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‚ · ³± Ì ±¢ §¨¶μÉ¥´Í¨ ²Ó´μ£μ ³¥Éμ¤  ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¢Ò¶μ²´¥´ · ¸Î¥É ¢±² ¤ 
¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¢ ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨ ¶·μÉμ´  ¢  Éμ³¥ ³Õμ´´μ£μ ¢μ¤μ-
·μ¤ . ˆ¸¶μ²Ó§μ¢ ´  ¶ · ³¥É·¨§ Í¨Ö Ëμ·³Ë ±Éμ·  ¶¥·¥Ìμ¤  ¤¢ÊÌ ËμÉμ´μ¢ ¢ π-, η-³¥§μ´Ò, μ¸´μ¢ ´-
´ Ö ´  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¶¥·¥Ìμ¤´Ò³ Ëμ·³Ë ±Éμ· ³ ¨ Š•„  ¸¨³¶ÉμÉ¨±. �·¥¤¸É -
¢²¥´Ò Î¨¸²¥´´Ò¥ μÍ¥´±¨ ¢±² ¤μ¢ ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¶¥±É·  S- ¨ P -Ê·μ¢´¥°.

In the framework of the quasipotential method in quantum electrodynamics we calculate the contri-
bution of pseudoscalar mesons to the interaction operator of a muon and a proton in muonic hydrogen
atom. The parametrization of the transition form factor of two photons into π, η mesons, based on the
experimental data on the transition form factors and QCD asymptotics is used. Numerical estimates of
the contributions to the hyperˇne structure of the spectrum of the S and P levels are presented.
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�·¥Í¨§¨μ´´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ²Ô³¡μ¢¸±μ£μ ¸¤¢¨£  ¨ ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò ¸¶¥±É· 
Ô´¥·£¨¨ ²¥£±¨Ì ³Õμ´´ÒÌ  Éμ³μ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ËÊ´¤ ³¥´É ²Ó´ÊÕ § ¤ ÎÊ ¤²Ö ¶·μ-
¢¥·±¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨ Ê¸É ´μ¢²¥´¨Ö ÉμÎ´ÒÌ §´ Î¥´¨° ¥¥ ¶ · ³¥É·μ¢,   É ±¦¥
¶μ¨¸±  ÔËË¥±Éμ¢ ´μ¢μ° Ë¨§¨±¨. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö  ±ÉÊ ²Ó´μ¸ÉÓ ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨°
¸¢Ö§ ´  ¶·¥¦¤¥ ¢¸¥£μ ¸ ¶·μ¢¥¤¥´´Ò³¨ ±μ²² ¡μ· Í¨¥° CREMA (Charge Radius Experi-
ments with Muonic Atoms) Ô±¸¶¥·¨³¥´É ³¨ [1Ä4] ¸ ³Õμ´´Ò³ ¢μ¤μ·μ¤μ³ ¨ ¤¥°É¥·¨¥³
³¥Éμ¤ ³¨ ² §¥·´μ° ¸¶¥±É·μ¸±μ¶¨¨. ’ ±, ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥·¥´¨Ö Î ¸ÉμÉÒ ¶¥·¥Ìμ¤ 
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2PF=2
3/2 − 2SF=1

1/2 ¡Ò²μ ¶μ²ÊÎ¥´μ ¡μ²¥¥ ÉμÎ´μ¥ §´ Î¥´¨¥ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´ 

rp = 0,84184(67) Ë³, ±μÉμ·μ¥ μÉ²¨Î ¥É¸Ö μÉ §´ Î¥´¨Ö, ·¥±μ³¥´¤μ¢ ´´μ£μ CODATA,
´  7σ [5]. ‡´ Î¥´¨¥ CODATA μ¸´μ¢ ´μ ´  ·¥§Ê²ÓÉ É Ì ¸¶¥±É·μ¸±μ¶¨¨  Éμ³  Ô²¥±É·μ´-
´μ£μ ¢μ¤μ·μ¤  ¨ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ Ô²¥±É·μ´-´Ê±²μ´´μ³Ê · ¸¸¥Ö´¨Õ. ˆ§³¥·¥´¨¥ Î ¸ÉμÉÒ
¶¥·¥Ìμ¤  2PF=1

3/2 − 2SF=0
1/2 ¤²Ö ¸¨´£²¥É´μ£μ 2S-¸μ¸ÉμÖ´¨Ö (μp) ¶μ§¢μ²¨²μ ¶μ²ÊÎ¨ÉÓ ¸¢¥·Ì-

Éμ´±μ¥ · ¸Ð¥¶²¥´¨¥ 2S-Ê·μ¢´Ö Ô´¥·£¨¨ ¢ ³Õμ´´μ³ ¢μ¤μ·μ¤¥,   É ±¦¥ §´ Î¥´¨Ö · ¤¨Ê¸ 
‡¥³ Ì  rZ = 1,082(37) Ë³ ¨ ³ £´¨É´μ£μ · ¤¨Ê¸  rM = 0,87(6) Ë³. ‚Ò¶μ²´¥´´μ¥ ¢¶¥·-
¢Ò¥ ¨§³¥·¥´¨¥ É·¥Ì Î ¸ÉμÉ ¶¥·¥Ìμ¤  ³¥¦¤Ê Ê·μ¢´Ö³¨ Ô´¥·£¨¨ 2P ¨ 2S ¤²Ö ³Õμ´´μ£μ

¤¥°É¥·¨Ö (2S
F=3/2
1/2 − 2P

F=5/2
3/2 ), (2S

F=1/2
1/2 − 2P

F=3/2
3/2 ), (2S

F=1/2
1/2 − 2P

F=1/2
3/2 ) ¶μ§¢μ²¨²μ

¶μ²ÊÎ¨ÉÓ ¢ 2,7 · §  ¡μ²¥¥ ÉμÎ´μ¥ §´ Î¥´¨¥ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¤¥°É·μ´ , ±μÉμ·μ¥ É ±¦¥

³¥´ÓÏ¥ §´ Î¥´¨Ö, ·¥±μ³¥´¤μ¢ ´´μ£μ CODATA [5], ´  7,5σ [4].

‚ ·¥§Ê²ÓÉ É¥ ¢μ§´¨±²  ¸¨ÉÊ Í¨Ö, ±μ£¤  ¨³¥¥É¸Ö ´¥μ¡ÑÖ¸´¨³μ¥ · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê
§´ Î¥´¨Ö³¨ É ±¨Ì ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥É·μ¢, ± ± § ·Ö¤μ¢Ò° · ¤¨Ê¸ ¶·μÉμ´  ¨ Ö¤¥·,
¶μ²ÊÎ¥´´Ò³¨ ¨§ Ô±¸¶¥·¨³¥´Éμ¢ ¸ Ô²¥±É·μ´´Ò³¨ ¨ ³Õμ´´Ò³¨  Éμ³ ³¨. ‚ ¶·μÍ¥¸¸¥ ¶μ-
¨¸±  ¢μ§³μ¦´ÒÌ ·¥Ï¥´¨° ®§ £ ¤±¨¯ § ·Ö¤μ¢μ£μ · ¤¨Ê¸  ¶·μÉμ´  ¢Ò¸± §Ò¢ ²¨¸Ó · §²¨Î-
´Ò¥ £¨¶μÉ¥§Ò, ¢ Éμ³ Î¨¸²¥ ¨¤¥Ö ´¥Ê´¨¢¥·¸ ²Ó´μ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´μ¢ ¨ ³Õμ´μ¢
¸ ´Ê±²μ´ ³¨. ‚μ§³μ¦´μ, ÎÉμ ¢±²ÕÎ¥´¨¥ ¢ μ¡² ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° É -
±¨Ì ³Õμ´´ÒÌ  Éμ³μ¢, ± ± ³Õμ´´Ò° £¥²¨° (μ3

