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We report measurements of p® and ¢ electroproduction at 19.5 GeV in a wide-aperture
spectrometer which detected the scattered electron and the decay products of the vector
mesons. Data are presented for the region of virtual-photon mass squared g%=—0.25 to —2.0
(GeV/c)? and virtual-photoproduction center-of-mass energy squared s = 10 to 30 GeV?. As
|g% increases, the p mass spectrum shape changes and the momentum-transfer distribution
broadens. The ratio of the p cross section to the total cross section decreases from 11% at
q%= 0 to about 6% at |¢g?| =m,2. The ratio for the production of longitudinally to transversely
polarized p® mesons is 0.45i8: 1% at|q? = mpz, and the interference between longitudinal and

transverse amplitudes is almost maximal.

The relative ¢ -meson cross section also de-

creases as|q? increases. Unitary lower bounds on the longitudinal-transverse ratio in in-

elastic electron scattering are derived.

I. INTRODUCTION

Many photoproduction processes can be under-
stood by assuming that the photon couples directly
to vector-meson states. By studying vector-me-
son electroproduction we seek to determine how
this coupling evolves as the photon becomes space-
like and its polarization has longitudinal as well
as transverse components.

We report here measurements of p° and ¢ me-
son electroproduction which combine high virtual
photon energies and the ability to study p° produc-
tion and decay angular correlations. These mea-
surements were made at the Stanford Linear Ac-
celerator Center (SLAC) using a wide-aperture
spark chamber spectrometer. This paper is a
more complete account of data reported earlier.!

The first attempts to measure p°® electroproduc-
tion used a missing (p°) mass technique in which
the scattered electron and recoil proton were de-
tected in coincidence.?~® These experiments suf-
fered from a large background, which made the

8

extraction of the vector-meson signal difficult.
Furthermore, the p° polarization could not be
measured in such experiments since the decay pi-
ons were not detected. A spectrometer experi-
ment at DESY detected the scattered electron and
the pions from the p° decay, but at angles such
that only transversely polarized p® mesons could
be observed.? In addition to the experiment re-
ported here, two other experiments have been
performed in which the decay pions can be ob-
served over a wide range of angles. One was per-
formed using a streamer chamber at DESY® and
the other was performed with a hybrid bubble
chamber at SLAC.® Both experiments were con-
ducted at lower virtual-photoproduction center-of-
mass energies than the present experiment. No
previous experiments have observed ¢ -meson
electroproduction.

The electroproduction of vector mesons has been
studied theoretically in vector-meson-dominance
(VMD) models "8 and by several other approach-
es.’ In a recent series of papers, Sakurai and
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Schildknecht have attempted to understand inelas-
tic electron-nucleon scattering in terms of vir-
tual-photon couplings to vector-meson states.'®
Their work makes a number of testable predic-
tions for vector-meson electroproduction, includ-
ing the prediction that the ratio of longitudinal to
transverse p° production is quite small, about
0.06 at |g®| =m,}.

For the most part this paper will deal with p°
production, with ¢ -meson production relegated to
Sec. VI. Kinematics and phenomenology will be
discussed in Sec. II. Section III will describe the
apparatus and Sec. IV will describe the data collec-
tion and reduction. The results for p° production
will be given in Sec. V. Section VI will derive
lower bounds to the ratio of longitudinal to trans-
verse total virtual-photoproduction cross sections
using unitarity and the Schwarz inequality.

II. KINEMATICS AND PHENOMENOLOGY

The p electroproduction reaction
ep—~eprim™ 1)

can be regarded as an inelastic electron scattering
e —ey*), followed by the virtual photoproduction
of a p (v*p—pp), followed by the p decay (p—~7m*7").
Quantities describing the electron scattering are
g%, the square of the four-momentum carried by
the photon; €, the photon polarization; and s, the
square of the total energy in the y*p collision as
measured in the y*p center-of-mass system. The
p production is characterized by ¢’, the four-
momentum transfer squared to the proton less its
smallest possible value (fmn), and by ¢,, the
azimuthal angle between the electron scattering
plane and the p production plane. 6* is the angle
between the y* and the p in the y*p center-of-
mass system. The final 7*7~ system is described
by m, ., its invariant mass; ¢, the azimuthal angle
between the p production plane and the p decay
plane; and 6, the p decay polar angle. The def-
inition of the various angles is shown in Fig. 1.
It proved useful in the analysis to define an ad-
ditional angle y =¢, +¢. In the limit 6* -0,  be-
comes the azimuthal angle between the electron
scattering plane and the p decay plane.

