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Abstract

The reaction YyP > pﬂ+ﬂ_ was studied in the W,Qz region 1.3 - 2.8 GeV,

0.3 ~ 1.4 GeVZ2 using the streamer chamber at DESY. A detailed analysis of rho pro-
duction via vaﬁ+pop is presented. Near threshold rho production has peri-

pheral and non peripheral contributions of comparable magnitude. At higher
energies (W:>2 GeV) the peripheral component is dominant. The Q dependence of
o(yvp +p p) follows that of the rho propagator as predicted by VDM. The slope

of do/dt at <Q > = 0.4 and 0.8 GeV2 is within errors equal to its value at Q =0,
The overall shape of the p° is t-dependent as in photoproduction, but is indepen~

dent of Q2. The decay angular distribution shows that longitudinal rhos dominate in
the threshold region. At higher energies transverse rhos are dominant. Rho
production by transverse photons Proceeds almost exclusively by natural parity
exchange, oN z (0.83:t0.06)oT for 2,2 < W < 2.8 GeV, The s-channel helicity

T
amplitudes are small compared to non-flip amplitudes. The ratio R = g. /5. wa

determined assuming s-channel helicity conservation. We find R *gZQzlﬁg ilth
£? & 0.4 for <W> = 2,45 GeV. Interference between rho production amplitudes

from longitudinal and transverse photoms is observed. With increaaing energy
the phase between the two amplitudes decreases. The observed features of rho
electroproduction are consistent with a dominantly diffractive production me-

chanism 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 values of the photon mass squared, —Q from -0.3 to -1.4 GevZ: The
experimental setup had 47 acceptance for detection of charged hadrons. In this

paper we present our final results on rho production by virtual photons via
)
> X 1
YygP T PP (M
Preliminary results obtained with a fraction of the data on multiplicities, rho

. 1
and A++ production have already been published.

Reaction (1) provides the opportunity to measure quasielastic virtual photon-—
nucleon scattering as a function of the photon mass. At Q = 0 rho production
has the characteristics of a diffractive process {(for W2 2 GeV); i.e. the pro-
duction cross section is approximately constant as a function of energy, it

is peripheral (do/dt ~ exp At with A = 6-8 GeV—z), 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 pro-
cess or whether other production mechanisms become important with increasing
Qz. To this end we have measured the W and t dependence of the rho production
cross section as a function of dz The Q2 dependence of the cross section pro-
vides 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 Q

An analysis of the rho-decay distribution allows us to study the spin states

involved. From this we can
- gobtain a lower limit to the natural parity exchange cross section for
production of tramsverse rhos.

- test for s-channel helicity conservation (SCHC), which holds well in

photoproduction.

- determine the ratio of the cross sectiomns for rho production by trans-—

verse and longitudinal photons, respectively.



The paper 1s organized as follows: first we review the experimentd procedure.
In section 3 we describe the general characteristics of the reaction

YyP - pw+n_, i.e. channel cross sections and mass distributioms. In section 4
we discuss the p mass shape, the p production cross section as a function of
W,QZ and t, and the p decay distributions. The conclusions are given in

section 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 ir a wmagnetic field of 18 kG. Two arrays of trigger counters,
lucite Cerenkov counters and lead scintillator sandwich shower counters
detected the scattered electron. Abcut 70 % of the data were taken with a pro-
portional wire chamber added to each of the two detector armss, The proportional
chambers measured the x and y coordinates of the scattered electron behind the
magnet., This improved the momentum and angular resclution 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 Ap =;p2/pMDM with Pyvoy = 250 GeV/c; the error

on the scattering angle was abcout £ | mrad.

Approximately 400 000 pictures weré taken with =@ total flux of 4-i012 electrons
incident on the target. The photographs were scanned twice and ambiguities were
rescoived 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 programs THRESH and GRIND.6 A total of ~9100 elastic and ~46700 inelastic
*)

ep scattering events were obtained.

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

-

ep - epmT T . (23

The events selected for reaction (2) were required to give a 4C fit (Xz < 37)
consistent with the observed track ionization. For 10 %Z of the events of reaction
(2) one track was obscured by the target box or by flares, These events had to
give a IC fit (xz < 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 GeV2 which satisfied these selection criteria.

* 2 prong events were analyzed on 50 % of the film only.



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 procéssed
through THRESH and GRIND in the same way as the measured events. The contami-
nation 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 approximation. The corrections amount typically to a + 22 Z con-
tribution from external and internal bremsstrahlung and a - 7 % contribution

7 .
from vertex and propagator effects (see Ref. 8 for details).

Cross sections were determined by mormalizing the total number of events

(after correcting for acceptance and radiative effects) to the total inelastic
ep cross section measured in a single arm experimentg. 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 7).

. . . + -
3. General characteristics of the reaction YyP > pm T

3.1 Definition of the cross section

In the notation of Handlo the differential cross section dzo(f)/szdw for
electroproduction of a final state f is expressed in terms of the cross section
UT(f) and GL(f) for production of f by scattering of transverse and longitudinal
virtual photons on protons:

do(f T W 2 2

o(f)  _ — 1y {o,Q7,W,£) + & oy (Q7,W,6)) (3)

2 [
40°aw EE mp

where E,E' are the energies of the incident and scattered electron, mp is the

mass of the proton, T'_ measures the flux of transverse photons,

T
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For the majority of our events the polarization parameter € lies in the range
0.85-0.95. The value of e is fixed for a given Q2 and W. Therefore no model
independent separation of g., and ¢ can be made in this experiment. The

T L
YyP cross section 1s defined as

0 (@*, 1) = op @M + ¢ oy (@0, W). ®)

2 .
3.2 W and Q dependence of the channel cross section

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

-
YyP > BT (73

in different intervals of Qz. The production features are similar to those
observed in photoproductien”’l {shown by the open points): namely a sharp

rise at threshold, 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 Q dependence of the total
inelastic v yP cross sectloe)normallzed to oy p+pw+n ) at Q =0 12 is also

given (dashed curves). The cross section for reaction (7) is seen to drop some-
what faster with Q2 than the total cross section. As we shall see below (sec. 3.3)
this is caused by the rapid decrease of At and po production with QZ. Table I pro-

. . . . . 2
vides a complete listing of the cross section in small intervals of W and Q .

