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Abstract:

Hadron production by ep scattering in the kinematical region 0.3 < Q" < 1.5 GeV2

and 1.3 < W < 2.8 GeV was studied with a streamer chamber at DESY. The

average multiplicity of charged hadrons, <n> , is consistent with a logarithmic
s dependence: <n> = (0.79 * C.11) + (0.93 £ 0.06) In {u'-1) +

+ (1.04 * 0.C8) 1n Q2/m2 0.8 + 1n S/mi' The multiplicity does not scale

with respect to w' or mV' Inclugive = production was analyzed in terms of

&

2
(X’RL) and (Vx,t) as a function of Q ,W and 07 ,w' in the central and the
target fragmentation region no 02 dependence was found. The reduction of the
o yield in the beam fragmentation region compared to photoproduction can be

o . . . .
related to the smaller p~ cross section in electroproduction. The normalized

invariant © cross section, F(x), dces not scale with respect to w' in our
kinematical range. In the non diffractive region, 2.5 < w' < 10, the slope of

the pi distribution decreases with 02 for fixed w'. In the diffractive region,

10 < w' < 15, the effect is small., In the beam fragmentation region a longitudi-
nal/transverse interference term was observed. The 02 dependence of o(yvp +'p p)
for W > 2 GeV is essentlally determined by the p propagator as suggested by VDM
The slope of do/dt, for p° production at <Q > = 0,4 CeVz is gmaller than at Q

For W » 2.2 GeV the p polar decay angular distribution shows a nonzero longltu—

dinal part, roi = 0,183 + 0.03], while the distribution of the angle ¢, sensitive

to linear photon polarisation, implies dominant production by transverse photons.
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The s~ channel helicity flip amplitudes are small compared to nmon flip ampli-
tudes, Assuming SCHC we find for p° production R = GL/O T = 0.260 t 0.054 for

<W> = 2,45 and <Q2> = 0.5 GeVz. Interference between production by longitudinal
and transverse photons was found. Assuming SCHC and only natural parity exchange
the phase between the two amplitudes was found to be cos§ = 0.61 t 0.15, A pro-
nounced w peak was seen in the reaction YyP p#+n_ﬂ°. The Q2 and ¥ dependence of

U(YVP > wp) was determined.

Introduction

In this paper we report on the gross features of electroproduced final states
such as the behaviour of rnultiplcities, the topological cross sections and the

inclusive 1 momentum spectra, and on rho and omega production

The data come from the LESY streamer chamber experinent designed to detect all
charged hadrons produced in an ep collision., Details of the experiment and
first results have been given elsewhere.2 A 7.2 GeV electron beamr is passed
through a 9 cm long liquid hydrogen target located inside a 1 m long streamer
chamber situated in a 18 kG magnet. A scintillator-shower counter hodoscope
detects the scattered electron and triggers the chamber. The analysis of the
photographs is similar to the evaluation of bubble chamber film, Approximately

400 000 pictures have heen taken corresponding to a total flux of 4'1012 electrons.

The present results are obtained from an analysis of 15 600Q measured events
corresponding to 25 % of the totai number of available events. After the
appropriate cuts for pulse heights, acceptance etc. were made, 6500 inelastic
events remained in the Qz,w region (W is the cms energy of the hadron system)
0.3 - 1.5 GeVz, 1.3 - 2.8 GeV. For the determination of cross sections,

multipleities and inclusive spectra only 55 7 of these events were used.

In the distributions shown below each event was weighted by the proper accep-
tance and by a factor taking into account radiative cotrections. Events from
elastic ep scattering were removed by means of a coplanarity cut, For details

see Ref, 2,



1. Total Cross Sections

We determined the sum of the total transverse and longitudinal cross sections,

. 3 . .
op ¥ €0, (as defined by Hand ) for virtual photon proton scattering and compared

our values to those of previous experiments. This serves as a check on our data
taking and analvsis procedure, Fig. | shows good agreement between the differ-

. 4-6
ent experiments,

2, Hadron Multiplicity and Topological Cross Sections

We analvzed the charged hadron multiplcity <n>,

(1)

<n->

a
tot

where o_ is the cross section for producing n charged hadrons, as a function

13

of Q2, s and the scaling variables «' and Wy

w' = HZ/QZ +
2 2 2
(W" - m +Q)+m,
wyy = g 5 ¥ oeith mi = .43 CeU2 and a2 = 0,42 GeVz. 7
\ 0% + a X

We considered both scaling variables since thev behave qualitatively different

in the small Q2 region. The variable v, connects electroproduction with photo-

W

production while w' does not. The use of w, is suggested by the generalized

W
, ) 2
vector dominance models’g. In Table I we give the rean values of Q ,w,w',ww

for different kinematical regions we use below.

In Fig. 2a the mean charged multiplicity <n> is plotted for fixed ¥ as a
function of Q2 together with photoproduction data.|2 At higher energies

(W 2 1.8 GeV) the electroproduction values-for Q2 < 1 GeV2 are lower by approxi-
mately 10 % than those for Q2 = (b, This behaviour becomes somewhat clearer when
we look at the Q2 dependence of the normalized topological cross sections,

shown in Fig. 3 (the curves are drawn to guide the eye): the decrease

Orn/ctot’



in <n> is caused by an increase in the production of reactions with one
charged hadron in the final state (one-prong events) and a drop in the 3-prong

. 2 2 2 . ,
cross section. Beyond 7 = 0,6 GeVY™ the ° variation is reversed: o fo
Iprong’ "tot

decreases while ¢ /o increases. The 5-prong rate does not show a
3prong’ tot

significant Q° dependence.

A qualitative explanation for this behaviour may be found in two phenomena: with
. . 2 . .
increasing Q less po and w-mesons are being produced in YyP po(w)p 2 (see

below) causing a reduction of 03/0 The l-prong cross section receives a large

tot’

contribution from longitudinal photons. This has been observed for single pion
. 13 +

electroproduction (va =+ m n) and may be true also for other one-prong reac-

tions,

. . . 2 . ,
In Fig. 2b <n> is shown for fixed ¢ as a function of s = w2 together with

data from SLAC.]O In the kinematical region s < 20 GeVz, 0 < 1.5 GeV2 the

N

charged multiplicity follows a simple In s law. Ve will return to this point

later.

