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Motivations for studying 
gravitational form factors 

and GPDs



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  

                                                               ⇒ probe Lq ,  key quantity to solve the spin puzzle!

 

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)



Origin of hadron masses
Mass and spin of the nucleon are two of fundamental quantities in physics.

 

Nucleon mass:  M = p  d 3x∫  T 00 (x) p

      Energy-momentum tensor: 

       T µν (x) = 1
2
q(x)i

!
D(µγ ν )q(x)

           + 1
4
g µνF  2 (x) − Fµα (x)F  α

 ν (x)

Nucleon spin:  1
2
= p  J  3

 p

      3rd component of total angular momentum:  J  3 = 1
2
ε 3 jk d 3x∫  M 3 jk (x)

      Angular-momentum density:  Mαµν (x) = Tαν (x)x µ − Tαµ (x)xν Gluon spin

Orbital angular 
momenta of partons

Quark spin

Origin of nucleon spin
(“Dark spin”)

Dark matter
Dark energy

Ordinary matter
= Atoms ≃ Nucleons

Dark matter

Quark, gluon
energies

Quark mass

Origin of nucleon mass



Why “gravitational” interactions with quarks

γ Wvector
qγ µq

vector − axial-vector
qγ µ (1 − γ 5 )q

tensor
qγ µ ∂ν q

g

P’= p +Δ
p

k

q q –Δk+q

k +Δ

t =Δ 2

γ * γ

 

GPDs (Generalized Parton Distributions),  GDAs (Generalized Distribution Amplitudes) = timelike GPDs 

dz −

4π
 ∫ eixP+z− ′p q(−z / 2)γ +q(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)⎡

⎣⎢
⎤
⎦⎥

Non-local operator of GPDs/GDAs: 

     P+( )n dxxn−1∫
dz −

2π
 ∫ eixP+z− q(−z / 2)γ +q(z / 2)⎡⎣ ⎤⎦ z+ =0,!z⊥=0

                        = i ∂
∂z−

⎛
⎝⎜

⎞
⎠⎟
n−1

q(−z / 2)γ +q(z / 2)⎡⎣ ⎤⎦ z=0

                        = q(0)γ + i
"
∂+( )n−1

q(0)

                        = energy-momentum tensor of a quark for n = 2 
                             (electromagnetic for n = 1)
                        = source of gravitiy

Virtual Compton 
or (timelike) two-photon process 

It is possible to probe gravitational sources
in the microscopic level without gravitons. 

We studied in 2017-2018.

We may also use neutrino.

S. Kumano, Q.-T. Song, O. Teryaev,
PRD 97 (2018) 014020.
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Related theoretical studies:
A. Freeseand I. C. Cloet, PRC 100 (2019) 015201;
P. E. Shanahan and W. Detmold, PRD 99 (2019) 014511;
C. D. Roberts et al., Prog. Part. Nucl. Phys.120 (2021) 103883; 
J.-L. Zhang et al. PLB 815 (2021) 136158;
June-Young Kim and Hyun-Chul Kim, PRD 104 (2021) 074019;
Ho-Yeon Won et al., PRD 106 (2022) 114009.

Proton mass radius:
R. Wang, W. Kou, Y.-P. Xie, X. Chen,
PRD 103 (2021) L091501.



Nucleon pressure
N( ′p ) Tq

µν (0) N(p) =  u( ′p ) Aγ (µPν ) + B P
(µ iσ ν )α Δα

2M
+ D Δ µΔν − g µν Δ2

M
+ CMg µν⎡

⎣⎢
⎤
⎦⎥
u(p)

0

0

1 2

5

10

−5

r (fm)

r  2p(r) (0.01 GeV / fm)

V. D. Burkert, L. Elouadrhiri, and F. X. Girod, 
Nature 557 (2018) 396; 

M. V. Polyakov and P. Schweitzer, 
Int. J. Mod. Phys. A 33 (2018) 1830025; 

C. Lorce, H. Moutarde, and A. P. Tranwinski, 
Eur. Phys. J. C 79 (2019) 89.

1 Pa (Pascal) = 1 N/m2

Earth atmosphere
105 Pa =1000 hPa

Center of earth
1011 Pa = 100GPa

Center of Sun
1016 Pa = 10 PPa

Neutron star
1034 Pa

Hadron
1035 Pa

Highest pressure in nature



Proton (hadrons) puzzle studies by hadron tomography

Exotic hadronsSource of gravity (mass) 

