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EIC missions towards parton structure of hadrons

- Mass and spin decomposition into quarks and gluons 

- 3-dimensional partonic picture

[The present and future of QCD, 
Nucl.Phys.A 1047 (2024) 122874]

[Y. Yang et al., PRL (2018)]
Indico page of this workshop :)



5

General QCD quark correlator matrix elements to GPDs 
<latexit sha1_base64="GngqtnXYle5CeRn71vsuYXx81n8=">AAAB/HicbVDLSsNAFL3xWeMr1qWbwSK4sSRFqsuiLlxWsA9oQplMJ+3QyYOZiVhC/BRXgoK49Udc+TdO2yy09cCFwzn3cu89fsKZVLb9baysrq1vbJa2zO2d3b1966DclnEqCG2RmMei62NJOYtoSzHFaTcRFIc+px1/fD31Ow9USBZH92qSUC/Ew4gFjGClpb5VHp+5gcAkc28oVzjPannfqthVewa0TJyCVKBAs299uYOYpCGNFOFYyp5jJ8rLsFCMcJqbbippgskYD2lP0wiHVHrZ7PYcnWhlgIJY6IoUmqm/JzIcSjkJfd0ZYjWSi95U/M/rpSq49DIWJamiEZkvClKOVIymQaABE5QoPtEEE8H0rYiMsI5C6bhMU6fgLP68TNq1qlOv1u/OK42rIo8SHMExnIIDF9CAW2hCCwg8wjO8wpvxZLwY78bHvHXFKGYO4Q+Mzx9zy5Ry</latexit>
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!q[!](P, k,”)

<latexit sha1_base64="YNsCOOQpF4XMy4v55rCkH1EwK40="></latexit>
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<latexit sha1_base64="NVnFLHRX9zUKPH9ssu4v33wm9ug="></latexit>

!q[!]
GPD(P, x, ω,

ε”→) =

∫
d4k !q[!](P, k,”)ϑ(k+ → xP+)

<latexit sha1_base64="XpTN7BjKuX7f6MChI0DjJ4sDkxc=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoVGNSpLoRirpwWcE+oEnLZDJph04ezkykpfQvXPkprgQFcasr/8bpY6GtBy4czrmXe+9xY0aFNM1vLbWwuLS8kl7NrK1vbG7p2ztVESUckwqOWMTrLhKE0ZBUJJWM1GNOUOAyUnO7VyO/9kC4oFF4J/sxcQLUDqlPMZJKaulGD17AbjMPT2C5mT+C9n2CPGj3qJKPoX1NmERjN1dQ/mFLz5qGOQacJ9aUZMEU5Zb+ZXsRTgISSsyQEA3LjKUzQFxSzMgwYyeCxAh3UZs0FA1RQIQzGP81hAdK8aAfcVWhhGP198QABUL0A1d1Bkh2xKw3Ev/zGon0z50BDeNEkhBPFvkJgzKCo5CgRznBkvUVQZhTdSvEHcQRlirKTEalYM3+PE+qBcMqGsXb02zpcppHGuyBfZADFjgDJXADyqACMHgEz+AVvGlP2ov2rn1MWlPadGYX/IH2+QN0hprX</latexit>

x = k+/P+, ω = →!+/(2P+)

<latexit sha1_base64="GYOrpj5ZeR0tBGd5/pTOv2tuL+A="></latexit>

!q[!]
GTMD(P, x,

ωk→, ε, ω”→) =

∫
dk+dk↑ !q[!](P, k,”)ϑ(k+ → xP+)

Generalized TMD: Joint probability of space & momentum distribution (Wigner)

∫ d ⃗k⊥

D. Müller,  Fortsch.Phys. 42 (1994) 101-141Generalized parton distributions
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Generalized Parton Distributions (nucleon, chirality even, twist-2)

P+

2π ∫ dy− eixP+y−⟨P′￼| ψ̄q(0) γ+γ5 ψq(y) |P⟩
y+=y⊥=0

= H̃q(x, ξ, t) N̄(P′￼) γ+γ5 N(P) + Ẽq(x, ξ, t) N̄(P′￼) iγ5
Δ+

2MN
N(P)

