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ABSTRACT
We measured the elastic electron-neutron cross sections at four-
momentum transfers squared (Q2%) of 2.5, 4.0, 6.0, 8.0 and 10.0 (GeV/c)?
using a deuterium target and detecting the scattered electrons at 10°.
The ratio of neutron to proton elastic cross sections decreases with Q2.
At high Q% this trend is inconsistent with the dipole law, form factor
scaling, and many vector dominance models, although it is consistant

with some parton models.
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Determining the structure of the nucleons is one of the fundamental
problems of physics. A uwide variety of empirical and theoretical models
ranging from form ‘actor scaling! and vector dominance? to quark-parton
models3 and perturbative QCD" have been used to explain the elastic
cross sections (op, 0,). Most of the current models agree with existing
data but diverge from each other in the previously unexplored region of
high four-momentum transfer squared (Q?). While ¢, has been measuredS
up to Q% = 33 (GeV/c)Z, o6, had been reliably measured® only to Q2 = 4
(GeVsc)2. Here ue report measurements of on out to Q2 = 10.0 (GeVs/c)2.

The cross section for elastic electron-nucleon scattering can be
written as:

dosd = oy [ACQ2) + B(Q2) tan2(}6)] QP!
where oy is the Mott cross section, A = (6Zg + 162)/(1 + 1), and B =
276ZH. The electric form factor Gg and the magnetic form factor Gy are
functions of Q% only, T = Q%/4m%, and Q2 > 0 in the spacelike region.
Since the contribution from Gy dominates that of Gg by a factor of 71,
and Gg is thought to be small for the neutron, our measurements at large
Q2 are mostly sensitive to Gpn.

The experiment was done in End Station A at SLAC. MWe detected
electrons scattered from 30 cm long hydrogen or deuterium targets into
the 20 GeV/c spectrometer? set at 10°. The momentum (E’) and polar
angle (8) of the electrons were measured with five planes of MWPCs.
Electrons uere identified in a total-absorbtion shouer counter. We

determined the spectrometer acceptance with slits and by collecting over
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a million events in the deep inelastic region where the spectrum is
flat.

For each incident energy uwe measured the electron-deuteron and
electron-proton cross sections o(§l, E’) over the entire quasielastic
region and uell into the inelastic region in eight overlapping steps in
spectrometer momentum. The cross sections measured in the overlapped
regions Were in excellent agreement. High statistics were necessary to
determine the precise shapes of the spectra so that we could separate
them into elastic and inelastic components. For example at Q2 = 6
(GeV/c)? ue collected approximately 6 %X 10 e-d events. About 60% of
them were in the quasielastic peak region, yielding ~3% statistical
accuracy in each of 40 bins in E’., The experimental cross sections uere
radiatively corrected using an iterative method based on the work of Mo
and Tsai® to get the true cross sections. The cross section at Q% = 6.0
(GeVsc)? is shoun as the points in Fig. 1. Notice that the quasielastic
peak at E/ = 12.55 GeV is partly obscured by the inelastic cross
section.

As a calibration we compared the elastic e-p cross sections
extracted from our hydrogen target data with previous data at all five
values of @%. Qur results agree with a fit to the world data® to within
the statistical errors of a few percent.

In the impulse approximation the scattering from deuterium is the
sum of scattering from the individual moving nucleons. At our elastic
scattering kinematics this Fermi motion causes a momentum smear of about

1.5 percent FUHM which means that the quasielastic and long tail of the
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smeared inelastic spectrum overlap at high Q2. To extract the
quasielastic neutron cross section from the deuteron data, the
quasielastic proton and smeared inelastic proton and neutron cross
sections must be subtracted. The quasielastic neutron cross section is
proportional to the smeared elastic proton cross section, (0p,e1)gn-
The smeared inelastic neutron cross section was assumed to be
proportional to the smeared inelastic proton cross section, (op, indsm:
over our limited range of E/. The smeared proton cross sections uere
obtained from our hydrogen data supplemented at high inelasticity by the
extensive data taken by other groups at SLAC.'® The Fermi momentum (p¢)
distribution was obtained from models!! of the deuteron wave function.

Two independent methods uwere used to obtain these smeared proton
cross sections. 1o the first method a Monte Carlio program generated
kinematic quantities for elastic and inelastic electrons scattered from
moving nucleons. The events uwere radiated and they were weighted by the
deuterium wave function and the cross section. The events uwere reduced
to cross sections by the same procedure as for the real data and then
compared with the experimental deuterium cross sections. In the second
method we used analytical expressions derived from the work of McGee!?
to calculate the quasielastic and smeared inelastic cross sections. The
latter were treated as the sum of narrow elastic-like peaks. These
smeared cross sections uere compared with the radiatively corrected
deuterium cross sections.

