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Inelastic muon-neutron scattering: Charged-hadron multiplicities and prong cross sections
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Based on approximately 10000 inelastic muon scatters in a liquid deuterium target, we extract charged-
hadron multiplicities and topological cross sections for events off the neutron in a range 0.3 & Q &4.5
GeV, 2.0 & W & 4.6 GeV. We find no significant changes in the mult;iplicity or topological fractional cross
sections over the Q range of our experiment. Empirically the average multiplicity off a neutron target is
equal to that off a proton target over the Q

2 and W range of our experiment.

I. INTRODUCTION III. ANALYSiS

Following an experiment which investigated
muon-proton scattering, ' we have performed,
using 'the same apparatus, a second experiment
with deuterium as a target. From the data ob-
tained in both experiments, we have been able to
extract fractional-prong cross sections and aver-
age multiplicities in the process pn -p. + haIdrons,
Other results from these experiments will be pub-
lished separately.

II. EXPERIMENTAL METHOD

The apparatus used in this experiment is the one
described in Ref. 1. We mention only features that
have a particular bearing on the data presented
here.

A 14-6eV, low-halo, small-phase-space, posi-
tive-muon beam' was directed into a 40-cm-long
liquid hydrogen or deuterium target placed inside
a 2-m streamer chamber. ' The chamber was lo-
cated in a 16-ko magnetic field. The trigger sys-
tem for the streamer chamber consisted of four
hodoscopes imbedded in a 1.5-m lead wall, sepa-
rating the final-state -muon from hadrons.

Counters at the exit end and on the perimeter of
the streamer chamber provide timing information
used to reject 5 rays, halo muons, and other spu-
rious tracks. In order to reduce 6-ray tracks in
the pictures, the noninteracting beam travels in-
side a 5-cm-diameter lexan tube, filled with heli-
um gas; in addition, the target is enclosed in a
mylar box containing teflon absorbers. This pro-
duces a neutral. region aroung the target, where
tracks with steeply dipping angles are lost.

For an accurate subtraction of proton events
from a deuterium experiment, a precise measure-
ment of the beam flux is necessary. An integra-
ting Cherenkov monitor was used to give this in-
formation to a precision of 3/q over the course of
this experiment.

Most of the data-reduction process in this ex-
periment follows closely the procedure for muon-
proton scattering described in Ref. l. Some sig-
nificant effects should be. mentioned that arise due
to the deuterium target. ' The scanning rules de-
fine a picture as an event candidate if and only if
it contains at least two positive tracks, one of
which is consistent with being a triggering muon.
All muon-proton events satisfy these criteria, but
events of the type pm -pn+ neutrals (zero-prong
events) are systematically rejected. The cross
section for this event type can be calculated, as
discussed below, and in any case is a small frac-
tion of the total.

We have applied no corrections to the data for
the effect of Fermi motion, since its effect is
small. An estimate of the size of this effect was
obtained as follows: For each event in the data
sample, we assign a value for the spectator mo-
mentum, with a probability given by the Hulthen
nucleon wave function, ' and recalculate the kine-
matics of the event. This gives us smeared dis-
tributions which can be compared with those re-
sulting if we assume zero spectator momentum.
Changes due to smearing, for the quantities pre-
sented in this paper, are less that. 1 standard de-
viation everywhere. Furthermore, no radiative
corrections were applied to the data. A detailed
study involving a proton target showed that they
affect the proton results by, typically, less than
10/g (cf. Tables I and II, Ref. 1); for theneutron
case, much of the effect would come from the ra-
diative tail of elastic p,n scatters. These, how-
ever, are not observed in our analysis anyway,
since they are zero-prong events.

Because of the obstructions around the target
and beam line in the chamber, we lose certain
tracks. A Monte Carlo program assigns to each
tracks, including that of the triggering muon, a
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weight according to known geometry and efficiency
effects. These weights were then used to correct
for event losses for certain multiplicities, as
discussed below.

