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➢ Hadrons, as bound states, are dominated by non-perturbative
QCD dynamics – Two emergent phenomena 

➢ Confinement: Colored particles have never been seen isolated
✓ Explain how quarks and gluons bind together

➢ Dynamical Chiral Symmetry Breaking (DCSB): Hadrons do not 
follow the chiral symmetry pattern
✓ Explain the most important mass generating mechanism for visible matter in 

the Universe

➢ Neither of these phenomena is apparent in QCD 's Lagrangian, 
HOWEVER, They play a dominant role in determining the 
characteristics of real-world QCD!

Non-Perturbative QCD:
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➢ From a quantum field theoretical point of view, these emergent phenomena 
could be associated with dramatic, dynamically driven changes in the analytic 
structure of QCD 's Schwinger functions (propagators and vertices). The 
Schwinger functions are solutions of the quantum equations of motion (Dyson-
Schwinger equations).

➢ Dressed-quark propagator:

➢ Mass generated from the interaction 

of quarks with the gluon.

➢ Light quarks acquire a HUGE constituent mass.

➢ Responsible of the 98% of the mass of the 

proton and the large splitting between 

parity partners.
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• Lei Chang, Yu-Bin Liu, Khépani Raya, J. 
Rodríguez-Quintero, and Yi-Bo Yang, 
Phys. Rev. D 104, no.9, 094509 (2021)



Continuum Schwinger function methods (CSMs)
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➢ Mesons: a 2-body bound state problem in QFT

➢ Bethe-Salpeter Equation

➢ K - fully amputated, two-particle irreducible, quark-antiquark scattering kernel

➢ Baryons: a 3-body bound state problem in QFT

➢ Faddeev equation: sums all possible quantum field theoretical exchanges 
and interactions that can take place between the three dressed-quarks that 
define its valence quark content.

Hadrons: Bound-states in QFT
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➢ Mesons: quark-antiquark correlations -- color-singlet

➢ Diquarks: quark-quark correlations within a color-singlet baryon.

➢ Diquark correlations:

➢ In our approach: non-pointlike color-antitriplet and fully interacting.

➢ Diquark correlations are soft, they possess an electromagnetic size.

➢ Owing to properties of charge-conjugation, a diquark with spin-parity 𝐽𝑃

may be viewed as a partner to the analogous 𝐽−𝑃 meson.

2-body correlations
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➢ Quantum numbers:

➢ (𝐼 = 0, 𝐽𝑃 = 0+): isoscalar-scalar diquark

➢ (𝐼 = 1, 𝐽𝑃 = 1+): isovector-pseudovector diquark

➢ (𝐼 = 0, 𝐽𝑃 = 0−): isoscalar-pesudoscalar diquark

➢ (𝐼 = 0, 𝐽𝑃 = 1−): isoscalar-vector diquark

➢ (𝐼 = 1, 𝐽𝑃 = 1−): isovector-vector diquark

2-body correlations

✓ G. Eichmann, H. Sanchis-Alepuz, R. 
Williams, R. Alkofer, C. S. Fischer, 
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

✓ Chen Chen, B. El-Bennich, C. D. 
Roberts, S. M. Schmidt, J. Segovia, 
S-L. Wan, Phys.Rev. D97 (2018) no.3, 
034016
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➢ Three-body bound states       

Quark-diquark two-body bound states
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✓ R.T. Cahill, Craig D. Roberts, J. Praschifka, 
Phys. Rev. D 36 (1987) 2804

✓ R.T. Cahill, Craig D. Roberts, J. Praschifka, 
Austral.J.Phys. 42 (1989) 129-145

Quark-diquark Faddeev equation

✓ G. Eichmann, H. Sanchis-Alepuz, R. 
Williams, R. Alkofer, C. S. Fischer, 
Prog.Part.Nucl.Phys. 91 (2016) 1-
100

✓ Chen Chen, B. El-Bennich, C. D. 
Roberts, S. M. Schmidt, J. Segovia, 
S-L. Wan, Phys.Rev. D97 (2018) no.3, 
034016
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Quark-diquark Faddeev equation



Quark-diquark Faddeev equation
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✓ G. Eichmann, H. Sanchis-Alepuz, R.Williams, R. Alkofer, 
and C. S. Fischer, Prog. Part. Nucl. Phys. 91, 1 (2016)



