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Messager of QCD

* |n October 1934, Hideki Yukawa predicated the existence of a “heavy quantum”
meson, exchanging nuclear force between neutrons and protons.
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Messager of QCD

* It was discovered by Cecil Powel in 1949 in cosmic ray tracks in a photographic emulsion.

Nuclear capture of pion
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Fig. 1 . TRACE OF COMPLETE STAR ON SCREEN OF PROJECTION

MICROSCOPE, SHOWING PROJECTION OF THE TRACKS IN THE PLANE

OF THE EMULSION. TRACK 4 CANNOT BRE TRACED WITH CERTAINTY
BEYOND THE ARROW
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z 2. 1 @ PHOTOMICROGRAPH OF CENTRE OF STAR, SHOWING TRACK OF
s 190N PRODUCING DISINTEGRATION. (LEITZ 2 MM. OIL-TMMERSION
t OBJEOTIVE. X 500)

*A is the new meson
*B.,D,C are likely protons
*Track C goes into the page

Why A is a new meson:

electron: range too large

proton: scattering too large

muon: frequent nuclear interaction
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Mass measured in scattering
= 250-350 m,



Messager of QCD

* Yoichiro Nambu associated it with CSB in 1960.

conveniently described by nieans of a coherent mixture
of electrons and holes, which obeys the following

* Supperted by the U, 8, Atomic Energy Commiasion.

T Pulbright Fellow, on leave of absence from Instituto di Fisica
dell’ Universita, Roma, Ttaly and Lstitute Nazionale di Fisica
Nudeare, Seztone di Roma, Italy.

1A preliminary version of the work was presenied at the
Midwestern Conlerence on Theoretical Thysics, April, 1960 (un-
pubiished). Sce alse ¥. Nambu, Phys. Rev. Letters 4, 380 (1960);

1y =~ pha-t-mi, (1.3)
Tyt (P,
where ¢, and . are the two eigenstates of the chirality
OPerator ys="yryzys¥e
According to Dirac’s original interpretation, the
ground state {vacuum) of the world has all the clectrons

in the negative encrgy states, and to create excited
alates (with zern nariicle number) we have to suonlv an

Nambu and Jona-Lasinio 1961 paper [9] was an amaz-
ing breakthrough. Before the word “quark” was invented,
and one learned anything about quark masses, it postu-
lated the notion of chiral symmetry and its spontaneously
breaking. They postulated existence of 4-fermion inter-
action, with some coupling G, strong enough to make a
superconductor-like gap even in fermionic vacuum. The
second important parameter of the model was the cut-
off A ~ 1GeV, below which their hypothetical attractive
4-fermion interaction operates.

E. Shuryak, arXiv:1908.10270
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Messager of QCD

* Pion was nicely accommodated in the Eight Fold way of Murray Gell-Mann in 1961.
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* At low Q?, Frt can be measured directly via high energy elastic
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pion electroproduction and

elastic pion scattering

nt* scattering from the atomic electrons

» CERN SPS used 300 GeV pions to measure form

factor up to Q?=0.25GeV?
(Amedolia et al, NPB277, 168 (1986))

» These data used to constrain the pion charge
radius: rm=0.657+0.012 fm

Experiment

Process

—t range (GeV?)

Npts

Brown 1973 [97]

Ackermann 1978 [98]

Bebek 1978 [99]
Brauel 1979 [100]
Volmer 2001 [101]
Huber 2008 [102]
Adylov 1977 [103]
Dally 1981 [104]
Dally 1982 [105]

Amendolia 1986 [106]

ep—e'mtn

ep—e'ntn
ep = e'ntn
ep—e'mtn
ep—e'ntn
ep—e'mtn
e-m scattering
e-m scattering
e- scattering

e-m scattering

0.176 — 1.188
0.35
0.18 — 9.77
0.7
0.6—-1.6
0.6 —2.45

0.0138 — 0.0353
0.0317 — 0.0705

0.039 — 0.092
0.015 — 0.253

5
1
21

22
20
14
45

Total

0.0138 — 9.77

141

* At larger Q?, Fmt must be measured indirectly using the “pion cloud” of the proton in
exclusive pion electroproduction: p(e, €' it*)n

» at small —t, the pion pole process dominates the

longitudinal cross section, o,
(L. Favart, et al, Eur. Phys. J. A 52 (2016) 158)
» Inthe Born term model, Frt appears as

do,

oC

dt

t
(t—m;)

g (O F (0", 1)

arxiv:2508.15073

Sullivan process, in which a nucleon’s pion cloud is used to provide
access to the pion’s elastic form factor

Lei Chang (NKU)

Experimental studies over the last decade have given confidence in the
electroproduction method yielding the physical pion form factor----Tanja Horn 5
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» CERN SPS used 300 GeV pions to measure form et
factor up to Q?=0.25GeV? !
(Amedolia et al, NPB277, 168 (1986)) b e 8
» These data used to constrain the pion charge 0 e |
g 0 0.0 (4] 0.15 0.2 0.25 0.3
radius: rm=0.657£0.012 fm e
* At larger Q?, Fmt must be measured indirectly using the “pion cloud” of the proton in
exclusive pion electroproduction: p(e, €' it*)n
>

at small —t, the pion pole process dominates the
longitudinal cross section, o,

’\/\/\/\/\/\/\/‘ _ > -
Q)
(L. Favart, et al, Eur. Phys. J. A 52 (2016) 158)

» Inthe Born term model, Frt appears as

do
L o

dt

/
(t_;z) G () O FA(0.1)

/
p(k) n(k')
Sullivan process, in which a nucleon’s pion cloud is used to provide
access to the pion’s elastic form factor
_ Experimental studies over the last decade have given confidence in the
Lei Chang (NKU)

electroproduction method yielding the physical pion form factor----Tanja Horn
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At low Q?, Ft can be measured directly via high energy elastic
nt* scattering from the atomic electrons
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» CERN SPS used 300 GeV pions to measure form
factor up to Q?=0.25GeV?

