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Spatial imaging of glue in a nucleon/nucleus

• Exclusive charmonium production: narrow quarkonium exchanges gluons with the nucleon’s light quarks.

• Cross section is proportional to the square of the gluon density in the hadron.

• At large virtualities Q2 ≫ mQ2, electroproduction of heavy mesons is expressed in terms of meson distribution 
amplitudes in the factorization theorem (Collins, Frankfurt & Strikman 1997). 
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t-dependence

J/Ψ, ηc, …

Eγ = (W2  − M2)/2M [GeV]



 Donnachie and Landshoff model : VMD assumption

Width of V → e+e− (VMD)
Pomeron propagator 

 Model can not describe the 
JLab data at W < 7 GeV 



2g + 3g model by Brodsky, E. Chudakov, P. Hoyer, J. M. Laget (2001) 

Requires form factors to describe how 
the scattered quarks combine with the 
spectator quarks to form a proton. 

Fails to reproduce experimental data 
above W ≈ 20 GeV.



Pomeron exchange + charm-nucleon potential, M. A. Pichowsky & T.-S. H. Lee

vcN

T. Kawanai, S. Sasaki, Charmonium-nucleon potential 
from lattice QCD, Phys. Rev. D 82, 091501 (2010)

Lippmann-Schwinger equation for the J/Ψ-N scattering amplitude:



How to improve on this model?

vcN

• Nonperturbative quark-photon  
vertex that satisfies Ward identity. No VMD !! 

• Realistic Bethe-Salpeter wave functions/ 
distribution amplitudes for heavy quarkonia. 

• Quark propagators as numerical solutions of 
gap equation consistent with wave functions  
instead of constituent quark propagators. 

• This implies the calculation of 
transition form factor that describes a 
Pomeron exchange with the nucleon. 

• Employ nucleon GPD to describe data near threshold.
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Let’s focus on the                  hadronization …
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Green functions in  
functional approaches to QCD



The propagator can be obtained from QCD’s gap equation: the  Dyson-Schwinger equation (DSE) 
for the dressed-fermion self-energy, which involves the set of infinitely many coupled equations.
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with the running mass function M(p2) = B(p2)/A(p2).

Dµ⇥ : dressed-gluon propagator
�a

⇥(q, p) : dressed quark-gluon vertex
Z2 : quark wave function renormalization constant
Z1 : quark-gluon vertex renormalization constant

Each satisfies its own DSE 

�a
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Dyson-Schwinger equation in QCD

Running Quark Mass



Bethe-Salpeter Equation for QCD Bound States 

• Quark propagators are obtained by solving the gap equation (DSE) for space-like momenta.

• In solving the BSE in Euclidean space, the propagators are functions of  (k+P )2, P = (0,0,0,iM).

• Extension to complex plane via Cauchy’s integral theorem. 



Bethe-Salpeter Equation for QCD Bound States 

Treated with effective couplings



Bethe-Salpeter Amplitudes



Pseudoscalar Mesons



Beyond the Quark Model



Vector Mesons

The base is transverse to the meson’s momentum (transverse polarization):



Meson Distribution Amplitudes 
on the Light Front



Light-Cone Distribution Amplitudes



Light-Cone Distribution Amplitudes

• We do not obtain the LCDA directly from the light-front wave functions: 
  
 
 

• Instead, we compute the Mellin moments:  
 
 
 
 
 
 
 
 
 
 
 

• Distribution amplitudes are reconstructed with a Gegenbauer-like expansion or other functional forms:

fM �M (x, µ) =

Z µ2

d2k?
16⇡2

 M (x, k?)
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Bethe-Salpeter  
wave function
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fM�M (x, µ)
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Light-Cone Distribution Amplitudes

F. Serna, R. Correa da Silveira, J.J. Cobos Martínez, B.E., E. Rojas,  Eur. Phys. J. C 80 (2020)
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Light-Cone Distribution Amplitudes
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μ  = 2 GeV



Light-Cone Distribution Amplitudes

We find:  

𝝆 and 𝝓 mesons: longitudinal LCDA 𝝆 and 𝝓 mesons: transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Lett. (2022)

⟂

⟂



Light-Cone Distribution Amplitudes

K* meson longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Lett. (2022)


Lattice QCD: Lattice Parton Collaboration, PRL 127 (2021)


QCD Sum Rule : P. Ball, V. M. Braun and A. Lenz, JHEP 08 (2007)



Light-Cone Distribution Amplitudes

J/ψ meson longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Lett. (2022)



Light-Cone Distribution Amplitudes

D* and Ds* mesons longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Lett. (2022)



Let’s go back to the transition form factor  ….

Assuming a scalar Pomeron (most likely better use a vector one),

we can decompose the form factor/three-point Green function:
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Pq



Beware, very preliminary !!! 
Doesn’t use full Bethe-Salpeter wave function of J/ψ

W = 50 GeV



Conclusions & Progress
• Much progress was made from QCD based modeling toward nonperturbative 

numerical solutions of quark propagators and quark-antiquark bound states for 
flavored mesons satisfying chiral symmetry and Poincaré covariance. 

• Good reproduction of charmonium and bottonium as well as D and B meson 
mass spectrum and their weak decay constants. 

• Improvements in Bethe-Salpeter kernels beyond ladder truncation underway … 
⟹  needed for scalar and axialvector channels and their higher radially excited 
states, as well as better control of quark correlation functions on complex plane.

• First predictions for LCDAs of vector D and Ds mesons. 

• Concluding the calculation of the J/ψ production cross sections with form factors

• For all LCDAs we can readily provide functional parametrized expression.  



Backup Slides



Pseudoscalar Meson Spectrum

F. Serna, R. Correa da Silveira, J.J. Cobos Martínez, B.E., E. Rojas,  Eur. Phys. J. C 80 (2020)



 Vector Meson Spectrum

F. Serna, B.E., PoS CHARM2020 (2021)



Light-Cone Distribution Amplitudes

• As for the pseudoscalar mesons, one reconstructs the LCDA from Mellin moments:  
 
 
 

• which are normalized as, 
 
 
 

• and are given by: 
 
 
 
 
 

• Again, we can determine a large number of moments and fit a Gegenbauer expansion: 
 


