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We have measured ep, em+, and em coincidences for scattered electrons in the range Q'=0.4 to

2.2 GeV' and IV =2 to 4 GeV. We find (a) that vector-meson production decreases with Q' more
rapidly than does the total virtual-photon-plus-proton cross section, more rapidly even than the prediction
of simple vector dominance, (b) that the slope of the t distribution in p and e production becomes
flatter with increasing Q' and seems to be at least approximately a function of the single variable
x s = (Q + m s)/2M v, (c) that the fraction of final states containing a proton decreases with
increasing Q', (d) that in the central region of longitudinal momenta the inclusive m+ yield seems to
increase relative to the m yield as Q' increases, and (e) that the average transverse momentum of n
is greater than of m+ in the central region of longitudinal momenta.

I. INTRODUCTION

The first inelastic electron scattering experi-
ments' to explore the region of final-state hadron
effective mass' 8'beyond the nucleon resonances
revealed a cross section which decreases less
rapidly with increasing four-momentum transfer
squared Q' than does the elastic cross section.
The nucleon structure function' vWs(Q', W) was
found to obey scaling for Q &1GeV'. These ob-
servations inspired the parton model, 4 in which
the inelastic scattering is the incoherent sum of
elastic scatters from pointlike constituents in the
nucleon. It is also possible, however, to under-
stand the data using the vector-dominance ap-
proach, ' in which the scattering comes about
through the interaction of the hadronic constit-
uents of the virtual photon with the target nucleon.

In an effort to choose among these and other
models, to reveal the nature of the partons, if
they exist, or to see the diffractively produced
hadronic components of the photon, experimenters
have recently been observing the hadronic final
states in inelastic electron (or muon) scattering. "
In one class of experiments the collision occurs
inside a hydrogen bubble chamber' or streamer
chamber' and all charged products are observed.
To overcome the limited statistics and the diffi-
culty of particle identification inherent in this tech-
nique, other experimenters have concentrated on
observing one or a few hadrons in a limited an-
gular range using typically a high-resolution spec-
trometer with particle identification in coincidence
with another spectrometer for electrons. In this
latter class there are experiments designed to

detect forward-produced hadrons, ""and
others, ""such as the work we are reporting
here, sensitive to particles produced backward in
the center-of-mass frame.

Our experiment is a sequel to similar experi-
ments performed earlier at Cornell with different
apparatus and reported elsewhere. ""The present
experiment covers a much wider range in Q' and W
and is based on an order of magnitude more events.
A preliminary report of some aspects of the experi-
ment has already been published. " Figure 1 shows
the layout of the apparatus. Electrons scattered
through about 8'in the hydrogen target were de-
tected in one spectrometer in coincidence with
protons or pions produced between about 40' and
80' and detected in another spectrometer.

II. BEAM AND TARGET

The incident electron beam was extracted from
the Cornell 12-GeV electron synchrotron using
the usual resonance method, brought to the experi-
mental area through a conventional beam trans-
port system of quadrupole and bending magnets,
and focused on the experimental target. At the
target the beam spot was typically 2 mm verti-
cally by 4 mm horizontally, with an angular diver-
gence about 0.3 mrad. The beam pulse rate was
60 per second, each pulse lasting for about 1.6
msec. During the beam pulse the intensity had a
2.5-psec time structure, corresponding to the
circulation period in the synchrotron ring, which
resulted in a typical duty cycle of about 50% dur-
ing ti e beam pulse. The over-all beam duty cycle
was therefore about 4%.
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FIG. 2. Side view of the electron spectrometer.

threshold was set below the average pulse height
for 2-GeV electrons. Although the hodoscope and
gas Cerenkov counter were not included in the
trigger, their pulse information was recorded with
each event.

We calculated" the trajectory of a particle be-
hind the bending magnet from the spa, rk-chamber
information. A track in either the x or y projec-
tion had to contain at least four sparks in a
straight line. The track-finding efficiency, com-
puted from the relative numbers of 4-, 5-, and 6
spark tracks, was 99.9%.

We rejected a track if its extrapolation did not
pass through the defining scintillator or the magnet
gap. Otherwise it was projected back through the
magnet gap to the target. Assuming a uniform
field in the magnet gap, we fitted to a helical tra-
jectory in the magnet and iterated until the radius
of curvature (and hence the momentum) was found
which resulted in zero vertical displacement at
the target position (assumed to be a point).

To decide if the detected particle was an elec-
tron, we examined the gas Cerenkov and shower
pulse heights. Electrons counted in the gas coun-
ter and made large pulses, proportional to mo-
mentum, in the shower counter. To improve the
resolution we corrected the shower-counter pulse
height for the dependence on the distance between
the particle track and the photomultipliers and
for the attenuating effect of several reinforcing
bars in the gas counter. Pions were sometimes
counted in the Cerenkov counter, depending on
their velocity, and generally had small pulses in
the shower detector. Most of the pions could be

(o) (b)

I I

20 30 IO 20
Shower Pulse Height/Momentum (orbitre'y traits)

FIG. 3. (a) Sample spectrum of electron shower pulse
height divided by particle momentum for events which
were detected in the gas Cerenkov counter. The pulse
heights have been corrected as described in the text.
(b) Same for events which did not count in the gas count-
er.

rejected by requiring a count in the Cerenkov
counter and a minimum value of shower pulse
height divided by momentum. Since the elec-
tronic threshold in the shower counter was set
conservatively low, some 20-40% of the triggers
were rejected as pions. Since the tail of the pion-
shower pulse-height distribution extended under
the electron peak [Fig. 3(a)], we had to make a
subtract-'on of this contamination. The number of
events to be subtracted was deduced from the shape
of the tail of the pion-shower Spectrum, as seen in
the events which did not have Cerenkov pulses
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[Fig. S(b}].
The root-mean-square momentum resolution

was observed to be 0.5% from the shape of the

elastic electron scattering peak. This value is
compatible with the known effects of multiple
scattering in the spectrometer, spatial resolu-
tion in the spark chambers, magnetic field in-
homogeneity, and finite target size.

The momentum and angle acceptance~ of the
spectrometer is determined by the aperture and

field of the bending magnet and by the third scin-
tillation counter. The spectrometer accepts 25.6
mrad horizontally, essentially independent of mo-
mentum; the vertical angle limits depend on mo-
mentum and are shown in Fig. 4 as a function of
the reciprocal particle momentum relative to the
"nominal" central momentum determined by the
magnet current. Figure 5 shows the acceptance
solid angle as a function of momentum divided by
nominal momentum. For any fixed setting of the
magnet current the accepted momentum range is
approximately P . ~ x(1'0,), orP ~ x(1"0'3)
at half maximum aperture. This property of the
spectrometer makes it possible to cover in one
magnet current setting essentially the complete
spectrum of scattered electron energy E' at fixed
incident energy E and scattering angle 8, .

