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The proton elastic form factor ratio y,G%, /G, at low momentum transfer
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High-precision measurements of the proton elastic fornofaatio, 1., GY, /G% ,, have been made at
four-momentum transfer?, values between 0.2 and 0.5 GeVThe new data, while consistent with
previous results, clearly show a ratio less than unity agdificant differences from the central values
of several recent phenomenological fits. By combining the feem-factor ratio data with an existing
cross-section measurement, one finds that in@fisange the deviation from unity is primarily due to
G, being smaller than expected.

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

Elastic scattering of electrons from protons reveals in- rmfation about the distribution of charge and magnetism
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in the nucleon via the electromagnetic form factors. Foffull 80%. Note from Eq[IL thai? is independent of the
decades, these form factors were determined by makingeam polarization, though the uncertainties do increase as
Rosenbluth separations [1] of cross-section results, as do a result of the lower beam polarization.
for example in the reanalysis by Arringtdn [2]. Recently, The polarized beam was incident on a 15 cm long, lig-
however, high-quality polarized electron beams have aluid hydrogen target. The kinematics of the measurements
lowed polarization techniques|[3| 4, 5] to be used. Theare given in Tabl@ll. In all cases, the elastically scattered
new techniques revealed that the electric to magnetic prerotons were detected in the left High Resolution Spec-
ton form-factor ratio, which was long thought to be nearlytrometer, HRS, which contains a Focal Plane Polarimeter,
unity for all four-momentum transfer§?, becomes signif- FPP. Six of the eight measurements were done as single-
icantly less than unity af? > 1 Ge\2 [6]. This observa- arm proton measurements, since obstructions in the Hall
tion has led to a renewed experimental focus on the protoprevented detecting electrons at angles larger than 160
electromagnetic form factors|[7,18,9) 10 11,112, 13]. the two measurements where it was possible, the coincident
A recent suggestion from a modern form-factor fit thatscattered electrons were detected in the right HRS. Details
there is structure in each of the four nucleon electromagef the standard Hall A equipment can be found.ir [26].
netic form factors for everQ)? < 1 Ge\? is intrigu-
ing [14] and has been discussed in recent review arti-
cles 'EB]__1|7]. The interest stems from the fact tha{l’A.BLE I: Kinematics and FPP parameters f_or the measured data
changes of just a few percent in the nucleon form factorg0ints- The central spin precession angleisf,;,, and;, are
at low Q? have direct implications on our understanding of € Proton lab angle and proton kinetic energy, respegti&(C)

. . denotes a single-arm (coincidence) measurement. Thezamaly
nucleon structure. These include, but are not limited ®, th ) . .
: '~ 'material was carbon with a densiyl.7 fcn.
weak form factors of the nucleon [18,19] 20| 21], general- 9

ized parton distributions accessed in DVES [22], general-| @° | Ee |64, | T, |Analyzer Thickness x |S/C
ized polarizabilities accessed in VCS near thres [23],|(GeV?)|(GeV)|(deg) (GeV) (inches) (deg)
and the extraction of the Zemach radiud [24]. 0.225 | 0.362| 28.3| 0.120 0.75 91.0 S
The highest precision data set of the ratjg-; /G, at 0.244 | 0.362| 23.9/0.130 0.75 91.9] S
low 2, prior to 'the results reported h(_ereln, is from Bates | 5 56310362 18.8| 0.140 0.75 902.7| s
BLAST[13]. This set has two out of eight points'dsta- | 5771 3651 14 1| 0,148 0.75 93.4| s
tistical) below unity with the average of the eight points
equal to 0.99+ 0.01. However, when systematic uncer- 0.31910.687] 47.0/0.170 225 95.3| C
tainties are included, no point is significantly lower than | 0-356 | 0.687| 44.2) 0.190 3.75 97.0| C
1o from unity and thus it was concluded [13] that the data | 0.413 | 0.687| 40.0| 0.220 3.75 99.6| S
were consistent with unity. 0.488|0.687| 34.4| 0.260 3.75 103.0 S

In this work we present new, high precision measure-
ments ofu,G% /G4, atQ? between 0.2 and 0.5 GéWia
the polarization transfer reactidi (e, ¢’p). In the Born For the singles data, it was necessary to apply cuts on the
approximation the ratio of the transferred transverserte lo target interaction position, and to subtract residual eal-
gitudinal polarization relates to the electromagnetierfor events using spectra taken on an aluminum dummy target.