3.3 Mass distributions and resonance production

The pﬂ+, pT and ntr mass distributions are shown in Figs. 3-5 for different Q2
and W intervals. Below 1.7 GeV A++(]236) 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 momentum
trans fer (ltIP/P < 0.5 GeVz) 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 tin cut—off plays
only a minor role in this context. We shall discuss the rho shape below

(section 4.1). As seen from the Mpn" distributions the production of A0(1236) is

small at all energies.
. ++ (o g . . B .
The cross sectioms for & , A and p production in reaction (7) were determined

. . . . 2 2 i3
by a maximum likelihood fit to the Dalitz plot density dN(Mpw*’ Mw+n_):
aN 4, ML ) = {a Foo, (M L) +ag F o M )
prt? TateT Satt tatt Mpnt AO TAC “pm
- + F 8
*a Fp (Mw+w ) W(cos@H) 2 e ps] (8)

2 2
x AM g M,



The a's which appear in eqn., (8) are fit parameters and measure the size of the
++ 0 o} . . . .
o, A, p and phase space like background contributions. The F's describe nor-

malized relativistic Breit-Wigner distributions (for details see Ref. 8), e.g.

F =B /I
p p’ TP
T (M =)
= —"———'—*Mﬂ+v— 2 (2Trz+ﬂ 2.2 (9
P qM_4_~) -
it (MO LA )+ MDI‘ (MW),_”_)

. + - . .
where q measures the pion momentum in the m = rest frame, The normalization con-
stant Ip is obtained from an integration over the Dalitz plot

I = J B sz + dM2+ - (10)
P o pm T

where the integration limits depend on the W value of the particular event.

In case of the rho, the Breit-Wigner is multiplied by the factor (Mb/Mﬂ+ﬂ*)n
where n 1is a fit parameter that determines the o shape. Also, the polar decay
angular distribution, W(cos@H), for rho events in the helicity system was in-~
cluded in the fit since the experimental ccsOH distribution is strongly affected
by contributions from A++ and 4° production. In terms of the p density matrix

element rgi (see Ref. 14 and the Appendix of this paper for details):

4

o]

cb

3 o 2
W(cos@H) = Z—{l -r ot (3r0 - 1) cos @H}. (n

The quantity F__ describes events which are distributed in the Dalitz plot accor-

PS
ding to phase space. F,q is a constant and is normalized in the same manner as

e.g. FO.

In a first set of fits the p mass and width were treated as free parameters.

Within errors the same mass and width, Mb = (0.78 GeV, Fp = 0,15 GeV were obtained

. 2 . . . .

in all W - Q° intervals. The fits were then repeated with Mo’rp fixed at these wvalues,

The resulting values of n are given in section 4,1.

The fits describe the mass distributions well as is demonstrated by the curves

in Figs. 3-5. The fitted fractions of A++, A° and po production and the phase
space contribution are listed in Table II together with the fitted wvalue of rgg.
For comparison the corresponding photoproduction results are also given.The ggla-
tive contribution of A™" to reaction (7) is found to be essentially independent
of QZ. The amount of 4A° production is smaller by a factor of 5-10 than A++ pro-
duction. The po fraction decreases with Q2 (by a factor of 2 between Q2 = 0 and

~ 1 GeV2 at W= 2,5 GeV).
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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 pn+v" is the final state with the largest
cross section (for WE:1.7 GeV}. Its size 1s determined essentially by the two-
body channels A7 and pop; the background contribution is small (~207). In
contrast, electroproduction of structureless phase-~space like background be-
comes comparable in magnitude to o production for 2 < W < 2.8 GeV and Q2 ~1
GeVz. The Q2 dependence of the cross section for "phase space'" production
(which can be reconstructed from Table I1) is similar to the Q2 dependence of

the total inelastic Y P Cross section, i.e. the background shows the same weak

decrease with increasing Q as the total inelastic YyP CYoss section.

4. The Reaction YyP 7 DOP

4.1 The Rho mass shape

As described above the p-mass shape was analyzed in terms of the skewing factor
pal . . .
(Mo/Mw+n_) which has been found to give an adequate description of the mass

L

. . . X 2 . .
distribution in photoproduction . For [t]| < 0.5 GeV” and integrating over

2 .
Q" our fit results were

n=6.0%0.2 for W=1.7 - 2.0 GeV
4.0 £ 0.6 2.0 - 2.2 GeV
3.6 + 0.3 2.2 - 2.8 cev™.

The large value of n in the first W interval is a consequence of a shoulder in
the Mﬂ+ﬂ_ distribution around 0.5 GeV (see Fig. &4a) which is less prominent in

the corresponding distribution in photoproduction (yielding n = 4).

. 2 . .
We studied the t and G~ dependence (for |t| < 0.5 GeV2) of n in the W interval
2.0 - 2.8 GeV. Fig. 6a shows n as a function of t. In close accord with photo-

. 1 . . . .
production 3 the skewing is maximal near t = 0 (n 2 4-5) and appears to vanish

%) The form of the rho mass shape and the cross sections deduced from it are
subject to theoretical uncertainty. Different approaches have been used in
analyzing rho-photoproduction (see e.g. Ref. 15), e.g. the S8ding model and
the above parametrization. The resulting cross sections agreed to within
10-20 7 above W = 2 GeV. We use the above form because it provides the most
comvenient parametrization of the rho peak.

**) Fits without 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 determination (Tables II, III, IVb, Figs. 7,8,10,11).



around |t]| = 0.5 GeVz. As shown in Fig. 6b no statistically significant variation
is observed with QZ. The fitted n values are in agreement with the Q2 = 0 result
obtained from a fit we made to the data of Ref. 1l in the same W bin. In Fig. 6d we
have compiled the results on the Q2 dependence of n from previous e:xpe:r:iments.15_]8
Clearly n is consistent with 4 for Q2 s 1 GeVz. For larger Q2 there is an

indication that n is decreasing.

We also have examined the mass shape of longitudinally and transversally polarized
rhos separately by replacing the rho term in eqn.(8) by three rho terms: the

first multiplied by W(cosOH)=c052@H (for longitudinal rhos); the second one
with W(cos@)=sin2®H(l+€coszw) *) (for transverse rhos), where eris the pola-
rization angle in the helicity system defined below (section 4.4,1); and thirdly

a term with n=4 (fixed) and W(cosO)=const (to describe unpolarized p's). The re-
sulting 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 unpolarized rhos,

Tn photoproduction the rho shape can quantitatively be explained by the Séding
modellg’}B; 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 electro-
production 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 cosZOH~like decay angular distribution a substantial fraction of the rho
events have pwi masses in the resonance region (Mpwi % 1,5 GeV). Therefore the full
set of TN partial waves has to be taken into account when calculating the dipion

terms. Such a calculation has not yet been done.

*)

This form projects out s—channel helicity conserving rhos produced via
natural parity exchange (see the Appendix).



