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2In memory of Yongseok Oh

Yongseok Oh

Kyungpook National University & APCTP

Eminent theoretical nuclear physicist

Great community leader and excellent administrator

Colleague and friend to many of us

We will miss him dearly
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3QCD: Structure and excitations
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High-momentum-transfer processes

QCD factorization

Quark/gluon distributions 1D → 3D

N(I = 1/2)

15. Quark model 285

Such analyses are of course biased against resonances which couple
only weakly to the Nπ channel. Quark model predictions for the
couplings to other hadronic channels and to photons are given in
Ref. 34. A large experimental effort is ongoing at several electron
accelerators to study the baryon resonance spectrum with real and
virtual photon-induced meson production reactions. This includes the
search for as-yet-unobserved states, as well as detailed studies of the
properties of the low lying states (decay patterns, electromagnetic
couplings, magnetic moments, etc.) (see Ref. 36 for recent reviews).
This experimental effort has currently entered its final phase with
the measurement of single and double polarization observables for
many different meson production channels, so that a much better
understanding of the experimental spectrum can be expected for the
near future.
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Figure 15.5: Excitation spectrum of the nucleon. Compared
are the positions of the excited states identified in experiment,
to those predicted by a relativized quark model calculation. Left
hand side: isospin I = 1/2 N -states, right hand side: isospin
I = 3/2 ∆-states. Experimental: (columns labeled ’exp’), three-
and four-star states are indicated by full lines (two-star dashed
lines, one-star dotted lines). At the very left and right of the
figure, the spectroscopic notation of these states is given. Quark
model [34]: (columns labeled ’QM’), all states for the N=1,2
bands, low-lying states for the N=3,4,5 bands. Full lines: at
least tentative assignment to observed states, dashed lines: so
far no observed counterparts. Many of the assignments between
predicted and observed states are highly tentative.

In quark models, the number of excited states is determined by the
effective degrees of freedom, while their ordering and decay properties
are related to the residual quark - quark interaction. An overview
of quark models for baryons is given in Ref. 32, recent discussions
of baryon spectroscopy are given in Refs. 30 and 25. The effective
degrees of freedom in the standard nonrelativistic quark model are
three equivalent valence quarks with one-gluon exchange-motivated,
flavor-independent color-magnetic interactions. The QCD aspect of
gluon-gluon interactions is emphasized by the hypercentral quark
model [37], [38], which includes in a natural way three-body forces
between the quarks. A different class of models uses interactions which
give rise to a quark - diquark clustering of the baryons: for a review
see Ref. 39. If there is a tightly bound diquark, only two degrees
of freedom are available at low energies, and thus fewer states are
predicted. Furthermore, selection rules in the decay pattern may arise
from the quantum numbers of the diquark. More states are predicted
by collective models of the baryon like the algebraic approach in
Ref. 40. In this approach, the quantum numbers of the valence
quarks are distributed over a Y-shaped string-like configuration,
and additional states arise e.g., from vibrations of the strings. More
states are also predicted in the framework of flux-tube models, see
Ref. 41, which are motivated by lattice QCD. In addition to the quark

degrees of freedom, flux-tubes responsible for the confinement of the
quarks are considered as degrees of freedom. These models include
hybrid baryons containing explicit excitations of the gluon fields.
However, since all half integral JP quantum numbers are possible
for ordinary baryons, such ‘exotics’ will be very hard to identify, and
probably always mix with ordinary states. So far, the experimentally
observed number of states is still far lower even than predicted by the
quark–diquark models.

Table 15.6: Quark-model assignments for some of the known
baryons in terms of a flavor-spin SU(6) basis. Only the dominant
representation is listed. Assignments for several states, especially
for the Λ(1810), Λ(2350), Ξ(1820), and Ξ(2030), are merely

educated guesses. † recent suggestions for assignments and
re-assignments from Ref. 33. For assignments of the charmed
baryons, see the “Note on Charmed Baryons” in the Particle
Listings.

JP (D, LP
N )S Octet members Singlets

1/2+ (56,0+
0 ) 1/2N(939) Λ(1116) Σ(1193) Ξ(1318)

1/2+ (56,0+
2 ) 1/2N(1440)Λ(1600) Σ(1660) Ξ(1690)†

1/2− (70,1−1 ) 1/2N(1535)Λ(1670) Σ(1620) Ξ(?) Λ(1405)

Σ(1560)†

3/2− (70,1−1 ) 1/2N(1520)Λ(1690) Σ(1670) Ξ(1820) Λ(1520)

1/2− (70,1−1 ) 3/2N(1650)Λ(1800) Σ(1750) Ξ(?)

Σ(1620)†

3/2− (70,1−1 ) 3/2N(1700)Λ(?) Σ(1940)† Ξ(?)

5/2− (70,1−1 ) 3/2N(1675)Λ(1830) Σ(1775) Ξ(1950)†

1/2+ (70,0+
2 ) 1/2N(1710)Λ(1810) Σ(1880) Ξ(?) Λ(1810)†

3/2+ (56,2+
2 ) 1/2N(1720)Λ(1890) Σ(?) Ξ(?)