Proton radius puzzle

Origin of nucleon spin 

Hadron

Hadron tomography

Bjorken x
3D view

x̂

ŷ

ẑ



Charged-lepton scattering
on spacelike GPDs

DVCS (Deeply Virtual Compton Scattering)

GPD

γ* γ

GPD

γ* M

DVMP (Deeply Virtual Meson Production)

Jefferson Lab EIC-US EicCCERN-AMBER



Deeply Virtual Compton Scattering (DVCS)

GPD

γ* γ
γ

γ* γγ*

DVCS Bethe-Heitler (BH)
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Recent measurement at JLab F. Georges et al.,  PRL 128 (2022) 252002.
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Deeply Virtual Meson Production (DVMP)

S. Diehl et al., PLB 839 (2023) 137761.

GPD

γ* M
! ! !

"
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K. Joo, EIC Asia workshop (2024).

S. V. Goloskokov, Ya-Ping Xie, Xurong Chen, 
Chin. Phys. C 46 (2022) 123101.



Nucleon structure functions
in neutrino reactions



Structure functions in parton model for neutrino-nucleon scattering (CC)

valence-quark distributions

In parton model
     F2 = 2xF1      (Callan-Gross relation)

     F2
 ν p(CC) = 2x d + s + u + c( )                F2

 νn(CC) = 2x u + s + d + c( )
   xF3

 ν p(CC) = 2x d + s − u − c( )              xF3
 νn(CC) = 2x u + s − d − c( )

     F2
 ν p(CC) = 2x u + c + d + s( )                F2

 νn(CC) = 2x d + c + u + s( )
   xF3

 ν p(CC) = 2x u + c − d − s( )              xF3
 νn(CC) = 2x d + c − u − s( )

dσν ,ν
CC

dx  dy =
GF2  (s−M2)

2π  (1+Q2 /MW
2 )2 x  y2F1

CC + 1− y−M  x  y
2 E

⎛

⎝
⎜

⎞

⎠
⎟  F2

CC ± x  y 1− y2
⎛
⎝⎜

⎞
⎠⎟

 F3
CC

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

1
2  [F3

ν p +F3
ν p]CC =  uv +dv + s− s+c−c

W
+

νμ

μ– p2

p1

p2

p1 = xp

JµCC =u(p2,λ2) γ µ  (1−γ 5) [ d(p1,λ1) cosθc + s(p1,λ1) sinθc]
       +c(p2,λ2) γ µ  (1−γ 5) [ s(p1,λ1) cosθc − d(p1,λ1) sinθc]

Determination of  valence-quark distributions 

Neutrino deep inelastic scattering (CC: Charged Current)



Neutrino deep inelastic scattering (NC: Neutral Current)

M = ρ
1+Q2 /MZ

2  
GF

2
 u( ′k , ′λ ) γ µ  (1−γ 5) u(k,λ) <X |JµNC | p,λp >

dσ
dE'dΩ  =  

ρ2  GF2
(1+Q2 /MZ

2)2  k'
32π 2E  Lµν  Wµν

  νµ + p → νµ + X

Neutrino-quark scattering (NC)

N

X

q

p
 Z0

νµ

νµ

JµNC = q
q
∑ (p2,λ2) γ µ  [ gLq  (1−γ 5)+ gRq  (1+γ 5) ]  q(p1,λ1) 

 gLu,c ≡uL = + 1
2 −

2
3sin2θW  ,   gRu,c ≡uR = − 2

3sin2θW  
gLd ,s ≡ dL = − 1

2 +
1
3sin2θW  ,    gRd ,s ≡ dR = + 1

3sin2θW
νµ

 Z0

νµ
q'

q

 p 1

p2

ρ is the strength of NC
relative to CC

see next pages for details

dσ NC

dx  dy =
ρ2

 GF2  (s−M2)
2π  (1+Q2 /MZ

2)2 x  y2F1
NC + 1− y−M  x  y

2 E
⎛

⎝
⎜

⎞

⎠
⎟  F2

NC + x  y 1− y2
⎛
⎝⎜

⎞
⎠⎟

 F3
NC

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

  F1
ν p(NC) = F2

ν p(NC) / 2x
  F2

ν p(NC) = 2 x   [ (uL2 +uR2 ) {u+(x)+c+(x)}+ (dL2 + dR2 ) {d +(x)+ s+(x)} ]
x  F3