05
(Amedolia et al, NPB277, 168 (1986))

0.25
» These data used to constrain the pion charge

radius: rm=0.657+0.012 fm

Amendolia 7+e elastics

0 005 041
°

At larger Q?, Frt must be measured indirectly using the “pion cloud” of the proton in
exclusive pion electroproduction: p(e, €' it*)n

>

{a)
at small —t, the pion pole process dominates the
longitudinal cross section, o,

X X P

(L. Favart, et al, Eur. Phys. J. A 52 (2016) 158)
» Inthe Born term model, Frt appears as

~ Xz %P
s @ >—2 2
P j %3 nap

do
L o

= 2 2 12 )2
i ) S OCENQ )

(G.R. Farrar and D.R.Jackson, PRL43 (1979) 246;
P. Lepage and S. Brodsky, PLB 87 (1979) 359)

Q@) R
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* At low Q?, Frt can be measured directly via high energy elastic

nt* scattering from the atomic electrons

» CERN SPS used 300 GeV pions to measure form

factor up to Q?=0.25GeV?
(Amedolia et al, NPB277, 168 (1986))

» These data used to constrain the pion charge

radius: rm=0.657+0.012 fm

0.6 |
= |QCD Parton
05 - CSMRL ’
--- CSM DB
04
G
<03
X
02
0.1
0% 5 10 15 20 25
B Q? [GeV?
Ric(Q?) = [EEo(Q0)] @208 | —5uil(Q7) + 5wi(Q7)
C|Fr+(Q7)) 2wi(Q?) + 3w2(Q?) ,

the “pion cloud’

arxiv: 2504.07372

0.25 | Amendolia 7+e elastics
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* At low Q?, Frt can be measured directly via high energy elastic P
nt* scattering from the atomic electrons &075
» CERN SPS used 300 GeV pions to measure form 05
factor up to Q?=0.25GeV? i
(Amedolia et al, NPB277, 168 (1986)) b e
» These data used to constrain the pion charge 1 |
g 0 0.05 01 0.15 0.2 0.25 0.3
o = +
radius: rm=0.657£0.012 fm e
* At larger Q?, Ft must be measured indirectly using the “pion ¢ = Gum o e
exclusive pion electroproduction: p(e, e’ rt*)n [ 135 e
() Electron Polarimeter 2 GeV > 19.08 GeV
> at small —t, the pion pole process dominates the lonwm- v | thull}ipﬁh
p p p L 48 MeV = 2 GeV
longitudinal cross section, o, " e« O
(L. Favart, et al, Eur. Phys. J. A52(2016) 158) ";_f_‘,}l’]fj\;_‘{ff' Polarzed o
> In the Born term model, Frt appears as / <HJ AR
——  pRing
dO-L t 2 2 2 2 R
oc )OF ,t cking
di_(t=m;) (D€ (@0 e
Sul |ivan prc 2.87 GeV ~ 5.11 GeV

access to th

Figure 3.6: The polarization design of the EicC accelerator facility.

Experimental studies over the last decade have given confidence in the
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electroproduction method yielding the physical pion form factor----Tanja Horn
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* Transition Form Factor
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Measurements 1

0.305 Q2 G(Q ) ; Measurement of the gamma gamma* ---> pi0 transition form factor

BaBar Collaboration - Bernard Aubert (Annecy, LAPP) et al. (May, 2009)

0.25: ]
[ l ] Published in: Phys.Rev.D 80 (2009) 052002 - e-Print: 0905.4778 [hep-¢ex]
0.20[ ]
o 155 J ] pdf (@ links ¢ DOl [ cite [d reference search %)

Shape of Plon Distribution Amplitude

A.V. Radyushkin (Old Dominion U. and Jefferson Lab and Dubna, JINR) (Jun, 2009)
Published in: Phys.Rev.D 80 (2009) 094009 - e-Print: 0906.0323 [hep-ph]

pdf (@ links (& DOl  [4 cite Fd reference search %) 167 citations

On the Pion Distribution Amplitude Shape

M.V. Polyakov (Ruhr U., Bochum and St. Petersburg, INP) (Jun, 2009)
Published in: JETP Lett. 90 (2009) 228-231 - e-Print: 0906.0538 [hep-ph]

pdf (@ DOI [/ cite Fd reference search %) 124 citations
Abstract: (arXiv)
4 2 2 1 We argue that the recent BaBar data on Y —  e.m. transition form factor at large photon virtuality with
2 Tr f 90 (a) (;5;,(0)/6 > 1 at a normalization point of u = 0.6 <+ 0.8~GeV. Such pion DA can be obtained in the effective chiral quark model. The possible flat shape of the pion DA implies that
G ( Q ) _> da ’ the standard expansion of the DA in Gegenbauer polynomials can be divergent. On basis of chiral models we predict that the two-pion DA should be anomalously flat for pions in
Q 0 ( 1 — a) the S-wave and that such feature is absent for higher partial waves. The later implies that the p, f, etc. meson DAs have no anomalous endpoint behaviour. Possible implications of

such pion DA for other hard exclusive processes are shortly discussed.

Measurement of yy* — 7¥ transition form factor at Belle
Belle Collaboration - S. Uehara (KEK, Tsukuba) et al. (May, 2012)

Published in: Phys.Rev.D 86 (2012) 092007 - e-Print: 1205.3249 [hep-ex]
Lei Chang (NKU)
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Messager of QCD Auxg

PION’s dichotomy

/\

Goldstone Boson Bound State

Bethe-Salpeter Equations

[1] Yuan-Ben Dai, Chao-Shang Huang, and Dong-Sheng Liu. Calculation of chiral symmetry breaking and pion properties as a
Goldstone boson. Phys. Rev. D, 43:1717-1725,1991.

[2] H. J. Munczek. Dynamical chiral symmetry breaking, Goldstone’s theorem and the consistency of the Schwinger-Dyson and
Bethe-Salpeter Equations. Phys. Rev. D, 52:4736-4740, 1995.

[3] Pieter Maris, Craig D. Roberts, and Peter C. Tandy. Pion mass and decay constant. Phys. Lett. B, 420:267-273, 1998.
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Conventional way...if you like/can

- [ LFWFs J ~

" wos | [ e

FormFactors
Electromagnetic [ PDFs ]
Gravitational...

Compute everything from LFWFs...

