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QCD: Basic Facts

Confinement and the EHM are tightly connected with QCD’s running coupling.

Saturation

Combined continuum + QCD lattice analysis
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Enhancement

Hadronic scale

UV fall

Modern picture of QCD coupling. : Fully dressed valence quarks 
express all hadron’s properties

‘Effective Charge’

No Landau Pole



Why pions and kaons?: understanding EHM

Pions and kaons emerge as (pseudo)-Goldstone bosons of DCSB. 

‘Higgs’ masses

 Dominated by QCD dynamics

 Interplay between Higgs and 
strong mass generating 
mechanisms.

 Their study is crucial to understand the EHM 
and the hadron structure:

Simultaneously explains the 
mass of the proton and the 
masslessness of the pion

(besides being ‘simple’ bound states)
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C.D. Roberts and A.G. Williams, 
Prog.Part.Nucl.Phys. 33 (1994) 477-575

● Equations of motion of a quantum field theory

● Relate Green functions with higher-order Green functions

✔ No assumptions on the coupling for their derivation.

✔ Capture both perturbative and 
non-perturbative facets of QCD

Example DSEs

● Infinite tower of coupled equations.

Eichmann:2009zx

✔ Not limited to a certain domain of current quark masses

✔ Maintain a traceable connection to QCD.

✗ Systematic truncation required

CSM: the DSE approach
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 BSWF: sandwich of the Bethe-Salpeter amplitude and quark propagators:

 Quark propagator and BSA should come from solutions of:

Quark DSE Meson BSE

: meson’s mass;          BS amplitude;            quark (antiquark) propagator
   
   
 

➔ Relates the quark propagator with QGV 
and gluon propagator.

 Contains all interactions between the 
quark and antiquark

CSM: the DSE approach
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 For the ground-state pseudoscalar and vector mesons, it is typical to employ the so 
called Rainbow-Ladder (RL) truncation:

Quark DSE Meson BSE

 It preserves a QCD key symmetry in the chiral limit, manifested by the 
Goldstone’s Theorem and whose most fundamental expression is captured 
in:

K. Raya et al., PRD 101 (2020) 7, 074021.

Y-Z Xu et al., PRD 100 (2019) 11, 114038. 

Leading BSA “Mass Function”

“Pions exists, if and only if, 
DCSB occurs.”

CSM: the DSE approach
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Electromagnetic and Gravitational 
Form Factors
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EFFs and GFFs

➢ The five-point Schwinger function defining the elastic 
electromagnetic form factor for a charged pion takes the 
following form (within RL truncation)  

with: 



5
EFFs and GFFs: CSM elements

➢ The five-point Schwinger function defining the elastic 
electromagnetic form factor for a charged pion takes the 
following form (within RL truncation)  

with:

dressed quark propagator, obtained by solving the 
Gap equation in Rainbow truncation:  



5

➢ The five-point Schwinger function defining the elastic 
electromagnetic form factor for a charged pion takes the 
following form (within RL truncation)  

with:

dressed quark propagator, obtained by solving the 
Gap equation in Rainbow truncation: 

         is the pion amplitude resulting from the 
correspondign Bethe-Salpeter equation within 
Rainbow-ladder (RL) truncation:

          

EFFs and GFFs: CSM elements



5

➢ The five-point Schwinger function defining the elastic 
electromagnetic form factor for a charged pion takes the 
following form (within RL truncation)  

with:

dressed quark propagator, obtained by solving the 
Gap equation in Rainbow truncation: 

         is the pion amplitude resulting from the 
correspondign Bethe-Salpeter equation within 
Rainbow-ladder (RL) truncation:
        
        is the dressed photon-quark vertex

   

EFFs and GFFs: CSM elements



5

➢ The five-point Schwinger function defining the elastic 
electromagnetic form factor for a charged pion takes the 
following form (within RL truncation)  

with:

dressed quark propagator, obtained by solving the 
Gap equation in Rainbow truncation: 

         is the pion amplitude resulting from the 
correspondign Bethe-Salpeter equation within 
Rainbow-ladder (RL) truncation:
        
        is the dressed photon-quark vertex

➢ As RL guarantees Electromagnetic current conservation: 
   

