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Œ. �. ˆ¢ ´μ¢  , 1, ƒ. �Ê·¡ ±μ¢  ¡, ¢, 2, †. ’Õ²¥³¨¸μ¢  , ¡, 3

  �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
¡ � ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ô±¸¶¥·¨³¥´É ²Ó´μ° ¨ É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨,

�²³ -�É , Š § Ì¸É ´
¢ Š § Ì¸±¨° ´ Í¨μ´ ²Ó´Ò° Ê´¨¢¥·¸¨É¥É ¨³.  ²Ó-” · ¡¨, �²³ -�É , Š § Ì¸É ´

ˆ§ÊÎ¥´ ¸¨²Ó´Ò° · ¸¶ ¤ Δ-¨§μ¡ ·Ò ¢ · ³± Ì ±μ¢ ·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·±μ¢. �·¨¢¥¤¥´μ ¤¥É ²Ó-
´μ¥ ¶μ¸É·μ¥´¨¥ ´  ¡ §¥ ¶·¥μ¡· §μ¢ ´¨Ö ”¨·Í  ·¥²ÖÉ¨¢¨¸É¸±μ£μ É·¥Ì±¢ ·±μ¢μ£μ Éμ±  ¸ ±¢ ´Éμ¢Ò³¨
Î¨¸² ³¨ JP = 3/2+. �μ± § ´μ, ÎÉμ ¤ ´´Ò° Éμ± ¨³¥¥É ¥¤¨´¸É¢¥´´ÊÕ Ëμ·³Ê. ”¨É¨·μ¢ ´¨¥³
¸¢μ¡μ¤´μ£μ ¶ · ³¥É·  ³μ¤¥²¨ ¡Ò²  ¢ÒÎ¨¸²¥´  Ï¨·¨´  · ¸¶ ¤ . �μ²ÊÎ¥´μ ¶μ¢¥¤¥´¨¥ ¸¨²Ó´μ£μ
Ëμ·³Ë ±Éμ·  GΔpπ(Q2) ¤²Ö ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ §´ Î¥´¨° ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ 
¶¨μ´ .

We investigate strong decay of the Δ isobar as three-quark system in the covariant quark model.
We analytically, based on the Fierz transformation, prove that the three-quark current of baryon with
quantum numbers JP = 3/2+ has only one possible form. The width of decay is calculated by ˇtting
of the model's free parameter. We also numerically compute strong form factor GΔpπ(Q2) of the
Δ isobar, which is determined for the space-like transfer momenta.

PACS: 12.39.Ki; 13.30.Eg
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‚ Ö¤¥·´μ° Ë¨§¨±¥ Ìμ·μÏμ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§ÊÎ¥´´Ò³ ¸¨²Ó´Ò³ · ¸¶ ¤μ³ ¡ ·¨μ´ ,
¸μ¸ÉμÖÐ¥£μ ²¨ÏÓ ¨§ ²¥£±¨Ì u- ¨ d-±¢ ·±μ¢, Ö¢²Ö¥É¸Ö  ¤·μ´´Ò° · ¸¶ ¤ Δ-¨§μ¡ ·Ò. �·¨
´ ²¨Î¨¨ ± ´ ²  ¸¨²Ó´μ£μ · ¸¶ ¤  ¤ ´´Ò° ± ´ ² ¶·¥¢ ²¨·Ê¥É ´ ¤ μ¸É ²Ó´Ò³¨ §  ¸Î¥É
¡μ²ÓÏ¥° ¢¥·μÖÉ´μ¸É¨, ¢ ¸²ÊÎ ¥ Δ-¨§μ¡ ·Ò 99% Å  ¤·μ´´Ò° · ¸¶ ¤, 1 % Å Ô²¥±É·μ³ £-
´¨É´Ò° · ¸¶ ¤. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ · ¸¶ ¤ Δ-¨§μ¡ ·Ò ± ± ÔÉ ²μ´´Ò°
¤²Ö Î ¸É¨Í ¸μ ¸¶¨´μ³ 3/2.

Δ-¨§μ¡ ·  ¨¸¸²¥¤μ¢ ² ¸Ó ¢ ± Î¥¸É¢¥ É·¥Ì±¢ ·±μ¢μ° ¸¨¸É¥³Ò ¢ · ³± Ì ³μ¤¥²¨ ±μ´Ë °-
´³¥´É  ±¢ ·±μ¢ [1]. �É  ³μ¤¥²Ó μ¸´μ¢ ´  ´  ¤¢ÊÌ £¨¶μÉ¥§ Ì. ‚μ-¶¥·¢ÒÌ, ±μ´Ë °´³¥´É
±¢ ·±μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶ÊÉ¥³ Ê¸·¥¤´¥´¨Ö ¶μ ¢ ±ÊÊ³´Ò³ £²Õμ´´Ò³ ¶μ²Ö³, μ¡¥¸¶¥Î¨¢ Õ-
Ð¨³ ±μ´Ë °´³¥´É ²Õ¡μ£μ Í¢¥É´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚μ-¢Éμ·ÒÌ,  ¤·μ´Ò · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±
±μ²²¥±É¨¢´Ò¥ ¡¥¸Í¢¥É´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ±¢ ·±-£²Õμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.

1E-mail: ivanovm@theor.jinr.ru
2E-mail: g.nurbakova@gmail.com
3E-mail: zhomart@theor.jinr.ru
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–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ ¸¢μ°¸É¢ Δ-¨§μ¡ ·Ò, · ¸¸³ É·¨¢ ¥³μ° ± ±
¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¨§ ²¥£±¨Ì u- ¨ d-±¢ ·±μ¢, ¢ · ³± Ì ±μ¢ ·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·±μ¢.
„ ´μ ¤¥É ²Ó´μ¥ ¶μ¸É·μ¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±μ£μ É·¥Ì±¢ ·±μ¢μ£μ Éμ±  ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨
JP = 3/2+. �μ± § ´μ, ÎÉμ ¤ ´´Ò° Éμ± ¨³¥¥É ¥¤¨´¸É¢¥´´ÊÕ Ëμ·³Ê ¢ μÉ²¨Î¨¥ μÉ ´Ê±²μ´ ,
¨³¥ÕÐ¥£μ ¤¢  ´¥§ ¢¨¸¨³ÒÌ Éμ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥±Éμ·´μ³Ê ¨ É¥´§μ·´μ³Ê ¢§ ¨³μ¤¥°-
¸É¢¨Õ [2].

�  μ¸´μ¢¥ ´¥²μ± ²Ó´μ£μ μ¡μ¡Ð¥´¨Ö É·¥Ì±¢ ·±μ¢μ£μ Éμ±  Δ-¨§μ¡ ·Ò, ¢ · ³± Ì ±μ¢ -
·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·±μ¢ ¸ ¨´Ë· ±· ¸´Ò³ ±μ´Ë °´³¥´Éμ³, ¢ÒÎ¨¸²¥´Ò ³ ¸¸μ¢Ò° μ¶¥· -
Éμ·, ±μ´¸É ´É  ¸¢Ö§¨,   É ±¦¥ ³ É·¨Î´Ò° Ô²¥³¥´É · ¸¶ ¤  Δ → Nπ.

”¨É ¸¢μ¡μ¤´μ£μ ¶ · ³¥É·  ³μ¤¥²¨ ¶μ§¢μ²¨² ¶μ²ÊÎ¨ÉÓ §´ Î¥´¨Ö ¤²Ö Ï¨·¨´Ò · ¸¶ ¤ ,
  É ±¦¥ § ¢¨¸¨³μ¸ÉÓ ¸¨²Ó´ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¤²Ö ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ §´ Î¥´¨° ¶¥-
·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ , ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ³ ¸μ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³
¤²Ö ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´,   É ±¦¥ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¡μÉ ³¨ ¤·Ê£¨Ì  ¢Éμ·μ¢.

� ¡μÉ  ¢Ò¸É·μ¥´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 ³Ò ¤μ± § ²¨, ÎÉμ É·¥Ì±¢ ·±μ¢Ò°
Éμ± Δ-¨§μ¡ ·Ò ¨³¥¥É ¥¤¨´¸É¢¥´´μ ¢μ§³μ¦´ÊÕ Ëμ·³Ê. ‚ · §¤. 2 ³Ò ¶·¥¤¸É ¢¨²¨ Ö¢´Ò°
¢¨¤ ´¥²μ± ²Ó´μ£μ ² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¡ ·¨μ´ , § ¶¨¸ ²¨ ¢Ò· ¦¥´¨¥ ¤²Ö ³ ¸-
¸μ¢μ£μ μ¶¥· Éμ·  ¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±μ° ¤¨ £· ³³Ò Δ-¨§μ¡ ·Ò, ±μÉμ·Ò° ¢μ§´¨± ¥É
¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ · §²μ¦¥´¨Ö S-³ É·¨ÍÒ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. ‚ · §¤. 3 ¶μ²ÊÎ¨²¨
³ É·¨Î´Ò° Ô²¥³¥´É ³¥§μ´-´Ê±²μ´´μ£μ · ¸¶ ¤  Δ-¨§μ¡ ·Ò, Î¨¸²¥´´μ μ¶·¥¤¥²¨²¨ Ï¨·¨´Ê
¤ ´´μ£μ · ¸¶ ¤ ,   É ±¦¥ ¶·¨ ¶μ³μÐ¨ ¤¨¶μ²Ó´μ£μ Ë¨É  μ¶¨¸ ²¨ ¸¨²Ó´Ò° Ëμ·³Ë ±Éμ·
Δ-¨§μ¡ ·Ò.

