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1 Background: What are bound-states?

@‘ Earth

What matter is possible
&
How is it constituted?

104.4776 Standard Hadrons Exotic Hadrons

a) oo 9P 9%

Meson Baryon
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1 Background: How do we study bound-states?
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1 Background: Why is QCD bound-state problem difficult?

 Relativistic bound states
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“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 [...]”

e Strongly coupled systems

0.5
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0.1F

Si-xue Qin:

QCD running coupling constant

A A Deep Inelastic Scattering
oe e¢te— Annihilation
o Hadron Collisions

= ® Heavy Quarkonia

= QCD o, (MZ)=0.1189 £0.0010

s
10 100

Q[GeV]

2017-07-24 @ Nanjing University, Nanjing

The QFT book vol1 p564 Weinberg

e Asymptotic freedom: Bonds between particles become
asymptotically weaker as energy increases and distance
decreases (Nobel Prize).

e Quark and Gluon Confinement: No matter how hard one
strikes the proton, one cannot liberate an individual quark
or gluon.

e Dynamical Chiral Symmetry Breaking: Mystery of bound

state masses, e.g., current quark mass (Higgs) is small,
and no degeneracy between parity partners.
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1 Background: Non-perturbative approaches of QCD

Lattice QCD, Dyson-Schwinger equations, chiral perturbation, AdS/QCD, NJL model, ...
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2 DSE: EoM of QCD’s Green functions

Classical Mechanics Quantum Field Theory

\ /
/ Degrees of freedom \

Fields on spacetime

e
\

Generalized coord.

N
—

Principle of Least Action

|
|
0Sla) _ - <5S[¢(x>]> _ 0
dq : 6p(x)
|
/ Equations of Motion (EoM) \
|
|
Euler-Lagrange Equation ! Dyson-Schwinger Equations
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2 DSE: EoM of QCD’s Green functions

Quark propagator: Gluon propagator:

- - 1 -1
—o0—"'- ' m W =
.".O“‘\
Ghost propagator: ©owt o Omw o+ W‘C}-
) P f‘ : l\; ".O.-’
--_O.-_. B  cccccsssss L N - S— O... -
Ghost-gluon vertex: : Q

Quark-gluon vertex:

G. Eichmann, arXiv:0909.0703
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2 DSE: EoM of QCD’s Green functions

4+ Most equations are
very complicated.

4 Green functions of
different orders
couple together.
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Quark propagator: Gluon propagator:

Ghost-gluon vertex:

%. Y
” . o .
” 0 o .
” b v
” . ” S .

Quark-gluon vertex:

S oAy

G. Eichmann, arXiv:0909.0703
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2 DSE: EoM of QCD’s Green functions

) Quark propagator: Gluon propagator:
4+ Most equations are i . m Propag ;
very complicated. o ’ o - —
_"'O\‘.‘
O Modeling Ghost propagator: ‘ W Om *

Ghost-gluon vertex:

% - .%‘\ "
' 50 o .
- -~ v
” o8 ” S .

4 Green functions of Quark-gluon vertex:

different orders
couple together. j\ - )\ . ‘ﬁ X ﬁ%} .

O Truncation

G. Eichmann, arXiv:0909.0703
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2 DSE: Bound-states in terms of Green functions

4 In QFT, bound-states are encoded in Green functions.
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4 In QFT, bound-states are encoded in Green functions.
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G _ GO - K© GO GW — G(()‘l) + G(()‘l) K@ . q®@
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4+ The kernel can be decomposed by its orthogonal eigenbasis, which are classified
by J” quantum number and radial quantum number n;,

K® = Z)‘z‘_l T T =X K@ -G - |my) (T:|GyY |T5) = 8
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2 DSE: Bound-states in terms of Green functions

4 In QFT, bound-states are encoded in Green functions.
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4+ The kernel can be decomposed by its orthogonal eigenbasis, which are classified
by J” quantum number and radial quantum number n;,

KO = 3N RE] ) =x K@ 600 (miein) =5,

4+ Accordingly, the four-point Green function can be decomposed:

1
E >)IQIO< G = Ggl) + Z |Xi>m(><i|
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2 DSE: Most frequently used equations

* One-body gap equation

 Two-body Bethe-Salpeter equation

@-K- K@
@56 - B-ED

 Three-body Faddeev equation
D-BD+0-3D-TD
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2 DSE: Most frequently used equations

* One-body gap equation

-\\-f ---------------------------------------------------------- ' Gluon propagator
1 -1 § %
— () = I + p q \_/.?" .........
Co .
 Two-body Bethe-Salpeter equation e N