In Fig. 4a,b the charged multiplicity for fixed w' intervals is plotted as a
funetion of Q2 and for fixed Q2 intervals as a function of w«'. Note that in the
lowest ' interval the central w' value changes somewhat: with Q2 (see also
Table I). We conclude from Fig. 4 that the data are consistent with <n> ~1ln Q2
for w' tixed,

Our data may be compared with various theoretical predictions which were made

tor the deep inelastic region:

1
<n> ~ constant + ln ' Drell-Levy-Yan

N Sa(m')

<n> Chou"YangI5

<n> ~ 1n (w'-1) + 1n Q2 Bjorken]6

Our data favor the last model. In photoproduction the average charge multi-

plicity was found to behave likelt

<n> = C_ + C 1In s/m2 with ¢ =~ 1, ¢ = 1 (2)
o s P o s



which 1n terms of electroproduction variables reads

2
i - . (w' - 1) @
<n> = C0 + LS In —— (3)
m
P

mp = mass of the proton
Using Eq(3) os a guide the following expression was fitted to our data:

. o . 2, 2
<n> = C0 + C(,, In {w 1}y + ¢, In @ /mp . (4)

0

From a fit to the data shown in Fig. 4 the following values for the parameters

were obtained:

C =0,79 + 0,11, C = 0,93 & 0.06 , C. = 1.04 + 0.08.
o] & 0

We see that the behaviour of the charged rultiplicity can be described by the
simple expression Eq(2} to within IC ¥, and that for s fixed no strong Q2 de~

perndence is observed., Preliminary data from a Cornell experiment show a similar

]
trend at larger values of Qz.'7

h
Finally, in Fig. 5 we look at the Q° behaviour of the topological cross sections
for fixed w' intervals (w': 2,5 - 6, 6 - 10, 1¢ = 15); in all three intervals
n
/o shows the same logarithmic decrease with Q7, while ¢ /o

G
lprong’ “tot 3prong’ “tot
in the kinematical region studied does not exhibit a simple pattern.

2

In Fig. 6 we studied the charged multiplicity as a function of Q2 and the

scaling variable w,, It is evident that the charged multiplicity does not

W'

scale with wy (although wW, does scale with respect to w_  in this kinematical

2 W

region7). Qualitatively, <n> behaves like

sl

<n> ~ comst + const - Q° for fixed W

. 2
<n> ~ const + const * In W for fixed Q



3. Inclusive n production, YyP > o7 %

The T momentum spectra were described in terms of the following two sets of

variables: (x, Qf) and (Mx, t).

R
X = Py /Prax
* . : -
Py = longitudinal momentur of
" _ in the hadron cms
) = maximum possible momentum of w
max
1 E“'p - . .
Yiab = 5 In " where E,p“ are the % energy and longitudinal momentum
) E = py

in the lab svstem

Py = T transverse romentum
MX = effective mass of the system X recoiling egainst the T
t = gquare of the four momentum transfer between virtual photon and 7 .

Expressed in terms of the four mormenta of Yy target proton p and 7

2 -2 -2
MX = (YV +p-rn),t-= (TV - %)

Depending on which picture is being tested one set of variables is favored over
the other: For example the 02 dependerce of the target and beam fragmentation
region and of the central region is studied best with respect to x or y, while
for comparison with Regge models the variables MX and t appear to be better
suited. The m distributions were determined on the assumption that all negative
hadron tracks belong to negative pions. From the observed K decays we can place

an upper limit of 8 % on the K contamination.

The invariant normalized cross section, defined as

2
P} max
¥
2
Fo) =— 1 | 5L g (5)
o ] * 2 ML
tot Poax dxdpl
> ol
) . ~
E =17 cms energy
is shown in Fig. 7 for different W intervals (1.5 - 1.8 GeV, 1.8 - 2,2 GeV

and 2.2 - 2.8 GeV) and for two different Qz intervals (0.3 - 0.5 GeV2 and



0.5 - 1.5 GeVz). For the highest W bin also photoproduction datal2 are shown,
The conclusions are similar to those in our pfevious publication : Within the
present statistical accuracy no significant differences between the <Q2> = 0.4
and 0.8 GeV2 spectra exist., Comparison with photoproduction at <W> = 2.48 GeV
shows that in the target fragmentation (x < —0.,3) and central region

(~0.2 ¢ x ¢ 0.2) F(x) is the same for photo- and electroproduction. In the
beam fragmentation (x z 0.3) the n  yield drops by a factor of 1.5 - 2.0 going

from photo~ to electroproduction.

Most of this effect is due to the reduction in. the p° contribution to Yot
. . . 2 . o
with increasing Q {see below) as demonstrated by Fig. 7d where the p

contribution {va - Qop).has been removed from both the photo— and electro-

production points.

Next we turn to the Q2 dependence of the transverse momentur distribution.

Fig, 8 displavs Qf distributions for the centrel and beam fragmentation regions
for various QZ,W intervals. Also indicated are the exponential slopes obtained
from fits of the form C exp(Agi} (see Table T1). Fgr fixed W, within tge present
errors, the slope A is found to be the sare for <Q”> = 0.4 and 0.8 GeV" in

both x regions. However, when the hadron cms energy \ decreases from 2.45 to

2 to ~14 CeV_2.

1.65 GeV, in the central region & increases from -8 - 9 GeV
Most probably this is a phase space effect{ at low energies the W value is too

small to allow larger values of pf.

For completeness, we give in Fig., 9 the rapidity distributions for different

Q2 regions,

In order to test for scaling the n spectra were analyzed also as a function
of w' and Qz. The data were grouped into three w' intervals: w' = 2.5 - 6 (non
diffractive region), w' = 6 - 10 (transition region from the non ditfractive

to the diffractive region) and o = 10 - 15 (diffractive region). For the
‘following discussion it is useful to keep in mind that for fixed ' the hadron

cms energy (W) increases with Q2 (see e.g, Table I).

Fig. 10 shows the invariant normalized cross section F(x) for different w' and
z . . , , . .

G bins., F(x) is found to grow with Q2 in the central region, i.e. F(x) does

not scale in the Q2 region under study. The hump in F(x) near x = 0.7, most

, ) . -t
noticeably for 6 < w' < 1G, is due to 2t production (YVP »m A ),




)

A dramatic change with Qd is seen in the Ri distributions fof the central
region (Fig. 11): they bhecome broader with increasing Qz. The exponential

slope A for w' < 10 changes by roughly a factor of two from A = 15 Ge\’"2 to
A=7-28 GeV_2 between <Q2> ~ (.5 and | GeVz. Table II1 contains the forward
cross sections and slopes obtained by exponential fits. Since the forward cross
sections stays constant we conclude that for w' fixed with increasing Q2 addi-
tional nf‘s with larger nf values are being produced which cause the observed
widening of the pi-distribution. Most likely this drastic variation has to be
attributed to phase space, since for fixed w', the hadron cms energy W increases
with Qz.

In the so called diffractive region (IC < &' < 15) the change in slopé is

small (Fig. 1),

16,18

In certain parton models the average transverse momentum of forward

produced particles at fixed «' is predicted to increase proportionally with

the longitudinal cms momentum. Fig. 12 shows P> arid Py (x » 0, no limit
. 2 . . .. . .

in py) as a function of ¢ for different w' intervals: <py> 1is indeed rising

. 2. . .
with @ 1like the average longitudinal momentun.

In Fig., 13 we present the missing mass spectrum recoiling against the m . The

do_ has been plotted for fixed W,Q2 (Fig. 13)
TTUtot db%’

and fixed w',Q2 (Fig. 14) intervals. It is remarkable that for fixed W the

normalized cross section

mass spectrum does not change with Q“ except for a possible 10 - 20 Z decrease
. . . 2 . . .
with increasing Q° near the high mass end. For a given w' interval the mass
. , , 2, . .
spectrum is displaced towards higher masses when @ increases, which is a re-

flection of the increasing cms energy.

Fig. 15 shows a Chew-Low plot of the four momentum transfer t versus missing
mass M. Due to the phase space limitations the minimum value of |t] increases
drastically with larger values of MX. Fig. 16 shows the projections onto the

t axis for certain MX intervals.



In the present experiment both, transverse and longitudinal photons can contri-
bute tc hadron production; the ratio of the longitudinal to transverse photon
flux is € = (.9 averaged over the Qz,w region accepted. Production by trans-
verse photons can lead to an anisotropic distribution of the m production
plane relative to the electron scattering plane. If & is defined to be the

(e x e')(y, ™)

angle between the two planes, cost = — , the ¢ distribution
Ie ® e't';Yw xm !

has the general form

W(d) = 1 + Cp ccos2d + v2e(e+l) CI cos®w (6)

Longitudinal photons contribute to the constant term, transverse photons to the

constant term and to Cp, and CI arises from longitudinal/transverse interference.

In Fig. 17 we look at the distribution of the angle ¢ versus x for all T from
1,8 < W< 2.8 GeV" and 0.3 ~ Qz < 1.5 Cevz. While the target fragmentation and
central regions show a roughly constant + distribution, the m for x > 0.4

are emitted more frecuently under ¢ > 90°, Figs. 18a,b show ¢ vs W for

the central and the beaw fragmentation region. Above W = 1.8 GeV the ¢ distri-
bution appears to be independent of U, For 0.3 < x < 0,7 a preference for ¢
values close to 180° is seen. Fig., 19 shows W(%) for the central region in

two regions of 02.

In Fig. 20a W(®) is given for the beam fragmentation region together with a

fit of Eq(6) to the data. The fit yielded

Cp = (0,40 t 0.09

‘1

[}

-0.23 + 0.05

establishing the presence of an interference between production by longitudinal
and transverse photons, We investigated to what extent the observed ¢ anisotropy
has its origin in po production (pr > pop) which has been found to emit the
decay pions preferentially in the electron scattering plane (& = 00, 1800) and
which shows longitudinal/transverse interference2 (see below). Fig., 20b shows
the m distribution without ¢° events, and for po events alone. We conclude

. . \ o
that the observed ¢ anisotropy is not contributed by p events alone.



Craigie, Kramer and Kﬁrnerlg, on the basis of a Regge pole model, have argued
that close to x = 1, 1 production by longitudinal photons should be dominant.
On the other ,hand, in the central region where most of the cross section is
found, transverse photons must dominate since for the total cross section

Op << Oge Our data support this picture in the sense that in betweén the
central region and x = | we find both transverse and longitudinal contributions

to be present,

4. Rho production

We analyzed po meson production via
o
YoP T PP o
in the final state

ep = epn T . (8)

The analysis procedure has been described in Ref. 2. In the kinematical

region: 1.3 < W < 2.8 GeV, 0.3 < Q2 < 1.5 Ge‘!2 2100 events were obtained which
fitted reaction (8) and for which the track ionisation observed agreed with
that predicted by the fit. In order to check the fit procedure and to determine
the corrections for radiative effects for measuring errors and for multiple
scattering of the outgoing particles for reaction (7), events were generated
with the program STYX20 which simulates our setup, The correction factor which
previously has been estimated2 to be 16 + 5 Z turned out to be 16, 15 and 5 7
for the W intervals 1.7 - 2, 2.0 - 2.2 and 2.2 - 2.8 GeV, respectively.

In Figs. 2] and 22 the mass spectra of the Pﬂ+, pﬂ— and H+ﬂ— systems are
displayed for the higher W intervals and for different Q2 regions. Close to
the p threshold (W = 1.7 GeV) strong A++ and po production is observed. At
energies above W = 2 GeV the rho contribution dominates while att production
becomes less important. A cut on forward produced (ﬂ+ﬂ—) pairs reduces the

background underneath the rho to a small level (see shaded histograms) .



) . ++ o o \ \ 2 ;
I'he cross sections for A ,A and p production were determined l by a maximum-—

likelihood fit to the Dalitz plot density dN(N§ﬂ+, M§+nn):

2 2
] =
LICHIN G {3A++ Epre O 4 a0 10 OO ) 4

*ay £ 0Ly ) WcosOy) + a fps] d}!§ﬂ+ al, 9)
The a's are fit parameters and measure the size of the individual contribu-
tions; frt4s f)o and fp represent the corresponding freit~wigner terms; the
p-Breit-Wigner was multiplied by a factor (MD/MH+W_) . The polar decay angular
distribution, W(cosGH), for ¢° events in the helicity system was included in
the fit since W(cos@H) is strongly affected by contribu;ions from o** and A°
production. The expression for WCCOSGH) in terms of the p density matrix
element rgg {see Ref. 22) is:

ob

: . B _ o4 _ 2
h(cosOH) = 3/4 + {1 ro * (Broo 1) cos @} (10)

H

In order to determine r04 for a given W interval all events hetween

0.3 < Q2 < 1,5 CeV2 were used. Then the events in the three Qz intervals

0.3 - 0.5 GeV2,0.5 - 0.8 GeV2 and 0.8 - 1.5 GeV2 vere fitted separately with
rgi fixed to the value obtained in the previous fit. The results are given in
Table IV and shown by the curves in Figs, 21, 22 and 25 (see below). The

fitted curves describe the wass distributions well,

Fig., 23 displays the p° cross section for different W intervals as a function
of Q2. Ahrens et a1.23 have measured the sum of the po and w cross sections,

In order to deduce from these data the po cross sections we used our data on

w production (see below) and sﬁbtracted the w contribution. The resulting po
cross sections agree with ours (see Fig. 23). The po cross section is seen to
decrease rapidly with Q2, e.g. at W= 2.5 GeV by a factor of ten between Q2 = 0
and | GeVz. This sharp drop reflects itself also in the Q2 dependence of the
ratio of the po cross section to the total cross.section (see Table V). For

<W> = 2,45 GeV and Q2 between ¢ and | GeV2 the po fraction changes from

16,0 £ 0.8 % to 1.9 % 1.1 Z.




.,.]2_.

The VDM prediction for the Q2 dependence of ¢_ is shown by the curves in Fig,23.

They were calculated from the following expression

% 2 2 2
2 Pin(@ =0 [m | 2 ¢°
O p % (@HW) =57 7 2) bredt =5 1%
v P, Q) m,* Q ",
% g (Q2 = 0,%) exp(At . ) (11)
Yp> pop o min

where p:n is the photon momenturs in tlte hadron cms,'p:n (Q2 = O)IP:n (Q2) =
(w2 - mz)/{(w2 - m2 - Q2)2 + 4w2Q2} 1’2.

P P
The ratio of p;n enters Eq(11) because of the diffe;ence in photon flux for
different ¢° at a given value of W. The parameter £ measures the relative
size of elastic longitudinal and transverse vectormeson nucleon scattering.
We put 52 = R m§/<Q2> = B where B is the ratio of the p production cross
sections for longitudinal and transverse photons; R was taken from the analysis
of the decay angular distribution assuming s—channel helicity conservation
(8CHC) in po production (see below). The factor exp(Atmin) corrects for the
It!min cutoff. The VDM expression Fa(ll), in essence the p° propagator, is seen
to acecount rather well for the large reduction in 0° production with increasing
Q2 (see Fig. 23). On the other hand, our data are also compatible with the

2
following functional form proposed by Preparatzf6

22(x )¢t
do _ 1 p
'&"E(va - QP) = 7 7 3 F(Xp) e
Q@ +m)
P
Q” + mﬁ 2 2 . 2
with X = 5 v o= (R° - mp +Q )/2mp , and F(xp), A(x ) being unknown

functions.,

Differential cross sections, do/dt, for pO production were determined by repeating
the fits described above (Eq(9)) for each t interval separately. The results
are presented in Fig. 24 together with data from the Cornell experiment23 cor-
rected as before. For comparison also the photoproduction data of the SBT
collaboration27 are shown., At small momentum transfer, [t]| < 0,4 GeVz, the slope
A of the t distribution is smaller than at Q2 = 0, Forward cross sections and

slope values obtained from exponential fits to do/dt are listed in Table V.



The po decay was analyzed in the s—channel helicity system with the p0 cms
direction of flight.taken as the gquantization axis; Oy and ¢, are defined

as the polar and azimuthal angles of the decay 7' in the p° rest frame, The
angle between the production plane for YyP > pop and the electron scattering
plane (= plane of polarization of the transverse photons) is measured by &,

In Fig. 25 we show the distribution of cos6f, and of the polarization angle

H
?H = ¢H ~ & for events in the po region (0.60 < Mﬂ+ﬂ_ < 0,85 GeV), The curves

for H(cosGH) show the results of t'. maxipum likelihood fits (Fq( 9)). At
s , ++ . .

lower W energies the reflection of &  production is clearly seen as an

accumulation of events near cosG, = -1, This effect is well accounted for

H
by the fit. The cos@H distribution shows that for W < 2 GeV more longitudinal

po mesons are produced (N(cosGH) ~ cos26H) while for W > 2 CeV transverse po
mesons (W(cos@H)_" sin29H) dominate. The ¥ distribution is essentially constant
for W < 2 GeV bhut exhibits a strong cosz? component at ¥ > 2 GeV: like in
photoproduction the decay pions are emitted preferentially in the plane of

photon polarization,

Since an anisotropic V¥ distribution can only arise from production by trans-
0
verse photons we see that the p mesons above W = 2 GeV are produced pre-

dominantly by transverse photons.

We analyzed the p° decay angular distribution W(COSOH'¢H’¢) in terms of the
p° density matrix in the helicity svstem using the formalism of Ref., 22. The
po density matrix, Pire in general, can be decomposed into seven independent

matrices p? =0, ..., 6, where the matrices for o = 0 -~ 3 and 4 describe

y O
0p° productiin by transverse and longitudinal photons, respectively; the matrices
for o = 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 94 cannot be

. ’ . a
separated and W(cos,$,?) measures certain combinations of the Pyt
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o 4
R VI
ik | + R
o
o ik
ik ° a=1-3
I + eR
R O
N o = 5-6 (12)
1 + R : .

= ' . f o] .
where R GL/UT ts the ratio of the cross sections for p production by lon-
o

gitudinal and transverse photons. The decay distribution in terms of the LY
i

reads (Ref.22):

3 ] oh, 1 ob 2 ob4 . oh , 2
w(cosﬁ,¢,¢)=3; {i(l-roo)+§(3roo~l)cos 8-v2 Re r1031n2ecos¢-rl_351n 8cos2d

-¢ cos2${r:}sin29+rioc0529—ﬁf Re rlosin28cos¢—r:_lsin28c032¢}

~e §in20{V2 Im r?osin2931n0+Im r?_lsinzesin2¢}

+¢2e(l+c+6)‘ cos@{r?lsin26+rzocosze~ff Re r?osin28cos¢—r?_]sin26c052¢}
, /5 6 . 6 .2,
+/2e(T+e+6)  sin¢{¥2 Im r, sin26sin¢+ Im r,  sin Bsin2é} (13)

With the exception of rgi the r?k were determined by the method of moments
using all events in the #° region (0.60 < Mﬁﬂ < 0,85 GeV) at small momentum

transfers (]ti < 0.5 Geﬂz). The element rgg , as mentioned above, was obtained
from a maximum likelihood fit to the Dalitz plot distribution (Eq(9)) and is

therefore corrected for background effects. Table VI lists the density matrix
elements for different W intervals. Also given are the predicted rik values if
po electroproduction conserves the s—channel helicity (SCHC) and proceeds via

natural parity exchange only. We conclude from Table VI:

- A certain fraction of the rho mesons is longitudinally éligned (rgi being

>0 with 6 s.d.).

- Above W = 2,2 GeV the data show the presence of longitudinal/transverse

interference, viz: Re r?o - Im r?o = 0,182 &+ 0,047 > O,




- Those density matrix elements which receive only contributions from helicity
o4 ol ’
lo® T1-1
therefore consistent with the hypothesis that the helicity nonflip

. o
flip terms, such as r etc, are small., The measured Loy values are

amplitudes dominate,

Under the assumption of SCHC we can calculate the longitudinal/transverse ratio

o4
r

l - r
00

R:

and find R = 2.2 + 0.5, 0,43 + 0,22 and 0,260 + 0,054 at W = 1,85, 2,1 and 2.45
CeV, respectively, and for an average Q2 of C.5 CeV2. These values are shown in
Fig.26 and Table V11 together with the results of Ballam at 31.28 and Dakin et al,
Fig. 26 suggests that near threshold the po mesons are produced mainly by longi-
tudinal photons while for W > 2 GeV production by transverse photons dominates,

In Fig. 27 the 02 dependence of R is given, Themeasurements do not support the

hypothesis of Fraas and Schildknecht24 vho conjectured from spin independence
) .
. . . , 8

=5 s nor the revised version of Sakurai and Schildknecht , namely

m

o Q2 n
R = £2 X with £ < 0.12,

™m

R

n

2

e
If in addition to SCHC we make the further assumption that the po mesons are
produced by natural parity exchange only, P = (—I)J, we can determine the phase
between the production amplitudes for longitudinal and transverse photons:

coss = *+ER . {Re r> - Im r6 } (15)

m fo 1o

The resulting phase values are shown in Fig. 26 and Table VII as a function of
W together with the result of Refs. 28,29, Fig, 26 suggests that near W = 2.1 GeV
both amplitudes are 90° out of phase, With increasing energy the phase difference
becomes smaller, being 52 # 112 at W = 2,5 GeV and 30° + 10° near W = 4.6 GeV,

respectively.

29



5. Omega Production

Omega production

YyP > wp (16)

was studied in the final state

Ep - EP'IT I} Tfo (17)

Events selected for reaction (17) had to satisfy the following criteria:

a) they had to give an acceptable kinematical fit to reaction (17) consistent
with the ionization observed; b} they did not give an acceptable fit for
reaction (8), ep > epﬂ+ﬂu. The justification for the last criterion comes from
Monte Carlo studieszo which show that events of reaction (8) may fit reaction

{(17) but not wvice versa,

In the analyzed sample of film were 929 fits for reaction (17) selected in this
way with €.3 < Q2 < 1.5 and W < 2.8 GeV. The n'm 7° mass distribution is shown
in Fig, 28 for different W intervals. At low W's a distinct n signal is observed
which presumably stems from the electroproduction of the Slt isobar studied
recently by Kummer et a1.30 and Beck et 31.3]. The mass distributions above

the w threshold (W = 1.7 GeV) show strong w production. The w cross section

was determined from the mass distributions using hand drawn background curves.

The cross section errors include the uncertainty in background subtraction.

The cross section has been corrected for neutral decays, for radiative effects
and, taking events with the Monte Carlo programm STYXZO, for losses of w events
into other channels., In Fig. 29 the Q2 dependence of the w cross section is given
for the W intervals 1.7 - 2,0 and 2.0 - 2,8 GeV, Also shown in Fig., 29 is the
VDM prediction (Eq(11)) assuming for 52 the same values as for p production.
The VDM curves are in reasonable agreement with the data. In Fig. 30 the W
dependengg gg the ratioc ow/dp is shown at <Q2> = 0.5 GeV2 and for photopro-

)

duction. There is no statistically significant difference between the

photo- and electroproduction data.



6. Summary

We have studied hadron production by ep scattering in the kinematical range
0.3 < Q2 < 1,5 GeV2 and 1,3 < W < 2,8 GeV,

~ The average number of charged hadrons, <n>, produced in an ep collisicn
follows a simple logarithmic law: <n> = (0.79 £ 0.11) + (0,93 + 0.06) 1n(w'-1)
Y
+ (1,04 £ 0,08) 1n Qzlmi = 0,8 + In s/m;. It is obvious from this expression

and was verified experimentally that <n> scales neither with o' nor with Wy

- A ~10 Z decrease of <n> between Q2 = (0 and ~| GeV2 for ¥ > 1.8 GeV was

traced back to an increase of the channels with one-charged hadron in the

final state and a reduction of the three-charged hadron production

o]
(e.g. YyP > P P): .

- Inclusive 7 production was analyzed in terms of (X,QE) and (MX’t) with

respect to Qz,w and Qz,w'e

The normalized invariant m  cross section, F(x), for fixed W shows no Q2
dependence in the target fragmentation and central region. In the beam
fragmentation region (x 2 0.3) the n  vield is reduced by a factor of 1.5 - 2.0
compared to photoproduction, Most of this effect can be understood in terms

of the smwaller p0 cross section in electroproduction. The transverse momentum

distributions for fixed ¥ show no Q2 dependence,

. , , 2 . .
- For fixed w',F(x) was found to increase with @ in the central region,

i.e. F(x) does not scale with respect to w' in our kinematical range.

- For fixed w', the slope of the pi distribution decreases with Q2. This de-
crease is most pronounced (by a factor of two between Q2 ~ 0,5 and | GeVz)
in the so called non diffractive region, 2.5 < w' < 6 and for 6 < w' < 10,

In the diffractive region, 10 < w' < 15, the effect is small.

- For m in the forward hemisphere, x > 0, the average transverse momentum

is found to increase with Q2 like the average longitudinal momentum,

~ The distribution of the angle ¢ between the electron scattering and 1 pro-
duction plane is found to be approximately constant in the target fragmentation

and central region,
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- In the beam fragmentation region a fit to the ¢ distribution yielded
W(¢) =1 + (0.40 = 0,09) e€cos2¢ ~ (0.23 + 0.05) V2e(e+l) cos® which
establishes the presence of a longitudinal/transverse interference term.

A part of the observed ¢ anisotropy is due to 7 mesons from po production,

> o]

~ The Q2 dependence of the pO cross section, U(va+ pop), for W > 2 GeV
is essentially determined by the p propagator as suggested by VDM,

- The slope of the differential cross section, do/dt, for po production

measured at an average Q2 of 0.4 GeV2 is smaller than observed for

photoproduced pO mesons.

- The p° polar decay angular distribution in the helicity system shows a
nonzero longitudinal part, rgg being ©.183 * 0,031 for W between 2.2 and
2.8 GeV. The distribution of the angle y, sensitive to linear photon polari-
sation exhibits a strong cosz¢ component at ¥ > 2.2 GeV and demonstrates

) .
that the p mesons are produced predominantly by transverse photons.

~ The results presented for the p®density matrix elements suggest that s-
channel helicity flip amplitudes are small compared to non flip amplitudes.
Assuming s-channel helicity conservation we find for poiproduction
R = OL/OT = (1, 260%0,054 for <W> = 2,45 and <Q2> = 0,5 GeVz.

The density matrix elements for W > 2,2 GeV show the existence of an inter-
ference between production by longitudinal and transverse photons. Assuming
SCHC and only natural parity exchange, the phase between the two amplitudes

ig found to be cosd = 0,6} + 0.15 for <W> = 2,45 CeV and <Q2> = 0,5 GeVz.

s . + - . . .
A pronounced w peak is observed in the 7 7 7° mass distribution for the procest
+ - o0 . . . .
YyP + pn 7 n . The cross section for YyP * wp is glven as a function of Q

and W.
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Mean values of the variables W, Q7, ', Wi for the various kinematical

Table I:

regions used in this paper
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Table II: Results of exponential fits C exp(—Api) to pifdistributions for

inclusive m production as a function of W and Q

W (GeV) Q2 (Gev?) c= do_ ](GeV)”2 A (Gev )
"ot dpldk, 2
1%¥p%0
0.3 - 0.5 0.93 + 0.20 146.4 + 3.2
1.5 - 1.8
N 0.5 - 1.5 0.84 + 0.13 4.1 £ 1.9
o
v 0.3 - 0.5 .11  0.16 3.9 + 1,5
. .8 - 2.2
v 0.5 - 1.5 0.83 £ 0.10 9.0+ 1.1
od
o
i 0.3 - 0.5 0.98 % 0,07 9.0 + 0.7
2.2 - 2,8 1"
0.5 - 1.5 0.94 * 0.07 8.1 £ 0.7
0.3 - 0.5 0.53 + 0.15 15.2 £ 3.6
1.5 - 1.8
~ L 0.5 - 1.5 0.52 + 0.11 9.7 + 2.0
© | !
; 0.3 - 0.5 | 0.33 + 0.08 5.7 + 1.6
9 1.8 - 2.2
- 0.5 - 1.5 0.36 *+ 0,07 8.0 £ 1.5
o
0.3 - 0.5 0,40 % 0,07 8.2 ¢ 1.3
2.2 - 2.8 .
0.5 - 1.5 0.39 + 0.07 8.8 + 1.3
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Table III: Results of exponential fits C exp(—ApE)to pf—distributions for

inclusive 7 production as a function of w' and Q

x . —2. -
w' o? (eev?) | ¢ =ﬂﬁ7~——9—‘1§ (GeV 7) A ey ?)
. tot dpldx pi=0
0.3 - 1.0 0.80 + 0.13 16,7 + 2.3
2-_5 - 6 .
~ 1.0 ~ 1.5 0.86 + 0,15 - 9.8 £ 1.7
O' .
v 0.3 - 0.7 1,07 + 0.13 4.3 ¢ 1.1
" 6 - 10
v 0.7 - 1.5 0.92 + 0.10 7.0 + 0.9
o~
et .
| 0.3 - 0.5 0.86 * 0.11 10.6 = 1.1
10 - 15 '
0.5 - 1.5 0.85 + 0.09 8.3 £ 1.0
0.3 ~ 1.0 0.39 + 0.08 9.8 * 1.6
2.5 - 6 ‘
~ 1.0 - 1.5 0.43 + 0.14 5.5 + 3.5
o
v 0.3 - 0.7 0.43 + 0.08 10.6 £ 1.5
" 6 - 10
v 0.7 - 1.5 0.44 + 0.12 9.6 * 2.4
(18]
o _
0.3 - 0.5 0.44 * 0.08 8.8 1.4
10 - 15
0.5 - 1.5 0.31 + 0,08 5.3 £ 2,0
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Table IV: Reaction YyB * PT T

++ 0 o} : . ' " . . o4 .
Percentages Bp4ss Bpor 2 of A", A and p° production and the p° density matrix element r_, s obtained
from the maximum likelihood fits to the Dalitz plot density.’

e | et [Nl . <

1.7 - 2.0 | 0.3 = 1.5 670 0.236 + 0.036 0 0.343 + 0.036 | 0.676 + 0.054
0.3 - 0.5 332 0.240 * 0.052 0 0.298 * 0.070 | 0.676
0.5 - 0.8 242 0.280 + 0.061 | 0.045 * 0.025 | 0.403 = 0.075 | 0.676 £ixed
0.8 - 1.5 96 0.177 % 0.094 0 1 0.300 + 0.119 | 0.676

2.0 - 2.2 | 0.3 - 1.5,
cose] , >0.75 I 0.137 + 0.052 | 0.001 £ 0.006 | 0,645 + 0,105 | 0.284 * 0.103
0.3 - 1.5 270 0.218 + 0.043 | 0.017 * 0.014 | 0.353 + 0.064 | 0.284
0.3 - 0.5 153 0.350 + 0.060 | 0.050 + 0.030 | 0.326 + 0.080 | 0.284 fixed
0.5 - 0.8 . 84 C.040 * 0.043 0 0.365 * 0.114 | 0.284
0.8 - 1.5 33 0.090 * 0.088 0 0.535 + 0.200 | 0.284

2.2 - 2.8 | 0.3 - 1.5, | | _

‘ cose:+w_>0.75 199 0.191 + 0.034 | 0.063 + 0.022 | 0.701 # 0.041 | 0.183 + 0.031

0.3 - 1.5 339 0.139 + 0.029 | 0.028 + 0.014 | 0.441 £ 0.043 } 0.183
0.3 - 0.5 165 0.150 + 0.043 | 0.038 % 0.025 | 0.543 * 0.060 | 0.183 fived
0.5 - 0.8 133 0.156 = 0.046 | 0.037 = 0.026 | 0.388 + 0.069 | 0.183
0.8 - 1.5 41 0.074 + 0.044 . ] 0.218 = 0.108 0.183

....S'Z._.



Table V: Reaction YyP pop. Cross sections and fraction of the total cross section together with the modificatiom
for ]t|min cutoff; fit parameters of do/dt to the form do"/dt exp At for lt| < 0.4 GeVz. The photopro~
duction data have been taken from Refs.24,25. For the total virtual photon proton cross section, ¢
we use the values obtained in this experiment.

3
2 ; do /dt A
W (GeV) Q (Gevz) Up (ub) @ /Utot ¢ /Gr;oteA[t‘{ﬁ.lln o/ -2 -2
P {ub GeV ) (GeV )
1.7 = 2.0 0 20.0 % 1.2 0.13 * 0.01
0.3~ 0.5 [10.2%2.4 0.078 & 0.020
0.5 - 0.8 10.2 = 1.9 0.154 = 0.031
0.8 - 1.5 6.4 * 2.5 0.156 * 0.066
2.0 - 2.2 0 24.8 £ 1.4 0.17 * 0.0l
0.3 - 0.5 6.0 £+ 1.5 0.090 * 0.023
0.5 - 0.8 5.1 £ 1.6 0.103 * 0.034
0.8 - 1.5 5.4 *# 2.0 0.111 = 0.044
2,2 - 2.8 o 18.4 + 0.6 0.160 * 0.008 0.186 * 0.009 148.2 * 6.7 6.25 £ 0.20
0.3 - 0.5 | 4,2 + 0.5 0.051 + 0.006 0.058 + 0.007 26.5 + 5.5 5.5 & 1.1
0.5-0.8 | 3.2 + 0.6 0.048 * 0.009 0.060 + 0.011 |] 16.0 5 3.4 4.9 + 1.3
0.8 - 1.5 | 0.8+ 0.42 0.019 *+ 0.010 0.029 + 0.015 f

= op +T0p

_gz_..



- 27 -

Table VI po—density matrix elements in the helicity system from events of the

reaction YyP ﬁ+n“p in the po region (0.60 - 0.86 GeV), for

lt] < 0.5 Gev® and <% = 0.5 Cev’.

For comparison the density matrix

elements as predicted for SCHC and natural parity exchange only.

Wi2.0-2.2 GeV

Wi2.2-2.8 GeV

Prediction with|
SCHC and R=0.,3

Wil.7-2.0 GeV
4 »
° 0.6760.054
(o]0 ]
Re r?ﬁ 0.060%0.026
ol
i -0.,045+0,036
v} ~0.004+0.064
[a ]}
r:] 0.014+0,033
Re ! -0.024+0.037
lo
r},l 0.062%0.054
2
Im r ~0.01140.036
lo
Tm rf_l 0.049%0.056
5
~0.00340,033
“o0
5
Ty 0.037%0.016
E. 5
e r 0.007%0.019.
lo
5
£ -0.03040.,027
6
Tm v -0,016%0,018
lo
In S, 0.077£0.027

0.284+0.103
0.157:0,050
0.0190,084
-0. 17220, 142
~0.035%0,090
-0,238+0,077

0.233%0,126

-0.123%+0.,079 '

-0,082+0.114
0.134%0,073
-0.0260.044
~0.041£0.044
0.048%0.065
~0.045£0.038 -

0.109+0.052

0.183%0.031

0.06510.042
—0.080i0.065
0.092+0,107
-0.09510.084
0.097+0.,066
0.357+0, 105
0.004%0,060
-0.27920.097
~0,015+0,054
-0.03010, 040
0.09520,034

-0.018%0,053

-0.087+0.031

0.04020.050

0.39

-0.39

0.15 cosd

~0.15 cosé

¥ Determined by a maximum likelihood fit to the Dalitz plot density (see text)

and therefore corrected for background contributions



Table VII:

YyP pop: Density matrix elements, R = GL/GT and cosd calculated under the assumption of SCHC and
natural parity exchange only.
. 2. 2 o 5 _ 6
W (GeV) Q" (GeV) <g> L R Re o Im Tl coss
1.7 - 2.0 0.3 - 1.5 0.96 0.676 = 0.054 2,20 % 0.54 0.023 + 0.026 0.067 * 0.08
0-2.2 0.3 - 1.5 0.93 0.284 = 0.103 0.43 £ 0.22 0.004 = 0.058 0.012 + 0.18
2,2 - 2.8 0.3 - 1.5 0.86 0.183 £ 0.031 0.260 = 0.054 0.182 + 0.045 0.61 =* 0.15
2.2 - 2.8 0.3 - 0.5 0.152 + C.062 0.196 = 0.097
0.5 - 0.8 0.308 + 0.120 0.495 % 0.280
0.8 - 1.5 0.345 = 0.228 0.590 = 0.590

- gz -
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Figure Captions

. 2 .
, as a function of @ for various
4-6

i, Total electroproduction cross section, %ot

W intervals. Our data are compared with those of other experiments,

2. Average multiplicity of charged hadrons, <n>-:

a) for different W intervals as a function of {

. 2, \ . . .
b) for different ¢ intervals as a function of s together with preliminary
data from SLAC]O.
The Q2 = 0 data were taken from Ref, 11.

3. Relative contribution of reactions with <n> charged hadrons (n = i, 3, 5)
. 2 . .
to the total cross section. The Q7 = O points stem from Ref. 4. The curves

are drawn to guide the eve.

4,a) <n> as a function of Q2 for fixed w' intervals. The lines are fits to the

expression <n> = Co + Cm In(w'-1) + CQ In Qzlms (see text).
b} <n> as a function of w' for fixed Q2 intervals.

5. Toplogical cross sections as a function of Q2 for fixed w' intervals. The

curves are drawn to guide the eye,

6.a) <n>» for different Q2 intervals as a function of Wy

b) <n> for different w,, intervals as a function of Q2.

W
7.a-c) Normalized structure function F(x) for inclusive 7 electroproduction

for different w,Q2 intervals.

"d) F(x) for inclusive w electroproduction after removal of the po contri~
b;tion (0.6 < Mg < 0.9 GeV in the reaction TyP ﬂ+ﬂ—p) for different
Q" intervals in the W region 2,2 - 2.8 GeV,
The curves in Figs. 7d,c show the Q2 = 0 result (Ref. 12).

8. Normalized structure function, F(x,pz), for inclusive T production
averaged over the x intervals (-0.2 - 0.2) and 0.3 - 0.7, respectively,
for different Q2 and W intervals. The straight lines show the result from

exponential fits to the form C exp (-Apz).

9, Rapidity distributions for inclusive n production for different W and

Q2 intervals.



10.

13.

14I

16l

i?l

18,

b)

19,
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F(x) for inclusive T production for different o' and Q2 bins.

F(x,gﬁ) for inclusive ® production for ditferent w' and Q2 intervals in
the two x regions (-0.2) - 0.2 and 0.3 - 0.7. The straight lines show the
result from fits to the form C exp (*Api).

Average 7 transverse and longitudinal momenta, <p;> and‘<p">, in the
X interval O - 1.0 as a function of Q2 for fixed w',

Normalized cross section 1 do (Mx

TTOtot dMX.

YyP m X) for fixed W,Q2 intervals,

I}

missing mass in the reaction

. . . 1 do
Normalized cross section —— =— (U
ﬂotot dMX X

n

missing mass in the reaction
- , L2
YyP > T X) for fixed w',Q” intervals.

Chew-Low plot of the four momentum transfer tY /ﬁ_ versus missing mass MX
V

in the W interval 1.8 - 2,8 GeV for 0,3 < Q2 < 1.5 Gevz. For bin contents
larger or equal to 10, letters are being used: A,B,C,... correspond
to. 11,12,13,....

| do

ﬁotot thvlﬁﬂ

it ]
for different MX and Q° intervals. The curves are drwan

to guide the eye,

x versus ¢ for inclusive m production trom 1.8 < W < 2.8 GeV and

0.3 < Q2 < 1.5 Gevz. ¢ is the angle between the electron scattering

plane and the 1 production plane.

¢ versus W for inclusive m production

for the central region, -0.2 < x < 0.2

for the beam fragmentation region, 0.3 < x < 0.7,

W(®) for inclusive 7 production in the central region for 1.8 < W < 2.8

CeV and different Q2 intervals.
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20, W(%) for inclusive 7 production in the beam fragmentation region for .

1.8 < W < 2.8 GeV and 0.3 < Q2 < 1.5 Gevz.

a) all events, The curve shows the result of a fit to the form (see text)

W(d) = 1 + eCp cos2® + vY2e(e+l) GI cosd

b) for events without po (+) and for po events alone (%).

+ + 4 - - ) )
21, Reaction YgP > PT T i pm, ToW and pt mass distributions for
1.7 <W < 2,0 GeV and different Q intervals. The curves show the results

of the maximum likelihodd fits (see text),

+ -
22, Reaction YyP 7 P7 ot pﬂ+, n'n and pPT mass distributions for
2,0 < W< 2,2 GeVand 2,2 < W < 2.8 GeV with 0.3 < Q < 1.5 GeVz. The

curves show the results of the maximum likelihood fits (see text).
CMS

!‘ bKﬂ n ) for forward produced (n 7 ) systems!: cos@ > 0.75,
\ 23, Reaction YyP * pop: Total cross section as a function of Q2 for differ-

ent W intervals determined in this experiment (o). From the data of
Ahrens et al.23 the w contribution is subtracted (x). The values at
Q2 = 0 have been measured by the ABBHHM Collaborationzs. The curve labelled

VDM was calculated according to Eq(l1).

24, Reaction YyP > pop: Differential cross section, do/dt, (t = square of
the four momentum transfer between the incoming and outgoing proton) for
2.2 <W <2806V » 0.3<q’ <0.5Gev’ and 0.5 < Q° < 1.5 Gev® (§).
The cross sections were obtained by maximum likelihood fits (see text).
From the data of Ahrens et 31.23 the w contribution is subtracted (x).
The open peoints (%) show the photoproduction data of the SBT collabo-

, 2
ration 7.

25, Reaction YyP pop: Decay angular distributiodns in the helicity system
for events in the p0 region (0.6 < Mnn < 0,85 GeV). The curves show the

results of the maximum likelihood fits (see text).

26, Reaction YyP > P p. Density matrix element rgi, R = GT/OL (Eq(14) and
cosé (Eq(15) as a function of W for <Q > = 0.5 GeV~., For details see text.



27.

28.

29,

30,

.._32_

Reaction YyP > pop: R=g /oL
Results from Ballam et al. 8 (%) and Dakin et al.zg (+) are also shown.

The curves show predictions from vector dominance models.

. + - o + - 0 . . . . 2
Reaction va +prww : 7wnw mass-distribution for various W and Q

intervals,

Reaction YyP > wp! Total cross section as a function of Q2 for the W
intervals 1.7 - 2,0 and 2,0 - 2.8 GeV. Corrections for neutral decays,
radiative effects and experimental losses have been applied. The curve
labelled VDM was calculated according to Eq(li}.

. o) . .
The ratio of w to p cross sections, owp/cpop as a function of W for

<02> = 0.5 GeV2 (+). Photoproduction data are taken from the ABBHHM Collab-

oration25 (+) and the SBT Collaboration32 (+).

as a function of Q2 for 2,0 < W < 2,8 GeV (+).

¢
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