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ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±μ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨, Œμ¸±¢ 

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

Œμ¸±μ¢¸±¨° Ë¨§¨±μ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ (£μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É),

„μ²£μ¶·Ê¤´Ò°, �μ¸¸¨Ö

‘ ¶μ³μÐÓÕ μ¡μ¡Ð¥´´μ£μ Éμ¦¤¥¸É¢  “μ·¤  ´ °¤¥´ Ëμ·³Ë ±Éμ· f− ¶·μ¤μ²Ó´μ°
±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ¢¥±Éμ·´μ£μ Éμ±  ¢ β-· ¸¶ ¤¥ ¶¨μ´ . ”μ·³Ë ±Éμ· μ¶·¥¤¥²Ö¥É¸Ö
· §´μ¸ÉÓÕ ³ ¸¸ ¶¨μ´μ¢ ¨ ¸·¥¤´¥±¢ ¤· É¨Î´Ò³¨ · ¤¨Ê¸ ³¨ ¶¨μ´μ¢ ¢ ± ´ ² Ì ¸ Ê£²μ¢Ò³
³μ³¥´Éμ³ J = 1, 0 ¨ ¨§μ¸¶¨´μ³ T = 1, 2.

The generalized Ward identity in the pion sector for broken isotopic symmetry is
derived and used for the model-independent calculation of the longitudinal form factor of
the pion β decay. The on-shell form factor is found to be proportional to the pion mass
difference and the difference between the vector isospin T = 1 and scalar isospin T = 2
pion radii. The results are discussed in the context of the conservation of vector current
hypothesis.

PACS: 13.20.Cz; 13.25.Cq

‚‚…„…�ˆ…

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö · ¸¶ ¤  π+ → π0e+νe ³μÉ¨¢¨·μ¢ ´Ò,
¢ Î ¸É´μ¸É¨, ¢μ§³μ¦´μ¸ÉÓÕ ¶·μ¢¥·±¨ £¨¶μÉ¥§Ò ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ± 
(‘‚’) ¢ ³¥§μ´´μ³ ¸¥±Éμ·¥. ‘μ£² ¸´μ £¨¶μÉ¥§¥ ‘‚’ [1, 2] ¨§μ¢¥±Éμ·´ Ö ±μ³-
¶μ´¥´É  Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¨ § ·Ö¦¥´´Ò¥ ±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ¢¥±Éμ·-
´μ£μ Éμ±  μ¡· §ÊÕÉ ¨§μ¸¶¨´μ¢Ò° É·¨¶²¥É. ‚ ¶·¥¤¥²¥ ÉμÎ´μ° ¨§μÉμ¶¨Î¥¸±μ°
¸¨³³¥É·¨¨ ¸μÌ· ´¥´¨¥ Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  ¢¥¤¥É ± ¸μÌ· ´¥´¨Õ ¸² ¡μ£μ
¢¥±Éμ·´μ£μ Éμ±  ∂μJαμ

W = 0.

∗E-mail: mikhail.krivoruchenko@itep.ru
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‚´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ Ê¸²μ¢¨¥ ‘‚’ Ô±¢¨¢ ²¥´É´μ Éμ¦¤¥¸É¢Ê “μ·¤ 
¤²Ö £·Ê¶¶Ò ¨§μ¸¶¨´  SUf (2). � ·ÊÏ¥´¨¥ ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨, ¸¢Ö-
§ ´´μ¥ ¸ ³ ²μ° · §´μ¸ÉÓÕ ³ ¸¸ u- ¨ d-±¢ ·±μ¢,   É ±¦¥ Ô²¥±É·μ³ £´¨É´Ò³¨
¨ ¸² ¡Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨, ¶·¨¢μ¤¨É ± ´¥¸μÌ· ´¥´¨Õ ¸² ¡μ£μ ¢¥±Éμ·´μ£μ
Éμ±  ∂μJ±μ

W �= 0. „²Ö ´ ·ÊÏ¥´´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ Ê¸²μ¢¨¥ ‘‚’
¨ Éμ¦¤¥¸É¢μ “μ·¤  § ³¥´ÖÕÉ¸Ö Ê¸²μ¢¨¥³ Î ¸É¨Î´μ£μ ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ
Éμ±  ∂μJαμ