Quark-gluon vertex
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* One-body gap equation
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2.1 DSE: Dynamically massive gluon

_ R 0. Olvira et a, 1 Phys. G38, 045003 2011)

4 In Landau gauge (Lorentz covariant X '
and LQCD favored): 23

k kl/ (])0 0.5 1 1.5 2 25 3 35 i“-“;;“-u_s

gz-Dy,u(k) =g(k2) (6/1,1/_ 2_2) 22_|||||x||x_

4+ Modeling the dress function: gluon L

mass scale + effective running
coupling constant

drapr (k) m2 (k?) My

) ———— 2 =7
9k k2 4 m2 (k?) ! M2 + k2

Eo oo ooy by b o by Tty
0 05 1 15 2 25 3 35 4 45 5
q [GeV]

The gluon propagator is modeled as two parts: Infrared + Ultraviolet. The former is an
expansion of delta function; The latter is a form of one-loop perturbative calculation.

~ 2 ) 2 o
54(k)w%0 iie—k Ji? G(s) = 871;2 De#/é 4 8T Ym F (8)

™ ot ‘ lnfr+ (14 8/Aden)’|
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2.1 DSE: Dynamically massive gluon

GRRE R IREARE RARAS RN RS LRSS R AR
0. Oliveira et. al., J.Phys. G38, 045003 (2011)

© S
T

4 In Landau gauge (Lorentz covariant X
and LQCD favored): z3

k kV (]);) 0.5 1 1.5 2 25 3 35 ‘1‘._..-441-.;.-#_5

9’ Dy (k) = G(K*) (6W—’,;—2)

+ Modeling the dress function: gluon L

mass scale + effective running
coupling constant

drapr (k) m2 (k?) My

W) v —— =———
9k k2 4 m2 (k?) ! M3 + k2

The gluon propagator is modeled as two parts: Infrared + Ultraviolet. The former is an
expansion of delta function; The latter is a form of one-loop perturbative calculation.
~ 2/ 2 2 2 m
64(]6)‘0%0 izi‘le_k Jw g(s) — %De—s/w + 81, -7'—(3)
™ W w ln[T—l—(l—l—s/AaCD)z-l

A The gluon mass scale is typical values of lattice QCD: Mg in [0.6, 0.8] GeV.

d The gluon mass scale is inversely proportional to the confinement length.
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

+ + + etc.

[Ty 9) o = {7 Pur @} X {1, Y2y ¥+ q Opg}
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

0 Gauge symmetry: vector WGTI

N n + etc. iq,T,(k,q) = S~ (k) — S~1(p)

O Chiral symmetry: axial-vector WGTI

[Fu(p, Q)]aﬂ = {7Mapuaqu} X {1a YD, V4, O'p,q} . .
q.T#(k,q) = S~ (k)ins + iv5S " (p) — 2imTs (k, p)

0 Lorentz symmetry + : transverse WGTlIs

Quru(k,p) - QVFu (k,p) =51 (p)aﬂV + UﬂVS_l (k)
=+ 2imI‘”,, (k, p) + t}\ez\y,up:[‘;1 (k7 p)
+ AL, (k,p),

.02 (k,p) — T (k,p) = S (p)ops — 0pu S (K)
+ t/\ez\uup]:‘p (kap)
+ Vuj}/ (ka p) ’ 0’21/ =0OuwYs

He, PRD, 80, 016004 (2009)
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

0 Gauge symmetry: vector WGTI

n + + etc. iq, Ly (k,q) = S~1(k) — S (P)\

O Chiral symmetry: axial-vector WGT,

V-

[Fu(p, Q)]aﬂ = {'Yuapuaqit} X {1a YD, V4, O'p,q} . .
q.T#(k,q) = S~ (k)ins + iv5S " (p) — 2imT's (k, p)

4+ The WGTIs express the curls and
divergences of the vertices. O Lorentz symmetry + : transverse WGTIs
o - /V X &
+ The WGTIs of the vertices in L) = o Tu(loD) _igi(,i);:(; o ftke(:‘ )VPI‘;}(]C’ 2)
different channels couple together. + AL (k. ),
4+ The WGTIs involve contributions A () = i ) :it::),f;,,_(:,%)s ®
from high-order Green functions. + Vi (k,p), OB = OV

He, PRD, 80, 016004 (2009)
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

CHONGQING UNIVERSITY

4+ Defining proper projection tensors and
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtaina = q-tt-r'k.p)=T,,[S""(p)a;, - 0,5 ®)]

group of equations for the vector vertex: +t%q-I'(k.p)+ T, VA, (k. p).

q-ty-I'tk.p)=T: [ (o, —05,5 (k)]
+y-tq-T'k,p)+ T, Vi, k. p).

