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Inclusive m production in 250-Gev/c rr p interactions
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Neutral-pion production in 250-GeV/c m p interactions are studied using the Fermilab
15-ft bubble chamber. The mean number of neutral pions produced is 3.54+0.15 per ine-

lastic collision and a fit to a linear dependence on the charged multiplicity gives (no) =
1.30 + 0.56 n . The m transverse- and longitudinal-momentum distributions are ob-

tained from the inclusive y-ray data and compared with the distribution obtained from

those n. 's which have both decay y rays converting in the bubble chamber.

I. INTRODUCTION

We present here some results on inclusive
neutral-pion production in 250-GeV/c m p interac-
tions. The experiment was carried out in the Fer-
milab 15-ft bubble chamber and contains the
highest-energy pion-induced bubble-chamber data
so far available. A number of experiments at
lower energy' have established that the mean
number of neutral pions is roughly proportional to
the number of charged prongs in an event and that
the neutral-pion momentum distributions are an
average of the charged-pion momentum distribu-
tions. Our results confirm and extend these
lower-energy trends.

Because of the relatively large size of the Fermi-
lab bubble chamber the y-ray converison probabili-

ty is —14%%uo and enables a statistically large sample
of y-ray conversions to be obtained. As a conse-
quence it is possible to make semi-inclusive mea-
surements of multiplicity and momentum distribu-
tions, but that work is left for future publication.
Instead we concentrate here on inclusive processes.

II. EXPERIMENTAL DETAILS

The details of the experimental setup and scan
procedures have been previously described. The
total exposure consisted of 40337 frames of which
31 770 were acceptable on the basis of beam-track
count and picture quality. A total of 22330 events
were found inside a fiducial volume of 2.81+0.02
m; and associated with these events were 12565 y
rays (G), 2505 neutral strange particles (V), and
12545 ambiguous two-prong neutral secondaries
(A). Subsequent measurements and kinematic fit-
ting of these ambiguous secondaries revealed that

-90% were actually y-ray conversions. The total
number of GA vertices found in the experiment
was 25 110. Of the 22330 events, 9617 had no GA

vertex, 5936 had one GA vertex, and 6777 had at
least two GA vertices associated with the primary
interaction.

As explained in Ref. 2 approximately 15% of
the film was double scanned, with discrepancies be-

ing resolved by a conflict scan. Because the exper-
iment was an engineering run for the bubble
chamber the film quality was poor and several re-
gions of the Chamber, such as around the edges of
the piston, were at least partially obscured due to
formation of dirt and ice on the Scotchlite. As a
consequence the scanning efficiency was found to
be only -92% for primary vertices and -77%
for GA vertices.

The original motivation for the experiment was
to search for charmed-particle production in events
with visible strange-particle decays. This event
sample, which is the only data sample to be corn-
pletely measured, has been published previously.
Neglecting a small number of two-, four-, and six-
prong events which were completely measured, the
measurements basically involved measuring only
the GA vertices and the beam track. Thus, in or-
der to compare our results on neutral-pion produc-
tion with charged-pion results we cannot use the
charged-pion momentum distributions in order to
simulate the neutral-pion distributions as some oth-
er experiments have done. Instead, we derive the
neutral-pion momentum distributions from the
measured y-ray distributions.

The strange-particle measurements were made at
Fermilab using home-built manually operated
measuring machines with 60' magnification and
a least count of 1.27 pm on the film and at Florida
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State using MicroMetric image plan machines

equipped with optically encoded digitizing arms
which had a 25& magnification and a least count
of 45 pm on the table. Based on a sample of
-2000 noninteracting beam tracks the Fermilab
measurements yielded residuals —11 pm on film,
while the Florida State measurements were 50%%uo

worse.
The measurements were processed by the HYDRA

system of geometrical-reconstruction and
kinematic-fitting programs, specifically designed
for handling large bubble chambers with fisheye
optics and rapidly varying magnetic fields. After
completion of remeasurements it was found that
—12'Fo of the events did not fully reconstruct gen-

erally because of primary vertex failures.
The following hypotheses were attempted for the

two-prong neutral secondary vertices:

y+(P spectator)~(P spectator)+e+e

y~e+e

Ks0

A~pm

A~pm+,

where the parentheses indicate that the particle was
not seen. Both one-constraint fits and three-
constraint fits with the neutral particle constrained
to come from the primary vertex were attempted.
Only 27% of the GA vertices fit one and only one
hypothesis. In resolving ambiguities we preferred
three-constraint fits to one-constraint fits. Ambi-
guities between different hypotheses of the same

constraint class with similar 7 confidence levels
were broken on the basis of the distribution of
momentum (qT) of the decay products transverse
to the neutral particle direction. This distribution,
which should peak at 0.0, 0.1, and 0.206 GeV/c
for y, A or A, and Ez, respectively, is plotted in
Fig. 1 for a small sample of events which fit the
respective hypothesis. We see that 95%%uo of the y
rays have transverse secondary momenta less than
0.025 GeV and that they constitute the largest con-
tamination in the A, A and K~ plots. We have
therefore selected all neutral two-prong secondaries
with qT &0.025 GeV/c as y rays.

