
PHYSICAL REVIE% 0 VOLUME 20, NUMBER 8 1 AUGUST 1979
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Charged- and neutral-particle production from 400-GeV/c pp collisions are measured simultaneously using

the Fermilab 15-ft bubble chamber. The m. and K cross sections are rising at Fermilab energies, while the

A cross section remains-fairly constant, Similarly, the average number of m 's and K's increases as a
function of the number of negative particles in an event, yet no such dependence is noted for the A 's. The
ratio of average number of m to average number of m per inelastic collisions is found to be constant at
Serpukhov and Fermilab energies (40 to 400 GeV/c) and equal to 1.22+0.02. Cross sections for X and X

production are measured and limits are found for 7'' and m' production. Neutral- and charged-pion

correlations are compared with five pion-production models.

I. INTRODUCTION

A great deal of work has been done on high-ener-
gy inclusive charged-particle production or neu-
tral-particle production, ~ but seldom both in one
experiment. To distinguish among various theo-
retical models, one generally needs the simultan-
eous measurement of cha. rged and neutral par-
ticles. In this paper we present results on
charged- and neutral-particle production from
400-GeV/c PP collisions in the Fermilab 15-ft
bubble chamber, with emphasis on the inclusive
and semi-inclusive production of m 's, K&'s, ~ 's,

0
/

and A 's. Using the large number of y's that con-
vert to e'e in the chamber liquid (5 to 10 times
that in the Fermilab 30-inch chamber), we are able
to measure the cross section for Z and Z produc-
tion and calculate upper limits for inclusive q (548)
and e (783) production. Correlations between neu-
tral and charged pions are studied in terms of
(v ) and the Mueller moments f, , f, , and f, '.

II. EXPERIMENTAL DETAILS

A. Scanning and measuring

The data of this experiment' were obtained fr'om
a 30000-picture (5.9 p, b/event) exposure of the 15-
ft hydrogen bubble chamber to a 400-GeV/c proton
beam.

Approximately 60%%uc of the film was scanned at
the University of California, Davis (UCD) and 40%
at LBL using dual magnification scan tables with
image-plane digitizers, on-line either to a micro-
processor system (UCD) or an IBM 7044 (LBL).

For each scannable frame the number of beam
tracks was recorded. For each interaction the
charged multiplicity and number of associated
neutrals were recorded, and guidance points for

the measurement were digitized.
Approximately 12%%uc of the film was scanned twice

in order to estimate the efficiency for locating V 's
or y's in a single event, and to estimate the effi-
ciency of locating events in a frame. The effici-
ency for locating V 's or y's was determined for
three types of events: events with &6 prongs (95
+1.4%), 6& prongs -12 (90 +1,5/0), and &12 prongs
(88+1.8%). The efficiency for finding primary in-
teractions was determined separately for two
prongs (90 +3%) and events with &2-prongs (99.4
+0.3%).

All events were measured with an. I,BI. Franck-
enstein measuring device which utilized the
CICEQ, O software-hardware package. All event
measurements were processed using TVGP and
SQUA%. Each track leaving a vertex was fitted.
with three different mass hypotheses, viz. , m, K,
or P for a primary vertex and e, m, or P for a
secondary vertex. It was necessary to implement
a vertex-finding algorithm in TvGP because a sig-
nificant number of vertices were obscured by holes
in the Scotchlite due to patches or the piston ring.

Tracks were rejected if the root-mean-square
film residuals (FHMS) of the track were &21 p, m
or if the track failed to reconstruct in TVGP.

Tracks with large FHMS (&21 p, m for all mass
interpretations) comprise 3.6% of the reconstructed
tracks leaving the primary vertex and 5% of the
reconstructed tracks leaving the secondary ver-
tex. For tracks leaving the primary vertex we
find that 2.8% of the tracks fail to reconstruct,
while for tracks coming from a secondary vertex
2.2% fail to reconstruct. The measuring efficiency
for tracks from the primary vertex is 91% while
the efficiency for measuring a V'/y is 87%.

The fiducial volume for the primary vertex was
chosen to be' -180&X& 152 cm. The fiducial vol-
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TABLE I. Listing of 3C-fit ambiguities. The Pz refers to the transverse momentum of the ~ when a K is involved,
vr of A for yA ambiguities, and P for pA~ ambiguities. - The overlap events are those events which have Pz of the V
& 20 MeV/c and Pz of the p & 20 MeV/c.

