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‘ ³μ¸μ£² ¸μ¢ ´´ Ö £ Ê¸¸μ¢  ³μ¤¥²Ó ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ Š•„-¢ ±ÊÊ³ 

�μ± § ´μ, ÎÉμ £ Ê¸¸μ¢  ³μ¤¥²Ó ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³´ÒÌ ±¢ ·±μ¢ÒÌ ¨ ±¢ ·±-
£²Õμ´´ÒÌ ±μ´¤¥´¸ Éμ¢ ¢ Š•„ ´ ·ÊÏ ¥É ¶μ¶¥·¥Î´μ¸ÉÓ ±μ··¥²ÖÉμ·  ¤¢ÊÌ ¢¥±Éμ·-
´ÒÌ Éμ±μ¢. �·¥¤²μ¦¥´  Ê²ÊÎÏ¥´´ Ö £ Ê¸¸μ¢  ³μ¤¥²Ó ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢ ±ÊÊ³ 
Š•„, ¸μ£² ¸μ¢ ´´ Ö ¸ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö Š•„, ¢ ±μÉμ·μ° Ê± § ´´μ¥ ´ ·Ê-
Ï¥´¨¥ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ³¨´¨³¨§¨·μ¢ ´μ. �μ²ÊÎ¥´Ò ÊÉμÎ´¥´´Ò¥
±μ´Ëμ·³´Ò¥ ³μ³¥´ÉÒ 〈ξ2N 〉π (N = 1, .., 5) ¶¨μ´´μ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö ¢
´μ¢μ° ³μ¤¥²¨ ¢ ±ÊÊ³  Š•„, ¢ Éμ³ Î¨¸²¥ μ¡· É´Ò¥ ³μ³¥´ÉÒ 〈x−1〉π, ´¥¤μ¸ÉÊ¶´Ò¥
¤²Ö ¸É ´¤ ·É´ÒÌ ¶· ¢¨² ¸Ê³³ Š•„. �μ¸É·μ¥´Ò ¤μ¶Ê¸É¨³Ò¥ μ¡² ¸É¨ §´ Î¥´¨°
£¥£¥´¡ Ê¥·μ¢¸±¨Ì ±μÔËË¨Í¨¥´Éμ¢ a2 ¨ a4 ¶¨μ´´μ°  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö ¤²Ö
¤¢ÊÌ §´ Î¥´¨° ¶ · ³¥É·  ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³  Š•„, λ2

q = 0,4 ¨ 0,5 ƒÔ‚2.
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Self-Consistent Gaussian Model of Nonperturbative QCD Vacuum

We show that the minimal Gaussian model of nonlocal vacuum quark and
quark-gluon condensates in QCD generates the non-transversity of vector current
correlators. We suggest the improved Gaussian model of the nonperturbative QCD
vacuum, which respects QCD equations of motion and minimizes the revealed gauge-
invariance breakdown. We obtain the reˇned values of pion distribution amplitude
(DA) conformal moments 〈ξ2N 〉π (N = 1, .., 5) using the improved QCD vacuum
model, including the inverse moment 〈x−1〉π , being inaccessible if one uses the stan-
dard QCD sum rules. We construct the allowed region for Gegenbauer coefˇcients
a2 and a4 of the pion DA for two values of the QCD vacuum nonlocality parameter,
λ2

q = 0.4 and 0.5 GeV2.
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1. ‚‚…„…�ˆ…

‚ · ¡μÉ Ì [1Ä5] ¤²Ö  ´ ²¨§  ³¥§μ´´ÒÌ  ³¶²¨ÉÊ¤ · ¸¶·¥¤¥²¥´¨Ö (��) ¨
Ëμ·³Ë ±Éμ·μ¢ ¡Ò²μ ¶·¥¤²μ¦¥´μ μ¡μ¡Ð¥´¨¥ ³¥Éμ¤  �‘ Š•„, μ¸´μ¢ ´´μ¥ ´ 
ÊÎ¥É¥ ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³´ÒÌ ±μ´¤¥´¸ Éμ¢ (�‚Š) [6Ä8] £²Õμ´´ÒÌ ¨ ±¢ ·-
±μ¢ÒÌ ¶μ²¥° ¢ ´¥¶¥·ÉÊ·¡ É¨¢´μ³ Š•„-¢ ±ÊÊ³¥. ˆ³¥´´μ ´  μ¸´μ¢¥ ÔÉμ£μ μ¡μ¡-
Ð¥´¨Ö ¢μ§³μ¦´μ ¢ÒÎ¨¸²¥´¨¥ ·¥ ²¨¸É¨Î´ÒÌ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö  ¤·μ´μ¢,
¤²Ö ±μÉμ·ÒÌ ÔËË¥±ÉÒ ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³  ´¥¶¥·ÉÊ·¡ É¨¢´μ° Š•„ Ö¢²Ö-
ÕÉ¸Ö ±²ÕÎ¥¢Ò³¨ [9Ä13]. �·¨ ÔÉμ³ ¢Ò¡μ· ³μ¤¥²¨, ¶ · ³¥É·¨§ÊÕÐ¥° �‚Š,
³μ¦¥É ¨£· ÉÓ ¢ ¦´ÊÕ ·μ²Ó.

‚ ÔÉμ³ ¶μ¤Ìμ¤¥ ¢¢μ¤ÖÉ¸Ö ¡¨²μ± ²Ó´Ò¥ (±¢ ·±- ´É¨±¢ ·±μ¢Ò¥) �‚Š ¸²¥-
¤ÊÕÐ¥£μ ¢¨¤  (¤ ²¥¥ x2 = x2

E = −x2
0 − �x2 < 0 Å ³Ò ¡Ê¤¥³ · ¡μÉ ÉÓ ¢

¥¢±²¨¤μ¢μ° μ¡² ¸É¨, ¶·¨Î¥³ ¨´¤¥±¸ ®E¯ ¤²Ö ±· É±μ¸É¨ μ¶Ê¸± ¥³, ¨ A0 =
2αsπ〈ψ̄ψ〉2/81):

MS(x) ≡ 〈ψ̄(0)E(0, x)ψ(x)〉 = 〈ψ̄ψ〉
∞∫
0

fS(α) eαx2/4 dα;

Mμ(x) ≡ 〈ψ̄(0)γμE(0, x)ψ(x)〉 = −ixμA0

∞∫
0

fV (α) eαx2/4 dα;

E(0, x) = P exp
[
ig

∫ x

0

Aμ(τ)dτμ

]
,

±μÉμ·Ò¥ ¶ · ³¥É·¨§ÊÕÉ¸Ö ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ËÊ´±Í¨Ö³¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ ¢¨·-
ÉÊ ²Ó´μ¸É¨ fS(α) ¨ fV (α). Ÿ¢´Ò° ¢¨¤ ÔÉ¨Ì ËÊ´±Í¨° ¤μ²¦¥´ ¡· ÉÓ¸Ö, ¢μμ¡Ð¥
£μ¢μ·Ö, ¨§ ±μ´±·¥É´μ° ³μ¤¥²¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢ ±ÊÊ³  Š•„, ¶μ²ÊÎ¥´´μ°
²¨¡μ ÉμÎ´Ò³ ·¥Ï¥´¨¥³ Š•„, ²¨¡μ ¢ ± ±μ³-´¨¡Ê¤Ó ¶·¨¡²¨¦¥´¨¨ (´ ¶·¨³¥·,
¶·¨ ³μ¤¥²¨·μ¢ ´¨¨ Š•„ ´  ·¥Ï¥É±¥). ‚ ¶¨μ´¥·¸±¨Ì · ¡μÉ Ì [1Ä4] ¢ μÉ¸ÊÉ-
¸É¢¨¥ É ±μ° ³μ¤¥²¨ ¡Ò²μ ¶·¥¤²μ¦¥´μ ¶μ²Ó§μ¢ ÉÓ¸Ö ¶¥·¢Ò³ ´¥É·¨¢¨ ²Ó´Ò³
¶·¨¡²¨¦¥´¨¥³, ÊÎ¨ÉÒ¢ ÕÐ¨³ ±μ´¥Î´ÊÕ Ï¨·¨´Ê ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥-
¤¥²¥´¨Ö ±¢ ·±μ¢ ¢ ¢ ±ÊÊ³¥:

fS(α) = δ

(
α −

λ2
q

2

)
; fV (α) = δ ′

(
α − λ2

V

2

)
. (1.1)
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‚ ÔÉμ° ³μ¤¥²¨, É ± ´ §Ò¢ ¥³μ³ ®¤¥²ÓÉ - ´§ Í¥¯, ¢ ± Î¥¸É¢¥ ¶ · ³¥É·  ¨¸-
¶μ²Ó§Ê¥É¸Ö ¸·¥¤´ÖÖ ¢¨·ÉÊ ²Ó´μ¸ÉÓ ±¢ ·±μ¢ ¢ ¢ ±ÊÊ³¥:

λ2
q ≡ 〈ψ̄D2ψ〉

〈ψ̄ψ〉
,

É ± ÎÉμ ¢Ò¶μ²´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨:∫ ∞

0

fS(α) dα = 1;
∫ ∞

0

α fS(α) dα =
λ2

q

2
. (1.2)

‘É ·Ï¨¥ ³μ³¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö fS(α) ¸¢Ö§ ´Ò ¸ ¢ ±ÊÊ³´Ò³¨ ¸·¥¤´¨³¨
±¢ ·±μ¢ÒÌ ¶μ²¥° ¡μ²¥¥ ¢Ò¸μ±¨Ì · §³¥·´μ¸É¥°. „¥²ÓÉ - ´§ ÍÊ (1.1) μÉ¢¥Î ¥É
£ Ê¸¸μ¢ , ∼ exp

(
λ2

qx
2/8

)
, Ëμ·³  �‚Š ¢ ±μμ·¤¨´ É´μ³ ¶·¥¤¸É ¢²¥´¨¨

MS(x) = 〈ψ̄ψ〉 eλ2
qx2/8; Mμ(x) =

i

4
xμx2A0 eλ2

Vx2/8, (1.3)

¶μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¥£μ £ Ê¸¸μ¢μ° ³μ¤¥²ÓÕ �‚Š. ˜¨-
·¨´  É ±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·¨¡²¨¦¥´´μ · ¢´  2,5/λq ¨ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö
¸ ·¥Ï¥ÉμÎ´Ò³¨ ¤ ´´Ò³¨ (´  ·¨¸. 1 ÔÉμ³Ê §´ Î¥´¨Õ ¸μμÉ¢¥É¸É¢Ê¥É  ¡¸Í¨¸¸ 

�¨¸. 1. �¥²μ± ²Ó´μ¸ÉÓ ±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  ¶μ ·¥Ï¥ÉμÎ´Ò³ ¤ ´´Ò³ ¶¨§ ´¸±μ°
£·Ê¶¶Ò [14, 15] (¸¶²μÏ´ Ö ²¨´¨Ö). �Ê´±É¨·´ Ö ²¨´¨Ö μÉ¢¥Î ¥É ²μ± ²Ó´μ³Ê ¶·¥¤¥²Ê,
±μ£¤  ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É ¶μ¸ÉμÖ´¥´ ¨ ´¥ § ¢¨¸¨É μÉ · ¸¸ÉμÖ´¨Ö x ³¥¦¤Ê ±¢ ·± ³¨

