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Nucleon Electromagnetic Form Factors

• Fundamental properties of the proton and neutron

– Provide deviation of cross section from point-particle scattering

– Contain information on charge, magnetization distributions

– Connect to distribution, dynamics of quarks in hadrons

• Experimental program reinvented at JLab

– Considered by many to be well understood by mid/late 80s

– Polarization techniques  dramatic advances in Q2 range, precision

• Many applications of these new data/techniques

– Precise knowledge of FFs needed by other experiments

– Advances in other programs, relying on same techniques



Where Were We ~20 Years Ago?

Range 
allowed by 
e-d elastic

Proton Neutron

(Surprisingly close to where 
we were 30 years ago)



Unpolarized Elastic e-N Scattering

Nearly all of the measurements used Rosenbluth separation

σR = dσ/dΩ [ε(1+τ)/σMott] = τGM
2 + εGE

2

τGM
2

GE
2

θ=180o θ=0o

Reduced sensitivity when 
one term dominates:
• GM if τ << 1
• GE if τ >> 1
• GE if GE

2<<GM
2 (neutron)

Lack of free neutron target: 
Corrections for nuclear effects 
and proton contributions

τ = Q2/4M2

ε = [ 1 + 2(1+τ)tan2(θ/2) ]-1
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New techniques: Polarization and A(e,e’N)
• Mid ’90s brought measurements using improved techniques

– Polarized beams with polarized target or recoil polarimeter

– Large, efficient neutron detectors for 2H(e,e’n)

– Improved models for nuclear corrections

Polarized 3He target

Bigbite in Hall A at JLab

Focal plane 
polarimeter

L/T: τGM
2 + εGE

2

Pol: GE/GM



Nucleon Form Factors: 5 years ago

Proton Neutron



Impact of Recent Form Factor Measurements

• High-Q2 Measurements (2000+)

– Quark structure, orbital angular momentum

– Charge/magnetization densities in Infinite-

Momentum Frame

• Low/Modest-Q2 Measurements (2003+)

– Comparison of charge, magnetic form factors

– Flavor dependence up to 3.4 GeV2

• Proton charge, magnetization radii 
(2010+)

Graphic by Josh Rubin

TWO-PHOTON EXCHANGE



Leading explanation is hard 2-γ exchange, not included 
in standard radiative corrections of Mo-Tsai, etc. 

Rosenbluth - Polarization discrepancy

Expected to be relatively small effect: few % or less
Can still change Rosenbluth significantly

Polarized
Rosenbluth
Super-Rosenbluth

τGM
2

GE
2



Two-photon exchange corrections (early days)

Two-photon exchange effects can explain 
discrepancy in GE

Requires ~6% ε-dependence, weakly 
dependent on Q2, roughly linear in ε

If this were the complete story, LT would give GM, 

Polarization gives GE/GM

• This is wrong and introduces large errors -

sometimes larger than the real TPE corrections!

Important to quantify TPE and to constrain calculations 

to estimate TPE on other reactions

Guichon and Vanderhaeghen, 
PRL 91, 142303 (2003)

JA, PRC 69, 022201 (2004)
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Conclusions from combined analysis of 
A. Afanasev, P. G. Blunden, D. Hasell, and B. A. Raue:

→ CLAS and VEPP-3  and OLYMPUS data exclude no TPE hypothesis at >95% 

confidence level 

→  Data of insufficient precision to distinguish calculations of 2-γ contributions 

→  Renormalization of OLYMPUS results required at twice the estimated uncertainty  

2γ contributions from e+p / e-p ratios 

New data from 

 VEPP-3

 CLAS

 OLYMPUS

Hard 2γ contribution comes in with different signs for e+p and e-p  =>              

OLYMPUS PRL 118, 092501 (2017)

D. Rimal et. al [PRC]

σ+/σ− = R
2γ

~ 1-2δ
2γ

JA, PRC 69, 
032201 (2004)

Evidence for TPE (only low Q2 data) 

from earlier measurements



Two-Photon Exchange – where we are today
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Direct measurements (e+-e− comparisons) of TPE up to 

0.5 GeV2 (old data), up to 2 GeV2 (new generation)

Multiple calculations give qualitative or semi-quantitative 

description of discrepancy and direct positron measurements

Indirect indications of TPE (via discrepancy) 

for ~2-7 GeV2 – limited high Q2 precision

JLab Hall C GEP-III PRC 96, 055203 (2017)



Goals of GMp-12

• Precise e-p elastic cross section over wide range of JLab-12 kinematics

– Input to a wide range of analyses: QE scattering, GEp/GEn/GMn form factors

• Expand measurements of TPE to higher Q2 values

• Improved extraction of GMp at high Q2 (TPE constraints; lower ε for smaller extrapolation)

High precision, wide kinematic range:

• Checks of tracking, optics,…

• Updated radiative corrections
A.V.Gramolin and D.M.Nikolenko, PRC 93 (2016) 055201 

• Excellent systematic uncertainties

– 1.2-1.3% point-to-point

– 1.6% (2% RHRS) normalization

Critical for Q2 > 6 GeV2



Rosenbluth separations

New data, updated RC:  <∆2γ> = 4.2 ± 2.0% (for Q2>6 GeV2)

Indications of TPE over full Q2 range

Global fit to Sill, Andivahis, Christy, and GMp12, all with updated RC, 

plus direct LT separation points (do not reflect the full high Q2 data set)
Minimal low-Q2 data included: fit focused on high-Q2 behavior



Radiative corrections and TPE

New data, updated RC:  <∆2γ> = 4.2 ± 2.0% (Q2>6 GeV2)
Using conventional RC:  <∆2γ> = 6.6 ± 2.1% (Q2>6 GeV2)

New RC resolves roughtly one-third of the discrepancy

Even after this, discrepancy between continues to Q2 > 15 GeV2



Impact on Rosenbluth uncertainties
Rosenbluth extractions insensitive to global fit

• Reduced Rosenbluth form factor uncertainties

• Better constraints on TPE (limited by Rosenbluth 

Uncertainties)

• Precise cross sections across JLab12 kinematics

• Reduced extrapolation, TPE uncertainty

• Direct input for several analyses



Goals of GMp-12

• Precise e-p elastic cross section over wide range of JLab-12 kinematics

• Expand measurements of TPE to higher Q2 values

• Improved extraction of GMp at high Q2

Accepted by PRL (last week), with 16 page

supplement on experiment, analysis, RC, fits, TPE
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