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We report new measurements of the electroproduction of single charged pions from both hydrogen and
deuterium targets carried out at the Wilson Synchrotron Laboratory at Cornell University. Measurements
were made at the (W, Q) points (2.15 GeV, 1.2 GeV?), (2.15, 4.0), and (3.11, 1.2) with hydrogen and
deuterinm and at (2.15, 2.0), (2.67, 3.4), and (3.11, 1.7) with only hydrogen. The deuterium data were used to
determine the ratio of the cross sections for the reactions y,d —#*nn, and y,d — 7 pp, and thus to measure the
isoscalar contribution to the reaction yy,p —m*n. The data are consistent with the hypothesis that this ratio is a
universal function of the momentum transfer. The measured ratio was used to determine from the hydrogen
data and the data taken in earlier experiments the isovector component of the cross section. The dispersion
theory formulated by Berends was then used to determine from the isovector component the pion form factor
in the Q2 range from 0.2 to 4.0 GeV>. A simple pole expression of the form [1 + Q2/(0.471 % 0.010)]! gives

a good fit to the data.

I. INTRODUCTION

Both the vector-dominance model (VDM) and
dispersion theory (DT) have been used to construct
models for the photoproduction reaction

y+p—=nt+n 1)
and for the electroproduction reaction
e +p=e -+t +n. (2)

The dispersion theory models have been more
successful in describing both photoproduction and
electroproduction experiments.! Briefly the DT
model assumes that (1) the amplitude is real at
high energies and thus the imaginary part is given
by low-energy data; (2) the imaginary part is dom-
inated by the A(1236); (3) this resonance is excited
mainly by the M,,* multipole; (4) the real part at
high energies is given by a dispersion integral
over the imaginary amplitude with the generalized
Born approximation giving the pole terms which
include s- and u~-channel nucleon poles and the
important ¢{-channel pion pole. This model pre-
dicts that the pion pole dominates the cross sec-
tion near 0°. The analysis implicitly assumes
that the pion electroproduction amplitude is pure-
ly isovector. This is true for the A(1236), an iso-
spin § particle, and by G parity for the pion pole.
Within the framework of these assumptions, mea-
surements of single-pion electroproduction give a
precise determination of the pion form factor.
Figure 1 shows how the forward cross section for
reaction (2) depends on the total center-of-mass
energy, W, and the photon mass, @2, with two
popular expressions for the pion form factor.? It
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also shows the transverse component of the cross
section due to the s- and u-channel poles. As one
goes to higher @* and higher W the scalar pion
pole term becomes increasingly dominant.

This report summarizes the results of further
measurements of the electroproduction of single
charged pions carried out at the Wilson Synchro-
tron Laboratory at Cornell University. Measure-
ments with a deuterium target yielded cross sec-
tions for reaction (2) and for the reaction

e~ +n=e +m"+p. (3)

The ratio was used to determine the isoscalar
component of the cross section and to determine
from the hydrogen data the isovector electropro-
duction cross section. Berends’s theory® was
then used to determine the pion form factor up to
@*=4 GeV?. These measurements represent a
continuation of similar measurements at lower
energies by some members of the group. Hence
we will rely on previous reports':® to supply the
background material for the kinematics, experi-
mental techniques, and analysis procedures used
to determine the pion form factor from the data.*-”

II. EXPERIMENT

Figure 2 shows a schematic diagram of the ap-
paratus. The apparatus was essentially the same
as that used in the previously reported work car-
ried out at Cornell.®> The heavy liquid shower
counter used on the electron arm in the earlier
experiment was replaced with a lead-lucite sand-
wich counter. The trigger counters on the elec-
tron arm were replaced by a larger set of count-
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FIG.1. A plot showing the behavior versus @? of the 0° single-pion electroproduction cross section for the three
center-of-mass energies W used in this experiment. The curves denoted by F , and Fy, give the cross section for
two popular forms for the pion form factor. The curve denoted by T gives the total contribution to the cross section
due to the transverse term including the dispersion theory corrections. The rest of the cross section is due to the
one-pion-exchange diagram.

ers that increased the momentum acceptance from
30% to 50% full width at half maximum (FWHM).
A seventh spark chamber was placed just behind
the bending magnet on the hadron arm. This in-
creased the momentum resolution. The increase
in the acceptance of the electron arm and in the
available energy of the accelerator from 10 to 12
GeV enabled us to reach higher energies and mo-
mentum transfers than in the earlier experiment.
Figure 3 shows the virtual-photon energy, v, and
the virtual-photon mass squared, —Q?, for the points
at which data were taken. The hadron spectro-
meter was always set along the direction of the
virtual photon so as to detect pions produced near
FIG.2. A schematic diagram of the apparatus: 4, 0° in the virtual-photon—target-nucleon center-of-

20D84 bending magnet; B, wire-chamber planes and s <
- mass system. Data were taken with a deuterium
ters; C, F C ter; D,
scintillation counters reon Cerenkov counter; target at data points 8, 9, and 13.

lead-Lucite shower counter; E, 8Q48 half quadrupole > ) .
magnets; F, 18D36 bending magnets; G, proportional Figure 4 shows typical missing mass spectra

wire chambers and scintillation counters; H, freon for both hydrogen and deuterium targets. There
Cerenkov counter; I, lead-Lucite shower counter. is a clear missing mass peak due to single-pion




13 DETERMINATION OF THE PION FORM FACTOR UP TO Q%*=4... 27

electroproduction for both targets. The deuter-
on structure gives rise to a broadening of the
missing mass peak. The difference in the posi-
tions of the missing mass peaks for hydrogen and
deuterium indicates the reproducibility of the ap-
paratus. These particular hydrogen measure-
ments were the first data point; these deuterium
measurements were the last data point. The ap-
paratus was moved and resurveyed several times
in between and the calibration determined during
the initial hydrogen measurements was used in
analyzing the deuterium data. In the final analy-
sis all events within the cuts shown were con-
strained by adjusting the scattered electron and
pion momenta equally to give the known nucleon
mass. No correction was made to the deuterium
data for events kinematically excluded by the data-
analysis procedure because of Fermi motion of
the target nucleons. A Monte Carlo calculation
based on the Hulthén® wave function for the deu-
teron indicated that the loss was less than 0.5%.
The events were then binned in the variables, 6,
the polar angle of the emitted pion in the center-
of-mass system of the virtual-photoproduction
reaction, and ¢, the angle between the plane de-
termined by the virtual-photoproduction reaction
and the electron-scattering plane. The bins had
a typical full width at half maximum of 0.12 GeV
in W, 0.12 GeV? in @%, and 0.02 in €.

