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High precision measurements of the proton elastic form factor ratio, µpGp

E/Gp

M , have been made
at four-momentum transfers, Q2, between 0.2 and 0.5 GeV2. The new data, while consistent with
previous results, clearly show a ratio less than unity and significant differences from the central
values of several recent phenomenological fits. By combining the new form-factor ratio data with
an existing cross-section measurement, one finds that in this Q2 range the deviation from unity is
primarily due to Gp

E being smaller than the dipole parameterization.

PACS numbers: 13.40.Gp, 25.30.Bf, 24.70.+s, 14.20.Dh

The electromagnetic form factors describe the distri- bution of charge and magnetism in nuclei. The obser-
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vation that the proton form-factor ratio, µpG
p

E/Gp

M , is
less than unity at Q2 > 1 [1] has led to a renewed ex-
perimental focus on the proton electromagnetic form fac-
tors [2–11]. Given the long history of form-factor studies,
the recent suggestion from a modern form-factor fit that
there is structure in each of the four nucleon electromag-
netic form factors at Q2 < 1 GeV2 is intriguing [12] and
has been discussed in recent review articles [13–15]. The
interest stems from the fact that changes of just a few
percent in the nucleon form factors at low Q2 have di-
rect implications on our understanding of proton struc-
ture, as well as on the understanding of many nuclear
processes. These include, but are not limited to, par-
ity violation in ep elastic scattering [16–19], deeply vir-
tual Compton scattering [20], and the extraction of the
Zemach radius [21].

Figure 1 summarizes the previous data for the proton
form-factor ratio for 0.1 < Q2 < 1 GeV2. Many of the
recent experiments use polarization techniques [28–30],
determining the form-factor ratio using polarized beam
and either the ratio of recoil-proton spin components or
polarized target asymmetries. The data are from Jeffer-
son Lab Hall A [1, 2, 6, 8, 10], Bates BLAST [11], Mainz
A1 [3, 4], and Bates OHIPS [22]. The form factors can
also be determined from a Rosenbluth separation of the
cross section [31]; the Rosenbluth points in Fig. 1 are
taken from the reanalysis by Arrington [23].

The ratio appears to be slightly below unity at lower
Q2, ∼0.3 – 0.5 GeV2. The highest precision extensive
data set at low Q2, from Bates BLAST [11] has two out
of the seven points 2σ (statistical) below unity, and the
seven points average to 0.990 ± 0.007. If systematic un-
certainties are included, no point is significantly lower
than 1σ from unity. Figure 1 also shows several recent
parameterizations and fits [12, 23–26], along with a light-
front cloudy-bag model calculation of the form-factor ra-
tio [27]. The fits and calculation generally show a smooth
fall-off of the form-factor ratio with Q2 that is in overall
agreement with the data, but the fits differ from each
other and from the data by up to a few percent. While
the fits do not include the final BLAST data [11], their
variation indicates an improved data base is needed.

In this work we present new measurements of
µpG

p

E/Gp

M at Q2 between 0.2 and 0.5 GeV2 via the re-
action 1H(~e, e′~p). The experiment was performed in Hall
A of the Thomas Jefferson National Accelerator Facility.
The longitudinally polarized electrons, ~e, were produced
from a strained-superlattice GaAs crystal from the pho-
toelectron gun [32] and were accelerated to either 362 or
687 MeV. The beam helicity state was flipped pseudo-
randomly at 30 Hz and beam charge asymmetries be-
tween the two helicity states were negligible. Due to
multi-hall running the degree of longitudinal polarization
in Hall A was limited to 40% rather than the full 80%.

The polarized beam was incident on a standard Hall A
4 cm long, liquid hydrogen target [33]. The elastically
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FIG. 1: (Color online) Shown are data for the proton form-
factor ratio as a function of four-momentum transfer, Q2,
from previous asymmetry measurements [1–4, 6, 8, 10, 11, 22],
as well as from reanalyzed Rosenbluth results [23]. The bro-
ken lines are fits [12, 23–26], while the solid line is from a
light-front cloudy-bag model calculation [27]. The fits neglect
two-photon effect corrections except for that by Arrington &
Sick [25] which includes Coulomb corrections. The Arrington
fit [23] uses only cross data while the rest include polarization
data [12, 24, 26].

scattered protons were detected in the left High Resolu-
tion Spectrometer, HRS, which contains a Focal Plane
Polarimeter, FPP. When technically possible, the coinci-
dent scattered electrons were detected in the right HRS.
The scattering angles, momentum, and interaction po-
sition at the target of each event were calculated from
trajectories measured with vertical drift chambers [34],
located in the HRSs. Two planes of plastic scintilla-
tors provided triggering and time-of-flight information
for particle identification. The FPP, as typically con-
figured [8], consisted of two front and two rear straw
chambers, that determine the scattering of particles in
a variable thickness carbon analyzer, with density ≈1.7
g/cm3.

