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Introduction
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Partons as constituents of hadrons

G. Zweig 10.17181/CERN-TH-401 (1964), 
M. Gell-Mann, Phys. Lett. 8 (1964)
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Baryon multiplets and symmetry breaking

Δm due to symmetry breaking 

• Isospin ~ MeV 

• SU(3) flavor ~ 100 MeV 

• Large Nc ~ 300 MeV

Y hypercharge

I3 isospin
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Aspect of symmetry breaking: quarks in Kaon

Badier et al. Phys.Lett.B 93 (1980) 354-356 

NA3 @ CERN SPS 

Ratios for  and  -induced Drell-Yan cross section 

Proportional to   

Dropping at x > 0.6 : 

☞ s quark carries more momentum than u quark in a Kaon 

☞ u quark in Kaon is softer than u quark in pion 

+ J/ψ production data can constrain the kaon PDFs

K− π−

ūK−(x)/ūπ−(x)
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Aspect of symmetry breaking: quarks in Kaon

Exact chiral symmetry: H(x, =1,t=0) even in x 

……..  Pion ( ): exactly symmetric 

・−・−・−  Pion (  MeV): slightly distorted 

--------   in       ———  in  

Second Mellin moment: 

ξ

mπ = 0

mπ = 140

s̄ K+ u K+

∫
1

−1
dx x 2H(x, ξ = 1,t = 0) = A(0) + D(0) = 0+𝒪(m2

π,K)

M. Polyakov and C. Weiss, Phys.Rev.D 60 (1999) 114017
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gravitational form factors

m2
K /m2

π ≈ 12

Size of A(0)+D(0) ~ size of asymmetry in xH(x,ξ=1,t=0) ~ O(m2)

HDSon and P. Hutauruk, PRD 2025 
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Aspect of symmetry breaking: quarks in Hyperons

MIT Bag LF-BLFQBoros & Thomas, PRD 60, 074017 (1999) Peng et al. PRD 106, 114040 (2022) 

Antiquark flavor asymmetries in hyperons?

※Gravitational form factors of hyperons: theoretical quantification of the SUf(3) breaking effect (Hyun-Chul’s talk)
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Aspect of symmetry breaking: N vs Δ in the large Nc

Chiral quark-soliton model (dynamical splitting not included)

ETMC 2020: (u-d)(x), mπ = 270MeV ~ MΔ - MN Y. Chai et al. Phys. Rev. D 102, 014508 (2020) 

HDSon in preparation

PRELIMINARY

PRELIMINARY



10

Transition GPDs

• Extends GPDs to non-diagonal hadron external states: p-n, N-Y, N-Δ, N-N*, … 

• Retain properties of diagonal GPDs: transition FFs, polynomiality (no time-reversal symmetry) 

   → n=2 moments: transition via EMT operator 

• Accessible in exclusive DIS with proton to X 

   → Background for DVCS and DVMP for usual nucleon GPD measurement 

• Tomography of transition processes  

• A recent white paper 

  Long-term goal: parton structure of N→Δ, N→Y, … transitions 

  This talk: the first step — feasibility of N→Δ DVCS at the EIC

J. Kim Phys.Rev.D 108 (2023) 3, 034024, 
J. Kim and H.-Ch. Kim. PRD 114 (2026) 7, 074023 

S. Diehl et al. Eur.Phys.J.A 61 (2025) 6, 131 

L. Frankfurt et al. PRD 60, 014010 (1999) 
L. Frankfurt et al. PRL 84 (2000) 2589 
K. Goeke et al. PPNP 47, 401 (2001) 

H. Alharazin et al. JHEP 03 (2024) 007
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Reactions involving transition GPDs

[1] S. Diehl et al. (CLAS), PRL 125 (2020) 182001; [2] Goloskokov, Kroll, EPJC 65 (2010) 137; [3] Goloskokov, Kroll, PLB 748 (2015) 323; [4] Sawada et al., PRD 

93 (2016) 114034; [5] J-PARC LoI, Studying GPDs with exclusive Drell–Yan at J-PARC (2018); [6] Jia et al., arXiv:2607.15214; [7] Qiu, Yu, PRD 109 (2024) 

074023; [8] Kumano et al., PRD 80 (2009) 074003; [9] Kroll, EPJA 55 (2019) 76; [10] S. Diehl et al. (CLAS), PRL 131 (2023) 021901; [11] Kroll, 

Passek-Kumerički, PRD 107 (2023) 054009; [12] Guichon et al., PRD 68 (2003) 034018; [13] Semenov-Tyan-Shansky, Vanderhaeghen, PRD 108 (2023) 

034021; [14] S. Diehl et al., EPJA 61 (2025) 131 (white paper); [15] S. Son et al., in preparation (This work)
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Δ(1232, 3/2+) resonance

• Lightest light-baryon resonance 

• Identical to the nucleon in the strict large Nc limit 

• 1/Nc effect MNΔ~300 MeV: strongest in symmetry-breaking strength 

• Simple decay channel: Nπ (99.4%) 

