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Abstract: The reactions yp—n*n, K¥A, K*3° and
yn—n~p were studied at invariant hadronic masses
around 2.2 GeV for 0?=0.06, 0.28, 0.70, and 1.35
GeVZ2. The main results are: At small || the =™
production is dominated by longitudinally polarized
photons and can be described by one pion exchange.
At low |¢] the transverse (n*n) cross section drops
steeply with Q% but remains roughly constant for
0*>0.5 GeV2. For [t|=0.8 GeV?, do(n*m)/dt is
almost independent of Q?. The integrated cross section
o (n*n) shows a similar Q*-dependence as a,4(y,p) for
0?%>0.28 GeV2. The ratio o (n " p)/o(n*n) at 0*>=0.70
and 1.35 GeV? for |t|=0.6 GeV? is smaller than in
photoproduction and close to 1/4. The ratio ¢ (K ¥ 2°)/
o (K* A) decreases steeply with O following roughly
the predictions of the quark-parton model.

1. Introduction

This article presents the results of an experiment on 7
and K* electroproduction above the resonance region.
Parts of the n* data have been previously reported
[1-31.

This experiment was initiated in 1972, when the
scaling behaviour of deep inelastic electron scattering
was well established but only little was known about
the behaviour ofexclusive channels. The forward vector
meson production y,+p—p+ p°, @ showed diffractive
behaviour [4], the integrated cross section o (y,+p
—p°+p) dropping faster with increasing 0° than the
total cross section o (y,p). Measurements of small angle
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single pion electroproduction y,+p—n* +n showed
indication [5] of dominating contribution from longi-
tudinally polarized photons. This longitudinal cross
section could be explained by the one pion exchange
contribution in the electric Born term model [6, 7].
Sincethesetwochannelsmeasured thenweredominated
by peripheral production mechanisms, one would not
expect to see effects of the short range interaction
which was postulated in the parton model to explain
the approximate scaling behaviour of g, (y,p). How-
ever, a more detailed analysis [6] of the y,+p—n* +n
data indicated that the transverse cross section might
show a slow decrease with Q7 similar to 6,,,(y,p)-

One would expect to find possible evidence for the
short range interaction picture in exclusive channels
at large values of the virtual photon mass Q* and of the
nucleon momentum transfer |¢|. In this kinematic
region cross sections are small, therefore to pursue such
studies the experimentally easily accessible channel
v,+p—n" +n was chosen. Specifically our aims were:

a) to separate the longitudinal and transverse cross
sections,

b) to extend the measurements to larger values of Q?
and |t|, and

¢) to study the isospin structure of the contributing
amplitudes by measuring in addition the reaction
Yo th—oT 4P,

Since kaons were detected simultaneously with the
pions, we also studied the reactions y,+p—K*+4,
K* +2%in some detail.

The outline of the paper is the following: In Sect. 2
the kinematical variables and cross sections are defined,
in Sect. 3 a short description of the experimental
procedure is given. The results of the data analysis are
presented in Sect. 4. A discussion of the results and a
comparison with other experiments as well as certain
model predictions are given in Sect. 5. Section 6
contains a summary.
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Fig. 1. The reaction e+p—e’+n* +n in the laboratory system

2. Kinematics, Cross Sections,
and Radiative Corrections

The definition of the kinematical variables, which are
sketched in Fig. 1, is exemplified by the reaction
e+p-—e' +n+n’. Thefivefour-momentainvolvedare:

e =(E,e) incident electron
e¢'=(E',e’) scattered electron
p =(M,0) target nucleon

n =(E,,n) produced meson
n =(E,,n) final baryon.

The only four-momentum not measured directly in
this experiment is #. The emitted baryon is identified
by its missing mass M?=(e—e'+p—n)*.

The reaction is described to lowest order by the
exchange of a virtual photon 7, ; higher order effects
are contained in the radiative corrections. The follow-
ing Lorentz invariants are commonly used to define
the kinematics:

ye=(e—e'Y=-0?
s =(y,+pP=Ww?*
t =(y,—m>.

The incident particles are unpolarized and no polar-
ization is measured of the final particles. However the
exchanged photon is polarized. Its polarization is
described by a parameter &, which is equal to the
transverse linear polarization and closely related to the
longitudinal polarization:

14,7 =14,F Q*+(E-E'Y ,0."
SN R
x y <~

P 0
AF+14,F (E-EF

(2.1)

We write the differential cross section as (for a summary
of various conventions see [7]):
4 2
_d9___p.o,. 40
dQ*dsdid ¢ dtde

2.2)

The virtual photon flux I' is given by

_as—=M*» 1
T (AnYE*M*Q* (1—¢)

(2.3)

and the cross section for single hadron production by
virtual photons is written as

d*c doy do, dop
L2 v L TP s D
7ta’ta’qﬁ dt e dt e dt cos 2¢

+/ 23(8+1)%cos¢.

¢ is the angle between the hadron production plane
and the electron scattering plane as defined in Fig. 1.
oy=3(0)+0,) is the contribution from transversely
unpolarized photons, 6p=3(c,—0c,) from the inter-
ference of the transversely polarized photons, ¢; from
longitudinally polarized photons, and ¢, from the in-
terference of transversely and longitudinally polarized
photons. ¢, and ¢, are the cross sections for photons
having the electric vector parallel and perpendicular
to the hadron production plane, respectively. The four
different cross sections can be separated by measuring
the ¢ and ¢ dependence of (2.4).

At high s the cross sections o, 0, o,, and ¢, are
characterized by a unique naturality of the #-channel
exchange [8]. Natural parity exchange contributes only
to ¢, and unnatural parity exchange only to oy, 6,
and o;.

Higher order effects to the cross section (2.2) are
taken into account by applying radiative corrections:

———&——F . MTM [—L} aM.
dQdsdidp "y LdQdsdidgdM sy
2.5)

The correction factor F,,,, which depends critically on
the accepted missing mass interval AM, takes into
account photon emission, and other second order
effects. For details see [9]. The correction factor was
applied foreach bin of 02, s, t,and ¢ and varied between
1.15and 1.45.

(2.4)

3. Experimental Procedure

3.1. Apparatus

The experimental apparatus is sketched in Fig. 2. The
external electron beam from DESY hits a 10 cm long
liquid hydrogen or deuterium target. After passing
through the target and a secondary emission chamber
located 12 m behind the target, the beam is focused onto
a Faraday cup which acts as the primary intensity
monitor and beam stop.
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Fig. 2. The experimental setup

Two almost identical magnetic spectrometers
detect the scattered electron and the meson in coin-
cidence. Each of the spectrometers consists of three
quadrupole magnets followed by a dipole magnet
which bends the central trajectory vertically by 10°.
The purpose of the quadrupole magnets was: a) to
obtain a large vertical acceptance, which is essential
for a measurement of the ¢-dependence at larger values
of |t|, b) to remove the scintillation counters and
proportional chambers from the high flux of back-
ground particles near the target, and c¢) to maximize
the overall acceptance for the given apertures of the
bending magnets and the Cerenkov counters. A sketch
of the optical system is given in Fig. 3 where the
displacement of some special trajectories from the
central one is shown. In order to be able to move the
spectrometers close to the electron beam, the two
quadrupoles near the target were only “half quadru-
poles”, the second half consisting of an iron mirror
plate. The parameters of the spectrometers are listed
in Table 1.

