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Electroproduction of the S11„1535… resonance at high momentum transfer
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The differential cross section for the processp(e,e8p)h has been measured atQ252.4 and 3.6 (GeV/c)2 at
center-of-mass energies encompassing theS11(1535) resonance. The latter point is the highest-Q2 exclusive
measurement of this process to date. The resonance width and the helicity-1/2 transition amplitude are ex-
tracted from the data, and evidence for the possible onset of scaling in this reaction is shown. A lower bound
of '0.45 is placed on theS11(1535)̃ ph branching fraction.@S0556-2821~99!00417-8#

PACS number~s!: 13.60.Rj, 13.40.Gp, 13.60.Le, 14.20.Gk
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I. INTRODUCTION

Baryon electroproduction allows the measurement of tr
sition form factors, which test models of hadronic structu
in ways that static baryon properties alone cannot. Rece
much effort has gone into attempts to reproduce obser
transition form factors over a large range of four-moment
transfer. At low four-momentum transfer, orQ2, the focus
has been on incorporating relativistic effects into the c
stituent quark model~CQM! @1#, using light-front@2–4# and
other @5,6# approaches. At higherQ2, perturbative QCD
~PQCD! sum rule calculations@7# and valence PQCD@8#
have been employed. The applicable range inQ2 for these
various approaches is not clear.

Among the most interesting of baryon case studies is
S11(1535) resonance, which is one of the most strongly
cited states over allQ2, and which is easily isolated becau
it is the only resonance that has a large branching fractio
the h. The reproduction of theS11(1535) form factor has
become a goal of many models, but the effort has been h
pered by a lack of precise electroproduction data. In addit
the uncertainty in theS11(1535) transition amplitude is lim
ited by knowledge of the full width and branching fraction
the h. We report here on a measurement of the reactioe
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1p˜e81S11(1535)̃ e81p1h and an extraction of the
helicity-conserving transition amplitudeA1/2

p at Q252.4 and
3.6 (GeV/c)2. We also use a recent analysis of inclusi
(e,e8) data to put a lower bound on theS11(1535)̃ ph
branching fraction.

II. EXPERIMENT

The experiment was performed in Hall C of the Thom
Jefferson National Accelerator Facility~Jefferson Lab!,
shown in Fig. 1. The Short Orbit Spectrometer~SOS!, which
is a resistiveQDD̄ device, was used to detect electrons. T
High Momentum Spectrometer~HMS!, which is a supercon-
ducting QQQD spectrometer, was used to detect proto
Figure 2 shows the HMS detectors, which include dr
chambers~DC1 and DC2! for determining track information,
scintillator arrays~S1X/Y and S2X/Y! for triggering and
time-of-flight measurement, and a threshold gas Cˇ erenkov
and electromagnetic calorimeter for particle identificati
~PID!. The SOS detectors are configured similarly.

The incident electrons had energiesE53.245 and 4.045
GeV for theQ252.4 and 3.6 (GeV/c)2 points, respectively.
At each of the twoQ2 points, the electron spectrometer w
fixed in angle and momentum, thus defining a central thr
momentum transferq and direction of a boosted decay con
of protons. The proton spectrometer was stepped in an
and in momentum to capture as much of this decay con
possible. Data were obtained at 33~21! kinematic settings at
the low ~high! Q2 point.

Target protons were provided in the form of liquid hydr
gen at 19 K flowing through a target of length 4.36 cm. T
relative current of the electron beam was measured by
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resonant-cavity current monitors, which were calibrated
riodically using the absolute beam current measurement
parametric current transformer. The combined measurem
had an absolute accuracy ofs51.5%.

Electrons were identified in the SOS using the Cˇ erenkov
detector and lead-glass calorimeter~see Fig. 3!. In the HMS,
protons were separated from pions using the time of fli
measured between two pairs of scintillator arrays~see Fig.
4!. In both spectrometers, tracking information was obtain
from the drift chambers. Details of the experiment and ana
sis are given in Ref.@9#, and information on a simultaneou
measurement of theD(1232) can be found in Ref.@10#.