Pz Q/feg/c) pK yA qx'h' yZ'h' qh A' Z 'a'A' qz 'A'w'

0-20
20-40
40-102

102-206
Overlap

51

8
57

0

57
16
52

0
8

85
8

10
0

11

0
0

10

0
0
0
0
0

4
2

13
12

2

0
0
0
0
0

Totals 121 133 114

ume for secondary vertices was chosen to be

IXI ~ 160 cm,

I F I
~ 160 cm,

IZI ~ 75 cm,

ensuring that there is at least one foot (in space)
of track for measurement. In addition, the mini-
mum distance between the primary and secondary
vertex was required to be greater than 4 (15) cm
for V. 's (y's).

the center of mass. All A candidates were ex-
amined at the scan table. Using the scan informa-
tion, A-y ambiguities were resolved in favor of the
A if there was evidence of any of the following:

(1) A nonzero opening angle,
(2) decay of outgoing track,
(3) outgoing track interacts.

The A -R ambiguities were resolved in favor of
the 3C fit with the highest confidence level as cal-
culated by SQUAW. The contamination of the A 's
is due solely to the E.o's and is estimated to be
~20%. The results of this section are summar-
ized in Table II.

B. Selection of threewonstraint fits at the secondary vertex

The computer program SQUAW was used to at-
tempt a three-constraint (3C) kinematical fit to the
following reactions:

(1) yp-e'e p„p,=spectator proton

(2) K', - v "v,

Table I shows that for a sample of 3177 neutrals
giving a 3C fit (confidence level &10 ) approxim-
ately 14% of the neutrals fit two or more of the
above reactions.

In order to resolve the V -y ambiguities an event
was called a y if I'& for both the V and y hypothe-
sis was ~20 MeV/c. A smaller number of events
(21) had Pz, of the y & 20 MeV/c, but Pz, of the V
—20 MeV/c (overlap in Table I). These events
were all classified as y's. The y sample is esti-
mated to be at least 99% pure. To separate K 's
from A 's and A 's we require that P~ of the R be
&102 MeV/c. The K sample is estimated to be at
least 96% pure, while the A sample is estimated
to be at least 90% pure.

A neutral was considered to be a A candidate if
it was assigned a A identity using the procedure
that was outlined for the A 's and was backward in

TABLE II. Summary of 3C fits for p, Ko, and Ao.
The A~'s were treated separately.

Unique
Resolved

Totals

2468
222

2690

180
91

44
93

C. Weights of the neutral particles

In order to correct for the loss of y's or V 's
which did not convert or decay in the chamber, we
assign to each observed event a weight that is in-
versely proportional to the probability that the de-
tected particle should be observed in a chosen
fiducial volu~e. The average weights for K~'s,
A 's, and A 's backward in the center of mass are
1.38, 1.32, and 1.19, respectively. The average
weight for the y's (both center-of-mass hemis-
pheres) is 9.14.

The experimental loss of y's with very low or
high laboratory momentum can be further correc-
ted by exploiting the forward-backward symmetry
of pp collisions in the center-of-mass frame. We
found severe losses of y's with E„„&60 MeV by
comparing the attenuation weighted energy distri-
bution of the y's with that of the y's which would
decay from m 's of the same distribution as the
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TABLE III. Topological cross sections at 400 GeV/c.

Prong number
Number
observed

Corrected
number Cross section (mb)

3

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

16
727
13

866
11

831
9

798
12

651
4

473
5

341
4

163
1

87
2

39
0

23.
2
6
0
7
0
3
1

743

888

854

802

666

477

342

165

87
41
23

4.38 + 0.19

5.24 + 0.22

5.04 + 0.21

4.73 + 0.20

3.93 + 0.18

2.81 + 0.15

2.02 + 0.12

0.97 + 0.08

0.51 ~ 0.056
0.24 + 0.038
0.14 + 0.028

0.035 + 0.015

0.047 ~ 0.017

0.018 + 0.010

measured m 's. These losses were corrected by
giving such events a zero weight. and doubling the
weights of events in the symmetrically reflected
region of the center-of-mass momentum space.
The efficiency of processing the rest of the y's in
the backward hemisphere is essentially 100'%%uo. We
made a rapidity dependent correction to the events
forward in the center of mass by reflection sym-
metry in the center of mass. We found this cor-
rection can be made independent of multiplicity of
the primary interaction. A detailed description of
these corrections is given in Ref. 2.

to the following scheme:

(1) Add one to the multiplicity if the prong num-
ber was ~7.

