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Abstract: The reactions 7~p-,g+n, K+A, K+X ~ and 
7~n~z-p  were studied at invariant hadronic masses 
around 2.2 GeV for Q2=0,06, 0.28, 0.70, and 1.35 
GeV z. The main results are: At small It[ the ~z + 
production is dominated by longitudinally polarized 
photons and can be described by one pion exchange. 
At low [t] the transverse (~+n) cross section drops 
steeply with Q2, but remains roughly constant for 
Q2>0.5 GeV 2. For ]t[>0.8 GeV 2, d~(~+n)/dt is 
almost independent of Q2. The integrated cross section 
o-(~+n) shows a similar QZ-dependence as atot(7~P) for 
Qz > 0.28 GeV 2. The ratio a (n-p)/a (re + n) at Qz = 0.70 
and 1.35 GeV 2 for ]t[>0.6 GeV 2 is smaller than in 
photoproduction and close to 1/4. The ratio a(K+S~ 
a (K + A) decreases steeply with Q2 following roughly 
the predictions of the quark-patton model. 

1. Introduction 

This article presents the results of an experiment on zc + 
and K + electroproduction above the resonance region. 
Parts of the rc + data have been previously reported 
[1-3]. 

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 o fexclusive channels. The forward vector 
meson production ~ +p--,p + pO, o) showed diffractive 
behaviour [4], the integrated cross section a(V~+p 
~pO+p) dropping faster with increasing Q2 than the 
total cross section o-(7~P). Measurements of small angle 
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single pion electroproduction 7~+p~rc + + 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]. 
Since these two channels measured then were dominated 
by peripheral production mechanisms, one would not 
expect to see effects of the short range interaction 
which was postulated in the pat ton model to explain 
the approximate scaling behaviour of atot(7~P). How- 
ever, a more detailed analysis [6] of the ~ +p--, rc + + n 
data indicated that the transverse cross section might 
show a slow decrease with Q2 similar to Otot(V~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 Q2 and of the 
nucleon momentum transfer ]tl. In this kinematic 
region cross sections are small, therefore to pursue such 
studies the experimentally easily accessible channel 
7~ +P---'~+ + 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 QZ 
and ]tl, and 

c) to study the isospin structure of the contributing 
amplitudes by measuring in addition the reaction 
7~+n~z~- +p.  

Since kaons were detected simultaneously with the 
pions, we also studied the reactions ?~+p-~K + +A, 
K + + S  o 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 +. The five four-momenta involved are: 

e = (E, e) incident electron 

e' = (E', e') scattered electron 

p = (M, 0) target nucleon 

n = (E=, r0 produced meson 

n = (E,, n) final baryon. 

The only four-momentum not measured directly in 
this experiment is n. The emitted baryon is identified 
by its missing mass M, 2 = ( e -  e' +p  - n) 2. 

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: 

y~ = ( e -  e') 2 = - Q2 

S = (Tv +p)2  = W 2 

t = (7~- n) 2. 

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 e, which is equal to the 
transverse linear polarization and closely related to the 
longitudinal polarization: 

[ A x l 2 - ] A Y l 2 -  [1 +2  Q2 + ( E _ E , ) 2  -1 
e= ]AxlZ + lAvl z -  L Q2 t g 2 ~ l  

iAzl 2 Q2 (2A) 

ia~l z + IA'I z -  (E_E,)------- ~ �9 e. 

We write the differential cross section as (for a summary 
of various conventions see [7]): 

d4a d2a 
dQ2 dsdtd dp = C . 2 n " - ~  (2.2) 

The virtual photon flux F is given by 

c~(s- M z) 1 
F -  (4n)ZEZM2Q 2 " (1 - e) (2.3) 

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

d2a d a v + e d a r + e d a l ,  c o s 2 0  
2re dtd~ dt dt dt 

(2.4) 
+ ] /2~ (e+  1) cos qs. 

q5 is the angle between the hadron production plane 
and the electron scattering plane as defined in Fig. 1. 
av=�89 is the contribution from transversely 
unpolarized photons, ae=�89177 from the inter- 
ference of the transversely polarized photons, a t  from 
longitudinally polarized photons, and at from the in- 
terference of transversely and longitudinally polarized 
photons, all and a• 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 q~ and e dependence of (2.4). 

At high s the cross sections a• all, % ,  and 6i are 
characterized by a unique naturality of the t-channel 
exchange [8]. Natural parity exchange contributes only 
to a• and unnatural parity exchange only to %, aL, 
and o"I. 

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

F 1 dMx. 
dQ2dsdtd~ =Frad " M LdQ2dsdtd(odM~J . . . .  

(2.5) 

The correction factor F, ad, 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 for each bin ofO 2, s, t, and ~b and varied between 
1.15 and 1.45. 

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 

C I  

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 I, 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 

TaMe 1. Parameters (FWHM) of the spectrometer 

Momentum resolution Ap (%) 
P 

Missing mass resolution AMx(MN) 
Acceptance: geometrical 

momentum 

(1.1 + 5.3/p2) 1/2 

60 MeV 
16 mrad horizontal 
200 mrad vertical 
45% 

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. The chambers are followed by two scintillation 
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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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 proport ional  
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 o f  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. 

to measure the time-of-flight difference between 
electron and hadron. Both Cerenkov counters were 
filled with ethylene, the one in the electron arm to 
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~ 

3,3. Data Analysis 

Apar t  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 a rm spectrometer as is demonstrated in Fig. 4a 
where the electron missing mass spectrum, obtained 
after these cuts, is displayed. ~n 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  e, 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 backgrpund of  electron-positron coinciden- 
ces. The measured p ion-momentum was used to calcu- 
late the missing mass M~ = (e - e' + p  - ~ +)2, 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 f rom protons by time-of- 
flight. The flight pa th  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 
( F W H M )  was achieved. The distribution of  particle 
masses determined f rom the momen tum 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<Mh2<0,45 GeV 2 (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 Z = ( e - e ' + p - K + )  z f rom these events is shown in 
Fig. 7. 

For  the low e 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 (n+n) data, since these events 
have missing masses M x > l . 1 8  GeV. The neutron 
peak in the Mx 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 = (QZ,s, t, O) is connected to 
the event rate N(Av)  in a volume element A v = A Q  z 
�9 As �9 At �9 A(a via 

N ( A v ) = N e  �9 NT " ~ ~ v  ) a(v)dv. (3.1) 
Av 
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Fig. 9. The kaon detection efficiency n: It is given by the number of 
K's which did not decay in the spectrometer and the contribution of 
n + and #+ from K + decay which were identified as kaons. The 
correction was calculated using Monte Carlo techniques 

bin widths are sufficiently small. This is not the case for 
Q2 and s, and the acceptance was therefore weighted 
in (3.2) according to 

g(QZ,s)= r (QZ,s) " ( s - M 2 )  -2 (3.3) 

which describes roughly the s and Q2-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 16 
and 25 ~ per spectrometer and which was continuously 
monitored. The background from the target walls was 
at most 109/o . The fraction of  random coincidences 
amounted to < 4 ~o and the deadtime losses to < 3 ~ .  
The absorption corrections were ~<4~o. 