FIG. 1. A plan view of the Hall C end station at Jefferson La
The electron beam enters from the left, and the scattering ta
place in the cryogenic target placed in the beamline. In this exp
ment, outgoing particles were detected by two magnetic spectr
eters: the Short-Orbit Spectrometer~SOS! was used to detect elec
trons and the High-Momentum Spectrometer~HMS! was used to
detect protons.

FIG. 2. A side view of the HMS detector stack, as seen from
door of the detector hut. The detected particles travel from lef
right ~along positivez).
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III. DATA ANALYSIS

The data were corrected for trigger and PID inefficienc
(,1%), track reconstruction inefficiencies ('5%), com-
puter and electronic dead times (,5%), current-dependen
target density changes ('3%), andprotons undetected du
to interactions in the detector stack ('3%). Thedata were
binned inW, cosuh* , fh* , andMx

2 ~with 6, 10, 6, and 20 bins
respectively!. HereW is the invariant mass;uh* is the polar
angle between the direction of theh and the three-
momentum transferq in the center-of-mass~c.m.! of the
resonance,fh* is the azimuthal angle of theh with respect to
the electron scattering plane, andMx

2 is the square of the
missing mass forp(e,e8p)X. Theh mesons were identified
in the final state usingMx

2 . Figure 5 shows the missing mas
distribution for a typical kinematic setting.

Modest backgrounds inMx
2 due to accidentals ('2%,

shown in Fig. 4! and protons penetrating the HMS collimat
and magnet apertures ('4%) were measured and subtract
from the data. The remaining continuum background
missing mass was due to multi-pion (np) production~rang-
ing from 30% to 50% of the resonance data! and a small
(,2%) contribution from target-window interactions. Tw
independent techniques were used to subtract these rem
ing background events. The first technique fitted a poly
mial plus peak inMx

2 to the data in each (cosuh* , fh* ) bin
~integrated over theW acceptance for that kinematic setting!,
and then subtracted the background contribution from e
bin. The second technique scaled a Monte Carlo–gener
np background to match the data above and below

.
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-
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FIG. 3. The response of the SOS calorimeter and Cˇ erenkov for
events of a typical data run. The calorimeter responseEcal is the
total energy deposited normalized to the particle momentum, w
the Čerenkov responseNp.e. is the number of photo-electrons de
tected. The events atNp.e.50 are p2 ~note the peak atEcal

'0.25). The events atNp.e..0, Ecal.0.7 are electrons. The even
at Np.e..0, Ecal'0.3 are caused byp2 that produced knock-on
electrons that triggered the Cˇ erenkov. Note that thez axis is on a
logarithmic scale.
4-2
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ELECTROPRODUCTION OF THE S11(1535) . . . PHYSICAL REVIEW D 60 052004
missing-mass peak and then subtracted this background
each (W, cosuh* , fh* ) bin.

Three different models were used to simulate thenp
background in the Monte Carlo program:ep̃ e8pp1p2,
ep̃ e8D11p2

˜e8pp1p2, and a crude approximation o
three-body phase space. The Monte Carlo simulation
also used to simulate multiple scattering and ionization

FIG. 4. Velocity from time of flight (bHMS) and coincidence
time ~the difference in time of arrival for the two spectrometers! for
events of a typical data run. The band of events atbHMS '1 are
p1, while those atbHMS '0.8 are protons. The real proton coinc
dences are att50 ns, and the nominal 2 ns radio frequency stru
ture of the beam is visible in the adjacent accidental peaks.
low-bHMS tail emanating from the real coincidence peak is m
likely due to protons undergoing interactions in the detectors a
the drift chambers.

FIG. 5. A plot of Mx
2 for one kinematic setting. The peak a

Mx
2'0.3 (GeV/c2)2 corresponds to undetectedh mesons in the

final state@the peak atMx
2'0.02 (GeV/c2)2 corresponds top0, the

subject of Ref.@10##. Note the presence of the multi-pion bac
ground as well as the radiative tail extending to the right of theh
peak.
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ergy loss, and to correct for experimental acceptance and
effect of radiative processes. Once thenp background was
subtracted from both experimental and simulated spectra
experimental yields were corrected to account for finiteQ2

acceptance. The differential cross section was then given
the ratio of experimental to simulated yield in each (W,
cosuh* , fh* ) bin, normalized by the simulation resonan
cross section for that bin.