A Monte Carlo calculation assuming unit center-
of-mass cross section and incorporating multiple
scattering, detector resolution, and geometrical
effects was used to determine the acceptance.
The normalization of the experiment was checked
by independently observing elastically scattered
electrons in both spectrometers and comparing

FIG. 3. A diagram showing the nominal values of @?
and W at which data were taken. The single circles
indicate points at which data were taken with a hydrogen
target only; the double circles indicate points at which
data were taken with both dydrogen and deuterium targets.

the observed cross sections with the measured
elastic-scattering cross section. The Monte
Carlo program gave an angular resolution of
about 0.3° full width in the center-of-mass sys-
tem and indicated that the resolution in angle and
energy was multiple -scattering dominated.

The measured cross sections were corrected
for nuclear absorption [(6.8+2)%], dead time
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FIG. 4. Missing mass squared spectra for hydrogen
and deuterium targets at the data point with nominal set-
tings W =2.15 GeV and @*=1.2 GeV?,
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[(5+2)%], target wall background [(5+2)%], and
pion decay [(3 £1)%]. The sum of all corrections
was less than 20% at all data points.

The cross sections were also corrected for
losses due to the radiation of soft photons. The
prescription for the radiative correction was
taken from the work of Bartl and Urban.® It was
checked by an independent calculation based on
the work of Meister and Yennie.!° The two cal-
culations agreed to better than 0.5% for the data
presented here. The radiative correction was
roughly 40% for all the data points.

The errors on the cross sections presented in
this paper are statistical only. There is an ad-
ditional systematic uncertainty which is estimated
to be less than 7%. This systematic uncertainty
is based on the normalization check with the elec-
tron-scattering measurements and the uncertainty
in the corrections to the data.

III. RESULTS

Tables I(a) through I(f) list the n*z cross sec-
tions for a hydrogen target determined in this ex-
periment. Tables II(a) and II(b) list the 7* cross
sections for two of the deuterium points. Table
III summarizes the ratio of the 7~ and 7* cross
sections for the deuterium measurements. Owing
to the high correlation of the average virtual-pho-
ton parameters with the observed angle between
the pion and the virtual-photon direction, the
average values of the virtual-photon parameters
over the events in a bin are also included for
each bin.

Figures 5 through 8 show the 7*n cross sections
for a hydrogen target as a function of the polar
angle 6 of the emitted pion for the virtual-photo-
production plane parallel to the electron-scatter-
ing plane (¢ =0° or 180°) and for the virtual-photo-
production plane perpendicular to the electron-
scattering plane (¢ = - 90° or 90°). The values of
W, @, and € listed for each curve are the aver-
age values for the central bin. The values of W,
@?, and € change considerably as 6 changes, and
this change must be taken into account if the data
are compared with theory or used to determine
the interference terms.

Figure 5 also shows the data taken in the earlier
experiment at Cornell® for W =2.15 GeV, @*=1.2
GeVZ2. The agreement between the two experi-
ments is good.

Figures 6(e), 6(f), 7(c), and 7(d) show a compari-
son between the 7* data taken witha hydrogen target
and the 7* data taken with a deuterium target. The
two cross sections are in excellent agreement
and give no indication of a suppression of the
deuterium cross sections in the forward direction

as is observed in photoproduction.!!~'® A similar
result was obtained in earlier measurements at
the Cambridge Electron Accelerator.?°

Figures 9 through 12 show the ratio

_(do/dQ)e~+D=e~+m"+p+p,) 4)
" (do/dQ,) e~ +D= e~ + Tt +n +ny) (

for two of the points at which deuterium data were
taken. Here the subscript s denotes the spectator
particle. Photoproduction data suggest that in
this domain R is a universal function of momen-
tum transfer of the form

1-AV=1, (5)

and that it is not a strong function of ener-
gy.11:12:21,22,23 Pigyre 13 shows a plot of R ver-
sus the momentum transfer ¢ for the data taken
in this experiment and for the earlier CEA data
together with the fit. The least-squares deter-
mined value for A is

A=0.817+0.058.

R

The x? is 38.6 for 49 degrees of freedom. Figure
14 shows R for photoproduction measurements to-
gether with the fit to the electroproduction data.
R is somewhat larger for electroproduction than
for photoproduction.

In terms of the isovector and isoscalar virtual-
photoproduction amplitudes, R can be written

_1AyP +|AgP -2Re(A¥Ay)
" |AyP +IAgP +2Re(AfAy)

Re(AAy)
|AyP +|AgE+2Re(A¥Ay)°

R

=1-4

IV. DETERMINATION OF PION FORM FACTOR

In order to use Berends’s theory to determine
the pion form factor it is necessary to determine
the isovector component of the virtual-photopro-
duction cross section. To do this we first deter-
mine the cross section for pions produced at cen-
ter-of-mass angles less than 3° (the central bin).
We then use R as given by the fit at the average ¢
for the data and determine the isovector compo-
nent by multiplying the measured cross section
by [(3(1 +R)]. To be precise this gives

do
HL+R) Z5 00 = 1) =| AP +1 AP

To obtain a better estimate of the isovector com-
ponent it is necessary to have information on the
relative phase of the isoscalar and isovector am-
plitudes. I we assume that they are both real or
have the same phase, the error in the calculated
isovector component of the cross section for the
data point with the smallest value for R (R =0.436)
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TABLE I. The bins and the center-of-mass virtual-photoproduction cross sections for the reaction Ywtp—~1t+n
derived from measurements with a hydrogen target. The uncertainties are statistical only. N is the number of events
in the bin.

Bin Kinematic averages Result
¢ 0 0 w Q ~t
(deg) (deg) (deg) (GeV) (GeV?) € ecos2¢ [e(e+1)/2]"%cos¢p (GeV®) N (do/dR,) (ub/sT)
(a) Data point 8 (Hy)

all 0—-3 1.803 2.143 1.216 0.947 0.008 -0.036 0.069 64 5.080 +0.740
—45+45 3—-6 4.784 2.064 1.211 0.954 0.554 0.854 0.086 41 3.561 +0.623
6—9 7.807 2.017 1.256 0.956 0.613 0.872 0.108 59 3.373 +£0.500

912 10.475 1.980 1.263 0.959 0.663 0.888 0.128 73 3.657 +0.481

12-+15 13.605 1.936 1.269 0.962 0.672 0.891 0.157 74 3.359 +0.443

15—-18 16.460 1.893 1.285 0.964 0.719 0.906 0.190 37 1.632 +0.295

18—-+21 19.302 1.845 1.296 0.966 0.804 0.931 0.224 34 1.852 +0.338

21 24 22.354 1.809 1.323 0.968 0.815 0.935 0.267 24 1.446 +0.348

24 —-27 25.094 1.763 1.327 0.970 0.852 0.947 0.303 20 1.643 :0.416

27—-30 28.435 1.708 1.314 0.973 0.878 0.955 0.347 31 3.363 +0.763

30—-33 31.390 1.675 1.361 0.973 0.880 0.956 0.404 15 2.703 +0.755

33—+36 34.273 1.650 1.352 0.975 0.837 0.945 0.443 11 3.890 +1.306

45-+135 3—6 4937 2.141 1.207 0.947 -0.604 -0.090 0.076 57 4,659 +0.713
6—-9 7.626 2.157 1.219 0.946 -0.595 -0.068 0.087 75 3.743 +0.488