ν p(NC) = 2 x   [ (uL2 −uR2 ) {u−(x)+c−(x)}+ (dL2 − dR2 ) {d −(x)+ s−(x)} ]

                                       q±(x)= q(x)± q(x)

 sin2θW: weak mixing angle



Neutrino DIS experiments Experiment Target ν energy (GeV)
CCFR Fe 30-360
CDHSW Fe 20-212

CHORUS Pb 10-200
NuTeV Fe 30-500

M. Tzanov et al. (NuTeV),
PRD74 (2006) 012008.

MINERνA (He, C, Fe, Pb), … 

ν ,  ν

Huge Fe target (690 ton)

E = 30 ~ 500 GeV
…



A. Kayis-Topaksu et al., NPB7 98 (2008) 1.
U. Dore, arXiv: 1103.4572 [hep-ex].

κ =
dx  x  [s(x,Q2 )+ s (x,Q2 )]∫
dx  x  [u(x,Q2 )+ d (x,Q2 )]∫

       Q2 = 20 GeV2

CCFR, NuTeV ν ,  ν

Huge Fe target (690 ton)

E = 30 ~ 500 GeV
…

Issue: nuclear corrections

x
xS

(x
)

0.02 0.1 0.6

CTEQ6L

CTEQ6.5S-0

Fit

x(u
–
(x)+d

–
(x))

HERMES with FFs from DSS〈Q2〉=2.5 GeV2

0

0.2

0.4

A. Airapetian et al.,
PLB 666 (2008) 446. 

PRD 89 (2014) 097101. 

Strangeness in the nucleon
Neutrino-induced opposite-sign dimuon events

HERMES semi-inclusive measurement



J.L. Hewett et al., arXiv:1205.2671, 
Proceedings of the 2011 workshop 
on Fundamental Physics at the Intensity Frontier

Depending on the neutrino beam energy, 
different physics mechanisms contribute
to the cross section.
� QE    (Quasi elastic)
� RES  (Resonance)
� DIS   (Deep inelastic scattering)
� REG (Regge)

Q2  (GeV2 )

ν  (GeV)0

1

2

W 2 = 4 GeV2

QE

RES DIS

ν interaction part is the major source
of experimental errors 
in ν oscillation measurements.

REG

Kinematical regions in ν reactions
Minerva, DUNET2K

MicroBooNE, NOvA

Our work:
Towards a unified model of neutrino-nucleus reactions
for neutrino oscillation experiments, 
S. X. Nakamura et al., Rep. Prog. Phys. 80 (2017) 056301. 



Possible GPD studies
at neutrino facilities

See also
SK,  EPJ Web Conf. 208 (2019) 07003.
EIC yellow report, R. Abdul Khalek et al., arXiv:2103.05419,

Sec. 7.5.2, Neutrino physics by SK and R. Petti.
SK and R. Petti, PoS (NuFact2021) 092.

X. Chen, SK, R. Kunitomo, S. Wu, Y.-P. Xie, 
Euro. Phys. J. A 60 (2024) 208.



Neutrino reactions for gravitational form factors @Fermilab-DUNE
(Origins of hadron masses and pressures)

Factorization condition: 
Q2 ≫  | t |,  ΛQCD

2

Deep Underground Neutrino Experiment (DUNE) 
at Long-Baseline Neutrino Facility (LBNF)

High-energy part of the LBNF ν beam
can be used for the GPD studies.

J. Rout et al., PRD 102 (2020) 116018

γ * γ (or M)

e

′e

GPD

JLab/ COMPASS/ EIC

N ′N
GPD

π

Wν µ

µFermilab
  -DUNE

N ′N



nuSTORM (Neutrinos from Stored Muons) 
Feasibility Study, C. C. Ahdida et al., (2020);
L. A. Ruso et al., arXiv:2203.07545.