The cross sections obtained using the differentnp models
and the two background subtraction techniques all agr
within 2%; both the following figures and our final resul
were obtained using the first subtraction technique toge
with a background generated by combining two of thenp
models. Figure 6 shows data and fits for several typi
(cosuh* , fh* ) bins of one kinematic setting. Figure 7 show
the result of fits for several kinematic settings, where
each setting we have integrated both the data and thei
spective fits over the sixty individual (cosuh* , fh* ) bins.

Using similar techniques we verified the well-know
1H(e,e8p) cross section@11# to within 2%.

IV. RESULTS

The fivefold differential cross section for theep̃ e8ph
process may be expressed as the product of the transv
virtual photon fluxG

T
~Hand convention@12#! and the c.m.

cross section for the electroproduction of theph pair:

ds

dVedEe8dVh*
5G

T

ds

dVh*
~gvp˜ph!. ~1!

Previous data indicate that the c.m.gvp˜ph cross section is
dominated byS waves arising from theS11(1535) @13,14#.
This dominance was confirmed by the present data, wh
showed that terms other thanS wave were less than 7% an

-
e
t
r

FIG. 6. Fits to theMx
2 distribution for several typical (cosuh* ,

fh* ) bins, one kinematic setting.
4-3
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consistent with zero within the statistical uncertainty of t
data. Angular distributions for theQ253.6 (GeV/c)2 data
are shown in Fig. 8.

From S-wave fits to the angular distributions, the tot
cross section was calculated~at eachQ2 point! as a function
of W:

s tot ~W!54p
ds

dVh*
~gvp˜ph!. ~2!

This cross section, which consists of resonant and nonr
nant parts, was fitted with a relativistic Breit-Wigner plu
nonresonant background curve,

s tot ~W!5s res~W!1snr ~W!

5Ares
2

uph* uW
mpK

WR
2GR

2

~W22WR
2 !21WR

2G2~W!

1BnrAW2Wthr , ~3!

FIG. 7. Results of background fits for several typical kinema
settings. Data are on the left and the corresponding Monte C
result is on the right. Each figure shows the integration of si
individual (cosuh* , fh* ) bins and their respective fits~like those
shown in Fig. 6!. The solid line is the sum of the background an
peak fits; the dashed line shows the background only. The line
the bottom of the data plots show the small contribution from
accidental coincidence and HMS collimator backgrounds.
05200
o-

whereWR is the resonance mass,GR is the full width, Ares
2

and Bnr are theQ2-dependent magnitudes of the resona
and nonresonant terms,K is the equivalent real photon en
ergy @K5(W22mp

2)/(2mp)#, and ph* is the three-
momentum of theh in the c.m. of theph system. Theph
production threshold is atWthr '1486 MeV ~in the lowest
W bin!. At both values ofQ2, the fitted value of the phenom
enological nonresonant term (BnrAW2Wthr ) was consistent
with zero ~with an uncertainty of 1% of the resonant term!.

The energy-dependent resonance widthG(W) of Eq. ~3!
was parametrized in terms of the branching fractionsbh
([Gh /GR at WR), bp , andbpp according to Walker@15#.
At present the Particle Data Group~PDG! gives an estimated
range for theh branching fraction of 0.30<bh<0.55 @16#.
Therefore, fits tos res(W) were made assuming three sets
values for the branching fractions (bh :bp :bpp), which we
define as fits 1–3, respectively: (0.55:0.35:0.10
(0.45:0.45:0.10), and (0.35:0.55:0.10). A consequence
the ph threshold is that the fit tos res(W) cannot constrain
the branching fractions@9# ~i.e., the three fits result in curve
that are virtually indistinguishable!.

