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Protons , neutrons, electrons …  : it is us  

Visible world: mainly made of light quarks

Proton mass ~ 940 MeV (~1 GeV)

0.1% of visible matter is due to the “HIGGS” mechanism

MASS is a MYSTERIOUS CONCEPT!

What about the remaining of the visible matter?

The rest emerges from the interactions to keep 
quarks together inside hadrons 

Proton (uud) : massive and stable

Existence of our Universe: 
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Proton Size ~10^-15m~ 1fm Quark and Gluon Size ~10^-17m
Confinement ~ 1fm Asymptotic freedom  ~ 1/10 fm 

Density of quarks or gluons 
inside the proton  

Frac%on of overall proton momentum carried by q,g

Gluons and sea quarks dominate
the proton structure at x<0.1

Confinement
and

Mass Generation
are IR dynamics  of 

QCD 
NONPERTURBATIVE

Gluon Field Quark Field Quark Mass

Non-Abelian 

Asymptotic 
Freedom

is UV dynamics  
of QCD

PERTURBATIVE

SDE, FRG, LaCce QCD



Ø Inserting gluon propagator in gap equation with a bare vertex gives 
insufficient  DCSB

ØAbelian (Ball-Chiu) vertex also gives insufficient enhancement

Ø Nontrivial tensor structure is crucial for hadron physics

Ø Non-perturbative running coupling (Effective charge) most 
naturally defined from quark-gluon vertex?
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Schwinger-Dyson (Gap) Equation:



We study the quark-gluon vertex in the limit of vanishing 
gluon momentum using lattice QCD with two flavors for 
several lattice spacings, volumes and quark masses

QUARK-GLUON VERTEX

A. Kızılersü, O. Oliveira, P. J. Silva, J.-I. Skullerud, A. Sternbeck, Phys. Rev. D 103 (11) (2021) 114515



Transverse PartNon-Transverse Part
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Non-Perturbative Quark-Gluon Vertex:
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Slavnov-Taylor  Identities

Non-PerturbaOve Quark-Gluon Vertex:
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Ghost-Quark Scattering Kernel

Quark PropagatorQuark-Gluon Vertex
Ghost Dressing function
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Transverse Projected Form Factors : 

J.Skullerud, A.Kizilersu, JHEP09(2002)013
J. Skullerud,P. Bowman, A.Kizilersu, D.Leinweber,A.Williams, JHEP04(2003)047

Transverse Projection
Dµn

-1   does not exist, so we will be looking at transverse projecMon
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Non-Perturbative Quark-Gluon Vertex:
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Abelian Non-Transverse Vertex : 



SoT Gluon KinemaOcs : 

Form Factor Extraction
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Non-covariant Form factors in Continuum :Covariant Form factors in Continuum:
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Lattice Parameters of Gauge Ensembles in this Study (Nf=2)

1

Name �  a [fm] V m⇡ [MeV] mq [MeV] Ncfg Nsrc

L08 5.20 0.13596 0.081 32
3 ⇥ 64 280 6.2 900 4

H07 5.29 0.13620 0.071 32
3 ⇥ 64 422 17.0 900 4

L07 5.29 0.13632 0.071 32
3 ⇥ 64 295 8.0 908 4

L07-64 5.29 0.13632 0.071 64
3 ⇥ 64 290 8.0 750 2

H06 5.40 0.13647 0.060 32
3 ⇥ 64 426 18.4 900 2

Q07 6.16 0.13400 0.071 32
3 ⇥ 64 1000 130 998 4
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Lattice action
• Wilson gauge action
• (Sheikholeslami-Wohlert)  clover fermion action
• improved rotated propagator
• Landau gauge 
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Non-Perturbative Quark-Gluon Vertex: Soft Gluon Kinematics : 
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(qµ = 0, kµ = pµ)

Non-PerturbaOve Quark-Gluon Vertex in ConOnuum :

Non-Perturbative tree-level Quark-Gluon Vertex on Lattice :
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• Two different lattice tensors for each of and
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• Divide or subtract tree level expression
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Lattice form factors and Tree-Level Corrections

Tree-level corrected, lattice equivalents of the form factors 
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• Two different lattice tensors for each of and
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Quark Mass Dependence
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Lattice Spacing
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Stronger IR enhancement with reduced lattice spacing

