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ent at the Stanford Linear Accelerator Center, we observed ped hadron roductionIn a streamer-chamber experiment at t e an or
r et. We re ort on the experiment, thein inelastic collisions of - p14-6 V ositive muons in a liquid hydrogen target. e repo on

i ron s as well as the charged-hadron multiplicityanalysis, and the resulting cross sections for hadronic prongs as we as t e c arge-
distributions.

I. INTRODUCTION

Since the discovery of scaling in inclusive deep-
ly inelastic lepton-nucleon scattering' at the Stan-
ford Linear Accelerator Center (SLAC), this pro-
cess has provided a uniquely promising means of
looking at the structure of the nucleon. With this
in mind, we undertook a high-statistics experi-
ment, using a specially built streamer-chamber
system at SLAC, to look at the full set of charged
particles produced in muon-nucleon collisions. In
this paper, we present data on topological cross
sections and average multiplicities for the produc-
ti f h ged hadrons. We also compare these

quantities with those seen in reactions initiated by
other particles.

Our apparatus is shown in Fig. 1. A small-
phase-space beam of 14-GeV positive muons was
directed onto a 40 cm long, 2.7 cm diameter,
cylindrical liquid hydrogen target which was in-
serted into a large streamer chamber. All beam
particles had previously passed through a hole in
a 2.5x2.5 m' veto wall of scintillation counters,
and entered the transverse field of a large-aper-
ture magnet with a 16 kG field; unless scattered
in the target, they then traversed the chamber in-
side a 5-cm-diameter helium-filled tube. The
trigger consisted of a scattered p incident on four

EAM EXIT TUBE HOOOSCOPES

STREAMER
CHAMBE

CELL

LIQUIDlRESERV

HOR(20NTAL

KRTICAL

A 8 C 8

~// I//&&III//' '7/

LEAD
//

=-;;"~74/j/hajj zi'
,

'
////////, //// i~'l

I

i

HALO o"d 8 RAY ii MARX
TIMING COUNTERS i TANK

FLUX
MONITOR

BEAM
i SAMPLING
i COUNTERS

5.8 MW MAGNET

IL

The hodoscopes and ea wal d ll had openings for the unscattered beamFIG. 1. Plan view of the detection apparatus. T
and the streamer-chamber pulsing system.

2934



INK LASTIC MUON-PHOTON SCATTERINQ: MULTIS 2935

banks of scintillator hodoscopes interspersed with
1.5 m of lead.

Charged final-state hadrons produced in the tar-
get were detected with nearly complete geometri-
cal acceptance in the streamer chamber, which
had an active volume of 2x0.8x0.6 m . The
streamer chamber combines high detection effi-
ciency with electronic triggering. It permits high-
statistics investigations even for small cross-sec-
tion processes; it presently uses photographic
means for data acquisition. The effective cross
section for our experiment was -0.3 p,b.

In the following sections, we discuss the details
of our experimental apparatus, and our methods
of analysis. We then report our results on multi-
plicity distributions for charged hadron production
and on topological cross sections. Other features
of the data will be discussed elsewhere.

B. Streamer chamber

Figure 2 shows the streamer chamber used to
detect charged particles. ' The chamber consists
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used in the experiment was -200 muons per 1.6-
p, sec-ec-long SLAC pulse at a muon momentum of 14

0GeV/c. The experiment was typically run at 12
pulses per second, out of a maximum possible 360
that could be delivered by the SLAC machine. The
flux limit of the beam line, dictated by power dis-
sipation in the target, is about three times the
value used.

II. EXPERIMENTAL METHOD

A. Muon beam

A detailed description of the muon beam, de-
signed and built for this experiment, can be found
in Ref. 2. In this paper we focus only on a few
major points.

The muons are produced by the primary 20-GeV
SLAC electron beam incident on a 2.75-radiation-
length high-Z target. Muon production occurs
principally via a two-step process. The incident
electron radiates a bremsstrahlung photon which
subsequently, downstream in the target, produces
a muon pair. The short physical size of the target,
coupled with the small electron beam size
(2 mm x 2 mm), gives a muon-source size which
is very small. The small spot size and the small
transverse momentum imparted to the pair-pro-
duced muons are the principal advantages for
muon-beam production at SLAC as compared to
muon beams obtainable at proton accelerators,
and they allow the production of a small-phase-
space beam with little halo.