The electron-scattering variables can be ex-
pressed as follows:

q*=-4EE’'sin’(6,), @)

s=m?2+2mv +q2, (3)
v? o -1

e=[l +2<1 -7 tanG6,)| , 4)

where F and E’ are the initial and scattered elec-

s
¥ Virtual Photoproduction
c.m. System

FIG. 1. Coordinate systems and angles for p° electro-
production.

tron energies in the laboratory system, m is the
mass of the target proton, v =E —E’, and the elec-
tron mass is neglected. In our metric ¢ <0.

The polarization of the virtual photon can be
given as the incoherent sum of two pure states,
€,and &,:

Ea = {[% (1 +€ )]1/2 ’ 0’ _€L1/2} ’ (53-)
&={0,[z -e)}"?, 0}, (5b)

where the polarization vector components are
transverse in the electron scattering plane, trans-
verse out of the electron scattering plane, and
longitudinal, respectively.'® The parameter €,

is defined as

€, =—7 €. (6)

We follow the usual practice of absorbing the
frame-dependent factor (-¢2/q.?) into the produc-
tion cross section and replacing €, by €. Equa-
tion (5a) shows that longitudinally polarized virtual
photons will be coherent with virtual photons po-
larized in the electron scattering plane, allowing
the possibility of observing transverse-longitudi-
nal interference effects.

This experiment measures the ratio of the vir-
tual-photoproduction cross section for vector-
meson production to the total virtual-photoproduc-
tion cross section directly. To obtain virtual-
photoproduction cross sections in absolute units,
it is necessary to specify a convention for the flux
of virtual photons. We use the usual Hand con-
vention!? to relate the electron scattering cross
sectiondo/dg?ds to the total virtual-photoproduc-
tion cross section 0,12, s):
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FIG. 2. Schematic elevation view of the apparatus.

do
Tg7ds ~Tow @), )

where

o s —m?
T =8 mE () A =) ®)

III. APPARATUS

The experimental apparatus consisted of a 19.5-
GeV electron beam incident on a 4-cm liquid hy-
drogen target and a large-aperture spectrometer
to detect a large fraction of the forward final~
state particles with lab momenta greater than~1
GeV/c. These elements are shown in Fig. 2 and
discussed in greater detail below.

The electron beam contained typically 10% ¢~ per
1.5-usec-long SLAC pulse. At the experimental
target, the beam had an rms width of 0.5 mmXx0.5
mm and an rms divergence less than 0.2 mrad
X0.2 mrad. There the beam was very well col-
limated, with fewer than one in 10° ¢~ outside a
0.5-cm-diameter circle. The momentum spread
in the beam was 0.2%.

The spectrometer magnet has 1.37-m-diameter
pole faces separated by 0.91 m. It was centered
on the beam line, 2.54 m downstream from the
target, with its principal field component horizon-
tal. At the magnet center, this field was 10 kG
and the field integral was 17 kGm.

The unscattered beam and the forward electro-
magnetic backgrounds passed through the magnet
in a field-free region created by a cylindrical
superconducting tube.'® Beyond the magnet were
two optical spark chambers separated by 1.7 m.
The chambers had inactive holes through their
centers, where the beam tube passed. The aper-
tures of the magnet, spark chambers, and beam
tube produced the acceptance shown in Fig. 3.
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FIG. 3. Geometric acceptance of the apparatus aver-
aged over the azimuthal angle.

