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Introduction: QCD frontiers

e+e− hadronic annihilation

relativistic heavy-ion collision

mass-radius relation of compact stars

Novel states of nuclei
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Introduction: QED lesson

H = Hkinetic + HCoulomb + Hspin−orbit + Hrelativistic + HQED
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Introduction: Nonperturbative QCD Framework

Quantum Field Theory

Principle of Stationary Action

Equations of Motion (EoM)

Euler-Lagrange Equation Dyson-Schwinger Equations

Generalized coord. Fields on spacetime

Degrees of freedom

Classical Mechanics
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Introduction: Nonperturbative QCD Framework
2.1 Basic concepts in QCD 11
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Quark propagator: Gluon propagator:

Ghost propagator:

Ghost-gluon vertex:

Quark-gluon vertex:

Figure 2.1: DSEs for quark, gluon and ghost propagators and the ghost-gluon and
quark-gluon vertices. White blobs denote dressed propagators, filled blobs represent
1PI Green functions.

implemented in the functional description through equations for the 1PI vertices, the
requirement of gauge invariance of the generating functional leads to Ward-Takahashi
(WTIs) and Slavnov-Taylor identities (STIs) which interrelate the Green functions of
a gauge theory. Although the gauge-fixed action of QCD is no longer invariant with
respect to local gauge transformations, it still satisfies global gauge symmetry and
BRST symmetry [26, 27]. The latter is formally equivalent to a gauge transformation
by a ghost field and can be used to derive the STIs. Moreover it can be shown that
requiring BRST invariance of a gauge theory generates both the ghosts and the gauge
fixing while ensuring gauge independence of physical observables [28].

Disadvantage:

Advantage:
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+ {ρ, H} = 0 All particles: 
Liouville eq.

Introduction: Nonperturbative QCD Framework
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n particles: 
BBGKY hierarchy

∂ρ
∂t

+ {ρ, H} = 0

∂ρn

∂t
= {Hn, ρn} + (N − n)

n

∑
i=1

∫
∂ρn+1
∂pi

⋅ ∂ϕi n+1
∂ri

dzn+1

All particles: 
Liouville eq.
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n particles: 
BBGKY hierarchy

phase space 
suppression

∂ρ
∂t

+ {ρ, H} = 0

∂ρn

∂t
= {Hn, ρn} + (N − n)

n

∑
i=1

∫
∂ρn+1
∂pi

⋅ ∂ϕi n+1
∂ri

dzn+1

ρλ
1(z1) = ∫Di

ρ(Z, t) dz2⋯dzN Di = {ri | |ri − r1 | ≥ λ}

All particles: 
Liouville eq.

Introduction: Nonperturbative QCD Framework
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n particles: 
BBGKY hierarchy

phase space 
suppression

∂ρ
∂t

+ {ρ, H} = 0

∂ρn

∂t
= {Hn, ρn} + (N − n)

n

∑
i=1

∫
∂ρn+1
∂pi

⋅ ∂ϕi n+1
∂ri

dzn+1

ρλ
1(z1) = ∫Di

ρ(Z, t) dz2⋯dzN Di = {ri | |ri − r1 | ≥ λ}

∂ρ1
∂t

= {H1, ρ1} + ∫ [ρ1(p1)ρ1(p2) − ρ1(p1)ρ1(p2)] Nν dσd3p2

All particles: 
Liouville eq.

1 particle: 
Boltzmann eq.

Introduction: Nonperturbative QCD Framework
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Quarks Gluons Vertex Kernel
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H = Hkinetic + HCoulomb + Hspin−orbit + Hrelativistic + HQED

Quarks Gluons Vertex Kernel
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Introduction: Nonperturbative QCD Framework

H = Hkinetic + HCoulomb + Hspin−orbit + Hrelativistic + HQED

Ground states Excited states M

Quarks Gluons Vertex Kernel



Si-xue Qin: 2024-10–26 @ ⾮微扰⽅法及其在⾼能物理中的应⽤, USCT, 合肥 / 3013

Basics



Si-xue Qin: 2024-10–26 @ ⾮微扰⽅法及其在⾼能物理中的应⽤, USCT, 合肥 / 3014

Chang,	Yang,	et.	al.,	PRD	104, 094509	(2021)

Basics: Quarks are dispersive quasi-particles
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Chang,	Yang,	et.	al.,	PRD	104, 094509	(2021)