Approximately 70% of the events with at least
two GA vertices were measured but, since the
motivation was to study m production, only
—14% of the single GA events were measured.
Given a 15% loss rate (12% from geometry
failures and 3% for fiducial volume cuts) we are
left for further analysis with 4824 events with
11911 GA vertices, 10238 vertices of which fit
some kinematic hypothesis. The 14% of GA ver-
tices which give no kinematic fit are mismeasure-
ments of one sort or another and as best we are
able to determine constitute an unbiased subset of
GA vertices.

In order to properly express our results we must
associate with each y ray a weight which incor-
porates among other things the momentum-
deperident y-ray conversion probability. This con-
version weight, obtained from a linear interpolation
of conversion length, 1,(q), calculated by Knasel, 5 is
given by the expression

g7 (I) 1/[ min c e max c ]
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FIG. 1. Measured transverse momentum of a secondary particle with respect to the incident neutral for those vees
which fit y, Eq, or {A,A) hypotheses.
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I;„and I,„, respectively, represent the shortest
and farthest distances from the primary vertex that
a y-ray conversion can occur whose measurement
will be accepted for further analysis.l,„ is determined by the requirement that the
y-ray conversion be at least 45 cm from the wall of
the bubble chamber in order to have enough track
length for the electron-positron pair so that the p-

ray momentum can be determined with reasonable
accuracy. l;„ is equal to 10 cm. This potential
length cut to remove y-ray conversions close to the
primary vertex is made in order to eliminate a pos-
sible bias favoring low-momentum conversions,
which are more easily identified by our scanners.
(The high-momentum conversions are often lost in

the forward jet of secondary particles. ) We have

noted a slight decrease in the number of GA ver-

tices between 10 and 35 cm from the primary ver-

tex and, observing no strong momentum bias in

this sample, correct for this loss as a function of
distance by the weight factor
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FIG. 3. Mean number of neutral pions per inelastic

event as a function of the number of charged pions.

151 351+645 y rays produced in the experiment.
If y rays arise solely from m decay the inclusive

cross section is 75.7+3.2 mb, which corresponds
to 3.39+0.14 m /event or 3.54+0.15 ~ /inelastic
collision. The largest contribution to the uncer-

tainty is due to the determination of the scanning
efficiencies for y rays (-2%). In Fig. 3 we

display the mean number of v 's as a function of
the charged particle multiplicity for inelastic col-
lisions. A fit of the form (n ) = /3+an to the
data gives

W(x) = I /(a +bx),

where a = 0.37+0.08 and b=0.018+0.003 cm
An additional weight factor to compensate for
geometrical reconstruction and kinematic fitting
must also be applied. The distribution of weights
for the y-ray conversions is shown in Fig. 2. The
mean weight per y ray is 26.2+0.11 of which
7.17+0.04 is the mean conversion weight and
3.66+0.09 is due to losses at the various processing
stages.

(n ) =1.3+0.2+(0 56+0 .04)n.

The slope parameter a is consistent with the trend
reported by Whitmore' indicating an increase with

incident momentum. However, it is not clear from
the data that the linear fit to (n ) gives an ade-

quate description of the data.
The multi-y events have been used to calculate

the y-y invariant-mass distribution which is shown

in Fig. 4. A prominent peak in the m mass region
(110—150 MeV/c ) is observed. The curve in Fig.
4 represents a Gaussian-plus-fourth-order-poly-
nomial background. After background subtraction,

III. RESULTS

Given the weight for each y ray we can compute
the mean m multiplicity. There are 5769 y rays
with a mean weight of 26.2+0.11 giving a total of
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FIG. 2. Distribution of conversion weights for y rays
which yield three-constraint fits.

FIG. 4. The y-y invariant-mass spectrum. The curve
is a fit to a Gaussian-plus-polynomial background.
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the excess events correspond to an inclusive m.

cross section of 70.8+8.3 mb, in good agreement
with the cross section obtained from the inclusive

y-ray cross section. If we take the one bin fluctua-
tion in the 0.56—0.57 GeV/c bin of the y-y mass

plot to be the result of g production, it would cor-
respond to a cross section of 0.45+0.34 mb.

