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The reaction 3,vp -+ pcr+Tr - was studied in the W, Q2 region 1.3-2.8 GeV, 0.3-1.4 
GeV 2 using tile streamer chamber at DESY. A detailed analysis of rho production via 
~,vp ~ p 0p is presented. Near threshold rho production has peripheral and non-peripheral 
contributions of comparable magnitude. At higher energies (14/> 2 GeV) the peripheral 
component is dominant. The Q2 dependence of o(q, v p  ~ o 0p) follows that of the rho pro- 
pagator as predicted by VDM. The slope of do/dt at ~ Qz ) = 0.4 and 0.8 GeV 2 is within er- 
rors equal to its value at Q2 = 0. The overall shape of thep ° is t dependent as in photopro- 
duction, but is independent of Q2. The decay angular distribution shows that longitudinal 
rhos dominate in the threshold region. At higher energies transverse rhos are dominant. 
Rho prod)~ction by transverse photons proceeds almost exclusively by natural parity ex- 
change, o T ~ (0.83 -+ 0.06) e T for 2.2 < W < 2.8 GeV. The s-channel helicity-flip amplitudes 
are small compared to non-flip amplitudes. The ratio R = OL/Cr T was determined assuming 
s-channel helicity conservation. We find R = ~2Q2/M~ with ~2 ~ 0.4 for (W) = 2.45 GeV. 
Interference between rho production amplitudes from longitudinal and transverse photons 
is observed. With increasing energy the phase between the two amplitudes decreases. The 
observed features of rho electroproduction are consistent with a dominantly diffractive 
production mechanism for W > 2 GeV. 
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1. Introduction 

This is one of several final reports on an experiment which used the DESY streamer 
chamber to study the hadronic final states produced in electron-proton scattering. The 
experiment covered hadron c.m.s, energies W between threshold and 2.8 GeV and val- 
ues of the photon mass squared, _Q2 from -0.3  to -1 .4  GeV 2. The experimental set- 
up had 4~ acceptance for detection of charged hadrons. In this paper we present our 
final results on rho production by virtual photons via 

3'vp ~ O°p. (1) 

Preliminary results obtained with a fraction of the data on multiplicities, rho and 
dx ++ production have already been published [1 -4 ] .  

Reaction (1) provides the opportunity to measure quasielastic virtual photon- 
nucleon scattering as a function of the photon mass. At Q2 = 0 rho production has 
the characteristics of a diffractive process (for W >~ 2 GeV); i.e. the production cross 
section is approximately constant as a function of energy, it is peripheral (do/dt  

exp A t  with A = 6 - 8  GeV-2), and is dominated by natural parity isoscalar exchange. 
It is one of the aims of this experiment to see whether rho production by virtual 
photons is also a dominantly diffractive process or whether other production mech- 
anisms become important with increasing Q2. To this end we have measured the W 
and t dependence of the rho production cross section as a function of Q2. The Q2 
dependence of the cross section provides a direct test of the Vector Dominance 
Model (VDM), while the slope of do/dt can show whether the interaction radius of 
the photon changes with Q2. 

An analysis of the rho-decay distribution allows us to study the spin states in- 
volved. From this we can (i) obtain a lower limit to the natural parity exchange cross 
section for production of transverse rhos; (ii) test for s-channel helicity conservation 
(SCHC), which holds well in photoproduction; (iii) determine the ratio of the cross 
sections for rho production by transverse and longitudinal photons, respectively. 

The paper is organized as follows: first we review the experimental procedure. In 
sect. 3 we describe the general characteristics of the reaction 7vP -+ p~+zr-, i.e. chan- 
nel cross sections and mass distributions. In sect. 4 we discuss the p mass shape, the 
P production cross section as a function of W, Q2 and t, and the p decay distributions. 
The conclusions are given in sect. 5. 

2. Experimental procedure 

A detailed description of the setup and the event analysis has been given in ref. 
[2]. A 7.2 GeV electron beam was directed onto a 9 cm long liquid hydrogen target 
inside the streamer chamber. The streamer chamber which had a length of 1 m was 
placed in a magnetic field of 18 kG. Two arrays of trigger counters, lucite (~erenkov 
counters and lead scintillator sandwich shower counters detected the scattered elec- 
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tron. About 70% of  the data were taken with a proportional wire chamber added to 
each of  the two detector arms [5], The proportional chambers measured the x and 
y coordinates of  the scattered electron behind the magnet. This improved the momen- 
tum and angular resolution by more than a factor of  two as compared with earlier 
runs where the electron track was measured in the streamer chamber only, With the 
proportional chambers the average error on the electron momentum was 2xp = +p2/PMD M 
with PMDM ~- 250 GeV/c; the error on the scattering angle was about -+1 mrad. 

Approximately 400 000 pictures were taken with a total flux of  4 • 1012 electrons 
incident on the target. The photographs were scanned twice and ambiguities were re- 
solved in a third scan. The event analysis was similar to that used in bubble chamber 
experiments. The geometrical and kinematical reconstruction was done using the pro- 
grams THRESH and GRIND [6]. A total of  ~9100 elastic and - 3 7  000 inelastic ep 
scattering events were obtained * 

Rho meson production via reaction (1) was studied in the final state 

ep -~ eprr+Tr - . (2) 

The events selected for reaction (2) were required to give a 4C fit (X 2 < 37) consis- 
tent with the observed track ionization. For 10% of the events of  reaction (2) one 
track was obscured by the target box or by flares. These events had to give a 1C fit 
(×2 < 28); the obscured track was recovered by the fit. A total of  7383 events were 
found in the kinematical region 1.3 < W < 2.8 GeV, 0.3 < Q2 < 1.4 GeV 2 which 
satisfied these selection criteria. 

Two independent Monte Carlo programs, which simulated the event production 
and detection, were used to check the fit procedure and event selection and to de- 
termine the radiative corrections. The Monte Carlo events were processed through 
THRESH and GRIND in the same way as the measured events. The contamination 
of  events from other reactions giving an acceptable fit for reaction (2) was found to 
be smaller than 5%. The radiative corrections were estimated in the peaking approxi- 
mation. The corrections amount typically to a +22% contribution from external and 
internal bremsstrahlung and a - 7% contribution from vertex and propagator effects 
[7] (see ref. [8] for details). 

Cross sections were determined by normalizing the total number of  events (after 
correcting for acceptance and radiative effects) to the total inelastic ep cross section 
measured in a single arm experiment [9]. The errors given below are statistical only. 
A systematic uncertainty of-+10% has to be added which covers the uncertainties 
from event selection (5%), radiative corrections (4%) and cross section normalization 
(7%). 

2-prong events were analyzed on 50% of the film only. 
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3. General characteristics of the reaction ' /vP  -* P n+n- 

3.1. Definition o f  the cross section 

In the notation of Hand [10] the differential cross section d2o(f)/dQ 2 dW for 
electroproduction of a final state f is expressed in terms of the cross section oT(f ) 
and erE(f) for production of f by scattering of transverse and longitudinal virtual 
photons on protons: 

do(f) _ 7r W FT(OT(QZ, w,f)+eOL(Q2, W,f)} ' (3) 
dQ2dW EE' mp 

where E, E '  are the energies of the incident and scattered electron, rnp is the mass 
of the proton, F y measures the flux of transverse photons, 

a E '  W2 - m2 1 
1" T - (4) 

47r 2 E rnpQ 2 1 - e 

with 

I v2~-+-Q2 1-1 Q2 ~,>m2e V 
e = 1 + 2 4 E E , ~ - ~ 2  j , for , = E - E ' .  (5) 

For the majority of our events the polarization parameter e lies in the range 
0.85-0.95. The value of e is fixed for a given Q2 and W. Therefore no model inde- 
pendent separation of o T and O" L can be made in this experiment. The 3'vP cross sec- 
tion is defined as 

a(Q 2, I40 -=- OT(Q 2, I40 + eOL(Q 2, W). (6) 

3.2. W and Q2 dependence of  the channel cross section 

Fig. 1 gives the W dependence of the cross section for 

~'vP -~ P 7r+n- (7) 

in different intervals of Q2. The production features are similar to those observed in 
photoproduction [I I, 121 (shown by the open points): namely a sharp rise at thresh- 
old, a broad maximum between 1.4 and 1.8 GeV followed by slow decrease at higher 
energies. The Q2 dependence of the cross section is shown in fig. 2 for various regions 
of W. For comparison the Q2 dependence of the total inelastic ? v P  cross section [9] 
normalized to O(TvP -+ P 7r+Tr-) at Q2 = 0 [12] is also given (dashed curves). The cross 
section for reaction (7) is seen to drop somewhat faster with Q2 than the total cross 
section. As we shall see below (subsect. 3.3) this is caused by the rapid decrease of 
z5 ++ and p0 production with Q2. Table 1 provides a complete listing of the cross sec- 
tion in small intervals of W and Q2. 
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Fig. 1. Channel cross section c~(Tvp --* pTr+Tr ") as a function of W for three different intervals of 
Q2. The open points are results at Q2 = 0 of the ABBHHM Collaboration as quoted in ref. [12]. 

