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2 PI EFFECTIVE CHARGE
owing to the emergence of a non-zero gluon mass scale 

a process independent effective charge emerges 

parameter free prediction  
defines a screening mass of ζH ≈ 1.4Λ = 0.331(2) GeV 

practically identical to Bjorken sum rule coupling measured in DIS 
candidate for QCD interaction strength @ all moment   

GAUGE SYMMETRY 
IS FINE

2-point STI can be still satisfied with
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, qµPµ⌫(q) = 0
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lim
q2!0

q2⇧(q2) = mg

(“only” requires the presence of 
longitudinally coupled massless poles) 

Schwinger, PR 125 and 128 (1962)

STRESS-ENERGY TENSOR  
IS ANOMALOUS
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but no size prescribed…

GLUON  
SELF-INTERACTION

pure-glue QCD displays a  
mass gap  

Cornwall, PRD 26 (1982)
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mg ⇠ 0.5 GeV

1 RGI MASSES
40 years+ non-perturbative methods uncover the size of 

the gluon mass
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mg = 0.43(1) GeV

Aguilar et al., EPJC 80 (2020)
and reveal the associated RGI running masses,  

unifies matter-based and gauge-focused understanding  
of QCD interactions,… 

DB et al., PLB 742 (2015)
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(linear) gauge  
fixing

Faddeev-Popov ghost  
term
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RL herein

Observable-constrained bRL

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

k/GeV

M
(k
)/G

eV

k2 [GeV2]
��� ��� ��� ��� ��� ���

�

�

�

�

�
DB
RGI

Int
era

cti
on

 st
ren

gth

A QCD EHM  
PRIMER

<latexit sha1_base64="NugwyrIYcg5J4MWDNuKdXDvPKTg="></latexit>

LQCD =
X

j=u,s,d,...

q̄j [�µDµ +mj ] qj +
1

4
Ga

µ⌫G
a
µ⌫

Dµ = @µ + ig
1

2
�aAa

µ

Ga
µ⌫ = @µA

a
⌫ + @⌫A

a
µ�

<latexit sha1_base64="NugwyrIYcg5J4MWDNuKdXDvPKTg="></latexit>

LQCD =
X

j=u,s,d,...

q̄j [�µDµ +mj ] qj +
1

4
Ga

µ⌫G
a
µ⌫

Dµ = @µ + ig
1

2
�aAa

µ

Ga
µ⌫ = @µA

a
⌫ + @⌫A

a
µ�

B

Cui et al., CPC 44 (2020)
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BETHE-SALPETER  
EQUATION

TRIANGULAR DIAGRAM

Schlessinger, PR 167 (1968)

SPM INTERPOLATION
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D = {(xi, yi = f(xi)), i = 1, . . . , N}
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singularities move in the complex k2 domain 
sampled by the bound-state equations

dressed-quark propagators singularities 
limit mass of bound-state 

Q2max

ELECTROMAGNETIC

Yao, DB, Roberts, PLB 855 (2024)
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skewing

Alexandrou  et al., PRL 134 (2025)



○

○

○○

○

○

○
○

○

○

○

○

○

○

○

○○

○

○

○

○

○

○

○

○

○

○

○
○○

○ ○ ○

○

○
○

○

○

○

○

○

○

○

○ ○

○

○

○

○

○

○

○

Q 2F1
u/GeV2

Q 2F1
d /GeV2

0 2 4 6 8 10 12 14

0.0

0.1

0.2

0.3

0.4

Q 2 /GeV2

Q
2 F

1d,
u
(Q

2 )
/G
eV

2

○

○

○

○

○ ○ ○

○

○

○
○

○

○

○

○
○

○

○

○

○

○

○

○

○

○

○

○

○

○

○
○

○

○

○

○ ○

○

○

○

○

○

○

○

○

○

○
○

○

○

○

○

○

○

○

○

○

○

○

SPM
Fad-I
Fad-II
Ye

Jones
Gayou
Punjabi
Puckett (2010)
Puckett (2011)

0 2 4 6 8 10 12 14
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Q 2/GeV2

μ p
G
Ep
(Q

2 )
/G

Mp
(Q

2 )