Based on a branching fraction constraint presented be
we consider fit 1 (bh50.55) tos res(W) to be the preferred
fit. The fits for bothQ2 points are shown in Fig. 9. With the

lo
y

at
e

FIG. 8. Angular distributions for theQ253.6 (GeV/c)2 data.
Each plot shows the cosuh* distribution for a single (W, fh* ) bin.
The rows correspond to different bins inW, the columns to different
bins in fh* . Data corresponding tofh* 5690° are not shown; the
out-of-plane experimental coverage was complete only for the l
est W bin ~where the data looked similar to that in thefh* bins
shown here!, and was almost nonexistent at higherW. The lines are
S-wave fits to the data.
4-4
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ELECTROPRODUCTION OF THE S11(1535) . . . PHYSICAL REVIEW D 60 052004
fit 1 branching fractions, we obtain a full widthGR5(154
620) MeV. This width changed less than 10 MeV over t
range of branching fraction assumptions. The uncertaint
statistical added in quadrature with systematic. Our re
agrees with the PDG estimate ('150 MeV) @16#, and ap-
pears lower than the recent Mainz measurement,GR5(203
635) MeV @13# ~see inset of Fig. 9!. These recent result
disagree with the value ofGR5(6867) MeV obtained from
the high-Q2 measurement of Ref.@14#. The form of the
Breit-Wigner parametrization used by the three groups is
sentially the same, and so does not account for the dif
ences inGR .

As noted above, the fit tos res(W) cannot constrain the
branching fractionbh , but a comparison between this wo
and a recent fit to inclusive (e,e8) scattering@17# can. The fit
by Keppel and co-workers models the inclusive cross sec
in terms of transverse resonant (sTres

) and nonresonan

(sTnr
) contributions using

ds

dVedEe8
5G

T
@sTnr

~11«Rnr!1sTres
#. ~4!

In that work, the resonant contribution from each of the th
resonance regions~assumed to be entirely transverse! is fit
using a Breit-Wigner form. The transverse component of
nonresonant contribution is fit using the phenomenolog
form

s5 (
n51

3

Cn~Q2!~W2Wthr !n21/2, ~5!

where theCn(Q2) are fourth-order polynomials inQ2. The
longitudinal component of the nonresonant cross sect
which enters through the longitudinal-to-transverse ra
Rnr , is taken from a fit to deep inelastic data@18#.

The resonant part of the second resonance region is d
nated at lowQ2 by theD13(1520). At higherQ2, however,

FIG. 9. Fit 1 to s res(W) for the two Q2 points of this work
~errors on the data are statistical only!. Note the presence of theph
threshold. The inset shows theW dependence of this cross sectio
as measured by the present work~solid line,GR5154 MeV), Ref.
@13# ~dashed line,GR5203 MeV), and Ref.@14# ~dotted line,GR

568 MeV). The curves in the inset have been normalized to
same magnitude.
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the S11(1535) begins to dominate, and byQ2

54 (GeV/c)2 it is expected that theS11(1535) is respon-
sible for over 90% of the resonant cross section atW
'1535 MeV @14#. Assuming that the resonant part of th
inclusive cross section is the incoherent sum of the reson
contributions of the various decay channels, we can use
inclusive and exclusive resonant cross sections to put a lo
bound onbh @9#:

bh>
s res~S11˜ph!

s res~ inclusive!
, ~6!

where both cross sections are taken atW'1535 MeV. A
value of bh50.55 results in good agreement between
high-Q2 point of this work and the inclusive fit; a value o
bh50.35, on the other hand, implies an inclusive cross s
tion 50%greaterthan the fit to the measured inclusive cro
section, which is strong evidence that the branching fract
is not this low. With the incoherent summation ansatz giv
above, and assigning a 10% uncertainty to the inclusive
we find a lower bound ofbh50.45 with a 95% confidence
level. Assuming complete S11 dominance at Q2

54.0 (GeV/c)2, we find a best fit ofbh50.55.
Neglecting resonances other than theS11(1535), we relate

the amplitudeA1/2
p to s res by @13,19#

A1/2
p ~Q2!5F WRGR

2mpbh

s res~Q2,WR!

11«R G1/2

. ~7!

