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1. γ → ρ0 forward transition amplitude
impact factor

2. QCD calculation of impact factor   
for γ → ρ0

L

3. Application to two-photon process

QCD factorization
light-cone sum rule (LCSR)

,   γ → ρ0
T

γγ→ρ0
L ρ0

T

Outline:



2
QCDs t - 

( )2 1 cos
2
st = =- -

0
k -k



2
QCDs t - 

( )2 1 cos
2
st = =- -

0
k -k



k
k -

 

( ),  ,  k k  -

2Q “Impact 
factor”

2 2t  Δ̂= -

0



k
k -

 

( ),  ,  k k  -

2Q “Impact 
factor”

2 2t  Δ̂= -

0

0



k
k -

 

( ),  ,  k k  -

2Q “Impact 
factor”

2 2t  Δ̂= -
2
QCDs t - 

2 2 2
0 3k k k^- 

light-cone expansion

0

0



k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

2Q
0

)
( )
(

T

L

g u
u






k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

2Q
0

)
( )
(

T

L

g u
u




0for L

Ginzburg, Ivanov, PRD54 (’96) 5523

Segond, Szymanowski, Wallon, EPJC52 (’07) 93

( ) 2
1

0

3

(
2

) 2 1
2em s

c
LVf u

N
u ud  

  + +

-
òg g

( )
( )

( )
( )

( )2 22 22 2

1
1 (1 ) 1 (1 )Q

uu
u u u u u u uQ Qu

  ^ ^^ ^ ^

^ ^ ^ ^ ^

üïé ù⋅ - -⋅ ⋅ - ïë û ï- - + ýï- + é ù- + - - - + - ïë û ïþ

e Δ ke Δ e Δ k
Δ Δ k Δ k

2 2(1 )u u Q
 ^

^

ì ⋅ïïíï + -ïî

e Δ
Δ



k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -
0for T

2

log Q
t



2Q
0

)
( )
(

T

L

g u
u






k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

2Q

1up

nonfactorizable for 0
T

IR divergent!

0

2

log Q
t



)
( )
(

T

L

g u
u






k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

2Q

1up

nonfactorizable for 0
T

IR divergent!

0

2

log Q
t



)
( )
(

T

L

g u
u




end-point                behaviors:  0,  1u 
( ) (1 )L u u u - ( ) 1Tg u 



2
QCDs t - 

( )1 cos
2
st =- -

0 0, TL 
k -k



k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

0
T

2Q

IR divergent!
0for T

2

log Q
t



)
( )
(

T

L

g u
u






k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

0
T

2Q

2 2
QCDQ 

( )Tg u



k
k -

 

( ),  ,  k k  -

“Impact 
factor”

2 2t  Δ̂= -

0
T

2
2

2 20

( ) mdm
Q m



2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 k k -

( ) 


2 0Q 

0
T

2Q

2 2
QCDQ 

( )Tg u



k
k -

 

( ),  ,  k k  -

2 2
QCDQ 

“Impact 
factor”

0
T

2 2
QCDQ 

2
2

2 20

( ) mdm
Q m



2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 k k -

( ) 


2 0Q 

0
T

LCSR 
(quark-
hadron 
duality) 

2 2
QCDQ 

( )Tg u



k
k -

 

( ),  ,  k k  -

2 2
QCDQ 

“Impact 
factor”

0
T

2 2
QCDQ 

2
2

2 20

( ) mdm
Q m



2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 k k -

( ) 


2 0Q 

0
T

LCSR 
(quark-
hadron 
duality) 

( )
2

0

2 2

2
1

1 ( )
( ) ( )( ) 12

2
B

V

B

a
uMM

T

m u

u

v Tg ug u
u

u eda e
Δ̂

-
-æ ö¶ ÷ç ÷ç ÷ç ÷ç ¶è ø

µ -ò

2 2
QCDQ 

( )Tg u



ρ meson WFs
(1 ) 2 1u u u = - - = -

( ) 3/2 2
2

0,2,4,

3( ) 6 1 (2 1) 6 (1 ) 1 (5 1)
2L n n

n

u u u b C u u u b 
=

æ ö÷ç= - - = - + - + ÷ç ÷çè øå




2 0.18 0.10b = 

( )L u
( ) ( )v
Tg u ( ) ( )a

Tg u

( ) 1/2
1

0,2,4,

( ) () 2 1)(v
T n n n

n

Gg G C uu -
=

= - -å


( )
( )( )