➢ Solution to the 60 year puzzle -- Roper resonance: Discovered in 1963, the Roper 
resonance appears to be an exact copy of the proton except that its mass is 50%
greater and it is unstable…
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QCD-kindred model
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➢ The electromagnetic nucleon-to-Δ(1600) transition form factors

➢ In 2023, those (parameter-free) predictions were confirmed in an analysis of data obtained 
using the CLAS detector at JLab
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QCD-kindred model
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QCD-kindred model
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QCD-kindred model
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DSEs at finite temperature & density
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DSEs at finite temperature

➢ Currently, it is widely accepted that strongly interacting matter transitions 
from hadronic excitations to quark-gluon plasma (QGP) at high temperatures, 
where quarks and gluons become deconfined and chiral symmetry is 
restored.

➢ For strongly interacting matter, one key aspect of studying is the behavior of 
screening masses, which are defined by the exponential decay of the spatial 
correlation functions.

➢ The screening mass is physically connected to the response of the medium 
inserted into the probe hadron. On the chiral symmetry restoration domain, 
for any hadronic parity-partner-pair, i.e., a hadron and its parity partner, the 
associated screening masses are expected to degenerate.
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DSEs at finite temperature

➢ arXiv:2412.15045 [hep-ph]
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DSEs at finite temperature

➢ Phys.Rev.D 87 (2013) 7, 074038
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DSEs at finite temperature

➢ A symmetry-preserving treatment of a vector × vector contact interaction (SCI) at 
nonzero temperature:

➢ Dressed-quark propagator

➢ Dressed-quark mass
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Screening masses: mesons
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Screening masses: diquarks
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Screening masses: 𝑱𝑷 = 𝟏/𝟐± baryons
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Diquark fractions: 𝑱𝑷 = 𝟏/𝟐± baryons
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➢ Phys.Rev.D 87 (2013) 7, 074038
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Screening masses: 𝑱𝑷 = 𝟑/𝟐± baryons
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Diquark fractions: 𝑱𝑷 = 𝟑/𝟐± baryons
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Screening masses for light- and heavy-hadrons
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➢ Dyson-Schwinger equations, Bethe-Salpeter equations, Faddeev equation

➢ Diquark correlations in baryons

➢ A symmetry-preserving treatment of a vector × vector contact interaction (SCI)
at nonzero temperature

➢ Screening masses of positive- and negative-parity hadron ground states, for light-
and heavy-hadrons

➢ Large T: the scalar and pseudoscalar diquarks are dominant

➢ A long-term goal is to compute the hadron screening masses using a realistic QCD-
connected interaction kernel (quark+diquark & three-body approaches).

➢ Finite density, magnetic field…

Summary & Perspective

35



➢ Dyson-Schwinger equations, Bethe-Salpeter equations, Faddeev equation

➢ Diquark correlations in baryons

➢ A symmetry-preserving treatment of a vector × vector contact interaction (SCI)
at nonzero temperature

➢ Screening masses of positive- and negative-parity hadron ground states, for light-
and heavy-hadrons

➢ Large T: the scalar and pseudoscalar diquarks are dominant

➢ A long-term goal is to compute the hadron screening masses using a realistic QCD-
connected interaction kernel (quark+diquark & three-body approaches).

➢ Finite density, magnetic field…

Summary & Perspective

36

Thank you!



➢ Mesons: a 2-body bound state problem in QFT

➢ Bethe-Salpeter Equation

➢ K - fully amputated, two-particle irreducible, quark-antiquark scattering kernel

➢ Baryons: a 3-body bound state problem in QFT

➢ Faddeev equation: sums all possible quantum field theoretical exchanges 
and interactions that can take place between the three dressed-quarks that 
define its valence quark content.

Hadrons: Bound-states in QFT
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➢ Quantum numbers:

➢ (𝐼 = 0, 𝐽𝑃 = 0+): isoscalar-scalar diquark
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➢ Three-body bound states
➢ The diquark Ansatz for the 4-point Green's function of the quark-quark correlations:

2-body correlations

✓ G. Eichmann, H. Sanchis-Alepuz, R. 
Williams, R. Alkofer, C. S. Fischer, 
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100
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