3. 3. Mass distributions and resonance production 

The plr +, pn-  and n+rr - mass distributionsare shown in figs. 3 -5  for different 
Q2 and W intervals. Below 1.7 GeV &++(1236) production dominates. Above the 
rho threshold (W = 1.7 GeV) rho production shows up and becomes the dominant 
channel for W > 2 GeV. The rho signal is seen more clearly when a cut on the mo- 
mentum transfer (Itlp/p < 0.5 GeV 2) is applied (see shaded parts of figs. 4 and 5). 
As in photoproduction the rho mass shape is skewed: it is enhanced at the low mass 
side and depressed above the mass of the rho. The tmi n cut-off plays only a minor 
role in this context. We shall discuss the rho shape below (subsect. 4.1). As seen 
from the Mp~- distributions the production of &0(1236) is small at all energies. 

The cross sections for 2~ ++, ~0 and pO production in reaction (7) were deter- 
mined by a maximum likelihood fit to the Dalitz plot density dN(M2~+, M~2% -) [13]: 

dN(M27r+, M27r+cr-) = [a,z~+Fz~+~(Mp~r+) + aaoF, ao(Mp~-) 

+ ap e ( g r r . n _  ) W(COS 0H) + a p s % s  ] dM 2prr+ dM 2rr+n_ . (8) 
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Fig. 2. Channel cross section o(,/V p ~ pTr+n -) as a function of Q2 for five intervals of W. The open 
points at Q2 = 0 were taken from ref. [12], The curves represent the Q2 dependence of the total 
inelastic "~vP cross section, normalized to or(7 p ~ pn+n -) at Q2 = 0. The curves were obtained from 
a fit to the data of ref. [9]. 

The a's which appear in eq. (8) are fit parameters  and measure the size o f  the &++, 

A0, p 0 and phase space like background contr ibut ions .  The F ' s  describe normal ized 

relativistic Breit-Wigner dis tr ibut ions (for  details see ref. [8] ) ,  e.g. 

F=Bo/  , 

where q measures the pion m o m e n t u m  in the 7r+Tr - rest frame. The normal iza t ion  

cons tant  I o is obta ined  f rom an in tegra t ion over the Dalitz plot  

dM 2 2 = d M r .  . -  , (10)  I Ba p~+ 
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Table 1 
Reaction 7vp  ~ prr+rr-; channel cross section o T + e a L (~b) 

I¢ 
~ _',,, ~z"-,,, ~ G e V )  1.3-1,4 1.4-1.5 1.5-1.6 1.6-1.7 1.7-1.8 

59 

0 (Ref. [12]) 26 72.1 73.0 71.2 61.0 

0.3-0.4 13.6 ± 1.8 40.3 ± 3.0 40.9 ± 3.0 42.6 ± 3.0 36.8 ± 2.8 
0.4-0.5 14.7 ± 1.9 26.8 ± 2.5 37.3 ± 2.8 38.8 ± 2.8 35.0 ± 2.7 
0.5-0.6 7.2 ± 1.5 23.4 ± 2.6 32.1 ± 3.0 27.6 ± 2.7 29.3 ± 2.8 
0,6-0.7 6,4 ± 1.7 24.8 ± 3.3 26.8 ± 3.3 24.4 ± 3.1 26.6 ± 3.3 
0 ,7-0.8  3,3 ± 1.5 21.7 ± 3.7 21.2 +- 3.6 24.3 +- 3.7 31.7 ± 4.3 
0 .8-1 .0  4.0 ± 1.5 16.3 ± 3.0 19.4 -+ 3.1 17.8 ± 2.8 18,3 ± 2.8 
1.0-1.2 5.6 ± 2.6 15.4 ± 4.3 15.0 ± 3.9 21.8 ± 4.6 13,7 ± 3.6 
1 . 2 - 1 . 4  10.3 ± 6.1 10.1 ± 5.1 12.1 ± 5.5 21.0 ± 8.3 3.3 ± 2.3 

2~2~ IV 1.8-2.0 2.0-2.2 2.2-2.5 2.5-2.8 2.8-3.0 
V) 

0 (Ref. [12] ) 53 42 32.6 25.5 23.5 

0.3-0.4 27 .1±1.6  21 .7±1 .6  15.7±1.4  9 .9±1 .9  a) 
0.4-0.5 24 .0±1 .4  16 .3±1.3  13 .3±1.0  7 .9±1 .0  2 .3±0 .8  
0.5-0.6 20 .6±1 .6  14 .5±1.4  9 .6±1.1  7 .2±1.1  5 ,2±1 .3  
0.6-0.7 17 .2±1.8  11.7±1.5 11 .4±1.4  5 .2±1 .1  4 .0±1 .4  
0.7-0.8 15.9±2.1 14 .5±2.0  11,5±1.7  7 .9±1 .6  2 .0±1.1  
0 .8-1.0  13 .0±1.6  11 .4±1.6  8 .4±1 .2  3 .3±0.9  2 .8±1 .2  
1.0-1.2 13 .1±2.2  7 .2±1 .6  4 . 4 ± 1 . 2  2 .2±0.9  3 .1±1 .6  
1.2-1.4 10.3±3.1 15.2±7.5 1 .3±1.0  4 .5±2 .5  5 .3±4 .2  

a) For 0.35 < Q~ < 0.4 GeV 2. 

where  the  i n t eg ra t i on  l imits  d e p e n d  on  the W value o f  the  par t icu lar  event .  

In case o f  the  rho,  the  Brei t-Wigner is mul t ip l ied  b y  the fac to r  (M o/M~+,-) n where  
n is a fit  p a r a m e t e r  t h a t  d e t e r m i n e s  the  0 shape.  Also, the  polar  decay angular  distri- 

b u t i o n ,  I f ( cos  OH), for rho  events  in the  he l ic i ty  sys tem was inc luded  in the  fit s ince 

the  e x p e r i m e n t a l  cos O H d i s t r i bu t i on  is s t rongly  a f fec ted  b y  c o n t r i b u t i o n s  f rom A ++ 

and  A0 p r o d u c t i o n .  In t e rms  o f  the  p dens i ty  m a t r i x  e l emen t  r 04 (see ref. [14] and  

the  a p p e n d i x  of  this  paper  for  detai ls) :  

04 + (3r04  _ 1)COS20H) . W(cos 0t~) = ~ {1 - r00 (11) 

The q u a n t i t y  Fps  descr ibes  events  which  are d i s t r ibu ted  in the  Dalt iz  p lo t  accord ing  

to phase  space. Fps is a c o n s t a n t  and  is n o r m a l i z e d  in the same m a n n e r  as e.g. Fp .  

In a first set o f  fits the  p mass and w i d t h  were t r ea ted  as free pa ramete r s .  Wi th in  

errors  the  same mass  and  wid th ,  M o = 0 .78  GeV,  Vp = 0.15 GeV were o b t a i n e d  in all 
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Fig. 3. Distr ibutions o f  the  effective masses Mpn+, MTr+rr - ,  M p r -  f rom the reaction ep ~ ep~r*~r - 
for 1.3 < W < 1.7 GeV and three  Q2 intervals. The curves are taken from a fit to the Dalitz plot. 
Typically 1.7% [5.8%] of  the  events with 1.3 < W < 1.7 GeV (1.7 < W < 2.8 GeV) gave two 
(ambiguous)  fits o f  reaction (2) per event. In figs. 3 - 5  we hive  plot ted bo th  fits with  uni t  weight 
each. Hence the  actual number  o f  events  is smaller by 1 .7 -5 .8% than  the  numbers  given in the  
figures. 
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the Dalitz plot fit. 

I41- Q2 intervals. The fits were then repeated with Mp, I" o fixed at these values. The 
resulting values of n are given in subsect. 4.1. 

The fits describe the mass distributions well as is demonstrated by the curves in 
figs. 3 -5 .  The fitted fractions of A ++, A0 and p0 production and the phase space 
contribution are listed in table 2 together with the fitted value o ¢ ~04 For compar- ""00" 
ison the corresponding photoproduction results are also given. The relative contribu- 
tion of A ++ to reaction (7) is found to be essentially independent of Q2. The amount 
of A0 production is smaller by a factor of 5--10 than A ++ production. The p0 frac- 
tion decreases with Q2 (by a factor of  2 between Q2 = 0 and HI GeV 2 at W~ 2.5 
GeV). 

The background fraction is larger than at Q2 = 0 by a factor of 1.5-2.0 on the 
average. We find this an interesting feature of reaction (7) for the following reason. 
In photoproduction p~z+Tr - is the final state with the largest cross section (for IV ~> 
1.7 GeV). Its size is determined essentially by the two-body channels ~ - A  ++ and 
pop; the background contribution is small (~20%). In contrast, electroproduction 
of structureless phase-space like background becomes comparable in magnitude to 
p production for 2 < W < 2.8 GeV and Q2 ~ 1 GeV 2. The Q2 dependence of the 
cross section for "phase space" production (which can be reconstructed from table 
2) is similar to the Q2 dependence of the total inelastic ")'vP cross section, i.e. the 
background shows the same weak decrease with increasing Q2 as the total inelastic 
TvP cross section. 
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Table 2 
Reaction 7V p --r pn+n-; percentages aA++, aAo , a 0 , a-sv of A +~, A °, fl and phase space production, 
and the O o density matrix element r°o4 as obtained from maximum likelihood fits to the Dalitz 
plot; the third column gives the polarization parameter e; the last column gives the channel cross 
section. 

