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We report measurements of kaon electroproduction from hydrogen and deuterium targets carried out at the
Wilson Synchrotron Laboratory at Cornell University. The reactions y,p — K X° K*A, and K "=° were
studied in the kinematic region 2.15 < W < 3.1 GeV and 1.2 < Q% < 4.0 GeV? as a function of Q2, W, and w.
The K *3° cross sections fall much more rapidly with increasing Q2 than the K *A cross sections so that

K*3% KA—0 as Q? increases.

I. INTRODUCTION

Deep-inelastic electron scattering experiments
have given important clues to the understanding of
nucleon structure.'’ The cross section displays a
remarkable regularity known as Bjorken scaling
and is large compared to the cross section for
elastic scattering. The nucleon behaves as if it
were composed of pointlike constituents. By ex-
ploring the structure of the hadronic final state,
one hopes to gain insight into the details of the in-
teraction. Present knowledge of the final-state
hadrons is based largely on data for production of
pions and protons. The cross section for produc-
tion of strange particles is much smaller and the
available information on strange-particle produc-
tion is still relatively sparse.

This paper reports measurements of K * meson
electroproduction in the forward direction from
hydrogen and deuterium targets. The experiment
was carried out at the Wilson Synchrotron Labora-
tory at Cornell University. In addition to studying
the inclusive K * meson production reaction

e +p—e+K*+anything, (1a)

we were able to resolve the specific channels

e+p—e+K*+A, (1b)
e+p~e+K*"+Z°, (1c)
e+n—e+K*"+2". (1d)

II. KINEMATICS

To first order in quantum electrodynamics, re-
actions (1a) through (1d) proceed via one-phonon
exchange. The incident electron scattersand emits
avirtual photon which subsequently interacts with the
target nucleon. Ineffect, electroproductionis treated
as photoproduction by a virtual photon whose mass
squared — Q% energy v, direction, and polarization
parameter € are tagged by the scattered electron.

The electroproduction cross section is written as?

do(ep ~e'K*X) d3c(yyp~K*X)

dQ,dE'dp,.° T dp e ’ @
where
a E'w2-Mm? 1
s F 2MQ? 1-¢° (3)
Here
VZ -1
€=[1+2 (1 +@—§> tanz(ee,/Z)} , (4)

E is the laboratory energy of the incident electron,
E’ is the laboratory energy of the scattered elec-
tron, and W is the center-of-mass energy of the
virtual-photon reaction.

It is conventional to describe the cross section
for the reaction

Y, N~K*'X )

in the center-of-mass frame, where the kaon vari-
ables are defined with respect to the virtual-photon
direction. This cross section is a function of the
virtual-photon variables @2, v, and €, the kaon
variables #*, ¢, and the missing mass My. Here
6%, ¢ are the angular spherical coordinates of the
kaon in the virtual-photon-target-nucleon center-
of-mass system with the z axis taken as the direc-
tion of the virtual photon and the vy axis perpendicu-
lar to the electron scattering plane. The cross
section for reaction (5) is written

do  doy do,
AVEAM AL dM 2t S aRLdM

dop

0P cos2
He gz A, ©0s2?

cosd. (6)

e(e +1)72  do,
*[ 2 J dQraM 2

The four terms arise respectively from unpolar-
ized transverse photons, purely scalar photons,
interference between the transverse amplitudes,
and scalar-transverse interference. All the data
reported in this paper have been averaged over ¢
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so that only the first two terms in Eq. (6) survive.

The inclusive virtual-photoproduction data can
also be presented in terms of the Feynman® scaling
variables x and p,%. Here p, is the transverse
component of the kaon momentum and x is defined
in terms of the center-of-mass momentum by the
equation

X =P/ Pomaxs (7

where p is the component of the kaon momentum
along the virtual-photon direction and p},, is the
maximum possible momentum as defined by the
K *A final state.

For experiments at the comparatively low en-
ergies reported here, the variable x has the dis-
advantage that for x near 1 the range in p,®is a
function of x and W. To avoid this dependence we
have chosen instead to use x’, where

x =pX/[(pra)? - p.2 ]2 (8)

The inclusive data have been analyzed in terms
of the invariant structure function

_E d%
Otor dDy’

11 o
T 0wt T [(Pra)® =P 2] 2 dx"dp 2

Here o, is the total virtual-photoproduction cross
section for the W and @® of the reaction. The value
of o,,, was taken from a fit to the electron scat-
tering measurements of vW, with the assumption
that 05/0,=0.18.%

The virtual-photoproduction cross sections for
the exclusive reactions (1b), (1c), and (1d) are ex-
pressed in the form do/dQ*. These cross sections
and the ratios of pairs of cross sections are stud-
ied as a function of Q% W, and the Bjorken scaling
variable w=2Mv/Q>.