0 .
4,2 The p cross section

The »° production cross section is shown in Fig. 7 as a function of W for differ-
ent Q2 intervals. A W dependence similar to photoproduction*) (open points) is
observed: o, rises sharply at threshold, goes through a maximum near W = 1.9 GeV
and becomes nearly constant towards higher energies. The latter behaviour is
suggestive of a diffractive mechanism. The Q2 dependence of cp is given in Fig.8
and Table III for different regions of W; the data show a rapid decrease of o,
with increasing Q2; e.g. at Q2 = | GeVz, UD is down by a factor of ~10 from the
photoproduction value. For comparison we show in Fig. 8 the cross sections of

%)

Refs. 18 and 20"/, which are compatible with our data.

4,3 Rho production angular distribution

The differential cross sections dU/dQcms and do/dt were determined by separate
Dalitz plot fits for each interval of cos® and t (here % s is the production angle

)

. X . . . .
in the YyP €.m.s. system) . The results are given in Figs. 9, 10 and 1in
Table IV for different W—Q2 intervals. The use of dc/dﬁcms is advantageous in
the low W regioﬁ where the minimum momentum transfer varies rapidly accross

the W—Qz interval.

We first discuss the low W region ( W < 2 GeV). Here the angular distribution
do/dﬂcms has two components: a forward peaked (peripheral) part which decreases

. . . . . 2 . . . .
in magnitude with increasing Q , and a practically isotropic part (s-wave like)

*) For a meaningful comparison it is mandatory to extract the p cross sections
from photoproduction and electroproduction in a comparable way. Near thres-
hold (W<2 GeV) the magnitude of the p cross sections depends quite sensitively
on the parametyization of the p peak. In order to obtain comparable results we
refitted the photoproduction data of Ref. 11 with our fitting procedure
(eqn. (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), Mp=778 MeV and FD =143 MeV,

0 .
*%*}  Ahrens et al. have measured the sum of the p and w cross sections. In
order to deduce from these data the p cross sections we used our data

on w production (Ref. 3) and subtracted the w contribution.

x#%x) Separate fits in the threshold region (1.7 - 2 GeV) indicated a moderate de-
pendence of the mass skewing parameter n on cos@ (n = 5.8 for cos® >0.6,
n = 5.2 for -0.2 < cos® < 0.6 and n = 4 for cS8H < =0,2). These“Values
were used for the elect%@%roduction results in Fig. ® For W > 2 GeV the
fitted p fractions were insensitive to the value of n. Here, n = 4 was used.



whose magnitude depends only weakly on Q2 (see Fig. 9). The two components
have different W dependences, To show this we have determined the
total cross section of the two components as follows: for the nanrperipheral
part the rho cross section was taken in the region cos@cms < 0, which is free
of peripheral contributions, and was integrated over the full cos@cms range
assuming_a symmetrical behaviour around cosercms = 0, Th%s leads to
Upnonperlpherél- The peripheral component is then Gpperlpheral =

cp - dpnonperlpheral. The W dependence of the two components is shown in Fig.
Both cross sections rise steeply near threshold; the peripheral part becomes

nearly constant above W = 2.0 GeV while the non peripheral contribution falls

11.

off rapidly above W = 2.0 GeV. This behaviour could be due to contributions from

s—channel rescnances. The almost isotropic angular distribution in the backward

hemisphere (for W < 2 GeV) suggestsanl = O, JP = 1/2 or 3/2~ assignment for

0
the ¢ p system.,

At energies above W = 2 GeV the peripheral component is dominant and the

differential cross section is of the form (see Fig. 10)
do/dt ~ exp (At),

Fits to do/dt in the W interval 2,2 - 2,8 GeV and for 0.1 <|t] < 0.5 GeV2

yielded the following slope values

0.3 - 0.5 GeV2

0.5 - 1.4 GeVz.

A=6.5 *0.5 GV % for Q°
0.7 GeV % for Q2

w
~J
1+

The slope parameter was also determined from a Dalitz plot fit in which the

rho term in eqn. (8) was multiplied by exp(At). The resulting A values are

shown in Fig. 12a together with the value fitted at Q2 = 0, namely A = 6.5

-2 . ,
£ 0.3 GeV 7, The data are consistent with no change of the rho slope with in-

creasing Q2.

In an optical model the slope A measures the interaction radius of photon and

2

: 1 2
proton, App = z-(RY + R.p ). It has been argued that with increasing Q2 the

radius of the photon will shrink.21 Maximal shrinkage (RY = 0) would lead to

1 N -2 ) . :
Abp =3 APP (= 3.5 GeV ~ 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

Q% < 1 cevP.
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1n addition we determined the slope parameter A for longitudinally and transver-
sely polarized rhos separately. This was done as follows: The probab%lity for .
each event to be due to p production is equal to the weight factor W; « apr(M;+W*)
determined in the maximum likelihood fit to the Dalitz plot (eqn.(8)). The weight

factor Wl‘multiplied by c0526 projects out longitudinal rho events; similarily,
p !

'H
multiplication by sinZGH(1+ac052wH) projects out transverse rho mesons. The t de-

pendence of these two parts was fitted separately and the result is plotted in
Fig. 12b. No statistically significant difference between the slopes of longi-

tudinal and transverse rhos is cobserved.

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 decay &nalysis and (b) quoting the decay distribution
for the (simplified) case of s-~channel helicity conservation. Results will be

given and discussed in Section 4.4.2,

The rho decay wasstudied in the s-channel helicity system, which is the most

\

convenient system for describing the rho decay from photoproductionls. The
p direction in the overall hadron cms is taken as the quantization axis., The
pions from p+decay are described by the polar angle OH and the azimuthal angle
¢H in the m 7 rest system (see the Appendix for a formal definition). We also
use the angle ¢ of the polarization vector of the transverse photons in the
hadron cms, which is given by the angle between the p production plane and the

electron scattering plane.

We analyzed the 0° decay angular distribution W(cosO ) in terms of the

H,¢H’
po density matrix in the helicity system using the formalism of Ref. 14. The

0° density matrix, in general, can be decomposed into six independent

a pik!
matrices Pik? where the matrices for o = 0 = 2 and 4 describe po
production by transverse and longitudinal photons, respectively; the matrices

for & = 5 — 6 measure transverse/longitudinal interference terms. When, as in



this experiment, the ratio of the longitudinal to transverse photon flux as

. . . . &
measured by £ is not varied, the contributions from po and p cannot be se-

parated and W(cos@H,¢H,¢) measures certain combinations of the b?k:
4
(8]
D., + ER P,
r?i = 1k 1k (12a)
: I + ¢R
Qa
o ik
r, = — a = 1-2
12b
1k I + ¢R (12b)
R o2
. — @ = 5=6 (12¢)
ik ] + ¢R

where R = OL/cT is the ratio of the cross sections for p° production by lon-
. . 2 o4 o a a
itudinal and transverse phot « Note that . . .
g photons o] at as 9 -+ O rlk - Pt and T TPk
(o = 1 - 2). The full decay distribution, expressed in terms of the 15 mea-

surable matrix elements , "is given in the Appendix.