Lei Chang (NKU) 7



However...Emergent Phenomena Gy 1 W A 2
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* Confinement and DCSB are emergent phenomena
Not revealed by any amount of staring at Lagrangian for quantum chromodynamics;
They determine the character of the QCD’s spectrum, the structure and interactions of bound states

* (Can one understand confinement and DCSB in terms of properties of the degrees-of-freedom used to
formulate QCD?

E.g., is it pointless to attempt to predict the pion’s DF/FF on a domain that is not yet accessible?

Must develop nonperturbative calculational methods to define and tackle QCD

1) Lattice-regularized QCD
2) Continuum methods in quantum filed theory

Lei Chang (NKU) 8



In the beginning... G A W < F
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1. Introduction

In order to help organize our thinking about QCD and our understanding of hadronic
physics it may be useful to group some relevant issues into three broad categories. These

Exact representation
(

categories are certainly not meant to be a complete set, but are meant to help guide us
in our approach to the problems we must face when attempting to solve QCD.
In the first category we have what we might call exact representations of QCD, for

example, the complete set of Schwinger-Dyson equations for QCD, or the continuum limit
of lattice QCD. We shall also include in this category “exact” light-front theory, by which
odeling...HadronPhysi

we mean light-front quantized QCD including all necessary effects of vacuum degrees of
freedom (also known as “zero modes,” though this phrase has several distinct meanings in
light-front quantization). This theory has a nontrivial vacuum state due to the presence
of zero longitudinal momentum particles. Correctly incorporating these into the theory
from the beginning is a difficult problem, and is a subject of ongoing research efforts.

In the second category we have simple pictures of hadronic physics, each of which may
roughly correspond to one or more of the exact representations. In this group we have, for
MC Sp example, truncation to the first Schwinger-Dyson equation, or the strong coupling limit

of lattice QCD. Corresponding loosely to the exact light-front theory we have several
simple pictures, among them the infinite momentum frame and the closely related parton
1Based on a talk presented by K.G. Wilson at “Theory of Hadrons and Light-Front QCD,” Polana

Zgorzelisko, Poland, August 1994.

SCL Truncation

Lei Chang (NKU) K.G.Wilson, arXiv:hep-th/9411007



Conventional way...if you like/can

A & A< Z
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LFWFs

PDAs
TMDs

GPDs

FormFactors
Electromagnetic PDFs
Gravitational...

arXiv:2509.22016 [pdf, html, other]

Dynamical gluon effects in the three-dimensional structure of pion

Jiangshan Lan, Kaiyu Fu, Satvir Kaur, Zhimin Zhu, Chandan Mondal, Xingbo Zhao, James P. Vary
Comments: 23 pages, 9 figures

Subjects: High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Theory (hep-th); Nuclear Theory (nucl-th)

We investigate the internal structure of the pion, including the contributions from one dynamical gluon, using the basis light-front quantization (BLFQ) approach. By solving a light-front QCD Hamiltonian with a
three-dimensional confining potential, we obtain the light-front wavefunctions (LFWFs) for both the quark-antiquark and quark-antiquark-gluon Fock sectors. These wavefunctions are then employed to compute
the unpolarized generalized parton distributions (GPDs) and the transverse-momentum-dependent parton distributions (TMDs) of valence quarks and gluons. We also extract the transverse spatial distributions,
providing the squared radii of quark and gluon densities in the impact-parameter space. This work contributes toward a three-dimensional understanding of the pion's internal structure in both momentum and
coordinate space.

Lei Chang (NKU) 10
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Conventional way...if you like/can G A1 W < X

o Nankai University

- [ LFWFs J ~

" wos | e

FormFactors
Electromagnetic [ PDFs ]
Gravitational...

Convergence in charmonium structure: light-front wave functions from basis light-front

quantization and Dyson-Schwinger equations

Xianghui Cao (Hefei, CUST), Yang Li (Hefei, CUST), Chao Shi (NUAA, Nanjing), James P. Vary (lowa State U.), Qun
Wang (Hefei, CUST and Guangxi Normal U.) (Jul 23, 2025)

e-Print: 2507.17330 [hep-ph]

Lei Chang (NKU) 10
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Play games...Inverse Problem

[ TMDs ]/ [ fLFVlVFS \]\[\@AS ]

QPF,(Q%)IGeV?
e o o

FormFactor —
Electro netic [ PDFs ]
Gravitational...

Q%GeV?

Lei Chang (NKU) 11




@) Ai 1~ F

Nankai University

Play games...Inverse Problem

QPF,(Q%)IGeV?
o o I

FormFactor
Electro hetic
Gravitational...

Q%GeV?

Lei Chang (NKU) 11
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Play games...Inverse Proble

[

'q

kR ]

QPF,(Q%)IGeV?
o
w

FormFactor
Electro hetic

Gravitational...

5 10 15 20 25 30

Q%/GeV? . . . . . . .
° Determination of the pion generalized parton distributions at zero skewness
MMGPDs Collaboration « Muhammad Goharipour (IPM, Tehran) et al. (Aug 20, 2025)
e-Print: 2508.15073 [hep-ph]
Lei Chang (N KU) pdf [/ cite [[@ reference search %) 1 citation 11



Play games...Inverse Problem

FACT

e VMD at low Q%

my

Q% + my

e QCD prediction at high Q?

@R (@) T e o @)t we=g [ degen
FormFactors
P Electromagnetic 2
% my
g O g ~ Qo a(Q?) w?*(Q?)
Gravitational...

Lei Chang (NKU) 12
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Play games...Inverse Problem

* Monople!

2/
Q% + 21

e What we need?

o 1
FormFactors Fi(t) = / do HO(z,£ = 0,1).
Electromagnetic 0
Gravitational... An integral representation!

QPF,(Q%)IGeV?
o o I

Q%GeV?

