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%e report measurements of the exclusive electroproduction reaction e+p-e+~++n
for pions produced near 0' in the virtual-photon-proton center-of-mass system with val-
ues of ~ in the range 0.35& ~& 0.45. Combination with data taken at e near 1 allows us to
separate the contributions from transversely polarized and scalar photons in the range
1.2 GeV2&Q2& 3.3 GeV .

The inclusive electroproduction reaction,

e+P~8+ g +n,

has been studied extensively' ' and has been used
in conjunction with the generalized electric Born-
term dispersion-theory model to determine the
pion form factor. ' ' This model assumes that the
pion form factor enters via the one-pion-exchange
diagram and that, for pions produced along the di-
rection of the virtual photon, the cross section is
dominated by the amplitude for scalar photons. It
has been knomn for some time that the dispersion
theory does not correctly reproduce the measured
scalar-transverse interference term. ' Experi-
mentally it is much larger than the theoretical
prediction and at large angles it has the opposite
sign. Gutbrod and Kramer" mere able to repro-
duce this behavior by allowing the proton form
factor to vary from its on-shell value. They
shomed that this resulted in the transverse com-
ponent varying with Q in a manner similar to
that observed for the virtual-photon-proton total
cross section.

This paper reports nem measurements of sin-
gle-pion electroproduction carried out at the Wil-
son Synchrotron Laboratory at Cornell University
and the first separation of the cross section into
scalar and transverse components. This gives an
important new test of the dispersion theory model

for Rea, ction (1).
Reaction (1) is conventionally analyzed in terms

of the virtual photoproduction reaction,

y„+P-m'+n, (2)

where square-Q' of the mass, energy v, direc-
tion, and polarization parameter e of the virtual
photon are tagged by the scattered electron. The
cross sections for Reactions (1) and (2) are re-
lated by"

dv(1)/dQQE'dQ, = I"dv(2) IdQ„

where I' is the "flux" of virtual photons. The
cross section for Reaction (2) may be written in
the general form"

do /dQ = A+ eB eos2p+ &C

+ I -,'~(~+1)j' 'D cosy, (3)

where A, B, C, and D are functions of W (the to-
tal energy of the virtual-photon-proton system),
Q, and 9 (the center-of-mass angle between the
pion and virtual photon). y is the azimuthal angle
between the electron scattering plane and the
plane defined by the pion and the virtual photon.
A is due to transverse photons and C is due to
scalar photons, 8 and D arise from the interfer-
ence betmeen the tmo transverse polarizations
and the scalar and transverse polarizations, re-
spectively. The values for A and g mere calculat-
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ed by first averaging over q so as to obtain A+ eC
and using the measurements at different e to sep-
arate A and C. All previous measurements of Re-
action (1}have been made for values of e in the
range 0.80 &e &0.95 and thus could not be used to
detere ermine the individual contributions due to A
and C.

A tmo-arm spectrometer system was used to
take data, at the (W, Q') points (2. 15 GeV, 1.2 GeV },
(2.65 GeV, 2.0 GeV'), and (2.65 GeV, 3.3 GeV') for
values of c in the range 0.35&~ &0.45. The appa-
ratus was identical to that described by Bromman
et al."except that the roles of the two arms mere
reversed. A lead-Lucite shower counter and a
threshold Freon Cherenkov counter served to
identify the electrons. Pions mere identified by a
threshold Freon Cherenkov counter when their
momenta were greater than 1.8 GeV/c and by
time of flight at smaller momenta. The data have
been corrected for random coincidences (-1%),
electronics dead time (-5%), target-wall back-
ground (-1%), absorption in counters (- 5%), pion
ecay losses (-3%), and electron mis'dentif'

tion (-1%). In addition a radiative correction
varying from 30 to 40% has been made for events
which are not identified as Reaction (1) because
of radiation of photons.

The overall systematic error 1n th1s expel iment,
is estimated to be at the most ~7%. Both spec-
trometers were checked with elastic electron
scattering and the mean ratios of the measured
elastic-scattering cross sections to the average
of the world data for the electron and hadron
arms were 0.972+0.040 and 0.993 +0.004, respec-
tively. The estimated systematic error in the
high-c data' ' with mhich these data are combined
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to separate the scalar and transverse terms is
+V~j0. The spectrometers used in the earlier ex-
periments mere also cheeked with elastic elec-
tron-scattering measurements. The mean ratios
of the measured elastic-scattering cross sections
to the average of the worM data for the electron
and hadron arms were 0.994 a 0,007 and 0.998
+0,009, respectively. The same Faraday eup
was used in both experiments. The radiative cor-
rections in the two experiments mere nearly the
same and the error in this cor torrec ion 1s estimat-
ed to be less thana ~0. Since the two spectromet-
er systems were quite similar and the proce-
dures for the data analysis were aim t 'd t' 1

the systematic errors are correlated. In present-
ing the measured A and C components of the
cross section, me have included only the statisti-
cal errors. It is estimated that the overall sys-
tematic uncertainty in A and C is + 7k and that
the additional error in the ratio due to the uneor-
related portion of the systematic error is +3%.

