Non-perturbative properties of QCD basics

Si-Xue Qin

(ERF)

Department of Physics, Chongging University

2024-10-26 @ AFWMTSEREAESEEMEPAIN A, USCT, GEE



Introduction: QCD frontiers

Hadron QGP

Meson Baryons "
uarl Quark (O] i |
s 2 e £ FarlyUniverse The Phases of QCD / » /
<Anu‘quarl> Quark  F) { vari Antiauark "6’ uture LHC Experiments e
| .
/ o ) cec nitial Glasma Thermalized Hadron Gas
Antiquark Singularity sQGP
& 3
emrgad pion SE >
2
Neutml kaon
Critical Point /_
Color Compact Star
Hadron Gas 7
Nucl Superconductor
U C eU S i Strange Quark Star Neutron Star su :::’:genmewm oo

« Iron nuclei

Matter Neutron Stars
e EEr———

Surface Outer Crust
G 1 « Degenerate < . Enz‘
2 electron layery \ e Electron gas
Kr e
e 900 MeV ,
\ Inner Crust

« Heavy ions
« Relativistic electron gas
| * Superfuid neutrons

] Outer Core
» Neutrons, protons
« Electrons, muons

o
inner Core
« Neutrons
Supsrmnduclmg protons

o~ Baryon Chemical Potential
J»—--} @ ENERGY D3 (‘7n
2y
26 . o .
92 core « Electrons, muon:
" Ba * Electr mns * Hyperons (%, A, _)

Unstable 56 * uds quar o Deltas ()
nucleus (oo paonductng) « Boson (x, K) condensates

o Deconfined (u.d,s) quarks/color-
superconducting quark matter

Si-xue Qin: 2024-10-26 @ FFFIL 5 E R EESREYIERAN A, USCT, S 2 /30



Introduction: QCD frontiers

Hadron QGP

Meson Baryons "
uarl Quark (O] i |
s 2 e £ FarlyUniverse The Phases of QCD / » /
<Anu‘quarl> Quark  F) { vari Antiauark "6’ uture LHC Experiments e
| .
/ o ) cec nitial Glasma Thermalized Hadron Gas
Antiquark Singularity sQGP
& 3
emrgad pion SE >
2
Neutml kaon
\3
Critical Point /_
Color Compact Star
Hadron Gas 7
Nucl Superconductor
U C eU S i Strange Quark Star Neutron Star su :::’:genmewm oo

« Iron nuclei

Matter Neutron Stars
e EEr———

- Surface Outer Crust
G 1 « Degenerate < . Enz‘
2 electron layery \ e Electron gas
Kr e
e 900 MeV ,
\ Inner Crust

« Heavy ions
« Relativistic electron gas
| * Superfuid neutrons

] Outer Core
» Neutrons, protons
« Electrons, muons

o
inner Core
« Neutrons
Supsrmnduclmg protons

o~ Baryon Chemical Potential
J»—--} @ ENERGY D3 (‘7n
2y
26 . o .
92 core « Electrons, muon:
" Ba * Electr mns * Hyperons (%, A, _)

Unstable 56 * uds quar o Deltas ()
nucleus (oo paonductng) « Boson (x, K) condensates

o Deconfined (u.d,s) quarks/color-
superconducting quark matter

Si-xue Qin: 2024-10-26 @ FFFIL 5 E R EESREYIERAN A, USCT, S 2 /30



Introduction: QCD frontiers

Hadron

Meson Baryons
Quark uar Quark
P cans.
—~
<Avmquarl> Quark Anfliquark Antiquark
~ S
™ Antiquark

& Postively
emr ed pion
9ec P Proton
Neutml kaon
Neutron

\ 3

Nucleus

pro(on

é
B

20
J, > @ ENERGY
235

236
2V

Unstable
nucleus

()
bt
=}
)
)
=
()]
o
5
|—

Si-xue Qin: 2024-10-26 @ M H EREESH

Early Universe

uture LHC Experiments

Critical Point

Hadron Gas

Vacuum
A/

MeV

EMDIERAIN AR, USCT, SAE

The Phases of QCD

Color /—

Superconductor

Nuclear
Matter

i
900 MeV

Baryon Chemical Potential

Neutron Stars

cGe Initial

Thermalized
Singularity sQGP

Glasma Hadron Gas

Compact Star

Neutron Star

Strange Quark Star

Surface
« Hydrogen/Helium plasma
« Iron nucei

Surface Outer Crust
* Degenerate < lons
electron layery * Electron gas

\ Inner Crust
« Heavy ions
« Relativistic electron gas.
| * Superfluid neutrons

] Outer Core
» Neutrons, protons
« Electrons, muons

inner Core
* Neutrons
? Superconduciing proons

Core * Electrons, muon:
§ Glectons * Fyperons (5 4.2)
*uds o Deltas (4)