Lei Chang (NKU) 12




A way G A1 W < X

PHYSICAL REVIEW LETTERS 120, 182001 (2018)

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Téramond,’ Tianbo Liu,> Raza Sabbir Sufian,” Hans Giinter Dosch,” Stanley J. Brodsky,5 and Alexandre Deur”

(HLFHS Collaboration)

Lei Chang (NKU)
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Bridging (LFHmodel]  =@-xs(-1»+5).

where N, =I'(19)I'(r —1)/T'(t + 7 — 1) and

1
B(a, ) = ./0 (1- y)a_lyﬁ_ldy.

Lei Chang (NKU) 14




Bridging (LFHmodel]  r@-x2(-1~+5).

where N, = I'(1o)['(r — 1)/T(7 + 79 — 1) and

@) Ai 1~ F
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1
B(a, ) = ./0 (1- y)a_lyﬁ_ldy.

 for integer tau

1
(Qz -|-M02)»--(Q2 +MT2—2) ’

where one can readily identify M2 = 4\(n + 1/2).

F’T(Qz) ~

* tau=2

FQ%)~ 02 + 22

Lei Chang (NKU) 14




Bridging (LFHmodel]  =@-xs(-1»+5).

where N, = I'(1o)['(r — 1)/T(7 + 79 — 1) and

Gy A A A F
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1
B(a, ) = ./0 (1- y)“_lyﬁ_ldy.

1
F,g(t)='/‘0 dﬂ?Hg(.’L',f=0,t), ‘ y=Xx

czZ!
Y4

1
VX

Lei Chang (NKU) 14



Complicating it r@)= g5 (r-1ns ) A&~ X
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where N, = I'(1o)['(r — 1)/T(7 + 79 — 1) and

1
B(a, ) = ./0 (1- y)a_lyﬁ_ldy.

a transformation y = w,(z, Q?), provided the following
conditions |33, 36-38|:

—aw,,g;; P50 )

According to Ref. [33], we can assume that w,(z,Q?) is
independent of @2, working hereafter with w, (x). Thus,
the EBF representation of the EFF can be cast as:

FA@) = o [ o= un(@)un@) F 4 210

T

1 wT(O: Qz) = 0: wT(anz) = 17
Fit) = | daHi(z,6=0,0),
0

Lei Chang (NKU) 14




Complicating it r@)= g5 (r-1ns ) A&~ X

'S Nankai University
where N, = I'(1o)['(r — 1)/T(7 + 79 — 1) and

1
B(a, ) = ./0 (1- y)a_lyﬁ_ldy.

a transformation y = w,(z, Q?), provided the following
conditions |33, 36-38|:

a T ) 2
1 w-(0,Q%) =0, w,(1,Q%) =1, % >0. (5)
q —
F? (t) - ~/O d.’B According to Ref. [33], we can assume that w,(z,Q?) is
independent of @2, working hereafter with w, (x). Thus,
the EBF representation of the EFF can be cast as:

Lei Chang (NKU) 14
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Complicating it r@)= .8 (r-1m )

where N, = I'(1o)['(r — 1)/T(7 + 79 — 1) and

1
B(a, ) = ./0 (1- y)a_lyﬁ_ldy.

a transformation y = w,(z, Q?), provided the following
conditions |33, 36-38|:

a T ) 2
1 w-(0,Q%) =0, w,(1,Q%) =1, % >0. (5)
q —
F? (t) - 0 d(l)- According to Ref. [33], we can assume that w,(z,Q?) is
independent of @2, working hereafter with w, (x). Thus,
the EBF representation of the EFF can be cast as:

Let us now consider thdNfalence-quark GPD, expressed
in terms of its corresponding LFWF via the overlap rep-
resentation [21) 22]:

Hi(z, Q%) =fd2‘n ! maPL Qyd (e by ). (10)

Here b, denotes the distance between the struck parton,

relative to the hadron’s transversse center of momentum.
Inverting the Fourier transform, one gets:

Lei Chang (NKU)

b = (o [eQe o ). 14
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X = 1 — x symmetry

Imagine the Hadron at the Hadronic Scale

Physics Letters B
Volume 93, Issue 3, 16 June 1980, Pages 313-317

Normalizing the renormalization group
analysis of deep inelastic leptoproduction

r & 4 2 - 5 ‘J

¥ 4 LA - - —-— \ ﬂ R.L Jaffe !, G.G. Ross ?

I:' _;' : g ‘\\—-

9 g

j’ Qi&' 7 o ‘i q q Regarding the Distribution of Glue in the Pion

- 5 L\ >

‘t 5 (.‘ ‘H’ 4% - Lei Chang (Nankai U.), Craig D. Roberts (Nanjing U.) (Jun 15, 2021)

5 ‘ 3 \ & 0 233 X - Published in: Chin.Phys.Lett. 38 (2021) 8, 081101 - e-Print: 2106.08451 [hep-ph]

. .,4-,'.’0" ” > S . . . _ L

,ﬁ' ."‘74_?_,." o”(‘*. s o' 2) (I pdf & links & DOI [4 cite 2 reference search %) 25 citations
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Approximations

e Two-Quark Dominance: We assume that the
LFHQCD model is defined at (g, so all the hadron
properties are captured within its valence degrees of
freedom. In line with this assumption, the LFWF
is taken at leading twist and includes only valence-
quark components.

e Form Factor Representation: The twist-2 electro-
magnetic form factor admits a EBF representation,
Eq. (1). This is a distinctive feature of the Ad-
S/QCD and LFHQCD approaches. Together with
the reparameterization invariance of the EBF, the
sum rule in Eq. allows these quantities to be
expressed in terms of a profile function w,(z).

monople

e Scale Independence: The profile function w,(z)
is independent of Q2. Since it is not determined
from first principles but only requires to satisfy the
conditions of Eq. , this common simplification is
adopted.

X —=>1—xsym

ni= Clear[k02, y, s, Q2]
Clear([s]

1 1 Q2
Log[1/v] S y alambda

=1
2

Integrate[ v 0. 1)

21+s Gamma[l + s]
Assumptions -» lambda > 0 && s > 0 && Q2 > 0]

l+s

lambda

2 lambda + Q2 =

outgl= 21*S [

Lei Chang (NKU)
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outgl= 21*S [

Lei Chang (NKU)
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Any other representation?