Figure 1 shoms the missing-mass spectrum for
action y„+P-jj +x for the low-e and high-c

«0.02 GeV'. The cross section for the exclusive
p'n channel shows a strong dependence h'1onew ie

a or the m'4' exclusive channel and for inclu-
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FIG 1IG. 1. Massing-mass spectrum for the reaction

& 0.02 GeV for e =0.94 and e =0.46.
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FIG. a. Thhe observed angular dependence of the re-
action y„+p &++n for the three (N~, Q ) points. The
solid line
lated vvith the

i ines are the dispersion-theory pr d' t' 1e lc ion ca cu-
a e vvith the pion form factor given by J =1/(1+Q /

0.471).
Tl
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sive pion production shows little if any depen-
dence on r. The smallness of the scalar contri-
bution for the inclusive channel agrees with the
Stanford Linear Accelerator Center-Massachu-
setts Institute of Technology measurements of the
total electroproduction cross section which show
that v~/or = 0.14 +0.07.'"

Figure 2 shows the angular distribution near 0
and 180' for single-pion production in the low-e
region for the three (W, Q') points. Similar data
were obtained for y near —90' and +90'. The sol-
id curves are the predictions of the dispersion
theory, ' assuming that the pion form factor as de-
termined in the analysis reported earlier' is giv-
en by F„=(l+ Q'!0.471) '. The data show an in-
creasing discrepancy with the theory as Q in-
creases.

Figure 3 shows the measured angular depend-
encies of A and Q at the three (W, Q') points ob-
tained by combination of the new data reported

here and the earlier data. The solid curves axe
the prediction of the dispersion theory' assuming
that the pion form factor is given by the earlier
analysis. ' The theory badly underestimates the
contribution of the transverse photons to the
cross section. The theory also does not repro-
duce satisfactorily the observed angular depen-
dencies of A and C. Since the longitudinal compo-
nent C depends on the unknown pion form factor,
the discrepancy in C at 0' can always be removed
by adjusting the pion form factor so that the theo-
ry fits the data. The transverse term, A, cannot
be adjusted in this manner.

Figure 4(a) shows a plot of A versus Q' for W
= 2.65 GeV and 0 &O'. The photoproduction point
was taken from Ref. 17. The Q =1.2 GeV' point
was obtained through a comparison of the data re-
ported here with earlier data and a projection
from W= 2.15 GeV using the W dependence of the
dispersion theory. The curves show the predic-
tion of the dispersion theory and the behavior
found for the virtual-photon —proton total cross
section, The Q' dependence of A is much weaker
than that predicted by the dispersion theory and
is compatible with being the same as that for the
total cross section. Figure 4(b) shows a plot of
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FIG. 3. The observed angular dependence of the
transverse and scalar components A and C of the cross
section for the reaction y„+p 71++n for the three (W

Q ) points. The solid curves are the dispersion-theory
prediction using I'„=1/(1+ Q /0. 471).

FIG. 4. (a) The Q2 dependence of the transverse com-
ponent A for W =2.65 GeV and 6 & 3 . The solid curves
are the dispersion-theory prediction and a dependence
on Q~ which is the same as that found experimentally
for the virutal-photon —proton total cross section.
(b) The ratio C/A. as a function of Q . The solid curves
were obtained using in one case the dispersion theory
prediction for C and A. and in the other the dispersion
theory prediction for C together with the expression
(0.025 sr '~otof for A.
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the measured ratio C/A versus Q'. The solid
curves display the dispersion-theory prediction
for C/A using F„=(1+pa/0. 471) ' and the value of
C/A calculated using the dispersion-theory pre-
diction for C together with the expression (0.025
sr ')o~, for A. The transverse component be-
comes increasingly important as Q' increases.

In conclusion, we have observed that the cross
section for the reaction y„+P-p'+ n has a strong
dependence on e indicating a substantial scalar
component. The dispersion theory used to ana-
lyze the data in terms of the pion form factor'
substantially underestimates the contribution of
transverse photons at large values of Q'. The
transverse cross section has a. much weaker Q'

dependence than that predicted by the dispersion
theory and it is compatible with being the same
as that found for the virtual-photon-proton total
cross section.

It is known from previous measurements'' that
the cross section for single-pion electroproduc-
tion has a significant isoscalar component which
for fixed W increases with Q'. The dispersion
theory assumes that there is no isoscalar compo-
nent. The isoscalar component could be contained
entirely in the transverse component of the cross
section and thus its neglect could partially ac-
count for the failure of the dispersion theory to
reproduce the observed transverse component.

The data. reported here imply that the previous
determinations of the pion form factor using dis-
persion theory are overestimates. The redeter-
mination of the pion form factor and the further
analysis of the transverse component will be the
subject of a later communication.
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A relativistic three-body theory of the (2') MVw system was applied to calculate elastic
and inelastic ( B,) pp scattering below 1 GeV. Although the amplitude satisfies all stan-
dard resonance criteria, it has no pole corresponding to a diproton resonance.

The spectrum of elementary "particles" pro- gand plot (left-hand circle, "speed" maximizing
vides the chief test of strong interaction dynam- near the resonance energy), although these cri-
ics. It is therefore critical that resonant phe- teria are not always applied objectively (e.g. , the
nomena be correctly analyzed and interpreted, Z* controversy'). Moreover, these criteria are
i.e. , that peaks in mass spectra be properly iden- primarily motivated by simple examples drarvn
tified with poles of the S matrix. As noted by from (multichannel) two-body scattering. Thus,
Trippe et al. , presently acceptable criteria. are a considerable majority of tabulated inelastic
almost uniquely linked to the behavior of the Ar- resonances have been analyzed on the basis of a,