Electromagnetic form factor

EFFs and GFFs: CSM elements
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➢ The five-point Schwinger function defining the elastic 
gravitational form factor for a charged pion takes the 
following form (within RL truncation)  

with:

                                       ( . . . )        
      
      

  

EFFs and GFFs: CSM elements
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EFFs and GFFs: CSM elements

➢ The five-point Schwinger function defining the elastic 
gravitational form factor for a charged pion takes the 
following form (within RL truncation)  

with:

                                       ( . . . )        
      
       is the dressed graviton-quark vertex, entailed by 
replacing the electromagnetic with the gravitational current.

Then:  

➢             can be extracted by the projectors: 

EMT’s spin-0 meson matrix element  

Gravitational form factors

M. Polyakov, Phys.Lett. B555 (2003) 56-62
M. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A 33 (2018) 1830025  

connected with the mechanical 
properties of the hadron

connected with the mass distribution 
inside the hadron
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EFFs and GFFs: symmetry constraints

➢ The five-point Schwinger function defining the elastic 
gravitational form factor for a charged pion takes the 
following form (within RL truncation)  

with:

                                       ( . . . )        
      
       is the dressed graviton-quark vertex, entailed by 
replacing the electromagnetic with the gravitational current.

Then:  

➢  From fundamental symmetries, one knows: 

Gravitational form factors

M. Polyakov, Phys. Lett. B555 (2003) 56-62
M. Polyakov, C. Weiss, Phys. Rev. D60 (1999) 114017.
C. Mezrag et al., Phys. Lett. B741 (2015) 190-196  
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For any dressed 
quark-graviton 
vertex obeying the 
tensor WGTI, this 
diagram produces 
a Q-longitudinal 
contribution

which needs to be 
exactly cancelled 
by this diagram 
expressing the 
gluon-binding 
contribution to the 
graviton-pion 
interaction.
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M. Polyakov, C. Weiss, Phys. Rev. D60 (1999) 114017.
C. Mezrag et al., Phys. Lett. B741 (2015) 190-196  

 Normalization relying on mass conservation
 Manifestation of CSB and EHM through the soft-

pion theorem
 Energy-momentum conservation

For any dressed 
quark-graviton 
vertex obeying the 
tensor WGTI, this 
diagram produces 
a Q-longitudinal 
contribution

which needs to be 
exactly cancelled 
by this diagram 
expressing the 
gluon-binding 
contribution to the 
graviton-pion 
interaction.

As far as it is 
Q-longitudinal it 

decouples from the 
extraction of
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➢ Let us focus on the dressed photon-quark vertex, which obeys the vector Ward-Green-Takahashi 
identity

➢ Well-known Ball-Chiu vertex construction guarantees its being obeyed

➢ Thus:

➢ The remaining transverse terms are obtained by solving the inhomogeneous vector BSE 

(              )

transverse projector

regular Contains timelike-Q2 poles 

Wave function renormalization

The interaction is phenomenologically fixed such that:                                                                              
but it has been seen to be consistent with an effective interaction relying on the PI effective charge.    

mπ=0.14 ,mK=0.49 , f π=0.095 , f K=0.116 [GeV ]
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It contains the Q-longitudinal part 
of the quark-photon vertex 
satisfying the vector WGTI, thus 
contributing to the saturation of 
the tensor WGTI. 

This is a transverse term, not contributing to the tensor WGTI, cast to 
ensure the absence of kinematic singularities but obtained from the 
inhomogeneous tensor BSE and dominated by the dynamical singularity at 
the position of the lowest mass I=0 tensor meson.      
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EFFs and GFFs: symmetry-preserving dressed vertices
9

It contains the Q-longitudinal part 
of the quark-photon vertex 
satisfying the vector WGTI, thus 
contributing to the saturation of 
the tensor WGTI. 

