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Fundamental Forces versus Bound States:

Perturbative Non-perturbative
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Fundamental Forces versus Bound States: Lattice QCD
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Fundamental Forces versus Bound States: QCD approaches
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Dyson-Schwinger Equations: EoM of Green functions

Classical Mechanics Quantum Field Theory

Principle of Least Action
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Eauations of Motion (EoM)

Euler-Lagrange Equation Dyson-Schwinger Equation




Dyson-Schwinger Equations: EoM of Green functions

Classical Mechanics

Quantum Field Theory

Principle of Least Action

-

Eauations of Motion (EoM)

Euler-Lagrange Equation

Dyson-Schwinger Equation

Quark

Ghost

4+ Complicated integral equations
4+ Coupled tower of all equations
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Dyson-Schwinger Equations: Equations for hadrons
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Dyson-Schwinger Equations: Equations for hadrons

O

Gluon propagator
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Dyson-Schwinger Equations: Equations for hadrons
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Gluon propagator

Quark-gluon vertex




Dyson-Schwinger Equations: Equations for hadrons

Gluon propagator

@ — Quark-gluon vertex
4-point scattering kernel




Dyson-Schwinger Equations: Equations for hadrons

Gluon propagator

@ ] Quark-gluon vertex
4-point scattering kernel
- 6-point scattering kernel
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Dyson-Schwinger Equations: The simplest (RL) approximation

|. Gluon propagator

Il. Quark-gluon vertex

lll. Scattering kernels




Dyson-Schwinger Equations: The simplest (RL) approximation
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Dyson-Schwinger Equations: The simplest (RL) approximation
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Dyson-Schwinger Equations: The simplest (RL) approximation
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For example, S(p) and G (k, q; P) :




Rainbow-Ladder truncation: T=0

4+ Global properties: mass spectra, decay constants, radii, and etc.

Summary of light meson results

Vector mesons (PM, Tandy, PRC60, 055214)
My—q = 5.5 MeV, ms = 125 MeV at y = 1 GeV 0770 Gev 0742
. € 8
Pseudoscalar (PM, Roberts, PRC56, 3369) Tp/e
fojw 0216 GeV  0.207
expt calc.
. F . —~ Me 0.892GeV 0936
-(99)y | (0236Gev)”  (0.2417) i 0.225GeV  0.241
My 0.1385GeV  0.138’ m 1020GeV 1072
Jx 00824GeV  0.083' fo 0.236 GeV  0.259
m 0.496 GeV 0.497"
K Strong decay (Jarecke, PM, Tandy, PRC67, 035202)
fx 0.113 GeV 0.109 6.02 o4
8prn - -
Charge radii (PM, Tandy, PRC62, 055204) Raxx 464 43
r2 0.44 fm? 0.45 8K Kn 460 41
i 0.34 fm? 0.38 —
Radiative decay (PM, nucl-th/0112022)
o -0.054 fm? -0.086
8pry/Mp 0.74 0.69
yrytransition (PM, Tandy, PRC65, 045211) Bary/ Mo 231 207
gm 0.50 0.50 (gK.KY/mK)+ 0.83 099
2
- 0.42fm 0.41 (8xky/mx)® | 1.28 119
Weak Ki3 decay  (PM, Ji, PRD64, 014032) Scattering length  (PM, Cotanch, PRD66, 116010)
Ay (e3) | 0.028 0.027 a3 0.220 0.170
INKs) | 7610651 738 a3 0.044 0.045
I(Ks) | 52-10°s°1 490 al 0.038 0.036

Tandy @ Beijing Lectures 2010



Rainbow-Ladder truncation: T >0

4+ QCD phase diagram

0.14 , : ;
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Qin et. al., PRL 106, 172301 (2011)

4+ QGP electrical conductivity

= MEM
-~ fitting
12 15 18 21 24 27 30
T/T,

Qin, PLB 742, 358 (2015)
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4 sQGP collective excitations
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Qin et. al., PRD 84, 014017 (2011)

4+ QGP viscosity
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75 > -
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'E --- MEM
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ok N " " N " L PR T
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Qin et. al., PLB 734, 157 (2014)
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Rainbow-Ladder truncation

4+ Heavy ground states: light,
e.g., rho-as mass splitting;

4+ Radial excitation states: light,
e.g., pion’, rho’, excited baryons;