(2) Subtract three' from the. multiplicity if the
prong number was ~9.

The number of events after making this correction
is listed in the third column of Table III. The
topological cross sections a„were calculated by
normalizing to the cross section of Ref. 7 for
production of four or more prongs.

The topological cross sections are in agreement

III. CHARGED-PARTICLE CROSS SECTIONS

The charged-particle cross sections were ob-
tained by scanning the film and recording the num-
ber of charged prongs (multiplicity) for each event.
The number of events with three or more prongs .

is listed in Table III. Two-prong events are not
'considered here since the scanning efficiency for
them is low (-90%) owing to the loss of short pro-
ton tracks. caused by the large chamber-to-film
demagnification. Events with an odd number of
prongs were classified as even prongs according

All
prongs & 4 prongs

f2

3.57 ~ 0.06

18.44 + 0.42

2.14 ~ 0.16

3.89 ~ 0.03

20.10 + 0.31

1.09 + 0.10

Assuming an inelastic two-prong cross section of
2.7 +0.5 mb as in Ref. 7.

TABLE IV. -Low-order moments of multiplicity dis-
tribution.
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TABLE V. Inclusive topological cross sections.

Prongs Events O,p (mb) Events
Ko~

o~o (mb) Events 0&o (mb) Events ozp (mb)

2

6
8

10
12

16
18
20
22
24
26
28
30

Total

103
225
402
490
507
485
369
276
161

78
47
15

9
8
2

3177

5.07 + 0.93
11.49 + 1.52
18.62 + 1.89
21.80 + 1.98
21.25 + 1.82
22.94 + 2.13
15.76 + 1.63
11.67 + 1.35-
7.34 ~ 1.17
2.76 ~ 0.55
2.08 & 0.67
0.75 ~ 0.36
0.34 ~ 0.22
0.27 + 0.17
0.18 + 0.18

142.3 ~ 6.2

5
15
30
29
33
35
22
20

3
0

0
0

201

0,17 + 0.12
0.55 + 0.22
0.98 + 0.27
0.93 + 0.25
1.00 + 0.26
1.21 ~ 0.33
0.80 + 0.27
0.63 + 0.20
0.12 + 0.08
0.14 ~0.09
0.089 + 0.073

6.61 ~ 0.73

3
11
20
28
18
12
11

8
4

1
1
0
0
0

120

0.10 + 0.08
0.35 ~ 0.15
0.71 ~ 0.24
0.94+ 0.26
0.59 ~ 0.20
0.37 + 0.15
0.36 + 0.16
0.26 + 0.13
0.13 + 0.09
0.10 + 0.08
0.03 + 0.03
0.03 + 0.03

3.97 ~ 0.54

0
0
3
2
4
2
1
2
0
0
0
0
0
0
0

14

~ ~ 4

0.09 ~ 0.07
0.06 + 0.06
0.12 + 0.09
0.07 *0.07
0.03 + 0.03
0.06 + 0.06

0.42 + 0.16

IV CROSS SECTIONS FOR n.o Eo Ao and Ao

In this section we consider the following reac-
tions:

(a) PP - II'X,

150—

pp~rroX

with those of Ref. 7. Some low-order moments of
the multiplicity distribution are presented in Table
IV. These quantities are calculated in terms of
N, the number of negative tracks in an event.

The average number of negative particles per
inelastic collision ((N )) increases by approximate-
ly 40% when the laboratory momentum changes
from 100 to 400 GeV/c. The correlation parame-
ter f2 [=(N (N —1)) -(N ) ] increases rapidly in
this momentum range, growing from a value of
0.28 at 102 GeV/c to 2.14 at 400 GeV/c.

(b) pp-R~X,

(c) pp- A'&,

(d) pp-A'&.

Only particles backward in the center of mass
were used in obtaining cross sections for neutral-
strange-particle production. Corrections were
made for unseen decay modes. The m cross sec-
tion was obtained from the y cross section through
op=v„/2. The inclusive and semi-inclusive cross
sections for these reactions are listed in Table V.
Figures 1-3 show these cross sections as a func-
tion of incident proton laboratory momentum.

The m cross section is rising as a function of
incident momentum, as predicted by most multi-
peripheral models (Fig. 1). At the highest ener-
gies, however, the cross section appears to devi-
ate from the expected lns behavior.