2He)+, ³Õμ´´Ò° É·¨É¨° (μt) ¸ Ö¤· ³¨,
¸μ¸ÉμÖÐ¨³¨ ¨§ É·¥Ì ´Ê±²μ´μ¢, ¨²¨ ¤·Ê£¨Ì ²¥£±¨Ì ³Õμ´´ÒÌ  Éμ³μ¢ ¶μ§¢μ²¨É ¶·μÖ¸´¨ÉÓ
¢μ§´¨±ÏÊÕ ¶·μ¡²¥³Ê. ‚ Ô±¸¶¥·¨³¥´É Ì ±μ²² ¡μ· Í¨¨ CREMA ¸É ¢¨É¸Ö μ¤´  μÎ¥´Ó ¢ ¦-
´ Ö § ¤ Î : ¶μ²ÊÎ¨ÉÓ ´  ¶μ·Ö¤μ± ¡μ²¥¥ ÉμÎ´Ò¥ §´ Î¥´¨Ö § ·Ö¤μ¢ÒÌ · ¤¨Ê¸μ¢ ¶·μ¸É¥°Ï¨Ì
Ö¤¥· (¶·μÉμ´ , ¤¥°É·μ´ , £¥²¨μ´ ,  ²ÓË -Î ¸É¨ÍÒ. . . ), ±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¢ Éμ³ ¨²¨ ¨´μ³
¢¨¤¥ ¢ É¥μ·¥É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¨´É¥·¢ ²μ¢ Éμ´±μ° ¨²¨ ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò ¸¶¥±-
É· . �·¨ ÔÉμ³ ¨¸¶μ²Ó§Ê¥É¸Ö ¢Ò¸μ± Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ Ì · ±É¥·¨¸É¨± ¸¢Ö§ ´´μ£μ ³Õμ´ 
± · ¸¶·¥¤¥²¥´¨Õ ¶²μÉ´μ¸É¨ § ·Ö¤  ¨ ³ £´¨É´μ£μ ³μ³¥´É  Ö¤· . “¸¶¥Ï´ Ö ·¥ ²¨§ Í¨Ö
ÔÉμ° ¶·μ£· ³³Ò ¢μ§³μ¦´  ²¨ÏÓ ¢ ¸μÎ¥É ´¨¨ ¸ ¶·¥Í¨§¨μ´´Ò³¨ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥-
É ³¨ · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¨´É¥·¢ ²μ¢, ¨§³¥·Ö¥³ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´μ. ’ ±¨³ μ¡· -
§μ³, § ¤ Î  ¡μ²¥¥ ÉμÎ´μ£μ É¥μ·¥É¨Î¥¸±μ£μ ¶μ¸É·μ¥´¨Ö μ¶¥· Éμ·  ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¢
±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥, · ¸Î¥É  ´μ¢ÒÌ ¶μ¶· ¢μ± ¢ ¸¶¥±É·¥ Ô´¥·£¨¨ ³Õμ´´ÒÌ  Éμ³μ¢
¶·¨μ¡·¥É ¥É μ¸μ¡ÊÕ  ±ÉÊ ²Ó´μ¸ÉÓ.

1. ��™ˆ‰ ”��Œ�‹ˆ‡Œ

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö Éμ´±μ° ¨ ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò (‘’‘) ¸¶¥±É·  Ô´¥·£¨¨ ³Õμ´-
´μ£μ ¢μ¤μ·μ¤  ³Ò ¨¸¶μ²Ó§Ê¥³ ±¢ §¨¶μÉ¥´Í¨ ²Ó´Ò° ³¥Éμ¤ ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥,
¢ ±μÉμ·μ³ ¸¢Ö§ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ³Õμ´  ¨ ¶·μÉμ´  μ¶¨¸Ò¢ ¥É¸Ö ¢ ²¨¤¨·ÊÕÐ¥³ ¶μ·Ö¤±¥ ¶μ
¶μ¸ÉμÖ´´μ° Éμ´±μ° ¸É·Ê±ÉÊ·Ò (’‘) Ê· ¢´¥´¨¥³ ˜·¥¤¨´£¥·  ¸ ±Ê²μ´μ¢¸±¨³ ¶μÉ¥´Í¨ -
²μ³ [6Ä8]. �¥·¢ Ö Î ¸ÉÓ ¢ ¦´ÒÌ ¶μ¶· ¢μ± ¢ ¸¶¥±É·¥ Ô´¥·£¨¨ S- ¨ P -¸μ¸ÉμÖ´¨° μ¶·¥¤¥-
²Ö¥É¸Ö £ ³¨²ÓÉμ´¨ ´μ³ 	·¥°É  [6,7, 9] (¤ ²¥¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸μ±· Ð¥´¨¥ ®fs¯ ¨ ®hfs¯ ¤²Ö
μ¡μ§´ Î¥´¨Ö ¢±² ¤  ¢ ’‘ ¨ ‘’‘ ¸¶¥±É·  Ô´¥·£¨¨):

HB = H0 + ΔV fs
B + ΔV hfs

B , H0 =
p2

2μ
− Zα

r
, (1)
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ΔV fs
B = − p4
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l

− p4

8m3
p

+
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1

m2
l

+
1

m2
p

)
δ(r) − Zα

2mlmpr

(
p2 +

r(rp)p
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)
+

+
Zα

2m2
l r

3

[
1 +

2ml

mp
+ 2aμ

(
1 +

ml

mp

)]
(Ls1), (2)

ΔV hfs
B =

8παμp

3mlmp
(s1s2)δ(r) −

αμp(1 + aμ)
mlmpr3

[(s1s2) − 3(s1n)(s2n)] +

+
αμp

mlmpr3

[
1 +

ml

mp
− ml

2mpμp

]
(Ls2), (3)

£¤¥ ml, mp Å ³ ¸¸Ò ³Õμ´  ¨ ¶·μÉμ´  ¸μμÉ¢¥É¸É¢¥´´μ; μp Å ³ £´¨É´Ò° ³μ³¥´É ¶·μ-
Éμ´ ; s1 ¨ s2 Å ¸¶¨´Ò ³Õμ´  ¨ ¶·μÉμ´ . ‚±² ¤ ¢§ ¨³μ¤¥°¸É¢¨° (1)Ä(3) ¢ ¸¶¥±É· Ô´¥·£¨¨
· §´ÒÌ ³Õμ´´ÒÌ  Éμ³μ¢ Ìμ·μÏμ ¨§ÊÎ¥´ [10Ä17]. �¶¥· Éμ· (3) ¤ ¥É μ¸´μ¢´μ° ¢±² ¤

�¨¸. 1. �³¶²¨ÉÊ¤  ¢§ ¨³μ¤¥°¸É¢¨Ö π0-,

η-, η′-³¥§μ´μ¢ ¢ ³Õμ´´μ³ ¢μ¤μ·μ¤¥

¶μ·Ö¤±  α4 ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¶¥±É·  Ô´¥·-
£¨¨ ³Õμ´´μ£μ  Éμ³  (Ô´¥·£¨Ö ”¥·³¨). �·¥Í¨§¨μ´-
´Ò° · ¸Î¥É ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò ¸¶¥±É· , ±μÉμ-
·Ò° ´¥μ¡Ìμ¤¨³ ¤²Ö ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨, É·¥¡Ê¥É ÊÎ¥É  · §²¨Î´ÒÌ ¶μ¶· ¢μ±.