4 Hadron spectrum: systematically
wrong ordering and magnitudes.

- Failures
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Rainbow-Ladder
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Rainbow-Ladder

\ Beyond Rainbow-Ladder
\
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Rainbow-Ladder

Physics

\ Beyond Rainbow-Ladder

|. Dynamically massive gluon

Il. DCSB in quark-gluon vertex

Ill. Symmetries of the kernels

I\V. Meson cloud and diquark
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I. Dynamically massive gluon: Lattice QCD
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4+ In Landau gauge (a fixed point of
the renormalization group):

k. k.,
92Dw(k) - g(kz)(5uv - 2—2)

2
D(q") [GeV™]
S WAL O

o 0000000 0-itbodoniobdtoolobe.

25 3 35 4 45 5

4+ Modeling the dress function: E :
gluon mass scale + effective 3 E
running coupling constant 0

o
W
—
—
W
N f—
[
W
w
w
W
S
S
W
W

- 47T()£RL(I€2)

k2) ~ ‘
G(k) k2 + mfl(kQ) ' —
M

2 2 q =

m2 (k) = ——7—, 1
7 Mg + k? 45 5

0. Oliveira et. al., J.Phys. G38, 045003 (2011)
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I. Dynamically massive gluon: Phenomenological model

Qin et. al., PRC 84, 042202R (2011)

4+ Model the gluon propagator as two parts: Infrared + Ultraviolet, i.e., an
expansion of delta function + a form of one-loop perturbative calculation.

872 Ym F(s)
In [1.' +(1+ s/AéCD)z]

~ 8 2 )
84([() 0)%0 _L Le—kz/wz g(s) — %De—s/w +
2 w*

A 14



I. Dynamically massive gluon: Phenomenological model

Qin et. al., PRC 84, 042202R (2011)

4+ Model the gluon propagator as two parts: Infrared + Ultraviolet, i.e., an
expansion of delta function + a form of one-loop perturbative calculation.

8712 Y F (5)
In[z + (1 + s/AéCD)Z]

w~0 1 1 24,2 N 87T2 —s/w?
84(k) ~ — _4€—k Jw Gg(s) = FDC’ -+
e W

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

4 The gluon mass scale is inversely proportional to the confinement length.

0.6} 14¢
~ 05} K
> —~ 10'
3 04} L ol
< 03} §
02 -
N4y 4_
0.1F ol
0.0l s : : ' oL : : : : : '
0 1 2 3 4 00 02 04 06 08 10 12 1.4
K*(GeV?) K*(GeV?)

o = 0.5 GeV (solid curve) and w = 0.6 GeV (dashed curve)
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I. Dynamically massive gluon: Summary

€ Two parameters, i.e., coupling strength and width, shapes the interaction in the
infrared region, and a perturbation tail dominates that in the ultraviolet region.

@ The realistic interaction model includes: gluon mass scale and monotonically
decreasing coupling constant.

15



Il. DCSB in quark-gluon vertex: General structure

[Tu(0,9)]ag = {Vspurau} x {1, v-p, v 4, 0pg}
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N
Il. DCSB in quark-gluon vertex: General structure

[Tu(0,9)]ag = {Vspurau} x {1, v-p, v 4, 0pg}

4 The vertex has 3 x 4 = 12 independent Lorentz structures.
4+ The appearance may be modified in nonperturbative QCD.

A 16



N
DCSB in quark-gluon vertex: Ward-Green-Takahashi Identities

Gravitational
Force on M
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Gravitational
Force on M
due to mz2

Resultant gravitational Force on M
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ll. DCSB in quark-gluon vertex: Ward-Green-Takahashi Identities

Gravitational
Force on M
due to m1

Gravitational
Force on M
due to m2

Resultant gravitational Force on M

0 Gauge symmetry: vector WGTI

iquLu(k,p) =S~ (k) — S~ (p)

Q Chiral symmetry: axial-vector WGTI

q. L2 (k,p) = S~ (k)ivs + 758~ (p) — 2émTs (k, p)

0 Lorentz symmetry + : transverse WGTls

quTv(k, p) — qu Tk, p) =S~ (P)opy + 0w S~ (k)
+ 2imIy (k, p) + tr.€ruvp Ty (k. P)
+ Al k, p),
qu I (k. p) — qu I (k. p) = S~ (p)oyy, — 0,5 (k)
+ tiéapvp L p(k, D)
S Vﬁv(k, D), Opy = V50

