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QCD in the Standard Model

ÁHow does QCD give rise to the 1GeV proton?

ÁHow is the proton mass distributed in its 

confinement size?

The emergence of the proton

ÁSince the formation of 

protons and neutrons, most 

of the mass of the visible 

universe encapsulated in 

protons, neutrons, and 

nuclei.

ÁSurprising: nucleon mass 

much larger than sum of 

quark masses.

Adapted from an illus trat ion by B. 

Sanders, NCSA, University of Illinois
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Why is the proton so heavy?
The proton mass is much larger than the sum of its quarks

Up, down, and 

strange quarks 

are light

Gluons 

are 

massless

Protons are heavy

(~ 938 MeV/c2)

Quark mass
10%

Other
90%

proton
mass budget

Figure adapted from Wikipedia

gu

https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
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Proton mass is an emergent phenomenon
The Strong Interaction itself generates the proton mass!

M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)

I. C. Cloet et al., Prog. Part. Nucl. Phys. 77, 1-69 (2014)
Bottom line: The Higgs mechanism seems

largely irrelevant for most of ñnormalò 

visible matter!

Most of the proton mass originates in the 

energy enclosed in the gluonic fields of the 

Strong Interaction itself

Ὁ άὧ

Gluonic 

fields

Quarks

Figure adapted from illustration by  Sandra Boynton
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What Is the Size of a Proton?
And how should we define this in the first place?

Dense energy core? Same as charge 

radius?

Energy halo beyond 

charge radius?

vs vs

Pefkou, Hackett, Shanahan, PRD 105 (2022) 054509 

2107.10368

2107.10368

https://arxiv.org/abs/2107.10368
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Form factors: the proton in 2D

Electromagnetic charge

Magnetization

Mass

Mechanical structure 

and momentum 

current densities

Form factors provide a map of how 

charge, mass, and internal forces are 

distributed within the proton
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Gravitational Form Factors (GFFs)

Á GFFs parametrize the matrix elements of the 

QCD energy-momentum tensor (EMT) for 

quarks and gluons

Á Reveal the distribution of mechanical properties 

of quarks and gluons in the proton, e.g. mass, 

forces experienced by the quarks, é

Á EM FFs are the matrix elements of the 

electromagnetic current operator

Á Map the charge and magnetization 

distribution in the proton

Electromagnetic FFs Gravitational FFs

ἂὔ ὐ᷄ ὔ᷄ἃ όὔ Ὂ ὗ ‎
Ὥ„ ή

ςὓ
Ὂ ὗ όὔ

ἂὔ Ὕ᷄ȟ
ȟ ὔ᷄ἃ

όὔ ὃȟ ὸ‎ ὖ ὄȟ ὸ
Ὥὖ „ ”ɝ

ςὓ
ὅȟ ὸ

ɝɝ Ὣ ɝ

ὓ
ὅȟ ὸὓὫ όὔ
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Measuring GFFs?

ÁIntroduced in the 60s

ÁAs fundamental as EM form factors and arguably more informative

ÁLess ubiquitous only because we cannot measure them directly!

ÁOne-graviton exchange cross section is vanishingly small

GFFs are not a new concept

Ὠ„

Ὠὸ
ḐὋ

ί

ὸ
Ὃ Ḑὓ Ḑρπ 'Å6

ÁNote:  Direct access may be possible in BSM scenarios with massive gravitons

Á A TeV-scale muon-ion collider would be highly sensitive 

beyond current collider and astrophysical bounds

ÁExample observable: upward deviation from the QED 

prediction for elastic µ-p scattering due to through graviton-

photon interference Y. Hatta, PRD (2024), 2311.14470

https://arxiv.org/abs/2311.14470
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The quark Ὀ GFF and the pressures in the proton

Ὀὸḳτὅὸ
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Indirect measurement through DVCS

ÁMimic a spin-2 exchange with two spin-1 photons?

Replacing the graviton with two photons

P Pô

l lô

ɔ*

ɔ

GPD

ρ ρ ςȩ

ÁCan be attempted for the quark Ὀ-term (alternative 

name for the ὅ GFF)

Ὀ ὸḳτὅὸ

Ὀ Ὀ Ὀ Ὀ Ὀ Ễ

ÁQuark Ὀ-term related to dispersion relation for the 

Compton form factor (CFF) ꞊ּט

2Å꞊ּט‚ȟװὸ
ρ

“
Ὠὼὖ
)Í꞊ּטὼȟװὸ

‚ ὼ
Ὠᾀװςװ 

Ὀ ᾀȟװὸ

ρ ᾀ

Ὀ ὸḳ ὨᾀᾀὈ ᾀȟװὸ

‚ḳ
ὖ ὖ

ὖ ὖ

Skewness  ‚

Teryaev (2005), hep-ph/0510031

Based on Y. Hatta Talk at DNP2025 

https://arxiv.org/abs/hep-ph/0510031
https://arxiv.org/abs/hep-ph/0510031
https://arxiv.org/abs/hep-ph/0510031
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Results from DVCS

ÁThe Ὀ-term from fits to DVCS data in leading order using a 
Gegenbauer expansion truncated to only its first term

ïAnalysis involved fitting DVCS cross-sections and 
asymmetries from CLAS at Jefferson Lab

ïPrimarily sensitive to valence quarks

ÁThe extracted D-term can be related to a (Breit-frame) pressure 
profile inside the proton:

ïRepulsive pressure near the center, up to 10į  pascals.

ÁInterpretation: 

ïA negative D-term is consistent with theoretical predictions

ÅBurkert and collaborators argued that this confirms 
models of quark confinement and the stability of the 
protonôs internal structure

ïOpen question : how can we interpret these results without 
considering the role of gluons?

Mapping the internal pressure of the quarks

Burkert,  et al., Nature, volume 557, pages 396ï399 (2018)

Current status (CLAS6)
Projected impact of CLAS12

Polyakov, Schweitzer, Int. . Mod Phys A (2018) 1805.06596

Burkert, Elouadrhiri, Girod, Nature 557 (2018) 396

For broader stress-tensor interpretation in QFT and many-body systems: 

Nielsen & Martin, PRB 32 3780 (1985); Lorcé & Schweitzer (2501.04622)

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.32.3780
https://arxiv.org/abs/2501.04622
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Caveat on Accessing GFFs through CFFs
A graviton isnôt quite the same as two photons

Ὀ ὸḳ ὨᾀᾀὈ ᾀȟװὸ

What we need

Ὠᾀ
Ὀ ᾀȟװὸ

ρ ᾀ

What we measure

ρ

ρ ᾀ
ᾀװᾀװװρװ ᾀ Ễ

ÁTwo-photon state couples to operators with arbitrary spin, 

making it impossible to formally isolate the spin-2 componenté

ÁTruncating the expansion at ὲ ρ is unreliable, as higher-n 

terms (and NLO contributions) produce large uncertainties
Dutrieux, Meisgny, Mezrag, Moutarde 

EPJC (2025) 2410.13518

ρ ρ  ÁÎÙÔÈÉÎÇ

Based on Y. Hatta Talk at DNP2025 

https://arxiv.org/abs/2410.13518
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Gluon GFFs

and the mass structure of the proton
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14

How do we measure 

the structure of 

nucleons and nuclei 

beyond electric 

charge?

Figure courtesy  of Jefferson Lab
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Charge density through electron scattering
Example: The charge density of 208Pb

e-

e-

ɔ*

A

Elastic electron-

nucleus scattering

Charge form 

factor

Charge 

density

Charge radius

B. Frois, et a l, Phys. Rev. Lett. 38, 576 (1977)

H. De Vries, et a l, Atomic Data and Nuclear Data Tables 36, 495 (1987) 

Figure adapted from 

image by Jefferson Lab

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.576.2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.576.2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.576.2
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Electric charge structure is easily 

measured through electron 

scattering (electromagnetic 

probe)

The structure of objects without 

electric charge (gluons in the 

proton, neutrons in a nucleus) is 

much harder to study with 

electron scattering.

For the case of the neutron 

structure of 208Pb, this has been 

accomplished by leveraging the 

Weak Interaction. 

Electric charge structure Matter structure

Image by Zdenek  Sasek
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Accessing the neutrons in lead -208

Weak charge of protons heavily 

suppressed compared to neutrons.

Parity-violating scattering sensitive 

to the weak form-factor of the 

nucleus.

ὃ
„ „

„ „
Ὃὗ

τ“‌ς

ὗ Ὂ ὗ

ὤὊ ὗ

ɔ, Z0

Nuclear theory predicts a neutron ñskinò on 

heavy nuclei, which implies a neutron radius 

that extends beyond the charge radius.

Diagram courtesy  of  UHZ
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The neutron skin of lead -208

H. Adhikari, et a l, Phys. Rev. Lett. 126, 172502

Figure courtesy  of Jefferson Lab
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How To Measure the Gluon GFFs?
Gluons are elusive!

 Cannot use Electromagnetic probe: 

primarily couples to quarks

 Cannot use Weak probe: also 

primarily couples to quarks

 Cannot use hadronic probe made 

of light quarks: primarily sensitive to 

quark structure

 Cannot use direct gravitational 

probe: interaction too weak
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How To Measure the Gluon GFFs?
Gluons are elusive!

 Cannot use Electromagnetic probe: 

primarily couples to quarks

 Cannot use Weak probe: also 

primarily couples to quarks

 Cannot use hadronic probe made 

of light quarks: primarily sensitive to 

quark structure

 Cannot use direct gravitational 

probe: interaction too weak

 Small ñcolorò dipole made 

of heavy quarks well-suited 

to study gluons 

Figure adapted from Wikipedia

https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
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How To Measure the Gluon GFFs?
Gluons are elusive!

 Cannot use Electromagnetic probe: 

primarily couples to quarks

 Cannot use Weak probe: also 

primarily couples to quarks

 Cannot use hadronic probe made 

of light quarks: primarily sensitive to 

quark structure

 Cannot use direct gravitational 

probe: interaction too weak

 Small ñcolorò dipole made 

of heavy quarks well-suited 

to study gluons 
Use quarkonium photoproduction  as 

stand-in for elastic quarkonium scattering 

Gravitational form factors constrained by 

near-threshold exclusive J/ɣ and Y 

photoproduction

Beyond GFFs: 3D gluonic structure of 

nucleons and nuclei constrained by 

exclusive J/ɣ and Y
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Quarkonium Photoproduction Near Threshold
More Formally (GPD/ pQCD approach)

ɔ/ɔ*

J/ɣ or Y

P Pô
GPD

é

hard

ÁThis is the same ñproblemò as the case for linking DVCS to the Ὀ-term?

ÁImportant difference: skewness parameter ‚ is tunable (large near threshold!)

ÁConformal partial wave expansion is a good approximation for ‚O ρ for gluon 

and strangeness GPDs (but not light quarks), has been shown in LO and NLO!

What we measure

Ὠὼ

ὼ

ρ

‚ ὼ Ὥ‭

ρ

‚ ὼ Ὥ‭
꞊ ὼȟװ‚ȟװὸ

What we need

Ὠὼ꞊װὼȟװ‚ȟװὸ ὃ ὸ τ‚ὅ ὸ

Hatta, Strikman PLB (2021) 2102.12631

Guo et al., PRD (2021) 2103.11506

Guo etal., PRD (2024) 2308.13006

Guo et al. PRL (2025) 2501.10532

Hatta, et al., PTEB (2025),  2501.12343

Hatta, Schoenleber, PRL (2025) 2502.12061

Mamo, Zahed PRD (2021) 2103.03186

Mamo, Zahed PRD (2022) 2204.08857ÁAlternative non-perturbative approach through Holographic QCD

https://arxiv.org/abs/2102.12631
https://arxiv.org/abs/2103.11506
https://arxiv.org/abs/2308.13006
https://arxiv.org/abs/2501.10532
https://arxiv.org/abs/2501.12343
https://arxiv.org/abs/2502.12061
https://arxiv.org/abs/2103.03186
https://arxiv.org/abs/2204.08857
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From GFFs to Mass Structure

ÁMass (energy) form factor is related to the (0,0) component of the EMT:

Ὠ᷿ᴆὼὼὋ ᴆὼ

Ὠ᷿ᴆὼὋ ᴆὼ

Ὃ ὸ ὓ ὃὸ
ὸ

τὓ
ὄὸ

ὸ

ὓ
ὅὸ

ἂὖ Ὕ᷄ ȿὖἃḐὋ ὸ

ÁIn the Breit frame, its Fourier Transform gives an energy density. The RMS for 

zero momentum transfer (ὸ π) is the mass radius ὶ  of the proton.

φ ȿ  - φ

ὶ ḳ

Depends on slope 

and intercept of the 

GFFs at ὸ π
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ὸ

◄

Exclusive Quarkonium Photoproduction
Kinematics

J/ɣthreshold:
Y(1S) threshold:

é

t

ÁPhase space limits bound by quarkonium direction

ïForward (with photon): ὸ ὸ
ïBackward (with proton):  ὸ ὸ

ÁForward direction preferred

ïȿὸȿ-dependence falls rapidly (exponential-like)
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Exclusive Quarkonium production

Before 2019é
J/ɣ

Y(1S)

ÁJ/ɣ photoproduction only constrained at higher energies

ÁY(1S): not much available

ÁElectroproduction almost completely unconstrained 

ÁAlmost no data near threshold
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Quarkonium at Jefferson Lab and EIC

Jefferson Lab

CEBAF: very high luminosity (1035-1039

cm-2s-1) continuous electron beam on 

fixed target

4 experimental halls: 

Å~11GeV in Hall A, B &C

Å~12GeV in Hall D

Jefferson Lab is the ideal laboratory to 

measure J/ɣnear threshold,

due to luminosity, resolution and energy 

reach

Electron -ion Collider

EIC: high luminosity (1033-1034 cm-2s-1) 

polarized electron polarized ion collider

Variable CM energies: 29-140 GeV with 

2 possible interactions regions

Ideally suited to study to J/ɣ

electroproduction at higher energies, 

sufficient energy and luminosity to 

produce Y(1S).

Complementary programs : Jefferson Lab is 

the ideal laboratory to access GFFs with J/ɣ

production, and EIC has sufficient luminosity 

and energy for 3-D gluonic imaging.
Figures courtesy of BNL (top) and Jefferson Lab (bottom)
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12 GeV J/ɣ Experiments at Jefferson Lab

Pic tures and figures  courtesy of Jefferson Lab
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J/ɣ near threshold in hall D
First J/ɣ results from JLab , published in PRL 123, 072001 (2019)

Á1D cross section (~469 
counts)

ÁTrends significantly higher 
than old measurements

ÁSingle 1D t-profile spurred 
on many new theoretical 
calculations

ÁDid not see evidence for 
hidden-charm pentaquarks

Ali et al.  (GlueX), PRL 123, 072001 (2019) (1905.10811)

https://arxiv.org/abs/1905.10811
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J/ɣ-007 (E12-16-007) in Hall C at JLab
Near-threshold J/ ɣ photoproduction

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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Jlab experiment E12 -16-007
J/ɣ-007: Search for the LHCb Pentaquark

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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2-D J/ɣ cross sections near threshold
First results published in Nature in 2023

Ref. 9: D, Kharzeev,  Phys. Rev. D 104, 054015 (2021). 

Ref. 27: Mamo & Zahed, 2204.08857 (2022)

Ref. 10: Guo, Ji & Liu, Phys. Rev. D 103, 096010 (2021)

Ref. 21: Sun, Tong & Yuan, Phys. Lett. B 822, 136655 (2021)

Ref. 18: Hatta, Rajan & Yang, Phys. Rev. D 100, 014032 (2019)

Unfolded 2D cross section results 

compared to various model predictions 

informed by the 2019 1D GlueX results

All models work reasonably well at higher 

energies but deviate at lower energies

4% scale uncertainty

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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Model Assumptions and Caveats
First model -dependent attempt to determine the GFFs from experiment

Assumptions

Neglect ὄὸ - in concordance with both 

models and lattice QCD

Neglect ὅ when evaluating the cross section 

and radii (*)

Assume tripole shape for ὃὸ and ὅὸ (**)

Fix ὃπ to the average gluon PDF from 

CT18

Both models fit the data well … Ḑρ

Holographic Model
K. Mamo & I. Zahed, PRD 103, 094010 (2021) and 2204.08857 (2022)

ﬞ is normalized to the previous World Data 

(not given by the model)

(*) This is appropriate for the holographic model but not the GPD 
model. See Hatta et al. JHEP 12 (2018) 008 & Tanaka, K. JHEP 

03 (2023) 013 for a calculation of ὅ ὅ

(**) Doing the same extraction with a dipole shape does not 
meaningfully impact our results 

GPD Model
Y. Guo, X. Ji, Y. Liu, PRD 103, 096010 (2021)

Assume ‚Ḑρ (it is less than 0.5 for most of 

the experimental data)

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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First Gluonic GFFs from Experimental Data
Remarkable agreement between GFFs from data using the 
Holographic approach and Lattice QCD calculations!

Ref 27 (Holographic QCD): K. Mamo & I. Zahed, PRD 

103, 094010 (2021) and 2204.08857 (2022)

Ref 10 (GPD Formalism): Y. Guo, X. Ji, Y. Liu, PRD 

103, 096010 (2021)

Lattice: D. Pefkou, D, Hackett, P. Shanahan, Phys. Rev. 

D 105, 054509 (2022). 

Holographic QCD approach

GPD approach

Determined from experiment

Lattice QCD calculation

Determined from theory

Update of G -J-L analysis PRD 108 
(2023) no.3, 034003 arXiv:2305.06992

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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The Proton has a Dense Core?

The protonôs mass radius is

substantially smaller than its 

charge radius.

B. Duran et al., Nature volume 615, pages 813ï816 (2023)

https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
https://www.nature.com/articles/s41586-023-05730-4
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S. Adhikari et  al.  (GlueX), Phys. Rev. C 108, 025201 (2304.03845)

GlueX 2023

Differential cross section in 3 Eɔslices

Integrated 1-D cross section 

1 2 3

1

2

3

20% scale uncertainty

2-D differential cross section 

extracted in 3 Eɔslices

Eɔ~ 8.2 - 11.44 GeV

(compared to 10 Eɔslices 

Eɔ~ 9.1 - 10.6 GeV 

for J/ɣ-007)

New GlueX results have 

20% scale uncertainty.

2023 Gluex  Results
2.2k J/ɣ (~ same as J/ɣ-007 e+e- results)

Good agreement within errors with 

between GlueX and J/ɣ-007

https://arxiv.org/abs/2304.03845
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Upcoming results from J/ ɣ-007
Di-muon channel cross section

ÁNear-threshold J/ɣ di-muon channel 
photoproduction cross section

ÁResults double the available statistics from J/ɣ-
007

ï Both dataset in excellent agreement

ÁManuscript currently under peer review

SJ et al., 2602.14416 (2026, preprint)

https://arxiv.org/abs/2602.14416
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Upcoming results from J/ ɣ-007
Integrated cross section and gluonic pressure

ÁCombined analysis of both J/ɣ-007 datasets 
improves constraint on the C GFF

ï Demonstrate increased precision by 
extracting gluonic pressure

ÁCompared to Lattice results

ïQuarks seem to dominate at smaller radii, 
while gluons dominate at larger radii

ÁIntegrated cross section through fit of the 
t-dependence of combined J/ɣ-007 data

ïConsistent with GlueX 2023 results

ïNo evidence of fluctuations indicative 
of open-charm contributions

ÁManuscript currently under peer review

Lattice: D. Pefkou, D, Hackett, P. Shanahan, Phys. Rev. D 105, 054509 (2022). SJ et al., 2602.14416 (2026, preprint)

https://arxiv.org/abs/2602.14416
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Upcoming Results: CLAS 12
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Upcoming Results: CLAS12
From QNP2024
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What about the size of the proton? 
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What Sets the Scale of the Proton

ÁScalar fields hold a special place in QFTs as they can have non-zero VEV

ÁThe trace anomaly Ὕ  appears to have a profound relation to the proton mass

ÁNon-zero value of ὖ Ὂ ὖ  could be considered a SSB of scale symmetry

ïScalar gluon field may fill Higgs-like role in QCD

Decomposing the EMT

Ὕ Ὕ Ὕ

Ὕ ḳ
ρ

τ
Ὣ Ὕ

ρ

τ
Ὣ ρ ‎ ‪ά‪

‍Ὣ

ςὫ
Ὂ

Trace part 

scalar (spin-0)

Traceless part 

tensor (spin-2) Ὕ Ὕ Ὕ
Trace anomaly

4ÒὖװὝ ὖ ςὖὖ ςὓ

Narrative based on X. Ji Talk at DNP2025 
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Defining the Size of the Proton

ÁScalar radius could be argued to be a ñnaturalò definition for the size of hadrons

ïInvariant

ïProperly accounts for gluons

ïElectric-charge agnostic

ïRelated to the emergence of scale in QCD

é and what about the neutron?

ἂὖ Ὕ᷄ȿὖἃḐὋ ὸ

Ὃ ὸ ὓ ὃὸ
ὸ

τὓ
ὄὸ

σὸ

ὓ
ὅὸ

Ὠ᷿ᴆὼὼὋ ᴆὼ

Ὠ᷿ᴆὼὋ ᴆὼ
φ ȿ  - ρψὶ ḳ

ÁThe Fourier Transform now gives the scalar density, with scalar radius ὶ

Depends on slope and 

intercept of the GFFs 

at ὸ π Narrative based on X. Ji Talk at DNP2025 
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Scalar and Mass Structure from World Data
ÁFit to ñworldò (Jlab) data on exclusive J/ɣ 

photoproduction near threshold 

ïAll data from J/ɣ-007 and GlueX
J/ɣ-007, Duran et al., Nature volume 615, pages 813ï816 (2023)

J/ɣ-007, SJ et al., 2602.14416 (2026, preprint)

GlueX, Adhikari et al. (GlueX), Phys. Rev. C 108, 025201

ÁHolographic QCD approach, similar 

assumptions as before

ïAssuming dipole shape for ὃ ὸand 

tripole shape for ὅ ὸ

ïShapes are supported by theory and 

agree with the full functional form from 

holographic QCD Mamo, Zahed PRD (2021) 2103.03186

Mamo, Zahed PRD (2022) 2204.08857

ÁDid not include GPD approach as due to 

insufficient data at ‚  πȢυ to acchieve 

stable fit results Guo et al. PRL 135 (2025) 2501.10532