0 4  
W Q2 e aAx+~ aAo ap aps roo c,(Tvp-+plr+n') 
(GeV) (GeV 2) (~b) 

1.3-1.7 0 0 70+-3 a) 1 0 ± 4  a) 2 0 ± 5  a) 63 c) 
0.3-0.5 0.99 64-+4 9-+3 2 7 ± 9  31.9+- 1.0 
0.5-0.8 0.98 54-+5 12-+ 3 3 4 ± 8  20.3+-0.8 
0.8-1.4 0.97 56-+8 17-+5 27_+ 16 14. l± 1.3 

1.7--2.0 0 0 32-+2 a) 3 ± 2  a) 49-+5d)  16-+4 d) 55 c) 
0.3-0.5 0.97 32_+3 1 +- l 44+- 7 2 3 ± 6  0.52-+0.04 29.0-+ 1.0 
0.5-0.8 0.96 28-+ 3 6 ± 4  47-+ 8 19-+6 0.56+-0.03 21.7_+ 1.0 
0.8-1.4 0.95 25-+3 4 + 2  30± 10 4 1 ± 6  0.53-+0.20 12.0-+ 1.1 

2.0-2.2 0 24+-2 a) 1+1  a) 5 8 ± 5  a) 17-+6 a) 42 c) 
0.3-0.5 0.94 26_+5 8-+ 3 3 6 ± 4  30-+4 0.19-+0.08 18.8+- 1.0 
0.5-0.8 0.93 16-+4 5 ± 2  34-+5 4 5 ± 4  0.40±0.06 13.5± 1.0 
0.8-1.4 0.91 20-+8 1-+4 4 5 5 6  34-+5 0,4850.09 11.2-+2.6 

2.2-2.8 0 12-+1 b) 2-+1 b) 6 8 ± 4  b) 18±4  b) 29 c) 
0.3-0.5 0.86 10-+2 3-+2 5 2 ± 5  35-+4 0.20±0.04 11.5±0.6 
0.5-0.8 0.84 14-+ 5 2 ± 2  53-+4 31-+7 0.25-+0.07 8.8_+0.6 
0.8-1.4 0.81 16-+6 1-+2 29-+5 54-+8 0.45+0.20 4.1-+0.6 

a) Results from ref. [ 11 ]. 
b) Results from ref. [151 . 
c) Results from ref. [12]. 
d) These values were determined by refitting the data of ref. [11 ] with variable n. 

4, The reac t ion  "/vP -+ pOp 

4.1. The rho mass shape 

As descr ibed above the p mass shape was analyzed in te rms o f  the skewing fac tor  

( M , / M n  +_)n  which  has been  found  to give an adequate  descr ip t ion  o f  the mass dis- 

tril~ution in p h o t o p r o d u c t i o n  ~' [15] .  For  Itl < 0.5 GeV 2 and integrat ing over Q2 our  

The form of the rho mass shape and the cross sections deduced from it are subject to theoreti- 
cal uncertainty. Different approaches have been used in analyzing rho-photoproduction (see 
e.g. ref. I151 ), e.g. the S~Sding model and the above parametrization. The resulting cross sec- 
tions agreed to within 10-20% above W = 2 GeV. We use the above form because it provides 
the most convenient parametrization of the rho peak. 
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Fig. 6. Shape factor n of  t h e p  ° for 2.0 < IV < 2.8 GeV and Itl < 0.5 GeV 2. The open circles are 
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experiment ,  o (ref. [ 11 ] ), × (ref. [ 161 ), Q (ref. [ 17 ] ), z~ (ref. [ 18] ). 

fit results were 

n = 6.0 ± 0.2, for W = 1 . 7 - 2 . 0  G e V ,  

4.0 +-- 0.6, 2 . 0 - 2 . 2  G e V ,  

3.6 ± 0.3, 2 . 2 - 2 . 8  GeV * 

Fits wi thout  t cut gave n = 5.2 for 1.7 < W < 2 GeV and n = 4 for 2.0 < W < 2.8 GeV. These 
values were applied in the  fits used for cross section determinat ion (tables 2, 3, 4b, figs. 7, 8, 
1 0 ,  1 1 ) .  
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The large value of n in the first W interval is a consequence of a shoulder in the 
M~+~- distribution around 0.5 GeV (see fig. 4a) which is less prominent in the 
corresponding distribution in photoproduction (yielding n = 4). 

We studied the t and Q2 dependence (for Itl < 0.5 GeV 2) o f n  in the If interval 
2.0-2.8 GeV. Fig. 6a shows n as a function of t. In close accord with photoproduc- 
tion [15] the skewing is maximal near t = 0 (n "" 4 - 5 )  and appears to vanish around 
Itl ~ 0.5 GeV 2. As shown in fig. 6b no statistically significant variation is observed 
with Q2. The fitted n values are in agreement with the Q2 = 0 result obtained from 
a fit we made to the data of ref. [11 ] in the same W bin. In fig. 6d we have compiled 
the results on the Q2 dependence of n from previous experiments [15-18] .  Clearly 
n is consistent with 4 for Q2 ~ 1 GeV 2. For larger Q2 there is an indication that n 
is decreasing. 

We also have examined the mass shape of longitudinally and transversally polar- 
ized rhos separately by replacing the rho term in eq. (8) by three rho terms: the first 
multiplied by If(cos OH) = cos20rl (for longitudinal rhos); the second one with 
W(cos 0) = sin20H(1 + e cos2~)* (for transverse rhos), where ~H is the polarization 
angle in the helicity system defined below (subsect. 4.4.1); and thirdly a term with 
n = 4 (fixed) and If(cos 0) = const (to describe unpolarized p's). The resulting n 
values are given in fig. 6c as a function of Q2. While no significant Q2 dependence is 
observed for longitudinal rhos, the amount of skewing decreases with Q2 for the 
transverse part. The results are insensitive to the value of n assumed for the unpolar- 
ized rhos. 

In photoproduction the rho shape can quantitatively be explained by the SSding 
model [19,15] ;the skewing is caused by an interference of the rho amplitude with 
dipion production of the Drell type. We have extended the model for rho electropro- 
duction and calculated the Q2 dependence of n for transverse photons in this model. 
The resulting curve (see fig. 6c) describes the data points well. A similar evaluation 
for the longitudinal photon part is more difficult: due to the cos20H-like decay an- 
gular distribution a substantial fraction of the rho events have pTr -+ masses in the 
resonance region (Mp~r_+ ~< 1.5 GeV). Therefore the full set of 7rN partial waves has 
to be taken into account when calculating the dipion terms. Such a calculation has 
not yet been done. 

4.2. The pO cross section 

The p0 production cross section is shown in fig. 7 as a function of W for different 

This form projects out s-channel helicity conserving rhos produced v/a natural parity exchange 
(see the appendix). 
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Q2 intervals. A W dependence similar to photoproduction * (open points) is observed: 
o o rises sharply at threshold, goes through a maximum near W = 1.9 GeV and be- 
comes nearly constant towards higher energies. The latter behaviour is suggestive of  
a diffractive mechanism. The Q2 dependence of  o o is given in fig. 8 and table 3 for 
different regions of W; the data show a rapid decrease of oz with increasing Q2 ; e.g. 
at Q2 = 1 GeV 2, o o is down by a factor of ~10  from the photoproduction value. For 

For a meaningful comparison it is mandatory to extract theo cross sections from photoproduc- 
tion and electroproduction in a comparable way. Near threshold (W <~ 2 GeV) the magnitude of 
thep cross sections depends quite sensitively on the parametrization of *hep peak. In order to 
obtain comparable results we refitted the photoproduct ion data of  ref. [ 11 ] with our fitting 
procedure (eq. (8)) yielding n = 4.1 +_ 1.0 for W = 1.7-1.8 GeV and n = 4.6 _+ 0.3 for W = 1 .8-  
1.9 GeV. For W > 1.9 GeV we use the cross sections of  ref. [ 11] which were obtained from a 
fitting procedure similar to ours using n = 4 (fixed), M 0 = 778 MeV and r O = 143 MeV. 
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Table 3 
Reaction ~,Vp ~ o 0p, erp as a function of  Q2; for completeness we also give the total inelastic 
3,Vp cross section Crto t = o T + e o L and the ratio a 0/Otto t. Oto t was obtained by us from a fit 
to the single arm data of  ref. [9] 

W Q2 Op Oto t Op/Oto t 
(GeV) (GeV 2 ) (#b) (/~b) 

1 .7 -2 .0  0 27 -+ 3 a) 155 0.175 -+ 0.020 
0 .3 -0 .4  13.5 + 1.4 110.9 0.122 -+ 0.013 
0 .4 -0 .5  11.6 + 2.6 96.8 0.120 -+ 0.027 
0 .5 -0 .6  9.3 --!- 1.2 91.1 0.102 _+ 0.013 
0 .6 -0 .8  11.3 -+ 2.5 79.9 0.142 _+ 0.03l  
0 .8 -1 .4  3.5 ± 1.3 57.9 0.060 -+ 0.022 