At this stage, the considered beam energy 
is not high enough for structure-function studies;
however, high-energy option could be possible.
(personal communications: Xianguo Lu)
→ SK’s talk at the nuSTORM-collaboration meeting 

on July, 15, 2024
They could be interested in the higher-energy possibility.

CERN

Fermilab
Letter of Intent, arXiv:1206.0294,

P. Kyberd et al. (2012);
Proposal, D. Adey et al., arXiv:1308.6822.
No recent update.



Cross section formalism B. Pire, L. Szymanowski, J. Wagner, 
Phys. Rev. D 95, 114029 (2017).  
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GK (Goloskokov-Kroll) - 2013 parametrization
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Cross sections

π 0  production:  νn→ ℓ−π 0p

π +  production:  ν p→ ℓ−π + p

gluon≫ quark

no gluon
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no gluon for π 0
π 0

Fq = 2 fπ
dz  φπ (z)
1 − z∫ dx∫

Fq (x,ξ , t)
x − ξ + iε

Fg =
8 fπ
ξ

dz  φπ (z)
z(1 − z)∫ dx∫

Fg (x,  ξ ,  t)
x − ξ + iε

Fq

Fg

~ ξ
8
= 0.1 ~ 0.3

8
= 0.01 ~ 0.04

      =  a few % ≪ 1

quark

gluon

total



Contribution of each term to the  π0-production cross section
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Possible studies on GPDs
at hadron accelerator facilities

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003;

T. Sawada, W.-C. Chang, SK, J.-C. Peng, S. Sawada, and K. Tanaka, 
PRD 93 (2016) 114034.

J-PARC LoI 2019-07, J.-K. Ahn et al. (2019).
J-PARC proposal under preparation (2025),

Please get in touch with W.-C. Chang, N. Tomida
if you are interested in this project.



GPD projects at JLab/EIC/EicC and J-PARC/HIAF

 

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)⎡

⎣⎢
⎤
⎦⎥

GPD

γ *

N

π

GPD ′NN ′N

πγ *

JLab / EIC / EicC J-PARC / HIAF

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003

GPDp B (n,Δ0 , ⋅ ⋅ ⋅)

p

p
′s′t

 ′s ,  ′t ,  ′u ≫ MN
 2

Investigation of GPDs 
with 2→3 hadron elastic
scattering amplitude

π +
J-W. Qiu and Z. Yu,

JHEP 08 (2022) 103;
PRD 107 (2023) 014007.
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π γ γ
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Cross section estimate  (x dependence)

p

N

N

B
N

h

t

t’
TN

  
Skewdness parameter:  ξ =

pN
++ − pB

+

pN
+ + pB

+

dσ
dξdtd ′t

  µb
GeV2

⎛
⎝⎜

⎞
⎠⎟

  as a function of  ξ

    at fixed   TN = 30 (50) GeV,   
    t = −  0.3 GeV2 ,    ′t = −  5 GeV2 .
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At this stage, our numerical results are 
for rough order of magnitude estimates
on cross sections by assuming p- and r-like
intermediate states.

For the details, please look at 
SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003.

dσ NN→NπB

dξ  dt  d ′t  

∝
dσ MN→πN

d ′t
8(1 − ξ 2 ){H(x,ξ , t)}2⎡⎣ +16ξ 2H(x,ξ , t)E(x,ξ , t) − t

mN
2 (1 + ξ )2{E(x,ξ , t)}2

                                     + 8(1 − ξ 2 ){ !H(x,ξ , t)}2 +18ξ 2 !H(x,ξ , t) !E(x,ξ , t) − 2tξ
2

mN
2 { !E(x,ξ , t)}

2 ⎤⎦



GPD

 ℓ
+

γ *

p n ( ′p )

π −  ℓ
−

 π
− (ud) + p(uud)→ n(udd) + γ *(→ ℓ+ℓ− )

 
 dσ L

d ′Q 2dt
= 4πα 2

27
τ 2

′Q 2 fπ
2 (1 − ξ 2 ) !Hdu(−ξ ,  ξ ,  t)

2
− 2ξ 2 Re !Hdu(−ξ ,  ξ ,  t)* !Edu(−ξ ,  ξ ,  t){ } − ξ 2 t

4mN
2
!Edu(−ξ ,  ξ ,  t)

2⎡

⎣⎢
⎤

⎦⎥
 

′qT. Sawada, W.-C. Chang, SK, J.-C. Peng, 
S. Sawada, and K. Tanaka, PRD93 (2016) 114034.

