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Outline

* Parton images in terms of distribution functions/amplitudes.

» Sketching the parton image of gg, Q0 and gQ mesons.
» Beyond sketching, demonstrated with pion twist-2 and -3 PDFs.

* Summary and Outlook.
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Parton image of hadrons

Parton Distribution Fucntions Functions Distribution

Light Front Wave Parton <
Amplitudes

(PDF, TMD, GPD, GTMP...)

\_ Production

hadron
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Light-Front Wave Functions
M) = $,199) + P31998) + Palqqgg) + - -

‘ > / dsz dx 5i] (I) ( k ) ( ) dT (_ k )‘O> ¢ | ] >
M) = EI o AlAzx T 1,.JC,kT 2,-JC,k:r + g) T+ ...

qq- nght Front Wave Function

* LFWFs are essentially transition amplitudes in the language of relativistic QF'T.
* LFWFs encode complete parton information of hadrons.

* The convergence of Fock-state expansion can be slow, especially for light hadrons.
* The gg-LFWFs provide dominant contribution in exclusive meson production/decay

* The gg-LFWFs are useful in sketching parton images of mesons.

* LFWFs can be obtained by diagonalizing light front Hamiltonian, with complexities from
higher Fock-states.
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A new formula to obtain gg-LFWFs

Bethe-SaIpeter wave function
bi(x, kr) ~ dk dkT6(z Pt — k1) Tr[0; x( k P)] <

P .
P-k
< —

pin configurations

S
LFWF
set kT = P

Setting light front time ¢ = 0
* LFWFs and BS WFs are both transition amplitudes, hence the connection can be built.

(C.S., Y. Xie, M Li, X. Chen, et al, PRD(L) 2021)

* gg LFWFs from various kinds of hadrons/particles can be extracted.
* gqg LFWFs with all possible quark spin configurations can be extracted.

* gg LFWFs can be extracted from many Fock-states embedded.
[h) =D, 1q9g) + P31998) + Palqqgg) - -
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Bethe-Salpeter Wave Function From DSE

* The Bethe-Salpter wave function is solved by aligning quark gap equation and meson BS
equation, incorporating nonperturbative quark-gluon dynamics.

D+

D,uy(p_Q)
: P+ ‘qu
1 1 P P
Quark DSE: Meson BSE: { = { K
+ = O——vyF +
/YV ' _<_
) S(q)

S(p) S%p q— P—

* QCD's dynamical chiral symmetry breaking. Unbroken Symmetry Broken Symmetry

SUL(3) ® SUA3)

* A broken symmetry = Absence of a symmetry.

Beauty

* DCSB has consequences in BS wave functions. Truncate the DSEs wisely!

fJZ'En'(k’ O) — B(kz) ( P. Maris, C.D. Roberts and P. C. Tandy, PLB1998 )
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Outline
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Light and Heavy 0~ Mesons

A= +XN+L.

s-wave |L, | =0 p-wave [L | =1
wo(a,kj) -y I(‘r’k?')

HF=Higher Fock states

(I)ﬁ\,/l'(xa k T)

* p-wave components

T exists due to relativity.

* A strong indication of
considerable higher Fock-
states in light mesons.

Phys.Rev.Lett. 122 (2019) 8, 082301
Phys.Rev.D 101 (2020) 7, 074014
Phys.Rev.D 104 (2021) 9, 094016

9/19



Light and Heavy 1™ Mesons
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HF=Higher Fock

Phys.Rev.D 104 (2021) 9, L091902
Phys.Rev.D 106 (2022) 1, 014026
Phys.Rev.D 107 (2023) 7, 074009
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LEFWFs of 0~ heavy flavor asymmetric Meson

C Z: p-wave a
e Narrow x-distribution
e Narrow k;—distribution

S-wave

kr|(GeV) 20 | |kr|(§eV) g
e Exhibiting a duality
embodying characteristics
from both light mesons and
heavy quarkonium.
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CS, P Liu, Y Du and W Jia,
Phys.Rev.D 110 (2024) 9, 094010
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Parton Distribution Amplitude

QQ
bz, Q?) = / dk2 o (x, K2

P (X 17)
——== ZF%u)
b ‘ Py, 1)
- ¢BC(X;/(/) 2 - ,nl)(/)'*' (.\’,nn’ll)
#5(x;4/)-BLFQ S. Tang,et al, F;F(D201 8
&S (x; 1) -Lattice QCD AR L L LI .
Yue-Ying Han, et al, arXiv:2403.17492 .
Avan . |
00 0.5 1.0
0 P e o | \*
0.0 0.2 0.4 06 08 10 Lattice Parton Collaboration :arXiv:2410.18654
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Impact Parameter Dependent GPD
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Unpolarized TMD PDF

kr
Longitudinal momentum J .
d & ® partons

kt = zP*
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(] ?T\ ) = dedZ?Tff(x, ?%) | ?T\ for D, B and B,. mesons are 0.43, 0.42 and 0.65 GeV, as compared to

0.39, 0.65, 1.0 GeV for 7, 1. and 7,

- The mean transverse momentum inside (Jg is close to that in gg !
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Outline

* Parton images in terms of distribution functions/amplitudes.

» Sketching the parton image of gg, Q0 and gQ mesons.

» Beyond sketching, demonstrated with pion twist-2 and -3 PDFs.

« Summary and Outlook.
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Going Beyond gg Fock-state

fo = [ e RO OP)

§+=O’§_L=O

* A covariant calculation in ordinary space-time can
"effectively” include infinitely many higher Fock-states,

such as [gggg...).

* We develop the DSE for quark-quark correlation
matrix, which is the mother function of various leading
and subleading-twist PDFs.

&, (k, P) = / d4E &P (04 (H|P)

* Poincare, chiral and gauge symmetries are preserved.

J (%)=
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Pion twist-2 PDFK

yTo(k™ — xP™)

f= [ G @pOryOP|

J (%)=

f(x)

. (xV) = [dxxof(x) = 1: quark number

Preliminary

1.5

sum rule.
. (xl) < (0.5: gluon carries away some ol — Full
momentum. ' qq contribution

+ gg LFWF contribution dominate very 05
large x region. -

* Higher Fock-states provide large 0.2 0.4 0.6 0.8 10
contribution in pion!
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Pion twist-3 PDFK
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* General QCD EOM vyields the decomposition

-0.5F

 Strong indication of o(x) is found in our ok
nonperturbative computation! 15} Preliminary

* ¢, is the genuine twist-3 PDF encoding quark-

gluon-quark multi-parton distribution. (0) 08 15 [0, vAN] 9G o (WAR) N [VAT, uAR] Py (uAR)

* ¢, IS comparable with twist-2 f(x) !
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Summary

* We proposed a new formula to extract all LF-LFWFs from various mesons.

* The LF-LFWFs are used to sketching the parton image of light and heavy mesons.

* Improvement upon sketching is ongoing, with gluons taken into account.

Outlook

* More mesons ggLFWFs (diffractive vector meson productions&gluon saturation).

Thank you very much for your attention!

* Nucleon.
 TMD PDFs.

* Gluon distribution.
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