A charged particle trajectory was measured with
the help of four multiwire proportional chambers, each

Table 1. Parameters (FWHM) of the spectrometer

(1.145.3/p?17

60 MeV

16 mrad horizontal
200 mrad vertical
momentum 45%

Momentum resolution A;B %)

Missing mass resolution AM y(My)
Acceptance: geometrical

having two planes of orthogonal read out wires. One
chamber was located in front of the bending magnet
and three chambers behind it. The momentum of a
particle was determined by reconstructing its trajectory
through the bending magnet, and the production
angles were then obtained by tracing the trajectory
through the quadrupole magnets back to the target
position. Thechambersare followed by twoscintillation
counter hodoscopes, a threshold Cerenkov counter,
two further scintillation counter hodoscopes, and a
lead scintillator sandwich shower counter seven
radiation lengths thick. The scintillation counter
hodoscopes in front of the shower counters were used
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Fig. 4, a Single arm electron missing mass distribution.b Comparison
of the elastic peak with a Monte Carlo simulation

to measure the time-of-flight difference between
electron and hadron. Both Cerenkov counters were
filled with ethylene, the one in the electron arm fo
about atmospheric pressure, and the one in the hadron
arm to about 10 atm.

Each spectrometer was mounted on a platform
which could be rotated around the target (one arm
between 10° and 36°, the other between —9°and — 19°).

’Yv-l-p > Tr+X
Q%*=0.06 GeV?

g
|
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3
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Fig. 5. Missing mass distribution M2=(e—¢'+p-n*)

3.2. Data Taking

An event was recorded, if in both spectrometers at
least three of the four scintillation counter hodoscopes
fired within a coincidence time of about 25 nsec. The
following information was then transferred to a
PDP-8 computer: the hit pattern of the proportional
chambers, the gated latches of all counters as well as
various counter pulse heights, the pulse overlap width
in the various coincidence circuits, the time-of-flight
data, and the instantaneous energy of the circulating
beam of the synchrotron.

The data of several events were accumulated in the
PDP-8 and then transmitted to the central computer.
An on-line analysis of clean events was performed and
several histograms were generated in order to control
the performance of the detector. During each data run
various single and coincidence rates were recorded to
determine the dead time losses.

3.3. Data Analysis

Apart from small data samples used for efficiency tests,
only events were accepted for further analysis which
fired the Cerenkov counter in the electron arm. After
reconstruction of the trajectory, it was checked whether
the trajectory passed through the acceptance defining
counters. Rejecting events with a low pulse height in
the shower counter eliminates almost all background
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in the electron arm, such that it can be even used as a
single arm spectrometer as is demonstrated in Fig. 4a
where the electron missing mass spectrum, obtained
after these cuts, is displayed. In Fig. 4b the elastic peak
is drawn separately. Its shape is fairly well reproduced
by the results of a Monte Carlo simulation.

The meson detected by the second spectrometer
was identified by a threshold Cerenkov counter and
by time-of-flight. For the measurements at large values
of &, the pressure of the Cerenkov counter was adjusted
to detect pions but no kaons. Separate test runs, per-
formed with a pressure of about 1 atm, showed a
negligible background of electron-positron coinciden-
ces. The measured pion-momentum was used to calcu-
late the missing mass M2=(e—e'+p—n*), a typical
distribution of which is shown in Fig. 5. A clear peak
is seen at the neutron mass, and events in the hatched
region were defined as (n*n) events.

Kaons were separated from protons by time-of-
flight. The flight path from the target to the counters
was about 14 m. The start signal was given by the
counters in the electron arm. A resolution of 0.8 nsec
(FWHM) was achieved. The distribution of particle
masses determined from the momentum and velocity
measurements is shown in Fig, 6. Rejection of events
which triggered the Cerenkov counter eliminated most
of the pions. Kaons and protons were well separated.
Events within 0.1<SM?2<0.45 GeV? (these limits
depended slightly on the hadron momenta) were
defined as kaons. The losses due to this cut as well as
due to decay in flight were corrected for by a Monte
Carlo simulation. The distribution of missing masses
M?=(e—e'+p—K") from these events is shown in
Fig. 7.

For the low & measurements a large electron
scattering angle was necessary, and the role of the
electron and hadron detecting spectrometers had to be
interchanged. The Cerenkov counter in the former
electron arm could not be pressurized sufficiently to
tag pions and therefore could not be used to separate
pions and kaons. However kaons misidentified as pions
do not contribute to the (z*n) data, since these events
have missing masses M,>1.18 GeV. The neutron
peak in the M, spectrum is also clearly identified in
these data, as shown in Fig. 8.

3.4. Spectrometer Acceptance

The fourfold differential cross section (2.2), which is a

function of the variables v=(0Q?,s,t,®) is connected to

the event rate N(4v) in a volume element dv=AQ?

“As - At - A¢ via

N(4v)=N, Ny - | did(v—)a(v)dv. (3.1)
Av v
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Fig. 6. Hadron mass M, as calculated from momentum and time-of-
flight measurement for Q%=1.35 GeV?
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Fig. 7. Missing mass distribution M2=(e—e'+p—K* ). The A and
39 are clearly visible as well as higher mass hyperons. The structure
at 1280 MeV cannot be explained by misidentified pions or protons.
Its statistical significance is only about 3¢
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Fig. 9. The kaon detection efficiency #: It is given by the number of
K’s which did not decay in the spectrometer and the contribution of
n* and u* from K* decay which were identified as kaons. The
correction was calculated using Monte Carlo techniques

N, is the number of incident electrons and Ny the
number of target nucleons. The function a(v), which
is 1 if both particles are accepted by the spectrometer
and 0 otherwise, is determined by Monte Carlo
techniques. Inverting (3.1) we obtain

do(p) _ N(Av) 1
o NewNeo 80 e
4v g(U)
where # is assumed to be the center of Av. This assump-
tion is reasonable for the variables ¢ and ¢ since their

(3.2)

bin widths are sufficiently small. This is not the case for
Q? and s, and the acceptance was therefore weighted
in (3.2) according to

g(Q*,8)=T(Q%s) - (s—M*)? (3.3)

which describes roughly the s and Q*-dependence of
the data. (3.2) was used to determine the measured
cross sections.

3.5. Corrections

Besides the radiative corrections and the acceptance
which we have already mentioned, several other cor-
rection factors had to be applied to (3.2) to obtain the
cross sections. The biggest one was due to the event
reconstruction inefficiency which varied between 169
and 259, per spectrometer and which was continuously
monitored. The background from the target walls was
at most 10%,. The fraction of random coincidences
amounted to <49 and the deadtime losses to <3 %.
The absorption corrections were <49,

The losses of pions and kaons due to their decays
in flight were determined by detailed Monte Carlo
studies. For pions this correction was <39,. For kaons
this correction was quite significant and as can be seen
from Fig. 9 strongly momentum dependent. The time-
of-flight measurement was essential for the identi-
fication of kaons and at low ¢ also of pions. It could
not be used however, when two or more counters of
one hodoscope had fired. This resulted in a correction
of about 409 [10, 17].

The overall systematic uncertainty of these correc-
tions together with the uncertainty of the incident
electron flux and the target length was estimated to be
about 7%. The following tables and plots of our
numerical results contain only the statistical errors and
not the normalization uncertainty.

4. Results

In this section we present the results. For a comparison
with other experiments and with theoretical predictions
see Chapt. 5.

4.1. Separation of o1, oy, op, and a; [10]

At 0*=0.7 GeV? we measured the ¢ and ¢ dependence
of the {(n*n) cross section in order to separate the four
terms oy, 0, 0p, and g;. (When not misleading, we
abbreviate the differential terms of 2.4 by gy, g, , etc.)
Data were taken at two different values of the polar-
ization parameter ¢. The kinematical parameters of
these two measurements are listed in Table 2.
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The missing mass distribution for low ¢ is shown in
Fig. 8. Events with 0.85 GeV=M,<1.02 GeV were
grouped into several (¢, )-bins and weighted with the
appropriate acceptance function. The resulting ¢-
distributions are shown in Fig. 10, for two ¢-bins,
together with the best fit based on the ¢ and e-depen-
dence of 2.4.

