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Background: How to study QCD
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Background: Hadron — The difficult problem §)1ELE
* Relativistic bound states
“These problems are those involving bound states [...] such problems necessarily involve a breakdown of
ordinary perturbation theory. [...] The pole therefore can only arise from a divergence of the sum of all
diagrams [...]”
The QFT book vol1 p564 Weinberg
e Strongly coupled systems
N QCD running coupling constant
bl i i o e Color Confinement: No matter how hard one strikes the
| i proton, one cannot liberate an individual quark or gluon
(Millennium Problems).
é\i 03F
02 e Dynamical Chiral Symmetry Breaking: Mystery of bound
state masses, e.g., current quark mass (Higgs) is small,
o and no degeneracy between parity partners.
==QCD 0o (MZ)=0.1189%0.0010
Q [GeV]
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Background: Non-perturbative approaches of QCD
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Background: Non-perturbative approaches of QCD

Lattice QCD, Dyson-Schwinger equations, AdS/QCD, NJL model, Effective theories...
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Chapter |: 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: 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:

@ ot e £y

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

<5S[¢(x>]> L,
5p(x)

v

Dyson-Schwinger Equations
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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
e S .’ S, . ~

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

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

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

Chang et. al., PRD 104, 094509 (2021)
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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.
2. The most constituent mass of a
Chang et. al., PRD 104, 094509 (2021) Iight quark comes from a cloud of
0.5 - - - : gluons.
E"‘% g Ny
< 0.1] NN o .
D L » » A
O, N .
§ o 57.8 MeV *
0.0k © 385MeV "
i * 19.3 MeV
. 2.1 MeV ' .
0 1 > 3 4 5
k [GeV]
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Quark: Running mass function

2
S(p) — 1 _ Z(p)
iy - pA(p?) + B(p?)  iy-p+ M(p?)
Chang et. al., PRD 104, 094509 (2021)
0.5
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\ 2.
* 2 e
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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

G I uon gap eq uation " Aguilar, Binosi, Papavassiliou and Rodriguez-Quintero

Lattice QCD simulations:

1

L LI I LI L LR L I LI I LI I I I LB I L B | I L L L

J 1T

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

G I uon gap eq uation " Aguilar, Binosi, Papavassiliou and Rodriguez-Quintero

e The interaction can be decomposed:
gluon running mass + effective running

2D k = ? k2 5 — allie

4, (k?)
TR+ m2(k2)

.-
o
Ll

IIIIIIIIlI]lIIIIIIIIIIIII

€ (k?)

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

G I uon gap eq uation " Aguilar, Binosi, Papavassiliou and Rodriguez-Quintero

S

O. Oliveira et. al., J.Phys. G38, 045003 (2011)
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e The interaction can be decomposed:
gluon running mass + effective running
coupling

. , kk,
&0, (k) =GN 8, — =

4, (k?)
TR+ m2(k2)

€ (k?)

e |n QCD: Gluons are cannibals — a particle
species whose members become massive
by eating each other!
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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

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.

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)

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei 12 /26



Bkt

CHONGQING UNIVERSITY

2l o
NG
7 a
SITY

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)

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei 12 /26



Bkt

CHONGQING UNIVERSITY

“ :
RS
"%\

Vertex: DCSB feedback

Spacetime

1 Poincaré symmetry

Fields
d Gauge symmetry

O Chiral symmetry

“Symmetry dictates interaction.” — CN Yang

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

Spacetime

1 Poincaré symmetry

z'? > T l k n’g
Q 7S
NG O

CHONGQING UNIVERSITY

d Gauge symmetry: Longitudinal WGTI

1Ly (k,q) = s (k) — s (p)

d Gauge symmetry
O Chiral symmetry

Fields

1 Lorentz symmetry + : Transverse WGTIs

“Symmetry dictates interaction.” — CN Yang

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei

Quru (k,p) - QVFu (k,p) =5 (p)o'w/ + O';WS_l (k)
+ Zimruv (kap) + t)\ez\m/p:[“;;1 (kap)
+ A} (K, p),