• Isospin 3/2: Δ++ → pπ+ channel is separated from all N* resonances 

• Transition form factors are well studied 



First nondiagonal DVMP measurement from CLAS12

S. Diehl et al.,Phys.Rev.Lett. 131 (2023) 2, 021901  sensitive to the chiral-odd 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 curves: K. Semenov and M. Vanderhaeghen 
Phys.Rev.D 108 (2023) 3, 034021 

Cross section BSA

Test for applicability of GPD framework under 
the collinear factorization in non-diagonal 

processes



N-Δ transition GPDs 



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)

∫ 𝑑𝜆2𝜋 𝑒𝑖𝜆𝑥 ⟨Δ(𝑝Δ)|| ̄𝜓(−𝜆𝑛/2) /𝑛 𝜏3 𝜓(𝜆𝑛/2) ||𝑁(𝑝𝑁)⟩
= √23 𝑅̄𝛽(𝑝Δ)[𝐻𝑀(𝑥, 𝜉, 𝑡)𝒦𝛽𝜇𝑀 𝑛𝜇 + 𝐻𝐸(𝑥, 𝜉, 𝑡)𝒦𝛽𝜇𝐸 𝑛𝜇 + 𝐻𝐶(𝑥, 𝜉, 𝑡)𝒦𝛽𝜇𝐶 𝑛𝜇 + 𝐻𝑋(𝑥, 𝜉, 𝑡)𝒦𝛽𝜇𝑋 𝑛𝜇]𝑁(𝑝𝑁) ,



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 

      from 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


Cx = 0 (not known)


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


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

Based on the large Nc relation, 


we use the phenomenological models for the nucleon GPDs to design the transition GPDs



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



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

2



N-Δ DVCS
Narrow decay width approximation

∼ 𝒪(1) for Γ(mB*)/mB* ≪ 1

P. Guichon et al., 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 )

︸ ︷︷ ︸

(Tint ~ 0.1 fm  vs  TΔ ~ 1 fm)



N-Δ DVCS amplitudes

Harmonic expansion in the angle  between 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)

]
}



Spin asymmetries and azimuthal angle modulations



Preliminary Results and Discussions



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



vs. diagonal DVCS

dσDVCS(p → Δ+)
dσDVCS(p → p)

~ 10-2 to 10-1 of the DVCS cross section is expected 
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FIG. 6. Ratio of the DVCS cross sections for the non-diagonal (p → !+) to diagonal (p → p) processes.

FIG. 7. The sinω moments of the BSA. Cf. with Fig. 11 of [45].

• its transverse momentum from the transverse balance of e→, ω and the recoil proton (measured in the B0 tracker
or the Roman pots);

• its light-cone momentum E + pz from the balance on the hadron side;

• E → pz from the ε
0 mass.

We require:

PRELIMINARY

At small xB, proton ℋ (singlet sea) grows with Q² by evolution; 
 ℋM = √2ℰu−d (nonsinglet) does not → ratio falls with Q² growing



ePIC simulation
ePIC software (DD4hep/Geant4 + EICrecon), eic.github.io; 
 EpIC (EPJC 82, 819) for proton DVCS background

rec/gen = 0.23 / 0.19 / 0.17; ≈ 4 / 3 / 2.2 × 10⁵ events per 10 fb-1

Proton DVCS: B/S = 0.06 / 0.06 / < 0.02 / 0.17;

PRELIMINARY

per 10 fb⁻¹, 1 < Q² < 100 GeV², 0.01 < y < 0.85, 0.05 < |t| < 1.5 GeV² (|t| ≤ Q²/4)



ALU

A_LUsinφ ≈ 0.1–0.2 for |t| < 0.6 GeV², measured to ±0.006–0.011 per |t| bin (10 fb⁻¹, stat.) 

A_LU ∝ Im ℋ_M = √2 Im ℰu−d: the isovector helicity-flip GPD, including its sea, at xB ~ 10⁻⁴–10⁻² 

PRELIMINARY



CLAS12 vs EIC



Summary and outlook
• EIC will provide a great opportunity for studying the transition GPDs 

Kinematic range: small xB, larger Q2 

A_LU isolates ℋM = √2ℰu−d (incl. sea); 𝒞₁ and the pion pole need JLab 

• Feasibility studies at the EIC 

Sea quark region (small xB) of the transition GPDs 
Expected # of events  ≈ (2–4) × 10⁵ per 10 fb⁻¹ 

• Tasks 

N-Delta transition process with full GPD sets: test for the large Nc picture 

Other reaction mechanisms for transition GPDs at the EIC: Meson production, hyperons  
SDHEP @J-PARC with meson beams (N. Tomida) 

Properties of the transition GPDs and their moments within ChQSM: 
 systematics in the large Nc, interpretation, … 

Complete description of  (non-resonant transition GPDs) γ*N → γNπ
31 M. Polyakov and S. Stratmann, hep-ph/0609045 

Pion case: S. Son and K. Semenov JHEP 01 (2025) 119



Thank you very much!