	¥¸±μ´¥Î´Ò° ·Ö¤ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¤²Ö μ¶¥-
· Éμ·  ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¸μ¤¥·¦¨É ¢±² ¤Ò
· §´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. �¤¨´ ¨§ É ±¨Ì ¢±² ¤μ¢,
μ¡Ê¸²μ¢²¥´´ÒÌ μ¡³¥´μ³ ¶¸¥¢¤μ¸± ²Ö·´Ò³¨ ³¥§μ-
´ ³¨, ¨¸¸²¥¤Ê¥É¸Ö ¢ ¤ ´´μ° · ¡μÉ¥. �³¶²¨ÉÊ¤ 
ÔÉμ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1.

�ËË¥±É¨¢´ Ö ¢¥·Ï¨´  ¢§ ¨³μ¤¥°¸É¢¨Ö π0-³¥§μ-
´  (¨²¨ ¤·Ê£¨Ì ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ Å η, η′) ¨
¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢ ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´  ¢ É¥·-
³¨´ Ì ¶¥·¥Ìμ¤´μ£μ Ëμ·³Ë ±Éμ·  Fπ0γ∗γ∗(k2

1 , k
2
2)

¢ ¢¨¤¥
V μν(k1, k2) = iεμναβk1αk2β

α

πFπ
Fπ0γ∗γ∗(k2

1 , k
2
2), (4)

£¤¥ k1, k2 Å 4-¨³¶Ê²Ó¸Ò ¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢. ”μ·³Ë ±Éμ· ¶¥·¥Ìμ¤  ´μ·³¨·μ¢ ´ Ê¸²μ-
¢¨¥³ Fπ0γ∗γ∗(0, 0) = 1. ‘ ·μ¸Éμ³ k2

1 , k2
2 ËÊ´±Í¨Ö ¡Ò¸É·μ Ê³¥´ÓÏ ¥É¸Ö, ÎÉμ μ¡¥¸¶¥Î¨-

¢ ¥É Ê²ÓÉ· Ë¨μ²¥Éμ¢ÊÕ ¸Ìμ¤¨³μ¸ÉÓ ¶¥É²¥¢μ£μ ¨´É¥£· ²  ¢  ³¶²¨ÉÊ¤¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.
‚±² ¤ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¢  ¤·μ´´μ³ · ¸¸¥Ö´¨¨ ¸¢¥É  ´  ¸¢¥É¥ ¨¸¸²¥¤μ¢ ²¸Ö
· ´¥¥ ¶·¨ · ¸Î¥É¥  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  ³Õμ´  ¨ ¸¢¥·ÌÉμ´±μ° ¸É·Ê±ÉÊ·Ò
³Õμ´¨Ö [18Ä24].

� ¸¸³μÉ·¨³ ¢´ Î ²¥ ¶μ¸É·μ¥´¨¥ ¸¢¥·ÌÉμ´±μ° Î ¸É¨ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö Î -
¸É¨Í ¢ ¸²ÊÎ ¥ S-¸μ¸ÉμÖ´¨°. ŒÒ ¨¸¶μ²Ó§Ê¥³ ¶·μ¥±Í¨μ´´Ò¥ μ¶¥· Éμ·Ò ´  ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌ
Î ¸É¨Í ¸μ ¸¶¨´ ³¨ S = 0 ¨ S = 1 [25]:

Π̂S=0[u(0)v̄(0)]S=0 =
1 + γ0

2
√

2
γ5, Π̂S=1[u(0)v̄(0)]S=1 =

1 + γ0

2
√

2
ε̂, (5)

£¤¥ εμ Å ¢¥±Éμ· ¶μ²Ö·¨§ Í¨¨ É·¨¶²¥É´μ£μ ¸μ¸ÉμÖ´¨Ö 3S1. ‚¢¥¤¥´¨¥ (5) ¶μ§¢μ²Ö¥É ¨§-
¡¥¦ ÉÓ £·μ³μ§¤±μ£μ ¶¥·¥³´μ¦¥´¨Ö ¡¨¸¶¨´μ·μ¢ „¨· ±  ¨ ¸· §Ê ¶¥·¥°É¨ ± ¢ÒÎ¨¸²¥´¨Õ
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¸²¥¤  μÉ Ë ±Éμ·μ¢, ¸ÉμÖÐ¨Ì ¢ Î¨¸²¨É¥²¥  ³¶²¨ÉÊ¤Ò ¢§ ¨³μ¤¥°¸É¢¨Ö:

N = kαtβεμναβ Tr [(q̂1 +ml) γν(p̂1− k̂+ml) γμ(p̂1 +ml) Π̂(p̂2−mp) γ5(q̂2−mp)Π̂+], (6)

£¤¥ p1,2 Å 4-¨³¶Ê²Ó¸Ò ´ Î ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ³Õμ´  ¨ ¶·μÉμ´ ; q1,2 Å 4-¨³¶Ê²Ó¸Ò ±μ-
´¥Î´ÒÌ ¸μ¸ÉμÖ´¨° ³Õμ´  ¨ ¶·μÉμ´ ; t = p1−q1 Å ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ (¨³¶Ê²Ó¸ ¶¨μ´ ).
�·¨ · ¸Î¥É¥ ¨ Ê¶·μÐ¥´¨¨ (6) ¨¸¶μ²Ó§μ¢ ²¸Ö ¶ ±¥É Form [26]. ‚¢μ¤Ö ¢³¥¸Éμ p1,2, q1,2

¶μ²´Ò° ¨ μÉ´μ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò Î ¸É¨Í ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ p = (0,p) ¨ ¢ ±μ´¥Î-
´μ³ ¸μ¸ÉμÖ´¨¨ q = (0,q),   É ±¦¥ ÊÎ¨ÉÒ¢ Ö ¨Ì ³ ²μ¸ÉÓ ¤²Ö Î ¸É¨Í ¢ ¸¢Ö§ ´´μ³ ¸μ¸ÉμÖ´¨¨
(|p| ∼ μα, |q| ∼ μα), Ê¤¥·¦¨³ ¢ N Éμ²Ó±μ μ¸´μ¢´μ° ¢±² ¤, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ¢Éμ·μ°
¸É¥¶¥´¨ ¶¥·¥¤ ´´μ£μ 4-¨³¶Ê²Ó¸  t = p − q:

N hfs =
512
3

m2
l mp

[
t2k2 − (tk)2

]
. (7)

‡ ³¥É¨³, ÎÉμ ¨´¤¥±¸ ®hfs¯ μ¡μ§´ Î ¥É ¢Ò¤¥²¥´¨¥ ¸¢¥·ÌÉμ´±μ° Î ¸É¨ ¢ (6) ¸ ¶μ³μÐÓÕ
¶·μ¥±Í¨μ´´ÒÌ μ¶¥· Éμ·μ¢ (5).

‚ ·¥§Ê²ÓÉ É¥ ¸¢¥·ÌÉμ´± Ö Î ¸ÉÓ ¶μÉ¥´Í¨ ²  μ¤´μ¶¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨
¶·μÉμ´  ¢ S-¸μ¸ÉμÖ´¨¨ ¶·¨³¥É ¢¨¤

ΔV hfs(p,q) =
α2

6π2

gp

mpFπ

(p− q)2

(p − q)2 + m2
π

A(t2), (8)

£¤¥

A(t2) =
2i

π2t2

∫
d4k

t2k2 − (tk)2

k2(k − t)2(k2 − 2kp1)
Fπγ∗γ∗(k2, (k − t)2). (9)

”Ê´±Í¨Ö A(t2) Ì · ±É¥·´  ¤²Ö ¨§ÊÎ¥´¨Ö ³´¨³μ° ¨ ¤¥°¸É¢¨É¥²Ó´μ° Î ¸É¥°  ³¶²¨ÉÊ¤Ò · ¸-
¶ ¤  ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ³¥§μ´μ¢ ¢ ²¥¶Éμ´´ÊÕ ¶ ·Ê [27Ä29]. „¨¸¶¥·¸¨μ´´μ¥ ¸μμÉ´μÏ¥´¨¥
¸ μ¤´¨³ ¢ÒÎ¨É ´¨¥³ ¤²Ö A(t2) ¨³¥¥É ¢¨¤

A(t2) = A(0) − t2

π

∞∫
0

ds
ImA(s)
s(s + t2)

. (10)

Œ´¨³ Ö Î ¸ÉÓ A(t2), ´¥ § ¢¨¸ÖÐ Ö μÉ ±μ´±·¥É´μ£μ ¢¨¤  Ëμ·³Ë ±Éμ·  Fπγ∗γ∗(k2,
(k − t)2), Ìμ·μÏμ ¨§¢¥¸É´  (¸³. [28] ¨ ¸¸Ò²±¨ É ³):

ImA(t2) =
π

2β(t2)
ln

1 − β(t2)
1 + β(t2)

, (11)

£¤¥ β(t2) =
√

1 − 4m2
l /t2.