912 10.584 2.145 1.213 0.947 -0.616 0.037 0.105 78 3.148 +0.401

12—+15 13.535 2.200 1.196 0.942 -0.507 -0.174 0.123 60 3.068 +0.497

15—-18 16.443 2.255 1.173 0.937 -0.619 -0.270 0.151 24 1.365+0.309

18—21 19.260 2.342 1.145 0.928 —-0.439 -0.499 0.187 14 1.682 +0.475

135225 3—+6 4,462 2.216 1.188 0.941 0.720 -0.895 0.065 37 4.429 +0.837
6—-9 7.538 2.261 1.184 0.967 0.582 -0.853 0.074 42 2.695 1+ 0.469

912 10.465 2.309 1.147 0.932 0.585 -0.852 0.087 50 2.380 +0.364

12+15 13.537 2.362 1.139 0.926 0.559 -0.842 0.113 54 2.304 +0.337

15—-18 16.162 2.415 1.133 0.919 0.537 -0.831 0.144 25 0.917 +0.200

18—-21 19.508 2.485 1.078 0.912 0.622 -0.853 0.195 24 0.887 +0.198

21 —-24 22.481 2.535 1.081 0.904 0.631 -0.851 0.254 10 0.338 +0.108

2427 25425 2.586 1.051 0.896 0.578 -0.832 0.323 7 0.245+0.094

27—-30 28.558 2.658 1.009 0.886 0.538 -0.816 0.414 13 0.450 +0.125

—135——45 3—-6 4.353 2.144 1.215 0.947 -0.681 -0.156 0.074 23 3.060 +0.706
6—+9 7.656 2.137 1.191 0.948 -0.488 0.042 0.085 18 3.12510.814

(b) Data point 9 (H,)

all 0—3 1.975 3.082 1.198 0.825 0.029 0.139 0.019 135 3.091 +£0.309
—45-—45 3—+6 4.606 2.965 1.275 0.849 0.594 0.814 0.035 132 3.070+0.316
6—9 7464 2.895 1.304 0.862 0.598 0.821 0.058 157 2.418+0.217

9—12 10.492 2.817 1.344 0.876 0.590 0.826 0.093 131 1.600+0.155

12—-15 13.512 2.741 1.396 0.888 0.651 0.849 0.135 135 1.487+0.138

15—18 16477 2.671 1.429 0.898 0.677 0.862 0.182 88 0.860 +0.099

18—21 19.201 2.603 1.464 0.906 0.713 0.876 0.230 63 0.649 £0.,091

21 —24 22.319 2.510 1.493 0.918 0.838 0.917 0.287 48 0.584 £0.096

24—+27 25.376 2.444 1.551 0.924 0.864 0.928 0.350 21 0.345+0.081

27 —+30 28.391 2.365 1.569 0.932 0.891 0.938 0.409 16 0.371 £0.097

45—+135 3—~6 4.603 3.087 1.201 0.823 -0.511 0.002 0.031 129 2.490 £0.249
6—9 7.578 3.090 1.211 0.821 -0.513 0.029 0.057 147 1.926+0.173

9—12 10.449 3.080 1.209 0.823 -0.579 0.056 0.092 142 1.365+0.124

12—+15 13.361 3.094 1.207 0.818 —-0.547 0.051 0.142 121 1.016 £0.100

1i5—~18 16.202 3.124 1.197 0.810 -0.534 0.031 0.203 53 0.508 +0.074

18—21 18.986 3.174 1.168 0.794 —0.449 0.005 0.279 22 0.416 £0.142

135—225 3—~6 4.437 3.211 1.139 0.793 0.474 -0.750 0.028 50 1.996 £0.310
6—9 7.419 3.281 1.087 0.774 0.412 -0.721 0.054 39 1.256+£0.213

