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3. Dynamics 

• Chiral theory in the large  limit of QCD


• Interpolation between non-relativistic quark model and 
chiral perturbation theory in large 


• Chiral properties of the energy-momentum tensor


• Light-cone chiral quark-soliton model


4. Near future work 

• Parity-odd EMT 


• QCD operator vs effective operator


5. Summary

Nc

Nc

Outline
1. Model-independent formalism 

• QCD energy-momentum tensor (EMT)


• Nucleon matrix element


•  transition matrix element


2. Dynamical symmetry 

• Spin-flavor symmetry in large  limit of QCD


• 2D LF interpretation in the large  limit of QCD

N → Δ

Nc

Nc

⟨N |Tμν |N⟩

⟨Δ |Tμν |Δ⟩

⟨Δ |Tμν |N⟩

Spin-flavor sym
m

etry

J.-Y. Kim, H.Y.Won, J.L.Goity, C. Weiss PLB (2023)
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Model-independent formalism
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Nucleon energy-momentum tensor (EMT) 

• EMT form factor was considered as an academic subject 
(weakly coupled nature of the graviton).


• GPDs allow us to access the EMT form factors via the Mellin 
moments.


• The D-term form factor has been extracted from the deeply 
virtual Compton scattering (DVCS) data.


• EMT form factors encode information about the mechanical 
properties of the nucleon. 


QCD EMT current 

• Current conservation


Matrix element of the EMT current 

• 3D interpretation: intuitive, applicable to non-relativistic limit (3D 
multipole expansion,  expansion)


• 2D LF interpretation: Unambiguous, loses longitudinal information

1/Nc

QCD Energy-momentum tensor (EMT)

wikipedia

K. Goeke, etal (2001)/ M. Diehl (2003)/ A. V. Belitsky et al (2005)

K. Kumericki, etal (2016)/ V.D. Burkert (2018)

M.V. Polyakov et al (2018)/ C. Lorcé etal (2018)/
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Nucleon matrix element of the QCD EMT current

EMT form factors in  

• Discrete symmetries (DS), Current conservation (CC)

N → N

I.Y. Kobzarev, et al (1962)/H. Pagels (1966)
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q = p0 � p, P = (p0 + p)/2, t = q2

Non-forward matrix element 

• Total angular momentum (AM)


• Orbital angular momentum (OAM) vs Intrinsic spin parts


• Polyakov & Weiss D-term


carries information about the Internal forces in the nucleon.


extracted from the DVCS data, assuming “flavor blindness” inspired by the 
large  limit.
Nc

Forward limit

• Light-front momentum (positivity)


• Mass decomposition


• Internal pressure

Axial vector charge (twist-2 GPDs)

OAM (twist-3 GPDs)

Ji’s sum rule (twist-2 GPDs)
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Electromagnetic properties in  transitions 

• extensively studied both theoretically and experimentally.  


• We were restricted to the EM form factors.


Transition generalized parton distributions (GPDs) in  transitions 

• Recently, the first measurement of the hard exclusive  electroproduction beam-spin asymmetries off the proton has been made.


• Related theoretical works on hard exclusive scattering in the  transitions have been carried out.


•  dependence of the transition GPDs?


Energy-momentum tensor in  transitions 

• Parametrization of the matrix element?


• Connection to the GPDs?


• Mechanical interpretations of the transition EMT?

N → Δ

N → Δ

π−Δ++

N → Δ

x

N → Δ

 transition matrix element ?N → Δ

S. Diehl, etal (2023)

P. Kroll, etal (2023)/ K. M. Semenov-Tian-Shansky, etal (2023)

J.-Y. Kim (2023)

J.-Y. Kim, H.-Y. Won, J. L. Goity, C. Weiss (2023); in preparation}

CLAS collaboration, V. Pascalutsa, et al (2006)

J.-Y. Kim (2022)

Induced from the charges of the hadron states→

J.-Y. Kim, H.-
Ch.Kim (2020)
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EMT form factors in  transition 

• Non-diagonal matrix element  constraints from the discrete 
symmetries are relaxed.


• Isospin difference  isoscalar current is not 
allowed.