The cross sections gy, 0, , 0p, and g, resulting from
the fits are listed in Table 3. Only statistical errors
were taken into account in this fit. The normalization
uncertainties are to a large extent correlated between
the two sets of measurements, since the same apparatus
and data analysis programs were used, and contribute
therefore mainly to the overall normalization of the
various cross sections. Making the pessimistic assump-
tion that the normalization of the high and low ¢ data
is different by 69 leaves the cross sections o; and ¢,
almost unchanged and changes 6, and o, by at most
half of the statistical error quoted in Table 3.

The cross sections ¢ and ¢, also listed in Table 3,
were obtained from a similar fit expressing o, and op
by o and ¢,. The quoted errors therefore take the
correlation between oy and g, into account.

4.2. The t and Q* Dependence of the (n*n)
Production at Large ¢ [11]

The n* production measurement at large ¢ covered the
following range in Q® and ¢: 0.06< Q% <1.35 GeV?;
[ain <1112 GeV?. The cross section 27zdzo'/dtd¢
is listed in Table 4 as a function of # and ¢ for each Q*.
The accepted ranges of O* and W are given there as well.

The cross sections oy +¢0;, op, and o; could be
separated at smaller values of |z, where the full ¢-range
was covered by the vertical acceptance of the two
spectrometer arms. The resulting values are listed in
Table 5.

4.3. (n”p) Electroproduction [12]

4.3.1. The experimental method. The reaction

Yotn—nT +p 4.1)

was studied with the help of a deuterium target. The
7~ and © " missing mass spectra of the processes

Vo +d—n" +p+p; (4.2)

(4.3)

are shown in Fig. 11. The subscript s indicates the
spectator nucleon. There are clear peaks at the nucleon
mass which are somewhat broader than the n* peak in
Fig. 5 obtained with a hydrogen target, due to the

-t +n+n,

Y+p—->1'c*+n
of /h\ H

N

[ 1t1=0.07 GeV? ]
o | - | | [ -1
o|T W=219 GeV 2 0€=086
Bl | O*=070Gev? 2 ©€=033
LI R I I N L H B B
" i
o~

o
| Il
} 5/ : N\{vﬁj {i

S
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¢} IR N
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¢ [degrees]

Fig. 10. The ¢ dependence of the (n"#) cross section 2n 7 ¢
curves show the best ¢ —e-fit to determine the cross section com-
ponents according to 2.4

Table 2. Kinematical parameters for the g, /0, separation

High ¢ Lowe
& 0.86 0.33
W (GeV) 2.06-2.37 2.06-2.37
(W (GeV) 2.19 2.19
Q* (GeV?) 0.55-0.9 0.48-0.9
{0 (GeV?) 0.70 0.70
E (GeV) 6.0 3.05
E’(GeV) 34 0.6
8, (deg) 10 36
. (GeV) 2.3-1.9 2.35
It} (GeV?) [tlnin—1.2 i —0.28
¢, (deg) 0-360 ([t|<0.16) 90-270 ([t} <0.16)

120-240 (J¢|>0.16)

120-240 (J¢| > 0.16)

Fermi motion. Events within 0.85 GeV<M,<1.02
GeV were defined as single pion events. A Monte Carlo
simulation of the process y, + d—n* + A%+ p, indicated
a negligible amount of two pion events in this data
sample.

The cross section of reaction (4.1) was determined
by the ratio method [13]:

d*c(y,+n—n" +p)
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Table 3. Components of the (z* ) cross section (Q?=0.70 GeV2, W=2.19 GeV)

It oy, ay op oy N o ¢ —e-fit
(GeV?)  (ub/GeV?) (ub/GeV?) (b/GeV?) (ub/GeV?) (ub/GeV?) (ub/GeV?)

np ¥y
0.05 15.26+1.97 2.23+1.54 —~0.89+0.72 0.06£0.35 3.16+1.72 1.34+1.66 14 1.64
0.07 13.52+1.63 229+1.27 ~3.16+0.59 —0.261+0.29 5.454-1.40 —-0.87+1.36 14 1.03
0.10 8.59+1.39 2.61+1.06 ~2.72+0.53 —0.4240.26 5.33-+1.23 —-0.11+1.13 14 1.64
0.14 5.93+0.89 2.25+0.65 —~2.27+0.46 —-033+0.22 4.52+0.86 —0.0240.74 14 0.75
0.18 1.68+0.95 3.78+0.72 —2.47+0.54 —0.02+0.25 6.25+0.92 1.31+0.85 11 1.11
0.24 0.80+1.14 3.76+0.92 ~1.87+0.57 0.12+0.27 5.63+1.05 1.89+1.09 10 1.69

