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History: Hydrogen atom — The simplest element

H = Hkinetic + HCoulomb

H |ψn⟩ = En |ψn⟩



Si-xue Qin: 2024-07-02 @ 强⼦物理在线论坛100期特别活动, USTC, Hefei / 183

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

History: Hydrogen atom — The simplest element
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Background: Hadron — The QCD “atom”
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Background: Hadron — The QCD “atom”

4

Theories: Simple (few-body) objects could involve surprisingly rich physics.

Experiments: High-precision measurements could make the story very different.

QM: Schrödinger equation

H |ψ⟩ = E |ψ⟩
QFT: Bound-state equation

λ(P2)K
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Chapter I: Theory

Physics of quark, gluon, vertex, and kernel
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Continuum QCD: Interaction between quarks

6
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Quasi-particle quark
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Continuum QCD: Interaction between quarks

6

Quasi-particle quark

Quasi-particle gluon

Dressed coupling vertex

Ways of gluon-exchange
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Continuum QCD: Interaction between quarks

7

Quarks Gluons Vertex Kernel
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Continuum QCD: Interaction between quarks
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Continuum QCD: Interaction between quarks

7

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

Ground states Excited states M

Quarks Gluons Vertex Kernel
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⟨ δS[ϕ(x)]
δϕ(x) ⟩ = 0

Principle of Least Action

Dyson-Schwinger Equations

Continuum QCD: Equations of motion
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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].

G. Eichmann, arXiv:0909.0703
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Quark: Running mass function

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

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.

Quark: Running mass function
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✦ Now: 

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.

✦ Next: 

1. What is the infrared scale of quark 
mass function? 

2. How does the transition connect the 
non-perturbative and perturbative 
regions?

Quark: Running mass function

Chang,	Yang,	et.	al.,	PRD	104, 094509	(2021)
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Gluon: Dynamical mass scale

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

Deur,	Brodsky,	Roberts,	PPNP,	104081	(2024)Running coupling:
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Gluon: Dynamical mass scale

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

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

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

m2
g(k2) =

M4
g

M2g + k2
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Gluon mass function: O.	Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

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

✦ Next: 

1. What is the mass scale of gluon? 

2. What is the infrared magnitude of 
running coupling?

✦ Now: 

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

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

m2
g(k2) =

M4
g

M2g + k2
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Vertex: DCSB feedback

+  … =Quark-gluon vertex:

See, e.g., PLB722, 384 (2013)
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Vertex: DCSB feedback

+  … =Quark-gluon vertex:

point charge distributed charge

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-)magne3za3on	densiRes.	And	the	
so-called	anomalous	magne3c	moment	is	proporRonal	to	the	Pauli	term.

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

Vertex: DCSB feedback

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

Equation of Motion (DSEs)

Ward identities (Symmetries)
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See, e.g., PLB722, 384 (2013)

✦ Now: 

1. There is a dynamic chiral symmetry breaking (DCSB) feedback. 

2. The appearance of the vertex is dramatically modified by the dynamics.

Vertex: DCSB feedback

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

Equation of Motion (DSEs)

Ward identities (Symmetries)
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See, e.g., PLB722, 384 (2013)

✦ Next: 

1. What are the exact strengths of the terms in the vertex? 

2. What the exact behaviors of the form factors in the vertex?

✦ Now: 

1. There is a dynamic chiral symmetry breaking (DCSB) feedback. 

2. The appearance of the vertex is dramatically modified by the dynamics.

Vertex: DCSB feedback

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

Equation of Motion (DSEs)

Ward identities (Symmetries)
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Kernel: Twofold role of pion

+  … =
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Kernel: Twofold role of pion

+  … =

Pion

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

✦ Bound state of quark and anti-quark, 
but abnormally light:
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Kernel: Twofold role of pion

+  … =

Pion

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

✦ 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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Pion exists if, and only if, the quark mass is 
dynamically generated.

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

Kernel: Twofold role of pion

✦ Now: 

1. A deep connection between one-body and two-body problem:

See, e.g., CPL 38 (2021) 7, 071201
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Pion exists if, and only if, the quark mass is 
dynamically generated.

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

Kernel: Twofold role of pion

✦ Now: 

1. A deep connection between one-body and two-body problem:

✦ Next: 

1. How to further pin down structures of the kernel? 

2. How to simplify the kernel for more practical applications?

γμ

γν

γμ

σlν

σlμ

σlν

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

K’F1 F2 F3 multigluon-exchange

See, e.g., CPL 38 (2021) 7, 071201
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Chapter II: Applications

Spectra of mesons and baryons with light and heavy flavors.
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Application: Meson sector
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See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)
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✦ Impact of the Pauli term (AM): ✦ 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.
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✦ Light & strange meson spectrum:

PDG RL DB

M
as
s	[
Ge

V]

0

0.5

1.0

1.5

2.0

2.5

π K ρ φ K* b1 K+-1 a1 K++1 f0 K*0



Si-xue Qin: 2024-07-02 @ 强⼦物理在线论坛100期特别活动, USTC, Hefei / 1816

Application: Meson sector

ρ σ a1 π' ρ'

M
as
s	[
Ge

V]

0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

η
0 0.5 1.0 1.5 2.0

✦ Impact of the Pauli term (AM): ✦ With increasing the AM strength, the 
a1−ρ mass-splitting rises very rapidly. 
From a quark model perspective, the 
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✦ The spin-orbit boosted quark-core 
mass of the f0 is greater than the 
empirical value, and matches the 
estimated result obtained using chiral 
perturbation theory.
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Application: Meson sector
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✦ Impact of the Pauli term (AM): ✦ 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 spin-orbit boosted quark-core 
mass of the f0 is greater than the 
empirical value, and matches the 
estimated result obtained using chiral 
perturbation theory.

