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Before coming to the meat of the talk, 
namely Light Front Wave Functions, let’s 
motivate them with LCDAs … 



Light-Cone Distribution Amplitudes



QCD factorization in B decays involves matrix elements which are convolution integrals: 

The integrals are over a (hard) scattering kernel T (ξ,u,v,m) and light-cone distribution 
amplitudes (LCDA) expanded in Gegenbauer polynomials:

• LCDA were poorly known for light mesons, in recent years improved determinations of the first two 
Gegenbauer moments of the pion and kaon, RQCD Collaboration, Bali et al. (2019).

• Next to nothing was known about heavy-light mesons, mostly models and asymptotic LCDA used.

Light-Front Distribution Amplitudes

https://inspirehep.net/literature?q=collaboration:RQCD
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Hard exclusive scattering processes



Charged current production of charmed mesons

B. Pire, L. Szymanowski, and J. Wagner, Phys. Rev. D 104 (2021)

• Initial work by Siddikov and Schmidt for π and ρ production, Phys. Rev. D 99 (2019).  

• Claim that their numerical estimates show that production could be studied electron-
induced processes at EIC. 

• Recently extended do Ds and Ds* mesons in collinear QCD where generalized gluon 
distributions factorize from perturbatively calculable coefficient functions.  

• Required input: pseudoscalar and vector meson distribution amplitudes.



Par ton Distribution Functions

• Contrary to Light-Cone Distribution Functions, these are measurable objects.

• Model approaches to calculation commonly based on “handbag” diagrams for 
photon-pion forward Compton scattering in Bjorken limit.

L. Chang, C. Mezrag, H. Moutarde, C. D. Roberts & J. Rodríguez-Quintero, PLB (2014)



What if we could obtain all kind 
of distribution functions from 

one unified calculation ?



Light-Front Wave Functions
With a particular projection of the Bethe-Salpeter wave functions we arrive the light-
front wave functions, a more general object to describe probability amplitudes.

S. Brodsky and G. Lepage (1980)

B. Pasquini and 

P. Schweitzer (2014)

C. Mezrag, H. Moutarde and J. Rodríguez-Quintero (2014)



Light-Front Wave Functions
• M. Burkardt, X.-D. Ji, and F. Yuan (2002) showed that for pseudoscalar mesons there are two 

independent light front wave functions for the leading Fock state, with lz = 0 and lz = 1.

• Two-particle Fock-state configuration is given by:
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Light-Front Wave Functions
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The LFWFs are obtained from the Bethe-Salpeter wave function via the light front projections:

C. Mezrag, H. Moutarde, and J. Rodriguez-Quintero, Few Body Syst. 57 (2016)

C. Shi and I. C. Cloët, Phys. Rev. Lett. 122, 082301 (2019) 



Green functions in  
functional approaches to QCD



Everything we need to know is encoded in 
n-point Green functions 

Lattice: extract baryon poles from correlators ⟹ exponential Euclidean time decay

⇠ exp(�mN t)

Spectral decomposition: extract baryon 
poles from quark 6-point functions  

Residue at pole: Bethe-Salpeter wave 
function, contains all information about baryon⟹
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Equation of motion: encoding observables

Classical Mechanics Quantum Field Theory

!4

Principle of Least Action

Equations of Motion (EoM)

Euler-Lagrange Equation Dyson-Schwinger Equations

NONPERTURBATIVE CONTINUUM TOOLS FOR 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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Quark-Gap Equation in QCD
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Quark-Gap Equation in QCD

Running Quark Mass



The quark-gluon vertex in a tree-order is just              . 

However, already at one loop the Dirac-tensor structure is very complex. 
                                                               Davydychev, Osland and Saks (2001)

i
�i

2
�µ

a) Abelian correction at one loop  
b) Non-Abelian correction at one loop 

Nonperturbative quark-gluon vertex: tensor structure



The fermion-gauge-boson vertex can be decomposed into longitudinal  

and transverse components:                                             .�µ(k, p) = �L
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Nonperturbative quark-gluon vertex: tensor structure



Inflection point of mass function signals absence of Källen-Lehmann spectral 
representation  ⇒  violation of reflection positivity  ⇒  Confinement

Gluon infrared behavior 
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q2

◆
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Landau gauge:

IR-massive but UV-massless, confined gluon

perturbative, massless gluon

massive, unconfined gluon

A. Bashir, L. Chang, I. Cloët, B. E., Y. X. Liu, C.D. Roberts & P. Tandy (2012)



Bogolubsky et al. (2009) 

Use effective interaction which reproduces Lattice QCD and DSE results for gluon-

dressing function: infrared massive fixed point; ultraviolet massless propagator.

Latt ice QCD gluon dressing function
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Landau gauge:



L. Albino, A. Bashir, B.E., L.X. Gutiérrez Guerrero, E. Rojas PRD 100 (2019)

L. Albino, A. Bashir, B.E., E. Rojas, F. E. Serna, R.C. Silveira, JHEP11 (2021)

J. R. Lessa, F. E. Serna, B.E., A. Bashir, O. Oliveira, PRD 107 (2023)

DSE solutions 
Flavor dependence



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. 
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Bethe-Salpeter Equation for QCD Bound States 



Bethe-Salpeter Equation for QCD Bound States 

Treated with effective couplings



Bethe-Salpeter Amplitudes



Beyond the Quark Model



Pseudoscalar meson spectrum

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



F. Serna, R. Correa da Silveira, B.E., PRD Letters 106 (2022)

Pseudoscalar meson spectrum



Light-Front Wave Functions



Light-Front Wave Functions

Normalization condition:
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[B. Pasquini and P. Schweitzer (2014)]



Light-Front Wave Functions
We calculate transverse momentum dependent moments:
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Light-Front Wave Functions
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Transverse Distribution Functions 
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Par ton Distribution Functions 
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Meson Distribution Amplitudes 
on the Light Front



Light-Cone Distribution Amplitudes

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

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0
x

�Du(x, µ)
�Ds(x, µ)
�K(x, µ)
�⇡(x, µ)
�⌘c(x, µ)

μ  = 2 GeV



Light-Cone Distribution Amplitudes
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Vector Meson LCDAs

• Vector mesons are described by two distribution amplitudes 

• The distributions are obtained via the projections :   
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We find:  

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

F. Serna, R. Correa da Silveira, B.E., PRD Letters 106 (2022)

⟂

⟂

Vector Meson LCDAs



Light-Cone Distribution Amplitudes

K* meson longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Letters 106 (2022)



Light-Cone Distribution Amplitudes

D* and Ds* mesons longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Letters 106 (2022)



Light-Cone Distribution Amplitudes

J/ψ meson longitudinal and transverse LCDA

F. Serna, R. Correa da Silveira, B.E., PRD Letters 106 (2022)



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. 

• This approach reproduces very well the charmonium and bottonium as well as D and 
B meson mass spectrum and their weak decay constants. 

• The three-dimensional momentum landscape of light and heavy mesons is obtained 
from different light-front projection of their Bethe-Salpeter wave function and don’t 
involve the calculation of diagrams. 

• For all LCDA, PDF and TMD we can readily provide functional parametrized 
expressions.  

• Current progress: improve beyond-leading corrections in BSE kernel for heavy-light mesons;  
computing GPDs and gravitational form factors; extension to nucleons. 