He, PRD, 80, 016004 (2009)
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ll. DCSB in quark-gluon vertex: Ward-Green-Takahashi Identities

0 Gauge symmetry: vector WGTI

Gravitational

Eﬂ?ﬁﬁM iquLu(k,p) = S7H(k) — Sl(p)'\
== V.o
F2

4,

Gravitational
Force on M

due to m: O Chiral symmetry: axial-vector WGT,

Resultant gravitational Force on M

gL (k,p) = S~ (k)ivs + iv5.S ™ (p) — 2imDs (k. p)

4+ The WGTIs express the curls and

divergences of the vertices O Lorentz symmetry + : transverse WGTls

Qulo(k, D) = qu Tk, p) = S~ (D)opw + 03w S~ (K) /V <P
+ The WGTIs of the vertices in B FM’:(,{, o )
different channels couple together. + A%, ).
qulf (k, p) —qu I}k, p) =S~ (P)Oj, — 03, S~ (k)
4+ The WGTls involve contributions +trerpTo (ks D)
from high-order Green functions. + VA, (k. p), 65, = VsOuv

He, PRD, 80, 016004 (2009)
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Il. DCSB in quark-gluon vertex: Solution of WGTIs i ot o, PLB 722, 384 (2013

4+ Defining proper projection tensors and Quily (k. p)=S~1(k) — S~ (p).
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtain q-tt-I(k.p) =Ty, [S7'(P)og, — 03,57 0]
a group of equations for the vector vertex: +62q- I (k.p)+ T}V, (k. p).
;1 , 1 q-ty - Tk p)=Tp,[S7 (o, — 0,57 (k)]
Tiv = 5 fanvpladplo. Ty = 58auvpYadp. +y-tq- Tk, p)+Th, Vi, k. p).

A 18



Il. DCSB in quark-gluon vertex: Solution of WGTIs i ot o, PLB 722, 384 (2013

4+ Defining proper projection tensors and Quilu k. p) =S~ (k) — S~ (p).
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtain q-tt-I'k.p) =T, [S™ (Pog, — 0,57 (k)]
a group of equations for the vector vertex: +t%q- T'(k.p) + T}, Vi, (k. p),
Lo o1 q-ty -Ik.p)=T2,[S" (poS, —a5,57 (0]
Tiv = 5 fanvpladplo. Ty = 58auvpYadp. +y-tq- Tk p)+Th, V], k. p).

4+ It is a group of full-determinant linear equations and a unique solution:

Full _ 1BC T FP
Pu (kap) — Fu (kap) +F/,L (kap) + Fu (kap)

5 18



Il. DCSB in quark-gluon vertex: Solution of WGTIs i ot o, PLB 722, 384 (2013

4+ Defining proper projection tensors and Quilu k. p) =S~ (k) — S~ (p).
contract them with the transverse WGTIs,
one can decouple the WGTIs and obtain q-tt-I'k.p) =T, [S™ (Pog, — 0,57 (k)]
a group of equations for the vector vertex: +t%q- T'(k.p) + T}, Vi, (k. p),
L , 1 -ty Tk p) =T2,[57 (P10, = o571 0]
Tiv = 5 fanvpladplo. Ty = 58auvpYadp. +y-tq- 'k, p)+Tp, Vi, kK, p).

4+ It is a group of full-determinant linear equations and a unique solution:

Full _ 1BC T FP
Fu (kap) — Fu (kap) +F/,L (kap) + Fu (kap)

4 The quark propagator contributes to the longitudinal and transverse parts. The DCSB
terms are highlighted. |

0 A+ B

Ay
FEC(kap) = Yu2a + tufT 2¢<x,y)=%[¢<x)+¢<y)],

PX) — )

AA AA Ap(x,y) = X—y .
T _ T 2 T T
Fu(k,p)—+7uq - — (uld 1 =2t4) -~ AT x, 1

q2

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

18



Il. DCSB in quark-gluon vertex: Summary

€ The Lagrangian symmetries are able to constrain structures of the fermion—
gauge-boson vertex, and determine some structures uniquely.

€ DCSB reshapes the appearance of the vertex, dramatically. This must result in
remarkable consequences in observables.

19



Symmetries of the kernels: General structure

Y
\

+ % + % + % + § § + etc.

