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Light-Cone Distribution Amplitudes 
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δ(n · kη − xn · P )γ5 γ · n ΓM
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 Hadronic light-cone distribution amplitudes (LCDAs) were introduced four 
decades ago in the context of QCD description of hard exclusive reactions.

Light-Cone Distribution Amplitudes 
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‣QCD Factorization involves matrix elements which are convolution integrals  
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➡ Meson's Light-front distribution Amplitudes (LCDAS) 
(nonperturbative)
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Light-Cone Distribution Amplitudes 

 Hard exclusive scattering processes.
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=  weak decay constant
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fM

Leading-twist LCDA for pseudoscalar meson 

 The LCDAs are scale-dependent functions can be understood as the closest 
relative of quantum mechanical wave functions in quantum field theory

  expresses the light-front fraction of the hadron’s momentum carried 
by a valence quark. Allows for a probability interpretation of partons. 
ϕM(x, μ)

  is the light-front momentum fraction:  and  the renormalization 
scale.

x x = k+/P+ μ

Light-Cone Distribution Amplitudes 
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Light-cone projection of the Bethe-Salpeter wave function

➡ Meson’s Bethe-Salpeter wave function (BSWF)
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S(k⌘) ➡ Quark propagator
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Light-Cone Distribution Amplitudes 

  is directly accessible from the Light-Cone Wave Function (LCWF) 
by integrating over the meson’s transverse momentum .
ϕM(x, μ)

k2
⊥

where  is the Fourier transform of the positive-energy projection of the 
Bethe-Salpeter wave function evaluated at equal time in coordinate space. 

ψ(x, k⊥)

 Also, from the LCWFs we can access to structure functions:

GPDs PDFs FFs
Fernando E. Serna JLab Theory Seminar 13/03/2023
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Non-perturbative continuum tools for QCD
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Fernando E. Serna 

Continuum methods: Reproduce perturbation theory, but non-perturbative 
Systematic truncations: neglect higher n-point functions to obtain closed      

system 

Infinitely many coupled equations 

DSE = Quantum equation of motion: obtained from path integral, relate n-
point functions 

QCD’s Dyson-Schwinger Equations (DSEs) 

Capture two emergent phenomena:
 Dynamical chiral symmetry breaking

 Confinement

JLab Theory Seminar 13/03/2023



QCD’s Dyson-Schwinger Equations (DSEs) 

Quark Dyson-Schwinger Equation
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Dressed gluon propagatorDab
μν(q) =

 Dressed quark-gluon vertexΓb
ν(k, p) =

 Quark wave function renormalization constantZ2 =

Quark-gluon vertex renormalization constantZ4 =

Quark propagator
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Renormalization condition:
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QCD’s Dyson-Schwinger Equations (DSEs) 



Bethe-Salpeter Equations for QCD bound-states 

BSE = Bound-state equation for meson

General solution for Poincaré 
 invariant pseudoscalar BSA
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Quark-antiquark scattering kernelKfg(q, k; P) =

Dressed quark propagatorSf(qη) =

 Meson’s Bethe-Salpeter Amplitude (BSA)Γfg
M(k, P) =
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Truncation schemes and symmetries  
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DSE/BSE: Kernel can be derived in accordance with chiral symmetry
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K

Truncation must preserve AV-WTI, which ensures that we will have massless 
pions in the chiral limit. 
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Axial vector-vertex:



Leading truncation

Rainbow-Ladder truncation 
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An interaction ansatz for  that has proven its merits in meson and baryon 
phenomenology can be decomposed as 

𝒢(q2)
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Numerical solutions: Quark DSE 

REAL AXIS SOLUTION
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DCSB

Quark Propagator: Dynamical chiral symmetry breaking generates ‘constituent- 
quark masses’. 
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Numerical solutions: Quark DSE 
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 Dramatic change in the in the analytic structure of the quark propagator:

Normal particle: Mass pole  
on the real axis 

Confined particle: interactions  
move the mass pole off axis

Complex conjugate singularities characterized by a dynamically generated mass scale.



u-quark

Light meson: For instant, the pion with .η = 1/2

Quark Propagator: In order to obtain bound-states masses, we need to know 
the quark propagator in a parabolic region in the complex plane.
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COMPLEX PLANE SOLUTION

mM = mπ < 1 GeV
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Numerical solutions: Quark DSE 