The neutral-pion cross section can be compared
(curves in Fig. 1) with the charged-pion cross sec-

100—
f
b

100 =

10=

pp~K X

(a)-

pp ~A'X

50-

10
I

40 100 400 1000

p (Gev/c)
1 I ~ IIII ~ I I I I Ii III I

1 - 10 100 1

p (Ge V/

I I I IIII

10
c)

I I I I ill

100

FIG. 1. Inclusive cross section for 7i. production as a
function of incident laboratory momentum. &&= this ex-
periment. The solid curve is an estimate (Ref. 18) of
(0~++ 0~)/2. The dashed curves are 10% upper and lower
limits of the solid curve.

This Experirn crit

FIG. 2. (a) Inclusive K cross section as a function of
incident laboratory momentum. (b) Inclusive A cross
section as a function of incident laboratory momentum.
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tion (v, , v, -) using the data of Ref. 18. We find

v,o(142.2 +6.2 mb) & v, (128 mb) & v, -(107 mb).
Since the parametrizations for 0, and 0,- are ex-
pected to be accurate only to -10%, one could
argue that v, o is consistent with v,. It is definitely
inconsistent with 0,-, however.

In the hundred-GeV range we see that a~o. is only
S

slightly energy dependent, in marked contrast to
its behavior at lower energies [Fig. 2(a)]. The be-
havior of v~o (Ref. 19) [Fig. 2(b)] is similar to that
of o~o over most of the momentum range under

S
consideration. However, 0~0 and v~0 are not re-
lated by a simple change of scale since 0~0 rises

Sfaster than o~o. In addition, 0~& does not show any
energy dependence in the hundred-GeV range.

There are four events of the type pp -R',K~X
with both R&'s backward in the center of mass.
These four events correspond to a cross section of
0.16+0.09 mb. Two of these events have nz~o&0

100 200 DOG 400 500

p, (G e v / c)

FIG. 3. Inclusive A cross section as a function of in-
cident laboratory momentum.

&1.1 GeV/c', suggesting that a substantial fraction
of the R~ pairs are produced near threshold.

The dependence of v~0 (Fig. 2) on incident mo-
mentum, is uncertain since most bubble-chamber
experiments with P„b& 50 GeV/c detect fewer than
20 A 's. What is clear is that v~0 is only a frac-
tion (=10% for this experiment) of v~0. Presum-
ably this difference is due to proton fragmentation
(P -K A ) which can produce A 's but not A 's.

A question of interest is how much of the ~ 's
are the result of A A production. In this experi-
ment there are three events with a A A pair,
both particles being backward in the center of mass.
These three events correspond to a cross section
of 0~0~0=0.12 +0.07 mb. A sizable fraction of the
~ 's are thus produced in association with a A .
All three pairs are produced in the central region
of rapidity and in all cases i Y~O —Y~o I & 1.

In summary, we have seen that the neutral-
strange-particle cross sections are at most only
slightly energy dependent in the hundred-GeV
range, while the 7t cross section is rising at least
as fast as lns.

V. AVERAGE NUMBER OF PARTICLES PER
INELASTIC COLLISION

The average number of particles per inelastic
collision for reactions (a)-(c), (mo), (K~), and
(A ), are listed in Table VI. Figures 4 and 5 show
the dependence of these quantities on incident mo-
mentum.

The average number of m' per inelastic colli-
sions, (n ), is a rising function of incident momen-
turn P„b.A comparison is made to the lnP, ~ fit

TABLE VI. Average number of ~, Kz, Ao, A per inelastic collision.

Prong s Events Events
zs0

«s'& Events Events

2
4
6
8

10
12

16
18
20
22
24
26
28
30

103
225
402
490
507
485
369
276
161
78
47
15

9
8

1.90 & 0.24
2.53 + 0.23
3.54 + 0.24
4.32 ~ 0.25
4.48 + 0.24
5.92 + 0.35
5.78 + 0.36
5.96 ~ 0.41
7.34 + 0.72
5.34 + 0.59
8.29 + 1.78
5.68 ~ 1.63

10.95 ~ 3.16
6.01 + 2.03
9.06 + 4.63

5
15
30
29
33
35
22
20

5
3
0
0
0
0

0.064
0.12
0.19
0.18
0.21
0.31
0.29
0.32
0.12
0.27
0.35

~ ~ ~

~ ~ ~

+ 0.032
+ 0.03
+ 0.04
+ 0.03
+ 0.04
+ 0.06
+ 0.07
+ 0.07
+ 0.06
+ 0.11
+ 0.20

11
20
28
18
12
11

8

3
1
1
0
0
0

0.037
0.076
0.13
0.19
0.13
0.10
0.13
0.13
0.13
0.20
0.12
0.22

+ 0.022
+ 0.02
~ 0.03
~ 0.04
+ 0.03
+ 0.03
~ 0.04
~ 0.05
+ 0.06
~ 0.12
~ 0.12
+ 0.22

0
0
3
2
4

1
2
0
0.