Data were taken at fixed spectrometer angle of
8.21', at three different incident beam energies:
8, 10, and 11.8 GeV. The magnet current was set
to correspond to P „, . ~ = 3.89, 4.95, and 4.95
GeV/c in the three runs. The kinematic region in
Q' and W covered by the acceptance of the electron
spectrometer is shown in Fig. 6. In order to study
the Q' and Wdependence, we divided the data for
each incident energy E into five bins. Bin bound-

2.5—

2.0—
I
4l

F l.5-

I.O-

8
05-

00 0.5 I.O I.5 2.0 2.5 3.0 3.5 4.0
Momentum/Nominal Mo—~i~

FIG. 5. Acceptance solid angle as a function of p/
Pnamlnel fOr the eleCtrOn SPeCtrOmeter. FOr PQQmmsi

values, see Table II.

aries where chosen to correspond to lines of con-
stant tu' =1+W'/Q', actually at ln&u'=1. 0, 1.5, . . . ,
3.5. Relevant parameters for each bin are given
in Table I.

IV. HADRON SPECTROMETER

3.0

The hadron spectrometer~ consisted of a 72D18
magnet with a 24-in. gap height, bending in the
horizontal plane, followed by six wire spark cham-
bers and two planes of scintillation counters (see
Fig. 7). The magnet was positioned with its 72-in.
length converging toward the downstream beam
line at a 6.1' angle, and its gap centered verti-
cally on the beam height. The volume from the
target vacuum chamber window to the first spark
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FIG. 4. Electron spectrometer geometrical acceptance
boundaries in pQQm~ /p vs tangent of vertical angle.
The values of p„.& in the various data runs are listed
in Table II.

FIG. 6. The acceptance regions for the three data
runs, in the Q vs W plane. The curved lines outline
the geometric acceptance; the straight lines radiating
from the origin are the lines of constant (d' along which
the data were divided. No data below W =2 GeV were
used in the analysis.
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below the level appropriate for minimum-ionizing
particles, or (b) a single pulse in the front bank

with a threshold set at a level three times higher.
Figure 8 shows the expected amount of energy de-
posited in the front and rear counters as a function
of the momentum (at the target) for a proton. The
curves demonstrate that we were sensitive to all
protons of momentum greater than 240 MeV/c.
The corresponding threshold for pions was actu-
ally below the minimum momentum which could
pass through the magnetic field.

We required a hadron track to be a straight line
containing sparks from at least four of the six
planes of vertical wires and from at least two
each of the three planes of horizontal wires and

of diagonal wires. In addition, the extension of
each track had to pass within one inch of a trig-
gered hadron scintillator. We have studied the
spark-chamber spatial resolution by examining
the straightness of tracks for particles with mo-
menta above 800 MeV/c. The full width at half
maximum of the peak in the spectrum of miss
distances between spark and best straight line
was about 0.1 in. After the experiment was com-
pleted this was traced to a wiring error in the
spark digitizing scalers, which introduced a
0.080-in. random error in the computed position
of the spark. Although the error could have been
eliminated by reprocessing all of the data, we did
not consider the effort worthwhile, since multiple
scattering dominated the spatial resolution at low

momentum, where most of the data were.
We reconstructed hadron rnomenta using look-up

tables which mapped the track coordinates in the
wire chambers into hadron momentum components
at the target. The tables were generated~ by nu-
merically integrating a representative family of
trajectories from the target to the first wire-
chamber plane through the rather nonuniform field
of the magnet. In order to account for the effects
of ionization energy loss along the track, we gen-
erated separate tables for protons and pions. The
tables connected values of p„,p„,p, at the target
with the horizontal and vertical coordinates of the
trajectory at the first spark-chamber plane, and
with V, the difference in tangents between the hori-
zontal projection of the track in the chambers and
the straight line connecting that point with the tar-
get (see Fig. 7). V was roughly a measure of re-
ciprocal momentum. The 0.5-in; long target was
treated as a point and used as a constraint on each
trajectory, since the track was not measured be-
tween target and magnet. The tables also con-
tained the calculated time of flight from target to
counter bank for each trajectory and the vertical
slope at the first chamber plane.

Each hadron event was reconstructed by inter-
polating in V and the horizontal and vertical posi-
tion to get p„,p, , p, from the table. For each
event we compared the tabulated and observed
values of the vertical slope of the track (not used
in the reconstruction), and required that they

30-
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FIG. 8. (a) The calculated mean energy deposited in the front counters as a function of proton momentum at the target.
(b) The same for the rear counters.
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agree within 35 mrad (20.5 mrad for pions) in
order to eliminate accidental tracks, pion decays,
secondaries from interactions in the magnet poles,
and so on.

The reconstruction of each event was done twice,
using both proton and pion look-up tables. The
observed time delay between the electron and
hadron triggers was corrected for pulse-height
slewing, light propagation time in the scintillators
and light pipes, and cable delay differences among
the hadron counters and then compared with the
predicted flight times from the proton and pion
tables. If the observed time was within 1.5 nsec
of the tabulated pion time, we accepted the hadron
as a pion. Figure 9 shows typical timing spectra
at two momenta. The protons, because of multiple
scattering, had broader timing spectra (Fig. 10).
At low momenta the proton timing limits were
made wider (up to 4.3 nsec at 2V5 MeV/c) to ac-
commodate the increased spread. Hadrons with
measured momenta above 1 GeV/c were not used
in the analysis, since the identification by time of
flight became ambiguous for fast particles.

Events which failed the proton and pion timing
cuts were either accidental coincidences, decay
or interaction products, or K mesons. A signifi-
cant kaon timing peak was observed, but it was
not possible to extract a quantitatively reliable
cross section because of the accidental back-
ground. ~ Table II gives a summary tally of the
numbers of events falling in the various cate-

go ries.
The reconstruction look-up tables also provided

information on the geometrical acceptance bound-
aries. Figure 11 shows the vertical acceptance
(maximum tangent of vertical angle at the target)
as a function of reciprocal momentum and hori-
zontal angle relative to the beam. The figure is
plotted for m' mesons; the acceptance for protons
is rather similar, except for the effects of in-
creased ionization loss at low momenta.

V. DATA CORRECTIONS

For the major portion of the data taken at the
three incident energies, the field polarity in the
hadron magnet was such as to deflect positive
particles to larger angles, thus maximizing the
aperture for positive hadrons. In this condition
there was a somewhat smaller aperture, centered
on larger production angles, for negative hadrons.
In order to compare m' and n production in the
same angular ranges, we took a smaller amount
of data with the magnetic field reversed in the
hadron magnet.

Data were also taken with the target empty to
determine the fraction of the normal data rate
coming from production in the kapton target walls.
These data were supplemented by data from a
much thicker carbon target to determine more
accurately the momentum distributions of protons
and pions produced in the target walls. We found

(a) (b)
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Observed Time -Calculated Time for a Pion tnsec)

FIG. 9. (a) Time-of-flight spectrum: number of events vs observed flight time minus calculated flight time, assuming
pion kinematics, for momenta between 0.2 and 0.3 GeV/c. (b) Same for momenta between 0.9 and 1.0 GeV/c. The
peaks at zero correspond to pions.
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FIG. 10. (a) Time-of-flight spectrum: number of events vs observed flight time minus calculated flight time, assum-
ing proton kinematics, for momenta between 0.32 and 0.39 GeV/c. (b) The same for momenta between 0.95 and 1.13
GeV/c.

that these distributions showed no structure, but
instead followed closely the distributions expected
from just the geometric acceptance.