In Fig. 5(a) we display the y-ray longitudinal-
momentum distribution F(x), where

F(x)= f dpT~ .
rr s dpT dx

The y-ray transverse-momentum distribution
d o/dpT is shown in Fig. 6(a). and the y-ray ra-

pidity do/dy is shown in Fig. 7(a). The corre-

sponding distributions for the m are shown in

Figs. 5(b), 6(b), and 7(b). We wish to show that
these momentum distributions are consistent
within statistics and to find a suitable parametriza-
tion for the m cross section over the range of
kinematic variable for which we have adequate
data. Because the number of y pairs from the
same m which are detected in the bubble chamber
is quite low (there are some 377 pairs with mass
between 0.12 and 0.15 GeV/c in our experiment)
the m. momentum distributions can be better deter-
mined by using the inclusive y-ray momentum dis-

tributions. Kopylov has shown that for any single
y-ray momentum component q; the corresponding
m. momentum component p; is given by

00 X(p;)dp;
N(q;)=

q; —M 2/4q; (M +p.2)

The y-ray transverse-momentum distribution is re-
lated to the m transverse-momentum distribution

by the expression

00

Itt (qT ) qT I +(PT )+(t(PT»s(qT ) )dPT
qT —M /4qg

where

E(t,s)=2M du[(sinh t —sinh u)(e "—e ')]
S

and

t(PT)=In[(PT+E)/M ], s(qT)=ln(2qT/M) .

As a practical matter following this prescription
involves assuming a functional form for the m dis-

tributions and adjusting the parameters so as to
give the best fit to the y-ray data. Unfortunately
the longitudinal- and transverse-momentum com-
ponents of the parent m 's are separated through
use of this approach and the m. invariant cross sec-
tion cannot be obtained.

Other authors have taken a suitable combina-
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Transverse Momentum Distribution from 250 GeV/c 7r p Interactions
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FIG. 6. (a) The y-ray transverse-momentum distribution. The curve results from a simultaneous fit to this distribu-
tion and to the I'(x) distribution. (b) The ~ transverse-momentum distribution. The curve is obtained from the fit to
the inclusive y-ray data.

tion of n+ and n momentum distributions to
represent the m production spectrum and show
that the observed inclusive y-ray distributions are
consistent with having resulted from the decay of
m 's produced with that spectrum. Because we
have not measured the inclusive charged-pion cross
sections we cannot adopt this approach.

We choose instead to consider the reaction

as

dS, 2~s, r(c l,2)

(s, —m 2}2+m ~r2

XTr(pA')o, dpu(s&«pi«pz) «

AB~ CX

1,2'

the invariant cross section for which can be written

where p and A are the production and decay densi-

ty matrix elements for particle C, and dpL& is the
Lorentz-invariant phase-space element. For the
n. ~y~yq decay, Tr(pA') is a constant, and taking
the narrow-width limit we can write

d~ da
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If we neglect the mass of the m so that the pro-
duced y rays are collinear with the n. then, per-
forming the m angular integration yields

d0 f' do d z
Ey 3

——2 g" ~ E~
5'y

where z=p&/p~. The observed y-ray transverse-

and longitudinal-momentum distributions can be
fitted simultaneously to better determine the
parameters of the m invariant cross section. Thus

given pr ——(pTr, pL &) one can find E der/
d p (pl.„/Z, pT /Z).

We parametrize the m invariant cross section by

the form

2E d + BpT —cx=He e
~Ms dpr'dx

where x=2@1*/s, pL being the m cm longitudinal

momentum. Because the distribution E(x), which

is the integral of the invariant cross section, is not

symmetric about x =0, we have actually used two

parameters C+ and C for the forward and back-

ward dependence. The values of the parameters,

obtained by simultaneously fitting the X and p~
distributions, are

The curves resulting from this parametrization are
shown in Figs. 5(a) and 6(a). The X /DF is ap-
proximately 1. The n. distributions obtained from
these fits are plotted in Figs. 5(b) and 6(b). Good
agreement with our statistically poor m. data is evi-
dent. Using this same parametrization the y-ray
and m rapidity distributions have been calculated
and are plotted in Figs. 7(a) and 7(b). The agree-
ment is reasonable and could be made better by in-
corporating the y-ray rapidity distributions in the fit.

We have attempted without much success to use
other parametrizations, as, for example, have been
suggested by Taylor et al. , for the m invariant
cross section. Most of these parametrizations ap-
ply to regions of transverse and longitudinal
momentum higher than those in which the bulk of
our bubble-chamber data occurs. The large
amount of data at low pr and low X may result
from ~ production via the decay of heavier reso-
nances such as p, f, etc.. In Ref. 2 we reported
on attempts to fit the charged-particle multiplicity
distributions using two component models with a
low-multiplicity diffractive component and a
higher-multiplicity nondiffractive (cluster) com-
ponent. Clusters with -2 charged particles were
necessary to account for the charged multiplicity
distribution. We would expect a similar situation
for neutral-pion production.

The actual functional form used in the fitting
procedure has no particular significance. Other
forms may fit as well. The good agreement be-
tween the m distributions obtained from the in-
clusive y-ray data and the measured ~ distribu-
tions demonstrate that in the bubble chamber the
neutral-pion differential cross sections can be ob-
tained directly from the inclusive y-ray data.
What is needed is a higher-statistics experiment in
the low-X, low-pT kinematic region in order to
better determine the m differential cross section.
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