BRE(M2/(Q"2+m2)) {1+s} AT AR A I TR ozl Integrate[1/27(1 + s) 1/ Gammal1 +
s] Log[1/y]"s y*(Q2/(4 m2) - 1/2),{y,01}]. 1&l8], ZRHBEEEE LT ERTNIRS
F2=0, BRSERMOZE,

Question
70, BAAREE-TEAFERHE, RARENIHEMNRDIRTR.
FHEABRSEANS—FERR P 5 1 B ) QZ .
T(Q)_E (T— :To+a)a (1)
4. S EHt where N, = T'(79)I'(r — 1)/T'(7 + 79 — 1) and
N =1
1
BiE: £ Q°=0, M B(a,8) = /D (1—y)* 'y dy. (2)
Here @? is the momentum transferred by the electro-
Answe r magnetic probe. The choice 75 = 1 corresponds to the

. . . AdS/QCD framework, whereas 79 = 1/2 defines the LH-
M [y (—Inz)'dz =T(1+s), ML, FQCD case. While this distinction does not impact the

_ subsequent content of the article, in the rest of the dis-
FIRS—MRDRRE: cussion it should be understood that we adopt the latter
convention. In this case, the universal scale A is fixed

* Two types (corresponding to LFHmodel and Ads/QCC
* No difference in our discussion!

Hepz € (0,1], s > -1,

BTERRLEREMRTERS, BMUTRER (REBHTE) .

Lei Chang (NKU) 16



Bridging (LFHmodel) at hadronic scale

in terms of its corresponding LFWF via the overlap rep-

resen :
Hi(z,Q°) = /d2bL =Ty (e, by )P, (10) |
x ) x S I I I I I l e r Here b, denotes the distance between the struck parton.
relative to the hadron’s transversse center of momentum
Inverting the Fourier transform, one gets:
1
0, bu) = ¢ bR, )

'Qb(xsbl) = 7’0(1 — T, bL)
& H(z,Q*) =H (1 _ 4 ;;’) Q2) .

2 —l'w’a:'wa:_%: "(z z) = vw(z).
¢ @) = [ @) | =M @), M@) = Val@)

H(x,Q%)~q(x)M (x) -
M)+ M1 -z)=1, <mmq(x)=q(l—x)

M(m)mzf(l—m)Q —1— M(-T) )

M(x) = q(x) » H(x,0%) - Y(x,b) = @(x)

Lei Chang (NKU) 17
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Nankai University

" Qsf (X)

Lei Chang (NKU)
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Nankai University

X q(x;{s)

All orders DGLAP Evolution:Pepe’s talk

Lei Chang (NKU) 18




Distribution amplitude(DA at hadronic scale§) # = ~ ¥

Nankai University

[ GPDs ] — [ LFWFs ]\

003 . | .
0.02| S - Jwxby)|
0.01

0.00
0.0~

S ""'2_0 ~1 —— This work

0.5 P 1.5

7 1.0
| b |/ [fm]

1.0 " 00

Lei Chang (NKU) 19




Distribution Amplitude(DA)... L) A& A A X

Nankai University

* (x > 1—xsymmetry,monopole)

| ((2x —1)2) = 0.2 vs ((2x — 1)%) = 0.25

Broad(FAT)!

Lei Chang (NKU) CSM and IQCD: both at 2GeV? | will go back later 21




Distribution Amplitude(DA)... Gy 4 A~ F

= ) . N
Fohe Nankai University

((2x — 1)?) = 0.2 vs {(2x — 1)?) = 0.25
AN

@(x)
o -

* |QCD

|QCD DA moment at 2GeV ¢
LaMET
R. Zhang, et al., arXiv: 2005.13955 0.244(30)(20)
Jun Hua, et al., arXiv:2201.09173 0.300(41)
Xiang Gao, et al., arXiv: 2206.04084 0.287(6)(6)
Jack Holligan, et al., arXiv: 2301.10372 0.302(23)

Euclidean correlation functions
G. S. Balij, et al., arXiv: 1807.06671 0.3

Local twist-2 operator
G. S. Bali, et al., arXiv: 1903.08038 0.240(6)(2)(3)(2)
R. Arthur, et al., arXiv: 1011.5906 0.28(1)(2)

Lei Chang (NKU)

Lei Chang (NKU) CSM and IQCD: both at 2GeV? | will go back later 21

Broad(FAT)!




Deep‘éﬁjenceregion"—' Herein | 1-5-_ IIIIIIIIIIII — !T‘ o -fﬂ%
| " - CSM _

1.5;

This work

* What happen here?
* How fat is fat?

1
-—

(

Lei Chang (NKU) 22
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Minding the interaction

Lei Chang (NKU) 23




@ fnry

No interaction:

* In case of a system of two equal-mass non-interacting
particles, DA(x)~d (x — %) ~DF(x);

Lei Chang (NKU) 24




Mlndlng the InteraCtlon ﬁl{al Unlverq:.t}r

1

No interaction: turn on interaction:

mMass non-interacting

* In case of a sys
particles, DA(:

* When the interaction is switched on, the DA broadens.
(x); The width may be estimated as I'~Ej,:/mg;

e Special case: zero-range interaction...Picture: the
probabilities for quark and antiquark are same

whatever quarks carry how much momentum...

» Zero interaction also means that the wavelength of

can Never be true for pﬁO[n ! ” detecting is infinite...zero scale!

IM+U=0 DF=constant=DA

Recall the unconstrained maximum entropy
condition...

Lei Chang (NKU) 24



A rough picture(contact model) :“ AWk F

6‘!

1

Zanbin Xing, et al., arXiv: 2301.02958 ﬂ Nankai University

e (Calculate the pion-pion
amplitude within symmetry-
reserving way

10l "0 JLabEG4 (2022) s polynomiality condition
i @ JLab E97110 (2022) .
: | & JLabEGidves and Sum rules are satisfied
0.8 @ Hall AICLAS
- & JLab CLAS (2008)
L ® JLab CLAS (2014) g +k g +p
E 06 4o DESYHERMES M (q_,p, k) = _ ladder i i iﬂfiﬁ i%
T | v CERNCOMPASS { P 7 spprosimation’
& 41 « CERNSMC
il [ ™ CERN OPAL -\,. contact n :
' @ SLAC E142/E143 TR interaction’ __ i . i @ > Y@
0.2} ® SLAC E154/E155 SPOALREL K
[ ® JLabRSS T,
0.0} % [Fomiab T {” In the chiral limit
0 0.05 0.1 1

q [GeV]

H,ﬁ'l'(:c,g,O) — %9(6_ -’L';m‘|'€) ‘|'9(1 —IL',ZL'—E).

