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Ultra-Peripheral Collision (UPC)



Motivations
�  3D structure of hadrons 
�  Nucleon spin structure
�  Exotic hadrons
� � � 

Hadron tomography: 3D structure functions are (can be) 
investigated at at high-energy lepton and hadron facilities
 (BNL, JLab, Fermilab, CERN, J-PARC, KEKB, GSI,
  IHEP@China & Russia, EIC, LHeC, ILC, ...).

Here, I discuss hadron tomography by γγ → hh ,  
experimentally possible at KEKB and ILC.



Recent progress on origin of nucleon spin �

“old” standard
model�

p↑ = 1
3 2

uud 2 ↑↑↓ − ↑↓↑ − ↓↑↑⎡⎣ ⎤⎦ + permutations( )

Scientific American (2014)	

Δq(x) ≡ q↑ (x) − q↓ (x)

ΔΣ = dx∫
i
∑ Δqi (x) + Δqi (x)[ ]→ 1 (100%)

1
2
= 1
2
ΔΣ + Δg + Lq,g

need to understand
3D structure�

gluon spin � angular momentum�



Progress in exotic hadrons
 � Θ+(1540)???: LEPS
         Pentaquark?
 � Kaonic nuclei?: KEK-PS, ...

    Strange tribaryons, …
 � X (3872), Y(3940): Belle
         Tetraquark, DD molecule
 � DsJ(2317), DsJ(2460): BaBar, CLEO,  Belle
         Tetraquark, DK molecule
 � Z (4430): Belle
         Tetraquark, …
 � Pc (4380), Pc (4450): LHCb
 � …

qq     Meson
q3      Baryon

q2q2  Tetraquark
q4q    Pentaquark
q6      Dibaryon
…
q10q  e.g. Strange
             tribaryon
…
gg     Glueball 
…        

uudds  ?

K − pnn,  K − ppn ?
K − pp ?

cc
D0 (cu)D0 (cu)
D+ (cd )D− (cd) ?

cs
D0 (cu)K + (us )
D+ (cd )K 0 (ds ) ?

ccud ,  D molecule?

ucudc,  D(uc )Σ c
*(udc),  D*(uc )Σ c(udc) molecule?



Naïve quark-model
σ = f0 (600) = 1

2
(uu + dd )

       f0 (980) = ss  → denote  f0  in this talk

      a0 (980) = ud ,   1
2

(uu − dd ),   du

 

Naive model:  m(σ ) ~ m(a0 ) < m( f0 )
                     !  contradiction
Experiment:    m(σ ) < m(a0 ) ~ m( f0 )

These issues could be resolved
if  f0  is a tetraquark (q  q  q  q) or a KK  molecule,
namely an "exotic" hadron.

π (137)

ρ(770)

a1(1230)

f0 (600) = σ

f0 (980)a0 (980)

0.5 GeV

1.0 GeV

Exotic hadrons: Scalar mesons JP= 0+ at M ~ 1 GeV

Strong-decay issue: The experimental widths 
Γ(f0 , a0) = 40 – 100 MeV are too small to be 
predicted by a typical quark model.

SK and V. R. Pandharipande, Phys. Rev. D38 (1988) 146.

Radiative decay:  F. E. Close, N. Isgur, and SK, 
                               Nucl. Phys. B389 (1993) 513.



Wigner distribution and various structure functions

x

b⊥

e.g. HERA studies

 GTMD W(x,  

!
kT ,  Δ) Δ+→0⎯ →⎯⎯ Wigner W(x,  

!
kT ,  

!
rT )

PDF (Parton Distribution Function)

GPD (Generalized Parton Distribution) 
s↔t⎯ →⎯⎯ GDA (Generalized Distribution Amplitude) 

TMD  (Transverse Momentum Dependent) parton distribution

d2kT∫

d2kT , Δ→ 0∫dx  d2kT∫

3D world

Form factor

Δ→ 0

Our work by the two-photon process γγ → hh .



GPDs at J-PARC
     SK, M. Strikman, K. Sudoh,  PRD 80 (2009) 074003.
     T. Sawada, Wen-Chen Chang, S. Kumano, Jen-Chieh Peng, 
         S. Sawada, K. Tanaka, PRD 93 (2016) 114034. → Tanaka’s talk
GPDs and GDAs (including exotic hadrons)
     H. Kawamura, SK, PRD 89 (2014) 054007. 
     SK, Q.-T. Song, O. Teryaev, research in progress.

Related topics: Constituent counting rule:
     H. Kawamura, SK, T. Sekihara, PRD 88 (2013) 034010.
     W.-C. Chang, SK, T. Sekihara, PRD 93 (2016) 034006.