1. ’�…•Š‚��Š�‚›… ’�Šˆ ���ˆ���‚

�¡Ð¨° ¢¨¤ É·¥Ì±¢ ·±μ¢μ£μ Éμ±  Δ-¨§μ¡ ·Ò ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ JP = 3/2+ ¤ ¥É¸Ö
¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³

(Jμ)k1k2k3 = εa1a2a3Γ1q
k1
a1

[
(qk2

a2
)T CΓ2q

k3
a3

]
, (1)

£¤¥ a1, a2, a3 = 1, 2, 3 Å Í¢¥Éμ¢Ò¥ ¨´¤¥±¸Ò; C = γ0γ2 Å ³ É·¨Í  § ·Ö¤μ¢μ£μ ¸μ¶·Ö¦¥´¨Ö;
k1, k2, k3 = 1, 2; ²μ·¥´Í-¨´¤¥±¸ μ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸¶¨´Ê 1, ³μ¦¥É ¡ÒÉÓ ²¨¡μ ¢ ³ É·¨Í¥
Γ1, ²¨¡μ ¢ ³ É·¨Í¥ Γ2. �μÔÉμ³Ê ´  ¤ ´´μ³ ÔÉ ¶¥ ³Ò ´¥ ¢Ò¶¨¸Ò¢ ¥³ ¥£μ Ö¢´μ.

‚ ¸²ÊÎ ¥ É·¥Ì±¢ ·±μ¢μ£μ Éμ±  ¶·μÉμ´  ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ JP = 1/2+ ¨³¥¥³

Jp = εa1a2a3ΓAγ5da1(x) [ua2(x)CΓAua3(x)] , (2)

¤²Ö ±μÉμ·μ£μ ¸ÊÐ¥¸É¢Ê¥É ¤¢¥ ¢μ§³μ¦´μ¸É¨ ¢Ò¡μ·  ´¥É·¨¢¨ ²Ó´ÒÌ É·¥Ì±¢ ·±μ¢ÒÌ Éμ±μ¢:
ΓA⊗ΓA = γα⊗γα (¢¥±Éμ·´Ò° Éμ±) ¨ ΓA⊗ΓA = (1/2)σαβ⊗σαβ (É¥´§μ·´Ò° Éμ±). Ÿ¢´Ò°
¢¨¤ ¶μ²´μ£μ ±¢ ·±μ¢μ£μ Éμ±  ¤²Ö ´Ê±²μ´  ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ JN = xJT

N + (1 − x)JV
N ,

£¤¥ ¶ · ³¥É· ¸³¥Ï¨¢ ´¨Ö 0 � x � 1. ‚ ¸²ÊÎ ¥ ´¥°É·μ´  ´Ê¦´μ § ³¥´¨ÉÓ u ↔ d (¸³. [2]).
Œ É·¨Í  § ·Ö¤μ¢μ£μ ¸μ¶·Ö¦¥´¨Ö μ¡² ¤ ¥É ¸¢μ°¸É¢ ³¨

C = C−1 = C+ = −CT . (3)

� ³ ¶μ´ ¤μ¡ÖÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¥¥ ¸¢μ°¸É¢ 

CΓT C−1 =
{

Γ ¤²Ö Γ = S, P, A,
−Γ ¤²Ö Γ = V, T,

(4)

£¤¥ S → I , P → γ5, V → γμ, A → γμγ5, T → σμν .
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’ ¡²¨Í  1. ‚μ§³μ¦´Ò¥ ±¢ ´Éμ¢Ò¥ ±μ³¡¨´ Í¨¨ ¤¨±¢ ·± 

‘± ²Ö·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cγ5q

k3
a3εa1a2a3 JP = 0+

�¸¥¢¤μ¸± ²Ö·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cqk3

a3 εa1a2a3 JP = 0−

‚¥±Éμ·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cγ5γ

μqk3
a3 εa1a2a3 JP = 1−

�±¸¨ ²Ó´μ-¢¥±Éμ·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cγμqk3

a3εa1a2a3 JP = 1+

’¥´§μ·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cγ5σ

μνqk3
a3 εa1a2a3 JP = 1+

�¸¥¢¤μÉ¥´§μ·´Ò° ¤¨±¢ ·± (qk2
a2 )T Cσμνqk3

a3εa1a2a3 JP = 1−

„¢ÊÌ±¢ ·±μ¢μ¥ Í¢¥É´μ¥ ¸μ¸ÉμÖ´¨¥ (qk2
a2

)T CΓ2q
k3
a3

εa1a2a3 ´ §Ò¢ ¥É¸Ö ¤¨±¢ ·±μ³. …£μ
¢μ§³μ¦´Ò¥ ±¢ ´Éμ¢Ò¥ ±μ³¡¨´ Í¨¨ ¡¥§ ¶·μ¨§¢μ¤´ÒÌ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

‚ É ¡². 1 ¨¸¶μ²Ó§μ¢ ´  ³ É·¨Í  σμν = i/2[γμ, γν].
�Ê¸ÉÓ Δk1k2k3(x) ¥¸ÉÓ ³Ê²ÓÉ¨¶²¥É ¢¸¥Ì ¨§μ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° Δ-¨§μ¡ ·Ò. ‘¶¨´μ·

Δk1,k2,k3 ¸¨³³¥É·¨Î¥´ μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ± k1, k2, k3 ¨ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³
� ·¨ÉÒÄ˜¢¨´£¥· : Δμγμ = 0 ¨ ∂μγμ = 0. ‘¢Ö§Ó Ô²¥³¥´Éμ¢ ³Ê²ÓÉ¨¶²¥É  ¸ Ë¨§¨Î¥¸±¨³¨
¸μ¸ÉμÖ´¨Ö³¨ ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨Ö³¨

Δ111 = Δ++, Δ211 =
1√
3
Δ+, Δ122 =

1√
3
Δ0, Δ222 = Δ−. (5)

‚ ¸¨²Ê ¸¨³³¥É·¨¨ ¶μ ¶·μ¨§¢μ²Ó´μ° ¶¥·¥¸É ´μ¢±¥ ¨§μ¸¶¨´μ¢ÒÌ ¨´¤¥±¸μ¢ ¢ ¸¶¨´μ·¥
Δk1k2k3 ¸μμÉ¢¥É¸É¢ÊÕÐ¨° É·¥Ì±¢ ·±μ¢Ò° Éμ± É ±¦¥ ¤μ²¦¥´ μ¡² ¤ ÉÓ ÔÉ¨³ ¸¢μ°¸É¢μ³.
�Éμ μ§´ Î ¥É, ÎÉμ Éμ± ¢ Ê· ¢´¥´¨¨ (1) ¤μ²¦¥´ ¡ÒÉÓ ¸¨³³¥É·¨Î¥´ ¶·¨ ¶¥·¥¸É ´μ¢±¥
k1 ↔ k2 ↔ k3. „ ´´μ¥ Ê¸²μ¢¨¥ ´ ±² ¤Ò¢ ¥É μ£· ´¨Î¥´¨¥ ´  ¢Ò¡μ· ³ É·¨Í Γ1 ¨ Γ2.
� ¸¸³μÉ·¨³ ¢´ Î ²¥ ¶¥·¥¸É ´μ¢±Ê ¨´¤¥±¸μ¢ ¢ ¤¨±¢ ·±¥. „μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö · ¢¥´¸É¢μ

εa1a2a3qk2
a2α2

(CΓ2)α2α3q
k3
a3α3

= εa1a2a3qk3
a2α2

(CΓ2)α2α3q
k2
a3α3

. (6)

�¥·¥¸É ¢¨³ ³¥¸É ³¨ ±¢ ·±¨ ¢ ¶· ¢μ° Î ¸É¨ · ¢¥´¸É¢ , ÊÎ¨ÉÒ¢ Ö  ´É¨±μ³³ÊÉ É¨¢´μ¸ÉÓ
Ë¥·³¨μ´´ÒÌ ¶μ²¥°. ˆ³¥¥³

εa1a2a3qk3
a2α2

(CΓ2)α2α3q
k2
a3α3

= −εa1a2a3qk2
a3α3

(CΓ2)α2α3q
k3
a2α2

=

= εa1a2a3qk2
a2α3

(CΓ2)T
α3α2

qk3
a3α2

.

�É¸Õ¤  ¢¨¤´μ, ÎÉμ ¶· ¢ Ö Î ¸ÉÓ ¢ Ê· ¢´¥´¨¨ (6) ¸μ¢¶ ¤ ¥É ¸ ²¥¢μ°, ¥¸²¨

CΓ2 = (CΓ2)T = ΓT
2 CT = −ΓT

2 C, CΓT
2 C−1 = −Γ2. (7)

Š ± ¸²¥¤Ê¥É ¨§ Ê· ¢´¥´¨Ö (4), Γ2 ³μ¦¥É ¡ÒÉÓ ²¨¡μ ¢¥±Éμ·μ³ Γ2 = γμ, ²¨¡μ É¥´§μ·μ³
Γ2 = σμν . ˆ§¢¥¸É´μ, ÎÉμ Î¥É´μ¸ÉÓ Ê Δ-¨§μ¡ ·Ò ¶μ²μ¦¨É¥²Ó´ Ö. � ¸¸³μÉ·¨³ ¸²ÊÎ °
Γ2 = γμ, ±μÉμ·μ³Ê ¸μμÉ¢¥É¸É¢Ê¥É  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò° ¤¨±¢ ·± (É ¡². 1) ¸ ¶μ²μ¦¨É¥²Ó-
´μ° Î¥É´μ¸ÉÓÕ, §´ Î¨É Γ1 = I . „²Ö ¸²ÊÎ Ö Γ2 = σμν ¸²¥¤Ê¥É, ÎÉμ Γ1 = γν .

