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ABSTRACT

We report on the inclusive electroproduction of hadrons from nucleon
targets. The incident electron beam energy is 19.5 GeV. We detect
scattered electrons corresponding to exchanged virtual photons in the range
-0.25 » q2 > -3.00 (GEV/C)2 and 12 < s < 30 GGVE. In coincidence we detect
most hadrons which go in the forward (virtual photon) direction in the
virtual photon-nucleon c. m. system. The cross section for producing these
hadrons is studied as a function of azimuthal angle, transverse momentum
squared, and a longitudinal momentum related variable. Data are presented
for proton, deuteron, and neutron targets, and are largely consistent with
the data in real photoproduction (q2=0). Notable differences are that
in electroproduction the transverse momentum distributions are somewhat
broader, and the forward hadrons are less charge and isospin symmetric. The

data are generally consistent with expectations of parton models.
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I. Introduction

) W@hreport here an experimental study of the final state hadrons pro-
duced in inelastic electron-nucleon scattering. It has been observed that
the cross section for electron (e) - nucleon (N) scattering where only the

final state electron (e') is detected,

eN — et + ‘hadrons (1)

exhibits a remarkable kinematic regularity which we will refer to as
"leptonic scaling"l (to differentiate it from scaling in the hadronic final
states, which we will discuss later). By investigating the single hadrons (h)
ejected in coincidence with electrons, (2)

eN — e'h + anything,
we hope to gain insight into the physics underlying leptonic scaling.

Brief accounts of this investigation have been reported earlier.2 In addition
to the inclusive reaction (2) considered here, we have also reported a study of
the éxclusive channels ep —éeppo and ep —>ep@.3

In the remainder of this section we will discuss A., definitions of
kinematic gquantities and cross sections; B., the scope of .the experiment;
C., pertinent theoretical ideas; and D., other experiments. In Section IT
the apparatus will be described. In Section IIT we will tell how the data was
reduced to final cross sections and parameters. Section IV will contain a

presentation and discussion of results, and Section V will contain conclusions.
A. Kinematics and Definitions

To first order in quantum electrodynamics reactions (1) and (2) pro-
ceed via single photon exchange, as indicated in Fig. 1. One can represent
then as two-step processes. First, the electron is scattered producing a virtusl

photon

e ely* | (3)



Second, a virtual photoproduction interaction takes place

Y*N — hedrons, (1)
or
y*¥N — h + anything. (5)

Reaction (3) can be described by 3 independent kinematic variables:
qg, the square of the four-momentum carried by the virtual photon; e, the
photon polarization parameter; and s, the square of the total energy in the
7¥N collision as measured in the y*N center-of-mass system. In terms of
the incident and scattered electron energies in the laboratory, E and E', the
electron scattering angle in the laboratory, @, and the nucleon mass, m,

these variables can be expressed as

q2 = -uEE*-sing(e/z) (6.1)
s = m2 + 2(E-E' )m + q2 (6.2)
e=[1+2(1 - (E—E')E/qg) tang(e/e)]'? (6.3)

Throughout this discussion the electron mass is neglected, and we con-
sider only unpclarized electron beams and unpolarized targets.
It is customary to define Gtot(qz’ s), the cross section for reaction

(4) at a given q2 and s. This is done by assigning a flux, I', to the virtual

photons in reaction (3)

R . (7)
=53
T m,Eebq?Xl—e)
and then writing
2 1l dog
g, . (¢7, s) == , (8)
tot T dq?ds

wheredc/dqus is the differential cross section for reaction (1). We
have not mentioned the variable € because in our experiment with fixed
incident electron enetgy, q2 and s determine € uniquely.

Inclusive virtual photoproduction, reaction (5), is considered in its
center-of-mass frame, where three kinematic variables for the final hadron
are defined relative to the incident y* direction. The hadron azimuthal
angle, ¢, is measured relative the the electron scattering plane — the

transverse polarization plane of the y*. The square of the transverse
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momentum is denoted ple. The dimensionless variable x is the longitudinal
component of the hadron momentum divided by‘pﬁ%ax, the maximum possible pion
momentum from a y*N interaction at the same s.?

Using these variables one can define the virtual vhotoproduction dif-
ferential éross section at a given combination of q2 and s in terms of the

cross section for reaction (2):

2
dglg”,s) 1 dg
=T TB
ap, ao ax T ap, 49 ax do® as

(9)

It is, however, more convenient to take the ratio of equations (9) and (8),

and normalize the differential to the total cross section, giving the quantity

1 dULqE,S)
o, . (d° ) a 2
tot 4, s p_L dp dx

Here the somewhat arbitrary flux factor, I', has cancelled and one is
left with an expression whose normalization is easily understood. Further-
more it is an expression which is easily determined experimentally. It is
the ratio of the cross sections for reactions (2) and (1) — the number of
scattered electrons in a given (qg, s) interval divided into the number
of those electrons which are coincident with hadrons in a given (Qig,w,x)
interval.

