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Neutral-pion production in pp interactions has been studied using 8000 photon conversions in the Fermilab

15-ft bubble chamber. Inclusive m multiplicity moments and me correlation integrals are presented; f, is

determined to be +3.0+0.8. For the semi-inclusive m multiplicity distributions we find (n(m ))„ to
increase with n, while the dispersions are n independent. Results on f 2 J 2 and f, „are compared to
predictions of simple cluster models.

I. INTRODUCTION

Progress toward understanding high-energy
multiparticle production has been hindered by a
paucity of correlation measurements involving
neutral pions. P revious experimental investi-
gations of the neutral component of multipion pro-
duction at Fermilab energies have been limited
either by the low (-1.5%) photon-conversion ef-
ficiency of the bare 30-in. hydrogen bubble cham-
ber, or by solid-angle restrictions in counter ex-
periments.

We have used the Fermilab 15-ft Bubble Cham-
ber, filled with liquid hydrogen and exposed to a
beam of 300-GeV/c protons, to study inclusive
and semi-inclusive production of photons from m'

decays. We report the first results obtained at
Fermilab energies on m' multiplicity moments and
correlation integrals involving two or more neu-
tral pions, as well as new measurements of the
inclusive m' cross section and the average inclu-
sive and semi-inclusive m multiplicities. Where-
ever possible, our values are compared to pub-
lished data from experiments performed both at
Fermilab and at lower energies. ' '

II. EXPERIMENTAL PROCEDURE

A. Film exposure

Primary proton-proton interactions, photon
conversions, and neutral-particle decays were
recorded in 23 000 triad photographs obtained with
the Fermilab 15-ft Bubble Chamber exposed to a
beam of 300-GeV/c protons. An average of 1.4
protons per picture were incident upon the scan-

ning fiducial volume; 11 500 primary pP interac-
tions and 19 000 vees (photon conversions and neu-
tral-particle decays) were found. The entire film
was scanned twice, with the resulting scanning ef-
ficiency of 0.99+0.01 for the primary interactions
and & =0.97+0.01 for the vees.

All vees recorded in a frame containing one or
more primary interactions were measured on
Vanguard film-plane digitizers with projected im-
ages about half life-size and were processed us-
ing the geometric-reconstruction program YVGP
and the kinematic-fitting program SQUAW. For
each vee, fits to the following hypotheses were at-
tempted:

+
~+~Speetatp1' e + ~ +~epeetatpa' &

+~+ g tptpg + + ~gp~tg, tpg)

K -m'+ m,

A'-p+ g,

A -w++P.

After four measuring passes 63.5/0 of the vees
yielded 3-constraint (3C) fits to production ver-
tices, 27% gave 1C fits oniy, and 9.5% yielded no

fits, or were unmeasurable. An event which'

yielded a 3C fit was retained for analysis, if its
primary vertex occurred within a rectangular vol. —

ume extending 280 cm along the beam direction,
and its conversion/decay vertex occurred both
within a spherical volume of 326-cm diameter and
between two horizontal planes located 100 cm
above and below the beam plane (secondary fid-
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ucial volume). In this way a minimum 32 cm of
measurable track length is ensured for the vee
conversion/decay tracks. Out of 8380 3C p fits
which had both their production and conversion
vertices within the appropriate fiducial volume,
1250 were ambiguous with 3C K' or A'/A' hypoth-
eses. About 75 0/ of these ambiguous fits were
found to have ( p(e ) x p(p)

~

less than 0.02 GeV/c
and were included in our final sample.

B. y losses and w'eights

Properties of the y's which yielded kinematic
fits were carefully examined to identify all sig-
nificant losses of photons in the experiment. For
each loss, a compensating weight was included in
the cross- section calculation:"'

Losses in scanning. 'These were corrected
for by weight w, =1/&.

y track length. Photons which did not con-
vert within the secondary fiducial volume escaped
undetected, and those having their track lengths
shorter than 60 cm were detected with reduced
efficiency since they could be obscured by the
tracks of charged secondary particles. The latter
effect was found to be more severe for events
with higher charged-particle multiplicity n, (see
Fig. 1). For events with n, & 12 (n, & 14) y's were
removed from the data sample if their track
lengths were less than a minimum length l~„of
10 cm (30 cm). All remaining y's were assigned
a meight m, based on their potential paths' within
the fiducial volume and their momentum-depend-
ent conversion lengths A.(p)":

I

(a)
I I I I I I I

1000—

length interval / „&l&60 cm was accounted for
by applying an l-dependent meight se,' to bring the
weighted photon numbers into agreement with the
expected distribution (dashed line in Fig. 1, Ref.
12) normalized to the data for I & 60 cm."