(color- supermnduclmg) « Boson (x, K) condensates.

o Deconfined (u.d,s) quarks/color-

superconducting quark matter

2 /30



Introduction: QCD frontiers

Hadron

Meson Baryons
Quark uar Quark
P cans.
—~
<Avmquarl> Quark Anfliquark Antiquark
~ S
™ Antiquark

& Postively
emr ed pion
9ec P Proton
Neutml kaon
Neutron

\ 3

Nucleus

pro(on

é
B

20
J, > @ ENERGY
235

236
2V

Unstable
nucleus

()
bt
=}
)
)
=
()]
o
5
|—

Si-xue Qin: 2024-10-26 @ M H EREESH

Early Universe

uture LHC Experiments

Critical Point

Hadron Gas

Vacuum
A/

MeV

EMDIERAIN AR, USCT, SAE

The Phases of QCD

Color /—

Superconductor

Nuclear
Matter

i
900 MeV

Baryon Chemical Potential

Neutron Stars

cGe Initial

Thermalized
Singularity sQGP

Glasma Hadron Gas

Compact Star

Neutron Star

Strange Quark Star

Surface
« Hydrogen/Helium plasma
« Iron nucei

Surface Outer Crust
* Degenerate < lons
electron layery * Electron gas

\ Inner Crust
« Heavy ions
« Relativistic electron gas.
| * Superfluid neutrons

] Outer Core
» Neutrons, protons
« Electrons, muons

inner Core
* Neutrons
? Superconduciing proons

Core * Electrons, muon:
§ Glectons * Fyperons (5 4.2)
*uds o Deltas (4)

(color- supermnduclmg) « Boson (x, K) condensates.

o Deconfined (u.d,s) quarks/color-

superconducting quark matter

2 /30



Introduction: QCD frontiers

Hadron QGP

Meson Baryons
Quark varl/_Quark o Early Universe
A~ o = v The Phases of QCD
<Anu‘quarl> Quark  F) { vari Antiauark "6’ uture LHC Experiments
), : . 6 cGC Initial Gl Thermalized Had G
Antiquark o Singularity lasma «QGP adron Gas
& @ & | SorentrHiCEeeiments v
emrgad pion NN | e et
Proton q) ______________
s ¥ =
Neutml kaon
\3
Critical Point
color— | Compact Star
Hadron Gas 7
Nucl Superconductor
u C eu S Nuclear / Strange Quark Star Neutron Star_
1 L . irogen/Helium plasma
- Vacuum Matter Ieutron Stars > e
= —;—*:—.>— Surface Ou‘nr Crust
] « Degenerate (e ngas
.@ ke MeV 900 MeV N

« Heavy ions
« Relativistic electron gas
| * Superfuid neutrons

] Outer Core
» Neutrons, protons
« Electrons, muons

inner Core
« Neutrons
Supsrmnduclmg protons

o . .
o~ Baryon Chemical Potential
J»—--> @ ENERGY :
235
26 . o .
o2 core o Electrons, muons
" Ba * Electr mns * Hyperons (%, A, _)

Unstable 56  ud,s quar o Deltas ()
nucleus (color-s SUPEN’DNWCW‘Q) * Boson (x, K) condensates

o Deconfined (u.d,s) quarks/color-
superconducting quark matter

Si-xue Qin: 2024-10-26 @ FFFIL 5 E R EESREYIERAN A, USCT, S 2 /30



Introduction: QCD frontiers

Hadron

RS
@
%

Meson Baryons

Quark uar Quark

Early Universe The Phases of QCD

uture LHC Experiments

/ —
Anti k k Anti k
<n quar Quarl Arfiquark ntiquar

& Positively
ehlr ed pion
mep Proton
Neulml kaon
Neumn pmm

\ 3

cGC | i
Initial Glasma Thermalized
Singularity sQGP

Hadron Gas

™ Antiquark

()
bt
=}
)
)
=
()]
o
5
|—

Critical Point

color” | Compact Star

7
Superconductor
/ Strange Quark Star Neutron Star

Hadron Gas

Nucleus

Surface
« Hydrogen/Helium plasma
« Iron nucei

Nuclear \ I
/ Vacuum Matter <_A\Ieutron Stars
E——

) =
@ sk 900 MeV

o~ Baryon Chemical Potential
J,__,, ENERGY I3 ")n .............
&
235 z;g v X )
141
Unstable 5682
nucleus