LoI for a J-PARC experiment

 

dz −

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

2P+
"Hp
q (x,ξ , t)u( ′p )γ +γ 5u(p) + "Ep

q (x,ξ , t)u( ′p )γ 5Δ
+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

dz −

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

2P+
"Hp→n
du (x,ξ , t)u( ′p )γ +γ 5u(p) + "Ep→n

du (x,ξ , t)u( ′p )γ 5Δ
+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

          "Hdu(x,  ξ ,  t) = 8
3
α s dz

−1

1

∫
φπ (z)
1 − z2 d ′x

−1

1

∫
ed

x − ′x − iε
− eu
x + ′x − iε

⎡
⎣⎢

⎤
⎦⎥
"Hd ( ′x ,  ξ ,  t) − "Hu( ′x ,  ξ ,  t)⎡⎣ ⎤⎦

          "Edu(x,  ξ ,  t) = 8
3
α s dz

−1

1

∫
φπ (z)
1 − z2 d ′x

−1

1

∫
ed

x − ′x − iε
− eu
x + ′x − iε

⎡
⎣⎢

⎤
⎦⎥
"Ed ( ′x ,  ξ ,  t) − "Eu( ′x ,  ξ ,  t)⎡⎣ ⎤⎦

Exclusive Drell-Yan π − + p→ µ +µ − + n and GPDs

 
′Q 2 = ′q 2 ,   t = (p − ′p )2 ,   τ =

′Q 2

2p ⋅ qπ
!

′Q 2

s −mπ
2



Expected Drell-Yan events at J-PARC

?

J-PARC

Exclusive 
Drell-Yan

Missing mass

 
 dσ L

d ′Q 2dt
= 4πα 2

27
τ 2

′Q 2 fπ
2 (1 − ξ 2 ) !Hdu(−ξ ,  ξ ,  t)

2
− 2ξ 2 Re !Hdu(−ξ ,  ξ ,  t)* !Edu(−ξ ,  ξ ,  t){ } − ξ 2 t

4mN
2
!Edu(−ξ ,  ξ ,  t)

2⎡

⎣⎢
⎤

⎦⎥
 

 
′Q 2 = ′q 2 ,   t = (p − ′p )2 ,  τ =

′Q 2

2p ⋅ qπ
!

′Q 2

s −mN
2

MX
2 = (q + p − ′q )2

q = pπ ,   p = pp ,   q = pµ +µ −



Transition GPDs

and exotic hadrons

S. Diehl et al. (S. Kumano, 15th author), 
arXiv:2405.15386, submitted to Eur. Phys. J.



Transition GPDs A. V. Belitsky, A. V. Radyushkin, Phys. Rept. 418 (2005) 1;
S. Kumano, M. Strikman, K. Suodh, Phys. Rev. D 80 (2009) 074003;
P. Kroll, K. Passek-Kumericki, Phys. Rev. D 107 (2023) 054009;
S. Diehl et al., arXiv:2405.15386, submitted to Eur. Phys. J.

1
2
dz −

2π∫ eixP⋅z Δ ++ (p',  λ ') u − 1
2
z⎛

⎝
⎞
⎠ γ

+d 1
2
z⎛

⎝
⎞
⎠ p(p,  λ )

z+ =0,!z⊥ =0

    = 1
2P+ uδ (p',  λ ') Δδnµ − Δ µnδ

MN

γ µG1(x,ξ , t) +
Pµ
MN

G2 (x,ξ , t) +
Δ µ

MN

G3(x,ξ , t)⎧
⎨
⎩

⎫
⎬
⎭
+ Δ +Δδ

MN
2 G4 (x,ξ , t)

⎡

⎣
⎢

⎤

⎦
⎥γ 5u(p,  λ )

1
2
dz −

2π∫ eixP⋅z Δ ++ (p',  λ ') u − 1
2
z⎛

⎝
⎞
⎠ γ

+γ 5d 1
2
z⎛

⎝
⎞
⎠ p(p,  λ )

z+ =0,!z⊥ =0

    = 1
2P+ uδ (p',  λ ') Δδnµ − Δ µnδ

MN

γ µ
!G1(x,ξ , t) +

Pµ
MN

!G2 (x,ξ , t) +
Δ µ

MN

!G3(x,ξ , t)⎧
⎨
⎩

⎫
⎬
⎭
+ Δ +Δδ

MN
2
!G4 (x,ξ , t)