The losses of  pions and kaons due to their decays 
in flight were determined by detailed Monte Carlo 
studies. For  pions this correction was ~< 3 ~ .  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 e 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 4 0 ~  [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 

N~ is the number of  incident electrons and N r 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 

da(0___))= N(Av) . 1 (3.2) 
dv N~ - N r [ g(v) 

L ~ a(v)dv 
where ~ is assumed to be the center of Av. This assump- 
tion is reasonable for the variables t and ~b since their 

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

4.1. Separation o f  aL, av, at,, and af [10] 

At Q2 = 0.7 GeV 2 we measured the ~b and e dependence 
of  the (n+n) cross section in order to separate the four 
terms o-u, ~rL, ae, and ~ .  (When not misleading, we 
abbreviate the differential terms of 2.4 by ~r v , aL, 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 e is shown in 
Fig. 8. Events with 0.85 GeV__<Mx<I.02 GeV were 
grouped into several (q~, t)-bins and weighted with the 
appropriate acceptance function. The resulting qS- 
distributions are shown in Fig. 10, for two t-bins, 
together with the best fit based on the 4) and e-depen- 
dence of  2.4. 

The cross sections ~rv, aL, av, and a~ 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 e data 
is different by 6 ~ leaves the cross sections a~ and ap 
almost unchanged and changes ~r v and a L by at most 
half  of  the statistical error quoted in Table 3. 

The cross sections all and a i ,  also listed in Table 3, 
were obtained from a similar fit expressing o- v and ae 
by o-i[ and a L. The quoted errors therefore take the 
correlation between av and Gp into account. 

4.2. The t and QZ Dependence o f  the (re+n) 
Production at Large e [11] 

The rc + production measurement at large e covered the 
following range in Q2 and t: 0 .06<Q2<1.35  GeV2; 
lt lmi~ < lt l <1 .2  GeV 2. The cross section 2rcd2~r/dtd~ 
is listed in Table 4 as a function of  t and q~ for each Q2. 
The accepted ranges ofQ 2 and Ware given there as well. 

The cross sections av+eaL,  ae, and ar could be 
separated at smaller values of  It I, 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. (re-p) Electroproduction [12] 

4.3.1. The experimental method. The reaction 

~ + n ~ r -  +p (4.1) 

was studied with the help of  a deuterium target. The 
re- and rc + missing mass spectra of the processes 

7~ + d--,rc- +p +Ps (4.2) 

--,'re + + n + n  s (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 breader  than the r~ + peak in 
Fig. 5 obtained with a hydrogen target, due to the 

Yv + P ---,,- T~++n 

I ' T I  ' [ ' t ' I ' 

' '  

, ,%  

i J I t l = O . 0 7  G e V  2 

~ [ ~  W =  2.19 GeM = e E=0 .8  
. .  Q2= " o r "ol-o 0 .70  G e V  2 

-7-  i , / i  ~ [ ' I ' I ' 

1 

It1=0.14 GeV 2 
0 I , I , I , 21/,0 , i , 

0 120  3 6 O  

dp [degrees]  

d2cT Fig. 10. The q~ dependence of the (Tt+n) cross section 2zt d - ~ "  The 

curves show the best ~b- e-fit to determine the cross section com- 
ponents according to 2.4 

Table 2. Kinematical parameters for the aL/o" v separation 

High e Low e 

e 0.86 0.33 
W (GeV) 2.06-2.37 2.06-2.37 
(W)  (GeV) 2.19 2.19 
Q2 (GeV 2) 0.55-0.9 0.48-0.9 
(Q2) (GeV 2) 0.70 0.70 

E (GeV) 6.0 3.05 
E '  (GeV) 3.4 0.6 
0~ (deg) 10 36 

p~ (GeV) 2.3-1.9 2.35 
It l (GeV z) I t J~i. - 1.2 It ]mi~- 0.28 
qS~ (deg) 0-360 (Itl<0A6) 90-270 (It [ < 0.16) 

120-240 (it[ >0A6) 120-240 (It [ > 0.16) 

Fermi motion. Events within 0.85 GeV<Mx<_I.02 
GeV were defined as single pion events. A Monte Carlo 
simulation of  the process 7~ + d--+ 7r + + A o + Ps 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]: 

d4a (Vv + n -+~ - +p)  
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Table 3. Components of the (~+n) cross section (Q2=0.70 GeV 2, W=2.19 GeV) 

It [ ~L av ~rp a1 ~r• o-it ~ - a-fit 
(GeV z) (pb/GeV 2) (pb/GeV 2) (pb/GeV 2) (pb/GeV 2) (~b/GeV 2) (pb/GeV 2) 

0.05 15 .26_+1.97  2 . 2 3 _ + 1 . 5 4  -0.89_+0.72 0 . 0 6 _ + 0 . 3 5  3 . 1 6 _ + 1 . 7 2  1.34_+1.66 14 1.64 
0.07 13.52-+1.63 2.29-+1.27 -3.16-+0.59 -0.26-+0.29 5.45-+1.40 -0.87+1.36 14 1.03 
0.10 8.59-+1.39 2.61-+1.06 -2.72-+0.53 -0.42-+0.26 5 .33_+1 .23  -0.11-+1.13 14 1.64 
0.14 5.93-+0.89 2 . 2 5 _ + 0 . 6 5  -2.27-+0.46 -0.33-+0.22 4 . 5 2 _ + 0 . 8 6  -0.02_+0.74 14 0.75 
0 . 1 8  1 . 6 8 _ + 0 . 9 5  3 .78_+0 .72  -2.47_+0.54 -0.02_+0.25 6 . 2 5 _ + 0 . 9 2  1.31_+0.85 11 1.11 
0.24 0 . 8 0 _ + 1 . 1 4  3 . 7 6 _ + 0 . 9 2  -1.87_+0.57 0 . 1 2 _ + 0 . 2 7  5 . 6 3 _ + 1 . 0 5  1.89_+1.09 i0 1.69 

�9 d 2~r 2 
Table  4a-d. The (~+n) cross sectaon 2~z d - ~  (~b/GeV) at W= 2.19 GeV. The ranges are: W: m 4.3 - 5.6 GeV; Q2 : 0.035 - 0.09 / 0.22- 0.34 / 

0.55-0.9 / 1.2-1.5 GeV 2 

Table 4a 

Q2= 0.06 GeV 2, e=0.44 
[t l (GeV 2) 

q5 (deg) 
0.04 0.12 0.20 0.29 0.42 0.60 0.80 1.05 

135 11.83_+1.93 10.50_+0.78 8 .67_+0.73 5.23-+0.58 2.84_+0.40 1 .48_+0.30  0.72_+0.30 
195 10 .98_+1.73  7 .73_+0 .63  7 .99_+0.70  5 .23_+0.59 2 .81_+0.38  1 .90_+0.33  1 .16_+0.27 0.50_+0.26 

Table 4b 

Q2= 0.28 GeV 2, e=0.76 

[tt (GeV 2) 
q5 (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 16.32-+1.59 15.84-+1.37 
195 18.50_+1.79 15.47_+1.40 
225 20.66-+2.03 18.46_+1.86 
255 30,71_+3.08 27.60_+2.82 
285 30.14_+8.24 22.95_+7.38 

10.49_+0.95 6.24+_1.08 4.47_+1.22 2.16-+0.65 2.33_+0.76 1.58-+0.74 0.37_+0.41 
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 

Table 4e 

QZ=0.70 GeV 2, e=0.86 

It[ (GeV 2) 
~b (deg) 