� ¸¸³μÉ·¨³ É¥¶¥·Ó ¶¥·¥¸É ´μ¢±Ê ¨´¤¥±¸μ¢ k1 ¨ k3. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ¤μ²¦´μ ¢Ò¶μ²-
´ÖÉÓ¸Ö · ¢¥´¸É¢μ

εa1a2a3(Γ1)αα1q
k1
a1α1

[
qk2
a2α2

(CΓ2)α2α3q
k3
a3α3

]
=

= εa1a2a3(Γ1)αα1q
k3
a1α1

[
qk2
a2α2

(CΓ2)α2α3q
k1
a3α3

]
. (8)



� ¸¶ ¤ Δ-¨§μ¡ ·Ò ¢ ±μ¢ ·¨ ´É´μ° ³μ¤¥²¨ ±¢ ·±μ¢ 11

�¥·¥¸É ¢¨³ ³¥¸É ³¨ ±¢ ·±¨ qk3 ¨ qk1 ¢ ¶· ¢μ° Î ¸É¨ · ¢¥´¸É¢ . ˆ³¥¥³

− εa1a2a3(Γ1)αα1q
k1
a3α3

[
qk2
a2α2

(CΓ2)α2α3q
k3
a1α1

]
=

= εa3a2a1(Γ1)αα1q
k1
a3α3

[
qk2
a2α2

Cα2β2(Γ2)β2α3q
k3
a1α1

]
. (9)

„ ²¥¥ ¢μ¸¶μ²Ó§Ê¥³¸Ö Éμ¦¤¥¸É¢μ³ ”¨·Í 

4(Γ1)αα1(Γ2)β2α3 =
∑
D

(Γ1ΓD)αα3(Γ2ΓD)β2α1 , (10)

£¤¥ ΓD = {I, γμ, σμν(μ < ν), γ5, iγ
μγ5} ¥¸ÉÓ ¶μ²´Ò° ´ ¡μ· ¡ §¨¸´ÒÌ ³ É·¨Í „¨· ± .

‚¢¥¤¥³ μ¡μ§´ Î¥´¨Ö {
(O1)αα1(O2)β2α3 ≡ (Õ1) ⊗ (Õ2),
(O1)αα3(O2)β2α1 ≡ (O1) ⊗ (O2).

“ ´ ¸ ¨³¥ÕÉ¸Ö ¤¢¥ ±μ³¡¨´ Í¨¨

Γ1 × Γ2 = I × γμ, (11)

Γ1 × Γ2 = γν × σμν . (12)

�μ¸²¥¤μ¢ É¥²Ó´μ · ¸¸³μÉ·¨³ ÔÉ¨ ¤¢¥ ¢μ§³μ¦´μ¸É¨. ‘´ Î ²  ¸²ÊÎ °, ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
Ê· ¢´¥´¨Õ (11). ˆ³¥¥³

4Ĩ ⊗ γ̃μ = I ⊗ γμ + γα ⊗ γμγα +
1
2
σαβ ⊗ γμσαβ + γ5 ⊗ γμγ5 − γαγ5 ⊗ γμγαγ5.

�·¥μ¡· §Ê¥³ ¶· ¢ÊÕ Î ¸ÉÓ · ¢¥´¸É¢  ± ¡ §¨¸Ê. � ³ ¶μ´ ¤μ¡¨É¸Ö Ëμ·³Ê² 

γ5σ
μν = − i

2
εμναβσαβ , (13)

£¤¥ ³Ò ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨° ¢¨¤ É¥´§μ·  ‹¥¢¨-—¥¢¨ÉÒ ε0 1 2 3 = −ε0 1 2 3 = 1.
�μ¸²¥ ¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨Ì ¶·¥μ¡· §μ¢ ´¨° ¶·¨Ìμ¤¨³ ± ¢Ò· ¦¥´¨Õ

4Ĩ ⊗ γ̃μ = I ⊗ γμ + γμ ⊗ I − iγν ⊗ σμν + iσμν ⊗ γν + iσμνγ5 ⊗ γνγ5 +
+ γ5 ⊗ γμγ5 − γμγ5 ⊗ γ5 + iγνγ5 ⊗ σμνγ5. (14)

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¶·¥μ¡· §Ê¥³ Ê· ¢´¥´¨¥ (12). ˆ³¥¥³

4γ̃ν ⊗ σ̃μν = i
(
3I ⊗ γμ − 3γμ ⊗ I + iγν ⊗ σμν + iσμν ⊗ γν − iσμνγ5 ⊗ γνγ5 +

+ iγνγ5 ⊗ σμνγ5 − 3γ5 ⊗ γμγ5 − 3γμγ5 ⊗ γ5

)
. (15)

ˆ¸¶μ²Ó§ÊÖ ¸¨³³¥É·¨Õ ¤¨±¢ ·±  μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ± ¨´¤¥±¸μ¢ k2 ↔ k3, Ê¸²μ-
¢¨¥ � ·¨ÉÒÄ˜¢¨´£¥·  Δ̄μγμ = 0 ¨ Éμ¦¤¥¸É¢μ

iγνγ5 ⊗ σμνγ5 = −iγν ⊗ σμν ,

μ±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³ {
4Ĩ ⊗ γ̃μ = 2I ⊗ γμ − 2iγν ⊗ σμν ,

4iγ̃ν ⊗ σ̃μν = −4I ⊗ γμ.
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‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ±μ³¡¨´ Í¨Ö

Γ1 ⊗ Γ2 = I ⊗ γμ − i

2
γν ⊗ σμν (16)

¶·¨ ¶·¥μ¡· §μ¢ ´¨¨ ”¨·Í  ¶¥·¥Ìμ¤¨É ¸ ³  ¢ ¸¥¡Ö ¨ É¥³ ¸ ³Ò³ μ¡¥¸¶¥Î¨¢ ¥É ¸¨³³¥É·¨Õ
μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ± k1 ↔ k3 ¢ Ëμ·³Ê²¥ (8). �μÔÉμ³Ê É·¥Ì±¢ ·±μ¢Ò° Éμ± Δ-
¨§μ¡ ·Ò Ê· ¢´¥´¨Ö (1) ¨³¥¥É ¥¤¨´¸É¢¥´´ÊÕ Ëμ·³Ê ¢¨¤ 

(Jμ)k1k2k3 = εa1a2a3

[
qk1
a1

·
[
qk2
a2

Cγμqk3
a3

]
− i

2
γνqk1

a1
·
[
qk2
a2

Cσμνqk3
a3

]]
. (17)

2. 	””…Š’ˆ‚�›‰ ‹�ƒ���†ˆ�� ˆ Œ�‘‘�‚›‰ ��…��’��

2.1. ‹ £· ´¦¨ ´ Δ-¨§μ¡ ·Ò. Œ ¸¸μ¢Ò° μ¶¥· Éμ·. Šμ´¸É ´É  ¸¢Ö§¨. ‚ ±μ¢ ·¨ ´É-
´μ° ³μ¤¥²¨ ±¢ ·±μ¢ μ¸´μ¢μ° Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò° ² £· ´¦¨ ´, ±μÉμ·Ò°
μ¶¨¸Ò¢ ¥É ¢§ ¨³μ¤¥°¸É¢¨¥  ¤·μ´μ¢ ¸ ¸μ¸É ¢²ÖÕÐ¨³¨ ¨Ì ±¢ ·± ³¨. �·¨ ÔÉμ³ ³Ò ¡Ê¤¥³
¨¸¶μ²Ó§μ¢ ÉÓ ´¥²μ± ²Ó´μ¥ μ¡μ¡Ð¥´¨¥ Éμ±  Δ-¨§μ¡ ·Ò ¢ Ê· ¢´¥´¨¨ (17)

LΔ(x, y) = igΔΔ̄k1k2k3
μα (x)(Jμα)k1k2k3(x) + igΔ(J̄νβ)k1k2k3(y)Δk1k2k3

νβ (y), (18)

£¤¥ ±¢ ·±μ¢Ò° Éμ± (Jμα)k1k2k3(x) ¨³¥¥É ¢¨¤

(Jμα)k1k2k3(x) =
∫∫∫

dx1 dx2 dx3 δ

(
x −

3∑
i=1

wixi

)
ΦΔ

[∑
i<j

(xi − xj)2
]
×

× (Jμα
3q )k1k2k3(x1, x2, x3), (19)

(Jμα
3q )k1k2k3(x1, x2, x3) = εa1a2a3Γμ

α;α1,α2,α3
qk1
a1α1

(x1)qk2
a2α2

(x2)qk3
a3α3

(x3),

£¤¥ ¸μ£² ¸´μ Ê· ¢´¥´¨Õ (17) ³ É·¨Í  Γμ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ Γμ
α;α1,α2,α3

= (Γ1)αα1 ⊗
(Γμ

2 )α2α3 = (I)αα1 ⊗ (Cγμ)α2α3 − (i/2)(γν)αα1 ⊗ (Cσμν)α2α3 , ΦΔ Å ËÊ´±Í¨Ö ¢§ ¨³μ¤¥°-
¸É¢¨Ö É·¥Ì ±μ´¸É¨ÉÊ¥´É´ÒÌ ±¢ ·±μ¢ ¸ ±μμ·¤¨´ É ³¨ x1, x2, x3 ¨ ³ ¸¸ ³¨ m1, m2, m3

¸μμÉ¢¥É¸É¢¥´´μ. �¥·¥³¥´´ Ö wi § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ wi = mi/(m1 + m2 + m3) É ±, ÎÉμ
3∑

i=1

wi = 1. ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ΦΔ ¸¨³³¥É·¨Î´  μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢μ± xi ↔ xj .