2
Table 4da-d. The (z*n) cross section 27 gani) (ub/GeV?)at W=2.19 GeV. The ranges are: W: ~4.3—5.6 GeV; 0%:0.035—0.09/0.22—0.34/
0.55—0.9/1.2—1.5 GeV?
Table 4a
0°=0.06 GeV?, e=0.44
[t] (GeV?)
¢ (deg)
0.04 0.12 0.20 0.29 0.42 0.60 0.80 1.05
135 11.83+1.93 10.504+0.78 8.67+0.73 5.23+0.58 2.84+0.40 1.48+0.30 0.7240.30
195 10.98+1.73 7.73+0.63 7.9940.70 5.23+0.59 2.81+0.38 1.90+0.33 1.164-0.27 0.50+0.26
Table 4b
0?=0.28 GeV?, &=0.76
|t} (GeV?)
¢ (deg)
0.03 0.06 0.12 0.20 0.29 0.42 0.60 0.80 1.05
75 30.41+4.33 24.71+3.06
105 26.01+2.21 22.93+1.65
135 21.46+1.89 18.49+1.41
165 16.324+1.59 15.84+1.37 10.49+0.95 6.244-1.08 4.474+1.22 2.16+0.65 2.3340.76 1.5840.74 0.37+0.41
195 _18.50'1_',1‘79 15.47+1.40 10.16+1.00 6.73+1.14 5.15+1.43 3.69+1.32 1.94+0.73 0.86+0.96 0.45+0.50
225 20.66+2.03 18.461.86
255 30.71+3.08 27.60+2.82
285 30.1448.24 22.95+7.38
Table 4c
0*=0.70 GeV?, £=0.86
|£] (GeV?)
¢ (deg)
0.05. 0.07 0.10 0.14 0.20 0.29 0.42 0.60 0.80 1.05
15 14.834+1.01 12.0240.97 8.124+0.77 5.09+1.10
45 15.74+0.99 13.43+095 823+0.59 6.864+0.62 4.51+0.56 3.4440.51
75 16.90+1.04 16.34+1.07 12.14+0.72 8.50+0.66 8.20+0.59 4.45+0.52
105 1521 +£1.12 1584+1.22 11924086 8.37+0.80 35.69+0.59 559+£0.70
135 14.054+1.19 12944+1.28 9294097 8424096 6.04+071 2914+0.51 2794042 1.37+030 0814027 0.68+0.27
165 14.67+1.35 11114137 8174090 570+0.83 3934061 2174041 1944034 094+022 1144028 0.114+0.11
195 13.334+1.30 12324147 9.06+1.00 6.85+0.92 3.4140.55 2264043 1.524+030 0994023 0844024 032+0.19
225 17.26£1.39 15744+1.51 12.66+1.20 7.92+1.03 6.07+0.75 3.734-0.67 3.524+0.57 1.84+042 1154042 0904£0.35
255 18.53+1.35 16.94+142 12.04+1.01 10.79+1.16 6.78+0.88 3.81+0.84
285 14.03+£1.04 16.63+1.20 12324085 8.67-4+0.83 7.8140.77 5.21+0.97
315 16.21+1.04 13.50+1.02 996+0.71 6.87+0.70 6.51+0.70 4.38+0.91
345 14.74+1.00 10.90+095 7.69+0.79 7.86-+1.98
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Table 4d
0?=135GeV?, £=084
1] (GeV?)
¢ (deg)
0.14 0.20 0.29 0.42 0.60 0.80 1.05
15 47740.59 2.86+0.35 2.4540.38 1.06+0.48
45 5.91+0.73 3.634+0.43 2.3440.35 2.1240.38
75 4.884+0.69 3.82+0.51 3.62+0.55 1.304+0.40
105 4.45+0.71 4.174+0.51 2.70+0.46 2.4940.52
135 5.124+0.73 3.82+0.63 3.37+0.57 0.83+0.26 1.48+0.33 0.964+0.37 0.36+0.18
165 3.3240.65 3.13+0.62 1.4440.35 1.48+0.32 0.62+0.20 0.294+0.14 0.70+0.17
195 3.46+0.67 2.86+0.56 2.0440.41 1.20+0.29 0.824+0.24 0.9840.27 0.684+0.16
225 4.57+0.68 2.844+0.54 3.00+0.60 1.2540.33 1.1910.34 0.4640.27 1.00+0.36
255 3.86+0.68 5.37+0.67 2.22+1.12 3.3940.84
285 5.30+1.15 5.20+0.70 2.62+40.58 2.544+0.75
315 5.4210.78 3.67+0.49 3.52+0.51 1.20+0.33
345 4.9140.76 3.96+0.44 2.2140.36 3.50+1.00
Table 5. Components of the (n*#) cross section at high ¢ (W=2.19 T T T T T
GeV) Yy +d—T0+X e Ns
2 2 - 2
[¢] oy +é&oy, op oy np fl— 200~ 0% = 0.70 GeV 7
D
(GeV?) (ub/GeV?) (ub/GeV?) (ub/GeV?) 50
0*=028 GeV?  ¢=0.76
0.03 26.6+43 —3.6+4.1 44+4.2 5 052 100k
0.06 21.5+£3.2 —4.1+£32 21431 5  0.56 -
[
0*=0.70 GeV?*  £=0.86 = 50l
0.05 15344040 —-097+0.63 0174032 9 145 gy
0.07 1391+035 —-311+054 -012+028 9 041 5]
0.10 9.9940.29 —~249+4046 —037+023 9 1.36 S
014 7374025 —192+043 —034+022 9 0.70 3 200r 1
0.20 549+0.35 —2.16+0.63 0064033 7 243 S
0.29 3.51+0.22 ~1.49+0.39 0.11+021 7 0.76 o
£ 150 [
0?=135GeV2  £=084 E
0.14 4.624+0.21 —-0.3240.32 0.41+0.16 9 067 < 100k
0.20 3.6840.18 —0.83+0.28 0.10+0.13 9 1.29
0.29 2.5940.16 —~0.66+0.26 0.134+0.11 9 1.32
0.42 1.49+0.19 —0.24+0.19 0.11£0.15 9 2.59 50
il i | 1
0.8 10 12 14 15
My [GeV]
d*o(y,+d-n~ +p+ps) a + Fig. 11. Spectra of the missing mass M2 =(e —e'+N—n*) from the
= : = -d'o (Vv tpon + n) (4'4) deuterium measurement; N indicates the interacting nucleon, N, the

d*o(y,4+d-nt +ntny)
=R d*(y,+p-n" +n).

Most of the corrections due to the detailed structure of
the deuteron and the final state interactions between
the emergent hadrons are expected to cancel out in the
ratio R.

A sensitive test of the uncertainties due to these
nuclear effects provides a comparison of the z*

spectator nucleon

production off hydrogen and deuterium

R _d*o(y,+d->n* +n+n)

4.
d*o(y,+p—-n" +n) (4.5)

Corrections for n* mesons outside the missing mass
cut (indicated by the shaded area in Fig. 11) were
determined from a Monte Carlo simulation of the
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Fig. 12. The ratio of z* production off deuterium and off hydrogen.
Photoproduction data are from [14, 15, 16]
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Table 6. The ratios R and R* (see text) and the (= "p) cross section
2

2n gtﬁ (W=2.19 GeV, 120° £ ¢ £240°). The ranges in Q*/W are:

0.55-0.9 GeV? / 2.1-2.4 GeV and 1.05-1.55 GeV? [ 1.8-2.5 GeV

0 It R* R ¢

(GeV?) (GeV?) (ub/GeV?)
0.05 0.8740.07 0.91+0.08 13.2741.31
0.07 0.96+0.10 0.9440.10 12.1241.48
0.10 0.9040.08 0.9440.09 8.86+0.99
0.14 0.81+0.09 0.87+0.10 6.3740.87

0,70 0.20 0.92+0.10 0.73+0.08 3.49+0.46

c—0.86 0.29 1.20+0.15 0.51+£0.07 1.34+0.23

’ 0.42 0.894+0.12 0.45+0.07 095+0.17

060  0904+0.14 0.31+0.07 0.38+0.10
0.80 0.78+0.16 0.22+0.09 0.234+0.11
1.05 1.633+0.53 0.17+0.10 0.076 +0.047
0.07 — 0.85+0.16 —
0.10 — 0.83+0.10 —
0.14 0.77+0.11 0.80+0.11 3.44+0.56
0.20 1.024+0.16 0.73+0.09 2.2440.36

1.35 0.29 0.8040.14 0.55+0.08 1.23+0.23

e—0.84 0.42 1.00+0.20 0.58+0.10 0.70+0.15

’ 0.60 1.03+0.23 0.354+0.09 0.324+0.10

0.80 0.94+0.30 0.34+0.11 0.2440.09
1.05 0.62+0.18 0.154+0.10 0,11+0.07

process which took into account the Fermi motion
and the bremsstrahlung of the incident and outgoing
electron. The ratios R* obtained are plotted in Fig. 12,
together with similar results from photo- and electro-
production [14-16]. R* is found to be slightly smaller
than 1, similar to the photoproduction case. Since
however most of this small effect is expected to cancel

Table 7. Components of the (7 ~p) cross section at high ¢ (W=2.19
GeV)

|21 Oy T Oy, ap oy np ,7;—1)
(GeV?) (ub/GeV?) (ub/GeV?) (ub/GeV?)

0?=0.70 GeV?, £=0.86

0.05 12.4040.61 —0.70+1.01 0.08+0.50 9 1.50
0.07 11.13+0.65 —1.87+1.02 —0.08+0.51 9 0.98
0.10 7.334+0.41 —1.454+0.67 —0.88+0.33 9 1.37
0.14 5.32+0.41 —0.84+0.76 -0.51+£035 9 044
0.20 2.94+0.27 —-1.224+0.54 —0.3940.25 7 1.51
0.29 1.9940.40 —0.21+£0.56 0.39+0.40 7 0.32
0*=1.35GeV?, £=0.84

0.14 3.50+0.28 —0.36+0.44 0.30+0.21 9 041
0.20 2.364+0.18 —-0.10+0.28 0.184+0.13 9 1.31
0.29 1.63+0.16 —0.184+0.26 0.234+0.11 9 039
0.42 0.73+0.12 —0.344+0.21 0.17+010 9 091

out in the ratio R, we are confident that the cross
section (4.4) represents the cross section for n~
production off a free neutron target within the precision
obtained in the present experiment.

