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γ∗(q1)γ
∗(q2) → π0(p) �� ����

γ∗

∗γ

π

∫
d4xe−iq1·z〈π0(p) | T{jμ(z)jν(0)} | 0〉 =

iεμναβqα
1 qβ

2 · Fγ
∗γ∗π (Q2,q2) ,

−q2
1 = Q2 > 0, −q2

2 = q2 ≥ 0

�����

�� �������	����
 �� Q2, q2 � $��#�
� �)�	�∼ mρ%2

Fγ∗γ∗π(Q2, q2) = T (Q2,q2,μ2
F ; x) ⊗ϕ(2)

π (x;μ2
F ) + O(

1

Q4
)
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Fγ∗γ∗π =

√
2

3
fπ

∫ 1

0
dx

1
Q2x + q2x̄

ϕ
(2)
π (x)

Q2Fγ∗γ∗π(Q2, 0) =

√
2

3
fπ

∫ 1

0

dx

x
ϕ

(2)
π (x)

≡
√

2

3
fπ〈x−1〉π
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< 0|q̄(z)γμγ5E(z, 0)q(0)|π(P) >
∣∣∣
z2=0

= iPμ

∫
dxeix(zp)ϕ

(2)
π (x, μ2

F )

E(z, 0) = P exp(ig
∫ z

0
Aμ(τ)dτμ)
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ϕ
(2)
π (x;μ2

F ) = ψ0(x) + a2(μ
2
F ) ψ2(x) + a4(μ

2
F ) ψ4(x) + . . .

ϕ
(2)
π ⇔ {an}; ψn(x) = 6xx̄ C(3/2)

n (x − x̄) −
�*������� ���!
��)�

.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

-0.3

-0.2

-0.1

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

-0.3

-0.2

-0.1

0

↑
λ2

q = 0.4 GeV2
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q = 0.5 GeV2

↙λ2
q = 0.6 GeV2a4

a2

μ2 = 1.35 GeV2

λ2
q ? �����*� ������	��,


� ��)��! G����� ? ���
���*	� "���!���� 
� �&-
�""�
�)�
A�� 72&A H�9$����%�B�;
A��
7 ���2�,���E$���:%>��;

� 
���� ��)���*	� �
�!� ��� A�� ���)� 
� � < ψ0 + a2ψ2 + a4ψ4

� ψ0 ?  �,!"�
��) $ �% � 

� -����,��(8��������, $-8% � < 4-� �.< ψ0 + a2ψ2< a2(1) ≈ 0.56
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Fγ∗γ∗π ∼
(

T0(Q
2, q2; x) + a1

s T1(Q
2, q2;μ2

F ; x)

+ a2
s T2(Q

2, q2;μ2
F ;μ2

�; x) + . . .
)

⊗ ϕ
(2)
π (x;μ2

F )

−δ2
tw4 · T 2

0 (Q2, q2; x) ⊗ ϕ
(4)
π (x)

0 �������1�
 �
 "%�&� as(μ2
�

) = αs/(4π)� I���		, μ2
�

= μ2
F = 〈Q2〉 �
 ��!"	��,

��# �
 !���!�J� ��#� )
���)��
���
δ2

tw4 = (0.19 ± 0.02) 
��2 ? �F���(: �)�	� "���!�����

NNLONLOLO

γ∗γ∗ γ∗

γ∗γ∗γ∗

��2 T0(Q
2, q2; x) =

1

x Q2 + x̄ q2
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T1

(
x ; Q2, q2

)
⊗ ϕ (x) = T0(Q

2, q2; y) ⊗
{

CFT (1)(y , x) + L(y) · V (0)(y , x)
}
⊗ ϕ (x)

T (1) =
[
−3V b + g

]
(x , y)+ − 3δ(x − y), L(y) ≡ ln

[(
Q2y + q2ȳ

)
/μ2

F

]

ϕ(x;μ2) → ϕ(x; Q2) ��
	��� �))
�#��* �
 3�� �� � (-,;.6/ �G����
�6

μ2 d

dμ2
ϕ(x;μ2) =

(
as V (0)(x , y) + a2

s V (1)(x , y)
)
⊗ϕ(y;μ2)

V (0) ⊗ ψn = v(n) · ψn
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β0;"��� �� 33��2 T2 ⊗ ϕ → β0 · Tβ ⊗ ϕ
(4
��8�)49���
�):���
*;<��
��=�*��5667�/

Tβ ⊗ ϕ = ln

(
μ2

R

μ2
F

)
T1 ⊗ ϕ+ T0 ⊗

{
CFT (2)

β − CFL(y) · T (1)

+ L(y) ·
(

V (1)
β

)
+

−1

2
L2(y) · V (0)

}
⊗ ϕ .