Top 290MeV; Bo[om 420 MeV

Stronger IR enhancement with reduced lattice spacing



• Greater infrared enhancement with lighter quarks
• Moderate lattice spacing effects
• Significant contribution from DCSB form factor  

Dimensionless Form Factors

0 1 2 3 4
p [GeV]

-1  

-0.5

0   

0.5 

1   

1.5 

2   

2.5 

3   

D
im

en
si

on
le

ss
 F

or
m

 F
ac

to
rs

m =280MeV,    a=0.08 fm

1

4K2(p) 2
2K(p) 3

0 1 2 3 4
p [GeV]

-1  

-0.5

0   

0.5 

1   

1.5 

2   

2.5 

3   

D
im

en
si

on
le

ss
 F

or
m

 F
ac

to
rs

m =295MeV,         a = 0.07

1

4K2(p) 2
2K(p) 3

0 1 2 3 4
p [GeV]

-1  

-0.5

0   

0.5 

1   

1.5 

2   

2.5 

3   

D
im

en
si

on
le

ss
 F

or
m

 F
ac

to
rs

m =422MeV,         a=0.07 fm

1

4K2(p) 2
2K(p) 3

<latexit sha1_base64="Wz3oTtjXopDw7/McCVqkQhZGYKo=">AAACD3icbVBNS8NAEN34WetX1KOXxaK0ICURqV6EghfBSwX7AU0Im+2mXbrZhN2NUELuHrz4V7x4UMSrV2+CP8ZN24O2Phh4vDfDzDw/ZlQqy/oyFhaXlldWC2vF9Y3NrW1zZ7clo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94mfvtOyIkjfitGsXEDVGf04BipLTkmUfXnhMm5bgCL6ATCIRTO0tR5hxDSXk5zk2IKkXPLFlVaww4T+wpKdWrwbeL74OGZ346vQgnIeEKMyRl17Zi5aZIKIoZyYpOIkmM8BD1SVdTjkIi3XT8TwYPtdKDQSR0cQXH6u+JFIVSjkJfd4ZIDeSsl4v/ed1EBeduSnmcKMLxZFGQMKgimIcDe1QQrNhIE4QF1bdCPEA6FaUjzEOwZ1+eJ62Tql2rnt7oNGpgggLYBwegDGxwBurgCjRAE2DwAJ7AC3g1Ho1n4814n7QuGNOZPfAHxscPYVSd+Q==</latexit>

Kµ(p) =
1

a
sin(pµa)

<latexit sha1_base64="Q33ecSh6aLLByP5KNoS4eqnhHYA=">AAACKHicbVDLSgMxFM3UV62vqks3wSKIizJTpbqz4MZlBfuATimZzG0bmsmMSUYoQz/Hjb/iRkSRbv0SM9MuauuBwOGc+8rxIs6Utu2plVtb39jcym8Xdnb39g+Kh0dNFcaSQoOGPJRtjyjgTEBDM82hHUkggceh5Y3uUr/1DFKxUDzqcQTdgAwE6zNKtJF6xVvXgwETCTzFmXIxKWCcuNngxOMxTLDLzTif9C7xpOCC8BdrC71iyS7bGfAqceakhOao94ofrh/SOAChKSdKdRw70t2ESM0oB7MhVhAROiID6BgqSACqm2T3TPCZUXzcD6V5QuNMXexISKDUOPBMZUD0UC17qfif14l1/6abMBHFGgSdLerHHOsQp6lhn0mgmo8NIVQycyumQyIJ1SbbNARn+curpFkpO9Xy1UOlVKvO48ijE3SKzpGDrlEN3aM6aiCKXtAb+kRf1qv1bn1b01lpzpr3HKM/sH5+AYBPpio=</latexit>

�3



Covariant Form Factor

PRELIMINARY



SUMMARY and OUTLOOK

First ever study of Quark-Gluon Vertex in Soft Gluon Kinematics for 
Landau Gauge with Nf=2  dynamical fermions
So< Gluon Kinema?cs : 

Orthogonal Kinema?cs : 
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q · P = 0 k2 = p2

• Enhancement in infrared -- driver of chiral symmetry breaking
• Stronger enhancement

• with dynamical quarks
• for smaller quark masses and smaller lattice spacing
• towards continuum limit

• Significant contribution from DCSB form factor  
• Covariant and non-covariant extraction is in good agreement for
• Other kinematics, form factors in progress
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