Surface Outer Crust
* Degenerate « lons
electron layery \ e Electron gas

\ Inner Crust

« Heavy ions
| » Relativistic electron gas
| * Superfluid neutrons

| Outer Core
» Neutrons, protons
 Electrons, muons

inner Core
* Neutrons
. Supsrmnduclmg protons
« Electrons, muon:

« Elect el * Fyperons (5 4.2)
©uds o Deltas (4)

(color- supermnduclmgj o Boson (x, K) condensates

« Deconfined (ud.s) quarks/color-

superconducting quark matter

Core

Few-body

Many-body

Si-xue Qin: 2024-10-26 @ FFFIL 5 E R EESREYIERAN A, USCT, S 2 /30



Introduction: QCD frontiers

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE

800 [— %
28 ‘ﬁfblfQﬁ rfiijﬂ
30
(— £

600 o <y AN
0
)
5
3 400
)

200

|
0.6 0.8 1.0 do2
gamma-ray energy (MeV

Novel states of nuclei

|
1.4 1.6

)

URLALLLL L I LU BRI IR ALLL IR

e*e~ hadronic annihilation

B

M/M

CMS Experimeqt
Data recorded: 2
Run/ Event: 1510

relativistic heavy-ion collision

2.5
strange star Micro -~
[ === nucleon star NN
“ ND
r - - --hyperon star AT
20T ... hybrid st VB
[ yorid star Her X-1 pheno_, — =4 \,‘ \
Ter 51 LN
- { Y . .
15 _PSRJI903+0327 b A AN
- [
L e
- V!
L sl
1.0 | i
[ Y
0.5 F
0.0
0 2

mass-radius relation of compact stars

R [km]



Introduction: QCD frontiers

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE

800 [— %
28 “LLL\% J':J’
30
(— £

600 o e AN
0
)
2
3 400
)

200

|
0.6 0.8 1.0 do2
gamma-ray energy (MeV

Novel states of nuclei

|
1.4 1.6

)

Solve QCD

UL IR LU R L R LU B L IR

® ® ® ®

Illll‘ | II\\I\I} | Ll

T TTT

Z

e

f
/|

o

ol vl vl sl vl 1

llllll

1 10
e*e~ hadronic annihilation

2
10

M/M

CMS Experimeqt Xhe'thic

relativistic heavy-ion collision

2.5
strange star Micro -~
[ === nucleon star NN
r - - --hyperon star WA
20T ... hybrid st VB
[ yorid star Her X-1 pheno_, — =4 \,‘ \
Ter 51 LN
- { Y . .
15 _PSRJI903+0327 b A AN
- [
L e
- V!
L sl
1.0 | i
[ Y
0.5 F
0.0
0 2

mass-radius relation of compact stars

R [km]



@144

CHONGQING UNIVERSITY

Lesson

Si-xue Qin: 2024-10-26 @ IEMIL T E R EESEEVIEFRIN A, USCT, S 4 /30



Introduction: QED lesson

Si-xue Qin: 2024-10-26 @ IEMIL T E R EESEEVIEFRIN A, USCT, S 5 /30



Introduction: QED lesson

Hly,) = E,|y,)

Si-xue Qin: 2024-10-26 @ IEMIL T E R EESEEVIEFRIN A, USCT, S 5 /30



Introduction: QED lesson

Hly,) = E,|y,)

H = Hkinetic + HCoulomb

Si-xue Qin: 2024-10-26 @ IEMIL T E R EESEEVIEFRIN A, USCT, S 5 /30



)4 Ak %

CHONGQING UNIVERSITY

Introduction: QED lesson

E((--)) 0

3/
.o

Hl|y,) =E,|y,)

H = Hkinetic + HCoulomb

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE 5 /30



7 T
CHONGQING UNIVERSITY

Introduction: QED lesson

n=o
() Hydrogen Wave
vy ;
600 V 0 n=6
.
S fo) - =5
- Pfund
(3.1,0) (3.1,1) far infrared
=4
. Brackett
N 20 far infrared
n=3
G2 622