K�� 
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� ����� ���!�6

∼ V (0) ? �(	

" 1.A& �
*����� F��� as .
 ��
	���
�< F��	� ∼
(

V (1)
β

)
+
? �� ���

β0("��� 
� �(	

" 1.A& �����	@ T (1) ? ��
! as .
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��
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exp
{∫ L

V (as(L))dL
}

T (2)
β ? ��� )
�L)���� ���)��
� ? 
��*���	< ��� !
�� )�!����
!� "���

'��� ��
���1����
 ���
� ��
 ���
 �
� ��	
 �� 33�� 
>
�� �������
� ��
 �4 "�
����"���




����� ��
� �
� �
��� ������



%�& ����� ���� � 
 � ��� '����()

'�
 
?"
���

��� ��
�����
� �
@���
 q2 → 0
0
� Q2 � m2

ρ, q2 	 m2
ρ "4-� ��)�
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γ
∗γπ

K�� !��� ������� *
�	 ? �"�)���	 #�����, ρ

Fγ∗γπ(Q2, q2) =

∞∫
0

ds
ρph(Q2,s)

s + q2

ρph = θ(s0 − s) ρphen(Q2, s) + θ(s − s0) ρ
PT(Q2,s)

ρPT(Q2,s) =
Im
π

[
Fγ∗γ∗π(Q2,−s)

]
ρphen(Q2, s) =

√
2fρFγ∗Vπ(Q2) · δ(s − m2

V )
∣∣∣
V=ρ,ω

����* G����(��#�
� #��	��, �� ��)�
� )�����	 �
� Fγ
∗Vπ 7M�
#N�!����� ����;6

Fγγ
∗π(Q2,q2 → 0) =

1
π

∫∫∫ ∞

s0

5!Fγ
∗γ∗π(Q2,−s)

s
ds

+
1
π

∫∫∫ s0

0

5!Fγ
∗γ∗π(Q2,−s)

m2
ρ

e(m2
ρ−s)/M2

ds

s0 � 1.5 
��2 ? �P�)���� ������
	# �� ��)�
� )�����	<

M2 ? A
��	 "���!���� $0.5 − 0.9 
��2%�



!�" �������� ������& ρ(1)

ρ(1)(Q2, s) =
Im
π

[
(T1 ⊗ ϕπ) (Q2,−s)

]
, s ≥ 0

ρ
(1)
n (x , μ2

�
) ��� A
�

1��
� �����
�� ψn� x = Q2/(s + Q2)

K�� *�����	 )��� (4)��
��
�� 3: �566,�/ �� "����6

ρ̄
(1)
n

(
x ;μ2

F

)
= CF

{
−3
[
1 − va(n)

]
+
π2

3
− ln2

(
x̄

x

)
+ 2v(n) ln

(
x̄

x

Q2

μ2
F

)}
ψn(x)

−CF2

⎡
⎣ n∑

l=0,2,...

(Gnl + v(n) · bnl )ψl (x)

⎤
⎦

Gnl $
��*������ ��
! g%< bnl ? )�	)�	��	� �����*�	�� !����)��

K�� "�����	 )��� ρ̄
(1)
0 (����
���
�)B�*���
� �5666�/6

ρ̄
(1)
0 (x) = CF

[
−5 +

π2

3
− ln2

(
x̄

x

)]
ψ0(x)
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 1
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!!�"β0 �������� ������&
ρ(2)(Q2, s) =

Im
π

[
(T2 ⊗ ϕπ) (Q2,−s)

]
, s ≥ 0

x = Q2/(s + Q2) < "�� μ2
R = μ2

F

ρ̄
(2)
n → b0CF

[
R̄(2)

n

(
x ;

x̄

x

Q2

μ2
F

)]
.

0.2 0.4 0.6 0.8 1

�4

�3

�2

�1

0

1

2

x

asb0CFR̄
(2)
0

ρ̄
(1)
0

K�� #����# *���� 	��� ��
F� as(μ2
F) ρ̄

(2)
0 = as(μ2

F) b0CFR̄(2)
0 (x , x̄/x) �� ��� �,"�)�	

-&1' �������)� �)�	� Q2 = μ2
F = μ2

SY = (2.4 
��)2<

F������ ��� �
	�# ��# 	��� ��"������� ρ̄
(1)
0 (x)
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�
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����� ������� ��� ϕ
(2)
π
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γ∗γπ
&-�. ⇒ ���� �, �� ����� (a2, a4)
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 �� ⊕ '����;E ⊕(μ2 = Q2)
���� 20% �
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2 δ2
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= 0.19 (4) A
D2
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-�		
=
-&1'

A�A��

-�		
=
-&1' 1.22 15.8

A�A�� 3.5 1.8

σ,m2 ? �#N����# "���!�����

Q2Fγ∗γπ =

√
2

3
fπ

∫ 1

0

1
x

[
1 − exp

(
− xQ2

x̄2σ

)]
dx


� =

√
2

3
fπ

∫ 1

0

1
x + m2/Q2

dx

∼ log(1 + Q2/m2)

-�		
=
-&1'

A�A��

-�		
=
-&1' 0.48 7.8

A�A�� 10.8 1.8

T4-� 	���U ��"
	� 3�< Λ,b ? �#N����# "���!�����

Q2Fγ∗γπ =
Q2

2
√

2fπ

[
Λ2

Λ2 + Q2
+ b

(
Λ2

Λ2 + Q2

)2
]
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