Heavy meson: For instant, the  meson with (D η = 0.5

u-quark

Quark Propagator: In order to obtain bound-states masses, we need to know 
the quark propagator in a parabolic region in the complex plane.
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u-quark

Quark Propagator: In order to obtain bound-states masses, we need to know 
the quark propagator in a parabolic region in the complex plane.
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COMPLEX PLANE SOLUTION

mM = mD > 1 GeV
Heavy meson: For instant, the  meson with D η = 0.2
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Numerical solutions: BSE 

For the bound state masses we solve an artificial eigenvalue problem: 
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Pseudoscalar mesons 

F. E. S, R. C. da Silveira, J. Cobos-Martínez, B. El-Bennich and E. Rojas, Eur. Phys. J. C 80, 955 (2020).
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Extracting LCDAs 
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LCDAs for vector mesons: 

Fernando E. Serna JLab Theory Seminar 13/03/2023

Extracting LCDAs 



<latexit sha1_base64="YGqXv8fsaknSGWGgta4tHKeFS/g="> TdoAf0E/1ybp1H57fzZx6tOIuZTfQElcpf4UivYw==</latexit>

�µ(k;P ) =

Z ⇤ d4q

(2⇡)4
K(k, q;P )Sf (q+)�µ(q;P )Sg(q�)

<latexit sha1_base64="1DcIf1YEIZfN/5wr7sZQXo2IeEY="></latexit>

�µ(k;P ) =
8X

i=1

T i
µ(k, P )Fi(k

2, zk, P
2)
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Bound-state equation for vector mesons 
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LCDAs for vector mesons: 
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For a longitudinally polarized vector meson

For a transversely polarized vector meson
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F. E. S, R. C. da Silveira, B. El-Bennich, Phys. Rev. D 106, L091504 (2022).
Lattice QCD: Lattice Parton Collaboration, PRL 127 (2021)

Fei Gao, Lei Chang, et al., Phys. Rev. D 90, 014011(2014).
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Extracting LCDAs 

Longitudinal and transverse LCDAs (  meson)K*
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F. E. S, R. C. da Silveira, B. El-Bennich, Phys. Rev. D 106, L091504 (2022).

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

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

Longitudinal and transverse LCDAs
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Extracting LCDAs 

Longitudinal and transverse LCDAs
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Light-cone wave functions and 
quantum information 

• Bruno El-Bennich, Universidade Cidade de São Paulo, Brazil.

• Gastão Krein, IFT-UNESP, Brazil.

• Ian Cloët, Argonne National Lab, US.
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Light-Cone Wave Functions (LCWFs) 

BSWFs LCWFs
LCDAs

GPDs
PDFs

Projected onto  
the light-front

‣The inputs: Solutions from DSE and Bound-State equations. 

Overlap  
   representation
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 From the LCWFs we can access to structure functions:
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 The LCWFs are obtained from the BSWF via the light front projections:
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 With the LCWF one can readily derive two distributions:

• The leading-twist TMD 
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• Pion LCWF

ψ↑↓
π (x, k2

⊥) ψ↑↑
π (x, k2

⊥)

• Pion TMD

Light-Cone Wave Functions (LCWFs) 
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Light-Cone Wave Functions (LCWFs) 
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µ = 2GeV
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Entanglement entropy of constituent quarks  
in the pion LCWF 

 Entropy of the valence distribution of the valence quark distribution in the pion. 

This definition is related to the Von Neumann entropy for a quantum object in 
a non-pure state. 

This study represents an initial step into the world of quantum 
information from my standpoint of view as a hadron physicist. 
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• Explore how this entropy evolves as a function of .μ2

• Explore how the entropy behaves when the coupling 
constant in the gap and bound- state equations decreases or 
increases. 
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Conclusions 

•Good reproduction of the meson mass spectrum and their weak decay 
constants for pseudoscalar and vector channels . 

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

•LCDAs of the  and mesons can readily be used in diffractive 
vector-meson production which are of interest to the experimental 
program of the EIC.

J/Ψ D*s

•We also are interested in study the entropy of the valence distribution 
of the valence quark distribution in the pion. 
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