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The processes 7 ~p — (neutral hadron) + X and 7~ Ne—(neutral hadron) + X at 200 GeV/ ¢ have been studied
and compared by examining the secondary collisions of neutral hadrons in a bubble chamber. The results are
satisfactorily explained in terms of n and 7 production. The observed 7 production rates are 0.10 = 0.04 per
inelastic 7 p collision and 0.07 = 0.03 per inelastic =~Ne collision. No evidence for new long-lived neutral

hadrons is found.

I. INTRODUCTION

During the past few years, a great deal of ex-
perimental and phenomenological work has been
devoted to the properties of neutral-particle pro-
duction in high-energy collisions. The experi-
mental work has been concentrated on those neutral
particles (y,7° K° A°) which produce readily iden-
tifiable signatures. Neutron production has been
reported only in a few/instances in proton-induced
reactions,’? and not at all in pion-induced re-
actions. There exists no experimental information
on antineutron production at high energies. The
intriguing possibility of the production at high en-
ergies of a long-lived (107% sec) neutral hadron
(with or without “charm” or “color” quantum num-
bers) also remains unexplored.

In the present experiment we have investigated
the production of » and » particles, and have
searched for the presence of any other long-lived
particles by studying the following reactions at
200 GeV/c:

77p - (neutral hadron) +X,

7-Ne- (neutral hadron) +X,

where the neutral hadrons are observed by their
subsequent hadronic interactions. No evidence for
the existence of a new long-lived neutral hadron is
found. The data are interpreted satisfactorily in
terms of the inclusive reactions

Tp-nX
-nX,
7" Ne—-nX
-nX.

In addition to the inherent interest in» and 7z
production, the present study provides interesting
comparisons between production from a nucleon
target and production from a nuclear target at high

energy.
The results are based on a 50000 picture ex-

posure of the Fermi National Accelerator Labora-
tory 30-in. bubble chamber filled with a mixture

of H, and Ne consisting of 31 molar percent Ne.
The probability of detecting a neutral hadron in this
mixture is approximately three times as large as
for a pure H, fill.

II. FILM ANALYSIS PROCEDURES

A. Film sample and interaction region

In order to obtain a clean sample of photographs,
a photograph was rejected whenever any nonbeam
track entered the interaction region or whenever
there were two or more beam interactions within
the interaction region. These cuts were quite ef-
fective in minimizing possible confusion arising
from neutral hadrons produced anywhere upstream
of the interaction region or from multiple beam
interactions in a frame (see Sec. II C below). Ap-
proximately 30000 of the 50 000 photographs sur-
vived these cuts and were then scanned at a mag-
nification of 1.4 times life size.

The interaction region for the 7~ beam was
chosen to be 25 cm long. This choice allowed an
average length of about 50 cm for determination of
the multiplicity and charge information from the
crowded forward tracks.

B. Separation of events into 77p and n'Ne collisions

A total of 5047 7~ beam interactions were found.
For each event the scanner recorded N,, the num-
ber of heavily ionizing tracks (mainly protons hav-
ing p,,, <1.0 GeV/c), and n,, the number of
“shower” tracks (minimum ionizing tracks plus
identified pions). The shower-track curvatures
were then used to count the number of positively
and negatively charged shower tracks, n, and n_.
A small fraction of the shower tracks were too
energetic (plab 275 GeV/c) to assign charge, but
this was not a serious problem.?

A separation into 77p (hydrogenic) and 7 ~Ne
(neonic) events was then made. Hydrogenic events
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were required to have even multiplicity, net charge
consistent with zero, and either 0 proton or 1 pro-
ton having a track length and production angle
kinematically consistent with a 77p collision. Of
the 5047 events, only 187 (2%) were unclassifiable
because of a close secondary interaction or some
other problem. Of the remaining 4860 events,
1747 were classified as hydrogenic and 3113 as
neonic. On the basis of the known liquid composi-
tion and the known total cross sections, we expect
that 1361 of the hydrogenic events are true 77p
interactions. The excess hydrogenic events are
predominantly 7~ collisions with a peripheral nu-
cleon in the Ne nucleus, where the remainder of
the nucleus acts as a “spectator.” These periph-
eral collisions appear to have the same properties
as 77p collisions, and we assume that their inclu-
sion causes no significant bias. For all distribu-
tions presented in this paper, an overall normal-
ization correction has been applied to compensate
for this misclassification between hydrogenic and
neonic events.

A test of the separation procedure is shown in
Fig. 1, where we compare the multiplicity distri-
bution of the hydrogenic events with the published
7m7p result at the same energy.* Since no signifi-
cant differences are seen at any multiplicity, we
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FIG. 1. Charged multiplicity cross sections for the
selected hydrogenic events (circles), compared to the
published results of Ref. 4 at 7°p at 200 GeV/c (squares).
An overall normalization correction has been made to
the data from the present experiment.

conclude that the separation procedure is quite
reliable.