“¤μ¡´μ ¶¥·¥μ¶·¥¤¥²¨ÉÓ ±μ´¸É ´ÉÊ A(0) Î¥·¥§ ³μ³¥´ÉÒ (¶·μ¨§¢μ¤´Ò¥) ¶¥·¥Ìμ¤´μ£μ
Ëμ·³Ë ±Éμ·  ¢ ¢¨¤¥ ·Ö¤  ¶μ ³ ²μ³Ê ¶ · ³¥É·Ê ξ2 ≡ m2

l /Λ2, £¤¥ Λ2 Å Ì · ±É¥·´Ò°
³ ¸ÏÉ ¡ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¶¥·¥Ìμ¤´μ³ Ëμ·³Ë ±Éμ·¥ [30]:

A (0) =
∞∑

n=0

(
−ξ2
)n

n!
Γ1+2n

Γ1+nΓ3+n

{
(3 + 2n)

∞∫
0

dxG(n+1) (x) ln x + G(n) (x = 0)
[
2+

+ (3 + 2n)
(

ln 4ξ2 − γE − 2ψ(n + 1) + ψ(n + 1/2)− 2n + 3
(n + 1)(n + 2)

)]}
, (12)
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£¤¥ ¢¢¥¤¥´  ¡¥§· §³¥·´ Ö ¶¥·¥³¥´´ Ö x = k2/Λ2, G (x) ≡ Fπγ∗γ∗
(
k2, k2

)
¨ ψ(n) Å

¤¨£ ³³ -ËÊ´±Í¨Ö. Š ± ¡Ò²μ ¶μ± § ´μ ¢ [29], ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ¶μ ¶¥·¥Ìμ¤´Ò³ Ëμ·³Ë ±Éμ· ³ ¤μ¸É ÉμÎ´μ ¶μ²Ó§μ¢ ÉÓ¸Ö ¶·μ¸É¥°Ï¥° ³μ´μ¶μ²Ó´μ°
¶ · ³¥É·¨§ Í¨¥°

G (x) =
1

1 + x
, (13)

  ¨¸¶μ²Ó§μ¢ ´¨¥ ¤ ´´ÒÌ CLEO [31] ¨  ¸¨³¶ÉμÉ¨± Š•„ [32] μ¶·¥¤¥²Ö¥É ¶ · ³¥É· Λ2 ¢
¨´É¥·¢ ²¥ §´ Î¥´¨°

Λ2 = [0,448−0,549]2 ƒÔ‚2. (14)

‘ Ëμ·³Ë ±Éμ·μ³ (13) ²¨¤¨·ÊÕÐ¨¥ ²μ£ ·¨Ë³¨Î¥¸±¨¥ ¢±² ¤Ò ³μ£ÊÉ ¡ÒÉÓ ¶·μ¸Ê³³¨·μ¢ ´Ò
± ± [30]

A (0) =
ln ξ2

12ξ4

[
1 + 6ξ2 −

√
1 − 4ξ2(1 + 8ξ2)

]
− 5

4
+ O(ξ2). (15)

’ ±¨³ μ¡· §μ³, ¤²Ö Ô²¥±É·μ´  §´ Î¥´¨¥ A (0) ¡Ê¤¥É · ¢´μ [29]

A (0) = −21,9 ± 0,3, (16)

  ¤²Ö ³Õμ´ 
A (0) = −6,1 ± 0,3. (17)

‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ¤²Ö Î¨¸²¥´´ÒÌ μÍ¥´μ± ´ ¤μ Ê¤¥·¦ ÉÓ ¢ (12), (15) ¸É¥¶¥´´Ò¥ ¶μ¶· ¢±¨
¤μ ξ6. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ÔËË¥±ÉÒ ¢´¥³ ¸¸μ¢μ¸É¨ ¤²Ö ¶¨μ´  ´¥§´ Î¨É¥²Ó-
´Ò [20,33]. Œ ±¸¨³ ²Ó´μ ÉμÎ´μ¥ μ¶·¥¤¥²¥´¨¥ Î¨¸²¥´´μ£μ §´ Î¥´¨Ö A(0) Ö¢²Ö¥É¸Ö μÎ¥´Ó
¢ ¦´Ò³ ¤²Ö ¤μ¸É¨¦¥´¨Ö ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ · ¸Î¥É .

�¥·¥Ìμ¤Ö § É¥³ ¢ (8) ¢ ±μμ·¤¨´ É´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö
”Ê·Ó¥, ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨° ¶μÉ¥´Í¨ ² μ¤´μ¶¨μ´´μ£μ μ¡³¥´ :

ΔV hfs(r) =
α2gp

6Fπmpπ2

{
A(0)

[
δ(r) − m2

π

4πr
e−mπr

]
−

− 1
π

∞∫
0

ds

s
ImA(s)

[
δ(r) +

1
4πr(s − m2

π)

(
m4

π e−mπr − s2 e−
√

sr
)]}

. (18)

ŒÒ μ¸É ¢¨²¨ ¢ (18) ¢±² ¤Ò μ¡μ¨Ì ¸² £ ¥³ÒÌ ËÊ´±Í¨¨ A(t2) ¨§ (10), ÌμÉÖ Î¨¸²¥´´μ μ´¨
³μ£ÊÉ §´ Î¨É¥²Ó´μ · §²¨Î ÉÓ¸Ö.

‚ÒÎ¨¸²ÖÖ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¸ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ 1S- ¨ 2S-¸μ¸ÉμÖ´¨°, ¶μ²Ê-
Î ¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò ¢ ‘’‘ ¸¶¥±É·  ¢ ¢¨¤¥

ΔEhfs(1S) =
μ3α5gA

6F 2
ππ3

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
A(0)

4W

(
1 +

W

mπ

)

mπ

(
1 +

2W

mπ

)2 − 1
π

∞∫
0

ds

s
ImA(s)×

×

⎡
⎢⎢⎢⎣1 +

1
4W 2(s − m2

π)

⎛
⎜⎜⎜⎝ m4

π(
1 +

mπ

2W

)2 − s2(
1 +

√
s

2W

)2

⎞
⎟⎟⎟⎠
⎤
⎥⎥⎥⎦
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

= −0,0017 ³Ô‚, (19)
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ΔEhfs(2S) =
μ3α5gA

48F 2
ππ3

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
A(0)

W

(
8 + 11

W

mπ
+ 8

W 2

m2
π

+ 2
W 3

m3
π

)

2mπ

(
1 +

W

mπ

)4 − 1
π

∞∫
0

ds

s
ImA(s)×

×

⎡
⎢⎢⎢⎣1 +

1
(s − m2

π)

⎛
⎜⎜⎜⎝

m2
π

(
2 +

W 2

m2
π

)

2
(

1 +
W

mπ

)4 −
s

(
2 +

W 2

s

)