P+

2π ∫ dy− eixP+y−⟨P′￼| ψ̄q(0) γ+ ψq(y) |P⟩
y+=y⊥=0

= Hq(x, ξ, t) N̄(P′￼) γ+ N(P) + Eq(x, ξ, t) N̄(P′￼) iσ+ν Δν

2MN
N(P)

Unpolarized quarks

Longitudinally polarized quarks

+ gluon GPDs…
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Properties of GPDs

Forward limit of the target hadron → PDFs

Mellin moments (Polynomiality)

Hq(x, 0, 0) = f1(x)

∫
1

−1
dx x Ha(x, ξ, t) = Aa(t) + ξ2Da(t)

∫
1

−1
dx x Ea(x, ξ, t) = 2Ja(t) − Aa(t) − ξ2Da(t)

∫
1

−1
dx Ha(x, ξ, t) = F1(t)

∫
1

−1
dx Ea(x, ξ, t) = F2(t)

Unpolarized quark distribution 

Electromagnetic form factors

Twist-2 gravitational form factors

H+E = Ji’s spin sum rule

H̃q(x, 0, 0) = g1(x) Helicity quark distribution 
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Deeply Virtual Compton Scattering

t

hard

soft

(x + ξ)P+ (x − ξ)P+

p+ p′￼+

Q2 q′￼+

GPDs (x, ξ, t)

e−
e′￼−

ep → e′￼γp′￼

Scattering cross-section factorizes as:

        hard part (pQCD)   soft part⨂

+

Xiangdong Ji  
Phys.Rev.Lett. 78 (1997) 610-613 
Phys.Rev.D 55 (1997) 7114-7125 
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Mechanical structure of hadrons

D-term can be obtained using the dispersion relation of the Compton form factors, model independently

ℋ(ξ, t) = ∫
1

−1
dx ( 1

ξ − x − i0
−

1
ξ + x − i0 ) H(x, ξ, t)

Re ℋ(ξ, t) = ( 4
5

Σqe2
q Dq(t) + . . . ) +

1
π

PV∫
1

0
dξ′￼ Im ℋ(ξ′￼, t) ( 1

ξ − ξ′￼

−
1

ξ + ξ′￼)
Polyakov 2003 

Teryaev 2005 
Anikin, Teryaev 2007 

DIehl, Ivanov 2007

In DVCS, Compton form factors are measurable quantities,

Dispersion relation of the CFFs

→ Extraction of the GPDs from experiments is model dependent

D(t) as the (first) subtraction constant!

 ‘Threshold approximation’ for heavy quarkonium photo productions: access to gluon GFFs
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Burkert,Elouadrhiri,Girod, Nature 557(2018)
Polyakov, Schweitzer, IJMPA33 (2018)

pa(r) =
1

6MN

1
r2

d
dr

r2 d
dr ∫

d3Δ
(2π)3

e−i ⃗Δ⋅ ⃗r Da(t) − MN ∫
d3Δ
(2π)3

e−i ⃗Δ⋅ ⃗r c̄a(t)‘Pressure distribution’
M. Polyakov, Phys.Lett.B 555 (2003) 57-62
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Transition FFs and GPDs

 Production of the resonances in terms of quarks and gluons 

 Nonlocal parton operators: resonance production with arbitrary spin QCD operator 

 N=2 Mellin moments: Transition gravitational from factors 

 Forward limit: quark ‘density’ in the transition 

Example: N → Δ transition (V,A)

Operator Diagonal: N → N Transition: N → !

Local

Vector
GE(t), GM (t) gM (t), gE(t), gC(t)

Sachs EM form factors Jones–Scadron

Axial
GA(t), GP (t) C

A
3 , C

A
4 , C

A
5 , C

A
6

axial-vector & induced pseudoscalar Adler axial transition FFs

Gravitational
(n=2)

A(t), J(t), D(t)
transition gravitational FFs

EMT form factors

Nonlocal
Vector H(x, ω, t), E(x, ω, t) hM , hE , hC , hX (x, ω, t)

Axial H̃(x, ω, t), Ẽ(x, ω, t) C1, C2, C3, CX (x, ω, t)

J. Kim Phys.Rev.D 108 (2023) 3, 034024

H. Alharazin et al. JHEP 03 (2024) 007



Nondiagonal DVCS

Factorization in terms of  N → B* GPDs in the generalized Bjorken kinematics:

<latexit sha1_base64="cMkuUtxNOPKPwpglh6XASDZrSd0="></latexit>

ω→(q) +N(p) → ω(q↑) + [M(pM)N(p↑)]; M = ε, ϑ, ϖ,ϱ, ...

s1
q2q12=Q2

s

p2

p1

-t<<Q2

-t’<<Q2

pB*

pM



First nondiagonal DVMP measurement from CLAS12

S. Diehl et. al.,Phys.Rev.Lett. 131 (2023) 2, 021901  sensitive to the transversity transition GPDsσLT′￼
/σ0



Invariant mass distributions for  e−p → e−γnπ+

Preliminary results from S. Diehl,  
TGPD white paper Eur.Phys.J.A 61 (2025) 6, 131 
Theoretical curve: K. Semenov and M. Vanderhaeghen 
Phys.Rev.D 108 (2023) 3, 034021 

Cross section BSA

Shows the applicability of GPD framework 
under the collinear factorization in non-

diagonal processes



Opportunities for DVCS at the EIC

Dedicated study for diagonal DVCS off a proton,   
 E. Aschenauer et. al., PRD 112 (2025)

EIC Yellow report, 2022

- Broad kinematic coverage across the valence and sea regions 

- Polarized lepton and proton beams 

- High luminosity 

EIC promises



Nondiagonal N-Δ DVCS amplitudes 



Nondiagonal DVCS K. Semenov and M. Vanderhaeghen Phys.Rev.D 108 (2023) 3, 034021

<latexit sha1_base64="Nt6vymZGiArUdw3xzAIZH2PJ3KM="></latexit>

e(k) +N(p) → e→(k→) + ω↑(q) +N(p) → e→(k→) + ω(q→) + ε(pω) +N →(p→)

<latexit sha1_base64="epTChok3bjEH5Tyw2ILNwN3wpqc="></latexit>

d7ω

dQ2dxBdtdεdW 2
ωNd!→

ω

Differential cross section:

<latexit sha1_base64="dAw+BkikIlHZk0ZCy6q980pXy2k=">AAACDnicbVDLSgMxFM3UV62vqks3wSpIF2VGpLosdeNKKtgHdKYlk0nb0CQzJBmhDP0BV36KK0FB3Lp35d+YTmehrQcCh3Puvbn3+BGjStv2t5VbWV1b38hvFra2d3b3ivsHLRXGEpMmDlkoOz5ShFFBmppqRjqRJIj7jLT98fXMbz8QqWgo7vUkIh5HQ0EHFCNtpH7xJHHTIYkkwdQdIs5Rr3wLXR3Ceq88F6b9Ysmu2CngMnEyUgIZGv3ilxuEOOZEaMyQUl3HjrSXIKkpZmRacGNFIoTHaEi6hgrEifKSdJEpPDVKAAehNE9omKq/OxLElZpw31RypEdq0ZuJ/3ndWA+uvISKKNZE4PlHg5hBc+ssGhhQSbBmE0MQltTsCvEISYS1CbBQMCk4izcvk9Z5xalWqncXpVo9yyMPjsAxOAMOuAQ1cAMaoAkweATP4BW8WU/Wi/VufcxLc1bWcwj+wPr8AcCbm7E=</latexit>

ω→N → B→ω
<latexit sha1_base64="cirWongISz/hsIPYqKERiA90No8=">AAACBnicbVDLSsNAFJ3UV42vqEtdDBZRXJREpLosdeNKKtgHNLFMppN26GQSZiZCCdm48lNcCQri1n9w5d84TbPQ6oGBwzn33rn3+DGjUtn2l1FaWFxaXimvmmvrG5tb1vZOW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr++HLqd+6JkDTit2oSEy9EQ04DipHSUt/aT918SOqzhGSNuxPoqgi6MYXXR1nfqthVOwf8S5yCVECBZt/6dAcRTkLCFWZIyp5jx8pLkVAUM5KZbiJJjPAYDUlPU45CIr00XyCDh1oZwCAS+nEFc/VnR4pCKSehrytDpEZy3puK/3m9RAUXXkp5nCjC8eyjIGFQHzqNBA6oIFixiSYIC6p3hXiEBMJKB2eaOgVn/ua/pH1adWrV2s1Zpd4o8iiDPXAAjoEDzkEdXIEmaAEMHsATeAGvxqPxbLwZ77PSklH07IJfMD6+ARdVmAQ=</latexit>