Quilyu(k, p)=S"1(k)— S~ (p).

Tp%u = %EauuﬂtaQﬂIDa T;%u = %Ea,uuﬂ')’aQﬂ .
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

CHONGQING UNIVERSITY

4+ Defining proper projection tensors and
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtaina = q-tt-r'k.p)=T,,[S ' (pa;, — 0,5 " k)]

Quilyu(k, p)=S"1(k)— S~ (p).

group of equations for the vector vertex: +t%q-I'(k.p)+ T, VA, (k. p).
T = 3 €auptadslp T2, = LeampVads q-ty -T'k.p)=Tg,[ST'(P)as, — 032,57 (k)]
2 (07777 ’ (09777 *

+y-tq-T'k,p)+ T, Vi, k. p).

4+ It is a group of full-determinant linear equations and a unique solution:
PEull(k’p) = FEC (k,p) + FE (k,p) + FEP (k,p)
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2.2 DSE: DCSB in quark-gluon vertex (Abelian)

&
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4+ Defining proper projection tensors and
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtaina = q-tt-r'k.p)=T,,[S ' (pa;, — 0,5 " k)]
group of equations for the vector vertex: +6q- Tk, p) +Th VA k. D),

v

Quilyu(k, p)=S"1(k)— S~ (p).

ity -T'tk,p)=T2 [s "V (p)o2, —o2 Sk
T/}V = %EauyﬂtaqﬂID, T;%I/ = %Ealu,uﬂ’)’aqﬂ . q-ty ( p) ’“[ (p) v M ( )]

+y-tq-T'k,p)+ T, Vi, k. p).
4+ It is a group of full-determinant linear equations and a unique solution:
PEull(k’p) = FEC (k,p) + FE (k,p) + FEP (k,p)

“ The unknown high-order terms contribute to the transverse part, i.e., the
longitudinal part has been completely determined by the quark propagator.

“ The quark propagator contributes to the longitudinal and transverse parts. The
DCSB terms are highlighted. 1

S A T B

A v =110
I‘EC (k,p) = 7;LEA +1t, ItT Ty =500+ o],

PX) — )

Ap(x,y) = .
A A x—y
I‘E(k,p)z+75q27“‘—(75[¢f]—2t59“)7“‘ e

q2
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2.3 DSE: Symmetries of kernel (discrete)
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§ % % % + etc.

0000000000
QQ0Q0Q0000Q0Q

A
A
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§ % % % + etc.

4+ Permutation:  2K(gx,ks) = K*(qu,ks) = C Kb(—gs,—k+) C' ® C K} (—g5, —k+) C*

2.3 DSE: Symmetries of kernel (discrete)

0000000000
QQ0Q0Q0000Q0Q

A
A

Y LR,

1 g :

o1 + 3 + efc.
_4_%99_4_ B ————
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% % % % + etc.

4+ Permutation:  2K(gx,ks) = K*(qu,ks) = C Kb(—gs,—k+) C' ® C K} (—g5, —k+) C*

2.3 DSE: Symmetries of kernel (discrete)

00QQ000Q00

Q000000000

A
A

%

— >

+

+ etc.

—t
OOOOOOOOOO&

\0000000000

A I—

%

4+ Charge-conjugation:  CK(gs,ks) = K(g=,ks) = C K[ (<k+,—g:)" C @ C Kfy(—ks,—g:)' C*

(X?I|K|Xj>: Xi ’=©< K >©= X3 =(5¢j
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2.3 DSE: Symmetries of kernel (discrete)

% % % % + etc.

4+ Permutation:  2K(gx,ks) = K*(qu,ks) = C Kb(—gs,—k+) C' ® C K} (—g5, —k+) C*

0000000000
QQ0Q0Q0000Q0Q

A
A

%

— >

+

+ etc.

—t
OOOOOOOOOO&

N

\0000000000

A I—

%

4+ Charge-conjugation:  CK(gs,ks) = K(g=,ks) = C K[ (<k+,—g:)" C @ C Kfy(—ks,—g:)' C*

(X?I|K|Xj>: Xi ’=©< K >©= X3 =(5¢j

4 P and T symmetries:  PK(gs,kx) = K(gs, k+) = P K4 (qs,k+) P! ® P K (qs, ks) P

K=1®1 + Qv + 18y + Q1
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2.3 DSE: Symmetries of kernel (discrete)
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% % % % + etc.