2
(

1 +
W√

s

)4

⎞
⎟⎟⎟⎠
⎤
⎥⎥⎥⎦
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

= −0,0002 ³Ô‚, (20)

£¤¥ ¤²Ö ±μ´¸É ´ÉÒ ¶¨μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨¸¶μ²Ó§μ¢ ´μ ¸μμÉ´μÏ¥´¨¥ ƒμ²¤-
¡¥·£ Ä’·¥°³ ´ : gp = gπNN = mpgA/Fπ c gA = 1,27, Fπ = 0,0924 ƒÔ‚, W = μα.
�μ£·¥Ï´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢ (19), (20) μ¶·¥¤¥²Ö¥É¸Ö ¶μ£·¥Ï´μ¸ÉÓÕ ¢ ´ Ìμ¦¤¥´¨¨ A(0)
¨§ (17) ¨ ¸μ¸É ¢²Ö¥É ³¥´¥¥ 10%. ‘ ¶μ³μÐÓÕ (19), (20) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê ¢±² ¤ 
η-³¥§μ´μ¢. �É¨ ¢±² ¤Ò, · ¢´Ò¥ (−0,0001) ³Ô‚ (1S), (−0,00002) ³Ô‚ (2S), Ê¸ÉÊ¶ ÕÉ
§´ Î¨É¥²Ó´μ ¢±² ¤Ê ¶¨μ´  ¢ ¸¨²Ê Ê³¥´ÓÏ¥´¨Ö ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö gNNη. ”μ·-
³Ê²Ò (19), (20) ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μÍ¥´±¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢±² ¤μ¢ ¢ ¸¢¥·ÌÉμ´-
±μ° ¸É·Ê±ÉÊ·¥ Ô²¥±É·μ´´μ£μ ¢μ¤μ·μ¤ . ’ ±, ¤²Ö 1S-¸μ¸ÉμÖ´¨Ö  Éμ³  ¢μ¤μ·μ¤  ¶μ²ÊÎ¨³
ΔEhfs(1S) = −1,25 ƒÍ.

”μ·³ ²¨§³ ¶·μ¥±Í¨μ´´ÒÌ μ¶¥· Éμ·μ¢ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ É ±¦¥ ¶·¨ ¶μ¸É·μ¥´¨¨
¸¢¥·ÌÉμ´±μ° Î ¸É¨ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ¤²Ö P -¸μ¸ÉμÖ´¨°, ± ± ÔÉμ ¡Ò²μ
¶·¥¤²μ¦¥´μ ¢ [34, 35] (μ¸´μ¢´μ° ¢±² ¤ ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê P -Ê·μ¢´¥° ¤ ¥É ¶μÉ¥´-
Í¨ ² 	·¥°É  ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨ (3)). �μ± ¦¥³ ÔÉμ ¢ ¸²ÊÎ ¥ ¸¢¥·ÌÉμ´±μ£μ
· ¸Ð¥¶²¥´¨Ö 2P1/2-¸μ¸ÉμÖ´¨Ö, μ£· ´¨Î¨¢Ï¨¸Ó ÊÎ¥Éμ³ Éμ²Ó±μ A(0) ¨§ (10). �·¥¤¸É ¢¨³
¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ 2P -¸μ¸ÉμÖ´¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢ É¥´§μ·´μ° Ëμ·³¥:

ψ2P (p) = (ε · np)R21(p), (21)

£¤¥ εμ Å ¢¥±Éμ· ¶μ²Ö·¨§ Í¨¨ μ·¡¨É ²Ó´μ£μ ¤¢¨¦¥´¨Ö; np = (0,p/p); R21(p) Å · ¤¨-
 ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨. ˆ¸¶μ²Ó§ÊÖ ¡¨¸¶¨´μ· ³Õμ´  ¢
¸¨¸É¥³¥ ¶μ±μÖ ¨ ¢¥±Éμ· ¶μ²Ö·¨§ Í¨¨ εμ, ¢¢¥¤¥³ ¶·μ¥±Í¨μ´´Ò° μ¶¥· Éμ· ´  ¸μ¸ÉμÖ´¨¥
³Õμ´  ¸ ¶μ²´Ò³ ³μ³¥´Éμ³ J = 1/2:

Π̂μ =
i√
3
γ5(γμ − vμ)ψ, (22)

£¤¥ ¢¢¥¤¥´´Ò° ¡¨¸¶¨´μ· „¨· ±  ψ μ¶¨¸Ò¢ ¥É ¸μ¸ÉμÖ´¨¥ ³Õμ´  ¸ ¶μ²´Ò³ ³μ³¥´Éμ³
J = 1/2, vμ = (1, 0, 0, 0). �·μ¥±É¨·ÊÖ ¤ ²¥¥ ³Õμ´-¶·μÉμ´´ÊÕ ¶ ·Ê ´  ¸μ¸ÉμÖ´¨Ö ¸
¶μ²´Ò³ ³μ³¥´Éμ³ F = 1, 0 ¸ ¶μ³μÐÓÕ (5), ³Ò ³μ¦¥³ ¶·¥¤¸É ¢¨ÉÓ Î¨¸²¨É¥²Ó  ³¶²¨ÉÊ¤Ò
¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨ ¶·μÉμ´  (¸³. ·¨¸. 1) ¢ ¢¨¤¥

NP =
1
3
kαtβεμναβ Tr

[
Π̂(γλ − vλ)γ5(q̂1 + ml)γν(p̂1 − k̂ + ml)γμ(p̂1 + ml)×

× γ5(γω − vω)Π̂(p̂2 − mp)γ5(q̂2 − mp)
]
nω

p nλ
q . (23)
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’μ£¤  ¶μÉ¥´Í¨ ² ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö 2P1/2-Ê·μ¢´Ö Ô´¥·£¨¨ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¨³-
¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ΔV hfs
2P1/2

(p,q) = − α2gA

24π3F 2
π

(pq)
(

p

q
+

q

p

)
− 2pq

(p − q)2 + m2
π

A(0). (24)

Š ± ¨ ¢ ¶·¥¤Ò¤ÊÐ¨Ì Ëμ·³Ê² Ì, ³Ò Ê¤¥·¦ ²¨ ¢ (23) ¢¥¤ÊÐ¨° ¢±² ¤ ¶μ μÉ´μ¸¨É¥²Ó´Ò³
¨³¶Ê²Ó¸ ³ p, q, ¶·μ¶μ·Í¨μ´ ²Ó´Ò° A(0). Œ É·¨Î´Ò° Ô²¥³¥´É, ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É
¨¸±μ³μ¥ ¸¢¥·ÌÉμ´±μ¥ · ¸Ð¥¶²¥´¨¥ 2P1/2-Ê·μ¢´Ö, ¨³¥¥É ¢¨¤

ΔEhfs
2P1/2

=
∫

dp
(2π)3/2

R21(p)
∫

dq
(2π)3/2

R21(q)ΔV hfs
2P1/2

(p,q), (25)

£¤¥ · ¤¨ ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ · ¢´ 

R21(p) =
128√
3π

W 7/2p

(4p2 + W 2)3
. (26)

‚Ò· ¦¥´¨¥ (25) ¸μ¤¥·¦¨É ¤¢  Ì · ±É¥·´ÒÌ ¨´É¥£· ² , ±μÉμ·Ò¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö  ´ ²¨É¨Î¥-
¸±¨:

I1 =
∫

dp
(2π)3/2

R21(p)
∫

dq
(2π)3/2

R21(q)
(pq)

(
p

q
+

q

p

)
(p − q)2 + m2

π

=
2
3

(4a + 5)
(a + 2)4

, a =
2mπ

W
, (27)