We discovered in the analysis of the data that
there had been a slow leak in the target vacuum
chamber, resulting in condensation on the liquid
hydrogen target. The effect of this frost was
determined for each data run from the rise in
scattered electron counting rate, which increased
linearly with time from the last target warmup.
The frost background was subtracted from the
data in the same way as the target wall back-
ground. The subtraction varied from 0 to 50$.

Other subtractions in the data were made to
account for spurious events which survived the
various data cuts. Background pions which es-
caped the pulse-height cut in the electron shower

counter were subtracted using a sample of pion
events below the pulse-height threshold. We sub-
tracted the flat background of events under the
peak in the vertical slope distribution by using
events outside the peak region suitably normalized.
A similar procedure was used for the random and

decay backgrounds under the proton and pion time-
of-flight peaks. Such subtractions amounted to
about 15% of the data.

Since the flux of particles through the hadron
spectrometer was quite high, the detection effi-
ciency was somewhat lower than for ideal single
tracks. We measured the track efficiency in the
actual data by making use of the fact that a large
fraction of the radiative scattering events
(e+ p -e+p+ y) were identifiable without making
use of the hadron spark-chamber information.

TABLE II. Efficiencies and event numbers for the three data runs.

F.= incident electron energy (GeV)

P nominal ( eV/c)
Electron detection efficiency
Hadron detection efficiency
Number of incident electrons
Triggers
Reconstructed events
ep events
Radiative ep events (forward peak)
Vector-meson ep events
e r' events

8.0

3.9
0.98
0.95

2.1x 10~6

1.1x10'
730x 103
150x 10~

58x 10'
4.3x 10
59x 103

10.0

5.0
0.95
0.86

3.8x 10'6
1.1x 106
690x 10
220 x 10~

55 x 10'
3.5x 10
72x 103

11.8

5.0
0.96
0.78

2.4x 10'6
0.7x 106
430 x 10~
120x 103
23x 103

1.5x 10~

32x 10'
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FIG. 11. Vertical aperture (tangent of maximum vertical angle) for pions in the hadron spectrometer as a function of
horizontal angle relative to beam and reciprocal momentum.

Comparing the fractional contribution of these
radiative events with (a} the number of triggers
with an acceptable track and with (b} the number
of triggers without tracks, we could tell how many
no-track triggers should have had tracks and how
many triggers were spurious, and hence derive
the track efficiency. We verified the trigger-coun-
ter efficiency by examination of the pulse-height
spectra. Corrections were applied to the data in
the case of two trigger scintillators whose gains
were not sufficient to count fast pions with full
efficiency. Average efficiencies for the hadron
and electron spectrometers are listed in Table II.

VI. PROTON EXCLUSIVE RESULTS

'For each electron-proton coincidence event we
computed m, ' the square of the missing mass in
the reaction e+p-+p+x, and t the square of the
four-momentum transfer from target proton to
final proton. For an initial proton at rest t de-
pends only on the laboratory energy of the out-
going proton: t= —2M(E, -M). The missing mass
depends mainly on the proton lab angle, but also
somewhat on the proton energy. The ep coinci-
dence data in each of the fifteen E, &o' bins (see
Fig. 6 and Table I) were further subdivided into
bins of width 0.05 GeV in m, and of width 0.1
GeV' in t. The appropriate background subtrac-
tions (see above) were made separately for each
E, ~', m, ', t data set.

To obtain for each bin the average cross section
dv/dm, 'dt for the virtual-photon reaction
y„+p-p+x we divide the corrected number of

events by the number of incident electrons, the
target density, the bin widths nm, 'At, the virtual-
photon flux factor"

ot E' 5"-M' 1
2w~ E 2M@~ I-e '

where

e = [I+ 2(l+ v'/Q') tan'(8, /2)] (2)

and the geometric probability of detection. The
latter two factors are evaluated by a Monte Carlo
integration over the acceptance ranges in p,' and
p~ for the two spectrometers.

In principle, the cross section for e+P-e+P+x
can depend on six independent kinematic variables
(provided polarizations are not observed}: for ex-
ample, E, E', and 8, for the electron and p~, e~,
and Q„for the proton; or alternatively, Q', W,
&, m, ', t, and Q(the proton azimuth about the
virtual-photon axis). Since the 8, aperture of the
electron spectrometer was only 25.6 mrad wide
and the spectrometer angle was fixed throughout
the experiment, we are not able to study the de-
pendence of the cross section on 8, . This means
that as we change Q' and W in going from one data
set to another, we also vary the photon polariza-
tion e (see Table I}. Although in the interpretation
of the data we treat the variations in cross section
as trends in Q' and W, it is possible, especially
if there are strong contributions from longitudinal
photons, that we are seeing ~ dependence as well.

Also, because of the limited aperture (about+30$
in proton-electron azimuthal angle Q~, , we are not
able to study the dependence of the virtual-photon
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cross sections on Q. The aperture calculation is
averaged over Q, and the quoted cross sections
do/dm„'dt represent integrals over Q, deduced
from the data for do/dm, 'dt dQ at Q= m by assum-
ing no azimuthal dependence. Other experi-
ments9' '~'~'~' have established that the p depen-
dence in electroproduction cross sections for
W&2 GeV is weak or absent. A cos2$ term would
arise from interference between the two trans-
verse photon polarization amplitudes and a cosQ
term would indicate transverse-longitudinal in-
terference. To avoid the nucleon resonance region
and possible g variations, we have included only
data with W&2 GeV in the analysis.

Figure 12 shows sample plots of do/dm, 'dt as a

function of m ' for various E, co', &. The experi-
mental resolution in m, ' varied from typically
0.0 3 GeV' (rms) at low t to 0.1 GeV' at high t,
and was predominantly determined by the mo-
mentum and angle resolution of the hadron spec-
trometer. The geometrical acceptance was
generally uniform in m„' for-t &0.075 QeV' and up
to a limit in m, ' which exceeded 0.8 QeV' and in-
creased with increasing W.

For each bin in E, m', and t we fitted the m, '
spectrum with a sum of four contributions: (1) a
Gaussian peak at m„'=0 with width consistent with
experimental resolution, corresponding mainly to
radiative eP scattering; (2) a peak at m„'=0.6
GeV' from p' and &o electroproduction; (3) a P

zl 'z l

0 =0.996eV
W=2.V oeV

40 - t =-Q.2256eV2

I
'

l

Q2 I p6 GIsV2
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FIG. 12. Sample missing-mass-squared spectra-for p„+P—p +x. The curves show the results of the fit described
in the text.
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do' do'p~ 1 mp I p

dm, 'dt dt 1.15 (m, '-mq')'+ mq'I'q'

�

mp2+ @2 —t
m 2+@2 -t

0.15
+ E (m„m ), (3)

where

(4)

The radiative correction, calculated for each E,
co', and t from a modified version of the formula
given by Bartl and Urban, "is then applied to this
shape function, resulting in a lowering of the peak
height and the addition of a tail extending to higher
masses. Finally, the resulting shape function is
convoluted with the experimental resolution func-
tion to yield the pe peak shape used in the least-
squares fit to the m„' spectrum. Only the over-all
scale factor daq /dt is free in fitting the experi-
mental pro peak.