The apparatus was triggered on the detection of
a scattered electron by a hodoscope of 20 scintilla-
tion counters and 11 shower counters* behind the
second spark chamber. The shower-counter
thresholds were set to ~4 GeV. Photon triggers
were eliminated by the requirement that a shower
counter fire coincident with the scintillators in
front of it. The kinematic range of inelastic elec-
tron scatters covered by this trigger was roughly
|g?|>0.3 (GeV/c)?, v<15 GeV. There was no had-
ron requirement in the trigger.

For each trigger a single picture was taken of
the optical spark chambers on 70-mm film. The
camera was located in the horizontal plane 21.6 m
from the beam line with its optic axis aligned per-
pendicular to the beam. Each picture contained
four views of each chamber: a direct view, a top
and a bottom view in small-angle stereo, and a
rear view to expose tracks blocked in the direct
view by a beam pipe. Figure 4 contains a picture
of an event which is a candidate for an elastically
produced p meson.

A PDP-8 computer recorded scintillation and
shower-counter status, shower-counter pulse
heights, and scintillation-counter timing informa-
tion for each event.

The beam flux was intégrated by a quantameter
located behind the shower counters and was moni-
tored instantaneously by a surface-barrier de-
tector.®

IV. DATA COLLECTION AND REDUCTION

We recorded 250 000 pictures with the H, target
corresponding to 2.6x10'2 incident electrons. All
of the film was measured by a flying-spot digitizer,
Hummingbird IL® and selected samples were also
measured by a conventional manual system.

The momentum of each reconstructed track was
computed by propagating the track back through
the magnet and adjusting the momentum until the
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FIG. 4. Photograph of a typical p-like event.

track intercepted the target vertically. Tracks
which did not, then, strike the target horizontally
were rejected. The rms momentum resolution
was 2% at 10 GeV.

In each reconstructed picture, the electron was
identified by matching the positions and momenta
of tracks to the position and pulse height of the
shower counter which triggered the event. Re-
maining tracks which were consistent with the
scintillator hodoscope pattern were assumed to be
hadrons.

The number of electrons in each g2-s interval
was corrected for geometric efficiency, measuring
losses, hadron contamination (0-7%), and radia-
tive effects (10-48%).” The result was the total
number of virtual-photon interactions in the data
in that ¢%-s interval, or effectively the y*p total
cross section 0., (g2, s).

Each event with three or more tracks was mea-
sured three times by the manual system to see
whether it contained an e, n*, 7~ combination con-
sistent with reaction (1). The missing mass
squared of events with an electron and two hadrons
with dipion mass in the p region is shown in Fig.
5. There is a large peak at the mass squared of
a proton. The width of the peak is consistent with

60
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20
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FIG. 5. Missing mass squared for events with dipion
mass in the range 0.6 to 0.9 GeV.

the experimental resolution and the tail at high
missing mass is due to radiation and inelastic
production of p° mesons. Cuts in missing mass
squared were made at 0.2 and 1.6 GeV? and a 1-c
fit was made to the events in this interval. There
were 238 “p” events surviving this process in the
kinematic range -0.25>¢2> -2.00 (GeV/c)?,
10<s<30 GeV? 0>¢'>-0.7 (GeV/c)?, and 0.6
<m,;,<0.9 GeV. These events were divided into
three ¢2 bins whose average properties are given
in Table I.

The events in each bin were fitted by a maximum-
likelihood technique to the form

dop(qz, S)

__a¢ - 2 90 5 bt
3T7d9,dydcoss Trot(@?, s)%t be® W (d,,,96).

©)

The fitting function contained the normalization
0,:(@?, s) determined by counting electrons and the
detailed dependence of the geometric efficiency on
the independent variables ¢%, s, t, ¢,, ¥, and cosé.
The output from the fit included the ratio of the
virtual-photoproduction cross section for p produc-
tion to the total virtual-photoproduction cross sec-
tion, ¢, /0..; the slope parameter b; and param-
eters from the angular correlation term W to be
described later.

