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OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING
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Results of electron-proton inelastic scattering at 6' and 10' are discussed, and values
of the structure function ~2 are estimated. If the interaction is dominated by transverse
virtual photons, vW2 can be expressed as a function of v = 2M v/q within experimental
errors for q2 & 1 (GeV/c)2 and &u &4, where v is the invariant energy transfer and q2 is
the invariant momentum transfer of the electron. Various theoretical models and sum
rules are briefly discussed.

In a previous Letter, ' we have reported experi-
mental results from a Stanford Linear Accelera-
tor Center-Massachusetts Institute of Technol-
ogy study of high-energy inelastic electron-pro-
ton scattering. Measurements of inelastic spec-
tra, in which only the scattered electrons were
detected, were made at scattering angles of 6'
and 10' and with incident energies between 7 and
17 GeV. In this communication, we discuss some
of the salient features of inelastic spectra in the
deep continuum region.

One of the interesting features of the measure-
ments is the weak momentum-transfer depen-
dence of the inelastic cross sections for excita-
tions well beyond the resonance region. This
weak dependence is illustrated in Fig. 1. Here
we have plotted the differential cross section di-
vided by the Mott cross section, (d'a/dQdE')/
(do d/Q) M«, as a function of the square of the
four-momentum transfer, q'= 2EE'(1-cos0), for
constant values of the invariant mass of the re-
coiling target system, W, where W'= 2M(E E')-
+M' -q'. E is the energy of the incident electron,
E' is the energy of the final electron, and 0 is
the scattering angle, all defined in the labora-
tory system; M is the mass of the proton. The
cross section is divided by the Mott cross sec-
tion

(
dG e' cos'p(9
d Mott 4E Sin 2

in order to remove the major part of the well-
known four -momentum transfer dependence aris-
ing from the photon propagator. Results from
both 6' and 10' are included in the figure for each
value of W. As S'increases, the q' dependence
appears to decrease. The striking difference
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FIG. 1. (d o/dQdE')/oM «, in GeV, vs q for W

=2, 3, and 3.5 GeV. The lines drawn through the data
are meant to guide the eye. Also shown is the cross
section for elastic &-p scattering divided by OM«„
(do/dD)/oMo«, calculated for t) = 10', using the dipole
form factor. The relatively slow variation with q2 of
the inelastic cross section compared with the elastic
cross section is clearly shown.

between the behavior of the inelastic and elastic
cross sections is also illustrated in Fig. 1, where
the elastic cross section, divided by the Mott
cross section for L9 = 10', is included. The q' de-
pendence of the deep continuum is also consider-
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ably weaker than that of the eleetroexcitation of
the resonances, ' which have a q' dependence sim-
ilar to that of elastic scattering for q' & 1 (GeV/c)'.

On the basis of general considerations, the dif-
ferential cross section for inelastic electron
scattering in which only the electron is detected
can be represented by the following expression':

d Q' dQ

Mot t

The form factors 8', and 8', depend on the prop-
erties of the target system, and can be repre-
sented as functions of q' and v =E-E', the elec-
tron energy loss. The ratio W, /W, is given by

W q'
1+R, R~0

gj 2+ 2

where R is the ratio of the photoabsorption cross
sections of longitudinal and transverse virtual
photons, R = v~/err. '

The objective of our investigations is to study
the behavior of lV, and 5', to obtain information
about the structure of the proton and its electro-
magnetic interactions at high energies. Since at
present only cross-section measurements at
small angles are available, we are unable to

make separate determinations of W, and 8', .
However, we can place limits on 5', and study
the behavior of these limits as a function of the
invariants v and q'.

Bjorken' originally suggested that 8', could
have the form

where

~ = 2Mv/q'.

&(~) is a universal function that is conjectured
to be valid for large values of v and q'. This
function is universal in the sense that it mani-
fests scale invariance, that is, it depends only
on the ratio v/q'. Since

vd2c/dQ dE' ' 1 v'
vW, =

(
/'

)
—1+21 — 1+—, tan'28

the value of vS', for any given measurement
clearly depends on the presently unknown value
of R. It should be noted that the sensitivity to R
is small when 2(1+ v'/q') tan'-,'8«1. Experimen-
tal limits on v 8', can be calculated on the basis
of the extreme assumptions R =0 and R = . In

Figs. 2(a) and 2(b) the experimental values of vW,
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FIG. 2. vW~ vs ~=2Mv/q2 is shown for various assumptions about B=oz/o ~ (a) 6' data except for 7-GeV spec-
trum for R=O. (b) 10' data for R=O. (cd 6' data except for 7-GeV spectrum for R=. (d) 10' data for R=.
(e) S, 7-Ge V spectrum for A = 0 and R = ~.
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from the 6' and 10' data for q' &0.5 (GeV/e)' are
shown as a function of ~ for the assumption that
A=0. Figures 2(c) and 2(d) show the experimen-
tal values of vS', calculated from the 6' and 10'
data with q' &0.5 (GeV/c)' under the assumption
R=~. The 6, 7-GeV results for vW„all of
which have values of q' ~0.5 (GeV/c)', are shown
for both assumptions in Fig. 2(e). The elastic
peaks are not displayed in Fig. 2.