0
0
0
0
0

0.017 + 0.010
0.011 + 0.008
0.026 + 0.013
0.017 + 0.012
0.011 + 0.011
0.030 + 0.021

~ ~ ~

Total 3177 4.43 ~ 0.10 201 0.20 + 0.02 120 0.12 + 0.01 0.013 + 0,003
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FIG. '4. (a) Average. number of 7t. 's per inelastic colli-
sion as a function of incident laboratory momentum. The
curve (Ref. 11) is a fit to data other than this experiment
and that at 69 GeV/c. (b) The ratio (mo)/(N ) as a func-
tion of incident laboratory momentum.

of Ref. 8, (bio) = -1.13+0.87 lnP, ~. The two
points with the smallest errors, . ours and that at
69 GeV/c, are not part of their fit, and deviate
substantially from the lnP&~ behavior. " As a mat-
ter of fact, the points above 69 GeV definitely
rise faster than the indicated straight line. A
similar behavior is well known in the P,~ depen-
dence of average multiplicity, (N ). One is temp-
ted to make other functional fits to (m ) as is done
in the case of (N ). However, the errors of the
(m ) values do not warrant such an attempt. Rather,
one can ask whether the P~ dependence of (vo) is
the same as (N ). To answer that question we plot
the ratio (m )/(N ) as function of P„b.In Fig. 4(b)
we see this ratio is indeed a constant at Serpukhov
and Fermilab energies. The weighted average for
these high-energy points is 1.22 +0.02.

Next we turn our attention to the average number
of particles for fixed N ((4) ). By N we mean

0~
0

I. . . ~. . . , I

5 10
N—

15

FIG. 6. Average number of 7t 's as a function of the
number of negative particles (N ) in an event. The solid
line is a least-squares fit to (710) =A+BN, using the
first points. The dashed curve is an extension of the
solid curve.

the number of negative particles in the event. In
Figs. 6-8 we plot (so), (Ks), and(AO) . The be-
havior of (A) is different for mesons and baryons.

For the mo's and K~s's (A) increases with in-
creasing N . Both(iso) and (& ) can be repre-
sented by (A)- =a+bN . The results of the fits
are given in Table VII. In contrast to the mesons,
(Ao) is rather flat for N ~ 3.

The strong dependence of (w ) on N suggests
that for some large fraction of the time, the ob-
served m 's and m 's are the products of the decay
of some higher-mass object. This object might be
a vector meson of a "blob" of indefinite mass but
fixed isospin. The concept of the massive blob is
similar to that of proton diffraction (e.g. , P -Nm')
where the quantum numbers of the Nm system are
fixed but the mass of the system is not. It is also
possible that the observed correlation between the
m 's and m 's might be accounted for by some sta-
tistical process.

In Fig. 8 the predictions for the (m ) vs Ã for

0.4—

O

V
0.2-

(a) 0.5 —,

C

V

0.0

0.5—
A

O

V

(a).

A
C&

V

0. 1 5:.-
0. 10 '=

0.05:—:,
10

(b)-:'

I

40 100 400 1000
p (o e v/c)

I

0.0
0 5 10

N—

I

15

FIG. 5.(a) Average number of K 's per inelastic colli-
sion as a function of incident laboratory momentum. (b)
Average number of A 's per inelastic collision as a func-
tion of incident laboratory momentum.

FIG. 7.(a) Average number of K&'s as a function of N .
The solid curves are a least-squares fit to (K&) =A+BN
using the first eight points. The dashed curve is an ex-
tension of the solid curve. (b) Average number of A 's
as a function of N .



CHARGED- AND NEUTRAL-PARTICLE PRODUCTION FROM. . .

Alj. of the models considered predict a rise in the
(ii ) as a function of N . Only the critical-fluid
model is in good agreement with the data, howev-
er. The e model provides a fair description of the
data if the errors associated with the predicted
points are taken into consideration. The remain-
ing three models (ii, p, ui) are inconsistent with
the data. A more detailed discussion of these mod-
els is given in Sec. VII.