factors by the equation: The two coincidence points were essentially background
Peli E +E' 0.\ P free, due to the largep cross section. Quasi-elastic events
R=p,—% = —p,————= tan <—6) “L () from the target end-caps, through the AK'p) reaction,
Gy 2M 2) Pp

were suppressed by requiring hydrogen elastic kinematics.
wherep, is the proton magnetic moment/ is the mass For the scattered protons, the polarization precesses as
of the proton,E. (E!) is the incident (scattered) electron the particle is transported through the spectrometer. At
energy,d. is the electron scattering angle afg (P;) is  the FPP, the transverse polarization components lead to
the recoil proton polarization transverse (longitudirtal) azimuthal asymmetries in the re-scattering in the analyz-
the proton momentum. In this approximation the third oring material due to spin-orbit interactions. The align-
normal polarization component is zero. ment of the FPP chambers was determined with straight-
The experiment was performed in Hall A of the Thomasthrough trajectories, with the analyzing material removed
Jefferson National Accelerator Facility. The polarizedWhile misalignments and detector inefficiencies lead to
electrons,e, were produced from a strained-superlatticefalse asymmetries, these false asymmetries largely cancel
GaAs crystal from the photoelectron gunl[25] and werein forming the helicity differences which determine the
accelerated to either 362 or 687 MeV. The beam helicitypolarization-transfer observables. The transferredrpola
state was flipped pseudo-randomly at 30 Hz; beam chargeation was determined by a maximum likelihood method
asymmetries between the two helicity states were negligibsing the difference of the azimuthal distributions cor-
ble. Due to multi-hall running the degree of longitudinal responding to the two beam helicity states. The spin
polarization in Hall A was limited to 40% rather than the transport in the spectrometer was taken into account us-
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ing a magnetic model calculation. Previous Hall A mea- The experimental results are summarized in Table Il.
surements of the form-factor ratio used the same proceéFhe average FPP analyzing powed.) and efficiency
dures|[6[ 7,19, 11, 27, 28]. £rpp are consistent with parameterizations of earlier FPP
The form-factor ratio is determined from the ratio of po- results[20]. The Hall A FPP design allows a much broader
larization transfer components, and thus from the phasangular acceptance than many previous devices, usually
shift of the azimuthal scattering distribution in the FPP an limited to about 20, which leads to a slightly larger ef-
alyzer. The analyzing power, efficiency, and beam polarficiency. Also, at the lowest energies, the analyzing power
ization cancel out in the calculation of the form-factor ra-increases at angles beyond°20eading to a somewhat
tio — although they affect the size of the uncertainty; thusjarger average analyzing power. The analyzing power
the main issue for systematic uncertainties is spin tramspoquoted is the r.m.s. result, so that the FPP figure of merit,
in the spectrometer. The spin transport systematic unceFOM, is given bye ppp(A.)?.
tainties are determined by studying how the form factor
ratio changes when parameters such as reconstructed ¢

1.05

gles and the spectrometer bend angle are changed by th: i O Jones et al.
uncertainties. Detailed optical studies were performed t O Bates BLAST
constrain the spin transport for the first Hall &% ex- i @ This Work

periment [6], which had the FPP mounted in HRS-right.
The FPP was moved to HRS-left for the secdrif] ex-
periment[[9] and has remained there for subsequent expe ~ 1.00 X
iments, but no similarly detailed optical studies have beela =
performed. As the spectrometers are nearly identical, it i:é\D
expected that the limiting systematic uncertainties i thi O
measurement are similar, though since we lack the optic: =
studies for HRS-left, our estimated systematic uncertain 0.95 _
. . I mmm——— J. Kelly Fit
ties are twice as Iarge ------ J. Arrington Fit o
To control the systematics in this experiment, each polar | B Lt
ization point was measured at three different spectrometse ——— G.A Miler LFCBM
momentum settings, spaced 2 — 3% apart. In all cases, tt e eifner VD
polarization values extracted were consistent for theethre ‘ Faessleretal. LCOM
settings. The uncertainties resulting from the subtractio 0.0 0.2 04 0.6
of residual Al end-cap events were negligible comparec Q2 [GeVz]
with the other systematic uncertainties. The kinematics o
the reaction are well determined by the recoil proton, thus
there is no discernible improvement in the uncertaintiesIG. 1: (Color online) The proton form factor ratio as a fuont
when performing a coincidence measurement. The benefif four-momentum transfe? shown with world data with to-
of the coincidence trigger is the suppression of backgrount®l uncertainties below 3%I[6.113]. The dotted and dashedott
events, which for a fixed data-acquisition rate allowed forines are fits[[2[ 14, 3d, 31], while the dashed and solid lines

higher statistics within a shorter time. are from a vector-meson dominance calculation [32], |fgbit
g cloudy-bag model calculatioh [33], a light-front quark nebdal-
i

culation [34], and a point-form chiral constituent quark dab

TABLE II: Shown are the experimental ratio results with istat ~ Calculation [35].
tical and systematic uncertainties along with the FPP aiady
power (A¢) and efficiencye »pp for a secondary scattering an-
gle range of 5 to 40 degrees.

