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       Hadron physics 
with fixed targets at ILC



ILC-N:  Electron-hadron deep inelastic scattering
               with fixed targets
There is a possible physics report for the TESLA project (2001) at
http://tesla.desy.de/new_pages/TDR_CD/start.html.



TESLA-N: Physics at the stage of 2001



Electron-ion collider projects and ILC

arXiv:1108.1713 (551 pages)	

arXiv:1212.1701 (180 pages)	

J. Phys. G: Nucl. Part. Phys. 
39 (2012) 075001(632 pages)	

JLab	

BNL	

CERN	

High Intensity Heavy Ion
Accelerator Facility (HIAF) 	

ILC-N

s = 2MNE
    = 22 GeV ILC

s = 2E = 500 GeV



Possible ILC-N projects should be investigated
beyond the line of TESLA-N and also beyond
the COMPASS project.

ILC-N



Small-x physics of b1 at EIC 
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Possible ILC-N projects should be investigated
beyond the line of TESLA-N and also beyond
the COMPASS project.
→  under investigations i i i

Note: The field of 3D structure functions of hadrons has been developed
          after the TESLA-N project.
Please look at Miyachi's talk files (previous talk in this workshop)
for the details.
   



e+e−  hadron physics at ILC



Hadron structure functions, Fragmentations functions at KEKB 
The Physics of the B Factories,
A. V. Bevan et al. (S. Kumano 47th author) 
Eur. Phys. J. C 74 (2014) 3026 (928 pages). 	

KEKB → ILC 

�  Form factors in the asymptotic region

�  Fragmentation functions at large Q2

�  Two-photon physics for hadron tomography 

�  Photon structure functions 

�  …



Form factors in the asymptotic region
Belle collaboration (S. Uehara et al.), PRD 86 (2012) 092007.

γ + γ * →π 0

ILC 
�  Investigate the form factor in the asymptotic region
�  Discrepancies between Belle and BaBar

ILC	



Fragmentation function is defined by

e+

e–

γ, Z

q

q

h

Fragmentation: hadron production
                            from a quark, 
                            antiquark, or gluon

Fh (z,Q2 ) = 1
σ tot

dσ (e+e− → hX)
dz

    σ tot = total hadronic cross section

           = σ 0
 q

q
∑ (s) 1 +  α s (s)

π
 ⎡

⎣⎢
⎤
⎦⎥

    σ 0
 q (s) = 4πα 2

s
eq

 2 + (γ -Z interference) + (Z term)⎡⎣ ⎤⎦

z ≡ Eh
s / 2

= 2Eh
Q

  ( Energy fraction 
                               = hadron energy scaled 
                                  to the beam energy )

Theoretically  Fh (z,Q2 ) = dy
yz

1
∫

i
∑ Ci

z
y

,Q2⎛
⎝⎜

⎞
⎠⎟
Di
h (y,Q2 )

Fragmentation functions at large Q2  @ILC



Recent progress
M. Hirai et al., PTEP 2016 (2016) 113B04	

N. Sato et al., PRD 94 (2016) 114004	



Fragmentation function measurements
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Two-photon physics for hadron tomography

γγ → hh

H. Kawamura and S. Kumano,
     Phys. Rev. D 89 (2014) 054007.
S. Kumano and Q.-T. Song,
     Research in progress.



Recent progress on origin of nucleon spin �

“old” standard
model�

p↑ = 1
3 2

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

CNN (2014)	 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

next pages �

gluon spin � angular momentum�



Wigner distribution and various structure functions

 

Wigner operator:  ŵ(k+ ,
!
k⊥ , !r ) ≡ dξ−∫ d 2ξ⊥e

i ξ−k+ −
!
ξ⊥ ⋅
!
k⊥( )ψ !r −

!
ξ / 2( )ψ !r +

!
ξ / 2( )

Wigner distribution:   W(x,
!
k⊥ , !r ) ≡ d 3q

(2π )3∫ !q / 2 ŵ(!r ,k+ ,
!
k⊥ ) − !q / 2 ,    x = k+ / p+

 Wigner distribution W(x,
!
k⊥ , !r )

PDF (Parton Distribution Function)

GPD (Generalized Parton Distribution) 

TMD  (Transverse Momentum Dependent)
parton distribution

Form factor

d3r∫
d2k⊥∫ dz

d2k⊥∫ d3rdx  d2k⊥∫

3D world

x

b⊥

e.g. HERA studies

GDA (Generalized Distribution Amplitude) 
s-t  crossing →

γγ → hh



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)



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?