IV. RESULTS

A. Elastic muon-proton scattering

In order to compare the hydrogen and deuterium
experiments, we use normalization constants e~,
g„, which define the ratio between the total number
of events expected in each experiment for a given
effective total cross section. Using a determina-
tion of the flux by our downstream monitor, we
can extract o~ from the data of Ref. 1, a~ from
the present experiment:

n~= 64.4 events/nb,

o., = 64.8 events/nb .
The study of the elastic channel p.P -pP in both

experiments gives us an independent way of mea-
suring these constants, aside from providing a
general check of our data. Elastic p,p events are
fully constrained kinematically (four-constraint
fits), and are therefore easily picked up by the
kinematics-reconstruction program, SQUAw.
For the case of deuterium, the analogous fit is
pp(s, ) yp(n, ) where n, is a neutron spectator.
Dividing the number of such elastic events for
deuterium by the number seen in the hydrogen
experiment gives us u~ /o. ~, which is the constant
needed for the proton subtraction from deuterium.
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The results, shown in Fig. 1, are in excellent
agreement with the determination from the flux
and target density monitors. The error on our
measurement of o., /o. ~ is 5% (with a 3% error for
o„, 4/o forln~), similar to the estimated system-
atic error in determining the number of elastic
events in deuterium. Figure 2 shows the hydro-
gen data separately, checking the absolute value
lof Ap.

FIG. 2. A comparison of the expected (curve) and re-
constructed number of elastic muon-proton scattering
events for the hydrogen experiment. The expected value
for a bin in Q of width A@2, is e&(do/dQ )A@2. where
the elastic form factors used in calculating da/dq are
given by the dipole formula (1/1+ Qt/0, 71) . The re-
constructed events have been weighted by the geometri-
cal acceptance. No radiative corrections have beeri
made.
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B. Zero-prong events

A zero-prong event i.s an event of the type p.n
—vari+ neutrals. These events are ~0/ picked up
by the scanners. Their fractional occurrence can
be calculated by comparing the total number of
neutron events we see with the number of events
expected according to the known total cross sec-
tion. Denote with 0;, o," the cross sections in
collisions off the neutron with i (one or several)
charged hadrons in the final state, or with no
charged hadrons at all, respectively. In addition,
denote with o~, o the total cross section for colli-
sions with proton or neutron targets. We then
have for a given Q' and W,

FIG. 1. Ratio of the nuInber of reconstructed elastic
muon-proton scatters for the deuterium target exper-
iment as compared to the hydrogen target experiment,
in bins of Q2. The expected value, based on our beam-
flux monito~ and target density measurements, is 1.19
+0.05. The +la and -10 expected values are shown as
dashed lines.

gn "On &n- &n
A=~p= „' —~=(l-f,); 1-x+—

~,

where x = Q'/(W'+ Q') is the Bloom-Gilman sca-
ling variable, f,= &,"/o" is the fractional cross-
section for zero-prang events, and the polynomial
in x is our own parametrization of the measured
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FIG. 3. The calculated zero-prong fraction of the
total neutron cross section for five bins in R'.

ratio for neutron and proton cross sections. ' In
calculating A from the data, the proton cross sec-
tions are obtained from the observed number of
events &n oux' hydrogen target exper lment~ us&ng

e~ for normalization. The neutron cross sections
are similarly obtained from deuterium after sub-
traction of the proton component of the cross sec-
tion.

Solving for f„we find

f =I-R1 —x+—
i0

with an uncertainty, 5f„of0.05 throughout.

C. Average charged-hadron multiplicities

In the ideal case (no visible spectator, all
charged secondaries from the y*n collision yield
visible tracks), for a deuteron target, events off
the proton can be separated from those off the neu-
tron by using charge conservation. In practice,
for our experiment, corrections ~ust be made for
cases where tracks are lost and for cases where

In Fig. 3, we show the result of our evaluation of
f,. It is binned in five W intervals, summed over
a Q' range given by 0.5 & Q' & 4.5 GeV'. Our re-
sults are in good agreement with those of Ref. 8.

As a rule, we will present our data without cor-
rections for the missing zero-prong events, with
primes attached to uncorrected quantities. Where
comparisons with particular data make an inclu-
sion of the correction necessary, we use unprimed
symbols. For the correction, we use for the zero-
prong fraction

0.2(3-W), 2.0&W& 3.0 Geg,
0, 3.0 GeV&R',

the spectator proton is visible in the streamer
chamber. We can, however, assume to good accu-
racy (as determined to 2% inthe hydrogen experi-
ment') that, at most, one track is lost in any given
event. For our configuration, (5*3)%contain vis-
ible spectator protons. An appropriate correction
was introduced for each topology separately.
Based on the above, our analysis assigns, for
each deuterium event, neutron topologies as fol-
lows:

(l) Define: m =number of positive minus num-
ber of negative hadron tracks.