Vl. PRODUCTION of m', @{548),m{783),Z, and Z

In Fig. 9(a), the invariant-mass distribution for
y pairs is displayed. A strong r signal is pres-
ent. In order to show more clearly the m signal
and cut out some of the low-mass backgrounds
(M»& 120 MeV), a minimum yy opening angle cut
was made. " In addition, only events that have their
primary vertex in the first half of the chamber
were used. This fiducial cut was made to mini-
mize the large fluctuations in the weights of the y
pairs. In Fig. 9(b), the weighted mass distribution
is shown. In Figs. 9(c) and 9(d) the unweighted and
weighted mass distribution for y pairs fitting (using
SQUAW) the hypothesis ii -yy are presented. Using

8-
pp~7T X

/i
D

V

fjve models ' "of pion production are compared
with the experimental data. The models considered
are

(1) "ii" model —single-pion production,
(2) "e" model —production of m'ii, irovo, I=0 pairs
(3) "p*' model —production of ii'z, ii'ii, v ri, I

=1 pairs
(4) "~"model —production of ii "s iso, I=O triplets
(5) "critical-fluid" model —a thermodynamic

model.

the events in Figs. 9(c) and 9(d) with 125 &M
& 145 for the m signal, we calculate a cross sec-
tion, 0,0, of 138+15 mb. This is consistent with
the value of 142+6 mb which was obtained assum-

1
lng 0~0 = po y ~

In Figs. 9(a) and 9(b), there is no evidence for
i)(548) production. An upper limit (at the 90% con-
fidence level) for the ratio q(548)/iso can be found
using the fitted iso events [Figs. 9(c) and 9(d)]. We
obtain

q(548)/wo & 5 /p,

and

o„(548)& 7 mb,

90% confidence level all decay modes included.
The search for ~u(783) production was made only

in events with (10 prongs. All tracks were as-
sumed to be pions unless they were identified
otherwise. In order to ensure that the m'm m com-
bination was well measured, we use only events
(unless otherwise mentioned) which satisfy

5M...-@
& 2%, 5M =error in mass, M =mass,

M...-g
calculated by SQUAW.

In Figs. 10(a) and 10(b) the unweighted and
weighted mass distribution of all (the above-men-
tioned cut is not imposed) y pairs in events with
-10 prongs is displayed. The events that fit the
reaction m -yy (using SQUAW) and meet the above
mentioned error cut are shown in Figs. 10(c) (un-
weighted) and 10(d) (weighted).

The invariant-mass distribution for m m m trip-
lets is shown in Fig. 11. There is no obvious
e(783) signal present. In order to search further
for this signal, we have also used the variable"
)i —= (Q/Q „)where Q is the matrix element of the
u&(783). For a 1 particle, Qt =- iKi &K, I', where
K is the momentum of a decay production in the
rest frame of the cu(782) and Q, „

is the largest
value of Q. Specifying a value for X is eiluivalent
to specifying a region in a Dalitz plot. For pure

2—

TABLE VII. Results of the fit to (A) = a+ bN .
I i I I I I I I I I I

N-
FIG. 8. The predictions for the (~ ) as a function of

N for the m, e, p, ur, and critical-Quid (C) model.

2.05 + 0.15
0.078 + 0.022

0.65 + 0.04
0.037 + 0.007

1.39
0.34
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FIG. 9. Invariant-mass distribution for yy pairs. (a)
All combinations unweighted. (b) All combinations
weighted. (c) Satisfying 7t hypothesis unweighted. (d)
Satisfying m hypothesis weighted.

& decays, with Dalitz plot governed by the J =1
matrix element, it is expected that —,

' of the events
have A. » 0.5. A random combination of m'm m gives
equal amounts of events below and above X =0.5.
A histogram of ~ for events with 735 & M;,-p
~835 MeV is shown in Fig. 12. There is no excess
of events with X~ 0.5 and we conclude that there
is little if any v(783) present. The upper limit
(90/p confidence level) for ~(783) productionis
&u(783)/v & 4.8/p or(T"(T83I & 3 mb. We remind the
reader that these are based on events with fewer than
11prongs. All decay modes were included and cor-
rections were made for events with 5M/M & 2%.

The cross sections for Z and Z production are
obtained using events that fit (using sQUAw) the
following reactions:

(a) go~AD
e'e

&10 Prongs

UNWEIGHTED WE IG HTE D

(b).