2 .0 -2 .2  0 25 ± 2 a) 146 0.171 _+ 0.014 
0 .3 -0 .4  9.8 -+ 1.6 93.5 0.105 -+ 0.017 
0 .4 -0 .5  4.3 +- 1.1 84.9 0.051 +- 0.013 
0 .5 -0 .6  5.2 -+ 1.5 77.6 0.067 -+ 0.019 
0 .6 -0 .8  4.2 -+ 1.0 68.1 0.062 ± 0.015 
0 .8 -1 .4  5.1 +- 1.7 51.8 0.098 +_ 0.033 

2 .2 -2 .8  0 18.5 + 1.5 a) 135 0.137 + 0.011 
0 .3 -0 .4  6.0 +- 1.0 82.5 0.073 -+ 0.012 
0 .4 -0 .5  5.9 + 1.0 73.7 0.080 + 0.014 
0 .5 -0 .6  3.9 -+ 0.7 67.0 0.058 +- 0.010 
0 .6 -0 .8  5.4 -+ 1.1 58.7 0.092 -+ 0.019 
0 .8 -1 .4  1.2 -+ 0.3 44.4 0.027 + 0.007 

a) Obtained from the data of  ref. [ 11 ] as described in caption of  fig. 7. 

c o m p a r i s o n  we s h o w  in fig. 8 t h e  c ross  s e c t i o n s  o f  refs .  [18]  and  [20]  * ,  w h i c h  are 

c o m p a t i b l e  w i t h  o u r  da ta .  

4.3. Rho  production angular distribution 

T h e  d i f f e r e n t i a l  c ross  s e c t i o n s  d a / d Q c . m . s ,  a n d  da/dt w e r e  d e t e r m i n e d  b y  s e p a r a t e  

Da l i t z  p lo t  f i ts  fo r  e a c h  in te rva l  o f  cos  0c.m.s. a n d  t ( h e r e  0c.m.s. is t h e  p r o d u c t i o n  angle  

in t h e  7 v P  c .m .  s y s t e m )  * * .  T h e  resu l t s  are given in figs. 9 , 1 0  a n d  in  t ab le  4 fo r  d i f f e r -  

e n t  W -  Q2 in te rva ls .  The  use  o f  da/dY2c.m.s, is a d v a n t a g e o u s  in t he  l o w  W reg ion  

w h e r e  the  m i n i m u m  m o m e n t u m  t r a n s f e r  var ies  r ap i d l y  acc ross  t h e  W - Q 2  in te rva l .  

We f i rs t  d i scuss  t he  l o w  W reg ion  (W < 2 G e V ) .  Here  t h e  angula r  d i s t r i b u t i o n  

-k 

Ahrens et al. have measured the sum of  theo  0 and to cross sections. In order to deduce from 
these data the p o cross sections we used our data on to production (ref. [3 ] ) and subtracted 
the to contribution. 
Separate fits in the threshold region (1 . 7 -2  GeV) indicated a moderate dependence of  the mass 
skewing parameter n on cos 0c.m.s. (n = 5.8 for cos 0c.m.s. > 0.6, n = 5.2 for - 0 . 2  < cos 0c.m.s. 
< 0.6 and n = 4 for cos 0c.m.s. < -0 .2 ) .  These values were used for the electroproduction results 
in fig. 9. For W > 2 GeV the fit ted O fractions were insensitive to the value o f n .  Here, n = 4 was 
used. 
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d o / d ~ c . m . s ,  has two components:  a forward peaked (peripheral) part which decreases 
in magnitude with increasing Q2, and a practically isotropic part (s-wave like) whose 
magnitude depends only weakly on Q2 (see fig. 9). The two components have differ- 
ent W dependences. To show this we have determined the total cross section of  the 
two components as follows: for the non-peripheral part the rho cross section was 
taken in the region cos 0c.m.s. < O, which is free of  peripheral contributions, and was 
integrated over the full cos 0c.m.s. range assuming a symmetrical behaviour around 
cos 0c.m.s. = O. This leads t.o o~ °n-peripheral. The peripheral component is then 

peripheral non peripheral o~ = op - o~ " . T h e  W dependence of  the two components is 
shown in fig. 11. Both cross sections rise steeply near threshold; the peripheral part 
becomes nearly constant above W = 2.0 GeV while the non-peripheral contribution 
falls off rapidly above W = 2.0 GeV. This behaviour could be due to contributions 
from s-channel resonances. The almost isotropic angular distribution in the back- 
ward hemisphere (for W < 2 GeV) suggests an L = 0, JP  = ½- or ~ -  assignment for 
the pop system. 

At energies above W = 2 GeV the peripheral component is dominant and the dif- 
ferential cross section is of  the form (see fig. 10) 

d o / d t  ~ exp(At) .  
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Table 4a 
Reaction -rVp ~ O O p; differential cross section do/d~2c.m.s. (~tb/sr) as obtained from maximum 
likelihood fits in cos 0c.m.s. intervals for 1.7 < t¢ < 2,0 GeV 

0a, 

cos 0 c . m . s . ~ .  - (Q2) = 0.7 GeV 2 

0 .9 -1 .0  11 . 5±0 . 6  3.0 ±0.3  
0 .8 -0 .9  7 . 8 ± 0 . 7  2.0 ±0.24 
0 .6 -0 .8  3 . 4 ± 0 . 3  0 .72±0 .13  
0 .2 -0 .6  1 .25±0 .16  0 . 4 3 ± 0 . 1 2  

( - 0 . 2 ) - 0 . 2  0 . 9 6 ± 0 . 1 0  0 . 3 3 ± 0 . 0 6  
( - 0 . 6 ) - ( - 0 . 2 )  0 .52±0 .11  0 . 2 8 ± 0 . 0 8  
( - 0 . 8 ) - ( - 0 . 6 )  0 . 3 1 ± 0 . 0 8  0 . 2 2 ± 0 . 0 4  
( - 1 . 0 ) - ( - 0 . 8 )  0 . 3 2 ± 0 . 2 0  0 . 3 1 ± 0 . 0 5  

a) Obtained by fitting the data of  ref. [ 11 ] (see caption of  fig. 9). 

Table 4b 
Reaction ~tvP --+ p Op; differential cross section do[dr (t~b]GeV 2) for 2.0 < I4I < 2.2 GeV (~ W ) = 
2.09 GeV) and 2.2 < W < 2.8 GeV ((W) = 2.45 GeV) (for numerical values at Q2 = 0 and (W) = 
2.48 GeV, see table 12 of  ref. [15])  

2.0 < W < 2.2 GeV 

Q2 0 a) 
V 2 ) 

2.2 < lg < 2.8 GeV 

0 .3-0 .5  0 .5 -1 .4  0 .3 -0 .5  0 .5 -1 .4  

( Q 2 ) = 0 . 4  ~Q2)=0.95 ( Q 2 ) = 0 . 4 2  (Q2)=0 .85  

I t lmin-0.1 a) 1 0 5 ± 1 0  35 ±15  27 .0±3 .1  13 .5±1 .9  
0 .1 -0 .2  62±  4.5 15 ± 5 16 . 7±3 .9  b) 18 .0±2 .0  8 . 6 ± 0 . 9  
0 .2 -0 .3  4 2 . 5 ± 3 . 0  14.4± 3.5 1 2 , 6 ± 2 . 0  10 .2±1 .3  5 . 0 ± 0 . 7  
0 .3 -0 .4  20 .4±3 .1  5 . 2 ± 1 . 0  2 . 9 ± 0 . 6  

7 .5± 1.6 3 . 2±1 .1  
0 .4 -0 .5  1 1 . 2 ± 2 . 2  2 . 4 ± 1 . 0  1 .7±0 .5  
0 .5 -0 .7  4 . 1 ± 1 . 3  0 .5~ 1.3 2 . 0 ± 1 . 0  1 . 4 ± 0 . 6  1 .1±0 .3  
0 .7 - 1 .0  5 . 1 ± 1 . 0  0 .8± 1.0 0 ±0.8  0 . 8 ± 0 . 3  0 .03±0 .15  
1 .0-1 .5  2 . 9 ± 0 . 7  1.2± 0.6 0 . 4 ± 0 . 5  0 ~0.22 0 . 2 0 ± 0 . 1 2  
1 .5-2 .0  1 . 6 ± 0 . 6  0 .9± 0.6 1 . 0±0 .5  0 ±0.14 0 .07±0 .07  

I t lmin(GeV 2) 0.025 0.075 0.13 0.04 0.06 

a) Obtained by fitting the data of  ref. [ 11 ] in the appropriate intervals (with shape parameter 
n = 4). 

b) For Itl interval 0 .13-0 .2  GeV 2. 
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Fits to do/dt in the W interval 2 .2 -2 .8  GeV and for 0.I < [tl < 0.5 GeV 2 yielded 
the following slope values 

A = 6.5 + 0.5 GeV -2  for Q2 = 0.3--0.5 GeV 2, 
5.7 + 0.7 GeV -2  for Q2 = 0 . 5 - 1 . 4  GeV 2. 