’¥¶¥·Ó § ¶¨Ï¥³ ±¢ ·±μ¢Ò° Éμ± ¤²Ö (J̄νβ)k1k2k3(y), ±μÉμ·Ò° ¨³¥¥É ¢¨¤

(J̄νβ)k1k2k3(y) =
∫∫∫

dx1dx2dx3δ

(
y −

3∑
i=1

wiyi

)
ΦΔ

[∑
i<j

(yi − yj)2
]
×

× (J̄νβ
3q )k1k2k3(y1, y2, y3), (20)

(J̄νβ
3q )k1k2k3(y1, y2, y3) = εb1b2b3 Γ̄ν

β3,β2,β1;β q̄k3
b3β3

(y3)q̄k2
b2β2

(y2)q̄k1
b1β1

(y1),

£¤¥ Ö¢´Ò° ¢¨¤ ±¢ ·±μ¢μ£μ Éμ±  § ¶¨¸Ò¢ ¥É¸Ö Î¥·¥§ Γ̄ν
β3,β2,β1;β

=
(
Γ̄1

)
β1β

⊗
(
Γ̄ν

2

)
β3β2

=
(I)β1β ⊗ (γνC)β3β2 + (i/2)(γμ)β1β ⊗ (σνμC)β3β2 .

‚ÒÎ¨¸²¨³ ³ ¸¸μ¢Ò° μ¶¥· Éμ· (¸μ¡¸É¢¥´´μ Ô´¥·£¥É¨Î¥¸±ÊÕ ¤¨ £· ³³Ê) Δ-¨§μ¡ ·Ò,
¤²Ö ÔÉμ£μ · ¸¸³μÉ·¨³ ¢Éμ·μ° ¶μ·Ö¤μ± · §²μ¦¥´¨Ö S-³ É·¨ÍÒ ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.
„ ´´μ³Ê · §²μ¦¥´¨Õ ¸μμÉ¢¥É¸É¢Ê¥É ¤¨ £· ³³  ”¥°´³ ´  ´  ·¨¸. 1.
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p p �

��� ���

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

‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

S2(x − y) = i

∫∫
dx dy Δ̄++

μα (x)Σμν
αβ(x − y)Δ++

νβ (y), (21)

£¤¥, ¡¥§ μ£· ´¨Î¥´¨Ö μ¡Ð´μ¸É¨, ³Ò · ¸¸³ É·¨¢ ¥³ ¸²ÊÎ ° Δ++-¨§μ¡ ·Ò ¸ ±¢ ´Éμ¢Ò³
¸μ¤¥·¦ ´¨¥³ qk1 = qk2 = qk3 = u. ‡¤¥¸Ó Σμν

αβ(x − y) ¥¸ÉÓ ³ ¸¸μ¢Ò° μ¶¥· Éμ·.
‡ ¶¨Ï¥³ Ö¢´Ò° ¢¨¤ ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  ¢ ´¥²μ± ²Ó´μ³ ¸²ÊÎ ¥, ±μÉμ·Ò° ¡Ê¤¥É ¸μμÉ-

¢¥É¸É¢μ¢ ÉÓ ¶·μÍ¥¸¸Ê, ¨§μ¡· ¦¥´´μ³Ê ´  ·¨¸. 1,

Σμν
αβ(x − y) = −i(igΔ)2

∫
dx1 · · ·dx3δ

(
x −

3∑
i=1

ωixi

)
ΦΔ

[∑
i<j

(xi − xj)2
]
×

×
∫

dy1 · · · dy3δ

(
y −

3∑
i=1

ωiyi

)
ΦΔ

[∑
i<j

(yi − yj)2
]
×

× Γμ
α;α1,α2,α3

〈
0|T

{
Jμ

3q(x)J̄ν
3q(y)

}
|0
〉
Γ̄ν

β3,β2,β1;β, (22)

£¤¥ É·¥Ì±¢ ·±μ¢Ò¥ Éμ±¨ ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ ¢ Ê· ¢´¥´¨ÖÌ (19) ¨ (20).
‚ÒÎ¨¸²¨³ §´ Î¥´¨¥

〈
0|T

{
Jμ(x)J̄ν(y)

}
|0
〉
, ±μÉμ·μ¥ § ¶¨Ï¥³ ¢ Ö¢´μ³ ¢¨¤¥

〈0|T {. . .}|0〉 = εa1a2a3εb1b2b3×
× 〈0|T {ua1α1(x1)ua2α2(x2)ua3α3(x3)ūb3β3(y3)ūb2β2(y2)ūb1β1(y1)} |0〉 . (23)

‚ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ μÉ T -¶·μ¨§¢¥¤¥´¨° ±¢ ·±μ¢ÒÌ ¶μ²¥° ³μ¦¥É ¡ÒÉÓ · ¸±·ÒÉμ ¸ ¶μ-
³μÐÓÕ É¥μ·¥³Ò ‚¨± 

〈0|T {. . .}|0〉 = εa1a2a3εb1b2b3×
× 〈0|T {ua1α1(x1)ua2α2(x2)ua3α3(x3)ūb3β3(y3)ūb2β2(y2)ūb1β1(y1)} |0〉 =

= εa1a2a3εb1b2b3×

× 〈0|ua1α1(x1)ua2α2(x2)ua3α3(x3)ūb3β3(y3)ūb2β2(y2)ūb1β1(y1)|0〉 + . . . =

= 6εa1a2a3εb1b2b3δa1b1δa2b2δa3b3×

× 〈0|ua1α1(x1)ua2α2(x2)ua3α3(x3)ūb3β3(y3)ūb2β2(y2)ūb1β1(y1)|0〉 =

= 36〈0|ua1α1(x1)ua2α2(x2)ua3α3(x3)ūb3β3(y3)ūb2β2(y2)ūb1β1(y1)|0〉, (24)
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£¤¥ ¶μ¤ ®. . .¯ ¸²¥¤Ê¥É ¶μ´¨³ ÉÓ Ï¥¸ÉÓ  ´ ²μ£¨Î´ÒÌ Î²¥´μ¢ T -¶·μ¨§¢¥¤¥´¨Ö. ˆ¸¶μ²Ó§Ê¥³
μ¶·¥¤¥²¥´¨Ö ¸¢¥·É±¨ ¢¨¤ 

uα(x)ūβ(y) = Sαβ(x − y). (25)

‘²¥¤μ¢ É¥²Ó´μ, Σμν
αβ(x − y) μ±μ´Î É¥²Ó´μ ¶·¨³¥É ¢¨¤

Σμν
αβ(x − y) = 36ig2

Δ

∫
dx

∫
dy

∫
dx1 · · ·dx3δ

(
x −

3∑
i=1

ωixi

)
ΦΔ

[∑
i<j

(xi − xj)2
]
×

×
∫

dy1 · · · dy3δ

(
y −

3∑
i=1

ωiyi

)
ΦΔ

[∑
i<j

(yi − yj)2
]
×

×
2∑

m,n=1

cmnΓmS(x1 − y1)Γn tr [Γ̃nS(y2 − x2)Γ̃mS(x3 − y3)], (26)

£¤¥ ¸²¥¤Ê¥É ¶μ´¨³ ÉÓ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

c11(Γ1 × Γ1)(Γ̃1 × Γ̃1) = (I × I)(γν × γμ),

c12(Γ1 × Γ2)(Γ̃2 × Γ̃1) =
i

2
(I × γρ)(σνρ × γμ),

c21(Γ2 × Γ1)(Γ̃1 × Γ̃2) = − i

2
(γδ × I)(γν × σμδ),

c22(Γ2 × Γ2)(Γ̃2 × Γ̃2) =
1
4
(γδ × γρ)(σνρ × σμδ).

(27)

�·¥μ¡· §μ¢ ´¨¥ ”Ê·Ó¥ ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

Σ̃μν
αβ(p, p′) =

∫
dx eip′x

∫
dy e−ipy Σμν

αβ(x − y). (28)

ˆ¸¶μ²Ó§ÊÖ ±μμ·¤¨´ ÉÒ Ÿ±μ¡¨, ¶¥·¥°¤¥³ μÉ ±μμ·¤¨´ É (x1, x2, x3) ± (x, ρ1, ρ2):

x1 = x +
1√
2

w3 ρ1 −
1√
6

(2w2 + w3) ρ2,

x2 = x +
1√
2

w3 ρ1 +
1√
6

(2w1 + w3) ρ2, (29)

x3 = x − 1√
2

(w1 + w2) ρ1 +
1√
6

(w1 − w2) ρ2.

	Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ±· É±μ¥ μ¡μ§´ Î¥´¨¥ ¢¨¤  xi = x +
2∑

j=1

wijρj . Šμμ·¤¨´ ÉÒ Í¥´É· 

³ ¸¸ Ê¤μ¢²¥É¢μ·ÖÕÉ ¢Ò· ¦¥´¨Ö³ x =
3∑

i=1

wixi, £¤¥
3∑

i=1

wi = 1. ‚ É¥·³¨´ Ì ±μμ·¤¨´ É

Ÿ±μ¡¨ ¶μ²ÊÎ¨³ ∑
i<j

(xi − xj)2 = ρ2
1 + ρ2

2. (30)
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�É³¥É¨³, ÎÉμ ¢Ò¡μ· ±μμ·¤¨´ É Ÿ±μ¡¨ ´¥ Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´μ ¢μ§³μ¦´Ò³. ‘ ¤ ´´Ò³
¢Ò¡μ·μ³ Ê· ¢´¥´¨Ö (29) ³μ¦´μ ¶¥·¥°É¨ ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê ¢¥·Ï¨´´μ° ËÊ´±Í¨¨ ΦΔ:

ΦΔ

⎛⎝∑
i<j

(xi − xj)2

⎞⎠ =
∫

d4p1

(2π)4

∫
d4p2

(2π)4
e−ip1(x1−x3)−ip2(x2−x3) ΦΔ(−ω2),

ΦΔ(−ω2) =
∫

d4ρ1

∫
d4ρ2 eiωρ ΦΔ(ρ2), (31)

Φ̃Δ[−ω2] = exp [sΔω2], S(x − y) =
d4k

(2π)4i
eik(x−y)S(k),

£¤¥ ³Ò ¨¸¶μ²Ó§Ê¥³ μ¡μ§´ Î¥´¨¥ ρ2 = ρ2
1 + ρ2

2, ω2 = ω2
1 + ω2

2, ω1 = (1/
√

2)(p1 + p2),
ω2 = (−1/

√
6)(p1 − p2), ωρ = ω1ρ1 + ω2ρ2, sΔ ≡ 1/(Λ2

Δ), £¤¥ ΛΔ Å Ì · ±É¥·¨§Ê¥É
· §³¥· Δ-¨§μ¡ ·Ò.

’ ± ± ± ω 2 ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥ ω2 = −ω2
E , ¢¥·Ï¨´´ Ö ËÊ´±Í¨Ö, ¶·¥¤¸É ¢²¥´-

´ Ö ¢ ± Î¥¸É¢¥ £ Ê¸¸μ¢¸±μ° ËÊ´±Í¨¨, μ¡¥¸¶¥Î¨¢ ¥É ¸Ìμ¤¨³μ¸ÉÓ ¢ ¥¢±²¨¤μ¢μ° ³¥É·¨±¥.
‚ ·¥§Ê²ÓÉ É¥ ¶·¥μ¡· §μ¢ ´¨° ¶μ²ÊÎ¨³

Σ̃μν(p, p′) = 36ig2
Δ

3∏
j=1

[∫
d4kj

(2π)4i

]∫
dωx

1

(2π)4

∫
dωx

2

(2π)4

∫
dωy

1

(2π)4

∫
dωy

2

(2π)4
×

× Φ̃Δ[−ω2
x]Φ̃Δ[−ω2

y]
∫

d4x

∫
d4y

∫
d4ρx

1

∫
d4ρx

2

∫
d4ρy

1

∫
d4ρy

2×

×
2∑

m,n=1

cmnΓmS(k1)Γn tr [Γ̃nS(k2)Γ̃mS(k3)] exp [ip′x − ipy − iωx
1ρx

1 − iωx
2ρx

2−

− iωy
1ρy

1 − iωy
2ρy

2 − ik1(x1 − y1) − ik2(y2 − x2) − ik3(x3 − y3)]. (32)

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ ¶·μ¸É· ´¸É¢¥´´Ò³ ±μμ·¤¨´ É ³ ¶·¨¢μ¤¨É ± ´ ¡μ·Ê δ-ËÊ´±Í¨°.
�μ¸²¥ ¢Ò¤¥²¥´¨Ö δ-ËÊ´±Í¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° § ±μ´Ê ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
Σμν(p, p′) = δ(4)(p − p′)Σ̃μν(p), Î¨¸²μ ¨´É¥£·¨·μ¢ ´¨° ¸´¨¦ ¥É¸Ö ¤μ ¤¢ÊÌ: k1 ¨ k2.
�±μ´Î É¥²Ó´μ ¶μ²ÊÎ¨³

Σμν(p) = 36g2
Δ

∫
dk1

(2π)4i

∫
dk2

(2π)4i
Φ̃2

Δ[−ω2]×

×
2∑

m,n=1

cmnΓmS(k1 + w1p)Γn tr [Γ̃nS(k2 − w2p) Γ̃mS(k2 − k1 + w3p)], (33)

£¤¥ ω1 = (k1 − k2)/
√

2,   ω2 = (k1 + k2)/
√

6.
Šμ´¸É ´ÉÊ ¸¢Ö§¨ gΔ μ¶·¥¤¥²¨³ ¨§ Ê¸²μ¢¨Ö ¸¢Ö§´μ¸É¨ ZΔ = 0, ¶·¥¤²μ¦¥´´μ£μ ‚ °´-

¡¥·£μ³ [3] ¨ ‘ ² ³μ³ [4] (¸³. μ¡§μ· [5]) ¨ ¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶μ²Ó§Ê¥³μ£μ ¢μ ³´μ£¨Ì
· §¤¥² Ì Ë¨§¨±¨ Î ¸É¨Í. ‡¤¥¸Ó ZΔ = 0 ¥¸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 ZΔ, ¶μÖ¢¨¢Ï Ö¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¥£μ ±μ´¸É¨ÉÊ ´É ³¨, ¤μ²¦´  ¡ÒÉÓ



16 ˆ¢ ´μ¢ Œ. �., �Ê·¡ ±μ¢  ƒ., ’Õ²¥³¨¸μ¢ †.

¶μ²μ¦¥´  · ¢´μ° ´Ê²Õ ZΔ = 0. ‚ ¸²ÊÎ ¥ Δ-¨§μ¡ ·Ò ¤ ´´μ¥ Ê¸²μ¢¨¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

ZΔ = 1 − d

dp̂
Σ0(p̂) = 0, (34)

£¤¥ Σ0(p̂) ¢μ§´¨± ¥É ¢ · §²μ¦¥´¨¨ Σμν ¢ ¢¨¤¥ gμνΣ0(p̂).

„μ± ¦¥³, ÎÉμ Éμ¦¤¥¸É¢μ Δ̄ν(p)
d

dp̂
Σ0(p̂)Δν(p) = Δ̄ν(p)Δν(p) Ô±¢¨¢ ²¥´É´μ Éμ¦¤¥¸É¢Ê

Δ̄ν(p)
d

dpα
Σ0(p̂)Δν(p) = Δ̄ν(p)γαΔν(p). „²Ö ÔÉμ£μ ¶·¥¤¸É ¢¨³ Σ0(p̂) = A(p2) + p̂B(p2).

’μ£¤  Ê· ¢´¥´¨¥ (34), ¢§ÖÉμ¥ ¢ μ¡±² ¤± Ì Δ-¸¶¨´μ·μ¢, § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

〈Δ̄ν(p)| d

dp̂
Σ0(p̂)|Δν(p)〉 =

[
2mA′ + B + 2m2B′] Δ̄ν(p)Δν(p) = Δ̄ν(p)Δν(p). (35)

‘²¥¤μ¢ É¥²Ó´μ,
[
2mA′ + B + 2m2B′] = 1.

�´ ²μ£¨Î´Ò³ μ¡· §μ³,   É ±¦¥ ¨¸¶μ²Ó§ÊÖ Éμ¦¤¥¸É¢μ 〈Δ̄ν(p)|pα|Δν(p)〉 =
m〈Δ̄ν(p)|γα|Δν(p)〉, ¶μ²ÊÎ¨³

〈Δ̄ν(p)| d

dpα
Σ0(p̂)|Δν(p)〉 = 〈Δ̄ν(p)|

[
2mA′ + B + 2m2B′] γα|Δν(p)〉 =

= 〈Δ̄ν(p)|γα|Δν(p)〉. (36)

„ ´´μ¥ Ê¸²μ¢¨¥ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¶·μ¨§¢μ¤´μ° ³ ¸¸μ¢μ£μ μ¶¥-
· Éμ· .

‘²¥¤μ¢ É¥²Ó´μ, ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μ´¸É ´ÉÒ ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ÒÎ¨¸²¨³ ¶·μ-
¨§¢μ¤´ÊÕ ³ ¸¸μ¢μ£μ μ¶¥· Éμ· , ¢§Ö¢ ¶·μ¨§¢μ¤´ÊÕ ¶μ ¨³¶Ê²Ó¸´μ° ¶¥·¥³¥´´μ° μÉ ¢Ò· ¦¥-
´¨Ö, § ¶¨¸ ´´μ£μ ¢ Ê· ¢´¥´¨¨ (33),   É ±¦¥ §´ Ö, ÎÉμ μ¡Ð¨° ¢¨¤ ²μ·¥´Í-¸É·Ê±ÉÊ·Ò Σμν(p)
³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ± ± Σμν(p) = gμνΣ0(p̂)+pμpνΣ1+pμγνΣ2+pνγμΣ3+γμγνΣ4. �Î¥-

¢¨¤´μ ¨§ Ê¸²μ¢¨° � ·¨ÉÒÄ˜¢¨´£¥· , ÎÉμ
d

dpα
Σμν = gμν d

dpα
Σ0. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³

¢Ò· ¦¥´¨¥ ¢¨¤ 

d

dpα
Σμν(p) = 36g2

Δ

∫
dk1

(2π)4i

∫
dk2

(2π)4i
Φ̃2

Δ[−ω2]×

×
{

ω1

2∑
m,n=1

cmnΓmS(k1 +ω1p)γαS(k1 +ω1p)Γn tr [Γ̃nS(k2 −ω2p)Γ̃mS(k2−k1 +ω3p)]−

− ω2

2∑
m,n=1

cmnΓmS(k1 + ω1p)Γn tr [Γ̃nS(k2 − ω2p)γαS(k2 − ω2p)Γ̃mS(k2 − k1 + ω3p)]+

+ω3

2∑
m,n=1

cmnΓmS(k1+ω1p)Γn tr [Γ̃nS(k2−ω2p)Γ̃mS(k2−k1+ω3p)γαS(k2−k1+ω3p)]