0.05 0.07 0.10 0.14 0.20 0.29 0.42 0.60 0,80 1.05 

15 14.83-+1.01 12.02-+0.97 8.12_+0.77 5.09___1.10 
45 15.74+-0.99 13.43_+0.95 8.23+-0.59 6.86_+0.62 4.51+-0.56 3.44+-0.51 
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 15.21_+1.12 15.84_+1.22 11.92+__0.86 8.37_+0.80 5.69+-0.59 5.59+__0,70 
135 14.05+_1.19 12.94_+1.28 9.29_+0.97 8.42+-0.96 6.04+-0.71 2.91+-0.51 
165 14.67_+1.35 11.11-+1.37 8.17_+0.90 5.70-+0.83 3.93+_0.61 2.17_+0.41 
195 13.33_+1.30 12.32-+1.47 9.06-+1.00 6.85_+0.92 3.41-+0.55 2.26+_0.43 
225 17.26-+1.39 15.74_+1.51 12.66+-1.20 7.92+-1.03 6.07+-0.75 3.73+_0.67 
255 18.53_+i.35 16.94_+1.42 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 12.32__.0.85 8.67_+0.83 7.81-+0.77 5.21+_0.97 
315 16.21-+1.04 13.50-+1.02 9.96_+0.71 6.87-t-0.70 6.51_+0.70 4.38_+0.91 
345 14.74-+1.00 10.90+_0.95 7.69+0.79 7.86+_1.98 

2.79-2-_0.42 1.37+_0.30 0.81 -+0.27 
1.94+_0.34 0.94-+0.22 1.14-+0.28 
1.52_+0.30 0.99+_0.23 0.84-+0.24 
3.52+-0.57 1.84-+0.42 1.15_+0.42 

0.68 + 0.27 
0.11_+0.11 
0.32_+0.19 
0.90_+0.35 



P. Brauel et al. : Electroproduction of~z+n, 7r-p and K+A,  K+S, ~ Final States Above the Resonance Region 

Table 4d 

109 

Q2=1.35 GeV z, e=0.84 

it[ (GeV 2) 
rb (deg) 

0.14 0.20 0.29 0.42 0.60 0.80 1.05 

15 4.77 _+ 0.59 2.86 _+ 0.35 2.45 _+ 0.38 1.06_+ 0.48 
45 5.91 _+ 0.73 3.63 _+ 0.43 2.34 _+ 0.35 2.12 4- 0.38 
75 4.88 _+ 0.69 3.82_+ 0.51 3.62_+ 0.55 1.30_+ 0.40 

105 4.45 _+ 0.71 4.17 _+ 0.51 2.70_+ 0.46 2.49 _+ 0.52 
135 5.12+- 0.73 3.82 4- 0.63 3.37-+ 0.57 0.83 _+ 0.26 
165 3.32_+ 0.65 3.13 -+ 0.62 1.44+ 0.35 1.48 -+ 0.32 
195 3.46-+ 0.67 2.86_+ 0.56 2.04_+ 0.41 1.20_+ 0.29 
225 4.57 _+ 0.68 2.84_+ 0.54 3.00___ 0.60 1.25_+ 0.33 
255 3.86 _+ 0.68 5.37 _+ 0.67 2.22 _+ 1.12 3.39 _+ 0.84 
285 5.30_+ 1.15 5.20_+ 0.70 2.62 _+ 0.58 2.54 _+ 0.75 
315 5.42_+ 0.78 3.67_+ 0.49 3.52_+ 0.51 1.20_+ 0.33 
345 4.91 _+ 0.76 3.96 +- 0.44 2.21 _+ 0.36 3.50_+ 1.00 

1.48_+ 0.33 0.96_+ 0.37 0.36_+ 0.18 
0.62 __+ 0.20 0.29 _+ 0.14 0.70_+ 0.17 
0.82 _+ 0.24 0.98 _+ 0.27 0.68 _+ 0.16 
1.19_+ 0.34 0.46_+ 0.27 1.00_+ 0.36 

Table 5. Components of the @+n) cross section at high e (W=2.19 
GeV) 

~2 
It] % + e a r  ae az nD - -  

(GeV 2) (~tb/GeV 2) (p-b/GeV 2) (gb/GeV 2) 

200 

150 
Qz = 0.28 GeV 2 e = 0.76 
0.03 26.6+_4.3 -3.6+_4.1 4.4_+4.2 5 0.52 

100 0.06 21.5_+3.2 -4.1+_3.2 2.1_+3.1 5 0.56 

Q2= 0.70 GeV 2 e=0.86 "~" 

0.05 15.34_+0.40 -0.97_+0.63 0.17_+0.32 9 1.45 
0.07 13.91+0.35 -3 .11+0.54  -0 .12+0.28 9 0.41 ca 
0.10 9.99+0.29 -2 .49+0.46 -0 .37+0.23 9 1.36 ~- 
0.14 7.37_+0.25 -1.92_+0.43 -0.34_+0.22 9 0.70 ~ 200 
0.20 5.49_+0.35 -2.16_+0.63 0.06_+0.33 7 2.43 "~ 
0.29 3.51_+0.22 -1.49+_0.39 0.11_+0.21 7 0.76 ~ 150 
Q2=1.35 GeV 2 e=0.84 ~ E 

0.14 4.62__+0.21 -0.32-+0.32 0.41_+0.16 9 0.67 10ft 
0.20 3.68_+0.18 -0.83_+0.28 0.10_+0.13 9 1.29 
0.29 2.59__+0.16 -0 .66+0.26 0.13_+0.11 9 1.32 
0.42 1.49__+0.19 -0.24_+0.19 0.11_+0.15 9 2.59 50 

I ~ J I t t t 

yv.  d _ . . ~ . X , ,  Ns 
Q2 = 0.70 6eV 2 

% 

1;" 

IT,* 

d'*a(y~+d~rc- +P+Ps). d4a(yvq_p___,~+ q-n) (4.4) 
d'*~;(Tv+d--*~ + +n+ns) 

= R  �9 d4a(~,;vq-p--->rc + q-n) .  

Most  of  the corrections due 1:o 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 rc + 

0.8 1.0 1.2 l.t, 1.G 
Mx [GeV] 

Fig. 11. Spectra of the missing mass M~ = ( e -  e '+  N-~_+)2 from the 
deuterium measurement; N indicates the interacting nucleon, N s the 
spectator nucleon 

product ion off hydrogen and deuterium 

R + d4a(y~+d--*rc + +n+ns) 
d4~ (?v + P  ~ rc + + n) (4.5) 

Corrections for r~ + mesons outside the missing mass 
cut (indicated by the shaded area in Fig. 11) were 
determined f rom a Monte  Carlo simulation of  the 
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Fig. 12. The ratio of ~+ production off deuterium and off hydrogen. 
Photoproduction data are from [14, 15, 16] 

T a b l e  6. The ratios R and R + (see text) and the (z-p) cross section 
2 d a  2~d- ~ (W=2.19 GeV, 120~ ~b=<240~ The ranges in Q2/Ware: 

0,55-0.9 GeV 2 / 2.1-2.4 GeV and 1.05-1.55 GeV 2 / 1.8-2.5 GeV 

Q2 Itl R + R cr 
(GeV 2) (GeV 2) (gb/GeV 2) 