The P peak shape is fixed by convoluting a 5
function at m„'=my'with the experimental resolu-
tion. We represent the continuum background as
a polynomial in p~ = (m, '/4-m, ')' '. This variable
was chosen to match the phase-space threshold

peak at m, '= 1.04 GeVI; and (4) a continuum
starting at tnt' =4 pn„'.

The missing momentum for events in the zero-
mass peak shows a strong peaking in the incident
beam direction (Fig. 13) and a weaker peaking in
the scattered electron direction, as one would ex-
pect for bremsstrahlung events. Agreement with
the expected rate, ~ obtained by integrating the
theoretical differential cross section" over the
experimental apertures, is typically only within

20%. The discrepancy is not significant, since a
large portion of the radiative events occurs with
the proton going very near the edge of the aperture
where the acceptance is rapidly varying and not
well enough known for a sharp peak. Furthermore,
m' events at m„'=m„'=0.02 GeV' are indistinguish-
able from radiative events because of the finite
resolution. The mass fitting also includes the
effect of an estimated two-photon tail on the zero-
mass peak.

The experimental resolution in m„' also prevents
a reliable separation of p' and co contributions.
The shape of the pe peak used in the fitting is
fixed by starting with a relativistic Breit-Wigner
form with a P-wave width, '4 multiplied by a gen-
eralized Ross-Stodolsky factor, "then adding on
a Brett-Wigner &u peak with an area fixed at 15$
of the p peak. " That is,

~
l

I

(b)

-0.2

Horizontal Angle

0.2 -O. I

radians

Vertical Angle

O.l

dependence for two-pion production; P* is the
center-of-mass momentum of one pion of the pair.
Since the fits over the m„' range up to 1.5 GeV
were rather insensitive to higher powers of P*,
the results we present here are obtained with the
continuum constrained to be proportional to P*
and with only the magnitude as a free parameter.
The continuum yield has a generally flatter t de-
pendence than the p' and ~ production, and is
similar to the proton missing-mass continuum in

photoproduction. " It is presumably a mixture of
4~ and nonresonant Pm~ and P~n~ final states.

Figure 14 shows the fitted values for the sum of
p' and ~ cross sections plotted against t. We fit
each t distribution to an exponential form:

do' p~ cAJpu)

dt dt
eBt . (5)

the results are listed in Table III along with the
integrated cross sections oq (the exponential fit
integrated from t to t ). In Fig. 15 we plot the
Q'dependence pf op /o„, , with o„,, the virtual-
photon proton interaction cross section, taken
from a fit" to the single-arm inelastic electron
scattering data. As we have observed in a pre-
vious experiment, "

op~ drops more rapidly with
Q' than does o„,. Virtual photoproduction is ap-
parently becoming less diffractive as the photon
becomes more spacelike and its q' (= -Q') gets
farther from mp' and m„'. Qualitatively, such an
effect is predicted by vector-meson dominance.
In its simplest form the model says

FIG. 13. Distributions in the direction of the missing
momentum P„+p p+a} for missing masses near zero:
(a) horizontal angle, (b} vertical angle. The peaking in
the beam direction is a feature of the bremsstrahlung
reaction, but the width of the peak (especially for the
horizontal angle) is dominated by experimental resolution
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(dashed), computed for an average W value.
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In this picture the decrease relative to the photo-
production cross section comes from the virtual
p (or &u) propagator factor and from the increase
in t . with increasing Q'.

TABLE III. Measured cross sections and slopes for
y„+p p +p

0 or ~. Quoted errors include an estimate
of the systematic uncertainties, although the statistical
errors dominate.

Q2

(GeV2)
W

(Gev)
I3

p
t'do'/dt)& 0

(QeV ) (pb/QeV )

0.99
0.78
0 ~ 59
0.43
1.37
1,06
0.80

0.61
2.23
1.78
1.36
0.99
0.74

2.17
2.57
2.92
3.20
2.57
3.01
3.38

3.62
2.39
2.93
3.39
3.77
4.01

2.7+ 0.4
5.8+ 0.5
5.4+ 0,6
6.3+0.8
3.8+ 0.4
4.8+ 0.5
4.4+ 0.9

6.4+ 3.7
1.2+1.8
4.8+ 1.0
3.2+ 0.6
4.3+ 1.1
6.4+ 3.0

14+ 3
22+ 3
22+ 3
31+ 5

9.4+ 1.5
9.7+ 1.8
10+ 2

16+ 7
1.1+1.4
7.2+ 2.5
4.7+ 0.9
7.4+ 1.9
17+9

0.075+ 0.015
0.053+ 0.008
0.063+ 0.008
0.072 + 0.011
0.049 + 0.008
0.045 + 0.006
0.048 + 0.006

0.045+ 0.016
0.030+ 0.041
0.038 + 0.012
0.043+ 0.009
0.043+ 0.011
0.058 + 0.014

FIG. 14. Differential cross sections for p and u
virtual photoproduction as functions of t for the various

and W values covered in this experiment. The lines
show the best exponential fit. The contribution from longitudinally polarized

photons is represented by the $Q'/m~' term. The
transverse and longitudinal contributions are not
separated in our experiment, but there are in-
dications from other experiments"4 in which the
p' decay distribution is observed, that the longi-
tudinal-transverse ratio is consistent with $ =0.45.
The curves in Fig. 15 show the model predictions
for $ =0 and $ =0.45, again divided by the experi-
mental ot,t. The model can be made to fit our
data only if $ is essentially zero (it cannot be
negative). Since the evidence9'4 for nonzero $ is
good, this means that this form of the vector-
dominance model does not correctly explain the
rapid decrease in oz (Q'). The discrepancy cannot
be explained as an error in beam and target nor-
malization. Such errors are negligible (see
Sec. II), and no such discrepancy showed up in
checking the elastic eP scattering yields.

Although there is no compelling evidence in our
data for any deviations from a simple exponential
in t, it is obvious from Table III that the t -slope
parameter Bp decreases~' with increasing Q'.
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1-xp/x,
P& 0 1 + q 2/q 2 (8)

The fit is tolerably good, considering the incon-
sistencies among slope values from different ex-
periments, especially in photoproduction. The
best-fit parameters are B,= 7.8 + 0.2 GeV ',
x, =0.69+0.09, and Q,'=4.2+ 1.6 GeV'. Clearly,
the data allow a weak Q' variation distinct from
the strong x~ dependence, but the latter makes
the former difficult to establish.

It has been suggested~ that in the vector-meson-
dominance picture the effective size of the inter-
action region in a photon-hadron collision is de-
termined by the lifetime ht of the virtual hadronic
components of the photon. The.lifetime is given
by the reciprocal of the energy mismatch between
the photon and its hadronic components, which in

7+p~p+p or cu

I I

der/dt e

'Ihere is also a tendency at fixed Q' for B~~ to in-
crease with increasing W(or v). This suggests
that B~ may depend only on the ratio Q'/v. Since
there are indications that B~ has a similar v de-
pendence in photoproduction, 4' we are led to con-
sider instead the ratio (Q'+ b)/v, where b is some
positive constant, thus allowing us to relate the
variation of B~„in electroproduction (Q' &0) and
in photoproduction (Q' = 0}. Figure 16 shows a
test of the conjecture that B~ is a function of
x~ = (Q'+ m~')/2Mv, using data from this and other
electroproduction experiments, ""'"as well as
some photoproduction data." The tendency for the
measurements to lie along a simple curve is some-
what more pronounced than when they are plotted
against Q' (Fig. 17), although the optimum choice
for b is somewhat lower than mz'.