}
,

(37)

£¤¥ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥:

d

dpα
S(k + wp) = wS(k + wp)γαS(k + wp). (38)
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�·¨ ¢ÒÎ¨¸²¥´¨¨ ¤¢ÊÌ¶¥É²¥¢ÒÌ ¨´É¥£· ²μ¢ ¶μ k1 ¨ k2 ¢´ Î ²¥ ¨¸¶μ²Ó§Ê¥³ ¶·¥¤¸É ¢²¥-
´¨¥ ”μ± Ä˜¢¨´£¥·  ¢¨¤ 

S(p) = (m + p̂)

∞∫
0

dα1 exp {−α1[m2 − p2]}, (m2 − p2) > 0. (39)

„²Ö ¢ÒÎ¨¸²¥´¨Ö É¥´§μ·´ÒÌ ¨´É¥£· ²μ¢ ¨¸¶μ²Ó§Ê¥³ ³¥Éμ¤ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö:

kμ exp (kak + 2kr + z0) =
1
2

∂

∂rμ
exp (kak + 2kr + z0). (40)

�μ²ÊÎ¨¢Ï¨¥¸Ö £ Ê¸¸μ¢Ò ¨´É¥£· ²Ò ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸É ´¤ ·É´Ò³ μ¡· §μ³:∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
exp {kak + 2kr + z0} =

1
(4π)4

1
|a|2 exp (−ra−1r + z0), (41)

£¤¥ a ¥¸ÉÓ ³ É·¨Í  2 × 2 ¸ ¤¥É¥·³¨´ ´Éμ³ |a|. …¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ § ¢¨¸ÖÉ μÉ
¶ · ³¥É·μ¢ αi, sΔ, mi.

„ ²¥¥ ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ £ Ê¸¸μ¢¸±μ° Ô±¸¶μ´¥´ÉÒ ¶·¨¢μ¤¨É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

∂

∂rμ
i

e−ra−1r = e−ra−1r

[
−a−1

ij rμ
j +

1
2

∂

∂rμ
i

]
. (42)

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ ¶¥·¥³¥´´Ò³ αi ³μ¦´μ Ê¶·μ¸É¨ÉÓ ¸ ¶μ³μÐÓÕ § ³¥´Ò

∫ ∫ ∞∫
0

dα1 dα2 dα3 f(α1, α2, α3) =

∞∫
0

dt t2
∫ ∫ ∞∫

0

dα1 dα2 dα3×

× δ

(
1 −

3∑
1

αi

)
f(tα1, tα2, tα3) =

∞∫
0

dt t2
∫ 1∫

0

dx1 dx2 x1f(tα1, tα2, tα3), (43)

£¤¥ α1 = 1 − x1, α2 = x1(1 − x2), α3 = x1x2. ‚ ¨Éμ£¥ ¨³¥¥É¸Ö n ¨´É¥£·¨·μ¢ ´¨°: ¶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 ¢ Ê· ¢´¥´¨¨ (43) ´ 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 ¸¨´£Ê²Ö·´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. Œ ¸¸μ¢Ò° μ¶¥· Éμ· μ±μ´Î É¥²Ó´μ ¶·¨³¥É ¢¨¤

d

dpα
Σ0(p̂) = 36g2

Δ

1/λ2∫
0

dt t2
∫ 1∫

0

dx1 dx2
F (t, α1, α2, α3, mΔ, mu, sΔ)

(4π)4|a|2 ×

× exp (−ra−1r + z0),

£¤¥ λ = 0,181 ƒÔ‚ Å ¶ · ³¥É· ¨´Ë· ±· ¸´μ£μ μ¡·¥§ ´¨Ö; F (t, α1, α2, α3, mΔ, mu, sΔ) Å
ËÊ´±Í¨Ö, ¶μ²ÊÎ¥´´ Ö ¢ ·¥§Ê²ÓÉ É¥ ¢ÒÎ¨¸²¥´¨° ¢ ¶·μ£· ³³´μ³ ¶ ±¥É¥ FORM. ’·¥Ì¨´É¥-
£·¨·μ¢ ´¨¥ ¶·μ¨§¢μ¤¨É¸Ö Î¨¸²¥´´μ ¸ ¶μ³μÐÓÕ ±μ¤μ¢ ´  FORTRAN.
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3. ��‘��„ Δ → Nπ: ˜ˆ�ˆ�� ˆ ”��Œ”�Š’��

3.1. Œ É·¨Î´Ò° Ô²¥³¥´É · ¸¶ ¤  Δ-¨§μ¡ ·Ò. � ¸¸³μÉ·¨³ · ¸¶ ¤ Δ++-¨§μ¡ ·Ò ´ 
¶·μÉμ´ ¨ ¶μ²μ¦¨É¥²Ó´μ § ·Ö¦¥´´Ò° ¶¨μ´. „ ´´Ò° ¶·μÍ¥¸¸ μ¶¨¸Ò¢ ¥É¸Ö ¤¨ £· ³³μ°
”¥°´³ ´ , ¨§μ¡· ¦¥´´μ° ´  ·¨¸. 2.

Œ É·¨Î´Ò° Ô²¥³¥´É, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¤ ´´μ° ¤¨ £· ³³¥, ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

M(Δ → pπ) = gΔgpgπ

∫
dx

∫
dy

∫
dz eip′x−ipy+iqz×

× ūp(p′)〈0|T {Jp(x)J̄μ
Δ(y)Jπ(z)}|0〉uμ

Δ(p), (44)

£¤¥ É·¥Ì±¢ ·±μ¢Ò¥ Éμ±¨ JP , J̄μ
Δ μ¶·¥¤¥²ÖÕÉ¸Ö Ê· ¢´¥´¨Ö³¨ (2) ¨ (19) ¸μμÉ¢¥É¸É¢¥´´μ.

„¢ÊÌ±¢ ·±μ¢Ò° Éμ± ¶¨μ´  ¨³¥¥É ¢¨¤

Jπ(z) =
∫

dz1 dz2 δ

(
z −

2∑
i=1

ziηi

)
Φπ[(z1 − z2)2]J3q(z1, z2),

(45)
J3q(z1, z2) = d̄(z1) iγ5u(z2).

‚Ò¶¨Ï¥³ μÉ¤¥²Ó´μ T -¶·μ¨§¢¥¤¥´¨¥ ¤²Ö ¤ ´´μ£μ ³ É·¨Î´μ£μ Ô²¥³¥´É 

〈0|T {JP (x1, x2, x3)J̄
μ
Δ(y1, y2, y3)Jπ(z1, z2)}|0〉 = εa1a2a3 εb1b2b3×

× T {ΓAγ5da1(x1)[ua2(x2)CΓAua3(x3)][ūb3(y3)CΓμ
2 ūb2(y2)]ūb1(y1)Γ1[d̄(z1)iγ5u(z2)]}.

�¥·¥¸É ´μ¢±¨ ±¢ ·±μ¢ ¢ ¤¨±¢ ·± Ì ´Ê±²μ´  ¨ Δ-¨§μ¡ ·Ò Ö¢²ÖÕÉ¸Ö ¸¨³³¥É·¨Î´Ò³¨,
É ± ± ± ΓA, Γ1 ¨ Γμ

2 ¨³¥ÕÉ ¢¨¤ É¥´§μ·μ¢ ¨²¨ ¢¥±Éμ·μ¢. �  μ¸´μ¢ ´¨¨ μ¶·¥¤¥²¥´¨Ö
¸¢¥·É±¨ Ê· ¢´¥´¨Ö (25) ¨ Ë ±Éμ·¨§ Í¨¨ T -¶·μ¨§¢¥¤¥´¨Ö ¶μ²ÊÎ ¥³

〈0|T {. . .}|0〉 = 12ΓAγ5Sd(x1 − z1)iγ5Su(z2 − y1)Γ1 tr [Su(y2 − x2)ΓASu(x3 − y3)Γ
μ
2 ]+

+ 24ΓAγ5Sd(x1 − z1)iγ5Su(z2 − y1)Γ
μ
2Su(y2 − x2)ΓASu(x3 − y3)Γ1.

p p �

��� p�

q �
�

�¨¸. 2. � ¸¶ ¤ Δ++ → pπ+
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’μ£¤  ³ É·¨Î´Ò° Ô²¥³¥´É Ê· ¢´¥´¨Ö (44) § ¶¨¸Ò¢ ¥É¸Ö ± ±

M(Δ → pπ) = 12igΔgpgπ

∫
dx

∫
dy

∫
dz eip′x−ipy+iqz×

×
∫

dx1 dx2 dx3 δ

(
x −

3∑
i=1

xivi

)
Φp

⎡⎣∑
i<j

(xi − xj)2

⎤⎦×

×
∫

dy1 dy2 dy3 δ

(
y −

3∑
i=1

yiwi

)
ΦΔ

⎡⎣∑
i<j

(yi − yj)2

⎤⎦×

×
∫

dz1 dz2 δ

(
z −

2∑
i=1

ziηi

)
Φπ[(z1 − z2)2]×

× ūp(p′){ΓAγ5Sd(x1 − z1)γ5Su(z2 − y1)Γ1 tr [Su(y2 − x2)ΓASu(x3 − y3)Γ
μ
2 ]+

+ 2ΓAγ5Sd(x1 − z1)γ5Su(z2 − y1)Γ
μ
2Su(y2 − x2)ΓASu(x3 − y3)Γ1}uμ

Δ(p).