0,70 

e=0.86 

1.35 

e=0.84 

0.05 0.87_+0.07 0.91_+0.08 13.27+1.31 
0.07 0.96__+0.10 0.94__+0.10 12.12__+1.48 
0.10 0.90-+0.08 0.94-+0.09 8.86-+0.99 
0.14 0.81-+0.09 0.87__+0.10 6.37_+0.87 
0.20 0.92_+0.10 0.73_+0.08 3.49_+0.46 
0.29 1.20_+0.15 0.51_+0.07 1.34_+0.23 
0.42 0.89_+0.12 0.45_+0.07 0.95_+0.17 
0.60 0.90_+0.14 0.31_+0.07 0.38_+0.10 
0.80 0.78__+0.16 0.22_+0.09 0,23_+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 1.02_+0.16 0.73_+0.09 2.24_+0,36 
0.29 0,80_+0.14 0.55_+0.08 1.23_+0.23 
0.42 1.00_+0.20 0.58_+0.10 0.70_+0.15 
0.60 1.03_+0.23 0.35_+0.09 0.32_+0.10 
0.80 0.94_+0.30 0.34_+0.i1 0.24_+0.09 
1.05 0.62_+0.18 0.15_+0.10 0.11_+0.07 

process  which  t o o k  into  accoun t  the F e r m i  m o t i o n  
and  the b r emss t r ah lung  o f  the  inc ident  and  ou tgo ing  
electron�9 The  ra t ios  R § ob t a ined  are  p lo t t ed  in Fig.  12, 
toge ther  wi th  s imi lar  results  f rom p h o t o -  and  electro-  
p r o d u c t i o n  [14-16].  R + is found  to be sl ightly smal ler  
t han  1, s imi lar  to  the  p h o t o p r o d u c t i o n  case. Since 
however  mos t  o f  this  smal l  effect is expected to cancel  

Table7. Components of the (7~-p) cross section at high e (W=2.19 
GeV) 

It[ cry +crL ere al nD '~  
~D 

(GeV 2) (gb/GeV 2) (gb/GeV 2) (pb/GeV 2) 

Qa =0.70 GeV z, ~= 0.86 
0.05 12.40-+0.61 -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 7.33_+0.41 -1.45_+0.67 -0.88_+0.33 9 1.37 
0.14 5.32_+0.41 -0.84_+0.76 -0.51_+0.35 9 0.44 
0.20 2.94_+0.27 -1.22_+0.54 -0.39+_0.25 7 1.51 
0.29 1.99_+0.40 -0.21-+0.56 0.39-+0.40 7 0.32 

Q2 = 1.35 GeV 2, e = 0.84 

0.14 3.50_+0.28 -0.36+0.44 0.30+__0.21 9 0.41 
0.20 2.36___0.18 -0.10-+0.28 0.18-+0.13 9 1.31 
0.29 1.63-+0.16 -0.18+0.26 0.23_+0.11 9 0.39 
0.42 0.73_+0.12 -0.34+_0.21 0.17-+0.10 9 0.91 

ou t  in the  ra t io  R, we are  conf ident  tha t  the  cross  
sect ion (4.4) represents  the  cross  sect ion for  7z- 
p r o d u c t i o n  of fa  free ne u t ron  ta rge t  wi th in  the prec is ion  
ob ta ined  in the  presen t  exper iment .  

4.3.2. Results on (rt-p) production. Measuremen t s  
were p e r f o r m e d  at  cen t ra l  values  o f  Q a = 0 . 7 0  GeV z 
and  1.35 G e V <  The ra t ios  R measu red  wi thin  120 ~ < ~b 
< 240 ~ and  the accep ted  intervals  o f  Q2 and W are  
l isted in Table  6. Toge the r  wi th  the Tc + da t a  f rom 

d2o- 
Table  4 we de t e rmined  the cross  sect ion 2 r e -  

dtd49 
�9 ( 7 ~ + n ~ r -  + p )  which  is also l isted in Table  6. 

Again ,  at  small  values  o f  I t l  a sepa ra t ion  o f  the 
different  q5 dependen t  t e rms  was possible.  The  results  
on  o-v + co-L, o-x, and  o-e are  l isted in Table  7. 

4.4. (K+ A) and (K+ Z ~ Production [17] 

4.4.1 Data evaluation. The ident i f ica t ion  o f K  + mesons  
by  t ime-of-f l ight  and  o f  the  recoi l ing ba ryons  A or  Z O 
by  missing mass  was descr ibed  in Sect. 3.3. To deter-  
mine  the  t and  qS-dependence o f  the cross sections,  the 
A - S  ~ sepa ra t i on  had  to  be p e r f o r m e d  b in  by  bin. 
Events  in the mass  range  1 . 0 5 < M x <  1.15 GeV were 
coun ted  as A and  in the  range  1 . 1 5 < M x < 1 . 2 5  GeV 
as S ~ F i t t ing  the  A and  Z ~ miss ing mass  d i s t r ibu t ion  
in the  range  M x < l . 3  G e V  by two G a u s s i a n  distr i-  
bu t ions  and  a b a c k g r o u n d  te rm yie lded  results 
cons is ten t  wi th  the  above  binning.  

4.4.2. Results. D a t a  were ma in ly  accepted  at  qS-values 
a r o u n d  180 ~ The  cross  sect ions 2 2~d o-/dtd(9 averaged  
wi th in  1 2 0 ~  ~ are  l isted in Tables  8 and  9. 
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z d a o o Q2: Table 8.The (K+A) cross section 2~z d ~ ( 1 2 0  <05<240  , W=2.21 GeV). The ranges are: W: - 1 . 9 - 2 . 5  GeV, 0 . 0 2 - 0 . 1 1 / 0 , 2 0 - 0 . 3 7 /  

0 .55-0 .85  / 1 . 0 -1 .6  GeV 2 

QZ = 0.06 GeV z Q2 = 0.28 GeV 2 Q2 _ 0.70 GeV e Q2 = 1.35 GeV 2 
= 0.41 e = 0.74 ~ = 0.85 ~ = 0.82 

Itl G Itl ew ]tl er Itl a 
(GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) 

0.09 1.84_+0.27 
0.13 1.14_+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 1.49_+0.22 0.19 0.87_+0.31 
0.29 1.71_+0.38 0.29 1.47_+0.35 0.29 1.06_+0,18 0.29 0.42_+0.09 
0,39 1.04_+0.30 0.39 1.25_+0.61 0.39 1.13_+0.20 0,39 0.28_+0.07 
0.52 1.20_+0.36 0.52 0.75_+0.43 0.52 0.64_+0.13 0.52 0.28-+0.07 
0.75 0.79_+0.23 0.75 0.28_+0.08 0.75 0.26_+0.05 
1.05 0.46_+0.27 1.05 0.30_+0.10 1.05 0.17_+0.05 

1.44 0.15_+0.05 

- d 20" o 
Table 9. The (K+X ~ cross section 2~z ~ (120 < 05<240 ~ W=2.21 GeV). The ranges in W a n d  Qz are the 

same as in Table 8 

Q2 = 0.06 GeV 2 Q2 = 0.28 GeV z Q2 = 0.70 GeV 2 Q2 = 1.35 GeV 2 
~=0.41 e=0.74  8=0.85 ~=0.82 

Itl G ]tl a ]tt ff Itl 
(GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) (GeV 2) (gb/GeV 2) 

0,09 0.76_+0.20 
0.13 1.56_+0.40 0.15 1.14_+0.19 0.15 0.24_+0.10 
0,21 1.32_+0.32 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 
0.39 1.10_+0.37 0.39 0.61_+0.33 0.39 0.35_+0.10 0.39 
0.52 0.87_+0.30 0.52 0.99_+0.45 0.52 0.27_+0.08 0.52 
0.75 0.98_+0,26 0.75 0.24_+0.07 0.75 
1.05 0.88_+0.42 1.05 0.18_+0.08 1.05 