4+ Permutation:  2K(gx,ks) = K*(qu,ks) = C Kb(—gs,—k+) C' ® C K} (—g5, —k+) C*

0000000000
QQ0Q0Q0000Q0Q

A
A

%

— >

+

+ etc.

—t
OOOOOOOOOO&

N

\0000000000

A I—

%

4+ Charge-conjugation:  CK(gs,ks) = K(g=,ks) = C K[ (<k+,—g:)" C @ C Kfy(—ks,—g:)' C*

(X?I|K|Xj>: Xi ’=©< K >©= X3 =(5¢j

4 P and T symmetries:  PK(gs,kx) = K(gs, k+) = P K4 (qs,k+) P! ® P K (qs, ks) P

K=1®1 + »®v + 187 5 ®1
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§ % % % + etc.

4+ Permutation:  2K(gx,ks) = K*(qu,ks) = C Kb(—gs,—k+) C' ® C K} (—g5, —k+) C*

2.3 DSE: Symmetries of kernel (discrete)

0000000000
QQ0Q0Q0000Q0Q

A
A

%

— >

+

+ etc.

—t
OOOOOOOOOO&

\0000000000

A I—

%

4+ Charge-conjugation:  CK(gs,ks) = K(g=,ks) = C K[ (<k+,—g:)" C @ C Kfy(—ks,—g:)' C*

(X?Z|K|Xj>: Xi ’=©< K >©= X3 =(5¢j

4 P and T symmetries:  PK(gs,kx) = K(gs, k+) = P K4 (qs,k+) P! ® P K (qs, ks) P

K=1®1 + »®v + 187 5 ®1

Lorentz covariance guarantees CPT-symmetry; T-symmetry is obtained for free.
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2.3 DSE: Symmetries of kernel (continuous)

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

P P
P,Ts5,(k, P) = st (k—l- E) ivs + iy58 1 (k — E)
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2.3 DSE: Symmetries of kernel (continuous)

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

P P
P,Ts5,(k, P) = st (k—l- E) ivs + iy58 1 (k — E)

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

lim P, T, (k, P) = 2i7; B(k") # 0
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2.3 DSE: Symmetries of kernel (continuous)

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

p

P
P,Ts,(k, P) = 57 (k+ 5) ivs + iy5 87! (k - E)

4+ Assuming DCSB, i.e., the mass function is nonzero, we have the following identity
lim P, T, (k, P) = 2iys B(k?) # 0

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

2i75ann(k2)Pu Pu

> x = frEx(K*) = B(k?)

F5,u (ka 0) ~
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2.3 DSE: Symmetries of kernel (continuous)

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

P P
P,Ts5,(k, P) = st (k—l- 5) ivs + iy58 1 (k — E)

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

lim P, T, (k, P) = 2i7; B(k") # 0

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

2i75ann(k2)Pu Pu

> x = frEx(K*) = B(k?)

F5,u (ka 0) ~

4+ Assuming there is a radially excited pion, its leptonic decay constant vanishes

. 245 fr, Er, (K, P)PM
P2]i12[2 F5#(k’ P) ~ P2 -|—M2 < 00 fﬂ‘n — O
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2.3 DSE: Symmetries of kernel (continuous)

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

P P
P,Ts5,(k, P) = st (k—l- 5) ivs + iy58 1 (k — E)

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

lim P, T, (k, P) = 2i7; B(k") # 0

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

2i75ann(k2)Pu Pu

> x = frEx(K*) = B(k?)

F5,u (ka 0) ~

4+ Assuming there is a radially excited pion, its leptonic decay constant vanishes

. 245 fr, Er, (K, P)PM
P2]i1’$[2 F5#(k’ P) ~ P2 -|—M2 < 00 fﬂ‘n — O

DCSB means much more than massless pseudo-scalar meson.
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2.3 DSE: Symmetries of kernel (continuous)

The Bethe-Salpeter equation and the quark gap equation are written as

1 (k, P) = 711, + / Kk 0 )aar 75150 TP (0, P)S(q- ) ovsr
S5-1(k) / Dy (k — 0)7,S(@)T (g, k).

The color-singlet axial-vector and vector WGTlIs are written as

P,TIs,(k, P)+ 2imI's(k, P)
iP, I, (k,P)

1<k )’L’)/5—|—Z")/5S (k )7
Hky) = S7H(k-).

