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A high precision measurement of the transverse spin-dependent asyn#petry 3ﬁ>e(é,e’) quasielastic
scattering was performed in Hall A at Jefferson Lab at values of the squared four-momentum tfsfer,
between 0.1 and 0.6 (GedJP. A1 is sensitive to the neutron magnetic form facief, . Values of G}, at
Q?=0.1 and 0.2 (Ge\)?, extracted using Faddeev calculations, were reported previously. Here, we report
the extraction ofG}, for the remainingQ? values in the range from 0.3 to 0.6 (Gey? using a plane-wave
impulse approximation calculation. The results are in good agreement with recent precision data from experi-
ments using a deuterium target.
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The electromagnetic form factors of the nucleon have The proton electromagnetic form factors have been deter-
been a longstanding subject of interest in nuclear and particlmined with good precision at low values of the squared four-
physics. They describe the distribution of charge and magnenomentum transfeiQ?, while the neutron form factors are
tization within nucleons and allow sensitive tests of nucleorknown with much poorer precision because of the lack of
models based on quantum chromodynamics. Precise knowiree neutron targets. Over the past decade, with the advent of
edge of the form factors advances our understanding dfigh-quality polarized beams and targets, the precise deter-
nucleon structure. mination of both the neutron electric form fact@g, and

0556-2813/2003/61)/0122015)/$20.00 67 012201-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

W. XU et al. PHYSICAL REVIEW C 67, 012201R) (2003

the magnetic form factoyG’,\‘/I , has become a focus of ex- TABLE |. The spectrometer settings for the six quasielastic ki-

perimental activity. While knowledge (ﬁrl\]/l is interesting in nematics of the experiment, wheteds the incident electrork’ and
itself, it is also required for the determination @E which 0 are the spectrometer central momentum and scattering angle set-

. . nj~n . tings, respectively.
is often measured via the rat@®:/G,, . Furthermore, precise

data for the nucleon electromagnetic form factors are esseng? (Gevi/c)?2 E (GeV) E' (GeV) 9 (degrees

tial for the analysis of parity violation experimerits,2] de-

signed to probe the strangeness content of the nucleon. 0.10 0.778 0.717 24.44
0.193 0.778 0.667 35.50

Until recently, most data ofsy, had been deduced from

elastic and quasielastic electron-deuteron scattering. For in- 0.30 1.727 1.559 19.21
clusive measurements, this procedure requires the separation 0.40 Lrar 1.506 22.62
of the longitudinal and transverse cross sections and the sub- 0.50 Lrar 1.453 25.80

0.60 1.727 1.399 28.85

sequent subtraction of a large proton contribution. Thus, it
suffers from large theoretical uncertainties due in part to the
deuteron model employed and in part to corrections for final- " - *

. . —(cos /Ry/+2 sin cos Ry
state interaction&SI) and meson-exchange currefM4EC). A= (cos 0" vy Ry 0 ¢ vrRr) LD
These complications can largely be avoided if one measures R+ vRy
the cross-section ratio af(e,e’n) to d(e,e’p) at quasielas-

tic kinematics. Several recent experimeflis-6] have em- ;12 and azimuthal angles of target spin with respect to the
ployed this technique to extra@y with uncertainties of  ihree momentum transfer vectqr The response functions
<2%][5,6] at Q* below 1 (GeVt)?. Despite the high pre- R depend onQ? and the electron energy transfer By
cision reported, however, there is considerable disagreemeehoosingg* =0, i.e., by orienting the target spin parallel to
among some of the experimeri®3—6 with respect to the  the momentum transfey, one selects the transverse asym-
absolute value oGy, . The most recent deuterium dd®]  metry A;, (proportional toRy). Various detailed calcula-

where they, are kinematic factors ané* and ¢* are the

further emphasize this discrepancy. tions[16—19,11 have confirmed thaR;., and thusA;. , is
While the discrepancies among the deuterium experistrongly sensitive to@)2.
ments described above may be understf8f additional The experiment was carried out in Hall A at the Thomas