Q,u]:‘;} (k,p) - QVI‘;} (kap) =5 (p)o-?w - O'ZVS_I (k)
+ £ €)\;l,up:[‘p (k’p)
+ V;ﬁlf (k,p), 0';5w = Ou5

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

Spacetime

1 Poincaré symmetry

Fields
d Gauge symmetry

O Chiral symmetry

“Symmetry dictates interaction.” — CN Yang

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei

/5] 4

s 5 z % k
N A5

S 7S

NG U

CHONGQING UNIVERSITY

d Gauge symmetry: Longitudinal WGTI

@ q) = S71(k)

— 5 (p)

1 Lorentz symmetry + : Transverse WGTIs

(hr-epo-

q.T% (k,p) — ¢, T4 (k,p) =

S (P)ow + 0w S (k)
+ 2imL,, (k, p) + treru, 4 (K, D)
+ Al (k,p),

S~ (p)gis— 03,81 (k)
+ trexdoLp (B, D)
+ V,ﬁl, k, Dy, az,, = 05

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

d Gauge symmetry: Longitudinal WGTI

Spacetime
- _ o1 -1
O Poincaré symmetry ’@’ q) =5""(k) =5 (p)
Fields
d Gauge symmetry
1 Lorentz symmetry + : Transverse WGTIs
O Chiral symmetry | |
@,p) —@,p) = 57 (D)o + 00 5L (K)
+ 2imI,, (k,p) + t>‘e,\#,,,,1‘;§1 (k,p)
+ A} (K, p),
Q,LLI‘;} (k,p) — QVI‘ﬁl (kap) — S_l (p)0'5,, “-~\0-/5.LVS_1 (k)
“Symmetry dictates interaction.” — CN Yang +tm@’1’)
+ V,ﬁl, k, DYy, 0,5“, = 05

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

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 ﬂz ; QI/A F/,t
- Y + 1o + etc. ~
iy - pA(p?) + B(p?) 8 pr< T8
A
i .................................. Ward identities (Symmetries)

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

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei

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)
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Kernel: Twofold role of pion

-
e
=
>4

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei

'OOOOOOOOOO'

“ :
RS
"%\

Y

CHONGQING UNIVERSITY

15 /26



Kernel: Twofold role of pion

» » » » » » » »
> > > > > > > > >
—
—
= m
< < < < < < < .
< < < < < < <

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

M. . <K Mu—I—MJ

Q000000000
y
Q000000000

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

=
-
~
<
v

_ 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.

fWEW(k2) — B(k2)

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.

fWEW(k2) — 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//i O] u
16 Oy Oy,

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.

fWEW(k2) — 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.

fWEW(k2) — 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

Properties of few-body and many-body systems
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Few: Partial-wave structures of mesons ) BT
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4+ Structure of wave function, e.g. p meson:

- =iy#T,

o =i[3kyy k" —y k" kT,

1) =ik, k-Py-P,

‘C]{ =i[yHTy~Py-kT+ka~P],

rf_zkz,

14 =k-P[y#TyT'k—y'kTy“T],

. =&Y (yly - P—y-Py.)—2kly -k"y-P,
) = ka k"y - P.

See, e.g., PRC 85, 035202 (2012)
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Few: Partial-wave structures of mesons

4+ Structure of wave function, e.g. p meson:

Il _ ... T
- =iy, ,

i =i[3kly kT —y k" kT,

1) =ik, k-Py-P,

t]4, =i[yHTy-Py-kT+kTy P]

rlg = kT

o=k -Plyly" k—y-k"yll].

. =&Y (yly - P—y-Py.)—2kly -k"y-P,
. =kiy -k'y- P

S=0,L=1

See, e.g., PRC 85, 035202 (2012)
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Few: Partial-wave structures of mesons

4+ Structure of wave function, e.g. p meson:

u—-ﬂ")
|
-
\]
>
~N .
<
v
Mass shift (%)

-[18_ — kTy -kTy . P. Remove T,

4+ Total angular momentum J is a good
quantum number, but S and L are not.
S=0,L=1 The partial waves mix together.