P = p + ′p
2

,   Δ = ′p − p

Bjorken variable:                       x = Q2

2p ⋅ q
Momentum transfer squared:   t = Δ2

Skewness 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 h  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− h( ′p ) ψ (− y / 2)γ +ψ (y / 2) h(p) y+ =0,

!
y⊥=0 ,             P+ = (p + ′p )+

2

GDA:     Φq (z,ζ ,s) = dy−

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

!
y⊥=0

s-t  crossing

 
DA:        Φq

h (z,ζ ,s) = dy−

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

!
y⊥=0

q

′q



Cross section for  e+ + e− → e+ + e− + h + h
dσ ee→eeππ

dQ2dW 2d(cosθ )dφdx2

= N(x2 )
dσ eγ →eππ

dQ2dW 2d(cosθ )dφ
,   x2 =

seγ
see

p

′p

q
γ *

γ
′q

k

′k

 ℓ

 ′ℓPhoton spectrum N(x2 )

p

′p

γ *
γ

θq

′q
k

′k

φ

 

dσ = 1
4 (k ⋅ ′q )2 − k2 ′q 2

λγ , λe , ′λe
Σ M(eγ → ′e hh )

2
dΦ3

      M(eγ → ′e hh ) = u( ′k )(ieγ µ )u(k) ig
µν

q2 Tνρε
ρ ( ′q )

      Tµν = i d 4ξ∫  e− iξ⋅q h(p)h( ′p ) TJµ
em(ξ )Jν

em(0) 0 = −gTµνe
2 eq

2

2q
∑ dz

0

1

∫
2z − 1
z(1 − z)

Φq
ππ (z,ζ ,W 2 )

       Φq
hh (z,ζ ,W 2 ) = dx−

2π∫ e− izP
+x− h(p)h( ′p ) q(x− )γ +q(0) 0

x+ =0,!x⊥=0
,   P = p + ′p

dσ eγ →eππ

dQ2dW 2d(cosθ )dφ
= α 3

16π
β
seγ

2
1

Q2 (1 −  ε )
A(+ ,+ ) (ζ ,W 2 )

2
,     seγ = (k + ′q )2 = 2k ⋅ ′q

            longitudinal-transverse polarization ratio of γ * :   ε = 1 − y
1 − y + y2 / 2

       A(+ ,+ ) = ε µ
(+ ) (q)εν

(+ ) ( ′q )T µν / e2 =
eq

2

2q
∑ dz

0

1

∫
2z − 1
z(1 − z)

Φq
hh (z,ζ ,W 2 )

A simple form:  Φq
hh (z,ζ ,W 2 ) = Nhz

α (1 − z)β (2z − 1)ζ (1 −ζ )Fh(q) (s)

Cross section for e + γ → ′e + h + h



Constituent-counting rule in perturbative QCD: Form factor

 

Consider the magnetic form factor of the proton 

      ′p J µ p ! u( ′p )γ µGM (Q2 )u(p)  at  Q2 = −q2 ≫ mN
2

      GM (Q2 ) = d[x]d[y]φ p∫ ([y])HM ([x],[y],Q2 )φ p ([x])

              φ p = proton distribution amplitude,  HM = hard amplitude (calculated in pQCD)

      In the Breit frame with  q = (0,
#
q),    

#
p =

#
′p ≡ P ~ O(Q).

      u†u = 2E  ⇒ External quark line:  u ~ P ~ Q

           ′p J µ p ! u( ′p )γ µGM (Q2 )u(p) ~ ( Q )2GM (Q2 )

     •  Two quark propagators:  1
Q2

     •  Two gluon propagators:  1
(Q2 )2

     •  Six external quark lines:  ( Q )6

′p J µ p ~ 1
Q2

α s (Q
2 )

(Q2 )2 ( Q )6 = α s (Q
2 )

(Q2 )3/2  

 ⇒ GM (Q2 ) ~ 1
( Q )2 ′p J µ p ~ 1

(Q2 )1/2
α s (Q

2 )
(Q2 )3/2 = α s (Q

2 )
(Q2 )2 ~ 1

tnN −1 ,   nN = 3,   − t = Q2

     Counting rule for the form factor:  GM (Q2 ) ~ 1
tnN −1 ,   nN = 3



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

KEK B-factory	
Linear Collider ?	



Cross section: form factor dependence

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

Ordinary qq

ILC	



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

γ

γ

π 0

π 0

ILC	

 

i Very Large Q2

i Large W 2

for extracting GDAs



Photon structure functions



Summary

 

i e+e+  hadron physics → unique opportunities to hadron-structure physics
                                           in the perturbative region,  hadron tomography, 
                                           exotic hadron structure, fragmentation functions, ⋅ ⋅ ⋅

i ILC-N hadron physics →  still investigate uniqueness beyond the TESLA-N 
                                               and COMPASS projects, although more precisions
                                               are expected than COMPASS measurements.



The End

The End