• Constraint on the EMT form factors

N → Δ

→

| I′ − I | = 1 →

Parametrization of the matrix element
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J.-Y. Kim PLB (2022)
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3D multipole expansion of the EMT 

• Breit frame vs Generalized Breit frame


• N-rank irreducible tensors


• Transition multipole-spin tensors


• 3D multipole expansion


P = ( EΔ + EN

2
, 0), q = (EΔ − EN, q)

J.Y.Kim, H.Y. Won, J. L. Goity, C.Weiss, in preparation

3D components
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Mechanical interpretation of the EMT form factors

2D light-front (LF) AM 

• Ambiguous relativistic corrections are kinematically 
suppressed.


Helicity form factors 

• “good” component of the EMT transition GPDs


• Angular condition : 8 helicity FF  4 helicity FF

T++ →

→

• Mechanical interpretation in terms of the 3D components 
brings about ambiguous relativistic corrections. Transversely polarized LF momentum distribution 

• LF momentum distribution (2D Fourier transform of the FFs)


• Multipole patterns in the LF momentum distribution are quantified 
by (gravitational) multipole moments:


• The multipole moments are given by EMT form factors:


Monopole Dipole Quadrupole
/238J.-Y. Kim, H.-Y. Won, J. L. Goity, C. Weiss in preparation



• First Mellin moments of the transition GPDs:


• Second Mellin moments of the transition GPDs:


• Kinematical constraints on the GPDs

Parametrization of the transition GPDs 

• Leading-twist GPDs:


• We found an additional Lorentz structure that is independent of the 
other structures.


• GPDs in  transitions


• Kinematical factors:

N → Δ

Vector GPDs in  transitionsN → Δ

K. Goeke, et al (2002)/H.F. Johns, M. D. Scadron (1973)

at t = δ2
NΔ

at t = 4m̄2
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Dynamical symmetry 
• Spin-flavor symmetry in large  limit of QCD


• 2D LF interpretation in the large  limit of QCD

Nc

Nc
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Angular momentum (AM) form factor 

• The AMs for both the nucleon and the  baryon are 
found to be the same.


•  transition AM is not allowed


Isovector AM form factor 

• The isovector AM for the nucleon is related to that for 

the  baryon or for the  transition.

Δ

N → Δ

Δ N → Δ

• The spin-flavor symmetry in the large  limit of QCD is a 
powerful tool to investigate the  matrix element.


Chiral soliton approach 

• One of the realization of the spin-flavor symmetry in the 
large  limit of QCD


• Classical nucleon - non-relativistic object (3D 
interpretation)


• Access to the EMT form factors through the 3D 
components


-scaling behavior of the EMT form factors 

Nc
N → Δ

Nc

Nc
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FN (t) = aF�(t) = bFN�(t) = cFsol(t)

• These large  relations between all the EMT form factors for the nucleon, the  baryon, 
and the  transitions are obtained.


• However, the mechanical interpretation of the EMT form factors in the  transitions 
is not obvious.

Nc Δ
N → Δ

N → Δ

⟨N |Tμν |N⟩

⟨Δ |Tμν |Δ⟩

⟨Δ |Tμν |N⟩

Spin-flavor sym
m

etry
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Matching 

• Without knowing the explicit expressions of the matrix element, one can easily 
map the 3D components of the EMT to the 2D LF ones.


• This "matching" procedure is greatly simplified in the large  limit of QCD.


Wigner rotation (Melosh rotation) 

• In the large  limit of QCD (where the parametric regime   
), the Wigner rotations are suppressed.


• Light-cone helicity states = canonical spin state at rest frame


Admixture of the 3D components under the Lorentz boost 

• 2D LF components with respect to 3D components


Nc

Nc |p′ | , |p | ∼ O(N0
c )

Using covariant form 

• Linear combination of the 3D multipole form factor  2D LF 
multipole form factors.


• 3D AM is equivalent to the 2D LF AM in  expansion


• Hierarchy of the multipole moments in the  expansion


• Numerical results of  transition AM

→

1/Nc

1/Nc

N → Δ

2D LF interpretation in the large  limit of QCDNc

Monopole Dipole Quadrupole
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Λ : Lorentz boost
Dj(p, Λ) : Wigner rotation matrix

Matching
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• Nevertheless we are still able to obtain a relation between the 
second Mellin moments of the GPDs:


• Similar large  relations have been derived between quadrupole 
EM form factors:


Nc

Second Mellin moments of the GPDs in the large  
limit of QCD 

•  scalings of the GPDs can be deduced from those of the EMT 
form factors.