⎡

⎣
⎢

⎤

⎦
⎥u(p,  λ )

Rarita-Schwinger:  uα (p,λ ) = 1ρ;1
2
σ 3

2
λ

ρ ,σ
∑  ε α (p,ρ)u(p,σ )

 

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)⎡

⎣⎢
⎤
⎦⎥

N → B (1/2+) transition GPDs

N → B (3/2+) transition GPDs

dx
−1

1

∫  G1(x,ξ , t) = 2GM
N→B(t), dx

−1

1

∫  G2 (x,ξ , t) = 2GE
N→B(t)

dx
−1

1

∫  G3(x,ξ , t) = 2GC
N→B(t), dx

−1

1

∫  G4 (x,ξ , t) = 0

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)

Adler form factors

dx
−1

1

∫  !G1(x,ξ , t) = 2C5
A, N→B(t), dx

−1

1

∫  !G2 (x,ξ , t) = 2C6
A, N→B(t)

dx
−1

1

∫  !G3(x,ξ , t) = 2C3
A, N→B(t), dx

−1

1

∫  !G4 (x,ξ , t) = 2C4
A, N→B(t)



dσ (eN→ ′e BM)
ds  dQ2dt  dφ

∝ dσ T

dt
+ ε dσ L

dt
+ ε cos(2φ )σ TT

dt
+ 2ε (1 + ε ) cosφ dσ LT

dt
+ h 2ε (1 − ε ) sinφ dσ L ′T

dt
      σ T , L = transverse and longitudinal photon cross section
      σ TT , LT , L ′T = transverse - longitudinal interference terms
      ε = virtual-photon longidutinal flux / transverse flux 

e

′e

γ * !

φ
M

First JLab results on DVMP for transition GPDs 
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Transition GPDs for exotic hadrons
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However, there is no theoretical study
on the N→Λ(1405) transition GPDs
at this stage.
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Compact qq,  qqq-like hadrons

Diffuse tetra-, penta-quark
(molecular) hadrons

r⊥
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)

r⊥
2 = 0.97 fm

F(t,x) = e(1−x )t /(xΛ2 ) ,   r⊥
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Two-dimensional transverse form factor
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Molecule KK  
or tetra-quark qqqq



Future prospects

on GPD projects



High-energy hadron physics experiments

JLab

BNL
(RHIC, EIC)

CERN
(LHC, COMPASS/AMBER, 
LHeC, FCC-ee, CLIC, nuSTORM) 

IHEP (BEPC, CEPC) Fermilab
(SeaQuest, SpinQuest, DUNE)

KEK
(KEKB, J-PARC)

ILC

IceCube

KM3NeT

Baikal GVD 

GSI (FAIR)
IMP (HIAF, EicC)

JINR (NICA)

Facilities on hadron structure functions on GPDs including future possibilities. 
Hadron accelerator facilities. Lepton accelerator facilities.

If the proton beam
becomes higher at HIAF.



3D view 
of hadrons x

b⊥

Hadron

By hadron tomography

By tomography, 
we determine or .

Exotic hadrons

quarks 

gluons

By tomography, 
we determine gravitational
sources in terms of 
quarks and gluons.

Origin of gravitational source (mass) 

By the tomography, we determine

or .

Origin of nucleon spin 



Summary on the GPDs

Hadron-tomography and gravitational form factors by the GPDs.

•  Puzzle to find the origin of hadron masses and pressures
in terms of quark and gluon degrees of freedom

•  Puzzle to find the origin of nucleon spin

•  Exotic hadron candidates could be studied 
in the same tomography method.

•  In addition to the electron scattering projects, the GPD studies 
are possible by neutrino- and hadron-beam facilities and e+e− colliders. 

•  If the HIAF will have a high-energy proton beam in future 
(9.3 GeV → 25 GeV → 100 GeV range?), a wider hadron-physics
project is possible, such as the GPDs by proton and neutrino reactions.



The End

The End