¸¨³¢μ²  ). 	É  ³μ¤¥²Ó ÊÎ¨ÉÒ¢ ¥É μ¤´μ, ´μ μÎ¥´Ó ¢ ¦´μ¥, ¸¢μ°¸É¢μ ´¥¶¥·ÉÊ·-
¡ É¨¢´μ£μ ¢ ±ÊÊ³  Å ±¢ ·±¨ ³μ£ÊÉ É¥ÎÓ Î¥·¥§ ¢ ±ÊÊ³ ¸ ´¥´Ê²¥¢Ò³ ¨³¶Ê²Ó¸μ³
k, ¶·¨Î¥³ ¸·¥¤´ÖÖ ¢¨·ÉÊ ²Ó´μ¸ÉÓ ±¢ ·±μ¢ 〈k2〉 = λ2

q/2, ¸³. (1.2). �μ¢¥¤¥-
´¨¥ É ±μ£μ É¨¶  ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨ÖÌ x � 1 Ë³ ¡Ò²μ ¶μÉ¢¥·¦¤¥´μ
¶μ§¤´¥¥ ¢ ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ ¢ ±ÊÊ³  Š•„ [16].
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‘²¥¤Ê¥É ¸± § ÉÓ, ÎÉμ £ Ê¸¸μ¢   ¸¨³¶ÉμÉ¨±  ¶·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì |x| ´¥ μÉ-
¢¥Î ¥É μ¦¨¤ ¥³μ³Ê Ô±¸¶μ´¥´Í¨ ²Ó´μ³Ê, ∼ exp (−Λ|x|), ¸¶ ¤ ´¨Õ �‚Š, ¸²¥-
¤ÊÕÐ¥³Ê ¨§ ³μ¤¥²¨ μ£· ´¨Î¥´´ÒÌ ¨´¸É ´Éμ´μ¢ [17],   É ±¦¥ ¨§ ÔËË¥±É¨¢´μ°
É¥μ·¨¨ ÉÖ¦¥²ÒÌ ±¢ ·±μ¢ [18]. �¤´ ±μ ¤²Ö ³μ³¥´É´ÒÌ �‘ Š•„, ¢ ±μÉμ·ÒÌ
¨§ÊÎ ÕÉ¸Ö Ê¸·¥¤¥´¥´´Ò¥ ¶μ ËÊ´±Í¨Ö³ · ¸¶·¥¤¥²¥´¨Ö �‚Š ¢¥²¨Î¨´Ò, Å ³μ-
³¥´ÉÒ �� [1, 4], Ëμ·³Ë ±Éμ·Ò [3, 19] Å ÔÉ  ´¥¢¥·´ Ö  ¸¨³¶ÉμÉ¨±  �‚Š, ± ±
¨ ¡μ²¥¥ ¤¥É ²Ó´ Ö ¨´Ëμ·³ Í¨Ö μ ËÊ´±Í¨ÖÌ · ¸¶·¥¤¥²¥´¨Ö �‚Š, ´¥ ¨£· ÕÉ
¡μ²ÓÏμ° ·μ²¨ (¡μ²¥¥ ¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ÔÉμ£μ ¢μ¶·μ¸  ¸³. ¢ [15]).

‚ ¶¥·¢ÒÌ · ¡μÉ Ì ¶μ �‘ ¸ �‚Š ¶·¥¤¶μ² £ ²μ¸Ó, ÎÉμ ¶ · ³¥É·Ò ´¥-
²μ± ²Ó´μ¸É¨ · §´ÒÌ ±μ´¤¥´¸ Éμ¢ (¸± ²Ö·´μ£μ, λq , ¢¥±Éμ·´μ£μ, λV, ¨ ±¢ ·±-
£²Õμ´- ´É¨±¢ ·±μ¢μ£μ, λq̄Aq) ³μ£ÊÉ · §²¨Î ÉÓ¸Ö [2, 4]. ‚ ¤ ²Ó´¥°Ï¥³ ¤²Ö
Ê¶·μÐ¥´¨Ö ³μ¤¥²¨ ¨ Ê³¥´ÓÏ¥´¨Ö Î¨¸²  ¶ · ³¥É·μ¢ ¡Ò² ¢¢¥¤¥´ ¥¤¨´Ò° ¶ · -
³¥É· ´¥²μ± ²Ó´μ¸É¨ Å ± ± ¤²Ö ¸± ²Ö·´μ£μ ¨ ¢¥±Éμ·´μ£μ �‚Š (¸³. (1.1)), É ±
¨ ¤²Ö ±¢ ·±-£²Õμ´-±¢ ·±μ¢ÒÌ (É·¨²μ± ²Ó´ÒÌ) �‚Š [10Ä12]: λV = λq̄Aq = λq .
Š ± ¡Ê¤¥É ¶μ± § ´μ ¢ ´ Ï¥° · ¡μÉ¥, É ±μ¥ Ê¶·μÐ¥´¨¥ ¶·¨¢μ¤¨É ± ´ ·ÊÏ¥-
´¨Õ Ê¸²μ¢¨Ö ¶μ¶¥·¥Î´μ¸É¨ ±μ··¥²ÖÉμ·  ¢¥±Éμ·´ÒÌ Éμ±μ¢ Πμν(q). �μÔÉμ³Ê
¶μ¸É·μ¥´¨¥ £ Ê¸¸μ¢μ° ³μ¤¥²¨ �‚Š, ¸μ£² ¸μ¢ ´´μ° ¸ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö
¡¥§³ ¸¸μ¢μ° Š•„, ±μÉμ· Ö ³¨´¨³¨§¨·Ê¥É Ê± § ´´μ¥ ´ ·ÊÏ¥´¨¥ ¶μ¶¥·¥Î´μ-
¸É¨, ¶·¥¤¸É ¢²Ö¥É¸Ö Ë¨§¨Î¥¸±¨ μ¸³Ò¸²¥´´Ò³. �μ²´μ¥ Ê¸É· ´¥´¨¥ ´¥¶μ¶¥·¥Î-
´μ¸É¨ μ± § ²μ¸Ó ´¥¢μ§³μ¦´Ò³, ÎÉμ ³Ò ¸¢Ö§Ò¢ ¥³ ¸ μ£· ´¨Î¥´´μ¸ÉÓÕ £ Ê¸¸μ¢ 
¶·¨¡²¨¦¥´¨Ö. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ ³μ¤¥²ÖÌ ¸ ´¥²μ± ²Ó´Ò³ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ ±μ··¥²ÖÉμ· ¢¥±Éμ·´ÒÌ Éμ±μ¢ ³μ¦¥É ¡ÒÉÓ Ö¢´μ ¶μ¶¥·¥Î´Ò³ [20, 21].
�μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ³Ò ¶² ´¨·Ê¥³ ¢Ò°É¨ §  · ³±¨ £ Ê¸¸μ¢ÒÌ ³μ¤¥²¥°
Š•„-¢ ±ÊÊ³  ¨ ¶μ¶ÒÉ ÉÓ¸Ö ¶μ¸É·μ¨ÉÓ ³μ¤¥²Ó ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³ , ¸μ£² ¸μ-
¢ ´´ÊÕ ¸ U(1)-± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸ÉÓÕ.

‚μ ¢Éμ·μ³ · §¤¥²¥ μ¡¸Ê¦¤ ÕÉ¸Ö ´¥²μ± ²Ó´Ò¥ ¢ ±ÊÊ³´Ò¥ ±μ´¤¥´¸ ÉÒ Š•„:
¡¨²μ± ²Ó´Ò¥ (〈ψ̄(0)ψ(x)〉 ¨ 〈ψ̄(0)γμψ(x)〉), É·¨²μ± ²Ó´Ò¥ (〈ψ̄(0)(γ5)γμ

Âν(y)ψ(x)〉) ¨ Î¥ÉÒ·¥Ì±¢ ·±μ¢Ò¥ (〈ψ̄(0)ψ(y)ψ̄(z)ψ(x)〉). ‡¤¥¸Ó ¦¥ ¶μ²ÊÎ¥´Ò
Ê· ¢´¥´¨Ö, ¸²¥¤ÊÕÐ¨¥ ¨§ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Š•„ ¨ ¸¢Ö§Ò¢ ÕÐ¨¥ ¡¨²μ-
± ²Ó´Ò° ¢¥±Éμ·´Ò° ±μ´¤¥´¸ É ¸ ¸Ê³³μ° É·¨²μ± ²Ó´ÒÌ. ‚ ¸²¥¤ÊÕÐ¥³ · §-
¤¥²¥ μ¶·¥¤¥²¥´μ μ¶¥· Éμ·´μ¥ · §²μ¦¥´¨¥ ¤²Ö V V -±μ··¥²ÖÉμ·  Πμν ¸ ÊÎ¥Éμ³
¢±² ¤μ¢ ´¥²μ± ²Ó´ÒÌ ±μ´¤¥´¸ Éμ¢. —¥É¢¥·ÉÒ° · §¤¥² ¶μ¸¢ÖÐ¥´  ´ ²¨§Ê ¢μ§-
³μ¦´ÒÌ ¤¥²ÓÉ - ´§ Í¥¢, ±μÉμ·Ò¥ ³¨´¨³¨§¨·ÊÕÉ ´¥¶μ¶¥·¥Î´ÊÕ Î ¸ÉÓ ΠL. � 
μ¸´μ¢¥ ¶μ²ÊÎ¥´´μ£μ ¡ §μ¢μ£μ  ´§ Í  ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²Ó-
É ÉÒ  ´ ²¨§  �‘ Š•„ ¤²Ö �� ¶¨μ´ . ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨·μ¢ ´Ò μ¸´μ¢´Ò¥
¢Ò¢μ¤Ò · ¡μÉÒ.

2. �‘��‚�›… ‚�Š““Œ�›… Š��„…�‘�’›

‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ± ²¨¡·μ¢±Ê ”μ± Ä˜¢¨´£¥· :

xμAμ(x) = 0,
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¢ ±μÉμ·μ° ± ²¨¡·μ¢μÎ´μ¥ ¶μ²¥ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸¢Ö§ ´μ ¸ ´ ¶·Ö¦¥´´μ¸ÉÓÕ [22]

Aμ(x) = xν

∫ 1

0

Gνμ(τx) τ dτ.

�μÔÉμ³Ê ¢¸¥ ¸É·Ê´´Ò¥ Ë ±Éμ·Ò ”μ± Ä˜¢¨´£¥·  E(0, x) ≡ P exp[ig
∫ x

0 Aμ(z)
dzμ] ¶·¨ ¢Ò¡μ·¥ ¶ÊÉ¨ ¨´É¥£·¨·μ¢ ´¨Ö ¢ ¢¨¤¥ ¶·Ö³μ° ²¨´¨¨, ¸μ¥¤¨´ÖÕÐ¥°
ÉμÎ±¨ 0 ¨ x, μ¡· Ð ÕÉ¸Ö ¢ ¥¤¨´¨ÍÒ, ¨ ³Ò ¨Ì ¡Ê¤¥³ μ¶Ê¸± ÉÓ.

