸ÉÓ Ï¨·¨´Ò μÉ ¶ · ³¥É·  ΛX ¶μ± § ´  ´  Éμ³ ¦¥ ·¨¸. 6. ˆ¸¶μ²Ó§ÊÖ
·¥§Ê²ÓÉ ÉÒ [2]

105B(B± → K±X)B(X → J/ψπ+π−) = 0,95 ± 0,19,

105B(B± → K±X)B(X → D0D̄0π0) = 10,0 ± 4,0,

³μ¦´μ μ¶·¥¤¥²¨ÉÓ μÉ´μÏ¥´¨¥

Γ(X → D0D̄0π0)
Γ(X → J/ψπ+π−)

= 10,5 ± 4,7. (79)

’¥μ·¥É¨Î¥¸±μ¥ §´ Î¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¨§ μÉ´μÏ¥´¨° Ï¨·¨´ · ¸¶ ¤μ¢, ¶μ± -
§ ´´ÒÌ ´  ·¨¸. 6, · ¢´μ

Γ(X → D0D̄0π0)
Γ(X → J/ψπ+π−)

∣∣∣∣
theor

= 4,5 ± 0,2. (80)

4.2. ‚²¨Ö´¨¥ X-³¥§μ´  ´  ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´ .
X-³¥§μ´, · ¸¸³ É·¨¢ ¥³Ò° ± ± 4-±¢ ·±μ¢μ¥ ¸μ¸ÉμÖ´¨¥ c̄cq̄q, ³μ¦¥É μ± § ÉÓ
¢²¨Ö´¨¥ ´  ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´  ²¥£±¨³¨ ³¥§μ´ ³¨.
� ¶·¨³¥·, ¢ ·¥ ±Í¨¨ J/ψ+π → D+D̄ X-³¥§μ´ ³μ¦¥É ¶μÖ¢¨ÉÓ¸Ö ¢ s-± ´ ²¥ ¢
¶·μ³¥¦ÊÉμÎ´μ³ ¸μ¸ÉμÖ´¨¨. �·¥¦¤¥ Î¥³ ¶¥·¥Ìμ¤¨ÉÓ ± ±μ²¨Î¥¸É¢¥´´Ò³ μÍ¥´-
± ³, ³Ò ÌμÉ¥²¨ ¡Ò μÉ³¥É¨ÉÓ, ÎÉμ ¤ ´´ Ö ·¥ ±Í¨Ö ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´ 
¡Ò²  · ¸¸³μÉ·¥´  ¢ · ³± Ì · ´´¥° ¢¥·¸¨¨ ´ Ï¥° ³μ¤¥²¨ Å ·¥²ÖÉ¨¢¨¸É¸±μ°
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�¨¸. 7. „¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ·¥ ±Í¨Õ ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´  ¢ [94]

³μ¤¥²¨ ±μ´¸É¨ÉÊÔ´É´ÒÌ ±¢ ·±μ¢ ¢ · ¡μÉ¥ [94]. „²Ö ¶μ²´μÉÒ ± ·É¨´Ò ³Ò
¶·¨¢μ¤¨³ §¤¥¸Ó ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³Ò ”¥°´³ ´  (·¨¸. 7).

�¨¸. 8. �μ²´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤¨¸¸μÍ¨ Í¨¨ J/ψ-³¥§μ´ , ¢ÒÎ¨¸²¥´´μ¥ ¢ [94]
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�¨¸. 9. „¨ £· ³³ , μ¶¨¸Ò¢ ÕÐ Ö
¢±² ¤ X-·¥§μ´ ´¸  ¢ ¶·μÍ¥¸¸ J/ψ-
¤¨¸¸μÍ¨ Í¨¨

�μ¢¥¤¥´¨¥ ¸¥Î¥´¨° ± ¦¤μ° μÉ¤¥²Ó´μ°
³μ¤Ò J/ψ +π → D + D̄, J/ψ +π → D∗ +
D̄, J/ψ + π → D∗ + D̄∗, É ± ¦¥ ± ± ¨
¶μ¢¥¤¥´¨¥ ¸Ê³³ ·´μ£μ ¸¥Î¥´¨Ö, ¶μ± § ´Ò
´  ·¨¸. 8.

…¸²¨ ³Ò ÊÎÉ¥³ ¢²¨Ö´¨¥ X-³¥§μ´ , Éμ
ÔÉμ ¶·¨¢¥¤¥É ± ¶μÖ¢²¥´¨Õ ¤μ¶μ²´¨É¥²Ó-
´μ° s-± ´ ²Ó´μ° ¤¨ £· ³³Ò, ¶μ± § ´´μ°
´  ·¨¸. 9. ‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¢ ¸¥Î¥-
´¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

σ(J/ψ + v0 → D + D̄∗) + σ(J/ψ + v0 → D̄ + D∗) =

= 2(cos θ ∓ sin θ)2σ(J/ψ + v0 → Xu → D̄ + D∗),

σ(J/ψ + v0 → Xu → D̄ + D∗) =

=
1

16πs

λ1/2(s, m2
D, m2

D∗)
λ1/2(s, m2

J/ψ, m2
v0)

1
9

∑
pol

|A|2
(s − m2

X)2 + Γ2
Xm2

X

, (81)

A = εν
J/ψερ

v0Mμνρ

(
−gμα +

pμpα

m2
X

)
εβ

D∗Mαβ ,

£¤¥ p = p1 + p2 = q1 + q2. …¸²¨ v0 = ρ, Éμ ¡¥·¥³ §´ ± ®³¨´Ê¸¯, ¥¸²¨ ω Å
§´ ± ®¶²Õ¸¯. ŒÒ É ±¦¥ ¶·¥´¥¡·¥£ ¥³ ÔËË¥±É ³¨, ´ ·ÊÏ ÕÐ¨³¨ ¸μÌ· ´¥-
´¨¥ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´ . �É³¥É¨³, ÎÉμ ¤²Ö § ·Ö¦¥´´ÒÌ D-³¥§μ´μ¢ ¢ ±μ-
´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ E =

√
s � mD+ + mD∗+ , ¢ Éμ ¢·¥³Ö ± ± ¤²Ö ´¥°É· ²Ó´ÒÌ

D-³¥§μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ E � mJ/ψ + mv0 . ‚ ¶¥·¢μ³ ¸²ÊÎ ¥ ¸¥Î¥-
´¨¥ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ´  ¶μ·μ£¥ ·¥ ±Í¨¨ E = mD+ + mD∗+ . ‚ ¶μ¸²¥¤´¥³
¸²ÊÎ ¥ ¸¥Î¥´¨¥ ®¢§·Ò¢ ¥É¸Ö¯ ¶·¨ E = mJ/ψ + mv0 , ¶μÉμ³Ê ÎÉμ ± ´ ² J/ψ +
v0 → D0 + D̄∗0 Ô±§μÉ¥·³¨Î¥´ ¨ ±¨´¥³ É¨Î¥¸± Ö ËÊ´±Í¨Ö λ1/2(s, m2

J/ψ, m2
v0)

¢ §´ ³¥´ É¥²¥ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó. „²Ö Î¨¸²¥´´ÒÌ μÍ¥´μ± ³Ò ¶μ² £ ¥³

�¨¸. 10. ‘¥Î¥´¨¥ ·¥ ±Í¨¨ J/ψ + v0 → X → D + D∗:  ) § ·Ö¦¥´´Ò¥ D-³¥§μ´Ò;
¡) ´¥°É· ²Ó´Ò¥ D-³¥§μ´Ò
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ΓX = 1 ŒÔ‚. �μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö (81) ¶μ± § ´μ ´  ·¨¸. 10. ‚ ¸²ÊÎ ¥ § ·Ö-
¦¥´´ÒÌ D-³¥§μ´μ¢ (·¨¸.  ) ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¸¥Î¥´¨Ö ¸μ¸É ¢²Ö¥É μ±μ²μ
0,32 ³¡ ¶·¨ E = 3,88 ƒÔ‚. �ÉμÉ ·¥§Ê²ÓÉ É ¸· ¢´¨³ ¸ ·¥§Ê²ÓÉ Éμ³ ¸¥Î¥´¨Ö
σ(J/ψ+π → D+ D̄∗) ≈ 0,9 ³¡ ¶·¨ E = 4,0 ƒÔ‚ (¸³. ·¨¸. 8). ’ ±¨³ μ¡· §μ³,
X-·¥§μ´ ´¸ ¤ ¥É §´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ J/ψ-¤¨¸¸μÍ¨ Í¨¨.

4.3. �¤´μËμÉμ´´Ò° · ¸¶ ¤ X → γ + J/ψ. �¤´μËμÉμ´´Ò° · ¸¶ ¤ X →
γ +J/ψ μ¶¨¸Ò¢ ¥É¸Ö ´ ¡μ·μ³ ¤¨ £· ³³ ”¥°´³ ´ , ¨§μ¡· ¦¥´´ÒÌ ´  ·¨¸. 11.

�¨¸. 11. „¨ £· ³³Ò ”¥°´³ ´  ¤²Ö · ¸¶ ¤  X → γ + J/ψ

ˆ´¢ ·¨ ´É´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

M(Xq(p) → J/ψ(q1) γ(q2)) = i(2π)4δ(4)(p − q1 − q2)ε
μ
Xερ

γεν
J/ψTμρν(q1, q2),

(82)
£¤¥

Tμρν(q1, q2) =
∑

i=a,b,c,d

T (i)
μρν(q1, q2),

T (a)
μρν = 6

√
2 gXgJ/ψ, eq ×

×
∫

d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̃X(−K2

a)Φ̃J/ψ

(
−

(
k1 +

1
2
q1

)2
)
×

× 1
2

tr [γ5Sc(k1)γνSc(k1 + q1)γμSq(k2)γρSq(k2 + q2) − (γ5 ↔ γμ)] ,
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K2
a =

1
2

(
k1 +

1
2

q1

)2

+
1
2

(
k2 +

1
2

q2

)2

+
1
4

(wqq1 − wcq2)2,

T (b)
μρν = 6

√
2 gXgJ/ψ

∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̃J/ψ

(
−

(
k2 +

1
2
q1

)2
)
×

× ẼXρ(p1, . . . , p4, r)
1
2

tr [γ5Sq(k1)γμSc(k2)γνSc(k2 + q1) − (γ5 ↔ γμ)] ,

p1 = k2, p2 = k2 + q1, p3 = p4 = −k1, r = −q2,

T (c)
μρν = 6

√
2 gXgJ/ψec ×

×
∫

d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̃X(−K2

c )Φ̃J/ψ

(
−

(
k2 + q2 +

1
2
q1

)2
)
×

× 1
2

tr [γ5Sq(k1)γμSc(k2)γρSc(k2 + q2)γνSc(k2 + p) − (γ5 ↔ γμ)] ,

K2
c =

1
2

k2
1 +

1
2

(
k2 +

1
2

p

)2

+
1
4

w2
qp2,

T (d)
μρν = 6

√
2 gXgJ/ψec

∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̃X(−K2

c )ẼJ/ψρ(p1, p2, q)×

× 1
2

tr [γμSq(k1)γ5Sc(k2)γνSc(k2 + p) − (γ5 ↔ γμ)] ,

p1 = −k2 − p, p2 = −k2, q = −q2.