C. Scan procedure for neutral hadron interactions

The 4860 photographs corresponding to observed
7~ interactions were then rescanned for the pres-
ence of “hadron stars” (produced by the inter-
action of a neutral hadron) anywhere within the
chamber. A second scan for hadron stars, done
over 30% of the sample, established a scanning
efficiency of 93% for finding the stars. One-prong
stars and two-prong stars with zero net charge
(V’s) were excluded. The average potential length
for observing a star was 45 cm. For each star
found, the scanner recorded n, and N, at the star
vertex, and measured the projected production
angle of the neutral particle in two views.

The scan results, together with various cuts and
corrections, are summarized in Table I. A total
of 491 star candidates were recorded. Of these,
432 survived cuts on the chamber volume and were
subsequently examined at the scan table by a phys-
icist in an effort to ascertain the production origin
of each star candidate. The only significant am-
biguity of hadron-star origin was caused by sec-
ondary interactions of outgoing charged particles.
A total of 312 stars were classified as having a
clean or probable association with the primary
vertex, 40 stars were rejected as unassociated
with the primary vertex, and 80 stars were clas-
sified as having an ambiguous origin. Of the latter
category, it is estimated that 34 are associated
with a primary interaction and that 46 are asso-
ciated with a secondary interaction on an outgoing
track.

A special scan to search for random hadron
stars arising from undetected interactions in or
upstream of the bubble-chamber window was also

TABLE I. Summary of scan results for neutral had-
ron stars.

Number of observed hadron stars 491
Number surviving chamber volume cuts 432
Classification of surviving stars:

Clean or probable association 312

Ambiguous association 80

Rejected as unassociated 40
Corrections:

For loss due to ambiguous association 34

For loss due to scan efficiency 24
Corrected number of hadron stars in

the data sample (312 +34 +24) 3702
Number from 77p interactions 1002
Number from 7~ Ne interactions 2702

2 These are the corrected number of observed hadron
stars caused by z, %, K, K°, or other neutral hadrons.
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performed on a sample of 5000 photographs having
no beam interaction in the interaction region.
(These 5000 photographs formed a subset of the
30000 clean photographs mentioned in Sec. IIA.)
Two such random hadron stars were found. We
conclude that this is a negligible background for
the present experiment which uses a 7~ beam.

III. RESULTS AND DISCUSSION

A. Kinematical considerations of the variable n

The laboratory production angle, 8, of each
hadron star has been reconstructed from its pro-
jection in two views. The analysis of the data has
then been done by using the variable n, defined as

= —In(tan36).

A few kinematical aspects of the variable n should
be noted. For zero-mass particles, 7 is identical
to the laboratory rapidity, y,,. The approxima-
tion, n=~y,,, is quite good for 7 mesons. However,
for higher-mass particlesn is shifted to highervalues
by an amount which depends upon the transverse
momentum of the produced particle. This is il-
lustrated in Fig. 2, where we display curves of n
versus jy,,, for neutrons produced with various val-
ues of p,. Although a given value of 5 is seen to
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FIG. 2. Kinematical relations between the variable
1 and the laboratory rapidity, y,,, for neutrons (or
antineutrons) produced with the indicated values of
transverse momentum. The dashed curve shows the re-
lation between 7 and the average rapidity, ypp, for this
experiment (see text). The upper scale also shows the
correlation between 7 and the average laboratory momen-
tum of the neutron.

span a range of values of y,,,, the average rapidity,
Y, Can be computed if the transverse momentum
distribution is known for the produced particle.
The dashed curve of Fig. 2 shows y,,, versus g for
neutrons produced in the present experiment. This
curve has been calculated by assuming a trans-
verse-momentum distribution proportional to
exp(-4p,?), consistent with published results.>®
The same calculation also provides the corre-
spondence between 7 and p,,, for the produced neu-
trons, as indicated by the upper horizontal scale
in Fig. 2. Note that on the average the zero of
Yem. COrresponds to 7 =4.0 and to py,, =10.0 GeV/c
for neutrons (or antineutrons) produced in the
present experiment.

B. 7 distributions

The observed n distributions for both the 77p and
7~Ne events are shown in Fig. 3. The solid curves
are estimates of the expected contributions from
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FIG. 3. Observed 7 distributions for hadron stars
from (a) 7°p events and from (b) r~ Ne events. The av-
erage values of the laboratory momentum versus 7,
shown by the arrows, are computed by assuming the
neutral particle to be a neutron. Detection efficiencies
are not reliably known to the left of the vertical shaded
bar. The expected K° and K° contributions are shown by
the solid curves (see text). The shaded events are those
for which a proton track is identified by track density.
(c) Ratio of the number of hadron stars per 7~ Ne inter-
action tothat per 77 interaction (K°andK° stars removed).



K°- or K°-induced stars, made on the basis of a
Monte Carlo calculation which simulated known
K° and K° production properties’ *° and the effects
of the finite chamber volume. These calculations
indicate that 24% and 30% of the hadron stars from
7~p and 7" Ne collisions, respectively, are caused
by K° or K° interactions. The contributions ex-
pected from A°- or Z°-induced stars have been
ignored.'’ The major portion of the hadron stars,
therefore, are produced by neutral particles other
than K°,K°, or A°.

There are several interesting features to be
noticed in Fig. 3 assuming for the moment that the
observed hadron stars are produced by neutrons
and antineutrons. Production in the backward
center-of-mass hemisphere (n<4) is clearly seen
to be much larger than in the forward hemisphere.
However, ~25% and ~20% of the observed stars are
produced in the forward hemisphere (p>4) for .
77p and 77 Ne interactions, respectively. It seems
unlikely that such large percentages can result
solely from neutrons produced by target fragmen-
tation. Both the 77p and 7"Ne events in the forward
hemisphere occur within about 1 rapidity unit of
the zero of y.,,, and both data are consistent with
no long-lived neutral particles being produced in
the beam fragmentation region (when K° and K° are
removed). These features can be understood if
there are two distinct contributions: (1) an» com-
ponent from target fragmentation, and (2) smaller
components of # and # arising from NN pair pro-
duction in the central region of rapidity (-=1= yem.
= 1). A quantitative interpretation of the data in
terms of these contributions is made in Sec. IIID
below.

There are two pieces of direct evidence to sug-
gest that NN production is important. First, the
shaded events in Fig. 3(a) are 77p events which
have a visually identified proton at the primary
interaction (laboratory momentum less than 1.0
GeV/c). Therefore, the hadron star in these
events cannot be caused by a neutron originating
from a charge-exchange reaction. (Only 25% of
the shaded events are expected to be K°or K° stars.)
Second, we find three examples from the 77p
events and nine from the 7”Ne events where two
hadron stars are observed in the same event. (A
total of only four of these cases is expected to
arise from events having a K° or K° star.)

A direct comparison between the production from
7~ Ne versus that from 77p is made in Fig. 3(c),
where we have plotted the ratio of neutral-hadron
production per 7 "Ne collision to that per 77p col-
lision (K° and K° removed). In going from the
central region to the target fragmentation region,
the production from the nuclear target gradually
becomes more important than that from the nucleon

14 PRODUCTION OF n AND # IN n"p AND 7" Ne... 1193

target. This trend can be simply understood by
noting that on the average more than one nucleon
participates in a nuclear collision.

C. Shower-track multiplicities at the star vertex
and at the primary vertex

For each bin of n, we have measured the average
shower multiplicity at the star vertex, n,. Follow-
ing the method outlined in Sec. III A above, we also
computed ﬂab, the average laboratory momentum
of the neutral hadron (assumed to be a neutron or
antineutron). The dependence of 7, on p,,, (see
Fig. 4) is found to be consistent with the relation

7,=0.17+1.931np

over the interval 2<p,, < 25 GeV/c. The loga-
rithmic growth of multiplicity with bombarding
energy agrees well with what is expected from
previous work. For comparison, the average
charged multiplicity for pp interactions above 6

GeV/c is given by!?

(en)pp = —0.75+1.51np,, .

We note that for a given p,,,, the values of n, are
expected to be somewhat larger than the values of
(rey)p» because the neutral hadron stars occur pri-
marily on Ne nuclei.!* The observed behavior of
n, serves as a valuable check of our overall pro-
cedures.

It is of interest to see whether the shower multi-
plicity at the primary vertex depends upon whether
or not a hadron star is produced. In Fig. 5, we
display ng at the primary vertex for various bins
of 0, both for 7~"Ne interactions (solid squares)
and for n7p (open circles). The overall average
multiplicity of shower tracks produced at the pri-
mary interaction for events having an associated
hadron star is 9.1+ 0.3 for 77p events and 12.7
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FIG. 4. Average shower multiplicity at the star ver-
tex versus the average value of p,, . The values of p 1,
are computed by assuming the neutral hadron to have
the mass of a neutron (see text). The dashed line is a
fit given by 75 =0.17+1.93 Inpy,y, .
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+ 0.4 for 7"Ne events. These numbers are inde-
pendent of n and are significantly higher than the
corresponding values, 6.9+0.1 and 9.6+ 0.1, for
all events. This result would seem to imply that
collisions which produce relatively energetic » or
n particles are more violent than the average col-
lision, and therefore usually lead to a higher than
average multiplicity.