I2 =
∫

dp
(2π)3/2

R21(p)
∫

dq
(2π)3/2

R21(q)
pq

(p − q)2 + m2
π

=
a(3a + 8) + 6

2(a + 2)4
. (28)

‘ ¶μ³μÐÓÕ (27), (28) ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ  ´ ²¨É¨Î¥¸±ÊÕ Ëμ·³Ê²Ê ¤²Ö · ¸Ð¥¶²¥´¨Ö
2P1/2-Ê·μ¢´Ö:

ΔEhfs
2P1/2

=
α7μ5gA

288π3F 2
πm2

π

A(0)

(
9 + 8

W

mπ
+ 2

W 2

m2
π

)
(

1 +
W

mπ

)4 = 0,0004 ³±Ô‚. (29)

‚±² ¤ η-³¥§μ´  · ¢¥´ 8 · 10−5 ³±Ô‚. —¨¸²¥´´μ¥ §´ Î¥´¨¥ ¢±² ¤  ¢ ¸²ÊÎ ¥ 2P1/2-Ê·μ¢´Ö
¸ÊÐ¥¸É¢¥´´μ Ê³¥´ÓÏ ¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ 2S1/2-Ê·μ¢´¥³, É ± ± ± ¢μ§· ¸É ¥É ¸ ³ ¶μ·Ö-
¤μ± ¢±² ¤ . …¸²¨ ¤²Ö 2S1/2-Ê·μ¢´Ö ¶μ·Ö¤μ± ¢±² ¤  μ¶·¥¤¥²Ö¥É¸Ö Ë ±Éμ·μ³ α6, Éμ ¤²Ö
2P1/2-Ê·μ¢´Ö μ´ ¨³¥¥É ¢¨¤ α7. „²Ö Ê·μ¢´Ö 2P3/2 ¤ ²Ó´¥°Ï¥¥ Ê³¥´ÓÏ¥´¨¥ ¢¥²¨Î¨´Ò
¶μ¶· ¢±¨ ¢ ‘’‘ μ¶·¥¤¥²Ö¥É¸Ö Ë ±Éμ·μ³ 102.

2. ��‡ˆ’���ˆ…‚›‰ ��Œ…� ‚ ‘’‘ Œ�����ƒ� ‚�„���„�

‘ μ¤´μ° ¸Éμ·μ´Ò, ³¥Ì ´¨§³ μ¤´μ¶¨μ´´μ£μ μ¡³¥´ , ¨¸¸²¥¤μ¢ ´´Ò° ¢ ¤ ´´μ° · ¡μÉ¥,
¤ ¥É ´¥§´ Î¨É¥²Ó´ÊÕ ¶μ¶· ¢±Ê ¢ ¸¢¥·ÌÉμ´±μ¥ · ¸Ð¥¶²¥´¨¥ Ê·μ¢´¥° Ô´¥·£¨¨, ¸ ¶μ³μÐÓÕ
±μÉμ·μ° ´¥ Ê¤ ¥É¸Ö μ¡ÑÖ¸´¨ÉÓ ®§ £ ¤±Ê · ¤¨Ê¸  ¶·μÉμ´ ¯. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ³μ¦´μ
¸± § ÉÓ, ¨³¥Ö ¢ ¢¨¤Ê Ô±§μÉ¨Î¥¸±¨° Ì · ±É¥· ¸ ³μ£μ ³Õμ´-¶·μÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö,
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�¨¸. 2. �³¶²¨ÉÊ¤  ¶μ§¨É·μ´¨¥¢μ£μ

¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ³Õμ´´μ³ ¢μ¤μ·μ¤¥

ÎÉμ ÔÉ  ¶μ¶· ¢±  μ± § ² ¸Ó ®´¥μ¦¨¤ ´´μ ¡μ²ÓÏμ°¯
¶μ ¢¥²¨Î¨´¥. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¡Ò²μ ¨´É¥·¥¸´μ μÍ¥-
´¨ÉÓ  ´ ²μ£¨Î´Ò° ¢±² ¤, ±μÉμ·Ò° ¢μ§´¨± ¥É ¢ ·¥-
§Ê²ÓÉ É¥ ¶μ§¨É·μ´¨¥¢μ£μ μ¡³¥´  ³¥¦¤Ê ³Õμ´μ³ ¨
¶·μÉμ´μ³. �³¶²¨ÉÊ¤  É ±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·¥¤-
¸É ¢²¥´  ´  ·¨¸. 2. �Í¥´±  ¢±² ¤μ¢ £¨¶μÉ¥É¨Î¥-
¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Î ¸É¨Í ³¨ ³ ¸¸μ° ¶μ·Ö¤± 
1 ŒÔ‚ ± ± ¢ ²Ô³¡μ¢¸±¨° ¸¤¢¨£, É ± ¨ ¢ ‘’‘ ¸¶¥±É· 
Ô´¥·£¨¨ ³Õμ´´μ£μ ¢μ¤μ·μ¤  μ¡¸Ê¦¤ ² ¸Ó ´¥±μÉμ·μ¥
¢·¥³Ö ´ § ¤ ¢ [36Ä38] ¢ ¸¢Ö§¨ ¸ ¶·μ¡²¥³μ° § ·Ö¤μ-
¢μ£μ · ¤¨Ê¸  ¶·μÉμ´ .

�μÉ¥´Í¨ ² μ¤´μ¶μ§¨É·μ´¨¥¢μ£μ μ¡³¥´  ¢ ³Õμ´-
´μ³ ¢μ¤μ·μ¤¥ ¤²Ö ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö S-¸μ-
¸ÉμÖ´¨° ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

ΔV hfs
μp (t) =

2α2

3π2
F 2

Psγ∗γ∗(0)Aμ(0)Ap(0)
t2

t2 + m2
Ps

(s1s2), (30)

£¤¥ ¤²Ö ¶·μ¸ÉμÉÒ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¨¡²¨¦¥´¨¥ Aμ,p(t2) ≈ Aμ,p(0) ¤²Ö ÔËË¥±É¨¢´ÒÌ
±μ´¸É ´É Aμ,p(0) ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨ ¶·μÉμ´  ¸ ¶μ§¨É·μ´¨¥³. �Í¥´¨¢ Ö ¶ · ³¥É·
FPsγ∗γ∗(0) ¸ ¶μ³μÐÓÕ Ï¨·¨´Ò · ¸¶ ¤  ¶μ§¨É·μ´¨Ö ´  ¤¢  ËμÉμ´  ¶μ Ëμ·³Ê²¥

FPsγ∗γ∗(0) =

√
64πΓ(Ps → γγ)

(4πα)2m3
Ps

, (31)

£¤¥ Γ(Ps → γγ) Å Ï¨·¨´  · ¸¶ ¤  ¶μ§¨É·μ´¨Ö ´  ¶ ·Ê ËμÉμ´μ¢, ´ Ìμ¤¨³ ¢±² ¤ ¤ ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¢ ¢¨¤¥

ΔEhfs
Ps (1S) =

μ3α8

6π4m2
e

Aμ(0)Ap(0)

(
1 +

mPs

W

)
(
1 +

mPs

2W

)2 . (32)

ˆ¸¶μ²Ó§ÊÖ ¤ ²¥¥ ¤²Ö Aμ,p(0) ¢Ò· ¦¥´¨¥ ¢ ³μ¤¥²¨ ¢¥±Éμ·´μ° ¤μ³¨´ ´É´μ¸É¨ (¢¢¥¤¥´ ¡¥§-
· §³¥·´Ò° ¶¥É²¥¢μ° ¨³¶Ê²Ó¸ ¸ ¶μ³μÐÓÕ ¶ · ³¥É·  Λ) ¨ ¢ÒÎ¨¸²ÖÖ ¨´É¥£· ² ¸ ¶μ³μÐÓÕ
¶ ±¥É  Feynpar [39]