DF(xi=0)=1=DA(xi=1)

Lei Chang (NKU) 24
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A rough picture(contact model)
Zanbin Xing, et al., arXiv: 2301.02958

(figure: D. Binosi's courtesy!) SuP( )
sl ® JLabEG4 (2022)
- @ JLab E97110 (2022)
[ : <& JLab EG1dves
0.8 @ Hall AICLAS
- @ JLab CLAS (2008)
L & JLab CLAS (2014)
E 06F o DESYHERMES
T | v CERNCOMPASS '
T 540 ¢ CERNSMC h ?
1§ foen What happen here
' @ SLAC E142/E143 > E
0.2} ® SLAC E154/E155 }
| ® JLabRSS P~
ool W f:erm‘llab |
0 0.05 0.1 1

Lei Chang (NKU) 24




A rough picture(contact model) S0P, 7‘%1' E IS %?
Zanbin Xing, et al., arXiv: 2301.02958

6‘!

m Nankai University

(figure: D. Binosi's courtesy!)

vvvvvvvvv L o 2

0 JLab EG4 (2022)
m JLab E97110 (2022)
< JLab EGidvcs

0.8L ® Hall AICLAS
[ © JLab CLAS (2008)
L & JLab CLAS (2014)

E 06 a4 DESYHERMES
S [ v CERNCOMPASS ‘
S 4l © CERNSMC ?
/hat happen here
[ @ SLAC E142/E143 > e
0.2} @ SLAC E154/E155
3 JLab RSS Model and Model
0 0- # Fermilab A | " 0.4t ' ] . Nambu — Jona-Lasinio model, translationally
T it A i b el T I [ { invariant regularisaion
0 005 0.1 1 0l Hif H { }Hi _ q(x) ~ (1),
q[GeV] = Tl I;i which becomes “1” after evolving from a low
= 2' H resolution scale
x . NJL models with a hard cutoff & also some duality
0.1 arguments:
q(x) ~ (1)
. Relativistic constituent quark models:

0.qt - -
80 02 04 q”(x) ~(1-X)0"'2

depending on the form of model wave function

Lei Chang (NKU) ’ '"Sta”t°”c',2j‘xs)ei’(‘;‘_’x‘jj'j
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A rough picture(contact model)
Zanbin Xing, et al., arXiv: 2301.02958

sl 'O JLabEG4 (2022)
1 m JLab E97110 (2022)
[ : <& JLab EG1dvcs
0.8+ © Hall AICLAS
- & JLab CLAS (2008)
[ @ JLab CLAS (2014)
E 06F o DESYHERMES
T | v CERNCOMPASS '
T 540 ¢ CERNSMC h ?
1§ foen What happen here
- ® SLAC E142/E143 > 3
0.2} ® SLAC E154/E155
[ X JLabRSS
Fermil
ool T 7T ] o

L Qos Hi[ IHI{{HEE | Provedin QCD?

i i

Modern language(xiaobin wang)

08002 03

Lei Chang (NKU) 24




A discussion about the relation -E‘ % Kk =

] Nankai Unt‘vers:t}r

0.4} I Il [ { 1Drell-Yan West relation Perturbation QCD prediction
<% “Hﬁﬁ lim q(x) o (1 — x)™ lim q(x) oc (1 — x)?n3+214
= i -1 X—
x 0-25‘ g ~(1 — x)?™=3%2 (for pion)

0.1}

: 2 2
0'8: lelinooF(Q ) « QD) TD2 QlZIan F(Q?) « QT
gt (%) """" — Herein
1.5 - _}% — CSM
F (Q2)~—

qG)~x?3(1 = )%/

lim q(x) oc(l—x)logl_x

Lei Chang (NKU) 24



;. ; - %
My models for DA for two typical hadronic scale ﬁkfuimi

Infinite Scale Zero Scale

e Special case: one-loop evolution output at the infinity * Special case: zero-range interaction...Picture: the
scale probabilities for quark and antiquark are same
whatever quarks carry how much momentum...

DA = 6x(1 — x) DA=1

Lei Chang (NKU) 25




A&k X

Nankai University

Chiral Symmetry and Bethe-Salpeter equation

Maris, Roberts and Tandy, Phys. Lett. B420(1998) 267-273

» Pion’s Bethe-Salpeter amplitude Solution of the Bethe-Salpeter equation
CalkP) = Tﬂjf}f‘g, ['iEW(lif; P) +~ - PF,(k; P)
+ ek = PGk P) + 0w kaly (R P)]

> Dressed-quark propagator 1
S(p):,- - DA 3
iy - pA(p®) + B(p®)

» Axial-vector Ward-Takahashi identity entails(chiral limit)

&2 B(k?)

fxB(k; P|P* = 0) = B(E*) {t (k- P)*—5 3

+ ...

PION’s dichotomy

/\

Goldstone Boson Bound State

Lei Chang (NKU)

Bethe-Salpeter Equations 2 6




Boundaries of pion DF and moments at the hadronic scale 7‘%‘ EIIES %—’

= ) . N
Fohe Nankai University

,d>B(k?)

frE(k; P|P*=0) = B(k*) + (k- P) s 0.507
lNakanishi representation I
0.20-
1 MZ I
E k;P ~ d A DS L
( ) .[_1 Zp(Z)k2+Zk'P+M2 :A 0'102
x I |
v L i
| | 0'05‘ Mellin moments |
p(z) x 1— z2 p(2) x 6(1et+ z) + 6(1 — 2)
0.02
DA < x(1 —x) Ao 1 0.01" 5 . i . .
n
1
(x™) x j dx x"DF (x)
15" DF 0

1.0

* Boundaries of Mellin moments at the hadronic scale

+Constituent Quark,  Remember the massless properties of pion!

Il Il Il 1 Il Il 1 Il Il
0.4 0.6

Lei Chang (NKU) 26
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My models for DA for two typical hadronic scale 35F7 Nankai University
Infinite Scale Zero Scale
e Special case: one-loop evolution output at the infinity * Special case: zero-range interaction...Picture: the
scale probabilities for quark and antiquark are same

whatever quarks carry how much momentum...