The kinematics of the measurements are given in Ta-
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ble I. Six of the eight measurements were done as single-
arm proton measurements, as obstructions in the Hall
prevented detecting electrons at angles larger than 60◦.
The two lower Q2 points at 0.687 GeV2 where measured
as ep coincidences. The two coincidence points are essen-

TABLE I: Kinematics and FPP parameters for the measured
data points. The central spin precession angle is χ. Ee, θ p

lab

and Tp are the beam energy, proton lab angle and proton
kinetic energy, respectively.

Q2 Ee θ p

lab Tp Analyzer Thickness χ

(GeV2) (GeV) (deg) (GeV) (inches) (deg)

0.225 0.362 28.3 0.120 0.75 91.0

0.244 0.362 23.9 0.130 0.75 91.9

0.263 0.362 18.8 0.140 0.75 92.7

0.277 0.362 14.1 0.148 0.75 93.4

0.319 0.687 47.0 0.170 2.25 95.3

0.356 0.687 44.2 0.190 3.75 97.0

0.413 0.687 40.0 0.220 3.75 99.6

0.488 0.687 34.4 0.260 3.75 103.0

tially background free, due to the large ep cross section.
Coincidence events from the target end-caps, through the
Al(e, e′p) reaction, are suppressed by requiring hydrogen
elastic kinematics. For the singles data, it is necessary
to apply cuts on the target interaction position, and to
subtract residual end-cap events using spectra taken on
an aluminum dummy target.

For scattered protons, the transverse proton polariza-
tion components at the focal plane lead to azimuthal
asymmetries in re-scattering in the FPP analyzer due to
spin-orbit interactions. The alignment of the FPP cham-
bers was determined with straight-through trajectories,
with the analyzing material removed. While misalign-
ments and detector inefficiencies lead to false asymme-
tries, these false asymmetries largely cancel in forming
the helicity differences which determine the polarization
transfer observables. The transferred polarization was
determined by a maximum likelihood method using the
difference of the azimuthal distributions corresponding
to the two beam helicity states. Previous Hall A mea-
surements of the form-factor ratio used the same proce-
dures [1, 2, 5, 6, 8, 10].

The form-factor ratio is determined from the ratio
of polarization transfer components, and thus from the
phase shift of the azimuthal scattering distribution in
the FPP analyzer. Both the analyzing power and the
efficiency cancel out in the calculation of the form-factor
ratio; thus, the main issue for systematic uncertainties is
spin transport in the spectrometer. The most detailed
study of systematics was done for the first Hall A GP

E

experiment [8], which had the FPP mounted in HRS-
right. As the spectrometers are nearly identical, it is
expected that the limiting systematic uncertainties in

this measurement are similar. These uncertainties were
about 0.4% at Q2 = 0.5 GeV2, and rise with Q2 in the
range of that experiment. To control the systematics in
this experiment, each polarization point was measured at
three different spectrometer central momentum settings,
spaced apart by 2 – 3%. In all cases, the polarization val-
ues extracted were consistent for the three settings. The
uncertainties resulting from the subtraction of residual
Al end-cap events were found to be negligible compared
with the other systematic uncertainties.

TABLE II: Shown are the experimental ratio results with sta-
tistical and systematic errors along with the FPP analyzing
power 〈AC〉 and efficiency εF PP for a secondary scattering
angle range of 5 to 40 degrees.

Q2 〈Ac〉 εF PP FOM µpGp

E/Gp

M ± stat. ± sys.

(GeV2) (%) (%)

0.225 0.16 1.17 0.03 0.9570 ± 0.0857 ± 0.0036

0.244 0.22 1.03 0.05 0.9549 ± 0.0500 ± 0.0037

0.263 0.24 1.04 0.06 1.0173 ± 0.0495 ± 0.0035

0.277 0.30 1.00 0.09 1.0060 ± 0.0504 ± 0.0030

0.319 0.34 6.05 0.70 0.9691 ± 0.0143 ± 0.0058

0.356 0.36 6.94 0.90 0.9441 ± 0.0099 ± 0.0050

0.413 0.46 4.73 1.00 0.9491 ± 0.0138 ± 0.0053

0.488 0.46 4.73 1.00 0.9861 ± 0.0189 ± 0.0094

The experimental results are summarized in Table II.
The average FPP analyzing power 〈Ac〉 and efficiency
εFPP are consistent with parameterizations of earlier
FPP results [35]. The Hall A FPP design allows a much
broader angular acceptance than many previous devices,
usually limited to about 20◦, which leads to a slightly
larger efficiency. Also, at the lowest energies, the ana-
lyzing power increases at angles beyond 20◦, leading to a
somewhat larger average analyzing power. The analyz-
ing power quoted is the r.m.s. result, so that the FPP
figure of merit, FOM, is given by εFPP 〈Ac〉