P ;é (_ 1)L+1

4+ Missing some partial waves could
S=1,L=2 remarkably affect the mass, especially
of radial excitation states.

See, e.g., PRC 85, 035202 (2012)
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Few: Partial-wave structures of baryons

CHONGQING UNIVERSITY

. Ay 7

. gESSS
[r— . QCCC
(=) Q = .
% 4o | v S-waves dominate for ground states,
) _ but p-waves grow for light baryons.
d)
=

|
S P D F

Partial Wave

100 | | | | |

v D-waves dominate for excited states,
but p-waves grow for light baryons.

Weight [%]

S P D F
Partial Wave

See, e.g., PRD 97, 114017 (2018)
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Few: Partial-wave structures of baryons

CHONGQING UNIVERSITY

. Ay N
. gESSS
[r— . QCCC
=) Q = .
% ZE N v S-waves dominate for ground states,
) _ but p-waves grow for light baryons.
()
= A
|
S P D F
Partial Wave How NR quark model works
100 | | | | |
v

v D-waves dominate for excited states,
but p-waves grow for light baryons.

Weight [%]

S P D F
Partial Wave

See, e.g., PRD 97, 114017 (2018)
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Few: Spectra of mesons

4+ Impact of the Pauli term (AM):

14— 711
1.3}
1.2
1.1
1.0}
0.9
08

0.7L° ° .
0.6 ©o-p 40 wa <+n >p[ ]

0.5 | N TR TR RN TN NN TN TN TN SR NN SR SN TN TN N T SR ST

Mass [GeV]

2-5_ I I I I I I I I I I
[ | — PDG + RL ¢ DB ]
[ . -
20 . 7
S | S M
v 1.5 -+« T O+ £ . 4 — 4 ]
.9. - & + _ - * :
9 t o+, s I Y i
c 1.0 == + -
[ | . +
s f Lt .
- Y
0.5_- * ]
[«
0 | | | | |

I I I I I i
m K p ¢ K by K a; K f5 K,
See, e.g., CPL 38 (2021) 7, 071201
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Few: Spectra of mesons

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.
O 1.0f
2 0.9
S 08f_ i ]
0.7 -
0_5'_/ ©op +0 wa <n >p| ]
0.5- | I T TR T NN TN TR TN S SN TN SN TU S SN T S S T ]
0 0.5 1.0 1.5 2.0
n

2-5_ | | I I I I I I I I
[ | — PDG + RL ¢ DB
[ .
20 . 7
S | S M
8 15__ * T O+ & . * — & ]
— - + ¢
[ —_ TS
a 10-+ g . « I Y *
S = + i
N | . +
s L .
B C
0.5_- * ]
[«
0 | | | | |

I I I I I i
m K p ¢ K by K a; K f5 K,
See, e.g., CPL 38 (2021) 7, 071201
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Few: Spectra of mesons

4+ Impact of the Pauli term (AM): 4+ With increasing the AM strength, the
a1—p mass-splitting rises very rapidly.
S From a quark model perspective, the
_12p DCSB-enhanced kernel increases
3 1 spin-orbit repulsion.
O 1.0f
2 0.9 ]
S 08f_ X _
0.7 i
0;—/ ©-p “0 va <n > p _
05 05 10 15 20 4+ The spin-orbit boosted quark-core
n mass of the fo is greater than the
| empirical value, and matches the
4+ Light-flavor meson spectrum: estimated result obtained using chiral
25— perturbation theory.
2.05— - o ]
3150 o o+ 1 . : v L
.9. [ - v - . :
é 1.02— . Rl . E
0.5:— - & ]
0:*I | | | |

I I I I I i
m K p ¢ K by K a; K f5 K,
See, e.g., CPL 38 (2021) 7, 071201
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Few: Spectra of mesons