ŒÒ ¶·μ¢¥·¨²¨  ´ ²¨É¨Î¥¸±¨ ¤μ ¢Ò¶μ²´¥´¨Ö ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¶¥É²¥-
¢Ò³ ¶¥·¥³¥´´Ò³, ÎÉμ ¤ ´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ ± -
²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ qρ

2Tμρν(q1, q2) = 0. „²Ö ¶·μ¢¥·±¨ ¤μ¸É ÉμÎ´μ
¨¸¶μ²Ó§μ¢ ÉÓ Éμ¦¤¥¸É¢ 

S(k2) �q2S(k2 + q2) = S(k2 + q2) − S(k2),
1∫

0

dτΦ̃′(−τ a − (1 − τ)b)(a − b) = Φ̃(−b) − Φ̃(−a).

‚ÒÎ¨¸²¥´¨¥ ¶¥É²¥¢ÒÌ ¨´É¥£· ²μ¢ ¢ Ê· ¢´¥´¨¨ (82) ¶·μ¨¸Ìμ¤¨É ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ³¥Éμ¤μ¢, μ¶¨¸ ´´ÒÌ ¢ · §¤. 1. �μ¸±μ²Ó±Ê ¢¸¥ Î ¸É¨ÍÒ ´ Ìμ¤ÖÉ¸Ö ´ 
³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, ¢Ò¶μ²´ÖÕÉ¸Ö Ê¸²μ¢¨Ö

εμ
Xpμ = 0, εν

J/ψq1ν = 0, ερ
γq2ρ = 0. (83)
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„ ´´Ò¥ Ê¸²μ¢¨Ö Ê³¥´ÓÏ ÕÉ Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ ²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ·
¤μ ¶ÖÉ¨:

Tμρν(q1, q2) = εq2μνρ(q1 · q2)W1 +
+ εq1q2νρq1μW2 + εq1q2μρq2νW3 + εq1q2μνq1ρW4 + εq1μνρ(q1 · q2)W5. (84)

„ ²¥¥, ¨¸¶μ²Ó§ÊÖ Ê¸²μ¢¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨

qρ
2Tμρν = (q1 · q2)εq1q2μν(W4 + W5) = 0, (85)

¶μ²ÊÎ ¥³ W4 = −W5, ÎÉμ Ê³¥´ÓÏ ¥É Î¨¸²μ ´¥§ ¢¨¸¨³ÒÌ ¨´¢ ·¨ ´Éμ¢ ¤μ
Î¥ÉÒ·¥Ì:

Tμρν(q1, q2) = (q1 · q2) εq2μνρW1 + εq1q2νρq1μW2 + εq1q2μρq2νW3 +
+ (εq1q2μνq1ρ − (q1 · q2)εq1μνρ)W4. (86)

“¸²μ¢¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨, § ¶¨¸ ´´μ¥ ¢ ¢¨¤¥ W4 = −W5, ¶·μ-
¢¥·Ö¥É¸Ö Î¨¸²¥´´μ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¢ÒÎ¨¸²¥´¨°.

�¤´ ±μ ¸ÊÐ¥¸É¢ÊÕÉ ¥Ð¥ ¤¢  ´¥É·¨¢¨ ²Ó´ÒÌ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê μ¸É ¢-
Ï¨³¨¸Ö Î¥ÉÒ·Ó³Ö ¸É·Ê±ÉÊ· ³¨, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ¢Ò¢¥¤¥´Ò ¨§ Ê¸²μ¢¨Ö
Éμ£μ [135], ÎÉμ  ¡¸μ²ÕÉ´μ  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§μ· 5-£μ · ´£  ¢¨¤ 

Tμ[ν1ν2ν3ν4ν5] = gμν1εν2ν3ν4ν5 + cycl. (ν1ν2ν3ν4ν5) (87)

Éμ¦¤¥¸É¢¥´´μ · ¢¥´ ´Ê²Õ ¢ Î¥ÉÒ·¥Ì ¨§³¥·¥´¨ÖÌ. �μ¸²¥¤μ¢ É¥²Ó´μ ¸¢μ· Î¨¢ Ö
¤ ´´Ò° É¥´§μ· ¸ ¶·μ¨§¢¥¤¥´¨¥³ 4-¢¥±Éμ·μ¢ qμ

1 qν1
1 qν2

2 ¨ qμ
2 qν1

1 qν2
2 , ´ Ìμ¤¨³ ¤¢ 

Éμ¦¤¥¸É¢ 

q2
1εq2μνρ + εq1q2νρq1μ + (εq1q2μνq1ρ − (q1 · q2)εq1μνρ) = 0, (88)

(q1 · q2)εq2μνρ − εq1q2νρq1μ − εq1q2μρq2ν = 0. (89)

�É¨ ¤¢  Ê¸²μ¢¨Ö Ê³¥´ÓÏ ÕÉ ´ ¡μ· ´¥§ ¢¨¸¨³ÒÌ ¸É·Ê±ÉÊ· ¤μ ¤¢ÊÌ, ÎÉμ ¸μμÉ¢¥É-
¸É¢Ê¥É Î¨¸²Ê ´¥§ ¢¨¸¨³ÒÌ ¨´¢ ·¨ ´Éμ¢ ¢ ·¥ ±Í¨¨ ¸ μ¤´μËμÉμ´´Ò³ μ¡³¥´μ³:
É ± ´ §Ò¢ ¥³Ò¥ E1- ¨ M2-¶¥·¥Ìμ¤Ò.

ˆ¸¶μ²Ó§ÊÖ Éμ¦¤¥¸É¢  (88) ¨ (89) ¢ Ê· ¢´¥´¨¨ (86), ¶μ²ÊÎ ¥³

Tμρν =

(
W1 + W3 −

m2
J/ψ

(q1 · q2)
W4

)
εq1q2μρq2ν +

+

(
W1 + W2 −

(
1 +

m2
J/ψ

(q1 · q2)

)
W4

)
εq1q2νρq1μ. (90)

‘· ¢´¨¢ Ö ¤ ´´μ¥ ¢Ò· ¦¥´¨¥ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨  ³¶²¨ÉÊ¤ ³¨ ¢ ¶·¨²μ¦¥-
´¨¨, ´ Ìμ¤¨³, ÎÉμ ¶¥·¢Ò° ¨ ¢Éμ·μ° Î²¥´Ò ¢ (90) μ¶¨¸Ò¢ ÕÉ ¸μμÉ¢¥É¸É¢¥´´μ
¶¥·¥Ìμ¤Ò ¸ ¶·μ¤μ²Ó´Ò³¨ ¨ ¶μ¶¥·¥Î´Ò³¨ ±μ³¶μ´¥´É ³¨ J/ψ-³¥§μ´ .
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‚¥²¨Î¨´Ò Wi ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° Î¥ÉÒ·¥Ì±· É´Ò¥ ¨´É¥£· ²Ò ¢¨¤ 

Wi =

∞∫
0

dt

1∫
0

d3βFi(t, β1, β2, β3), (91)

£¤¥ ³Ò ¤²Ö ¶·μ¸ÉμÉÒ μ¶Ê¸É¨²¨ ¤μ¶μ²´¨É¥²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¶μ¤Ò´É¥£· ²Ó-
´μ° ËÊ´±Í¨¨ Fi μÉ ¶¥·¥³¥´´ÒÌ p2, q2

1 , q
2
2 ; mq, mc, sX , sJ/ψ ¸ sX = 1/Λ2

X

¨ sJ/ψ = 1/Λ2
J/ψ. ˆ´É¥£· ² ¢ Ëμ·³Ê²¥ (91) ¨³¥¥É ÉμÎ±¨ ¢¥É¢²¥´¨Ö ¶·¨

p2 = 4(mq + mc)2 (¤¨ £· ³³  ´  ·¨¸. 11,  ) ¨ ¶·¨ p2 = 4m2
c (¤¨ £· ³³Ò

´  ·¨¸. 11, ¡Ä£). ‚ ÔÉ¨Ì ÉμÎ± Ì ¨´É¥£· ²Ò ´ Î¨´ ÕÉ · ¸Ìμ¤¨ÉÓ¸Ö ¢ μ¡ÒÎ´μ³
¸³Ò¸²¥, ±μ£¤  t → ∞. �μÔÉμ³Ê ¤²Ö ¶·μ¢¥·±¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨
 ³¶²¨ÉÊ¤Ò Tμρν(q1, q2) ¡Ê¤¥³ ¶·¥¤¶μ² £ ÉÓ, ÎÉμ ±¢ ¤· É ¨³¶Ê²Ó¸  X-³¥§μ´ 
³¥´ÓÏ¥ Ê´¨É ·´μ£μ ¶μ·μ£ , É. ¥. p2 < 4m2

c. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³Ò ¶·μ¢¥·¨²¨
Î¨¸²¥´´μ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ, ÎÉμ ¤²Ö mX = 3,1 ƒÔ‚ ¨ mJ/ψ = 2,9 ƒÔ‚
¢Ò¶μ²´Ö¥É¸Ö ± ²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥ W4 = −W5. �É³¥É¨³, ÎÉμ ¤ ´´μ¥ ± -
²¨¡·μ¢μÎ´μ¥ Ê¸²μ¢¨¥ ´¥ § ¢¨¸¨É μÉ ±μ´¸É ´É ¸¢Ö§¨ gX ¨ gJ/ψ, ¨ ¶μÔÉμ³Ê ³Ò
μ¶Ê¸É¨²¨ ¨Ì ¶·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì.