The muon-production target is followed by a
three-stage beam line whose final focus is at the
location of the liquid hydrogen target. Long lead
collimators are located at the first two foci for
beam definition and momentum selection. To re-
duce the pion contamination in the beam, it passes
through a.3.7-m-long beryllium hadron filter which
is located at the first focus of the beam line. The
pion contamination in this beam was measured to
be (4 + 1.5) x 10 '.'

The firial muon beam has a spot size of 0 =4.2
mm, an angular divergence of o =2 mrad, and a
momentum bite of o = 1%. Halo muons are at a
level of 1.6% of the main beam, over the cross-
section of the streamer chamber. The intensity
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3FIG. 2. Perspective and end views of the 2x0.8x0.6m
streamer chamber. Absorbers above and below the
cylindrical target intercept 6 rays produced in the liquid
hydrogen. The helium-filled plastic tube contains the
unscattered beams; its walls intercept soft 6 rays.
Electric and magnetic field lines are perpendicular to
the midplane.
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of two polyurethane foam boxes sandwiched between
three electrodes made of stainless steel mesh.
The gas used in the chamber is a 90% Ne-10% He
mixture. The active chamber volume is 2 mx0. 8
mx0. 6 m. lt is immersed in a 2 m long, 1 m
aperture, 16 ko magnet. Both electric and mag-
netic fields are vertical in direction.

Besides the chamber proper, the streamer-
chamber system consists of a triggerable high-
voltage source, a Bliimlein pulse shaper, and a
transmission line section which carries the high-
voltage pulse to the chamber. ' The high voltage is
fed onto the mesh electrodes from the downstream
end, and terminating resistors connect the voltage
planes on the upstream end of the chamber. The
system is triggered by a fast-logic muon trigger;
up to five triggers per second can be accepted.
The high-voltage pulse delivered to the chamber
is approximately 500 000 volts maximum amplitude
lasting for -10 nsec.

Every trigger is photographed from above the
chamber through the yoke of the magnet by three
cameras, with resulting 15' stereoscopy. Nu-

merous fiducials visible just above and below the
streamer chamber are simultaneously flashed,
and recorded on film for track reconstruction in
space.

As seen in Fig. 2, the 40-cm-long liquid hydro-
gen target is inserted into the upstream end of the
chamber. Since the memory time of the chamber
is greater than the duration of a SLAC beam
pulse, most of the particles passing through the
gas in one pulse produce visible tracks. This fact,
coupled with the large muon flux per pulse, would
be expected to result in the production of a large
number of soft 5 rays (-65 per pulse) by the non-
interacting muon beam. Such slow particles would
often lead to spiralling tracks, and the resulting
ionization density can obscure regions of the
chamber on the film. To avoid this effect, we in-
serted into the chamber a dead region consisting
of a reentrant box made of thin Mylar. The box
contains the target and is open to the air. This

provides a spark-free region around the liquid
hydrogen target, and also allows room for simple
target alignment. The box width was chosen to be
9 cm, in order to contain 5-ray electrons of ener-
gies up to 20 MeV; the number visible in the cham-
ber was thus reduced to a few per pulse. To mini-
mize the number of spirals made by the remaining
high-energy 5 rays, Teflon fins were placed above
and below the target to intercept and stop these
spiralling particles.

Downstream of the Mylar target box, the beam is
contained in a helium-filled Lexan plastic tube.
This exit beam tube has a 5 cm diameter and a
1.5 mm wall thickness. This thickness is suffi-
cient to reduce the number of beam-produced 5
rays in the visible volume of the chamber to a
negligible level.

C. Liquid hydrogen target

The target flask was made of concentric Mylar
straws and is shown in Fig. 3. Hydrogen flows into
the flask filling the volume of the center straw; it
then flows out between this straw and the next con-
centric one, providing a cold shield. There are
thin Mylar caps on each end. The vacuum jacket
is formed by a third straw, with its own window;
it is glued to a -1 m long Lexan plastic tube which
extends from the target stand into the chamber.
Particles produced in the target have to pass
through 1.4 mm of Mylar if penetrating normal to
the straws, or 0.3 mm of Mylar if passing through
the end caps. The target fiducial volume (central
straw) is 2.5 cm in diameter, 38.5 cm in length;
it contains )98% of the muon beam. The hydrogen
feed system used is of the condensation type. The
temperature is monitored on both the inflow and
outflow lines of the target flask.

D. Beam-flux monitor

The beam-monitori. ng system for the experiment
consists of a CQ, -filled total-flux- monitoring
Cerenkov (C) counter' which intercepts the full
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FIG. 3. Liquid hydrogen target and hydrogen Qow path.
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muon beam, and five small sampling counters to
monitor the beam profile. This counter system is
shown in Fig. 1.