Aμ,p(0) =
∫

6id4k

(4π2)
1

(k2)2(k2 − 1)2(k2 − 2kp̃1,2)
=

= −3
2

ln

⎡
⎣
⎛
⎝1 − 2

m2
1,2

Λ2
+

√
1 −

4m2
1,2

Λ2

⎞
⎠/2

m2
1,2

Λ2

⎤
⎦

√
1 −

4m2
1,2

Λ2

, (33)

¶μ²ÊÎ ¥³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¢±² ¤μ¢ ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê. “¤μ¡´μ ¶·¥¤¸É ¢¨ÉÓ
·¥§Ê²ÓÉ É · ¸Î¥É  ΔEhfs

Ps (1S) ´  £· Ë¨±¥ ¢ ¢¨¤¥ ËÊ´±Í¨¨ ¶ · ³¥É·  μ¡·¥§ ´¨Ö Λ (·¨¸. 3).
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�¨¸. 3. ˆ§³¥´¥´¨¥ ¢¥²¨Î¨´Ò ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö 1S-Ê·μ¢´Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ ËÊ´±Í¨¨
¶ · ³¥É·  Λ ¢ Ëμ·³Ë ±Éμ·¥ ¶¥·¥Ìμ¤  Ps → γ∗γ∗

‘Ê³³¨·μ¢ ´¨¥ ¶μ · §²¨Î´Ò³ ¢μ§¡Ê¦¤¥´´Ò³ ¸μ¸ÉμÖ´¨Ö³ ¶μ§¨É·μ´¨Ö ¤ ¥É ¤μ¶μ²´¨É¥²Ó-

´Ò° Ë ±Éμ·
∞∑
0

1/n3 = 1,202. ‚ ¶¥·ÉÊ·¡ É¨¢´μ° ¶¥É²¥¢μ° É¥μ·¥É¨Î¥¸±μ° ³μ¤¥²¨ Ëμ·³-

Ë ±Éμ· ¶¥·¥Ìμ¤  ¤¢ÊÌ ËμÉμ´μ¢ ¢ ¶μ§¨É·μ´¨° μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ É¥´§μ·´Ò³ ¨´É¥-
£· ²μ³:

Iμν =
∫

d4q

(2π)4
Sp [γ5(q̂ + k̂ + m)γμ(q̂ + m)γν(q̂ − t̂ + k̂ + m)]
(q2 − m2)[(q + k)2 − m2][(q − t + k)2 − m2]

. (34)

ˆ¸¶μ²Ó§ÊÖ Ë¥°´³ ´μ¢¸±ÊÕ ¶ · ³¥É·¨§ Í¨Õ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¶¥É²¥¢μ£μ ¨´É¥£· ²  ¨ ¶μ-
² £ Ö t = 0 ¢ (34), ¶μ²ÊÎ ¥³ ¤²Ö Ëμ·³Ë ±Éμ·  ¶¥·¥Ìμ¤  ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

FPsγ∗γ∗(k2, k2) =
α3/2

me
√

π

1
k2

[
−Li2

(
2k√

k2 − 4 − k

)
− Li2

(
− 2k√

k2 − 4 + k

)
+

+ Li2

(
2k

k −
√

k2 + 4

)
+ Li2

(
2k√

k2 + 4 + k

)]
, (35)

£¤¥ ¢Ò¶μ²´¥´μ μ¡¥§· §³¥·¨¢ ´¨¥ ¨³¶Ê²Ó¸  ¸ ¶μ³μÐÓÕ ³ ¸¸Ò Ô²¥±É·μ´ . …¸²¨ ¸· ¢´¨¢ ÉÓ
(35) ¨ Ëμ·³Ë ±Éμ· ¶¥·¥Ìμ¤  ¢ ³μ¤¥²¨ ¢¥±Éμ·´μ° ¤μ³¨´ ´É´μ¸É¨, ³μ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ

�¨¸. 4. ”μ·³Ë ±Éμ· ¶¥·¥Ìμ¤  Ps → γ∗γ∗ ± ± ËÊ´±Í¨Ö ¨³¶Ê²Ó¸  k. ‘¶²μÏ´ Ö ±·¨¢ Ö μ¡μ§´ Î ¥É
¶¥·ÉÊ·¡ É¨¢´Ò° Ëμ·³Ë ±Éμ· (35). ˜É·¨Ìμ¢ Ö ±·¨¢ Ö μ¡μ§´ Î ¥É Ëμ·³Ë ±Éμ· ¢ ³μ¤¥²¨ ¢¥±Éμ·´μ°

¤μ³¨´ ´É´μ¸É¨ ¸ ¶ · ³¥É·μ³ μ¡·¥§ ´¨Ö, · ¢´Ò³ ³ ¸¸¥ ¶μ§¨É·μ´¨Ö. �Ê´±É¨·´ Ö ±·¨¢ Ö μ¡μ§´ Î ¥É
Ëμ·³Ë ±Éμ· ¢ ³μ¤¥²¨ ¢¥±Éμ·´μ° ¤μ³¨´ ´É´μ¸É¨ ¸ ¶ · ³¥É·μ³ μ¡·¥§ ´¨Ö, · ¢´Ò³ ³ ¸¸¥ ³Õμ´ 
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³ ¸¸  ¶μ§¨É·μ´¨Ö ¢Ò¸ÉÊ¶ ¥É ± ± ¥¸É¥¸É¢¥´´Ò° ¶ · ³¥É· μ¡·¥§ ´¨Ö. ’ ±μ° Ëμ·³Ë ±Éμ·
¡Ò¸É·μ ¸¶ ¤ ¥É ¸ ·μ¸Éμ³ ¢¨·ÉÊ ²Ó´μ¸É¨ k2 (·¨¸. 4), ¨ ¢¥²¨Î¨´  ¶μ¶· ¢±¨ ΔEhfs

Ps (1S) ¶·¥-
´¥¡·¥¦¨³μ ³ ² . ‘ ·μ¸Éμ³ ¶ · ³¥É·  μ¡·¥§ ´¨Ö ¢¥²¨Î¨´  ¢±² ¤  · ¸É¥É ²μ£ ·¨Ë³¨Î¥¸±¨
¨ ´ Î¨´ Ö ¸ Λ ∼ 1 ƒÔ‚ Ê¦¥ ³μ¦¥É ¨³¥ÉÓ É ±μ¥ §´ Î¥´¨¥, ±μÉμ·μ¥ ´Ê¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨
¡μ²¥¥ ÉμÎ´μ³ μ¶·¥¤¥²¥´¨¨ ¸Ê³³ ·´μ° ¢¥²¨Î¨´Ò ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö. “¢¥²¨Î¥´¨¥
¶ · ³¥É·  μ¡·¥§ ´¨Ö ¢ Ëμ·³Ë ±Éμ·¥ ¶¥·¥Ìμ¤  £μ¢μ·¨É μ Éμ³, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ ·μ¦¤¥´¨Ö
¶μ§¨É·μ´¨¥¢ ¶·¨ ¡μ²ÓÏ¨Ì ¢¨·ÉÊ ²Ó´μ¸ÉÖÌ ËμÉμ´μ¢ k2 ¨ (t − k)2 μ¸É ¥É¸Ö §´ Î¨É¥²Ó´μ°.

‡�Š‹�—…�ˆ…

‚ ¡²¨¦ °Ï¥¥ ¢·¥³Ö ¶² ´¨·ÊÕÉ¸Ö ´μ¢Ò¥ ¢Ò¸μ±μÉμÎ´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¸¢¥·ÌÉμ´-
±μ³Ê · ¸Ð¥¶²¥´¨Õ ³Õμ´´μ£μ ¢μ¤μ·μ¤  [40Ä44].