CHONGQING UNIVERSITY

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
1.2f DCSB-enhanced kernel increases
3 1of spin-orbit repulsion.
g 0.9} ]
S 0.8_—C ~ ]
0.7 ]
0.6-—/ o-p +0 va <+n >p'| ]
0 T T s 10 15 20 4+ The spin-orbit boosted quark-core
n mass of the fo is greater than the
| empirical value, and matches the
4+ Light-flavor meson spectrum: estimated result obtained using chiral
05— perturbation theory.
[ | — PDG + RL o DB
20f o
— : — * K 3 . :
E 15:_ * 3 : K : : : + ]
. 10;: P 2 2 SRS 4+ The magnitude and ordering of radial
s 1.0F + - . . . .
= Lo : . ] excitation states can be fixed with the
05F 4 £ ] DCSB-enhanced kernel.
.
0 | | | | |

I I I I I i
m K p ¢ K by K a; K f5 K,
See, e.g., CPL 38 (2021) 7, 071201
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Few: Spectra of baryons

CHONGQING UNIVERSITY

[/ | S S B B B B B

¢ Here
6.0F —pPoc |, = = - T
i lQcp| ¢ @ . ;

1/2+ Baryons

J=
¢

ol i i B T
N AAAN 2 2.2 = =cZ'cZccsh =p Q0
Baryon

[£1" | S R B B R E—

+ Here | z z | |
60rf-pc| & % )
[ IQCD | : é : :

ooL—t 1+ 1 v 1

3/2+ Baryons

J=

Baryon
See, e.g., Few-Body Syst 60, 26 (2019)
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Few: Spectra of baryons

[/ e e B S s

¢ Here
6.0 - ppg

4.0
3.0 : : : : : :
20 * ¢

1/2+ Baryons

J=
¢

N AAA, 2 2.2 = Zc="cZccSp=p

Baryon

I
Q¢

10— T 1

+ Here |
6.0 - ppgG |

5.0k !QCD

a0l
3.0}
20
00—t 1 1 1

3/2+ Baryons

J=

Baryon
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4+ 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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Few: Spectra of baryons

[/ | S S B B B B B

¢ Here
6.0 - ppg

ol 1+ Theground states of Nucleon and
I e Delta families can be described by

e T I a simple kernel.

1/2+ Baryons

J=
¢

ol i i B T
N AAAN 2 2.2 = =cZ'cZccsh =p Q0
Baryon

o—r—r— 77T T T 1

¢ Here | | § § § ?
6.0 - ppG | = T j
‘= w@cp|
50— ]

JEE R R R R A 4+ The excited states and the parity
aor partners require a DCSB-enhanced
o kernel (to be published).

oob—1 1+ v 4 4]

3/2+ Baryons

J=

Baryon
See, e.g., Few-Body Syst 60, 26 (2019)
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Few: Structures of hadrons

o
(o)
|

o

—_—

Q + CERNn-e scattering ..., QCD Sum Rules
% * DESY (Ackermann) -.-. pQcCD

g ¢ DESY (Brauel) — BSE-DSE

LI.E @ JLab (Tadevosyan) ---- Disp.Rel.

o 0'6 B Bl JLab (Horn)

&)

! ] !
3 35 4
Q? (GeV/c)?

See, e.g., PRL 97, 192001 (2006)
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kS

0.10 .
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2
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See, e.g., PRD 84, 014014 (2011)
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Many: Phase diagram of nuclear mater

>
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X Nambu

%
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u [GeV]

See, e.g., PRL 106, 172301 (2011), PRD 102, 034027 (2020)
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Ferromagnet

Order parameter: M

External source: B

- oM
Susceptibility: x = 55

QcCD

Order parameter: —{(qq)

External source: m

5(a
Susceptibility: Xm = —%
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Many: Phase diagram of nuclear mater

0.14 —
012 T~<._ CEP ~(0.12,0.13)GeV _X*Nambu ] Ferromagnet Qcb
I X Wigner ||
0.10} \ ——"
~ ' ‘ ‘ Order parameter: M Order parameter: —{(qq)
> 0.08 - \ : -
(o)) i “\Chiral symmetry restored
9. 0.06 VN %
- Vo External source: B External source: m
0.04 |- Chiral symmetry broken ]
' L Susceptibility: x = o Susceptibility: Xm = Y
O'Ozf Bare \ Co-eik\istence (b)i P y: OB P Y: om
OOO . | . | . | - . ‘\ | . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

u [GeV]

As the gluon mass scale decreases:
1. The CEP rotates toward the T-axis.