If the s—channel helicity is conserved (SCHC) at the yp-vertex all matrix

o4 1 2 5 6
e}ements except roo’ L Im rl—l’ Re LY Im r,, are zero. Furthermore
r,_, ="Imr, _,and Rer; =-Inr . In this case the decay distribution re-

duces to

3 1 ob 1 o4 2
W(cosOH,wH) = Z;;[;i(] roo) t 3 (3 LN 1) cos @ q

1 . 2
+exr_, sin @Hc:oszwH
(13)

- 2 vYe(l+e) Re r?o sin2®H coswﬂ}

. . . 2 .
Here we used the polarization angle wH = ¢H - ¢, The term sin @Hcosz¢ characterises
transverse rhos while contributions from longitudinal rhos have a cos OH

distribution and no by dependence, The last term is due to longitudinal-trans—

verse interference.
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4.4,2 Results

In this section we give the experimental results on the decay distributions
and density matrix elements and discuss the related properties of the pro-

duction process.

Fig. 13 shows scatter plots of cosOH versus the polarization angle wH = ¢H -9
for events in the mass region of the rho and small le| (] < 0.5 GeVz)*. The
curves drawn in the projections show the result from the maximum likelihood

fits (eqn.(8)). We see from W(cosOH) (Fig. 13) that at low energies (W <2 GeV)
production of longitudinal rhos dominates. The broad bump in the cos® y Spectrum
near cos@H = =] js a reflection of st production, Above W = 2 GeV the shape of
W(cos@H) has changed to a more sinze like distribution. Consequently, more
transverse than longitudinal rhos are being produced at higher W. The non-
uniformity of the wH distribution demonstrates the presence ot contributions

from transverse photons in both energy regions. The decay pions cluster near

v =0°

the s-channel helicity conserving part (see below).

o .. . . . . .
and 180 which is evidence for dominant natural parity exchange 1n

The density matfix elements were determined by the method of moments weighting
each event with the maximum likelihood weight factor Wé o apr(Mi+w_). By this
weighting procedure the contamination by background is minimized The 15 inde-
pendent density matrix elements measurable in this experiment are shown in Fig.l4
as a function of W and in Fig. 15 as a function of Qz. They are also listed in
Tables V and VI. The dash~dotted lines in Figs. 14 and 15 give the behaviour
expected for s-channel helicity congervation. The open points in the top parts

of Fig. 14 and 15 give the related matrix elements pzo, Re p?o and p?_] from

the photoproduction data of Ref. 11, We find

' . o .
(a) a strong variation of r04 and o with W. At threshold roh and oo are of
00 00 00 0o
the order of 0.7, i.e, in both, photo~ and electroproduction more longitu-
dinal than transverse rhos are being produced. This implies strong helicity
flip contributions in rho-photoproduction. With increasing W the fraction
. . . . e .,
of longitudinal rhos drops rapidly. In photoproduction Poo 18 close to zero
for W > 2 GeV; in electroproduction rZi approaches a constant value of 0.2

to 0.3.

%) In the present experiment we analyse the decay distribution by averaging ov r
" the rho mass region. In the SBT photoproduction experiment15 it was possible .
to measure the variation of the decay properties as a function of Moy This 1s

statistically impossible in our experiment,



(b)

(c)

(d)

(e)

From the values of the ri

(1)

. . o4 . 2 . s . .
a linear rise of o with Q° corresponding to an increase in the ratio of

. . . 2
longitudinal to transverse rhos with Q . )

an increase of r;_l and [Im r%_

tropy of the ¢ distribution (see eqn.(13)).

. | with W. These elements determine the aniso-

a slow rise of Re r?b and [Im r?OI with W which indicates increasing inter—

ference between the rho production amplitudes by longitudinal and transverse

phbtons {see eqn.(13)).

?g and possibly Im r?_l all other matrix elements are

consistent with SCHC. This leads to the conclusion that electroproduction

that except for Re r

of rho mesons approximately obeys SCHC,Elements like Re r?g are particularly
sensitive to helicity flip contributions since they depend on the inter-
ference of flip with non-flip amplitudes.

. We can make the following quantitative determinations:

Natural parity exchange cross section

1 ] . . ]
From the values of r00 and r we can deduce a lower limit for U?, the contri~-

=1

bution of natural parity exchange in the t-channel to rho production by trans-

verse photons (see sec, 4.2 of Ref. 14):

N 1 1
Gp 2y {1+ (2r1_1 - roo)}oT (14)

The result is that ON 2 (0.83 + 0.06)0T for 2.2 < W < 2.8 GeV and 0.3 < Q2 < 1,4

T

GeVz. Thus rho production by transverse photons proceeds primarily through na-

tural parity exchange as expected for a diffractive process.

(2) s-channel helicity conservation

We estimate the size of helicity single flip contributions from the value of

Re r°4. The expression of Re ro4

in terms of helicity amplitudes T is given

1o lo

in the Appendix. With the assumption that the ratio of helicity single-flip

to helicity non-flip contributions is the same for longitudinal and trans-

verse photons we obtain the approximate expression

Terip |

fli _ ob 2(1+eR)
T‘—ET 1 Re I1y * To2 ek - U3
nonflip
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Inserting the measured values of Re r?g {Table VI) and R (Table VII) for
2,1 < W< 2.8 GeV and |t] < 0.5 cev? we obtain '

| | 0.14 + 0.04 0.3 - 0.5 GeV?
Ters 2 2
Tﬁ?“jl"“'r = 0.13 + 0.04 for Q© = 0.5 - 0.8 GeV

nonflip 0.22 + 0.09 0.8 - 1.4 GeV>

Hence with the above assumption the helicity single-flip amplitudes are of the
order of 15 - 20 7 of the non—flip amplitudes for |t} < 0.5 GeVz. In photopro-

T
duction at W = 2.48 GeV the amplitude ratio Olr « 2 Re o?o was found to be

]
Q.04 * 0,02 for |t| < 0.4 GeV2 15. {The T}p hy are helicity amplitudes for

tho and photon helicities Ap and AY.)

We now discuss helicity double-flip contributions. The element r?fl measures

the interference between helicity nonflip and‘helicity double-flip amplitudes.

From the wvalues of r?fl fox W > 2 GeV we find (in a similar way as above) that

helicity double-flip amplitudes are smaller than the helicity single-flip ampli-
tudes. '

In conclusion, p electroproduction for 2.1 < W < 2.8 GeV and Q2 < 1.4 GeV2 is
dominated by SCHC-amplitudes. The limits on the helicity-single-flip amplitudes

are larger than those found in photoproduction.

(3) The ratio R = o_/

/9

Assuming‘SCHC, longitudinal rhos are produced by longitudinal photons only, and
transverse rhos by transverse photons only. The ratio R = ¢_/o of the respective

L'°T
. . o4
cross sectioms can then be calculated directly from L

oh
r

— > (16)
r
[o1v)

where ¢ is the polarization parameter,

Fig. l6a,b and Table VII show R versus Q2 for different regions of W as determined

by eqn.(16)., R is seen to rise linearly with Q2 (for Q2 < 1.4 GeVZ).*) Note that

*) 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 of SCHC in p photoproduction near threshold.
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. 2 .
GL and therefore R has to vanish at Q = 0. The available data are well re-

presented by the following parametrization (see straight lines ip Fig.l6a and b)

2
_ 20
R=¢£" = (17)
M
o)
. 2 .
with £° being constant above W = 2 GeV and of the order of 0.5. The dashed line

tot/otot
L T
Apparently the contributions from longitudinal photons are smaller in the total

in Fig. 16b gives the ratio R = ¢ for total inelastic electroproduction.

. . . . \ 2 .
inelastic YyP cross section than in'p production. The values of & resulting
from the parametrization (17) are shown in Fig. I6e. For comparison we give the

16,17,
b

rvesults from other experiments £2 is 0.4-0.5 in the W range 2-5 GeV.

{4) Longitudinal-transverse interference

We now determine the phase § between the longitudinal and transverse amplitudes
TOO and T]l' Assuming SCHC and only natural parity exchange the decay distribution
has the form of egn. (A6). If cosé + 0 (i.e. the two amplitudes interfere) the last
term in eqn. (A6) leads to an interference pattern in the decay distribution. For
cosé > O the event density should be highest near wH= 0° or 360O (for cos@,< 0)

and near 1]JH=180O (for cos®H>O). This interference pattern is observed in Fig. 13
(lower scatter plot) for W > 2 GeV. We determine the phase & from egqn. (A8).

The resulting cos§ values are shown in Fig. 17 and Table VIII as functions

]6’1?. At W values

of Q2 and W together with the data from other experiments
around 2 GeV the two ampiitudes are roughly 90° out of phase; with increasing
energy the phase difference becomes smaller; above W = 2.5 GeV the rho production

amplitudes from longitudinal and transverse photons are roughly in phase.

4.5 Comparison with VDM

L 2 . . .
The VDM prediction for the Q dependence of ¢ is shown by the curves in Fig.8.

They were calculated from the following expression :

2 ; 2
. pr (0 =) /M v 2
in I p ; 2 Q
% p = % QW) = 4 |3 > | I 4+eg =5 ¢
v p. (Q7) Moo+ QY M
p o] (18)

* o (@° = 0,1 exp(a(@)t_. (@) - At (0))

g
YP * £TP

£, .
where p; is the photon momentum in the hadron cms, p:n (Q2 = 0)/p:n (QZ) =

W - mé)/{w2 . mi A S L
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The ratio p:n (Q2=0)/p:n (Qz) enters eqn, {18) because of the difference in photon
flux for different Q2 at a given value of W. The quantity R = gZQZ/Mz measures the
ratio of the p production cross sections by longitudinal and'transvegse photons.

R was taken from the analysis of the decay angular distribution assuming s~chammel
helicity conservation in po production (see 4.4,2), The factor exp(Atmin) corrects

for the |t|min cutoff.

The VDM prediction describes the data well. We conclude from this that within
VDM the product of the y—p coupling constant times the pN elastic scattering

amplitude is independentof Qz.This strongly supports the assumption that the

Yo coupling constant itself is independent of Q2 which is one of the basic

assumptions of VDM,

5. Conclusions

. . + -
We studied the reaction ep = epm T

in terms of the process YyP pﬂ+ﬂ_ for
hadron cms energies bétween 1.3 and 2.8 GeV and Q2 from 0.3 to 1.4 GeVz.

The low energy region (W < 1.7 GeV) is dominated by natt 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 po production:

- The rho mass shape is skewed as in photoproduction. The skewing is independent
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
photoproduction for transverse rhos at large Qz. This evidence for a change

of the transverse rho shape with Q2 is in agreement with the Sdding model,

- Neaf 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.

. . 2 .
- At all energies the peripheral part of o(yvp—+pop) reduces with Q° following
the rho propagator as predicted by VDM,

- The slope of the differential cross sectiom, do/dt, measured at <Q2> = 0.4
2, o . .
and 0.8 GeV 1is within errors equal to its value at Q2 = (0; 1.e. we have no
evidence for a flattening of the t distribution, which would correspond to a

"shrinking" photon.
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- The p0 decay angular distribution in the helicity system showsllongitudinal
rho mesons dominating in the threshold reglon (r i = 0.7). At higher energies
transversely polarized rhos dominate (r 0o = 0.25 + 0.04 for <W> =.2.45 GeV,
<Q2> = 0.6 GeVz). However the fraction of longitudinal rhos rises linearly

. . . 2
with increasing Q .

- The p~ density matrix shows that transverse rho mesons are produced by
natural parity exchange in the t channel: o (va +p p) > (0.834£0.06)c (va+p p)
for <W> = 2.45 GeV, <Q > = 0.65 GeVZ. Furthermore, the production mechanism
conserves approximately s—channel helicity at the photon vertex‘(SCHC). Assuming
SCHC the ratio R = GL/UT has been calculated from the wvalue of rgi. The Q2 de-
pendence of R can be parametrized by a linear form, R = £ Q /Mg'with E” = 0.4
for W > 2 GeV, i.e. 0y * Oy near Q2 = 1.4 Gevz.

- For W > 2.2 GeV the density matrix shows the presence of interference between
the amplitudes for rho'production by longitudinal and transverse photons. Assuming
SCHC and only natural parity exchange, the phase & between the two amplitudes
can be calculated. The result is cosd = O below W = 2 GeV (i.e. no interference)
and coss = 0.52 + 0.09 for <W> = 2.45 GeV, <Q°> = 0.5 Gev? and le] < 0.5 GevZ.

With increasing energy the relative phase decreases, a behaviour which is ex-

pected if both production processes become diffractive.

In summary, in the range W > 2 GeV and Q2 < 1.4 GeV2 which corresponds to values
of the scaling variable w 2 5 the observed properties of rho electroproduction
resemble those of rho photoproduction and are consistent with a dominantly

diffractive production mechanism.

Acknowledgements

We thank I.J. Bloodworth, B, Naroska, D. Notz and W.J. Podolsky for their contribu-
tions in the early stages of this experiment. We are indebted té N. Gollmer, E. Hell,
V. Heynen, A. Huber, K. Klinkmiiller, G. Kraft, H.H, Sabath, H.W. Sass, XK. West-
phal and K.H. Wroblewski for technical assistance. The excellent performance of

the Synchrotron crew, of the Hallendienst and of the Kiltetechnik is gratefully
acknowledged. We want to thank our scanning and measuring personnel for their
careful work. The cooperation by Mr, Kuhlmann and the Rechenzentrum has been

very helpful.

. The work at Hamburg has been supported by the Bundesministerium fiir Forschung
und Technologie. The work at Glasgow has been supported by the Science Research



- 18 -

APPENDIX

Decay Angular Distributions and Density Matrix Formalism

1. Definition of angles

0 . . - .

The p decay is analyzed in the s=channel helicity system with the p0 direction

in the overall hadron cms taken as the quantization axis. The p decay angles OH’
; Ao n at . . .

¢H are calculated from the unit vectors k, p', 4, ™ pointing along the direction

of the virtual photon, the scattered proton, the rho and the ﬁ+ from rho decay

respectively:
cosOH = (§ . %+)
(k x @) - (3 x &)
x
cosd, = i
ko x q] - g x 7|
[k x &) x §1 - (4 x #5)
. x - T
Sin¢H ~ L:l Shl (:1 A+
Ik x @) x q| - la x 7|

. 0 . ~ .
Here, all vectors are to be calculated in the p_ rest frame, with q defined

to be -p'. We also use the angle ¢ of the polarization vector of the transverse
photons in the hadron cms, #hich is given by the angle between the ¢ production

plane and the electron scattering plane:

- -~ oot
coss - Ex W (G S

[k x af - e x e
cing = LB x Q) x (e xeh] - &

lkox gl - e~ e

All vectors are to be taken in the hadron cms. e and e' are unit vectors pointing

]
in the direction of the incident and the scattered electron.

2, Density matrix formalism

We analyze the po decay angular distribution W(cos@H,¢H,®) in terms of the OO
density matrix in the helicity system using the formalism of Ref. 14. The po

density matrix, , in general, can be decomposed into six independent ma-

o Pik o
trices g, , where the matrices for o = 0 - 2 and 4 describe
ik P

. . . . * .
production by transverse and longitudinal photons, respectively ; the matrices

* with longitudinally polarized electrons additional terms ng’ p? and
i

k

. enter.
plk r
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for @ = 5 - 6 measure transverse/longitudinal interference terms. When, as in
this experiment, the ratio of the longitudinal to transverse photon flux as

. . . . o 4 )
measured by € is not varied, the contributions from p and p cannot be se-

* . . . ‘
parated and W(cos9,4,%) ) measures certain combinations of the p?k:

o 4
ob _ Pk T ERP 4
r., = . (A1)
ik ‘ 1 + gR
o o
r* _ Pik @ = [-2 (A2)
1k 1+ eR
o
o /ﬁ-pik
Lo = a = 5-6 {(A3)
] + eR

where R = GL/OT is the ratio of the cross sections for rho production by lon-

. . 2 o4 o o ¢}
. ¥ L. .
gltudinal and transverse photons. Note that as § = O iy 0k and T Pix

(¢ = [-2), The decay distribution in terms of the r? reads (Ref. 14):

ik

] 4.1 ob P oh . oh . 2
W(cose,¢,¢)=%; |5(1-r20)+§(3r00—1)cos a=.2 Re r1051n2écos¢-r]*151n Acos2d
\
-€ cos?.efri sin2%+r] cosz?-f? Re rl sin28coss-r sin29c052¢}
U o0 io 1-1
. — 2. . 2 L2 . N
-c sin2%{v2 Im r1051n2951n§+1m Ty sin fsin2d!}
—_— ‘ . 5 .2
+v2e i+ cos¢{r?:sin29+rzocosze-¢ﬁ_Re r?051n29cos¢~r]_]sln fcoslé}
6 6 . 2 )
+V2¢ (14> sing{/2 Im rlosinZQSin¢+ Im r]_lsin AsinZé; (Ad)}

-

If the s-channel helicity is conserved (SCHC) at the yp~vertex all matrix elements

o 1 2 5 6 1 2
except r o’ Ty q» Im L Re rlo, Im r,, are zexo. Furthermore ry_, = —Im LS
and Re i, = -Im L (see Appendix A of Ref. 14 for an explicit expression of

the density matrices in terms of helicity amplitudes). In this case eqn. (A4)

reduces to

*) In the following we omit the subscript H of the decay angles in the helicity

system,
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1 4 1
W{cos@,y) = z% {-5(1 - rZO) + 5 (3 rgi - 1) cosze
+erl sinze cos2y (AS)

1-1

29e(1 +e)} Re r?o sin20 cosiy ]

. . . 2
Here we used the polarization angle y =¢ - 4. The term sin 0 cos2y characterises trans-
. . . . , 2 . . .
verse rhos while contributions from longitudinal rhos have cos“® distributions

and no ¢ dependence,

Assuming SCHC and.only natural parity exchange the decay distribution (A5)

reduces further to (see sec, 5 of Ref. 14)

i 3

W{cosd,y) = TR 87

{sinze(l + £ cos2y) + 25R-c0329

. (AB)
= ¥2e(1+£)R cosd sin20cosy}.

¢ is the phase between the longitudinal and transverse photon amplitudes TOO

and TIl defined by

»
Too T11 = T

-ig
ool (Typhe . (A7)

The TADAY are helicity amplitudes for rho and photon helicities AD and AY with

a summation over the nucleon heljcities implied. cosd can be expressed by the

/

r.. via
1k

1+ eR (Re r?o - Im r?o) (AB)
VRS2

cosd

T
with R = 1 oo (A9)

According to eqn.(A9) the ratio R = OL/OT is determined by the matrix element
ob

r (in case of SCHC),.
00

3. s—channel helicity conservation

We can estimate the size of helicity single-flip contributions from the value of

o4 . 4, .
Re rio According to eqn.(Al) Re r?o i1s given by

o 4
ot Re oyt eRRep

Re g~ T+ R (a10)
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The density matrices 021' and Dil' are related to the helicity amplitudes Tl 3
in the following way (see Appendix A of Ref. 14) Py
o _ 1 * . 1 2
ot T s LTy T with o= ] Ty | (a11)
T A =%] ¥ Y Ayh =%1 Y
Y A
1 * 2
4 = — i =
T = To T with N ) ]Tlol (A12)
L A
* *
donce 0% = T %o F T To-g
10 2 2 2 2
E P R ST U R LT
T, T
ph - 10 "oo
A N E AN L S

10 00 =10

We assume that the helicity flip amplitudes are small and neglect the products of

two helicity flip amplitudes. Then (AlQ) reads

* e
Re (T,, T..) Re (T,. T )
Re ro4 _ 11 01 , ER 10 “oo (413)

10 2 1+eR 2
2(1+eR) |T11| |TOO|

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

oh ] 1 To1 & Tl
Tio = 7(0%ery .7 7 T+R TT_]
11 00

Re (A14)

DRI

single-flip to helicity non-flip contributions to be the same for longitudinal

flip‘

We finally assume T T i.e. the ratio of helicity
1

0 nonflip

and transverse photons. Then

ro4 - |Tflip ‘ 1+ 2eR
10 |T [ 2(1+cR) (A15)

Re
nonflip
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. + -
Table 11 Reaction YyB P T T .

