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Abstract. The ratio of the electric and magnetic proton form factors, GEp/GMp, has been obtained in
two Hall A experiments, from measurements of the longitudinal and transverse polarization of the recoil
proton, PL and PT , respectively, in the elastic scattering of polarized electrons, ep → ep. Together these
experiments cover the Q2 range 0.5 to 5.6 GeV2. A new experiment is currently being prepared, to extend
the Q2 range to 9 GeV2 in Hall C.

PACS. 13.40.Gp Specific reactions and phenomenology: Electromagnetic form factors – 14.20.Dh Prop-
erties of specific particles: Protons and neutrons – 24.70.+s Nuclear reactions: Polarization phenomena in
reactions

1 Introduction

The nucleon elastic form factors describe the internal
structure of the nucleon; in the non-relativistic limit,
for small four-momentum transfer squared, Q2, they are
Fourier transforms of the charge and magnetization dis-
tributions in the nucleon. At high Q2 values, the nucleon
must be treated as a system of three valence quarks; per-
turbative QCD predicts the Q2-dependence [1] of the form
factors. At Q2 between 1 and 10 GeV2, relativistic con-
stituent quark models [2,3] currently give the best under-
standing of the nucleon form factors, with the strongest
dynamical input; Vector Meson Dominance (VMD) (see,
e.g., refs. [4,5]) also describes the form factors well.

The unpolarized elastic ep cross-section is given by
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where GEp and GMp are the electric and magnetic form
factors, ε = [1 + 2(1 + τ) tan2( θe

2 )]
−1, θe is the scattering

angle of the electron in the laboratory and τ = Q2/4M2
p ,

with Mp the proton mass; Ee and E
′
e are the energies of

the in- and outgoing electrons, respectively. For a given
Q2, GEp and GMp can be extracted from cross-section
measurements made at fixed Q2, over a range of ε val-
ues with the Rosenbluth method. At Q2 below 1 GeV2,
GEp and GMp have been determined by this method and
µpGEp/GMp has been found to be ≈ 1. At larger Q2,
the cross-section becomes dominated by the GMp con-
tribution; GMp is known up to Q2 = 31 GeV2 [6]. In
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Fig. 1. World data for µpGEp/GMp versus Q2 , not including
the JLab polarization data.

fig. 1, the error bars on µpGEp/GMp from the World cross-
section data (refs. [7–13]) are seen to grow with Q2. Above
Q2 ≈ 1 GeV2, systematic differences between different ex-
periments are evident.

The JLab results have been obtained by measuring
the recoil proton polarization in ep → ep [14,15]. In
one-photon exchange, the scattering of longitudinally po-
larized electrons on unpolarized hydrogen results in a
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Fig. 2. Comparison between µpGEp/GMp measured at JLab
and several theoretical models; the JLab data are from refs. [14]
and [15].

transfer of polarization to the recoil proton with two com-
ponents, PT perpendicular to, and PL parallel to the pro-
ton momentum in the scattering plane [16]:
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two components and taking their ratio gives the ratio of
the form factors:
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Neither the beam polarization nor the analyzing power of
the polarimeter, used to measure PT and PL, appear in
eq. (4).

2 Experiments

In 1998 GEp/GMp was measured for Q2 from 0.5 to
3.5 GeV2 [14]. Protons and electrons were detected in co-
incidence in the two high-resolution spectrometers (HRS)
of Hall A. The polarization of the recoiling proton was
measured in a graphite analyzer focal-plane polarimeter
(FPP). In 2000 new measurements were made at Q2 = 4.0,
4.8 and 5.6 GeV2 with overlap points at Q2 = 3.0 and
3.5 GeV2 [15]. To extend the measurement to these higher
Q2, two changes were made. First, to increase the figure-
of-merit of the FPP, a CH2 analyzer was used; the thick-
ness was increased from 50 cm of graphite to 100 cm of
CH2 (60 cm for Q2 = 3.5 GeV2). Second, the electrons
were detected in a lead-glass calorimeter with 9 columns

Fig. 3. The ratio Q2F2p/F1p from the JLab experiments, com-
pared with the data of ref. [12].

Fig. 4. The ratio QF2p/F1p discussed in the text.

and 17 rows of 15 × 15 × 35 cm3 blocks placed so as to
achieve complete solid-angle matching with the HRS de-
tecting the proton. At the largest Q2 the solid angle of the
calorimeter was 6 times that of the HRS.