1.44 

0.15_+0.07 
0.15_+0.04 
0.10_+0.04 
0.08_+0.03 
0.14_+0.05 
0.06_+0.03 

Table  10. Components  of the (K  + A) cross section at high e ( W =  2.21 
(GeV) 

Z 2 
Itl cry + e~rL av ar no - -  

nD 
(GeV:) (gb/GeV ~) (gb/GeV z) (gb/GeV 2) 

Q2 =0,70 GeV 2, e =  0.85 

0.13 1.34___0.11 -0.03_+0.20 0.15_+0.09 3 1.27 
0.21 1,34_+0.10 0.17_+0.19 0.01_+0.09 3 0.97 
0.29 0.87_+0.09 0.19_+0.16 0.04_+0.08 3 0.50 

Q2=1.35 GeV 2, e=0 .82  

0.19 0.94_+0.16 0.02_+0.31 0.05_+0.14 3 0.50 
0.29 0.37_+0,06 0.05_+0.13 0.03_+0.05 3 1.50 
0.39 0.23+_0,05 -0.09_+0.11 -0.02_+0.04 3 2.03 
0.52 0.23_+0.05 -0A0_+0.11 0.00-+0.04 3 1.60 

Table 11. Components  of the (K + 2~ ~ cross section at high ~ ( W =  2.21 
(GeV) 

~2 
[tl av+e~rL av al  nD - -  

no 
(GeV z) (gb/GeV 2) (Ixb/GeV 2) (gb/GeV 2) 

Q2 = 0.70 GeV 2, e=0.85  

0.15 0.34_+0.09 0.03___0.16 0.08+_0.09 3 0.07 
0.21 0.30_+0.04 -0.12+_0.09 0.00_+0.04 3 0.50 
0.29 0.42_+0.05 -0.20_+0.10 0.08_+0.04 3 1.03 

Q2 = 1.35 GeV 2, e = 0.82 

0.29 0.16_+0.04 -0.08_+0.09 0.01-+0.03 3 0.50 
0.39 0.13_+0.04 -0.10_+0,09 0.00_+0.03 3 2.10 
0.52 0.12_+0.03 -0.13_+0.07 -0.01-+0.02 3 0.03 
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�9 ~ d ~  QZ. Fig. 13. The 0z+n) cross section z~z d ~  versus Photoproduc- 

tion data are from [18, 19] 

The @acceptance  was at Q 2 =  0.70 and 1.35 GeV 2 and 
small It[ sufficiently large to separate av + acrL, at, and 
ae.  The results are listed in Tables 10 and 11. 

5. Discussion 

We start with the charged pion produc t ion  at low Itl 
and extend the discussion in 5.2 to the more  complex 
case o f  larger ltl. Fo r  a discussion of  the re- data  we 
refer to Sect. 5.3 and for the (K+A) and (K+N ~ data  
to Sect. 5.4. 

5.1. Forward Pion Production 

The (~+n) cross section 27cdaa/dtdd? covering the full 
Q2 and t range o f  this experiment is shown in Fig. 13 

Yv + p-,,.lT.*+n 
W=2.19 6eV 

o O'u +Eo" c = %  "o't o %  vo- I 

O~ :O.28GeV ~ 0~= O.70GeV 2 0.2=1.35 GeV ~ 

,51 

~20- o I0 [ 4 , 

I0- 5 2 

t ~ ,1  I I i I i 14  [ 1 I I 
0.05 0.1" 0.1 0.7 03 0.7 O.t, 

I t  I [GeV 2] 
Fig. 14. Components of the (~+n) cross section corresponding to 
different spin states of the virtual photon 
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Fig. 15. The (n+n) transverse cross sections da• and dal]dt 
compared with photoproduction data from [14, 20] 

as a funct ion o f  QZ for  var ious t values. The QZ =0 .06  
GeV z data show reasonable agreement  with the photo-  
p roduc t ion  results [18, 19]. Fo r  ItL=0.05 GeV 2 
however,  the cross section at QZ = 0.28 and 0.70 GeV 2 
significantly exceeds the pho top roduc t ion  value. (At 
Q2=1 .35  GeV 2 the min imum m o m e n t u m  transfer 
It Imln is already 0.1 GeVZ). This increase in cross section 
is due to the dominance  o f  ~rv+eaL at small It[ as is 
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Fig. 16. Components of the (re-p) cross sections corresponding to 
different spin states of the virtual photon. The photoproduction data 
(av) are from [14] 

evident from Fig. 14, where the terms of  different 
~b-dependence 6v+e6L ,  6p, and 61 are plotted. The 
data from our measurements at high and low e at 
Q2=0.70 GeV z show that 6L>>av for Itl<0.1 GeV 2. 
Since 6L = 0 at Q2 = 0, this provides a natural explana- 
tion for the increase of the, cross section with Q2 at 
low Itl. The transverse cross section components all 
and 6• obtained from the data at Q2 = &70 GeV 2, are 
compared with the corresponding photoproduction 
results [14, 20] in Fig. 15. As in photoproduction 

6• >611 within the range of  our data. But 6• is only 
about 1/4 of  the photoproduct ion value at low It]. 

The n -  data measured at QZ = 0.70 and 1.35 GeV z 
show some similarity with the n + data at low [t[. In 
Fig. 16 the qS-dependent terms are compared with 
photoproduct ion results [14]. The cross section av + e6L 
is again dominating and for It I< 0.1 GeV z exceeds the 
photoproduct ion result by up t o 50 % at Q2 = 0.70 GeV 2. 

5.1.1 Comparison with the Born term model. Charged 
pion photo- and electroproduction data at low Itl- 
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 6L is, 
within the framework of  the BTM, at low It l dominated 
by the one pion exchange diagram. Single pion electro- 
production data have therefore been used to determine 

n+~\ //n rt* 

t - c h a n n e l  s - c h a n n e l  

u-channel  

Fig. 17. Born term model diagrams for the reaction ? ~ + p ~ +  +n 
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Fig. 18. The four (~+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 a v 
and a L required a model dependent calculation of  6v. 
Following [6] and using on shell nucleon form factors 

1 Q2 ~-2 
G f ( Q Z ) = G ~ t ( Q Z ) / # v = G ~ ( Q 2 ) / # ,  = + ~ - , ~  ) , 

n 2 GE(Q )=0 
and F~(Q2)=(1 4-QZ/mao)-I we obtain the dashed line 
displayed in Fig. 18. These results roughly reproduce 
av and o- L but fail to describe 6i and 6p. 

It was noticed by Gutbrod and Kramer  [6] that 
modifying the BTM by treating GeP(Q 2) as a free 
parameter (perhaps justified by the fact that the 
nucleon is far offits mass shell whereas the pion is near 
to its pole) improves the agreement with the data 



114 P. Brauel et al. : Electroproduction of ~ + n, ~-p and K + A, K + S o Final States Above the Resonance Region 

1.0 I I I I I I I 

PION FORNFACIOR 

\ �9 This experiment o.8 
n OESY/~/uppertal 

0.6 ~ ,  ~ Harvard/Cornett 

o.~ 

i I i I , I 

0 1 2 3 
0.2[ 6eV 2 ] 

Fig. 19. The electromagnetic pion formfactor as determined in 
experiments which separated the transverse and the longitudinal 
(~+n) cross section. The curve F~ is calculated using the parametri- 
sation of the nucleon form factors described in Sect. 5.1.1 

c l i o  

I I i i I [ I i i I T I i i I I I I I ] i I I I 

25 - i W = 2.19 GeV Q2 [OeV2l _~ 
(12= 0.70 GeV 2 [] 0.35 - 

~ !  �9 070 - 
<> 119 

20 o 2.0 - 
zx 3.32 - 

!,, ! 