3. Lose-momentum e' tracks. Since reliable
measurement of electron tracks was only possible
for p„b(e') &E, = 25 MeV, losses were incurred in
both-low-momentum y's and in energetic y's hav-
ing highly unequal energy-sharing between their
conversion electrons.

Correction for the unobserved asymmetric y's
was accomplished by weighting the observed y's
according to the shape of the distribution in the
energy- sharing ratio,

R =E„„(e')/[E„„(e')+E„~(e )] .

For any given value of the photon momentum, the
values of R not accessible to our experiment are
R&R, and R, &(1-RD), where R=oE/oP„~(y). The
undetected fraction of the R distribution is thus
appreciable only for low-momentum y's. In Fig.
2 we compare our data for p„,(&') &0.5 GeV/c with
the predictions of a QED calculation" folded with
the observed distribution in p„„(y). A depletion
is observed in Fig. 2(a) for R close to 0 and 1
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FIG, 1. Distribution in the y track length for events
with charged-particle multiplicity ec ~ 12 (solid line)
and n~~ 14 (dotted line, data multiplied by a factor of
2.2). The dashed line represents the expected distri-
bution (see Ref. 12). (All curves are normalized to l
&60 cm.)

FIG. 2. Distribution in the energy-sharing ratio 8
(solid line) for p&~(y) &,0.5 GeV/c: (a) no cut on
Eg~(e~), and (b) Eg~(e~) & 0.025 GeV. The dashed lines
represent a @EDcalculation (see Ref. 14) folded with
the observed distribution in p J~(y).
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while a removal of y's with E„b(e~)&E, results in
an agreement between the measured and expected
distributions as illustrated in Fig. 2(b). Thus, a
weight w, has been assigned to each y having both
p„(by)&P, =2E, and E„b(e') &E, according to

l' f.=

I 1 I I I 1
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In calculating w, we used the QED formulas of
Ref. 14 which include photon conversions in the
electric fields of both the nucleus and orbital elec-
tron of atomic hydrogen.

We corrected for losses of y's having both con-
version electrons slow, E«b(e') &E„by weighting
y's in the backward center-of-mass (c.m. ) hemis-
phere according to the number of y's observed in
the symmetric region of the forward hemisphere
(weight m,').

4. y pro4Nction at sma/t angles. 'The cos~,
distribution for photons having P, '(y) &po and

p'""",~,(y) &p, is shown in Fig. 3. A deplet- .

ion is observed for cos8, & 0.8, corresponding
to H„b& 2 . %e ascribe this loss to the fact that
most of the charged secondary tracks in a high-
energy hadron collision are highly collimated and
often cover a conversion/decay of a fast particle
moving at a small &I y Since this loss was not
completely accounted for by weights sag and
we applied a correction pe to our data in the for-
ward c.m. hemisphere to restore the c.m. sym-

metr y.
5. Vertex ambiguities.
(a) Ambiguity in Primary vertex assignment I.n

4% of all y's 3C fits to two different primary ver-
tices were obtained. In such cases both 3C fits
were retained and each was assigned a weight ac-
cording to its relativ'e y, '-probability p, p, /(p, +p, ),
i=1 2-

(b) y's from secondary vertices In. a sample of
240.frames, all y conversions and all visible had-
ronic vertices were digitized. Kinematic fits to
all vertices were tried for each y. From these
measurements it was dete™~edthat the fraction
of y's which yielded a 3C fit to a primary pp ver-
tex in our experiment, but which were actually
produced at a secondary vertex, was (0.06+ 0.02).

Compton scattering: Each y in our data re-
ceived a weight zv, which was the inverse prob-
ability for a photon to escape large-angle Compton
scattering in the bubble chamber. The values for
su, varied from 1.04 for p„„(y)&100 MeV/c to 1.0
for p„'(y) &1.0 GeV/c.

Every y which yielded a 3C fit in our experiment
was assigned a total weight determined by the
above procedures:

SO = SV,Zu, se,'Su, av,st'Su, aV, ~

.he average value of ~ was 9.7+ 0.4. The contri-
butions from individual factors are summarized
in Table I.