9—12 10.315 3.365 1.037 0.749 0.413 -0.710 0.096 28 0.695+0.177

12—-15 13.656 3.484 0.976 0.707 0.149 -0.604 0.170 10 0.415+0.132

—-135—-45 3—~6 4.276 3.062 1.213 0.830 -0.490 0.117 0.030 28 2.361 £0.499
6—9 7.282 2.949 1.251 0.854 -0.295 0.502 0.055 11 3.072+1.069
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TABLE 1. (Continued)
Bin Kinematic averages Result
¢ ¢ 6 w & —t
(deg) (deg)  (deg) (GeV) (GeV) €  ecos2¢ [e(e+1)/2]'>cosp (GeVE) N  (do/dQ,)(ub/sr)
(c) Data point 10 (H,)
all 0—3 1.919 3.093 1.712 0.794 -0.028 0.049 0.034 84 2.519+0.325
—45—45 3—6 4.600 2.983 1.811 0.819 0.569 0.791 0.054 63 1.959+0.305
6—9 7.525 2.914 1.869 0.833 0.580 0.801 0.083 82 1.549+0.214
9—12 10.607 2.845 1.913 0.846 0.594 0.812 0.124 103 1.572+0.174
12—15 13.617 2.782 1.956 0.857 0.537 0.800 0.172 80 0.932+0.121
15—18 16.481 2.701 2.020 0.870 0.632 0.835 0.228 58 0.656 +0.090
18 —21 19.530 2.647 2.088 0.877 0.668 0.849 0.294 47 0.436 +0.081
21 —24 22.443 2.565 2.125 0.888 0.745 0.877 0.361 31 0.362 +£0.067
24 —27 25.234 2.490 2.158 0.899 0.816 0.902 0.427 23 0.240 +0.080
27—-30 28.331 2.433 2.191 0.906 0.842 0.912 0.505 19 0.320 +0.075
30—+33 31.312 2.362 2.247 0.912 0.859 0.920 0.592 12 0.222 +0.074
45—135 3—+6 4.598 3.090 1.718 0.794 -0.516 0.077 0.048 75 1.748 £0.243
6—9 7.467 3.118 1.698 0.787 -0.509 -0.047 0.072 99 1.576+0.187
9—12 10.280 3.099 1.725 0.780 -0.477 0.045 0.111 102 1.087+0.134
12—+15 13.415 3.077 1.725 0.795 -0.497 0.078 0.165 86 0.732+0.088
15—+18 16.486 3.091 1.721 0.790 -0.471 0.076 0.234 57 0.530+0.076
18—21 19.368 3.113 1.704 0.782 -0.505 0.064 0.313 31 0.586 +0.099
135—+225 3—6 4.389 3.197 1.632 0.768 0.555 -0.762 0.041 21 1.146 £0.273
6—9 7.672 3.283 1.568 0.743 0.378 -0.695 0.069 28 1.358+0.282
9—12 10.457 3.349 1.526 0.724 0.317 -0.666 0.111 22 1.010+0.232
(d) Data point 11 (H,)
all 0—+3 1.670 2.658 3.301 0.825 0.004 0.021 0.162 25 0.770 £0.174
—45—45 3—6 4.532 2.567 3.432 0.837 0.551 0.793 0.202 16 0.589+0.162
6—9 7.412 2.525 3.481 0.843 0.599 0.812 0.241 19 0.531 £0.133
9—12 10.768 2.451 3.556 0.853 0.519 0.793 0.311 34 0.738 £+0.152
12—~15 13.342 2.419 3.593 0.857 0.555 0.807 0.358 24 0.434 +0.096
15—~18 16.537 2.344 3.661 0.866 0.532 0.803 0.444 29 0.494 £0.100
18—21 19.264 2.295 3.732 0.871 0.616 0.831 0.522 27 0.441 £0.091
21 —24 22,705 2.242 3.758 0.877 0.649 0.844 0.618 20 0.369 £0.087
24—27 25.768 2.150 3.830 0.887 0.825 0.898 0.745 13 0.276 +0.081
27—30 28.536 2.126 3.897 0.888 0.819 0.898 0.839 11 0.252 +0.079
45—135 3—6 4.926 2.668 3.296 0.821 -0.527 -0.123 0.172 25 1.206 +£0.290
6—9 7.639 2.667 3.308 0.821 -0.462 -0.022 0.200 35 0.689+0.130
9—12 10.537 2.638 3.353 0.825 -0.513 0.045 0.246 32 0.541 £0.112
12—+15 13.536 2.685 3.269 0.818 —0.462 -0.022 0.281 30 0.431 +0.085
15—+18 16.310 2.703 3.256 0.814 -0.539 -0.071 0.336 37 0.508 £0.097
18—=21 19.518 2.737 3.268 0.806 —0.422 -0.114 0.417 13 0.196 £0.055
135—+225 3—6 4.765 2.750 3.241 0.808 0.546 -0.779 0.150 16 0.572+0.158
6—9 6.985 2.802 3.154 0.798 0.512 -0.765 0.159 26 0.809+0.181
9—12 10.892 2.889 3.001 0.784 0.419 -0.729 0.188 8 0.198+0.072
12—-15 13.392 2.925 3.016 0.773 0.440 -0.730 0.234 15 0.286+0.108
15—18 16.162 3.002 2.932 0.755 0.551 -0.756 0.290 11 0.261 +0.081
(e) Data point 12 (H,)
all 0—3 1.998 2.140 1.988 0.942 -0.058 0.015 0.157 84 2.281 +0.289
~45 —45 3—6 4761 2.071 2.027 0.947 0.596 0.862 0.193 58 2.053+0.313
6—9 7.674 2.026 2.023 0.950 0.607 0.867 0.219 87 1.860 +0.228
9—12 10481 1.985 2.053 0.952 0.669 0.886 0.253 91 1.653+0.194
12—15 13.285 1.948 2.072 0.954 0.648 0.881 0.291 69 1.030+0.132
15—~18 16.381 1.910 2.095 0.956 0.592 0.866 0.340 73 1.118+0.140
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TABLE 1. (Continued)