5/2+ (56,2+
2 ) 1/2N(1680)Λ(1820) Σ(1915) Ξ(2030)

7/2− (70,3−3 ) 1/2N(2190)Λ(?) Σ(?) Ξ(?) Λ(2100)

9/2− (70,3−3 ) 3/2N(2250)Λ(?) Σ(?) Ξ(?)

9/2+ (56,4+
4 ) 1/2N(2220)Λ(2350) Σ(?) Ξ(?)

Decuplet members

3/2+ (56,0+
0 ) 3/2∆(1232) Σ(1385) Ξ(1530) Ω(1672)

3/2+ (56,0+
2 ) 3/2∆(1600) Σ(1690)†Ξ(?) Ω(?)

1/2− (70,1−1 ) 1/2∆(1620) Σ(1750)†Ξ(?) Ω(?)

3/2− (70,1−1 ) 1/2∆(1700) Σ(?) Ξ(?) Ω(?)

5/2+ (56,2+
2 ) 3/2∆(1905) Σ(?) Ξ(?) Ω(?)

7/2+ (56,2+
2 ) 3/2∆(1950) Σ(2030) Ξ(?) Ω(?)

11/2+ (56,4+
4 ) 3/2∆(2420) Σ(?) Ξ(?) Ω(?)

Recently, the influence of chiral symmetry on the excitation
spectrum of the nucleon has been hotly debated from a somewhat new
perspective. Chiral symmetry, the fundamental symmetry of QCD,
is strongly broken for the low lying states, resulting in large mass
differences of parity partners like the JP =1/2+ N(938)1/2+ ground
state and the JP =1/2− N(1535)1/2− excitation. However, at higher
excitation energies there is some evidence for parity doublets and
even some very tentative suggestions for full chiral multiplets of N∗

and ∆ resonances. An effective restoration of chiral symmetry at high
excitation energies due to a decoupling from the quark condensate
of the vacuum has been discussed (see Ref. 42 for recent reviews)
as a possible cause. In this case, the mass generating mechanisms
for low and high lying states would be essentially different. As a
further consequence, the parity doublets would decouple from pions,
so that experimental bias would be worse. However, parity doublets
might also arise from the spin-orbital dynamics of the 3-quark system.
Presently, the status of data does not allow final conclusions.

The most recent developments on the theory side are the first
unquenched lattice calculations for the excitation spectrum discussed
in Sec. 15.6. The results are basically consistent with the level
counting of SU(6)⊗O(3) in the standard non-relativistic quark
model and show no indication for quark-diquark structures or parity

Structure of nucleon

Structure of interacting/excited states?

Multihadron states πN, ππN, KY

Resonances N*, Δ, Y*

Limited information from  ⟨πN |Vμ, Aμ |N⟩



4Transition GPDs: Hard exclusive processes
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H’

W

GPD

hard

Factorization

Asymptotic regime Q2, W2 ≫ μ2
𝗁𝖺𝖽, | t | ∼ μ2

𝗁𝖺𝖽

Production process communicates with target through 
QCD light-ray operators  𝒪(z) = ψ̄ (0) . . . ψ (z)z2=0

Works for any transition with mH′ − mH ∼ μ𝗁𝖺𝖽

Hadronic matrix elements  GPDs⟨H′ |𝒪(z) |H⟩ ↔

New operators for hadronic excitation

Operators with “new” quantum numbers:

Well-defined QCD operators: Renormalization, scale 
dependence, universality →LQCD, nonpert. methods

Spin  — QCD energy momentum tensor≥ 2

Quark spin/flavor dependence, chiral even/odd

Gluonic operators



5Transition GPDs: Resonances

⟨πN |𝒪 |N⟩ =
⟨πN |Δ⟩ ⟨Δ |𝒪 |N⟩

sπN − M2
Δ

+ less singular

Multihadron final state, e.g. , partial-wave projectionπN

N

π

N

π

∆

pole

GPD

N
N

GPD sπN}

Analytic continuation in invariant mass : Pole at , resonance structure defined at polesπN sπN = M2
Δ

Definition of resonance GPDs

Physical region: Resonant + non-resonant contributions, needs theory



6Transition GPDs: Methods

GPD

N
N

π

k cm

spin−flavor symmetry

∆

GPD

QCD operator

N N,

 expansion1/Nc

Near-threshold region kcm ∼ Mπ
Chiral dynamics

Soft-pion theorems relate   
and  matrix elements

N → πN
N → N

Large-  — semiclassical limit of QCDNc

Emergent spin-flavor symmetry  
connects  and  matrix elements

SU(2Nf )
N Δ

Systematic expansion in : 
Spin-flavor components of GPDs

1/Nc

Lattice QCD
Partonic structure from large-momentum Euclidean 
correlation functions: Quasi/pseudo distributions

Excited states from correlation functions of sets of 
multiparticle operators: generalized eigenvalue problem, 
distillation

Long-term prospect of GPD and transition GPD calculations

Models of effective dynamics

Chiral soliton — realizes large-  with effective dynamicsNc

Light-front quark models

Holography — based on gauge-string duality; 
close connection between structure and spectrum