A. �¨²μ± ²Ó´Ò¥ ±¢ ·±μ¢Ò¥ ±μ´¤¥´¸ ÉÒ. ‚ ±ÊÊ³´μ¥ ¸·¥¤´¥¥ ¡¨²μ± ²Ó-
´μ£μ ¶μ ±¢ ·±μ¢Ò³ ¶μ²Ö³ μ¶¥· Éμ·  ¢ μ¡Ð¥³ ¢¨¤¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ

〈ψ̄a
A(0)ψb

B(x)〉 =
δab

Nc

∞∫
0

{
δAB

4
〈ψ̄ψ〉 fS(α) − x̂BA

4
iA0 fV (α)

}
eαx2/4 dα, (2.1)

£¤¥ A0 = 2αsπ〈ψ̄ψ〉2/81,   fS(α) ¨ fV (α) Å ËÊ´±Í¨¨, ¶ · ³¥É·¨§ÊÕÐ¨¥
¸± ²Ö·´Ò° ¨ ¢¥±Éμ·´Ò° ±μ´¤¥´¸ ÉÒ ¸μμÉ¢¥É¸É¢¥´´μ. �¥·¥Ìμ¤ ± ²μ± ²Ó´μ³Ê
¶·¥¤¥²Ê μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

f loc
S (α) = δ(α); f loc

V (α) = δ ′(α).

B. ’·¨²μ± ²Ó´Ò¥ ±¢ ·±-£²Õμ´´Ò¥ ±μ´¤¥´¸ ÉÒ ’·¨²μ± ²Ó´Ò¥ ¢ ±ÊÊ³-
´Ò¥ ¸·¥¤´¨¥ ¢ ± ²¨¡·μ¢±¥ ”μ± Ä˜¢¨´£¥·  Ê¤μ¡´μ ¢Ò· §¨ÉÓ Î¥·¥§ É·¨ ¸± -
²Ö·´Ò¥ ËÊ´±Í¨¨ (¸³. [2Ä4, 11])

Mμν(x, y) ≡ 〈ψ̄(0)γμ(−gÂν(y))ψ(x)〉 =
= (yμxν − gμν(xy))M 1(x2, y2, (x − y)2)
+ (yμyν − gμνy2)M2(x2, y2, (x − y)2) , (2.2)

M5μν(x, y) ≡ 〈ψ̄(0)γ5γμ(−gÂν(y))ψ(x)〉 = iεμνyxM3(x2, y2, (x − y)2) ,

£¤¥

M i(x2, y2, (x − y)2) = Ai

∞∫
0

∫
0

∞∫
0

dα1 dα2 dα3fi(α1, α2, α3)

e(α1x2+α2y2+α3(x−y)2)/4.

ˆ¸Ìμ¤Ö ¨§ ¶·¥¤¶μ²μ¦¥´¨Ö, ÎÉμ ±¢ ·± ¨  ´É¨±¢ ·± ¢ ¢ ±ÊÊ³´μ³ ±μ´¤¥´¸ É¥ ¢
μ¶·¥¤¥²¥´´μ³ ¸³Ò¸²¥ ¢§ ¨³μ§ ³¥´Ö¥³Ò, ¶μ¸±μ²Ó±Ê ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¸ £²Õμ-
´μ³ μ¤¨´ ±μ¢μ, ³Ò ³μ¦¥³ ¶μ²μ¦¨ÉÓ

fi(α1, α2, α3) = fi(α1, α3, α2) . (2.3)
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ŠμÔËË¨Í¨¥´ÉÒ Ai =
{
− 3

2
, 2,

3
2

}
A0,   ²μ± ²Ó´Ò° ¶·¥¤¥² ¤²Ö ¶ · ³¥É·¨Î¥-

¸±¨Ì ËÊ´±Í¨° f loc
i (σ, ρ, τ) = δ(σ) δ(ρ) δ(τ).

C. “· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Š•„ ¨ ¨Ì ¸²¥¤¸É¢¨Ö ¤²Ö ±μ´¤¥´¸ Éμ¢. “· ¢-
´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö · §¤¢¨´ÊÉμ£μ ±¢ ·±μ¢μ£μ Éμ±  jμ(x) = ψ̄(0)γμψ(x) ¢
¡¥§³ ¸¸μ¢μ° Š•„ § ¶¨¸Ò¢ ÕÉ¸Ö É ±:

∇μjμ(x) = 0,

£¤¥ ∇AB
μ Å ±μ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤´ Ö. …¸²¨ ¶·μ¨§¢¥¸É¨ Ê¸·¥¤´¥´¨¥ ÔÉμ£μ

μ¶¥· Éμ·´μ£μ Ê· ¢´¥´¨Ö ¶μ Ë¨§¨Î¥¸±μ³Ê ¢ ±ÊÊ³Ê Š•„, Éμ ³Ò ¶μ²ÊÎ¨³ É ±μ¥
Ê· ¢´¥´¨¥ ¤²Ö ±μ´¤¥´¸ Éμ¢:

∂μ〈0|ψ̄(0)γμψ(x)|0〉 = i〈0|ψ̄(0)γμgÂμ(x)ψ(x)|0〉; (2.4a)

∂μMμ(x) = −iM μ
μ (x, x). (2.4b)

‘´ Î ²  · §¡¥·¥³¸Ö ¸ ²¥¢μ° Î ¸ÉÓÕ ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö. �μ¤¸É ¢¨³ ¢ ´¥£μ
¢Ò· ¦¥´¨¥ (2.1) ¨ ¤¥²ÓÉ - ´§ Í (1.1):

∂μMμ(x) = +
iA0 x2

2

[
3 +

Λx2

4

]
eΛx2/4.

�· ¢ Ö ¦¥ Î ¸ÉÓ (2.4) ¸· §Ê ¶μ²ÊÎ ¥É¸Ö ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ (2.2):

−iM μ
μ (x, x) = +

iA0 x2

2

∞∫
0

〈〈12f2 − 9f1〉〉(α) eαx2/4 dα,

£¤¥

〈〈fi〉〉(α) ≡
1∫

0

α dx

∞∫
0

dα3 fi (xα, (1 − x)α, α3) .

ˆ§ (2.4) ¸²¥¤Ê¥É

∞∫
0

〈〈12f2 − 9f1〉〉(α) eαx2/4 dα =
[
3 +

Λx2

4

]
eΛx2/4. (2.5)

�É¸Õ¤  ¸· §Ê ¢¨¤´μ, ÎÉμ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³¨´¨³ ²Ó´μ£μ ¤¥²ÓÉ - ´§ Í  ¤²Ö
ËÊ´±Í¨° f1 ¨ f2

fmin
i (α1, α2, α3) = δ (α1 − xiΛ) δ (α2 − yiΛ) δ (α3 − ziΛ) (2.6)
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¤²Ö Éμ£μ, ÎÉμ¡Ò ¢ (2.5) ¸ μ¡¥¨Ì ¸Éμ·μ´ ¡Ò²  μ¤´  ¨ É ¦¥ Ô±¸¶μ´¥´Í¨ ²Ó´ Ö
ËÊ´±Í¨Ö, ³Ò ¤μ²¦´Ò ¶μ²μ¦¨ÉÓ

xi + yi = 1. (2.7)

�μ ¤²Ö · ¢¥´¸É¢  ¢ (2.5) ÔÉμ£μ Ö¢´μ ´¥¤μ¸É ÉμÎ´μ: ³¨´¨³ ²Ó´Ò°  ´§ Í £¥´¥-
·¨·Ê¥É Éμ²Ó±μ ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì ¶· ¢μ° Î ¸É¨ (2.5),  
¨³¥´´μ, 3 · exp

(
Λx2/4

)
. —Éμ¡Ò ¨¸¶· ¢¨ÉÓ ÔÉμÉ ´¥¤μ¸É Éμ±, ³Ò ¶·¥¤² £ ¥³

¢³¥¸Éμ (2.6) ¨¸¶μ²Ó§μ¢ ÉÓ Ê²ÊÎÏ¥´´Ò° ¤¥²ÓÉ - ´§ Í:

fi (α1, α2, α3) = (1 + Xi∂xi + Yi∂yi + Zi∂zi)×
× δ (α1 − xiΛ) δ (α2 − yiΛ) δ (α3 − ziΛ) . (2.8)

ˆ§ (2.5) Éμ£¤  ¶μ²ÊÎ ¥³ Ê¸²μ¢¨¥ ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ Xi ¨ Yi:

12 (X2 + Y2) − 9 (X1 + Y1) = 1. (2.9)

D. —¥ÉÒ·¥Ì±¢ ·±μ¢Ò¥ ±μ´¤¥´¸ ÉÒ. ‚ ±ÊÊ³´Ò¥ ±μ´¤¥´¸ ÉÒ Î¥ÉÒ·¥Ì-
±¢ ·±μ¢ÒÌ μ¶¥· Éμ·μ¢ ¸ ¶μ³μÐÓÕ ƒ‚„ ¶·¥μ¡· §ÊÕÉ¸Ö ¢ ¶·μ¨§¢¥¤¥´¨Ö ¤¢ÊÌ
¸± ²Ö·´ÒÌ ¡¨²μ± ²μ¢ (¤²Ö ±· É±μ¸É¨ § ¶¨¸¨ ³Ò ¢±²ÕÎ¨²¨ ¢ μ¶¥· Éμ·Ò A ¨
B É ±¦¥ ¨ Í¢¥Éμ¢Ò¥ ³ É·¨ÍÒ ta ¨ tb):

〈ψ̄(0)Aψ(y)ψ̄(z)Bψ(x)〉 ∼=
(
−TrAB

16 N2
c

)
MS

(
x2

)
MS

(
(z − y)2

)
. (2.10)

Ÿ¸´μ, ÎÉμ ¨§-§  μ¸² ¡²¥´¨Ö ±μ··¥²ÖÍ¨° ƒ‚„ Ìμ·μÏμ · ¡μÉ ¥É, ¥¸²¨ · ¸¸ÉμÖ-
´¨Ö y2 ¨ (z − x)2 ¢¥²¨±¨ ¶μ ¸· ¢´¥´¨Õ ¸ Ì · ±É¥·´Ò³ ³ ¸ÏÉ ¡μ³ ´¥²μ± ²Ó-
´μ¸É¨ Š•„-¢ ±ÊÊ³  1/λq ∼ 0,3 Ë³. � ¢μÉ ¢ ¸²ÊÎ ¥, ±μ£¤  (z−x)2 � 1/λ2

q ¨²¨
y2 � 1/λ2

q, ³Ò ³μ¦¥³ ¨³¥ÉÓ ´ ·ÊÏ¥´¨¥ ƒ‚„ ¢ ¢¨¤¥ (2.10) §  ¸Î¥É ¶·μÖ¢²¥-
´¨Ö ¨¸É¨´´μ Î¥ÉÒ·¥Ì±¢ ·±μ¢ÒÌ ±μ··¥²ÖÍ¨°. “Î¥¸ÉÓ ÔÉμ ¶·μÖ¢²¥´¨¥ ³μ¦´μ
¢¢¥¤¥´¨¥³ Ëμ·³Ë ±Éμ· , ÊÎ¨ÉÒ¢ ÕÐ¥£μ · §´μ¸ ±¢ ·±μ¢ÒÌ ¶ · (0, x) ¨ (z, y),
´ ¶·¨³¥·, É ±:

〈ψ̄(0)Aψ(y)ψ̄(z)Bψ(x)〉 ∼=
(
−TrAB

16 N2
c

)
MS

(
x2

)
×

× MS

(
(z − y)2

) [
1 + Φ4

(
y2 + (x − z)2

)]
,

£¤¥ Φ4(x2) ¡Ò¸É·μ Ê¡Ò¢ ¥É ¶·¨ x2 � 1/λ2
q. ’ ± Ö ³μ¤¨Ë¨± Í¨Ö ³μ¦¥É ¡ÒÉÓ

¶·μ¢¥¤¥´ , ´μ μ´  μ± §Ò¢ ¥É¸Ö ´¥ μÎ¥´Ó ¢ ¦´μ°. …¥ ¢²¨Ö´¨¥ ³Ò μ¡¸Ê¤¨³ ¢
μÉ¤¥²Ó´μ° ¶Ê¡²¨± Í¨¨,   ¢ ÔÉμ° · ¡μÉ¥ ³Ò ¶μ² £ ¥³ Ëμ·³Ë ±Éμ· Φ4(x2) = 0.
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3. ��…��’����… ��‡‹�†…�ˆ… Š���…‹Ÿ’���
„‚“• ‚…Š’���›• ’�Š�‚

� ¸¸³μÉ·¨³ ±μ··¥²ÖÉμ·

ΠN
μν = i

∫
d4x eiqx〈0

∣∣T [
JN

μ (0)J+
ν (x)

] ∣∣0〉 (3.1)

¤¢ÊÌ ¢¥±Éμ·´ÒÌ Éμ±μ¢

J+
ν (x) = ū(x)γνd(x), Jμ(0) = d̄(0)γμu(0),

μÉ¢¥Î ÕÐ¨Ì § ·Ö¦¥´´μ³Ê ρ-³¥§μ´Ê, ¸ μ¡μ¡Ð¥´´Ò³ ¶¥·¢Ò³ Éμ±μ³

JN
μ (0) = d̄(0)γμ (−in∇0)

N
u(0) ≡ d̄(0)γμ (−in∇y)

N
u(y)

∣∣∣
y=0

,

£¤¥ n Å ¶·μ¨§¢μ²Ó´Ò° ¸¢¥Éμ¶μ¤μ¡´Ò° ¢¥±Éμ·, n2 = 0, Ê¤μ¢²¥É¢μ·ÖÕÐ¨°
nq 	= 0.

„²Ö ¸μ±· Ð¥´¨Ö § ¶¨¸¨  ·£Ê³¥´É q Ê ΠN
μν(q) ¡Ê¤¥³ ¢ ¤ ²Ó´¥°Ï¥³ μ¶Ê¸-

± ÉÓ ¨ ¶¨¸ ÉÓ ¶·μ¸Éμ ΠN
μν . �É³¥É¨³, ÎÉμ ±μ··¥²ÖÉμ· ΠN

μν § ¢¨¸¨É μÉ ¤¢ÊÌ
¢¥±Éμ·μ¢ q ¨ n, ÎÉμ ¶μ§¢μ²Ö¥É ¥£μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ · §²μ¦¥´¨° ¶μ ¸²¥¤ÊÕÐ¨³
²μ·¥´Í¥¢Ò³ ¸É·Ê±ÉÊ· ³:

ΠN
μν = AN qμ qν+BN gμν q2+CN

nμ nν

nq2
q4+DN

qμ nν

nq
q2+EN

nμ qν

nq
q2 (3.2)

¨

ΠN
μν = ΠN

T1

[
qμ qν − gμν q2

]
+ΠN

T2

[
gμν q2 +

(
nμ nν

nq2
q2 − qμ nν + nμ qν

nq

)
q2

]
+ ΠN

T3

[
qμ qν − qμ nν

nq
q2

]
+ ΠN

L

[
qμ nν + nμ qν

nq
q2

]
+ ΠN

LL
nμ nν

nq2
q4. (3.3)

‹μ·¥´Í-¨´¢ ·¨ ´É´Ò¥ ËÊ´±Í¨¨ AN , . . . , EN ¨ ΠN
Ti

, ΠN
L , ΠN

LL ¸¢Ö§ ´Ò ¶·μ-
¸ÉÒ³¨  ²£¥¡· ¨Î¥¸±¨³¨ ¸μμÉ´μÏ¥´¨Ö³¨

ΠN
T1

=AN +DN−EN ; ΠN
T2

=AN+BN+DN−EN ; ΠN
T3

= EN − DN ; (3.4a)

ΠN
L = AN + BN + DN ; ΠN

LL = CN + EN − AN − BN − DN . (3.4b)

…¸²¨ ÊÎ¥¸ÉÓ ¸μÌ· ´¥´¨¥ ¢¥±Éμ·´μ£μ Éμ±  Jν(x), Éμ qν ΠN
μν = 0 ¨ ³Ò ¶μ²ÊÎ¨³

qν ΠN
μν = qμ q2 ΠN

L +
nμ q4

nq

(
ΠN

L + ΠN
LL

)
= 0 (3.5)
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¨²¨, ¶¥·¥¶¨¸Ò¢ Ö Î¥·¥§ AN , . . . , EN ,

qν ΠN
μν = qμ q2 (AN + BN + DN ) +

nμ q4

nq
(CN + EN ) = 0. (3.6)

ŒÒ ¡Ê¤¥³  ´ ²¨§¨·μ¢ ÉÓ ËÊ´±Í¨Õ ΠN
L , ¢Ò¤¥²Ö¥³ÊÕ ¶·μ¥±Éμ·μ³ nμqν/(nq).

¶μ¸±μ²Ó±Ê ¨³¥´´μ μ´  ³μ¦¥É ¤ ¢ ÉÓ ¨¸± ¦¥´¨¥ ±μÔËË¨Í¨¥´É  AN , μÉ¢¥É-
¸É¢¥´´μ£μ §   ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö ¢¥¤ÊÐ¥£μ É¢¨¸É .

‚ O(αs〈ψ̄ψ〉2)-¶μ·Ö¤±¥ ¢±² ¤Ò ¢ ΠN
μν £¥´¥·¨·ÊÕÉ¸Ö ¡¨²μ± ²Ó´Ò³ ¢¥±Éμ·-

´Ò³, ±¢ ·±-£²Õμ´-±¢ ·±μ¢Ò³ (¸³ ·¨¸. 2) ¨ Î¥ÉÒ·¥Ì±¢ ·±μ¢Ò³ ±μ´¤¥´¸ É ³¨
(¸³. ·¨¸. 3):

ΠN
μν = Δ2VΠN

μν + Δq̄AqΠN
μν + Δ4Q1Π

N
μν + Δ4Q2Π

N
μν + (‡.‘.). (3.7)

(‡.‘. μ¡μ§´ Î ¥É §¤¥¸Ó ¢±² ¤ §¥·± ²Ó´μ-¸μ¶·Ö¦¥´´ÒÌ ¤¨ £· ³³: ¤²Ö ·¨¸. 2
ÔÉμ ¡Ê¤ÊÉ ¤¨ £· ³³Ò, ¢ ±μÉμ·ÒÌ �‹Š ¢¸É ¢²¥´Ò ´¥ ¢ ¢¥·Ì´ÕÕ ²¨´¨Õ,   ¢

�¨¸. 2. ‚±² ¤ ¡¨²μ± ²Ó´μ£μ ¢¥±Éμ·´μ£μ (Δ2VΠN
μν , ¸²¥¢ ) ¨ ±¢ ·±-£²Õμ´´μ£μ-

±¢ ·±μ¢μ£μ (Δq̄AqΠ
N
μν , ¸¶· ¢ ) ±μ´¤¥´¸ Éμ¢ ¢ ±μ··¥²ÖÉμ· ΠN

μν

�¨¸. 3. ‚±² ¤Ò Î¥ÉÒ·¥Ì±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  (¸²¥¢  Δ4Q1Π
N
μν , ¸¶· ¢  Δ4Q2ΠN

μν) ¢
±μ··¥²ÖÉμ· ΠN

μν

´¨¦´ÕÕ). � ¸ ¨´É¥·¥¸ÊÕÉ ¢¥²¨Î¨´Ò, μÉ¢¥Î ÕÐ¨¥ ´¥¶μ¶¥·¥Î´μ° ¸É·Ê±ÉÊ·¥
ΠN

L ¢ ¶·¥¤¸É ¢²¥´¨¨ (3.4b),

ΔkΠN
L (M2) ≡ M4

2A0
B̂−q2→M2

ΔkΠN
μν nμqν

nq
=

1∫
0

xNϕk, L(x, M2) dx ,

£¤¥ k = 2V, q̄Aq, 4Q1 ¨ 4Q2. ‡¤¥¸Ó, É ± ¦¥ ± ± ¨ ¶·¨  ´ ²¨§¥ ¶· ¢¨² ¸Ê³³
Š•„, ³Ò · ¡μÉ ¥³ ¸ ¡μ·¥²¨§μ¢ ´´Ò³¨ ¢¥²¨Î¨´ ³¨, ±μÉμ·Ò¥ ¶μ²ÊÎ ÕÉ¸Ö ¶μ-
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¸²¥ ¶·¨³¥´¥´¨Ö ¶·¥μ¡· §μ¢ ´¨Ö �μ·¥²Ö B̂−q2→M2 . ˆ¸¶μ²Ó§ÊÖ ¶ · ³¥É·¨§ -
Í¨¨ ¢ ±ÊÊ³´ÒÌ ±μ´¤¥´¸ Éμ¢ (2.1), (2.2), ¶μ²ÊÎ¨³ ¤²Ö ÔÉ¨Ì ¢±² ¤μ¢:

ϕ2V, L(x, M2) = −M4 x
(
fV

(
M2x̄

)
− M2 x̄ f ′

V

(
M2x̄

))
; (3.8a)

Δq̄AqΠN
L (M2) =

3∑
i=1

2Ai

A0

∞∫∫∫
0 0 0

dα1 dα2 dα3 fi(α1, α2, α3) × (3.8b)

×Gi(Δ̄1 − Δ2)N + HiΔ̄N+2
1

(N + 2) Δ̄3
1Δ

3
2

;

Δ4Q1Π
N
L (M2) = 18

(
log

(
Δ̄

)
F1 + F2

)
Δ̄N+2 + F3

(N + 2)2(N + 3)ΔΔ̄2
; (3.8c)

ϕ4Q2 , L(x, M2) = 36 M2 fS

(
M2x̄

)
x

, (3.8d)