S™
S™
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2.3 DSE: Symmetries of kernel (continuous)

The Bethe-Salpeter equation and the quark gap equation are written as

D7 (k, P) = 51T, + / Kk oo 51904 )T (0, P)S ()]s

S-1(k) / Dy (k — 0)4,8(a)Tu(q, k),

The colorisinglet axial-vector and vector WGTlIs are written as

P,TIs,(k, P)+ 2imI's(k, P)
iP, I, (k,P)

1<k )’L’)/5—|—Z")/5S (k )7
Hky) = S7H(k-).

S™
S™
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2.3 DSE: Symmetries of kernel (continuous)

The Bethe-Salpeter equation and the quark gap equation are written as

D7 (k, P) = 51T, + / Kk oo 51904 )T (0, P)S ()]s

S_l( Dp,l/ ( )FV(Q7 k)a
)= 55"+ |

The colorisinglet axial-vector and vector WGTlIs are written as

P,TIs,(k, P)+ 2imI's(k, P)
iP, I, (k,P)

Yk )ivs +iysS H(EkZ),
Hky) = STH(E).

ST
ST
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2.3 DSE:

Symmetries of kernel (continuous)

The Bethe-Salpeter equation and the quark gap equation are written as

The colort

D7 (k, P) = 51T, + / Kk oo 51904 )T (0, P)S ()]s

S~k Dy (k w3 (q, k),
B)=5"0+ |

singlet axial-vector and vector WGT]Is are written as

P,TIs,(k, P)+ 2imI's(k, P)
iP, I, (k,P)

Yk )ivs +iysS H(EkZ),
Hky) = STH(E).

ST
ST

The kernel satisfies the following WGTIs: quark propagator + quark-gluon vertex

/ ]Caoz’
q

(S5 (as) - Ve = / Dy (k P (gesky) — S(q_)Tu (g k)],

/Kaa’,B’B{S(Q-I-)[ (Q+)75+’75S }aﬁ - /D/u/ (Q-i- k+)75 _75‘5( ) (Q—ak—)]'
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2.3 DSE: Symmetries of kernel (continuous)

Assuming the scattering kernel has the following structure:
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2.3 DSE: Symmetries of kernel (continuous)

Assuming the scattering kernel has the following structure:

I, Cr Ic,

Ladder-like term | Symmetry-rescuing term
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2.3 DSE: Symmetries of kernel (continuous)

Assuming the scattering kernel has the following structure:

I, Cr Ic,

%4 v

Ladder-like term | Symmetry-rescuing term

Inserting the ansatz for the kernel into its WGTlIs, we have

/ DyyuSa (T — ) = / DyuuSe (ST — STHKS + / Dy Ss75(S71 = S K
q q q

/DMV'VMS—F(F:T’% +51,) = /DMU’Y;LS—F(S-T-L% + ’755:1)1("1—1_ + /DMU’YMS+(’Y5S-|_-1 + 5:175)}C;'
q q q
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2.3 DSE: Symmetries of kernel (continuous)

Assuming the scattering kernel has the following structure:

I, Cr Ic,

%4 v

Ladder-like term | Symmetry-rescuing term

Inserting the ansatz for the kernel into its WGTlIs, we have

/ DS |(rj —I;)|= / Dy S4(ST — STHKCHH / DW%SJ%(S;l — S~y K
q q q

/Dm/mSJr (T s -I-’Vsr;)l: /Duv7u5+ (715 +vSZHKCHH /Duv’YuSJr (597" + S~ 1)K,
q q q
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2.3 DSE: Symmetries of kernel (continuous)

Assuming the scattering kernel has the following structure:

S(p) =

i -p A(p?) + B(p?)

IV =T} +Ify To=0I,-T,
BZZQB+ BA:B+—B_
An =i(7 - q+)AL —i(y - q-)A-

I, Cr Ic,

%4 v

Ladder-like term | Symmetry-rescuing term

Inserting the ansatz for the kernel into its WGTlIs, we have

/ DvuS |(rj —-I;)|= / Dy S4(ST — STHKCHH / DWWSJ% "k
q q

/Duu'}/us-k (FZF% +’V5F;)|: /Dw/}’uS+ (51175 +v55- ),Cz—/F /Dw/}’u5+ (755+ + 5—175)}C;
q q q

Eventually, the solution is straightforward:

4+ The form of scattering kernel is simple.
KE = (2BsAA)"Y[(Aa F BA)TS £ BsT2. 4+ The kernel has no kinetic singularities.
4+ All channels share the same kernel.
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2 DSE: Summary

4+ Gluon propagator: Solve the gluon DSE or extract information from lattice QCD. The
dressing function of gluon has a mass scale as that of quark.