V'

The gas Cerenkov counter is used as an analog
device, gated on and off by the SLAC beam gate.
It was initially calibrated at lower muon fluxes by
simultaneous counting of individual muons. This
calibration is accurate to +3%%up in absolute magni-
tude. Using small sampling counters, we found

the beam profile to be stable to 2 mm in size and
location. The central sampling counter is also
used to measure electronic dead time; its rate is
recorded with and without the experiment veto
applied. The dead time for the experiment is gen-
erally 20—25/0 of each beam spill.

E. Trigger and veto counters

The muon-trigger counters are arranged in four
parallel banks downstream of the streamer cham-
ber. The front bank is horizontal in orientation
and located 4.5 m from the beginning of the cham-
ber. It is shown in Fig. 4. This initial bank is
directly followed by a 1.5-m-thick lead wall,
which has holes for the passage of the beam and
for the streamer-chamber voltage feed line. The
next two counter banks, also horizontal in orienta-
tion, are grouped into narrow coincidences with
appropriate counters in the front bank (cf. Fig. 1).
The final (fourth) bank is vertical; it is in coinci-
dence as a group with the horizontal counters.

LNNNNNWA~ WNNNNWNNWW

LNNNNA9%%%%%%%~

This ensemble of counters forms a rough hodo-
scope. The coincidence firing a given event pro-
vides a region of approximately 15 cmx20 cm,
roughly 5 m from the target through which each
trigger- candidate muon must pass. The counter
geometry was chosen to give a greater than 60%%uq

trigger efficiency for events at Q~ &1, where Q'
is the negative square of the four-momentum
transferred to the hadronic system.

Several meters upstream of the streamer cham-
ber, a large wall of veto counters shadows the
trigger system. This wall is about 2.5x2.5 m' in
area. To further reduce the trigger rate due to the
muon halo, small veto counters just upstream of
the chamber intercept many of the halo muons that
may have slipped through the hole in the large
wall. Without the veto counters, the ratio of false
triggers to events was about 7000; the veto sys-
tem reduced it to 12.

F. Timing counters

Additional counters are arranged around the
periphery of the streamer chamber, as shown in
Fig. 1, to provide timing information on forward-
produced particles. These counters are used to
reject most of the halo muon tracks and high-en-
ergy 5 rays (p &100 MeV/c) seen in the chamber.
These are distributed randomly in time over the
beam gate (1.6 gsec) while the timing counters
define a -20 nsec time interval in coincidence with
the muon trigger for acceptance of tracks passing
through these counters. Both halo muons and 5
rays have small angles with respect to the in-
coming beam and often appear to come from a real
event vertex if present in a photograph containing
a real event. The number of such halo muons is
about 1 per event, the number of such 5 rays about
~ per event. Using the timing counters and charge-
and momentum-conservation constraints, the
number of events in which a 5 ray or a halo muon
is mistakenly accepted as a hadron is less than 1%
for each background source.

For each trigger, all the counter information,
as well as the roll and frame number of the cor-
responding chamber photographs, is read into a
PDP-9 computer and written onto magnetic tape.
In all, 237000 triggers were recorded. This cor-
responds to a total flux of 4.5x10' muons.

A COUNTERS

FIG. 4. Front bank of trigger counters and blocks
making up 1.5 m lead wall.

III. DATA REDUCTION

A. Scanning and measuring

All of the 237000 frames were doubly scanned
for event candidates. Those frames for which
scanning information was in disagreement in the
first two scans, were rescanned to resolve the
conflict. The minimum scanning criterion is one
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positive track that is consistent with being a trig-
gering muon, accompanied by at least one other
positive track. The efficiency for a single scan
was measured to be 98%. The scan selected ap-
proximately 44000 frames. These event candidates
were'measured on conventional film-plane dig-
itizers which have a least count of 2 micron on
film. The setting error for the measurements is
300 microns in space, the demagnification is 67.
In order to save measuring time and expedite the
results at higher Q2, about 50% of the pictures
where the trigger indicates a low-Q2 configuration
were not measured. This eliminates approximate-
ly 24% of the real events, mostly at Q' s0.8
(GeV/c) .