• To have reliable results in the large  limit of QCD, the subleading 
order in the 1/  expansion is necessary.

Nc

Nc

Nc
Nc

Transition GPDs in large  limit of QCDNc
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HM (x, ⇠, t) ⇠ N
3
c ⇥ function(Ncx,Nc⇠, t),

HE(x, ⇠, t) ⇠ N
2
c ⇥ function(Ncx,Nc⇠, t),

HC(x, ⇠, t) ⇠ N
4
c ⇥ function(Ncx,Nc⇠, t),

HX(x, ⇠, t) ⇠ N
1
c ⇥ function(Ncx,Nc⇠, t).

: leading in Nc

: subleading in Nc

} Incomplete
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Dynamics 
• Chiral theory in the large  limit of QCD


• Interpolation between non-relativistic quark model and chiral perturbation theory in large 


• Chiral properties of the energy-momentum tensor


• Light-cone chiral quark-soliton model

Nc

Nc
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Matrix element of the EMT current 

• Effective operator 


• Correlation function


• Schematic diagram


• Spectral representation (exact calculation in a finite box)

• One of the realizations of the spin-flavor symmetry in the large  limit of 
QCD


• Inspired by QCD instanton vacuum  chiral symmetry and its 
spontaneous breakdown


Chiral soliton approach 

• Effective Action


• Hedgehog symmetry (spin-flavor symmetry)


• Correlation function


• Saddle point approximation and saddle point equation 


• (Translational, rotational) Zero-mode quantization Assign quantum 
number


• These corrections are generally suppressed in the 1/  expansion.

Nc

→

→

Nc

Chiral theory in the large  limit of QCDNc
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• This chiral theory naturally interpolates the NQM and ChPT in the large  
limit of QCD.


Non-relativistic quark model (NQM) 

• , all the pion cloud effects are suppressed and the valence quark 
contribution becomes dominant (NQM).


Chiral perturbation theory (ChPT) 

• Gradient expansion — slowly varying chiral field ( ) allows us to 
expand the quark propagator in the pion momentum ( ).


• It generates an infinite power of the pion momentum contributions.


• If one is satisfied with the leading order in 1/  expansion, all the low-
energy constants in the ChPT are dynamically generated.


• Truncated version of the gradient expansion  Skyrme model

Nc

R → 0

R → ∞
∂μU

Nc

→

Interpolation between NQM and ChPT in large Nc

Valence quark Sea quark
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• By controlling the size of the soliton, one can interpolate the NQM and the 
ChPT in the large  limit of QCD.Nc
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MR ∼ 1R → 0 R → ∞

NQM ChPT

SkyrmionChiral theory

Lμ = U†∂μU; Rμ = U∂μU†
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Chiral properties of the EMT

Isoscalar Isovector

−i
f 2
π

2
MN

I
Sl ∫ d3eiΔ⋅xtr[Lkτl + Rkτl] + . . .

−MNδB′ B f 2
π ∫ d3x eiΔ⋅xtr[LaLa] + . . .

−
f 2
π

4
MNδB′ B ∫ d3xeiΔ⋅xtr[2LiLj − δijLaLa] + (i ↔ j) + . . .

MNNc

12I
1

192π2 ∫ d3xeiΔ⋅xϵabctr[34LaLbLc + 2LaLbLc {τl[U†, τl]U + U†τl[U, τl]} . . . ]
−2MNNc⟨D3l⟩

i
4 ∫ d3x eiΔ⋅x ϵabc

96π2
tr[τl(∂kRaRbRc + 2Ra∂kRbRc + 3RaRb∂kRc)] . . .

𝒪(p3)

T00(A)

T0k(J )

Tij(D, c̄)

𝒪(N2
c ), 𝒪(p2)

𝒪(N1
c ), 𝒪(p1)

𝒪(N2
c ), 𝒪(p2) 𝒪(N1

c ), 𝒪(p3)

𝒪(N1
c ), 𝒪(p3)

𝒪(N2
c ), 𝒪(p4)

• Large distance behavior of the isoscalar EMT distributions (  and 
) are equivalent to the prediction from ChPT.