References on following tomography topics

My talk	



GPDs for exotic hadrons

at hadron facilities

H. Kawamura, SK, PRD 89 (2014) 054007. 



Generalized Parton Distributions (GPDs)

GPDs are defined as correlation of off-forward matrix:

Bjorken variable

Momentum transfer squared

  
ξ = p+ − ′p +

p+ + ′p + = − Δ +

2P +

  t = Δ2
  
x = Q2

2 p ⋅q

Skewdness parameter

  
P = p + ′p

2
,   Δ = ′p − p

P´= p +Δp

k

q q –Δ
k+q

k +Δ

t  =Δ 2

γ * γ

Forward limit:  PDFs
 
H(x,ξ , t)

ξ=t=0
= f (x),    !H(x,ξ , t)

ξ=t=0
= Δf (x),     

First moments:  Form factors
Dirac and Pauli form factors F1 , F2

Second moments:  Angular momenta
Sum rule:  Jq =

1
2

dx x
−1

1

∫ Hq (x,  ξ ,  t = 0) + Eq (x,  ξ ,  t = 0)⎡⎣ ⎤⎦ ,    Jq =
1
2
Δq + Lq

 

dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+ H(x,ξ , t)u( ′p )γ +u(p) + E(x,ξ , t)u( ′p ) iσ
+α Δα

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +γ 5ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+
"H(x,ξ , t)u( ′p )γ +γ 5u(p) + "E(x,ξ , t)u( ′p )γ 5Δ

+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

Axial and Pseudoscalar form factors GA , GP
 

dx
−1

1

∫  H(x,ξ , t) = F1(t), dx
−1

1

∫  E(x,ξ , t) = F2 (t)

dx
−1

1

∫  !H(x,ξ , t) = gA(t), dx
−1

1

∫  !E(x,ξ , t) = gP (t)



Simple function of GPDs Hq
h (x, t) = f (x)F(t,x)

M. Guidal, M.V. Polyakov, 
A.V. Radyushkin, M. Vanderhaeghen, 
PRD 72, 054013 (2005).

 

Longitudinal-momentum distribution (PDF) for valence quarks:     f (x) = qv (x) = cnx
α n (1 − x)βn

•  Valence-quark number sum rule (charge and baryon numbers):  dx
0

1

∫ f (x) = n

•  Constituent conting rule at x→ 1 :   βn = 2n − 3 + 2ΔS  (n = number of constituents)

•  Momentum carried by quarks x q ! dx  x
0

1

∫ f (x)

0
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2

0 0.2 0.4 0.6 0.8 1
x

pion

proton
tetra-quark

penta-quark
Parametrizations fitted 
to experimental data
(Q2 = 2 GeV2 )

x 
f (

x)

Gedankenexperiment,  but … 

read our paper for studying exotics in 

high-energy processes at KEK-B,

Linear Collider, ….	

Valence-quark distributions
xf (x) = Nxα (1 − x)β

π:  M. Aicher, A. Schafer, W. Vogelsang, 
     PRL  105 (2010) 252003.

p:  A. D. Martin, R. G. Roberts, 
     W. J. Stirling, PLB 636, 259 (2006)	

~ (1 − x)2  for π



Hq
h (x, t) = f (x)F(t,x),     F(t,x) = e(1−x )t /(xΛ2 ) ,   r⊥

2 = 4(1 − x)
xΛ 2
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F(
q �
2 )

x = 0.2
x = 0.4

q�
 2 (GeV2)

0.97 fm

1.58 fm

� = 0.5 GeV

� =1.0 GeV

0.79 fm

Compact qq,  qqq-like hadrons

Diffuse tetra-, penta-quark
(molecular) hadrons

r�
2 = 0.48 fm

Two-dimensional form factor



Generalized Distribution Amplitudes
(GDAs)

and KEKB/ILC project

H. Kawamura, SK, PRD 89 (2014) 054007.
SK, Q.-T. Song, O. Teryaev, research in progress.



GPDs for exotic hadrons !?
Because stable targets do not exit for exotic hadrons,
it is not possible to measure their GPDs in a usual way.
→  Transition GPDs
or
→  s↔ t  crossed qunatity =  GDAs at KEKB, Linear Collider

e.g. at J-PARC

GPD	

 ℓ
+

γ *

p Λ(1405)