A
A

(84 «
K(pf) kf7 qi, ki)aa’,ﬂ'ﬂ = K Kgal ® Kgﬂ'
[ — o«
B p
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lll. Symmetries of the kernels: General structure

73
§ + % + % + % + %
< < _<_%
o/ o
N — I —
K(pf) kf7 qi, ki)aa’,ﬂ'ﬂ = K Kga’ ® Kgﬂl
+ +
B B

+ etc.

4+ The kernel has 4 x 4 x 4 x 4 = 256 independent Lorentz structures.
4+ It is extremely complicated and must be constrained by symmetries.

20



N
lll. Symmetries of the kernels: Discrete symmetries

4 Permutation: PK(gs,k+) =K (qz,k+) = K (kz,07) ® Ky (k+,07)
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lll. Symmetries of the kernels: Discrete symmetries

4 Permutation: PK(gs,k+) =K (qz,k+) = K (kz,07) ® Ky (k+,07)

%

—

1

2!

+ etc.

+

OOOQOOOQOO}

{OQQQQQQQQO

%

4 Charge-conjugation:  CK(gs,k+) = K(gs,k+) = C K (—kx, —q+)" C7' ® C Klg(—ks,—g:)" C

(xilKlx;) = Xi ==©< K >®sz = 8
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lll. Symmetries of the kernels: Discrete symmetries

4 Permutation: PK(gs,k+) =K (qz,k+) = K (kz,07) ® Ky (k+,07)

%

—

+ etc.

+

2!

p—t
OOOQOOOQOO}

*OQQQQQQQQO

%

4 Charge-conjugation:  CK(gs,k+) = K(gs,k+) = C K (—kx, —q+)" C7' ® C Klg(—ks,—g:)" C

(xilKlx;) = Xi ==©< K >®sz = 8

4+ P and T symmetries: PK(gs,ks+) = K(gs, ks) = P K¥(qs, k) P71 ® P K% (g, ,ks) P

K=1®1 + %®v + 1®v7 + 71

;s 21



lll. Symmetries of the kernels: Discrete symmetries

4 Permutation: PK(gs,k+) =K (qz,k+) = K (kz,07) ® Ky (k+,07)

%

—

+ etc.

+

2!

p—t
OOOQOOOQOO}

*OQQQQQQQQO

%

4 Charge-conjugation:  CK(gs,k+) = K(gs,k+) = C K (—kx, —q+)" C7' ® C Klg(—ks,—g:)" C

(xilKlx;) = Xi ==©< K >®sz = 8

4+ P and T symmetries: PK(gs,ks+) = K(gs, ks) = P K¥(qs, k) P71 ® P K% (g, ,ks) P

K=181 + 0% + 17 5 ®1
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lll. Symmetries of the kernels: Discrete symmetries

4 Permutation: PK(gs,k+) =K (qz,k+) = K (kz,07) ® Ky (k+,07)

%

—

+ etc.

+

[
OQQQQQQQQO}

{OQQQQQQQQO

2!

%

4 Charge-conjugation:  CK(gs,k+) = K(gs,k+) = C K (—kx, —q+)" C7' ® C Klg(—ks,—g:)" C

(xilKlx;) = Xi ==©< K >®sz = 8

4+ P and T symmetries: PK(gs,ks+) = K(gs, ks) = P K¥(qs, k) P71 ® P K% (g, ,ks) P

K=181 + 0% + 17 5 ®1

Lorentz covariance guarantees CPT-symmetry; T-symmetry is obtained for free.

‘)} 21



N
lll. Symmetries of the kernels: Continuous symmetries

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

P
P,Tsu(k, P) =571 (k + g) iys +iv5 5! (k - E)

A 22



lll. Symmetries of the kernels: Continuous symmetries

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

P
P,Tsu(k, P) =571 (k + g) iys +iv5 5! (k - 5)

Assuming DCSB, i.e., the mass function is generated, we have the following identity

lim P, T's,,(k, P) = 2ivs B(k") # 0

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

2’i’)’5f7rE7r(k2)P# P,,, fﬂ'Eﬂ'(kz) — B(kz)

I‘5ﬂ (k, 0) ~ P2 X P2

a 22



lll. Symmetries of the kernels: Continuous symmetries

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

P
P,Tsu(k, P) =571 (k + g) iys +iv5 5! (k - 5)

