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Measurement of inclusive hadron electroyroduction from hydrogen and deuterium*
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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 y q' y —3.00 (GeV/c)' and 12 & s g 30 GeV'. 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 longitudina1-momentum-related variable. Data are presented for proton,
deuteron, and neutron targets, and are largely consistent with the data in rea1 photoproduction
(q' = 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.

I. INTRODUCTION

We report here an experimental study of the
final-state hadrons produced in inelastic electron-
nucleon scattering. It has been observed that the
cross section for eiectron-nucleon (e N) scattering-
where only the final-state electron (e') is detected,

eN- e'+hadrons,

exhibits a remarkable kinematic regularity which
we will refer to as "ieptonic scaling"' (to differ-
entiate it from scaling in the hadronic final states,

which we will discuss later). By investigating the
single hadrons (h) ejected in coincidence with elec-
trons,

eN - e'h + anything,

we hope to gain insight into the physics underlying
leptonic scaling. Brief accounts of this investiga-
tion have been reported earlier. ' In addition to
the inclusive reaction (2) considered here, we have
also reported a study of the exclusive channels
eP-ePp and ej —ePy. '

In the remainder of this section we will discuss
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definitions of kinematic quantities and cross sec-
tions (Sec. IA), the scope of the experiment (Sec.
I 8), pertinent theoretical ideas (Sec. IC), and
other experiments (Sec. ID). In Sec. II the appa-
ratus will be described. In Sec. III me will tell
how the data mere. reduced to final cross sections
and parameters. Section IV miQ contain a presen-
tation and discussion of results, and Sec. V will
contain conclusions.

It is customary to define &r„r(q', s), the cross
section for reaction (4) at a given q' and s. This
is done by assigning a flux, I', to the virtual pho-
tons in reaction (3) (see Ref. 4),

S- pyg,

8v m'E'(- q')(1- e) '

and then writing

y*N -hadrons, (4)

ol

y*N- 4+ anything .

Reaction (3) can be described by three indepen-
dent kinematic variables: q', the square of the
four-momentum carried by the virtual photon; c,
the photon polarization parameter; and s, the
square of the total energy in the y*N collision as
measured in the y~N center-of-mass system. In
terms of the incident and scattered electron en-
ergies in the laboratory, E and E', the electron
scattering angle in the laboratory, 8, and the nu-
cleon mass, m, these variables can be expressed
as

A. Kinematics and definitions

To first order in quantum electrodynamics re-
actions (I) and (2) proceed via single photon ex-
change, as indicated in Fig. 1. One can represent
them as two-step processes. First, the electron
is scattered, producing a virtual photon:

(3)

Second, a virtual photoproduction interaction takes
place:

where da/dq'ds is the differential cross section
for reaction (1). We have not mentioned the vari-
able e because, in our experiment with fixed in-
cident electron energy, q' 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, y, is measured relative
to the electron scattering plane —the transverse
polarization plane of the y*. The square of the
transverse momentum is denoted p~'. The di-
mensionless variable x is the longitudinal com-
ponent of the hadron momentum divided by p;,
the maximum possible pion momentum from a y*N
interaction at the same s.'

Using these variables one can define the virtual
photoproduction differential cross section at a
given combination of q' and s in terms of the cross
section for reaction (2):

dtr(q ', s) 1 der

4p~ dp dx I dp~ dp dx dg ds

q
' = —4EE' sin'(8/2),

s =m'+2(E — 'E)m+ 'q,

(6a)

(6b)

It is, however, more convenient to take the ratio
of Eris. (9) and (8), and normalize the differential
to the total cross section, giving the quantity

~ = {1+2[1-(E -E')'/q'j tan'(e/2)j-' . (6c)

Throughout this discussion the electron mass is
neglected, and we consider only unpolarized elec-
tron beams and unpolarized targets.

anything

& hadrons

h (p~„4, , x)

FIG. 1. One-photon-exchange diagram for reactions
{x)~ p).

1 do(q', s)
cr„,(q', s) dp~'dqrdx

'

Here the somewhat arbitrary flux factor, I', has
canceled and one is left with an expression whose
normalization is easily understood. Furthermore
it is an expression which is easily determined ex-
perimentally. It is the ratio of the cross sections
for reactions (2) and (1)—the number of scattered
electrons in a given (q', s) interval divided into
the number of those electrons which are coincident
with hadrons in a given (p, ', qr, x) interval.

Tmo projections of the differential cross section
will be used to present the data. Both involve
integrals over the variables y and P '. For the
first, the cross section is converted to the Lo-
rentz-invariant form
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1 d'o 2E* do(q', s} 1

o dp' p* dP~'dq dx o„,(q', s) ' (10)
TABLE I. Kinematic range of experiment.

Variable
where E* is the hadron energy in the virtual photo-
production center -of-mass system. This expres-
sion is then integrated over p~' and averaged over
y to give the structure function which is common
in the literature,

, 1 E* der(q', s) 1

v P~ dP 'dydee a (q' s)
'

g
2

S

P J
2

-0,25 to -3.0 (GeV/c)2
12 to 30 GeV2

0.0 to 0.7 (GeV/c)
-7( to z

0.1 to 1.0

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

der(q', s) 1

o dpi d(p dx o(0( (q q s)

(12)

In extracting the structure function and the dif-
ferential multiplicity we assume that the P~' and

dependence of the cross section can be expressed
as

~e '~& (I+A cosy&+B cos2y} . (13)
dpi' dye dg

This is a weaker assumption than that of factor-
ization in P~', q, and x because here the param-
eters b, A, and. B can depend on x. In a prelim-
inary study of the data we have verified that Eq.
(13) is an accurate parameterization of the p '
and y dependences of the cross section. ' The q
dependence is, in fact, the most general depen-
dence allowed for single photon exchange (Fig. 1).
Here the cos2fI() term reflects any polarization
dependence of the cross section for transversely
polarized virtual photons. The cosy term reflects
any interference between the longitudinal and trans-
verse virtual photon scattering amplitudes.

8. Experimental scope

The kinematic range over which this experiment
has data is summarized in Table I. The signif-
icance of the q'-s range can be seen by noting
that leptonic scaling in reaction (1) occurs for» 4 GeV', and

~
q'

~
& 1 (GeV/c'). ' Here s & 12

GeV' places the data well away from the reso-
nance region (s &4 GeV'), where the hadronic final
states are dominated by baryonic resonances. The
q' region of this data therefore covers the tran-
sition region between real photoproduction (q' = 0)
and full leptonic scaling. The incident beam en-
ergy is fixed at JE,

'= 19.5 GeV, hence the polariza-
tion varies from z -0.4 at s =30 GeV' to c -0.9 at
8 = 12 GeV2.

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 pop-
ulated by the decay products of the photon. In
parton models this region is populated by the
struck parton after it is dressed. In either case,
this region is generally referred to as the photon-
or current-fragmentation region.

Data were collected both with hydrogen (H, ) and
with deuterium (D,) targets. Hence we were able
to extract data for y*n as well as y*p interactions.
The final-state hadrons observed were both posi-
tive (h') and negative (h ). While there was no
means for m-K-P separation, we deduce from ex-
periments in nearby kinematic regions that the
hadrons are predominantly n's.

C. Theoretical guidelines

Since the discovery of leptonic scaling in reac-
tion (1) a considerable amount of theoretical work
has been done on electroproduction. ' A compre-
hensive review of this work is mell outside the
scope of this paper. Here we will present instead
an outline of those theoretical predictions and
questions which are pertinent to our data.