3/21

0,2,4,

( ) 8 1 (2( 1)
1 2

)a n
nT

n

n

G G
u u C u

n n
g u +

=

-
= - -

+ +å


Ball, Braun, Koike, KT, NPB529 (’98) 323



ρ meson WFs
1

0 ·

0

·0 | ( ) ( ) | )  ( , ( )
·

i p
L

zzq z z p f m p duee e u
p z

q 
     á - ñ= ò

(1 ) 2 1u u u = - - = -
2 0z =

3/2 2
2 2 2

1

3( ) 6 (1 ) 1 (2 1) 6 (1 ) 1 (5 1)
2L n n

n

u u u b C u u u b 
¥

=

æ ö æ ö÷ç ÷ç= - + - = - + - +÷ ÷ç ç÷ ÷çç ÷ è øè øå 

1

1
P exp ( )ig dtz A tz

-

æ ö÷ç ÷ç ÷çè øò m
m

1
0 · ( )

5 0

10 | ( ) ( ) | ( , ) ( )
2

i p z a
T Tq z q z p f m p z du e g ue e   

   


  á - ñ= ò

1
· ( )

0
( )i p z v

TT du eef m g u  
+ ò

( )2
2

( 2) 3 31 (3 1
4

) )
7

(v
Tg bu  = + + - +

) 2(
2

16 (1 ) 1 (5( 1)
4

)a
Tg u u u b 

æ ö÷ç= - + - + ÷ç ÷çè ø


2 0.18 0.10b = 

Ball, Braun, Koike, KT, NPB529 (’98) 323



k
k -

 

( ),  ,  k k  -

2 2
QCDQ 

“Impact 
factor”

0
T

2 2
QCDQ 

2
2

2 20

( ) mdm
Q m



2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 k k -

( ) 


2 0Q 

0
T

LCSR 
(quark-
hadron 
duality) 

( )
2

0

2 2

2
1

1 ( )
( ) ( )( ) 12

2
B

V

B

a
uMM

T

m u

u

v Tg ug u
u

u eda e
Δ̂

-
-æ ö¶ ÷ç ÷ç ÷ç ÷ç ¶è ø

µ -ò

2 2
QCDQ 

( )Tg u



2
BM

2GeV  

(Borel parameter)

a
21 GeVt  

23 GeVt  
25 GeVt  
210 GeVt  

from light-cone sum rule



k
k -

 

( ),  ,  k k  -

2 2
QCDQ 

“Impact 
factor”

0
T

2 2
QCDQ 

2
2

2 20

( ) mdm
Q m



2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 k k -

( ) 


2 0Q 

0
T

LCSR 
(quark-
hadron 
duality) 

( )
2

0

2 2

2
1

1 ( )
( ) ( )( ) 12

2
B

V

B

a
uMM

T

m u

u

v Tg ug u
u

u eda e
Δ̂

-
-æ ö¶ ÷ç ÷ç ÷ç ÷ç ¶è ø

µ -ò

2 2
QCDQ 

( )Tg u



0
T

k k -

( ) 

2 0Q  2

2

22
2

22

( )
thV

m

ma
Q m

dm
Q m






 


