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Confinement : assumed property of QCD


Built in to Lattice QCD calculations


Experimenters asking how  connect confinement to their efforts


Aspects of energy-momentum tensor : accessible -DVCS, J/ 


Ji gave LBL talk - using old analysis of force density


Needs . PRC112,045204 (2025)


Impossibility of obtaining time-independent,spherically symmetric 
densities of confined systems of relativistically moving constituents  

Tμν Ψ

Ψ* Ψ
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Requirements to get force

• Model independence 


• Respect relativity - 


• Uncertainty principle- define position inside proton

Ψ* Ψ

⃗F q(r⊥) =
M
4

⃗∇⊥Gs,q(r⊥)
ρq(r⊥)

Key result 

Numerator and denominator are observable
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Outline

• Connect  to force


• Relativity & uncertainty principle 


• Relevant experiments


• Results  

Tμν
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Theory background- E&M

• Jackson force density , divergence of  
symmetric stress tensor   relates to force density 


• Space component:  


• Integral of divergence over the volume gives the force on 
a surface 


• Want to do same thing for QCD, Ji  group’s work

∂αΘαβ = − fβ

Θαβ fβ

⃗f = ρ ⃗E + ⃗J × ⃗B
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QCD Energy-Momentum Tensor Tμν

•  is symmetric rank-2 tensor


• Space-time translation invariance 


• Decompose  into traceless   and trace  terms


•  , irreducible spin 2 and spin 0 
representations of Lorentz group

Tμν

→ ∂μTμν = 0

Tμν T̄μν ̂Tμν

Tμν(x) = T̄μν(x) + ̂Tμν(x)
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Energy momentum tensor and force density

•  


• .     is field-strength tensor


•

T̄μν
q = 1/2ψ̄iDμγνψ

T̄μν
g =

1
4

gμνF2 − FμαFν
α Fμν

ℱj
q = ∂μTμj

q = gψ̄γμFμjψ =
8

∑
c=1

g(ρcE
j
c + ( ⃗jc × ⃗B c) j)

Divergence of quark EMT is color Lorentz force

Force density ℱj
q

Symmetrized in μ, ν
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To get  need matrix elements ℱj
q Tμν

• Use Lorentz covariant description of EMT with 0 divergence, 




• 


• The ``Gravitational form factors"  are measurable,  is proton mass


• The quark & gluon terms of  have non-zero divergent terms 
proportional to 


• A is a measure of momentum content, B is related to angular momentum, 
C is the new thing to measure

q = P′￼− P, P̄ =
1
2

(P + P′￼)

⟨P′￼|Tμν |P⟩ = Ū(P′￼)[A(q2)γμP̄ν + B(q2)i
P̄μ

2M
σναqα + C(q2)(qμqν − q2gμν)]U(P)

A, B, C M

Tμν

gμν
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Quark term

• 


• Choose  to make  traceless: 


• 


• Force on quarks:  =force density

⟨P′￼| T̄μν
q |P⟩ = Ū(P′￼)[Aq(q2)γμP̄ν + Bq(q2)i

P̄μ

2M
σναqα + Cq(q2)(qμqν − q2gμν) + gμνC̄]U(P)

C̄ T̄μν
q C̄ = −

M
4

Gs,q(q2)

Gs,q(q2) = Aq(q2) − Cq(q2)
3q2

M2

∂μT̄μν
q = −

M
4

∂νGs,q
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Relativistic Definition -Proton Position 

• Light front variables 




• 


• , localizes  to 0,   

• All proton states in the integral have same internal 
structure 

Pμ = (P−, P+, P⊥), P± =
P0 ± P3

2
, P− =

P⊥
2 + M2

2P+

rμ = (r−, r+, r⊥)

|Ψ⟩ = ∫ d2P⊥ |P+, P⊥⟩ R⊥ P+ → ∞
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P+r⊥

Infinite momentum frame



Coordinate space densities

• 


• 


•  first two terms vanish because  is fixed and infinite


• 


• After integration over the perpendicular momenta 

ρ𝒪(r−, r+, r⊥) = limP+→∞ ∫ dr−⟨Ψ |𝒪(r+, r−, r⊥) |Ψ⟩

𝒪 = ∂μTμν =
∂T+ν

∂x+
+

∂T−ν

∂x−
+ ∂iTiν

P+

⟨Ψ |∂±T±,μ |Ψ⟩ = ⟨Ψ | [∂±, T±,μ] |Ψ⟩ = ⟨Ψ |P±T±,μ − T±,μP± |Ψ⟩ = 0

ℱi
q = ∂i ∫ d2qe−iq⊥⋅r⊥Gs,q(q2

⊥) ≡ ∂iGs,q(r⊥)

= −
M
4

∂νGs,q

We have the force density !10

P+r⊥



From force density to force

• ,   


• 


• Denominator known from electron scattering


• Numerator systematically improvable by more 
measurements

force =
force density
quark density

ρq(r⊥) = 3(Fp
1 (r⊥) + Fn

1(r⊥))

⃗F q(r⊥) =
M
4

⃗∇⊥Gs,q(r⊥)
ρq(r⊥)
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 Electron scattering accesses gravitational 
form factors A,C

second rank tensor Tμν

Deeply Virtual Compton Scattering DVCS, or DV meson production

photon, vector meson

quark

Electron scattering measures Generalized Parton Distributions  GPDs

γνγμ
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Results- Gs,q
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Figure 1: The quark scalar form factor𝐿𝑀,𝑁 (𝑁
2
) obtained from LQCD calculations and exper-

imental data. Direct LQCD calculations are shown as purple error bars (34). The GYZ fit (orange

curve and band) represents the Bayesian inference of LQCD (main) and 𝑂/𝑃 photoproduction

data (32). The black curve and band exhibits the experimental information from GUMP fit and

BEG’s dispersive analysis of DVCS data (5,33).

at large values of momentum transfer, |𝑁2
|. See Supplementary Materials section for numerical

details and error analyses.

