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• In October 1934, Hideki Yukawa predicated the existence of a “heavy quantum” 
meson, exchanging nuclear force between neutrons and protons. 
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• It was discovered by Cecil Powel in 1949 in cosmic ray tracks in a photographic emulsion.

Mass measured in scattering
≈ 250-350 me
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• Yoichiro Nambu associated it with CSB in 1960.

E. Shuryak, arXiv:1908.10270
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• Pion was nicely accommodated in the Eight Fold way of Murray Gell-Mann in 1961.
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• At low Q2, Fπ can be measured directly via high energy elastic 
π+ scattering from the atomic electrons

➢ CERN SPS used 300 GeV pions to measure form 
factor up to Q2=0.25GeV2

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

➢ These data used to constrain the pion charge 
radius: rπ=0.657±0.012 fm

Measurement of the p + Form Factor

At low Q2, Fp+ can be measured directly via high 

energy elastic p+ scattering from atomic electrons

[Amendolia et al, NPB277,168 (1986)]

– CERN SPS used 300 GeV pions to measure 

form factor up to  Q2 = 0.25 GeV2

– These data used to constrain the pion 
charge radius: rp = 0.657 ± 0.012 fm

At larger Q2, Fp+ must be measured indirectly using the “pion cloud” of the proton 

in exclusive pion electroproduction: p(e,e’p+)n
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– At small –t, the pion pole process dominates the 

longitudinal cross section, L

– In the Born term model, Fp
2 appears as

[In practice one uses a more sophisticated model]
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contribution 
[EPJA 52 (2016) 158

[L. Favart, M. Guidal, T. Horn, P. Kroll, Eur. Phys. J A 52 (2016) no.6, 158]
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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 
electroproduction method yielding the physical pion form factor----Tanja Horn 5

arxiv:2508.15073

pion electroproduction and elastic pion scattering 
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(G.R. Farrar and D.R.Jackson, PRL43 (1979) 246;
P. Lepage and S. Brodsky, PLB 87 (1979) 359)
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• Transition Form Factor
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PION’s dichotomy

Goldstone Boson Bound State

[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.

6

Bethe-Salpeter Equations
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GPDs

PDFs
FormFactors

Electromagnetic 
Gravitational…

LFWFs

PDAs
TMDs

Compute everything from LFWFs…
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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
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Exact representation

Modeling…HadronPhysics

MC SP

QCD

DSEslQCD

QCD

TruncationSCL

K.G.Wilson, arXiv:hep-th/9411007
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FormFactors
Electromagnetic 
Gravitational…

FACT
• VMD at low 𝑄2

• QCD prediction at high 𝑄2

𝑚𝑣
2

𝑄2 +𝑚𝑣
2

~
𝑚𝑣
2

𝑄2+𝑚𝑣
2 𝛼 𝑄2 𝜔2(𝑄2)
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FormFactors
Electromagnetic 
Gravitational…

• Monople!

2𝜆

𝑄2 + 2𝜆

• What we need?

An integral representation!
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• for integer tau

• tau=2

𝐹(𝑄2)~
2𝜆

𝑄2 + 2𝜆



Lei Chang (NKU) 14

𝑦 = 𝑥

~
1

𝑥
𝑥
𝑄2

4𝜆
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Imagine the Hadron at the Hadronic Scale

𝒙 → 𝟏 − 𝒙 symmetry
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𝑥 → 1 − 𝑥 symmetry

monople

s=0
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𝑥 → 1 − 𝑥 symmetry

monople

s=0
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Question

Answer

• Two types (corresponding to LFHmodel and Ads/QCD) 
• No difference in our discussion!
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𝑥 → 1 − 𝑥 symmetry

𝐻(𝑥, 𝑄2)~𝑞(𝑥)ℳ(𝑥)
𝑄2

2𝜆

𝑞 𝑥 = 𝑞(1 − 𝑥)

ℳ 𝑥 → 𝑞 𝑥 → 𝐻 𝑥, 𝑄2 → 𝜓 𝑥, 𝑏 → 𝜑(𝑥)
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All orders DGLAP Evolution:Pepe’s talk
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LFWFs

PDAs

GPDs
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• (𝑥 → 1 − 𝑥 symmetry,monopole)

CSM and IQCD：both at 2GeV? I will go back later

(2𝑥 − 1)2 = 0.2 𝑣𝑠 (2𝑥 − 1)2 = 0.25
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• (𝑥 → 1 − 𝑥 symmetry,monopole)