Organization scheme for nonpert. dynamics

Pobylitsa, Polyakov, Strikman 2001; Guichon, Mossé, 
Vanderhaeghen 2003; Chen, Savage 2004; Birse 2004; 
KIvel, Polyakov 2004

Börnig et al. 1998; Frankfurt, Polyakov, Strikman 1998; 
Goeke, Polyakov, Vanderhaeghen 2001

Mamo, Zahed

→ Talk Son

Lorce; Pasquini et al; J.-Y. Kim

→ Talks Constantinou, Braun



7Transition GPDs: Energy-momentum tensor

N,

t

µν

N ∆

T

T
+T (b)

b

N N, ∆

EMT operator as 2nd x-moment of light-ray operator

: Extensive studies, “mechanical properties”N → N

Ji 1996, Polyakov 2003, Lorce et al. 2013+

EMT form factors describe distributions of momentum,  
angular momentum, forces in system

: Concepts and structures can be generalized!N → Δ, N*

EMT transition form factors: Multipoles, interpretation,  expansion1/Nc

Example: Isovector angular momentum in  transitionsN → Δ

→ Talk J.Y. Kim



8Transition GPDs: Processes
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Probes chiral-even GPDs

JLab12: First results from CLAS12 Δ+

HERMES: Beam spin asymmetry ALU

EIC: Far-forward Delta reconstruction?

Theory predictions for transition GPDs

DVCS Pseudoscalar meson production

Large twist-3 mechanism: Chiral-odd GPDs + DA, T photon

Theory predictions for  using π−Δ++ 1/Nc
Kroll, Passek-Kumericki 2023

Twist-2 mechanism: Chiral-even GPDs + DA, L photon
Frankfurt, Pobylitsa, Polyakov, Strikman 1998

Goldstein, Liuti et al 08+, Goloskokov, Kroll 09+ 

Describes well JLab 6 GeV  dataN → N

JLab12: First results on  and π−Δ++ π+Δ0

Goeke, Vanderhaeghen, Polyakov 2001, Semenov-Tian-Shansky, VdH 2023

→ Yo, Diehl

→ Jentsch → Diehl, Usman



9Transition GPDs: Processes

γ*p → KΛ, K Σ, K Σ*

Strange pseudoscalar meson electroproduction Vector mesons at small x

Expect chiral-odd mechanism as in pion production

Transition GPDs from SU(3) flavor symmetry,  expansion1/Nc
JLab12: Final states in CLAS12 data

Vector mesons at large x
, …γ*p → ρ0 p, ωp, ρ+n, K*N

Many possibilities for 1/2 and 3/2 baryon final states

GPD-based description still poorly understood
...

2
V

Q

N

elasticGPDN N

X inelasticGPD

Diffractive scattering,  
no quantum number 
exchange

GPD-based description: Gluon GPDs + finite-size effects
Describes well HERA  dataρ0, ϕ, J/ψ

Transitions : Inelastic diffractionp → X(low-mass)
Connected with quantum fluctuations of gluon density in proton

LHC ultrperipheral pA/AA: Highest energies in photoproduction
EIC: Diffraction program with far-forward detectors

GPDs in photo- and hadroproduction
Dilepton photoproduction - timelike Compton scattering

Dilepton hadroproduction - exclusive Drell-Yan process

New possibilities for transition GPDs

→ A. Kim

→ Kumano, Chang, Chatagnon

→ Van Hulse

Frankfurt et al 2008; Schlichting, Schenke, Mäntisaari 2014/2016

→ Winn, McNulty, Jentsch



10Workshop: Goals

• Review status of theory/analysis/experiments in  GPDsN → N

• Explore extension to transition GPDs  
with upcoming experimental and theoretical results

N → πN, Δ, N*, . . .

• Formulate future program with JLab12 + beyond, EIC far-forward, 
and photon/hadron beams



11Workshop: Program

GPD analysis

Mon 21 Aug

S. Liuti, P. Sznajder, V. Bertone, Y. Guo

DVCS and transition GPDs
H. Yo, M. Vanderhaeghen, S. Diehl

Lattice calculations of GPDs

Tue 22 Aug

M. Constantinou, V. Braun

Transition GPD properties and models
K. Semenov-Tian-Shansky, Y.-D. Son,  
J.-Y. Kim, C. Weiss

GPDs with hadron and photon beams

Wed 23 Aug

S. Kumano, W.-C. Chang, P. Chatagnon, 

Baryon resonances
K. Joo, D. Roenchen

Meson production and transition GPDs

Thu 24 Aug

P. Kroll, A. Kim, S. Diehl, A. Usman

APCTP activities
C.-H. Lee

GPDs at collider experiments
C. Van Hulse, M. Winn, R. McNulty, A. Jentsch

Future program in experiment and theory

Fri 25 Aug

All participants

Presentations 30 + 10 mins
Group discussion after each topic

Reception Monday 1730-1900
Workshop Dinner Thursday 1900-2100
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ECT* Trento celebrating 30 years in 2023

Outstanding service to nuclear theory and experiments, 
especially JLab community

More information on activities and funding on webpage:
[ECT*]

https://www.ectstar.eu