data onGy, preferably obtained using a complementary jefferson National Accelerator FacilityLab), using a longi-
method, are highly desirable. Inclusive quasielasticiydinally polarized continuous-wave electron beam incident
3ﬁ)e(é,e’) scattering provides just such an alternative ap-on a high-pressure polarizetHe gas targef20]. Six kine-
proach[9]. In comparison to deuterium experiments, thismatic points were measured correspondingQ®=0.1 to
technique employs a different target and relies on polarizad.6 (GeVk)? in steps of 0.1 (GeW)2. An incident electron
tion degrees of freedom. It is thus subject to completely dif-beam energyE, of 0.778 GeV was employed for the two
ferent systematics. As demonstrated recently by this collabdewestQ? values, while the remaining points were obtained
ration[10], a precision comparable to that of deuterium ratioat E=1.727 GeV. The spectrometer settings of the six quasi-
experiments can be achieved with thile technique if the elastic kinematics are listed in Table 1. To maximize the sen-
%He structure and the reaction mechanism are properlgitivity to A7/, the target spin was oriented at 62.5° to the
treated, which has become possible, at least in the nonrelaight of the incident electron momentum direction. This cor-
tivistic kinematic regime, with recent advances in Faddeewesponds t@* from —8.5° to 6°, resulting in a contribution
calculationg 11,12. to the asymmetry due tRy , of less than 2% at all kine-
The sensitivity of spin-dependeﬁH_)e(é,e’) scattering to  matical settings, as determined from plane-wave impulse ap-
neutron structure originates from the cancellation of the proproximation (PWIA) calculations. Further experimental de-
ton spins in the dominant spatially symmetBavave of the tails can be found in Ref$10,20,21.
3He ground state. As a result of this cancellation, the spin of Results forAy, (Fig. 1) as a function ofw for all six
the He nucleus is predominantly carried by the unpaireckinematical settings of this experiment together with the ex-
neutron along13,14. Hence, the spin-dependent contribu- tractedGy, values at the two lowes®? kinematics of the
tions to the®He(e,e’) cross section are expected to be sen-£xperiment were reported previoustyo]. A state-of-the-art
sitive to neutron properties. Formally, the spin-dependenfonrelativistic Faddeev calculatiga2] had been employed
part of the inclusive cross section is contained in two nucleain the extraction ofGy at those twoQ? kinematics. High
response functions, a transverse respose and a Precision asymmetry data in théHe breakup region from
longitudinal-transverse responBg, . , which occur in addi- the same experimenf22] at Q? values of 0.1 and
tion to the spin-independent longitudinal and transverse red.2 (GeVE)? provide a stringent test of this Faddeev calcu-
sponseR, and Ry [15]. Ry and Ry, can be isolated ex- lation and further support the approach used in Red] for
perimentally by forming the spin-dependent asymmeiry extractingGy, at Q? values of 0.1 and 0.2 (Ge®)?. How-
defined asA=(¢""—¢"")/(c""+0o""), where s"* de-  ever, as discussed ifl0], this Faddeev calculation, while
notes the cross section for the two different helicities of thevery accurate at lowQ?, is not believed to be sufficiently
polarized electrons. In terms of the nuclear response fungerecise for a reliable extraction @y, from the *He asym-
tions, A can be writte{ 15] metry data at highe®? because of its nonrelativistic nature.

012201-2



RAPID COMMUNICATIONS

PLANE-WAVE IMPULSE APPROXIMATION EXTRACTION . .. PHYSICAL REVIEW C67, 012201R) (2003

] T 2ot ] 04 (GeVk)? to study quantitatively the size arif depen-
02_01('2;,1;53 2 1 dence of FSI and MEC cqrrectlons.
- ] i A recent PWIA calculatiorj17] was used for the extrac-
tion of Gy, at Q?=0.3 (GeVk)2. This PWIA calculation
] [ 1 takes into account the relativistic kinematics and current, and
I N . employs the Argonne V18IN interaction potential and the
% pos s TS ',L,' e Hohler nucleon form factor parametrizatig®6] (for the pro-
ton form factors an&g). The struck nucleon is described by
o a plane wave, and the interaction between the nucleons in the
Q’=0.4 (GeVic) 1  spectator pair is treated exactly by including Bl and the
. 1 Coulomb interaction between tipg pair. The de Forest CC1
i RN I [~~~ 1 off-shell prescription[27] was adopted for the electron-
- 3 - - ¥ - nucleon cross section. Furthermore, the Urbana IX three-
A 1 7 Ff A -] body forceq28] are included in the’He bound state.
"N Eyo To extract Gy,, measured transverse asymmetry data
= 20 from a 30 MeV region around the quasielastic peak were
used in order to improve the statistical uncertainties of the
extractedGy, values. The variation of th@? value in this 30

FT T 7770
I

—————————
Q%=0.3 (GeV/c)