‘²¥¤ÊÕÐ¨³ Ï £μ³ Ö¢²Ö¥É¸Ö ¢¢¥¤¥´¨¥ ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö 1/λ2 ´ 
¢¥·Ì´¥³ ¶·¥¤¥²¥ ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ¶μ t ¢ Ê· ¢´¥´¨¨ (91). �·¨ ÔÉμ³ Ê¸É· -
´ÖÕÉ¸Ö ¢¸¥ ¢μ§³μ¦´Ò¥ ¶μ·μ£μ¢Ò¥ ¸¨´£Ê²Ö·´μ¸É¨, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¢¢¥¤¥´¨Õ
±μ´Ë °´³¥´É  ±¢ ·±μ¢. —¨¸²¥´´μ¥ §´ Î¥´¨¥ ¶ · ³¥É·  ¨´Ë· ±· ¸´μ£μ μ¡·¥-
§ ´¨Ö ¡Ò²μ ´ °¤¥´μ ¢ · §¤. 3 ¸ ¶μ³μÐÓÕ Ë¨É¨·μ¢ ´¨Ö ¶μ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
¤ ´´Ò³: λ = 181 ŒÔ‚. �¤´ ±μ ¤²Ö É ±μ£μ §´ Î¥´¨Ö λ ¢±² ¤Ò μÉ ¤¨ £· ³³
´  ·¨¸. 11, ¡Ä£ ¨³¥ÕÉ ´¥Ë¨§¨Î¥¸±¨° ·μ¸É ¶·¨ p2 = m2

X ¶μ ¸· ¢´¥´¨Õ ¸ ¢±² -
¤μ³ ¨§ ¤¨ £· ³³Ò ´  ·¨¸. 11,  . �μ¸±μ²Ó±Ê ·μ²Ó ¤¨ £· ³³ ´  ·¨¸. 11, ¡Ä£ ¸μ-
¸Éμ¨É ¢ μ¸´μ¢´μ³ ¢ μ¡¥¸¶¥Î¥´¨¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ³ É·¨Î´μ£μ
Ô²¥³¥´É , ´  ±μ´¥Î´μ³ ÔÉ ¶¥ ¶μ¸²¥ ¶μ¸É·μ¥´¨Ö ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ°
 ³¶²¨ÉÊ¤Ò ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ¢±² ¤Ò ²¨ÏÓ μÉ ¤¨ £· ³³Ò ´  ·¨¸. 11,  .

„ ²¥¥ μ± §Ò¢ ¥É¸Ö Ê¤μ¡´Ò³ ¶·¥¤¸É ¢¨ÉÓ Ï¨·¨´Ê · ¸¶ ¤  Î¥·¥§ ¸¶¨· ²Ó-
´Ò¥ ¨ ³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò. �·μ¥±Í¨Ö ²μ·¥´Í¥¢¸±¨Ì  ³¶²¨ÉÊ¤ ¢ ¸¶¨-
· ²Ó´Ò¥ ¤ ´  ¢ ¶·¨²μ¦¥´¨¨. ˆ³¥¥³

Γ(X → γJ/ψ) =
1

12π

|q2|
m2

X

(|HL|2+|HT |2) =
1

12π

|q2|
m2

X

(|AE1|2+|AM2|2), (92)

£¤¥ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò HL ¨ HT ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§
²μ·¥´Í¥¢¸±¨¥  ³¶²¨ÉÊ¤Ò:

HL = i
m2

X

mJ/ψ
|q2|2

[
W1 + W3 −

m2
J/ψ

mX |q2|
W4

]
,
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HT = −imX |q2|2
[
W1 + W2 −

(
1 +

m2
J/ψ

mX |q2|

)
W4

]
,

(93)

|q2| =
m2

X − m2
J/ψ

2mX
.

�É³¥É¨³, ÎÉμ ³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò E1 ¨ M2 ¸¢Ö§ ´Ò ¸μ ¸¶¨· ²Ó´Ò³¨
± ± AE1/M2 = (HL ∓HT )/

√
2. …¸²¨ ¢μ§Ó³¥³ ¶ · ³¥É· ΛX = 3,0 ƒÔ‚, Éμ ¶μ-

²ÊÎ ¥³ AM2/AE1 = 0,11, É. ¥. Ô²¥±É·¨Î¥¸± Ö ³Ê²ÓÉ¨¶μ²Ó´ Ö  ³¶²¨ÉÊ¤  AE1

Ö¢²Ö¥É¸Ö ¤μ³¨´¨·ÊÕÐ¥°, ± ± ¨ μ¦¨¤ ²μ¸Ó. ’¥³ ´¥ ³¥´¥¥ ´ Ï¨ ¶·¥¤¸± § -
´¨Ö ¤²Ö Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö W (ϑ) ∼ 1 − 0,52 cos2 ϑ § ³¥É´μ μÉ²¨Î ÕÉ¸Ö
μÉ ¨§¢¥¸É´μ° Ëμ·³Ê²Ò W (ϑ) ∼ 1 − 0,333 cos2 ϑ ¤²Ö E1-¶¥·¥Ìμ¤ . 	Ò²μ ¡Ò
¨´É¥·¥¸´μ ¶·μ¢¥·¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ ¤ ´´μ¥ ¸²¥¤¸É¢¨¥ ´ Ï¥° ³μ¤¥²¨ ¤²Ö
É¥É· ±¢ ·± .

�¨¸. 12. ‡ ¢¨¸¨³μ¸ÉÓ Ï¨·¨´ · ¸¶ ¤μ¢ Γ(Xl → γ + J/ψ) ¨ Γ(Xl → J/ψ 2π) μÉ
¶ · ³¥É·  ΛX

�  ·¨¸. 12 ¶μ± § ´ £· Ë¨± § ¢¨¸¨³μ¸É¨ Ï¨·¨´Ò · ¸¶ ¤  Γ(Xl →
J/ψ + γ),   É ±¦¥ ¤²Ö ¸· ¢´¥´¨Ö Ï¨·¨´Ò · ¸¶ ¤  Γ(Xl → J/ψ + 2π) μÉ
¶ · ³¥É·  ΛX . �É³¥É¨³, ÎÉμ · ¤¨ Í¨μ´´ Ö Ï¨·¨´  · ¸¶ ¤  ¸μ¸ÉμÖ´¨Ö Xh =
−Xu sin θ + Xd cos θ ¶μÎÉ¨ ´  ¶μ·Ö¤μ± ³¥´ÓÏ¥, Î¥³ ¤²Ö ¸μ¸ÉμÖ´¨Ö Xl =
Xu cos θ + Xd sin θ. …¸²¨ ¢§ÖÉÓ ΛX ∈ (3, 4) ƒÔ‚ ¸μ ¸·¥¤´¨³ §´ Î¥´¨¥³
ΛX = 3,5 ƒÔ‚, Éμ ´ Ï¨ ¶·¥¤¸± § ´¨Ö ¤²Ö μÉ´μÏ¥´¨° Ï¨·¨´ § ¶¨ÏÊÉ¸Ö ¸²¥-
¤ÊÕÐ¨³ μ¡· §μ³:

Γ(Xl → γ + J/ψ)
Γ(Xl → J/ψ + 2π)

∣∣∣∣
theor

= 0,15 ± 0,03, (94)
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ÎÉμ μÎ¥´Ó Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨
±μ²² ¡μ· Í¨¥° Belle [8]:

Γ(X → γ + J/ψ)
Γ(X → J/ψ2π)

=
{

0,14 ± 0,05 Belle [8],
0,22 ± 0,06 BABAR [15].

(95)

5. ”��Œ”�Š’��› „‹Ÿ ��‹“‹…�’���›•, �…‹…�’���›•
ˆ �…„Šˆ• ��‘��„�‚ B(Bs)-Œ…‡���

5.1. �¥·¥Ìμ¤´Ò¥ Ëμ·³Ë ±Éμ·Ò. “Î¨ÉÒ¢ Ö ÉμÉ Ë ±É, ÎÉμ ¢¸¥ ³μ¤¥²Ó´Ò¥
¶ · ³¥É·Ò § Ë¨±¸¨·μ¢ ´Ò, ¢ÒÎ¨¸²¨³ Ëμ·³Ë ±Éμ·Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ¶¥·¥Ìμ¤Ò
ÉÖ¦¥²ÒÌ B(Bs)-³¥§μ´μ¢ ¢ ²¥£±¨¥ ³¥§μ´Ò, ´ ¶·¨³¥·, B, Bs → π, K, ρ, K∗, φ.
�É¨ ¢¥²¨Î¨´Ò ¶·¥¤¸É ¢²ÖÕÉ ¡μ²ÓÏμ° ¨´É¥·¥¸ ¨§-§  ´¥μ¡Ìμ¤¨³μ¸É¨ ¨Ì §´ -
´¨Ö ¶·¨ μ¶¨¸ ´¨¨ ¶μ²Ê²¥¶Éμ´´ÒÌ, ´¥²¥¶Éμ´´ÒÌ ¨ ·¥¤±¨Ì · ¸¶ ¤μ¢ B- ¨ Bs-
³¥§μ´μ¢. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, μ´¨ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò, ¢ Î ¸É´μ¸É¨,
¢ · ³± Ì ¶μ¤Ìμ¤  ¶· ¢¨² ¸Ê³³ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ ¢ μ¡² ¸É¨ ³ ²ÒÌ §´ Î¥-
´¨° ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  ¨ § É¥³ Ô±¸É· ¶μ²¨·μ¢ ´Ò ¢μ ¢¸Õ ±¨´¥³ É¨Î¥¸±ÊÕ
μ¡² ¸ÉÓ.