4.3.2. Results on (n"p) production. Measurements
were performed at central values of 0*=0.70 GeV?
and 1.35 GeV?, The ratios R measured within 120° < ¢
<240° and the accepted intervals of Q? and W are
listed in Table 6. Together with the n* data from

d*c

dtd
“(y,+n—n" +p) which is also listed in Table 6.
Again, at small values of |¢| a separation of the
different ¢ dependent terms was possible. The results
on oy +£0;, o7, and op are listed in Table 7.

Table 4 we determined the cross section 27

44. (K" A) and (K*X°) Production [17]

4.4.1 Data evaluation. The identification of K™ mesons
by time-of-flight and of the recoiling baryons 4 or X°
by missing mass was described in Sect. 3.3. To deter-
mine the t and ¢-dependence of the cross sections, the
A—2° separation had to be performed bin by bin.
Events in the mass range 1.05Z M, <1.15 GeV were

counted as A and in the range 1.15S M, <1.25 GeV
as 2°, Fitting the A and X° missing mass distribution
in the range M, <1.3 GeV by two Gaussian distri-
butions and a background term yielded results
comsistent with the above binning.

4.4.2. Results. Data were mainly accepted at ¢-values
around 180°. The cross sections 2nd2g/dtd¢ averaged
within 120° < ¢ £240° are listed in Tables 8 and 9.
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2

Table 8. The (K" A) cross section 27 %‘{% (120° < ¢ £240°, W=2.21 GeV). The ranges are: W: ~1.9-2.5GeV, 0?: 0.02—0.11/0.20—0.37/

0.55-0.85/1.0—1.6 GeV?

0?=0.06 GeV? 0?=0.28 GeV? 0?=0.70 GeV? 0?=1.35 GeV?

£=0.41 e=0.74 e=0.85 e=0.82

[¢] c |t] o |¢] o |¢] o

(GeV?)  (ub/GeV?) (GeV?)  (ub/GeV?) (GeV3)  (ub/GeV?) (GeV?)  (ub/GeV?)

0.09 1.84+0.27

0.13 1.144+-0.29 0.15 1.71+0.24 0.13 1.18+0.15

0.21 2.44+0.49 0.21 1.25+0.24 0.21 1.4940.22 0.19 0.87+0.31

0.29 1.71+0.38 0.29 1.4740.35 0.29 1.06+0.18 0.29 0.42+0.09

0.39 1.044+0.30 0.39 1.25+0.61 0.39 1.13+0.20 0.39 0.28 +0.07

0.52 1.204+0.36 0.52 0.75+0.43 0.52 0.64+0.13 0.52 0.28 +0.07

0.75 0.7940.23 0.75 0.28 +0.08 0.75 0.26+0.05

1.05 0.464-0.27 1.05 0.304+0.10 1.05 0.17+0.05
1.44 0.15+0.05

2

Table 9. The (K* 2°) cross section 27 ;1% (120° < ¢ £240°, W=2.21 GeV). The ranges in W and @ are the

same as in Table 8

0%=0.06 GeV? 0*=0.28 GeV? 0*=0.70 GeV? 0% =135 GeV?

e=041 e=0.74 e=0.85 £=0.82

[¢] a It o 3 o [z G

(GeV?)  (ub/GeV?) (GeV?)  (ub/GeV?) (GeV?)  (ub/GeV?) (GeV®  (ub/GeV?)

0.09 0.7640.20

0.13 1.56+0.40 0.15 1.1440.19 0.15 0.2440.10

0,21 1.3240.32 0.21 1.11+0.23 0.21 0.28+0.08

0.29 1.17+0.31 0.29 0.87+0.21 0.29 0.26+0.07 0.29 0.15+0.07

0.39 1.10+0.37 0.39 0.61+0.33 0.39 0.35+0.10 0.39 0.154+0.04

0.52 0.87+0.30 0.52 0.9940.45 0.52 0.27+0.08 0.52 0.10+0.04

0.75 0.984+0.26 0.75 0.24 +0.07 0.75 0.084+0.03

1.05 0.88+0.42 1.05 0.18+0.08 1.05 0.1440.05

1.44 0.06+0.03

Table 10. Components of the (K™ A) cross section at high & (W=2.21 Table 11. Components of the (K ¥ Z°) cross section at high e (W=2.21

(GeV) (GeV)
72 2
H oy +eoy, op ay np n—— it oy +E0y op ay np 31(—
D D
(GeV?) (ub/GeV?) (ub/GeV?) (ub/GeV?) (GeV?) (ub/GeV?) (ub/GeV?) (ub/GeV?)
0?=0.70 GeV?, £=0.85 0*°=0.70 GeV?, =085
0.13 1.34+0.11 —0.03+0.20 015+0.09 3 1.27 0.15 0.34+0.09 0.03+0.16 0.08+£0.09 3 0.07
0.21 1.3440.10 0.17+£0.19 0.01+£0.09 3 097 0.21 0.30+0.04 —0.124+0.09 0.00+0.04 3 0.50
0.29 0.87+0.09 0.194+0.16 0.04+0.08 3 050 0.29 0.42+0.05 —0.20+0.10 0.08+0.04 3 1.03
0*=1.35GeV?, =082 0*=1.35GeV?, £=0.82
0.19 0.94+0.16 0.02+0.31 0.05+0.14 3 050 0.29 016+0.04 —0.08+0.09 0.01+0.03 3 050
0.29 0.37+0.06 0.05+0.13 0.03+0.05 3 1.50 0.39 0.13+0.04 —0.10+0.09 0.00+0.03 3 210
0.39 0234005 —0.0940.11 —-0.024+0.04 3 203 0.52 0.1240.03 —0.13+0.07 -0.01+002 3 0,03
0.52 0.2340.05 —0.1040.11 0.00£0.04 3 1.60
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tion data are from [18, 19]

The ¢-acceptance was at 0*=0.70 and 1.35 GeV? and
small |¢| sufficiently large to separate o, +¢oy , 67, and
op. The results are listed in Tables 10 and 11.

5. Discussion

We start with the charged pion production at low |¢]
and extend the discussion in 5.2 to the more complex
case of larger |t]. For a discussion of the =~ data we
refer to Sect. 5.3 and for the (K* A) and (K*X°) data
to Sect. 5.4.

5.1. Forward Pion Production

The (n*n) cross section 2nd*s/did¢ covering the full
Q% and ¢ range of this experiment is shown in Fig. 13

€=0.44/105%9<225°
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Fig. 15. The (nn) transverse cross sections do,/dtf and doy/dt
compared with photoproduction data from {14, 20]

as a function of Q* for various ¢ values. The Q?=10.06
GeV? data show reasonable agreement with the photo-
production results [18, 19]. For |f|=0.05 GeV?>
however, the cross section at Q% =0.28 and 0.70 GeV?>
significantly exceeds the photoproduction value. (At
@*=1.35 GeV? the minimum momentum transfer
|t|min is already 0.1 GeV?). This increase in cross section
is due to the dominance of o, +¢0; at small |¢| as is
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Fig. 16. Components of the (n~p) cross sections corresponding to
different spin states of the virtual photon. The photoproduction data
(oy) are from [14]

evident from Fig. 14, where the terms of different
¢-dependence oy +¢0;, op, and oy are plotted. The
data from our measurements at high and low ¢ at
0*=0.70 GeV? show that o, > gy, for |t|<0.1 GeV2.
Since 6, =0 at Q*=0, this provides a natural explana-
tion for the increase of the cross section with Q% at
low [t]. The transverse cross section components o
and ¢ , obtained from the data at 0*=0.70 GeV?, are
compared with the corresponding photoproduction
results [14, 20] in Fig. 15. As in photoproduction
o, >0y within the range of our data. But ¢, is only
about 1/4 of the photoproduction value at low |t].