2. y de& endence

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

Z. P~' dePendence

It has been hypothesized that as ) q'~ increases
and the virtual photon gets further from the mass
shell its effective size when interacting with a
hadron should shrink. 9 This should lead to a growth
in the average P~' in reaction (5), or equivalently
to a decrease in b."'"

Hadronic scaling

An important prediction" of the parton model
is that the Lorentz-invariant cross section given
in Eq. (10) should be independent of s at fixed
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u, where

~ =(q'+m' —s)/q' .

Since hadronic scaling of this sort implies that the

P, dependence of this invariant cross section is
independent of q' for fixed cu 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 inter-
cepts of exchanged particles and to the asymptotic
falloff of elastic and transition form factors. ~ In
particular it is expected that f(x) ~(1-s), corre-
sponding to a pion form factor falling asymptotic-
ally as (-q') '.

5. v'/v ratios

For a given x interval (x„x,) in the photon-frag-
mentation region we define the partial multiplici-
ties N' (N ) for positive (negative) pions:

(15)

Here the subscript P (n) denotes proton (neutron)
target, and the E,'s are standard 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 region. "One
might test this by seeing whether the average
charge (N" —N ) is consistent with the average
struck parton charge that one expects in a given
parton model for the proton. " Such a test, how-
ever, involves two difficulties. First, at our non-
asymptotic values of s there is no neutral central
plateau in rapidity, and it is not obvious what

x„x, interval to take for the integral in expression
(15). Second, there are examples of specific mod-
els where Feynman's conjecture does not hold.

Then we can define the particle ratio

(16)

If y*N interactions have the diffractive character
which one might expect from analogy to strong
interactions at large s, then one mould expect 8 =1
since the photon is neutral. '4 This is also what
one expects in the vector-dominance model if the
vector meson-nucleon interaction is diffractive.
It has, homever, been pointed out that the vector
meson-nucleon interaction could have a nondif-
fractive part which grows with

~
q'~ and produces

g ~ l."
In the quark-parton model one expects more

specific charge asymmetries due to the photon's
four times greater preference for striking a u-
type (charge + —',} than a d-type (charge ——', }quark.
In the most naive model one expects 8 = 8 for a
proton target, and 8 =2 for a neutron target. ' In
more sophisticated models one expects these ratios
to be diluted and w-dependent, but still greater
than unity when the appropriate (d-average is
taken. "' " These latter models give the (g) dependence
of 8 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 m' and
'lr

Another prediction of the quark-parton model,
with no free parameters, is the sum rule for elec-
troproduced m's"

D. Other experiments

A number of other groups have studied the in-
clusive eiectroproduetion of hadrons. Because
the results of their experiments will be referred
to often in the text, we will review here briefly
their experimental scopes. Most of these experi-
ments explore the q'-s range which, like ours,
can be characterized as the transition region be-
tween photoproduction and leptonic scaling. The
most important differences between the experi-
ments involve their x-p~'-cp regions.

Two groups have used triggered 4m detectors
which are sensitive to the entire x-p~'-y space.
One used a streamer chamber in a 7.2-GeV/c
electron beam at DESY.'4 The other used hybrid
bubble chamber techniques in a 16-GeV/c muon
beam at SLAC." The DESY group has reported
primarily m inclusive spectra. The SLAC group
has used ionization and kinematic constraint in-
formation to obtain m' and p inclusive spectra in
addition to the m 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&0, and have had Cerenkov counters in their
hadron spectrometers to give m-K-p separation.
One of these groups has reported only the m' and

spectra over the relatively low q' range- 0.1 & q' &-0.7 (GeV/c)'. " The other groulr"' has



10 M EA SUR EME NT Q F INCLUSIVE HADR QN E LE C TR QPRQDUC T IQN. . . 1405

presentedP, w', m, K', and K spectra at q'
= 1.16 (GeV/c)'.

Two groups at Cornell have used two-arm spec-
trometer systems which are quite complimentary
to one another. The first" "has explored hadrons
with x&0 using a Cerenkov counter for v-A-P
separation. The second" has explored hadrons
with x& 0 using time-of-flight techniques for m-p

separation.
Only one other group' has repcrted results from

a deuterium target.

II. APPARATUS

The experiment was done at the Stanford Linear
Accelerator Center (SLAC). The apparatus con-
sisted of a 19.5-aeV electron beam incident on a
4-cm liquid hydrogen target and a large-aperture
spectrometer to detect a large fraction of the for-
ward final-state 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 104 e per
1.5- p, sec-long SLAC pulse. At the experimental
target, the beam had an rms width of 0.5 mm
&0.5 mm and an rms divergence of less than 0.2
mrad x 0.2 mrad. There the beam was very well
co11.imated, with fewer than 1 in 10' e 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
f lied with either liquid H, or liquid D, 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, 2.54 m downstream from the
target, with its principal field component hori-
zontal. At the magnet center, this field was 10 kG

and the field integral 17 kGm. 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 cham-
bers separated by 1.7 m. The chambers had in-
active holes through their centers, where the beam
tube 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 scintilla-
tion counters and 11 shower counters" behind the
second spark chamber. The shower-counter
thresholds were set to -4 GeV. Photon triggers
were eliminated by the requirement that a shower
counter fire coincident with one of the scintillators
in front of it. The kinematic range of inelastic
electron scattering covered by this trigger was
roughly Iq'I&0. 3 (GeV/c)', s&30 GeV'. There
was no hadron requirement in the trigger.

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 per-
pendicular 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 apparatus included no capability for dis-
tinguishing between pions, kaons, and protons.

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

The beam flux was integrated by a quantameter
located behind the shower counters and was mon-
itored instantaneously by a surface-barrier de-
tector."

SPARK
CHAMQERS

Faux RETuRN J
MAGNETIC
FIELD

TARGET,
BEAM

'qSUPERCONDUCTING
TUBE

SCINTILLATION
HODOS COPE

SHOWER
COUNTERS

I
—Irn -+

FIG. 2. Schematic elevation view of the appax'ato. a.

III. DATA REDUCTION

%e recorded 2.5x10' triggers with the H, target
and 1.1x10 triggers with the D, target. These
data samples contained integrated fluxes of 2.6
x10" and 0.7 &10" incident electrons, respectively,
as summarized in Table II. Below we will describe
the following steps for reducing these data samples
to cross sections: event identification and recon-
struction (Sec. IIIA); the internal normalization
to reaction (1) (Sec. Ill 8); the fitting procedure to
determine 5, 4, 8, f(x), and dN/dX for reaction
(2) (Sec. III C); the deuterium subtraction (Sec.
III D); and other data which suggest that our had-
rons are mostly pions (Sec. III E).
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FIG. 3. Geometric acceptance of the apparatus
averaged over the azimuthal angle.

A. Event reconstruction

All of the film was measured by a flying-spot
digitizer, Hummingbird II,"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 mhile adjusting
the momentum to make the track strike the target
vertically. If, after this momentum optimization
the track did not project back to the target in the
horizontal (nonbending} plane, it was rejected.
The rms momentum resolution was 2% at 10 GeV/c.

A track was interpreted as an electron (s') 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. All other tracks were
interpreted as hadrons (h). Both hadron and elec-
tron tracks mere 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 q' and

s were computed. Each coincident combination
of an e' and an h was interpreted as one event of
reaction (2) or (5). (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~', y, and x were computed for each
e'h event. In making the Lorentz transformation

necessary in calculating x, the h was assumed to
have the w mass. Within the kinematic limits
described in Table I the number of e' and e'h

events in each of the data samples is indicated in

Table II.
To study the efficiency and possible biases of

the flying-spot digitizer we measured 2.8 x10'
frames of H, data and 4.7x10' frames of D, data
with a highly efficient manual system. This gave
the efficiencies shown in Table III for finding e'
and e'h events in the film. %e could find no evi-
dence of biases introduced by these inefficiencies.
The estimated uncertainty in these inefficiencies
contributes an over -all normalization uncertainty
of +20% to the final cross sections.