D. Interpretation of results in terms of # and 7 production

A quantitative interpretation of the data has been
made by using a Monte Carlo simulation to evaluate
the » and # detection probabilities and to unfold the
Ye.m. Spectrum from the n spectrum. In the calcu-
lation, the particles were generated by assuming
a transverse-momentum distribution proportional
to exp(-4p;°), as discussed in Sec. IIIA. The
average probability of a subsequent detectable
star within the scanning volume was evaluated from
the known geometry and from the known absorption
cross sections.'*"'® The resulting average » and 7
detection probabilities for the present experiment
are shown in Fig. 6. At low energies, antineutrons
are more readily detected than neutrons because
of the annihilation processes. In the regionnz2
(corresponding to p,, = 2 GeV/c), the calculated
detection probabilities are quite reliable.

Unfortunately, there is no easy way to distinguish
individually » stars from #n stars because they
usually look similar in the bubble chamber. How-
ever, a range of estimates for separate n and n
production has been made by considering two sets
of assumptions (case 1 and case 2). For both
cases, we assume that all the hadron stars are
caused by nor 7% (when K°and K°are removed) and that
the # component arises from a nonfragmentation
process that is symmetric about the zeroof y .
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FIG. 5. Average shower multiplicity at the primary
vertex versus 7 for events having an associated hadron
star. The 7~ Ne events (solid squares) and the 77p events
(open circles) have average shower multiplicities of
12.7+0.4 and 9.1+0.3, respectively, as indicated by the
dashed lines.
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FIG. 6. Average detection probabilities for » and #
versus the variable 7 for the present experiment.

For case 1, we further assume that the » contri-
bution from target fragmentation is negligible for
Yem. >0, whereas for case 2 we assume that 5% of
all target fragmentation occurs in the region y .
>0, consistent with data at low energy.’

In Fig. 7, we show the n-production cross sec-
tions derived from the n distributions using the
calculated detection probabilities and the assump-
tions outlined above. The solid circles refer to
case 1 and the broken circles refer to case 2. The
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FIG. 7. Estimates for » and z production cross sec-
tions for (a) m~p and (b) =~ Ne interactions. The solid
circles and broken circles, respectively, represent »
production for the assumptions of case 1 and case 2
(discussed in the text). The corresponding # production
is given by the solid (dashed) hand-drawn curve for
case 1 (case 2). The error bars represent statistical
uncertainties. Detection efficiencies are not reliably
known to the left of the vertical shaded bar.
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range of values spanned by the two cases are with-
in the statistical errors of this experiment. The
corresponding estimates for # arising from NN
production are shown as smooth curves (solid
curve for case 1, dashed curve for case 2). This
analysis gives 0.10+ 0.04 n per 7™p collision and
0.07+ 0.03 # per n”Ne collision. These values are
slightly larger than, but consistent with, the re-
ported value of 0.05+ 0.01 p per pp collision at the
same center-of-mass energy.®

The conclusion of this analysis in that the ob-
served neutval hadvons ave n and n produced by (1)
fragmentation of the tavget, and (2) NN production
in the central region of rapidity. We note that the
production rates (per collision) from a nucleon
target and from a nuclear target are nearly equal
in the forward hemisphere. Another interesting
result is the absence of any substantial long-lived-
neutral-particle production in the beam fragmenta-
tion region (1<y,, <3). Assuming equal # and p
production at high energy, the results quoted in
the preceding paragraph imply that the production
of any new neutral hadron having an interaction
cross section comparable to that of a neutron is
smaller than about 0.05 particles per event in the
region y ., = 0.

IV. SUMMARY

The main results of the experiment are as fol-
lows.
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(1) The observed neutral hadron stars can be
satisfactorily understood in terms of » and # pro-
duction.

(2) The » and n production appears to be the re-
sult of both target fragmentation and NN produc-
tion in the central region of rapidity.

(3) The production rates of antineutrons in the
central region of rapidity are 0.10+ 0.04 # per 77p
collision and 0.07+ 0.03 # per n~Ne collision, con-
sistent with being equal.

(4) By comparing with p production in pp colli-
sions at the same energy, an upper limit has been
found of 0.05 particles per collision for the pro-
duction of any new long-lived (21078 sec) neutral
hadron, provided such hadrons have interaction
cross sections comparable to that of a neutron.

(5) The events with associated hadron stars have
average shower-track multiplicities roughly 30%
higher than the average for all collisions. This
result holds for both 77p and 7~ Ne.
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