ˆ¸¶μ²Ó§ÊÖ ±μμ·¤¨´ ÉÒ Ÿ±μ¡¨ Ê· ¢´¥´¨Ö (29) ¢ ¢¥·Ï¨´´ÒÌ ËÊ´±Í¨ÖÌ ´Ê±²μ´  ¨
Δ-¨§μ¡ ·Ò, ¶μ²ÊÎ ¥³

M(Δ → pπ) =

= 12igΔgpgπ

4∏
i=1

∫
d4ki

(2π)4i

∫
dωx

1

(2π)4
dωx

2

(2π)4
Φ̃p[−ω2

x]
∫

dωy
1

(2π)4
dωy

2

(2π)4
Φ̃Δ[−ω2

y]×

×
∫

dl

(2π)4
Φ̃π[−l2] ūp(p′){ΓAγ5Sd(k1)γ5Su(k2)Γ1 tr [Su(k3)ΓASu(k4)Γ

μ
2 ]+

+ 2ΓAγ5Sd(k1)γ5Su(k2)Γ
μ
2Su(k3)ΓASu(k4)Γ1} uμ

Δ(p)×

×
∫

dx

∫
dy

∫
dρx

1

∫
dρx

2

∫
dρy

1

∫
dρy

2

∫
dz1

∫
dz2×

× exp [ip′x − ipy + iq(η1z1 + η2z2) − iωx
1ρx

1 − iωx
2ρx

2 − iωy
1ρy

1 − iωy
2ρy

2 − il(z1 − z2)]×
× exp [−ik1(x1 − z1) − ik2(z2 − y1) − ik3(y2 − x2) − ik4(z3 − y3)].

ˆ´É¥£·¨·μ¢ ´¨¥ ¶μ ¶·μ¸É· ´¸É¢¥´´Ò³ ±μμ·¤¨´ É ³ ¤ ¥É ´ ¡μ· δ-ËÊ´±Í¨°, ¸ ¶μ³μÐÓÕ
±μÉμ·ÒÌ ¸´¨³ ¥É¸Ö Î ¸ÉÓ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¨³¶Ê²Ó¸´Ò³ ¶¥·¥³¥´´Ò³. ‚ ·¥§Ê²ÓÉ É¥
¨³¥¥³

M(Δ++ → pπ+) = (2π)4iδ(p − p′ − q)T (Δ++ → pπ+), (46)

£¤¥

T (Δ++ → pπ+) = −12gΔgpgπ

∫
d4k1

(2π)4i

∫
d4k2

(2π)4i
Φ̃p[−ω2

x]Φ̃Δ[−ω2
y]Φ̃π [−(k1 − η2q)2]×

× ūp(p′){ΓAγ5Sd(k1 − q)γ5Su(k1)Γ1 tr [Su(k2)ΓASu(k2 − k1 + p)Γμ
2 ]+

+ 2ΓAγ5Sd(k1 − q)γ5Su(k1)Γ
μ
2Su(k2)ΓASu(k2 − k1 + p)Γ1}uμ

Δ(p) =
= GΔpπp′μūp(p′, λ′)uμ

Δ(p, λ). (47)
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‡¤¥¸Ó ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö⎧⎪⎪⎨⎪⎪⎩
ωx

1 =
1√
2
[−k1 + k3 + p − v3p

′],

ωx
2 =

1√
6
[k1 + k3 − p + (2v2 + v3)p′],

⎧⎪⎪⎨⎪⎪⎩
ωy

1 =
1√
2
[k1 − k3 − (ω1 + ω2)p],

ωy
2 =

1√
6
[−k1 − k3 + (ω1 − ω2)p].

‚ ¶·¨²μ¦¥´¨¨ ¤ ´μ ¶μ¤·μ¡´μ¥ ¢ÒÎ¨¸²¥´¨¥ Ï¨·¨´Ò · ¸¶ ¤ . �±μ´Î É¥²Ó´μ ¢Ò· ¦¥-
´¨¥ ¨³¥¥É ¢¨¤

Γ(Δ++ → pπ+) =
G2

Δpπ

24π
|q|3

[(
1 +

mN

mΔ

)2

− m2
π

m2
Δ

]
. (48)

‡¤¥¸Ó |q| ¥¸ÉÓ ¨³¶Ê²Ó¸ ¶¨μ´  ¢ ¸¨¸É¥³¥ ¶μ±μÖ Δ-¨§μ¡ ·Ò.
„²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò §´ Î¥´¨Ö Λπ = 0,87 ƒÔ‚, ΛN = 0,36 ƒÔ‚,

¶μ²ÊÎ¥´´Ò¥ ¢ ¶·¥¤Ò¤ÊÐ¨Ì · ¡μÉ Ì (¸³. [2, 6]). �·¨ §´ Î¥´¨ÖÌ ΛΔ = 0,93 ƒÔ‚ ¨ ±μÔË-
Ë¨Í¨¥´É  ¸³¥Ï¨¢ ´¨Ö x = 0 Ï¨·¨´  · ¸¶ ¤ , μ¶·¥¤¥²¥´´ Ö Î¨¸²¥´´μ ´  FORTRAN ¸
¶μ³μÐÓÕ ¡¨¡²¨μÉ¥±¨ NAG, ¤ ¥É ¢¥²¨Î¨´Ê Γ(Δ++ → pπ+) = 110,6 MÔ‚, ÎÉμ Ìμ·μÏμ
¸μ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éμ³ 110−112 MÔ‚. „ ´´μ° ¢¥²¨Î¨´¥ Ï¨·¨´Ò · ¸¶ ¤  ¸μμÉ¢¥É-
¸É¢Ê¥É ±μ´¸É ´É  ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö GΔpπ = 15,2 ƒÔ‚−1, ¶·¨ q2 = m2

π.
3.2. ‘¨²Ó´Ò° Ëμ·³Ë ±Éμ·. � ¸¸³μÉ·¨³ ¶μ¢¥¤¥´¨¥ ¸¨²Ó´μ£μ Ëμ·³Ë ±Éμ·  GΔpπ(Q2)

¢ ¥¢±²¨¤μ¢μ° μ¡² ¸É¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  Q2 = −q2. „²Ö Ê¤μ¡¸É¢  ¡Ê¤¥³

¨¸¸²¥¤μ¢ ÉÓ £· Ë¨± ËÊ´±Í¨¨ G(Q2) =
GΔpπ(Q2)
GΔpπ(0)

, ´μ·³¨·μ¢ ´´Ò° ´  1 ¶·¨ Q2 = 0.

‚ ´ Ï¥° ³μ¤¥²¨ ¤ ´´ Ö ËÊ´±Í¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨Ö (47). �μ¸²¥ ¢§ÖÉ¨Ö ¶¥É²¥¢ÒÌ
¨´É¥£· ²μ¢ μ´  ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ Î¥ÉÒ·¥Ì±· É´μ£μ ¨´É¥£· ² , ±μÉμ·Ò° ´ Ìμ¤¨É¸Ö
Î¨¸²¥´´μ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò, ´ ¶¨¸ ´´μ° ´  FORTRAN. �¥§Ê²ÓÉ É Î¨¸²¥´´μ£μ ¢Ò-

1,0

0,5

0 0,5 1,0 1,5 2,0 2,5

G
Q(

)
2

Q2, ГэВ2

1

3

4

2

�¨¸. 3. �μ¢¥¤¥´¨¥ ¸¨²Ó´μ£μ Ëμ·³Ë ±Éμ·  Δ-¨§μ¡ ·Ò ¢ · ³± Ì · §²¨Î´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ¶μ¤Ìμ¤μ¢:
1 Å ¤ ´´ Ö · ¡μÉ ; 2 Å QCM-³μ¤¥²Ó [1]; 3 Å RCQM-³μ¤¥²Ó [7]; 4 Å · ¡μÉ  [8]; �, � Å

·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ´  ·¥Ï¥É±¥ [9] ¤²Ö mπ = 297 ŒÔ‚, mπ = 330 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ
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’ ¡²¨Í  2. Šμ´¸É ´ÉÒ ¸¢Ö§¨ GΔpπ (ƒÔ‚−1)

�±¸¶¥·¨³¥´É „ ´´ Ö · ¡μÉ  [1] [7] [8] [10] [11] [12] [13]

15,4± 2,9 15,2 17,0 11,14 14,98 14,85 17,76 15,2 13,4± 5,4

Î¨¸²¥´¨Ö Ê¤μ¡´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ËÊ´±Í¨¥° ¤¨¶μ²Ó´μ£μ ¢¨¤ 

G(Q2) =
1

[1 + Q2/Λ2
D]2

, (49)

£¤¥ ¶ · ³¥É· ΛD = 0,96 ƒÔ‚. �μ¢¥¤¥´¨¥ ËÊ´±Í¨¨ G(Q2) ¢ ¨´É¥·¢ ²¥ 0 � Q2 = −q2 �
2,5 ƒÔ‚2 ¶·¨¢¥¤¥´μ ´  ·¨¸. 3. „²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤·Ê£¨Ì É¥μ·¥É¨Î¥¸±¨Ì
¶μ¤Ìμ¤μ¢ [1, 7, 8] ¨ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° ´  ·¥Ï¥É±¥ [9]. „²Ö ¶μ¸É·μ¥´¨Ö £· Ë¨±  3
´  ·¨¸. 3 ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¶ · ³¥É·¨§ Í¨Õ, ¤ ´´ÊÕ ¢ · ¡μÉ¥ [7]

G(q2) =
1

[1 + q2/λ2
1 + q4/λ4

2]
, (50)

£¤¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ λ1 = 0,594 ƒÔ‚, λ2 = 0,998 ƒÔ‚. ŒÒ ¨¸¶μ²Ó§μ¢ ²¨
¸¢Ö§Ó q2 = q2

0 + Q2, Ö¢´Ò° ¢¨¤ ¶·¨¢¥¤¥´ ¢ ¶·¨²μ¦¥´¨¨, Ê· ¢´¥´¨¥ (�.1). ‚¨¤´μ, ÎÉμ
¶μ¢¥¤¥´¨¥ ´ Ï¥° ±·¨¢μ° ¶μÎÉ¨ ¨¤¥ ²Ó´μ ¸μ£² ¸Ê¥É¸Ö ¸ ¶μ¢¥¤¥´¨¥³ ±·¨¢μ°, ¶μ²ÊÎ¥´´μ°
¢ · ¡μÉ¥ [7].