B→ → ωN ↑

Transition subprocess

Resonance decay



N-Δ DVCS
Narrow decay width approximation

∼ 𝒪(1) for Γ(mB*)/mB* ≪ 1

P. Guichon, L. Mossé, and M. Vanderhaeghen, 2003

GPD
FF

Δ ΔNN

 amplitude: VCS + BHeN → e′￼γΔ

Γ(mΔ)
mΔ

≃ 10 % We treat the Δ as a stable hadron state

<latexit sha1_base64="jb/9IErPOUYfWa2ziRJ1DZQwqcY="></latexit>∫ →

(mN+mω)2
dW 2

ωN
dω(eN → eεB↑ → eεϑN)

dQ2 dxB dt d! dW 2
ωN

<latexit sha1_base64="rH1Ps6cwDQb8K08G3HlFhs/yXy8="></latexit>

→ dω(eN ↑ eεB→)

dQ2 dxB dt d!

∫ ↑

(mN+mω)2
dW 2

ωN
WωN”(WωN )

(W 2
ωN ↓m2

B→)2 +m2
B→”2(WωN )

︸ ︷︷ ︸



N-Δ DVCS amplitudes

Harmonic expansion in the angle  bin the leptonic and production planesϕ

Cf. Diagonal DVCS:  
Belitsky, Müller, Kirchner, 
Nucl.Phys.B 629 (2002) 323-392

<latexit sha1_base64="Gg/Kna4hVMNpk1EzTDJvsqmhzTA="></latexit>

|MBH|2 =
e6

x2

By
2tP1(ω)P2(ω)

[
2∑

n=0

cBH

n cos(nω) + sBH

1
sinω

]
,

|MVCS|2 =
e6

y2Q2

[
2∑

n=0

cVCS

n cos(nω)

]
,

I =
e6

xBy3tP1(ω)P2(ω)

{
cI
0
+

3∑

n=1

[
cIn cos(nω) + sIn sin(nω)

]
}



N-Δ DVCS amplitudes

Harmonic coefficients for DVCS
Magnetic dipole CFF HM becomes less important 

near t = 

tmin = −
xB

1 − xB
[W2

πN − (1 − xB)m2
N] + 𝒪(Q−2)<latexit sha1_base64="KnG2w1nFG9nkqHJmaqixV0hmWs0="></latexit>

cVCS
n → (tmin ↑ t)|HM |

2
+Other CFFs.



Spin asymmetries and azimuthal angle modulations

Polarization power of the EIC gives access to all CFFs in the large Nc


through the longitudinal spin asymmetries!


Type CFFs φ modulation 
(Leading twist-2)

ALU Im HM, Im C1 sinφ, sin2φ

AUL Im HM, Im C1, Im C2 sinφ, sin2φ, sin3φ

ALL Re HM, Re C1, Re C2 cosφ



N-Δ Transition GPDs in the large Nc limit



N-Δ Transition GPDs L.L. Frankfurt et al. PRL 84 (2000) 2589

Vector GPDs

J.-Y. Kim et al. PRD 111 (2025)

hM(x, ξ, t)

Mellin moments of vector GPDs

hE(x, ξ, t)

hC(x, ξ, t)

hX(x, ξ, t)

∫
1

−1
dx

2gM(t)

2gE(t)

2gC(t)

0

}N-Delta vector transition ffs 
(related to Jones-Scadron)
Pascalutsa, Vanderhaeghen, Yang, Phys. Rept. 437 125 (2007)



N-Δ Transition GPDs L.L. Frankfurt et al. PRL 84 (2000) 2589

Axial vector GPDs

J.-Y. Kim et al. PRD 111 (2025)

C1(x, ξ, t)

Mellin moments of axial vector GPDs

C2(x, ξ, t)

C3(x, ξ, t)

CX(x, ξ, t)

2
3 ∫

1

−1
dx

2 [CA
5 (t) +

m2
Δ − m2

N

m2
N

CA
4 (t)]