2.
The new data, along with other high precision results,

are shown in Fig. 2 with the four 362 MeV points of this
work having been combined into a single point for plot-
ting. The high statistical precision points at Q2 = 0.356
and 0.413 GeV2 clearly indicate that µpG

p

E/Gp

M < 1.
The point at 0.356 (0.413) GeV2 is 5σ (3.4σ stat. +
syst.) below unity; previous data were within ∼2σ(stat.)
of unity. Compared to the existing fits, the new data
in combination with the BLAST data generally indicate
that the form-factor ratio lies near the Belushkin et al.

fit [26] and between the Kelly fit [24] and Miller’s calcu-
lation [27].

Although a smooth fall-off of µpG
p

E/Gp

M with Q2 is not
ruled out, the new data hint at a possible local minimum
in the form-factor ratio at about 0.35 – 0.4 GeV2. As-
suming uncorrelated uncertainties, in the range Q2 = 0.3
– 0.45 GeV2, we find the world data including the current
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FIG. 2: (Color online) The proton form factor ratio as a func-
tion of four-momentum transfer Q2 shown with world data
with total uncertainties below 3% [1, 11]. The broken lines
are fits [12, 23–26], while the solid line is from a light-front
cloudy-bag model calculation [27].

work average to 0.960 ± 0.005 ± 0.005. This is 3σ lower
than the neighboring Q2 range 0.45 – 0.55 GeV2, where
µpG

p

E/Gp

M = 0.987± 0.005± 0.006. In this latter range,
the form-factor ratio is only 1.6σ below unity. Theory
calculations of the form factors, such as the light-front
cloudy bag model calculation by G.A. Miller [27] that is
shown, generally show a monotonic decrease of the form-
factor ratio.

By combining the present measurement with previous
cross-section results, it is possible to extract the indi-
vidual form factors. Figure 3 shows the individual form
factors as a function of ǫ at Q2 = 0.389 GeV2. These are
obtained by combining existing cross-section data with
the average of our form-factor ratios from Q2 = 0.36
GeV2 and 0.41 GeV2. The figure shows that the form-
factor extraction is consistent over the range of ε, the
virtual photon polarization. Interestingly, the deviation
from unity in the ratio seems to be dominated by the
electric form factor. This result is consistent with previ-
ous Rosenbluth separation measurements and fits in this
region of Q2; the Rosenbluth results tend to have ∼1–3%
uncertainties for each of the form factors, while the fits
vary by several percent for each [23].

The comparison of fits with our new results along with
the new BLAST results, suggests that a critical reexami-
nation might be needed of experiments (e.g. [18, 20, 37])
that require a knowledge of low Q2 form factors to a
precision of better than ∼3%. For example, for the orig-
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FIG. 3: (Color online) The extracted individual proton form
factors as a function of ε. The form factors were obtained for a
single Q2 using the average of the 0.356 and 0.413 GeV2 data
of this work and existing cross-section data at 0.389 GeV2 [36].
The error bars indicate the statical error of the Berger et al.
data while the shaded region indicates how the uncertainty on
the asymmetry shifts the points. The systematic uncertainty
of the cross section experiment, approximately 2% on each
form factor, have not been included.

inal HAPPEx result [38] the new data shift the mean
about -0.5 ppm, corresponding to a smaller effect from
strange quarks, on data with a statistical uncertainty of
1 ppm. More significantly this new result would shift the
expected HAPPEx-III result [39] by one standard devia-
tion.

Finally, the low Q2 proton form-factor database is
likely to be improved in the next few years, which should
give a clear answer to whether there are few percent
structures in the separated form factors or in the ratio
µpG

p

E/Gp

M . Upcoming results include new cross sections
from Mainz [40] and from Hall A [41]. The Hall A cross-
section results will be for the same Q2 as reported herein,
and thus will allow a more direct extraction of individual
form factors. In addition, the current work is the result of
FPP measurements that were run for limited times with
limited beam polarization. A dedicated experiment [42]
could easily improve the statistical uncertainties by about
a factor of three, with normal Jefferson Lab beam polar-
ization and day-long runs, leading to a much improved
database for µpG

p

E/Gp

M . The results of this work indi-
cate the importance of cross-checking cross-section mea-
surements with high-precision ratio measurements from
polarization techniques.

In summary, we have made polarization-transfer mea-
surements to precisely determine the proton form-factor
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ratio at low Q2. We provide definitive evidence that the
form-factor ratio differs from unity at low Q2 and that
the deviation is most likely dominated by the electric
form factor. Our data suggest a lower value of the ratio
and electric form factor than many modern fits. A more
definitive measurement is both relatively easy and highly
desirable, given the possible implications.
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