Bin Kinematic averages Result
) 0 0 w & —t
(deg) (deg) (deg) (GeV) (GeV?) € €cos2¢ [e(e+1)/2)/2cosp (GeV?) N  (dd/dQ,)(ub/sT)
(e) Data point 12 (H,)
—45—+45 18—~21 19.368 1.857 2.119 0.959 0.753 0.913 0.400 70 1.148+0.147
21 —~24 22481 1.805 2.135 0.961 0.834 0.937 0.461 63 1.216+0.169
24—27 25477 1.762 2.158 0.963 0.809 0.931 0.529 57 1.202+0.179
27—+30 28.408 1.715 2.167 0.965 0.867 0.948 0.596 37 1.16820.204
30—~33 31.447 1.681 2.182 0.966 0.844 0.943 0.665 31 1.072+0.213
33—36 34.546 1.643 2.213 0.967 0.813 0.935 0.742 17 1.061 +0.272
45—+135 3—~6 4,708 2.151 2.009 0.941 -0.639 -0.049 0.167 52 1.366+0.213
6—9 7.402 2.148 1.992 0.941 -0.571 -0.031 0.180 93 1.591 £0.182
9—12 10.402 2.159 1.983 0.940 -0.632 -0.072 0.195 114 1.747 £0.186
12—15 13.494 2.170 1.962 0.940 -0.582 -0.087 0.222 102 1.44410.158
15—18 16.288 2.211 1.958 0.936 -0.608 -0.165 0.248 59 0.943 +0.134
18—21 19.443 2.248 1.947 0.932 -0.396 -0.214 0.293 46 1.005+0.158
21 —+24 22,307 2.374 1.845 0.923 -0.418 -0.471 0.318 20 0.959 £0.227
135—+225 3—+6 4.836 2.221 1.936 0.936 0.604 -0.860 0.141 29 1.159+0.257
6—9 7.541 2.267 1.937 0.932 0.646 -0.869 0.146 95 2.078 £+0.242
9—12 10.579 2.308 1.907 0.929 0.555 -0.842 0.161 87 1.469+0.176
12—15 13.528 2.363 1.877 0.924 0.550 —0.838 0.183 73 1.081+0.139
15—18 16.541 2.415 1.844 0.918 0.589 -0.847 0.217 64 0.797+0.105
18—21 19.174 2.459 1.831 0.913 0.543 —0.830 0.259 51 0.566 +0.084
21 —-24 22,195 2.516 1.811 0.906 0.561 -0.832 0.319 37 0.401 £0.071
24 —27 25.820 2.585 1.749 0.899 0.631 -0.850 0.407 21 0.234 £0.056
27—30 28.304 2.635 1.699 0.893 0.505 -0.810 0.479 18 0.262 +£0.063
-135—~-45 3—6 4.605 2.130 2.012 0.942 -0.582 0.057 0.173 39 2.104 +0.384
6—9 7.511 2.147 1.981 0.942 -0.546 0.028 0.177 35 1.530+0.295
9—12 10.293 2.087 2.003 0.946 -0.488 0.320 0.213 21 1.287+0.304
12—15 13.316 2.018 2.040 0.950 -0.361 0.508 0.261 13 1.996 £0.626
(f) Data point 13 (H,)
all 0—3 1.901 2.139 3.991 0.883 —0.020 0.218 0.447 i6 0.513+0.156
—45—+45 3—6 4.726 2.081 3.975 0.890 0.600 0.836 0.519 5 0.182+0.084
6—9 7.329 2.020 4.075 0.894 0.584 0.832 0.581 18 0.430+0.120
9—12 10.672 2.002 4.086 0.896 0.427 0.788 0.611 19 0.307 £0.075
12—+15 13.295 1.930 4.140 0.902 0.685 0.866 0.727 30 0.550 +0.112
15—~18 16.535 1.882 4.234 0.904 0.504 0.814 0.844 15 0.250 £0.068
18—~21 19.520 1.839 4.270 0.907 0.687 0.870 0.955 10 0.218+0.073
21 —~24 22.452 1.796 4.238 0.911 0.671 0.867 1.037 20 0.338£0.080
24—+27 25.323 1.759 4.299 0.913 0.636 0.858 1.151 17 0.465+0.123
2730 28.765 1.685 4.420 0.915 0.787 0.902 1.372 16 0.464 £0.126
30—~33 31.181 1.669 4.369 0.918 0.756 0.895 1.405 15 0.589+0.167
45—+135 3—6 4.678 2.174 3.932 0.881 —0.543 -0.113 0.423 12 0.370£0.124
6—9 7.493 2.169 3.961 0.881 —0.568 -0.124 0.457 31 0.678 £0.140
9—12 10.182 2.156 3.989 0.881 —0.618 -0.034 0.485 22 0.308 £0.070
12—15 13.315 2.145 4.021 0.881 —0.609 0.045 0.554 35 0.432+0.081
15—18 16.705 2.226 3.899 0.874 -0.520 -0.210 0.542 38 0.502 £0.091
18—21 19.125 2.262 3.909 0.869 -0.414 —0.256 0.599 13 0.226 £0.065
135—225 3—+6 4.893 2.216 3.880 0.877 0.543 -0.810 0.388 9 0.511 £0.190
6—9 7.273 2.259 3.870 0.872 0.537 —0.808 0.391 19 0.477+0.122
9—12 10.719 2.303 3.855 0.866 0.533 —-0.804 0.407 23 0.554+0.130
12—-15 13.333 2.371 3.752 0.859 0.532 -0.801 0.401 31 0.452 +0.089
15—18 16.674 2.440 3.742 0.849 0.517 -0.791 0.436 19 0.304 +0.075
18—21 19.170 2.474 3.673 0.845 0.553 -0.800 0.470 18 0.246 £0.061
21 —-24 22.362 2.542 3.558 0.837 0.560 -0.798 0.535 21 0.245+0.056
24—27 25.504 2.578 3.554 0.830 0.434 -0.757 0.627 19 0.224 +0.055
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TABLE II. The bins and center-of-mass virtual-photoproduction cross sections for the reaction yy +p — 7"+ de-
rived from measurements with a deuterium target. The uncertainties are statistical only. N is the number of events
in the bin.
Bin Kinematic averages Result
¢ 6 6 w Q? —t
(deg) (deg) (deg) (GeV) (GeV?) € €cos2¢ [e(e+1)/2]'2cosp (GeV?) N  (do/df,)(ub/sT)
(a) Data point 8 (D)
all 0-—3 1.840 2.138 1.212 0.948 0.038 0.049 0.073 76 5.242£0.700
—45—+45 3—6 4.677 2.065 1.226 0.953 0.569 0.858 0.090 56 4.466 £0.683
6—9 7.583 2.022 1.234 0.956 0.607 0.871 0.110 87 4.662+0.574
9—12 10.538 1.980 1.254 0.959 0.649 0.884 0.135 64 2.893 +0.421
12—15 13.225 1.942 1.275 0.961 0.672 0.891 0.161 48 1.978 £0.322
15—18 16.352 1.892 1.270 0.964 0.704 0.902 0.191 53 2.017+0.295
18—21 19.391 1.852 1.307 0.966 0.766 0.921 0.234 44 1.940 +0.331
21 —24 22.399 1.799 1.306 0.969 0.838 0.943 0.274 32 1.713+0.334
24 —~27 25.414 1.746 1.308 0.971 0.846 0.946 0.315 19 1.175+0.302
27—-30 28.650 1.708 1.330 0.973 0.890 0.958 0.364 18 1.288 £0.535
30—+33 31.424 1.669 1.352 0.974 0.853 0.949 0.404 16 1.977+£0.691
45—+135 3—6 4.566 2.143 1.200 0.947 -0.562 -~0.042 0.078 58 3.590 £0.526
6—9 7.334 2.151 1.210 0.946 —0.614 -0.024 0.090 76 3.376 £0.429
9—12 10.519 2.159 1.190 0.946 —0.531 -0.071 0.107 74 2.741 £0.347
12—-15 13.376 2.183 1.188 0.943 -—0.617 -0.110 0.128 60 2.312+0.320
15—~18 16.135 2.211 1.175 0.941 -0.599 -0.148 0.153 33 1.668+0.306
18 —21 19.044 2.325 1.164 0.929 -0.378 -0.410 0.192 12 1.249+0.423
135—+225 3—6 4.614 2.207 1.165 0.942 0.630 -0.870 0.066 47 3.569 £0.597
6—9 7.526 2.256 1.151 0.938 0.568 -0.850 0.073 59 3.058+£0.498
9—12 10.574 2.312 1.146 0.932 0.578 —0.850 0.090 64 2.603 +0.388
12—+15 13.361 2.363 1.120 0.927 0.579 -0.848 0.113 56 2.298+0.329
15—+18 16.339 2.415 1.108 0.920 0.543 -0.834 0.147 32 1.147+0.210
18—+21 19.620 2.471 1.082 0.913 0.518 —0.824 0.197 31 1.036+0.193
21 —24 22,530 2.553 1.041 0.903 0.631 —0.851 0.255 19 0.505+0.166
—-135—+-45 3—6 4.626 2.145 1.211 0.947 -0.662 0.017 0.076 27 3.518+0.754
6—9 7.455 2.107 1.194 0.951 -0.483 0.200 0.090 42 5.443 +1.004
9—12 10.323 2.104 1.210 0.950 —0.412 0.198 0.110 16 2.958+1.178
(b) Data point 9 (D;)
all 0—3 1.982 3.063 1.187 0.826 0.095 0.154 0.020 69 2.804 £0.383
—45—+45 3—+6 4.472 2.959 1.254 0.849 0.569 0.806 0.034 59 2.727 +£0.403
6 —9 7.518 2.885 1.294 0.863 0.588 0.818 0.059 69 1.938+0.262
9—12 10.484 2.813 1.339 0.876 0.580 0.823 0.093 82 1.778+0.214
12—15 13.552 2.738 1.386 0.887 0.665 0.853 0.136 53 1.132+0.169
15—18 16.352 2.673 1.413 0.897 0.658 0.856 0.180 53 0.932+0.134
18—21 19.311 2.580 1.451 0.909 0.773 0.895 0.231 41 0.861 +0.141
21 —24 22.429 2.508 1.490 0.917 0.821 0.912 0.288 12 0.254£0.096
45—135 3—6 4.589 3.079 1.187 0.823 —-0.546 0.080 0.031 60 2.525+0.366
6 —9 7.520 3.091 1.182 0.819 -0.513 -0.022 0.056 78 1.990 +£0.247
9—12 10.456 3.073 1.194 0.821 —0.545 0.043 0.093 64 1.227x0.162
12—~15 13.456 3.070 1.193 0.823 -0.519 0.079 0.142 48 0.749+0.116
15—18 16.412 3.207 1.091 0.789 -0.644 -0.157 0.212 21 0.449+0.100
135—+225 3—6 4.462 3.183 1.119 0.798 0.373 -0.721 0.028 22 1.446 +0.330
6—9 7.392 3.277 1.074 0.772 0.438 -0.729 0.054 i6 0.956 £0.250
—135—-45 3—6 4.230 3.048 1.208 0.829 -0.480 0.159 0.030 17 3.551 +1.011
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TABLE III. The ratio R of the cross sections for the reactions vy +d—7"+p +p, and
Yy +d— 1" +n +ng derived from measurements with a deuterium target.