Assuming DCSB, i.e., the mass function is generated, we have the following identity

lim P, T's,,(k, P) = 2ivs B(k") # 0

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

2i7s f B (k)P P _
Py (k,0) ~ 2057 pz( Pu = f»Er(K*) = B(K*)

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

. 2iv5 fr, Er, (k, P) P,
P211>IJI\1/I2 F5#(k7 P) ~ P2 1 M2 < 00 f7rn =0

22



lll. Symmetries of the kernels: Continuous symmetries

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

P
P,Tsu(k, P) =571 (k + g) iys +iv5 5! (k - 5)

Assuming DCSB, i.e., the mass function is generated, we have the following identity

lim P, T's,,(k, P) = 2ivs B(k") # 0

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

2i7s f B (k)P P _
Py (k,0) ~ 2057 pz( Pu = f»Er(K*) = B(K*)

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

. 2iv5 fr, Er, (k, P) P,
P211>IJI\1/I2 F5#(k7 P) ~ P2 1 M2 < 00 f1rn =0

DCSB means much more than massless pseudo-scalar meson.

22



lll. Symmetries of the kernels: Continuous symmetries
The Bethe-Salpeter equation and the quark gap equation are written as
H(k, P) =72 4 / K (ks 0o 51904 )07 (0, P)S ()]s
5 (k) / Dy = 07, S(@)To (g, F),

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’Y5—|—Z’Y5S (k )7
Hky) = S7H(k-).

S™
S™

a 23



lll. Symmetries of the kernels: Continuous symmetries

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

— T (k, P)|= 5 + / Kz 02 )aar 515 (@)T (0, P)S(a- o

S-1(k) / Dy (k — 0)4,8(a)Tu(q, k),

The colorisinglet axial-vector and vector WGTls 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™

é 23



lll. Symmetries of the kernels: Continuous symmetries

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

Tk, P)|= 2+ / Kk, 42)aar 5[5 (@ T (¢, P)S(a-V]arsr,

S™H(k) Dy (k w3 (q, k),
B)=5"0+ |

The colorisinglet axial-vector and vector WGTls are written as

P.Ts,(k, P) + 2imDs (k, P) =S~
S-

iP, I, (k,P)

Yk )iys +iysS~H(k— )
Hky) = STH(E).

o 23



lll. Symmetries of the kernels: Continuous symmetries

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

Tk, P)|= 2+ / Kk, 42)aar 5[5 (@ T (¢, P)S(a-V]arsr,

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

The colorisinglet axial-vector and vector WGTls are written as

P.Ts,(k, P) + 2imDs (k, P) =S~
S-

iP, I, (k,P)

Yk )iys +iysS~H(k— )
Hky) = STH(E).

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

[ Koo s (S(an)ls™ ) - Vs = / Dy (I Py (g k) — S(q_)To(a—. ko),

/ Koot 3518 (@)[S™ (@ )7s + 15571 Vo = / Dy (k P (g k)15 — 758(q-) T (g k).

o 23



N
lll. Symmetries of the kernels: Continuous symmetries
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lll. Symmetries of the kernels: Continuous symmetries

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

/DWWSJr(F;r% +l) = /DW%SJF(S;l% +75S- YK + /Duu%&r(%sll + 57 )i,
q q q
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%4 v

% Ladder-like term Symmetry-rescuing term

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

/ Dy, S |(rj —T))|= / Dy, S4(STH = STHKCHH / DW%SJ%(sj — S™Hsk,
q q q

/Duu’YuSJr (T s +75F;)|= /Duv7u5+ (715 +vSZHKCHH /Dw%&r (597" + S~ 1)K,
q q q

o 24



lll. Symmetries of the kernels: Continuous symmetries

Assuming the scattering kernel has the following structure:

1
iv-pA(p*) + B(p?)
Iy =T +%lyy TIp=Tf-T,
BZZQB+ BA:B+—B_
An =i(7 - q+)AL —i(y - q-)A-

S(p) =

I, Cr Ic,

%4 v

% Ladder-like term Symmetry-rescuing term

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

/DNVVMSJ(Fj -T))|= /DW"}/NSJr (S;1 — S:l)/C+ /Dm/yu&,lfyg, 75IC_
q q

| P T 20t = [ DS {500 255 DKL+ [ D 2551+ 500K,
q q q

Eventually, the solution is straightforward:

4+ The form of scattering kernel is simple.
K5 = (2BsAa) " '[(Aa F Ba)T) &+ BsT'D). 4+ The kernel has no kinetic singularities.
4+ All channels share the same kernel.
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lll. Symmetries of the kernels: Summary

€ The quark—anti-quark scattering kernel can be constrained by discrete
symmetries, aka, CPT-symmetries.