�·¥¦¤¥ ¢¸¥£μ ¤ ¤¨³ μ¶·¥¤¥²¥´¨¥ Ëμ·³Ë ±Éμ·μ¢ ¶¥·¥Ìμ¤μ¢ ¶¸¥¢¤μ¸± ²Ö·Ä
¶¸¥¢¤μ¸± ²Ö· ¨ ¶¸¥¢¤μ¸± ²Ö·Ä¢¥±Éμ·:

〈P ′
[q̄3q2](p2) | q̄2 Oμq1 |P[q̄3q1](p1)〉 =

= NcgP gP ′

∫
d4k

(2π)4i
Φ̃P (−(k + w13)2)Φ̃P ′(−(k + w23)2)×

× tr
[
OμS1(k + p1)γ5S3(k)γ5S2(k + p2)

]
= F+(q2)Pμ + F−(q2)qμ, (96)

〈P ′
[q̄3q2](p2) | q̄2(σμνqν)q1 |P[q̄3q1](p1)〉 =

= NcgP gP ′

∫
d4k

(2π)4i
Φ̃P (−(k + w13)2)Φ̃P ′(−(k + w23)2)×

× tr
[
σμνqνS1(k + p1), γ5S3(k), γ5S2(k + p2)

]
=

=
i

m1 + m2
(q2Pμ − q · Pqμ)FT (q2), (97)

〈V (p2, ε2)[q̄3q2] | q̄2O
μq1|P[q̄3q1](p1)〉 =

= NcgP gV

∫
d4k

(2π)4i
Φ̃P (−(k + w13)2)Φ̃V (−(k + w23)2)×

× tr
[
OμS1(k + p1)γ5S3(k) �ε†2S2(k + p2)

]
=

ε†ν
m1 + m2

(−gμνP · qA0(q2)+

+ PμP νA+(q2) + qμP νA−(q2) + iεμναβPαqβV (q2)), (98)
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〈V (p2, ε2)[q̄3q2] | q̄2(σμνqν(1 + γ5))q1 |P[q̄3q1](p1)〉 =

= NcgP gV

∫
d4k

(2π)4i
Φ̃P (−(k + w13)2)Φ̃V (−(k + w23)2)×

× tr
[
(σμνqν(1 + γ5))S1(k + p1)γ5S3(k) �ε†2S2(k + p2)

]
=

= ε†ν(−(gμν − qμqν/q2)P · qa0(q2)+

+ (PμP ν − qμP νP · q/q2)a+(q2) + iεμναβPαqβg(q2)). (99)

ŒÒ ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨Ö P = p1 + p2 ¨ q = p1 − p2. „²Ö ¢¥±Éμ·-
´ÒÌ ³¥§μ´μ¢ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ε†2 · p2 = 0. ˆ ¤²Ö ¢¸¥Ì ³¥§μ´μ¢
p2

i = m2
i . �μ¸±μ²Ó±Ê ¨³¥ÕÉ¸Ö É·¨ ¢¨¤  ±¢ ·±μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¶¥·¥Ìμ¤¥, ³Ò

¢¢¥²¨ ¤¢  ¨´¤¥±¸  wij = mqj /(mqi +mqj ) (i, j = 1, 2, 3), É ± ÎÉμ wij +wji = 1.
”μ·³Ë ±Éμ·Ò ¢ Ê· ¢´¥´¨¨ (99) Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Õ a0(0) = a+(0), ±μ-
Éμ·μ¥ £ · ´É¨·Ê¥É, ÎÉμ ±¨´¥³ É¨Î¥¸± Ö ¸¨´£Ê²Ö·´μ¸ÉÓ ´¥ ¢μ§´¨± ¥É ¢ ³ -
É·¨Î´μ³ Ô²¥³¥´É¥ ¶·¨ q2 = 0. „²Ö ¶μ²´μÉÒ ± ·É¨´Ò ³Ò ¤ ¥³ ¸¢Ö§Ó ´ Ï¨Ì
Ëμ·³Ë ±Éμ·μ¢ ¸ μ¶·¥¤¥²¥´¨Ö³¨, ¨¸¶μ²Ó§Ê¥³Ò³¨ ¢ ·Ö¤¥ ¤·Ê£¨Ì · ¡μÉ (¸³., ´ -
¶·¨³¥·, [111]). �É¨ ¸μμÉ´μÏ¥´¨Ö ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

F+ = f+, F− = −m2
1 − m2

2

q2
(f+ − f0), FT = fT ,

A0 =
m1 + m2

m1 − m2
A1, A+ = A2, A− =

2m2(m1 + m2)
q2

(A3 − A0), V = V,

(100)

a0 = T2, g = T1, a+ = T2 +
q2

m2
1 − m2

2

T3.

”μ·³Ë ±Éμ·Ò (100) Ê¤μ¢²¥É¢μ·ÖÕÉ ¸²¥¤ÊÕÐ¨³ μ£· ´¨Î¥´¨Ö³:

A0(0) = A3(0), 2m2A3(q2) = (m1 + m2)A1(q2)− (m1 −m2)A2(q2). (101)

�  ·¨¸. 13Ä16 ³Ò ¶·¨¢μ¤¨³ ¶μ¢¥¤¥´¨¥ Ëμ·³Ë ±Éμ·μ¢, ¢ÒÎ¨¸²¥´´ÒÌ ¢
· ³± Ì ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨ ¢μ ¢¸¥° ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨
0 � q2 � q2

max. „²Ö ¸· ¢´¥´¨Ö ¶·¨¢μ¤ÖÉ¸Ö É ±¦¥ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  ¶· -
¢¨² ¸Ê³³ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ [110]. ‚ É ¡². 3 ³Ò ¸μ¡· ²¨ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ
¤²Ö Ëμ·³Ë ±Éμ·μ¢ ¢ ÉμÎ±¥ ³ ±¸¨³ ²Ó´μ° μÉ¤ Î¨ q2 = 0 ¨ ¸· ¢´¨²¨ ¸ ·¥§Ê²Ó-
É É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ · ³± Ì ¤·Ê£¨Ì ¶μ¤Ìμ¤μ¢.

Š ± ¡Ò²μ ¶·¥¤²μ¦¥´μ ¢ [113,114], ³μ¦´μ ¶·μ¢¥·¨ÉÓ, ´ ¸±μ²Ó±μ Ìμ·μÏμ
Ëμ·³Ë ±Éμ·Ò, ¢ÒÎ¨¸²¥´´Ò¥ ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨, Ê¤μ¢²¥É¢μ-
·ÖÕÉ É·¥³ ¸μμÉ´μÏ¥´¨Ö³ ¶·¨ ³ ²μ° μÉ¤ Î¥, ¶μ²ÊÎ¥´´Ò³ ¢ [112] ¤²Ö É·¥Ì
¶ · Ëμ·³Ë ±Éμ·μ¢ (T1, V ), (T2, A1) ¨ (T3, A2). �  ·¨¸. 17 ³Ò ¶μ¸É·μ¨²¨
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�¨¸. 13. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ëμ·³Ë ±Éμ·μ¢, μ¶·¥¤¥²¥´´ÒÌ Ê· ¢´¥´¨Ö³¨ (96) ¨ (97).
�¨¸.  , ¢ ¤²Ö B−π-¶¥·¥Ìμ¤ ; ·¨¸. ¡, £ ¤²Ö B−K-¶¥·¥Ìμ¤ . „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò
±·¨¢Ò¥ ¶μ ¶· ¢¨² ³ ¸Ê³³ ´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥ ¨§ [110]

�¨¸. 14. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ëμ·³Ë ±Éμ·μ¢, μ¶·¥¤¥²¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ (98) ¨ (99)
¤²Ö B−ρ-¶¥·¥Ìμ¤ . „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¨§ [110]
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�¨¸. 15. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ëμ·³Ë ±Éμ·μ¢, μ¶·¥¤¥²¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ (98) ¨ (99)
¤²Ö B−K∗-¶¥·¥Ìμ¤ . „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¨§ [110]

�¨¸. 16. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ëμ·³Ë ±Éμ·μ¢, μ¶·¥¤¥²¥´´ÒÌ ¢ Ê· ¢´¥´¨ÖÌ (98) ¨ (99)
¤²Ö Bs−φ-¶¥·¥Ìμ¤ . „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¨§ [110]
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�¨¸. 17. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö μÉ´μÏ¥´¨° Ëμ·³Ë ±Éμ·μ¢, μ¶·¥¤¥²¥´´ÒÌ ¢ Ê· ¢´¥-
´¨¨ (102) ¤²Ö B−K∗-¶¥·¥Ìμ¤ 

¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ´μÏ¥´¨Ö

R1 =
T1(q2)
V (q2)

, R2 =
T2(q2)
A1(q2)

, R3 =
q2

m2
B

T3(q2)
A2(q2)

. (102)

�É¨ μÉ´μÏ¥´¨Ö ¢ ¶·¥¤¥²¥ ¸¨³³¥É·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ ¨ ¶·¨ ³ ²μ° μÉ¤ Î¥
¢¸¥ ¤μ²¦´Ò ¡ÒÉÓ ¶μ·Ö¤±  1− (2αs/(3π) ln (μ/mb), É. ¥. ¡²¨§±μ ± 1. ˆ§ ·¨¸. 17
¸²¥¤Ê¥É, ÎÉμ, É ± ¦¥ ± ± ¨ Ô±¸É· ¶μ²¨·μ¢ ´´Ò¥ Ëμ·³Ë ±Éμ·Ò ¢ ¶· ¢¨² Ì ¸Ê³³
´  ¸¢¥Éμ¢μ³ ±μ´Ê¸¥, Ëμ·³Ë ±Éμ·Ò, ¶μ²ÊÎ¥´´Ò¥ ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ°
³μ¤¥²¨, Ê¤μ¢²¥É¢μ·ÖÕÉ ÔÉ¨³ ¸μμÉ´μÏ¥´¨Ö³ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¢ ¸²ÊÎ ¥ R1

¨ R2. ‘μ£² ¸¨¥ ´¥ μÎ¥´Ó Ìμ·μÏ¥¥ ¢ ¸²ÊÎ ¥ μÉ´μÏ¥´¨Ö R3.

�¨¸. 18. ‘· ¢´¥´¨¥ Ëμ·³Ë ±Éμ·μ¢ B−π-¶¥·¥Ìμ¤ , ¶μ²ÊÎ¥´´ÒÌ ¢ ±μ¢ ·¨ ´É´μ° ±¢ ·-
±μ¢μ° ³μ¤¥²¨, ¸ Ëμ·³Ë ±Éμ·μ³ ³μ´μ¶μ²Ó´μ£μ É¨¶ 
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ˆ´É¥·¥¸´μ ¸· ¢´¨ÉÓ ¶μ¢¥¤¥´¨¥ Ëμ·³Ë ±Éμ·  ¤²Ö B−π-¶¥·¥Ìμ¤μ¢, ¢ÒÎ¨-
¸²¥´´μ£μ ¢ ´ Ï¥° ³μ¤¥²¨ ¨§ É·¥ÌÉμÎ¥Î´μ° μ¤´μ¶¥É²¥¢μ° ¤¨ £· ³³Ò, ¸ ¶μ¢¥¤¥-
´¨¥³ ³μ¤¥²¨ ¢¥±Éμ·´μ° ¤μ³¨´ ´É´μ¸É¨ (Œ‚„). ‚ ¸²ÊÎ ¥ μ¡ÒÎ´μ£μ ³μ´μ¶μ²Ö
¨³¥¥³

FBπ
VDM(q2) =

FBπ
+ (0)

m2
B∗ − q2

,

£¤¥ ³ ¸¸  ¶μ²Õ¸  ´ Ìμ¤¨É¸Ö ¢¡²¨§¨ ´¨§±μ²¥¦ Ð¥£μ ¸μ¸ÉμÖ´¨Ö B∗. ‘μμÉ-
¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 18. ‚¨¤´μ, ÎÉμ ¨³¥¥É¸Ö ¸¨²Ó´Ò°
·μ¸É Ëμ·³Ë ±Éμ·  ³μ¤¥²¨ ¢¥±Éμ·´μ° ¤μ³¨´ ´É´μ¸É¨ ¢ μ¡² ¸É¨ ¶μ²Õ¸ . �´ -
²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥ ¨³¥¥É ³¥¸Éμ ¨ ¢ ¸²ÊÎ ¥ Ëμ·³Ë ±Éμ· , ¢ÒÎ¨¸²¥´´μ£μ ¢
±μ¢ ·¨ ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨.