4+ Quark-gluon vertex: Solve the WGT]s resulting from the fundamental symmetries
(gauge, chiral, and Lorentz symmetries). The vertex is significantly modified by DCSB.

4+ Scattering kernel: Analyze continuous (color-singlet WGTIs) and discrete symmetries.
The kernel preserves the chiral symmetry which makes pion to play a twofold role:
Bound-state and Goldstone boson.
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3 Application: Simplest approximation of DSEs

|. Gluon propagator

Il. Quark-gluon vertex

lll. Scattering kernel
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3 Application: Simplest approximation of DSEs

CHONGQING UNIVERSITY

|. Gluon propagator Massive gluon model

g" D (k) = 8u Diie (k)G (K*)

k2 [GeV?]

Il. Quark-gluon vertex

lll. Scattering kernel
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3 Application: Simplest approximation of DSEs

|. Gluon propagator Massive gluon model
9" Dii (k) = 6 D* (k)G (K?)

I Quark-gluon vertex | Rainbow approximation ........................................ ;j\

lll. Scattering kernel
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lll. Scattering kernel
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3 Application: Simplest approximation of DSEs

|. Gluon propagator Massive gluon model
9" Dii (k) = 6 D* (k)G (K?)

I Quark-gluon vertex Rainbow approximation ........................................ ;j\

lll. Scattering kernel | Ladder approximation =~ g
............. _>
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3 Application: Simplest approximation of DSEs

|. Gluon propagator Massive gluon model
9" Dii (k) = 6 D* (k)G (K?)

I Quark-gluon vertex Rainbow approximation ........................................ ;j\

lll. Scattering kernel | Ladder approximation =~ g
............. ,>
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3 Application: Realization of DCSB & Confinement

+ DCSB:

1.The qu'ark.'s effective mass Slp) = iy - pAP2) + B(p?) iy p+ M(p?)
runs with its momentum.

2. The most of constituent
quark mass comes from a

cloud of gluons. ! | ! | !
Rapld acquisition of mass Is
0.4~ + ﬂ:f_eﬁect of gluon cloud ]

4+ Confinement: M_I } _

Although we exactly know S W —mosomey

few knowledge about & I TN — m=70MeV ]

confinement, the positivity So2- —

violation of quark spectral n i}

density supports a fact that a 01 i

asymptotically free quark is Ak b i

unphysical. In this sense, we i T

say that quarks are confined. % L

Si-xue Qin: 2017-07-24 @ Nanjing University, Nanjing 20 /23



1A% %

CHONGQING UNIVERSITY

3 Application: Rainbow-Ladder spectrum

4+ Light ground mesons

Summary of light meson results

Vector mesons (PM, Tandy, PRC60, 055214)
My—a = 5.5 MeV, mg = 125MeV at y =1 GeV
My /o 0770 GeV  0.742
Pseudoscalar (PM, Roberts, PRC56, 3369)
fojo 0216 GeV 0207
expt calc.
> ; s — Mg 0.892GeV 0936
-(@g)y | (0236GeV)”  (0.2417) fie 0.225GeV 0241
My 0.1385GeV  0.138 m, 1 000GeV 1072
0924 0.093"
Ix 0.0924 Gev ) f 0236 GeV 0259
m 0.496 GeV 0.497°
K Strong decay (Jarecke, PM, Tandy, PRC67, 035202)
fx 0.113 GeV 0.109
8prx 6.02 54
Charge radii  (PM, Tandy, PRC62, 055204) 8okK 464 43
r2 0.44 tm? 0.45 8K K 4.60 41
r2 0.34 fm? 0.38
E R Radiative decay (PM, nuck-th/0112022)
I -0.054 fm? -0.086
8pry/Mp 0.74 0.69
yrytransition (PM, Tandy, PRC65, 045211) Sary/ Mo 231 207
8ryy 0.50 0.50 (gK'KY/mK)+ 0.83 099
2
Ty 0.42fm 0.41 (8x+xy/mx)° | 1.28 119
Weak Ki3 decay  (PM, Ji, PRD64, 014032) Scattering length  (PM, Cotanch, PRD66, 116010)
Ay(e3) | 0.028 0.027 a 0.220 0.170
[(Ks) | 76-10°s°1 738 a 0.044 0.045
F(KF3) 52 106 S_l 490 a{ 0.038 0.036