€ The quark—anti-quark scattering kernel can be constrained by continuous
symmetries, aka, vector and axial-vector WGTIs.

@ The kernel can be constructed systematically and self-consistently.
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IV. Meson cloud and diquark: Physics and challenges

In Quantum Field theory (infinitely many degrees of freedom), high-order
Green functions cannot completely truncated by low-order ones (unclosed).

For example, meson cloud, e.g., pion cloud, goes into the scattering kernel:

— 0000 ——— —>——(00000—— —(O—>
000001
Y <\
Y A E> Y A E>
lo0000]
laaqo]
— 00000 }—~— —<—100000F—~— —(O—
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In baryons, two quarks tend to bind together to form a particle-like soft object:
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IV. Meson cloud and diquark: Physics and challenges

In Quantum Field theory (infinitely many degrees of freedom), high-order
Green functions cannot completely truncated by low-order ones (unclosed).

For example, meson cloud, e.g., pion cloud, goes into the scattering kernel:

— 0000 ——— —>——(00000—— —(O—>
000001
Y <\
Y A E> Y A E>
lo0000]
laaqo]
— 00000 }—~— —<—100000F—~— —(O—

In baryons, two quarks tend to bind together to form a particle-like soft object:

<<}

4 What is the off-shell meson and diquark?
4 How to make the system self-consistent?
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..
IV. Meson cloud and diquark: Off-shell correlation

In QF T, Meson cloud and diquark are encoded in the four-point Green function:

7

— —— —>—O—>— —>—O— = ——
a® — : G : + K® GW G(4) — G(()4) + G(()4) . K(z) . G(4)
~L__ I <O ’ T
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IV. Meson cloud and diquark: Off-shell correlation

In QF T, Meson cloud and diquark are encoded in the four-point Green function:

T

T

==
—O—
e

R O’l

L

+

e

Y

Y

G =g + g . K@ .g"

The kernel can be decomposed by its orthogonal eigenbasis:

Gy Its) = X Gy - K® - G |ry)

(T;1GYY |Ty)

5; K@ =YX\ (Ti)Ty
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IV. Meson cloud and diquark: Off-shell correlation

In QF T, Meson cloud and diquark are encoded in the four-point Green function:

- 1
— > —>—O—>— —>—O— > >
G® : oS : T K@ G® G(4) — Gg‘l) + G(()4) . K(2) . G(4)
-1 O O ’

The kernel can be decomposed by its orthogonal eigenbasis:
Gt =X G- K® . GP|n) (|G =6 K® =) X DT

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

I____I

e I S S

I
I
L

4+ The basis is classified by JP quantum number, and radial quantum number n.
4+ Meson cloud and diquark correspond to components with quantum numbers.

| P2)
@) (1) D=0} (4) :
— ’ L 5 : G Z G + Z | 7‘ 1 — P2) <XZ|
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..
IV. Meson cloud and diquark: Self-consistency with WGTIs

The start point is the Bethe-Salpeter equation with meson cloud
Tl (k, P) = ~25 + /K(kiaQi)aa’,ﬂ’ﬂ[s(qu)PH(Qa P)S(q-)arsr-

The color-singlet axial-vector and vector WGTIs ( |P| = 0 ) are written as

. . 9S~1(k)
B 2 aku

2mDs(k,0) = 7' (k)ys + 755~ (k),
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—TH (k)= 1, / K (ks 4 ) 15 (a )T (0, P)S(a) b
a 1 ]

The color-singlet axial-vector and vector WGTIs ( |P| = 0 ) are written as

R —1
iB,T,(k,0) = B, 22 (k)

“ ok,

2mDs(k,0) = S~ (k)5 + 755~ (k),

The Bethe-Salpeter kernel can modify the quark propagator as

lﬁu asé;,::k)] o [iPlas — /q K(k, @)aa,p'8 lﬁu 65(1(3)] -
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IV. Meson cloud and diquark: Self-consistency with WGTIs

