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History: Hydrogen atom — The simplest element
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History: Hydrogen atom — The simplest element
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Background: Hadron — The QCD “atom” )4 gk %
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Background: Hadron — The QCD “atom”

Hly) = E|y)
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Background: Hadron — The QCD “atom”
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4+ Theories: Simple (few-body) objects could involve surprisingly rich physics.

4+ Experiments: High-precision measurements could make the story very different.
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Chapter I: Theory

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

Quasi-particle quark

Quasi-particle gluon
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Continuum QCD: Interaction between quarks
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Continuum QCD: Interaction between quarks
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Continuum QCD: Interaction between quarks
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Continuum QCD: Interaction between quarks
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Continuum QCD: Interaction between quarks
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Continuum QCD: Equations of motion

Principle of Least Action

<5S[¢<x>]> L,
5p(x)

v

Dyson-Schwinger Equations
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Continuum QCD: Equations of motion

Quark propagator: Gluon propagator:
Principle of Least Action —0— = —— ¢ O = v
O
Ghost propagator:
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Ghost-gluon vertex:

oS[p()]\ Y

Quark-gluon vertex:
¢ o
! L AA A A
LD
Dyson-Schwinger Equations & ) ﬁ ) @ . %

G. Eichmann, arXiv:0909.0703
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Continuum QCD: Equations of motion

Principle of Least Action
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Dyson-Schwinger Equations

Quark propagator: Gluon propagator:
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Quark: Running mass function

1 _ Z(p?)
iy - pA(p?) + B(p?) iy -p+ M(p?)

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

0.5
E S
R NN
+ ‘2 Ve
A o
RN A©
a ©
L * = 4
< 01 . = . @ -
O} - » » X
o, .
g N ’ ¥ *
S o 57.8 MeV N
0.01 A 38.5 MeV "
[ * 19.3 MeV .\
+ 2.1 MeV .
0 1 2 3 4 5
k [GeV]

Si-xue Qin: 2024-07-02 @ 3B F¥NIEE S ICIT10083453ESN, USTC, Hefei 9 /18



. . N\ A ;
Quark: Running mass function Dt AT
S( ) B 1 B Z(pz) 4 Now:
= . pA(p?) + B(p?) iy -p+ M(p?) 1. The quark's effective mass runs
with its momentum.
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Quark: Running mass function

2
S(p) = 1 S
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Chang, Yang, et. al., PRD 104, 094509 (2021)
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4+ 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.

4 Next:

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

2. How does the transition connect the
non-perturbative and perturbative
regions?
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Gluon: Dynamical mass scale

Gluon mass function: o olieiraet.al, 1.phys. 638045003 (2011)
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Gluon: Dynamical mass scale

Gluon mass function: o olieiraet.al, 1.phys. 638045003 (2011)
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4 Now:

1. The dressed gluon can be well
parameterized by a mass scale
4
Mg
Mz + k2

m2(k?) =

2. The effective running coupling
saturates in the infrared limit.
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Gluon: Dynamical mass scale

G I uon mass fu nction " 0.Oliveira et. al., J.Phys. G38, 045003 (2011)
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4 Now:

1. The dressed gluon can be well
parameterized by a mass scale
4
Mg
Mz + k2

mi(k*) =

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

4 Next:

1. What is the mass scale of gluon?

2.What is the infrared magnitude of
running coupling?
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Vertex: DCSB feedback

Quark-gluon vertex: + % +
A ] X

a

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

Quark-gluon vertex: ;§\+ % + @%Jr
A " AN

point charge

distributed charge

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

Quark-gluon vertex: ;§\+ % + £%+
A " AN

point charge

distributed charge

4 The Dirac and Pauli terms: for an on-shell fermion, the vertex can be decomposed by

two form factors: , o O )
PP P) = P F(Q7) + - Q7 F5(07)
/

4 The form factors express (color-)charge and (color-)magnetization densities. And the
so-called anomalous magnetic moment is proportional to the Pauli term.

See, e.g., PLB722, 384 (2013)
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Vertex: DCSB feedback
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V .................................. Ward identities (Symmetries)
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Vertex: DCSB feedback

Equation of Motion (DSEs)

iy - pA(p?) + B(p?)

yH2, + iO'W

| S

Ward identities (Symmetries)

4 Now:

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

2. The appearance of the vertex is dramatically modified by the dynamics.
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Vertex: DCSB feedback

e Equation of Motion (DSEs) SRULIELLIRC LU LR EL R EL I
S 1 //‘Z ; QI/A F/,l
— . }/ A + 1O B + etC . Y
iy - pA(p?) + B(p?) H
A
i .................................. Ward identities (Symmetries)
4+ Now:

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

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

4 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?