F

9

III. EXPERIMENT

The apparatus consisted of two magnetic spec-
trometers set to either side of the incident elec-
tron beam as shown in Fig. 1. The focusing spec-
trometer located to the right of the beam was used
to detect the scattered electrons. It consisted of
two half quadrupoles, two bending magnets, and
four x-y proportional wire-chamber planes. A
low-pressure (17 psia) Freon-114 gas Cerenkov
counter and a lead-Lucite shower counter were
used to identify electrons. The spectrometer had
a solid angle of 0.5 msr, a momentum resolution
of 0.4% [full width at half maximum (FWHM)] for
the central momentum, and a momentum accep-
tance of 50% (FWHM).

The spectrometer to the left of the beam detected
the electroproduced K * meson. It consisted of a

FIG. 1. A schematic diagram of the apparatus: 4,
22D84 bending magnet; B, wire-chamber planes; C,
Freon Cerenkov counter; D, lead-Lucite shower counter;
E, 8Q48 half quadrupole magnets; F, 18D36 bending
magnets; G, proportional wire chambers; H, Freon
Cerenkov counter; I, lead-Lucite shower counter.

bending magnet, seven magnetostrictive x-y spark-
chamber planes, a high-pressure (75 psia) Freon-
12 gas Cerenkov counter, and a lead-Lucite shower
counter. The trigger demanded that the K meson
fire three scintillation counters which were located
between chamber No. 4 and the Cerenkov counter.
The time-of-flight difference between the electron
and the kaon was recorded for each event. The
spectrometer had a solid angle of 2.5 msr, a mo-
mentum resolution of 0.7% (FWHM), and a momen-
tum acceptance of +40%.

A Monte Carlo calculation assuming unit center-
of-mass cross sections and incorporating multiple
scattering, detector resolution, and geometrical
effects was used to determine the acceptance. The
normalization of the experiment was checked by in-
dependently observing elastically scattered elec-
trons in each spectrometer and comparing the ob-
served cross sections with the measured elastic-
scattering cross section. The mean ratios of the
measured elastic-scattering cross sections to
the average of the world data for the electron and
hadron arms were 0.994 £0.007 and 0.998 +0.009,
respectively. The Monte Carlo program gave an
angular resolution of roughly 0.3° (FWHM) in the
center of mass and indicated that the resolution in
angle and energy was multiple-scattering-limited.

Measurements were made at the points in the
(Q%, v) plane shown in Fig. 2. At the circled points,
both deuterium and hydrogen targets were used.
The values of W and @2 shown in the figure are the
central values. The acceptance of the apparatus
was such that at each point the W distribution was
roughly 0.9 GeV wide (FHWM) and the @* distribu-
tion was 0.6 GeV? wide.

In the data analysis, the following procedure was
used to separate K * mesons from pions and pro-
tons over the momentum range 0.5 to 4.6 GeV.
Pions with momenta greater than 1.8 GeV/c were
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FIG. 2. The nominal values of @2 and W at which data
were taken. The circles denote points at which data
were taken with a deuterium target.

eliminated by rejecting all events in which the
high-pressure Cerenkov counter fired. This cut
did not affect the protons but it did eliminate kaons
with momenta greater than 4.6 GeV/c. Time-of-
flight cuts were used to analyze the remaining
events. Figure 3 shows the cuts for kaons in the
momentum interval from 2.2 to 3.2 GeV/c. The
region marked “in-time kaons” extends from - 0.9
nsec to 0.4 nsec, a point halfway between the kaon
and proton timing peaks. From a study of pions,
it was shown that the timing distribution is Gaus-
sian with an rms resolution of 0.28 nsec. This re-
sult was used to correct for kaons lost through the

T T T T T T ~T T T T
100+ —
80 .

- E
60 -

2 IN-TIME

& r KAONS -

@ RANDOM
e PROTONS 7]

i J v
20 E
0._
1 1 1 I 1 1 1 1

| |
-1.0 0 1.0 2.0 3.0
KAON TIMING (nsec)

FIG. 3. The time-of-flight distribution for particles
with momenta between 2.2 and 3.2 GeV/c at data point 9.

upper timing cut. A correction for contamination
due to protons and random events was made by
subtracting the events in the region marked “ran-
dom protons” from the “in-time kaons” data sam-
ple. For momenta less than 2.2 GeV/c, the kaon
and proton timing peaks were sufficiently well sep-
arated that the proton contamination was negligi-
ble. Similar methods were used to separate kaons
from pions for momenta smaller than 1.8 GeV/c.