Bin Kinematic averages
¢ 6 6 w Q? ~t (da/dS) (ub/sr)
(deg) (deg) (deg) (GeV) (GeV?) (GeV?) T TP R

(a) Data point 8 (D,)
all 0—3 1.840 2.138 1.212 0.073 5.242+0.700 3.174+0.422 0.605+0.114
—45—+45 3—6 4677 2.065 1.226 0.090 4.466x0.683 3.392+0.472 0.759+0.157
6—9 7.583 2.022 1.234 0.110 4.662x0.574 2.290+0.319 0.626 +0.103
9—~12 10.583 1.980 1.254 0.135 2.892+0.421 2.329+0.284 0.805+0.153
12—15 13.225 1.942 1.275 0.161 1.979+0.321 1.510+0.212 0.763+0.164
15—~18 16.352 1.892 1.270 0.191 2.018+0.295 0.979+0.166 0.723+0.162
18—21 19.391 1.852 1.307 0.234 1.941 £0.330 1.347x0.221 0.694+0.164
21 —24 22.399 1.799 1.306 0.274 1.713x0.334 0.792+0.202 0.462+0.148
24 —~27 25.414 1.746 1.308 0.315 1.175+0.302 0.672+0.184 0.512+0.215
27—~30 28.650 1,708 1.330 0.364 1.289+0.535 0.369=x0.176 0.286=0.181
30 —33 31.424 1.669 1.352 0.404 1.977+0.690 0.748+0.282 0.378+0.195
45—+135 3—~6 4.566 2.143 1.200 0.078 3.5900.596 2.975+0.372 0.829+0.160
6—~9 7.334 2.451 1.210 0.090 3.376 £0.429 2.928+0.315 0.867+0.144
9—12 10.519 2.159 1.190 0.107 2.740+0.347 2.110+0.241 0.770+0.131
12—~15 13.376 2.183 1.188 0.128 2.290x0.317 1.948+0.243 0.851 +0.158
15—~18 16.135 2.241 1.175 0.153 1.669+0.306 1.448+0.238 0.868+0.214
18—~21 19.044 2.325 1.164 0.192 1.248+0.423 0.781+0.234 0.626+0.283
135—+225 3-—6 4614 2.207 1.165 0.066 3.569+0.597 2.713+0.412 0.760+0.172
6—9 7.526 2.256 1.151 0.073 3.058 +0.448 2.745+0.346 0.898+0.173
9—~12 10.574 2.312 1.146 0.090 2.603 +0.388 2.350+0.266 0.903+0.169
12—+15 13.361 2.363 1.120 0.113 2.297+0.329 1.43220.193 0.623+0.123
15—18 16.339 2.415 1.108 0.147 1.146+0.210 1.298+0.173 1.132+0.257
18—21 19.620 2.474 1.082 0.197 1.036%0.192 0.720+0.125 0.695+0.177
21 —24 22.530 2.553 1.041 0.255 0.505=0.166 0.407+0.086 0.806=0.315

(b) Data point 9 (D,)
all 0—3 1.982 3.063 1.187 0.020 2.804+0.383 1.988+0.298 0.709+0.144
—-45—45 3—+6 4.472 2.959 1.254 0.034 2.727+0.403 2.71420.405 0.995+0.209
6—9 7.518 2.885 1.294 0.059 1.938+0.262 1.824+0.252 0.941 +0.182
9—12 10.484 2.813 1.339 0.093 1.778+0.214 1.191+0.176 0.670+0.128
12—+15 13.552 2.738 1.386 0.136 1.131+0.169 0.755+0.132 0.668+0.154
15—18 16.352 2.673 1.413 0.180 0.932+0.134 0.549+0.106 0.589+0.142
18—21 19.311 2.580 1.451 0.231 0.861 +0.141 0.426+0.095 0.495x0.137
21 —24 22,429 2.508 1.490 0.288 0.255+0.096 0.229+0.092 0.900+0.495
45—135 3—6 4,589 3.097 1.187 0.031 2.525+0.366 1.572+0.280 0.623+0.143
6—9 7.520 3.091 1.182 0.056 1.990+0.247 1.291+0.185 0.649+0.123
9—~12 10456 3.073 1.194 0.093 1.227+0.163 1.203+0.157 0.980+0.182
12 —+15 13.456 3.070 1.193 0.142 0.749+0.116 0.696+0.117 0.929+0.212
15—~18 16.412 3.207 1.091 0.212 0.450+0.100 0.383+0.089 0.853+0.275
135—+225 3—6 4,462 3.183 1.119 0.028 1.445+0.330 1.834x0.409 1.269+0.405
6—9 7.392 3.277 1.074 0.054 0.956 +0.250 1.212+0.289 1.268+0.448

(c) Data point 13 (D)
all 0—10 2.130 0.469 0.393 £+0.066 0.173+0.042 0.440+0.129
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FIG. 5. A plot of the virtual-photoproduction cross section versus 6 for data point 8 together with the cross section
for the similar point determined in an earlier experiment at Cornell. For this data point W =2.15 GeV, Q*=1.2 GeV?,
The solid curves are the predictions of Berends’s theory with the empirical addition of the isoscalar component.

encountered in the analysis of this experiment is
4%. This will produce roughly a 2% error in the
pion form factor.