The normalized cross section, a, /Oor, Was cor-
rected for elastic p losses due to radiation,'® the
missing mass cut, them, cut, scanning and mea-
suring losses, and numerous small instrumental
effects. A correction was also made for the num-
ber of nm events in the m,_, interval used which
were not elastic p events. These corrections are
tabulated in Table II along with an estimate of the
uncertainty in each. The over-all systematic un-
certainty in op/o,ot is estimated to be 16%. The
error bars indicated in the figures represent sta-
tistical errors only.
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TABLE I, Average properties of the three bins in g2,

—0.25>¢%>—0.5 —0.5>¢%>~1,0 -1.0>¢%>-2.,0 (GeV/c)?
@ —0.36 -0.70 -1.27 (GeV/c)?
(s) 22.6 19.6 19.8 GeV?
(€) 0.67 0.74 0,72
) 11.7 10.4 10,7 GeV
(w) ® 63.4 29.2 16.5
Cmin -0.008 -0.015 -0.033 (GeV/c)?

ay=-2mv/q°.

V. RESULTS FOR p°® ELECTROPRODUCTION
A. Mass Spectra

Figure 6 shows the invariant mass distribution
of all pion pairs consistent with the hypothesis of
reaction (1). The dipion mass spectrum is domi-
nated by the p° meson with little or no background.
Some of the events with dipion mass less than 0.4
GeV are consistent with the hypothesis

Y¥p—~ ¢p
\K"K'. 10)

These events will be discussed in Sec. VI.

In experiments conducted at lower center-of-
mass energies, there is some difficulty in sepa-
rating the pp and mA final states.® This source of
background is not present in this experiment be-
cause (1) the 7A cross section falls as s™2 while
the pp cross section is relatively constant in s,!°
(2) the overlap region in the Dalitz plot between
the pp and 7mA final states decreases with increas-

TABLE II. Correction factors applied to g,/0,,. The
numbers in parentheses indicate the percentage uncer-
tainty in the indicated factor. The corrections were sub-
stantially the same for each of the g2 bins, The 16%
over-all systematic uncertainty includes additional con-
tributions from the electron detection efficiency, the
radiative corrections to 0.y, and knowledge of the ac-
ceptance,

Missing-mass cuts 1.09 (4)
Radiative effects 1.24 (5)
Scanning losses 1.05 (5)
Measuring losses 1.05 (5)
Counter positions and dead time 1.04 (2)
Pion decay in flight 1.02 (0)
Pion absorption 1.01 (0)
Ambiguous events 1.04 (0)
Background 0.95 (5)
Dipion-mass cuts 1.29 (7)
Total 2.04 (16)

ing s, and (3) the experimental acceptance for this
region of the Dalitz plot is small. This is shown
in Fig. 7, where the 7*p invariant mass has been
plotted for the “p” events. There are no events at
the mass of the A**.

To study possible changes in the p°® mass spec-
trum as a function of ¢2, we fitted the data in the
range 0.44< m, . <1.04 GeV in each ¢ bin to the
form

do =<mP2>"/ZB(m”), 1)

2
dmﬂ"ﬁ m’" s

where B(m, ) is relativistic p -wave Breit-Wigner
shape 2°:

2 mpmy I (m_ )
B(m__)=— = LT 12
() T (m? =my 22 +m ST (m, )’ 12)
where
3
q My
C(m, )=T (-L)—— 13)
ukd (] qp My,
80 T | T T L T T T T T ] T T
y¥p —— 7t 7p
60 -
[%2]
Z 40 -
> RELATIVE
u L ACCEPTANCE
20
0 PR NN TS N N B | = ——— =
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FIG. 6. Dipion mass spectrum for all events in which
the missing mass is consistent with that of a proton.
The curve represents the relative acceptance averaged
over all other variables.
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FIG. 7. Invariant 7'p mass for events which are con-
sistent with the hypothesis of p° electroproduction.

and
q=%(m2—4m,".2)l/2. (14)