Momentum-independent corrections were made
to the data for random coincidences [(5+0.5)%],
counter and spark-chamber dead time [(5 +2)%],
absorption in the counters [(2 £1)%], target-wall
background [(5 +3)%], chamber inefficiencies [(1
+0.5)%], and electron misidentification [(2 £0.5)%].
Momentum-dependent corrections arose from the
timing cuts and the kaon decay in flight. The ti-
ming-cut correction ranged from (19 +2)% at 4.6
GeV/c to 0 at 2.2 GeV/c for the kaon-proton sepa-
ration region and from (4+0.6)% at 1.8 GeV/c to
0 at 1.3 GeV/c for the kaon-pion separation re-
gion. The decay-in-flight correction was the lar-
gest correction. It was calculated by a Monte Car-
lo program which simulated both the K *—= p*v and
K*—n*1° decay modes in accordance with the
known branching ratio. The correction for Monte
Carlo events lost owing to geometry and kaon iden-
tification cuts ranged from (200+4)% at 1 GeV/c
to (30+1)% at 4.6 GeV/c.

The quoted uncertainties are statistical only;
there is an additional overall normalization un-
certainty of 10% due principally to the uncertainty
in the corrections.

IV. RESULTS

Figure 4 shows the invariant structure function
for the inclusive K * reaction for p,2<0.05 GeV? at
three values of @2 and two values of W. There is a
peak at x’=1 due to K *A production and a shoulder
around x’=0.7 which is possibly due to the A(1520).
The solid curve represents the 7* invariant struc-
ture function for p, <0.02 GeV? multiplied by a
scale factor of 0.2. Measurements reported earli-
er® show that the 7* structure function is indepen-
dent of Q2 and varies by less than 20% over the re-
gion 2.0<W<3.2 GeV. The K" invariant structure
function above the resonance region behaves quite
similarly, with no apparent W or @* dependence in
the kinematical range of this experiment. How-
ever, the K*/m* ratio for 0.3<x’<0.7 has more
than doubled from a photoproduction value of ~0.1
at W=3.5 GeV (see Ref. 6) to 0.2-0.3 for our data
with 1.2<Q*<4 GeV? and 2.2<W<3.1 GeV. The K*
structure functiomappears less steep in its x’ de-
pendence than the 7* structure function. Our re-
stricted W range does not allow the production of
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FIG. 4. The invariant structure functions for positive
kaons with p,%<0.05 (GeV/c)? for data points 8, 9, 12,
and 13. The solid curve is 0.20 times a fit (see Ref. 5)
to the invariant structure function for inclusive produc-
tion of positive pions with p,2<0.02 (GeV/c)?.

more than one K* meson. The K* multiplicity is
thus necessarily smaller than the #* multiplicity
and could be the cause of the difference in the
structure functions especially at low x’.

Figure 5 shows the cross section do/dQ*dM,’ as
a function of missing mass squared at the data
point with W=2.2 GeV and Q*=2.0 GeV2 There is
a prominent peak corresponding to K *A production

Yyp— K" X

Q% =2.0 Gev?
W= 2.2 Gev

1.0 15 20 25
MISSING MASS SQUARED (Gev?2)
FIG. 5. Typical missing-mass spectrum for positive
kaons together with the fits to the A and =° peaks used
to determine the cross sections. For these data 6 <30°.

and a smaller peak corresponding to K *Z° produc-
tion. The A and Z° cross sections were deter-
mined by fitting the missing-mass-squared dis-
tributions with curves constructed by folding Gaus-
sian resolution functions with a radiative tail.”®
The solid line in Fig. 5 shows a typical fit to the
data. The free parameters in the fit were the ra-
diatively corrected A and Z° cross sections and
the central mass for the A peak. The difference
in missing mass squared of the A and Z° was con-
strained to its known value.

Table I summarizes the cross sections for the
A and Z° together with the average values of W,

Q% €, w, and 9". The uncertainties in the graphs
and tables include both statistical and fitting er-
rors. The values of W and Q% at data points 9, 10,
and 11 are shifted to lower W and higher @2 than
the central values shown in Fig. 2 because of the
4.6-GeV/c momentum cutoff for the K *.