(2) For m ~ 2, we assume the event occurred
on the proton with a negative hadron lost, so the
event is eliminated from the neutron sample-.

(3) For m =1 or -1, we assume the event is a
neutron event with a negative or positive hadron,
respectively, lost. This track is therefore re-
stored in the count of how many hadronie prongs
were produced.

(4) For m = 0, all tracks are assumed to be
seen, and the event is taken to be a neutron event.

The above procedure is, then repeated for the
hydrogen data, using nJ /n~ as a weight, allowing
us to subtract out all those events which, although
defined as neutron event candidates by the above
yrocedure, were actually due to Ij.p collisions.
A special correction is needed for two-prong neu-
tron events where a missing positive hadron caus-
es the event to be rejected by our scanning cri-
teria. The latter requires a 15% correction for
the two-prong cross section, as calculated by
the Monte Carlo track-weighting program. This
is the only case where the Monte Carlo results
are needed.

Using the above procedure, we calculate topo-
logical and total cross sections for neutron targets
for various bins in Q, ' and W, and compare with
our previously published data for proton targets. '
Defining f„=o„jo„„where n = number of charged
hadrons in the final state, we calculate average
multiplicities as follows:

n= ly 8 ~ ~ ~

(n) '„= nf'„(no zero prongs),
N= I ~ ~ ~

(n) „=(n) '„(1-f,) (corrected for zero prongs).

Note that the subscripts for the left-hand side re-
fer to proton and neutron, respectively. We show
in Fig. 4 the Q' dependence of (n) & and (e) '„ for
three bins in O'. There is no statistically signifi-
cant Q' dependence in either (n) ~ or (n) '„ for the
full Q' range of our experiment. To display the
Wdependence, we sum over 0.5&@'&4.5 and dis-
play the results in Fig. 5. For a more meaningful



K. BUÃ5ELI et al.

4.0 "

2.0—
4.0—

2.0 '-

4.0—

3.0—

o proton
e neutron

&n) so ~ og yt Ot
y

3.6&% &4.6 GeV—

I I

2.8 & I& 5.6 GeY

T

I

2 & %&2.8 GeY

(3) in Ref. I, it was shown that the average
multiplicity from a proton target was closely
equal to the values seen in various hadron-induced
reactions. The equality of (n) „and (n) ~ therefore
implies that the neutron target average multipli-
city also agrees with these purely hadronic values.

It is perhaps surprising that the charge differ-
ences in the initial state (P versus n) do not result
in different average multiplicities for the final
state. We return to a quantitative discussion of
this point in Sec. IVE.

0 Topological cross sections
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I
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I

3

FIG. 4. Average charged-hadron multiplicities versus
Q2, in three 5'bands, for p-,p and p-n events. Zero-
prong events have not been corrected for, since the
main point of this figure is the Q2 dependence.

comparison at low 8', the zero-prong correction
has been included for the neutron case in this fig-
ure. It is seen that:

(&) (&)„=(n)~ over nearly the whole energy
range, for 2.0» W~4.6 Gep.

(2) the energy trend of (n)P and (n) „ is compat-
ible with a lns behavior, a result familiar from
purely hadronic reactions.

We now discuss the charged prong, or topologi-
cal, cross sections, which served as input to the
above determination' of (I) ~ „. In Figs. 6-9, we
display the Q' and W dependences of the f„defined
above, the fractional-prong cross sections, for
various binnings. Note that e = odd refers to pro-
ton data, n = even &0 to neutron data. Zero-prong
data were not incorporated in the determinations
shown in the first three figures; Figs. 6, 7, and
8 therefore do not normalize to the full total cross
sections. The last figure, showing the W depen-
dence, has been corrected for zero-prong events.

We observe the following points:
(1) There is no discernible variation with Q'in

our data for either proton or neutron events.
(2) The W trend of the proton data, f„(n=odd),

can be characterized as follows:
(a) f, decreases considerably between W= 2 and

3 GeV, and then flattens out.
(b) f, remains roughly constant over the full W
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FIG. 5. Average charged-hadron multiplicities for

proton and neutron targets versus ln s, for all Q be-
tween 0.5 and 4.5 GeV2. Zero-prong events have been
included in the calculation for the neutron ease, since
this figure gives important comparisons between proton
and neutron targets.