The mass (m,=0.77 GeV) and width (I';=0.145
GeV) were fixed at photoproduction values.? The
photoproduction data were fitted in an identical
manner. All of the data were fitted well by Eq.
(11). When a flat background term was added to
Eq. (11), the fitted values of # did not change ap-
preciably and backgrounds selected by the fits
were between 0 and 5%. The fitted values of n are
shown in Fig. 8. The p mass shape appears to be-
come more “normal” as |¢®| increases. This ef-
fect was predicted by a diffraction-dissociation
model,?® but the prescription given by that model,

2 \n/2 2 _n2 \\n/2
BT

2 2
Mo Mpg” =4

provides a more drastic change in the p mass
spectrum for |¢%| < m,* than is indicated by the
data.

B. Momentum Transfer Distributions

We fitted the ¢’ distribution to the form e®t’ in the
range 0>¢’> -0.7 (GeV/c)? in each of the ¢ bins.
All of the data were fitted well by this form. The
results of these fits are shown in Fig. 9 along with
photoproduction results,?!'2® which have been ana-
lyzed in the same manner as our data. The b pa-
rameter appears to decrease with increasing |¢?|.

The DESY streamer-chamber ® and SLAC hybrid-
bubble -chamber ® experiments also indicate a de-
crease in the b parameter with increasing |¢?|.
Reported values of the b parameter from these ex-
periments are generally lower than those from
this experiment, and this is presumably accounted
for by the difference in average center-of-mass
energies. To try to remove the variation in s, in
Fig. 10 we have plotted the ratio of the electro-
production & parameters to the photoproduction

I T I T

6 —
A + r*p—~p°p

B 9 o () g m) ]
4 ﬁ“(? B(m)
n

2 — ]
A Ballam et al.
® This Experiment

O - —
1 1 | ]
0] l -2

a% (Gev/c)?

FIG. 8. The parameter » defined in Eq. (11). Photo-
production data (¢2=0) are taken from Ref. 21.

values at the same value of s. When viewed in
this way, the results of all three experiments are
in reasonable agreement.

Another approach to understanding the momentum
transfer distributions as a function of ¢% and s has
been proposed by Nieh.>* He presents a physical
picture in which the effective size of the photon is
related to the amount of time, Af, that an asso-
ciated hadronic system can exist. Af is calculated
using the uncertainty principle. In electroproduc-
tion of p° mesons,

2v
AtNm_f_:?I—z 16)
and the b parameter should be a function of At
only. The data are in qualitative agreement with
this approach.

We have also determined the ¢’ distribution
separately for longitudinally and transversely po-
larized p° mesons and have found no significant
difference between them.

C. Angular Distributions

The decay distribution of the p meson serves as
an analyzer of its polarization. Thus the correla-

© ' 1 l
y*p—p°p
8 @ * g—ﬁoc et o
S
¢
—_— 6 | - -
o
: {
[
e
= 4 o Bulos et al. 7
A Ballam et al.
e This Experiment
2 — —
0 | I | |
o] -1 -2
a2 (Gevrc)?

FIG. 9. The b parameter from fits to the form eb?’.
Photoproduction data (g2 =0) are taken from Refs. 21 and
23.
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tions between the production and decay angles can
yield information on the production mechanism.
The complete angular distributions have been
given by Dieterle.?® In his notation,

W(d,, 6, ) =2, B (€, 00085 Ager (6, 9), (A7)
AN

aa’

where B*'' is the photon density matrix, A, is
the p decay matrix, p)l; is the production matrix,
and the summation is taken over the photon helici-
ties (\,A’) and the p helicities (0, 0’). B’ and
A, are known functions, and p) is, in princi-
ple, to be determined from experiment. The pro-
duction matrix has 81 elements, but parity con-
servation and Hermiticity reduce the number of
independent elements to 25.