Figure 6 shows a plot versus Q2 of the A cross
section for this experiment and earlier measure-
ments by the CEA,° Harvard-Cornell,'° and DESY*!!
groups together with the result of a photoproduction
experiment.'? All data, except for the DESY mea-
surements,'! have been extrapolated to a common
W by assuming that in the expression for the cross
section

do Ipk

—_—_ 3 2
o 321r2(W2-M2)Wx (matrix element)* (10)

the matrix element is not a function of W. Here f),’?
is the center-of-mass momentum of the detected
kaon. The assumption that the matrix element is
not a function of W is known experimentally to be
correct for photoproduction,'® where (W2 - M ?)%do/
dt is found to be energy-independent and the ex-
pression corresponding to Eq. (10) is

2
%: <WTlT[_2) X (matrix element)?. (11)

The agreement of the cross sections extrapolated
from different values of W at Q>=1.2 and 2.0 GeV?
testifies to the validity of the extrapolation pro-
cedure. The DESY data!' were extrapolated to W
=2.15 GeV using their measured W dependence,
which, for values of Q2 0.5 GeV?, agrees with our
extrapolation procedure. The interpretation of the
photoproduction point is subject to some uncertain-
ty since it was taken at a fixed center-of-mass
angle of 6* =25° while, except for the DESY elec-
troproduction points'! for which §*=25°, the elec-
troproduction points are for data with *<15°, If
one takes the SLAC do/dt photoproduction cross
sections measured at higher energy'® and uses the
observed (W 2~ M ?)? dependence to extrapolate the
low-¢ crosssectionsto W=2.15 GeV, one obtains a
value for do/dQ* which is the same as the value
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FIG. 6. The Q2 dependence of the K* A cross section
using data with 6* < 15° from this experiment and the
earlier CEA (see Ref. 9) and Harvard-Cornell (see Ref.
10) measurements. Some of the data have been extra-
polated to a common W with the assumption that the W
dependence is given by |p£l/[(W?-M %)W ]. Also shown
are DESY electroproduction data (see Ref. 11) with
6* <25° and DESY photoproduction data (see Ref. 12) with
0* =25°, The solid curve gives a fit to all data with
0*<15°,
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FIG. 7. The @ dependence of the K* Z° cross section
using data with 6* <15° from this experiment and the
earlier CEA (see Ref. 9) and Harvard-Cornell measure-
ments (see Ref. 10). Some of the data have been extra-
polated to a common W with the assumption that the W
dependence is given by |p£l/[(W2-M*)W]. Also shown
are DESY electroproduction data (see Ref. 11) with
6* < 25° and DESY photoproduction data (see Ref. 12)
with 6* =25°. The solid curve gives a fit to all data
with 6*<15°,

reported by Feller et al.’® at |#]|=0.147 GeV®. A
cross section that initially rises with @? indicates
that both scalar and transverse photons contribute
to the reaction. In the absence of scalar-photon
contributions, the cross section is expected to de-
cline monotonically with increasing Q3. The un-
certainty of the photoproduction point leaves this
matter unresolved. A fit of the @2 dependence of
the CEA and Harvard-Cornell data to the form
(Q*+M?)2 gives M2=(2.67+0.28) GeVZ.

Figure 7 shows the energy-extrapolated Z° cross
sections as a function of Q2. The procedure fol-
lowed was identical to the one used to project the
K*A cross section to a common W. The K*Z°
cross section drops rapidly from the value ob-
served in photoproduction as @* increases. A fit of
the CEA and Harvard-Cornell data to the form (Q?
+M?)2 gives M?=(0.785+0.095) GeV2. This fit is
shown as a solid line in Fig. 7.

Figures 8(a) and 8(b) show the Z°/A ratio as a
function of 1/w and @2, respectively. The ratio
decreases rapidly as Q* or 1/w increases.

Table II summarizes the y,n -K*Z" cross sec-
tions determined from an analysis of the deuterium
data. The procedure used to analyze the deuterium
data was the same as that used with the hydrogen
data. The y,n—~K*Z" cross section was then cal-
culated with the assumption that the deuterium
cross section was equal to the sum of the cross
sections for the proton and the neutron.

V. DISCUSSION

An increase of the electroproduction data for
K * A from the photoproduction cross section to a
peak at low @® suggests a large scalar contribution
due to one-kaon exchange analogous to that in the
m*n channel.'®!® A large one-kaon-exchange con-
tribution used in conjunction with the fact that g,
>> g oy Would also explain the small K *Z°/K *A
ratio observed in electroproduction. Bartl and
Majerotto'® argue that such a model is not tenable
and that it leads to serious difficulties in under-
standing the photoproduction cross section.