6,20
Paschen

o - e Near infrared
z £
~ ® »'s n=2 Yyy
- - Balmer  Visible region

(3 (%8 ]
' n=1 40004 50004

Lyman

Ultraviolet

3/
£ X
|

Hly,) = E,|y,)

H = Hkinetic + HCoulomb

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE 5 /30



Introduction: QED lesson

E/E,

Si-xue Qin: 2024-10-26 @ IEMIM A EREESEEMIEFIN A, USCT, SRE

—0.25

—0.250025

—0.25005

—0.250075

—0.2501

—0.250125

—0.25015

—0.250175

n=2

H = HO + VCoulomb

T H = HO + VCoulomb
—p*/(8m>c?)

L 2s

2p3/2

2p1/29 251/2

" H = HO + VCoulomb
—p*/(8m3c?)

‘l'HSO + HDarwin i

)4 E & %

CHONGQING UNIVERSITY

2p3/2, my; = +3/2

2p3/2, mJ = +1/2

2p3/2, m;j = —1/2

2p3 /2, mj = —3/2
2519, mj = +1/2
2p1 /2, mj = +1/2
2p1/2, My = —1/2
281/2, m; = —1/2

H = HO + VCoulomb

—p*/(8m*¢?)
+HSO + HDarwin + HZeeman

6 /30



Introduction: QED lesson

E/E,

Si-xue Qin: 2024-10-26 @ IFMIN A EREESREMIEFAIN A, USCT, S

—0.25

—0.250025

—0.25005

—0.250075

—0.2501

—0.250125

—0.25015

—0.250175

T H = HO + VCoulomb

T H = HO + VCoulomb
—p*/(8m>c?)

L 2s

2p3/2

2P1/2, 2812

" H = HO + VCoulomb
—p*/(8m’c?)

‘l'HSO + HDarwin i

2p3/2, my; = +3/2
2p3/2, mj = +1/2

2p3 /2, mj = —3/2
L 2519, mj = +1/2
2p1 /2, mj = +1/2
2p1/2, My = —1/2
2519, mj = —1/2

T H = HO + VCoulomb
—p*/(8m*¢?)
+HSO + HDarwin + HZeeman

H = Hkinetic + HCoulomb +H spin—orbit +

H

relativistic + H QED

Z
?

A &

CHONGQING UNIVERSITY

6 /30



Framework

Si-xue Qin: 2024-10-26 @ IEMIL T E R EESEEVIEFRIN A, USCT, S 7 /30



Introduction: Nonperturbative QCD Framework
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Introduction: Nonperturbative QCD Framework
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Basics: Quarks are dispersive quasi-particles
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1 _Z(p?)

S(p) = iy - pA(p?) + B(p?) - iy - p+ M(p?)

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

S(p) = 1 - )
iy - pA(p?) + B(p?)  iv-p+ M(p?)
Chang, Yang, et. al., PRD 104, 094509 (2021)
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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.
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Basics: Quarks are dispersive quasi-particles

S(p) - : )
iv-pA(p?) + B(p?) iy -p+ M(p?)
Chang, Yang, et. al., PRD 104, 094509 (2021)
0.5k . 1. The quark's effective mass runs with
NN its momentum.
= 0.1} NN~ — . N
& [ A 2 i 2. The most constituent mass of a light
= \ * . ] quark comes from a cloud of gluons.
= o 57.8 MeV *
0.01k * 385Mev .
[+ 193 ';"Ae:’/ . ] 3. The mass has a fast transition
. .24 .e | | | — between non-pert. and pert. at about
0 1 P 3 4 5 1GeV.
k [GeV]

Vacuum — invisible highly dispersive medium
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Basics: Gluons are massive quasi-particles

G|u0n gap equation: Aguilar, Binosi, Papavassiliou and Rodriguez-Quintero

Lattice QCD simulations:

—

D(q) [GeV)
SN WhArUAANOO

VLI L LA DAL LN L LA LN LR LR LR

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

| ALY ALY WAL LALU LA LU LU L
PP PP T YY) Y)Y Y Py e

gl L1 1 1 I 11 1 1 I 11 1 1 g ‘] 288. l-LA ook l-h lakha labkal
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
2.5 : T TT I TorrT I L I L I L l UL I L l LI L l L I L :
2F =
G 15F E
(a) o ]
e 1F s
0.5F =
0 : 11 1 J 11 1 1 l 11 1 1 l 11 1 1 l 1 1 1 1 1L 1 1 l L 1 1 1 L1 1 1 1 L1 1 l L1 1 :
0 0.5 1 1.5 2 25 3 35 4 45 5

q [GeV]
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Basics: Gluons are massive quasi-particles

Gluon gap equation:

Aguilar, Binosi, Papavassiliou and Rodriguez-Quintero

Lattice QCD simulations:

1

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

POY FYTTY FYITY FYPTY YN Y YO O P

D(q) [GeV)
SN WhArUAANOO

llllIll]l L 1 1 11 o ‘]‘-‘-LAMAILAAAML‘I.IAA—
0.5 1 1.5 2 25 3 35 4 45 5

LI LI L LR L

N
W
T

4’ D)
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» The interaction can be decomposed:
gluon running mass + effective running
coupling

2D (k)= €k s bky
g ﬂy( ) - ( ) v - k2

g&6254mmdﬁ)
k2 + mX(k?)

e In QCD: Gluons are cannibals — a particle
species whose members become massive by
eating each other — quasi-particles!
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Basics: Gluons are massive quasi-particles

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

LI L L B B LI N L B L LI L L B L LR | LELELEN B B

05

04

4

_,
=4
(]

’

M(q) [GeV]

=
U AL UL WAL Wi

IYYTRTE| ATITETET) [YATETTTT) FEYRTOITY) FYETTITOTa oo

. . T O e e
0 05 1 1.5 2 25 3 35 4 4.5
q [GeV]

W

Ru nn i ng Ccou pl i ng . Deur, Brodsky, Roberts, PPNP, 104081 (2024)

agl/n CERN COMPASS
(xgl/n DESY HERMES

ocgl/n SLAC E142/E143
(xgl/n SLAC E154/E155

(xgl/n CERN SMC

@y /T OPAL

cOxx%ol> N

04 Bjorken sum rule
------- GDH limit

- O a,/nHall A/CLAS (2004)
- a,,/m CLAS EG1b (2008)
02~ O ay/mJLab RSS (2008)

- ¥ a,/n CLAS EGldves (2014)
- ® o, /n CLAS EG4 (2022)

- % a,/nHall A/EG4 (2022)

Q (GeV)
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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)

e
n

04

%)

M(q) [GeV]
io

0.1

ET LI L L B B LI N L B L LI L L B L LR | TTT T

0 05 | 1.5 2 25 3 35 4 45
q [GeV]

Ru nn i ng Ccou pl i ng . Deur, Brodsky, Roberts, PPNP, 104081 (2024)

agl/n CERN COMPASS
(xgl/n DESY HERMES

ocgl/n SLAC E142/E143
(xgl/n SLAC E154/E155

a,,/m CERN SMC
Gy (t)/n OPAL

cOxx%ol> N

0.6

04 Bjorken sum rule
------- GDH limit

- O a,/nHall A/CLAS (2004)

A a,/n CLAS EG1b (2008)

02~ O ay/mJLab RSS (2008)
vV a,/n CLAS EGldves (2014)
® o, /n CLAS EG4 (2022)
*  a,/n Hall A/EG4 (2022)

Q (GeV)
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1. The dressed gluon can be well

parameterized by a mass scale

4
21,2 8
my(k*) = ————
() M2+ k?
M, ~ 700 MeV

2. The effective running coupling

saturates in the infrared limit.

 converge to: a0) ~ =

e transition at: QO ~ 1 GeV

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

Quark-gluon vertex: + 4 + . - ?
(]

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

Quark-gluon vertex: T+ + + ...
[]

point charge — >

distributed charges

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

point charge — >

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

form factors: i0,,
TH(P',P) = y"F\(Q%) +
2M;

QVF5(0%) 12 terms

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

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

Spacetime
O Poincaré symmetry
Fields
O Gauge symmetry
O Chiral symmetry
“Symmetry dictates interaction.” — CN Yang

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

Spacetime
O Poincaré symmetry
Fields
O Gauge symmetry
O Chiral symmetry
“Symmetry dictates interaction.” — CN Yang
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O Gauge symmetry: Longitudinal WGTI

":Quru (ka Q) =9 (k) -85 (p)