The n~ data measured at 0*=0.70 and 1.35 GeV?
show some similarity with the =% data at low |¢]. In
Fig. 16 the ¢-dependent terms are compared with
photoproduction results [14]. Thecross section oy + £y,
is again dominating and for || <0.1 GeV? exceeds the
photoproductionresultbyupto50%at 0?>=0.70GeV?2.

5.1.1 Comparison with the Born term model. Charged
pion photo- and electroproduction data at low [t]-
values have been reasonably described by the Born
term model (BTM), which is based on the diagrams
shown in Fig. 17. The longitudinal cross section oy, is,
within the framework of the BTM, at low |¢| dominated
by the one pion exchange diagram. Single pion electro-
production data have therefore been used to determine

~

\\
+
T \\ _Tf_ n

t~channel

u-channel

Fig. 17. Born term model diagrams for the reaction y,+p—=n* +n

+ W =219 GeV
Yirp—~Tlen o] 0.70GeV?
- ' ——modified BTM l Oy
I - 15
;15 Y +
§ B *\\ O-L ~+‘+~~"‘ ————___‘__ z
2 \‘\ Y Iop’
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5.—
0_4 |
01 0.2 01 0.2
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Fig. 18. The four (r*n) cross section components compared with
predictions from the Born term model and its modified version
according to [6]

F,. Experiments, however, which did not separate oy
and ¢, required a model dependent calculation of oy;.
Following [6] and using on shell nucleon form factors

2 \—2
GE(Q*) =G (@) =Gy (0D, = (1+ﬁ> ’

Gp(Q)=0

and F,(0*)=(1+Q?%/m2)~! we obtain the dashed line
displayed in Fig. 18. These results roughly reproduce
oy and o, but fail to describe o; and op.

It was noticed by Gutbrod and Kramer [6] that
modifying the BTM by treating GE(Q?) as a free
parameter (perhaps justified by the fact that the
nucleon is far off its mass shell whereas the pion is near
to its pole) improves the agreement with the data
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Fig. 19. The electromagnetic pion formfactor as determined in
experiments which separated the transverse and the longitudinal
(n*n) cross section. The curve FY is calculated using the parametri-
sation of the nucleon form factors described in Sect. 5.1.1
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Fig. 20. The (=*#) longitudinal cross section. The data from other
experiments [21, 23] are scaled in W and 0?

significantly. The results of a fit with F, and G as free
parameters are shown as solid line in Fig. 18. The best
fityields F,(Q*=0.70GeV?)=0.42 + 0.01 5and nucleon
form factors about 50%, above their on mass shell
values. Recent results for F, obtained by similar
techniques are plotted in Fig. 19. Only data [21, 22]
based on a separate determination of oy, and o, are
included in this plot. In this Q? regio. the data on F,
of the different experiments are consistently below the
p-poleprediction. The Q*-dependenceresemblesclosely
the one of the isovector Dirac form factor of the
nucleon FY.

Apart from an improved description of 6, and o,
the modified BTM [6] predicts a slower decrease of
6y with increasing Q* which is in full agreement with
our data. The experimental uncertainties on ¢y are
however still quite large and we postpone a discussion
on the Q*-dependence of gy, to the next section.

5.1.2. The Q% and t-dependence of 6; and o;. Two other
experimental -groups [21, 23] have recently separated
opand o, inn* electroproduction above the resonance
region. In order to compare results, we scaled their
cross sections according to (W?2—M?)"2. This W-
dependence provides a good parametrisation of the
photo- and electroproduction data at small j¢| [11, 24,
25]. Figure 20 summarizes the results on ¢;, which lie
on a universal curve when scaled with Q? - F2(Q?).
This is not surprising, since at high s Q2 - F2(Q?)
presents the leading Q*-dependence in the BTM which
was used to determine F,. The Harvard-Cornell data
[23] at 0?=1.19 GeV? are below this curve, but this
might be caused by some slight normalization error,
since the corresponding oy results are significantly
higher than other data nearby in Q2. The longitudinal
cross section oy decreases rapidly with increasing |¢/.
Fitting our data with an exponential e ~*1, we obtain
with b=(14+2) GeV ~? a slope parameter which also
describes the other data in Fig. 20 well. Assuming
that the pion pole contribution and the residual
t-dependence e~ *factorize, we get from our data
B=(5.6+2)GeV 2 '

The different data on ¢ are compiled in Fig. 21.
No scaling in Q% was applied. The cross section,
especially at small |z|, drops steeply from Q*=0 to
0?=0.35 GeV?. No significant Q@ or t-dependence is
however observable between @ =0.35 and 3.32 GeV>.
Figure 22 shows the Q*-dependence of gy, at |¢|~0.05
GeV?2. The data above Q= 1 GeV? are from somewhat
larger |¢| [23]. Estimates of o obtained from our large
¢ data at 0*=0.06, 0.28, and 1.35 GeV? are also
included in Fig. 22. They are based on the oy+¢o;,
data from Table 5 and on interpolations of ¢, from
Fig. 20. For the 0?=0.06 GeV? estimate, we assume
ap and a; to be negligible and use the data on 2nd*a/
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dtd¢ from Table 4a. There is some disagreement be-
tween our estimate at 0?=0.28 GeV? and the value at
0?=0.35 GeV? obtained by the DESY-Wuppertal
group [21]. Nevertheless, Fig. 22 shows that oy is
roughly independent of Q? for 0*20.5 GeV?. The
decrease of the cross section at small Q? seems to
become less significant as |¢| increases.

5.2. (m*n) Production at Larger |t|

Atlarger |¢| only a limited ¢-interval around 180° was
accepted by the apparatus which did not allow for a
separation of cross sections. We therefore plot in
Fig. 23 the cross section 2nd?c/dtd¢, averaged within
the indicated ¢-intervals.

The data in Fig. 23 show little Q*-dependence for
|t|=0.80 GeV2. This is consistent with the findings at
low [t]| of Sect. 5.1: o, is steeply decreasing with |¢];
its contribution at |t|~0.8 GeV? is expected to be
negligible, and the Q*-dependence of 6, diminishes
with increasing |¢|. This trend becomes even clearer
if we compare our data with the data from the Harvard-
Cornell group [16, 27]. This is done in Fig. 24. The
low |t| data of [16] were converted from do/dQ to do/dt
and scaled to the nominal value of W according to
(W?—M?)"%. The data at |¢t|=1 GeV? of [27] were
extrapolated to the nominal W according to the func-
tional dependence given there and then converted to
do/dt. Figure 24 shows cross sections which are roughly
independent of Q% for |¢|2 0.2 GeV* and 0* = 0.7 Ge V2.
The t-dependence is roughly e 8" at low [f| and
e 121 for |t|>1 GeV?2. For |t| 2 1 GeV? the data show
no Q*-dependence at all within the experimental
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Fig. 22. The Q* dependence of the transverse (n*#) cross section at
|£|~0.05 GeV?, The data from other experiments [14, 21, 23] are
scaled in W
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Fig. 23. The (n*n) cross section 27nd%a/dtd¢. The photoproduction
data are from [18, 19]. The other open symbols show data from the
Harvard/Cornell group [5, 26] at (Q* (GeV?), &, ¢)=(0.26, 0.9,
150°-180°), (0.70, 0.75, 150°-180°), (1.1, 0.9, 135°-225°). These data
are scaled in W
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Table 12. Integrated (z * #) and total cross section and their ratio (see
text). oy, is taken from [29, 30]