The results shown in these figures indicate the
following:

(1) If O'T» vz, the experimental results are
consistent with a universal curve for ~ ~4 and q'
&0.5 (GeV/c)'. Above these values, the measure-
ments at 6' and 10' give the same results within
the errors of measurements. The 6', 7-GeV
measurements of vW„all of which have values
of q' ~0.5 (GeV/c)', are somewhat smaller than
the results from the other spectra in the continu-
um region.

The values of vS', for ~ ~ 5 show a gradual de-
crease as co increases. In order to test the sta-
tistical significance of the observed slope, we
have made linear least-squares fits to the values
of vW, in the region 6 ~~ 25. These fits give
vW, = (0.351+0.023)-(0.00386+0.00088)&v for
data with q'&0. 5 (GeV/c)' and vW, = (0.366+ 0.024)
—(0.0045 + 0.0019)e for q' & 1 (GeV/c)'. The quot-
ed errors consist of the errors from the fit add-
ed in quadrature with estimates of systematic er-
rors.

Since oT+oz= 4m'n vW /q' for ur»l, our re-
sults can provide information about the behavior
of o ~ if o &» Oq. The scale invariance found in
the measurements of vW, indicates that the q'
dependence of oz is approximately 1/q'. The
gradual decrease exhibited in vW, for large ~
suggests that the photoabsorption cross section
for virtual photons falls slowly at constant q' as
the photon energy v increases.

The measurements indicate that vW, has a
broad maximum in the neighborhood of co = 5.
The question of whether this maximum has any
correspondence to a possible quasielastic peak'
requires further investigation.

It should be emphasized that all of the above
conclusions are based on the assumption that vz
&) gg,

(2) If vz»vT, the measurements of vW, do not
follow a universal curve and have the general
feature that at constant 2Mv/q', the value of v W,

increases with q'.
(3) For either assumption, vW, shows a thresh-

old behavior in the range 1 ~ ~ ~4. S', is con-

strained to be zero at inelastic threshold which
corresponds to + =1 for large q'. In the thresh-
old region of v W„W, falls rapidly as q' increas-
es at constant v. This qualitatively different
from the weak q' behavior for ~&4. For q'=1
(GeV/c)', the threshold region contains the res-
onances excited in electroproduction. As q' in-
creases, the variations due to these resonances
damp out and the values of vW, do not appear to
vary rapidly with q' at constant ~.

It can be seen from a comparison of Figs. 2(a)
and 2(c) that the 6' data provide a measurement
of vS', to within 10 /p up to a value of co= 6, irre-
spective of the values of R„

There have been a number of different theoreti-
cal approaches in the interpretation of the high-
energy inelastic electron-scattering results. One
class of models, ' ' referred to as parton models,
describes the electron as scattering incoherently
from pointIike constituents within the proton.
Such models lead to a universal form for vW„
and the point charges assumed in specific models
give the magnitude of vW, for ~ &2 to within a
factor of 2.' Another approach"" relates the in-
elastic scattering to off-the-mass-shell Compton
scattering which is described in terms of Regge
exchange using the Pomeranchuk trajectory.
Such models lead to a flat behavior of vW, as a
function of v but do not require the weak q de-
pendence observed and do not make any numeri-
cal predictions at this time. Perhaps the most
detailed predictions made at present come from
a vector -dominance model which primarily uti-
lizes the p meson. " This model reproduces the
gross behavior of the data and has the feature
that vS', asymptotically approaches a function of
v as q'-~. However, a comparison of this mod-
el with the data leads to statistically significant
discrepancies. This can be seen by noting that
the prediction for d'o/dQdE' contains a parame-
ter $, the ratio of the cross sections for longi-
tudinally and transversely po1arized p mesons on
protons, which is expected to be a function of W

but which should be independent of q . For val-
ues of W& 2 GeV, the experimental values of $
increase by about (50+ 5)% as q' increases from
1 to 4 (GeV/c)'. This model predicts that

~z/vr = ](W)(q'/m p')[I-q'/2m v],

which will provide the most stringent test of this
approach when a separation of W, and W, can be
made.

The application of current algebra" "and the
use of current commutators leading to sum rules

937
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and sum-rule inequalities provide another way of
comparing the measurements with theory. There
have been some recent theoretical considera-
tions" "which have pointed to possible ambigu-
ity in these calculations; however, it is still of
considerable interest to compare them with ex-
periment.

In general, W, and W, can be related to com-
mutators of electromagnetic current densities. '"
The experimental value of the energy-weighted
sum f, (de/&u')(vW, ), which is related to the
equal-time commutator of the current and its
time derivative, is 0.16+0.01 for R=O and 0.20
+ 0.03 for R = ~. The integral has been evaluated
with an upper limit w = 20. This integral is also
important in parton theories where its value is
the mean square char ge per parton.