The start point is the Bethe-Salpeter equation with meson cloud

— I (k, P) =~y + /K(kiaQi)aa’,ﬁ'ﬂ[S(Q+)FH(Qa P)S(q-)]arpr-
9 l |

The color-singlet axial-vector and vector WGTIs ( |P| = 0 ) are written as

-1
iB,T,(k,0) = B, 22 (k)

“ ok,

2mTs(k,0) = S~ (k)vs + 755~ (k),

The Bethe-Salpeter kernel can modify the quark propagator as

lﬁu as;;:k)] o [iPlas — /q K(k, @)aa,p'8 lﬁu 65(1(3)] -

[S_l(k)'YS + 755_1(k)]aﬂ = [2my5]ap + /’C(k’ Doar 68 [S(@)75 + ’YSS(Q)]a/ﬁ/ )

Using the quark dress functions, the new quark gap equation reads

O|k|A(K?) 1/ | 95(q)
0|k _1+4 q {k“]ga,caal’ﬁlﬂ Ou | op’

1
B(k*) = m + Z/ 5]ga Kaar,678 [1508(%)] 40 g0
q
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IV. Meson cloud and diquark: Summary

€ The meson cloud and diquark can be expressed as components of four-point
Green function with corresponding quantum numbers.

€ The self-consistency can be restored by WGTIs. The quark self-energy and BS
kernel can be expressed as the core part plus the meson cloud part.
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..
V. Application: ground and radially excited mesons

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

T8 =Allv - k+ divio,lk,,
Tu(p,q) = T2%(p,9) + 0T (ps q) Ti(p,q) = ApTi + Ay o 3ok /().

4+ The longitudinal part is the Ball-Chiu vertex—an exact piece from symmetries.

4+ The transverse part is the Anomalous Chromomagnetic Moment (ACM) vertex.
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V. Application: ground and radially excited mesons

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

I'u(p,q) =TEC(p,q) + nT% (p, q)

I (p,q) = ApTj; + Ayt

’rﬁ = 4l,'£'y -k+ 4i'yanpl,,k,,,
78 =30 oyl k, /(17 - 1T).

4+ The longitudinal part is the Ball-Chiu vertex—an exact piece from symmetries.

4+ The transverse part is the Anomalous Chromomagnetic Moment (ACM) vertex.

-0- frEr(q) | ]

0.9 ———————————
) — B(q)
— 0.6
=
[=4]

o

T 0.3

v;

o i
0|||
0 0.5 1.0 1.5

q [GeV]

0.6

o Calculated

— m2 f2 = -2my<qq>

0.02

0.04 0.06 0.08

mq [GeV]

The DCSB feedback in the vertex is significant to generate the quark mass scale which
is comparable to that of LQCD; The symmetries, i.e., WGTIs are respected.
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V. Application: ground and radially excited mesons

2-0 B | | | | | | | | | | ]

I < |

I .« & & -

—_ 1.5 B I%I 7

> ! + [ -

‘
v - +~ @ -
’.

o -

~ 1.0 ] -

%) I * i

('EU i - -

i — PDG data | ]

e ¢ Calculated '

0 ] ] ] ] ] ] ] ] ] ] ] ]
1 1 1 1 1 1
m p o byagaam p o by a, a,
—((jq>(1)/3 p,lr/2 fr Mz mp, Me Mb, May May My My My My, Mg, My,
this work 0.291 0.526 0.089 0.14 0.86 1.08 1.17 1.18 1.27 1.38 1.39 1.56 £0.01 1.57+£0.01 1.58 £0.01 1.74+£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)'/? = 0.64 GeV, w = 0.60 GeV, n = 0.95 and m, = 2.5 MeV).
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Summary

4 Based on LQCD and WGTIs, a systematic and self-consistent method to construct the
gluon propagator, the quark-gluon vertex, and the scattering kernels, beyond the
simplest Rainbow-Ladder approximation, is proposed;

4 A demonstration applying the method to light meson spectroscopy, including ground
and radially excited mesons, is presented.
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Summary

4 Based on LQCD and WGTIs, a systematic and self-consistent method to construct the
gluon propagator, the quark-gluon vertex, and the scattering kernels, beyond the
simplest Rainbow-Ladder approximation, is proposed;

4 A demonstration applying the method to light meson spectroscopy, including ground
and radially excited mesons, is presented.

Outlook

A path from theory to experiments is drawn on the map; it needs to be paved in person.

EXP
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