The combined results from both experiments are plot-
ted in fig. 2 as the ratio µpGEp/GMp. If the µpGEp/GMp-
ratio continues its linear decrease with the same slope,
it will cross zero at Q2 ≈ 7.5 GeV2. In fig. 2, calcula-
tions based on VMD [4], a relativistic constituent quark
(CQ) [2], and a soliton model [17] are shown. Also shown
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Fig. 5. Theoretical predictions for GE and GM of the proton and neutron, along with selected data. For GEn only the results
of a recent analysis of elastic ed data from ref. [18] are shown; for GMn only the larger Q2 data of refs. [19] and [20] are shown.
Curves labeled “Bosted fit” and “Galster fit” are from refs. [21] and [22], respectively.

are results with another relativistic CQ model (rCQM) [3],
with and without CQ form factor. Lomon [5] has reworked
the Gary-Krumpelman VMD model [23] and obtained
good agreement with the data for reasonable parameters
for the vector-meson masses and coupling constants.

3 Results and discussion

In fig. 3 the JLab data are shown as Q2 times F2/F1;
pQCD predicts quenching of the spin flip form factor F2,
or equivalently helicity conservation; higher-order contri-
butions should make Q2F2/F1 asymptotically constant.
The data clearly contradict this prediction.

Shown in fig. 4 is Q times F2/F1, which reaches a
constant value at Q2 ∼ 2 GeV2. Ralston et al. [24] have
proposed that this scaling is due to the non-zero orbital-
angular-momentum part of the proton quark wave func-
tion. Miller and Frank [25] have shown that imposing
Poincarè invariance leads to violation of the helicity con-
servation rule, and reproduces the QF2/F1 behavior.

More demanding for models are predictions for all four
form factors of the nucleon. The VMD fits are done in
terms of the isoscalar and isovector form factors and thus
naturally include all four form factors. In fig. 5 predictions
from the rCQM with SU(6) symmetry breaking [3], the
soliton model [17], the point form model [26], and the
VMD model of ref. [5] are shown. The soliton model does
well only for the proton. The recent VMD analysis [5]
reproduces GEp, GMp and GMn well, and predicts larger
values for GEn than the fit of ref. [22], in agreement with
the preliminary data of ref. [27].

Isospin invariance at the quark level requires that
F2/F1 become the same for proton and neutron starting
at some large Q2 value. In fig. 6 we show the prediction for
QF2/F1 and Q2F2/F1 for proton and neutron from ref. [5];
F2/F1 may become equal for the proton and the neutron
for Q2 > 10 GeV2. The evolution of QF2/F1 at small Q2 is
dominated by the charge neutrality of the neutron, which
results in F1n = 0 at Q2 = 0. A future experiment in JLab
Hall A [28], to measure GEn up to 3.4 GeV2, will signifi-
cantly improve our knowledge of the nucleon form factors.
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Fig. 6. The ratios QF2/F1 and Q2F2/F1 for proton and neu-
tron, from ref. [5]: both ratios tend toward the same value for
proton and neutron above 15 GeV2; neither one of these ratios
becomes constant below this same Q2, a marked difference to
the proton ratio.

Fig. 7. Ratios µpGEp/GMp recalculated from the data of
ref. [12] but without the renormalisation factor used in this
publication. The dashed line is the best linear fit to the JLab
data.

Answering the anticipated question, whether the new
JLab polarization data could be reconciled with the older
cross-section data shown in fig. 1, we point out the fol-
lowing facts. First, the 1971 and 1973 data of refs. [8,10],
although with large uncertainties, are entirely compati-
ble with the new data; in fact their authors, at the time,
claimed to have observed a clear deviation from 1 for the
µpGEp/GMp-ratio which we have now observed with much

better accuracy. Second, the latest cross-section data of
Andivahis required a renormalisation of the smallest ε
data point, which was measured in the SLAC 1.6 GeV
spectrometer, to the cross-sections obtained with the
8 GeV spectrometer used for all other ε values. The factor
was 0.958 ± 0.007 obtained for the lowest Q2 point, and
applied to the lowest ε data point at all Q2’s. We show in
fig. 7, which is based on the unrenormalised cross-sections
published in [12], that if this renormalisation is removed,
the corresponding Rosenbluth µpGEp/GMp-ratios are en-
tirely compatible with the JLab polarization data.

4 Conclusion

The precise new JLab data on µpGEp/GMp show that this
ratio continues to drop off linearly with increasing Q2 up
to 5.6 GeV2. The ratio F2/F1 does not follow the 1/Q2

behavior predicted by pQCD; this is a distinct signature
of the non-perturbative regime dominating the Q2 range
of the two JLab experiments described here. This behav-
ior must be compared with the scaling of Q4GMp seen in
ref. [6], which has been interpreted as indicative of pQCD
for the magnetic form factor of the proton. Comparison of
model calculations to the JLab data provides a stringent
test of models of the nucleon.
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