In both methods the measured deuterium spectrum was represented by

the expression:
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o(ft, E’) = Rel * (0p,ellsm * Rin * (0p, indsm

The proportionality constants R = o4/0p = (0 + 0p)/0, are determined by

a least squares fit. 1In Fig. 1 the radiatively corrected deuterium

spectrum, the quasielastic and smeared inelastic proton spectra, and the

fit are shoun for Q% = 6.0 (GeV/c)2.

The good fits at each value of Q2 support the validity of the
assumptions going into the analysis. We studied extensively the
sensitivity of the results to various inputs to the analysis and found
the largest variations to come from the use of a variety of deuteron
wave functions with different high momentum components for ps > 0.25
GeVs/c, and from the tuo different methods of analysis. The systematic
errors are larger than the statistical ones. The errors ue present
enclose the results for both methods with three different realistic
deuteron wave function models:'! the Paris potential, the Bonn
potential, and the Reid Soft Core modified by recent!3 Saclay Data.

Table I lists the ratio on/0p = Reyl - 1, the values of the neutron
cross section obtained by using our elastic e-p results for op, and Gup
extracted from Eq. (1) assuming Ggn = 0. The ratio on/0p is shown in
Fig. 2 as a function of Q% along with some results from a previous
experiment (Albrecht, Ref. 6). HNotice that our results are consistent
with the other results, but are a Tittle lower. We show the predictions
from two commonly used empirical relationships: the dipole law Gpn =
mn7(1 + Q%/0.71)2 with o, from our data (dash-dot), and form factor
scaling GMn = BnbMp/lp (dotted), both with Gen = 0. The dashed curve is

the model of Hohler et al.? uhich is typical of other VDM calculations.
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The neuw high Q2 data fall wuell belou these curves. The solid curve is
the VDM prediction of Blatnik and Zovko? uhich incorporates the
asymptotic limits discussed belou.

The quark dimensional scaling laus'" predict that at large Q2 the
spin averaged hadronic elastic form factor JK?E;B has a pouwer lau
dependence (1/G2)"" ! yhere n is the number of elementary quark
constituents. In Fig. 3 we plot the experimental values
(@2)"losonlt’2 (= (@2)" ' JA(QZ) at small angles) versus Q2 for the
pion, the nucleons, and several light neuclei.'S. Within the errors our
neu neutron form factor data scale.

Explicit calculations'™ for the nucleon using a model with 3 spin
172 quarks shou that at large Q%, F41(Q2) = €4/(Q%2)2 and F,(Q2%) =
C27(Q2)3 yhere Fq = (G6g + 764)7(1-7) and Fp, = (Gg - G)/k(7s - 1) are the
Dirac and Pauli form factors, and k is the anomalous magnetic moment.
The C4 and €, depend on the quark wave function of the nucleons and in
particular on the average charge of the leading quark near x = 1. If
the nucleon wave function is spacially symmetric such that F1, » 0 then
6n/0p > 1702 at large Q2. Alternatively, if the leading quark has the
same isospin'S (helicity!'®) as the nucleon it follous that on/6p = 174
(1/9). Our results shou on/0p falling with increasing Q2 above Q% = 6
(6eV¥/c)? in a way which is‘consistent with all three predictions.

There are assymptotic perturbative QCD calculations* in which the
power law Q2 dependence of the form factors given by the dimensional
scaling laws (modulo logarithmic corrections) arises from the hard

scattering subprocesses involving all the valence quarks. The form
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factors also depend on the quark wave functions. The calculation of
Brodsky and Lepage shous Gun/GMp to be particularly sensitive to the
ua?e functions, and for a wide range of possible wave functions they
predict on/op = (Gun/6Mpl2 > 1. This is inconsistent with our results
and the trend with increasing Q2 is in the opposite direction. This
could indicate that these asymptotic predictions are not applicable at
our Q%, or that there are some fundamental problems uith perturbative
QCD. In any case these results uill severely restrict models for the
nucleon wave functions.

We acknoulédge Dave Sherden for his help with our new computer and
the Spectrometer Facilities Group for their support. This uork uwas
supported by the Depariment of Energy under contract DE-AC03-76SF00515

and National Science Foundation grants PHY78-09378 and PHY81-038484.



REFERENCES

Tpeceased 19381.

*on leave from Universitat Bonn, West Germany.

SNow at: University of Santiago, Chile.

#%¥Now at: University of Virginia, Charlottesville, VA.