This is a transverse term, not contributing to the tensor WGTI, cast to 
ensure the absence of kinematic singularities but obtained from the 
inhomogeneous tensor BSE and dominated by the dynamical singularity at 
the position of the lowest mass I=0 tensor meson.      

Satisfying                                    and representing all non-included 
transverse contributions

A Lorentz scalar embedded in the Dirac space defined 
by 

An inhomogeneous BSE exhibiting a pole at each scalar 
resonance generated by the interaction 
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Y.-Z. Xu et al., Chin. Phys. Lett. Exp. 40 (2023) 041201.
Z.-F. Cui et al., Phys. Lett. B822 (2021) 136631.
M. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A33 (2018) 1830025   
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Y.-Z. Xu et al., Chin. Phys. Lett. Exp. 40 (2023) 041201.
Z.-F. Cui et al., Phys. Lett. B822 (2021) 136631.
M. Polyakov, P. Schweitzer, Int. J. Mod. Phys. A33 (2018) 1830025   D.C. Hacket et al., Phys. Rev. D108 (2023) 114504. 
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Results: charge, mass and pressure profiles

 Charge and mas distributions can be obtained from 
the FT of FFs 

 Pressure and shear forces can be calculated as       
      

12

Clearly, as advanced, charge extends over a large 
domain than mass, the latter’s profile being more 
compact than the former’s.

Confining forces become dominant where the pressure 
density shifts sign (integrated is zero), in the neighborhood 
of maximal shear forces. Kaon is more compact than pion, 
and so is s-in-K respect to u-in-K. 

Neutron star order of 
magnitude



Results: Preliminary results for the proton
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Preliminary results obtained by Daniele Binosi and 
Zhao-Qian Yao using our same quark-graviton 
vertex and realistic Faddeev amplitudes derived from 
solutions of the three-body bound-state problem! 



Summary and scopes 



Summary and scopes

➢ We have described a CSM based consistent computation of pion’s and kaon’s EFFs and GFFs, the 
latter’s brand-new ingredient being the quark-graviton vertex.

➢ The obtained results expose the robustness of the framework and the importance of symmetries:
➢ Both quark-photon vertex and QGV obey their corresponding WGTI.
➢ The QGV is then completed and used to deliver GFFs,             taking then zero-momentum values 

in consistency with the soft-pion theorem.
➢  EMT, but not needed for the two other form factors.                        

➢ Physically meaningful pictures are drawn:
➢ Charge effects span over a larger domain than mass effects
➢ Shear forces are maximal where confinement forces become dominant
➢ Kaon’s profile is more compact than pion’s, and so is s-in-K respect to u-in-K.

➢ Other hadrons are within reach:
➢ One can analogously proceed with heavy quarkonia
➢ and, capitalizing on Faddeev amplitudes, compute proton GFFs. Preliminar results are shown.   

To be continued...
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GPDs from LFWFs

Pion GPD:

Factorized gaussian ansatz:

Valence-quark overlap GPD and forward PDF limit

The only (additional) input needed to fix an approximated 
compact result is the pion charge radius

PDG : rπ=0.659(8) fm DSE : rπ=0.69 fm [PTIR ]

ξ =0 :
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GPDs from LFWFs

Kaon GPD:
Valence-quark overlap GPD and forward PDF limit

The only (additional) input needed to fix an approximated 
compact result is the pion charge radius

Factorized gaussian ansatz:

PDG : rK=0.560(31) fm DSE : rK=0.56 fm [PTIR ]

ξ =0 :

17



Meson gravitational Form Factors 

 Gravitational form factors connect with Energy-momentum tensor and are obtained 
from the t-dependence of the GPD’s 1-st Mellin moment:

mass distribution pressure distribution

Owing to GPD’s polynomiality: 

One needs both DGLAP (          ) and ERBL (          ) GPD to 
derive the pressure distribution. 

     ERBL completion 

|x|≥ξ |x|≤ξ

Radon transform inversion

J-L. Zhang et al., arXiv:2101.12286 
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