B. Event reconstruction

The measured events are processed through a
three-part reconstruction program: (l)TVQP,
the track geometry program which determines the
vector momenta for each track; (2) APACHE, a
vertex-finding routine which determines the trig-
gering muon using the trigger counter information,
reconstructs the primary vertex from the tracks
in the event, and recalculates the momentum of
each track, using the vertex as the first measured
point; and (2) SQUAW, the kinematics fitting pro-
gram. The momentum accuracy from TVGP is
dP/P = 1% for a 10 GeV/c track, 2 m long; the
mass resolution is illustrated by an 8 MeV FWHN
(full width at half maximum) for a K' of momen-
tum 2 GeV/c. The vertex errors from APACHE

are typically 0.2 mm FTHM transverse to the
magnetic field and beam direction, and 2.0 mm
along the field or beam. A possible error is the
inclusion of a halo (positive) track or a 5 ray (neg-
ative) track in the vertex fit. To eliminate either
of these, prior to the vertex fits, all tracks in the
event are extrapolated to the timing counters, as
discussed earlier. The triggering muon is re-
quired to have at least 90 cm of track length visi-
ble in the chamber to make its selection and kine-
matic parameters unambiguous. The reconstruc-
tion procedure yielded 20300 events with a vertex
within the target fiducial volume and with at least
two positive tracks in the event; one of these is a
triggering muon with sufficient visible track length
in the chamber. Approximately 2200 of these
events are successfully fitted by the elastic scat-
tering hypothesis, pp- gp.

C. Data corrections

1. Missing tlks
Although the streamer chamber (Fig. 2) has a

large solid-angle acceptance, there are significant
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FIG. 5. Observed number of events in our experi-
ment as a function of 1V and Q2. The events have been
weighted for hadron losses in the streamer chamber.
Owing to measurement error and beam uncertainty,
some events have W &m& . The curves are calculated
from the known ep structure functions folded with our
geometrical efficiency for muon detection, and are
normalized to the total number of observed events over
all. 2 and W.

track losses. Since charge conservation requires
that in the process of p, +P- p+ +hadrons, the net
charge of the final state be +2, single-track losses
are immediately recognized. It is found that in
21% of the events one charged track is lost, in less
than 2% two charged tracks are lost. From an
analysis of the number of tracks per event, the
average probability for a hadron track to be lost
is (14+0.5)%. In order to correct for these losses,
which are strongly dependent on the angle the sec-
ondaries form with the midplane of the chamber,
a Monte Carlo rotation program is used. This
program rotates the observed events about the
beam axis and assigns a weight for each hadron.
In addition, a sample of events not balancing
charge were carefully rescanned, in a search for
anomalies. The results of these investigations
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are itemized below. For each category, we give
an estimated percentage of tracks lost.

(a) The air box surrounding the target extends
through the total vertical dimension of the cham-
ber. Tracks having a large "dip angle" can be
completely contained within this box. These tracks
are therefore invisible, or can be obscured suffi-
ciently to prevent their measurement. Further-
more, steep tracks produce very thick streamers,
making measurement imprecise or impossible.
There is a resulting loss of 9%%uc.

(b) Hadrons traversing the liquid hydrogen target
and the beam exit tube can interact or scatter,
and therefore do not reconstruct from the primary
vertex. Loss: approximately 2%%up.

(c) Low-momentum particles may not emerge

into the sensitive chamber due to energy lost in the
2.7-cm-diameter liquid hydrogen target, the tar-
get wall, and the air box surrounding the target.
This in particular affects protons of

ipse

& 0.2
GeV/c. Loss: approximately 2%%up.

(d) The presence of the helium-filled beam-exit
tube, which prevents the noninteracting muons
from producing copious 6 rays in the chamber,
may hide a high-momentum track from view

(iP i&8 GeV/c for particles produced at 0'). Loss:
approximately 0.5/p.

(e) The measurement may erroneously omit a
track as a result of the complexity of the event.
Loss: approximately 0.5/o.

In order to correct for these losses in those
events that do not appear to balance charge, the

TABLE I. Fractional prong cross sections for 1, 3, 5, and 7 charged hadrons and average charged hadron multi-
plicities, vs W, for three Q intervals. NC: No radiative corrections are applied; RC: values are corrected for
radiative effects.