U Lorentz symmetry + : Transverse WGTIs

9T (k,p) — @, Tk, p) = S7' (D)o + 0,087 (K)
=+ 27:mr;w (kap) + t/\ez\w/p:[.‘;1 (k7 p)
+ A}{u (kap) )

q.T% (k,p) — g, T4 (k,p) = S~ (D)o — 050, 8" (K)
+ taxexupl'p (K, )
+ V/ﬁlf (k,p), Ufw = OwYs

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

Spacetime

O Gauge symmetry: Longitudinal WGTI

i, Tla) = 57K — 57 ()

gt

U Lorentz symmetry + : Transverse WGTIs

o~ A~

@)1 A4 £

CHONGQING UNIVERSITY

O Poincaré symmetry
Fields
O Gauge symmetry
O Chiral symmetry
“Symmetry dictates interaction.” — CN Yang

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE

@ p) —U p) = S (D)o + oS (k)

+ 2imDy, (k, D) + taerw,TA (K, p)

+ Al (k,p),
q.T% (k,p) — 0. T4 (k,p) = 7' (p)gfr— 03 S~ (k)
+ t)€n ,,I‘p( ,p)
—+ V,ﬁl, k, Py, az,, = OwYs

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

O Gauge symmetry: Longitudinal WGTI

Spacetime
=
incaré id, T, (k,q) = S~ (k) — S~ (p)
O Poincaré symmetry p\s 4 p
Nmt”
Fields
O Gauge symmetry
U Lorentz symmetry + : Transverse WGTIs
O Chiral symmetry
@a D) _@% p) = s (p)o]uu + o'uus_l (k)
+ 2¢mP s (K, ) + trerw,T'5 (k, )
=+ Axu(kap) )
q.T% (k,p) — 0. T4 (k,p) = 7' (p)gfr— 03 S~ (k)
“Symmetry dictates interaction.” — CN Yang +tm@,p)
—+ V,ﬁl, k, Py, UZ,, = OwYs

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

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

iy ‘ Equation of Motion (DSEs) TR R R Ty
: Y.+ o, QYA v
=~ Y + 1o + etc. ~
iy - pA(p?) + B(p?) AT e e
’
i .................................... ‘ Ward identities (Symmetries)

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

iy ‘ Equation of Motion (DSEs) TR R R Ty
S 1 //‘2 : QUA F’u
=~ Y + 1o + etc. ~
iy - pA(p?) + B(p?) A Sl
’
* .................................... ‘ Ward identities (Symmetries)

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

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

iy Equation of Motion (DSEs) TR R R Ty
S 1 //‘2 : QUA F’u
=~ Y + 1o + etc. ~
iy - pA(p?) + B(p?) A Sl
’
* .................................... Ward identities (Symmetries)

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

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

See, e.g., PLB722, 384 (2013)
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Basics: Kernel has the Dirac and Pauli terms

AL X

0000000000
0000000000
+
I
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Basics: Kernel has the Dirac and Pauli terms

AL X

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

0000000000
0000000000
+
I

Poincaré symmetry Gauge symmetry

C-, P-, T-symmetry Chiral symmetry
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Basics: Kernel has the Dirac and Pauli terms

AL X

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

0000000000
0000000000
+
I

Poincaré symmetry Gauge symmetry

C-, P-, T-symmetry Chiral symmetry

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

M, < M, + Mgz

2. 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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Basics: Kernel has the Dirac and Pauli terms

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

oy J' =0 P,Ts,(k,P)=S8"" (k+ g) ivs + 759" (k — g)

See, e.g., PLB733, 202 (2014)
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Basics: Kernel has the Dirac and Pauli terms

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

oy J' =0 P,Ts,(k,P)=S8"" (k+ g) ivs + 759" (k — g)

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

. o 2
lim P,Ts, (k, P) = 2i7s B(K*) # 0

See, e.g., PLB733, 202 (2014)
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Basics: Kernel has the Dirac and Pauli terms

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

oy J' =0 P,Ts,(k,P)=S8"" (k+ g) iy + 458 (k — g)

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

lim P,T5,(k, P) = 2iys B(k*) # 0
P—0

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

2ivs f. Ex (K*) P, P,
Ty, (k, P) ~ =2t oc =% f-Er(K?) = B(K?)