See, e.g., PLB722, 384 (2013)
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Kernel: Twofold role of pion
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Kernel: Twofold role of pion

Y
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Pion
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4+ Bound state of quark and anti-quark,
but abnormally light:

M. . <K Mu—I—MJ

4+ Goldstone's theorem: If a generic
continuous symmetry is
spontaneously broken, then new
massless scalar particles appear in
the spectrum of possible excitations.
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Kernel: Twofold role of pion
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_ 4+ Bound state of quark and anti-quark,
Pion but abnormally light:

M. . <K Mu—I—MJ

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

4+ The discrete and continuous symmetries strongly constrain the kernel:

Poincaré symmetry Gauge symmetry

C-, P-, T-symmetry Chiral symmetry

Si-xue Qin: 2024-07-02 @ & F¥IBE 1L 1008845 5ERN, USTC, Hefei

13 /18



Kernel: Twofold role of pion

4+ Now:

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

fﬂEﬂ(kz) — B(k2)

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.

See, e.g., CPL 38 (2021) 7, 071201
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Kernel: Twofold role of pion

4+ Now:

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

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

fﬂEﬂ(kz) — B(k2)

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

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

}/M 7///i O] u
16 Oy Oy,

See, e.g., CPL 38 (2021) 7, 071201
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4+ Now:

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

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

fﬂEﬂ(kz) — B(k2)

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

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

}/M 7///i Ol
I % I % I3 % Koo » | multigluon-exchange
0 O O - -

See, e.g., CPL 38 (2021) 7, 071201
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Kernel: Twofold role of pion

4+ Now:

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

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

fﬂEﬂ(kz) — B(k2)

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

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

}/ﬂ y/,t GZM
F % I % I3 % Koo » | multigluon-exchange
0 O O - -

4 Next:

1. How to further pin down structures of the kernel?
2. How to simplify the kernel for more practical applications?

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

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

4+ Impact of the Pauli term (AM):
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See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)
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Application: Meson sector

4+ Impact of the Pauli term (AM): 4+ With increasing the AM strength, the
a1—p mass-splitting rises very rapidly.
14177 .
13l 1 From a quark model perspective, the
_12p DCSB-enhanced kernel increases
3 1 spin-orbit repulsion.
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See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)
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Application: Meson sector

4+ Impact of the Pauli term (AM): 4+ With increasing the AM strength, the
a1—p mass-splitting rises very rapidly.
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Application: Meson sector

4+ Impact of the Pauli term (AM): 4+ With increasing the AM strength, the
a1—p mass-splitting rises very rapidly.
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empirical value, and matches the
estimated result obtained using chiral

25T perturbation theory.
[ | = PDG + RL & DB |
2.0f o ]
fr— — * - 1. *
3 1.5:-‘ - : f + + ; + 4.‘_
T A . P 4+ The magnitude and ordering of radial
= | . + excitation states can be fixed with the
05F » S DCSB-enhanced kernel.
.
0 | | | |

I I I I I I i
m K p ¢ K by K a; Ki* £, K,
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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Application: Baryon sector
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Application: Baryon sector

7.0 ' ' ' ! ! ! ! ! ! ! ! ! !

[+ Here] ] 4+ The ground states of Nucleon and
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c ol 1ocD N e Delta families can be described by
a simple kernel.
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Kernel.

0 ' ' ' ' ' _'_'_ '_ '_'_i
N AAAN 2 2.2 = =cZ'cZccsh =p Q0
Baryon

o—r—r— 77T T T 1

¢ Here | : : s : :
60 Zpoa| & %
i IQCD | ; ? : : :

ooL—t 1+ 1 v 1

=

|

]z
|

l

3/2+ Baryons

J=

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

Si-xue Qin: 2024-07-02 @ B F¥IBEZ1LI5 1008345 5!7ES), USTC, Hefei 17 /18



Summary

CHONGQING UNIVERSITY

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

4+ 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

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

4+ 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).