We have studied the angular correlations in the
data for evidence of nonhelicity-conserving ampli-
tudes (production matrix elements for which A #0
or M'#0’) and have failed to find any at the 10%
level, the statistical level of this experiment.
Thus we have assumed that s-channel helicity con-
servation holds in electroproduction, as it does in
photoproduction.?! In this case Eq. (17) reduces
to

3

T 7 T T T LB

® Eckardt et al.
A Ballam et al.
® This Experiment

fo b e

0.9 - -

0.7 -

0.6 I

b(q2,s)/b(0,s)

0.5 - -

0.2 - 1

O.l ‘l

(0] -0.4 -0.8 -1.2 -1.6
q2 (GeV/c)?

FIG. 10. The ratio of electroproduction to photopro-
duction b parameters (from fits to the form e?*’ or e?)
at the same value of s. Data from this experiment and
Refs. 5 and 6 are shown.

w®,p) =m{eR9coszo +3 sin (1 +€ cos2y) —[€R, (1 +€)/2]'/2cosbd sin26 cosy}, (18)
where R, is the ratio for the production of longi- rie—=p"p
tudinally to transversely polarized p° mesons and 10 T 7T
0 is the phase angle between the longitudinal and / (@)
transverse amplitudes. The results of the fits for 08 / N
R, and cosd are given in Figs. 11(a) and 11(b). 06 - // i
We have fitted R, to the form suggested by the = ’
VMD model of Sakurai and Schildknecht,? 0.4 L // |
_ 4 b
R,=-¢§ };L:Z' . (19) 0.2 - // —
The data are adequately described by this fit with o+ J -
£2=0.45'%%. However, this value of £2 is not con- ‘ L 1 '
sistent with the value required by their model to 1.0 T T an
fit inelastic electron scattering results, £~ 0.06. + + ’ (b)
Eckardt et al.’® report a value of R,=0.30+0.14 05 —
at (g% =-0.6 (GeV/c)? and (s) =5.3 GeV2. Pre- w
liminary results for R, from the SLAC hybrid- g or —
bubble-chamber experiment are in excellent agree-
ment with our measurements.2° -0.5 - —
The measurements of cosd plotted in Fig. 11(b)
show almost maximal interference between trans- .o — —
verse and longitudinal amplitudes. This interfer- ° » ) » 2
ence term is evidenced by the clustering of events q° (Gevrse)

in the cosf-y scatter plot (Fig. 12). Both raw data
and data approximately corrected for the geomet-
rical acceptance are shown.

For a purely diffractive production process cosd

FIG. 11. (a) The ratio of longitudinal to transverse p°
production. The dashed line is the best fit to Eq. (19).
(b) Cosine of the longitudinal-transverse phase differ-
ence.
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should be unity. Again the preliminary results of
the SLAC hybrid-bubble-chamber experiment for
cosbd are in excellent agreement with our measure-
ments,?® but the DESY streamer-chamber experi-
ment reports no evidence for transverse-longi-
tudinal interference.®

D. Total p® Cross Sections

Figure 13 shows the ratio of the p° virtual-photo-
production cross section to the total virtual-photo-
production cross section. Photoproduction cross
section ratios, which were obtained by similar an-
alysis methods, are also shown. The p° cross sec-
tion drops faster than the total virtual-photoproduc -
tion cross section and also faster than the predic-
tion of the VMD model,*°
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FIG. 12. Scatter plots of the data as a function of ¥
and cosf. The top plot is of the raw data and the bottom
plot is of data approximately corrected for geometrical
acceptance.
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FIG. 13. The ratio of the p° virtual-photoproduction
cross section to the total virtual-photoproduction cross
section. The solid curve represents the prediction of the
VMD model, Eq. (20), and the dashed curve represents
Eq. (21). Photoproduction data (4%=0) are taken from
Refs. 21 and 23.

dop@®)| _do@) | (1 -e&P/mp)
dt at =9 (A =q/mi)7 "’

with £2=0.45. We note, however, that the data
can be described by the simple form

(20)

t=0

ebtmin
T=a7/m7y
Both Egs. (20) and (21) are displayed in Fig. 13 in
terms of cross-section ratios. The e®imin factor
in Eq. (21) is relatively unimportant, contributing
only 15% for the highest |¢?| bin.