Table IV summarizes the isovector components
of the cross section and the calculated values of
the pion form factor using the measured value of
R and assuming that R =1. Table V summarizes
the values of the pion form factor calculated from
previously reported cross sections using values
of R determined in this experiment. The errors
in the pion form factor are statistical only and do
not include the estimated over-all error in nor-
malization. The correction for the isoscalar com-
ponent changes the pion form factor by less than
10% at all points except the highest @* point. At
the @*=4 GeV? point, the correction for the iso-
scalar component decreases F by 20%. Figure 15
shows the variation with @* of the pion form fac-
tor.

The single pole expression

1
T 14Q%/my?
gives a good fit to the data with
my?®=(0.471+0.010) GeV?.

The yx? is 20.4 with 16 degrees of freedom. This
fit gives for the electromagnetic radius of the
pion

F

(r HY?=(0.704 +0.007) fm.

The uncertainty in the mass parameter, my2, and
the pion radius due to the estimated 7% uncertain-
ty in the over-all normalization can be estimated

by fitting the data to the expression

N

F= 1+Q2/mV2)

with the assumption of an additional data point at
@* =0 with the value 1+0.04. Such a fit gives

N=1.029+0.035,
my? =(0.451 + 0.025) GeV?,
(r,HY2=(0.730+0.024) fm.

The y® is 19.5 with 16 degrees of freedom.
This value for the pion form factor is in agree-
ment with the value

(r ,»HY?2=(0.78 £+0.09) fm

reported by the Dubna-Serpukhov-UCLA collabora-
tion from a direct measurement of pion electron
scattering.?® It also agrees with a study of the
inverse electroproduction reaction 1-p—~e*e™n
carried out by a Dubna group.?® They obtained

(r HY2=(0.713+0.13) fm.

A more general discussion including the analysis
of colliding-beam experiments is given by Gour-
din.*
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FIG. 6. A plot of the virtual-photoproduction cross sections for the 7z reaction versus 6 for data points 8, 12, and
13. These points have W =2.15 GeV? and different Q*. The graph for point 8 shows the data from both the hydrogen
and deuterium targets. The solid curves are the prediction of Berends’s theory with the empirical addition of the iso-
scalar component. For point 8, W=2.15 GeV, @?=1.2 GeV?; for point 12, W =2.15 GeV, @*=2.0 GeV?; for point 13,
W =2.15 GeV, @%=4.0 GeV2.
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FIG. 7. A plot of the virtual-photoproduction cross section for the 7"z reaction versus 6 for data points 9 and 10.
These points have W =3.11 GeV, @*=1.2 GeV?, and 1.7 GeV?, respectively. The graph for point 9 shows the data from
both the hydrogen and deuterium targets. The solid curves are the predictions of Berends’s theory with the empirical

addition of the isoscalar component.



8 (degrees)

13 DETERMINATION OF THE PION FORM FACTOR UP TO Q%=4... 37
T 71T r 1 1 r1 ‘11 11 1.1 11 T 1171717 T 17 1T 1T 1T 17T
DATA POINT 11 (Hp) DATA POINT 11(Hp)
_1OF (a) ] 10F (b) { 3
:5 - - - -
3 i i r ]
2 i 1 - 1
.0.5~ b 0.5+ 9
i oA q
O|o

- 4 - 4
i —¢=0°|$=2180° ] L ~$=90° | |

SN S S SN N T Y SUUN SN NUUN NN SO (NN SN N SO (Y N (NN UON SO N o1 S W N TOUN N T SN T N S |

28 24 20 6 12 8 4 o 4 8 12 16 20 & 12 8 4 O

8 (degrees)

FIG. 8. A plot of the virtual-photoproduction cross section for the m*n reaction versus 6 for data point 11. For this
data point W =2.67 GeV, Q*=3.41 GeV?. The solid curves are the predictions of Berends’s theory with the empirical

addition of the isoscalar component.
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FIG. 9. The measured ratio R of the cross sections for the production of single 7~ and 7* mesons from deuterium
at data point 8 where the nominal values are W =2.15 GeV, @*=1.2 GeV?. The lower scale shows the momentum trans-
fer and the 7N center-of-mass production angle. The upper scale shows the total 7N center-of-mass energy. For these
data the production plane is dominantly parallel to the electron-scattering plane.
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FIG.10. The measured ratio R of the cross sections
for the production of single 7~ and #* mesons from deu-
terium at data point 8 where the nominal values are W
=215 GeV, @2=1.2 GeV?. For these data the production
plane is dominantly perpendicular to the electron-scatter-
ing plane. The upper scale shows the momentum trans-
fer, the lower scale the center-of-mass production angle.
W does not vary for these data.
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FIG.11. The measured ratio R of the cross sections
for the production of single 7~ and 7" mesons from deu-
terium at data point 9 where the nominal values are
W =3.11 GeV, Q2=1.2 GeV?. The lower scale gives the
momentum transfer and the 7N center-of-mass production
angle. The upper scale gives the total 7N center-of-
mass energy. For these data the production plane is
dominantly coincident with the electron-scattering plane.

FIG. 12. The measured ratio of the cross sections for
the production of single 7~ and 7" mesons from deuter-
ium at data point 8 where the nominal values are W
=3.11 GeV, Q2=12 GeV?. For these data the production
plane is dominantly perpendicular to the electron-scatter-
ing plane. The upper scale shows the momentum trans-
fer, the lower scale the center-of-mass production angle.
W does not vary appreciably for these data.
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FIG. 13. A plot of R versus momentum transfer for
the data from this experiment and the earlier CEA ex-
periment together with a fit of the form (1 —AV=t).
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FIG. 14. A plot of R versus V—¢ for photoproduction data. The solid line is the fit to the electroproduction data de-

termined from the measurements reported in this experiment.

V. DISCUSSION

In addition to using the forward cross section to
determine the pion form factor it is instructive to
examine the validity of the theory over a wider
angular range. The solid curves in Figs. 5
through 8 show the predictions of Berends’s the-
ory calculated using as input the measured pion
form factor and the measured value for R. As
has been observed previously the theory does not
predict correctly the scalar-transverse interfer-
ence, the transverse-transverse interference
term, or the ¢ dependence at large ¢.