The slope parameter was also determined from a Dalitz plot fit in which the rho term 
in eq. (8) was multiplied by exp At. The resultingA values are shown in fig. 12a to- 
gether with the value fitted at Q2 = 0, namely A = 6.5 -+ 0.3 GeV -2 .  The data are 
consistent with no change of the rho slope with increasing Q 2  

In an optical model the slope A measures the interaction radius of  photon and pro- 
i t R 2  + R2). It has been argued that with increasing Q2 the radius of  the t°n,  Aop - a t  

photon will shrink [21 ]. Maximal shrinkage (R.~ = 0) would lead to App --~ lApp 
(~3 .5  GeV -2  at W ~ 3 GeV), where App is the slope for elastic pp scattering. Hence 
maximal shrinkage is excluded by our data for W ~ 2.5 GeV and Q2 ~ 1 GeV 2. 

In addition we determined the slope parameter A for longitudinally and transver- 
sely polarized rhos separately. This was done as follows: The probability for each 
event to be due to P production is equal to the weight factor Wip = apFo(Mi÷~-) 
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determined in the maximum likelihood fit to the Dalitz plot (eq. (8)). The weight 
factor W o multiplied by cos20 H projects out longitudinal rho events; similarly, mul- 
tiplication by sin20H(1 + e cos 2~bH) projects out transverse rho mesons. The t depen- 
dence of these two parts was fitted separately and the result is plotted in fig. 12b. No 
statistically significant difference between the slopes of longitudinal and transverse 
rhos is observed. 

4.4. Rho decay angular distributions 

4.4.1. Introduction. The P decay acts as an analyzer of the spin states of the rho. 
Hence an analysis of the rho decay distribution allows us to study the spin-dependent 
properties of the production process. The relevant formalism has been developed in 
ref. [14]. We present in the appendix a summary of the formulae applicable to our 
work. In the following we restrict ourselves to (a) defining the angles used for the de- 
cay analysis and (b) quoting the decay distribution for the (simplified) case of s-chan- 
nel helicity conservation. Results will be given and discussed in subsect. 4.4.2. 

The rho decay was studied in the s-channel helicity system, which is the most con- 
venient system for describing the rho decay from photoproduction [15]. The p direc- 
tion in the overall hadron c.m.s, is taken as the quantization axis. The pions from p de 
cay are described by the polar angle O H and the azimuthal angle 4)rl in the 7r+cr - rest 
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system (see the appendix for a formal definition). We also use the angle cO of  the P°" 
larization vector of  the transverse photons in the hadron c.m.s., which is given by the 
angle between the p production plane and the electron scattering plane. 

We analyzed the 0 0 decay angular distribution W(cos O H, q~H, q~) in terms of  the 
p0 density matrix in the helicity system using the formalism of ref. [14]. The p0 
density matrix, Pik, in general, can be decomposed into six independent matrices 
O '~ , where the matrices for c~ = 0 - 2  and 4 describe O 0 production by transverse and ik 
longitudinal photons, respectively; the matrices for c~ = 5 - 6  measure transverse/longi- 
tudinal interference terms. When, as in this experiment,  the ratio of  the longitudinal 
to transverse photon flux as measured by e is not varied, the contributions from p 0 
and p4 cannot be separated and W(cos OH, CH, q~) measures certain combinations of  
the p 5 " ik" 

t _ 4 + e R 4  
1 + eR ' ( 1 2 a )  

Pik ~ -  1 + e R  ' ~ = 1 - 2  ( 1 2 b )  

r a = a = 5 - 6  (12c) 
ik l + e R  ' 

where R = OL/O T is the ratio of  the cross sections for po production by longitudinal 
and transverse photons. Note that as 0 2 -+ 0, ri0k 4 ~ polk and r~ ~ P~k (a = 1--2). The 
full decay distribution, expressed in terms of the 15 measurable matrix elements, is 
given in the appendix. 

If  the s-channel helicity is conserved (SCHC) at the 7P vertex all matrix elements 
0 4 1  4 0 ,  im r60 are zero. Furthermore rl_l _ i ra  4 .1  an d except r00, r I_U Im 4 - 1 '  Re = 

Re r50 = - I m  ~10" In this case the decay distribution reduces to 
3 

= r00 ) + ~[~r00 1 ) cOS20H W(cos OH, •H ) 4-~r [½(1 -- 04 1-~ 04 _ 

+ er~. 1 sin20li cos 2~ H - 2 x / e ~  * e) Re 4 0  sin 20i_ I cos $H]  " (13) 

Here we used the polarization angle ffH = qSH -- qb. The term sin20 H cos 2t~ H char- 
acterises transverse rhos while contributions from longitudinal rhos have a COS20 H 
distribution and no $H dependence. The last term is due to longitudinal-transverse 
interference. 

4.4.2. Results. In this subsection we give the experimental results on the decay 
distributions and density matrix elements and discuss the related properties of  the 
production process *. 

* In the present experiment we analyse the decay distribution by averaging over the rho mass dis- 
tribution. In the SBT photoproduct ion  experiment  [ 15 ] it was possible to measure the variation 
of  the decay properties as a function of  Mn*rt-. This is statistically impossible in our experiment.  
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YvP - "  pop 
0 . 3 < 0 2 < 1 . 4  G e V  2 i 0 . 6 < M r ~ + r w  < 0 .85  G e V  

I t l  < 0 .5  G e V  2 

2 o - ~  1.7<W<2.0 GeV 
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< . . . ~ . . o ,  2~ <,~., .°°, 
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COS OH 

Fig. 13. Decay angular distributions for 7vP ~ n+Tr-P in the p region (0.6 < M~r+zr- < 0.85 GeV) 
for Ltl < 0.5 GeV 2, 0.3 < Q2 < 1:4 GeV2in the energy intervals 1.7 < iV < 2.0 GeV and 2.0 < 
W < 2.8 GeV. The curves are from a maximum likelihood fit. 

Fig. 13 shows scatter plots of cos O H ve r sus  the polarization angle ~H = !bH - - ~  
for events in the mass region of the rho and small Itl (Itl < 0.5 GeV2). The curves 
drawn in the projections show the result from the maximum likelihood fits (eq. (8)). 
We see from W(cos OH) (fig. 13) that at low energies (W < 2 GeV) production of 
longitudinal rhos dominates. The broad bump in the cos O H spectrum near cos 0 H = - 1  
is a reflection of A ++ production. Above W = 2 GeV the shape of W (cos OH) has 
changed to a more sin20 like distribution. Consequently, more transverse than longi- 

tudinal rhos are being produced at higher W. The non-uniformity of the ~H distribu- 
tion demonstrates the presence of contributions from transverse photons in both 
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Table 6 

Spin density matrix elements for 3,Vp ~ 0 0 p  in the s-channel helicity system (Itl < 0.5 GeV 2, 
1.7 < W < 2.0 GeV and 2.0 < W < 2.8 GeV) 

(Q2) W (GeV) 

(GeV 2) 
1 .7-2.0  2 .0-2 .8  

0.0 0.33 +- 0.02 a) 0.04 +- 0.01 a) 
04 0.4 0.60 +- 0.03 0.20 +_ 0.03 

r ° °  0.65 0.69 +, 0.05 0.28 +, 0.04 
1.05 0.97 +, 0.12 0.47 +_ 0.08 

0.0 0.05 +, 0.01 a) 0.01 +- 0.01 a) 
o4 0,4 0.09 +, 0.02 0,08 +, 0.02 

R e r l °  0.65 0.14 +, 0,03 0.08 +, 0.03 

1.05 0.14 +, 0,08 0.16 +, 0.06 

0.0 -0 .02  -+ 0.01 a) -0 .02  +, 0.01 a) 
o4 0.4 -0 .05  +, 0.03 -0 .02  +, 0.03 

rl-1 0.65 -0 .07  +_ 0.03 -0 .00  +, 0.04 
1.05 0.04 +, 0.06 -0 .06  +- 0.07 

0.4 -0 .02  +, 0.06 -0 .01  +, 0.05 
r lo  0.65 0.01 +, 0.10 0.15 +, 0.07 

1.05 -0 .18  +, 0.32 0.26 +, 0.13 

0.4 0.01 +, 0.03 -0 .05  +, 0.04 
r~ 1 0.65 -0 .04  +, 0.04 -0 .05  +- 0.05 

1.05 0.07 +, 0.09 -0 .16  +, 0.08 

0.4 0.02 +, 0.03 -0 .02  +, 0.03 
Re r lo  0.65 -0 .17  + 0.05 0.02 +- 0.04 

1.05 0.03 +- 0.13 0.07 +, 0.09 

0.4 0.13 +, 0.04 0.31 +, 0.05 
r~_ 1 0.65 0.18 +, 0.05 0.33 +, 0.06 

1.05 -0 .16  +, 0.09 0.00 +, 0.12 

0.4 -0.01, +, 0.03 0.01 +, 0,03 
Im rZlo 0.65 0.00 +, 0.05 0.06 -+ 0.04 

1.05 0.09 + 0.10 -0 .01  +, 0.08 

0.4 -0 .12  +, 0.04 -0 .33  +, 0.05 
Im r~_ 1 0.65 -0 .06  +- 0.05 -0 .21  +, 0.06 

1.05 -0 .05  +, 0.11 -0 .17  +, 0.12 

0.4 -0 .02  +, 0.03 0.00 +, 0.03 
r~o 0.65 0.07 +, 0.05 0.04 +- 0.03 

1.05 -0 .12  +, 0.15 -0 .04  -+ 0.07 

0.4 -0 .03  +- 0.02 -0 .03  -+ 0.02 
r~_ 1 0.65 -0 .05  +, 0.03 -0 .04  +_ 0.03 

1.05 0.03 +, 0.03 -0 .04  +, 0.05 

0.4 -0 .01 +- 0.02 0.07 +, 0.02 
Re r~o 0.65 0.05 +, 0.03 0.07 +, 0.02 

1.05 -0 .05  +- 0.05 -0 .06  + 0.04 
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Table 6 (continued) 

(Q2 ~ w (GeV) 

(GeV2) 1.7-2.0 2.0-2.8 

0.4 0.02 -+ 0.01 0.02 +- 0.02 
r~ 1 0.65 0.02 ± 0.02 0.00 -+ 0.02 

1.05 0.01 -+ 0.05 0.00 -+ 0.04 

0.4 -0 .04 -+ 0.02 -0 .07  ± 0.01 
Im r~o 0.65 -0 .02  -+ 0.02 -0 .07 -+ 0.02 

1.05 0.01 ± 0.06 -0 .08 -+ 0.04 

0.4 0.03 -+ 0.02 0.06 +- 0.02 
Im r6_1 0.65 0.06 -+ 0.02 0.06 -+ 0.O3 

1.05 0.07 -+ 0.06 0.09 -+ 0.05 

a) Obtained by fitting the photoproduction data of ref. [ l 1 ]. 

energy  regions.  The decay  p ions  c lus ter  near  ~k H = 0 ° and  180 ° wh ich  is ev idence  

for  d o m i n a n t  na tu ra l  pa r i ty  exchange  in the  s -channel  he l ic i ty  conserv ing  pa r t  (see 

be low) .  

The dens i ty  m a t r i x  e l emen t s  were  d e t e r m i n e d  by  the  m e t h o d  o f  m o m e n t s  

we igh t ing  each event  w i th  the  m a x i m u m  l ike l ihood  weight  f ac to r  wio cx aoFp(Mi+~r_). 
By this  we igh t ing  p r o c e d u r e  the  c o n t a m i n a t i o n  b y  b a c k g r o u n d  is m in imized  *. The  

15 i n d e p e n d e n t  dens i ty  m a t r i x  e l emen t s  measu rab le  in this  e x p e r i m e n t  are s h o w n  

in fig. 14 as a f u n c t i o n  o f  W a n d  in fig. 15 as a f unc t i on  o f  Q 2. They  are also l isted 

in tables  5 and  6. The da s h - do t t ed  l ines in  figs. 14 and  15 give the  b e h a v i o u r  ex- 

pec t ed  for  s -channel  he l i c i ty  conse rva t ion .  T he  o p e n  ~oin ts  in the  t o p  par ts  o f  figs. 
0 v 0 14 and  15 give the  re la ted  m a t r i x  e l ement s  P 0 0 '  Re P l 0  and  Pl -1  f rom the  p h o t o -  

p r o d u c t i o n  da ta  o f  ref. [11 ] .  We f ind 

We have estimated the contamination by background in the following way: (a) W > 2 GeV. 
Events with MTr*zc- > 1 GeV where the contribution o f rho  is negligible, have a flat angular 
distribution in ~H and a~. Hence assuming that the background under the rho has the same 
characteristics, the rho density matrix elements that depend on 4~ H and • will not be influ- 
enced by this background. We have also determined rS~ (which depends on O H only) from a 
Dalitz plot fit in which background due to ~ and phase space is taken into account; we find 
values which agree within one standard deviation with those from the moments analysis, indi- 

04 cating the range of systematic uncertainty ofro0 for W > 2 GeV. (b) W < 2 GeV. Here the 
background peaks under the rho and is cut off by kinematics at l GeV (fig. 4a). The rik deter- 
mined from the weighted moments method give a consistent description of the qJH distribution 
assuming an isotropie background in 4~I-t and 4~. This gives confidence in the values of the ele- 

- '04 04 ments depending on ~H and • (all but too). The element roo, on the other hand, is very sen- 
sitive to the fitted shape of the rho. From a comparison of different fits we conclude that the 
systematic uncertainty of r 04 is of the order of 0.1 and 0.2 for 0.3 < Q2 < 0.8 and 0.8 < Q2 
< 1.4 GeV 2, respectively, for W < 2 GeV. 
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0.3<0, z< 1.4 GeVZ+ Itl < 0.5 GeV z 

o.B ,i,+t ................. i r Okoo 

0 .0  . , . . . . .  Z , , +  , , : , ,  

. . . . . .  

0 . 2  . , . i . . . 1 , , , + , ,  , ~ , , , ,  

o ;+;  

. o . 2 r , ,  , i  , t ,  I , , , i  , ,  , t , ,  , I  

o., I ..... Re';i'o ..... 
o.o~-~. ¥.-I _L. 

- - O ' ~ l  I i I t I t l l t ' l  , I  t i l l  , l  --014~ j, ................ J '~ 

o.o ~ ~,-~. . . . . .  I - -  

0 . 2  . . . , , , . , , , , 1 , , , 1 * . , ,  

0.0 itl-~--~--~- 
E rP; 

. 0 . 2~ . ,  , , . .  , i ,  , , I , , ,  , ,  , , , 

t7 23 2.5 

o 

-°.2k ................... 

o.o~". ' ' I  
.o.2 I. ..... R,e.. ,r. ! ° , ..... J 
0.2~, ,., .... . , , , , , . , , , . , , .  

Imr~o 

°°IIE]E i I I 
_ 0 . 2  i - i  J , l . . ,  t , , , n  , ,  i t ,  i i I  

1.7 2.] 2.5 
W (GeV) 

L 
, , r ,  , , i  , , , +  , , , i , , , [ ,  

0.~ Im  f~l 

-0 k 
0 . 2 1 _ , . , ~ . . , , , , , , , . , , , , .  ~ 

-0 .7 '  ' ' "  . . . . . .  ' , ~ , L A , , I  

_ 0 , 2 r l  i i I ,  i i 1  i i t I i ,  i I t t i I L l  

1.7 2.1 2.5 

Fig. 14. Reaction "YVP ~P°P • Density matrix elements for thep ° as a function of W in the region 
0.3 < Q2 < 1.4 GeV ~ and LtL < 0.5 GeV 2. The dash-dotted lines give the behaviour expected from 
s-channel helicity conservation. The curves for rt-1 and Im r~_ 1 assume in addition natural parity 
exchange only. The open points (at Q2= 0) were obtained by us by fitting the photoproduction 
data of ref. [11]. 

(a) a strong variation of  r 04 and p00 with W. At threshold r0004 and p00 are of  the 
order of  0.7, i.e. in both photo- and electroproduction more longitudinal than trans- 
verse rhos are being produced. This implies strong helicity flip contributions in rho- 
photoproduction. With increasing W the fraction of  longitudinal rhos drops rapidly. 

In photoproduction fi% is close to zero for W > 2 GeV; in electroproduction r00°4 
approaches a constant value of  0.2 to 0.3. 

04 with Q2 corresponding to an increase in the ratio of  longi- (b) a linear rise of  r00 
tudinal to transverse rhos with Q2. 
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(c) an increase of r l .  1 and Jim ~-1} with W. These elements determine the aniso- 
tropy of the ff distribution (see eq. (13)). 

(d) a slow rise of Re 4 0  and lira r601 with Pd which indicates increasing interfer- 
ence between the rho production amplitudes by longitudinal and transverse photons 
(see eq. (13)). 

(e) that except for Re r104 and possibly lm r6_l all other matrix elements are con- 
sistent with SCHC. This leads to the conclusion that electroproduction of rho me- 
sons approximately obeys SCHC. Elements like Re 04 rl 0 are particularly sensitive to 
helicity flip contributions since they depend on the interference of flip with non-flip 
amplitudes. 

From the values of the rik we can make the following quantitative determinations: 
(i) Natural parity exchange cross section 
From the values of r010 and rl .  1 we can deduce a lower limit for o N, the contribu- 

tion of natural parity exchange in the t-channel to rho production by transverse pho- 
tons (see subsect. 4.2 of ref. [14] ): 

o N/> 2 l {1 + (2rl_ 1 - r lo)}O T . (14) 

The result is that a N I> (0.83 -+ 0.06)or T for 2.2 < W< 2.8 GeV and 0.3 < Q2 < 1.4 
GeV 2. Thus rho production by transverse photons proceeds primarily through natural 
parity exchange as expected for a diffractive process. 

( ii) s-channel helicity conservation 
We estimate the size ofhelicity single flip contributions from the value of Re 04 rl0. 