++
Percentages 8445 Ap0s ao, apS of A , AO, P and phase space

. . . ob .
production, and the po density matrix element r., as obtained from

maximum likelihood fits tc the Dalitz plet. The third column gives the

polarization parameter e. The last column gives the channel cross

section.

I L oh -
W : Q2 E e i a,++ 2,0 ap apS | e U(va+pw T )

(GeV) ; (GeV2) E j | (ub)
1.3-1.7 - Q i O |70 +3 10 %4 - 20 £5 - | 637+
1 0.3-0.5 0.99 |64 4 93 - 27 %9 - 31.9 +1.0
10.5-0.8 {0.98 54 45 12 +3 - 34 183 - 20.3 +0.8
0.8=1.4 {0.97 | 56 £8 17 5 - 27416 , - 14,1 £1.3
; | A
1.7-2.0 0 ¢ 0 132 %2 342 49 £5§ 16 4§ - 55

0.3-0.5 [6.97 132 £3 1 21 44 £7 23 26 | 0.52 =0.04 29.0
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 10.95{ 25 £3 4 =2 30:10 41 *6 | 0.53 £0.200 12.0

I
2.0-2.2 0* | 24 42 1 £1 58 £5 17 6 | - [t
' '

0.3-0.5 {0.94 | 26 £5 8 +3 36 4 30 +4 10.19 £0.08] 18.8 +1.0
0.5-0.8 [ 0.93] 16 *4 5 %2 34 =5 45 x4 %o.ao £0.06; 13.5 £1.0
0.8-1.4 10.91 20 +8 1 %4 45 =6 34 25 50.48 ro.o9§ 1.2 2.
5 : : :

2.2-2.8 07 12 51 21 68 %4 18 14 E - | 2970
0.3-0.5 10.86 | 10 2 3 £2 52 +5 35 %4 éo.zo i0.0A% 11.5 0.6
0.5-0.8 |0.84 | 14 +5 2 £2 53 4 31 +7 jo 25 ¢0.071 8.8 0.6
0.8-1.4 {0.81 16 6 1 +2 29 £5 54 +8  0.45 tO.ZOi 4.1 0.6

Results from Ref. 11
Results from Ref. 15
MR Regults from Ref. 12

§ These values were determined by refitting the data of Ref. 11 with variable n.
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Table III Reaction YyP 0° p-. o, as a function of Q2.

For completeness we also give the total inelastic #Vp CTOSS

section = g, +e0 and the ratio cp/ot was

Ttot T L ot” Ztot
obtained by us from a fit to the single arm data of Ref. 9.

W Q? % tot Gplotot
(GeV) (GeV?) (ub) (ub)

1.7 - 2.0 0 27 #3¥ 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 +0.031
0.8-1.4 3.5 £1.3 57.9 0.060 %0.022

2.0 - 2.2 0 25 2% 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% 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

ar
‘

Obtained from the data of Ref. 11 as described in caption of Fig. 7.
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Table IVa Reaction YyP 7 po P
Differential cross section dc/dQCMS {(ub/sr) as obtained from

maximum likelihood fits in cosec intervals for

1.7 < W< 2.0 GeV.

MS

0 0.3 ~ 1.4 |

o ‘ ] Q%> = 0.7 GeVé

0.9 - 1.0 11.5 0.6 3.0 20.3 ;

0.8 - 0.9 7.8 0.7 2.0 10.24 E

| 0.6 - 0.8 3.4 $0.3 0.72+0.13 ?

; 0.2 - 0.6 1.25%0. 16 0.43%0.12 :

- (-0.2) - 0.2 0.96+0.10 0.33+0.06 g

L (-0.6) ~(~0.2) 0.52+0.11 0.2840.08 {

i (=0.8) —(-0.6) 0.31:0.08 0.22:0.04 E
| (-1.0) =(-0.8) 0.32£0.20 | 0.31%0.05

—

* Obtained by fitting the data of Ref. 11 (see caption of Fig. 9).

Table IVb  Reaction YyP 0% p.

Differential cross section do/dt (ub/GeVZ) for 2.0 < W < 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 XIT of

Ref. 15.
N 2.0 < W< 2.2 GeV 2.2 < W< 2.8 GeV __4
2 ! i
o 0.3 - 0.5 {0.5 = 1.4 0.3 - 0.5 [ 0.5~ 1.4
(GeVZ .

(GeV2) : <Q2> = 0.4 <Q2> = 0.95 ||<Q®> = 0.42 Q%> = 0.85 |
l¢] . - o0.1% (105 :10 {35 %15 - 27.0 £3.1 | 13.5 1.9 |
‘ min i i

0.1 - 0.2 162 +4.5015. £5 |16.7 £3,9°% 18,0 2.0 | 8.6 0.9 |
0.2 - 0.3 [42.5% 3.0| 14,4 + 3.512.6 22,0 | 10.2 £1.3 | 5.0 #0.7
t i
0.3 - 0.4 120.4 % 3.1 . 5.2 £1.0 | 2.9 0.6 |
| V7.5 £ 1.6173.2 #1.1 |
0.4 - 0.5 111.2 = 2.2 2.4 £1.0 | 1.7 0.5
! & ;
0.5 - 0.7 | 4.1% 1.3] 0.52% 1.3} 2.0 *1.0 1.4 0.6 ¢ 1.1 *0.3
0.7-1.0 | 5.1£1.0] 0.8%1.00 *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 | 0.20%0.12
; ! |
1.5 - 2.0 i 1.6%0.6] 0.9*0.6!1.0%0.5 0__*0.14  0.0770.07
le] | (GevZ) | 0.025 0.075 | 0.13 0.06 ¢ 0.06
4 min ! 1 e o

Obtained by fitting the data of Ref. 11 in the appropriate intervals
(with shape parameter n = 4)