Tandy @ Beijing Lectures 2010
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3 Application: Rainbow-Ladder spectrum

4+ Light ground mesons

Summary of light meson results
My—a = 5.5 MeV, mg = 125MeV at y =1 GeV

Pseudoscalar (PM, Roberts, PRC56, 3369)

Vector mesons

(PM, Tandy, PRC60, 055214)

Mo/w
b/ p/w
Mg
bi g
My

fo

0.770 GeV  0.742
0216 Gev  0.207
0.892GeV  0.936
0.225 Gev  0.241
1.020 GeV  1.072
0.236 GeV  0.259

Strong decay (Jarecke, PM, Tandy, PRC67, 035202)

expt calc.
-(ag)y | (0236Gev)’ (02417)
My 0.1385GeV 0138
Ix 00924 Gev 0093
mg 0.496 GeV 0.497°
bis 0.113 GeV 0.109
Charge radii  (PM, Tandy, PRC62, 055204)
rZ 0.44 fm? 0.45
T3 0.34 fm? 038
Tio 0054fm® 0086

8prn
8oKK
8K*Kx

6.02 54
464 43
460 41

Radiative decay

(PM, nucl-th/0112022)

yrytransition (PM, Tandy, PRC65, 045211)

8myy
S

Ty

0.50
0.42 fm?

0.50
0.41

Weak Kj3 decay

(PM, Ji, PRD64, 014032)

8pry/Mp
Suny/Mw
(8xxy/mx)*
(8x*xv/mK)°

0.74 0.69
231 207
0.83 0.99
1.28 1.19

Ay (e3)

I'(Ke)
I'(Ky3)

0.028 0.027
7610651 7.38
52.1065-! 490

Scattering lengtl

h

(PM, Cotanch, PRD66, 116010)

0.220 0.170
0.044 0.045
0.038 0.036

Tandy @ Beijing Lectures 2010
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4+ Heavy ground and radially excited states

Mass [GeV]

Mass [GeV]
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3 Application: Rainbow-Ladder spectrum

4+ Light ground mesons

1A% %

CHONGQING UNIVERSITY

4+ Heavy ground and radially excited states

Summary of light meson results Vector mesons (PM, Tandy, PRC60, 055214) 1.6 ‘
My—a = 5.5 MeV, mg = 125MeV at y =1 GeV - 0770Gev 0742 o RL
Pseudoscalar (PM, Roberts, PRC56, 3369) p/e i ) ¥ PDG *
fojo 0216 GeV  0.207 1.4+ f
expt calc.
= ‘ 3 — e 0892GeV 0936 — e
-(@g)y | (0236Gev)’ (0.2417) fo 0995 Gev 0241 % 1o *
My 0.1385 GeV 0.138- me 1020Gev 1072 O, 5
Ix 0.0924GeV 0 093- 5 0936 GeV 0259 8 <
mg 0496GeV 0497 s 1.0r : n
Strong decay (Jarecke, PM, Tandy, PRC67, 035202) . o
fe 0.113 GeV 0.109 . Py ” = o
prR A X
Charge radii  (PM, Tandy, PRC62, 055204) goxx 464 43 0.8 * o B
-
r 0.44 fm? 0.45 P 460 41 o :.'
2 0.34 fm? 038 *
K , Radiative decay (PM, nuck-th/0112022) 0.6 —F ‘ . 5
2 -0.054 fm? 0.086 P ay i p
8pry/Mp 0.74 0.69 K
ymytransition (PM, Tandy, PRCE5, 045211 <
ymy ( Y. ) Bury/ M 2.31 207 20—z \
8ryy 0.50 0.50 (gX'Ky/mK ) - 0.83 0.99 ..0 — — —
2 v)
Ry | 042mm 0.41 (gxvxy/mx)° | 128 119 1.8 1
Weak K3 decay  (PM, Ji, PRD64, 014032) Scattering length ~ (PM, Cotanch, PRD66, 116010) i — - -
— 0 —
A, (e3) | 0.028 0.027 P 0.020 0170 % 16 — |
Q) — —
I(Ks) | 76-10°s1  7.38 a 0.044 0.045 .(;Z — ¢ .
I(K;) | 5210851 490 al 0.038 0.036 oy 14T * h
8 . ¢ ¢
*
& > 121 * R 4 - N
Tandy @ Beijing Lectures 2010 »* Lapt®
* vs®
* os®
0: 1 O ““‘ =
0: -"“‘
* s®
ll ‘-‘.-"‘ 08 \lv ; \IV ; 3 \IV 3 | 3 | 3 | ” | ”
L] - P
. O et D+ N(y- S+ NS)- A9+ 49 4+ 4¢)y-
Hadron spectrum: systematically | .. 6 NG No» Ng)- 46)+ 46 4p)+ 46)

wrong ordering and magnitudes.
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3 Application: Sophisticated spectrum