‚ ¤ ´´μ° · ¡μÉ¥ ¢Ò¶μ²´¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ¢±² ¤  ¶¸¥¢¤μ¸± ²Ö·´μ£μ ³¥§μ´  ¢ ¶μÉ¥´-
Í¨ ² ¸¢¥·ÌÉμ´±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨ ¶·μÉμ´  ¨ ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¶¥±É· 
Ô´¥·£¨¨. ‚ · ³± Ì ±¢ §¨¶μÉ¥´Í¨ ²Ó´μ£μ ³¥Éμ¤  ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ É¥Ì´¨±¨ ¶·μ¥±Í¨μ´´ÒÌ μ¶¥· Éμ·μ¢ ´  ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌ Î ¸É¨Í ¸ μ¶·¥¤¥²¥´´Ò³
¸¶¨´μ³ ³Ò ¶μ¸É·μ¨²¨ μ¶¥· Éμ·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í (18), (24) ¨ ¶μ²ÊÎ¨²¨  ´ ²¨-
É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¢¥·ÌÉμ´±¨Ì · ¸Ð¥¶²¥´¨° S- ¨ P -Ê·μ¢´¥° Ô´¥·£¨¨ (19), (20),
(29). �  ¨Ì μ¸´μ¢¥ ¡Ò²¨ ¸¤¥² ´Ò Î¨¸²¥´´Ò¥ μÍ¥´±¨ ¢±² ¤μ¢ (19), (20), (29), ¸¢Ö§ ´´ÒÌ
¸ μ¡³¥´μ³ ¶¸¥¢¤μ¸± ²Ö·´Ò³¨ ³¥§μ´ ³¨. ‚ ¦´¥°ÏÊÕ ·μ²Ó ¤²Ö Î¨¸²¥´´μ£μ · ¸Î¥É  ¨§Ê-
Î ¥³ÒÌ ¢±² ¤μ¢ ¨£· ¥É ËÊ´±Í¨Ö A(t2) (10), ¸¢Ö§ ´´ Ö ¸ Ëμ·³Ë ±Éμ·μ³ ¶¥·¥Ìμ¤  ¤¢ÊÌ
ËμÉμ´μ¢ ¢ ¶¸¥¢¤μ¸± ²Ö·´Ò° ³¥§μ´ (4). „²Ö ¡μ²¥¥ ÉμÎ´μ£μ μ¶·¥¤¥²¥´¨Ö ±μ´¸É ´ÉÒ A(0)
¢ (10) ¨¸¶μ²Ó§μ¢ ²¨¸Ó ·¥§Ê²ÓÉ ÉÒ · ¡μÉ [20Ä22], ¢ ±μÉμ·ÒÌ A(0) μ¶·¥¤¥²¥´  ¢ É¥·³¨-
´ Ì ³μ³¥´Éμ¢ ¶¥·¥Ìμ¤´μ£μ Ëμ·³Ë ±Éμ· . ‚ · ¡μÉ¥ ¶μ²ÊÎ¥´Ò É ±¦¥ Î¨¸²¥´´Ò¥ μÍ¥´±¨
¢±² ¤  (32) ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¶¥±É· , μ¡Ê¸²μ¢²¥´´μ£μ ¶μ§¨É·μ´¨¥¢Ò³ μ¡³¥´μ³.

�μ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¸μ£² ¸ÊÕÉ¸Ö ¸ · ´¥¥ ¶·μ¢¥¤¥´´Ò³¨ ¢ÒÎ¨¸²¥-
´¨Ö³¨ ÔÉμ£μ ÔËË¥±É  ¢ · ³± Ì ±¨· ²Ó´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° [45Ä47]. —¨¸²¥´´Ò° ·¥-
§Ê²ÓÉ É ¤²Ö ¸¢¥·ÌÉμ´±μ£μ · ¸Ð¥¶²¥´¨Ö 2S-¸μ¸ÉμÖ´¨Ö (−0,09±0,06) ³±Ô‚ ¨§ [47] ¸μ¶μ¸É -
¢¨³ ¸ ´ Ï¨³ §´ Î¥´¨¥³ −0,0002 ³Ô‚ ¸ ÊÎ¥Éμ³ É¥μ·¥É¨Î¥¸±μ° μÏ¨¡±¨,   ´ Ï ·¥§Ê²ÓÉ É
¤²Ö ‘’‘ 2P1/2-Ê·μ¢´Ö ¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¸μ §´ Î¥´¨¥³ 3,7·10−4 ³±Ô‚ ¨§ [47]. �É²¨-
Î¨¥ μÉ ·¥§Ê²ÓÉ É  [47] ¤²Ö 2S-Ê·μ¢´Ö μ¡Ê¸²μ¢²¥´μ ÊÎ¥Éμ³ ¢ [47] § ¢¨¸¨³μ¸É¨ ¢¥·Ï¨´´μ°
ËÊ´±Í¨¨ ¶¨μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö μÉ ¶¥·¥¤ ´´μ£μ ¨³¶Ê²Ó¸ . ‘ ¶μ³μÐÓÕ ¶μ²Ê-
Î¥´´ÒÌ  ´ ²¨É¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ¸¢¥·ÌÉμ´±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¨ ¶·μÉμ´ 
§  ¸Î¥É μ¤´μ¶¨μ´´μ£μ μ¡³¥´  ³μ¦´μ ¸¤¥² ÉÓ μÍ¥´±Ê É ±μ£μ ¦¥ ¢±² ¤  ¢ ¸²ÊÎ ¥ ¤·Ê£¨Ì
²¥£±¨Ì ³Õμ´´ÒÌ  Éμ³μ¢, ´ ¶·¨³¥· ³Õμ´´μ£μ ¤¥°É¥·¨Ö. �·μ¸É¥°Ï¥¥ ¶·¨¡²¨¦¥´¨¥ ¶·¨
μ¶¨¸ ´¨¨ ¶¨μ´-¤¥°É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤¥°É·μ´ · ¸¸³ É·¨¢ ¥É¸Ö
± ± ¸μ¸ÉμÖ´¨¥ ¤¢ÊÌ ¶μÎÉ¨ ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢, ¶·¨Î¥³ ¸¶¨´Ò ´¥°É·μ´  ¨ ¶·μÉμ´  ¢
¸Ê³³¥ ¤ ÕÉ ¶μ²´Ò° ¸¶¨´ S = 1 ¤¥°É·μ´ . ‘²¥¤μ¢ É¥²Ó´μ, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³,
ÎÉμ ¢±² ¤ ¶¨μ´-´¥°É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¢¥·ÌÉμ´±ÊÕ ¸É·Ê±ÉÊ·Ê ³Õμ´´μ£μ ¤¥°-
É¥·¨Ö É ±μ° ¦¥, ± ± ¨ ¶¨μ´-¶·μÉμ´´μ£μ,   ¶μ²´Ò° ¢±² ¤ ¢ ¸¢¥·ÌÉμ´±μ¥ · ¸Ð¥¶²¥´¨¥,
´ ¶·¨³¥·, 2S-Ê·μ¢´Ö ¢¤¢μ¥ ¡μ²ÓÏ¥, É. ¥. ¨³¥¥É §´ Î¥´¨¥ −0,0004 ³Ô‚.

�² £μ¤ ·´μ¸É¨. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ
Ëμ´¤  (£· ´É º ��” 15-12-10009) (�. …. „.), Š¨É °¸±μ°  ± ¤¥³¨¨ ´ Ê± ¤²Ö ¢¥¤ÊÐ¨Ì
ÊÎ¥´ÒÌ (£· ´É º 2013T2J0011) (�.ˆ.Š.), �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ-
¢ ´¨° (£· ´É º 16-02-00554) (�.�.Œ., ”.�.Œ.).
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