See, e.g., PLB733, 202 (2014)
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Basics: Kernel has the Dirac and Pauli terms
4 In the chiral limit, the color-singlet axial-vector WGTI (chiral symmetry) is written as

oy J' =0 P,Ts,(k,P)=S8"" (k+ g) ivs + 759" (k — g)

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

. o 2
lim P,Ts, (k, P) = 2i7s B(K*) # 0

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

2ivs f. Ex (K*) P, P,
Ty, (k, P) ~ =2t oc =% f-Ex(K?) = B(K?)

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)
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Basics: Kernel has the Dirac and Pauli terms

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

oy J' =0 P,Ts,(k,P)=S8"" (k+ g) ivs + 759" (k — g)

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

. o 2
lim P,Ts, (k, P) = 2i7s B(K*) # 0

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

2ivs f. Ex (K*) P, P,
].-‘5“(]9, P) ~ Y5 P2( ) [Z X P_l; f')rE';r(kz) — B(kz)
Pion exists if, and only if, mass is dynamically Model independent

generated.

Gauge independent

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

See, e.g., PLB733, 202 (2014)
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Basics: Kernel has the Dirac and Pauli terms

4 Proper decomposition: 4+ Deformed WTIs:

K® = [k o kK| + [kl @ K| + [K) @4 K| Sa(ke) = [ {KE02 G KD sl + KD s G}
- LOo RO L0 RO L1 R1
_ () (=) (=) (+) (+) (+)
+ [K(_,_) ®4 K(.,.)} n [K(_) ® K(_)} n [K(+) ® KH—)} 0= /dq {KLO lon(a-)KRy — Kio'los(a+)|Kry + Kpy [AfA]Km }
L1 R1 L2 - R2 L2 - R2

Ea(ks) — Xa(k-)]
with 75K(i)75 = :I:K(i)7 R4 = %(® + 75 ® 5) —p(k_)

[ AR ok + KD lon(a I + K7 821K )
q

[ {KR08 I + KD a1 + KD oK )
Jdgq

discrete continuous

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

4 Proper decomposition: 4+ Deformed WTIs:

K® = [k o kK| + [kl @ K| + [K) @4 K| Sa(ke) = [ {KE02 G KD sl + KD s G}
- LOo RO L0 RO L1 R1
_ () (=) (=) (+) (+) (+)
+ [K(_,_) ®4 K(.,.)} n [K(_) ® K(_)} n [K(+) ® KH—)} 0—/dq {KLO lon(a-)KRy — Kio'los(a+)|Kry + Kpy [AfA]Km }
L1 R1 L2 - R2 L2 - R2
Ea(ks) — Xa(k-)]

with 75K(i)75 = :I:K(i)7 R4 = %(® + 75 ® 5) —p(k_)

[ AR ok + KD lon(a I + K7 821K )
q

[ {KR08 I + KD a1 + KD oK )
Jdgq

discrete continuous

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

}//,[ 7//,1 6[

G G, Gy Kogeeeeeees » multigluon-exchange

16 Oy Oy

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

4 Proper decomposition: 4+ Deformed WTIs:

K® = [k o kK| + [kl @ K| + [K) @4 K| Sa(ke) = [ {KE02 G KD sl + KD s G}
- LOo RO L0 RO L1 R1
_ () (=) (=) (+) (+) (+)
+ [K(_,_) ®4 K(.,.)} n [K(_) ® K(_)} n [K(+) ® KH—)} 0—/dq {KLO lon(a-)KRy — Kio'los(a+)|Kry + Kpy [AfA]Km }
L1 R1 L2 - R2 L2 - R2
Ea(ks) — Xa(k-)]

with 75K(i)75 = :I:K(i)7 R4 = %(® + 75 ® 5) —p(k_)

[ AR ok + KD lon(a I + K7 821K )
q

[ {KR08 I + KD a1 + KD oK )
Jdgq

discrete continuous

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

}//,[ 7//,1 6[

G G, Gy Kogeeeeeees » multigluon-exchange

16 Oy Oy

2. G2 and Gs are proportional to the Pauli term in the vertex, and thus to DCSB:

Gz, G3 ~ DCSB

See, e.g., CPL 38 (2021) 7, 071201
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Ground states

Si-xue Qin: 2024-10-26 @ FFMIL S EREESREMIZFRIN A, USCT, G 23 /30



Ground states: Light & Strange flavor spectra

20— 71T T 17 T T T 1 T T

Mass [GeV]
o
|
|

0.5 - .- = Here
| — PDG
o e 1QCD

m K pKNAZJZZASTS

Q

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

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

20T 1 T T 1 T

Mass [GeV]
o
|

0.5 == " Here |~
L — PDG
-..... : : : : ; 1 IQCD

ol | L1 L1

mn K p K NA3ZI = AT 0

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

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

[ s B B B B B B B
[ | ¢ Here L
60r -poc|. =~ g7 ]
* : HR 3 : : : :
ol 1"

4.0

1/2+ Baryons

J=

ool o

[£] o e — —_—
60F pmal -

0 0 | | | | | | | |
. * * * * * *
-

3/2+ Baryons

4

lo
4
.