Here« is the longitudinal polarization of the virtual photon
and R5s

L
/s

T
. For R we assumed a parametrization bas

on a quark-model calculation@20#. The expected impact o
the longitudinal-to-transverse ratioR on the final physics re-
sult is small: a 100% error in the assumed value@'4% at
Q252.4 (GeV/c)2] corresponds to an uncertainty of les
than 1% in the quoted value ofA1/2

p .
Table I gives final results for fits 1–3. The uncertainti

are systematic and statistical added in quadrature; forA1/2
p we

included estimates for the uncertainties fromGR and bh ,
which were obtained by varying these quantities over reas
able ranges~150–200 MeV and 0.45–0.6, respectively! and
studying the effect on the helicity amplitude.

TABLE I. Results. The uncertainties are systematic~including
estimated uncertainties inGR andbh for A1/2

p ) and statistical added
in quadrature. The topA1/2

p result is for Q252.4 (GeV/c)2, the
bottom is for Q253.6 (GeV/c)2. Fit 1 is preferred for reasons
discussed in the text. The ‘‘best value’’ forbh assumesS11 domi-
nance atQ254 (GeV/c)2.

Quantity Fit 1 Fit 2 Fit 3

WR @MeV# 153265 152765 152165
GR @MeV# 154620 150619 147619
A1/2

p @1023 GeV21/2# 5067 5568 6369
A1/2

p @1023 GeV21/2# 3565 3966 4466
bh5Gh /GR .0.45; best value'0.55

e

4-5
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Table II lists the dominant sources of systematic unc
tainty in the measurement and their impact on the differen
cross section and on the helicity amplitude. The uncerta
in d2s/dVh* is given as a range, where the largest uncerta
ties are for the highestW bins.

Figure 10 shows the helicity amplitude results, along w
points calculated from previousep̃ e8ph data and some
theoretical predictions. All data points in the figure were c
culated using Eq.~7! assuming GR5154 MeV and bh
50.55; if either assumption is wrong,all data points will
scale together. Not included for any of the data points in
figure are the uncertainties inGR and bh . Note the good
agreement between the high-Q2 point of the present work
and the inclusive fit forbh50.55; assumption of a lowe
branching fraction shifts the dataup relative to the inclusive
fit.

The present result differs from previous work in both t
strength and the slope of theS11(1535) form factor; most
notably, we find a cross section 30% lower than that of R

TABLE II. Dominant sources of systematic uncertainty,not in-
cluding GR andbh ~which affectA1/2

p ).

Fractional uncertainty (s) in
Quantity d2s

dVh*

A1/2
p

Monte Carlonp model 1%–7% 1%
np subtraction 1%–6% 1%
Knowledge ofE 1%–10% 0.8%
Knowledge ofue 0.2%–11% 1%
Experimental acceptance 1%–6% 1%

FIG. 10. The helicity amplitudeA1/2
p (Q2) of the S11(1535),

measured viaep̃ e8ph, together with some theoretical predic
tions. The data points~@13,14,21–25# and the present work! were
calculated usingGR5154 MeV, bh50.55, and the parametrizatio
of R referenced in the text. The errors shown on previous data
statistical only. The errors shown for the present work include b
statisticalandsystematic uncertainties, with the exceptions noted
the text. The theoretical curves of Refs.@3–6,26# are based on vari-
ants of the CQM. The curve from Ref.@7# is the result of a PQCD
calculation. The curve from Ref.@17# is a fit to inclusive data.
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@14# @found by interpolating the results of this work toQ2

53 (GeV/c)2]. This difference is reduced in the amplitud
by the square root relatingA1/2

p to the cross section@Eq. ~7!#.
Although the present data were taken at a different value o«
than those of Ref.@14#, a longitudinal cross section is no
responsible for the difference between the two measu
ments; a value ofR'2.3 ~which is ruled out at lowQ2

@21,22#! would be necessary to account for the discrepan
Of the various CQM curves shown in Fig. 10, none e

hibit a slope as shallow as that of the data. Those that in
cate an amplitude atQ2;3 (GeV/c)2 roughly consistent
with experimental data also predict excess amplitude
lower Q2. Our data also have consequences for a rec
coupled-channel model for theS11(1535) @27#; the proposed
quasi-boundKS ~five quark! state is expected to have a for
factor that decreases more rapidly than is observed.