The expression of Re 04 rl0 in terms of helicity amplitudes Tis given in the appendix. 
With the assumption that the ratio of helicity single-flip to helicity non-flip contribu- 
tions is the same for longitudinal and transverse photons we obtain the approximate 
expression 

ITflipl 042(1  +en)  (15) 
- Re rl0 

ITon_fli p] 1 + 2eR 

Inserting the measured values of Re r1004 (table 6) and R (table 7) for 2.1 < W < 2.8 
GeV and It[ < 0.5 GeV 2 we obtain 

ITflip I 0.14 -+ 0.04 0 .3-0 .5  GeV 2 
- 0.13 --- 0.04 for Q = 0 .5-0 .8  GeV 2 

}Tnon-flip I 0.22 -+ 0.09 0.8-1.4 GeV 2 

Hence with the above assumption the helicity single-flip amplitudes are of the order 
of 15-20% of the non-flip amplitudes for It] < 0.5 GeV 2. In photoproduction at 
W = 2.48 GeV the amplitude ratio IT 011 ~IT 111 "~ 2 Re pl00 was found to be 0.04 -+ 0.02 
for ]tl < 0.4 GeV 2 [15]. (The Txo ~"r are helicity amplitudes for rho and photon hell- 
cities Xp and Xy.) 
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We now discuss helicity double-flip contributions. The element r041 measures the 
interference between helicity non-flip and helicity double-flip amplitudes. From the 
values of r 04 for W > 2 GeV we find (in a similar way as above) that helicity double- 
flip amplitudes are smaller than the helicity single-flip amplitudes. 

In conclusion, p electroproduction for 2.1 < W < 2.8 GeV and Q2 < 1.4 GeV 2 is 
dominated by SCHC-amplitudes. The limits on the helicity-single-flip amplitudes are 
larger than those found in photoproduction. 

(iii) The ratio R = O L / O  T 

Assuming SCHC, longitudinal rhos are produced by longitudinal photons only, and 
transverse rhos by transverse photons only. The ratio R = OL/a T of the respective cross 
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Spin density matrix elements 
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Fig. 15. Same as fig. 14, bu t  as a funct ion of  Q2 for (a) 1.7 < W < 2.0 GeV. (b) 2.0 < W < 2.8 
GeV. 

Table 7 
R = aL/a  T for 3,vp ~ p 0 p  as a funct ion of W and Q2 (Itl < 0.5 GeV 2) 

W (GeV) Q2 (GeV 2) 

0 .3 -0 .5  0 . 5 -0 . 8  0 .8 -1 .4  

1 .7 -1 .9  1.97 + 0.35 2.85 -+ 0.85 
1 .9-2 .1  0.73 +- 0.14 1.44 +- 0.42 2.29 +- 1.64 
2 . 1 -2 .4  0.23 -+ 0.07 0.39 + 0.13 1.01 + 0.51 
2 .4 -2 .8  0.21 -+ 0.09 0.34 -+ 0.14 0.95 -+ 0.56 
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04 sections can then be calculated directly from r0o: 

o4 
1 ro0 

R - , (16) 
o l_rO4 

where e is the polarization parameter. 
Fig. 16a,b and table 7 show R versus Q2 for different regions of  I~ as determined 
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O4 04  Fig. 16. Reaction 3,vp _..pOp for Itl < 0.5 GeV 2. (a), (b) R = roo/e(1 - r o o )  as a funct ion  of Q2 
for different W intervals. The full lines are fits to R = ~2 Q2/M2" The dot ted  line represents 
R = oL°t/o~°t f rom ref. [22] .  (c) The slope ~2 as a funct ion  o f  W. The points  labelled SLAC-SC 
and S12AC-HBC are taken f rom refs. [16] and [17] ,  respectively. 



P. Joos et aL/  Rho production 85 

by eq. (16). R is seen to rise linearly with Q2 (for Q2 ~< 1.4 GeV 2) *. Note that o L 
and therefore R has to vanish at Q2 = 0. The available data are well represented by 
the following parametrization (see straight lines in fig. 16a and b) 

R = ~2 Q2/M2 , (17) 

w i t h  ~2 being constant above W = 2 GeV and of the order of 0.5. The dashed line in 
fig. 16b gives the ratio R = °L-t°t'-t°t/u T for total inelastic electroproduction [22] . Ap- 
parently the contributions from longitudinal photons are smaller in the total inelas- 
tic 3'vP cross section than in p production. The values of ~2 resulting from the para- 
metrization (17) are shown in fig. 16c. For comparison we give the results from 
other experiments [16,17] ; ~2 is 0.4-0.5 in the W range 2 -5  GeV. 
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Fig. 17. Cos 6 (phase between longitudinal and transverse amplitudes) as a function of  W and 
Q2 for It[ < 0.5 GeV 2. The points labelled SLAC-SC and SLAC-HBC are from refs. [161 and 
[ 17 ], respectively. 

* The R values calculated for W < 2 GeV should be taken with caution since the assumption of  
SCHC might not be satisfied at these low energies as indicated by the lack o f  SCHC in o photo- 
product ion near threshold. 
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Table 8 
Cos 6 as a function of W and Q2 for [tl < 0.5 GeV 2 

<W~ (GeV) cos 6 

1.75 
1 . 8 5  

1 . 9 5  

2.10 
2.30 

0.017 + 0.036 ] 
0.038 -+ 0.044 | 
0.096 + 0.051 ~ 0.3 < Q2 < 1.4 GeV 2 
0.100 ± 0.054 ] 
0.930 +- 0.171} 

(Q2) (GeV 2) 1.7 < W < 2.0 GeV 2.0 < W < 2.8 GeV 

0.40 0.05 +- 0.03 0.53 +- 0.09 
0.65 0.08 +- 0.04 0.52 -+ 0.11 
1.05 -0.15 +- 0.21 0.23 +- 0.22 

(iv) Longitudinal-transverse interference 
We now determine the phase 6 between the longitudinal and transverse amplitudes 

TOO and T 11. Assuming SCHC and only natural parity exchange the decay distribu- 
t ion has the form of  eq. (A.6). If cos 6 v ~ 0 (i.e. the two amplitudes interfere) the last 
term in eq. (A.6) leads to an interference pat tern in the decay distribution. For cos 6 ; 
0 the event density should be highest near ~H = 0° or 360 ° (for cos O H < 0 )  and near 
~H = 180° (for cos O H > 0). This interference pattern is observed in fig. 13 (lower 
scatter plot)  for W > 2 GeV. We determine the phase 6 from eq. (A.8). The resulting 
cos 6 values are shown in fig. 17 and table 8 as functions o f  Q2 and W together with 
the data from other experiments [16,17] .  At W values around 2 GeV the two ampli- 
tudes are roughly 90 ° out of  phase; with increasing energy the phase difference be- 
comes smaller; above W = 2.5 GeV the rho product ion amplitudes from longitudinal 
and transverse photons are roughly in phase. 

4.5. Comparison with VDM 

The VDM prediction for the Q2 dependence o f  o o is shown by the curves in fig. 8. 
They were calculated from the following expression [23] : 

{ - - - - - - -  l +  
°~'vP ~ O°p(O2' W) p.n(Q2) \ M 2 + Q  2] M2~ 

X O/p~pop(Q 2 = O, W) exp[A(Q2)tmin(Q 2) - A(0)tmin(0)]  , (18) 

where P*n is the photon momentum in the hadron c.m.s., p*n(Q 2 = O)/p*n(Q 2) = 
(W2 _ m2)/{W2 2 Q2)2 + 4W2Q2 }1/2 - nTp - 
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The ratio P*n (Q2 = O)/p,n(Q2) enters eq. (l  8) because of the difference in photon 
flux for different Q2 at a given value of W. The quantity R = ~2Q2/M2 measures the 
ratio of the P production cross sections by longitudinal and transverse photons. R 
was taken from the analysis of the decay angular distribution assuming s-channel 
helicity conservation in p0 production (see subsect. 4.4.2). The factor exp(Atmin) 
corrects for the Itlmin cutoff. 

The VDM prediction describes the data well. We conclude from this that within 
VDM the product of the 7-0 coupling constant times the oN elastic scattering ampli- 
tude is independent of Q2. This strongly supports the assumption that the 7P coup- 
ling constant itself is independent of Q2 which is one of the basic assumptions of 
VDM. 

5. Conclusions 

We have studied the reaction ep-+ eprr+rr - in terms of the process 7vP -+ P n+rr- for 
hadron c.m.s, energies between 1.3 and 2.8 GeV and Q2 from 0.3 to 1.4 GeV 2. The 
low energy region (W < 1.7 GeV) is dominated by 7r-A ++ production, the high 
energy region (W > 2 GeV) by pop production. With increasing Q2 phase-space like 
events become important. 

The following properties are observed for p0 production: 
(i) The rho mass shape is skewed as in photoproduction. The skewing is indepen- 

dent of Q2 if the sum of transverse and longitudinal polarized rhos is considered. An 
analysis made separately for the two parts indicates less skewing than in photopro- 
duction for transverse rhos at large Q2. This evidence for a change of the transverse 
rho shape with Q2 is in agreement with the Sgding model. 

(ii) Near threshold rho production has peripheral and nonperipheral contributions 
of comparable magnitude. The nonperipheral part depends only weakly on Q2 and 
reduces rapidly with increasing W. The cross section for the peripheral component is 
approximately constant with energy as expected for a diffractive process. 

(iii) At all energies the peripheral part of O(TvP -+ pOp) reduces with Q2 following 
the rho propagator as predicted by VDM. 

(iv) The slope of the differential cross section, do/dt, measured at (Q2)- 0.4 and 
0.8 GeV 2 is within errors equal to its value at Q2 = 0; i.e. we have no evidence for a 
flattening of the t distribution, which would correspond to a "shrinking" photon. 