W ≈ 0 ¨ μ¡μ¡Ð¥´´Ò³ Éμ¦¤¥¸É¢μ³ “μ·¤ .
� · ³¥É·¨§ Í¨Ö ¶¨μ´´μ£μ ¶μ²Ö, ± ± ¨§¢¥¸É´μ, ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´ 

· §²¨Î´Ò³¨ ¸¶μ¸μ¡ ³¨, ÎÉμ ¶·¨¢μ¤¨É ± ´¥μ¤´μ§´ Î´μ¸É¨  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö
¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. �  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨  ³¶²¨ÉÊ¤Ò μ¤´μ§´ Î´μ
μ¶·¥¤¥²¥´Ò, ÎÉμ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ É¥μ·¥³Ò Ô±¢¨¢ ²¥´É´μ¸É¨ [3]. �  ³ ¸-
¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨  ³¶²¨ÉÊ¤Ò É ±¦¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò [4], μ¤´ ±μ
¢´¥ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ μ´¨, ¢μμ¡Ð¥ £μ¢μ·Ö, § ¢¨¸ÖÉ μÉ ± ²¨¡·μ¢±¨.

‚ ÔÉμ³ μÉ´μÏ¥´¨¨ Ëμ·³Ë ±Éμ· f− ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ¢¥±-
Éμ·´μ£μ Éμ±  ¶¨μ´´μ£μ β-· ¸¶ ¤  Ö¢²Ö¥É¸Ö § ³¥Î É¥²Ó´Ò³ ¨¸±²ÕÎ¥´¨¥³. �± -
§Ò¢ ¥É¸Ö, ÎÉμ f− Ìμ·μÏμ μ¶·¥¤¥²¥´ ± ± ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨, É ± ¨ ¢
´¥±μÉμ·μ° ¥¥ μ±·¥¸É´μ¸É¨. ‘²¥¤μ¢ É¥²Ó´μ, f− ³μ¦¥É ¡ÒÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ
¨¸¸²¥¤μ¢ ´ ´  ¶·¥¤³¥É ¸μμÉ¢¥É¸É¢¨Ö μ¡μ¡Ð¥´´μ³Ê Éμ¦¤¥¸É¢Ê “μ·¤ .

���„�‹œ�›‰ ”��Œ”�Š’�� ��‘��„� π+ → π0e+νe

� ¸¸³μÉ·¨³ ³μ¤¨Ë¨± Í¨Õ ¶¨μ´´μ£μ ¶·μ¶ £ Éμ· 

iΔ(x′, x) = 〈0|Tϕ(x′)ϕ̃(x)|0〉 (1)

¢ ´¥±μÉμ·μ° ¸Ì¥³¥ ¸ ´ ·ÊÏ¥´´μ° SUf (2)-¸¨³³¥É·¨¥°. �·¥μ¡· §μ¢ ´¨¥
ϕ → ϕ′ = e−iχϕ ¢¥¤¥É ± ¨§³¥´¥´¨Õ Δ(x′, x). �Éμ ¨§³¥´¥´¨¥ ±μ³¶¥´¸¨-
·Ê¥É¸Ö § ³¥´μ° ¶¥·¥³¥´´ÒÌ ¢ ÔËË¥±É¨¢´μ³ ² £· ´¦¨ ´¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¥¥
Éμ¦¤¥¸É¢μ “μ·¤ , ¶μ²ÊÎ¥´´μ¥ ¸· ¢´¥´¨¥³ ¤¢ÊÌ ¶·¥μ¡· §μ¢ ´¨°, ¨³¥¥É ¢¨¤ [5]

Δ−1(p′)T a − T aΔ−1(p) = qμΓa
μ(p′, p) − Θa(p′, p) − Ωa(p′, p). (2)

‡¤¥¸Ó T a Å £¥´¥· Éμ·Ò ¨§μ¸¶¨´ ; Γa
μ(p′, p) Å ¢¥±Éμ·´ Ö ¢¥·Ï¨´  β-· ¸¶ ¤ 

¶¨μ´ ; Θa(p′, p) Å ¸± ²Ö·´ Ö ¢¥·Ï¨´  ¶¨μ´ , ¶·μ¶μ·Í¨μ´ ²Ó´ Ö · §´μ¸É¨
±¢ ¤· Éμ¢ ³ ¸¸ Δm2

