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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

 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.

Non-Perturbative QCD:
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 Dyson-Schwinger equations
 A Nonperturbative symmetry-preserving tool for the study of Continuum-

QCD

 Well suited to Relativistic Quantum Field Theory

 A method connects observables with long-range behaviour of the running 
coupling

 Experiment ↔ Theory comparison leads to an understanding of long-
range behaviour of strong running-coupling

Dyson-Schwinger equations (DSEs)
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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

5



 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

6



 Mesons: quark-antiquark correlations -- color-singlets

 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 J^P
may be viewed as a partner to the analogous J^{-P} meson.

2-body correlations
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 Quantum numbers:

 (I=0, J^P=0^+): isoscalar-scalar diquark

 (I=1, J^P=1^+): isovector-axialvector diquark

 (I=0, J^P=0^-): isoscalar-pesudoscalar diquark

 (I=0, J^P=1^-): isoscalar-vector diquark

 (I=1, J^P=1^-): isovector-vector diquark

 Tensor diquarks ?

 Three-body bound state

 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, 
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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How to solve?
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 The dressed-quark propagators

 Diquark amplitudes

 Diquark propagators 

 Faddeev amplitudes

How to solve?
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 The dressed-quark propagators

 Diquark amplitudes

 Diquark propagators 

 Faddeev amplitudes

QCD-kindred model
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 Diquark masses (in GeV):

 These two values provide for a good description of numerous dynamical 
properties of the nucleon, Δ-baryon and Roper resonance.

 Solution to the 50 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…

QCD-kindred model
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Form Factors

 Form factors: contain important information about the structure and the properties of
hadrons.

 Different probes correspond to different form factors.

 The nucleon electromagnetic current:

 A large number of experimental measurements, with high precision and up to large momentum
transfer.

 The nucleon axial current:

 The measurements are much more difficult, since they are related to weak processes.

 GA– axial form factor: experimental data are rather sparse and with large uncertainties.

 GP– induced pseudoscalar form factor: ONLY 4 empirical results.

 The nucleon pseudoscalar current (pseudoscalar form factor):

 The Partially Conservation of the Axial Current (PCAC) relation:
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How to compute Form Factors?

 In the quark-diquark framework, the associated symmetry-preserving current:
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Building blocks (I)

 The current-quark vertices

• The axial-vector Ward-Takahashi identity:

• The Bethe-Salpeter Amplitude of the pion:

• One Ansatz:  
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Building blocks (II)

 The seagull terms

• The diquark Ansatz for the 4-point Green's function of the quark-quark 
correlations:

• The equaltime commutators of the axial current operator:
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Building blocks (III)

 The current-diquark vertices

 AXWTIs:
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Numerical Results
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 Two form factors:

• GA – axial form factor

The axial current – GA & GP
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The axial current – GA & GP

 Two form factors:

• GA – axial form factor

• GP – induced pseudoscalar form factor 

 The nucleon’s induced pseudoscalar charge:

 Pion pole dominance (PPD) approximation:
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The pseudoscalar current – G5 & GπNN

 One form factor:

• G5 – pseudoscalar form factor
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The pseudoscalar current – G5 & GπNN

 One form factor:

• G5 – pseudoscalar form factor

 At the pion mass pole, the residue of G5 is the pion-nucleon coupling 
constant gπNN. Thus one can define the pion-nucleon form factor GπNN:

 The Goldberger-Treiman relation:

 The Goldberger-Treiman discrepancy (measures the distance from the 
chiral limit):
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 The Partially Conservation of the Axial Current (PCAC) relation:

 Define: the PCAC ratio

PCAC
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 The Partially Conservation of the Axial Current (PCAC) relation:
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PCAC
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 Solved the seagull term problem for the axial and pseudoscalar currents,
which had defied our understanding for more than 20 years.

 Computed the form factors GA, GP and G5 (thus GπNN).

 The PCAC relation can be satisfied precisely.

 Next:
 Compute the axial Delta->Delta, N-> Delta, N->Roper…

 In the three-body framework, revisiting the computation of Eichmann & Fischer (2011)
first.

Summary & Perspective
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Thank you!
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Dyson-Schwinger equations (DSEs)
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 Two form factors:

• GA – axial form factor

• GP – induced pseudoscalar form factor 

 GA can reliably be represented by dipole 
characterised by mass-scale mA

The axial current – GA & GP

36



Fractions of GA(0), GP(0) andG5(0)

 Projections:

 GP(0) ~ G5(0)

37



QCD-kindred model

 The dressed-quark propagator

 algebraic form:
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QCD-kindred model

 The dressed-quark propagator

 Based on solutions to the gap equation that were obtained with a dressed gluon-quark 
vertex.

 Mass function has a real-world value at p^2 = 0, NOT the highly inflated value typical of 
RL truncation.

 Propagators are entire functions, consistent with sufficient condition for confinement 
and completely unlike known results from RL truncation.

 Parameters in quark propagators were fitted to a diverse array of meson observables.  
ZERO parameters changed in study of baryons.

 Compare with that computed using the 

DCSB-improved gap equation kernel (DB).

The parametrization is a sound representation of contemporary 

numerical results, although simple and introduced 

long beforehand.
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QCD-kindred model

 Diquark amplitudes: five types of correlation are possible in a J=1/2 bound state: 
isoscalar scalar(I=0,J^P=0^+), isovector pseudovector, isoscalar pseudoscalar, 
isoscalar vector, and isovector vector.

 The LEADING structures in the correlation amplitudes for each case are, 
respectively (Dirac-flavor-color),

 Simple form.  Just one parameter: diquark masses.

 Match expectations based on solutions of meson and diquark Bethe-Salpeter
amplitudes.
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QCD-kindred model

 The diquark propagators

 The F-functions: Simplest possible form that is consistent with infrared and 
ultraviolet constraints of confinement (IR) and 1/q^2 evolution (UV) of meson 
propagators.

 Diquarks are confined.  

 free-particle-like at spacelike momenta

 pole-free on the timelike axis

 This is NOT true of RL studies.  It enables us to reach arbitrarily high values of 
momentum transfer.
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QCD-kindred model

 The Faddeev ampitudes:

 Quark-diquark vertices:
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QCD-kindred model

 Both the Faddeev amplitude and wave function are Poincare covariant, i.e. they 
are qualitatively identical in all reference frames.

 Each of the scalar functions that appears is frame independent, but the frame 
chosen determines just how the elements should be combined.

 In consequence, the manner by which the dressed quarks’ spin, S, and orbital 
angular momentum, L, add to form the total momentum J, is frame dependent: L, 
S are not independently Poincare invariant.

 The set of baryon rest-frame quark-diquark angular momentum identifications:

 The scalar functions associated with these combinations of Dirac matrices in a 
Faddeev wave function possess the identified angular momentum correlation 
between the quark and diquark.
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 A baryon can be viewed as a Borromean

bound-state, the binding within which 

has two contributions:

 Formation of tight diquark correlations.

 Quark exchange depicted in the shaded 

area.

 The exchange ensures that diquark correlations within the baryon are fully 
dynamical: no quark holds a special place.

 The rearrangement of the quarks guarantees that the baryon's wave 
function complies with Pauli statistics.

 Modern diquarks are different from the old static, point-like diquarks
which featured in early attempts to explain the so-called missing 
resonance problem.

 The number of states in the spectrum of baryons obtained is similar to 
that found in the three-constituent quark model, just as it is in today's 
LQCD calculations.

Quark-diquark picture
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