£¤¥ Δ = ΛS/M2, Δ̄ = 1−Δ, Δi = αi/M
2, Δ̄1 = 1−Δ1. Ÿ¢´Ò° ¢¨¤ ËÊ´±Í¨°

Fi, Gi ¨ Hi ¶·¨¢¥¤¥´ ¢ ¶·¨²μ¦¥´¨¨ A. ‚±² ¤ Δ4Q1ΠN
L (M2) § ¶¨¸ ´ ¤²Ö

 ´§ Í  (1.1).
Š·μ³¥ ¢±² ¤μ¢, ´ ·ÊÏ ÕÐ¨Ì ¶μ¶¥·¥Î´μ¸ÉÓ ±μ··¥²ÖÉμ·  Πμν , ´ ¸ É ±¦¥

¨´É¥·¥¸ÊÕÉ ¢±² ¤Ò ¢ ¸É·Ê±ÉÊ·Ê qμ qν , μ¶·¥¤¥²ÖÕÐÊÕ ËÊ´±Í¨Õ AN , ¸³. (3.4a),
±μÉμ· Ö ¶·μ¸Éμ · ¢´  ¸Ê³³¥ ¤¢ÊÌ ¶μ¶¥·¥Î´ÒÌ ËÊ´±Í¨° ΠN

T1
+ ΠN

T2
. �μ ÔÉμ°

¶·¨Î¨´¥ ³Ò ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ £μ¢μ·¨ÉÓ μ¡ ÔÉμ° ¸É·Ê±ÉÊ·¥ ± ± μ ¶μ¶¥·¥Î´μ³
¢±² ¤¥

ΔΠN
T ≡ Δ2VΠN

T + Δq̄AqΠN
T + Δ4Q1Π

N
T + Δ4Q2Π

N
T + (‡.‘.). (3.9)

�´ μ¶·¥¤¥²Ö¥É¸Ö ¢±² ¤ ³¨ μÉ¤¥²Ó´ÒÌ ¤¨ £· ³³:

ΔkΠN
T (M2) ≡ M6

2A0
B̂−q2→M2

ΔkΠN
μν nμnν

nq2
=

1∫
0

xNϕk, T (x, M2) dx (3.10)

¸ k = 2V, q̄Aq, 4Q1 ¨ 4Q2, ±μÉμ·Ò¥ ¨³¥ÕÉ ¢¨¤

ϕ2V, T (x, M2) = 2 M4 x fV (M2x̄); (3.11)

ϕq̄Aq, T (x, M2) =
4Ai

A0

∞∫∫∫
0 0 0

dα1 dα2 dα3 fi(α1, α2, α3) ϕ̃i(α1, α2, α3, M
2);

(3.12)

ϕ4Q1, T (x, M2) = 36

∞∫∫
0 0

dα1 dα2 fS(α1) fS(α2) ϕ̃(α1, α2, M
2); (3.13)
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ϕ4Q2, T (x, M2) = 0, (3.14)

£¤¥ ËÊ´±Í¨¨ ϕ̃i(α1, α2, α3, M
2) ¨ ϕ̃(α1, α2, M

2) ¢ Ö¢´μ³ ¢¨¤¥ ¢Ò¶¨¸ ´Ò ¢
¶·¨²μ¦¥´¨¨ A.

4. ���‹ˆ‡ ƒ�“‘‘�‚›• Œ�„…‹…‰

‘μÌ· ´¥´¨¥ ¢¥±Éμ·´μ£μ Éμ±  É·¥¡Ê¥É ¶μ¶¥·¥Î´μ¸É¨ ¶μ ¨´¤¥±¸Ê ν ¸Ê³³Ò
¢±² ¤μ¢ ¢¥±Éμ·´μ£μ ¤¢ÊÌ±¢ ·±μ¢μ£μ, ±¢ ·±-£²Õμ´-±¢ ·±μ¢μ£μ ¨ Î¥ÉÒ·¥Ì±¢ ·-
±μ¢μ£μ ±μ´¤¥´¸ Éμ¢:

ΔΠN
L ≡ Δ2VΠN

L + Δq̄AqΠN
L + Δ4Q1Π

N
L + Δ4Q2Π

N
L + (‡.‘.) = 0 . (4.1)

‡ ³¥É¨³, ÎÉμ ¶μ¸±μ²Ó±Ê ³Ò ¨§ÊÎ ¥³ £ Ê¸¸μ¢Ê ³μ¤¥²Ó ¢ ±ÊÊ³  Š•„, μ¸´μ-
¢ ´´ÊÕ ´  ¤¥²ÓÉ - ´§ Í Ì (1.1), (2.8), μ¦¨¤ ÉÓ ¶μ²´μ£μ ¸μ±· Ð¥´¨Ö ¢±² ¤μ¢
±μ´¤¥´¸ Éμ¢ ¢ ´¥¶μ¶¥·¥Î´μ¸ÉÓ ´¥ ¶·¨Ìμ¤¨É¸Ö: ³Ò § ²μ¦¨²¨ £ Ê¸¸μ¢ Ì · ±É¥·
¶·μ¸É· ´¸É¢¥´´ÒÌ § ¢¨¸¨³μ¸É¥° ´¥²μ± ²Ó´ÒÌ ±μ´¤¥´¸ Éμ¢ (1.3) ¨ (2.8) ¨§¢´¥
(´ ³ É ± Ê¤μ¡´¥¥ ¸Î¨É ÉÓ),   ´¥ ¶μ²ÊÎ¨²¨ ± ± ¸²¥¤¸É¢¨¥ Š•„-Ê· ¢´¥´¨° ¤¢¨-
¦¥´¨Ö. �μÔÉμ³Ê ´ Ï  § ¤ Î  ¸μ¸Éμ¨É ¢ ¢Ò¡μ·¥ É ±¨Ì ¶ · ³¥É·μ¢  ´§ Í¥¢, ¶·¨
±μÉμ·ÒÌ

∣∣ΔΠN
L

∣∣ ³¨´¨³ ²¥´. �μ²¥¥ ÉμÎ´μ, ´ ¸ ¨´É¥·¥¸Ê¥É ³¨´¨³ ²Ó´μ¸ÉÓ ´¥
 ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨° ¢¸¥Ì ³μ³¥´Éμ¢ ΔΠN

L ¸ N = 0, 1, 2, . . .,   ¨Ì ²¨´¥°´ÒÌ
±μ³¡¨´ Í¨°, μÉ¢¥Î ÕÐ¨Ì ±μ´Ëμ·³´Ò³ ³μ³¥´É ³ Δ〈ξ2N 〉L, ±μÉμ·Ò¥ ¨  ´ -
²¨§¨·ÊÕÉ¸Ö ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¤²Ö �� ³¥§μ´μ¢. ‘¢Ö§Ó ¢¥²¨Î¨´ Δ〈ξ2N 〉L ¸
³μ³¥´É ³¨ ΔΠN

L · ¸¸³μÉ·¥´  ¢ ¶·¨²μ¦¥´¨¨ B.
„²Ö μ¶·¥¤¥²¥´¨Ö É ±¨Ì §´ Î¥´¨° ´ Ï¨Ì ¶ · ³¥É·μ¢ {Xi} ³Ò ¢¢μ¤¨³

¸²¥¤ÊÕÐÊÕ μ¶É¨³¨§ Í¨μ´´ÊÕ ËÊ´±Í¨Õ (Δ ≡ λ2
q/(2M2))

ΦK ({Xi}) =
K∑

N=0

wN 〈〈
∣∣Δ〈ξ2N 〉L (Δ; {Xi})

∣∣2〉〉 ;

〈〈F (Δ)〉〉 ≡ 1
17

17∑
j=1

F (Δ = 0, 024 · j) ,

¸Ê³³¨·ÊÕÐÊÕ ¢±² ¤Ò ®´μ·³¯ ¶¥·¢ÒÌ ´¥É·¨¢¨ ²Ó´ÒÌ K ³μ³¥´Éμ¢ Δ〈ξn〉L
(Δ; {Xi}) ¸ n = 0, 2, . . . , 2K . „²Ö μ¶·¥¤¥²¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ®´μ·-
³Ò¯ ËÊ´±Í¨¨ F (Δ), 〈〈F (Δ)〉〉, ³Ò Î¨¸²¥´´μ ®¶·μ¨´É¥£·¨·μ¢ ²¨¯ ¶μ Δ ∈
[0 − 0,45], É. ¥. ¶μ Ë¨§¨Î¥¸±¨ ¢ ¦´μ° ¢ ¶· ¢¨² Ì ¸Ê³³ μ¡² ¸É¨ §´ Î¥´¨°
Δ. ‚¥¸  wN , μ§´ Î ÕÐ¨¥ ¢ ¦´μ¸ÉÓ ¢±² ¤  μ¶·¥¤¥²¥´´μ£μ ±μ´Ëμ·³´μ£μ ³μ-
³¥´É  Δ〈ξ2N 〉L ¢ μ¶É¨³¨§ Í¨μ´´ÊÕ ËÊ´±Í¨Õ ΦK ({Xi}), § ¤ ¤¨³, μ¶¨· Ö¸Ó
´  §´ Î¥´¨Ö
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Φmin
2N = 〈〈

∣∣Δ〈ξ2N 〉L (Δ; {Xv = 1, Xi = Yi = Z1 = 0, xi = yi = zi = 1})
∣∣2〉〉 ,

μÉ¢¥Î ÕÐ¨¥ ³¨´¨³ ²Ó´μ³Ê  ´§ ÍÊ (2.6), ¨§ · ¡μÉ [11Ä13]. ˆ³¥´´μ, ¶μ²μ¦¨³

wN =
Φmin

0

Φmin
2N

,

¶·¨¢μ¤Ö ´μ·³¨·μ¢±Ê ¢¸¥Ì ³μ³¥´Éμ¢ ¢ ¸μμÉ¢¥É¸É¢¨¥ ¤·Ê£ ¸ ¤·Ê£μ³: ¢ ¸²ÊÎ ¥
³¨´¨³ ²Ó´μ£μ  ´§ Í  ¢±² ¤Ò ¢¸¥Ì ³μ³¥´Éμ¢ ¢ μ¶É¨³¨§ Í¨μ´´ÊÕ ËÊ´±Í¨Õ
μ¤¨´ ±μ¢Ò ¨ · ¢´Ò 1, É ± ÎÉμ ΦK({Xv = 1, Xi = Yi = Z1 = 0, xi = yi = zi =
1}) = K + 1. 	Éμ ¤ ¥É ¸²¥¤ÊÕÐ¨¥ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö K = 5:

w0 = 1 ; w2 = 13 ; w4 = 29 ; w6 = 45 ; w8 = 55 ; w10 = 59.

�¡¸Ê¤¨³ ´ ¡μ· ¨³¥ÕÐ¨Ì¸Ö ¢ ´ Ï¥³ · ¸¶μ·Ö¦¥´¨¨ ¶ · ³¥É·μ¢ {Xi}.
„²Ö ¸± ²Ö·´μ£μ ¨ ¢¥±Éμ·´μ£μ ±μ´¤¥´¸ Éμ¢ ³Ò ¶·¨³¥´Ö¥³ ¤¥²ÓÉ - ´§ ÍÒ (1.1)
¸ μ¤´¨³ ¸¢μ¡μ¤´Ò³ ¶ · ³¥É·μ³ Xv:

λ2
V = Xv λ2

q. (4.2)

„²Ö ±¢ ·±-£²Õμ´-±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  ³Ò ¶·¨³¥´Ö¥³  ´§ Í (2.8) ¸ Λ =
Xvλ

2
q/2 ¨ ¨¸¶μ²Ó§Ê¥³ Ê¸²μ¢¨¥ (2.3):

Zi = Yi; xi = x; yi = zi = 1 − x; (i = 1, 2, 3).