π = m2
π+ − m2

π0 ; Ωa(p′, p) Å ¸± ²Ö·´ Ö ¢¥·Ï¨´  ¶¨-
μ´ , ¸¢Ö§ ´´ Ö ¸ ´ ·ÊÏ¥´¨¥³ ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ Ô²¥±É·μ³ £´¨É´Ò³¨
¨ ¸² ¡Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨. �  ·¨¸Ê´±¥ ¤ ´μ ¸Ì¥³ É¨Î´μ¥ ¶·¥¤¸É ¢²¥´¨¥
μ¡μ¡Ð¥´´μ£μ Éμ¦¤¥¸É¢  “μ·¤ .

�  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¶¨μ´´ Ö ¢¥·Ï¨´  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

〈π0(p′)|d̄γμ(1 − γ5)u|π+(p)〉 =
√

2((p′ + p)μf+ + qμf−), (3)

£¤¥ qμ = (p′ − p)μ.
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‘Ì¥³ É¨Î´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ¡μ¡Ð¥´´μ£μ Éμ¦¤¥¸É¢  “μ·¤  (2) ¤²Ö ´ ·ÊÏ¥´´μ° ¨§μ-
Éμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨. �¥·¢Ò° ¡²μ± Å ¤¨¢¥·£¥´Í¨Ö ¢¥±Éμ·´μ° ¢¥·Ï¨´Ò β-· ¸¶ ¤ 
¶¨μ´ ; É·¨ ¤·Ê£¨Ì ¡²μ±  Å ¸± ²Ö·´Ò¥ ¢¥·Ï¨´Ò, ¢Ìμ¤ÖÐ¨¥ ¢ ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥-
´¨Ö (2) ¨§-§  ´ ·ÊÏ¥´¨Ö ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ · §´μ¸ÉÓÕ ³ ¸¸ ¶¨μ´μ¢ (¡²μ± 2),
Ô²¥±É·μ³ £´¨É´Ò³¨ ¨ ¸² ¡Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨ (¡²μ±¨ 3 ¨ 4)

�·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö ‘‚’ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤  ¤ ¥É

f− = 0. (4)

‘μ£² ¸´μ É¥μ·¥³¥ �¤¥³μ²²μÄƒ ÉÉμ ¶μ¶· ¢±  ± ¶μ¶¥·¥Î´μ³Ê Ëμ·³Ë ±-
Éμ·Ê f+, ¸¢Ö§ ´´ Ö ¸ ´ ·ÊÏ¥´¨¥³ ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨, ¶·μ¶μ·Í¨μ-
´ ²Ó´  (Δm2

π)2. Š ¶·μ¤μ²Ó´μ³Ê Ëμ·³Ë ±Éμ·Ê ÔÉ  É¥μ·¥³ , ± ± ¨§¢¥¸É´μ,
´¥¶·¨³¥´¨³  (¸³., ´ ¶·¨³¥·, [6]).

— ¸É¨Î´μ¥ ¸μÌ· ´¥´¨¥ ¸² ¡μ£μ ¢¥±Éμ·´μ£μ Éμ±  ¢¥¤¥É ± ¢Ò· ¦¥´¨Õ, μÉ-
²¨Î´μ³Ê μÉ ´Ê²Ö ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ Δm2

π:

f− =
m2

π+ − m2
π0

6

(〈
r2

〉T=1

v
−

〈
r2

〉T=2

s

)
, (5)

£¤¥
〈
r2

〉T=1

v
¨

〈
r2

〉T=2

s
Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ ¢¥±Éμ·´Ò° (v) ¨ ¸± ²Ö·´Ò°

(s) · ¤¨Ê¸Ò ¶¨μ´  ¢ ± ´ ² Ì ¸ ¨§μ¸¶¨´μ³ T = 1, 2. “· ¢´¥´¨Ö (4) ¨ (5)
¢Ò¶μ²´ÖÕÉ¸Ö ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.