{W) 0|/ 0 tot
(GeV) NC RC

0'3/0't t
NC RC

~5/ ~tot
NC RC

0 via tot
NC RC NC

Mult.
RC

No. of
events

0.3 &Q &0.5 GeV2, {Q ) =0.40 GeV

2.5
2.7
2.9
3.1
3.3
3.5
3.7
3.9
4.3

0.51
0.41
0.31
0.17
0.12
0.15
0.22
0.14
0.14

0.48 +0.08
0.39 +0.08
0.27 +0.09
0.10 +0.07
0.07 +0.06
0.09 +0.06
0.16 +0.08
0.06 +0.05
0.0 +0.07

0.45
0.48
0.61
0.62
0.67
0.49
0.50
0.53
0.47

0.48
0.50
0.64
0.66
0.70
0.52
0.54
0.58
0.53

+0.08
+0.08
+0.09
+0.09
+0.08
+0.09
+0.08
+0.06
+0.08

0.04
0.11
0.08
0.20
0.21
0.28
0.22
0.23
0.29

0.04 +0.02
0.12 +0.04
0.09 +0.04
0.22 +0.07
0.23 +0.06
0.30 +0.08
0.24 +0.06
0.26 +0.05
0.35 ~0.07

0.08
0.06
0.09
0.10

0.09 +0.05
0.07 ~0.03
0.10 +0.04
0.12 +0.05

0.02 0.02 +0.02

2.06
2.39
2.54
3.13
3.17
3.58
3.25
3.56
3.72

2.13 +0.17
2.46 +0.21
2.64 +0.21
3.31 +0.22
3.31 +0.19
3.77 +0.27
3.43 +0.26
3.81 +0.22
4.18 +0.30

61
60
50
45
55
51
62
93
88

0.5(Q (1.0 GeV, (Q ) =0.68 GeV'

2.1
2.3
2.5
2.7
2.9
3.1
3.3
3.5
3.7
3.9
4.3

0.47
0.45
0.40
0.30
0.31
0.23
0.25
0.24
0.19
0.25
0.18

0.46 +0.03
0.43 +0.04
0.39 +0.05
0.28 +0.04
0.28 +0.04
0.20 +0.04
0.22 +0.05
0.20 +0.08
0.14 +0.05
0.19 +0.06
0.05 +0.07

0.52
0.50
0.47
0.60
0.55
0.60
0.46
0.56
0.47
0.49
0.50

0.53
0.51
0.48
0.61
0.57
0.62
0.47
0.59
0.49
0.52
0.57

+0.03
+0.04
+0.04
+0.04
+0.04
+0.05
+0.05
~0.07
+0.06
+0.06
+0.07

0.02 0.02 +0.01
0.05 0.06 +0.02
0.13 0.13 +0.03
0.10 0.10 +0.02
0.13 0.13 +0.03
0.17 O. i.8 +0.03
0.27 0.28 +0.05
0.17 0.18 +0.04
0.31 0.33 +0.06
0.22 ' 0.24 +0.05
0.24 0.29 +0.05

0.01
0.02
0.01
0.02
0.03
0.03
0.05
0.08

0.01 +0.01
0.02 +0.01
0.01 +0.01
0.02 +0.02
0.03 +0.02
0.04 +0.02
0.06 +0.02
O.1O+O.O3

2.11
2.22
2.45
2.62
2.70
2.91
3.12
2.97
3.37
3,13
3.44

2.13 +0.07
2,25 + 0.09
2.49 +0.12
2.66 +0.11
2.76 +0.12
3.00 +0.12
3.23 +0.18
3.07 +0.22
3.53 +0.19
3.32 +0.21
3.87 +0.26

313
244
232
225
180
146
118
107
96
93

103

i.o & Q &4.5 GeV, {Q ) =1.75 GeV

2.1
2.3
2.5
2.7
2.9
3.1
3.3
3.5
3.7
3.9
4.3

0.50
0.37
0.29
0 34
0.26
0.24
0.22
0.20
0.20
0.30
0.21

0.50 +0.04
0.36 +0.04
0.28 +0.04
0.32 +0.04
0.24 +0.04
0.22 +0.05
0.20 +0.04
0.18 +0.04
0.18 +0.05
0.27 +0.06
0.12 +0.06

0.46 0.47
0.56 0.57
0.62 0.63
0.53 0.54
0.55 0.55
0.54 0.55
0.50 0.50
0.59 0.60
0.57 0.58
0.46 0.48
0.47 0.51

+0.04
+0.04
+0.04
+0.04
+0.04
+0.05
+0.05
+0.05
+0.07
+0.06
+0.06

0.04
0.07
0.08
0.13
0.20
0.22
0.28
0.19
0.19
0.19
0.24

0.04 +0.01
0.07 +0.02
0.08 +0.02
0.13 +0.03
0.20 +0.03
0.23 +0.05
0.29 +0.05
0.20 +0.04
0.20 +0.05
0.19 +0.05
0.28 +0.06

0.01
0.01
0.02
0.04
0.05
0.08

0.01 +0.01
0.01 +0.01
0.02 +0.01
0.05 +0.02
0.06 +0.03
0.09 +0.03

0.01 0.01 +0.01

2.07
2.40
2.59
2.60
2.87
2.99
3.17
3.07
3.15
2.98
3.38

2.08 +0.08
2.42 +0.09
2.62 +0.09
2.63 +0.10
2.92 +0.11.