Two projections of the differential cross section will be used to
present the data. Both involve integrals over the varisbles @ and p

4
For the first, the cross section is converted to the ILorentz-invariznt

form

1 g _2F* ag(d,s) 1
E = = (10)
g 3 0P a 2 ( 2 )
dp max dp, do dx Utot q ,s

where E¥ is the hadron energy in the virtual photoproduction center-of-mass
2
system. This expression is then integrated over p, and averaged over O

to give the structure function which is common in the literature,

2
_ T o1 gt
f(X)" do d‘pj_ ';.Ep* ) ) . (ll)
0. max dpL dpdx o (a ,s)

0 tot




The second projection of the cross section is the differential
nultiplicity, which represents the number of hadrons per increment in x

-

21 oo

2
ay
-—df/ “ f ap? Soias) 1o (12)
_ o - dp, 49 ax ctot(q ,5)

In extracting the structure function and the differential multiplicity
we assume that the pl2 and ¢ dependence of the cross section can be expressed

as

2
do g
—5—— X e (L + A cos ®+ B cos 29) . (13)
dp, dpdx

This is a weaker assumption than that of factorization in ple, @ and x

because here the parameters b, A and B can depend on x. In a preliminary
study of the data we have verified that equation (13) is an accurate para-
meterization of the p$? and ¢ dependences of the cross section.6 The @
-dependence is, in fact, the most general dependence allowed for single photon
exchange (Fig. 1). Here the cos 20 term reflects any polarization dependence
of the cross section for transversely polarized virtual photons. The cos ¢
term reflects any interference between the longitudinal and transverse virtual

photon scattering amplitudes.
B. Experimental Scope

The kinematic range over which this experiment has data is summarized
in Table I. The significance of the q2 - 8§ range can be seen by noting that
leptonic scaling in reaction (1) occurs for s > L GeVQJ and Iqel > l(GeV/cE)l
Here s > 12 GeV- places the data well away from the resonance region (s < 4 GeVg),
where the hadronic final states are dominated by baryonic resbnances. The q2
region of this data therefore covers the transition region between real photo-
production (q2 = 0), and full leptonic scaling. The incident beam energy is
fixed at E = 19.5 GeV, hence the polarization varies from €~ 0.4 at s = 30 GeV2
toe ~0.9 at s = 12 GeVg.

The final state hadrons are those in the forward direction in the Y*N c.m.



frame. In diffractive models for y*N interactions this region is populated by
the decay products of the photon. In parton models this region is pop-
ulated by the struck parton after it is dressed. 1In either case, this region
is generally referred to as the photon or cgrrent fragmentation region.

Data were collected both with hydrogen (Hy) and with deuterium (Dy)
targets. Hence we were able to extract data for y*n as well as 7*p
interactions. The final-state hadrons observed were both positive (h+)
and negative (h™). While there was no means for n-K-p separation, we deduce
from experiments in nearby kinematic regions that the hadrons are predom-

inantly =n's.

C. Theoretical Guidelines

Since the discovery of leptonic scaling in reaction (1) a considerable
amount of theoretical work has been done on electroproductionJ7 A compre-
hensive review of this work is well outside the scope of this paper. Here
we will present instead an outline of those theoretical predictions and

que stions which are pertinent to our data.
1. © dependence

Because the y*'s are polarized both transversely and longitudinally,
non-zero values of A and B are allowed. A general prediction of the parton
model, however, has been that such terms should decrease with increasing

142].°

2. p;? dependence

It has been hypothesized that as ]q2] increases and the virtual photon
gets further from the mass shell its effective gize when interacting with a

. 2 .
hadron should shrink.9 This should lead to a growth in the average Pi. in
A (0,11
reaction (5), or equivalently to a decrease in b.

3. Hadronic scaling

. 12 .
An importent prediction of the parton model is that the ILorentz
invarient cross section given in equation (10) should be independent of s

at fixed w, where

2

w = (q2 + e - s)/q (1)



1

Since hadronic scaling of this sort implies that the pi? dependence

of this invariant cross section is independent of q2 for fixed @ and x, this

scaling requires scaling in the structure function f (x).

-

4. Inclusive - exclusive connection

Bjorken and Kogut have argued on general grounds that the shape of the
structure function near x = 1 should be related to the Regge intercepts of
exchanged particles and to the asymptotic fall off of elastic and transition
i“‘omfaCJfO"So|3 In particular it is expected that f(x)x(1-x) corresponding

-1
to a pion form factor falling asymptotically as (—qg) .

+, -
5. w /x ratios

For a given x interval (Xl,Xg) in the photon fragmentation region we define

the partial multiplicities N+(N_) for positive (negative) pions:
X
+
N ax & (15)
= o - J
*1

Then we can define the particle ratio
+ ., -
R=N/N . (16)

If 7*N interactions have the diffractive character which one might
expect from analogy to strong interactions at large s, then one would ex-

pect R = 1 since the photon is neutral.l4

This is also what one expects
in the vector dominance model if the vector meson-nucleon interaction is
diffractive.‘ It has, however, been pointed out that the vector meson-
nucleon interaction could have a non-diffractive part which grows with
iqgl and produces R % lJS

In the quark-parton model one expects more specific charge assymetries
due to the photon's four times greater preference striking a u-type (charge + 2/3)
than a d-type (charge - 1/3) quark. In the most naive model one expects R = 8
for a proton target, and R = 2 for a neutron target.l6 In more sophisticated
models one expects these ratios to be diluted, and w-dependent, but still
greater than 1 when the appropriate w-average is takenJl7?18 These latter

models give the w dependence of R for both the proton and the neutron after



Just one free parameter is determined — the relative probabilities for a u-type
_quark to dress as n' and 7 .