0
T

2 2
QCDQ 

23 GeVt   210 GeVt  

2GeV  
2Q 2GeV  

2Q



2
QCDs t - 

( )1 cos
2
st =- -

0 0, TL 
k -k



2
QCDs t - 

( )1 cos
2
st =- -

0 0, TL 
k -k

0
L

k k -
k k -

 0 0, TL 





2  [ nb GeV ]TLd
dt

2100 GeVs 

23 GeVt  

2GeV  
2Q

0
L

2Q

k k -

2 0Q 

k k -

( ) 
 0

T
2
QCDs t - 



2  [ nb GeV ]TLd
dt

2100 GeVs 

23 GeVt  

2GeV  
2Q

0
L

2Q

k k -

2 0Q 

k k -

( ) 
 0

T
2
QCDs t - 

2cos 

2 [ nb GeV ]TLd
dt

0 GeVQ

5 GeV
3 GeV
1 GeV





1M

2M

0
T

0
L



1M

2M

0
T

0
L

exchange gg exchangeqq

2
QCDs t -  2

QCDs t - 

,0 ,0 ,0, ,L T    

,0 ,0 ,0, ,L T    

0

0 , ,  



1M

2M

0
T

0
L

exchange gg exchangeqq

2
QCDs t -  2

QCDs t - 

,0 ,0 ,0, ,L T    

,0 ,0 ,0, ,L T    

0

0 , ,  

first QCD calculation for 
0 0
L T  



2  [ nb GeV ]TLd
dt

2100 GeVs 

23 GeVt  

2GeV  
2Q

0
L

2Q

k k -

2 0Q 

k k -

( ) 
 0

T
2
QCDs t - 

2cos 

2 [ nb GeV ]TLd
dt

0 GeVQ

5 GeV
3 GeV
1 GeV



k
k -

 

( ),  ,  k k  -


0
T

2 2
QCDQ 

2 2
QCDQ 

( )Tg u



k
k -

 

( ),  ,  k k  -


0
T


2 0Q 

0
T

2 2
QCDQ 

2 2
QCDQ 

pom nVMD ero

( )Tg u



k
k -

 

( ),  ,  k k  -


0
T


2 0Q 

0
T

2 2
QCDQ 

2 2
QCDQ 

2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 
( )

22

0

22 ( ) 1
( )

1 12
2

( )( )
V a u

M uM
m

v
Tu

Te g ug u eu
u

a d
Δ̂-

-æ ö¶ ÷ç ÷ç ÷ç ÷ç ¶è ø
µ -ò

0
T

k k -

( ) 


2 0Q 

pom nVMD ero

( )Tg u



k
k -

 

( ),  ,  k k  -


0
T


2 0Q 

0
T

2 2
QCDQ 

2 2
QCDQ 

2

2
2

2 2 2 2

( )
thm

V

a mdm
Q m Q m


 

 
( )

22

0

22 ( ) 1
( )

1 12
2

( )( )
V a u

M uM
m

v
Tu

Te g ug u eu
u

a d
Δ̂-

-æ ö¶ ÷ç ÷ç ÷ç ÷ç ¶è ø
µ -ò

0
T

k k -

( ) 


2 0Q 

pom nVMD ero

( )Tg u



Summary:

allows us to obtain ``interpolating formula’’ 
between pQCD for           and 

LCSR calculation for theγ→ρ0 impact factor

k k -

( ) 


2 0Q 

0
T

2 2
QCDQ  2pomeronVMD for 0   Q 



Summary:

allows us to obtain ``interpolating formula’’ 
between pQCD for           and 

LCSR calculation for theγ→ρ0 impact factor

k k -

( ) 


2 0Q 

0
T

2 2
QCDQ  2pomeronVMD for 0   Q 

first QCD calculation for 
0 0
L T  

TLd
dt

0
T

0
L



Summary:

allows us to obtain ``interpolating formula’’ 
between pQCD for           and 

LCSR calculation for theγ→ρ0 impact factor

k k -

( ) 


2 0Q 

0
T

2 2
QCDQ  2pomeronVMD for 0   Q 

first QCD calculation for 
0 0
L T  

TLd
dt

0
T

0
L

0
T

0
L

BFKLToDo 1:



Summary:

allows us to obtain ``interpolating formula’’ 
between pQCD for           and 

LCSR calculation for theγ→ρ0 impact factor

k k -

( ) 


2 0Q 

0
T

2 2
QCDQ  2pomeronVMD for 0   Q 

first QCD calculation for 
0 0
L T  

TLd
dt

0
T

0
L

0
T

0
L

BFKL 0
TToDo 1:

ToDo 2:


