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–Founding Director Hermann Grunder

“We hope that, working together, we will achieve a deep 
understanding of quarks and gluons, and precisely how they 

form all nuclear matter.” 



Nuclear partons ≠  

A × Nucleon partons
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Quarks: EMC Effect
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Original 
Expectation

Experimental 
Observation

Iron / Deuterium 
Structure Function

Aubert et al., PLB (1983); Ashman et al., PLB (1988); 
Arneodo et al., PLB (1988); Allasia et al., PLB (1990); 
Gomez et al., PRD (1994); Seely et al., PRL (2009); 
Schmookler et al., Nature (2019)
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Universal Growth Across Nuclei
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Schmookler et al. Nature (2021)

Gomez et al. PRD (1994)
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Over 40 Years of Steady Progress
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199419881983

Aubert et al. PLB (1983)

Ashman et al. PLB (1988), 
Aachen et al. PLB (1988)

Gomez et al. PRD (1994)

80s - 90s: Observation & Exploration



2019
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2009199419881983

Aubert et al. PLB (1983)

Ashman et al. PLB (1988), 
Aachen et al. PLB (1988)

Gomez et al. PRD (1994)

Seely et al. PRL (2009) Schmookler et al. Nature (2019)

2000s: JLab Precision Data



2011: EMC-SRC Correlation

9Nature (2019); RMP (2017); IJMPE (2013); PRC (2012); PRL (2011)
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 Interlude: Short-Range
Correlations

Fluctuations of close- 
proximity nucleon pairs
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The Two-Phased Nucleus
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Bound    =    ‘quasi Free’    +    Modified SRCs



SRCs experience universal modification

14Schmookler et al. Nature (2021)



Global analysis of nPDF data under SRC 
nuclear-structure framework

15Denniston et al. PRL (2024)



Global analysis of nPDF data under SRC 
nuclear-structure framework

16Denniston et al. PRL (2024)
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Global analysis of nPDF data under SRC 
nuclear-structure framework
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Denniston et al. PRL (2024)

2011
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2009199419881983

Aubert et al. PLB (1983)

Ashman et al. PLB (1988), 
Aachen et al. PLB (1988)

Gomez et al. PRD (1994)

Seely et al. PRL (2009)

Today: New nuclear-particle bridge!

Weinstein et al. PRL (2011) Schmookler et al. Nature (2019)



Present

• Precision nuclear 
dependence 
(E12-10-008, 
E12-06-105) 

• Spectator-tagging 
(BAND, ALERT, LAD) 

• Polarized EMC Effect 
(E12-14-001)
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2009199419881983

Aubert et al. PLB (1983)

Ashman et al. PLB (1988), 
Aachen et al. PLB (1988)

Gomez et al. PRD (1994)

Seely et al. PRL (2009)

+ New Observables @ JLab & EIC

Weinstein et al. PRL (2011) Schmookler et al. Nature (2019)



20Denniston et al. PRL (2024)

Working to understand the full 
partonic structure of nuclei



21Denniston et al. PRL (2024)

But… High-x Gluons lag behind!



Proposal: Gluonic Probes of SRC Structure
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γ J/ψ

p

X
A

Total

MF

SRC

12C

Y. Hatta et al, PLB 2020

Spectral function 
(MF + SRC) Flux factor Free-proton cross section



First Observation:  
Hall D SRC-CT Experiment

• Late 2021: First Hall D nuclear target run 

• 2H, 4He, 12C targets with GlueX spectrometer  

• 15 PAC days, B+ rating 

• Publications: Phys. Rev. Lett Editors’ Suggestion; 
Phys. Lett. B; Multiple analyses entering final 
review 

• 2 Ph.D. theses complete; 3 ongoing!
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Isolating  events from photonuclear dataA(γ, J/ψ p)

Lepton identification: 

• Total calorimeter energy 
deposition 

• Calorimeter shower evolution
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• Elasticity:  GeV 

• Exclusivity: veto extra detector activity 

•  isolated using light-front mass 
variable, fit to mass spectrum to select 
signal:

|Emiss − mN | < 1

J/ψ → e+e−

1.5

Track Momentum / Shower Energy
1.1 1.2 1.3 1.41.00.90.80.7

Background 
pions

Electrons deposit most 
energy in calorimeters 

Background 
pions

Electron 
candidates



All nuclei

Successful  observation!J/ψ

25Pybus et al. PRL (2025)



All nuclei

Successful  observation!J/ψ

26Pybus et al. PRL (2025)

Subthreshold!



Absolute Cross-Section Extraction

27Pybus et al. PRL (2025)



Suggesting gluon modification

28Pybus et al. PRL (2025)



Suggesting gluon modification
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dσ
dt

(γp → J/ψp) =
dσ
dt t=0

(sγp) × F2(t)

Forward cross 
section

Gravitational 
form factor

Pybus et al. PRL (2025)



Suggesting gluon modification

30

  
dσ
dt

(γp → J/ψp) =
dσ
dt t=0

(sγp) × F2(t)

Forward cross 
section

Gravitational 
form factor

Smaller proton? 
Denser proton? 

Multi-nucleon interactions?Pybus et al. PRL (2025)
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Future2025

Nuclear Gluons are 40 years behind quarks @ large  

We need to catch up!

x



PR12-25-002: 
Proposed measurement of 4He 
can constrain mechanisms of  

production from nuclei at threshold 
J/ψ
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80 PAC days measurement of 4He 
~600  events 

Measure cross section across full energy range and kinematics
J/ψ



PR12-25-002
• Signal channel: quasi-elastic  

• Lepton identification using calorimetry and new forward upgrades (FCAL, TRD) 

• Full selection criteria detailed in PRL 

• Primary backgrounds: incoherent  production and Bethe-Heitler  

• Point-to-point systematic uncertainties primarily from cut-dependence and  
yield extraction 

•  signal and nuclear kinematics isolated using light-front observables 

• Differential measurement planned; dependence on , , , 

4He(γ, J/ψ p)

π+π− e+e−

J/ψ

J/ψ

Eγ t αmiss pt
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Forward calorimeter can measure shower evolution
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New PbWO4 ECAL insert 
• 2x improved energy and position 

resolution 
• 4x improved granularity → improved 

shower shape, separates  from  
within acceptance

e± π±



GEM-TRD upgrade will improve /  separatione± π±
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Planned 15-cm forward TRD 
provides ~10×  rejectionπ±

Barbosa et al. NIM (2019)



SRC can be isolated using light-front variables
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Detailed uncertainty study for  productionJ/ψ
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Projected uncertainties calculated using PRL data; 
Measurement will be statistically-dominated



Precision Data
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Separating + constraining 
modification hypotheses

40

Modified Form Factor Modified Gluon Density



Separating + constraining 
modification hypotheses

41

Modified Form Factor Modified Gluon Density

Deviation from “free proton expectation” can be established in a data driven manner!



Separating mean-field / SRC gluon structure
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γ J/ψ

p

γ J/ψ

p

Double-differential measurements are key for separating out 
modification mechanisms → Requires improved statistics

~10% radius measurement~4% radius measurement



Summary
• 85 PAC days: helium-4 (80 days) + deuterium (5 days) 

• Standard Hall D setup, as in our PRL run 

• Diamond radiator, 8 GeV coherent photopeak 

• Semi-inclusive photoproduction measurement: 

•  photoproduction from  

• Expands program of previous E12-19-003 experiment

J/ψ (γ, e+e−p)

43
• Phys. Rev. Lett Editors’ Suggestion; Phys. Lett. B; 

Multiple analyses in final review



Backup
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Hall D Advantages 
• Diamond radiator → tunable coherent bremsstrahlung spectrum 

• Real photon beam → allows for comparison with significant free-
proton data from GlueX 