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö GΔpπ. �É³¥É¨³, ÎÉμ Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö
±μ´¸É ´É  fΔpπ = mπGΔpπ, ±μ´¸É ´ÉÒ ¨§ É ¡². 2 ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¸ ¶μ³μÐÓÕ ¤ ´´μ£μ
Éμ¦¤¥¸É¢ .

��‘“†„…�ˆ… �…‡“‹œ’�’�‚

‚ ¤ ´´μ° · ¡μÉ¥ ¤ ´μ ¶μ¤·μ¡´μ¥ ¶μ¸É·μ¥´¨¥ É·¥Ì±¢ ·±μ¢μ£μ Éμ±  Δ-¨§μ¡ ·Ò. ‚Ò-
¢μ¤ ¸¤¥² ´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Éμ¦¤¥¸É¢ ”¨·Í . ‚ÒÎ¨¸²¥´ ³ É·¨Î´Ò° Ô²¥³¥´É Δ → pπ ¨
Ï¨·¨´  · ¸¶ ¤  ¤ ´´μ£μ ¶·μÍ¥¸¸ . …¤¨´¸É¢¥´´Ò° ¸¢μ¡μ¤´Ò° ¶ · ³¥É· ΛΔ, Ì · ±É¥·¨§Ê-
ÕÐ¨° · §³¥· Δ-¨§μ¡ ·Ò, ¶μ²ÊÎ¥´ ¶ÊÉ¥³ Ë¨É  É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨Ö Ï¨·¨´Ò · ¸¶ ¤ 
Δ → pπ ± ¥£μ Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê §´ Î¥´¨Õ. ‘μμÉ¢¥É¸É¢ÊÕÐ Ö ±μ´¸É ´É  ¸¨²Ó´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö μ± § ² ¸Ó · ¢´μ° GΔpπ = 15,2 ƒÔ‚−1.

�μ¸É·μ¥´  § ¢¨¸¨³μ¸ÉÓ G(Q2) ¢ ¥¢±²¨¤μ¢μ° μ¡² ¸É¨ ±¢ ¤· É  ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ 
¶¨μ´  Q2 = −q2. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ¸ · ¡μÉ ³¨ [1, 7Ä13]. �± § ²μ¸Ó, ÎÉμ ´ Ï¨
·¥§Ê²ÓÉ ÉÒ ´ ¨¡μ²¥¥ ¡²¨§±¨ ± · ¡μÉ¥ [7].

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¶·¨§´ É¥²Ó´μ¸ÉÓ W. Plessas §  ¶²μ¤μÉ¢μ·´μ¥ μ¡-
¸Ê¦¤¥´¨¥. �´¨ É ±¦¥ ¡² £μ¤ ·ÖÉ Œ¨´¨¸É¥·¸É¢μ μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �¥¸¶Ê¡²¨±¨ Š -
§ Ì¸É ´ §  ¶·¥¤μ¸É ¢²¥´¨¥ £· ´Éμ¢ ®‹� ‚“‡ ¯ (2016) ¨ º3091/ƒ”4 (£μ¸·¥£¨¸É· Í¨Ö
º0115RK01041).

��ˆ‹�†…�ˆ…

‘μ£² ¸´μ § ±μ´Ê ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸  ¨ · ¸¸É ´μ¢±¥ ¨³¶Ê²Ó¸μ¢ ¢¨¤´μ, ÎÉμ p =
p′ + q, £¤¥ p, p′, q Å 4-¢¥±Éμ·Ò ¨³¶Ê²Ó¸ . „²Ö p2 = m2

Δ, p′2 = m2
N , q2 = m2

π,   ¤²Ö
¶·μ¸É· ´¸É¢¥´´ÒÌ ±μ³¶μ´¥´É ¨³¥¥³ ¸μμÉ´μÏ¥´¨Ö ¢¨¤ {

p = p′ + q = 0,
p′ = −q ⇒ |p′| = |q|.
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� ¸¶¨Ï¥³ Ê· ¢´¥´¨Ö ¶μ ±μ³¶μ´¥´É ³ ¨ ¸μ¢¥·Ï¨³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ, ¶μ²ÊÎ¥´´ÒÌ
¢ÒÏ¥, ¢¸²¥¤¸É¢¨¥ Î¥£μ ¢Ò· ¦¥´¨Ö ¤²Ö ¨³¶Ê²Ó¸μ¢ ¶·¨³ÊÉ ¢¨¤⎧⎪⎨⎪⎩

p2 = p2
0 − p2 = p2

0 = m2
Δ,

p′2 = p′20 − p′2 = p′20 − q2 = m2
N ,

q2 = q2
0 − q2 = q2

0 − q2 = m2
π.

‚Ò· §¨¢ Ô´¥·£¥É¨Î¥¸±ÊÕ ±μ³¶μ´¥´ÉÊ 4-¢¥±Éμ·  ¨³¶Ê²Ó¸ , ¨³¥¥³ p′0 =
√

m2
N + |q2|

¤²Ö ´Ê±²μ´ ,   ¤²Ö ¶¨μ´ , ¸μμÉ¢¥É¸É¢¥´´μ, q0 =
√

m2
π + |q2|. ‚ ¸¢μÕ μÎ¥·¥¤Ó, ¤²Ö Δ-¨§μ-

¡ ·Ò p0 = mΔ.
‚¸²¥¤¸É¢¨¥ § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨¥ p0 = p′0 +q. �¸ÊÐ¥¸É¢²ÖÖ

¶μ¤¸É ´μ¢±Ê ¶μ²ÊÎ¥´´ÒÌ ¢ÒÏ¥ §´ Î¥´¨° ¨ ¢μ§¢μ¤Ö ¨Ì ¢ ±¢ ¤· É, ³μ¦´μ ¢Ò· §¨ÉÓ ±¢ ¤· É
¶·μ¸É· ´¸É¢¥´´μ° Î ¸É¨ 4-¢¥±Éμ·  ¨³¶Ê²Ó¸  ¶¨μ´ , ±μÉμ·Ò° ¶·¨³¥É ¢¨¤

|q2| =
m4

Δ + m4
N + m4

π − 2m2
Δm2

N − 2m2
Δm2

π − 2m2
Nm2

π

4m2
Δ

=

=
[
λ1/2(m2

Δ, m2
N , m2

π)
2mΔ

]2
. (�.1)

’· ´¸²ÖÉμ· ¤²Ö ¸¶¨´  1/2: ∑
λ

u(p, λ)ū(p, λ) = p̂ + m. (�.2)

’· ´¸²ÖÉμ· ¤²Ö ¸¶¨´  3/2:∑
λ

u(p, λ)ū(p, λ) = (p̂ + m)
[
−gμν +

pμpν

m2
+

1
3

(
gμα − pμpα

m2

)(
gνβ − pνpβ

m2

)
γαγβ

]
.

(�.3)
Œ É·¨Î´Ò° Ô²¥³¥´É ¨³¥¥É ¢¨¤

M(Δ++ → pπ+) = GΔpπp′μūN(p′, λ′)uμ
Δ(p, λ).

‚μ§¢¥¤¥³ ¢ ±¢ ¤· É ³ É·¨Î´Ò° Ô²¥³¥´É ¨ ¶·μ¸Ê³³¨·Ê¥³ ¶μ ¶μ²Ö·¨§ Í¨Ö³, Ê³´μ¦¨¢
´  1/4 ¤²Ö ¶μ²ÊÎ¥´¨Ö Ï¨·¨´Ò · ¸¶ ¤  Δ-¨§μ¡ ·Ò ´  ´Ê±²μ´ ¨ ¶¨μ´:

1
4

∑
λλ′

|M |2 =
1
4
G2

Δpπp′μp′ν
∑
λλ′

[ūN (p′, λ′)uμ
Δ(p, λ)][ūν

Δ(p, λ)uN (p′, λ′)].

�μ¤¸É ¢¨³ ¢ ¤ ´´μ¥ ¢Ò· ¦¥´¨¥ §´ Î¥´¨Ö É· ´¸²ÖÉμ·μ¢ ¨ Ë ±Éμ·¨§Ê¥³ ¢Ò· ¦¥´¨¥, ¢
·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³

1
4

∑
λλ′

|M |2 =
G2

ΔNπ

4
p′μp′ν tr

[
(p̂′ + mN )(p̂ + mΔ)

(
p′μp′ν ḡμν +

1
3
p′μḡμαγαp′ν ḡνβγβ

)]
.

�±μ´Î É¥²Ó´μ ¶·μ¨§¢μ¤Ö ¢¸¥ ¢ÒÎ¨¸²¥´¨Ö, ³μ¦´μ Ê¤μ¸Éμ¢¥·¨ÉÓ¸Ö, ÎÉμ Ï¨·¨´  · ¸¶ ¤ 
¡Ê¤¥É · ¢´ 

Γ(Δ++ → pπ+) =
G2

ΔNπ

24π
|q|3

[(
1 +

mN

mΔ

)2

− m2
π

m2
Δ

]
.
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