B. Normalization to scattered electrons

Each 8' event was placed in one of 12 bins in the
q'-s plane. The H, and D, samples were binnild

separately. Here we describe how the number of
e' events in each q'-8 bin was corrected to obtain
N'(q', s), the total number of y*N interactions
in either data sample. The 12 bins formed a 3&4
grid in q' and s. There were three ranges in s
(12 to 18, 18 to 24, and 24 to 30 GeV') and four
ranges in q' [-0.25 to —0.5, —0.5 to —1.0, —1.0
to —2.0, and —2.0 to —3.0 (GeV/c)'].

Each number was divided by the scannipg-mea-
suring efficiency given in Table III ~

Each number was divided by the geometric ef-
ficiency for detecting an electron, which was de-
termined by a Monte Carlo integration over the
apparatus apertures. This efficiency was different
for each q'-+ 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 nonradiative
e' events in the bin. ' This factor was different
for each q'-s bin, varying from 0.54 at low

I
q'I

and high s to 0.91 at high I q'I and low s. Separate
corrections were applied to the H, and to the D,
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

H2

Target

TABLE II. Data samples.
TABLE III. Scanning-measuring efficiencies.

Data sample

Incident electrons
Triggers
e' events
e'-h events

2.6 x 10~2

2.5 x 105

30401
9250

0.7 x 10~2

1.1 x 10
14 772

4663

Event type

e'
e'12

e'h

H2

0.805
0.543
0.579

D2

0.787
0.505
0.539
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electron criteria, but with positive charge. Tracks
of this type were assumed to be either positive
hadrons or positrons. In either caseanequalnum-
ber of negative tracks were assumed to exist as a
contamination to the true scattered electrons. This
contamination varied from 6% at high s to 0.5%
at low 8.

C. Fits for inclusive cross sections

x(1+A cosI q I+8 cos I2q I)—Ge (16)

Iq, = —N'(q', s) be '~&dN

x(1+A cosI q I+8 cosI2yI) —G, .
8'

(19)

Here TV represents the product of the q, p~', and
x bin widths, and 6, represents the 6-dimensional
geometric efficiency which was computed by a
Monte Carlo program. Note that we use the vari-
able I yI rather than y to take advantage of an as-
sumed symmetry in the data, and thereby reduce
the number of bins.

When fitting with either expression (16) or ex-
pression (19) b, A, and 8 were varied to find the
combination which gave the maximum likelihood
of observing the distribution Ne. Then the pro-
jected cross section f(x) or dN/dx was chosen to
make the observed number of events match the
expected 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 un-
certainty of other quantities determined by the fit
(e.g., b or A).

Each e'h event was in the 6-dimensional-space
q'-s -p~'-

I y I
-x-charge. The 6-dimensional dis-

tribution of all events, which we will refer to as
N„was fitted to determine the parameters b, A,
8, and the projected cross sections f(x) and dN/
dx. The 6-dimensional distribution was binned
in, the same q'-s bins as the single-electron dis-
tribution. In the remaining variables the binning
was as follows: p~' —seven bins of width 0.1 (GeV/
c); I qr I

—six bins of width x/6; x—six bins of
width 0.15; and charge —two bins.

A fit was done for a given hadron charge (+ or -),
a given data sample (H, or D,), and a given range
in q', s, and x. Within this range the 6-dimen-
sional distribution was assumed to be represented
either as

D. Deuterium subtraction

To extract values of dN/dx and f(x) for y*n in-
teractions we assumed that a deuteron acts as the
simple sum of a proton and a neutron. This as-
sumption says, for instance, that

tot (o,s) tot(e, s) tot{q .s) 0 (20)

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 deuteron
cross section smaller, reflecting the ability of one
nucleon to hide behind the other. We know, however,
that in the q'-s range of our experiment shadow-
ing is negligible even in very heavy nuclei. ' An-
other aspect of shadowing is that after an interac-
tion takes place on one nucleon, the produced had-
rons could have a secondary interaction on the re-
maining 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 q and s.

For our purpose the additivity assumption was
applied in the form

dN„O'tot (P, s) d+d tot (u2 .s) dN~
n ndX gtpt (q s) dX Vtpt (q2 s) ~X

(21)

or its equivalent for f(x). The ~-dependent o,'„ /
cr,"„ratio was taken" to be

tot (~2 .s)
n

Otpt(+2 s) 4P

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 for
e'h events where we could not determine which
negative track was the hadron. These corrections
were always less than 4/o.

In addition to the procedure described here we
had an analogous procedure in which N' was binned
in u and s, and N8 was binned in u&, s, p~',
x, and charge. Here the four q' bins were replaced
with four e bins (3 to 10, 10 to 20, 20 to 35, and
35 to 60). When we refer to data in some range of
u, the data were extracted using this procedure.

The only correction made for radiative effects
is the correction to the normalization discussed
earlier. We estimate that the omitted corrections
do not have an important effect on the shapes of
the x, P~, and y distributions or the charge ratios.
However, they shift the normalization and cause
us to observe cross sections which are too small
by approximately 10%.
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and o,"„/o,"„was computed with relationship (20).
A slightly more complicated formula than Eq. (21)
was actually used which included corrections for
the effects of a S% hydrogen contamination in the
deuterium, and target-mall events which made up
4% 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 pro-
tons. 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 considerations that the p
and K' contaminations are relatively larger here
than the p and E contaminations in the h spec-
trum. The de/dx spectrum for h+ over the inter-
val 12&s&SO GeV', —0.5&q'& —S.O (GeV/c)' is
shown in Table IV. This spectrum is typical of
our data.

The proton contribution can be estimated by ex-
trapolating either from electroproduction mea-
surements at comparable values of q' but lower
values of s, or from photoproduction measure-
ments at comparable values of s but q' =0. A

Cornell experiment has measured the forward
electroproduction of protons at a=7.3 GeV' and

at several values of q'." That experiment in-
dicates that the proton structure function does not
change significantly with q'; photoproduction data
are consistent with electroproduction data at
q' = —2 (GeV/c)'. However, the proton structure
function appears to decrease rapidly with increas-
ing +„roughly as s '.

Photoproduction experiments at DESY" and
SLAC' span our region of s and indicate a for-
ward proton structure function approximately half
the size of that measured in the Cornell electro-
production experiment.

If we assumed that there is also no q' dependence
in the proton structure function in our region of
8, then the "proton contamination" shown in Table
IV mould 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 esti-
mate of the protan partial multiplicity, but rather
of partial multiplicity of protons misidentified as
pions. These quantities differ because the Lorentz
transformation depends on the particle's mass.
For example, at q'= —1 (GeV/c)' and s=12 GeV',
a proton with x=0.23 is interpreted as a pion with
x = 0.40.I

TABLE IV. Proton contamination in Ii' spectrum.

x range Observed

Proton
contamination

{see text)

0.1 to 0.25
0.25 to 0.40
0.40 to 0.55
0.55 to 0.70
0.70 to 0.85
0.85 to 1.00

3.52 + 0.11
1.42 + 0.04
0.70+ 0.03
0.34 ~ 0.02
0.19+ 0.01
0.11+ 0.01

0.35
0.10
0.035
0.020
0.010
0.005

IV. RESULTS AND DISCUSSION

In this section we will present data tables and

figures based on fits to the data. The selection
of material, and even more so the discussion, is
addressed to the questions outlined in Sec. I C. In
presenting numbers in the tables we mill tell
whether the target is a proton (P), a deuteron (d),
or a subtracted neutron (n) and whether the ob-
served hadron is positive (h') or negative (h ),
and will give the q', 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 normal-
ization errors are no larger than 10/0 for the p
target or 20% for the n target.