1. The quark's effective mass runs with 
its momentum. 

2. The most constituent mass of a light 
quark comes from a cloud of gluons. 

3. The mass has a fast transition 
between non-pert. and pert. at about 
1GeV.

Basics: Quarks are dispersive quasi-particles
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Chang,	Yang,	et.	al.,	PRD	104, 094509	(2021)

Vacuum — invisible highly dispersive medium

1. The quark's effective mass runs with 
its momentum. 

2. The most constituent mass of a light 
quark comes from a cloud of gluons. 

3. The mass has a fast transition 
between non-pert. and pert. at about 
1GeV.

Basics: Quarks are dispersive quasi-particles
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Basics: Gluons are massive quasi-particles

−1 −1
= + +

+ + + +

Gluon gap equation: Aguilar,	Binosi,	Papavassiliou	and	Rodriguez-Quintero

Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

Lattice QCD simulations:



Si-xue Qin: 2024-10–26 @ ⾮微扰⽅法及其在⾼能物理中的应⽤, USCT, 合肥 / 3015

Basics: Gluons are massive quasi-particles

−1 −1
= + +

+ + + +

Gluon gap equation: Aguilar,	Binosi,	Papavassiliou	and	Rodriguez-Quintero

Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

Lattice QCD simulations:

• In	QCD:	Gluons	are	cannibals	—	a	parMcle	
species	whose	members	become	massive	by	
eaMng	each	other	—	quasi-par5cles!	

• The interaction can be decomposed: 
gluon	running	mass	+	effec0ve	running	
coupling

g2Dμν(k) = 𝒢(k2)(δμν −
kμkν

k2 )
𝒢(k2) ≈ 4παRL(k2)

k2 + m2g(k2)
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Basics: Gluons are massive quasi-particles

Gluon mass function: Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

Deur,	Brodsky,	Roberts,	PPNP,	104081	(2024)Running coupling:

See, e.g., PRC 84, 042202(R) (2011)
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Basics: Gluons are massive quasi-particles

Gluon mass function: Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

Deur,	Brodsky,	Roberts,	PPNP,	104081	(2024)Running coupling:

1. The dressed gluon can be well 
parameterized by a mass scale

m2
g(k2) =

M4
g

M2g + k2

2. The effective running coupling 
saturates in the infrared limit.

Mg ∼ 700 MeV

Q ∼ 1 GeV• transition at:

• converge to: αs(0) ∼ π

See, e.g., PRC 84, 042202(R) (2011)
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Basics: Vertex has DCSB-rendered appearance

+  … =Quark-gluon vertex:

See, e.g., PLB722, 384 (2013)
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Basics: Vertex has DCSB-rendered appearance

+  … =Quark-gluon vertex:

point charge distributed charges

See, e.g., PLB722, 384 (2013)
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Basics: Vertex has DCSB-rendered appearance

+  … =Quark-gluon vertex:

point charge distributed charges

Γμ(P′ , P) = γμF1(Q2) +
iσμν

2Mf
QνF2(Q2)

✦ The	Dirac	and	Pauli	terms:	for	an	on-shell	fermion,	the	vertex	can	be	decomposed	by	two	
form	factors:

✦ The	form	factors	express	(color-)charge	and	(color-)magne5za5on	densiMes.	And	the	so-
called	anomalous	moment	is	proporMonal	to	the	Pauli	term.

12 terms

See, e.g., PLB722, 384 (2013)
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See, e.g., PLB722, 384 (2013)

Spacetime

q Chiral symmetry

q Poincaré symmetry

q Gauge symmetry
Fields

“Symmetry dictates interaction.” — CN Yang

Basics: Vertex has DCSB-rendered appearance
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q Lorentz symmetry + : Transverse WGTIs

q Gauge symmetry: Longitudinal WGTI

See, e.g., PLB722, 384 (2013)
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Fields

“Symmetry dictates interaction.” — CN Yang
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q Lorentz symmetry + : Transverse WGTIs

q Gauge symmetry: Longitudinal WGTI

See, e.g., PLB722, 384 (2013)

Spacetime

q Chiral symmetry

q Poincaré symmetry

q Gauge symmetry
Fields

“Symmetry dictates interaction.” — CN Yang

Basics: Vertex has DCSB-rendered appearance
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q Lorentz symmetry + : Transverse WGTIs

q Gauge symmetry: Longitudinal WGTI

See, e.g., PLB722, 384 (2013)

Spacetime

q Chiral symmetry

q Poincaré symmetry

q Gauge symmetry
Fields

“Symmetry dictates interaction.” — CN Yang

The WGTIs of the vertices can be decoupled and (partially) solved.