At this stage in the experiment there remained
a sample of vees which were regarded to be un-
measurable. A special edit of these vees was per-
formed in order to evaluate which ones were likely
to be within the fiducial volume, to be actually
pointing to a primary Pp interaction, and to be un-
accounted for by one of the weights. A total of 505
unmeasurable vees were accepted by the edit for
subsequent analysis and each was assigned an av-
erage total weight.

C. The multiplicity distribution and cross-section calculation

From our scanning data we determined the
charged- particle multiplicity distribution. Stand-
ard corrections were applied for miscounting the
numb' of charged prongs from production ver-
tices due to close-in vees, due to secondary inter-
actions of chaxged and neutral particles, and due
to m Dalitz decays. Our corrected distribution
for n, ~ 4 is found to be in agreement with pub-
lished results from a study of pp collisions in the
Fermilab 30-in. Bubble Chamber at the same en-
ergy. "

We did not measure the numbers of two-prong
elastic and inelastic events, but rather inferred
them using published values for the ratios c, s/
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TABLE I. Summary of y weights.

Weight Value a

Scanning efficiency
Potential length
Track length
Energy sharing
Low energy
cos 9,
p 's from secondary interactions
Compton scattering

Total

%4
%p

kg

1.03 + 0.01
8.4 + 1.0
1.03 +0.01
1.09 + 0.01
1.005 + 0.003
1.07 + 0.01
0.94 + 0.02
1.002

9.7 + 0e4

Averaged over all 3C p fits.

a„, and a, „„/a'„," In this way, the number
of inelastic pp collisions in our data was deter-
mined to be 9185+136. The total number of pp
collisions was determinei$ to be 11446 events,
corresponding to 3.42 p, b/event. After a correc-
tion for the 4% meson contamination in our proton
beam, we obtained a„t(pp) =39.21+0.92 mb,
which compares favorably with the value of 39.47
+ 0.16 mb extrapolated from high-precision mea-
surements at incident momenta. ':up to 280 GeV/c. "

III. RESULTS

A. y and pro cross sections

We have measured the cross section for inclus-
ive photon production to be a(y) = 269.8+11.5 mb, "
from which we obtained for the inclusive w' pro-
duction cross section a value of a„(v') = 134.9
+ 5.8 mb. In addition, we measured a(v') di ectly

from the m' signal observed in the yy invariant-
mass distribution shown in Fig. 4, and obtained
a~(v ) = 110+20 mb. Although our values for a„(v )
and (r»(v') are consistent, the fact that (r„„(w') is
lower suggests that some photons may originate
from processes other than m' decay. A possibly
significant source of photons is the g meson if
produced copiously. From the small enhancement
in the g region of our yy invariant mass distribu-
tion (see Fig. 4) we estimate a(g)B(q-yy) to be
9+6 mb, yielding the upper limit a(g) &45 mb at
the 90% confidence level. Thus the overall inclu-
sive g/m ratio in 300-GeV/c pp collisions is less
than 0.37, to be compared to the value of 0.45
+ 0.03 observed for transverse momenta greater
than 2 GeV/c. " Since the g enhancement in our
data is not statistically significant, we assume in
the followirig analysis that all photons originate
from z decays.

8. Inclusive n'0 moments
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FIG. 4. Invariant-mass distribution for yp pairs.
The dotted line represents a background obtained by
combining photons from different events and normalized
to m(yy) & 0.6 GeV/c2.

We have obtained the average photon multiplicity

(+) =+, /N„„= 8.58+0.37. From 2276 events in
our data sample which contain two or more ob-
served y's, the average number of photon pairs
was determined to be

—,'(n„(n —1))= e P gm, zv&/fV„„=47. 07+4.11.

'The values of the first three binomial moments of
the m' multiplicity distribution have been calcu-
lated from the corresponding moments of the y
multiplicity distribution. Definitions and mea-
sured values of the resulting z' multiplicity mo-
ments and correlations integrals are summarized
in Table 11. Using the values of f, = 1.21+0.12 and

f; =4.37+0.10 obtained from our charged-par-
ticle multiplicity distribution, we note that the
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TABLE II. 7t' multiplicity moments and correlation integrals.