A. p distributions

In Tables V and VI are the 5, A, and B param-
eters resulting from fits to Eq. (19). In Table V
the fits are done for two broad x regions and for
small bands in q' and s. In Table VI the fits are
dane for all six x bins and for a large region in
q'-s. While there is evidence for deviations
from a uniform y distribution, there is no partic-
ularly striking pattern to this deviation.

The data are consistent with the following trend:
A. =B=O+0.1 for x&0.4, and A =B=0.1+0.1 for
x&0.4. The transverse polarization (B) effect is
quantitatively consistent with the effect seen with
real polarized photans at @=18 GeV'. ~' Our data
cannot tell us, however, whether the polarization

To estimate the kaon contamination from the
Cornell data' is more difficult because at a= V.3
GeV' the K' spectrum is dominated by E'-hyperon
exclusive channels which are known to fall rapidly
as s increases. In photoproduction data in our s
range, "'"Z'/w' ratios range from 10% to 16%
and EC /v ratios range from 2% to 8%.

As these estimates are purely extrapolations,
we make no corrections for the K and p contamina-
tions, and continue to refer to the data as hadron
rather than pion data.
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effects are rising or falling with ) q' ~. Somewhat
larger polarization effects have been seen in in-
clusive w electroproduction at lower s.'4

As a convenience in analysis we have set A. =8 =0
for the fits presented from Table VII on. Because
the coupling from A and B to the other quantities
[b, f(x}, and dN/dk] is negligible this introduces
no bias in the later results.

8. p, ~ distributions

Values for the parameter b are also available in
Tables V and VI. Note that these b values are
slightly different than would be the values obtained
by fitting to Eq. (18),. where P ' dependence is
introduced by the E* term, particularly at low x.

The q' dependence of the b's from Table V is
shown in Fig. 4. Included at q' =0 are values from
the photoproduction of m' at s = 18 GeV . ' These
were obtained by refitting 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 in-
creasing q', 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 tendency

for the b's to decrease as the hadrons become
more forward. The increase 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 invariant structure function, f(x}, and the
differential multiplicity, dN/dx, obtained from
fits to Eqs. (18}and (19}are presented in Tables
VII, VIII, and IX. Note that the parameters A and
8 were set to zero 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 h' and h

from the proton and from the neutron for the range
—0.5&q'& —1.0 (GeV/c)' and 12&s&30 GeV' are
shown in Fig. 6. These spectra are typical of all
of the data. All four spectra have similar shapes,
the principal differences being normalization dif-
ferences. 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. The errors are considerably larger

TABLE V. Transverse momentum and azimuthal angle parameters in q2-s regions.

~t. Had. s ]q'i
(GeV2) [(GeV/c)2» [(c/GeV)»

0.1&x&0.4
A

[~c/GeV~'»

0.4 &x & 1.0
A

p
p
p
p
p
p
p
p
p
p
p
p
p
p
d

d

d

h

h
h

h

h
h

h
h+

h+
h+

h
h+

h+

h+

h

h

h

h

h

h

h
h+

h+

h+

h+

h+

h
h+

12-30
12-30
12-30
12-30
12-18
18-24
24-30
12-30
12-30
12-30
12-30
12-18
18-24
24-30
12-30
12-30
12-30
12-30
12-1S
18-24
24-30
12-30
12-30
12-30
12-30
12-18
18-24
24-30

0.25-0.5
0.5-1.0
1.0-2.0
2.0-3,0
0.5-3.0
0,5-3.0
0.5-3.0

0.25-0.5
0.5-1.0
1.0-2.0
2.0-3.0
0.5-3.0
0.5-3.0
0.5-3.0

0.25-0.5
0.5-1.0
1.0-2.0
2.0-3.0
0.5-3.0
0.5-3.0
0.5-3.0

0.25-0.5
0.5-1.0
1.0-2,0
2.0—3.0
0.5-3.0
0.5-3.0
0.5-3.0

6.3 + 0.3
6.7+ 0.3
6.7 + 0.4
7.0+ 0.9
6.2+ 0.4
6.8+ 0.4
7.7 + 0.5
6.0+ 0.3
6.0 + 0.2
5.5 ~ 0.3
5.6 + 0,6
5.2 + 0.3
5.8+ 0.3
6.8+ 0.4
6.3+ 0.5
5.2 + 0.4
7.1+ 0.6
7.2+ 0.8
6.1+ 0.5
5.3 ~ 0.4
6.6 + 0.6
7.1 + 0.4
7.0+ 0,4
5.9 + 0.4
4.6 + O.S
5.9 ~ 0.4
6.5 + 0.4
7.1 + 0.6

0.10+ 0.05
0.08 + 0.04
0.08 + 0.06
0.18 ~ 0.12
0.08 + 0.06
0.10+0.06
0.10+ 0.07

-0.08+ 0,04
0.00 + 0.03

-0.05+ 0.05
-0.15+ 0.10
-0.10+ 0.04

0.03 + 0.05
0.03+ 0.06
0.13+ 0.07

-0.05 + 0.06
0.03+ 0.08

-0.03+ 0.17
—0.03 + 0.08
-0.10+0.07

0.18 ~ 0.09
0.03 + 0.06
0.03 + 0.06

-0.05+ 0.07
-0.05+ 0.15
-0.08 + 0.07

0.08+ 0.07
-0.03 ~ 0.08

0.13+0.05
0.03 + 0.04
0.05 + 0.06

-0.03 + 0.13
0.03 ~ 0.05
0.00 + 0.05
0.08 ~ 0.07

-0.10 + 0.04
—0.08+ 0.04

0.00 ~ 0.05
0.15 + 0.10

-0.05+ 0.04
0.00 ~ 0.04
0.00+ 0.06

-0.03+ 0.07
-0.03 + 0.06
-0.05 ~ O. OS

0.05 + 0.1S
0.10+0.07

-0.08+ 0.07
-0.20+ 0.10

0.05 ~ 0.06
0.05 + 0.05

—0.03 + 0.06
0.18 + 0.17
0.05 + 0.06
0.05 + 0.07

-0.03 ~ 0.08

6.5 + 0.4
6.4 ~ 0.3
5.1~0.4
4.8 + 1.0
5.8 *0.4
5.8 ~ 0.4
6.3 ~0.6
5.6 ~ 0.3
5.0 + 0.2
4.1+0.3
3.4 + 0.5
4 4y0 3
4.5 + 0.3
5.2 + 0.4
5.9 ~ 0.5
5.3 ~ 0.4
5.5 ~ 0.6
4.7 + 1.0
6.3+ 0.6
4.8 + 0.5
4.6 + 0.8
6.0 + 0.4
4.5 + 0.3
4.1 + 0.4
3.9 ~ 0.9
4.6 + 0.4
4.0 + 0.4
4,2 +0.6

0.18+ 0.08
0.23 + 0.07
0.00+ 0,09
0.28 ~ 0.23
0.15 + 0.08
0.13~ 0.09
0.35 + 0,15
0.13+0.06
0.13~ 0.05
0.05 + 0.07

-0.08+ 0.13
0.10+0.06
0.10+0.07
0.27 + 0.11
0.15+ 0.11
0,18+ 0.10

-0.10+ 0.13
0.20+ 0.24
0.15+0.12

-0.03 ~ 0.12
0.25 + 0.22
0.23 + 0.08
0.15~ 0.07
0.08 + 0.10

-0.28 + 0.19
0.08 + 0.08
0.10+ 0.09
0.13~ 0.16

0.03+ 0.07
0.15+0.07
0.08 + 0.09
0.08 ~ 0.30
0.00 ~ 0.08
0.23 + 0.08
0.20 +0.12
0.08 + 0.05
0.08 ~ 0.05
0.03 +0.07

-0.03 + 0.13
-0.10 + 0.06

0.10+0.06
0.35+ 0.08
0.17 ~ 0„10
Q.15+0.09
0.08+ 0.12

—0.20 + 0.22
0.15+0.11
0.13 + 0.12

-0.13+0.17
0.15+0.07

-0.05+ 0.07
0.05 ~ 0.10
0.13 + 0.20

-0.03 + 0.08
0.00 + 0.09

-0.03 ~ 0.12
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TABLE VI. Transverse momentum and azimuthal angle parameters versus x.