• CSM

• lQCD

CSM and IQCD：both at 2GeV? I will go back later

(2𝑥 − 1)2 = 0.2 𝑣𝑠 (2𝑥 − 1)2 = 0.25
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• What happen here?
• How fat is fat?
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Minding the interaction
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• In case of a system of two equal-mass non-interacting 

particles, 𝐷𝐴(𝑥)~𝛿 𝑥 −
1

2
~𝐷𝐹(𝑥);

No interaction:
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Minding the interaction

• In case of a system of two equal-mass non-interacting 

particles, 𝐷𝐴(𝑥)~𝛿 𝑥 −
1

2
~𝐷𝐹(𝑥);

No interaction:

2M+U=0

turn on interaction:

• When the interaction is switched on, the DA broadens. 
The width may be estimated as Γ~𝐸𝑖𝑛𝑡/𝑚𝑞;

• 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 
detecting is infinite…zero scale!

Recall the unconstrained maximum entropy 
condition…
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A rough picture(contact model)

24

• Effective interaction
4𝜋𝛼(𝑞=0)

𝑚𝐺
2 (𝛼~𝜋,𝑚𝐺~0.5

• Quark Mass/Bound 
state Amplitude 
momentum 
independent…

• 𝛼~0.36𝜋,𝑚𝐺~0.5

Zanbin Xing, et al., arXiv: 2301.02958

• Calculate the pion-pion 
amplitude within symmetry-
preserving way

• the polynomiality condition 
and sum rules are satisfied 

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

In the chiral limit
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A rough picture(contact model)
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• Effective interaction
4𝜋𝛼(𝑞=0)

𝑚𝐺
2 (𝛼~𝜋,𝑚𝐺~0.5

• Quark Mass/Bound 
state Amplitude 
momentum 
independent…

• 𝛼~0.36𝜋,𝑚𝐺~0.5

Zanbin Xing, et al., arXiv: 2301.02958

Model and Model

• Nambu – Jona-Lasinio model, translationally
invariant regularisaion

qπ(x) ∼ (1-x)0, 

which becomes “1” after evolving from a low 
resolution scale 

• NJL models with a hard cutoff & also some duality 
arguments:

qπ(x) ∼ (1-x)1

• Relativistic constituent quark models: 

qπ(x) ∼ (1-x)0…2

depending on the form of model wave function

• Instanton-based models

qπ(x) ∼ (1-x)1…2
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A rough picture(contact model)

24

• Effective interaction
4𝜋𝛼(𝑞=0)

𝑚𝐺
2 (𝛼~𝜋,𝑚𝐺~0.5

• Quark Mass/Bound 
state Amplitude 
momentum 
independent…

• 𝛼~0.36𝜋,𝑚𝐺~0.5

Zanbin Xing, et al., arXiv: 2301.02958

Proved in QCD?
Modern language(xiaobin wang)
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A discussion about the relation

24

Drell-Yan West relation

lim
𝑥→1

𝑞 𝑥 ∝ (1 − 𝑥)𝑛𝐻

lim
𝑄2→∞

𝐹 𝑄2 ∝
1

(𝑄2)(𝑛𝐻+1)/2

Perturbation QCD prediction

lim
𝑥→1

𝑞 𝑥 ∝ (1 − 𝑥)2𝑛𝐻−3+2 Δ𝑠

~ 1 − 𝑥 2𝑛𝐻−3+2（𝑓𝑜𝑟 𝑝𝑖𝑜𝑛）

lim
𝑄2→∞

𝐹 𝑄2 ∝
1

(𝑄2)𝑛𝐻−1

𝐹 𝑄2 ~
1

𝑄2

lim
𝑥→1

𝑞 𝑥 ∝ 1 − 𝑥 log
1

1 − 𝑥

𝑞(𝑥)~𝑥2/3(1 − 𝑥)2/3
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My models for DA for two typical hadronic scale

• Special case: zero-range interaction…Picture: the 
probabilities for quark and antiquark are same 
whatever quarks carry how much momentum…

• Special case: one-loop evolution output at the infinity 
scale

Infinite Scale Zero Scale
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Chiral Symmetry and Bethe-Salpeter equation

26

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

➢ Pion’s Bethe-Salpeter amplitude Solution of the Bethe-Salpeter equation

➢ Dressed-quark propagator

➢ Axial-vector Ward-Takahashi identity entails(chiral limit)
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Boundaries of pion DF and moments at the hadronic scale
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𝐸(𝑘; 𝑃)~න
−1

1

𝑑𝑧𝜌(𝑧)
𝑀2

𝑘2 + 𝑧 𝑘 ∙ 𝑃 + 𝑀2

Nakanishi representation 

𝜌 𝑧 ∝ 1 − 𝑧2 𝜌 𝑧 ∝ 𝛿 1 + 𝑧 + 𝛿(1 − 𝑧)

Mellin moments

• Boundaries of Mellin moments at the hadronic scale
• Remember the massless properties of pion!