CHONGQING UNIVERSITY

Let the quark-gluon vertex includes both longitudinal and transverse parts:

Tu(p,q) =TR% (0 q) +nT% (v, q) Ly (p,q) = ApT; + AuTi 8 = 3180, 1k, /(" - IT).

o
©

1 4 4 4 4 1 4 4 4 4 1 4 4 ' ' 2-0 i 1 1 1 1 1 1 1 1 1 1 1 1 |
—0- frEn(q) | 7 [ 2]
— B(q) y [ ]

2
O = 5r v -
= 0.6 S D — D -
o ()] < = *> J
o O, ]
< & 1.0 = -
S
m ——
T 0.3} = [ ]
“E 0.5F -
wl, i b — PDG data | ]
= - o ¢ Calculated | -
1) E—— P B To-0-o-¢ 0 [ 1 | | | | | | | 1 1 1 1
q [GeV]
—@)s”® p¥?  fx me My Mo Mby, May, May Mo my My my Mg Mgy,
this work 0.283 0.493 0.093 0.14 0.82 1.20 1.18 1.22 1.25 1.41 1.42 1.52+0.01 1.52+0.01 1.554+0.02 1.76 = 0.05
PDG - - 0.092 0.14 0.78 0.50 1.24 1.26 1.32 1.30 1.45 - - 1.64 1.70

TABLE I: The meson spectrum (Full vertex, (Dw)'/3 = 0.637 GeV, w = 0.60 GeV, n = 1.00 and m, = 3.0 MeV).
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3 Application: Sophisticated spectrum

CHONGQING UNIVERSITY

Let the quark-gluon vertex includes both longitudinal and transverse parts:

Lu(pd) =I5 0) nfi(p9)  Ti(p,@) = Asrf + Aut 8 = 30 Lok (1T 1T,

o
©

1 4 4 4 4 1 4 4 4 4 1 4 4 ' ' 2-0 i 1 1 1 1 1 1 1 1 1 1 1 1 |
—0- frEn(q) | 7 [ 2]
— B(q) y [ ]

2
O = 5r v -
= 0.6 S D — D -
o ()] < = *> J
o O, ]
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S
m ——
T 0.3} = [ ]
“E 0.5F -
wl, i b — PDG data | ]
= - o ¢ Calculated | -
1) E—— P B To-0-o-¢ 0 [ 1 | | | | | | | 1 1 1 1
q [GeV]
—@)s”® p¥?  fx me My Mo Mby, May, May Mo my My my Mg Mgy,
this work 0.283 0.493 0.093 0.14 0.82 1.20 1.18 1.22 1.25 1.41 1.42 1.52+0.01 1.52+0.01 1.554+0.02 1.76 = 0.05
PDG - - 0.092 0.14 0.78 0.50 1.24 1.26 1.32 1.30 1.45 - - 1.64 1.70

TABLE I: The meson spectrum (Full vertex, (Dw)'/3 = 0.637 GeV, w = 0.60 GeV, n = 1.00 and m, = 3.0 MeV).
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Summary

4+ Bound-states are ideal objects connecting experiments and theories. QCD bound-state
problems are difficult because of its relativistic and strongly-couple properties.

4+ Based on LQCD and QCD’s symmetries, a systematic method to construct the gluon
propagator, quark-gluon vertex, and scattering kernel, is proposed.

4+ A spectrum of ground and (radially) excited states of light-flavor mesons is produced by
the sophisticated method.
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Summary

4+ Bound-states are ideal objects connecting experiments and theories. QCD bound-state
problems are difficult because of its relativistic and strongly-couple properties.

4+ Based on LQCD and QCD’s symmetries, a systematic method to construct the gluon
propagator, quark-gluon vertex, and scattering kernel, is proposed.

4+ A spectrum of ground and (radially) excited states of light-flavor mesons is produced by
the sophisticated method.

Outlook

4 \With the sophisticated method to solve the DSEs, we can push the approach to a wide
range of applications in QCD bound-state problems, e.g., baryons and structures.

& Hopefully, after more and more successful applications are presented, the DSEs may
provide a faithful path to understand QCD and a powerful tool for general physics.
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