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.
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History: Hydrogen atom — The simplest element

H —
Hydrogen
1.90784
p:1 n= 6
n:g
n=>5
Pfund
far infrared
n=4%
Brackett
far infrared
n=3 |
Paschen
Near infrared
n=2 LA 4
Balmer Visible region
n=1 \ 40004 50004 60004 70004
Lyman
Ultraviolet

Hly) =E,|y)

H = Hkinetic + HCoulomb
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History: Hydrogen atom — The simplest element
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Background: Hadron — The QCD “atom”

.,
5
g
3
g
5E
E
£2
Z
O [mb)
- o
s 3 3
e

Paschen

40004 50004 60004 70004

QM: Schrodinger equation — > QFT: Bound-state equation

Hly) = Ely) K9y =0 |9y

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

4+ Experiments: High-precision measurements could make the story very different.
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Chapter I: Theory

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

Quasi-particle gluon

Dressed coupling vertex

Ways of gluon-exchange
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Continuum QCD: Interaction between quarks
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H = Hyjeiic + Heoutomp + H spin—orbit T H,jativisiic T HQED

Ground states
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Continuum QCD: Equations of motion

Principle of Least Action

<5S[¢(x>]> L,
5p(x)

v

Dyson-Schwinger Equations

Quark propagator: Gluon propagator:
- - -1 -1
O L 5 = [ + ﬂ TIOVIOE = TOTOIO00 +
~O,
Ghost propagator:

____O____. = . B ____O.___ =

Ghost-gluon vertex:

% 4 ~
p S - “ ——--O---
o S
. S .’ S, . ~

Quark-gluon vertex:
j\j\@ﬁ% ° 2.
jan  §

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

2
S(p) = 1 S
iy - pA(p?) + B(p?)  iy-p+ M(p?)
Chang, Yang, et. al., PRD 104, 094509 (2021)
0.5
E"‘% g 2
\ AR
+ f ‘Zo .
- ®
T NS
= o 57.8 MeV N
001l 38.5 MeV .
' - » 19.3MeV .
+ 2.1 MeV .
0 1 > 3 4 5
k [GeV]

Si-xue Qin: 2024-07-02 @ & F¥IBE 1L 1008845 5ERN, USTC, Hefei

CHONGQING UNIVERSITY

4+ 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.

4 Next:

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

2. How does the transition connect the
non-perturbative and perturbative
regions?
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Gluon: Dynamical mass scale

G I uon mass fu nction " 0.Oliveira et. al., J.Phys. G38, 045003 (2011)
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4 Now:

1. The dressed gluon can be well
parameterized by a mass scale
4
Mg
Mz + k2

mi(k*) =

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

4 Next:

1. What is the mass scale of gluon?

2.What is the infrared magnitude of
running coupling?
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Vertex: DCSB feedback

Quark-gluon vertex: ;§\+ % + £%+
A " AN

point charge

distributed charge

4 The Dirac and Pauli terms: for an on-shell fermion, the vertex can be decomposed by

two form factors: , o O )
PP P) = P F(Q7) + - Q7 F5(07)
/

4 The form factors express (color-)charge and (color-)magnetization densities. And the
so-called anomalous magnetic moment is proportional to the Pauli term.

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

e Equation of Motion (DSEs) SRULIELLIRC LU LR EL R EL I
S 1 //‘Z ; QI/A F/,l
— . }/ A + 1O B + etC . Y
iy - pA(p?) + B(p?) H
A
i .................................. Ward identities (Symmetries)
4+ Now:

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

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

4 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?

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

Si-xue Qin: 2024-07-02 @ & F¥IBE 1L 1008845 5ERN, USTC, Hefei 12 /18



Kernel: Twofold role of pion

-
.
=
>4
=
3

_ 4+ Bound state of quark and anti-quark,
Pion but abnormally light:

M. . <K Mu—I—MJ

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

4+ The discrete and continuous symmetries strongly constrain the kernel:

Poincaré symmetry Gauge symmetry

C-, P-, T-symmetry Chiral symmetry
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Kernel: Twofold role of pion

4+ Now:

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

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

fﬂEﬂ(kz) — B(k2)

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

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

}/ﬂ y/,t GZM
F % I % I3 % Koo » | multigluon-exchange
0 O O - -

4 Next:

1. How to further pin down structures of the kernel?
2. How to simplify the kernel for more practical applications?

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

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

4+ Impact of the Pauli term (AM): 4+ With increasing the AM strength, the
a1—p mass-splitting rises very rapidly.
b 11— ’
13l 1 From a quark model perspective, the
_12p DCSB-enhanced kernel increases
3 1 spin-orbit repulsion.
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n mass of the fo is greater than the

empirical value, and matches the
estimated result obtained using chiral

25T perturbation theory.
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T A . P 4+ The magnitude and ordering of radial
= | . + excitation states can be fixed with the
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.
0 | | | |

I I I I I I i
m K p ¢ K by K a; Ki* £, K,
See, e.g., CPL 38, 071201 (2021) & EPJA 59, 39 (2023)
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Application: Baryon sector
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Summary

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

4+ 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).

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.
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