Figure 11 shows the quantityQ3A1/2
p for the S11(1535),

which is predicted by PQCD to asymptotically approach
constant at highQ2 @7#. As has been pointed out elsewhe
@28#, such scaling might be due to non-perturbative contrib
tions. While there is nostrongscaling evident in the figure
our data indicate thatQ3A1/2

p may be approaching a consta
value byQ2;5 (GeV/c)2.

V. CONCLUSIONS

We have presented the results of a precise, high statis
measurement of theep̃ e8ph process atW'1535 MeV
and atQ252.4 and 3.6 (GeV/c)2 @29#. The contribution of
terms other thanS-wave multipoles is observed to be le
than 7%, which is consistent with previous measureme
More importantly, the cross section obtained from the n
data is about 30% lower and indicates a full width twice th
of the only other exclusive measurement at comparableQ2

@14#.
While the new data exhibit no strong perturbative sign

ture, they do have aQ2 dependence that is markedly diffe

re
h
n

FIG. 11. The quantityQ3A1/2
p (Q2) for the S11(1535). The dot-

dashed line is an exponential fit to the cross section given by
two points of the present work (s res516.5 exp@20.565Q2# mb,
whereQ2 is in @(GeV/c)2#), and the solid line is a fit to inclusive
data ~as in Fig. 10!. The errors that are shown, and the assum
values forGR , bh , andR, are the same as in Fig. 10.
4-6
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ELECTROPRODUCTION OF THE S11(1535) . . . PHYSICAL REVIEW D 60 052004
ent than the older high-Q2 measurement. Even given the ne
~lower! cross section obtained from this measurement, h
ever, relativized versions of the quark model fail to rep
duce theQ2 dependence seen experimentally.

A comparison of the new high-Q2 datum~the highest in
existence! with a recent inclusive analysis indicates
S11(1535)̃ ph branching fraction of at leastbh50.45. Us-
ing bh50.55 we obtainGR5154 MeV and a new measure
ment ofA1/2

p (Q2) ~see Table I!.
n
ex
e-
S.

v

nd

8.

05200
-
-

ACKNOWLEDGMENTS

We wish to acknowledge the support of those in the J
ferson Lab accelerator division for their invaluable work du
ing the experiment. This work was supported in part by
U.S. Department of Energy and the National Science Fo
dation. C.S.A. also thanks SURA and Jefferson Lab for th
support.
ort
el,
al
to

el

l

on-
@1# N. Isgur and G. Karl, Phys. Lett.72B, 109 ~1977!; 74B, 353
~1978!.

@2# S. Capstick and B. D. Keister, Phys. Rev. D51, 3598~1995!.
@3# This is a calculation in the light-front model of Ref.@2#, which

assumes pointlike quarks and simple wave functions, but~in
contrast to the published work! uses the standard conventio
for the normalization of states and a different method for
traction of helicity amplitudes, along with numerical improv
ments. This effort is ongoing at the time of this writing.
Capstick~personal communication!.

@4# R. Stanley and H. Weber, Phys. Rev. C52, 435 ~1995!.
@5# Z. Li and F. Close, Phys. Rev. D42, 2207~1990!.
@6# M. Warnset al., Z. Phys. C45, 613 ~1990!; 45, 627 ~1990!;

Phys. Rev. D42, 2215~1990!.
@7# C. E. Carlson and J. L. Poor, Phys. Rev. D38, 2758~1988!.
@8# D. B. Leinweber, T. Draper, and R. M. Woloshyn, Phys. Re

D 46, 3067~1992!.
@9# C. S. Armstrong, Ph.D. dissertation, College of William a

Mary, 1998.
@10# V. V. Frolov et al., Phys. Rev. Lett.82, 45 ~1999!; V. V.

Frolov, Ph.D. thesis, Rensselaer Polytechnic Institute, 199
@11# The Monte Carlo simulation of1H(e,e8p) used the dipole

form factor (11Q2/0.71)22 for GEp
and the Gari-
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