I I I I ] f l I I i I I f I I I I I I I I I I 

0.05 o.1 o.15 o.2 

I t l  [GeV z] 

Fig. 20. The (n+n) longitudinal cross section. The data from other 
experiments [21, 23] are scaled in W and Qz 

significantly. The results of a fit with F, and G• as free 
parameters are shown as solid line in Fig. 18. The best 
fit yields F~ (Q2 = 0.70 GeV 2) = 0.42 ___ 0, 015 and 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 o- v and o-L are 
included in this plot. In this Q2 regio~ the data on F~ 
of the different experiments are consistently below the 
p-pole prediction. The QZ-dependenceresembles closely 
the one of the isovector Dirac form factor of the 
nucleon F v. 

Apart from an improved description of av and aL, 
the modified BTM [6] predicts a slower decrease of 
av with increasing Q2 which is in full agreement with 
our data. The experimental uncertainties on av are 
however still quite large and we postpone a discussion 
on the QZ-dependence of o- v to the next section. 

5.1.2. The QZ and t-dependence of  aL and av. Two other 
experimental groups [21, 23] have recently separated 
av and o- L in rc + electroproduction above the resonance 
region. In order to compare results, we scaled their 
cross sections according to (W2-M2) -2. This W- 
dependence provides a good parametrisation of the 
photo- and electroproduction data at small it[ [11, 24, 
25]. Figure 20 summarizes the results on ~L which lie 
on a universal curve when scaled with Q 2 .  FZ(Q2). 
This is not surprising, since at high s Q2. F~(Q2) 
presents the leading Q2-dependence in the BTM which 
was used to determine F~. The Harvard-Cornell data 
[23] at QZ=1.19 GeV z are below this curve, but this 
might be caused by some slight normalization error, 
since the corresponding av results are significantly 
higher than other data nearby in Q2. The longitudinal 
cross section ~L decreases rapidly with increasing Lt I. 
Fitting our data with an exponential e -bIll, we obtain 
with b = (14 + 2) GeV-Z 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-~ltlfactorize, we get from our data 
B=(5 .6 •  GeV -2. 

The different data on a v are compiled in Fig. 21. 
No scaling in Qz was applied. The cross section, 
especially at small ]t], drops steeply from Q2=0 to 
Q2=0.35 GeV 2. No significant Q2 or t-dependence is 
however observable between Q2= 0.35 and 3.32 GeV 2. 
Figure 22 shows the Q2-dependence of o- v at [tl~-0.05 
GeV 2. The data above Q2 = 1 GeV 2 are from somewhat 
larger It l [23]. Estimates of~v obtained from our large 
e data at Q2=0.06, 0.28, and 1.35 GeV 2 are also 
included in Fig. 22. They are based on the av+eaL 
data from Table 5 and on interpolations of aL from 
Fig. 20. For  the Q 2 =  0.06 GeV 2 estimate, we assume 
crp and (r x to be negligible and use the data on 2 rcdZa/ 
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Fig. 22. The Q2 dependence of the transverse (n+n) cross section at 
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dtdc~ from Table 4a. There is some disagreement be- 
tween our estimate a t  Q2 = 0.28 GeV z and the value at 
Q2=0.35 GeV 2 obtained by the DESY-Wuppertal 
group [21]. Nevertheless, Fig. 22 shows that av is 
roughly independent of Q2 for Qa>0.5 GeV 2. The 
decrease of the cross section at small Q: seems to 
become less significant as [t[ increases. 

5.2. (n+n) Production at Larger It l 

At larger It l only a limited q%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 2ndZa/dtd4, averaged within 
the indicated q%intervals. 

The data in Fig. 23 show little QZ-dependence for 
It I_> 0.80 GeV:. This is consistent with the findings at 
low It[ of Sect. 5.1: aL is steeply decreasing with It[; 
its contribution at [ t [-0.8 GeV 2 is expected to be 
negligible, and the Qa-dependence of av diminishes 
with increasing [t]. 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 I tl data of [16] were converted from da/dO to da/dt 
and scaled to the nominal value of W according to 
(WZ-M2) -2. The data at It[__>1 GeV 2 of [27] were 
extrapolated to the nominal W according to the func- 
tional dependence given there and then converted to 
da/dt. Figure 24 shows cross sections which are roughly 
independent ofQ 2 for it[ > 0.2 GeV 2 and Qa > 0.7 GeV 2. 
The t-dependence is roughly e -81tl at low [t[ and 
e-l'zltl for ]t I> 1 GeV 2. For [t]>~ 1 GeV 2 the data show 
no Q2-dependence at all within the experimental 
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Fig. 23. The (n+n) cross section 2nd2a/dtd4. The photoproduct ion 
data are from [18, 19], The other open symbols show data from the 
Harvard/Cornell  group [5, 26] at (Q2 (GeV2), e, q~)~(0.26, 0.9, 
150~176 (0.70, 0.75, 150~176 (l.1, 0.9, 135~176 These data 
are scaled in W 
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T a b l e  1 2 .  Integrated (~ + n) and total cross section and their ratio (see 
text). Crtot is taken from [29, 30] 

Q~ ~ '  a (re + n) atot Rt~o +" Ref. 
(OeV 2) (gb) (gb) (%) 

W=2.19 GeV 

0 4.8+_0.1 148 + 7  3.2+-0.17 [18, 19] 
0.06 81 4.4_+0.3 131 _+7 3.4+-0.3 This exp. 
0.28 18 4.8+-0.5 95.7+-4 5.0+-0.6 This exp. 
0.70 7.9 3.1_+0.2 64.3+-2.2 4.8+-0.35 This exp. 
1.17 5.1 2.2+-0.5 46.1+-1.5 4.8+-1.1 [16,27] 
1.35 4.6 1.9+-0.2 41.1+-1.4 4.6+-0.5 This exp. 
1.86 3.6 1.5+-0.4 30.6+-1.0 4.9+-1.3 [16, 27] 
3.75 2.3 0.6+-0.1 12.1 +0.5 5.0+-0.9 [16, 27] 

W=2.75  GeV 

0 1.5+-0.1 127-+7 1.2-+0.1 [14, 19] 
1.2 7.3 1.0_+0.2 38.9_+0.9 2.6+-0.5 [16, 27] 
1.9 5.0 0.74_+0.15 27.4+-0.6 2.7+-0.5 [16, 27] 
3.48 3.2 0.39+-0.1 14.8-+0.3 2.6+-0.7 [16, 27] 

uncertainties. We plot in Fig. 24 the Harvard-Cornell 
data [16] around W=2.75 GeV as welt (here the It] 
< 0.9 GeV z data were taken in the interval - 4 5 ~  q5 
<_ 45~ They show qualitatively the same behaviour. 
The photoproduction data [28] show at It l~- 3 GeV z 
were taken CMS o at 07. ~90  and scaled from W=2.9 GeV 
according to the W-dependence of [28]. 