• High-resolution photon energy tagger 

• Crucial for definitive subthreshold measurement 

• Large-acceptance GlueX spectrometer 

• Ability to measure 3+ final-state particles with large angular gaps
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Photoproduction of  from bound protonsJ/ψ
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γ J/ψ

p

X
A

Incoherent  photoproduction near 
threshold sensitive to both nuclear and 

partonic effects

J/ψ



Photoproduction of  from bound protonsJ/ψ
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γ J/ψ

p

X
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Free 
proton

Helium

Incoherent  photoproduction near 
threshold sensitive to both nuclear and 

partonic effects

J/ψ



Photoproduction of  from bound protonsJ/ψ
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γ J/ψ

p

X
A

SRC

MF
Free 

proton

Helium

Incoherent  photoproduction near 
threshold sensitive to both nuclear and 

partonic effects

J/ψ

“Sub-threshold” production; 
increased nuclear effects



Photoproduction of  from bound protonsJ/ψ
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γ J/ψ

p

X
A

SRC

MF
Free 

proton

Helium

Incoherent  photoproduction near 
threshold sensitive to both nuclear and 

partonic effects

J/ψ

dσ(γA → J/ψpX)
dtd3pmissdEmiss

= vγi ⋅
dσ
dt

(γp → J/ψp) ⋅ S(pmiss, Emiss)



Photoproduction of  from bound protonsJ/ψ
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γ J/ψ

p

X
A

Incoherent  photoproduction near 
threshold sensitive to both nuclear and 

partonic effects

J/ψ

  
dσ
dt

(γp → J/ψp) =
dσ
dt t=0

(sγp) × F2(t)

Forward cross section

Gravitational form factor

dσ(γA → J/ψpX)
dtd3pmissdEmiss

= vγi ⋅
dσ
dt

(γp → J/ψp) ⋅ S(pmiss, Emiss)



Plane-wave cross-section sensitive to 
integral over free-proton cross section
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Modeling sub-threshold photoproduction does not require precision 
measurement of  GeV cross section from the protonEγ ∼ 8.2



Plane-wave simulations validated against existing data

52Pybus et al. PRL (2025)



Light-cone mass variable improves kinematic stability
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Analysis on the light-front
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Nucleon in Nucleus

Parton in Hadron

Parton momentum fraction  
xB

Nucleon momentum fraction  

αN ≡ A
EN − pz

N

EA − pz
A



Reformulate invariant mass using light-front variables
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M2
e+e− = (p−

e+ + p−
e−) (p+

e+ + p+
e−) − ( ⃗p⊥

e+ + ⃗p⊥
e−)2 p± = E ± pz



Reformulate invariant mass using light-front variables
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Poorly-
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resolution effects
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Enhancement of 
resolution effects



Reformulate invariant mass using light-front variables
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Reformulate invariant mass using light-front variables
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e−) (p+
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e−)2

e+

e−
p

Assume recoil 4-momentum 
carried by single nucleon

γ

(N)

pγ + p2N = pe+ + pe− + pp + pN



Reformulate invariant mass using light-front variables
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Reformulate invariant mass using light-front variables
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Reformulate invariant mass using light-front variables
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Reformulate invariant mass using light-front variables
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M2
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e+ + p−
e−) (p+

e+ + p+
e−) − ( ⃗p⊥

e+ + ⃗p⊥
e−)2

M2
e+e− ≈ (p−

e+ + p−
e−) (2Eγ + 2mN − p+

p −
m2

N + p2
tot

2mN − p−
tot ) − ( ⃗p⊥

e+ + ⃗p⊥
e−)2

Assume recoil 4-momentum 
carried by single nucleon
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for “plus” momentum
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e−
p

γ

(N)



Simulation shows resolution improvement

63Pybus et al. PRL (2025)
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Careful selection of observables 
improves signal resolution

Measured  [GeV]Mee Light-front  [GeV]Mee

γC → e+e−p(X) γC → e+e−p(X)

Pybus et al. PRL (2025)



Low-momentum nucleon:
αN ∼ 1

Analysis on the light-front
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Nucleon in Nucleus

Parton in Hadron

Parton momentum fraction  
xB

High-momentum nucleon: 
Large |αN − 1 |

Light-front variables mitigate 
resolution effects

Nucleon momentum fraction  

αN ≡ A
EN − pz

N

EA − pz
A



Energy-averaged cross section across nuclei
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Plane-wave calculations

Measured data

No large A-dependent 
effects observed

Pybus et al. PRL (2025)



PAC Readers Questions / Our Answers
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