2 ' o(ntn) Grot RuT Ref.
(Gev?) (ub) (ub) %)
W=2.19 GeV
0 48401 148 +7 324017 [18,19]
0.06 81 44403 131 +7 34403 This exp.
0.28 18 48+0.5 95.7+4 5.0+0.6 This exp.
0.70 7.9 3.140.2 64.3+2.2 4.8+0.35 This exp.
1.17 5.1 22405 46.1+1.5 48+1.1 [16, 27]
1.35 4.6 1.9+0.2 411414  4.6£0.5 This exp.
1.86 3.6 1.5+04 306+1.0 49+1.3 [16, 27]
3.75 2.3 0.6+0.1 12.1+0.5 5.0+09 [16, 27]
W=2.75GeV
0 1.5+0.1 12747 1.210.1 [14, 19]
1.2 7.3 1.040.2 38.9+0.9 2.6+0.5 [16, 27]
1.9 5.0 0.74+015 274406 27405 [16, 27]
3.48 3.2 0.3940.1 14.840.3 2.6+0.7 [16, 27]

uncertainties. We plot in Fig. 24 the Harvard-Cornell
data [16] around W=2.75 GeV as well (here the [¢]
<0.9 GeV? data were taken in the interval —45°< ¢
£45°). They show qualitatively the same behaviour.
The photoproduction data [28] show at |t|~3 GeV?
were taken at 65)®~90° and scaled from W=2.9 GeV
according to the W-dependence of [28].

5.2.1. The integrated (n™" n) cross section and correspon-
dence arguments. To obtain an estimate of the total
(n*n) cross section a(n*n), we integrate the data in
Fig. 24 over ¢ for each 0%, We use the measured data
at |7|£1.2 GeV? and extrapolate according to e~ 12!
as indicated in Fig. 24. This extrapolation amounts to
at most 209, of the integral but of course takes no
possible backward peak into account. For Q?>0.7
GeV? the Q?-dependence of ¢(n*n) is mainly deter-
mined by the variation of |f|;,.

The results of this integration are compiled in
Table 12. Figure 25 shows these results normalized
to the total cross sections, obtained from [29, 30]. The
ratio rises significantly from photoproduction to
0*=0.28 GeV? and remains then constant up to
0% =4 GeV?. An explanation for this relative increase
compared to photoproduction is provided by the
longitudinal cross section. It seems however unlikely
that o, significantly contributes even at 0*>=4.0 GeV?>
in view of the strong 7-dependence of ¢; and the fact
that |¢|,;,(0* =4 GeV2, W=2.19 GeV)=0.4 GeV>.

The ratio of nondiffractive exclusive electro-
production o total electroproduction cross section
was predicted by Bjorken and Kogut [31] to be
roughly independent of Q? at fixed W. This prediction
is based on so called “correspondence arguments”,
where one assumes the continuity of dynamics between
an unknown kinematical region and a neighbouring
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Fig. 25. The integrated (n* x) cross section, normalized to the total
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known one. For the y,+p—n* +n process the authors
conclude that the product Q° - ¢ (n* n) should roughly
scale:

WZ
0% -o(n*n)=F(w), w’:—@—Jr 1.
A semiquantitative estimate yields for the transverse
part of 6(n*n)

(5.1)

F(o)=007 (o' —1)"%, o'24 (5.2)
F(o")=0.1, w'~1. (5.3)
Instead of (5.3) Bjorken and Kogut obtain

F(w)=~01(w'—-1), o'=~1. (539

Equation (5.3) [11] is based on consistent use of the
different conventions [32, 33] relating the structure
function vW, with a,,,. It describes the data better and
seemsto beequally well justified within the uncertainties
of the arguments.

The curve F(w') shown in Fig. 26, which for
'z 4 is taken from [31], interpolates between the two
regions in «’. The data of Table 12 are shown in
Fig. 26 as well. They follow surprisingly close these
rough theoretical estimates.

5.3. The =~ /™ Ratio and (n"p) Production

The n~ /™ cross section ratio R was measured at Q*
=0.70 and 1.35 GeV2. R is shown in Fig. 27 as a
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w

Fig. 26.The prediction of the “correspondence hypothesis™ [31],
compared to the data of Fig. 25. F(w') and F’(w’) apply only to the
transverse part of ¢ (n*n)
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Fig. 28. Sum and interference term of the isovector and isoscalar
amplitudes for pion electroproduction at W=2.19 GeV
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Fig. 29. s-channel quark line diagrams for the reactions y,+p—n* +n
and y,+non" +p

function of |z|. The photoproduction results [14, 15]
as well as data from the Harvard-Cornell group [16]
are also indicated. The electroproduction data differ
in two respects from photoproduction: At small |¢| the
ratio R drops slower with increasing |¢| than in photo-
production. This effect is probably due to ¢, which is
expected to contribute equally to the n~ and =n*
channel. This explanation is strongly supported by the
data in Fig. 16 which show that at low |t|oy+eop, is
the dominating contribution also in the (z~p) channel,
and that at Q> =0.70 GeV? it exceeds even the photo-
production value. At larger |¢] the electroproduction
data are below the photoproduction band and do not
show the increase in R for |t|> 0.6 GeV? as observed
for Q*=0.

The ratio R may be expressed in terms of the iso-
scalar 4, and isovector/4, amplitudes as

_ 4,4
‘AU+ASI2 .

Using the data of Fig. 27, we determine the sum
d*a(n’n)

2 2_ .
4, + 14 =(1+R) "= P

and the interference term
d*a(n"n)
dtdo

where o is the phase angle between 4, and A,. The
results are plotted in Fig, 28. It is evident that at larger
|£] both amplitudes contribute significantly.

214,] - |44 cosa=(1—R) "=

5.3.1. The quark model prediction of R and an estimate
of the transverse (m”p) cross section. The quark model
describes the =% and =~ production by photons in the
s-channel according to the diagrams in Fig. 29. From
these diagrams one expects a charge ratio of R=1/4,
since the photon has to couple to an u quark to
produce a " and to a d quark for a = . The analogous
u-channel diagrams predict of course a ratio of R=4.
Barbour et al. [34] pointed out that the ratio R~0.3
observed in photoproduction at 0.2<|¢|<0.8 GeV?
could be explained by the contribution of the diagrams
in Fig. 29, since other contributions tend to cancel each
other in this region of |z|.

One would naively expect incoherent photon quark
interactions like the ones sketched in Fig. 29 to be
more dominant at larger Q?. Nachtmann [35] con-
jectured from a study of exclusive channels in deep
inelastic lepton nucleon scattering within the frame-
work of an extended quark-parton model a ratio Ry
for the transverse part of the cross sections of

doy(n ‘p)/daU(n+n)
R, = —=1/4.
Y dt dt 1

The data on R shown in Fig. 27, which are close to
1/4for |t|> 0.6 GeV?, support this prediction, since one
would not expect a significant contribution of o, at
larger |¢]. It is therefore of great interest to determine
the transverse cross section ratio at small [¢f[. To
estimate o, (n” p) we make use of the fact that at high
energies only unnatural parity exchange in the ¢-
channel contributes to ¢;, oy, and g (see Sect. 2). Of
the relevant mesons 7, A;, and B only the B meson
couples to the isoscalar component of the photon.
Neglecting B meson exchange against the dominating
7 meson exchange yields 67, o7, and ¢y to be equal in
both channels [8]. Comparison of Figs. 14 and 16
shows that this is in fact the case for ¢;. To determine
oy(n”p) numerically we average between the two
possibilities:

2oy(n”p)=[{oy(n"p)+eo.(n"p)} —eoL(n*p)]
+o(n"n)—ap(np).
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Using this relation and the data of Figs. 14 and 16, we
calculate the ratio Ry of the transverse cross sections
oy . The results are shown in Fig. 30. The experimental
uncertainties are large but the data indicate Ry at
0?=0.70 GeV? to be smaller than in photoproduction
[36].