‚ μ±·¥¸É´μ¸É¨ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ p′2 − p2 ¨ ¤²Ö
ÉμÎ´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ Éμ¦¤¥¸É¢μ (2) ¤ ¥É

f− = −p′2 − p2

6
〈r2〉T=1

v . (6)

„²Ö ´ ·ÊÏ¥´´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ p′2 − p2

¨ Δm2
π Éμ¦¤¥¸É¢μ (2) ¶·¨¢μ¤¨É ± ¸μμÉ´μÏ¥´¨Õ

f− = −p′2 − p2

6
〈r2〉T=1

v +
m2

π0 − m2
π+

6
〈r2〉T=2

s . (7)

“· ¢´¥´¨Ö (4)Ä(7) ¸¶· ¢¥¤²¨¢Ò ¤²Ö ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸  q2 � m2
π. ‚Ò-

¢μ¤ Ê· ¢´¥´¨° (4)Ä(7) ¨ Î¨¸²¥´´ÊÕ μÍ¥´±Ê f− ³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [5].
�É ¶μ¢¥¤¥´¨Ö f− ¢¡²¨§¨ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ § ¢¨¸¨É, ´ ¶·¨³¥·, Ï¨-

·¨´  · ¸¶ ¤  π+ → π0e+νeγ. ’ ±¨¥ · ¸¶ ¤Ò ³μ£ÊÉ ¸²Ê¦¨ÉÓ ¶·μ¢¥·±¥ ¶·¥¤-
¸± § ´¨° f−, ¶μ²ÊÎ¥´´ÒÌ ´  μ¸´μ¢¥ μ¡μ¡Ð¥´´μ£μ Éμ¦¤¥¸É¢  “μ·¤ .
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”μ·³Ë ±Éμ· f− ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ë¨§¨Î¥¸±¨¥ ³ ¸¸Ò ¨ · ¤¨Ê¸Ò ¶¨μ´ .
‘²¥¤μ¢ É¥²Ó´μ, μ´ Ìμ·μÏμ μ¶·¥¤¥²¥´ ¢ μ±·¥¸É´μ¸É¨ ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.
‘ ³ É¥³ É¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö ³μ¦´μ £μ¢μ·¨ÉÓ μ¡ μ¤´μ§´ Î´μ¸É¨ ¶·μ¤μ²Ó-
´μ° ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ° ¢¥·Ï¨´Ò ¨ ¥¥ ¶¥·¢μ° ¶·μ¨§¢μ¤´μ° ¶μ ¢´¥Ï´¨³
¨³¶Ê²Ó¸ ³ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ Δm2

π ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨.

‡�Š‹�—…�ˆ…

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´μ μ¡μ¡Ð¥´´μ¥ Éμ¦¤¥¸É¢μ “μ·¤  ¢ ¶¨μ´´μ³ ¸¥±-
Éμ·¥ ¤²Ö ´ ·ÊÏ¥´´μ° ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨. ‘ ¥£μ ¶μ³μÐÓÕ ´ °¤¥´ ¶·μ-
¤μ²Ó´Ò° Ëμ·³Ë ±Éμ· f− ¸² ¡μ£μ ¢¥±Éμ·´μ£μ Éμ±  ¢ β-· ¸¶ ¤¥ ¶¨μ´ . �´ -
²μ£¨Î´μ ¸² ¡μ³Ê ³ £´¥É¨§³Ê ¨§μ¢¥±Éμ·´ Ö ±μ³¶μ´¥´É  f− ¶μ²ÊÎ ¥É¸Ö ¨§μÉμ-
¶¨Î¥¸±¨³ ¶μ¢μ·μÉμ³ ¸μ¸É ¢²ÖÕÐ¥° Ô²¥±É·μ³ £´¨É´μ£μ Éμ± . ’¥´§μ·´ Ö ¶μ
¨§μ¸¶¨´Ê ±μ³¶μ´¥´É  f− ´¥ ¸¢Ö§ ´  ¸ ¨§μÉμ¶¨Î¥¸±¨³ ¢· Ð¥´¨¥³, μ´  μ¶·¥-
¤¥²Ö¥É¸Ö μ¡μ¡Ð¥´´Ò³ Éμ¦¤¥¸É¢μ³ “μ·¤ .
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