It is not possible with the available data to rule
out a more general dependence on two variables:
Q'and v, or perhaps Q'and x~. For example, as
an exercise we have fitted the slope to a form

the case of p production should presumably be
dominated by the p. That is

= [(v2+ Q2+ pg 2) 2—v] 1

= 2v/(Q'+ mp') =(Mxq) '. (9)

Assuming that p' photoproduction and electropro-
duction are mainly diffractive, one can argue that
the slope of the diffraction peak B~ is a measure
of the size of the interaction region, and that one
should therefore expect to see B~ decrease with
decreasing 4t or increasing x&, as the photon
becomes more pointlike. Qur data are consistent
with such a picture, but the "shrinking photon"
model is not the only possible explanation; other
mechanisms for Q' dependence have been pro-
posed. " Several of these effects may be acting
together. As pointed out above, the data are com-
patible with separate dependences on x~ and on
Q', although the former seems to be more impor-
tant in the kinematic range investigated so far.

Relative to the p' and ~ cross sections, the p
cross sections do z/dt are less accurately de-
termined in the fits to the m„' spectra because of
the lower yields for (I). Therefore, in order to
determine the integrated crz, we have fitted to the
form

doxy

dt dt (10}

with B& fixed at 4 GeV ', a value near that seen
in photoproduction. ' Averaged over our entire
Q' range and W & 2.45 GeV, we find o&-/oz
= 0.023 +0.005, which is to be compared with
0.025 +0.005 in photoproduction ' at 8'=3.12 GeV.

VII. PROTON INCLUSIVE RESULTS

The data on the continuum in the proton missing-
mass spectrum confirm the conclusions of Lazarus
et al." Beyond the vector-meson peaks there is
no marked m, ' dependence in the cross section,
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FIG. 16. Measured slope of the t distribution for
p and co plotted against z&= (Q + m&)/2Mv. Diamonds,
open circles, and triangles are data from Refs. 14, 9,
and 43, respectively.
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FIG. 17. The data of Fig. 16 plotted against Q2.
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and the slopes in t are uniformly about Qalf of the
corresponding slopes in vector-meson production.
At high i t i the yield of identifiable two-body
states has dropped to a negligible fraction of the
total.

To obtain an alternative description of the con-
tinuum, we compute the invariant cross section
E der/d'P. This is related to the m, ' distribution
by the simple transformation

2 M(v'+ Q'}'i' do

dP m dm2dt '

The invariant cross section is customarily de-
scribed in terms of P, and x=P, /P, where Pi
and P, are the longitudinal and transverse proton
momentum components relative to the virtual
photon axis in the photon-proton center-of-mass
system. However, for convenience we use here

TABLE p7. Experimental results for the inclusive reaction y„+P p + anything. The
quantities listed are defined in the text. Data in square brackets are obtained by excluding the
contribution from p and ~ production. The quoted errors include only the statistical uncer-
tainty; the systematic errors are expected to be rather small by comparison.

Q2

(GeV2)
W

(GeV)
Bp

(GeV-2)

Edo
at=a

(GeV 2)

0.99

0.78

2.17

2.57

-0.78

-0.60
-0.86

1.9+ 0.1
[1.0 + 0.2
4.4+ 1.6
3.1+0.1
[1.6+ 0.1

1.10+ 0.06
0.41+ 0.04]
0.49+ 0.10
1.45+ 0 ~ 06
0.51+ 0.03]

0.21+ 0.11

0.59 2.92

-0,76
-0.70
-0.90

3.2+ 0.3
3.9+ 0.5
4.1+0.2

[1.9+ 0.1

0.78+ 0.05
0.80+ 0.08
2.07+ 0.11
0.42+ 0.03]

0.58 + 0.05

0.43 3.20 -0.92 5.4+ 0.3
[2.9+ 0.2

3.46+ 0.26
0.57+ 0.04]

-0.84
-0.79
-0.75
-0.70

4.2+ 0.3
3.4+ 0.4
3.9+ 0.4
3.3+ 0.6

0.62+ 0.07
0.66+ 0.06
0.84+ 0.08
0.66+ 0.09

0.58+ 0.03

-0.87
—0,84
-0.80
-0.77
-0.73
-0.70

5.3+ 0.5
5.9 + 0.6
4.6+ 0.5
3.6+ 0.5
4.1+0.6
1.5+ 1.3

1.50+ 0.16
1.07 + 0.14
0.96 + 0.12

0.86+ 0.12
0.55+ 0.17 r

0.68+ 0.04

1.37 2.57 -0.86

-0.76
-0.70

2.9+ 0.2
[1.4+ 0.2
2.2+ 0.5
1.0+ 1.3

1.25+ 0.07
0.36+ 0.04]
0.50+ 0.05
0.30 + 0.08

0.49+ 0.13

1.06 3.01 -0.91 3.5+ 0.2
[1.9+ 0.2

1.46 + 0.09
0.37+ 0.03]

-0.85
-0.81
-0.77
-0.73
-0.69

4.2 + 0.5
3.4+ 0.4
3.4+ 0.4
3.0+ 0.6
3.2+ 2.8

0.70 + 0.07
0.58+ 0.06
0.74+ 0.07
0.56+ 0.08
0.53+ 0.28

0.52+ 0.04

0.80 3.38 -0.94 3.6+ 0.3
[1.2+ 0.2

1.57+ 0.15
0.20+ 0.02]
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TABLE IV (Continued)

Q2

(GeV') (Gev)
Bp

(GeV )

E da
0' dP p-0

(GeV 2)

-0.89
—0.86
-0.83
-0.80
-0.77
-0.74

3.0+ 0.6
1.6+ 0.6
2.7+ 0.7
1.6+ 0.7
3.1+0.6
3.3+ 1.1

0.50+ 0.10
0.31+0.07
0.43+ 0.08
0.35+ 0.07
0.57+ 0.09
0.54+ 0.14

0.52 + 0.06

0.61 3.62 -0.94 6.3+ 1.0
[3.5+ 0.9

3.45+ 0.73
0.37+ 0.09]

