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High momentum beam line at J-PARC  

• Primary beam (proton) 
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Hadron Facility at J-PARC 
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0°extraction angle 

high intensity 
not too high energy 

best suited to study meson-induced 
hard exclusive processes 

1/ ad sσ 

[GeV ]c



Berger, Diehl, Pire, PLB523(2001)265 

2small ( )t q q′= −

“exclusive limit of DY” 



Berger, Diehl, Pire, PLB523(2001)265 

2small ( )t q q′= −

@Belle, Babar 
“exclusive limit of DY” 



Berger, Diehl, Pire, PLB523(2001)265 

2small ( )t q q′= −

@Belle, Babar 

( )q x∆

“exclusive limit of DY” 

0t →



Berger, Diehl, Pire, PLB523(2001)265 

2small ( )t q q′= −

@Belle, Babar 
“exclusive limit of DY” 

0t →( )q x∆



   

2 2 ** 2 2 2 2 2 2em
2 8 2

4( ) (1 ) | | 2 Re | |
27 4

( )du du du dud tp n f
dQ dt Q Mπ

πασ τπ γ η η η−  → = − − − ′ ′  
H H E E

Berger, Diehl, Pire, PLB523(2001)265 



   

2 2 ** 2 2 2 2 2 2em
2 8 2

4( ) (1 ) | | 2 Re | |
27 4

( )du du du dud tp n f
dQ dt Q Mπ

πασ τπ γ η η η−  → = − − − ′ ′  
H H E E

Berger, Diehl, Pire, PLB523(2001)265 

2 25 GeVQ′ =

0.2τ = 20.2 GeVt =



exDY@J-PARC DVMP@JLab 



12 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫

Berger, Diehl, Pire, PLB523(2001)  



13 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

( ' )1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

ixP z q q i p pdz z ze p p H x t u p u p E x t u p u p
P M

α
ασψ γ ψ η γ η

π
+ −

+− − −
+ +

+

 −′ ′ ′〈 − 〉 = + 
 

∫
( )1

1

1 ( , ,0) ( , ,0)
2

q q
qJ dxx H x E xη η

−
= +∫

1

0

)
4 (1 )

(udu
u u
πφ
−∫



14 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

π



15 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

π



16 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫



17 



18 

( )η ++x P

2

+ +
+ ′+
=

p pP



19 

( )η ++x P

−uq

2

+ +
+ ′+
=

p pP



20 

( )η ++x P

−uq

( ) ( )2
1 1

ηη + + + 


u x suq x P

2

+ +
+ ′+
=

p pP



21 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫



22 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫

( )( ) 1πφ −u u u



   

2 2 ** 2 2 2 2 2 2em
2 8 2

4( ) (1 ) | | 2 Re | |
27 4

( )du du du dud tp n f
dQ dt Q Mπ

πασ τπ γ η η η−  → = − − − ′ ′  
H H E E

Berger, Diehl, Pire, PLB523(2001)265 

2 25 GeVQ′ =

0.2τ = 20.2 GeVt =



24 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫

( )( ) 1πφ −u u u



25 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫

( )( ) 1πφ −u u u

( )
{ }1

2

1

2
, ;

0
( , , ), ( , , ), (

(
,1 , ),

(
( , , )(

1 )
)

)λ λ α
η

ηπ
φ

ε
γ η η η′ −± ∗ ⊗

− ± +′
→ ⊗∫

 

q q q q
T T T T

ps H x t H x t E
u u x

x t E x
i

u
Q

u
M n d tp



26 

Bjorken variable: 
2

2
Q
p q

τ
′

=
⋅

Skewness: 
p p
p p

η
+ +

+ +

′−
=

′+

long. photon 
2 21 1

1 0 1 0( ) ( )d dθ θ− +

5
5 5

1| ( ) ( )| ( , , ) ( ) ( ) ( , , ) ( ) ( )
2 2 2 2

( ' )ixP z q qdz z ze p p H x t u p u p E x t u p u p
P M

p pγψ γ γ ψ η γ γ η
π

+ −
+− − −

+ +
+

 
′ ′ ′〈 − 〉 = + 

 

−
∫  

1

0

)
4 (1 )

(udu
u u
πφ
−∫

( )( ) 1πφ −u u u

( )
{ }1

2

1

2
, ;

0
( , , ), ( , , ), (

(
,1 , ),

(
( , , )(

1 )
)

)λ λ α
η

ηπ
φ

ε
γ η η η′ −± ∗ ⊗

− ± +′
→ ⊗∫

 

q q q q
T T T T

ps H x t H x t E
u u x

x t E x
i

u
Q

u
M n d tp

( ) 1φ p u



27 

( )η ++x P

−uq

( ) ( )2
1 1

ηη + + + 


u x suq x P

2

+ +
+ ′+
=

p pP



28 

Collinear factorization does not work at twist-3: 

quark k⊥ （“kT-factorization”) Goloskokov, Kroll 

with Sudakov resummation 
Li, Sterman 
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2 25 GeVQ′ =
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( )0SNM ( )sO α

( )2factorization ( )sO α
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H H E E

Berger, Diehl, Pire, PLB523(2001)265 

2 25 GeVQ′ =

0.2τ = 20.2 GeVt =



Summary 
at J-PARC GPDs 

 interplay of soft/hard QCD mechanism 

LO      factorization formula is known, but it 
misses soft nonfactorizable mechanism (SNM) 

( )2( )α sO

LCSR at LO        is derived for largely 
model-independent estimate for SNM 

( )0( )α sO

2
t

2
h ( 0.7 Ge V, , ) 

 H E q

- numerical estimate: 
- NLO LCSR quark k⊥, pion pole contri. 
- twist-3 LCSR 1 , *( )LCSRM p nλ λ π γ−± ′ →

νγ5
µγ γ

SNM＞factorization 



Berger, Diehl, Pire, PLB523(2001)265 

2small ( )t q q′= −

@Belle, Babar 
“exclusive limit of DY” 

0t →( )q x∆



pion-pole contribution using 
pion form factor 2( )π ′F Q

Goloskokov, Kroll 

2( )F Qπ : important soft nonfactorizable   
contr. was shown with LCSR 

π

π

γ ∗ Braun, Khodjamirian, Maul 
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