2CA
3 (t)

0

} N-Delta axialvector transition ffs
Pascalutsa, Vanderhaeghen, Yang, Phys. Rept. 437 125 (2007)2 [CA

6 (t) +
1
ξ

CA
4 (t)]



Transition GPDs in the large Nc limit

Large Nc limit of QCD: 

      nucleon and Δ are different rotational excitation (1/Nc) states 

      in the same classical soliton

<latexit sha1_base64="X7a+LUE8UvnBjxPr5qo6YGVOzSU="></latexit>

HM (x, ω, t) =
→
2 [Eu(x, ω, t)↑ Ed(x, ω, t)] ,

C1(x, ω, t) =
→
3
[
H̃u(x, ω, t)↑ H̃d(x, ω, t)

]
,

C2(x, ω, t) =

→
3

4

[
Ẽu(x, ω, t)↑ Ẽd(x, ω, t)

]
.

→Large Nc relation of the N-Δ GPDs and nucleon GPDs

Isovector dominance follows from the nucleon GPDs


All other GPDs are 1/Nc suppressed; set to zero


Cx!

L.L. Frankfurt et al. PRL 84 (2000) 2589 
Goeke, Polyakov, Vanderhaeghen PPNP 47 (2001) 401



Phenomenological model for the N-Δ transition GPDs

A. Radyushkin, 1999

Ansatz   ,   satisfying the constraints from the first moment and the  EMT conservation, etc. e(x) = Nx−α(1 − x)β

M. Diehl and W. Kugler, 2007

S. Goloskokov and P. Kroll, 2007, 2014

Hq(x, ξ = 0,t) = q(x)et[ f(x)]

H̃q(x, ξ = 0,t) = Δq(x)et[ f(x)]

Eq(x, ξ = 0,t) = 𝒩x−r(1 − x)set[ f(x)]
f(x) = − α′￼(1 − x)3ln x + Bq(1 − x)3 + Aqx(1 − x)3

Regge trajectory

Regge-motivated t-dependence

Forward limit of the helicity-flip GPD E

Full GPD: Radyushkin double distribution ansatz

Also, : DSSVpol, : pion pole dominanceH̃ Ẽ



Numerical Results and Discussions 
(preliminary )



Differential Cross sections e−p → e−γΔ+ *For each , Bjorken-  ranges are bounded 
 by the lepton energy loss cut 

sep xB
0.01 ≤ y ≤ 0.85

10-4 0.001 0.010 0.100

0.001

0.100

10

1000
Total

VCS

BH

PRELIMINARY



Differential Cross sections e−p → e−γΔ+ *For each , Bjorken-  ranges are bounded 
 by the lepton energy loss cut 

sep xB
0.01 ≤ y ≤ 0.85

10-4 0.001 0.010 0.100

0.001

0.100

10

1000
Total

VCS

BH

VCS dominates the sea quark region x~0.01!
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Differential Cross sections e−p → e−γΔ+ *For each , Bjorken-  ranges are bounded 
 by the lepton energy loss cut 

sep xB
0.01 ≤ y ≤ 0.85

10-4 0.001 0.010 0.100

0.01

1

100

104
Total

VCS

BH

VCS dominates the sea quark region x~0.01!
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vs. diagonal DVCS

dσDVCS(p → Δ+)
dσDVCS(p → p) ~ 1/10 of the DVCS cross section is expected
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Summary and outlook
• EIC will provide a great opportunity for studying the transition GPDs 

Kinematic range: small xB, larger Q2 

Polarized beams access to various BSAs thus to the transition CFFs 

• Feasibility studies at the EIC 

Sea quark region of the transition GPDs 

Naive ~1/10 cross section vs. DVCS  

• Tasks 

Realistic simulation of the process 

PARTONs add-on: NDeltaDVCS, … 

Other reaction mechanisms for transition GPDs: Meson production, Hyperons, …  
                                                                              SDHEP @ J-PARC with meson beams (N. Tomida) 

Transition D-term; Helicity transition GPD Cx from ChQSM, … 

Complete description of   γ*N → γNπ
33

M. Polyakov and S. Stratmann, hep-ph/0609045 
Pion case: S. Son and K. Semenov JHEP 01 (2025) 119



Thank you very much!