Q? (Ae) leppp |FOM R + stat. + sys.

Ll

The new data, along with other high precision results, are
shown in Fig[ll with the four data points taken at 362 MeV
beam energy having been combined into a single point for

(GeV?) (%) | (%) plotting. Included in the figure are a representative sample
0.225]0.16| 1.17 | 0.03|0.9570+ 0.0857+ 0.0036 of the numerous modern calculations and fits that are avali-
0.244(0.22| 1.03 | 0.05|0.9549-+ 0.0500+ 0.0037 able. The high statistical precision points@t = 0.356
02631024 1.04|0.06/1.0173+ 0.0495+ 0.0035 and 0.413 GeV clearly indicate that? < 1. While the
0.277 10.30l 1.00 | 0.09!1.0060+ 0.0504+ 0.003d BLAST data alone were consistent with unity/[13], usually

0319 034l 6.05 0.7010.9691+ 0.0143= 0.0058 at the upper end.of the uncertainty, the BLAST data are

also consistent with the new measurements, and the com-
0.3560.36) 6.940.90/0.9441 0.0099: 0.0050 bination of the two data sets is clearly not consistent with
0.413|0.46| 4.73|1.00|0.9491+ 0.0138+ 0.0053 unity. The point at 0.356 GeVis 5o (stat. + syst.) be-
0.488 |0.46| 4.73]1.00]0.9861+ 0.0189+ 0.0094 low unity and the point at 0.413 Gé\is 3.40 below unity;
previous data were within-2o(stat.) of unity.




Although a smooth fall-off ofu,G% /G, with Q? is
not ruled out, the new data hint at a local minimum in  1.05
the form-factor ratio at about 0.35 — 0.4 GeVAssum-
ing uncorrelated uncertainties, in the rangé = 0.3 —
0.45 GeV, we find the world data including the current ol.00F
work average t@.960 4= 0.005 4= 0.005. This is3o lower 5=, =
than the neighboring)? range 0.45 — 0.55 GelYwhere O 95
R =0.98740.005+0.006. In this latter range, the form-
factor ratio is onlyl.60 below unity. Calculations which
tend to agree with the new ratio results, such as the light 0.90
front cloudy bag model calculation by G.A. Miller [33], 1.05
however, show a monotonic decrease of the form-factor re
tio. Additional calculations may be found in [11]. 4.00
By combining the present measurement with previous (9
cross-section results, it is possible to extract the inivi o =
ual form factors. This was done by combining the high- ©0.95
est precision existing cross-section data in the vicinity o

® ()%=0.389 GeV?

the measured ratio [36] &)? = 0.389 GeV? with the 0.90
average of our form-factor ratios fro? = 0.36 GeV? ‘ ‘ ‘ ‘
and0.41 GeV?. Figure[2, which uses the same codes ac 0.0 0.2 0.4 € 0.6 0.8 1.0

Fig.[d, shows that the form-factor extraction is essentiall

independent o, the virtual photon polarization, over the ) .
P £ P P FIG. 2: (Color online) The extracted individual proton fofat-

extracted range. Interestingly, the deviation from ury i tors as a function of. The form factors were obtained for a sin-

the ratio seems to be dominated by the electric form factorglle 2 value using the average of the 0.356 and 0.413 Gaata

This result is consistent with previous Rosenbluth separgss ihis work and existing cross-section data at 0.389 &[3€].

tion measurements and fits in this regioerﬁ the Rosen-  The error bars indicate the statistical error of the Bergeale
bluth results tend to have'1-3% uncertainties for each data while the shaded region indicates how the uncertamthe

of the form factors, while the fits vary by several percentasymmetry shifts the points. The systematic uncertaintthef
for each [2]. While the Belushkiet al. calculation|[32]  cross section experiment, approximately 2% on each fortorfac
generally fits best over the ful)? range of this measure- have not been included. The lines are the same as ifFig. 1.
ment, and at)? = 0.389 Ge\? is closest taG%,, it over-
predictsk by underestimating’,,. The best fit of the ratio
at Q> = 0.389 Ge\? is from Arrington [2], which over-

. 5 o .
predicts each form factor by 1-2%. The Miller calculationfrorn unity at low()" and that the deviation is most likely

predicts the ratio at ©= 0.389 GeV well, but also over- dominated by the eIe_ctric form fa_ctor. Our data suggest a

predicts each form factor. by about 1_2% In fact none 0gowervalue of the ratio and electric form factor than many

these modern calculations predicts both the indivil:iuahfor quern fits. No fit or calculation adequately represents the
ratio and extracted form factor data over the entire range.

factors and the ratio correctly. Some calculations, which ) .
were not shown, such as the light-front constituent quark . We thank the Jefferson Lab physics and accelerator di-
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