(@x-19=02 /\ ((2x = 1)) = 0333..

05

I 1 1 1 I 1 1 1 1 1 I
0.2 0.4 0.6

Lei Chang (NKU) 27




o G (%) — Herein
15l - CSM

———— This work

CSM

e Evolution from hadronic scale to 2GeV
(Lattice data...)

Lei Chang (NKU) 22




Mass and saturation

Zero Scale |

—
-

/(
. —

o o Suppose ¢(z) = 6z(1 —z)(1 + . a, 2/2(2:6 — 1)) we can get
Infinite Scale O gt
w) ©

. 4 2 n+1l 1
Lei Chang (NKU) with v, = —3 (3 + ey — 4 k-1 E)' 27




Nankai University

Mass and saturation

Zero Scale |

pose p(z) = 6z(1 — z)(1+ 3., a,Cn get

Infinite Scalé

g ¢2 de2ie’) ( )
’gCO 4w

q . 4 2 . n+1 l\
Lei Chang (NKU) with ym = —3 (3 + e 4 2k=1 % 28
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Guessing

Lei Chang (NKU)




Pion PDA: “one-loop” evolution practice

A&k X

Nankai University

, 0 @(x, 1)

1
= | dy V(x,y) (¥, 1)
0 u? jo

With the evolution kernel

Modified LO BL kernel

Lei Chang (NKU)
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Pion PDA: “one-loop” evolution practice '*i % # A =

' Nankai Unl‘ver'nt}r

0p(x,u) [*
P =f dy V(x,y) oy, 1)
ou 0
With the evolution kernel

n+1

Ve =) (2) Daeyl

n=0

Modified LO BL kernel

Vo(z,y) = 2Ck [1:‘; (1+$iy) G(x—y)-l—g(l—l—yiw) G(y—:c)]

It is readily established that with Egs. (7)-(9) in Eq. (3),
one obtains the “asymptotic” distribution associated with

week ending

PRL 110, 132001 (2013) PHYSICAL REVIEW LETTERS 29 MARCH 2013 a (1/k?)” vector-exchange interaction, viz.,
I'Crv +2)
: . . . . . . @r(x) = > X (1 — x)”. (12)
Imaging Dynamical Chiral-Symmetry Breaking: Pion Wave Function on the Light Front I'v+1)
Lei Chang,l I.C. Cloét,2’3 J.1. CObOS—MaI‘tiHBZ,4’5 C.D. Roberts,3’6 S.M. Schmidt,7 and P.C. Tandy4 GDW (x) — X« (1 _ x)“-[l + Z aaca(zx _ 1)]

Lei Chang (NKU) Dynamical Chiral Symmetry Breaking 30



Pion PDA: “one-loop” evolution practice

Z A K X

Nankai University

0 (x, 1) jl
2— —
312 i dy V(x,y) oy, 1)

With the evolution kernel

n+1

Ve =) (2) Daeyl

n=0

Modified LO BL kernel

)G(m—y)—l—g(l—l—yiw)ﬁ(y—:c)]

Introduce “anomaly-dimension” factor a!

r—Y

= [(122) (25 o () o220

Lei Chang (NKU) 31



Conformal like solution

Z A K X

Nankai University

Suppose p(x) = ?Eii‘iﬂ (1 —z)*(1+3 b,Co '3 (2z — 1)) we can get

b'n, (C) — e_ fllog X d‘tLEt)"Ya

og Cg 47 n

* At this order, the eigen values can be obtain properly and no interference
between Gegenbauer polynomials coefficients;

* | just model this evoultion kernel to present the mass generation effect and
staturation.

Lei Chang (NKU) 32



Conformal like solution

Suppose p(x) = ?Eii‘iﬂ (1 —z)*(1+3 b,Co '3 (2z — 1)) we can get

b'n, (C) — e Llc,oggccz M%‘i
bn(CO)

. a _ 4
with v, = 3 ( a+1 + (n+a)(n+a+1) 42’6 =0 k+a+1)

Image
* First stage, zeta<0.1. We have the constant
DA at the zero scale at the present. If we
want to hold this picture in this stage, the
natrual choice is setting a=0.
Noting: by~g =

0.5

e (.00 0.005 0.010 0.050 0.100 0.500

Lei Chang (NKU) 33



Conformal like solution

H o kX

Nankai University

Suppose p(x) = ?ﬁiiﬁ! (1l —z)*(L+ 3 b,Co '3 (2z — 1)) we can get

with v2 = —

bu(Q) _ - fiosgs destehog
bn(CO)

4 2
3 (_m + (n-l—a.)(n-i—a—l—l) 4213 =0 k+a+1)

\ Image

0.5

* Third stage, zeta>0.7. | called this region is
the perturbation region, with a=1 as usual.

a= * Why | choose 0.7GeV = 3Aycp?

* 0.6-0.8GeV!

a=0

e (.00

Lei Chang (NKU)
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Conformal like solution

H o kX

Nankai University

Suppose p(x) = 1‘[2+2?21 (1l —z)*(L+ 3 b,Co '3 (2z — 1)) we can get

with v2 = —

I'[1+a

bn(C) —e fllogcz taﬁr)’Yﬁ
bn(CO)

4 2
3 (_m + (n-l—a.)(n-i—a—l—l) 4213 =0 k+a+1)

Image

* Second stage, the corssover region from the
nonperturabtion to perturbation, dirty!

* ashould depend on the scale and increases
to 1 at the end of stage;

* | do not know the extact scale dependence of
a, but | know that the DA should become
narraower if a changing from O to 1 in this

a=0 a=1

e (.00

Lei Chang (NKU)

stage.
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Upper limit at 2GeV!