Another prediction of the quark-parton model, with no free parameters,

is the sum rule for electroproduced ﬂ'slg

[0 5 r 00

x© 4 -
S0t - ) we)

Here the subscript p (n) denotes proton (neutron) target, and the Fl's are standard

% - (17)

Erol®|Crol

nucleon structure functions:
6. Parton Charge

Feynman has'conjectured.that one can measure the quantum numbers of the
average struck parton by observing the average quantum numbers of hadrons
in the parton fragmentation regionJZO One might test this by seeing whether
the average charge (N+ - N7) is consistent with the average struck parton
charge that one expects in a given parton model for the pr;Jton.2 Such
a test, however, involves two difficulties. At our non-asymptotic values of s
there is no neutral central plateau in rapidity, and it is not obvious what
Xy, ¥, interval to take for the integral in expresssion (15). Second, there

22,23
are examples of specific models where Feynman's conjecture does not hold. ’

D. Other experiments

A number of other groups have studied the inclusive electroproduction
of hadrons. Because the results of their experiments will be referred to
often in the text, we will review here briefly their experimentél scopes.
Most of these experiments explore the q2 - s range which, like ours, can
be characterized as the transition region between photoproduction and
leptonic scaling. The most important differences between the experiments

involve their X - p _Lg"cp regions.



Two groups have used triggered hix detectors which are sensitive to the
2
entire x -p, - ¥ space. One used a streamer chamber in a 7.2 GeV/c electron

bean at DESY.Z4 The other used hybrid bubble chamber techniques in a 16 GeV/c

muon beam at SLAC.25 The DESY group has reported primarily = inclusive
spectra. The SIAC group has used ionization and kinematic constraint information
to obtain :r+ and p -inclusive spectra in additien to the =7 spectrum.

All of the remaining four groups have used Two-arm spectrometers, where one
arm detects a scattered electron and the other a hadron. Two groups at
DESY have explored the forward region, x > O, and have had Cerenkov counters
in their hadron spectrometers to give n-K-p separation. One of these
groups has reported only the T[+ and spectra over the relatively low
q2 range —O.:L>q2 > - O.7(GeV/c)2.26 The other group27 has presented D, Jt+, T,
K" and X~ spectra at q2 = 1.16 (GeV/c)g.

Iwo groups at Cornell have used 2-arm spectrometer systems which are quite
complimentary to one another. The firstS—Bo has explored hadrons with x > 0
using a Cerenkov counter for n - K - P gseparation. The sedondj)l has explored

hadrons with x<O using time-of-flight techniques for n-P separation.

28
Only one other group — has reported results from a deuterium target.



IT APPARATUS

- The-=experiment was done at the Stanford Linear Accelerator Center (SLAC).
The apparatus consisted of a 19.5 GeV electron beam incident on a 4 em liguid
hydrogen target and a large aperture spectrometer to detect a large fraction of
the forward final sfate particles with lab momenta greater than ~/1 GeV/c.
These elements are shown in Fig. 2 and discussed in greater detail below.

The electron beam contained typically lOLL e per 1.5usec long SIAC
pulse. At the experimental target, the beam had an rms width of 0.5 mm x
0.5 mm and an rms divergence of less than 0.2 mrad x 0.2 mrad. There the

beam was very well collimated, with fewer than 1 in 105e— outside a 0.5 cm
diameter circle. The momentum spread in the beam was 0.2%.

The target was a 4 cm long flask which was filled with either liquid
Hy or 1iguid Dy or left empty to determine target wall backgrounds.

The spectrometer magnet had 1.37 m diameter pole faces separated by
0.91 m. It was centered on the beam line, 2.5k m downstream from the target,
with its principal field component horizontal. At the magnet center, this
field was 10 kG and the field integral 17 kG-meters. The unscattered beam
and. the forward electromagnetic backgrounds passed through the magnet in
a field-free region created by a cylindrical superconducting tube.
Beyond the magnet were two optical spark chambers separated by 1.7 m. The
chambers had inactive holes through their centers, where the beam fube
passed. The apertures of the magnet, spark chambers, and beam tube produced

the acceptance shown in Fig. 3.

The apparatus was triggered on the detection of a scattered electron
by a hodoscope of 20 scintillation counters and 11 shower.counteré33
behind the second spark chamber. The shower counter thresholds were set
to~U GeV. Photon triggers were eliminated by the requirement that a
shower counter fire coincident with one of the seintillators in front of it. The
kinematic range of inelastic electron scattering covered by this trigger

21 o . 2
was roughly!q 5 >0.3 (GeV/c) , 8<30 GeVe. There was no hadron requirement
in the trigger.
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For each trigger a single picture was taken of the optical spark
chambers on 70 mm film. The camera was located in the horizontal plane

-21.6-m from the beam line with its optic axis aligned perpendicular to

the beam. Each picture contained four views of each chamber, a direct view,
a top and a bottom view in small angle stereo, and a rear view to expose
tracks blocked in the direct view by a beam pipe.

The spparatus included no capability for distinguishing between pions,
kaons and protons.

A PDP-8 computer recorded scintillation and shower counter status,
shower counter pulse heights, and scintillation counter timing information
for each event.

The beam flux was integrated by a quantameter located behind the shogzr

counters and was monitored instantaneously by a surface-barrier detector.



IIT Data Reduction

We recorded 2.5 X lO5 triggers with the H2 target and 1.1 X 105 triggers
with the ®, target. These data samples contained integrated fluxes of 2.6 X 10l
and 0.7 X lO12 incident electrons respectively, as summarized in Table II. Below
we will describe the following steps for reducing these data samples to cross
sections: A, event identlfication and reconstrﬁction; B, the internal normal-
ization to reaction (1); C, the fitting procedure to determine b, A, B, £(x) and
dN/dX for reaction (2); D, the deuterium subtraction; and E, other data which

suggest that our hadrons are mostly pions.

A. Event Reconstruction

All of the film was measured by a flying -spot digitizer, Hummingbird II,35
to find events which were candidates for reaction (1) or for reaction (2).
First each event was searched for straight tracks in the spark chambers.
The momentum of each such track was computed by propagating the track back
through the magnet while adjusting the momentum to make thé track strike
the target vertically. If, after this momentum optimization, the track did
not project back to the target in the horizontal (non-bending) plane, it
was rejected. The rms momentum resolution was 2% at 10 GeV/c.

A track was interpreted as an electron (e') if its direction of bend
corresponded to negative charge, and its momentum was consistent with
the pulse height'in the shower counter through which the track passed.
A1l other tracks were interpreted as hadrons(h). Both hadron and
electron tracks were required to be consistent with the latch and
timing information in the scintillator hodoscope.

Each detected e' was interpreted as one event of reaction (1) or (4),
for which the variables qe and s were computed. Each coincident combination

! and a h was interpreted as one event of reaction (2) or (5).

of an e
(When more than one h were found in one picture, each was paired separately with
the e' to make a separate e'h event.) The variables p&?, @ and x were
computed for each eth event. In making the ILorentz transformation
necessary in calculating x, the h was assumed to have the n mass. Within

the kinematic limits described in Table I the number of e! and e'™ events

in each of the data samples is indicated in Table II.

To study the efficiency and possible biases of the flying-spot digitizer

-10-



we measured 2.8 X lOl+ frames of H, data and L7 x 100 frames of D, data

with a highly efficient manual system. This gave the efficiencies shown

in Teble~IIT for finding e' and e'h events in the film. We could

find no evidence of biases introduced by these inefficiencies. The

estimated uncertainty in these inefficiencies contributes an over all normali-
zation uncertainty of + 20% to the final cross sections.

B. Normalization to Scattered Electrons

Fach e' event wag placed in one of 12 bins in the q2 - 8 plane. The H2
and D2 samples were bigned separately. Here we describe zowgthe number
of e' events in each ¢ - s bin was corrected to obtain N (a5, s), the
total number of y*N interactions in either data sample. The 12 bins formed
a 3 x U4 grid in q2 and s. There were 3 ranges in s (12 to 18, 18 to 24
and 24 to 30 GeV?) and 4 ranges in q2 (-0.25 to -0.5, -0.5 to -1.0, -1.0 to -2.0,
and -2.0 to -3.0 (GeV/c)g.

Each number was divided by the scanning-measuring efficiency given in
Table IIT.

Each number was divided by the geometric efficiency for detecting an
electron, which was determined by a Monte Carlo integration over the
apparatus apertures. This efficiency was different for each q2 - 8 bin,
varying from 0.22 in the worst bin to 0,96 in the best bin.

A radiative-correction factor was applied to each number to convert
to the number of non=radiative e! events in the binJ36 This factor
was different for each q2 - 8 bin, varying from 0.54 at low |q2| and high s
to 0.91 at high lq2| and low s. Separate corrections were applied to the
H2 and to the D2 samples. The radiative  effects were found to be dominated
by an influx of events from the radiative +tail of elastic eN scattering.

A hadron contamination was subtracted from each number. This contamination
was estimated by counting the number of tracks which met the electron
criteria, but with positive charge. Tracks of this type were assumed to be

either positive hadrons or positrons. In either case an equal number of
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negative tracks was assumed to exist as a contamination to the true scattered

electrons. This contamination wvaried from 6% at high s to 0.5 % at low =s.
C. Tits for Inclusive Cross Sections

Each e'h event was in the 6- dimensional space q2 -8 —:plg -l@l -x -
charge. The 6—dimensiqnal distribution of all events, which we will refer
to as Ng, was fitted to determine the parameters b, A, B, and the projected
cross sections T (x) and.%%;. The 6- dimensional distribution was binned
in the same qe—s bins as the single electron distribution. In the remaining
variables the bimming was p, 2, 7 bins of width 0.1 (Gev/c)'gg |o|, & vins
of width n/6; x, 6 bins of width 0.15; and charge, 2 bins.

A it was done for a given hadron charge (+ or-)ga,given data sample

(HQ or Dg)’ and a given range in qg, s and x. Within this range the 6-dimen-
sional distribution was assumed to be -represented either as
_'bpe
2
N6 = —iizl— Ne(q,s)- b e J"(l—i-Acos {@I + B cos [ Eqﬂ 0 G6
L "
*

T Phax

or as 2

-bp,
an
N6 =5 Nleis) - be + (1 + A cos [@l + B cos |2@|) . g . G6

Here W represents the product of the ¢, plé, and x bin widths, and G6
represents the 6-dimensional geometric efficiency which was computed by a
Monte Carlo program. Note that we use the variable l@[ rather than ¥ to

take advantage of an assumed symmetry in the data, and thereby reduce the
number of bins.

When fitting with either expression (18) or expression (19) b, A and B
were varled to find the combination which gave the maximum likelihood of
observing the distribution’Né. Then the projected cross section £(x) or

dN/dx was chosen to méke the observed number of events match the expected

(18)

(19)

number of events. The errors quoted for all of these quantities are statistical,

and have the normal standard deviation interpretation. In quoting the error

in a given quantity determined by a fit (e.g. dN/dx) we fold in the effects

of uncertainty of other quantities determined by the fit (e.g. b or A).
Included in the computations of dN/dx and f(x) was a small correction

for effects of e'h  events where the e' was a misidentified hadron, and

-1k



and for e'h  events where we could not determine which negative track was

the hadron. These corrections were always less than 4%.

In addition to the procedure described here we had an analogous
E?ocedure in which Ne was binned in ® and s, and N6 was binned in®,s, pLQ,
|@l, x and charge. Here the L q2 bins were replaced with 4 ® bins
( 3t010, 10 to 20, 20 to 35, and 35 to 60). When we refer to data in
some range of w, the data were extracted using this procedure.

The only correction madé for radiative effects is the correction to the
normalization discussed earlier. We estimate that the omitted correctioms do
not have an important effect on the shapes of the x, pi?, and @ distributions
or the charge ratios. However they shift the normalization and cause us to

observe cross sections which are too small by approximately 10%.

D. Deuterium Subtraction

To extract values of dN/dx and f(x) for 7y*n inferactions we
assumed that a deuteron acts as the simple sum of a proton and a neutron.

This assumption says, for instance, that

d P n

o =g 5 + g 5 (20)
tot(q ,s)

tot(qe,s) tot(qe,s)

where d, p, and n denote deuteron, proton, and neutron cross sections
respectively. One effect which might cause this relationship to break

down is "shadowing", which would make the deutercn cross section smaller
reflecting the ability of one nucleon to hide behind the other. We know,

however, that in the q2 - s range of our experiment shadowing is negligible

even in very heavy nuclei;l' Another aspect of shadowing is that after an inter-
action takes place on one nucleon, the produced hadrons could have a secondary
interaction on the remaining nucleon. We estimate that this is a small effect.
Another effect which might cause trouble is the "smearing" of features in the proton
and neutron cross sections by the Fermi motion of the deuteron. This effect, too,
is negligible in our region of q2 and s. /

For our purpose the additivity assumption was applied in the form

& oP ,
dNn _ tot ; 5 dNﬁ _ tot(gezsl Eﬁp (21)
dx o ax o2 dx

tot(qe,s) tot(qg,s)

38
or its equivalent for f(x). The w-dependent gﬁot/cgot ratio was taken  to be

g 5

tot s) _ o (22)
—57_12—4—2 = 1.0k o1

a

tot(q ,s)



and Ggot/c:ot was computed with relationship (20). A slightly more complicated
formula than equation (21) was actually used which included corrections

for the effects of a 3% hydrogen contamination in the deuterium, and
target-wall events which made up 1% of the deuterium sample and 8% of the

hydrogen sample.

E. Hadron Classification

The experiment has given us no information as to whether the hadrons
are pions, kaons, or protons. When interpreting some aspects of the data,
however, it will be valuable to know which type of particle is dominant, and
what contaminations from other types are present. Here we will

present evidence that the hadrons are predominantly pions.

We will consider the h' spectrum. - It is likely from quantum
number considerationsthat the p and K& contaminations are relatively larger
here than the p and K contaminations in the h~ spectrum. The dN/dx
spectrum for nt over the imterval 12<s <30 GeVg, —O.5>>q2;>-3.0 (GeV/c)2 is
shown in Table IV. This spectrum is typical of our data.

The proton contribution can be estimated by extrapolating either from
electroproduction measurements at comparable values of qg but tower values of
s, or from photoproduction measurements at comparable values of s but q2 = 0.
A Cornell experiment has measured the forward electroproduction of protons at
s =7T.3 GeV2 and at severalvalues of q?'29 That experiment indicates that the
proton structure function does not change significantly with q2; rhotoproduction
data are consistent with electroproduction data at q? = —2(GeV/c)% However,

the proton structure function appears to decrease rapidly with increasing s,

3

roughly as s 7.

Photoproduction experiments at Des:y’39 and SLACL]"O span our region of s
and indicate a forward proton structure function approximately half the size
of that measured in the Cornell electroproduction experiment.

If we assume that there is also no q2 dependence in the proton structure
function in our region of s, then the "proton contamination” shown in Table IV
would result. The contamination varies from 10% of the observed hadrons at low
x to 5% at high x. (Note that Table IV does not give an estimate of the proton
partial multiplicity, but rather of partial multiplicity of protons misidentified
as pions. These quantities differ because the ILorentz transformation depends on
the partficle's mass. For example, at q2 = -l(GeV/c)2 and s = 12 GeVE, a proton
with x = 0.23 is interpreted as a pion with x = 0.40.)

-16-



30
To estimate the kaon contamination from the Cornell data is more
+ +
difficult because at s = 7.3 GeV2 the X spectrum is dominated by X —
hyperon exclusive channels which are known to fall rapidly as s increases.

39,40 K% +

In photeproduction data in our s range /ﬂ ratios range from 10%

to 16% and K /% ratios range from 2% to 8%.
As these estimates are purely extrapolations, we make no corrections
for the K and p contaminations, and continue to refer to the data as hadron

rather than pion data.
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IV Results and Discussion

In this section we will present data tables and figures based on fits )
to the dg£a. The selection of material, and even more so the discussion
is addressed to the questions outlined in Section I.C. 1In presenting
numbers in the tabies we will tell whether the-targezis proton (p),
deuteron (d) or subtracted neutron (n); whether the observed hadron is
positive (h+) or negative (h-); and the qg, s and x range included in
the fit. The errors shown are statistical only. We estimate that the
over all normalization error could be as large as 20%,'and that h+/h;
normalization errors are no larger than 10% for the p target or 20%

for the n target.
A. @ Distributions

In Tables V and VI are the b,A and B parameters resulting from fits
to equation (19). In TableV the fits are done for two broéd X regions and
for small bands in q2 and s. InTaeble VI the fits are done for all 6 x
bins and for a large region in q2-s. While there is evidence for devia-
tions from a uniform ¢ distribution, there is no particularly striking
pattern to this deviation.

The data are consistert with the following trend: A = B =0 + 0.1 for ¢ < 0.4, and
A=B=0.1 T 0.1 for x > 0.4. The transverse polarization. (B) effect is quantitatively
consistent with the effect seen with real polarized photons at s = 18 GeV2.4I
Our data cannot tell us, however, whether the polarization effects are rising
or falling with lqel. Somewhat larger polarization effects have been
seen in inelusive m electroproduction at lower 5.24

As a convenlence in analysis we have set A = B = 0 for the fits
presented from Table VII on. Because the coupling from A and B to the other
quantities ( b, f£(x) anddll/dx) is negligible this introduces no bias in the

later results.
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B. pf Distributions

Values for the parameter b are also available in Tables V and VI. Note

that thefe b values are slightly different than would be the values obtained by fitting

to equation (18), where pl? dependence is introduced by the E¥* term, particularly at
low x.

The q2— dependence of the b's from Table V is shown in Fig. L.
2 41

Included at q2 = 0 are values from the photoproduction of n at s = 18 GeV .
These were obtained by re-fitting the data in Ref. 41 to account for the
E¥ effect mentioned above. In the high x region the b's tend to decrease
with increasing éz, consistent with the shrinking photon hypothesis.

The x~dependence of the b's from Table VI is shown in Fig. 5. There
one can see a tendancy for the b's to decrease as the hadrons become more
forward. The inéréase in b in the highest x bin possibly reflects the effect of the
edge of phase space. There is no significant difference between the b's
from the p target and those from the d target.

C. Projected Cross Sections

The inveriant structure function, f£(x), and the differential multiplicity,
dN/dx, obtained from fits to equations (18)and (19)are presented in Tables VII,
VILT and IX. DNote that the parameters A and B were set to O for these
fits. The parameters b obtained from these fits are not shown, but are
consistent with those discussed above.

The structure functions for producing nt and h from the proton and
from the neutron for the range —O.5:>q2:>-l.0 (Gev/c)2 and 12< s < 30 Gev2
are shown in Figure 6. ' These spectra are typical of all of thé data. All
four spectra have similar shapes, the principal differences being normalization
differences. At all values of x there is more h+ than h from the proton
target. There is more h  than h+ from the neutron target at low %X, but

more h+ at higher X.
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The errors are considerably larger for the neutron spectrum because there
is relatively little deuterium data (see Table II) and the statistical
errors aye magnified in the deuterium subtraction. The proton data in
Fig. 6 1is also shown in Fig. 7 on a linear scale.
Some typical differential multiplicity data from the proton target
are shown in Fig. 8a. Here one can see directly how the particles are
distributed in x; there are very few pariicles at high x. The difference
between the b spectrum and h~ spectra is plotted in Fig. 8b. The
area of this gives the charge per event with x >0.1. For the kinematic
region included (-0.5 > q‘2 > -3.0 (GeV/c)E, 12 < g < 30 Gev23 this
integral is 0.33, just a fraction of the net charge of +1 required in a
y¥p final state; Here one sees immediately the difficulty of measuring
the charge in the current fragmentation region. This charge is very
sensitive to the x limit which one uses to define the lower edge of this
region. The particle ratio is plotted as a function of x in fig; 8e.
Here the ratio is ~v 1.75 at high x, and somewhat lower at low x. A
similar x dependence has been seen in a spectrometer experiment at Cornell.28
In Fig. 9 the hypothesis of hadronic scaling is tested. We plot
the structure functions for the proton target for a fixed w interval (10<w<35)
in three different s regions. The h+ distributions fall on top of each
other, as do the h~, which is consistent with scaling. A similar observation
of scaling has been made in an experiment at Cornell.28
The spectra whichiwe observe are very similar to the specfra Observed in
other photoproduction and electroproduction experiments. This is seen in
Fig. 10 where representative data from several measurements of y¥p -q

anything are plotted together. The effect of the quasi-elastic channel

. 4
7*p 0%  has been removed from tie photoproduction data of Moffeit et al. I;
the agreement would be much worse around x -~ 0.6 if the n's from po decay

were included. (%e know that this channel makes a major contribution at
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q2 = 0, and a much smaller contribution above 'qgl =0.5 (GeV/c)g. §>
For one of the experiments shown the structure function f(x) is not
‘reportedfza To present representative data for that experiment we did
an integral over pL? by assuming an e—6PL2 dependence in the Lorentz-
invariant cross seétion.-
D. Particle Multiplicities and Ratios

When the f(x) and dN/dx spectra are studied as functions of q2
and s or wand 8 the most significant changes are changes in normalization
rather than changes in shape. Hence these changes are most easily
presented in terms of the integrals of these spectra. Because of its
straightforward  interpretation as the number of particles per event in
a given x range, we have chosen to work with the partial multiplicity

+

. + - -
defined in equation (15). Values of Nb B Nb B Nn and Nh are given as

functions of&i s and o in Table X. We have presented these x integrals

over two x regions. The region 0.1 < x < 1.0 is the maximum span of our

data. The region 0.4<x <0.85 is chosen to be safely within the

photon fragmentation region, but not to include the region x > 0.85 which

has large contributions from exclusive channels such as y¥p —9n+n

While the inclusion of X > 0.85 would have little effect on our data,

1t would confuse the comparison with data at lower s, where these

exclusive channels provide a considerably larger fraction of the cross section.
The most dramatic effect in this data is the change in the relative

numbers of positive anarwgative hadrons with q2 and ®. This can be seen

+ - + -
in Figs. 11 and 12 where we plot Nﬁ / Nb and Nh_ /Nn as functions of

2
g and @ for 0.4 < x < 0.85. Included on these plots are representative
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data from other experiments which have reported the n+/n_ ratioc in similar

. 2
% ranges:™ In photoproduction (g~ = 0, w = ®) it has been reported that the

+) - . 42
n /n ratios can be described py

‘N+ .Ng \ -1 )
L 2 ~ 1. 2
P ny

Clearly in electroproduction the iscspin symmetry of this relationship breaks
down.
One possible explanation for the ﬂ+/ﬂ_ asymmetry in electroproduction

is provided by the quark-parton model. In this model
the natural variable for describing N+ /W variations is ®, which selects
which partons within the nucleon are being struck. Some predictions from
this model for N;/N; and Nh+/N; based on a l-parameter fit to the
former are shown in Fig. 12. 17

Another test of the quark-parton model is provided by the sum rule
in expression (17). Integrating over the range O.b<x < 0.85 to define
the N's and over 3 < w< 60 we compute D = 0.24F 0.28. Wnile this is
consistent with the predicted value ( 0.29) the errors are too large to
make this a serious test.

The charge in the region x > 0.1, calculated using the values for
N+ and N in Table X, is shown as a function of win Fig. 13. We
also show the average charge of the struck parton using the
quark-parton composition in a model given by McElhaney and Tuan.43 While the

amount of charge which we see is of the same order of magnitude as the charge

which we expect, the detailed agreement of the w dependence is not good,
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particularly for the n target. The disagreement does not, however, reflect
“on the conjecture that the parton charge should be retained by the average
observed hadron. This is because we do not know what x range to include

as the current fragmentation region, or how to correct for spill-over from
other regions. The problem is particularly graphic in the case of the n
target data where the N /N ratio appears strongly x-dependent (see Table VII
or VIIT). If we were to include only the more limited region 0.4 < x < 0.85
in the analysis in Fig. 13 we would get better agreement for the shape

of the distributions, but the normalization would be worse because only

a fraction of the current fragmentation region is included. A gimilar
analysis based oﬁ a preliminary version of the p data has been given by
Hasenfratz.ZI The forward charge is shown as a function of q2 in

Fig. 1ka.

The increase of Nﬁ;/Nip with |q2] can be partly attfibuted to the
relative decrease of the exclusive channel y¥*p —>pop. Using the known
behavior of this channelL3 we have computed the contribution of xn's
from p decay to the differential multiplicities. This contribution is
shown as a function of q2 in Table XI. Using the data in Tables X and XTI
we have computed the particle ratio N; /N£ with and without the o
contribution. This is shown as a function of q2 in Fig. 1hb.

While the elastic po channel appears to account for some of the
effect for lq2I< 0.5 (GeV/c), it does not explain the whole effect.

That the removal of the po channel cannot explain the growing
charge asymmetry can be seen in other ways. This channel cannot contribute
to the forward charge (N; - N;), yvet in Fig. lha this charge appears to
grow with |qel. Furthermore, the removal of y¥*n —>pon from the neutron

+ -
target cannot make Nn /Nn grow larger than 1, as appears to be the case.
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V Conclusions

We have observed hadrons electroproduced in the direction of the
virtual Photon, and have studied the behavior of these hadrons in the transition
region between photoproduction and leptonic scaling. A number of trends
within the data are noted.

1. The cross sections are consistent with having no ¢ dependence for
X € 0.4 , and with having small cos ¢ and cos 2¢ dependences for x > 0.L.

2. A slight broadening of the pL? distributions is noted for hadrons
with x > 0.4 as qul increased.

3. We observe hadronic scaling in that tﬁe structure function f(x)
shows no significant s (qz) dependence at fixed . Furthermore, roughly
the same f(x) distribution is seen in all electrproduction experiments,
and in photoprcduction when the =n's from_po decay are removed.

L. The observed hadrons are less h+/h_ symmetric in electroproduction than
in photoproduction, both for the p-and the n target. The nature of these asymmetries
is consistent with predictions of the quark-parton model. The breakdown of
relationship (24) in electroproduction precludes the validity of any
model. for reaction (5) which involves only a single isospin channel.

The asymmetries increase with [qgl, and can only partly be attributed to

the decreasing role of the channel 7%N—9pON.
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Table T

Kinematic range of experiment

[ Variable Range
q° -0.25 to -3.0 (GeV/c)<@
s 12 to 36 GeV2
p,° 0.0 to 0.7 GeV~
¢ 0 to 2xn
0.1 to 1.0
Table II

Data Samples

Target
Hg D2
Incident electrons 2.6 x 1012 0.7 x 10%°
Triggers 2.5 x lO5 1.1 x lO5
e! events 30401 1h772
e'-h events 9250 4663
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Table IIT

- Scanning-Measuring Efficiencies
Data Sample
Event type : : H2 D2
e! .805 .787
e! h 543 505
+
e'h 579 -539
Table IV

Proton Contamination in h+ Spectrum

aN/ax
Proton
X range Observed Contamination
(See text)
0.1 to 0.25 3.52 T o.11 .35
0.25 to 0.40 1.4 T oo .10
0.40 to 0.55 0.70% 0.03 .035
0.55 to 0.70 0.3% T 0.0 . 020
0.70 to 0.85 ‘ 0.19 T 0.01 .010
0:85 to 1.00 0.11 * 0.01 . 005
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10.

11.

12,

13.

1h.

Figure Captions

One-photon-exchange diagram for reactions (1) and (2).

- Schematic elevation view of the apparatus.

Geometric acceptance of the apparatus averaged over the azimuthal angle.
Slope parameters describing the Pl? distributions for (a) h% from hydrogen
(b) h from hydrogen5 (c) h+ from deuteriuﬁ, and (a) h from deuterium.
The data are taken from Table V, and the pointsat q2 = 0 are described in
the text.

Slope parameters describing the QL? distributions for the 4 reacilons,
plotted as a function of x. The data are from Table VI.

Typical structure function spectra from Table VII on a logarithmic scale.
Typical structure function spectra from Table VII on a linear scale.

These data are the same as those in Fig. 6.

Differential multiplicity spectra from Table VI showing (a) the h+ and h~
spectra, (b) the difference whose integral represents the change, and (c)
the ratio.

A test of hadronic scaling using data from Table IX.

Comparison of structure functions from various electroproduction and photo-
production experiments. Included are the experiments of Mdfeit et al.,
Bebek gg_g;.,ZB Eckardt et 3}.,24 and Ballam et g;:25

Particle ratios for the region 0.4 < x < 0.85 plotted versus qg. Data
are extracted from the work of Gandsman et gl,42 Dammann gﬁ_g;.,zﬁ

Alder 33‘3},27iBebek et 2}”28 and Ballam.gz'g},25 all of whom are at
least partially able to reject kaons and protons, and report only pions.
Data are shown for (a) proton and (b) neutron targets.

Particle ratios for the region O.4 < x < 0.85 plotted versus ®. The data
points are largely the same data points as in Fig. 11, although our

data has been re-binned. Data are shown for (a) proton and (b) neutron
targets. The curves are taken from the quark-parton model predictions of
Dakin and Feldman.l7

The charge in the region ¥ > 0.1 is given as a function of ® for (a) proton
and (b) neutron targets. The curves represent the average charge of the
struck parton in a quark parton model.

Plotted versus g 2 are (a) the forward charge and (b) the forward particle
ratio with and without the p contribution. The data at q2 =0 are taken

from the s = 18.4 GeV® experiment of Moffeit et g;.4|
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