T. Narita, Progress in Theoretical Physics 42, 1336 (1969); A. L.
Licht and A. Pagnamenta, Phys. Rev. D 4, 2810 (1371).

2F, lachello et al., Phys. Lett. 43B, 191 (1973); S. Blatnik and N

Zovko, Acta Physica Austriaca 39, 62 (1974); F. Felst, BESY preprint
73756, unpublished; G. Hohler et al., Nucl. Phys. B114, 5085 (1976).

3S. b. Drell and T. M. Yan, Phys. Rev. Lett. 24, 181 (1970); S. J.

Brodsky and B. Chertok, Phys. Rev. D 14, 3003 (1976);

*S. J.Brodsky and 6. P. Lepage, Physica Scripta 23, 945 (1981); G.

P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157 (1980).

5P. N. Kirk et al., Phys. Rev. D 8, 63 (1973); S. Stein et al.,

Phys. Rev. D 12, 1884 (1975); W. B. Atuood, PhD Thesis, SLAC Report No.

185 (1975), SLAC, Stanford, CA.

6. Bartel et al., Nuc. Phys. 58, 429 (1973); K. Hanson et al.,

Phys. Rev. D 8, 753 (1973); R. J. Budnitz et al., Phys. Rev. 173, 1357

(1968); W. Albrecht et al., Phys. Lett. 26B, 642 (1968).

L. W. Mo, SLAC-TN-65-40 (1965), SLAC, Stanford, CA; S. Stein et

al., Phys. Rev. D 12, 1884 (1975).

8L. W. Mo and Y. S. Tsai, Rev. Mod. Phys. 1, 205 (1969); Y. S.

Tsai, SLAC-PUB-848 (1971), SLAC, Stanford CA.

e use the fit dipole (I'p = 112 MeV) from lachello et al., Ref. 2.



_g_
TO0A. Bodek et al., Phys. Rev. D 20, 1471 (1979); M. D. Mestayer,
PhD Thesis, SLAC Report No. 214 (1978), SLAC, Stanford CA; J. S. Poucher

et al., SLAC-PUB-1309 (1973}, SLAC, Stanford CA.

VIR, V. Reid, Jr., Ann. Phys. (N.Y.) 0, 411 (1968); The Bonn

potential: K. Holinde and R. Machleidt, Nucl. Phys. A256, 479 (1976);

The Paris potential: M. Lacombe et al., Phys. Rev. D 12, 1485 (1975);

€21, 861 (1980).

Y2, Bartel et al., Nucl. Phys. 58, 429 (1973); I. J. McGee,

Phys. Rev. 161, 1640 (1967).

13M. Bernheim et al., Nucl. Phys. A365, 349 (1931).

'%s. J. Brodsky and 6. Farrar, Phys. Rev. D 11, 1309 (1975).

'5S. J. Brodsky and B. Chertok, Phys. Rev. D 14, 3003 (1976); and

for the He data: R. G. Arnold et al., Phys. Rev. Lett. 0 1429 (1978).

t66. Farrar and D. Jackson, Phys. Rev. Lett. 5, 1416 (1975).



Table I.

electron-proton cross sections,
section, and GMn extracted from our data using Eq.
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The ratios of elastic electron-neutron to elastic

the values of the neutron cross
1 assuming

Gen = 0. The errors include statistical and systematic effects.
QZ cn/cp cn GMn
(GeV/sc)? {nb)
2.5 0.37 + 0.03 2.9 * 0.2 .092 * 0.004
4.0 0.37 * .03 0.42 + 0.03 .041 * 0.002
6.0 0.38 + 0.04 0.070 * 0.007 .0195 * 0.0010
8.0 0.25 * 0.08 0.012 =* 0.004 .0090 * 0.0015
16.0 0.21 £ 0.10 0.0031 * 0.0015 .0053 * 0.0013
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FIGURE CAPTIONS

The cross sections for e-d scattering at incident energy

E = 15.742 GeV versus scattered electron energy EZ at 10°. The

dashed (dotted) curve is the smeared elastic (inelastic) e-p

cross section obtained with Method II and the Paris potential

(Ref. 11). The solid curve is the result of a linear least

squares fit of the other tuwo curves to the e-d cross section as

described in the text. All cross sections are radiatively

corrected.

The ratio on/0p, as a function of Q2. Previous data

from Albrecht et al. (Ref. 6) has been extrapolated to 10°.

The dashed and solid curves are the VDM models of Hohler et

al., and Blatnik and Zovko (Ref. 2) respectively. The dotted

curve is form factor scaling: GMpn/Bn = GMp/Bp = Ggp and Ggn =

0. The dash-dot curve is the dipole lau for Gppn With Ggn = 0

and o, from our experimental results.

Quark dimensional scaling of the elastic form factors of the

pion, nucleons and three light nuclei. The power n is the

number of elementary quark constituents.
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