The force acting on the proton’s quarks in the IMF, using Eq. (5) is displayed in Fig. 2. The

denominator of Eq. (5) is obtained from the Dirac proton and neutron form factors of Ref. (40).

The forces extracted from the GYZ fit and GUMP & BEG fits, together with the 1𝑄 deviations, are

shown as the orange and black curves and associated shaded areas. For comparison, we also show

the constant confining force inferred from several relativistic quark models as the blue hatched

band (41–44).

The experimental results from GUMP & BEG fits provide strong evidence for a net confin-

ing force acting on quarks. At intermediate distances, specifically 𝑅→ = 1.0 ↑ 1.4 fm, where

the uncertainties are relatively small, the total force acting on the quarks extracted from the ex-

perimental data is consistent with the QCD linear potential. Averaging over this interval yields

6

GUMP- GPDs through universal moment parameterization 
Combines DVCS,  DVMP,Pdfs, nucleon electromagnetic form factors


Lattice calculations , BEG is DVCS
13
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Figure 4: The tansverse nucleon charge and magnetic densities; the left (right) panels are for the proton (neutron), while the top (bottom) panels are the charge
(magnetic) densities. The solid line indicates the extracted density, while the orange and green dotted lines are the lower/upper error bands. Note that the errors are
small making the uncertainties hard to see in most cases. The densities and uncertainties are included in the supplemental material [33].

the neutron magnetization density is slightly larger than that of
the proton because of the larger anomalous magnetic moment.
This similarity is expected both from the non-relativistic quark
model[49], which ignores pion cloud effects, and from models
in which the nucleon’s pion cloud dominates its structure; for
example, Ref. [50] in the limit that bag size is taken to be very
small.

6. Conclusion

We examined the uncertainties of previous extractions of
G

n

M
, in particular the separation of systematic uncertainties into

scale and point-to-point uncertainties, to account for the sys-
tematic differences between different experiments. We updated
the global fit of Ref. [13], including both new data on G

n

M
[14]

and using the updated uncertainties for earlier measurements.
The fit procedure imposes realistic constraints on the form fac-
tor at both low and high Q

2 values as well as providing realistic
estimates of the uncertainties. Allowing for the scale uncertain-
ties in the updated evaluation of the data sets, we obtain a fit
to the world data that does not require additional artificial en-
hancement of the uncertainties, as was done in [13] to provide
a good fit. Combining the new parameterization of G

n

M
with the

other form factor results from [13] gives a complete set of fits
and uncertainties for the nucleon electromagnetic form factors.

We then used this set of parameterizations to provide an
updated extraction of the transverse charge and magnetization
densities for the proton, following the procedure of Ref [8],

along with a new extraction of the neutron densities. The con-
straints on the high-Q2 behavior allowed the extraction to be
performed without a truncation of the form factor at high Q

2

which, combined with the additional data of this analysis and
Ref. [13] yields improved uncertainties in the densities com-
pared to the previous extraction.
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Results-  ⃗F q(r⊥) =
M
4

⃗∇⊥Gs,q(r⊥)
ρq(r⊥)
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Figure 2: Strong force on quarks in the proton in the transverse plane of the IMF. The forces

are obtained using the latest global analyses of the quark momentum current form factors (5,32,33).

The figure shows the total force from experimental data (black curve and band) and from the fit

dominated by LQCD calculations (orange curve and band). The blue hatched band shows the string

tensions from several relativistic quark models (41–44).

𝐿̄𝑀 = →0.382(92) GeV/fm, where the uncertainty corresponds to a 1𝑁 deviation. On the other hand,

the GYZ fit, dominated by the LQCD data, produces a mean value 𝐿̄𝑀 = →0.217+0.016
→0.015 GeV/fm

with uncertainties 1𝑁, for the range 𝑂↑ = 0.7 ↓ 1.2 fm. The GYZ fit exhibits relatively small

uncertainties, obtained from a Monte Carlo replica method. These values are also compatible with

relativistic quark models. The negative value of the force denotes an attractive potential on the

quark because the force is the negative gradient of the potential.

The significant uncertainties shown in Fig. 2 at large distances, particularly for experimental

extraction, illustrate the challenges in measuring the EMT form factors. These can only be accessed

through processes sensitive to generalized parton distributions (1, 21). Measuring these processes

generally requires data from high-energy and high-luminosity facilities with detectors capable of

precise and complete mapping of scattering events. Therefore, data from the future Electron-Ion

colliders (45, 46) are crucially needed to improve the precision of EMT form factors and thereby
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Constant negative force means attractive linear potential 
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Summary

• Found evidence for quark confinement in the proton


• Presented force as a ratio of two quantities that can be 
determined from experiments


• Force is consistent with linear potential, magnitude consistent 
with phenomenology


• Experimental uncertainties can be reduced through further 
measurements
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