Tgt,
{GeV }

le'I
[(GeV/c}2] [(c/Ge V}2]

dN/dx

p
p
p
p
p
p
p
p
p
p
p
p
d

d

d

d
d
d
d

h

h

h

h

h

h
h+

h+

h+

h+

h+

h+

h

h

h

h

h

h
h+

h+

h+

h+

h+

h+

12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30

0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
O.5-3.O
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3.0
0.5-3,0
0.5-3.0
0.5-3.0
0.5-3.0

0.10-0.25
0.25-0.40
0.40-0.55
0.55-0.70
0.70-0.85
0.85-1.00
0.10-0.25
0 25-0.40
0.40-0.55
0.55-0,70
0.70-0.85
0.85-1.00
0.10-0.25
0.25-0.40
0.40-0.55
Q.55-0.70
0.70-0.85
0.85-1.00
0.10-0.25
0.25-0.40
0.40-0.55
0.55-0.70
0.70-0.85
0.85-1.00

6.1 + 0.3
6.0 + 0.3
5.1 + 0.4
5.3+ 0.5
6.7~ 0.7
9.0+ 0.6
5,2+ 0.3
5.3+ 0.2
4.6+ 0.3
4.3 + 0.3
3.9 ~ 0.4
5.1+0.6
5.4+ 0.4
5.2 + 0.4
5.4+ 0.5
4.3+ 0.6
5.1 + 0.8
9.0 + 1.0
54y04
6.1 + 0.4
4.3+ Q.3
4,0+ 0,5
4.1 + 0.6
5.1a 1.0

0.02 + 0.04
0.05 ~ 0,05
0.03 + 0.08
0.13+ 0.11
0.13+0.13
0.05 + 0.18

-0.08 ~ 0.03
-0.03 + 0.04

0.13~ 0.06
—0.25 + 0.08

0.00 ~ 0.10
0.15+ 0.13

—0.03 ~ 0.06
-0.08 + 0.07

0.08 + Q.11
0.05 ~ 0.16

-0.25+ 0.17
0.18+0.24

-0.03+ 0.05
-0.05+ 0.06

0.13+0.08
0.03+ 0.11

-0.35+ 0.13
0.15+0.22

0.03 + 0.04
-0.08 + 0.06

0.00 ~ 0.02
0.13+ Q.11
0.03+ 0.12
0.43 ~ 0.07

-0.03 + 0.03
—0.08 + 0.04

0.05 ~ 0.06
0.00 ~ 0.08

-0.13+ 0.10
0.08 ~ 0.12

-0.15 + 0.06
0,05 + 0.07
0.03 ~ 0.11
0.18+0.14

—0.18~ 0.18
0.15+0.23

-0.02 ~ 0.05
0.05 + 0.06

-0.05 *0.08
—0.15~ 0.11

0.05 ~ 0.12
0.03+ 0.22

2.46 ~ 0.08
0.89 + 0.04
0.3S ~ 0.02
0.19+ 0.01
0.12 + 0.01
O. Q6 ~ 0.01
3.52 + 0.11
1.42+ 0.04
0.70+ 0.03
0.34 + 0.02
0.1S+ 0.01
0.11~ 0.01
2.65 + 0.14
1.11+ 0.06
0.40 ~ 0.03
0.21 + 0.02
0.15 ~ 0.02
0.06 + 0.01
3.50+ 0.15
1.33 + 0.06
0.71 + 0.04
0.35 +0.03
0.23 ~ 0.02
0.08 + 0.01

for the neutron spectrum because there are rela-
tively few deuterium data (see Table II) and the
statistical errors are magnified in the deuterium
subtraction. The proton data in Fig. 6 are also
shown in Fig. 7 on a linear scale.

Some typical differential multiplicity data from
the proton target are shown in Fig. 8(a). Here
one can see directly how the particles are dis-
tributed in x; there are very few particles at high
x. The difference between the h' spectrum and h

spectra is plotted in Fig. 8(b). The area of this
gives the charge per event with x&0.1. For the
kinematic region included [-0.5 &q' & —3.0 (GeV/
c)', 12 &s&30 GeV'] 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 dif-
ficulty of measuring the charge in the current-
fragmentation region. This charge is very sen-
sitive 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. 8(c). Here the
ratio is -1.75 at high x, and somewhat lower at
low x. A similar x dependence has been seen in
a spectrometer experiment at Cornell. "

In Fig. 9 the hypothesis of hadronic scaling is
tested. We plot the structure functions for the
proton target for a fixed &u interval (10&~ & 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. "

The spectra which we observe are very similar
to the spectra observed in other photoproduction
and electroproduction experiments. This is seen
in Fig. 10, where representative data from several
measurements of y*p - m anything are plotted to-
gether. The effect of the quasielastic channel
y'P -p'P has been removed from the photoproduc-
tion data of Moffeit et al."; the agreement would
be much worse around x-0.6 if the p's from p'
decay were included. [We know that this channel
makes a major contribution at q

2 = 0, and a much
smaller contribution above

~
q'~ =0.5 (GeV/c)'. ']

For one of the experiments shown, the structure
function f(x) is not reported. " To present rep-
resentative data for that experiment we evaluated

Qp 2
an integration over P~' by assuming an e ~'
dependence in the Lorentz-invariant cross section.

D. Particle multiplicities and ratios

When the f(x) and dN/dx spectra are studied as
functions of q' and s or + and s the most signif-
icant 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 in-
terpretation as the number of particles per event
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p h

p
d

a+

n
n

p
p
d

I+
n h

n

p h

p
d h
d h+

n
n

p h

p I'
d
d h,

+

n

n h'

12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12—30
12-30
12-30
12-30

S
Tgt. Had. (GeV }

0.25-0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
1.0-2.0
1.0-2.0
1.0-2.0
1.0-2.0
1.Q-2.0
1.0-2.0
2.0-3.0
2.0-3.0
2.0-3.0
2.0-3.0
2.0-3.0
2.0-3.0

0.190~ 0.012
0.260 ~ 0.015
0,233+ 0.019
0.229 ~ 0.016
0.285*0.039
0.194+ 0.035
0.219+0.011
0.309 ~ 0.014
0.261 + 0.021
0.266 + 0.017
0.313~ 0.043
0,214 + 0.037
0,189+ 0.013
0.310~ 0.020
0.183+ 0.016
0.392 + 0.031
0.176+ 0.034
0.496 ~ 0.064
0.185+ 0.031
0.314+0.046
0.189+ 0.037
0.265 + 0.052
0.194 + 0.080
0,196+ 0.114