-0.91
-0.88
-0.86
-0.83
-0.81
-0.78

6.1+1.9
4.0 + 1.9
5.3+ 2.0
5.3+ 2.8
5.2+ 3.0
3.5+ 2,0

1.27 + 0.49
0.81+0.80
0.85+ 0.34
0.52+ 0.29
0.54+ 0.29
0.60+ 0.28

0.43+ O.OS

2.23 2.39 -0.94 1.9 + 0.5 0.81+ 0.22

1.78 2.93 -0.91

-0.84
-0.80
—0.76

[2.9+ 1.4
3.4+ 0.4
[0.5+ 0.9
3.0+1.0
3.1+1.3
0 ' 7 + 2.3

0.53+ 0.34
1.25 + 0.14
0.29+ 0.06]
0.44+ 0.10
0.46+ 0.14
0.24+ 0.13 0.41+ 0.11

1.36 3.39 -0.94 3.1+ 0.4
[2.0+ 0.3

1.40 + 0.16
0.29+ 0.041

—0.89
-0.86
-0.84
-0.78
-0.75

2,7 + 0.8
5.4+ 1.8
4.9+ 1.4
3.9+ 1.1
2.2+ 1.6

0.50+ 0.11
0 50+018
0.64+ 0.16
0.66+ 0.16
0.45 + 0.18

0.44+ 0.06

0.99 3.77 -0.95 4.5+ 0.6
[3.4+ 0.6

2.29+ 0.04
0.29 + 0.07]

-0.92
—0.89
-0.87
-0.85
-0.83
-0.81

2.3+ 1.0
2.9+ 1.3
5.1+ 1.1
5.1+2.1
4.7+ 2.2
4.8+ 1.8

0.53 + 0.18
!0.40 + 0.17

1.07 + 0.25 )0.75 + 0.28
0.59+ 0.24
0.79+ 0.28

0.52 + 0.08

instead of the more usual definition; the numerical
difference is not significant in our range of P, and

Pt '
We fit the invariant cross section at fixed x to

the form

and calculate the integral over transverse mo-
menta

—=mp E

The results are given in Table IV. No radiative
correction has been made.

For several of the Q', Wpoints covered in this
experiment there exist extensive data" on the
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FIG. 18. Invariant cross section for p„+p-p
+anything. Solid circles are our data; open circles are
our data excluding p and ~ production (p and ~ con-
tribute to only one x bin); triangles are data from Ref.
13; the curve follows the trend of photoproduction data
at 8'=2. 5 GeV (Ref. 6).

FIG. 20. Invariant cross section for y„+p —p
+anything. Solid circles are our data; open circles are
our data excluding p and u production; triangles are
data from Ref. 13; the curve follows the trend of photo-
production data at W =2.5 GeV (Ref. 6).
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FIG. 19. Invariant cross section for y„+p —p
+anything. Solid circles are our data; open circles
are our data excluding p and ~ production; triangles
are data from Ref. 13; the curve follows the trend of
photoproduction data at W =2.5 GeV (Ref. 6).

FIG. 21. Invariant cross section for p„+p -p
+anything. Solid circles are our data; open circles are
our data excluding p and ~ production; triangles are
data from Ref. 13; the curve follows the trend of photo-
production data at W =2.5 GeV (Ref. 6).
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proton inclusive cross section at zero P, in the
forward (s)0}hemisphere. Figures 18-21 show
how these data are supplemented by our backward
proton data. In each case one notes a leading-
particle peak near x= —1 corresponding to the
vector-meson channels such as y„+p-P+ p, then
a slowly varying yield in the rest of the backward
hemisphere, and +en a rapid falloff in the forward
hemisphere. The only changes in the normalized
invariant cross section (E/o) (do/d'p)~, , as Q'
and Ware varied are (a} the disappearance of the
vector-meson peak at high Q' (discussed above in
Sec. VI), (b) a decrease in the forward yield at
higher W(noted in Ref. 13}, and (c}a gradual de-
crease in the backward hemisphere plateau with
increasing Q'.

The latter effect is seen more clearly in Fig. 22,
where we plot (I/o) (da/dx) averaged over the x
range of our experimental acceptance, but ex-
cluding the portion near x = —1 dominated by the
p' and ~ channels. The backward plateau yield
has little or no dependence on 8', but appears to
decrease with Q'. The integral over x is just the
average proton multiplicity, or probability per
collision that the final-state baryon will be a
proton (rather than a neutron or hyperon):

' 1 cb
n~ = ——dxio' dX

To get a first approximation to the integral, we
can neglect the forward-hemisphere yield and the
vector-meson peak, and assume that our measured
(I/o) (do/dx) is typical of the backward hemisphere
(x= -1 to 0). Then the data plotted in Fig. 22 can
be viewed as a measure of n~ as a function of Q'.
The mean proton multiplicity in photoproduction
(Q'= 0, W 3 GeV) has been estimated" at 0.'I, and
our data indicate (Fig. 22) that it decreases in
electroproduction. One therefore would expect an
increasing yield of neutrons (and/or hyperons) as
Q' increases. Such an effect has been observed"~'
for neutrons. One should also expect to see an in-
crease in the yield of r' relative to w, in order
to maintain charge balance as the proton yield
decreases. This has also been observed, not only
for pions emitted in the forward hemisphere~'4
but also for pions in the central region (see
Sec. VIII below).

VIII. PION INCLUSIVE RESULTS

A

box

—ib
V

I.O—

0.5—

2.5 &W&5.0 Gey

~ 5.I & W & 3.8 Ge y
W=30 Gey
(Lazorijs et ao

x -075

0.5 1.0 I.S

larger angles, and r and ~' with the magnet
bending m to larger angles. The bulk of the run-
ning time was devoted to the former polarity con-
dition, and the angular acceptance was greater
for particles bent to backward angles. Conse-
quently, the most complete data exist for the r'
yield in the backward-bend condition. We there-
fore present absolute cross sections only for this
preferred category of data, and use all categories
only to derive v'/m yield ratios.

For each data category and for each of the E, ~'
bins (Fig. 6 and Table I) we further subdivide the
electron-pion data into bins in x and p, '. In this
case we define the longitudinal variable as
x=P& /(P '-P&')'i'. Since P, /P is always small,
the distinction between our definition and the more
conventional one is insignificant. In the case of
data used for w' cross sections~ the observed
yield in each bin is corrected for efficiencies and
pion decay, divided by the incident electron
number, target density, bin widths 4 x4P, ',
virtual-photon flux factor I, and geometric ac-
ceptance. Otherwise, the data are simply divided
by the appropriate incident electron number before
forming the ratio with data for the opposite magnet
polarity and opposite pion charge; all other fac-
tors cancel in the ratio.

The invariant cross sections (averaged over Q)

g& (Gey &)

FIG. 22. The inclusive cross section (1/a)(da'/dx) for
y„+p -p +anything, integrated over p, and averaged over
the range of x corresponding to the backward hemisphere
plateau (see text), plotted against Q for two ranges of
W. Triangles are data from Ref. 21.

There are four categories of electron-pion co-
incidence data in this experiment: m' and m with
the hadron magnet polarity set to bend m' to

da E dg
d'P mp dip ' ' (16)
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TABLE V. Experimental results for the inclusive reaction y„+p x++ anything. The
quantities listed are defined in the text. The quoted errors include only the statistical uncer-
tainty; the systematic errors are expected to be rather small by comparison.