K−  ℓ
−

K − (us) + p(uud)→ Λ1405 (uudus) + γ *

Λ1405 = pentaquark (KN  molecule) candidate γ

h

h

γ *
e.g. KEKB



P = p + ′p
2

,   Δ = ′p − p

Bjorken variable:                       x = Q2

2p ⋅ q
Momentum transfer squared:   t = Δ2

Skewdness parameter:              ξ = p
+ − ′p +

p+ + ′p + = − Δ +

2P+

p+ = P − Δ
2

⎛
⎝

⎞
⎠

+

k + − Δ +

2
= (x + ξ )P+

k + + Δ +

2
= (x − ξ )P+

′p + = P + Δ
2

⎛
⎝

⎞
⎠

+

Bjorken variable for γγ * :  z = Q2

2q ⋅ ′q

Light-cone momentum ratio for a hadron in hh:  ζ = p
+

P+ = 1 + β cosθ
2

Invariant mass of hh:  W 2 = (p + ′p )2

pq
+

= (1 − z)P+

p+ = ζ P+

′p + = (1 −ζ )P+

pq
+ = zP+

Hq
h (x,ξ , t)

GPD Hq
h (x,ξ , t) and GDA Φq

hh (z,ζ ,W 2 )

Φq
hh (z,ζ ,W 2 )

 

GPD:     Hq (x,ξ , t) = dy−

4π
 ∫ eixP+ y− π + ( ′p ) ψ (− y / 2)γ +ψ (y / 2) π + (p)

y+ =0,
!
y⊥=0

,             P+ = (p + ′p )+

2

GDA:     Φq (z,ζ ,s) = dy−

2π
 ∫ eizP+ y− π + (p)π − ( ′p ) ψ (− y / 2)γ +ψ (y / 2) 0 y+ =0,

!
y⊥=0

s-t  crossing

 
DA:        Φq

π (z,ζ ,s) = dy−

2π
 ∫ eizP+ y− π (p) ψ (− y / 2)γ +γ 5ψ (y / 2) 0 y+ =0,

!
y⊥=0

 z⇔ 1 − x / ξ
2

 

 ζ ⇔ 1 − 1 / ξ
2

 
 W 2 ⇔ t

q

′q



Cross section: form factor dependence

Ordinal  qq

Molecule KK  
or tetra-quark qqqq

Φq
hh (I=0)(z,ζ ,W 2 )∝ Fh (W

2 )

Fh (W
2 ) = 1

1 + (W 2 − 4mh
2 ) / Λ 2⎡⎣ ⎤⎦

n−1
Constituent-counting rule
     n = 2 :  ordinary meson
     n = 4 :  molecule or tetra-quark



Generalized Distribution Amplitudes
(GDAs) for pion

from KEKB measurements

SK, Q.-T. Song, O. Teryaev, research in progress.



KEKB-Belle measurement (2016)
M. Masuda et al.,  Phys. Rev. D 93 (2016) 032003 (arXiv:1508.06757).

γ

γ

π 0

π 0

Research in progress to extract Φq
ππ (z,ζ ,W 2 ),  ⋅ ⋅ ⋅ .



Cross section for γ  γ * →π 0π 0
p

′p

q γ *

γ′q

  

dσ = 1
4 (q ⋅ ′q )2 − q2 ′q 2

(2π )4δ 4 (q + ′q − p − ′p ) 
λ , ′λ
Σ M 2 d 3p

(2π )3 2E
d 3 ′p

(2π )3 2 ′E

            q = (q0 ,  0,  0,  
!
q ),   ′q = (

!
q ,  0,  0,  −

!
q ),    ′q 2 = 0 (real photon)

            p = (p0 ,  
!
p sinθ ,  0,  

!
p cosθ ),   p = (p0 ,  −

!
p sinθ ,  0,  −

!
p cosθ )

            β =
!
p
p0 = 1 − 4mπ

2

W 2

dσ
d(cosθ )

= 1
16π (s +Q2 )

1 − 4mπ
2

s λ , ′λ
Σ M 2

            M = ε µ
λ (q)εν

′λ ( ′q )T µν ,    T µν = i d 4ξe− iξ⋅q π (p)π ( ′p ) TJem
µ (ξ )Jem

ν (0) 0∫
            M = e2Aλ ′λ = 4πα Aλ ′λ

                     Aλ ′λ = 1
e2 ε µ

λ (q)εν
′λ ( ′q )T µν = −ε µ

λ (q)εν
′λ ( ′q )gT

µν eq
2

2q
∑ dz

0

1

∫
2z −1
z(1 − z)

Φq
ππ (z,ζ ,W 2 )

            A++ =
eq

2

2q
∑ dz

0

1

∫
2z −1
z(1 − z)

Φq
ππ (z,ζ ,W 2 ),    ε µ

+ (q)εν
+ ( ′q )gT

µν = −1

dσ
d(cosθ )

"
πα 2

4(s +Q2 )
1 − 4mπ

2

s
A++

2



GDA parametrization for pion

Including intermediate
resonance contributions

p

′p

q γ *

γ′q

π
π

π
π

 

dσ
d(cosθ )

= πα 2

4(s +Q2 )
1 − 4mπ

2

s
A++

2

A++ =
eq

2

2q
∑ dz

0

1

∫
2z −1
z(1 − z)

Φq
ππ (z,ζ ,W 2 )

•  GDAs without intermediate-resonance contribution
       Φq

ππ (z,ζ ,W 2 ) = Nπ z
α (1 − z)β (2z −1)ζ (1 −ζ )Fq

π (s)
•  In addition, there exist resonance contributions to the cross section.