DF

𝐷𝐴 ∝ 𝑥(1 − 𝑥)

𝑥𝑛 ∝ න
0

1

𝑑𝑥 𝑥𝑛𝐷𝐹(𝑥)

𝐷𝐴 ∝ 1

+Constituent Quark
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My models for DA for two typical hadronic scale

• Special case: zero-range interaction…Picture: the 
probabilities for quark and antiquark are same 
whatever quarks carry how much momentum…

• Special case: one-loop evolution output at the infinity 
scale

Infinite Scale Zero Scale

(2𝑥 − 1)2 = 0.2 (2𝑥 − 1)2 = 0.333. . .
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• Evolution from hadronic scale to 2GeV
(Lattice data…)
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Mass and saturation

27

Zero Scale

Infinite Scale
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Mass and saturation

28

Zero Scale

Infinite Scale
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Pion PDA: “one-loop” evolution practice

𝜇2
𝜕 𝜑(𝑥, 𝜇)

𝜕 𝜇2
= න

0

1

𝑑𝑦 𝑉 𝑥, 𝑦 𝜑(𝑦, 𝜇)

With the evolution kernel

𝑉 𝑥, 𝑦 = ෍

𝑛=0

𝛼𝑠
4𝜋

𝑛+1

𝑉𝑛(𝑥, 𝑦) +

Modified LO BL kernel
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Pion PDA: “one-loop” evolution practice

𝜇2
𝜕 𝜑(𝑥, 𝜇)

𝜕 𝜇2
= න

0

1

𝑑𝑦 𝑉 𝑥, 𝑦 𝜑(𝑦, 𝜇)

With the evolution kernel

𝑉 𝑥, 𝑦 = ෍

𝑛=0

𝛼𝑠
4𝜋

𝑛+1

𝑉𝑛(𝑥, 𝑦) +

Modified LO BL kernel

Dynamical Chiral Symmetry Breaking
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Pion PDA: “one-loop” evolution practice

𝜇2
𝜕 𝜑(𝑥, 𝜇)

𝜕 𝜇2
= න

0

1

𝑑𝑦 𝑉 𝑥, 𝑦 𝜑(𝑦, 𝜇)

With the evolution kernel

𝑉 𝑥, 𝑦 = ෍

𝑛=0

𝛼𝑠
4𝜋

𝑛+1

𝑉𝑛(𝑥, 𝑦) +

Modified LO BL kernel

Introduce “anomaly-dimension” factor a!We have nothing knowledge!
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Conformal like solution

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

• I just model this evoultion kernel to present the mass generation effect and 
staturation.
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a=0 a=1

a=

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: 𝑏𝑛>0 ≡ 0

Conformal like solution
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a=0 a=1

a=

Image
• Third stage, zeta>0.7. I called this region is 

the perturbation region, with a=1 as usual.
• Why I choose 0.7𝐺𝑒𝑉 ≈ 3Λ𝑄𝐶𝐷?
• 0.6-0.8GeV!

Conformal like solution
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a=0 a=1

a=?

Image
• Second stage, the corssover region from the 

nonperturabtion to perturbation, dirty!
• a should depend on the scale and increases 

to 1 at the end of stage;
• I do not know the extact scale dependence of 

a, but I know that the DA should become 
narraower if a changing from 0 to 1 in this 
stage.

Conformal like solution
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a=0 a=1

a=?

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)
~0.29(from 0.8GeV)

Upper limit at 2GeV!
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lQCD 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)

37
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Upper Limit at 2GeV

𝜉2 < 0.29



Lei Chang (NKU) 39

Lower Limit at 2GeV???
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• arxiv:2509.04799
• 𝑚𝜋 ≈ 550𝑀𝑒𝑉
• at 2GeV

Lattice story updated
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• arxiv:2509.04799
• 𝑚𝜋 ≈ 550𝑀𝑒𝑉
• at 2GeV

Lattice story updated
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Summary

a=0 a=1

a=?

• 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 
lQCD…unsolved…
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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 
lQCD…unsolved…
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