Q2

(GeV') (GeV) (GeV ~)

Ede
0'd'Pp -p3

(GeV-2) F (x)

1.26 2.10 -0.1
0
0.1
0.2

5.0 + 2.1
13.5+1.7
8.6+ 1;2
8.2 +1.7

0.37+ 0.11
1.06 + 0.11
0.80 + 0.10
0.74+ 0.12

0.084+ 0.008

0.99 2.17 -0.1
0
0.1

10.4+ 0.9
11.0 + 1.1
11.5+ 1.8

0.75+ 0.07
0.83+ 0.09
1.09 + 0.24

0.075+ 0.005

0.78 2.57 -0.1
0

11.0+ 1 ~ 0
9.0+ 0.8

0.95+ 0.07
0.91+ 0.06 0.094+ 0.005

0.59

0.43

1.61

1.37

1.06

0.80

0.61

2.92

3.20

2.19

2.57

3.01

3.62

—0.2
-0.1
—0.2
—0.1

-0.2
-0.1

-0.2
-0.1

-0.2
—0.1
—0.2
-0.1
-0.2

8.0+ 1.9
10.4+ 0.9
10.0+ 2.2
8.0+ 1.5

7.7+ 2.0
10.1+1.2
8.4+ 1.0

13.4+ 2.6
9.0+ 1.0

10.1 + 1.3

10.6 + 2.0
6.4+ 0.8
5.5+1.9
9.3+1.6
4.1+3.4

0.49+ 0.12
1.01+ 0.08
0.74+ 0.21
0.70+ 0.09

0.53+ 0.16
0.92 + 0.10
0.92 + 0.08

0 ~ 96+ 0 ~ 30
0.90 + 0.08
1.10+ 0.10

0.88 + 0.22
0.86 + 0.07
0.45+ 0.14
1.12+ 0.12
0.44 + 0.25

0.097 + 0.009

0.087 + 0.015

0.099+ 0.008

0.104+ 0.015

0.134+ 0.015

0.131+ 0.019

2.23 2.39 —0.2
-0.1

7.4+ 3.2
9.0+ 1.5

13.3+ 2.5

0.51 + 0.22
1.00 + 0.13
1.39+0.30

0.108+ 0.013

1.78

1.36

2.93

2.93

-0.2
-0.1
-0.2
-0.1

10.5+ 2.9
7.7+ 1.1

9.0+ 2.2
9.4+ 1.4

0.80 + 0.28
0.90+0.10

0.74 + 0.21
1.14+0.11

0.117+ 0.017

0.121+ 0.018

0.99
0.74

3.77
4.01

-0.2
-0.2

2.4+ 2.5
9.0+ 3.8

0.32+ 0.14
1.11+0.55

d P cg=o
e BPt2

The results are given in Table V. No radiative
correction has been made. Figures 23=26 show
how the available forward-hemisphere P, =0

for the inclusive reaction y„+P-m'+ anything, are
fitted to an exponential in P, '.

data" are supplemented by our backward w'data.
The normalized invariant cross section peaks
near @=0. The slope B, of the P, ' dependence
shows no systematic dependence on x in our data
range; averaged over 0.5&-Q'& 1.5 GeV' and
2.4&W&3.4 GeV, we have &, (x) = 8.8+0.9,
8.9 +0.4, and 9.3 + 0.6 GeV ' for x = -0.2, —0.1,
and 0. Averaged over x from —0.25 to 0.15,
B,(Q', W) is generally consistent with 9 GeV '
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W =2.0 to 2.2 GeV
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E =0.95

Ol
I )
b

I.O—

~J b 05—

O. l

-0.2 0 0.2 0.4 0.6 0.8 I.O

FIG. 23. Invariant cross section for y„+p ~+ +anything. Solid circles are our data; triangles are data from Ref. 13.
The curve follows the trend of photoproduction data at W =2.5 GeV (Ref. 6).
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I
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W= 2.8 GeV
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I.O—

0.5—

44 4

O. I

-0.2 0.2 0.4 0.6 0.8 I.O

FIG. 24. Invariant cross section for p„+p 7r+ +anything. Solid circles are our data (two Q, S' data sets averaged);
triangles are data from Ref. 13; the curve follows the trend of photoproduction data at S' =2.5 GeV (Ref. 6).
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W=2.7 GeV
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FIG. 25. Invariant cross section for p„+p- ~+ +anything. Solid circles are our data (two Q2, W data sets averaged);
triangles are data from Ref. 13; the curve follows the trend of photoproduction data at W =2.5 GeV (Ref. 6).
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FIG. 26. Invariant cross section for p„+p- ~'+ anything. Solid circles are our data (two Q, W data sets aver-
aged); triangles are data from Ref. 13; the curve follows the trend of photoproduction data at W =2.5 GeV (Ref. 6).
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10—

TABLE VI. Experimental results for the n'+/7r yield
ratio at an average x = —0.1 in the reaction y„+p
+ anything. The quantities listed are identified in She

text. The quoted errors include only the statistical un-

certainty; the systematic errors are expected to be
negligible.

6-
4I

C3

IXI

4 — +y„+p w +anything

4&-e r~t-B

d3

o 2.0 & W & 2.6 GeV

~ 2.9 & W & 4.0 GeV

0 I I

0.5 I.O

Q (GeV )

1.5
I

2.0

W =3.0 GeV

(Lazarus et aL)

Q2

(GeV2)

0.99
0.78
0.59
0.43
1.61
1.37
1.06
0.80
0.61

W

(GeV)

2.17
2.57
2.92
3.20
2.19
2.57
3.01
3.38
3.62

B —. B
(GeV ')

1.2+ 3.2
2.6+ 2.0
1.5+ 0.9
1.8+ 1.6
2.8+ 1.7
1,2+ 1.3
1.3+ 1.6
1.2+ 1.4

A+/A

1.8 + 0.8
1.1+0.3
1.5+ 0.5
0.9 + 0.8
1.8+ 0.3
1.4+ 0.2
1.6+0.2
1.4+ 0.2
1.5+ 0.6

1.6+ 0.7
1.0+ 0.3
1.4+ 0.4
0.8+ 0.7
1.7+ 0.3
1.3+ 0.2
1.5+ 0.2
1.2+ 0.2
1.3+ 0.6

over the entire range of our data (see Fig. 2f).
This confirms the conclusion of Lazarus et al. ,~
and is in contrast with the tendency for B, to de-
crease with increasing Q' for pions emitted for-
ward" "(x&0 5)

The integral over transverse momenta

E do
F(x) = — dp, ',

O' CPP
(18)

I I

y„+p a + anything

x =0+ 0.15—

0.16—

FIG. 27. Slope of the transverse momentum distri-
bution for the inclusive reaction y„+p —~'+anything,
averaged over the x range of our experiment, plotted
against Q2 for bvo ranges of W. Triangles are data from
Ref. 20.

(19)

where A'/A is the w'/w ratio at P, =0 and
4B=B,-B . The results are listed in Table VI.
In Fig. 29 we show a typical x distribution of
A'/A, including forward-hemisphere data from

averaged over our data in the central region
~

x~ &0.15, shows a tendency to increase with
Q' and with W(Fig. 28). The increase with Q'
is consistent with the results of Lazarus et al.~;
the ir;crease with 8'has been seen in photopro-
duction" and is a manifestation of the increase
in multiplicity with increasing center-of-mass
energy. The apparent increase in pion multi-
plicity with Q' at fixed Wdoes not actually con-
tradict other evidence" that the over-all charged
multiplicity does not increase with Q'; it may be
compensated by the decrease in proton multi-
plicity noted in Sec. VII.