• 


• 


Numerical estimation 

• Isoscalar EMT:


• Isovector EMT:

T00

Tij

Lu+d = Ju+d, Su+d = 0 at 𝒪(p2)

Su−d = − Lu−d at 𝒪(p2)

Unexplored sector 
Essential to  transitionN → Δ
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Exact calculation
Gradient expansion

• Valence contributions are dominant in the 
isovector EMT form factors.


• All the sea quark contributions are 
consistent with the results from the 
gradient expansion.


• If one requires an accurate value of the 
D-term extracted from the DVCS, “flavor 
blindness’’ should be revisited.


• We extend it to the flavor SU(3) sector (by 
performing a trivial embedding).
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Light-cone chiral quark-soliton model

• Boosting the system to the infinite momentum frame, we 
obtain the light-cone wave functions.


• Infinite tower of the quark-antiquark pair wave functions 
produces the higher-Fock components.


• Overlap representation of the LCWFs  spin-flavor 
symmetry and dynamical information of the EMT.


• It is straightforward to explore the x dependence of the 
AM.


Spin-flavor symmetry (LCWFs) 

• Spin


• OAM

→

• Forward limit of the axial-vector is related to the N\to \Delta transition 
PDF.


• Transition OAM GPDs has not been identified (parametrization of the 
higher-twist transition GPDs are under investigation).

/2319 J.-Y. Kim (2023)

J.-Y. Kim (2023)

V. Y. Petrov and M. V. Polyakov (2002)

D. Diakonov and V. Petrov (2004)

C. Lorce (2006)/(2008)/(2009)



Near future work 
• Parity-odd EMT 


• QCD operator vs effective operator
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• Parity-odd EMT current 


• Spin-orbit correlation, second Mellin moments of the axial-vector GPDs


Matrix element 

Spin-orbit correlation (sym+antisy) 

• Alignment of the spin and OAM


• Antisymmetric part 

• Reduced to the known quantities (tensor and vector form factors)


• Symmetric part (second Mellin moments of the GPDs) 

Parity-odd EMT

/2321

Large  limit of QCD 

• Isoscalar component:


Nc
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• We have recently found that the gluon contribution to the 
twist-3 operator has the same parametric order as the 
naive quark operator.


• Indeed, the gluon contributions are found to be larger than 
the quark contributions (in the chiral theory in the large  
limit).

Nc

• We actually use the Jaffe/Manohar type operator in the estimation of the 
EMT/parity-odd EMT.


• The gluon contributions are parametrically suppressed in the leading-twist 
observables.


• Most of dynamical models (e.g., light-cone wave function model) employ 
“Jaffe-Manohar operator”.


• In twist-3, the gauge-dependent part in the covariant derivative could play 
an important role.


Decomposition of the AM (twist-3) 

Spin-orbit correlation (twist-3) 

Chiral-odd twist-3 quark distribution functions 

QCD operator vs effective operator
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Summary
Model independent 

• Parametrization of the  transition matrix element of the 
EMT current; 3D multipole expansion; mechanical 
interpretations;


• We provide the connection between the EMT form factors and 
the transition GPDs.


Large  limit of QCD 

• Using the spin-flavor symmetry in the large  limit of QCD, we 
relate the EMT form factors for the nucleon, the  baryon and 
the  transitions.


• In the large  limit of QCD, we find that the 3D AM is 
equivalent to both the 2D LF AM and the gravitational dipole 
moment.


• This AM or gravitational dipole moment can be extracted from 
the second Mellin moment of the GPD.

N → Δ

Nc

Nc
Δ

N → Δ

Nc
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Dynamics 

• In the chiral soliton approach, we see that this model naturally 
interpolates NQM and ChPT.


• We see the cancellation between the spin and OAM in the 
isovector component.


• We estimate the EMT form factors in the chiral soliton approach 
and observe D-term “flavor (u,d) blindness” in the flavor SU(3).


Near future works 

• Estimation of the parity-odd EMT 


• Matching the twist-3 QCD operator with the effective operator

Thank you very much!

Su−d = − Lu−d at 𝒪(p2)