Basics: Vertex has DCSB-rendered appearance
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Basics: Vertex has DCSB-rendered appearance

See, e.g., PLB722, 384 (2013)

γμΣA + iσμνQνΔB + etc . ∼ ΓμS = 1
iγ ⋅ pA(p2) + B(p2)

Equation of Motion (DSEs)

Ward identities (Symmetries)
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Basics: Vertex has DCSB-rendered appearance

See, e.g., PLB722, 384 (2013)

γμΣA + iσμνQνΔB + etc . ∼ ΓμS = 1
iγ ⋅ pA(p2) + B(p2)

Equation of Motion (DSEs)

Ward identities (Symmetries)

1. There is a dynamic chiral symmetry breaking (DCSB) feedback. DCSB is closely 
related to the Pauli term:

F2 ∼ DCSB
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Basics: Vertex has DCSB-rendered appearance

See, e.g., PLB722, 384 (2013)

γμΣA + iσμνQνΔB + etc . ∼ ΓμS = 1
iγ ⋅ pA(p2) + B(p2)

Equation of Motion (DSEs)

Ward identities (Symmetries)

2. The appearance of the vertex is dramatically modified by the dynamics. The vertex 
can be phenomenologically expressed as:

Γμ ∼ γμ + iησμνQνΔB

1. There is a dynamic chiral symmetry breaking (DCSB) feedback. DCSB is closely 
related to the Pauli term:

F2 ∼ DCSB
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Basics: Kernel has the Dirac and Pauli terms
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Basics: Kernel has the Dirac and Pauli terms

+  … =

✦ The discrete and continuous symmetries strongly constrain the kernel:

Gauge symmetry

Chiral symmetryC-, P-, T-symmetry

Poincaré symmetry
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Basics: Kernel has the Dirac and Pauli terms

+  … =

e.g., pion

2. Goldstone's theorem: If a generic 
continuous symmetry is spontaneously 
broken, then new massless scalar 
particles appear in the spectrum of 
possible excitations.

1. Bound state of quark and anti-quark, 
but abnormally light:

✦ The discrete and continuous symmetries strongly constrain the kernel:

Gauge symmetry

Chiral symmetryC-, P-, T-symmetry

Poincaré symmetry
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✦ In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

See, e.g., PLB733, 202 (2014)

Basics: Kernel has the Dirac and Pauli terms
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✦ In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

✦ Assuming DCSB, i.e., the mass function is nonzero, we have the following equation

See, e.g., PLB733, 202 (2014)

Basics: Kernel has the Dirac and Pauli terms
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✦ In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

✦ Assuming DCSB, i.e., the mass function is nonzero, we have the following equation

✦ The axial-vector vertex must involve a pseudo scalar pole (Goldstone’s theorem)

See, e.g., PLB733, 202 (2014)

Basics: Kernel has the Dirac and Pauli terms



Si-xue Qin: 2024-10–26 @ ⾮微扰⽅法及其在⾼能物理中的应⽤, USCT, 合肥 / 3021

✦ In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

✦ Assuming DCSB, i.e., the mass function is nonzero, we have the following equation

✦ The axial-vector vertex must involve a pseudo scalar pole (Goldstone’s theorem)

Pion exists if, and only if, mass is dynamically 
generated.

Two-body problem solved, almost completely, once 
solution of one-body problem is known.

See, e.g., PLB733, 202 (2014)

Basics: Kernel has the Dirac and Pauli terms
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✦ In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

✦ Assuming DCSB, i.e., the mass function is nonzero, we have the following equation

✦ The axial-vector vertex must involve a pseudo scalar pole (Goldstone’s theorem)

Model independent

Gauge independent

Scheme independent

Pion exists if, and only if, mass is dynamically 
generated.

Two-body problem solved, almost completely, once 
solution of one-body problem is known.

See, e.g., PLB733, 202 (2014)

Basics: Kernel has the Dirac and Pauli terms
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Basics: Kernel has the Dirac and Pauli terms

See, e.g., CPL 38 (2021) 7, 071201
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Basics: Kernel has the Dirac and Pauli terms

1. A realistic kernel must involves the Dirac and Pauli structures: 

γμ

γν

γμ

σlν

σlμ

σlν

K’G1 G2 G3 multigluon-exchange

See, e.g., CPL 38 (2021) 7, 071201
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Basics: Kernel has the Dirac and Pauli terms

1. A realistic kernel must involves the Dirac and Pauli structures: 
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K’G1 G2 G3 multigluon-exchange

See, e.g., CPL 38 (2021) 7, 071201
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2. G2 and G3 are proportional to the Pauli term in the vertex, and thus to DCSB:

G2, G3 ∼ DCSB

discrete continuous
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Ground states
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Ground states: Light & Strange flavor spectra

The interaction strength and current quark masses are fixed by 
properties of pseudo-scalar mesons, e.g., pion, kaon, and etc.