There is general experimental agreement that
the p° virtual-photoproduction cross section falls
substantially faster than the total virtual-photo-
production cross section as |¢?| increases.*™®

All of our results for p° production are sum-
marized in Table III.

0, =0,0) @1)

VI. ¢ ELECTROPRODUCTION

The data reduction procedure was repeated for
electron and two hadron combinations with the as-
sumption that the hadrons were K mesons. Figure
14 shows the dikaon mass distribution for events
consistent with the hypothesis

v*p~K'Kp. 22)

There are six events at the mass of the ¢ meson.
We estimate that the background from electron,
muon, and pion pairs is 1+1 event. The average
q° of the events is ~0.6 (GeV/c)? and the average s
is 22.9 GeV2. The acceptance for ¢’s was 60%
larger than that for p%s; the corrections were
similar except for meson mass cut, K decay, and
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TABLE III, p° electroproduction results. The errors are statistical only.

%) —0.36 —0.70 -1.27 (GeV/c)?
n [Eq. (11)] 4.8 £0.7 3.5 0.9 1.0 +1.7
b [Eq. (9)] 7.9 1.0 6.9 =0.7 4.8 +1.0 (GeV/c)?
R, [Eq. (18)] 0.32+0-34 0.63:9.28 0.27+8-52
cosé [Eq. (18)] 0.70%9-28 0.75:3:12 0.80:3-23
0,/0,, [Eq. (9)] 0.071+ 0,007 0.055+0.005 0.031+0.005
o [Egs. (7), (9)] 4.6 +0.5 2.5 £0.2 0.94 +0.15 ub

unseen decay modes. These corrections are tabu-
lated in Table IV.

The ratio of the ¢ virtual-photoproduction cross
section to the total virtual-photoproduction cross
section is 0.0017+0.0009, compared to 0.0046
+0.0006 for photoproduction.?

VII. UNITARITY LOWER BOUND ON THE LONGITUDINAL-
TO-TRANSVERSE RATIO FOR THE TOTAL VIRTUAL-
PHOTOPRODUCTION CROSS SECTION

With only a few very reasonable assumptions,
we can derive a nontrivial lower bound on the
longitudinal-to-transverse ratio for the total vir-
tual-photoproduction cross section from our mea-
surements of p° electroproduction. We will refer
to this ratio as R, to distinguish it from R,, the
longitudinal-to-transverse ratio for p° electro-
production. At higher values of |¢?|, R has been
determined by single-arm electron-scattering ex-
periments?? and is conventionally given by

2
Ri= (1 4 )W—% -1

- A
in terms of the usual structure functions.
The formalism, an “optical theorem for quasi-

@3)

EVENTS

I
My (GeV)

FIG. 14. Dikaon spectrum for events in which the
missing mass is consistent with that of a proton when all
observed hadrons are assumed to be kaons.

elastic scattering,” was first given by Knies, who
applied it to predict a lower bound on the total
(real) photoproduction cross section based on mea-
surements of p° photoproduction.?® Recently
Sakurai has applied it to electroproduction 2° using
some preliminary data. The only theoretical inputs
are the unitarity relation and the Schwarz inequali-
ty. No assumption of VMD is needed.

Given any two-body inelastic reaction a—-b,
from Eq. (5.3) of Ref. 28

-

o 16w @4)

do’
hia,d }——dt (a—b) 010t (@)0 5, (),
0=

where do’/dt indicates the part of the cross section
which comes from the imaginary part of the scat-
tering amplitude, and %(a, b) is a kinematical factor
required by the reciprocity relation. We rewrite
Eq. (24) for the case in which a=y% and b =p%,
both in the longitudinal helicity state

16 do’
0, (p) = — o BEZ (y¥p ~ p%), ,
t=

o, (p%) dt @5)

tmin

where

TABLE IV, Correction factors applied to 04/0,.
The numbers in parentheses indicate the percentage un-
certainty in the indicated factor, The 26% over-all sys-
tematic uncertainty includes additional contributions
from the electron detection efficiency, the radiative
corrections to o, and knowledge of the acceptance.