Gottfried" has calculated a constant-q' sum
rule for inelastic electron-proton scattering
based on a nonrelativistic quark model involving
pointlike quarks. The resulting sum rule is

G~~ + (q2/4M2)G~~
1+q /4M

where G&~ and G~~ are the electric and magnetic
form factors of the proton. The experimental
evaluation of this integral from our data is much
more dependent on the assumption about R than
the previous integral. Ne will thus use the 6
measurements of W, which are relatively insen-
sitive to R. Our data for a value of q' = 1 (GeV/
c)', which extend to a value of v of about 10
GeV, give a sum that is 0.72+ 0.05 with the as-
sumption that R=O. For R=~, its value is 0.81
+ 0.06. An extrapolation of our measurements of
vR', for each assumption suggests that the sum is
saturated in the region v=20-40 GeV. Bjorken'
has proposed a constant-q' sum-rule inequality
for high-energy scattering from the proton and
neutron derived on the basis of current algebra.
His result states that

v(W2&+ W») =
J~& d v(W2~+ W») ~ 2,

1

where the subscripts p and n refer to the proton
and neutron, respectively. Since there are pres-
ently no electron-neutron inelastic scattering re-
sults available, we estimate 8', in a model-de-
pendent way. For a quark model" of the proton,
8'2~ =0.88"2p whereas in the model' of Drell and
co-workers, W2 rapidly approaches W,~ as v in-

creases. Using our results, this inequality is
just satisfied at ~ = 4.5 for the quark model and
at v =4.0 for the other model for either assump-
tion about R. For example, this corresponds to
a value of v =4.5 GeV for q'= 2 (GeV/c) . Bjor-
ken" estimates that the experimental value of the
sum is too small by about a factor of 2 for either
model, but is should be noted that the q' depen-
dence found in the data is consistent with the pre-
dictions of this calculation.
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INCOHERENT PRODUCTION OF p' MESONS FROM NUCLEI AND VECTOR DOMINANCE
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Incoherent photoproduction of p mesons on the nucleus is calculated assuming vector
dominance. The results are sensitive to the p-nucleon total cross section which is
found to decrease with energy. One finds a relatively weak dependence on energy of the
incoherent effective nucleon number.

Recently' there have been measurements of the incoherent photoproduction of p mesons on atomic
nuclei at incident photon energies of 2.7, 4, and 8 GeV and momentum transfers v'-t-0. 25 to 0.35 GeV/
c. The relative constancy of the measurements at 4 and 8 GeV is pointed out by the authors of Ref. 2.
This could imply some question as to the validity of the vector dominance hypothesis or at least for
the eikonal models" normally used to calculate incoherent production.

The purpose of this note is to point out that (1) there is good reason to believe that the total p'-nucle-
on cross section, 0~, decreases with energy, following the w-nucleon cross section closely in value;
and (2) as a result of o~ decreasing, and being smaller in value than some authors have deduced, the
cross section for incoherent production of p mesons in atomic nuclei varies considerably less with
energy than one might expect.

Gottfried and Yennie' describe incoherent p' production in terms of a superposition of one- and two-
step processes. In the one-step process the p' meson is produced incoherently on a nucleon and then
proceeds, with some damping, to be emitted from the nucleus which has been excited. The two-step
process consists of coherent production on one nucleon (no nuclear excitation) followed by incoherent
scattering (nuclear excitation occurs) of the p' meson on another nucleon. The cross section for these
processes is given by

do~ ~/dt = fd bdzI(b, z) =—[do, (t)/dt] N, ff, (1)

I(b, z) =D(b, z) 0 exp[-o f "D(b, z')dz']do, (t)
(2)

y(b, z) = 2o, g d-z-'D(b, z')exp[--,'o~ f,', D( bz")dz" ],

where do, (t)/dt is the p' photoproduction differen-
tial cross section on a neutron or proton (taken
equal) and D(b, z) is the A-particle nucleon densi-
ty function. %e neglect the real part of the p-nu-
cleon forward-scattering amplitude. The wave
numbers for the photon and p' meson are k& and

k~, respectively. Nuclear c.m. motion and nucle-
ar correlations are neglected. The effective nu-
cleon number N, f is a function of A, energy, and
Op.

At low enough energies (-2 GeV) the one-step
process dominates. The two-step process is in-
hibited due to mismatch of the photon and p'-me-
son wave numbers because of the mass of the p'
meson. One has then an incoherent production

cross section

do' '(t) do, (t)
dt dt

The effective nucleon numbers N(A; o„o,) are de-
fined by Kolbig and Margolis. ' At very high ener-
gy where the mass of the p' is negligible, one
finds

do' '(t) do, (t)
dt dt

The photon in this ease behaves as though it were
a p meson. Since N(A; o~, o~) is considerably less
than N(A; 0, o~) the cross section has fallen in go-