5.2. �¥²¥¶Éμ´´Ò¥ · ¸¶ ¤Ò Bs-³¥§μ´ . ‚ ± Î¥¸É¢¥ ¶·¨²μ¦¥´¨Ö ¢ÒÎ¨-
¸²¥´´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ³Ò · ¸¸³μÉ·¨³ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ´¥²¥¶Éμ´´Ò¥ · ¸¶ ¤Ò

Bs-³¥§μ´  Bs → D
(∗)−
s D

(∗)+
s ¨ Bs → J/ψφ, ±μÉμ·Ò¥ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö

¶·¨¢²¥±²¨ ¡μ²ÓÏμ¥ ¢´¨³ ´¨¥. �É³¥É¨³, ÎÉμ ³μ¤Ò ¸ ±μ´¥Î´Ò³¨ ¸μ¸ÉμÖ´¨-
Ö³¨ D−

s D+
s , D∗−

s D+
s + D−

s D∗+
s ¨ D∗−

s D∗+
s ¤ ÕÉ ´ ¨¡μ²ÓÏ¨° ¢±² ¤ ¢ ¢¥²¨-

Î¨´Ê ΔΓ ¤²Ö Bs−B̄s-¸¨¸É¥³Ò. Œμ¤  J/ψφ ¶μ¤ ¢²¥´  ¶μ Í¢¥ÉÊ, ´μ μ´  ¢¥¸Ó³ 
¨´É¥·¥¸´  ¤²Ö ¶μ¨¸±  ¢μ§³μ¦´ÒÌ ¶·μÖ¢²¥´¨° ´μ¢μ° Ë¨§¨±¨, ¶·¨¢μ¤ÖÐ¨Ì ±
CP -´ ·ÊÏ¥´¨Õ ¢ Bs−B̄s-¸¨¸É¥³¥.

“¤μ¡´μ ¢Ò· §¨ÉÓ ¢¸¥ Ë¨§¨Î¥¸±¨¥ ´ ¡²Õ¤ ¥³Ò¥ Î¥·¥§ ¸¶¨· ²Ó´Ò¥  ³¶²¨-
ÉÊ¤Ò Hm. �Éμ ¶μ§¢μ²¨É ¶·¥¤¸É ¢¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¤²Ö Ï¨·¨´ · ¸¶ ¤μ¢ ¢ ´ ¨-
¡μ²¥¥ ±μ³¶ ±É´μ° Ëμ·³¥. Š·μ³¥ Éμ£μ, ¢ ¸²ÊÎ ¥ · ¸¶ ¤μ¢ ´  ¤¢  ¢¥±Éμ·´ÒÌ
³¥§μ´  P → V V ¸¶¨· ²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μÎ¥´Ó Ê¤μ¡´μ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸¶¨-
· ²Ó´ÒÌ Ë· ±Í¨° ΓL, Γ−, Γ+.

‘¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò Hm ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥ Ëμ·³-
Ë ±Éμ·Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [89,92,93]:

 ) ¸¶¨´ S = 0:

Ht =
1√
q2

{(m2
1 − m2

2)F+ + q2F−},

(103)

H0 =
2m1|p2|√

q2
F+;

¡) ¸¶¨´ S = 1:

Ht =
1

m1 + m2

m1 |p2|
m2

√
q2

{(m2
1 − m2

2)(A+ − A0) + q2A−},

H± =
1

m1 + m2
{−(m2

1 − m2
2)A0 ± 2m1 |p2|V }, (104)

H0 =
1

m1 + m2

1
2 m2

√
q2

{−(m2
1 − m2

2)(m
2
1 − m2

2 − q2)A0 + 4m2
1 |p2|2A+},
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£¤¥ |p2| = λ1/2(m2
1, m

2
2, q

2)/(2 m1) Å ¨³¶Ê²Ó¸ ¢Ò²¥É ÕÐ¨Ì Î ¸É¨Í ¢ ¸¨¸É¥³¥
¶μ±μÖ · ¸¶ ¤ ÕÐ¥°¸Ö Î ¸É¨ÍÒ.

�ËË¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´, ´¥μ¡Ìμ¤¨³Ò° ¤²Ö μ¶¨¸ ´¨Ö ´¥²¥¶Éμ´´ÒÌ
· ¸¶ ¤μ¢ Bs-³¥§μ´ , § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸É ´¤ ·É´μ³ ¢¨¤¥ (¸³. [105]):

Heff = −GF√
2

VcbV
†
cs

6∑
i=1

CiQi,

Q1 = (c̄a1ba2)V −A(s̄a2ca1)V −A, Q2 = (c̄a1 ba1)V −A(s̄a2 ca2)V −A, (105)

Q3 = (s̄a1ba1)V −A(c̄a2ca2)V −A, Q4 = (s̄a1ba2)V −A(c̄a2ca1)V −A,

Q5 = (s̄a1ba1)V −A(c̄a2ca2)V +A, Q6 = (s̄a1ba2)V −A(c̄a2ca1)V +A,

£¤¥ ¨´¤¥±¸ V −A μÉ´μ¸¨É¸Ö ± ²¥¢μ±¨· ²Ó´μ³Ê Éμ±Ê Oμ
− = γμ(1−γ5),   ¨´¤¥±¸

V + A Å ± ¶· ¢μ±¨· ²Ó´μ³Ê Oμ
+ = γμ(1 + γ5); ai Å Í¢¥Éμ¢μ° ¨´¤¥±¸.

‚ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÔËË¥±É¨¢´μ£μ £ -
³¨²ÓÉμ´¨ ´  (105) ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¶·¨¢μ¤¨É ± Ëμ·³Ê² ³, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨³ ´ ¨¢´μ° Ë ±Éμ·¨§ Í¨¨, ´μ ¸ ¢¥²¨Î¨´ ³¨ (Ëμ·³Ë ±Éμ·Ò ¨ ²¥¶Éμ´´Ò¥
±μ´¸É ´ÉÒ · ¸¶ ¤μ¢), ¢ÒÎ¨¸²¥´´Ò³¨ ¢ · ³± Ì ´ Ï¥£μ ¶μ¤Ìμ¤ .

Š ± ¡Ò²μ Ê± § ´μ ¢ÒÏ¥, ³Ò · ¸¸³ É·¨¢ ¥³ ¸²¥¤ÊÕÐ¨¥ ´¥²¥¶Éμ´´Ò¥ ³μ¤Ò
· ¸¶ ¤μ¢ Bs-³¥§μ´ :

Bs(p) → D−
s (q1)D+

s (q2), D−
s (q1)D∗+

s (q2, ε2), D∗−
s (q1, ε1)D+

s (q2),
(106)

Bs(p) → D∗−
s (q1, ε1)D∗+

s (q2, ε2), J/ψ(q1, ε1)φ(q2, ε2).

˜¨·¨´Ò · ¸¶ ¤μ¢ ¢Ò· §¨³ Î¥·¥§ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò ¨ ±μ´¸É ´ÉÒ ²¥¶-
Éμ´´ÒÌ · ¸¶ ¤μ¢. ‚ ¸²ÊÎ ¥ · ¸¶ ¤μ¢, · §·¥Ï¥´´ÒÌ ¶μ Í¢¥ÉÊ, ¨³¥¥³

Γ(Bs → D−
s D+

s ) =
GF

16π

|q2|
m2

Bs

[λ(s)
c ]2(Ceff

2 mDs , fDs HBsDs
t (m2

Ds
)+

+ 2Ceff
6 fPS

Ds
FBsDs

S (m2
Ds

))2,

Γ(Bs → D−
s D∗+

s ) =
GF

16π

|q2|
m2

Bs

[λ(s)
c ]2 ×

×
(

Ceff
2 mDsfDs H

BsD∗
s

t (m2
Ds

) + 2Ceff
6

mBs |q2|
mD∗

s

fPS
Ds

F
BsD∗

s

PS (m2
Ds

)
)2

, (107)

Γ(Bs → D∗−
s D+

s ) =
GF

16π

|q2|
m2

Bs

[λ(s)
c ]2(Ceff

2 mD∗
s
fD∗

s
HBsDs

0 (m2
D∗

s
))2,

Γ(Bs → D∗,−
s D∗+

s ) =
GF

16π

|q2|
m2

Bs

[λ(s)
c ]2(Ceff

2 mD∗
s
fD∗

s
)2

∑
i=0,±

(HBsD∗
s

i (m2
D∗

s
))2.
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‡¤¥¸Ó λ
(s)
c = GF /

√
2 |VcbV

†
cs|. ŠμÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸μ´  ¶μÖ¢²ÖÕÉ¸Ö ¢ ±μ³-

¡¨´ Í¨ÖÌ Ceff
2 = C2 + ξC1 + C4 + ξC3 ¨ Ceff

6 = C6 + ξC5, £¤¥ Î²¥´Ò, Ê³´μ-
¦¥´´Ò¥ ´  Í¢¥Éμ¢μ° Ë ±Éμ· ξ = 1/Nc, ± ± μ¡ÒÎ´μ, ¡Ê¤ÊÉ μÉ¡·μÏ¥´Ò ¶·¨
Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ 1/Nc-· §²μ¦¥´¨¥³. ’ ±¦¥ ´¥ ÊÎ¨ÉÒ¢ -
ÕÉ¸Ö  ´´¨£¨²ÖÍ¨μ´´Ò¥ ¤¨ £· ³³Ò ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ μ´¨ ¶μ¤ ¢²¥´Ò ¢μ
¢·¥³¥´¨¶μ¤μ¡´μ° μ¡² ¸É¨ §  ¸Î¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ëμ·³Ë ±Éμ·μ¢.