2. The coexistence region increases in area.

See, e.g., PRL 106, 172301 (2011), PRD 102, 034027 (2020)
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Many: Phase diagram of nuclear mater
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As the gluon mass scale decreases:

1. The CEP rotates toward the T-axis.
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Ferromagnet

Order parameter: M

External source: B

oM

Susceptibility: x = 55

Order parameter: —{(qq)

QcCD

External source: m

5(a
Susceptibility: Xm = —%

2. The coexistence region increases in area.

See, e.g., PRL 106, 172301 (2011), PRD 102, 034027 (2020)
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Many: Emergent states of hot matter

4+ Zero mode appears in the vicinity of Te:

T T

0.8

N

1.1 12 13 14
T/Tc

See, e.g., PRD84, 014017 (2011); PLB742, 358 (2015); PLB734, 157 (2014)
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Many: Emergent states of hot matter

4+ Zero mode appears in the vicinity of Te:
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See, e.g., PRD84, 014017 (2011); PLB742, 358 (2015); PLB734, 157 (2014)
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Many: Emergent states of hot matter Dt AT
4+ Zero mode appears in the vicinity of Te: 4+ Transport properties of sQGP:
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LQCD: 4 < 211TD < 8, Banerjee et. al., PRD, 85, (2012)
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Many: Emergent states of dense matter

2.5 1 T T T T T oo
Hadron PSR J0740+6620 1000 L '
- - =--Quark \
2.0 Feeeeeens Maxwell 7 '\
| — — 3-window “\
o 15} - 100 \
= < :
3 o8 I PSR J0030+0451 ]
i S0 | i
1.0 : |
s ! 10 - Hadron
05} ," |‘ . - =-=-Quark
K Rttt Maxwell
o 1 = = 3-window
0.0 L L 1 L 1 | 1 . L . ] . 1 ; ] .
4 6 8 10 12 14 16 18 0.0 0.5 1.0 1.5 2.0 2.5
R [km] M/M,,
25 | — ' ' i
J0740+6620 :
2.0F § ==
10030+0451 |
ol.5F .
St Gwizogy N (combined
= | p
1.oF .
| —— VIS
| ceceseres V18+DS1
- —---VI8+DSI.5
03 Bos
- -=--- BOB+DSI 7
ool BB ] See, e.g., PRD 107, 103009 (2023), 107, 103048 (2023), 108, 014018 (2023)
"8 9 10 12 13 14 5

11
R [km]

Si-xue Qin: 2023-10-28 @ Mini-workshop, USTC, Heifei 25 /26



Many: Emergent states of dense matter
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4+ Hadron phase: RMF, BHF, DBHF, RBHF
4+ Quark phase: DSE with effective model

4+ Construction: thermodynamic constrains

See, e.g., PRD 107, 103009 (2023), 107, 103048 (2023), 108, 014018 (2023)
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Summary

4+ The DSE is a balanced tool to solve nonperturbative QCD in the continuum QFT framework.

4+ The state-of-the-art DSE has developed realistic elements, i.e., gluon propagator, quark-
gluon vertex, and scattering kernel.

4+ The DSE has produced many meaningful results, e.g., quark, gluon, meson, baryon
properties, QCD phase transition, bulk matter properties, and etc.)
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Outlook

¢ Unify the DSE elements at T = 0 and p = 0, produce properties of in-vacuum hadrons.

¢ Extend the DSE framework to T # 0 and g # 0, predict properties of novel nuclear matter.
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