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 Quantum Chromodynamics (QCD) is the fundamental theory that 
describes the strong interactions.

Quantum Chromodynamics (QCD) 
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 The strong force is the responsible to held neutron and proton inside 
the atomic nucleus.

 It is around 100 times stronger than the electromagnetic.

 It QCD is a local, non-Abelian gauge theory whose basic degrees of 
freedom are quarks and gluons.



Quantum Chromodynamics (QCD) 

 QCD is characterized by the classical action:
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Quantum Chromodynamics (QCD) 
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Fμν = ∂μAν − ∂νAμ

Why’d you ignore the  
guy who just walked past?

I do not interact with other 
photons!

QED



 At large momentum transfers:

• Asymptotic freedom: Quarks behave quasi-free
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Quantum Chromodynamics (QCD) 



 Strong interactions are singularly characterized by two phenomena:

 DCSB is the most important mass generating mechanism for visible matter in 
our universe.

• Color confinement 

• Mass generating phenomenon ⇒ Dynamical Chiral Symmetry Breaking (DCSB)

PRL. 121, 212001 (2018)
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Quantum Chromodynamics (QCD) 



Many hadrons
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Light and strange meson spectrum



Many hadrons
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Charmonium spectrum



Many open questions
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Proton spin puzzle



Theory tools
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๏Non-perturbative physics requires special tools.



Non-perturbative continuum 

tools for QCD
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Non-perturbative continuum tools for QCD
๏For QCD we have first principles:  
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DSE = Quantum equation of motion: obtained from path integral, relate n-
point functions 

QCD’s Dyson-Schwinger Equations (DSEs) 

๏ Continuum methods: Reproduce perturbation theory, but non-perturbative 

๏ Systematic truncations: neglect higher n-point functions to obtain closed      
system 

๏ Infinitely many coupled equations 
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QCD’s Dyson-Schwinger Equations (DSEs) 

Quark Dyson-Schwinger Equation

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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QCD’s Dyson-Schwinger Equations (DSEs) 
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Bethe-Salpeter Equation for QCD bound-states 

BSE = Bound-state equation for meson

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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Bethe-Salpeter Equation for QCD bound-states 

Bethe-Salpeter amplitudes

<latexit sha1_base64="BtoYJ6AvFA2kr5go8JNM+UPW+xY="></latexit>

�fg
M (k, P ) = �5

h
iE

fg
M (k, P ) + � · P F

fg
M (k, P )

+ � · k k · P G
fg
M (k, P ) + �µ⌫kµP⌫ H

fg
M (k, P )

i

<latexit sha1_base64="/45EF3ixhtDQc8iCg8PKQWFnn98=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoIGWmFHVTKArqRqnQF/QxZNK0DU1mhiQjlGF+xI2/4saFIi7ciH9j2s5CWw9c7uGce0nucQNGpbKsbyO1tLyyupZez2xsbm3vmLt7demHApMa9pkvmi6ShFGP1BRVjDQDQRB3GWm4o8uJ33ggQlLfq6pxQDocDTzapxgpLTlmsX2NOEdOBG/j3OikcgxLsC1D3r1zIlqyY1jtUidKvCuHTrtjZq28NQVcJHZCsiBBxTE/2z0fh5x4CjMkZcu2AtWJkFAUMxJn2qEkAcIjNCAtTT3EiexE0+tieKSVHuz7Qpen4FT9vREhLuWYu3qSIzWU895E/M9rhap/3omoF4SKeHj2UD9kUPlwEhXsUUGwYmNNEBZU/xXiIRIIKx1oRodgz5+8SOqFvH2aL9wXs+WLJI40OACHIAdscAbK4AZUQA1g8AiewSt4M56MF+Pd+JiNpoxkZx/8gfH1A/qxn1o=</latexit>

�M (k, P ) =
NX

i=1

T i
M (k, P )Fi(k, P )

๏ The general form of  is given byΓM(k, P)

• Where  are Dirac’s covariants; Ti
M(k, P)

•  are Lorentz invariants amplitudes; Fi
M(k, P)

•  denotes the number of covariants which are different for different meson’s 
channel. 
N

๏ For the case of pseudoscalar mesons we have  and for vector mesons one has 
.