˜¨·¨´  ¶μ¤ ¢²¥´´μ£μ ¶μ Í¢¥ÉÊ ´¥²¥¶Éμ´´μ£μ · ¸¶ ¤  Bs → J/ψφ § ¶¨-
¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Γ(Bs → J/ψφ) =
GF

16π

|q2|
m2

Bs

[λ(s)
c ]2(Ceff

1 + Ceff
5 )2 ×

× (mJ/ψfJ/ψ)2
∑

i=0,±
(HBsJ/ψ

i (m2
J/ψ))2, (108)

£¤¥ ±μÔËË¨Í¨¥´ÉÒ ‚¨²Ó¸μ´  · ¢´Ò Ceff
1 = C1 + ξC2 + C3 + ξC4 ¨ Ceff

5 =
C5 + ξC6.

„²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò ³Ò ¨¸-
¶μ²Ó§Ê¥³ §´ Î¥´¨Ö, ¢§ÖÉÒ¥ ¨§ [2]:

|Vud| |Vus| |Vub| |Vcd| |Vcs| |Vcb|
0,974 0,225 0,00389 0,230 0,975 0,0406

. (109)

„²Ö ±μÔËË¨Í¨¥´Éμ¢ ‚¨²Ó¸μ´  ³Ò ¡¥·¥³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¨§ [136]:

C1 C2 C3 C4 C5 C6

−0,257 1,009 −0,005 −0,078 0,000 0,001
, (110)

¶μ²ÊÎ¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨¨ NNL (next-to-next-to leading) ¢ MS-·¥´μ·³ ²¨§ -
Í¨μ´´μ° ¸Ì¥³¥ ¸ ³ ¸ÏÉ ¡μ³ μ = 4,8 ƒÔ‚ [137]. �·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ´Ê¦´Ò
§´ Î¥´¨Ö Ëμ·³Ë ±Éμ·  Bs−φ-¶¥·¥Ìμ¤  ¶·¨ q2 = m2

J/ψ. �´¨ ¶·¨¢¥¤¥´Ò
¢ É ¡². 4, £¤¥ ³Ò ¸· ¢´¨²¨ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¸ ·¥§Ê²ÓÉ É ³¨ [104]. Š ± ¢¨¤´μ,
¸μ£² ¸¨¥ ¢ ¸²ÊÎ ¥ Ëμ·³Ë ±Éμ·μ¢ A1(m2

J/ψ) ¨ A2(m2
J/ψ) Ö¢²Ö¥É¸Ö ¢¥¸Ó³  Ê¤μ-

¢²¥É¢μ·¨É¥²Ó´Ò³, ¢ Éμ ¢·¥³Ö ± ± ´ Ï¥ §´ Î¥´¨¥ ¤²Ö Ëμ·³Ë ±Éμ·  V (m2
J/ψ)

´¥¸±μ²Ó±μ ³¥´ÓÏ¥, Î¥³ ¢ [104].

’ ¡²¨Í  4. ”μ·³Ë ±Éμ·Ò Bs−φ-¶¥·¥Ìμ¤  ¶·¨ q2 = m2
J/ψ , ¢ÒÎ¨¸²¥´´Ò¥ ¢ · ³± Ì

´ Ï¥£μ ¶μ¤Ìμ¤ . „²Ö ¸· ¢´¥´¨Ö ¶·¨¢μ¤¨³ ·¥§Ê²ÓÉ ÉÒ [104]

”μ·³Ë ±Éμ· „ ´´ Ö · ¡μÉ  [104]

A1(m
2
J/ψ) 0,37 0,42± 0,06

A2(m
2
J/ψ) 0,48 0,38± 0,06

V (m2
J/ψ) 0,56 0,82± 0,12
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’ ¡²¨Í  5. 	·Ô´Î¨´£¨ (%) ¤²Ö ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ Bs-³¥§μ´ , ¢ÒÎ¨¸²¥´´Ò¥ ¢
´ Ï¥³ ¶μ¤Ìμ¤¥

�·μÍ¥¸¸ „ ´´ Ö · ¡μÉ  �±¸¶¥·¨³¥´É [2]

Bs → D−
s D+

s 1,65 1,04+0,29
−0,26

Bs → D−
s D∗+

s + D∗−
s D+

s 2,40 2,8 ± 1,0

Bs → D∗−
s D∗+

s 3,18 3,1 ± 1,4

Bs → J/ψφ 0,16 0,14 ± 0,05

‚ É ¡². 5 ¶·¨¢¥¤¥´Ò ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¡·Ô´Î¨´£μ¢.

� ±μ´¥Í, ³Ò ¶·¨¢μ¤¨³ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¸¶¨· ²Ó´ÒÌ Ë· ±Í¨° ¢ ¸²Ê-
Î ¥ ¤¢ÊÌ · ¸¶ ¤μ¢ Bs → D∗−

s D∗+
s ¨ Bs → J/ψφ. ‘¶¨· ²Ó´Ò¥ Ë· ±Í¨¨ ¤²Ö

´¥²¥¶Éμ´´μ£μ · ¸¶ ¤  Bs → V V μ¶·¥¤¥²ÖÕÉ¸Ö ± ±

Γ̂L =
|H0|2

|H0|2 + |H+|2 + |H−|2
,

Γ̂± =
|H±|2

|H0|2 + |H+|2 + |H−|2
, (111)

Γ̂⊥ =
1
2

|H+ − H−|2
|H0|2 + |H+|2 + |H−|2

.

�É³¥É¨³, ÎÉμ ³Ò ´μ·³¨·μ¢ ²¨ ¸¶¨· ²Ó´Ò¥ Ë· ±Í¨¨ ± ¶μ²´μ° Ï¨·¨´¥, É ±
ÎÉμ (Γ̂L+Γ̂−+Γ̂+) = 1. „²Ö · ¸¶ ¤  Bs → D∗−

s D∗+
s ´ Ìμ¤¨³ (Γ̂L, Γ̂−, Γ̂+) =

(0,549, 0,366, 0,0847),   ¤²Ö · ¸¶ ¤  Bs → J/ψφ (0,420, 0,552, 0,0272). ‚¨¤´μ,
ÎÉμ ¢ ¸²ÊÎ ¥ · ¸¶ ¤  Bs → D∗−

s D∗+
s ¨³¥¥É ³¥¸Éμ ¸²¥¤ÊÕÐ Ö ¨¥· ·Ì¨Ö

Γ̂L > Γ̂− > Γ̂+, ÎÉμ ´ Ìμ¤¨É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸É ¢²¥´¨Ö³¨ ¶·μ¸É¥°-
Ï¥° ±¢ ·±μ¢μ° ³μ¤¥²¨, · ¸¸³ É·¨¢ ÕÐ¥° ´¥²¥¶Éμ´´Ò¥ · ¸¶ ¤Ò ´  ¤·¥¢¥¸-
´μ³ Ê·μ¢´¥. �μ¤μ¡´Ò¥ μÍ¥´±¨ ¶·μ¢μ¤ÖÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ¢ ²¨¤¨·Ê-
ÕÐ¥³ ¶μ·Ö¤±¥ ¶μ m1 = mBs Ë· ±Í¨Ö Γ− Ö¢²Ö¥É¸Ö ¶μ¤ ¢²¥´´μ° ¶μ ¸¶¨-
· ²Ó´μ¸É¨ Ë ±Éμ·μ³ 4q2/m2

1, £¤¥ q2 = m2
D∗+

s
. Š·μ³¥ ¶μ¤ ¢²¥´¨Ö ¶μ ¸¶¨-

· ²Ó´μ¸É¨ Ë· ±Í¨Ö Γ+ ¶μ¤ ¢²¥´  ¥Ð¥ ¨ ¶μ ±¨· ²Ó´μ¸É¨ Ë ±Éμ·μ³ m2
2/m2

1

¸ m2 = mD∗+
s

[138Ä140]. ˆ¸¶μ²Ó§ÊÖ ±μ²¨Î¥¸É¢¥´´Ò¥ μÍ¥´±¨ ¤²Ö ¶μ¤ ¢²ÖÕ-
Ð¨Ì Ë ±Éμ·μ¢, ³μ¦´μ ´ °É¨ ¸²¥¤ÊÕÐ¨¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ¸¶¨· ²Ó´ÒÌ
Ë· ±Í¨° ¢ · ¸¶ ¤¥ Bs → D∗−

s D∗+
s : (0,583, 0,361, 0,056), ÎÉμ ¸μ£² ¸Ê¥É¸Ö ¸

·¥§Ê²ÓÉ É ³¨ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°. „²Ö ¶·μÍ¥¸¸  Bs → J/ψφ ¸ ¡μ²ÓÏ¨³ §´ -
Î¥´¨¥³ q2 = m2

J/ψ ¶μ¤ ¢²¥´¨¥ ¶μ ¸¶¨· ²Ó´μ¸É¨ Ê¦¥ ´¥ ¤¥°¸É¢Ê¥É, É ± ± ±

¢ ¤ ´´μ³ ¸²ÊÎ ¥ 4q2/m2
1 = 1,332. �Í¥´±¨, ¶·μ¢¥¤¥´´Ò¥ ¤²Ö ¤ ´´μ£μ · ¸-

¶ ¤ , ¤ ÕÉ (0,420, 0,560, 0,020), ÎÉμ É ±¦¥ ¤μ¸É ÉμÎ´μ ¡²¨§±μ ± ·¥§Ê²ÓÉ É ³
¶μ²´μ£μ · ¸Î¥É  ¢ ´ Ï¥³ ¶μ¤Ìμ¤¥.
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ˆ´É¥·¥¸´μ, ÎÉμ ¢ ¸²ÊÎ ¥ · ¸¶ ¤  Bs → J/ψφ ¨³¥¥É ³¥¸Éμ μ¡· É´ Ö
¨¥· ·Ì¨Ö: Γ̂L < Γ̂−. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¸¶¨· ²Ó´ÒÌ Ë· ±-
Í¨° ¸ÊÐ¥¸É¢ÊÕÉ Éμ²Ó±μ ¤²Ö · ¸¶ ¤  Bs → J/ψφ: Γ̂L = 0,541 ± 0,017 ¨
Γ̂⊥ = 0,241 ± 0,023 [2]. ‚¨¤´μ, ÎÉμ ¤²Ö ¶·μ¤μ²Ó´μ° Ë· ±Í¨¨ ´ Ï ·¥§Ê²ÓÉ É
Γ̂L = 0,420 μÉ²¨Î ¥É¸Ö ´  ´¥¸±μ²Ó±μ ¸É ´¤ ·É´ÒÌ μÉ±²μ´¥´¨° μÉ Ô±¸¶¥·¨-
³¥´É ²Ó´μ£μ §´ Î¥´¨Ö. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶μ¶¥·¥Î´μ° Ë· ±Í¨¨ ³Ò ¨¸¶μ²Ó§Ê¥³
¸μμÉ´μÏ¥´¨¥ Γ⊥ ∝ |A⊥|2 = |H+ − H−|2/2. „²Ö · ¸¶ ¤  Bs → D∗−

s D∗+
s

´ Ìμ¤¨³ Γ̂⊥ = 0,0493,   ¤²Ö · ¸¶ ¤  Bs → J/ψφ Å Γ̂⊥ = 0,167. �¶ÖÉÓ ´ Ï
·¥§Ê²ÓÉ É ¢ ¸²ÊÎ ¥ · ¸¶ ¤  Bs → J/ψφ μÉ²¨Î ¥É¸Ö ´  ´¥¸±μ²Ó±μ ¸É ´¤ ·É´ÒÌ
μÉ±²μ´¥´¨° μÉ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ §´ Î¥´¨Ö.