J

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

[ L S s B B B B S B

¢ Here
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S 4 . 4 The mean-absolute-relative-difference
CCB " 3 ] between the calculated values for the
+ 3.0 T ] ground-states and the known empirical
S ol v v FFT 7 masses is about 5%.
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See, e.g., Few-Body Syst 60, 26 (2019)
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Ground states: Charm & Bottom flavor spectra

[ s B B B B B B B
[ | ¢ Here L
60| —ppG |, = a7

>55.0'5 T 7]
o a0k 4
m ! 3
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60F pmal -

0 O | | | | | | | |
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J=
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I
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4 The mean-absolute-relative-difference
between the calculated values for the
ground-states and the known empirical
masses is about 5%.

4+ The ground spectra is NOT sensitive to
the structures beyond the leading terms
in the vertex and the kernel.

See, e.g., Few-Body Syst 60, 26 (2019)
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Excited states
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Excited states: Multiple partial waves

. Ayy 7]

. QSSS
— . QCCC
2 Q n .
= 2 D v S-waves dominate for ground states,
. i but P-waves grow for light baryons.
=

S P D F
Partial Wave
100 I | I I I

X
b= v D-waves dominate for excited states,
D )
g but P-waves grow for light baryons.

S P D F
Partial Wave

See, e.g., PRD 97, 114017 (2018)
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Excited states: Multiple partial waves

I I I I . A++ I |
M o
—_ § Qo |
= B w7 v S-waves dominate for ground states,
. i but P-waves grow for light baryons.
g - s
S P D F
Partial Wave Why NR potential models work
100 I | I I I
v
X
£ v D-waves dominate for excited states,
g but P-waves grow for light baryons.

S P D F
Partial Wave

See, e.g., PRD 97, 114017 (2018)
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Excited states: Spin-orbit interaction

= |[mpact of the Pauli term (anomalous moment):

Mass [GeV]

1.4_ T T T T ]
1.3_— y
1.2_— y
1.1} .
1.0} .
0.9_— y
0.8 ]
e o o o o
0.7} ]
0.6k |op 0 wa; <n +p| ]
0_5' Lo N B B
0 0.5 1.0 15 2.0
n
= | ight & strange meson spectrum:

25— T T T T T T T T ]
[ [—PDG + RL & DB | ]
2.0f .
=’ ¢ 5 2
1.5 - : s 4 4 : T e
E: + Yo I : ¢ 0
1-0'__ i.- ; + + _-'
[ - *
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Excited states: Spin-orbit interaction

= |[mpact of the Pauli term (anomalous moment):

1.4

1.3F
1.2}
1.1}
1.0f
0.9f
0.8f
0.7f

- O O O O
./ |-°-p s _v_al-d—ﬂ'_b_pul _'

Mass [GeV]

0.6

O O O O 4

0.5

0.5 1.0 1.5 2.0
n

= | ight & strange meson spectrum:

2.5

Mass [GeV]

o
(3]

Si-xue Qin: 2024-10-26 @ I EREESREYEPIINA, USCT, SIE

-y
a

iy
o

+4

[ «*

El—PDG + RL & DB |
2.0}

+ o

+o

+ o] +eo
* |+

o+

0 - L
m K p ¢ K by KI' ay Ki* f; K,

)4 & & £

CHONGQING UNIVERSITY

4+ With increasing the AM strength, the a1—p
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)
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With increasing the AM strength, the a+1—p
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)
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Excited states: DCSB-rendered spectra
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Excited states: DCSB-rendered spectra
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Excited states: DCSB-rendered spectra
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4 The magnitude and ordering of radial or
angular excitation states are WRONG in
the approximation lacking of DCSB effect.

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

In progress
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Summary

4+ 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.

4+ 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.
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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.
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