5.2.1. The integrated (re+n) cross section and correspon- 
dence arguments. To obtain an estimate of the total 
0z+n) cross section o-(~+n), we integrate the data in 
Fig. 24 over t for each QZ. We use the measured data 
at It I< 1.2 GeV z and extrapolate according to e -1'2t~1 
as indicated in Fig. 24. This extrapolation amounts to 
at most 20~  of the integral but of course takes no 
possible backward peak into account. For QZ>0.7 
GeV 2 the QZ-dependence of a(rc+n) is mainly deter- 
mined by the variation of It Imi,' 

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 
Q2=0.28 GeV 2 and remains then constant up to 
Q2= 4 GeV z. 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 a t  Q 2 =  4.0 GeV z 
in view of the strong t-dependence of e L and the fact 
that It I min (Q2 = 4 GeV 2, W= 2.19 GeV)= 0.4 GeV 2. 

The ratio of nondiffractive exclusive electro- 
production to total electroproduction cross section 
was predicted by Bjorken and Kogut [31] to be 
roughly independent of Q2 a t  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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known one. For the ?~+p--,~+ +n process the authors 
conclude that the product Q6 . cr (re + n) should roughly 
scale: "~ 

t , -  

W 2 +~ 
Q6 . •(rc+n)=FCco,), co' = -A-5- + 1. (5.1) p 

Q ,= 

A semiquantitative estimate yields for the transverse 
part of ~rOz+n) 

F(co')~0.07 (o) ' -1)  -2, co'>4 (5.2) 

F(co')~0.1, co' ~ l .  (5.3) "~ .  

Instead of (5.3) Bjorken and Kogut obtain ,~- 

F'(CO')~ 0.1 (co'-  1), co',~ 1. (5.3') f 

Equation (5.3) [11] is based on consistent use of the _~ 
different conventions [32, 33] relating the structure 
function v W 2 with atot. It describes the data better and 
seems to be equally well justified within the uncertainties 
of the arguments. "~ 

l !  

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

5.3. The re-~re + Ratio and (re--p) Production 

The z~-/~ + cross section ratio R was measured at Qz 
=0.70 and 1.35 GeV 2. R is shown in Fig. 27 as a 
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Fig. 29. s-channel quark line diagrams for the reactions % + p  ~ ~ + + n 
and % + n - , n -  + p  

function of lt[. 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 It] the 
ratio R drops slower with increasing JtJ than in photo- 
production. This effect is probably due to ~t, which is 
expected to contribute equally to the re- and zc + 
channel. This explanation is strongly supported by the 
data in Fig. 16 which show that at low ]t[av+eaL is 
the dominating contribution also in the (re-p) channel, 
and that at Q2 = 0.70 GeV 2 it exceeds even the photo- 
production value. At larger ]t J the electroproduction 
data are below the photoproduction band and do not 
show the increase in R for [t[> 0.6 GeV 2 as observed 
for Q2 = O. 

The ratio R may be expressed in terms of the iso- 
scalar As and isovector/A~ amplitudes as 

R=[Av-As] 2 
]A~ + A,[ 2 " 

Using the data of Fig. 27, we determine the sum 

dZ~r(rc+n) 
IAvI2+IA~IZ=(I+R) �9 ~ �9 

dtd(a 

and the interference term 

d2a(rc+n) 
2lAy] ' [A~I .cos c~=(1-R)  "~z �9 

dtd(a 

where e is the phase angle between Av and As. The 
results are plotted in Fig. 28. It is evident that at larger 
It[ both amplitudes contribute significantly. 

5.3.1. The quark model prediction of R and an estimate 
of the transverse (re-p) cross section. The quark model 
describes the rc + 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< Itl<0.8 GeV 2 
could be explained by the contribution of the diagrams 
in Fig. 29, since other contributions tend to cancel each 
other in this region of It1. 

One would naively expect incoherent photon quark 
interactions like the ones sketched in Fig. 29 to be 
more dominant at larger Q2. 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 Rv 
for the transverse part of the cross sections of 

dav(~-p) dav(r~+ n) 
Rv = dt 7 -fit = 1/4, 

The data on R shown in Fig. 27, which are close to 
1/4 for It [ > 0.6 GeV 2, support this prediction, since one 
would not expect a significant contribution of aL at 
larger It1. It is therefore of great interest to determine 
the transverse cross section ratio at small It[. To 
estimate av(rc-p) we make use of the fact that at high 
energies only unnatural parity exchange in the t- 
channel contributes to %,  ot, and o-ll (see Sect. 2). Of 
the relevant mesons re, A1, and B only the B meson 
couples to the isoscalar component of the photon. 
Neglecting B meson exchange against the dominating 

meson exchange yields ~L, o't, and crll to be equal in 
both channels [8]. Comparison of Figs. 14 and 16 
shows that this is in fact the case for at. To determine 
av(~-p) numerically we average between the two 
possibilities: 

2 av(= p)---- [{av(=-p) + sac(=-p)} - eCrL(= +p)] 

+ O-ll(rC + n) -- ae(~r -p). 
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Using this relation and the data of Figs. 14 and ] 6, we [ ' 
calculate the ratio Rv of the transverse cross sections rtT~, 

I av. The results are shown in Fig. 30. The experimental 
uncertainties are large but the data indicate Rv at 
Q2 = 0.70 GeV z to be smaller than in photoproduction 1.0 
[36]. 

5.4. (K+ A) and (K+ X ~ Production 

A summary of  the (K § A) and (K § 2; ~ data is shown in 
d2~r 

Fig. 31, where the cross section 2re dtd~ averaged be- 

tween 120~ q~_-< 240 ~ is plotted versus Q2 for several 
t 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 It I. Contrary to 
the (~+n) channel, the K § cross section does not show 
any significant increase with Qz which would be 
expected ifo- L contributed strongly. The Q2_dependence 
of the (K--A) cross section at fixed t is similar to the 
one of the total cross section, whereas the (K+s ~ 
production drops, at least at low Itl, considerably 
faster with increasing QZ, We discuss this difference 
further in Sect. 5.4.1. 

a%- 
Figures 32 and 33 show the cross section 2 ~ z - -  

dtd4) 
versus t. 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 )  -2 .  The various 
experiments agree within their rather large uncertain- 
ties, except for the photoproduction data of [37] and 
[39]. At ]tl>0.1 GeV 2 the data fall smoothly with 
increasing ]t], roughly like e -zJItl for the (K+A) and 
like e -l'~ for the (K+22~ 

The cross section components aV+eaL, a~,, and 
a~ 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-Cornel  group [40]. 
The cross section ~rv+~a L for the (K+A) channel 
dominates for ]t]<~0.5 GeV 2. o~ and ap being small 
implies a• For  the (K+Z ~ channel however, o-p 
is negative indicating o-• > a I . In photoproduction o• 
and all were separated only for the sum of (K + A) and 
(K+X ~) for which ~• was found [42]. The large 
value of [~rp[ allows the estimation of an upper limit of 
o-1, for the (K+Z ~ final state, using the inequality [17] 

The results are listed in Table 13. So far the only at- 
tempt to separate o-/~ and ov for K + electroproduction 
was made by the Harvard-Cornell collaboration [43]; 
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Fig. 30. The ~-/~+ ratio for the transverse cross section (see text). 
The photoproduction measurements are from [36] 

y. + p--K~A 
v . W=2.21 �9 This Exper,ment{ 120~ (l)"-240~ P -'K%T 

o/,+ Photoproduction 
31 i ttl [c v214 

o13 

.!, 7--'(1*.Q?mJ-') 

 liL, o2, I 

= 

 ,Ir, 

I " ' ' 7  1 0. ' /5  

I . . . .  - 

1 1 . 0 5  

0..' ~ ~ - w  
t ," . . . .  , . . . .  