-=[J (3)
n′n]

µ
δ′δ S

S

Γµ

S S

G

Γµ

S

S S

SS

S

ΨΨ ΨΨ
<latexit sha1_base64="iKFOx1RipLXJu4cwR5NWO76hjLc=">AAACD3icbVDLSsNAFJ3UV62vqEs3waKtICVRqW4KBTfiqoJ9QJqGyWTSDp1MwsxEKCF/4MZfceNCEbdu3fk3Th8LbT1wuYdz7mXmHi+mREjT/NZyS8srq2v59cLG5tb2jr671xJRwhFuoohGvONBgSlhuCmJpLgTcwxDj+K2N7we++0HzAWJ2L0cxdgJYZ+RgCAoleTqx/atm7ISy3ppGdbOTzKn1w0TN+36mEpYmras5upFs2 JOYCwSa0aKYIaGq391/QglIWYSUSiEbZmxdFLIJUEUZ4VuInAM0RD2sa0ogyEWTjq5JzOOlOIbQcRVMWlM1N8bKQyFGIWemgyhHIh5byz+59mJDK6clLA4kZih6UNBQg0ZGeNwDJ9wjCQdKQIRJ+qvBhpADpFUERZUCNb8yYukdVaxqpXq3UWxfjqLIw8OwCEoAwtcgjq4AQ3QBAg8gmfwCt60J+1Fe9c+pqM5bbazD/5A+/wBK1ecEw==</latexit>

[J (a=3)
n0n ]µ�0� =

p/n FORM FACTORS
ELECTROMAGNETIC

FADDEEV EQUATION
α

p1

β
p2

p3

γ

Ψ

α
p1

β
p2

p3

γ

= ∑
{1,2,3}

Ψ

S

S
𝒢k

PP

○

○

○

○

○

○

○

○

○
○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○○

○

○

○

○

○

○

○

○
○

○

○
○

○
○ ○

○
○

○
○

○

○

○

○

○
○

○

○

○
○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○○

○

○

○
○

○

○

○

○
○

○

○
○

○
○ ○

○
○

○
○

Arrington

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

Q 2 /GeV2

G
Mp
(Q

2 )
/μ
p

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○
○

○
○

○
○

○ ○ ○ ○ ○ ○ ○ ○
○ ○ ○ ○ ○

○

○

○

○

○

○

○

○
○

○
○

○
○

○ ○ ○ ○ ○ ○ ○ ○
○ ○ ○ ○ ○

Lung
Anklin
Kubon
Anderson
Lachniet

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

Q 2 /GeV2

G
Mn
(Q

2 )
/μ
n

○

○

○

○

○

○

○

○

○○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○○

○

○

○

○

○

○

○

○ ○

○

○
○

○ ○ ○
○

○
○ ○

○

○

○

○

○

○

○
○

○○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○○

○

○

○
○

○

○

○

○
○

○

○
○

○
○ ○ ○

○
○ ○

Arrington

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

Q 2 /GeV2

G
Ep (
Q
2 )

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○

○○

○

○○

○

○

○

○

○

○○

○

○○

○

○

○

○

○

○

○

○

○

○

○

○

Passchier
Herberg
Zhu
Bermuth
Warren
Glazier
Plaster
Geis
Riordan

0 1 2 3 4 5 6

0.00

0.02

0.04

0.06

0.08

Q 2 /GeV2

G
En (
Q
2 )

TRIANGULAR DIAGRAM

SPM INTERPOLATION

<latexit sha1_base64="51xKmzNELNlg/6mJ70x4J7PhMSY="></latexit>

CN (x) =
y1
1+

a1(x� x1)

1+

a2(x� x2)

1+
· · · aN�1(x� xN�1)