Missing-mass cuts 1.09 (4)
Radiative effects 1.23 (5)
Scanning losses 1.05 (5)
Measuring losses 1.05 (5)
Counter positions and dead time 1.04 (2)
K decay in flight 1.42 (10)
K absorption 1.01 (0)
Ambiguous events 1.04 (0)
Background 0.83 (20)
Dikaon-mass cuts 1.00 (0)
Unseen decay modes 2.04 (2)
Total 3.88 (26)
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B e [ (s —q° -m?f —4¢>m? ]“2 26)

(s —mp"’ -m?2)? ~ 4mpzm2

To evaluate Eq. (25) we need three assumptions:

(1) The forward p° electroproduction cross sec-
tion comes from the imaginary part of the scatter-
ing amplitude. This assumption is supported by
lack of strong s dependence in the cross section,
the lack of evidence for helicity-nonconserving
amplitudes, and the near maximal transverse-
longitudinal interference term.

(2) The momentum transfer distributions are
the same for transverse and longitudinal p° pro-
duction. As we noted in Sec. IIIB, there is no
evidence to the contrary.

(3) The longitudinal p% total cross section is
less than or equal to the transverse p% cross sec-
tions as determined by photoproduction of p° me-
sons from complex nuclei. VMD models ¢ would
predict o, (0%)<0,(p%) since they identify

2)1/2 =OL (pop)
€72 =) @7)

where £? is determined experimentally by Eq. (19).
We take 0, (p%)=0,(p%)=27.5 mb.3°

Using these assumptions and the values in Table
I it is straightforward to evaluate ¢, (y*p) from
Eq. (25) and correspondingly Ri.. At the one-
standard-deviation level, the lower bounds for
Ry are 0.045, 0.079, and 0.001, corresponding to
the ¢*=-0.36, =0.70, and -1.27 (GeV/c) bins.
These values are plotted in Fig. 15 along with the
highest s values (10.9 <s <16.0 GeV?) of Ry, deter-
mined by Miller et al.*”

As Sakurai has emphasized,?® these lower bounds
on Ry, rule out the form

Riot=-q%/v? 28)
in our kinematic region, but are consistent with
Rt =constant =0.18 . 29)

Equation (29) cannot be correct at all ¢, however,
since Ry~ 0 as |¢2| - 0.

Vil. CONCLUSIONS

We have measured the reaction y*p—p% as a
function of the y* mass squared ¢2 and have ob-
served the following behavior:

(1) The dipion mass spectrum becomes more
“normal” as |¢?| increases.

(2) The momentum-transfer distribution broad-
ens as |¢2| increases, indicating a shrinking of the
photon in some theoretical treatments.?

(3) There is no evidence for s-channel helicity

.2 T | T T |
e p—=¢€"+ anything

-i- This Experiment
| ® Miller et al.

| | |
0} = -2 -3 -4 -5 -6
o (Gev/c)?

FIG. 15. Lower bounds on Ry, , the longitudinal-
transverse ratio in inelastic electron scattering, at the
one-standard-deviation level. The dashed cross bars
indicate the lower bound at the zero-standard-deviation
level, or alternatively the lower bound derived from the
values in Table III, assuming all experimental errors
to be zero. The highest-s-value data from the single-
arm experiment (Ref. 27) are also shown.

nonconservation. The production of longitudinally
polarized p° mesons increases with |¢2| at a much
larger rate than can be accommodated by a VMD-
model interpretation of deep-inelastic electron
scattering.'® The interference between transverse
and longitudinal amplitudes is almost maximal.

(4) The cross section decreases with |¢?| rough-
ly as the p° propagator squared, (1 -g¢%/m?)=2.

We have also observed that the cross section for
Y*p — ¢p decreases with |g?|.

We have calculated lower bounds on the longi-
tudinal-transverse ratio, R, and inelastic elec-
tron scattering, and have concluded that R,y
> —¢% "2 in our kinematic region.
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