FIG. 6. Fractional topological cross sections versus
Q2 for proton and neutron targets for 2.0 «W ~2.8 GeV.
Zero-prong events have not been corrected for. Filled
points are the analogous quantities measured in photo-
production on a hydrogen target.
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FIG. 7. Fractional topological cross sections versus
Q2 for proton and neutron targets for 2.8 «& %~3.6 GeV.
Zero-prong events have not been corrected for. Filled
points are the analogous quantities measured in photo-
production on a hydrogen target.

FIG. 9. S' dependence of the fractional topological
cross sections for all Q between 0.5 and 4.5 GeV .
Neutron and proton values are shown separately with an-
alogous photoproduction results shown as solid points.
Zero-prong events have been included for the neutron
case.

range.
(c) f, opens up with phase space available and

then also flattens.
(d) f„ for n ~7, not shown in the figure, is in-

significant over our W range. Its phase space is
just starting to open up at our highest W values.

(3) The fractional neutron cross sections, f„
(n = even), show the following pattern:

(a) f, decreases rapidly to zero between W = 2
and 3 GeV (cf.Fig. 3).

(b) f, decreases slowly over the full W range.

(c) f, increa. ses with the available phase space.
(d) f, opens u.p with phase space.
(4) There are considerable differences in f, and

f, when compared with photoproduction data. '
These have been described in detail in Ref. 3..

As an overall result, we find again, as in the
proton case before, a remarkable constancy of-
fractional-prong cross sections with photon
"mass-squared" Q'.

E-. Discussion of results on |la & and f„.
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The data in Sec. IV C have shown that the
charged-hadron multiplicities for both neutron
and proton targets are closely similar. At first
sight this result may appear surprising, since
the proton initial state'has one extra unit of
charge. In this section we show qualitatively how
such a result can plausibly arise.

Consider the various possible ways in which the
initial-state baryon (protori or neutron) may
emerge in the final state. Ignoring strange baryon
and baryon-antibaryon production, which are
small at our energies, we ddfine
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as exchange channels.

Wp ~p+ ~ ~ ~

as direct channels,y+s~B+~' '

FIG. 8. .Fractional topological cross sections versus
Q~ for proton and neutron targets for 3.6 a%«~4.6 GeV.
Zero-prong events have not been corrected for. Filled
points are the alialogous quantities measured in photo-
production on a hydrogen target.

The separation into direct and exchange channels
is a useful distinction since these receive contri-
butions from different particle exchanges in the
simplest cases. For example, for the lowest mul-
tiplicities in p.n and p, p reactions we have



p +P ~PS'
, leading exchange: &u' (natural J~),

P +8 ~tl'tl

y leading exchange: m (unnatural J+) .
p +g ~PS

Therefore the cross section for these will be
quite different.

At this point we make t&o simplifying assump-
tions, not because they are particularly justifi-
able, but only to provide an illustration of a pos-
sible multiplicity relation between neutron and

proton targets. The assumptions are negligible
strange-particle production, and negligible effects
of the isospin interference terms that arise from
the mixed isospin character of the photon. If
these assumptions were valid, then the two direct-
channel processes would have equal cross sec-
tions, reaction by reaction, as would the two ex-
change-channel processes. If the direct channels
dominated, it would follow that (n) ~

= (n) „+1. On
the other hand, if the exchange channels domi-

hated, (n)~=(n)„—1.
Experimentally, photoproduction results yield

(n) p
—(n) „+2~ while our experiment at Q + 0

gives (n) ~
= (n) „. One would conclude then that

m photoproductxon the direct chmnels dominate,
while for Q'e 0 'our observations imply that direct
and exchange processes are approximately equal.

This illustrative example has shown how an
equality of the charged multiplicity from proton
and neutron targets could arise from the effects
of direct and exchange reactions. However,
strange-particle production, and isoscaJ.ar-iso-
vector interference terms could both have effects
on the multiplicity relation. To di.sentangle the
relative importance of these processes would re-
quire considerably more detailed inform'ation
about many exclusive reactions.
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