3.05 +0.17
3.24 +0.15
3.13 +0.14
3.22 +0.16
3.08 +0.22
3.67 +0.22

202
196
192
187
177
124
121
110
101

89
108
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true multiplicity is restored by the addition of one
or two units to the observed value. The events
with only one hadronic prong, which cannot be
corrected in this way, are weighted by the rotation
program mentioned earlier. For one-prong events,
this correction is typica, lly (15+3)/g of the ob.-
served one-prong cross section.

2. Pion contamination

The rejection against pion triggers provided by
the lead shield and the low pion contamination in
the beam, both of which were separately measured,
resulted in a pion-induced contamination in the
final data sample that varied from & 1% af: low W
(= center-of-mass energy of the virtual photon-
proton system) to approximately 6% at high W.
This contamination has a negligible effect on re-
sults presented here, so that no correction was
applied.

3. Radiati ve corrections

The topological cross sections measured in our
experiment must be corrected for radiative ef-
fects. We evaluate these corrections by means of
a model for (o„/o„,)(Q', W). Using this model, we
calculate T~, the number of events in the 0th
(Q', W) bin. Radiative corrections, including the
tail of the elastic cross section, will change this
number to S~. Thus, if we call our experimentally
observed bin population N„, the radiatively cor-
rected "true" population will be

gk ~k (gk Zrk)

The model cross sections were obtained from the
known e-P cross section, 9 multiplied by the prong
fractions observed in our own data before radia-
tive corrections. They are normalized so that

yk Nk
e, n, k

We checked that the final data are not noticeably
affected by changes in the model that are of the
order of the radiative corrections. Since the error
in the radiative correction terms is negligible, we
have taken the errors in C~ to be those in X~. The
events are weighted for the muon detection prob-
ability, and the error in N„ takes this probability
into account.

IV. RESULTS

A. Topological cross sections

As an over-all check on our data, a comparison
of our observed number of events with a prediction
from electron-proton scattering data' is shown in
Fig. 5. The prediction includes radiative effects,
a Monte Carlo simulation of our muon beam and
trigger, and the effects of the resolution in mea-
suring the outgoing muon momentum. The agree-
ment is consistent with the uncertainties in the
above calculation. We also show our muon trigger
efficiency.

The final results of our analysis are presented
in Tables I and II; they give explicit details on

TABLE II. Fractional prong cross sections for 1, 3, 5, and 7 charged hadrons, and average charged hadron multi-
plicities, vs Q, for three W intervals. NC, RC have the same meaning as in Table I.

Q2

(Gev')
0 t~o tat

NC RC
. 03~& tot

NC RC
0'p &tot

NC RC
0 y~o tot

NC RC NC
Mult.

RC
No. of
events

2.0 & W &2.8 GeV, (W) =2.35 GeV

0.5-1.0
1.0-1.5
1.5-2.0
2.0-4.5

0.41 0.40 +0.02
0.38 0.37 ~ 0.03
0.35 0.34 +0.04
0.39 0.38 + 0.04

0.52
0.54
0.57
0.54

0.53 +0.02
0.55 + 0.03
0.57 +0.04
0.54 +0.04

0.07
0.08
0.08
0.07

0.07 +0.01
0.08 +O.of
0.08 +0.02
0.07 +0.02

2.32
2.39
2.47
2.40

2.36+0.05
2.42 + 0.06
2.49 +0.09
2.42 + 0.10

1014
437
178
162

2.8 & W &3.6 GeV, (W) =3.17 GeV

0.3-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2,0-4.5

0.19
0.26
0.26
0.19
0,21

0.14 ~0.04
0.23 +0.03
0.24 +0.03
0.17 +0.04
0.20 +0.04

0.60
0.55
0.53
0.61
0.50

0.64 +0.04
0.56 +0.03
0.55 +0.03
0.62 +0.05
0.51 +0.06

0.19
0.18
0.20
0.20
0.28

0.20 +0.03
0.19 +0.02
0.21 +0.02
o.21 ~0.04
0.29 +0.05

0.02
0.02
0.01
0.01
0.01

0.02 +O.of
0.02 +O.of
0.01 +0.01
0.01 +0.of
o.of ~o.of

3.07
2.90
2.92
3.05
3.15

3.22 + 0.12
2.98 + 0.08
2.99 + 0.09
s.i 1 + o.i s
s.21+o.16

201
551
292
132
108

3.6 & W &4.7 GeV, (W) =4.04 GeV

0.3-0.5
O.5-1.0
1.0-1.5
f.5-2.O

2.0-4.5

0.16 0.04 a 0.04
0.20 O.f 1 +0.04
0.25 0.20 + 0.05
0.18 0.11 +0.06
0.23 0.17 +0.07