7

2L | a%05(Gevicy '] " 006 (GeVicy? | Gy _ .
L : 1 MeV region is small, as such the corresponding change in
AT T N '—: I 5 ] the Gy, value is negligible. The PWIA calculatidii7] was
. L R T~ i employed to generat®, as a function of5}, in the same 30
- ; ] MeV-wide w region. In doing so, spectrometer acceptance
s L 2 J - u ﬂ effects were taken into account. By comparing the measured
P L P b L e asymmetries with the PWIA predictionGy, values could be
o (MeV) extracted. Results fdBy, were obtained in two waysa) by

_ o taking the weighted average éf, from three neighboring
FIG. 1. The transverse asymmetfy, in the vicinity of the 10 MeV bins around the quasielastic pgak MeV total for

quasielastic peak at the six kinematics of the experiment. The datg) and then extractings!, from this average asymmetry
M ’

points are shown wnh_stgtlstlcal uncertainties only; the experlm_enzind (b) by first extractingG?,, from each of these 10 MeV
tal systematic uncertainties are shown as dark bands. Arrows ind

cate the position of the quasielastic peak in each panel. The solihmS s_eparantely and then taking the We.lghted averf’alge of the
and the dotted curves represent the Faddeev calculftinthe ~ resulting Gy values. Both methods yield essentially the
solid curve includes the FSI and MEC effects, while the dottedSame resultswithin 0.1%).

curve includes FSI effects only. The dashed curve is the PWIA The experimental systematic uncertaintyGij, is domi-
calculation[17] used in this paper. nated by the systematic error from the determination of the
beam and target polarizations. This error is 1.7%Ain (or
Thus, even though the Faddeev calculation has been e®.85% insGy,/G},). Such a high precision can be achieved
tended numerically up to @ value of 0.4 (GeW¢)?, itwas by using elastic polarimetry10]. An additional systematic
not used to extracGy, from the Q?=0.3 (GeVk)® data  error occurs in the extraction @}, due to the experimental
discussed in this Rapid Communication. An extraction ofuncertainty in the determination of the energy transfer
Gy from our *He asymmetry data at higher values@Qf  The uncertainty from this source is 1.4% @=0.3 and
with the same quality as that achieved at IQ# requires a becomes negligible<0.5% at the higheiQ? points.
fully relativistic three-body calculation. Unfortunately, such ~ The model uncertainty inherent in the extraction proce-
a calculation is not available and difficult to carry out at thedure depends on the various ingredients of the calculation,
present time. such as theNN potential, the other nucleon form factors,
On the other hand, the size of FSI and MEC corrections tgelativity, and the reaction mechanism, including FSI and
inclusive scattering data near the top of the quasielastic peaEC. The main processes neglected in PWIA are FSI and
has been predicted to diminish with increasing momentunMEC; therefore, these two contributions are expected to
transfer in the region o? from 0.1 to 0.6 (GeV¢)? thatis  dominate the overall model uncertainty. As mentioned, we
relevant for this experimeri23—-25, and so PWIA may de- used results from the non-relativistic Faddeev calculation
scribe our data well at high€®?. Indeed, as shown in Fig. 1, carried out up to &2 value of 0.4 (GeV¢)? to estimate the
a PWIA calculation[17] (described in detail belowis in  uncertainties resulting from the omission of FSI and MEC.
excellent agreement with the data @t values of 0.5 and [Faddeev results foR2>0.4 (GeVk)?2 were not generated
0.6 (GeVk)?; in particular, thew dependence of the data is because the calculation manifestly breaks down in that kine-
well reproduced. In light of this, we felt it was reasonable tomatical regime.
extractGy, from our asymmetry data using PWIA. In order  To estimate the effect of FSI, the nonrelativistic Faddeev
to estimate the model uncertainty of this procedure, we usedalculation with FSI, corrected for relativistic effects, was
results from the full Faddeev calculation up t®Qa value of  compared21] with the relativistic PWIA calculatiorj17].
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TABLE Il. The ratio of G}, to the dipole parametrization as a 1.2 e e e
function of Q?, the uncertainties are statistical, systematic, and the- [ ]
oretical uncertainties, respectively. i } %
Uncertainties
Gy
Q2 (GeVic)? GY/Gp G
0.30 0.972 +0.014+0.016" 5%
0.40 0.984 +0.011+0.028 5528
0.50 0.984 +0.009+0.024" 5:3%
0.60 1.010 +0.013+0.027 553

0.8 -....I....I..“I“..I....I....I“..I....I....I....-

Relativistic corrections to the Faddeev calculation were de-

0.0 0.1 02 03 0.4 05 06 0.7 08 09 10
Q2 [(Gev/c)?]