N = 4
N = 8

Pseudoscalar  
channel

C. H. Llewellyn-Smith, Ann. Phys. (N.Y.) 53, 521 (1969). 

C. H. Llewellyn-Smith, Ann. Phys. (N.Y.) 53, 521 (1969). 
Fernando E. Serna 17/06/2024IF-USP - QCD seminar



Truncation schemes and symmetries  

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:
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Leading truncation

Rainbow-Ladder truncation 
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Contact interaction model 
 Ansatz for gluon propagator:

 If we plug the truncated quark-gluon vertex and gluon-propagator 
into the quark DSE, it simplifies to

 where  is the gluon mass scale with together  quantify the interaction 
strength.

mg αIR
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LQCD = ψ̄(γμ∂μ + mf )ψ + g (ψ̄
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2
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Contact interaction model 
 The scattering kernel in the BSE became:

 The BSE simplifies to

 Since we used a simple form for the gluon propagator, that does not depend 
on the relative momentum .k
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Solution quark DSE 
 Now, we use the general solution of the quark propagator inside the quark 
DSE.

 Using appropriate projectors, the quark DSE decouples in:

Which implies that  and then , so that: Af(p2) = 1 Bf = Mf
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Solution quark DSE 
 The integral in the equation of  is quadratically divergent. Mf

 Cutoff regularization:

→
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Solution quark DSE 
 Proper time regularization:

 We implement the following identity:

→
Which has no poles when . Then, one has,q2 → − M2

f

→

→

τir =
1

Λir
τuv =

1
Λuv



Solution quark DSE 
 Now, we set G = 4παIR/mg2

 Trivial solution for , but a solution also exists at large G = 0 G .

 In the chiral limite we have:
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Solution BSE 
 After plugging the BSA into the BSE:

 Using appropriate projector we can write the BSE in matrix form:

Where for instant, the first matrix element looks like 

Log divergent!
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Solution BSE 
 Feynman parameters

 After performing the change of variable , we obtaink = q + xP

Again, the integral with  is zero. Then,(k ⋅ P)

→
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Solution BSE 
 Masses and BSA obtained from BSE as an eigenvalue problem 

λ(P2 = − m2
PS) − 1 = 0 P2 = − 0.01932 GeV2

Pion

mπ = 0.139 GeV
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Solution BSE 
 Together the mass we obtain the unnormalized BSA. We use a normalization 
condition. 

In the contact model the normalization constant is:
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 We can compute leptonic decay constant via:

 Results for masses and decay constant of pseudoscalar mesons.

Solution BSE 
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Decay constants

Meson masses

Solution BSE 

Fernando E. Serna 17/06/2024IF-USP - QCD seminar



Meson Distribution 
Amplitudes on the Light 

Cone
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๏ 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

ϕM(x, μ)

Light-Cone Distribution Amplitudes (LCDAs) 
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 Hard exclusive scattering processes.

LC
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GPDs GPDs
LCDA

LCDA

Q2Fγ*γπ(Q2) → 2 fπQ2Fπ(Q2) → 16π f 2
π αs(Q2)

π+
π+π+

Light-Cone Distribution Amplitudes (LCDAs) 

Fernando E. Serna 17/06/2024IF-USP - QCD seminar



<latexit sha1_base64="1MqmdM86C7K0rWd9TgBy6lyN9Wc="></latexit>

�M (k⌘, k⌘̄) := S(k⌘)�M (k, P )S(k⌘̄)
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fM�M (x, µ) =
Z2Ncp

2
TrD

Z ⇤ d4k

(2⇡)4
�(n · k⌘ � xn · P )�5 � · n �M (k⌘, k⌘̄)

Light-cone projection of the Bethe-Salpeter wave function χM(k, P)

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

P
δ(n · kη − xn · P )γ5 γ · n ΓM

kη

kη̄
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=  weak decay constant
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Projection of BS wave-function onto the light front :

Computing Mellin moments 
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Conclusions 
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The Contact Interaction model, when applied within the framework of DSE and 
BSE, provides a valuable tool for investigating non-perturbative QCD 
phenomena.

Despite its simplifications, the CI model offers a qualitative understanding of 
hadronic physics and aids in the computation of LCDAs, though with limitations 
in accuracy for high-momentum and detailed dynamical processes.

It serves as a useful complement to more sophisticated approaches in the study 
of QCD.



Thank you! 
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 In relativistic QFT the infinite degrees of freedom do not allow for a 
straightforward definition of a particle’s WF as in quantum mechanics. 

Light-Cone Distribution Amplitudes 

✴Particles interact and their number is not conserved

 An alternative is formulate the theory on the light-front because the 
eigenfunctions of the light-front Hamiltonian are independent of the system’s 
four-momentum.

 Coordenadas del cono de luz:

xμ = (x+, x−, x⊥)

x± =
1

2
(x0 ± x3) x⊥ = (x1, x2)
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