(v) The p0 decay angular distribution in the helicity system shows longitudinal 
rho mesons dominating in the threshold region (r 04 ~ 0.7). At higher energies trans- 
versely polarized rhos dominate (r °4 = 0.25 + 0.04 for (W)= 2.45 GeV, (Q2)= 0.6 
GeV2). However the fraction of longitudinal rhos rises linearly with increasing Q2. 

(vi) The p0 density matrix shows that transverse rho mesons are produced by natu- 
ral parity exchange in the t-channel: oyN(yvp-+ pOp)~> (0.83 + 0.06)Oy(Tv p -+ pOp) 
for (W) = 2.45 GeV, (Q2) = 0.65 GeV2. Furthermore, the production mechanism 
conserves approximately s-channel helicity at the photon vertex (SCHC). Assuming 
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SCHC the ratio R = OL/O T has been calculated from the value of r0~. The Q2 depen- 
dence of R can be parametrized by a linear form, R = ~2Q2/M2 with ~2 = 0.4 for 
W> 2 GeV, i.e. a L ~ a T near Q2 ~ 1.4 GeV 2. 

(vii) For W > 2.2 GeV the density matrix shows the presence of interference be- 
tween the amplitudes for rho production by longitudinal and transverse photons. As- 
suming SCHC and only natural parity exchange, the phase 8 between the two ampli- 
tudes can be calculated. The result is cos 5 ~ 0 below W = 2 GeV (i.e. no interference) 
and cos 8 = 0.52 4-- 0.09 for (W) = 2.45 GeV, (Q2) = 0.5 GeV 2 and Itl < 0.5 GeV 2. 
With increasing energy the relative phase decreases, a behaviour which is expected if 
both production processes become diffractive. 

In summary, in the range W > 2 GeV and Q2 < 1.4 GeV 2 which corresponds to 
values of the scaling variable a) ~ 5 the observed properties of rho electroproduction 
resemble those of rho photoproduction and are consistent with a dominantly diffrac- 
tive production mechanism. 
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Appendix 

Decay angular distributions and density matrix formalism 

A. 1. Definition of  angles 
The p0 decay is analyzed in the s-channel helicity system with the p0 direction in 

the overall hadron c.m.s, taken as the quantization axis. The p decay angles OH, q~H 
are calculated from the unit vectors/~, 0', q, 9 + pointing along the direction of the 
virtual photon, the scattered proton, the rho and the tt + from rho decay respectively 

COS O H = (0 " ~+), 

cos CH = (k X 4 ) -  (4 X~ t )  

Ik X ql • Iq x ~+1 

-[(L~ x O) xOl  • (,~ x ,~+) 
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Here, all vectors are to be calculated in the pO rest frame, with ~ defined to be -/~'. 
We also use the angle q~ of  the polarization vector of  the transverse photons in the 
hadron c.m.s., which is given by the angle between the p production plane and the 
electron scattering plane: 

cos ¢, = (~ X 0)"  (e X g)  

I k x O l ' l ~ X g l  ' 

sin ¢ = [(/~ X ~) X (~ X ~')] • 
I~-XOl. I,~ x gl 

All vectors are to be taken in the hadron c.m.s. ; ~ and ~' are unit vectors pointing in 
the direction of  the incident and the scattered electron. 

A.2. Density matrix formalism 
We analyze the p0 decay angular distribution W(cos OH, CH' qb) in terms of  the 

p0 density matrix in the helicity system using the formalism of ref. [14]. The p0 
density matrix, Pik, in general, can be decomposed into six independent matrices 
p ~ ,  where the matrices for a = 0 - 2  and 4 describe p0 production by transverse and 
longitudinal photons, respectively *; the matrices for a = 5 - 6  measure transverse• 
longitudinal interference terms. When, as in this experiment, the ratio of  the longi- 
tudinal to transverse photon flux as measured by e is not varied, the contributions 
from p0 and O 4 cannot be separated and W(cos 0, q~, as) ** measures certain combi- 
nations of  the P~k: 

~04_ pOk + eRp4k 
1 + e n  ' ( A . 1 )  

Pik 
r a - a = l - 2  (A.2) 
ik 1 + eR ' 

R Pik 
r a - a = 5--6 (A.3) ik 1 + eR ' 

where R = aL/a T is the ratio of  the cross sections for rho production by longitudinal 
and transverse photons. Note that as Q2 ~ O, r°i 4 ~ p° k and rTi k ~ P~k (a = 1-2) .  The 
decay distribution in terms of the r ~  reads (ref. [14] ): 

3 04 1 04 
-- ro0 ) + ~(3r00 W(cos 0, ¢, ~,) = ~ [½(1 1) cos20 

- ~/2- Re r104 sin 20 cos ¢ - r0_4 l sin20 cos 2¢ - e c o s  2~{ r l  1 sin20 

* With longitudinally polarized electrons additional termsPi3k , P]k and P~k enter. 
In the following we omit the subscript H of the decay angles in the helicity system. 
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+ rl  0 co s20 - X/2 Re r]0 sin 20 cos q5- rl_ 1 sin20 cos 2~} 

- e sin 2qb {X/2 Im 40  sin 20 sin ~ + Im ill-1 sin20 sin 24)} 

+ x / ~  +e)cos gO(~l sin20 + 4 0  c ° s 2 0 -  X/2 Re ~0  sin20 cos4) 

- ~-1 sin20 cos 2~b} + V t ~ I  + e) sin ~{,v~- Im r60 sin 20 sin ~b 

+Im r6.1 sin20 sin 24)}] . (a.4) 

If the s-channel helicity is conserved (SCHC) at the 7P vertex all matrix elements ex- 
cept _r00 ,041rl -1, Im r21.1, Re 4 0, Im r610 are zero. Furthermore rl_l = - Im ~_1 and 
Re ~0 = - Im r60 (see appendix A of ref. [141 for an explicit expression of the den- 
sity matrices in terms of helicity amplitudes). In this case eq. (A.4) reduces to 

3 
r00 ) + ~(~r00 1) cos20 W(cos0,~) = ~  [½(1 - 04 1-- 0 4  

+ erl_ 1 sin20 cos 2qJ - 2x/~(1 + e) Re ~0  sin 20 cos ~] . (A.5) 

Here we used the polarization angle ~ = q5 - q). The term sin20 cos 2~ characterises 
transverse rhos while contributions from longitudinal rhos have cos 20 distributions 
and no qJ dependence. 

Assuming SCHC and only natural parity exchange the decay distribution (A.5) 
reduces further to (see sect. 5 of ref. [14] ) 

1 3 (sin20 (1 + e cos 2~) + 2eR cos20 W(cos 0, ~) = 1 + eR 8rr 

- x / 2 e (  1 + e ) R  cos 6 sin 20 cos ~ } . (A.6) 

6 is the phase between the longitudinal and transverse photon amplitudes T00 and 
T11 defined by 

T00T~'I = IT00[ ITlll e -ia . (A.7) 

The T~o x~ are helicity amplitudes for rho and photon helicities X n and Xy with a 
summation over the nucleon helicities implied; cos 8 can be expressed by the rik via 

with 

cos - 1 + (Re d 0  - lm r6 0) , (A.8)  

04 
1 r 0 0  

R - (A.9) 
e 1 0 4  

- -  r 0 0  
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04 According to eq. (A.9) the ratio R = O'L/O T is determined by the matrix element r00 
(in case of SCHC). 

A. 3. s-channel helicity conservation 
We can estimate the size of helicity single-flip contributions from the value of 

04 is given by 04 According to eq. (A.I), Re rl0 Re r 1 o" 

Rep0 o + e R R e p 4  o 
04 (a.10) Rerl0 = 1 +eR 

The density matrices pO x, and O4x, are related to the helicity amplitudes Txo ~ in 
the following way (see appendix A of ref. [14] ): 

1 ~ with , p o x ' - 2 N  T ;~=-+1 Txx~T~'x~ NT =½ ~ [Txx~r [2 (A.11) 
h, kT=-+l 

1 
P~X' : ~  Tx0T~x'0 with N L : ~x I Tx012" (A. 12) 

Hence 

p°  o -- 
* + T l lT~.I  TllT01 . 

(ITl112 + [T.I_ll 2 + ITI_ll 2 + IT_ll [2) ' 

P~o = TI°T°° 
ITlo 12 + IT0012 + IT.1012 

We assume that the helicity flip amplitudes are small and neglect the products of two 
helicity flip amplitudes. Then (A.10) reads 

T(~I) eR Re (T10 T(~0) 04= Re(TI1 * 
Re rl0 + (A.13) 

2(1 +eR) ITll [2 1 +eR IT00}2 

If" the helicity flip and the non-flip amplitudes are in phase we obtain 

_ 1 I T 0 1 1  . eR IT101 
Rer004 2 ( l + e R )  ] T l l l +  l + e R  [Tool ' 

We finally assume 

IT011 ITlol ITflipl 

IT 11 j IZool ITnon_flip} ' 

(A.14) 
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i.e. the ratio of helicity single-flip to helicity non-flip contributions to be the same 
for longitudinal and transverse photons. Then 

04 = ITfliP] 1 +2eR 
Re rl0 ITno---flipln 2(1 +eR) (A.15) 
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