We now have sufficient data to see if the theory
gives the same value for the pion form factor at
data points with the same @ and different W.
These points differ in that the minimum momen-
tum transfer decreases as W increases. Figure
16 summarizes the pion form factor found for the
different points at Q*=1.2 GeV? and 2.0 GeV2. The
agreement of the values for the pion form factor
obtained at the same @ shows that there is no de-
pendence on the minimum momentum transfer.
The agreement is even better if one corrects for
a possible difference in normalization of the dif-
ferent experiments by dividing the form factors

TABLE IV. The values of the pion form factor determined from this experiment using the data for 6=3°. The un-
corrected columns refer to the raw cross section and the pion form factor determined from it. The isovector columns
give the calculated isovector component and the pion form factor determined from it. Uncertainties are statistical

only.
Uncorrected Isovector
Q? -t)
Data point GeV?) (GeV?) (do/dR) (ub/sr) F, R (do/d Q) (ub/ sr) F,
8 1.216 0.069 5.077 20.740 0.324 +0.028 0.786 4.534 +£0.661 0.292 +£0.026
9 1.198 0.019 3.089 +0.309 0.321 £0.018 0.888 2.916 £0.292 0.305+0.017
10 1.712 0.034 2.517 +0.325 0.257+0.018 0.850 2.328 +0.301 0.246+0.017
11 3.301 0.162 0.769+0.174 0.136 £0.017 0.672 0.643+0.145 0.123+0.015
12 1.988 0.157 2.280+0.289 0.221 £0.016 0.676 1.911 £0.242 0.199+0.015
13 3.991 0.477 0.512+0.156 0.124 £0.022 0.436 0.368+0.112 0.101 £0.019
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TABLE V. The values of the pion form factor determined from cross sections for 6=3° reported in earlier CEA
(see Ref. 1) and Cornell (see Ref. 3) experiments. The uncorrected columns refer to the raw cross section and the
pion form factor determined from it. The isovector columns give the calculated isovector component and the pion
form factor calculated from it. Uncertainties are statistical only.

Uncorrected Isovector
Q? -t
Data point (GeV?) (GeV?) @do/dQ) (ub/sr) F, R (do/d Q) (ub/sT) F,
(a) CEA data
4 0.176 0.003 7.15+0.34 0.810 £0.044 0.952 6.99+0.33 0.786 £0.045
3b 0.294 0.006 8.05+0.44 0.641 +0.028 0.936 7.79+0.43 0.606 £0.028
7 0.396 0.011 8.90+0.34 0.577 £0.016 0.914 8.52+0.33 0.550+0.015
9 0.795 0.034 6.99+0.37 0.400 £0.013 0.850 6.47+0.34 0.380+0.013
12 1.188 0.066 3.54+0.28 0.276 £0.014 0.790 3.16+0.25 0.256+0.013
(b) Cornell 71 data
i 0.620 0.011 5.15+0.25 0.465+0.015 0.914 4.93+0.24 0.453+0.014
2 1.069 0.019 3.53+0.31 0.323+0.017 0.888 3.33+0.29 0.321 £0.017
3 1.204 0.031 3.61 +£0.23 0.291 £0.010 0.856 3.35+0.21 0.279+0.010
4 1.314 0.048 3.50+0.29 0.266 £0.013 0.822 3.19x0.27 0.252+0.012
6 1.200 0.069 4.43+0.29 0.288 +0.012 0.786 3.95+0.26 0.269+0.011
7 2.015 0.070 1.59+0.17 0.185+0.011 0.784 1.42+0.15 0.174x0.010
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For
0.6
o.af
0.2t
0 10 20 3.0 40

Q? (Gev?)
FIG. 15. The values for the pion electromagnetic form factor derived from the data reported in this and earlier ex-

periments using the dispersion theory of Berends: (a) for no isoscalar component and (b) for an isoscalar component
given by R=1-0.817V— . The CEA data are taken from Ref. 1; the Cornell *71 data from Ref. 3.
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FIG. 16. A plot showing the dependence of the value
of the pion form factor on the minimum momentum trans-
fer. All of the high points were from this experiment;
the low points were from the Cornell ’71 experiment.

by the form factor determined at the common
data point W =2.15 GeV, @*=1.2 GeVZ.

The increase in the isoscalar component with
@Q* at fixed W is quite interesting and has no ex-
planation within the context of the present theory.
The isoscalar component observed in photopro-
duction is explained by the introduction of addition-
al {-channel contributions such as p, B, and A4,
exchange.?2:23:2¢ In view of the increasing domin-
ance of the one-pion exchange term at high @2,
this suggests that diagrams such as that shown
in Fig. 17 give an increasingly important contri-
bution to the cross section. It will be instructive
to have available a longitudinal-transverse separa-
tion so that one can further ascertain the charac-
ter of these additional diagrams.

Questions have been raised as to the validity
of using this technique to determine the pion form
factor. Dombey and Read®” pointed out that the
PCAC (partial conservation of axial-vector cur-
rent) low-energy theorems giving the dependence
of the charged pion electroproduction amplitude
on the axial-vector form factor are inconsistent
with the dispersion theoretic calculations in which
the axial-vector form factor played no role. The
basic reason is that the Born approximation terms
taken from the pseudoscalar theory of the pion-
nucleon coupling do not satisfy PCAC require-
ments. They further pointed out that the Born ap-
proximation terms chosen from pseudovector the-
ory satisfy PCAC but introduce ambiguity into the
determination of the pion form factor through the
unknown character of the axial-vector form fac-
tor. This point remains unresolved in the litera-
ture and further theoretical work is required to
reconcile PCAC requirements with the more con-
ventional extrapolation from electroproduction.

) n

FIG. 17. An additional diagram that could contribute
to the isoscalar component of the cross section.

Kellett and Verzegnassi®® questioned the treat-
ment of one of the subtraction constants in the
Born approximation treatments of Berends®? and
Devenish and Lyth.?® They pointed out that a sub-
traction constant that might be required for one
particular term could be a function of ¢ and * and
thus introduce ambiguity into the determination of
the pion form factor. They stressed the impor-
tance of measurements with fixed %? at different
t as a means for determining this unknown func-
tion. In electroproduction the best way to make
such measurements is to vary W and keep @*
fixed. This provides a set of data with the same
k? and different ¢ at 0° where the theory should
work best. Figure 16 shows such data for @*=1.2
and 2.0 GeV2. The measured form factor depends
on @ and not ¢,;,. This indicates that the Kellett-
Verzengnassi subtraction constant is not impor-
tant and that Berends was correct in using an un-
subtracted dispersion relationship.

More recently Actor, Kérner, and Bender®°
have extrapolated an explicitly dual model for
pion photoproduction to electroproduction. They
are led to an essentially unique electroproduction
ansatz which fits the DESY data. This model be-
haves qualitatively like an electric Born term mod-
el with a flat nucleon form factor and a vector
dominance pion form factor. This suggests that
the determination of the pion form factor is not
particularly sensitive to the form of the theory
used to extrapolate from photoproduction to elec-
troproduction.

The best way to settle the argument concerning
the determination of the pion form factor is to
make a direct extrapolation to the pion pole. It
is clear from the work of Devenish and Lyth?®
that such a procedure will work if one has suffi-
ciently precise and detailed data. It is within the
realm of present techniques to obtain data of the
prerequisite quantity and precision.

The theoretical calculations shown in Fig. 1 in-
dicate that, for modest @*, as the energy increases
the cross section does not decrease. This behav-
ior is due to the increasing dominance of one-pion
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exchange; it suggests that single-pion electropro-
duction will continue to be a significant part of
the total virtual-photoproduction cross section
even at very high energies.
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