0.107 + 0.007
0,161+ 0.008
0.114+ 0.012
0.170+ 0.011
Q.123 + 0.024
0.182 ~ 0.024
0.112+ 0.006
0.172 + 0.007
0.150~ 0.011
0.163+ 0.010
0.195+0.022
0.153 + 0.020
0.099 + 0.007
0.191+ 0.010
0.113+ 0.011
0.156+ 0.012
0,131+ 0.023
0.112+ 0.027
0.118+0.016
0.173 + 0.023
0.117+0.023
0,201 + 0.033
0.115+ 0.048
0.239 + 0.070

0.080 + 0.006
0, 118+ 0.007
O. G81 ~ 0.009
0.125 ~ 0.010
0.082 + 0.019
0.135+0.Q22

0.068+ 0.005
0.116+0.006
0.063 + 0.007
0.130+0.010
0.057*0.014
0.147+ 0.021
0.061+0.006
0.127 + 0.009
0.072 ~ 0.009
0.111+ 0.012
0.086+ 0.019
0.092 + 0.025
0.047 + 0.012
0.121 + 0.017
0.062 + 0.017
0.128+0.027
0.082 ~ 0.037
0.135+ 0.056

0.057 + 0.006
0.101+ 0.007
0.077 ~ 0.009
0.107 + 0.011
0.100 ~ 0.020
0 115+0 023
0.043 + 0.004
0.074 ~ 0.005
0.047 ~ 0.006
0.087+ 0.008
0.051 + 0.013
0.102 + 0.017
0.043 + 0.006
0.070 + 0.008
0.034 + 0.007
0.060 + 0.009
0.022 + 0.015
0.047 + 0.020
0.024+ 0.008
0.085+ 0.016
G. 056 + 0.019
0.077 ~ 0.021
0.099 ~ 0.039
0 ~ 065 ~ 0.046

TABLE VH. f (x) as a function of q2 and x.

f (&)

[{GeV/c) j 0.10&x&0.25 0.25&x&0.40 0.40&x& 0.55 0.55&x& 0.70 0.70 & x & 0.85

0.039 + 0.005
0.074 + 0.007
0.034 ~ Q.007
0.051 + 0.008
0.027 + Q.015
0.023 + 0.018
0.034 ~ 0.004
0.046 + 0.005
0.043+ 0.006
0.057 + 0.007
0.056 ~ 0.013
0.072 + 0.015
0.027 + 0.004
0.051 + 0.007
0.027 + 0.006
0.061 + 0.010
0.026 + 0.013
0.074 + 0.021
0.026 ~ 0.009
0.068 ~ 0.015
0.050 ~ 0.019
0.065+ 0.021
0.082+ 0.039
0.061 ~ 0.044

0.85 &x & &. .00

0.021+0.004
0.038+ 0.005
0.021 + 0.006
0.040 + 0.008
0.022 + 0.013
0.042 + 0.017
0.021 + 0.003
0.036+ 0.004
0.022 ~ 0.005
0.023 + 0.005
0.024 ~ 0.010
0.008 ~ 0.010
0.017 + 0.004
0.032+ 0.005
0,019+ 0.006
0.028 + 0.007
0.022 + 0.012
0.023 ~ 0.015
0.010+ 0.006
0.032+ 0.011
0,014 + 0,010
0.007+ 0.007
0.020 ~ 0.021

—0.026 + 0.018

~ O. I & x & O.4, x O.q & x & I,o
I

8 +
(a) y+p = h anything

(b) y+p = h anything

in a given x range, we have chosen to work with
the partial multiplicity defined in Eqs. (15}.Val-
ues of N~, N~, N„', and E„are given as functions
of q', s, and ~ in Table X. %e 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

(c) y+d = h anything

(d) y+d = h anything
8

AJ
i

e ~ e

I

0 g p

yap

y+d

8 — ~ y*d

= h anything

= h anything

h anything

h anything+

-I —2

q [(Gevlc) ]
FIG. 4. Slope parameters describing the p~2 distribu-

tions for (a) k+ from hydrogen, 4b) k from hydrogen,
(c) h+ from deuterium, and {d) h from deuterium. The
data are taken from Table V, and the points at q2= 0
are described in the text.

025 050 075

FIG. 5. Slope parameters describing the p~ distribu-
tions for the four reactions, plotted as a function of x.
The data are from Table VI.
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TABLE VHI. dN/Cx as a function of q2 and x.

10

d N/dx

Tgt. Had. (GeV2) [(GeV/e) ] 0.10 &x & 0.25 0.25 &x & 0.40 0.40&x & 0.55 0.55&x & 0.70 0.70 &x & 0.85 0.85 &x & 1.00

p h

p h+

d h

d h

n
n h+

p h

P h+

d h
h+

n h

n h'

p h

p h+

d h
h'

n h

n h+

p h

p h'
d h

d h+

n h

n h+

12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12—30
12-30

0.25—0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.25-0.5
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
0.5-1.0
0.5—1.0
l.0-2.0
1.0-2.0
l.0-2.0
1.0-2.0
l.0-2.0
1.0-2.0
2.0-3,0
2.0-3.0
2.0-3.0
2.0-3.0
2.0—3.0
2.0-3.0

2.416 ~ 0.124
3.017+ 0.136
2.920*0.206
2.855+ 0.174
3.527 + 0.431
2.676 + 0,374
2.644 ~ 0.114
3.491 + 0.132
2.866+ 0.198
3.155~ 0.172
3.141+ 0.412
2.761 + 0.368
2.260 + 0.139
3.424+ 0.189
2.279 + 0.187
4.135+0.306
2.302 + 0.400
5.021 + 0,641
2.177 + 0.295
3.408 + 0.399
2.287 + 0.408
2.290 + 0.490
2.421 + 0.868
2.225 + 1.057

0.893*0.055
1.301 + 0.061
0.939 ~ 0.084
1.404 + 0.092
0.998 ~ 0.176
1.531~ 0.193
0.947 + 0.048
1.383+ 0.056
1.225 ~ 0.082
1.339~ 0.077
1.561+0.172
1.289 + 0.163
0.812 ~ 0.056
1.494 ~ 0.QVS

0.933+0.087
1.268 + 0.098
1.083+ 0.183
0.986 ~ 0.211
0.978 ~ 0.132
1.359 *0.156
0.974 + 0.189
1.569 ~ 0.318
0.965 + 0.401
1.836 ~ 0.654

0.503 + 0.037
0.702 +0.042
0.499 ~ 0.055
0.754 + 0.062
0.498 + 0.116
0.818 + 0.131
0.414 ~ Q. 029
0.687 ~ 0.036
0.381 + 0.040
0.758 + 0.056
0.344 +0.084
0.844+ 0.118
0.371+0.036
0.733 + 0.052
0.439 + 0.055
0.655+ 0.067
0.524 + 0.115
0.557 + 0.143
0.293 ~ 0.083
0.714 + 0.100
0.384 + 0.107
0.740 + 0.154
0.500+ 0.229
0.770+ 0.323

0.279+ 0.028
0.477 ~ 0.034
0.375+ 0.047
Q. 506+ 0.051
0.489+ 0.097
0.543 ~ 0.107
0.208+ 0.019
0.347 + 0.024
0.223 + 0.030
0.402 + 0.038
0.242 + 0.063
0.470 ~ 0.080
0.202 + Q.029
0.320 ~ 0.032
Q. 160+0.033
0.274 + 0.047
0.108+0.072
0.216+0.098
0.116+0,039
0.526 ~ 0.163
0.262 + 0.090
0.357 + 0.097
0.452 + 0.184
0.135 ~ 0.254