Two attempts of intermediate sophistication have
been carried out to construct a theory of kaon elec-
troproduction. Levy, Majerotto, and Read'™™® ex-
trapolated an absorbed Regge model with K and K*-
K** exchange-degenerate trajectories which de-
scribes kaonphotoproduction quite well in the most
straightforward way to the region of spacelike pho-
ton mass without introducing any new parameters.
The theoretical predictions turned out to be too
small by a factor of 2 when compared with mea-
sured values reported by the DESY group.

More recently, Bartl and Majerotto'® added to
this model an unnatural-parity contribution arising
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FIG. 8. (a) A plot of the ratio of the cross sections for the K* £° and K* A channels as a function of 1/w for data with
6*<15°. The solid curves are the upper and lower limits of a parton-model analysis due to Nachtmann (see Ref. 20).
(b) A plot of the ratio of the cross sections for the K*° and K* A channels as a function of @2 for data with 6*< 15°,

from K 4(1*") or K,(1**). They were able to fit a kaon is then produced in the near forward direc-

DESY data at W=2.24 GeV with either hypothesis.
The first calculation used K4(1*") with strict ex-
change degeneracy between K and K for @%=0 and
broken exchange degeneracy for @>>0. The sec-
ond model maintained strict exchange degeneracy
for both K*-K** and K-K » and introduced the con-
tribution of a K ,(1'*)-K 4(27°) exchange-degenerate
trajectory. Neither of these models gives a good
fit to the Harvard-Cornell data at W=2.66 GeV.
This indicates that the theory does not give the
correct energy dependence.

There are several ways in which one can under-
stand the decrease in the Z°/A ratio as @? increa-
ses. Parton-model calculations, based on the in-
elastic-electron-scattering measurements which
show that vW I/vW?% appears to approach § as w
—1, predict that Z°/A -0 as w—~1.1"2! [n its most
naive form the argument is made that in the limit
w -1 mainly p quarks are being projected out of the
proton, leaving behind an isospin-zero core. When

tion, the production of accompanying 7 =1 baryons
is greatly disfavored compared to the production

of I=0 baryons. The solid curves in Fig. 8(a) are
the upper and lower limits predicted by Nacht-
mann® from a more sophisticated quark-model
analysis. The data for w<6 lie within the predicted
limits.

Cleymans and Close?' have carried out a more
general analysis of the exclusive kaon reactions in
the limit w -1 from both the standpoint of the quark
model and more general SU(3) considerations.
Utilizing the fact that vW2/vW%—~§ as w—~1, they
conclude that either model predicts that as w—~1,
K*Z/K*A -0, and with the assumption that F =D,
K*AN/m*n—~%. Figure 9 shows the measured ratio
of the cross sections for K *A and 7*n for §* <15°
as a function of 1/w and Q3. The solid curves are
those predicted by both the quark model and SU(3)
when it is assumed there is no coupling to the de-
cuplet states.

TABLE II. A summary of the cross sections for the K*Z channel determined from deuterium data.

do .o do . .
Kinematic averages aax* K"ZT) » aa* (&"Z7) n
Data 6%, w Q? o* do ., do . o ‘ nb <nb
point  (deg) (Gev) (©ev) €  (dew amrt Dy [aer EEN o P
9 6<15  2.83 1.29  0.88 106 1.60+1.40 40+29 14+ 34
9 6<30 271 1.35 0.89 158 1.70+0.80 36+15 25+ 29
8 0<15 2.16 1.20 0.94 8.4 1.76+0.86 73+ 30 55+ 63
8 6<30 2.21 1.19 094 115 2.80+£1.25 524 22 94+ 65
13 0<15 215  3.97 0.88 8.2 1.20+2.51 1010 2+ 25
13 0<30  2.28 3.84 087 154 3.00+2.71 7+5 1419
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FIG. 9. (a) A plot versus 1/w of the ratio of the cross
sections for the K*A and n*n channels for §*<15°. The
solid curves are the predictions of a simple SU(3) model
which assumes no coupling to the decuplet. The upper
curve is given by a simple parton-model calculation
which assumes no coupling to the decuplet. (b) A plot
versus @2 of the ratio of the cross sections for the K*A
and m*n channels for 6*<15°,

VI. CONCLUSIONS

The K *Z° cross section decreases rapidly and
monotonically with increasing @2. This behavior
suggests the absence of a large contribution by
scalar photons. While the K *A measurements do
not exclude a sizable scalar-photon contribution,
a detailed analysis is made difficult by the dif-
ference in the center-of-mass angles at which the
photoproduction and electroproduction data were
taken. The K*Z°/K*A ratio decreases as @? in-
creases, a fact that can be understood by both
simple SU(3) and the parton model. The results
for the inclusive K * reaction indicate that there are
no dramatic changes as the photon becomes mas-
sive.
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