Here
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See, e.g., Few-Body Syst 60, 26 (2019)
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Ground states: Light & Strange flavor spectra

The interaction strength and current quark masses are fixed by 
properties of pseudo-scalar mesons, e.g., pion, kaon, and etc.
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One parameter!

See, e.g., Few-Body Syst 60, 26 (2019)
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Ground states: Charm & Bottom flavor spectra
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See, e.g., Few-Body Syst 60, 26 (2019)
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Ground states: Charm & Bottom flavor spectra
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See, e.g., Few-Body Syst 60, 26 (2019)

✦ The mean-absolute-relative-difference 
between the calculated values for the 
ground-states and the known empirical 
masses is about 5%.
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Ground states: Charm & Bottom flavor spectra
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See, e.g., Few-Body Syst 60, 26 (2019)

✦ The mean-absolute-relative-difference 
between the calculated values for the 
ground-states and the known empirical 
masses is about 5%.

✦ The ground spectra is NOT sensitive to 
the structures beyond the leading terms 
in the vertex and the kernel.
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Excited states
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Excited states: Multiple partial waves
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See, e.g., PRD 97, 114017 (2018)

✓ S-waves dominate for ground states, 
but P-waves grow for light baryons.

✓ D-waves dominate for excited states, 
but P-waves grow for light baryons.
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Excited states: Multiple partial waves
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See, e.g., PRD 97, 114017 (2018)

✓ S-waves dominate for ground states, 
but P-waves grow for light baryons.

✓ D-waves dominate for excited states, 
but P-waves grow for light baryons.

Why NR potential models work
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Excited states: Spin-orbit interaction
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➡ Impact of the Pauli term (anomalous moment):

See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)

➡ Light & strange meson spectrum:
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Excited states: Spin-orbit interaction
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➡ Impact of the Pauli term (anomalous moment):

✦ With increasing the AM strength, the a1−ρ 
mass-splitting rises very rapidly. From a 
quark model perspective, the DCSB-
enhanced kernel increases spin-orbit 
repulsion.

See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)

➡ Light & strange meson spectrum:
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Excited states: Spin-orbit interaction
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➡ Impact of the Pauli term (anomalous moment):

✦ With increasing the AM strength, the a1−ρ 
mass-splitting rises very rapidly. From a 
quark model perspective, the DCSB-
enhanced kernel increases spin-orbit 
repulsion.

✦ The magnitude and ordering of all 
excitation states can be fixed with the 
DCSB-enhanced kernel.

See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)

➡ Light & strange meson spectrum:
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Excited states: DCSB-rendered spectra
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In progress
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Excited states: DCSB-rendered spectra
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✦ The magnitude and ordering of radial or 
angular excitation states are WRONG in 
the approximation lacking of DCSB effect.

In progress
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Excited states: DCSB-rendered spectra
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✦ The magnitude and ordering of radial or 
angular excitation states are WRONG in 
the approximation lacking of DCSB effect.

✦ The DCSB-enhanced kernel boost up 1st 
excitation nucleon, and can potentially fix 
the full spectra.

In progress



Si-xue Qin: 2024-10–26 @ ⾮微扰⽅法及其在⾼能物理中的应⽤, USCT, 合肥 / 3030

Summary

Baryon properties are studied: a) ground states — full mass spectrum of J=0, 1/2, 1, 3/2; 
b) excited states — partial waves, spin-orbit interaction, DCSB-rendered spectra.

The framework of non-perturbative Dyson-Schwinger equations, which describes hadrons 
in continuum QCD, and its basics (e.g., quark, gluon, vertex, kernel) are introduced.
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Summary

Baryon properties are studied: a) ground states — full mass spectrum of J=0, 1/2, 1, 3/2; 
b) excited states — partial waves, spin-orbit interaction, DCSB-rendered spectra.

Outlook

Use the three-body Faddeev equation to a wider range of applications in baryon problems 
of QCD: transition form factors, parton distribution functions, and etc.

Hopefully, iterating with future high precision experiments on light and heavy hadrons, 
from spectroscopy to structures, we may provide a faithful path to understand QCD.

The framework of non-perturbative Dyson-Schwinger equations, which describes hadrons 
in continuum QCD, and its basics (e.g., quark, gluon, vertex, kernel) are introduced.