       Φq
ππ (z,ζ ,W 2 )

q
∑ = 18Nf z

α (1 − z)α (2z −1) !B10 (W ) + !B12 (W )P2 (cosθ )⎡⎣ ⎤⎦

                      !Bnl (W ) = Bnl (W )exp(iδ l ),    P2 (x) = 1
2

(3x2 −1)

                      !B10 (W ) + !B12 (W )P2 (cosθ ) = B10 (W ) + B12 (W )P2 (2ζ −1)

                             B10 (0) = −B12 (0) = − 10Rπ

9Nf

                             Rπ = momentum fraction carried by quarks
       B10 (W ) = resonance f0 (500) ≡ σ ,  f0 (980) ≡ f0[ ]  + continuum

                   = 5gσππ fσMσ Γσ / 3
(Mσ

2 −W 2 )2 + Γσ
2Mσ

2 +
5g f0ππ f f0Mf0

Γ f0
/ 3

(Mf0
2 −W 2 )2 + Γ f0

2 Mf0
2 − 3 − β 2

2
10Rπ

9Nf

Fq
π (W 2 )

       B12 (W ) = resonance  f2 (1270)[ ]  + continuum =
10g f2ππ f f2Mf2

3 Γ f2
/ 9

(Mf2
2 −W 2 )2 + Γ f2

2 Mf2
2 + β 2 10Rπ

9Nf

Fq
π (W 2 )



Analysis of Belle data on γ  γ * →π 0π 0
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�����
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Belle measurements: 
M. Masuda et al., 
PRD93 (2016) 032003.

 

dσ
d(cosθ )

= πα 2

4(s +Q2 )
1 − 4m2

s
A++

2 ,    A++ =
eq

2

2q
∑ dz

0

1

∫
2z −1
z(1 − z)

Φq
ππ (z,ζ ,W 2 )

Φq
ππ (z,ζ ,W 2 ) = Nzα (1 − z)α (2z −1)α !B10 (W ) + !B12 (W )P2 (cosθ )⎡⎣ ⎤⎦ ,    !Bnl (W ) = Bnl (W )exp(iδ l )

B10 (W ) = 5gσππ fσMσ Γσ / 3
(Mσ

2 −W 2 )2 + Γσ
2Mσ

2 +
5g f0ππ f f0Mf0

Γ f0
/ 3

(Mf0
2 −W 2 )2 + Γ f0

2 Mf0
2 − 3 − β 2

2
10Rπ

9Nf

(1 + aW 2 ) Fπ (W 2 )⎡⎣ ⎤⎦
m

,     Fπ (W 2 ) = 1
1 + (W 2 − 4mπ

2 ) / Λ 2⎡⎣ ⎤⎦
nπ −1 ,   nπ = 2

B12 (W ) =
10g f2ππ f f2Mf2

3 Γ f2
/ 9

(Mf2
2 −W 2 )2 + Γ f2

2 Mf2
2 + β 2 10Rπ

9Nf

(1 + bW 2 ) Fπ (W 2 )⎡⎣ ⎤⎦
m

Q2 = 8.92,  10.93 GeV2
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�����
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Q2 = 17.23,  24.25 GeV2

Detailed results will be reported soon for publication.



Prospects & Summary



Experimental studies of GDAs in future
γγ → hh  for internal structure of exotic hadron candidate h

KEK B-factory	
Linear Collider ?	



3D view of hadrons	

x

b⊥



Origin of nucleon spin …	

By the tomography, we determine

or .�

Nucleon



?

Search for exotic hadrons …	

It is difficult to determine
whether or not a hadron is exotic
by low-energy observables,
masses, decay widths, … 
(Already, history of a half century) �

By the tomography, we determine

or .�



Summary
Hadron tomography studies are important 
     for solving the origin of the nucleon spin, 
     for probing internal structure of exotic hadrons.
GPDs / TMDs
   Recently, GPDs and TMDs have been extensively investigated.   
GDAs
      3D structure of hadrons can be studied by GDAs (s⇔t of GPDs).
      It is interesting to probe time-like form factors, and 
      the GDAs can be also investigated for unstable (exotic) hadrons.
      Our analysis is the first trial to extract the GDAs from actual
      experimental measurements on γ+γ*→π0+π0. We will provide
      our “optimum” GDAs for public use. 
Experimental projects on GDAs 
     KEKB,  ILC,  …



The End

The End