0.50 0.56 +0.04
0.49 0.53 +0.04
0.50 0.53 +0.05
0.46 0.49 ~0.07
0.50 0.53 +0.08

0.25
0.25
0.20
0.30
0.18

0.30 *0.04
0.29 +0.03
0.22 +0.04
0.34 +0.07
0.20 +0.06

0.09
0.06
0.05
0.06
0.09

0.11 +0.03
0.07 +0.02
0.05 +0.02
0.07 +0.04
0.10 +0.04

3.54
3.34
3.08
3.48
3.27

3.94 ~ 0.16
s.6s ~ o.i4
3.24+ o.16
3.70+0.25
3.46 + 0.27

243
292
158
71
69
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ment within their statistical and systematic un-
certainties. Significant differences from photo-
production exist for 1-, 3-, and 5-prong topolo-
gies. In our W range (o',/o„,)(Q'&0.3) is about 50%
ito 100%% larger than (v,/o;„)(Q'=0), o,/o'„, drops
from ™O.V in photoproduction to 0.55, and o,/o'„,
first rises with S" above the photoproduction value,
then falls to a comparable or somewhat smaller
value. One might expect that the fall in o', /o'„„
and consequent rise in the other channels, is dom-
inated by the decrease of elastic p' production
from 16/0 of o'„,.' Other possible factors, whose
effect cannot be unambiguously determined in this
experiment, are the presence of a longitudinal
photon component not present in photoproduction,
and a possible change (mirroring the elastic case)
in inelastic p production, which is prominently
seen in photoproduction. "

event numbers, fractional cross sections, and
average multiplicities for selected W and Q' bins,
both before and after the application of radiative
corrections. We omitted low-Q', low-W data from
this compilation, restricting ourselves to a Q', W

range where systematic effects on the determina-
tion of these quantities are negligible. Note that
the number of prongs, for a given topology, refers
to hadrons only; the trigger muon is never in-
cluded.

Figure 6 details the Q' dependence of o'„/o„, for
three different W bins starting just above the tradi-
tional resonance region. Also shown are the val-
ues of these quantities in photoproduction (Q'=0). '0

The outstanding features are (1) a lack of any clear
dependence on Q' for any a„/o;„, once Q' is larger
fkan ™0.3; (2) sizable systematic differences
between the photoproduction values and the Q'
& 0.3 plateau.

We conclude from this evidence that changes in
the individual channels that make up each topology
occur in a fashion that leaves the total fractional
cross sections approximately unchanged as a func-
tion of Q', above Q'=0.3. We note a roughly
parallel behavior in elastic p' production, ' the
most prominent identifiable channel in photopro-
duction. This channel cross section, divided by
o„„drops by a factor of about 2.5 in going from
Q' =0 to Q'~0. 3, and then changes only by %20%
in the Q' range of our experiment.

Figure V gives the W dependence of o„/o„~ for
Q' values &1 GeV', together with data from other
experiments. " All the data shown are in agree-

B. Average charged-particle multiplicities

Using the topological cross sections, we can
calculate the average number of hadronic prongs
(multiplicity) seen. This is shown in Fig. 6, as a
function of W', compared with photoproduction"
and other experiments. " Events with multiplicity
greater than 7, of which there were a total of 15,
are not included. The effect of this cut on the
multiplicity is less than one standard deviation in

0.5—
0.4

Q~)1.0 GeV~n=l

0.3
0.2

3.6& W&4.7 GeV2.8& W&3.6 GeV2.0 & W & 2.8
06

I I

GeV
O. I

I

n=l
I I I I

n=l
I

n=l
0.4
0.2 o 0.7

~ 0.6b

b 05

+ T

I I I I0 I I

n=3 n=3
0.8

0-
0 0.6—
b +
c 0.4
b

0.2

Oe3

0.2
O. I

I I I I

n=5n=5 n=5
lob

n=7

0.4
~= x

I I I I

0.2
O. Ip

I I

I ~ xe 4 I

X

w (Gav)

n=7 n=7
0.2

0 I I

0 I 2

L

0 I 2 3 4 0 I 2

g~ (Gey')

3 4 5

FIG. 7. Fractional topological cross sections as a
function of 8' for Q2) 1 Gev2. Radiative corrections
have been applied. Photoproduction values are shown as
open circles which we have connected by a solid line
Q,ef. 10). The crosses are leptoproduction data from
P. H. Garbincius et al. , the triangles from J. Ballam
et al. (Ref. 11).