rived from a comparison between the standard, relativistic G, 2. The neutron magnetic form fact@, in units of the
PWIA Calculation[].?] and a mOdified, nonrelativistic PWIA standard d|p0|e form factor (-&Q2/071)’2, at Q2 values of 0.3 to

calculation[21]. One can thus study the size and Q&

0.6 (GeVk)? extracted using PWIA calculations. The error bars

dependence of the FSI effect up to @> value of  shown do not include the model dependent uncertainties, which are
0.4 (GeVk)?. As expected, FSI corrections £ decrease typically 3—-4 %. Also shown are measurements published since
with increasingQ?. The estimated errors iA7, due to the 1990 and a few selected theoretical models. Qiedata points of
neglect of the FSI effect in PWIA are 9.0%, 3.6% fof of Anklin 94 [3] and Gao 949] have been shifted slightly for clarity.
0.3, 0.4, and on the order of 1-2 % f@,z values of 0.5 and The solid curve is the Hder nucleon form factor parametrization
0.6 (GeVk)? based on an extrapolation beyonda value [26], the long-dashed curve is a recent calculation based on a fit of

of 0.4 (GeVk)2.

the proton data using dispersion theory argumé¢B8, and the

The MEC effect can be addressed in a similar manner‘.joned curve is a recent analysis based on the vector meson domi-
Based on the Faddeev calculatiftt], we find that MEC nance mode[31]. The dashed curve is a Skyrme/soliton model

corrections toA1, near the top of the quasielastic peak de-
crease exponentially a®? increases. Similar conclusions

have been drawn from studies of the quasieladfie,e’)
procesq 25]. We estimate the uncertainty due to the neglec

calculation[32], and the dash-dotted curve is a relativistic quark
model calculatiori33].

asymmetryAr, in the quasielasticHe(e,e’) process with

of the MEC effect in PWIA forA;, on top of the quasielastic Nigh precision an values from 0.1 10 0.6 (G?WZ- In this
peak to be 3.6%, 2.4%, 1.0%, and 1.0% €% of 0.3, 0.4, Rapid Communication, we report the extractionG; atQ?

0.5, and 0.6 (GeW)?, respectively.

values of 0.3 to 0.6 (Ge\¢)? based on PWIA calculations,

The effect of various different off-shell prescriptiof9] which are expected to be reasonably reliable in our range of
was studied in the framework of the PWIA calculation, andQ”. We estimate the total uncertainty of our results to be
the contribution to the uncertainty of extractiigfy from ~ about 4-6 %, which includes model errors of typically
A:, was found to be negligible. Differences @}, arising ~1—5 %. A more precise extraction Gfy at theseQ” values
from different choices ofNN potential and other nucleon requires a fully relativistic three-body calculation, which is

form factor parametrizations were found to be about 1%.

unavailable at present. Efforts are underway to extend the

Results forG”, extracted aQ?=0.3 to 0.6 (GeV¢)? us-  theory into this regimé34].
ing the PWIA calculation are presented in Table Il along with  \We thank the Hall A technical staff and the Jefferson Lab
statistical, systematic, and model uncertainties. The modelccelerator Division for their outstanding support during this
uncertainties of between 1% and 5% were obtained basegkperiment. This work was supported by the U.S. Depart-
on the studies described previously. The results are plotted iment of Energy, DOE/EPSCoR, the U.S. National Science
Fig. 2 along with the previously reporte8ly, results[10] at  Foundation, the Science and Technology Cooperation
Q?=0.1 and 0.2 (GeW)?, which were extracted using the Germany-Poland and the Polish Committee for Scientific Re-
Faddeev calculation. All other results published since 199Gearch, the Ministero dell'Universigdella Ricerca Scienti-
are also shown. The error bars shown on our data are theca e TecnologicdMurst), the French Commissariatl'& n-
quadratic sum of the statistical and experimental systematiergie Atomique, Center National de la Recherche
uncertainties reported in Table Il, which do not include theScientifique (CNRS, and the Italian Istituto Nazionale di
estimated model uncertainty.

While limitations exist in our analysis approach due toContract No. DE-AC05-84ER40150 under which the South-
theoretical uncertainties, we note that our results are in vergastern Universities Research AssociatiSBiuRA) operates
good agreement with the recent deuterium ratio measureghe Thomas Jefferson National Accelerator Facility. The nu-
ments from MainZ5,6], and in disagreement with results by merical calculations were performed at the U.S. National En-

Bruins et al. [4].

Fisica NucleargINFN). This work was supported by DOE

ergy Research Scientific Computer Cent&dERSQ and

In conclusion, we have measured the spin-dependentIC in Juich.
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