	É¨ ¶ · ³¥É·Ò ´¥ ¸¢μ¡μ¤´Ò, ¶μ¸±μ²Ó±Ê ¨³¥¥É¸Ö Ê¸²μ¢¨¥ (2.9), ¨§  ´ ²¨§ 
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö (2.4). �μ¸²¥ ÊÎ¥É  Ê± § ´´ÒÌ ¸¢Ö§¥° Ê ´ ¸ μ¸É ÕÉ¸Ö
¸¢μ¡μ¤´Ò³¨ ¸²¥¤ÊÕÐ¨¥ ¸¥³Ó ¶ · ³¥É·μ¢: x, X1, X2, X3, Y1, Y3 ¨ Xv. Œ¨-
´¨³¨§ Í¨Ö ËÊ´±Í¨¨ Φ5 (x, X1, X2, X3, Y1, Y3, Xv) ¤ ¥É ´ ³ ¸²¥¤ÊÕÐ¨° ´ ¡μ·
¶ · ³¥É·μ¢:

X1 = +0, 082; Y1 = Z1 = −2, 243; x1 = x2 = x3 = x = 0, 788; Xv = 1, 00;
X2 = −1, 298; Y2 = Z2 = −0, 239; y1 = y2 = y3 = 1 − x = 0, 212; (4.3)

X3 = +1, 775; Y3 = Z3 = −3, 166; z1 = z2 = z3 = 1 − x = 0, 212,

±μÉμ·Ò° ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ± ± ¡ §μ¢Ò°.
„²Ö μ¡¸Ê¦¤¥´¨Ö ± Î¥¸É¢  Ê²ÊÎÏ¥´´μ£μ  ´§ Í  ³Ò ¶·¨¢μ¤¨³ ´  ·¨¸. 4 £· -

Ë¨±¨ ËÊ´±Í¨° Δ〈ξ2N 〉L(Δ) ¸ N = 0, 2, 5 ¤²Ö Ê²ÊÎÏ¥´´μ£μ  ´§ Í  (4.3) ¢
¸· ¢´¥´¨¨ ¸ ³¨´¨³ ²Ó´Ò³  ´§ Í¥³ (2.6). Š ± ¢¨¤´μ ¨§ ¶·¨¢¥¤¥´´ÒÌ £· Ë¨-
±μ¢,  ´§ Í (4.3) §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É  ¡¸μ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ´¥¶μ¶¥·¥Î´ÒÌ
±μ´Ëμ·³´ÒÌ ³μ³¥´Éμ¢ Δ〈ξ2N 〉L, É. ¥. ²ÊÎÏ¥ ÊÎ¨ÉÒ¢ ¥É ¶μ¶¥·¥Î´μ¸ÉÓ ¢¥±Éμ·-
´μ£μ ±μ··¥²ÖÉμ· .
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�¨¸. 4. ”Ê´±Í¨¨ Δ〈ξ2N 〉L(Δ) ¶·¨ N = 0, 4, 10 ¤²Ö Ê²ÊÎÏ¥´´ÒÌ  ´§ Í¥¢ (¸¶²μÏ´ Ö
²¨´¨Ö) ¢ ¸· ¢´¥´¨¨ ¸ ¶μ²ÊÎ ¥³μ° ¤²Ö ³¨´¨³ ²Ó´μ£μ  ´§ Í  (¶Ê´±É¨·´ Ö ²¨´¨Ö)

5. �Œ�‹ˆ’“„� ��‘��…„…‹…�ˆŸ �ˆ���

�μ²ÊÎ¥´´ Ö ³μ¤¥²Ó ¶μ§¢μ²Ö¥É ¡μ²¥¥ ÉμÎ´μ · ¸¸Î¨É ÉÓ ³μ³¥´ÉÒ 〈ξ2N 〉 ��
¶¨μ´  ϕπ(x, μ2), ¢¢¥¤¥´´μ° ¢ [23] ¨ μ¶·¥¤¥²Ö¥³μ° ¸μ£² ¸´μ

〈0 | d̄(z)γμγ5u(0) | π(P )〉
∣∣∣
z2=0

= ifπPμ

∫ 1

0

dx eix(zP ) ϕπ(x, μ2) . (5.1)

� ¶μ³´¨³, ÎÉμ ¨§-§  μÉ¸ÊÉ¸É¢¨Ö ¸¶¨´  Ê ¶¨μ´  μ´ ¤ ¥É ¢±² ¤ Éμ²Ó±μ ¢ ¸É·Ê±-
ÉÊ·Ê qμ qν ±μ··¥²ÖÉμ·   ±¸¨ ²Ó´ÒÌ Éμ±μ¢, ¸³. (3.2), (3.3), μ¶¥· Éμ·´μ¥ · §²μ-
¦¥´¨¥ ±μÉμ·μ£μ ¢ ¡¥§³ ¸¸μ¢μ° Š•„ ¸¢Ö§ ´μ ¸ ±μ··¥²ÖÉμ·μ³ ¢¥±Éμ·´ÒÌ Éμ±μ¢
¶·μ¸ÉÒ³¨ ¸μμÉ´μÏ¥´¨Ö³¨ [24]. 	É  ¸É·Ê±ÉÊ·  ¢Ò¤¥²Ö¥É¸Ö ¨§ ¶μ²´μ£μ ±μ··¥-
²ÖÉμ·  ¶·μ¥±Í¨¥° ´  nμnν ¨ ¤ ¥É ¸μ£² ¸´μ (3.9), (3.10) ³μ³¥´ÉÒ ΔΠN

T . ’ ±
¦¥ ± ± ¨ ¢ ¸²ÊÎ ¥ ¶·μ¤μ²Ó´ÒÌ ¸É·Ê±ÉÊ·, ´ ¸ ¨´É¥·¥¸ÊÕÉ ´¥ ¸ ³¨ ³μ³¥´ÉÒ
ΔΠN

T ,   ¨Ì ²¨´¥°´Ò¥ ±μ³¡¨´ Í¨¨, μÉ¢¥Î ÕÐ¨¥ ±μ´Ëμ·³´Ò³ ³μ³¥´É ³

Δ〈ξ2N 〉T ≡
1∫

0

(2x − 1)2NϕT(x) dx =
2N∑
k=0

(−2)2N−k

(
2N

k

)
ΔΠ2N−k

T , (5.2)

±μÉμ·Ò¥ § É¥³ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¤²Ö �� ¶¨μ´ .
�¥§Ê²ÓÉ ÉÒ  ´ ²¨§  〈ξ2N 〉π ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ [12] ¶·¥¤¸É ¢²¥´Ò ¢

É ¡²¨Í¥. Š ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, §´ Î¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¶·¥¤¥²¥´¨Ö ¶¨μ´  ¨

Œμ³¥´ÉÒ 〈ξN〉π(μ2
0), μ¶·¥¤¥²¥´´Ò¥ ¶·¨ μ2

0 = 1, 35 ƒÔ‚2

Œμ¤¥²Ó fπ, ƒÔ‚ N = 2 N = 4 N = 6 N = 8 N = 10

Œ¨´¨³ ²Ó´ Ö [12] 0,137(8) 0,266(20) 0,115(11) 0,060(7) 0,036(5) 0,025(4)

“²ÊÎÏ¥´´ Ö 0,140(13) 0,290(29) 0,128(13) 0,067(7) 0,040(5) 0,025(4)
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�¨¸. 5. �¡² ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢ (a2, a4) ¤²Ö Ê²ÊÎÏ¥´´μ° ³μ¤¥²¨
(¸¶²μÏ´ Ö ²¨´¨Ö) ¢ ¸· ¢´¥´¨¨ ¸ μ¡² ¸ÉÓÕ ¤²Ö ³¨´¨³ ²Ó´μ° ³μ¤¥²¨ (¶Ê´±É¨·´ Ö ²¨-
´¨Ö):  ) Å ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö §´ Î¥´¨Ö λ2

q = 0,5 ƒÔ‚2, ¡) Å ¤²Ö §´ Î¥´¨Ö
λ2

q = 0,4 ƒÔ‚2. ‚¸¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´Ò ¤²Ö §´ Î¥´¨Ö ¶ · ³¥É·  ¶¥·¥´μ·³¨·μ¢±¨
μ2 = 1,35 ƒÔ‚2

¥¥ ³μ³¥´Éμ¢ ¢ ´μ¢μ° ³μ¤¥²¨ ¸¨¸É¥³ É¨Î¥¸±¨ μÉ²¨Î ÕÉ¸Ö μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
¢¥²¨Î¨´ ¢ ³¨´¨³ ²Ó´μ° ³μ¤¥²¨. �  ·¨¸. 5 ¶·¨¢¥¤¥´  μ¡² ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ
±μÔËË¨Í¨¥´Éμ¢ ƒ¥£¥´¡ ÊÔ·  a2 ¨ a4, § ¤ ÕÐ¨Ì �� ¶¨μ´  ¢ ¢¨¤¥ · §²μ¦¥´¨Ö
¶μ ¶μ²¨´μ³ ³ ƒ¥£¥´¡ ÊÔ·  Cm

n (x), Ö¢²ÖÕÐ¨³¸Ö ¸μ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨
μ¤´μ¶¥É²¥¢μ£μ Ö¤·  Ô¢μ²ÕÍ¨¨:

ϕπ(x; μ2 = 1, 35 ƒÔ‚2) = 6 xx̄
[
1 + a2 C

3/2
2 (2x− 1) + a4 C

3/2
4 (2x− 1)

]
. (5.3)

„²Ö ¶·μ¢¥·±¨ ¸ ³μ¸μ£² ¸μ¢ ´´μ¸É¨ ¶·μÍ¥¤Ê·Ò ¢μ¸¸É ´μ¢²¥´¨Ö �� ¶μ ¶ÖÉ¨
μ¶·¥¤¥²¥´´Ò³ §´ Î¥´¨Ö³ ±μ´Ëμ·³´ÒÌ ³μ³¥´Éμ¢ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ÉμÉ ¦¥
¶·¨¥³, ÎÉμ ¨ ¢ ¶·¥¤Ò¤ÊÐ¥³  ´ ²¨§¥ [11, 12]: ¡Ò²μ ¶μ¸É·μ¥´μ ¸¶¥Í¨ ²Ó´μ¥
�‘ ¤²Ö μ¡· É´μ£μ ³μ³¥´É  〈x−1〉π ¨ ·¥§Ê²ÓÉ É ¥£μ μ¡· ¡μÉ±¨ (〈x−1〉�‘

π ) ¸· ¢-
´¨¢ ²¸Ö ¸ μ¶·¥¤¥²Ö¥³Ò³ �� (5.3):

〈x−1〉��
π = 3 (1 + a2 + a4) . (5.4)

„²Ö §´ Î¥´¨Ö λ2
q = 0, 4 ƒÔ‚2 ³Ò ¶μ²ÊÎ¨²¨ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö:

〈x−1〉��
π = 3, 25 ± 0, 20 ; 〈x−1〉�‘

π = 3, 40 ± 0, 34 ,

  ¤²Ö §´ Î¥´¨Ö λ2
q = 0, 5 ƒÔ‚2:

〈x−1〉��
π = 3, 08 ± 0, 15 ; 〈x−1〉�‘

π = 3, 27 ± 0, 35 .

‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ ¶μ²ÊÎ¥´´Ò¥ · §´Ò³¨ ¸¶μ¸μ¡ ³¨ §´ Î¥´¨Ö μ¡· É´ÒÌ ³μ³¥´-
Éμ¢ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£μ³, ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ · §Ê³´μ¸É¨
¨¸¶μ²Ó§Ê¥³μ° ¶·μÍ¥¤Ê·Ò ¢μ¸¸É ´μ¢²¥´¨Ö ��.
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‚ ¤ ´´μ° · ¡μÉ¥ ³Ò · ¸¸³μÉ·¥²¨ £ Ê¸¸μ¢Ê ³μ¤¥²Ó ´¥²μ± ²Ó´μ¸É¨ ¢ ±ÊÊ³-
´ÒÌ ±¢ ·±μ¢ÒÌ ¨ ±¢ ·±-£²Õμ´´ÒÌ ±μ´¤¥´¸ Éμ¢ ¢ Š•„ ¨ ¶·μ ´ ²¨§¨·μ¢ ²¨
²μ·¥´Í¥¢Ê ¸É·Ê±ÉÊ·Ê ±μ··¥²ÖÉμ·  Πμν(q) ¤¢ÊÌ ¢¥±Éμ·´ÒÌ ±¢ ·±μ¢ÒÌ Éμ±μ¢.
�± § ²μ¸Ó, ÎÉμ ¢ ³¨´¨³ ²Ó´μ° £ Ê¸¸μ¢μ° ³μ¤¥²¨ ¢ ±ÊÊ³  Š•„, ¨¸¶μ²Ó§μ-
¢ ¢Ï¥°¸Ö ¢ · ¡μÉ Ì [4, 11Ä13], ¶μ¶¥·¥Î´μ¸ÉÓ ÔÉμ£μ ±μ··¥²ÖÉμ·  ´ ·ÊÏ¥´  ¨
´¥²μ± ²Ó´Ò¥ ±μ´¤¥´¸ ÉÒ ´¥ ¸μ£² ¸μ¢ ´Ò ¸ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö Š•„.

„²Ö ¨¸¶· ¢²¥´¨Ö ÔÉμ° ¸¨ÉÊ Í¨¨ ³Ò ¶·¥¤²μ¦¨²¨ Ê²ÊÎÏ¥´´ÊÕ £ Ê¸¸μ¢Ê
³μ¤¥²Ó ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢ ±ÊÊ³  Š•„ (2.8), ³¨´¨³ ²Ó´μ ¸μ£² ¸μ¢ ´´ÊÕ ¸
Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö Š•„, ¢ ±μÉμ·μ° Ê± § ´´μ¥ ´ ·ÊÏ¥´¨¥ ± ²¨¡·μ¢μÎ´μ°
¨´¢ ·¨ ´É´μ¸É¨ ³¨´¨³¨§¨·μ¢ ´μ ¸¶¥Í¨ ²Ó´Ò³ ¢Ò¡μ·μ³ ¶ · ³¥É·μ¢ (4.3).

ˆ¸¶μ²Ó§ÊÖ ÔÉÊ ³μ¤¥²Ó ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„, ³Ò ¶·μ ´ ²¨§¨·μ¢ ²¨
¶· ¢¨²  ¸Ê³³ Š•„ ¤²Ö ¶¨μ´´μ° �� ¨ ¶μ± § ²¨, ÎÉμ ¶· ¢¨²  ¸Ê³³ Š•„ ¶·¨-
¢μ¤ÖÉ ± ¤¢ÊÌ¶ · ³¥É·¨Î¥¸±μ³Ê ®¶ÊÎ±Ê¯ ¤μ¶Ê¸É¨³ÒÌ ³μ¤¥²¥° ¤²Ö ¶¨μ´´μ° ��
¸ ¶ · ³¥É· ³¨ a2 ¨ a4, ¶μ± § ´´Ò³¨ ´  ·¨¸. 5 ¤²Ö ¤¢ÊÌ §´ Î¥´¨° ¶ · ³¥É· 
´¥²μ± ²Ó´μ¸É¨ Š•„-¢ ±ÊÊ³ , λ2

q = 0,4 ¨ 0,5 ƒÔ‚2. 	É¨ ³μ¤¥²¨ Ìμ·μÏμ ¸μ£² -
¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ μ¡· ¡μÉ±¨ ´¥§ ¢¨¸¨³μ£μ ¶· ¢¨²  ¸Ê³³ ¤²Ö μ¡· É´μ£μ
³μ³¥´É  ¶¨μ´´μ° ��, 〈x−1〉�‘

π .
�¸μ¡μ ÌμÉ¨³ ¶μ¤Î¥·±´ÊÉÓ ÉμÉ Ë ±É, ÎÉμ ¶μ²ÊÎ¥´´ Ö · ´¥¥ ¢ ³¨´¨³ ²Ó´μ°

£ Ê¸¸μ¢μ° ³μ¤¥²¨ ´¥¶¥·ÉÊ·¡ É¨¢´μ£μ ¢ ±ÊÊ³  Š•„ ³μ¤¥²Ó BMS [12], ¶μ± -
§ ´´ Ö ´  ·¨¸. 5 ¸¨³¢μ²μ³ ◦, ´ Ìμ¤¨É¸Ö ¢´ÊÉ·¨ ´μ¢μ£μ ¤¢ÊÌ¶ · ³¥É·¨Î¥¸±μ£μ
®¶ÊÎ± ¯ ¤μ¶Ê¸É¨³ÒÌ ³μ¤¥²¥°. 	Éμ £μ¢μ·¨É, ¸ μ¤´μ° ¸Éμ·μ´Ò, μ ¶·¥¥³¸É¢¥´´μ-
¸É¨ μ¡μ¨Ì ¶μ¤Ìμ¤μ¢,   ¸ ¤·Ê£μ° Å μ Éμ³, ÎÉμ ¢¸¥ Ì · ±É¥·´Ò¥ Î¥·ÉÒ ¸É ·μ£μ
®¶ÊÎ± ¯ BMS ¶·¨¸ÊÐ¨ ¨ ´μ¢μ³Ê ®¶ÊÎ±Ê¯: ´  ·¨¸. 6 ¢¨¤´μ, ÎÉμ ¢ ¸· ¢´¥´¨¨ ¸

�¨¸. 6. �·μË¨²¨ ¶¨μ´´ÒÌ ��, μÉ¢¥Î ÕÐ¨Ì Í¥´É· ²Ó´Ò³ ÉμÎ± ³ ®¶ÊÎ±μ¢¯ ¤²Ö §´ -
Î¥´¨Ö ¶ · ³¥É·  ´¥²μ± ²Ó´μ¸É¨ λ2

q = 0,4 ƒÔ‚2; a) ¸¶²μÏ´ Ö ²¨´¨Ö Å ·¥§Ê²ÓÉ É,
¶μ²ÊÎ¥´´Ò° ¢ Ê²ÊÎÏ¥´´μ° £ Ê¸¸μ¢μ° ³μ¤¥²¨ ´¥²μ± ²Ó´μ£μ ¢ ±ÊÊ³  Š•„ (¸¨³¢μ² ´ 
·¨¸. 5, ¡); ¡) ¸¶²μÏ´ Ö ²¨´¨Ö Å ·¥§Ê²ÓÉ É ³¨´¨³ ²Ó´μ° ³μ¤¥²¨ (³μ¤¥²Ó BMS, ¸¨³-
¢μ² + ´  ·¨¸. 5, ¡). „²Ö ¸· ¢´¥´¨Ö ¶μ± § ´Ò É ±¦¥  ¸¨³¶ÉμÉ¨Î¥¸± Ö �� (¶Ê´±É¨·´ Ö
²¨´¨Ö) ¨ �� —¥·´Ö± Ä†¨É´¨Í±μ£μ (CZ) [25] (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö)
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³μ¤¥²ÓÕ CZ [25] (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö, ±μÉμ·μ° μÉ¢¥Î ÕÉ ¶ · ³¥É·Ò a2 = 0,52
¨ a4 = 0 ¶·¨ μ2 = 1,35 ƒÔ‚2) ¤¨±ÉÊ¥³Ò¥ (¶·¨ λ2

q = 0,4 ƒÔ‚2) ´¥²μ± ²Ó´Ò³¨
¶· ¢¨² ³¨ ¸Ê³³ Š•„-³μ¤¥²¨ (¸¶²μÏ´Ò¥ ²¨´¨¨) ¸¨²Ó´μ ¶μ¤ ¢²¥´Ò ¢ ±μ´Í¥-
¢ÒÌ ÉμÎ± Ì x = 0 ¨ x = 1, ÌμÉÖ É ±¦¥ Ö¢²ÖÕÉ¸Ö ¤¢Ê£μ·¡Ò³¨. ’ ±μ¥ · §´μ¥
¶μ¢¥¤¥´¨¥ ¶·¨¢μ¤¨É ± ¸μ¢¥·Ï¥´´μ · §´Ò³ §´ Î¥´¨Ö³ μ¡· É´ÒÌ ³μ³¥´Éμ¢ ��:
〈x−1〉CZ

π = 4,56, ¢ Éμ ¢·¥³Ö ± ± ¤²Ö ´ Ï¥£μ ®¶ÊÎ± ¯ 〈x−1〉π = 3, 24 ± 0,20,  
¤²Ö ®¶ÊÎ± ¯ BMS [12] 〈x−1〉π = 3,16 ± 0,08.1

�¢Éμ·Ò ¡² £μ¤ ·´Ò �. „μ·μÌμ¢Ê, ‘. Œ¨Ì °²μ¢Ê, �. ‘É¥Ë ´¨¸Ê ¨ �. ’¥-
·Ö¥¢Ê §  ¶²μ¤μÉ¢μ·´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ±·¨É¨Î¥¸±¨¥ § ³¥Î ´¨Ö. � ¡μÉ  ¢Ò¶μ²-
´¥´  ¶·¨ Î ¸É¨Î´μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É º 06-02-16215) ¨ ¶·μ£· ³³Ò
®ƒ¥°§¥´¡¥·£Ä‹ ´¤ Ê¯ (£· ´É 2006 £.)

