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The proton’s shape described by form factors, GEp

and GMp, momentum space representations of charge 
and current distributions in the proton.
Non- relativistically Fourier transforms of 
GEp and GMp are spatial distributions of charge and 
current.  GEp= F1p -  F2p GMp = F1p + F2p

Form factors obtained in elastic electron scattering 
experiments; which leave the proton intact in the 
final state.

The cross section for elastic scattering is 
proportional to   

ε a kinematic factors, depending upon Q2 and the 
scattering angle, and
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The results from all published Rosenbluth separation 
data for GEp and GMp. The “scaling” apparent after 
dividing by the dipole FF, GD=(1+Q2/0.71)-2 did not 
survive the emergence of double polarization results 
in 1999.
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The double polarization technique

In the Born approximation, and for polarized 
incident electrons, the recoil proton has two 
polarization components, one along the q vector, 
Pℓ , the other perpendicular to q, Pt, in the 
reaction plane.

The ratio method used first by us at Bates, and 
then systematically at Jlab, requires simultaneous 
measurement of Pt and Pℓ. Main advantage is
cancellation of many systematic uncertainties
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How were these results achieved?

GEp(I): two HRS in Hall A
GEp(II): one HRS + lead glass calorimeter 1.35x2.55 
m2 (154 blocs), Hall A
GEp(III): HMS in Hall  C, 1 new calorimeter 
1.28x2.21 m2 (1744 blocs)

Polarimetry in spectrometer focal plane:
GEp(I): drift tube chambers, up to 50 cm graphite 
analyzer
GEp(II): same but up to 100 cm CH2

GEp(III): new dual polarimeter with two 55 cm CH2

analyzer blocs, and 4 new drift chambers.
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On the right, 

the new 1744 channel 
lead glass calorimeter 

BigCal

On the left,

The new, double 
polarimeter installed in 
the focal plane of HMS
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The results of the first
GEp/GMp experiment, GEp(I)
in Hall A at JLab, appeared 
to disagree with the data
base available at the time.

M.K. Jones et al. P.R.L. 84,
1398 (2000)
V. Punjabi et al. P.R. C 71,
055202, 2005

A series of recoil polarization measurements 
at JLab starting in 1998, led to conclusions
entirely different from the previous ones.
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The results of GEp(II), 
which ran in 2000, 
confirmed and extended 
those of GEp(I) to Q2

of 5.6 GeV2.

O. Gayou et al., Phys.Rev.
Lett., 88 (2002) 092301.

The second JLab recoil 
polarization experiment
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GEp(III) ran in 2007-8,
up to 8.5 GeV2; also 
shown here are the 
recently reanalyzed results
of GEp(II), beneficiating
from experience in 
background subtraction
acquired in GEp(III).

The third GEp experiment 
occurred in Hall C

A.J.R. Puckett et al. Phys. Rev.
Lett. 104, 242301 (2010). 

A.J.R. Puckett, et al. 
arXiv:1102.5737 [nucl-ex]. 
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Kinematics dependence at 2.5 GeV2

a check of the Born Approximation

In GEp(2γ) the FF 
ratio was obtained at 
ε-values of 0.15, 
0.64 and 0.79 with  
unprecedented small 
error bars: average 
R=0.6923±0.0058±
0.010 (the star symbol).

M.Meziane et al. Phys. Rev. 
Lett. 106, 132501 (2011)
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Many theoretical models reproduce the 
polarization transfer data 

VMD-based models (Lomon, Bijker)

rCQM, many variations

pQCD (Brodsky,Farrar), modified by 
Belitsky, Yuan and Ji: relation to 
quark orbital angular momentum:  

Behavior of GEp/GMp at intermediate 
Q2 related to u/d ratio at small 
distances  (Miller et al.)

Lattice QCD models

Dyson-Schwinger equations, as 
continuum approach to QCD 
(Roberts, Cloet et al.).

Flavor separation for “dressed”
Quarks in nucleon
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The form factor ratios for proton 
and neutron

My fit
Lomon
Bijker
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Scaling of F2/F1?

F2/F1~1/Q
2 is a pQCD scaling prediction (Brodsky and Farrar).

May be good for the neutron on the right, although Q2 range 
limited. Is not good for the proton on the left, although the 
slope is decreasing; but the ratio keeps increasing.
GMp has clear pQCD behavior (not shown here); needs 
future verification though!
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Scaling of F2/F1?

The F2/F1~1/Q
2 pQCD scaling prediction was modified by 

Belitsky et al, to include quark angular momentum; 
better for the proton, with Λ~0.3 GeV (on the left). 
Older modified pQCD prediction of Ralston et al (2000), 
also included effect of quark angular momentum on F2, 
predicted QF2/F1 would scale, and it does equally well as 
Belitsky’s scaling (on the right). 
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GPDs and Electromagnetic FF 

Modified Regge Parametrization for H and E (Guidal et al., (2005)

The first moments of GPDs are related to the elastic FF (Ji, 97)
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Note that 
F2n/κn ~ F2p/ κp

F1n is negative 
because  GEn~0 and 
GMn is negative.

Dirac and Pauli form factors separately
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Quark Flavor separation

Assume  hadron current: <p|euūγμu+edđγμd|p> 

and isospin symmetry:

Then the Fermi and Dirac form factors of the 
dressed quarks in the nucleon are:

See for example: Cates,deJager,Riordan,Wojtsekhowski (2011)
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Note:  F1
d ~ F2

u ~ -F2
d 

at Q2 < 3.5 GeV2

(current limit for 
complete data base)
No new physics, just 
another representation 
of the FF of the 
nucleons?

at Q2=0
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CONCLUDING REMARKS

The 1998 GEp(I) data have changed the field. 

Nucleon elastic form factor data contribute to the 
space-momentum visualization of the nucleon through 

their contribution to the characterization of the GPD’s. 

The transverse proton and neutron charge and 
magnetization densities in the infinite momentum frame 

differ from earlier, non-relativistic,
expectations (not shown here).

Theoretical contribution to the field, stimulated
by the JLab form factor results, is remarkable.
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