‡�Š‹
—…�ˆ…

„ ´ ±· É±¨° μ¡§μ· É¥μ·¥É¨Î¥¸±¨Ì ¶μ²μ¦¥´¨°, ²¥¦ Ð¨Ì ¢ μ¸´μ¢¥ ±μ¢ ·¨-
 ´É´μ° ±¢ ·±μ¢μ° ³μ¤¥²¨. �¡¸Ê¦¤¥´Ò ±μ¢ ·¨ ´É´Ò¥ ² £· ´¦¨ ´Ò, μ¶¨¸Ò¢ -
ÕÐ¨¥ ÔËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥  ¤·μ´μ¢ ¸ ¨Ì ¸μ¸É ¢²ÖÕÐ¨³¨ ±¢ ·± ³¨.
„ ´μ μ¶·¥¤¥²¥´¨¥ Ê¸²μ¢¨Ö ¸¢Ö§´μ¸É¨, Ö¢²ÖÕÐ¥£μ¸Ö ÔËË¥±É¨¢´Ò³ ¨´¸É·Ê³¥´-
Éμ³ ¤²Ö μ¶¨¸ ´¨Ö ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ · ³± Ì ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö.
‚¢¥¤¥´μ ¶μ´ÖÉ¨¥ ¨´Ë· ±· ¸´μ£μ ±μ´Ë °´³¥´É , μ¡¥¸¶¥Î¨¢ ÕÐ¥£μ μÉ¸ÊÉ¸É¢¨¥
²Õ¡ÒÌ ¶μ·μ£μ¢ÒÌ ¸¨´£Ê²Ö·´μ¸É¥°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·μ¦¤¥´¨Õ ±¢ ·±μ¢, ¢  ³-
¶²¨ÉÊ¤ Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

�¡¸Ê¦¤¥´μ ¢¢¥¤¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ · §¢¨¢ ¥³μ³
¶μ¤Ìμ¤¥. �É  § ¤ Î  Ö¢²Ö¥É¸Ö ´¥É·¨¢¨ ²Ó´μ° ¢¢¨¤Ê ´¥²μ± ²Ó´μ¸É¨  ¤·μ´-
±¢ ·±μ¢μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. „ ´´ Ö § ¤ Î  ·¥Ï¥´  ¶ÊÉ¥³ ¨¸¶μ²Ó§μ¢ ´¨Ö ¨§-
¢¥¸É´μ£μ ³¥Éμ¤  P -Ô±¸¶μ´¥´ÉÒ ¨ μ¶·¥¤¥²¥´¨Ö ¥¥ ¶·μ¨§¢μ¤´μ° ¶ÊÉ¥´¥§ ¢¨¸¨-
³Ò³ μ¡· §μ³. �μ¸É·μ¥´Ò Ö¢´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ² £· ´¦¨ ´ , μ¶¨¸Ò¢ -
ÕÐ¥£μ  ¤·μ´-ËμÉμ´-±¢ ·±μ¢μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ²¨´¥°´μ¥ ¶μ Ô²¥±É·μ³ £´¨É-
´μ³Ê ¶μ²Õ. �·μ¤¥³μ´¸É·¨·μ¢ ´μ ¢Ò¶μ²´¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ-
¸É¨ ´  ¶·¨³¥·¥ ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶¥·¥Ìμ¤  V → γ.

�¶·¥¤¥²¥´Ò Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¸¢μ¡μ¤´ÒÌ ¶ · ³¥É·μ¢ ³μ¤¥²¨ ¶ÊÉ¥³
Ë¨É  ³¥Éμ¤μ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¢¥²¨Î¨´ ²¥¶Éμ´´ÒÌ ±μ´¸É ´É · ¸¶ ¤μ¢
¨ Ï¨·¨´ μ¸´μ¢´ÒÌ · ¤¨ Í¨μ´´ÒÌ · ¸¶ ¤μ¢ ± ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ -
Î¥´¨Ö³.

ˆ§ÊÎ¥´Ò ¸¨²Ó´Ò¥ ¨ μ¤´μËμÉμ´´Ò¥ · ¸¶ ¤Ò X(3872)-³¥§μ´ , · ¸¸³ É·¨-
¢ ¥³μ£μ ± ± ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¨§ Î¥ÉÒ·¥Ì ±¢ ·±μ¢ Å É¥É· ±¢ ·±  ¸ ±¢ ´-
Éμ¢Ò³¨ Î¨¸² ³¨ JPC = 1++. ‚ÒÎ¨¸²¥´¨¥  ³¶²¨ÉÊ¤ ¶·μÍ¥¸¸μ¢ ¢ · ³± Ì
´ Ï¥£μ ¶μ¤Ìμ¤  É·¥¡Ê¥É §´ Î¨É¥²Ó´ÒÌ Ê¸¨²¨°, ¶μ¸±μ²Ó±Ê ¶·¨Ìμ¤¨É¸Ö ¢ÒÎ¨-
¸²ÖÉÓ É·¥Ì¶¥É²¥¢Ò¥ Ë¥°´³ ´μ¢¸±¨¥ ¤¨ £· ³³Ò. �μ± § ´μ, ÎÉμ ¤²Ö · §Ê³´ÒÌ
§´ Î¥´¨° ¶ · ³¥É·  ΛX , Ì · ±É¥·¨§ÊÕÐ¥£μ · §³¥· X-³¥§μ´ , É¥μ·¥É¨Î¥¸±¨¥
§´ Î¥´¨Ö ¤²Ö Ï¨·¨´ · ¸¶ ¤μ¢ ´ Ìμ¤ÖÉ¸Ö ¢ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨.
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‚ÒÎ¨¸²¥´Ò · §²¨Î´Ò¥ ¶¥·¥Ìμ¤´Ò¥ Ëμ·³Ë ±Éμ·Ò B(Bs)-³¥§μ´μ¢ ¢μ ¢¸¥°
±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . ‚ ± Î¥¸É¢¥ ¶·¨²μ-
¦¥´¨Ö ¤ ´´Ò¥ Ëμ·³Ë ±Éμ·Ò ¨¸¶μ²Ó§μ¢ ´Ò ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éμ¢ ¨ Ï¨·¨´ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ´¥²¥¶Éμ´´ÒÌ · ¸¶ ¤μ¢ Bs-³¥§μ´ .

	² £μ¤ ·´μ¸É¨. ‚ § ±²ÕÎ¥´¨¥ ³Ò ¡² £μ¤ ·¨³ ¢¸¥Ì ´ Ï¨Ì ¸μ ¢Éμ·μ¢
�. ‡. „Ê¡´¨Î±μ¢Ê, ‘. „Ê¡´¨Î±Ê, 
. ƒ. Š¥·´¥· , ‘. ƒ. Šμ¢ ²¥´±μ, ‚. …. ‹Õ¡μ¢¨Í-
±μ£μ, �. ‘ ´Éμ·¥²²¨ ¶μ ¸μ¢³¥¸É´Ò³ · ¡μÉ ³, ¸ ±μÉμ·Ò³¨ ¡Ò² ¸¤¥² ´ ¤ ´-
´Ò° μ¡§μ·. Œ. �.ˆ¢ ´μ¢ ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ §  ¶μ¤¤¥·¦±Ê �μ¸¸¨°¸±μ³Ê
Ëμ´¤Ê ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (£· ´É º10-02-00368-a) ¨ ¶·μ£· ³³¥
ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê.

�·¨²μ¦¥´¨¥
‘�ˆ��‹œ�›… ˆ Œ“‹œ’ˆ��‹œ�›… �Œ�‹ˆ’“„›

‚ ��‘��„… X(3872) → γ + J/ψ(→ 	+	−)

Œ É¥·¨ ²Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ÔÉμ³ ¶·¨²μ¦¥´¨¨, ¢§ÖÉÒ ¨§  ´ ²μ£¨Î´μ£μ
³ É¥·¨ ² , ¨³¥ÕÐ¥£μ¸Ö ¢ [141] ¢ ´¥¸±μ²Ó±μ ¨´μ³ ¢¨¤¥. ˆ³¥ÕÉ¸Ö ¤¢¥ ´¥§ ¢¨-
¸¨³Ò¥ ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò HλX ;λγλJ/ψ

, ±μÉμ·Ò¥ ³Ò μ¡μ§´ Î¨³ Hi (i =
L, T ) ¸μ£² ¸´μ ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ³¥§μ´  J/ψ. ‡´ Î¥´¨Ö
λJ/ψ = 0 ¨ λJ/ψ = ±1 ¶·¨´ÖÉÒ ¤²Ö ¶·μ¤μ²Ó´μ° ¨ ¶μ¶¥·¥Î´μ° ¸¶¨· ²Ó-
´μ¸É¨ J/ψ-³¥§μ´ . ˆ§ Î¥É´μ¸É¨ ¸²¥¤Ê¥É, ÎÉμ H+;−0 = −H−;+0 = HL ¨
H0;++ = −H0;−− = HT .