Suppose p(x) = ?Eii‘iﬂ (1 —z)*(1+3 b,Co '3 (2z — 1)) we can get

b () — e Li,oggg% mﬁb
bn(CO)

. a _ 4
with v, = 3 ( a—l—l + (n+a)(n+a+1) 4216 =0 k+a+1)

Image
* From the arguments of the second stage, we

can conclude that the fatest DA at 2GeV
should be evolution of constant DA from 0.6-

0.8GeV!
 The second moment(upper limit)

~0.28(from 0.6GeV)

Lei Chang (NKU) 36

a=0




) <1 A K< F

/" MNankai University

|IQCD DA moment at 2GeV

LaMET

R. Zhang, et al., arXiv: 2005.13955 0.244(30)(20)
Jun Hua, et al., arXiv:2201.09173 0.300(41)
Xiang Gao, et al., arXiv: 2206.04084 0.287(6)(6)
Jack Holligan, et al., arXiv: 2301.10372 0.302(23)

Euclidean correlation functions
G. S. Bali, et al., arXiv: 1807.06671 0.3

Local twist-2 operator
G. S. Bali, et al., arXiv: 1903.08038 0.240(6)(2)(3)(2)

R. Arthur, et al., arXiv: 1011.5906 0.28(1)(2)

Lei Chang (NKU) 37




Upper Limit at 2GeV

(£%) < 0.29

Lei Chang (NKU) 38
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Lower Limit at 2GeV??? é " 7‘% SIS %?

kR ]

ol

Nankai University

1.5+

1.0 -

0.5

Lei Chang (NKU)
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Lattice story updated

arxiv:2509.04799

N
I
[N}
~
[ ]

@PE =

_ : COLLABORATION (&4 * my,; = 550MeV
Asymptotic form - ]
E * at2GeV
1 LaMET + endpoint modelling
Zhang et al, 2020 - ——
Holligan et al, 2023 - i
Cloét et al, 2024 el b
_ Moment methods
Braun et al, 2015 "
Bali et al, 2018 = = = ——
Bali et al, 2019 1 g
Gao et al, 2022 —a— b
Holligan et al, 2023 - ——]
_ HOPE method
HOPE Collaboration, 2022 1 —e—i
This work 1 e (A
—0.1 0.0 0.1 0.2 0.3 0.4

FIG. 10. Comparison of results obtained in this work to other determinations [19, 40, 61-64, 66] of the low Mellin moments of
the pion LCDA.

Lei Chang (NKU) 40
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Lattice story updated

THE _
5 GPE (2 e arxiv:2509.04799
5 COLLABORATION 4 e m. ~550MeV
Asymptotic form - ] B (g ) T
E * at2GeV
1 LaMET + endpoint modelling
Zhang et al, 2020 - ——
Holligan et al, 2023 - H-+—
Cloét et al, 2024 el b
_ Moment methods
Braun et al, 2015 "
Bali et al, 2018 = = = o
Bali et al, 2019 b
Gao et al, 2022 —a— e
Holligan et al, 2023 - —
_ HOPE method
HOPE Collaboration, 2022 1 —e—i
This work 1 e (A
—0.1 0.0 0.1 0.2 0.3 0.4

FIG. 10. Comparison of results obtained in this work to other determinations [19, 40, 61-64, 66] of the low Mellin moments of
the pion LCDA.
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Lattice story updated

T"'EOI)E‘, () e arxiv:2509.04799
' —

_ | COLLABORATION (&4 * my; = 550MeV
Asymptotic form - . t 2GeV
E * a e
1 LaMET + endpoint modelling
Zhang et al, 2020 - ——
Holligan et al, 2023 - H-+—
Cloét et al, 2024 el b
_ Moment methods
Braun et al, 2015 - Iﬂ
Bali et al, 2018 | . = o
Bali et al, 2019 1 =
Gao et al, 2022 i 1
Holligan ot al, 2023 _ — — PHYSICAL REVIEW D 98, 091505(R) (2018)
] HOPE method
HOPE Collaboration, 2022 - —e—| Mass dependence of pseudoscalar meson elastic form factors
This work ' == .. L] Muyang Chen,' Minghui Ding,"” Lei Cha{lg,l'* and Craig D. Roberts™’
Y w =04 w=0.5 ® = 0.6
—01 0.0 e, M- fo- ro- (£%) a fo- ro- (&%) a fo- ro- (&) a

0.0046 0.14 0.097 0.63 0.255 0.46 0.094 0.66 0.265 0.39 0.092 0.68 0.273 0.33
FIG. 10. Comparison of results obtained in this work to other det:  0.053 0.47 0.117 0.53 0.217 0.80 0.115 0.55 0.226 0.71 0.115 0.56 0.229 0.68
the pion LCDA. 0.107 0.69 0.135 0.47 0.196 1.05 0.133 0.49 0.207 0.92 0.133 0.49 0.211 0.87
0.152 0.83 0.147 0.43 0.180 1.28 0.145 0.45 0.193 1.09 0.145 0.45 0.200 1.00
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Lattice story updated

THE ) .
; GPE 2) *  arxivi2509.04799
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E * at2GeV
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Zhang et al, 2020 ] y
Holligan et al, 2023 - g
Cloét et al, 2024 el b
_ Moment methods
Braun et al, 2015 [ ]
Bali et al, 2018 | . | He
Bali et al, 2019 1 H
Gao et al, 2022 —a— e
. ] PHYSICAL REVIEW D 98, 091505(R) (2018)
Holligan et al, 2023 - e
’ ]
1 HOPE method
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————— =04 =05 @ = 0.6
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FIG. 10. Comparison of results obtained in this work to other det:  0.053 0.47 0.117 0.53 0.217 0.80 0.115 0.55 0.226 0.71 0.115 0.56 0.229 0.68
the pion LCDA. 0.107 0.69 0.135 0.47 0.196 1.05 0.133 0.49 0.207 0.92 0.133 0.49 0.211 0.87
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Summary

e Based on the simplest approximation, we

15 i argue that the pion is broad(might be
fattest) hadron in nature at the hadronic
scale

- * The evolution and compared to

1.0 |QCD...unsolved...

I
(B

a=0 d

0.5

05

—— This work

02+

00 02 04 06 08 1.0

04 . P R .
0.001 0.005 0.010 0.050 0.100 0.500 1
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Summary

* Based on the simplest
approximation, we argue that the
pion is broad(might be fattest)
hadron in nature at the hadronic
scale

* The evolution and compared to
|QCD...unsolved...

—— This work

Lei Chang (NKU) 41
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