��ˆ‹�†…�ˆ…

�·¨²μ¦¥´¨¥ A. ‚±² ¤Ò O(αs〈ψ̄ψ〉2)-¶μ·Ö¤± . ‚±² ¤Ò O(αs〈ψ̄ψ〉2)-
¶μ·Ö¤±  ¢ Δ2VΠN

μν ¶·¥¤¸É ¢²ÖÕÉ¸Ö Î¥ÉÒ·Ó³Ö μ¡Ñ¥±É ³¨: ¡¨²μ± ²Ó´Ò° ¢¥±-
Éμ·´Ò° ±μ´¤¥´¸ É (Δ2VΠN

μν ), É·¨²μ± ²Ó´Ò° ±¢ ·±-£²Õμ´-±¢ ·±μ¢Ò° ±μ´¤¥´-
¸ É (Δq̄AqΠN

μν ), Î¥ÉÒ·¥Ì±¢ ·±μ¢Ò° ±μ´¤¥´¸ É (Δ4Q1ΠN
μν ¨ Δ4Q2ΠN

μν ). ŒÒ · ¸-
¸³ É·¨¢ ¥³ ¢±² ¤Ò, μÉ¢¥Î ÕÐ¨¥ ¤¨ £· ³³ ³ ·¨¸. 2 ¨ 3,   ¢±² ¤ μÉ §¥·± ²Ó´μ-
¸μ¶·Ö¦¥´´ÒÌ ¤¨ £· ³³ ÊÎÉ¥³ ¸ ¶μ³μÐÓÕ ¸¨³³¥É·¨°´ÒÌ ¸μμ¡· ¦¥´¨°,
¸³. · §¤. 4.

Δ2VΠN
μν =

i

(nq)N

∫
dx eiqx〈ū(0)γμ(−in∇0)Nd(0)

]

d̄(x)γνu(x)〉; (A.1)

Δq̄AqΠN
μν =

i(ig)
(nq)N

∫
dx eiqx

∫
dy×

× 〈d̄(0)γμ(−in∇0)Nu(0)

]

ū(y)γρÂρ(y)u(y)

]

ū(x)γνd(x)〉; (A.2)

Δ4Q1Π
N
μν =

i(ig)2

(nq)N

∫
dx eiqx

∫
dy

∫
dz

× 〈d̄(0)γμ(−in
−→∇0)Nu(0)

]

ū(y)γρÂρ(y)

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦

u(y)ū(x)γνd(x)

]

d̄(z)γλÂλ(z)d(z)〉;
(A.3)

1‡ ³¥É¨³, ÎÉμ ³¥´ÓÏ¨¥ μÏ¨¡±¨ ¢  ´ ²¨§¥ [12] ¸¢Ö§ ´Ò ¸ ¨Ì μÍ¥´±μ° Éμ²Ó±μ ¶μ ¸É ¡¨²Ó´μ-
¸É¨ ·¥§Ê²ÓÉ É  μÉ´μ¸¨É¥²Ó´μ ¢ ·¨ Í¨° ¡μ·¥²¥¢¸±μ£μ ¶ · ³¥É·  M2 ¢ ¶·¥¤¥² Ì ®μ±´  ¤μ¢¥·¨Ö¯
�‘ Š•„. ‚ ´ Ï¥° · ¡μÉ¥ ³Ò ÊÎ¨ÉÒ¢ ²¨ ¢´ÊÉ·¥´´¨¥ μÏ¨¡±¨ ³¥Éμ¤  �‘ Š•„ ¨ ¸Î¨É ²¨, ÎÉμ
¸Ê³³ ·´ Ö μÏ¨¡±  ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ´¥ ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ 10 %.
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Δ4Q2Π
N
μν =

i(ig)2

(nq)N

∫
dx eiqx

∫
dy

∫
dz

× 〈d̄(0)(−in
−→∇0)Nγμu(0)

]
ū(y)γρÂρ(y)

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦

u(y)ū(z)γλÂλ(z)u(z)

]

ū(x)γνu(x)〉.
(A.4)

ˆ´É¥·¥¸ÊÕÐ¨¥ ´ ¸ ¢¥²¨Î¨´Ò ΔkΠN
L (M2), k = 2V, q̄Aq, 4Q1 ¨ 4Q2, ¢Ìμ¤ÖÐ¨¥

¢ (4.1), ¨³¥ÕÉ ¢¨¤ (3.8a)Ä(3.8b), £¤¥

H1 = N(N + 1)Δ̄1Δ2
2 + H2

Δ2

Δ̄1
− NH3 ,

H2 = −Δ̄1

(
(N + 3)Δ1Δ2

(
Δ̄1 − Δ3

)
+ Δ3

(
3Δ2 + 2Δ1Δ̄1

))
,

H3 = Δ2

(
(N + (N + 3)Δ1)Δ2Δ̄1 + Δ3

(
3Δ2 + Δ1Δ̄1 − (N + 3)Δ1Δ2

))
,

G1 = −N(N + 1)Δ2
2Δ̄1

(
Δ̄1 − Δ2

)2 + G2
Δ2

Δ̄1
− G3N ,

G2 = Δ̄2
1Δ2

[
3(N + 1)(N + 2)Δ2

2 − (N + 1)(N + 3)Δ1Δ2
2

+N(N + 3)Δ1Δ̄1Δ2 + (N + 3)Δ1Δ̄2
1

]
+Δ̄1Δ3

(
Δ̄1 − Δ2

) [
(N + 1)

(
Δ̄1 + 2

)
Δ2

2

+(N − 1)Δ1Δ̄1Δ2 + 3Δ̄1Δ2 + 2Δ1Δ̄2
1

]
,

G3 = −Δ2

(
Δ̄1 − Δ2

) [
Δ1Δ3

(
Δ̄1 − Δ2

)2 + 3Δ2Δ3

(
Δ̄1 − Δ2

)
+Δ2Δ̄1

(
NΔ̄1 + (N + 3)

(
Δ1Δ̄1 + Δ2

(
Δ̄1 + 1

)))]
,

F1 =
(
n + 1 + Δ̄

)
(n + 2)(n + 3), F2 = Δ̄ − (n + 3)[(n + 1)(n + 4)Δ + 1] ,

F3 = (n + 3)Δ̄ − 1 ,

  Δ = ΛS/M2, Δ̄ = 1 − Δ, Δi = αi/M
2, Δ̄1 = 1 − Δ1.

„²Ö ¶μ¶¥·¥Î´ÒÌ ±μ³¶μ´¥´É ΔkΠN
T (M2), ¸³. (3.10), ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥-

²¨Î¨´Ò ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

ϕ̃(α1, α2, M
2) =

x θ (Δ1 − x̄)
Δ2

1Δ2Δ̄2
1

×

×
(

x̄Δ2Δ̄1 + log
(

xΔ1Δ̄2

xΔ1 − (Δ1 − x̄)Δ2

)
Δ1(Δ1 − x̄)Δ̄2

)
;

ϕ̃1(α1, α2, α3, M
2)=

(
Δ3

Δ2
− Δ̄1

Δ2

)
δ(x̄ − Δ1)−

(
1 − Δ̄1

Δ2

)
δ(x̄ − Δ1 − Δ2)−

− x (xΔ3 + Δ2 (Δ1 + Δ3 − 1))
Δ̄2

1Δ2
2

θ (x̄ − Δ1) θ (Δ1 + Δ2 − x̄) ;
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ϕ̃2(α1, α2, α3, M
2) = −

(
1 − Δ̄1

Δ2

)
δ (x̄ − Δ1 − Δ2)

+
x (2 (Δ1 − x̄)Δ3 + Δ2 (Δ1 + Δ3 − 1))

Δ̄1Δ3
2

θ (x̄ − Δ1) θ (Δ1 + Δ2 − x̄) ;

ϕ̃3(α1, α2, α3, M
2) = −x ((Δ1 − x̄)Δ3 + Δ2 (Δ1 + Δ3 − 1))

Δ̄2
1Δ

2
2

×

× θ (x̄ − Δ1) θ (Δ1 + Δ2 − x̄) ,

£¤¥ Δi = αi/M
2, Δ̄i = 1 − Δi ¨ x̄ = 1 − x.

�É³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ É ¶·¥¤¸É ¢²¥´ ¤²Ö ¶ · ³¥É·¨Î¥¸±¨Ì ËÊ´±Í¨°
fi(α1, α2, α3) ¨ fS(α) É ±¨Ì, ÎÉμ ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ¢±² ¤ ¤ ÕÉ μ¡² ¸É¨
α1 +α2 < M2, α1 +α3 < M2 ¨ 2 α < M2. „²Ö  ´§ Í  (1.1), (2.8) ÔÉ¨ Ê¸²μ¢¨Ö
¸μμÉ¢¥É¸É¢ÊÕÉ μ¡² ¸É¨, ¢ ±μÉμ·μ° · ¡μÉ ÕÉ �‘ Š•„.

�·¨²μ¦¥´¨¥ B: Šμ´Ëμ·³´Ò¥ ³μ³¥´ÉÒ. � ¸¸³μÉ·¨³ ²¨´¥°´Ò¥ ±μ³¡¨-
´ Í¨¨ ³μ³¥´Éμ¢ ΔΠN

L , μÉ¢¥Î ÕÐ¨¥ ±μ´Ëμ·³´Ò³ ³μ³¥´É ³

Δ〈ξ2N 〉L ≡
1∫

0

(2x − 1)2Nϕ(x) dx =
2N∑
k=0

(−2)2N−k

(
2N

k

) 1∫
0

x2N−kϕ(x) dx ,

±μÉμ·Ò¥ ¨  ´ ²¨§¨·ÊÕÉ¸Ö ¢ ¶· ¢¨² Ì ¸Ê³³ Š•„ ¤²Ö �� ³¥§μ´μ¢. ‚ ±μ´-
Ëμ·³´Ò¥ ³μ³¥´ÉÒ ‡.‘.-¤¨ £· ³³Ò ¤ ÕÉ É ±μ° ¦¥ ¢±² ¤, ÎÉμ ¨ ¶μ¸Î¨É ´´Ò¥
´ ³¨ ¤¨ £· ³³Ò: ¥¸²¨ x-¶²μÉ´μ¸ÉÓ, μÉ¢¥Î ÕÐ Ö ¶μ¸Î¨É ´´Ò³ ³μ³¥´É´Ò³
¤¨ £· ³³ ³, ¥¸ÉÓ ϕ0(x), Éμ£¤  ϕ0(1 − x) μÉ¢¥Î ¥É ‡.‘.-¤¨ £· ³³ ³ ¨

1∫
0

(2x − 1)2Nϕ0(x) dx =

1∫
0

(2x − 1)2Nϕ0(1 − x) dx .

’μ ¥¸ÉÓ ¶μ²´Ò° ¢±² ¤ ¢ ±μ´Ëμ·³´Ò° ³μ³¥´É μ¶·¥¤¥²¥´´μ° ¤¨ £· ³³Ò · ¢¥´
Ê¤¢μ¥´´μ³Ê ¢±² ¤Ê μ¤´μ° ¨§ ¤¢ÊÌ ‡.‘.-¤¨ £· ³³

Δ〈ξ2N 〉L = 2

1∫
0

(2x − 1)2Nϕ0(x) dx .

�¡μ§´ Î Ö

ΔΠ̃k
0 ≡

1∫
0

xkϕ0(x) dx ,
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³Ò ¶μ²ÊÎ ¥³ ¸· §Ê ¦¥ ´¥μ¡Ìμ¤¨³Ò¥ ´ ³ ±μ´Ëμ·³´Ò¥ ³μ³¥´ÉÒ

Δ〈ξ2N 〉L = 2
2N∑
k=0

(−2)k

(
2N

k

)
ΔΠ̃k

0 .
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