54. (K*A) and (K*X°) Production

A summary of the (K* A) and (K" X°) data is shown in
2

Fig. 31, where the cross section 2@ Z) averaged be-

tween 120° < ¢ <240° is plotted versus Q? for several
¢ bins. Comparing these data with the (=" n) data of
Fig. 13, we find the K™ cross section to be smaller by
almost an order of magnitude at low |¢|. Contrary to
the (n* n) channel, the K™ cross section does not show
any significant increase with Q® which would be
expected if ¢, contributed strongly. The Q*-dependence
of the (K™ A) cross section at fixed 7 is similar to the
one of the total cross section, whereas the (K*X%)
production drops, at least at low [¢|, considerably
faster with increasing 0*, We discuss this difference
further in Sect. 5.4.1.

Figures 32 and 33 show the cross section 2n it

dtd

versus ¢. Results from several photo- [37-39] and
electroproduction [40, 41] measurements are shown
for comparison. The different data sets were again
scaled in W according to (W?—M?)~2. The various
experiments agree within their rather large uncertain-
ties, except for the photoproduction data of [37] and
[39]. At |¢t]|>0.1 GeV? the data fall smoothly with
increasing |¢], roughly like e~ for the (K* A) and
like ¢~ 11"l for the (K 2°).

The cross section components oy +£0;, 6p, and
o are shown in Figs. 34 and 35 together with the re-
sults from [40] and [41]. Our results are in good agree-
ment with those from the Harvard-Cornell group [40].
The cross section oy+eég; for the (K™ A) channel
dominates for [¢|<0.5 GeV?. o; and ¢, being small
implies 6, ~g;. For the (K*2°) channel however, o,
is negative indicating ¢, >¢;. In photoproduction ¢,
and d were separated only for the sum of (K* A) and
(K*2%) for which ¢, » 06 was found [42]. The large
value of |op| allows the estimation of an upper limit of
o, for the (K 2°) final state, using the inequality [17]

g_L_Sl (oy+eo)—lopl 1 (O’U+80'L_1>‘

oy ; Oy I opl

The results are listed in Table 13. So far the only at-
tempt to separate ¢, and oy, for K™ electroproduction
was made by the Harvard-Cornell collaboration [43];

d%g

" doy/dt[y,n —10p)

e doyfdt(y,p —Ti* 0]
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Fig. 30. The 7~ /n" ratio for the transverse cross section (see text).
The photoproduction measurements are from [36]
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The other data [37-41] are scaled in W. The curves are proportional
toexp (2.1¢)

Table 13a. Upper limits L* for o, and R* for o, /oy, for the (K+Z%)
channel (see text), W=2.21 GeV

Q2 lt‘ LE RE
(GeV?) (GeV?) (ub/GeV?) (integrated over t)
0.14 0.36+0.15
0.70 0.21 0.2140.11 1.82+1.44
0.29 0.22+0.11
0.29 0.08+0.11
1.35 0.39 0.034+0.12 0.28 +£0.28
0.52 —0.0140.09

Table 13b. The ratio o, /oy [43], Q>=1.19 GeV?, W=2.14 GeV

I (GeV?) oy/oy
K*tx° 0.33-0.38 ~0.1415:38
K*A 0.25-0.30 1.1013:3%
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Fig. 33. The t-dependence of the (K* XZ°) cross section 2nd>a/dtde.
The other data {37-41] are scaled in W. The curves are proportional
to exp (1.01)

their results are included in Table 13 as well. For a
detailed discussion of K™ electroproduction in terms
of Regge models we refer to [44].

5.4.1. The X°/ A ratio and the quark model prediction.
It has been known for some time that the (K* X°) cross
section decreases faster with increasing Q? than the
(K* A) cross section. Two possible explanations for
this have been suggested : The first assumes that only
the (K* A)-channel has a sizeable longitudinal cross
section, since the main contribution to ¢; is expected
from K exchange and since the coupling constant
gf,K 1> Soxso. However thereisnoexperimentalevidence
for ¢, dominating the (K" A)-channel. The second
explanation is based on the quark-parton model.
Measurements of the ratio of the neutron and proton
structure functions [47] show that vI# [y —1/4 as
x=0?/2 Mv—1. This implies that the remaining part
of the nucleon is in an /=0 state when a photon



interacts with a quark at x=1. The production of a A
is therefore favoured against the production of a £°.
Nachtmann [45] as well as Cleymans and Close [46]
pursued these arguments further. In Fig. 36 we show
the prediction for the upper and lower limit of the
ratio of transverse cross sections obtained from [45].
These limits were determined by minimum and maxi-
mum estimates of the strange quark contributions
from the sea. The results of our experiment and data
from photoproduction [47], close in W and ¢ to our
data, are shown in Fig. 36 as well. The data are in
reasonable agreement with the theoretical prediction.
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6. Summary and Conclusions

In this experiment we studied a few virtual photon
induced reaction channels in some detail hoping for
insight into the mechanism which produces the scaling
behaviour of the total electroproduction cross section.
In the following we summarize the main results:

1. For |t|£0.2 GeV? (r*n) electroproduction shows a
large longitudinal cross section. This ¢, as well as
the transverse cross sections oy, o, and the trans-
verse-longitudinal interference contribution o, can
be described by a modified Born term model which
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limits given by the quark-parton model [45]

treats the off shell nucleon form factors as a free
parameter. In this model ¢, is given by the one-pion
exchange term and therefore allows the determina-
tion of the pion electromagnetic form factor. The
result is F,(Q*=0.7 GeV?*)=0.4240.015 which is
in good agreement with the isovector Dirac form
factor of the nucleon.
4
2. At low |t| the transverse cross section @Z—n—)
drops steeply from its photoproduction value to
0?~0.5 GeV? and the stays constant independent
of Q?. This follows from a comparison of our data
with those on photo- and electroproduction by the
Harvard-Cornell and another DESY group.

doy(n*n)

3. The steep decrease of with Q? becomes

less pronounced with increasing |¢|. For [¢[=0.8
GeV? the cross section d2c/dtd¢ hardly shows any
Q? dependence. The cross section ¢(n*n) which
was obtained by integration of our and the Harvard-
Cornell data on do/dt exhibits the same Q*-depen-
dence as the total electroproduction cross section
Ooi(y,p) for 0% 20.28 GeVZ. The Q*-dependence of
¢ (n*n) arises mainly from the variation of [¢],,.
The quantity Q° - 6 (n " n) scales in @’ and follows
roughly the prediction based on correspondence
arguments by Bjorken and Kogut.

4. At large |¢] the (n ™ p) cross section is significantly
smaller than the (z*n) cross section. For |t|=0.6
GeV? the ratio R=c (7" p)/s(r* n) is lower than in
photoproduction and close to 1/4. Atlow |¢[ we find
R~1,duetothe dominance of o, . The data however

indicate that the ratio of the transverse cross sections

oyisalsoatlow 7| smaller than in photoproduction,
5. The (K" A) cross section shows at fixed t a Q*-

dependence similar to 6,.,(y,p), whereas the (K* Z°)
cross section decreases much faster with Q*. The
ratioo (K 2%)/o (K" A)agrees with the quark model
prediction.

The findings 2-5 seem to support the ideas of the
quark-parton model. One would naively expect some
coherent interaction peaking at low |¢| which would
decrease with Q* more strongly than the incoherent
quark-parton interaction. The results 2 and 3 support
this picture; the cross section doy/dt decreases at low
|t | steeply with Q% and remains then independent of Q2.
Qualitatively similar effects were observed for the
reaction y,+p—n°+p [48]. The result 4 is evident from
naive charge counting rules and has been predicted by
more refined calculations. The (X°/A) ratio has been
regarded for some time as evidence of the quark-
parton model.
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