1

<latexit sha1_base64="0E9i2vZ/ziSHHpNfYYvg87Cj8iw=">AAACIHicbVDLSgMxFM34rPU16tJNsAgtlDIjSrspFHThSirYB3RKyaSZNjTzIMmIwzCf4sZfceNCEd3p15iZzkJbLySce849JPfYAaNCGsaXtrK6tr6xWdgqbu/s7u3rB4dd4Ycckw72mc/7NhKEUY90JJWM9ANOkGsz0rNnl6neuydcUN+7k1FAhi6aeNShGElFjfS65SI5FU58lcAmtOLyw4jCKozU3YRO2lUqVQumnVm1xr 4USr2xkpFeMmpGVnAZmDkogbzaI/1TuXHoEk9ihoQYmEYghzHikmJGkqIVChIgPEMTMlDQQy4RwzhbMIGnihlDx+fqeBJm7G9HjFwhItdWk9k6i1pK/qcNQuk0hjH1glASD88fckIGpQ/TtOCYcoIlixRAmFP1V4iniCMsVaZFFYK5uPIy6J7VzIuacXteajXyOArgGJyAMjBBHbTANWiDDsDgETyDV/CmPWkv2rv2MR9d0XLPEfhT2vcPrlyfgA==</latexit>

D = {(xi, yi = f(xi)), i = 1, . . . , N}

<latexit sha1_base64="DzPCXcjffeiIroWOxf/x9hr8llk=">AAACDHicbVDLSsNAFJ34rPVVdelmsAh1UxKR6kYoduNKKtgHNCFMJpN26GSSzkzEEPoBbvwVNy4UcesHuPNvnLZZaOuBgcM55zL3Hi9mVCrT/DaWlldW19YLG8XNre2d3dLefltGicCkhSMWia6HJGGUk5aiipFuLAgKPUY63rAx8Tv3REga8TuVxsQJUZ/TgGKktOSWyg33pvLg0pPL1KX2aJQgH9pBJBBjUMvQphzqlFk1p4CLxMpJGeRouqUv249wEhKuMENS9iwzVk6GhKKYkXHRTiSJER6iPulpylFIpJNNjxnDY634UK+gH1dwqv6eyFAoZRp6OhkiNZDz3kT8z+slKrhwMsrjRBGOZx8FCYMqgpNmoE8FwYqlmiAsqN4V4gESCCvdX1GXYM2fvEjap1WrVq3dnpXrV3kdBXAIjkAFWOAc1ME1aIIWwOARPINX8GY8GS/Gu/Exiy4Z+cwB+APj8wcEqZpa</latexit>

CN (xi) = yi 8xi 2
<latexit sha1_base64="0E9i2vZ/ziSHHpNfYYvg87Cj8iw=">AAACIHicbVDLSgMxFM34rPU16tJNsAgtlDIjSrspFHThSirYB3RKyaSZNjTzIMmIwzCf4sZfceNCEd3p15iZzkJbLySce849JPfYAaNCGsaXtrK6tr6xWdgqbu/s7u3rB4dd4Ycckw72mc/7NhKEUY90JJWM9ANOkGsz0rNnl6neuydcUN+7k1FAhi6aeNShGElFjfS65SI5FU58lcAmtOLyw4jCKozU3YRO2lUqVQumnVm1xr4USr2xkpFeMmpGVnAZmDkogbzaI/1TuXHoEk9ihoQYmEYghzHikmJGkqIVChIgPEMTMlDQQy4RwzhbMIGnihlDx+fqeBJm7G9HjFwhItdWk9k6i1pK/qcNQuk0hjH1glASD88fckIGpQ/TtOCYcoIlixRAmFP1V4iniCMsVaZFFYK5uPIy6J7VzIuacXteajXyOArgGJyAMjBBHbTANWiDDsDgETyDV/CmPWkv2rv2MR9d0XLPEfhT2vcPrlyfgA==</latexit>

D = {(xi, yi = f(xi)), i = 1, . . . , N}

with without?

Yao, DB, Cui, Roberts, 2403.08088 (FR in press)

○

○

○

○

○

○

○

○

○

○

○

○

Madey
Riordan

0 2 4 6 8 10 12
0.0

0.2

0.4

0.6

0.8

1.0

Q 2 /GeV2

μ n
G
En (
Q
2 )
/G

Mn
(Q

2 )

○

○
○

○ ○
○

○

○

○

○

○

○

○

○

○
○○

○
○

○

○

○

○

○

○

○

○

○
○

○
○

○
○

○

○

○
○

○

○

○

○
○
○ ○

○

○

○
○

○
○

○

○

Q 2F2
u /|F2

u (0)|/GeV2

Q 2F2
d /|F2

d (0)|/GeV2

0 2 4 6 8 10 12 14
-0.2

-0.1

0.0

0.1

0.2

Q 2 /GeV2

Q
2 F

2d,
u (
Q

2 )
/|F

2d,
u (
0)
|/G

eV
2

Zero-crossing of      (linear fit to data) Fd
1

Q2 = 9.8 ± 1.8 GeV2

EHM prediction
Q2 = 5.7+1.5

−0.5 GeV2

experiment is only 1.4σ away from our prediction!



BETHE-SALPETER  
FADDEEV EQUATIONS

TRIANGULAR DIAGRAM SPM INTERPOLATION

with without?p/n FORM FACTORS
G R A V I TAT I O N A L

Yao et al, EPJA 61 (2025)

+

α

𝒢

Ψ

S

S Ψ

S S
Γg

μν

Ψ

S

Ψ

S S
Γg

μν

S S

S

[Λ(3)
n′￼n]

δ′￼δ
μν = −

<latexit sha1_base64="Fx91Cr6JtBPC138c5qi9Nj+YHMc="></latexit>

mN!Ng
µω (Q) = →!+(pf )[KµKωA(Q2) + iK{µω ω}εQεJ(Q

2)

+ 1
4 (QµQω → εµωQ

2)D(Q2)]!+(pi)

P P

α
p1

β
p2

Ψ
α

p1

β
p2

= Ψ
S

S
𝒢k

α
p1

β
p2

p3

γ

Ψ

α
p1

β
p2

p3

γ

= ∑
{1,2,3}

Ψ

S

S
𝒢k

PP

Herein: 0.712 (χ2=1.4)
Best fit: 0.820 (χ2=0.67)

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

Q2/GeV2

g/q
(A

)

Herein: 0.712 (χ2=0.30)
Best fit: 0.628 (χ2=0.28)

0.0 0.5 1.0 1.5 2.0

-2

0

2

4

Q2/GeV2

g/q
(D

)

Herein: 0.712 (χ2=0.80)
Best fit: 0.834 (χ2=0.39)

0.0 0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

Q2/GeV2

g/q
(J
)

Total
q
g

0 1 2 3 4
-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Q2/GeV2

D
(Q

2 )

Total
q
g

0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

Q2/GeV2

J(
Q
2 )

Total
q
g

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

Q2/GeV2

A
(Q

2 )

Herein
BEG
HPS

0.0 0.5 1.0 1.5 2.0
-2.0

-1.5

-1.0

-0.5

0.0

Q2/GeV2

D
u
+d
(Q

2 )

Herein
BEG
HOPS

0.0 0.5 1.0 1.5 2.0
-2.0

-1.5

-1.0

-0.5

0.0

Q2/GeV2

D
u
+d
(Q

2 )

Herein
BEG
HPS

0.0 0.5 1.0 1.5 2.0
-2.0

-1.5

-1.0

-0.5

0.0

Q2/GeV2

D
u
+d
(Q

2 )

Total
q
g
Total π /2

0.0 0.5 1.0 1.5 2.0 2.5
-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

r /fm

r2
p(
r)

[G
eV

/fm
]

Total
q
g
Total π /2

0.0 0.5 1.0 1.5 2.0 2.5

0.00

0.02

0.04

0.06

0.08

r /fm

r2
s(
r)

[G
eV

/fm
]

D(0)=? …the last unknown 
property of the nucleon…

A(0)=1 
J(0)=½ 

SPM INTERPOLATION

D(0)=-3.11(1)
rmass = 0.81(5)rch

rmech = 0.72(2)rch

Schlessinger, PR 167 (1968)
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 EHM predictions
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rch > rmass > rmech

rq,ζ2
mass = 0.62(4)rch rg,ζ2

mass = 0.52(3)rch

rq,ζ2
mech = 0.55(2)rch rg,ζ2

mech = 0.47(2)rch
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