Quantity Definition Value

(np)

(np("p-1) )

(g p(g p
—1) (n p

—2) )

Do

f PP

f PPP
3

(n np)

f -P

+q (ny(ny -1)) -~q (ny)

$ (n& (n& —1) (n& -2)) —$ (n& (n& -1)) + $ (n&)

((np(np-1)) + (np) —(np) )

(n p (n p
—1}) —(n p)

(np(np —1)(np 2)—) —3 (np(np —1)) (np) +2 (np)

Qn (np)„n. /Za,
n

(n np) —(n ) (np)

4.3+ 0.2

21.4+ '2.0

127 + 21

2.7+ 0.2

3.0+ 0.8

15.9+ 0.4

2.3+ 0.7

-0
f~

2-

0
~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ '
~ ~ ~ ~ r ~

-I ~ r ~ ~ I
r r r

~

(b)

~ a ~ r ~ ~ a
~ p p r ~ ~ ~

~ ~

I r

correlation integrals satisfy the inequalities f',
&f", &f,'&f, , in agreement with a previous ob-
servation that correlations are stronger for neu-
tral pairs than for pairs with net charge. '9

The dependence of fP' and f,P on incident proton
momentum as determined by our data and other
experiments (see Refs. 1-7) is shown in Fig. 5.
'The values of both correlation integrals are found
to increase with increasing beam momentum in a
similar way.

We compare the experimental values of f", and

f,' with predictions of several simple cluster mo-
dels. " In these models, "clusters" of definite
isospin are created in a collision, and subse-
quently decay into the observed secondary pions. "
Clusters in the 0' model have isospin I = 0
(n'n, vrvP), while clusters in the p model have I
= 1 (v'vP, v vP, v'v ). It can be seen in Fig. 5 that
the predictions of the r, p, and co mogels increase
with energy in a way similar to the data, but only
a mixture of several cluster types could repro-
duce the observed numerical values. The dotted
curve shows that a model incorporating indepen-
dent emission of single pions can also reproduce
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C. Semi-inclusive m 0 moments
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FIG. 5. The correlation integrals (a)f&, and (b)f ~ from pp reactions as a function of beam momentum.
Data are from Refs. 1 through 7 (open circles) and this
experiment (full circle). The curves represent model
calculations from Ref. 20.

'The average m' multiplicity for a fixed number
of negative secondary particles, (n,)„, is given
in Fig. 6. A linear increase with charged-particle
multiplicity is observed through n = 8, followed
by a decrease reflecting limits imposed by phase
space, From a fit using the form (n,)„=a+bn

for n & 8 we obtain a = 2.25 a 0.15 and b = 0.64
+0.04. It has been suggested that the slope b is
not zero due to a mixing of diffractive and nondif-
fractive samples, each having b = 0." When we
limit the fit to n between 3 and 8 to include only
multiplicities with a negligible fraction of diffrac-
tive events, ' we obtain for b a value of 0.59+ 0.09
which is still significantly different from zero.

As shown in Fig. 6, the dependence of the second
moment (n, (np —1))„onn is qualitatively similar
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to that of (n,)„. For n ~ 8, we may approximate
(n, (n, —1))„=c+ dn with c= 4.2+ 1.0 and d = 5.3
+ 0.4. Figure 6 also i.ndicates that dispersions
Do of the semi.- inclusive m multiplicity distri-
butions do not vary significantly with n .

Our results for the semi-inclusive correlation
integral f2 ~ are given in Fig. 7 for n ~ 6. For
comparison we have included in Fig. 7(a) the only
other measurements of f02', one at 12.4 GeV/c
(Ref. 1) and another at 69 GeV/c (Ref. 3). The
data at 12.4 GeV/c are severely limited by phase
space. The data at 69 GeV/c and our 300-GeV/c
results display similar trends. We compare our
data on f02c„with model predictions in Fig. 7(b).
Agreement is obtained with the expectation of the
independent- single- pion- emission model, "'"
while the curves for the v and o clusters do not
overlap the data.

Comparison of our results for f,', f2, f2 „
with theoretical predictions shows that multipion
production is not dominated by emission of a sing-
le type of cluster (o, p, or &o). Our data can be
accommodated by phenomenology which does not
invoke cluster production (m model, "critical-
fluid model" ). There is, however, ample evi-
dence that the observed correlations among
charged particles cannot be explained by inde-
pendent emission of single pions. " It thus re-
mains for future models of multiparticle produc-
tion to incorporate the production of neutral par-
ticles in a realistic way.
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FIG. 7. (a) The semi-inclusive 7t correlation integral
f t,„at 12.4 GeV/c (squares) (Ref. 1), at 69 GeV/c (tri-
angles) (Ref. 3), and at 300 GeV/c (this experiment, full
circles). (b) The semi-inclusive correlation integral
f 2,„at 300 GeV/c (this experiment). The curves repre-
sent model calculations from Ref. 20.
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