FIG. 6. Fractional topological cross sections as a
function of Q2 for three regions of O'. Radiative correc-
tions have been applied. Photoproduction points for the
average +" of the region are given by open circles (Ref.
10).
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all cases. It is seen that the average multiplicity
is not too sensitive to the differences seen in the
topological cross sections. Only at low W are the
photoproduction values noticeably different (by
-10/o) from those in deeply inelastic scattering.

In Fig. 9, the average multiplicity is plotted
against lns (=2 inW), for Q'& 0.5, and compared to
the values in v p and v'P (Ref. 13) scattering.
Again, all the various average multiplicities are
very close. The w P case, which includes zero-
prong events, is a little smaller in magnitude;
m'P, which has ~2 prongs, is a little larger.

In purely hadronic reactions, it has been pos-
sible to fit the hadronic average multiplicities for
K'P, w'p, and PP reactions, to an accuracy of
about 10%, with the same function by using, in-
stead of s, the variable Q = v s —(m, +m, )." The
masses ~, and m, are those of the initial par-
ticles, and the use of Q instead of s roughly takes
into account the fact that the energies availabJi. e to
create new particles in the various reactions are
different because of quantum-number constraints.

03& Q &05 GeV

0.5&Q2& I.O GeV2

O

CL

I—

2

e This Exp't Q &0.5
oyI
Qm' p
871 p

I I I I I

8 IO l5 20 P.8
s (Geva)

FIG. 9. Multiplicity as a function of I.ns for Q~& 0.5.
Also shown are photoproduction data tHef. 10) and ~~p

data (Bef, 13).

Figure 9 indicates that the deeply inelastic data,
for our W range, lie roughly on the same universal
hadronic multiplicity curve, provided we make
the identification m, +m, =(m&+m, ) (or even =m&).
This is an interesting result, since it is a Priori
uncertain what mass state is produced in the frag-
mentation region for photons whose "mass'"
changes from 0.3 to 4.0, how this state affects the
distribution of the available energy, and what the
resulting multiplicity may be.

In Fig. 10, we compare (n)/D for the four reac-
tions of Fig. 9„where (n) =mean multiplicity, and
D =(n') —(n)' is the dispersion of the multiplicity
distribution. For all the hadron reactions men-
tioned previously, this quantity lies between 2.0
and 2.6 for g between 15 and 400 GeV . The value
near 2.0 has been interpreted as being due to two
components —one diffractive, the other multiperi-

CL

3

I.O & Q~ & 4.5 GeV~
4

5.0

2.8

2.6
C)

2A
C:V'

2%2

I I I I
I

I I I I

I
I I I I

This Exp't Q~&0.5
0 yp
0 ~ p
a vr+p

W (GeV }

FIG. 8. Average charged multipl. icity as a function of
%' for three Q2 regions. Photoproduction values are
shown as open circles which we have connected by a
solid bne (Ref. 10). The crosses are data from P. H.
Garbincius et al. , the triangl. es are from J. Ballam
et ag. , the Scjuares are from V. Eckardt et al. Qef, ].1).

2.0

I I I I I I I I I I I I I I I

2 5
W (GeV)

FIG. 10. (n)/D for charged hadron topological cross
sections vs N' for Q2& 0.5. The same quantity is shown
for photoproduction {Ref. 10) and pion-initiated reactions
{Ref. 13).
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pheral —contributing to the hadronic cross sec-
tion. ' ' " The deeply inelastic cross section is ex-
pected to have the diffractive component sup-
pressed, so that the (n)/D value should grow with
S', and be larger than the value seen in hadronic
reactions. It is therefore interesting that the
(n)/D value for our data is so close to the typical
hadronic value. The trend of the (n)/D value is,
however, consistent with a growth with 8'. A check
of this quantity, as well as o„/a„, , at considerably
higher values of W and Q' would provide a good

test of the two-component model of hadronic multi-
plicity distr ibutions.
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