0.158+0.022
0.287 + 0.026
0.139+ 0.030
Q.196+ 0.032
0.116+ 0.063
0.090+ 0.068
0.133+ 0.015
0.175+0,017
0.173+ 0.025
0.222 + 0.027
0.221 + 0.052
0.279 ~ 0.057
0.108+ 0.017
0.195~ 0.025
0.107 + 0.025
0.233 + 0.041
0.106 + 0.052
0.280 + Q.085
0.105+ 0.035
0.291 + 0.084
0.217 + 0.092
0.261 + 0.091
0.363 + 0.188
0.221 ~ 0.200

0.073+ 0.015
0.124 + 0.018
0,074 + 0.021
0.132 + 0.026
0.075 & 0.045
0.141+0.056
0.069 + 0.011
0.117+ 0.013
0.073 + 0.016
0.076 + 0.015
0.078 + 0.033
0.027 + 0.033
0.056+ 0.012
0.105 ~ 0.016
0.063 + 0.018
0.092 + 0.024
0.071 ~ 0.038
0.075 + 0.050
0.034+ 0.020
0.106 + 0.038
0.048 ~ 0.034
0.041 ~ 0.043
0.065 + 0.070

-0.044 + 0,093

from exclusive channels such as y*p- g+g. Vfhile
the inclusion of x&0.85 would have little effect on
our data, it 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 and
negative hadrons with q' and ~. This can be seen
in Figs. 11 and 12, where we plot N~/N~ and
N„'/N„as functions of q' and u& for 0.4& x&0.85.
Included on these plots are representative data
from other experiments which have reported the
v'/v ratio in similar s ranges. In photoproduction
(q' = 0, ~ = ~) it has been reported that the v'/v
ratios can be described by"

(22)

Clearly in electroproduction the isospin symmetry
of this relationship breaks down.

One possible explanation for the v+/w asymmetry
in electroproduction is provided by the quark-par-
ton model. In this model the natural variable for
describing N'/N variations is v, which selects
which partons within the nucleon are being struck.
Some predictions from this model for N~/N~ and
N„'/N„based on a 1-parameter fit to the former
are shown in Fig. 12.

Another test of the quark-parton model is pro-
vided by the sum rule in expression (11). Inte-
grating over the range 0.4&@&0.85 to define the
N's and over 3&&&60 we compute a=0.24~0.28.
While 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

TABLE IX. fg) as a function of s at fixed ~.

S
Tgt. Had. (GeV2) 0.10 &x & 0.25 0.25 & x & 0.40 0.40 & x & 0.55 0.55 & x & 0.70 Q.VQ &x & 0.85 0.85 &x & 1.00

p
p
p
p
p

h

h

h
h+

h+

h+

12-18
18-24
24-30
12-18
18-24
24-30

10-35
10-35
10-35
10-35
10-35
10-35

0.263+ 0.023
0.193+0.013
0.291 ~ 0.022
0.409 ~ 0.049
Q.328 + 0.024
0.324 ~ 0.039

0.111~ 0.008
0.111+ 0.009
0.082 + 0.012
0.198+0.014
0.170+0.010
0.166 + 0.016

0.071 + 0.006
Q. 071 + 0.007
0.069 + 0.012
0.126 + Q.009
0.122+0.009
0.104 + 0.014

0.045 +0.005
0.041 + 0.006
0.034 *0.009
0.074 +0.006
0.077+ 0.008
0.074 + 0.015

0.032 + Q. 004
0.033 + 0.005
0.010+0.006
0.049+ 0.006
0.054 + 0.008
0.056+ 0.014

0.023 + 0.004
0,020 + 0.004
0.012+ 0.007
0.029 ~ 0.004
Q. Q33 + 0.005
0.049 + 0.017
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y*p h ony thing

& y*p h+ onything
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0.5&1q~i& I.O (Gevlc)2

12«s& 50 GeV2

1 I

y+ p = h onything

~ y
* p = h onyfhing

+

0.5 & IQ~I & 5 0 (Geuxc)~

l2& s & 30 GqV~

(o)

OJL
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0.05 1 ai

0.02

0.0 1
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t
X
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1

+
Z x 05

D

~CHARGE = 0.33

W
'W 1

0 ~ ~ ~ ~
0.005

0 0.75

y*p = h onything

a h+

0.25 O. 50
X

FIG. 6. Typical structure function spectra from Table
VII on a logarithmic scale.

I I

025 0 50 075 i 00

FIG. 8. Differential multiplicity spectra from Table
VI showing (a) the k and h spectra, {b) the difference
whose integral represents the change, and (c) the ratio.

0.20
0.5 &

i
q~i & I.O (GeV/c}~

12& s & 50GeV2
0.5

0.2

I 1

y+ p h onythlng

10 &~& $5

h h+

o 12 &s&IB Gev2
a 0 IB &s&24 GeV2

24&s&50 Gev2

0.10 x

0.05

0.05 0.02

Q.Q I

0
0.1 Q4 Q.7 1.Q

0.005

0 0.25 0.50 0.75 1.00

FIG. 7. Typical structure function spectra from Table
VG on a linear scale. These data are the same as those
in Fig. 6.

FIG. 9. A test of hadronic scaling using data from
Table IX.
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~ This Experiment
o Moffeit et al. (no p')
& Bebek et al.
Q Eckardt et al.
x Ballam et al.

l I

y'lcp~h anything

lq~l(Gev/c)~
0.5 —1.0

0
2.02

0.5- l.5
&0.7

s (GeV2)
l2-30
I 8.4
7.08

4.8-7.8
6.3-15

This Experiment
~ Gandsman et al.
~ Dommonn et al.

Alder et ol.

Bebek et al.

Ballam et ol.

(o)

0.2—
o~x

0
01—

0.05—

a
Z,'

2— 4I

)(

0.02— o )

(b)

0.01

0.005
0

l I 1

0.25 0.50 0.75
I

1.00

I c

+ C
Z

FIG. 10. Comparison of structure functions from
various electroproduction and photoproduction experi-
ments. Included are the experiments of Moffeit et al.
(Hef. 41), Bebek etal. (Ref. 28), Eckardt et al. (Ref. 24),
and Ballam et al. (Ref. 25).

the values for N' and N in Table X, is shown as
a function of ~ in Fig. 13. We also show the aver-
age charge of the struck parton using the quark-
parton composition in a model given by McElhaney
and Tuan. " 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 + dependence is not good, 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 had-
ron. 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 re-
gions'. The problem is particularly graphic in the
case of the n target data where the N'/ff ratio
appears strongly x-dependent (see Table VII or
VIII). 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 frag-
mentation region is included. A similar analysis
based on a preliminary version of the p data has
been given by Hasenfratz. " The forward charge is
shown as a function of q' in Fig. 14(a).

The increase of N~/Jq~ with
l q'1 can be partly

attributed to the relative decrease of the exclusive

0
0 —

1
—2

q [(Gev/c) j

FIG. 11. Particle ratios for the region 0.4 &x &0.85
plotted versus q2. Data are extracted from the work of
Gandsman et al. (Ref. 42), Dam~~nyI et al. (Hef. 26),
Alder et al. (Ref. 27), Bebek et al. (Hef. 28), and Ballam
et al. {Ref. 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.

V. CONCLUSIONS

We have observed hadrons electroproduced in
the direction of the virtual photon, andhave studied

channel y*p -pap. Using the known behavior of
this channel' we have computed the contribution
of m's from p decay to the differential multiplic-
ities. This contribution is shown as a function of
q' in Table XI. Using the data in Tables X and XI
we have computed the particle ratio N~/N~ with
and without the p contribution. This is shown as a
function of q' in Fig. 14(b). While the elastic p'
channel appears to account for some of the effect
for

1
q'1 &0.5 (GeV/c)', it does not explain the

whole effect.
That the removal of the pa channel cannot ex-

plain the growing charge asymmetry can be seen
in other ways. This channel cannot contribute to
the forward charge (N~ —N~), yet in Fig. 14(a)
this charge appears to grow with

l
q'l. Further-

more, the removal of y*n- p'n from the neutron
target cannot make N„'/N„grow larger than unity,
as appears to be the case.
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This Experiment
x Bebek et al.

Alder et al.

a Darnmann et al.
+ Ballam et al.

I I I I

(a)
0 4

I CL

+~ 2Z'.

I

0.2

0

—0.2

(b)

I I I I I I I II
2 5 IO

I I I I I

20 50

FIG. 13. The charge in the region x &0.1 is given as a
function of ~ for {a}proton targets and {b) neutron targets.
The curves represent the average charge of the struck
parton in a quark-parton model.

Q 4

0 I

l0 20
I

50 l00

I CL

I+a
z.'0.2—

x &Q. l

FIG. 12. Particle ratios for the region 0.4 & 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 froxn the quark-parton
model predictions of Dakin and Feldman {Ref. 17).

0—
I

~ p Included

~ p Removed

II
(bj

II

the behavior of these hadrons in the transition re-
gion between photoproduction and leptonic scaling.
A number of trends within the data are noted.

(1) The cross sections are consistent with hav-
ing no y dependence for x&0.4, and with having
small cosy and cos2y dependences for x&0.4.

(2) A slight broadening of the p~' distributions
is noted for hadrons with x&0.4 as ) q'( increased.

(3) We observe hadronic scaling in that the
structure function f(x) shows no significant s (q')
dependence at fixed u. Furthermore, roughly the

I CL

+ o.

I

I

0

Q.4 & x & 0.85

I

-2

q [(Gev/c) ]

FIG. 14. Plotted versus q 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
GeV2 experiment of Moffeit et al. {Ref.41).
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TABLE X. Multiplicities and particle ratios.

Tgt. (GeV ) /q2{or cu

0.1&x&1.0 0.4 & x & 0.85

p
n

P
n

p
n

p
n

p

P
n

p

P

P

P

p

P
n

P
n

P
n

12-3Q
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-18
12-18
18-24
18-24
24-30
24-30
12-30
12-30
12-30
12-30
12-30
12-30
12-30
12-3Q
12-18
12-18
18-24
18-24
24-30
24-30

q2) &3.00
q2{ &3.00
q'[&3 OO

q2{ &3.00
q'{ &3.OO

q2
I &3.00

q2i &3.00
q~{ &3.00

2.00&
2.00&
0.25&
0.25&
0.25&
0.25&
0.25&
0.25&

3&a &10
3&m &10

10&co &20
10&co &20
20&(d &35
20&&v &35
35&(4) &60
35&co &60
10&m &35
10&(d &35
10&(4) &35
10&&@&35
10&co &35
10&+ &35

0.25&
I
q2

I
& 0.50

0.25&{q'/ &o.so
0.50&{q2[&1.oo
0.50&/q2/ &'1.00
1.00& [ q2 { & 2.00
1.00&)q~i &2.00

0.648 + 0.021
0.855 + 0.074
0.662 + 0.020
o.838 + 0.069
0.571 + 0,024
0.629 ~ 0.070
0.556 + 0.051
0.715~ 0.153
0.620 + 0.023
0.585+ 0.063
0.631~ 0.019
0.916+ 0.070
0.646 + 0.023
0.804 + 0.075
0.567+ 0.04V

0.520+ 0.113
0.6QV ~ 0.025
0.776 ~ O.QSQ

0.656 ~ 0.024
0.729 ~ 0.077
0.670 + 0.025
0.955+ 0.086
0.653 + 0.029
0.689+ 0.077
0.612 + 0.025
0.949+ 0.099
0.631~ 0.044
0.667 + 0.127

0.88S + 0.024
0.870 ~ 0.06S
0.930+ 0.023
0.850+ 0.065
0.941 + 0.032
1.070 + 0.106
0.961+0.072
0.772+ 0.199
0.969 + 0.030
0.939+ 0.090
0,899 + 0,021
0.777+ 0.063
0.909 ~ 0.026
1.036 + 0.080
0.858 + 0.049
0.756+ 0.151
0.965+ 0.033
1.034 + 0.111
0.960 + 0.032
0.840 + 0.082
0.957+ 0.029
0.830 ~ 0.082
0.973+0.042
1.126 + 0.143
0.959+0.034
0.843+ 0.098
0.987 ~ 0.058
0.869+0.152

1.37+ 0.06
1.02 + 0,12
1.40+ 0.05
1.01 + 0.11
1.65+ 0.09
1.70+ Q.25
1.73+ 0.20
1.08+ 0.36
1.56 + O.QS

1.61 + 0.23
1.43+ Q.06
0.85 + 0.09
1.41+ Q.06
1.29 + 0.16
1.51 + 0.15
1.46 ~ 0.43
1.59+ 0.09
1.33 ~ 0.20
1.46 + 0.07
1.15+ 0.17
1.43+ 0.07
0.87+ 0.12
1.49 ~ 0.09
1.91+0.35
1.57 ~ 0.09
0.89 + 0.14
1.57 ~ 0.14
1.30 ~ 0.34

0.140 + 0.008
0.165+0.024
P.113+ 0.006
0.121+ 0.018
0.102+0.007
0,111+ 0.022
0.077+ 0,015
0.197+0,052
0.108 + 0.006
0.113+0.017
0.119+0.006
0.159+ 0.020
0.125 + 0.009
0.123+0.026
0.078 + 0.010
0.157+0.036
0.107 + 0.007
0.123 + 0.022
0.116+0.007
0.110+ 0.025
0.140+ 0.009
0.170+ 0.028
0.112+ 0.007
0.100+ 0.020
0.112+ 0.008
0.141+ 0.026
0.095+ 0.014
0.116+ 0.043

0.219 + 0.009
0.218 + 0.027
0.182 + 0.007
0.239 + 0.023
0.187 +0.010
0.158 + 0.029
0.230 ~ 0.031
0.170~ 0.069
0.191+ 0.008
0.205 + 0.023
0.202 + Q.QQS

0.180+ 0.023
0.187 + 0.010
0.252 + 0.032
0.191+ 0.019
0.125 + 0.046
0.183 + 0,009
0.180+ 0.027
0.194 ~ O.QQ9

0.206 + Q.026
0.211 ~ 0.010
0.246 + 0.032
0.186+0.009
0.225 + 0.027
0.196 + 0.010
0.170*0.031
0.182 + 0.018
P.146 + 0.052

1.56 ~ 0.11
1.32+ 0.26
1.60+ 0.10
1.97 ~ 0.34
1.83 + 0.16
1.43 ~ 0.39
2.98 + 0.70
0.86 ~ 0.42
1.77+ P.12
1.81 + 0.34
1.71+0.11
1 ~ 13+ 0.20
1.49 + 0.13
2.05+ 0.51
2.46 ~ 0.41
0.80 + 0.35
1,71 + 0.14
1.47 ~ 0.34
1.68 + 0.12
1.88 + 0.43
1.51 + 0.12
1.44+ 0.31
1.66 + 0,13
2.26+ 0.53
1.74 + 0.16
1.20+ 0.31
1.S2+ 0.34
1.25 + 0.64

same f(x} distribution is seen in all electroproduc-
tion experiments, and in photoproduction when the
w's from p' decay are removed.

(4) The observed hadrons are less h'/h sym-
metric 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 asym-

metrics increase with
~
q'

~, and can only partly
be attributed to the decreasing role of the channel
y~N pa¹
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