-----
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Table VI. Spin density matrix elements for
YyP * pop in the s—-channel helicity
system.
(lt] < 0.5 GeV?,
1.7 < W < 2,0 GeV and
2.0 <« W < 2.8 GeV)
| Q%> W (GeV)
% (GeV 2) 1.7 = 2.0 2,0 - 2.8
| 0.0 0.33 #0,02% 0.04 +0.01%
o 0.4 0.60 +0.03 0.20 *0.03 |
1 o0 0.65 0.69 *0,05 0.28 to.oa\
| 1.05 0.97 *0.12 0.47 0,08
i 0.0 0.05 +0,01% 0.01 iro.o1=j
e r?i 0.4 0.09 *0.02 0.08 *0.02 |
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%  =0,02 £0.01%
{ r?f1 0.4 -0.05 *0,03 ~0.02 *0,03 %
] 0.65 -0.07 20,03 -0.00 *0,04
l 1.05 0.04 +0.06  —0.06 *0,07 k
l 0.4 0.02 $0.06  -0.0l £0.05
| éo 0.65 0.01 £0.10 0.15 +0,07 %
1.05 -0.18 +0.32 0,26 £0.13
1 0.4 0.01 £0.03 ~0.05 +0,04 ﬂ
T 0,65 -0.04 *0,04 -0.05 +0.05 |
1.05 0,07 *0.09 ~0.16 *0.08
b 0.4 0.02 £0.03 -0.02 0,03 '
Re rio 0.65 ~0.17 +0.05 0.02 *0.04 E
1.05 0.03 £0.13 0.07 0.09 |
L 0.4 0.13 +0.04 0.31 £0.05 |
ri_l 0.65 0.18 +0.05 0.33 £0.06 i
1.05 ~0.16 +0.09 0.00 £0.12
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cont. Table VI.
- Q2> W (GeV) |
(GeV 2y 1.7 = 2.0 2.0 - 2.8
0.4 -0.01 #0.03 0.01 £0.03
Tm rfo 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?_] 0.65 ~0.06 +0.05 ~0.21 0,06
1.05 ~0.05 +0.11 ~0.17 +0.12 -
ok ~0.02 +0.03 0.00 +0.03
rio 0.65 0.07 +0.05 0.04 £0.03
1.05 ~0.12 40.15 ~0.04 +0,07
N 0.4 ~0.03 £0.02 =003 0,02
©’_,  0.65  -0.05 £0.03  =-0.04 £0.03
1.05 0.03 £0.03 ~0.04 +0,05
o ~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
) 0.4 0.02 +0.01 0.02 0,02
| r?l 0.65 0.02 £0.02 0.00 +0.02
1.05 0.01 0,05 0.00 0.04
T T od T ol 002 007 a0
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
o r?_] 0.65 0.06 +0.02 0.06 +0.03
0.07 +0.06 0.09 20.05

Obtained by fitting the photoproduction data of Ref. 11
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Fig. 7 c(va +pop) as a function of W for different Q2 regions. The points
at Q2 =0 for W> 1.9 GeV are results from Ref. 1l using-a p para-
metrization with n = 4, The open points for W < 1.9 GeV were obtained

by us from a fit to the data of Ref. 11 using a similar parametrization.

a) Q2 =0
2 2
b) 0.3 < Q7 < 0.5 GeV
¢) 0.5 < @° < 1.3 GeV’
Fig. 8 G(va -+ pop) as a function of Q2 for different W regions. The curves

are a prediction of the vector dominance model (see Sec. 4.,3). The
points labelled SLAC-Santa Cruz and Cornell are from Refs. 18 and 20,
respectively. The openpoints, labelled ABBHHM, are data from Ref. 11

as given in Fig. 7.

Fig. 9 dc/dﬂcmS for 1.7 < W < 2.0 GeV and 0.3 < Q2 < 1.4 GeVz. The wvalues
of the shape parameter n used are given in the footnote to sec. 4.3,
The open ﬁoints at Q% = 0 were obtained by refitting the data of Ref.
11 with eqn. (8) (the parameters used were Mp = 780 MeV, Fp = 150 MeV,

n = 4.8 for 0.6 cos® < 1,0, n = 0 for cos@ < 0.6).
- cms cms

Fig. 1O do/fdt (va ﬂ-pop) for different W and Q2 regions. The open points
labelled ABBHHM were obtained by refitting the data of Ref, 11 in
the appropriate intervals. The peints labelled SBT are from Table XII

of Ref. 15 (parametrization cross section)

a) 2.0 < W< 2.2 GeV
b) 2.2 < W < 2.8 GeV.
Fig. 11 G(va > pop) as a function of W for (a) peripheral and {b) non peri-

pheral contributions (see section 4.3). The open points were obtained

from fits to the data of Ref. 1l.

Fig. 12 a) Reaction YyP pop‘ Slope of do/dt for 2,2 < W < 2.8 GeV and
[t] <0.5 GevZ as a function of Q2.
b) The same as a), but for transverse and longitudinal rhos separately.

The open points are from a fit to the data of Ref. 11.

Fig. 13 Decay angular distributions for y p ~ W*ﬁ'p in the p region
(0.6 <M_+ ~<0.,85 GeV) for |t] <0.5 cev?, 0.3 < @ < 1.4 GeV’
in the energy intervals 1.7 < W < 2.0 GeV and 2.0 < W < 2.8 GeV,

The curves are from a maximum likelihood fit.



Fig.

Fig.

Fig.

Fig.

14

15

16

17

_33_

Reaction va > oop. Densitg matrix el;ments for the oo a; a function
of W in the region 0.3 < Q" < 1.4 GeV” and |t] < 0.5 GeV®, The
dash-dotted lines give the behaviour expected from s-channel heli-
city conservation. The curves for r}“; and Im r?_z assume in addition
natural parity exchange only. The open points (at Q° = 0) were ob-

tained by us by fitting the photoproduction data of Ref, 11

. . 2
Same as Fig, 14, but as a function of Q° for

a) 1,7 <« W < 2,0 GeV
b) 2,0 < W< 2,8 GeV.
o 2 1‘04
Reaction Yy P > 0P for [t| < 0.5 GeV™, a), b) R = 00
E(l—roa)
7 oo
as a function of Q" for different W intervals. The full
lines are fits to R = 52 Q2/M§ . The dotted line represents
R = UEOt/c;Otfrom Ref, 22,

c) The slope 52 as a function of W. The points labelled SLAC-SC
and SLAC-HBC are taken from Refs. 16 and 17, respectively,

cosé (phase between longitudinal and transverse amplitudes) as a

. 2 2 .
function of W and @~ for [ti < 0.5 GeV', The points labelled SLAC-SC
and SLAC~HBC are from Refs, 16 and 17, respectively.,
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YyP— p°P
Spin density matrix elements
1.7<W<20GeV, 1tI<0.5GeV?
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Spin density matrix elements
20<W<28 GeV, Iti<0.5 GeV?
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