ŒÒ ¨Ð¥³ ±μ¢ ·¨ ´É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶·μ¥±Éμ·μ¢ IPμρν
L,T ´  ¶·μ¤μ²Ó-

´Ò¥ ¨ ¶μ¶¥·¥Î´Ò¥ ¸μ¸É ¢²ÖÕÐ¨¥, ¶·¨ ¤¥°¸É¢¨¨ ±μÉμ·ÒÌ ´  ²μ·¥´Í¥¢¸±ÊÕ
 ³¶²¨ÉÊ¤Ê Tμρν ¶μ²ÊÎ ÕÉ¸Ö ¸¶¨· ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò HL,T :

Hi = IPμρν
i Tμρν (i = L, T ). (112)

‹¥£±μ ¶·μ¢¥·¨ÉÓ, ÎÉμ ¸²¥¤ÊÕÐ¨¥ ¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ¶·μ¥±Éμ·μ¢ Ê¤μ¢²¥É¢μ-
·ÖÕÉ É·¥¡Ê¥³Ò³ Ê¸²μ¢¨Ö³:

IPμρν
L =

1
2
(εμ

X(+)ε̄†ργ (−) − εμ
X(−)ε̄†ργ (+))ε†νJ/ψ(0),

(113)
IPμρν

T =
1
2
εμ

X(0)(ε̄†ργ (+)ε†νJ/ψ(+) − ε̄†ργ (−)ε†νJ/ψ(−)),

£¤¥ ¶·¨´ÖÉÒ μ¡μ§´ Î¥´¨Ö Ÿ±μ¡¨Ä‚¨±  ¤²Ö 4-¢¥±Éμ·μ¢ ¶μ²Ö·¨§ Í¨¨ [142].
�·¥¤¶μ² £ ¥É¸Ö, ÎÉμ μ¸Ó z ´ ¶· ¢²¥´  ¶μ ¨³¶Ê²Ó¸Ê J/ψ-³¥§μ´ . —¥·É  ´ ¤
¢¥±Éμ· ³¨ ¶μ²Ö·¨§ Í¨¨ ËμÉμ´μ¢ ε̄ρ

γ(λγ) Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ¸¶¨· ²Ó´μ¸É¨
ËμÉμ´  μ¶·¥¤¥²¥´Ò μÉ´μ¸¨É¥²Ó´μ μÉ·¨Í É¥²Ó´μ£μ ´ ¶· ¢²¥´¨Ö μ¸¨ z. ‚ ¤ ´-
´μ³ ±μ´É¥±¸É¥ ¢ ¦´μ ÊÎ¨ÉÒ¢ ÉÓ μ¡¥ ±μ´Ë¨£Ê· Í¨¨ Î¥É´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ μÉ-
· ¦¥´¨¥³ ¸¶¨· ²Ó´μ¸É¨, ± ± ÔÉμ ¤ ´μ ¢ Ê· ¢´¥´¨¨ (113). Ÿ¢´Ò° ¢¨¤ ¢¥±Éμ·μ¢
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¶μ²Ö·¨§ Í¨¨ ¢ ¸¨¸É¥³¥ ¶μ±μÖ X-³¥§μ´  ¶·¨¢¥¤¥´ ´¨¦¥:

εX μ(±) =
1√
2
(0;±1, i, 0), pα = (mX ; 0, 0, 0),

εX μ(0) = (0; 0, 0,−1),

ε†J/ψ ν(±) =
1√
2
(0;±1,−i, 0), qα

1 =

(
m2

X + m2
J/ψ

2mX
; 0, 0, |q2|

)
, (114)

ε†J/ψν(0) =
1

mJ/ψ

(
|q2|; 0, 0,−

m2
X + m2

J/ψ

2mX

)
,

ε̄†γρ(±) =
1√
2
(0;∓1,−i, 0), qα

2 = |q2|(1; 0, 0,−1).

“¤μ¡´μ¥ ±μ¢ ·¨ ´É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶·μ¥±Éμ·μ¢ ´  ¸¶¨· ²Ó´Ò¥  ³¶²¨-
ÉÊ¤Ò ¨³¥¥É ¢¨¤

IPμρν
i = hμ′ρ′ν′

i S
(1)μ
X μ′(p)(−gρ

ρ′)S(1)ν
J/ψ ν′

(q1), (115)

£¤¥

hμρν
L =

i

2
mJ/ψ

(q1 · q2)2
εμρq1q2 qν

2 ,

(116)

hμρν
T = − i

2
mX

(q1 · q2)2
qμ
2 ερνq1q2 ,

¨ £¤¥ ¶·μ¶ £ Éμ·Ò ³ ¸¸¨¢´ÒÌ ¢¥±Éμ·´ÒÌ ¶μ²¥° (V = X, J/ψ) ¢Ò¡¨· ÕÉ¸Ö
¢ ¢¨¤¥

S
(1)α
V α′(pV ) = −gα

α′ +
pα

V pV α′

m2
V

. (117)

�·μ¶ £ Éμ·Ò ³ ¸¸¨¢´ÒÌ ¢¥±Éμ·´ÒÌ ¶μ²¥° ¢ Ê· ¢´¥´¨¨ (115) ¢Ò¶μ²´ÖÕÉ ·μ²Ó
¶·μ¥±Éμ·μ¢ ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É·¥Ì³¥·´Ò¥ ¶μ¤¶·μ¸É· ´¸É¢  ¢ ¸¨¸É¥³¥ ¶μ-
±μÖ ¢¥±Éμ·´μ° Î ¸É¨ÍÒ. „²Ö ËμÉμ´μ¢ Î¨¸²¨É¥²Ó ¶·μ¶ £ Éμ·  ¨³¥¥É ¢¨¤
(−gρ

ρ′). �·μ¥±É¨·ÊÕÐ¨¥ μ¶¥· Éμ·Ò μ·Éμ´μ·³¨·μ¢ ´´Ò ¢ ¸³Ò¸²¥, ÎÉμ

IPμρν
i IP†

jμρν = −(1/2)δij .
“£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ · ¸¶ ¤¥ X(3872) → γ + J/ψ(→ 	+	−) μ¶·¥¤¥-

²Ö¥É¸Ö ± ±

dΓ
d cosϑ

= BR(J/ψ → 	+	−)
1
4π

1
2SX + 1

|q2|
m2

X

×

×
(

3
4

sin2 ϑ|HL|2 +
3
8
(1 + cos2 ϑ)|HT |2

)
, (118)
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Ò
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Ì
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(i
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ν
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K
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ρ
ν

=
ε μ

ρ
ν

q
1
,
K

(2
)

μ
ρ
ν
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q 1
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ε ρ

ν
q
1
q
2
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K
(3

)
μ

ρ
ν

=
q 1
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ε μ
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1
q
2
,
K

(4
)

μ
ρ
ν

=
q 2

ν
ε μ

ρ
q
1
q
2
,

K
(5

)
μ

ρ
ν

=
ε μ

ρ
ν

q
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,

K
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)
μ

ρ
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=
K
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)

μ
ρ
ν
−

(q
1
q 2

)
K

(1
)

μ
ρ
ν
.
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Õ
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=

IP
μ

ρ
ν

L
K

(i
)

μ
ρ
ν

H
(i

)
T

=
IP

μ
ρ
ν

T
K

(i
)

μ
ρ
ν

A
(i

)
E

1
=
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=
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μ
ρ
ν

1
im

J
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−
im

2 X
+

m
2 J

/
ψ

2
m

X

i √
2

(m
X

+
m

J
/
ψ
)2

2
m

X
−

i √
2

2
m

X

(m
X

+
m

J
/
ψ
)2
|q

2
|2

2
0

im
X
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2
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−
i √
2
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X
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2
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X
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+
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im
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2
|

im
2 X

+
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2 J
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ψ

2
|q

2
|

−
i √
2

(m
X

+
m

J
/
ψ
)2

2
|q

2
|

i √
2

2
m

2 X

(m
X

+
m

J
/
ψ
)2

|q
2
|3
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£¤¥ ϑ Å ¶μ²Ö·´Ò° Ê£μ² ³¥¦¤Ê ´ ¶· ¢²¥´¨¥³ ²¥¶Éμ´μ¢ 	± ¨ ¶¥·¢μ´ Î ²Ó´Ò³
´ ¶· ¢²¥´¨¥³ ¢Ò²¥É  J/ψ. �·¨ ÔÉμ³ ³Ò · ¡μÉ ¥³ ¢ ¸¨¸É¥³¥ ¶μ±μÖ J/ψ-
³¥§μ´ .

‚³¥¸Éμ ¸¶¨· ²Ó´ÒÌ  ³¶²¨ÉÊ¤ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨-
ÉÊ¤Ò AE1 ¨ AM2. ‘¢Ö§Ó ³¥¦¤Ê ´¨³¨ ¤ ¥É¸Ö Ëμ·³Ê² ³¨ [143]

AE1 =
1√
2
(HL − HT ), AM2 =

1√
2
(HL + HT ). (119)

‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·μ¥±Éμ·Ò ´  ³Ê²ÓÉ¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò § ¶¨¸Ò¢ ÕÉ¸Ö
¢ ¢¨¤¥

IPμρν
E1 =

1√
2
(IPμρν

L − IPμρν
T ), IPμρν

M2 =
1√
2
(IPμρν

L + IPμρν
T ). (120)

‚ É ¡². 6 ¤ ´Ò ¶·μ¥±Í¨¨ ¸¶¨· ²Ó´ÒÌ ¨ ³Ê²ÓÉ¨¶μ²Ó´ÒÌ  ³¶²¨ÉÊ¤, ¶μ-
²ÊÎ¨¢Ï¨¥¸Ö ¨§ μ¸´μ¢´ÒÌ ²μ·¥´Í¥¢¸±¨Ì ¸É·Ê±ÉÊ· ¢ Ê· ¢´¥´¨¨ (84). ‚¨¤´μ,
ÎÉμ ÔÉ¨ ²μ·¥´Í¥¢¸±¨¥ ¸É·Ê±ÉÊ·Ò Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Ö³ (88) ¨ (89). ŒÊ²Ó-

É¨¶μ²Ó´Ò¥  ³¶²¨ÉÊ¤Ò AE1,M2, ¶μ²ÊÎ¥´´Ò¥ ¨§ ¸É·Ê±ÉÊ· K
(i)
μρν (i = 2, 4, 5, 6),

¨³¥ÕÉ ¶· ¢¨²Ó´μ¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ AE1 ∼ |q2| ¨ AM2 ∼ |q2|2.
‹¨¤¨·ÊÕÐ¨° ¢±² ¤ ¶μ |q2| ¢ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¶μ·Í¨μ´ ²¥´ |AE1|2,
ÎÉμ ¤ ¥É W (cosϑ) ∝ (3 − cos2 ϑ). ‘²¥¤ÊÕÐ Ö §  ²¨¤¨·ÊÕÐ¨³ ¢±² ¤μ³ ¶μ-
¶· ¢±  2Re (AE1A

∗
M2) ¶μ¤ ¢²¥´  μ¤´μ° ¸É¥¶¥´ÓÕ |q2|. �¥²¨¤¨·ÊÕÐ¨° ¢±² ¤

¢ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μ¶μ·Í¨μ´ ²¥´ W (cosϑ) ∝ (1− 3 cos2 ϑ) (¢ É¥Ì ¦¥
¸ ³ÒÌ ¥¤¨´¨Í Ì).
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