The data on the pion charge ratio are fitted to
the same exponential form,

N'/N =(A'/A ) e

04

O.I2—

LIJ

0.08—
-Ib

4-

3-

~ Harvard - Cornell

Q ~ 2 GeV, W 2.7 GeV

~ This Experiment

Q el.7GeV, We2. 1 GeV

0.04—
o 2.0& W& 2.6 GeV

~ 2.9 & W& 3.4GeV

~ W=3.0 GeV

(Lazarus et al.)

II
II

II
II

I

0.5
I I

10 1.5
g 2 (GeV2)

I

2.0 0 i s s

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0JS

FIG. 28. Invariant cross section for p„+p- ~+

+anything, integrated over pt and averaged over ~x~

& 0.15, plotted against Q for tv' ranges of O'. Tri-
angles are data from Ref. 20.

FIG. 29. Ratio of inclusive z+ and tr yields at pt=0,
plotted against x for a typical Q2 and W. Circles are
our data; squares are data from Ref. 13.
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I I ~ I

g„+p ~- + anything

2-)

0.5 —2
Q =1.6IGeV

—W= 2.I9GeV
I

0 O. l 0.2
P,
' (Oev')

I

0.3

FIG. 30. Ratio of inclusive ~+ and m yields, aver-
aged over the x range of our experiment, plotted against

P,', for atypicalQ and W.

I

y„+p
—m +anything

Ref. 13. pur data show that the strong predomi-
nance of w'over m noted in forward electropro-
duction experiments" '" is not a "current fragmen-
tation" phenomenon as previously supposed, ~ but

a general feature of the final state, extending to
the backward hemisphere as well. It is hard to
know whether to take seriously the apparent dip
in the m'/x ratio near @=0 in Fig. 29. Moving

away from P, =0, however, the picture changes.
Over the range of our data 41' is always positive
and consistent with 4B =2 GeV ', implying that
the w transverse momentum distribution is less
steep [exp(-7p, ')j than the w' distribution [exp(-9p, 2) j.
For P&'&0.4 GeV the ~ yield actually dominates
(see Fig. 30, for example). No such effect has
been noted in previous experiments, "'"covering
mainly the forward hemisphere. The explanation
remains a challenge. However, since most of the

yield comes from small P, , the over-all ratio
N'/N remains large in our data, and even shows

a tendency to increase with Q' (Fig. 31).
One can, of course, compute the average pion

charge ratio 8, integrated over all P& and P&,
from the mean charged hadron multiplicity n~
and the mean proton multiplicity n~, if one ignores
strange-particle production. From the definitions
n,„=n, +n +n~ and R =n, /n, and the requirement
of charge conservation 1 = n~ + n, -n, we get
R =(n,„—2n~ +I)/(n, „-I). Table VII lists for
several Q' and W the known values"' ' ' of e~,
corresponding estimates for n~ (Ref. 46 and

Sec. VII above), and the implied value of. R. An

increase in the over-all x'/v ratio with increas-
ing Q' of the same order as that observed in this
and other experiments is actually compatible with

charge conservation. It is not necessary to invoke
a variation in the charge ratio with x, although
some dependence on x, especially near @=0, is
not ruled out by the data.

IX. SUMMARY

The important findings of this experiment are
the following:

(1) Vector-meson production decreases with Q'
more rapidly than does the total p„+P cross sec-
tion, more rapidly even than the prediction of
simple vector-meson dominance.

(2) The slope of the & distribution in p' and cv

production becomes flatter with increasing Q' and

seems to be at least approximately a function of
the single scaling variable x~ = (Q'+m~')/2Mv.

(3) The fraction of final states containing a pro-
ton decreases with increasing Q'.

(4) In the central region, as well as in the for-
ward region of longitudinal momenta, the inclu-
sive ~' yield seems to increase relative to the

yield as Q increases.
(5) The average transverse momentum of w

is greater than that of &' in the x range -0.5 to
+ 0.1.

TABLE VII. Measured charged-hadron and proton
multiplicities for several Q and W values, with over-
all m+/m yield ratios calculated from the multiplicities
(see text for formula).

Q2 W

(GeV ) (GeV) Ich

0
0

I

0.5
I

I.O

O' (eev')

O 2.0& W& 2.7 GeV

~ 2.9& W& 3.7 GeV

I

I.5 2.0

0
1.4
2.4

3.1
2.9
3.1

3.07+ 0.10'
2.71+0.08'
2.89+ 0.05'

0.7 + 0.1 1.29 + 0.10
0.44 + 0.06 1.65 + 0.12
0.3 + 0.1 1.74 + 0.12

FIG. 31. Ratio of inclusive ~+ and ~ yields, averaged
over the x and p& range of our experiment, plotted
against Q for two ranges of W.

~ From Ref. 43.
Estimated from Ref. 46.
From Ref. 32.
Estimate based on the data plotted in Fig. 23.
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The missing-mass technique has been used to study the spectra of neutral mesons produced
by 2- and 3-GeV protons in the reactionp+d He +x . Cross sections (do/dQ, ) of about
10 34 cm2/sr were observed for the 7(, g, and ~ for 3-GeV protons. A peak with a much
smaller cross section was observed at a mass of 956 MeV. We have tentatively identified
this peak as the g'. Cross sections for the ~ and g were nearly a factor of 10 larger at 2
GeV than at 3 GeV. Deviations from simple phase space were observed near the two-pion
threshold in both 2-GeV and 3-GeV data. Details of the experimental method and of the
results are presented.

I. INTRODUCTION

The constraints imposed by the kinematics of
two-body interactions facilitate a very attractive
experimental method of searching systematically
for unstable particles or resonances. The CERN
missing-mass spectrometer' has demonstrated
the great power of a system designed to exploit
these constraints. However, the CERN system
and its successor, the boson spectrometer, ' are
limited to charged meson states, since they rely
on the detection of the proton in the interaction
w +P -P+x . Three of the five well-established
nonstrange mesons in the mass range below 1000
MeV (see Table I)' have isotopic spin zero and
thus cannot be detected by a system similar to
the boson spectrometer. In addition there are
many other states under 1000 MeV which have
been reported but whose existence has not been
reliably established. A systematic search for
neutral mesons in this mass region is thus easily
justified. Although attempts have been made to

extend the missing-mass technique to neutral
mesons by using the reaction n +P -n+x', the
inherent difficulty in measuring the parameters
of the neutron has limited both the resolution and
the accuracy of the systematic searches which
have been made.

The reaction P +d-He'+x' is the simplest ac-
cessible reaction which permits precise measure-
ment of the parameters of all three of the known
particles in a systematic search for neutral me-
sons. The experiment was envisioned as the first
of a series of endeavors to exploit this reaction
and ones similar to it, such as P+d-H'+x' (for
isotopic-spin-1 particles) and d+d-He'+x' (for
pure isotopic-spin-0 production). The termination
of funding of the Pennsylvania-Princeton Accel-
erator (PPA) made such investigations impossible.

II. EXPERIMENTAL METHOD

Figure 1 shows the kinematics of the reaction
for various mass values of neutral mesons pro-