FIG. 11. Invariant-mass distribution for 7t'7t 7t trip-
lets.

(b) ZO~AO

e'e

There is one event above background for each of
these reactions, giving

0'~0 =0.26 mb,

vpo = 0,22 mb.

The above cross sections are for both center-of-
mass hemispheres, and include the branching ra-
tio of unseen decay modes.

In Ref. 16, a cross section of 1.14 mb for
charged Y*(1385)(-A s only) production was ob-
tained. This fact, coupled with the estimate ob-
tained for 0'~0, suggests that ~-,' of the detected
A 's are decay products of a higher-mass state.

VII. INCLUSIVE TWO-BODY CORRELATIONS

In this section correlations between neutral and
charged pions will be studied and compared to the
predictions of the five previously mentioned mod-
els. In particular, ye examine the behavior of the
Mueller correlation parameters:

f2 =(&-(& —1)) —(&-), -
50- 5000—

CU

C7

Vl

Sal

0 0

50 ee FITS 5000 ee FITS
(d)

10-

QI. a

0
0 .Ir~ I

1 0
m(TT) (GeV)

FIG. 10. Invariant-mass distribution for yp pairs in
ten-or-less-prong events. (a) All combinations un-
weighted. (b) All combinations weighted. (c) Satisfying

hypothesis unweighted. (d) Satisfying 71 hypothesis
weighted.

0
0.0

I

0.5
(~/') MAX)

1.0

FIG. 12. Distribution of A,
=—Q/pm~) .
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TABLE VHI. Tvro-body correlation moments. {a) (b)

fo-

oooo

2,14 + 0.16

3.28 + 0.31

4.81 + 1.40
0

go— ~00
2

f2 (NpN-& &Np& &N-)

f2 =(Np(Np —1)) —(NI,)

Assuming Np=N„/2, we can rewrite f2p as

= «f2' —~(N„).

(a)--

I

ON

0-
4' =

I
I

I I I I I I I
I

0-I

O
ON

Table VIII lists the values of f~I f2, and f, . The
ordering of the parameters f, &f, &f2 implies that
m 's are more correlated than m 's. The semi-in-
clusive scaling law of Ref. 29 leads to the predic-
tion that at high energies, f2 &f, . The data do not

support this prediction.
The incident-momentum dependence'"""+' of

the three correlation parameters is displayed in

Figs. 13(a)-13(c). All parameters are increasing
with increasing incident momentum.

In order to explain the observed correlations at
400 GeV/c, we now consider the five models of
pion production. These models allow one to calcu-
late f2 and f2 in terms of the well-measured quan-
tities, f2 and (N ). The results are displayed in

Figs. 14(a) and 14(b). Of the models considered,
the critical-fluid model shows the best agreement

FIG. 14.{a) Comparison off 2 with predictions of co,

p, x, e, and critical-fluid (C) model. {b) Comparison
off 2 with predictions of ~, p, ~, e, and critical-fluid
(C) model.

with the data. No model having only one type of
cluster with definite isospin fits all data. It would
be possible, however, to fit the data with a model
incorporating two or more clusters of definite iso-
spin (e.g. , a "p+a" model).

VIII. CONCLUSION

We have presented results on charged- and neu-
tral-particle production from Pp collisions at 400
GeV/c. The main results are the following:

(a) Inclusive and semi-inclusive measurements
of m, R» A ', A, Z, and Z have been made.
The 7t cross section is rising at least as fast as
lns. The R& cross section also appears to in-
crease at Fermilab energies. In contrast, the A

cross section is constant at Fermilab energies.
The average nUmber of m 's and R~'s increases as
a function of the number of negative particles in
an event. No such dependence is found for the. A 's.

(b) From the events with two or more converted
y's, upper limits are calculated for inclusive
rI (548) production and, for events with fewer than
ll prongs, u& ('183) production.

(c) Neutral- and charged-pion correlations were
studied in terms of (EEP) and the Mueller moments,
f2, f2, and f& . Predictions from five models of
pion production were compared with the data. Of
these, only the critical-fluid model is in good
agreement with the data.

0 I

10
I I I I I I I I

40 100 400 1000
p b

(Gev/c)

FIG. 13.(a) f 2 as a function of laboratory momentum.

(b)f &
as a function of laboratory momentum. (c)f 2 as

a function of laboratory momentum.
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