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

See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)
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Application: Baryon sector
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See, e.g., Few-Body Syst 60, 26 (2019)
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✦ The ground states of Nucleon and 
Delta families can be described by 
a simple kernel.

See, e.g., Few-Body Syst 60, 26 (2019)
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✦ The ground states of Nucleon and 
Delta families can be described by 
a simple kernel.

✦ The excited states and the parity 
partners require a DCSB-enhanced 
kernel.

See, e.g., Few-Body Syst 60, 26 (2019)
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More is coming soon

✦ The ground states of Nucleon and 
Delta families can be described by 
a simple kernel.

✦ The excited states and the parity 
partners require a DCSB-enhanced 
kernel.

See, e.g., Few-Body Syst 60, 26 (2019)
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Summary

Hadrons play a role for revealing QCD’s mysteries. High-precision measurements of their 
spectra are critical for the next step.

The bound-state equation for describing hadron properties has made important progress  
by exposing QCD’s fundamental features (e.g., in quark, gluon, vertex, and kernel).
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Summary

Outlook

With the sophisticated approach, we can further iterate with future experiments on light and 
heavy hadrons, from spectroscopy to structures.

Hopefully, based on more and more successful applications, we may provide a faithful 
path to understand QCD.

Hadrons play a role for revealing QCD’s mysteries. High-precision measurements of their 
spectra are critical for the next step.

The bound-state equation for describing hadron properties has made important progress  
by exposing QCD’s fundamental features (e.g., in quark, gluon, vertex, and kernel).
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History: Hydrogen atom — The simplest element

H = Hkinetic + HCoulomb

H |ψn⟩ = En |ψn⟩
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H = Hkinetic + HCoulomb + Hspin−orbit + Hrelativistic + HQED

History: Hydrogen atom — The simplest element
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Background: Hadron — The QCD “atom”

4

Theories: Simple (few-body) objects could involve surprisingly rich physics.

Experiments: High-precision measurements could make the story very different.

QM: Schrödinger equation

H |ψ⟩ = E |ψ⟩
QFT: Bound-state equation

λ(P2)K
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Chapter I: Theory

Physics of quark, gluon, vertex, and kernel
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Continuum QCD: Interaction between quarks

6

Quasi-particle quark

Quasi-particle gluon

Dressed coupling vertex

Ways of gluon-exchange
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Continuum QCD: Interaction between quarks

7

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

Ground states Excited states M

Quarks Gluons Vertex Kernel
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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].

G. Eichmann, arXiv:0909.0703

8

⟨ δS[ϕ(x)]
δϕ(x) ⟩ = 0

Principle of Least Action

Dyson-Schwinger Equations

Continuum QCD: Equations of motion
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✦ Now: 

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.

✦ Next: 

1. What is the infrared scale of quark 
mass function? 

2. How does the transition connect the 
non-perturbative and perturbative 
regions?

Quark: Running mass function

Chang,	Yang,	et.	al.,	PRD	104, 094509	(2021)
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Gluon: Dynamical mass scale

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

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

✦ Next: 

1. What is the mass scale of gluon? 

2. What is the infrared magnitude of 
running coupling?

✦ Now: 

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

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

m2
g(k2) =

M4
g

M2g + k2
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Vertex: DCSB feedback

+  … =Quark-gluon vertex:

point charge distributed charge

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-)magne3za3on	densiRes.	And	the	
so-called	anomalous	magne3c	moment	is	proporRonal	to	the	Pauli	term.

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

✦ Next: 

1. What are the exact strengths of the terms in the vertex? 

2. What the exact behaviors of the form factors in the vertex?

✦ Now: 

1. There is a dynamic chiral symmetry breaking (DCSB) feedback. 

2. The appearance of the vertex is dramatically modified by the dynamics.

Vertex: DCSB feedback

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

Equation of Motion (DSEs)

Ward identities (Symmetries)
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Kernel: Twofold role of pion

+  … =

Pion

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

✦ 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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Pion exists if, and only if, the quark mass is 
dynamically generated.

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

Kernel: Twofold role of pion

✦ Now: 

1. A deep connection between one-body and two-body problem:

✦ Next: 

1. How to further pin down structures of the kernel? 

2. How to simplify the kernel for more practical applications?

γμ

γν

γμ

σlν

σlμ

σlν

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

K’F1 F2 F3 multigluon-exchange

See, e.g., CPL 38 (2021) 7, 071201
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Chapter II: Applications

Spectra of mesons and baryons with light and heavy flavors.
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Application: Meson sector

ρ σ a1 π' ρ'

M
as
s	[
Ge

V]

0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

η
0 0.5 1.0 1.5 2.0

✦ Impact of the Pauli term (AM): ✦ 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 spin-orbit boosted quark-core 
mass of the f0 is greater than the 
empirical value, and matches the 
estimated result obtained using chiral 
perturbation theory.

✦ The magnitude and ordering of radial 
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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Application: Baryon sector
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More is coming soon

✦ The ground states of Nucleon and 
Delta families can be described by 
a simple kernel.

✦ The excited states and the parity 
partners require a DCSB-enhanced 
kernel.

See, e.g., Few-Body Syst 60, 26 (2019)
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Summary

Outlook

With the sophisticated approach, we can further iterate with future experiments on light and 
heavy hadrons, from spectroscopy to structures.

Hopefully, based on more and more successful applications, we may provide a faithful 
path to understand QCD.

Hadrons play a role for revealing QCD’s mysteries. High-precision measurements of their 
spectra are critical for the next step.

The bound-state equation for describing hadron properties has made important progress  
by exposing QCD’s fundamental features (e.g., in quark, gluon, vertex, and kernel).