0 0.5 1 1.5 0 0.5 1 t5  

Q2[ GeV 2] 

Fig. 31. The Q2-dependence of the (K + A) and K + Zo) cross sections 
2rcd2e/dtd~b. The photoproduction data are from [37, 38, 39]. The 
full line is proportional to Otot()'~p), the dashed line to (1 + Q2/m~)-2 

i i ,t, ! !~-~ ~ 0.15 



120 P. Brauel et al. : Electroproduction of n+n, n-p and K+A, K+S ~ Final States Above the Resonance Region 

yv+p--~K++ A 
w=2.21 GeV 120 ~ ~ r s 240 ~ 

�9 This Exper iment  

[ �9 0.06 

~ T + 0  2.2 

3 ~ 

2 ', 0.29 230 
v 0.29 2.48 

..... 0 0.29 2.17 
t'~ O 0.32 2.10 

_~.,~,~ I ] ;  t �9 0.70 
I::] A 0.62 2.67 

] o 0.76 2.17 

2 ~ 
_ �9 1.35 _ 

A 1.36 

0.0 0.5 1.0 1.5 

Itl [GeV 2] 

Fig. 32. The t-dependence of the (K+A) cross section 2~d2~r/dtd(~. 
The other data [37-41] are scaled in W. The curves are proportional 
to exp (2.1 t) 

~v+ p-~ K* §  ~ 
W=2.21GeV 120"s r <-240 ~ 

3 �9 This Ex er iment 

L ' Y  . . . . . . .  o'i  i'l wE iv  
I ? T �9 o.o6 

2 I- T• h _ ~ 0 3.2 
I_1-~ T T ~ ~i~ 
[-'~']'~',[,-.T L T ~ + 0 2.2 

~-- �9 0.28 
.> 2 " 0.29 2.I0 

v 0.29 21~8 tr% 
.T~- T o 0.29 2.17 

' o o , ,  , , o  

"0 
�9 0.70 

0.6 A 0.62 2.67 - t"q 
_ r~ 0.76 2.17 _ 

', 1.35 -1 
Zx 1.36 2.85 4 

0.6 t3 I/,I 2.71 

0.2 ~ | 

0.0 0.5 1.0 1.5 

ltl [GeV 2] 
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Table 13a. Upper limits L z for aL and R ~ for aL/aV for the (K+Z ~ 
channel (see text), W=2.21 GeV 

Q2 It [ L z R z 

(GeV 2) (GeV 2) (Ixb/GeV 2) (integrated over t) 

0.14 0.36___0.15 
0.70 0.21 0.21 +__0.11 1.82_+ 1.44 

0.29 0.22 _+ 0.11 

0.29 0.08+_0.11 
1.35 0.39 0.03 4- 0.12 0.28 +_ 0.28 

0.52 - 0.01 4- 0.09 

Table 13b. The ratio al/a v [43], Q2= 1.19 GeV 2, W=2 .14  GeV 

Itl (GeV 2) allay 

K+Z ~ 0.33 -0.38 - 0.14+_~:g~ 
K+A 0.25-0.30 +0.94 1.10-o.6o 

their results are included in Table 13 as well. For  a 
detailed discussion o f  K + electroproduct ion in terms 
o f  Regge models  we refer to [44]. 

5.4.1. The Z~ ratio and the quark model prediction. 
It has been k n o w n  for  some time that  the (K+Z ~ cross 
section decreases faster with increasing Qz 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  cont r ibut ion  to a r is expected 
f rom K exchange and  since the coupl ing constant  
~KA >> ~ z o .  However  there is no  experimental evidence 
for  a L domina t ing  the (K+A)-channel .  The second 
explanat ion is based on  the quark-par ton  model.  
Measurements  o f  the rat io o f  the neu t ron  and p ro ton  
structure functions [47 ] show that  v w2N/v I, V2 e--, 1/4 as 
x= Q2/2Mv--*I. This implies tha t  the remaining par t  
o f  the nucleon is in an I = 0  state when a pho ton  
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components.  The references are 
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interacts with a quark at x = 1. The production of  a A 
is therefore favoured against the production of a Z ~ 
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 photoproduct ion [47], close in W and t to our 
data, are shown in Fig. 36 as well. The data are in 
reasonable agreement with the theoretical prediction. 

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  It[ __ 0.2 GeV 2 (re+n) electroproduction shows a 

large longitudinal cross section. This aL as well as 
the transverse cross sections all, o-• and the trans- 
verse-longitudinal interference contribution at can 
be described by a modified Born term model which 
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Fig. 36. The ratio of the (K+Z ~ to the (K+A) cross section. The 
photoproduction point is taken from [37]. The curves show the 
limits given by the quark-parton model [45] 

indicate that the ratio of the transverse cross sections 
av is also at low ]t l smaller than in photoproduction, 

5. The (K+A) cross section shows at fixed t a Q2 
dependence similar to atot(TvP), whereas the (K+X ~ 
cross section decreases much faster with Q2. The 
ratio a (K + S~ (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 ]t j which would 
decrease with Q2 more strongly than the incoherent 
quark-parton interaction. The results 2 and 3 support 
this picture; the cross section dav/dt decreases at low 
It[ steeply with Q2 and remains then independent of QZ. 
Qualitatively similar effects were observed for the 
reaction ~ +p~rc ~ + p [48]. The result 4 is evident from 
naive charge counting rules and has been predicted by 
more refined calculations. The (S~ ratio has been 
regarded for some time as evidence of the quark- 
parton model. 

treats the off shell nucleon form factors as a free 
parameter. In this model aL is given by the one-pion 
exchange term and therefore allows the determina- 
tion of the pion electromagnetic form factor. The 
result is F~(QZ=0.7 GeV2)=0.42___0.015 which is 
in good agreement with the isovector Dirac form 
factor of the nucleon. 

2. At low It[ the transverse cross section d~rv(n+n) 
dt 

drops steeply from its photoproduction value to 
Q2_~ 0.5 GeV 2 and the stays constant independent 
of QZ. This follows from a comparison of our data 
with those on photo- and electroproduction by the 
Harvard-Cornell and another DESY group. 

3. The steep decrease of dav(n+n) with Q2 becomes 
dt 

less pronounced with increasing [t[. For It[>0.8 
GeV 2 the cross section dZa/dtdq~ hardly shows any 
Q2 dependence. The cross section a(rt+n) which 
was obtained by integration of our and the Harvard- 
Cornelt data on da/dt exhibits the same Q2-depen- 
dence as the total electroproduction cross section 
atot(TvP) for Q2 > 0.28 GeV 2. The Q/-dependence of 
a(~+n) arises mainly from the variation of Ittmi.. 
The quantity Q6 . a(Tz+n) scales in o)' and follows 
roughly the prediction based on correspondence 
arguments by Bjorken and Kogut. 

4. At large It l the (To-p) cross section is significantly 
smaller than the (re+n) cross section. For [t]>0.6 
GeV 2 the ratio R=a(Tz-p)/~r(rc+n) is lower than in 
photoproduction and close to 1/4. At low [t[ we find 
R-~ 1, due to the dominance ofo- L . The data however 
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